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BBeneHnue

AKTyaJIbHOCTh HCCJIeJOBaHUM

KapOoHaTHbIe TOPOABI IMPOKO PACIPOCTPAHEHBl B PA3JIMYHBIX [€0JIOTUYECKUX Cpefax.
Kanenut u gpyrue kapboHaTHbBIe MUHEpaJIbl 00pa3yloTcs Kak B 0CaIOYHBIX, TaK U B Marma-
TUYECKUX, MeTaMopdUUeCKUX 1 IMpoTepMaIbHbIX npoleccax. [Ipu ocaxaeHrn B MOPCKOM
BOJIe CIIOCOOHOCTh KapOOHATHBIX MUHEPAJIOB 3aXBaThIBaTh JOCTATOYHOE KOJIMYECTBO ypaHa
II03BOJIAET UCIIOJIb30BaTh UX [JIA MOJIyYeHUs NPAMOM Ie0XpPOHOJIOrNYeCcKou MHGOopManuu.
Takue faHHBIE NMEIOT BaXXHOE 3Ha4YeHMe NpU paciinpoBke ucTopuu GopMHUpoBaHUs Oca-
JIOYHBIX 0acCcerHOB, PErMOHAJIBHON KOppesALNY, PEKOHCTPYKIUU Majeoreorpadudeckux,
TEeKTOHMYEeCKUX U reofrHaMnyecknux oO0CTaHOBOK. [IpukiiagHas 3HAUMMOCTb T€0XPOHOJIO-
TMYeCKUX JAaHHBIX CBA3aHA U C COCTaBJIEHHEM COBPEMEHHBIX KOMILJIEKTOB CpefHe- U MeJIKO-
MacHTaOHBIX FOCYAapCTBEHHBIX Ie0JIOTUYeCKUX KapT.

Hacrosmas paborta nocssamiena U-Pb/(Pb-Pb) naTtupoBanuio jokeMOpUIICKUX U paH-
HelaJIe030MCKMX KapOOHATHBIX MOPOJ] apaoIIerCKOM CBUTHI, OOKCOHCKOU (HepacuJieHeH-
HOI) cepuu U UPKYTHOU CBUTHL. Ha3zBaHHbBIE 0caJOYHbIE [TOCJIe0BaTEJIbHOCTU PacnpocTpa-
HeHbI Ha TeppuTopum TyHKUHCKOro xpebTta (11 TYHKMHCKHUX rOJIbI[OB) I0T0-BOCTOYHOU Ya-
ctu BoctouHoro CasHa. fABiAACH 4aCThI0 I0KHOTO CKJIag4aTtoro obpamuieHuss CuOupckoun
11aTGOPMBI, PETMOH HaXOAWJICA B SIULEHTPe HEeCKOJIbKUX (a3 oporeHe3a. TeKTOHNUYECKHUe
JedbopManum, CBsA3aHHBIE C KOJUIM3UOHHBIMU COOBITUAMU CYIECTeHHO MOBJIMAJIM Ha CO-
XPaHHOCTb UCXOAHBIX CTpaTUrpadUUeCcKux ocjae0BaTeIbHOCTEN, I03TOMY BO3pacTHbBIE paM-
KU UX HAKOILJIEHWsI OCHOBAHBHI JIMIIh HAa CIIOPHBIX NAJIEOHTOJIOTMYeCKHX HaXo/iKax U Ha 00-
meM [peACTaBJIeHUN O Te0JIOTMYeCKON UCTOPUU pervoHa. [1osydueHHbIe re0OXpOHOJIOruye-
CKMe JaHHble MO3BOJIAIT OLIEHWTh BO3PacT CeJUMEHTaly U SMUTeHeTUYeCKOU MepeKpu-
cTajuM3anuu kapOoHaTHbBIX nopoAd Boctounoro CasHa, NpoOBeCTH WX PErrMOHAJIBHYI0 KOp-
peJIALMIo, a TakXe cJesaTh BHIBOABI 00 3BOJIOIMM TEKTOHUYECKUX CTPYKTYp, B Ipefesiax

KOTOPBIX OHU PACIIOJIOXEHBL.



Ilesiu u 3atayu paboThI

OCHOBHOM yeJTbi0 JUCCEPTANMOHHON paboTH siBJIsieTcs onpenesieHne Pb—Pb Bospacra
KapOOHaTHBIX TOPOJ APaoIIerCKON CBUTH, OOKCOHCKOU (HEpac4IeHEeHHON) CEpUU U UPKYT-
HOW cBUTHI TyHKUHCKOrO XpeOTa Boctounoro Casna. 1A JOCTHXXKEeHUA TOCTaBJIEHHOW LieJIn

peliajiich cjaeayiolre 3agaun:

1. nTosIOrMYecKoe ucciiegoBaHue Pa3pe30B TPpEX Kap6OHaTHbIX KOIIJIEKCOB,

2. nmerporpaduyueckoe nzydeHre KapOOHATHBIX NOPOA AJiA OllpejesieHusl COOTHOIEeHUs

MEPBUYHBIX 1 BTOPUYHBIX Kap6OHaTHbIX (1)213;

3. ompeneneHre MUHEPAJIBHOIO COCTaBa KapOOHATHBIX IOPOJ] C TIOMOIIbI0O peHTreHoda-

30BOI'o aHaJin3a,

4. reoxyMHWYeCKUI aHAJIU3 JJIs onpefesieHrs KOHIIeHTPallu1 MaJibiX 3JIeMeHTOB — Mn,
Fe, Sr v OlIeHKU CTeleHM auareHe3a KapOboHATHBIX MOPOJ Ha OCHOBE I'e0OXUMHUYECKUX

kpurepues (Mg/Ca, Mn/Sr, Fe/Sr);

5. U30TOMHOeE ucciegoBaHue JJIA ornpeaejieHusA COXpaHHOCTHU Rb-Sr u C U30TONHBIX CH-

CcTeM;

6. OIpeaejieHrneE nM30TOIMHOTO COCTaBa PbuUB Kap6OHaTHbIX nopoaax AaJjid BbIYKMCJIEHUA

BO3pacTa KapOOHATHBIX OPOA.

3amquniaeMspie MOJIOXKEHU

1. HammeHee m3MeHeHHBble U3BeCcTHAKU (¢ oTHomeHusmu Mn/Sr < 0,2, Fe/Sr < 1,3)
apaolleliCKON CBUTH M HanMeHee M3MeHeHHble NoJoMuThl (Mn/Sr < 0,7, Fe/Sr <
1,9) 6okcoHckol (HepacusieHEHHOM) ceprM, BCKPHIThIX B TYHKUHCKOM Xpe0Te, UMelT

Pb-Pb Bo3pacT 521421 u 529+15 MJIH JIeT COOTBETCTBEHHO.

2. Hcnosib30oBaHNEe METOAUKH CTYNIEHYaTOr0 pacTBOPEHUA AJiA KapOOHATHBIX IOPOJ Up-
KyTHOH cBUTHI (p. KbiHrapra, TyHKHUHCKHI XpeOeT) M03BOJIMJIO pa3AesnTh ABe Kapbo-
HaTHBIe reHepanuu U omnpenesuts Pb-Pb Bo3pact: gjia mosomura — 1566+16 MiH

JIeT, a AJiA KaJjpiuta — 947+74 MJIH JieT.
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3. Ilonyuenusie Pb—Pb Bo3pacTsl u Sr, C xemocTpaTturpadpuieckrie XapaKTepUCTUKU JJIA
KapOOHATHBIX OPO/] apaollleliCKON CBUTH U OOKCOHCKOU (HepacuJieHEHHO) cepuu B
TyHkuHckoM xpebte BocTouHOoro CasHa MO3BOJIAIOT KOPPeJHpOBaTh UX C OMOPHBIM

BEH/I-KEMOPHUIICKUM pa3pe3oM KapOoHaTHOro yexsia TyBHHO-MOHI0OJICKOIO MacCHBa.

dakTUYeCKUHM MaTepuJI

daxkTu4ecKruil MaTepuaj MaTepuasl, MOJIOXeHHBIN B OCHOBY pa0bOThI ObLI MOJIyYeH aB-
TOPOM B XO0/ie TpeX noJieBbix ce30HOB 2016, 2017 u 2019 roga. Kosutekuysa coqepXuT OK0JI10
100 06pa31ioB U3BECTHAKOB U AOJIOMHUTOB U MpeACTaBJsAeT ABE CBUTH KEMOPUUCKOTO BO3-
pacTa 1 oAHy CBUTY Me30IIpOTepO30MCKOro Bo3pacra. O6pasipl 0TOOpaHbl B TpeX pa3pesax
1o OeperoBeiM oOHaxxeHUAM pek Apa-Omeli, JKanra u KeiHrapra B TYHKMHCKUX roJibLiax —
ropHoro xpe6rta BxofsAmero B TYHKMHCKUI HAIMOHAJIbHBIM NApK Ha rpaHune VpKyTckoun
obsactu u pecny6uku Bypartus.

ABTOpOM OBbLIY BBHINIOJIHEHB! aHAJIMTUYECKHE MCCJIeOBAHYA BKJIOYAIOLINE [eTporpa-
(pudecknii aHaan3; XuMruuyeckoe Beigesenue Ca, Mg, Mn, Fe, Sr u xpomatorpa¢puideckoe Bbl-
nesienve U u Pb B 1abopaTopyum M30TOMHOU XeMocTpaTurpaguu U reOXpoHOJIOTUH 0Cafi0y-
Heix nopog UI'TJ] PAH; uamepeHue cogepXaHni IJIaBHBIX U MaJIbIX 3JIeMEeHTOB Ha aTOMHO-
SMHCCUOHHOM crneKkTpoMeTpe B pecypcHoMm neHtpe CIIOI'Y «Mertonsl aHanm3a cocTtaBa Be-
IecTBa»; U3MepeHne B yacTu obpasloB coaepxaHuil U, Pb 1 UX U30TOMHOI'0 COCTaBa Ha

TePMOMOHU3ALMOHHOM Macc-cnekrpometpe B UI'T/] PAH.

HayuyHas HOBU3Ha

BriepBeie fy11 kapOoHaTHBIX nopoJ TyHKHHCKOro xpebTa onpefesieHbl Bapyualuy 3Ha-
YeHUI M30TOMHOI'0 COCTaBa yIjiepoAa, KUCJIOpoa U CTPOHIIMA, a TaKXXe COAepXKaHUA U U30-
TOITHBIM COCTaB ypaHa W CBUHIIA.

Ha ocHOBe reoXpOHOJIOTMYECKOr0 aHajii3a yCTAaHOBJIEHO, YTO apaolieiickas CBUTA U
OokcoHCcKas (HepacusieHeHHas1) cepys UMeIOT paHHeIasIe030MCKU, a UPKyTHas CBUTAa J10-
KeMOpPHIICKHI1 BO3pacCT.

[ToxazaHbl BO3MOXXHOCTU METOAUKY CTYIIEHYaTOIO pAaCcTBOPEHUs 1A pasfiesieHus pas-

HOBO3PaCTHBIX Kap6OHaTHbIX (1)33 B KaPGOHaTHbIX nmopoaax 3 30H TEKTOHUYECKOT'O 1 METa-



Mopurueckoro npeodpa3oBaHus.

IIpakTHYeckas 3HAYUMOCTH

Hosrie U-Pb nannble o Bo3pacTe u ycTaHoBJIeHHBIe St U C XxeMocTpaTurpaduyeckuie
XapaKTepPUCTUKU apaolleliCKOl CBUTHI, O0KCOHCKON (HepacujieHeHHO) cepu U NPKyTHOU
cBUTH TYHKMHCKOro xpeOTa MOryT OBITh MCIIOJIb30BAHBI [JI1 OOHOBJIEHUA Ire0JIOTMYeCcKruX
KapT U AJiA OyAyIIUX reojoro-CbeMOYHbIX paboT. [loydyeHHbI KeMOPUICKUI U Me30Ipo-
TEPO30MICKMM BO3pacCT AJIA N3YYEeHHBIX KApOOHATHBIX IIOPO/ NIO3BOJIAET CYIIECTBEHHO CKOP-

PEKTHPOBATHh CYIIECTBYIOINME PErMOHAJIbPHbBIE CTpaTI/Il"pa(l)I/I‘IeCKI/Ie CXEMHBI.

Anpob6aiusa paboTsl U IIyO6IuKanuu

OcHOBHbIE TOJIOXKEeHUsA paboThl JOKJIAAbIBAJIMCh HA TeMaTU4YeCKHUX KOH(MepeHIUAX U
coBellaHUAX: MoJioiexxHasa Hay4yHas IIKOJIa-KOH(epeHLUA, MOCBANIeHHAA NaMATHA 4leHa-
koppecrnoszienTa K. O.Kpartia u akagemuka @.I1. MutpodanoBa (KHL] PAH, r. AmaTursl,
2016 r., UITJ PAH, r. Cankt-IletepOypr, 2017 r.); Bcepoccuiickas mIKoja CTyJ€HTOB, ac-
MUPAHTOB 1 MOJIOABIX yueHbIX o JuTtosioruu (UIT YpO PAH, r. Ekarepun6ypr, 2016, 2018);
MexayHapoaHas KOH(MepeHLMA MOJIOABIX YUEeHBIX U CIIeIUaINCTOB MaMATU akajgeMuka A. I1.
Kapnunckoro (BCET'EH, r. Caukrt-IletepOypr, 2017); 'eoanHaMuuyeckas 3BOJIIOLUA JIUTO-
chepnl LleHTpaspHO-A3UAaTCKOTO MOJABUXKHOTO Mosica (0T okeaHa K kKoHTuHeHTy) (M3K CO
PAH, r. Upkytck, 2017, 2018); VII Poccuiickaa koHpepeHLNA M0 N30TOMHOU re0XpOHOJIO-
ruu «MeToApl U reojiorudeckre pe3ybTaThl U3yYeHUA U30TOMHBIX [e0XPOHOMETPUYECKUX
cucteM MuHepasioB u nopoa» (MI'EM PAH, Mockga, 2018).

[To Teme auccepTanuu onyOJIUKOBAHO 7 cTaTted B perieH3upyemsix (WoS, Scopus, PUHII)
Hay4HBIX XypHaJsax. MccieoBaHNA NPOBOAWJINCH B paMKaxX HayYHBIX TeM JiabopaTopuu
M30TOMHOU XeMocTpaTurpaduu U reoxXpoHosioruu ocagouHbix nopox UI'TJ PAH. YacTs uc-
CJIeJOBAaHUM MPOBOAUJINCH IIpU noAfepkke rpaHnTtoB POOU No 18-05-00623, PHO® No 18-
17-00247 u rpanta Noe 075-15-2022-1100 ITpaButesnbcTBa Poccuiickoii @enepanuu (aBTOp

y4aCTBOBAJI B KQYE€CTBE I/ICHOJIHI/ITeJIH).



CTpykTypa u o6beM paboTsl

Huccepranua oobeMoM 139 cTpaHUI] COCTOUT U3 BBeJeHUs, 6 rJiaB, 3aK/JIIOYEHUA U
CIICKA JIATepaTyphl, BKIovarwiero 200 HauMeHOBaHU, COIePXUT 36 PUCYHKOB U 9 Tab-

JINII.

baaromapHocTu

JucceprainoHHOE HCCIIeJOBAHNUE COCTOSAIOCH ITPYU HEOIIEHMMOM IOMOIIY U TIOAAEPXKKe
Hay4YHOI'0O PYKOBOAUTEJIA A.I'-M.H 4ieHa-KoppecnonaeHta PAH Antona bopucosuua KysHe-
1[0Ba, KOTOPOI'0 aBTOp UCKpeHHe Ostaroaaput. ['J1y0b0Ky0 Ipr3HaTeJIbHOCTh 3a BCECTOPOHIOI0
IIOMOIIb aBTOP BBIpaXkaeT BCeMy KOJUIEKTUBY J1Jab0paTOpUN N30TOTHOU XeMOoCTpaTurpadumn
U reoxpoHoJsioruu ocagouHsix nopoa UITJ PAH — T'. B. KoncrantuHosoy, T. JI. TypueHKo,
T. C. 3aiiueBoini, O. K. Kayposoii, . M. 'opoxoBy u fp. 3a IOMOIlb B OCBOEHUN METOAUKU
U-Pb patupoBanus aBTop ocobeHHo 6iarogapeH 3. B. CvupHoBoii, M. M. BacuibeBoii u
B. M. CaBaTeHKOBY.

3a momomis B OpraHu3aluu moJjieBbix pabot aBTop npusHaresieH E. . JleMoHTepoBOi
(M3K CO PAH), E. 10. Cemeneii, B. C. XXapuxkosy, C. 1. Ipumo (UI'X CO PAH).

Taxoxe aBTOp OJstarogapeH Jloppu I'pam (Laurie Graham) u3 Kanudopnuiickoro yHusep-
cUTeTa 3a MOMOIIb B aHaIM3e U30TONHOro cocrasa C u O B kapOoHaTHBIX nopogax u O. B.
BosmmHoW n3 pecypcHoro 1ieHTpa CIIOI'Y 3a nomoips B IpoBeA€HUN aTOMHO-3MHCCHOHHOTO
aHamsa.

3a exxeJHeBHbIe AVCKYCCHUU II0 U30TOMHOU Ie0XpOHOJIOTUM, MOPAJIbHYI0 MOAAEPXKKY
1 TEXHMUYECKYI0 [IOMOIIb aBTOp 0coOeHHO OsiarogapeH C. B. MauibleBy, a Takxe JOpOrUM

pOAUTEIAM U CeMbe 3a UX JIF000Bb 1 0e3yCJIOBHYIO MOAAEPKKY BO BpeMsA 0Oy4eHUs B aclu-

paHType.




I'JIABA 1. Bo3amoxunoctu U-Pb MmeTona mJis onpenejieHHuA Bo3pacra

0CaJOYHBIX KapOOHATHBIX OPOJ,

1.1. Teoperuueckue ocHoBbl U-Pb natupoBanus

Pa[uoakTUBHBIA pachaj ypaHa ¢ o6pa3oBaHHUEM HECKOJIbKUX CTaGHJIbHBIX M30TOMOB
ABJIsAeTCA 6a30i 719 HECKOJIBKMX BaXHBIX M IMPOKO KCII0JIb3yEeMbIX METO/I0B NaTHPOBAHUA.
B npupo/ie BCTpeYarTcs TpU u3oToma ypaHa — 238U, 233U, 234U, ¢ pacnpocTpaHeHHOCTHIO
99,3, 0,7 1 0,005% COOTBETCTBEHHO U YETHIPE U30TONa cBUHIEA — 204Ph, 206pp, 207pp, 208 pp,
¢ pacnpocTpaHeHHOCThIO 1,5, 23,6, 22,6, 52,3% [Rosman and Taylor, 1998]. Bce uzoTomnsl
ypaHa paavoakTuBHbBL Pacnan 28U HaumHaeT Tak HasbIBa€MBIN YPAHOBBIA PsAJ, KOTOPBIA
BKJIIOUaeTcA B cebs 234U B kauecTBe MPOMEXYTOUHOIO JJOYEPHETO MPOYKTa U 3aBEPILAETCs
crabunbpHbpM 2%6Ph. Pacnap 23°U o6pasyeT akTMHUEBBIN s, KOTOPhI 3aBepLIaeTCs CTa-
ounbHbIM 207 Pb. 298Ph aBnsercs npogykroM pacnazna 232Th, a 2°*Pb sapnsercs HepaanoreH-
HBIM M30TOIIOM U HCIIOJIb3YETCs B KAYECTBE CTaOMJIbHOIO M30TOMNa cpaBHeHMs [IIIyKOIIOKOB
u ap., 1974; lllykosokos, 1982].

Tlepuop nosypacnazna 33U pasen 4,468 muipp Jiet, 23U — 703,8 MJIH JIeT, YTO HAMHOT'O
6oJIBIIE, YEM Y MX JOUYEPHUX IIPOAYKTOB. M3 3TOr0 CJIeAyeT, 4TO ONMCAHHbIE PAaqOaKTUBHEIE
PAIBI yIOBJIETBOPAIOT HEOOXOAMMOMY YCJIOBUIO Il YCTAHOBJIEHUs BEKOBOI'O PaBHOBECH
[®op, 1989]. Ecsiu B MuHepaJie 3amkHyTas U-Pb cucTrema 1 BekoBoe paBHOBecCHe yCTaHOBU-
JIOCh, CKOPOCTh 00pa3oBaHKs CTaGUJIbHOTO JOYEPHEro MPOAYKTa B KOHIIE PaJlOaKTUBHOMN
IIeMOYKK pacliajZia paBHa CKOPOCTH paclajia ero MaTepUHCKOro M30TOolla B Havajie Leroy-
k. Takum 06pa3oM MOXHO CUMTATh, YTO pachaj U30TOIOB ypaHa B MUHEpaJsax, B KOTOPBIX
YCTaHOBUJIOCh BEKOBOE PaBHOBECHE, NIPAMO MPUBOAUT K 06PAa30BAHUI0 COOTBETCTBYIOIIUX
M30TOIOB CBMHIA. A HAKOIJIEHNE PaJVOT€HHOr0 CBUHIIA B TAKUX MUHEPAX MOXET GBITh OIK-
CaHO HPOCTHIMHU YPaBHEHUSAMM PaJM0aKTUBHOIO paclaja.

B 3amMkHyTHIX cucTeMax pacnag U B Pb onuchiBaeTcs ypaBHEHUAMU:
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206 ppy — 238U(e/18t -1) (1.1

207pp — 235U(e/15t -1 (1.2)

rae Ag, A3 — KOHCTaHTHI CKOPOCTH PaJuOaKTUBHOrO pacmaga 23¥U u 23°U cooTBercTBeH-
HO U [ — BpeMs, TpoIle/IIee IoC/Ie TOro, Kak MUHepasl 00pa3oBajl 3aMKHYTYI0 CHUCTEMY
10 OTHOMEHUI K U, Pb 1 BceM NPOMEXYTOYHBIM [JOY€PHUM NpoaykTaM. Takum o6pasom,
M30TOIHbINA COCTAaB CBUHI[A B MUHEpaJIaX, COAEPXKALIUX yPaH, MOXET ObITh BRIPAXXeH B BUJE

YPaBHEHUN:

206 206 238
Pb _ ( Pb) U ot _ N (1.3)
i

204pp ~ | 204pp +204Pb

207 207 235
Pb ( Pb) U (st — 1) (1.4)
i

204pp — \20app | T 20app

rae 296pp/204pp, 297 Pp/204Pb, — n30TONMHBIE OTHOIIEHWSA CBUHLA B MUHEPAJIe BO BpeMs aHa-
nm3a, (2°°Pb/?%4Pb);, (*°7Pb/?°4Pb);, — nepBrUYHOE U3OTOIHOE OTHOLIEHKE Pb, BKJIIOUEHHOT'O
B MUHEPaJI BO BpeMs ero o6pasosanus, 238U /204Pb, 235U /294 Pb, — 130TOIHBIE OTHOIIEHNS BO
BpeMs aHa/n3a, g, A5 — KOHCTaHTH pacnaza 238U, 233U cooTBeTCTBEHHO, U [ — BpeMs, IIPOo-
1e/[iee 1mocJjie TOro, Kak MUHepasl 06pa3oBall 3aMKHYTYI0 CUCTEMY 10 OTHOLIEHUIO K U, Pb
1 BCEM IIPOMEXYTOYHBIM JlouepHUM npoaykram [Dop, 1989; llykosokos, 1982]. Ucnob-
3ys1 N30XPOHHBIE rpaduuecKre MEeTO bl OnpeiesieHns Bo3pacTa [[IIyKoJiiokoB u ap., 1974],
B KoopauHarax 207 Pb/204pp-235U /204Ph n 206 ph /204 pp-2381J /294Pb 5Tn ypaBHEHMS IpeACTaB-

JIAIOT MIpAMbBIE JIMHUM BU A

y =a+ bx (1.5)

(U-Pb u30xpoHBI), TA€ a ABJIAETCA TOYKON MepeceyeHusi C OChI0 Y 1 COOTBETCTBYET IEPBUY-
HOMY U30TOIHOMY OTHOILeHHI0 Pb B mopode (MuHepaje), a b — TaHTeHC yrJjia HakJIOHa

MPAMOM U3 KOTOPOI'0 MOXeT OBITh BBIUMCJIEH BO3PACT i:
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. In(tga + 1)

T (1.6)

Ompe/esieHre BO3pacTa, Takke BO3MOXHO UCIOJb3ys oTHomeHus 2%’ Ph/2% Ph ¢ momo-

I1bI0 KOMOVHaNUKM ypaBHeHuu 1.3 u 1.4:

207Pb/204Pb _ (2O7Pb/204pb)i B 235U |:e/15t _ 1] (1 7)

206pp/204ph — (206 Pp/204Ph); 238y edst — 1

rie otHomeHue 23U /238U, xoTopoe npezcTasiiAeT co60M KOHCTAHTY, PABHYIO B HACTOSAILEE
Bpems 1/137,88 nJisa Bcex oOpasiioB ypaHa ¢ HOpMaJIbHBIM M30TOMHBIM COCTaBOM, KaK 3eM-
Ju, Tak u JIyHbl, 1 MeTeopuToB. MICKJII0UeHNre COCTaBJIsIeT ypaHOBOe MecTopoXxaeHre OKJIo
B Adpuke, KOTOpOe MpeACTaBJIAIO COO0M IPUPOAHBIN aTOMHBIN PEaKkTop, AeHCTBOBABIINNI
okoJio 1,8 muipa et Hazap [IllykosrokoB, 1982]. I[TpoaHanm3upoBaHHbIE MOPOB 00Pa3yI0T
IpsAMYIO JIMHUIO B KoopauHatax 207 Pb/?94Pb-206pp/204Ph (Pb—Pb M30XpOHY), TaHTeHC yrIJia
HaKJIOHa KOTOPOY MO3BOJIAET pacCunTaTh BO3pacT. B 00011 cepuu KOreHeTUYHBIX o0pas-
I[OB KQ4eCTBO M30XPOHBI He 3aBHUCUT OT HEeJaBHUX [IOTEPh ypaHa U CBUHIIA, a ONpeJesseTcs
TOJIBKO TeM, 4YTO 0Opa3iibl JOJKHBI UMeTh OAWH U TOT e BO3pacT, OAUHAKOBOEe OTHOIIEHNe
MepBUYHOTO CBMHIA U OCTaBaThCA 3aMKHYTBIMU CUCTEMaMM O MOMeEHTAa Haudajia XUMUyie-
ckoro BeiBeTpuBaHusA [Dop, 1989].

B nneasnibHOM ciryuae U-Pb reoxpoHoMeTpsl JOTKHBI COZIEPKaTh JOCTATOYHOE KOJIYe-
cTBO U, a TakXe HyJieBble MJIM HU3KHe KOHLIEHTPaUuu NCXOAHOro (Min “O0BIKHOBEHHOT0”)
Pb BO Bpems cBoero obpasoBaHuA. OOBIYHO 3TO BbIpaXaeTcs KaK OTHOIIEHHE WCXOAHOTO
ypaHa K ucxogHoMy Pb 1o ectb 233U /?94Pb, unmu u. Kpome TOro, Kak poauTesibCcKue, Tak U
JlouepHHe M30TOMbI JOJDKHBI OCTABaThCA 3aKPBITOM CUCTEMON OT 00pa3oBaHUsA OO HACTOA-
niero BpeMeHu. MHOT1e reOXpOHOMeTPhI He UMeI0T TaKHX UAeaIbHbIX KPUTEPHEB, HO BCe Xe
MpeACTaBJIAIT cOO0M XOpolIre MaTepuasisl 414 AaTupoBaHuA. Kak nmpaBuio, XxpOHOMETPEI €
«OOBIYHBIMY CBUHIIOM BKJIIOUAIOT OT MaJIbIX A0 OOJIBIINX HayaJIbHBIX KOHI[eHTpAal[iil CBUHIIA,
KOTOpbIe UMEIOT OJHOPOAHBIN cOCTaB (HalpuMep, TUTAHUT, allaTUT). aeapHble KpUTEPUU
KpalHe peJIKO BCTpPeqarnTcA B KapOOHATHHIX TOPOaX, HO MHOTHE M3 HUX OKa3aJIUCh yCleml-

HBIMH XpOHOMETpPAMMU C 00IIMM CBUHIIOM.



12

1.2. U u Pb B kap60OHATHBIX MOPOJAX M MUHepaJIaxX

KapboHaTHbie MOpoAbl 06pa3yloTCs B MIMPOKOM Pa3HOOOpa3nM reoIOrMYecKux cpej
KakK MepBUYHOM, TaK M BTOPUYHOU MUHepasbHOU (asbl, BKJIIOUAsA JUareHeTH4YecKyl, 61o-
reHHY10, MarMaTHU4ecKylo, MeTaMOp(PHUUecKy0, TEKTOHUYECKYTO0 ¥ THAPOTEPMAJIbHYIO CPeay.
Bpemsa o6pa3oBaHus kapOOHATOB BapbupyeT OT PaHHEro JOKeMOpHsA U MO HacTosllee Bpe-
M. [ToaTOMy 3TH TOPOIbl TPEICTABJIAIOT OTPOMHBIN ITOTEHIUAJ JIJIA ONpeJieIeHrs Bo3pacTa
COOBITUI, MPEeACTABJIAIIUX IT'€0JIOTUUECKUN UHTEpeC, KOTOPBIM TOJIbKO HAaUMHaeT KUCIOJIb-
30BaThCA.

s usydenuss U-Pb cuctembl B kapOOHATHBIX MOpPOJax U MUHepasiaX BaXXHO MOHU-
MaTh Kak BeAyT cebs 3TU 3JIeMEHTHI B Mpoliecce OCaAKOHAKOIUIeHUsA U AuareHesa. ['eoxu-
MU ypaHa U CBUHILIA OyJeT pacCMOTpeHa, B OCHOBHOM, B KaJIbI[UTaX U JOJOMMTAX, TaK KaK
OHMU AIBJIAIOTCSA CaMbIM YCIIeITHBIM MaTepuajaM s fatupoBanus [Rasbury and Cole, 2009;
Roberts et al., 2020] B oTinure OT aparoHUTa U BBICOKOMAarHe3nasjabHOr0 KaJbIUTa, KOTO-
phIe SABJIAIOTCS MeTacTabMJIbHBIMU U BO BpeMs JuareHe3a NepexXoAsaT B KaJIbI[UT U JOJIOMUT
[Morse et al., 20071].

[Tporiecc BKJIIOUEHHMs ypaHa U CBUHIIA B KapOOHATHbIe MUHEpaJIbl O CUX IOp He J0-
CTATOYHO XOPOIIOo n3yuyeH. CJI0XXKHOCTH 3aKJII0YAETCs B TOM, YTO BKJIIOUEHME STUX 3JIEMEHTOB
He 3aBHUCHUT OT TEPMOAUHAMUYECKH ONpeJie/IeHHbIX KO3pPUIIMEHTOB pacnpeaesieHus, a 3a-
BUCUT OT MHOTUX (PAKTOPOB, TaKUX KaK CKOPOCTh pocTa MUHepaJia, Temreparypa, pH, Eh,
pCO, u Ca?* : CO%~ orTHOmeHue B pacTBOpe, pasmep MOHOB U KOMILIEKcooOpasoBaHue U
[Rasbury and Cole, 2009]. Taxxe B 3aBUCMMOCTU OT 3Tala poCTa U pacTyliell TpaHu Mo-
T'yT IPeANOYTUTESIBHO BKJIIOUAThCA pa3Hbie ajeMeHTH [Paquette and Reeder, 1995; Reeder,
1996; Roberts et al., 2020] (puc. 1).

YpaH nocTymnaeT B MOPCKYI0 BOJy ITPEUMYI[eCTBEHHO C KOHTMHEHTAJIbHBIM CTOKOM U
“MeeT OTHOCUTEIBHO BBICOKYIO KOHI[eHTpalio — okoJio 0.1-10 ppm [Chung and Swart,
1990; Reeder et al., 2000; Kelly et al., 2006]. Kpome Toro, niuresabHOe BpeMs IpeObiBa-
HuA (> 1 MJIH JIeT) IPUBOAUT K BEIPAaBHMBAHMIO €ro COAepKaHUA B 06beMe MOPCKOU BOIBI
[Dunk et al., 2002]. YpaH nuMeeT HECKOJIBKO CTEIEeHEH OKHCJIEHS, BO-TTEPBBIX, OKMCJIEHHBIH
US* ¢ MoHHBIM paanycoM 0,731?\ [Shannon, 1976], koTophIii Bcerga obpasyeT ¢ KUCJIOPO-

JOM ypaHWJI-UOH UO%+ ¢ AamHOM cBszu UO — 1,81°X [Burns, 1997]. 1 BoccTaHOBJIEHHBIH
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U** ¢ NOHHBIM pauyCcoM 0,89A [Shannon, 1976]. B MOPCKOU BOJI€ YpaH IIpUCYyTCTBYET, B
OCHOBHOM, B IIECTHBAaJIEHTHOM COCTOSHUU B Buje coenuHeHus UO,CO; U Ipu ocaxaeHUn
KapOOHATOB KaJIbLA MOXeET 3aMemaTh aHiuoH CO2~ Ha UO,(CO;)03~ B KPUCTAILJIMIECKOM
pemeTke 1o peaknuu: CaCO; + UO,(C0O;)0;~ < CaUO,(CO3), + CO5~ [Russell et al.,
1994; Kayposa u ap., 2010]. H. Ctypkuo c coaBropamu [1998] Takke 0OHapyXujiu B pu-
POAHOM KaJIbLIMTe YeThIpeXBaJIeHTHBI ypaH. X nccieqoBaHUe MOKa3asio, YTO B oOpasie
KaJIBIIUTa, OTOOPAHHOM M3 MECTOPOXIEHHUsA I[MHKOBHIX PyJ B AojuHe Muccuccunmnu U4t
3aMellaeT B KpUCTaJUIMuecKoi pemerke Ca’t ¢ OTHOCUTEIbHO HEGOJIBIINM CTPYKTYPHBIM
uckaxeHueMm. ITo npasuty ToibJIIMUATA, MOHHBINA paguyc, Nogo0Hb Ca®t u 60abmmii 3a-
psan, npeanoJaraet, uto U4t moxer 3amemats Ca?*. DTo U ele HECKOJIBKO MOJOOHbIX pa-
6ot [Cole et al., 2004; Drake et al., 2018] nmokasasu eme 64IbIIYI0 ITepCcreKTUBHOCTE U-Pb
reoXpOHOJIOrMU KapOOHATOB MOCKOJIbKY YeThlpeXBaJIeHTHBIN ypaH ropas/io MeHee IMOJBU-
xeH ueM UST, onHako Braouenue U4t TpebyeT BOCCTAHOBUTENIBHBIX YCJIOBHUH, YTO MOYTH
HEBO3MOXXHO, HallpuMep, IMPU MOPCKOM 11eb(POBO ceMMeHTaluy KaJbI[ATa.

CBuHell B MPUPOJHBIX PacTBOpPax CYIIECTBYET MPEUMYIeCTBEHHO B J[ByXBaJIEHTHOM
cocTosHMU. Pb%* yMeeT NOHHBINM paanuyc 1,19./°X [Shannon and Prewitt, 1969], aBisercs pe-
aKTUBHBIM C YacTHI[AMH U OTHOCUTEJbHO HEepacTBOPMMBIM B MOpPCKOH Bofe. ComepkaHue
CBUHI[a HEOOJHOPOAHO B 00beMe MUPOBOT0O OKeaHa U cocTasJsisieT okoJio 0,005 ppm. Ero no-
CTyIUIEHHE B MOPCKYI0 BOAY KOHTPOJIUPYETCA ABYMA UCTOYHUKAMH — KOHTUHEHTAJIbHBIM
CTOKOM U THAPOTEepPMaJIbHOI eATeJIbHOCThIO Ha JHE OKeaHOB. M3-3a KOPOTKOrO BpeMeHU
npeObIBaHUA B oKkeaHe (He OoJiee 50 j1eT) ero M30TOMHBIN COCTaB HE YPABHOBELINBAETCA U
HM30TOMHBIE OTHOILIEHNUS B OTAEJIbHBIX OacceliHax, KakK IIpaBUjio, OTPaXXaloT HEOAHOPOAHOCTh
HWCTOYHUKOB Pb B 00Jj1acTu CHOCA. B OKMCIUTEJIBHBIX YCJIOBUAX BEPXHETO CJI051 MOPCKOH BO-
IbI Pb MOXeT cBA3BIBaThCA ¢ aHnOHOM CO3~ 06pasys coenunenrie PbCO;, HO KOHLEHTpaLus
TaKUX COeUHEHUH ObICTPO MajJaeT ¢ rJIyOMHOU U3-3a afcopouuy CBUHIA Ha TJIMHUCTHIX MU-
HepaJsiax 1 opraHuke [Kayposa u ap., 2010]. P. Pugep ¢ coaBropamu [1999] ¢ nomomibio
PEHTreHOBCKUX MCCJIe[JIoOBaHMU Takke IMOKa3asiu, YTo Pb B MpUPOAHOM U CUHTETUYECKOM
KaJIbLITEe MOXeT 3aMelllaTh B pelleTke ¢ 00IMUM pacliipeHreM JIOKaJIbHOU Ccpefbl, HeCMOT-

psa Ha To, uTo Ca’’ umeer GobIIMi NOHHLIHA paauyc (1,00A).
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1.3. OrpannyeHusa MeToZla U NPOGJIEMbI OTKPBITOH U30TOIMHOM CUCTEMBI

OHUM 13 OCHOBHBIX BOIIPOCOB IMPHU AAaTUPOBAHUM KapOOHATHBIX MMOPOJT ABJIAETCS I0-
HMMaHUe TOr0 Kakoe UMEHHO I'e0JIOTMYecKoe COObITHE JaTUPyeTCs, TaK KaK 4acTo 3TH II0-
POABI 00Pa3yIOTCs B CJIOKHBIX, HECTaOMJIBHBIX U JOJITOXXKUBYIIUX cCTeMax. 1A TOro 4ToObI
YCIEIIHO JaTUPOBaTh MOPObl (MUHEPAJIBI) MPOBOAUTCA aHAJIM3 CEPUU KOT€HETUYHBIX 00-
pasIoB. BerunciieHe Bo3pacTa BO3MOXKHO, €CJIM 00pasIibl OTBEYAIOT CJIEAYIOIINM YCJIOBUAM
[Rasbury and Cole, 2009; Kayposa u ap., 2010]: 1) onu o6pa3oBajuch B OJHO U TOXe Bpe-
MS t; 2) IPU KPUCTAJIU3ANMN OHU 3aXBaTUJIN PA3JIMYHOE KOJIMYECTBO OOBIKHOBEHHOTO Pb
€JMHOTr'0 N30TOIMHOI'0 COCTaBa; 3) Ha MPOTAXKEHNN CBOEro CyI[eCTBOBaHUA 00pasIfbl COXpaH-
JINCh KaK 3aMKHYThIe FT€OXUMHUYECKHE CUCTEMBI, TO €CTh IOMHMO PaJII0OAKTUBHOIO pacrnaia
He IIPOUCXOANJIO KaKoro-anbo npruBHoca niav BeiHoca U u Pb.

BaxxHbIM (DaKTOPOM ABJISETCS M BO3pACT AaTUPyeMOro Matepuasa. [Ipu qatupoBaHumn
MoJ1oAbIX Topo (< 10 MJIH JIeT) OCHOBHOM MP06JIeMOH AB/IAETCA JOCTaTOYHOE KOJIMYECTBO
HAKOILJIEHHOTO paJJuOreHHOro Pb 1 moTeHIUa IbHbIHN 3P deKT HauaJIbHOTO HEpaBHOBECHA [0-
YepHUX M30TOIOB B IEMIOYKaxX pacnaja ypaHa [Roberts et al., 2020]. Tak kak o6e enouku
pacnaga U comepxar JOJIrOXUBYIIMe JOYePHUE U30TONbI Takue Kak 234U, 23°Th u ??5Ra B
nienouke pacnanos 238U, a Taxxe 231 Pa B nenouke pacmnaga 23> U. U3 Beex 234U umeer caMbiit
JUTMHHBIH TIeproJ MoJTypaciajja U MOXeT OKa3blBaTh BJIMAHUE Ha mojyueHHble U-Pb maH-
Hble. Be3 monpaBky Ha M30BITOK 3TOT0 M30TOMA MOXHO MOJIyYUTh 3aBHIIIEHHOE OTHOIIEHE
23817 /206ph 1 Gostee MoJ0[0M Bo3pacT obpasia. [TocsieHee, OAHAKO, UMEET 3HaYeHHe eCJIU
JJIS OIIpeieIeHHs BO3pacTa MCHOJIb3yI0TCs oTHomeHus 238U /206 pp—207pp /206 pp,

B ciyuae aHasiM3a JpPeBHUX KapOOHATOB I'JIaBHBIM IIPENATCTBUEM CTAHOBUTCS CKJIOH-
HOCTh KapOOHATHBIX MTOPOJ K BTOPUYHBIM M3MeHEHUAM. BOJIBIITMHCTBO MOPCKHX KapOoHa-
TOB MTPOXOAAT HECKOJIBKO CTaAUI JUareHe3a, BKIIYAIINX PAaCTBOPEHUE, TepeKpHCTaLIy-
3aIlHio, [IeMEeHTAIIUIO [T0]] BO3/IefICTBEM MOPCKUX U METEOPHBIX BOA. TeHJeHIIUsA ypaHa Mu-
IPHUPOBATh U3 MIEPBUYHOIO KApOOHATHOI'O OCa[Ka 3aBUCUT OT MHOTHX (aKTOPOB, TAKUX KaK
cTereHb HeEpaBHOBECHs MeXy KapOOHAaTOM M JuareHeTUYecKUuM (JIorI0M, COOTHOIIEHUS
BOJIa/TIOpOZia BO BpeMs JuareHesa, CTElIEHH PACTBOPEHUS U CKOPOCTH JUareHeTUYeCKOM
peakuuu [Land, 1980; Banner and Hanson, 1990; Maliva, 1998; Fantle et al., 2020; Zhang

et al., 2019a, 2020b]. Kpome TOr0, OKUCIUTETFHO-BOCCTAHOBUTEJIBHOE COCTOSHUE MMOPOBBIX
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BOJ] BO BpeMsi iareHe3a UrpaeT BaXHYI0 poJib B [ToBe/leHnU ypaHa [Romaniello et al., 2013;
Zhang et al., 2019b, 2020a]. IIpu fuareHe3e B MOPCKUX YCJIOBUAX BOCCTAHOBUTEJIBHOE CO-
CTOsIHME TTIOPOBOM BOJBI CBA3aHO C Pa3JIoKeHHEM OpPraHMYecKoro BellecTBa. DTOT IPOIeCC
IPUBOUT K GPaKIMOHUPOBAHUIO U30TOINOB ypaHa BO BpeMsA BOCCTaHOBJIeHus U qo Ut
1 BKJIoueHuio 2> U Bo Bropuunbie MuHepasisl [Rademacher et al., 2006; Weyer et al., 2008;
Romaniello et al., 2013; Stylo et al., 2015; Andersen et al., 2014, 2017; Brown et al., 2018;
Chen et al., 2018; Tissot et al., 2018]. HecmMoTps Ha 3TO WU3O0TOIMHBI COCTAB ypaHa Iep-
BUYHOI'0 OCaJlka MOXeT COXPaHAThCA eCJIM B CcOCTaBe AuareHeTudeckoro ¢Jionaa npeoo-
JazaeT coctaB ocagka [Banner and Hanson, 1990; Higgins et al., 2018]. 3To cTaHoOBUTCA
BO3MOXHBIM IIOCKOJIbKY YpaH B popMe U*T, kak mpaBmjIo, CTaHOBUTCA MaJjio MOBYKHBIM
3JIEMEHTOM.

MeTeopHbIi areHe3 0cOOeHHO CHJIBHO BJIUsAET Ha KapboHaTHbIE Mopoibl. OH MOXeT
MPOMCXOAUTh KaK B BaJO3HOM, TaK U BO )peaTHUeCKOl 30He, a TaKKe B MPECHOBOAHBIX U
CMeIIaHHO-TIPeCHOBOAHBIX MOpCcKUX ycsioBusax [Swart and Oehlert, 2018]. B Bago3HoI 30He
pacTBOpeHMe U MepeKpUucTaIn3anys KapboHaTOB MOXET MOBJIMATh HA UCXOHBIN U30TOM-
HBII COCTaB ypaHa u3-3a Murpanuu U®t B Kuc/IOpoqHbIX ye/IoBUAX. B ppeaTryeckoi 30He
ayTUTEeHHBIN MPUBHOC ypaHa MOXeT OBITh CBSI3aH C BOCCTAHOBJIEHMEM MOpPOBhIX Bof [Chen
et al., 2018]. B 11esiom, BJIMAHNE METEOPHBIX BOJ 3aBUCUT OT [TEPBOHAYAIbHOI'O U30TOITHOTO
COCTaBa ypaHa U ero MCTOPUM OKHCJIEHUA-BOCCTAHOBJIEHUSI B MeTEOPHOH cucteMe [Zhang
et al., 2020b].

[Tporiecc JOJIOMUTHU3AIUM TaKXe MOXeT OKa3biBaTh BJIMAHUE Ha MPOBeleHHe ypaHa B
kapOboHaTHBIX NopoAax. OaHako, A. XepmaHH ¢ coaBTopamu [2018] B cBoeii paboTe 1o u3y-
YEeHUI0 IOPCKUX JIOJIOMHUTOB I0KHOM 'epMaHHU CBA3BIBAJIA OTCYTCTBHE KOPPEJIALUN MeX-
ay 638U u 613C wmm 830 ¢ Tem, uTO HoSIOMMTM3AIMA HE M3MEHMUJIA M30TOIHBIN COCTaB
ypaHa, HECMOTPA Ha 3HAUYMTEJIbHble M3MeHEeHMs B CHCTeMax CTaOWJIbHBIX M30TOIOB. Kpo-
Me TOro, 3yueHue JJOJIOMUTOB B coBpeMeHHBIX [Romaniello et al., 2013], danepo3zoiickux
[Brennecka et al., 2011; Lau et al., 2016; Elrick et al., 2017; Zhang et al., 2020b] u gokem-
opuiickux [Zhang et al., 2020b] kxapboHaTHBIX TOJIIIAX MOKAa3aJjio, YTO CMHIeHETUYeCKUI
1 paHHeJuareHeTU4YeCKUl JOJIOMUT MOXeT OTpakaTh U30TOMHEIN COCTaB ypaHa MOPCKOM

Boabl. TeM He MeHee, 3TOT IIpoHeCC COMmpoOBOXAAECTCA BBICOKMM COACPXAaHNEM q).HIOI/I,I[OB n
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CyILIECTBYET BBICOKAsA BEPOATHOCTh, 0COOEHHO Ha MO3JHUX CTAAUAX, MUTpaLu U GpaKIro-
HHpOBaHUA ypaHa.

CBuHer B nporiecce quareHe3a, B OCHOBHOM, BeJleT ce0sA KaK MHePTHBIN 3JIeMEeHT U He
CIIOCOOEH Tak JIerKO MUTPHUPOBaTh U3 MEPBUYHOIO MOPCKOI'0 Ocajika Kak ypaH. OgHako, B
Xo[ie CBOe! MOCTCeAUMEHTALMOHHOM NCTOPHUY KapOOHATHBIE MOPOABI CIOCOOHBI 00oramniaTh-
CA CBUHIIOM M3 AUareHeTU4eckoro (iounaa, CUJINKATHON COCTaBJIAKILEN U CyJIbPUIHBIX
nprMecel, HaXOAAIMXCA B caMuXx KapOoHaTax. Takxe nmpu B3auMOJENCTBUN C HU3KOTEM-
nepatypHeiMu QirrongamMu kapOboHaTHaA NOPoAa MOXeT 00oraniaTbCs CBUHIIOM M3 acCOLU-
MPOBaHHBIX B pa3pe3e CUJIMKATHBIX MopoJ [Sarangi et al., 2007; Kayposa u ap., 2010].

Takum o6pa3om, Ha coxpaHHOCTb U-Pb 1M30TOIHOI crCTEMBI MPAKTUYeCKU He BJIMAIT
TaKkue JuareHeTH4YecKre MpoLecChl Kak pacTBOpeHNe, NepeKpruCcTayin3anusa U OCaKIeHue.
[TpeaAnosI0XKUTESIbHO, UMEHHO COCTaB U KOJIMYECTBO JUareHeTuyeckoro ¢GJionaa BMecTe C
OKMCJIMTEJIbHO-BOCCTAHOBUTEJIBHBIM COCTOSIHMEM IOPOBBIX BOJ OTJIOXEHUU ABJIAIOTCA OC-
HOBHBIMHM (paKkTOpamu, onpeaesAnINMI MUATPalI0 YpaHa BO BpeMs NOCTCeAUMEeHTalIOH-

HO 3BoJTIOI[UM KapOoHaToB [Herrmann et al., 2018; Chen et al., 2018; Zhang et al., 2020a,c].

1.4. OT60p 06pasuoB

OT60p 06pa3uoB npeacTasAeT coO0M OOJIBIION M BAXXHBIU 3TAll JaTUPOBaHUA KapOo-
HaTHOro marepuasa. [Iporieaypa oToopa MOXeT CyIlleCTBEHHO OTJIMYaThCs B 3aBUCUMOCTH
OT TOTO BO3pacCT KaKOro reoJjIoriuecKoro rnpoiecca HeoOXOAUMO OmnpeneanTh. [Jia pelie-
HUA CTpaTUrpadUYecKUX 3a/1a4 U MOJIyYeHUs TOYHOT'O U Mperu3noHHoro Pb—Pb Bo3pacra
MOPCKUX 0CaJOYHBIX KapOOHATHBIX MOPOJ UCII0JIb3yeTCsA MHOT'OCTyeH4YaTas cxema otbopa
o6pa3Ii[oB, OCHOBaHHAA Ha MOJIEBBIX, IleTporpapuuecKrux, MUHEPAJTOTUYeCKUX U FeOXUMU-
YeCKHUX MCCJIeJOBAaHUAX. Takou nocjeqoBaTeIbHbBIU BEIOOD, HA CKOJIBKO 3TO BO3MOXHO, M03-
BOJIET UCKJIIOUMTH 0Opasifbl ¢ mpu3Hakamu HapyuieHHoi U-Pb cuctremst [T'opoxoB u ap.,
1995; OBunHHUKOBA U Ap., 2001; Ky3Henos u ap., 2014].

[Tpu mosieBoM 0TOOpe 06pa30B BU3yaJIbHO UACHTUDUIUPYIOTCA CJIeAbl IOCTAUareHe-
TUYeCKUX M3MEeHEHUN, TaKUX KaK TPel[dHBl, MPOXWUIKU, HaJInure JIeETPUTOBOrO BelllecTBa.
O6pa3siiel BO/IM3U TEKTOHUYECKUX U MeTaMop(drUecKrUX 30H ABJIAIOTCA HauboJiee CJIOXKHBI-

MU TpU OTOOpPE TaK KaK B TAaKUX CJIy4Yasx CJOXKHO OMPeAesUTh BO3PACT KAKOTO COOBITHUA
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B pe3ysbTaTe OyneT moyydyeH. OJHAKO CTOUT OTMETHUTbh, YTO B HEKOTOPHIX CJIyYasx, KOrqa
BTOPUYHBIE U3MEHEHUS 3aTPOHYJIU TOJIbKO IMOBEPXHOCTh KapOOHATHBIX 3e€peH, BO3pacT ce-
JUMeHTalU MOXXHO OINpeAe/IuTh JaXe B MeTakapOOHaTHBIX nopoAax [['opoxoB u ap., 2016;
Kysuernos u ap., 2021].

[TeTporpaduueckoe n3yveHre MpeIosiaraeT UCcaeoBaHue TEKCTYP U CTPYKTYP Kap-
O0HATOB HAa MUKPOYpOBHe. B nutmdax kapOboHATHBIX TOPOJ] HA MUKPOYPOBHE OlIEeHUBAETCS
MPU3HAKN BTOPUYHBIX U3MEHEHUH, TAKNX KAaK MPOXUJIKY, TPEUTNHBI, KOJTUYECTBO JEeTPUTO-
BOI'0 KOMIIOHEHTa, OPraHNYeCKOT0 BEIeCTBA, PaCTBOPEHUS/TIEPEKPUCTAILIIU3AIMY 1 HAJTH-
Yyrie HECKOJIbKMX KapOOHATHBIX reHepaluii.

CrnenyiomuM 3TarioM IpeBapUTeSIbHOTO 0TO6opa 00pasi[oB ABJIAETCA MUHEPAJIbHBIN
a"ayi3. ['J1aBHas ero 3ajava B ONpeesIeHUY COOTHOIIEHUS KaJIbIUT/IOJIOMUT B TIOPO/IE, a
TaKXXe B OIpejieJIeHNU MUHEPAJIbHOTO COCTAaBa CUJIMKATHOM COCTaBJIAMIIel obpasria.

714 OoIleHKU CTemneHU JuareHe3a MOPCKUX KapOOHATOB OOJIBIIYIO POJIb UTPAET reOXu-
MHYeCKU TecT. OOBIYHO MCITOJIb3YIOTCSA CIJIEAYIONINE 3JIEMEHTHbIE 1 M30TOITHBIE XapaKTepH-
cruxu: 680, conepxanue Mn, Fe u Sr, otHoeHus Mn/Sr, Fe/Sr, Mg/Ca. Huskoe conepxa-
HUe Mn u Fe, BeICOKOe coiepXaHue Sr, HU3Kue OTHolleHusA Mn/Sr, Fe/Sr XxapakTepHbI [JiA
KapOOHATHBIX OTJIOKEHUN ¢ MUHUMAJIbHBIM BJIUSTHUEM MTOCTCEIMMEHTAI[MOHHBIX ITPOIIECCOB
[Banner and Hanson, 1990; T'opoxoB u ap., 1995; Kaufman and Knoll, 1995; Veizer et al.,
1999; Jacobsen and Kaufman, 1999; Rasbury and Cole, 2009; Kayposa u ap., 2010; OBuuH-
HUKOBa U Ap., 2012; Ky3Henos u ap., 2014; Lau et al., 2016; 'opoxoB u ap., 2016; Herrmann
et al., 2018; Chen et al., 2018; Zhang et al., 2020c] 3nauenue 580 B kapGOHATHOI TOPO-
Jle 3aBUCUT OT TeMIIEPATyphl Cpebl ceJUMeHTaIMy, 3HadeHus 580 ocagounoro ¢uonja,
MUHEePaJIbHOI'0 COCTaBa nopo/sl, pH pacTBopa, J1100bIX KMHETUYECKUX 3PHEKTOB IPOABIIAL0-
muyxcs B mpouecce ocaxaeHus [Urey, 1947; Epstein and Mayeda, 1953; Emrich et al., 1970;
Zeebe and Wolf-Gladrow, 2001; Cohen and McConnaughey, 2003] 11 oueHb YyBCTBUTEJIBHO K
JnareHeTUYeCKUM u3MeHeHUsAM. Kak mpaBuiio, A1 HanboJiee XOPOoIIo COXPAaHUBIINXCS Kap-
OOHATOB XapakTepHO 3HaueHue 530 > —8 +2%, PDB [Veizer et al., 1999; Frimmel, 2010].
Bapuaruu otHomeHuit Mg/Ca u Sr/Ca UCIOJIb3YIOTCA JJIST MHTEPIPEeTAy MUHEPaJIbHBIX
ocoOeHHOCTeH (IOJIOMUTU3AIMK, OCAXAEHUA aparoHUTa U BHICOKOMAarHe3naJIbHOTO KaJib-

I[UTa), 9YTO, OAHAKO, HE BJIUSAET HAa MUTPAIMIO YpaHa U coxpaHHocTh U-Pb cucrtemsr [Chen
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et al., 2016; Zhang et al., 2020c]. OtHomeHus:t Mn/Sr 1 Fe/Sr UCTIOJIb3YIOTCA JIJIS OTIPeeie-
HMSA BTOPUYHBIX U3MEeHEHUH, NCXO0/Is UX MPeAIoJIONKEeHM O TOM, UYTO MPU JuareHe3e Kkapoo-
HaTHBIE OPOJABl KOHTAKTUPYIOT ¢ (urongaMu oborameHHbIMUA Mn, Fe 1 06eJHEHHbBIMU ST
[Brand and Veizer, 1980; I'opoxoB u ap., 1995; Ky3uenos u ap., 2005, 2008; Rasbury and
Cole, 2009]. 3nauenus otHomenuii Mn/Sr < 0,2 u Fe/Sr < 5 [Ky3HeroB u jp., 2006, 2008,
2009, 2014] aBaAmTCA caMbIMU XeCTKUMM U3 BCeX IMpeJIoKeHHBIX pa3HBIMUA aBTOpaMU U
HCIOJIb3YIOTCA 1714 BbIOopa 00pa3iioB U3BECTHAKOB. J{JisA JOJIOMUTOB ITOJ00HbBIE 3HAUEHUA He
ompefieJIeHbl, OJHAKO BEPOATHOCTbh PaHHEN JI0JIOMUTH3AIUM KapOoHaTHOroO ocadka [Land,
1980; Montanez and Read, 1992; Swart, 2015] 1 ux cnoco6HOCTh COXPAHATbh M30TOITHBIE
U TeOXMMHUYEeCKre XapaKTepUCTUKU MOPCKOU BoAbl [['opoxoB u ap., 1998; Lau et al., 2016;
Elrick et al., 2017; Montanez and Read, 1992; Zhang et al., 2020a] m03BOJIAIT UCIOJIH30BAThH
Te Xe 3HAYeHMs YTO U AJiA U3BEeCTHAKOB. [ BhIOOpa 00paslioB MCMOIb3yeTCs U OTHOIIIe-
uue 87Sr/3Sr, Tak kak coxpaHHOCTh Rb-Sr cHCTEMBI U COOTBETCTBHE 3HAYEHUI NU30TOIHOIO
CcOCTaBa CTPOHILIMA TAKOBOMY B IIpeArojiaraeMoM reoJIoTH4eckoM Meprojie MOXXeT KOCBEHHO
yKa3bIBaTh Ha TO, uTo u U-Pb cuctema B mopofe ocraBajiach 3amkHyTou [KaypoBa u fp.,
2010; T'opoxos u ap., 2016; OBunHHUKOBA U Ap., 2012].

HecMmotps Ha To, uTo coxpaHHocTh U-Pb cucTemsl B mocTceAMMEHTAI[MOHHBIX ITPOILIEC-
Cax 3aBHUCUT OT MHOTUX (PAKTOPOB, ONIMCAaHHBIE BhIIlIE T€OXUMUYECKE XapaKTePUCTUKU, 110-
MellleHHBbIe B TOUHBIN neTporpadryuecKkrii KOHTEKCT ABJIAIOTCA HaleXXHBIMU UHCTPYMEHTaMM

IIpyU BBIOOpe 00pasLoB [J1A FeOXPOHOJIOTMYECKOI0 N3y4eHns KapOOHAaTHOIrO MaTepuasa.

1.5. IIpumeps: Pb-Pb gatupoBanmusa kapO60HATHHIX MOPOJ

B Poccuu s1abopaTopuis U30TONMHON XeMOoCTpaTUrpadun 1 re0OXpoOHOJIOTUN OCaJOYHBIX
nopop UIT/] PAH sABnsAeTcsa npakTU4YeCKU €MHCTBEHHOH B CTPaHe 3aHUMamIencsa JaTUpo-
BaHUeM kapOoHaTHbIX opoJ U-Pb(Pb-Pb) meTogom. CoTpyaHukamu iabopaTopuu ycIen-
HO AaTHUpOBaHbI CTPaTOTUNNYeCcKe KapOOHaTHBIE paspesbl JOKeMOpUA U PaHHEro NaJieo-
301 IOxHoro Ypana, bantuiickoro mura u Cubupckou miardopmsl. Huxe onucaHsl JIMIIb
HEKOTOpPBIe IpHMephl IPUMEHEHUA 3TOr0 MeToAa [JIA pellleHNA cTpaturpadpuyeckux 3agad

(puc. 2).
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Puc. 2: Kapta Mupa ¢ 3JIeKTPOHHOTO pecypca deeptimemaps.com ¢ HaHeCeHHBIMU KapOOHATHBIMU (HOPMALUAMU TaTUPOBAH-

HbIMU Pb-Pb meTomoM.


https://deeptimemaps.com
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Ypan

Pa3pessl Oyp3AHCKOM U KapaTaBcKou cepull bamkupckoro antuxkianHopusa HxHOro
Ypasna ABaAeTcA CTpaTOTUIIAMU HUXHero u BepxHero pudes [Kennep u Uymakos, 1983].
BypasAHckas cepus pa3fesiseTcsa Ha TPU COTJIacHO 3ajieraiomiyie CBUTHL: aliCKyI0, CATKMHCKYIO
1 6akabckyto (puc. 3a). Alickas CBUTa MOI[HOCTBI0 0k0J10 2500 M B HUXKHEH YacTH CJIoXKeHa
MMOKPOBaMHM IIeJIOUHBIX 6a3a/IbTOB U MOPPUPOB, KOTOPhIE IEPEKPHITH TJIMHUCTBIMU CJIAHIIA-
MU U ajieBposiuTaMu. CaTkuHckas ceuta (2300-2500 m) ciioxeHa IperuMylieCTBEHHO [0JI0-
MHTaMHU C U3BECTHAKOBON ITAYKOU B BepXHel yacTy pa3pesa. bakanbckas ceuta (1200-1300
M) COCTOUT U3 TJIMHUCTHIX CJIaHIIEB, KOTOPBIE MTepPeKPhIBAIOT U3BECTHAKU C IPOCJIOSAMU CJIaH-
1[eB, JOJIOMUTHI U CUAEPUTHI ¢ 000COOIeHHOU Navykol U3BeCTHAKOB. KapaTaBckas cepus co-
CTOUT U3 6 CBUT OOIIeil MOILIHOCTBIO 0 5,5 KM. 3uJibMepAaKcKasa U KPUBOJIYKCKAsA CBUTHI
CJIOXeHBI CUJIMKOKJIacuuecKuMM nopogamu. KaTaBckas, nH3epckas, MUHbsAPCKasA U yYKCKas
MpeACTBJIEHA B OCHOBHOM KapboHaTHbhIMU MToposiaMu (puc. 36). U-Pb cucrtema 6bi1a usyue-
Ha B kKapOoHaTax CaTKMHCKOU U 6aKaJbCKON CBUT Oyp3AHCKON Cepuy U MH3EPCKON CBUTHI
KaparaBckou cepuu [OBYMHHUKOBA U Ap., 1998; Ky3Henos u ap., 2005, 2008].

O6pa3iibl TH3ePCKOM CBUTHI ObLIM M3YUeHBl Ha 3anajie BallkKHCKOro aHTUKJIUHOPUA U
MpeJiCTaBJIAIA COO0N MUKPUTOBBIM 1 MUKPOCIIOPUTOBBIN U3BeCTHAK [OBUYMHHUKOBA U AP.,
1998]. [sis Pb-Pb pgatupoBanusi 6bIM BHIOpaHBI 06pasmpl ¢ OTHomeHuAMU Mn/Sr<0,2,
Fe/Sr < 5, Rb/Sr < 0,001 u 680 ot —7,5 10 —8,5%0 PDB. O6pa3usl o6pabarsiBaimch 1N
NH,OAc ny1s1 pa3fieieHrs: pa3HOBO3PACTHBIX KapOoHaTHBIX (a3. Paccuntanusiii Pb—-Pb Bo3-
pacT [Ji1 Heu3MeHeHHBIX (a3 paBeH 836+25 (CKBO = 3,9) u onpepessAercsa Kak BO3pacT
paHHero quareHe3a MH3epPCKUX OCAIKOB.

B x0/1e U30TOMHOI0 MCCJieJOBaHUA KapOOHAaTOB Ka3bIMOBCKOW MAYKKU CATKUHCKOM CBU-
TH 1 Oepe30BCKON Mavyky 6akaJbCKOM CBUTHI ObLIM OTOOpaHbl HanMeHee U3MeHeHHble 00-
pasipl ¢ oTHomeHuAMU Mn/Sr < 0,2, Fe/Sr < 5, Mg/Ca < 0.024, §%Sr/3°Sr < 0,001.
Jnsa oborameHnsa oO6pasijoB NMepBUYHOM KapOOHATHOUM (a30l MCIOJIb30Bajach MeTOAUKa
cryneHuatoro pacrsopeHus B 0,5N HBr. CpenHue ¢pakiuy U3 ceMU IOJyYeHHBIX Xapak-
TEPU30BAJIMCh CAMbIMU BBICOKUMU 3HaueHussMuU 2°6Pb/294Ph. TosyueHHBIN B KOOPAMHATAX
206 pp /204 pp_207pp /204Ph pozpact paser 1550+30 muiH Jjiet (CKBO = 0,7) u 1430+30 muH

jet (CKBO = 4,6) nja caTKUHCKON M 0akajibCKOM CBUT COOTBETCTBEHHO M MHTEPIIPETU-
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Puc. 3: Cxematudeckue pa3pessl BypasaHckoli (a) u KapaTtasckoii (0) cepuii IOxHoro Ypana.
1 — U3BeCTHSK, 2 — OJIOMUT, 3 — MepreJib, 4 — JIOJIOMUTU3UPOBAHHBIN U3BECTHSK, 5 — Mpa-
MOp, 6 — KHCJIble THTPY3UBHBIE TOPO/IbI, 7 — OCHOBHBIE UHTPY3UBHbBIE ITIOPO/IbI, 8 — OCHOBHEIE
3¢ dy3uBHbBIE TOPOABLI, 9 — KUCIble 3P Py3uBHBIE TOpoAbl, 10 — GusnThl, 11 — TEppUreHHbIE
nopozpl, 12 — ciannpl, 13 — KoHrI0OMepaThl, 14 — IUaMUKTUTHL, 15 — oTHOmeHue 37Sr/80Sr

B HU3BeCTHAKax, 16 — B JojloMHTax
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poBaJics Kak BO3pacT paHHero quareHe3a. [losydeHHsle 3HaueHusa Pb-Pb Bo3pacra kap6o-
HATHBIX TIOPOJ] XOPOIIO COrJIACOBHIBAJIMCH CO 3HaYeHueM °/Sr/30Sr u crpaTurpadpuueckum

[I0JIOXKEHMEM CBUT B pa3pese HuxHero pudes K0xHoro Ypaia.

BaaTuiickuii ImuT

Ha BantuiickoM muTe THUIIOBBIE pa3pe3bl NajeolpoTepo30s coAepxalue KapOoHaT-
Hble MOPOJBl PacloJioKeHbl Ha oro-soctoke Kapenuu B OHexckom mporube u Ha KoJuib-
CKOM noJiyocTpoBe B [leueHrckom 3eseHokameHHOM nosce [CokosioB u Ap., 1970; OBuuH-
HUKOBa U Ap., 2007]. HuxHenpoTepo3orckue KOMIUIEKCH banTuiickoro mura pasnesa-
I0TCA HA MIeCThb HAATOPU30OHTOB: CYMUM, CapUOJIWH, ATYJIMU, JIIOAUKOBUM, KaJIeBUM, Bel-
CHUI, OXBATHIBAKIUX OOJIBIION MEePUO reoJIOTuYeckoro BpemMenu ¢ 2,55 1o 1,65 mupp JieT.
Kap6onaTHbie TOPOAbI IPUCYTCTBYIOT B ATYJIMMCKOM HAaATOPU30HTE U BKPHITH B IleyeHra-
HNmanpapa-Bap3yrckoMm nosice Ha ceBepe, B nosAcax Kemu-Ilepanoxssa, Kyacamo, KaiiHy Ha
ceBepo-3amnaje, B palioHe KulixtesocBaapa Ha loro-zanajae u B KapesbckoM KpaToOHe Ha
I0ro-BOCTOKe. B OHEXCKOHN CTPYyKType Ha I0ro-BOCTOKE IL[UTA HAaXOAATCA HAMMeHee MeTa-
MOp(}U30BaHHbIE MAJIEONPOTEPO30UCKUI pa3pe3bl. OHM HUCHBITAJIUM HU3KOTEMIIEPATypPHBIN
MeTamopdu3M 3esieHocaaHeBor pauuu B nHTepsase 1.89-1.79 mupp et [CokoJioB u ap.,
1970; Canyxk, 1988]. OT10XeHUA ATYINUA C Pa3MBIBOM U MeCTaMU C KOPOM BBIBETPUBAHUA
3aJierarmT Ha CapUOJINNCKUX [TOJIMMUKTOBBIX KOHIJIOMEpaTax, apKO30BhIX NeCYaHUKaAX U Ty-
(dax 0OCHOBHOTrO COCTaBa CeJIEL[KOU CBUTHI M HECOTJIACHO NE€PEKPBIBAIOTCA JIIOAUKOBUNCKUMU
IIYHTUTAMU 3a0HEXCKOU CBUTHL. ATyJIMICKUIT HaATOPU30HT pa3fesisfeTcsa Ha TpU corJjiac-
HO 3aJjieramiiye CBUTH: KBapLMTO-IIECUaHUKOBAA AHr03epCKas MOIIHOCTBI0 OKoJI0 50-90
M, BYJIKAHOT€HHAas MeJBeXberopckass MOLIHOCTbI0 30-70 M M mecTpolBeTHasA KBAapLUTO-
kapboHaTHas Tyjomo3epckas ceuta 400-800 m. U-Pb cuctema 6bla n3ydeHa B OTJIOXe-
HUAX TYJIOMO3€PCKOM CBUTHI KOTOPAas MpeICTaBJIsAeT TUIIOBOU pa3pes ATyuA B Kapenbckom

peruoHe [OBuMHHMKOBA U Ap., 2007].
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Puc. 4: CxemaTnueckue pa3pe3sl TyjaoMo3epckoil cBUTH bantuiickoro muta (a) u Kepnbiib-
ckoy, JJaxanaquHckou U Yiickon cepuii (0) Yuypo-Maiickoro permoHa. Y cJIoBHble 0003Hade-

HUA CM. Ha puc. 3.
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Tysomo3epckas cBUTa AEJIMTCA Ha BOCEMb ITauyeK U3 KOTOPBIX NATH NpeCTaBJIeHbl Kap-
O6oHaTHBIMU ITOpofaMu (puc. 4a). [Tauku ¢ KapOOHATHBIMU IOPOAAMMU CJIOKEHBI CJIOUCTHIMU
1 CTPOMATOJINTOBBIMU JOJIOMUTAMU C TeppUreHHO! IprumMechio kBapua ot 0,9 no 27,8%.B
HECKOJIbKMX ITAYKaX IIPUCYTCTBYIOT MAJIOMOIIHbIE ITAKETHl U3BECTHAKOB. JIOJIOMUTHI U ajIeB-
POJIUTHI TyJIOMO3E€PCKOI CBUTHI COZlepXaT OPeK4YNI0 pacTBOPEHMs, ICeBAOMOPGO3HI 110 KpU-
cTaJlaM TUIlca-aHrujpuTta U nceBgomopdo3ssl no rajuraM [Melezhik et al., 2005]. B Bo-
CTOYHOI YacCTH pa3pe3a IPUCYTCTBYIOT MaJIOMOIHbIE IIPOCJION MAarHe3uTOB.

ITockosibky noBesieHre U-Pb cuctems! mipu ci1aboM MeTaMopdu3Me HeJJOCTaTOYHO U3Y-
YeHO, IIpeAnoJjarajoch, YTo KapOOHATHl TYJIOMO3ePCKOU CBUTHI OBITh JIMIIb YaCTUYHO Iie-
peKpucTasIM30BaHbl. Eciii nmepekpucTasinM3anys 3aTPOHYJia TOJIBKO MOBEPXHOCTh 3e€peH
MUHEpPAJIOB, TO €CTh BEPOATHOCTh OOHAPYXUTh B HUX JJoMeTaMopduueckue ¢asbl. JyiA pas-
JieJieHrs KapOOHATHBIX (a3 MCIO0JIb30BAINCh pa3InYHble XMMHUUYECKUe PEaKTHUBBl — PacTBOP
alieTaTa aMMOHUMs, COJIAHasA U O6pOMHCTOBOAOPOAHasA KUCJIOTH. Ha nepBom sTamne o6pas3ibl
obpabateiBasiice 1IN NH,OAc 1A yaajieHus MOBEPXHOCTHHIX 3arpsAA3HeHui. Jlajee 3Tu xe
obpa3sipl pactBopsuinck B 0,5N HBr B Tpu cTaguu. AHaiIu3 Tpex MOJIyYeHHBIX (pakiui
MI03BOJIMJI pa3fieIuTh OTJIOKEHUA Ha [ABe TPYIbI KaXxasd U3 KOTOPOU IpeAcTaBJisijia pas-
HbII najeobaccerH. Metamop®u3M NpuBes K YaCTUYHOMY IlepepaclipefiesieHuIo0 Pb mexay
KapOOHATHOU M CHUJIMKAaTHOW YacCThI0 MOPOABI M MPUBHOCY Pb u3 pearupywmero ¢ionaa.
Pb-Pb Bo3pacT Tys10M03epCKUX JOJIOMHUTOB BhIUEeCJIEHHBIN 110 HauMeHee M3MeHEeHHBIM 00-
pasnam 13 MOpCKOoro najeobacceiiHa 1 ¢ MUHUMaJIbHBIM KOJJITMYEeCTBOM NMPUBHECEHHOTO Pb
paBeH 2090+70 mutH jieT (CKBO = 2,0). DTOT BO3pacT XOPOIIO COTJIaCOBBIBAJICA C APYTUMU
M30TOMHBIMU AAaTUPOBKaMM ATYJIMHCKUX BYJKAaHOTEHHBIX IOPOJ B CEBEpHOM U 3amaJHOU

yacTax bantuiickoro muta [OBYMHHUKOBA U Ap., 2007].

Cubupckas miarpopma u ee obpamiieHne

Ha Cubupckoii iiatdopMe U B ee 10)KHOM CKJIag4aToOM OOpaMJIeHUU JJOKeMOpuiicKue
1 paHHelNaJieo30icKre KapOoHAaTHBIE MTOPObl paclpoCcTpaHeHbl 0COOEHHO MKMPOKO. 3a 1o-
cJieJHee BpeMs BO3pacT 3TUX NOPOJ CyIIeCTBEHHO YTOYHEH, B TOM 4YUCJie, C IPUMeHeHneM
Pb-Pb matupoBanus. Huxe mpejicTaBjieHbl HEKOTOPbIE ITPUMeEPBI JaTUPOBaHUA KapboHaT-

HBIX ITIOPpOJ 3THM METOOO0M.
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Yuypo-Maiickuii peruoH, I0ro-BocTok CUOMpPCKON 1IaTdOopMbI

Pernon oObeqvHAET ABE KPYIHBIE TAJIEOCTPYKTY Pl — Y4uypo-MaicKyo IJInTy, B KOTO-
PO JOKeMOpUICKIEe U KeMOpHICKIe OTJIOXKEHUA 3ajleralT cyoropu3oHTaabHoO, 1 I0gomo-
Marickuil nporu6, B KOTOPOM 3THU K€ OTJIOKeHUsA, HO B OoJibliieM o0beMe cJiaralT KpyIHble
OTKPHITHIE CKJIAAKHU, OCJIO)KHEHHEIe B30poco-HazBuramu [CemuxaTtoB u Cepebpskos, 1983].
B 5TuX CTpyKTypax BBIAEJIAITCA IATH CEPUU: YUypCKas, auM4aHCKasi, KepIbLIbCKasA U Jia-
xaHauHcKasA. Pb-Pb nostyden BospacT gjia o0pasioB KepnbUibckoi [OBYMHHUKOBA U [Ip.,
2001] u maxanauHckon [CemuxaToB u Ap., 2000] cepuii BxofgAmux B coctaB CuOHUPCKOro
runocrparoruna pudes. Kepnouibckas cepus, 3ajieramiias HecorjacHo Ha 0oJiee JpeBHUX
puderickux, a MectTaMu U Ha AopudenCcKUX MOpoJax, pacujeHsAeTcs Ha CUJIMKOKJIacThyde-
CKYI0 TOTTUHCKYI0 (450-1100 M), M3BECTHAKOBYIO MaJITMHCKYI0 (60-420 M) 1 JOJIOMUTOBYIO
nunanguHcKyo (190-450 M) cBUTHI, CBsI3aHHbIE ITOCTENeHHBIMU NlepexoiaMu (puc. 46). Jla-
XaHJWHCKAA cepus MperMYyIlecTBEeHHO KapOOHATHOIO COCTaBa C MepPephIBOM M KOPOU BHI-
BeTpHBaHUA 3aJjleraeT Ha JOJIOMUTAaX IUNaHAWHCKON CBUTHL. Pa3pes3 cepuu COCTOUT U3 ABYX
CBUT — HEPIOEHCKOW U UTHUKaHCKOU. M30TomHOe ncciieqoBaHue IIpOBOANIIOCH B IIOPOAAX
MaJITMHCKOU U HEPIOEHCKOU CBUT.

MasruHckas cBuTa npejcTaBjieHa TOHKOCJIOUCTHIMUA MUKPUTAMU, KOTOpPbIe MHOTAA 00-
JIalaloT MUKPOOMAJIbHON CJIOUCTOCTBIO M coAepXkaT JIMH3BL (PJIeMKCTOYHOB, a Y KPOBJIN —
[IpocJIon OUTYMUHO3HBIX KapOoHaTOB. KapOoHaTHBIE IOPOABI CBUTHL, B OCHOBHOM, UMEIOT
MHKPHUTOBBIE I MUKPOCIIAPUTOBBIE CTPYKTYPHI C € AMHUYHBIMU IIPOXXUJIKAMH BTOPUYHOU I1e-
pekpucTtasuinsanuu. A anaausa ObLTo BEIOpAaHO AeBATH 00pasloB C COepXaHUueM CUJIU-
KaTHOro octatka < 13%, otHomeHnusavu Mn/Sr < 0,2, Fe/Sr < 5, Mg/Ca < 0,066, Rb/Sr
< 0,001. PazgeneHue HeKOTeHETUYHBIX KapOOHATHBIX OCYILECTBJIAIOCh MyTeM IOCJIeI0Ba-
TEJIbHOT'O pacTBOpeHUsA 00pasnioB B HBr pa3HbIX KOHIEHTpaluil B TedueHnu 30 MUHYT IIpU
KOMHaTHOU TeMneparype. [ToslydeHHbI BO3pacT o Hanbojiee paquoreHHueIM ¢pa3am KapOo-
HaTHBIM ¢a3aMm paseH 1043+14 muH et (CKBO = 7,8).

HeproeHckas cBuTa Ha Yuypo-Malickoul njiuTe npejcTraBjieHa AByM:A MayKaMH cylie-
CTBEHHO TJIMHUCTOI'O COCTaBa M pa3fe’iArIlel MX TOJILEN AOJIOMUTOB U U3BECTHAKOB. B
IOgomo-Marickom nporube cBUTA OTJIMYaeTcA O0JIbIIeN MOITHOCTBIO U TpeobiagaHneM us-

BecTHsKOB. U-Pb cuctema usyveHa B JieBATU oOpasmax U3BECTHAKOB. IIporeqypa BeIOOpa
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aHaJIOTUYHA NOPOJaM MAaJITMHCKOUM CBUTHL. B 0JHOM M3 0TOOpaHHBIX 0O0pa3LoB aBTOPHI 00-
HapyXWJIM MeJIKie KpUCTaJUIbl NMpUTa U KaeMKHU JIMMOHUTA. J{J1A1 XuMu4yeckon oOpaboTKu
obpa3ioB 6bs1a BeiOpaHa 0,5N HBr, Tak Kak B 3TOUH KHUCJIOTE He TOJIBKO BTOPUYHBIE Kap-
OoHaTHbIe (a3bl, HO U KPUCTAJJIBI IPUMECHBIX CyJIb(UIOB, a CUJIMKAaTHBIE MUHEPabl He
pacTBopsATCA. BeiunciaeHHslii Pb—Pb Bo3pacT msBecTHsAKOB coctaBua 1025+40 MUIH JjieT
(CKBO = 3,2). OTmuuTebHOM 0COOEHHOCThI0 HEPIOEHCKNX M3BECTHAKOB OBLIIO He yBeJIu-
YyeHue, a IocJieJoBaTeJIbHOe YMEHbIIeHNe paAUOTreHHOCTH CBUHIIA B QpaKLMAX CTyeH4YaTo-
IO pacTBOpEeHUA. ABTOPHI CBA3BIBAJIN 3TO C TEM, YTO B 00pas3lax NpakTUYeCKU OTCYTCTBYIOT
BTOpPHUYHBIe KapOOHaTHBIEe (a3bl, a IPOrpecCuBHOe oOoraileHre CBUHI[OM B BBITSXKKaX MPO-
HWCXOUT 3a CYeT ero M3BJieYeHHUs U3 NMUPUTA U JUMOHHMTA COJEpXaIuxcA B CyJIbOUIAHON
npuMecu. IIpeanosarasocs 4To cyibGuabl, coaepxalyecs B rJIyOOKOBOAHBIX HEPIOEHCKNX
1opojiax, o0pa3oBajMCh Ha CTQAUM paHHEro AuareHe3a, B Xo[e KOTOPOI'0 M30TOIHBIU CO-
CTaB CBUHIIA MeX/y HUMU U M3BECTHAKAMU ypaBHOBecuJicA. [I03TOMy mOJTy4YeHHBIN BO3pacT
WHTEPIPETUPOBAJICA KaK BO3pACT paHHEro JAuareHesa.

Pb-Pb Bo3pacT kepIblIbCKOM U JIJaXaHAWHCKON Cepril COOTBETCTBOBAJ cTpaTUrpadpu-
yecKOMYy MOJIOXKEHUI0 U3YyUYeHHBIX MOPOJ B pa3pe3e cpegHero pudes U COrjacoBHIBAJICA C

6I/IOCTpaTI/IFpa¢)I/I‘IeCKI/IMI/I W M30TOIMHBIMUW JAaHHBIMU OJIA 3TOI'O pErroHa.

XapayJiaxckoe NOHATHE, CEBEPO-BOCTOK CHOUPCKOU 11aTGOpPMBEI

JlokemOpuiickue OTJIOKeHUA B pa3pe3e XapayJiaxCKOro NOAHATHUA NIPeICTBJIEHHl B ye-
ThIPEX CBUTAaX — YKTHUHCKOW, 3C3JI€XCKOM, HAJIerepCKOl U CU3Ta4yaHCKOH (puc. 5a). YKTUH-
CKas CBUTa COCTOMT B OCHOBHOM M3 I0OJIOMUTU3NPOBAHHBIX U3BECTHAKOB C Pa3HOOOpa3HbIMU
CTOJIOUATHIMU CTPOMATOJIMTaMHU, IIOJIOTUMHU KYIIOJIOBUAHBIMY CTPOMAaTOJIMTOBEIMU OUorep-
MaMH U OpeKYyMpOBaHHBIMM KapOOHATHBIMHU MOpojaMu. Dcasiexckasa ceuta (320 m) npen-
CTaBJIeHa YepeJoBaHreM CTPOMATOJIMTOBBIX, OMOJIAaMUHUTOBBIX M 0OJIOMOYHBIX JOJIOMUTOB
1 U3BECTHAKOB. Hajlarepckas cBuTa MOILHOCTBIO OKOJI0 160 M ciiokeHa JOJIOMUTaMU C IIpe-
obJiajlaHreM U3BECTHAKOB B BepxHel 4acTu pa3pes3a. CusTavyaHcKas CBUTa UMeeT CMellaH-
HBII1 KapOOHATHO-TEPPUT€HHBIN COCTaB, a €€ MOIIHOCTh COCTaBJisAeT 0KojI0 300 M.

Pb-Pb Bo3pacT 6511 M3yUeH B KapOOHATHBIX MOPOAX 3CIJIEXCKOM cBUTH [KouHeB u fp.,

2021]. Ana uccaenoBaHusa ObLIO BBIOpaHO BOceMb 00paslioB ¢ oTHomeHueM Mn/Sr < 0,2,
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Puc. 5: Cxemaruyeckue pa3pe3bl YKTUHCKOM, 3C3JIEXCKOM, HAJIerepCKoil M CHUITAa4aHCKOM
cBUT XapayJjaxckoro noaHATusA (a) u Boporosckoii cepun EHncerickoro kpsika (6). YcjoB-

Hble 0003HaYeHUsA CM. puc. 3.
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Fe/Sr < 3u%Sr/8Sr — 0,70673-0,70715. IIponeaypa XMMUYECKOTI'O Pa3JIOKEHHS BKJIIOYA-
J1a B cebs mpeiBapuTeJIbHOE BhIleslauriBaHe HaBecku obpasna 0,03N HCI, 94To MO3BOJINJIO
yaanuTtbh A0 1-2% NOBEepXHOCTHHIX 3arpA3HEeHUI U BTOPHUYHBIX KapOOHATHBIX reHeparuil.
Hanee o6pasusl pactBopsnuchk B 1N HCI npy KOMHaTHOU TeMIieparype. l3aMmepeHHble OTHO-
wenus 2°°Pb/2%4Pb u 2°7Pb/2%4Pb B U3BECTHAKAX 3C3JIEXCKOM CBUTH BaphbUpPOBasIo oT 20,336
110 38,979 u ot 15,644 no 16,828, coorBeTcTBeHHO. OTHOMmEHUe 2°8Pb/2%4Pb B n3BecTHAKAX
Haxoaquiioch B npepesnax 38,846-41,483, 4To corjiacyercs ¢ 3TUM OTHOIIEHUEM B JJOKEM-
OpUICKUX OCaJOYHBIX KAPOOHATHBIX MOPOAAX U OBLJIO MHTEPIPETUPOBAHO KaK OTCYTCTBUE
MPUBHOCA 3MUT'eHEeTUYECKOTO TOPOTE€HHOI'0 CBUHIIA. [Io/lyueHHO 3HaUeH1e BO3pacTa U3BecCT-
HAKOB 3C3JIEXCKOU CBUTHI cocTaBuiio 720+30 MJIH JieT nipu Hu3kou BesnunHe CKBO = 1,9,
YTO COTJIaCOBBIBAJIOCH C MPeABIAYIIMMU pe3yJibTaTaMHU YIJIEPOJAHOU U CTPOHILIMEBOU XEMO-

cTparurpaduu.

Boporosckas cepus, EHucelickuil Kpsx

BoporoBckas cepus KapTHpPyeTCs B CeBepO-3allaffHOM 4YacTh EHHMCeNCKoro Kpsxa u
paszesisgeTrca HA TpU CBUTHI (puc. 56): ceBepopeueHCKy0, MyTHUHCKYI0 U CyXOPeuyeHCKYIO.
Pb-Pb Bo3pacT 6Bl MoJIyuYeH 111 KapOOHATHBIX MTOPOJ CEBEPOPEUEHCKON U CyXOpeYeHCKOM
CBUT B CTPAaTOTUNNYECKOM pa3pese cepuu B HIKHeM TedeHuu p. Boporoska [KouHeB u ap.,
2019]. CeBepopeueHcKas CBATA C HeCOTJIacHeM 3aJieraeT Ha BYJIKaAHOT€HHO-0CAaJ0YHBIX I0-
ponax KucenmxuHckoi cepun ¢ U-Pb Bo3pacTtoMm nupkoHa 682+13 mutH jtet [Ky3amuueB
u ap., 2008] u 57247 muH jiet [JIluxanoB u HoxkuH, 2018]. HuxHAA 4acTh CBUTHI CJIOXe-
Ha rpaBeJIUTaMu, KOHIJIoMepaTaMy, KOTOPble CMEHAITCA NMeCYaHUKaMM, aJeBpOJIUTaMU U
apruuiMTaMu. BepxHsaA 4acTh COCTOUT U3 TJIMHUCTBIX, IECYAHUCTBIX U CTPOMAaTOJIMTOBBIX
MU3BECTHIKOB €O cjefnamu gosomutusarnuu. U-Pb Bo3pacT camoro mosioqoro kjacrepa o6-
JIOMOYHBIX LIMPKOHOB M3 0a3aJibHBIX CJIOEB CBUTHI cocTaBjiseT 584+3 [BuiiHeBckas u Ap.,
2017]. CyxopeueHcKas CBUTA CyIleCTBEHHO N3BECTHAKOBAsA C JIMH3aMU MeCUaHUKOB U BHYT-
pudopMaIMOHHBIX KOHTJIOMEPATOB.

Orunomenue 3’Sr/8%6Sr B kapGoHATHBIX MOPOAaxX BOPOrOBCKOM CEpUM BBIAEPXKEHO IIO
paspesy u MeHsercs ot 0,70816 no 0,70828. 3nauenue §'3C B xapboHaTax BepxHeH 4ya-

CTH CeBepOpPEUYeHCKOH cBUTHI 61N OT —1%0 10 1%0 PDB, Bo3pacTas B CyXOpeueHCKO! CBUTE
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1o 1o 2%o PDB. U-Pb cucrtema nsyueHa B 8 oOpa3max ceBepopeueHCKOU CBUTH U B 9 o6pas-
[1aX CyXOpe4YeHCKOI CBUTHL. Bce oToOpaHHbBIe N3BECTHAKN XapaKTepU30BaJIMCh OTHOILIEHUEM
Mn/Sr < 0,2, Fe/Sr < 3. Comepxanue cBrHIa 66110 B uHTepBase 0,17-2,01 ppm, a ypaHa
— 0.15-0.27 ppm. UzmepenHoe oTHomeHue 2°°Pb/2%4Pb B ceBepopeUeHCKIX M3BECTHAKAX
HEe3HAYUTEeJIbHO BhIIIE YeM B CYXOPeueHCKUX U coctaBuiio 21,632-38,283 u 19,807-25,555
COOTBETCTBEHHO. Pb—Pb Bo3pacT BhIuec/IeHHBIN B KoopauHaTtax 200Pb/204pb—207pb /294 nng
ceBepopeueHCKOl cBUTH cocTtaBus 580+40 muH jiet, CKBO = 1,4, a 1y cyxopeueHCKOU
cBuThl 565+90 MutH JsieT. [TorydyeHHbIET Pb—Pb Bo3pacT B COBOKYIMHOCTH C APYTUMU HU30TOII-
HBIMU JaHHBIMU 1711 BOpOroBCKOM cepuy NMO3BOJINJI OTPAaHUYMTh BpeMsA ee (OpMHUPOBAHUA

sauakapueM (BeHAOM).

JlanbHeTauruuckas cepus, [latoMmckoe Haropbe

Ha ceBepo-BocTouHOl nepudepun baiikaso-IlaToMckol cKjagyaToil 30HBI B Ipeje-
Jlax YPUHCKOTr0 NOAHATHUA BCKPBIBAIOTCA HEOMPOTEPO30ICKHe OTJIOKeHHUS B o0beMe Aajib-
HETalUTMHCKOMN, )XyNHCKOW U TPeXBepCTHOH cepuil (puc. 6a). Pazpe3 YpUHCKOro NogHATUA
WHTEepeceH TeM, YTO COAEPXKUT B €JUHON MOCJIeJOBAaTEJIbHOCTHU CJiebl «HU3KOIINPOTHBIX)»
oJiefJleHeHU, KOMILJIEKCHI aKaHTOMOP(QHBIX MUKPO(POCCUIINI, TOABJIEHUA MeJKOPaKOBUH-
HOI ¢ayHbl KeMOPHSA U OTpUIIATeIbHbE aHOMaInK §3C aHaJIOrnYHble aHOMAIUAM B Pop-
Manusax [lypam, Boroka u EN3 ¢popmanuu Jloymanbto OMana, Asctpanuu u Kurtas coot-
BercTBeHHO [Williams and Schmidt, 2018]. Pb—Pb Bo3pacT 6bL1 moJTyueH /il U3BECTHSKOB
JaJIbHETaUTUHCKOM cepuu, KOTOpas ¢ HecorjacueM IMOJCTUJIaeT XXyHHCKYH CEpPHUI0 COoJiep-
xamyto anomasum «Illypam-Bonoka» [Rud‘ko et al., 2021]. JanmpHeTalirnHcKas cepus pac-
YJIeHseTCs CHU3Y BBepX Ha 60JIblllenaTOMCKYI0, 6apaKyHCKYI0, YPUHCKYIO U KaJlaHUYE€BCKYIO
cBUTHL. BoJiplllenaToMcKkas CBUTa IpeAcTaBjeHa MoitHou (o 1100 M) Tosmel AuaMuKTu-
TOB JIEJHUKOBOTO MPOMCXOXIEHUA COMOCTABIAEMBIX ¢ ojieAeHeHrneM «MapuHoy. B 3anera-
IOL[UX BBIIIE TIeCYaHUKax ¢ KapOOHATHBIM LIeMeHTOM (MOIIIHOCTh 0K0J10 150 M) oOHapyxe-
HBI OTIleyaTKu BeHckux Beltanelloides sorichevae. IlecuaHnKy TepPeKPHITH TOJIIIENH (MOIII-
HocTh 700-1000 M) rJTMHUCTO-KapOOHATHBIX OTJIOXKEHNI, B KOTOPOU BBIIEJIAIOTCA JIBe May-
K{A M3BECTHSKOB, pa3jejieHHble NA4YKOU aJIeBpO-aprUJIJIMTOB. Y pUHCKas CBUTA (MOIIHOCTD

700-960 M) mpeacTaBjieHa TOJIEN aJeBPUTUCTBIX apTUJIJIUTOB MPOCJI0SAMU KapOOHATHBIX
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Puc. 6: CxemaTtnueckue paspesnl JlaapHeTaUrnHCKou, JKynHCKON U TpexBepCcTHOU cepuit
[Tatomckoro Haropses (a) u BypxaHckoro/Koukopckoro antuxkianHopusa CeBepHoro TsAHb-

[IIansa (6). YciaoBHble 0003HA4YeHMA CM. puC. 3.



32

O6pekunii 1 Meprejieil B BepxHell yactu. KananueBckas csurta (MomrHocTh 400 M) npeacras-
JieHa U3BEeCTHAKAMU U JOJIOMUTaMHU, a TaKXe UX IJIMHUCTHIMU pasHOCTAMU. B kapOOHATHBIX
HOPO/ax JaJIbHETAUIMHCKOM CEPUH MPOSBJIEHBI [BE MOJI0XUTeIbHbIe anoMmamnu §3C 1o +9
u +15%0 PDB, pasjiejieHHble YMEPEHHO MOJIOXUTEIbHBIMU 3HAYEHUsAMY ToKasartesia §1°C B
OCHOBaHWM KaJlaHUeBCKOM cBUTHI 10 +5%¢ PDB, a oTHomenue 87Sr/3Sr B Hux Bospacraer
ot 0,7075 go 0,7083.

Jna Pb-Pb pmatupoBaHuA ObUIM OTOOpaHbl ABAa TOPU30HTA M3BECTHAKOB JajibHeTali-
TMHCKOU Cepuy, KOTOPhIe XapaKTepU30BaJINCh HAWJIYUIIel COXPAHHOCTBI0 re0OXUMNYeCKNX
XapaKTEPUCTUK UCXOJHOro ocagka — comepxaHnueM Sr oT 649 no 3398 ppm, Fe ot 210 go
2300 ppm, Mn ot 4 no 77 ppm. 3MepeHne N30TOITHOI'0 COCTaBa CBUHI[A B BaJIOBOM Kap0o-
HATHOM COCTaBJIAKIIEHN I0Ka3asio 60Jibllve Bapuanuy otHomenus 2°°Pb/2%4Ph, B o6pasuax
HUXXHEro ropu3oHTa OHO MeHsAsoch ot 33,96 no 108,08, a B BepxHem ot 29,81 no 77,16.
TTostyuernsie otHoteHus 2’ Pb/?%4Pb u 208Pb/?%4Pb nyis uyxHeln yactu paBHO 16.53-20.99
n 39.17-45.42, nna BepxHeu yactu 16,20-19,02 n 36,56-38,91 coorBercTBeHHO. Ha ana-
rpaMMe B KoopauHartax 2°°Pb/204pp—297Ph/?%4Ph nocTpoeHHas M30XpOHa MOKa3biBaJia BO3-
pacT 1A HuxHel 4acTtu cBUTH 593+100 mutH jiet 1 CKBO = 65. Bosiblias norpemHocThb
olpeesieHus Bo3pacTta u Beicokoe 3HaueHre CKBO cBA3BIBAJIOCH C CUJIBHBIM OTKJIOHEHUEM
JIByX 00pasLoB OT IIOJIyYeHHOW M30XPOHBL. B 3THx ke obpasnax HabJII04aJ0oCh N30TOMHOE
orHomenue 37 Sr/3Sr ne xapakrepHoe [1J1A JOKEMOPUICKUX ¥ paHHENaJIe030MCKIX MOPCKUX
ocazkoB 10 0,70928 u 0,71060. [Tepecuntannsiii Pb—Pb Bo3pacT 6e3 yueTa Takux 06pa3ijoB
coctaBui 613+56 mutH Jtet (CKBO = 16). [[714 BepXHero ropu3oHTa paccunuTaHHbii Pb—Pb
Bo3pacT ObL1 paBeH 581416 mutH jieT (CKBO = 1.7) 4TO BliepBbie MOCIYKUJIO T€0XPOHOJIOTU-
YeCKUM MOATBepKAeHNeM 3/IMaKapCKOro Bo3pacTa OTJI0XKEHUN JaJIbHeTaUTMHCKOU CEpUU 1
HOBBIM OI'paHMYeHHeM MaKCUMaJIbHOTr0 Bo3pacTa (597 MJIH JjieT) BhllIesiexaniei ;KynHCKOM

cepuu ¢ U30TonHOM aHomasnueu «lllypam-BoHokay.

CasHckas cepusa, Bocrounsiii CasH

CasHcKkasA cepus pacnoJjioXkeHa B LieHTpaJbHOU yacTu BoctouHoro CasHa u paspaess-
eTCs Ha TPU CBUTHL aJIBITPKEPCKYI0, NepOMHCKYI0 1 XalMUHCKYyIo. [lepBas npeacTaBsieHa

PUTMHYHBIM YepeJOBaHHEM Pa3HOOOpa3HBIX THEVICOB U CJIaHIleB, aM(prO0JI0BLIX U rpadUTU-
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CTBIX MPaMOPOB U KaJIbII(UPOB, CIIIOANUCTHIX U TPa®UTUCTHIX KBAPLUTOB. JlepOrHCKas CBU-
Ta CJIO)KeHAa AJOMHHHPYIOIIMMU OeJIbIMU U CBETJIO-CephIMHU rpaduTcoAepXaluMu cpegHe-
KPYITHOKPUCTA/UINYECKMMHU KaJIbLJUTOBBIMU Mpamopamy, I'paGUTUCTBIMU U IpapUTUCTO-
CJIIOAVCTBIMY KBapLMTaMM U NOAYMHEHHBIMU UM [IPOCJIOAMU IJIAarOrHENCOB U KaJlbuudu-
poB. JlepOMHCKas CBUTA COIJIACHO MEePeKphITa OTJIOXKEHUAMU KaUMUHCKOU CBUTHI, KOTOpas
IIpeJicTaBjieHa nepecjanBaHieM Irpa@UTUCTHIX THENCOB, CIaHIeB, KBapIMTOB, MpaMOpPH30-
BaHHBIX U3BECTHAKOB U KaJibLn¢upos [bepaun, 1967]. Ilopoas! ceprn MeTaMOpdU30BaHEL B
YCJIOBUAX BEICOKOTeMIIepaTypHou aMmpubonToBon panuu [[murpuea u Ap., 2006]. Jatu-
poBaHaHUe NopoJ AepOMHCKON CBUTHI ABJIAETCSA YCIEIIHBIM [IpUMepoM npuMeHeHus Pb—Pb
MeTo/a AJi yTOUHEeHUs Bo3pacTa MeTaMopdu30BaHHBIX KapOoHaToB [['opoxoB u ap., 2016].

Ju1a ananm3a ucnoJib3oBasach KapOOHaTHAA COCTABJIANIAA MpaMopoB. OOpa3nb! ObI-
JI1 OTOGpAaHBI C MCIIOJIb30BAHUEM I'eOXMMHUYECKUX KpuTepueB. 3HaueHus §'3C B qepOuH-
CKMX MpaMopax JiexaT B auanasone ot —0,6 1o +1,4%0 PDB, a sHauenus §'80 — B unTep-
Bajie ot 21,5 10 28,6%0 SMOW. OtHomenus 87Sr/30Sr B 1Byx HauMeHee M3MEHEHHBIX 00-
pasnax, KOTOphIe MOJHOCTBIO YAOBJIETBOPAIOT MeOXUMUYECKUM TPeOOBaHUAM COXPaHHOCTHU
Rb-Sr cuctem B BriIcOKOMeTaMOp(}PH30BaHHBIX KapOOHATHBIX NMOPOJax, cocTasyawT 0,70804
u 0,70829. Bo3pacTel IpoTOJIMTa MPaMOpPOB, OIPEEJIEHHbIE C IIOMOIIbI MeTOA0B Sr u C
xemocTparurpaduy, copnaganu B npenenax 560-530 MIIH JileT ¥ pacCMaTpUBAIOTCA Kak
BpeMs KapOOHaTHOU ceaguMeHTanuu. [1o3qHeBeHACKUI BO3pacCT, MOJyYeHHBI TOYKaM Ba-
JIOBBIX KapOOHATHBIX COCTABJIAIINX BCEX U3YUYEHHBIX 00pa3LoB, HapAQy C TOYKaMU, KOTO-
phle IIpeACcTaBIIAIN PpaKIUU CTYIIEHYATOr0 pacTBOpeHusA oaHoro us Hux B 0,5N HBr, paBeH

556+31 (20) muH jet (CKBO = 19).

BypxaHckuii u Koukopckuii aHTUKJIMHOpU, CeBepHbIil Tsanb-1llaHb

JlokemOpuiickrue ocagouyHble nmopoAsl Ha Tepputopun CeBepHO TaAHb-IllaHAa oOHaxa-
10TCcA B npefesax Koukopckoro u bBypxaHCKOro aHTUKJIWHOPUA. B BypxaHCKOM aHTUKIIU-
HOPUU NOCJIeI0BaTeJIbHOCTh MOPO/ MpecTaBjieHa 3KypPreHKOJIbCKOM, 0eIbuniiCKOM, Tapa-
rariCKou, CyeKCKOU, KUJIYyCYHNCKON 1 yueM4eKCKol cBuTamu (puc. 60). DKypreHKoJIbCKasA
CBUTHI CJI0)KeHa KUcbIMU 3¢ Py3ukamu, a U-Pb Bo3pacT 1iupkoHOB 13 NophGUPOUI0B 3TOM

cBuThl paBeH 1139+15, 1186+6, 1365+6 u 1373+5 muH jier (SHRIMP) [Kroner et al.,
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2013]. benpuniickasi cBUTa CJIOXKe€HA MacCHBHBIMU M MHUHaJIeKaMeHHBIMM 0as3ajbTaMU U
TydamMu ¢ TOpU30HTaMU JOJIOMUTOB B HUXKHEN YacTH. Bhiile 3asieraeT ToJa GUIIUTOB U
CEepULIMT-XJIOPUTOBBIX CJIAHLIEB Taparaiickoil cBUTH. KapOoHaTHbIE MOPOBI CYEKCKOM CBUTHI
MpeACTaBJIeHbl IPEUMYIeCTBEHHO U3BECTHAKAMU C MPOCJIOAMU Meprejeil 1 TOpu3oHTaMu
JI0OJIOMUTOB 1 U3BECTHAKOBBIMU TypOUAUTaMU. B cyekckol cBUTe ObLIM OOHApyXeHbI cpes-
Hepu@etickue oHkouTh Osagia tenuilamellata Reitl. [Ocmon6eToB u ap., 1982] u ctpoma-
ToJuTH Baicalica baicalica (Masl.) u Baicalica kirgisica Kryl. [Kpsuios, 1967]. Ha cyekckoii
CBUTE 3aJIeralT TePPUTreHHbIE TTOPOIbl JIXKUITYCYHCKON CBUTH C MUHHUMAaJIbHBIM BO3PacTOM
06JIOMOYHBIX ITUPKOHOB OK0Ji0 1 muipA jieT [AnekceeB et al., 2020]. B KoukopckoM aHTU-
KJIMHOPUU KapOOHaTHBIE MIOPO/IbI B 00beMe CEeHKETbTEHCKOM CBUTHI CJIOKEHBl MpaMOpaMu,
MpPaMOPU30BaHHBIMM M3BECTHAKAMU U YTJIEPOAUCTBIMU U3BECTHAKAMU C TOPU30HTAMU OUO-
TUTOBBIX cJIaHIeB 1 KBapiuToB. U-Pb Bo3pacT 06JI0MOITHOTO ITUPKOHA 13 OMOTUTOBBIX CJIaH-
1ieB He npeBsimaet 1170 mutH Jiet [Kroner et al., 2013]. Beiiie ceHKeTbTENCKOM CBUTHI pac-
MIOJIOKEeHHI T'paHUTO-THetchl Komok6ynakckoro komiuiekca ¢ U-Pb (SHRIMP) natupoBkamMu
nupkoHa 1045-1153 muH Jiet [Kroner et al., 2013].

KapOoHaTHbIe TIOPO/bI CyeKCKOIM U CEeHKeJIbTeHCKOM CBUT OTOOpaHHbIE AJIS NU30TOMHO-
re0XpOHOJIOTUYECKOTO UCCIeqOBAaHUA ABJIAIUCH Kasbiiutamu (Mg/Ca = 0,003-0,12) ¢ BhI-
COKUM cofiepxanueM Sr — 10 1800 ppm [Kysuewos u ap., 2022]. Ot"omenue 8Sr/3Sr B
obpasiax cyekckou CBUTHI MeHs10ch B nHTepBasie 0,70559-0,70573, B oOpa3iiax CeHKeJIb-
Terickoi cBuTh 0,70536-0,70571. lnsa Pb-Pb matupoBaHusa 6b1y10 oTo6paHo 6 o6pasijoB
CyeKCKOI CBUTHI YAOBJIETBOPAOIINE TeoXuMuueckum kpurtepusam Mg/Ca < 0,03, Mn/Sr <
0,03 u Fe/Sr < 0,5. UsmepenHoe oTHomeHue 2°°Pb/2°4Pb BappupoBasio B IIMPOKUX [JIA Kap-
6onaros mpegenax ot 30,255 o 257,094, a 2°’Pb/?%4 o1 16,129 no 33,330. BerunciieHHOE
sHaueHne Pb-Pb Bo3pacracocraBuio 1080+12, CKBO = 6.4. IloyryuyeHHBIIT ME30MPOTEPO-
30MCKUI BO3pacCT COIJIACOBBIBAJICA C MajileOHTOJiornyeckuMmu ganHeiMu u U-Pb Bospactom

LIUPKOHOB M3 MOJCTUJIAIONIUX U NepeKPhIBAIIUX MOPOJ.

I0xHasn Appuka

MupoBas npakTtuka npumeHenus U-Pb uiu Pb-Pb mertona asis gatupoBanus kap0o-

HaATHBIX NOpoJ HauuHaeTcsa ¢ pabotsl C. Mypbar [1987] no maTupoBaHUIO CTPOMAaTOJIUTO-
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BOro usBecTHAKaMu MymaHpgank, IOxHoe 3umbabse. {11 M30TONHOTO AAaTUPOBaHUA ObLIN
0oTOOpaHbBl 00pa3lbl M3BECTHAKA C CEBEPHOM OKpaWHBI 3eJIeHOKaMeHHOro mosca MacBuH-
ro. Ty NOpoAbl ObLIY OABEPTHYTH pernoHaJbHOMY MeTaMOp(GU3My B yCJIOBUAX 3€JIEHO-
cJIaHLeBoU anuy Npy HU3KOM JaBjIeHNU U TeMnepaTtype okosio 450-500°C. KapbonaTHas
cocTasJiApIasa oO6pa3loB OblIa BIIEJIOUEeHA ¢ Hcnojb3oBaHueM Temtod 3N HCIl. Cunun-
KaTHas cocCTapJiAwIaA pacTBopsyiack B HNO; u HF ajia npoBepKd KOHTaMHUHALMU Kap-
6OHaATHOI YacTU CBMHLIOM U3 CUJIMKaTHOU npumecu. Pb-Pb nostydeHHsllt B KoopAuHaTax
207pp /204 pp-206pp/294ph cocTaBun 2839+33 mutH siet (CKBO = 75). ABTOPHI MHTEPIIPETH-
POBaJIY 3TO BO3paCT JIM0OO0 KakK BpeMs 0CaJAKOHAKOIIeHU, JIMOO Kak Bpems MeTaMopdu3Ma

KapOOHATHBIX OPOJ.

I'pensranaus

I1. Tetinop u @. Kancouk [1990] nposenu ananus U-Pb cucremsl MpamMopoB u3 Me-
Tamopduveckux nosAacosB I'pennanauu. B pabote ObUIN M3yyeHb MpaMopa U3 NosACoB PuH-
ku (popmanusa Mapmopuiuk), Harccyctokuau (3oHa Ctpomdropa) BocTouHol I'peHsan-
auu u nosca Ammacanuk (oropa CepMuinK) 10ro-soctouHon I'pennanauu. O6pasnsl Mpa-
MOPOB Me[JIEHHO PAaCTBOPSAJIM B COJIAHON KHUCJIOTe, HEPaCTBOPUMBIN CUJIUKATHBIA OCTAaTOK
obpabateiBasica cmecbio HF u HNO;. UccriegoBaHre U30TOMMHOTO COCTaBa CBUHIIA MTOKa3a-
JIO LIMPOKUI [Auanas3od Bapuanuii 2°6Pb/2%4Pbh: 23,03-45,50 s popmanyy MapMOpPUIINK,
19,49-44,65 nna Ctpombbepn, 42,52-556,9 nyia Cepmuiuk. [Tpu 3ToM HEKOTOpBIE U3 Mpa-
MopoB CepMIJIMK XapaKTepHU30BaINCh OY€Hb BBICOKUM [1J11 KApOOHATOB 3HaY€HUeM [, OKO-
J10 1700. Pb-Pb Bo3pacTt mpamopoB 6bu1 paBeH 1881+20 mutH jtet (CKBO = 1,73), 1845+23
MJH JieT (CKBO = 1,12) u 1773422 muH jieT (CKBO = 3,96) cooTBeTcTBeHHO. [loyuyeH-
Hble 3HaueHUs1 COTJIaCOBBIBAJIMCH C APYTMMHU M30TOMHBIMU JAaHHBIMU AJ1 MeTaMophruyecKux
MOPOJ 3TUX MOSCOB U MO3BOJIUJIM BBIABUTDH Pa3JIMuHbIE 3Talbl PerMOHAJIBHOTO BBICOKOTEM-

repaTypHoOro Mmeramopgusma.

AscTpanus

Juia xkapboHaTHBIX TopoA nauku Ilapabypay ¢opmanuu ButteHyMm 1 10J10MUTOB GOp-

Manuu Kapasaiin kpaToHa [Tun6apa Pb-Pb meTogom 65171 ojiyueH Bo3pacT paHHero guare-
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He3a [Jahn and Simonson, 1995]. ITopoxas! nauku [Tapabypay npeacTaBjieHbl KapOOHATHBIM
JIIOTUTOM C NOAHWUHEHHBIM KOJIMYE€CTBOM KapOOHATHOr0 apeHUTa U CUJIMKaTHOW IIPUMECHI0.
[Topozabl 3TOM CBUTHI MCNBITAJIN HEOOJIBIITYI0O TEKTOHUYECKYI0 AedpopMmanuio. Josomutsl Ka-
paBaliH NpeACcTaBJIAl coO00M MEJIKOBOAHBIN (opmanuu Burrtenym u copgepxaim CTpoMaTo-
JINTHI, OHKOJIMTHI, 3HAKN BOJIHOBOU PAOU. J1J11 TeOXMMHNYeCKOIr0 ¥ U30TOITHOTO aHaJIn3a OT-
OupaJjnch BHU3yaJlbHO HeM3MEeHEeHHble 4YacTu 00pasloB. Xumuueckas oopaboTka oO6pasijoB
ObL7Ia CTAaHAAPTHOM, C MCIOJIb30BaHNEM OpOMMCTOBOJOPOAHOM U COJITHOM KUCJIOT. Bee 06-
pasipl UMeJIM HU3KUE COAepXaHWs Sr, HO pas/iMuHble 3HadeHus 580, ot —7 10 +14 u ot
—7 1o —5%q PDB Ilapabypay 1 BUTTeHyM cOOTBETCTBEHHO. 3HavyeHus §'8C g o6enx navyex
6bu cxoxu oT —1 A0 +1%0 PDB. O6pa3subl u3 dopmanuu BUTTeHyM OTJINYaJICh OTHOCH-
TeJIbHO HU3KUM coepxaHnueM Fe u Mn B cpaBHeHnu ¢ gogomutamu KapasaiiH. OTHomeHue
87Sr/36Sr nuia mostomuTos Kapasaiin mensutochk ot 0,704 no 0,714, nuia popmanuu ButteHym
ot 0,707 o 0,717. M30XpoHa NOCTOPOEHHas bl KoopanHarax 2°’Pb/204pb-206pp/294 pp moka-
3asa Bo3pact 2505+37 (CKBO = 2,1) nia kapbonatos nauku [TapaGypay. Pb-Pb Bospact
ana poagomutoB KapasaiiH O6pu1 paBeH 2541432 (CKBO = 18,1). IlosyuyeHHBIN 3HAYE€HUA
COBIIaJiAJIA B IIpejiesiax aHAJINTUYeCKOU NOTPellHOCTH 1 ObLIM MHTepIIpeTHPOBAHEI aBTOPA-
MU KakK BpeMs paHHero auareHesa KapOOHATHOIO OCajika, KOTOPBIY mpousomes ot 50 1o

100 mMJIH JIeT mocJjie ero ocaxiaeHus.

bpasunus

Uccnenosanue @. Kamuto ¢ coaBTopamu [2021] no udyyeHu1o 5A1MaKapcKo-KeMOpuii-
CKHX 0Ca[OYHBIX 6accerHOB ['OHABaHEI ABJIAETCA yCIEIIHBIM COBPEMEHHBIM IPUMEpOM Aa-
TUPOBAHMsA 0CaJIOUYHBIX KapOoHaTOB Pb—Pb MeTo10M. M3yueHre M30TOMHOTO cocTasa Sr, O,
C, U-Pb LA-ICP-MS u Pb-Pb naTtupoBaHue 1crnosb30Bajoch JJis IPOBEPKU HACKOJIBKO B3a-
MMOCBA3aHO pa3BUTHE F'OPHBIX MOSACOB W OCAaJOYHBIX 0ACCEMHOB, COAEpXKalUX MHOTOKJIe-
TOYHBIX XXMBOTHBIX, B 3anagHou 'oHaBaHe. O6pa31ipl ObLJINM OTOOpaHBI U3 Pa3IUYHBIX Kapbo-
HaTHBIX YPOBHeU cepuu bamMOyu B BOCTOUHO-I[eHTpaJIbHOM YacTu Bpasuimu. B ocHoBaHuu
cepuu JIEXUT MavykKa JIeAHUKOBBIX UAMEKTUTOB, KOTOpasi CMEHAETCs BBepX 0 pa3pesy Cy-
mecTBeHHO KapooHaTHOU popMmarnuent Cere-Jlaroac. ®opmanua Cete-JIaroac cjioxeHa A0-

JIOMUTaMM 1 BeepooOpasHbIMU U3BECTHAKAMU C IceBAoMopdo3aMu KajblyTa 10 aparoHu-
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Ty B HUXHel vactu (mauka I[lenpo-Jleomosibao), a B BepxHeil yactu (mauka Jlaroa-CaHra)
C MepephiBOM B OCAJIKOHAKOILJIEHUH JieXaT U3BECTHAKU C JIAMUHAPHBIMM U CTOJI6YATHIMU
CTPOMATOJIUTAMH, cJiefamMu MUKpodoccuinii. Jlajgee no pazpe3y OCTaTOK CEPUU ITpaKTHUue-
CKU JIMIIIeH OpraHuYeCcKUX OCTAaTKOB U IMpeACTaBJisAeT cOOOI nepecjauBaHue U3BECTHAKOB
U JOJIOMUTOB. [[Ji1 NU30TOMHO-T€0XPOHOJIOTMUYECKOT0 aHan3a ObLsi 0TOOpaHbl 0Opas3Iibl Be-
epoo0pa3HOro U3BeCTHAKA U3 TPeX pa3pe3oB BepxHel U HukHel yactu Cete-Jlaroac. s
Pb-Pb pnatupoBanus ObIM BEIOpaHbl 006pasiibl U3 HIDKHEN yacTu nayku Jlaroa-Canra. O6-
pasibl pa3ziesuId Ha TPU «aJTUKBOTHI», JIBE M3 KOTOPHIX OUMIIAIN C TOMOIIbI0 MarHUTHOM
cemnaparnuy, a TpeTHUi OCTaBUJIA B UCXOAHOM COCTOAHNU. CTyneH4YaToe pacTBOpPeHNe IIPOBO-
JWJIN BO Bcex oOpasnax ¢ ucnosib3oBanueM HBr, HCl, yKCyCHOI KUCJIOTHI U IJapCKOU BOAKU.
B pesyJibTaTe aBTOpaMu Ha quarpamme 207 Ph/204pp-206pp/204pp nostyuena vHeHasA 3aBU-
CUMOCTbD (3a MCKJII0UeHHeM 00pas3IioB, He OYMIEHHBIX MarHUTHOM ceMapaljueii) oTBevar-
mas Bo3pacty 576+36 muH jieT (CKBO = 0,72). OToT Bo3pacT ObLI MHTEpPIPEeTUPOBaH KakK
BpeMs POCTa COOTBETCTBYIOIINX BeepoB aporoHuTa. Ha ocHoBe nmoJtyyenHoro Pb—Pb Bo3pac-
Ta, BMeCTe C JPYTMMHU U30TOMHBIMU JIaHHBIMU, MOJIyYeHHBIMU B paboTe, aBTOpaM yIajoch
COCTaBUTH 3BOJIIOLIMOHHYI0 MOJIeJib pa3BUTUA OacceiitHa bamMOyu 1 cOOCTaBUTh 3TAIbl OPO-
reHe3a ¢ M3MeHEeHUAMU OKHCJIMTEJIbHO-BOCCTAHOBUTEJIBHBIX YCJIOBUM, IJI00AJIBHOTO yTJie-

POAHOrO LMKJIa, KJIMMaTa 1 34UaKkapCcKo-KeMOPUICKON KU3HU.
% % %

[lepeuricyieHHbIE IPUMeEPHI TOKA3BIBAIOT BO3MOXHOCTU HcnoJjib3oBaHusAa Pb—-Pb metona
JUIA AaTUpOBaHUsA PAa3HOBO3PACTHBIX OCAJIOYHBIX KapOOHATHBIX TOJIL| OT apxes A0 paHHe-
ro nasieosos. CymiecTBeHHOe 3HaueHue A1 Pb—Pb natupoBanus umeer mpoleypa oréopa
HavMeHee M3MeHEeHHBIX BTOPUYHBIMU IIpolieccaMy 00pasijoB, BKJII0YaloIias NpegBapuTesib-
HOE JINTOJIOMYEeCKoe, NeTporpapuyeckoe, MUHEPAJIOrNYE€CKOe, FreOXNUMUYECKOe U N30TOIl-
Hoe ncciefoBanue. [Ipu onpeiesieHn Bo3pacTta 06pasIioB ¢ YacTUYHO HapymeHHoi U-Pb
CHCTEMOW BaXXHYIO POJIb UTpaeT MeTOAMKa CTYyIIeHYaToro pacTBOpeHMs], KOTopas M03BOJIA-
eT pa3ZieJINTh Pa3HOBO3pacTHBIe KapOoOHaTHEIE (pa3bl U TAKUM 00pa3oM yJIy4IIUTh TOYHOCTh

IMOJIYY€HHBIX BO3PAaCTHBIX 3HAUEHMI.
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I'JIABA 2. T'eosioruueckoe crpoeHue Bocrounoro CasHa

I'eosmornyeckoe crpoenue Bocrounoro CasHa OyAeT pacCMOTpeHO B paMkax TyBUHO-
MoHrosbckoro Maccuba U TyHKUHCKOTO Xpe6Ta (TyHKMHCKUX rojibLoB) (pUc. 7), IOCKOJIBKY
B IIpejiesiax 3TUX CTPYKTYP TaK Uiy NHaye pacipoCcTpaHeHbl KapOOHATHBIE TOPObL, N3yUeH-

Hble B JaHHOU paborTe.

2.1. TyBuHO-MOHT0JIbCKMI MacCUB

TyBUHO-MOHIOJIbCKMII MAaCCHB PacIOJIOXKeH B I0)KHOM CKjIaJgdyaToM obpamiieHuu Cu-
6upckoii I1aTGOPMBI U ABJISAETCSA CEBEPO-BOCTOYHBIM cerMeHTOM LleHTpasibHO-A3UaTCKOTO
MOABUXXHOIO Mosica. BriepBble Kak caMoOCTOsATesIbHAA enHNIla MacCuB ObLIT BbifesieH A. B.
WUnbuHbM [1971] nocsie cpefiHe— 1 MeJIKOMAacCIHITaOHBIX Te€0JIOTUUYEeCKUX ChbeMOK B BocTou-
Hoil TyBe u CeBepHoii MoHrosimu. CocTaB, CTpO€HHE U 3Talbl T€0JIOTMYeCKOr0 Pa3BUTHUA
MaccuBa AeTajJbHO onrcaHsl B paboTtax A. B. Kyssmuuesa [2000; 2001; 2004; 2005; 2007;
2011; 2013; 2015]. B TeKTOHUYECKOM CMBICJIE MACCHUB SABJIAETCA COCTAaBHBIM TEPPEIHOM,
OorpaHHUYeHHbIM OT JPYTrux OJIOKOB CO BCeX CTOPOH cyTypamu. Kosuin3ruoHHble COOBITUA MO-
JeJINJIM UCTOPUI0 pa3BUTHA MaccuBa Ha Tpu 3Tana. PanHeb6akarikaibckuii aTan (1000-800
MJIH JieT), no3gHebaiikaabckuil (800—-600 miH jieT) u paHHekasieqoHckuil (600-490 mutH
sert) [Kysmuues, 2004]. IlepBbie ABa dTana xapakTepusoBaanuch ¢popmMupoBaHnueMm dyHaa-
MeHTa MacCuBa IyTeM KOJUJIU3UU MO3/IHeapXeNCKUX KPUCTAJIIIMYECKUX MOpoa, 0PUOTIUTO-
BBIX KOMILJIEKCOB U OCTPOBHBIX AyT. [Tocjie yero Ha mopojax GyHaaMeHTa MaccMBa HaUMHA-
eT HaKaIIMBaThCA BeHA-KeMOpUICKII KapOOHATHBIN YexoJ1. Bo BpeMsa paHHeKaie JOHCKOTO
sTana TyBMHO-MOHTOJIbCKUI MacCUB BMeCTe ¢ APYTMMHU OKPY>KAIIINMU ero 6JJoKkaMu ObLTN
KpPaTOHU3UPOBaHBI U BOIILIN B cocTaB lleHTpabHO-A3MaTCKOro ckiiaguaToro nosca [Khain
et al., 2003; Ky3amuues, 2004; Kuzmichev, 2015]. 3ToT 3Tan xapakTepru30BajICsA OOMPHBIM
MposBJIeHreM MeTaMOpHUeCKUX U TEKTOHUYECKHUX MTPOLIeCCOB, KOTOPhIe MPUBEJIU K CyIIle-

CTBEHHOI nlepepaboTKe paHee HAKOMUBIINXCA OTJIOKEHUM.
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Puc. 7: YnpoiueHHas reojiorndeckas kapra TyBHHO-MOHI01bCKOro MaccuBa v TYHKMHCKOT'O

TeppenHa [no Kysmuues, 2004, ¢ JOnOJTHEHUAMMA].

2.1.1. dyngameHr

l'eTeporeHHas cTpykrypa GpyHaaMeHTa MaccuBa IpeJicTaBjAeT coO0l coueTaHUe pas-
HOOOpAa3HBIX IO COCTaBY, BO3pacTy U MPOMCXOXIEHHI0 KOMILJIEKCOB: HeoapxelcKue MeTa-
Mopdu3oBaHHbIe TTOpPoABl 'apraHckoro 6j10ka, MmepekphBaloIie ero KapoOoHaTHbIE MOPO-
JBl 1 Me30mnpoTepo3orickue oGruoanThl JyHXyrypcKoil OCTpOBHOU ayru [besnuveHko u ap.,

2003; Kyamuues, 2001, 2004; Kysmuues u Jlapuonos, 2013].
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l'apraHcknii KOHTUHEHTAJIBHBIM OJIOK MJIM “TJIbl0a” CJIOXKeH I1aruorHericamu, OMoTu-
TOBBIMU, I'PAHATOBBIMH, aM(PUOOJIUTOBBIMU, KJIMHONHMPOKCEHUTOBBIMU., TPaHAT-KJINHOIIN-
POKCEHUTOBBIMU KPUCTAJUIMYECKUMM CJIaHLaMu, ampuboanuTaMyu, MUTMaTUTaMu, TpaHU-
Tamu U nermatutamu [Kysmmnues, 2004; Jlepunkuii u gp., 2014]. Bo3pacTt miarnoraencos
paBeH 2752410 muH JsieT [AHuUcumoBa u Ap., 2009]. ITopoasl I'apraHnckoro 6Ji0ka mpeTep-
nejayd MeTaMopdu3M OT BBICOKUX cTerneHel amdpuboanToBor paunu go 6oJiee NO3gHEN 3e-
JieHocsaHIes0u danuu. Bo3pact metamopdusma B ycs1oBUuAX aMpub0JIMTOBON panuu oie-
HuBaeTca B 2664+15 muiH jtet [Kovach et al., 2004].

[Topoas! JJyHXYyTrypCKOM OCTPOBHOI AYyTU ABJAKTCA GparMeHTamMu AeopMHUpPOBaHHO-
ro aJUIOXTOHa, KOTOPOM HAJBMHYT Ha ['apraHckuii 6JI0K ¢ ceBepa U ceBepo-3amnazga. Pas-
pe3 0pUOJIUTOBOU acconyanyu NpeacTaBjeH CepleHTHHU3UPOBAHHBIMU Ipal0ypruraMu
PECTUTOBOI'0 KOMILIeKCca, MOpoJaMu IlepexoJHOM 30HbI, rab0po € )KuJ1aMu IJIaruOrpaHUuTOB,
JAiKOBBIM KOMILJIEKCOM, T'MaIOKJIaCTOBBIMU OpeKYrnsAMHU, MaCCUBHBIMU U IIapOBBIMU JIaBa-
MU BYJIKAHNYECKOr'0 KOMILJIEKCa, rJTy0OKOBOAHBIMM OCaKaMU. [{J1g ByJIKQHOKJIACTUYECKNX
MOPOJ MOJIy4YeH BO3PACT MO IUPKOHY, KOTOPHIH JIeXUT B MHTepBasie 84448 — 1048+12 miH
net [Kyamuues u JlapuonHos, 2013].

[Tociie kosumm3un JlyHXyrypcKOu OCTpPOBHOU ayry u l'apraHckoro 6Ji0Ka, KOTOPYIO
MapKUPYIOT I'paHUTHBIE MaccuBhbl ¢ Bo3pacToM 810 muiH jiet [KozakoB u ap., 2011] Bo3-
HUKJIU TPU TEKTOHUYECKUX CTPYKTYphl: Capxolickasd KOHTMHeHTaJbHaA ayra [Kysmuues u
Jlapuonos, 2011], OxuHckas akkpelnoHHas nmpu3mMa [Kuzmichev et al., 2007] u umxua-
ckas ocTpoBHas ayra [Kuzmichev et al., 2005].

Capxolickasa KOHTUHEHTaJIbHaA Ayra MpeAcTaBJsAeT cOO0U NMPOTKeHHBIN ByJIKaHUYe-
CKMH M0sIC, KOTOPBIM B npefesiax TyBMHO-MOHI0OJIbCOKOrO MaccuBa npezcrassieH Capxoii-
ckou cepuen [Kysmuues u Jlapuonos, 2011]. B pa3pese oHa AeauTca Ha YeThIpe TOJIIIHU.
HuxHAA (TeppureHHas) TOJIIAa COCTOMUT U3 MECTPOLBETHBHIX MOJWMUKTOBBIX II€CUaHUKOB,
rpaBeJIMTOB U aJIeBpOJIMTOB. [lecuaHUKU coAepXaH ByJIKaHOT€HHBI MaTepuasl, mpeJCcTaB-
JIEHHBIN 00JIOMKaMU XJIOPUTU3UPOBAHHOTO CTEKJIA, aH/Ie3UTOB U Oa3ayibToB. CpenHsAs (3e-
JIeHOKaMeHHas) TOJIIIA CJIOKeHa JlaBaMU U Ty(aMu OCHOBHOI'O, CPEJHero 1 KMCJIOr0 COCTa-
Ba. MecTtamu npucyTCTBYIOT JlaBOOpeKunu 1 Ty(dbl 6a3ajibTOBOTO U aHJE3UTOBOI'O COCTaBa.

B BepxHel yacTy TOJIIM — NUJJIOY JIaBbl. Ha rpanuiie HuxHel U cpeHel TOJIIIU B UCTOKe
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p. 3a0UT pacnoJIoKeHHbI BEIXOAHI CIelM(PUIHBIX APKO-KPACHBIX a(pUPOBBIX KPEMHEIIOJOOHBIX
nopof (rpanodupoB). BepxHsaa (MTHUMOPUTOBAs) TOJIIA COCTOUT U3 OTJIOKEHUN MEIJIOBBIX
IIOTOKOB PUOJIMTOBOrO COCTaBa, TEMHOOKPAILIEHHBIX Ty(POoB, TyPPUTOB CMELIaHHOI'0 COCTa-
Ba U BYJIKAHOT€HHO-OCAAOYHBIX MOPOA. JJaTupoBaHue IUPKOHOB, BBIJIEJIEHHBIX U3 MOPOL
BEpXHeU TOJIIIH, OIpeAeJINIIO BO3PACT U3BepKeHNs NTHUMOPUTOB 782+7 MJIH JieT.

OxuMHCKasA aKKpelMOHHAasA npu3Ma obpamJisgeT ¢ ceBepa U 3amaja APeBHUN KOHTUHEH-
TaJibHBIN 0J10K TyBUHO-MOHI0JIbCKOTO MacCHBa U TaKMM 00pa3oM pacrosiaraeTcs Mexay ak-
TUBHOU KOHTHMHEHTAJIbHOU OKpanHou U [IIumxuackoi octpoBHoI ayrou [Kuzmichev et al.,
2007]. BysikaHOKJ1IacTHY€eCKUe TOPOAbl MPU3MBI pa3Ae iAlTcA Ha ABe ToJu. [TepBas cyioxe-
Ha NeCTPOLBETHBIMU TEPPUTEHHBIMU MOPOJaMU C JIMH3aMU TyPPUTOB; BTOpasi, 3eJeHbIMU
caaHuamu, >3p@dysuBaMu U TypaMu OCHOBHOI'O U CpeJHEro CoCTaBa, TEPPUreHHBIMU IO-
poJiaMu; TpeThbsA TOJIIAa COCTOMT U3 PUTMHYHOCJIOMCTBIX TeppPUreHHBIX Iopof [KaTioxa u
Poraues, 1983]. Bo3pacT OKMHCKOU NPU3MBI OIIpejiesIeH 10 MPOPHIBAIOLIM ee 6a3UTOBLIM
criaM (753416 MJIH JieT) 1 IO HUPKOHAM U3 BYJIKAHOKJIacTHYeCcKuX nopof (814+7 muH
JeT 1 775+8 MiIH j1eT).

[MIumxuackas OCTPOBHAA Ayra obpamJisieT OKWUHCKYI0 MPU3MY U OTHOCUTCA K OOmup-
HOU NO3JHEHEOINPOTEPO30MCKON OCTPOBOAYKHOU CUCTEME, KOTOPAA CTOJIKHYJIaCh C KOHTU-
HEHTAJIbHBIM ApoM TyBUHO-MOHIOJIBCKOTO MaccrBa B KOHIle HeonpoTepo3os [Kuzmichev
et al., 2005]. HIumxuackuii 0pUOJTUTOBHIN MMOSC BKJIIOYAET PECTUTOBBIE YJIbTPAOA3UTHI, KY-
MYJIATUBHOE U U30TPOIHOe rab0po, JaliKOBBII KOMILJIEKC U ByJIKaHUTH [Ky3muues, 2004].

U-Pb Bo3pacT nupkoHa 13 puoanuToB paBeH 800+3 MJIH JieT.
2.1.2. Pudeiickuii yexoJjt

Ha xpucrannnueckux nopogax 'apranckoro 6Ji0ka HeCOIJIACHO 3aJjieraeT OCaJOYHbIN
YexoJI B COCTaBe MPKYTHOM U WJIbUUpPCKOU cBUT [booc, 1991; Bennuenko u ap., 2006].

HpkyTHasa ceura

WpKyTHasA CBUTA C YTJIOBBIM HECOTJIACHeM IepeKphIBaeT I0ro-3anajHyio JyacTh ['apras-
ckoro 6J10ka. B ocHoBaHuM pa3pe3a HaxomAaTcs cjiou (okosio 250 M) MesIKorajieuHbIX KOH-

rJIoMepaToB C BaJlyHaMU U raJIbKaMM IOpoAag Fapl"aHCKOFO 6J'IOKa, rpaB€JINTOB, FPY603€pHI/I-
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CTBIX apPKO30BBIX IMECYAHUKOB M MEJIKO3EPHUCTHIX IMECYAHUKOB. B mecuaHukax B GOJIBIIIOM
KOJIMYECTBE MPUCYTCTBYET CUTOBHUIHBIN MJIarkioKJjias3, rpaHaT, KJIMHOMHUPOKCEH M aMdpuboJ1
TaKkXke ABJAKIINECSA MIPOAYKTaMU pa3MbiBa NoAcTusawmux nopofd [Asgonies, 1967]. Oc-
HOBHAas 4acTh CBUTH (0KoJ10 700 M) mpeacTaBjieHa MPaMOPU30BaHHBIMU JOJIOMUTAMU U U3-
BECTHAKAMM C IIPOCJIOAMU CJIAHIIEB XJIOPUT-CJIIOUCTOTO COCTaBa. B kapOoOHATHBIX OPOIaxX
MPUCTYCTBYIOT CTOJIOUaThle cTpoMartouThl Conophyton garganicus, C. cylindricus, Collum-
nacollenia giga [Koposiok, 1960]. Mectamu B mopoAax CBUTHI IIPUCYTCTBYIOT POCJIon puii-
JIMTOB. Bo3pacT MPKyTHOUM CBUTHI Ha OCHOBe Sr xeMocTtpaturpaduu u Pb-Pb matupoBanus

paBeH 1290+40 muH Jjet [Ky3HenoB u gp., 2018].

I/Im,qnpcxaﬂ CBHUTA

Wnpunpckas cBUTA 3ajieraeT Ha KapOOHATHHIX MOpoAax UPKYTHON CBUTHL. Ee HUX-
HsIA YacCTh CJIOKEHA TeMHO-CEePhIMM MHUKPOKBApPIIUTAMU, TEMHO-CEPHIMH OPOT'OBUKOBAHHBI-
MU OMOTUTOBBIMU, I'PAHAT-OMOTUTOBBIMU U ABYCJIIOAAHBIMU CJIAHIIAMM C JIMH3aMH MUK-
POKBapIUTOB U MPaMOPHU30BaHHBIX U3BECTHAKOB. BoJiblllasg 4acTh CBUTHI CJIOXKEHA TEMHO-
CcepbIMM CJIAHI[AMM, MEeJIKO3EPHUCTHIMU MeCYaHUKaMM U U3BECTHAKAMU. BepxXHsiA yacTh CBU-
THI (MHOT/1a BBIAEJIAION[ASCA B OT/I€JIbHYI0 OCITUHCKYIO CBUTY) COCTOUT M3 TEMHO-CEPBIX CJIaH-
1[leB, KapOOHATHBIX MOPOJ, KBAPIIEBBIX aJIEBPOJIMTOB, 3€JIEHBIX CJIAHILIEB U KOHTJIOMEPaToB.
Cpeniu KapOOHATHBIX MTOPO/T BHIZIEJIAIOTCA CBETJIO- M TEMHO-CEPhIe CJIOUCThIEe N3BECTHAKU I10-
CTENEeHHO MepeXO/IAIIMEe B CJIAHIIB NI MAaCCUBHbBIE IOJIOMUTHI. B BEpXHUX rOPU30HTAX pas-
pe3a Take NPUCYTCTBYIOT O(PHUOJIUTOKIACTOBAA OJIMCTOCTPOMA, KOTOPAsA COCTOUT U3 TJIBIO,
JIMH3 U 00JIOMKOB arloCeprieHTUHUTOBBIX JINCTBEHUTOB 1 TPEMOJIUTOB 3ajleraloiux B 0ypo-

cepoix caaHuax [Kysmuues, 2004].

2.1.3. BeHa-keMOpUIICKUI 4€XO0JI

ITocse 3aBepiieHus nos3aHeOalKaIbCKOro oporeHesa TyBHHO-MOHIOJIBCKAN MacCHUB
CylLl[eCTBOBaJI B BUle KapOoHaTHOU 11aTdOopMbl. BeH-keMOpuiickue kapOOHaTHBIE OTJIOXe-
HUA paclpoCTpaHeHHbl Ha 3HAYUTEeJIbHOM YacTy MaccuBa [Bennuenko u ap., 2003; Kysmuues,

2004; Kysuernos u ap., 2010, 2018; Jletnukosa u 'enetuin, 2005].
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bokcoHckas cepus

Otioxxennsa BokcoHCKOU cepuy NpeACTaBIIAIT COO0M CTPATOTUNINYECKUI pPa3pe3 BeH/I-
KeMOPHICKOro 0CaJouHOro vyexsa TyBUHO-MOHroJibckoro MmaccuBa. OnopHeie pa3pesshl ce-
pUM pacnojioXkKeHb B cpeHeM TedeHUU p. bokcoH u B BepxoBbsax p. Capxoil. Pa3pe3 ce-
pun, obmieil MOITHOCThI0 0KoJio 3000 M, JenuTcA Ha NATh CBUT [PolekTaeB u ap., 1983;
ByTtos, 1980, 1996]: 3a6uTCKy10, TAOMH3YPTUHCKYIO, Xy KUPTANCKYI0, HOPTaTUHCKYIO U XI0-
TeHCKy10. HIXHUI KOHTaKT cepuu B OacceiiHe p. BOkCoH npefcraBiseT co00i HecorjaacHoe
3aJjieraHue opoJ OCHOBAHUA OOKCOHCKOW cepur Ha OTJIOKEHUAX pa3HbIX TOPU30HTOB JyH-

XKYTYPCKOW CBUTHI Y CAPXOVICKOU CEepUU.

3aburckas ceura. OcHoBaHMe 3a0MUTCKOM CBUTH (0K0JI0 20 M) CJI0)KEHO KOHTJIOMepaTaMu,
recyaHUKaMy U ajieBpojiuTamu. Jlajiee mo pa3pe3y MAYT TEMHO-cepbie OOJIOMUTHL (80 M),
XKeJITOBaTO-Cephle JOJIOMUTHI C OKpeMHEeHHBIMU NpocyiosamMu (40 M), CBETJIO-cephle 10JIOMU-
THI ¢ KBapueBbiMU xujkamu (320-350 M), MaccuBHbie J0JIOMUTH (250-300 M), JOJIOMUTHI
¢ npocioamu ¢ocdoputos (35-50), OpekureBUAHBIE JOJOMUTHI, CTPOMATOJIMTOBBIE [JOJIO-
MUTHI C IIPOCJIOAMU U JIMH3aMu 3eJieHblx Mepresieii (140-200 m). B nopogax cBuTH OOHa-
pyxeHsl Mukpodurtosmth Vesicularites, Glebosites, Nubecularites, Radiosus 1 CTpPOMaTOJINTHI
[CemuxaToB u CepebpsikoB, 1967]. KapboHaTHbIe MOPOAB 3a0UTCKOM CBUTHI XOPOIIO HU3Y-
YeHbl M30TOITHO-XEMOCTpaTUrpadruuecKUMU MeTojaMu. 3HaueHue §13C B Hell MeHAeTCes OT
—5,2 1o +7,7%0 PDB, 6§80 ot 15,2 no 30,9%. SMOW [Bumsesckas u JletHukosa, 2013],
87Sr/86Sr pasHo 0,7083-0,7087 [KysHernos u ap., 2010]. Pb—Pb Bo3pact kap60oHATOB 3a6UT-

ckom cBUTHI paBeH 620+50 muiH Jiet [Ky3HeroB u ap., 2018].

Tabun3ypTuHCcKasa cButa. OTJIOXKEHUA CBUTHI JIeXXaT HA 3aKapCTOBAHHO! MMOBEPXHOCTHU 3a-
outckori cBuThl. OcHOBaHUe cjoxeHO Ookcutamu (30 M) BOKCOHCKOTrO MeCTOPOXIEeHWUs.
WX mepekprIBalOT MECTPOLBETHBIE YTJIEPOANCTHIE aJIeBPOJIMTHL YepHoro nsera (o 10 m),
6pekurieBUAHbIE JOJTOMUTHI (40 30 M). BepxHsAA 4acTh CBUTA IpeicTaBjieHa KPacHO-O0yphIMU
KBaplLieBBIMU IleCYaHUKaMU, JOJIOMUTOBOM Opekuren (o 30 M) U JOJOMUTAMMU C IIPOCJIOSA-
Mu KpeMmHel (7o 1000 m). JosomMuTsl cogepxaTt Mukpoduroautsl Osagia, Volvatella, Vesicu-
larites, Nubecularites, Glebosites u ctpomaTonutsl Linella, Stratifera. 3nauenvie §1°C Bapbupy-

eT B npefenax —3,5 1o —0,3%. PDB, 5§80 ot 21 no 28,1%0 SMOW, 87Sr/3Sr oxosio 0,7082
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[BumnaeBckada u JletHukoBa, 2013].

XyxupTaiickasa cBuTa. KapOoHaTHBIE HOPO/BI CBUTHI JOJOMUTAMHU M TEMHO-CEPBIMU M3-
BECTHAKAMMU. V3BECTHAKHU COEPXKAT apXeoluaThl, BOAOPOCIN, TPUIOOUTH U GPAaXUOMOABL.
I[To KOMILIEKCY OPTaHMYECKUX OCTATKOB CBUTA AATUPYETCA aTAabaHCKUM SPYCOM HIKHErO
KeMOpus. B mopoax XyxupTainckoi cButsl 3Hauenue 513C —0,4 go —0,1%0 PDB, 580 oxouio

25%0 SMOW, 87Sr/86Sr okosio 0,7085 [BumHesckas u JletHukosa, 2013].

HiopraTuHckas U XI0TEeHCKas CBUTBHI 00111el MOIHOCTh 0k0j10 1000 M cj10KeHH! TpaKkThuye-
CKU IIOJIHOCTBIO CJIOKE€HBI U3BECTHAKAMM C OCTaTKaMy TPUJIOOUTOB U Opaxuonof, BO3pacT
KOTOPBIX OIpe/ieJieH aMIMHCKUM HaIbsAPyCOM cpefiHero keMopus. OtHomenue §1°C B HUX
oxo0J10 —0,9%0 PDB, 630 okoso 25%, SMOW, 87Sr/80Sr ot 0,7083 mo 0,7087 [BumrHeBckas
u JletHukoBa, 2013].

OTJi0’)keHnsA OOKCOHCKOU CEPUU COTJIaCHO MepeKphIBal0TCA MOPOAAaMU MAaHIaTI0JIbCKOU
CBUTHL. B ee cocTase npeobsafaloT TOHKOIJIMTYATHIE U3BECTKOBHCTHIE aJIEBPOJIMTH U Mep-
regu. Ilo HEMHOrouKnCJIEeHHBIM HaxoAKaM TPUJIOOUTOB, BOAOPOCJIEH, CIUKYJI I'yOOK U pa-

JUOJIAPUI BO3PACT CBUTHI CpeHEr0-BepxXHero Kemopus.

XyOcyryJjbckas cepus

Xy6cyrysbckas cepus (okosio 1500 M) kapTupyeTcs B Ipefesiax AByX MeCTOPOXIeHUI
dochoputoB — XybOCyryJsibckoro u bypaHxaHCKOro B BOCTOUHOM YyacTu TyBUHO-MOHTOJIbC-
KOro MaccuBa. Pa3pe3 HaunHaeTcsA ¢ ropu3oHTa TWIIUTOB [OcokuH U TeokuHOB, 1998] ko-
TOpbIe 3ajieral0T Ha TEPPUreHHBIX MOpoAax AAapXaTCKon cepuu. XyOCyryJibckas cepus Je-

JuTca Ha Tpu cBUTH [OcokurH, 1999]: OHTOJIMKCKY10, X3CIHCKYI0 U XyX3YCYTOJIbCKYIO.

OnroJmkckas csura (150-300 M) npeacraBjieHa YepeJoBaHHEM YePHBIX JOJIOMHUTOB, J10-

JIOMUTU3UPOBAHHBIX N3BECTHAKOB 1 OHKOJIMTOBBIX M3BECTHAKOB.

XscaHckan csuta (200-500 m) comepxut ropusoHT ¢GocGOopUTOB HA KOTOPOM JiexXaT cepble

JAOJIOMHUTBI 1 JOJIOMHUTU3POBAHHBIE N3BECTHAKH.

XyxaycyroJybckasa ceura (1000 M) cCOCTOUT M3 YepHBIX U TEMHO-CEPhIX U3BECTHAKOB C IIPU-

MECBIO I'VNIMHHMCTOI'O BelleCTBa.
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Pa3pe3 cepum cogepXUT MaJe€OHTOJIOTHUYECKHe OCTaTKU OTHOcAmMeca K 00TOMCKOMY
Apycy HuxXHero kemopus [Kopo6os, 1989]. 3uauenne §'3C B mopomax xy6GCyryJibCKOM ce-
pun Bapbepyer ot —3,3 10 +3,1%0 PDB, 5§80 ot 21,4 no 26,6%0 SMOW, 87Sr/86Sr okoso
0,7080-0,7083 [BumHeBckasa u JletHnkona, 2013].

MypaHckas (arapuHroJibckas) cBuTa. B oro-3anagHoii yactu TyBUHO-MOHI0JIBCKOTO Mac-
crBa KapOOHATHBIE OTJIOXKEHUs YexJia MpeAcTaBjeHbl MyPIHCKOU U ee aHaJIOrOM arapuH-
roJjibckovi ceutamu. Paspe3 momuHocThio 1000 M cocToUT U3 BOChbMHU IaveK. BBepx 1o paspe-
3y UJYT YepHble TOHKOIJIUTYaThie GMTYMUHO3HbIe U3BeCcTHAKY (110 M); cioaucThie mecya-
HUMKH, aJIeBPOJIUTHl U apTUUIUTH (25 M); YepHble U TEMHO-CEPble U3BECTHAKU C IPUMECHI0
TeppUreHHbIX opoy (415 M); yepHbIe U cepble aprUJIJIUTHL € JIMH3aMU U3BeCTHAKOB (60 M);
yepHble MaCCUBHBbIE U3BECTHAKU C JiInH3aMu KpemHel (100 M); yepHble IJIMTYAThie U3BECT-
HAKU ¢ npocsiosiMu kpeMHel (130 M); TeMHO-cepble MacCHBHbBIe M3BeCTHAKU (105 m); 6UTy-
MUWHO3HbIE U3BECTHAKYU C POCJIOAMH TJIMH 1 KpeMmHeit (130 m). 3Hauenue §'3C MeHseTcs OT
2,2 1o 10,5%0 PDB [Bummnesckas u Jletaukosa, 2013]. OtHomenue 87 Sr/30Sr B u3BecTHsAkax
cBuThl paBHO 0,70740-0,70748 [Ky3HerioB u 1p., 2018]. Pb-Pb Bo3pacT, nosy4yeHHBII 11O

KapOOHATHBIM IopoAaMm paseH 621+93 muH net [CuTknHa U ap., 2017a].

JlabaH>XaJIrMHCKas CBUTA. Bbixoap! JabaHXaJrMHCKON CBUTHI PACIIOJIOKEHBl B CEBEpHOU
yacTu TyBHHO-MOHI'0OJIBCKOI'O MacCHBa, B BepX0BbAX p. fAxomon, J[asablk 1 B 6acceiiHe pyu.
Jaban-Xasnra. OTiioXeHNs CBUTH HECOIJIACHO IIePEKPBIBAIOT BYJIKAHOT€HHO-TEPPUT€HHbIE
MOPOJIbl OKMHCKOM cepuu. Pa3pe3 cBUTH MOMHOCTHIO 0Koji0 1000 M mesuTcA Ha JiBe ua-
ctu. HuxHaAA npeacTaBiieHa OUTyMHUHO3HBIMU U3BECTHAKAMM C TOPU30HTAMM MeCYaHUKOM
1 JIMH3aMM Y€PHBbIX KPEMHUCTHIX IOPOA. BepxH:AA 4acTh CBUTHI COAEPKUT KPEMHUCThIE, IJIN-
HUCTBIE NTIOPOJBl Y IJIMHUCTHIE cJIaHLbl. CJIaHLBl COAepKAaT MaJIOMOIIHbIE IIPOCJION Ty(OB,

TypPuToB 1 kucabix 3¢p@Py3uBos [benanuenko u ap., 1988].

AuspIirckas cepus

AipircKas cepus HaXOAUTCA B 3amagHOU 4acTu TyBHMHO-MOHIOJIBCKOTO MaccuBa Ha
cMexHol Tepputopun CeBepHoii Monrosiuu u Bocrounoii TyBsl (BunuHcko-IIIumxuackoe

Haropbe). HIKHUI KOHTAKT CBUTHI Be3/le TEKTOHUYeCKHil. CTpPaTOTUIINYECKUIT pa3pe3 ce-



46

puu onucad B Keimrar-AnisirckoM mexaypeube [Kysmuues, 2004]. bazasibHble TOPU30HTHI
cepuu (150 M) HAUMHAIOTCA € TOJIIIM KOHIJIOMepaToOB ¢ 00JIOMKAaMU U3BECTHAKOB, JOJIOMU-
TOB 1 MeTaBYJIKAHUTOB B KApOOHATHO-XJIOPUTOBOM LIEMEHTE; 3eJIeHBIX CJIaHLIEB; lIepecan-
BaHMA IOJIOMUTOB U 3eJIeHbIX cjiaHIieB. Bropas u tpeTbs Tosuu (400 M) C10KeHb TOHKO-
CJIOUTBIMU U MACCHUBHBIMH OHKOJINTOBBIMHM M M3BECTKOBUTHIMU AOJIOMUTAMU C IPOCTOAMU
[IeCYaHUCTHIX U I'PaBEJIUTUCTHIX JOJIOMHUTOB, YePHBIX KpeMHeH, NeCTPOLBETHBIX KOMKOBa-
THIX U3BeCTHAKOB. UeTBepTas Tosa (250-300) coCTOUT U3 TOHKOCJIOMCTHIX M3BECTHAKOB
C yIJIepOAMCTBIMU aJIeBpOJIMTaMu B ocHOBaHMU. I1araa toama (500-600 M) npeacrasyieHa
TOHKOCJIOMCTBIMU KPUCTAJIMYECKUMU MU3BECTHAKAMU C JIMH3aMU YIJIEPOAUCTBIX CJIAHIEB.
[lectas Tomma (600-650 M) npencrassisieT cob60i MepecyiauBaHUe CJIOKHO AUCJIONMPOBaH-
HBIX MeTaTeppUTreHHbIX OpoA, aMm(prOOJIUTOB U MPaMOPHU30BaHHBIX U3BECTHAKOB. 3aKaH-
yrBaeT paspes cepuu tosma (okosio 500 M) MpaMOpPHU30BaHHBIX U3BECTHAKOB C IIPOCJIOAMU
yIJIEPOAMCTBIX KBAapLIUTOB U CJIaHLEeB. Bo3pacT cepun omnpejesieH NO3JHUM BEHIOM — paH-
HUM KeMOpueM Ha OCHOBAaHWM HaXOAOK MUKPO(PUTOIUTOB U Bogopocsien [KopobelnHUKOB

u ap., 1979].

2.2. Ananoru kap6oHaTHBIX MOpox TyBHHO-MOHTOJILCKOrO MaccuBa B paiioHe TyH-

KHUHCKOro xpe0Tta

TyHKUHCKUI XpebeT pacloJioxXeH B I0r0-BOCTOYHOU 4acTu BoctouHoro CasHa, B MeX-
aypeune p. pkyT u p. Kutoii (puc. 8). OTo ropHoe obpa3oBaHue MpoTAruBaerca Ha 160
KM C 3amajia Ha BOCTOK. C ceBepHOM CTOPOHHI xpebeT orpaHnueH KuUTONCKUM pas3jioMoM,
¢ 10xkHOU TyHKMHCKOU BIAQJIMHOM, a €ro ceBepo-3anajHas IpaHulla NPUMBIKAaeT K CeBepo-
BOCTOYHOM YacTu TyBUHO-MOHroJibcKOro Mmaccusa. [Topoasl TYyHKUMHCKOT0 XpeOTa ABJIAITCA
YacThIO CKJIaa4aToro oopamiieHusa Cubrupckou miat@opMel U OTHOCATCA K CEBEPHOU OKpa-
rHe LleHTpasbHO-A3MATCKOI0 CKJIQQYaToro nosca.

TyHKUHCKUI XpebeT MpeAcTaBJisAeT COO0U CJI0XXKHYI0 TEKTOHUYECKYIO TOCTPOMKY, KOTO-
pasa cdopMupoBasiach BO BpeMsl paHHeKaJIeJOHCKOI'0 oporeHesa. B ero nmpepesnax mupoko
Pa3BUTHI IOKPOBHO-HA/IBUI'OBbIE CTPYKTYPHI, OCJIOXKHEHHBIE 60Jiee TO3AHeN CKJIaq4aTOCThIO
[Booc, 1991; Benuuenko u Ap., 2002; Pesuuukuii u ap., 2015; lIkoapHUk u ap., 2013].

[ToKkpOBHO-HAJIBUT'OBbIE CTPYKTYPHI hopMUpOBainCh B ABa 3Tana. [lepBbiii pUKCUpyeTcs Mo
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Puc. 8: [loagpo6HasA reojioruveckas KapTa HOro-BOCTOYHON yacTu BocrtouHoro CasHna, [10
l'ocypmapcrBenHasd..., 2009; 'ocynapcrBeHHas..., 2011, auctet M-47, M-48, N-47, N-48, ¢

JJOTIOJIHEHUSIMM .

HaJINYUIO aBTOXTOHHOI'0 KoMILIeKca (puc. 9), CJI0)keHHOro aHaJIoraMu BeHA-KeMOpUICKOro
yexsia TyBHHO-MOHI0OJIBCKOIO MaccuBa U aJJIOXTOHHOI'O koMmiulekca (puc. 10) cocrosme-
ro u3 nopopd TyHkuHCKOro teppeiiHa [Benmuenko u ap., 2002]. Bropoi sTan cBsA3aH C
dopMupoBaHreM HeoaBTOXTOHA (puc. 11), CJI0KEHHOTO KOJUIM3UOHHOM MOJIaCCOM J1eBOH-
kapOoHoBoro Bospacra [booc, 1991]. Ilopoasl aBTOXTOHA U aJIJIOXTOHA COBMECTHO WCIIbI-
Tany noaudanuasbHbel MeTaMopdu3M, CTelleHb KOTOPOro BO3pacTaeT ¢ ceBepa Ha KT, OT
3eJIeHOCJIaHIeBOU (aliuu A0 cpegHeTeMIlepaTypHol aMpuboanToBoi. JlaTupoBaHue Ar/Ar
METOJOM II0JIEBOI'O IIIaTa U3 Kajabuu@dupa ropJblKCKOM CBUTHI [IOKAa3aJi0 YTO BO3PAcCT Me-
TamopdusMa paBeH 487+4.4 muH et [Pe3nunkuin u gp., 2013].

M3-3a CJI0KHOIM TEKTOHUYECKON CTPYKTYPHl palioHa M CUJIbHOU AedOpPMHPOBAHHOCTH
MHOI'MIX pa3pe30B CYLI[eCTByeT HECKOJIbKO TOYEeK 3pEeHMs Ha CTPOEHUE U B3aMOOTHOIIEHNe
MOpOJ CJarapiinx nepevrcjeHHble KoMmimieKcsl. [1o npeacrasiaenusam P. . Booca [1991] u
B.T. Besimuenko [2002] pa3pe3 aBTOXTOHHOI'O KOMILIEKCA IIpeJICTaBJeH CHU3Y BBEpX Tep-

PUTreHHOI BepXHEIIyMaKCKOW, CyIIeCTBEHHO IO0JIOMUTOBOI TOPJIBIKCKON U U3BECTHAKOBO-
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JIOJIOMUTOBOM apaollerCKON CBATaMU. A aJUIaXTOHHBIY KOMILJIEKC — TEPPUTreHHOU ypTa-
rOJIbCKOW M BYJIKAHOT€HHOU TOJTHUHCKON cBuTtamu. Ilo HabmogeHusaM A.B. KyspmuueBa
[2004] BepxHemyMakckas (1ay 6e3pIMAHHasA) CBUTA reTeporeHHas, ee HUXXH:AA 4acTh (HUX-
HeOe3bIMAHHAA TOJIIA) 3ajieraeT crpaTurpaduvecky HUXKe TOPJIBIKCKOM CBUTHI U OTAeJie-
Ha OT Hee HecorJlacheM, a BepXHs:AA 4acTh (BepxHeOe3bIMsAHHAas TOJIIA) BIIIE TOPJIBIKCKUAX
kapboHaToB. Ha rocysapcTBeHHOI reojioruieckoi kapte maciraba 1:1 000 000 [T'ocygap-
CTBeHHas..., 2011] B Gacceline p. Apa-Omeiqi, rae P.I. BoocoM onmcaH cTpaTOTHUIINYECKUN
paspe3 apaolencKoy CBUTHI, 0003HaYeHHbl TepPUreHHbIe OTJIOKEeHNA OapyHI0JIbCKOM CBUTHI
OpAOBUKCKOro Bo3pacra. HazBaHHas kapTa He TOJIBKO IPOTUBOPEYUT pe3ysibTaTaM reoJioro-
cbeMOYHBIX pabot [Beanuenko u booc, 1984; booc, 1991], HO 1 He COOTBETCTBYET AElCTBU-
TEJIBHOCTHY, TaK KakK OTJIOXKEeHUA B AojrHe p. Apa-Oien npeacraBjeHbl IPerMYyIeCTBEHHO
kapOoHaTHBIMU nopofamu. IlyTaHuna cymjecTByeT U ¢ pa3pe3amu B fojnHe p. KeiHrapra
Ha I0XHOM ckJIoHe TyHKuHCKoro xpebra. Ha reosormnueckon kapte macmraba 1:200 000
[Ceosornueckas..., 1969] paspes B Bepx 10 TEUEHUIO PeKU IpeACcTaBJieH 0e3bIMAHCKOM, Oy-
PYHI'OJIBCKOU, MOHTOIIMHCKOW Y UPKYTHOM CBUTaMM apXeu-npoTepo30McKoro Bo3pacra. Ha
KapTe nocjeaHero nokoJseHusa macuraba 1:1 000 000 [T'ocymapcTBeHHas..., 2009] nopoast
6e3BIMAHCKOI CBUTBHI OTHOCATCA K XaHTapyJIbCKOU (HepacuJieHeHHOI) cepuu, a OCTaIbHbIe
K BeH/I-KeMOpUICKOU OOKCOHCKOM (HepacuyeHeHHO!) cepuu. [TogpobHOe onrcaHne Ha3BaH-
HBIX cTpaTurpauyeckux noapaszeseHuil B paiioHe TyHKHMHCKOro xpedta OyieT OCHOBaHO

Ha 0000IIeHHBIX JIMTepaTypPHbIX JaHHBIX U MIOJIEBBIX HAOJIIOIEHNUAX aBTOpa.

2.2.1. ABTOXTOH
HpkyTHasa cBurta

ENWHCTBEHHBIM yIOMSHAaHNEM O MOpoJaxX UPKyTHOW CBUTHI Ha TeppuTopuu TyHKUH-
CKUX I'OJIBIIOB ABJIAETCA rOCyJapCTBEHHOU reojiornyeckon kapre macmraba 1:200 000 [T'eo-
Joruyeckas..., 1969]. CorsacHo 00bACHUTEJIBHOW 3alICKe UPKyTHas CBUTA MPOTATUBAETCA
Ha 35 KM B BHJle Y3KOU CyOMepHAMOHAJIbHON MOJIOCH MUPUHOU OK0JI0 0.5-2.5 kM. Onu-
CaHHBII IIPU reoJIOro-ChbeMOYHBIX paboTax pa3pe3 CBUTHI CJIOXEH CHU3Y BBEPX KOHIJIOMe-
paTamu, KBapluTamMmu, KapOOHaTHO-OMOTUTOBBIMU CJIaHI]AMU, CBETJIO-CEPBIMU MPaMOPU30-

BaHHBIMU M3BECTHAKAMHU, OMOTUT-aM(PUOO0JI0BBIMU THelicamMu, OeJIbIMU MpaMOpPHU30BaHHBbI-
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MU U3BECTHAKaMU, KBapL-OMOTUTOBBIMHU CJIAHI[AMMU, CBETJIO-CEPBIMH MPaMOPU30BAHHBIMU
M3BeCTHAKAMU, KBaplL-OMOTUTOBBIMHU CJIAHL[AMHM U CEePHIMU I10JIOCUATHIMU MPaMOpPHU30BaH-
HBIMU H3BecTHAKaMU. O01mas MOIITHOCTh ONMCaHHOro pa3pesa okosio 630 M. Ha ocHoBe pe-
TMOHAJIPHOU KOppeJIALMU 110 PAAY JIMTOJIOTMYECKUX IPU3HAKOB U IOJIOXKEHUIO B pa3pese

BO3paCT CBUTHI OIIpeaeJIeH paHHUM IIPDOTEPO30EM.

BepxnemyMachaﬂ CBHUTA

BepxHelnrymMakckas CBUTa KaK CaMOCTOATEJIbHOE cTpaTUrpadrieckoe rnojapaszesieHue
BeigesieHa J. @. CtaBckuM ¢ coaBTopamu [CtaBckuii u Ap., 1973] B 6acceiiHe BepXHETo Te-
yeHus p. [llymak. OTa cBUTA BKJIIOYaeT B ceOs CyLeCTBEHHO TepPUTreHHbIe IPeNMYIIeCTBeH-
HO IeCYaHo-CJIaHLleBble OTJI0XeHus. HanboJsiee OJIHBIN pa3pe3 BepXHENIYMaKCKOU CBUTHI
BCKpHBIBaeTcsa B OacceliHe pek ApJiblk-I'osn — bapyH-T'os, rije MOXHO HaOJII04aTh BEPXHUN
Y1 HUXKHUUM KOHTaKTHI CBUTHL. Pa3pe3 CBUTH HauMHaeT Mayka KOHIJIOMepaTOB MOLHOCTHIO
30-50 M, KOTOpHBIE 3aJjieraloT Ha pas3/IMYHBIX IOPU30HTAaX IMOJACTUJIANLIEr0 0GUOJIUTOBOIO
KoMIuzekca. O6JIOMOYHBIY MaTeprajl KOHIJIOMepaToB HECOPTUPOBAH U B PasHOU CTENeHU
okaTaH. ['ajipka OoJiplIell YacThl0 YIUIOIIEHHAs, peXe OKpyrJjasd WM OCTPOyrojibHas, CO-
crasiisgeT 10-15% nopoasl. Pasmep rasibku okosio 3-5 ¢, pexe A0 15-20 cm. CocTtas rajb-
KU: U3BECTHAKHU, METaBYyJIKAHWUTBHl OCHOBHOI'O M CPEOHEro COCTaBa, YIJIMCTO-KPEMHUCTHIE
CJIaHLIBI, CUJIBHO M3MEHEHHbIe YJIbTPAOCHOBHEBIE MOPOJBI, peXe I'PaHOANOPUTHL U I'PaHU-
ThI. I[eMeHT KOHIJIOMepaTOB UMeeT 3eJIEHOBATO-CePYI0 UM 3eJIEHYI0 OKPAaCKy Y UHTEHCHB-
HO paccCJIaHILIOBAH, Ha IIOBEPXHOCTU LieMeHTa Oypas KopKa BbiBeTpuBaHUA. COCTaB 1|eMeH-
Ta MEeCYAHUCTHIN C CYL[eCTBEHHOU J0JIel U3BECTKOBOIO MaTepuaJa, MUPOKO pPa3BUT QK-
cut. Ha KoHrJioMeparax 3ajieraer mayka lnecuaHMKoB MOIIHOCTBIO 200-300 M. IlecuaHu-
KU MOJIMMUKTOBBIE, 3€JIEHOBAaTO-CEPOro I[BETA, CO CJIaHILIEBATON TEKCTYPOU 1 MICAaMMUTOBOM
CTPYKTypou, pazMmep o6sioMkoB 0,5 MM 1 MeHee. B o6Jsiomkax npeobJiajaeT KBapl, moJe-
BBI€ LIMATHl U KapOoHaT. LleMeHT XJIOpUT-CepULIMTOBBIN, KapOoHaTcoAepxaluil. B necua-
HUKAaX BBIAEJIAIOTCA OTaJIbKOBAHHBIE U COJlepXKaHue CepIeHTHH pa3HocTu. [lauka necyaHu-
KOB CMEHsAETCs ITauYKou rpyboTeppuUreHHsx nopoa MomHocTbio 5S0-100 M. JTa nauka npea-
CTaBJieHa IlepecjlauBaHWEM IpaBeJINTOB, KOHIJIOMEpPAaToB, CJIAHIIEB U [eCYaHUKOB. B 00-

JIOMKax Mpeo6J1ajaloT KapOOHATHBIE PA3HOCTH, a TAKXXe BYJIKAHOTE€HHbIE IOPO/IbI OCHOBHO-
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Puc. 9: CBogHble cTpaTurpaduyeckrie KOJIOHKU AJIA aBTOXTOHHOTO KoMIulekca [rno booc, 1991, ¢ nononHeHuAmMu].
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ro cocrasa. lleMeHT ciroancTo-KapOOHATHBIM, paccjIaHLoBaHHbIN. CIIaHIBI CBETJIO-CEPOro
1 Oyporo nBera, KapOOHAT-CEPUIIUTOBbIE ¢ NOPOUPOBUAHBIMU BBIJIEJIEHUAMU KeJIe3UCTO-
MarHesnasjibHOro kapoboHara. OTJebHble TOPHU30HTH CJIAHLIEB UMEIOT SIPKO-3eJIeHYI0 M3-3a
0oOMJIBHOIO cofepkaHua ¢ykcurta. Boiie 1o paspesy 3ajieramT NOPOABL, NpeACTaBJIeHHbIE
[IperMYIeCTBEHHO NOJMMUKTOBEIMU ITeCUaHUKaMU 3€JIeHOBAaTO-CEPOro I{BeTa, Cpeiu KOTO-
PBIX BCTPEYaKTCA MaJOMOIIHbBIE TOPU30HTH GUILIUMTOB. C y4eTOM CKJIaA4aTOCTH MOITHOCTD
nayku okoJio 600-800 M. BepxHsas yacTh paspesa npeacrabjieHa FrOpU30HTaMU IeCTPOLBET-
HBIX aJIEBPOJIMTOB U KapOOHAaTHBIX NMOPOA. [lecuaHuky KBapleBble U KBapI-KapOOHAaTHEIE,
I[BET OT 3eJIEHOBATO-ceporo 0 Oyporo u 6opaoBoro. BOym3y KOHTaKTa C BhIIIesIexalen
TOPJIBIKCKOU CBUTOM NOSIBJIAETCA TOPU30HT KBAPLIEBBIX-IPaBesINTOB. ['OPU30HTH KapOOHAT-
HBIX IOPOJ MOIIIHOCTBIO IIepBble AEeCATKU METPOB CJIOKEHBI JOJIOMUTAaMHU, C IPUMECHIO Iec-
YaHOro MaTepuaJa. LIBeT JOJIOMUTOB CEPBIN U TEMHO-CepPhIii, CTPYKTypa TOHKOKPHCTaJI-
JiM4eckas, TeKCTypa TOHKOBOJIHUCTO-cJioncTas. MouHocTh BepxHel yacTtu paspesa 300 m.
O6miasi MOITHOCTh CBUTHI B OMOPHOM paspe3e okosio 1200-1500 m. U-Pb maTupoBaHue
00JIOMOYHBIX IIMPKOHOB M3 TEPPUT€HHBIX MOPOJ ONHMCAHHOW CBUTHI ONPEAeInjI0 HUXHIOK
BO3pAaCTHYI0 I'PaHUIy CBUTH Kak 676+4 muH jet [IlIkonbHUK U Ap., 2014]. Ha otioxe-
HUAX BEPXHEIIYMAaKCKOW CBUTH 3ajleraeT NaJIeOHTOJIOTMYECKU OXapaKTepu3oBaHHas BEH/-
KeMOpuIicKas ropJIbIKCKas CBUTA 4TO [T03BOJIAET CYUTATh BO3PACT BEPXHEIIYMAaKCKOU CBUTHI

BEHACKHM.

I'opisibikckas cBuTa

l'opsbikckas csuta BeifesieHa M. @. [llectonoBasioBeiM U A. C. IBAaHOBBIM IIPU I'€0JIOTU-
yeckol cbeMmke MaciTaba 1:1 000 000 B 1935 r. HauboJiee moJIHBIN pa3pe3 CBUTHI IPeCTaB-
JieH B cpegHeM TeyeHuU p. lllymak, rje BCKpPHIT COTJIACHBIM KOHTAKT TOPJIBIKCKOI CBUTHI Ha
MOACTUJIAKIEeN BepXHellyMaKCKou. [1o0 0cO0eHHOCTAM cOCTaBa U CTPYKTYPHO-TEKCTYPHBIM
[IpU3HAaKaM pa3pes3 CBUTHI YCJIOBHO [eJINTCA HA TpU yacTu [Porekrtaes u Ap., 1983]. HuxHAA
YacTb CBUTHI CJIOXKEHA MAaCCUBHBIMU CBETJIO-CEPBIMU JOJIOMHUTAMU C MPOCJIOSAMU U JINH3A-
MU KapOOHATHBIX MEJIKOTaJIeYHUKOBBIX KOHIJIOMEPATOB. B BepXHUX rOpU30HTaxX 3TOU Ya-
CTU IPUCYTCTBYIOT IIPOCJION TEMHO-CEPBIX CJIOUCTHIX JOJIOMHUTOB, [JI1 KOTOPBIX XapaKTepHa

dochaTtoHocHOCTh. B AostoMHUTax ompepesieHbl MUKPOPUTOIUTHL. MOIIHOCTh HUXXKHEU Ya-
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ctu okosio 1000 M. CpeaHsAA 4acTh CBUTHI XapakTepusyeTcs NpeobJyiajaHueM JOJIOMHUTOB
TEMHO-CEPOI OKpacKyu ¢ MaJIOMOIIHBIMU MTPOCJIOAMU U3BECTHAKOB, KBapIEBhIX NTECUaHUKOB
1 yIJIepoANCTO-TeppUreHHBIX cjlaHLeB. JJoJIOMUTH B 3TOM YacTU pa3pe3a coAepkar CTpoMa-
TOJIUTOBBIE TIOCTPOMKU U MUKPODUTOIUTHL. TOHKOTEPPUTEHHBIE ITPOCJION 3TOU MAYKU BBI-
COKOTJIMHO3eMUCTHIe, coAepxkxanue Al,O; 10 30% [Booc, 1991]. MomtHocTh 3ToM Yactu 500
M. BepxHsas yacTh CBUTHI pe/icTaBJieHa liepecjiauBaHNeM CBETJIO- U TEMHO-CEePhIX JOJI0MU-
TOB. B HIDKXHell yacTu 3TOM Mayky MpeobsIaialoT CJIOKUCTHIE JOJIOMUTHL C yYacTUEM TaJIbK-
XJIOPUTOBBIX CJIaHIeB. BepxH:AA yacTh Mauky mpejicTaBjeHa B OCHOBHOM MaCCUBHBIMU [J10J10-
MUTaMHU C NIPOCJIOAMM KpeMHel 1 KpeMHUCTHIX KOHKpeIril ceporo 1iseta. MOIHOCTb 5TOM
gacTtu 0kos10 900 M. OOm1as MOIHOCTh FOPJIBIKCKOU CBUTHI 0K0J10 2300-2500 M. BepxHuii
KOHTAKT TrOpJIBIKCKON CBUTHI B OacceriHe p. lllymak TeKToHNYeCKU. YaCTUYHO JOMOJIHAT
OMMCaHHBIN pa3pes 1o p. lllymak mopoAsl, BCKPHITEIE B BepXHeM TeueHUU p. ['opJibik-T'o1, rae
Ha pa3MBITO!N ITOBEPXHOCTH JJOJIOMUTOB C Pe3KO BhIpaXXeHHBIM HecorJjlacreM 3ajleraioT Tep-
pUreHHbIEe ITOPOJbI CaraHCaupCKOM CBUTHL. B HMXKHEN 4acTy CBUTHI OlpeAesieHbl MUKpOGU-
tosuThl: Vesicularites compositus Z. Zhur., Vermiculites anfractus Z. Zhur., Osagia tenuilamellata
Reitl, cmpomamo.tumet Jurusania sp., Boxonia sp. [PouiekraeB u np., 1983]. B cpenHeii ya-
CTU CBUTHI BBISABJIEHB MUKpoduTomThl Osagia nimia Z. Zhur., Vesicularites bothrydioformis
(Krasnop.), V. enormis Z. Zhur., V. rectus Z. Zhur., V. porrectus Z. Zhur., Ambigolamellatus
horridus Z. Zhur., Volvatella zonalis Nar., V. vadoza Z. Zhur., Nubecularites punctatus Reitl, cTpo-
MaTouTHl Jurusania cf. jodomica Kom. Et Semikh., Linella f. indet., 3BecTKOBBIE BOJOPOCJIN:
Renalcis sp., Katangasia sp. (onpenenenus B. H. AnekceeBa). B mopogax BepxHell 4acTU CBU-
Thl 0OHaApYy>XeHbl CIUKYJIbI I'yOOK Hyalostelia sp., MenkopakoBrHHasA (payHa: aHabapuTHUabL, a
takxe Torellela lentiformis Sy s., Hyolithellus sp., 6paxuonoast Kutorgina sp. [Pomexraes u 1p.,
1983], a Takxe TpusioObuTsl atgabaHckoro Apyca [['ocynapctBenHas..., 2007]. Kommiekc op-
raHMYeCcKUX OCTATKOB IO3BOJIsAET JaTUPOBATh CBUTY MO3JHUM BeHJIOM-PaHHUM KeMOprem

(TOMMOTCKHUH U aTHabaHCKUI Beka).

Apaoieiickas cBUTa

Pa3pe3 apaomieickoil CBUTH B JOJIMHAX pek Apa-Omieii u JKajira yCJIOBHO JIeJIUTCA Ha

aBe yactu. HuxHsAA npeacraBJji€Ha MMaykou CpeaHE- 1 TOHKOIIINTYAaThIX JOJIOMUTOB CBETJIO-
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Ceporo 1Bera u uMeeT MOILHOCTh 0K0J10 5S00-600 M. Cpeaut JOJIOMUTOB BCTPEUYAIOTCA MPO-
CJIOU U JIMH3HI KBApIia, a TaKXe KBaplieBble KOHKpenuu aAuaMmeTpoM A0 4-5 cm. Ha gosiomu-
Tax 3ajieraet nayvka (okoJio 200 M) yrJIMCTBIX U3BECTHAKOB TEMHO-CEPOTr0 WUJIM YEPHOTO I[Be-
Ta. OCOOEHHOCTBIO 3TUX U3BECTHAKOB ABJIAETCA PE3KUIN CEPOBOAOPOAHBIN 3alax IIpYU packa-
JIBIBaHUU. BepxH:AA 4acTh pa3pe3a apaolleriCKoN CBUTHI ONKcaHa 1o 6eperoBbIM OOHAXXEeHU-
saM B fosmHe p. XKanra [Booc, 1991]. DToT pa3pe3 HapaliMBaeT IpeabIAYII1I C TPeq0JI0XU-
TeabHbIM pa3pbeiBOM B 300-400 M. B HMXXHeH ero yacTu BCKPHITHI Cepble U TEMHO-Cephle MeJl-
KOKPHUCTAJLUINYeCKe N3BEeCTHAKA C MaCCUBHOM TEKCTYPOU, MOIHOCTh KOTOPBIX 0KOJ10 100
M. Jlasiee o pa3pesy 3ajieraloT CBETJIO-Cepble U Cepble CJIOWCThbIe KaJIbLUT-I0JIOMUTOBBIE
IIOPOAHI, C JIMH30BUAHBIMU CTSXKEHUAMU KpeMHel U peAKUMHU IPOCJIOSAMHU CYIIeCTBEHHO J0-
JIOMUTOBOT'O COCTaBa, 00I1er MOITHOCTHI0 0K0J10 350 M. Brile pa3pe3 apaomiericKou CBUTHI
cJiararT TOPU30HTHI U3BECTHAKOB.

Cpeny HUX BBIJEJIAIOTCA CBETJIO-CEPhble MEeJIKOKPHCTaJUINYeCKe N3BECTHAKU C MAaCCUB-
HOU TEKCTYPOU MOIIHOCTBI0 OKO0JI0 100 M U cepble 1 TEMHO-CEpble HePpaBHOMEPHO KpU-
CTaJUITMYeCKUe M3BECTHAKU C BOJIHUCTO-CJIOMCTON WUJIU HNATHUCTOU TEKCTYPOU MOITHOCTBIO
okoJs10 200 M. 3akaHUYMBaeT pa3pe3 'OPU30OHT CBETJIO-CePhIX U OeJsIbIX KPYIHOKpUCTaInye-
CKUX OpeKYMPOBAHHBIX KaJIbLTOBBIX MPaMOPOB C TOHKOU BKPaIlJICHHOCTbIO PYJAHBIX MU-
HepaJioB U yIJIMCTOrO BemiecTBa oOmier MouHOCThi0 250-300 M. Takum oOpa3omM, oOmjas
MOIITHOCTb apaoIIelicKoi CBUTH cocTasiAeT okoJio 2000 M. Kap6oHaTHBIE TOPO/IB HA HEKO-
TOPBIX YYaCTKaxX U BOJIN3U pa3jIOMHBIX 30H MeTaMOp(H30BaHbl U IpeBpalleHbl B MPaMOpHL.

Apaomeiickas cBuTa BIepBble Obia onucaHa B. I'. berimuenko u P. I'. Boocom [1984],
HO ee BO3pacT MOKa TOYHO He ompeneseH. B pabote [Booc, 1991] onucaHa equHCTBEH-
Has HaxoAka xutuHo3ou Lagenochitina ex gr. Sphaerica Collinson et Schwalb, xapakTepHas
JJIA OTJIOKEHUU CUJIypa U AeBOoHa. PaHee Apyrumu nccieaoBaTesiAMyA KapOOHaTHBIE IOPO-
JBl 5TOM CBUTHI OTHOCUJIUCh K MOHTOIIMHCKOU WJIM UPKYTHOU CBUTE MO3QHEr0 IpPOTEpo-
304 [ApceHTbeB U Bosikosakos, 1964; I'eonornueckas..., 1968], onopHsie paspe3sl KOTOPIX
HaxoAATcA B oOpamuieHnu 'apraHckou riibiObl Ha ceBepo-BOCTOKe TyBHHO-MOHIOJIbCKOTO
MaccuBa. Ha coBpeMeHHOU rocyJapCTBEHHOU reojiornyeckon kapte macmraba 1:1 000 000
[TocymapcTBeHHas..., 2011] B 6acceiine p. Apa-Oiiell onvcaHbl TEppPUTe€HHBIE OTJIOXKEHUSA

6apyHroJIbCKOW CBUTHI OPAOBUKCKOTO Bo3pacTa. Ha3zBaHHas kapTa He TOJIbKO MPOTHBOpe-
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YUT pe3yJibTaTaM Ie0JIoro-CbeMOYHbIX pabot [benndenko u booc, 1984; Booc, 1991], Ho
1 He COOTBETCTBYET AEeUCTBUTEJIBHOCTHU, TaK KaK OTJIOXKeHMA B JoJrHe p. Apa-Oien npea-

CTaBJIEHBI IPEUMYIIeCTBEHHO KapOOHAaTHEIMU IIOPOAAMHM.

BokcoHckas (HepacuJieHeHHas1) cepus

K OokcoHCkOl (HepacuJieHEHHOW) cepur BeHA-KeMOpHIICKOro Bo3pacTa B JOJIMHE P.
KeiHrapa B Hacrosilee Bpemsa [['ocymapcTBeHHas..., 2009] oTHOCATCA NOPOABI ONKMCAHHbBIE
paHee [['eosiornyeckas..., 1969] kak npotepo3orckue 6e3pIMAHCKAaA, OypyHI0JIbCKas U MOH-
TOLINHCKasA CBUTHI.

Be3sIMAHCKas cBUTa 00111l MOXHOCTHIO 0K0J10 2000 M COCTOMT MyCKOBUT-KapOOHATHO-
KBapIeBbIX, KApOOHATHO-OMOTUT-KBapPIeBbIX, aM(}P1OO0JI-KBapPIeBBIX U APYTUX cjaHIeB. Cpe-
11 3TUX MOPOJ BCTPevarTcsa MajioMoltHbie (7o 20 M) Ipocjion MpaMoOpOB.

BypyHroJsibckas cBUTa CJI0XXeHa XJIOPUTOBBIMU CJIAHIIAMU C IIPOCJIOAMHU KapOOHATHBIX
nopoa u 3pdy3uBoB. KapOboHaTHBIE NOPOABI paclpOCTPaHEeHbl B BUAe MaJOMOIIHBIX JIUH3 B
pa3HbIX YacTAX paspesa. MomHocTs cBUTH 0k0J10 1800 M.

MoOHromuHCKasA CBUTA COTJIaCHO 3aJjieraeT Ha OypyHI'OJIbCKOU COCTOUT U3 KapOOHaT-
HBIX IIOPOJ C MPOCJIOSAMHU KOHIJIOMEpPAaTOB U CJIIOANCTO-YIJIUCTHIX cjaHileB. KapOoHaTHbIe
MOPOABI Ipe/ICTaBJIEHbl U3BECTHAKAMU U JOJIOMUTAaMU, MeCTaMM C KBapl{eBbIMU IIPOXKUJIKA-
MH. MoOIIfHOCTh CBUTHI 0K0JIO 2000 M.

Bo3pacT cBUT ObLI OIpefiesieH MO HaxoAKaM IO3aHeqOoKeMOpUiickoil ¢ayHBl B aHa-
JIOTUYHBIX OTJIOXEHUAX Ha CMeXHOH TeppuTopuu. [IpruHaAIeXHOCTh ONMCAHHBIX NOPOA K
6okcoHckol cepur TyBHHO-MOHIOJIbCKOTO MacCUBA WJIM BhIJieJIEHHE UX B CaMOCTOATEJIb-
Hble cTpaturpaduueckue nojapasfeieHus CUJIbHO 3aTpyAHeHO. 1o mojeBsIM HaOJII0IeHU-
AM aBTOpa BCe NepeyuncJieHHble TOPOAbl B OOHakeHUAX 1o p. KelHrapra 3aseramoT B BUAE
TeKTOHMYECKUX IJIACTHMH U HOpMaJibHbIEe cTpaTUrpaduyeckrie KOHTaKThl CBUT OOHAPYXUThb
He ypaayiocb. Kap6oHaTHbBle TOPOABI MOYTH MOBCEMECTHO MeTaMopdu30oBaHb U JedpOopMU-
poBaHbl. [10CKOJIBKY B IlepedncjeHHbIX pa3pe3ax 1o p. KelHrapra He yajaoch 0OHapyXUThb

OpPraHN4Ye€CKHUX OCTAaTKOB, BOIIPOC O MX BO3pacCTE OCTAC€TCA OTKPBIThIM.
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2.2.2. AJNJIOXTOH
YpraroJsibckas cBuTa

TeppuUreHHO-ByJIKaHOT€HHas yprarojbckasa [mo booc, 1991] nnu 6apyHrosbsckas [mo
PomektaeB u ap., 1983] umeer pacnpocTtpaHeHue B GacceiiHe pek CaraH-Catip, bapyH-
T'os, Apa-XOHroJIijoM U cjaraeTt ABe MOJIOChl CEBEPHOTO U HKHOTO Kpas BbIXOJla aJlJIOXTO-
Ha. B 60pIIMHCTBE pa3pe30B ypTarojbCcKasA CBUTA YETKO JEJIUTCA Ha ABE YaCTU, HUXXHIOK
TEPPUT€HHYI0 U BEPXHIOI0 CYI[eCTBEHHO BYJIKAHOT€HHYI0. TeppuUreHHas COCTaBJIAIIasA B
30He HauMeHblIero MeramopdusMa cjaoxeHa CJIaHI[AMU, pacCIaHIIOBAHHBIMU [TeCUaHUKa-
MU U peaKO KOHrjoMeparamu. [lecdaHMKY MOJIMMUKTOBBIE, MeJIKO3epHUCTHIE. OBJI0MOY-
Has 4acTh CJIO)KeHa KBaplieM U MOJIeBBIMH IINaTaMH, BCTPedalTcsa O0JIOMKU TypMaJiHaA.
LleMeHT cepuLUT-KapOOHATHEIN, KApOOHATHLIN MaTepuasl MpeAcTaBjeH KaJblUTOM U J0-
JomMuToM. B 30Hax GoJiee BBICOKOM CTeleHU MeTaMop¢u3Ma HUXKHsAA YaCTh CBUTHI CJIOKEHA
KBapI[-CJII0UCTO-KapOOHATHBIMU M KBAPI-CJIIOAUCTHIMU CJIaHIJAMU, FPAaHAT-CIOAUCTHIMY,
rpaHaT-CTaBPOJIMT-CIIIOAUCTBIMU, AUCTEH-CTaBPOJIMT-TPaHaT-CII0ANUCTEIMY, GUOPOIUT-aU-
CTE€H CTaBpOJIMT-TPaHaT-CJIAYCTHIMU CJIaHIAMU U THericamy. MOIIHOCTh HUXXHEN 4acTyu
oT 200-300 go 500-600 M. BepxHsAsa yacTh CBUTH B 30He €J1aboro Mmeramop@dusma cJjioxe-
Ha NepecauBalIMMUCA BYJIKAHOT€HHBIMY, KApOOHATHEIMU U T€PPUTreHHBIMU [TOPOAAMU.
ByJsikaHOreHHbIE NOPOABI IIpeACTaBJIeHb MeTadp@dy3nuBaMH, 10 COCTaBy COOTBETCTBYIOLIU-
Mu 6aszaspTaM U aHfe3uTaM. OHU COMPOBOXAAKTCA U3BECTKOBBHIMU Tydduramu u Ttydo-
necuanukamu. Cpeau KapOOHATHBIX NOPOJ NpeodJIafaT U3BECTHAKU C IPUMECHIO XJIOPUTA,
KBaplia U IJ1aruokasa. TeppureHHsle IPOCJIOU 3TOU MMAYKU 110 COCTABY CXOJHBI C TIOPOAaMU
HIKHEH 4acTU CBUTHL. B 30HaxX BBICOKOro MeTamMop(dr3ma BEpXHsAA 4acTh CBUTHI IPE/ICTaB-
JieHa XJIOPUTOBBIMHU, XJIOPUT- UJIU SMUA0T-aKTUHOJIMTOBBIMU CJIaHL[aMH, aMGuboIuTamMmu 1
rpaHaT-ampuboanTamMy, nepecjaanBarlMUCA CO CIIIOAUCTO-KapOOHATHBIMU CJIaHI[AaMU U
MpaMopaM¥ C TPEMOJIMTOM, AWOINCHIOM M CKAIlOJIMTOM. MOIHOCTh BEPXHEU 4acTU OKO-
J0 300-500 M. OO1ada MOITHOCTh ypPTaroJjibCkou cBUTH 0k0Ji0 800-1000 M. HuxHMIT KOH-
TaKT CBUTH TEKTOHUYECKUI, NHOTJa OHa MOACTUIAeTCA MeJIaHXeBO-0JIMCTOCTPOMOBBIM I'O-
PU30HTOM, TJie CJIAHIbI [10 TEPPUr€HHBIM [I0poJaM cofepxar 0JI0KA KapOOHATHBIX IIOPOJ.

BerHHH rpaHnuia ypTaFOHBCKOP’I CBUTHI C BbIIHeJ'Ie)KaIlIeﬁI TOJITUHCKOM CBUTOM B OTAEJIbHBIX
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Puc. 10: CBoaHble cTpaTurpaduyeckre KOJIOHKHU [JIA aJUIOXTOHHOrO KoMIuiekca [rno booc,

1991, ¢ nonoJiIHEHUAMU].
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pa3pes3ax pe3kas U YeTKas, B APYrMX MOCTENEeHHAas M paciIbiBUaTas. B BepXHUX ropu30H-
TaX ypTarojbCKOI CBUTHI ONpefesieHbl OPAOBUKCKME XUTUHO30U Desmochitina ex gr. Minor
(Eisenack), Desmochitina complanata Eisenack, B HUXHeI 4aCTU CBUTHI OMKUCAHBI KOJIOHUM
MIIAHOK Trepostomata OpIOBUKCKOT0 00JIMKA, OJHAKO XapaKTepHBIE IJisi 60Jiee IPEBHUX OT-

JoxeHuu. Takum oObpa3oM, npeanojaraercsa KeMOprUi-OpAOBUKCKUI BO3PACT CBUTHI.

ToJTUHCKaA cBUTaA

OTJ10keHUs TOJITUHCKOU CBUTH B pa3HOe BpeMsA IeojIoraMy BKJIIOUAJIMCh B COCTaB exe-
xaupckon [Bysukos u Jlpyrosa, 1960], upkytHou [ApceHTheB U Bosikosiakos, 1964], To-
THUHCKOH [By3ukoB u O6pyueB, 1961] niau moHrommHckou [[loauH u ap., 1968] cBut, Bo3-
PacT KOTOPHIX 3aKJII0YaAJICS B MHTEPBAJIE OT apXes A0 MO3AHEero nmporepo3os. B HacTosmee
BpeMs Ha3BaHUe TOJITUHCKas CBUTA IIPHUMeEHsAeTCsA ajie030MCKUM KapOOHATHBIM MOPOJiaM,
COTJIaCHO 3aJierarolyM Ha OTJIOKEHUAX ypTaroyibckou cBUTH [Booc, 1991]. OtTaoxeHus
TOJITUHCKON CBUTHI pacnpocTpaHeHHl B OacceiiHax pek Tosra, Caran-Carip, lllymak, Ku-
Toi. Kap6oHaTHbIe TOPOABI CBUTHI IIPeCTaBJIEHBI JOJIOMUTAMU U M3BeCcTHAKaMU. JJosomu-
THI CBETJIO-CEPOro IIBeTa, IJIOTHBIE, CKPBITO- WJIM TOHKOKPHCTAJJINYeCcKre, MaCCUBHOI TeK-
cTypsl. U3BecTHAKY TpeobiajaloT Hal JoJIOMUTaMu. LIBeT N3BECTHAKOB CBETJIO-CEePhIH, TEK-
CTypPBI MaCcCUBHEIE, CJIOUCTBIe, KOMKOBATO-CI'yCTKOBBIe. Cpeii KapOOHATHBIX NOPO/ BCTpeya-
I0TCSA IIPOCJION TEPPUTEHHOTO U Ty(dOBOro MaTepuasa, npeacTaBjeHHble MeTaspdy3uBamu
OCHOBHOT'O M cpefHero cocrana. O01as MOIHOCTh cBUTHI 0k0Ji0 1000-1200 M. B oTsioxe-
HUAX TOJITUHCKOMN CBUTHI oIpefiesieHbl XUTuHo3ou Eisenachitina ex gr. bohemica (Eisenack),
Lagenochitina ex gr. brevicervicata Collinson et Schwalb, Lagenochitina sphaerica Collinson et
Schwalb, xapakTepHble [J1s cuIypa U AeBoHa; Angochitina flasca Collinson et Schwalb, natupy-
I0IlKie [TOPO/Jbl BEPXHUM CUJIypPOM-CpeHeM JIeBOHOM; OpAOBUK-cuitypuiickue Rhabdochitia

sp. [booc, 1991].

2.2.3. HeoaBTOXTOH

CaraHcaiipckas cBUTa

Csuta Brepsble Obuia BeigesieHa M. @. IllectonanoBeiM u A. C. iBaHOBEIM B 1939T.

CrpaToTunnueckuil paspe3 CBUTH HaxoauTcsa B OacceriHe p. CaraH-Caulp U npejcraBjieH
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Puc. 11: CBogHas crpaturpaduyeckas KOJIOHKa AJI1 HE0aBTOXTOHHOIO KOMILIeKca [rno bo-

oc, 1991, ¢ gonoJIHeHUAMU .
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rpy003epHUCTBIMY, NMPEUMYIIeCTBEHHO KPACHOIIBETHBIMHU OTJIOKEHUAMH, BBINNOJIHAET Ca-
raHcampckyto rpabeH-CUHKJIMHAJIBHYIO CTPYKTYPY, OCJIOKHEHHYI0 MaKeTaMU TeKTOHUYeCKUX
IUTACTUH U KJIMHbeB. HUXHAA 4acTh CBUTHI CyIIECTBEHHO KOHIJIOMEPATOBasA, C MPOCJIOAMU
KpaCHOLIBETHBIX [TIeCYaHMKOB U ajieBpoJINTOB. KoHTrI0MepaThl po30BaTO-KOPUYHEBOIO IiBeE-
Ta € raJibKol OKpeMHEHHBIX JOJIOMUTOB, U3BECTHAKOB, BUIITHEBBIX [1I€CYUAHNKOB, KDEMHUCTO-
CJII0AMCTO-KapOOHATHBIX NOPOA Ha 6a3aJIbHOM ITeCYaHO-TPaBUITHOM KBapll-II0JIeBOLINAT-/10-
JIOMUTOBOM IIeMeHTe, BKJII0YaIOIIMX [IPOCJION U JIMH3Bl BUIITHEBBIX KOHIJIOMepaToB, necya-
HUKOB, JTOJIOMUTOB. MOIIIHOCTh HMXHEH 4YacTu CBUTH 0Kojio 200 M. BepxHsAa yacTh CBU-
THl — MOHOTOHHAA (y4acTKaMu pUTMHUYHO-CJIOUCTAsA), MPEeUMYyIeCTBeHHO CepoLBeTHaA TOJI-
111a rpy603epHUCTHIX ITIECUaHUKOB, IlepecIauBapIUXCsA ¢ TpaBeJInTaMU, BKJII0Ualolias ropu-
30HTBI KOHTJIOMEPaTOB, YEPHBIX aJIEBPOJIUTOB U [I€CYAHNKOB, ByJIKAHUTOB KHCJIOTO COCTaBa
(TydBbl pUOJIMTOB, PUOJALIMTHI, MeTaIaBOOpeKYnU), MeTaaHe3uTOB. MOIIHOCTD NMPEBHIIIAET
600 M. CaraHcaiipckas CBHTa C YIJIOBBIM U cTpaTUrpaduyeckuM HecorjiacueM 3ajieraeTr Ha
KapOOHaTHBIX NMOPOJAaxX rOpJbIKCKOM cBUTH [CkomnuHLeB, 1995]. Haneranue KoHrjiomMmepa-
TOB CBUTHI Ha MMOPOABI yPTarojabCKOM CBUTHI OPAOBUKA(?) MOXHO YBUETh JIMIIb HA HEOOJIb-
II0OM yvacTke npaBoOepexbsa p. Kuroir [CraBckuil u Ap., 1973]. Crenens MeTamopdpusma
IIOPOJ CBUTHI JJOBOJIBHO HU3Kas, B NpeJeslaX XJIOPUT-CepUIIMTOBON cybdanuu myMIesinT-
NpeHuTOBOU (aruu. JlaTupoBaHue caraHCalpCKOU CBUTH 6a3UpOBajioCh HA ONpedeseHU-
AX OTIEeYaTKOB ()JIOPHI MJIOXOM COXPAHHOCTHU, OOHApPYXKEeHHBIX B aJIeBPOJIMTax CBUTHI [Po-
meKTaeB u 1p., 1984], npuHagiexariue 00 K wieHHCTOCTeOebHBIM Archaeocalamites
Paracalamites xap6oHa, 100 Kak OOphIBKaM JIMCThEB, MOXOXUX Ha JIMCThsA Phoenicopsis,
OoJiplIMe CKOIJIEHUA KOTOPOr'o OOBIUHEI B 10pe 1 Mejty Cubupu u MoHrosmu. Kpome Ttoro,
B OTJIOXEHUAX CBUTHI BcTpeueHb! hopamunudepsl Endothyroidae, xapaktepHsle 1Jis1 ¢hbamMeH-
CKOr0 fIpyca BEpXHEro AeBOHa—cpeaHero kapboHa, u ocrpakoas! Kloedinella sp. TIpencraBu-
TeJIM 3TOr0 pojia OOBIYHBI B CUJIype, AeBOHe U KapOoHe [Booc, 1991]. Bo3pacTHol Auana3oH

caraHcalipCKOl CBUTHI OrPaHUYEH CPeJHUM JeBOHOM—PaHHUM KapOOHOM.

Kap6OHaTHbIe KoMILIekchl BocTouHoro CasHa B I[OCTEITO‘IHOIZ CTEIIEHN N3YUYEHbI B IIpE-

Jejiax TYBI/IHO-MOHFOJ'IBCKOFO MacCCHBa, B TO BpEMA KaK MX aHAJIOTU B TYHKI/IHCKOM xpe6—
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T€ IPAKTUYECKU He MMEI0T Fe0OXpPOHOJIOrNYeCKY 0OOCHOBAHHBIX BO3PACTHBIX OIPaHNYEHU.
EQVMHCTBEHHBIM NPHUMEPOM IPAMOIrO CONOCTABJIEHUA MOTYT OBITh JIAIIb ITOPOJBI TOPJIBIK-
CKOI CBHUTBI, KOTOpasi COAEPKUT OCTAaTKU BeH-KeMOpuiickou ¢payHbl. OQHU U3 CaMbIX NPO-
TAXKEHHBIX KapOOHATHBIX pa3pe30B B TYHKMHCKOM XpeOTe KapTHUPYIOTCA B OaccerHax pek
Apa-Omen, Xanra, Apa-XyOyTel 1 KelHrapra B cocTaBe apaolleliCKON CBUTHI, OOKCOHCKOM
(HepacuJeHeHHO!) cepur U UPKYTHOU CBUTHL. ITopoabl 3TUX CBUT GaKTUUYECKU JIMIIEHB! Ha-
XOJI0K pyKoBoAsAle (payHbl, a pa3pe3sl B JoIMHe KbIHrapKu O0CJI0)KHEHBI HeCKOJIbKHMMMU 3Ta-
raMu MaJjie030MCKOM MOKPOBHO-HAABUTOBOU TEKTOHWKHU [PAOuHUH u ap., 2011]. Bce sTo
JenaeT kapOoHaTHBIE TOPOAbl TYHKMHCKOTO XpebTa MHTepeCHbBIMU 00beKTaMuU 1A reoXpo-

HOJIOT'MYECKOTO0 UCCJIeJOBaHUA, KaK C METOOUYECKOM, TaK U C T€0JIOTUYECKOI TOUKH 3PEHUSI.
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I'JIABA 3. AHasimThyeckas MeTOoJHuKa

AnanuTryeckas MeTOAMKa YCJI0BHO AeJIMTCA Ha [iBa dTana — NOATOTOBUTEJIbHBIN U OC-
HOBHOU. [IoArOTOBUTEIBHEIN 3TAll BKJII0UaeT netporpadedeckuil, MUHepaJoru4eckKuil, reo-
XMMHYEeCKUU aHaJIN3, N3y4eHre N30TOTHOIO cocTaBa yrijiepoja, KUcjaopoaa, crpoHnusa. Oc-
HOBHOU 3Tall ipeAnosaraeT uccyiegosanrie U-Pb cructemsl: n3aMepeHre N30TOMHOTO COCTaBa
u cogepxanuui U u Pb.

W3yueHHasA KOJUIEKIUA COAEPXUT 96 06pasi[oB U3 TPeX CBUT IIPOTEPO30KCKOTO U paH-
HEIaJIe0301CKOro Bo3pacra. 3yuenHsie kapOOHaTHBIE IIOPOAb OTOOPAHHI B I0I0-BOCTOYHOM
yactu BoctouHoro Casna B 6acceriHax pek Apa-Omeit, XXanra, Ketnrapra. O6pasusl oTOupa-
JICH II0 BCEe MOITHOCTHU pa3pesa, mar Mexay odpasnamu coctasysaa ot 10 go 20 MeTpoB B
3aBUCHMOCTH OT 3aJIePHOBAHHOCTU U JJOCTYITHOCTU BCKPHITOU yacTu. [Ipropuret oTHasasica
obpasiam 6e3 BUANMBIX IPU3HAKOB BTOPUYHBIX N3MEHEHU, OJHAKO [JIA JIy4IIero IoHuMa-
HUsA Ie0JIOTMYeCKOU 3BOJIIOIMU NOPOJ 4acTh 00pasroB oToOpaHa U3 30H YaCTUYHOU Iepe-
kpecTtanu3anuu. Kaxapiii 13 oToOpaHHbIX 00pas3LoB AeJINJICA Ha ABe HepaBHble yacTu. OaHa
4acTh NepeBOANJIach B MOPOIMKOOOPa3HOe COCTOSIHME [JI U30TOMHO-T€OXUMNUYECKOr'o UC-

cjieJOBaHUA, APpYyrasAa 4aCTbhb HMCIIOJIb30BaJiaCh AJIA MPUTOTOBJIEHUA neTporpaQ)I/IquKI/Ix mJIm-

doB.

3.1. IToaroTOBUTEJIBHBIN 3TAIl

[TeTporpaduueckoe uccaegoBaHre KapOOHATHBIX MOPOJ IPOBOAMIIOCH B MIMpax us-
rOTOBJIEHHBIX B nuindosanpHoU MacTepckor UITJ] PAH u I'opHOro yHuBepcurera, ¢ UC-
[10JIb30BaHNEM OINTUYECKOI'0 MUKPOCKOIle Leica DM750P.

J1a yTOuHeHNs MUHepaJIbHOro cOCTaBa 0Opasiibl ObIM IIpOAaHAJIM3HUPOBAHbl pEHTre-
HodazoBbM (XRD) metonom Ha audpakrtomerpe APOH-YM-1 ¢ Co-Ka ussydyeHuem npu
CKOPOCTH cYeTyrKa 20/MuH, cuiie Toka 20 MA u HanpsxeHun 35 kKB. @a30BbIl COCTaB Kap-

6oHaTHOI COCTaBHHIOH.Iefl OoIpeaeIaJICA IMoJyKOJIMYEeCTBEHHBIM METOAOM IO COOTHOIEHWIO
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MHTEeHCHBHOCTHU NUKOB (112) kajbiura (3,0313;) 1 JI0JIOMHTA (2,88;\), JlJ1A TlepecyeTa Uc-
[10JIb30BAJIMCh BEJIMYMHBI OTHOCUTEJIBHBIX IJIONIalel 3TUX MMKOB U COOTBETCTBYIOIIME KO-
apdunmenTs [IpsakoHoB, 1991].

[TpoGonoaroToBka 06pa3noB KApOOHATHHIX MOPOA AJIA U3MEPEHUA KOHI[eHTpanu Mg,
Ca, Mn, Fe u Sr npoBogusiachk B jabopatopuu UI'TJ] PAH. HaBecka o0Opa3sija pacTBopsiach B
0.5N HNOs; B TeyeHure 30 MUHYT, IIOCJIE Yero pacTBOP OTPUIBTPOBLIBAJICA [JiA OTAEJIEHUA
HepacTBopuMoOro ocrarka. ITosyueHHb1 pacTBop pasbasisica B 10 pa3 0,1N HNO;. Us-
MepeHre KOHLeHTpauu Mn, Fe, Sr npoBOAWIOCHh HA aTOMHO-3MHUCCUOHHOM CIIEKTPOMeETpe
Shimadzu ICPE-9000 (pecypcHsiii 11eHTp MACB CII6I'Y), a Takxe B jjabopaTopuu MexaH-
obpAnanut (Caukr-IlerepOypr).

VizMepeHMre M30TONHOro cocrasa yriepona (6'3C) u xuciaopoga (5'%0) B usBecTHS-
Kax U JoJOMMTax IpoBoAuanch B jjabopatopuu SIFIR KanudopHuiickoro yHuBepcureTa
(University of California, Riverside) c ucnonap3oBanuem macc-cnekrpomerpa Thermo Scienti-
fic DELTA V Advantage (IRMS) ¢ cucteMoi MOATOTOBKY U BBOAA Mpob GasBench II. Pas-
JIO)XeHHe MOpOoIIKa KapOOHATHOM MOpPOABI IPOBOAMIOCH B OpTOHOCHOPHON KUCIIOTE B Te-
yeHre 24 yacos. IIpyu kamOGpoBKe MCIO0JIb30BAJIUCH IBA MEXAYHAPOJAHBIX cTaHAapTra, NBS
18 u NBS 19, u oguH BHyTpuiaabopaTopHbiii cranmapt gojomuta (Tytyri, §13C = +0.78%0
V-PDB u 680 = —7,07%0 V-PDB; [Karhu, 1993]). 3nauenus §'3C u §'30 nausl B mpomusiie
OTHOCUTEJIbHO cTaHAapTa 6esiemHuTa Vienna Pee Dee (V-PDB). AHasuTuveckas TOYHOCTh
115 813C u §'80 Ha 0CHOBe MOBTOPHBIX CTAHAAPTHHIX aHAM30B cocTtaBuia 0,2%o (10).

N3yuenrie Rb—Sr n30TONHON crCTEMATHKN BKJIIOYAJIO MPeABApUTEIbHYI0 06pabOTKy
HaBecku obOpasia (oxosio 50 mr) B 1IN HCI npu KOMHaTHOH TeMmIlepaType B TedyeHUe ya-
ca JUiA U3BeCTHAKOB U B TeueHHe CYTOK Ipu TeMmneparype 60°C asa posomutos. [losy-
YeHHBI pacTBOp LeHTpUQYTUPOBAJICA [JIA OTJeJIeHUsA HepacTBOPHMMOIrO OCTaTka. Beije-
JeHue Sr JUIA OolpefeJieHUs ero M30TOIMHOro cocrasa nposoausock B 2,5N pactBope HCI
MOHOOOMEHHBIM MeTOA0M ¢ KaTHOHUTOM (200-400 memn) u 2,5N HCIl B KaueCcTBe 3JII0eHTa
[Topoxos u ap., 2016]. 3oTonHbIN cOoCTaB Sr U3MepAICAd Ha MHOIOKOJIJIEKTOPHOM Macc-
criexktpoMetpe Triton TI ¢ Re-jieHTaMu MOHHOTO UCTOYHMKA. Cpequue 3HaYeHus S0Sr/38Sr B
craHfapTHBIX o6pasnax NIST SRM 987 u EN-1, HopMaJIM30BaHHbIE K OTHOIIEHHUIO 505y /38Sr

= 0,1194, cocraBysnu B nepuof pabotsl coorBeTcTBeHHO 0,71031+0,00001 (20, n=20) u
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0,70924+0,00001 (20, n=19).

3.2. OcHOBHOM 3Tam

XumMmndeckas ob6paboTka 06pasioB A ucciiegopanus U-Pb cucteMsl mpoBoAUTCA MpU
KOMHAaTHOU TeMIlepaType B pacTBOpe COJIAHOU KUCJIOTHL. [IpeaBapuTesibHO HaBeCKa OKOJIO
200 mr pactBopsietcs B 0,03N HCI, uyTto no3BoJiAeT yaaauTb oT 1 Ao 5% moBepXHOCTHBIX
3arps3HeHNi U BTOPUYHBIX kKapOoHaTHbIX (a3. [laysiee pacTBopeHue mpojoJokaercs B 1N
HC! po moiHOro nepexojia B pacTBOp KapOOHAaTHOM COCTaBJIAKIIEN HaBecku. [locyie dero
KapOOHaTHBIN pacTBOP BHICYIIMBAaeTCA U epeBoaAUTCA B HBr ¢popMy Asia BeigeaeHus Pb Ha
xpomaTtorpaduvecknux KoJIoHKax. s BeifgesieHus Pb umcmosb3oBanmmch xpomaTtorpaduue-
CKHe KOJIOHKH C aHMOHOOOMeHHOM cMoJioi Bio-Rad 1 x 8 (100-200 mern) B 0,5N pactBope
HBr ¢ HCl(xoH1I) B KauecTBe 3J10eHTa [OBYMHHUKOBA U ap., 2000, 2012]. ITpu BegeIeHUA
U ucnosib3oBajsiachk s3kcTpakuuonHasa cmosia UTEVA SPEC B 0,05N HNOs. Koymmyectso U
u Pb omnpenesnAanocs METOAOM M30TOIHOIO pa3daBiieHUA C MCIOJIb30BAaHUEM CMELIAaHHOTO
unaukatopa WR3 (333U-2%8pb).

B oOpasnax ¢ Hu3KopaauoreHHeIM Pb/Pb oTHOIIEHreM BO3MOXHO MCIIOJIb30BaHUE Me-
TOAVKU CTYIIEHYaTOr'0 PaCTBOPEHUs HaBeCKU 1A BhIABJIEHUA (a3 Haubosiee 00OrameHHbIX
[IepBUYHBIM KapOOHATHBIM MaTtepuaioM. Takol noAxo 4acTo ObIBaeT ONpaBAaH MOCKOJIb-
Ky 3epHa KapOOHaTHbIX MMHEPAJIOB, KaK IIPaBUJI0, He TOMOTeHHHBI OT BHYTPEHHEN 4acTu K
MIOBEPXHOCTU U BTOPUYHBbIE M3MEHEHUs MOTIJIM 3aTPOHYTh TOJIBKO BHEIIHME uX yacTtu. Me-
TOJ CTYTIEHYaTOT0 PaCTBOPEHMs XOPOIIIO 3apeKoMeHioBaJl ce6s npu usyyeHun U-Pb cuictem
JpeBHUX KapOoHaTHBIX nmopoa [Kayposa u ap., 2010; Kuznetsov et al., 2013; OBYUMHHUKO-
Ba u ap., 2000, 2007, 2011, 2012; CemuxaTtoB u Ap., 2003; CutkunHa u ap., 2017a]. 3tot
MeToJ IpeACTaBJiAeT coO0U MocjIeloBaTeJIbHOEe PACTBOPEHNE HABECKU B ¢J1abOM pacTBope
HCI B Te4yeHrEe KOPOTKOT'O BpeMeHH, B pe3yJjbTaTe Yero MOXHO MOJIyUYUTh A0 7 KapOOHATHBIX
BBITSDKEK U3 ogHoro obpasua. Kak npasuiio, cpeguue ¢dpakuuu OyAyT XapaKTepru30BaThCA
caMbIMM BBICOKMMM 3HaueHUAMU oTHouieHus 2°°Pb/2%4Ph u B Tepmunax U-Pb cucreMsl Mo-
TyT CUMTaThCA «HanuMeHee n3MeHeHHbIMWY [Kayposa u ap., 2010].

W3otonHbl coctaB Pb u conepxanue U u Pb B obpa3ijax kapbOHATOB OINpeneaiacA

MetoaoMm TIMS Ha MHOrokoJuIeKTOpHOM Macc-cnekrpoMmerpe Triton TI ¢ Re-nieHtamu nos-
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HOTO UCTOYHUKA. I3MepeHHbIe N30TONMHbIEe OTHOMIEeHUA Pb ncnpasiasaanch Ha KO3pPUipeHT
(ppakIMoOHUpPOBaHUsA, yCTaHOBJIEHHbIE ITyTEM MHOTOKPaTHOTO OIlpeAesieHrsA NU30TOMTHOTO CO-
craBa Pb B ctranfgapre NIST SRM-982 u cocrassiaomuii 0,13% Ha equHUIYY Macchbl. Y pOBeHb
JTabopaTOPHBIX 3arpsi3HeHUH 1pu BeieaeHnu U u Pb, onpeensicss X0J0CTBIMU OIBITAMU.
J1s nepecueTa coiepXaHUM U U30TOMHBIX OTHOIIEHUI MCIOJIb30BaJICs MaKpoc PbDAT B mpo-
rpamMme Excel. [Ipu pacueTe Bo3pacTa MapaMeTphbl M30XPOH BBIUYUCJIAJIMCH B MporpamMmMax

ISOPLOT [Ludwig, 2003] u IsoplotR [Vermeesch, 2018].
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I'JIABA 4. Ilerporpaduueckoe, MUHepaJiorH4YecKoe U
U30TOMMHO-reOXUMHYECKOe U3yuyeHrue KapOOHaTHBIX IIOPOL

TyHkuHcKoro xpebra

4.1. Apaomeiickas CBUTa

B paspese apaomieiickoil CBUTHI U3y4eHHl JiBe nayku [CuTkrHa u Ap., 2022], HUXHAA
JIOJIOMUTOBas 1 MepeKphiBawIas ee u3BecTHAKoBaA (puc. 12). J1o1OMUTH B OOHaXXeHUAX
CepOo-XeJITOro U CBeTJIO-CEPOro I[BeTa, C CpeHe- U TOHKOIUIMTYATON TeKCTypou. CTpyKTypa
nopoj ciaorcras. MectaMu BCTpe4arTCsa KBapLieBbIe IPOXUIIKU cyOIlapaJsiiesibHble CJIOUCTO-
CcTU mUpUHOU 10 0,5 CM U KOHKperuu AuamMeTpom 5-7 cM. VI3BeCTHAKU CBETJIO- U TEMHO-
ceporo LBeTa, MeJIKO3epHUCTHIe, C MACCUBHOU TEKCTYPOU. BeTpeuaoTca MpaMOpHU30BaHHbIE
CTPOMATOJIUTOBBIE Pa3HOCTH, NMPOXUJIKMA KBapla mupruHon 1-3 cMm. B pa3pese Ha3BaHHbIE
KapOOHAaTHbIe IOPO/IBI 3aJIeraloT BUe ONPOKMHYTHIX CUHKJIMHAJIBHBIX CKJIaJ0K (puc. 14).

JJ11 M30TONMHO-reOXMMUYECKOro aHajn3a KapOOHATHBIX MOPOJ apaolleliCKOM CBUTHI
6b1J10 0oTOOpaHO 32 oOpa3sija B 6eperoBbix 0OOHaxkeHUAX pek Apa-XyOyTsl, Apa-Omeii u XKaJi-
ra. B usyvyaemon xosuiekuuyu oo6pa3oB Bce KapOOHATHBIE ITOPOJBI IIpeACTaBJIEHB! NIPENMY-
I[eCTBEHHO M3BeCTHsAKaMM (puc. 13a) ¢ He3HAUMTEJbHON [OJIEW CUJIMKAaTHOM NMpUMeCH U
TOHKO paccesHHOro yrjepogucToro BemectBa (puc. 136) u gogomuroMm (puc. 13B). OgHa-
KO B HECKOJIbKMX 0Opasljax MpUCyTCTByeT HeXapaKTEePHBIH [1J1A XeMOTeHHbIX KapOOHATHBIX
nopoa MuHepaa — amdubos (puc. 13r), KOTOPBI MOXET CBUAETEJIbCTBOBAThH O MeTaMOp-
¢duyeckom npeodbpasoBaHuy nopoA. CTpyKTyphl IOPOJ NPEUMYIIeCTBEHHO CpefHe- U KPYII-
HO3E€PHUCTHIE, TEKCTYPhl MacCcuBHbIE. J1J11 3epeH KapOOHATHBIX MOPOJ XapaKTepHBI IOJIU-
CUHTEeTUYeCKHre JBOMHUKU.

Ananu3 MHUHepaJIbHOTO cocTaBa poBoauica B 21 obpasiie. [udpakTorpaMMel, Xapak-
TepHbIe AJI1 OCHOBHBIX THUIIOB KapOOHATHBIX IOPOJ apaolleiCKOU CBUTHI PeACTaBJIeHbl Ha

puc. 14. O6pasipl, B OCHOBHOM, IIpe/ICTAaBJIEHbl YMCTO KAJbLIMTOBBIMU WJIU J1OJIOMUTOBBIMU



66

Puc. 12: Ctpaturpadudeckas KOJIOHKa HUXXHEN YacTy apaollelickol CBUTH U poTorpadun

OCHOBHBIX JIMTOJIOTYECKHNX THUIIOB Kap6OHaTHbIX nopona.

Pa3HOCTAMM U Jiiib oAuH (S16-25) nMmeeT cMelmaHHBINU cocTaB. HeGosbiiaa TeppureHHas
COCTaBJIAIOLIAsA BKJIIOYAET CJII0AY, KBapll, TaJbK, aMpuboJI.
OtHomeHre Mg/Ca B AOJIOMUTaxX U3 HUXXHEN 4aCTU apaollelCcKoul CBUTHI (puc. 15,

tabs. 1) Bapeupyet ot 0,51 go 0,65. Bce nsydyeHHble oO6pasifpl coaepxaT He Oosbliie 6%
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HekapOoHaTHOU npuMmecu. B pa3pesax nmo pexkam Apa-Owmen u Xanra conepxanue Mn u
Fe BbIIEpXaHbI U COCTaBJAKT 18-66 ppm u 188-916 ppm, cooTBeTCTBEeHHO. B fosioMU-
Tax, oTOOpaHHBIX N0 peke Apa-XyOyThl KOHI[eHTpauus Mn Bo3pactaeT A0 98 ppm, a Fe 1o
1372 ppm. Ilo Bcem paspe3aM KOHLEHTpaluA Sr BbICOKaA [JiA AOJIOMUTOB OT 65 10 295
ppm, nogHuUMasAch 10 1594 ppm B ogqHoM oOpasie. CaMble BEICOKME 3HAYeHUA OTHOLIEHUA
Mn/Sr u Fe/Sr y nosoMutoB ¢ p. Apa-XyOyTsl goxonat a0 1,39 u 18,53, cooTBeTCTBEHHO.
B ocrasbHbIX KapOoHaTax oHO He mnpesbimaet 0,3 u 5,24 COOTBETCTBEHHO.

W3BecTHAKM apaomenckor cBUTH (puc. 15) xapakrtepusyiorca HU3KUM Mg/Ca OTHO-
menueM (0,004 go 0,07), HeGobIINM cofiepkaHreM Mn, Fe 1 BBICOKMM Sr BO BCeX OIMpobo-
BaHHBIX pa3pe3ax (tabs. 1). Tak B oOpa3uax oToOpaHHBIX IO peke Apa-Omiell KOHI[eHTpauus
Mn mensetca ot 13 go 290 ppm, Fe ot 127 go 536 ppm u jiviib B OAHOM 00pasiie JOXOAUT
no 1588 ppm. Coxepxanue Sr goxoauT A0 2647 ppm, B cpeaHeM 1526 ppm. CpaBHUTEJIb-
HO Hu3KMe 3HaueHus Sr (313-360 ppm) xapakTepsl JIUIIb [JI U3BECTHAKOB OTOOpaHHBIX
BOJIM3Y JOJIOMUTOBBIX [IaY€K WUJIY B IPOCJIOAX Mex Ay MuHU. OTHomeHue Mn/Sr v Fe/Sr Ba-
pbupyert ot 0,01 1o 0,19 u ot 0,04 10 1,29 COOTBETCTBEHHO BO BCEX TPEX pa3pe3ax. 3aMeT-
HO OTJIMYAETCA MO CBOMM I'eOXMMHYECKUM XapaKTepUCTUKaM TOJIbKO oOpasel] U3BeCTHsAKA
comepxamu amouobos1. Jlojd CUIIMKOKJIaCcTUYeCKoU npumecu B HeM 83,9%. CopepxaHue
CTPOHIMA OTHOCUTEJIBHO HU3KOe — 59 ppm, IIpyu 5TOM KOHIleHTpanus Mn u Fe conoctasu-
Ma C OCTaJIbHBIMU OOpa3sliaMu M cocTasJiAeT 26 U 295 ppm COOTBETCTBEHHO.

M3MepeHHBIN M30TOMHBIN COCTaB CTPOHIMA HUKaK He KOoppeJyinupyeT ¢ MUHepPaJbHbIM
COCTaBOM WJIM T€OXMMUYECKMMM MapaMeTpaMy KapOOHATHBIX MOpoj. 3HaueHue 5/Sr/36Sr
BappupyeT B y3Kux mnpegesnax, ot 0,70851 go 0,70864 B musBectHsAkax u ot 0,70844 no
0,70882 B mosromutax. YCTaHOBJIEHHBIE COAEPXaHUA Mn U Sr B U3BECTHAKAX U JOJIOMUTAX
6113KU K KOoHLleHTpauusamM Mn (60-130 ppm) u Sr (180-1388 ppm), ornpefesieHHBIX paHee
B KapOOHATHBIX [TIOPO/JiaX apaolleliCKOU CBUTH U3 MEJIKOBOJHBIX U IJTyOOKOBOAHBIX MUKPO-
dauwmii [JletnukoBa u I'enetuii, 2005]. BoJbIIMHCTBO U3BECTHAKOB U HECKOJIBKO 00pa3LoB
JIOJIOMUTOB apaolleiCKON CBUTHI yAOBJIETBOPAIT r€OXNMUYECKUM KpUTEPUAM, ONIMICAHHBIM

BhBIIIE, 1 OKAa3aJIMCh MPUTrOAHBIMU AJIA ITOJTYUE€HUNA FeOXpOHOHOFH‘IeCKOP’I HH(pOpMaHHI/I.
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Puc. 13: a) U3BecTHAK, CTPYKTypa KPYITHO3epHUCTasA, TeKCTypa MaccuBHasd, KaabuuT (Cal),
MmyckoBuT (Ms). @oTtorpadusa uumda S16-5, npu BBeeHHOM aHam3aTtope; 6) M3BeCTHSK,
CTPYKTypa KpYIHO3epHUCTAsA, TEKCTypa MaccuBHasA, kaiapnuT (Cal), ToHKO paccesHHOe yT-
Jepoauctoe BemiectBo (Copr). ®oTtorpadus nuiuda S16-7, 6e3 aHaauzatopa; B) JJ0JIOMUT,
CTPYKTypa cpeHe3epHHUCTasd, TeKCTypa MaccuBHasA, gosomutT (Dol), kBapiy (Qz), MyCKOBUT
(Ms). ®@oTorpadusa unda S16-18, npu BBejeHHOM aHanu3aTope; I) [Ipuamaruyeckoe 3ep-
HOo amdubosa (Amf) B KpylnHO3epHHUCTOM KaJIbLIUTOBOM Mpoxuike. dotorpadpusa nuimda

S16-13, npu BBeJEHHOM aHaJIM3aTOpe.
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Puc. 14: a) ludppakrorpamma i U3BECTHAKOB, He COJiepKallX CUJIMKaTHOU npuMecy; 0)
Judpakrorpamma s obpasna coaepxaiiero amouoos; B) JudpakrorpaMmmMa AOJIOMUTOB,
He cojiepXallluX CUJIUKATHON npuMecH; ) udpakrorpaMma U3BeCTKOBUCTHIX JOJIOMUTOB,

comepxamux 5% kanpuurta. B ckoOKax ykazaHbl 3Ha4€HUs IMKOB B AHI'CTPEM.
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Tabnuna 1: leoxuMmuueckure JaHHBbIE A1 KapOOHATHBIX MOPOJ apaollelicKoil cBUTHL. [Ipu-
MeuaHue. U — usBecTHsAK; [ — gosomut; CII — [0/ CUJIMKOKJIACTUYECKON MPUMECH.

O6pasen; | Tumn nopoast | CII, % | Ca% | Mg% Mn, Fe, Mg/Ca | Mn/Sr | Fe/Sr
ppm | ppm

S16-1 U 4.2 391 | 24 21 146 0.06 0.01 0.04
S16-2 pif 3.0 20.7 | 12.3 | 18 188 0.60 0.23 2.46
S16-3 Hu 7.6 36.0 | 24 89 467 0.07 0.05 0.27
S16-4 U 8.5 36.2 | 21 57 269 0.06 0.03 0.14
S16-5 41 3.1 381 | 1.1 | 278 | 209 0.03 0.17 0.13
S16-6 " 3.0 359 | 1.6 | 290 | 196 0.04 0.19 0.13
S16-7 Hu 2.5 40.6 | 0.1 30 127 0.00 0.03 0.13
S16-8 U 3.6 40.5 | 1.3 32 251 0.03 0.01 0.09
S16-9 41 4.8 397 | 1.4 44 536 0.03 0.03 0.35
S16-10 Hu 3.4 382 | 23 30 | 1588 | 0.06 0.02 1.29
S16-11 U 2.5 40.0 | 1.0 13 138 0.03 0.01 0.12
S16-12 41 2.9 395 | 1.4 20 462 0.04 0.02 0.39
S§16-13 41 1.5 395 | 1.3 18 150 0.03 0.02 0.12
S16-14 pi| 2.1 21.1 | 125 | 26 259 0.59 0.29 2.89
S16-15 pi 1.4 211 | 12.7 | 14 262 0.60 0.09 1.67
S16-17 pi| 1.1 17.0 | 104 | 14 571 0.61 0.10 3.77
S16-18 pi| 1.8 22.6 | 11.6 | 23 361 0.51 0.21 3.27
$16-20 pi 1.7 211 | 128 | 21 433 0.61 0.24 4.91
S16-21 P 2.8 21.3 | 126 | 19 539 0.60 0.18 5.24
S$16-22 pif 1.5 20.9 | 129 | 66 277 0.61 0.22 0.94
S16-23 pi| 6.0 24.7 | 140 | 57 916 0.57 0.04 0.57
S16-24 U 2.0 40.4 | 1.1 19 - 0.03 0.00 0.00
$16-25 n/n 3.8 344 | 54 29 497 0.16 0.09 1.59
$16-26 " 2.5 40.7 | 1.3 36 530 0.03 0.02 0.33
§16-27 pi| 2.7 22.2 1 139 | 23 269 0.63 0.26 3.04
S16-28 pi 5.7 21.8 | 13.7 | 27 304 0.63 0.30 3.44
$16-29 pi| 0.9 21.9 | 13.8 | 28 218 0.63 0.20 1.57
$16-30 Hu 1.4 41.3 | 1.0 17 165 0.02 0.05 0.46
$16-31 pi| 1.4 21.5| 13.8 | 60 647 0.64 0.41 4.35
S$16-32 pi 1.0 21.7 | 141 | 98 | 1371 | 0.65 0.57 7.89
$16-33 pi| 2.0 22,2 | 140 | 90 | 1199 | 0.63 1.39 | 18.53
§16-34 pi| 1.1 21.4 | 13.8 | 97 | 1372 | 0.64 0.57 8.07
$16-35 41 839 |11.6 | 0.9 26 295 0.08 0.44 4.98

IMpumeuanue. U — usBecTHsAK; J| — gosomurt; CII — [0 CUIMKOKIACTUYECKOU ITPUMeCH.
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Puc. 15: CoorHomenus §'3C-5%0, Mg/Ca-580, Mn/Sr-37Sr/%Sr u Fe/Sr-%"Sr/%¢Sr nna

KapOOHATHBIX 0CAOYHBIX IOPOJ apaoLIeliCKON CBUTHI.
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Tabauna 2: CoaepxaHue Sr 1 U30TOIMHBIE cOCTaBH S7, C, O B KapOOHATHBIX NOPOAAX apao-
IIENCKOU CBUTHI.

O6paszer; | Tun nopogsl | Sr, ppm | 37Sr/8%6Sr | §13C, PDB | 680, PDB
S16-1 u - - 0 -9.3
S$16-2 pi| 76 - —-2.8 —5.3
S16-3 u 1729 - 0 —5.4
S16-4 u 1924 - 0.5 —-4.6
S$16-5 u 1626 0.70863 0.2 —-5.4
S16-6 u 1513 - 0.4 —4.5
S16-7 u 970 0.70859 0.5 -5.1
S16-8 u 2647 0.70857 2.3 —-4.9
S$16-9 nu 1532 0.70864 1.8 —5.1
S16-10 u 1233 0.70857 0.6 —-5.0
S16-11 u 1150 0.70851 1.0 —-4.7
S16-12 nu 1199 0.70862 0.8 —4.7
S16-13 nu 1200 0.70861 0.9 —-5.3
S16-14 A 89 0.70844 -0.9 —-5.9
S16-15 pil| 157 0.70846 =21 —-6.2
S16-17 pi| 151 0.70849 —2.4 -7.0
S16-18 Dl 110 0.70853 - -
S16-20 Dl 88 - -3.1 -5.1
S16-21 pil| 103 - —-1.6 -7.6
S16-22 Dl 295 - -2.3 -7.9
S16-23 A 1594 - 0.5 —-12.9
S16-24 u - - -0.3 —-11.2
$16-25 n/nq 313 - —2.4 —-5.4
S16-26 u 1589 0.70857 1.8 —5.8
S16-27 Dl 88 0.70880 =21 -5.9
S16-28 pil| 89 - -2.4 -5.5
S$16-29 pi| 139 0.70852 -3.1 —5.4
S16-30 u 360 0.70826 —-0.6 -7.1
S16-31 Pl 149 0.70886 -3.9 -5.9
$16-32 pi| 174 0.70886 -2.9 —6.6
S16-33 A 65 0.70882 0.3 —6.1
S16-34 Dl 170 0.70855 -2.0 —-5.2
S16-35 u 59 0.70857 1.9 -5.9

[Tpumeuanuie. U — u3BecTHAK; [ — OOJIOMUT.
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HccemoBaHye M30TOIMTHOTO COCTaBa yrjiepoaa B KapOOHATHBIX MMOPOJAX MMOKA3aJI0 YeT-
KOe pasjinuuie MeXIy W3BeCcTHAKaMHu U fgosomutamu (puc. 15). JI1d U3BECTHSAKOB CKOpee
XapaKTepHbl IOJIOKUTEJIbHbIEe 3HaYeHusa §13C or —0,6 mogaumasck 10 2,3%0 PDB (tab.
2). lnsa gosiomuToB Haobopot nmoHmxkeHue ¢ 0,5 go —3,9%0 PDB. B o6pa3ije cMemaHHOTo
KaJIBI[UT [IOJIOMUTOBOTO cocTaBa 3HaueHue 63C poxomut ao —2.4%o PDB. 3nauenus 580
B U3BeCTHsKaxXx MeHsercs oT —11.2 o —4.5%¢ PDB, a B goimomutax oT —12,9 go —5,2%
PDB. O6pasijpl U3BECTHAKOB U JJOJIOMUTOB He OGHApPYXHUBAIOT 3aBucuMocTtu 63C-530, un
OOJIBIIMHCTBO 0OPA3IOB yAOBJIETBOPSAET KPUTEPUAM COXPAHHOCTHU -U30TOIMHBIX CHCTEM [0-
KeMOpUICKUX U paHHernaseo30ickux kapooHatoB [Derry et al., 1994; Kouchinsky et al.,

2001; Maloof et al., 2005; CemuxaToB u ap., 2004].

4.2. BokcoHcKasA (HepacuJieHeHHas) cepus

Tak Ha3piBaeMas OOKCOHCKasA (HepacujieHeHHas) cepus u3ydeHa B OeperoBeix OoOHa-
xeHusa p. KelHrapra BBepx IO €e TeUeHUI0 OT H.II. AplIaH A0 IOBOPOTA PEKU Ha CEBEpPO-
BoCcTOK (puc. 16). CTpykTypa pa3pe3a npeAcTaBjisieT cOO0M pAd TEKTOHWYECKUX ILJIaCTHH,
OTJINYAIOIUXCA M0 JIMTOJIOTUYECKOMY COCTaBy U pasfeJieHHble 30HaMH pa3pbIBHBIX Hapy-
nieHul. Bech paspes ABHO AedopMUpOBaH, MOPOABI UMEIOT ONPOKMHYTOe 3ajieranue. Hop-
MaJIbHble cTpaTurpadrueckrue KOHTAKThl OOHAapyXWUTh He yaasiocb. B paspese usydeHbl 3
KapOOHaTHBIe “IIacTUHBL. Mexy kapOOHaTHBIMU [TOPOAAMU BCTPEYAIOTCs 3eJIeHble CJIaH-

LbI, [JIATMOKJ1a3-0MOoTUTOBBEIE aM(pUOOJINTHI, KPUCTAJJIMYECKHE CJIaHI[bL.

IlnmacTuHa I

Beepx no TeueHuto p. KeiHrapra nsactuHa I npefictaBjieHa CepbIMU U XeJITO-CEPBIMU
MaCCHUBHBIMU AoJsiomMuTtaMu. CTpyKTypa, B OCHOBHOM, CpeJHe- U KPYIITHO3epHUCTasA, BCTpe-
4yapTcA 00JIaCTU € XapaKTEepPHBIMU CJIeJaMU BhIIeJIaYMBaHUsA — [IOpaMy U KaBepHamu. Bu-
JArMas MOIIHOCTH nauyky 0koJio 100-200 M. B ntndax (puc. 17) oO6pasibl KpymHO3€pHUCTHIE
(pa3mep 3epeH 10 0,5 M), ¢ MAaCCUBHOUM TEKCTYPOI, BUAHBI MOJMCUHTETUYECKNE IBOMHUKU.
TeppureHHas nmpuMech NpaKTUYECKU He HabJIogaeTcs.

AHanu3 MUHepaJIbHOTI'O COCTaBa Mokasas (puc. 18r) o6pa3usl npeuMyIeCTBEHHO [10-

JIOMUTOBOTO COCTaBa, ¢ HeOOJIbIION foJieit KasbiuTa (1-3%) B o6pasnax S17-44 u S17-45.
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Puc. 16: CtpaTturpaduueckas KojJoHKa bokcoHckol (HepacusieHeHHON) cepuu (p. KeiHrap-

ra) u ¢pororpaduu OCHOBHBIX JINTOJIOTUUYECKUX TUIMOB KapOOHATHHIX MOPOJ.
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CMmemmaHHBIN cOCTaB OOHapyXeH B ogHOM obOpa3sue — S17-42, rge 55% kanbnura u 45%
nosomurta. 'eoxummndeckuii aHaaus (puc. 19, taba. 3) kapboHaTtos (oTHoleHue Mg/Ca =
0,53-0,56) u3 miactuHsbl [ Mokasasn 4To OHU cojfepxaT HeOOoJibllloe KoJnuuecTBo Mn u Fe
— ot 53 go 88 u ot 205 go 710 ppm coorBeTcTBeHHO. KOHIleHTpausa Sr OTHOCUTEJILHO
BBICOKasg — A0 128 ppm, npu 510 B oOpasiax co cjeJaMiy BBIL[eJauYrBAHUA €ro cofepxa-
HUe yMeHbIIaeTcs 10 59 ppm. OTHomeHue Mn/Sr u Fe/Sr nexart B npeaenax 0,5-0,91 u
1,4-6,9 cooTrBeTcTBeHHO. He pacTBOprMas CUIMKaTHAsA 4acTh IIPU aHajIU3e COCTaBUJIa OT
5,7 no 10,0%. U3mepennsie oTHomenus ' Sr/80Sr nexat B y3kux npegesnax ot 0,70838 10
0,70858. 3nauenue §'3C, B OCHOBHOM, HaXO/AT B OTPUIIATEJIbHON 06J1aCTH — OT —2,2 710
—0.1%0 PDB u inms B ogHOM 06pasie noguumaercs 10 0,5%0 PDB. 3nauenue 530 mensercs

or —11,4 no —3,3%0 PDB.

ITnmacruna 11

KapOoHaTHble NOPOABI U3 BTOPOH ILJIAaCTHHBI IIPEeACTABJIEHB] CEPBIMU U CEPO-PO30BBIMU
IJINTYaTHIMU MPaMOPU30BaHHBIMU N3BecTHAKaMU. CTPyKTypa IOpoJ cpeAHe3epHucTaA. 3a-
JleraHye mopoJ; ONpOKHHyToe. BuarMasa MOIHOCTh miiacTUHbL 0koJio 1000 M. B numdax
KapOOHaTBHl MaCCUBHOI TEKCTYPBI U CpeflHe- KPYITHO3epPHUCTON CTPYKTYPHI (pa3mep 3epeH
0,05-0,3 mMm). B ogHom ob6pasue S17-11 (puc. 17B) HabrogaeTca 3aMellleHre IEPBUYHOTO
KapOOHaTHOI0 MUHepaJsia foJiomuToM. HeGosbliasa TeppureHHas COCTaBJIAKIIas NIpeCTaB-
JleHa eJVHNUYHBIMY 3epHaMM KBaplia.

MuHepaJsibHBIN COCTaB MOPOJ XapakTepusyeTcsA npeobajaHueM AOJIOMUTA € J0Jiel
kaspnura 15-20% u cnemamu kBapra < 1% (puc. 186, B). O6paser; S17-12 cmenieHHOTO
coctaBa, 55% kaapuuT U 45% mgosomut. B ogHoM ob6pa3sie (S17-13) obHapyxeH amMpuboI
— <1%. OTobpaHHBIEe U3 3TOU IJIACTUHBI MOPOABl UMEIOT Pa3Hyl0 CTeleHb 0JIOMUTH3a-
uuu — otHomeHnue Mg/Ca Bo3pactaet or 0,07 no 0,48. Comepxanue Mn 15-57 ppm, Fe
195-750 ppm, Sr 170-760 ppm, Iipu 3TO camMble BBICOKHE COAePKaHUA 3TUX 5JIeMeHTOB 00-
Hapy>keHHbI B o0pasije CMeLIeHHOI0 KaJIbLIUT-A0JI0OMUTOBOro cocrasa (Mg/Ca = 0,29). Ot-
HomeHue Mn/Sr u Fe/Sr He npesbimaeT 0,09 u 3,8 cooTBeTcTBeHHO. I3MepeHHOe OTHOIIIe-
Hue 87Sr/80Sr xak u B npepIAYIIEN [IJIaCTUHE JIEXUT B y3KoM nHTepBase 0,70829-0,70857.

3Havenune 6'3C mensercs ot —2,1 o 0,5%0 PDB, §'80 or —11,8 no —18,0%0 PDB.
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Puc. 17: a) kpynHo3epHUcTHIi gosioMuT (Dol) ¢ maccrBHOI TekcTypoii. doTorpadus numida
S17-46 c BBejeHHBIM aHaAJIM3aTOpPOM; 0) cjie/ibl BhlllleslauriBaHuA B Jjojiomute. dotorpadus
nuida S17-42 ¢ BBeIeHHBIM aHaJIM3aTOPOM; B) CJIe[bl 3aMellleHns IepBUYHOro kapboHaTta
nosomutoMm. @otorpadusa nrda S17-11 ¢ BBeZleHHBIM aHaJIM3aTOPOM; ') MpaMOPH30BaH-
HBII U3BECTHSAK CO CJIaHIIeBAaTOU CTPYKTypol. MuHepasbHbIl cocTaB: kaabuut (Cal), kBapn

(Qz), ®otorpadusa muinda S17-8 ¢ BBeJeHHBIM aHAJIN3aTOPOM.



77

Puc. 18: a) [ludpakrorpamma Ajis1 U3BeCTHAKOB I1acTuHHI 111, cogepxamux meHee 10% go-
JoMuTa U ciaedsl kBapuna; 6) Judpakrorpamma asa obpasnua M3 maacTuHs II cmemaHHOro
KaJIbLIUT-AO0JIOMUTOBOTO COCTaBa; B) [ludpakrorpamma i oOpasia CMenIeHHOT O KaJIbIL{UT-
JI0JIOMUTOBOI'O coCTaBa co cieaaMu ampuodosia u3 miactulsl II; r) Judpakrorpamma A
JI0JIOMUTOB, He coflepXallux NpuMecel Ipyrux MUHepasoB 13 I1acTUHH 1. B ckobkax yka-

3aHbl 3HAY€HHNA I[TMKOB B AHFCTpeM.
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Tabnuna 3: l'eoxumuyeckue JaHHbIe AJ1A KapOOHATHBIX TOpoJ OOKCOHCKOH (HepacuyieHeH-
HOI1) cepuu.

O6pazer; | Tum mopozwl | CII, % | Ca% | Mg% Mn, | Fe, Mg/Ca | Mn/Sr | Fe/Sr
ppm | ppm
S17-1 41 1.9 35.6 1.8 33 127 0.050 0.1 0.5
= S17-2 A 2.0 20.2 | 11.3 12 80 0.56 0.02 0.2
% S17-3 u 19.7 | 354 | 0.6 14 94 0.016 0.02 0.1
§ S17-7 n/n 6.2 22.2 | 10.2 36 880 0.46 0.56 13.4
E S17-8 u 6.3 37.1 0.7 29 590 0.018 0.01 0.2
S$17-9 u/n 8.9 256 | 8.0 38 | 1410 0.31 0.22 8.3
i S17-11 A 3.9 22.2 | 10.7 15 650 0.48 0.09 3.8
E) S17-12 nu 3.8 344 | 2.4 27 195 0.07 0.06 0.4
«©
é S17-13 n/n 13.7 | 239 | 6.8 57 750 0.29 0.07 1.0
S17-42 pi 10.0 | 21.7 | 11.7 53 335 0.54 0.91 5.7
S17-43 il 9.7 21.7 | 11.6 53 340 0.53 0.91 5.8
E S17-44 A 9.3 21.6 | 11.8 54 710 0.55 0.52 6.9
é S17-45 A 9.0 22.6 | 11.9 75 210 0.53 0.62 1.7
E S17-46 A 11.7 | 23.7 | 12.7 88 175 0.54 0.69 1.4
S17-47 A 11.3 | 22.7 | 12.7 59 205 0.56 0.50 1.7
S17-48 A 5.7 21.8 | 12.0 61 205 0.55 0.57 1.9

IIpumeuanue. U — usBectHsAK; J| — gosomurt; CII — [0/ CMIMKOKIACTUYECKOU IPUMECH.



79

Puc. 19: CootHomenus §3C-5180, Mg/Ca-6'80, Mn/Sr-37Sr/3Sr u Fe/Sr-37Sr/80Sr nna

KapOOHATHBIX OCaJOYHBIX TOpPo bokcoHckol (HepacusieHeHHOU) cepuu (p. KeiHrapra).
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Tabnuna 4: ConepxaHue Sr ¥ U30TOMNHBIE cocTaBbl Sr, C, O B KapOOHATHBIX ITOpoAax OOK-
COHCKOMU (HepacuJieHEeHHO) cepum.

O6pazer; | Tum mopogst | Sr, ppm | 37Sr/%¢Sr | §13C, PDB | 580,PDB
S17-1 7 248 | 0.70831 -4.0 -13.1
=| S17-2 I 505 | 0.70839 -0.7 ~7.8
% S17-3 7 715 -
=
g s77 W/l 66 -
| s17-8 " 3210 | 0.70831 0.1 -11.9
$17-9 W/ 170 -
= s17-11 o 170 | 0.70857 | —0.7 ~18.0
% S17-12 7 440 | 0.70829 -2.1 -12.9
<
E| s1713 /1 760 | 0.70832 1.5 -11.8
S17-42 hi| 59 0.70851 0.5 -10.3
S17-43 I 59 0.70858 -0.1 ~3.3
E S17-44 Il 104 -
E | $17-45 i 122 | 0.70856 -1.3 ~11.4
E S17-46 I 128 | 0.70842 -2.0 ~6.8
S17-47 i 119 | 0.70844 -2.2 ~5.2
S17-48 i 107 | 0.70838 -2.2 ~5.6

[Tpumeuanuie. U — n3BecTHAK; [ — 4OJIOMUT.

ITnactuna III

Crenymoiuii BBIXo[ KapOOHATHBIX OPOJ BCKphIBaeTcsA B u3jiyurnHe p. KeiHrapra BOJiu-
31 ee IOBOpPOTa Ha CeBepoO-BOCTOK. [IOpoabl CBETJIO- 1 TEMHO-CEPOro IBeTa, C MAaCCUBHOU
TEKCTYpPOI U MeJIKO- CpeJHE3EePHUCTON CTPYKTypol. Kak 1 B peablAyIUX CJIy4Yasax MOPOabI
MMEIOT OIIPOKMHYTOe 3asieranve. B mum@ax kap6oHaTHble 3epHa pasMmepoM 0,05-0,2 mm,
HaOJII0JAI0TCA MPOKUIIKU CJI0KEHHbIE BTOPUYHBIM KapOOHATHBIM MUHEPAJIOM U CTUJIOJIUTO-
BbI€ IIBBL. MUHepaJibHbII COCTaB MOPO/ 3TOU IJIACTUHBI MEHAETCsA BBepX [0 TeYeHHUI0 PeKn
OT CyIIeCTBeHHO KajIbI[uTOBOro (60sbiie 80% kaabiiuTa) A0 A0JIOMUTOB (0Kk0J10 10% Kajib-
nuta) (puc. 18a). Hebosibiliasg TeppureHHas COCTaBJIAOIIasA IpeicTaBjieHa KBapiieM (MeHb-
e 1%).

l'eoxuMHUeCcKU aHaIM3 U3BECTHAKOB ¢ oTHomeHueM M g/Ca 0,016-0,050 noka3asi Bbl-

cokue cogepxanusa Sr, 1o 3210 ppm B 0AHOM U3 00pa3I0OB U OTHOCUTEJIBHO HeOOJbIIne
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comepxaHusa Mn u Fe 1o 29 ppm u 590 ppm cootBeTcTBeHHO. OTHOmEHMe Mn/Sr ui Fe/Sr
0,01-0,1 u 0,1-0,5. B nmpomMexyTo4yHbIX pa3HocTAX (oTHowmeHue Mg/Ca 0,31, 0,46) moBBI-
meHHoe cofepxanue Fe — 880 1 1410 ppm npu HU3KUX cofepxaHusax Mn — 36 u 38 ppm.
OtHomenue Fe/Sr mornuHo yBennuupaetrca fgo 8,3 u 13,4, Mn/Sr — 0,22 u 0,56. B gosio-
mute (Mg/Ca = 0,56) Sr — 505 ppm, Mn — 12 ppm, Fe — 80 ppm, Mn/Sr u Fe/Sr — 0,02
u 0,2 coorBercTBeHHO. OTHOmEHKe 37 Sr/30Sr npakTHYeckn He OTIMYAETCA B U3BECTHAKAX U
nosiomMuTax u cocrasisger 0,70831-0,70839. B usBecTHAKax 3HaueHue 8°C CUJIBHO OTJIU-
qaercs 0.1 u —4.0%0 PDB, 3nauenne 6§80 —11.9 u —13.1% PDB. B gomomute §'3C —0.7%0
PDB, a §'80 —7.8% PDB (Ta6. 4).

4.3. UpkyTHasa cBUTa

Breixoasl kKapOOHATHBIX TOPOJ ITpeAnojiaraeMor UPKYyTHOW CBUTBHI OOHapy>KeHbI 110 Ipa-
BoMy Oepery p. KelHrapra nocjie ee moBopora Ha ceBepo-BocTOK (puc. 20). BBepx no Teue-
HMI0 KapOOHaTHbIE OPOABI PEACTaBJIEHbl ABYMs PAa3HBIMU CYLIECTBEHHO KapOOHATHBIMU
IUIaCTUHAMU pasfeJIeHHBIMU BojopasfesioM. [lepBas macTvHa BBepX II0 TEUYEHUIO NpeA-
CTaBJIeHa IlepecjiauBaHNeM CEePO-XeJIThIX MJIATYATBIX KApOOHATHBIX NOPOJ € IPOXUIKAMU
KBaplia ¥ PO30BbIX IJIMHUCTHIX CJIAHILEB U XKEJITHIMU IUINTYATHIMU KapOoHaTaMu C MPOXUJI-
KaMM KaJjblurta. 3ajieraHue Mopoj ONpOKHHyToe. Bo BTOpon I1acThHe HaOJIogaeTcs Ie-
pexo] CephIX M0JIOCYAThIX KPYNMHO3€PHUCTHIX MPaMOPU30BaHHBIX KapOOHATOB K CBETJIO- U
TeMHO-CepPBIM KapOOHATHBIM CJIAHI[aMU C MeJIKUMU YIJIMHEHHBIMU KpUCTasjlaM KapOoHaT-
HBIX MMHEPAJIOB U YIJIEPOAUCTHIMU CTSXEHUAMM. M3-3a CUJIBHOM 3alepHOBAaHHOCTH KOH-

TaKThl Pa3HBIX IO MOPMOJIOrHY MTOPOJT OOHAPYXUTHh HE yOaI0Ch.

ITnactuna 1

B nutndax rekctypa nopo MaccuBHas (puc. 21r), ctpykrypa cpeaHesepauctast (0,05-0,2
MM). B HekoTOpBIX 0Opa3sijax Ha ¢oHe 0011Iel JOJIOMUTOBOM MacChl HAOJII0JAI0TCA MPOXKUIKHU
1 CKOILJIEHMA KBaplia, a TakXe OT/AeJIbHbIe 3epHa KaJibliuTa. MUHepabHBIA COCTaB XapaKTe-
pusyeTtcs npeobsiajaHueM JOJIOMUTA ¢ AoJjiel kaabiuTa Ao 20% (puc. 22r). OauH obpaseln
(§19-12) cmemanHoro coctaBa — 55% kaabnut U 45% AOJIOMUT, a TakXe KBapI] U MJ1aruo-

ka3 < 1%. OtHoweHue Mg/Ca B kapOOHaTax 3TOU miaacTUuHbl MeHseTcsa ot 0,45 no 0,60
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Puc. 20: Crpaturpaduueckas KosioHKa MpkyTtHoi cBuTth (p. KeiHrapra) u ¢ororpaduu oc-

HOBHBIX JINTOJIOTYECKNX THIIOB Kap6OHaTHbIX rnmopon.
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(tabsa. 5). OHu coAepXaT MUHUMAJbHOE KOJIMYECTBO CUJIMKaTHOU npuMecu — Ao 1,8%.
KonuenTtpanua Mn mensetca ot 27 1o 83 ppm, Fe ot 198 go 962 ppm, Sr ot 22 1o 53 ppm.
OtHoweHnue Mn/Sr u Fe/Sr yBenuuusaetcsa ot 0,6 1o 3,65 u ot 6,5 A0 44,5 COOTBETCTBEH-
HO M KOppeJIMpyeT C yBeJIMuYeHWeM JJOJIOMUTOBOrO KOMIIOHEeHTa B oOpa3uax. 3mepeHHOe
otHomenue 3’ Sr/86Sr pappupyer okos10 0.70609-0.70673 u jinib B ojHOM 0o6pasiie (S19-7)
onyckaercs 10 0.70569. 3Hauenus §'3C 6;1m3ku Bo Bcex obpasijax U HaXOAATCs Ha yPOBHE

1,5-1,9%0 PDB. 6§30 nonuxaercs ot —5,4 1o —8,6%0 PDB.

Ilnmacruna 11

W13 HMXXHeH 4acTH IJIacTHUHBI ObLJI0 0TOOpaHo ABa oOpasna. [lerporpadudieckoe ucciie-
JOBaHMe MoKa3ajia 4To II0JI0CYaTOCTh HabsogaeMas B oopasnax o0ycI0oBIeHa NpUCyTCTBU-
eM [BYX Pa3HOBUIHOCTeN KapboHAaTHOro MuHepasia — rpybo3epHUCTBIM (1-3 MM) KaJibIu-
TOM U cpefqHe3epHUCTHIM (< 0,5 MM) gosiomutom (puc. 21B). 3 cUIMKaTHBIX MHUHEPAJIOB
MIPUCYTCTBYIOT MeJIKOpaccesiHHbIe KBapI] U cJioAa. MuHepasibHBIN aHaJIU3 OKa3aJ YTO OAUH
obpasel] MeeT cMemaHHbIU cocTaB — 50% kanbnura u 50% [osioMuTa, a BO BTOPOM A0JIA
KaspauTa npeobyaagaeM — 98% u 2% posiomuta (puc. 226). CunukatHasg IpUMech COCTaB-
Jset MeHblIe 1%. OtHomenue M g/Ca B o6pasuax 0,15 u 0,13. OHU coaepxaT NOBBIIIEHHOE
Kosn4ecTBo Fe — 1604 u 979 ppm nipu He6oIbIIOM cofepkaHuu Mn — 62 u 60 ppm. Co-
nepxanue Sr 164 u 228 ppm. CiieqoBaresibHO OTHOLleHUe Mn/Sr v Fe/Sr coctasiisaoT 0,38,
0,26 u 9,8, 4,3 (puc. 23). OTo6paHHbIe 00pa3i(bl UMEIOT pa3HOe M3MepeHHOe OTHOIleHHe
87Sr/86Sr — 0,70624 u 0,70577. 3HaueHue 513C 6au3KHe U HAXOAATCA B MOJIOXKUTEIHHOMH
o6sactu 0,7 u 0,8% PDB. 3Hauenue 630 —7,3 u —6,9%0 PDB.

OO6pa31ibl U3 BepXHeU YacTy IJIACTUHBI B NI ax UMeIOT CJIaHLleBaTyl0 TeKCTypy (opu-
eHTUPOBAaHHbIE B OJJHOM HaIpaBJIeHUHU 3epHa JOJIOMUTA) U CPeHEe3ePHUCTYI0 CTPYKTYPY
(0,05-0,2 mm) (puc. 21a). BetpeuawTcs ckorieHus 6oJiee KPYIHBIX 3epeH KasblUTa pas-
Mepom J10 1 cm. He kapOoHaTHas cocTaBJIAIAA NTpeJicTaBJIeHa TOHKOPACCEAHHBIM yTJIepo-
JVCTHIM Bell[eCTBOM 1 eJUHUYHBIMU 3epHaMU KBapLa U cJoabl. [lopoasl CJI0KeHBI IPENMYy-
[IECTBEHHO JI0JIOMUTOM, ero AoJisa cocrtasiiAger 90-95%. Jloyig KajblUMTa COOTBETCTBEHHO
oT 5 10 10%. IIpu MuHepajbHOM aHa/JIM3e M3 CUJIMKAaTHBIM MHHEpPAJIOB OOHApyXeH KBapI]

< 1% (puc. 22a).
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Puc. 21: a) cpenHe3epHuUcThiil JosioMUT (Dol) co ciraboBeIpa)keHHOU CJIaHIIEBATONM TEKCTY-
poii. ®oTtorpadus mmda S19-1 ¢ BBegeHHBIM aHaIU3aTOpPOM; 6) TOHKOpacCessHHOe YTJIU-
ctoe BemecTBO (opr) B gosomute (Dol). ®ortorpadpus mutnda S19-3 6e3 aHaimsaropa; B)
obpasel] CMEIIEHHOTO COCTaBa C KPYIMHO3epHUCTHIM KaabiuToM (Cal) u cpeiHe3epHUCTHIM
noaomutoM (Dol). doTtorpadus nmuda S19-5 ¢ BBeJleHHBIM aHAJIM3aTOPOM; I') MACCHUBHBIN
nosiomut (Dol) ¢ equHuuHbIMU 3epHaMu kBapna (Qz). dororpadus muda S19-10 ¢ BBe-

JACHHBIM aHaJIN3aTOPOM.



85

Puc. 22: a) [ludpakrorpamma AJjis JOJIOMUTOB U3 BepXHeU 4YacTu IIacTuHH II, cogepxammx
okoJio 10% xaneiura; 6) Judpaxkrorpamma ajia obpasua U3 HUXHEW 4acTH MJIacTHHHI 11
CMeIIaHHOT0 KaJIbLIUT-0JIOMUTOBOrO COCTaBa; B) Jludpakrorpamma s obpasna JOOMUTA
13 1acTuHs I copepxaiero oxosio 20% kanbnura; r) AudpaxkrorpaMma Ajis JOJIOMUTOB,
He coiepXallux puMecel Apyrux MUHepasioB U3 IJIaCTUHH 1. B ckoOkax yKka3aHbl 3HaYeHUA

[IUKOB B AHI'CTpeM.
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Tabnuua 5: ['eoxumMudeckue JaHHbIE JJ11 KApOOHATHBIX TOPOJ MPKYTHOM CBUTHI.

O6paszen | Tum nopoast | CII, % | Ca% | Mg% Mn, Fe, Mg/Ca | Mn/Sr | Fe/Sr
ppm | ppm
s19-1 pi| 0.3 23.3 | 124 | 56 | 1278 | 0.53 1.80 | 41.3
E s19-2 pi| 2.5 235 | 125 | 56 | 1084 | 0.53 1.69 | 325
?) s19-3 pi| 0.0 23.0 | 123 | 54 931 0.53 1.81 31.1
<
E s19-5 n/n 0.0 335 | 51 62 | 1604 | 0.15 0.38 9.8
s19-6 /1 1.5 355 | 4.6 60 979 0.13 0.26 4.3
s19-7 n/ 0.0 247 | 11.2 | 46 339 0.45 0.87 6.5
s19-8 pi| 0.0 23.2 | 119 | 27 198 0.52 1.19 8.7
E s19-9 pi| 0.0 241 | 11.7 | 27 430 0.48 0.60 9.6
é s19-10 pi| 0.0 225 | 135 | 79 962 0.60 3.65 | 445
E s19-11 pi| 1.8 232|119 | 83 719 0.51 1.96 17.1
s19-12 pi| 1.3 22.1 | 126 | 32 533 0.57 1.18 19.8
s19-13 pi| 0.3 22.6 | 11.6 | 50 712 0.51 1.65 | 23.6

[TpumeuaHnue. U — usBectHsk; [ — qosomut; CII - 10J1d CUIMKOKIaCTUYECKON IIPHUMeCH.
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Puc. 23: CoorHomenus §'3C-5%0, Mg/Ca-5'80, Mn/Sr-37Sr/%6Sr u Fe/Sr-%7Sr/%¢Sr nna

KapOOHATHBIX 0CaJI0YHBIX TOPOA UPKYTHOU cBUTHI (p. KpiHrapra).



88

Tabnuua 6: CoaepxaHue Sr U U30TOIHBIE cOCTaBhl S7, C, O B KapOOHATHBIX ITIOPOJAaX UPKYT-
HOU CBUTHL.

OGpasen | Tun nopogst | Sr, ppm | ¥7Sr/%Sr | §13C, PDB | §!80,PDB
S16-1 i 31 0.70718 1.7 -3.8
E $16-2 hi| 33 0.70725 0.8 -8.1
£ | s16-3 i 30 - 0.9 -8.2
<
5| s165 W/ 164 | 0.70624 0.8 -7.3
S16-6 W/ 228 | 0.70578 0.7 -6.9
S16-7 /1 53 0.70569 1.7 -7.3
S16-8 i 23 0.70609 1.9 —5.4
E: $16-9 I 45 0.70615 1.7 -7.6
£ | s16-10 hi| 22 0.70673 1.6 -8.6
E‘ S16-11 hi| 42 0.70673 1.5 -8.6
S16-12 hi| 27 - 1.9 -5.5
$16-13 hi| 30 - 1.8 -7.1

ITpumeuanue. U — u3BecTHAK; [ — JOJIOMUT.

F'eoxuMHuYecKU aHaJIM3 MOKa3aJsl 4To oTHouleHrne Mg/Ca BO Bcex oOpa3nax OqUHAKO-
Boe — 0,53. Copgepxanue Mn, Fe u Sr xapakTepHble AJI JOJIOMUTOB U HAXOJATCA HA YPOBHE
54-56 ppm, 931-1278 ppm u 30-33 ppm. OTHOmeHue Mn/Sr cocrasyser 1,69-1,81, Fe/Sr
31,1-41,3 (puc. 23).

HamepeHHoe oTHommeHue 37 Sr/30Sr B nonommrax 63k Mmexay co6oit — 0,70718-0,70725,
HO BBIIIIE YEM B OCTaJIbHBIX KapOoHaTax. 3HaueHue §1°C nogaumaercs ot 0,8 1o 1,7%o PDB.
3uavenue 680 onyckaercs ot —3,8 10 —8,2%0 PDB (tabJ1. 6).

Takum oOpaszoM, aHaM3 neTporpadpruuecKkux, MUHEPaJIOTNYeCKUX U U30TOMHO-Te0XU-
MHYEeCKUX JAaHHBIX AJIA IOPOJ apaolleliCKOi CBUTHL, DOKCOHCKO! (HepacuJieHeHHOI) cepun

nu I/IpKYTHOI;’I CBUTHBI ITO3BOJIAET CACIATh CJIEAYIOINE KPATKHE BHIBOAbI:

1. BoJIBIIMHCTBO M3BECTHAKOB U HECKOJIbKO 00paslioB JOJOMHUTOB apaonieliCcKoil CBUTHI
YAOBJIETBOPAIOT T€OXUMUYECKUM KPUTEPUAM XapaKTepHBIM [Ji HaMeHee U3MeHeH-
HBIX KapOOHATHBIX Topoa (Mn/Sr < 0,2, Fe/Sr < 5, §'80 < 8Y%o PDB) u MOTyT GBITh

NpUroaAHbIMU AJIA MMOJTYyUYE€HUNA FeOXpOHOﬂOFI/I‘{eCKOﬁ I/IH(I)OpMaI.II/II/I.

2. U3 otob6paHHBIX 00pa3j0B OOKCOHCKOU (HepacuJieHeHHON) CepUU TOJIBKO JOJIOMUTHI
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M3 IJIACTUHH [ ¢ MMHUMAJIbHBIMU 3HAYeHUsAMU OTHoIleHusA Mn/Sr < 0,7 u Fe/Sr <
1,9 u 6e3 BUAUMBIX CJI€IOB MepeKpUCTaJIN3aluK MOTYT UCHOJIb30BaThcs A1 Pb—Pb

AaTHUPOBaHUA.

. 3nauenue orHomeHus 87 Sr/80Sr B o6pasiax apaomeiickoii cBUTH U 60KCOHCKOH (Hepac-
YJIeHeHHO) cepum OJIM3KU Mexay coO0l 1 He BBIXOAAT 3a paMku 0,70826-0,70886.
Takue 3HaUeHUA XapaKTePHBI AJ1 MOPCKUX KapOOHATHBIX NOPO/ NO3JHEr0 JOKeMOpus

M paHHEro I11ajieo304.

. KapboHaTHble mOpO bl UPKYTHOM CBUTHI XapaKTEPU3YIOTCSA ITepEMEHHBIM KaJIbI[UT-/10-
JIOMUTOBBIM COCTaBOM, a UX reOXMMHYeCKHe XapaKTePUCTUKU OTJIUYAITCA OT TaKo-
BBIX B MEpeuNCJIeHHBIX BBIIEe pa3pe3ax. 3HaUeHHs OTHOIIEeHUI TeOXUMHYeCKUX Map-
KepoB B UPKYTHBIX KapOOHaTax Ha nopAAOK Beime (Mn/Sr go 3,65, Fe/Sr no 44,5) u
MOJIOXKUTEJIBHO KOPPeJUpYyIOT ¢ oTHoieHueM Mg/Ca. IIpu 3TOM M30TOMHBIN COCTaB

Sr, C u O ocTaeTcs XapaKTepHBIM [J11 JOKEMOPUICKUX OCAaJOUYHBIX KapOOHATHBIX MO-

pon.
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I'JIABA 5. Pe3sysbrartsl udyyenus U-Pb (Pb-Pb) cucremsl

kapOoHaTHbBIX HOpoag TyHKHMHCKOr0O xpebTa

5.1. Apaomeiickas cBUTa

Hna uzyyenusa U-Pb cuctemsl GbiM BBIOpaHbl 0O6pasibl M3BECTHAKOB U JI0JIOMHUTOB
13 HIWXKHEHN 4acTu apaolleiicKol CBUTHL. Bce BbIOpaHHBIE 00pasiibl cofepkajiu MUHUMAaJIb-
HOe KOJINYeCTBO TeppUreHHO! IIpUMeCcU U yAOBJIETBOPSIN FreOXUMHUYECKHUM KPUTEPUAM AJIA
Hen3MEeHEHHBIX KapOboHaTHBIX nopoj (Mn/Sr < 0,2, Fe/Sr < 5, 80 < 7% PDB).

Copnepxanue Pb B kapOOHAaTHBIX OPO/IaX apaoIleliCcKON CBUTHI TUIIMYHO HU3KOE U Jie-
xuT B npepesnax 0,1-1,1 ppm (tab6n. 7). IIpu sTOM camble HHU3KHe 3HaYeHUS HAOJII0AAI0T-
ca y gosiomuToB (He Gosbire 0,1 ppm). MamepenHoe otHomenue 2°°Pb/?04Ph B BasoBoii
KapOOHATHOW COCTaBJIAIOIIEN 00pa3lioB U3MeHseTCA B IIMPOKUX mpefesax oT 19,238 mo
92,675. Camble mMpOKKUe Bapuanuu B fojgoMurax ot 22,015 go 92,675. B usBecTHAKax OT
19,290 no 28,053. B o6pasie S16-35 u3 paspesa peku Apa-XyOyTsl oTHoweHue 2°6Pb/204Ph
OBLJIO U3MepeHO U B KapOoHaTHoU da3ze (ok. 30,9) u B amdubose (32,746-34,572). Pb-
Pb Bo3pacT 7 06pa31joB U3BECTHAKOB BBHIYMCJIEHHBIN IO BAJIOBBIX (PpakiisM B KOOPAWHA-
tax 2°’Pb/?%4Pb-2%°Pb/204Pb pasen 505,9+44,9 mun jer, CKBO = 1,6. [sia TOro uToOhI
HaliTu OoJiee oboraileHHble paJUOreHHbIM CBHMHIIOM KapOoHaTHbIe (a3bl ObLIIO MPOBEAEHO
TpexcTyneHuaToe pacTBopeHue 6 o6pasuoB usecTHAKoB B 0,03N HCI. B pe3sysbTaTe ObI-
JIO ToJTy4eHO 1o 3 kapOoHaTHble GpakUuu AJiA KaxAoro obpasua, B KOTOPBIX U3MepeHO
206pp/204ph oTHOIIEHWE. B cpefiHeM M30TONHBINA COCTaB Pb B MOJIy4eHHBIX (PaKIUAX HE
CUJIBHO OTJIMYAETCS OT TAaKOBOTO B BaJIOBOM COCTABJIAIOIIEH, OJHAKO B MOCJIeHUX (PpaKiy-
ax (L3) otHomenwue 2°°Pb/2%4Ph craHoBuTCcs Gosiee paguoreHHbIM. Pb/Pb Bo3pacT paccuu-
TaHHBIU € y4eTOM (pakiuil CTYIeHYaTOro pacTBOpeHus paseH 521,2+20,9 muH jet, CKBO
= 0,9 (puc. 24). B 5 uaMmepeHHbIX o6pasijax qoJoMUTax oTHomeHue 2°°Pb/2%4Ph meHseTcs
or 22,015 fo 92,675. BeunciieHHBI Bo3pacT B KoopauHartax 207 Pb/204pp-296pp/204Ph 1o

BaJIOBBIM (ppakiuaM AOJIOMUTOB paBeH 417,1+8,1 muH jet, CKBO = 2,5 (puc. 24).
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Puc. 24: Tpaduk otHomenuit 2°’ Pb/2%4Pb u 2°6Pb/?%4Pb ny1s kap6GOHATHBIX TOPOJ] apaoIleli-

CKOU CBUTHI U BBIYMCJIEHHBIN BO3PacT 110 22 o0pasam U3BeCTHAKOB U S oOpasija JOJIOMUTOB.

Tabauna 7: U3oTonHble JaHHBIE 1J14 KapOOHATHBIX MMOPOJ] apaoIeiiCKO CBUTHL.

Honsa
Home Tun Pb,
P dpakiusa HEpacTBOpU- 206ph /204pp | 207pp /204pp | 208pp /204ph
obpasmna | Mmopojbl ppb
MOro ocTaTka, %
BCC 2.6 608 28.053 16.184 38.263
L1 35.7 26.144 15.988 37.930
S16-5 u
L2 30.9 26.809 16.044 37.982
L3 31.9 30.657 16.274 38.177
L1 35.5 31.050 16.302 38.029
S16-6 u L2 30.6 29.348 16.186 37.951
L3 31.4 33.746 16.425 37.965
S16-7 u BCC 4.7 157 21.486 15.808 38.290
S16-8 u BCC 4.5 570 21.407 15.796 38.528
S16-9 u BCC 6.5 1174 19.487 15.699 38.424
L1 36.9 27.179 16.090 37.873
S16-10 u L2 30.2 26.793 16.047 37.789
L3 30.1 29.772 16.197 37.818
BCC 1.6 409 23.566 15.926 37.976
L1 37.6 23.463 15.873 37.814
S16-11 nu

L2 34.7 23.256 15.847 37.754
L3 26.9 23.348 15.866 37.806
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L1 39.9 25.481 15.985 37.796
S16-12 141 L2 32.9 26.550 16.041 37.811
L3 24.3 31.196 16.291 37.871
BCC 2.9 125 25.703 16.056 38.009
L1 38.2 24.046 15.880 37.752

S16-13 u
L2 34.4 23.827 15.884 37.792
L3 26.3 25.227 15.936 37.702
S16-14 pi| BCC 2.0 107 22.114 15.864 38.380
S16-15 pi| BCC 1.9 93 94.616 19.872 38.063
S16-17 pi| BCC 2.0 78 87.610 19.513 38.177
S16-18 pl| BCC 1.5 119 32.785 16.476 38.031
S16-26 141 BCC 3.2 708 19.291 15.675 38.159
S16-27 pl| BCC 2.7 140 48.640 17.369 38.761
Hu 30.979 16.259 37.269

S16-35(a) - - -
A 34.572 16.455 37.399
u 30.900 16.257 37.282
$16-35(6) - - -

A 32.747 16.354 37.385

IMpumeuanvie. I — u3BecTHsK; J| — mosomut; A — ampubos; BCC — (bulk carbonate constituent)
BaJIoBas KapOOHaTHAas cocTaBJIsAwINas 06pasios; L1, L2 — kap6oHaTHbIe hpaKIuK, OJIyIeHHbIE CTYIeHIaThIM

pactBopenueM B 1N H CI; nmpouepk — HeT onpejesieHuil.

5.2. BokcoHckas (HepacuJieHeHHasA) cepus

714 onpeesieHrs Bo3pacta ObL10 BEIOpaHO 4 oOpasia gojioMuTa 13 miactussl 1. Takoi
BBIOOP 00YCJIOBJIEH OTCYTCTBHEM BUAUMBIX IIPM3HAKOB BTOPUYHBIX N3MEHEHN, BblIepKaH-
HBIM Mg/Ca oTHollleHHeM B o0Opasiax mo pa3pe3y U HEBBICOKUM JJIA JOJIOMUTOB OTHOIIIe-
Huem Mn/Sr (0,5-0,69) u Fe/Sr (1,4-1,9). Pb/Pb ni30TONHBIE OTHOIIEHUA OBLJINM N3y4YEeHBI
B BaJIOBOM KapbOHATHOMU cocTasJisiomeil. [Ipu Bu3yasbHO HeOOJIBIIIOM MPUCYTCTBUN CUJIU-
KaTHOU NpUMeCH ee [10JiA nocJjie pactBopeHusA obpa3oB 1N HCI B TeueHnuu 24 4acos Co-
craBuia 14,9-30,9%. Mamepennoe otHomenue 2°°Pb/2%4Ph jiexut B IIMPOKOM MHTEpBaJie
28,699-88,379 (Tabs. 8). IIpu aTOM caMbie paguoreHHble HAOJII0AAaTCA B oOpa3nax ¢ MeHb-

muM Mn/Sr u Fe/Sr oTHomeHneM. Pb—Pb Bo3pacT nocunTanHsbiill 1o 4 o6pasnaM ¢ caMbIM
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BBICOKOPAAMOTEHHBIM OTHoIIeHueM 2°6Pb/2%4 P B koopaunarax 207 Pb/204pb-296 pp /294 Pp pa-

BeH 529420 muH jet, CKBO = 1,9 (puc. 25).

Puc. 25: I'papuk otHomenuit 2°’Pb/2%4Pb u 2°°Pb/?%4Pb nyia xapGoHATHBIX MOPOL BOKCOH-
ckol (HepacuseHeHHOI) cepuu (p.KplHrapra) u BeIYMCJI€HHBIU BO3pacT 4 oOpasiaM [0Jio-

MUTOB U3 IIJIACTUHEI 1.

Tabauna 8: 3oTonHble JaHHbIE J1d KapOOHATHBIX MOPOJ OOKCOHCKON (HepacuJieHeHHOM)
cepum.

Hosa

Howme Tun
P dpaxuusa HEepacTBOpU- 206pp,/204pp | 207pp/204pp | 208pp/204ph

obpasna | mopoAsl
MOTr'0 ocTaTka, %

S17-45 pi| BCC 23.48 41.956 16.858 37.967
S17-46 pi| BCC 23.35 55.471 17.647 37.606
S17-47 pi| BCC 20.09 76.759 18.893 39.518
S17-48 pl| BCC 14.93 88.379 19.544 39.618
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5.3. UpkyTHasa cBuTa

U-Pb cucrema 6puta n3ydeHa B 10 o6pasiax kapbOHATHBIX OPOJ] U3 MEPBOH IJIACTH-
HBI M BTOPOU myiacTHBEL. Ha niepBom aTane Pb/Pb oTHoOIIeHNs U3MePEHHl B BaJIOBOU Kapbo-
HATHOM cocTaBJiAwIeld. JOJOMUTH M3 NMepPBOU IJIACTUHBI XapaKTepU3yITCA BapualusaMu
ornomenus 2°’Pb/2%4Pb ot 16,418 10 39,549 (Tabs. 9), B KapGoHATaX BTOPOM IIJIACTUHBI OT
38,218 110 54,488. JIuHusA perpeccuy NOCTPOEHHas B KoopauHaTax 207 Pb/204pp—206pp /204 pp
10 BceM o0OpasliaM CBUTHI AaeT Bo3pacT paBHbIN 1459+102 muiH jset, CKBO = 42 (puc. 29).
3HauuTesIbHBIN pa3OpoC TOUYEK U BBICOKas HeONpejeJIeHHOCTh 3HaueHUA BO3pacTa M03BOJIA-
eT MpeanoJyioxuTtb uTo U-Pb n3oTonHas cucreMa HEKOTOPBIX 00pa31oB ObLjIa YaCTUYHO WJIN
MOJIHOCTHIO HapyllleHa BTOPUYHBIMU Iporieccamu. 1A getanbHoro usyvyenus U-Pb cucre-
MBI Bce 00pasifpl ¢ CaMbiM PaJUOTeHHBIM OTHoIIeHrueM 2°°Ph/2%4Ph u3 BTOPON IIACTUHBI
(§19-1, 2, 3) noaBeprIMCh CTYIEHYATOMY PAaCTBOPEHMUIO B MOMNBITKE pa3AesieHrs IePBUYHBIX
1 BTOPUYHBIX KapOOHATHBIX (da3.

CryneHuaToe pacTBOpeHMe KaxAoro obpasmna nposoausocs B 4 craguu. Ha nmepsom
3Talle B pacTBOp Iiepelnio okoJio 12-15% BemecTtBa, Ha BTOpoM — OT 22 110 29%, Ha Tpe-
TheM — OT 26 fo 28%, Ha yeTBepTOM — OT 27 10 34%. HepacTBOprMBIE OCTAaTKU COCTA-
s ot 0,7 1o 1,8%. U3MepeHHOe M30TONHOe oTHOmeHue 2°°Pb/2%4Ph meHANIOCh MEXIY
dpaknuaMuy B pa3Heix obpasnax ot 47,032 go 65,902 (tabs. 9), mpu 3TOM camble paguoreH-
Hble OTHOIIeHUs HaOJII0AaJIUCh B MEPBBIX pacTBOPeHHbIX (aszax (puc. 27). B koopauHaTax
207 pp /204 pp_206pp /204 Ph TOUKM TIEPBBIX PACTBOPEHHBIX KAPOOHATHHIX (a3 00pa3yoT JIMHUIO
perpeccuu ¢ Bo3pactoM 947+74 miH et CKBO = 1,5 (puc. 30). l;A Touek BTOpOH pac-
TBOpeHHOU (paknuu Bo3pacT 1014+398 muiH jet, CKBO = 0,03 (puc. 30). Touku TpeThen
1 yeTBepTON (pa3bl ocjieJoBaTeJIbHOI'O paCTOBPEHMA pacIioJiaraloTcs BAOJIb JIMHUHU perpec-
cum ¢ BozpactoM 1460+215 miH jsiet, CKBO = 0,8 (puc. 30).

MuHepaJbpHBIN aHaIU3 00pasoB J0JI0MUTOB S19-1, 2, 3 nmoka3asi B HUX IPUMeCh KaJib-
quta 10 5-10%. YuuTeiBas 4TO KaJIbILUT Jierdye pacTBOPAETCA B COJITHOU KUCJIOTE YyeM J0-
JIOMUT, MOXXHO MPEANOJIOKUTh UTO NepBas PpakLysA CTyIeH4aTOro pacTBOPEHUs OTpaxkaeT
Pb—Pb 130TONHBIH COCTAB KaJIbIIMTA. 30TOIMHKIN COCTaB BO BTOPOI GpaKIUK OJIM30K K TAKO-
BOMY B BaJIOBOM KapOOHATHOI COCTaBJIAIIEN 3TUX 00pa3ioB (puc. 26). [ToaToMy n30xXpoHa

¢ Bo3pactoM 1014+398 MuH JleT ckopee Bcero npefcrasiiseT cO00H JIMHUIO CMeIBaHNA
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Puc. 26: CBs3b oTHOmEHM 2°8Pb/2%4Pb u
206pp/204ph BO (ppakIMAX CTYNEHYATOIO
pactBopenus (L1-L4) u BajsioBoii kap0o-

HaTHOU cocTasJyisiomen (BCC).

Puc. 27: 3aBUCUMOCTh BEJIMUYUHBI OTHO-
menus 2°°Pb/?%4Ph ot gosm pacTBOpeH-

HOI'O BEIIeCTBa.

Puc. 28: 3aBucuMOCTh BeJIMUUHBI OTHO-
menus 2%8Pb/2%4Pb o1 mosu pacTBOpeH-

HOI'O BEIIeCTBa.
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MeX Iy BO3pacTOM MePBUYHOI0 KapOOHATHOTO BelllecTBa X BO3pacTOM HaJIO)KeHHOro (MeTa-
Mopduyeckoro) npoiiecca. TpeTbs U yeTBepTas Gppakiun OJM3KU IO CBOEMY M30TOITHOMY
cocTaBy Pb u BeposATHee BCero OTpaXkalT XapaKTepUCTUKU IePBUYHOTO KapOOHATHOTO Be-
1ecTBa.

YuuTbeiBasA 0COOEHHOCTU MUHEPAJIbBHOTO COCTaBa M3yYeHHBIX KapOOHATHBIX MTOPOA Up-
KyTHOU CBUTHI JJIs1 UTOTOBOT'O pacueTa UX Bo3pacTa OblIM BBIOpaHbl 0Opas3Iisl IpecTaBjIeH-
Hble YMCTHIMU JOJIOMUTOBBIMU Pa3HOCTAMM U3 IJIACTUHBI 1 ¥ TPETHI0 U YeTBEPHYI0 (PaKLUIo
CTYIEHYaTOr0 pacTBOPEHU 00pa3IioB U3 BTOPOI IiacTUHBL. Pb—Pb Bo3pacT paccuntaHHbIe

1o 8 ToukaM J10JI0OMUTOB paBeH 1566+16 muiH jsiet, CKBO=1,3 (puc. 31).

Tabsuna 9: 3oTonHbIe AJaHHBIE 1A KapOOHATHBIX IOPOJ UPKYTHOM CBUTHI.

Howmep Tun Dpaxius Ao U, Pb, 206p}, 204p}, | 207pp, /204p}, | 208pt, /204pY,
obpazna | mopoJibl H.0.,% | ppb ppb
BCC 0.9 125.7 | 389.6 50.554 18.414 37.489
L1 12.7 - - 47.973 17.808 37.971
S19-1 pi| L2 24.6 - - 49.397 18.248 37.418
L3 25.8 47.897 18.291 37.207
L4 1.8 49.095 18.404 37.190
BCC 2.7 173.3 | 343.9 54.590 18.672 37.336
L1 15.1 - - 65.902 19.078 37.660
S19-2 i L2 22.4 - - 52.628 18.484 37.334
L3 27.7 49.364 18.410 37.197
L4 0.9 50.874 18.561 37.165
BCC - 150.4 | 335.7 - -
L1 15.0 - - 55.118 18.339 37.665
§19-3 A L2 29.1 - - 50.979 18.360 37.405
L3 28.5 47.773 18.251 37.197
L4 0.7 47.032 18.217 37.167
§19-5 n/1 BCC 3.6 116.6 | 1438.8 39.286 17.462 37.168
S19-6 /1 BCC 3.9 191.6 | 688.4 38.218 17.385 37.281
S19-7 I BCC 3.0 - - 35.765 17.039 37.014
S19-8 pi| BCC 1.8 - - 30.584 16.589 36.957
$19-9 pi| BCC 2.0 - - 39.651 17.352 37.167
$19-10 I BCC 4.4 - - 21.168 15.713 36.884
§19-11 pi| BCC 3.2 - - 16.460 15.214 36.663
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Puc. 29: Tpaduk otHomenuii 2°’ Pb/2%4Ph
u 206pp/?94Pb nna kapGOHATHBIX MOPO
MpKyTHOU cBUTHI (p.KbIHrapra) u Belumc-
JIEHHBIF BO3pacT Mo BceM obpasiaMm 3

miactuld I u II.

Puc. 30: T'paduk otHommenui 2°’ Ph/204Ph
u 206pp/204ph nnsa xkapOGOHATHBIX TOPOL
UPKYTHOM CcBUTHI (p. KblHrapra) u Berumc-
JIEHHBIY BO3pacT [JUiA (pakuuil CTyIeH-
4aTOro pacTBOpeHUsA o0paslioB U3 Bepx-

HeH yacTu miacTulsl 11.

Puc. 31: T'paduk otHommenuii 2°’ Ph/2%4Ph
u 206pp/204ph nnsa xkapOGOHATHBIX TOPOL
UPKYTHOM CcBUTHI (p. KbiHrapra) u Berumc-
JIEHHBIV BO3pacT no 2 o6pasnam J0JI0MU-
TOB U3 IUJIACTUHH | U nociegHum ¢pax-
I[UAM CTYIeHYaTOro pacTBOPEHUs J10JIO-

MHTOB U3 BepXHel 4acTU I1acTUHHI II.
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Pb-Pb natupoBaHue kapO0HATHBIX IOPOJ] TPEX U3yUEeHHBIX CBUT ITO3BOJIJIO TIOJIYUUTD

cJeyrome pe3ybTaThL:

1. JI1A U3BECTHAKOB apaoIIeriCKOM CBUTHI U JOJIOMUTOB OOKCOHCKOU (HepacyJieHEHHOM)
cepuM MoJjiyuyeH paHHeKeMOpuiickuii Bo3pacT 521 + 21 u 529 + 15 MJIH JieT COOTBeT-

CTBE€HHO.

2. Pb-Pb Bo3pacT AOJIOMUTOB apaollefCKON CBUTHI MOJIOXE BBIIIEJIEXAIINX 10 pa3pe3y

U3BECTHAKOB U cocTanJiisgeT 417 + 8 MJIH JieT.

3. CryneHuaTtoe pacTBOpeHHe KapOOHAaTOB MPKYTHOM CBUTHI [TO3BOJIMJIO BBIAEJIUTH JBE
BO3pacTHble kKapboHaTHBIe TeHepalun. Pb—Pb Bo3pact Gosiee npeBHel JOJIOMUTOBOM
(¢as3sl paBeH 1566 + 16 MmiH JjieT. Bojiee MOJI0I0¥ BO3PACT IMOJIyY€eH IO KaJIbIUTOBOM

(¢pakuu B fosioMuTax u paseH 947 + 74 MIH JieT.
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I'JTABA 6. I'eoXpOHOJIOrHY€e€CKHE BBIBOAbI U KOPPEJIALUA

6.1. KemOpuiickue kap6oHaTHbIE IOPOABI

6.1.1. Apaomeiickas cBUTa

[TonyuerHsiii Pb-Pb Bo3pacT n3BeCTHAKOB apameiickoi cBUTH (521+21 MJIH JieT) co-
OTBETCTBYeT paHHEMY KeMOPHIO U ABJIAETCA NEePBOU NMPAMON AJAaTUPOBKOM OCAIOYHBIX Kap-
OOHaTHBIX OTJIOXKEeHUU B 6acceliHe p. Apa-Omeii. HecMoTps Ha 60JIbIIYI0 IOTPEIHOCTb, 3TOT
BO3PacCT XOPOLIO NOAKPENJIAeTCA U APYTUMHU N30TOMHBIMU JaHHBIMU [ CUTKWHA U Ap., 2022].

M3BeCTHAKU apaolleliCKON CBUTHI, NMes 0e3yCJIOBHBbIE IPU3HAKU MEJIKOBOAHBIX Oca-
JIOYHBIX KapOOHATOB, OTJIarajiiCh B OOCTAHOBKE OTKPHITOro mesibda B CBA3U ¢ MUPOBBIM
oxeaHoM. [losaToMy nosiyueHHble Sr— 1 C-U30TOIHBIE XeMocTpaTurpaduyeckre JaHHble MO-
ryT OBITh MCIIOJIb30BAHBI AJIA UX I'JI00AJIbBHOU KOPPEJIALUU.

Otuomenue ¥ Sr/36Sr usmepennoe B 06pasnax U3BeCTHAKOB — 0K0J10 0,70851-0,70864.
Takue xe 3HaueHUs HAOJIIOAAIOTCA B BeH-KEMOPUNCKUX MOPCKUX 0CaJOUYHBIX KApOOHATHBIX
[I0poJiaX B HECKOJIBKMX BO3PAaCTHBIX MHTEPBAJIaX, B YaCTHOCTU B cepeanHe BeHaa (590-560
MJIH JIeT), B KOHIle BeHAa (okoJyio 550 MJH jieT) U B paHHeM KeMOpuu (okojio 520 MJIH
Jet) [Derry et al., 1994; Halverson et al., 2009; CemuxaToB u 1p., 2003](puc. 10a). OxgHa-
KO B M3BECTHAKAX apaolleliCKON CBUTHl OTCYTCTBYIOT KPyIIHbIE MO3UTUBHBIE I HETaTUBHbBIE
yrjepoAHble aHOMaJINK, KOTOpPhle ObLJIN XapaKTepHBI 1A o3gHero gokeMOpus [Halverson
et al., 2009; Cemuxatos u ap., 2004]: oT cepeauHsl no3aHero pudes (cepeAHbI HEONIPOTe-
po30s) 10 cepeAUHBl BeHAa (3anakapus). [TosyuyeHHble HaMu OJIM3KKeE K HYJIIO U €J1a00Io-
JIOXUTESbHBIE 3HaYeHus §13C (0,6 10 +2,3 %o PDB) B apaoleiickux KapGoHaTax XOpOIIO
coryiacytorcsa ¢ C-M30TONHBIMY JAaHHBIMU /11 PaHHeKeMOpUICKHUX KapOOHATHBIX pa3pe3oB
Cubupckoii miatdopmbl, Antae-CasgHCKOU ckjlagyaTtoi obsactu, Mapokko u Kuras (puc.
106). Hanpumep, Bapuanuu §13C B 0cajjouHBIX N3BECTHAKAX TOMMOT-aTJabaHCKOro sApyca
B JleHO-AJiJTaHCKOM pairioHe Cubupu Jiexat B npenenax oT —1 go +3% PDB [Derry et al.,

1994], a B apxeo1n1aTOBBIX U3BECTHAKAX aTAabaH-00TOMCKOTO sApyca Y AMHO-BUTUMCKOI 30-
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Hbl 3abarikayibsa — oT —0,2 1o +2,7%0 PDB [CkpunHUKoB u ap., 2021]. Eme oquH npumep
¢ HeBBICOKUMU 3HaYeHusAMU 83C (ot —2 1o +4%0 PDB) — 3To OpraHoreHHbe U3BECTHAKU
SMAKCUHCKON CBUTH AHabapcKOro MoaHATHA, a paHHEKeMOPUNCKUN BO3pacT KOTOPBIX Ha-
JIeXHO ycTaHoBJIeH 6mocTtpaturpaduueckum MmetogoM [Kouchinsky et al., 2001]. B usBect-
HAKaX paHHeKeMOpUIICKOM COPHMUHCKOU CBUTH baTeHeBckoro kpsxa B KysHernikom Asatay
(Pb-Pb Bospact, 523+5 MuiH JjieT, [OBUMHHUKOBA U ap., 2011]) sHaueHue §'3C Bappupyer
ot —0,5 mo 3,7%0 PDB [JleTHukoBa u ap., 2011]. ®opmarus Jlu-ge-BuH ropHoro xpebra
AHTHatiac B Mapokko, CJIOXKeHHas BOJIOPOCJIEBBIMU M3BeCTHAKaMU, nMeeT Bo3pact U-Pb
BO3pPACT [0 LIUPKOHAM U3 Ty(OBHIX NpocjoeB 520-523 MiH JieT, a 3HaveHus 63C B us-
BeCTHsKax MeHseTcs oT —5 1o +4%0 PDB [Maloof et al., 2010]. B u3BeCTHSIKOBBIX Y€PHBIX
cylaHIax paHHekeMm6puiickoi ¢popmaruu [lynsunaTtyo HOxHOro Kuras snauenus §3C Je-
XHUT B UHTepBajie oT —2,3 1o +2,5 % PDB [Ishikawa et al., 2008]. Bo3pact dopmariuu
OIyusuHTyO onpefesieH 0 HaxoAKaM TPUJIOOUTOB, XapaKTePHBIX AJiA aTAabaHCKOro Apyca
HIKHero kemopusa. O6o0mas Bce nogydeHHble St — 1 C-U30TONHBIE JAHHBIE, MOXHO CJie-
JlaTh BBIBOJ, YTO BpeMsA HaKOIJIEHUA N3BECTHAKOB apaolleliCKOM CBUTHI MOKHO OrPaHUUYUTh
pPaHHUM KeMOpureM, BeposATHO atAabaHCKuM sApycoM (puc. 32).

Otnoutenue 87Sr/36Sr B mosloMuTax apaomerckoy CBUTHI HE CHJIBHO OTJIMYAETCHA OT
3TOr0 OTHOILIEHUA B U3BECTHAKaX U Bapbupyet B uHTepBasie 0,70844-0,70882, yTo roBopur
0 MPUHAJJIeXHOCTHU 3TUX MOPOJ K OJHOMY cTpaTurpadpuieckomy noApasjesieHur0. 3Haue-
HuA §13C B 07I0MUTAX B OTJIMYKE OT U3BECTHAKOB, B OCHOBHOM, OTpUI[aTe IbHbIE 10 —3.9 %o
PDB, 4TO He MPOTHUBOPEUYUT paHHeKeMOpHiickoMy Bo3pacty mopoj. OgHako Pb—Pb Bo3pact
nosoMuToB (41748 muH siet, [CuTkuHa U Ap., 2022]) cooTBeTCTBYyeT paHHEMY Ae€BOHY, UYTO
CyIIeCTBEHHO MOJIOXe BO3pacTa BhIllIesiexaluX 0 pa3pe3y U3BeCTHAKOB. OOBbACHUTD TAKOU
pe3yJIbTaT MOXHO [IBYMs Cclioco0amu, IepBbIi IPeAIoJiaraeT, 4YTo I0CJIe0BATEeJIbHOCTD CJI0-
€B CBUTHI HapyllleHa, BTOPOU YTO IOJIOMUTHI B OTJIMUUHU OT U3BECTHAKOB ITOIBEPIJIUCH B XO/1€
CBO€EH NOCTCeAUMEeHTAI[MOHHON UCTOPUU BTOPUYHBIM NpeoOpa3oBaHuAM. BTOpoii BapuaHT
WHTepIpeTalnny oka3biBaeTcsA 00Jiee BEpOATHBIM, TOCKOJIbKY MPU U3YyUeHUU JIMTEPaTyPHBIX
JIAHHBIX 10 pa3pe3aM apaolIeriCKON CBUTHI U IIPHU [10JIEBOM O0TOOpe 00pa31[0B He ObLIIO BHIAB-
JIEHO IIPU3HAKOB HECOIJIaCHOTO 3aJieraHus ABYX N3y4YeHHbIX KapOOHATHBIX NMayeK. AprymeH-

TOM K BBIOOPY BTOPOTO BapHAaHTA CJIYXUT U HaJIM4Me KPEMHUCTHIX CTSOKeHNI U KOHKpelu,
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Puc. 32: a) Bo3pacT apaomenckon CBUTH 10 JaHHBIM C U Sr M30TOIHOU XeMOCTpaTurpa-
¢duu. IlyHkTHupHasA JUHUA — KpUBas Bapuanuil usotonHoro cocrasa Sr no [Chen et al.,,
2022; KysHenos u ap., 2014], cepoe mojie — Bapuanuu §3C no [Saltzman and Thomas,
2012]. Ctpesikoii BeIZieJIeHO BO3MOXHOE TOJIOXKeHNe apaolielickux kapooHaTos; 0) Iloapo6-
HBIII ()parMeHT KpUBOHM 3HaueHMid §'3C [Jia TOMMOTCKOTO M aTAa0aHCKOro APYCOB HUX-
Hero kemOpus (rmo Maloof et al. [2005]), cuHee noste-kap6oHaThl CMOUPCKON MIaTGOPMBI
[Kirschvink et al., 1991; Kouchinsky et al., 2001, 2005, 2007]; cepoe mojie — MapoKko
[Maloof et al., 2005, 2010]; kpacHoe nojie — Kurai [Ishikawa et al., 2008].

a TaKxe MPHUCYTCTBLE MHOTOUYNMCIIEHHBIX KaJIBIIUTOBBIX IIPOXUJIKOB, B KOTOPHIX IIPUCYTCTBY-
et ampubdos. HecMoTps Ha TO, 4TO 0T60p 06Pa3LoB A1 re0XPOHOJIOTMYECKOTr0 U3y4eHUs
ObLT IPOM3BEEH HA OCHOBE FeOXUMUYECKUX KPUTEPHEB COXPAHHOCTH KapOOHATOB, KaK U T'0-

BOPHJIOCH paHeEe, OJIAd JOJIOMUTOB TaKKM€ KPUTECPHUU IIOKa HE OIIpE€CJI€HBI, II0O3TOMY BIIOJIHE
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BeposATHO, 4To U-Pb n3oTOnHasA cucreMa okasajach B IIpoljecce snureHesa u cjiaboro me-

Tamop(dur3Ma MeHee ycToiiunBa, yeM Rb-Sr u C.

6.1.2. bokcoHckas (HepacuJieHeHHas) cepus

Kap6oHaTHble mopoibl OOKCOHCKOU (HepacuyjieHeHHO!) cepruu B foJiHe p. KeiHrapra
cJiarailT OTAesIbHble TEKTOHWYECKHe IJIaCcTUHBI. M3-3a CJIOKHOTO CTPOEHMs pa3pe3a OTHe-
CeHue UX K OJHOMY cTpaTurpadpuieckomMy MoApasAesieHUI0 0 Habopy JIMTOJIOTHYeCKUX
MIPU3HAKOB IPAaKTU4YeCKU HEBO3MOXHO. [IpeaBapuTesibHOe neTporpaduieckoe u N30TOMHO-
reoXruMHYeCKOe KCCJIeJOBaHUe MOPOJ U3 TPeX M3yYeHHBIX MJIACTHH MIOKAa3aJi0 YTO TOJIbKO
4 obpasua AoJoMUTa U3 IUIacTUHB | mpuroansl i gatupoBanus Pb-Pb metomom. B ot-
Juyre OT KapOOHATOB M3 BTOPOM U TpPeThel IUIaCTMHBI OHU MMEKT BbifepxaHHoe Mg/Ca
OTHOIIIeHHE MO pa3pe3y U He COoJepXaT SABHBIX MPHU3HAKOB BTOPUYHOTO MpeoOpa3oBaHMA.
BrruriciieHHbiit Pb—Pb Bo3pacT As1a HUx paBeH 529+15 MJIH JIET, YTO COOTBECTBYET paHHEMY
keMmOpuiw. OtHouenue Mn/Sr (0,5-0,69) B qaTUpOBaHHBIX AOJIOMUTAX BhIIIE YeM MPUHATO
JJIs1 HaMeHee N3MeHEeHHBIX U3BeCTHAKOB (Mn/Sr < 0,2), ogHako AJiA JOJOMUTOB eIlle He
CyIIecTByeT OJHO3HAUYHBIX KPUTEPHEB OIleHKNW COXPaHHOCTU M30TOMHBIX cucteM. CrienyeT
OTMETUTh YTO MOXOXHe BeJMYUHBI OTHOoLeHu Mn/Sr (go 0,75) umesnu, HapuMep, Hau-
MeHee M3MEeHEeHHbIe JOJIOMUTH MeCTOpPOXAeHUA Pyckeasa B cOpTaBajbCKOU CepUU CeBep-
Horo [Ipunagoxssa [Ky3nenos u ap., 2021]. Beicokre 3Ha4eHMsA 3TOTO OTHOILIEHUA UM U
HavMeHee M3MeHEHHble ATYJIMUCKUE JOJOMUTHI TyJIOMO3epCKOU CcBUTH Kapesbckoro kpa-
TOHa — OTHoIlleHue Mn/Sr Ob10 B uHTepBasie 0,3-1,5 [OBunHHUKOBA U Ap., 2007]. Hau-
MeHee M3MEeHEHHbIe MajleonpoTepPO30McKre NoJoMuTh ¢Gopmainuu Hemdopk Kanaackoro
yMTa uMeaun oTHomeHue Mn/Sr no 2,5 [Bekker et al., 2003]. Takkxe BaXXHO YYUTHIBATh,
YTO KpUCTAJUIMYeCcKasa CTPYKTypa AOJIOMUTA OKa3blBaeTCsA OJiaronpusaTHee OJIA BXOXIEeHUs
B Hee Mn uyeM cTpyKTypa Kaibiura [Reeder et al., 2000; Wright et al., 2002]. IToaTomy
Jaxe B JOJIOMHMTax He MpeTeprneBIIMX 3a CBOI0 I'e0JIOTMYECKYI0 MCTOPUIO CYIeCTBEHHBIX
3MUreHeTUYEeCKUX Mpeobpa3oBaHull cofepkaHre Mn MOXeT ObITh CyIIIeCTBEHHO BbIIIe, YeM
B U3BECTHAKAX.

Otuomenue %’Sr/%Sr B gosoMmmrTax niacTuHbl I MeHseTca B HeOOJBIIMX IIpejesiax

ot 0,70838 mo 0,70858. Kak 1 onuceiBajsioCh BBILIE TaKye OTHOIIEHWA XapaKTepHBI AJIA



103

Puc. 33: a) Bo3pacTt BokcoHckol (HepacujieHeHHOI) cepuu 1o JaHHBIM C U Sr M30TOIMHOMN
xeMocTtpaturpaduu. IIyHKTUpHasA JUHUA — KpUBas Bapualuil M30TOMHOIO cocTaBa Sr IO
[Chen et al., 2022; KysHeros u ap., 2014], cepoe mnosie — Bapuanuu 6'>C mo [Saltzman and
Thomas, 2012]. Ctpenkoii BeIJIeJIEHO BO3MOXXHOE MTOJIOXKEHNE apaolIeliCKUX KapOOHATOB; 0)
[ToapoGHBIl (pparMeHT KpUBOii 3HaueHui §1°C 111 TOMMOTCKOrO ¥ aTAaGaHCKOro APYyCOB
HIXHero kemopus (o Maloof et al. [2005]), cuHee noJsie-kap6oHaThl Cubupckoi miaTdop-
Mol [Kirschvink et al., 1991; Kouchinsky et al., 2001, 2005, 2007]; cepoe noJjie — MapoKKO
[Maloof et al., 2005, 2010]; kpacHoe nojie — Kurai [Ishikawa et al., 2008].

HECKOJIBKUX BO3PACTHBIX MHTEPBAJIOB OT BeHJa 0 KeMOpHsd, HO IIpUHNMAas BO BHUMaHUe
1 Bapuanuu 3Hauenus §3C (o1 —2,2 10 0,5%0 PDB) u nosyuenHsiii Pb-Pb Bospact (529 +
15 MJIH JIeT) MOXXHO OTpPaHUYUTh BpeMs 00pa3oBaHUsA JOJIOMUTOB OOKCOHCKOM (Hepacusie-

HEHHOW) cepuu B AoJmHe p. KelHrapra panaum kemOpueM (puc. 33).
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JIuTosiornveckrie U U30TOMHO-TeOXUMHYECKUe XapaKTepUCTUKY He MO3BOJIAI0T UCTIOJIb-
30BaTh KapOOHATHbBIE MOPOJBl M3 BTOPOUM M TPeTheH IUIACTUH JJIA T€OXPOHOJIOrNYEeCKOro
rccsleJoBaHus, oAHaKo oTHoueHue 37Sr/86Sr B m3BecTHAKAx M MOJIOMUTAX M3 3TUX IUIa-
cTuH MeHseTca ot 0,70829 no 0,70857 u mpakTUYeCKU He OTJIMYAeTCA OT TaKOBOI'O B [a-
TUPOBAHHBIX JOJIOMUTAX M3 IJIACTUHHI I. DTO MO3BOJIAET MPEANOJIOXUTD, UTO BCE TLJIACTUHBI
OTHOCATCS K OAHOMY cTpaTurpaduyeckoMy ropusoHTy. KucjiopoaHas n30TOMHAas cUCTeEMa
MeHee YCTOMYMBA K MTOCTCEANMEHTAIIMOHHBIM M MeTaMOPUIECKUM N3MeHeHUsAM, yeM Rb—
Sr 1 axe yrjiepojiHasi TO3TOMY B C€PO-PO30BbIX MPaMOPU30BaHHAIX I0JIOMUTAX U3 BTOPOU
IJTAaCTHHBI HAGJII0JaeTCsl He TOJIBKO CJIeIbl 3aMellleHHs TIEPBUYHOT0 KapOoHaTa JOJIOMUTOM,
HO ¥ TOHMXeHue 3HadeHue 680 1o —18%0 PDB. M30TOMHbINM COCTAaB KMCJIOPOAA ABJIAETCSA
OQHUM U3 TeOXUMHNUYECKUX MapKepOB 3MUTMHETUYECKOTO N3MeHeHUs KapOOHATHBIX MOPOJ
[Boulvais et al., 1998; Frimmel, 2010; Moore, 1989; Sial et al., 2018; Veizer et al., 1999] u
3aBUCHUT OT TeMIepaTyphl epeKprCcTaUIN3alui, U30TOMMHOTO COCTaBa KUCJIOpoAa Bo (JIio-
uje U oTHollleHus QJioni/MuHepas. Mopckas BoAa, B KOTOPOM ocaxAalTcsAa KapOoHaTHbIE
ocajiKy, KaK IpaBuJIo, oboraiieHa usoronom 20 no cpaBHeHMIO ¢ BHEITHUMU (PIIIOMAAMMU.
[Tpu BBICOKHX TeMIlepaTypax B MeTamMopduyecKux mporieccax KapOoHaTHbIE OPOJIbI Tepsi-
I0T CBOM MEPBUYHBIX M30TOIMHbIE XapaKTEPUCTUKU KHCJIOPOAA, a BTOPUUHbIE KapOOHATHbBIE
dasbl oboramanTes JerkuM °0. HensmeHeHHbIe MOPCKYE KapOOHATHI HEOIIPOTEPO30MCKO-
I'0 ¥ paHHENaJIe030MCKOro BO3pacTa XapaKTepu3ylTcs 3HaueHuaMHU 6180 e Huxe —8+2%0
PDB [Frimmel, 2010; Veizer et al., 1999]. Ilepeuunoe 3HaueHue §'3C B Kap6OHATHBIX OPO-
Jlax IpaKTHUUYeCKU He MeHsAeTCs JlaXe Ha BBICOKUX CTYIEeHAX MeTaMmopdu3Ma 13-3a BICOKOM
KOHIIEHTpaIlUH yrjiepoa B KapOoHATHHIX MUHepasiax [Banner and Hanson, 1990; Melezhik
et al., 2006]. IToHmxeHue 3HaueHus §3C [Py auareHes3e BO3MOXHO JIMIIb B HECKOJIbKUX
cJIyyasix — MpU U30TOMHOM oOMeHe MeX Ay KapOOHAaTHBIMU MUHepaJaMy M OpPraHU4YeCKHUM
yrjiepofoM, oO0pa3yIouMcs Mpu Iepexo/jie yriiepoaucToro BemectBa B rpadut [Kitchen
and Valley, 1995], nu6o B npotiecce nekapbonuszanuu [Valley, 1986]. B nepBoMm ciiyuae B
Mopo/ie AOIKHBI HaOJIIOAAThCA COOTBETCTBYIOIINE MUHepaJibHble MapareHe3nchl, BO BTOPOM
- CMHXPOHHOE TOoHMXeHue 3HaueHue 513C u §'80. B usyueHHbIx kKap6oHATaX BTOPOM U Tpe-
Thell IUIACTUHBI OTCYTCTBYET rpadUT U He HabII0AaeTCsa KOPPeALUHU co 3HadeHuamu 580,

a moJtyueHHsle BeauunHel 6°C (oT +1,5 10 —4%¢ PDB) TUNMYHbI [j1 BEH-KEMOPUICKUX
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kapbonaToB [Maloof et al., 2010]. Takum o6pa3om kapOOHATHbIE TOPOJBI 13 BCEX M3yUYeH-
HBIX IJIACTUH 00beqUHEHHBIE MO Ha3BaHHeM OOKCOHCKasA (HepacuJeHeHHas) cepus B Oac-
ceiiHe p. KbiHrapra MoryT ObITh YaCThI0 OJJHOTO CTpaTUrpapuiecKoro noAgpasaesieHusa Uin

KaK MMHUMYM HaKaIlJIMBAJIMCh B OJIM3KUX OCAJIOYHBIX OaccerHax.

6.1.3. Koppessanusa u reoquHaMHu4decKasi HHTepIpeTanus

KapOoHaTHbIe TOPOABI apaolIeriCKON CBUTH U OOKCOHCKOU (HepacuJIeHEeHHOH) cepuu
B Oacceiite p. KeiHrapra umernt cxoxuii Pb—-Pb Bo3pact u Sr xemocrparurpadudeckue xa-
paKTepucTUKU. M3-3a cusibHOU AepOpMUPOBaHHOCTH Pa3pe30B B HACTOsAIlee BpeM:A TPYAHO
00beJUHUTD N3yUYeHHBIE TIOPO/bI B €IMHBIN HEKOT/Ja 0CaJOYHbII KOMILJIEKC, HO MOXHO IIpeJ-
MOJIOKUTH, YTO OHU KaK MMHMMYM HaKaIlJIMBAJIMCh B OJIM3KUX OCAaJOYHBIX OacceiHax.

Ha Tepputopuu TyHKHHCKOTr0 XpebTa ecTbh U Apyrrue KapOOHaTHbIE OTJIOXKEHUA CXOXUE
[0 CBOEMY COCTaBY M BO3PACTy C U3y4YeHHBIMU BeHA-KeMOpUNCKUMU KapOOHATHBIMU MOPO-
navu. Takumu, HanpuMep, ABJIAIOTCA KapOOHATHI FOPJIBIKCKOU CBUTBHL. OHU pacmpocTpaHe-
Hbl B fonHax pek llymak u I'opJsik-I'ost 4To B paguyce 20 KM Ha CeBEP U C€BEPO-BOCTOK
OT apaomielickoro 6s10ka. OTJIOXKeHUA TOPJIBIKCKOM CBUTHI IIpeiCTaBJIeHbl U3BECTHAKAMU U
JI0JIOMUTaMu ¢ TpeobsafganueM nocienaux. Otaomenue 37Sr/36Sr B mopopax stoii cBu-
T, 0TOOpaHHBIX 10 peke [lymak 0,7074-0,7076, Pb-Pb Bo3pact paBeH 610+45 miH JieT
[CutkuHa u fp., 2017b], a B fosuHe peku I'opsibik-I'os1 66111 06HapyKeHBl 1 ONMCAHBI Opra-
HUueckue ocTaTku [['ocynapcTBeHHas..., 2007; PoiektaeB u ap., 1983] xapakTepHble /1A
BEeH/I-KeMOPHIICKOro meproza. B onopHoM paspese G0KCOHCKON cepum oTHommeHue 37 Sr/80Sr
B KapOOHATHBIX MOPOAAaxX MeHsAeTcs BBepx no paspesy ot 0,7071-0,7085 B ocHoBaHUM (3a-
ourckasa ceurta [KysnenoB u ap., 2010]) go 0,7083-0,7087 B BepxHel yacTu cepuu (Ta-
OMH3YPTUHCKas, XyKUPTalCKas, HIOpraTUHCKas cBUTHI). KpuBas Bapuanmii 6'°C B HKHElH
yacTu OOKCOHCKOI cepuy, B OCHOBHOM, HaXOAUTCA B O0JIACTH OTPUIATEJIbHBIX 3HAaYE€HUN
oT —2.9 10 —0.1%0 PDB ¢ OTKJIOHEHUSAMU B MOJIOXKHUTEIbHYI0 CTOPOHY /10 +0.3 1 +4.9%0
PDB, a B BepxHeli yacTu cepur 3HadeHus & 3C yiexat B uarepsase or —3.5 g0 +0.2%0 PDB
[[ToxpoBckuii u Ap., 1999]. Pb—Pb Bo3pacT 3abuTckux kapO0OHATOB HIKHEN 4acTH OOKCOH-
ckou cepuu paBeH 620+50 miH JieT [Ky3HenoB u ap., 2018]. Takum o6pa3zom kapboHaTHBIE

IIOPOABI FTOPJIBIKCKOM CBUTHI I10 CBOUM S7-U30TOMHBIM XapaKTepHUCTHUKaM OJIN3KHU K OTJIOXKe-
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HUAM HUXKHeN (3a6UTCKOI) YacTu OOKCOHCKOM CepUM, a OTJIOKEHM apaolleliCKOM CBUTHI 1
KapOOHaTHbIE IJIACTUHHI B JoJiMHe p. KbIHrapra conocTaBuMBl C BepXHel 4acTbio (TabuH-
3ypTUHCKasA, XyXKUpTalcKas, HIOpraTUHCKas CBUTHI) cepuu (puc. 34).

Kacasch moJiyueHHOro JIeBOHCKOTro Bo3pacTa (417+8 MJiH JieT) 1A JOJIOMHMTOB apa-
OILIEMCKOU CBUTHI CJIeAyeT CKa3aTh, YTO B MHTEepBaJie MO3JHUU KeMOpPUN—-OpPJAOBUK TeppHU-
TopusA Boctounsix CasH OblIa moABepkeHa OOLIMPHOMY OpOreHe3y B pe3yJjibTaTe KOTOPO-
ro TyHkuHckui 6710K, TyBUHO-MOHTOJIBCKUIT MAacCUB U OKpyXalolye UX TeKTOHHUYecKue
CTPYKTYPHI OBLJIM KpAaTOHU3UPOBAHBI M BOILIU B COCTaB LleHTpasbHO-A3MaTCKOI0 CKJ1aqua-
toro nosica [Khain et al., 2003]. Takas reosiornueckass o6CTaHOBKa HaKJIAJbIBAET XKECTKHE
OorpaHMYeHNs Ha HaKOILJIeHNEe B perMOHe OKeaHUYeCKUX 0CaJI0OYHBIX OTJIOXKEHUN CUHKOJLIN-
3MOHHOI'0 Bo3pacTa. Bce 5To Takke onpoBepraeT BO3MOXXHOCTh CeJUMEHTAN JOJIOMUTOB
apaonieriCKou CBUTHI B paHHEM JieBOHe. PaHHemasieo301cKkas TeKTOHO-MarMaTuyeckas ak-
TUBU3aLMA CONMPOBOXAAN[AACA OOMINPHBIM MoJM@anrajabHBIM MeTaMopOU3MOM 3aKOHUU-
Jace B cepeauiHe opaoBuka okosio 460-480 muH set [Ky3muues, 2004; Pesuunkuii u ap.,
2007], ogHako ckjagyaTble QUCJIOKAIMU MPOJOJIKAJIUCE 3[eCh HAa MPOTSXKEHUN BCero ma-
J1€03041 YCJIOKHAA CTPYKTYypy TYHKHMHCKOr0 XpeOTa 1 ceBepHOU 4acTu TyBUHO-MOHI0JIBCKOTO
MaccuBa. [IpuMepoM Takux AUCIIOKALMN CJIY>KAT OpOreHHas MoJiacca caraHCcalipCKo CBU-
THI IO3JHEJeBOH-KapOOHOBOI 0 BO3pacTa 3anoJIHAKIAA caraHcarpcekun rpabeH [ByTos u ap.,
2001]. CTouT OTMETUTh, UTO MOJIE PACIPOCTPAHEHUsA apaolleliCKuX KapOOHATOB MPOPHI-
BaIOT I'PAaHUTOM/IBI YPUKCKOTO KOMILJIEKCA, TeTPOTUNNYECKUM [JIs1 Hero cunurtaercs MyHKy-
CapapIKCKMU MaccuB, BO3pacT KOTOporo 481+2 muH set [Pe3nunkuii u ap., 2007]. Camu
YPUKCKHME UHTPY3UU He AAaTUPOBaHBI, HO YUUTHIBAsA, YTO OHU KOHTAKTHUPYIOT C MOpoJaMu
apaonierickoi CBUTHI (10XHee MJIomaau oTbopa o6paslioB) U HA CMEXHOU TeppUTOpUH Iie-
PEKPBITH IOPOAAaMH CaraHCalupCKOM CBUTHI JIOTUYHO MPEAIIOJIOKNATD, YTO BO3PACT UX KpU-
CTaJUIM3alMU MOJIOXKEe PaHHero OpJOBHKAa M MMEHHO OHU ABWJIMCh KaTaJIM3aTOpPOM, 3amy-
CTUBIINM Mpoljecc mpeoOpa3oBaHUsA NOPOJ HUXXHEH YacTU apaollericKoi CBUTHL. UTO Kaca-
eTCs HaXOJKU M1aJIe0301CKOM (ayHBbI, TO MOJOOHbBIE TaJIEOHTOJIOTNYECKEe OCTaTKU OOHApY-
’K€HBbI BO MHOTUX KapOOHATHBIX KOMILJIeKcax yexsia TyBHHO-MOHI0JIbCKOrO MacCHBa U ITOKa
BOIIPOC O UX NMPOUCXOXKJAeHUH ocTaeTca cnopHeIM [Ky3muues, 2004; XomeHTOBCKHUM, 1985],

B HallleM CJiydyae eQWHCTBEHHBII oOpaser] xutuHo3ou [booc, 1991] BpAx jim MOXHO cyu-
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TaTh MpPeJICTABUTEIbHBIM UYTOOBI PEMIATh BOIPOC O BO3pacCTe MPOTKEHHOT0 KapOOHATHOTO

pa3pe3a apaomencKoi CBUTHI.

6.2. IIporepo3oiickue KapOOHATHbIE MOPOBI

6.2.1. UpkyTHasa cBuTa

Kap6oHaTHbIe TOPOABI IIpeANoIaraeMoi UPKyTHOM CBUTHL, OTOOpPaHHBIE M3 JBYX TEK-
TOHMYECKUX IJIaCTUH B OacceliHe p. KblHrapra xapakTepu3ylOTCs lepeMeHHbIM KaJIbIUT-
JIOJIOMHUTOBBIM COCTaBOM U BRICOKUMU M n/Sr, Fe/Sr oTHomeHnusMu (o 3,65 u 44,5 cooTBeT-
cTBeHHO). Kak onuchiBaIoCh BhIllle 1A JJOJIOMUTOB KPpUTHYECKUEe 3HaUeHUsI TeOXUMUYeCKUX
WHJIMKAaTOPOB He olpejiesieHbl, a 3HaueHUs1 OTHoIeHun Mn/Sr u Fe/Sr B He U3MeHeHHBIX
JOJIOMUTaX MOTYT CyIIeCTBeHHO IMpPEeBhIIaTh TaKye 3HaUeHNs B aHAJIOTUYHBIX N3BeCTHAKAX
13-32 0COOEHHOU KPHUCTAJIJIMYECKOUN peleTKU AO0JIOMUTOB. KOCBEHHO 3TO MOATBEPXKAAeTCA
U B CJIyyae JOJIOMHUTOB U3yUeHHOUM UPKYTHOUM CBUTHI, TOCKOJIbKY HAaOJII0qaeTCs TEHAEHIUA K
yBeJIMYEHUI0 OTHOLIEeHUN Mn/Sr u Fe/Sr B 3aBUCUMOCTU OT OoTHolIeHusA Mg/Ca. 3HaueHue
ele OJHOr0 reOXMMHUYECKOT0 MHAMKATOpa — 880 B kapOoHATaX MPKYTHON CBUTHI HAXo-
nutes B mpenenax —3,8 — —8.6%0 PDB 4To XxapaKTepHO JIJ11 HeM3MeHEHHbBIX JJOKEMOPUICKUX
MOPCKHUX KapOoHaTHBIX mmopoj [Frimmel, 2010; Veizer et al., 1999].

H3mepennsie oTHomeHus 87 Sr/30Sr u snauenus §'3C B BasioBoi KapGOHATHON COCTaB-
JAoIer o0pa3oB epBOM Y BTOPOU IJIACTHUHBI OJIN3KU U He MOKA3bIBAIOT 3HAYMMOM KOP-
pesALMU ¢ MUHepPaJbHBIM COCTaBOM mnopoj. ITosydeHHBle 3HaYeHUs M30TOMHOI'0 COCTaBa
cTpoHus u yriaepoaa (0,70569-0,70725 u 0,7-1,9%0 PDB, cOOTBETCTBEHHO) COITOCTAaBUMBI
C TaKMMHU 3HauYeHUSMH B JOKEMOPHIICKOM OKeaHe B IIMPOKOM BO3PACTHOM UHTEpBaJie OT
1800 mo 650 mutH Jet (puc. 35) [Chen et al., 2022; Ky3HerioB u Ap., 2014].

U-Pb cuctema kap60HATHBIX IOPO/I KaK MPAaBUJIO O0Jiee YyBCTBUTEIbHA K BTOPUYHBIM
mporieccam yeM Rb-Sr, C u O. Pb-Pb Bo3pact (1459+102 muH jet, CKBO = 42) nmosydeH-
HBIUI [0 BAaJIOBOM KapOOHATHOW COCTaBJIAIIEN 00pa3loB NepBOM U BTOPOU ILJIACTUHHBI He
JlaJl 3HAYMMOI'0 Te0XPOHOJIOTUYECKOTO pe3yJibTaTa. B Takux ciiyuyasx sABJIAETCA ONpaBAaH-
HBIM HCIIOJIb30BaHUEe MeTOAMKU CTyNIeHYaTOro pacTBOpeHUs 00pasIioB, KOTOpas MO3BOJIAET
pa3aesinTh HeKoreHeTU4YHble kKapOoHaTHbIe (a3sl [Kayposa u ap., 2010; OBurHHMKOBA U AP.,

2007, 2012]. ITocnenoBaTebHOE pacTBOpeHUe 00pa3IioB U u3MepeHre Pb/Pb oTHOIEHMI



109

Puc. 35: KpuBas Bapuanuii U30TOIMHOTO cocTtaBa Sr (myHkTHUpHas junusa) mo [Chen et al.,
2022; Kysuenos u ap., 2014] u sapuanuii §'3C (cepoe nose) no [Saltzman and Thomas,

2012] B qOxeMOpUICKOUN OKeaHe.

Ha KaXXJJOM 3Tare MO3BOJIMJIO BHIAEJIMTh KaK MUHUMYM JIBa MPOTEPO30MCKUIN BO3PACTHBIX
coObITUA ¢ Bo3pacToM 1566+16 muH (CKBO = 1,3) jeT mojiydeHHBIM IO AOJIOMHTaM U3
MepBOM M BTOPOM MJIACTHHBI U Bo3pacToM 947+74 (CKBO = 1,5) MJIH JieT, IOJIy4eHHBIN
10 KaJIBIIUTOBBIM I'eHepaIusaM B JOJIOMHTAX BTOPOU IJIACTUHBL. [IpuMevaTeIbHO YTO OTHO-
wenue 2°°Pb/?%4Pb B mepBoil (kajbLUTOBOM) GpaKIMy pacTBOpeHUs Gojiee paguoreHHOe
4yeM B NOCJIeIHUX (JOJIOMUTOBHIX), a oTHowmeHue 2°8Pb/24Ph x0Th 1 BhIlIE B IIepBOii Ppak-
quu (puc. 26-28), HO ocTaeTcsa B IpejesaX XapaKTePHBIX AJIA OCaJOYHbIX KapOOHATHBIX

nopof [OBumHHMKOBA U Ap., 2007, 2008, 2012]. KapOboHaTHbIe MOPOAHI MONaAass B 30HbBI
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MeToMapu3Ma pearupyoT ¢ PACTBOPaMM XUMWYECKHUI 1 U30TOIHBINA COCTAB KOTOPHIX KOH-
TPOJIUPYEeTCA CUMKATHRIMU TOPOaMU BOBJIEYEHHBIMU B 3TOT npomecc. IIpu atom U-Th-Pb
XapaKTepUCTHUKU HOBOOOPa30BaHHBIX KapOOHATHBIX (a3 MeHAKTCA B CTOPOHY PaBHOBECHUA
¢ Metamopduueckum QpurronaoM [OBunHHMKOBA U Ap., 2007]. U3-3a mi10xou pacTBOpUMO-
ctu coenuHennii Th B BoZie MOPCKHE OCA[KHU COZepXaT KpaiiHe MaJjio 3TOro 3JIeMeHTa, a
otHomeHue 232Th/?8U B Hux cTpeMuTca K Hy0. MeTamopduueckre pacTBOPbI, KaK Ipa-
BILJIO, 06oralieHbl 3TUM 3JIeMeHTOM U UMeIOT BeIcoKoe 232Th /238U u 208Pp /204 Pp oTHOMmEHNE
[Jahn and Cuvellier, 1994]. [TosToMy B MeTaMOp®HU30BaHHBIX KapOOHaTaxX M3-3a MPUBHOCA
TeppureHHoro Pb u murpanuu U otHomeHue 2°8Pb/?%4 Ph GpiBaeT cpaBHUTEIIBHO BEICOKUM, a
otHowmenue 2°°Ph/2%4 P HU3KOPaUOreHHBIM B CPaBHEHNE C IIEPBUYHBIMU 0CAJ0YHBIMU Kap-
6oHaTamu. MI3x01 U3 CKa3aHHOTO BBILIE N30TONHBIE XapaKTePUCTUKU Pb B 6oJsiee MoI0g0M
reHepanyy KajbliuTa B 06pa3liax UPKyTHON CBUTHI CKOpPee He MOKAa3hIBal0T 3HAYMTEJIbHOIO
BJIMAHMA METaMOP(UYECKUX CHUJIMKATHBIX pacTBOPOB. Takas cuTyalus BO3MOXHA KOTaa B
00CTaHOBKAX MOTPYKEHUSA JOCTYI STUTeHeTUYECKUX PACTBOPOB K KAPOOHATHBIM TeJIaM ObLT
orpaHndeH, a nepectpoiika U-Pb crcTeMsl IPOMCXouIa 3a cYeT Iepepacipe/ieseHus dJie-
MEHTOB BHYTPH MCXOJHONM KapOGOHATHOM MOPO/BL. B TakoM cilyyae NPUBHOC ypaHa W, Kak
cyieficTBHeE, yBenyeHne otHouenus 2°°Ph/2°4Ph B HOBOOGpa30BaHHOI KaJIbIUTOBOM (ase
MOTJIO IPOVICXOUTh 3a CYET Pa3JIOKEHHs OPraHUYeCKOro BEIlecTBa, KOTOPOe HPUCYTCTBO-

BaJIO B MCXO/THOU KapOOHATHOM MOPO/IE.

6.2.2. KoppesnsAanusa u reoquHaMHu4ecKas HHTepIpeTanusa

W3-3a cuibHOU J1eOPMUPOBAHHOCTA KapOOHATHAA MOCJIEeA0BATEIbHOCTh MPeIoJia-
raemMol UpPKyTHOU CBUTHI KaK U MpeAblAylie U3y4YeHHble [IOPOoIbl He MOXeT ObITh ONMCaHa
KaK TUIWYHBIN 0CaJ0YHBIN KOMILIeKC. OTCyTCTBHEe HOPMAaJIbHBIX CTpaTurpadryeckux KoH-
TaKTOB U pasjnuue JIMTOJIOTUYECKUX IPU3HAKOB 3aTPyAHAET BhIJEeJIeHHEe NCCJIeJOBAaHHBIX
IUTaCTHH B eAUHBIN pa3pe3. OJHAKO pA KOCBEHHBIX IPU3HAKOB TaKMX KAK CXOXKe reOXUMU-
yeckue 1 xeMocTpaTturpaduyeckre xapakTepUCTUKU MO3BOJIAIOT OTAEJIUTh UX OT IMIMPOKO
PacIpOCTPaHEHHBIX B PErMOHe BEH-KeMOPHICKIX KapOOHaTOB.

CaMbli1 [peBHUI 13 [IOJIyYeHHBIX BO3pacToB (1566 MJIH JieT) He COOTBeTCTBYeT HU Of-

HOMY M3 BBIAECJIEHHBIX B HACTOAIIEEC BPEMA 3TAIIOB Kap6OHaTOHaKOHJ'IeHI/IH Ha TEPPUTOPHHU
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TyBUHO-MOHTI0JIBCKOTO MacCHBa U CMeXHBIX TeppeiiHOB. CyllecTByeT HECKOJIbKO I'MIIOTe3
o nmpoucxoxaeHun TyBuHo-MoHrosibckoro Mmaccuba [Buslov et al., 2001; Kheraskova et al.,
2003; Ky3muues, 2004; Kuzmichev, 2015; Windley et al., 2007; Yakubchuk, 2004]. Bce ouun
[IpeInoJiaralT, YTO MacCUB ABJIAJICA GparMeHTOM OJHOI'0 U3 IPeBHUX KOHTUHEHTOB — Cu-
6upckoro kpaTtoHa, BocrouHoii I'onaBansl u ap. Ha 3anage Cubupckoil niatdopmel Kap-
OoHaTHBIE MOPOABI C PAHHEME30NPOTEPO30MICKUM BO3pAaCcTOM OIKCAaHBI B KAMOBCKOU Cepruu
BaiikuTckoi anTeku3sl [['opoxoB u ap., 2021]. Pb-Pb Bo3pacTt cepun cocTaBJisieT 0KOJIO
1490-1510 muiH JieT, oTHoweHue 3/ Sr/%6Sr B mopomax mensiock ot 0,70533 o 0,71824, a
3HayeHus 53C ot —2,5 10 +2%0 PDB, 680 ot —8 n0 —2,2%0 PDB. Ha ceBepe Cubupu aJs
6usAxckoi cepun AHabapckoro nogHATHA Pb—Pb Bo3pacT qosomurtos paseH 1513 MuH JieT
[Gorokhov et al., 2019], 3nauenue §13C u §'80 B Hux Bapsupytor ot —3,0 10 +0.8%¢ PDB
u ot 23,7 no 27,3% SMOW cooTBeTCTBEHHO. TeppUTreHHO-/10JIOMUTOBas KIOTUHTJUHCKAsA
cButa OJieHeKCKOro NogHATHA paccedyeHa cuyuioMm ¢ U-Pb Bo3pactom no Ganneneuty 1473
+ 24 muH et [Wingate et al., 2009]. Otnomenue 8’Sr/3°Sr B mosiomuTax U3 3TOM CBUTHI
cocrasJisieT okoJio 0,70465 [T'opoxoB u Ap., 1995]. Ctout Takke OTMETUTh YTO Ha pyde-
xe 1500 MUIH JieT HakoIJieHre KapOOHAaTHBIX OTJIOXKEHUI HOCHJIO IJ100aJibHBIN XapakTep,
MopoJibl ¢ OJIM3KUM Bo3pacToM u3BecTHHl Ha HOxxHoMm Ypase (BypasaHckas cepus, [Ky3He-
1[OB U 1p., 2005, 2008]), B yexsie kpatoHa CaH-®panuucko (cepusa ITapanoa, [Alvarenga
et al., 2014]), B ocamouHbix komruiekcax CeBepo-Kurarickoro kpaTtoHa (cepus 'aorouxyaH,
[Lu et al., 2008]), B ckanucTbix ropax CeBepHoii AMepuku (cepus Bent-Ilepcesi, [Evans
et al., 2000]) u gp.

CrpaToTUnnyecKuil pa3dpe3 UPKYTHOU CBUTH TyBUHO-MOHIOJIbCKOTO MaccHBa 3akKap-
TUPOBAHHBIN B BEPXOBbAX p. 'apraH u Ha JieBoM Oepery p. Xope CJI0XeH CJIOHUCTBIMU A0-
JIOMUTaMH, CTPOMATOJIMTOBBIMU U3BeCTHAKaMU ¢ puderickumu Conophyton garganicus, C.
Cylindricus, Collumnacollenia giga [Kopostok, 1960] 1 KpynHO- cpeJHe3epHUCTHIMU MpaMo-
pamu ¢ peJIMKTaMU CJIOMCTHIX CTPYKTYp [Ky3muues, 2004; Ky3sneuos u ap., 2018]. OTHome-
Hue ¥7Sr/30Sr B nosomurtax mensercs ot 0,70729 no 0,70835, a B usBectHsAkax ot 0,70481
10 0,70668. Besimunna 6'3C B 6osbmmHCcTBe 00pasnos 0,2-1,0%0 PDB. Pb—Pb BospacT us-
BECTHAKOB B OIOPHOM pa3spe3e paBeH 1290 + 40 mvuiH jiet [Ky3HeroB u ap., 2018]. [Tosyuen-

HBII B JaHHOI pabote Pb—Pb Bo3pacT A0JIOMUTOB CyI[eCTBEHHO ApPEeBHHE BO3pacTa M3BecT-
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Puc. 36: OcHOBHBIE 3Tallbl TEKTOHWYECKO! 3BOTI0IMY TyBUHO-MOHT0JIBCKOI'0 MaccrBa OTpa-
3UBIINECSA re0JIOTUYeCKON NCTOpUU KapOoHaTHBIX nopoy [mo Ky3muues, 2004; Kuzmichev,
2015; Pabunux u gp., 2011, u gonosgHeHusaMu aBTopa). O — opUOJIMTHI, aKK — aKKpeLu-

OHHas MpU3Ma, BYJIK — ByJiIKaHuveckue nopoasl, TMM — TyBUHO-MOHI0JIbCKHII MacCHUB.
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HAKOB B OIIOPHOM pa3pe3e NPKYTHOM CBUTHL U HE MOXeT ObITh KOPPEJINMPOBAaH HanpsaMyw. B
HacTosIlee BpeMs HeBO3MOXHO OLIEHUTh BO3MO>KHOCTb HENPEPHIBHOI'O OCaJIKOHAKOIJIEHUA
Ha IIacCUBHOU oKpanHe TyBHUHO-MOHI'0JIbCKOTO MaccuBa B nHTepBasie 1565-1290 muiH JieT.

[TayieoTekTOHMYECKHE PEKOHCTPYKLUM (pUc. 36) mpearnosiaraiT, YTO B paHHEM HEOIIPo-
Tepo3oe fpeBHee AAp0 TyBUHO-MOHI0JIbCKOTO MacCHBa UCIBITAIO0 KOJUIM3UIO ¢ JJyHXyryp-
CKOM OCTPOBHOM Ayrou. Bo3pacT 3Toro cobwiTus okosio 810 MJIH JieT ompejesieH Ha Oc-
HoBe U-Pb matupoBaHUsA IIUPKOHOB M3 CUHKOJUIM3UOHHBIX IpaHuTon10B [Ko3akoB u fp.,
2009b,a]. A popmupoBaHrEe OCTPOBHOU Iyru Havasioch okosio 1034 mutH et [Ky3muueB
u Jlapuonos, 2013; Kuzmichev, 2015] . Jl;a kapOoOHATHBIX TOPOJ BEPXHEHN 4acTH UPKYT-
HOU CBUTHI M3yYEeHHOW B AaHHON paboTe OJWH M3 IMOJIyYeHHBIX BO3pacToB (OK. 947 MuH
JIeT) corjiacyeTcsA B mpefeJiaX NOTPellHOCTH C BO3PAaCTHBIM UHTEPBAJIOM CYIeCTBOBaHUA
Hywxyrypckon ayru (1034-810 muiH jiet). Kak ObLJIO onucaHO BEIlIe, 3TOT BO3PAaCT MOJIy-
YeH [0 KaJIbLaTy npejcTasiidieMy npuMech (1o 10%) B oOpasnax J0JIOMUTOB U3 BTOPON
IJIACTUHBL. YUYUTHIBAA N30TOMHO-T€OXNUMUYECKre OCOOEHHOCTH BTOPUYHOIO KAJIbLIUTA MOX-
HO IIPeANOJIOXUTh, YTO KPYITHOE TEKTOHUYEeCKoe COOBITHE NMPUBEJIO K IepepacrpeeIeHII0
BelllecTBa BHYTPU UCXOAHOU Nopofsl, HapyuieHuo ee U-Pb n3oTonHoii cucteMsl 1 o6paso-

BAHUIO HOBBIX KapOOHATHBIX reHepaLui.
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3akJiroueHue

B Hacrosmen paboTe MpeAcTaByeHbl pe3yJbTaThl N30TOMHO-T€OXNMUYECKOro U reo-
XPOHOJIOTUYECKOT0 MCCJIeJOBaHNUA KapOOHATHBIX [TIOPOJI apaolleriCKON CBUTHL, OOKCOHCKOM
(HepacuJieHeHHO!) cepuu U UPKYyTHOM CBUTHI B HECKOJIBKHX pa3pe3ax o OeperoBbiM oOHa-
XeHuaM pek Apa-Omen, JKanra, Apa-XyOyTel 1 KeiHrapra B TyHKMHCKUX rojbuax Boctou-
Horo CasHa.

U-Pb reoxpoHoJioruyeckoe uccjaefjoBaHre KapOOHAaTHBIX MOPOJ Ipejrosaraer Tiia-
TEJIBHBIY OTOOP 00pa3LioB Ha OCHOBE NeTporpapruecknux, MUHEPaJOrn4ecKnx, reoxumMuye-
CKMX M U30TONHBIX aHAJIU30B. BOJIBIIMHCTBO NMpOaHaIM3MPOBaHHBIX 00Pa3LOB YAOBJIETBO-
PAJIO KPUTEPUAM COXPAHHOCTH M30TOMHBIX CHCTeM B KapOoHaTtax (Mn/Sr < 0,2, Fe/Sr < 5
n 6§80 > —8+2% PDB). OHaxo, B cjiy4ae ¢ KapboHaTaMu, paclipOCTPAHEHHBIMU B 30HAX
pEernoHaJIbHOrO MeTamMopdu3Ma M CKJIaA4aTO-HAABUTOBBIX MOACAaX, METOAMKA IOCJIeJ0Ba-
TeJIBHOI'O (CTyIIeHYaTOr0) paCTBOPEHUA B €JIaOOM KUCJIOTHOM pacTBOpe MO3BOJIAET JaTUPO-
BaTh 0oOpa3ubl ¢ yacTuyHO HapyueHHoU U-Pb uzoromHol cucremoii. [Ipy Takom noaxope
yAaeTcs pasfenTb yacTy oOpasna cofepramye nHGOpMAaLMIo O CeAUMEHTAallMOHHOM WJIN
paHHeAuareHeTU4eCKOM N30TOMHOM cocTaBe U, Pb 1 0 HaJIOXKEHHBIX SIUT'eHeTUYeCKUX MTPo-
1eccax.

Ha Tepputopuu TyHKHHCKUX T'OJIBIIOB B BepXOBbsAX p. KeIHrapra BnepBble Ha re0XpOHO-
JIOTUYEeCKOI OCHOBE BBIABJIEHO [IBA 3Tana KapOOHATHOr 0 HaKOILJIeHUA — pU(EnCKUi U BeH -
keMOpuiicknil. COBOKYITHOCTD ITOJIyY€HHBIX T€OXMMNYEeCKUX, XeMOCTpaTUurpaprieckrx 1 reo-
XPOHOJIOTMYECKUX JAaHHBIX II03BOJIAET KOPPeJINpoBaTh U3yuyeHHble KapOOHATHI ¢ aHAJIOTHUY-
HbIMU nopogaMu TyBUHO-MOHT0JIBCKOI'O MacCHBa, a Takke cejlaTh BHIBOABI O Maje0TeK-
TOHUYECKOU 3BOJIIOLINY 3TUX CTPYKTYPHBIX €JUHULL. B 3TOM cMmbIcjie KapOOHaTHbBIE TOPOABI
TpeX M3yYeHHBIX CBUT OKa3aJIMCh YHUKAJIbHBIMM TaK Kak 3amnedarJiesid B cebe NCTOpHUIO reo-
JIOTMYECKOT0 Pa3BUTHA peruoHa ¢ paHHero pudes (ok. 1,5 Mupa JieT) u 40 Majae030UCKOU
opHl (OK. 417 muH jet) (puc. 36).

Kpome Toro, pesysbTaThl IpOAeIaHHON PabOTBl MOT'YT BHECTH KOPPEKTHBEI B Cyllle-
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CTBYIOIIMiE€ COBPEMEHHBbIe cTpaTurpadurueckre cxeMbl, KOTOpbIe IpeArnoJjarajim pacipocTpa-
HeHUe B AojiHe p. Apa-Oieil OpJOBUK-CUJIypUIICKHE TIOPObl, a B AojnHe p. KeiHrapra

TOJIbKO BeHJ-KEMOPUNCKUX.
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Introduction

Research relevance

Carbonate rocks are widespread in various geological environments. Calcite and other
carbonate minerals form both in sedimentary, magmatic, metamorphic and hydrothermal
processes. When deposited in sea water, the ability of carbonate minerals to capture a
sufficient amount of uranium allows them to be used to obtain direct geochronological in-
formation. Such data are of great importance in deciphering the history of the formation
of sedimentary basins, regional correlation, reconstruction of paleogeographic, tectonic and
geodynamic settings. The applied significance of geochronological data is also associated
with the compilation of modern sets of medium- and small-scale state geological maps.

This study is dedicated to U-Pb/(Pb-Pb) dating of Precambrian and Early Paleozoic
carbonate rocks of the Araoshey Formation, the Bokson (undivided) Group, and the Irkut
Formation. These sedimentary sequences are located in the southeastern part of the Eastern
Sayan mountain range (or Tunka Ridge), which is part of the southern folding frame of
the Siberian Platform. This region has been at the epicenter of several orogeny phases
due to collisional events, which have significantly affected the preservation of the original
stratigraphic sequences. Therefore, the age boundaries of their accumulation are based
only on controversial paleontological finds and a general understanding of the geological
history of the region. The obtained geochronological data allows for the assessment of the
sedimentation age and epigenetic recrystallization of the East Sayan carbonate rocks, their
regional correlation, and conclusions about the evolution of tectonic structures within which

they are located.

Research goal and objectives

The main goal of the dissertation is to determine the Pb—Pb age of the carbonate rocks

of the Araoshey Formation, the Bokson (undivided) Group, and the Irkut Formation of the



144

Tunka Ridge of the Eastern Sayan. To achieve this goal, the following tasks were solved:

1. lithological study of sections of three carbonate complexes;

2. petrographic study of carbonate rocks to determine the ratio of primary and secondary

carbonate phases;

3. determination of the mineral composition of carbonate rocks using X-ray phase anal-

ysis;

4. geochemical analysis to determine the concentration of minor elements — Mn, Fe, Sr
and estimate the degree of diagenesis of carbonate rocks based on geochemical criteria

(Mg/Ca, Mn/Sr, Fe/Sr);
5. isotope study to determine the preservation of Rb-Sr and C isotopic systems;

6. determination of the isotopic composition of Pb and U in carbonate rocks to calculate

the age of carbonate rocks.

Affirmative defenses

1. The least altered limestones (with Mn/Sr < 0.2, Fe/Sr < 1.3) of the Araoshey For-
mation and the least altered dolomites (Mn/Sr < 0.7, Fe/Sr < 1.9) of the Bokson
(undivided) Group discovered in the Tunka Ridge have a Pb-Pb age of 521+21 and

529415 Ma, respectively.

2. The use of the method of stepwise dissolution for carbonate rocks of the Irkut Forma-
tion (Kyngarga River, Tunka Ridge) made it possible to separate two carbonate gener-
ations and determine the Pb-Pb age: for dolomite — 1566+16 Ma, and for calcite —

947+74 million years.

3. The obtained Pb-Pb ages and Sr, C chemostratigraphic characteristics for the carbon-
ate rocks of the Araoshey Formation and the Bokson (undivided) Group in the Tunka
Ridge of the Eastern Sayan allow us to correlate them with the reference Vendian-

Cambrian section of the carbonate cover of the Tuva-Mongolian massif.
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Samples and methods

The factual material the material underlying the work was obtained by the author
during the three field seasons of 2016, 2017 and 2019. The collection contains about 100
samples of limestones and dolomites and represents two suites of Cambrian age and one
suite of Mesoproterozoic age. The samples were taken in three sections along the coastal
outcrops of the Ara-Oshey, Zhalga and Kyngarga rivers in the Tunka Ridge, a mountain range
included in the Tunka National Park on the border of the Irkutsk region and the Republic of
Buryatia.

The author performed analytical studies including petrographic analysis; chemical sep-
aration of Ca, Mg, Mn, Fe, Sr and chromatographic separation of U and Pb in the labora-
tory of isotope chemostratigraphy and geochronology of sedimentary rocks of Institute of
Precambrian Geology and Geochronology, Russian Academy of Sciences (IPGG RAS); mea-
surement of the contents of major and minor elements on an atomic emission spectrometer
at the resource center of St. Petersburg State University «Methods for analyzing the compo-
sition of matter»; measurement of the contents of U, Pb and their isotopic composition in
part of the samples on a thermal ionization mass spectrometer at the IPGG RAS.

On the basis of geochronological analysis, it has been established that the Araoshey
Formation and the Bokson (undivided) Group are of Early Paleozoic age, and the Irkut
Formation is of Precambrian age.

Possibilities of stepwise dissolution technique for separating carbonate phases of dif-
ferent ages in carbonate rocks from zones of tectonic and metamorphic transformation are

shown.

Practical significance

The new U-Pb age data and the established Sr and C chemostratigraphic characteris-
tics of the Araoshey Formation, the Bokson (undivided) Group, and the Irkut Formation of
the Tunka Ridge can be used to update geological maps and for future geological surveys.
The obtained Cambrian and Mesoproterozoic age for the studied carbonate rocks makes it

possible to significantly correct the existing regional stratigraphic schemes.
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Approbation of the work and publications

The main provisions of the work were reported at thematic conferences and meet-
ings: Youth Scientific School-Conference Dedicated to the Memory of Corresponding Mem-
ber K. O.Kratz and Academician F.P. Mitrofanov (KSC RAS, Apatity, 2016, IPGG RAS, St.
Petersburg, 2017); All-Russian School of Students, Postgraduates and Young Scientists in
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CHAPTER 1. Possibilities of the U-Pb method for determining the age

of sedimentary carbonate rocks

1.1. Theoretical background of U-Pb dating

The radioactive decay of uranium to produce several stable isotopes is the basis for
several important and widely used dating methods. There are three isotopes of uranium in
nature — 238U, 235U, 234U, with abundances of 99.3, 0.7 and 0.005%, respectively, and four
isotopes lead — 2%4Pb, 206pp, 297pp, 208pp, with prevalence 1.5, 23.6, 22.6, 52.3% [Rosman
and Taylor, 1998]. All isotopes of uranium are radioactive. The decay of 238U starts the
so-called uranium series, which includes 23*U as an intermediate daughter product and ends
with a stable 2°°Pb. The decay of U forms an actinium series, which ends with a stable
207pp, 208pp is a decay product of 232Th, and 2°4Pb is a non-radiogenic isotope and is used
as a stable reference isotope [Shukolyukov et al., 1974; Shukolyukov, 1982].

The half-life of 238U is 4.468 billion years, 2>°U is 703.8 million years, which is much
longer than their daughter products. It follows from this that the described radioactive
series satisfy the necessary condition for establishing a secular equilibrium [Faure, 1989].
If the mineral has a closed U-Pb system and secular equilibrium has been established, the
rate of formation of a stable daughter product at the end of the radioactive decay chain is
equal to the rate of decay of its parent isotope at the beginning of the chain. Thus, it can be
assumed that the decay of uranium isotopes in minerals in which secular equilibrium has
been established leads directly to the formation of the corresponding isotopes of lead. And
the accumulation of radiogenic lead in such miners can be described by simple radioactive
decay equations.

In closed systems, the decay of U into Pb is described by the equations:

206ppy = 238 (M8t — 1) (1.1)
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207pp) — 235U(e/15t -1 (1.2)

where 15, A3 are the radioactive decay rate constants 233U and 233U, respectively, and ¢
is the time elapsed after the mineral formed a closed system with respect to U, Pb and
all intermediate children. Thus, the isotopic composition of lead in minerals containing

uranium can be expressed in the form of equations:

206pp,  (206p} wy

204pp <204Pb)i 204Pb(e # -1 (1.3)

207pp  (207pp »y

204pp (204Pb). + 204pb(e £ —1) (1.4)
)

where 206pb/204pp, 297pp/204Ph, — isotope ratios of lead in the mineral at the time of anal-
ysis, (2°°Pb/?94Pb);, (*°’Pb/?**Pb);, — primary isotope ratio of Pb included in the min-
eral during its formation, 233U /2%4Pb, 23°U/?°4Pb, — isotopic ratios during analysis, Ag,
1s — decay constants of 233U, 233U respectively, and t — the time elapsed after the min-
eral formed a closed system with respect to U, Pb and all intermediate products [Faure,
1989; Shukolyukov, 1982]. Using isochronous graphic methods for determining the age
[Shukolyukov et al., 1974], in the coordinates 207 Pb/?%4Pb-233U /2°4Pb and 2°°Pb/2°4Pb-238J /294 Pb

these equations represent straight lines of the form:

y=a+ bx (1.5)

(U-Pb isochrones), where a is the point of intersection with the y axis and corresponds to
the initial isotopic ratio of Pb in the rock (mineral), and b is the slope of the regression line

from which can be calculated age ¢:

[ In(tga + 1)

T (1.6)

Age determination is also possible using the 2°7Pb/2%Pb ratios using a combination of
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the equations 1.3 and 1.4:

1.7)

207pp /204 pp (207Pb/204pb)i 23511 edst — 1
206ph/204Ph — (206Pb/204Ph), 2380 X [ezgt _ 1]

where the ratio is 23°U/?38U, which is a constant currently equal to 1,/137.88 for all samples
of normal isotopic uranium, both Earth and Moon, and meteorites. The exception is the
Oklo uranium deposit in Africa, which was a natural nuclear reactor that operated about
1.8 billion years ago [Shukolyukov, 1982]. The analyzed rocks form a straight line in the
coordinates 2°’Pb/?04Pb-2%°Pb/204Ph (Pb-Pb isochrone), the tangent of the slope of which
allows us to calculate the age . In any series of cogenetic samples, the quality of the isochrone
does not depend on recent losses of uranium and lead, but is determined only by the fact
that the samples must have the same age, the same ratio of primary lead, and remain closed
systems until chemical weathering begins [Faure, 1989].

Ideally, U-Pb geochronometers should contain a sufficient amount of U, as well as
zero or low concentrations of the original (or “common”) Pb at the time of their formation.
This is usually expressed as the ratio of original uranium to original Pb i.e. 233U/?%4Pb,
or u. In addition, both parent and daughter isotopes must remain a closed system from
formation to the present. Many geochronometers do not have such ideal criteria but still
make good dating materials. As a rule, «regulary» lead timepieces include low to high initial
concentrations of lead that have a uniform composition (eg, titanite, apatite). Ideal criteria
are extremely rare in carbonate rocks, but many have proven to be successful chronometers

with total lead.

1.2. U and Pb in carbonate rocks and minerals

Carbonate rocks form in a wide variety of geological environments, both primary and
secondary mineral phases, including diagenetic, biogenic, igneous, metamorphic, tectonic,
and hydrothermal environments. The time of formation of carbonates varies from the early
Precambrian to the present. Therefore, these rocks offer great potential for age determina-
tion of events of geological interest that are just beginning to be exploited.

To study the U-Pb system in carbonate rocks and minerals, it is important to under-
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stand how these elements behave during sedimentation and diagenesis. The geochemistry
of uranium and lead will be considered mainly in calcite and dolomite, since they are the
most successful materials for dating [Rasbury and Cole, 2009; Roberts et al., 2020] in con-
trast to aragonite and high-magnesian calcite, which are metastable and during diagenesis
turn into calcite and dolomite [Morse et al., 2007].

The process of incorporation of uranium and lead into carbonate minerals is still not
well understood. The difficulty lies in the fact that the inclusion of these elements does not
depend on thermodynamically determined distribution coefficients, but depends on many
factors, such as the growth rate of the mineral, temperature, pH, Eh, pCO, and Ca?* : CO %~
ratio in solution, ion size and U complexation [Rasbury and Cole, 2009]. Also, depending
on the stage of growth and the growing face, different [Paquette and Reeder, 1995; Reeder,
1996; Roberts et al., 2020] elements can be preferably included (Fig. 1).

Uranium enters seawater mainly with continental runoff and has a relatively high con-
centration — about 0.1-10 ppm [Chung and Swart, 1990; Reeder et al., 2000; Kelly et al.,
2006]. In addition, a long residence time (> 1 million years) leads to an equalization of
its content in sea water [Dunk et al., 2002]. Uranium has several oxidation states, first,
oxidized U+ with an ionic radius of 0.73A [Shannon, 1976], which always forms a uranyl
ion UO%* with oxygen with bond length UO — 1.8A [Burns, 1997]. And the restored U**
with an ionic radius of 0.89A [Shannon, 1976]. In sea water, uranium is present mainly
in the hexavalent state in the form of the compound UO,CO;, and during the precipitation
of calcium carbonates, it can replace the CO;~ anion by UO,(C0O;)0O;~ in the crystal lat-
tice according to the reaction: CaCO; + UO,(C0O5)0;5~ < CaUO0,(C03), + CO5;~ [Russell
et al., 1994; Kaurova et al., 2010]. N. Sturchio et al. [1998] also found tetravalent uranium
in natural calcite. Their study showed that in a calcite sample taken from a zinc ore de-
posit in the Mississippi Valley, U** replaces Ca®* in the crystal lattice with relatively little
structural distortion. By Goldschmidt’s rule, an ionic radius like Ca?* and a larger charge
suggests that U4t can replace Ca?*. This and several other similar works [Cole et al., 2004;
Drake et al., 2018] showed even more promising U-Pb geochronology of carbonates, since
tetravalent uranium is much less mobile than U®*, but the inclusion of U** requires reduc-

ing conditions, which is almost impossible, for example, in marine shelf sedimentation of
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Figure 1: Illustration (after Rasbury and Cole [2009] modified) showing carbonate rocks of varying structure and texture

formed in different hydrological environments and favorable settings for the deposition of carbonates with high U/Pb ratios.
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calcite.

Lead in natural solutions exists mainly in the divalent state. Pb%>* has an ionic radius
of 1.19A [Shannon and Prewitt, 1969], is reactive with particles, and is relatively insoluble
in seawater. The content of lead is not uniform in the volume of the world’s oceans and is
about 0.005 ppm. Its entry into sea water is controlled by two sources — continental runoff
and hydrothermal activity at the bottom of the oceans. Due to the short residence time in
the ocean (no more than 50 years), its isotopic composition is not balanced and the isotope
ratios in individual basins, as a rule, reflect the heterogeneity of Pb sources in the drift area.
Under the oxidizing conditions of the upper layer of seawater, Pb can bind to the CO;~ anion
to form the compound PbCO;, but the concentration of such compounds rapidly decreases
with depth due to adsorption of lead on clay minerals and organics [Kaurova et al., 2010].
R. Reeder et al. [1999] using X-ray studies also showed that Pb in natural and synthetic
calcite can replace Ca in a lattice with a general expansion of the local environment, despite

the fact that Ca®* has a larger ionic radius (1.00A).

1.3. Limitations of the method and problems of the open isotope system

One of the main issues in dating carbonate rocks is understanding which geological
event is being dated, as these rocks often form in complex, unstable, and long-lived systems.
In order to successfully date rocks (minerals), a series of cogenetic samples is analyzed. Age
calculation is possible if the samples meet the following [Rasbury and Cole, 2009; Kaurova
et al., 2010] conditions: 1) they were formed at the same time t; 2) during crystalliza-
tion, they captured different amounts of ordinary Pb of the same isotopic composition; 3)
throughout their existence, the samples were preserved as closed geochemical systems, that
is, in addition to radioactive decay, there was no inflow or removal of U and Pb.

An important factor is the age of the dated material. When dating young rocks (<
10 Ma), the main problem is the sufficient amount of accumulated radiogenic Pb and the
potential effect of the initial disequilibrium of daughter isotopes in uranium decay chains
[Roberts et al., 2020]. Since both U decay chains contain long-lived daughter isotopes such
as 24U, #9Th and ??°Ra in the 238U decay chain, as well as 23!Pa in the 2*3U decay chain.

Of all the 23U has the longest half-life and can affect U-Pb data. Without correction for the
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excess of this isotope, one can obtain an overestimated 233U /2% Pb ratio and a younger age
of the sample. The latter, however, matters if the ratios 238U /2°°Pb-2°7Pb/?°°Pb are used to
determine the age.

In the case of the analysis of ancient carbonates, the tendency of carbonate rocks to
secondary changes becomes the main obstacle. Most marine carbonates go through several
stages of diagenesis, including dissolution, recrystallization, and cementation under the in-
fluence of sea and meteoric waters. The tendency of uranium to migrate out of a primary
carbonate sediment depends on many factors, such as the degree of disequilibrium between
carbonate and diagenetic fluid, the water/rock ratio during diagenesis, the degree of disso-
lution, and the rate of diagenetic reaction [Land, 1980; Banner and Hanson, 1990; Maliva,
1998; Fantle et al., 2020; Zhang et al., 2019a, 2020b]. In addition, the redox state of pore
water during diagenesis plays an important role in the behavior of uranium [Romaniello
et al., 2013; Zhang et al., 2019b, 2020a]. During diagenesis under marine conditions, the
reducing state of pore water is associated with the decomposition of organic matter. This
process leads to the fractionation of uranium isotopes during the reduction of U®* to U** and
the incorporation of 23U into secondary minerals [Rademacher et al., 2006; Weyer et al.,
2008; Romaniello et al., 2013; Stylo et al., 2015; Andersen et al., 2014, 2017; Brown et al.,
2018; Chen et al., 2018; Tissot et al., 2018]. Despite this, the uranium isotope composition
of the primary sediment can be preserved if the composition of the sediment [Banner and
Hanson, 1990; Higgins et al., 2018] dominates in the composition of the diagenetic fluid.
This becomes possible because uranium in the U** form tends to become a low mobility
element.

Meteoric diagenesis has a particularly strong effect on carbonate rocks. It can occur in
both the vadose and phreatic zones, as well as in freshwater and mixed-freshwater marine
environments [Swart and Oehlert, 2018]. In the vadose zone, the dissolution and recrys-
tallization of carbonates can affect the initial isotopic composition of uranium due to the
migration of U%* under oxygen conditions. In the phreatic zone, the authigenic input of ura-
nium may be associated with the restoration of pore water [Chen et al., 2018]. In general,
the influence of meteoric waters depends on the initial isotopic composition of uranium and

its redox history in the [Zhang et al., 2020b] meteor system.
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The process of dolomitization can also affect the conduction of uranium in carbonate
rocks. However, A. Hermann and co-authors [2018] in their work on the study of Jurassic
dolomites of southern Germany attributed the lack of correlation between §233U and §'3C
or 5180 with the fact that dolomitization did not change the isotopic composition of ura-
nium, despite significant changes in the systems of stable isotopes. In addition, the study of
dolomites in modern [Romaniello et al., 2013], Phanerozoic [Brennecka et al., 2011; Lau
et al., 2016; Elrick et al., 2017; Zhang et al., 2020b] and Precambrian [Zhang et al., 2020b]
carbonate sequences showed that syngenetic and early diagenetic dolomite can reflect the
uranium isotopic composition of seawater. However, this process is accompanied by a high
content of fluids and there is a high probability, especially in the later stages, of uranium
migration and fractionation.

Lead, during diagenesis, generally behaves as an inert element and is not able to mi-
grate from the primary marine sediment as easily as uranium. However, in the course of their
post-sedimentary history, carbonate rocks can become enriched in Pb from the diagenetic
fluid, silicate component, and sulfide impurities contained in the carbonates themselves.
Also, when interacting with low-temperature fluids, carbonate rock can be enriched in lead
from associated silicate rocks [Sarangi et al., 2007; Kaurova et al., 2010].

Thus, the safety of the U-Pb isotope system is practically not affected by such dia-
genetic processes as dissolution, recrystallization, and precipitation. Presumably, it is the
composition and amount of the diagenetic fluid, together with the redox state of the pore
waters of the sediments, that are the main factors determining the migration of uranium
during the post-sedimentary evolution of carbonates [Herrmann et al., 2018; Chen et al.,

2018; Zhang et al., 2020a,c].

1.4. Sampling strategy

Sampling is a large and important step in the dating of carbonate material. The se-
lection procedure can differ significantly depending on the age of which geological process
needs to be determined. To solve stratigraphic problems and obtain an accurate and precise
Pb-Pb age of marine sedimentary carbonate rocks, a multi-stage sampling scheme is used,

based on field, petrographic, mineralogical and geochemical studies. Such a consistent se-
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lection, as far as possible, allows us to exclude samples with signs of a disturbed U-Pb system
[Gorokhov et al., 1995; Ovchinnikova et al., 2001; Kuznetsov et al., 2014].

During field sampling, traces of post-diagenetic changes, such as cracks, veins, and the
presence of detritus, are visually identified. Samples near tectonic and metamorphic zones
are the most difficult to collect, since in such cases it is difficult to determine the age of which
event will be obtained as a result. However, it should be noted that in some cases, when
secondary changes affected only the surface of carbonate grains, the age of sedimentation
can be determined even in metacarbonate rocks [Gorokhov et al., 2016; Kuznetsov et al.,
2021].

Petrographic study involves the study of textures and structures of carbonates at the
micro level. In thin sections of carbonate rocks at the micro level, signs of secondary changes
are assessed, such as veinlets, cracks, the amount of detrital component, organic matter,
dissolution/recrystallization, and the presence of several carbonate generations.

The next step in pre-sampling is mineral analysis. Its main task is to determine the
ratio of calcite/dolomite in the rock, as well as to determine the mineral composition of the
silicate component of the sample.

To assess the degree of diagenesis of marine carbonates, a geochemical test plays an
important role. The following elemental and isotopic characteristics are commonly used:
580, Mn, Fe and Sr abundances, Mn/Sr, Fe/Sr, Mg/Ca ratios. Low content of Mn and Fe,
high content of Sr, low ratios of Mn/Sr, Fe/Sr are characteristic of carbonate deposits with
minimal influence of post-sedimentation processes [Banner and Hanson, 1990; Gorokhov
et al., 1995; Kaufman and Knoll, 1995; Veizer et al., 1999; Jacobsen and Kaufman, 1999;
Rasbury and Cole, 2009; Kaurova et al., 2010; Ovchinnikova et al., 2012; Kuznetsov et al.,
2014; Lau et al., 2016; Gorokhov et al., 2016; Herrmann et al., 2018; Chen et al., 2018;
Zhang et al., 2020c] The value of §'80 in carbonate rock depends on the temperature of
the sedimentation medium, the value of §'0 of the sedimentary fluid, the mineral com-
position of the rock, the pH of the solution, any kinetic effects manifested in the process
of sedimentation [Urey, 1947; Epstein and Mayeda, 1953; Emrich et al., 1970; Zeebe and
Wolf-Gladrow, 2001; Cohen and McConnaughey, 2003] and is very sensitive to diagenetic

changes. Typically, the best preserved carbonates are characterized by §'80 > —8 + 2%
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PDB [Veizer et al., 1999; Frimmel, 2010]. Variations in the Mg/Ca and Sr/Ca ratios are used
to interpret mineral features (dolomitization, precipitation of aragonite and high magnesian
calcite), which, however, does not affect the migration of uranium and the preservation of
the U-Pb system [Chen et al., 2016; Zhang et al., 2020c]. The Mn/Sr and Fe/Sr ratios are
used to define secondary alterations based on the assumption that during diagenesis carbon-
ate rocks are in contact with fluids enriched in Mn, Fe and depleted in Sr [Brand and Veizer,
1980; Gorokhov et al., 1995; Kuznetsov et al., 2005, 2008; Rasbury and Cole, 2009]. The
values of the ratios Mn/Sr < 0.2 and Fe/Sr < 5 [Kuznetsov et al., 2006, 2008, 2009, 2014]
are the most stringent of all proposed by different authors and are used to select limestone
samples . Similar values have not been determined for dolomites, however, the probabil-
ity of early dolomitization of carbonate sediment [Land, 1980; Montanez and Read, 1992;
Swart, 2015] and their ability to preserve the isotopic and geochemical characteristics of
seawater [Gorokhov et al., 1998; Lau et al., 2016; Elrick et al., 2017; Montanez and Read,
1992; Zhang et al., 2020a] allow using the same values as for limestones. The ratio 87Sr/3Sr
is also used to select samples, since the preservation of the Rb-Sr system and the correspon-
dence of the values of the strontium isotopic composition to those in the assumed geological
period may indirectly indicate that U-Pb system in the rock remained closed [Kaurova et al.,
2010; Gorokhov et al., 2016; Ovchinnikova et al., 2012].

Despite the fact that the persistence of the U-Pb system in post-sedimentary processes
depends on many factors, the geochemical characteristics described above, placed in an
accurate petrographic context, are reliable tools for selecting samples for geochronological

study of carbonate material.

1.5. Examples of Pb-Pb dating of carbonate rocks

In Russia, the Laboratory of Isotope Chemostratigraphy and Geochronology of Sedi-
mentary Rocks of the IPGG RAS is practically the only one in the country engaged in dating
carbonate rocks by the U-Pb (Pb—Pb) method. Laboratory staff successfully dated the Pre-
cambrian and Early Paleozoic stratotype carbonate sections of the Southern Urals, the Baltic
Shield and the Siberian Platform. Only some examples of applying this method to solving

stratigraphic problems are described below (Fig. 2).
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Figure 2: World map from the electronic resource deeptimemaps.com with plotted carbonate formations dated by the Pb-Pb

method.


https://deeptimemaps.com
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The sections of the Burzyan and Karatav groups of the Bashkir anticlinorium of the
Southern Urals are Lower and Upper Riphean stratotypes [Keller and Chumakov, 1983]. The
Burzyan Group is divided into three correspondingly occurring formations: the Ai, Satka,
and Bakal (Fig. 3a). The Ai Formation, about 2500 m thick, in the lower part is composed
of sheets of alkaline basalts and porphyries, which are overlain by shales and siltstones. The
Satka Formation (2300-2500 m) is composed mainly of dolomites with a limestone member
in the upper part of the section. The Bakal Formation (1200-1300 m) consists of clayey
shales, which overlie limestones with interlayers of shales, dolomites and siderites with a
separate limestone unit. The Karatav Group consists of 6 formations with a total thickness
of up to 5.5 km. The Zilmerdak and Krivoluk formations are composed of siliciclastic rocks.
Katav, Inzer, Min’yar and Uk are represented mainly by carbonate rocks (Fig. 3b). The U-Pb
system was studied in the carbonates of the Satka and Bakal formations of the Burzyan Group
and the Inzer Formation of the Karatav Group [Ovchinnikova et al., 1998; Kuznetsov et al.,
2005, 2008].

Samples of the Inzer Formation were studied in the west of the Bashkir anticlinorium
and represented micritic and microsporite limestone [Ovchinnikova et al., 1998]. For Pb—Pb
dating, samples were selected with ratios Mn/Sr<0.2, Fe/Sr < 5, Rb/Sr < 0.001 and 5§30
from —7.5 to —8.5%¢ PDB. Samples were treated with 1N NH,OAc to separate carbonate
phases of different ages. The calculated Pb-Pb age for unaltered phases is 836+25 (MSWD
= 3.9) and is determined as the age of early diagenesis of the Inzer sediments.

In the course of the isotope study of carbonates from the Kazymov Member of the Satka
Formation and the Berezov Member of the Bakal Formation, the least altered samples were
selected with ratios Mn/Sr < 0.2, Fe/Sr < 5, Mg/Ca < 0.024, 5§%7Sr/%Sr < 0.001. To
enrich the samples with the primary carbonate phase, the method of stepwise dissolution in
0.5N HBr was used. The middle fractions of the seven received were characterized by the
highest values of 2°°Pb/2%4Pb. The age obtained in the coordinates 2°6Pb/2%4Pb-297Pp/?04Pb
is 1550+30 Ma (MSWD = 0.7) and 1430+30 Ma (MSWD = 4.6) for the Satka and Bakal
formations, respectively, and was interpreted as the age of early diagenesis.

The obtained values of Pb—Pb age of carbonate rocks are in good agreement with the
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Figure 3: Stratigraphy of the Burzyan (a) and Karatav (b) groups of the Southern Urals. 1 -
limestone, 2 — dolomite, 3 — marl, 4 — dolomitic limestone, 5 — marble, 6 — felsic intrusive
rocks, 7 — mafic intrusive rocks, 8 — mafic extrusive rocks, 9 — felsic effusive rocks, 10 -
phyllites, 11 - terrigenous rocks, 12 — shales, 13 — conglomerates, 14 — diamictites, 15 -

87Sr/86Sr ratio in limestones, 16 — in dolomites
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value of 87Sr/80Sr and the stratigraphic position of the formations in the section of the Lower

Riphean of the Southern Urals.

Baltic Shield

On the Baltic Shield, typical Paleoproterozoic sections containing carbonate rocks are
located in the southeast of Karelia in the Onega trough and on the Kola Peninsula in the
Pechenga greenstone belt [Sokolov et al., 1970; Ovchinnikova et al., 2007]. The Lower Pro-
terozoic complexes of the Baltic Shield are divided into six suprahorizons: Sumy, Sariolia,
Jatulian, Ludician, Kalevian, Vepsian, covering a large period of geological time from 2.55
to 1.65 billion years. Carbonate rocks are present in the Jatulian superhorizon and are ex-
posed in the Pechenga-Imandra-Varzug belt in the north, in the Kemi-Perapokhya, Kuasamo,
Kainu belts in the northwest, in the Kiikhtelusvaara region in the southwest, and in the
Karelian craton in the southeast. In the Onega structure in the southeast of the shield, there
are the least metamorphosed Paleoproterozoic sections. They experienced low-temperature
greenschist facies metamorphism in the interval 1.89-1.79 Ga [Sokolov et al., 1970; Satsuk,
1988]. Jatulian deposits with erosion and, in places, with weathering crust, overlie the
Sariolian polymictic conglomerates, arkose sandstones, and tuffs of the main composition
of the Seletska Formation and are unconformably overlain by the Ludicovian schungites of
the Zaonezh Formation. The Jatulian superhorizon is divided into three correspondingly oc-
curring formations: the quartzite-sandstone Yangozero Formation with a thickness of about
50-90 m, the volcanogenic Medvezhyegorsk Formation with a thickness of 30-70 m, and
the variegated quartzite-carbonate Tulomozer Formation with a thickness of 400-800 m.
The U-Pb system was studied in deposits of the Tulomozer Formation, which represents a

typical section of the Jatulian in the Karelian region [Ovchinnikova et al., 2007].
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Figure 4: Stratigraphy of the Tulomozer Formation of the Baltic Shield (a) and the Kerpy!’,
Lakhanda, and Uya formation (b) of the Uchur-Maya region. Symbols see in Fig. 3.
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The Tulomozer Formation is divided into eight units, five of which are carbonate
rocks (Fig. 4a). Members with carbonate rocks are composed of layered and stromatolitic
dolomites with a terrigenous admixture of quartz from 0.9 to 27.8%. Several members con-
tain thin limestone packets. Dolomites and siltstones of the Tulomozer Formation contain
dissolution breccia, pseudomorphs after gypsum-anhydrite crystals, and pseudomorphs af-
ter halite [Melezhik et al., 2005]. In the eastern part of the section, there are thin layers of
magnesites.

Since the behavior of the U-Pb system under weak metamorphism is not well under-
stood, it was assumed that the carbonates of the Tulomozer Formation would be only par-
tially recrystallized. If recrystallization affected only the surface of mineral grains, then
there is a possibility to detect premetamorphic phases in them. To separate the carbonate
phases, various chemical reagents were used - ammonium acetate solution, hydrochloric
and hydrobromic acids. At the first stage, the samples were treated with 1IN NH,OAc to
remove surface contaminants. Then the same samples were dissolved in 0.5N HBr in three
stages. Analysis of the three obtained fractions made it possible to divide the sediments
into two groups, each of which represented a different paleobasin. Metamorphism led to
a partial redistribution of Pb between the carbonate and silicate parts of the rock and the
addition of Pb from the reacting fluid. The Pb-Pb age of the Tulomozer dolomites calculated
from the least altered samples from the marine paleobasin and with the minimum amount
of introduced Pb is 2090+70 Ma (MSWD = 2.0). This age was in good agreement with
other isotopic datings of the Jatulian volcanic rocks in the northern and western parts of the

Baltic Shield [Ovchinnikova et al., 2007].

Siberian platform and its framing

Precambrian and Early Paleozoic carbonate rocks are especially widespread on the
Siberian Platform and in its southern folded frame. Recently, the age of these rocks has
been significantly refined, including using Pb-Pb dating. Below are some examples of dating

carbonate rocks by this method.
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Uchur-Maya region, southeast of the Siberian Platform

The region combines two large paleostructures — the Uchur-Maya plate, in which
Precambrian and Cambrian deposits occur subhorizontally, and the Yudo-mo-Maya trough,
in which the same deposits, but in a larger volume, compose large open folds complicated by
reverse thrusts. [Semikhatov and Serebryakov, 1983]. Five groups are distinguished in these
structures: Uchur, Aimchan, Kerpyl’ and Lakhanda. Pb-Pb age was obtained for samples
of the Kerpyl’ [Ovchinnikova et al., 2001] and Lakhanda [Semikhatov et al., 2000] groups,
which are part of the Siberian Riphean hypostratotype. The Kerpyl’ Group, which rests
unconformably on older Riphean and, in some places, on pre-Rifean rocks, is subdivided into
the siliciclastic Totta (450-1100 m), limestone Malga (60-420 m) and dolomitic Tsipanda
(190-450 m) Formations, connected by gradual transitions (Fig. 4b). The Lakhanda Group
of predominantly carbonate composition, with an interruption and weathering crust, rests on
the dolomites of the Tsipanda Formation. The section of the series consists of two formations,
the Neryuen and the Ignikan. The isotopic study was carried out in the rocks of the Malga
and Neryuen formations.

The Malga Formation is represented by thinly bedded micrites, which sometimes have
microbial bedding and contain flakestone lenses, and at the top there are interlayers of bitu-
minous carbonates. The carbonate rocks of the suite mainly have micritic and microsparitic
structures with single veinlets of secondary recrystallization. Nine samples with silicate con-
tent < 13%, Mn/Sr < 0.2, Fe/Sr < 5, Mg/Ca < 0.066, Rb/Sr < 0.001 were selected for
analysis. Separation of non-cogenetic carbonates was carried out by successive dissolution
of samples in HBr of various concentrations for 30 minutes at room temperature. The age
obtained for the most radiogenic carbonate phases is 1043+14 Ma (MSWD = 7.8).

The Neryuen Formation on the Uchur-Maya plate is represented by two members of
a substantially clayey composition and a stratum of dolomites and limestones separating
them. In the Yudomo-Maya trough, the suite is thicker and dominated by limestones. The
U-Pb system was studied in nine limestone samples. The selection procedure is similar to
the rocks of the Malga Formation. In one of the selected samples, the authors found small
pyrite crystals and limonite rims. For chemical treatment of the samples, 0.5N HBr was

chosen, since in this acid not only secondary carbonate phases, but also crystals of impurity
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sulfides, and silicate minerals do not dissolve. The calculated Pb-Pb age of the limestones
was 1025+40 Ma (MSWD = 3.2). A distinctive feature of the Neryuen limestones was not
an increase, but a consistent decrease in the radiogenicity of lead in fractions of stepwise
dissolution. The authors attributed this to the fact that there are practically no secondary
carbonate phases in the samples, and the progressive enrichment of lead in extracts occurs
due to its extraction from pyrite and limonite contained in sulfide impurities. It was assumed
that the sulfides contained in the deep-sea Neryuen rocks were formed at the stage of early
diagenesis, during which the isotopic composition of lead between them and the limestones
was balanced. Therefore, the obtained age was interpreted as the age of early diagenesis.
The Pb-Pb age of the Kerpyl’ and Lakhanda groups corresponded to the stratigraphic
position of the studied rocks in the Middle Riphean section and was consistent with the

biostratigraphic and isotopic data for this region.

Kharaulakh uplift, northeast of the Siberian platform

Precambrian deposits in the section of the Kharaulakh uplift are represented in four
formations — the Ukta, Eselekh, Neleger, and Sietachan formations (Fig. 5a). The Ukta
Formation consists mainly of dolomitic limestones with a variety of columnar stromato-
lites, gently domed stromatolite bioherms, and brecciated carbonate rocks. The Eselekh
Formation (320 m) is represented by an alternation of stromatolitic, biolaminite, and detri-
tal dolomites and limestones. The Neleger Formation, about 160 m thick, is composed of
dolomites with a predominance of limestones in the upper part of the section. The Sietachan
Formation has a mixed carbonate-terrigenous composition, and its thickness is about 300
m.

Pb-Pb age was studied in carbonate rocks of the Eselekh Formation [Kochnev et al.,
2021]. Eight samples were selected for the study with the ratio Mn/Sr < 0.2, Fe/Sr < 3
and 37Sr/%6Sr — 0.70673-0 ,70715. The chemical decomposition procedure included pre-
liminary leaching of a sample sample of 0.03N HCI, which made it possible to remove up
to 1-2% of surface contaminants and secondary carbonate generations. Next, the samples
were dissolved in 1N HCI at room temperature. The measured ratios of 2°°Pb/?%4Pb and

207pb/294Pb in limestones of the Eselekh Formation ranged from 20.336 to 38.979 and from
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Figure 5: Stratigraphy of the Ukta, Eselekh, Neleger, and Sietachan formations of the Kha-
raulakh uplift (a) and the Vorogovka Group of the Yenisey Ridge (b). Symbols see Fig. 3.

15.644 to 16.828, respectively. The 2%8Pb/?%4Pb ratio in limestones was in the range of

38.846-41.483, which is consistent with this ratio in Precambrian sedimentary carbonate
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rocks and was interpreted as the absence of epigenetic thorogenic lead. The age of the lime-
stones of the Eselekh Formation was obtained at 720+30 Ma with a low MSWD of 1.9, which

was in agreement with the previous results of carbon and strontium chemostratigraphy.

Vorogovka Group, Yenisey Ridge

The Vorogovka Group is mapped in the northwestern part of the Yenisey Ridge and is
divided into three formations (Fig. 5b): Severnaya Rechka, Mutnina, and Sukhaya Rechka.
Pb-Pb age was obtained for carbonate rocks of the Severnaya Rechka and Sukhaya Rechka
formations in the stratotype section of the series in the lower reaches of the Vorogovka
river[Kochnev et al., 2019]. The Severnaya Rechka Formation rests with unconformity on
volcanic-sedimentary rocks of the Kiselikha Group with a U-Pb zircon age of 682+13 Ma
[Kuzmichev et al., 2008] and 572+7 Ma [Likhanov and Nozhkin, 2018]. The lower part
of the formation is composed of gravelstones, conglomerates, which are replaced by sand-
stones, siltstones and mudstones. The upper part consists of clayey, sandy and stromatolitic
limestones with traces of dolomitization. The U-Pb age of the youngest clastic zircon cluster
from the basal layers of the formation is 584+3 [Vishnevskaya et al., 2017]. The Sukhaya
Rechka Formation is essentially calcareous with lenses of sandstones and intraformational
conglomerates.

The ratio 37Sr/%6Sr in the carbonate rocks of the Vorogovka Group is consistent along
the section and varies from 0.70816 to 0.70828. The value of §'3C in the carbonates of the
upper part of the Severnaya Rechka Formation ranged from —1%¢ to 1%0 PDB, increasing up
to 2%o PDB in the Sukhaya Rechka Formation. The U-Pb system was studied in 8 samples
of the Severaya Rechka Formation and in 9 samples of the Sukhaya Rechka Formation. All
selected limestones were characterized by the ratio Mn/Sr < 0.2, Fe/Sr < 3. Lead content
was in the range of 0.17-2.01 ppm, and uranium — 0.15-0.27 ppm. The measured ratio of
206pp/204ph in the North Rechen limestones is slightly higher than in the Sukhaya Rechka
limestones and amounted to 21.632-38.283 and 19.807-25.555, respectively. The Pb-Pb
age calculated in coordinates 2°°Pb/204Pb—207Pb/2%4 for the Severnaya Rechka Formation
was 580+40 Ma , MSWD = 1.4, and for the Sukhaya Rechka Formation 565+90 Ma. The

obtained Pb-PDb age in combination with other isotopic data for the Vorogovka Group made
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it possible to limit the time of its formation to the Ediacaran (Vendian).

Dal’nyaya Taiga Group, Patom Uplift

On the northeastern periphery of the Baikal-Patom folded zone, within the Ura uplift,
Neoproterozoic deposits are exposed in the Dal’'nyaya Taiga, Zhuya, and Trekhversta groups
(Fig. 6a). The section of the Ura uplift is interesting in that it contains in a single sequence
traces of «low-latitude» glaciations, complexes of acanthomorphic microfossils, occurrences
of Cambrian small-shell fauna, and negative §'>C anomalies similar to those in the Shuram,
Vonoka, and EN3 formations of the Doushanto Formation, Oman, Australia and China re-
spectively [Williams and Schmidt, 2018]. The Pb-Pb age was obtained for limestones of the
Dal’'nyaya Taiga Group, which underlies the Zhuya Group containing the «Shuram-Vonokay
anomaly [Rud‘ko et al., 2021].

The Dal’'nyaya Taiga Group is subdivided from bottom to top into the Bol’shoy patom,
Barakun, Ura, and Kalancha formations. The Bol’'shoy patom Formation is represented by a
thick (up to 1100 m) stratum of diamictites of glacial origin comparable with the «Marino»
glaciation. The overlying sandstones of the Barakun Formation with carbonate cement
(about 150 m thick) contain traces of Vendian Beltanelloides sorichevae. The sandstones
are overlain by a stratum (700-1000 m thick) of clayey-carbonate deposits, in which two
limestone units are distinguished, separated by a silty mudstone unit. The Ura Formation
(700-960 m thick) is represented by a sequence of silty mudstones interbedded with car-
bonate breccias and marls in the upper part. The Kalancha Formation (400 m thick) is
represented by limestones and dolomites, as well as their clay varieties. Two positive §'3C
anomalies up to +9 and +15Y%0 PDB, separated by moderately positive §'3C values at the
base of the Kalancha Formation, are manifested in the carbonate rocks of the Dal’nyaya
Taiga Group to +5%c PDB, and the ratio 8’Sr/36Sr in them increases from 0.7075 to 0.7083.
For Pb-Pb dating, two horizons of limestones of the Dal’'nyaya Taiga Group were selected,
which were characterized by the best preservation of the geochemical characteristics of the
original sediment - the content of Sr from 649 to 3398 ppm, Fe from 210 to 2300 ppm,
Mn from 4 to 77ppm. The measurement of lead isotopic composition in the bulk carbonate

component showed large variations in the 2°°Pb/2%4Pb ratio. In the samples of the lower
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Figure 6: Stratigraphy of the Dal’'nyaya Taiga, Zhuya, and Trekhversta groups of the Patom
Uplift (a) and the Burkhan/Kochkor anticlinorium of the Northern Tianshan (b). Symbols
see Fig. 3.
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horizon, it varied from 33.96 to 108.08, and in the upper horizon, from 29.81 to 77.16.
The obtained ratios of 2°’Pb/?%4Pb and 2°8Pb/?°4Pb for the lower part are 16.53-20.99 and
39.17-45.42, for the upper part 16.20-19.02 and 36.56-38.91, respectively. On the dia-
gram in coordinates 2°6Pb/204pp-207pp/204Pp, the constructed isochrone showed the age for
the lower part of the formation as 593+100 Ma and MSWD = 65. A large error in determin-
ing the age and a high value of MSWD were associated with a strong deviation of the two
samples from the obtained isochrone. In the same samples, the isotope ratio 37Sr/36Sr was
observed, which is not typical for Precambrian and Early Paleozoic marine sediments up to
0.70928 and 0.71060. The recalculated Pb—Pb age excluding such samples was 613+56 Ma
(MSWD = 16). For the upper horizon, the calculated Pb—Pb age was equal to 581+16 Ma
(MSWD = 1.7), which for the first time served as a geochronological confirmation of the
Ediacaran age of the deposits of the Dal’'nyaya Taiga Group and a new limit on the maximum

age (597 Ma) of the overlying Zhuya Group with an isotope anomaly «Shuram-Vonokay.

Sayan Group, Eastern Sayan

The Sayan Group is located in the central part of the Eastern Sayan and is divided into
three formation: the Alygdzher, Derba, and Zhaima formations. The first is represented
by a rhythmic alternation of various gneisses and schists, amphibole and graphitic marbles
and calciphyres, micaceous and graphitic quartzites. The Derba Formation is composed of
dominant white and light gray graphite-bearing medium-coarse-crystalline calcite marbles,
graphitic and graphitic-micaceous quartzites and subordinate interbeds of plagiogneisses
and calciphyres. The Derba Formation is overlain by deposits of the Zhaima Formation,
which is represented by intercalation of graphitic gneisses, shales, quartzites, marmorized
limestones, and calciphyres [Berzin, 1967]. The rocks of the group are metamorphosed un-
der conditions of high-temperature amphibolite facies [Dmitrieva et al., 2006]. The dating
of the rocks of the Derba Formation is a successful example of the application of the Pb—Pb
method to clarify the age of metamorphosed carbonates [Gorokhov et al., 2016].

The carbonate component of marbles was used for the analysis. Samples were taken
using geochemical criteria. The §13C values in the Derba marbles range from —0.6 to +1.4%o

PDB, and the §'80 values — in the range from 21.5 to 28.6%: SMOW. The 87Sr/86Sr ratios
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in the two least altered samples, which fully meet the geochemical requirements for the
preservation of Rb-Sr systems in highly metamorphosed carbonate rocks, are 0.70804 and
0.70829. The ages of the marble protolith determined using the Sr and C chemostratigra-
phy methods coincided within 560-530 Ma and are considered as the time of carbonate
sedimentation. The Late Vendian age obtained for the points of the bulk carbonate compo-
nents of all the studied samples, along with the points representing the fractions of stepwise

dissolution of one of them in 0.5N HBr, is 556+31 (20) Ma (MSWD = 19).

Burkhan and Kochkor anticlinorium, Northern Tianshan

Precambrian sedimentary rocks on the territory of the North Tianshan are exposed
within the Kochkor and Burkhan anticlinorium. In the Burkhan anticlinorium, the sequence
of rocks is represented by the Ekurgenkol’, Bel’chiy, Taragay, Suyek, Dzhilusu, and Uchm-
chek formations (Fig. 6b). The Ekurgenkol’ Formation is composed of felsic effusive rocks,
and the U-Pb age of zircons from the porphyroids of this formation is 1139+15, 118646,
1365+6, and 1373+5 Ma (SHRIMP) [Kroner et al., 2013]. The Belchiy Formation is com-
posed of massive and almond stony basalts and tuffs with dolomite horizons in the lower
part. The sequence of phyllites and sericite-chlorite schists of the Taragay Formation over-
lies. The carbonate rocks of the Suyek Formation are predominantly limestones with marl
interbeds and dolomite horizons and limestone turbidites. The Suyek Formation contained
Middle Riphean oncolites Osagia tenuilamellata Reitl. [Osmonbetov et al., 1982] and stro-
matolites Baicalica baicalica (Masl.) and Baicalica kirgisica Kryl. [Krylov, 1967]. The Suyek
Formation is overlain by terrigenous rocks of the Dzhilusu Formation with a minimum age of
detrital zircons of about 1 Ga [Alexeiev et al., 2020]. In the Kochkor anticlinorium, carbon-
ate rocks in the volume of the Senkel’tey Formation are composed of marbles, marmorized
limestones, and carbonaceous limestones with horizons of biotite schists and quartzites. The
U-Pb age of clastic zircon from biotite schists does not exceed 1170 Ma [Kroner et al., 2013].
Above the Senkel’tey Formation, there are granite-gneisses of the Koshokbulak complex with
U-Pb (SHRIMP) zircon dates of 1045-1153 Ma [Kroner et al., 2013].

The carbonate rocks of the Suyek and Senkel’tey Formation selected for isotope-geo-

chronological study were calcites (Mg/Ca = 0.003-0.12) with a high content of Sr — up
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to 1800 ppm [Kuznetsov et al., 2022]. The ratio 3’Sr/%Sr in the samples of the Suyek For-
mation varied in the range of 0.70559-0.70573, in the samples of the Senkel’tey Formation
0.70536-0.70571. For Pb-Pb dating, 6 samples of the Suyek Formation were selected that
meet the geochemical criteria Mg/Ca < 0.03, Mn/Sr < 0.03 and Fe/Sr < 0.5. The mea-
sured ratio 2°°Pb/2%4Pb varied within wide limits for carbonates from 30.255 to 257.094,
and 2°7Pb/?°4 from 16.129 to 33.330. The calculated value of Pb—Pb age was 1080+12,
MSWD = 6.4. The obtained Mesoproterozoic age was consistent with paleontological data

and U-Pb age of zircons from the underlying and overlying rocks.

South Africa

The world practice of using the U-Pb or Pb—-Pb method for dating carbonate rocks be-
gins with the work of S. Moorbath [1987] on dating the stromatolitic limestones of Mushan-
dike, South Zimbabwe. For isotopic dating, limestone samples were taken from the north-
ern margin of the Masvingo greenstone belt. These rocks were subjected to regional meta-
morphism under greenschist facies conditions at low pressures and temperatures around
450-500°C. The carbonate component of the samples was leached using warm 3N HCI.
The silicate component was dissolved in HNO; and HF to check the contamination of the
carbonate part with lead from the silicate impurity. Pb-Pb obtained in the coordinates
207pp /204 pp_206pp /204Pph was 2839+33 Ma (MSWD = 75). The authors interpreted this age

as either the time of sedimentation or the time of metamorphism of carbonate rocks.

Greenland

P. Taylor and F. Kalsbeek [1990] analyzed the U-Pb system of marbles from the meta-
morphic belts of Greenland. Marbles from the Rinkian belt (Marmorilik Formation), Nagssug-
togidian (Stromfjord zone) of eastern Greenland and the Ammassalik belt (Sermilik fjord)
of southeastern Greenland were studied in this work. The marble samples were slowly dis-
solved in hydrochloric acid, the insoluble silicate residue was treated with a mixture of HF
and HNO;. The study of lead isotopic composition showed a wide range of 2°6Pb/204Pb
variations: 23.03-45.50 for the Marmorilik Formation, 19.49-44.65 for Stromfjord, 42.52—

556.9 for Sermilik. At the same time, some of the Sermilik marbles were characterized
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by a very high u value for carbonates, about 1700. The Pb-Pb age of the marbles was
1881+20 Ma (MSW = 1.73), 1845+23 Ma (MSWD = 1.12) and 1773+22 Ma (MSWD =
3.96), respectively. The obtained values were consistent with other isotopic data for the
metamorphic rocks of these belts and made it possible to identify various stages of regional

high-temperature metamorphism.

Australia

For carbonate rocks of the Paraburdoo Member of the Wittenoom Formation and dolo-
mites of the Carawine Formation of the Pilbara Craton, the Pb—Pb method was used to obtain
the age of early diagenesis [Jahn and Simonson, 1995]. The rocks of the Paraburdoo Member
are represented by carbonate lutite with an elevated amount of carbonate arenite and silicate
admixture. The rocks of this suite experienced slight tectonic deformation. The Carawine
Dolomites was a shallow water Wittenoom Formation and contained stromatolites, oncolites,
wave ripple marks. Visually unchanged parts of the samples were selected for geochemical
and isotope analysis. Chemical treatment of the samples was standard, using hydrobromic
and hydrochloric acids. All samples had low Sr contents, but different §'30 values, from —7
to +14 and —7 to —5Y%o Paraburdoo and Wittenoom PDBs, respectively. The §'8C values for
both batches were similar from —1 to +1%o PDB. The samples from the Wittenoom Formation
were relatively low in Fe and Mn compared to the Carawine dolomites. The 87Sr/8¢Sr ratio
for the Carawine dolomites varied from 0.704 to 0.714, for the Wittenoom Formation from
0.707 to 0.717. The isochron plotted in the coordinates 2°’Pb/?*4Pb—2°°Pb/24Pb showed an
age of 2505+37 (MSWD = 2.1) for carbonates packs of Paraburdoo. The Pb-Pb age for the
Carawine dolomites was 2541+32 (MSWD = 18.1). The obtained values coincided within
the analytical error and were interpreted by the authors as the time of the early diagenesis

of the carbonate sediment, which occurred from 50 to 100 Ma after its deposition.

Brazil

The study of Ediacaran-Cambrian sedimentary basins of Gondwana by F. Caxito et al.
[2021] is a successful modern example of Pb-Pb dating of sedimentary carbonates by the

Pb-Pb method. The study of the isotopic composition of Sr, O, C, U-Pb LA-ICP-MS and
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Pb-Pb dating was used to check how interconnected the development of mountain belts
and sedimentary basins containing metazoans, in western Gondwana. The samples were
taken from various carbonate levels of the Bambui Group in east-central Brazil. At the
base of the group is a member of glacial diamectites, which is replaced upsection by the
essentially carbonate Sete-Lagoas Formation. The Sete-Lagoas Formation is composed of
dolomites and fan-shaped limestones with pseudomorphs of calcite after aragonite in the
lower part (Pedro Leopoldo Member), and in the upper part (Lagoa Santa Member), with
a break in sedimentation, there are limestones with laminar and columnar stromatolites,
traces of microfossils. Further along the section, the remainder of the series is practically
devoid of organic residues and is an interbedding of limestones and dolomites. For isotope-
geochronological analysis, samples of fan-shaped limestone were taken from three sections
of the upper and lower parts of Sete Lagoas. For Pb-Pb dating, samples were taken from
the lower part of the Lagoa Santa Member. The samples were divided into three «aliquotsy,
two of which were purified using magnetic separation, and the third was left in its original
state. Stepwise dissolution was carried out in all samples using HBr, HCI, acetic acid and
aqua regia. As a result, the authors on the 207Pb/?%4Pb-26Pp/204Ph diagram obtained a lin-
ear dependence (except for samples not purified by magnetic separation) corresponding to
the age of 576+36 Ma (MSWD = 0.72). This age has been interpreted as the growth time
of the corresponding arogonite fans. Based on the obtained Pb-Pb age, together with other
isotope data obtained in the work, the authors managed to compile an evolutionary model
of the development of the Bambui basin and compare the stages of orogeny with changes in

redox conditions, the global carbon cycle, climate, and Ediacaran-Cambrian life.

%k ok sk

The above examples show the possibilities of using the Pb—Pb method for dating sedi-
mentary carbonate strata of different ages from the Archean to the Early Paleozoic. Essen-
tial for Pb—Pb dating is the procedure for selecting the least altered samples by secondary
processes, including preliminary lithological, petrographic, mineralogical, geochemical and
isotopic studies. When determining the age of samples with a partially disturbed U-PDb sys-

tem, an important role is played by the method of stepwise dissolution, which makes it
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possible to separate carbonate phases of different ages and thus improve the accuracy of the

obtained age values.
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CHAPTER 2. Geological settings of the Eastern Sayan

The geological structure of the Eastern Sayan will be considered within the framework
of the Tuva-Mongolian massif and the Tunka Ridge (“Tunkinskie goltsy”) (Fig. 7), since

carbonate rocks studied in this work are somehow distributed within these structures.

2.1. Tuva-Mongolian massif

The Tuva-Mongolian massif is located in the southern fold frame of the Siberian Plat-
form and is the northeastern segment of the Central Asian mobile belt. For the first time,
the array was singled out as an independent unit by A. V. Ilyin [1971] after medium- and
small-scale geological surveys in Eastern Tuva and Northern Mongolia. The composition,
structure, and stages of the geological development of the massif are described in detail in
the works of A. B. Kuzmichev [2000; 2001; 2004; 2005; 2007; 2011; 2013; 2015]. In the
tectonic sense, the massif is a composite terrane limited from other blocks on all sides by su-
tures. The collisional events divided the history of the massif development into three stages.
Early Baikalian stage (1000-800 Ma), Late Baikalian (800-600 Ma) and Early Caledonian
(600-490 Ma) [Kuzmichev, 2004]. The first two stages were characterized by the forma-
tion of the basement of the massif by collision of Late Archean crystalline rocks, ophiolite
complexes, and island arcs. After that, the Vendian-Cambrian carbonate cover begins to
accumulate on the rocks of the basement of the massif. During the Early Caledonian stage,
the Tuva-Mongolian massif, together with other surrounding blocks, were cratonized and
became part of the Central Asian Fold Belt [Khain et al., 2003; Kuzmichev, 2004, 2015].
This stage was characterized by an extensive manifestation of metamorphic and tectonic

processes, which led to a significant reworking of previously accumulated deposits.
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Figure 7: Simplified geological map of the Tuva-Mongolian massif and the Tunka terrane

[after Kuzmichev, 2004, modified].

2.1.1. Crystalline basement

The heterogeneous structure of the basement of the massif is a combination of com-
plexes of diverse composition, age, and origin: Neoarchean metamorphosed rocks of the
Gargan block, overlying carbonate rocks, and Mesoproterozoic ophiolites of the Dunzhugur
island arc [Belichenko et al., 2003; Kuzmichev, 2001, 2004; Kuzmichev and Larionov, 2013].

The Gargan continental block or “lump” is composed of plagiogneisses, biotite, gar-
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net, amphibolite, clinopyroxenite, garnet-clinopyroxenite schists, amphibolites, migmatites,
granites, and pegmatites [Kuzmichev, 2004; Levitsky et al., 2014] . The age of plagiogneisses
is 2752410 Ma [Anisimova et al., 2009]. The rocks of the Gargan block underwent meta-
morphism from high grades of amphibolite facies to later greenschist facies. The age of
metamorphism under the conditions of the amphibolite facies is estimated at 2664+15 Ma
[Kovach et al., 2004].

The rocks of the Dunzhugur island arc are fragments of deformed allochthon, which
is thrust over the Gargan block from the north and northwest. The section of the ophiolite
association is represented by serpentinized grazburgites of the restite complex, rocks of the
transition zone, gabbro with veins of plagiogranites, a dike complex, hyaloclastic breccias,
massive and globular lavas of the volcanic complex, and deep-sea sediments. For volcani-
clastic rocks, the zircon age was obtained, which lies in the range 844+8 — 1048+12 Ma
[Kuzmichev and Larionov, 2013].

After the collision of the Dunzhugur island arc and the Gargan block, which is marked
by granite massifs with an age of 810 Ma [Kozakov et al., 2011], three tectonic structures
emerged: the Sarkhoi continental arc [Kuzmichev and Larionov, 2011], the Oka accre-
tionary prism [Kuzmichev et al., 2007] and the Shishkhid island arc [Kuzmichev et al.,
2005].

The Sarkhoy continental arc is an extended volcanic belt, which within the Tuva-
Mongolian massif is represented by the Sarkhoy Group [Kuzmichev and Larionov, 2011].
In the section, it is divided into four layers. The lower (terrigenous) sequence consists of
variegated polymictic sandstones, gravelstones, and siltstones. Sandstones contain volcanic
material, represented by fragments of chloritized glass, andesites and basalts. The middle
(greenstone) sequence is composed of lavas and tuffs of basic, intermediate, and acidic com-
position. Locally, there are lava breccias and tuffs of basaltic and andesitic composition. In
the upper part of the sequence — lava pile. On the border of the lower and middle strata
at the source of the Zabit river contains outcrops of specific bright red aphyric flint-like
rocks (granophyres). The upper (ignimbrite) sequence consists of ash flow deposits of rhy-
olite composition, dark-colored tuffs, mixed composition tuffites, and volcanic-sedimentary

rocks. The dating of zircons isolated from the rocks of the upper sequence determined the



179

age of the ignimbrite eruption at 782+7 Ma.

The Oka accretionary prism frames the ancient continental block of the Tuva-Mongolian
massif from the north and west and thus is located between the active continental margin
and the Shishkhid island arc [Kuzmichev et al., 2007]. The volcaniclastic rocks of the prism
are divided into two sequences. The first is composed of variegated terrigenous rocks with
tuffite lenses; the second, green shists, effusives and tuffs of basic and intermediate com-
position, terrigenous rocks; the third sequence consists of rhythmically layered terrigenous
rocks [Katyukha and Rogachev, 1983]. The age of the Oka prism was determined from basic
sills intruding it (753+16 Ma) and from zircons from volcaniclastic rocks (814+7 Ma and
775+8 Ma).

The Shishkhid island arc frames the Oka prism and belongs to the vast Late Neopro-
terozoic island arc system that collided with the continental core of the Tuva-Mongolian
massif at the end of the Neoproterozoic [Kuzmichev et al., 2005]. The Shishkhid ophiolite
belt includes restite ultramafic rocks, cumulative and isotropic gabbro, a dike complex, and

volcanics [Kuzmichev, 2004]. The U-Pb age of zircon from rhyolites is 800+3 Ma.

2.1.2. Riphean sedimentary cover

The crystalline rocks of the Gargan block are unconformably overlain by a sedimentary

cover in the Irkut and Ilchir formations [Boos, 1991; Belichenko et al., 2006].

Irkut Formation

The Irkut Formation overlaps the southwestern part of the Gargan block with an angu-
lar unconformity. At the base of the section, there are layers (about 250 m) of small-pebble
conglomerates with boulders and pebbles of rocks from the Gargan block, gravelstones,
coarse-grained arkose sandstones, and fine-grained sandstones. The sandstones contain a
large amount of sieve plagioclase, garnet, clinopyroxene and amphibole, which are also
erosion products of underlying rocks [Avdontsev, 1967]. The main part of the formation
(about 700 m) is represented by marbled dolomites and limestones with intercalations of
chlorite-micaceous schists. The carbonate rocks contain columnar stromatolites Conophy-

ton garganicus, C. cylindricus, Collumnacollenia giga [Korolyuk, 1960]. In places, the rocks
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of the formation contain layers of phyllites. The age of the Irkut Formation based on Sr

chemostratigraphy and Pb-Pb dating is 1290+40 Ma [Kuznetsov et al., 2018].

Ilchir Formation

The Ilchir Formation rests on carbonate rocks of the Irkut Formation. Its lower part
is composed of dark gray microquartzites, dark gray hornfelsed biotite, garnet-biotite, and
two-mica schists with lenses of microquartzites and marbled limestones. Most of the forma-
tion is composed of dark gray shists, fine-grained sandstones, and limestones. The upper part
of the formation (sometimes distinguished as a separate Ospin Formation) consists of dark
gray shists, carbonate rocks, quartz siltstones, green shists, and conglomerates. Among the
carbonate rocks, light and dark gray layered limestones are distinguished, gradually turning
into shists or massive dolomites. The upper horizons of the section also contain an ophi-
olithoclastic olistostrome, which consists of blocks, lenses, and fragments of aposerpentinite

listvenites and tremolites occurring in brown-gray shists [Kuzmichev, 2004].

2.1.3. Vendian-Cambrian sedimentary cover

After the completion of the Late Baikal orogeny, the Tuva-Mongolian massif existed as a
carbonate platform. Vendian-Cambrian carbonate deposits are distributed over a significant
part of the massif [Belichenko et al., 2003; Kuzmichev, 2004; Kuznetsov et al., 2010, 2018;
Letnikova and Gelety, 2005].

Bokson Group

The deposits of the Bokson Group are a stratotype section of the Vendian-Cambrian
sedimentary cover of the Tuva-Mongolian massif. The reference sections of the group are
located in the middle reaches of the Bokson river and in the upper reaches of the Sarkhoy
river. The section of the group, with a total thickness of about 3000 m, is divided into five
formations [Roshchektaev et al., 1983; Butov, 1980, 1996]: Zabit, Tabinzurta, Khuzhirta,
Nurgata and Khyutena. The Bokson Group uncomformably overlies the sediments of differ-

ent horizons of the Dunzhugur Formation and the Sarkhoi Groups.
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Zabit Formation. The base of the Zabit Formation (about 20 m) is composed of conglomer-
ates, sandstones, and siltstones. Further along the section are dark gray dolomites (80 m),
yellowish gray dolomites with silicified interlayers (40 m), light gray dolomites with quartz
veins (320-350 m), massive dolomites (250-300 m), dolomites with interlayers of phospho-
rites (35-50), brecciated dolomites, stromatolitic dolomites with interlayers and lenses of
green marls (140-200 m). The formation rocks contain microphytoliths Vesicularites, Gle-
bosites, Nubecularites, Radiosus and stromatolites [Semikhatov and Serebryakov, 1967]. Car-
bonate rocks in the Zabit Formation are well studied by isotope-chemostratigraphic methods.
The value of §13C in it varies from —5.2 to +7.7%c PDB, 630 from 15.2 to 30.9 permil SMOW
[Vishnevskaya and Letnikova, 2013], 87Sr/86Sr equals 0.7083-0.7087 [Kuznetsov et al.,
2010]. The Pb-Pb age of the carbonates of the Zabit Formation is 620+50 Ma [Kuznetsov
et al., 2018].

Tabinzurta Formation. The deposits of the formation lie on the karstized surface of the
Zabit Formation. The base is composed of bauxites (30 m) from the Bokson deposit. They are
overlain by variegated black carbonaceous siltstones (up to 10 m) and brecciated dolomites
(up to 30 m). The upper part of the formation is represented by red-brown quartz sand-
stones, dolomitic breccia (up to 30 m) and dolomites with flint interlayers (up to 1000 m).
Dolomites contain Osagia, Volvatella, Vesicularites, Nubecularites, Glebosites microphytoliths
and Linella, Stratifera stromatolites. The value of §'3C varies from —3.5 to —0.3%o PDB, 5§20

from 21 to 28.1%0 SMOW , 87Sr/36Sr about 0.7082 [Vishnevskaya and Letnikova, 2013].

Khuzhirta Formation. Carbonate rocks are formed by dolomites and dark gray limestones.
Limestones contain archaeocyates, algae, trilobites and brachiopods. According to the com-
plex of organic remains, the formation is dated to the Atdabanian Stage of the Lower Cam-
brian. In the rocks of the Khuzhirta Formation, the value of §'3C —0.4 to —0.1%o PDB, §'80
about 25%, SMOW, 37Sr/36Sr about 0.7085 [Vishnevskaya and Letnikova, 2013].

The Nyurgata and Khyutena Formations with a total thickness of about 1000 m are com-
posed almost entirely of limestone with remains of trilobites and brachiopods, whose age is
determined by the Amga superstage of the Middle Cambrian. The ratio §'3C in them is about
—0.9%0 PDB, 680 is about 25% SMOW, 87Sr/86Sr from 0.7083 to 0.7087 [Vishnevskaya and
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Letnikova, 2013].

The deposits of the Bokson Group are conformably overlain by the rocks of the Mangat-
gol Formation. Its composition is dominated by thin-platy calcareous siltstones and marls.
Based on the few finds of trilobites, algae, sponge spicules, and radiolarians, the age of the

formation is Middle-Upper Cambrian.

Khubsugul Group

The Khubsgul Group (about 1500 m) is mapped within two phosphorite deposits —
Khubsugul and Burenkhan in the eastern part of the Tuva-Mongolian massif. The section
starts from the horizon of tillites [Osokin and Tyzhinov, 1998] which overlie terrigenous
rocks of the Darkhat Group. The Khubsugul Group is divided into three formations [Osokin,
1999]: Ongolik, Khesen, and Khukheusugol.

Ongolik Formation (150-300 m) is represented by alternating black dolomites, dolomitic

limestones and oncolitic limestones.

Khesen Formation (200-500 m) contains a phosphorite horizon on which lie gray dolomites

and dolomitic limestones.

The Khukheusugol Formation (1000 m) consists of black and dark gray limestones with
an admixture of clay matter.

The section of the formation contains paleontological remains related to the Botomian
Stage of the Lower Cambrian [Korobov, 1989]. The value of §'3C in rocks of the Khubsugul
Group varies from —3.3 to +3.1% PDB, §'80 from 21.4 to 26.6 %, SMOW, 37Sr/36Sr about
0.7080-0.7083 [Vishnevskaya and Letnikova, 2013].

Muren (Agaringol) Formation. In the southwestern part of the Tuva-Mongolian massif,
carbonate deposits of the cover are represented by the Muren and its analogue, the Agaringol
Group. The section with a thickness of 1000 m consists of eight members. Up the section
are black thin-platy bituminous limestones (110 m); micaceous sandstones, siltstones and
mudstones (25 m); black and dark gray limestones with an admixture of terrigenous rocks

(415 m); black and gray mudstones with limestone lenses (60 m); black massive limestones
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with flint lenses (100 m); black platy limestones with flint interbeds (130 m); dark gray
massive limestones (105 m); bituminous limestones with interlayers of clays and cherts
(130 m). The value of §'3C varies from 2.2 to 10.5% PDB [Vishnevskaya and Letnikova,
2013]. The ratio 8’Sr/%Sr in the limestones of the formation is 0.70740-0.70748 [Kuznetsov
et al., 2018]. The Pb-Pb age obtained from carbonate rocks is 621+93 Ma [Sitkina et al.,
2017a].

Dabanzhalga Formation. Outcrops of the Dabanzhalga Formation are located in the north-
ern part of the Tuva-Mongolian massif, in the upper reaches of the Yakhoshop and Dayalik
rivers and in the basin of the Daban-Zhalga stream. The deposits of the formation un-
conformably overlie the volcanic-terrigenous rocks of the Oka Group. The section of the
formation, about 1000 m thick, is divided into two parts. The lower one is represented by
bituminous limestones with sandstone horizons and lenses of black siliceous rocks. The up-
per part of the formation contains siliceous, argillaceous rocks and shists. The shists contain

thin layers of tuffs, tuffites, and felsic volcanic rocks [Belichenko et al., 1988].

Ailyg Group

The Ailyg Group is located in the western part of the Tuva-Mongolian massif on the
adjacent territory of northern Mongolia and eastern Tuva (the Bilin-Shishkhid highlands).
The lower contact of the formation is everywhere tectonic. The stratotype section of the
group is described in the Kyshtag-Ailyg interfluve [Kuzmichev, 2004]. The basal horizons
of the group (150 m) begin with a sequence of conglomerates with fragments of limestones,
dolomites, and metavolcanics in carbonate-chlorite cement; green shist; interbedding of
dolomites and green shists. The second and third sequences (400 m) are composed of thin-
layered and massive oncolitic and calcareous dolomites with interlayers of sandy and gravel
dolomites, black cherts, and variegated lumpy limestones. The fourth sequence (250-300)
consists of thin-layered limestones with carbonaceous siltstones at the base. The fifth se-
quence (500-600 m) is represented by thin-layered crystalline limestones with lenses of
carbonaceous shists. The sixth sequence (600-650 m) is an interbedding of complexly dis-
located metaterrigenous rocks, amphibolites and marbled limestones. The section of the

group ends with a sequence (about 500 m) of marmorized limestones with interlayers of
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carbonaceous quartzites and shists. The age of the group is determined by the Late Vendian
— Early Cambrian on the basis of finds of microphytoliths and algae [Korobeinikov et al.,

1979].

2.2. Analogues of carbonate rocks of the Tuva-Mongolian massif in the area of the

Tunka Ridge

The Tunka Ridge is located in the southeastern part of the Eastern Sayan, in the in-
terfluve of the Irkut and Kitoy rivers (Fig. 8). This mountain system stretches for 160 km
from west to east. On the northern side, the ridge is bounded by the Kitoy fault, with the
southern Tunka depression, and its northwestern border adjoins the northeastern part of the
Tuva-Mongolian massif. The rocks of the Tunka Ridge are part of the folded frame of the

Siberian Platform and belong to the northern margin of the Central Asian fold belt.

Figure 8: Detailed geological map of the southeastern part of the Eastern Sayan, [after

State..., 2009; State..., 2011, sheets M-47, M-48, N-47, N-48, modified].

The Tunka Ridge is a complex tectonic structure that was formed during the Early Cale-

donian orogeny. Within its limits, nappe-thrust structures are widely developed, compli-
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cated by later folding [Boos, 1991; Belichenko et al., 2002; Reznitsky et al., 2015; Shkol’nik
et al., 2013]. The nappe-thrust structures were formed in two stages. The first is identi-
fied by the presence of an autochthonous complex (Fig. 9), composed of analogues of the
Vendian-Cambrian cover of the Tuva-Mongolian massif, and an allochthonous complex (Fig.
10) consisting of rocks from the Tunka terrane [Belichenko et al., 2002]. The second stage
is associated with the formation of a neoautochthon (Fig. 11), composed of a Devonian-
Carboniferous collisional molasse [Boos, 1991]. The rocks of autochthon and allochthon
jointly experienced polyfacial metamorphism, the degree of which increases from north to
south, from greenschist facies to medium-temperature amphibolite. Feldspar Ar/Ar dat-
ing from the calciphyre of the Gorlyk Formation showed that the age of metamorphism is
487+4.4 Ma [Reznitsky et al., 2013].

Due to the complex tectonic structure of the area and the strong deformity of many sec-
tions, there are several points of view on the structure and relationship of the rocks that make
up the listed complexes. According to R. G.Boos [1991] and V. G. Belichenko [2002] The
section of the autochthonous complex is represented bottom-up by the terrigenous Verkhniy
Shumak, essentially dolomitic Gorlyk, and limestone-dolomitic Araoshey formations. And
the allochthon complex is the terrigenous Urtagol and volcanogenic Tolta Formation. Ac-
cording to A.B. Kuzmichev [2004] The Verkhniy Shumak (or Bezymyannaya) Formation is
heterogeneous, its lower part (Lower Bezymyannaya Unit) lies stratigraphically below the
Gorlyk Formation and is separated from it by an unconformity, while the upper part (Upper
Bezymyannaya Member) is above the Gorlyk carbonates. On the state geological map at a
scale of 1:1 000 000 [State..., 2011] in the basin of the Ara-Oshey river, where R. G. Boos de-
scribed the stratotype section of the Araoshey Formation, indicated terrigenous deposits of
the Barungol Formation of Ordovician age. The named map not only contradicts the results
of geological survey [Belichenko and Boos, 1984; Boos, 1991], but also does not correspond
to reality, since the deposits in the valley of the Ara-Oshey river is represented mainly by
carbonate rocks. Confusion also exists with cuts in the valley of the Kyngarga river on the

southern slope of the Tunka Range.
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Figure 9: Stratigraphy for the autochthon complex [after Boos, 1991, modified].
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On the geological map at a scale of 1:200 000 [Geological..., 1969], the section up-
stream of the river is represented by the Bezymyanskaya, Burungol, Mongosha, and Irkut
formations of the Archean-Proterozoic age. On the map of the last generation at a scale
of 1:1 000000 [State..., 2009], the rocks of the Bezymyanskaya formation belong to the
Khangarul (undivided) Group, and the rest belong to the Vendian—-Cambrian Bokson (un-
divided) Group. A detailed description of the named stratigraphic units in the area of the

Tunka Ridge will be based on generalized literature data and field observations of the author.

2.2.1. Autochthon
Irkut Formation

The only mention of the rocks of the Irkut Formation on the territory of the Tunka Ridge
is the state geological map at a scale of 1:200 000 [Geological..., 1969]. According to the
explanatory note, the Irkut Formation extends for 35 km in the form of a narrow submerid-
ional strip about 0.5-2.5 km wide. The section of the formation described during geolog-
ical survey work is composed from bottom to top of conglomerates, quartzites, carbonate-
biotite schists, light gray marbled limestones, biotite-amphibole gneisses, white marbled
limestones, quartz-biotite schists, light gray marbled limestones, quartz-biotite schists and
gray banded marmorized limestones. The total thickness of the described section is about
630 m. Based on the regional correlation for a number of lithological features and position

in the section, the age of the formation was determined to be Early Proterozoic.

Verkhniy Shumak Formation

The Verkhniy Shumak Formation as an independent stratigraphic subdivision was iden-
tified by E. F. Stavsky with co-authors [Stavsky et al., 1973] in the basin of the upper reaches
of the Shumak river. This formation includes essentially terrigenous predominantly sandy-
shist deposits. The most complete section of the Verkhniy Shumak Formation is exposed
in the basin of the Arlyk-Gol — Barun-Gol rivers, where the upper and lower contacts of
the formation can be observed. The formation section begins with a pack of conglomerates
30-50 m thick, which lie on different horizons of the underlying ophiolite complex. The

clastic material of the conglomerates is unsorted and rounded to varying degrees. Pebbles
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Figure 10: Stratigraphy for the allochthon complex [after Boos, 1991, modified].
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are mostly flattened, rarely rounded or acute-angled, making up 10-15% of the rock. The
size of the pebbles is about 3-5 cm, less often up to 15-20 cm. The composition of the
pebbles: limestones, metavolcanics of basic and intermediate composition, carbonaceous-
siliceous shists, highly altered ultrabasic rocks, less often granodiorites and granites. The
cement of the conglomerates has a greenish-gray or green color and is intensely schistose;
there is a brown weathering crust on the surface of the cement. The composition of the
cement is sandy with a significant proportion of calcareous material; fuchsite is widely de-
veloped. The conglomerates are overlain by a member of sandstones 200-300 m thick.
The sandstones are polymictic, greenish-gray in color, with a shist texture and psammite
structure, the size of the fragments is 0.5 mm or less. The fragments are dominated by
quartz, feldspars, and carbonate. The cement is chlorite-sericite, carbonate-bearing. The
sandstones contain talcized and serpentine varieties. A member of sandstones is replaced
by a member of coarse terrigenous rocks 50-100 m thick. This member is represented by in-
tercalation of gravelstones, conglomerates, shists and sandstones. The clasts are dominated
by carbonate varieties, as well as volcanic rocks of the basic composition. The cement is
micaceous-carbonate, sheared. shists are light gray and brown in color, carbonate-sericite
with porphyritic segregations of ferruginous-magnesian carbonate. Individual shist hori-
zons are bright green due to the abundant fuchsite content. Higher in the section, there are
rocks represented mainly by greenish-gray polymictic sandstones, among which there are
thin horizons of phyllites. Taking into account folding, the thickness of the member is about
600-800 m. The upper part of the section is represented by horizons of variegated siltstones
and carbonate rocks. Sandstones are quartz and quartz-carbonate, color from greenish-gray
to brown and burgundy. Near the contact with the overlying Gorlyk Formation, a horizon of
quartz-gravelites appears. Horizons of carbonate rocks with a thickness of a few tens of me-
ters are composed of dolomites, with an admixture of sandy material. The color of dolomites
is gray or dark gray, the structure is fine-crystalline, the texture is finely wavy-layered. The
thickness of the upper part of the section is 300 m. The total thickness of the formation in
the reference section is about 1200-1500 m. U-Pb dating of clastic zircons from terrigenous
rocks of the described formation determined the lower age limit of the formation as 676+4

Ma [Shkol'nik et al., 2014]. The deposits of the Verkhniy Shumak Formation are overlain
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by the paleontologically characterized Vendian-Cambrian Gorlyk Formation, which allows

us to consider the age of the Verkhniy Shumak Formation to be Vendian.

Gorlyk Formation

The Gorlyk Formation was identified by M. F. Shestopovalov and A. S. Ivanov during
a geological survey at a scale of 1:1 000 000 in 1935. The most complete section of the for-
mation is presented in the middle reaches of the Shumak river, where a concordant contact
of the Gorlyk Formation was discovered on the underlying Upper Shumak Formation. Ac-
cording to the features of composition and structural and textural features, the section of the
formation is conditionally divided into three parts [Roshchektaev et al., 1983]. The lower
part of the formation is composed of massive light gray dolomites with interbeds and lenses
of carbonate small pebble conglomerates. The upper horizons of this part contain interlayers
of dark gray layered dolomites, which are characterized by phosphate content. Dolomites
contain microphytoliths. The thickness of the lower part is about 1000 m. The middle part
of the formation is characterized by the predominance of dark gray dolomites with thin
layers of limestones, quartz sandstones, and carbonaceous-terrigenous shists. Dolomites in
this part of the section contain stromatolite structures and microphytoliths. Fine terrigenous
interlayers of this member are high alumina, Al,0; content up to 30% [Boos, 1991]. The
thickness of this part is 500 m. The upper part of the formation is represented by inter-
calation of light and dark gray dolomites. The lower part of this member is dominated by
layered dolomites with the participation of talc-chlorite schists. The upper part of the mem-
ber is represented mainly by massive dolomites interbedded with gray cherts and siliceous
concretions. The thickness of this part is about 900 m. The total thickness of the Gorlyk
formation is about 2300-2500 m. The upper contact of the Gorlyk Formation in the Shumak
river basin is tectonic. The described section along the Shumak River is partly supplemented
by rocks exposed in the upper reaches of the Gorlyk-Gol River, where terrigenous rocks of
the Sagansair Formation occur with a pronounced unconformity on the eroded surface of
dolomites. The following microphytoliths were identified in the lower part of the forma-
tion: Vesicularites compositus Z. Zhur., Vermiculites anfractus Z. Zhur., Osagia tenuilamellata

Reitl, stromatolites Jurusania sp., Boxonia sp. [Roshchektaev et al., 1983]. Microphytoliths
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Osagia nimia Z. Zhur., Vesicularites bothrydioformis (Krasnop.), V. enormis Z. Zhur., V. rectus
Z. Zhur., V. porrectus Z. Zhur., Ambigolamellatus horridus Z Zhur., Volvatella zonalis Nar., V.
vadoza Z. Zhur., Nubecularites punctatus Reitl, stromatolites Jurusania cf. jodomica Kom. Et
Semikh., Linella f. indet., calcareous algae: Renalcis sp., Katangasia sp. (definitions by V. N.
Alekseev). The rocks of the upper part of the formation contain sponge spicules Hyalostelia
sp., small-shell fauna: anabaritids, as well as Torellela lentiformis Sy s., Hyolithellus sp., bra-
chiopods Kutorgina sp. [Roshchektaev et al., 1983], as well as trilobites of the Atdabanian
Stage [State..., 2007]. The complex of organic remains allows the formation to be dated to

the Late Vendian-Early Cambrian (Tommot and Atdabanian ages).

Araoshey Formation

The section of the Araoshey Formation in the valleys of the Ara-Oshei and Zhalga
rivers is conditionally divided into two parts. The lower one is represented by a member of
medium- and thin-slab dolomites of light gray color and has a thickness of about 500-600
m. Interlayers and lenses of quartz, as well as quartz concretions up to 4-5 c¢m in diameter,
occur among the dolomites. A member (about 200 m) of carbonaceous limestones of dark
gray or black color overlies the dolomites. A feature of these limestones is a sharp hydrogen
sulfide smell when splitting. The upper part of the section of the Araoshey Formation is
described from coastal outcrops in the Zhalga river valley [Boos, 1991]. This section builds
up the previous one with a presumed gap of 300-400 m. In its lower part, gray and dark
gray fine-grained limestones with a massive texture are exposed, the thickness of which
is about 100 m. Further along the section, light gray and gray layered calcite-dolomite
rocks occur, with lenticular nodules of flints and rare interlayers of essentially dolomite
composition, with a total thickness of about 350 m. Above the section of the Araoshey
Formation, limestone horizons form.

Light gray fine-grained limestones with a massive texture about 100 m thick and gray
and dark gray unevenly crystalline limestones with a wavy-layered or spotted texture about
200 m thick stand out among them. impregnation of ore minerals and carbonaceous matter
with a total thickness of 250-300 m. Thus, the total thickness of the Araoshey Formation is

about 2000 m. Carbonate rocks in some areas and near fault zones are metamorphosed and
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turned into marbles.

The Araoshey Formation was first described by V. G. Belichenko and R. G. Boos [1984],
but its age has not yet been precisely determined. [Boos, 1991] describes the only finding of
chitinozoa Lagenochitina ex gr. Sphaerica Collinson et Schwalb, characteristic of Silurian and
Devonian deposits. Previously, other researchers attributed the carbonate rocks of this for-
mation to the Mongosha or Irkut Formation of the Late Proterozoic [Arsentyev Volkolakov,
1964; Geological..., 1968], whose reference sections are framed by the Gargan block in the
northeast of the Tuva-Mongolian massif. On the modern state geological map at a scale of
1:1 000000 [State..., 2011] in the basin of the Ara-Oshey river were described terrigenous
deposits of the Barungol Formation of Ordovician age. The named map not only contradicts
the results of geological survey [Belichenko and Boos, 1984; Boos, 1991], but also does not
correspond to reality, since the deposits in the valley of the Ara-Oshey river is represented

mainly by carbonate rocks.

Bokson (undivided) Group

To the Bokson (undivided) Group of the Vendian-Cambrian age in the Kyngarga river
valley currently [State..., 2009] includes rocks previously described [Geological..., 1969] as

the Proterozoic Bezymyanskaya, Burungol and Mongosha formations.

The Bezymyanskaya Formation with a total thickness of about 2000 m consists of muscovite-
carbonate-quartz, carbonate-biotite-quartz, amphibole-quartz and other shists. Among these

rocks there are thin (up to 20 m) interlayers of marbles.

The Burungol Formation is composed of chlorite shists with interlayers of carbonate rocks
and effusives. Carbonate rocks are distributed as thin lenses in different parts of the section.

The thickness of the formation is about 1800 m.

The Mongosha Formation conformably overlies the Burungol Formation and consists of
carbonate rocks interbedded with conglomerates and mica-carbonaceous shists. Carbonate
rocks are represented by limestones and dolomites, locally with quartz veins. The thickness
of the formation is about 2000 m.

The age of the formations was determined from the finds of the Late Precambrian fauna
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in similar deposits in the adjacent territory. It is very difficult to attribute the described rocks
to the Bokson Group of the Tuva-Mongolian massif or to separate them into independent
stratigraphic units. According to the author’s field observations, all of the listed rocks in out-
crops along the Kyngarga river occur in the form of tectonic sheets and normal stratigraphic
contacts of the formations could not be found. Carbonate rocks are almost everywhere meta-
morphosed and deformed. Since in the listed sections along the Kyngarga river failed to find

organic remains, the question of their age remains open.

2.2.2. Allochthon
Urtagol Formation

The terrigenous-volcanogenic Urtagol [by Boos, 1991] or Barungol [by Roshchektaev
et al., 1983] is distributed in the basin of the Sagan-Sair, Barun-Gol, Ara-Khongoldoy rivers
and composes two bands of the northern and southern edges release of allochthon. In most
sections, the Urtagol Formation is clearly divided into two parts, the lower terrigenous and
the upper, essentially volcanic. The terrigenous component in the zone of least metamor-
phism is composed of shists, sheared sandstones, and rarely conglomerates. Sandstones are
polymictic, fine-grained. The clastic part is composed of quartz and feldspars, there are
fragments of tourmaline. Sericite-carbonate cement, carbonate material is represented by
calcite and dolomite. In zones of a higher degree of metamorphism, the lower part of the
formation is composed of quartz-micaceous-carbonate and quartz-micaceous schists, garnet-
micaceous, garnet-staurolite-micaceous, disthene-staurolite-garnet-micaceous, fibrolite-di-
sten stavrolite-garnet-micaceous shists and gneisses. The thickness of the lower part is from
200-300 to 500-600 m. The upper part of the formation in the zone of weak metamorphism
is composed of interbedded volcanogenic, carbonate and terrigenous rocks. The volcanic
rocks are represented by meta-effusives, corresponding in composition to basalts and an-
desites. They are accompanied by calcareous tuffites and tuff sandstones. The carbonate
rocks are dominated by limestones with an admixture of chlorite, quartz, and plagioclase.
The terrigenous interlayers of this member are similar in composition to the rocks of the
lower part of the formation. In zones of high metamorphism, the upper part of the formation

is represented by chlorite, chlorite- or epidote-actinolite schists, amphibolites and garnet-
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amphibolites interbedded with mica-carbonate schists and marbles with tremolite, diopside
and scapolite. The thickness of the upper part is about 300-500 m. The total thickness of the
Urtagol formation is about 800-1000 m. The lower contact of the formation is tectonic; The
upper boundary of the Urtagol Formation with the overlying Tolta Formation is sharp and
distinct in some sections, and gradual and indistinct in others. In the upper horizons of the
Urtagol Formation, Ordovician chitinozoans Desmochitina ex gr. Minor (Eisenack), Desmo-
chitina complanata Eisenack, colonies of Ordovician Trepostomata bryozoans are described in
the lower part of the formation, but typical of older deposits. Thus, the Cambrian-Ordovician

age of the formation is assumed.

Tolta Formation

The deposits of the Tolta Formation at different times were included by geologists
in the Ekhekhair [Buzikov and Drugova, 1960], Irkut [Arsentiev and Volkolakov, 1964],
Tolta [Buzikov and Obruchev, 1961] or Mongosha [Dodin et al., 1968] formations, whose
age ranged from the Archean to the Late Proterozoic. At present, the name Tolta Forma-
tion is used for Paleozoic carbonate rocks, according to the deposits of the Urtagol For-
mation [Boos, 1991]. Deposits of the Tolta Formation are common in the basins of the
Tolta, Sagan-Sair, Shumak, and Kitoy rivers. The carbonate rocks of the formation are rep-
resented by dolomites and limestones. Dolomites are light gray in color, dense, hidden or
finely crystalline, massive texture. Limestones predominate over dolomites. The color of the
limestones is light gray, the textures are massive, layered, lumpy-clotty. Interlayers of ter-
rigenous and tuff material are found among carbonate rocks, represented by meta-effusive
rocks of basic and intermediate composition. The total thickness of the formation is about
1000-1200 m. Chitinozoans founded in the Tolta Formation deposits — Eisenachitina ex gr.
bohemica (Eisenack), Lagenochitina ex gr. brevicervicata Collinson et Schwalb, Lagenochitina
sphaerica Collinson et Schwalb, characteristic of the Silurian and Devonian; Angochitina flasca
Collinson et Schwalb, dating the rocks to the Upper Silurian-Middle Devonian; Ordovician—

Silurian Rhabdochitia sp. [Boos, 1991].
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2.2.3. Neoautochthon
Sagansair Formation

The formation was first identified by M. F. Shestopalov and A. S. Ivanov in 1939. The
stratotype section of the formation is located in the basin of the Sagan-Sair river and is repre-
sented by coarse-grained, mostly red-colored sediments fills the Sagansair graben-synclinal
structure, complicated by packages of tectonic plates and wedges. The lower part of the for-
mation is essentially conglomerate, with interlayers of red sandstones and siltstones. Con-
glomerates of pinkish-brown color with pebbles of silicified dolomites, limestones, cherry
sandstones, siliceous-mica-disto-carbonate rocks on basal sandy-gravel quartz-feldspar-to-
lomitic cement, including layers and lenses of cherry conglomerates, sandstones, dolomites.
The thickness of the lower part of the formation is about 200 m. The upper part of the for-
mation is monotonous (rhythmically layered in some areas), mostly gray-colored sequence
of coarse-grained sandstones interbedded with gravelstones, including horizons of conglom-
erates, black siltstones and sandstones, felsic volcanics (tuffs of rhyolites, rhyodacites, meta-
lavobreccias) , metaandesites. The thickness exceeds 600 m. The Sagansair Formation rests
on the carbonate rocks of the Gorlyk Formation with angular and stratigraphic unconfor-
mity [Skopintsev, 1995]. Overlapping of the conglomerates of the formation on the rocks
of the Ordovician(?) Urtagol Formation can be seen only in a small area of the right bank
of the Kita river [Stavsky et al., 1973]. The degree of metamorphism of the rocks of the
formation is rather low, within the chlorite-sericite subfacies of the pumpellite-prenite fa-
cies. The dating of the Sagansair Formation was based on identification of poorly preserved
flora imprints found in siltstones of the [Roshektaev et al., 1984] formation, belonging ei-
ther to the arthropod Archaeocalamites Paracalamites of the Carboniferous, or as fragments
of leaves similar to those of Phoenicopsis, large accumulations of which are common in the
Jurassic and chalk of Siberia and Mongolia. In addition, foraminifers Endothyroidae, charac-
teristic of the Famennian Stage of the Upper Devonian-Middle Carboniferous, and ostracods
Kloedinella sp. were found in the deposits of the formation. Representatives of this genus
are common in the Silurian, Devonian, and Carboniferous [Boos, 1991]. The age range of

the Sagansair Formation is limited to the Middle Devonian-Early Carboniferous.
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Figure 11: Stratigraphy for the neo-autochthonous complex [after Boos, 1991, modified].
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The carbonate complexes of the Eastern Sayan have been sufficiently studied within
the Tuva-Mongolian massif, while their counterparts in the Tunka Ridge have practically no
geochronologically substantiated age restrictions. The only example of a direct comparison
can be only the rocks of the Gorlyk Formation, which contains the remains of the Vendian-
Cambrian fauna. Some of the longest carbonate sections in the Tunka Ridge are mapped
in the basins of the Ara-Oshey, Zhalga, Ara-Khubuty, and Kyngarga rivers as part of the
Araoshey Formation, the Bokson (undivided) Group, and the Irkut Formation. The rocks of
these formations are actually devoid of finds of the leading fauna, and the sections in the
Kyngarga valley are complicated by several stages of the Paleozoic sheet-thrust tectonics
[Ryabinin et al., 2011]. All this makes the carbonate rocks of the Tunka Ridge interesting
objects for geochronological research, both from a methodological and geological point of

view.
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CHAPTER 3. Analytical procedure

The analytical technique is conditionally divided into two stages — preparatory and
main. The preparatory stage includes petrographic, mineralogical, geochemical analysis,
the study of the isotopic composition of carbon, oxygen, strontium. The main stage involves
the study of the U-Pb system: the measurement of the isotopic composition and abundances
of U and Pb.

The studied collection contains 96 samples from three suites of Proterozoic and Early
Paleozoic age. The studied carbonate rocks were selected in the southeastern part of the
Eastern Sayan in the basins of the Ara-Oshey, Zhalga, and Kyngarga rivers. Samples were
taken over the entire thickness of the section, the step between the samples was from 10
to 20 meters, depending on the turfiness and accessibility of the exposed part. Priority
was given to samples without visible signs of secondary changes, however, for a better
understanding of the geological evolution of rocks, some samples were taken from zones of
partial crossover. Each of the selected samples was divided into two unequal parts. One
part was transferred to a powdered state for isotope-geochemical studies, the other part was

used to prepare petrographic thin sections.

3.1. Preparatory stage

The petrographic study of carbonate rocks was carried out in thin sections made in
the grinding workshop of the Institute of Mining and Geology of the Russian Academy of
Sciences and the Mining University, using an optical microscope Leica DM750P.

To refine the mineral composition, the samples were analyzed by the X-ray phase (XRD)
method on a DRON-UM-1 diffractometer with Co-Ka radiation at a counter speed of 2 r/min,
a current of 20 mA, and a voltage of 35 kV. The phase composition of the carbonate com-
ponent was determined by a semi-quantitative method by the ratio of the intensities of the

(112) peaks of calcite (3.03}1 ) and dolomite (2.881& ), the values of the relative areas of these
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peaks and the corresponding coefficients [Dyakonov, 1991] were used for recalculation.

Sample preparation of carbonate rock samples for measuring the concentrations of
Mg, Ca, Mn, Fe and Sr was carried out in the laboratory of the IGGD RAS. A portion of the
sample was dissolved in 0.5N HNO; for 30 minutes, after which the solution was filtered
to separate the insoluble residue. The resulting solution was diluted 10 times with 0.1N
HNO;. The concentrations of Mn, Fe, Sr were measured on a Shimadzu ICPE-9000 atomic
emission spectrometer (MASV St. Petersburg State University resource center), as well as in
the Mekhanobranalit laboratory (St. Petersburg).

Carbon (6'3C) and oxygen (5§'80) isotopic measurements in limestones and dolomites
were carried out at the University of California, Riverside SIFIR laboratory using a mass spec-
trometer Thermo Scientific DELTA V Advantage (IRMS) with GasBench II sample prepara-
tion and injection system. The decomposition of carbonate rock powder was carried out
in phosphoric acid for 24 hours. Two international standards, NBS 18 and NBS 19, and
one intralaboratory dolomite standard (Tytyri, §13C = +0.78%0 V-PDB and 6§30 = —7.07%o
V-PDB; [Karhu, 1993]). The §'3C and §'30 values are given in ppm relative to the Vienna
Pee Dee (V-PDB) belemnite standard. The analytical precision for §'3C and §'80 based on
repeated standard analyzes was 0.2%. (10).

The study of Rb-Sr isotope systematics included pre-treatment of a sample sample
(about 50 mg) in 1N HCI! at room temperature for an hour for limestones and for a day at
a temperature of 60°C for dolomites. The resulting solution was centrifuged to separate the
insoluble residue. The separation of Sr to determine its isotopic composition was carried out
in a 2.5N HCI solution by the ion-exchange method with Dowex AG50Wx8 cation exchanger
(200-400 mesh) and 2.5N HCI as an eluent [Gorokhov et al., 2016]. The isotopic compo-
sition of Sr was measured on a Triton TI multicollector mass spectrometer with Re-ribbons
of the ion source. The mean values of 80Sr/%8Sr in the NIST SRM 987 and EN-1 standard
samples, normalized to the ratio 36Sr/38Sr = 0.1194, were in the period work respectively

0.71031+0.00001 (20, n=20) and 0.70924+0.00001 (20, n=19).
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3.2. Main Stage

Chemical treatment of samples for studying the U-Pb system is carried out at room tem-
perature in a hydrochloric acid solution. About 200 mg is preliminarily dissolved in 0.03N
HCI, which makes it possible to remove from 1 to 5% of surface contaminants and secondary
carbonate phases. Further, the dissolution continues in 1N HC! until the complete transition
of the carbonate component of the sample into the solution. After that, the carbonate solu-
tion is dried and converted into the HBr form to isolate Pb on chromatographic columns.
Pb was isolated using chromatographic columns with Bio-Rad 1 X 8 anion exchange resin
(100-200 mesh) in 0.5N HBr solution with HCI(conc) as eluent [Ovchinnikova et al., 2000,
2012] . U was extracted with UTEVA SPEC extraction resin at 0.05N HNO;. The amount
of U and Pb was determined by the isotopic dilution method using a mixed indicator WR3
(235208 pp).

In samples with a low-radiogenic Pb/Pb ratio, it is possible to use the method of step-
wise dissolution of a sample to identify the phases most enriched in primary carbonate mate-
rial. This approach is often justified because the grains of carbonate minerals are usually not
homogeneous from the inside to the surface and secondary changes could only affect their
outer parts. The stepwise dissolution method has proven itself well in the study of U-Pb
systems of ancient carbonate rocks [Kaurova et al., 2010; Kuznetsov et al., 2013; Ovchin-
nikova et al., 2000, 2007, 2011, 2012; Semikhatov et al., 2003; Sitkina et al., 2017a]. This
method is a successive dissolution of a sample in a weak solution of HCI for a short time,
as a result of which up to 7 carbonate extracts can be obtained from one sample. As a rule,
the middle fractions will be characterized by the highest values of the ratio 2°°Pb/2°4Pb and
in terms of U-Pb systems can be considered «least changed» [Kaurova et al., 2010].

The isotopic composition of Pb and the content of U and Pb in the carbonate samples
were determined by the TIMS method on a Triton TI multicollector mass spectrometer with
Re-ribbons of the ion source. The measured Pb isotope ratios were corrected for a fraction-
ation factor determined by multiple determinations of the Pb isotopic composition in the
NIST SRM-982 standard, which is 0.13% per mass unit. The level of laboratory contamina-
tion during the isolation of U and Pb was determined by blank experiments. To recalculate

the abundances and isotope ratios, the PbDAT plugin in the MS Excel was used. When calcu-
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lating the age, the isochrone parameters were calculated using the ISOPLOT [Ludwig, 2003]

and IsoplotR [Vermeesch, 2018] softwares.
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CHAPTER 4. Petrographic, mineralogical and isotope-geochemical

study of carbonate rocks of the Tunka Ridge

4.1. Araoshey Formation

Two members [Sitkina et al., 2022] were studied in the section of the Araoshey Forma-
tion, the lower dolomitic and the overlying limestone (Fig. 12). Dolomites in outcrops are
gray-yellow and light gray in color, with a medium- and thin-platy texture. The rock texture
is bedded. In places there are quartz veinlets of subparallel bedding up to 0.5 cm wide and
concretions 5-7 cm in diameter. Limestones are light and dark gray in color, fine-grained,
with a massive texture. There are marbled stromatolite varieties, quartz veinlets 1-3 cm
wide.

For isotope-geochemical analysis of carbonate rocks of the Araoshey Formation, 32 sam-
ples were taken from coastal outcrops of the Ara-Khubuty, Ara-Oshey, and Zhalga rivers. In
the studied collection of images, all carbonate rocks are predominantly limestone (Fig. 13a)
with an insignificant proportion of silicate admixture and finely dispersed carbonaceous
matter (Fig. 13b) and dolomite (Fig. 13c). However, several samples contain a mineral
amphibole (Fig. 13d), which is uncharacteristic for chemogenic carbonate rocks, which
may indicate metamorphic transformation of the rocks. Rock structures are predominantly
medium- and coarse-grained, textures are massive. Carbonate rock grains are characterized
by polysynthetic twins.

Analysis of the mineral composition was carried out in 21 samples. Diffraction patterns
typical for the main types of carbonate rocks of the Araoshey Formation are shown in Fig. 14.
The samples are mainly represented by pure calcite or dolomite varieties, and only one (S16-
25) has a mixed composition. A small terrigenous component includes mica, quartz, talc,
and amphibole.

The Mg/Ca ratio in dolomites from the lower part of the Araoshey Formation (Fig. 15,

Table 1) varies from 0.51 to 0.65. All studied samples contain no more than 6% of non-
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Figure 12: Stratigraphy for the lower part of the Araoshey Formation and photographs of

the main lithological types of carbonate rocks.
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carbonate impurities. In sections along the Ara-Oshey and Zhalga rivers, the contents of
Mn and Fe are consistent and amount to 18-66 ppm and 188-916 ppm, respectively. In
dolomites taken along the Ara-Khubuty river, the concentration of Mn increases to 98 ppm,
and Fe to 1372 ppm. In all sections, the concentration of Sr is high for dolomites from 65
to 295 ppm, rising to 1594 ppm in one sample. The highest values of the Mn/Sr and Fe/Sr
ratios for dolomites from the Ara-Khubuty river reach 1.39 and 18.53, respectively. In other
carbonates, it does not exceed 0.3 and 5.24, respectively.

Limestones of the Araoshey Formation (Fig. 15) are characterized by low Mg/Ca ratio
(0.004 to 0.07), low content of Mn, Fe, and high Sr in all the sections sampled (Table 1).
Thus, in samples taken along the Ara-Oshey River, the concentration of Mn varies from 13
to 290 ppm, Fe from 127 to 536 ppm, and only in one sample does it reach 1588 ppm. The
Sr content reaches 2647 ppm, averaging 1526 ppm. Relatively low values of Sr (313-360
ppm) are characteristic only for limestones selected near dolomite packs or in the interlayers
between mini. The ratio of Mn/Sr and Fe/Sr varies from 0.01 to 0.19 and from 0.04 to 1.29,
respectively, in all three sections. Only a limestone sample containing amphibole noticeably
differs in its geochemical characteristics. The proportion of siliciclastic impurities in it is
83.9%. The content of strontium is relatively low - 59 ppm, while the concentrations of
Mn and Fe are comparable with the rest of the samples and amount to 26 and 295 ppm,
respectively.

The measured strontium isotopic composition does not correlate in any way with the
mineral composition or geochemical parameters of carbonate rocks. The value of 3Sr/36Sr
varies within narrow limits, from 0.70851 to 0.70864 in limestones and from 0.70844 to
0.70882 in dolomites. The established contents of Mn and Sr in limestones and dolomites
are close to the concentrations of Mn (60-130 ppm) and Sr (180-1388 ppm), previously
determined in the carbonate rocks of the Araoshey formation from shallow and deep water
microfacies [Letnikova and Gelety, 2005]. Most of the limestones and several samples of
dolomites of the Araoshey Formation meet the geochemical criteria described above and

proved to be suitable for obtaining geochronological information.
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Figure 13: a) Limestone, coarse-grained structure, massive texture, calcite (Cal), muscovite
(Ms). Photograph of section S16-5, with the analyzer inserted; b) Limestone, coarse-grained
structure, massive texture, calcite (Cal), finely dispersed carbonaceous matter (Corg). Pho-
tograph of section S16-7, without analyzer; c) Dolomite, medium-grained structure, massive
texture, dolomite (Dol), quartz (Qz), muscovite (Ms). Photograph of section S16-18, with
the analyzer inserted; d) Prismatic amphibole grain (Amf) in a coarse-grained calcite vein-

let. Photograph of section S16-13, with the analyzer inserted.
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Figure 14: a) X-ray diffraction pattern for limestones without silicate impurity; b) X-
ray diffraction pattern for a sample containing amphibole; c¢) X-ray diffraction pattern
of dolomites not containing silicate impurities; d) X-ray diffraction pattern of calcareous

dolomites containing 5% calcite. In parentheses are the values of the peaks in Angstrom.
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Table 1: Geochemical data for carbonate rocks of the Araoshei Formation. Note. And —
limestone; D — dolomite; SP — proportion of siliciclastic impurities.

Sample | Rock Type | CII, % | Ca% | Mg% Mn, | Fe, Mg/Ca | Mn/Sr | Fe/Sr
ppm | ppm
S16-1 L 42 |391| 24 | 21 | 146 | 006 | 0.01 | 0.04
$16-2 D 30 [207 123 | 18 | 188 | 0.60 | 0.23 | 2.46
$16-3 L 76 |36.0| 24 | 8 | 467 | 0.07 | 0.05 | 0.27
S16-4 L 85 |362| 21 | 57 | 269 | 006 | 0.03 | 0.14
$16-5 L 31 [381| 1.1 | 278 | 209 | 0.03 | 017 | 0.13
$16-6 L 30 [359| 1.6 | 290 | 196 | 0.04 | 0.19 | 0.13
$16-7 L 25 |40.6| 01 | 30 | 127 | 0.00 | 0.03 | 0.13
S16-8 L 36 |405| 1.3 | 32 | 251 | 0.03 | 0.01 | 0.09
$16-9 L 48 [39.7| 1.4 | 44 | 536 | 0.03 | 0.03 | 0.35
$16-10 L 34 |382| 23 | 30 |1588 | 0.06 | 0.02 | 1.29
S16-11 L 25 |40.0| 1.0 | 13 | 138 | 0.03 | 0.01 | 0.12
$16-12 L 29 |395| 1.4 | 20 | 462 | 0.04 | 0.02 | 0.39
$16-13 L 1.5 [395| 1.3 | 18 | 150 | 0.03 | 0.02 | 0.12
S16-14 D 21 |211|125| 26 | 259 | 059 | 0.29 | 2.89
$16-15 D 1.4 [211] 127 | 14 | 262 | 060 | 0.09 | 1.67
S16-17 D 11 |17.0| 104 | 14 | 571 | 0.61 | 0.10 | 3.77
$16-18 D 1.8 [226 | 11.6 | 23 | 361 | 051 | 0.21 | 3.27
$16-20 D 1.7 211|128 | 21 | 433 | 0.61 | 0.24 | 4.91
$16-21 D 28 |21.3|126 | 19 | 539 | 060 | 0.18 | 524
$16-22 D 1.5 209|129 | 66 | 277 | 0.61 | 0.22 | 0.94
$16-23 D 6.0 | 247|140 | 57 | 916 | 0.57 | 0.04 | 0.57
S16-24 L 20 |40.4 | 1.1 | 19 - 0.03 | 0.00 | 0.00
$16-25 L/D 38 |344| 54 | 29 | 497 | 016 | 0.09 | 1.59
$16-26 L 25 |40.7| 1.3 | 36 | 530 | 0.03 | 0.02 | 0.33
S16-27 D 27 1222|139 | 23 | 269 | 063 | 026 | 3.04
$16-28 D 57 |21.8|137 | 27 | 304 | 0.63 | 0.30 | 3.44
$16-29 D 09 |21.9|138 | 28 | 218 | 063 | 0.20 | 1.57
$16-30 L 1.4 |413| 1.0 | 17 | 165 | 0.02 | 0.05 | 0.46
S16-31 D 1.4 |215| 138 | 60 | 647 | 0.64 | 0.41 | 4.35
$16-32 D 1.0 [21.7| 141 | 98 | 1371 | 0.65 | 0.57 | 7.89
$16-33 D 20 |222|140 | 90 | 1199 | 063 | 1.39 | 18.53
S16-34 D 1.1 |21.4| 138 | 97 | 1372 | 0.64 | 0.57 | 8.07
$16-35 L 839 |11.6| 09 | 26 | 295 | 0.08 | 0.44 | 4.98

Note. L. — limestone; D — dolomite; SP — the proportion of siliciclastic impurities.
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Figure 15: Ratios §'3C-6'80, Mg/Ca-8'80, Mn/Sr-3"Sr/86Sr and Fe/Sr-8"Sr/86Sr for carbon-

ate sedimentary rocks of the Araoshey Formation.



Table 2: Sr content and Sr, C, O isotopic compositions in carbonate rocks of the Araoshei

Formation.
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Sample | Rock type | Sr, ppm | 87Sr/86Sr | §13C, PDB | §'%0, PDB
S16-1 L - - 0 -9.3
S16-2 D 76 - -2.8 —-5.3
S16-3 L 1729 - 0 -5.4
S16-4 L 1924 - 0.5 —4.6
S16-5 L 1626 0.70863 0.2 —5.4
S16-6 L 1513 - 0.4 —-4.5
S16-7 L 970 0.70859 0.5 -5.1
S16-8 L 2647 0.70857 2.3 —-4.9
S16-9 L 1532 0.70864 1.8 —5.1
S16-10 L 1233 0.70857 0.6 -5.0
S16-11 L 1150 0.70851 1.0 —4.7
S16-12 L 1199 0.70862 0.8 —-4.7
S16-13 L 1200 0.70861 0.9 —-5.3
S16-14 D 89 0.70844 -0.9 -5.9
S$16-15 D 157 0.70846 —-2.1 —6.2
S16-17 D 151 0.70849 -2.4 -7.0
S16-18 D 110 0.70853 - -
$16-20 D 88 - -3.1 —5.1
S16-21 D 103 - -1.6 —-7.6
S16-22 D 295 - —2.3 -7.9
S16-23 D 1594 - 0.5 -12.9
S16-24 L - - -0.3 —-11.2
S16-25 L/D 313 - -2.4 —5.4
S16-26 L 1589 0.70857 1.8 —-5.8
S$16-27 D 88 0.70880 —-2.1 -5.9
S16-28 D 89 - —-2.4 —-5.5
S16-29 D 139 0.70852 -3.1 —-5.4
S16-30 L 360 0.70826 -0.6 -7.1
S$16-31 D 149 0.70886 -3.9 -5.9
S16-32 D 174 0.70886 -2.9 —6.6
S16-33 D 65 0.70882 0.3 -6.1
S16-34 D 170 0.70855 -2.0 —5.2
S16-35 L 59 0.70857 1.9 -5.9

Note. L. — limestone; D — dolomite.
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The study of carbon isotopic composition in carbonate rocks showed a clear difference
between limestone and dolomite (Fig. 15). Limestones are rather characterized by positive
values of §13C from —0.6 rising to 2.3% PDB (Table 2). For dolomites, on the contrary, a
decrease from 0.5 to —3.9%¢ PDB. In a sample of mixed calcite-dolomite composition, the
value of §13C reaches —2.4%, PDB. The §'30 values in limestones range from —11.2 to —4.5%
PDB, and in dolomites from —12.9 to —5.2% PDB. Limestone and dolomite samples show
no §13C-6'%0 dependence, and most of the samples meet the criteria for the conservation
of C-isotopic systems of Precambrian and Early Paleozoic carbonates [Derry et al., 1994;

Kouchinsky et al., 2001; Maloof et al., 2005; Semikhatov et al., 2004].

4.2. Bokson (undivided) Group

The so-called Bokson (undivided) Group was studied in coastal outcrops of the Kyn-
garga river upstream from the Arshan town to the turn of the river to the northeast (Fig. 16).
The structure of the section is a group of tectonic Sheets that differ in lithological compo-
sition and are separated by fault zones. The entire section is clearly deformed, the rocks
have an overturned bedding. Normal stratigraphic contacts could not be found. Three car-
bonate thrust “Sheets” have been studied in the section. Green schists, plagioclase-biotite

amphibolites, and crystalline schists occur between carbonate rocks.

Sheet I

Up the Kyngarga river the Sheet I is represented by gray and yellow-gray massive
dolomites. The structure is mainly medium- and coarse-grained; there are areas with char-
acteristic traces of leaching — pores and caverns. The apparent thickness of the unit is
about 100-200 m. In thin sections (Fig. 17), the samples are coarse-grained (grain size up
to 0.5 m), with a massive texture, polysynthetic twins are visible. Terrigenous admixture is
practically not observed.

Analysis of the mineral composition showed (Fig. 18d) samples of predominantly
dolomitic composition, with a small proportion of calcite (1-3%) in samples S17-44 and S17-
45. A mixed composition was found in one sample — S17-42, where 55% calcite and 45%

dolomite. Geochemical analysis (Fig. 19, table 3) of carbonates (ratio Mg/Ca = 0.53-0.56)
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Figure 16: Stratigraphy for the Bokson (undivided) Group (Kyngarga River) and photographs

of the main lithological types of carbonate rocks.
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from Sheet I showed that they contain a small amount of Mn and Fe — 53 to 88 and 205
to 710 ppm, respectively. The concentration of Sr is relatively high - up to 128 ppm, while
in samples with traces of leaching, its content decreases to 59 ppm. The Mn/Sr and Fe/Sr
ratios lie within 0.5-0.91 and 1.4-6.9, respectively. The insoluble silicate part in the analy-
sis ranged from 5.7 to 10.0%. The measured 87Sr/36Sr ratios lie within narrow limits from
0.70838 to 0.70858. The value of §'3C is mainly found in the negative region — from —2.2
to —0.1%0 PDB and only in one sample rises to 0.5%c PDB. The value of 5§30 varies from

—11.4 to —3.3%0 PDB.

Sheet II

Carbonate rocks from the Sheet II are gray and gray-pink platy marmorized limestones.
The structure of the rocks is medium-grained. The bedding of the rocks is overturned. The
visible thickness of the Sheet II is about 1000 m. In thin sections, carbonates have a massive
texture and a medium-coarse-grained structure (grain size 0.05-0.3 mm). In one sample
S17-11(Fig. 17¢) the primary carbonate mineral is replaced by dolomite. A small terrigenous
component is represented by few grains of quartz.

The mineral composition of the rocks is characterized by the predominance of dolomite
with a proportion of calcite of 15-20% and traces of quartz < 1% (Fig. 18b and c¢). Sample
S17-12 is a mixed composition, 55% calcite and 45% dolomite. In one sample (S17-13)
amphibole — <1% was found. The rocks selected from this Sheet have different degrees of
dolomitization — the Mg/Ca ratio increases from 0.07 to 0.48. The content of Mn 15-57
ppm, Fe 195-750 ppm, Sr 170-760 ppm, while the highest contents of these elements were
found in a sample of mixed calcite-dolomite composition (Mg/Ca = 0.29). The ratio of
Mn/Sr and Fe/Sr does not exceed 0.09 and 3.8, respectively. The measured ratio 37Sr/36Sr,
as in the Sheet I, lies in a narrow range of 0.70829-0.70857. The value of §3C varies from

—2.1 to 0.5%0 PDB, 5§80 from —11.8 to —18.0 permil PDB.
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Figure 17: a) Coarse-grained dolomite (Dol) with massive texture. Photograph of section
S17-46 with the analyzer inserted; b) traces of leaching in dolomite. Photograph of sec-
tion S17-42 with the introduced analyzer; c) traces of replacement of primary carbonate by
dolomite. Photograph of section S17-11 with the analyzer inserted; d) marbled limestone
with a slate structure. Mineral composition: calcite (Cal), quartz (Qz), Photo of thin section

S17-8 with the introduced analyzer.
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Figure 18: a) X-ray diffraction pattern for limestones of Sheet III containing less than 10%
dolomite and traces of quartz; b) X-ray diffraction pattern for a sample from Sheet II of mixed
calcite-dolomite composition; c¢) X-ray diffraction pattern for a sample of mixed calcite-
dolomite composition with traces of amphibole from Sheet II; d) X-ray diffraction pattern
for dolomites not containing impurities of other minerals from Sheet I. In parentheses are

the values of the peaks in Angstrom.
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Table 3: Geochemical data for carbonate rocks of the Bokson (undivided) Group.

Sample | Rock type | CII, % | Ca% | Mg% Mn, | Fe, Mg/Ca | Mn/Sr | Fe/Sr
ppm | ppm
S17-1 L 19 | 356 | 1.8 33 127 | 0.050 0.1 0.5
S17-2 D 20 |20.2| 11.3 | 12 80 0.56 0.02 0.2
% S17-3 L 19.7 | 35.4 | 0.6 14 94 0.016 | 0.02 0.1
%8 S17-7 L/D 6.2 | 222|102 | 36 | 880 0.46 0.56 | 13.4
S17-8 L 6.3 | 371 0.7 29 | 590 | 0.018 | 0.01 0.2
S17-9 L/D 89 | 256 | 8.0 38 | 1410 | 0.31 0.22 8.3
= | S17-11 D 39 | 222107 | 15 | 650 0.48 0.09 3.8
§ S17-12 L 38 | 344 | 24 27 195 0.07 0.06 0.4
z S17-13 L/D 13.7 | 23.9| 6.8 57 | 750 0.29 0.07 1.0
S17-42 D 10.0 | 21.7 | 11.7 | 53 | 335 0.54 0.91 5.7
S17-43 D 9.7 |21.7 | 11.6 | 53 | 340 0.53 0.91 5.8
— | S17-44 D 9.3 | 216 | 11.8 | 54 | 710 0.55 0.52 6.9
Eﬂ S17-45 D 9.0 | 226|119 | 75 | 210 0.53 0.62 1.7
? | s17-46 D 11.7 | 23.7 | 12.7 | 88 175 0.54 0.69 1.4
S17-47 D 11.3 | 22.7 | 12.7 | 59 | 205 0.56 0.50 1.7
S17-48 D 57 |21.8| 120 | 61 205 0.55 0.57 1.9

Note. L. — limestone; D — dolomite; SP — the proportion of siliciclastic impurities.
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Figure 19: Ratios §13C-6'%0, Mg/Ca-5'80, Mn/Sr-3"Sr/80Sr and Fe/Sr-87Sr/86Sr for carbon-

ate sedimentary rocks of the Bokson (undivided) Group (Kyngarga River).



Table 4: Sr content and Sr, C, O isotopic compositions in carbonate rocks of the Boxson

(undisected) Group.
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Sample | Rock type | Sr, ppm | 37Sr/%¢Sr | §13C, PDB | §80,PDB
S17-1 L 248 0.70831 —4.0 —-13.1
S17-2 D 505 0.70839 —0.7 -7.8
% S17-3 L 715 -
_j% S17-7 L/D 66 -
S17-8 L 3210 | 0.70831 0.1 -11.9
$17-9 L/D 170 -
= | 817-11 D 170 0.70857 —0.7 —-18.0
2| s17-12 L 440 0.70829 -2.1 —-12.9
z S17-13 L/D 760 0.70832 1.5 —-11.8
S17-42 D 59 0.70851 0.5 -10.3
S17-43 D 59 0.70858 —-0.1 -3.3
_. | S17-44 D 104 -
;'3 S17-45 D 122 0.70856 -1.3 —-11.4
“ | s17-46 D 128 0.70842 —2.0 —6.8
S17-47 D 119 0.70844 —2.2 —5.2
S17-48 D 107 0.70838 —2.2 —5.6

Note. L. — limestone; D — dolomite.

Sheet III

The next outcrop of carbonate rocks is revealed in the bend of the Kyngarga river near
its turn to the northeast. The rocks are light and dark gray in color, with a massive texture
and a fine-medium-grained structure. As in the previous cases, the rocks have an overturned
bedding. In thin sections, carbonate grains 0.05-0.2 mm in size, veinlets composed of a
secondary carbonate mineral and stylolite seams are observed. The mineral composition of
the rocks in this Sheet varies upstream from essentially calcite (more than 80% calcite) to
dolomite (about 10% calcite) (Fig. 18a). A small terrigenous component is represented by
quartz (less than 1%).

Geochemical analysis of limestones with the Mg/Ca ratio of 0.016-0.050 showed high
Sr contents, up to 3210 ppm in one of the samples, and relatively low Mn and Fe contents,

up to 29 ppm and 590 ppm, respectively. The ratio of Mn/Sr and Fe/Sr is 0.01-0.1 and
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0.1-0.5. In intermediate varieties (ratio Mg/Ca 0.31, 0.46), the high content of Fe is 880
and 1410 ppm, while the low content of Mn is 36 and 38 ppm. The ratio Fe/Sr logically
increases to 8.3 and 13.4, Mn/Sr — 0.22 and 0.56. In dolomite (Mg/Ca = 0.56) Sr — 505
ppm, Mn — 12 ppm, Fe — 80 ppm, Mn/Sr and Fe/Sr — 0.02 and 0.2 respectively. The
87Sr/86Sr ratio is practically the same in limestones and dolomites and is 0.70831-0.70839.
In limestones, the §'3C value is very different from 0.1 and —4.0%. PDB, the §'80 value is

—11.9 and —13.1%o PDB. In the dolomite §'3C —0.7%0 PDB, and 630 —7.8%¢ PDB (Table 4).

4.3. Irkut Formation

Outcrops of carbonate rocks of the supposed Irkut Formation were found along the
right bank of the Kyngarga river after its turn to the northeast (Fig. 20). Upstream, the
carbonate rocks are represented by two distinct, essentially carbonate Sheets separated by
a watershed. The Sheet I upstream represented by interlayering of gray-yellow tileshard
carbonate rocks with veinlets of quartz and pink shales and yellow platy carbonates with
veinlets of calcite. The bedding of the rocks is overturned. In the Sheet II, there is a transition
of gray banded coarse-grained marmorized carbonates to light and dark gray carbonate
shales with small elongated crystals of carbonate minerals and carbonaceous nodules. Due

to the strong turfiness, contacts of rocks with different morphology could not be found.

Sheet I

In thin sections, the rock texture is massive (Fig. 21d), the structure is medium-grained
(0.05-0.2 mm). In some samples, against the background of the general dolomite mass,
veinlets and accumulations of quartz, as well as individual grains of calcite, are observed.
The mineral composition is characterized by the predominance of dolomite with a share of
calcite up to 20% (Fig. 22d). One sample (S19-12) of mixed composition — 55% calcite
and 45% dolomite, and < 1% quartz and plagioclase. The Mg/Ca ratio in the carbonates of
this Sheet varies from 0.45 to 0.60 (Table 5). They contain a minimum amount of silicate
impurity — up to 1.8%. The concentration of Mn varies from 27 to 83 ppm, Fe from 198
to 962 ppm, Sr from 22 to 53 ppm. The ratio of Mn/Sr and Fe/Sr increases from 0.6 to

3.65 and from 6.5 to 44.5, respectively, and correlates with an increase in the dolomite
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Figure 20: Stratigraphy for the Irkut Formation (Kyngarga river) and photographs of the

main lithological types of carbonate rocks.
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component in the samples. The measured ratio 87Sr/86Sr varies around 0.70609-0.70673
and drops to 0.70569 in only one sample (S19-7). The values of §'3C are close in all samples
and are at the level of 1.5-1.9%, PDB. §'80 goes down from —5.4 to —8.6%. PDB.

Sheet II

Two samples were taken from the bottom of the Sheet. The petrographic study showed
that the banding observed in the samples is due to the presence of two varieties of carbon-
ate mineral — coarse-grained (1-3 mm) calcite and medium-grained (< 0.5 mm) dolomite
(Fig. 21c¢). Of the silicate minerals, there are finely dispersed quartz and mica. Mineral anal-
ysis showed that one sample has a mixed composition — 50% calcite and 50% dolomite, and
in the second the proportion of calcite is predominant — 98% and 2% dolomite (Fig. 22b).
The silicate impurity is less than 1%. The Mg/Ca ratio in the samples is 0.15 and 0.13. They
contain an increased amount of Fe — 1604 and 979 ppm with a small amount of Mn — 62
and 60 ppm. Sr content 164 and 228 ppm. Hence the ratio of Mn/Sr and Fe/Sr is 0.38,
0.26 and 9.8, 4.3 (Fig. 23). The samples taken have different measured ratio 87Sr/%Sr —
0.70624 and 0.70577. The values of §13C are close and are in the positive region of 0.7 and
0.8%o PDB. The value of §'80 is —7.3 and —6.9%¢ PDB.

Samples from the upper part of the Sheet in thin sections have a slate texture (dolomite
grains oriented in one direction) and a medium-grained structure (0.05-0.2 mm) (Fig. 21a).
There are accumulations of larger grains of calcite up to 1 cm in size. The non-carbonate
component is represented by finely dispersed carbonaceous matter and single grains of
quartz and mica. The rocks are composed mainly of dolomite, its share is 90-95%. The
proportion of calcite, respectively, is from 5 to 10%. Mineral analysis of silicate minerals

revealed quartz < 1% (Fig. 22a).
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Figure 21: a) Medium-grained dolomite (Dol) with a slightly pronounced schistose texture.
Photograph of section S19-1 with the analyzer inserted; b) finely dispersed carbonaceous
matter (Corg) in dolomite (Dol). Photograph of section S19-3 without analyzer; c) sample
of mixed composition with coarse-grained calcite (Cal) and medium-grained dolomite (Dol).
Photograph of section S19-5 with the analyzer inserted; d) massive dolomite (Dol) with

single grains of quartz (Qz). Photograph of section S19-10 with the introduced analyzer.
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Figure 22: a) X-ray diffraction pattern for dolomites from the upper part of Sheet II con-
taining about 10% calcite; b) X-ray diffraction pattern for a sample from the lower part of
Sheet II of mixed calcite-dolomite composition; c) X-ray diffraction pattern for a sample of
doomite from Sheet I containing about 20% calcite; d) X-ray diffraction pattern for dolomites
not containing impurities of other minerals from Sheet I. In parentheses are the values of

the peaks in Angstrom.
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Table 5: Geochemical data for carbonate rocks of the Irkut Formation.

Sample | Rock type | CII, % | Ca% | Mg% Mn, | Fe, Mg/Ca | Mn/Sr | Fe/Sr
ppm | ppm
s19-1 D 0.3 23.3 | 12,4 56 1278 0.53 1.80 41.3
= | s19-2 D 2.5 235 | 125 56 | 1084 0.53 1.69 325
§ s19-3 D 0.0 23.0 | 12.3 54 931 0.53 1.81 31.1
@ s19-5 L/D 0.0 33.5 5.1 62 1604 0.15 0.38 9.8
s19-6 L/D 1.5 35.5 4.6 60 979 0.13 0.26 4.3
s19-7 L/D 0.0 24.7 | 11.2 46 339 0.45 0.87 6.5
s19-8 D 0.0 23.2 | 11.9 27 198 0.52 1.19 8.7
— | s19-9 D 0.0 24.1 | 11.7 27 430 0.48 0.60 9.6
qu s19-10 D 0.0 22.5 | 13.5 79 962 0.60 3.65 44.5
& s19-11 D 1.8 23.2 | 11.9 83 719 0.51 1.96 17.1
s19-12 D 1.3 22.1 | 12.6 32 533 0.57 1.18 19.8
s19-13 D 0.3 22.6 | 11.6 50 712 0.51 1.65 23.6

Note. L. — limestone; D — dolomite; SP — the proportion of siliciclastic impurities.
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Figure 23: Ratios §13C-6180, Mg/Ca-6'%0, Mn/Sr-37Sr/8¢Sr and Fe/Sr-%7Sr/%Sr for carbon-

ate sedimentary rocks of the Irkut Formation (Kyngarga River).
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Table 6: Sr content and Sr, C, O isotopic compositions in carbonate rocks of the Irkut
Formation.

Sample | Rock type | Sr, ppm | 37Sr/%¢Sr | §13C, PDB | §80,PDB
S16-1 D 31 0.70718 1.7 -3.8
— | $16-2 D 33 0.70725 0.8 -8.1
8| s16-3 D 30 - 0.9 8.2
3| s165 L/D 164 | 0.70624 0.8 -7.3
S16-6 L/D 228 | 0.70578 0.7 -6.9
$16-7 L/D 53 0.70569 1.7 -7.3
S16-8 D 23 0.70609 1.9 —5.4
_| s169 D 45 0.70615 1.7 ~7.6
_;:'9 $16-10 D 22 0.70673 1.6 -8.6
? | s16-11 D 42 0.70673 1.5 -8.6
$16-12 D 27 - 1.9 -5.5
$16-13 D 30 - 1.8 -7.1

Note. L. — limestone; D — dolomite.

Geochemical analysis showed that the ratio of Mg/Ca in all samples is the same — 0.53.
The contents of Mn, Fe and Sr are typical for dolomites and are at the level of 54-56 ppm,
931-1278 ppm and 30-33 ppm. The Mn/Sr ratio is 1.69-1.81, Fe/Sr 31.1-41.3 (Fig. 23).

The measured ratio 37Sr/30Sr in dolomites are close to each other — 0.70718-0.70725,
but higher than in other carbonates. §'3C rises from 0.8 to 1.7%0 PDB. The §'30 value drops
from —3.8 to —8.2% PDB (Table 6).

Thus, the analysis of petrographic, mineralogical, and isotope-geochemical data for the
rocks of the Araoshey Formation, the Bokson (undivided) Group, and the Irkut Formation

allows us to draw the following brief conclusions:

1. Most limestones and several samples of dolomites of the Araoshey Formation meet the
geochemical criteria typical for the least altered carbonate rocks (Mn/Sr < 0.2, Fe/Sr

< 5, 580 < 8% PDB) and may be useful for obtaining geochronological information.

2. Of the selected samples of the Bokson (undivided) Group, only dolomites from Sheet
I with the minimum values of the ratio Mn/Sr < 0.7 and Fe/Sr < 1.9 and without

visible traces of recrystallization can be used for Pb—Pb dating.
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3. The value of the 37Sr/3Sr ratio in the samples of the Araoshey Formation and the Bok-
son (undivided) Group are close to each other and do not go beyond 0.70826-0.70886.
Such values are characteristic of marine carbonate rocks of the late Precambrian and

early Paleozoic.

4. The carbonate rocks of the Irkut Formation are characterized by a variable calcite-
to-lomite composition, and their geochemical characteristics differ from those in the
sections listed above. The ratios of geochemical markers in Irkut carbonates are an
order of magnitude higher (Mn/Sr up to 3.65, Fe/Sr up to 44.5) and positively correlate
with the Mg/Ca ratio. At the same time, the isotopic composition of Sr, C, and O

remains characteristic of Precambrian sedimentary carbonate rocks.
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CHAPTER 5. U-Pb (Pb-Pb) isotope system study results of carbonate

rocks of the Tunka Ridge

5.1. Araoshey Formation

To study the U-Pb system, limestone and dolomite samples from the lower part of the
Araoshey Formation were selected. All selected samples contained the minimum amount
of terrigenous admixture and met the geochemical criteria for unaltered carbonate rocks
(Mn/Sr < 0.2, Fe/Sr < 5, 880 < 7%o PDB).

The content of Pb in the carbonate rocks of the Araoshey Formation is typically low and
lies in the range of 0.1-1.1 ppm (Table 7). At the same time, the lowest values are observed
in dolomites (no more than 0.1 ppm). The measured ratio 2°°Pb/2°*Pb in the gross carbonate
component of the samples varies over a wide range from 19.238 to 92.675. The widest vari-
ations in dolomites are from 22.015 to 92.675. In the limestones from 19.290 to 28.053. In
sample S16-35 from the section of the Ara-Khubuty river, the 2°°Pb/204Pb ratio was measured
both in the carbonate phase (ca. 30.9) and in the amphibole (32.746-34.572). Pb-Pb age
of 7 limestone samples calculated by gross fractions in coordinates 207 Pb/?°4Pb-296Pp/204pPp
is equal to 505.9+44.9 Ma, MSWD = 1.6. In order to find carbonate phases more enriched
in radiogenic lead, a three-stage dissolution of 6 limestone samples in 0.03N HC! was car-
ried out. As a result, 3 carbonate fractions were obtained for each sample, in which the
206pp/294pp ratio was measured. On average, the isotopic composition of Pb in the obtained
fractions does not differ much from that in the bulk component, however, in the last frac-
tions (L3), the 2°6Pb/?%4Pb ratio becomes more radiogenic. The Pb/Pb age calculated taking
into account the stepwise dissolution fractions is 521.2+20.9 Ma, MSWD = 0.9 (Fig. 24).
In 5 measured dolomite samples, the ratio 2°°Pb/2°4Pb varies from 22.015 to 92.675. The
calculated age in coordinates 2°7Pb/294Pb—206Pb/204Ph based on bulk dolomite fractions is

417.1+8.1 Ma, MSWD = 2.5 (Fig. 24).
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Figure 24: Plot of 2°7Pb/2°*Pb and 2°6Pb/?°4Pb ratios for carbonate rocks of the Araoshey

Formation and calculated age from 22 limestone samples and 5 dolomite samples.

Table 7: Isotopic data for carbonate rocks of the Araoshei Formation.

) y Proportion b
Sample Roc Pb,
P Fraction | of insoluble 206pp,/204pp | 207pp/204pp | 208ph/204ph
number | type ppb
residue, %
BCC 2.6 608 28.053 16.184 38.263
L1 35.7 26.144 15.988 37.930
S16-5 L
L2 30.9 26.809 16.044 37.982
L3 31.9 30.657 16.274 38.177
L1 35.5 31.050 16.302 38.029
S16-6 L L2 30.6 29.348 16.186 37.951
L3 31.4 33.746 16.425 37.965
S16-7 L BCC 4.7 157 21.486 15.808 38.290
S16-8 L BCC 4.5 570 21.407 15.796 38.528
S16-9 L BCC 6.5 1174 19.487 15.699 38.424
L1 36.9 27.179 16.090 37.873
S16-10 L L2 30.2 26.793 16.047 37.789
L3 30.1 29.772 16.197 37.818
BCC 1.6 409 23.566 15.926 37.976
L1 37.6 23.463 15.873 37.814
S16-11 L
L2 34.7 23.256 15.847 37.754
L3 26.9 23.348 15.866 37.806
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L1 39.9 25.481 15.985 37.796
S16-12 L L2 32.9 26.550 16.041 37.811
L3 24.3 31.196 16.291 37.871
BCC 2.9 125 25.703 16.056 38.009
L1 38.2 24.046 15.880 37.752

S16-13 L
L2 34.4 23.827 15.884 37.792
L3 26.3 25.227 15.936 37.702
S16-14 D BCC 2.0 107 22.114 15.864 38.380
S16-15 D BCC 1.9 93 94.616 19.872 38.063
S16-17 D BCC 2.0 78 87.610 19.513 38.177
S16-18 D BCC 1.5 119 32.785 16.476 38.031
S16-26 L BCC 3.2 708 19.291 15.675 38.159
S16-27 D BCC 2.7 140 48.640 17.369 38.761
L 30.979 16.259 37.269

S16-35(a) - - -
A 34.572 16.455 37.399
L 30.900 16.257 37.282
$16-35(6) - - -

A 32.747 16.354 37.385

Note. L. — limestone; D — dolomite; BCC — bulk carbonate constituent; L1, L2 — carbonate fractions

obtained by stepwise dissolution in 1N HCI; dash — no definitions.

5.2. Bokson (undivided) Group

To determine the age, 4 samples of dolomite from Sheet I were selected. This choice
is due to the absence of visible signs of secondary changes, the sustained Mg/Ca ratio in
the samples along the section, and the low Mn/Sr ratio for dolomites (0.5-0.69) and Fe/Sr
(1.4-1.9). Pb/Pb isotopic ratios were studied in the bulk carbonate component. With a
visually small presence of a silicate impurity, its proportion after the dissolution of 1N HCl
samples for 24 hours was 14.9-30.9%. The measured ratio 2°°Pb/?%4Pb lies in a wide range
of 28.699-88.379 (Table 8). The most radiogenic ones are observed in samples with smaller
Mn/Sr and Fe/Sr ratios. Pb-Pb age calculated from 4 samples with the highest radiogenic
ratio 2°°Pb/294Pb in coordinates 29’ Pb/294Pb-296Pb/2°4Pb is equal to 529+20 Ma, MSWD =

1.9 (Fig. 25).
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Figure 25: Graph of 2°7Pb/2%*Pb and 2°°Pb/?%Pb ratios for carbonate rocks of the Bokson

(undivided) Group (Kyngarga River) and calculated age of 4 samples dolomites from SheetI.

Table 8: Isotopic data for carbonate rocks of the Bokson (undivided) Group.

Proportion

Sample | Rock
P Fraction | of insoluble | 2°°Pb/204Pb | 207Pb/204ph | 208ph/204ph

number | type
residue, %

S17-45 D BCC 23.48 41.956 16.858 37.967
S17-46 D BCC 23.35 55.471 17.647 37.606
S17-47 D BCC 20.09 76.759 18.893 39.518
S17-48 D BCC 14.93 88.379 19.544 39.618

5.3. Irkut Formation

The U-Pb system was studied in 10 samples of carbonate rocks from the Sheet I and the
Sheet II. At the first stage, Pb/Pb ratios were measured in the gross carbonate component.
Dolomites from the Sheet I are characterized by variations in the 2°7Pb/2°4Pb ratio from
16.418 to 39.549 (Table 9), in the carbonates of the Sheet II from 38.218 to 54.488. The
regression line constructed in the coordinates 207 Pb/294Pp—2%6Pp/294Pb for all samples of the

formation gives an age equal to 1459+102 Ma, MSWD = 42 (Fig. 29). A significant scatter
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of points and a high uncertainty in the age value suggests that the U-Pb isotopic system of
some samples was partially or completely disturbed by secondary processes. For a detailed
study of the U-Pb system, all samples with the most radiogenic 2°°Pb/?°4Pb ratio from the
Sheet II (S19-1, 2, 3) were subjected to stepwise dissolution in an attempt to separate the
primary and secondary carbonate phases.

Stepwise dissolution of each sample was carried out in 4 stages. At the first stage,
about 12-15% of the substance passed into the solution, at the second — from 22 to 29%, at
the third — from 26 to 28%, at the fourth — from 27 to 34% . The measured isotope ratio
206pp/294pp varied between fractions in different samples from 47.032 to 65.902 (Table 9),
while the most radiogenic ratios were observed in the first dissolved phases (Fig. 27). In
coordinates 2°7Pb/204Pp—206ph/204Ph, the points of the first dissolved carbonate phases form
a regression line with an age of 947+74 Ma MSWD = 1.5 (Fig. 30). For points of the second
dissolved fraction, the age is 1014+398 Ma, MSWD = 0.03 (Fig. 30). The points of the third
and fourth phases of successive dissolution are located along the regression line with an age
of 1460+215 Ma, MSWD = 0.8 (Fig. 30).

Mineral analysis of samples of dolomites S19-1, 2, 3 showed an admixture of calcite
up to 5-10% in them. Given that calcite dissolves more easily in hydrochloric acid than
dolomite, it can be assumed that the first fraction of stepwise dissolution reflects the Pb—Pb
isotopic composition of calcite. The isotopic composition in the second fraction is close to
that in the bulk carbonate component of these samples (Fig. 26). Therefore, the isochron
with an age of 1014+398 Ma most likely represents a mixing line between the age of the
primary carbonate material and the age of the superimposed (metamorphic) process. The
third and fourth fractions are similar in their Pb isotopic composition and most likely reflect
the characteristics of the primary carbonate material.

Taking into account the features of the mineral composition of the studied carbonate
rocks of the Irkut Formation, for the final calculation of their age, samples were selected
represented by pure dolomite varieties from Sheet 1 and the third and quadruple fractions of
stepwise dissolution of samples from the Sheet II. The Pb-Pb age calculated from 8 dolomite

points is 1566+16 Ma, MSWD = 1.3 (Fig. 31).
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Figure 26: Relationship of 2°pb/294Pb
and 2°6Pb/?%4Pb ratios in fractions of step-
wise dissolution (L1-L4) and gross car-

bonate component (BCC).

Figure 27: Dependence of the 2°°Pb/294Pb
ratio on the proportion of dissolved sub-

stance.

Figure 28: Dependence of the 2°8Pb/2%4Pb
ratio on the proportion of dissolved sub-

stance.
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Figure 29: Plot of 2°7Pb/2%*Pb and
206 pp/204pp ratios for carbonate rocks of
the Irkut Formation (Kyngarga River) and
the calculated age for all samples from

Sheets I and 1II.

Figure 30: Plot of 2°7Pb/2%*Pb and
206 pp /204pp ratios for carbonate rocks of
the Irkut Formation (Kyngarga River) and
calculated age for fractions of stepwise
dissolution of samples from the top of

Sheet II.

Figure 31: Graph of 2°7Pb/?°4Pb and
206 pp /204pp ratios for carbonate rocks of
the Irkut Formation (Kyngarga River) and
calculated age from 2 dolomite samples
from Sheet I and the last fractions of step-
wise dissolution of dolomites from the up-

per part of Sheet II.
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Table 9: Isotopic data for carbonate rocks of the Irkut Formation.

Proportion
Sample | Rosk Fraction | of insoluble v B, 206pp/204pp | 207pp/204ph | 208pp/204ph
number | type ppb ppb
residue, %

BCC 0.9 125.7 | 389.6 50.554 18.414 37.489

L1 12.7 - - 47.973 17.808 37.971
§19-1 D L2 24.6 - - 49.397 18.248 37.418

L3 25.8 47.897 18.291 37.207

L4 1.8 49.095 18.404 37.190

BCC 2.7 173.3 | 343.9 54.590 18.672 37.336

L1 15.1 - - 65.902 19.078 37.660
$19-2 D L2 22.4 - - 52.628 18.484 37.334

L3 27.7 49.364 18.410 37.197

L4 0.9 50.874 18.561 37.165

BCC - 150.4 | 335.7 - -

L1 15.0 - - 55.118 18.339 37.665
$19-3 D L2 29.1 - - 50.979 18.360 37.405

L3 28.5 47.773 18.251 37.197

L4 0.7 47.032 18.217 37.167
§19-5 | L/D BCC 3.6 116.6 | 1438.8 39.286 17.462 37.168
S§19-6 | L/D BCC 3.9 191.6 | 688.4 38.218 17.385 37.281
$19-7 D BCC 3.0 - - 35.765 17.039 37.014
$19-8 D BCC 1.8 - - 30.584 16.589 36.957
$19-9 D BCC 2.0 - - 39.651 17.352 37.167
S19-10 D BCC 4.4 - - 21.168 15.713 36.884
S$19-11 D BCC 3.2 - - 16.460 15.214 36.663

Pb-Pb dating of carbonate rocks of the three studied formations allowed us to obtain

the following results:

1. The Early Cambrian age of 521 + 21 and 529 + 15 Ma, respectively, was obtained for

limestones of the Araoshey Formation and dolomites of the Bokson (undivided) Group.

2. Pb-Pb The age of the dolomites of the Araoshey Formation is younger than the over-

lying limestones and is 417 + 8 Ma.

3. Gradual dissolution of carbonates of the Irkut Formation made it possible to identify

two age carbonate generations. The Pb-Pb age of the older dolomitic phase is 1566 +
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16 Ma. A younger age was obtained from the calcite fraction in dolomites and is equal

to 947 + 74 Ma.
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CHAPTER 6. Geochronological results and correlation

6.1. Cambrian carbonate rocks

6.1.1. Araoshey Formation

The obtained Pb-Pb age of the limestones of the Araoshey Formation (521+21 Ma)
corresponds to the Early Cambrian and is the first direct dating of sedimentary carbonate
deposits in the Ara-Oshey river basin. Despite the large error, this age is also well supported
by other isotopic data [Sitkina et al., 2022].

Limestones of the Araoshey Formation, having undoubted signs of shallow-water sed-
imentary carbonates, were deposited in an open shelf environment in connection with the
World Ocean. Therefore, the obtained Sr— and C-isotope chemostratigraphic data can be
used for their global correlation.

The ratio 37Sr/%Sr measured in limestone samples is about 0.70851-0.70864. The
same values are observed in the Vendian-Cambrian marine sedimentary carbonate rocks
in several age intervals, in particular, in the middle Vendian (590-560 Ma), late Vendian
(about 550 Ma) and in the early Cambrian (about 520 Ma) [Derry et al., 1994; Halverson
et al., 2009; Semikhatov et al., 2003](Fig. 10a). However, the limestones of the Araoshey
Formation lack large positive and negative carbon anomalies, which were characteristic of
the Late Precambrian [Halverson et al., 2009; Semikhatov et al., 2004]: from the middle of
the Late Riphean (mid Neoproterozoic) to the middle of the Vendian (Ediacaran). The near-
zero and weakly positive values of §13C (0.6 to +2.3 %, PDB) obtained by us in the Araoshey
carbonates are in good agreement with the C-isotope data for the Early Cambrian carbonate
sections of the Siberian platform, Altay-Sayan folded region, Morocco and China (Fig. 10b).
For example, §13C variations in sedimentary limestones of the Tommot-Atdabanian Stage in
the Lena-Aldan region of Siberian platform from —1 to +3%o PDB [Derry et al., 1994], while
in archaeocyathic limestones of the Atdabanian-Botomian stage of the Udino-Vitim zone of

Transbaikalia — from —0.2 to +2.7%0 PDB [Skripnikov et al., 2021]. Another example with



237

low values of §'3C (from —2 to +4Y%0 PDB) is the organogenic limestones of the Emyaksa
Formation of the Anabar Uplift, whose Early Cambrian age has been reliably established
by the biostratigraphic method [Kouchinsky et al., 2001]. In the limestones of the Early
Cambrian Sorna Formation of the Batenev Ridge in the Kuznetsk Alatau (Pb—Pb age, 523+5
Ma, [Ovchinnikova et al., 2011]), the value of §13C varies from —0.5 to 3.7%c PDB [Let-
nikova et al., 2011]. The Ly de Vin formation of the Anti-Atlas mountain range in Morocco,
composed of algal limestones, has a U-Pb age based on zircons from tuff layers of 520-523
Ma, and the §'3C values in limestones vary from —5 to +4%c PDB [Maloof et al., 2010]. In
limestone black shales of the Early Cambrian Shujingtuo Formation of South China, §'3C
values range from —2.3 to +2.5 %o PDB [Ishikawa et al., 2008]. The age of the Shujing-
tuo Formation was determined from the finds of trilobites characteristic of the Atdabanian
Stage of the Lower Cambrian. Summarizing all the obtained Sr — and C-isotope data, we
can conclude that the time of accumulation of limestones of the Araoshey Formation can be
limited to the Early Cambrian, probably the Atdabanian (Stage 2/Stage 3) (Fig. 32).

The 37Sr/80Sr ratio in the dolomites of the Araoshey Formation does not differ much
from this ratio in limestones and varies in the range of 0.70844-0.70882, which indicates
that these rocks belong to the same stratigraphic unit. The values of §'3C in dolomites, in
contrast to limestones, are mostly negative up to —3.9 %, PDB, which does not contradict
the Early Cambrian age of the rocks. However, the Pb-Pb age of the dolomites (417+8 Ma,
[Sitkina et al., 2022]) corresponds to the Early Devonian, which is much younger than the
age of the overlying limestones. This result can be explained in two ways, the first suggests
that the sequence of the formation layers is broken, the second that dolomites, unlike lime-
stones, underwent secondary transformations during their post-sedimentary history. The
second variant of interpretation is more probable, since the study of the literature data on
the sections of the Araoshey Formation and field sampling did not reveal any signs of un-
conformity occurrence of the two studied carbonate units. The presence of siliceous nodules
and concretions, as well as the presence of numerous calcite veinlets, in which amphibole
is present, also serve as an argument for choosing the second option. Despite the fact that
sampling for geochronological study was carried out on the basis of geochemical criteria

for the preservation of carbonates, as mentioned earlier, such criteria have not yet been
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Figure 32: a) Age of the Araoshey Formation according to C and Sr isotopic chemostratig-
raphy. The dotted line is the curve of Sr isotopic composition variations according to [Chen
et al., 2022; Kuznetsov et al., 2014], the gray field is the §'3C variations according to [Saltz-
man and Thomas, 2012]. The arrow indicates the possible position of the Araoshey car-
bonates; b) Detailed fragment of the curve of §!3C values for the Tommotian and Atdaba-
nian Stages of the Lower Cambrian (after Maloof et al. [2005]), blue carbonate field of the
Siberian Platform [Kirschvink et al., 1991; Kouchinsky et al., 2001, 2005, 2007]; gray field
— Morocco [Maloof et al., 2005, 2010]; red field — China [Ishikawa et al., 2008].

determined for dolomites, so it is likely that the U-Pb isotope system was in the process of

epigenesis and weak metamorphism. less stable than Rb-Sr and C.
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6.1.2. Bokson (undivided) Group

Carbonate rocks of the Bokson (undivided) Group in the valley of the Kyngarga river
compose separate tectonic sheets. Due to the complex structure of the section, it is practi-
cally impossible to assign them to one stratigraphic unit based on a set of lithological fea-
tures. Preliminary petrographic and isotope-geochemical studies of rocks from three studied
sheets showed that only 4 samples of dolomite from sheet I are suitable for dating by the
Pb-Pb method. In contrast to the carbonates from the second and third sheets, they have
a consistent Mg/Ca ratio along the section and do not contain obvious signs of secondary
transformation. The calculated Pb—Pb age for them is 529+15 Ma, which corresponds to the
Early Cambrian. The Mn/Sr ratio (0.5-0.69) in dated dolomites is higher than is accepted
for the least altered limestones (Mn/Sr < 0.2), however, for dolomites there are still no un-
ambiguous criteria for assessing the preservation of isotope systems. It should be noted that
similar values of the Mn/Sr ratios (up to 0.75) had, for example, the least altered dolomites
of the Ruskeala deposit in the Sortavala Group of the northern Ladoga [Kuznetsov et al.,
2021]. The least altered Jatulian dolomites of the Tulomozer Formation of the Karelian
Craton also had high values of this ratio — the Mn/Sr ratio was in the range of 0.3-1.5
[Ovchinnikova et al., 2007]. The least altered Paleoproterozoic dolomites of the Nash Fork
Formation of the Wyoming Craton had a Mn/Sr ratio of up to 2.5 [Bekker et al., 2003]. It is
also important to take into account that the crystal structure of dolomite is more favorable
for the incorporation of Mn into it than the structure of calcite [Reeder et al., 2000; Wright
et al., 2002]. Therefore, even in dolomites that have not undergone significant epigenetic
transformations in their geological history, the content of Mn can be significantly higher
than in limestones.

The 87Sr/86Sr ratio in the dolomites of sheet I varies within a small range from 0.70838
to 0.70858. As described above, such relationships are typical for several age intervals from
the Vendian to the Cambrian, but taking into account the variations in the value of §3C
(from —2.2 to 0.5%0 PDB) and The obtained Pb—Pb age (529 + 15 Ma) can limit the time of
formation of dolomites of the Bokson (undivided) Group in the valley of the Kyngarga river
by the Early Cambrian (Fig. 33).

Lithological and isotope-geochemical characteristics do not allow the use of carbonate
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Figure 33: a) Age of the Bokson (undivided) Group according to C and Sr isotopic
chemostratigraphy. The dotted line is the curve of Sr isotope composition variations ac-
cording to [Chen et al., 2022; Kuznetsov et al., 2014], the gray field is §'3C variations
according to [Saltzman and Thomas, 2012]. The arrow indicates the possible position of
the Araoshey carbonates; b) Detailed fragment of the §'3C curve for the Tommotian and
Atdabanian Stages of the Lower Cambrian (after Maloof et al. [2005]), blue carbonate field
of the Siberian Platform [Kirschvink et al., 1991; Kouchinsky et al., 2001, 2005, 2007]; gray
field — Morocco [Maloof et al., 2005, 2010]; red field — China [Ishikawa et al., 2008].

rocks from the second and third sheets for geochronological research, however, the 37Sr/86Sr
ratio in limestones and dolomites from these sheets varies from 0.70829 to 0, 70857 and
practically does not differ from that in dated dolomites from sheet I. This suggests that all

sheets belong to the same stratigraphic horizon. The oxygen isotope system is less resistant
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to post-sedimentary and metamorphic changes than Rb-Sr and even carbon, therefore, in
gray-pink marmorized dolomites from the second sheet, not only traces of replacement of
primary carbonate by dolomite are observed, but also a decrease in the value of §'30 to
—18%0 PDB. Oxygen isotopic composition is one of the geochemical markers of epigenetic
alteration of carbonate rocks [Boulvais et al., 1998; Frimmel, 2010; Moore, 1989; Sial et al.,
2018; Veizer et al., 1999] and depends on the recrystallization temperature, oxygen isotope
composition in fluid, and fluid/mineral ratio. Sea water in which carbonate sediments are
depositedsilt, enriched in 180 isotope compared to external fluids. At high temperatures in
metamorphic processes, carbonate rocks lose their primary oxygen isotope characteristics,
and secondary carbonate phases become enriched in light 0. Unaltered Neoproterozoic
and Early Paleozoic marine carbonates are characterized by §'80 values not lower than
—8+2Y%0 PDB [Frimmel, 2010; Veizer et al., 1999]. The primary value of §'3C in carbon-
ate rocks practically does not change even at high stages of metamorphism due to the high
concentration of carbon in carbonate minerals [Banner and Hanson, 1990; Melezhik et al.,
2006]. A decrease in the value of §'3C during diagenesis is possible only in a few cases —
during isotopic exchange between carbonate minerals and organic carbon formed during the
transition of carbonaceous matter to graphite [Kitchen and Valley, 1995], or during decar-
bonization [Valley, 1986]. In the first case, the corresponding mineral paragenesis should
be observed in the rock, in the second, a synchronous decrease in the value of §'3C and §'%0.
In the studied carbonates of the second and third sheets, there is no graphite and there is no
correlation with 680 values, and the obtained §'3C values (from +1.5 to —4 permil PDB)
are typical of Vendian-Cambrian carbonates [Maloof et al., 2010]. Thus, carbonate rocks
from all the studied sheets are united under the name of the Bokson (undivided) Group in
the Kyngarga river may be part of the same stratigraphic unit or at least accumulated in

nearby sedimentary basins.

6.1.3. Correlation and geodynamic interpretation

Carbonate rocks of the Araoshey Formation and the Bokson (undivided) Group have
similar Pb-Pb age and Sr chemostratigraphic characteristics. Due to the severe deforma-

tion of the sections, it is currently difficult to combine the studied rocks into a single once
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sedimentary complex, but it can be assumed that they were at least accumulated in nearby
sedimentary basins.

On the territory of the Tunka Ridge there are other carbonate deposits similar in com-
position and age to the studied Vendian-Cambrian carbonate rocks. Such, for example, are
the carbonates of the Gorlyk Formation. They are common in the valleys of the Shumak
and Gorlyk-Gol rivers, which are within a radius of 20 km to the north and northeast of the
Araoshey block. The deposits of the Gorlyk Formation are represented by limestones and
dolomites with a predominance of the latter. The 87Sr/36Sr ratio in the rocks of this forma-
tion, taken along the Shumak River, is 0.7074-0.7076, Pb—Pb age is 610+45 Ma [Sitkina
et al.,, 2017b] , and in the valley of the Gorlyk-Gol river, organic remains [State..., 2007;
Roshektaev et al., 1983] characteristic of the Vendian-Cambrian period were discovered
and described. In the reference section of the Bokson Group, the 87Sr/36Sr ratio in carbon-
ate rocks varies up the section from 0.7071-0.7085 at the base (Zabit Formation [Kuznetsov
et al., 2010]) to 0.7083-0.7087 in the upper part of the Group (Tabinzurta, Khuzhirta, Nyur-
gata Formations). The §3C variation curve in the lower part of the Bokson Group is mainly
in the region of negative values from —2.9 to —0.1% PDB with positive deviations up to
+0.3 and +4.9%c PDB, and in the upper part of the group, the values of §'3C range from
—3.5 to +0.2%0 PDB [Pokrovsky et al., 1999]. The Pb-Pb age of Zabit carbonates from the
lower part of the Bokson Group is 620+50 Ma [Kuznetsov et al., 2018]. Thus, the carbonate
rocks of the Gorlyk Formation are close in their Sr-isotopic characteristics to the deposits of
the lower (Zabit) part of the Bokson Group, while the deposits of the Araoshey Formation
and carbonate sheets in the Kyngarga river are comparable with the upper part (Tabinzurta,
Khuzhirta, Nyurgata formations) of the group (Fig. 34).

Regarding the obtained Devonian age (417+8 Ma) for dolomites of the Araoshey For-
mation withlt should be said that in the late Cambrian-Ordovician interval, the territory
of the Eastern Sayan was subjected to extensive orogeny, as a result of which the Tunka
block, the Tuva-Mongolian massif and the surrounding tectonic structures were cratonized
and became part of the Central Asian fold belt [Khain et al., 2003]. Such a geological
setting imposes severe restrictions on the accumulation of oceanic sedimentary deposits of

syncollisional age in the region. All this also refutes the possibility of sedimentation of
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the dolomites of the Araoshey Formation in the Early Devonian. Early Paleozoic tectonic-
magmatic activation, accompanied by extensive polyfacial metamorphism, ended in the
middle of the Ordovician around 460-480 Ma [Kuzmichev, 2004; Reznitsky et al., 2007],
however, folded dislocations continued here throughout the Paleozoic, complicating the
structure of the Tunka Ridgee and the northern part of the Tuva-Mongolian massif. An
example of such dislocations is the orogenic molasse of the Late Devonian-Carboniferous
Sagansair Formation filling the Sagansair graben [Butov et al., 2001]. It should be noted
that the distribution field of the Araoshey carbonates is cut through by the granitoids of the
Urik complex, the Munku-Sardyk massif, whose age is 481+2 Ma [Reznitsky et al., 2007], is
considered petrotypical for it. The Urik intrusions themselves are not dated, but given that
they are in contact with the rocks of the Araoshey Formation (to the south of the sampling
area) and are overlain by rocks of the Sagansair Formation in the adjacent territory, it is
logical to assume that their crystallization age is younger than the Early Ordovician and it
was they that were the catalyst that started the process of rock transformation lower part of
the Aroshey Formation. As for the findings of the Paleozoic fauna, similar paleontological
remains have been found in many carbonate complexes of the cover of the Tuva-Mongolian
massif, and while the question of their origin remains controversial [Kuzmichev, 2004; Kho-
mentovsky, 1985], in our case the only sample of chitinozoa [Boos, 1991] can hardly be con-
sidered representative in order to solve the problem of the age of the extended carbonate

section of the Araoshey Formation.

6.2. Proterozoic carbonate rocks

6.2.1. Irkut Formation

Carbonate rocks of the alleged Irkut Formation, selected from two tectonic sheets in
the basin of the Kyngarga river are characterized by variable calcite-dolomite composition
and high Mn/Sr, Fe/Sr ratios (up to 3.65 and 44.5 respectively). As described above, for
dolomites, the critical values of geochemical indicators have not been determined, and the
values of the Mn/Sr and Fe/Sr ratios in unaltered dolomites can significantly exceed those
in similar limestones due to the special crystal lattice of dolomites. This is also indirectly

confirmed in the case of dolomites of the studied Irkut Formation, since there is a trend
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towards an increase in the Mn/Sr and Fe/Sr ratios depending on the Mg/Ca ratio. The value
of another geochemical indicator — &80 in carbonates of the Irkut Formation is in the range
of —3.8 — —8.6%. PDB, which is typical for unaltered Precambrian marine carbonate rocks
[Frimmel, 2010; Veizer et al., 1999].

The measured 37Sr/36Sr ratios and §'3C values in the bulk carbonate component of the
samples of the first and second sheets are close and do not show a significant correlation with
the mineral composition of the rocks. The obtained values of the isotopic composition of
strontium and carbon (0.70569-0.70725 and 0.7-1.9%. PDB, respectively) are comparable
with such values in the Precambrian ocean in a wide age interval from 1800 to 650 Ma
(Fig. 35) [Chen et al., 2022; Kuznetsov et al., 2014].

The U-Pb carbonate rock system is generally more sensitive to secondary processes
than Rb-Sr, C and O. The Pb-Pb age (1459+102 Ma, MSWD = 42) obtained from the gross
carbonate component of the samples of the first and second sheets did not give a significant
geochronological result. In such cases, it is justified to use the method of stepwise dissolution
of samples, which makes it possible to separate non-cogenetic carbonate phases [Kaurova
et al., 2010; Ovchinnikova et al., 2007, 2012]. Sequential dissolution of samples and mea-
surement of Pb/Pb ratios at each stage made it possible to identify at least two Proterozoic
age events with an age of 1566+16 million (MSWD = 1.3) years obtained from dolomites
from the first and second sheets and an age of 947+74 (MSWD = 1.5) Ma, obtained from cal-
cite generations in dolomites of the second sheet. It is noteworthy that the ratio 2°°Pb/2%4Pb
in the first (calcite) dissolution fraction is more radiogenic than in the latter (dolomitic),
and the ratio 2°8Pb/2%4Pb is at leastand higher in the first fraction (Fig. 26-28), but re-
mains within the limits characteristic of sedimentary carbonate rocks [Ovchinnikova et al.,
2007, 2008, 2012]. Carbonate rocks entering the zones of metamorphism react with solu-
tions whose chemical and isotopic composition is controlled by the silicate rocks involved in
this process. At the same time, the U-Th-Pb characteristics of the newly formed carbonate
phases change towards equilibrium with the metamorphic fluid [Ovchinnikova et al., 2007].
Due to the poor solubility of Th compounds in water, marine sediments contain very little
of this element, and the ratio 232Th/?33U in them tends to zero. Metamorphic solutions tend

to be enriched in this element and have high 232Th/?33U and 2°8Pb/?°*Pb ratios [Jahn and
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Figure 35: Curve of Sr isotope composition variations (dashed line) according to [Chen
et al., 2022; Kuznetsov et al., 2014] and §3C variations (grey field) according to [Saltzman

and Thomas, 2012] in the Precambrian ocean.

Cuvellier, 1994]. Therefore, in metamorphosed carbonates, due to the input of terrigenous
Pb and migration of U, the ratio 2°8Pb/2%4Pb is relatively high, and the ratio 2°°Pb/?°4Pb low
radiogenic in comparison with primary sedimentary carbonates. Based on the above, the
isotope characteristics of Pb in the younger generation of calcite in the samples of the Irkut
Formation most likely do not show a significant effect of metamorphic silicate solutions.
Such a situation is possible when the access of epigenetic solutions to carbonate bodies was
limited in sinking conditions, and the rearrangement of the U-Pb system occurred due to the

redistribution of elements within the original carbonate rock. In this case, the introduction
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of uranium and, as a consequence, an increase in the 2°°Pb/2%4Pp ratio in the newly formed
calcite phase could occur due to the decomposition of organic matter that was present in

the original carbonate rock.

6.2.2. Correlation and geodynamic interpretation

Due to severe deformation, the carbonate sequence of the proposed Irkut Formation,
like the previous studied rocks, cannot be described as a typical sedimentary complex. The
absence of normal stratigraphic contacts and the difference in lithological features make it
difficult to separate the studied sheets into a single section. However, a number of indirect
signs, such as similar geochemical and chemostratigraphic characteristics, make it possible
to separate them from Vendian-Cambrian carbonates, which are widespread in the region.

The oldest of the obtained ages (1566 Ma) does not correspond to any of the currently
distinguished stages of carbonate accumulation on the territory of the Tuva-Mongolian
massif and adjacent terranes. There are several hypotheses about the origin of the Tuva-
Mongolian massif [Buslov et al., 2001; Kheraskova et al., 2003; Kuzmichev, 2004, 2015;
Windley et al., 2007; Yakubchuk, 2004]. All of them suggest that the massif was a fragment
of one of the ancient continents — the Siberian Craton, Eastern Gondwana, etc. In the west
of the Siberian Platform, carbonate rocks of Early Mesoproterozoic age are described in the
Kamov Group of the Baikit anteclise [Gorokhov et al., 2021]. The Pb-Pb age of the group is
about 1490-1510 Ma, the 87Sr/86Sr ratio in the rocks varied from 0.70533 to 0.71824, and
the 613C from —2.5 to +2%o PDB, §'%0 from —8 to —2.2%, PDB. In the north of Siberia, for
the Billyakh Group of the Anabar Uplift Pb—Pb, the age of dolomites is 1513 Ma [Gorokhov
et al., 2019], the values of §'3C and 6§30 in them vary from —3.0 to +0.8%c PDB and 23.7 to
27.3%0 SMOW respectively. The terrigenous-dolomitic Kyutingda Formation of the Olenek
uplift is dissected by a U-Pb sill after baddeleyite 1473 + 24 Ma [Wingate et al., 2009].
The 37Sr/80Sr ratio in dolomites from this formation is about 0.70465 [Gorokhov et al.,
1995]. It should also be noted that at the turn of 1500 Ma, the accumulation of carbonate
deposits was of a global nature, rocks with a close age are known in the Southern Urals
(Burzyan Group, [Kuznetsov et al., 2005, 2008]), in the cover of the San Francisco craton

(Paranoa Group, [Alvarenga et al., 2014]), in sedimentary complexes of the North China
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Figure 36: The main stages of the tectonic evolution of the Tuva-Mongolian massif reflected
in the geological history of carbonate rocks [by Kuzmichev, 2004, 2015; Ryabinin et al.,
2011, and the author’s additions]. Oph — ophiolites, acc — accretionary prism, volcano —

volcanic rocks, TMM — Tuva-Mongolian massif.
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Craton (Gaoyuzhuang Group, [Lu et al., 2008]), in the Rocky Mountains of North America
(Belt-Purcell Group, [Evans et al., 2000]), etc.

Stratotype section of the Irkut Formation of the Tuva-Mongolian massif mapped in the
upper reaches of the Gargan river and on the left bank of the Chore river is composed of
layered dolomites, stromatolitic limestones with Riphean Conophyton garganicus, C. Cylindri-
cus, Collumnacollenia giga [Korolyuk, 1960] and coarse-medium-grained marbles with relics
of layered structures [Kuzmichev, 2004; Kuznetsov et al., 2018]. The ratio 37Sr/%Sr in
dolomites varies from 0.70729 to 0.70835, and in limestones from 0.70481 to 0.70668. The
value of §13C in most samples is 0.2-1.0%c PDB. The Pb-Pb age of the limestones in the
reference section is 1290 + 40 Ma [Kuznetsov et al., 2018].

The Pb-Pb age of dolomites obtained in this work is significantly older than the age
of limestones in the reference section of the Irkut Formation and cannot be directly corre-
lated. At present, it is impossible to assess the possibility of continuous sedimentation on
the passive margin of the Tuva-Mongolian massif in the interval of 1565-1290 Ma.

Paleotectonic reconstructions (Fig. 36) suggest that in the Early Neoproterozoic, the
ancient core of the Tuva-Mongolian massif collided with the Dunzhugur island arc. The age
of this event, about 810 Ma, was determined based on U-Pb dating of zircons from syncolli-
sional granitoids [Kozakov et al., 2009b,a]. And the formation of the island arc began about
1034 Ma [Kuzmichev and Larionov, 2013; Kuzmichev, 2015] . For the carbonate rocks
of the upper part of the Irkut Formation studied in this work, one of the obtained ages (ca.
947 Ma) agrees within the error with the age range of the Dunzhugur arc (1034-810 Ma). As
described above, this age was obtained from calcite representing an admixture (up to 10%)
in dolomite samples from the second sheet. Taking into account the isotope-geochemical
features of secondary calcite, it can be assumed that a major tectonic event led to the redis-
tribution of matter within the original rock, disruption of its U-Pb isotope system, and the

formation of new carbonate generations.
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Conclusions

This study presents the results of an isotope-geochemical and geochronological study
of carbonate rocks of the Araosheiy Formation, the Bokson (undivivded) Group, and the
Irkut Formation in several sections along the coastal outcrops of the Ara-Oshey, Zhalga,
Ara-Khubuty, and Kyngarga rivers in the Tunka Ridge of the Eastern Sayan.

U-Pb geochronological study of carbonate rocks involves careful sampling based on
petrographic, mineralogical, geochemical and isotope analyses. Most of the analyzed sam-
ples met the criteria for preservation of isotope systems in carbonates (Mn/Sr < 0.2, Fe/Sr
< 5, and 680 > —8+2%, PDB). However, in the case of carbonates common in zones of re-
gional metamorphism and fold-thrust belts, the method of successive (stepwise) dissolution
in a weak acidic solution makes it possible to date samples with a partially disturbed U-Pb
isotopic system. With this approach, it is possible to separate parts of the sample containing
information about the sedimentary or early diagenetic isotopic composition of U, Pb and
about superimposed epigenetic processes.

On the territory of the Tunka Ridge in the upper reaches of the river. For the first time
on a geochronological basis, two stages of carbonate accumulation have been identified
in Kyngarga — Mesoproterozoic and Cambrian. The totality of the obtained geochemical,
chemostratigraphic and geochronological data allows us to correlate the studied carbonates
with similar rocks of the Tuva-Mongolian massif, as well as draw conclusions about the pa-
leotectonic evolution of these structural units. In this sense, the carbonate rocks of the three
studied formations turned out to be unique, as they captured the history of the geological
development of the region from the Mesoproterozoic (ca. 1.5 Ga) to the Paleozoic era (ca.
417 Ma) (Fig. 36).

In addition, the results of the work done can make adjustments to the existing modern
stratigraphic schemes, which assumed the distribution in the valley of the Ara-Oshey river

Ordovician-Silurian rocks, and in the valley of the Kyngarga river only Vendian-Cambrian.
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