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BBenenue

Mectopoxaenue Kytoin, pacrionoxenHoe B Tyrypo-UymukanckoM paiione XabapoBCKOIo Kpast
Poccun, Ob0  OTKpBITO Teosoramu  JlambHEBOCTOYHOTO TEPPUTOPHAIBHOTO  TEOJIOTHYECKOTO
yrmpasieHus: B 70-pie roapl XX BeKa Kak MepCreKTUBHOE sl pa3padoTku Ha 30510T0. C 2011 rona Ha
MECTOPOXKACHUH IPOBOAUIUCH MACIITA0OHBIE T€0JIOTOpa3BeA0YHbIC PAOOTHI, KOTOPbIE TOATBEPAMIIN €TI0
nepcnektuBHoCTh (Tpymun u ap., 2021). Ha Hacrosuuii MOMEHT MECTOPOXKICHHE YXKE BBEJICHO B
sKcIuTyatanuio komnanuen «llomumeranmy. OnHako myoauKammuu 06 3TOM MECTOPOKACHUU €TUHUYHBI
U KacarmTcsi B OCHOBHOM aHallu3a Te0JIOTO-CTPYKTYPHBIX ocoOeHHOcTel MmecTopoxkiaeHus (Manbix,
2014), oOmiero MuHepanbHOrO coctaBa pya (Mamsix, 2015). B pa6ore (Tpymun u ap., 2021),
MOCBSIIIEHHON MarMaTOreHHbIM pPYJIOHOCHBIM CHCTEMAaM MECTOPOXAEHHM 30510Ta YIb0aHCKOIO
TeppeiiHa, MecTopoxkiaeHue KyTelH paccMaTpuBaeTcs Kak runalOuccaibHas HMHTPY3UBHO-KYIOJIbHAs
MarmMaToreHHas pyJOHOCHAs CHCTEeMa.

Kak u3BectHO, B /[anbHEBOCTOYHOM PErHOHE HIMPOKO PACHPOCTPAHEHBI MECTOPOKACHHUSI 0JIOBA,
Oopa, monuMeTauioB, Bosb(pama, 3o0i0Ta. [lepcrneKTHBBI pa3BUTHS pecypcHOW 0a3bl 30J0Ta Ha
JanbHeM Bocroke CBSI3BIBAIOT C KOPEHHBIMH MECTOPOXACHHUAMU. OJIHAKO CTENeHb M IOJHOTa
U3YYEHHOCTH 30JIOTOPYAHBIX MECTOpPOXAEeHUN He onaHopoaHa. IlogpoOHO, ¢ uHCHOIB30BaHUEM
COBpPEMEHHBIX METOJ10B n3ydeHbl Hexxnannnckoe mecroposkaenue B SAkytuu (boptaukos u nip., 2007 u
np.), Hatankuuckoe (I'onuapoB u ap., 2002; ['opsitueB u ap., 2008 u np.) u lkonsnoe (Bonkos u np.
2011) B Marananckoit obnactu, Manmbbkckoe B XabapoBckom kpae (byxanosa, Ilmeuos, 2017;
byxanosa, 2018; Ilerpos u ap., 2020 u np.), bepesutoBoe B Amypckoit o6nactu (Bax u ap., 2009;
MenbsHuKOB 1 Ap., 2009; ABuenko u 1p., 2013 u ap.), Maiickoe Ha Uykotke (bopTHukoB 1 ap., 2004 u
np.), Manunosckoe B IIpumopse (I'Boznes u np., 2016; JJoOpowmesckuii, ['opsues, 2021 u ap.), Toraa
KaK Jpyrue KpyIrHble U cpeiHue, pa3padbaTbiBaeMble MECTOPOK/ICHHUS, C TEHETUYECKOW TOUKU 3PEHUs,
u3yueHsl (¢parmentapHo. Kak mpaBuio, 1O TakuM 00BEKTaM IPOBEACHBI  JleTalbHBIC
MHUHepaJIoTHYecKre uccieqoBanus (Hanpumep, no Anbdaznnckomy — Kemkuna, Kemxun, 2018; Kemkun
u 1p., 2018), ogHako AaHHBIE IO YCIOBHSIM 00pa30BaHus, BO3pAcTy, UCTOYHUKY BELIECTBA OTPAHUYEHBI.
TakuM 00pa3oM, TpaAUIIMOHHBIE BOMPOCHI I'€HE3MCa MECTOPOXIACHUN: BO3pacT, XapaKTep CBS3U C
MarMaTM3MOM, HCTOYHUK (QIIIoW7a M MeTajjia 30JI0TOPYAHBIX MECTOPOKICHUH, MEXaHU3MBI HX
00pa30BaHUs OCTAIOTCS aKTyaJIbHBIMH HAYYHBIMH ITPOOJIEMaMH.

AKTyaJIbHOCTh Pa0oThl 3aKII0YAETCS B HEOOXOIMMOCTH U3YyYEHHUs BEIIECTBEHHOTO COCTaBa
pya KyTeIHCKOTO MeCTOpOKJIeHUs sl TUMHM3AIMK OpPYJIEHEHUS U BbISBJICHUS 3aBUCUMOCTU OanaHca
MUHEPATBHBIX (OpPM 30J10Ta OT YCJIOBHI 0Opa30BaHUs MPOAYKTUBHBIX MUHEPAIbHBIX aCCOLMALIUM.

[Tomy4yeHHble JaHHBIE IO COCTaBy pyJd MOTYT OBITh NPUMEHEHBI JJs YCOBEPILIEHCTBOBAHUS



TEXHOJIOTUYECKON cxeMbl ux oOorameHus. Mecropoxaenue KyTblH sBIsieTCS BaXKHBIM CHIPHEBBIM
00BEKTOM pecypcHOil 6a3bl XabapoBCKOTo Kpasi, HO, HECMOTPSI Ha Ha4aJIo ero pa3paboTKH, 10 CUX MOp
OTCYTCTBYIOT JJaHHBIE 00 yCIOBHSX €ro (POPMUPOBAHHUSL.

Heabio wuccrenoBaHusi SBISETCS BBIIBICHHE MHHEPAIOr0-T€OXUMHYECKUX OCOOEHHOCTEH
PYZIOHOCHBIX METaCOMAaTHTOB M (PU3MKO-XUMHUECKUX YCIOBUH pya000pa3oBaHUsi 30J0TOPYIHOTO
MecTopoxkacHU KyThIH.

[lepen uccrnenoBanreM ObLIN MOCTABJICHBI CJAeAYIOIIUE 3a/1a4H:

- U3y4YE€HHE MUHEPAIILHOIO U XMMUYECKOTO COCTABA PYJOHOCHBIX METACOMATHUTOB;

- BBISIBJICHHUE 10CJIEI0BATEIbHOCTH MUHEPAIO00pa30BaHMUs;

- onieHka PT-ycnoBuii hopMUpOBaHHSI MECTOPOIKICHUS;

- ompezesieHne adCOMOTHOTO BO3pacTa METACOMATUTOB U MOTEHLIUAIBHO PYAOT€HEPUPYIOLTUX

I'pPaHOJUOPHUTOB.

3amumaemMsble NM0J10KeHHA

1. 30710TOHOCHBIE METaCOMATHTBI MECTOpOKAeHHsI KyThlH pa3BUBAIOTCS MO I'PaHOAUOPUTAM
bupanmKMHCKOro MaccMBa M BMEILNAIOIIUM HX TMECYaHWKAM, MPEACTABIEHBI CEpUIIUT-KapOOHAT-
KBaplLEBBIMH MeTacoMaTHUTamMu Oepe3uToBod (opmanuu. YCTaHOBIEHBI TMATH PYJOHOCHBIX
MUHEpaIbHBIX acCcolralnii, ChOPMHUPOBAHHBIX B JIBa 3Tamna. [ uaporepMaibHO-METaCOMAaTUUECKH ATam
BKJIFOYaeT B ce0si METacOMaTHYECKYI0 M KWIbHYIO CTaJHH, B KOTOPBIX BBIICIAIOTCS MHUPUT-
apCEHONMMPUTOBAsA,  30JI0TO-TETPAdAPUT-aPCEHONUPUTOBASA, 30JOTO-MIUPUTOBAs W  TEJUIypUAHAS
accouuanuu. 'unepreHHpIi ATar MposIBJICH B Pa3BUTUU TETUT-ApCEHATHON acCOIUAIUH.

2. ®opmupoBaHHE 30JIOTOHOCHOTO OPYACHEHHWS TNPOHMCXOIMWIO0 Ha (OHE CHIDKEHHS
temneparypbl: ot 240-370°C mist 30J10TO-TETpadApUT-apCEHOMMPUTOBON accommanuu 10 190-220°C
IUISL  KUIBHOM  3omoTo-muputoBor u3  Ca-Mg-Na-K-xiopuaueix pacTBOpOB € yYMEHBIICHHEM
KOHIeHTpauuu coneit ot 9,21 no 0,71 mac. % skB. NaCl. Temmypunnas accouuanusi GpopMupoBanach
npu 140-165°C n3 Ca-Na-xinopuaasix Gurron10B HU3Ko# coneroctd (ot 1,23 mo 2,90 mac. % sxB. NaCl).
JaBnenne MuHepanooOpa3oBanus orieHuBaeTcs narepsaiom 0,9—1,6 x6ap.

3. Bapwamum HM30TONHOTO cocTaBa kucimopopa oT +10,4.+11.4 % 80 B xBapue u3
MeTacoMaTutoB 710 18,0 %o 880 B kBapie W3 KU ABIAIOTCA CIEACTBHEM CMELICHHS (hIIOHUIO0B
Pa3IMYHOTO IPOUCXOXKACHUS — U30TOIMHO TSKEIOT0 MarMaTOreHHOT 0 U U30TOIMHO JIETKOI0 METEOPHOTO.
V3Kuif HHTEepBall 3HAUEHNH H30TOIMHOTO cocTaBa cephl -1,4...1,4 §%*S B cymbdumax cBUAETENLCTBYET O
€JIMHOM MarMaTOreHHOM UCTOYHHUKE PyIHOTO BelecTBa. M3oTomubie XxapakTepuctuku Pb B cynbdumax
MecTopoxaeHUs: KyThIH MOATBEPKIal0T BEPXHEKOPOBYIO MPUPOIY UCTOYHUKA, TPU HECYIIECTBEHHOMN

poin MaHTHHHOT'O KOMIIOHCHTA.



4. VI30TOMHO-TEOXPOHOJIOTUYECKUMHU UCCIIEOBAHUSIMH YCTAaHOBJICHO, YTO PYAOHOCHBIE KBapII-
cepuIUT-KapOboHaTHBIe MeTacoMaTuThl — 79,3+0,5 mun et (Rb-Sr nzoxpona), chopmuposanucs a 10
MJIH JIET TTO3/IHEE€ BMEIIAIOIINX IPaHOIMOPHUTOB BTOPOH ¢aszwl bupanmkuHckoro maccuBa — 90,7+1,7
(U-Pb, mo uupkxony, SHRIMP) u 92,7+0,4 man aet (Rb-Sr spoxpoHa), 4To MMO3BOJSAET MPEANOIaraTh

AJJIOMETACOMATUYECKYIO IPUPOY 30JI0TOTO OPYAECHEHHS MECTOpOKAeHHs KyThIH.

dakTuyeckuili Matepuan. B pamkax reosoropasBeoyHbIX pabOT M IKCIUTyaTallMOHHOTO
FeOTEXHOJIOTUYECKOTO KapTupoBaHus Ha MecTopokieHnu KyTeiH B Tedenuu 2017-2021 rr. kepHOBBIN
marepuan Obu1 mepenan B AO «llomumeramn WHXUHUPUHTY U1 NMPOBEACHUS TEXHOJOTHYECKUX
ucciaenoBanuii. W3 mpencTaBiaeHHBIX 00pa3lloB  aBTOPOM C  KojuleramMu Oblla  OoTOOpaHa
MPEJICTABUTENbHAS KOJUICKIHS PYJAOHOCHBIX METAaCOMAaTUTOB WM PYII, JAOMOJHEHHAs HEM3MEHEHHBIMU
MOTEHLUAIBHO PYAOTCHEPUPYIOUIUMH TpaHOAMOpUTaMU. B paboTe HCMIONb3yIOTCs JaHHBbIE IO
COJICP’KaHUIO OJArOpOJHBIX METAUIOB B YAaCcTHIX MPo0ax, a TakKe Pe3yJbTaThl aHAIM30B TPYMITOBBIX
po0, nmpenocraBiennbie AO «Ilomumeramn UHXUHUPUHT.

Metoabl M 00BEMEBI MCCJICIOBAHNS .

1. T'eomornyeckue wuccienoOBaHUS 7 OCHOBHBIX PYIHBIX 30H, PACHOJOKEHHBIX B JHAO- U
HK30KOHTaKkTax bupanmkuHckoro maccuBa. Kommekius oOpa3ioB TpaHOJUOPUTOB M PYAOHOCHBIX
METacOMaTUTOB COCTOUT U3 197 00pa31oB, 0TOOpaHHBIX B Pa3HBIX PYIHBIX 30HAX B UHTEPBaJE OT 22 110

360 m (Tabm. 1).

Tabnuua 1. [IpuBsizka 0ToOpaHHBIX 00pa31IoB

KonugecTtro Cpennee
WNurepBan KonuuectBo
Pynnas 30Ha [Topost OTOOpaHHBIX | colep)KaHHe
onpoOOBaHUs, M|  CKBaXUH
00pasIioB Au, /T
CennoBruHHAS MeTaIeCYaHNKH 30-360 15 85 3,57
JlenbrHCKAas MeTarneCYaHuKN 34-150 9 1 3,62
PojtruKoBas MeTatiecHaniit, 60-100 4 17 7,14
MeTarpaHoJHOPHUTHI
["eoduznyeckas MeTarpaHogHOPHUTHI 40-103 11 56 4,78
MMepesabHas VCTaTpaHOMMOPHTHL, 28-107 7 19 4,86
KHUIIbHBIC OpeKInn
MTeUIECKAS MeTanecyaHuKH 22-47 3 5 4,82
J>KyaTbl MeTarpaHogHOPHUTHI 23-119 5 14 10,8




2. 'e0OXUMHYECKUE UCCIIEJOBAHUS:

[erpoxumuueckuii 1 mMukposnementHelii ananu3 (ICP-AES, ICP-MS, BCET'EN) - 15 npo6
MOPO/I.

3. MuHepanoruyeckue ucciaea0BaHus:

n3ydeHue nuMoB B MPOXOAAIIEM cBeTe - 57 numdoB mopo,

M3y4eHHUe PyJHON MUHEPATIH3AIMK B OTPAKEHHOM cBeTe - 72 aHnumda,

MUKPOPEHTI€HOCIIEKTpabHbIe uccienoBanus — 33 nuuda u anuumda,

KOJIMYECTBEHHBIN peHTreHo(a3oBbIi aHamu3 — 15 nmpoo,

IIPOCBEUYMBAIOLIAsl 3JEKTPOHHAs MUKPOCKOIHUS — 2 o0pasua.

3. Ouenka PT-ycnoBuii:

MUHEPATIOTUYECKUE U TEOXUMHUYECKHE Fe0TePMOOapOMETPHI;

TepMOOapOreOXUMHUUYECKUE HUCCeoBaHus  (IIOMAHBIX BKIOYEHWH B KBapue - 19
JIBYCTOPOHHEIOJIMPOBAHHBIX IIACTUHOK KBapIa,

paMaHOBCKasl CIIEKTPOCKOIHS Ia30BO-KUAKIX BKIFOUEHUH B KBapIe — 19 miacTHHOK KBapIa.

4. U30TOMHO-TEOXUMUYECKUE UCCIEAOBAHUS:

ompeziesieHue Bo3pacta IMpkoHa rpanomuoputoB U-Pb-merogom (SHRIMP, BCEI'EN) — 1
oOpaser;

orpeneneHue Bo3dpacta Rb-Sr-meromom (mopomHO-MUHEpAbHBIE W30XPOHBI) JJIsI 00paslioB
HEM3MEHEHHOTO M MeTacoMatusupoBaHHoro rpaHonuoputa (UI'TJ PAH) — 7 obpasmoB mopon u
MHUHEpaJIoB,;

ornpeneneHue Bozpacrta cepunura Ar-Ar metogom (MI'M CO PAH) — 1 o6pa3zer;

Pb-Pb uzoronusiii ananus cynshuaos (MI'TJ PAH) — 3 o6pasia;

n3oTonHbIi ananu3 O (8 00pa3ioB KBapia U MyCKOBHUTa), S (5 00pa3ioB cyasdumaos), C u O (2
oOpasua kapbonaros) (MI'M CO PAH, 'MH CO PAH).

Bxuaiag aBTopa 3akiouancs B 0TOOpe U ONMCaHUM 00pa3IoB, IPOBEACHUN MUHEPATIOTHYECKUX
WCCIIC/IOBAaHM, WHTEPIPETAMU PE3yJbTATOB MHHEPAIOTHYECKUX, TEOXUMHUYECKUX, H30TOIMHO-
TeOXHMUYECKHUX UCCIIEIOBAHHIA, TPOBEACHNN TEPMOOAPOTCOXUMHUECKUX OIIBITOB M X HHTEPIPETAIHH.

Hayynass HoBu3Ha. BriepBble YCTaHOBJIEH BO3pacT MNOTEHIMAIBHO PYAOT€HEPUPYIOLINX
I'PaHOJUOPUTOB BHpPaHPKUHCKOrO MaccuBa M 30JI0TOHOCHBIX METacOMaTUTOB. M3yueH win yTOYHEH
MUHEpAILHBIA COCTaB Py/JI, YCTAHOBJICHBI THIOMOP(HBIE 0COOCHHOCTH CYJIb()HUIOB, OXapaKTepU30BaHa
TeTypunHas MuHepanm3anus. OTnpeneneHbl YCIOBHS MHHEPaTooOpa30BaHUS IPOTYyKTHBHBIX
MUHEpaJIbHBIX aCCOLIMALU.

IIpakTHyeckasi 3HAYMMOCTD 3aKJIIOYACTCS B XapaKTEPUCTUKE BEIIECTBEHHOI'O COCTaBa PYA
MecTopoxaeHus: KyTblH, ycTaHOBIEHHH (DOpPM HAXOKIEHUS 30J10Ta, YTOUHEHUU COCTaBa PYIHBIX

MHHCPAJIOB. PCSYJ'II)TaTBI MHHEPAITOTNUYCCKUX I/ICCJ'ICIIOBaHI/Iﬁ OBUIH HCIIOJB30BaHbI IIpu COCTABJICHUUN



OanaHca 30110Ta MO (opMaM HaXOXXIACHHUSA B paMKax TEXHOJIOIMYECKHX uccienoBaHuil. [lomyueHHbie
JaHHbIE IO TUIIOMOP(U3MY CyIb(QHUIOB M XapaKTEPUCTHKE PYIOHOCHOTO (QItonja MOTYT OBITh
MCIIOJIb30BaHBI MPH MOUCKAX MOX0XKUX 00BEKTOB Ha COMPEEIbHBIX TEPPUTOPHUSIX.

Anpodanusi padoThl M MyoJauKanum. VccienoBanye BHIMOIHEHO TPH (PUHAHCOBOM TOIIEPIKKE
PODU B pamkax Hayunoro npoekta Ne 20-35-90102 «Munepanoro-reoXxuMu4eckast XapakTepuCTHKa U
npoOsieMbl  T€He3HMca  30J0TOPYJHOW  MMHEpaIM3allMd  THAPOTEPMAIbHO-METACOMATUYECKUX
obpazoBanuii KyTbIHCKOTO pyIHOTO y311a, Xa0apOoBCKUMA Kpai» (aCIUpaHTCKUN I'PAHT).

[To pe3ynbTataM Hcciae10BaHUM OMyOJIMKOBAHO JIBE CTaThU B JKypHaiaX, BXOJSAIINX B CUCTEMBI
nutupoBanus Web of Science u Scopus: «MuHepasbHbIi COCTaB Py 30J0TOHOCHBIX METACOMATUTOB
mecropoxaeHus Kytoin, XadapoBckuii kpait» A.M. AzapsH, E.B. baganuna, 1.C. Auucumos (3anucku
PMO) u «Bo3zpacT u npoGiema resesuca 30J10TopyaIHOro MectopoxxaeHust Kytein, XabapoBckuii kpaii»
A.M. Azapsn, E.B. baganuna, B.M. CaBatenkos, A.b. Ky3unenos (oknaast PAH).

PesynpTarel paboThl TpencTaBicHbl B QopMme JokIaaoB Ha 8 koHpepeHmumsax: XXXI
MonoexxHoi HaydHO! MIKOJIe-KOH(pepeH Iy, mocBameHHoi namatu wi.-kopp. AH CCCP K.O. Kparua
(UI'TO PAH Cankr-Ilerepoypr, 2020); Society of Economic Geologists (SEG) conference 100
(Buctnep, Kanama, 2021); MexayHapoaHoit reoxumudeckoir koupepennuu Goldschmidt 2021
(online); XIV Poccuiickom cemunape «TexHoJorMueckass MHHEPAIOTHs B OICHKE Ka4yecTBa
MUHEPATIBHOTO CBIPbSl MPUPOJHOTO M TeXHOreHHoro mnpoucxoxiaeHus» (PI'bY «BUMC», Mocksa,
2022); T'eonormveckoM MexayHapoaHOM cryaeHueckom cammute «GISS-2022» (CII6I'Y, Cankrt-
[TetepOypr, 2022); XI Poccuiickoit Mmonon&xHol HaydyHO-TIpaKkTH4ecko mkoie «HoBoe B mo3HaHUU
npoiieccoB pyaoodpasosanusiy (MI'EM PAH, Mocksa, 2022); MexayHapoJHO# IIKOJIE 10 HayKaM O
3emuie umenu npodeccopa JILJIL. Tlepuyka (ITerpomaBnoBck-Kamuarckuii, 2022); VI MexmyHapoaHoit
HayuyHOU koH(pepeHnnn «I'eonqunamuka u MuHeparenus: CesepHoit EBpasumn», nocssiiennas 50-ietuto
I'eonoruueckoro uncrutyta uM. H.JI. Jlo6penoa CO PAH, 300-netuto Poccuiickoii akaneMun Hayk,
100-neruro Peciyomuku Bypsitus u 10-neruto nayku u texnonoruii ('MH CO PAH, Ynan-VY o, 2023).

O6beM u cTpykTypa padornl. PaboTa cocTouT u3 BBeACHHS, 8 TJaB, 3aKIIOYEHUS, CITUCKA
JUTEepaTypel U IBYX NpuioxkeHHi. Bo BBeneHuu (GpopMyIupyroTcs LEedb U aKTyaJbHOCTb PabOTHI.
[TepBast rmaBa conepXuUT KpaTkuii 0030p kiaccu(UKaUi U TUIOB 30J0TOPYIHBIX MECTOPOXKACHUH,
TaK)K€ MPUBOJIUTCS KpaTKas XapaKTEpUCTHKA YETHIPEX PA3JIMUHBIX MECTOpPOXKIEHMH tora JlanbHero
Bocroka Poccun. Bropast rimaBa nocpsiiieHa reojIornidaecCKOMy CTPOSHHIO pErMOHA U MECTOPOXKIeHUS. B
ryiaBe 3 ONMUCBIBACTCS METPOTpadusi TPaHOIUOPUTOB B PYJOHOCHBIX METACOMATHTOB. [ 1aBa 4 kacaeTcs
TreOXUMUYECKUX 0COOEHHOCTEH MOpOa U METaCOMATUTOB MECTOPOXIEHUS. B msATOl riaBe mpuBeacH
MUHEPAJIBHBIA COCTaB pyJ, BBIACJIEHBI NapareHeTHueckue accouuanuu. lllectas riaBa mocpsiieHa
U3YYCHHIO  yCIIOBUH  QopmupoBaHuss  MmectopoxaeHus KyTelH, B TOM  uucie u

TEPMOOApOT€OXUMUYECKUM HCCIeoBaHUsAM. B ceapbmoll TiaBe MpUBEACHBI PE3yJbTaThl OLIEHKH



BO3pacTa TPaHOJUOPUTOB W METACOMATUTOB M HW30TOIHAs reoxuMus. B riaBe 8 Ha ocHOBaHHMH
Pe3yJIbTaTOB MCCIIEIOBaHUS 00CYKIACTCSI TEHE3UC MECTOPOKICHHUS.

O6mwmit 00beM JIuccepTaluu ¢ NpwiIokeHUusIMA 134 crpaHuibl, B ToM yucie 18 tabmwui, 58
WJUTIOCTPAIH, CIUCOK JINTEPaTyphbl, BKiItovaomui 195 HanMeHnoBaHus, 2 MPUIIOKEHUS.

BaaroanapuocT. ABTOp ITyOOKO MPU3HATEIICH CBOEMY HAYYHOMY PYKOBOJIUTEINIO K.T.-M.H. E.B.
bananuHO 3a BCECTOPOHHIOI IIOMOINb M IOTPYKEHUE B HUCCIEIOBaHHE. ABTOP BbIpaKaeT
onarogapaoctb AO «llonmumerann WHXUHUpPUHT» 3a NpenoCTaBieHHbIE MPOObl W 00pa3ubl U
npusHareneH B.M. CasarenkoBy (MITJl PAH); H.C. Bnacenko u B.H. bouapoy (PIl CII6I'Y
«I"eomoznensby); B.H Peyrckomy. u [I.C. IOguny (UI'M CO PAH); B.®. Ilocoxoy (I'MH CO PAH);
E.H. ®okunoit (CIIOI'Y); A.C. Jlomauenko, [.B. HanunoBy u H.A. Macnosoit (PL[ CII6I'Y
«HanoTtexHonorum») 3a MPOBEACHHBbIC AaHAIUTHUYECKHE HccienoBaHus. ABTop Onaromaput JI.O.
Coipunio, M.C. AnucumoBa, A.b. Kysuenosa, JI.b. JlamnunoBy, C.B. Mansimena, O.B. SIky6oBuuy,
10.10. IOpuenko, koiiekTHMB Kadeapbl T€OXMMHH 3a COBETHl W IUIOJJOTBOPHOE OOCYXKICHHE
pesynbraroB, Kycapuna P.P., Hukutuny M.B, YmakoBy K.JI. (JlabopaTopus mpoOGOmOAroTOBKH H
npoboobpadbotku, CII6I'Y) u MBanosy JI.A. (JTabopaTtopus npo6onoarorosku, UI'TJI PAH) 3a paboTst
M0 BBIJICTICHUIO MOHO(MpaKIMi U MoAroToBke aHmuindoB u miactuHok, CepreeBy M.A., KpaciokoBy
T.O., PeuoBy B.H., Ilononsu E.W., ®ununnoy H., Hecrepenko U. u KoIeKTUB MUHEPATOrHYeCKOM
nabopatopun «llomumerannm WHXWHUPUHTY 3a TIOMOIIL HA pa3HBIX JdTamax MCCIEIOBAHUSA.
UccnenoBanne Obuto OBl 3aTpyaHuTENbHO 0O€3 (uHaHcoBoil momanepkku Poccuiickoro donga
dynaamenTanbHbix VcenenoBanuii (Hay4nsiid mpoekt Ne 20-35-90102). Bnaropapro cBOio ceMbio 3a

TCPIICHUC U TTOMOIIb.
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I'naBa 1. O0uue cBegeHUs 0 30JI0TOPYAHBIX MECTOPOKICHUAX

1.1.Knaccugpukayus 3010mopyonvix mecmopoicoenui

CymecTBYIOT pa3inyHble IMOAXOIbl K KIACCH(PHUKAIMU 30J0TOPYIHBIX MECTOPOKICHHUU, B
OCHOBY KOTOPBIX TOJOXEHbl MHHEpAIbHBIH COCTaB Py, CTPYKTYPHO-TEKCTYpHbIE OCOOEHHOCTHU
(bopomaesckass M.b., Poxkos, 1976), mopdomoruss pymHbeIXx TeiI, IyonHa (GopMHUPOBaHUS,
reoauHamuueckas oodcraHoBka (Groves et al., 1998), cBs3p ¢ MarmMaTHYecKMMH OOpa30BaHHSIMU
(Lindgren, 1933; Cmupnos, 1982), Bo3pact (Groves et al., 2005; T'opsiueB, 2019). PerunonanbHbie
KJacCU(UKAllMK, Kak I[PaBWJIO, OCHOBaHbl Ha BEIIECTBEHHOM COCTaBe pPyI M OKOJOPYIHBIX
METaCOMAaTUTOB, a TAK)KE€ Ha CBSI3U C COIYTCTBYIOIIMMH HMHTPY3UBHBIMU 0OpazoBanHusMu (Ca3oHOB,
Koporees, 2009; Hamaunos, 2019).

[Tpu mporHO3€e ¥ TOUCKAX PYTHBIX MECTOPOKACHUN YacTO IPUMEHSIETCS Py THO-(DOpMAITIOHHBIN
aHanu3. PyaHbie popManuu BEIISISIOTCS O XapaKTEPHBIM T'€0JIOTMYECKUM 00CTaHOBKAM HAaXOKICHUS
u GpopmupoBanusi. Cpeau 30J0TOPYAHBIX (hOpMalIUii BBIIEICHBI CIEAYIOLINE. 30JI0TO-MbIIIbIKOBUCTASI-
cynb(duIHas, 30J0TO-KBapleBas, 30JI0TO-NOMUCYIb(UIHAS, 3010TO-cepeOpsiHas, 30710TO-CyIb(UIHO-
KBapIIEBast, 30JI0TO-KEIIE3UCTO-KBAPIIUTOBAS, 30JI0TO-ypaHoBast. [ kaxxaou dopmManuu XapakTepHbI
MUHEpaJIbHBIE aCCOLMAINH, Te0JUHAMUYECKAst TIO3HUIINS, TOTEHIIMAIEHO PyIOHOCHBIE MarMaTHUECKUe
bopmMariu, BMEIIAOIINE TOPOIbI, Feooruueckas oocranoBka (3omotopyansie. .., 2010).

[lo Tumy mMarMaTHuecKuX OOpa3OBaHM, MPEIIIECTBYIOMUX MIM  CONPOBOXKIAOIINX
THIPOTEPMAIBHYIO IS TETbHOCT, BBLICISIOTCS IUTyTOHOTEHHBIE, BYJIKAaHOTE€HHO-TUTyTOHOTCHHEIE,
ByJIKAHOTEHHbIC U amarmatu4nbie (CrimpuaoHos, 2010).

[Io TEKTOHMYECKOW MO3UILMHU PA3IUYAIOTCA MECTOPOXKJEHHS OCTPOBHBIX JYI M AKTUBHBIX
KOHTHHEHTAJIBHBIX OKPauH (30J10TO-MeIHO-MOP(GUPOBBIE M SMUTEPMATIbHBIE), 3ayTOBbIX 0acceiiHOB
(VMS — maccuBHBIX CyJbOUAHBIX PY/), AKKPEIUPOBAHHBIX TEPPEHHOB (OPOTCHHBIE), BHYTPUILUIUTHBIC
(anurepmanbHbie 1 THNA Kapmun) (Groves et al., 1998) (Puc. 1.1).

Ha ceromusmHuii JeHb BBIACIAIOT CJICAYIOIIME TE€HETHUECKHE THIBI 30JI0TOPYAHBIX
MECTOPOXKJICHUI: OpOTCHHBIC, OJIHUTEpPMalbHbIC, CBsA3aHHbIe C uHTpy3usmu (intrusion-related),
nopGHUPOBBIE  30JI0TOCOJEPKAININE, KOTYETAHHBIE 30JI0TOCOACPIKAIINE, KOMIUIEKCHBIE JKENe30-
okcuanbie (I0GC), maneopocceimu (Groves et al., 1998; Kerrich et al., 2000; Lang et al., 2000).

B coBpeMeHHOH TEpPMUHOJIOTHH MOJ SMUTEPMAILHBIMUA MECTOPOKACHUSMH MOAPa3yMeEBaIOTCs
MECTOPOKIeHHUS, chopMUpOBaHHBIE NTPH HEBBICOKUX TeMmepaTypax (<300°C) u Ha rimybunax 1o 1,5 km
(Hedenquist et al., 2000; Simmons et al., 2005). B ocHoBe KiIacCUbHUKAIIMH SIUTEPMATbLHBIX
MECTOPOKICHHHN JICKUT MOoHATHE Cyabbuauzanuu (Sulfidation), xapakrepusyroriiee cTeneHb OKUCICHUS

U aKTHBHOCTb Cephbl BO (prounse.
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BricokocynbdumusupoBanubie  (HS) snuTepmanbHble MECTOPOXACHUS (QOPMHUPYIOTCS B
BBICOKOOKHCITMUTEIBHBIX YCIOBHSX, MPU BBICOKON KHUCIOTHOCTH (uironaa. MHUHEpaIbl MpeACcTaBICHBI
KaBEpHO3HBIM KBapIleM, alyHHUTOM, MUPO(UIUIUTOM, AUKKUTOM, OApUTOM, YTO OJIM3KO K MOHSATHUIO
BropuuHbIx kBapuutoB ([lnoturckas, 2022; apukos u ap., 1998). Coxepxanue CyabhUI0B HIHPOKO
BappupyeT - oT 5 10 90 %, mpeobnamaer nuput. MeCTOPOKACHHS 3TOTO U CICTYIOIIECTO TUIIA PA3BUTHI

B HaJICyOAyKIIMOHHBIX 00CTaHOBKAX.

KOHTUHeHT OcTpoBHas 3apyrosom AKKpeTUpoBaHHbIe AKTUBHasi KOHT. 3apyrosoe
ayra 6acceWH TeppenHbl OKpauHa pacTsxeHue
® OnutepmansHoe Au @ MaccusHble # OporenHoe # OnutepmarbHoe Au @ ONUTEPManbHbI
cynbduaHble 30mnoTo
Mopcuposoe Au-Cu pyabl B - Mopdmposoe Au-Cu
(+ cKkapHbl) ByNnKaHuTax (£ ckapHbl) x MecTopoxaeHue Au
(VHMS) Cu-Au KapnuHckoro tuna

. B
L N T T T Y

RNy

[} o ooy = =1
g AKKPELMOHHbIV KINUH LAl KoHTuHeHTanbHas kopa T panuTOMARI
- | - et
% OkeaHnyeckasi Kopa | ] MopkopkoBas nuTocdepa 'E =J AcTeHocdepa
L L
* Pasnombl pactspkeHus K Pasnombl cxatus

s (cbpocbl) (B36pocChbl)

Puc. 1.1. TexToHnYecKas MO3ULMS PA3TUYHBIX TUIIOB 30J0TOPYHBIX MecTOpokaeHu (Groves

etal., 1998)

PynooOpa3zoBanre Ha MECTOPOKIACHHUAX MPOMEXyTouHOCYIbhuau3upoBantoro (IS) twuma
npoucxXoauT u3 ¢uionaa ¢ onusHedTpansHbiM pH. M3 MeTacomMaTHueckux MUHEpaJIOB IMpeodianaeT
WIUTHT, U3 )KIJIBHBIX — KBapIL, TAKXKe XapakTepHbl Mn-coaepikamie kapooHatsl. PyaHeie MuHepaisl (5—
20 %) mpencTaBiICHBI TAJICHUTOM, C(HAICPUTOM, XaTbKOIMHPHUTOM, OJICKIBIMA PyIaMd, MUPUTOM;
(Sillitoe, Hedenquist, 2003; [Tnotunckas, 2022).

MecTtoposxaeHus HU3KoCcyIbpuauznpoBanHoro tuna (LS) popmMupyroTcs u3 HeHTpaIbHBIX WIN
cJ1a0O0IIEeTIOYHBIX BOCCTAHOBIEHHBIX QuitonsioB npu Ttemnepatypax 130-290 °C, unorma o 390 °C.
OCHOBHOM JKWJIBHBIH MMHEpaJl — XaJlleJOHOBUIHBIM KBapl], KOTOpBIH 0Opa3yeT IMoJsiocyatkle,
OpexumneBble, KOKapAOBBIE TEKCTYPBI, TaKKE XapaKTepHBIM MHUHEpajoM sBisercs amyisp. OOimee
KOJINYECTBO PYJIHBIX MHMHEPAJIOB (ApCEHONMUPUT, MHUPPOTHH, TaJCHUT, cpaieput, Oneknas pyna,

XaIbKOMMUPHUT, MUPUT) HE TNPEBBIIIAET MEPBbIC MPOIEHTHI, XapaKTEepHO Mpeobiaganue Ag Hag Au.
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MecTopokeHUs TPUYPOUYCHbI K THUIOBOJYXXHBIM WIJIM TTOCTKOJIM3HMOHHBIM PH(TaM M CBs3aHBI C
CyOIIIEIOUYHBIM, IIEJI0OYHBIM WK OUMOIabHbIM By akaHu3moM (Hedenquist et al., 2000).

3070TO-MeTHO-TTOP(PHUPOBBIE CUCTEMBI XaPaKTEPU3YIOTCS IITOKBEPKOBBIM CTPOCHHEM PYIHBIX
TN, B KOTOPBIX CYyJNb(UIbI IPUYPOUYCHBI K MPOXKHUIKAM, B OKPYXKAIOIIMX METACOMAaTUTaX CYJIb(QUIbI
00pa3yIoT pacCessHHYIO BKPAIUIEHHOCTh. MeTacoMaTuyecKre U3MEHEHHS U OpyACHEHHE JTOKATU3YIOTCS
Ha r1yOuHe 1-4 KM u CBsI3aHBI C MArMaTUYECKUMH pe3epByapaMu, BHEPUBIIMMHCS B BEPXHEKOPOBBIH
ypoBeHb. TeKkTOHMYEcKas TMO3ULIMA OTBEYaeT HAACYOAYKIIMOHHBIM 30HaM, rAe (OpMUpPYIOTCA
MHOTro(a3Hble OYaru CI0KHOTO CTPOCHUS, MPeodIaJaloIUMU SBISIOTCS CPEeIHHE U KUCIbIE Marmbl.
XapakTepHa KpyIMHOMAcCIITa0Has 30HAJIBLHOCTh METACOMATHYECKUX HM3MEHCHHM, B KOTOPOH 30HBI
XJIOPUT-CEPULIUTOBBIX METACOMATUTOB, BTOPUYHBIX KBAPLUTOB M KPAEBBIX MPOMIINTOB IEPEKPHIBAIOT
WIK OKPYXalOT BHYTPEHHIOIO 30HY KaJIMEBBIX METacOMaTUTOB. Benyimiyio ponb B ¢GopMUpOBaHUU
nop(UPOBBIX MECTOPOKACHUN SIBISIETCS BBICOKOKOHIICHTPUPOBAHHBIN (DIIIOMA, OTAEISIOUIUICS OT
marmaruudeckoro ucrounuka (Berger et al., 2008; ITine4os u ap., 2017).

B mociemHme TOoABl  paccMaTpHBAIOTCA  HOPQPHUPOBO-IIUTEPMATBHBIE  CHUCTEMBI, TJE
npociekuBaeTcss cBa3b Mexay Cu-Au moppupoBoil cHCTEMOl U AMUTEPMATbHBIMU BBICOKO- U
cpennecynbhuan3npoBanusiMu MecTopoxaeausmu (Sillitoe, 2010).

OTHOCHUTENBHO HEJAaBHO B aHIJIOS3bIYHON JINTEPATYpe MPEIOKEeH HOBBIM THUI 30J0TOPYIHBIX
MECTOPOKICHHUH — CBSI3aHHBIX ¢ HHTPy3usamMu (intrusion related gold systems - IRGS) (Lang et al., 2000;
Lang, Baker, 2001; Hart, 2005). MecToposkaeHHsI 3TOTO THIA CBS3aHbl C TJIHHO3EMHUCTHIMH
CyOIEIOYHBIMU MHTPY3USIMH IPOMEKYTOUYHOTO M KHCJIOrO COCTaBa, JISKAIIMMU BOJIU3U TPAHUIIBI
MEXJy HWIBMEHUTOBOM M MarHeTuToBOoM cepusiMu. CocTaB pynooOpasyroliuX THAPOTEPMaIbHBIX
(IIOUIOB YTIIEKUCIOTHBIN, OJTHAKO METacCOMaTHYeCKHWEe M3MEHEHHs MposiBieHbl ciabo. Comeprkanue
cynb(dua0B He mpeBbImaeT 5 %, npuyeM npeodsiajaloT apCeHONUPUT, MTUPPOTHH, TUPUT; MarHeTUT U
reMaTHUT HETUITHYHBI. XapaKTepHbI MOBBIIIEHHBIC KoHIIeHTparuu Bi, W, As, Mo, Te, Sb u noHmkeHHbIe
- HeOJAropoJHBIX METauIOB. TEKTOHMYECKH pacloio)KeHbl Ha HEKOTOPOM YJalleHHH OT
KOHBEPTeHTHBIX TPAHMI, PACIPOCTPAHEHBI B MarmMaTHdeckux NpoBHHOUAX ¢ W- u Sn-pymHoil
crienuanu3anyeil. MecTopox1eHHs TOYTH OJTHOBPEMEHHBI C UHTPY3UEH, C KOTOPOU CBA3aHbI, OTOPBAHBI
oT He€ BO BpeMeHH He Oosiee yem Ha 2 mutH Jiet (Hart, 2005).

OporeHHble MECTOPOXKACHUS PACHOJIOKEHBI B MpE/eiax PeruoHaJbHO MeTaMOp(hU30BaHHBIX
WIA TYpOMIUTOBBIX TEPPEHHOB, B OPOTEHHBIX IOSCaX AKKPEIMOHHOTO W KOJUTM3MOHHOTO THIIOB.
OTnuuuTeNbHON 4YepTol TeHe3uca MECTOPOXKACHMM 3TOro THIa SBISETCS MeTaMop@uueckoe
npoucxoxaenue daouna. O6pa3oBaHHe TAKMX MECTOPOKACHUN MOXKET MPOUCXOAUTH HA TIIyOMHE OT
15-20 kM 1o Gim3KkKX K oBepxHOCTH ypoBHsx (Groves et al., 1998; 'opsiaes, 2006).

Ecnu Tunmzamus mo MHHEpPaIbHOMY COCTaBY MOKET OBbITh OJAHO3HAYHOW, TO OIpeneseHHe

TCHCTUYCCKOT'O THUIIA MOXKET CTaTh 3aTPYAHUTCIIHHBIM. Ilo MHHCPAJIbHOMY COCTaBy MECTOPOXKIACHUC
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KyTbiH MOXeT OBITb OTHECEHO K 30JIOTOKBApLEBOil yOorocynb(uaHol pyaHOH Qopmanuu, 1Mo
Te0JIOTUYECKON MO3UIMKA — C OJHOM CTOPOHBI, K OPOT€HHOMY THITy, 3aJIeTalolieMy B TypOHAMTaX

(Groves et al., 1998), ¢ npyroii — K THITy, CBI3aHHOMY C HHTpY3usiMu rpanuTonoB (Hart, 2005).

1.2. 3onomopyonsie mecmoporcoenusn uzyuaemozo pezuona (Xabapoeckuit Kpait)

Paiton Huxnero I[lpuamypbsi, Wid, ¢ TOUKUA 3pEHUS] pAHOHUPOBAHUS 30JI0TOHOCHBIX IUIONIAJEH
tora [laneHero Bocroka, Huxneamypckas 3oHa CHXOT3-AJMHCKON NPOBUHIMHM THXOOKEaHCKOTO
30J10TOHOCHOTO Tosica (Ditpuii, Copokun, 2005), — u3BecTHBIN ¢ KoHIa XIX B. 30JI0TOHOCHBIN paiioH,
IJIe OCYIIECTBIISIIACH 100bIUa U3 POCCHINIEH M KOPEHHBIX MECTOPOXKACHUH. J|0ObIua KOPEHHOTO 30JI0Ta
BeJach B HEOOIBIIOM 00beMe 10 Toro, kak B 1990-X rr. Hayanock MPOMBIIIJIEHHOE OCBOCHHUE CHavalla
MHoroBepiHHOTO, a 3ateM (B 2010-x rr.) u benoropckoro mecropoxaeHuii (AnekceeB, CTapoCTHH,
2017). Hwmxe mpuBeneHa KpaTKas XapaKTEPUCTUKA HECKOJIBKUX 30JIOTOPYIHBIX OOBEKTOB
XabapoBCKOTO Kpasik — SOUTEPMAIBHOTO  MHOTOBEPIIMHHOTO,  30J0TO-MEIHO-TIOPHUPOBOTO
ManMbBDKCKOT0, OpOreHHOr0 ANTOa3WHCKOTO0, a TAaKXKe MecTopoxaeHusa Yynb0aTkaH.

MuoroBepmnHHoe AU-Ag dUTepMaTbHOE MECTOPOKICHUE PACTIONOKEHO B IIpeienax YIICKOM
BYJIKAHUYECKON CTPYKTYpPBl y CEBEPHOro OKOHYaHUs BocTouHO-CHXOT3-ANMHCKOTO BYJIKAaHUYECKOIO
nosica. MecTopoXK/IeHHE pacIloIoKEHO Yy KOHTakTa bekun-Yiabckoro maccuBa TpaHUTOWIOB.
Bynkanudeckre MOpOAbl MECTOPOXKICHUS H3MEHEHBI /10 MPOMUIUTOB, OEPEe3UTOB, apTUILUIU3HUTOB.
KBapiieBbie KUJTbI M IITOKBEPKU BMEIAIOT 30JI0TOPYAHBbIE Telda. OCHOBHBIMM JKUJIBHBIMU MUHEpaTaMu
B pyJax SBISIOTCA KBapll, aayJsip, CEepUUMT. PyaHble MHUHepanbl MPeACTaBICHbl MHPUTOM,
apCEHOMUPUTOM, MUPPOTUHOM, Cc(haJepuTOM, TaJ€HUTOM, XaJbKOINUPUTOM, OJIEKIBIMH pYyIamH,
TeJUTypUIaMH, CaMOPOIHBIM 30510TOM U Jp (I'eonunamuka.. ., 2000).

30710TO-MeTHO-TIOPPHUPOBBIA  TUN  MPEACTABIEH HENaBHO OTKPHITHIM  MaJMBLKCKUM
MECTOpOXKAeHHEM. MecTopoxaeHne pacnojiokeHo B Hanailickom paiioHe XabGapoBckoro kpas, B
OKpeCTHOCTSIX cena Manmbepk. B reomornyeckom cTpoeHUHM MaaMBDKCKOTO MECTOPOXKACHUS
MPUHUMAIOT YYacTHUE PaHHEMEJIOBbIE TEPPUTCHHbIC OTJIOKEHUS, NMPOPBAHHBIE MUHTPY3USIMHU JUOPHUT-
IPaHOJMOPUTOBOTO COCTaBa ajub0-ceHOMaHCKkoro Bo3pacta (byxanosa, 2018). Bokpyr WHTpY3HBHBIX
MOPOJI Pa3BUTHI OPEOITBI KOHTAKTOBBIX U THIPOTEPMATLHBIX METACOMATHTOB, CPEAH KOTOPHIX Hanboee
pacrpoCTpaHEHbl KalHeBble, KBapI-XJIOPUT-CEPULIUTOBBIC, KBapI-CEPUIIUTOBbIE U MPOIUIUTOBbIE
MEeTacoOMaTHUTHI. Py/iHass MUHEpanu3aIus HOCUT MTPOKUITKOBO-BKPAIJICHHBIN W BKPATUICHHBIA XapakTep
u o0pa3yeT HallO)KEHHbIE HA METACOMATHTBhl MHUHEPAU30BaHHBIC IMITOKBEpPKU. Cpeam pyaHBIX
MUHEPAJIOB JOMHHHUPYIOT CyIb(UIbl (TUPUT U XaTbKOIMUPUT, pEXe OOPHUT), BTOPOCTCIICHHBIC
KOMIIOHEHTHI Pyl — CyJb(UIbI U CyIb(GOCOIH CBUHLIA, [IMHKA, cepedpa U BUCMYTa, a TAK)KE TEILTYPHUIbI

U cynbdoceneHu bl BUCMyTa 1 cepedpa (byxanosa u ap., 2020).
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HekoTopsie uccienoBaTeid OTMEUAIOT, YTO METHO-MOP(GHUPOBBIE MECTOPOKICHHS, B IIEJIOM,
HeXapakTepHbl s XabapoBckoro kpas, [Ipumopss u SmoHuu, 4TO CBSI3BIBAIOT C KPYTOH CyOayKIMei
B JJAHHOM peruoHe. Takue MecTOpOXkKACHUS TUIUYHBI 711 PETHOHOB C MOJOrod cyOayKiue — 3anaj
Ceeproii n IOxHON AMepuKH, TZl€ OHM 4YacTO COCEACTBYIOT C SIHUTEPMAJIbHBIMU 30JI0TBIMHU
mectopokaeausmu (Kuraii, 2020).

MectopoxaeHue AJI0a3MHO HAaxXOIUTCS Ha JIEeBOOEpEXbe p. AMIYHb, B LIEHTPAJIbHOW YacTH
aaMuHUCTpaTUBHOTO paitoHa um. I1. Ocunenko XabapoBCKOTO Kpas. MecTOpoKIeHHE CBSI3aHO C
IyOOKOAPOAUPOBAHHON MaeOKaIbIEPHON BYJIKAaHOCTPYKTYpoi. BMmemaromie TeppureHtble mopoisl
MPOpPBAaHBl MHOTOYHUCICHHBIMH JIalKaMH M IITOKAMH HMHTPY3UBHBIX TIOPOJ MPEUMYIIECTBEHHO
YMEpPEHHO-KHUCIIOro cocTaBa. HauOosiee 3HauMTeNbHbIE KOHLIEHTPALlMM 30JI0Ta CBSI3aHbl €
HEHTPaJIbHBIMU YaCTSIMU OPEOJIOB Oepe3UTU3AlNHU, C TMHEHHBIMU IITOKBEPKAMH KBapLIEBbIX U KBapll-
KapOOHATHBIX TMPOXKWIKOB C CynbhuaHONi MuHepanuzanuei. OpyaeHeHue MposSBIEHO Kak B
IecyaHrKax, Tak U B Jaiikax. boiblias yacTh 30J10Ta acCCOLMUPYET C APCEHONUPUTOM, PEXKE HUMEET
cBoOoaHyI0 (hopmy. PaHee MecTOpOXIECHUE OTHOCHIIM K 30JIOTO-CYIh(UIHO-KBAPIIEBOH (GopMarum,
30510TO-Majnocynbpuanomy MunepansHomy tuny (Tpymun, Kupumios, 2018). OnHako BHISIBICHHE B
py/ie mupoKoro crekTpa muHepainos Sb, Bi, Mo, Ni, Ag, Cu, Te, Sn o3BoJIHII0 OTHECTH €0 K 30J10TO-
peaxometaibHON popmanuu (Kemkun, Kemkuna, 2018). C reHeTHYeCKO#t TOYKH 3pEHHUS, €T0 OTHOCST
K oporeHHbIM MectopoxaeHusMm (Goryachev, Pirajno, 2014).

YyabbdaTKaHCKOe MECTOPOXKACHNE, Kak U A0a3MHCKOE, PacloyIOKEHO B JIOJIMHE P. AMIYHb,
Ha ee paBoM Oepery B 20 kM 10xHee mmoc. Y auHck. Mectopoxaenue Uynbp0aTKkaH MpecTaBiseT co0on
CUCTEMY IUIMTO- M JIMH300pa3HBIX IITOKBEPKOBBIX KPYTOMAJAIONINX PYAHBIX T€J, PACHIOIOKEHHBIX B
SHJIOKOHTAKTE TUIarHOTPAHUT-TPAaHOIUOPUTOBOTO Uylb0aTCKOT0 MHTPY3MBa, B 30HE CIIBUTa—pa3/IBUra
KPYIHOI'O pa3joMa CEBEPO-BOCTOYHOTO MpocTHpaHus. Ero MoxHO oTHeCTH K yOorocynb(huIHoM KBap1i-
3o10TopyAHOoN Qopmaruu. CaMOpoAHOE 30JI0TO AacCOIMUPYET C AalTauTOM, XaJbKOIMUPUTOM,
rajiecHuToM, 3aHnoeprutoM (ZNn-comepkaimiuii TEHHAHTHT), Cc(haJepuToM, CaMOPOIHBIM CepedOpoM,
ternypunamu u ap. (Anexcees, Crapoctur, 2017). MecTOpoKeHHE OTHOCAT K 00bEKTaM, CBSI3aHHBIM
¢ BoccraHoBieHHbIMHU UHTpY3usiMu (Takagi, Tsukimura, 1997).

Takum o0pazoM, B XabapoBCKOM Kpae U3BECTHBI 30J0TOPYAHBIE MECTOPOXKICHUS PA3TUIHOTO

TCHE3HCA, UYTO OTKPBIBACT IICPCIICKTUBLI IJI1 PACHIUPCHUA CLIpBCBOfI 0a3bl peruoHa.
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I'naga 2. I'eosiornyeckoe crpoeHune paiioHa MecTopos:kaeHus KyTbin

2.1. Kpamkas zeonozuueckan xapaKkmepucmuKka u UCHOPUA PA36UMUA PE2UOHA
Cpenu oporennbix mosicop JlampHero Boctoka Poccuu BeIEnsioT KoyumusnoHHBIC (SHO-
Koneimckuii), akkpenuonnbie (Oxorcko-Kopsikckuii, KamyaTkuii), KOMOMHUPOBaHHBIE KOJIJTU3MOHHBIE
u TpanchopMHON okpanHbl (MOHroso-OXoTcKuit), akTUBHON TpaHchopmHON okpauHbl (CUXOT3-
Amunb). IlozgnemenoBele  Oxorcko-Uykorckuihk u  BocTouHO-CHXOT3-ANMHCKHI — BYJIKaHO-
IUIyTOHUYECKUE TMOsiICA CBA3AHBl C AKTUBHOM KOHTHUHEHTAJIbHOW OKPAaWMHOW H  ABJISIOTCH

nocroporernbiMu (Puc. 2.1) (Goryachev, Pirajno, 2014).

(-1

BocToYHO-CUXOT3-ANUHCKUIA NOAC

(T
CTY

120

L1000 km

Puc. 2. 1. Textonmnueckas cxema Jlansuero Bocroka (Goryachev, Pirajno, 2014)

1 — Cubupckuii kpaToH, 2 — BepxositHckast maccuBHas okpanHa, 3 — OMmononcukuii (a) u Oxorckuii (b)
TeppeiHbl, 4 — OCTpOBOAYXHBIEe TepperHbl KompiMckoit mernm, 5-7 — lleHTpanbHOa3MaTCKUMA
oporeHHbIi mosic, 8-11 — Me3030lickue oporeHHsie nosica: Monromno-Oxotckwuii (8), Ano-KonpiMckmii
(9), Oxorcko-Kopsikckuii (10), Apkruueckuit (11) u ero Uykotckuit menbdoBerit Teppeiin (11a); 12-14
— Mz-Kz oporennsie mosica: Kopskckuit (12), Cuxors-Amunckuit (13), Kamuatko-Kypuiabckue

OCTPOBOY>KHBIE TepperHHI (14).

B cocraBe oporennbix nosicoB LlentpansHoii 1 CeBepo-BocTouHOi A3uMM yCTaHABIMBAIOTCA
KpYIHBIE (COTHM KHUJIOMETPOB), OIpaHHMYEHHBIC pPA3JIOMaMU H30METPUYHBIC M JIMHEHHBIE OJOKH,

CIIOKEeHHbIE 0oJiee IPEBHUMU MOPOJaMH, YeM 00paMIISIIOIIME UX OpOreHHbIe nosica. HekoTopeie n3 HUX
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pacroyiaraloTcsi BAOJb TPaHUIBl OPOTeHHOTo TMosica ¢ KparoHoM. Cpeau Takux OJOKOB
yCTaHaBIMBAIOTCS (parMeHThl KpaToHOB (OxoTckuii 1 OMOJOHCKUI TeppeiiHbl Ha CEeBEPO-BOCTOKE
A3un) W cymnepreppeliHbl 2-X THUMOB: 1) ¢parMeHThl MO3AHEPpUPEHCKUX W paHHENaIC030MCKUX
OpOTEHHBIX IOSICOB U 2) MpeJCTaBIAONIMe cO00i KOLIaX TeppelHOB, aMalbraMMpPOBAHHBIX B OJIHY
TEKTOHWYECKYIO €IMHUILY 10 UX akkpeuuu K kpatony (ITapdenos u ap., 2003).

B Tpmac-topckoe, paHHEMEIOBOE U IO3JHEMEJIOBOE-TIAIEOreHOBOE BpeMs CYOMyKIus
OKEaHW4eCKOH JIMTOoC(epsl TpHUBeIa K 00pa30BAHUIO IIMPOKUX aKKPELMOHHBIX KIMHBEB U ITPEIYTOBBIX
bacceiiHoB Monrono-Oxorckoii, XwuHraHo-Oxorckod u BocTouHo-CuxoTd-AJMHCKOH aKTHBHBIX
KOHTUHEHTAJIbHBIX OKpPaWH, COOTBETCTBEHHO. CTaguu yCTOWYMBOM CyOIyKUMH, KOTJa HPUPOCT
KOHTHMHEHTa OBl CpPaBHUTENBHO MEIJEHHBIM, YEPENOBAIMCH CO CTAagusIMU OBICTPOrO poOCTa U
3HAYUTENIbHBIX W3MEHEHMH (POPMbI KOHTUHEHTAJIbHON OKpAuHbI, CBSI3aHHBIMH CO CTOJKHOBEHHEM
KPYIIHBIX TEPPEHHOB pPA3IU4YHON TEKTOHUYECKOM NPUPOABI C AKTUBHBIMU KOHTHHEHTAJIbHBIMU
okpaunamu (Natal'in, 1993).

Mourono-OxoTckuil 103/1HENnane0301MCcKO-paHHEME3030CKUI OpPOT€HHBIH M0sC, 00pa30BaHHBIH
IPEUMYILIECTBEHHO  TeppelHaMU  aKKpPELMOHHOTO  KJIMHA  Cpe/IHEe-TO03HEeNaNeo30iMCKoro U
pPaHHEME3030MCKOT0 BO3pacTa, 3aHMMAaeT 0CEBOE MOJIOKEHHE B CTPYKTypax LlenTpanbHoit A3uu. B ero
COCTaBe MPEATNOoJIaraloTcs OCTPOBOAYKHbIE 00pa30BaHMs paHHEMEe3030ickoro Bo3pacra. Bo3pact nosica
olleHWBaeTcsa OT kapOoHa Ha 3amajze A0 paHHe-cpeaHeropckoro B Bocrtounom 3alaiikanbe u
cpenneropckoro Ha BocToke nosica (ITapdenos u ap., 2003).

®opmupoBanue MoOHron0-OXOTCKOTO OpPEreHHOTo Iosica IMPOUCXOAWIO IPH  3aKpbITHH
Monrono-OxXoTckoro okeaHa B MO3JHEM Majieo3oe — paHHeM Me3o030e (320-230 muH jer) myTem
MOCJIEZI0BATENbHOIO MPOJABMKEHHUSI K BOCTOKY (B COBPEMEHHBIX KOOpAMHATax) AMYpPCKOIro
MUKpPOKOHTHHEHTa. (OCHOBHOE CMEILIEHHE MPOUCXOAWI0 BAOAb [naBHOro MoHrono-OxoTckoro
passioma. 30Ha cyOyKIIMU TPEAToiaraeTcs BA0JIb CeBEpHOU OKPanHbl AMYPCKOTO MUKPOKOHTHHEHTA,
KOTOpass Mapkupyercs BocTouHO-MOHTONBCKMM BYJIKAaHHYECKHUM IOSICOM MEPMCKOTro BoO3pacrta
(ITapdenos u ap., 2003).

B Xwunrano-OxoTckoM MarmMaTH4YeCcKOM apeaie (UKCHUPYETCS JiBa dTama pa3BUTHS BO3PACTOM
140-110 wu 110-80 wmmu ner (I'eommnamuka..., 2006). O6pazoBanue XuHTaHO-OXOTCKOTO
MarMaTHYeCKOro TOsica HEKOTOpbIe HCCIEeNIOBaTeIN CBSA3BIBAIOT € KOCOM CyOayKiued mnaneo-
Tuxookeanckoi mutel (Nokleberg et al., 2004) wiu 3amyrosoro Gacceiina (Sato et al., 2002) mox
KOHTHHEHTAJIbHYIO OKpauHy B paHHeM Meiny. [Ipyroe mHeHue oObsicHseT popMUpOBaHHE XHHTaHO-
OxoTtnn 00CcTaHOBKOW TpaHC(HOPMHOM OKpaMHbI, KOTJa Kocasi CyOayKIUsl CMEHUJIACh Ha JaTepajbHOe
CKOJIbKEHHE IUIMUT OTHOCHTENFHO JIpyr JApyra c¢ oOpa3oBaHueM pa3pbiBoB (Slab-window) B panee

cyonymupoBanHoi mute (I'eomquaamuka. .., 2006).
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B nauane mozmHero mena mpowsonuio ctoikHoBeHHe llentpampHoro u HOxuoro Cuxors-
ANMHCKOTO TeppeiHOB ¢ XHHraHo-OXOTCKOH akTHUBHOM OKpamHOW. OCOOEHHOCTH TIeOJOTHMYECKOTO
CTPOEHHUsI MOKa3bIBalT, 4To TepperHsl LlenTpanbHoro m HOxxHoro CuxoT3-AiMHS Ha MOMEHT HX
CTOJIKHOBEHUSI ¢ XUHraHo-OXOTCKOW 30HOM CyOmyKUWH, YK€ ObUIM MPUCOSAUHEHbl K A3HH, a 3aTeM
MUTPUPOBAIH BAOJIb €€ OKPAWH MO CABUTOBEIM paznomam. To ecth CUXOTI-ATMHCKHE TEPPEHHBI ObLIN
00pa3oBaHbl Ha OKpanHe A3HMaTCKO-THUXO0OKeaHCKOro perrnoHa. CTPYKTyphl, CBSI3aHHBIE C KOJUIU3HEH,
CBUJICTEILCTBYIOT O TOM, YTO BO BCEX CIy4asiX BTOPUUYHBIE CTOJIKHOBEHHUS TEPPEHHOB ¢ ME3030HCKUMU
3oHamu cyOoaykiuu Obt kockiMu (Natal'in, 1993). OCHOBHBIM TEKTOHHYECKHM COOBITHEM,
chopMUpOBaBIIUM CTPYKTYpY CHUXOTI-AJNIMHS, MOKHO Ha3BaTh OTPOMHBIH JICBOCTOPOHHHI CJIBHT
ammutuTyao0i 6onee 1000 kM, mpousonieaimumii B koHie panHero mena (Khanchuk, 2001). Otmerum, uto
Kk 3anany B Kurae mapamnensHo LentpanbHomy CuxoT3-AJIMHCKOMY pa3lioMy TSHETCS CHCTEMa
paznomoB Tan-Jly, ¢ KOTOpO# CBsI3aHBI OPOTEHHBIE 30J0TOPYAHbIe MecTopoxaeHus (Goldfarb et al.,
2014). Teppeitabl CuxoT3-AniHS NpopBaHbl 00pazoBanusMu BocTouHo-CHx0T3-AJIMHCKOTO BYJIKaHO-
TUTYyTOHHYECKOTO TOosICa.

B cenomane—kammnane (97—74 miH jet) Ha BocToke CeBepHOU A3uu, BIOJb IPAHULIBI C TTAJIEO-
TuxuM OKeaHOM YCTaHaBIMBAeTCAd €AMHAas TUraHTckas BocTouHo-A3uarckas  aKkTHUBHas
KOHTHHEHTalbHasl OKpauHa, mpoTsaruBatomiasics u3 KOxnoro Kurtas, yepe3 Kopeiickuii momyoctpos,
BocTOK CuxoT3y-AnuHs Ha YykoTky u nanee Ha Ansicky U B Kananckue Kopaunbepsl 1 00ycioBiIeHHas
cyonykimeit T M3amarm w ®@apamnon (ITappenoB u ap., 2003; Goldfarb et al.,, 2021).
Marmarudeckue nyru BocTouHO-A3MaTCKON aKTMBHOW KOHTHMHEHTAJIbHOW OKpaWHBI HA TEPPUTOPUU
CeBepHoii Azum mnpencraBieHbl BocTouHo-Cuxormd-AnuHckuM U OXOTCKO-UYKOTCKMM BYIKaHO-
ryTonndeckumu nosicamu (Ilapdenos u ap., 2003).

B maactpuxrte—ouene (72-33,7 miH set) nocie akkpennn Kk CeBepHOU A3UU psifia TEPPEHHOB,
3aBepuIuBIIeiics (OPMUPOBAHMEM TO3HEMENIOBBIX OPOTEHHBIX TMOSICOB, M TOTJIOIICHHUS B 30HE
cyOnykiuu TnThl M3anaru moj okpanHy KOHTUHEHTA HAYMHAET MOrpykathbes THXOOKeaHCKasl TUIUTa
(ITappenor u gap., 2003). OrcyrctBue marmatuzma B mpenenax Cuxord-AnuHa U SNoHUU B
NPOMEXYTOK 56—46 MIH JeT CBS3bIBAIOT ¢ cyOnykmueidl pudra Mexay mumramu M3anaru u
Tuxookeanckoit (Wu, Wu, 2019). Xapakrep cyOaykiun TuxookeaHCKOU MIUTHI JUCKYCCHOHEH: OJIHU
MOJIETM TPEANONaralT IBHKCHHE B CEBEPHOM HAMpPABICHWU TOJ HEOONBIIMM YIJIOM K OKpauHe
KOHTHHEHTA, BILIOTH /10 TpaHchopmHol rpanuiisl (ITapdenos u ap., 2003); qpyrue onuceBalOT IPSIMYIO

cyomykimio (Wu, Wu, 2019).

2.2. I'eonozuueckoe cmpoenue Yib0anckozo meppeina
Tpamuumronno YnpOaHCKUW TEppeH OTHOCAT K BOCTOYHOM dYacTh MoHT0510-OX0TCKOTO

oporernoro nosica (Puc. 2.2) (ITapdenos u ap., 1999; Khanchuk et al., 2015 u ap.). Yias6auckuii
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TEppeiH OTrpaHHWYEH pa3IOMaMU OT COCEAHUX TeppeiiHoB: 'amamckoro (pparMeHT manaeo30ickon
aKKpEIMOHHOM MPU3MBbI) Ha 3amajie ¥ ceBepo-3anaje, Humanckoro Ha rore (pparMeHT manaeo30icKoi
aKKpELMOHHOM MpU3Mbl), bakanbckoro (ropckas akkpellMoHHas npu3Ma) u JKypaiéBcko-AMypcKoro
(OTJIO’KEHHsI PaHHEMEJIOBOI'O0 OKPAaMHHO-KOHTMHEHTAIIBHOTO TYpOMIUTOBOro OacceilHa) Ha BOCTOKE

(Xanuyk, 2000).

-~
B

Oxomckoe mope 40 km

A
14

%) Codhuiick

BJH 5

GL |1 UN |2 KE |3 | zRA |4 BD |5

KM [6 | N |7 | BIH [8 |P0 % |9 D %)|10

Puc. 2.2. Teppeiinbl, MEeTaJUIOT€HUYECKHE 30HBI, 30JI0TOPYAHbIE MECTOpOXIeHUsT HrxHeaMmypckoro
peruona (Tpymun u ap., 2021)

1-8 meppeiinvi: 1 — Fanamcxuii, 2 — Yavoanckuii,3 — Kemckuil, 4 — JKypasnescko-Amypckuii, 5 —
baoowcanvckuil, 6 — Kucenescko-Manomunckuu, 7 — Hunanckuii, 8 — baoacano-Xuneancxui, 9 —
Mecmopodcoenus (a) u pyoonposerenus (6) 3onoma;, 10 a— memannocenuyeckue 30Hul: [ —
Huoicneamypcekaa, Il —330n—Am-Anunckasn, Il — Kyp—Ameynsckas, IV — Bocmouno—Cuxoms-
Anunckas; 10 6 — pyono-poccoinusvie yzuvl: K — Kymuoincxui, ¥ — Yavbanckuu, A — Anbazunckuii

B ocHoBaHUM pazpesa YIb0aHCKOTO TeppeiiHa IexKaT 1melb(oBbie U TYPOUIUTOBBIC KOMILIEKCHI,
IpeJIcTaBlIeHHbIE (DIUIIOUAHBIMU MNIMHUCTO-TIECYaHUCTHIMH TOPOIaMU TPHACOBO-IOPCKOT0 Bo3pacTa. B
IOPCKOE BpPEMSI JIOKAJIBHO MPOSIBIICHHBIN BYJIKAaHU3M CIOCOOCTBOBAT (POPMHUPOBAHUIO OMOXEMOTEHHBIX

TIIMHUCTO-KPEMHUCTBIX OCAaAKOB, YCPCAYIOMIUXCA C Oa3albTaMU. OJII/ICTOJII/ITI:I, 3aK/JIIOYCHHBIC B
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TypOMIUTOBOM MAaTpPUKCE, MPEJCTABICHBl IPEHMYIIECTBEHHO KeMOPUHCKO-HUKHEOPIOBUKCKUMH
M3BECTHAKAMHU M KPEMHHUCTO-TEPPUTEHHBIMU IIOPOJAMU C IIPOCIOSAMHU BYJKaHUTOB OCHOBHOI'O COCTaBa
(I'oneBuyk u np., 2000). CkiagkooOpa3oBaHuEe MPOUCXOJIUIIO B TMO3JHEH rOpe, OpaxupopMHBIE U
M30KJIMHAJIbHBIE CKJIAJIKA XapaKTEPU3YIOTCSI CEBEPO-BOCTOUHON OPHUEHTUPOBKOM.

TeppureHHble TOIIIN NEPEKPHITHI C YIIIOBBIM HECOTJIACUEM BEPXHEMEIOBBIMU BYJIKAHUUYECKUMHU
nopogamu  YnbOaHckoro, Tamumo-AnTraTMHCKOTO W OBYPCKOTO  BYJIKAHOT€HHBIX  TIOJIEH,
MPEJICTaBISIIONINX cO00i MepuByIKkaHndeckue obnactu BocTouHo-CHuxoT3-AJNIMHCKOTO BYyJIKAHOT€HA
(Mapteratok, 2000). BynkanuTel puHAIJICKAT aH1€3M0a3aIbTOBOM U PUOAAIIMTOBOM Mo i(opMaIusam
HA3eMHO-BYJIKAHOTEHHOU (CcyOa’paiibHO#) MOphupoBoil (opMaliu U paclpoOCTPaHEHBI B Ipelenax
BOCTOYHOM yacTh YibOaHckoro teppeiHa (Tpymmn, 2021). Bo3pact BynkanutoB onpezaeneH K-Ar-
MeToaoM u coctariseT 103 mutH net (XaputonbrueB, Buxisiaies, 1978).

WuTpy3uBHBIE 00pa30BaHUs MIPEICTABICHBI IOPOAAMHU YILOAHCKOTO KOMIUIEKCA, OTHOCSIIETOCS
K ra00po-rpaHOJHOPHUT-IIEHKOTPAaHUTOBOK  (opmanuu. MHTpY3uBBl  yIb0AHCKOTO  KOMILIEKCA
pacnpocTpaHeHsl B Oacceiinax pek Touib, Topom, Tyryp, Konun, Ycanrun, Ha [llanTapckux octpoBax
u B npenenax menbga [antapckoro mops (3a6poaun u np., 2007), T.e. 1 3a npeaenaMu Y ib0aHCKOTO
Teppeiina. OHU cnaraloT KpyrnHble AJbCKUN 1 MaMIHHCKUN MacCUBBI U psii HeOobux (MeaBexbe
Opesino, Hyranmkunckuid, Komatuuckuii u ap.) (KucnskoB u ap., 2001), B yucie KOTOPBIX U
bupanpxkuHCKMIT MaccuB. B cTpoeHMM MacCMBOB IPUHUMAIOT y4acTHE MOPOABI OT OCHOBHOTO 10
Kucioro coctaBoB. Komrmieke copmupoBaics B yetbipe daspl: 1-s — rabopo, radbdoponoputst (vKouy),
rabopoauoputel (voKoU1); 2-1 — JIHOPHUTBI, MOHIIOJAHOPUTHI, KBAapIIEBbIC IHOPHUTHI, KBapIlCBbIC
MOHIIOTHOPUTBI, MOHIIOHHUTHI, cueHUTbI (0KoU2); 3-s1 — rpanuTsl, miarnorpanutsl (YKoUz), rpaHut-
nopdupkl, rPaHOAUOPUT-TIOPOUPEI, CYOIEIOYHBIC TPAHUTHI, TPAHOCUEHHUTBI, TPAHOTHOPUTHI (YOK2U3);
4-a— neitkorpanutsl (lyKous), cyOmenounsie neiikorpanutsl (elyKaus). Hanbomnee pacnpoctpaneHHBIMU
IPEeCTaBISIOTCS OPOJIbl TPEThel u ueTBepToit a3 (3abpoaun u ap., 2007).

ITopoas! nepBoii (a3pl OTHOCATCS K HOPMAJIBHOMY PsY LIETOYHOCTH HATPUEBOH M KallUeBO-
HaTpueBoi cepuil. [lopoasl BTOpOil (a3pl MpUHAIIEKAT K HOPMAIBHOMY W CyOIIEIOYHOMY psijam
KaJIMEeBO-HATPOBOH cepuu. [ paHOAMOPUTHI TPEThel (ha3bl OTIUYAIOT MOBBIIICHHBIE cojiepkanus Mg u
K u mnonmxennole — Ca. ['paHuTel TmpelncTaBieHbl HOPMAJIBHBIMH W  HU3KOIIEIOYHBIMU
pasHoBUIHOCTSIMU. YeTBepTas (haza npencTaBiieHa JIEHKOTpaHUTAMH, OTHOCSIIUMUCS K HOPMAJIbHOMY
U CyOIIeIouHOMY psi/iaM MTOPO/I KallneBO-HATPOBOU cepuu (3abpoauH u ap., 2007).

B npenenax Ynpb6aHcKoro TeppeiiHa HHTPY3UBBI YIb0aHCKOTO KOMIUIEKCA MPOPBIBAIOT IOPCKUE
TEPPUTCHHBIE TOPOABI U MEJIOBBIE BYJIKaHUTHI. LIITOKM rpaHOMOPUTOB 4acTO MPUYPOUEHBI K pa3jioMaM
CEBEPO-BOCTOYHOI0 HanpasieHus (XaputoHnsrues, Buxmisanues, 1978).

VYan0aHCKHI KOMIUIEKC OTHOCHUTCS K XUHTaHO-OXOTCKOMY BYJIKAHO-TUTYTOHHYECKOMY TIOSICY,

CBSI3BIBAIONIEMY MEXIy co0oii Manoxunranckuid, Ypwmwmiickuii, bamkanbckuii, Hunmanckwii u
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Vnbp0aHCKUM TeppeHBl W MpeJCTaBIAoONIeMy M3 ceOs ByJIKaHO-MarMaTH4eckue OOpa3oBaHHSA
00CTaHOBOK TpaHC(HOPMHBIX KOHTHHEHTAJIBHBIX OKpauH. OCOOEHHOCTSMH MarmaTu3Ma TpaHUI
CKOJIBXKECHHUS JTUTOC(EPHBIX IJIMT HA3bIBAIOT M30JUPOBAHHbIE MarMaTH4eCKHUe apeanbl Ha OOJbIION
IUIOINAAM, AHTUAPOMHYIO IIOCIEI0BaTEIbHOCTh (HANpUMeEp, PHONIUTBI — OMMOAaIbHAs cepus —
0a3anbThl; aJaKuUThl, HEOOJBIIME Teja MIEJIOYHBIX OAa3UTOB M YJIBTPa0a3sUTOM, TpaHUTH A2-TUNa);
Pa3HOPOJIHYIO T€OXUMHUI0, 00YCIOBICHHYIO CMEIIEHUEM Pa3IMUHbIX UICTOYHUKOB MarM (Xanuyk, 2000).

Kak Ob110 OTMEUEHO BbIIIE, YIbOAHCKUHN TeppEeHH IPUHATO paccMaTpUBaTh B cocTaBe MoHroo-
Oxotckoro oporernoro mosica (ITapdenos u ap., 1999; Khanchuk et al., 2015 u ap.). O6pa3oBanue
VY p0aHCKOT0 TeppeliHa MPOUCXOAMUIIO B IOPCKO-PaHHEMETIOBOE BPEMSI B pe3yJIbTaTe aKKPEIIHMH FOPCKUX
OKPanHHO-KOHTUHEHTAIBHBIX MIETH(POBBIX U TYpOUIUTOBBIX KOMILIEKCOB K CeBepo-A3HaTCKOMY
KpaToHy U MoHrono-OXoTcKoMy MOsICY B YCIOBHUSX KPYHMHOMAcIITaOHBIX JIEBOCTOPOHHUX CJIBUTOBBIX
nepeMenieHuii B TpaHCPOPMHON 0OCTaHOBKE KalnM(DPOPHUHCKOro THIA IOPCKOH KOHTHHEHTAJIbHOMN
okpanHbl peruoHa (Xanuyk, 2000). TypOouautsl Yp0aHCKOTO TeppeiiHa MapKUPYIOT TPaHCHOPMHYIO
okpanHy CHOUpPCKOro KpaToHa, CyIIeCTBOBABLIYIO /10 3aKPbITHsI MOHT010-OX0TCKOr0 OKEaHN4ECKOIro
6acceiina (Xanuyk, 2000).

OnHako CylIecTBYeT TOYKA 3PEHHs], COIVIACHO KOTOPOH, YIbOaHCKUI TeppeiH 3amelaer mo
JaTepagn TeppeiHbl IOPCKUX aKKPELHOHHBIX MPHU3M BOCTOYHOTo oOpamiieHus EBpasum u sBisercs
yacTbto CHXOT3-AJIMHCKOIO OpOr€HHOIO II0sica, a €ro BHYTPEHHsSI CTPyKTypa o0OyclOBJIeHa
cKyuuBaHueM rnepen; 6mokoM-ynopom (I'amamckuii Teppeitn MOOII). Ilpu 3TOM 3HauMTENBHAS YACTh
VYnp0aHckoro TypOMAMTOBOTO OacceifHa HaXOAWJIach 0KHEE COBPEMEHHOI'O PpACIOJIOKEHHUS BJIOJb
BOCTOUHOM KpoMKkH bypennckoro maccusa (I'oi03y60oB, 2006; MapTtsiniok, 2000).

HenaBHO mosryuyeHHbIe MajJe€OMarHUTHBIE TAHHBIE IO CPEIHEIOPCKUM NECUaHHUKaM 3JIbIOHCKOM
CBUTHl YJIbOAHCKOIO TeppeilHa yKa3blBalOT Ha (OPMUPOBAHME ATHX MOPOJ B OJIM33KBATOPHAIBbHBIX
HIMPOTaX, YTO TAK)KE CBUJIETENILCTBYET B MOJIb3Y TOT0, UTO YIbOAHCKHUM TeppeH OTHOCUTCS K CUCTEME
Cux0T>-AJMHCKOTO OPOr€HHOro Mosica, TaK Kak Ui MOCJTEIHEro XapaKTepHbl Oojiee HU3KHUE I10
cpasHeHuto ¢ MOOII naneommpotsl popmupoBanus (Ileckos u ap., 2021).

OTtcyTcTBUE paHHETOKEMOPUICKUX IIMPKOHOB U IOMMHUPOBaHHE PAHHEME3030MCKHUX [IUPKOHOB
C MaJeo30MCKUMH, HEO- U Me30IpoTepo3oiickuMu Hf-MomenbHBIMEH BO3pacTaMu B ME3030MCKHX
METa0CaJOYHbIX IOpPOJIaX COPYKAHCKOH M HAJABIHAWHCKOM CBUT YIBOAHCKOTO TeppeiHa Takke
MO3BOJIAIOT TpeArnoiaraTb, 4To YIbOAHCKHI TeppelH sBiseTcss (GparMEeHTOM aKKPEeLHOHHOIO
KOMIUIEKCa CEBEpPHOM OKpamHbl AMYpPCKOrO CyIlepTeppeiiHa, a He HaJlO)KeHHBIM MNporudbomM Ha
naie030MCKUX 00pa3zoBaHuAX MOHT0s10-OXOTCKOro Mosica MM aKKPEIIMOHHBIM KOMIUIEKCOM I0OXKHOMN

okpannbl CeBepo-Aizuarckoro kpatoHa (3auka, Copokus, 2020).
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2.3. I'eonozuueckan nozuyus mecmopoxcoenus Kymoin
MecTopOoXKACHHE PACTIONOKEHO B IICHTPAThHON YacTh TyTrypcKOro moxyocTpoBa, B OacceiHe p.
bupanmxu B npenenax nucra N-53 XXIV, B ceBepo-3anaaHoil yactu YIb0aHCKOTO TYpOUIUTOBOIO
Teppeiiia MoHroao-OxoTckoro oporenHoro mnosica (Xanuyk, Msanos, 1999; llleBuenko u ap., 2014)
(Puc. 2.3). C Touku 3peHus padlOHUPOBAHUS 30JIOTOHOCHBIX IUTOIIAAeH tora [lanpHero Bocroka, oHO
oTHOocuTcs K Hrmxueamypckoil 30He CuxoT3-ANMHCKON MPOBUHIMK THXOOKEaHCKOIO 30JI0TOHOCHOIO

nosica (Ditpui, Copokun, 2005) (Puc. 2.4).
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Puc. 2.3. ®parMeHT rocy1apcTBEHHO reotorndeckoi kaptel Poccuiickoit @eneparuu, N-53
(ILTanTapckue ocTpoBa), OTBEYAIONIUI pailoHy MecTopoxxaeHus KyTbiH

Ycnoenvie obosnauenusn: 1 - Annosuanvhvie eaneunuxu, 6aNYHHUKU, ZPABULIHKU, NECKU, CY2IUHKU,
cynecu, mopgh (0o 10 m); 2 - AnnosuanvHvle 2aneyHuKu, BALYHHUKU, SPABUUHUKU, NeCKU, CYnecu,
CyenuHky, anegpumol, 2aunvl (32,4 m); 3 - AneBUHCKUll CeUCMOKOMNIEKC: 2PABUIIHO-2aNedHble
OMIOJCEHUsL,  OUAMOMUMDbL,  OUAMOMUMOBble — 2IUHbL  C  Mep2elUCmbMU  KOHKpeyusimu,
myghoouamomumwl, onoxosuouvie anegporumsl (300 m); 4 - Aaxumckas monwa: 6a3anvmol,
mpaxuanoe3ubasanbmel u ux myguol, mpaxuanoezumol, anoe3umsi u ux myguot (0o 300 m); 5 - 26yp-
HUMEJIeHCKAs CepUs. 2IUHbL, NeCKU, CY2IUHKU, BATYHHUKU, NECYAHUKU, Al1e8PONUMbL, 2PABUIHO-2AIedHble
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omaodcenus, yenu oypoie (00 550 m); 6 - Maiimazynckas moawa: 0ayumsl, puooayumol, pUoIumbl, Ux
my¢hol, ueHumOpumol, anoezumvl, oOazaremol (700 m); 7 - Casoskckas moawa. amoe3umslt,
andesubasaivbmol, oayumsl, ux myguol, 1asoobpexyuu, myggpumsi, mygoanespoiumst, my@onecuaHuxu,
myghoKoHeI0MEPambl, MPAxuaHoe3umol, ux i1agoopexuuu, ueHumopumaol (850 m); 8 - Tonym-waxumckas
CceUMA’ anespoNUmbl, NECYAHUKU, UX MOHKOE Nepeciaudanue, apeuiiumel, 2paeeiumsl, KOH2I0Mepamal,
my¢honecuanuxu (1700 m); 9 - Ykypyupynckas moawa: necuanuxu, aiespoiumsl, eAUHUCMble CLAHYbL,
epagenumsi, opexuyuu (6onee 1700 m); 10 - Ceuma mvica Yoxopunepa: necuanuxu, aniespoiumol,
apeuniumel, opexuuu, Kouenomepamst, epaseaumst (600 m); 11 — Toxapeyckas ceuma: anesponumul,
apeuniumol, KpeMHUCMO-2IUHUCmole nopoosi, necuanuku (1900 m); 12 — Oaveonckas ceuma:
NeCYaHUKU, ale8poauUmvl, UX MOHKOE Nepeciausanue, apeuiiumol, KPeMHUCMO-2TUHUCTble NOPOObL,
Opexuuu, konenomepamsl, epageiumvl (2450 m); 13 — I'opbauunckas ceuma u ceuma mvica Huxma:
necuaHuku, mygonecuanuxu, arespoiumol, epaseaumol, kKouenomepamsl (1100 m); 14 - Accvinutickas
ceuma: MNecyamuKy, myQonecuaHuxu, arespoaumel, MyQoanre8poOIUmMyl, 2AUHUCIbIE CIAHYDI,
KpeMHUCmole U KPeMHUCMO-2IUHUCTble NOPOOblL, epaseiumsl, Opekuuu, bazaivmol, mygol, myghghumot
(2300 m); Muxanuyunckas ceuma (J1-2mh): necuanuku, aresporumol, apeuiiumol, NAYKU UX MOHKO2O0
nepeciausanusi, OpeKuul, KOHeIOMePamsl, AUMbl, KDEMHUCMO-2IUHUCTbLE NOpoObl, bazarbmul (1500
m); 15 - Humenenckas ceuma: mygonecuanuxu, mygoanrespoiumvl, KpemHUCmble, KPEeMHUCHO-
2NUHUCTIBLE U MYPOEHHO-KPEMHUCTbLE NOPOObI, 2TUHUCMbIE CLAHYbI, NeCUAHUKU, ANe8POIUNbL, NAYKU
UX MOHK020 Nepeciauéanusl, TUH3bl epaseiumos, KoHe1omepamos, opexuut, mygoi, 6azarvmot (3200
m); 16 - Ceuma 6yxmer Mamea: anespoiumsl, necuanuku, spasgenumol, Koneiomepamol (1615 m); 17 -
Manowanmapckas ceuma: anespoaumsl, nec4aHuxu, mygonecuanuxu, mygoumsi, O6azaromol u ux
my¢ol, ssuimvl, muxkpoxsapyumsl (2800 m); 18 - Jlamckas ceuma: bazanomol, ux mygput u 1a60opexyuu,
anesponumsl, necuanuxu, mygoanesporumsl, mygonecuanuxu, sumol (0o 1600 m); 19 - Kopenvckas
CBUMA. ANesPOIUMbL, NECUAHUKU, O0JIepumbl, Myghvl Oazarbmos, sumsl, myggumst, opexuuu (2800 m);
20 - Jlunozonvmckas ceuma: necuanuxu, aiespoiumol, 0A3aibmol, Ux my@ul, AUMOBUOHBIE NOPOObI,
epasenumol, Kouenomepamsl, Opexuuu (2100 m); 21 - Ceuma mwica Buympemnnezo: necuanuxu,
anesponumsl, Opexuuu, 6azarbmvl, ux my¢hvi, my@@umei, AUWMbL, KOHSIOMEPAMbL, OIUCTIOIUNbBL
ussecmusikos (2400 m); 22 - Ceuma ocmposa bBenuuveco: necuaumuxu, aiespoaumvl, uUx MOHKOe
pummuunoe nepeciauganue, opexuuu (3400 m). Cybsyrkanuueckue obpazosanus: 23 - Oayumol
MatMacyHcKoeo Komniekca, 24 - anoezumol, mpaxuaroe3umyl cagosikCKO20 KOMNieKcd. Yuvoanckuil
komniexc: 25 - Yemeepmas ¢paza: neuxoepanumsl; 26 - UYemeepmas ¢paza: cydowenouuvie
netikoepanumul;, 27 - Tpemvs asa:. epanumsl, NiG2UOSPAHUMDBL, SPAHUM-NOPHUDLL, 2PAHOOUOPUM-
nopgupsl, cybujenounvie epanumol, epaHocuenumol; 28 - Bmopas ¢asa: ouopumsi, moHyoouopumst,
Keapyegvle Ouopumsl, Keapyesvle MoHyoouopumvl, 29 - Ilepsas ¢haza: 2abbpo, 2abbponopumbi.
Cocmase gynxanoeennvix oopazosanuii: 30 — oayumsi, 31 — anoezumoi. 32 — Konmaxkmogwvle poO2oGUKU;
33 — ceonocuyeckue epanuybl: & — 00cmosepHule, 6 — npeononazaemvie; 34 — pecuoHanvbHbie pa3pbleHbLE
Hapyuienus (Haosueu): a — 0ocmogepHvie, O — npednonazaemvle;, 8 — NEPEKPLIMbvle GbIUUETEHCAUUMU
00pa306aHuUAMU OOCMOBEPHbIe, 2 — Npeonoazaemvle; 35 — 6MopocmeneHHvle pa3pbléHble HAPYULeHUS
HeyCmaHosaieHHou mopghonocuu, docmosepruie; 36 — mecmopooicoerue Kymuoin.
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MertannoreHn4eckue nosica

Maneozonckun

MozaHetopckui,
paHHeMenoBow

Pannemenoeo#

MNosaHemenoBow

KawHozonckun

o o\ ¢

e Mecropoxaenue
3onora

Bocrounble
CaxanuHckme
Kypunbckue
ocTpoBa

1 1000 km

Puc. 2.4. Meramorenndeckue mosica JlanpHero Boctoka u HEKOTOpPEIE 30JI0TOPYIHBIC

mectopokaeHus perrona (rmo Goryachev, Pirajno, 2014; Vikent’eva et al., 2018 ¢ gomn. aBTopa)

Ycnosuvie ob6o3znauenusn. Ocnogubie mexkmoHuueckue eounuywvl /lanvneco Bocmoka Poccuu: [ —
Cubupckuii kpamon, I — Bepxosinckas 0epopmuposannas naccusnas KOHmMuneHmanivHas okpauna, llla
— Omonouckuil kxpamounwii meppetn, IIIb — Oxomckutl kpamouuwiii meppetin, IV — ocmpoodyicHble
meppetinvt Konvimckou [lemau, V-VII Cpeoneazuamckuii opoeennsiii nosic: V — ApeyHckutl Kpamoumwii
meppetn, VI — Cononxepckuii akkpeyuonnsiii meppetin, VII — Bypeuno-Xanckuu Kpamounwiii meppetin,
VII-XI Me3o3zotickue opocenvi: VIII — Mouneono-Oxomcxuii, IX — Ano-Konvimckuti, X — Oxomcko-
Kopsaxcxuii, XI — Apkmuyeckuii u (Xla) eco Yyxomcexuil wenvghoswiii meppetin, XII-XIV — Mezo3zoticko-
Kaiinosotickue opoeenvt: XII — Kopsaxckuit, XIII — Cuxoma-Anunckui u (XIV) Kamuamcxo-Kypunvckue
0CmMpoBoOYICHbLEe meppelitbl. 3010mopyonsie mecmopoxcoenus: 1 — Hamanka, 2 — Hexcoanunckoe, 3
— Maiickoe, 4 — J[ysm-IOp, 5 — Aenue-Aganacvescroe, 6 — Toxyp, 7 — baopan, 8 — Manomweip, 9 —
Inyxoe, 10 — Jlecoexan, 11 — Ymunka, 12 — lkonvroe, 13 — Bepesumosoe, 14 — Kuposckoe, 15 —
Ackonvo, 16 — Kybaka, 17 — Kynon, 18 — Kypanax, 19 — Kiouyc, 20 — Capoinax, 21 — Cenmauan, 22 —
MHnoeosepuunnoe, 23 — benas eopa, 24 — Tyeyuak, 25 — Kanoudamcxoe, 26 — Apbamckoe, 27 —
Henunenu, 28 — Apxauan, 29 — Jleso-/lyouncroe, 30 — Kypym, 31 — Opeenax, 32 — /lensanxup, 33 — Hucmoe,
34 — Bacyeyns, 35 — Teymaoowcax, 36 — Muaxum, 37 — [[ybay, 38 — Yenax, 40 — Kymuvin, 41 —
Anbazunckoe, 42 — Yynvbamxan.
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B cTpoeHun mecTopokIeHHs MPUHUMAIOT YYacTHE IOPCKUE TEPPUTE€HHBIE TOJIIIU, MEJIOBbHIE
BYJIKAHUTBI, UYCTBCPTUYHLIC 06p2130BaHI/I$I. I/IHpr3I/IBHI>IC nmopoanl MPCACTABJICHBI MOPOAaMU
ynb0OaHckoro komruiekca. llupoko mnposiBneHsl meracomatutbl. Huke nHa Puc. 2.5 npuBenena

CXEMATHUYCCKaA IrcoJIornd4ecKkas Kapra MECTOPOXKIACHM.

OxoTckoe
9 LWanTapckue mope
0-Ba
§ Kyruu'
.i
i
“
I O 4 R

- -
B -
¥ 4ol —~ | 12 = e

Puc. 2.5. CxemaTnueckas reosiornyeckast kapra Mecropoxienust Kyoin (no Tpymuny u ap., 2021, ¢

JOTIOJTHEHUSIMHA aBTOPA)

1 — anmosuanvuvie omnoocenus Qal, 2 — nponosuanvnvie omnodxcenus Qpr, 3 — andesumul Kz, 4 —
meppueenuvie oopazosanus J1, 5 — meppucennuvle obpazosanus D2; 6-9 — unmpysuenvie oopazosanus
K>: 6 — ouopumsi u 2ab6po-ouopumel, 7 — epanoouopumaol u 2paroouopum-noppupul, 8 — epaHumst,
9 — Odaiiku anoezumos; 10 — paznomul: kpynuuvle (a) u menee kpynuwie (6); 11 — pyonvie 3onwl, 12 —
0peobl OKONOPYOHBIX Depe3umogulx usmenenull. L{ugppamu na xapme 0b603Hauenvbl OCHOBHbIE PYOHbIE
3omubl: 1 — Ceonosunnas, 2 — Ilepesanvras, 3 — I eogpusuuecxasn, 4 — Poonuxosas, 5 — [ocyamoi-2, 6 —
Jicyamol, 7 — UHmoinvckas, 8 — [lenvunckasn. Kpysckamu ykazaunel mecma omoopa npoo.

OrnrcaHue reoJIOTHYECKOro CTpoeHus mpuBeaeHo mo matepuanam B.M. CaBunkoBa, 2013 .

Kymuinckas momwya (Jikt), pacnpoctpaHeHHass Ha CeBepe M CEBEpPO-3amaje MECTOPOKICHHS,
CITOKCHA Pa3HO3CPHHUCTHIMH II€CUAHMKAMH, aJeBPOJIMTAMH C JHMH3aMH KPEMHHCTBHIX W TJIHHHUCTO-
KPEMHHCTBIX TIOPOJI, CEIUMEHTAIIMOHHBIME OPEKYMSIMU U KOHTJIOMepaTaMi. MOIIIHOCTE ToIH Gojiee
1000 m (o B.U. CaBunkoBy, 2013 r.).

Aneamunckas monwa (Jial), mupoko pasBuTas B mpeaenax TEPPUTOPHH MECTOPOXKICHUS,

MMpEaACTaBJIACT co0oit CPCAHC3CPHUCTBIC NCCUAHUKH C I‘paBHfIHLIMPI O6JIOMKaMI/I, C pCAKHUMHU ITPOCIOAMHA
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U JIMH3aMHU CEIUMEHTAIlMOHHBIX Opekuuil, ajmeBponuToB. MomHocTs Tonum — 1200 m (mo B.M.
CaBunkosBy, 2013 1.).

Tponunrosckas monwa (J2tr), paButas B BepxoBbsix pek KyTbiH u Bupanmxa, npeicrapieHa
MEJIKO3EPHUCTBIMU II€CYAaHMKAMHM M aJE€BPOJUTAMU C HPOCIOSIMHU KPEMHHUCTBIX M TJIMHUCTO-
KPEMHUCTBIX Topoj. Momuocts Tonuwm — 900 M (o B.M. CaBunkosy, 2013 1.).

Ilopoabl IOPCKMX TEPPUIEHHBIX TOJI] CMATHI B JIMHEHHBIE CKJIAJKH CEBEPO-BOCTOYHOTO
IPOCTUPAHUS.

Belie ¢ yrioBeIM HECOTJIaCHEM 3aJIeraroT MEJIOBbIC BYJIKaHUTHI AHoezumosou monwu (Kaan)
VYnp0aHCKOW — BYJIKAHOIUTYTOHHYECKOW  accomumammu. llopoabl  mpencTaBiieHbl  HOKPOBaMHU
aH/e310a3aIbTOB, aH/IE3UTOB, AIIUTOB, UX Ty(haMH, TaBOOpEeKUusIMH, Ty duTamu, 00IIei MOITHOCTHIO
6onee 500 m (o B.U. CaBunkosy, 2013 r.).

YeTBepTHYHBIC OTJIOKCHHUS MpEACTaBiIeHbl MopckuMu (Qam), amToBHaIbHO-MOPCKHMH
rajledHuKaMy, MEeCKaMd WM TJIIMHAMH M PaclpOCTpaHEHbl B NPHOpekHOW oOmacté YIbOaHCKOTO U
Tyrypckoro 3annBoB. AjuttoBuaibHble 0TiI0XKeHHs (Qn1a) pa3BUTHI BIOJb TOIHH PEK, TAE UMH CIIOKECHBI
teppacsl (o B.U. CaBunkoBy, 2013 r.).

CoBpemenHble aumoBHajibHble (QvA) OTJIOKEHHS ClAraroT MONMBI PEK W IMPEACTAaBICHBI
rpy0000JIOMOYHBIM MaTepHuajoM, a TaKXkKe IeCKaMd W WIOBBIMH cymnecsiMu. Ha ckioHax
pacipoCcTpaHeHbl MPOTIOBHANTBHO-ACTIOBHATbHBIC (Qvpd) TITMHBI, CYyrJIMHKY, WIbI, WIOBBIC CYIECH,
meOHu (no B.W. CaBunkony, 2013 r.).

IOpckue TeppureHHble TONIIM MPOPBaHbl MHTPY3UBHBIMU 00pa3oBaHUSAMH bupaHKHHCKOTO
MaccHBa, KOTOPBI Ha MOBEPXHOCTU IMPEACTAaBIISAET U3 ce0sl HECKOJIBKO Pa300IIEeHHBIX BBIXOAO0B. Mx
IPOCTPAHCTBEHHAs! COMM)KEHHOCTb, €IMHAsI 30HAa KOHTAaKTOBO-U3MEHEHHBIX MTOPOJ CBUIECTEILCTBYET B
M0JIb3Y NMPUHAAJIEKHOCTH 3TUX BBIXOJ0B K OJHOMY €1a00 3pOJMpPOBaHHOMY MaccuBy (XapUTOHBIYEB,
Buxnsaunes, 1978). MaccuB umeer u30MeTpUuHy0 (popMy, IIMpPUHA 30HBI OPOrOBUKOBAHHBIX MOPOJ
TOBOPUT O €ro MOJOrMX KOHTaKTaxX. B NMPHKOHTAKTOBBIX YaCTAX MPeoOsaJaloT MEIKO3EpPHUCThIE U
nopGUpOBUIHbIE  PA3HOBHIHOCTH  TOPOJ,  JUIsl  LEHTPaJbHBIX  YacTell  XapaKTepHbI
PaBHOMEPHO3EPHHUCTHIE CTPYKTYpHI (XapuToHbIueB, Buxmisuues, 1978).

WHTpy3UBHBIE TOPOIBI MECTOPOXKACHUS OTHOCATCA K YJIHOAHCKOHW BYJIKaHO-TUTyTOHMYECKOU
acconuanuu. IloznHemenoBoit bupankMHCKUH MHTPY3MB mpencTaBieH Tpems (azamu: | daza —
rabOpoMOPpUTHI, TUOPUTHI, JuopuTOBbIE Mopdupsl; Il gasza — kBapLeBble TUOPUTHI, IPAHOAUOPUTHI,
rpanoauoput-nopdupsr; 11 ¢paza — rpanutel, rpanuT-nopdupsl, aitku arauToB. C pOCTOM COAepKaHUS
KpeMHeKuciaoTHocT oT [-oit daser k Ill-eit cHmxkaercs comepkanue Ti, Fe, Al, Ca u moBbImaercs
cogepxkanne K, Na. HauOomnbinee pacnpocTpaHeHHE MONXYYMIH TPAHOTUOPUTHI BTOPOH (asbl,
KOTOPBIMH Ha TEPPUTOPUU MECTOPOXKACHUS CIOXKEH HITOKOOOpa3HbIH MAcCUB ILIOLIA/bIO OKOJIO 12,5

kM2 (Puc. 2.5). DTH TPaHOIMOPHTHI TOIBEPIIIMCH WHTCHCHBHONW METacOMATHUECKOH mepepaboTke, C
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KOTOPOM CBs3aHA pPyJAHAs MUHEpanu3auusa. Bwmemarommue nopoasl OPOrOBHUKOBAaHBI. J[aliKOBBIN
KOMIUIEKC IPEJICTaBJIEH MO3/HEMENOBbIMU Oa3abTaMU, aHJE3UTaMH, JAllUTaMu, pUoaUTaMHu. [laiiku
AHJIE3UTOB 3aHUMAIOT CEKYLIEE MOJIO)KEHHE 10 OTHOLIEHUIO K IPaHOJMOPHUTAM, PACIPOCTPAHEHBI, B
YaCTHOCTH, M B mpernenax leopusnyeckoil pynHON 30HBI, TIe Ha HHUX TaKXKe HAKJIAJbIBAIOTCS
METaCOMaTU4YECKHE U3MEHEHMUS.

Jlokanu3anus 30H HMHTEHCHMBHOM METAaCOMaTHYECKOW mepepaboTKH  KOHTPOIUPYETCS
MIOJIOKEHUEM ONEPSIONINX Pa3aoMoB. [IpoxXHIKOBO-BKpaIIEHHOE OPYAEHEHNE JTOKAIM30BaHO B KBAPIL-
KapOOHAT-CEpUIIUTOBBIX METAaCOMAaTUTAaX, PAa3BUBAIOIIMXCS IO TPAHOJUOPUTAM M IecyaHukam. B
LEHTPAJIbHBIX YacTSIX 30H METACOMATUTOB Pa3MELIAIOTCS JIMHEHHBIE IITOKBEPKU MPOKUIKOB KBapll-
CEepULIUT-KapOOHATHOI'O COCTaBa U OPEKYMH C KBApLIEBBIM LIEMEHTOM, XapaKTEPU3YIOIIUEC BBICOKUM
conepkanueM 3oso0Ta (Tpymus u ap., 2021). Cogepxanue 3070Ta B pyAe J0CTUTAeT 76 T/T, B CpeiHEM
cocrtapnsis 3 r/1. Ha mectopoxxaenunu KyToiH BeieneHo 10 OCHOBHBIX PYJIHBIX 30H, PACIOJIOKEHHBIX B
9H/IO0- U DK30KOHTAKTaX bupaHKMHCKOro MaccuBa. B cepUIIMT-KBapLEBBIX METAaCOMATUTAaX,
pa3BUBAIOIIMXCS IO TIECYAHUKaM, JIOKaJM30BaHbl pyaHble 30HBI CennoBuHHas, WTbuibckas,
KO6uneitnas, FOxunas, Otkpeitas, Pognukosas u JleapuHckas, a mo rpanoauopuram — ['eodusuueckas,

Jxyatel u llepeBasibHasi.
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I'nasa 3. Ilerporpadguyeckas XapakTepucTUKa rPaHOAUOPUTOB M METACOMATHTOB

3.1. Ilempocpagpuueckue ocovennocmu cpanoouopumos bupanorxcunckozo maccusa

['paHOAMOPUTHI CEpBIE, MENKO-CPETHEKPUCTAITMYECKOW THIUANOMOP(HO3EPHUCTON, MHOTIA
noppUPOBUIHON CTPYKTYpPbI, MaCCHBHOH TeKCTyphl. [lopomasl cocTosT u3 ruiarnokiasza (35-40%),
KanmueBoro mnojesoro mmata (20-25%), kBapua (15-20%), 6uotuta (5-10%) u poroBoit oOManku (5-
10%) (Puc. 3.1). Ilnarumokna3z wuaMoMopdHbIiA, 00pa3yer TaOJAMTYATBIE KPHCTALUIBI  C
MNOJMCUHTETHYECKUM JBOMHUKOBAHUEM, TI0 COCTAaBY COOTBETCTBYET aHe3uny Ne 30-45, B moppupoBbIx
Pa3sHOBUIHOCTSX Pa3Mep €ro BKPAIUIEHHUKOB JocTuraer 5 MMm. YacTo BKpAaIUIEHHUKH IUIarMOKIa3a
30HAJIBHBL: C 0oJiee OCHOBHOM LIEHTPAJIbHOM 4YacTbi0 M KHUCJIOM KpaeBOW, BILIOTH 1O OOpa3oBaHMs
anbOuTOBOM OTOpouku. KanueBblld 1MOJIEBOM IIMAT W KBapll BBIIOJHSIIOT HPOMEXKYTKH MEXKIY
KpHUCTaNIaMH IIJIarMoKJIa3a U 00pa3yloT KCEHOMOpQHBIE BbIICICHHs. B KalneBOM IMOJIEBOM MIIMaTe
OTMEYAIOTCS MHUKPOIIEPTUTOBbIE BPOCTKM IUIATMOK/Ia3a, B HEKOTOPBIX Cpe3ax Haliromaercs
MHUKPOKJIMHOBas peuierka. KanueBblii MojieBod IMIMar MpeacTaBlieH ABYMs Pa3sHOBUIHOCTSIMHU —
cobcrenHo KIIII u K-Na nosieBsiM mnartom. Porosast o6manka o0pasyeT uaAnoMopQHble yIIIMHEHHbIE
KPUCTAJIJIbl 3€JIEHOTO LBETAa, 10 COCTAaBy OTBEYAaeT aKTMHOIMTY. BUOTUT B mopozae mpeicTaBiieH
KPYITHBIMU BBITSHYTBIMU TUTACTHHKAMHU HACBIIIEHHOTO Oyporo I[BETa, PeXe BCTPEYAeTCs MYCKOBHT.

AKI.[GCCOpHLIe MHHCPpAJIbI IPEACTABIICHBI IUPKOHOM, PYTUIIOM, NJIbMCHUTOM, TUTAHUTOM, alTaTUTOM.

Puc. 3.1. buotut-poroBoooMankoBsie rpanoauoputsl |l pa3er bupanmxkuackoro maccuba

3.2. llempocpagpuueckue ocodennocmu memacomamumos
MertacoMaTUTBl [0  TPAHOJMOPHTAM  CBETJIO-CEPOTO,  3€JICHOBATO-CEPOro  IIBETA,
CpeHE3epHUCThIC, MACCUBHOM TeKCTYphI (Prc. 3.2). MakpocKonu4eckr MeTaCOMaTHYECKUE H3MCHEHUS

MMPOSABJIAIOTCA B OCBECTJICHUC TCMHOIBCTHBIX onoTuTa U pOI‘OBOfI O6MaHKI/I, OKBapICBaHUHU.
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B 6 | A

Puc. 3.2. MeracoMmatuTsl 1o rpanoguoputam, I 'eodusnueckas pygHas 30Ha

Ha muxpockonndyeckoM ypoBHE B uuiMgpax OTMEYaercs, 4To Haubojee paHHUM HpPOLECCOM
SIBJISICTCSI XJIOpUTH3aLusl Ouotuta u poropoir oomanku (Puc. 3.3). 3amenieHre OHOTHTAa HAYMHACTCS

BJIOJIb TNIOCKOCTEN CIIaHOCTH.

Puc. 3.3. Pa3Burtue xj0pura 1o craiiHoctd ouoruta (a, 6 — 00p. 348-1) u mo poroBoit ooMaHke (B, T —

00p. 348-3). a, B — HUKOJIM CKPEILEHBI, O, I — HUKOJIH MMapauIeIbHbI
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B MeracoMaTM3MpOBaHHBIX TpaHOAMOpPUTAX B  HUM(ax  oOTMeYaeTcs  MOSBICHUE
TOHKOYEITYHYaToOro CEpUIINTa, Pa3BUBAIOIIETOCS 10 TUIATHOKIa3y, OMOTHTY, XJIOPUTY, B MEHBIIIEH Mepe
no K-noneBomy mmary (Puc. 3.4 B, 1). B arperatax cepuiuTU3UpOBAaHHOTO OMOTUTA OTMEYAIOTCS PYTHII
U TUPUT, Pa3BUBAIOIIMECS COTJIAacHO cmaifHoctu Ouotuta. KapOoHAT 10JIOMUT-aHKEpUTOBOTO pAna,
peKe KaJbIUT 3aMeIIacT POroByro oOMaHky u ruiarnokias (Puc. 3.4 a, 0). 3amernienue miarnokiasa
CepUIIUTOM U KapOOHATOM NPOMCXOJUT MO 30HAM JBOMHUKOBAHHWS, a TAKXKE MO TPAHUIAM 3€pEH.
PenukTOBBI KBapil KOPPOIUPOBAH, HO TMOSBISIETCS] HOBOOOpPA30BaHHBIM TOHKO3EPHUCTBHINM KBapil.
[TonBepraercs M3MEHEHHUIO M KAJIMEBBIA MOJIEBOM INIMAT MOPOJbI, OJHAKO CEPUIUTH3ALUS MO HEMY
pa3BuBaercs oprannueHHo. Tem He meHee Takor KIIII Hacklaercs ra30BO-KUAKHUMU BKIHOUECHUSIMH,
CTaHOBUTCS MYTHBIM, a TaK)K€ MEHSETCS €ro IPUMECHBIN cocTaB. B oTnenbHbIX 00pa3nax oTMedaercs
HOBOOOpa30BaHHBIM anbOUT. B MeracomartuTax yBEIMYUBAETCS KOJIUYECTBO AKIECCOPHBIX PYTHIIA,
anmaTUTa, MOHAIIMTA, TOPHUTA, COXPAHIETCS PEIUKTOBBIM HHUPKOH. OTMeuaeTcss CHUHITEeHETUYHAs

BKPAIUICHHOCTH CYJIb(UI0B, OOJBIICH YaCThIO MPEICTABICHHBIX TIUPUTOM U APCECHOITUPUTOM.

Puc. 3.4. Kap6onaTtusanus rarnokiasa (a, 6 — oop. 348-4), cepunut-kapOoHaT-KBapIEBBIN

METacoOMaTHUT IO TPaHOANOPHTY (B, T — 00p. 2865-035). a, B — HUKOJIU CKPEUICHBI, O, T — HUKOJIN

napauieIbHbI
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MeTtacoMaTUTHI 10 NMEeCYaHUKaM TPEACTABISIIOT U3 ce0sl MOPoay Ceporo, TEMHO-CEPOro IIBETa,
TOHKO-MEJIKO3EpPHUCTOM  HEPAaBHOMEPHO3EPHUCTOM  CTPYKTYpPbl, = MAaCCHUBHOH,  II0JIOCYATOH,
npokuikoBoit Tekctypsl (Puc. 3.5). Ilo HaGmogeHnio B nniMdax METaCOMATHTBHI IO MECYaHUKaM
MPEJICTABIISIIOT COOOM TOHKO3EPHUCTHIM KapOOHAT-CEepUIIMT-KBAPIEBBIA arperar ¢ peIruKTOBBIMU
00JIOMOYHBIMH 3€pHAMHU KBaplia M MOJEBBIX IINATOB. 3€pHA PEIMKTOBOIO KBapla W30METPHUYHBIC, C
HEPOBHBIMH T'PAaHHUI[AMH, YaCTO B TOHKUX cpactaHusx ¢ cepurnuroM (Puc. 3.6). Cepurnut obpasyer
CIyTaHHOBOJIOKHUCTBI TOHKOKPUCTAINTMYECKH arperaT. B oTaenbHbIX 00pa3iiax oTMevaroTcs rHe3/1a

U IIPOXKHUIIKH TypMasHHa.

Puc. 3.5. MetacomatuTsl 0 NeCYaHUKaM ¢ TYPMaJIHMHOBBIMU (2) U KapOOHAT-KBapLeBbIMHU (0)
npoxxuiakamu, CeUIOBHHHAS py/IHAs 30HA

4 200 MKM §
Puc. 3.6. CyrmiecTBeHHO OKBapIIOBAHHBIN MIECYAHHK C XJIOPUTOM (00p. 565-3).
a — HUKOJIM CKPEIICHBI, 0 — HUKOJIH MapasuieIbHbI

[upoko pacpoCTpaHEHO KapOOHAaT-KBaplEeBOe IIPOKHUIIKOBAHHUE. [Tpoxunku
Pa3HOOPUEHTHPOBAHHBIE, MOLTHOCTBIO OT 1 MM /10 IEPBBIX CAHTUMETPOB, C YETKUMHU KOHTakTamu. J1is
MIPOXKHUIIKOB XapaKTEPHbI MoJjlocyaThle, rpedeHYaThle, MHOTIa KPYCTU(QHUKAIIMOHHbBIE U CTHJIOJIUTOBBIE
TEKCTYPBl, PEAKO B LEHTPAIbHBIX YaCTAX MPOXKHUIKOB HAONIOMAIOTCS TIOJOCTH, BBIMOJIHEHHBIE

KBapIEeBOH INETKoH. KBapm MpOXHMIKOB OT IMPO3pavyHOrO A0 MOJOYHO-0ENIOro M Ceporo, MHOTAa
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30HaNIBHBIN. [Ipu TyCTOM ceTn MpOXXKUIKOB MOKHO TOBOPHUTD O KUJIBHBIX THIPOTEPMAIBHBIX OPEKUHAX
(Puc. 3.7, Puc. 3.8). B takux Opekuusix OOJIOMKHM TPAHOJMOPUTOB HIIM IECYAHUKOB HEOKATAHBI,
HEYHOPAJ0YEHBI [0 pa3Mepy, OTHOLICHHUE O0JIOMKOB K JKMJIBHOMY IIEMEHTY CYIIECTBEHHO BapbUpYET.
YacTp Opexuuii KaTakia3upoBaHa, YTO MPUBOIUT K Pa3pbIBy IMPOXKHUIIKOB C 00pa3oBaHHUEM KapOOHaT-

KBapIIEBBIX OOJIOMKOB, ITPH STOM OOJIOMKH ITOPOJT YMEHBILAIOTCS B pa3Mepe, OKaThIBAIOTCSI.

200 raKm

Puc. 3.8. KapOoHar-KkBapiieBble MPOKUWIKKA B MeTacoMaTuTax (00p. 2865-035)
a, B — HUKOJIM CKPEIICHBI, O, T — HUKOJIA TTapaJlJIeTbHBI

[TogBoast wTOr CKa3aHHOMY, OTMETHM, 4YTO HauOOJee pPAHHUM TIPOIIECCOM  SIBIISETCS
XJIOPUTH3ALIMSL, KOTOpasi MPOSIBIAETCS B 3aMEIlleHHH OMOTHUTa M pOroBoil oOMaHku xsoputrom. Kak
M3BECTHO, ATOT HU3KOTEMIEPATYPHBIM aBTOMETACOMAaTHYECKHUW TMPOILIECC YacTO 3aBEepLIaeT

(dopMHpOBaHKE UHTPY3UBOB.
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Hcxons u3 OMMCaHHOTO BHINIE XapaKTepa METacOMAaTHYECKOTro MPeoO0pa3oBaHUs BMEMIAIONIUX
IPaHOJUOPHUTOB, €CTh OCHOBaHHME YTBEPXKAATh, YTO COCTaB METACOMATUTOB MECTOpOxIeHHs KyTbiH
IPEJICTaBICH MHUHEpajlaMu (CEepHUIHUT, KapOoHAT, KBapll, MUPUT), MUHEpaATIOOOpas3ymollee BEIIeCTBO
KOTOPBIX 3aMMCTBYETCSI M3 MOPOJ000pPa3yIOIMX MHUHEPAIOB T'PAHOIUOPUTOB, MOABEPTAOLINXCS
npoleccaM MeTacoMaro3a. MexaHW3M Takoro Impolecca JeTalbHO paspadoraH mpodeccopom B.O.
BapabGaHoBbIM 17151 TIporiecca rpei3eHu3ay Ha IPUMEPE OKOJIOKHUIBHOTO 3aMEIICHUs TPaHOJHOPUTA
Ha KOHTAaKTe€ C KBapi-BoJibppamuToBbiMu kuiaMu (Bombdpamossie..., 1996). CormacHo
BBIMIOJTHEHHBIM TIETPOrpaueckKuM HCCIEIOBAaHUSIM, B IPOLIECCE CEePUIMTH3AIMK IIJIarhoKias3a
MOCTOSIHHO ~ TOSIBIIACTCS  KapOOHAT, MPEACTaBIAIONIMN  CcOO0OM  3aJeHCTBOBAHHOCTh  KaJIbIIMS
BBICBOOO/IMBIIICHCS aHOPTUTOBOM cocTaBistomeld rarnoknaza (Ne 40). Ilpu 3amemennn OuoTuTa
CEpULIUTOM BBICBOOOXKIAETCS >KEJIe30, KOTOpoe peanusyercss B Buje mnuputa. CepunuTusanus
am¢pubona MPUBOIUT K BBICBOOOXKAEHHIO M(Q, KOTOpBIH BXOAUT B COCTaB HOBOOOPa30BaHHOIO
kapOoHara. B OTIMUYMM OT BBIMIEYTTOMSHYTOTO MpOLEcca Tpei3eHn3alnHy, e KapOoOHaT MpeIcTaBIeH
KaJBIIUTOM, 37IeCb OH OTBEYAeT MUHEpaJIaM psifa JOJIOMHUT-aHKEPHUT, B COCTABE KOTOPOTO PEaU3yIOTCS
Mg u Fe, BbICBOOOIMBIIIMECS PU 3aMEIICHUU OMOTUTa U aM(uOoia. Pasnmuune cocraBa MUHEPaIbHBIX
accolualuii mporecca rpeisenusanun (KBapiy — MyCKOBUT — UpHT — (urooput) (Bonbdpamossie. . .,
1996) u um3yuaembIx Oepe3UTOB (KBapl] — CEPULUT — KapOOHAT — MUPUT) MPH CXOXKEM COCTaBe
BMEIIAIOINX MTOPO]T 00YCIOBIICHO MPEK/IE BCETO PA3IMINEM COCTABA METACOMATHU3HPYIONIHX (PIIFOMIOB
— H20 + F B rpeiizenax u H,O + CO» B Gepesnrtax, a TakKe B TEMIIEpaType KPUCTATUTH3AIIHH.

O4eBHIHO, UTO CEPUIIUTH3AIMUS U KapOOHATU3AIUS TIJIarnoKiIa3a MPUBOIAT K BICBOOOKICHUIO
Na. He3HnauntenrHOe NPUCYTCTBUE HOBOOOPA30BAHHOTO albOMTa MOXHO OOBSCHUTH OOPATHOM
peakxIyel 3aMeIIeHus] CepUINTa aTbONTOM B HIDKHUX OOJiee HarpeThiX Topu3oHTax. B ciaydae Takoi
peakiuu o0beM HOBOOOPA30BAHHBIX MHUHEPAIOB OoJibllle 00bEeMa 3aMeNIaeMbIX, MOITOMY TaKOU
CIIeHapuii BO3MOKEH B YCIOBHSIX JIEKOMIIPECCHH, JOCTUTAEMOM 3a CUET MOPUCTOCTH BHEITHUX OPEOJIOB
Oepesutusanuu. BeposTHO, 1 Ha MecTOpokaeHUU KyThlH HA HEKOTOPOM YyJAICHHH OT H3yUYeHHBIX
METaCOMAaTUTOB MOXKHO IpEIIojaraTh MapareHe3rchl ¢ albOMTOM, 3aMEIIAIOIIAM CEPHIIUT, KaK 3TO
onmrcano Ha HexxmaHnHCKOM 30J10TOpYyAHOM MecTopoxaeHuu B SkyTuu (boptHukos u ap., 2007).

Takum 00pazoM, OCHOBHBIMH HOBOOOpPA30BaHHBIMH MHUHEpaJaMH METACOMATHUTOB SIBIISIOTCS
KBapll, CEPUIIUT, KapOOHAT aHKEPHUT-TOJIOMHTOBOTO psiia, YTO MO3BOJSIET OTHOCHTH H3y4Yaemble

MeTacoMaTHUTHI K 6epe3uToBoit popmarun (Kapukos u ap., 1998).
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I'naBa 4. I'eoxumunueckas XapaKTepuCTuKa rpaHOAuOPUTOB Bnpanumnncxoro
MaCCHBa U ME€TaCOMaTHUTOB

4.1. I'eoxumuueckue ocobennocmu zpanumoudos bupanoxcunckozo maccuea

XUMUYECKHI COCTaB MOPOJ U Py U3YyHaliCd METOAAMH PEHTIE€HOCIEKTPAIILHOTO CUIIMKATHOTO
aHajn3a, aTOMHO-YMHUCCHOHHON CIEKTPOCKOIIMU C MHAYKTUBHO cBs3aHHOM turazmoit ICP-AES, macc-
CIEKTPOMETPHH C MHIYKTHBHO cBsi3aHHOM Tuta3moit |ICP-MS B ananuTtudaeckoii naboparopun BCET'EU.

Mectopoxaeane KyTblH TPOCTPAaHCTBEHHO CBSI3aHO C bBUPAHIKMHCKUM HHTPY3HUBOM
yJIb0AHCKOTO KOMIUIEKCA, OTHOCAUIMMCS K Ta00po-rpaHOquOpUT-IEHKOrpaHUTOBON (opManuu. ITH
MOPOJBI OTHOCATCS K HOPMAJIbHOMY DSy LIENIOYHOCTH C HECKOJBKO TOBBIINICHHBIM COJIEp:KaHUEM
mienodei, ocobenno K (Tabm. 4.1). Ilo Tumy MICTOYHOCTH SIBISIOTCS KaJUCBO-HATPOBBIMH.
CootHomieHre (PEeMHUYHBIX DJIEMEHTOB W IIEJIOYSH MO3BOJISIET OTHECTH IMOPOJABI K BBICOKOKATHEBOU
u3BecTKOBO-1enouHoit cepun (Puc. 4.1, Puc. 4.2). I1o COOTHOIIECHHIO TIMHO3EMa W IIeI0Yed Ha

nuarpamme B koopannatax A/NK u A/CNK rpanuton/isl onagaroT B MMoJie mIroMa3suToBbx (Puc. 4.3).

Tabmuua 4.1. [leTpoXUMUYECKUI COCTaB MOPOJ YIbOAHCKOTO KOMIUIeKca (10 XapUTOHBIYEBY,
BuxustaiieBy, 1978, ¢ nobaBieHUSIMU aBTOPA)
1 2 3 4 5 6 7 8 9 10
SiO2 50,72 | 50,00 | 58,77 | 62,6 | 62,7 | 66,90 | 71,21 | 70,82 | 61,11 | 64,39
TiO2 111 1,16 | 0,76 | 095 | 092 | 0,73 | 043 | 059 | 059 | 0,59
AlOs | 1526 | 19,11 | 16,75 | 14,12 | 13,41 | 13,78 | 13,45 | 13,27 | 15,92 | 16,05
Fe:0s 3,81 329 | 281 | 190 | 212 | 1,25 | 1,00 1,71 | 478 | 4,88
FeO 7,19 6,49 | 454 | 429 | 395 | 2,77 | 261 1,80 - -
MnO 0,14 016 | 0,13 | 0,09 | 0,12 | 0,05 | 0,06 | 0,06 | 0,09 | 0,09
MgO 10,23 | 9,49 | 549 | 437 | 418 | 251 | 1,89 145 | 2,60 | 2,63
CaO 7,89 509 | 295 | 326 | 313 | 192 | 133 | 097 | 414 | 417
Na.O 2,35 292 | 348 | 328 | 298 | 342 | 337 3,78 | 3,02 | 3,05
K20 0,44 112 | 2,71 | 3,16 | 3,38 | 444 | 416 | 488 | 337 | 341

H.O* 0,80 105 | 09 | 0,34 | 0,23 | 0,09 | 0,51 - - -
P.Os 0,24 013 | 016 | 039 | 0,23 | 0,25 | 0,14 0,22 | 0,16 | 0,16

CO; 0,18 0,15 | 0,17 - 2,40 - 0,19 - - -
SOs 0,02 - - - - - 0,01 - - -
Moo - - - 1,33 - 1,83 - 0,77 - -

Cymma | 100,38 | 100,16 | 99,62 | 100,08 | 99,75 | 99,94 | 100,36 | 100,32 | 95,77 | 99,41

[Tpumeuanus: 1, 2 — rabOpoanopuT, 3 — AMOPUT, 4 — KBAPIIEBBII TUOPUT, 5 — TPAHOAUOPUT, 6 —
rpaHoguopuT-iopdup, 7, 8§ — poroBooOMaHkoBO-0n0oTUTOBBIHN TpanuT, 9, 10 — rpanoauoputsr |l ¢a3zer

bupanmpkuHCKOro MaccHBa.
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Puc. 4.1. ITonoxxenue Touek cocTaBa MopoJl yJab0aHCKOro KoMIuiekca (1o XapuTOHbIYEBY,
Buxnsauesy, 1978; Kucisikoy u zp., 2001 ¢ no6asnenusimu aBropa) Ha quarpamme AFM (o Kuno,
1968; Irvin, Baragar, 1971). 1 — rab0po-AuOpHTHL, 2 — AUOPUTHI, 3 — KBapLIEBbIC THOPUTHI, 4 —
IPaHOIUOPUTSHI, 5 — IpaHOIMOPUT-TIOPGUPBL, 6 — IPaHUThI, 7 — rpaHoauopuThl |1 dass

EI/IpaHI[)KI/IHCKOFO MacCuBa
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Puc. 4.2. [lonoxenue Touek cocTaBa nopoj yib0aHCKOro KomIuiekca (1o XapuTOHBIYEBY,
Buxinsnney, 1978; KucaskoBy u ap., 2001 ¢ nodaBienusmu aBropa) Ha auarpamme KoO-SiO»
BBIJICJICHUS CEPHII MAarMaTHYECKUX MOPOI 1o coaepkanuto kamus (Peccerillo, Taylor, 1976).

1 — raGOpo-A1OpUTHI, 2 — AUOPUTHI, 3 — KBAPIIEBBIC TUOPHUTHI, 4 — TPAHOAUOPUTHI, 5 — TPAHOAUOPUT-

nopdupsl, 6 — rpanutkl, 7 — rpanoauopuTsl |1 pa3er bupanmkuHCcKOrO MaccuBa
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Puc. 4.3. TlonoxxeHne TOYEK COCTaBa T'PAHUTOUJOB YJIbOAHCKOrO KOMIUIEKca (IO XapUTOHBIYEBY,
Buxnsuuesy, 1978; KucnskoBy u ap., 2001 ¢ mobGaBieHusMu aBTopa) Ha aumarpamme Shand, 1943.
A/CNK (=Al,03/(CaO+Na,0+K20)) u A/NK =Al;03/(Na2O+K>0). 1 — rpaHOguOpuThI, 2 —
rpaHoAuopuT-nopdupsl, 3 — rpanuTsl, 4 — rpanoaunoputsl |l gaser bupanmxkuHckoro Maccusa

[eogrHaMuueckue ycinoBus GOPMUPOBAHHS TOPO OLCHUBAIUCH C TIOMOIIBIO OOLICHPHUHSTHIX
JTMCKpUMUHAIMOHHBIX nuarpamm (Pearce et al., 1984; Harris et al., 1986) (Puc. 4.4). Kak Oyzner
noka3aHo pgaimee, coxepxanue Y u ND B Meracomarntax COIIOCTaBUMO C COJAEPKAaHHSIMH B
rpanouopurtax. Konrenrpamus Rb B MeTacomaruTax Bblilie, 4eM B HCXOIHBIX IPAHOJHOPUTAX, OJJHAKO
Jlayke TIOBBILICHHBIE COJIeP KaHMsI IOMAIAI0T B OJIHO TI0JIE C COCTaBaMH HEM3MEHEHHBIX TPaHOIUOPHUTOB.
OTO MO3BONMIIO BBIHECTH Ha JUarpaMMbl, ITOMHMO TOYEK COCTaBa T'PAaHOAMOPHTOB, COCTAaBBHI

Pa3sBUBAIOIIUXCA IO HUM MCTAaCOMATHUTOB.
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Puc. 4.4. Ilonoxenune Touek rpanoauoputoB |l dha3er bupanmknHckoro maccuBa u
METacoOMaTUTOB 10 HUM Ha TeoJiHaMuuYeckux auarpammax (Pearce et al., 1984; Harris et al., 1986).
1 — rpaHOAMOPUTHI, 2 — METACOMATHUTHI [0 TPAHOJUOPUTAM
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Conepxkanust psina peakux siementoB (Rb, Y, Nb) ykassiBator Ha 0CTpOBOAYKHBIC WU
KOJUTM3HOHHBIE 00cTaHOBKM oOpaszoBanust (Puc. 4.4). OmHako OTMETHM, 4YTO I Marmaru3Ma
00cTaHOBOK TpaHC(OPMHBIX KOHTHHEHTAJIbHBIX OKPAauH XapaKTepHbI IIMPOKUE BapHALIUU COJIEPKAHUS

PEAKUX DJIEMEHTOB, CBSI3aHHBIE CO CMEIICHUEM Pa3JIMUYHbIX HCTOYHUKOB MarM (XaHuyk, 2000).

4.2. I'eoxumuueckue 0CoOOeHHOCHU MEMACOMAMUNO8

Jljis eTpOXUMUYECKHX HCCIeIOBAaHUN METAaCOMAaTUTOB OBLIM OTOOpaHBI 0Opaslbl C pa3HOM
CTCTICHBIO MPOSIBICHUS METACOMAaTHYECKMX HW3MEHEHUH M HE CcojAepXKallue KBapIi-KapOOHATHBIX
npoXXuIKoB. OOpa3bl MPEACTABICHBI PSAAOM METACOMATUTOB OT CIIA00M3MEHEHHBIX TPAaHOIMOPUTOB C
XJOpUTOM U JosioMuToM (mpoda 1511-075) 10 moJHONPOSIBICHHBIX KapOOHAT-CEPUIIMT-KBAPIIEBBIX
6epe3uToB (mpooOsl 558, 558/5), a Takike MeTaCOMATU3MPOBAHHBIMU ITOPOJAMH JaKOBOTO KOMILICKCA
(mpo0Osr1 2-2, 3-1).

B wuccnemoBanme BOIUIM pPE3yJibTAaThl aHAIN3a KOMIO3HTHBIX INPOO TE€OTEXHOJIOTHYECKOTO
kaptupoBanusi (I'TK), crpynmupoBaHHBIX TO JIMUTOTHIIAM M TMPEACTaBICHHBIX Oepe3uTaMu IO
rparoauoputam (20 nmpo6) u necuanukam (27 npo6) (Ilpunokenus 1 u 2). XuMuueckuii coctaB mpoo
I'TK ananu3upoBajicsi METOAOM aTOMHO-3MHUCCUOHHOM CHEKTPOMETPUHM C HHAYKTHBHO CBSI3aHHOU
mwiasmoil ICP-AES ¢ npeaBapuTenbHBIM CIUIaBICHHEM ¢ MeraboparoM juTus (16 s1nemMeHTOB) u
METOJIOM Macc-CIIEeKTPOMETPUH C MHAYKTUBHO-CBsizaHHOUM muasmoit ICP-MS ¢ mpeaBaputenbHbIM
MYJIBTUKUCIOTHBIM pasnokeHueM mpob (48 snementoB) («CXKC Bocrtok Jlumuren»). Conmeprkanue
OmaropogHeix MeTauioB (Au, Ag) ompeneneHo npodbupHbeiM MeroaoM aHanmmza («CXKC Boctok
Jlumuten»), cepsl - METOJAOM AaTOMHO-DMHCCHOHHOW CIIEKTPOCKONHH (XUMHUKO-aHATUTHICCKAs
naboparopus, AO «Ilomumerann UHKUHUPUHTY).

Kak BugHo 3 Tabn. 4.2, meTpoxXxMMHYECKOe OTIMYHE METAaCOMATUTOB OT TPAHOJUOPUTOB
3akirodaeTcss B TOHMWKeHHOM coxaepkanun AlpO3, NaxO (3a uckiroueHHeM OJHOTO aHaiu3a) u
noBeimeHHOM — K20. MeracoMaTHTHI TIO TOPOJaM JAKOBOTO KOMIUIEKCA OTIUYAIOT OoJiee HU3KHE
conepxanus SiO2 u K20 u 6oinee Boicokue — T102, Fe203, MnO, MgO, uto otpaskaet 60j1ee OCHOBHON
COCTaB MPOTOJIUTA.

JIJisi METacOMaTUTOB XapaKTEPHBI MOBBIIICHHBIC KOHIIeHTpalmu Ag, As, Sb, Cu, Pb, W, Co, Ni
(Tabm. 4.2). OTHOCHTENBHO BBICOKHE cojeprkanust Te u Bi B OTAeabHBIX P00ax CBUAETEIBCTBYIOT O
KpailHE HEPAaBHOMEPHOM pACHPEACICHUM MHHEPAIOB 3THX 3JIEMEHTOB B mopoze. JleicTBUTENbHO,
TEJUTYpUIBI PA3BUTHI OTPAaHUYEHHO, MUHEPAIbl BHCMYTa HAMU HE HAOJI0JaIIHCh.

Copep:xanre 30J10Ta MOJOKHUTENHEHO Koppenupyet ¢ Ag, As, Sb, Te, Bi, Cu, Pb, uto Haxoaut

MOATBEPK/ICHNE B MUHEpaaX MPOTYKTHBHBIX aCCOIUAIINN MECTOPOKICHHUS.
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Tabmuua 4.2. CopnepkaHue TETPOreHHBIX U PEIKUX DIEMEHTOB B TI'PaHOJUOPHUTAX,

MCTAaCOMATUTAX I10 'PaHOJUOPUTAM U I10 TOpOJAaM ﬂaﬁKOBOFO KOMIIJICKCAa MECTOPOKICHHUA KYTBIH

O6pazen ag | aag | orb [ 092h 3209009 s | 31
075 042 083 037
MertacomaTUThI

ITopona I'panoauoputsl He ?opOHaM

10 TPaHOANOPHUTAM JTAKOBOTO

KOMILITEKCa
Pynn. 30Ha I'eodusnueckas Jxyatsl I'eodusnueckast
I'myOuna, M 72 114 76 45 72 44 93 95 2 2
CopeprxaHue KOMIIOHEHTa, MacC. %
SiO, 61,11 | 64,39 | 61,48 | 63,42 | 63,78 | 62,81 | 62,81 | 63,29 56,31 44,97
TiO; 0,59 0,59 0,60 0,61 0,61 061 | 052 | 0,52 1,00 1,24
Al,O3 15,92 | 16,05 | 15,65 | 14,85 | 15,12 | 14,46 | 13,79 | 14,06 19,03 12,32
Fe,O3 4,78 4,88 4,83 4,66 4,88 503 | 425 | 451 8,15 12,32
MnO 0,09 0,09 0,10 0,08 0,09 0,09 | 0,06 | 0,06 0,26 0,26
Ca0 4,14 4,17 3,80 3,61 4,17 4,07 | 3,44 | 345 3,85 7,98
MgO 2,60 2,63 2,75 2,39 2,51 2,67 | 1,42 | 1,42 3,86 13,98
Na,O 3,02 3,05 3,60 3,05 3,02 300 | 1,27 | 1,20 1,69 0,43
K,0 3,37 3,41 3,69 3,67 3,69 382 | 481 | 510 0,87 1,79
P,0s 0,16 0,16 0,15 0,13 0,13 0,14 | 0,16 | 0,15 0,19 1,03
I - - - - 1,94 - - - 4,97 3,60
Cymma 95,77 | 99,41 | 96,63 | 96,48 | 99,93 | 96,69 | 92,53 | 93,75 100,00 99,92
Copep:xaHue 351eMeHTa, Ppm

Ba 396 401 477 368 423 435 428 | 425 338 272
Sr 231 236 232 189 239 214 127 119 257 177
Rb 74,9 78,3 87,4 84,5 93,4 96,3 121 123 32,0 57,4
Co 12,1 12,7 9,36 10,6 10,6 12 12,2 11 14,5 34,4
Cr 72 75 150 146 186 169 53,9 | 541 33,7 821
Ni 15,4 16,4 13,3 16,4 16,1 17,4 15 14,2 3,26 201
\ 115 129 112 116 113 110 89,7 | 931 182 255
Zn 42,8 50,4 46,7 48,2 48,7 50,7 | 56,1 | 51,8 78,4 201
Cu 19,9 22,6 5,09 6,68 14,3 18,4 | 68,2 64 14,2 6,21




38

O6pasen ag | agg | oM | 092h 3209 O0S08-  an | 0 31
075 |o042 |083 | 037
As 204 | 272 | 236 | 192 | 260 | 13 | 1890 | 1840 | 39 152
Ag 0,057 | 0,07 | 030 | 023 | 025 | 034 | 09 | 0,76 | 0,21 0,21
Sn 12 | 16 | 072 | 079 | 143 | 205 | 208 | 1,63 | 1,70 2,81
Sb 807 | 928 | 627 | 11,0 | 198 | 812 | 31,9 | 292 | 088 7,79
Bi 089 | 053 | 102 | 005 | 018 | 015 | 0,78 | 0,74 | <01 0,22
Zr 124 | 115 | 110 | 130 | 139 | 111 | 123 | 108 153 356
Hf 362 | 33 | 311 | 318 | 415 | 279 | 326 | 272 | 3,79 8,50
Nb 195 | 862 | 744 | 927 | 836 | 864 | 7,95 | 7.88 | 764 7,30
Y 167 | 172 | 1385 | 135 | 161 | 168 | 133 | 139 | 228 24,9
Mo 27 | 477 | 146 | 803 | 60 | 766 | 369 | 513 | 06 <0,6
Pb 157 | 17,7 | 17.6 | 194 | 242 | 209 | 175 | 161 | 141 414
Ga 165 | 168 | 159 | 187 | 1690 | 18 | 157 | 142 | 201 189
W 6,89 | 646 | 359 | 291 | 249 | 333 | 524 | 49,7 | <05 <0,5
Th 83 | 886 | 989 | 914 | 104 | 94 | 105 | 113 | 538 11,0
U 202 | 309 | 363 | 32 | 611 | 311 | 462 | 394 | 101 321
La 232 | 229 | 224 | 215 | 232 | 243 | 236 | 237 | 223 70,7
Ce 42,9 | 427 | 414 | 400 | 470 | 436 | 440 | 464 | 405 153
Pr 574 | 552 | 432 | 416 | 478 | 501 | 531 | 500 | 520 19,6
Nd 188 | 1566 | 139 | 136 | 165 | 164 | 151 | 17.6 | 218 85,2
sm 367 | 295 | 330 | 234 | 387 | 326 | 233 | 215 | 337 141
Eu 0,65 | 0,77 | 061 | 082 | 054 | 066 | 082 | 055 | 134 337
Gd 310 | 327 | 235 | 298 | 2,77 | 242 | 316 | 234 | 3094 9,76
b 0,50 | 043 | 037 | 041 | 061 | 045 | 051 | 056 | 047 111
Dy 274 | 354 | 241 | 299 | 245 | 270 | 230 | 217 | 351 5,72
Ho 0,71 | 055 | 060 | 053 | 061 | 047 | 055 | 049 | 0,72 1,00
Er 191 | 1,75 | 163 | 167 | 191 | 155 | 129 | 1,63 | 239 2,63
Tm 026 | 021 | 023 | 015 | 031 | 023 | 017 | 014 | 028 0,28
Yb 146 | 120 | 151 | 1,10 | 1,37 | 149 | 1,20 | 1,10 | 267 2,04
Lu 023 | 026 | 014 | 023 | 021 | 018 | 020 | 015 | 033 0,23
REE 106 | 102 | 952 | 925 | 106 | 103 | 101 | 104 109 369
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OGpasen. | 348 |3dg | ook |0k 3209 SO o) e | 22 3-1
075 |042 [083 | 037
LREE 9496 | 904 | 850 | 824 | 959 | 932 | 912 | 954 | 945 | 3459
HREE 109 | 11,2 | 924 | 101 | 102 | 949 | 9,38 | 858 | 1431 | 22,76
LREE/HREE | 8,70 | 807 | 930 | 819 | 936 | 982 | 972 | 11,12 | 6,61 15,20
EWEU 050 | 0,76 | 0,67 | 095 | 051 | 072 | 0,93 | 0,5 | 113 0,88
Lan/Lun 1050 | 9,17 | 16,66 | 9,73 | 11,50 | 14,05 | 1228 | 16,45 | 7,04 | 3218
Lan/Yby 10,81 | 12,08 | 10,09 | 13,30 | 1152 | 11,10 | 1338 | 14,66 | 568 | 23,63
Gan/Yby 174 | 223 | 127 | 222 | 165 | 133 | 215 | 1,74 | 120 3,92
K/RD 375 | 363 | 352 | 362 | 329 | 331 | 331 | 346 | 228 260
K/Ba 70,9 | 70,0 | 645 | 831 | 727 | 73,2 | 93,7 | 100,0| 2156 | 54,80
Rb/Sr 032 | 033 | 0,38 | 045 | 039 | 045 | 095 | 1,03 | 0,12 0,32
TilV 30,8 | 274 | 321 | 315 | 32,4 | 332 | 34,8 | 335 | 3304 | 29,18
U/Th 035 | 035 | 0,37 | 035 | 059 | 0,33 | 0,44 | 0,35 | 0,19 0,29

HecMmoTpst Ha CXOXKHH MaKpO3JIEMEHTHBIH COCTaB, METAaCOMATHTHI HACIEAYIOT TE€OXUMHUYECKHUE
YepThl TPOTOJITA: METACOMATHUTHI MO TPAHOJUOPHTAM IO CpPaBHEHHIO C METacCOMaTUTAMU TIO
necyanukam ([Ipunoxkenue 2) oTauyaroTcs 0osiee BEICOKMMHU coepkanusMu Rb, V, Cr (KpaciokoBa u
ap., 2022).

PeaxosneMeHTHIl cOCTaB METaCOMATUTOB IO MOpOJaM JaHKOBOIO KOMIUIEKCA OTJIMYaeTCs
NOHMXKEHHBIM conepkanreM Rb, As, Mo, W, nossimennsim — C0, V, Zn, Zr, 9410 Takxe 00yCIOBICHO
0coOeHHOCTSIMH cocTaBa mporoiuTa. COCTaB NBYX HW3YyYEHHBIX NMPOO METacCOMAaTHUTOB IO Jaiikam
koHTpacteH 1o Cr, Ni: ux conepxaHue OTIUYASTCS HA MOPSIIKH.

KonueHTpanuu peakozeMenbHbIX 3y1eMeHTOB (P3D) B Meracomarutax 1o TpaHOIUOPHTAM
nocturarotr 106 ppm, orMevaercs oboramieHue jJerkumu santanouaamu (Lan/Ybn = 10,09 — 14,66),
npudeM HauOosbimme 3HadeHus Lan/Ybn-oTHolmeHHMs oOTBeyaroT HamboJiee METacoMATHYeCKH
U3MEHEHHBIM TMOpoAaM. 3aKOHOMEPHO CHEKTp pacnpenaeieHus P32 neMoHCTpupyeT oTpuLaTeNbHBIN
HaKJIOH ¢ npeobnananueM jerkux P33 Hag Tsokensimu. Ha criekTpax npucyTcTByeT oTpulaTensHas Eu-
agomanus (ot 0,51 mo 0,95, B cpennem 0,73). Mnorma nabmogaercs terpaa-3pdext M-tuma c
BBIMYKJIBIM npoduieM. [IposiBnenue terpaanoro agpdexra cBA3bIBAIOT ¢ B3aUMOJICHCTBIEM pacIuiaBa ¢
BBICOKOTEMIIEpATypHBIMU BOJTHBIME (IIIOUIaMH M THApoTepMalibHbIME pacTBopamu (Lee et al., 1994,
Irber, 1999; Tang, Liu, 2002; Cky6mn0B, 2005) (Puc. 4.5). Cniextp pacupeneneunus P35 MmeracoMaTuToB,
BEPOSITHO, SBISETCA YaCTUYHO YHACIEJOBAHHBIM: YPOBEHb HAKOIUIEHUs, HakiloH, Eu-aHomanus

XapaKTepHBI 17151 TPAaHOAMOPUTOB, OJIHAKO XapaKTep pacnpeaenenus Tsukensix P33 caunerenbcTByeT 06
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UX TOJABMXKHOCTH B THAPOTEPMaIbHO-METACOMAaTHUECKOM Tporecce. BepostHo, B mporecce
METacoMaro3a, Hampumep, Mpu KapOOHATH3aMK IUIArMOKJIa3a M POTOBOM OOMAaHKH, MPOMCXOIUIIO
nepepacnpenencaiue P35 B HOBooOpa3oBaHHbIE KapOOHATHI, pocdaThl (MOHAIIUT, KCEHOTHM, arlaTuT),
oTMeueHa HaxojKa auccakucura-(Ce).

Konuentpanuu P30 B MeTacoMaTU3MPOBAHHBIX MOPOJAaX NAaHKOBOTO KOMIUIEKCA OTIMYAIOTCS
Ooinee BBICOKMMH 3HaYeHHAMU — 10 370 ppm. XapakTtep CHEKTpa, BEpOSATHO, TAKKE SBIACTCS
yHaclIeZIOBAHHBIM: pEIylHpOBaHHAs OTpHUIATeNbHAS WM cllabas NOJOXKuTeNbHas Eu-aHoMamms

YKa3bIBArOT Ha 0oJjiee OCHOBHOM COCTaB I/ICXOI[HOI‘/'I MMopoAbI.
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Puc. 4.5. Cnextp pacnipenenenne P35 B rpaHognopuTax 1 METAaCOMAaTUTAaX, HOPMUPOBAHHBIX HA
xouaput (Sun, McDonough,1989)
1 — MeTacoMaTUTHI 110 TPAHOUOPUTAM, 2 — METACOMATHUTHI 10 MOPOJIaM TaHKOBOTO KOMILIEKCa,

3 — rpaHOJUOPUTHI

JUis OLIEHKM HM3MEHEHHs] XMMHYECKOrO0 COCTaBa IOpOJ INpPU MeTacoMaTo3e OblI paccUUTaH
6ananc macc (mo bymaxy, 1995). Ins npusenennsix k 100% ananu3oB npoO ObLTH pacCYUTaHbI YUCIa
aToMoB KatuoHoB Ha 1 BM® o hopmyie Ni = RPp, re R — mepexonblit Ko3hdumuenT 11s okcuaos, P
— cofiepsKaHKe OKCH/Ia B Mac. Y%, p — IIOTHOCTB MOpo bl T/cM®, J1iist olleHKH GaaHca MacC BHIYUCISETCS
sHaueHne AN — paszHocTh Mexay Ni MeTacoMaThTa M MCXOJHOM MOpoJbl. B pacuere mcronb30BaHbI

CpeHKe TIOTHOCTH HEM3MEHEHHOT0 TpaHoanopuTa (2,59 r/cM®) 1 MeTacoMaTUTOB 110 TPAHOAHOPUTAM
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(2,62 r/em®). Ompenesnienne MIOTHOCTH 0OPA3LOB IIPOBEAEHO B J1a00PATOPUM HHKEHEPHOH reonoruu
AO «llomumerann Wmxunupunr». CopepxaHue yriepoja pacCUMTaHO HCXOAS M3 COAEPIKAHUA
KapOOHATOB B MpOOE.

Kak BuzmHO u3 Puc. 4.6, B mpormecce Meracomaro3a MPOUCXOIUT 3HAYMTENbHBINH npuBHOC K 1
CO., nepepacnpenensrores Mg, Ca, Fe, Beinocsrcs Si, Al u Na, a takxe pacter K2O/NaO-otHomexHue.
Ucxons wu3 mpeolOpa3oBaHuil MOPOA0OOPA3YIOMIMX MHUHEPAIOB, MOXKHO IpEAINojaraTtb, 4Yro
OKOJIOpYJHBIE H3MEHEHHsS O0pa30BaHbl B pe3yjibTaTe YIIIEKHCIOTHOIO METacoMaro3a, KOTOPBIH

COIIPOBOKAACTCA BBIHOCOM KpPpEMHE3€Ma 1 €0 NOCICAYINM OTIOXCHUEM B JKUJIaX.

AN
15

10

Si

Puc.4.6. IloBenieHre NETPOreHHBIX 3JIEMEHTOB ITPH METACOMATUYECKUX U3MEHEHUSX I'PaHOJMOPUTOB
MecTopokaeHus KyTbiHn
AN — paznocts Mexay Ni (4ucio atomos Ha 1 HM®) MeTacoMaTHTa M HCXOMHOM MOPOIBI

JIist OLIEHKW CTETIeHW M3MEHEHHsI MUKPOIJIEMEHTHOTO COCTaBa TPAHOAMOPUTOB M MECUAHHKOB
npu Oepe3uTH3alMi ObUIM pacCUUTaHbl KO3(PPHUIIMEHTH HAKOIUIEHWS, MpPECTaBIAIOImNe U3 cels
OTHOILEHHSI COJIEPKaHMS HJIIEMEHTA B PyIOHOCHOM METAaCOMAaTHTE K €ro COAEP)KaHUIO B HEN3MEHEHHOMN
MOpOJIE.

Kak Buano u3 Puc. 4.7 u Puc. 4.8, usmeHeHre MUKpPO3JIEMEHTHOI'O COCTaBa pH Oepe3uTU3aIuu
3aKITI09YaeTcsl B BeIHOCE Ba m Sr - snemMeHToB, M30MOp(GHO BXOMSANIMX B TUIATHOKIIA3, M HAKOTUICHUH
PYAHBIX 3JIEMEHTOB, OTPAYKAIOIINX MHHEPAIbHBIE aCCOMAIIMU caMOpoJHOro 30i10Ta — Ag, Bi, Cu, Zn,
Sb, As, S (KpacrokoBa u ap., 2022). Ilpu Oepesutuzaumu Th n U xapakTepu3ylOTCsi HMHEPTHBIM
MOBEJICHUEM M KOHIICHTPUPYIOTCSI B COOCTBEHHBIX MUHEpaJiax uiu nupute (ApOy30B, Puxsanos, 2009),
YTO KOCBEHHO MOJTBEPXKIAETCS AOCTATOYHO HIMPOKUM PACIPOCTPAHEHHEM AaKIECCOPHOI'O TOpHUTA B

HN3Yy4aCMbIX MCTACOMATUTAX.
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BaRb K Th UPbSrZr Ti Y AgBiCuZnSbAs S

Puc. 4.7. I3MeHeHHE MUKPO3JIEMEHTHOTO COCTAaBa TPAHOIUOPHUTOB IIPU OCPE3UTH3AINH
(k03 PUIHEHT HAKOIUICHHUS - OTHOILIEHUE COJEPKAHUS DIIEMEHTA B PYyIOHOCHOM METaCOMAaTUTE K €ro
COZICP)KaHUIO B HEU3MEHEHHOI MOpOo/Ie)
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BaRb K Th U PbSrZr Ti Y AgBiCuZnSbAs S

Puc. 4.8. I3MeHeHne MUKPOIJIEMEHTHOTO COCTaBa MIECYaHUKOB MpU Oepe3uTu3anuu (ko3 HUIeHT
HAKOIUICHHS - OTHOIIICHUE COJICP)KaHMsI JJIEMEHTA B PyIOHOCHOM METAaCOMAaTUTE K €Tr0 COJeP KaHHIO B
HanMeHee U3MEHEHHOM NeCUaHHKe)

Taxum 06pazom, 17151 OLIEHKH METaCOMaTHYECKUX U3MEHEHUI TOPOJ] MOTYT OBITh HCIOIB30BAHBI
K/Ba-, Rb/Sr-otHomenus, koropsie yBenmuuBarorcs ot 70,9 u 0,32 B HEeM3MEHEHHOM I'PaHOIMOPHTE 10
100,0 u 1,03 B G6epe3ute, cooTBeTCTBEHHO. Kak M3BECTHO, 2TH MHAMKATOPHBIC OTHOIICHHS MPHUHSTO
UCIIOJIb30BaTh Ul OLEHKHU CTENEHU KPUCTAUIM3aMOHHON TuddepeHiannu rpanutonoB (Ceipulio,
2002). OgHako 3TH k€ OTHOLLIEHUS CYIECTBEHHO 3BOJIOLUOHUPYIOT B THAPOTEPMAIbHBIX IPOLECCaAX,

CBsI3aHHBIX ¢ 30J10ThIM opyaeHeHueM (Kerrich, Fryer, 1988; boptaukos u ap., 2007).
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I'maBa 5. MuHepanorusi MeTacoMaTuToB MecToposkaeHusi Kyrbin

5.1 Munepansuulii cocmas memacomamumos

s uzydenust pynHo muHepanusamuu u3 pyn CemmoBunHoM, ['eopusuueckoit, [xyaTsi-2,
[TepeBanbHoil, PoguukoBoi, MThUTbCKOM 30H OBLIM OTOOpAHBI MPEACTaBUTEIbHBIC 00pa3Ibl CEPHUITUT-
KapOOHAT-KBapIEBbIX METACOMATHUTOB IO MECYAaHUKAM U TPAHOJUOPUTAM C PA3IUYHOU CTENEHBIO
pa3BUTHS KBapIIEBOTO M KapOOHAT-KBAPIIEBOTO MPOXUIKOBaHUsA. OOpasibl MPEICTaBICHbl KEPHOM C
riryOuH 10 360 M ¥ BKJIIOYAIOT KaK CYIIECTBEHHO OKHMCJICHHBIC, TaK U HE3aTPOHYTHIE TUIEPTEHHBIMU
nporeccamMu  pyAbl. Kosnekiuio MeTacoMaTUTOB JOHOJHSIOT 00pa3ibl  c1a00 M3MEHEHHBIX
IPaHOAMOPUTOB U NIECYAHUKOB.

OOmwmii MUHEpaJIbHBIN COCTaB MPOO METACOMATUTOB OMpPEIENICH METOJOM PEeHTreHo(]ha30Boro
anaymza (PDA), koropsrit mpoBoawiics Ha mudpakromerpe Bruker D8 Advance ¢ KoOaJIbTOBBIM aHOJOM
(AO «ITomumerann MH>XUHUPUHTY). Y CIIOBUS CheMKU: HanpsbkeHue 35 kB, cuna Toka 40 MA, nuanas3ox
n3mepenus ot 4 10 80 20, war 0,02 20, Bpems HakomiieHus B Touke 0,75 ¢, mens 0,6 Mm. MuHepaibHbIe
¢da3pl HISHTUPUIUPOBATHCH B TporpaMMe EVA, KONMUYECTBEHHBIM aHAM3 METOJOM PutBenbaa
(Rietveld, 1969) nposenen B nporpamme Topas.

Metogom PDA Ob1 ycTaHOBIEHBI HOBOOOPA30BaHHBIE MUHEPAIBI XJIOPUT, HILITUT, KAPOOHATHI

(aHKEpHT-I0JIOMHUTOBOTO psia U pexe KanbuuT), muput (Puc. 5.1).
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Puc. 5.1. MuHepaabHBIN COCTaB METaCOMATHUTOB IO TPAaHOAMOPUTAM, Macc. %



44

HccnenoBanus MONMPOBAHHBIX AHIUIU(OB B OTPaKEHHOM CBETE€ W ILIM(OB B MPOXOASIIEM
CBETE BBINOJHECHBI HA MOJSPU3AIMOHHOM MUKpockore Zeiss Axiolmager2 Axioplan. UccrnenoBanus
0COOCHHOCTE BHYTPEHHETO CTPOEHHUS M COCTaBa MUHEPAJIOB U Py MPOBEIEHbl Ha CKAHUPYIOIIEM
anexkTpoHHoM MuKpockore Hitachi S-3400N ¢ sHepromucriepcnoHHbIM criekTpoMerpoMm Oxford
Instruments X-Max 20 ¢ Si moJgynpoBOJHUKOBBIM JIETEKTOPOM B PECYpPCHOM IeHTpe «I eoMonenby»
CIIoI'Y. VYcnoBusi cheMKH: yckopsromee Hampspkenne 20 kB, cuma Toka 3oHma 1,8 HA,
MPOJOKUTEILHOCTh HEMOCPEICTBEHHOTO HAKOIUICHHs crieKTpa cocTaBisuia 30 cekyHI (aHaIUTHK
Bnacenko H.C.).

Cnroowt. 1o pe3ynbpraTaM MEKPO30HJOBOTO aHATTN3a, CIIFO/IBI ITPEICTABICHBI TOHKOYETTy HYaThIM
CEpUIINTOM, B KOTOPOM OTCYTCTBYET HMaparoHUTOBAsl COCTABISIONIAS, PEIMKTOBBIC CIFOIBI OTBEYAIOT

MarHe3uanbHbIM anauTaM (Puc. 5.2).

Mg

@ [lo necyaHukam, CegnoBuHHas
@ [lo rpaHoagmopuTtam, Neodmsnyeckas
B [lo rpaHoguopuTam, [xyaThbl

dnoronut

o =buoTtut

e’
®

e Cuaoepodvnnut g AHHUT
0] @ g
Al+Ti Fe+Mn

Puc. 5.2. CocraB CJIIOA B MCTACOMATHUTAX IO I'PpAHOAUOPUTAM U IIECHAHNKaM

JUis yTOUHEHHUsl cocTaBa M CTPYKTYpbl CEpHUIMTa ObUI MPOBEAECH PEHTreHO(a30BbIM aHAIN3
OpPUEHTUPOBAHHOI'0, HACBIILIEHHOTO 3TUJIEHIVIMKOJEM, npokaneHHoro npu 400 u 550°C npenapatos

dpakuun <2mkm (Moore, Reynolds, 1997).
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Ha mudpakrorpamme opueHTHpOBAHHOTO Tipernapara B paitone 10 2@ HabmogaeTcsi MIMPOKUH,
c;1a00 aCHMMETPUYHBIA MUK C Y4yTh 0OJee IMOJOrMM JIEBBIM IUIEYOM, COOTBETCTBYIOIIUN CTPYKType
WJITATA — CITFOJIBI C IE(UIIMTOM MEKCIIOEBBIX KaTnoHOB (bynax u np., 2014) (Puc. 5.3). [Ipu HackimeHun
stunenraukoseM casura 10A-nika ne HaGmoaeTCs, OJHAKO MOSABIAETCA HEOONBIIOH MONOrKii ropo B
paiione 6 20, a takxe pacmupsercs (pazasauBaercs) nuk (002), 4To yka3pIBaeT Ha MPHCYTCTBUE B

npoOe He TOJIBKO WILTUTA, HO TAK)Ke HEOOIBIIIOTO KOJIMYECTBA UIUTUT-CMEKTHUTA.

A

& “, /\ R ol
P P SR &R L

e

Puc. 5.3. ®parmenTs qudpakTorpaMM OPpHEHTUPOBAHHOTO (1), HACKIIIIEHHOTO STUIICHTINKOIEM (2),
npokanenHoro npu 400 (3) u 550°C (4), HeoprueHTUPOBAHHOTO (5) mpenapaToB Gpakuu <2MKM

TEXHOJIOTUIECKOM P00kl py 1, moarBepskaatomiue npucyrctere wumta (ll) u xaomuauTa (Kin)

CootHomenne narencuBHocter mukoB (001) u (002) coctaBnsiet okosio 1/3 1 MOKeT yka3bIBaTh
Ha npeoGnananue Al Hax Fe u Mg B oktasapuaeckux cosix (Srodon, Eberl, 1984).

JUisl OLIEHKH CTeNEeHU KPUCTAUNIMYHOCTH MIUTMTa Hcnonb3ytoT uHjaeke Kyonepa (Kiibler, 1968),
TpeCTaBIAIOIIMIA U3 cebs 3HaueHue MUpPHHBI Muka Ha 10 A B yriioBBIX rpagycax Ha ero MOJNYBBICOTE.
s m3yduernHoro oopasna unaekc Kyonepa = 0,54.

Taxoke npu u3ydeHnn Gpaknuu <2MKM CPEIIU CIOUCTBIX CHITMKATOB OBLT ONPE/IeNIeH KAaOJIHHHT,
OTJIMYUTENFHON 4YepTOoi KOToporo sBisercss ucuesHoBeHue peduiekca (001) B paiione 14 20 npu

npokanuBanuu oopasia mpu 550°C (Puc. 5.3).

Typmanun. B MeracoMaTtuTax MO MeCYaHHWKAM BCTpPEYaeTCs TypMalluH psla ILIepi-ApaBurT,
00pa3yIoUMii paJuabHO-Iy4YHUCThIE arperarbl M Clararolluil MPOXKWIKH. B KPYIHBIX KpuCTayax
TypMaJlHa OTMEYEHA OCLUIUIATOPHAsl 30HAIIBHOCTD, CBA3aHHAs ¢ BapualMsMu coaepkanus Fe u Mg

(Puc. 5.4, Puc. 5.5).



Puc. 5.4. 3oHasbHBINA KpUCTAILT TYpMaAJIMHA

a — ¢oro B mpoxosiieM ceete, 6 — BSE-nzob0paxenue

Al

anbbaut

\ @ [o necyanmnkam, CeanoBMHHAA

\S\MarHesmocbo nTuT

Fe50AI50 Mg50AIS0

Puc. 5.5. CocraB Typmanuna (auarpamma o Henry, Guidotti, 1985)

Kapoonamupi. KapOoHaTHI IIMPOKO paCHpOCTPAHEHBI KaK B METACOMATUTAX, TaK M B MIPOKHIIKAX.
Haubonee mmpoko mpencraBneHsl KapOoHaThl psaga jgonomur-aHkeput (Puc. 5.6), xoropsie
acCOLMUPYIOT € MHHEpalaMH IUPUT-apCCHOMMPHUTOBOM, 30JI0TO-TETPasAPUT-apCCHONNPUTOBOM,
30JI0TO-TIMPUTOBOI M TEJUTYPUAHON ACCOIMALNM, YacTO UIUOMOP(HBI, HabII0AaeMast OCHMIUIATOPHAs

30HAJIBHOCTH 00yCIIOBICHA Bapuanusmu conepxkanus Fe u Mg. Conepxxanne Fe B xapboHaTax psaa
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JOJIOMUT-aHKEPUT BapbUPYyET OT HUKEMOPOTOBBIX 3HaueHui 10 19.7 macc. %, Mg — ot 5.4 1o 15.2 macc.

%, Ca — ot 18.6 10 28.5 macc. %.

d

MeTacoMaTuUTbl NO NecHaHuKam
MeTacoMaTuTbl Mo rpaHognopuTam
Xunbl

TeopeTnveckme coctaBbl

X>mo

NG
DA KpIa Al
PAAV 2 ATATAA

Cuoeput
M g“ ~ Fe

Puc. 5.6. Bapuanuu cocraBa kap6oHaToB MecTopoxkaeHus1 KyThiH

Menee pacnnpoCTpaHCH KaJbLHUT, KOTOprfI 34€Ch 0OBIYHO 06pa3yeT IMPOXUIIKK C KBApPLCM,
HHOTrJa NEMCHTHUPYCT 00JIOMKH KpHUCTaJIJIOB Ooiee paHHHUX OOJIOMUTOB-aHKCPUTOB, BCTPEUAIOTCA €TI0
TOHKHE KalMEBI 11O AO0JIOMUTY. CI/Ulepl/IT OTMCYCH B MPOXKUIIKAX C XJIOPUTOM U KAJIIBIIUTOM. B KBapI-
KaJIbIIUTOBOM TIIPOKHUIIKE OTMCUYCHBI KCGHOMOp(l)HI)Ie BBIACIICHHUA PpOAOXpO3UTa, CAWHUYHBIC —

CTPOHIIMAHUTA.

Xnopum. XJIOpUT METACOMATHU3UPOBAHHBIX TIPAHOAMOPUTOB  OOpa3yeT MeNIKOo- U
CpelHevelyifuaTble arperarbl, pa3BUBaeTCs MO OMOTUTY W AKTUHOJHUTY, aCCOLMHPYET C KBapLEM,
QIBOUTOM, CEpHUIIMTOM, PYTHUJIIOM, amaTUTOM, MOHALUTOM, TOPUTOM, TajieHuToM. Ilo cocraBy OH
OTBEYAET IAMO3UTY, PEKE BCTPEUAETCS KIIMHOXJIOP.

XJ'IOpI/IT MCTAaCOMATHUTOB 110 IECUHaAaHUKaM MPCACTAaBJICH '-IGHnyI‘IE:lTBIMH arperatamMu,
BKpAaIUICHHUKaMH C TUPUTOM U PYTWIOM, peXe MPOXKWIKAMH C CHAEPUTOM, HHOr/Aa olpacraer
yriaepoaucToe BemecTBo. 11o cocraBy MuHEpan COOTBETCTBYET IAMO3UTY, IPUYEM BO BKpAIJICHHUKAX

KpacBbIC 30HBI OTHOCHUTCJIILHO 066I[HCHBI KECIIC30M.



48

5.2. Xapakmepucmuka pyoHbIX MUHEPA108

Ha wmecropoxnennn KyTblH pacnpocTpaHeHbl pPyAbl C BKPAIUIEHHBIMH, MPOKHIKOBO-
BKpaIICHHBIMH, IIPOYKMIIKOBBIMHU TEKCTYpaMu. [Ipr MakpoCcKOmM4eckoM U3ydeHHH 00pa3IioB o0paIiaeT
BHUMaHHE IMPHCYTCTBHE TpPEX CTWJICH MHHEpaJIM3alMA: METAaCOMATHYECKOW, MPOXKUIKOBOH U
runeprenHoit (Puc. 5.7). KonudecTBo pyHBIX MHHEpAIOB cocTaBisieT 1-5 %, mpeobiataroT MUpUT U
ApPCEHOMMUPUT, OTMEUYCHBI MapKa3uT, MUPPOTHH, CQAICPUT, XaTbKOMHUPUT, TAICHUT, AJUIOKIA3UT,
MOJIMO/ICHUT, CTAHHUH, CTUOHUT, akaHTUT. Cyb(hocoiu MpeacTaBiIeHbl TETPadIPUTOM, OYPHOHUTOM.
OO6Hapy>KeHbl TeJLTYPHUAbI 0JIArOPOIHBIX METAJIIOB, CBUHIIA, CYPBMBIL, PTYTH: T€CCHUT, METLHUT, IITIOTIINT,
AJITAUT, TCIUIYPAHTUMOH, KOJIOPAAOUT. Cpem/I THMICPreéHHbIX MUHEPAIOB YCTAHOBJICHBI I'CMATHUT, FéTI/IT,

ckoponut, Ca-Fe-apcenar, sipo3uT, KOBEJUIMH.

Puc. 5.7. B3aumooTHOIIEHHS MCTACOMATHUTOB, ITPOKUIIKOB, FHHCpFCHHOﬁ acconuanmu

a — METaCOMATHT IO MECUaHUKY ¢ pyAHOM MuHepanu3aiueit (00p. 2014-042), 6 —
THIpOTepMalIbHAs OpeKunrs ¢ 00JIOMKaMU MeTallecuaHiKa U KapOoHaT-KBaPIEBBIM JKUIIBHBIM
nemenToM (00p. 2014-029); B — okHcIeHHEe METaACOMAaTU3UPOBAHHOTO TPAHOIMOPUTA BIIOIH TPEIIUHBI

(06p. 4044-028)

B pesynbraTte u3yueHUss MOPQOJOTUM M COCTaBa MHUHEPAJIOB, HMX B3aWMOOTHOIIEHUH C
opo1000pa3yoIMMUA U PYAHBIMU OBLIM BBIJEJIECHBI MapareHeTHYeCcKne MUHEpajIbHbIE acCOLMalUU
(AzapsH u ap., 2022a).

B meranecuanukax oTMedaeTcs TOHKAas paccesHHAas BKpAIJICHHOCTh nupuma-o. Kpucramibl
MUpUTa-I MeEJKue, uauoMopdHble, KyOWdeckoro radurtyca, pazmMepoMm g0 20 MkM. Xopomui
UAMOMOp(H3M MUPUTA-II, BEPOSTHO, YKA3bIBAET HA €r0 KaTar€HETUYECKOE MTPOUCXOXKICHHE.

IMuput-apceHonupuToBasi MuHepaabHas accommanmsi (Puc. 5.8, «¢-2) pasBura B
MeTacoMaTUTaxX Mo NMeCYaHuKaM U rpaHoauoputam. [IpeobnagarommuMu MUHEpaIaMu SIBJISTFOTCSI TAPUT-
1 m -2, apceHonupuT-1, XapakTepHBI XadbKOIUPUT, MapKa3uT, MUPPOTHH, caJepuT, CTAaHHUH,

AJJIOKJIa3uT, raJICHUT.
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Iupum-1 — nauomopdHbIN, KyOM4ecKoro raburyca, pasMep €ro BKparjIeHHUKOB 10 50 MKM,
pa3BUBAETCS MO CIAWHOCTH OMOTHTA MpPU €r0 CEpUIUTHU3ALMHU, a TaKkKe 00pa3yeT BKPAIICHHOCTb,
npokuiakd. CocraB nmupurta-1 6au30k k crexuomerpuunomy (Ta6:. 5.1). B acconumanuu ¢ muputom-1
IPUCYTCTBYIOT MAapKasuT (ONpeleleH B OTPaK€HHOM CBETE), XaJIbKONUPUT, MUPPOTUH, NpPHYEM
Mapka3uT pasBuBaercs no nuputy (Puc. 5.8, a), a xampkomupuT W THPPOTHH 00pa3ylOT B HEM
BKJItoueHus. [IuppoTHH Takke MHOrAa BCTPEYAETCsl B BUJIE€ MACCUBHBIX 3epeH pasmepoM 10 100 MM ¢
BKJIIOYEHUSIMU apCEHOIIUPUTA, XaJIbKONMPUTa, chanepura. TOHKHE cpacTaHUs NMUPPOTUHA U MUPUTA,
BKJIIOYEHUS JAPYT B IPyre CBUAETENBCTBYIOT 00 X OJIM30JHOBPEMEHHOM 00pa30BaHUM.

Iupum-2 otnryaercs OT nUpUTa- 1 NEHTaroHA0ACKadAPUIESCKUM rabuTycoM 1 6oJiee KpyIHBIMU
pasmepamu Beienenuid — 10 300 mxm. OH cnaraet raesna u npoxxuiku (Puc. 5.8, 2). Ero cocras Takxe
6mm30K K crexuomerpuunomy (Ta6u. 5.1). Jlns Hero xapakTepHO OOMJIHE BKIIOYEHHH HIMOMOP(HHOTO
apceHonupura-1, anarurta, HMPKOHA, pyTHiIa, KapOOHATOB psAja AojoMHUT-aHKepUT. [Tuput-2 nHorxaa
OKaliMJIEH CEPULUTOBOM OTOPOYKON C MOHALIUTOM.

Apcenonupum-1  obpa3zyer wuauoMop(dHBIE YAIMHEHHO-POMOHMYECKHE, MPU3MATHUECKHUE
Kpuctamiel pasmepoM 10-20 MkM, oOpactaer nmupur-1, a Takxke NUPUT-MApKa3UT-IUPPOTHHOBBIE
rue3na (Puc. 5.8, 6), neiictel cepunuta (Puc. 5.8, 6). Otnomenue AS/S Bapbupyert ot 0,89 10 1,07,
coctasJsist B cpennem 0,97 (Tab6u. 5.1).

Cohanepum-1 penok, pasmep ero kceHoMOp(HBIX BbiAeneHH 10 40 MKM, acCOIMUPYET C
TaJICHUTOM M KBaplieM, IPUMECh JKelie3a coctasisieT 10 4,2 mac. % (Taoxn. 5.1).

Xanvkonupum penok, oOBIYHO BCTpeYaeTcss B BHJIE BKIIOYEHHUH pasmepoM 10 10 MM B
NUppOTHHE, mnupure, apceHomnupure (Puc. 5.8, 6). B oaHom oOpa3ne OTMEUEHO CKOIJIEHHe
KCEHOMOP(HBIX BBIACICHUN XaJbKOIMPHUTA, BHITIOTHSIOMINX HHTEPCTULIMN MEXKTy KBapIeM, KaJHeBbIM
MOJIEBBIM HIMaToM, xjioputoM. CoctaB crexuomerpuunblil (Tabmn. 5.1). B cpocTkax ¢ XaJlbKONMUPUTOM
€/IMHUYHbI HaXO/IKH CTaHHMHA.

Annoknazum (Co,Fe)ASS BcTpeueH B BHAE CyOMHKPOHHOTO BKJIFOUCHHS B apCEHONMUPUTE, a
Taoke B xyopure. [Ipumech Hukens cocrasiset 4,5 mac. % (Tab6u. 5.1).

I'anenum oOpazyet Menkre cyOMUKpOHHBIEC BKIItOYeHUs B apceHonmpure (Puc. 5.8, 6), mupure,
XaJIbKOIUPUTE.

Penko B acconmanuu co ciro1aMi OTMEYArOTCS IUTACTHHKU Moauboenuma (Tadmn. 5.1) pazmepom

1o 200 MKM.



50

Y

a0 pm

Puc. 5.8. [Taparene3ucsl NUPUT-apCEHOMUPUTOBOI (a—T) U 30JI0TO-TETPAdAPUT-APCEHOTUPUTOBOM
accormanui (1, e).

a — Bkiovyenue Mapkasurta (Mrc) B mupute-1 (Py-1); 6 — pa3BuTHe Mapka3uTa mo mupury-1,
oOpacTtaHue 3Toro arperara apceHonupuroM-1 (Apy-1), Bkimouenune xanpkonupura (Cpy); 6 — pazButue
apceHonupura-1 (Apy-1) mo nupury-1 u cepurury (Ser), BiaroueHus ranenuta (Gn); e — MPOKUIOK
nupurta-2 (Py-2) ¢ BKIrOYeHUsMH apceHonmupuTa-1, amatuta (Ap), mupkoHa (Zrn), ankeputa (Ank),
pyruna (Rt) B cepunmToBOi OTOpouke ¢ MoHamurom (Mon); 0 — pasButue Te-comepxamiei
pasHoBHIHOCTH apceHonuputa-2 (Apy-2) mo mepreBuaHOMYy arperaty nupurta-3 (Py-3) u moaomura
(Dol) ¢ Bkimtouenuem reccura (HS); e — 3aMelieHue aHKkepuTa MUPUTOM-3 B IPOXKUIIKAX, HX 00pacTaHue
Sb-conep:xareit pa3HOBHAHOCTBIO apCEHOMMPUTA-2. d, 6 — U300PAXKECHUS B OTPAKECHHOM CBETE; 6—€ —
n300paKeHMsI B OTPaKEHHBIX JIEKTPOHAX.
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30J10TO-TETPA3APUT-aPCEHONMPUTOBAsI MUHepaJbHasi accounanus (Puc. 5.8, 0-¢, Puc.
5.9, a-2) pa3BuTa B METACOMATHUTAX IO ECUAHUKAM U rpaHoguopuTaM. OCHOBHBIMH MUHEpAIaMu
SIBIISTIOTCS IUPUT M apCEHONUPHT, XapaKTEPHbI CAMOPOTHOE 30JI0TO, OJICKIIbIE PY.IbI, Canepur,
TaJICHUT, B ApCEHOMUPUTE B BHJI€ BKIIFOUEHUI OTMEYAIOTCS aJTauT U T€CCUT.

Tupum-3 xyOudeckoro raburyca, pazMepoMm okojo 10 MKM, ero KpHcTaibl 3aMeIIaloT
AHKEPUT U CEpPUIIUT B BETBUCTHIX arperatax u rHesnax (Puc. 5.8, 0-¢). CocraB Onmskuii
crexuomerpuunomy (Tabm. 5.1). Ot mnwmpura-1 omiM4yaeTcs B3aMMOOTHOIICHHEM C
HOBOOOpPAa30BaHHBIMH METACOMAaTUYECKUMU MUHEpaIaMU, IPOSBICHHOMY B UX 3aMELICHHH.

Apcenonupum-2  30J0TO-TE€TPAdIPUT-APCEHOMUPUTOBOM  acCOLMALMU  MPEICTaBIICH
UAUOMOP(HBIMH MPU3MATUYECKIMU U YIJIOUICHHO-POMOMYECKUMH KPUCTAJUIAMU Pa3MEPOM 10
50 mxM, 0Opasyer THe3/ia, MPOKUIIKK BMECTE C KBapIiieM U KapOoHaTaMu, 00pacTaeT yAJIMHEHHbIS
BbIJICTICHUS MUPUTA-3 U aHKepuTa, o0pa3ys BeTBUCThIe arperathl (Puc. 5.8, 0-e¢). Apcenonupur-2
TECHO aCCOLIMUPYET C 30J0TOM. B eIMHUYHBIX aHaIH3aX apCEHONUPUTA BCTpEUaeTCs MpuMech Au
1o 0,4 mac. %. J{ns apcenonuputa-2 xapakrtepHsl npumecu Sb u Te (Tab6a. 5.1). IIpumecs Sb
coctaBisieT B cpeaneM 1,6 mac. %, mocturaer 2,8 mac. %, B HEKOTOPBIX KpPUCTAUIaX TaKOTo
apCEHONMMPUTA OTMEUCHBI BKITtoueHus ctuoHuTa (Puc. 5.9, 2). Ilpumecs Te, cocrapisromnias o 5,4
mac. % (Ta6m. 5.1), xapaktepHa a5 BHenIHe# yactu QyTisspoBUAHBIX KpucTawioB (Puc. 5.9, a).
BeposiTHO, TIpy MemJIEHHOM pPOCTE apCEeHOMUPUT U TeuTypuaHas ¢dasza (aaTauT U TECCHT)
pa3zenstoTCs, NpU JaJbHENIIEM ObICTPOM pOCTe (CKEIETHBIE KPUCTAILIBI) TEJUTYp pacceuBaeTcs B
apceHonupure. HekoTopble KpHCTalsibl apCeHONMUpPUTA-2 30HAJBHBL: SJPO, HE COAeprKallee
nprUMeceil, 30Ha ¢ MpuUMechio Sb U BHEIIHssA 30Ha, oboramieHHas Te.

brnexnble py bl 10 cocTaBy COOTBETCTBYIOT Zn M Ag-coaeprkaremy mempasopumy (10 6,9
Mmac. % Zn, no 8,1 mac. % Ag) (Tabmn. 5.1). Terpasaput-1 oOpa3yeT KCeHOMOP(HBIEC BBIICTIEHUS,
cllaraeT TEepheBHIHBIC arperaTbl BMECTE C MHUPHUTOM-3, apCEHOIUPHUTOM-2, 30JI0TOM, WHOT/IA
o0pa3yeT TOHKHE, ONITUYECKU HE pa3InuuMbIe cpacTaHus co canepurom-2 (Puc. 5.9, 6-6). B Ag-
coJiepKallleM TeTPadApuTe, pa3BUBAIOLIEMCS [0 XaJIbKOIMUPUTY, OTMEYEHO MHKPOHHOE
BKITIOYCHHE aKaHTHUTA.

Byprnonum CuPbSbS3z obpasyer 3epHa HenpaBuibHO# (opMBl, pasmepoM 10 30 MKM, a
TaKKe MUKPOHHYIO PacCesHHYIO BKPAIUIEHHOCTh. ACCOLIMUPYET C TaJleHUTOM, TETPa’JIpUTOM,
TeCCUTOM, a TaK)Ke 00pa3yeT BKIIOUEHHS B apCEHOMUPUTE COBMECTHO C TaJleHUTOM. B GypHOHUTE
UHOTIa MPUCYTCTBYET npumMech Fe (Tabm. 5.1).

I'anenum o6paszyer MenKkue CyOMUKPOHHBIE BKIIIOUEHHS B apceHonupuTe, nupure. MHorna
ACCOLIMHPYET C 30JI0TOM.

Cpenun TEJTYPHUJIOB B 30JI0TO-TETPAdAPUT-APCEHONTUPUTOBON accolanuu

pacripoctpaneHbl ceccum AQeTe u armaum PbTe (Puc. 5.9, a). OHn 00pa3yroT MHKPOHHBIE
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BKJIIOUEHUSI B MHUPUTE U HA TPaHULE 3€peH NUpUTa-3 U apCceHONMHpUTa-2, 4acTo BMECTe C
TaJICHUTOM.

B onmnom oOpasne oOHapykeHO 15-MUKPOHHOE BBIICIEHUE CAMOPOOHO20 MeNnypd,
Pa3BUBAIOILIETOCS M0 APCEHOMUPUTY-2.

Camopoonoe 3010mo-1 (Puc. 5.9, 6) acconuupyer ¢ apceHONMMPUTOM-2, TETPASPUTOM, a
TaKXe ¢ TeCCUTOM, rajieHUToM. OHO 00pa3yeT Kak MEJIKHE BKIIOUEHHS, TaK U CAMOCTOSATEIbHbIC
BbIJICNIEHUsT pazMepoM a0 50 MKM. 30JOTHHBI HE30HAJIbHBI, MAaCCHBHBI, PEXe BCTPEYaeTCs
nopucToe 30510T0. bonbmias yacth 3070Ta umeeT npoOHOCcTh 650—-780 %o, YTO COOTBETCTBYET
IeKTpyMy U cpenHenpoonomy 3omnoty (Puc. 5.10). XapakrepHsle npumecu HE OOHApYKEHBI,
uHora npucyrcTByer Fe B xommuectBe He Oonee 2,5 mac %. Bricokomnpobnoe 301010 (810-
850 %o0) BBIMIONHSIET CyOMHKpOHHBIE TpemMHKH B apceHommpure-2 (Puc. 5.9, 2), BeposTHO,
SBIISIETCS TIEPEOTIOKEHHBIM.

3os0TO-IMpUTOBAasE MUHepaabHas accoumamusi (Puc. 5.9, 0-e) pacmpocTtpaneHa B
KBapIIEBBIX U KBAPI-KapOOHATHBIX MPOKHIIIKAX, TPOKUIKOBBIX OPEKUHSIX.

Iupum-4  3070TO-IMPUTOBOM  accolManuu  o0pa3yeT HUANOMOP(HBIC KPHCTAJLIBI
MEHTAroH10AeKadApuiecKkoro rabutyca pasmepom 1o 40 mxMm. /{1t Hero xapakrepHa nmpumech As
(Tabn. 5.1), Bapuauuu cojepkaHusi KOTOPOro OTpaxaroTcs B cinaboil 30HambHOCTH. [Tuput-4
XapaKTEepU3yeTcss YETKO BBIPAKEHHOM IOPUCTOM CTPYKTYpPOW: IMOPBI pa3MepoM J0 IEpPBBIX
MUKpOH, HenpaBwiIbHON GopMbl. [loiiknuinobnactel nupuTa-4 B KauecTBE BKJIIOUEHUHN COJEpKaT
MHUHEpaJlbl  30J0TO-TETPa’ApPUT-apCEHONMPUTOBOM  accolualMu:  apceHomupuT-2,  Ag-
COZIepIKAIIUi TETPadAPHUT, CAMOPOIHOE 30JI0TO, TeccuT, rajaeHuT (Puc. 5.9, 0-e).

Camopoonoe 3010mo-2 BMECT€ C apCEHONUPUTOM-2 0Opa3yeT BKIIOYEHHUS B
noikmioomacrtax muputa-4 (Puc. 5.9, 0-e), a Takxke acconuupyer ¢ kBapuem. dPopma 3epeH
HeTpaBUJIbHasA, pa3Mep He npeBbimaeT 30 MKM, MPOOHOCTH, KaK MpaBUiIo, BapbupyeT oT 730 10
770 %o (Puc. 5.10). bonee BricokonpoOHOE 30510TO (890 %0) OTMEUEHO B KBAPIIEBBIX MPOKUIKAX
o0pa3uoB u3 PonHUKOBON pynHONW 30HBL. BHYyTpeHHee cTpoeHHE 30JI0THMH OJHOPOJHO, 32
HCKJTIOYEHHEM OJIHOTO 3HaKa CaMOPOHOTO 30J10Ta ¢ 30HOM, o0oramieHHoi cepedpom (IpoOHOCTh

560 %o).
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Puc. 5.9. [apareHe3uchbl 3070TO-TETPadAPUT-APCEHOTMPUTOBOM (¢—2) U 30JI0TO-IUPUTOBOM (0, €)
accoluanu.

a — GyTIsIpOBUAHBIC KPUCTAUIBI apceHonuputa-2 (Apy-2), BHEIIHSS 30Ha KOTOPOTO
oOoraieHa Te, BHyTpu apceHonupuTa — MyckoBuT (MS), Beiaenenus antauta (Alt) Taroreror k
rpanuiie muputa-3 (Py-3) u apceHonupuTa; 6 — MepbeBUIHBIN arperaT MUpUTa-3, TeTepadapura-1
(Ttr-1), chanepura-2 (Sph-2), apceHonupura-2; 6 — CaMOpPOJHOE 30JI0TO B CpacTaHUU cO Sb-
coJIepXaIiei pa3HOBUIHOCTBIO apceHomupuTa-2, Zn- u Ag-coaepalM TeTpadaApuToM-1,
NUPUTOM-3; & — BKIIFOUCHUE CAMOPOHOTO 30JI0Ta B TPEIIMHKE Sh-comepikaiieil pa3HOBUIHOCTH
apceHomupuTa-2, BKIoueHue ctuOHuTta (Stb); 0, e — As-comepkamuii tuput-4 (Py-4) ¢
BKJIIOYCHUSIMH MHUHEPAJIOB 0oJiee paHHEH 30JI0TO-TETPadAPUT-apCEHONUPUTOBON aCCOIUAIINN —
apceHonuputa-2, Zn- u Ag-comepikariero Tterpadaputa-l (Ttr-1), camopomHoro 3o0i0Ta,
raJieHuTa, reccuta. M300paxeHus B OTPasKEHHBIX DJIEKTPOHAX.
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Puc. 5.10. 'ucrorpamma nmpoOHOCTH MUHEPAJIOB Psijia DJIEKTPYM — CAMOPOJIHOE 30JI0TO.
Accommanuu: Au-Ttr-Apy — 30510To-TeTpa’ApuT-apceHonupuToBas, Au-Py — 3o1o0to-

nuputoBasi, Goe-Ars — réTur-apceHaTHasl.

TesurypuiHasi MUHepPaJIbHAsi ACCOLMAIUS Pa3BUTA B KBAPII-KapOOHATHBIX MPOXKUIKAX.
Tenmypuasl npeacraBineHsl nemyumom AQsAUTE, wmomyumom AdsxT €3, merrypanmumornom
ShoTes, konopaooumom HgTe (Tabmn. 5.2, Puc. 5.11, a-6). Tennypuast 00pa3ytoT KCeHOMOPGhHBIE
BeiiesieHnst 10 200 MKM, a TakKe MEJKYI0 BKpaIluIeHHOCTh B KapOoHaTax (nosomur). MHorma
aCCOLIMUPYIOT C TeTpadaputoM-2. B omHON Touke aHanM3a TENTypaHTUMOHAa OOHapy>KeHa
pUMech BUCMYTa, cocTaBisomas 5,2 mac. %.

Tempasopum-2 TEITyPUIHON acCOIMAIIUN COMEPKUT oKoio 6,0 mac. % Zn (Tabmn. 5.1),
oOpa3yer KceHOMOP(HBIC BBIACICHUS pa3MepoM 10 50 MKM, a TaKKe TOHKYIO BKPAIJICHHOCTh

pa3MEpoOM B IICPBLIC MUKPOHBI.

Tab6umuia 5.2. Cocta TesurypuioB MectopoxieHust Kytoia (Mac. %)

Ne Kpucramioxummudeckas PacuetHbIit
Ag |Au |Hg | Pb | Sb | Te [Cymma

ILII. dhopmyna dakrop

St |57.56 [0.98 |0.60 40.87 [100.00| (Ags.95AU0.0sHY0.03)5.03TE297| . K.(h.=8
Hs (63.47 36.53 [100.00( Ag2.02Teo.98 2 K.0.=3
Alt 61.35 38.65 (100.00| Pbo.ggTe1.01 Y k=2
Tla 39.36 |60.64 (100.00| Sho.02Te2.98 > k.p.=5
Pz |42.66 [24.59 32.74 100.00| Ags.osAUo.96T€1.98 > K.p.=6
Col 61.18 38.82 (100.00| Hg1.00Te1.00 Y K.p.=2

[Ipumeuanue. St mriotiut, Hs reccut, Alt anrtaut, Tla tenmypoantumon, Pz meriut, Col
KoJopamouT. AHanm3sl npuBeneHsl kK 100 %.
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Puc. 5.11. [Taparene3ucs! TeIUTYpUIHON acconmaliuu (a, 6); AU-Coaep Kalii apceHOMUPHT (8) U
ero OKHCIICHHE (2).

@ — cpocTOK ZN-coxaepxkariero retpadaputa-2 (Ttr-2), remurypantumona (Tla), konopamouta (Col)
U MeJIKasi BKpAIICHHOCTh KoJopajouTa, reccuta (Hs), meruura (Pz) B kBapi(QUu)-1070MHUTOBOM
(Dol) mpoxwuike; 6 — CPOCTOK TEIUTypaHTUMOHA, TeCCHTa, ITIOTIHTA (St), meTIHTa, KOIopagouTa
B MPOXHWIIKE KBapia | skenesucroro gojomuta (Fe-Dol); ¢ — cpoctok 3050TOCOAEpKAIIETO
apcenonmputa-2 (Apy-2) ¢ 3omotoM (AU); 2 — THIEpPreHHas acCOIMAIMS: BKIIOYCHUS
CaMOpPOJTHOTO 30J10Ta B AS-cojiepikarieM okcu-Tuapokcue xenesa (AFO), pa3suBaromemcs 1o
apceHonuputy. M300pakeHns B OTpaskeHHBIX AIEKTPOHAX.

I'éTur-apceHaTHasi MHHepaJbHasi AacCOUMALMA pa3BUTa B 30HE OKHCJICHUS
MECTOPOKIICHHUS U MTPOSBJICHA B PA3BUTHH 110 IIUPUTY U apceHonuputy cmecu Ca-Fe-apcenama u
As-cooepoicawgeco okcu-euopoxcuoa odceneza. OaHa TOYKA aHAIN3a COOTBETCTBYET MHOKOHUMY
CarFe11(AsO4)9010°24.3(H20). Tlo mupuTy pa3BUBAIOTCA 2cemamum W ApO3um, apCEHOIHUPHUT
UHOT/Ia 3aMeIaeTcsi ckopooumom. Kogennun o0pa3yer KaiiMbl 110 XaJIbKOTIUPUTY U TETPAdPUTY.

B rérure u Ca-Fe-apcenare, 01M3KOM 10 COCTaBY K IOKOHUTY, OTMEYAETCS CyOMUKPOHHAS
BKPAIUUICHHOCTh CAMOPOOHO20 30710ma-3 BBICOKOH mpoOHocTH (0K0JI0 960 %0). BepostHo, nipu

OKHCJICHWW TIEPBUYHBIX 30JI0TOHECYymux MuHepainoB (apceHormuput (Puc. 5.11,6), mupwur)
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paccessHHOE B HUX KOJJIOMJIHOE W/WIIH M30MOP(HOE 30J0TO BBIIETAETCS B COOCTBEHHYIO (ha3y
(Puc. 5.11, 2).

B pesynbrare usydeHus MOpQOJIOTHM U COCTaBa IMOPOJO0OPA3YIOMIUX U PYAHBIX
MUHEPAJIOB, UX B3aHMMOOTHOIICHWN ObUIM BBbIAEICHBI JOPYAHAs W MATh AaCCOLMALUN pPyAHON
MUHEpPATU3al1H1, OTPAXKAIOUIUX TPU dTaria MUHEPaI000pa3oBaHus: JOPYIHBINA, THIPOTEPMATIBHO-
METaCOMaTUYECKUHA U TUIIEPTEHHBIN.

JlopyaHblii 3Tan IposBIEH B Pa3BUTUN TOHKOM pacCesHHOM BKPAIIEHHOCTU MUPHUTA-I B
MeTarniecuaHukax. ['mapoTepMajibHO-MeTacoMaTH4YeCKMii  J3Tam  BKJIOYaeT B  cels
MeTaCOMATHYECKYIO U KUJIbHYIO CTa/INU, B KOTOPBIX BBLICISIOTCS MUPHUT-aPCEeHONUPHUTOBAS,
30JI0TO-TEeTPA3APUT-APCEHONMPUTOBAS, 30J10TO-NIMPUTOBasE U TeJUIYPUAHAS acCOLUAIUU.
I'unepreHHblii TN MPOSABJICH B Pa3BUTHH FEéTHT-apceHaTHOI accormanuu (Puc. 5.12) (Azapsu
u ap., 2022a).

B nupur-apceHOnMpUTOBON acconualiyl METacOMAaTUTOB HamOoJiee paclpOCTPaHEHbI
nupuT-1 1 apcenonuput-1. Pexxe BCcTpedaroTcss Mapkasut, cajiepuT, XalbKOIMUPHUT, THPPOTHH,
€AMHUYHBI CTAHHUH, aJJIOKJIa3UT.

30710TO-TEeTPAdAPUT-APCEHONMUPUTOBAST  aCCOLMAIUSl  METAaCOMAaTUTOB  MpEACTaBleHA
CaMOPOJHBIM 30JIOTOM, apCEHONMUPUTOM-2, OJEKJIBIMH pyAaMH, MUPUTOM-3. XapaKTepHBI
CYOMHKpPOHHBIC BKJIIOUEHHUS TaJCHWTa, alTauTa, TreccuTa. bonmpmias dYacTh 30J0Ta HMEET
npobHocTs 650-780 %o, 3070TO, BHIMONHSIONIEC TPEIIMHKH B apceHonmupure-2, Oonee
BbICOKOTIPOOHO — 810-850 %o0.

KunbHast 30J0TO-TUPUTOBAsT acCOIMAIlMs TPEACTABICHA MONKWI00IacTaMu TUpuUTa-4,
COJIEpKalllero  MEepevyMCcICHHbIE BBIIIE MHHEpPalbl  30JI0TO-TETPA3APUT-aPCEHONMUPUTOBON
accolMallly, a TAaKXXe CaMOPOAHBIM 30J10TOM IpoOHOCTHIO 730—770 %o.

Tennypuanas acconuanus XxapakTepHa AJsl KBapl-KapOOHATHBIX KU1, IOKATM30BAHHbBIX B
KaTaKIa3MpPOBAHHBIX ~METACOMAaTHU3WPOBAaHHBIX IE€CYaHWKAX. TeITYypHIBI  IMPEICTABICHBI
NETIUTOM, IITIOTIMTOM, TEJUTypaHTHMOHOM, KoiopagoutoM. C HHMH accouuupyer Zn-
COJIep AL TeTpadIpHT.

I'étur-apcenaTHas accounuanus MPEICTaBICHA PA3BUBAIOIIUMUCA 1O TMHUPUTY TETUTOM,
reMaTUTOM, SIPO3UTOM, 110 APCEHONMUPUTY — cMechio Ca-Fe-apcenara, 6JIM3KOro K FOKOHUTY, U As-
CoJIeprKallero OKCU-TUIAPOKCUIA Kelle3a, a TAK)KE CKOPOJIUTOM. B OKMCIIEHHBIX MUHEpalax B BUJIE

CyOMHKPOHHBIX BKJIFOUCHHI HAOJI0/1a€TCS BHICOKOMTPOOHOE CAaMOPOHOE 30JI0TO.
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Puc. 5.12. Acconmaniuy pyIHBIX MUHEPAIOB MeCTOPOKACHUS KyThIH.
* — 1okoHuT ¥ (paza Ca-Fe-apcenara B cmecu ¢ AS-coaeprkaliuM OKCU-TUIPOKcHI0M Fe.
Acconunanuu: Py-Apy — nuput-apceHonupuroBas, Au-Ttr-Apy — 30510TO-TeTpa’apuT-

apce”HonuputoBas, AU-PYy — 3ooTo-nupurtoBas, Te — temurypuanas, Goe-Ars — réTuT-apceHaTHas.
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[Iuput-apceHonupHUTOBass UM 30J0TO-TETPAIAPUT-aPCEHONMMPUTOBAST  ACCOLMALMH
BBIJICJIEHBI B 00pa3iax BCeX M3YyYCHHBIX HAMH PYAHBIX 30H. MOIHOACHUT, aJUTOKIa3UT BCTPEUEHBI
TOJIbKO B METAacOMAaTUTax II0 TIPaHOAMOPUTAM. 30JOTO-IUPUTOBAS JKUJIbHAs acCCOLMALUA
oTMedeHa B oOpasmax IlepeBanbHON pynHONM 30HBI, JJIi KOTOPOM XapakTEpHO HHTEHCHUBHOE
KBapI-KapOOHATHOE MPOXKUIIKOBAaHHUE BIUIOTh 10 00pa30BaHus KUIbHBIX Opekunii. TemtypuaHas
accolyanys pa3BUTa B KBapL-KapOOHATHBIX MpOXHUIKax B pyaax CemnoBuHHON u PonHukoBOM
pyaHBIX 30H. OTMETUM, YTO TEUIypUIbl 30JI0TO-TETPA’APUT-APCEHONUPUTOBON acCOLMALUU

(reccuT, alnTauT) BCTpEUarOTCs B 00pa3ax BceX U3yUYEHHBIX PYAHBIX 30H.

5.3. O ¢hopmax naxorcoenusn 3010ma é pyoax mecmopoycoenus Kymoin
[lepBuuHble pyasl MecTOpoKAeHHs KyThIH SBISIOTCS YIIOPHBIMH B CBS3H C PUCYTCTBHEM
HE TOJIBKO COOCTBEHHBIX MUHEPAJIOB 30JI0Ta (30JI0TO caMOpoAHOe, Telutypuasl — Puc. 5.13), Ho u
TaK Ha3bIBAEMOT'0 «HEBUIAMMOT0» 30510Ta (Mabix, 2015) (Tabu. 5.3). B cBsi3u ¢ pa3BuTHEM 30HBI
OKHCTIeHUs Ha TIIyOuHy okoyio 30—60 M, mUpoKoe pachpoCTpaHEHUE UMEET T€TUT-apceHaTHas

acconuanus U CBA3aHHBIC C Hel q)OpMLI HaxXOoXJCHUA 30J10Ta.

Tabmuna. 5.3. DopMbI HAXOXKICHUS 30JI0TA B pyAax MECTOpokIeH!s KyThiH

Popma HaxX0XKICHUS Onucanue

[TepBuyHbIE pY/IbI

CamopoaHoe 3omoto ipodHOCTHIO 700-800%0
Temmypubt ITroTouT

ITeruur
«HeBuaumoe» B apcenonupure

B nupure

OxucneHHble pyabl

CaMOpO,Z[HOC MHKpOHHLIe BBIACIICHUA BBICOKOHpO6HOFO 30JI0Ta

«HeBuaumoe» CyOMHKpOHHBIE M HaHOpa3MEpHbIE YaCTHUIBl 30JI0Ta B

réTuTe, apceHarax
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Puc. 5.13. ®opmbl Hax0XIEHUS 30J10Ta B pyax MecTopoxaeHus: KyTeu

a — caMOpOJHOE 30JI0TO, 0 — TEJUTypUABI 30JI0Ta MITIOTIUT M TMETIHT B CPOCTKE C JIPYTHMHU
TEJUTypHIIaMH, B — CYOMUKPOHHBIE BBIIICICHHUS 30J10Ta MO TPEIIMHKAM B apCCHONMUPHUTE-2; T —
MUKPOHHAsi BKPAIUICHHOCTh 30JI0Ta B THPUTE-3; J — 30JI0TO B I'€MAaTUTE; € — MHUKPOHHOE
BBIJICJIEHUE 30J10Ta B AS-copep)KalleM OKCH-THAPOKCHIE JKele3a. B, € — H300pakeHHe B

OTpaXEHHBIX ATEKTPOHAX, OCTAIbHOE — MUKpOGoTOrpaduu B OTPaXKEHHOM CBETE.

ITon «HEBUAUMBIM» 30JI0TOM ITOHUMAIOTCSl CYOMUKPOHHBIE M HAHOPA3MEPHbIE BbIIEICHUS
CaMOPOJIHOTO 30JI0Ta WM €r0 COeTUHEHUH, 130MOp(hHas MPUMEChH B CyJIb(UAAX, TOBEPXHOCTHO-
ceszanHoe 3050t0 (Fleet, Mumin, 1997; Genkin et al., 1998, Simon et al., 1999; Deditius et al.,
2014; Vaughan, Kyin, 2004; Chryssoulis, McMullen, 2005). Kak mnpaBuio, OCHOBHBIMHU
MHUHepaJlaMU-KOHIIEHTPaTOpaMu «HEBUAUMOT0» 30JI0Ta SBIAIOTCS AS-coiepKalluii NUPUT U
apceHonuput (Bukentbes, 2015; Cumoposa u 1p., 2020; IIpokodses u ap., 2022; Tyukova et al.,
2022 w np.), OJHAKO TPEAMETOM H3yUCHHUsS TaKKe SBJISCTCS pacCesTHHE 30J10Ta B JIPYTHX
MHHEpaax: MUPPOTHHE, XaJIbKOUPUTE, KyOaHuTe, OOpHUTE, KOBEJUTHHE, rasieHuTe u ap. (Cabri,
1992; JlanteB u ap., 2010; TarupoB u np., 2014 u ap.). V3-3a c10)XKHOCTH M3BICUEHUS] TAKOTO
«HEBUIMMOT0» 30JI0Ta COZAEPKAIIME €ro PyJbl MPUHATO Ha3bIBAaTh «yHOpHbIMI». CojepikaHue
30JI0Ta B MIUPUTE MOXKET JOCTHTATh MEPBBIX COTEH PPM, B apCCHONMMPHUTE — MEPBHIX MPOIICHTOB
(Tabmn. 5.4).

[Io »sKcrepuMEHTaNbHBIM JaHHBIM YCTaHOBJIEHO, 4YTO OCHOBHBIMH (haKTOpamH,
OTIpeNIeNAIONUMH PACTBOPUMOCTh AU B MHUPUTE, SIBJISIOTCSA TEMIIEpaTypa, COJICHOCTh (IIIonIa U
KOHILIEHTpAaLUs AS, TPH 3TOM YBEIMUYCHHIO COJACPXKAHUSA 30J0Ta B TNHPHTE CIOCOOCTBYIOT
HOHIDKEHHUE TeMIIepaTyphl, yBEIWYeHHE KOHIIGHTPAIUK XJIOPUIOB B pyAooOpasyomeM ¢uirone,

a Takke BbICOKHE conepkanus AS - Oosee mepBbix coreH ppm (IIpokodreB u ap., 2022).



61

OTmeuaercs, 9YTO IpU HU3KHMX cojepxkanusx AS (<200 ppm) Bapualu ero KOHIEHTPAI[HH HE
BIMSIOT Ha cojaepkaHue 3oisota. /st mecropoxnenuit Boponuosckoe (Ypan) u IlaBnux
(KospiMa) yCcTaHOBIICHBI JIBa THIIA HEBHIAUMOTO» 30510Ta B upute. J{is nepsoro tuma (As 10 1,5
Mmac. %) xapakTepHO He3aBucumoe mnoBeaeHue AU u As, Bo BropoMm Tune (As >1,5 mac. %)
coaepxanue AU monoxuteabHo kKoppenupyet ¢ As (KoBanbuyk u ap., 2020). Takum o6pazom, B
HU3KOMBIIIBSIKOBUCTBIX ~ TTUPUTAX BEAYIIUM MEXaHHU3MOM PACCESHHS 30JI0Ta  SBIISCTCS
n3oMop(HOE 3aMeIIeHne Kele3a B okTadapudeckoii mosuiuu (Trigub et al., 2017; Filimonova et
al., 2020) wm ancopbuus Au'-momucynegumnabx kKommiekco (Pokrovski et al., 2021). B
BBICOKOMBIIIBSKOBUCTBIX ~ NMUPUTAX, BEPOSATHO, OOpa3yloTCs JTOMEHBI CO CTPYKTYypoOi

apCEHONMUPUTA WM JIEJUIMHIUTA, B KOTOPBIX AS MOXKET BXOAUTH B OKPYKEHHE CTPYKTYpHOro Au

(Puc. 5.14) (KoBanbuyk u ap., 2020; Pokrovski et al., 2021).

Tabnunma 5.4. KonueHTpauust 3070Ta B MNHPUTE W apCEHOMHUPUTE HEKOTOPBIX

MECTOPOXKACHUM C YIIOPHBIMH pyAaMu, PPM

AU B mupute | AU B apCCHOITUPUTE
MecropoxneHue Meron Ccpuika
oT hi (o) oT bi (o)
- - <300 4700 EPMA
OnuMnuana - - 0,07 2298 SIMS
0,03 | 05 - - SIMS
- - <300 3700 EPMA
Benyra
- - 64,0 1142 SIMS ]
Genkin et al.,1998
- - <300 1400 EPMA
Hexmauuuackoe - - 1,17 387 SIMS
0,23 | 13 - - SIMS
- - <300 2600 EPMA
Cenrauan
- - 26,7 425 SIMS
LA-ICP-MS,
- - <24 12300 KoBanbuyxk u nip., 2019
Boponiosckoe EPMA
8 9 - - LA-ICP-MS
Filimonova et al., 2020
Camomna3oBckoe - 300 - - LA-ICP-MS
Tanaryit 0,06 | 6,78 - - LA-ICP-MS
IIpoxodses u ap., 2022
Hapacyn 01 | 22,0 - - LA-ICP-MS
ITaBnuk 0,9 3,8 - - EPMA
0,9 | 115 1,2 487 LA-ICP-MS Cunoposa u jp., 2022
Krouyc
1355 | 30 - - EPMA
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As B MnHepane, mac. %
Puc. 5.14. CtpykTypHast MOJIE]Ib XUMUYECKH CBA3aHHOTO 30510Ta B iupute (PY), apceHOnmupuTe
(Apy) u némmunarute (L0). AToMbr: AU - pO30BBIid, S - )KeNThIH, As - 3eneHbli, Fe - KopuuHeBbIi,

Ss - cunmid, H — cepsrit (Pokrovski, 2021)

IIpumecu AS B mNUpHUTAX M[UPUT-APCCHONUPUTOBOM U 30JI0TO-TETPASAPUT-
apCeHONMMPUTOBOM accouuanuii MectopoxaeHuss KyTeiH He oOHapyskeHo. BeposTHo, 30710TO B
TaKUX THPHUTaX OOJBIIEH YaCThIO SIBISETCS CTPYKTYPHOH WM TTOBEPXHOCTHO-CBS3aHHOM
npuMechio. [TUpHUT 30JI0TO-MUPUTOBOM accolUaIMy MBIIIbIKOBUCTHIN (Tabm. 5.1), 6osbias yacTh
30J10Ta, BEPOSTHO, CBA3aHa ¢ AS-coJiepKallliMH IOMEHAMH.

Kak u3BecTHO, npoliecc nepekpucTalIu3alii MUHEPAJIOB MPUBOIUT K UX OYUILEHHUIO OT
npuMeceii. Tak, THApOTEpMabHAS TIEPEKPUCTALTH3AIMS U YKPYITHEHUE 3epeH MUPUTA IPUBOJISAT
K CHIDKCHHIO COfiep)KaHusi Au M As B HOBOOOPa30BaHHOM IMHPHTE IO CPABHEHHIO C TIEPBUYHBIM
nuputoM (I[Ipokodrees u np., 2020). CamopoaHOE 30J0TO B MUKPOTPEIIMHKAX B apCCHOIMUPHUTE
(Puc. 5.9, 2) 3050TO-TETPa’APUT-aPCECHONMPUTOBOM aCCOIMALMN MeCTOpOKAcHUs KyThIH,

BEPOSATHO, SIBJISIETCS] BHICBOOOXKIEHHBIM MPH MEPEKpUCTAILTU3ALNN apceHonupuTa. OQHaKo 3TOT
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MPOLECC HE TMOJMYYMJI MAaCIITaOHOTO PAacIpOCTPaHEHHs, YTO OIPEAETWIO LIUPOKOE pa3BUTHE
30JI0TOCOJEPIKAIINX TUPUTA U APCEHOIIUPUTA HA MECTOPOXKIeHNN KyThIH.

s ycraHoBiieHUsT (OPMBI HAXOXKJICHUS «HEBUIUMOTO» 30JI0Ta ObUIa TPEIIPUHSATA
MOTBITKA U3YYCHHSI TUPUTA U APCEHOMUPUTA TPOIYKTUBHBIX acCOLMAUil MecTopoxaeHus KyThiH
METOIOM IIPOCBEUUBAIOIIEH 31eKTpoHHOM MuKpockonuu (IIDOM/TEM). UccnemoBanus TOHKUX
WIacTUHOK  (Tameruieit) cynbpunaoB mnposeracHsl B PL[ CIIGIY «HanorexHonorun» Ha
npocBeuuBaromeM 31eKkTpoHHOM Mukpockorne LIBRA 200FE co BcrpoeHHBIM Q-GHIBTpPOM.
Yckopstomee HanpsbkeHre Mukpockora — 200x3B. Aranutuk [1.B. lanunos. O6pasisr aiis [I1OM
MOJATOTOBJIEHBI METOAOM (DOKYCHPYEMOT'0 HOHHOTO TyYKa.

[IpocBeunBaromasi 3JIEKTPOHHAs MHUKPOCKOIUS BbICOKOro paspemieHus (BPOM)
dbopmupyeT n300paxeHue B yCIOBUAX (Pa30BOro KOHTPACTA, KOT/IA MMaIAI0IIHHI MTy4YOK JJIEKTPOHOB
OpUEHTUPOBAaH TMapajuieIbHO OCH 30HBI KpHCTaula. MeToauKa IMO3BOJISIET YCTaHABIMBATH
HEOJTHOPOJHOCTH KPUCTAIJIMYECKONH peIIeTKH, HaOJIoaTh XapakTep TpaHUIbl ABYX (a3
(Williams, Carter, 2009).

Pasmep anammsupyemoii o0nacté coctaBisul npuMmepHo 2x1x0,5 mMkm. B m3ydeHHOM
o0bemMe 000co0JIeHni caMOpPOAHOrO 30J0Ta He oOHapyxeHo. OqHaKO BBUIY Majioi 00JacTu
WCCIICIOBAHMsI, MOJYYCHHBINH pe3yJbTaT HE MOXET SBJIATHCS JI0KA3aTeIbCTBOM CTPYKTYPHOM

MIPUMECH 30J10Ta B CyIbpHUIAX.

5.4. Cpagnenue munepanbhozo cocmasa pyo mecmopoxcoenuii Kymoin u Anéazuno

3omoTopyanbie MecTopokaenuss KyTeiH u Anba3uHO mpuHAIIEKAT YIHO0AaHCKOMY
TEppeiHy, OJHAKO JIOKAIW30BaHBl B PA3JIUYHBIX T'€OJOrO-CTPYKTYPHBIX OOCTaHOBKax — B
WHTPY3UBHO-KYTOJBHOH CTPYKTYpe M B KOPHSX TalleoBYyJKaHOAMMapaTa, COOTBETCTBEHHO
(Tpyuruas u gp., 2019). HecmoTps Ha pasHble MO3HWIMH, CXOXHE MHUHEPAIbHBIM COCTaB
OKOJIOPYIHBIX METAaCOMaTHUTOB H pYyA, (OPMBI HaXOXKICHHs 30JI0Ta, a TaKKe HAaXOIKU
TEJUTYPUIHOW MUHEPATU3AIUH MTO3BOJISIOT CPABHUBATH U3yUaeMbIil OOBEKT C MECTOPOXKICHUEM
AnGaszuno. J[ns 00OMX MECTOPOKICHMH XapakTepHbl 30HBI METAaCOMAaTHTOB Oepe3uTOBOU
dbopMaruu, B MEHTPAIBHBIX YacTSIX KOTOPBIX IIMPOKO MPOSBIEHBI KUl M MPOXKUIKU. Pynbl
000MX MECTOPOXKJIEHUH COJlep’KaT Majoe KOJIMYecTBO Cyiab(huiaoB (10 6 %), cpeau KOTOpBIX
npeo0IaaloT MUPUT W apCEHONHUPHUT, TpPUYEeM THIIOMOP(HOH O0COOEHHOCTBHIO ITOCIIEIHErO
siBysieTcst mpuMech Sh. CaMOpoJHOE 30J10TO aCCOLMUPYET C apPCEHOTUPUTOM U AQ-CoIepKaIIuM
TETPAdPUTOM, a TaKXKE C KBapleM U KapOOHaTaMu, OJHAKO YacTh 30J0Ta COACPKHUTCS B
cynpdugax — apceHONmupuTe U mnupuTe. B 30HE OKHCIEHHUS 3TO 30JI0TO BBICBOOOXKAAETCA U
obpasyer coOcTtBeHHYIO (pa3y. OTINUUTENHPHBIMH OCOOCHHOCTSMH MHUHEPAIBHOTO COCTaBa Py

AnbGa3uHO SBJISAIOTCS MPUCYTCTBHE BUCMYTOBBIX MHUHEPAJIOB, PAa3IMYHBIX cyibdocosei, Oosee
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mmpokoe pazsutre MuHepanoB Ni u CO, 4TO TO3BOJHIIO OTHECTH 3TO MECTOPOXKICHUE K 30JI10TO-
penkomeranbHOU pyaHOM Gopmanmn (Kemkuna, Kemkun, 2018). Ha mectopoxaennn AndGa3uHo
OMKMCAaHbl MUHEpAJIbl BUCMyTa — BHCMYTHH Bi»S3, Temmypuabl BucMmyTa, MaTHIbIUT AgBiSy,
koOeuT PbsFeBisSbyS16, cypembel  —  yapmanauT  NiSbS, mkemconur PbaFeSbeSis,
rerepomopdur Pb7SbgS19, kobambra — kobOaneTuH COAsS, a Tarkke kaccutepuT SnO2 u
camopoaubie Ni, Ag, Cu, Bi. Ha mecropoxaenun KyTblH HaMu OOHapy>KEHbI M OIMCAHBI
munepansl Te, Sb, Sn, Hg, Ni, Co, Mo, oaHako ux pa3HooOpasue ycTymaeT MHHEPaIH3aluu
AnbazuHckoro MectopoxkaeHus. CxoHasi TeulypuaHas MUHepanu3auus (teutypunsl Au, Ag,
Pb) onmcana Ha 30JI0TOPYAHBIX MeCTOPOXKICHUAX CHXOT3-AJMHCKON npoBuHIMK YyapOaTKaH
(Anekcees, Crapoctus, 2017), Manmbpkckom (byxanoBa u np., 2020), MHOroBepriMHHOM
(Mouceenko, Diiput, 1996). OcoGEHHOCTBIO TEIUTYPUIHON MHHEPATU3ALNN MECTOPOKICHUS
KyTbIH sSBIIIE€TCS TPUCYTCTBUE TSILTYpUI0B SO 1 HY — TetypoaHTUMOHA U KOJIOPAI0HTa.

Yacto Ha 3010TOPYAHBIX MECTOPOXKACHUSIX CHUXOTI-AJNMHCKONW MPOBUHIIUN OTMEYAIOTCS
TEJUTypuJpl BUCMyTa — HampuUMep, Ha MECTOPOXACHMSIX AnbasuHCKOM, MallnHOBCKOM,
[Taceunom, bonotucrom u np. (Kemkuna, Kemxun, 2018; I'Bo3aes u ap., 2016; ['pedbennukoBa u
ap., 2021; Jlotuna, 2011). HecmoTpst Ha TO, YTO B M3Y4YEHHBIX IpoOax HaMHU HE OOHAPYKEHO
TEJUTypUIOB BHCMYyTa, MPUMECh BHCMyTa B TEJUTyPAHTHUMOHE MOXET CBUJETENbCTBOBATH O
MPUCYTCTBUU BUCMYTOBOW MUHEPATU3AIIHH.

b.b. HMamnuunoBeiM (2019) Obula mnpemioxkeHa KiaccuuUKalMs —30J0TOPYAHBIX
MecTopoxaeHnii Bocrounoro CasiHa Mo MUHEPaIbHOMY COCTaBY MPOTYKTUBHOM acCOIMAIINH,
KOTOPYIO TpejJiaraercs HCIONb30BaTh W Ha CONpPENENbHBIX Tepputopusax. [lo atoi
KJaccupUKaluu MecTopokaeHrue KyThIH MOXKET ObITh OTHECEHO K 30JI0TO-TEJUTyPUTHOMY THUITY,
TUIIOMOP)HOW OCOOEHHOCTBIO KOTOPOTO SIBJISIETCS MPUCYTCTBHE CAaMOPOJHOTO 30JI0Ta U

tesnypunos Au, Ag, Pb, Bi.
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I'naBa 6. ®uU3UKO-XMMHUYECKHE TapaMeTPbl ()OPMHUPOBAHUST MECTOPOKIAEHUSA
KyTtbin

6.1. OQuenka ycnosuii ghopmuposanus nopoo u pyo mecmopoyxrcoenus Kymoin no
MUHEPATIbHBIM 260MEPMOMEMPAM
Temmiepatypa paHHEero MpoOsIBICHHS IMPOIECca METAcOMaTo3a OLEHEHA 10 XJIOPHUTOBOMY
reoTepPMOMETPY, B OCHOBE KOTOPOro JIeXHT pachpeneiaenue Al B Terpasapuueckoit u
okTazapuueckoit mosurusx (Cathelineau, Nieva, 1985).
Temnepatypa, paccuuTaHHas 110 XJIOPUTY I'PaHOIMOPUTOB, BappupyeT oT 229°C no 278°C,
B cpeanem coctapisisi 257°C (14 Touek ananu3za) (Tabm. 6.1). Temnepatypa oOpa3zoBaHus XJI0pUTa

B METAaCOMAaTU3UPOBAHHBIX Mecyanukax BappupyeT oT 213°C no 236°C (4 Touku ananu3za) (Tao.

6.1).

Tabmuna 6.1. Xumudeckuii cocta xjoputa (Mac. %), ero CTpykTypHas ¢popMyJia U pacCUuTaHHas
o HeMy temrieparypa (o Cathelineau, Nieva, 1985)

SiO2 | Al,O3 | FeO | MgO | Cymma | Siv | Al | Alvi | Fe** | Mg?* |6-Xuv | T, °C
1]27.62| 20.07|27.20 | 13.86 | 88.75|288|1.12|135|237| 216|0.12| 256
212841 | 18.05|22.69|18.21| 87.36|295|105|116|197| 282 |0.05| 242
3129.22 | 18.45|29.55|11.90| 89.123.03|0.97|130|260| 1.87|0.23| 225
4129.60 | 18.30 | 31.27 | 1251 | 91.68 |3.00|1.00|1.22|270| 1.93|0.15| 230

[Tpumeuanue. 1, 2 — XJOpPUT METACOMATU3UPOBAHHBIX TI'PAHONUOPUTOB, 3, 4 — XJOPUT
METacOMaTU3UPOBAHHBIX TECYAHUKOB.

Vcnonb30BaHue apCeHOMUPUTOBOIO T€0TEPMOMETPA HE MPEJICTABIAETCS BO3MOKHBIM U3~
3a OompmIOro cojepkaHus mpumeced (>1 macc. %) u mepemeHHOro AS/S-OTHOIICHHS
(Kretschmar, Scott, 1976).

ITo nmarpamme crabunbHOcTH cucteMbl AU-Ag-Te npu Nag = 0,37 Temmeparypa
00pa30BaHUs 30JI0TO-TETPAdIPUT-APCCHOMUPUTOBOI accolnanuu (B mapareHe3uce ¢ reCCUTOM)
onenuaercs Beime 170°C, log f(Tez) = 107 — 1012 (Nag aTommbIe mporienTs1 Ag B 2eKTpyMe)
(bopTHuKOB U 11p., 1988).

I[lo AM. Apudu u np. (Afifi et al,, 1988), obmacte cTaOMIBLHOCTH mapareHe3mca
MHUHEPAJIOB 30JI0TO-TETPa3JPUT-apCEHONMPUTOBOM acCOIMAIINH, BKIIIOUYAIOIIEH B ce0sl 3JEKTPYyM,
TECCHUT, TIUPHUT, APCEHONUPUT, TATIEHHUT, [Ia Temnepatypsl 200°C orpannyeHa TMHUAMHI HETIHT-
I€CCUT, TEeCCUT-aKaHTUT, AapCCHONUPUT-NMUPUT-TEHHAHTUT, NUPUT-NMUPPOTUH. Bapuanuu
cojepxanus cepedpa B anekrpyme (Xag ot 0,37 10 0,49), acconuupyromeM ¢ TeCCUTOM, CYKaloT

obnacte cradbuwnbHocTH 10 f(Tez). IIpu 200°C oOpa3oBaHKME H3YYEHHOH 30JI0TO-TETPAdAPHT-
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apPCEHONMMPUTOBOM aCCOIMAIIMH MMPOXOIUIIO B MHTEpBasie (PYTUTUBHOCTH cephl OT -16.8 10 -15.0 n

¢dbyrutuBHOCTH TeJUTypa oT -16,5 1o -15,2 (Puc. 6.1).

Te(s) 200°C
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Puc. 6.1. Tnarpamma logfTez — logfS, mis naparenesnca MuHepasaoB 30J10TO-TETPAdAPHUT-
apCEHONMPUTOBOM aCCOLMAIIMU C TECCHTOM MECTOPOXKIeHUST KyThIH.
[lyHkTHpHas JAMHUS — MHHAMAIbHOE M MaKCHMAaIbHOE COZAEpKaHHe cepedpa B DIEKTpyMe,
paBHOBecHOM ¢ reccutoM (o Barton, Skinner, 1979; Afifi et al., 1988). IiBeToM BbIeneHO mOJTE
CTa0MJIBHOCTH  TapareHe3nca MHHEPAJIOB  30JOTOPYAHOW  acCOIMalii C  T'eCCHUTOM
mectoposxaeHus KyteiH. Py — uput, PO — nuppotus, Th — teHHaHTuT, Ptz — neruut, HS — reccur.

'eccuT ¥ WTIOTIUT TEJUTYPHIHOW acCOIMANU HE AEMOHCTPHPYIOT CTPYKTYpPHI pacmaja
UX BBICOKOTEMIIEPATYpHOTO TBEPAOrO pacTBOpa, 4YTO YKa3bIBaeT Ha  TEMIIEpaTypy
KpucTaymu3anuu ke 120 + 15 e (Kracek et al., 1966).

Takum oOpa3om, oOpa3oBaHHE OJIArOPOAHOMETAIBHBIX MHHEPAIbHBIX (OPM 30JI0TO-
TETPadAPUT-aPCCHONMMPUTOBON ¥ TEIUTYPUIHOM accouuanuii OO0YyCIIOBJICHO IOHWKEHHUEM
TEMIIepaTypbl U BapHausIMH (PYyTUTUBHOCTH CEPHI M TEILTYpa.

Cpenu oxucneHHbIx As-copepkammx ¢a3 pe3ko npeodnanaer cmech Ca-Fe-apcenara u
As-conepxaiiero okcu-TuIpoKcuaa xenesa. B padore (Surour et al., 2012) onmcano pa3Butue
9THUX (a3 MO AapPCEeHONMUPHUTY MPH BHIBETPUBAHMM PYAOBMEIIAIOIIUX TI'PAaHOJUOPUTOB HA

30710TOpYyIHOM MecTopokaennn bup TaBunax (CaynoBckas ApaBusi). [ToqunHEHHOE KOTHYECTBO
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CKOpOAHTA CpEAU T'MIICPIrC€HHBIX MUHECPAJIOB MBIIIbsAKA YKAa3bIBACT HA ITOBBINICHHBIC 3HAUCHUA pH

B0 Bpemst okuciienus (Vink, 1996, Paktunc et al., 2015).

6.2. Ouenka oaenenus

BBuay TOro, 4ro BMemIaOIIMEe MOPOJbI, @ TAKXKE TI'PAHOJUOPHUTHI HE MOJBEPralUCh
MeTaMOp(UUYeCKUM IpeoOpa30BaHUSM, BEPXHIOIO TPAHUILY JABJICHUS PYA000pa30BaHHUS MOKHO
OLICHUTh TIO0 JIABJICHUIO O00pa3oBaHUs T'PAHOJUOPUTOB C TIOMOIIBI0 AKTHHOJIUTOBOTO
reo0apoMeTpa, B OCHOBE KOTOpOro cojaepkanue Alosy B poroBoit oOmanke. s pacuera
JIaBJICHUH OBLTH MCIIOJNIb30BaHbl aHAJN3bI, OTBEYAIOIINE KPACBBIM YaCTSAM KPUCTAJUIOB POTOBOM
oOMmaHku. [yl ONEHKH JaBlIeHUS OBLIO HCIIOJIB30BAaHO HECKOJIBKO SMITMPHYECKHX (OPMYIT
(Hammarstorm, Zen, 1986; Hollister et al., 1987; Johnson, Rutherford, 1988; Schmidt, 1992), nse
u3 koropeix (Hollister et al.,, 1987; Johnson, Rutherford, 1988), BepositTHO, HpPUBOAAT K
3aHIDKEHHBIM OIleHKaM JnaBieHus. ['eobapomerpsl (Hammarstorm, Zen, 1986; Schmidt, 1992)
YKa3bIBalOT HAa WHTEepBaJ jaaBineHuit ot 1,1 no 1,7 k6ap (Tab:1.6.2). BepositHo, 3HaueHue 1,7 xO6ap

MOKHO CUUTATh BerHeﬁ rpaHI/Iueﬁ JaBJICHUA py,Z[OO6pa3OBaHI/I$[.

Tabnuma.6.2. 3Hadenus kodpdunmeHtoB Gopmyn aM(GUOOIOB, WCTOIH30BAHHBIX IS
pacyeTa IaBJICHUH MO0 aKTUHOJIUTOBOMY F€OTEPMOMETPY
Ne | Si Ti Al Fe | Mn | Mg | Ca | Na K z PL | P2 | P3| P4 | Pep
1 1693(012 089|196 |0,07|269|167|0,28|0,09|1469|06|03|03]| 12|06
2 1675|014 115|182 0,04 |267|172(040|010|12478|18 |17 |14 |24 18
3 16,88(0,11|0,95|2,05|0,07|258]|169|0,34|0,08|1476|08 |06 |05|15]|09
Cpeonee | 1,1 | 0,9 | 0,7 | 1,7
Hasnenwus P, k6ap: P1 - Hammarstorm, Zen, 1986; P2 - Hollister et al., 1987; P3 - Johnson,
Rutherford, 1988; P4 - Schmidt, 1992; Pcp — cpennee 3naueHue.

Jlis  omeHKW JaBiieHUs O0Opa3oBaHUST METACOMATHUTOB MPUMEHEH (EHTUTOBBIN
reobapometp (Massonne, Schreyer, 1987). DkcnepuMeHTalbHO ObLIa BBISIBIICHA 3aBUCHMOCTD
MEKIYy coiepskanueM Si B (EHTUTe W JaBICHHEM €ro 0oOpa3oBaHUsS B MOJEIBHON CHCTEME
KMASH (K20-MgO-Al;03-SiO>-H>0) (Massonne, Schreyer, 1987). B nanbHeiiniem
(beHTUTOBBIN TeobapoMeTp OBLIT YCOBEPIICHCTBOBAH C yueToM coiepxaHus Mg, Fe mis rpynm
(denrutoB ¢ pazabivMu ko3 durmentamu Gopmyn s Si (Kamzonkus, 2015).

Hccnenyemble cepUIUTHI SIBISIIOTCS WUIUT-(heHruTaMu. BepositTHO, BBUY 0COOEHHOCTEM
cBoero cocraBa (Gopmyiasl reobapomerpa (Kamzonkun, 2015), okasanuch HempuMeHUMBI. JIiis

OLICHKM JaBJICHHS OOpa3oBaHMs WHCIOJb30BaH reobapometrp (Massonne, Schreyer, 1987),
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KOTOPBIN TTOKa3an pazopoc 3HadeHuit ot 0,4 no 4,1 k6ap npu cpeanem gasiaeHuu 1,6 k6ap (mo 11

ananmu3zam) (Tao6um. 6.3).

Tabmuma 6.3. [IpeacraBurenbHbie 3HaYeHUST KOADDHUITMEHTOB GOPMYIT WILITUT-(HEHTUTOB,
UCIIOIb30BaHHbIE IS pacueTa JaBicHHi o penruroBomy reobapomerpy (Massonne, Schreyer,

1987)

Ne Si Al Fe Mg K Ca Cymma | P, kGap
1 3,12 2,20 0,00 0,11 0,66 0,02 6,11 1,4
2 3,11 2,21 0,00 0,14 0,64 0,00 6,10 1,3
3 3,10 2,24 0,00 0,13 0,62 0,00 6,09 1,0

Kak wu3BecTHO, mo mapameTpy D snmemeHTapHO#l sYEiKM KaJdMEBBIX CBETIBIX CIIIOJ
BO3MOYKHO TOJIYKOJMYECTBEHHO OIICHUThL auama3oH naBieHus (Sassi, Scolari,1974; Padan et
al.,1982): yem Gosbine mapametp b, Tem BIlIe naBieHre 00pazoBanus. M3HayaibHO reodapoMeTp
ObL1 pa3paboTaH I METaMOP(PHUUYECKUX TTOPOI, OHAKO HAIIIEJ CBOE IPUMEHEHHE U JJISl H3YYCHUSI
THIPOTEpMAlIbHO-METacoMaTnyeckux mporecco (Bozkaya et al., 2016 u mp.).

Jlns BeisicHeHHs TapameTpa b wumTa Obuta BbiIeneHa (pakius <2MKM 10 METOIMKE
(Kpynckas, 3akycun, 2017). OOGpasery B CBOOOAHO OpPHUEHTHUPOBAHHOM BHJE€ CHSIT Ha
mudpakromerpe Bruker D8 Advance (AO «llomumerann WwxuHupuHr»). B kauecTBe
BHYTPEHHEIO CTaHJapTa BBICTYNajd KBapll: KOPPEKIHs IMOJOKEHHUs] MUKOB IPOBEJCHA IO
nos0xkeHuio nuka kapua (211). Cpennee 3Hauenue b cocrasnsno 8,981 A (pedrexc 060 — 1,497
A), uto oTBeuaeT HU3KOOAPHUECKUM YCIOBUAM 0OpasoBanus (Sassi, Scolari,1974).

JUst TeJUTypuAHOM acconuanmu ¢ yueToM reorepmuueckoro rpaauenta (3°C ma 1000m),
riyOuHa oOpa3oBaHusi coctaisier He Oosee 4000 M, Torma mpH JIMTOCTATHUECKOM PpEXKHME

naBnenue coctasisieT 0,9 xk6ap.

6.3. Tepmobapozeoxumuueckue uccieoosanus

Ha ocnoBanum wusyuenuss Quronnnsix BritoueHudt (PB) B kBapne u kapOoHarax
METaCOMaTUTOB W MPOKUIJIKOB IOJyY€HBbl NEPBbIE JaHHBIE O (HU3UKO-XUMHUYECKHX YCIOBHSIX
dopmupoBaHuss 3050TOpyIHOrO0 MecTtopoxaeHuss KytweiH. bbuto mpocmorpeno 6Gonee 30
IIPO3PAaYHO-TIOJUPOBAHHBIX IIIACTUHOK TONIMHONW 0K0j0 0,3 MM. IImacTUHKM M3TOTOBIIEHBI U3
PYIOHOCHBIX METacCOMAaTHTOB II0 I€CYaHMKaM U TPaHOJUOPHUTAM, BKIIIOYAIOIIUX pa3HbIE
accolMallud  PyJHOM MHUHEpPAIM3aLUU:  30JI0TO-TETPAdJPUT-APCECHONUPUTOBYIO,  30JI0TO-
NUPUTOBYIO M TEJUTypHIHYI0. M3yueHune BKIIOYEHHUH ObUIO BO3MOXKHO TOJBbKO B 19 oOpasmax

METaCOMAaTUTOB MO TPAHOAMOPUTAM, TIPOKUIKOB U MPOKHUIKOBBIX OpEKUUi pyIHBIX 30H JIKyaThl
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(2 obpasma), 'eopusnueckas (9 oopasiios), [lepeBanbhast (8 00pas3IoB) B CBA3U C OYCHD METKUMHU
pazMepamu QIIIOUIHBIX BKIIIOUeHuH (MeHee 10 MkMm).

TepMomeTpruyecKrue UCCIIeIOBaHUS MPOBEIEHBI HA ONTHYeCKOM MuKpockorne Olympus
BX53F B kommiekte ¢ TepmoctonimkoM THMSG-600-ec ¢ cucteMoit oxiakaeHHs oOpasia
»kuakuM azorom LNP9S (PLL CIIOI'Y “T'eomonens”).

Oxnaxnenue (IOUTHBIX BKIOYEHUH TPOBOIMIOCH 10 TIOMHOW KPUCTAIIU3AIUN
JKuakocT U ganee mo -180 °C. YBemnuenne o0ObeMa JbIa OTHOCHUTEIBHO O00OBEMa KHUIKOCTH,
HaOJIF01aeMoe 10 YMEHBIICHUIO Ta30BOTO IMy3bIPbKa, YKa3bIBAaCT HA TO, YTO PACTBOP SIBJISAETCS

BoaHbIM (Puc. 6.2).

+240 °C

Puc. 6.2. Kpuorepmomerpuueckue uccieoBanus (IIIONIHBIX BKIIOUYSHUH B KBaple U3

MeTacoMatuToB (a—B — 00p. 2057-050) u sxui (r—e — 06p. 1511-074)

[Tocne oxmaxaeHus BKIIOUEHHS MEAJICHHO HarpeBayuch ¢ marom 20°C/mun u 1-5°C/mMun
OpU OXHUJaHUM (DAa30BBIX MEPEXOJOB: TEMIEpaTypbl 3BTEKTUKU (TIOSBICHUE IMEPBBIX Karulen
JKUJIKOCTH ), TI0 KOTOpOH orieHuBaeTcs coctaB coselt (bopucenko, 1977); remnepaTypbl mMOIHOTO
IUTABJICHHUSI JIbJ1A, 10 KOTOPOIl OIleHMBAaeTCsl OO0mias MUHepamu3alus pacTBOpa Ha OCHOBE
9KCIepUMEHTANBHBIX NaHHBIX it cucteMbl NaCl-H2O (Bodnar, Vityk, 1994); temmepatypbl

romorenusanuu (Puc. 6.2).
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N3yuenune coctaBa razoBoit ¢aspl GIIOUIHBIX BKIIOYSHHH B KBapIlax MPOBEICHO METOIOM
paMaHOBCKOM criekTpockonuu Ha criektpomerpe Horiba LabRam HR800 ¢ Ar-nasepom ¢ minHO#
BostHBI 514,5 1 488 um (PL] CIIOI'Y «I'eomonens», ananutuk bouapos B.H.). Bpems skcniozuiim
COCTAaBJISUIO 3 €, YMCIIO IOBTOPEHUN — 5, MOIIHOCTB J1azepa — 50 MBT, yBenuuenue Mukpockona —
50x. Unentudukanus ra3oB IpoBoauIach Ha ocHoBe 0030poB (Burke, 2001; Frezzotti et al.,
2012). ITnotHOCTh CO2 paccurTaHa o pacCcTOSHUIO MEXKAY nukamu jayoiera @epmu (Frezzotti et
al., 2012). CootHomienue ¢a3 B ra3oBoi cMecu orieHeHo mo (opmysie (Burke, 2001). Pabora ¢
KP-cniektpamu npoBoamiack B mporpammax Origin u CrystalSleuth.

Jlisi MUKPOTEPMOMETPHYECKMX OSKCIEPUMEHTOB BBIOMPATIMCH TPYIIBl BKIIOYCHUH C
OJIMHAKOBBIM BHYTPH TPYII cooTHOLICHUEM (a3. ['ereporennsanus dironaa He HaOI1AIACh.

CornmacHo kmaccupukanmu  Pemnepa  (Pemmep, 1987), B wm3ydyeHHBIX o0Opa3max

Ha6J'IIO,I[aJ'II/ICL TIEPBUYHBIC, TMEPBUYHO-BTOPUYHBIC W BTOPHUYHLIC (I)J'IIOI/I,Z[HBIC BKJIIIOUCHHA

(Puc. 6.3).

Puc. 6.3. ®aronaHble BKITIOYCHHS B KBapiie MectopoxkaeHust KyTeiH. [T — nepBuunsie, [1B —

NepBUYHO-BTOpUYHBIE, B — Bropuunsie. O6pa3isl: a, 6, r — 2028-031, B — 3002-107

KBapuy  30/10TO-TeTpa’agpuT-apCceHONMUPHUTOBOH  accOUMAallMM  METaCOMAaTUTOB
TOHKO3EPHUCTHIN, C HEMPaBUIBLHBIMU OYepTaHUSAMH, IPO3pauHblil. B 3TOM KBapliie ycTaHOBIIEHBI

NEPBUYHBIE U BTOPUUHBIE (IIOUAHbBIE BKIIOUeHUs. [lepBudHbIE BKIIOYEHUS TPUYPOUYCHBI K 30HAM
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pocTa, pacrpoCTpaHEHbl pABHOMEPHO, BTOPUYHBIC TPACCUPYIOT TPEUIMHBI M OTIMYAIOTCS Oojiee
MEJIKUM Pa3MepPOM B IEPBbIE MUKPOHBI. M3yueHo 32 nepBUYHBIX U 5 BTOPUUHBIX BKIIOUCHHH.
[TepBuunble QuironaHbie BKItoueHHs uMetoT pasmep 10-20 mxm (Puc. 6.4). dopma
BKITIOYCHU N30METPHYHAs, YJTMHCHHAS, KaTUICBUIHAS, HENIPAaBUIIbHAS, UHOT/Ia XapaKTePU3yeTCs
OTPHIIATEIEHOW OTpaHKoi. DirouIHBIC BKIIOYEHUS JABYX(a3HbIE C Ta30BBIM ITy3bIPHKOM,
saaumaromuM 20-40 % o6nrema BrmoueHwus. JKuakas ¢asa npeacraBieHa BOJIHBIM pacTBOPOM C
npeobiasaHieM XJIOPHIOB KaJbIMsl U HATPUA, pEKe MarHus U Kanus. TemmepaTypa 3BTEKTHKH
u3Mensiercs ot -56 10 -49°C. ConeHOCTh pacTBOpa BapbUPYET B MIUPOKUX Mpeaeiax ot 1,74 no
9,21 mac. % NaCl npu Temneparype riasineHus jgpaa ot -1,0 no -6,0°C, onnako Hauboiee
pacrpocTpaHeHbl TeMIIEpaTyphl TIaBiIeHus ipaa -4,5...-2,5 °C, uro coorBercryer 4,18 — 7,17
mac. % NaCl. ITpu HarpeBaHWU rOMOTEHHU3AIHS B )KUIKOCTh IIPOUCXOINUT IpH Temiieparype 240—
370°C. B rasoBoii dase ycranosiern CO2 (Puc. 6.5), B o1HOM BKIIOUECHHH O0HAPYKEHA TPHUMEChH

metana — 97% CO; + 3% CHya. ITnotaocts CO2 cocrasmsier 0,15-0,23 r/em®.

» -'.-nl

Puc. 6.4. Tuns! GirrouIHBIX BKIIOYEHUH B KBaplie 30J10TO-TETPAdAPUT-aPCEHONUPUTOBON

accolualMu: a — OJIUH U3 U3y4aeMbIX 00pa3loB ¢ pa3BuToil Au-Ttr-Apy accouunanueii, 6 — 1 —
nepsuunbie @B, e — Bropnunoe ®B. XX — xuakocts, I' — ras.

Bropuunsie BkitoueHust 6osee Menkue, pazmepoM 10 10 MxM, nByxdas3Hbie ¢ Ta30BBIM
my3bIpbkoM (Puc. 6.4 ). Cpenn HEX BBIJCISIOTCS ABE Pa3HOBUIHOCTH. [lepBas xapakTepusyercs
CaCl>-NaCl-MgCl>—coctaBom pactBopa (Temmeparypa 3BTEKTHKH OT -57 mo -52 °C) c¢
coneHocThio 3,39 mac. % NaCl u remneparypoii romorean3anuu 143—-169 °C. B cocraBe pacTBopa

BTOpoii pasHoBuaHocTH mpucyrcTByeT NaCl (temmeparypa 3BTEKTHKH H3MEHSICTCS OT -25 10
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- 22°C), coneHOCTh pacTBOpa BapwHpyeT oT 6,16 mo 8,81 mac. % NaCl npu temmeparype
raBiieHus apaa ot -1,0 1o -6,0°C, Temneparypa romorenn3aruu cocraiset 158—185°C. Cocras

ra3oBoil (as3sl He U3ydasCs.

3or OTO-TETpasgpuT-apceHonnpuToBada 3OJ'IOT0-I'II/IpI/ITOBaF| accounaumna
accounauunsg
[MNepeBanbHas
l'eodmanyeckas O6p. 2028-031

O6p. 3003-107

CO, co,
1389
1288 138p CH,
W—-«b 1284
N 2917
TennypuaHas accoumaums Tennprp,Haﬂ accounaumna
leodmanyeckasn leocmanyeckas
O6p. 3061-085/1 O6p. 3061-085/1
CH, Ny CH,
N ) 2331
2 amMOC$<Hqu 2917 2918

T T T T T T T T T T T T T T T T T T T T
715 965 1215 1468 1715 1965 2218 2465 2715 -1 70s 255 120s 1455 170s 1oss 220s 2455 270s 2958

Puc.6.5. KP-criekTpsl raza uirouJHbIX BKJIFOYEHUH B KBaplie MPOTyKTUBHBIX acCOIMAIUi

KBap11 30,10TO-nMPUTOBO accoUMALMM XKUIbHBIN, OT MOJIOYHO-0€JI0r0 A0 MPO3PavyHOro,
B MOAXOMSAIIUX JIJIS U3YYEHHUS 00JIACTAX XOPOIIO PA3IUYUMBI €T0 MIECTOBATHIE KPUCTAIIIBI YacTO
C 30HAMH POCTa, OTMEUCHHBIMU psaMu (QIIOUAHBIX BKIIOYeHHH. M3yueHo 25 mepBUYHBIX U 8
BTOPUYHBIX ()JTFOMTHBIX BKITFOUCHUH.

[TepBuunbie ¢uronaHbIC BKIOYCHUS pasMepoM He Oosiee 20 MKM, dare okono 10 MiwM,
dopma okpyrias, pexe BoITsHyTas (Puc. 6.6). YcraHoBieHbI AByX(a3Hble BKIIOUEHHS, pa3Mep
ra3oBoro myssipbka 3aHumaer 10-20% oObema BakyoiM, My3bIpeK MOJBHMKHBIN, JAPOXKAIIUi.
TemmepaTypa 3BTEKTHKH COCTaBisieT oT -59 mo -46°C, uro oTBewaer coctaBy (monga CaClo-
NaCl-MgCl,-KCl. Temmeparypa miaBienus jbaa Mmensercs ot -3,5 g0 -0,4°C u orBeuaeT
HU3KOMHHEpaIn30BaHHOMY (irouay ¢ cosienocteio 0,71-5,71 mac. % skB. NaCl. Temneparypa
roMmoreHu3anus B )xkuakocth 193—220°C. CocraB rasa Beiaepxkannsiii: CO2 + CHa (10 5%) (Puc.

6.5), mrorHOCcTh COZ — 0,10-0,34 T/cM®.
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|
12

Puc. 6.6. ®atouHbie BKIIOYEHUS B KBAPIE 30J0TO-ITUPUTOBOM aCCOIMAIINU: & — OJIUH U3
u3ydaeMbIXx 00pa3noB ¢ pazButoir AU-Py accormanmeii, 6 — 1 — nepsuunsie OB, e — BTOpruHOE
®B. XX — xuakocts, I' —ras.

Bropuunbie BKIIOYEHHS Menkue, He mpeBbimaioT 10 MkM, nByxdasHble ¢ Ta30BbBIM
My3BIPEKOM. 3/1€Ch TaK)K€ OTMEUAETCs IBE PAa3HOBUAHOCTH BKITFOUEHHUH. [1J1s IEpBBIX XapakTepeH
CaCl2-NaCIl-MgCl,-KClI cocra pactBopa (T sBrextuku ot -54 no -44 °C), conenocts ot 0,88 10
5,41 mac. % sxB. NaCl, romoreHu3arus B )HJIKOCTh POUCXOIUT MpH TeMreparypax 129-164 °C.
Jlnst BTOpOit rpymmbl BKItoueHuit B pactBope ooHapyxuaercst NaCl (Tast ot -27 mo -23 °C),
coJieHoCTh BappupyeT oT 5,41 no 8,14 mac. % »osxB. NaCl, temmepaTypa TOMOTEHH3AIUU
cocrasisiet 143-164 °C.

B HexoTOpBIX 3epHax KBaplia MPOKUIKOB OTMEUAIOTCS TPYIINBI OY€Hb MENKHUX (DIIFOMIHBIX
BKJIIOYEHUH CYIIECTBEHHO-TA30BBIX M CYIIECTBEHHO-BOJHBIX, YTO MOXET CBUJETEIHCTBOBATH O
mporeccax BCKHIIaHUS. BeposTHO, 3aBepmiaromye CTaaid KPUCTALTU3AIMH MHHEPAIOB
MIPOXOJMIIA B CHCTEME, B KOTOPOH (hiron 1 pasnesnsieTcs: Ha aBe (pa3bl — )KUIKYIO U Ta3000pa3HyIo
Y NIAJCHUH JaBJICHUS WIH JaBJICHUS U TeMIiepaTypsl oqHoBpeMeHnHo (Bowers, Helgeson, 1983;
Pennep, 1987).

TenaypuaHasi accouManus pacpoCTpaHeHa B KBapI-KapOOHATHBIX MPOKHMITKAX, TIPUIEM
KapOoHAaThI TIpeodanaroT. KBapi mpoKMIKOB ¢ MUHEpaIaMu TEJUTYPUIHON acCOIMAIIA UMEET
KpHucTamorpadguyeckue (GpopmMbl, CBETIO-CEPBIN, OTIMYACTCS OOUIMEM MEIKUX Ta30BO-KHUIKUX
BKJIIIOYCHUH. B HEM OTMedeHbl NepBUYHbIE W BTOpUYHBIC (hIrouaHbIe BKIOueHus. V3ydeno 4
MEPBUYHBIX (DIIOUTHBIX BKIIOYCHHS, BTOPUYHBIC BKIIOYCHHUS HE H3ydaluch. llepBUyHBIC

BKJIIOUEHUS Pa3MEPOM OKOJIO 15 MKM, OKpyTuible win B (hopMe OTpuLiaTebHOro Kpuctamia (Puc.
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6.7). JIByxda3Hbie BKIIIOYCHHUS C MAJICHBKUM Ia30BbIM My3bIPbKOM, 3aHuMaroiieM 5—10% o0bema.
TemmepaTypbl SBTEKTHKH BapbUPYIOT OT -55 110 -45, uro coorBeTcTBYeT coctaBy ¢uronna CaCl,-
NaCl. Temnepatypa 1uiaBnenus apaa cocrasisier -1,7...-0,7°C u orBedaer conenoctu 1,23-2,90
mac. % skB. NaCl. ['omorenusanus B xuakocts mnpu temmeparype 140-165°C. CocraB rasa Bo

BkIoyeHusx pasnmmyen: CO2, CHa, 89%N2+ 11%CH4 (Puc. 6.5), motaocts CO2 — 0,10 /e,

Puc. 6.7. CD.]'IIOI/I,I[HBIG BKIIFOUYECHU B KBapIle TGJ'IJ'IypHI[HOfI acconuanuu: a — OJJUH U3 U3Yy4YaCMbIX

00pa3IoB ¢ pa3BuToil Te acconuanuei, 6, B — nepsuunbie ®B. XK — xxuakocts, I — ras.

Pe3ynbraTsl TEpMO- M KPUOMETPUYECKHUX UCCIIE0BaHUHN (DIFOMIHBIX BKJIIOYEHUH, a TAKKE
KP-criekTpockonuu ra30Boi (a3wl BKIIOUCHH puBeneHbl Hke (Taou. 6.4, Puc. 6.8, Puc. 6.9,
Puc. 6.10). Ouenuth naBieHue mo nanHeiM @B He mpeacTaBIsIIOCh BO3MOXKHBIM B CBSI3U C
OTCYTCTBHUEM CHHI€HETHUYHBIX YIJIEKMCIOTHO-BOJHBIX BKIIFOUEHUH.

OTmeTruMm, 4TO TeMIepaTypa KpUCTANTU3alM MUHEpala-Xo3s1MHa (KBapla) MOKET ObITh
BBIIIIE TEMIEpaTypbl TOMOTCHM3AWU (IIIOWIHBIX BKIIOYCHUH, pasHUIA MEXAYy OSTUMH
TEMIIepaTypaMu 3aBUCUT OT BEJIWYHHBI (DIIIOWIHOTO JaBICHHUS B TIPOLECCE PYIOOTIOKEHHS
(MenbHuKOB U 1p., 2008). OnHAKO TeMIepaTypbl TOMOTCHU3AINH BKIFOUCHUH OMPeIessUIHCh 110
rpynnaM BKJIIOUYEHUH C OJAMHAKOBBIM COOTHOLIEHHMSM (a3, 4TO TOBOPHUT O 3axBare ¢uirouja B
YCIIOBUSX, COOTBETCTBYIOIIUX KPUBOI ABYX(a30BOro paBHoBecHs. B Takux ciyyasx momnpaBka Ha
JIaBJICHUE HE BBOAUTCS, U TEMIIEPATYypa TOMOT'€HU3ALIUU COOTBETCTBYET HCTUHHBIM TEMIIEpaTypam

MuHepanooopazoBanus (Haymos 1982; Pennep, 1987).
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Puc. 6.9. 3aBUCHMOCTH «TeMIIepaTypa rOMOT€HH3AIMK — KOHIICHTpAIUs cojiei» (a) u

«Temreparypa roMOTreHH3aIu1 — TEMIIEpaTypa IBTEKTUKI (0) BO (pirrouae mo JaHHBIM

ucciaeaoBanus GIIOUIHBIX BKITIOYEHUH B KBapIlax METaCOMATHIECKOM M KIJIBHOW CTauit

mectoposkaeHus KyToiH. CTpenku, HUTIOCTPUPYIOLIHE TPEHIb! B KOOPAMHATAX « T rom —

conerocthy — o Wilkinson, 2001; Kreuzer, 2005. IT — nepsuunbie @B, B — Bropuunsie OB.



77

15 T B ' 1
3 oo ,
T =Q Q, 2 Q o
5 &I o T T T =
25 289273 S 0 ® S
ST = g =z X
T O =

G %)U QO ®© o | 1
] q 08 (@) [ | |
Z w0 8" L : :
2 S ' : :
o I R o o | |
O\Z o Co o :
sl | e e
= * el i X :
2 o lle g N o ! :
5 50 % e o i i
o | ®''e [ ! !
° o éo‘b :: ¢ L o I1, Au-Ttr-Apy

8 So o oI, Au-P

25 [o 28 7% e L e Te
o :3 e i i o B, Au-Ttr-Apy

° 8o e = oB, Au-Py
0 1 1 ] 1 1 1 1 1 1

-60 -50 -40 -30 -20 -10
T sBT., °C

Puc. 6.10. I'paduk «TemrepaTypa 3BTEKTHKH — COJICHOCTh) (110 bxarradapaiia, [Tanurpaiin,
2011) myist GITFOMAHBIX BKIFOUEHHI POIYKTUBHBIX aCCOIHANNi MeCcTOpoXxaeHus KyThiH.

IT — nepBuunsle @B, B — Bropnunsie OB.

Takum oOpazoM, B cocTaBe MHHEpaooOpa3yrormiero (ionaa oTMedarores xiaopuasl Ca,
Mg, Na, K. Ot 30510TO-TeTpa’apUT-apCEHONMPUTOBOM K 30JOTO-MUPUTOBON accolMaluM
IIPOUCXOIUT CHUKEHHUE COJIEHOCTH PacTBOpa U TEMIEPATYPbl TOMETEHU3ALINN.

B cocraBe ra3oBoii KOMITOHEHTHI (IIIOWTHBIX BKJIIOUYEHUH pe3ko mpeodmamaer CO,
ormeuarorcs CHs u N2 (Puc. 6.11), 9To COOTBETCTBYET ra30BOMY cOCTaBy (Iron1a Me3030HCKUX
30JI0TOPYAHBIX MECTOPOXKICHUM, AJI1 KOTOPBIX XapaKTEpHO JOMUHHUPOBAHME YIJIEKUCIIOTO rasa,
YTO CBS3BIBAIOT C OOJbIIEH [0Jel MarMaTOreHHOTO KOMIIOHEHTa 110 CpaBHEHHUIO ¢ Ooiee
npeBHUMH MecTopoxaeHusMu (IIpoxodres u np., 2020). OnroniHbIe BKIOYEHUS TELTYPUTHON

aCcCOLMALINU PE3KO OTIIMYAIOTCSA COCTAaBOM T'a30BOM (pa3bl, 1)1 KOTOPOH XapaKTepHbI METaH U a30T.
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Puc. 6.11. CocraB ra3oBoii (pa3bl GuIrOnIHBIX BKIIOYCHAN B KBApPIIE 30JI0TO-TETPAdIPHT-

apCEHONMPUTOBOM, 30JIOTO-IIMPUTOBOM U TEJLTyPUIHOM acconnanuii MmectopoxaeHus KyTsiH

CXOICTBO COJIEBBIX CHCTEM MHHEPalooOpa3yloIMX pPacTBOPOB pa3HBIX AaACCOLMAIMIA
KOCBEHHO CBHUJIETENIbCTBYET B MOJIB3Y €AMHOTO pyA0o0Opasytomiero npomuecca. C Ipyroi CTOpOHHI,
YMEHBIICHNE COJICHOCTH U TEMIIEPATypPhl pACTBOPOB MOXKET YKa3bIBaTh Ha CMEIIEHHE PACTBOPOB
pa3IMYHON COJIGHOCTH M TEMIIepaTyp — BBICOKOTEMIIEPATYpHOI'O KOHLIEHTPUPOBAHHOIO H
HHU3KOTEMIIEpaTypHOTr0 HIU3KOKOHIIeHTprpoBanHoro (Pemnep, 1987).

Takum ob6pazom, (HoOpMHUPOBAHHE 30JO0TOPYAHOTO OPYACHEHHUS MPOUCXOIUTI0 Ha (GoHE
CHIDKEHHMSI ~ TEeMIepaTypbl  OT  CpPEeIHETeMIIEPaTypHBIX  YCIOBHHA  30JI0TO-TETPAdIPHUT-
apceHonupuroBoit  (240-370°C) accommanuu K HHU3KOTEMIIEPATypHBIM JKMIIBHBIM 30JI0TO-
nuputoBoit (190-220°C) u TemmypumHoit (140-165°C) w3 xmopuAHbIX (IFOMIOB HU3KOM

COJICHOCTH C ra30BOH (1)330171 YIJIIEKUCIIOTHOI'O COCTaBa ¢ IPUMECHIO MCTaHA 1 a30Ta.

6.4. Tepmuueckue uccnedosanusn
Kax u3BecTHO, BaJloBblE METO/bI MO3BOJIAIOT 00ECMEUYUTh ropa3fo OONbIIYI0 TOYHOCTh
aHaJM3a, 4YeM JIOKaJbHbIE, ITOCKOJIbKY HCIONb3YIOT OOJbIlee KOJIUYECTBO MCCIEAYEMOTO
BemectBa (Ilmewos, 2014). IlosToMy cC 1enpl0 YTOYHEHMS TEMIIEpaTyp T'OMOTEHH3AIUu
(roNIHBIX BKIIOYEHUH U1 HABECKH KBapIla 30JI0TO-MIUPUTOBON acCOLMAINM KUIBHON CTaJAun
OBLT TPUMEHEH KOMITJIEKCHBI TEPMUYCCKUN aHATTH3.
KomnnekcHplil TepMUYECKHI aHalIW3 TPOBEAECH Ha CHHXPOHHOM TEPMUYECKOM

ananmsarope Netzsch STA 449 F3 Jupiter (kadenpa reoxumun, CII6I'Y, ananutuk ®oxuna E.J1.),
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MO3BOJIAIONIEM  OJHOBPEMEHHO  MPOBOJWUTH  TEPMOTPABUMETPUYECKHH  aHAIW3 U
QG epeHINaIbHYI0 CKaHUPYIOUIYI0 KAJIOPUMETPHUIO, (PUKCUPYS MOTEPI0 MAcCy M TEIJIOBBIE
3¢ dekThl, cooTBETCTBEHHO. CheMKa 00pa3loB MPOXOoauiia B MHTEpPBAIE TeMmrepaTyp oT 25 o
1000 °C, mrar coctaBisut 10°/MHUH, HCTIONB30BAJICS KOPYHIOBBIN TUreh. OOpaboTKa pe3ybTaToB
nposeneHa B nporpamme NETZSCH Proteus Thermal analisis v. 5.2.1. HaBecka npeacrasiisiia u3
cebst oroOpaHHbIC MO OMHOKYJISIpPOM KpynuHKH KBapra pazmepom 0,3-0,5 mm oOmieit maccoit
okoio 20 mr. KBapi oroupasics u3 npoxuikos (rpoba 3201-068, IlepeBanbHas pyaHas 30Ha).

Pe3ynbTaThl KOMIUICKCHOTO TEPMUYECKOTO aHayiu3a, npuBencHHbie Humxe (Puc. 6.12),
XOpOILO COTJIACYIOTCS C pe3yJbTaTaMH W3YYEHUsS HHAWBHUIYATbHBIX (DIIIOMIHBIX BKIFOYECHHU.
[Toagpem TepMorpaBUMETPUUECKOI KpuBOi B Havaie HarpeBa (ot 25,0 mo 70,9 °C) oOycnoBnen
HECTAI[MOHAPHBIM TEIUIOBBIM NOTOKOM. [lepBble 1Ba 3Tama MOTEpHU MAacChl COMPOBOMKIAIOTCS
SHAOTEPMHUYECKUMHU dPPEKTaMu, CBSI3aHHBIMU, BEPOSTHO, C MPUMECSIMH IPYTHMX MHHEPAJIOB.
[Torepu maccer pu 208,0 u 360,6 °C He CONPOBOXKIATCH TEPMUYECCKUMU dPdeKkTamu u
OTBEYAIOT JeKpunurauuu QaonaHeix BiimoueHud. Temneparypa 208 °C  cooTBeTCTBYET
MU3MEPEHHBIM TEMIIEpaTypaM TOMOTCHU3AINN (DITFOMTHBIX BKIFOUEHUH B KBAPLEBBIX MPOXKMIKAX.
bonee Bricokas temmnepatypa 360 °C moarBepkaaeT TemMrepaTypy roMOr€HHU3aIMH BKIIOYEHUN B
METacCOMAaTHYECKOM KBaplle, PEIMKTBHl KOTOPOTO MOTYT NPHUCYTCTBOBaTb B IMPOXKWIKAX. OTH
BBICOKOTEMIIEpAaTYpHbIE BKIIOYCHHST B PEIUKTOBOM KBaple HE ObUIM HM3YYEHBI METOJaMHU
MHUKPOTEPMHUYECKOTO aHAIIN3a MHIMBUIYIbHBIX BKIIIOUSHHH U3-3a 3aMyTHEHHOCTH PEIIMKTOBOTO
KBapIla U/UIU MEJIKOTO pa3Mepa TakuX BKItoueHHH. [IpiucyTcTBHE HECKOIBKUX TeHepaluii KBapia
B MPOXHUIKAX YacTO (UKCHUPYETCS METOJOM KaTOAOTIOMHUHECIIEHLUH, XOTSI U HEOYEBHJHO B
npoxosiem ceere (Landtwing et al., 2005; Rusk et al., 2006 u apyrue).

OTtcyTcTBUE IOTEPH Macchl B kBaplie B paiioHe 250 °C — reMmieparypbl, OIpeIeIeHHOMN 10
TOMOTEHHM3aMK  (IIOWIHBIX BKJIIOUEHHH B KBapIle METAaCOMATHTOB H IO KHCIOPOJHOMY
U30TOITHOMY T'€OTEPMOMETPY B Mape KBapI-CEPULIUT, MOXKET ObITh OOBSCHEHO CIIEAYIOLIMM
obpa3zoM. C 0HOI CTOPOHBI, BO3MOXKHO, YTO PACKPBITHE TPELIHMH, B MIOCIEACTBUE 3aMI0JIHEHHBIX
KHWJIBHBIM KBapIeM, TIPOMCXOIUIIO B MHTepBaje TemmepaTtyp 360—250°C, moaToMy B IIPOXKIITKAX
NPUCYTCTBYIOT PEIUKTHl OTHOCHUTEIIFHO BBICOKOTEMIIEPAaTypHOTO KBapia, HO HET KBapIia,
obpazoBanHoro npu 250°C. C apyroil CTOpoHbI, BO3MOXKHO HE YJaJIOCh 3aUKCHUPOBATh MOTEPIO
Maccy TNpH JEKpUIIUTalMs BKIOYEHUH B KBapue B paiione 250°C BBHIY OrpaHHYEHHOTO

pacrnpoCTpaHEHHS TAKUX BKIIFOUEHUN.
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Puc. 6.12. TT" (3enenas) u JICK (cuHss) KpuBbIe KBapIa MPOXKIIKOB

Ha ocHOBaHMM MUKpPOTEPMHUYECKMX MCCIECJOBAHUN HHIUBUAYAIbHBIX (DIIOMIHBIX
BKITIOYCHUH W KOMIUIEKCHOTO TEPMHYECKOTO aHalM3a KBaplia IMOJyYeHbl HEMPOTHBOPECUHBHIE
TeMIIepaTypbl, GUKCUPYIOIIHE ONPeIeIEHHBIE CTAIH MUHEPAIO00pa30BaHHS.

[lo MuHepaibHBIM TeoTepMOMETpaM U  (UIIOUTHBIM BKJIIOUEHHUSM IOJyYeHBl HE
IPOTHBOpPEYAIUE PE3yJIbTaThl O TEPMUYECKON UCTOPUN MUHepalu3aluu. Temmneparypa paHHEro
MIPOSIBJICHUS MIPOIIECCa METACOMAaTO3a, OLEHEHHAs 110 XJIOPUTOBOMY T€OTEPMOMETPY, BapbHPYET
ot 229°C nmo 278°C B MeracoMaTHM3MpPOBaHHBIX rpaHomuoputax U oT 213°C mo 236°C B
METacCOMAaTU3UPOBAaHHBIX  MecuaHukax. [lo  pe3ympTataM  TepMOOapOreOXMMHYECKHX
UCCIIEIOBaHUH, ¢dbopmupoBaHue 30JI0TO-TETPA3APUT-APCEHONUPUTOBON accoluanuu
MIPOUCXOMIIO TIPU HEKOTOPOM TOBBIICHHH TeMmiieparypbl a0 240-370°C, 4to cormacyercs ¢
JAaHHBIMU 110 cTabuIbHOCTH cucTeMbl AU-Ag-Te ipu Nag = 0,37 (Boimie 170°C) (bopTHHKOB U 1p.,
1988). CornacHo TemmepaTypaM TOMOTEHHU3alMU (IIOMIHBIX BKIIOUEHHH B KBapiie, 30JI0TO-
nupuToBas accouuanus oOpasoBana npu 190-220 °C. Kgapiy 3aBepuaromieid TeTypUIHOM
accoranui obOpazoBan npu Temmeparype 140-165°C. OmgHako 1O OTCYTCTBHIO CTPYKTYPHI
pacmaza reccuTa W INTIOTHHMTA Temreparypa He Boimie 120 £ 15 °C, 4T0 COOTHOCHTCS C

TEMIICpAaTypaM TOMOTI'CHU3 AU BTOPUIHBIX BKJIFOUEHUH IMPOAYKTUBHBIX acCcolMaIui.
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I'naBa 7. U30TONHO-T€OXPOHOJIOTHYCCKIE U U30TOMHO-T€OXUMUYECKHUE
HCCJICIOBAHMS IPAHOAMOPUTOB BUPAHIKHUHCKOr0 MaccuBa U METACOMATUTOB

7.1. H30monno-2eoxpononozuueckue ucciedosanusn zpanoouopumos bupanoixcunckozo
Maccuea u MemacomMamumog

dopMupoBaHUE KPYMHBIX MPOMBIILIEHHBIX MECTOPOXKICHHUM 30710Ta, MEIH, BoJIbhpama,
osioBa B CUXOT3-AJIMHE U CONpPEAENbHBIX TEPPUTOPHUAX CBSI3aHO C 0OCTAaHOBKOM TpaHcHOpMHOI
KOHTHHEHTAJIbHON OKpauHbI B alib0-ceHoMaHCcKkoe Bpems 110-95 mun net Hasax (Xanuyk u jp.,
2019). Hecmotpst Ha To, 9TO MeCTOpOKAeHUE KyThIH SIBIISICTCS BaKHBIM CHIPHEBBIM OOBEKTOM
pecypcHoi 06a3pl  XabapoBCKOrO Kpasi, TMOIBITKH OLEHUTh €ro BO3PacT H30TOIHO-
TEOXPOHOJIOTUYECKUMHU METOIaMU PaHee He MPeTPUHUMAIHUCH.

st onpenenenus Bo3pacta bupaHKMHCKOTO MaccuBa U3 OMOTUT-POTOBOOOMAHKOBBIX
rpanoauopuToB (00p. K-348) ObL1 BbIIEICH IUPKOH, a TAK)KE OMOTUT U KAITMEBBIH MTOJICBOM IIITIAT.
Jns ompeneneHus Bo3pacTa pyAHON MUHEpanu3aluu W3 KapOOHAT-CepHUIIMT-KBaplEBOrO C
Cynb(UIHON BKPAIJIEHHOCTHIO METACOMAaTU3UPOBAHHOTO IpaHoauoputa (0op. K-558/5, pynnas
30Ha JIxyaTsl, conepkanue Au 4,8 1/T) ObLIN BBIICICHBI AIbOUTH3UPOBAHHBIN KAJTUEBBIN ITOJICBON
mmaT ¢ HU3KUM coiepskanuem pyouaus (125 r/t Rb) u cepunut (Azapsia u np., 202206).

U-Pb Bo3pact mupkoHa u3 rpanomuoputoB II ¢asbl BupaHmKHHCKOTO MaccHBa ObLT
ompezeneH Ha BTopuyHO-uoHHOM Macc-criektpomerpe SHRIMP 11 (HUC BCEI'EU, Cankrt-
[Terepoypr) mo meromuke (Williams, 1998). Rb-Sr u Sm-Nd wusoromHbie wuCCIeI0BaHUS
npoBoauiuck B MHCTUTYTE Teonoruu u reoxpoHosoruu aokemopus PAH (Canxt-IlerepOypr).
Beinenenue Rb, Sr, Sm u Nd 13 mopoj 1 MUHEpaioB st U30TOMHBIX UCCIIEI0BAHHUN TPOBOAUIOCH
corsiacHo meronuke (CaBateHkoB U 1p., 2004). M3oronsslii coctaB Nd u Sr onpezaemnsuics Ha
MHOTOKOJUISKTOPHOM  TBepaoda3sHoM  Macc-criektpomerpe  Triton  Tl.  Onpexnenenue
KoHIleHTpanui Rb, Sr, Sm u Nd u oTHOmEHMIt 8Rb/BeSr u 4'Sm/M*Nd MIPOBOIMIIUCH METOIOM
U30TOMHOTO pa3dasieHus. BocnpousBoaumocTs onpenenenus koHeHTpauuid Rb, Sr, Sm u Nd,
BBIUMCJICHHAS] HA OCHOBAaHMHM MHOTOKpaTHBIX aHanmu30B ctanaapta BCR-1, cootBercTByet +0,5%.
Bennunna xonocroro onkita coctapisia: 0,05 ar mag Rb, 0,2 ur mig Sr, 0,3 ar mig Sm, 0,5 wr
ans Nd. B nepwox wu3Mmepenwmii, cpennee 3nHauenme °©'Sr/®Sr B crammapre SRM-987
cootserctBoBano 0,710241+15 (2o, 10 m3mepennii), a Benmumna ““*Nd/*Nd B cranmapre
INdi- 1 — 0,512098+8 (20, 12 usmepenuii). ITorpemHOCTs M3MepeHus oTHOMmeHus o Sr/%0Sr
cocramsna +0,007% (20), 8Rb/%Sr — 1% (20). TIpu pacuere BoO3pacTa HCIOJIH30BAHO
saavenne AS'Rb = 1,3972x107 rox? (Villa et al., 2015). Pacuér mpoBeleH B Iporpamme
Isoplot R.
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[upkoH B MOpOJE accOUUpPYET C MOPOA00Opa3ylONIMMH MHHEpallaMd, a TaKXkKe C
TOPUTOM. MHHEpaIbHBIE BKIIIOUCHUSI HEe OOHApyKeHbI. [[MpKOH TPaHOIUOPUTOB TPEICTABIISICT
co0oii OecrBeTHBIE MU CIIa000KPALICHHbIE TPU3MAaTHUECKUE, PEKe UToJIb4aThie HINOMOP(hHBIE
KpHCTasIbl pazmepoM 120-250 MM, B 00JIBIIHHCTBE CBOEM oTBevaromue Mopporumy G1 (Pupin,
1980). Koapdunuent yamunenus mensercs ot 2 no 7. IIpumecsy Hf Bapwupyet ot 0,7 mo 1,5
macc.%, cocraBisas B cpeaneM 1,1 mace.%. Ha CL-u300paxkeHusix 3epeH UpKOHa HaOIt0JaeTcs
TOHKasi PUTMHUYHAS, pexe Tpydas mMarmMaTHYecKas 30HATBHOCTh, WHOT/IA CEKTOPUAIBHOCTH, B
HEKOTOPBIX IIUPKOHAX MPHUCYTCTBYET ApeBHee sapo (Puc. 7.1).

Metongom U-Pb nmatupoBanus mmpkona (SHRIMP, BCEI'EN) ycranoBien Bo3pact
IrPaHOAHOPHUTOB bupanKkUHCKOro MaccuBa. [1o manoMophHBIM KpUCTAIIIAM ITUPKOHA U 30HAM,
oOpacraromuM apeBHue siapa (Puc. 7.1), momydeH KOHKOpJAAHTHBIA Bo3pacT (Mo 9 Toukam)
90,7+1,7 mun et (mo3auuit men) (CKBO 0,26) (Puc. 7.2, Tabn. 7.1) (Asapsia u ap., 202206).
[TomydeHHBIM BO3pacT HEMHOTO JPEBHEE BO3PACTOB, OIpeaeieHHbIX paHee K-Ar meromom mo
opoJaM yJIb0aHCKOTO KOMILIEKCa, K KOTOpoMy oTHocuTcst u bupanmxunckuii maccus (70—84
MITH J1eT) (3abpoauH u ap., 2007).

OnHO 3epHO IUPKOHA C TOHKOW pUTMUYHOM 30HAJTLHOCTBIO UMeeET Bo3pacT 335,9+4,6 muiH
aet (pauuuii kKapOooH) (AsapsiH u 1p., 202206). BeposiTHO, 3T0 3€pHO SBJSIETCS 3aXBAYCHHBIM M3
BMEUIAIOMIUX MOPOJ, YTO COIJacyeTcsi C BO3PAacCTOM JAETPUTOBOIO IIMPKOHA U3 aJeBPOJIMTOB
PaHHEIOPCKON COPYKAHCKOM CBUTHI M M3 MECYAHUKOB CPEIHEIOPCKOW HAJJIBIHIAWHCKONM CBUTHI

VYnsbaHnckoro Teppeiina (3auka u ap., 2020).

Puc.7.1. KaTononmroMuHeCIIEHTHBIE N300paKeHHSI KPUCTAIIOB IIUPKOHA U3 TPAHOIMOPUTOB
bupanmxuackoro MmaccuBa. OKpyKHOCTSIMU 0003HAYEHBI 00JIACTH H30TOTHOTO JAaTHPOBAHUS,

HOMEpa TOYEK COOTBETCTBYIOT TaKOBbIM B Tabm. 7.1
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Puc. 7.2. luarpamma ¢ KOHKOpAUEH AJIs 3epeH [UPKOHA U3 TPAHOJUOPUTOB bupaHmKuHCKOTO

MaccrBa B KOOpJUHATAX 206p /238y _ 207ph/235 . Dymrmicer — MOTPEITHOCTh KaXI0T0 aHaJlu3a Ha

YpOBHE lo. HOFpeIJ_IHOCTI/I BBIYMCIICHHBIX 3HAYCHUM BO3pacTa - 20

Tabmuma 7.1. Pesynbrathl nokanpHoro U-Pb anammsa nupkona w3 rpaHomuopura

bupanmkunckoro Maccua (poda K-348)

Copnepxanne N3mepeHHble OTHOIICHUS Bospact, M
232Th/ JICT
SETR TR wopprl U | zospp s 10 anppyegess| 1O R0 [pi .
% ppm| ppm % % 238

51435 102 | 75 | 1.26 0.76 0.01375 | 3.6 0.077 55 | 0,066/ 88.0 3.2
6 | 433 | 102 | 111 | 1.27 1.12 0.01384 | 3.6 0.081 52 | 0,069 88.6 3.2
8 | 162 | 265|156 | 3.21 0.61 0.01391 | 2.0 0.078 20 | 0,097, 89.0 1.8
2 | 166 | 255|151 | 3.13 0.61 0.01405 | 2.0 0.081 19 | 0,106 90.0 18
10| 1.92 | 102 | 103 | 1.26 1.04 0.01411 | 3.0 0.089 24 | 0,125 90.3 2.7
31221 | 8 | 70 | 1.00 0.90 0.01419 | 3.0 0.135 18 | 0,162 90.8 2.7
7| 237 | 8 | 94 | 1.08 1.14 0.01441 | 3.3 0.102 26 | 0,125 92.2 3.0
1| 541 | 63 | 44 | 0.845| 0.72 0.01476 | 4.7 0.082 71 | 0,067, 944 44
4 | 243 | 156 | 95 | 2.07 0.63 0.01507 | 2.5 0.091 28 | 0,088 96.4 24
9| 027 | 250|121 | 115 0.50 0.05349 | 14 0.387 52 | 0,268 3359 | 46

[Mpumeuanus: Pb u Pb* — Hepagnorennsiit u paguorenusiii Pb, coorBercTBeHHO.

Rho — xoaddunment xoppemsuun 2°'Pb*/25U n 206Ph/28y.
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Nzyuenne Rb-Sr cuctembl (mOpoaHO-MUHEpaTbHBIC M30XPOHBI) OBLIO BBITIOJHEHO IS
o6pasuoB HenzmeHEHHOTO (K-348) 1 MeTacomarusupoBantoro rpanoauoputa (K-558/5). I[Ipoda
K-348 mnpexacraBmser wu3 cebd TUOUANOMOP(HO3EPHUCTBIH  OHOTHUT-POrOBOOOMAHKOBBIN
rpanoauoput (I'eodnszudeckas pyanas 3oHa). [Ipoda K-558/5 npeacrasieHa momHONPOsSBISHHBIM
Oepe3uToM — KapOOHAT-CEepUIIUT-KBAPIIEBBIM METACOMATUTOM C CYJIb(HUIHON BKPAIJICHHOCTHIO
(pynHas 30Ha Jxyatsl).

Rb-Sr n3zotonueie nanHbie 11 mopoabl B nenoM u muHepanoB (KITLI, K-Na noseBoit
mmat 1 6uotuT) u3 oopasua K-348 00pa3yroT 3poXpoHHYIO 3aBUCUMOCTb, OTBEYAIOIIYIO BO3PACTY
93 £ 1 mua ner (Puc. 7.3 a, Tabm. 7.2), KOTOpBI XOPOIIO COIJIACYETCS C BO3PACTOM,
OTpeACIEHHBIM 10 ITUPKOHY U3 3THX ke nopox — 90,7+1,7 muH sner. OTCyTCTBHE W30XPOHHOU
3aBHCUMOCTH JJIi 3TOro 00pasia, O4YeBHUIHO, CBS3aHO C TMO3JHUM METaCOMATUYECKHM
BO3/ICIICTBHEM HA IPaHOIUOPUT.

Munepansl (CepUIIUT U aTbOMTU3NPOBAHHBIN KaJTUEBBI MMOJIEBOH IIITIAT) U BajioBast mpoda
obpazma K-558/5 u3 meracomaTuTa, pa3sBUTOrO IO TPAHOIHOPUTY, OOpPaA3yIOT H30XPOHHYIO

3aBHCUMOCTH ¢ BozpactoM 79,3 £ 0,5 mutn stet (Puc. 7.3 6, Tabun. 7.2).

87Sr/86Sr 87Sr/36Sr
0.730 A 92.7 + 0.4 MIIH 51T Brorat > 0.730 - Ceprt _
87Sr/%6Sr = 0.70530 = 0.00003 79.3 £ 0.5 MJIH JIeT
CKBO =61 87Sr/36Sr = 0.70576 = 0.00005
0.725 - 0.725 A CKBO =0.81
0.720 - 0.720 -
0.715 A 0.715
KITLI-1, #
KITIII-2 s
0.710 TR (o
“Bal (a) ;um (6)
0.705 T T T 0.705 v - T r
0 5 10 15 20 0 5 10 15 20
S7Rb/86Sr S7Rb/36Sr

Puc. 7.3. IToponHo-MuHepanbHas 3poxpona (a) no 6uotury, KIILI u nopoxe B neiaom ams

rpanoauoputa (K-348) u nopogHo-MuHepanbHas H30XpoHa (0) I0 MyCKOBUTY (CEPULIUTY),

KITHI u Banmy ass kapOoHAT-cepuIMT-KBapiieBoro meracomatura (K-558/5)
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Tabnuma 7.2. Rb-Sr u Sm-Nd u30TomnHbIe XapaKTEpUCTUKH MUHEPAIIOB M Bajia TIOPO/T

O6p. RD, Sr, n—— 87Sr/8eSr 6 87Sr/88Sr (t*)
MKI/T | MKT/T H3MEPEH.
K-348 BaJI 100.2 | 287.9 1.007 0.70662 6 0.70532
K-348 OUOTUT 277.1 41.7 19.28 0.73046 9 -
K-348 KITHI I 340.1 | 213.6 4.607 0.71153 10 -
K-348 KITHI 1 302.8 | 167.6 5.228 0.71171 8 -
K-558/5 | Ban 240.1 | 216.0 3.217 0.70930 7 0.70514
K-558/5 | KIIII Il | 125.2 | 225.0 1.610 0.70756 15 -
K-558/5 | cepuunr | 238.8 | 32.38 21.38 0.72950 7 -
Sm, Nd, | **Sm/MNd | *Nd/*Nd | +26 | eng(t) | Tom
MKI/T | MKI/T
K-348 BaJI 4.97 50.96 0.0590 0.512515 3 -0.77 | 628
K-558/5 | Bax 4.56 48.85 0.0565 0.512524 3 -0.81 | 609

[Mpumeuanus: K-348 — GHOTHUT-pOroBoO0OMaHKOBBIN rpaHoguoput, K-558/5 — Oepesut
(dxyatsr). KITII — xanueBsrii nmoneBo# mmat, s npodsr K-348: KIIHI | — xanueBblit moneBoi
mmat 1 KITHI 1 — K-Na noneBoii mmat. * - mepBUYHbIE OTHOIIEHUS [T Baja OPOJ PaCCUUTaHbI

Ha Bo3pact 91 muH. jer, cornmacao U-Pb Bo3pacty nupkoHa.

Bemnuuna eng(t) ¥ mepBuuHOe oTHomeHme °'Sr/%Sr B o6pasumax rpaHommoputa u
METAaCOMAaTUTA ITIOKA3hIBAIOT OJIM3KHE 3HAUeHMs, cooTBeTcTBeHHO -0,77 1 0,70514, -0,81 1 0,70532
(Tabn. 7.2). DTi 3HAUEHHMS CYIIECTBEHHO OTIMYAIOTCS OT TAPaMETPOB ACTUICTUPOBAHHOW MAHTHH.
Takoe pasnuuue mpennoiaraeT, 4ro pacijlaB TPaHOAHOPUTOB (OPMHUPOBAICS IMPH y4YaCTUH
BEIIECTBA KOHTWHEHTAJIBHON KOpBHL. BO3MOXHO, TPaHOAMOPUTHI 00Pa30BaIHMCh MPH YYACTHU
BMEIIAIONINX OCAJO0YHBIX TOJII, IMEIONINX APEBHIE HUCTOYHHKH CHOca. Ha npeBHWI MCTOYHUK
TaK)KE YKa3bIBAIOT W 0OoJiee BHICOKME OTHOCHUTEIBHO MAaHTHHHBIX, 3HAYEHHS IEPBUYHBIX
otnomenuit 8'Sr/%Sr. CxoncTBo MepBUYHBIX M30TOMHBIX XapakTepucTuk Sr u Nd B o6pasuax
TPaHOJMOPUTOB M METaCOMAaTHUTOB MOXKET CBHUJIETEIHCTBOBATH 00 OTCYTCTBHH CKOJb-THOO
3HAYUTEIBHOTO MPUBHOCA CTPOHIINS M HEOIMMa (ITFOHIOM B 30HY PYAOOTIOXKESHUS (A3apsH  ap.,
20220).

Takum 0Opa3om, nepBbIe JaHHBIE 0 BO3PACTE TPAHOIMOPUTOB BUpaHHKMHCKOTO MacCHBa,
MoJTydeHHBbIe pa3HbIMU u30TOmHBIME MeToaamu (U-Pb mo nupkony m Rb-Sr mo munepanam u

nopoie) HaxoAsaTcst B xopotieM cormacuu — 90,7 n 92,7 muH ntet. Bpemst kpucTayu3anuu nopos
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bupanmKkuHCKOro MaccuBa COOTBETCTBYIOT BTOPOMY 3Tally MarmMaTtu3ma XHUHraHo-OXOTCKOTo
BYJIKaHO-TUTyTOHHYecKoro nosica 110—80 mun niet Hazan (I'eonmnamuxa. .., 2006).

Bo3pact 3010TOHOCHBIX KBapIl-CEPULIUT-KapOOHATHBIX METACOMATUTOB MECTOPOKICHUS
KytbiH, onpenenennsiii Rb-Sr metogom, cooTBeTcTByeT 79,3 MITH J1eT. BoIBICHHBI BpeMEHHON
pa3pbiB MEXKAY (POpMUPOBAHUEM I'PAHOIMOPUTOB U OEPE3UTOB MIPOTUBOPEUUT IPEICTABICHUIO O
CBSI3UM METACOMATH3UPYIOMHUX (HIFONI0B ¢ BUpaHHIKUHCKIM MacCUBOM. 30JI0TOPYAHBIE CUCTEMBI,
CBSI3aHHBIC C WHTPY3UBHBIMH KOMIUIEKCAMH, SBIISIOTCS OJHOBO3PACTHBIMH C MaT€PHUHCKUM
HHTPY3MBOM: pa3HHIla B BO3pacTe cocraBisgeT He Oojnee 2 mud jer (Hart, 2005). Tak, nHa
mecTtopoxaeHnu lapacyn B Boctounom 3a0aiikanbe 30J0TOpyAHAsS MUHEpaIu3aus B Oepe3suTax
NOYTH CHHXPOHHAa (POPMUPOBAHHIO TPAHOAMOPUT-TIOPPHPOB, C KOTOPHIMH  CBSA3aHA
MPOCTPAHCTBEHHO W TmapareHetmuecku — 159,6+1,5 u 160,5£0,4 MiH JIeT, COOTBETCTBEHHO
(Yepusiies u ap., 2014).

VuuThiBass OrpaHMYCHHUs, CBsA3aHHbIE C HCMoib30BaHueM RD-Sr meroma s
METacOMAaTUYECKU U3MEHEHHBIX TOPOJ B ClIeICTBHE MOABIKHOCTH Rb 1 Sr B aTHX nporneccax, ast
KOHTPOJISL ~ TOJIyY€HHBIX JAaHHBIX ObUIa TPEANPHHSTAa TONBITKA  OLEHUTH  BO3pAcT
meracomatnueckoro  cepummuta  ‘CAr/¥Ar-meronom.  “°Ar/*®Ar  reoxpomonornueckue
UCCIIIOBAaHUST METOJIOM CTYIEHYaToro MporpeBa MPOBOAMIUCH MO METOJMKE, OMMCAHHOW B
(TpaBusn u np., 2009) (anamutuk J.C. FOqun, ALIKIT UT'M CO PAH, HoBocubupck). Cepurur
JUIsL AaTHpPOBaHMsI ObUT OTOOpaH W3 METACOMAaTH3MPOBAHHBIX TPAHOAUOPUTOB (pyJIHas 30HA
['eodusnueckas), colepKalluX pyaHbIE MHHEPAJIbl 30JI0TO-TETPadJPUT-APCEHOMMPUTOBOM
acconuanuu. B BO3pacTHOM CHIEKTpe cepulInTa BbIIENSIETCS I1aT0, COCTOSIIEE U3 TPEX CTYyIEHe,
cocTaBISIOIHX 82 % BBIACICHHOTO AT, ¢ Bo3pacToM 94,7+7,6 muu et (Puc.7.4). [lony4yennas
JAaTUPOBKA C Y4YETOM IMOTPEIIHOCTH OJu3Ka K BO3pacTy TpaHOAUOPUTOB bHpaHIKUHCKOTO
maccuBa. CylecTBeHHas omHMOKa, BEPOATHO, CBA3aHA C HU3KMM BBIX0Z0M S Ar. Habmongaemoe
MOHIKEHUE BO3PACTa B BBLICOKOTEMIIEPATYPHOM YACTH CIIEKTPa BO3MOXKHO JIJIsl TOHKHMX TIMHUCTBIX
vactuil (Villa, 1997), a Taxke 11 MUHEpaIoB, 00pa30BaHHBIX B 3aKPBITHIX, BOJOHCHACKIIIICHHBIX
cucremax (Kelley, 2002). Awnanusupyemblii HamMu MaTepuajl TMPEACTABIsI H3  ceOs
MEJIKO3EPHHUCTHIEC YEITYHKH CITFO]IbI, BbIIEJICHHbIE U3 METACOMAaTU3UPOBAHHOTO IPaHOAUOPUTA, TO
€CTh IPEIOKEHHBIE OOBSCHEHUS MAJOBEPOATHBI. 3aBBIIICHHBIM BO3PACT IJIATO MOXET OBITh
00BbsCHEH HeKoTopoil motepeid K mpu HamoxxeHHOM Hu3KoTemrepatypHoM mpouecce (Villa,

2021), omrako B nutridax 3To He HAOIIOJATO0Ch.
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Puc.7.4. Bospactroii “*Ar/*°Ar-criekp 115 MycKOBHTa METaCOMAaTH3UPOBAHHOTO TPAHOIMOPHUTA.

Ommbku n3MepeHuil, NpuBEACHHbIE HA PUCYHKaX, COOTBETCTBYIOT HHTEpBaly * 1G.

K coxanenuio, pesyibrathl ‘CAr/°Ar-natupoBanus cepumuTa He JAIOT OJHO3HAYHOTO
OTBETa O BO3PACTe METACOMAaTO3a BBUAY 3HAUMTEIbHOM OIIMOKH U XapakTepa crnekrpa. [Ipunumas
BO BHUMAaHHE PaCIPOCTPAHEHUE CEKYLIUX 10 OTHOLICHUIO K IPAaHOJUOPUTAM JAeK, Ha KOTOPbIE
TaK)K€ HAKJIAIBIBAIOTCS METACOMAaTUYECKUE H3MEHEHUS M B KOTOPBIX INPUCYTCTBYET 30JI0TO-

TETPadIPUT-apCEHOMPHUTOBAS ACCOLIMALIS, MBI OTHaeM Ipeanoutenue Rb-Sr onenke Bospacra.

1.2. H3o0monno-2eoxumuueckue ucciled06anus UCMoOUYHUKA eeuiecmea

7.2.1. H30monHnutii cocmae Kuciopooa u y2iepooa

Jlisi OLEHKM MCTOYHHMKA MHHepaniooOpasyrouiero (ronaa ObUT ONpeesieH M30TOMHBINA
COCTaB KHCIIOpOJAa KBapla M3 METAaCOMaTUTOB  (30J0TO-TETPa’dIpUT-apCEHONUPUTOBAS
accoluanus) 1 MpoKUIKOB (30JI0TO-MIUPUTOBAS accolualusi) MectopoxkaeHust KyToiH, a Takxke
U3 TMPOXMUIKOB pyAHOM 30HBI Ekarepuna mectopokaeHus AnbGa3uHo. Takxke YCTaHOBJIEH
U30TOMHBII COCTaB KHUCIOPOJA CEpHUIMTAa M3 PYIOHOCHOTO KapOOHAT-CepHUIIUT-KBApPLIEBOTO
MeTacoMatuTa MectopoxaeHus KyTeiH. MoHoppakiun MHHEpalioB OTOMpaluCh TOJ
OMHOKYJISIPOM, BeC MPOOBI COCTABIISI OKOJIO 8 MT, pa3Mep KpynuHok 0,5-1,5 mwm.

N3oTonHslit coctaB kucnopoaa onpenensics B [MMH CO PAH (ananutuk B.®. [Tocoxos).
M3mepeHuss M30TONHOIO COCTaBa KHCIOPOJAA BBINOJHSJINCh Ha Ta30BOM MAacC-CIEKTPOMETPE
FINNIGAN MAT 253 ¢ uicriofib30BaHHEM JBOMHOM CUCTEMBI Hamycka. [ToaroroBka oOpa3ios ajis
onpeienenus BenuuauH 580 npoBoaUIachk ¢ HCMOJIB30BAHKEM METO/IA J1a3epPHOT0 (TOPUPOBAHHUS
Ha OINLHWHU «IazepHas aOJsAluus C SKCTPAKIUed KUCIOpOJa W3 CHIMKATOB» B NPUCYTCTBHH B

Ka4yecTBe pearcHra neHrapropuaa Opoma Mo MeEToxy, omucaHHoMmy B cratbe (Sharp, 1990).
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KanmuGpoBka BBITIOJIHEHA OTHOCHTEIIEHO MEXIYHApOIHBIX cTaHaapToB NBS-28 (kBapir) u NBS-
30 (6uotur). [TorpenHoCTh MOTyUeHHBIX 3HaueHui BennunH 680vsmow Haxoaumack Ha ypoBHE
(1s) £ 0,2 %o. Yriepon u Kuciopoa B KapOoHATax OMpEIENieH MO METOJIUKE Pa3IoKEHUS
oprodochopHOi KHCIOTOH ¢ mcmojib3oBaHueM omiuu “Gasbench” mpu Temmneparype 70°C B
TeueHun 2—4 dacoB. M3aMepenus npoBeneHbl MeTooM “continuous flow” B MOCTOSHHOM MOTOKE
renus. Kanubposka ocymecTsisiiack no crangapram NBS-18, NBS-19. IlorpemHocTts coctaBuia
ue 6oiee 0,2%o.

U3zoTomuslii cocTaB kuciopoaa 88Ovsvow KBapla METacOMaTHTOB BapbHUPYeT B y3KHX
npeaenax ot 10,4 mo 11,4 %o (Tabm. 7.3), kBapil U3 30J0TOHOCHBIX MPOKWIKOB KyThiHa U
Anba3uHo 60see oboramieH TsoKenbiM u30otonoM — oT 13,6 mo 18,0 %o. Habmonaemsie pazdpoc
M30TOMHOTO COCTaBa KUCIOPOJa B MPOKUIKAX MOXKET CBUICTEIHCTBOBATH O I€TEPOTrEeHU3AIUN
bmouna.

N3oTonHbIl cocTaB KucIopoa B KBapiie MecTopoxaeHuil KyTeiH u AnbazuHo O0JIM30K K
KBapIly 30JIOTOPYIHBIX OPOTCHHBIX M CBSI3aHHBIX C HWHTPY3HSIMH MECTOpOKIeHui JlampHero
Bocroka (Puc. 7.5). KBapir 300TOpYIHBIX SHUTEPMAIbHBIX MECTOPOXKICHUHN, KaK MPaBHIIO,
oboraimieH JErkuM M30TONmoM, 6°°0 BapbHpyeT B 00JACTH OIM3HYJIEBBIX M OTPHIATEIBHBIX

3HaUEHUH.

Tabmuma 7.3. M30TOMHBINA cOCTaB KHCIOPOaa KBapIla, CEPHUIITA U COCYIIECTBYIOMIETO

dronna mectopoxkaeHuit Kyteia u AnbazuHo

[TpoGa Munepain Acconuarust 80vsmow | T, °C 3180 pmonn
K-349 KBapig Au-Ttr-Apy 10,4 250-300 1,54-3,58
K-349 Cepunur Au-Ttr-Apy 4.8 - -

K-585/5 KBapr Au-Ttr-Apy 11,4 250-300 2,53-4,57
1511-074a Ksapi Au-Ttr-Apy 10,8 250-300 1,88-3,92
2026-035 Kgapir Au-Py 13,6 200 2,01
0066-065 KBapir Au-Py 17,5 200 5,89
3201-068 Kgapir Au-Py 18,0 208 6,40
Ano6-779 KBapu [Tpoxunku 14,4 - -

Anba3uHo
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Puc.7.5. M30TomHbBIi cOCTaB KMCIOPO/Ia KBapIia MId KATHEBOT'O MMOJICBOTO IIIIaTa
3HI/ITepMaJ'IBHBIX, OpOFeHHI)IX " CBJ3aHHBIX C I/IHpr3I/I$IMI/I SOHOTOPYJIHBIX MeCTOpO)K}IeHI/Iﬁ
Jansrero Bocroka (mo Goryachev, Pirajno, 2014; Vikent’eva et al., 2018 ¢ gomonHeHusIMU

aBTOpA)

Ha ocHOBE N30TOIMTHOTO cocTaBa KBaplia M CEpHUIIATA U3 IPOOBI METACOMATHTOB C PAa3BUTON
Au-Ttr-Apy accomuanuell oleHeHa TeMIlepaTypa MHHEpaiooOpa3oBaHMs, KOTOpas COCTaBHIIA
250°C, 4yTO HAaXOJUTCS B COTJIACHU C Pe3yJIbTaTaMU TEPMOOAPOTCOXUMUYECKUX HCCIICTOBAHUM.
Pacuerts nmpoBenens! mo ypasuenusim (Zheng et al., 1993a, b).

W30TONHBIN cOCTaB KUCIOpOa B MUHEpAIooOpasyronieM (irouae paccynTaH COTJIACHO
ypaBHEHHIO (paKIIMOHUPOBAHUS B THAPOTEpMaIbHBIX cuctemax (Ohmoto, 1986), mo dopmyie

380xsapy — 61800 = 3,34*(10%T?) — 3,31, rme T — Temnepatypa B Kenseunax (Matsuhisa et al.,
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1979). Jlnsa pacyera ObUTH MCIIOJB30BaHbI 3HAUECHUS TEMIIEPATYP, MOJYUYCHHBIC MO U30TOIMTHOMY
reoTepMoMeTpy (KBapI-CEPHULIMT) WIH MO TEMIIEPAType TOMOT€HU3AUH (PIFOMIHBIX BKIFOUCHUH.

W3oTonHbIN cocTaB Kuciaopoaa (uiona B PaBHOBECHH C KBapleM METaCOMAaTHUTOB IS
temrepatyp 250-300°C xapakrepusyercsi 3HaueHusmMu ot 1,54 no 4,57 %o (Taba. 7.3).
W3oTonHbI cocTaB KKCI0poa (IIFOH 12, PABHOBECHOTO C KWIIBHBIM KBapIleM, HEOJTHOPOICH: TIPH
temneparypax okosno 200°C oxHo 3HaueHHE OTBeYaeT obieryeHHomMy coctaBy (2,01 %o), npyrue
— yrspkeneHHoOMY (5,89—6,89%o). [1epBbie 3HaUCHUS XapaKTEPHBI JJII METEOPHBIX BOJI, BTOPHIC —
JUIE MarMaToreHHelx ¥ Metamopdorennsix (Hoefs, 2015). Takum oO6pa3om, H30TOMHBINA COCTaB
¢uronia, PaBHOBECHOTO C  KBapleM W3 MPOXKWIKOB, YyKa3blBaeéT Ha JIBa THIIA
MHUHEpAIO00pa3yoIuX  pPacTBOPOB —  OOJIETYEHHOTO  METEOPHOTO M YTSDKEIEHHOTO
MarMaToreHHoro wim MeramopdorenHoro. CocraB kuciaopoga ¢IIOHIa METacOMaTHUTOB
OTPaKaeT CMECh HA3BaHHBIX MCTOYHUKOB, TOT/IAa KAK Pa3IMYMs U30TOIHBIX COCTABOB KHUCIOPOa
¢uron1a, pABHOBECHOTO KBApPILy U3 MPOXKUIIKOB, MOKET YKa3bIBaTh Ha TeTEepOreHu3anuio (aounma
B pe3yJIbTaTe JEKOMITPECCHH, COMTPOBOKAAIONIEH MPOIECC MPOKMUIKOBAHUS U THAPOTEPMATIHLHOTO
OpeKunpoBaHUs.

OTMeTuM, 4YTO CYIICCTBCHHBIC BapHallMd COCTaBa KHUCIOpoaa ¢uironaa peaibHbl,
MIOCKOJIbKY 3aBHCAT HE TOJBKO OT UCHOJb30BAHHBIX B pacyeTe TeMIeparyp, HO U ONUPAIOTCs Ha
3HAYMMO OTJIMYAIOIINECs COCTaBhl Kuciopoa keapua (Goldfarb et al., 2015).

UzsectHo, uto &80 wmarmarorennoro dumonma BapeupyeT oT 6 1o 10 %o, a
meramopdorernoro — ot 5 1o 25 (Hoefs, 2015). /1151 OpOreHHbIX 30J0TOPYAHBIX MECTOPOIKICHHI
unTepBan 80 mMuHepanoobpasyromero dmonga cocrapiser ot 4 10 15 %o (Ridley, Diamond,
2000; Bierlein, Crowe, 2000). 80 duronia MectopokaeHus KyThiH momnanaeT B MHTEpPBa
BapHaIiii cocraBa KUCiIopoaa QoA KaKk MECTOPOXKICHH, CBI3aHHBIX C HHTPY3HUSMH, TaK U

oporeHHbIX MecTopoxaeHuit Jlansuero Boctoka (Puc. 7.6).
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Puc. 7.6. M30TONHBINA cOCTaB KUCIOPOJa MUHEPATO00Pa3yIOLIEero (Irou1a SMUTEPMANIbHBIX,
OpPOTEHHBIX U CBSI3aHHBIX C HHTPY3USMU 30JI0TOPYIHBIX MecTopoxaeHuil JlansHero BocTtoka (1o

Goryachev, Pirajno, 2014; Vikent’eva et al., 2018; Hoefs, 2015 ¢ gomosHeHUAMHU aBTOPA)

BepostHo, 3Hauenns 60 mumepamoobpasyromero ¢iouna MecTopokaeHus KyTbin
OTPaKAlOT CMEIIeHUEe (IIOUAOB  PA3IUYHOTO IMPOUCXOKIAECHUS — HU30TOMHO-TSXKEIIOrO
MarMaToreHHoro W/WiM METaMOpP(OreHHOro U  H30TOMHO-JIETKOTO  METEOPHOro,  4YTO
MOJTBEPIKIAET CIOKHYIO IPUPOY PyI000pa3yIOIUX PACTBOPOB, BKIIOUAIOIIMX B ce0s1 (PIIrouabI,
OTJIEISAIOUINECS OT MarMaTUYeCKOi KaMephbl WM 00pa3yromuecs Ipy JeTHApaTaliy B Mporecce

KOHTaKTOBOT'O WJIM PErHOHAIbHOIO MeTaMop(du3Ma, a Takke TIIyOMHHBbIE METEOpPHBbIE BOJbI

(Bortnikov, 2006).
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B nonomure u3 kapOOHAT-KBapLEBBIX MHPOXKHIKOB MecTOpoxaeHus KyTblH H3ydeH
U30TOIHBIN cocTaB Kuciopona u yriepona (Tabu. 7.4, Puc. 7.7). I30TONHBIA cOCTaB OTBEYACT
coctaBy TuapoTepMmaibHoro kapbonara (Hoefs, 2015), a Takxke momagaer B TOJC
pacIpocTpaHeHHs KapOOHATOB 30JI0TOPYIHOTO MecTopoxaenus Japacys (ot -0,5 no +17,6 820

u ot -6,7 no +1,1 513C) (Prokofiev et al., 2010).

Tabnuua. 7.4. 30TONHBIN cOCTaB KUCIOPOIA U YIVIEPOIa TOJIOMUTA U COCYLIECTBYIOLIETO

dmronna MmectopoxaeHust Kytoin

ITpoba Ornucanue 5180 dt3C T, °C 3180 pumoux S13C pmomn
K-564 [Tpoxwitok B| 11,6 -6,1 200 1,31 -6,88
METAIICCHAHUKE
K-335-2 [Tpoxusok B | 14,7 -4,6 200 4,41 -5,38
MCTarpaHoAuOpHUTeC
0
Mopckoit
0
2 I'uaporepmanbHblii fapport
KapOoHaT
2 A4 .
9
w -6 Marmaruueckufi @
KapOoHaT
-8 }
_10 1 1 1
4 9 14 19 24
3180, %o

Puc. 7.7. VI30TONHBIN cOCTaB KUCIOPOa U YIIIepoa B XKUIbHBIX KapOOHATaX MECTOPOXKIACHHS

KyTbin (ons — o Valley, 1986)

N3oTomHbIe cOCTaBBl KHCIOpOJa W YIJIepoAa B MHHEpajooOpasyromeM (Ironae
paccunuTanbl COIJIACHO YPAaBHCHUAM q)paKLlI/IOHI/IpOBaHI/ISI B THAPOTCPMAJIBHBIX CHUCTEMAX II0
dopmyrnam (Zheng, 1999; Ohmoto, Rye, 1979):

8180 somorr — 0-80pom = 4,06%(108/T?) — 4,65*(10%/T) + 1,71;

813 Cronomr — 83Ccoz = — 8,914*(10%/T3) + 8,737*(10%/T?) — 18,11*(10%/T) + 8,44,
rie T — temneparypa B KenbBuHax. B pacuere wHcnonb3oBaHbl CpEIHUE TEMIIEPATyphbl

TOMOI'CHU3allun (1)HIOI/IILHI:IX BKJIIOUCHUI B KBapue JKUJTLHOU 3OHOTO-HI/IpI/ITOBOI\/JI acconualnuu.
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N3oTonHbIe cocTaBbl KHcaopoaa (ironaa, OleHeHHbBIE 0 KBapILy M JOJIOMHUTY, XOPOIIO
COIJIACYIOTCS MEXYy COOOH.

3uauennst O™Cymous OTBEUAIOT COCTABY MAHTHIHOIO M MAarMaTHUeCKOIro YIJepoja,
nomnajaasi B uHTEpBal -7...-2 %o u -6...-2 %o, coorBeTcTBeHHO (Jia, Kerrich, 2000). C apyroi
CTOPOHBI, OHH TaK)Xe MONAJAIOT B WHTEPBAJI HM30TOIHOTO COCTaBa yriepoia KapOOHAaTOB W3
OpPOTEHHBIX 30JIOTOPYIHBIX MeCTOpokaeHUud — oT -11 mo 2 %o (McCuaig and Kerrich, 1998).
He3nauuTenbHbple Bapualii MOTYT TOBOPUTH 00 OJHOPOAHOCTH MHHEPAIOOOpa3yIOIIEero
duronia, a TakKe CBUICTEIHCTBOBATH B IMOJIB3Y (DIIFOMI0-TOMHUHAHTHOTO MHHEPaI000pa30BaHuUs

Ha KMJILHOM CTaJMH, KOT/Ia BIMsIHKE BMemaronux mopoa Heseiauko (Goldfarb, Groves, 2015).

7.2.2. H30monmnulit cocmae cepul
JlJis OLleHKM UCTOYHUKA PYIHOTO BEIIECTBA OBLI ONpeAeNieH M30TOIMHBIA COCTaB CEphI
cynbuaoB (MUPUT M APCEHONMUPUT) M3 MPOAYKTHBHBIX accoumarmii (Au-Ttr-Apy u Au-Py)
mectopokaeHus KyTbiH, a Takke U3 pyTOHOCHBIX IPOKUIKOB A10a3nuHO.
AHanu3 TpoOBEIEeH METOJOM Ta30BOM H30TOMHON MAacCC-CHEKTPOMETPUU C JIBOWHBIM
HamyckoM Ha macc-cnektpomerpe Delta V Advantage (ALIKIT UT'M CO PAH, Hosocubupck,
anaimutuk B.H. Peytckuit).

W3otomnHbIii cocTaB cepbl CyabpuaoB npuBeneH Hioke (Taou. 7.5).

Tabnuma 7.5. M3oromHbIN cocTaB cepbl CyIb()HUIOB M COCYIIECTBYIOIIETO (IIroHa

mecTtopoxaeHnit Kyteia n Anbdazuno

[Ipo6a | Mecroposxienue, | Munepan Accommanus | 8%S, | T, °C 534S mom %0
pyaHas 30Ha %00

K-348- | KyTbiH, [Tupur Au-Ttr-Apy | -1,4 | 250-300 |-2,9...-2,6

2 I'eoduznueckas

K-348- | KyTbiH, Apcenonupur | Au-Ttr-Apy | -0,4 | 250-300 | -1,9...-1,6

1 I'eodusuueckas

K-558/5 | Kytbin, xyarsr | [Tupur Au-Ttr-Apy | -0,2 | 250-300 |-1,7...-1,4

0947- KyTbIH, [Mupur Au-Py 1,4 | 200 -0,4

033 CemioBUHHAA

An6-12 | An6aszuHo, [Mupur - -0,2 |- -
Exarepuna (TIpOXKUITKN )

3uauenus 5°*S BapeupyroT 0T -1,4 10 +1,4 ¥ HOMANAIOT B HHTEPBAI CEPhl MATMATHYECKOTO

UCTOYHHMKA — OT -5 10 5 %o (Ohmoto, 1986). C npyroii CTOPOHBI, MOJYYCHHBIC COCTABBI TAKKE
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TIONAal0T B MHTEPBA BapHamuii 6°'S cyIb(HI0B OPOTEHHEIX MECTOPOXKACHUH — OT -3...49 %o
(Ridley, Diamond, 2000). M3oTomnHbIi cOCTaB cepbl CYIbPHIOB 30J0TOPYIHBIX MECTOPOIKIACHUI
JHanbHero Bocroka pa3nu4HOro reHesuca cyuecTBeHHO Bapbupyet (Puc. 7.8). Y3kuii nunTepBan
3HAYEHUI H30TOMHOIO COCTaBa cepbl CYJIb(GUIOB MOKET CBHUAETEILCTBOBATH O E€AHMHOM

TOMOI'€CHHOM HMCTOYHHKE PYJHOI'O BCUICCTBA.

Maemamuueckuii
UCMOYHUK Ccepbl

Kytbia

ApxkauaH
— Taneunoe
Hennemn
Toymamxax
JleBo-/lyounckoe
Dprensix
CasizaHHbIE C HHTPY3USIMU Kypym
Tyrygax
bacyryns

Uyrymnyk
Yucroe
Yemak

[lIxonpHOE
= JlenstHKHUP
—— Kangunarckoe

Jy6au
Msikur

AcKoIba
Kpunnunoe
— IlacceuHoe
—— Tmyxoe
Oporennbie ———— Bajpan
= OemKy
IIporpecc
— Kommucaposckoe
— Topaeesckoe
Camor
—— Sroxgnoe
— DbyxTaHckoe
Benas ropa
MHOToBEpIIMHHOE

3HI/ITepMZUILHIJIe

-25 -20 -15 -10 -5 0 5 10 15 20
84S, %o

Puc. 7.8. 30TomHBIN cOCTaB Cephl CYIb(PHUIOB SMUTEPMATBHBIX, OPOTCHHBIX U CBSI3aHHBIX C
UHTPY3USIMH 30JI0TOPYAHBIX MecTopoxaeHuii JlansHero Bocroka (mo Vikent’eva et al., 2018;
Ishihara et al., 1996; Bonkos u np., 2011; ®punosckuii u np., 2022; Goryachev, Pirajno, 2014 ¢

JOTIOJTHEHUSIMHA aBTOPA)

M30TOMHBINA COCTAB Cepbl B paBHOBECHOM (ITiouIe paccynTtad mo ypasaenuro (Ohmoto,
Rye, 1979): **Suupur — 6%*Shs = 0,4*(105T?), rne T — Temneparypa B Kenpsuzax. DTa ke

dbopmya ncnoap3oBana s ¢uronaa, paBHoBecHOro ¢ apcenonuputoMm (Clayton, Spiro, 2000;
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boptaukoB u ap., 2010). B pacdere uCIONB30BaHBI CPEIHUE TEMIIEpATypbl TOMOTCHHM3AIIUN
(GIIOUAHBIX BKJIIOYCHUN B KBaplle, a TaKKe Pe3yJIbTaThl M30TOMHOIO KBAapIl-MYCKOBHTOBOTO
reorepmomMeTpa. M30TOmHBINA cocTaB cepbl (UIIOHA, PAaBHOBECHOTO C CYJIb(PHUAAMHU 30JI0TO-
TeTpa’ApUuT-apceHonupuToBoi accoruanuu, st 250-300°C nonagaer B uaTepBai -2,9...-1,4 %o.
334Shzs (mon 1a, paBHOBECHOTO ¢ XKUIbHOH AU-PY acconmammeit, mpu 200 °C cocrasnser -0,4 %o

(Tabm. 7.5).

7.2.3. Pb-Pb uzomonus

J1J1s OLIEHKH MCTOYHHUKA METalljla Ha MeCTOpOKAeHUN KyThIH OBbLIT ONPEACICH U30TOMHBIN
coctaB Pb B cyabdumax (MUPUT M apCEHOMUPHUT) 30JI0TO-TETPAdIPUT-APCCHOMMPUTOBOM
accolMaluy B IByX Ipodax.

Nzoronubpiii ananu3 Pb u U BBINOJIHSICS HA MHOTOKOJUICKTOPHOM MacC-CIIEKTPOMETPE
Triton TI B UTT/] PAH B pexxume 0HOBpEMEHHON PETUCTPAIM MOHHBIX TOKOB HCCIIEYEMBIX
AJIEMEHTOB C morpenrHocteio BHYyTpu ombita 0,01% (20). Beinenenne U u Pb u3 obpasion
POBOAMIIOCH IO cTaHmapTHoW Mertomuke (Manhes et al., 1984). IlompaBka H30TOIHBIX
oTHomieHuid Pb Ha (QpakuuoHupoBanue mnpoBoawiaack mo meroauke (MenbpaukoB, 2005).
[MorperHocTr (26) M3MEpPEHHsI H30TOIMHBIX OTHOIICHUH, OTIPEICIICHHBIE TT0 CEPUH MapaLIeIbHBIX
aHamM30B cTaHaapTa mopoasl BCR-1, He mpessmmator 0,03%, 0,03% u 0,05% mus 2%Pb/2%Ph,
207pp/204pp, i 208pp/204Ph coorBeTcTBeHHO. AHAmHTHK CaBatenkoB B.M.

Pesynbratel ananu3os npuseaeHsl Hwke (Tabm. 7.6).

Tab6muma 7.6. M3oTonHelii coctaB Pb B mupure u apcenonupute MecropoxaeHus KyTein

O6pazen CPD | aosppyoipy, | 207ppyospy | 20sppyzoepy | 7 wo| ok
ppm

K-348(1) Apy | 232,33 | 18,090 15,503 38,171 | 203 | 8,92 | 3,94

K-348(2) Py | 24233 | 18,139 15,524 38,224 | 210 | 8,98 | 3,94

K-558/5(3) Py | 80,49 | 18,114 15,516 38210 | 212895 3,95

[TpuMeuanue: pacueT corjacHo ABycTaauitHON Momenu (Stacey, Kramers, 1975)

N3oTonHbIe XapakTepucTuku Ph B cynbdumax u3 uccieyeMbix 00pasiioB HE MPOSIBISIOT
3HAUMMBIX BapHaIil U KaKuX-T100 3aKOHOMEPHBIX OTIWYHI MEXIy AByMs oOpasiamu. Bmecte
C TeM, U30TOIHBIC COCTaBbI PD B M3ydeHHBIX cynbhumax Ha ABYX AuarpaMmmax o0pa3yroT TPEH]I
(Puc. 7.9, TpeHa mpeacTaBICH PBDKEH CTPEIKOM), OTPa)KaIOIMiA y4acTHE ABYX HCTOYHHMKOB B
dbopMUpOBaHUH CYIb(PHUIHON MUHEPATH3AIUN MECTOPOXKACHHUS. [1010KEHIE TOYEK UCCIIE Ty eMbIX

Cy.Hb(I)I/I,Z[OB OTHOCHUTCIBbHO COCTaBa HGHHGTHPOB&HHOﬁ MaHTHHM, a TaKXXC HalpaBJICHUC
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BBIIIIEYKA3aHHBIX TPEHJ0B yKa3bIBae€T Ha HECYLIECTBEHHYIO pPOJIb MAHTUMHOTO KOMIIOHEHTa B
(bopMHpPOBaHUHN U30TOIHBIX XapakTeprcTUk PD B nccenyempix cuimbumaax, Kak 370 KMEET MECTO
B OOJIBIIMHCTBE MECTOPOKICHUN KOHTUHEHTAIBHOM okpanHbl. COTJIACHO HAIIPABICHUIO TPEH/IA,
u30TONHBIA cocTaB Pb B MecToposkaennu KyTeiH (hopMHUpOBaIICs, C OHOM CTOPOHBI, TPU YIACTUH
BEPXHEKOPOBOI'O BEILIECTBA, MPEJCTABIEHHOTO MOJIOJBIMH OCaJKaMHu, a C APYrodl CTOPOHBI,
MPOAYKTaMH pa3MbIBa JPEBHETO KpHCTaUIMYeckoro ¢yHmameHnta. Ha ydactue BemiecTBa
JpeBHETO (pyHAaMEHTa yKa3bIBa€T CMEUICHHWE TOYEK CyIb(UI0B MecTopoxkaeHuss KyTbiH BiIeBO
OTHOCUTEIJIbHO JBYCTaJMIHON T'€OXpOHBI B O0JACTh JOPEBHUX MOJEIBHBIX BO3pPAcTOB. JTO
00yCIIOBJIEHO TEM, YTO TMOPOJbl JAPEBHUX KPUCTAIUIMUECKUX (PYHIAMEHTOB, KakK MpaBUIIO,
MPEeTEepPIeBalOT Mpeodpa3oBaHUE B YCIOBUSAX MeTaMop(du3Ma BBICOKOTEMIICPATYPHBIX (harimid.
Takoe npeoOpazoBaHre COMPOBOXKAAETCS BHIHOCOM U ¢ ApyruMu MOOMJIBHBIMH 3JIEMEHTAMU U3
MeTaMOp(hU30BaHHBIX MMOPOJ B BEPXHHE TOPU30HTHI KOHTHHEHTAJIHHOW KOPBI, YTO MPUBOAMT K
«3aMeJIJICHUIO» HU30TOMHOW 3BOJIONKU Pb B 31X mopomax. Takum 0Opa3oM, MOPOIbI IPEBHHUX
KPHUCTAJUIMYECKUX (PYHIaMEHTOB 4aCTO XapaKTePU3YIOTCS MEHee paJMOreHHbIM coctaBoM Pb, mo
CpaBHEHHIO C 0o0Jiee MOJOJBIMU IOBEHWIBHBIMU OOpa3oBaHusiMU. Ha apeBHIO mnpupomy
HUCTOYHUKA PYIHOTO BEIIECTBA B MECTOpPOXAeHMH KyTbIH Tak)Ke yKas3bIBAalOT U HM30TOIHbBIC
xapakrepuctuku Nd B pyoBMeIIaroux mopojax, orsevaromie Sm-Nd MogeapsHOMYy BO3pacTy,
CYLIECTBEHHO 0ojiee JpeBHEMY OTHOCUTEJIBHO BO3pacTa MECTOpPOXKAEeHHs. BeposTHbIM
HCTOYHHUKOM 3TOI'0 KOMIIOHCHTAa MOTYT paCcCMaTpUBATLCA MMOPOALI OX0TCKOro paHHeapXGI\/’ICKOFO
KOMILJIEKCA, PAaCIIOJIOKEHHOIO oro-3amnaaHee KyThIHCKOTO MeECTOpOXKACHUS. AHAJIOTUYHO,
CMEIIIEHHEe M30TOMHBIX XapakTepucTuk PD B ramenmtax w3 MecropoxaeHuii BepxosHo-
KonbiMckolt  cknmaguaToil CHCTeMBI B O0JNAacTh «IPUMHUTHBHBIX» CBHHIIOB MOXET OBITh
O0OyCIIOBJIEHO y4YacTHEM MpPOAYKTOB pa3MblBa JpeBHUX MopoJ OMOJIIOHCKOTO MaccuBa

(Pocrosckuit, 2005).
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| 207
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170 17.5 18.0 185 19.0
Puc. 7.9. Tlonoxenue cynspuno Mmecropoxnerus Kyren Ha Pb-Pb quarpammax ¢ monsmu

37.0

M30TOMHOTO cocTtaBa Pb B ranennTax mecropoxaenuit Bocroka Asuu (o PocroBckomy, 2005)

Ycnosueie o6o3HaueHnss: NHRL — North Hemisphere Reference Line, nunusi, annpokcuMupyoas cocTas
6azanpToB MORB ¢ gemneTnpoBaHHBIME MTapaMeTpaMH M OTPakarolas COBPEMEHHBIN U30TOIHBIN COCTaB
Pb B BepxHeit ManTuu. JIM — JUHMS 3BOJIIOIMH W30TOIHOIO cocTaBa Pb B BepxHeil MaHTHM COIJIAaCHO
monenun (Kramers, Tolstikhin, 1997). KCK — nwHHMS 53BomOIMM H30TONMHOTO coctaBa Pb B
KOHTHHEHTaNbHOW Kope Cubupckoro kparona cornacHo (Jlapun u ap., 2021). Otpesku Mexy y3naMu Ha
MOJICIbHBIX TPeHIax oTBeuaroT uHTepBany B 100 miH jet. OO — u30TONHBIN cocTaB Pb okeaHHuecKux
ocagkax coriacHo (Plank, Langmuir, 1998). II-st GN — reoxpona Ha MomeHT BpemeHu 100 muH. et
coriacHo aBycraamiiHoW moxpenu (Stacey, Kramers, 1975). Ilons u3oromHoro cocraBa Pb B ramenuTax
PYIHBIX MecTopoxaeHuit Boctoka Asum cormacHo (Pocrosckmii, 2005): IlIp — IIpumopse (Xankaickuit
MaccuB u  CHXOT3-AJNMHCKas CKiIagdaras cucteMa, BocTouHo-CHXOT?-AJWHCKHA — BYJIKaHO-
wryronndeckuid nosic); O-4 — Oxorcko-Uykorckuil BynkaHo-muryTonndeckuit nosic; KK — Kypunbckas
ocTpoBHas ayra, Kamuarka, SImonckas octpoBHas ayra; O — Omononckuii MaccuB; B-K — BepxosHo-
KonbiMckas cknmamgaTas cucteMa. JKenTsie KBaapaTsl — CyIbGHIbI MECTOpOXIeHUS Ky ThIH.
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Be3yciioBHO, BhICKa3aHHBIC TPEAIIOIOKEHUS HOCIT CYyry0O THIIOTETUYCCKUN XapakTep U
TpeOyIOT JanbHEWUIIEro OOOCHOBAaHMS, TOCKOIBKY TIOMyYEHHBIC JaHHbIE 00 M30TOMHBIX
xapaktepuctukax Pb B cymbbumax mecropoxacHuss KyTbiH SBISIOTCS NEPBBIMU JIJISL JAHHOTO
peruoHa u Juisi 0oJjiee KOHKPETHOW M JOCTOBEPHON MHTEPIIPETAUN TPEOYIOT TOMOIHUTEIBHBIX
U30TOIHBIX UCCIICIOBAHMIA, KACAOIIUXCS KaK PYIHBIX 00pa30BaHUi, TAK ¥ BMEIIAIONINX TTOPO/I.

OTmeTHM, YTO HM30TOMHBIM COCTaB CBUHIA CYJIb(HIOB OPOTEHHBIX, SMUTEPMAIBHBIX U
CBS3aHHBIX C MHTPY3USIMU MECTOPOXKIACHHUN JCMOHCTPUPYIOT pa3jMYHbIC 3HAYCHUS B
3aBUCUMOCTH OT MPHHAJIC)KHOCTH K 30JIOTOPYIHBIM IOsicaM, 0€3 CBSI3M C TEHETHYECKUM THIIOM
mectopoxaenus (Yepuoies, Inukepman, 2001; Goryachev, Pirajno, 2014). M30oTomnHsIii cocTaB
CBUHIIOB 30JIOTOPYIHBIX MECTOPOXKICHUH, DPACIIOJIOKCHHBIX B TIPEleiIax BOCTOYHOM YaCTH
MoHrono-OX0TCKOTO ~ OpOT€HHOTO  TO0sica, XapaKTEePHU3YeTCsl  CYIIECTBEHHBIM  BKIJIAJIOM
MAHTUHHOTO KOMIIOHEHTA, YTO PE3KO OTIMYaeT UX OT MectopoxjaeHusi KyteiH. M30TONMHBIN
COCTaB CBUHIIA MeCTOPOXKAeHHS KyThIH OJM30K K COCTaBaM MECTOPOXKICHUH KOHTHHEHTAJILHON

okpaunsl (Goryachev, Pirajno, 2014).
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I'naa 8. K Bonpocy o rene3uce mecropoxaenusi Kyrbin

N3yueHne MuHEpanoruu, IETPOJIOTHMH, T€OXMMHUU MecTopoxacHus KyTelH naér
uH(pOpMalMIO, MO3BOJIAIONIYI0 TOJOWTH K PEIIEHUI0 Bompoca o ero rexesuce. llpu stom
BHUMAaHHE COCPEIOTOUYCHO Ha PEIICHUH CIEIYIOIUX MpoOIeM: XapakTep CBsI3W METacoMaros3a ¢
MPEOJIaraeMBIMU  PYJIOHOCHBIMH TPAaHOJIMOPUTAMH, ITATHOCTh PyH000pa3oBaHUs, (U3UKO-
XUMHUYECKHE YCIOBHS HAa DPA3JIMYHBIX CTAIUSIX MUHEPaIooOpa3OBaHHUsA, COCTAaB M HCTOYHUK

MUHEpPaI000pasyromux (HIOUI0B U PYTHOTO BEIIECTBA.

8.1. Bospacmmuie coomuouienus pyoOHOCHbIX MEMACOMAMUMOB U 2DAHOOUOPUMO8
Bupanoxncunckozo maccuea

[lepBBie maHHBIE O BO3pACTEe TPAHOAMOPUTOB BHpPaHPKMHCKOTO MAacCUBa, MOJTyYEHHBIC
pa3HbIMH HM30TOMHBIMH METOJaMU, HaxXomATcs B xopomem coriacun — 90,7+1,7 (U-Pb, mo
upkony, SHRIMP) u 92,7+0,4 mun et (Rb-Sr spoxpoHa), 4T0 MOKET CBHUAETEILCTBOBATH O
JIOCTATOYHO OBICTPOM OCTHIBAHWUHU M KPHCTAILIU3AIMHA UHTPY3HBA. BpeMs KpucTaIuIH3aIuy OpoI
bupaHKUHCKOTO MaccuBa COOTBETCTBYIOT BTOPOMY 3Tally MarMatu3ma XHWHTaHO-OXOTCKOTO
BYyJIKaHO-TUTyTOHHYeckoro mosica 110-80 muH ner Hazan ([eomunamuka..., 2006). Biuzkue
BO3pacta (0KoJo 92 MIIH JIeT) YCTaHOBJEHBI JUISi TPAHUTOUTIOB AMypcKoro tepperina Cuxora-
Anuns (Jahn et al., 2015), uro moaTBep)kIaeT HATMYKUE MarMaTH3Ma 3TOT0 Bo3pacTta. B pernone

TaK)Ke U3BECTHBI 30JI0TOPYIHBIC MECTOPOXKICHUS Oiu3koro Bo3pacra (Puc. 8.1).

I'panoouopumvr  Memacomamumot

Mecroposxnerne Kytoix O O

BocTouno-Cuxors- ANMHCKHN HOSIC S O

X A A

Cuxot3-AnuHb
OxoTcko-UyKOTCKHiA mosic O OO

O XA X Mowurono-OxoTckuii nosic

150 130 110 90 70 50
Bospact, miH ner

<O Onurtepmanbable A CBszaHHBIE ¢ UHTPY3usiMUA X OpOreHHBIC

Puc. 8.1. Bo3pact 3omotopynHbix Mectopoxkaenuii JlanpHero Bocroka

(o Goryachev, Pirajno, 2014 ¢ no6aBiaeHuIMH aBTOPA)
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Bo3zpact 3010TOHOCHBIX KBapI-CEpULIUT-KapOOHATHBIX METACOMATUTOB MECTOPOKIACHUS
KyTtbiH, onpenenennsiii Rb-Sr merogoMm, cootBeTcTBYeT 79,3 MITH j1€T. YUUTHIBas OrpaHUYCHHUS,
CBSI3aHHBIC C HUCIMOJIb30BaHWeM RD-Sr meroma ans MeracoMaTHyeckd W3MEHEHHBIX IMOPOJ B
cliencTBUE MOABIKHOCTH RD m Sr B aTHX mpomeccax, HaMu JUTst KOHTPOJISI TOJMYYEHHBIX JTAHHBIX
ObLJ1 BBITOTHEH aHAIM3 cepuiuTa u3 Metacomatutos “°Ar/*Ar-meronom crynenuaroro nporpesa.
K coxanenuto, 3aech BBIISIMIOCH KOHAMLMOHHOE ILIATO CO 3HAYEHUSIMU HHTErPaJbHOIO
BO3pacTa ¢ OUYeHb BBICOKOM morpemuoctsio 91,6 + 7,9 MiH €T npu UCKITIOYUTETHHO HEPOBHOM
CTYIIEHYaTOM CIIEKTPE, YTO HE JAa€T OJHO3HAYHOIO OTBETa O Bo3pacTe Meracomarosa. [Ipunumas
BO BHUMaHUE BO3MOKHOCTb BO3JCICTBHS IIO3JHUX TEPMaJIbHBIX UMITYJIbCOB HA CEPULIUT, KOTOPBIE
MOIJIM MPUBECTHM K IIOTEPE pPaJMOT€HHOTO CTPOHLHUSA M, KaK CJEICTBUE, IOIYYEHHOE
«OMOJI)KMBAHKME» BO3pacTa METacomMaro3a, Mbl, TeM HE MeHee, oTAaéMm mnpeamnodreHue RD-Sr
OLICHKE BO3pacTa.

BoisBienHbli  TakuM  00pa3oM  BpPEMEHHOM  pa3pelB  Mexay (HOpMUpOBaAHHEM
IrPaHOAMOPUTOB U OEPEe3UTOB MPOTUBOPEUUT IPEACTABICHUIO O CBSI3U METACOMATU3UPYIOIINX
¢IrouI0B ¢ TpaHOIMOpUTaMHU BTOpol (a3bl bupanmpkuHckoro maccuBa (Asapsia u np., 202206).
Kak npaBui1o, 30J10TOpY/IHBIE CUCTEMBI, CBSI3aHHBIE C MHTPY3UBHBIMU KOMIUIEKCAMH, CUUTAIOTCS
OJIHOBO3PACTHBIMU C MAaTE€PUHCKUM MHTPY3MBOM IpU Pa3HULIE B BO3pacTe He Oosee 2 MIH JIeT
(Hart, 2005). B pe3ynbrate 1151 HHTEPIPETAIIMHA BPEMEHHOTO pa3phiBa MOKHO MIPETOIOKNATE J1Ba
cueHapus. YUuThIBasl CIOKHBIM ABOJIIOLIMOHHBIA psAJl MOPOJ MaccuBa: OT rabOpOJUOPUTOB 10
TPaHUTOB, MOJHO IPEANOJIOKHUTD  CIIOKHBIM, IOJUXPOHHBIA  XapakTep MPOSBICHHUS
METacOMaTHYECKOTo Mpoliecca, JOMYyCKaoMuil MHOrooOpa3iue MUHEpaIbHBIX MapareHe3ucoB B
METacoMaTuTax, IPUBOAALINMI K 00pa30BaHNIO HECKOJIBKUX F'€HEPALUI CePULIUTA, UCIIOIb3YEMbIX
B F€OXPOHOJIOTUYECKUX UCCIIETOBAHUSIX.

C npyroil CTOpOHBI, yKa3aHHBIM BpPEMEHHOW pa3pblB MOXKET SBUTHCS CIIEICTBUEM
AJJIOMETacCOMaTHUECKON TPUPOABI 30JIOTOIO OpYJEHEHUs, COIJacHO KOTOPOW pPYAOHOCHBIE
(o IBI TPOIYLUUPYIOTCS MHBIM UHTPY3UBHBIM UCTOUYHUKOM. Takoe mpejcTaBieHne HaX0AuTCs
B COIJIACHUU C TIOJUCTAIUNUHBIM MPOSIBICHUEM METAaCOMaTHYECKOro Ipoliecca B 3TOM MacCHUBE —
JTaly  30JI0TOPYAHOrO  KapOOHAT-KBaplL-CEpPULIUTOBOTO  MeTacoMaTo3a  MpeUIecTBYyeT
MHTEHCUBHBIN mporiecc paHHen xnoputuzanuu — 230-280°C, B To BpeMs Kak pyJIOHOCHBIN 3Tarl
oTBeyaeT Oojiee BhICOKOTEeMIepaTypHoMy mpoueccy — no 370°C. Bo3aMoxkHO, Ha HM3ydaeMOM
00BEKTE HENOOILIEHEHA pOJIb JalKOBOrO0 KOMIUIEKCA, MPEICTaBICHHOIO I03HEMEIOBBIMU
aH/Ie3UTaMM, JaluTaMM M pHOIMTaMH. Tak, TEHEe3uC pacloyIOKEHHOIO IMOOJIU30CTH
MECTOPOXKICHUS AJOa3MHO CBS3BIBAIOT €  TNIyOOKOIPOAMPOBAHHOW — MANEOKAIbJCPHOM

ByskaHocTpykrypo# (Tpymmn, Kupumios, 2018).
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Kpome Toro, cienyer mpuHsATH BO BHUMaHHe, 4TO B CUXOT>-AJMHCKON MPOBUHIIMHU
TUXOOKEaHCKOT0 30JIOTOHOCHOTO I0sicCa HM3BECTHBI MECTOPOXKIICHHUS, B HCTOPUU KOTOPBIX
pyaooOpa3ylomii  mpomecc OTOpBaH OT MarmMaTtu4eckoro Jtama. Hampumep, Bo3pacT
FPaHUTOMJIOB, BMEUIAIONIMX 30J0TOpyAHOe MecTopoxkaeHue Kpunuunoe (OxpamHCKo-
CepreeBckuii koMmruiekc CamapkuHCKOTro TeppeiiHa), oueneH B 104+1 mun net (Rb-Sr meron),
TOT/Ia KaK Bo3pacT opyaeHeHus paBeH 84,2+2,1 mun net (K-Ar-meron, (Sayadyan, 2004)). Ha
30JI0TOPYAHOM MecTOopoxkaeHun ManuHoBckoe (JKypaBiieBcKko-AMypCKHM TeppeiiH) Bo3pact
PYIOBMEIIAIOIINX MOHIIO-Tab0po-auoputoB cocrasisger 105,3+1,0 maa ner (U-Pb wmeron,
upkoH, (CaxHo u ap., 2013)), a Bo3pact pyaHON MHHEpaIu3aluk oTBeyaeT nutepaay 100-90

mutH jieT (Re-Os meron, (Jlooporresckuii, ['opsiues, 2021)).

8.2. I'eoxumusa memacomamuueckozo npoyecca

Kak Obpuio moOKa3aHO BHIIE, MHHEPaIO000pa3oBaHUE CBS3aHO C  MPOIECCAMH
Oepesutm3anuu. OpHako HamOoJiee pPaHHUM IPOIECCOM SBISACTCS XJOPUTH3ALMUSA, KOTOpas
MPOSIBIISIETCS B 3aMEUICHUM OMOTUTAa U POTOBOM oOMaHkH XiopuToMm. Kak H3BECTHO, 3TOT
HU3KOTEMIIEPATypHBII aBTOMETACOMAaTHUYECKHI MpOLlecC YacTo 3aBepiiaeT (GopMUPOBaHUE
WHTPY3UBOB.

PesynbraTr wu3yueHuss merporpaduy TOPOJ TMOKAa3bIBa€T, UYTO 30JI0TO CBS3aHO C
acconuanyeil KapOOHaT-CepULIUT-KBApLEBbIX METaCOMAaTUTOB. DTOT MpPOIECC HAuMHAETCs C
CEepULINTH3AIINY TIIarnoknasa. [Ipu 3Tom crieyer yuuThiBaTh, YTO IJIArMOKIIa3 TPAHOIMOPUTOB
OTBEYAET COPOKOBOMY HOMEpY, 3HAUUT TP €ro 3aMEUICHUH BO3HUKAECT BeChMa 3HAUMTEIbHBIN
pecypc Ca. Dra cocraBmsmomas peanusyeTcss B BHIE KapOoHaTa psia JOJOMHT-aHKEPHT.
[TpucyrctBue Fe-Mg-kapOoHaTa rOBOPUT O TOM, YTO 0OpazoBaHHe KapOOHAaTa OO0YCIIOBIEHO He
ToNbKO pecypcom Ca, Ho u Fe u Mg, BEICBOOOKIAIOIIMMICS TTPH 3aMEIIEHUN OMOTUTA U POTOBOM
OoOMaHKH cepuIrToM. TO €cTh, OYEBHIHO, OJHOBPEMEHHO C ITHM IPOIECCOM TTPOHMCXOIMT
CepUIITH3AIMsI TEMHOIIBETHBIX MHUHEPAJIOB — OMOTHTA, POTOBOH OOMAaHKH, a TaKXKe XJIOPHUTA.
3aMeleHne 3TUX MHHEPAJIOB CIIIOJION BRICBOOOXKIaeT Oosbiioe komuuectBo Mg, Fe, Ti, koTopbie
peanu3yloTcs Ha MecTe B BHJIe KapOOHATOB, a TaKXKe MUPUTA U PYTHIIA.

KpemHueseM, BbIHECEHHBIN M3 MOPOJ MPH METACOMATO3€, OTJarajics B kwiax. B nupure
30JIOTO-TIMPUTOBON aCCOIMAIIUN TPOKUIIKOB HAOIIOMAIOTCS TTOHKMIOBKIFOUEHUSI MUHEPAIOB
0ojiee paHHMX acCcOIMALMil METaCOMaTHYECKOro 3Tara, YTO YKa3bIBAeT Ha IOCIIEA0BATEIbHOE

dbopMUpOBaHUE CHaYaIa METACOMATUTOB, a IIOTOM KHIL.
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8.3. Qu3uko-xumuueckue ycious pyooomuaoHcenus

Ha ocHoBaHumm aHamm3a cocTaBa MHHEPAJIOB pPYyJOHOCHBIX METAaCOMAaTHTOB, HX
MOp$OJIOTHH, XapaKkTepa B3aMMOOTHOIIEHHUH, a TaKXKe MPUMECHOro cocTtaBa nupuTta (10 6,9 mac.
% As) u apcenonuputa (10 2,8 mac. % Sb u 10 5,4 mac. % Te) — CKBO3HBIX MUHEPAJIOB Ha
MecTOpoKIeHUH KyTbIH BBIAEISAIOTCS YeTbIpe IOCJIEOBaTEeNIbHbIE pYAHbIE acCOLUaluU
THIPOTEPMAIBHO-METACOMATUYECKOTO 3Tala: MUPUT-apCCHOMUPUTOBAs, 30JI0TO-TETPAdIPHUT-
apCEHONMPUTOBASI, 30JIOTO-TIMPUTOBASA, TEJUTypuaAHas. [HIepreHHbIl ATam 3aKiIoYacTcs B
pasBUTHM TETUT-apCEHATHOM accouualuu ¢ o00pa3oBaHHEM CyOMUKPOHHBIX BKJIIOUEHHUH
CaMOPOIHOTO 30J10Ta MPH OKUCIIEHUH 30JI0TOCOIEpKAIUX TUPUTA U aPCEHOIIUPUTA.

[lomyyeHHble JaHHBIE 10 MHUHEPAIBHBIM (XJOPUTOBBIA U  INTIOIHMT-T€CCUTOBBIN
TEPMOMETPBI, PEHTUTOBBII 1 AKTUHOJIUTOBBIH 0APOMETPHI) M H30TOITHBIM (KBapI[-MYCKOBHTOBBIN)
reorepMo0apoMeTpaM U TepMOOaAPOreOXUMHUECKUM HCCIEIOBAHUAM (DIFOMIHBIX BKIIOUEHUH B
KBaplle MO3BOJIMIN OLICHUTh PT-mapamerpsl MuHEparnooOpa30BaHUS Ul pa3HbIX 3TanoB. Tak,
dopMHupoBaHHE  30JIOTOPYIHOW  30JIOTO-TEPTAAPUT-APCEHONUPHUTOBOW  acCOIMAllUUM B
MeTtacoMatuTax MectopoxxaeHust Kyton npoucxoauno u3z Ca-Mg-Na-K xnopunHbix pactBopoB
co cpenneremneparypubimu (240-370°C) napamerpamu ¢ conénoctbio oT 9,21 no 1,74 mac. %
skB. NaCl. [laBnenue coorBercTBYeT 1,6 KOap. 30J0TO-IMPUTOBAs KHJIbHAs accolUalus
obpasyercs rpu 190—220°C u3 pacTBOPOB TOTO K€ COCTaBa U C MOHWKEHHEM coji€éHocTH (ot 8,14
10 0,71 mac. % sxB. NaCl). B cocrae razoBoii ha3sl ¢puiron10B IpUCyTCTBYET IPEUMYIIECTBEHHO
CO2 (95-97 mon. %). TemnypunHas accouuaius hopmupoanack npu 140-165°C u naBneHuu
nopsaka 0,9 x6ap u3 Ca-Na-xsopuansix ¢uron10B Hu3ko# conenoctu (ot 1,2 o 3,0 mac. % 3KB.
NaCl) ¢ razosoii cocrassromieii CO2 (ot 0 1o 85 moa. %), CHa (o1 0 10 100 m01.%) u N2 (10 89
MOJ1.%)

OcHoBHbI€ TapaMeTpbl npuBeaeHbl B Tabnure 8.1.
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8.4. Hcmounuku pyonozo eéeujecmea u pyoooopasyoujux pacmeopos

PesynbraTel u3ydeHus: (IIOMIHBIX BKIIOYEHHH M HW30TOMHOTO COCTaBa KHCIIOpPOJA
CBUJICTEILCTBYIOT O €IMHOM 3BOJIFOIIMOHUPOBABIIEM (DITIOMIE OT METACOMATHUYECKOH 110 KUIbHON
CTaIud MUHEPAI000pa30BaHUs.

Illupokuii MHTEpBaT 3HAYEHHI M30TOMHOTO cocTaBa kucioposaa +10,4...+18,0 %o 50 B
KBapIle M3 30JIOTOHOCHBIX METACOMAaTHTOB M KBApIIEBBIX IPOKUIKOB CBUACTEIBCTBYET O
cMelIeHnr (IIOUI0B Pa3IMYHOTO MPOMCXOXKIEHUS — M30TOMHO TSKEIOr0 MarMaTOTEHHOTO U
M30TOIIO JIEFKOTO METEOPHOTO.

B cocraBe MuHepanoo6pasyronero BOIHO-COIEBOTo Gurrona mpeodiaanarot xiaopuast Na,
a Taoke Ca u Mg. Cucremarnueckoe ymeHbinenue coiaenoctu (ot 9,21 no 0,71 mac. % sxB. NaCl)
U TEMIEepaTypbl pPAacTBOPOB, OCOOEHHOCTH H30TOMHOIO COCTaBa KHUCJIOpoJa KBapla
METaCOMAaTUTOB U >KMUJI YKa3bIBAIOT Ha JIBa THIAa MUHEPATIO00Pa3yIOIIUX PACTBOPOB — U30TOITHO
00JIEr4eHHOT0 HU3KOTEMIIEPATYPHOTO CIIA00COJICHOTO METEOPHOTO M M30TOIHO YTSHKEJICHHOTO
BBICOKOTEMIIEPATYPHOTO KOHIEHTPUPOBAHHOTO MarMaTOT€HHOTO WM MeTamopdorenHoro. [lpu
dbopMUPOBaHUM METACOMATUTOB [Ba HAa3BAaHHBIX HCTOYHUKA (IIOHMIA CMEIIUBAIOTCS MEXIY
co0oif, a Ha orane oO0pa3oBaHMs MPOXKWIKOB M THAPOTEPMAIBHOTO OpeKYUpOBaHUS
pynoobpasyromue Qurouasl reTeporeHHbl. O0 3TOM TakKe CBUIACTEIBCTBYIOT COCTaBbI Ta30BOM
¢a3el BKIIIOYEHNH B KBapie: B Metacomarutax orMmedaercsi CO2, /i KBapIa KUl XapakTepHBI
pa3HbIe COCTaBHI raza BKiItoueHui: oT unctoro CO2 10 CymiecTBEHHO METaHUCTOTO U a30TUCTOTO.

V3Kkuif HHTEpBAN H30TOMHOTO cocTaBa cephl — -1,4...1,4 §**S B cynbuaax ykasbiBaer Ha
e€ MarMaTHYeCKNi MCTOYHUK U CBHJIETEIBCTBYET O €IUHOM TOMOTEHHOM HCTOYHHKE PyIHOTO
BEIIIECTBA.

OxuciieHue TMEepPBUYHBIX 30JIOTOCOJAECPXKAIMX CyIb(UAOB (ApCEHONMUPUT, MHPUT)
IOPUBOJAUT K KOHLEHTpPAIlMM pAcCesHHOT0 B HHUX 30J0Ta B BHJE COOCTBEHHOW (a3bl
BBICOKOTIPOOHOTO caMOpoIHOTO 30510Ta. [Ipeobnamanue cpenn oKucIeHHBIX AS-coaepkamux ¢a3
cmecn Ca-Fe-apcenata u AS-comepikamiero OKCH-THIAPOKCHIA JKele3a W IOAYUHEHHOE
KOJINYECTBO CKOPOJHUTA CPEU TUIIEPTeHHBIX MUHEPAIOB MbIIIbAKA YKa3bIBAIOT Ha MOBBIIICHHbIE
snayenus PH Bo Bpems okucienus (Vink, 1996, Paktunc et al., 2015).

[TomBonst UTOT CKa3aHHOMY, OTMETHM, YTO HECMOTPSI Ha TO, YTO TYPOHCKHH MarmaTusM,
BEPOSITHO, HE SIBISICTCS PYIONPOAYIHPYIOIINM, MarMaTOreHHas NpUpojAa OpYICHEHHUS Ha
MecToposkaeHnn KyThIH He BBI3bIBaeT COMHEHHs. Takoe mpeacTaBieHre MOATBEP)KIAECTCS 1IEIbIM
psoM (pakTOpoB, B TOM YHCIIE YCTOWYMBOCTBIO M MHOTr00Opa3veM MHHEPaJbHOIO COCTaBa,
pacrpocTpaHCHHEM TypMajliHa B pyjaax, accormanueii 3omora ¢ AS, Sh, Te, cmeHoi
MUHEPAJIBHBIX IapareHe3lcoB B IPOLIECCE METAacoMaro3a, YIIIEKHCIOTHO-BOAHBIM COCTaBOM

TUAPOTEPMAIBHOTO (IIIOMAA, U30TOMHBIM COCTABOM CEPHI M KUCIOPOAA.
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BriepBble OIIeHEHHBIH IS TAHHON TEPPHTOPUH H30TOMHBIH cocTaB Pb (P%°Ph/?%*Pb 18,139
— 18,090, 27Ppb/?%Ph 15,524 — 15,503) ykaseiBaeT Ha (OPMHUPOBAHHE MOPOJ MECTOPOKICHHS
KyTblH npu y4acTHH MOJIOJIBIX OCAJKOB BEPXHEKOPOBOIO MCTOYHHMKA M MPOIYKTOB pa3MbIBa
JPEBHETr0 KprcTaundeckoro GpyHmamenTa. Ha ApeBHIO0 MPUPOY HCTOUHKUKA PYHOTO BELIECTBA
B KyTBIHCKOM MECTOpPOXICHHM TaKXKe YyKa3bIBAIOT M HU30TONHBbIC xapakrtepuctuku Nd B
PYJOBMEIIAONINX MOopoaax, oTBeyaroime SmM-Nd mMozxenbHOMy Bo3pacty — 609—628 miH JeT,
CYIIECTBEHHO 0oJiee APEBHEMY OTHOCHTEIHLHO BO3pacTa MecTopoxkaeHus (AzapsH u ap., 20220).
BeposITHBIM HMCTOYHUKOM 3TOTO KOMIIOHEHTa MOTYT pacCcMaTpuBaThCs MOpoabl OXOTCKOTo

paHHeapxeﬁCKoro KOMIIJICKCA, PACIIOJI0KCHHOI'O F0I'0-3a11a/IHCC KYTHHCKOI‘O MCCTOPOXKICHUS.
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3akJIroueHue

30JI0TOHOCHBIE METACOMATUTBI MECTOPOXKACHUSA KyThIH IPOCTPAaHCTBEHHO IPUYPOUEHBI K
30HE SHJO0-3K30KOHTaKTa TI'PAHOAMOPUTOB BHpaHIKMHCKOIO MaccuBa, pa3BUBAKOTCS 110
IPaHOJMOPHUTAM U BMEIIAIOIIMM IECYaHUKaM M MPEACTABICHbI CEPUIIUT-KapOOHAT-KBAPIIEBHIMU
MeTtacomatutamu Oepe3utoBoil Gopmanuu. [IpeoOpasoBanue mopoj CBA3aHO C YTIEKUCIOTHO-
KaJMEBBIM METACOMAaTO30M, MPOSIBICHHBIM B 3HAYUTEIBHOM IPUBHOCE YIVIEKUCIOTHI M Kajus,
BBIHOCE HATpUs U AJIOMUHUS, NEpepacupeeseHu Kajbliusd, MarHus U JKejle3a U OTJIOKEHHUU
KpEeMHEe3eMa B JKUJIaX.

MuHepalbHBIi COCTaB METACOMATUTOB W PYIOHOCHBIX JKHJI SIBIISIETCS CJIEJCTBHEM
3aMEIICHUsI TTOPOA00O0PA3YIONIMX MHUHEPAIOB TPAHOJMOPUTOB M TMECUYAHMKOB — IUIArMOKIIA3a,
6uotura, ampubora — u o0Opa3oBaHHEM HAa HUX OCHOBE METACOMATHUYECKOW accolualuu
MHUHEpaJIOB, COCTOSIIEH U3 KBapla, CepuLIuTa, KapOoHaTa J10JIOMUT-aHKEPUTOBOTO psijia, IUPUTA.

Ha ocHoBe u3yuenust MOp(OJIOTHH U COCTaBa MOPOI000PA3yIINX U PyIHBIX MUHEPAJIOB U
UX B3aMMOOTHOIICHUI Ha MeCTOpOokIeHNH KyThIH OBLIM BBIIEICHBI YETHIPE MaparceHeTHIEeCKUe
accolMalliu:  MUPUT-apCEHONUPUTOBAsA,  30JI0TO-TETPAdPUT-APCEHONMUPUTOBAs,  30JI0TO-
NUPUTOBAs U TEJUTypHUIHAs. XapaKTep BbIACICHHUS M B3aUMOOTHOILIECHHSI MUHEPAJIOB MO3BOJISIOT
BBIJICIUTh 37€Ch JBE CTaIUM MHHEPaToo0pa30BaHUS — METAaCOMAaTHYECKYI0 H IKHIBHYIO,
COOTBETCTBYIOIIME THIPOTEPMAITLHO-METACOMATHIECKOMY dSTary. B 30HE OKHCIIEHUS pa3BHUTa
réTUT-apceHaTHasl aCCOLMAIIHsI TUIIEPTeHHOI0 ATara.

HauOonee pacnpocTpaHEeHHBIMM pPYAHBIMH MHHEpajdaMu MecTopoxaeHus KyTbiH
SBIISTIOTCSL TIMPUT W aPCEHONHPHUT, MPHYEM COCTAB IIOCIEIHEr0 CYIIECTBEHHO MEHSETCH,
xapakTtepHbl mpuMecu Sh u Te. CamopoiHOE 30J10TO XapakTepusyeTcs MpodHOCTHI0 650—780 %o,
pexxe — 810-890 %o. OcHOBHON 00BEM 30510Ta CBA3aH C 30JI0OTOHOCHBIMH MHPUTOM H
apceHonUpUTOM. [Ipu OKHCIEHUH 30JI0TOCOIEPKAIIUX CYIb(PHIOB BEICBOOOXKIAIOIIEECS 30I0TO
o0pazyeT CyOMHKPOHHBIE BBIIIEICHUSI BBICOKOIMPOOHOTO 30JI0Ta BO BTOPHYHBIX MHHEpalax.
Hpyrue MuHepanbHble (OPMBI OJIATOPOJHBIX METaUIOB IPENCTaBlIeHbl AJ-Comep KanliM
TETPa’IPUTOM, AaKaHTUTOM, TEJUIypHUAAMHU: TEeCCUTOM, IMETHUTOM, IUTIOTHUTOM. IloMumo
NEPEUHCIICHHBIX BhIIIE TETypua0B AU 1 AJ, B pyJax MPUCYTCTBYIOT aJITaUT, TEJTypaHTUMOH,
KOJIOPAJOUT. DBOIIOIHUS OJIarOpPOTHOMETANTBHON MHHEpaTU3alliil Ha MECTOpOKIAeHUH KyThiH
KOHTPOJIMPYETCS] CHIKCHUEM TeMIIEPaTyphl ¥ BApHAIUSAMHU (YTHTUBHOCTH CEPHI M TEILTypa.

@®opMupOBaHUE 30J0TOPYIHOTO OpPYACHEHHS MPOUCXOAMUIO Ha (OHE CHIDKEHUS
TEMIEPATYPBI OT CPEAHETEMIIEPATYPHBIX YCIOBUI 30JI0TO-TETPAdIPUT-aPCEHONUPUTOBOM (240—
370°C) acconmanuu K HU3KOTEMITEPATYPHBIM KHIbHON 30510TO-THpuTOBOM (190-220 °C) u3 Ca-

Mg-Na-K xmopugabix pacTBOpoB co cHKeHueM cosieHoctu oT 9,21 no 0,71 mac. % »xB. NaCl.
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Tennmypunnas accormarus dopmuposanack npu 140-165°C u3 Ca-Na-xmopuaHsix (ironmaoB
Hu3kou coneHoctu (ot 1,2 mo 3,0 mac. % »sxB. NaCl). [laBinenue muHepasooOpazoBaHUs
orieHuBaercs naTepsaiom 0,9-1,6 x6ap.

H3otonHo-reoxpoHoiorunueckumu  Metogamu  (U-Pb, Rb-Sr) ycranosien Bospact
dbopmupoBaHus TpaHOAHOPUTOB bupanmkuackoro maccuBa — 90,7+1,7 (U-Pb, mo mupkony,
SHRIMP) u 92,7+0,4 miu siet (Rb-Sr apoxpoHa), B TO BpeMst KaKk pyIOHOCHBIC KBapIl-CEPUIUT-
KapOOHAaTHBIE METAaCOMATHTHI 0Opa3oBaHbl mo3xe — 79,3+0,5 muH ner (Rb-Sr m3zoxpona), uro
MO3BOJIIET  MpearoyiaraTb  aJUVIOMETaCOMAaTHYECKyI0  IPUPOLY  30JI0TOrO  OpYACHEHUs
MecTopoxaeHust KyTbiH.

V3Kuii HHTEpBAN H30TOMHOTO cocTaBa cephl — -1,4...1,4 534S B cynpdumax ykassiBaer Ha
e€ MarMaTMYeCKUii MCTOYHUK U CBHJICTEIIBCTBYET O €AMHOM IOMOT'CHHOM HCTOYHUKE PYIHOTO
BemecTBa. 11Inpokuii MHTepBas 3HAUEHHIT H30TOITHOTO COCTaBa Kucaopoaa +10,4...+18,0 %o 5180
B KBapie M3 30J0TOHOCHBIX METACOMATUTOB U KBapILEBBIX MPOXKHUIKOB CBUICTEIBCTBYET O
cMenIeHnr (hITIOU0OB Pa3IMYHOTO TPOMCXOXKICHUS — M30TOIMHO TSHKEIOTO MarMaTOTEHHOTO W
M30TOITHO JIEFKOTO METEOPHOTO.

Wzotonnslii cocraB Pb (2%Pb/2%Pb 18,139 — 18,090, 2°7Pb/?*Pb 15,524 — 15,503)
yKa3bIiBaeT Ha (GOPMHUPOBAHUE MOPOA MECTOpOkaAeHUH KyThIH Mpu ydyacTHH MOJOJBIX OCAIKOB
BEPXHEKOPOBOTO UCTOYHHUKA U MPOJYKTOB Pa3MbIBa JAPEBHETO KPUCTALTUIESCKOTO (DYHIAMEHTA,
Ha JPEBHIOI0 TPUPOJY KOTOPOTO TaKXe YKa3blBalOT M HW30TONHBIC xapaktepucTukd Nd B
PYZIOBMENIAIONIMX TTOpoax, oTBeyaromue Sm-Nd MogenbHOMY BO3pacTy, CYIIECTBEHHO Oosee

APEBHEMY OTHOCHUTCJIIBHO BO3pacCTa MECTOPOKACHUS.
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Hpuaoxenne 1
Cocmag 2pynnogsix npoé memacomamumog no zpanoouopumam no peyaomamam ICP-MS, ICP-AES,
npooupHo20 ananua

29- 41 — I'eopuznueckast, 42-49 — [lepepanbHas

Amnamuzel npegoctaBieHsl AO «llonmumerann WHXWHUPUHTY, TPYIINOBBIE MPOObI BKIIOYATH B ceOs
U3y4yaeMble HHTEPBAJIbI.

29 30 31 32 33 34 35 36 37 38 39

Kommnonentsl, macc.%

SiO, 55,0 | 50,5 | 54,6 | 55,1 | 58,7 | 58,8 | 57,4 | 59,4 | 49,7 | 54,4 | 57,1

TiO, 051|058 | 059 | 053 | 051 | 05 | 052 | 051 | 0,42 | 0,52 | 0,52

AlLO; | 134 | 123 | 134 | 120 | 11,8 | 138 | 138 | 13,2 | 10,8 | 13,0 | 13,2

Fe,O; | 4,57 | 537 | 503 | 452 | 471 | 495 | 450 | 454 | 397 | 447 | 4,62

MnO 0,09 | 0,11 | 0,21 | 0,09 | 0,22 | 0,08 | 0,08 | 0,08 | 0,07 | 0,07 | 0,08

MgO 263 | 3,75 | 3,08 | 201 | 236 | 2,75 | 252 | 2,44 | 235 | 1,98 | 2,55

CaO 435 | 6,26 | 564 | 3,37 | 502 | 418 | 411 | 392 | 3,94 | 3,02 | 4,13

Na,O 183 | 1,46 | 211 | 1,27 | 1,84 | 3,34 | 289 | 2,00 | 249 | 285 | 1,82

K,0O 452 | 355 | 396 | 3,44 | 3,29 | 396 | 457 | 3,75 | 3,48 | 3,95 | 4,80

P20s 012 | 0,15 | 0,17 | 0,23 | 0,22 | 0,45 | 0,12 | 0,12 | 0,09 | 0,06 | 0,13

Moo | 919 | 125 | 912 | 849 | 7,30 | 415 | 7,12 | 579 | 7,81 | 4,46 | 8,04

S 202 | 247 | 1,31 | 225 | 1,36 | 0,40 | 1,08 | 0,38 | 0,90 | 0,62 | 1,74

Cymma | 98,23 | 99,00 | 99,12 | 93,20 | 97,13 | 97,12 | 98,71 | 96,13 | 86,02 | 89,40 | 98,73

DIJIeMEHTBI, PpMm

Al 2,30 | 6,58 | 397 | 518 | 128 | 3,98 | 408 | 6,74 | 418 | 2,87 | 4,28
Li 14,0 | 30,0 | 240 | 220 | 38,0 | 36,0 | 230 | 26,0 | 29,0 | 25,0 | 16,0
Rb 170 | 130 | 140 | 135 | 133 | 144 | 171 | 151 | 144 | 152 | 170
Cs 328 | 56,5 | 53,5 | 43,7 | 23,1 | 19,7 | 30,0 | 225 | 204 | 178 | 29,5
Be 250 | 190 | 2,00 | 1,90 | 1,9 | 1,9 | 2,30 | 2,20 | 1,80 | 2,00 | 2,30
Sr 189 | 254 | 250 | 149 | 177 | 285 | 221 | 241 | 260 | 250 | 200
Ba 331 | 201 | 321 | 164 | 275 | 428 | 455 | 401 | 351 | 452 | 375
Sc 129 | 132 | 13,7 | 128 | 11,5 | 148 | 126 | 13,0 | 12,0 | 13,5 | 12,7
\Vj 110 | 111 | 120 | 117 | 123 | 126 | 111 | 124 | 115 | 118 | 108
Cr 239 | 186 | 228 | 237 | 189 | 246 | 164 | 292 | 271 | 298 | 211

Co 115 | 144 | 130 | 116 | 11,2 | 133 | 11,3 | 116 | 10,7 | 13,2 | 12,2
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29 30 31 32 33 34 35 36 37 38 39
Ni 27,9 | 26,2 | 281 | 26,8 | 239 | 31,1 | 242 | 61,7 | 26,6 | 31,1 | 27,7
Cu 114 | 475 | 36,6 | 551 | 165 | 298 | 135 | 185 | 223 | 17,9 | 25,2
As 3110 | 3390 | 1390 | 3070 | 3840 | 1470 | 2270 | 1980 | 2120 | 1150 | 4310
Zn 71,0 | 940 | 107 | 135 | 109 | 73,0 | 70,0 | 65,0 | 63,0 | 72,0 | 79,0
Ga 17,4 | 151 | 16,6 | 16,7 | 16,5 | 179 | 180 | 17,9 | 157 | 17,4 | 17,3
Y 130 | 146 | 179 | 125 | 151 | 17,2 | 140 | 154 | 126 | 153 | 12,1
Nb 8,70 | 7,70 | 8,00 | 840 | 750 | 9,70 | 9,30 | 9,70 | 850 | 10,1 | 9,00
Ta 09 | 076 | 078 | 075 |071| 08 | 092 | 105 | 085 | 096 | 0,93
7r 206 | 50,0 | 243 | 235 | 343 | 253 | 56,6 | 229 | 19,3 | 19,1 | 209
Hf 092 | 153 | 098 | 097 | 1,27 | 1,01 | 1,87 | 1,05 | 0,87 | 0,92 | 0,99
Mo 223 | 2,36 | 2,74 | 214 | 251 | 289 | 2,79 | 10,8 | 3,01 | 297 | 2,30
Sn 420 | 3,70 | 6,30 | 3,50 | 5,70 | 2,70 | 3,30 | 4,40 | 12,2 | 3,50 | 5,50
TI 094 | 09 | 087 | 09 | 0,72 | 0,71 | 0,9 | 0,73 | 0,74 | 0,77 | 0,89
Pb 20,5 | 33,0 | 56,8 | 54,6 | 605 | 194 | 21,7 | 220 | 21,1 | 22,0 | 28,9
U 280 | 2,70 | 2,90 | 2,80 | 3,10 | 3,40 | 3,50 | 4,20 | 3,30 | 3,00 | 2,90
Th 129 | 100 | 120 | 10,8 | 11,0 | 138 | 133 | 122 | 114 | 119 | 11,9
La 224 | 156 | 19,4 | 180 | 198 | 214 | 210 | 223 | 194 | 221 | 20,7
Ce 48,6 | 36,2 | 451 | 42,3 | 443 | 480 | 476 | 49,4 | 43,2 | 49,3 | 456
Th 040 | 042 | 0,51 | 0,45 | 047 | 049 | 041 | 045 | 0,39 | 0,46 | 0,39
Yb 1,30 | 1,40 | 1,70 | 1,30 | 1,50 | 1,60 | 1,50 | 1,60 | 1,30 | 1,50 | 1,20
Lu 0,18 | 0,22 | 0,24 | 0,28 | 0,22 | 0,23 | 0,22 | 0,22 | 0,18 | 0,21 | 0,19
i 43,4 | 200 | 7,80 | 18,7 | 830 | 16,1 | 13,7 | 26,8 | 23,8 | 152 | 38,2
Bi 011 | 1,19 | 052 | 1,10 | 1,38 | 0,07 | 0,51 | 0,18 | 0,20 | 0,19 | 0,23
Ag 090 | 131 | 298 | 12,1 | 372 | 054 | 167 | 207 | 2,81 | 343 | 1,41
Cd 0,12 | 0,19 | 0,22 | 0,36 | 0,25 | 0,05 | 0,04 | 0,07 | <0,01| 0,08 | 0,11
Sh 331 | 640 | 543 | 66,7 | 114 | 145 | 245 | 16,6 | 20,8 | 145 | 359
Te 079 | 083|021 | 1,33 | 158 | 0,50 | 2,19 | 1,85 | 1,99 | 0,92 | 1,47
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40 41 42 43 44 45 46 47 48 49
KomnonenTsl, mace.%
SiO, 59,2 | 57,3 | 545 | 56,6 | 457 | 60,7 | 59,1 | 56,0 | 59,4 | 544
TiO, 05 | 056 | 044 | 057 | 0,47 | 0,55 | 0,53 | 0,49 | 0,59 | 0,54
AlLO; | 140 | 139 | 995 | 13,2 | 109 | 131 | 12,6 | 11,3 | 13,9 | 13,7
Fe,O; | 4,75 | 487 | 433 | 482 | 464 | 468 | 456 | 459 | 4,80 | 4,69
MnO 0,08 | 0,08 | 0,14 | 0,10 | 0,12 | 0,08 | 0,08 | 0,11 | 0,08 | 0,08
MgO 268 | 237 | 425 | 255 | 493 | 2,72 | 250 | 3,81 | 2,13 | 2,08
Ca0 455 | 364 | 741 | 418 | 8,65 | 452 | 408 | 6,16 | 3,63 | 3,63
Na,O 287 | 338 | 1,27 | 235 | 169 | 236 | 2,64 | 3,01 | 2,02 | 0,23
K20 443 | 398 | 306 | 420 | 346 | 447 | 3,69 | 3,11 | 4,43 | 4,36
P2Os 0,13 | 0,13 | 008 | 0,14 | 0,11 | 0,23 | 0,23 | 0,20 | 0,25 | 0,13
Moo | 3,80 | 441 | 16,2 | 7,10 | 146 | 0,07 | 592 | 9,27 | 6,62 | 7,67
S 0,70 | 0,22 | 102 | 095 | 164 | 1,27 | 061 | 0,37 | 0,89 | 1,17
Cymma | 97,74 | 94,84 | 102,65 | 96,76 | 96,91 | 94,65 | 96,44 | 98,32 | 98,64 | 92,68
DIJIeMEHTBI, PpMm
Au 292 | 167 | 996 | 2,74 | 3,48 | 384 | 6,04 | 3,08 | 3,21 | 4,76
Li 26,0 | 280 | 20,0 | 20,0 | 13,0 | 26,0 | 350 | 27,0 | 26,0 | 16,0
Rb 160 | 132 117 160 | 126 | 151 | 148 | 110 | 161 | 153
Cs 273 | 123 | 230 | 204 | 138 | 124 | 805 | 9,61 | 181 | 27,5
Be 220 | 180 | 180 | 2,20 | 1,70 | 2,00 | 1,80 | 1,60 | 2,30 | 2,30
Sr 258 | 250 148 220 | 304 | 248 | 251 | 296 | 193 | 178
Ba 432 | 441 121 460 | 292 | 441 | 422 | 358 | 336 | 288
Sc 13,7 | 12,7 | 10,1 | 144 | 113 | 129 | 129 | 11,8 | 13,7 | 124
Vi 110 | 112 143 127 | 111 | 157 | 135 | 114 | 148 | 117
Cr 238 | 242 221 200 | 157 | 193 | 171 | 160 | 201 | 264
Co 124 | 10,7 | 89 | 12,7 | 10,1 | 11,5 | 11,5 | 10,8 | 12,1 | 10,9
Ni 286 | 254 | 236 | 264 | 21,7 | 253 | 240 | 240 | 26,2 | 26,6
Cu 238 | 101 228 26,1 | 46,4 | 46,0 | 73,3 | 745 | 87,2 | 14,4
As 2240 | 997 | 4090 | 1910 | 2940 | 3020 | 1800 | 1130 | 1920 | 2910
Zn 72,0 | 720 | 820 | 860 | 850 | 78,0 | 97,0 | 86,0 | 87,0 | 62,0
Ga 182 | 168 | 134 | 176 | 140 | 158 | 16,1 | 14,1 | 16,7 | 16,8
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40 41 42 43 44 45 46 47 48 49
Y 14,7 | 16,1 | 129 | 18,0 | 148 | 16,3 | 16,7 | 146 | 159 | 113
Nb 9,30 | 860 | 6,90 | 10,3 | 7,50 | 9,10 | 8,80 | 7,40 | 9,70 | 8,60
Ta 089 | 086 | 063 | 104 | 0,71 | 0,82 | 0,77 | 0,65 | 0,97 | 0,85
Zr 219 | 218 | 232 | 36,8 | 229 | 342 | 26,4 | 22,1 | 39,2 | 152
Hf 09 | 091 | 089 | 1,38 | 098 | 1,29 | 1,01 | 0,83 | 1,49 | 0,75
Mo 292 | 200 | 556 | 294 | 195 | 283 | 287 | 3,21 | 2,52 | 3,22
Sn 8,20 | 6,20 | 22,7 | 6,40 | 5,10 | 3,30 | 430 | 6,80 | 4,20 | 3,60
TI 0,77 1 065 | 09 | 111 | 093 | 0,88 | 0,84 | 0,64 | 1,09 | 0,87
Pb 238 | 264 | 353 | 311 | 404 | 28,1 | 332 | 370 | 250 | 21,0
U 390 | 3,10 | 2,50 | 3,40 | 2,30 | 2,90 | 3,00 | 2,60 | 3,50 | 3,20
Th 131 | 125 | 950 | 133 | 9,70 | 11,7 | 11,4 | 10,1 | 13,2 | 12,3
La 239 | 229 | 163 | 232 | 180 | 210 | 20,5 | 188 | 22,2 | 20,0
Ce 52,3 | 50,0 | 36,7 | 51,2 | 415 | 475 | 46,7 | 42,3 | 50,0 | 449
Tb 0,44 | 0,47 | 036 | 0,52 | 0,43 | 0,47 | 0,47 | 0,43 | 0,50 | 0,37
Yb 1,40 | 160 | 1,20 | 1,70 | 1,40 | 1,60 | 1,50 | 1,40 | 1,60 | 1,20
Lu 021|023 | 018 | 0,26 | 0,20 | 0,22 | 0,23 | 0,20 | 0,24 | 0,17
W 22,7 | 830 | 73,7 108 | 2510 | 39,2 | 20,9 | 204 | 46,9 | 324
Bi 020 | 0,13 | 226 | 0,23 | 3,64 | 0,65 | 0,40 | 1,64 | 0,57 | 0,28
Ag 09 | 0,24 | 694 | 2,12 | 129 | 419 | 215 | 11,3 | 8,67 | 0,98
Cd 0,08 | 0,06 | 081 | 0,16 | 0,79 | 0,31 | 0,35 | 0,59 | 0,46 | 0,08
Sh 20,1 | 9,99 161 26,4 | 48,2 | 334 | 609 | 676 | 38,1 | 26,1
Te 145 | 0,38 | 145 | 3,20 | 489 | 2,86 | 478 | 1,63 | 3,07 | 1,18
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Ipuiaoxenue 2
Cocmag 2pynnogvlx mexnHon02udecKux npod Memacomamunmos no necuanuxkam no pesyavmamam 1CP-
MS, ICP-AES, npooupnozo ananusa

1 - 15 — Cennosunnas, 16-24 — Jlenbunckasi, 25-28 — Pogaukosas

Amnamuzel npenoctasieHsl AO «llonmumerann WHXUHUPHHTY, TPYNIOBbIE MPOOBI BKIIOYANH B CeOs
U3y4yaeMble HHTEPBAJIbI.

1 2 3 4 5 6 7 8 9 10 11

Kommnonentsl, macc.%

SiO, 52,7 | 56,4 | 54,7 | 55,6 | 539 | 60,0 | 53,0 | 579 | 50,5 | 57,5 | 60,2

TiO, 050 | 047 | 043 | 0,49 | O51 | 048 | 0,43 | 0,51 | 0,49 | 0,46 | 0,52

AlL,O; | 13,1 | 132 | 1266 | 13,2 | 129 | 13,0 | 123 | 13,1 | 12,2 | 119 | 1472

Fe,O; | 433 | 381 | 3,20 | 403 | 421 | 3,80 | 3,46 | 430 | 454 | 3,24 | 3,93

MnO 0,08 | 0,07 | 0,06 | 0,07 | 0,09 | 007 | 0,07 | 0,08 | 0,11 | 0,06 | 0,06

MgO 224 | 2,11 | 286 | 2,76 | 290 | 2,31 | 2,74 | 1,98 | 3,83 | 2,90 | 1,90

Ca0 412 | 386 | 530 | 543 | 526 | 458 | 514 | 4,04 | 798 | 577 | 3,55

Na,O 2,70 | 3,12 | 248 | 2,76 | 250 | 2,72 | 2,26 | 2,38 | 2,12 | 2,51 | 2,37

K.0 3,68 | 360 | 328 | 3,20 | 358 | 3,33 | 323 | 3,38 | 3,06 | 2,81 | 4,02

P20s 0,11 | 0,10 | 0,09 | 0,21 | 0,23 | 0,22 | 0,09 | 0,20 | 0,13 | 0,09 | 0,12

Moo | 867 | 784 | 105 | 105 | 3,52 | 830 | 10,2 | 8,13 | 13,0 | 10,1 | 7,41

S 153 | 141 | 115 | 144 | 131 | 130 | 1,33 | 1,23 | 0,95 | 1,27 | 1,24

Cymma | 93,76 | 95,99 | 96,65 | 99,59 | 90,81 | 100,01 | 94,25 | 97,13 | 98,91 | 98,61 | 99,52

DJIEeMEHTHI, I/T

Au 2,73 | 197 | 599 | 202 | 292 | 3,82 | 548 | 266 | 2,75 | 2,37 | 4,69
Li 18,0 | 18,0 | 16,0 | 20,0 | 13,0 | 18,0 | 14,0 | 19,0 | 13,0 | 140 | 140
Rb 137 | 123 | 112 | 112 | 126 124 134 | 120 | 939 | 97,6 | 148
Cs 144 | 145 | 16,7 | 105 | 149 | 116 | 206 | 14,6 | 13,0 | 111 | 174
Be 250 | 2,50 | 2,40 | 2,20 | 2,30 | 2,40 | 2,70 | 2,50 | 1,70 | 1,70 | 2,80
Sr 243 | 267 | 241 | 269 | 271 204 212 | 217 | 239 | 235 | 186
Ba 432 | 491 | 402 | 408 | 474 352 339 | 436 | 338 | 230 | 388
Sc 10,7 | 9,10 | 7,60 | 106 | 13,1 | 890 | 9,20 | 129 | 12,2 | 7,00 | 9,60
\Vj 80,0 | 65,0 | 74,0 | 80,0 | 110 69,0 109 | 103 | 101 | 52,0 | 74,0
Cr 163 | 118 | 140 | 181 | 144 127 116 | 207 | 145 | 151 | 119

Co 9,30 | 800 | 6,80 | 9,70 | 116 | 7,90 | 850 | 10,3 | 9,80 | 5,90 | 8,10
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1 2 3 4 5 6 7 8 9 10 11
Ni 208 | 214 | 20,7 | 285 | 27,8 | 224 | 246 | 27,6 | 26,6 | 18,6 | 21,7
Cu 38,7 | 196 | 184 | 343 | 308 | 232 | 345 | 251 | 210 | 16,0 | 17,4
As 3840 | 3070 | 6760 | 2150 | 4170 | 6320 | 6680 | 2570 | 1950 | 2120 | 7440
Zn 79,0 | 74,0 | 58,0 | 75,0 | 86,0 | 70,0 122 | 79,0 | 80,0 | 50,0 | 79,0
Ga 17,7 | 170 | 175 | 17,2 | 17,0 | 181 | 197 | 175 | 146 | 141 | 19,2
Y 156 | 130 | 13,7 | 149 | 16,2 | 145 | 145 | 155 | 141 | 128 | 149
Nb 790 | 7,00 | 6,00 | 6,60 | 6,70 | 6,70 | 6,60 | 7,10 | 530 | 580 | 8,10
Ta 164 | 092 | 0,77 | 069 | O,74 | 063 | 0,70 | 0,71 | 0,66 | 0,62 | 0,74
7r 528 | 273 | 16,2 | 19,7 | 39,5 | 422 | 411 | 338 | 28,6 | 16,7 | 37,2
Hf 198 | 089 | 0,53 | 054 | 127 | 115 | 1,20 | 1,16 | 0,82 | 0,47 | 1,04
Mo 384 | 214 | 344 | 353 | 232 | 149 | 191 | 1,72 | 1,00 | 1,05 | 1,22
Sn 2,70 | 2,70 | 2,40 | 2,20 | 260 | 450 | 12,1 | 7,10 | 3,30 | 5,60 | 3,00
TI 0,70 | 0,62 | 0,66 | 060 | 0,72 | 0,71 | 0,79 | 0,82 | 0,63 | 0,60 | 0,82
Pb 196 | 188 | 1655 | 220 | 20,2 | 175 | 346 | 203 | 134 | 154 | 171
U 1,70 | 1,50 | 1,40 | 1,40 | 160 | 1,70 | 260 | 2,00 | 1,40 | 1,70 | 1,90
Th 7,30 | 7,10 | 6,40 | 6,60 | 660 | 7,00 | 830 | 7,20 | 5,20 | 7,10 | 7,10
La 195 | 199 | 196 | 160 | 194 | 206 | 204 | 182 | 12,7 | 176 | 20,1
Ce 45,6 | 46,4 | 454 | 39,0 | 453 | 479 | 473 | 433 | 30,9 | 40,2 | 47,0
Th 052 | 046 | 045 | 0,47 | 048 | 046 | 0,47 | 0,49 | 0,44 | 0,42 | 0,49
Yb 160 | 1,20 | 1,30 | 1,30 | 1,60 | 1,40 | 1,30 | 1,40 | 1,50 | 1,30 | 1,30
Lu 0,24 | 0,17 | 0,47 | 0,28 | 0,20 | 0,20 | 0,20 | 0,21 | 0,19 | 0,18 | 0,20
W 40,0 | 47,7 | 595 | 50,6 | 46,7 | 51,7 | 56,7 | 431 | 418 | 36,5 | 76,3
Bi 0,27 { 0,31 | 0,42 | 0,15 | 0,26 | 0,30 | 0,60 | 0,36 | 0,15 | 0,10 | 0,28
Ag 1,42 | 102 | 260 | 494 | 215 | 207 | 6,25 | 1,65 | 1,74 | 2,14 | 3,89
cd 0,08 | 0,08 | 0,12 | 0,08 | 0,24 | 0,24 | 0,26 | 0,11 | 0,06 | 0,05 | 0,12
Sh 66,5 | 50,6 | 80,5 | 58,0 | 76,1 102 111 | 40,6 | 59,1 | 49,7 | 134
Te 199 | 045 | 133 | 185 | 6,03 | 931 | 16,7 | 6,06 | 405 | 0,81 | 8,34
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12 13 14 15 16 17 18 19 20 21 22
KomnonenTsl, mace.%
SiO, 50,2 | 56,5 | 52,7 | 53,4 | 60,6 | 66,8 | 644 | 62,7 59,3 57,3 | 61,6
TiO, 041 | 0,42 | 052 | 0,47 | 0,60 | 0,43 | 0,45 | 0,64 0,50 0,64 | 0,48
AlLO; | 109 | 116 | 125 | 123 | 13,0 | 138 | 12,1 | 149 11,3 136 | 134
Fe,O; | 4,17 | 3,66 | 451 | 444 | 552 | 3,38 | 530 | 441 4,51 597 | 3,69
MnO 0,09 | 0,08 | 0,10 | 0,09 | 0,10 | 0,05 | 0,11 | 0,04 0,07 0,08 | 0,04
MgO 406 | 283 | 325 | 288 | 3,21 | 0,90 | 1,36 | 1,35 2,30 1,88 | 1,74
Ca0 8,64 | 6,11 | 6,69 | 6,52 | 237 | 1,53 | 2,06 | 2,09 3,74 3,63 | 3,43
Na,O 1,89 | 2,10 | 210 | 2,09 | 245 | 394 | 2,85 | 2,47 1,72 1,60 | 2,19
K,0 297 | 307 | 3,10 | 297 | 3,45 | 3,25 | 2,63 | 3,62 3,12 3,64 | 3,69
P20s 0,09 | 0,08 | 0,14 | 0,08 | 0,27 | 0,06 | 0,11 | 0,15 0,09 0,17 | 0,08
Moo | 136 | 10,2 | 11,5 | 109 | 579 | 2,86 | 522 | 554 8,11 7,66 | 6,37
S 128 | 093 | 145 | 131 | 0,44 | 0,39 | 1,84 | 0,96 2,07 2,74 | 1,13
Cymma | 98,30 | 97,58 | 98,56 | 97,45 | 97,70 | 97,39 | 98,43 | 98,87 | 96,83 | 98,91 | 97,84
DIJIeMEHTBI, PpMm
Au 407 | 320 | 3,75 | 454 | 360 | 1,63 | 3,17 | 3,88 11,8 5,08 | 2,69
Li 140 | 150 | 12,0 | 14,0 | 62,0 | 22,0 | 24,0 | 25,0 25,0 28,0 | 26,0
Rb 110 | 103 | 100 | 935 | 121 | 87,1 | 104 | 145 127 131 | 146
Cs 145 | 142 | 115 | 11,8 | 129 | 114 | 575 | 18,6 20,4 20,2 | 153
Be 200 | 19 | 1,80 | 1,60 | 2,00 | 1,90 | 1,70 | 2,60 2,40 2,30 | 2,30
Sr 256 | 230 | 255 | 236 | 221 | 190 | 154 | 141 121 109 | 136
Ba 209 | 408 | 314 | 303 | 374 | 549 | 287 | 299 226 385 | 290
Sc 7,20 | 8,550 | 9,90 | 10,0 | 14,1 | 6,90 | 7,60 | 11,2 10,2 14,3 | 9,20
\Vj 81,0 | 68,0 | 86,0 | 84,0 | 118 | 56,0 | 60,0 | 90,0 80,0 111 | 65,0
Cr 93,0 | 152 | 130 | 163 | 207 | 180 | 181 | 121 175 113 | 129
Co 6,70 | 7,20 | 8,80 | 10,5 | 16,3 | 5,90 | 13,6 | 8,90 7,90 115 | 6,20
Ni 195 | 210 | 22,7 | 289 | 76,7 | 20,0 | 20,3 | 19,9 20,4 28,3 | 18,8
Cu 573 | 198 | 292 | 238 | 36,6 | 124 | 20,2 | 17,4 16,9 40,5 | 12,8
As 3320 | 3070 | 3010 | 3550 | 2020 | 1540 | 4410 | 2940 | >10000 | 6430 | 3190
Zn 70,0 | 57,0 | 87,0 | 63,0 | 61,0 | 44,0 | 117 | 60,0 41,0 95,0 | 40,0
Ga 152 | 149 | 156 | 146 | 152 | 155 | 159 | 17,6 17,9 20,6 | 181
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12 13 14 15 16 17 18 19 20 21 22
Y 14,1 | 13,1 | 139 | 132 | 12,8 | 9,40 | 10,1 | 116 11,9 16,1 | 125
Nb 580 | 650 | 560 | 540 | 580 | 590 | 550 | 6,20 5,20 7,80 | 6,70
Ta 061 | 061 | 056 | 0,57 | 0,50 | 0,49 | 0,55 | 0,63 0,40 0,71 | 0,69
Zr 334 | 264 | 124 | 26,2 | 50,1 | 23,8 | 36,2 | 27,2 31,7 80,3 | 60,8
Hf 1,16 | 0,74 | 0,49 | 0,65 | 1,27 | 0,81 | 1,07 | 0,81 0,90 2,09 | 2,01
Mo 105 | 138 | 1,24 | 133 | 1,13 | 151 | 151 | 1,07 1,25 1,88 | 1,18
Sn 3,10 | 8,20 | 2,80 | 3,30 | 4,20 | 3,20 | 20,0 | 3,40 3,10 6,60 | 3,80
TI 0,67 | 059 | 065 | 0,61 | 0,57 | 0,44 | 0,53 | 0,75 0,61 0,62 | 0,71
Pb 29,2 | 16,7 | 210 | 158 | 125 | 194 | 175 | 16,8 10,9 152 | 16,3
U 250 | 1,30 | 1,20 | 2,70 | 1,60 | 1,10 | 1,40 | 1,50 1,10 1,30 | 2,40
Th 8,90 | 6,10 | 5,70 | 5,60 | 590 | 6,30 | 6,30 | 6,60 5,30 6,30 | 8,70
La 175 | 184 | 149 | 151 | 16,7 | 20,5 | 19,6 | 18,2 16,0 17,9 | 204
Ce 40,4 | 416 | 36,0 | 34,7 | 37,7 | 46,0 | 440 | 418 36,1 42,3 | 46,9
Tb 043 | 0,41 | 0,46 | 0,42 | 0,43 | 0,35 | 0,42 | 0,46 0,44 0,57 | 0,46
Yb 1,40 | 1,20 | 1,40 | 1,20 | 1,20 | 1,00 | 1,00 | 1,10 1,10 1,70 | 1,60
Lu 0,19 | 018 | 0,19 | 0,28 | 0,18 | 0,13 | 0,16 | 0,17 0,15 0,24 | 0,21
W 57,8 | 474 | 39,9 | 46,8 | 249 | 19,2 | 11,3 | 56,1 42,6 28,4 | 30,2
Bi 09 | 040 | 0,22 | 0,10 | 0,29 | 0,17 | 0,68 | 0,21 0,32 0,33 | 0,24
Ag 625 | 0,73 | 211 | 1,37 | 058 | 0,51 | 0,63 | 2,20 2,19 2,65 | 0,79
Cd 0,27 | 0,06 | 0,11 | 0,07 | 0,03 | 0,06 | 0,43 | 0,05 0,03 0,05 | 0,01
Sh 749 | 56,8 | 81,1 | 954 | 218 | 14,4 | 33,7 | 31,6 69,5 46,9 | 255
Te 46,9 | 1,38 | 258 | 0,77 | 0,14 | <0,05| 0,06 |<0,05| <0,05 | 0,10 | 0,05
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23 24 25 26 27 28
KomnonenTsl, macc. %
SiO, 64,1 | 643 | 56,5 | 574 | 57,5 60,2
TiO, 0,60 | 0,57 | 0,70 | 0,65 | 0,59 0,52
AlLO; | 142 | 133 | 142 | 145 | 14,1 11,9
Fe,O; | 500 | 450 | 596 | 549 | 4,90 4,56
MnO 0,05 | 0,05 | 008 | 006 | 0,10 0,08
MgO 142 | 112 | 2,33 | 1,90 | 2,38 3,01
CaOo 2,71 | 217 | 3,71 | 263 | 3,70 4,81
Na,O 208 | 1,43 | 1,89 | 2,76 | 1,40 2,06
K,0 380 | 3,16 | 3,58 | 4,40 | 3,95 3,37
P.Os 0,12 | 0,17 | 0,27 | 0,15 | 0,13 0,15
Moo | 459 | 576 | 953 | 551 | 891 9,00
S 124 | 148 | 2,05 | 1,94 | 244 1,47
Cymma | 99,91 | 98,01 | 100,70 | 97,39 | 100,10 | 101,13
DIJIeMEHTBI, PpMm
Au 408 | 2,61 | 563 | 10,7 | 1138 115
Li 28,0 | 790 | 210 | 220 | 26,0 20,0
Rb 134 | 119 120 149 140 146
Cs 216 | 181 | 126 | 24,7 | 181 18,3
Be 2,30 | 200 | 2,20 | 2,60 | 2,50 2,30
Sr 107 | 88,9 181 225 122 198
Ba 370 | 283 369 554 251 253
Sc 116 | 108 | 141 | 139 | 10,9 12,3
\Vj 93,0 | 91,0 189 118 107 122
Cr 147 | 154 132 144 104 139
Co 145 | 840 | 111 | 123 | 10,7 11,0
Ni 240 | 224 | 258 | 30,3 | 257 23,0
Cu 25,7 | 45,7 | 38,7 104 37,3 38,9
As 3910 | 6610 | 2740 | 4920 | 3970 | 4340
Zn 61,0 | 66,0 100 71,0 | 73,0 69,0
Ga 18,1 | 18,1 | 184 | 21,2 | 20,3 15,7
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23 |24 |25 26 |27 28
Y 132 | 10,7 | 158 | 150 | 140 | 131
Nb 690 | 690 | 560 | 870 | 840 | 820
Ta 063 | 1,18 | 0,73 | 087 | 081 | 0,76
7r 570 | 30,1 | 9,10 | 130 | 331 | 39,9
Hf 160 | 1,30 | 024 | 034 | 115 | 147
Mo 147 | 140 | 164 | 157 | 1,85 | 7,67
sn 400 | 155 | 410 | 173 | 235 | 8,90
I 062 | 060 | 0,77 | 1,02 | 097 | 0094
Pb 157 | 144 | 153 | 20,7 | 29,8 | 20,1
U 150 | 1,50 | 1,10 | 1,60 | 1,80 | 2,90
Th 7,40 | 7,00 | 510 | 880 | 9,00 | 10,9
La 212 | 17,7 | 143 | 213 | 21,0 | 200
Ce 471 | 406 | 340 | 50,9 | 49,3 | 435
Tb 046 | 043 | 053 | 057 | 053 | 043
Yb 140 | 1,10 | 1,50 | 1,40 | 1,40 | 1,30
Lu 020 | 017 | 023 | 018 | 0,20 | 0,19
W 305 | 189 | 37,6 | 353 | 229 | 380
Bi 044 [ 035 | 060 | 031 | 041 | 047
Ag 1,36 | 106 | 268 | 17,1 | 229 | 6,68
cd 001 | 005 | 020 | 016 | 008 | 0,14
Sh 417 | 727 | 259 | 71,0 | 543 | 416
Te 008 | 021 | 189 | 17,4 | 179 | 341
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Introduction

The Kutyn deposit, located in the Tuguro-Chumikansky district of the Khabarovsk krai of Russia,
was discovered by geologists of the Far Eastern Territorial Geological Department in the 70s of the XX
century as promising for gold mining. Since 2011, large-scale geological exploration has been carried
out at the field, which confirmed its prospects (Trushin et al., 2021). At the moment, the deposit has
already been put into operation by Polymetal. However, publications about this deposit are rare and
relate mainly to the analysis of geological and structural features of the deposit (Malykh, 2014), the total
mineral composition of ores (Malykh, 2015). In the work (Trushin et al., 2021) devoted to magmatogenic
ore-bearing systems of gold deposits of the Ulban terrane, the Kutyn deposit is considered as a
hypabyssal intrusive-dome magmatogenic ore-bearing system.

It is well known, deposits of tin, boron, polymetals, tungsten, and gold are widespread in the Far
Eastern region. Prospects for the development of the resource base of gold in the Far East are associated
with hardrock deposits. However, the degree and completeness of the study of gold deposits is not
uniform. Nezhdaninskoye deposit in Yakutia (Bortnikov et al., 2007, etc.), Natalkinskoye (Goncharov
et al., 2002; Goryachev et al., 2008, etc.) and Shkolnoye (Volkov et al., 2011) in the Magadan region,
Malmyzhskoye in the Khabarovsk Territory (Bukhanova, Shoulders, 2017; Bukhanova, 2018; Petrov et
al., 2020, etc.), Berezitovoye in the Amur region (Vakh et al., 2009; Melnikov et al., 2009; Avchenko et
al., 2013, etc.), Mayskoye in Chukotka (Bortnikov et al., 2004, etc.), Malinovskoye in Primorye
(Gvozdev et al., 2016; Dobroshevsky, Goryachev, 2021, etc.) and others are studied in details, while
other large and medium-sized deposits under development, from a genetic point of view, have been
studied fragmentally. As a rule, detailed mineralogical studies have been carried out on such objects (for
example, on Albazinskoye — Kemkin, Kemkin, 2018; Kemkin et al., 2018), however, data on the
formation conditions, age, and source of the metal are limited. Thus, the traditional questions of the
genesis of deposits: age, the nature of the connection with magmatism, the source of fluid and metal of
gold deposits, the mechanisms of their formation remain relevant scientific problems.

The relevance of the work lies in the need to study the material composition of the ores of the
Kutyn deposit in order to typify mineralization and identify the dependence of the balance of mineral
forms of gold on the conditions for the formation of productive mineral associations. The obtained data
on the composition of ores can be used to improve the technological scheme of ore processing. The
Kutyn deposit is an important object of the resource base of the Khabarovsk Krai, but despite the
beginning of its development, there is still no data on the conditions of its formation.

The purpose of this study is to identify the mineralogical and geochemical features of ore-

bearing metasomatites and physico-chemical conditions of ore formation of the Kutyn gold deposit.
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The following research objectives were set before the study:

- studying of mineral and chemical composition of ore-bearing metasomatites;
- identification of the sequence of mineral formation;

- assessment of PT-conditions for the formation of the deposit;

- determination of the absolute age of metasomatites and potentially ore-generating granodiorites.

Protected Provisions

1. The gold-bearing metasomatites of the Kutyn deposit develop along the granodiorites of the
Birandjinsky massif and the sandstones containing them, are represented by sericite-carbonate-quartz
metasomatites of the berezite formation. Five ore-bearing mineral associations formed in two stages
have been established. The hydrothermal-metasomatic stage includes metasomatic and vein steps, in
which pyrite-arsenopyrite, gold-tetrahedrite-arsenopyrite, gold-pyrite and telluride associations are
distinguished. The supergene stage is manifested in the development of the goethite-arsenate association.

2. The formation of gold-bearing mineralization occurred with a decrease in temperature from
240-370°C for the gold-tetrahedrite-arsenopyrite association to 190-220 °C for the vein gold-pyrite
association from Ca-Mg-Na-K chloride solutions with a decrease in salinity from 9.21 to 0.71 wt. %
NaCl equiv. The telluride association was formed at 140-165°C from Ca-Na-chloride fluids of low
salinity (from 1.23 to 2.90 wt. % NaCl equiv.). The pressure of mineral formation is estimated at an
interval of 0.9-1.6 kbar.

3. Variations in the oxygen isotopic composition from +10.4...+11.4 %o 8'80 in quartz from
metasomatites to 18.0 %o 520 in quartz from veins are the result of mixing fluids of various origins —
isotopically heavy magmatogenic and isotopically light meteoric. A narrow range of values of the
isotopic composition of sulfur -1.4...1.4 84S in sulfides indicates a single magmatogenic source of ore
matter. The isotopic characteristics of Pb in the sulfides of the Kutyn deposit indicate the upper-crust
nature of the source, with an insignificant role of the mantle component.

4. 1sotope-geochronological studies have established that ore-bearing quartz-sericite-carbonate
metasomatites — 79.3+0.5 million years (Rb-Sr isochron) — were formed 10 million years later than the
host granodiorites of the second phase of the Birandjinsky massif — 90.7+1.7 (U-Pb, zircon, SHRIMP)
and 92.7+0.4 million years (Rb-Sr erochron), which allows us to assume the allometasomatic nature of

the gold mineralization of the Kutyn deposit.

The factual material. As part of geological exploration and operational geotechnological
mapping at the Kutyn field during 2017-2021, core material was transferred to Polymetal Engineering
JSC for technological research. From the presented samples the author and colleagues selected a

representative collection of ore-bearing metasomatites and ores, supplemented with unchanged
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potentially ore-generating granodiorites. The work uses data on the precious metals content in individual

samples, as well as the results of analyses of group samples provided by JSC Polymetal Engineering.

Methods and scope of research

1. Geological studies of 7 main ore zones located in the endo- and exocontacts of the Birandjinsky

massif. The collection of samples of granodiorites and ore-bearing metasomatites consists of 197

samples taken in different ore zones in the range from 22 to 360 m (Table 1).

Table 1. Binding of selected samples

. . Average
Ore zone Rocks _Samplmg Quantity Number of taken content of Au,
interval, m boreholes samples it
Sedlovinnaya metasandstones 30-360 15 85 3,57
Delinskaya metasandstones 34-150 9 1 3,62
. metasandstones,
Rodnikovaya metagranodiorites 60-100 4 17 7,14
Geophysical metagranodiorites 40-103 11 56 4,78
metagranodiorites, vein
Perevalnaya breccias 28-107 7 19 4,86
Itylskaya metasandstones 22-47 3 5 4,82
Jyaty metagranodiorites 23-119 5 14 10,8

2. Geochemical studies:
Petrochemical and trace element analysis (ICP-AES, ICP-MS, VSEGEI) — 15 rock samples.

3. Mineralogical research:

study of thin sections in transmitted light — 57 sections of rocks,

study of ore mineralization in reflected light — 72 polished sections,

electron microprobe analysis — 33 sections and anshlifs,

guantitative X—ray phase analysis — 15 samples,

transmission electron microscopy — 2 samples.

3. Estimation of PT-conditions:

mineral and geochemical geothermobarometers;

thermobarogeochemical studies of fluid inclusions in quartz - 19 double-sided polished quartz

plates;

Raman spectroscopy of fluid inclusions in quartz — 19 quartz plates.

4. Isotope-geochemical studies:
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determination of the age of the zircon of granodiorites by the U-Pb method (SHRIMP, VSEGEI)
— 1 sample;

age determination by Rb-Sr method (rock-mineral isochrons) for samples of unchanged and
metasomatized granodiorite (IPGG RAS) — 7 samples of rocks and minerals;

determination of the age of sericite by Ar-Ar method (IGM SB RAS) — 1 sample;

Pb-Pb isotope analysis of sulfides (IPGG RAS) — 3 samples;

isotopic analysis of O (8 samples of quartz and muscovite), S (5 samples of sulfides), C and O
(2 samples of carbonates) (IGM SB RAS, GIN SB RAS).

Author’s contribution consisted in the selection and description of samples, conducting
mineralogical studies, interpreting the results of mineralogical, geochemical, isotope-geochemical
studies, conducting thermobarogeochemical experiments and their interpretation.

Scientific novelty. The age of the granodiorites of the Biranjinsky massif has been established
for the first time. New data on the mineral composition of ores, typomorphic features of sulfides were
obtained, telluride mineralization was characterized. The conditions of mineral formation of productive
mineral associations are determined.

Practical significance consists in characterizing the material composition of the ores of the
Kutyn deposit, establishing the forms of presence of gold, clarifying the composition of ore and
secondary minerals. Some of the results of mineralogical studies were used in compiling the balance of
gold by the forms of presence within the framework of technological research. The obtained data on the
typomorphism of sulfides, the characteristics of the ore-bearing fluid can be used in the search for similar
objects in adjacent territories.

Testing of the results and publications. This study was supported by the Russian Foundation
for Basic Research, project no. 20-35-90102 "Mineralogical and geochemical characteristics and
problems of the genesis of gold mineralization of hydrothermal-metasomatic formations of the Kutyn
ore node, Khabarovsk Krai".

According to the research results, two articles have been published in journals included in the
citation systems Web of Science and Scopus: "Mineral composition of ores of gold-bearing
metasomatites of the Kutyn deposit, Khabarovsk Territory"” A.M. Azarian, E.V. Badanina, 1.S. Anisimov
(Proceedings of the Russian Mineralogical Society) and "Age and the problem of genesis of the Kutyn
gold deposit, Khabarovsk Krai" A.M. Azarian, E.V. Badanina, Savatenkov V.M., Kuznetsov A.B.
(Reports of the Russian Academy of Sciences).

The results of the work are presented in the form of reports at 8 conferences: XXXI Youth
Scientific School and conference dedicated to the memory of the corresponding member of Academy of
Sciences of the USSR K.O. Kratsa (IPGG RAS, St. Petersburg, 2020); Society of Economic Geologists
(SEG) conference 100 (Whistler, Canada, 2021); International Geochemical Conference Goldschmidt
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2021 (online); X1V Russian seminar "Technological mineralogy in assessing the quality of mineral raw
materials of natural and man-made origin" (FGPU "VIMS", Moscow, 2022); Geological International
Student Summit "GISS-2022" (St. Petersburg State University, St. Petersburg, 2022); XI Russian Youth
Scientific and Practical School "New in the Knowledge of ore Formation Processes” (IGEM RAS,
Moscow, 2022); International School of Earth Sciences named after Professor L.L. Perchuk
(Petropavlovsk-Kamchatsky, 2022); VI International Scientific Conference "Geodynamics and
Mineralogy of Northern Eurasia”, dedicated to the 50th anniversary of the Geological Institute named
after N.L. Dobretsova SB RAS, 300th Anniversary of the Russian Academy of Sciences, 100th
Anniversary of the Republic of Buryatia and 10th Anniversary of Science and Technology (GIN SB
RAS, Ulan-Ude, 2023).

Structure and scope of the dissertation. The work consists of an introduction, 8 chapters, a
conclusion, a list of references and two appendixes. The introduction formulates the purpose and
relevance of the work. The first chapter contains a brief overview of the classifications and types of gold
deposits, as well as a brief description of four different deposits in the south of the Russian Far East. The
second chapter is devoted to the geological structure of the region and the deposit. Chapter 3 describes
the petrography of granodiorites and ore-bearing metasomatites. Chapter 4 concerns the geochemical
features of rocks and metasomatites of the deposit. In the fifth chapter, the mineral composition of ores
is given, paragenetic associations are highlighted. The sixth chapter is devoted to the study of the
conditions of the formation of the Kutyn deposit, including thermobarogeochemical studies. The seventh
chapter presents the results of estimating the age of granodiorites and metasomatites and isotopic
geochemistry. In chapter 8, based on the results of the study, the genesis of the deposit is discussed.

The total scope of the dissertation with appendixes is 132 pages, including 18 tables, 58
illustrations, a list of references with 195 titles, 2 appendixes.

Acknowledgments. The author is deeply grateful to his supervisor, PhD, E.V. Badanina, for all-
round help and immersion in the research. The author expresses gratitude to Polymetal Engineering JSC
for the provided samples is grateful to V.M. Savatenkov (IPGG RAS); N.S. Vlasenko and V.N.
Bocharov (RC SPbU "Geomodel"); V.N. Reutsky and D.S. Yudin (IGM SB RAS); V.F. Posokhov (GIN
SB RAS); E.N. Fokina (St. Petersburg State University); A.S. Loshachenko, D.V. Danilov and N.A.
Maslova (RC SPbU "Nanotechnology™) for their analytical research. The author thanks L.F. Syritso, I.S.
Anisimov, A.B. Kuznetsov, L.B. Damdinova, S.V. Malyshev, O.V. Yakubovich, Yu.Yu. Yurchenko,
the staff of the Department of Geochemistry for advice and productive discussion of the results, Kusarin
R.R., Nikitina M.V., Ushakova K.L. (Laboratory of Sample Preparation and Sample Processing, SPbU)
and lvanova L.A. (Laboratory of Sample Preparation, IGG RAS) for work on the monofractions,
sections, polished sections and plates preparation, Sergeeva I.A., Krasyukova T.O., Rylova V.N.,

Podolyan E.I., Filippova N., Nesterenko I. and the staff of the mineralogical laboratory "Polymetal
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Engineering” for assistance at various stages of the study. The research would be difficult without the
financial support of the Russian Foundation for Basic Research (scientific project No. 20-35-90102). |

thank my family for their patience and help.



144

Chapter 1. General information about gold deposits

1.1.Classification of gold deposits

There are various approaches to the classification of gold deposits, which are based on the
mineral composition of ores, structural and textural features (Borodaevskaya M.B., Rozhkov, 1976),
morphology of ore bodies, depth of formation, geodynamic situation (Groves et al., 1998), connection
with magmatic formations (Lindgren, 1933; Smirnov, 1982), age (Groves et al., 2005; Goryachev,
2019). The regional classification is usually based on the material composition of ores and wall rocks,
and also on connection with the accompanying intrusive formations (Sazonov, Koroteev, 2009;
Damdinov, 2019).

When forecasting and searching for ore deposits, ore-formation analysis is often used. Ore
formations are distinguished by the characteristic geological conditions of their location and formation.
Among the gold ore formations, the following are distinguished: gold-arsenic-sulfide, gold-quartz, gold-
polysulfide, gold-silver, gold-sulfide-quartz, gold-ferruginous-quartzite, gold-uranium. Each formation
is characterized by mineral associations, geodynamic position, potentially ore-bearing igneous
formations, host rocks, geological situation (Gold-bearing..., 2010).

According to the type of magmatic formations preceding or accompanying hydrothermal activity,
plutogenic, volcanogenic-plutogenic, volcanogenic and amagmatic are distinguished (Spiridonov,
2010).

According to the tectonic position, deposits of oceanic arcs and active continental margins (gold-
copper-porphyry and epithermal), back-arc basins (VMS - massive sulfide ores), accreted terranes
(orogenic), intraplate (epithermal and Carlin type) differ (Groves et al., 1998) (Fig. 1.1).

To date, the following genetic types of gold deposits are distinguished: orogenic, epithermal,
intrusion-related, porphyry gold-bearing, massive sulfide gold-bearing, complex iron oxide (I0OGC),
paleoplacer (Groves et al., 1998; Kerrich et al., 2000; Lang et al., 2000).

In modern terminology, epithermal deposits are deposits formed at low temperatures (<300°C)
and at depths up to 1.5 km (Hedenquist et al., 2000; Simmons et al., 2005). The classification of
epithermal deposits is based on the concept of sulfidation, which characterizes the degree of oxidation
and activity of sulfur in the fluid.

Highly sulfidized (HS) epithermal deposits are formed under highly oxidizing conditions, with
high acidity of the fluid. Minerals are represented by cavernous quartz, alunite, pyrophyllite, dickite,
barite, which is close to the concept of secondary quartzites (Plotinskaya, 2022; Zharikov et al., 1998).
The content of sulfides varies widely - from 5 to 90%, pyrite predominates. Deposits of this and the

following types are developed in suprasubduction environments.
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Figure 1.1. Tectonic position of various types of gold deposits (Groves et al., 1998)

Ore formation in intermediate sulfidized (IS) type deposits occurs from a fluid with a neutral pH.
Illite predominates from metasomatic minerals, quartz from vein minerals, Mn-containing carbonates
are also characteristic. Ore minerals (5-20%) are represented by galena, sphalerite, chalcopyrite, pale
ores, pyrite; (Sillitoe, Hedenquist, 2003; Plotinskaya, 2022).

Deposits of the low-sulfidized type (LS) are formed from neutral or slightly alkaline reduced
fluids at temperatures of 130-290 °C, sometimes up to 390 °C. The main vein mineral is chalcedony
quartz, which forms striped, breccia, cockade textures, and adular is also a characteristic mineral. The
total amount of ore minerals (arsenopyrite, pyrrhotite, galena, sphalerite, pale ore, chalcopyrite, pyrite)
does not exceed the first percent, characterized by the predominance of Ag over Au. The deposits are
confined to the back-arc or postcolisional rifts and are associated with subalkaline, alkaline or bimodal
volcanism (Hedenquist et al., 2000).

Gold-copper-porphyry systems are characterized by the stockwork structure of ore bodies, in
which sulfides are confined to veins, in the surrounding metasomatites sulfides form scattered
dissemination. Metasomatic changes and mineralization are localized at a depth of 1-4 km and are
associated with magmatic reservoirs embedded in the upper crust level. The tectonic position
corresponds to the suprasubduction zones, where multiphase chamber of complex structure are formed,
medium and acid magmas are predominant. A large-scale zonality of metasomatic changes is
characteristic, in which zones of chlorite-sericite metasomatites, secondary quartzites and marginal
propylites overlap or surround the inner zone of potassium metasomatites. The leading role in the
formation of porphyry deposits is a highly concentrated fluid separating from a magmatic source (Berger
et al., 2008; Shoulders et al., 2017).
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In recent years, porphyry-epithermal systems have been considered, where the relationship
between the Cu-Au porphyry system and epithermal high- and medium-sulfidized deposits is traced
(Sillitoe, 2010).

Relatively recently, a new type of gold deposits associated with intrusions (intrusion related gold
systems — IRGS) has been proposed in the English literature (Lang et al., 2000; Lang, Baker, 2001; Hart,
2005). Deposits of this type are associated with alumina subalkaline intrusions of intermediate and acid
composition lying near the boundary between the ilmenite and magnetite series. The composition of ore-
forming hydrothermal fluids is carbon dioxide, but metasomatic changes are weakly manifested. The
content of sulfides does not exceed 5%, and arsenopyrite, pyrrhotite, pyrite predominate; magnetite and
hematite are atypical. High concentrations of Bi, W, As, Mo, Te, Sb and low concentrations of base
metals are characteristic. Tectonically located at some distance from convergent boundaries, they are
distributed in igneous provinces with W- and Sn-ore specialization. The deposits are almost
simultaneous with the intrusion with which they are connected, separated from it in time by no more
than 2 million years (Hart, 2005).

Orogenic deposits are located within regionally metamorphosed or turbidite terranes, in orogenic
belts of accretion and collision types. A distinctive feature of the genesis of deposits of this type is the
metamorphic origin of the fluid. The formation of such deposits can occur at a depth of 15-20 km to
levels close to the surface (Groves et al., 1998; Goryachev, 2006).

If typing by mineral composition can be unambiguous, then determining the genetic type can
become difficult. According to the mineral composition, the Kutyn deposit can be attributed to the gold
quartz poor sulfide ore formation, according to the geological position —on the one hand, to the orogenic
type occurring in turbidites (Groves et al., 1998), on the other — to the type associated with granitoid
intrusions (Hart, 2005).

1.2. Gold deposits of the studied region (Khabarovsk Krai)

The area of the Lower Amur region, or, from the point of view of the zoning of the gold-bearing
areas of the south of the Far East, the Lower Amur zone of the Sikhote—Alin province of the Pacific
gold belt (Eirish, Sorokin, 2005), is a gold-bearing area known since the end of the XIX century, where
mining from placers and hardrock deposits was carried out. The extraction of hardrock gold was carried
out in a small volume before the industrial development of the Mnogovershinny field began in the 1990s,
and then the Belogorsky deposits (in the 2010s) (Alekseev, Starostin, 2017). Below is a brief description
of several gold ore objects of the Khabarovsk Krai — epithermal Mnogovershinny, gold-copper-porphyry
Malmyzhsky, orogenic Albazinsky, as well as the Chulbatkan deposit.

Mnogovershinnoe The Au-Ag epithermal deposit is located within the Ula volcanic structure at

the northern end of the East Sikhote-Alin volcanic belt. The deposit is located at the contact of the
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Bekchi-Ulsky granitoid massif. Volcanic rocks of the deposit have been changed to propylites, berezites,
argillizite. Quartz veins and stockwork contain gold-ore bodies. The main vein minerals in the ores are
quartz, adular, sericite. Ore minerals are represented by pyrite, arsenopyrite, pyrrhotite, sphalerite,
galena, chalcopyrite, fahlore, tellurides, native gold, etc. (Geodynamics..., 2006).

The gold-copper-porphyry type is represented by the recently discovered Malmyzhskoye
deposit. The deposit is located in the Nanai district of the Khabarovsk Krai, in the vicinity of the village
of Malmyzh. The geological structure of the Malmyzhskoye deposit involves Early Cretaceous
terrigenous layers intruded by intrusions of diorite-granodiorite composition of Albian-Cenomanian age
(Bukhanova, 2018). Halos of contact and hydrothermal metasomatites are developed around intrusive
rocks, among which potassium, quartz-chlorite-sericite, quartz-sericite and propylite metasomatites are
the most common. Ore mineralization has a veined- disseminated and disseminated character and forms
mineralized stockwork superimposed on metasomatites. Sulfides (pyrite and chalcopyrite, less often
bornite) dominate among ore minerals, less common ore components are sulfides and sulfosalts of lead,
zinc, silver and bismuth, as well as tellurides and sulfoselenides of bismuth and silver (Bukhanova et al.,
2020).

Some researchers note that copper-porphyry deposits, in general, are uncharacteristic for the
Khabarovsk Krai, Primorye and Japan, which is associated with steep subduction in this region. Such
deposits are typical for regions with flat subduction in the west of North and South America, where they
are often adjacent to epithermal gold deposits (Kigai, 2020).

The Albazino deposit is located on the left bank of the Amgun River, in the central part of the P.
Osipenko administrative district of the Khabarovsk Krai. The deposit is associated with a deeply eroded
paleocaldera volcano-structure. The enclosing terrigenous rocks are intruded by numerous dikes and
stocks of intrusive rocks of predominantly moderately acidic composition. The most significant
concentrations of gold are associated with the central parts of the halos of beresitization, with linear
stockwork of quartz and quartz-carbonate veins with sulfide mineralization. Mineralization is manifested
both in sandstones and in dykes. Most of the gold is associated with arsenopyrite, less often it has a free
native form. Previously, the deposit was attributed to the gold-sulfide-quartz formation, gold-low-sulfide
mineral type (Trushin, Kirillov, 2018). However, the identification of a wide range of minerals Sh, Bi,
Mo, Ni, Ag, Cu, Te, Sn in the ore allowed it to be attributed to the gold-rare metal formation (Kemkin,
Kemkina, 2018). From a genetic point of view, it belongs to orogenic deposits (Goryachev, Pirajno,
2014).

The Chulbatkan deposit, like the Albazinskoye, is located in the valley of the Amgun River, on
its right bank, 20 km south of the village Udinsk. The Chulbatkan deposit is a system of plate- and lens-
shaped stockwork steeply falling ore bodies located in the endocontact of the plagiogranite-granodiorite

Chulbat intrusive, in the shear—extension zone of a large fault of the northeastern strike. It can be
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attributed to the poor sulfide quartz-gold ore formation. Native gold is associated with altaite,
chalcopyrite, galena, sandbergite (Zn-containing tennantite), sphalerite, native silver, tellurides, etc.
(Alekseev, Starostin, 2017). The deposit is attributed to objects associated with restored intrusions
(Takagi, Tsukimura, 1997).

Thus, gold deposits of various genesis are known in the Khabarovsk Krai, which opens up
prospects for expanding the resource base of the region.
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Chapter 2. Geological structure of the Kutyn deposit area

2.1. Brief geological characteristics and history of the region’s development
Among the orogenic belts of the Russian Far East, there are collisional (Yano-Kolyma),
accretionary (Okhotsk-Koryak, Kamchatka), combined collisional and transform margins (Mongol-
Okhotsk), active transform margins (Sikhote-Alin). The Late Cretaceous Okhotsk-Chukotka and East
Sikhote-Alin volcanic-plutonic belts are associated with an active continental margin and are post-
orogenic (Fig. 2.1) (Goryachev, Pirajno, 2014).

...:‘:' Uda-Murgal magmatic arc

1000 km

Figure 2. 1. Tectonic scheme of the Far East (Goryachev, Pirajno, 2014)

1 —Siberian craton; 2 — Verkhoyansk deformed passive continental margin; 3 —Omolon (a), and
Okhotsk (b) cratonic terranes; 4—island arc terranes of Kolyma Loop; 5—7—Central Asian orogenic
belt: (5) Argun cratonic terrane, (6) Solonker accretionary terrane, (7) Bureya-Khanka cratonic terrane;
8-11 —Mesozoic orogens: Mongol-Okhotsk (8), Yana-Kolyma (9), Okhotsk—Koryak (10), Arctic
(11) and its Chukotka shelf terrane (11a); 12—-14 —Mesozoic—Cenozoic orogens: Koryak (12),
Sikhote-Alin (13) and Kamchatka—Kurile island arc terranes (14).

As part of the orogenic belts of Central and Northeast Asia, large (hundreds of kilometers),
isometric and linear blocks bounded by faults, composed of older rocks than the orogenic belts framing
them, are being established. Some of them are located along the border of the orogenic belt with the
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craton. Among such blocks, fragments of cratons (Okhotsk and Omolon terranes in northeast Asia) and
superterranes of 2 types are established: 1) fragments of Late Riphean and Early Paleozoic orogenic
belts and 2) representing a collage of terranes amalgamated into one tectonic unit before their accretion
to the craton (Parfenov et al., 2003).

In the Triassic-Jurassic, Early Cretaceous and Late Cretaceous-Paleogene time, subduction of the
oceanic lithosphere led to the formation of wide accretion wedges and pre-arc basins of the Mongol-
Okhotsk, Khingan-Okhotsk and East Sikhote-Alin active continental margins, respectively. The stages
of stable subduction, when the growth of the continent was relatively slow, alternated with the stages of
rapid growth and significant changes in the shape of the continental margin associated with the collision
of large terranes of various tectonic nature with active continental margins (Natal'in, 1993).

The Mongol-Okhotsk Late Paleozoic-Early Mesozoic orogenic belt, formed mainly by the
terranes of the accretion wedge of the Middle-Late Paleozoic and Early Mesozoic age, occupies an axial
position in the structures of Central Asia. In its composition, island-arc formations of Early Mesozoic
age are assumed. The age of the belt is estimated from Carboniferous in the west to Early Middle Jurassic
in Eastern Transbaikalia and Middle Jurassic in the east of the belt. (Parfenov et al., 2003).

The formation of the Mongol-Okhotsk orogenic belt occurred during the closure of the Mongol-
Okhotsk Ocean in the Late Paleozoic — Early Mesozoic (320-230 Ma) by successive eastward movement
(in modern coordinates) of the Amur microcontinent. The main displacement occurred along the Main
Mongol-Okhotsk fault. The subduction zone is assumed along the northern margin of the Amur
microcontinent, which is marked by the East Mongolian volcanic belt of Permian age (Parfenov et al.,
2003).

In the Khingan-Okhotsk magmatic area, two stages of development are recorded with an age of
140-110 and 110-80 million years (Geodynamics ..., 2006). Some researchers associate the formation of
the Khingan-Okhotsk magmatic belt with the oblique subduction of the Paleo-Pacific plate (Nokleberg
etal., 2004) or the back arc basin (Sato et al., 2002) under the continental margin in the Early Cretaceous.
Another opinion explains the formation of the Hingano-Okhotia by the situation of the transform margin,
when oblique subduction was replaced by lateral sliding of plates relative to each other with the
formation of gaps (slab-window) in the previously subducted plate (Geodynamics..., 2006).

At the beginning of the Late Cretaceous, the Central and Southern Sikhote-Alinsky terranes
collided with the Khingan-Okhotsk active margin. The features of the geological structure show that the
terranes of the Central and Southern Sikhote-Alin at the time of their collision with the Khingan-Okhotsk
subduction zone were already attached to Asia, and then migrated along its margins along shear faults.
That is, the Sikhote-Alin terranes were formed on the outskirts of the Asia-Pacific region. The structures
associated with the collision indicate that in all cases the secondary collisions of terranes with Mesozoic

subduction zones were oblique (Natal'in, 1993). The main tectonic event that formed the Sikhote-Alin



151

structure can be called a huge left-sided shift with an amplitude of more than 1000 km, which occurred
at the end of the Early Cretaceous (Khanchuk, 2001). It should be noted that to the west in China, parallel
to the Central Sikhote-Alin fault, the Tang-Lu fault system stretches, with which orogenic gold deposits
are associated (Goldfarb et al., 2014). The Sikhote-Alin terranes are broken through by formations of
the East Sikhote-Alin volcanic-plutonic belt.

In the Cenomanian—Campanian (97-74 Ma) in the east of North Asia, along the border with the
Paleo-Pacific Ocean, a single giant East Asian active continental margin is established, stretching from
Southern China, through the Korean Peninsula, east of Sikhote-Alin to Chukotka and further to Alaska
and the Canadian Cordillera and caused by the subduction of the 1zanagi and Farallon plates (Parfenov
et al., 2003; Goldfarb et al., 2021). Magmatic arcs of the East Asian active continental margin on the
territory of Northern Asia are represented by the East Sikhote-Alin and Okhotsk-Chukotka volcanic-
plutonic belts (Parfenov et al., 2003).

In the Maastrichtian—Eocene (72-33,7 Ma), after accretion of a number of terranes to Northern
Asia, culminating in the formation of Late Cretaceous orogenic belts, and absorption in the subduction
zone of the Izanagi plate, the Pacific Plate begins to sink under the margin of the continent (Parfenov et
al., 2003). The absence of magmatism within Sikhote-Alin and Japan in the period 56-46 Ma is
associated with the subduction of the rift between the Izanagi and Pacific plates (Wu, Wu, 2019). The
nature of the subduction of the Pacific Plate is debatable: some models assume a northward movement
at a slight angle to the continent margin, up to the transform boundary (Parfenov et al., 2003); others
describe direct subduction (Wu, Wu, 2019).

2.2. Geological structure of the Ulban terrane
Traditionally, the Ulban terrane belongs to the eastern part of the Mongol-Okhotsk orogenic belt
(Fig. 2.2) (Parfenov et al., 1999; Khanchuk et al., 2015, etc.). The Ulban terrane is bounded by faults
from neighboring terranes: Galamsky (fragment of the Paleozoic accretion prism) in the west and
northwest, Nilansky in the south (a fragment of the Paleozoic accretion prism), Badzhalsky (Jurassic
accretion prism) and Zhuravlevo-Amur (deposits of the Early Cretaceous marginal continental turbidite
basin) in the east (Khanchuk, 2000).
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Figure 2.2. Terranes, metallogenic zones, gold deposits of the Lower Amur region (Trushin et al.,
2021)

1-8 terranes: 1 — Galamsky, 2 — Ulban, 3 — Kemsky, 4 — Zhuravlevsky-Amur, 5 — Badzhalsky, 6
— Kiselevsky-Manominsky, 7 — Nilansky, 8 — Badzhalo-Khingansky; 9 — deposits (a) and ore
occurrences (b) of gold; 10 a— metallogenic zones: | — Nizhneamurskaya, 11 —Aesop—Yam-
Alinskaya, 11l — Kur—Amgunskaya, 1V — Vostochno—Sikhote-Alinskaya; 10 b — ore-placer nodes:
K — Kutynsky, U — Ulbansky, A — Albazinsky

The Ulban terrane section is based on shelf and turbidite complexes represented by flushoid clay-
sandy rocks of Triassic-Jurassic age. In the Jurassic period, locally manifested volcanism contributed to
the formation of biohemogenic clay-siliceous sediments alternating with basalts. The olistolites enclosed
in the turbidite matrix are mainly represented by Cambrian-Lower Ordovician limestones and siliceous-
terrigenous rocks with layers of volcanites of the main composition. (Gonevchuk et al., 2000). Folding
occurred in the Late Jurassic, brachiform and isoclinal folds are characterized by a north-eastern
orientation.

The terrigenous strata are overlain with angular unconformity by Upper Cretaceous volcanic

rocks of the Ulban, Talimo-Algatinsky and Evursky volcanogenic fields, representing the perivolcanic
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regions of the East Sikhote-Alinsky volcanogen (Martynyuk, 2000). Volcanites belong to andesibasalt
and rhyodacite sub-formations of the terrestrial volcanogenic (subaerial) porphyry formation and are
distributed within the eastern part of the Ulban terrane (Trushin, 2021). The age of the volcanites was
determined by the K-Ar method and is 103 Ma (Kharitonychev, Vikhlyantsev, 1978).

Intrusive formations are represented by rocks of the Ulban complex belonging to the gabbro-
granodiorite-leucogranite formation. Intrusions of the Ulban complex are common in the basins of the
Tyl, Torom, Tugur, Konin, Usalgin rivers, on the Shantar Islands and within the shelf of the Shantar Sea
(Zabrodin et al., 2007), i.e., and outside the Ulban terrane. They comprise the large Alsky and
Mamginsky massifs and a number of small ones (Bear Blanket, Dugandzhinsky, Kopatinsky, etc.)
(Kislyakov et al., 2001), including the Birandjinsky massif. Rocks from basic to acid compositions take
part in the structure of the massifs. The complex was formed in four phases: 1st — gabbro, gabbronorites
(vKzu1), gabbrodiorites (voKzu1); 2nd — diorites, monzodiorites, quartz diorites, quartz monzodiorites,
monzonites, syenites (6Kzuz); 3rd — granites, plagiogranites (yKzuz), granite-porphyry, granodiorite-
porphyry, subalkaline granites, granosienites, granodiorites (yoKous); 4th— leucogranites (lyKaua),
subalkaline leucogranites (elyKous). The most common are the rocks of the third and fourth phases
(Zabrodin et al., 2007).

The rocks of the first phase belong to the normal range of alkalinity of the sodium and potassium-
sodium series. The rocks of the second phase belong to the normal and sub-alkaline series of the
potassium-sodium series. Granodiorites of the third phase are distinguished by increased Mg and K
contents and reduced — Ca. Granites are represented by normal and low-alkaline varieties. The fourth
phase is represented by leucogranites belonging to the normal and sub-alkaline series of rocks of the
potassium-sodium series (Zabrodin et al., 2007).

Within the Ulban terrane, intrusions of the Ulban complex break through Jurassic terrigenous
rocks and Cretaceous volcanites. Granodiorite stocks are often confined to the faults of the north-eastern
direction (Kharitonychev, Vikhlyantsev, 1978).

The Ulban complex belongs to the Khingan-Okhotsk volcanic-plutonic belt, which connects the
Malokhingan, Urmian, Badjal, Nilan and Ulban terranes and represents volcanic-magmatic formations
of the environments of transform continental margins. The features of magmatism of the boundaries of
sliding lithospheric plates are called isolated magmatic areas over a large area, an antidromic sequence
(for example, rhyolites — bimodal series — basalts; adakites, small bodies of alkaline basites and
ultrabasite, A2-type granites); heterogeneous geochemistry caused by the mixing of various magma
sources (Khanchuk, 2000).

As noted above, the Ulban terrane is considered to be part of the Mongol-Okhotsk orogenic belt
(Parfenov et al., 1999; Khanchuk et al., 2015, etc.). The formation of the Ulban terrane occurred in the

Jurassic-Early Cretaceous as a result of accretion of Jurassic marginal continental shelf and turbidite
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complexes to the North Asian craton and Mongol-The Okhotsk belt under conditions of large-scale left-
sided shear displacements in a transform environment of the California type of the Jurassic continental
margin of the region (Khanchuk, 2000). The turbidites of the Ulban terrane mark the transform margin
of the Siberian craton that existed before the closure of the Mongol-Okhotsk Oceanic basin (Khanchuk,
2000).

However, there is a point of view according to which the Ulban terrane replaces laterally the
terranes of the Jurassic accretion prisms of the eastern border of Eurasia and is part of the Sikhote-Alin
orogenic belt, and its internal structure is due to crowding in front of the block-stop (Galamsky terrane
MOOB). At the same time, a significant part of the Ulban turbidite basin was located south of the present
location along the eastern edge of the Bureinsky massif (Golozubov, 2006; Martynyuk, 2000).

Recently obtained paleomagnetic data on the Middle Jurassic sandstones of the Elgon formation
of the Ulban terrane indicate the formation of these rocks in near-equatorial latitudes, which also
indicates that the Ulban terrane belongs to the Sikhote-Alin orogenic belt system, since the latter is
characterized by lower paleolatitudes of formation compared to the MOOB (Peskov et al., 2021).

The absence of Early Precambrian zircons and the dominance of Early Mesozoic zircons with
Paleozoic, Neo- and Mesoproterozoic Hf model ages in Mesozoic meta-sedimentary rocks of the
Sorukan and Naldynda formations of the Ulban Terrane also suggest that the Ulban terrane is a fragment
of the accretion complex of the northern margin of the Amur Superterrane, and not an imposed deflection
on Paleozoic formations of the Mongol-Okhotsk belt or the accretion complex of the southern outskirts
The North Asian craton (Stutter, Sorokin, 2020).

2.3. Geological position of the Kutyn deposit
The deposit is located in the central part of the Tugur Peninsula, in the Biranji River basin within
sheet N-53 XXIV, in the northwestern part of the Ulban turbidite terrane of the Mongol-Okhotsk
orogenic belt (Khanchuk, lvanov, 1999; Shevchenko et al., 2014) (Fig. 2.3). From the point of view of
the zoning of gold-bearing areas in the south of the Far East, it belongs to the Lower Amur zone of the
Sikhote-Alin province of the Pacific gold-bearing belt (Eirish, Sorokin, 2005) (Fig. 2.4).
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Figure 2.3 Fragment of the state geological map of the Russian Federation, N-53 (Shantar Islands),

corresponding to the area of the Kutyn deposit

Symbols: 1 - Alluvial pebbles, boulders, gravels, sands, loams, sandy loams, peat (up to 10 m);
2 - Alluvial pebbles, boulders, gravels, sands, sandy loams, loams, siltstones, clays (32.4 m); 3 -
Alevinsky seismic complex: gravel-pebble deposits, diatomites, diatomite clays with marl nodules,
tufodiatomites, opokoid siltstones (300 m); 4 - Ayakite strata: basalts, trachyandesibasalts and their
tuffs, trachyandesites, andesites and their tuffs (up to 300 m); 5 - Evur-Nimelen series: clays, sands,
loams, boulders, sandstones, siltstones, gravel-pebble deposits, brown coals (up to 550 m); 6 -
Maymagun strata: dacites, rhyodacites, rhyolites, their tuffs, ignimbrites, andesites, basalts (700 m); 7
- Savoyak strata: andesites, andesibasalts, dacites, their tuffs, lavobreccias, tuffites, tufoalevrolites,
tufopeschaniki, tufoconglomerates, trachyandesites, their lavobreccias, ignimbrites (850 m); 8 - Tonum-
makita formation: siltstones, sandstones, their thin interlayer, mudstones, gravelites, conglomerates,
tufopeschaniki ( 1700 m); 9 - Ukurunrun strata: sandstones, siltstones, clay shales, gravelites, breccias
(more than 1700 m); 10 - Cape Chokoringra formation: sandstones, siltstones, mudstones, breccias,
conglomerates, gravelites (600 m); 11 — Tokhareu formation: siltstones, mudstones, siliceous-clay rocks,
sandstones (1900 m); 12 — Elgon formation: sandstones, siltstones, their thin layering, mudstones,
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siliceous-clay rocks, breccias, conglomerates, gravelites (2450 m); 13 — Gorbachinskaya formation and
Cape Nikta formation: sandstones, tuff sandstones, siltstones, gravelites, conglomerates (1100 m); 14 -
Assyni formation: sandstones, tuff sandstones, siltstones, tufoaleurolites, clay shales, siliceous and
siliceous-clay rocks, gravelites, breccias, basalts, tuffs, tuffites (2300 m); Mikhalitsinskaya formation
(J1-2mh): sandstones, siltstones, mudstones, bundles of their thin interlayer, breccias, conglomerates,
jasper, siliceous-clay rocks, basalts (1500 m); 15 - Nimelen suite: tuff-sandstones, tufoaleurolites,
siliceous, siliceous-clay and tufogenic-siliceous rocks, clay shales, sandstones, siltstones, bundles of
their thin layering, lenses of gravelites, conglomerates, breccias, tuffs, basalts (3200 m); 16 - Mamga
Bay formation: siltstones, sandstones, gravelites, conglomerates (1615 m); 17 - Maloshantar formation:
siltstones, sandstones, tuffstones, basalts and their tuffs, jaspers, microquartzites (2800 m); 18 - Lama
formation: basalts, their tuffs and lavobreccia, siltstones, sandstones, tufoalevrolites, tuff sandstones,
jaspers (up to 1600 m); 19 - Korel formation: siltstones, sandstones, dolerites, basalt tuffs, jaspers,
tuffites, breccias (2800 m); 20 - Lindholm formation: sandstones, siltstones, basalts, their tuffs, jasper-
like rocks, gravelites, conglomerates, breccias (2100 m); 21 - Cape Inner Formation: sandstones,
siltstones, breccias, basalts, their tuffs, tuffites, jaspers, conglomerates, limestone olistolites (2400 m);
22 - Belichy Island formation: sandstones, siltstones, their subtle rhythmic interlacing, breccias (3400
m). Subvolcanic formations: 23 - dacites of the Maymagun complex; 24 - andesites, trachyandesites of
the Savoyak complex. Ulban complex: 25 - Fourth phrase: leucogranites; 26 - Fourth phrase: sub-
alkaline leucogranites; 27 - Third phase: granites, plagiogranites, granite-porphyry, granodiorite-
porphyry, sub-alkaline granites, granosienites; 28 - Second phase: diorites, monzodiorites, quartz
diorites, quartz monzodiorites; 29 - First phase: gabbro, gabbronorites. The composition of
volcanogenic formations: 30 — dacites, 31 — andesites. 32 — contact corneas; 33 — geological
boundaries: a — reliable, b — assumed; 34 — regional discontinuous disturbances (thrusts): a — reliable,
b — assumed; c — reliable overlapped by overlying formations, d — assumed; 35 — minor discontinuous

violations of unidentified morphology, reliable; 36 — Kutyn deposit.
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Firuge 2.4. Metallogenic belts of the Far East and some gold deposits of the region (according to
Goryachev, Pirajno, 2014; Vikent'eva et al., 2018 with additions by the author)

The main tectonic units of the Russian Far East: I-Siberian craton, I1-Verkhoyansk deformed passive
continental margin, I11a-Omolon craton terrane, 111b-Okhotsk craton terrane, 1V-acute arc terranes of the
Kolyma Loop; V-VII Central Asian orogenic belt: V-Argun craton terrane, VI-Solonker accretion
terrane, VII-Bureino-Khan craton terrane; VI11-XI Mesozoic orogenes: VII1-Mongol-Okhotsk,IX-Yano-
Kolyma, X-Okhotsk-Koryak, XI-Arctic and (Xla) his Chukchi shelf terrane; XII-XIV-Mesozoic-
Cenozoic orogenes: XlI-Koryak, XIII-Sikhote-Alin and (X1V) Kamchatka-Kuril island arc terranes.
Gold deposits: 1 - Natalka, 2 - Nezhdaninskoye, 3 - Mayskoye, 4 - Duet-Yur, 5-Agniye-Afanasyevskoye,
6 -Tokur, 7 - Badran, 8 - Malomir, 9 - Glukhoe, 10 - Degdekan, 11 - Utinka, 12 - School, 13 - Berezitovo,
14 - Kirovskoye, 15 - Askold, 16 - Kubaka, 17 - Dome, 18 - Kuranakh, 19 - Kuchus, 20 - Sarylakh, 21
- Sentachan, 22 - Mnogovershinnoe, 23 - Belaya Gora, 24 - Tuguchak, 25 - Candidate, 26 - Arbat, 27 -
Nenneli, 28 - Arkachan, 29 - Levo-Dubinskoe, 30 - Kurum, 31 - Ergelyakh, 32 - Delankir, 33 - Chistoe,
34 - Basugun, 35- Teutejak, 36 - Miyakit, 37 - Dubach, 38 - Chepak, 39 - Kutyn, 40 - Albazinskoye, 41
- Chulbatkan
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Jurassic terrigenous strata, Cretaceous volcanites, quaternary formations take part in the structure
of the deposit. Intrusive rocks are represented by rocks of the Ulban complex. Metasomatites are widely
manifested. The description of the geological structure is based on the materials of V.I. Savinkov, 2013.

The Kutyn strata (J1kt) common in the north and northwest of the deposit, is composed of mixed-
grained sandstones, siltstones with lenses of siliceous and clay-siliceous rocks, sedimentary breccias and
conglomerates. The thickness of the strata is more than 1000 m (according to V.I. Savinkov, 2013).

The Algaty strata (Jial) widely developed within the territory of the deposit, is medium-grained
sandstones with gravel fragments, with rare interlayers and lenses of sedimentation breccias, siltstones.
Strata thickness — 1200 m (according to V.l. Savinkov, 2013).

The Tropinkovskaya strata (J»tr) developed in the upper reaches of the Kutyn and Biranja rivers,
is represented by fine-grained sandstones and siltstones with layers of siliceous and clay-siliceous rocks.
The rocks of the strata are crushed into linear folds of the north-eastern strike. Thickness of the strata is
900 m (according to V.I. Savinkov, 2013).

Cretaceous volcanites of the Andesite thickness (Koan) of the Ulban Volcanic Plutonic
Association lie above with angular unconformity. The rocks are represented by covers of andesibasalts,
andesites, dacites, their tuffs, lavobreccias, tuffs, with a total thickness of more than 500 m (according
to V.I. Savinkov, 2013).

Quaternary sediments are represented by marine (Qmam) alluvial-marine pebbles, sands and
clays and are common in the coastal area of the Ulban and Tugur bays. Alluvial deposits (Qma) are
developed along river valleys, where they form terraces (according to V.I. Savinkov, 2013).

Modern alluvial (Qiva) sediments compose floodplains of rivers and are represented by coarse-
grained material, as well as sands and silt sandy loams. Proluvial-deluvial (Qivpd) clays, loams, silts, silt
sandy loams, crushed stone are common on the slopes (according to V.I. Savinkov, 2013).

Jurassic terrigenous strata are intruded by intrusive formations of the Birandjinsky massif, which
on the surface consists of several disconnected outcrops. Their spatial closeness, a single zone of contact-
altered rocks testifie in favor of the belonging of these outcrops to one weakly eroded massif
(Kharitonychev, Vikhlyantsev, 1978). The massif has an isometric shape, the width of the hornfels zone
indicates its low angle contacts. Fine-grained and porphyritic varieties of rocks predominate in the
contact parts, uniform-grained structures are characteristic of the central parts (Kharitonychev,
Vikhlyantsev, 1978).

The intrusive rocks of the deposit belong to the Ulban volcano-plutonic association. The Late
Cretaceous Birandjinsky intrusive is represented by three phases: phase | — gabbrodiorites, diorites,
diorite porphyries; phase 11 — quartz diorites, granodiorites, granodiorite-porphyries; phase 111 — granites,
granite-porphyries, dikes of aplites. With an increase of the silica content from phase | to phase I11, the

content of Ti, Fe, Al, Ca decrease and the content of K, Na increase. Granodiorites of the second phase
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are the most widespread, which form a rod-shaped massif with an area of about 12.5 km? on the territory
of the deposit (Fig. 2.3). These granodiorites have undergone intensive metasomatic processing, which
is associated with ore mineralization. The host rocks are hornfelsed. The dike complex is represented by
Late Cretaceous basalts, andesites, dacites, and rhyolites. Andesite dikes occupy a transversal position
in relation to granodiorites, and are distributed, in particular, within the Geophyzicheskaya ore zone,
where metasomatic changes are also superimposed on them.

Figure 2.5 shows a schematic geological map of the deposit.
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Figure 2.5. Schematic geological map of the Kutyn deposit (according to Trushin et al., 2021, with
additions by the author)

1 — alluvial sediments Qal, 2 — proluvial sediments Qpr, 3 — andesites Kz, 4 — terrigenous
formations Ji, 5 — terrigenous formations D2; 6-9 — intrusive formations K>: 6 — diorites and gabbro-
diorites, 7 — granodiorites and granodiorite porphyry, 8 — granites, 9 — dikes of andesites, 10 —
faults: large (a) and smaller (b); 11 — ore zones; 12 — halos of near-ore berezite changes. The numbers
on the map indicate the main ore zones: 1 — Saddle, 2 — Perevalnaya, 3 — Geophysical, 4 — Spring, 5 —
Juaty-2, 6 — Juaty, 7 — Itylskaya, 8 — Delinskaya. The circles indicate the sampling locations.

Localization of zones of intensive metasomatic processing is controlled by the position of the
feathering faults. Veined-interspersed mineralization is localized in quartz-carbonate-sericite
metasomatites developing along granodiorites and sandstones. In the central parts of the metasomatite
zones, linear quarks of quartz-sericite-carbonate veins and breccias with quartz cement are located,

characterized by a high gold content (Trushin et al., 2021). The gold content in the ore reaches 76 g/t,
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averaging 3 g/t. There are 10 main ore zones located in the endo- and exocontacts of the Birandjinsky
massif at the Kutyn deposit. The Sedlovinnaya, Itylskaya, Yubileynaya, Yuzhnaya, Open, Rodnikovaya
and Delinskaya ore zones are localized in sericite-quartz metasomatites developing along sandstones,

and the Geophyzicheskaya, Juaty and Perevalnaya ore zones are located along granodiorites.
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Chapter 3. Petrographic characteristics of granodiorites and metasomatites

3.1. Petrographic features of granodiorites of the Birandjinsky massif

Granodiorites are grey, of fine-medium-crystalline hypidiomorphic-grained, sometimes
porphyritic texture, massive structure. The rocks consist of plagioclase (35-40%), potassium feldspar
(20-25%), quartz (15-20%), biotite (5-10%) and hornblende (5-10%) (Fig. 3.1). Plagioclase is
idiomorphic, forms tabular crystals with polysynthetic twinning, corresponds in composition to andesine
No. 30-45, in porphyry varieties the size of its inclusions reaches 5 mm. Plagioclase crystals are often
zonal: with a more basic central part and an acidic marginal, up to the formation of an albite rim.
Potassium feldspar and quartz fill the gaps between plagioclase crystals and form xenomorphic
secretions. Micropertite plagioclase growths are noted in potassium feldspar, and a microcline lattice is
observed in some sections. Potassium feldspar is represented by two varieties — KPS proper and K-Na
feldspar. Hornblende forms idiomorphic elongated crystals of green color, the composition corresponds
to actinolite. Biotite in the rock is represented by large elongated plates of saturated brown color,
muscovite is less common. Accessory minerals are represented by zircon, rutile, ilmenite, titanite,

apatite.

Figure 3.1. Biotite-hornblende granodiorites of the Il phase of the Birandjinsky massif

3.2. Petrographic features of metasomatites
Metasomatites on granodiorites are light grey, greenish-grey, medium-grained, massive structure
(Fig. 3.2). Macroscopically, metasomatic changes manifest themselves in the lightening of dark-colored

biotite and hornblende, silification.
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Figure 3.2. Metasomatites on granodiorites, Geophyzicheskaya ore zone

At the microscopic level, it is noted in the sections that the earliest process is the chloritization

of biotite and hornblende (Fig. 3.3). The replacement of biotite begins along the cleavage planes.

Figure 3.3. The development of chlorite by cleavage of biotite (a, b — samp. 348-1) and by hornblende

(c, d —samp. 348-3). a, ¢ — nicols are crossed, b, d — nicols are parallel
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In metasomatized granodiorites, the appearance of fine-scaled sericite, developing by
plagioclase, biotite, chlorite, at least by K-feldspar, is noted in the sections (Fig. 3.4 b, d). In aggregates
of sericitized biotite, rutile and pyrite are noted, developing according to the cleavage of biotite.
Carbonate of the dolomite-ankerite series, less often calcite replaces hornblende and plagioclase (Fig.
3.4 a, b). Replacement of plagioclase with sericite and carbonate occurs along the twinning zones, as
well as along the grain boundaries. Relict quartz is corroded, but newly formed fine-grained quartz
appears. The potassium feldspar of the rock is also undergoing changes, but sericitization develops
partially along it. Nevertheless, such a K-Fsp is saturated with gas-liquid inclusions, becomes cloudy,
and its impurity composition also changes. In some samples, newly formed albite is noted. The amount
of accessory rutile, apatite, monazite, thorite increases in metasomatites, and relict zircon is preserved.

There is a syngenetic sulfides dissemination, mostly represented by pyrite and arsenopyrite.

Figure 3.4. Carbonatization of plagioclase (a, b — samp. 348-4), sericite-carbonate-quartz metasomatite

on granodiorite (¢, d — samp. 2865-035). a, ¢ — nicols are crossed, b, d — nicols are parallel.
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Metasomatites on sandstones are a grey, dark gray color, fine-grained uneven-grained texture,
massive, striped, veined structure (Fig. 3.5). According to observations in the thin sections,
metasomatites are a fine-grained carbonate-sericite-quartz aggregate with relict detrital grains of quartz
and feldspar. The grains of relict quartz are isometric, with uneven boundaries, often in thin accretions
with sericite (Fig. 3.6). Sericite forms a tangled fibrous fine-crystalline aggregate. In some samples,

nests and veins of tourmaline are noted.

111 L) bR
Figure 3.5. Metasomatites on sandstones with tourmaline (a) and carbonate-quartz (b) veins,

Sedlovinnaya ore zone

Figure 3.6. Substantially silicified sandstone with chlorite (samp. 565-3).

a—nichols are crossed, b — nichols are parallel

Carbonate-quartz veining is widespread. The veins are differently oriented, with a thickness from
1 mm to the first centimeters, with clear contacts. Streaks are characterized by striped, combed,
sometimes croustifying and stylolite textures, rarely in the central parts of the veins there are cavities
made with a quartz brush. Quartz veins from transparent to milky white and grey, sometimes zonal. With

a dense network of veins, we can talk about vein hydrothermal breccias (Fig. 3.7, Fig. 3.8). In such
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breccias, fragments of granodiorites or sandstones are not rounded, not ordered in size, the ratio of
fragments to vein cement varies significantly. Part of the breccias is cataclasized, which leads to the

rupture of veins with the formation of carbonate-quartz fragments, while the fragments of rocks decrease
in size, roll over.

200 rEm

Figure 3.8. Carbonte-qartz veins in metamati p. 265-035)

a, ¢ — nicols crossed, b, d — nicols parallel

Summing up, we note that the earliest process is chloritization, which manifests itself in the
replacement of biotite and hornblende with chlorite. As is known, this low-temperature autometasomatic

process often completes the formation of intrusions.
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Based on the nature of the metasomatic transformation of the host granodiorites described above,
there is reason to assert that the composition of the metasomatites of the Kutyn deposit is represented by
minerals (sericite, carbonate, quartz, pyrite), the mineral-forming substance of which is borrowed from
the rock-forming minerals of granodiorites undergoing metasomatosis processes. The mechanism of
such a process was developed in detail by Professor V.F. Barabanov for the greisenization process on
the example of the near-field substitution of granodiorite in contact with quartz-wolframite veins
(Wolfram..., 1996). According to the petrographic studies performed, in the process of plagioclase
sericitization, carbonate constantly appears, representing the involvement of calcium in the released
anorthite component of plagioclase (No. 40). When biotite is replaced with sericite, iron is released,
which is realized in the form of pyrite. Sericitization of amphibole leads to the release of Mg, which is
part of the newly formed carbonate. Unlike the above-mentioned greisenization process, where the
carbonate is represented by calcite, here it corresponds to the minerals of the dolomite-ankerite series,
in which Mg and Fe are realized, released during the replacement of biotite and amphibole. The
difference in the composition of mineral associations of the greisenization process (quartz — muscovite
— pyrite — fluorite) (Wolfram..., 1996) and the studied berezites (quartz — sericite — carbonate — pyrite)
with a similar composition of the host rocks, it is primarily due to the difference in the composition of
metasomatizing fluids — H20 + F in greisens and H20 + CO:z in berezites, as well as in the crystallization
temperature.

It is obvious that sericitization and carbonation of plagioclase leads to the release of Na. The
insignificant presence of newly formed albite can be explained by the reverse reaction of the substitution
of sericite with albite in the lower more heated horizons. In the case of such a reaction, the volume of
newly formed minerals is greater than the volume of the substituted ones, therefore such a scenario is
possible under decompression conditions achieved due to the porosity of the external halos of
berezitization. Probably, paragenesis with albite replacing sericite can be assumed at the Kutyn deposit
at some distance from the studied metasomatites, as described at the Nezhdaninsky gold deposit in
Yakutia (Bortnikov et al., 2007).

Thus, the main newly formed minerals of metasomatites are quartz, sericite, carbonate of the
ankerite-dolomite series, which makes it possible to attribute the studied metasomatites to the berezite
formation (Zharikov et al., 1998).



167

Chapter 4. Geochemical characteristics of granodiorites of the Birandjinsky massif
and metasomatites

4.1. Geochemical features of granitoids of the Birandjinsky massif

The chemical composition of rocks and ores was studied by X-ray spectral silicate analysis,
atomic emission spectroscopy with inductively coupled plasma ICP-AES, mass spectrometry with
inductively coupled plasma ICP-MS at the analytical laboratory of VSEGEI.

The Kutyn deposit is spatially connected with the Birandjinsky intrusive of the Ulban complex,
belonging to the gabbro-granodiorite-leucogranite formation. These rocks belong to the normal range of
alkalinity with a slightly increased content of alkalis, especially K (Table 4.1, Table 4.2). According to
the type of alkalinity, they are potassium-sodium. The ratio of shaped elements and alkalis allows us to
attribute rocks to the high-potassium calc-alkaline series (Fig. 4.1, Fig. 4.2). According to the ratio of
aluminium and alkalis in the diagram in coordinates A/NK and A/CNK, granitoids fall into the plumasite
field (Fig. 4.3).

Table 4.1. The petrochemical composition of the rocks of the Ulban complex (according to
Kharitonychev, Vikhlyantsev, 1978, with additions by the author)

1 2 3 4 5 6 7 8 9 10
Sio, 50,72 50,00 58,77 62,6 62,7 66,90 71,21 70,82 61,11 | 64,39
TiO, 1,11 1,16 0,76 0,95 0,92 0,73 0,43 0,59 0,59 0,59
Al,Os 15,26 19,11 16,75 14,12 13,41 | 13,78 13,45 13,27 15,92 | 16,05
Fe,0s 3,81 3,29 2,81 1,90 2,12 1,25 1,00 1,71 4,78 4,88
FeO 7,19 649 | 454 | 429 | 395 | 277 | 261 1,80 - -
MnO 0,14 0,16 0,13 0,09 0,12 0,05 0,06 0,06 0,09 0,09
MgO 10,23 9,49 5,49 4,37 4,18 2,51 1,89 1,45 2,60 2,63
Cao 7,89 5,09 2,95 3,26 3,13 1,92 1,33 0,97 4,14 4,17
Na,O 2,35 2,92 3,48 3,28 2,98 3,42 3,37 3,78 3,02 3,05
K,0 0,44 1,12 2,71 3,16 3,38 4,44 4,16 4,88 3,37 3,41
H.O* 0,80 1,05 0,90 0,34 0,23 0,09 0,51 - - -
P20s 0,24 0,13 0,16 0,39 0,23 0,25 0,14 0,22 0,16 0,16
CO. 0,18 0,15 0,17 - 2,40 - 0,19 - - -
SOs3 0,02 - - - - - 0,01 - - -
L.O.L - - - 1,33 - 1,83 - 0,77 - -
Sum 100,38 | 100,16 | 99,62 | 100,08 | 99,75 [99,94 | 100,36 | 100,32 | 9577 | 99,41

Notes: 1, 2 — gabbrodiorite, 3 — diorite, 4 - quartz diorite, 5 — granodiorite, 6 — granodiorite-
porphyry, 7, 8 — hornblende-biotite granite, 9, 10 — granodiorites of the Il phase of the Birandjinsky
massif.
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Figure 4.1. The position of the rock composition points of the Ulban complex (according to
Kharitonychev, Vikhlyantsev, 1978; Kislyakov et al., 2001 with additions by the author) in the
diagram AFM (Kuno, 1968; Irvin, Baragar, 1971). 1 — gabbro-diorites, 2 — diorites, 3 — quartz diorites,
4 — granodiorites, 5 — granodiorite-porphyry, 6 — granites, 7 — granodiorites of the Il phase of the

Birandjinsky massif
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Figure 4.2. The position of the rock composition points of the Ulban complex (according to
Kharitonychev, Vikhlyantsev, 1978; Kislyakov et al., 2001 with additions by the author) on the KO-
SiO» diagram of the separation of series of igneous rocks by potassium content (Peccerillo, Taylor,
1976).

1 — gabbro-diorites, 2 — diorites, 3 — quartz diorites, 4 — granodiorites, 5 — granodiorite-porphyry, 6 —
granites, 7 — granodiorites of the 11 phase of the Birandjinsky massif
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Figure. 4.3. The position of the points of the composition of granitoids of the Ulban complex
(according to Kharitonychev, Vikhlyantsev, 1978; Kislyakov et al., 2001 with additions by the author)
on the diagram Shand, 1943. A/CNK =(Al203/(CaO+Na,0+K;0)) and A/NK =Al,03/(Na,0+K:0). 1

— granodiorites, 2 — granodiorite-porphyry, 3 — granites, 4 — granodiorites of the Il phase of the
Birandjinsky massif
Geodynamic conditions of rock formation were estimated using generally accepted
discrimination diagrams (Pearce et al., 1984; Harris et al., 1986) (Fig. 4.4). As will be shown below, the
content of Y and Nb in metasomatites is comparable to the contents in granodiorites. The concentration
of Rb in metasomatites is higher than in the initial granodiorites, however, even the increased contents
fall into the same field with the compositions of unchanged granodiorites. This made it possible to put
on the diagrams, in addition to the points of the composition of granodiorites, the compositions of

metasomatites developing along them.
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Figure 4.4. The position of the points of the granodiorites of the 1l phase of the Birandjinsky
massif and metasomatites on them on geodynamic diagrams (Pearce et al., 1984; Harris et al., 1986)
1 — granodiorites, 2 — metasomatites on granodiorites
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The contents of some rare elements (Rb, Y, Nb) indicate volcanic arc or collision conditions of
formation (Fig. 4.4). However, it should be noted that the magmatism of the environments of transform
continental margins is characterized by wide variations in the content of rare elements associated with

the mixing of various magma sources (Khanchuk, 2000).

4.2. Geochemical features of metasomatites

Samples with varying degrees of metasomatic changes and not containing quartz-carbonate veins
were selected for petrochemical studies of metasomatites. The samples are represented by a number of
metasomatites from slightly modified granodiorites with chlorite and dolomite (sample 1511-075) to
fully developed carbonate-sericite-quartz berezites (samples 558, 558/5), as well as metasomatized rocks
of the dyke complex (samples 2-2, 3-1).

The study also included the results of the analysis of composite samples of geotechnological
mapping (GTM) grouped by lithotypes and represented by berezites by granodiorites (20 samples) and
sandstones (27 samples) (Appendixes 1 and 2). The chemical composition of GTM samples was
analyzed by atomic emission spectrometry with inductively coupled plasma ICP-AES with preliminary
fusion with lithium metaborate (16 elements) and inductively coupled plasma ICP-MS mass
spectrometry with preliminary multi-acid decomposition of samples (48 elements) ("SGS Vostok
Limited"). The contents of precious metals (Au, Ag) were determined by assay method ("SGS Vostok
Limited"), sulfur - by atomic emission spectroscopy (chemical analytical laboratory, JSC "Polymetal
Engineering").

As can be seen from Table 4.2, the petrochemical difference between metasomatites and
granodiorites consists in a reduced content of Al2Os, Na.O (with the exception of one analysis) and an
increased content of K>O. Metasomatites in the rocks of the dike complex are distinguished by lower
SiO2 and K20 contents and higher TiO2, Fe203, MnO, MgO, which reflects the more basic composition
of the protolith.

Metasomatites are characterized by elevated concentrations of Ag, As, Sb, Cu, Pb, W, Co, Ni
(Table 4.2). The relatively high contents of Te and Bi in individual samples indicate an extremely uneven
distribution of minerals of these elements in the rock. Indeed, tellurides are developed in a limited way,
bismuth minerals have not been observed by us.

The gold content positively correlates with Ag, As, Sb, Te, Bi, Cu, Pb, which is confirmed in the

minerals of productive associations of the deposit.
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Table 4.2. The content of petrogenic and rare elements in granodiorites, metasomatites on
granodiorites and by rocks of the dyke complex of the Kutyn deposit

sample ag | aag | o |0 3209 OS09  es | o 31
075 042 083 037
Metasomatites
Rock Granodiorites on the rocks of
on granodiorites )

dike complex
Ore zone Geophyzicheskaya Djuaty Geophyzichesk.
Depth, m 72 114 76 45 72 44 93 95 2 2

Component, wt. %
SiO, 61,11 | 64,39 | 61,48 63,42 63,78 62,81 | 62,81| 63,29 | 56,31 | 44,97
TiO, 0,59 0,59 0,60 0,61 0,61 0,61 0,52 | 0,52 1,00 1,24
AlO; 15,92 | 16,05 15,65 14,85 15,12 14,46 13,79 14,06 19,03 12,32
Fe,O3 478 | 4,88 4,83 4,66 4,88 5,03 425 | 451 8,15 12,32
MnO 0,09 | 0,09 0,10 0,08 0,09 0,09 0,06 | 0,06 0,26 0,26
Ca0o 4,14 4,17 3,80 3,61 4,17 4,07 3,44 | 3,45 3,85 7,98
MgO 2,60 2,63 2,75 2,39 2,51 2,67 142 | 1,42 3,86 13,98
Na,O 3,02 | 3,05 3,60 3,05 3,02 3,00 1,27 | 1,20 1,69 0,43
K,0 3,37 3,41 3,69 3,67 3,69 3,82 4,81 | 510 0,87 1,79
P,Os 0,16 0,16 0,15 0,13 0,13 0,14 0,16 | 0,15 0,19 1,03
L.O.l - - - - 1,94 - - - 4,97 3,60
Sum 95,77 | 99,41 96,63 96,48 99,93 96,69 | 92,53| 93,75 | 100,00 | 99,92
Element, ppm

Ba 396 401 477 368 423 435 428 425 338 272
Sr 231 236 232 189 239 214 127 119 257 177
Rb 74,9 78,3 87,4 84,5 93,4 96,3 121 123 32,0 57,4
Co 121 12,7 9,36 10,6 10,6 12 12,2 11 14,5 34,4
Cr 72 75 150 146 186 169 53,9 | 54,1 33,7 821
Ni 15,4 16,4 13,3 16,4 16,1 17,4 15 14,2 3,26 201
\Y 115 129 112 116 113 110 89,7 | 931 182 255
Zn 42,8 50,4 46,7 48,2 48,7 50,7 56,1 | 51,8 78,4 201
Cu 199 | 226 5,09 6,68 14,3 18,4 68,2 | 64 14,2 6,21
As 294 272 23,6 19,2 26,9 13 1890 | 1840 3,9 15,2




172

1511-

0521-

3209-

0509-

Sample 348 349 075 042 083 037 558 | 558/5 2-2 3-1

Ag 0,057 | 0,07 0,30 0,23 0,25 0,34 09 | 0,76 0,21 0,21
Sn 1,2 1,6 0,72 0,79 1,43 2,05 2,08 | 1,63 1,70 2,81
Sh 8,07 9,28 6,27 11,0 19,8 8,12 31,9 | 29,2 0,88 7,79
Bi 0,89 0,53 1,02 0,05 0,18 0,15 0,78 | 0,74 <0,1 0,22
Zr 124 115 110 130 139 111 123 108 153 356

Hf 3,62 3,3 3,11 3,18 4,15 2,79 3,26 | 2,72 3,79 8,50
Nb 19,5 8,62 7,44 9,27 8,36 8,64 7,95 | 7,88 7,64 7,30
Y 16,7 17,2 13,5 13,5 15,1 15,8 13,3 | 139 22,8 24,9
Mo 2,7 4,77 14,6 8,03 6,0 7,66 3,69 | 513 0,6 <0,6
Pb 15,7 17,7 17,6 19,4 24,2 20,9 17,5 | 16,1 141 41,4
Ga 16,5 16,8 15,9 18,7 16,9 18 15,7 | 14,2 20,1 18,9
w 6,89 6,46 3,99 2,91 2,49 3,33 52,4 | 49,7 <0,5 <0,5
Th 8,3 8,86 9,89 9,14 10,4 9,4 10,5 | 11,3 5,38 11,0
U 2,92 3,09 3,63 3,2 6,11 3,11 462 | 3,94 1,01 3,21
La 23,2 22,9 22,4 21,5 23,2 24,3 23,6 | 23,7 22,3 70,7
Ce 42,9 42,7 41,4 40,0 47,0 43,6 440 | 46,4 40,5 153

Pr 574 5,52 4,32 4,16 4,78 5,01 5,31 | 5,00 5,20 19,6
Nd 18,8 15,6 13,9 13,6 16,5 16,4 151 | 17,6 21,8 85,2
Sm 3,67 2,95 3,30 2,34 3,87 3,26 2,33 | 2,15 3,37 14,1
Eu 0,65 0,77 0,61 0,82 0,54 0,66 0,82 | 0,55 1,34 3,37
Gd 3,10 3,27 2,35 2,98 2,77 2,42 3,16 | 2,34 3,94 9,76
Tb 0,50 0,43 0,37 0,41 0,61 0,45 0,51 | 0,56 0,47 111
Dy 2,74 3,54 2,41 2,99 2,45 2,70 2,30 | 2,17 3,51 5,72
Ho 0,71 0,55 0,60 0,53 0,61 0,47 0,55 | 0,49 0,72 1,00
Er 1,91 1,75 1,63 1,67 1,91 1,55 1,29 | 1,63 2,39 2,63
Tm 0,26 0,21 0,23 0,15 0,31 0,23 0,17 | 0,14 0,28 0,28
Yb 1,46 1,20 1,51 1,10 1,37 1,49 1,20 | 1,10 2,67 2,04
Lu 0,23 0,26 0,14 0,23 0,21 0,18 0,20 | 0,15 0,33 0,23
REE 106 102 95,2 92,5 106 103 101 104 109 369

LREE 94,96 | 90,4 85,9 82,4 95,9 93,2 912 | 95,4 94,5 345,9
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sample R i e A R e Y, 3-1
075|042 |083 |037

HREE 109 | 112 | 924 | 101 | 102 | 949 | 9,38 | 858 | 1431 | 22,76
LREE/HREE | 8,70 | 807 | 930 | 819 | 936 | 982 | 972 | 11,12| 661 | 1520
EW/EU 059 | 0,76 | 067 | 095 | 051 | 072 | 093] 075 | 1,13 | 0,88
Lan/Lun 1050 | 917 | 1666 | 973 | 1150 | 1405 | 12.28| 1645 | 7,04 | 3218
Lan/Yby 10,81 | 1298 | 10,09 | 1330 | 1152 | 11,10 | 13,38] 14,66 | 568 | 23,63
Gan/Ybn 174 | 223 | 127 | 222 | 165 | 133 | 215 | 174 | 1,20 | 392
K/RD 375 | 363 | 352 | 362 | 329 | 331 | 331 | 346 | 228 | 260

K/Ba 700 | 709 | 645 | 831 | 727 | 73,2 | 93,7 | 100 | 2156 | 5480
Rb/Sr 032 | 033 | 038 | 045 | 039 | 045 | 095 1,03 | 012 | 032
TilV 30,8 | 27,4 | 321 | 315 | 324 | 33,2 | 348 | 335 | 3304 | 2918
U/Th 035 | 035 | 037 | 035 | 059 | 033 |044| 035 | 019 | 029

Despite the similar rare element composition, metasomatites inherit the geochemical features of
the protolith: metasomatites on granodiorites in comparison with metasomatites on sandstones
(Appendix 2) differ in higher concentrations of Rb, V, Cr (Krasyukova et al., 2022).

The rare—element composition of metasomatites in the rocks of the dyke complex is characterized
by a reduced content of Rb, As, Mo, W, and an increased content of Co, V, Zn, Zr, which is also due to
the features of the protolith composition. The composition of the two studied samples of metasomatites
by dikes is contrasted by Cr, Ni: their content differs by orders of magnitude.

Rare earth elements (REE) concentrations in metasomatites by granodiorites reach 106 ppm,
enrichment with light lanthanides is noted (Lan/Ybn = 10,09 — 14,66), and the highest values of the
Lan/Ybn-ratio correspond to the most metasomatically altered rocks. Naturally, the distribution
spectrum of REE demonstrates a negative slope with a predominance of light REE over heavy ones.
There is a negative Eu anomaly on the spectra (from 0.51 to 0.95, on average 0.73). Sometimes there is
an M-type tetrad-effect with a convex profile. The tetrad effect is associated with the interaction of the
melt with high-temperature aqueous fluids and hydrothermal solutions (Lee et al., 1994; Irber, 1999;
Tang, Liu, 2002; Skublov, 2005) (Fig. 4.5). The REE distribution spectrum of metasomatites is probably
partially inherited: accumulation level, slope, Eu-anomaly is characteristic of granodiorites, but the
nature of the distribution of heavy REE indicates their mobility in the hydrothermal-metasomatic
process. Probably, in the process of metasomatosis, for example, during carbonatization of plagioclase
and hornblende, REE was redistributed into newly formed carbonates, phosphates (monazite, xenotime,

apatite), the discovery of dissakisite-(Ce) was noted.
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Figure 4.5. Spectrum of REE distribution in granodiorites and metasomatites normalized to chondrite

(Sun, McDonough, 1989)

1 — metasomatites on granodiorites, 2 — metasomatites on rocks of the dyke complex, 3 — granodiorites

REE concentrations in metasomatized rocks of the dyke complex differ in higher values — up to
370 ppm. The nature of the spectrum is probably also inherited: a reduced negative or weak positive Eu
anomaly indicates a more basic composition of the original rock.

To assess changes in the chemical composition of rocks during metasomatism, the mass balance
was calculated (according to Bulakh, 1995). For the samples reduced to 100%, the numbers of cation
atoms per 1 nm® were calculated using the formula Ni = RPp, where R is the transition coefficient for
oxides, P is the oxide content by wt%, p is the density of the rock g/cmq. To estimate the mass balance,
the value of AN is calculated — the difference between the Ni of the metasomatite and the source rock.
The average densities of unchanged granodiorite (2.59 g/cm®) and metasomatites by granodiorite (2.62
g/cm®) were used in the calculation. Determination of the sample density was carried out in the
laboratory of engineering geology of JSC Polymetal Engineering. The carbon content is calculated based
on the carbonate content in the sample.

As can be seen from Fig. 4.6, in the process of metasomatism, a significant addition of K and
CO2 occurs, Mg, Ca, Fe are redistributed, Si, Al and Na are removed, and the K>2O/NaO ratio also

increases. Based on the transformations of rock-forming minerals, it can be assumed that the wallrock
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changes are formed as a result of carbon dioxide metasomatism, which is accompanied by the removal
of silica and its subsequent deposition in veins.

Si

Figure 4.6. Behavior of petrogenic elements under metasomatic changes in the granodiorites of the
Kutyn deposit
AN is the difference between Ni (the number of atoms per 1 nm®) of metasomatite and the source rock

To assess the degree of change in the trace element composition of granodiorites and sandstones
during berezitization, accumulation coefficients were calculated, representing the ratio of the element
content in ore-bearing metasomatite to its content in unchanged rock.

As can be seen from Fig. 4.7 and Fig. 4.8, the change in the trace element composition during
berezitization consists in the removal of Ba and Sr elements that are isomorphically included in
plagioclase, and the accumulation of ore elements reflecting the mineral associations of native gold -
Ag, Bi, Cu, Zn, Sh, As, S (Krasyukova et al., 2022). During berezitization, Th and U are characterized
by inert behavior and are concentrated in their own minerals or pyrite (Arbuzov, Rikhvanov, 2009),
which is indirectly confirmed by the fairly wide distribution of accessory thorite in the studied

metasomatites.
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Figure 4.7. Change in the microelement composition of granodiorites during berezitization
(accumulation coefficient - the ratio of the element content in ore-bearing metasomatite to its content
in unchanged rock)
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Figure 4.8. Change in the microelement composition of sandstones during berezitization (accumulation
coefficient - the ratio of the element content in ore-bearing metasomatite to its content in the least
modified sandstone)

Thus, to assess metasomatic changes in rocks, K/Ba-, Rb/Sr-ratios can be used, which increase
from 70.9 and 0.32 in unchanged granodiorite to 100.0 and 1.03 in berezite, respectively. As is known,
it is customary to use these indicator relations to assess the degree of crystallization differentiation of
granitoids (Syritso, 2002). However, these same relations evolve significantly in hydrothermal processes

associated with gold mineralization (Kerrich, Fryer, 1988; Bortnikov et al., 2007).
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Chapter 5. Mineralogy of metasomatites of the Kutyn deposit

5.1 Mineral composition of rocks and metasomatites

To study ore mineralization, representative samples of sericite-carbonate-quartz metasomatites
on sandstones and granodiorites with varying degrees of quartz and carbonate-quartz veining
development were selected from the ores of the Sedlovinnaya, Geophyzicheskaya, Juaty-2, Perevalnaya,
Rodnikivaya, and Ityl zones. The samples are represented by kerns from depths up to 140 m and include
both significantly oxidized and ores unaffected by hypergenic processes. The collection of
metasomatites is complemented by samples of slightly modified granodiorites and sandstones.

The total mineral composition of metasomatite samples was determined by X-ray phase analysis
(XRD), which was carried out on a Bruker D8 Advance diffractometer with a cobalt anode (Polymetal
Engineering JSC). Shooting conditions: voltage 35 kV, current 40 mA, measuring range from 4 to 80
20, step 0.02 20, accumulation time at the point 0.75 s, gap 0.6 mm. Mineral phases were identified in
the EVA program, quantitative analysis by the Rietveld method (Rietveld, 1969) was carried out in the
Topas program.

The newly formed minerals chlorite, illite, carbonates (ankerite-dolomite series and less often
calcite), pyrite (Fig. 5.1) were established by the XRD method.
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Figure 5.1. Mineral composition of metasomatites by granodiorites
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Studies of polished sections in reflected light and sections in transmitted light were carried out
using a Zeiss Axiolmager2 Axioplan polarization microscope. Studies of the features of the internal
structure and composition of minerals and ores were carried out on a Hitachi S-3400N scanning electron
microscope with an Oxford Instruments X-Max 20 energy dispersion spectrometer with a Si
semiconductor detector at the Geomodel Resource Center of St. Petersburg State University. Shooting
conditions: accelerating voltage of 20 kV, probe current of 1.8 nA, the duration of direct accumulation
of the spectrum was 30 seconds (analyst N.S. Vlasenko).

Mica. According to the results of microprobe analysis, micas are represented by fine-scaled
sericite, in which there is no paragonite component, relict micas correspond to magnesian annites (Fig.
5.2).

/\
/ \ @ On sandstones, Sedlovinnaya
\ @ On granodiorites, Geophysical
 ®On granodiorites, Dzhuaty
\

\

. \
®  Phlogopite \
.\
m Biotite \\
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4 ® Siderophvllite Annite
Muscovite a. ° i pu_ E . -
Al+Ti Fe+Mn

Figure 5.2. Mica composition in metasomatites on granodiorites and sandstones

To clarify the composition and structure of sericite, X-ray phase analysis of oriented, saturated
with ethylene glycol, heated at 400 and 550°C preparations of fraction <2 microns was carried out
(Moore, Reynolds, 1997).

On the diffractogram of the oriented preparation, a wide, slightly asymmetric peak with a slightly
more gentle left shoulder is observed in the region of 10 2@, which indicates the presence of illite — mica
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with a deficiency of interlayer cations (Bulakh et al., 2014) (Fig. 5.3).When saturated with ethylene
glycol, a shift of 10 °-peak is not observed, however, a small gentle hump appears in the region of 6 20,
and also expands (bifurcates) peak (002), which indicates the presence of not only illite in the sample,

but also a small amount of illite-smectite.

Figure 5.3. Fragments of diffractograms of oriented (1), saturated with ethylene glycol (2), calcined at

400 (3) and 550°C (4), undirected (5) preparations of fraction <2 microns of the technological ore

sample confirming the presence of illite (1) and kaolinite (Kin).

The ratio of peak intensities (001) and (002) is about 1/3 and may indicate the predominance of
Al over Fe and Mg in octahedral layers (Srodon, Eberl, 1984).

To assess the degree of crystallinity of ilite, the Kubler index (Kiibler, 1968) is used, which is
the value of the peak width by 10 A in angular degrees at its half-height. For the studied sample, the
Kubler index = 0.54.

Also, when studying the fraction <2 microns among layered silicates, kaolinite was determined,
the distinctive feature of which is the disappearance of the reflex (001) in the region of 14 20 when
heating the sample at 550°C (Fig. 5.3).

Tourmaline. In metasomatites on sandstones, tourmaline of shorl-dravite composition are found,
forming radially radiant aggregates and composing veins. In large tourmaline crystals, oscillatory

zonality associated with variations in the content of Fe and Mg was noted (Fig. 5.4, Fig. 5.5).



Figure 5.4. Zonal tourmaline crystal
a — photo in transmitted light, b — BSE-image
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Figure 5.5. The composition of tourmaline (diagram by Henry, Guidotti, 1985)

Carbonates. Carbonates are widely distributed both in metasomatites and in veins. The most

widely represented carbonates of the dolomite-ankerite series (Fig. 5.6), which are associated with the
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minerals pyrite-arsenopyrite, gold-tetrahedrite-arsenopyrite, gold-pyrite and telluride associations, are
often idiomorphic, the observed oscillatory zonality is due to variations in the content of Fe and Mg. The
Fe content in the carbonates of the dolomite-ankerite series varies from lower threshold values to 19.7
wt. %, Mg — from 5.4 to 15.2 wt. %, Ca — from 18.6 to 28.5 wt. %.

Ca calcite

Metasomatites on sandstones
Metasomatites on granodiorites

e}
@
/ A Veins
® A . -
X Theoretical compositions

/ / \
/ A\

1\“Ig Magnesite Fe siderite

Figure 5.6. Variations in the composition of carbonates of the Kutyn deposit

Calcite is less common, which usually forms veins with quartz here, sometimes cements
fragments of crystals of earlier dolomites-ankerites, its thin edges along dolomite are found. Siderite is
marked in veins with chlorite and calcite. Xenomorphic rhodochrosite secretions were noted in the
quartz-calcite vein, single ones — strontianite.

Chlorite. Chlorite of metasomatized granodiorites forms fine- and medium-scale aggregates,
develops along biotite and actinolite, associates with quartz, albite, sericite, rutile, apatite, monazite,

thorite, galena. According to its composition, it corresponds to chamosite, clinochlore is less common.
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Chlorite of metasomatite on sandstone is represented by scaly aggregates, inclusions with pyrite
and rutile, less often veins with siderite, sometimes carbonaceous matter grows. The composition of the

mineral corresponds to chamosite, and the marginal zones are relatively depleted of iron.

5.2. Characteristics of ore minerals

Ores with disseminated, veined-disseminated, veined textures are common at the Kutyn deposit.
During the macroscopic examination of samples, attention is drawn to the presence of three styles of
mineralization: metasomatic, veined and hypergenic (Fig. 5.7). The amount of ore minerals is 1-5%,
pyrite and arsenopyrite predominate, marcasite, pyrrhotite, sphalerite, chalcopyrite, galena, alloclazite,
molybdenite, stannine, stibnite, acanthite are noted. Sulfosalts are represented by tetrahedrite, burnonite.
Tellurides of precious metals, lead, antimony, mercury were found: hessite, petzite, stutzite, altaite,
tellurantimon, coloradoite. Among the hypergenic minerals, hematite, goethite, skorodite, Ca-Fe-

arsenate, jarosite, covellin are established.

Figure 5.7. Relationship of metasomatites, veins, hypergenic association

a — metasomatite on sandstone with ore mineralization (samp. 2014-042), b — hydrothermal
breccia with fragments of metasomatite and carbonate-quartz vein cement (samp. 2014-029); ¢ —

oxidation of metasomatized granodiorite along the crack (model 4044-028)

As a result of studying the morphology and composition of minerals, their relationships with
rock-forming and ore minerals, paragenetic mineral associations were identified.

In metasandstone, there is a thin scattered inclusiveness of pyrite-D. Pyrite-d crystals are small,
idiomorphic, of cubic habit, up to 20 microns in size. The good idiomorphism of pyrite-d probably
indicates its catagenetic origin.

The pyrite-arsenopyrite mineral association (Fig. 5.8, a-2) is developed in metasomatites by
sandstones and granodiorites. The predominant minerals are pyrite-1 and -2, arsenopyrite-1,
chalcopyrite, marcasite, pyrrhotite, sphalerite, stannine, alloclazite, galena are characteristic.

Pyrite-1 is idiomorphic, of cubic habit, the size of its inclusions is up to 50 microns, develops

along the cleavage of biotite during its sericitization, and also forms inclusions, veins. The composition
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of pyrite-1 is close to stoichiometric (Table 5.1). In association with pyrite-1, there are marcasite
(determined in reflected light), chalcopyrite, pyrrhotite, and marcasite develops along pyrite (Fig. 5.8,
a), and chalcopyrite and pyrrhotite form inclusions in it. Pyrrhotite is also sometimes found in the form
of massive grains up to 100 microns in size with inclusions of arsenopyrite, chalcopyrite, sphalerite.
Thin accretions of pyrrhotite and pyrite, inclusions in each other indicate their near-simultaneous
formation.

Pyrite-2 differs from pyrite-1 in pentagondodecahedral habitus and larger discharge sizes — up to
300 microns. It composes nests and veins (Fig. 5.8, 2). Its composition is also close to stoichiometric
(Table 5.1). It is characterized by an abundance of inclusions of idiomorphic arsenopyrite-1, apatite,
zircon, rutile, carbonates of the dolomite-ankerite series. Pyrite-2 is sometimes bordered by a sericite
fringe with monazite.

Arsenopyrite-1 forms idiomorphic elongated rhombic, prismatic crystals with a size of 10-20
microns, pyrite-1 grows, as well as pyrite-marcasite-pyrrhotite nests (Fig. 5.8, ), sericite leysts (Fig.
5.8, 6). The As/S ratio varies from 0.89 to 1.07, averaging 0.97 (Table 5.1).

Sphalerite-1 is rare, the size of its xenomorphic secretions is up to 40 microns, associates with
galena and quartz, iron admixture is up to 4.2 wt.% (Table 5.1).

Chalcopyrite is rare, usually found as inclusions up to 10 microns in size in pyrrhotite, pyrite,
arsenopyrite (Fig. 5.8, 6). In one sample, an accumulation of xenomorphic chalcopyrite secretions
performing interstitions between quartz, potassium feldspar, and chlorite was noted. The composition is
stoichiometric (Table 5.1). There are isolated finds of stannite in accretions with chalcopyrite.

Alloclasite (Co,Fe)AsS is found as a submicron inclusion in arsenopyrite, as well as in chlorite.
The impurity of nickel is 4.5 wt. % (Table 5.1).

Galena forms small submicron inclusions in arsenopyrite (Fig. 5.8, 6), pyrite, chalcopyrite.

Rarely, in association with micas, there are molybdenum plates (Table 5.1) up to 200 microns in

size.
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Figure 5.8. Parageneses of pyrite-arsenopyrite (a-2) and gold-tetrahedrite-arsenopyrite
association (o, e).

a — inclusion of marcasite (Mrc) in pyrite-1 (Py-1); 6 — development of marcasite by pyrite-1,
fouling of this aggregate with arsenopyrite-1 (Apy-1), inclusion of chalcopyrite (Cpy); ¢ — development
of arsenopyrite-1 (Apy-1) by pyrite-1 and sericite (Ser), inclusions of galena (Gn); 2 — veins of pyrite-2
(Py-2) with inclusions of arsenopyrite-1, apatite (Ap), zircon (Zrn), ankerite (Ank), rutile (Rt) in a
sericite border with monazite (Mon); o — development of Te-containing varieties of arsenopyrite-2 (Apy-
2) by a feathery aggregate of pyrite-3 (Py-3) and dolomite (Dol) with the inclusion of hessite (Hs); e —
replacement of ankerite with pyrite-3 in the veins, their fouling with Sbh-containing variety of
arsenopyrite-2. a, 6 — images in reflected light; 6-e — images in reflected electrons.
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The gold-tetrahedrite-arsenopyrite mineral association (Fig. 5.8, 0-e, Fig. 5.9, a-2) is
developed in metasomatites by sandstones and granodiorites. The main minerals are pyrite and
arsenopyrite, native gold, fahlore, sphalerite, galena are characteristic, altaite and hessite are noted
in arsenopyrite as inclusions.

Pyrite-3 cubic habitus, about 10 microns in size, its crystals replace ankerite and sericite in
branched aggregates and nests (Fig. 5.8, 0-¢). The composition is close to stoichiometric (Table
5.1). It differs from pyrite-1 in its relationship with newly formed metasomatic minerals,
manifested in their replacement.

Arsenopyrite-2 of the gold-tetrahedrite-arsenopyrite association is represented by
idiomorphic prismatic and flattened rhombic crystals up to 50 microns in size, forms nests, veins
together with quartz and carbonates, overgrows elongated pyrite-3 and ankerite secretions,
forming branched aggregates (Fig. 5.8, 0-e). Arsenopyrite-2 is closely associated with gold. In
single analyses of arsenopyrite, an admixture of Au up to 0.4 wt. % is found. For arsenopyrite-2,
Sb and Te impurities are characteristic (Table 5.1). The impurity of Sb is on average 1.6 wt. %,
reaches 2.8 wt. %, in some crystals of such arsenopyrite, inclusions of stibnite are noted (Fig. 5.9,
2). An admixture of Te, amounting to 5.4% by weight (Table 5.1), is characteristic of the outer part
of the case-like crystals (Fig. 5.9, a). Probably, with slow growth, arsenopyrite and the telluride
phase (altaite and hessite) separate, with further rapid growth (skeletal crystals), tellurium
dissipates in arsenopyrite. Some crystals of arsenopyrite-2 are zonal: a core containing no
impurities, a zone with an impurity of Sb and an outer zone enriched with Te.

The fahlore correspond in composition to Zn and Ag-containing tetrahedrite (up to 6.9
wt. %Zn, up to 8.1 wt. % Ag) (Table 5.1). Tetrahedrite-1 forms xenomorphic secretions, composes
feathery aggregates together with pyrite-3, arsenopyrite-2, gold, sometimes forms thin, optically
indistinguishable accretions with sphalerite-2 (Fig. 5.9, 6-6). In the Ag-containing tetrahedrite
developing along chalcopyrite, micron inclusion of acanthite was noted.

Bournonite CuPbShS3 forms irregularly shaped grains, up to 30 microns in size, as well as
micron diffuse inclusions. It associates with galena, tetrahedrite, hessite, and also forms inclusions
in arsenopyrite together with galena. Sometimes there is an admixture of Fe in bournonite (Table
5.1).

Galena forms small submicron inclusions in arsenopyrite, pyrite. Sometimes associates
with gold.

Among the tellurides in the gold-tetrahedrite-arsenopyrite association, hessite Ag>Te and
altaite PbTe are common (Fig. 5.9, a). They form micron inclusions in pyrite and at the grain
boundary of pyrite-3 and arsenopyrite-2, often together with galena.
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In one sample, a 15-micron release of native tellurium developing according to
arsenopyrite-2 was detected.

Native gold-1 (Fig. 5.9, &) is associated with arsenopyrite-2, tetrahedrite, as well as with
hessite, galenite. It forms both small inclusions and independent secretions up to 50 microns in
size. Gold are non-zonal, massive, porous gold is less common. Most of the gold has a probity of
650-780 %, which corresponds to electrum and medium-proof gold (Fig. 5.10). Characteristic
impurities are not detected, sometimes Fe is present in an amount of no more than 2.5 wt%. High-
grade gold (810-850%) performs submicron cracks in arsenopyrite-2 (Fig. 5.9, 2), is probably
redeposited.

The gold-pyrite mineral association (Fig. 5.9, 0-e) is common in quartz and quartz-
carbonate veins, veined breccias.

Pyrite-4 of the gold-pyrite association forms idiomorphic crystals of pentagondodecahedral
habitus up to 40 microns in size. It is characterized by an admixture of As (Table 5.1), variations
in the content of which are reflected in a weak zonality. Pyrite-4 is characterized by a clearly
defined porous structure: pores up to the first microns in size, irregular shape. Pyrite-4
poikiloblasts as inclusions contain minerals of the gold-tetrahedrite-arsenopyrite association:
arsenopyrite-2, Ag-containing tetrahedrite, native gold, hessite, galena (Fig. 5.9, 0-e).

Native gold-2 together with arsenopyrite-2 forms inclusions in pyrite-4 poikiloblasts (Fig.
5.9, 0-¢), and also associates with quartz. The shape of the grains is irregular, the size does not
exceed 30 microns, the probation, as a rule, varies from 730 to 770 %o (Fig. 5.10). Higher-grade
gold (890%.) was found in quartz veins of samples from the Rodnikovaya ore zone. The internal
structure of the gold pieces is homogeneous, with the exception of one sign of native gold with a

zone enriched with silver (fineness 560 %o).
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Figure 5.9. Parageneses of gold-tetrahedrite-arsenopyrite (a-d) and gold-pyrite (0, e)

associations.

a — case-shaped crystals of arsenopyrite-2 (Apy-2), the outer zone of which is enriched with Te,
inside arsenopyrite - muscovite (Ms), altaite (Alt) secretions gravitate to the border of pyrite-3
(Py-3) and arsenopyrite; 6 - feather-shaped aggregate of pyrite-3, teterahedrite-1 (Ttr-1),
sphalerite-2 (Sph-2), arsenopyrite-2; ¢ — native gold in fusion with Sb-containing varieties of
arsenopyrite-2, Zn- and Ag-containing tetrahedrite-1, pyrite-3; 2 — inclusion of native gold in a
crack of Sb-containing varieties of arsenopyrite-2, enabling Stibnite (Stb); 0, e — As-containing
pyrite-4 (Py-4) with inclusions of minerals of the earlier gold-tetrahedrite-arsenopyrite association
—arsenopyrite-2, Zn- and Ag-containing tetrahedrite-1 (Ttr-1), native gold, galena, hessite. Images
in reflected electrons.
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Figure 5.10. Histogram of the probity of minerals of the electrum series — native gold.
Associations: Au-Ttr-Apy — gold-tetrahedrite-arsenopyrite, Au-Py — gold-pyrite, Goe-Ars—

goethite-arsenate.

The telluride mineral association is developed in quartz-carbonate veins. Tellurides are
represented by petzite AgsAuTe, stutzite AgsxTes, tellurantimone Sh,Tes, coloradoite HgTe
(Table 5.2, Fig. 5.11, a-6). Tellurides form xenomorphic secretions up to 200 microns, as well as
fine inclusions in carbonates (dolomite). Sometimes associated with tetrahedrite-2. At one point
of the tellurantimon analysis, an admixture of bismuth was found, amounting to 5.2 wt. %.

Tetrahedrite-2 of the telluride association contains about 6 wt. % Zn (Table 5.1), forms
xenomorphic secretions up to 50 microns in size, as well as a thin impregnation of the size of the

first microns.

Table 5.2. Composition of tellurides of Kutyn deposit (wt. %)

?\@ Ag |Au |Hg | Pb | Sb | Te |Summ| Crystal chemical formula Design

I.n factor

St [57.56|0.98 |0.60 40.87 (100.00| (Aga.95AU0.05Hg0.03)5.03T€2.97| 37 K.F.=8
Hs |63.47 36.53 (100.00{ Ag2.02Teo.08 2 k.f.=3
Alt 61.35 38.65 {100.00| PbogoTero1 2 kf.=2
Tla 39.36 |60.64 (100.00| Sh202Tez2.98 2 kf=5
Pz |42.66 [24.59 32.74 1100.00| Ags.06AU0.96T€1.98 2 kf.=6
Col 61.18 38.82 (100.00{ Hg1.00Te1.00 2 kf=2

Note. St stutzite, Hs hessite, Alt altaite, Tla telluroantimone, Pz petzite, Col coloradoite. The
analyses are reduced to 100%



190

Figure 5.2.5 Parageneses of the telluride association (a, 6); Au-containing arsenopyrite (s)
and its oxidation (2).

a - is a fusion of Zn-containing tetrahedrite-2 (Ttr-2), tellurantimone (Tla), coloradoite
(Col) and fine inclusions of coloradoite, hessite (Hs), petzite (Pz) in quartz(Qu)-dolomite (Dol)
vein; 6 - a fusion of tellurantimone, hessite, stutzite (St), petzite, coloradoite in a vein of quartz
and ferruginous dolomite (Fe-Dol); ¢ — fusion of gold-containing arsenopyrite-2 (Apy-2) with gold
(Au); 2 — hypergenic association: inclusions of native gold in As-containing iron oxy-hydroxide
(AFO), developing according to arsenopyrite. Images in reflected electrons.

The goethite-arsenate mineral association is developed in the oxidation zone of the
deposit and is manifested in the development of a mixture of Ca-Fe-arsenate and As-containing
iron oxy-hydroxide for pyrite and arsenopyrite. One point of analysis corresponds to yukonite
CarFe11(AsO4)9010°24.3(H20). Hematite and jarosite develop according to pyrite, arsenopyrite is
sometimes replaced by skorodite. Covellite forms borders on chalcopyrite and tetrahedrite.

In goethite and Ca-Fe-arsenate, which is similar in composition to yukonite, there is a
submicron impregnation of native gold-3 of high fineness (about 960 %). Probably, during the
oxidation of primary gold-bearing minerals (arsenopyrite (Fig. 5.12, 6), pyrite), colloidal and/or
isomorphic gold scattered in them is released into its own phase (Fig.5.11, 2).
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As a result of studying the morphology and composition of rock-forming and ore minerals,
their relationships, pre-ore and five associations of ore mineralization were identified, reflecting
three stages of mineral formation: pre-ore, hydrothermal-metasomatic and hypergenic.

The pre-ore stage is manifested in the development of thin scattered pyrite-d inclusions
in metasandstones. The hydrothermal-metasomatic stage includes metasomatic and vein step,
in which pyrite-arsenopyrite, gold-tetrahedrite-arsenopyrite, gold-pyrite and telluride
associations are distinguished. The hypergenic stage is manifested in the development of the
goethite-arsenate association (Fig. 5.12).

In the pyrite-arsenopyrite association of metasomatites, pyrite-1 and arsenopyrite-1 are
most common. Less common are marcasite, sphalerite, chalcopyrite, pyrrhotite, single stannum,
alloclasite.

Gold-tetrahedrite-arsenopyrite association of metasomatites is represented by native gold,
arsenopyrite-2, pale ores, pyrite-3. Submicron inclusions of galena, altaite, and hessian are
characteristic. Most of the gold has a fineness of 650-780 %, the gold that performs cracks in
arsenopyrite-2 is more highly fineness— 810-850 %.

The vein gold-pyrite association is represented by poikiloblasts of pyrite-4 containing the
above-listed minerals of the gold-tetrahedrite-arsenopyrite association, as well as native gold with
a fineness of 730-770 %.

The telluride association is characteristic of quartz-carbonate veins localized in cataclased
metasomatized sandstones. Tellurides are represented by petzite, stutzite, tellurantimon,
coloradoite. Zn-containing tetrahedrite associates with them.

The goethite-arsenate association is represented by goethite, hematite, jarosite developing
on pyrite, arsenopyrite — a mixture of Ca-Fe-arsenate, close to yukonite, and As-containing iron
oxy-hydroxide, as well as skorodite. High-grade native gold is observed in oxidized minerals in

the form of submicron inclusions.
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Fig. 5.12. Associations of ore minerals of the Kutyn deposit.
* — yukonite and the Ca-Fe-arsenate phase in a mixture with As-containing oxide-
hydroxide Fe.
Associations: Py-Apy— pyrite-arsenopyrite, Au-Ttr-Apy — gold-tetrahedrite-arsenopyrite,
Au-Py-gold-pyrite, Te - telluride, Goe-Ars —goethite-arsenate.

Pyrite-arsenopyrite and gold-tetrahedrite-arsenopyrite associations were isolated in
samples of all ore zones studied by us. Molybdenite, alloclasite are found only in metasomatites
by granodiorites. The gold-pyrite housing association was noted in the samples of the Perevalnaya
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ore zone, which is characterized by intense quartz-carbonate veining up to the formation of vein
breccias. The telluride association is developed in quartz-carbonate veins in the ores of the
Sedlovinnaya and Rodnikivaya ore zones. It should be noted that tellurides of the gold-tetrahedrite-

arsenopyrite association (hessite, altaite) are found in samples of all studied ore zones.

5.3. Gold presence forms in the ores of the Kutyn deposit
The primary ores of the Kutyn deposit are persistent due to the presence of not only their
own gold minerals (native gold, tellurides — Fig. 5.13), but also the so-called "invisible™ gold
(Malykh, 2015) (Table 5.3). Due to the development of the oxidation zone to a depth of about 30-
60 m, the goethite-arsenate association and related forms of gold finding are widespread.

Table. 5.3. Forms of finding gold in the ores of the Kutyn deposit

Forms of presence Description
Primary ores
Native Gold with a fineness of 700-800%o
Tellurides Stutzit
Petzit
Oxidized ore
«Invisible» In arsenopyrite
In pyrite
Native Micron secretions of high-grade gold
«Invisible» Submicron and nanoscale gold particles in goethite,
arsenates

"Invisible™ gold refers to submicron and nanoscale separations of native gold or its
compounds, isomorphic admixture in sulfides, surface-bound gold (Fleet, Mumin, 1997; Genkin
et al., 1998, Simon et al., 1999; Deditius et al., 2014; Vaughan, Kyin, 2004; Chryssoulis,
McMullen, 2005). As a rule, the main concentrating minerals of "invisible™ gold are As-containing
pyrite and arsenopyrite (Vikentiev, 2015; Sidorova et al., 2020; Prokofiev et al., 2022; Tyukova et
al., 2022, etc.), however, the scattering of gold in other minerals is also the subject of study:
pyrrhotite, chalcopyrite, kubanite, bornite, covellite, galena, etc. (Cabrio, 1992; Laptev et al., 2010;
Tagirov et al., 2014, etc.). Due to the difficulty of extracting such “invisible™ gold, the ores
containing it are commonly called "persistent”. The gold content in pyrite can reach the first

hundreds of ppm, in arsenopyrite — the first percent (Table 5.4).
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Figure 5.13. Forms of finding gold in the ores of the Kutyn deposit

a— native gold, b — gold tellurides stutzite and petzite in fusion with other tellurides, ¢ —
submicron gold release through cracks in arsenopyrite-2; d — micron gold inclusions in pyrite-3;
e —gold in hematite; f — micron gold release in As-containing iron oxy-hydroxide. c, f —image in

reflected electrons, the rest ones — micrographs in reflected light

Table 5.4. Concentration of gold in pyrite and arsenopyrite of some deposits with persistent
ores, ppm

Deposit Au in pyrite | Au in arsenopyrite Method Reference
from | to from to
<300 4700 EPMA
Olimpyada 0,07 2298 SIMS
0,03 | 05
<300 3700 EPMA
Veduga 64,0 1142 SIMS Ki |
<300 1200 EPMA Genkin et al.,1998
Nezhdaninskoe 1,17 387 SIMS
0,23 | 13
Sentachan <300 2600 EPMA
26,7 425 SIMS
LA-ICP-MS,
Vorontsovskoe <24 12300 EPMA Kovalchuk et al., 2019
8 9 LA-ICP-MS -
Samolazovskoe - 300 LA-ICP-MS Filimonova et al., 2020
Talatuy 0,06 | 6,78 LA-ICP-MS i
Darasun 01 | 220 LA-ICP-MS Prokofiev et al., 2022
Pavlik 0,9 3,8 EPMA
09 | 115 1,2 487 LA-ICP-MS Sidorova et al., 2022
Kuchus
135 | 30 EPMA
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According to experimental data, it was found that the main factors determining the
solubility of Au in pyrite are temperature, salinity of the fluid and concentration of As, while an
increase in the gold content in pyrite is facilitated by a decrease in temperature, an increase in the
concentration of chlorides in the ore-forming fluid, as well as high As contents - more than the
first hundred ppm (Prokofiev et al., 2022). It is noted that at low As contents (<200 ppm),
variations in its concentration do not affect the gold content. Two types of "invisible™ gold in pyrite
have been established for the Vorontsovskoye (Ural) and Pavlik (Kolyma) deposits. For the first
type (As up to 1.5 wt. %) independent behavior of Au and As is characteristic, in the second type
(As >1.5 wt. %) Au content positively correlates with As (Kovalchuk et al., 2020). Thus, in low-
arsenic pyrites, the leading mechanism of gold scattering is isomorphic substitution of iron in the
octahedral position (Trigub et al., 2017; Filimonova et al., 2020) or adsorption of Au'-polysulfide
complexes (Pokrovski et al., 2021). In high-arsenic pyrites, domains with the structure of
arsenopyrite or lollingite are probably formed, in which As can enter the environment of structural

Au (Fig. 5.14) (Kovalchuk et al., 2020; Pokrovski et al., 2021).
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Figure 5.14. Structural model of chemically bound gold in pyrite, arsenopyrite and lollingite.
Atoms: Au - pink, S - yellow, As - green, Fe - brown, Ss - blue, H — grey (Pokrovski, 2021)



196

Admixtures of As in pyrite of pyrite-arsenopyrite and gold-tetrahedrite-arsenopyrite
association of the Kutyn deposit were not found. Probably, the gold in such pyrites is mostly a
structural or surface-bound impurity. The pyrite of the gold-pyrite association is arsenic (Table
5.1), most of the gold is probably associated with As-containing domains.

It is well known, the process of recrystallization of minerals leads to their purification from
impurities. Thus, hydrothermal recrystallization and enlargement of pyrite grains lead to a decrease
in the Au and As content in newly formed pyrite compared to primary pyrite (Prokofiev et al.,
2020). Native gold in microcracks in arsenopyrite (Fig. 5.9, 2) gold-tetrahedrite-arsenopyrite
association of the Kutyn deposit is probably released during recrystallization of arsenopyrite.
However, this process was not widespread, which determined the widespread development of
gold-bearing pyrite and arsenopyrite at the Kutyn deposit.

To establish the form of presence of the "invisible” gold, an attempt was made to study
pyrite and arsenopyrite of the productive associations of the Kutyn deposit by transmission
electron microscopy (TEM). Studies of thin plates (lamellae) of sulfides were carried out at the St.
Petersburg State University "Nanotechnology” RC using a LIBRA 200FE transmission electron
microscope with a built-in Q filter. The accelerating voltage of the microscope is 200 keV. Analyst
D.V. Danilov. Samples for TEM were prepared by the focussed ion beam method.

High-resolution transmission electron microscopy (HREM) forms an image under phase
contrast conditions when the incident electron beam is oriented parallel to the axis of the crystal
zone. The technique makes it possible to establish inhomogeneities of the crystal lattice, observe
the nature of the boundary of the two phases (Williams, Carter, 2009).

The size of the analyzed area was approximately 2x1x0.5 microns. No separations of native
gold were found in the studied volume. However, due to the small volume of study, the result
obtained cannot be evidence of a structural impurity of gold in sulfides.

5.4. Comparison of the mineral composition of the ores of the Kutyn and Albazino deposits

The Kutyn and Albazino gold deposits belong to the Ulban terrane, but are localized in
various geological and structural settings in the intrusive dome structure and in the roots of the
paleovolcano apparatus, respectively (Trushin et al., 2019). Despite the different positions, the
similar mineral composition of near-ore metasomatites and ores, the forms of finding gold, as well
as the findings of telluride mineralization allow us to compare the studied object with the Albazino
deposit. Both deposits are characterized by zones of metasomatites of the berezite formation, in
the central parts of which veins and veins are widely manifested. The ores of both deposits contain
a small amount of sulfides (up to 6%), among which pyrite and arsenopyrite predominate, and the

typomorphic feature of the latter is an admixture of Sb. Native gold is associated with arsenopyrite
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and Ag-containing tetrahedrite, as well as with quartz and carbonates, but some of the gold is
contained in arsenopyrite and pyrite sulfides. In the oxidation zone, this gold is released and forms
its own phase. The distinctive features of the mineral composition of the Albazino ores are the
presence of bismuth minerals, various sulfosalts, and the wider development of Ni and Co
minerals, which made it possible to attribute this deposit to the gold-rare-metal ore formation
(Kemkina, Kemkin, 2018). The Albazino deposit contains bismuth minerals — bismuthin Bi.Ss,
bismuth tellurides, matildite AgBiSz, cobellite PbeFeBisSb,S1s, antimony - ulmannite NiSbhS,
jamsonite PbsFeSbsS14, heteromorphite Pb7SbsSie, cobalt - CoAsS, as well as cassiterite SnO2 and
native Ni, Ag, Cu, Bi. At the Kutyn deposit, we have discovered and described minerals Te, Sb,
Sn, Hg, Ni, Co, Mo, but their diversity is inferior to the mineralization of the Albazinsky deposit.
Similar telluride mineralization (Au, Ag, Pb tellurides) has been described in the gold deposits of
the Sikhote-Alin province of Chulbatkan (Alekseev, Starostin, 2017), Malmyzhsky (Bukhanova
etal., 2020), Mnogovershinny (Moiseenko, Eyrish, 1996). A feature of the telluride mineralization
of the Kutyn deposit is the presence of Sb and Hg tellurides — telluroantimone and coloradoite.

Bismuth tellurides are often observed in the gold deposits of the Sikhote-Alin province —
for example, in the deposits of Albazino, Malinovskoye, Pasechnoye, Bolotistoe, etc. (Kemkina,
Kemkin, 2018; Gvozdev et al., 2016; Grebennikova et al., 2021; Lotina, 2011). Despite the fact
that we did not find bismuth tellurides in the samples studied, an admixture of bismuth in
tellurantimone may indicate the presence of bismuth mineralization.

B.B. Damdinov (2019) proposed a classification of the gold deposits of the Eastern Sayan
by the mineral composition of the productive association, which is proposed to be used in adjacent
territories. According to this classification, the Kutyn deposit can be attributed to the gold-telluride

type, the typomorphic feature of which is the presence of native gold and Au, Ag, Pb, Bi tellurides.
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Chapter 6. Physico-chemical parameters of the formation of the Kutyn
deposit

6.1. Assessment of the formation conditions of rocks and ores of the Kutyn deposit by mineral
geothermometers
The temperature of the early manifestation of the metasomatosis process was estimated
using a chlorite geothermometer based on the distribution of Al in tetrahedral and octahedral
positions (Cathelineau, Nieva, 1985).
The temperature calculated from the chlorite of granodiorites varies from 229°C to 278°C,
averaging 257°C (14 points of analysis) (Table 6.1). The temperature of chlorite formation in

metasomatized sandstones varies from 213°C to 236°C (4 points of analysis) (Table 6.1).

Table 6.1. Chemical composition of chlorite (wt. %), its structural formula and temperature
calculated from it (according to Cathelineau, Nivea, 1985)

SiO; | Al,Os | FeO | MgO | Sum | Siv | Al | Alvi | Fe*" | Mg*" |6— v | T, °C
1|27.62 | 20.07 | 27.20 | 13.86 | 88.75 | 2.88 | 1.12 | 1.35 | 2.37 | 2.16 | 0.12| 256
2| 28.41| 18.05 | 22.69 | 18.21 | 87.36 | 2.95 | 1.05 | 1.16 | 1.97 | 2.82| 0.05| 242
3129.22 | 18.45 | 29.55 | 11.90 | 89.12 | 3.03 | 0.97 | 1.30 | 260 | 1.87| 023 | 225
412960 | 18.30 | 31.27 | 12.51 | 91.68 | 3.00 | 1.00 | 1.22 | 270 | 1.93| 0.15| 230

Note. 1, 2 — chlorite of metasomatized granodiorites, 3, 4 — chlorite of metasomatized sandstones.

The use of an arsenopyrite geothermometer is not possible due to the high content of
impurities (>1 wt. %) and the variable As/S-ratio (Kretschmar, Scott, 1976).

According to the stability diagram of the Au-Ag-Te system at Nag = 0.37, the formation
temperature of the gold-tetrahedrite-arsenopyrite association (in paragenesis with hessite) is
estimated to be higher 170°C, log f(Tez) = 107 — 1012 (Nag - atomic percentages Ag in electrum)
(Bortnikov et al., 1988).

According to A.M. Afifi et al. (Afifi et al., 1988), the region of stability of the paragenesis
of minerals of the gold-tetrahedrite-arsenopyrite association, including electrum, hessite, pyrite,
arsenopyrite, galena, for a temperature of 200°C is limited by the lines petzite-hessite, hessite-
acanthite, arsenopyrite-pyrite-tennantite, pyrite-pyrrhotite. Variations in the silver content in
electrum (Xag from 0.37 to 0.49) associated with hessite narrow the stability region by f(Tez). At
200°C, the formation of the studied gold-tetrahedrite-arsenopyrite association took place in the

range of sulfur fugitivity from -16.8 to -15.0 and tellurium fugitivity from -16.5 to -15.2 (Fig. 6.1).
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Figure 6.1. logfTe2 — logfS, diagram for the paragenesis of minerals of the gold-tetrahedrite-

arsenopyrite association with the hessite of the Kutyn deposit.

The dotted line is the minimum and maximum silver content in electrum in equilibrium with
hessite (according to Barton, Skinner, 1979; Afifi et al., 1988). The field of stability of the
paragenesis of minerals of the gold ore association with the hessiite of the Kutyn deposit is

highlighted in color. Py — pyrite, Po — pyrrhotite, Tn — tennantite, Ptz — petzite, Hs — hessite.

Hessite and stutzite of the telluride association do not demonstrate the decay structure of
their high-temperature solid solution, which indicates a crystallization temperature below 120 +
15 °C (Kracek et al., 1966).

Thus, the formation of noble-metal mineral forms of gold-tetrahedrite-arsenopyrite and
telluride associations is due to a decrease in temperature and variations in the fugitivity of sulfur
and tellurium.

Among the oxidized As-containing phases, a mixture of Ca-Fe-arsenate and As-containing
iron hydroxide sharply prevails. The paper (Surour et al., 2012) describes the development of these
phases for arsenopyrite during the weathering of ore-containing granodiorites at the Bir Tawilah
gold deposit (Saudi Arabia). The subordinate amount of skorodite among the supergene arsenic

minerals indicates increased pH values during oxidation (Vink, 1996, Paktunc et al., 2015).
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6.2. Pressure assessment

Due to the fact that the host rocks, as well as granodiorites, were not subjected to
metamorphic transformations, the upper limit of the ore formation pressure can be estimated by
the pressure of the formation of granodiorites using an actinolite geobarometer, which is based on
the content of Al in the hornblende. To calculate the pressures, analyses corresponding to the
edge parts of hornblende crystals were used. Several empirical formulas were used to estimate
pressure (Hammarstorm, Zen, 1986; Hollister et al., 1987; Johnson, Rutherford, 1988; Schmidt,
1992), two of which (Hollister et al., 1987; Johnson, Rutherford, 1988) probably lead to
underestimated estimates of pressure. Geobarometers (Hammerstorm, Zen, 1986; Schmidt, 1992)
indicate a pressure range from 1.1 to 1.7 kbar (Table 6.2). Probably, the value of 1.7 kbar can be
considered the upper limit of the ore formation pressure.

Table 6.2. The values of the coefficients of amphibious formulas used to calculate the

pressures of the actinolite geothermometer

Ne | Si Ti | Al | Fe [ Mn | Mg | Ca | Na | K x P1L | P2 | P3| P4 | Pav

1/693/012|089|196 |0,07|269]1,67]028]|009|1469|06 |03 03|12 06

2 1675|014 115|182 |0,04|267|1,72|0,40|010|14,78| 18 |17 |14 |24 | 18

3 /688011095 |205|0,07|258|169]|034|008|1476|{08 |06 |05]|15|09

Average | 1,1 | 09 | 0,7 | 1,7

Pressures P, kbar: P1 - Hammarstorm, Zen, 1986; P2 - Hollister et al., 1987; P3 - Johnson,
Rutherford, 1988; P4 - Schmidt, 1992; Pav — average value.

A phengite geobarometer (Massonne, Schreyer, 1987) was used to assess the pressure of
metasomatite formation. Experimentally, the relationship between the Si content in phengite and
the pressure of its formation in the KMASH (K20-MgO-Al>03-Si0>—H>0) model system was
revealed (Massonne, Schreyer, 1987). Subsequently, the phengite geobarometer was improved
taking into account the content of Mg, Fe for groups of phengites with different coefficients of
formulas for Si (Kamzolkin, 2015).

The studied sericites are illite-phengites. Probably, due to the peculiarities of its
composition, the formulas of the geobarometer (Kamzolkin, 2015) turned out to be inapplicable.
A geobarometer (Massone, Schreyer, 1987) was used to estimate the formation pressure, which
showed a range of values from 0.4 to 4.1 kbar at an average pressure of 1.6 kbar (according to 11
analyses) (Table 6.3).
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Table 6.3. Representative values of the coefficients of the illite-phengite formulas used to
calculate pressures using a phengite geobarometer (Massonne, Schreyer, 1987)
Ne Si Al Fe Mg K Ca Sum | P, kbar
1 3,12 2,20 0,00 0,11 0,66 0,02 6,11 1,4
2 3,11 2,21 0,00 0,14 0,64 0,00 6,10 1,3
3 3,10 2,24 0,00 0,13 0,62 0,00 6,09 1,0

It is well known, it is possible to estimate the pressure range semi-quantitatively by the
parameter b of the unit cell of potassium white micas (Sassi, Scolari, 1974; Padan et al., 1982): the
larger the parameter b, the higher the pressure of formation. Initially, the geobarometer was
developed for metamorphic rocks, but it has also found its application for the study of
hydrothermal-metasomatic processes (Bozkaya et al., 2016, etc.).

To find out the parameter b, the elite was a fraction <2 microns according to the method
(Krupskaya, Zakusin, 2017). The sample in a freely oriented form was taken on a Bruker D8
Advance diffractometer (Polymetal Engineering JSC). Quartz acted as an internal standard: the
correction of the position of the peaks was carried out according to the position of the quartz peak
(211). The average value of b was 8,981 A (reflex 060 — 1,497 A), which corresponds to low-bar
conditions of formation (Sassi, Scolari, 1974).

For the telluride association, taking into account the geothermal gradient (3 °C per 1000
m), the depth of the formation is no more than 4000 m, while under the lithostatic regime the

pressure is 0.9 kbar.

6.3. Thermobarogeochemical studies

Based on the study of fluid inclusions in quartz and carbonate of metasomatites and veins,
the first data on the physicochemical conditions of the formation of the Kutyn gold deposit were
obtained. More than 30 transparently polished plates with a thickness of about 0.3 mm were
viewed. The plates are made of ore-bearing metasomatites on sandstones and granodiorites,
including various associations of ore mineralization: gold-tetrahedrite-arsenopyrite, gold-pyrite
and telluride. The study of inclusions was possible only in 19 samples of metasomatites on
granodiorites, veins and veined breccias of the ore zones of Juaty (2 samples), Geophyzicheskaya
(9 samples), Perevalnaya (8 samples) due to the very small size of fluid inclusions (less than 10
microns).

Thermometric studies were carried out on an Olympus BX53F optical microscope
complete with a THMSG-600-ec thermal stand with a sample cooling system with liquid nitrogen
LNPO5 (St. Petersburg State University “Geomodel").
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The fluid inclusions were cooled until the liquid was completely crystallized and then to -
180 °C. The increase in the volume of ice relative to the volume of liquid observed by the decrease

in the gas bubble indicates that the solution is aqueous (Fig. 6.2).

Figure 6.2. Cryothermometric studies of fluid inclusions in quartz from metasomatites (a — ¢ -
samp. 2057-050) and veins (d — f — samp. 1511-074)

After cooling, the inclusions were slowly heated in increments of 20°C/min and 1-5°C/min
while waiting for phase transitions: the eutectic temperature (the appearance of the first drops of
liquid), by which the composition of salts is estimated (Borisenko, 1977); the temperature of
complete melting of ice, by which the total salinity of the solution is estimated based on
experimental data for the system NaCl-H.O (Bodnar, Vityk, 1994); homogenization temperatures
(Fig. 6.2).

The composition of the gas phase of fluid inclusions in quartz was studied by Raman
spectroscopy on a Horiba LabRam HR800 spectrometer with an Ar laser with a wavelength of
514.5 and 488 nm (RC St. Petersburg State University "Geomodel™, analyst Bocharov V.N.). The
exposure time was 3 seconds, the number of repetitions was 5, the laser power was 50 MW, the
increase in microscope — 50x. Identification of gases was carried out on the basis of reviews
(Burke, 2001; Frezzotti et al., 2012). The CO- density is calculated from the distance between the
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peaks of the Fermi doublet (Frezzotti et al., 2012). The ratio of phases in a gas mixture is estimated
by the formula (Burke, 2001). Work with RAMAN spectra was carried out in the Origin and
CrystalSleuth programs.

For microthermometric experiments, groups of inclusions with the same phase ratio within
the groups were selected. Fluid heterogenization was not observed.

According to Ridder's classification (Ridder, 1987), primary, primary-secondary and
secondary fluid inclusions were observed in the studied samples (Fig. 6.3).

v

o

Figure 6.3. Figure 6.3. Fluid inclusions in quartz of the Kutyn deposit. P — primary, PS —
primary-secondary, S — secondary. Samples: a, b, d — 2028-031, ¢ — 3002-107

Quartz of the gold-tetrahedrite-arsenopyrite association of metasomatites is fine-
grained, with irregular outlines, transparent. Primary and secondary fluid inclusions are established
in this quartz. Primary inclusions are confined to growth zones, spread evenly, secondary ones
trace cracks and differ in a smaller size in the first microns. 32 primary and 5 secondary inclusions
were studied.

Primary fluid inclusions have a size of 10-20 microns (Fig. 6.4). The shape of inclusions is
isometric, elongated, teardrop-shaped, irregular, sometimes characterized by a negative cut. Fluid
inclusions are two-phase with a gas bubble occupying 20-40% of the inclusion volume. The liquid
phase is represented by an aqueous solution with a predominance of calcium and sodium chlorides,
less often magnesium and potassium. The temperature of the eutectic varies from -56 to -49°C.
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The salinity of the solution varies widely from 1.74 to 9.21 wt. % NaCl at the melting temperature
of ice from -1.0 to -6.0 °C, however, the most common melting temperatures of ice are -4.5 ...-2.5
°C, which corresponds to 4.18 — 7.17 wt. % NaCl. When heated, homogenization into a liquid
occurs at a temperature of 240-370°C. CO: is installed in the gas phase (Fig. 6.5), an admixture of
methane was detected in one inclusion — 97% CO2 + 3% CHa. The density of CO2 is 0.15-0.23
glcm®,

¢ %

Figure 6.4. Types of fluid inclusions in quartz of the goId-tetrahedrite-arsenopyrite
association: a — one of the studied samples with a developed Au-Ttr-Apy association, b—e —
primary FI, f — secondary FI. L — liquid, G — gas.

Secondary inclusions are smaller, up to 10 microns in size, two-phase with a gas bubble
(Fig. 6.4 e). Two varieties stand out among them. The first is characterized by CaCl>-NaCl-MgCl.—
composition of the solution (eutectic temperature from -57 to -52 °C) with a salinity of 3.39 wt. %
NaCl and homogenization temperature 143 - 169 °C. NaCl is present in the composition of the
solution of the second variety (the temperature of the eutectic varies from -25 to - 22°C), the
salinity of the solution varies from 6.16 to 8.81 wt. % NaCl equiv. at the melting temperature of
ice from -1.0 to -6.0 °C, the homogenization temperature is 158-185 °C. The composition of the
gas phase has not been studied.
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Figure.6.5. Raman spectra of the gas of fluid inclusions in quartz of productive associations

The quartz of the gold-pyrite association is veined, from milky-white to transparent, in

areas suitable for study, its shaggy crystals are clearly distinguishable, often with growth zones

marked by rows of fluid inclusions. 25 primary and 8 secondary fluid inclusions were studied.

Primary fluid inclusions of no more than 20 microns in size, more often about 10 microns,
rounded shape, less often elongated (Fig. 6.6). Two-phase inclusions are installed, the size of the
gas bubble occupies 10-20% of the vacuole volume, the bubble is mobile, trembling. The eutectic

temperature ranges from -59 to -46°C, which corresponds to the composition of the CaCl.-NaCl-

MgCl,-KCI fluid. The melting point of ice varies from -3.5 to -0.4 °C and corresponds to a low

mineralized fluid with a salinity of 0.71-5.71 wt. % NaCl equiv. The homogenization temperature
in the liquid is 193-220°C. The composition of the aged gas: CO2+ CHa (up to 5%) (Fig. 6.5), the
density of CO; is 0.10-0.34 g/cm?.
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IR 4. - e _ f
Figure 6.6. Fluid inclusions in quartz of gold-pyrite association: a — one of the studied samples
with a developed Au-Py association, b—e — primary FI, f —secondary FI. L — liquid, G — gas.

Secondary inclusions are small, do not exceed 10 microns, two-phase with a gas bubble.
There are also two types of inclusions noted here. The first one is characterized by CaCl>-NaCl-
MgCl2-KClI solution composition (T eutectic from -54 to -44 °C), salinity from 0.88 to 5.41 wt. %
NaCl equiv., homogenization into a liquid occurs at temperatures of 129 - 164 °C. For the second
group of inclusions, NaCl is detected in the solution (Teut. from -27 to -23 °C), salinity varies from
5.41 to 8.14 wt. % NaCl equiv., the homogenization temperature is 143-164 °C.

In some veins quartz grains groups of very small fluid inclusions of substantially gas and
substantially water are noted, which may indicate boiling processes. Probably, the final stages of
crystallization of minerals took place in a system in which the fluid is divided into two phases —
liquid and gaseous with a drop in pressure or pressure and temperature simultaneously (Bowers,
Helgeson, 1983; Redder, 1987).

Telluride association is common in quartz-carbonate veins, with carbonates
predominating. Quartz veins with minerals of the telluride association have crystallographic forms,
light grey, characterized by an abundance of small gas-liquid inclusions, primary and secondary
fluid inclusions are marked in it. 4 primary fluid inclusions were studied, secondary inclusions
were not studied. Primary inclusions are about 15 microns in size, rounded or in the form of a
negative crystal. Two-phase inclusions with a small gas bubble occupying 5-10% of the volume
(Fig. 6.7). Eutectic temperatures vary from -55 to -45, which corresponds to the composition of
the CaCl>-NaCl fluid. The melting point of ice is -1.7 ...-0.7 °C and corresponds to a salinity of
1.23-2.90 wt. % eqg. NaCl. Homogenization into a liquid at a temperature of 140-165°C. The
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composition of the gas in the inclusions is different: CO2, CHa, 89%N,+ 11%CHjs4 (Fig. 6.5), the
density of CO> is 0.10 g/cm?.

%

.

Figure 6.7. Fluid inclusions in quartz of telluride association: a — one of the studied samples with

the developed Te association, b, ¢ — primary FI. L — liquid, G — gas.

The results of thermo- and cryometric studies of fluid inclusions, as well as Raman
spectroscopy of the gas phase of inclusions are given below (Table 6.4, Fig. 6.8, Fig. 6.9, Fig.
6.10). It was not possible to estimate the pressure according to the FI data due to the absence of
syngenetic carbon dioxide-water inclusions.

Note that the crystallization temperature of the host mineral (quartz) may be higher than
the homogenization temperature of fluid inclusions, the difference between these temperatures
depends on the magnitude of fluid pressure during ore deposition (Melnikov et al., 2008).
However, the homogenization temperatures of inclusions were determined by groups of inclusions
with the same phase ratios, which indicates fluid capture under conditions corresponding to the
two-phase equilibrium curve. In such cases, no correction for pressure is introduced, and the
homogenization temperature corresponds to the true temperatures of mineral formation (Naumov
1982; Redder, 1987).
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Figure 6.8. Distribution of homogenization temperatures (a) and salt concentrations (b) in fluid
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2011) for fluid inclusions of productive associations of the Kutyn deposit.
P — primary FI, S — secondary FI.

Thus, chlorides Ca, Mg, Na, Ca are noted in the composition of the mineral-forming fluid.
From the gold-tetrahedrite-arsenopyrite to the gold-pyrite association, the salinity of the solution
and the homegenization temperature decrease.

The composition of the gas component of fluid inclusions is sharply dominated by CO.,
CHs and N2 are noted (Fig. 6.11), which corresponds to the gas composition of the fluid of
Mesozoic gold deposits, which are characterized by the dominance of carbon dioxide, which is
associated with a greater proportion of the magmatogenic component compared to older deposits
(Prokofiev et al., 2020). Fluid inclusions of the telluride association differ sharply in the

composition of the gas phase, which is characterized by methane and nitrogen.
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Figure 6.11. Composition of the gas phase of fluid inclusions in quartz of gold-tetrahedrite-
arsenopyrite, gold-pyrite and telluride associations of the Kutyn deposit

The similarity of salt systems of mineral-forming solutions of different associations
indirectly testifies in favor of a single ore-forming process. On the other hand, a decrease in the
salinity and temperature of solutions may indicate a mixture of solutions of different salinity and
temperatures — high-temperature concentrated and low-temperature low-concentrated (Redder,
1987).

Thus, the formation of gold ore mineralization occurred with a decrease in temperature
from the medium-temperature conditions of the gold-tetrahedrite-arsenopyrite (240-370°C)
association to low-temperature vein gold-pyrite (190-220°C) and telluride (140-165°C) from
chloride fluids of low salinity with a carbon dioxide gas phase with an admixture of methane and

nitrogen.

6.4. Thermal studies
It is well known, gross methods allow for much greater accuracy of analysis than local
ones, since they use a larger amount of the substance under study (Plechov, 2014). Therefore, in
order to clarify the homogenization temperatures of fluid inclusions, a complex thermal analysis
was applied to the quartz of the gold-pyrite association of the vein stage.
The complex thermal analysis was carried out on a synchronous thermal analyzer Netzsch
STA 449 F3 Jupiter (Department of Geochemistry, St. Petersburg State University, analyst Fokina

E.L.), which allows simultaneous thermogravimetric analysis and differential scanning
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calorimetry, recording mass loss and thermal effects, respectively. The samples were taken in the
temperature range from 25 to 1000 °C, the step was 10 °/min, a corundum crucible was used. The
results were processed in the NETZSCH Proteus Thermal analysis v. 5.2.1 program. The
attachment consisted of grains of quartz selected under the binocular with a size of 0.3-0.5 mm
with a total weight of about 20 mg. Quartz was taken from veins (sample 3201-068, Perevalnaya
ore zone).

The results of the complex thermal analysis given below (Fig. 6.12) are in good agreement
with the results of the study of individual fluid inclusions. The rise of the thermogravimetric curve
at the beginning of heating (from 25.0 to 70.9 °C) is caused by an unsteady heat flow. The first
two stages of weight loss are accompanied by endothermic effects, probably associated with
impurities of other minerals. Mass losses at 208.0 and 360.6 °C are not accompanied by thermal
effects and correspond to the decripitation of fluid inclusions. The temperature of 208 °C
corresponds to the measured homogenization temperatures of fluid inclusions in quartz veins. A
higher temperature of 360 °C confirms the homogenization temperature of inclusions in
metasomatic quartz, relicts of which may be present in the veins. These high-temperature
inclusions in relict quartz have not been studied by microthermal analysis of individual inclusions
due to the turbidity of relict quartz and/or the small size of such inclusions. The presence of several
quartz generations in veins is often detected by cathodoluminescence, although it is not obvious
in transmitted light (Landtwing et al., 2005; Rusk et al., 2006 and others).

The absence of mass loss in quartz in the region of 250 °C — the temperature determined
by the homogenization of fluid inclusions in quartz metasomatites and by the oxygen isotope
geothermometer in the quartz-sericite pair can be explained as follows. On the one hand, it is
possible that the opening of cracks, subsequently filled with vein quartz, occurred in the
temperature range 360-250°C, therefore, relicts of relatively high-temperature quartz are present
in the veins, but there is no quartz formed at 250°C. On the other hand, it may not have been
possible to record the mass loss during the decompitation of inclusions in quartz in the region of

250 °C due to the limited distribution of such inclusions.
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Figure 6.12. TG (green) and DSC (blue) vein quartz curves

Consistent temperatures were obtained on the basis of microthermal studies of individual
fluid inclusions and complex thermal analysis of quartz, fixing certain stages of mineral formation.

According to mineral geothermometers and fluid inclusions, consistent results on the
thermal history of mineralization were obtained. The temperature of the early manifestation of the
metasomatic process, estimated by a chlorite geothermometer, varies from 229°C to 278°C in
metasomatized granodiorites and from 213°C to 236°C in metasomatized sandstones. According
to the results of thermobarogeochemical studies, the formation of the gold-tetrahedrite-
arsenopyrite association occurred at a little higher temperature of 240-370 ° C, which is consistent
with the data on the stability of the Au-Ag-Te system at Nag = 0.37 (above 170 °C) (Bortnikov et
al., 1988). According to the homogenization temperatures of fluid inclusions in quartz, the gold-
pyrite association was formed at 190-220 °C.

Quartz of the final telluride association was formed at temperatures of 140-165°C.
However, due to the absence of the decay structure of hessite and stutzite, the temperature is no
higher than 120 + 15 °C, which correlates with the homogenization temperatures of secondary

inclusions of productive associations.
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Chapter 7. Isotope-geochronological and isotope-geochemical studies of
granodiorites of the Birandjinsky massif and metasomatites

7.1. Isotope-geochronological studies of granodiorites of the Biranjinsky massif and
metasomatites

The formation of large industrial deposits of gold, copper, tungsten, and tin in Sikhote-Alin
and adjacent territories is associated with the setting of the transform continental margin in the
Albian—Cenomanian, 110-95 Ma ago (Khanchuk et al., 2019). Despite the fact that the Kutyn
deposit is an important object of the resource base of the Khabarovsk Krai, attempts to estimate
its age by isotope-geochronological methods have not been made before.

To determine the age of the Birandjinsky massif, zircon, as well as biotite and potassium
feldspar were isolated from biotite-hornblende granodiorites (sample K-348). To determine the
age of ore mineralization, albitized potassium feldspar with a low rubidium content (125 g/t Rb)
and sericite were isolated from carbonate-sericite-quartz with sulfide inclusions of metasomatized
granodiorite (sample K-558/5, ore zone of Juaty, Au content 4.8 g/t) (Azarian et al., 2022b).

The U-Pb age of zircon from the granodiorites of Il phase of the Birandjinsky massif was
determined using the SHRIMP |1 secondary ion mass spectrometer (VSEGEI, St. Petersburg) by
the method (Williams, 1998). Rb-Sr and Sm-Nd isotope studies were carried out at the Institute of
Geology and Geochronology of the Precambrian RAS (St. Petersburg). The isolation of Rb, Sr,
Sm and Nd from rocks and minerals for isotopic studies was carried out according to the
methodology (Savatenkov et al., 2004). The isotopic composition of Nd and Sr was determined on
a multicollector solid-phase mass spectrometer Triton TIl. The concentrations of Rb, Sr, Sm and
Nd and the ratios &Rb/%Sr and #’Sm/***Nd were determined by isotopic dilution. The
reproducibility of the determination of concentrations of Rb, Sr, Sm and Nd, calculated on the
basis of multiple analyses of the BCR-1 standard, corresponds to + 0.5%. The value of the idle
experience was: 0.05 ng for Rb, 0.2 ng for Sr, 0.3 ng for Sm, 0.5 ng for Nd. During the
measurement period, the average value of 8’Sr/%éSr in the SRM-987 standard corresponded to
0.710241=15 (2, 10 measurements), and the value of **Nd/***Nd in the JNdi standard-1 -
0.512098+8 (2, 12 measurements). The measurement error of the 8’Sr/%Sr ratio was +0.007% (25),
8"Rb/®®Sr was +1% (2 ). When calculating the age, the value A8Rb = 1.3972x10! year?® was
used (Villa et al., 2015). The calculation was carried out in the Isoplot R program.

Zircon in the rock is associated with rock-forming minerals, as well as with thorite. No
mineral inclusions were found. The zircon of granodiorites is colorless or slightly colored
prismatic, less often needle-shaped idiomorphic crystals with a size of 120—250 microns, mostly
corresponding to the morphotype G1 (Pupin, 1980). The elongation coefficient varies from 2 to 7.
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The Hf impurity varies from 0.7 to 1.5 wt.%, averaging 1.1 wt.%. On CL-images of zircon grains,
there is a subtle rhythmic, less often coarse magmatic zonality, sometimes sectoriality, in some
zircons there is an ancient core (Fig. 7.1).

The age of granodiorites of the Birandjinsky massif has been established by the method of
U-Pb dating of zircon (SHRIMP, VSEGEI). According to idiomorphic zircon crystals and zones
overgrowing ancient cores (Fig. 7.1), a concordant age (at 9 points) of 90.7+1.7 million years (Late
Cretaceous) (MSWD 0.26) was obtained (Fig. 7.2, Table 7.1) (Azarian et al., 2022b). The age
obtained is slightly older than the ages previously determined by the K-Ar method for the rocks of
the Ulban complex, which also includes the Birandjinsky massif (70—84 million years) (Zabrodin
et al., 2007).

One grain of zircon with a fine rhythmic zonality has an age of 335.94+4.6 million years
(early carbon) (Azarian et al., 2022b). Probably, this grain is captured from the host rocks, which
is consistent with the age of detrial zircon from siltstones of the Early Jurassic Sorukan formation
and from sandstones of the Middle Jurassic Naldynda formation of the Ulban terrane (Zaika et al.,
2020).

Figure 7.1. Cathodoluminescent images of zircon crystals from granodiorites of the Birandjinsky
massif. The circles indicate the areas of isotope dating, the point numbers correspond to those in
Table 7.1
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Table 7.1. Results of local U-Pb analysis of zircons from the granodiorite of the

Birandjinsky massif (sample K-348).

Content Measured relationships Age, MA
232Th/
Ne Rho | 206pp*
#°Ph, U, | Th, 206pp*| 238y 206py/238 +16, 207ppy*/235| 16, Pb*/ +
% ppm| ppm % % 238

435 | 102 | 75 | 1.26 0.76 0.01375 | 3.6 0.077 55 | 0,066] 88.0 3.2

433 | 102 | 111 | 1.27 1.12 0.01384 | 3.6 0.081 52 | 0,069 88.6 3.2

1.62 | 265 | 156 | 3.21 0.61 0.01391 | 2.0 0.078 20 | 0,097 89.0 1.8

N| 0| o) Ol

166 | 255|151 | 3.13 0.61 0.01405 | 2.0 0.081 19 | 0,106 90.0 1.8

10| 1.92 | 102 | 103 | 1.26 1.04 0.01411 | 3.0 0.089 24 | 0,125] 90.3 2.7

221 | 80 | 70 | 1.00 0.90 0.01419 | 3.0 0.135 18 | 0,162 90.8 2.7

237 | 85 | 94 | 1.08 1.14 0.01441 | 3.3 0.102 26 | 0,125] 92.2 3.0

541 | 63 | 44 | 0.845] 0.72 0.01476 | 4.7 0.082 71 | 0,067 94.4 4.4

243 | 156 | 95 | 2.07 0.63 0.01507 | 2.5 0.091 28 | 0,088 96.4 2.4

O B~ P N W

0.27 | 250 | 121 | 115 0.50 0.05349 | 14 0.387 5.2 | 0,268 3359 | 4.6

Notes: Pb and Pb* are non-radiogenic and radiogenic Pb, respectively.
Rho is the correlation coefficient of 20’Pb*/%°U and 2%°Ph/*8U
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The Rb-Sr system (rock-mineral isochrons) was studied for samples of unchanged (K-348)
and metasomatized granodiorite (K-558/5). The K-348 sample is a hypidiomorphous-grained
biotite-hornblende granodiorite (Geophyzicheskaya ore zone). The K-558/5 sample is represented
by fully manifested berezite — carbonate-sericite-quartz metasomatite with sulfide inclusions (ore
zone of Juaty).

Rb-Sr isotopic data for the rock as a whole and minerals (K-feldspar, K-Na feldspar and
biotite) from sample K-348 form an erochronic dependence corresponding to the age of 93 + 1
million years (Fig. 7.3 a, Table 7.2), which is in good agreement with the age determined by the
zircon from the same rocks is 90.7 = 1.7 million years. The absence of isochronous dependence
for this sample is obviously due to the late metasomatic effect on granodiorite.

Minerals (sericite and albitized potassium feldspar) and the gross sample of the K-558/5
sample from metasomatite developed by granodiorite form an isochronous relationship with an
age of 79.3 + 0.5 million years (Fig. 7.3 b, Table 7.2).

B?SI./SGSI. (a) S?Sr/SGSI. (b)
0.730}- 92.7 + 0.4 Ma Biotitc > ) 730 |- 79.3 + 0.5 Ma Sericite
87S1/86Sr = (0.70530 + 0.00003 8785 r/36S 1 = (0.70576 + 0.00005
: MSWD = 61 ) MSWD = 0.81
0.725+ 0.725 -
0.720 0.720 |-
0.715F 0.715F
0.710} 0.710
K-Fsp 11
| | | | S‘NC” | | |
0.705 05
).705 5 10 15 20°7%% 5 10 5 20
87 Rb/S(JS[. S?Rb/gﬁsr

Figure 7.3 Rock-mineral erochron (a) for biotite, K-feldspar and swell for granodiorite (K-348)
and rock-mineral isochron (b) for muscovite (sericite), K-feldspar and swell for carbonate-

sericite-quartz metasomatite (K-558/5).
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Table 7.2. Rb-Sr and Sm-Nd isotopic characteristics of minerals and rocks

Sample. RD, Sr, n—— 87Sr/8eSr 6 87Sr/88Sr (t*)
ug/g ug/g measured.
K-348 gross 100.2 | 287.9 1.007 0.70662 6 0.70532
K-348 biotite 277.1 41.7 19.28 0.73046 9 -
K-348 K-Fsp | 340.1 | 213.6 4.607 0.71153 10 -
K-348 K-Fsp Il 302.8 | 167.6 5.228 0.71171 8 -
K-558/5 | gross 240.1 | 216.0 3.217 0.70930 7 0.70514
K-558/5 | K-Fsp Il | 125.2 | 225.0 1.610 0.70756 15 -
K-558/5 | sericite 238.8 | 32.38 21.38 0.72950 7 -
Sm, Nd, | *Sm/*Nd | *Nd/***Nd | +26 | end(t) | Tom
ng/lg | ug/g
K-348 gross 4.97 50.96 0.0590 0.512515 3 -0.77 | 628
K-558/5 | gross 4.56 48.85 0.0565 0.512524 3 -0.81 | 609

Notes: K-348 — biotite-hornblende granodiorite, K-558/5 — berezite (Juaty). K-feldspar is
potassium feldspar, for sample K-348: K-feldspar 1 is potassium feldspar and K-feldspar Il is K-
Na feldspar. * - the primary ratios for the shaft of rocks are calculated for the age of 91 million

years, according to the U-Pb age of zircon.

The value of the eng(t) and the primary ratio 8’Sr/®Sr in the samples of granodiorite and
metasomatite show similar values, respectively -0.77 and 0.70514, -0.81 and 0.70532 (Table 5.2).
These values differ significantly from the parameters of the depleted mantle. This difference
suggests that the granodiorite melt was formed with the participation of the matter of the
continental crust. It is possible that granodiorites were formed with the participation of host
sedimentary strata with ancient sources of demolition. The ancient source is also indicated by
higher values of the primary ratios 8’Sr/%Sr relative to the mantle ones. The similarity of the
primary isotopic characteristics of Sr and Nd in the samples of granodiorites and metasomatites
may indicate the absence of any significant introduction of strontium and neodymium by the fluid
into the ore deposition zone (Azaryan et al., 2022Db).

Thus, the first data on the age of the granodiorites of the Birandjinsky massif obtained by
different isotopic methods (U-Pb for zircon and Rb-Sr for minerals and rock) are in good
agreement — 90.7 and 92.7 million years. The crystallization time of the Birandjinsky massif rocks
corresponds to the second stage of magmatism of the Khingan-Okhotsk volcano-plutonic belt 110-

80 million years ago (Geodynamics..., 2006).
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The age of the gold-bearing quartz-sericite-carbonate metasomatites of the Kutyn deposit,
determined by the Rb-Sr method, corresponds to 79.3 million years. The revealed time gap
between the formation of granodiorites and berezites contradicts the idea of the connection of
metasomatizing fluids with the Birandjinsky massif. Gold ore systems associated with intrusive
complexes are the same age as the maternal intrusive: the age difference is no more than 2 million
years (Hart, 2005). Thus, at the Darasun deposit in Eastern Transbaikalia, gold mineralization in
berezites is almost synchronous with the formation of granodiorite porphyries, with which it is
spatially and paragenetically associated - 159.6+1.5 and 160.5+0.4 million years, respectively
(Chernyshev et al., 2014).

Taking into account the limitations associated with the use of the Rb-Sr method for
metasomatically altered rocks as a result of the mobility of Rb and Sr in these processes, an attempt
was made to estimate the age of the metasomatic sericite by the *°Ar/*Ar method to control the
data obtained. “°Ar/**Ar geochronological studies by the method of stepwise heating were carried
out according to the methodology described in (Travin et al., 2009) (analyst D.S. Yudin, IGM SB
RAS, Novosibirsk). Sericite for dating was selected from metasomatized granodiorites
(Geophyzicheskaya ore zone) containing ore minerals of the gold-tetrahedrite-arsenopyrite
association. In the age spectrum of the sericite, a plateau consisting of three stages comprising
82% of the isolated *°Ar is distinguished with an age of 94.7+7.6 million years (Fig.7.4). The
obtained dating, taking into account the error, is close to the age of the granodiorites of the
Birandjinsky massif. A significant error is probably related to the low output of **Ar. The observed
decrease in age in the high-temperature part of the spectrum is possible for fine clay particles
(Villa, 1997), as well as for minerals formed in closed, water-saturated systems (Kelley, 2002).
The material we analyzed consisted of fine-grained mica flakes isolated from metasomatized
granodiorite, that is, the proposed explanations are unlikely. The overestimated age of the plateau
can be explained by some loss of K during the superimposed low-temperature process (Villa,

2021), however, this was not observed in the thin sections.
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Figure 7.4. Age “°Ar/*®Ar spectrum for muscovite from metasomatized granodiorite.

The measurement errors shown in the figures correspond to the interval + 1o.

Unfortunately, the results “°Ar/3Ar- dating of sericite does not provide an unambiguous
answer about the age of metasomatosis due to a significant error and the nature of the spectrum.
Taking into account the spread of dikes secant with respect to granodiorites, which are also
superimposed with metasomatic changes and in which there is a gold-tetrahedrite-arsenopyrite
association, we prefer Rb-Sr age estimation.

7.2. Isotope-geochemical studies

7.2.1. Isotopic composition of oxygen and carbon

To assess the source of the mineral-forming fluid, the isotopic composition of oxygen of
quartz from metasomatites (gold-tetrahedrite-arsenopyrite association) and veins (gold-pyrite
association) of the Kutyn deposit was determined, as well as from veins of the Ekaterina ore zone
of the Albazino deposit. The isotopic composition of oxygen of sericite from the ore-bearing
carbonate-sericite-quartz metasomatite of the Kutyn deposit has also been established. The
monofractions of minerals were taken under binoculars, the sample weight was about 8 mg, the
size of the grains was 0.5 — 1.5 mm.

The isotopic composition of oxygen was determined in the Gl SB RAS, Ulan-Ude (analyst
V.F. Posokhov). Measurements of the oxygen isotopic composition were carried out on a
FINNIGAN MAT 253 gas mass spectrometer using a dual intake system. The preparation of
samples for determining the values of §*80 was carried out using the laser fluorination method on
the option "laser ablation with oxygen extraction from silicates” in the presence of bromine
pentafluoride as a reagent according to the method described in the article (Sharp, 1990).
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Calibration was performed in relation to the international standards NBS-28 (quartz) and NBS-30
(biotite). The error of the obtained values of 3'®0vsmow values was at the level of (1s) = 0.2 %o.
Carbon and oxygen in carbonates were determined by the method of decomposition with
orthophosphoric acid using the “Gasbench” option at a temperature of 70 ° C for 2-4 hours. The
measurements were carried out by the “continuous flow” method in a constant flow of helium.
Calibration was carried out according to the standards NBS-18, NBS-19. The error was no more
than 0.2%o.

The isotopic composition of oxygen §'80vsmow of quartz of metasomatites varies within
narrow limits from 10.4 to 11.4 %o (Table 7.3), quartz from the gold—bearing veins of Kutyn and
Albazino is more enriched with a heavy isotope — from 13.6 to 18.0 %.. The observed variation in
the isotopic composition of oxygen in the veins may indicate fluid heterogenization.

The oxygen isotopic composition in quartz of the Kutyn and Albazino deposits is close to
quartz of gold ore orogenic and intrusion-related deposits of the Far East (Figure 7.5). Quartz of
gold ore epithermal deposits, as a rule, is enriched with a light isotope, 620 varies in the range of

near zero and negative values.

Table 7.3. Isotopic composition of oxygen of quartz, sericite and coexisting fluid of Kutyn

and Albazino deposits

Sample Mineral Association 3%¥0vsmow | T, °C 8"®Otuid
K-349 Quartz Au-Ttr-Apy 10.4 250-300 1.54-3.58
K-349 Sericite Au-Ttr-Apy 4.8 - -

K-585/5 Quartz Au-Ttr-Apy 11.4 250-300 2.53-4.57
1511-074a Quartz Au-Ttr-Apy 10.8 250-300 1.88-3.92
2026-035 Quartz Au-Py 13.6 200 2.01
0066-065 Quartz Au-Py 17.5 200 5.89
3201-068 Quartz Au-Py 18.0 208 6.40
Alb-779 Quiartz Albazino veins | 14.4 - -
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Figure 7.5. Oxygen isotopic composition of quartz or potassium feldspar of epithermal, orogenic
and intrusion-related gold deposits of the Far East (according to Goryachev, Pirajno, 2014;
Vikent'eva et al., 2018 with author's additions)

Based on the isotopic composition of quartz and sericite from a sample of metasomatites
with a developed Au-Tr-Apy association, the temperature of mineral formation was estimated at
250°C, which is in agreement with the results of thermobarogeochemical studies. Calculations
were carried out according to the equations (Zheng et al., 19934, b).

The isotopic composition of oxygen in the mineral-forming fluid is calculated according to

the fractionation equation in hydrothermal systems (Ohmoto, 1986), according to the formula
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3'80quartz — 6®0wat = 3,34*(108/T?) — 3,31, where T — temperature in Kelvins (Matsuhisa et al.,
1979). The temperature values obtained from the isotopic geothermometer (quartz-sericite) or by
the homogenization temperature of fluid inclusions were used for the calculation.

Isotopic composition of oxygen of fluid in equilibrium with quartz from metasomatites for
temperatures 250-300°C characterized by values from 1.54 up to 4.57 %o (Table. 7.3). The oxygen
isotopic composition of the fluid in equilibrium with vein quartz is inhomogeneous: at
temperatures of about 200°C one value corresponds to a lightweight composition (2.01 %), others
— weighted (5.89-6.89%o). The first values are typical for meteoric waters, the second ones — for
magmatogenic and metamorphogenic (Hoefs, 2015). Thus, the isotopic composition of the fluid
in equilibrium with quartz from veins indicates two types of mineral-forming solutions —
lightweight meteoric and weighted magmatogenic or metamorphogenic. The oxygen composition
of the metasomatite fluid reflects a mixture of these sources, whereas differences in the isotopic
compositions of the oxygen of fluid in equilibrium with quartz from veins may indicate
heterogenization of the fluid as a result of decompression accompanying the process of veining
and hydrothermal brecciation.

It should be noted that significant variations in the oxygen composition of the fluid are real,
since they depend not only on the temperatures used in the calculation, but also rely on
significantly different compositions of oxygen of quartz(Goldfarb et al., 2015).

It is well known that the §'80 of the magmatogenic fluid varies from 6 to 10 %o, and the
metamorphogenic fluid varies from 5 to 25 (Hoefs, 2015). For orogenic gold deposits, the interval
5180 of the mineral-forming fluid is from 4 to 15 % (Ridley, Diamond, 2000; Bierlein, Crowe,
2000). 880 of the fluid of the Kutyn deposit falls within the range of variations in the composition
of the oxygen fluid of both deposits associated with intrusions and orogenic deposits of the Far
East (Fig. 7.6).
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Figure 7.6. Isotopic composition of oxygen of mineral-forming fluid of epithermal, orogenic and
intrusion-related gold deposits of the Far East (according to Goryachev, Pirajno, 2014;
Vikent'eva et al., 2018; Hoefs, 2015 with author's additions)

Probably, the values of 520 of the mineral—-forming fluid of the Kutyn deposit reflect a
mixture of fluids of various origins - isotope-heavy magmatogenic and/or metamorphogenic and
isotope-light meteoric, which confirms the complex nature of ore-forming solutions, including
fluids separated from the magmatic chamber or formed during dehydration during contact or
regional metamorphism, as well as deep meteoric waters. (Bortnikov, 2006).

The isotopic composition of oxygen and carbon has been studied in dolomite from

carbonate-quartz veins of the Kutyn deposit (Table 7.4, Fig. 7.7). The isotopic composition
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corresponds to the composition of hydrothermal carbonate (Hoefs, 2015), and also falls into the
field of distribution of carbonates of the Darasun gold deposit (from -0.5 to +17.6 §'80 and from
-6.7 to +1.1 8'3C) (Prokofiev et al., 2010).

Table. 7.4. Isotopic composition of oxygen and carbon of dolomite and coexisting fluid of

the Kutyn deposit

Sample Description 310 d13C T,°C 81O 813 Criuid

K-564 Vein in|11.6 -6.1 200 1.31 -6.88
metasandstone

K-335-2 Vein on | 14.7 -4.6 200 441 -5.38
metagranodiorite

0
Marine
2 | carbonates
Hydrothermal
carbonates
O
3
w -6 Igneous o
carbonates
-8 F
_10 I I I
4 9 14 19 24
8180, %o

Figure 7.7. Isotopic composition of oxygen and carbon in vein carbonates of the Kutyn deposit
(field — by Valley, 1986)

The isotopic compositions of oxygen and carbon in the mineral-forming fluid are calculated
according to the fractionation equations in hydrothermal systems according to the formulas
(Zheng, 1999; Ohmoto, Rye, 1979):

3'800dolomite — 68Owat = 4,06*(10%/T?) — 4,65*(10%/T) + 1,71;

813 Cdolomite — 8*Ccoz = — 8,914*(108/T%) + 8,737*(10%/T?) — 18,11*(10%/T) + 8,44,
where T — temperature in Kelvins. The average homogenization temperatures of fluid inclusions
in quartz of the vein gold-pyrite association were used in the calculation.

The isotopic compositions of the oxygen of the fluid, estimated from quartz and

dolomite, are in good agreement with each other.
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The values of 5°Cnuia correspond to the composition of mantle and magmatic carbon,
falling in the range of -7...-2 and -6...-2, respectively (Jia, Kerrich, 2000). On the other hand, they
also fall into the range of carbon isotopic composition of carbonates from orogenic gold deposits
— from -11 to 2 % (McCuaig and Kerrich, 1998). Minor variations may indicate the homogeneity
of the mineral-forming fluid, and also indicate in favor of fluid-dominant mineral formation at the

vein stage, when the influence of host rocks is small (Goldfarb, Groves, 2015).

7.2.2. Isotopic composition of sulfur
To assess the source of the ore material, the isotopic composition of sulfur of sulfides
(pyrite and arsenopyrite) from productive associations (Au-Ttr-Apy and Au-Py) of the Kutyn
deposit, as well as from the ore-bearing veins of Albazino was determined.
The analysis was carried out by the method of gas isotope mass spectrometry with double
discharge on the Delta VV Advantage mass spectrometer (IGM SB RAS, Novosibirsk, analyst V.N.
Reutsky).

The isotopic composition of sulfur of sulfides is given below (Table 7.5).

Table 7.5. Isotopic composition of sulfur sulfides and coexisting fluid of the Kutyn and
Albazino deposits

Sample | Deposit, ore zone | Mineral Association | §%S, %o | T, °C 534St1uid %o

K-348- | Kutyn, Pyrite Au-Ttr-Apy | -1.4 250-300 |-2.9...-2.6

2 Geophyzicheskaya

K-348- | Kutyn, Arsenopyrite | Au-Ttr-Apy | -0.4 250-300 |-1.9...-1.6

1 Geophyzicheskaya

K- Kutyn, Juaty Pyrite Au-Ttr-Apy | -0.2 250-300 |-1.7...-14

558/5

0947- | Kutyn, Pyrite Au-Py 14 200 -04

033 Sedlovinnaya

A1n6-12 | Albazino, Pyrite - -0.2 - -
Ekaterina (veins)

Values of 534S they vary from -1.4 to +1.4 and fall into the sulfur range of the magmatic
source — from -5 to 5 %o (Ohmoto, 1986). On the other hand, the resulting compositions also fall
into the range of variations 84S sulfides of orogenic deposits — -3...+9 %o (Ridley, Diamond,
2000). The isotopic composition of sulfur of sulfides from the gold deposits of the Far East of
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various genesis varies significantly (Fig. 7.8). A narrow range of values of the isotopic composition

of sulfur of sulfides may indicate a single homogeneous source of ore material.
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Figure 7.8. Isotopic composition of sulfur of sulfides of epithermal, orogenic and intrusion-
related gold deposits of the Far East (according to Vikent'eva et al., 2018; Ishihara et al., 1996;
Volkov et al., 2011; Fridovsky et al., 2022; Goryachev, Pirajno, 2014 with author's additions)

The isotopic composition of sulfur in an equilibrium fluid is calculated by the equation
(Ohmoto, Rye, 1979): §**Spyrite — 5>*Shas = 0.4*(10%/T?), where T —temperature in Kelvins. The
same formula is used for a fluid in equilibrium with arsenopyrite (Clayton, Spiro, 2000; Bortnikov
et al., 2010). The calculation uses the average homogenization temperatures of fluid inclusions in
quartz, as well as the results of an isotopic quartz-muscovite geothermometer. Isotopic
composition of sulfur of a fluid in equilibrium with sulfides of the gold-tetrahedrite-arsenopyrite
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association, for 250-300°C falls into the interval -2.9...-1.4 %o. §**Snzs of a fluid in equilibrium

with a vein Au-Py association at 200 °C makes -0.4 %o (Table 7.5).

7.2.3. Pb-Pb isotopy

To assess the metal source at the Kutyn deposit, the isotopic composition of Pb in sulfides
(pyrite and arsenopyrite) of the gold-tetrahedrite-arsenopyrite association in two samples was
determined.

Isotopic analysis of Pb and U was performed on a Triton TI multicollector mass
spectrometer at the IPGG RAS in the mode of simultaneous registration of ion currents of the
studied elements with an error within the experiment of 0.01% (2c). The isolation of U and Pb
from the samples was carried out according to a standard procedure (Manhes et al., 1984).
Correction of Pb isotopic ratios for fractionation was carried out according to the method
(Melnikov, 2005). The errors (2c) in measuring isotopic ratios determined by a series of parallel
analyses of the BCR-1 breed standard do not exceed 0.03%, 0.03% and 0.05% for 2°°Pb/2%*Pb,
207pp/2%4pPp and 2°8Pb/2%4Pb, accordingly. Analyst Savatenkov V.M.

The results of the analyses are given below (Table 7.6).

Table 7.6. Isotopic composition of Pb in pyrite and arsenopyrite of the Kutyn deposit

Sample C Pb, ppm | 206Pp/2%pp | 207pp/2%4ph | 298pp/204ph | T | k
K-348(1) Apy | 232.33 | 18090 | 15503 | 38.171 |203|8.92 |3.94
K-348(2) Py 242.33 18.139 15.524 38.224 210 | 8.98 | 3.94
K-558/5(3) Py 80.49 18.114 15.516 38.210 212 1 8.95 | 3.95

Note: calculation according to the two-stage model (Stacey, Kramers, 1975).

The isotopic characteristics of Pb in sulfides from the studied samples do not show
significant variations and any natural differences between the two samples. At the same time, the
Pb isotopic compositions in the studied sulfides form a trend in two diagrams (Fig. 7.9, the trend
is represented by an orange arrow), reflecting the participation of two sources in the formation of
sulfide mineralization of the deposit. The position of the points of the studied sulfides relative to
the composition of the depleted mantle, as well as the direction of these trends, indicates an
insignificant role of the mantle component in the formation of the isotopic characteristics of Pb in
the studied sulfides, as is the case in most deposits of the continental margin. According to the
trend direction, the isotopic composition of Pb in the Kutyn deposit was formed, on the one hand,
with the participation of the upper crust substance represented by young sediments, and on the
other hand, by the products of erosion of the ancient crystalline basement. The involvement of the
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substance of the ancient foundation is indicated by the displacement of the points of the sulfides
of the Kutyn deposit to the left relative to the two-stage geochron in the area of ancient model
ages. This is due to the fact that rocks of ancient crystalline foundations, as a rule, undergo
transformation under conditions of metamorphism of high-temperature facies. This transformation
is accompanied by the removal of U with other mobile elements from metamorphosed rocks into
the upper horizons of the continental crust, which leads to a "slowdown™ of the isotopic evolution
of Pb in these rocks. Thus, rocks of ancient crystalline foundations are often characterized by a
less radiogenic Pb composition, compared with younger juvenile formations. The ancient nature
of the source of ore matter in the Kutyn deposit is also indicated by the isotopic characteristics of
Nd in ore-bearing rocks corresponding to the Sm-Nd model age, which is significantly older
relative to the age of the deposit. The rocks of the Okhotsk Early Archean complex located
southwest of the Kutyn deposit can be considered a probable source of this component. Similarly,
the shift of the isotopic characteristics of Pb in galena from the deposits of the Verkhoyano-
Kolyma folded system to the region of "primitive" lead may be due to the participation of erosion
products of ancient rocks of the Omolon massif (Rostovsky, 2005).
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Figure 7.9. The position of sulfides of the Kutyn deposit on Pb-Pb diagrams with fields of the
isotopic composition of Pb in galena of ore deposits of East Asia (according to Rostovsky, 2005)

NHRL — North Hemisphere Reference Line, a line approximating the composition of MORB basalts with
depleted parameters and reflecting the current isotopic composition of Pb in the upper mantle. DM is the
line of evolution of the isotopic composition of Pb in the upper mantle according to the model (Kramers,
Tolstikhin, 1997). KCK is the line of evolution of the Pb isotopic composition in the continental crust of
the Siberian craton according to (Larin et al., 2021). The segments between the nodes on the model trends
correspond to an interval of 100 million years. OO — isotopic composition of Pb in oceanic sediments
according to (Plank, Langmuir, 1998). Il-st GN — geochron at the time of 100 million. years according to
the two-stage model (Stacey, Kramers, 1975). Fields of Pb isotopic composition in galena of ore deposits
in East Asia according to (Rostovsky, 2005): Pr — Primorye (Khankai massif and Sikhote-Alin fold system,
East Sikhote-Alin volcanic-plutonic belt); O-Ch - Okhotsk—Chukotka volcanic-plutonic belt; KK - Kuril
Island arc, Kamchatka, Japanese island arc; O — Omolon massif; V-K — Verkhoyano-Kolyma folded
system.
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Of course, the assumptions made are purely hypothetical and require further justification,
since the data obtained on the isotopic characteristics of Pb in the sulfides of the Kutyn deposit are
the first for this region and require additional isotopic studies concerning both ore formations and
host rocks for a more specific and reliable interpretation.

It should be noted that the isotopic composition of lead sulfides of orogenic, epithermal
and intrusion-related deposits shows different values depending on belonging to gold belts,
without connection with the genetic type of the deposit (Goryachev, Pirajno, 2014). The isotopic
composition of the lead of gold ore deposits located within the eastern part of the Mongol-Okhotsk
orogenic belt is characterized by a significant contribution of the mantle component, which sharply
distinguishes them from the Kutyn deposit. The isotopic composition of the Kutyn deposit lead is
close to the compositions of the continental margin deposits (Goryachev, Pirajno, 2014).
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Chapter 8. On the genesis of the Kutyn deposit

The study of mineralogy, petrology, geochemistry of the Kutyn deposit provides
information that allows us to approach the question of its genesis. At the same time, attention is
focused on solving the following problems: the nature of the relationship of metasomatosis with
the alleged ore-bearing granodiorites, the stages of ore formation, the physico-chemical conditions
of manifestation at various stages of mineralization, the composition and source of mineral-

forming fluids and ore matter.

8.1. Age ratios of ore-bearing metasomatites and granodiorites of the Birandjinsky massif

The first data on the age of the granodiorites of the Birandjinsky massif, obtained by
different isotopic methods, are in good agreement — 90.7+1.7 (U-Pb, zircon, SHRIMP) and
92.7+0.4 million years (Rb-Sr of the erochron), which may indicate a fairly rapid cooling and
crystallization of the intrusive. The crystallization time of the Birandjinsky massif rocks
corresponds to the second stage of magmatism of the Khingan-Okhotsk volcano-plutonic belt 110-
80 million years ago (Geodynamics..., 2006). Similar ages (about 92 million years) have been
established for granitoids of the Amur Sikhote-Alin terrane (Jahn et al., 2015), which confirms the
presence of magmatism of this age. Gold deposits of close age are also known in the region
(Fig. 8.1)

Granodiorites  Metasomatites

Kutyn deposit O O

The East-Sikhote-Aline belt Y
Sikhote-Aline X A A
Okhotsk-Chukotka belt S OO

O XA X Mongol-Okhotsk belt
150 130 110 90 70 50
Age, Ma

O Epithermal  Alntrusion related X Orogenic

Figure 8.1. Age of gold deposits in the Far East
(according to Goryachev, Pirajno, 2014 with additions by the author)
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The age of the gold-bearing quartz-sericite-carbonate metasomatites of the Kutyn deposit,
determined by the Rb-Sr method, corresponds to 79.3 million years. Taking into account the
limitations associated with the use of the Rb-Sr method for metasomatically altered rocks as a
result of the mobility of Rb and Sr in these processes, we analyzed sericite from metasomatites
using “°Ar/*Ar dating by the stepwise heating method to control the data obtained. Unfortunately,
there was a conditioned plateau with integral age values with a very high error of 91.6 + 7.9 million
years with an exceptionally uneven step spectrum, which does not give an unambiguous answer
about the age of metasomatosis. Taking into account the possibility of the impact of late thermal
pulses on sericite, which could lead to the loss of radiogenic strontium and, as a consequence, the
resulting "rejuvenation" of the age of metasomatosis, we, nevertheless, prefer Rb-Sr age
assessment.

The time gap thus revealed between the formation of granodiorites and berezites
contradicts the idea of the connection of metasomatizing fluids with granodiorites of the second
phase of the Birandjinsky massif (Azaryan et al., 2022b). As a rule, gold ore systems associated
with intrusive complexes are considered to be the same age as the maternal intrusive with an age
difference of no more than 2 million years (Hart, 2005). As a result, two scenarios can be assumed
for the interpretation of the time gap. Considering the complex evolutionary series of rocks of the
massif: from gabbrodiorites to granites, it is possible to assume a complex, polychronous nature
of the manifestation of the metasomatic process, allowing for a variety of mineral parageneses in
metasomatites, leading to the formation of several generations of sericite used in geochronological
studies.

On the other hand, this time gap may be a consequence of the allometasomatic nature of
gold mineralization, according to which ore-bearing fluids are produced by another intrusive
source. Such a representation is in agreement with the multi-stage manifestation of the
metasomatic process in this massif - the stage of gold-ore carbonate-quartz-sericite metasomatosis
is preceded by an intensive process of early chloritization — 230-280 ° C, while the ore-bearing
stage corresponds to a more high-temperature process - up to 370 °C. It is possible that the role of
the dike complex represented by Late Cretaceous andesites, dacites and rhyolites has been
underestimated at the studied object. Thus, the genesis of the nearby Albazino deposit is associated
with a deeply eroded paleocalder volcanostructure (Trushin, Kirillov, 2018).

In addition, it should be taken into account that deposits are known in the Sikhote-Alin
province of the Pacific gold belt, in the history of which the ore-forming process is divorced from
the magmatic stage. For example, the age of granitoids containing the Krinichnoye gold deposit
(the Okrainsko-Sergeyevsky complex of the Samarka terrane) is estimated at 104+1 million years
(Rb-Sr method), while the age of mineralization is 84.2+2.1 million years (K-Ar method,



234

(Sayadyan, 2004)). At the Malinovskoye gold deposit (Zhuravlevo-Amur terrane), the age of ore-
containing monzo-gabbro-diorites is 105.3+=1.0 million years (U-Pb method, zircon, (Sakhno et
al., 2013)), and the age of ore mineralization corresponds to the interval of 100-90 million years
(Re-Os method, (Dobroshevsky, Goryachev, 2021)).

8.2. Geochemistry of the metasomatic process

As it was shown above, mineral formation is associated with the processes of
berezitization. However, the earliest process is chloritization, which manifests itself in the
replacement of biotite and hornblende with chlorite. As is known, this low-temperature
autometasomatic process often completes the formation of intrusions.

The result of studying the petrography of rocks shows that gold is associated with the
association of carbonate-sericite-quartz metasomatites. This process begins with the sericitization
of plagioclase. At the same time, it should be borne in mind that the plagioclase of granodiorites
corresponds to the fortieth number, which means that a very significant Ca resource arises when
it is replaced. This component is realized in the form of carbonate of the dolomite-ankerite series.
The presence of Fe-Mg-carbonate suggests that the formation of carbonate is due not only to the
resource of Ca, but also to Fe and Mg released during the replacement of biotite and hornblende
with sericite. That is, obviously, sericitization of dark—colored minerals - biotite, hornblende, and
chlorite - occurs simultaneously with this process. The substitution of these minerals with mica
releases a large amount of Mg, Fe, Ti, which are realized locally in the form of carbonates, as well
as pyrite and rutile.

Silica removed from the rocks during metasomatosis was deposited in the veins. In the
pyrite of the gold-pyrite association of veins, there are poikil inclusions of minerals from earlier
associations of the metasomatic stage, which indicates the sequential formation of metasomatites

first, and then veins.

8.3. Physico-chemical conditions of ore deposition
Based on the analysis of the mineral composition of ore-bearing metasomatites, their
morphology, the nature of relationships, as well as the impurity composition of pyrite (to 6.9 wt. %
As) and arsenopyrite (to 2.8 wt. % Sb and to 5.4 wt. % Te) — four consecutive ore associations of
hydrothermal-metasomatic stage are distinguished at the Kutyn deposit: pyrite-arsenopyrite, gold-
tetrahedrite-arsenopyrite, gold-pyrite, telluride. The supergenic stage consists in the development
of the goethite-arsenate association with the formation of submicron inclusions of native gold

during the oxidation of gold-containing pyrite and arsenopyrite.
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The obtained data on mineral (chlorite and stutzite-hessite thermometers, phengite and
actinolite  barometers) and isotopic  (quartz-muscovite) geothermobarometers and
thermobarogeochemical studies of fluid inclusions in quartz allowed us to estimate the P-T
parameters of mineral formation for different stages. Thus, the formation of the gold ore gold-
tertahedrite-arsenopyrite association in the metasomatites of the Kutyn deposit occurred from Ca-
Mg-Na-K chloride solutions with medium temperature (240-370°C) parameters with salinity from
9.21 to 1.74 wt.% NaCl equiv. The pressure corresponds to 1.6 kbar. The gold-pyrite vein
association is formed when 190-220°C from solutions of the same composition and with a
decrease in salinity (from 9.21 to 0.71 wt.% NaCl equiv.). The composition of the gas phase of
fluids is mainly present CO2 (95-97 mol.%). The telluride association was formed in 140-165°C
and pressure about 0.9 kbar from Ca-Na-chloride fluids of low salinity (from 1.2 to 3.0 wt.% NaCl
equiv.) with CO2 (from 0 to 85 mol.%), CH4 (from 0 t0100 mol.%) and N (to 89 mol.%)

The main parameters are given in Table 8.1.
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8.4. Sources of ore matter and ore-forming solutions

The results of the study of fluid inclusions and oxygen isotopic composition indicate a
single evolved fluid from the metasomatic to the vein stage of mineral formation.

Wide range of oxygen isotopic composition values +10.4...+18.0 %o 520 in quartz from
gold—bearing metasomatites and quartz veins indicates a mixture of fluids of various origins —
isotopically heavy magmatogenic and isotopically light meteoric.

The composition of the mineral-forming water-salt fluid is dominated by Na chlorides, as
well as Ca and Mg. Systematic reduction of salinity (from 9.21 to 0.71 wt. % eq. NaCl) and
solution temperatures, features of the oxygen isotopic composition of quartz metasomatites and
veins indicate two types of mineral-forming solutions - isotope-light low-temperature slightly
salted meteoric and isotope-weighted high-temperature concentrated magmatogenic or
metamorphogenic. During the formation of metasomatites, the two named fluid sources mix with
each other, and at the stage of veining formation and hydrothermal brecciation, the ore-forming
fluids are heterogeneous. This is also evidenced by the compositions of the gas phase of inclusions
in quartz: COz2 is noted in metasomatites, quartz veins are characterized by different compositions
of the gas of inclusions: from pure CO: to substantially methane and nitrogen.

The narrow range of sulfur isotopic composition — -1.4...1.4 §**S in sulfides indicates its
magmatic source and indicates a single homogeneous source of ore matter.

The oxidation of primary gold-containing sulfides (arsenopyrite, pyrite) leads to the
concentration of gold scattered in them in the form of its own phase of high-grade native gold. The
predominance among the oxidized As-containing phases of a mixture of Ca-Fe-arsenate and As-
containing iron oxy-hydroxide and a subordinate amount of skorodite among hypergenic arsenic
minerals indicate elevated pH values during oxidation (Vink, 1996, Paktunc et al., 2015).

Summing up the above, we note that despite the fact that Turonian magmatism is probably
not ore-producing, the magmatogenic nature of mineralization at the Kutyn deposit is beyond
doubt. This view is confirmed by a number of factors, including the stability and diversity of the
mineral composition, the spread of tourmaline in ores, the association of gold with As, Sh, Te, the
change of mineral paragenesis during metasomatosis, the carbon dioxide-water composition of
hydrothermal fluid, the isotopic composition of sulfur and oxygen.

The isotopic composition of Pb (2°°Pb/?%*Pb 18,139 — 18,090, 2°7Pb/?*4Pb 15,524 — 15,503)
estimated for the first time for this territory indicates the formation of rocks of the Kutyn deposit
with the participation of young sediments of the upper crust source and erosion products of the
ancient crystalline basement. The ancient nature of the source of ore matter in the Kutyn deposit
is also indicated by the isotopic characteristics of Nd in ore-bearing rocks corresponding to the

Sm-Nd model age — 609-628 million years, significantly older relative to the age of the deposit
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(Azarian et al., 2022b). The rocks of the Okhotsk Early Archean complex located southwest of the
Kutyn deposit can be considered a probable source of this component.
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Conclusion

The gold-bearing metasomatites of the Kutyn deposit are spatially confined to the endo-
exocontact zone of the granodiorites of the Birandjinsky massif, develop along granodiorites and
host sandstones and are represented by sericite-carbonate-quartz metasomatites of the berezite
formation. The transformation of rocks is associated with carbonic acid-potassium metasomatosis,
manifested in a significant introduction of carbonic acid and potassium, removal of sodium and
aluminium, redistribution of calcium, magnesium and iron, and deposition of silica in veins.

The mineral composition of metasomatites and ore—bearing veins is a consequence of the
substitution of the rock—forming minerals of granodiorites and sandstones — plagioclase, biotite,
amphibole — and the formation on their basis of a metasomatic association of minerals consisting
of quartz, sericite, carbonate of the dolomite-ankerite series, pyrite.

Based on the study of the morphology and composition of rock-forming and ore minerals
and their relationships at the Kutyn deposit, four paragenetic associations were identified: pyrite-
arsenopyrite, gold-tetrahedrite-arsenopyrite, gold-pyrite and telluride. The nature of the
separation and the relationship of minerals allow us to distinguish here two stages of mineral
formation — metasomatic and vein, corresponding to the hydrothermal-metasomatic stage. The
goethite-arsenate association of the hypergenic stage is developed in the oxidation zone.

The most common ore minerals of the Kutyn deposit are pyrite and arsenopyrite, and the
composition of the latter varies significantly, the impurities of Sb and Te are characteristic. Native
gold is characterized by a fineness of 650-780 %o, less often — 810-890 %o. The main volume of
gold is associated with gold-bearing pyrite and arsenopyrite. During the oxidation of gold-
containing sulfides, the released gold forms submicron secretions of high-grade gold in secondary
minerals. Other mineral forms of precious metals are represented by Ag-containing tetrahedrite,
acanthite, tellurides: hessiite, petzite, stutzite. In addition to the Au and Ag tellurides listed above,
altaite, tellurantimon, and coloradoite are present in the ores. The evolution of noble-metal
mineralization at the Kutyn deposit is controlled by a decrease in temperature and variations in the
fugitivity of sulfur and tellurium.

The formation of gold ore mineralization occurred against the background of a decrease in
temperature from the medium-temperature conditions of the gold-tetrahedrite-arsenopyrite (240—
370°C) association to low-temperature vein gold-pyrite (190-220 °C) from Ca-Mg-Na-K chloride
solutions with a decrease in salinity from 9.21 to 0.71 wt.% NaCl equiv. The telluride association
was formed at 140-165°C from Ca-Na-chloride fluids of low salinity (from 1.2 to 3.0 wt.% NaCl

equiv.). The pressure of mineral formation is estimated at an interval of 0.9-1.6 kbar.
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Isotope-geochronological methods (U-Pb, Rb-Sr) have established the age of formation of
granodiorites of the Birandjinsky massif —90.7+1.7 (U-Pb, zircon, SHRIMP) and 92.7+0.4 million
years (Rb-Sr of the erochron), while ore-bearing quartz-sericite—carbonate metasomatites were
formed later — 79.3+0.5 Ma (Rb-Sr isochron), which suggests the allometasomatic nature of the
gold mineralization of the Kutyn deposit.

A narrow range of sulfur isotopic composition — -1.4...1/4 §3!S in sulfides indicates its
magmatic source and indicates a single homogeneous source of ore matter. A wide range of oxygen
isotopic composition values +10.4...+18.0 %o 8'20 in quartz from gold—bearing metasomatites and
quartz veins indicates a mixture of fluids of various origins — isotopically heavy magmatogenic
and isotopically light meteoric.

The isotopic composition of Ph (2°°Pb/?**Pb 18.139 — 18.090, °7Pb/?**Ph 15.524 — 15.503)
indicates the formation of rocks of the Kutyn deposits with the participation of young sediments
of the upper crust source and erosion products of the ancient crystalline basement, the ancient
nature of which is also indicated by the isotopic characteristics of Nd in ore-bearing rocks
corresponding to the Sm-Nd model age, significantly more ancient relative to the age of the

deposit.
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Appendix 1
Composition of group samples of metasomatites by granodiorites according to the results of ICP-MS,
ICP-OES, assay analysis

29- 41 — Geophysical, 42-49 — Perevalnaya

The analyses were provided by Polymetal Engineering JSC, the group samples included the studied
intervals.

29 30 31 32 33 34 35 36 37 38 39

Components, wt.%

SiO, 55,0 | 50,5 | 54,6 | 55,1 | 58,7 | 58,8 | 57,4 | 59,4 | 49,7 | 544 | 57,1

TiO, 051 | 058 | 059 | 053 | 051 | 0,56 | 0,52 | 0,51 | 0,42 | 0,52 | 0,52

AlLO; | 134 | 123 | 134 | 120 | 118 | 138 | 138 | 132 | 10,8 | 13,0 | 13,2

Fe,O; | 4,57 | 537 | 503 | 452 | 471 | 495 | 450 | 454 | 397 | 447 | 4,62

mMmnO | 0,09 | 0,11 | 0,11 | 0,09 | 0,22 | 0,08 | 0,08 | 0,08 | 0,07 | 0,07 | 0,08

MgO | 2,63 | 3,75 | 3,08 | 201 | 236 | 2,75 | 252 | 244 | 235 | 1,98 | 2,55

CaO 435 | 6,26 | 564 | 337 | 502 | 418 | 411 | 392 | 394 | 3,02 | 413

Na,O | 1,83 | 146 | 2,11 | 1,27 | 1,84 | 3,34 | 289 | 2,00 | 2,49 | 2,85 | 1,82

K,0O 452 | 355 | 396 | 344 | 329 | 396 | 457 | 3,75 | 3,48 | 3,95 | 4,80

P20s 012 | 0,15 | 0,47 | 0,23 | 0,22 | 0,15 | 0,22 | 0,12 | 0,09 | 0,06 | 0,13

LOJI. | 919 | 125 | 912 | 849 | 7,30 | 415 | 7,12 | 5,79 | 7,81 | 4,46 | 8,04

S 202 | 247 | 131 | 225 | 1,36 | 0,40 | 1,08 | 0,38 | 0,90 | 0,62 | 1,74

Sum | 98,23 | 99,00 | 99,12 | 93,20 | 97,13 | 97,12 | 98,71 | 96,13 | 86,02 | 89,40 | 98,73

Elements, ppm

Al 2,30 | 6558 | 397 | 518 | 128 | 3,98 | 408 | 6,74 | 4,18 | 2,87 | 4,28

Li 140 | 30,0 | 240 | 22,0 | 38,0 | 36,0 | 23,0 | 26,0 | 29,0 | 250 | 16,0
Rb 170 | 130 | 140 | 135 | 133 | 144 | 171 | 151 144 152 | 170
Cs 328 | 56,5 | 53,5 | 43,7 | 23,1 | 19,7 | 30,0 | 225 | 204 | 17,8 | 29,5

Be 250 | 190 | 2,00 | 190 | 1,9 | 1,9 | 2,30 | 2,20 | 1,80 | 2,00 | 2,30

Sr 189 | 254 | 250 | 149 | 177 | 285 | 221 | 241 | 260 | 250 | 200
Ba 331 | 201 | 321 | 164 | 275 | 428 | 455 | 401 | 351 | 452 | 375
Sc 129 | 132 | 13,7 | 12,8 | 11,5 | 148 | 126 | 13,0 | 12,0 | 135 | 12,7
\Vj 110 | 111 | 120 | 117 | 123 | 126 | 111 | 124 | 115 118 | 108
Cr 239 | 186 | 228 | 237 | 189 | 246 | 164 | 292 | 271 | 298 | 211

Co 115 | 144 | 130 | 116 | 11,2 | 13,3 | 11,3 | 116 | 10,7 | 13,2 | 1272
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29 30 31 32 33 34 35 36 37 38 39
Ni 279 | 26,2 | 28,1 | 26,8 | 239 | 31,1 | 242 | 61,7 | 26,6 | 31,1 | 27,7
Cu 114 | 475 | 36,6 | 551 | 165 | 298 | 135 | 185 | 22,3 | 179 | 2572
As 3110 | 3390 | 1390 | 3070 | 3840 | 1470 | 2270 | 1980 | 2120 | 1150 | 4310
Zn 71,0 | 940 | 107 | 135 | 109 | 73,0 | 70,0 | 650 | 63,0 | 720 | 79,0
Ga 17,4 | 151 | 16,6 | 16,7 | 16,5 | 179 | 180 | 17,9 | 157 | 174 | 17,3
Y 130 | 146 | 179 | 125 | 151 | 17,2 | 140 | 154 | 126 | 153 | 121
Nb 8,70 | 7,70 | 8,00 | 8,40 | 750 | 9,70 | 9,30 | 9,70 | 8,50 | 10,1 | 9,00
Ta 09 | 076 | 078 | 075|071 |08 |09 | 105 | 0,85 | 0,96 | 0,93
7r 206 | 50,0 | 243 | 235 | 343 | 253 | 56,6 | 229 | 193 | 19,1 | 20,9
Hf 092 | 153 | 098 | 0,97 | 1,27 | 1,00 | 1,87 | 1,05 | 0,87 | 0,92 | 0,99
Mo 223 | 236 | 2,74 | 214 | 251 | 289 | 2,79 | 10,8 | 3,01 | 2,97 | 2,30
Sn 420 | 3,70 | 6,30 | 3,50 | 5,70 | 2,70 | 3,30 | 440 | 12,2 | 3,50 | 550
TI 094 | 09 | 087 | 0,90 | 0,72 | 0,71 | 0,96 | 0,73 | 0,74 | 0,77 | 0,89
Pb 20,5 | 33,0 | 56,8 | 54,6 | 60,5 | 19,4 | 21,7 | 220 | 211 | 22,0 | 28,9
U 280 | 2,70 | 290 | 2,80 | 3,10 | 3,40 | 3,50 | 4,20 | 3,30 | 3,00 | 2,90
Th 129 | 100 | 120 | 108 | 110 | 138 | 133 | 122 | 114 | 119 | 119
La 224 | 156 | 194 | 180 | 198 | 21,4 | 210 | 223 | 194 | 221 | 20,7
Ce 48,6 | 36,2 | 451 | 423 | 443 | 48,0 | 476 | 49,4 | 43,2 | 49,3 | 45,6
Th 040 | 042 | 051 | 045 | 0,47 | 0,49 | 041 | 045 | 0,39 | 0,46 | 0,39
Yb 130 | 140 | 1,70 | 1,30 | 1,50 | 1,60 | 1,50 | 1,60 | 1,30 | 1,50 | 1,20
Lu 0,18 | 0,22 | 0,24 | 0,18 | 0,22 | 0,23 | 0,22 | 0,22 | 0,18 | 0,21 | 0,19
i 434 | 20,0 | 7,80 | 18,7 | 8,30 | 16,1 | 13,7 | 26,8 | 23,8 | 15,2 | 38,2
Bi 011 | 119 | 0,52 | 1,10 | 1,38 | 0,07 | 0,51 | 0,18 | 0,10 | 0,19 | 0,23
Ag 090 | 131 | 298 | 12,1 | 37,2 | 054 | 167 | 207 | 281 | 343 | 141
Cd 0,12 | 0,19 | 0,22 | 0,36 | 0,25 | 0,05 | 0,04 | 0,07 | <0,01| 0,08 | 0,11
Sh 331 | 640 | 543 | 66,7 | 114 | 145 | 245 | 166 | 208 | 14,5 | 359
Te 0,79 | 083 | 0,21 | 1,33 | 158 | 050 | 2,19 | 1,85 | 1,99 | 0,92 | 1,47
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40 41 42 43 44 45 46 47 48 49
Componets, wt.%
SiO;, 59,2 | 57,3 545 | 56,6 | 45,7 | 60,7 | 59,1 | 56,0 | 59,4 | 544
Tio, | 055 | 0,56 | 0,44 | 057 | 0,47 | 055 | 0,53 | 0,49 | 0,59 | 0,54
Al,O; | 140 | 139 | 9,95 | 132 | 109 | 13,1 | 12,6 | 11,3 | 139 | 137
Fe,O; | 4,75 | 4,87 433 | 482 | 464 | 468 | 456 | 459 | 480 | 4,69
MnO | 0,08 | 0,08 | 0,24 | 0,20 | 0,12 | 0,08 | 0,08 | 0,11 | 0,08 | 0,08
MgO | 2,68 | 237 | 425 | 255 | 493 | 2,72 | 250 | 3,81 | 2,13 | 2,08
Cca0 4,55 | 3,64 741 | 418 | 865 | 452 | 408 | 6,16 | 3,63 | 3,63
Na,O | 2,87 | 3,38 1,27 235|169 | 236 | 264 | 3,01 | 2,02 | 0,23
K.0 443 | 398 | 306 | 420 | 346 | 447 | 369 | 3,11 | 443 | 436
P.Os 0,13 | 0,13 0,08 0,14 | 0,11 | 0,23 | 0,13 | 0,20 | 0,15 | 0,13
L.O.l. | 3,80 | 441 16,2 7,10 | 146 | 0,07 | 592 | 9,27 | 6,62 | 7,67
S 0,70 | 0,22 | 1,02 | 0,95 | 164 | 1,27 | 061 | 0,37 | 0,89 | 1,17
Sum | 97,74 | 94,84 | 102,65 | 96,76 | 96,91 | 94,65 | 96,44 | 98,32 | 98,64 | 92,68
Elements, ppm
Au 292 | 167 | 9,96 | 2,74 | 3,48 | 3,84 | 6,04 | 3,08 | 3,21 | 4,76
Li 26,0 | 28,0 | 20,0 | 20,0 | 13,0 | 26,0 | 350 | 27,0 | 26,0 | 16,0
Rb 160 132 117 160 126 151 148 110 161 153
Cs 27,3 | 12,3 230 | 204 | 138 | 124 | 8,05 | 9,61 | 18,1 | 27,5
Be 220 | 1,80 | 1,80 | 2,20 | 1,70 | 2,00 | 1,80 | 1,60 | 2,30 | 2,30
Sr 258 250 148 220 | 304 | 248 251 296 193 178
Ba 432 | 441 121 460 292 | 441 | 422 358 | 336 | 288
Sc 13,7 | 12,7 10,1 144 | 113 | 129 | 129 | 118 | 13,7 | 124
vV 110 112 143 127 111 157 135 114 148 117
Cr 238 242 221 200 157 193 171 160 | 201 264
Co 12,4 | 10,7 8,90 12,7 | 10,1 | 11,5 | 115 | 10,8 | 121 | 10,9
Ni 28,6 | 254 23,6 26,4 | 21,7 | 25,3 | 240 | 240 | 26,2 | 26,6
Cu 23,8 | 10,1 228 26,1 | 46,4 | 46,0 | 733 | 745 | 87,2 | 144
As 2240 | 997 4090 | 1910 | 2940 | 3020 | 1800 | 1130 | 1920 | 2910
Zn 72,0 | 72,0 | 82,0 | 86,0 | 850 | 780 | 97,0 | 86,0 | 87,0 | 62,0
Ga 18,2 | 16,8 13,4 17,6 | 140 | 158 | 16,1 | 14,1 | 16,7 | 16,8
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40 41 42 43 44 45 46 47 48 49
Y 147 | 16,1 | 129 | 18,0 | 148 | 16,3 | 16,7 | 146 | 159 | 113
Nb 9,30 | 860 | 6,90 | 10,3 | 7,50 | 9,10 | 8,80 | 7,40 | 9,70 | 8,60
Ta 089 | 086 | 063 | 104 | 0,71 | 0,82 | 0,77 | 0,65 | 0,97 | 0,85
Zr 219 | 218 | 232 | 36,8 | 229 | 342 | 264 | 22,1 | 39,2 | 152
Hf 09 | 091 | 089 | 1,38 | 098 | 1,29 | 1,01 | 0,83 | 1,49 | 0,75
Mo 292 | 200 | 55 | 294 | 195 | 283 | 2,87 | 3,21 | 252 | 3,22
Sn 8,20 | 6,20 | 22,7 | 6,40 | 5,10 | 3,30 | 430 | 6,80 | 4,20 | 3,60
TI 0,77 1 065 | 099 | 111 | 093 | 0,88 | 0,84 | 0,64 | 1,09 | 0,87
Pb 238 | 264 | 353 | 311 | 404 | 28,1 | 33,2 | 37,0 | 250 | 21,0
U 390 | 3,10 | 2,50 | 3,40 | 2,30 | 2,90 | 3,00 | 2,60 | 3,50 | 3,20
Th 13,1 | 125 | 950 | 133 | 9,70 | 11,7 | 11,4 | 10,1 | 13,2 | 123
La 239 | 229 | 163 | 232 | 180 | 210 | 20,5 | 18,8 | 22,2 | 20,0
Ce 52,3 | 50,0 | 36,7 | 51,2 | 415 | 47,5 | 46,7 | 42,3 | 50,0 | 449
Tb 0,44 | 047 | 036 | 052 | 0,43 | 0,47 | 0,47 | 0,43 | 0,50 | 0,37
Yb 1,40 | 160 | 1,20 | 1,70 | 1,40 | 1,60 | 1,50 | 1,40 | 1,60 | 1,20
Lu 021023 018 | 0,26 | 0,20 | 0,22 | 0,23 | 0,20 | 0,24 | 0,17
W 22,7 | 8,30 | 73,7 108 | 2510 | 39,2 | 20,9 | 20,4 | 46,9 | 32,4
Bi 0,20 | 0,13 | 2,26 | 0,23 | 364 | 065 | 0,40 | 1,64 | 0,57 | 0,28
Ag 09 | 0,24 | 694 | 2,12 | 129 | 419 | 215 | 11,3 | 8,67 | 0,98
Cd 0,08 | 0,06 | 081 | 0,16 | 0,79 | 0,31 | 0,35 | 0,59 | 0,46 | 0,08
Sh 20,1 | 9,99 161 26,4 | 48,2 | 334 | 609 | 676 | 381 | 261
Te 1,45 | 0,38 | 145 | 3,20 | 489 | 2,86 | 4,78 | 1,63 | 3,07 | 1,18
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Appendix 2
Composition of group technological samples of metasomatites on sandstones according to the results of
ICP-MS, ICP-OES, assay analysis
1 — 15— Sedlovinnaya, 16-24 — Delinskaya, 25-28 — Rodnikovaya

The analyses were provided by Polymetal Engineering JSC, the group samples included the studied
intervals.

1 2 3 4 5 6 7 8 9 10 11

Components, wt.%

SiO, 52,7 | 56,4 | 54,7 | 55,6 | 539 | 60,0 | 53,0 | 579 | 50,5 | 57,5 | 60,2

TiO, | 050 | 0,47 | 043 | 049 | 051 | 048 | 043 | 051 | 0,49 | 0,46 | 0,52

AlLO; | 131 | 132 | 126 | 132 | 129 | 13,0 | 123 | 13,1 | 12,2 | 11,9 | 1472

Fe,O; | 433 | 381 | 3,20 | 403 | 421 | 3,80 | 3,46 | 430 | 454 | 3,24 | 3,93

mMmnO | 0,08 | 0,07 | 0,06 | 0,07 | 0,09 | 0,07 | 0,07 | 0,08 | 0,11 | 0,06 | 0,06

MgO | 2,24 | 2,11 | 286 | 2,76 | 290 | 231 | 2,74 | 198 | 3,83 | 290 | 1,90

Ca0 412 | 3,86 | 530 | 543 | 526 | 458 | 514 | 4,04 | 798 | 577 | 3,55

Na,O | 2,70 | 3,12 | 2,48 | 2,76 | 250 | 2,72 | 2,26 | 2,38 | 2,12 | 251 | 2,37

K.0 368 | 360 | 328 | 320 | 358 | 3,33 | 323 | 3,38 | 3,06 | 2,81 | 4,02

P20s 0,11 | 0,10 | 0,09 | 0,21 | 0,23 | 0,22 | 0,09 | 0,20 | 0,23 | 0,09 | 0,12

Lol | 867 | 784 | 105 | 105 | 3,52 | 830 | 10,2 | 813 | 130 | 10,1 | 7,41

S 153 | 1,41 | 115 | 144 | 131 | 1,30 | 1,33 | 1,23 | 0,95 | 1,27 | 1,24

Sum | 93,76 | 95,99 | 96,65 | 99,59 | 90,81 | 100,01 | 94,25 | 97,13 | 98,91 | 98,61 | 99,52

Elements, ppm

Au 2,73 | 197 | 599 | 202 | 292 | 382 | 548 | 266 | 2,75 | 2,37 | 4,69

Li 18,0 | 18,0 | 16,0 | 20,0 | 13,0 | 180 | 140 | 19,0 | 13,0 | 14,0 | 14,0

Rb 137 | 123 | 112 | 112 | 126 124 134 | 120 | 93,9 | 97,6 | 148

Cs 144 | 145 | 16,7 | 105 | 149 | 116 | 20,6 | 146 | 13,0 | 111 | 174

Be 250 | 250 | 240 | 220 | 230 | 240 | 2,70 | 250 | 1,70 | 1,70 | 2,80

Sr 243 | 267 | 241 | 269 | 271 204 212 | 217 | 239 | 235 | 186

Ba 432 | 491 | 402 | 408 | 474 352 339 | 436 | 338 | 230 | 388

Sc 10,7 | 9,10 | 7,60 | 106 | 13,1 | 890 | 9,20 | 129 | 122 | 7,00 | 9,60

Vv 80,0 | 650 | 740 | 80,0 | 110 69,0 109 | 103 | 101 | 52,0 | 74,0

Cr 163 | 118 | 140 | 181 | 144 127 116 | 207 | 145 | 151 | 119

Co 9,30 | 800 | 6,80 | 9,70 | 116 | 7,90 | 850 | 10,3 | 9,80 | 590 | 8,10
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1 2 3 4 5 6 7 8 9 10 11
Ni 208 | 214 | 20,7 | 285 | 27,8 | 224 | 246 | 27,6 | 26,6 | 18,6 | 21,7
Cu 38,7 | 196 | 184 | 343 | 308 | 23,2 | 345 | 251 | 210 | 16,0 | 17,4
As 3840 | 3070 | 6760 | 2150 | 4170 | 6320 | 6680 | 2570 | 1950 | 2120 | 7440
Zn 79,0 | 740 | 58,0 | 750 | 86,0 | 70,0 122 | 79,0 | 80,0 | 50,0 | 79,0
Ga 17,7 | 170 | 175 | 172 | 17,0 | 181 | 197 | 175 | 146 | 141 | 19,2
Y 156 | 130 | 13,7 | 149 | 16,2 | 145 | 145 | 155 | 141 | 128 | 149
Nb 790 | 7,00 | 6,00 | 6,60 | 6,70 | 6,70 | 6,60 | 7,10 | 530 | 5,80 | 8,10
Ta 164 | 092 | 0,77 | 069 | 0,74 | 0,63 | 0,70 | 0,71 | 0,66 | 0,62 | 0,74
7r 528 | 27,3 | 16,2 | 19,7 | 395 | 422 | 411 | 338 | 28,6 | 16,7 | 37,2
Hf 198 | 0,89 | 053 | 0,54 | 1,27 | 1,15 | 1,20 | 1,16 | 0,82 | 0,47 | 1,04
Mo 384 | 214 | 344 | 353 | 232 | 149 | 191 | 1,72 | 1,00 | 1,05 | 1,22
Sn 2,70 | 2,70 | 2,40 | 2,20 | 260 | 450 | 12,1 | 7,10 | 3,30 | 5,60 | 3,00
TI 0,70 | 0,62 | 066 | 060 | 0,72 | O,71 | 0,79 | 0,82 | 0,63 | 0,60 | 0,82
Pb 196 | 188 | 16,5 | 220 | 20,2 | 175 | 346 | 203 | 134 | 154 | 171
U 1,70 | 150 | 1,40 | 1,40 | 160 | 1,70 | 2,60 | 2,00 | 1,40 | 1,70 | 1,90
Th 730 | 7,10 | 6,40 | 6,60 | 660 | 7,00 | 830 | 7,20 | 520 | 7,10 | 7,10
La 195 | 199 | 196 | 16,0 | 194 | 206 | 204 | 18,2 | 12,7 | 176 | 20,1
Ce 45,6 | 46,4 | 454 | 390 | 453 | 479 | 473 | 433 | 30,9 | 40,2 | 47,0
Th 052 | 046 | 045 | 047 | 0,48 | 046 | 0,47 | 0,49 | 0,44 | 0,42 | 0,49
Yb 160 | 1,20 | 1,30 | 1,30 | 1,60 | 1,40 | 1,30 | 1,40 | 1,50 | 1,30 | 1,30
Lu 0,24 | 0,17 | 0,27 | 0,18 | 0,20 | 0,20 | 0,20 | 0,21 | 0,29 | 0,18 | 0,20
i 40,0 | 47,7 | 59,5 | 50,6 | 46,7 | 51,7 | 56,7 | 431 | 418 | 36,5 | 76,3
Bi 0,27 | 031 | 042 | 0,15 | 0,26 | 0,30 | 0,60 | 0,36 | 0,15 | 0,10 | 0,28
Ag 1,42 | 1,02 | 260 | 494 | 215 | 2,07 | 6,25 | 1,65 | 1,74 | 2,14 | 3,89
Cd 0,08 | 0,08 | 0,12 | 0,08 | 0,14 | 0,24 | 0,26 | 0,11 | 0,06 | 0,05 | 0,12
Sh 66,5 | 50,6 | 80,5 | 58,0 | 76,1 102 111 | 40,6 | 59,1 | 49,7 | 134
Te 199 | 045 | 133 | 185 | 6,03 | 9,31 | 16,7 | 6,06 | 405 | 0,81 | 8,34
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12 13 14 15 16 17 18 19 20 21 22
Components, wt.%
Si0, | 50,2 | 56,5 | 52,7 | 53,4 | 60,6 | 66,8 | 644 | 62,7 | 593 | 57,3 | 61,6
TiO, | 041 | 042 | 052 | 0,47 | 0,60 | 043 | 045 | 0,64 | 050 | 0,64 | 0,48
AlLO; | 109 | 116 | 125 | 12,3 | 130 | 13,8 | 121 | 14,9 11,3 13,6 | 134
Fe,O; | 417 | 3,66 | 451 | 444 | 552 | 3,38 | 530 | 441 4,51 5,97 | 3,69
MnO | 0,09 | 0,08 | 0,20 | 0,09 | 0,10 | 0,05 | 0,11 | 0,04 | 0,07 | 0,08 | 0,04
MgO | 4,06 | 283 | 325 | 288 | 321 | 090 | 1,36 | 1,35 | 230 | 1,88 | 1,74
Cca0o 8,64 | 6,11 | 6,69 | 6,52 | 237 | 1,53 | 2,06 | 2,09 3,74 3,63 | 3,43
Na,O | 1,89 | 2,10 | 2,10 | 2,09 | 2,45 | 3,94 | 2,85 | 2,47 1,72 1,60 | 2,19
K,0 297 | 3,07 | 3,10 | 297 | 345 | 3,25 | 2,63 | 3,62 | 312 | 3,64 | 3,69
P.Os 0,09 | 0,08 | 0,24 | 0,08 | 0,27 | 0,06 | 0,11 | 0,15 0,09 0,17 | 0,08
LO.l | 136 | 10,2 | 115 | 109 | 579 | 2,86 | 522 | 554 8,11 7,66 | 6,37
S 1,28 | 093 | 145 | 1,31 | 0,44 | 0,39 | 1,84 | 0,96 2,07 2,74 | 1,13
Sum | 98,30 | 97,58 | 98,56 | 97,45 | 97,70 | 97,39 | 98,43 | 98,87 | 96,83 | 98,91 | 97,84
Elements, ppm
Au 407 | 320 | 3,75 | 454 | 360 | 1,63 | 3,17 | 3,88 | 11,8 | 508 | 2,69
Li 14,0 | 150 | 12,0 | 140 | 62,0 | 22,0 | 240 | 250 | 250 | 28,0 | 26,0
Rb 110 103 100 | 93,5 | 121 | 87,1 | 104 145 127 131 146
Cs 145 | 142 | 115 | 118 | 129 | 114 | 575 | 18,6 20,4 20,2 | 153
Be 2,00 | 190 | 1,80 | 1,60 | 2,00 | 1,90 | 1,70 | 2,60 | 2,40 | 2,30 | 2,30
Sr 256 230 | 255 | 236 221 190 154 141 121 109 136
Ba 209 | 408 314 | 303 374 549 287 299 226 385 290
Sc 720 | 850 | 990 | 10,0 | 141 | 6,90 | 7,60 | 11,2 | 10,2 | 143 | 9,20
vV 81,0 | 68,0 | 86,0 | 84,0 | 118 | 56,0 | 60,0 | 90,0 | 80,0 111 | 65,0
Cr 93,0 | 152 130 163 207 180 181 121 175 113 129
Co 6,70 | 7,20 | 8,80 | 10,5 | 16,3 | 590 | 13,6 | 8,90 7,90 11,5 | 6,20
Ni 195 | 21,0 | 22,7 | 289 | 76,7 | 200 | 20,3 | 19,9 | 204 | 28,3 | 188
Cu 57,3 | 198 | 29,2 | 238 | 36,6 | 124 | 20,2 | 17,4 16,9 40,5 | 12,8
As 3320 | 3070 | 3010 | 3550 | 2020 | 1540 | 4410 | 2940 | >10000 | 6430 | 3190
7n 70,0 | 57,0 | 87,0 | 63,0 | 61,0 | 44,0 | 117 | 60,0 | 41,0 | 950 | 40,0
Ga 152 | 149 | 156 | 146 | 152 | 155 | 159 | 17,6 17,9 206 | 181




264

12 13 14 15 16 17 18 19 20 21 22
Y 14,1 | 131 | 139 | 132 | 128 | 9,40 | 10,1 | 11,6 11,9 16,1 | 12,5
Nb 580 | 6,50 | 560 | 540 | 580 | 590 | 550 | 6,20 5,20 7,80 | 6,70
Ta 061 | 061 | 056 | 057 | 0,50 | 0,49 | 0,55 | 0,63 0,40 0,71 | 0,69
Zr 334 | 264 | 124 | 26,2 | 50,1 | 23,8 | 36,2 | 27,2 31,7 80,3 | 60,8
Hf 1,16 | 0,74 | 0,49 | 0,65 | 1,27 | 0,81 | 1,07 | 0,81 0,90 2,09 | 2,01
Mo 105 | 138 | 124 | 133 | 1,13 | 151 | 1,51 | 1,07 1,25 1,88 | 1,18
Sn 3,10 | 8,20 | 2,80 | 3,30 | 4,20 | 3,20 | 20,0 | 3,40 3,10 6,60 | 3,80
TI 0,67 | 0,59 | 065 | 0,61 | 0,57 | 0,44 | 0,53 | 0,75 0,61 0,62 | 0,71
Pb 292 | 16,7 | 21,0 | 158 | 125 | 194 | 175 | 16,8 10,9 15,2 | 16,3
U 250 | 1,30 | 1,20 | 2,70 | 1,60 | 1,10 | 1,40 | 1,50 1,10 1,30 | 2,40
Th 8,90 | 6,10 | 5,70 | 5,60 | 590 | 6,30 | 6,30 | 6,60 5,30 6,30 | 8,70
La 175 | 184 | 149 | 151 | 16,7 | 20,5 | 19,6 | 18,2 16,0 17,9 | 20,4
Ce 40,4 | 416 | 36,0 | 34,7 | 37,7 | 46,0 | 440 | 418 36,1 42,3 | 46,9
Tb 043 | 0,41 | 0,46 | 0,42 | 043 | 0,35 | 0,42 | 0,46 0,44 0,57 | 0,46
Yb 1,40 | 1,20 | 1,40 | 1,20 | 1,20 | 1,00 | 1,00 | 1,10 1,10 1,70 | 1,60
Lu 019|018 | 0,19 | 0,28 | 0,28 | 0,13 | 0,16 | 0,17 0,15 0,24 | 0,21
W 57,8 | 474 | 39,9 | 46,8 | 249 | 192 | 11,3 | 56,1 42,6 28,4 | 30,2
Bi 09 | 040 | 0,22 | 0,10 | 0,29 | 0,17 | 0,68 | 0,21 0,32 0,33 | 0,24
Ag 625 | 0,73 | 2,11 | 1,37 | 0,58 | 0,51 | 0,63 | 2,20 2,19 2,65 | 0,79
Cd 0,27 | 0,06 | 0,11 | 0,07 | 0,03 | 0,06 | 0,43 | 0,05 0,03 0,05 | 0,01
Sh 749 | 56,8 | 81,1 | 954 | 218 | 144 | 33,7 | 316 69,5 46,9 | 25,5
Te 46,9 | 1,38 | 258 | 0,77 | 0,14 | <0,05| 0,06 | <0,05| <0,05 | 0,10 | 0,05
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23 24 25 26 27 28
Components, wt. %
SiO, 64,1 | 64,3 56,5 57,4 57,5 60,2
Tio, | 0,60 | 057 | 0,70 | 0,65 | 0,59 0,52
AlL,O; | 14,2 | 133 14,2 14,5 141 11,9
Fe,O; | 500 | 450 | 596 | 549 | 4,90 4,56
MnO | 0,05 | 0,05 | 0,08 | 0,06 | 0,10 0,08
MgO 142 | 1,12 2,33 1,90 2,38 3,01
Cao 2,71 | 2,17 3,71 2,63 3,70 4,81
Na,O | 2,08 | 1,43 1,89 2,76 1,40 2,06
K-0 380 | 3,16 | 3,58 | 440 | 3,95 3,37
P-Os 0,12 | 0,17 0,17 0,15 0,13 0,15
L.O.l. | 459 | 576 9,53 5,51 8,91 9,00
S 1,24 | 1,48 2,05 1,94 2,44 1,47
Sum | 99,91 | 98,01 | 100,70 | 97,39 | 100,10 | 101,13
Elements, ppm
Au 4,08 | 2,61 5,63 10,7 11,8 11,5
Li 28,0 | 790 | 21,0 | 22,0 | 26,0 20,0
Rb 134 119 120 149 140 146
Cs 216 | 181 12,6 24,7 18,1 18,3
Be 230 | 200 | 220 | 2,60 | 250 2,30
S 107 | 889 | 181 | 225 | 122 | 198
Ba 370 283 369 554 251 253
Sc 11,6 | 10,8 | 141 | 139 | 109 | 123
Vi 93,0 | 91,0 | 189 118 107 122
Cr 147 154 132 144 104 139
Co 145 | 8,40 111 12,3 10,7 11,0
Ni 240 | 224 | 258 | 30,3 | 257 | 23,0
Cu 25,7 | 457 38,7 104 37,3 38,9
As 3910 | 6610 | 2740 | 4920 | 3970 4340
Zn 61,0 | 66,0 | 100 | 71,0 | 73,0 69,0
Ga 181 | 181 | 184 | 212 | 203 | 157
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23 |24 |25 26 |27 28
Y 132 | 10,7 | 158 | 150 | 140 | 131
Nb 690 | 690 | 560 | 870 | 840 | 820
Ta 063 | 1,18 | 073 | 0,87 | 081 | 0,76
7r 570 | 30,1 | 910 | 130 | 33,1 | 39,9
Hf 160 | 130 | 024 | 034 | 115 | 147
Mo | 147 | 1,40 | 1,64 | 157 | 1,85 | 7,67
sn 400 | 155 | 410 | 173 | 235 | 890
I 062 | 060 | 077 | 1,02 | 097 | 094
Pb 157 | 144 | 153 | 20,7 | 298 | 201
U 150 | 1,50 | 1,10 | 1,60 | 1,80 | 2,90
Th 740 | 700 | 510 | 880 | 9,00 | 10,9
La 212 | 17,7 | 143 | 213 | 210 | 20,0
Ce 471 | 406 | 340 | 509 | 493 | 435
Tb 046 | 043 | 053 | 0,57 | 053 | 0,43
Yb 140 | 1,10 | 150 | 1,40 | 1,40 | 1,30
Lu 020 | 017 | 0,23 | 018 | 020 | 019
W 305 | 189 | 376 | 353 | 229 | 380
Bi 044 | 035 | 060 | 031 | 041 | 047
Ag 136 | 106 | 268 | 17.1 | 229 | 6,68
cd 001 | 005 | 020 | 0,16 | 008 | 0,14
Sh 417 | 727 | 259 | 71,0 | 543 | 416
Te 008 | 021 | 189 | 174 | 17,9 | 341




