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O1lieHKa Bo3pacTa KpUCcTa/UTM3alluu U MeTaMop¢hUUIeCKUX ITpeoOpa3oBaHUii 0a3UTOB, pa3BUTHIX B ITpeieax
MOJIMLIMKIINYECKUX JOKEMOPUIICKUX 00J1acTeil, ABIIIeTCI CIOXHOM 3agayeii. B mmpokoM quarasoHe TeM-
rnepaTyp U AaBJIeHU (OT 3eJIeHOCIaHLIEBOIi 10 TPaHyJIMTOBOI ¢halinil) MarMaTUYeCKUil 6anaeaeuT MoOXeT
YACTUYHO WJIM ITOJHOCTBHIO 3aMEIAThCS LIMPKOHOM, B PE3Yy/IbTaTe Yero 00pas3yroTcsl arperaThl, LIEHTPalb-
HBbIC YaCTU KOTOPbIX CJIOKEHBI 0aIIeJICUTOM, 3aKJIIOUEHHBIM B LIMPKOHOBYIO MOJIMKPUCTAIINYECKYIO 000-
Jouky. OnpeaeacHre Bo3pacTa Kaxaoil u3 ¢a3 arperaToB NO3BOJISIET ITOJYYUTh MHGOPMALIMIO KaK O BO3-
pacTe MarMaTU4eCKOro COObITUS, TaK Y HAJIOXEHHOTro MeTaMopdu3Ma, OIHAKO SIBJISIETCSI HETPUBUAJIBHOM
3amaueit. Ha nmpumepe AMOapHcKoro rabdopoHopuToBoro maccusa beiaomopckoit mpoBuHLmu (PeHHOCKaH-
NUHABCKU IIUT), 1151 TIOPOJ KOTOPOTO, U3BECTHBIX B POCCUMCKOM JTUTEpaType KaK “Ipy3uThl”’, XapaKTePHbI
JIBYITUPOKCEHOBBIE KOPOHApPHBIE CTPYKTYphl Ha IpaHMIE OJIMBUH—IUIArMOKia3, mnposeaeHbl U-Th-Pb
(SHRIMP-II) u U-Pb (ID-TIMS) reoxpoHoJiorn4ecKre uccaeIoBaHus OanaenenTa u HUpPKoH-0aaneaen-
TOBBIX arperatoB. [leTpojiornueckoe u3ydeHue Mopoj CBUAETEILCTBYET O CUHXPOHHOM (DOPMUPOBAHUU
KOPOHAPHBIX CTPYKTYP Ha rpaHUIle OJIMBUH—ILJIArMOKJIa3 U 000JI0OUeK LIUPKOHA BOKPYT Ganneneura. Bos-
pacT KpUCTAUIM3aLK Tab0OpOoHOPUTOB AMOapHCKOIo MaccuBa onpeneiceH 1o pesyiabraram U-Pb (ID-TIMS)
IaTUPOBaHU eIMHUYHBIX 3epeH Oannenenta u cocrasigeT 2411 + 6 i siet. I[TpuMeHeHe METOIUKU “IUC-
KPETHOI XMMUUYECKOI abpa3uun’ MO3BOJIMIIO YCTAHOBUTD, UTO BO3pacT (hOPMUPOBAHUSI 000I0UEK LIUPKOHA
BOKpYT Oanjaeneunta coctanisieT 1911 £ 35 mutH siet. [1osrydeHHBIE pe3ybTaThl MOKa3bIBaIOT, UYTO (hOpMUpPOBa-
HUE KOPOHAPHBIX CTPYKTYP IIPOUCXOIUIIO B pe3ybTaTte MeTaMopdu3Ma Mopol B YCIOBUSIX TPAaHYJIUTOBOM
dalLumu B X0/I¢ JIarJIaHICKO-KOJIbCKO oporeHuu yepe3 500 MJIH JIET TOoC/ie KpUCTALIM3aluU TTOPO/I.

Karouegoie crosa: 6anneneut, HUPKOH, MeTaMOpGhU3M, BBICOKOTEMIIEPATYPHBIM OTXKUT, KUCJIOTHAsl oOpa-
o6orka, U-Pb reoxpoHonornueckue UccaeqoBaHmus, rab0pOHOPUTHI, KOPOHAPHBIE CTPYKTYpPHI, beimomop-
cKasi MPOBUHIIUS

DOI: 10.31857/S0869590322060061

BBEAJEHWE

I[Ipo6nema o6pazoBaHNsI KOPOHAPHBIX CTPYKTYP B
0a3uTax SBISIETCS MPEIMETOM OUCKYCCUM Ha MpPOTSI-
XeHuMn Heckoabkux npecsaruinetuit (Kushiro, Yoder,
1966; Grant, 1988; Turner, Stiiwe, 1992). Cy1iecTByIOT
JIB€ IJIaBHbIE TUITOTE3bI (pOPMUPOBAHUS KOPOHAPHBIX
CTPYKTYp — MarmMaTuueckas (cyocommmycHast) (Turner,

! Nononuurensuas WHGbOPMALUs TSI 9TOM CTaThbM HTOCTYITHA
doi: 10.31857/S0869590322060061 /151 aBTOPM30BaAHHBIX TOJIb-
30BaTesieid.

Stiiwe, 1992; Humphreys, 2011) u MmeTamopdudeckas
(JIapukosa, 2000; AnekceeB u np., 1999; Beckman
et al., 2017; Faryad et al., 2015; Gallien et al., 2012).
Mopdonornyeckoe M KOMITO3UIIMOHHOE CXOICTBO
KOPOHAapHBIX CTPYKTYP pa3HOI'O T€HE3MCa YCIIOXKHSIET
3a1a4y pacinudpoBKU YCIOBUM MX (DOPMUPOBAHUS,
a OTCYTCTBUE MOIXOISIIUX METOAOB HATHUPOBAHUS
JIOKAJIbHBIX IIPOLIECCOB B 0a3uTax HE IMO3BOJISIO
OIpeAeIUTh HAJIMYME WIN OTCYTCTBHE BPEMEHHOTO
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pa3pblBa B KPUCTAJLUIM3ALMWU TTOPOI W TIPOLIEccax
¢dhopMUpOBaHUST KOPOHAPHBIX CTPYKTYP.

IIpu onpeneneHUM Bo3pacTra KpUCTAUIU3ALUN U
MeTamopdu3Ma 0a3UTOB MCITOJB3YIOT IBa INIABHBIX
MUHepaJlla-TeoOXpoHOMeTpa — OamaesieuT U HUPKOH
(Kouvo, 1977; Krogh et al., 1987; Heaman, LeChem-
inant, 1993). M3BecTHO, 4TO OamueneuT Npyu B3auMO-
JNeiCTBUM C HACBIILIEHHBIM KpeMHe3eMOM (hIouaoM
JIOCTaTOYHO JIETKO ITOIBEPIraeTCsl paCTBOPEHUIO, SIB-
JISISICH TJIaBHBIM MCTOYHMKOM LIMPKOHMSI TSI 00pa3sy-
IOLIUXCSI BOKPYT Hero o0oJjiouek upkoHa (Davidson,
van Breemen, 1988). [Ipruuem, 3T 060J104KH MOTYT
¢opMUpOBaThCS KaK Ha CTaIUM OCTbIBAaHUS U KPHU-
CTaJUIM3allMM PaclljlaBoB, TaK U B pe3ysbTaTe MeTa-
Mopdusma nopox (Beckman et al., 2017). MarmaTu-
yeckuit 6anaeneut (ZrO,) MOXET IMOJHOCTbIO WU
YaCTUYHO 3aMellaThbcsl UMpKOHOM (ZrSiO,) npu me-
TaMop(pu3Me B IIUPOKOM AUAIIa30HE TeMIlepaTtyp U
IaBJieHUI1 (OT 3€JSCHOCJIAHIIEBOM MO TPaHYJIUTOBOM
¢anmit) (Davidson, van Breemen, 1988; Heaman,
LeCheminant 1993; Amelin et al., 1999; Rioux et al.,
2010), B pe3ynbpTare 0Opa3ylOTCsI 3€pHa, LEHTPaIb-
HbI€ YaCTU KOTOPBIX CJIOXKEHbBI 0a1I€IEUTOM, 3aKJTIO-
YeHHBIM B ITOJIMKPUCTAJJIMYECKYIO OOOJIOUKY, BbI-
MMOJTHEHHYIO IMpKOHOM. BoapacT OanaenenTa TakKmx
3€pEH COOTBETCTBYET BO3pACTy KPUCTALIM3ALIMU O~
PpOIBI, a BO3pAcT LIMPKOHA — BO3pacTy MeTamopdu3Ma.
CrnemoBaTeabHO, MOJydYeHUE MH(OpMAIMK O BO3-
pacTe Kaxnoi ¢a3sl ITO3BOJUIO0 OBl paciin@poBaThb
UCTOPUIO (DOPMUPOBAHUS U TTpeoOpa3oBaHUs 0a3u-
TOB.

OnHUM U3 pailoHOB, IIe B 6a3UTax IMIMPOKO pac-
MPpOCTpaHeHbl KOPOHAPHbBIE CTPYKTYPhI siBJsieTcs: beso-
Mopckast ipoBuHIIMSI PeHHOCKaHTMHABCKOTO IrTa. K
periepHbIM KoMILiekcaM beroMopckoii MpoBUHIIMI
OTHOCSITCSI UHTPY3UU OJIMBUHOBBIX TAOOPOHOPUTOB C
KOpPOHApHBIMU CTPYKTypaMU, BKJIIOUaBIIIMECS paHee
B KOMILJIEKC JIEpLOIUTOB-Tab0poHOprTOB (CTEraHoB,
1981). Bospact kpuctamiMsauuy U Metamopdusma
OJIMBUHOBBIX Tab0poHOpUTOB B beroMopckoit mpo-
BUHIIMM Ha MPOTSKEHUU HECKOJIbKMX IECATUICTUI
OCTaBaJICSI AUCKYCCUOHHBIM (Stepanova et al., 2022 u
CCBUIKM B 3TO# pabote), Ho Omaromaps U-Pb (ID-
TIMS) natupoBaHUIO EIMHUYHBIX 3€pPEH OagaeIenTa
ObLIa MoJyyeHa OolleHKa Bo3pacTa KpUCTaLIu3aluu
2404 £ 11 muH net (CrenaHoBa u ap., 2020). Bmecte
¢ TeM BO3pacT (hOPMUPOBAHUSI KOPOHAPHBIX CTPYK-
TYp U UX CBSI3b C MpolleccaMu MeTamMophUUYeCcKUX
MpeoOpa3oBaHUid TTOPOJ OCTABAIMChH HEOIIpeesieH-
HbIMM, a MOJEIU (POPMUPOBAHUS CaAMUX CTPYKTYpP
MPOTUBOPEUUBLIMU. Pe3ynbTarhl paHHUX TEOXPOHOJIO-
TMYECKUX MCCIIENOBAaHU, BBIMIOJHEHHbBIX KiacCuye-
ckuMm ID-TIMS meTonoM, MO3BOJISIIM MpPEAIioJararhb,
YTO BO3PACT KpUCTAIM3aluMy 06a3UTOB M BO3PACT UX
MeTaMmop(pHrUIeCKrUX NpeoOpa3oBaHMii COBNAIaId B
npeaeaax oMOKU U COCTABIISLIN OKOJIO 2.4 MJIpA JIeT
(banaranckuii u np., 1997; Bogdanova, Bibikova, 1993).
dopMupoBaHUE B IOPOIAX APY3UTOBBIX CTPYKTYP pac-
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CMaTPUBAIOCh KaK CyOCOJMAYCHBIN MpOLecC, Mpo-
HMCXOMUBIINI B pe3ysibTaTe KPUCTAUIM3AlUU pac-
IUIaBOB B YCJI0OBUSIX HIXKHei#t kopbl (CtenaHoB, 1981;
IHTapkoB u ap., 2004). [To3oHee, HAa OCHOBAaHUM PE3YJIb-
TaTOB JIOKAJbHOTO MAaTUPOBAaHUS IIUPKOHOB METOIOM
SIMS 65110 ycTaHOBJIEHO, YTO B 6a3uTax besoMopckoit
MIPOBUHIIMM IIIMPOKO IIPOSIBIIEH METaMOP(pU3M C BO3-
pactoM okosio 1.9 mapad nert, a MpuU3HaKy IIPOsIBJIE-
HUs OoJiee paHHEeTo MeTaMop(dr3Ma He OOHAPYKEHBI
(bubuxkosa u ap., 2004). OgHako MOIEJb, IIPEAIOoa-
raloiasi CylecTBOBaHUE PaHHETO ITaJIEOIIPOTEPO30Li-
CKOro MeTamopdu3Ma, CyOCMHXPOHHOTO C BHEAPECHM -
€M MHTpPY3uii 0a3uTOB, MPOIOJIKACT IIPUBJICKATh MC-
ciegoBartelieii. Metamopdu3M ¢ BO3pacToOM OKOJIO
2.4 MIIpA JIeT TIpearoaraics ajisi KHAaHUTOBBIX 9KJIO-
TUTOB M JTaeK rabopoHopmuToB paiioHa c. I'pmamHoO
(CnabynoB u ap., 2006, 2011), maduueckux maek
paiiona Konsuubl (Balagansky et al., 2001), meTaba-
3uToB B paitoHe Canmnl (Dokukina et al., 2021).

B Hacrosiiieit cratbe TIpyUBeneHbI pe3ybTaThl MeT-
POJIOTMYECKUX, TEOXMMMNYECKUX M TC€OXPOHOJIOTHYE-
ckux (U-Th-Pb u U-Pb) uccrnemoBanuii 0J1MBMHOBBIX
rabopoHopuToB AMOapHcKoro Maccupa. s enu-
HUYHBIX 3epeH OamnencuTa onpeneiaeH U-Pb Bo3pact
(ID-TIMS mMeTonoM) ux Kpucraainzauuu. st Toro
YTOOBI TTOJYUYUTh OLIEHKY BO3pacTa LUPKOHa, (hop-
MUPYIOIIETO 000JI0YKY BOKPYT OamiencuTa B IOJI1-
KPUCTAJUIMYECKUX LIUPKOH-0aAeIeNTOBBIX arperarax,
ObLJTa MCMOJb30BaHA YHUKAJIbHAs MeTOOWKa “Iuc-
KpeTHOM xumMmudeckoii abpazun” (Rioux et al., 2010),
MO3BOJIMBIIAS pa3neauTh Pa3sl IIMPKOHA 1 Odanaeie-
nta. OHa OCHOBaHa Ha MPUHIUIIMAJIBHO PA3IMYHOMI
YCTOMYMBOCTY IUPKOHA U OaaaeienTa B KUCI0TaX —
OammesnenuT, B OTIMYME OT LIUPKOHA, paCTBOPSIETCS B
KOHILIEHTPUPOBAHHOI COJITHOM KUCoTe. B oTinuue
OT METOOUKHU CTYINEHYATOIO BBIIIENIAaYMBAHUS, Tpa-
JUIIIOHHO IIPUMEHSIEeMOI 17151 yMEHbBILIEHUS CTEIeHU
JMCKOPJAHTHOCTU LIMPKOHa (“XumudecKast adbpas3ust”
o Mattinson, 2005), 3Ta MeTOOMKA BKIIIOYAET ABYX-
STAITHYIO TIPOLEAYpy KHUCIOTHON oOpaboTkm. Uc-
TMOJIb3YSl pa3IMYHbIE KUCIOTHI, BO3MOXHO M30JIUPO-
BaTh OOHY (pa3y NOJIMKPUCTATUINIECKIUX arperaToB OT
JIPYyToi, onpeaesiMTh N30TONMHEINM cocTaB Pb 1 U kax-
JIOM U3 HUX U, TAKUM 00pPa3oM, OLICHUTb KaK BO3pacT
MarMaTM4ecKoro OamesienTa, Tak 1 IUPKOHa, o0pa-
30BaBlIerocs npu mMertamopdusme. Ciaemyer oTMe-
TUTb, YTO B MUPOBOI1 TIPAKTHUKE MOTOOHBIE UCCIIEIO-
BaHWS CIMHUYHEL.

I'EOJIOI'MYECKOE ITOJIOKEHUE
AMBAPHCKOI'O MACCHBA

Benomopckasi mpoOBUHLIMSL pPAcCIIONOXeHa B BO-
croyHoi yact MeHHOCKaHAMHABCKOTO 1uTa (puc. 1).
B ee cocraBe mpeo6GiaagaloT Me30- U HeoapXeMcKue
aKKpEelLMOHHbIEC Y KOJUIM3UOHHBIE KOMILIEKCH (PaH-
HUI1 fokeMOpuii ..., 2005; CiabyHos, 2008 1 cCbUIKM
B 3TOi1 paborte; HOItta et al., 2008; Dokukina, Mints,
2019). TexroHnyeckas cTpykrypa beiromopckoii mpo-
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Puc. 1. Cxema reojlorndeckoro ctpoeHust AMoapHckoro MaccuBa (Stepanova et al., 2021).

1 — yeTBepTUYHBIE OTIOXKeHUSs. [1ameonpoTepo30il: 2 — MUKPOKJIMHOBBIE TPAHUTHI U IIETMATUTHI, 3 — MeTarabopo IleuHoro
MaccuBa 2.2 muipa jiet (Stepanova et al., 2021 ¢ usmeHeHUsAMM ), 4 — OTUBUHOBBIE TAOOPOHOPUTH AMOApPHCKOTO MaccuBa, ap-
Xei: 5 — TOHAJIUTOBBIE THEMCHI, 6 — KHAHUTOBBIE THEICHI, 7 — rpaHaTOBbIe aM(bHUOOIUTHI, 8§ — KOHTAKThI: @ — MPOCJIEXKEHHbBIE,
0 — mpeanonaraemeie; 9 — pa3JIOMBbl: 2 — IPOCEXeHHbIe, 0 — Tpearnonaraemoie; 10 — 37eMeHThI 3ajleraHusl CJIAaHIIEBATOCTH,

11 — Touku onmpoboBaHwms, 12 — neTaaTbHO U3y4EeHHbBIE OOPa3IIbI.

Ha Bpe3ke — cxema TeKTOHUYECKOro paiioHupoBanusi deHHockananHaBcKoro muTa (Holttd et al., 2008; Bogdanova et al.,
2016). duoaeToBBEIM LIBETOM B mpeaenax Jlammanacko-Koabckoro oporeHa rnmokasaHbl TPaHyJIUTOBbIE KOMILIEKCHL.

BUHIIMM OIUCHIBAETCS KaK cepusl MOKPOBOB, Cpeau
KOTOPBIX BBIACISIOTCS KOBIO3E€PCKUIA, CIOXEHHBIMN
MPEUMYIIIECTBEHHO TOHAJIUT-TPOHIbEMUT-TPAHOANO-
putoBbiMu (TTI) rueiicamu, 4ynmMHCKUIL, B COCTaBe
KOTOpPOTro TMpeob1aaaloT BbICOKOINIMHO3EMUCThIE Ta-
parHeiicbl U XeToJaMOWMHCKUii, cinoxeHHBI TTI-
rHeiicamMu u ampudonuramu (Muuiep, MuibKeBUY,
1995; Cmabynos, 2008).

B nauvane maneomnpotepo3os beaoMopckas mpo-
BUHIIMS HaXOOWIach B 30HE BIMSIHUS MaHTUIHBIX
IUTIOMOB, C KOTOPBIMU CBSI3aHO (pOpMUpOBaHME HE-
CKOJIbKMX KPYITHBIX MarMaTU4eCKUX ITPOBUHIIMIA,
¢dparMeHTHl UX MUTAIOIIEH CUCTEMBbI COXPAaHWINUCH B
BHUJe MHOTOYMCIIEHHBIX MaJIbIX MHTPY3UI U TaeK OC-
HOBHOTO cocTaBa. Majbple MHTpY3uu 6a3uToB B be-
JIOMOPCKOM TTPOBUHIIUM PaCCMaTPUBAIOTCS KaK TeK-

TOHUYECKME (pparMeHTHI OoJiee KPYITHBIX TSI U POCB
Mmaduueckux maek (Stepanova, Stepanov, 2010) wiu
KaK caMOCTOSTEeNbHBIE “OeCKOpHEBBIC” WHTPY3UU,
chopMHUpOBaHHbBIE B pe3yJibTaTe BHEAPECHUS pacIjia-
BOB B BSI3KOIUTACTUYHbBIE IIOPOOBI HIKHEH KOPBI
(IllapkoB u ap., 2004). AHaIM3 Pe3yJIbTATOB T'€OXPO-
HOJIOTMYECKUX McclenoBaHuii B beaoMopckoit mpo-
BUHIMM ITOKa3aJl HaJu4ue HECKOIbLKHX WUMITYJILCOB
OCHOBHOTO MarMaTu3Ma C Bo3pacToM 2.5, 2.45, 2.4,
2,3, 2.2, 2.1 mapn net (Stepanova et al., 2022).

B cpennem maneonpoteposoe (2.00—1.86 muipn
JIeT Ha3aj) KOpoBble KOMILIeKChl betoMopckoii rmpo-
BMHIIMNU HCIBITAJIM HNHTECHCHUBHYIO TEKTOHO-METa-
MopdHryeckyto nepepadboTKy B xone hopMUPOBaHUS
Jlanmanacko-Kobckoro KoOJIM3MOHHOTO OpoOreHa
(JIKO, Daly et al., 2006) (puc. 1), a cama beiaomopckast
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MIPOBHUHIIMS PacCMaTPUBAETCS KaK €ro I0ro-3aramaHbIil
dopmang (bamaranckwuii u ap., 2006; babapuna u mp.,
2017). Metamopduyeckue rmpeoOpa3oBaHMs B XOIE Ja-
IUIAaHACKO-KOJIbCKOM OPOT€HUM TOCTUTAIN YCIOBUI
BBICOKOOapuIecKoif aM(pnOOINTOBOI M TPaHyJIUTO-
BOM (halim, penko 3kJIornToBoit ¢pamuu (budukosa
n np., 2004; bepesun n np., 2013; Cky06yoB m 1p.,
2016; Li et al., 2017; Melnik et al., 2021), yTo cTajao
NPUIMHOI YaCTUYHOI WUJIY TIOJIHOM TIepeKpUCTallIn3a-
1y 1opoxd B beoMopckoii TpoBMHLIMI, B TOM YHCIIE
MaJICONPOTEPO30MCKIUX MHTPY3UBHBIX Oa3uToB. [l
HUX XapaKTepHO HaJIW4Me€ KOPOHAPHBIX CTPYKTYpP
(kaliM) Ha TpaHMIE IEPBUYHBIX MarMaTH4eCKUX
TEMHOIIBETHBIX MUHEPAJIOB 1 TUIarnokias3a. B oreue-
CTBEHHOI TUTEpaType KOPOHAPHBIE CTPYKTYPHI B Oa-
3utax beroMopckoli IpOBMHIIMHY TTOIYYIN Ha3BaHIE
“IpPY3UTOBBIX”, a TTOPOIBLI HA MPOTSKECHUN NECITU-
JleTrit Ha3pIBauCh “mpy3uThl” (Pemopos, 1896; Lo-
bach-Zhuchenko et al., 1998). Hecmotpst Ha TO, 4TO
BCEMM HCCJIeNOBaTeISIMUA IIpU3HABaIaCh METaMOp-
¢uyeckass mpupoaa IpaHaTcomepKamux (ITO3THUX)
KOPOHApHEIX CTPYKTYpP, T€HE3UC IBYIHUPOKCEHOBBIX
(paHHMX) KOPOHAPHBIX CTPYKTYP BOKPYT OJIMBMHA Ha
MIPOTSDKEHUHM MHOTHX JIET OCTABaJICS CIIOPHBIM.

AMOapHCKMII MacCHUB PaCHOJIOXEH B LICHTPAIb-
Hoit yactu benomopckoit mpoBuHIMM (puc. 1) B ['pu-
IMHCKO-AMOapHMHCKOM nomeHe (babapwmna u mp.,
2017). B aToM paitoHe apxeiiCKre KOMILJIEKCHI TIpe/I-
CTaBJICHbl TOHAJUTOBHIMM THeliCaMM, KMAaHMUT-Tpa-
HAT-OMOTUTOBBIMU THelicaMM U aM(pUOOIUTaMHU C
Bo3pacToM okoJo 2.8 mipn et (CreicTpa, 1978; Cna-
oyHoB, 2008), B HUX BBIACISIETCS HECKOJIBKO 3TAIIOB
CKJIaT4aThIX AeopManii U pa3pbIBHBIX HAPYIIIEHUIA
(CricTpa, 1978; Stepanova et al., 2021). B rueiicax u
aMduboMTax pa3BUTHI TTapareHe3nCchl BEICOKOTEM -
nepaTrypHoii aM(puOOIUTOBOM (halliy MOBBIIIIEHHBIX
JIaBJIEHUI, BO3HUKILIME ITPU MUHTEHCUBHOM METaMOP-
¢duueckoii riepepadorke B mepuon 1890—1850 muH
JIET, MOCJIe MUKa JIAIUIaHACKO-KOJbCKOM OpPOreHUM,
MpOosIBJIEHHOM BO BceM bemomopckoM mosice (bubu-
KoBa u Ap., 2004; CnabyHoB u ap., 2016; Cky0610B U 1p.,
2017). Uuatpy3un 6a3UTOB B 3TOM paiioHE BapbUPYIOT
o Bo3pacTy oT 2.5 no 2.1 mMipm JIeT ¥ IpeacTaBICHBI
mddepeHIMPOBAHHBIMA UHTPY3USIMHU Tab0po-aHOP-
TO3UTOB (2.51 MiIpH NET), OMMBUHOBBHIMU TaOOPOHOPH-
tamu (2.41 mipm eT), rabopo (2.22 Mapa JeT) u Jaika-
mu Fe-Ti ra66po (2.12 mupn set) (Stepanova et al.,
2021, 2022). IManeonporepo30iicKre NHTPY3UBHBIC
0a3uTHl B 3TOM Yactn besomMopcKoii MpoOBUMHIIMM B
OOJIBIIMHCTBE CIy4yaeB COXPaHSIIOT MAaCCUBHOCTbh, MX
KOHTaKThl 4aCTO OrpaHWYeHbI Pa3pbIBHBIMU Hapy-
meHusMu (puc. 1). Hauboiee mo3nHue TeKTOHUYE-
CKH1€ COOBITUSI CUHXPOHHBI C BHEAPEHUEM IIerMaTh-
TOBBIX XWJI, CEKYIIUX ITaJI€ONIPOTEPO30MCKIE 0A3UThI
(ChicTpa, 1978).
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AHAJIMTUYECKHUE METOAWUKHN

HM3yyeHue cocraBa MUHEPaAJIOB MPOBOAMIOCH Ha
CKaHUPYIOLIEM 3JIEKTPOHHOM MHKpockone (COM)
TESCAN VEGA II LSH c npucraBkoii mist 3HEpro-
JIHUCTIEPCUOHHOTO PEHTIEHOCTIEKTPaIbHOTO MUKPOaHa-
m3a (B/1C) Inca Energy-350 B LleHTpe KO/UIEKTMBHOTO
nons3oBaHusl Kapenbckoro HayuHoro neHtpa PAH
(IKIT KapHII PAH, r. [Terpo3aBoack). CocTaB Mu-
HEpaJioB aHAJM3UPOBAJICS B HAIbUIEHHBIX YIJIEPO-
oM (ToimMHa HanbuieHus 20 HM) NOJIMPOBAHHBIX
nutudax rmpu yckopsitoiieM HanpsikeHnu 20 KB 1 mo-
CTOSTHHOM TOKE 3JIEKTpOHHOTrO ITydka 15 *+ 0.05 HA. Pa-
Oouee paccTtostHue — 15 MM, BpeMs HaKOIUICHMS
criektpa — 70 c. IIpu o6paboTke CIEeKTPOB PEeHTTEe-
HOBCKOTO U3JTy4eHUs IPOBOAUIACH ONITUMM3ALIMS 10
CIIeKTpaM MPOCTHIX COEAMHEHU I U CTaHAAPTU3ALMS 10
Habopy BTaJOHOB IOPOAOOOPA3YIOIINX MUHEPAJIOB.
OLMOKM U3MEPEHUI COCTaBWIM MJIs KOHLIEHTpaLUit
cBoimre 10 mac. % — no 2 otH. %; 5—10 mac. % — no
5 otH. %; ot 1 mo 5 mac. % — 0o 10 otH. %.

CognepxxaHue TeTPOreHHBIX U PEIKUX 3JIEMEHTOB
OIpeIe/ISIOCh Ha PEHTIeHO(IIOOPECIIEHTHOM CIEK-
TpoMeTpe mociemoBaTelibHOro necteust PW-2400
(Philips Analytical B.V.) B UHcTUTyTe Teonoruu pya-
HBIX MECTOPOXKICHUI, TIeTporpaduu, MUHEPaJIOTrun
u reoxumuu PAH (MT'EM PAH, r. Mocksa). AHanu3
MOPOIOOOpa3YIOIINX BJICMEHTOB TIPOBOAWJICS B
CTEKJIOBATBIX TMCKAaX, ITOJIYYCHHBIX IIPU CILUIaBJICHUN
0.3 r mopo1trka mpoOkI ¢ 3 T TeTpadbopara TUTHUSI. AHa-
JIN3 MUKPODJIEMEHTOB BBINOJHEH M3 MPECCOBAHHBIX
oOpasuoB. Ilorepu mpu IpoOKaJIMBaHUM OIIPEOCIIS-
JINCHh TPAaBUMETPUIECKMM METOIOM. TOYHOCTH aHa-
Jm3a cocTaBisiia 1—5 oTH. % [jist 2J1eMEHTOB C KOH-
neHtpauugamu Beie 0.5 mac. % u 1o 12 otH. % misg
SJIEMEHTOB ¢ KOHILIeHTpauueit Hke 0.5 mac. %.

KoHleHTpalmm penkux U peako3eMeabHbIX dJie-
MEHTOB B TOpOAaX OIPEnesisUTMCh METOIOM Macc-
CMEKTPOMETPUHN C MHAYKTUBHO-CBSI3aHHOM TJ1a3MOT
(ICP-MYS) na nputdope Thermo Scientific XSeries 2 B
L KIT KapHII PAH 1o ctangaptHoii MeTonuke (CBe-
TOB U Jip., 2015). PaznoxeHne o6pas31ioB MPOBOAWIOCH
ITyTeM KUCJIOTHOTO PACTBOPEHUSI B OTKPHITOM CHCTEME.
IpaBuIbHOCTH aHAIM3a KOHTPOJIMPOBAIACH IYTEM M3-
MepeHUs cTaHaapTHbIX oopasioB BHVO-2, 1412. Pe-
3YJIBTaThl U3MEPEHUS CTaHOAPTHBIX 00pa3IloB MpH-

BeneHbl B Supplementary? 1, ESM_ 1.xlsx.

2B JIOTIOJIHUTENBbHBIX MaTepuajiaX K PYCCKOM M aHINIMMCKON
OHJIAliH-BEpCUsIM CTaTbM Ha caiitax https://elibrary.ru/ u
http://link.springer.com/ COOTBETCTBEHHO NPUBEICHDI:
ESM_ 1.xIsx — Pe3ynbraTbl U3MEpeHUsI CTaHIAPTHBIX 00Pa3LIOB;
ESM_ 2.xIsx — XuMuueckuit coctaB Iopoa AMOapHCKOIo Mac-
CUBa;
ESM_3.pdf — Munepasoro-mnerporpadpuieckue 0COOeHHOCTH
OJIMBUHOBBIX TaOOPOHOPUTOB;
ESM_4.xlIsx — CocTaB Iopoaoo0pa3yiolux MUHEPAIOB OJIM-
BUHOBBIX TaOOPOHOPUTOB;
ESM_5.xIsx — ConepxkaHusl pacCesiHHBIX 2JIEMEHTOB B Oazje-
JIeUuTe M UMPKOHE U3 rabOopo-TNerMaTuTOB;
ESM_6.xlsx — CocraBel MUHEPAJIOB, MCIIOJIb30BAaHHBIE LIS
pacuera P-T napameTpoB.
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Brinenenne 6anpesenTta M O0ammenenuT-IIMPKOHO-
BBIX arperatoB IIPOBOAMJIOCH C IIPUMEHEHUEM BOI-
Hoii Metoauku (Soderlund, Johansson, 2002) B 1a60-
paTtopnu aHaian3a MUHepaiabHoro BemntectBa UT'EM
PAH. U3 o6pa3ia maccoit okoso 1 KT, 0oToOpaHHOTO
W3 JIMH30BUIHOTO 000C00IeH1SI Ta00pO-NerMaTUTOB
B OJIMBUHOBBIX Ta0OpoHOpUTaX AMOApHCKOTO MacCH-
Ba, ObLIM BbIIEJICHBI €AMHUYHbBIE 3€pHa OaaienenTa 1
LIMPKOH-0amie/lenToBble arperaTthbl. IloamkpucTramm-
YeCKME arperarbl M3yJalriCh METOIAMU 3JIEKTPOHHOM
mukpockornuu (SE u BSE) u B pexuMe Katomosio-
MuHecteHIu ¢ momoinbio COM TESCAN VEGA3
B MIHCTUTYTE T€0JIOrMy M TeOXPOHOJIOTUM TOKEeMOpUs
PAH (MIT PAH, r. Cankr-IletepOypr), aHaau3u-
poBasiuch Ha COM TESCAN VEGA II ¢ BAC Inca
350 8 HKIT KapHII PAH. M3yyerne mmoBepXHOCTHA
OanenenT-IMPKOHOBBIX arperartoB MPOBOIUIIOCH C
HWCIOJb30BaHUEM JIa3epHOTO cKaHupylomero 3D
mukpockona Keyence VK-X100 8 LIKIT KapHII PAH.

ConepkaHusl 2JIEMEHTOB-TIpUMeceil B IMPKOHE U
OangenenTe onpenessiyii METOIOM BTOPUYHO-UOH-
HOI Macc-criekTpomeTpuu (SIMS) ¢ momoIibio BTO-
pUYHO-MOHHOrO Macc-crnekrpomerpa Cameca IMS
4f B ApociaBckoMm dunmane OU3nMKoO-TEXHOIOrMYE-
ckoro uHctutryta PAH (S1® ®TUAH PAH, r. fpo-
cJlaBJib) IO MeTOAMKe, udnoxeHHoi B (Hocosa u np.,
2002; ®demorosa u ap., 2008).

U-Th-Pb uzomonnuie uccaedosanus (SHRIMP-11)

JlokanpsHsIii n3oTonHbIM aHanu3 U u Pb BeitoiHEH
Ha BTOPUYHO-MOHHOM MUKpo3oHae SHRIMP-II B
Llentpe uzoronHeix ncciaenopanuii ®I'bY “BCEI'EN”
(r. Cankr-IlerepOypr). Pasmep aHanusmpyeMoii 00-
JIACTU KPUCTAJIOB COCTaBJIsT ~20 MKM, YTO MO3BO-
JINJIO ONpeaeUTb NU30TOIMHbIN COCTaB UHANBUIYTb-
HBIX (pa3 OammenenTa W IIUPKOHA B HCCIETyeMBIX
LUPKOH-0aaIeIeuTOBRIX arperarax. st onpenene-
HUS y4aCTKOB, MPUTOMHBIX IJIsI aHaJIu3a, ObUIU UC-
nonb3oBaHbl CL- 1 BSE-n3obpaxenus. JlaHHbIe 00-
pabaThIBaJUCh COIJIACHO MpOlieaype, ONUCAHHOI B
(Williams, 1998) c¢ wucrnojb3oBaHUEM IIpOTpaMM
Squid-1.13a (Ludwig, 2005) u Isoplot-3.75 (Ludwig,
2012). Pb/U oTHolIeHWe B HUPKOHE HOPMAaIM30Ba-
noch Ha 3HayeHue 0.0665 g 2°°Pb/?38U B cranmapt-
HOM LpKoHe Temora-2, COOTBETCTBYIOILIEM BO3pACTy
416.8 muta net (Black et al., 2004). U3MepsieMble 3Ha-
yeHus1 2°Pb/28U oTHOILIEHUS B 6anieeruTe HOpMaIi-
30BayIMCh Ha 3HaYeHue 0.3765, COOTBETCTBYIOLLEE CTaH-
napty Phalaborwa (*7Pb/?°Pb = 2063 + 3 MuH JerT,
Heaman, 2009). ITockonbKy 6anneseuT OTHOCUTCS K
MUHepasiaM ¢ TNoHMXeHHbIM Th/U oTHolIeHueM,
KOPPEKIINS Ha OOBIKHOBEHHBIN CBUHEI] OCYIIIECTB-
Js1ach 1t Hero 1o 2%Pb-metony (Hinthorne et al.,
1979). KoHlleHTpaliuy CBMHIIA, YpaHa 1 TOpUsI ObLIA
ornpeaeaeHbl OTHOCUTEIBHO CTAaHAAPTHOTO LIMPKOHA
91500 c uzBecTHBIM coaepxKaHueM ypaHa 81.2 ppm
(Wiedenbeck et al., 1995).

CAJIBHUKOBA u 1p.

U-Pb (ID-TIMS) uccaedosarnus

U-Pb n30TOIHBIE UCCIIEIOBAHUSI BHITIOJIHEHBI B
UITO PAH. Ha mepBoM 3Tarie ncciaemoBaHUM ObLINA
VICTIOJIb30BaHbI HanboJIee MPO3pavyHbIe, OMHOPOIHBIE
eIMHUYHBIE KPUCTAJJIbI OamaesieuTa U IUPKOH-0aI-
JIeJIENTOBBLIX arperaToB, IMOABEPTHYTbIE MHOTOCTY-
IIEHYATOMY YIaJIEHUIO [IOBEPXHOCTHBIX 3aTPS3HEHUIA
B crniupte, aneroHe, IN HNO; wm 3N—-6N HCL
I1pu 3TOM MOCHE KaXIOi CTYIIEHU 3epHAa ITPOMEBIBa-
JIUCh 0CO00 YMCTOI BOHOI. XMMUYECKOE Pa3JIOKe-
HUE BBITIOTHIOCH MO MOTU(MUIIMPOBAHHOI METOINKE
T.E. Kpoy (Krogh, 1973) B Te(JIOHOBBIX KaIlCyJIax,
MOMEIIEHHBIX B pe3epByap MJIsl pa3IOKECHUST CUCTEMBbI
Parr, npu stom 2*U-22Pb Tpaccep nobasnsuics He-
MMOCPEICTBEHHO Tepe pa3ioXeHUEM.

Ha cnenyroniem sTane npoBOAUIOCH pa3aesieHue
¢a3 MpKoHa u 6aanesenTa B arperaTax ¢ TOMOIIbIO
METOIUKMU “IMCKpeTHOI xumudeckoil abpaszun” (Ri-
oux et al., 2010), ocHOBaHHOIi Ha Pa3IMYHON YCTONUU-
BOCTU 3TUX (pa3 B KucioTax. it mpoBeneHus dKCre-
puMeHTOB ncnosyb3oBaar Kak 6N HCI (nmpenBapuresb-
Hasl KUcJIoTHasi oopabdboTtka npu temrnepatype 210°C B
teueHue 48 4), Tak 1 35N HF (220°C u 110°C B Teue-
nue 30 u 60 muH). [IpegBapuTebHast KMCIOTHAsI 00-
paboTKa IpoBOAWIACh B T€(HIIOHOBBIX OOMOAX B Tep-
MocTate. O6paboTke 6N HCI B 60JIbITMHCTBE DKCIIE-
PUMEHTOB MPEIIECTBOBA] BbICOKOTEMIEPATYPHBIN
oTxur 1pu 850°C B TeueHUe 48 4 B MyeTbHOI TTeun
“SNOL E5CC” B kepamMuueckux TUrisx. JJobdasmie-
HYE€ U30TOIMHOTO UHANKATOPA K BIILIEIOKY TPOU3BO-
JIWJIOCH TIOCJie TIpeaBapUTEIbHON KUCIOTHOU 0Opa-
0OTKM, a K OCTaTKy LIMPKOHOBOU 000JIOYKU — TIepe
(GUHANTBHBIM pa3IOXEeHUEM, KOTOPOE MPOBOAUIOCH
npu Temnepatype 220°C B TedeHHe 24 4 C UCTIOIB30-
BanneM 35N HF. AJMKBOTBI BBHIIIEJIOKOB M HEpac-
TBOPEHHBIE OCTaTKM Jajiee aHaJIUu3UPOBAJIUCH IIO
craHgaptHoit MeTtoauke (Krogh, 1973).

M30T0ITHbBIC aHAINU3bI BHITIOJIHEHELI HA MacC-CIIeK-
tpomerpe TRITON TI mpm momMoimm cyeTdymka
noHoB. TouHocTs onpenenenus cogepxanuit U u Pb
cocraBuia 0.5%. Xonocroe 3arpsi3HeHUe He MPEBHI-
majio 1—5 r Pb u 1 ir U. O6paboTka s3KcnepuMeH-
TaJIbHBIX JAHHBIX MPOBOIWIACH C MCIIOJb30BaHUEM
nporpamm “PbDAT” (Ludwig, 1991) u “ISOPLOT”
(Ludwig, 2012). Ilpu pacdyeTre BO3pacTOB IIPUMEHSI-
JIUCh OOLICTIPUHSATHIC 3HAYCHUSI KOHCTAHT pacliajga
ypaHna (Steiger, Jager, 1977). IlonpaBku Ha OObIYHBIN
CBHMHEII BBEEHBI B COOTBETCTBUHU C MOACIbHBIMHU BE-
JuyrHamu (Stacey, Kramers, 1975). Bce ommbku
IIpUBEACHEI HAa YPOBHE 20.

COCTAB I1OPO AMBAPHCKOI'O MACCHUBA

AMOapHCKMIiT MaccuB oOHaxkaeTcsi Ha Oeperax
o3ep AMbapHoe u [leaHoe B 2 KM K BOCTOKY OT TIOC.
AmbapHbIif Ha Tutoanu 1 X 1.5 kM (puc. 1). KoHTakThl
MaccuBa C BMeIIalolMMU THeiicaMu 1 aMpuboInTamu
TEKTOHUYECKW NepepaboTaHbl WM MEPEKPbIThl YET-
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Puc. 2. ®ortorpacduu od6HaxkeHUiT rabOPpOHOPUTOB AMOAPHCKOTO MaccHuBa.

(a) — HanOoIee TUIIMYHBIE IJISI MAaCCHBA OJIMBUHOBBIE TA0OOPOHOPUTHI XOPOIlIeil COXpPaHHOCTU C TOJTYyObIM ILIarMOKJIa30M, CO-
oTBeTcTByoIIME 00p. Ca-490-1, mmpuHa mosst 3peHus 5 cM; (0) — 30Ha aMPUOOIUTU3AIINY B OJTMBUHOBBIX TAOOPOHOPUTAX;
(B) — LJIMPBI rabOpO-TerMaTiTa B OJTMBUHOBBIX TAOOPOHOPUTAX, TYHKTUPOM IMOKa3aHO MPUMEPHOE MOJIOKEHUE U3YYSHHBIX
1uinidoB; (I) — merMaTOUIHBII rab0POHOPUT, COOTBETCTBYIOLIMM 00p. Ca-454-3, n3 KOTOpOoii ObUIN BBIAEICHBI OaIIeIeUT 1
ILIUPKOH-0aIIJIENTOBbIE arperaThbl.

BEPTUYHBLIMU OTJIOKEHUSIMU. B LIeHTpaIbHOM YacTu
VHTPY3UB IIPOPBIBAETCSI CUJIJIOM MeTarabopo ¢ BO3-
pactowm 2.2 mapa et (Stepanova et al., 2021) (puc. 1).
B cocTtaBe MmaccuBa nmpeo0bJ1agarT CpeaHe3epHUCTHIE
MacCHBHbIE OJIMBUHOBbBIE TAOOPOHOPUTHI C TOJIYObIM
IUIarMoKJIa3oM (puc. 2a), ¥ paHee OH paccMaTpUBaJICS B
cocTaBe IajeoIpoTepo3oiickoro (2.41—2.45 wmuipn
JIET) KOMIUIEKCa JepLOJUTOB-TaOOpOoHOPUTOB beno-
Mopckoit mpoBuHuMM (Creictpa, 1978; CremnaHoB,
1981; ApecroBa, 2004; Lobach-Zhuchenko et al., 1998).
Maccus muddepeHIUpoBaH ci1ado, JUIIL B CEBEp-
HOM YacTU YCTAaHOBJICHBI €MIMHUYHBIC BBIXOIBI TIOPO/T
¢ MpU3HAKaMM MarMaTU4eCKOi pacCI0OEHHOCTH — Ma-
JIOMOIIIHBIMU CJIOSIMU OPTOIMUPOKCEHOBBIX, XPOMUTO-
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BbIX M IDIAarMOKJIA30BBIX KyMy/lIaToB. B emMHMYHBIX
cllyyasix TaO0OpOHOPUTHI ColepKaT HIIUPhI Tab0opo-
MerMaTuToB (puc. 2B, 2r).

IToponbl AMGapHCKOTO MacCuBa OTHOCSITCS K 0a-
3UTaM HOPMAaJbHOTO Psiia TOJeuToBoit cepuu. KoH-
neHTpanu MgO cHIKarTcst oT 23 Mac. % B MeJTaHO-
KPAaTOBBIX OJIMBUHOBBLIX rab6poHopUTax A0 14 Mac. % B
0e30JIMBUHOBBIX PA3HOBUIHOCTSIX. XapaKTEPHBI BHICO-
kue conepxanus Cr, Ni, Huskue — CaO, Al,Os, TiO,
(cMm. Supplementary 2, ESM_2.xlsx). [a60po-mer-
MaTUTBl XapaKTepU3YIOTCSI Hambojiee BBICOKUMU
koHUeHTpauusimMu SiO,, TiO,, Zr 1 MUHUMaJbHBIM
comepxxaareM MgO (7.7 mac. %) (Supplementary 2,
ESM_2.xlsx).



602

PenvkToBble MarMaTuueckre MUHEPAJIbl B IOPO-
J1ax AMOaApHCKOIo MaccuBa MpeacTaBiIE€Hbl OPTOIIU-
POKCEHOM, KJIIMHOTIMPOKCEHOM, OJIMBUHOM, XpPOMU-
TOM, TUIaTMOKJIa30M, OuOTUTOM. OPTONUPOKCEH
(Opx]) dbopmupyeTr KpynHble MAMOMOPMHBIE Y-
HEHHO-MpPU3MaTUYECKUEe KPUCTALIBI C MPSIMOIA 30-
HaJIbHOCTBIO (X, = 0.85—0.77). KinuHonmupokceH
obpa3yeT MeJKhe KCeHOMOp(MHBIE BKIIOUYECHUS B
OpxI (Cpxl, aBrur, Xy, = 0.90—0.87) u uamomopd-
Hble 3epHa, B OOJIBIIMHCTBE CIy4aeB ¢ XOPOIIO BbIpa-
JKEHHOM NpsiMOii 30HabHOCTbIO (CpxIl, aBrut, Xy, =
=0.87—0.77). O0BEM pEIUKTOBLIX MarMaTUYEeCKUX
MMPOKCEHOB B mopomax pocturaeT 30% (puc. 3a). B
OOJIBIIIMHCTBE CIy4YaeB OHU XapaKTEepU3YIOTCS XOpPO-
1Ieil COXPaHHOCTbhIO, B TOM UMCJIC COXPAHSIIOT TTEPBUY-
Hble IBOMHUKOBBIE CTPYKTYPHI U PEIKO MOABEPKEHbI
ampuodomzanum (puc. 3a). [t peIMKTOBBIX ITMPOKCE-
HOB XapaKTepHO HaJIMYMEe TOHKUX BPOCTKOB XpPOMUTA
(B Opx) v unbMeHuta (B Cpx), oOycaaBIuBalolIue UX
KOPUYHEBYIO WM cepylo oKpacKy B nuindax. Onu-
BUH B MOPOAAX COXPAHUJICS B BUJIE OKPYIJIBIX BKJIIO-
yeHuil B Opxl (X, = 0.84—0.80) 1 B BUIe KPYIHBIX
PEJIMKTOBBIX KCEHOMOP(HBIX 3epeH (Xy, = 0.67—0.63)
(puc. 3a). KoanyecTBo onMBMHA B MEJIAHOKPATOBBIX
OJINBMHOBEIX rabGpoHopuTax coctasistieT 10 20 06. %, B
HauboJiee JeKOKPaTOBbIX PA3HOBUAHOCTSIX OJIMBUH
orcyrcTByeT. Ilmarnokinas popmMupyeT KpyImHbIe Ta0-
JIUTYaThle 3€pHA, UMEIOIIUE COCTaB AHsg ¢4 B LIEH-
TPpaJIbHbIX YACTSIX U AH, B KpaeBbIX yacTsax. CpenHuit
riaruokias (Ansys) opmupyeT menakue JIEHCThI, a
KUCJIbIA T1aruokinas (An;,_ ;) KpUCTAJIU3YETCS B
MHTEePKyMYyJIyce coBMecTHO ¢ Bf u Kfs. B MenaHokpa-
TOBBIX PA3HOBUIHOCTSIX XPOMUT SIBJISIETCSI TJIaBHOM
pyaHoit pa3oit m 06pa3yeT MeJIKHe 3epHa, aCCOIIMN-
pylollue ¢ OJTMBUHOM UJIU OPTONUPOKCEeHOM. B neii-
KOKPAaTOBbIX PA3HOBUIHOCTSIX IPUCYTCTBYIOT MarHe-
TUT U UJIBMEHUT B BUE KPYMHBIX 3€PEH CO CTPYKTY-
paMu pacnaja.

I'a66po-mierMaTuThHl (POPMUPYIOT MEJIKUE LITUPHI
¥ JIMH30BUIHBIE TeJIa MOLITHOCThIO MeHee 10 cM, ci1o-
JKEHHBIE TIJIaTMOKIIa30M, OPTO- M KJIMHOMUPOKCEHOM,
ouotuToM (pUC. 2r). B MHTEPCTULIMSIX KPYITHBIX 3€peH
IUIATMOKJIa3a KPUCTAUIN30BaIMCh aJIbOUT, KBapll, Ka-
JIVEBBI MOJIEBOI 1ITIAT, aKIIECCOPHBIEC aIllaTUT, Oam-
JIeJICUT, IUPKOH.

Bo Bcex mopomax AMOapHCKOTO MaccuBa ITPOSIB-
JIeHbI KOPOHApHBIE CTPYKTYpbl. BOKpyr onuBUHa, Ha
rpaHUlle C IJIaruoKjiIa3zoM, GOPMUPYIOTCS “MHOTO-
clioitHble” KopoHhbl (puc. 30, 3B, Supplementary 3,
ESM_3.pdf nnst 06p. Ca-454-1). BHyTpeHHsIs Kaiima
CJIOXEHa paaualbHO-OPUEHTUPOBAHHBIMU YIJIMHEH-
HBIMU 3€pHAMU OPTONUPOKCEHA M KJIMHOMUPOKCEHA.
BHenHss1 yacTh KOPOH B MeJIaHOrabOpOHOPUTAX CJIO-
JK€Ha CUMILIEKTUTOBBIMU CPACTAHUSIMU KIIMHOITUPOK-
CeHa, peXe CBETJIO-3eJICHOrO MapracuTOBOTO aMpu-
0ona, M 3eJeHOBAaTOM NIMHO3EMUCTON IIMUHEIN
(puc. 3a—3B), a B 6oJiee JIEIKOKPATOBBIX TAOOPOHO-
pUTax — rpaHaTOM WJIM I'PaHATOM M MapracUTOBBIM

CAJIBHUKOBA u 1p.

ampubdosoM, NHOTJA TaKXe C BPOCTKAMM IITTAHEJH.
B otmaue ot apyrnx rabOpOHOPUTOBBEIX MacCUBOB
benomMopes, B moponax AMOapHCKOIo MacCrBa KOPOHBI
¢ rpaHatoM penku. OTHOBpEeMEHHO ¢ OOpa3oBaHUEM
KOPOH BOKPYT OJIMBMHA B TUIATMOKJIa3€ OJIMBUHOBBIX
rabOpOHOPUTOB MOSIBJISIOTCS CYOMUKPOCKOIMYECKHE
BPOCTKM NIMHO3eMUCTOM ImuHen (0.5—5 MKM, penko
g0 10 MKMm), TIpuaarolIye njiaruokiasy B Luinge oy-
pbiii (TEMHO-KOPUYHEBBI) LIBET, a B 00pa3liax — ro-
Jy6oii miu 3eieHoBaThll. BMecte ¢ hopMupoBaHueM
9TUX BPOCTKOB IIPOUCXOIMUT 3aMellleHWe pPaHHEero
(Marmatuyeckoro) niaruokiasa Pl (Anys_g,) HOBO-
00pa3oBaHHBIM (MeTaMOP(PUUESCKIM ) IJIarMOKIa30M
PII (Ans_36). TonimHa BHYyTPEHHUX (PAaHHUX) KaiiM
U TO3MHUX (BHELIHUX) KaliM CUJILHO M3MEHUYUBA, B
HEKOTOPBIX CiIyyasiX MO3MIHsIS KaiiMa MpakTUYeCcKu
OTCYTCTBYET, B IPYTUX — pa3pacTaeTcs, MpakTUu4eCKu
HalleJlo 3aMellasi U paHHIo KaliMy, U OJIMBUH, U
Iuiaruoksas3. Pa3Hble TUIIBI KOPOH MOTYT OTHOBpE-
MEHHO MPUCYTCTBOBATh B OMHOM 00Opas3lie, YTo, BEpO-
SITHO, CBSI3aHO C JIOKAJIbHBIMU HEOAHOPOTHOCTSIMU
rabOpoOHOPUTOB M BapuallUsIMU COCTaBa MCXOIHBIX
MUHEpaJIOB, BCTyMalolux B peakiuu. [1o mepe pasz-
pacTaHusi KOPOH MCXOIHBIM OJMBUH MOJTHOCTBIO 3a-
MeIIaeTCsl arperaToM MeJIKUMX M30METPUYHBIX 3epeH
HOBOOOpPa30BaHHOro opTonupokceHa (Opx;;). Opto-
MUPOKCEHBI KOPOHAPHBIX CTPYKTYpP OECHBETHBI U
MUKPOCKOITUYECKHU XOPOIIIO OTJAUYAIOTCSI OT MarmMa-
TUYECKUX MUPOKCEHOB: HE COAEPXKAT BPOCTKOB XpO-
MUTa, CTPYKTYp pacnana u ABoiHuUKoB. I1o cocraBy
9TU OPTOMUPOKCEHBI CYIIIECTBEHHO MEHee MarHe3u-
anbHbl (Xy, = 0.68—0.72), Goraye IIMHO3EMOM, HE
conepxat Cr u Ca (cm. Supplementary 4, ESM_ 4 xlsx).
KinuHonupokceHbl KOPOH MpencTaBieHbl TUOTICU-
noM (Xy, = 0.80) u He comepxkar Cru Ti. B mermaro-
MOHBIX Ta00poHopuTax (06p. Ca-454-3, puc. 2B) KO-
pOHapHbIe CTPYKTYpPbl (hOPMUPYIOTCS Ha TpaHWULIEe
MeXIy MUPOKCEHAMU Y TUIaTMOKJIAa30M U CJIOXKEHBI
TOJIBKO I'PaHaTOM.

B Oonbieid yactu mMaccuBa meTamopduyeckue
npeoOpa3oBaHUs raOOPOHOPUTOB OTPAHUYMBAIOTCS
MOSIBJIEHMEM pEaKIIMOHHBIX KaiiM. boJjiee TojHbie
MeTamopdurueckue rnmpeodpaszoBaHus B AMOApHCKOM
MacCUBE MPOSIBJIEHbI JIOKAJIbHO U IMPUYPOYEHBI K
MPUKOHTAKTOBBIM 30HaM U K Y3KUM 30HaM (hJIou/I-
HOIi nepepaboTKU BIOJb Pa3pbiBHbIX HapYLIEHMI,
[J€ pa3BUThl MACCUBHBIE CEPOBATO-3€JIEHbIE Tapra-
CUTOBBIEC MOPOABLI C OPTOMUPOKCEHOM, OMOTUTOM U
aHTodwuiutToM (puc. 26). Hapsiny ¢ MeTamopduue-
CKUM OPTOIUPOKCEHOM, OOpa3ylIlIUM CKeJIeTHbIE
3epHa, 6ecliBeTHbIE B LIIM(ax, B HUX HEPEJIKO BCTpe-
YyaroTcs KPyMHbIE PEJIMKTOBBIE 3€pHA MarMaTuyecKo-
ro OPTONMPOKCEHA, KOTOPbIe YACTUYHO COXPAHSIIOT
KOPUUYHEBYIO OKpACKY B LIITM(Max 1 1o TpelIuHaM 3a-
MEIIAITCs MEJKUM arperaToM HOBOOOpa3oBaHHOTO
am¢uoboa. PaBHOBeCHBII IJIarMoKja3 B TaKUX I1O-
poJax OTCYTCTBYET, HO MHOT/IA BCTpPEYaeTcsl rpaHar,

MMETPOJIOTUS Ne 6
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PI1+Spl

: PII+Cpx11 Pl
Ca-490-1 A Ca-454-3b

200 MKM 700 MKM

Puc. 3. [1erporpadryeckre 0cCOGEHHOCTH OJTMBUHOBBIX TAOOPOHOPUTOB AMOAPHCKOTO MaccuBa.

(a—B) OIMBUHOBBII rabopoHOpUT, 00p. Ca-490-1: (a) — 0630pHas poTorpadust numda; (6) — aetanb (a), 3epHO OJIMBUHA,
OKpYy>X€HHOe MHOrocnoiHoi Prg—Sp/—Cpx—Opx KOpoHOIi; (B) — AeTaiu CTPOEHUSI KOPOHBI BOKPYT OJIMBMHA U MOJIOXKEHUE
IIUPKOH-0a/IIEIEUTOBOTO arperara B Heil. (T, 1) — rabopo-nermatur, oop. Ca-454-3b; (e) — peIUKTOBBINF MarMaTUIeCKUil 1
MeTaMop(dUIeCKUii IUPKOH B rabOpo-TierMaTure. (a, 0, T, 1) — MoJIsSIpu3allMOHHBII MUKPOCKOIT, HUKOJIM CKPEIIeHbI; (B), (€) — cKa-
HUPYIOIIMKA 3JIeKTPOHHBIII MUKPOCKOM, 0OpaTHO-oTpaxXkeHHbIe 371eKTpoHbl (BSE). CMBOMIBI MUHEpaIOB MPUBEIECHBI 110
(Whitney, Evans, 2010).
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KOTOpBIfI MOXKET pPETPpOrpagHO BHOBb 3aMCIIATbCA
IJIarnoxKJjia3oMm.

BAJAEIENUT 1 HTMPKOH B ITOPOJAX
AMBAPHCKOI'O MACCHBA

PenukToBbIil MarMaTuieCcKuii HUPKOH KPUCTAIIIA-
30BaJICS B JISMKOKPATOBBLIX TAOOpOHOpUTAX 1 Hanbosee
JICMKOKpPaTOBOIT YaCTU MerMaTOMIHBIX 000CO0IeHM A
¥, B OOJIBIIMHCTBE CIy4daeB, XapaKTepu3yeTCsl BHICO-
KOI1 CTeIIeHbI0O MeTaMUKTHOCTH (puc. 3B). bagnemeur
B LIIJM(dax yCTaHOBJIEH B OJMBUHOBBIX U OJJMBUHCO-
JIepKallrx rabopoHOpUTaX, rae OH (popMHUpPYET 3epHa,
YaCTUYHO WJIU MOJHOCTBHIO 3aMellleHHbIE IIUPKOHOM
(puc. 3B, Supplementary 3, ESM_ 3.pdf mist 06p. Ca-
454-1). 3 npoObI MerMaTOUIHBIX TaOOPOHOPUTOB,
colepKallux JUH30BUIHBIE 000COOJIEeHUST Tab0po-
nermatuta (00p. Ca-454-3, puc. 2r), ObLIU BhIACIIC-
HBl HECKOJIPKO €OWHUYHBIX 3€peH HEM3MEHEHHOTO
OagpesienTa M IIMPKOH-0anIeIeUTOBBIC arperaThl.
HeusmeHeHHBbII OaanenenT obpasyeT TabiuTyaThie U
YIJIMHEHHBIE IICEBIO-IIPU3MATHUYSCKHUE KPUCTAJLIBI
pasmepoM 10 80 MKM. M3ydeHHBIE KPUCTAJIIBI ITPO-
3pauHbl, OKpallleHbl B TEeMHO-KOPUYHEBbIN 1IBET, CO-
XpaHSIOT OJIeCK M IITPUXOBKY Ha TpaHsax. OmHako B
OOJBIIIMHCTBE CIIyJdacB OamIesIeuT B ITopomax AMOapH-
CKOTro MaccuBa 3aMellaeTcsl HUPKOHOM ¢ oOpa3oBa-
HUEM IUPKOH-0a1IeIeNTOBBIX OMKPUCTAIITNIECKIX
arperaroB. lIupkoH-0annenenToBEIe arperaTbl coxXpa-
HSIIOT YIJIMHEHHbBIN 001K U pa3mep (50—80 MkMm) uc-
XOIHBIX KPUCTAJUIOB OanaeienTa, 00J1agaloT CBETIOMN
OKpacCKOM M, KaK MPpaBUJIO, MOJYIIPO3PAYHbI UM 3a-
MyTHeHbI (puc. 4). LleHTpaJbHBIE YacTU arperaTon
BBINTOTHEHBI OamnenentoM. CoxpaHuBIiuecs gpar-
MEHTHI 3€peH OaaneienTa XapaKTepu3yloTcsl pa3Me-
poM ot 10 1o 50 MKM, UMEIOT HETIPaBMWJIbHYIO (hopMy
1 HEPaBHOMEPHYIO KOPUYHEBYIO OKpPACKy, 4YacTo
TpemmHoBaTtel (puc. 4). Ilonukpucraniundyeckue
000JIOUKU CJIOXEHBI OECIIBETHBIMU CTOJOYATHIMU
3epHaMM LUPKOHA, PaCTYIIUMM IePHEeHINKYISIPHO
MOBEPXHOCTHU Ganaenenta (cM. HUxXe puc. 6). [paHu-
11a 6aaneneuT—IUPKOH HEPOBHAsI, CTyNIeHYaTO-BOJI-
HHUCTasI, C OOJIBIINM KOJINYECTBOM KaHAJIOB Pa3HOTO
pa3zMepa, BBIXOISIIMMMU 3a IIpeaesibl 0aaaesieuTOBOM
da3ml (puc. 4, 5). Kanasnbl 3anojiHeHbI MUHEPaJIbHOM
KOMITOHEHTOM, OKpacKa KOTOPOI IJIaBHO U3MEHSIET-
CcsI OT KOpUYHEBO# 1o OecuBeTHO. COOTHOIIIEHUE
pa3mepa siipa U TOJIIMHBI 000JIOUKM B arperarax Ba-
pBUPYET: BCTPEUYAIOTCS 1 3epHA C OYeHb TOHKOM Cy0-
MUKPOHHOI OOOJIOYKOM, M 3epHa, NPaKTUICCKH
MOJIHOCTBIO COCTOSIIIIME U3 TOJUKPUCTATLINYECKOTO
mupkoHa (puc. 4, 5). D1eKTpOHHO-MUKPOCKOITNYE-
CKO€ M3y4YeHME OJMBUHOBEIX TaOOPOHOPUTOB TMOKa-
3aJ10, 4YTO Oaaie/IeuT-1IUPKOHOBBIE arperaThl BO BCeX
cJIydasix pacIiojiaraloTcs BO BHyTpeHHel 4aCcTh KOpO-
HapHBIX CTPYKTYp HepBoro Tuia (0e3rpaHaTOBBIX,
CJIOXKEHHBIX TTMpoKceHaMun). Mopdoiorust u cTpoe-
HUE IMPKOHOBOM 000J0YKM BOKPYI OamiencuTra B
rabopo-1merMaTUTe M B OJJMBUHOBOM TabOpOHOpPUTE

CAJIBHUKOBA u 1p.

MOpPGhOJTOTNIECKN UICHTUYHBI BHYTPEHHEN OPTOTIH-
POKCEHOBOI KaiiMbl BOKPYT ojiuBUHa (puc. 30, 3B, 4, 5).

KoHleHTpaliuy 371€MEeHTOB-TIpUMECE U3yUYeHbl
B HanboJjiee KPYITHBIX PEIMKTOBBIX (pparMeHTax 3epeH
GammenenTa, B MOIIHBIX IMPKOHOBBIX OOOJIOYKAX M
3epHaxX, MPAKTUYECKU IMOJHOCTBIO CIIOKEHHBIX ITUP-
KOoHOM (puc. 7, Supplementary 5, ESM_ 5.xlIsx).

[utst GagnmenienTa B MOJIMKPUCTA/UIMYECKUX arpera-
Tax XapakKTepHbl KoHLeHTpaLuu (B ppm): U 790—1900,
Th 8§—37, Hf 10500—14100, Y 145—400. ConepxxaHue
Ti B 6aggeneute coctasisieT 3300—7300 ppm. bagae-
JIEUT XapaKTepU3yeTCs BBICOKMMU KOHIIEHTpalusIMU
1 GpakIIMOHUPOBAHHBIM XapaKTEPOM pachpeese-
Hust REE ¢ pe3kum obGoraieHueM TsikedbiMu P30
([Yb/Gd],, = 15-52), cnabo nenjaeTUupoOBaHHBIMU
gerkumu P39 ([Sm/La], = 0.72—1.15) u nonoxu-
tenbHOI Ce-aHomanueii (Ce/Ce* = 1.7—7.4) (puc. 7B).
LupxoH, dopMupyolIuii 000J104KM BOKPYT Oae-
JieuTa, oTJau4yaeTcs Oojiee HU3KOW KOHIEHTpaluei
U (165—760 ppm) u Bricokoit Th (26—245 ppm) u
omms3kumu KoHueHTpauusimu Hf (9300 oo 12400 ppm)
nY (120—460 ppm). Konuenrpauuu P39 B iupKoHe
HUXE, YEM B OalesieuTe, U XapakTepus3yloTcs cia-
O0bIM oborameHuem gerkumu P39 ([Sm/La], = 0.27—
0.86), oboramenuem TsekenpiMu P39 ([Yb/Gd],, =
15—31) m OTCyTCTBHEM BBIPAXXECHHOM ITOJOXUTEIb-
Hoii Ce-anomanuu (Ce/Ce* = 1.1—1.6) (puc. 7B).

PE3VJIbTATBI TEOXPOHOJIOI'MYECKHX
NCCIEOJOBAHUU

U-Th-Pb uzomonnvie uccaedoeanus

Ha nepBoM 3Tare TreoXpOHOJIOTHYECKOIO U3yde-
HUST TaOOpoHOPUTOB AMOApHCKOTO MaccuBa ObLIU
BoinosiHEHBI U-Th-Pb wu30TOMHBIE WCCIEI0OBAHUSI
(SHRIMP-II) cemHaniiat HMpKOH-0a1eIEeUTOBBIX
arperaTtoB, B pe3yJbTaTe KOTOPHIX ObLIM TIpOaHaIn-
3UPOBaHbl KakK sapa, CIOXEHHBLIE OaaaeeuToM
(tadbm. 1, NeNe 1—19), Tak u 060109KkM, 0Opa3oBaH-
HbIe TIOIUKPUCTAUIMYSCKUM ILIUPKOHOM (Tadm. 1,
NeNe 20—26; puc. 8). Kak BumgHo 13 Tabm. 1 u puc. 8§,
GanaeeuT XapakKTepU3yeTcsl KaK IMpsMOii, TaK U 00-
paTHO#l BO3paCTHOM TUCKOPIAHTHOCTHIO (—3—9%),
TUIIMYHON Mpu u3MepeHun metoaoM SIMS us-3a
MaTpudHoro (opueHTaumoHHoro) 3ddekra (Wingate,
Compston, 2000), mocTaTOYHO BEICOKMMU COAepKa-
HUusIMH ypaHa (86—880 ppm) u cBuHIIA (32—350 ppm)
n Hu3kuM 3HadeHneM Th/U orHomenust 0.01—0.02.
Cpennee 3HaueHue Bodpacta (2“7Pb/2°Pb), paccum-
TaHHOE [JIsI I1IeCTM HauMeHee JIUCKOPIAHTHBIX
yuacTkoB (D <2%) (1.2, 3.1,9.1, 12.1, 11.1, 15.1) simep,
cocrapnsiet 2374 = 29 miH et (CKBO = 1.3) (puc. 8,
Tabma. 1).

npkonH, oopa3yroniuii 000JIOUKH, XapaKTepH3yeT-

csl yMepeHHbIM cofepkaHueM ypaHa (94—300 Mkr/T) 1
Pb (25—88 Mxr/T), a 3HayeHue Th/U oTHOIIEHUSI CO-
crasigeT 0.2—0.5. LlupkoH, Kak u OaaIenenT, OTIN-
METPOJIOTUA Ne 6
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20 MKM

20 MKM

20 MKM 20 MKM

20 MKM 20 MKM
1 1

Puc. 4. MukpodoTorpaduu ImpKoH-6aaneIeuTOBbIX arperatoB (06p. Ca-454-3), He MOABEPTHYTHIX BLICOKOTEMITEPATYPHOMY

orxury (I — ontnueckuiit Mukpockon; II — BSE; III — CL).

JaeTcs Kak IIPpsIMOii, TaK 00paTHOI BO3paCTHOM JMC-
KOpPIIAaHTHOCTBIO (puc. 8), a 3HaUYeHHE ero Bo3pacra
(?7Pb/?'°Pb) naxonutca B uHTEpBae 1792—2079 MiaH
net. Cpennee 3HayeHue Bospacta (27Pb/2%°Pb), pac-

TIETPOJIOTHUA T1OoM 30 Ne 6 2022

CUMTAHHOE JISI TpeX aHaJIM30B IMpKoHaA (Tadm. 1,
NeNe 20, 25, 26), IMCKOPOAHTHOCTH KOTOPOTO HE
npeBblmaer 2%, cocraBiser 1848 + 29 muH Jer
(CKBO = 0.74).



606 CAJIbHUKOBA u np.

20 MKM 20 MKM 20 MKM
| I | | I | | |

Puc. 5. Mukpodortorpadpun nunmpkoH-6anneaentToBeix arperatoB (00p. Ca-454-3), moaBeprHYTHIX BBICOKOTEMIIEPATYPHOMY
orxury (I — ontrueckuii Mukpockorr; II — SE; II1 — BSE; IV — CL).
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50 MKM

Puc. 6. [ToBepxHOCTb HUPKOH-0AIIEJIEUTOBOIO arperara
u3 oop. Ca-454-3 (%100, nazepHsiit 3D mukpockon Key-
ence VK990).

U-Pb (ID-TIMS) uzomonnsie uccaedoganus

st U-Pb (ID-TIMS) reoXxpoHOJIOTMYECKUX HUC-
CJIeIOBAaHWM Ha TIepBOM 3Talle OBLTH MCIIOIb30BaHBI
KakK eIMHUYHBbIE KpUCTaUIbl OandeyeuTta (Tadm. 2,
NeNe 1, 2), Tak ¥ UMPKOH-0aa1eIeUTOBbIE arperaThbl
(Tab. 2, NeNe 3—6; puc. 9a). HemameHeHHBbIN Gamne-
Jieut (Ta6ia. 2, NeNe 1—2) xapaktepusyeTcs He3HaUM -
TEJIbHOM BO3PAaCTHOI AVUCKOPIAHTHOCTHIO (1%) wnu
KOHKOpJaHTeH. BenuunHa KOHKOPIAHTHOTO BO3-
pacTta emMHUYHOIo KpuUcTauia 6anaeneunrta (Tadir. 2,
Ne 2; puc. 96) cocrasisier 2411 £ 6 mutn 1er (CKBO =
=0.91) (puc. 90).

EnvHu4yHbIE IMPKOH-0a11e/IEeUTOBbIE arperaThbl U
UX MUKpOHaBecKM (Tabmn. 2, NeNe 3—6) otnnyaiorcst
KaK TIpSIMOM  BO3PAaCTHOM JIUCKOPAAHTHOCTBIO:
T(*°Pb/?*U) < T(*"Pb/?*>U) < T(*’Pb/?’¢Pb), Tak u
o6parHoit: T(*°Pb/Z8U) > T(¥"Pb/?U) > T(*Pb/>°Pb).
IIpu aTOoM He HabJoAaeTCsl 3aBUCUMOCTHU TIOJIOXKe-
HUS TOYEK OT criocoba MpeaBapUTeSIbHON OUYUMCTKU
3epeH OT MOBEPXHOCTHbIX 3arpsizHeHuit (H,O, 1N
HNO; nm 3AN—6N HCI) (puc. 9a).

C LeIbi0 XMMUYECKOTO pasfeacHUs 0aaaeieuTo-
BOI U IMPKOHOBOI1 (pa3 IIMPKOH-0aAAeJIENTOBBIX ar-
peraroB OblJIa BBIIOJIHEHA CEPUsT DKCIIEPUMEHTOB C
ucnojb3oBanueM pazmnaHbix kucnot (HCI, HF) u pas-
HOI1 TeMrieparypoit 06paboTKoii (Tad. 2, NeNe 7—22).

IlepBas cepusi SKCIIEpUMMEHTOB BKJIIOUaia Tpel-
BapUTENIbHBIM BBICOKOTEMIIEPATYPHBIM OTXUT IIpU
850°C B TeueHue 48 4 ¥ MOCJIeOYIOLIYIO 00paboOTKY
6N HCI (tak HaspiBaemas, “IUCKpeTHas XUMUYE-
ckas abpasus” 1o Riox et al., 2010). Beimienoku, mo-
JIydeHHBIE B pe3yJibTaTe MepBOi CepuM IKCIIEPUMEH-
TOB, XapaKTEepU3YIOTCS Pa3IMYHON CTENEHBIO OVC-
KopaaHTHocTH (Tabj. 2, NeNe 7—9), a ux BoO3pacThl
(*”Pb/2°Pb) cocrasnsior 2212—2359 mun ner. Hau-
OoJbllIeii TUCKOPIAHTHOCTBIO 00J1aJacT BHIIIEIOK
(tabma. 2, Ne 9) U3 uupKOH-6aIAeICUTOBBIX arpera-
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TOB, IUIST YOaJleHWS TIOBEPXHOCTHBIX 3arpsi3HeHMI
KoTopbIx ucrnonb3doBajack 3N HCI. Hanbosee 61u3-
KO K (DUTYypaTMBHBIM TOYKaM H30TOITHOTO COCTaBa
HEU3MEHEHHOro OajiesieuTa pacliojlaraeTcs ToJYKa
Ne 7 (TabJ1. 2) U30TOITHOTO COCTaBa BhILIEJIOKA U3 3e-
peH, IS TpenBapUTEIbHOM OYMCTKH KOTOPHBIX HE UC-
MOJIb30BaIUCh KUCJIOTHI (pUc. 9a).

OcTaTku, NMOJlydeHHbIE B pe3yJibTare “IUCKpEeT-
HOM xuMmyeckoir abpasum” 6N HCI (tabn. 2,
NoeNe 12—14), uMeroT CyllleCTBEHHO 0oJiee MOJIOAbIE
BesinuuHbl Bo3pactoB (2V7Pb/2%Pb) 1893—2037 muH
net (puc. 10).

Bo BTOpOIf cepum BKCIEPUMEHTOB ObLIa OCY-
IIIECTBJIEHA KucIoTHas oopaborka 6N HCI 6e3 ripen-
BapUTEILHOTO BEICOKOTEMIIEPATYPHOTO OTXKUTA. BhI-
mieaoku 6N HCI u3 3epeH, He IToaBepraBILIMXCs BbI-
COKOTeMIIepaTypHOMY OTKUTY (Tabu. 2, NeNe 10, 11),
XapaKTepU3YIOTCS 3HAUYUTEIBLHO 0Oojiee MOJIOABIMU
BeJIMUYMHAMU Bo3pacToB 1942—2137 MiuH netr, 1o
CPaBHEHUIO C BHIIIEIOKAMU, MOJIyYEHHBIMU B XOIE
MepBOii cepum 3KCHepUMEeHTOB. OCTaTKM, TOJIydeH-
HBIe B pe3yibTaTe KUCJIOTHOIO BBIIIEIAYMBAHUS B
9TOI cepur IKCHepUMEHTOB (Tabm. 2, NeNe 21, 22),
HECMOTPSI Ha BHEIITHIOIO COXPAaHHOCTD, COIepXKaT Ma-
JIO€ KOJIMYECTBO PagOTeHHOIO CBUHIIA.

B Tpetbeil cepum 3KCHEPUMEHTOB MPOBOAMIIACH
00paboOTKa MCXOTHBIX IMPKOH-0aIeJICUTOBEIX arpe-
raToB KoHUeHTpupoBaHHoit HF mpu TtemmepaTtypax
110°C 1 220°C 1 pa3HOM BpeMEHHU SKCNO3ULIMU. BbI-
IIeJIOKHM, TIOJIydeHHBbIe TTocie obpadoTku 3epeH HF
npu temiiepatype 110°C ¢ skcnosunueit 30 1 60 MuH
XapaKTepU3YIOTCs Kak nmpsamoii (taba. 2, NeNe 15, 16),
TaK U 00paTHOU JUCKOPAAHTHOCTBIO (Tab. 2, Ne 17),
a BemuuHbI Bozpacra 22’Pb/2%°Pb (tabm. 2, NeNe 15,
16) cocrasistior 2070 1 2219 MJIH JIeT, 4YTO yKa3bIBaeT
Ha MPUCYTCTBUE B BHIIIECIOKE PaAOTeHHOTO CBUHIIA
paszinyHoro Bo3pacta. OcTtaTKu Mmocje 3Toil obpa-
OOTKM COXpaHSIJIM BHEIIHUI OOJMK, TaK K€ KakK U
ciydyae TIEpBOM M BTOPOM CEpUl 3KCIIEPUMEHTOB.
Ocrtarok nociie BoiiienauynBaHuss HF B teuenue 30
MUH (Taba. 2, No 18) omiuyaercsi cpaBHUTEJIbHO
npeBHUM 3HaueHneM BospacTa (27Pb/?°°Pb) 2284 muH
JIeT. YBeJIuueHue TemIliepaTypbl KUCIOTHON obpa-
60T1kM 10 220°C NpUBOIUT K TTOJTHOMY PaCTBOPEHUIO
MCXOAHBIX KPUCTAJIJIOB, COOTBETCTBEHHO, BbILIEJIOKHU
HF nipu 7= 220°C B nepBoM NpUOIMXKEHUN MOXHO
paccMmaTpuBaTh B KaUeCTBE aHAJIOTOB UCXOIHBIX TTPO-
aHaJIM3UPOBAaHHBIX 3epeH. Tak e KaK UCXONHbIE ar-
peratbl, OHM XapaKTepU3YIOTCsI KaK IpsSIMOIi, TaK U
00paTHOI TMCKOPAAHTHOCTEIO (puc. 9a).

HecsaTb GUTypaTUBHBIX TOYEK, COOTBETCTBYIOIINX
M30TOMMHOMY COCTaBY MOJIOBUHBI TPOAHAIM3UPOBAH-
HBIX BBHIIIEIOKOB 1 octaTkoB (NeNe 7, 10, 11, 13, 15,
18, 20), omHoIt MuKpoHaBecku (No 3) UCXOmHBIX Oal-
JIeJIEeUT-LIIMPKOHOBBIX arperaTtoBs, a TAKKe JBYM HEU3-
MeHeHHBIM KpucTtajuiaMm oanaemeuta (NeNe 1, 2), amn-
MPOKCUMUPYIOTCSI AUCKOPIMEH, BEpXHee Tepeceye-
HHE KOTOPOM ¢ KOHKOPANE COOTBETCTBYET BO3PACTY
2439 £ 29 maH neT, a HUKHee — 1881 = 33 MutH JieT
(CKBO = 2.6) (puc. 9a). Hajmmume ymoBiieTBOpU-
TEJIbHOM perpeccum gaeT OCHOBAaHME IoJjaraTh, U4To



608

ITopona /
NIPUMUATUBHASA MaHTUS

[Topona /
MPUMHUTUBHAS MaHTUS

—
oS
~

102

—_
S
=)

,_.
T
N

—_
(=)
™

10*

10?

100

1072

CAJIBHUKOBA u 1p.
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= 100+
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2 100+
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B 106 -
—O— LMPKOH 000JI0ueK = 105 N —@— LMPKOH 000JI0ueK
MOJTUKPUCTATITMYECKUIA E ]04 bannenent sunep
mpkoH (Melnik et al., 2021) z
3e o
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EE
E 10
a, —1
g 10
! 102 !

U ThNbLaCe PrNdSmEuGdTiDyErYb

U ThNbLaCePrNdSmEuGdTiDyErYb

Puc. 7. [Tonoxenue Touek aHanu3a coctaBa (SIMS) 6annenenTa (a) 1 uupkoHa (0) B 0amuenenT-HupKOHOBLIX arperarax. I1o-
JIOXKEeHUE TOYEK aHaIM3a IMOKa3aHo KPy>KKaMU, pa3Mep KOTOPbIX COOTBETCTBYET 20 MKM, nzobpaxeHusi B BSE.

(B) XapakTep pacrpenejaeHus 2JIeMeHTOB-TpUMeceil B LMpkoHe u 6amneneute. Hopmuposanue o (McDonough, Sun, 1995).
IToust cocTaBOB MarMaTU4eCKOro U MeraMop(druuecKoro LpKoHa npuseaeHsl 1mo (Belousova et al., 2002; Rubatto et al., 2002;
Melnik et al., 2021). CocraB 6anneneuta [Tamadopsr 1 KoBnopa npuseneH o (Reischmann et al., 1995; Rodionov et al., 2012).

NETPOJIOTUA ToM 30 Ne 6 2022



609

NCTOPHUA ®OPMHUPOBAHMA KOPOHUTOBBIX METATABGPOHOPUTOB...

"Ngez/9d gz~ Nggr/9d 7 MMHIMOHLO
nUBIroddod LHoMMU(MHEON — Oy ‘BLALIAITRQ BIT — «WOTOLIN-qd g\, U eHOMAMT BIT qJ b0z AWOHHOJOWEN OLI BHAIO9OdII ITOHMED YITHHIHOHMIIQ0 BH BUIINO

9H elderHeld UgodouIred BXQUII() "OHHAILIOLIgLI00D SUIMOIBIARLIO00 BeHHAIONTed M BBHHOHOHMIIQ0 — ,qd ¥ °qq "O] ereddolHM BIT IIHoregndl NIoOHMAd IO "oMHEeRawud] |

O] "9 99109

C | OEF | CE8I | OcF | C€81 | ITF | 9¥81 | SL°O | 61 |6C€0| ST | 9I'G | LT | 8€I'0 [€S°0| 8S IT1 [43 0ro 1Z 'S $SeD | 9T
0 | OSF | I¥8I | OCF | I¥81 | 1T+ | #¥81 | 9L°0 | 61 |1€€0| ST | SI'S | 97T | OLII'0 | 61'0| €T ecl 133 o IZ 'yl $SyeD | ST
91 | 6C+ | 0981 | 6C+ | 0981 | ST+ | 600C | €9°0 | 8T |PECO| 6C | €C9 | €T | TSEI'0 [0C0| 6C L | T 6£°0 IZ 1'L1 $S¥eD | #T
8 T€+ | €881 | C¢+ | T8I | 1€+ | 8VLI | 9L°0 | OC | 1IE€0| 9T | S6'v | LT | CSITO|PE0| I€ Y6 14 600 12791 $S¥eD | €T
S—| OLIF | CO6LI | OCF | €8I1 | T8F | LO8I | €1'0 | T |¥EEO| T6 | CI'S I'6 | S601°0 | LEO| 9 LTl LE 00°0 1Z 191 $SyeD | TT
¢—| 0T+ | 6L0C | LIF | €IIT | €1F | 960C | #9°0 | O'1 |88€0| ST | 889 | I'T |98CI'0|850| OIl | 96l <9 000 IZ 4Tl $SheD | 1T
¢—| OC+ | 8681 | €I+ | 1061 | CI+ | 188 | 650 | 80 |€¥€0O| ¥T1 | LES | TI'T | 9’0 |[6€0| CII | 86C | 88 80°0 1ZT'¢ $S¥eD | 0T
[—| YT+ | 9PET | 99+ | S9¢C | €€+ | SSeT | 160 | €€ |evy 0| 9°¢€ | LI'6 | YT |00ST°0 | 100| ¢ 06l | CL 9I'0 | PAT'SI €-¥SHeD | 61
T | TTF | S6ET | SOF | 6€€T | €€F | 69€C | T6'0 | €€ |LEVO| 9€ | I€6 | €1 | €PSI0|100| €T 0€C | 98 810 | PA TVl €-¥SHRD | 81
€| Ol F | €L€C | SOF | LSPCT | O¢F | CI¥C | 86°0 | TC [¥9¥°0| €€ | SL'6 | 90 | ¥CSI'0 [ 100| L 9.8 | 6V€ | 90°0 | PATEl €-bSyRD| LI
€| 9CF | PLEC | 89F | 6VVC | vEF | 80VC | 160 | ¥'€ |C9P'0| L€ | CL6 | ST |SCSIO[100| 1 LST a9 000 | PAETL €-¥SHRD |91
P—| LT+ | 8LET | 69F | LLVC | S€F | €CvC | 680 | ¥'€ |89Y°0| 8€C | L86 | 9T |8CSI0O|100| I 0st | 09 070 | PATTL €-¥SHeD | SI
0 | STF | 9S€T | 99F | €S€C | vEF | SS€C | 6’0 | €€ |IpP'O| L€ | LI'6 | ¥'1T | 60S1°0|C00| € LLT L9 000 | PQATTL €-¥SHRD | ¥1
C—| 1T+ | TSET | 99+ | 88€T | €€F | 69€C | ¥6'0 | €€ |8VF0O| 9°€ | I€6 | TI | SOSI'0|100| € ST | 86 000 | PATIL €-¥SHeD | €1
I | 91+ | 00¥C | S9F | 99€C | CEF | ¥8€C | 960 | €€ |ev¥y 0| v'€ | L¥F6 | OT |8PSI'0|100| € €9€ | 8€I | 000 | PA IO €-¥S¥eD | Tl
L | €1+ | ¥8CT | 09+ | CCCC | O€+ | LOET | L60 | T€E |IIVO| €€ | 0L8 | 80 |¥eSI'O|I00| ¥ §T9 | 1TT | 000 | PAT6 €-HSHeD| 11
0 | ST+ | 88€T | SLF | 96€C | 9€+ | TOEC | L60 | L€ |0SP'O| 6€ | SS6 | 60 | 8ESI'0|100| € 1ZS | 20T | TI'0 | PAT6 €-¥SveD| 0l
9 | 8CTF | L9€C | ¥9F | STTT | SEF | 00€C | L8O | ¥'€ |CIFO| 6'CE | €98 | 91 | 6ISI'0 |T00| € vl | TS TE0 | PAT'S €-HSHRD| 6
S | LEF | 60¥C | 89F | COET | 6EF | 6S€C | 98°0 | S°€ [6CFO0| CTV¥ | 16 | TT | LSSI'O|100| I 98 43 000 | PAT'L €-¥S¥BD |8
€ | LCF | 09€C | L9F | 6E€VT | vEF | 96€C | 68°0 | €€ [09F0| L€ | 656 | 9T | €IST'O [100| € LET | V6 LIO | PATY €-pSHRD| L
€ | 6TF | TEET | €9F | €LTT | PEF | SOEC | 68°0 | €€ |€CPO| L€ | 898 | LT | 88710 |100| € IsT | 16 000 | PAT'S €-¥S¥ED|9
9 | OCTF | 09€C | C9F | veTT | CeF | 10€C | €60 | €€ |vIPO| S€ | ¥98 | CT1 | €ISI'0 [ 100| € v9C | ¥6 810 | PATY €-¥SHeD|S
[- | LT+ | SSET | ILF | T8ET | LEF | L9EC | T6'0 | 9°C |LPPO| OF | 6C6 | 91 |80SI'0|[C00| L LTE€ | 9T1 | SI'0 | PAT'E €-¥SPeD| ¥
6 | 9T F | ¥9€C | 09+ | CLIC | T€+ | €LCC | 96°0 | €€ |10¥0| ¥'€ | 88 | 01 |9ISI0 |[100| € 8L | OSI | 000 | PAT'T €-¥SHBD| €
C | CLF | €9€C | T9F | 90€T | O€F | 9€€C | 860 | TE |0Ev'0| €€ | 868 | L0 | SISI'O [ 100 | L v0L | 09T | ¥0°0 | PATT €-¥SHeD|T
S | STF | 8PEC | €9F | SE€CT | vEF | S6CC | €60 | €€ |¥IVO| L€ | 88 | ST |COSI'0|100| I 891 | 09 000 | PATT €-pS¥RD| 1
Lol HIW Lol HIMW LoIf HIIN %F %F %F 8
% | Adoor/U oz | Nsee/Idooe | Neee/9dsoe | oy | Nsee/ ooz | Nege/Idroz | “Adgoz/d sor m.e L Ao - % encedgo dowopy | -
a Loedeog BUHOIMIOHLO JI9HLIOLOE | mco. I1/DIN ‘BUHEXdar0) ooz N

(€-ySH-eD "doo) goreradie XI990LAA AT TRY-HONANIT YUHBAOIIIOOU XITHIOLOEH ([[-JINTHHS) Ad-N [9LeldrrAedd °] eIMIoR],

2022

0 6

ToM 30

IIETPOJIOI'UA



610

0.50

(@)

206Pb/238U

0.46

0.42

0.38

0.34

0.30

T Pb/2°Pb) = 2374 + 29 maH net

CAJIBHUKOBA u 1p.

(6)

50 MKM
||

207Pb/235U

10

12

Puc. 8. (a) lnarpamma ¢ KOHKOpAUEHt 111 HUPKOH-0a1e/IeUTOBBIX arPeraToB U3 rabopoOHOPUTOB AMOAPHCKOTo MaccuBa (00p.

Ca-454-3, SHRIMP-1I).

(6) IMonoxeHue y4yacTKOB siiep U 000JI0YeK HUPKOH-0a1/1eJIEMTOBOTO arperata, aHaIM3UPOBAHHBIX C MTOMOILbIO BTOPUYHO-

noHHoro Mukposzonaa SHRIMP-II (BSE).

anmpoOKCUMUPYIOIINE €€ aHAUTMTUIECKUE TOYKU OT-
paXaroT OMHOAKTHYIO HCTOPUIO IIPeoOpa30BaHUS HC-
XOIHBIX IIMPKOH-0aIIeIENTOBBIX arperaToB.

JIst olieHKM BO3pacTa MeTaMopdu3Ma HaM TIpel-
CTaBJIIETCS] KOPPEKTHBIM UCIIOIb30BaTh TOJBKO (ha3kbl,
OTpaskalolre N30TOITHBIM COCTaB HOBOOOPA30BAaHHOTO
IIMPKOHA ¥ HWMEIIIMe MUHUMAIBHYIO BO3PACTHYIO
IUCKOpHAaHTHOCTh (<5%). HirkHee mepecedeHuUe
IUCKOPIVM, PACCUUTAHHOMN IJISI TOYEK M30TOITHOTO
coctaBa NeNe 10, 13 u 15, cOOTBETCTBYET BO3pacTy
1911 * 35 mutH 1eT (BepxHee IepecedeHUE COCTaBIISIET
2456 + 160 mx iet, CKBO = 0.70) (puc. 98). Cnenyer
OTMETUTD, YTO TOYKA M30TOITHOTO COCTaBa BBIIIEIOKA
Ne 10 pacrionaraeTcst NpakTHYEeCKM Ha KOHKOPIWU
(cTerreHb TMCKOPAAHTHOCTH cocTapisieT 0.6%), a Benmm-
yuHa ero Bospacta 2’Pb/2%°Pb cocrapisier 1942 + 3 Mt
JIET ¥ COBITAIaeT B IIpeIesiax IMMOrPeITHOCTH CO 3HaUe-
HHUEM BO3pacTa, OoNnpeaeasseMoro HUKHUM Tiepecede-
HHeM auckopauu (puc. 9B).

OBCYXIEHME PE3VJIIbTATOB

Pekoncmpykuus ucmopuu AmbapHcko2o maccusa
HQ OCHOBAHUU U3YYEHUS 2e0A02UU U NOULUU
UupKoH-baddeneumosvix azpeeamos 6 nopooax

AMOapHCKHMIT MAaCCUB — OIWH U3 TUITUIHBIX Mac-
CHUBOB, CJIOXXEHHbBIX OJIMBUHOBBIMU raO0OPOHOPUTAMU
C peakIIMOHHBIMHU Kaiimamu (“nmpy3utamu’) B beno-
mopckoii mpoBuHIuu (Cremanos, 1981; IIlapkoB

u ap., 1997, 2004; Lobach-Zhuchenko et al., 1998;
AunekceeB u ap., 1999; Jlapukosa, 2000). I[ToBcemecT-
HOE€ pacIpOCTpaHEHUE B MMOPOJAX MaCcCUBa JBYMU-
POKCEHOBBIX KOPOHAPHBIX CTPYKTYp Ha TpaHWUIIe
OJIMBMHA U TIJIATMOKJIa3a IeJIacT ero yIOOHBIM O0BEeK-
TOM TSI paciindpOBKU YCIIOBUIA U Bo3pacTa (popMU-
pOBaHUsI KOPOHAPHLIX CTPYKTYP B 6a3utax beiomop-
CKOl NpOBUHLIMU U TSI pELLIEHNS TPOOIEMBI UX ITPO-
NCXOXIOCHUS.

DdopMupoBaHUe KOPOH, KaK 1 IPYTUX pPeaKIIMOH-
HBIX CTPYKTYP, OTpaxkaeT U3MEHEHUE MapareHe31CcoB
Opy CMEHe TepMOAMHAMWYECKUX yciaoBuii. Takoe
M3MEHEHNE MOXKET OBITh CBsI3aHO C (1) oCcThIBaHWEM B
CyNpacoJIMAYCHBIX YCIOBUSIX M peaklMeil obpaso-
BaBIIMXCSI MUHEPAJIOB C OCTATOYHBIM pacIliaBoM, (2)
OCTBIBaHHMEM B CyOCOJIMIYCHBIX YCIOBUSIX U IIPE00-
pa3oBaHUEM MarMaTU4eCKUX MUHEPATbHBIX aCCOLIU-
anuit (aBromeramopdusMom) u (3) HaloXKeHUEM Ha
MOpPOIbl peruoHaIbHOro MetaMopdusMa. OCHOBHOI
MeXaHN3M (QOpMUPOBAHMUS KOPOH — peakius IIpu
BCTpedHON IUP(Py3Mu KOMIIOHEHTOB B YCIIOBHSIX
OTrpaHWYEHHOTO MaccoriepeHoca B cucteMme (Ash-
worth, Sheplev, 1997; Ogilvie, Gibson, 2017; Goer-
gen, Whitney 2012). Ot yciIoBUs JOCTUTAIOTCS TP
MaJjioM KoJandecTBe aonaa U HU3Koi QIonaonpo-
HUIIAEMOCTU MOPOAbI, a OPUEHTUPOBKA 3€peH MHU-
POKCEHOB OIIpelesieTcsl HalpasieHueM muddys3u-
OHHOro MaccornepeHoca. M3-3a HU3KOII CKOpPOCTHU
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0.46
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CAJIBHUKOBA u 1p.

J Ganneneur

’ Zrn-Bdy
BoIeaok HCl

I octatok HCl

# BO, ok HCI
, BO, octarok HCI
Boeiesiok HF110

octatok HF

BBIIIEJIOK
HF220

S

207 Pb/235 U

8 9 10

Puc. 9. IluarpaMMbl ¢ KOHKOpIMEii, Ha KOTOPBIX NpenctasiieHbl pe3ynbratsl U-Pb (ID-TIMS) reoxpoHosiornueckux ucciaeno-

BaHUM.

(a) — BCSI COBOKYITHOCTbD 9KCIIEPUMEHTATBHBIX TOUEK /IS GaiiesienTa, IMpKOH-0aIIeJIEUTOBBIX arperatoB U a3, MoIyYeHHbIX
B pe3y/ibrare “IUCKPeTHOM XUMHUUecKoii abpa3uun”, oop. Ca-454-3; (6) — TOYKM U30TOITHOTO COCTaBa eAMHUYHBIX 3€peH Oae-
JienTa u3 o6pasnoB rabopoHopuroB Ca-454-3 (AmbapHckuii MaccuB) n Ca-738-1 (MaccuB 03. CeBepHoe KameHHoe); (B) — 9KC-
TepUMEHTAIbHBIE TOYKH, TPEUMYIIECTBEHHO XapaKTePU3YIOIIe U30TOMHBINA COCTaB IMPKOHA 000JI0YEK LIMPKOH-0aameren-
TOBBIX arperatoB. HoMepa ToueK COOTBETCTBYIOT MOPSIAKOBBIM HOMepaM B Ta0I. 1.

MaccoIllepeHoca CTeIleHb JIOKATbHOCTH MUWHEPAaJb-
HBIX paBHOBECHiII B KOpPOHAax BBIIIE, YEM B ITOJIHO-
CTBIO ITIPe00pa30BaHHOII MeTaMOP(GUUYECKOM ITOpoae
6e3 PeIUKTOB PaHHUX ITapareHe3MCOB, a ypaBHOBE-
LIMBaHME MUWHEPaJIbHBIX aCCOLMALIMII TPOUCXOIUT
MeJIeHHee. DTU 00CTOSITeIbCTBA U CBSI3aHHAasI ¢ HUMU
3HAYUTEIbHAS BapUATUBHOCTh COCTABOB MUHEPAJIOB
3aTPYIHSIOT OIpeneieHe TeMIIEpaTyphl U IaBIEHUS
ux (popmupoBanust (Ashworth et al., 2001, 2004).

®dopmupoBaHUe pPaHHUX IBYITMPOKCEHOBBIX KO-
POHaAPHBIX CTPYKTYP BOKPYT OJIMBMHA Ha €T0 I'PaHULIE
C IUIarMoKJIa3oM B MeTarabopoHoputax bemomop-
CKOH TIPOBUHIIAY TIPOUCXOIUT B PE3YIbTATE MUHE-
PaJIbHOM peakLUu:

Ol + PIl = Opx,,,,, + Cpx,;,, + Sp! + PI11,

OOBIYHOI B OJMBUHCOIEPXKAIIMX MeTaba3uTax, a
TMO3IHME TpaHATOBBIE KaliMbI 0Opa3yIOTCsI 3a CUET pe-
aKIIM paHHUX KaliM C TUTaTMOKJIa30M:

Opxrim + Cpxrim + Spl + Pl = Grt.

OO0pa3oBaHue nmapracuTa COBMECTHO C I'paHaTOM 3a
CUET BHYTPEHHETO CJIOS1 KOPOHBI MOXET OBITh ONKca-
HO peaKIuen:

Pl + Opx + Cpx + Spl + H,O = Prg + Grt,
a 0e3 rpaHaTa — peakIuei:
Na-Pl + Cpx + Spl + H,0 =
= Prg + Opx(Ath) + Ca-PI.

Bo Bcex 3TMx peakuusix MPOUCXOAUT AUddy3uoH-
HBIII TEPEHOC KOMITOHEHTOB, BKJIIOYasi KPEMHE3EM,
YTO OOBSICHSIET HAOJI0IaEMYIO PEAKIINIO:

Bdy + Si0O, = Zrn.

AHaJN3 TOIOJIOTUM (Pa30BOI TUarpaMMbl B CUCTEME,
BaJIOBBII COCTAaB KOTOPOI COOTBETCTBYeT nape An + Fo
(Kushiro, Yoder, 1966), nokasbIBaeT, 4To HaOMOmaE-
MbI€ peakIi He MOTYT MPOUCXOOUT B CYIPACOIUIYC-
HBIX YCJIOBUSIX, a IPU OCTHIBAHUU TIepBasi U3 peaKLuii
BO3MOXHA TOJILKO B JMana3oHe JaBjieHuil 7—8 koap,
YTO CYILIECTBEHHO BHIIIIE, YeM OLIEHKH JABJIEHUI IPU
KOTOPBIX ITPOMCXOIMIIA KPUCTAJUIM3asI TaOOpOHO-
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CAJIBHUKOBA u 1p.

Brimenok-ocrtatok HF
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Puc. 10. Cxema, 1eMOHCTPUPYIOIIAS pa3TnIMsI 3HAYSHU I BO3pacTa (207Pb/ 2()(’li’b) OajienenTa, BBIIIEIOKOB U OCTATKOB, TTOJTY-
YEHHBIX B pe3yJIbTaTe MIPUMEHEHUS “ TMCKPETHOM XUMUYECKOM abpa3un’ IUPKOH-0a11eJIeMTOBLIX arperaToB U3 rabopoHOpH-
TOB AMOapHCKOTo MaccuBa. Zrn, Bdy, Zrn- Bdy — nupkoH, 6anesient, IMPKOH-0amnenenToBbie arperatsl; BO — mpenBapuTensb-

HbII BICOKOTEMIIEPATYPHBIN OTXKUT.

putoB B benoMopckoii mposuHuuu (Eroposa, 2017).
B 1O Xe Bpemsi 4oCTaTOYHO MPOCTO OOBSICHUTH Ha-
OromaeMble peakiiuyi MeTaMop(UUeCKUMU TIpeodpa-
30BaHUSIMM, KOTOPKIC HOJDKHBI IIPOTEKATh B ABE CTa-
IN: TPAHYJIUTOBBIM MeTaMOP(OM3M HU3KMX—YMEPEH-
HBIX JaBjeHUN (popMupoBaHUE IBYIMHMPOKCEHOBBIX
KaliM) ¥ TpaHyJIUTOBBIN WK aM(bUOOIUTOBBIN MeTa-
MOp(U3M BBICOKUX OaBjleHU ((hopMUpPOBaHHUE Tpa-
HaTcoaepxkaiux KaiMm). [lomoOHbIe AByXCcTaguTHBIE
KOPOHBI, CBSI3aHHBIE C MOJUMETaMOP(dU3MOM, M3-
BE€CTHBI BO MHOTHX MeTaMOP(pUUIECKNX KOMIUIEKCax
(Agbossoumonde et al., 2004; Bethune, Davidson, 1997,
Johnson, Carlson, 1990; Ghosh et al., 2021). be3aBonHbie
MUHEPaIbHBIE aCCOIMAUM COOTBETCTBYIOT I'paHYy-
JIMTOBBIM ITapareHe3ucam, aMduoocoaepxKalime —
naparcHe3ucaM, IEpPEeXOMHLIM OT TI'PaHYJIMTOBOM K
aMmpunbomToBoit (darmsaMm Metamopdnzma. Bapuma-
LIUY TUIIOB KaiiM oNpeaeIsTioTcsl 00JIbIIMM Ha0OpOM
daktopoB: P-T ycloBUSMU MPOTEKAHUS pPEaKIIMA,
IPUCYTCTBUEM B crcTeMe (QIIIOMOAa M €r0 COCTaBOM,
COCTaBOM caMoii Imopoabl. Tak, IpucyTCTBUE rpaHaTa
BO3MOXHO B 0oJiee XeJIe3UCThIX II0OPOAaxX UM B pe-
3yJbTaTe IIpeoOpa3oBaHMil IpU OOJIBIINX TaBJICHM-
sIX, a B 00Jiee MarHe3uajabHbIX IOPOJIaX €T0o aIbTepHa-
THUBOM B Te€X X€ YCIIOBUSIX MOXET OBITh aCCOLIMAIIMSI
Opx + Spl/ vmm Cpx + Spl.

Hamu BBITOTHEHBI OLIEHKW TEPMOJIMHAMUNYECKUX
nmapaMeTpoB (pOpMHUPOBAHUS MarMaTUYECKUX I1apa-
T€HE3MCOB U PEaKIIMOHHBIX CTPYKTYp AMOapHCKOTO
maccuba (puc. 11). PacueTsl nipoBeneHbl MeTOAAMU
KJIACCUYECKOM TEPMOMETPUM C HCHOIb30BaHUEM
nporpaMMm PTQuick (Cumakos, Honuso-HoGpo-
Bonbekuii, 2009) u PTQ_Avg (domuso-do0poBoiib-
ckuii, 2016). @opMHUpOBaHUE PAaHHE MAarMaTUYECKOM
BBICOKOMArHE3UaJIbHOW MMHEPAJIbHOI accolMaluu
Ol + Opxl + CpxI + PII npoucxoauiio pu TemIiepa-
typax 1050—1150°C (Cpx-Opx tTepmometphl: Bertrand,
Mercier, 1985; Putirka, 2008; Wells, 1977; Wood, Ban-

no, 1973) u naBirennsix 4—6 k6ap (Cpx-Opx-OI- Pl 6apo-
meTp: Fumagalli et al., 2017). OneHku ycitoBuii o0pazo-
BaHUS IBYITUPOKCEHOBBLIX KOPOHAPHBIX CTPYKTYP IO
TEeM Ke TEpMOMETpaM U 6apoMETpy AAIOT 3HAYEHUS
680—900°C, 6.5—8.5 kbGap. OleHKa OaBJIEHUSI C
0O0JIbIIOI TOYHOCTBIO HEBO3MOXKHA, TaK KaK OHa OC-
HOBaHa Ha conmepxaHuu Al,O; B KIMHOMMMPOKCEHE,
KOTOpO€ B U3y4aeMBbIX OPOIAX HU3KOE, UTO MIPUBO-
VT K OOJILIIINM OIIMOKaM pacdyeToB. PaccuntaHHbIe
napaMeTphbl ITOATBEPXKAAIOT GOPMUPOBAHNE PAHHUX
KOPOH B YCJIOBHUSIX TPaHYJIMTOBOTO MeTamMopduima
HU3KUX—YMEPEHHBIX JaBICHUIA.

O1ueHKa TeMIlepaTypbl KpUCTaJIM3alud [TUPKO-
Ha, 3aMECTUBIIETO OaaIe/IeuT, BBITIOJHEHHAsI C UC-
MOJIb30BaHUEM COJIBBYCHOI'O TepMomeTpa Ti-B-Iup-
koHe (Ferry, Whatson, 2007) coctaBisieT oT 843 * 43°C
(Supplementary 5, ESM_ 5.xIsx). IlockojibKy He00-
XOJIMMBIE JIJIsI TOYHOI'O OIIpeAcICHMS TEMIIEPATYPhI C
OpUMEHEHUEM 3TOr0 TEpMOMETpa KBapll U PYTWI B
MOPOJie OTCYTCTBYIOT, @ 3HAYEHUSI dgiy U diny, HEU3-
BECTHBI, TO HEBO3MOXHO OIICHUTb, HACHIIICH JIU
OUPKOH TUTAaHOM. B 3TOM ciydae rmomyyeHHOE 3Ha-
YeHHe JOKHO pacCMaTPUBAThCS KaK MUHUMAaJIbHasI
OLlcHKa TeMIlepaTypbl (DOPMUPOBAHMUS LIMPKOHA U
noaTBepxmaeT (GopMHUpoBaHUE ILMPKOHOBOIT 000-
JIOUKM BOKPYT OajjiesienTa B yCJIOBUSIX TPAHYIUTOBOM
dauuu. Takum oOpa3oMm, OLIEHKHU YCIOBUIT 00pa3o-
BaHMS UPKOHA COITIACYIOTCS C OLIEHKaMU TeMIIepa-
TYp OpMUPOBAHUSI KOPOHAPHBIX CTPYKTYP, IOJIY-
YEeHHBIX IO CJIAaralolluM KX MOPOI000pa3yIoIIuM
MUHEpaiaM.

Mopgonoeuueckue u eeoxumuueckue ocobeHnHocmu
baddeneuma u YUPKOHA 8 OAUBUHOBBIX 2AOOPOHOPUMAX

bannenent, TMNWYHBINA aKIECCOPHBIA MUHEpas
MHTPY3UBHBIX 0a3UTOB, OOBIYHO JIOKAJIM30BaH B NH-
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Puc. 11. PesynbraThl TepMOOApOMETPUUYECKOTO M3YYeHUs] MeTaMOp(hU30BaHHBIX rabOpOHOPUTOB AMOApPHCKOIO MacCHBa:
(a) — penukToBas MarMarudeckas accormanust Opxl + Cpx]l + O/l + PI1, (6) panHsist Metamopdudeckast acconmanust: OpxI1 +
+ CpxI1 + PI1 + Spl £ OIl11. Ucnosib30BaHHBIE MHCTPYMEHTBI: IByNUpoKceHOBbIe TepMoMeTpbl (WB73: Wood, Banno, 1973;
W77: Wells, 1977; BM85: Bertrand, Mercier, 1985; P08: Putirka, 2008), nBynupoKceH-0JIMBUH-IUIarMOKJIa30BbIil GapoMeTp
(F17: Fumagalli et al., 2017). 1151 pac4eTOB UCIIOIb30BaHbI COCTaBbl MMHEPAJIOB, MpHBeeHHbIE B Supplementary 6, ESM_ 6.xlsx.

TEPCTULIMSAX KPYITHBIX 3€pPeH MOPOI000pa3yIoIInX
MUHEPaIOB U (OPMUPYET TaOIUTUYATHIC U YITUHEH-
HBI€ TICEBAO-TIPU3MAaTUIECKNE KPHUCTAILILI pa3MEePOM
30—100 mxm (Soderlund et al., 2013; Beckman et al.,
2017). B rabopoHopuTtax benoMopckoit MpOBUHIINU,
OammeneuT UMeeT TUITMYHBIE IJIST 0a3UTOB MOP(OJI0-
TUI0 U pa3Mep 3epeH, OMHAKO Mpeo0JagaloT B 3TUX
nopoIax IMPKOH-0aIIeIenTOBEIe arperatsl (puc. 4),
XapakTepHble I MeTaMOop(dU30BaHHBIX TabOpou-
noB. ComacHO IPOBENCHHBIM paHee MCCICIOBAHUSIM
(Beckman et al., 2017; Beckman, Moller, 2018), 060-
JIOUKa LIMPKOHA BOKPYT OaaiesierTa MOXeT (hopMu-
pOBaThCs Ha JIIOOOM 3Tamne MeTaMOop(OUIECKUX Ipe-
obOpa3zoBaHuii 6a3UTOB, OMHAKO MaKCUMaJbHBIN pOCT
MOJUKPUCTAUIMIECKOTO IIMPKOHA COOTBETCTBYET
HaumboJiee paHHEeMY 3Tally MeTaMopdu3Ma HOpO.,
Korma OajfesieuT SBJISIETCS INIaBHBIM HCTOYHUKOM
LU PKOHUSI.

M3ydyeHne rabopoHOpUTOB AMOApHCKOTO Maccu-
Ba M0Ka3aJio, YTO LIUPKOH-0a1IeIeUTOBbIE arperarhbl
¥ NOJIMKPUCTAUIMYECKUI IUPKOH B TaO0OpOHOPUTAX
JIOKaJIM30BaHbl B LIEHTPAJIbHOI 4acTU KOPOHApPHOI
CTPYKTYPBI BOKPYT oiiBMHa (puc. 3B, 12; Supplemen-
tary 3, ESM_ 3.pdf miist 06p. Ca-454-1). 1o ctpoeHuIO 1
MOpP(OJI0TrUH LIMPKOHOBBIE 000I0YKM BOKPYT Oaie-
Jieuta (puc. 4) aHaJIOTUYHBI OPTOTTMPOKCEHOBBIM KO-
poHaM BOKpyr onuBHHa (puc. 3B), YTO IIO3BOJISICT
MpeAroaaraTh X CMHXpOHHOE (hOpMUPOBaHUE B pe-
3ynpTatre auddysnoHHoro npuBHoca SiO,, BBICBO-

IMETPOJIOTUA Ne 6

ToM 30 2022

OOXIAIONMIEroCsl MpU  PA3JIOKEHUM AaHOPTUTOBOTO
KOMIIOHEHTA TJlaruokiasa. BaxkHo oTMEeTUTB, UTO BO
BCEX C/Iy4asX HIMPKOHOBEIE KOPOHBI BOKPYT Oamerie-
WTa HaOJIIOJAI0TCS TOJBKO B COCTaBE NBYIIMPOKCEHO-
BBIX KODOHAPHBIX CTPYKTYP U OTCYTCTBYIOT B COCTaBE
TpaHATOBBIX M aM(PUOOJOBBEIX KaiiM. MOXHO TIpen-
MOJIOXKUTh, YTO 3TO OOBSICHSIETCSI BO3MOXKHOCTBIO
paccessHUS IMPKOHMS B KPUCTAIUTMIECKIX PeIlleTKax
rpaHara u am¢uoosa, IMpensaTCTBYOIIeH (opMUpPO-
BaHMIO LIMPKOHA HAa COOTBETCTBYIOIIEM 3Talle MeTa-
Mopdu3Ma B YCTOBUSIX HU3KUX COACP>KaHUI LIMPKO-
HUS B OpOJeE.

AHanu3 pacrnpeneieHus: JIeMEHTOB-TIpUMeceiil B
GajmenenTe MOATBEPKIAeT MarMaTUYECKYIO MPUPOILY
OagpesienTa M COXpPaHHOCTh ero cocTtasa. Ilpm aTom
HaunOboJiee KPYITHLIe sapa bammelienTa MMEIOT Xapak-
Tep pacrpeacacHUs pacCesTHHBIX 3JIEMEHTOB, Hanbo-
Jnee onuskuii K oagaeneuty Ilanabopsl 1 Kosmopa
(puc. 7B). AHanu3 BapualuMii KOHLEHTpaUUid 3e-
MEHTOB-TIpUMECe B LIMPKOHE ITOKAa3bIBAET OTCYT-
CTBHE CXOIICTBA C MATMATUYECKUM LINPKOHOM (pycC. 7B),
YTO CBUACTEIBCTBYET B II0JIb3y MeTaMOpP(UIEeCKOI
NPUPOIBI HUPKOHOBOM 000I0YKH 1 UCKITIOYAET Cy0-
COJIUIYCHYIO TIPUPOAY KOPOHAPHBIX CTPYKTYP BOKPYT
onuBuHa. Oo6oramenue uupkoHa HREE mnpennona-
raeT OTCYTCTBHE paBHOBECUSI C TPAHATOM, YTO COIJIa-
CyeTcsl ¢ TIOJIOKeHUEM LIMPKOH-0aIIeJIeNTOBBIX ar-
peratoB B Ge3rpaHATOBBIX KOPOHAPHBIX CTPYKTYpax
(puc. 3B, 12). O6oramenue nupkoHa LREE, BeposT-
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HO, SIBJISIETCST PE3YJIBTATOM YJacTHSI Si-comepsKaiiero
dbmonma B hopMrUpoBaHNH KOPOHAPHBIX CTPYKTYP U
oboiodyek mupkoHa (Xia et al., 2010).

P€3y/lbm(1mbl 2e0XPOHON02UUECKUX uccaedosanuil

HMcnonb3oBaHue nokaiabHbix U-Th-Pb wuzotomn-
Hbix ucciaenoBaHuii (SHRIMP-II) He mo3Bonuio
MOJIyYUTh HaleXHble OLIEHKHW BO3pacTa OTAECIbHBIX
¢a3 LMPKOH-0aAIeIEeUTOBBIX arperaToB. OTO 00y-
CJIOBJIEHO, OYEBUIHO, CJIO(KHOCThIO B BEIOOPE OMHO-
POIHBIX HEHaApYILIEHHBIX YYaCTKOB KakK B Tpeaeiax
TPELIMHOBATHIX SIAEP, TaK U B 0007109KaX, UMEIOIIIUX
MUWKPOOJIOYHYIO CTPYKTYpPY, “WHTEPCTULIN B KOTOPBIX
YacTo BBINIOJIHEHKI OanaenenToM (puc. 4). Kpome Toro,
JIMCKOPAAHTHOCTB PEJIMKTOBOTO OaaenenTa, mpeoopa-
30BaHHOTO B pe3yyibTaTe (hIIONIHOM IepepaboTKU, CBSI-
3aHHOI C HAJTOXKEHHBIM MeTaMOpP(hU3MOM, HaKJIaabl-
BaeT OrpaHWYEHUs] Ha MOJy4eHUE TOYHBIX OLIEHOK
BO3pacra.

PesynbTaThl 3KCIIEpUMEHTOB, HAMpPaBJICHHBIX Ha
“XuMmUdecKoe” pasmelicHue OamnesienTa M IIMPKOHA,
MIPOAEMOHCTPHUPOBAIN BEICOKYIO 3(P(hEeKTUBHOCTH IO~
xona, TpemioxeHHoro M. Puo ¢ coaBropamu (Rioux
et al., 2010), xotopsie ucronb3oBamu 6N HCI mig
KPUCTAJIJIOB, MIPEABAPUTEIbHO MOABEPTHYTHIX BHICO-
KoTeMnepaTypHoMy oTxury npu 850°C B TeyeHue
48 4. [IpuMeHeHNE TOJBKO KHCJIOTHOM OO0pabOTKM
(6N HCI, 15N HF) c uensto pasgencHus ¢as He UMe-
eT CMBbICJIa, TIOCKOJIBKY 3epHa, He ITOABEpraBIIMECs
MpeABAPUTEIBHOMY BBICOKOTEMITEPATYPHOMY OTXMUTY,
3HAYUTEJIBHO MEHEe PE3UCTEHTHHI U, COOTBETCTBEH-
HO, CEJIEKTUBHOMY PAaCTBOPEHUIO OYIyT ITOIBEPraThCs
KakK sapa, CIIOXEHHbIE OGammeeuToOM, TaK YaCTUYHO
WIA TIOJTHOCTBIO OOOJIOYKHU, BHITIOJIHEHHBIC IOJIM-
KPUCTAUIMYECKIM IIMPKOHOM, KOTOPBIA B CHJTy BBICO-
KOl Me(heKTHOCTU KPUCTAUIMYECKON perieTku (MUK-
POOJIOYHOCTD) 00JIamaeT HU3KOM YCTOMYMBOCThIO. B
TO Xe BpeMsI Hy>KHO YYUTHIBATh U HEKOTOPYIO BEPOSIT-
HOCTh YacTnuHoro pactBopeHns B HCl MeTaMUKTHBIX
YY4aCTKOB M B LIMPKOHE, MOABEPTHYTOM BBICOKOTEM-
neparypHoMy oTXHTy. He mckirodyeHo, 9T0 HAOIIO-
JTaeMast JUCKOPIAHTHOCTE BBIIIEITOKOB (Tabir. 2, No &)
nocnie kucanotHoit oopadborkn HCIl, n3oTonHbIi co-
CTaB KOTOPBIX JOKEH COOTBETCTBOBATh OAIACICUTY,
KOTOPHI, KaK IIpaBUJIO, He OOHapyXKUBaeT Cylle-
CTBEHHBIX MOCTKPUCTAUIN3AIIMOHHEIX NToTeph Pb n
U, obGycnoBiaeHa UMEeHHO 3TUM (akToM. OU4eBUIHO,
LIMPKOH 060J104eK (Tabm. 2, Ne 14) MOT MCIIBITHIBATh
JyacTUUHBIC ToTepu Pb B mmocTkpucrammm3annoHHoOe
BpeMs1. BeposiTHO, m oOpaTHast IMCKOPIAaHTHOCTb HC-
XOIOHBIX LIMPKOH-0aIIe/IeNTOBBIX arperaTtoB MOXKET
TaKXe OOBSICHATBCS PA3IUYHONM CTENEHBIO CeJIeK-
TUBHBIX oTeph Pb 1 U B pasmmuHbIx pazax s3Tux ar-
peraros.

CAJIBHUKOBA u 1p.

B 1mesom pesyabTaThl “OUCKPETHON XMMHUYECKOI
abpa3un” MO3BOJISIIOT CIOellaTh BHIBON O TOM, YTO B
pe3yiabraTe cejaekTuBHoOro pacrsopeHust 6N HCI B
OCTaTKax OCTaeTCs MPEUMYIIECTBEHHO paanoreH-
HBII CBUHEII HTUPKOHOBBIX 000J104eK (puc. 10). B To Xe
BpeMsI pa3IndHasl CTeIleHb JUCKOPIAHTHOCTH OCTaT-
KOB (puc. 9a) yKa3bIBaeT, C OQHOM CTOPOHBI, HA BO3-
MOXXHOCTb HETIOJTHOTO pacTBOPEHUS 6amaeeuTOBOM
¢a3zsl (taba. 2, Ne 13), a, ¢ Apyroii — Ha HapylIeHue
COXPaHHOCTHY M30TOITHBIX OTHOIIIEHUI B 000JI0UYKAX,
YACTUYHO TIPEICTABISIONINX CO00I cMeCh KPUCTAaI-
JINYECKOM M MEeTaMUKTHOU (a3 M JeMOHCTPUPYIO-
mux pazangHoe rmoseneHue U-Pb cuctembl, B TOM
YuCJIe B pe3yabTaTe KUCIOTHOM 00paboTKH.

BepxHee mepeceyeHue TUCKOPAWM, pacCUMTaH-
HOI 1J11 (pUTypaTUBHBIX TOUEK, COOTBETCTBYIOIIMX
U30TOITHOMY COCTaBYy OOJIbllIeii YacT MpOaHaJIU3U-
POBaHHBIX BHIIIEJOKOB U OCTAaTKOB, OTBEYaeT BO3-
pacty 2439 = 9 MiH JieT, OJIM3KOMY K BO3pPacCTy €Iu-
HUYHBIX 3epeH OaanenenTa U3 OJMBUHOBBIX Tab0opo-
HOpPUTOB AMOApHCKOTOo MaccuBa TrabOOpOHOPHUTOB
2411 £ 6 mMaH aet. J1js1 Toro 4To66 KOPPEKTHO Olle-
HUTb BO3pacT 00pa3oBaHUsI 000J0YEK, Mbl UCTIOb-
30Bajid TOJBKO M3OTOINHBIC MAaHHBIE ISl OCTaTKa
(Tabi. 2, Ne 13) u BbiiesiokoB (Ta6:a. 2, NeNe 10, 15),
UMCIOLIUX MUHUMAALHYIO 803DACMHYI0 OUCKOPOAHM-
Hocmb (0.6—5%), 4TO MO3BOJISIET HAM PacCMaTPUBATh
3HaUYEHUE BO3pacTa, ONpeaeasseMoro HUKHUM Tepe-
CeUCHUEM AVCKOPINU, PACCUMTAHHOM JJIST TOUEK MX
coctaBa, 1911 = 35 maH et (CKBO = 0.70), B Kaue-
CTBE OLIEHKM Bo3pacTa mMeTamopdusMa, ¢ KOTOPbIM
CBsI3aHO X oOpa3oBaHue. K coxaneHuto, Ha JaHHOM
aTare WCCAeIOBaHUI MOrPELUIHOCTh 3TOM OLIEHKHU
BO3pacTa CpaBHUTEILHO BeJMKa, YTO CO3MAET OMpe-
JieJIeHHbIe OTPaHUYEHUS] TIPU PEKOHCTPYKIIUU TEeM-
repaTypHO-BpeMEHHbBIX Mojejeil aBoirolun beso-
MOPCKOM IMMPOBUHIIUU B AJIEOIIPOTEPO30€E.

Bospacm nanseonpomepo30ilickoeo eparyaumogo2o
Memamopguzma nopod beaomopckoii npogunyuu

Pe3ynbTaThl T€OJOTMYECKHMX, TETPOJIOTMYSCKUX,
FEOXMMUYECKUX U T€OXPOHOJIOTUYSCKUX UCCIIeI0BAa -
HUT AMOApHCKOTO MaccuBa He MPOTUBOpPEYAT Tpagu-
HOHHBIM npencraBiaeHusIM (Crictpa, 1978; Crena-
HOB, 1981; ApectoBa, 2004) 0 ero IpuHAIIEXKHOCTH K
MMajeoNpPOTEPO30MCKOMY KOMILIECKCY JIEPLOJIUTOB-
ra6oponopntoB bemomopckoit mposuHnu. U-Pb
(ID-TIMS) Bo3pacT eIMHUYHBIX 3¢peH HEU3MEHEH-
Horo dangenenta coctasiset 2411 & 6 MJIH JIET, 4YTO B
npeaenaax TMOTPEIIHOCTH COBHAZaeT C BO3PacTOM
2404 =+ 11 MuTH JIeT, TOJTYIEeHHBIM paHee I Oannerie-
WTa U3 OJJMBUHOBBIX TaOOpoHOPUTOB 03. CeBepHOE
KamenHoe, pacmonoxkeHHOTro B 3TOM ke paioHe be-
JoMopckoit mpoBuHIuu (CremaHoBa u ap., 2020)
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Puc. 12. Monenb (oopMUpoOBaHUS KOPOHAPHBIX CTPYKTYP Ha TpaHUIIE OJTMBUH—ILIATMOKIIa3 B ITOpoaax AMOapHCKOTO MacCHUBa.

(puc. 90). DTu maHHBIE ITOATBEPXKAAIOT CYIIECTBOBA-
HUE JUCKPETHOTO 3ITM301a MAHTUITHOIO MarMaT3mMa
¢ Bo3pacTtoM 2.4 MJIpAd J€T B BOCTOYHOM 4yactu DeH-
HOCKaHIMHABCKOIO IIIUTAa W IIMPOKOE pacpoCcCTpaHe-
HUe 0a3UTOB 3TOI BO3pacTHOI IpyIIbl B beromMop-
CKOW MPOBUHIIWU.

COBOKYMMHOCTb METPOJIOTUUECKUX, MUHEPAIOT -
YeCKMX U T€OXPOHOJOTMYECKUX TAHHBIX ITO3BOJISIET
caeiaTh BBIBOJ O TOM, YTO BO3pPacT IPaHyJIUTOBOIO
MeTamopdn3Ma, HaJOXKEHHOTro Ha TaOOpOHOPUTHI
AmbapHCKOro MaccuBa, coctapisieT 1911 £ 35 muH e,
YTO COOTBETCTBYET paHHel ctaguu Jlammanacko-Komb-
ckoit kommsnoHHoM oporenuu (Daly et al., 2006).
IlpusHaku NposiBIeHUs] MO3THEIAICONPOTEPO30ii-
CKOTO TpaHyJIUTOBOIO MeTaMopdu3iMa 0OHAPYKEHBI
U B Ipyrux pailoHax bemoMopcKoil MpoBUHIIMN (A3U-
MOB U 1p., 2017a, 20176; YcruHoBa u ap., 2021). Panee
MO3IHEIIAJICONPOTEPO30IMCKIE 3HAYEHUSI BO3pacTa
MeTamopduzMa TabdbpoHOpUTOB benomMopckoit mpo-

IMETPOJIOTUA Ne 6

ToM 30 2022

BUHIIMY C KOPOHAPHBIMM CTPYKTYpPaMM ObUIN YCTAHOB-
nensl H.JI. AnekceeBbiM c coaBropamu (AJiekceeB
u ap., 1999) Sm-Nd meromom. biuskue K ycraHOB-
JICHHBIM HaMU 3Ha4YeHUs MapaMeTpoB MeTaMopdu3Ma
(820—900°C u 5.5—6 xbGap) u Bo3pacta (~1924—
1927 mH neT) ObUIM MOMXYYeHHBI W11 TTopon Jlamnana-
CKOT'O IpaHyJIMTOBOTO T10sIca, HAXOSIIIIErocsl B OCEBOI
yactu Toro xe Jlaruranmcko-Koibckoro oporeHa,
C.A. bymmvunsiM 1 FO.M. JleGeneBoii ¢ coaBTopaMu
(byurmunH u op., 2009; JlebeneBa u ap., 2012).

HecMmoTpst Ha TO, 4TO CTeIeHb COXPAHHOCTHU Ma-
JIEOTIPOTEPO30MCKUX TPAHYIUTOBBIX MapareHe31CoB
B mmopojax beioMopckoil MpOBUHIIMU 3HAYUTEIBHO
HIKe, YyeM B JlarutaHACKMX rpaHy/IuTax, KOTOpbie He
WUCIIBITAIA 3HAYUMBIX CTPYKTYpHO-MeTaMopduue-
CKUX NpeoOpa3oBaHUii, CBSI3aHHBLIX C COOBITUSIMU
mojtoxe 1900 vt et (Kaynuaa, 2009), nMerormmecs K
HaACTOSIIIEMY BpeMEHHU JaHHbIE O BO3PACTE U YCIIOBUSIX
MeTaMopdrIecKnX rmpeodpa3oBanHmii B beroMmopckoit
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MMPOBUHLINY CBUIIETEILCTBYIOT B MOJIb3y 3HAYUTEIIHHO
0oJsiee IIMPOKOTO, YeM IIpearnonarajiochk paHee (Pan-
Huit..., 2005), pacmpocTpaHeHHUs I1aJIeOIpPOTEePO30ii-
CKOTo MeTaMopdu3Ma TpaHyIUTOBOI (palnu, CBSI3aH-
HOTO Cc (popmmpoBanueM JlammaHacko-Komsckoro
OpoOreHa.

3AKJIIOYEHHME

Pe3ynbTaThl Te0I0rn4ecKrx, IETPOJIOTUISCKIX U
T€OXPOHOJIOTUYECKUX MCCIESIOBAHUMN KOPOHUTOBBIX
MeTarabopoHOpUTOB AMOApHCKOIO MaccrBa B II€H-
TpanbHO#l Yactu benomopckoit mpoBuHuu PeH-
HOCKAaHAWMHABCKOIO IIIMTA IO3BOJISIIOT CIEJIaTh Clie-
IYIOIIE BEIBOIBL:

1. Bo3pacT kpucTajums3auuy Iopo, oIpeaeieH-
HBI Ha ocHOoBaHuM pe3yiabpraToB U-Pb (ID-TIMS)
TCOXPOHOJIOTUYECKUX MCCIENOBAaHUI ETMHUYIHBIX
3epeH GandeneuTa, cocrapiset 2411 & 6 MITH JIeT.

2. IlpyuMeHeHne METOIUKM “AUCKPETHON XUMUYe-
CKoOi1 abpa3uu’” Mo3BOJIWIIO MOJIYYUTh OLIEHKY BO3pacTa
(U-Pb, ID-TIMS) metamopdm3Ma IrpaHyIUTOBOM (pa-
uu 1911 £ 35 MJIH JIeT, ¢ KOTOPBIM CBsI3aHO 00pa3o-
BaHUE IBYMUPOKCEHOBBIX KOPOHAPHBIX CTPYKTYpP Ha
rpaHulle OJUBUH—ILJIaTMOKJIa3 B rabOpoHOpUTax U
000J104YeK IIMPKOHA BOKPYT OanaesenTa.

3. Oran MeTtamopduyeckux IpeodpaszoBaHUMN
OJIMBUHOBBIX Ta0OpoHOpUTOB beroMopckoil mpo-
BuHLIMM Ha 500 MJIH JIeT MOJIOXE BO3pacTa UX CTa-
HOBJIEHUSI U, OYEBUIHO, CBSI3aH C IpoleccamMmu pop-
MmupoBaHus Jlarutanacko-Koibckoro oporeHa.
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A History of coronitic metagabbronorites in the Belomorian Province, Fennoscandian
Shield: U-Pb (CA-ID-TIMS) dating of of Zircon-Baddeleyite Aggregates

E. B. Salnikova!, A. V. Stepanova?, P. Ya. Azimov!, M. A. Sukhanova!, A. B. Kotov!, S. V. Egorova?,
Yu. V. Plotkina!, E. V. Tolmacheval, A. V. Kervinen?, N. V. Rodionov?, and V. S. Stepanov?

! Institute of Precambrian Geology and Geochronology, Russian Academy of Sciences, Saint- Petersburg, Russia
2 Institute of Geology, Karelian Research Centre, Russian Academy of Sciences, Petrozavodsk, Russia
3 Centre for Isotopic Research, Russian Geological Research Institute, Saint-Petersburg, Russia

Timing of crystallization age and metamorphic reworking of mafic rocks from polycyclic Precambrian re-
gions is a difficult problem. In a wide range of temperature and pressure (from greenschist to granulite facies)
magmatic baddeleyite can be partially or completely replaced by zircon. As a result, aggregates composed by
baddeleyite overgrown by polycrystalline zircon are formed. Evaluation of the age of each phase of the aggre-
gates can provide information on both the age of the magmatic event and metamorphism. For the coronites
of the Ambarnsky massif (Belomorian Province, Fennoscandia) U-Pb (ID-TIMS) geochronological inves-
tigations of zircon-baddeleyite aggregates have been performed. The petrological study of the rocks indicates
the synchronous formation of coronas at the olivine—plagioclase border and zircon rims around baddeleyite.
U-Pb (ID-TIMS) dating of single baddeleyite provide crystallization age of gabbronorites of the Ambarnsky
massif at 2411 £ 6 Ma. Using of the “discrete chemical abrasion” the age at 1911 + 35 Ma for metamorphic
zircon rims is established. The obtained results demonstrate that the formation of corona structures resulted
from granulite facies metamorphism during the Lapland-Kola orogeny and was separated from the crystalli-
zation time by 500 Ma.

Keywords: U-Pb zircon, baddeleyite geochronology, high-temperature annealing, chemical abrasion, meta-
morphism, corona structures, Belomorian province
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