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BBenenue

AKTYaJIbHOCTDH MCCJIeOBAHUS

KumOepauTsl npuBiIeKkaroT K cede MpucTaibHOE BHUMAHUE, TaK Kak 00pa30BaHbI
HanOoJiee TITyOMHHBIMU MAaHTUWHBIMA MarMaM#, KOTOPBIE TPAHCIIOPTHPOBAIN ajMa3bl
Ha 3E€MHYI0 MOBEPXHOCTh. OCHOBHBIE KOHIICMIIMM TeHE3Uca KUMOEPIUTOBBIX Marm
CBSI3BIBAIOT WX 3apOKACHHE JIMOO C IUIaBJICHHEM KapOOHATU3MPOBAHHOTO JIEPIIOJIUTA
[Dawson, 1980; Mitchell, 1986, 1995, Dalton and Presnall, 1998; Becker and Le Roex,
2006; Kamenetsky, 2009; 2011], mu60 ¢ B3auMOAEHCTBHEM TITyOMHHBIX JICTYYHX C
noponamu Jutocheproit mantuu [Codones B.C., 1973; Coboner H.B., 1974. Wyllie,
1980, 1989, 1994, 1995; Green et al., 1987; Korapko 2008; IToxunenko u ap., 2015].
[Ipu »TOM COBpEeMEHHBIC MPEJCTABICHUS O TEMIIEPATypHOM U (DIIIOMIHOM peKUME
ATOTO YHHMKAJIBHOTO IPOoIlecca JOCTATOYHO MPOTHBOPEUYUBHI. Cl1ab0 M3YUCHHOM TaKkKe
OCTaeTCs paHHsS MeTacoOMaTU4YecKasi CTaausi MpopabOTKU MOTEHIIMAIBHBIX TPOTOJIUTOB
KAMOCPJIUTOB C y4acTHeM KapOOHATHUTOBBIX PacIlaBOB M BOAHBIX (rommoB [Foley,
1992; Mitchell, 1995; Brey et al., 2009]. MeToabl 3KCIIEpUMEHTAIBHON MUHEPAIOTHH 1
neTpojiorud (H(HEKTUBHO HMCHONB3YIOTCS NIl PEIICHUs IMUPOKOTO Kpyra 3ajad Kak
HEIOCPEICTBEHHO CBSI3aHHBIX ¢ reHe3ncoM kumoepautos [Eggler and Wendlandt, 1979;
Edgar et al., 1988; Ringwood et al., 1992; Edgar and Charbonneau, 1993; Brey et al.,
2008; 2009; Foley 2009; Girnis et al., 1995; 2011; I'upuuc u ap., 2005; Ulmer,
Sweeney, 2002; Litasov et al., 2013; Sokol et al., 2013; 2014; Illaukuit u ap. 2015;
Coxon u Kpyk, 2015; Kpyk u ap., 2016], Tak u npoiuieccaMu MeTacoMaTo3a ¢ y4acTUEM
kapoonaTHbIx pacruiaBoB [Wallace and Green, 1988; Thibault, 1992; Kogarko et al.,
1995; Sokol et al., 2016]. Onnako, MeXaHW3M W TPOAYKTHl PEAKIIMOHHOTO
B3aMMOJICUCTBUS KapOOHATHBIX PACIIABOB C MAHTUMHBIMU TMEPUIOTUTAMH H3y4UCHBI
HEJ0CTaTOYHO. TakkKe  JOIMOJHHUTEIBHOTO  HMCCIICOBAaHUS  TpeOyeT  BIMSHUE
MHUHEPAJIBHOTO COCTaBa METACOMATUYECKH W3MEHEHHOTO MPOTOJIUTA, (IIOUIHOTO U
TEMITepaTypHOTO PEKHUMa, Ha COCTaB KUMOEPIIMTOIIOO0OHBIX MarM, TCHEPUPOBAHHBIX B

YCIIOBUSIX KOHTUHEHTAJIBHOUN IUTOCHEPHON MAHTHH.



Hens padoTrbl 3aKkio4aliach B AKCIEPUMEHTAJIBHOM  MOJAEIMPOBAHUU
MUHEPATIO00PA3yIOUIMX MPOLECCOB, OCYLIECTBISIIOIIMXCA IPU  B3aUMOJCHCTBUU
HIEJIOYHBIX KapOOHATHBIX pACIJIaBOB C MAHTUWHBIMH TEPUIOTHTAMU, a TaKkXke B
PEKOHCTPYKIIMU  TeMIEepaTypHOro ¥ (QUIOWJAHOTO  PEXKHUMOB  TE€HEpaluu
KUMOEpPIUTONOAOOHBIX  PACIJIaBOB B YCJIOBHMSX OCHOBaHMS KOHTHHEHTaJIbHOU

autocdeps (Ha nmpuMepe KuMmOepauTa Tp. Y 1auHast).

OcHOBHBIC 32/1a4H:

- IIPOBCCTH aHAIIN3 IIPCANICCTBYIOIIUX HCCHGHOB&HHﬁ, ITOCBAIICHHBIX HpO6J’I€MG

KapOOHATHOI'O0 METAcOMaTo3a MOPoJ1 TUTOCHEPHON MAHTUH U TeHE3UCa KUMOEPIUTOB.

- OKCIICPUMCHTAJIbHO HU3YUYUTH OCHOBHBIC 3dKOHOMCPHOCTH B3aHMOﬂeﬁCTBHH
Kap6OHaTHI>IX paciiiaBOB € IICPUAOTHTAMH, BbIABHTH OCHOBHBLIC PCAKIIMHU H

3dKOHOMCPHOCTH U3MCHCHHU:A COCTaBa pacCillaBa, CUIIMKATHBIX 1 Kap6OHaTHI>IX (1)213.

- uccaeaoBarh crneuu@uky (pa3zoBbIX OTHOLIEHUH BOJIM3M JIMKBUAYCAa KUMOEpIaUTa Tp.
Ynaunass B 3aBUCHMOCTH OT cojepkanusi H;O, BBISIBUTH COCTaB PaBHOBECHBIX C
pacIulaBoM CHJIMKaTHBIX (a3 W ONpeAeNUTh TPaHHIBl 00JaCTH MYJIBTH(A3HOTO
HACBIIIEHUs paciuiaBa. Ha OCHOBaHMM TONyYEHHBIX JAaHHBIX OLIEHUTH BO3MOJKHBIC
YCIIOBUS FeHEepallui KUMOEpIMTOBOW MarMbl B YCIIOBUSIX OCHOBAHUSI KOHTUHEHTAJIbHOM

JTUTOC(hEPHI.

- COIIOCTaBHUTb IIOJYYCHHBLIC OKCIICPUMCHTAJIbHBIC AAdHHBIC C COBPCMCHHBIMU
npeaACTaBJICHUAMU (0) nmponeccax MaHTUHHOTO METacomMarTro3ia u I'€HE3HuUCC

KI/IM6€pJII/ITOBBIX Marm.



DaKkTHYEeCKU MaTepuaJ

Ha mMHOTOIMyaHCOHHOM ammapare ThIa «paspe3Hasi cdepay» aBTOPOM BBITIOJIHEHO Ooree
30 skcnepuMeHTOB Tipu MaHTUWHBIX P-T mapamerpax, momydeHo 56 o0pasuos, u3
KOTOpBbIX M3rotoBjicHO 40 aHmummdon. M3ydeHue (a30BBIX OTHONICHWH HAa CKOJIAaX U
aHnUIM(ax MPOBEACHO METOJaMU ONTHUYECKON W AJCKTPOHHOW MHKpOcKommu (Oosee
600 mukpodororpaduii). CoctaB ¢a3 u3ydeH ¢ MOMOIIbI0 MHUKPO30HIOBOTO aHAIM3a
(6onmee 1500 anamuzoB). McxoaHblii KUMOEPIUT HCCIEIOBAaH METOJAOM Ta30BOM

xpomatorpaduu, peHreHo(a3oBbIM U pEHTTeHO(TI0aPECHEHTHBIM aHAIHU30M.

JamuaeMbie MoJI0KeHUs

1. B3aumopeiicTBue KapOOHATHBIX PACILIAaBOB € rapLOypruTOM WM JIEPLIOIUTOM Npu P-
T mapameTrpax ocHOBaHHWs JUTOCHEPHONW MaHTHUHU TJIABHBIM 00Pa3oM OCYIIECTBISETCS
nocpencteoMm Mg-Ca obmeH u mpwBOAMT K OOpa3OBaHHWIO OOTaTOTO IIEIOYaMu U
oennoro SiO; (<7 mac.%) kapOoHaTHOro paciuiaBa, Ca# KOTOPOro KOHTPOJIHMPYETCS
MUHEpaibHbIM cocTaBoM nepugotuta. [lpu 1200°C peakuusi npuBOIUT K BEPIUTUZAIUU
U kapOoHaTW3alMM rapuOyprura 3a CYET pacXOJOBaHUs  OPTOMHMPOKCEHA,

KpucCTallIn3alii KIIMHOIIMPOKCCHA U MAI'HC3HTaA.

2. B pe3ynbrare B3aMMOICHCTBHS MEKIy KapOOHATHBIMH PACIlIaBaMHU U TapIliOypruTOM
npu Temneparype 1200-1350°C kpuctamiu3yroTcs TrpaHaThl, BapUAIMHM COJEP KAHUS
CaO u Cr;O3 B KOTOPBIX, BOCHPOU3ZBOASIT OCHOBHBIE 3aKOHOMEPHOCTHU 3BOJIOIMHU
COCTaBa T'PAaHATOB W3 HEKOTOPHIX KCEHOJUTOB METACOMATH3WPOBAHHBIX IMEPUIOTHUTOB
kuMOepiauTa TpyOku  Ynaaunas. KapOoHaTtHple  pacIuiaBbl, PaBHOBECHBIE C
NepPUAOTUTAMU, OJU3KU IO COCTaBYy TOJBKO K OOraTbIM MarHueM KapOOHATHBIM

BKJIFOUCHHUAM B aJIMa3ax

3. llpu nmaBnennun 6,3 I'lla pacruraB kumOepiuta Tp. YaauHas BOJM3M JIMKBUIyCA

PAaBHOBCCCH C OJIMBUHOM, I'PaHAaTOM M KIMHOIIMPOKCCHOM TOJILKO ITPH COACPKAHHUN



BOABI OT 6 nmo 8 mac.%, a mpu 7,5 I'lla — Gomee 9 mac.% H0O. ComnocraBnenue
HMEIOITUXCS IKCIIEPUMEHTAIBHBIX JTAHHBIX M PE3YJIbTaTOB PEKOHCTPYKIIUH MEPBUYHBIX
MarM CBHJIETEIBCTBYET O TOM, YTO ITOTCHIIMAIBHBIM TaprOyprUTOBBIA IMPOTOJIUT

OoraTnIx KaJIbIITMCM KI/IM6epJ'II/ITOBBIX MarMm ObILI CYHICCTBCHHO BCPJIUTUINPOBAH.

Haquaﬂ HOBH3HA

Bnepseie sxcniepumenTanbHo pu P-T mapaMmerpax oCHOBaHUS KOHTUHEHTAIIBHOU
autochepsl  H3yueHa crnenrduka PeakIMOHHOTO B3aUMOJEHUCTBUS  IIETOYHBIX
KapOOHATUTOBBIX pACILJIABOB C TaplOypruTOM H JIepIOJUTOM. B sKkcrnepuMeHTax
JUIMTENIBHOCTBIO 150 4YacoB yCTaHOBJIEHBI OCOOEHHOCTH COCTAaBOB PABHOBECHBIX
pacriaBoB, CHJIMKAaTHBIX (a3 TMEepUJOTHTA, a TaKXKe OMNPEJEICHbl TPaHUIIBI
CTaOWJIBHOCTU MarHe3uta. B rpaHare U3 peakUMOHHO WM3MEHEHHOIo raploOypruta
DKCIEPUMEHTAJIBHO BOCIPOU3BEIECHBI OCHOBHBIE 3AKOHOMEPHOCTH HBOJIOLMM COCTaBa
IpaHaTOB U3 METACOMATU3UPOBAHHBIX MEPUIOTUTOB KUMOEPIUTOBOM TpyOKH Y mayHasi.
[loka3aHo, 4TO paBHOBECHBIE C MEPUAOTUTOM KapOOHATHBIE pPACIUIaBbl MO COCTaBY
CXOXHU TOJIBKO C BBICOKOMAarHe3uajgbHON cepheill KapOOHATHBIX BKIIOYEHHH B
KpUCTaJZIaX ajiMa3a C BOJIOKHUCTBIM CTpoeHHeM. lIpu 3ToM OOJIBIIMHCTBO OOraThIX
KAJIbLIUEM UM JKeJe30M KapOOHATHBIX BKIIOUYEHHM B ajaMma3zax C MEpUIOTHUTOM He
paBHOBECHBI. BriepBble Npy MAaHTUMHBIX JABJICHHUSX U BBICOKMX KOHUEHTPALMIX BOJbI
u3y4deHbl (Pa3oBble OTHOIICHUS BOJIM3M JIMKBHUAYyCa KUMOepiauTa TpyOKd Y gadHas.
VYcraHoBIIEHBI 30HBI MYJbTa(a3HOTO HACBIIMICHUS U OOOCHOBaHO, YTO HMX TPAHMIIBI
3aBUCAT KaK OT KOHUEHTPALUH OCHOBHBIX METPOr€HHBIX KOMIIOHEHTOB, TaK U JIETYYHX B
CTapTOBOM COCTaBe. AHAJIN3 MOJYYEHHBIX TaHHBIX B IIEJIOM MO3BOJIMI CAENATh BBIBOJ O
BAKHON pOJM Kak MPEABAPUTENIbHOM METacOMaTHYEeCKOW IMepepaboTKH MPOTOJIUTOB,
TaK U TOBBIINICHHBIX KOHIIEHTPAIMM BOJBI MPU TEHEpalluu KUMOEpIUTOBBIX MarMm |

IPYIIIIBL.

IIpakTHyeckasi 3HAYMMOCTH PadoThI



Pe3ynbTaThl [UCCEPTALIMOHHOTO HCCIIEIOBAHUSI MOTYT MOCIYKUTh OCHOBOM st
MOCTPOCHUSI  METPOJOTO-TEOXUMUYECKUX  MOJENIe  TeHepaluu  alIMa30HOCHBIX
KUMOEPIUTOBBIX MarM, KOTOpble OYAYT MOJIE3HbI NPU pa3padoTKe 0o0Jjiee COBEPUICHHBIX

KPUTEPHUEB MTOMCKA aJIMAa30HOCHBIX KUMOEPIUTOBBIX TPYOOK.

Anpobanus padoThI

Pe3ynbpTaThl paboOThl MpeACTaBIE€Hb HAa MEXAYHAPOIHBIX U BCEPOCCHUICKUX
koHpepennusx The 3rd Deep Carbon Cycle International Workshop, 51-o#i Hay4Ho#
MEXIYHAPOJHOM CTyJdeHYeCKOH KoHpepeHIMHn «CTyIeHT M Hay4YHO-TEXHUYECKUU
nporpecc», XVII PocculickoM coBellaHud IO SKCIEPUMEHTAIBHOM MUHEPAJIOTUU,
Hoeocubupck, 2011, 2013, 2015, 10th International Kimberlite Conference, Bangalore
(India) 2012, 1st European Mineralogical Conference. 2012, 30th International
Conference on “Ore Potential of Alkaline, Kimberlite an Carbonatite Magmatism,
Antalya 2014. OcHoBHBIC TIOJIOXKEHHS PAOOTHI OMTYOJIUKOBAHBI B 7 CTAThSIX KYPHAJIOB M3
crimcka BAK (Geochimica Et Cosmochimica Acta, Lithos, I'eonorust u 'eodusuka,

Jlokaael akaieMu HayK).

Crpykrypa u 00beM padoThI

PaGoTta coctouT u3 BBeAeHUs, 5 TJaB U 3aKitoueHus. Juccepranus U3noxeHa
Ha 144 cTtpanunax u copepkuT 34 wumoctparuud 1 10 Tabnuu. Cnucok JuTepaTypsl

BKIrOUaeT 141 HanMeHOBaHUE.

Bbaaroxapuocru

PaGora BmImoJHEHa B Ja00pAaTOPUH SKCIECPUMCHTAIBHOM MHUHEPAJIOTHH |
kpuctaimorenesuca U'M CO PAH noax pykoBoactBom a.r.-m.H Coxona A.l.,
KOTOPOMY aBTOP BBIPAXKAET CBOIO TITyOOKYIO MPU3HATEILHOCTh. ABTOp OJ1arogapur 3as.

na6., n.r.-m.H. FO.H. IlanesnoBa, k.r-m.H. FO.M. Bbpo3noga, k.r.-m.H. }FO.B. Batanesy,



nr.-m.H. A.®. XoxpskoBa 3a TOMOIIb B BBINOJIHEHWU padoThl, K.r.-M.H. E.H.
Hurmarynuny, k.r.-m.H. B.H. Kopomoka m M.B. XnecroBa — 3a copeuctsue B
IPOBEJCHUM AHATTUTUUECKUX paboT. OTAeNnbHYI0 0J1aroJapHOCTh aBTOp BhlpaxaeT E.A.

Kpyx u H.H Kpyky 3a nomortis B pabote ¢ pyKOIHUCHIO.



I'masa 1. IIpo6eMbl MAHTHIHHOTO0 KUMOEPJIMTOO0OPA30BAHMS: AHAJIU3

NnpeaecTBYIOMUX UCCAeT0BaAHUI

KuMOepmuToBbIi ByJKAaHU3M — YHHKQJIBHOE SIBIICHHE, BKIOYaroliee B ceOs
TCHEPALMI0O B CYOKpPaTOHHBIX 4YacTAX MAHTUM OOraTod JIETyYUMH HU3KOBS3KOU
yIBTPAOCHOBHOW Marmbl, €€ IOAbEM C OYEHb BBICOKMMH CKOPOCTSIMH K IMMOBEPXHOCTH H
MOIITHOE 9KCIJIO3UBHOE M3BEPIKEHUE C BHIOPOCOM JICTYUHX W BellecTBa MarMmsbl [ Sparks
et al., 2006; 2009; Mitchell 2008]. I'eHe3nc KUMOEPIHMTOBBIX MarM IPHUBJICKACT
NPUCTAIbHOE BHUMAHHWE, TaK KaK MEXaHU3M HX (OPMHPOBAHHSA HEMOCPEIACTBEHHO
CBsI3aH C INI00AJIbHBIMH MTPOIIECCAMH 3BOJFOILMU JTUTOCHEPBI U acTeHOCHEPHI.

KiroueBbIME  BOIIpOCAMHM T'CHE3MCA KHMOEDPIMTOB SBJSIOTCS ONpECIICHHE
cienu(puIecKux (PU3MKO-XMMHUYCCKUX YCIIOBHHM, HEOOXOMUMBIX Ui MX TeHEpAIlUH,
COCTaB MEPBUYHBIX MarM W MaHTHHHBIX MPOTOJUTOB. ['MImabuccaabHble KUMOCPIIHTHI,
POAYKTHI (PUHATBHOM KPHUCTAIIM3AMHA MAarMbl BOJIU3U TOBEPXHOCTH, JEMOHCTPHPYIOT
OO0JIBIIIOE CXOJCTBO MO BCEMY MHUPY. DTO CBHICTECIBCTBYET O TOM, YTO IPUBOJIUBIIHHA K
UX TEHEpAIMH MPOIECC, PETYIIPHO BOCIPOM3BOIUICA BO BPEMCHHM M IPOCTPAHCTBE
[Mitchell, 2008]. Baxuyioo ponb B (HOPMHUPOBAHMH XHMHYECKOTO pPa3zHOOOpa3us
KAMOEPJIUTOBBIX MarM HUIpajid TPOIECChl CMEIICHUS W ACCHMUJISIMA KCEHOJHTOB
MAHTUHHBIX ~ JICPIOJUTOB M  TaplOypruToB, a TaKkKe KpUCTAUIM3alMOHHAS
mubpepennmanus [Mitchell, 1986; 2008; Sparks et al., 2006]. Ha ¢unansHo#t cTagun
noabeMa, BOJIM3H IMOBEPXHOCTH, MarMbl COCTOSUIM W3 KapOOHATHO-CHIMKATHOM
JKHIKOCTH, COJAEpsKallei OOJNbIMe HO HE M3BECTHO KaKHMe€ HMMEHHO KOHIICHTPAI[UH
JETY4YuX, a TakKe MPUOIU3UTENBHO 25 00.% KCEHOreHHOTO MaTepuala (KCEHOJIUTOB U
KCEHOKpUCTOB) u 25 00.% denokpucto [Mitchell, 2008; Brett et al., 2009]. B
MOCTMArMaTHYECKYI0 CTaIUI0 XMMHUYCCKUH M MHHEPATOTHYECKUN COCTaB KMMOEpIUTa
KaK MMPaBUJIO MPETEPIeBa CYIIECTBEHHOE M3MEHEHHE. B OCHOBHOM 3TO MPOUCXOIMIIO
U3-32 CEPIEHTUHM3AIMK, KOTOpas MPHBOAWMIA K CYIICCTBEHHOMY pOCTy B HEM
koHnentparuu SiO; u MgO, Ho cHmkenuto coaepkanust CaO u CO, [Sparks et al.,
2009].
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1.1. Ponrb kapOOHATHBIX PACIIaBOB

Nwmeromuyecss T€OXMMHUYECKHE JaHHBIC CBHUICTEILCTBYIOT O MHOTOCTaIUHHOCTH
dbopMupOBaHUS KUMOEPIUTOBBIX pactuiaBoB. [Ipuyuem ¢duHATBHOW CTamuu TreHeparuu
MarMbl TPEAIIECTBOBAJIO BHEJAPEHHE B IMPOTOJUT METACOMATHUUYECKUX areHTOB -
KkapOoHaTHBIX paciiaBos/dronaoB [Erlank et al., 1987; Becker and le Roex 2006; Coe
et al., 2008; Tappe et al.,, 2008; Agashev et al., 2009; IToxunenko u ap., 2015].
BHenmHuit MCTOYHUK KapOOHATHOTO MaTepualia MOJTBEPKIACTCS TEM, YTO COOCTBEHHO
KapOOHAaThl 4Ype3BbIYAWHO pEeAKU B TIIyOMHHBIX KceHonutax [Haggerty, 1995], a
(GyTUTUBHOCTHh KUCJIOPO/Ia B HETOBEPKEHHBIX METACOMATO3y MOPOJIaXx CyOKpaTOHHOM
JuTocepbl  COOTBETCTBYET 00JIacTU CTAaOWJIBHOCTH  3JIEMEHTApHOTO  yriiepoja
[Woodland and Koch, 2003; Luth, 2004; McCammon and Kopylova, 2004; Yaxley et
al., 2012; Goncharov et al., 2012; Stagno et al., 2013]. Ilerponoruyeckue
PEKOHCTPYKIIMU CBUICTEIBCTBYIOT O TOM, YTO MPOIECC BHEIPEHHUS METACOMATHUYECKUX
areHTOB MIPUBOJWI K TpaHC(OpMAITMK BOCCTAHOBIICHHBIX TaplOyprUTOB B OKUCIICHHBIC
neproautel [Creighton et al. 2009]. I'eoxuMuyeckre HCCIEIOBAHUS KUMOCPIUTOB M
AKCIIEPUMEHTAILHBIC JTAaHHBIC MTOKAa3bIBAIOT, 9TO HUCTOYHHKOM TaKuX
pacruiaBoB/(IOUIOB MOTJIM BBICTYINATh KaK CyOAylIMpOBaHHbIE HAa MAaHTHIHbBIC
riyOuHbBI KapOoHaTcoaepskarue mopoasl [Hammouda and Laporte 2000; Becker and le
Roex 2006; Coe et al., 2008; Grassi and Schmidt 2011; Litasov et al., 2013; Shatsky et
al., 2013a,b], Tak 1 OKUCJIEHHBIE TOMEHBI aCTCHOC(EPHI, BOSHUKAIOIIUE B BOCXOISIIINX
MOTOKaX BEIIECTBA 3a CYET TMOTepU CTAOMIBHOCTH CKHArMTOBOTO TpaHaTa |
BBICBOOOKIEHNN 3HauuTeNbHbIX KommdecTs Fe®* [Becker and le Roex 2006; Rohrbach
and Schmidt 2011; Dasgupta et al., 2013; Stagno et al., 2013]. DkcniepuMeHTaNIbHbIC
paboOThI MOATBEPKIAIOT BO3MOXKHOCTH OOpa3oBaHMS KapOOHATHBIX PAaCIUIABOB Kak B
OKHCJICHHBIX  JIOMEHaX  acTeHocdephl,  CcoaepKamux  KapOOHATU3UPOBAHHBIC
nepunotuthl [Brey et al., 2011], Tak u B cyOaQyuupoBaHHBIX HAa MaHTUHWHbIE TIyOUHBI
KapOoHaTu3upoBaHHbIX nenurtax [Grassi and Schmidt, 2011].

JlanHbIE O  OKCHEPUMEHTAIILHOMY  MOJEIMPOBAHUIO  B3aUMOJICHCTBUS

Kap6OHaTHBIX paciyiaBoB € ICPUAOTUTAMU OCHOBAHUSA KOHTUHCHTAJIbHOU J'II/ITOC(l)CpBI )
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MOTJIM OBl TIPOJUTH CBET HA HAYaJbHBIE MOMEHTHI (POPMUPOBAHUS KUMOEPIUTOBBIX
marm. OmHako Takue AaHHBIE BechMa orpaHudeHnl. CormacHo pabote JlacrynTel u
Xupmmana [Dasgupta and Hirschmann, 2007a], ocHoBHO# peakiiuieil IUIaBICHHUS Ha
COJIUIYCE MPUPOTHOTO MAarHE3UTCOAEPIKAIIETO JIEPIIOTUTA SBIISETCS PEaKIIHS:
2MgCO;3; + CaMgSi,0g = CaMg(COs3), + M@,Si»0¢ (1)
Mgs Cpx Liquid Opx

[1aBneHne TPUBOAMT K pPE3KOoMy CHIKeHHo otHomeHuss Cpx/Opx u
pPacxoJ0BaHUIO MarHe3uTa B cucTeMe. MarHe3uT yCTOMYUB B MAHTUWHBIX MTEPUIOTHTAX
npu gapieHusx oonee 4 I'Tla [Wyllie, 1979; 1980]. Ero TepmMudeckasi cTaOMIBHOCTB
3aBUCUT B OCHOBHOM OT conepkanuii CO, m MgO B cucreMe W MOXKET HaXOIAUTHCS
BhIme conuayca npu 6-10 I'Tla. Tak B nepuonutax ¢ conepxkanuem CO;z ot 2.5 1o 8.4

mac.% ona mocturaer 1200-1400°C [Dasgupta and Hirschmann, 2007b; Brey et al.,

2011] u 1500°C B Gorathix Mg rapudyprutax Ha npu kKonueHtpaiuun CO; 4.8 mac.%
[Brey et al., 2011].

Boratsle mmeao4amMu KapOOHATUTOBBIC MarMbl IIOJHUMAIOTCS B BEPXHIOIO MAHTHIO
6o no y3kuM kaHanam [Foley, 1992; Tappe et al., 2008; Doucet et al., 2014] nu6o B
BUJIC BOCXOSIIUX TOTOKOB IyTeM MPOCAYMBAHUSA MO MEK3EPHOBOMY MPOCTPAHCTBY
[Green and Wallace, 1988; Wallace and Green, 1988; Kogarko, 2006] wiu ke kak
nojBwkHbIe quanupbl [Litasov et al. 2013]. B monbs3y MexaHu3Ma MmojabeMa Mo y3KUM
KaHaJaM CBHIETEIbCTBYIOT JIOKAIbHBIC 30HBI JAe(OpMaIliK, CBSI3aHHBIC C IPOIIECCAMH
meTtacomaro3a B Cubupckom u KaamBaanbckom kparone [Doucet et al., 2014]. Kpome
TOT0, HU3KOE COZICPKaHNE HECOBMECTHMBIX JIEMEHTOB B OOJIBIIMHCTBE KCCHOJIUTOB M3
KOHTHHEHTaIbHOU auTochepHor mantuu (CLM) [Goncharov et al., 2012; Yaxley et al.,
2013; Stagno et al., 2013] Taxxke CBHIETEIBCTBYET O JIOKAJILHOCTH KapOOHATHOTO
MeTacomaro3a. IIpM CHW)KEHHWH [JaBICHMs, BOCXOMSIINE IIOTOKH KapOOHATHBIX
pacIiaBoB, HUMEIOIIKME aanabdaTHYeCKyl0 TEMIIEpaTypy, MOUKHBI CTaHOBHTHCS Ooliee
KaJIbIIMEBBIMK B CJICICTBUH MX PEaKIMU C KIMHOMUPOKceHoM nepuaotutos [Dalton and
Wood, 1993; Dalton and Presnall 1998a; Moore and Wood 1998; Gudfinnsson and
Presnall 2005; Dasgupta and Hirschmann, 2007a]. Oanako, mpu mpocayMBaHUN

ropsunux KapOOHATHBIX paCIUIaBOB B XOJNOAHYIO JuTocepy ux Mg#H, a Takke
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collepKaHNe KIMHOMMPOKCEHA B METACOMATU3UPOBAHHOM TEPHIOTUTE OyAyT pacTd B
pe3ysbTaTe TeMIepaTypHo-3aBUCHUMON oOpaTHOW peakiuu Ca-Mg oomena [Dasgupta
and Hirschmann, 2007a](1):
Mg,Si,0 + CaMg(CO3), = CaMgSi,Og + 2MgCOs3 (2)
Opx Liquid Cpx Liquid

MUKpOBKIIOUeHHs B anMmazax ¢ (QUOPWIAPHBIM CTPOCHHEM  IIHUPOKO
pacnpoCTpaHEHbl W YaCTO HCIOJB3YIOTCS JUIsl PEKOHCTPYKIIMM COCTaBa MAaHTHHHBIX
METaCOMaTHYECKMX areHToB. Bo BpeMs pocra anMasza, UMEHHO Oorarbie Kajauem
KapOOHATHBIC WJIM, HAMHOTO PEXKE, BOOCOIECPKAIINE CUITUKATHBIE PACIUIABbhI/(DITFOHIBI
3axBaThIBatOTCS Takumu kpuctauiamu [Navon, 1999; Klein-BenDavid et al., 2007,
2009; Zedgenizov et al., 2009; Kopylova et al., 2010]. O6 ynbTpakaJueBOM COCTaBe
METaCOMATHYECKHUX areHTOB CBHUJICTEIBCTBYIOT TakKe M BbICOKHEe comepkanus KoO B
KIMHONMpOoKceHe (BuoTh 10 1,68 mac.%) 3axBaueHHoMm anmasom [Stachel and Harris,
2008].

KapOonaTtHble paciiaBbl, TOJHUMAIOIIMECS Yepe3 MAaHTHIO K YPOBHSAM, TIE
napienne coctapiger <2.0 ['Tla, W3MEHAIOT CBOM XUMHUYECKHH COCTaB, HO IIO-
NpeXHEeMYy CIOoCOOHBI BBICTYIIATh areHToM meracomaro3a [Green and Wallace, 1988].
DTO ciemyeT W3 COCTaBOB IMEPBUYHBIX KapOOHATHBIX PaCIIaBOB, YPABHOBEIICHHBIX C
MapracUTOBLIM JICPIIOJIMTOM, HCCIEAOBaHHOM B nuama3zoHe napineHui 2.1-3.0 I'Tla u
temneparyp 930-1080°C [Wallace and Green, 1988]. Bricokyr peakIMOHHYIO
cnocooHocth kK mepupotutam npu 2.0 I'Tla u 1000°C umeroT Takke paciuiaBhl,
TIOJTYICHHBIC BOJIM3U coJayca MOJICITBHOTO (broronuTcoIEepPIKAIIETO
KapOoHaTHU3UPOBaHHOTO JiepuoiuTta mpu 3.0 rlla u 1100-1225°C [Thibault et al., 1992].

B 1eioM, coriiacHO JMTEPATypHBIM JTaHHBIM PE3yJIbTaTOM METacOMATHYECKOTO
B3aMMOJICUCTBUS  MOXKET OBITh  BEpPIWTH3AIMA TEPUAOTUTOB, OOYCIIOBICHHAS
yBenuueHneM otHomeHuss Cpx/OpX B mepumorute, a Take ysenuuenue Mg/Ca
OTHOIIICHUS U KOHIICHTpAIMHK IIesioueii B cocymiecTByromieM pacruiase [Thibault et al.,
1992; Kogarko, 2006; Dasgupta and Hirschmann, 2007a]. Kpome Toro, 3ToT mnpoiecc
MOJXKET COINPOBOXKIATHCA KapOoHATH3aIMedl W (IIOTONUTU3AIMEH TEPUIOTUTOB B

3aBUCUMOCTH OT COCTaBa JICTYYHX, PACTBOPEHHBIX B KapOoHaTHOM pactuiaBe [Thibault
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et al., 1992; Dasgupta and Hirschmann, 2007a]. MitoroM, BO3MO>XHO MHOTI'OAKTHBIX,
IPOIIECCOB METacoMaTo3a OCHOBaHUS CyOKOHTMHEHTAJIbHON JIUTOC(EpPHI SBISETCS

BO3HUKHOBCHHUC ITPCAITIOCHIIOK I TCHCPpAIUN B 3TUX o0nacTax KI/IM6epHI/ITOBI>IX Marm.

1.2. CocTaB nepBUYHBbIX KUMOEPJIUTOBBIX MarM

O1neHKr COCTaBOB TMEPBUYHBIX KMUMOEPIMTOBBIX MarM Oa3WpYyIOTCS Ha JTaHHBIX
METPOJIOTHYECKOTO M TE€OXMMHUYECKOTO HMCCIEIOBAHUS THITA0OMCCAIBHBIX KUMOEPIUTOB
u3 HOxuoit Adpuxu [le Roex et al., 2003; Harris et al., 2004; Becker and le Roex,
2006] n Kananer [Kjarsgaard et al., 2009], a Takxe 00pa3oB 3aKaJICHHOTO KHMOEpJIUTa
u3 kaHajckou Tpyoku Mepuxon (Jericho) [Kopylova et al., 2007]. ABTopbl 3THX padoT
MOJIAral0T, YTO XapaKTePHBIMH YEePTaMH COCTaBa TMEPBHUYHON MarMbl KUMOEPIHUTOB
ABJIAIOTCSL BbICOKUE KOHIeHTpanuu MO, HO OTHOCHTENIbHO HEOOJIbIINE KOJIWYECTBA
Si0;, Al,O; m menoueit (Tabm. 1.1 m cceuiku B Hell). Ilpu 3TOM BakHEHIIEH
O0COOCHHOCTHIO KMMOEPIUTOBBIX PACIIABOB SIBIISICTCS BBICOKOE COJCP)KAHUE JICTYUHUX
KOMIIOHEHTOB, M, mpexae Bcero, CO, um H;O. HccnenoBanue HEHM3MEHEHHOTO
kuMmOepauTa Tpyoku Ynaunas (Sxytus) mo3Bosmna B. KameHneukomy ¢ coaBropamu
[Kamenetsky et al., 2012] npeamnoa0xuTh, 4TO MEPBUYHAS MarMa MpeCTaBisiIa co00k
OoraThlil IIeI0oYaMK «Cyxoi» KapOoHaTHbIN paciiiaB (SiO2 ~ 5 mac.%), KOTOpBI# JTUIIIb
MO MyTH K TTIOBEPXHOCTH, 3a CUYET PACTBOPECHUS KCEHOJWUTOB MAaHTHUHHBIX TIEPHIOTUTOB;
CTAaHOBWJICSI ~ HACHIIIICHHBIM  OJMBHHOM ¥  TPUOOpPETAl  XapaKTEPHBIE  YEPTHI
KuMOepauTOoBOM Marmel. HeoOXoaumMo OTMETHTh, 4YTO B Tpeneilax KpaTOHOB B
nocJieHEe BpeMsl HailieHbl MOXO0KME€ Ha TakKoOM «CyXoW» KapOOHATHBIM pacruiaB
KapOOHATUTHl (AWJUTMKUTHI), OJIHAKO WX TEHETUYEeCKas CBA3b C KUMOepIuTamMu
CTaBUTHCS YacThIO HccheaoBateneit moa comuenne [Mitchell and Tappe, 2010].

BaxxHelmmM  yCJIOBHEM  YCHENIHOTO JKCIEPUMEHTATBHOTO  HUCCIICIOBAHMS
napaMeTpoB TCeHEpAIMl KUMOCPIMTOBBIX MarM SIBIISICTCS TPABHJIBHBIA  BBIOOD
KOHKPETHOTO HCXOAHOTro cocTaBa. OAHAKO 3TO SBJISETCS HETPUBHUAJIBHOW 3aJayei.
OcHoBHas ipoOsiemMa CBsi3aHa C TEM, YTO KUMOEPJIUT UMeeT THOPUIHYIO MPUPOTY U HE

3akanuBaercs B crekio [Mitchell, 2004]. IIpu sToMm, mo-BuauMomy, adaHUTOBBIC
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(METKOKPUCTAIUIMUECKHUE) KUMOEPIUThI MO COCTaBy SIBISIOTCA HauOosiee OIM3KUMU
anasjoramu Marmbel [Edgar and Charbonneau, 1993]. Jluckyccusi o MOTCHIHAILHOM
COCTaBE IMEPBUYHBIX KUMOEPIMTOBBIX MarM Haudajnach (aKTUUYECKH C MOMEHTa
oOHapy>KEeHUSI TIEPBBIX KUMOEPIUTOBBIX TPYOOK M MPOI0JDKaeTes 10 cux mop [Dawson,
1980; Wyllie, 1980; Mitchell, 1986; Ringwood et al., 1992; Girnis et al., 1995; 2011,
Bacunenko u ap., 2000; I'mpuuc u PsOoumkos, 2005; Becker and le Roex, 2006;
Kopylova et al., 2007; 2013; Kamenetsky et al., 2007; 2009; 2012; Brey et al., 2008;
2009; 2011; Foley, 2011; Dasgupta et al., 2013]. PaccMoTpuM JeTaibHO HEKOTOPHIC U3
MOCJICTHUX HCCIICIOBAaHUM, B KOTOPHIX OBUTM BBITIOJIHEHBI PEKOHCTPYKIIMH COCTaBOB
nepBuuHbIX Marm (Ta0m. 1.1, Puc. 1.1-1.3).

A. e Pokc ¢ coaBropamu [le Roex et al., 2003] BeiaenuiIn cOCTaB MEPBUUHOM
KUMOEpIUTOBOM MarMbl, UCIOJIb3ys aHAIW3 TPACKTOPUM M3MEHEHHsI KOHUEHTpPALHii
KOMITOHEHTOB MEXy KUMOEPIUTAMH C MaKpPOKpUCTaMU U a()aHUTOBBIMU PA3HOCTSIMU.
JIist 3TOro KOJIIEKIMSI CBEXHUX OOpa3loB TUMAOMCCAIBHOTO KUMOEpIIMTa W3 TSTH
OCHOBHBIX KHMOEpIUTOBBIX TpyOok paiioHa KumOepaun B IOxHoil Adpuke OblLia
MpPOAaHANM3UPOBAaHA Ha TJaBHbIE M PEAKUE DJIEMEHThl. ODTH JaHHBIC IO3BOJIUIH
UACHTUGUIIIPOBATE B  YacTH OOpasloB aCCUMUWIIAIMIO KOPOBOTO MaTepHala,
BBIDOXKCHHYIO B TMOBBIIEHHBIX cogepxkanusx SiO;, Al,Os;, Pb um  Tspkemsix
peaKo3eMenbHbIX d1eMeHToB. O0pasiibl 6€3 TaKON aCCUMUIISIIUU UMEIOT 3aKOHOMEPHBIE
BapUalliy TJaBHBIX U HECOBMECTHUMBIX PEIAKHUX AJIEMEHTOB. B Toxe Bpems, Oorarbie
MaKpOKpPUCTaMU KUMOEPJIMTHI UMEIOT COCTaB, OTPAXKAIOIIMK CYIIECTBEHHYIO MPUMECH
(1o 35%) MaHTUHHBIX TEPUIOTUTOB, ¢ Bapuarsamu otHomeHui Ni/SiO; and Sc/SiOg,
(UKCUPYIONUMHU TPACKTOPHIO B HAITPABJICHUHM COCTaBa rPaHATOBOTO JICPIIOJIUTA.

M. Xappuc [Harris et al., 2004] nns BbIACHEHHs MEPTPOTEHE3UCA W MPHPOIBI
HUCTOYHHUKA KMMOEPJIMTOB MCIOJBb30BaN TaHHBIE 1O KOHIIEHTPAIIUHU TJIABHBIX U PEAKUX
AJIEMEHTOB B KOMOMHAIMH C TIETPOrpauYecKUMU HCCIAEAOBAHUAMU. | eoXUMHUecKue
BapualMi o0pa3lloB C MAaKpPOKPHUCTAMH JEMOHCTPUPYIOT 3axBaT M YaCTUYHYIO
accummisiiiuio ot 10 1o 40% nepuaoTUTOBBIX KCEHOIUTOB. B TO BpeMsi kak oOpasiibl

ahaHUTOBOTO KUMOEPJIUTA CBUIIETEILCTBYIOT O 7-25% (ppakiimoHHON KpUCTaUTU3AIIUN
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Puc. 1.1. CoctaBbl KUMOEPIUTOB, BRIPAXKEHHBIE Yepe3 MaccoBbie oTHOMICHUs Si0O;,
MgO u CaO. 3a ocHOBy mpuHsATa quarpamma u3 pabotsr [Sparks et al., 2009].
JIOTIOJTHUTEIBHO MPUBEACHBI JAHHBIE O COCTaBaX PEKOHCTPYHUPOBAHHBIX MTEPBHYHBIX
MarM U 3KCIIEPUMEHTAILHO UCCIICAOBAHHBIX MOJICIBHBIX CUCTEM, a TAKKE TPEHIbI
COCTaBOB IMepBUYHBIX BhIMIAaBOK B cuctemax CMAS-CO2 [Dalton and Presnall, 1998],
aepuosut-CO2-H,0 [Brey et al., 2009] u ocHOBHBIE TPEHIbI ACCUMIIISIIAN
KceHoreHHoro marepuana [Sparks et al., 2009]. 3akparieHHbIe OIS — COCTaBbI

KuMOepuToB 1o nanHbeiM [Mitchell, 1986].
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Puc. 1.2. CocTaBbl pEKOHCTPYUPOBAHHBIX IEPBUYHBIX MArM W TPEH]IBI COCTAaBOB
MIEPBUYHBIX BHITUTABOK B cucTeMax JeproiuT-K,CO3-MgCO;3 u rapnoyprut-K;COs-
MgCO; [Brey et al., 2011] na nceBnoTpoiinoit quarpamme [Freestone and Hamiltone,

1980]. YepHble KPY»KKH — COCTaBbI OCHOBHBIX ()a3 CHCTEMBI.
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Puc. 1.3. CocTaBbl 3KCIEPUMEHTATILHO UCCIIEIOBAHHBIX MOJICJIBHBIX CUCTEM U
PEKOHCTPYHUPOBAHHBIX IEPBUYHBIX MarM, BEIPAXKEHHBIE Y€PE3 MOJIbHbIE OTHOUIECHUS Ha

tpeyroapHuke SiO2-MgO-CaO. UepHbie KBaApaThl — COCTABbI OCHOBHBIX (a3 CHCTEMBI.
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OJIMBHHA W HE3HAYUTEIHLHOTO KoJM4yecTBa (oronura. AHAIW3 TPACKTOpUNA HaA
JTUarpaMMax COCTaBa MO3BOJIHIIO PEKOHCTPYHPOBATH MEPBUYHBIN COCTAB MarMel.

M. Bekep u A. nme Pokc [Becker and le Roex 2006] BBINOIHHINA OLICHKY
pernoHansHOM crmenudukn cocTaBoB KuMOepmiToB FOxuoit Adpuku. CoctaB
MEPBUYHON Marmpl OBUT pAacCUYMTaH Ha OCHOBE aHajm3a OOpasloB TOJBEPIKEHHBIX
HAaUMCHBIIUM W3MEHCHHMSIM, KOHTAMUHAIIMM KOPOBOTO Marepuaia, (paKIMOHHOM
KPUCTAJUTM3AIIMU M C YYETOM KOPPEKTHPOBKH Ha KOHIICHTPAIIMIO MaKpPOKPHCTOB. B
cllydasx, Korja He ObUIO BO3MOXKHOCTH CJeNiaTh KOPPEKIMI0 Ha COJEpiKaHhe
MaKpOKPHCTOB, 00pa3Ilbl HE pacCMaTPUBAINCH. PEKOHCTPYHMPOBAHHBIE COCTAaBBl OYCHB
ONM3KK K COCTaBaM, MPEJIOKCHHBIM paHee Uit kumoepimToB | rpynmel [le Roex et al.,
2003; Harris et al., 2004] u Il rpymmsr [Coe, 2008]. ITpu 3TOM HEOOXOAUMO OTMETHUTD,
YTO TIOJYYCHHBIE aBTOPAMH OIEHKH TICPBUYHBIX COCTaBOB [JII 3HAYHUTEIHLHOTO
KojudectBa kumoOepnautoB HOkHOUW Adpuku HMEIOT CyIIECTBEHHBIM pa3dopoc
OTHOCHUTEIILHO CpEIHHMX 3HaueHHid. TeM He MeHee, BbICOKHE KOHIeHTpaiuu 110z,
Fe,Os, MgO u CaO, a Ttakke Hm3kue SiO; m KyO xapakTepHbl ais Marw,
dbopmupoBaBmux kumMOepauThl | rpynmel. CymiecTBEHHO 0oJiee BBICOKHE COJIEpKaAHUS
Si0,, K;0, Ba, Rb, Pb u Huszkue Nb, Ta xapakrepHbl uMeHHO I KUMOepuToB |l
rpynmbl. ABTOPBI JINAOT BBIBOJ, YTO OTH PA3JIMYUS B COCTaBE PEKOHCTPYUPOBAHHBIX
Marm CBSI3aHBI CO CHEIU(PUKON MTPOTOIUTOB.

B pa6ore [Kopylova et al., 2007] mis peKOHCTPYKIIMHM COCTaBa IMEPBUYHOMN
MarmMbl HCIOJIB30BATUCh O00pasilbl 3aKaJCHHOTO KUMOepiuTa, W3 THUmabuccalibHON
naviku (TonuHOM ~10 cMm) cekyiryro BTopyro a3y kumbOepnuta B Tpyoke Mepuxon
(Jericho) (Kanana). beutn miccnenoBaHbl MPUKOHTAKTOBBIC 30HBI JAWKU C KPUCTALIAMH
KAJIbLIUTA YJUIMHEHHOW (hOpMBbI, CBUAETENBCTBYIOLIEH O OBICTPOM 3aKalIke pacIuiaBa.
Ananuzy moasepramuch o0Omactu  oobemoMm 0.09-1.1 Mm® He comepxamme
MaKpOKpHUCTOB. BanoBblii aHanm3 oOpa3IoB JOMONHSIICS HCCIECIOBAHUEM COCTaBa
OTJICJTLHBIX MUHEPAJIOB U UX KOHIICHTPAIMK B o0pasIie.

B pabore [Kjarsgaard et al., 2009] mnpoanamusupoBansl 104 BaOBBIX
r€OXUMHUYECKUX aHajin3a rumaduccanbHbix kuMOepnuToB noiis Jlak ne I'pac (Kanana).

AccuMmuiiAnvsl  KOpOBOTO  Marepuana Obula BbhIYICHEHa Ha 0a3e  aHanmsa
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3aKOHOMEpHOCTel m3MeHeHus KoHreHtparuii YD u Al,Os, a taxke SiI/Al - Mg/YDb.
[Toy4eHHBII TOCTIE «OUYUCTKI» OT KOPOBOTO MaTeprajga KUMOEPIUT COlepkKai OT 5 110
50% mnepuAOTUTOBBIX KCEHOJIUTOB. JIJIsi PEKOHCTPYKIMU MEPBUYHOIO COCTaBa ObUIH
WCITOJIB30BAHBI JIBA METOIa. B mMepBOM HCTOIB30BAMCH NMUTH(BI U3 PEMPE3eHTATUBHBIX
oOpasuioB. B HHX myTeM CKaHMpOBaHUSA TOBEPXHOCTU OMNpPEAeNsaach IUIOMAb,
3aHMMaeMasi 3€pHaMU OJIMBUHA W TpaHaTa. 3aTeM C TMOMONIbI0 MHUKPO30HIOBOTO
aHanw3a ObLT OTIPEJIEICH UX COCTaB M YCTAHOBJICHA WX T€HETUYECKAs MPUHAIIICKHOCTD
K MEepBUYHBIM (pa3zaM WM MakKpokpuctaM. BapuaHTbl cOCTaBOB pPEKOHCTPYHPOBAHHOM
MEePBUYHOM MarmMbl ObUTH TIOJYYEHBI IMyTEM BBIYUTAHUS KCEHOTEHHOTO OJIMBUHA WJIH
MEepU0TUTAa U3 BaJIOBOrO COCTaBa KUMOEpauToB. Jlpyroil Meroj 3akiroydaics B
BBISIBIICHUHA TPOMEKYTOYHOTO cocTaBa (MHTEpMenuara) Mexay oOpasiamu ¢
HANMEHbBIIEH KOHTAMUHAIIMEW KOPOBOIO M MAHTHUMHOTrO marepuanoB. [Ipuuem Takoun
aHanu3 ObLI MPOBEJCH OTIEIBHO JUISI BBICOKO M HU3KO TUTAHUCTBHIX PA3HOBUIHOCTEH
kuMOepnutoB. B 1ienom, B padore [Kjarsgaard et al., 2009] cnenano 3akiroueHHE, 4TO
TCOXMMHYCCKH IIEPBUYHBIC MarMbl HIMEIOT BBICOKOE cojiepkanue jeTydnx (H.O u COy)
u MgO, Ho Huskue xonnentpaiuu SiOz, Al,Os u menodei, mpu 3TOM B UX COCTaBe
K>Na, a Na+K/Al<1. Ilpu anamu3e BcexX MPOBEIACHHBIX OIEHOK MEPBUYHBIX COCTABOB
OTMEUEHO, YTO WX pa3jIuuusi CBsS3aHbl KaK C KOHTAMUHAIUEW CHenupuyecKoro
MaHTUHHOTO MaTepHalia TaK PErHOHAIBHOW CHenu(UKON HMCTOYHMKA W/WIM PEeXUMa
TIJTaBJICHUS.

Oco00 HEoOXOaUMO OTMETHTh LUK PAOOT, MOCBAIIEHHBIX HCCIIEIOBAHUIO
0o0pa3IloB CBEXEro KUMOEpJUTa, BCKPHITOrO B TpyOke VYaauHas-BocTounas Ha
riyounax 400-500 m. IlpoucxoxaeHrne TaKoro MPaKTUYECKU CYXOro KUMOEpiHTa ¢
HEOOBIYHOM MHUHepasioruen (Oorarple ImienoyaMu KapOOHAThI, XJIOPHUIBI, CylIb(haThl U
cyiabGhuabp) aKTUBHO AcOatupyetcs [Bacumenko u ap., 2000; Kamenetsky et al., 2007;
2009; 2012; Kopylova et al., 2013]. ITlo maenuro B. Kamenerkoro ¢ coaBTopaMu
[Kamenetsky et al., 2007; 2009; 2012] anomanbHass MHUHEPAJIOTHS MATPHIIBI HMECT
NEPBUYHYIO TIPUPOAY U, BEPOSATHO, TakKe ObLIa XapakKTepHa W ISl JPYTHUX
KUMOEpAUTOB | TpymIbl 10 CTaAWM MOCTMarMaTUYeCKUX W3MeHeHwid. Eciu mpuHsTH,

qTO 3TOT KI/IM6epHI/IT SIBJIsIeTCA HauboJiee OIM3KUM aHAJI0IOM HepBI/I‘IHOﬁ Marmsai, TO I10
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OCHOBHBIM XapaKTEpHUCTUKaM, MPUBEIACHHBIM B paborax [Kamenetsky et al., 2007;
2009], ero coctaB B 0OO0mUX dYepTax OKa3bIBaeTCS OJM30K K PEKOHCTPYHPOBAHHBIM
cocraBam MarMm Apyrux aBTopoB (Ta6n. 1.1, Puc. 1.1-1.3). CymiecTBeHHbIE OTINYUS
kuMOepiauTa TpyOKH Y aadHasi 3aKJII0YArOTCS B OY€HBb BBICOKMX KOHIEHTparusax NayO,
CO; u Cl, a Takke oueHp Hu3kux comepkanusax H,O. Yacte wucciaemoBaTenei
[mampumep, Kopylova et al., 2013] nomaraer, 4ro Takoil CcOCTaB KHUMOepJIHTa

06YCJ'IOBJ'IGH aCCUMMJISIIMEH KOpPOBOI'o Mmarcpuajia 1 BMCIIAIOIINX 5BAIIOPHUTOB.

1.3. BKCHepI/IMeHTaJILHbIe moaAX0Abl K H3YIYCHHUIO IMPOIECCOB IreHepanumn

KHMOEpJIUTOB

Koukpetnbie ycnoBusi reHepanuu kumoepiautoB | u Il rpynm (3aecs u nmanee
coryacHo kiaccudukarmu [Smith et al., 1985] B MaHTHIHBIX MPOTOJUTAX U, MPEKIC
BCET0, POJIb JIETyuuX ocTtaroTcs auckyccronHbiMu [Ulmer and Sweeney, 2002; Brey et
al., 2008; 2009; Foley et al., 2009; Kamenetsky et al., 2009; Sokol et al., 2013a, b;
CoboneB u jp., 2015]. CymiecTByeT 1Ba OCHOBHBIX 3KCIIEPUMEHTANIBHBIX IMOJIX0/a K
HCCJIEIOBAHUIO YCIIOBHI 3apOKICHUSA KUMOEPIUTOBBIX MarM. ITepBsiit
npeaycmatpuBaer uzydeHue P-T-Xcoz yclioBuit 00pa3zoBaHHs KUMOEPIUTONOI00HBIX
KUIKOCTEH MpPU YACTUYHOM IUIABJICHUH KapOOHATH3WPOBAHHBIX MEPUAOTUTOB. Takue
paboThl, BBIMOJNIHEHHBIE mNpu pAaBieHun 3-20 [Tla, mo3BoMMWIM YCTAaHOBHUTH, YTO
BBEJICHHE KapOOHATOB MO3BOJISIET CHU3UTH TEMIIEpATypy colinayca nepunotuta Ha 400-
500°C [Dalton and Presnall, 1998; Dasgupta and Hirschmann, 2007; Brey et al., 2008;
2009; Foley et al., 2009; Litasov and Ohtani, 2009; Dasgupta et al., 2013; Ghosh et al.,
2014]. OnHako pacruiaB, OOpa3yrOUIUHCS MPU TEPMATBLHOM PEXHUME CyOKpaTOHHOM
autocepbl M HHU3KUX CTEMEHSX IUIaBJICHUST OE€3BOJHOIO KapOOHATU3UPOBAHHOIO
NEePUJI0TUTA, UMEET CYIIECTBEHHO KapOoHaTHBIM coctaB. bomee toro, mpu 6-10 I'Tla
COCTaB paciijiaBa 0CTaeTCsl CyIiecTBeHHO KapOoHaTHBIM (Si02<20 mMac.%) U OTINYHBIM
ot kumbepiuroBoro aaxe mpu 1600-1700°C [Brey et al., 2008]. Beeaenue XjI0puaoB B
CUCTEMY  TIO3BOJISIET  JIOMOJHUTEIBHO  CHHU3UTh  TEMIEpaTypy  COJIHIyca

Kap6OHaTI/I31/IpOBaHHOI‘O Nepuao0TuTa, OJHAKO HE IIPUBOJUT K CHMIKCHHUIO TCMIICPATYPhI
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TpaHchopmalu KapOOHATHOTO paciuiaBa B KuMOepiautononoOHseii [Litasov and
Ohtani, 2009; Safonov et al., 2011]. Beenenne B cucremy H,O npuBOIUT K CHUKCHHIO,
KaK TeMIIepaTypbl COIMAYyca KapOOHATU3UPOBAHHOTO MEPUIOTUTA, TAK U 0OECTIeUnBAET
pacTBOpPEHUE CUIMKATOB B paciuiaBe. OIHAKO Jake B ATOM Ciyyae JJisl TeHepaluu
pacrmiaBa CXOJHOTO 1O coctaBy ¢ kuMOepiutoBeiM npu 6 [Tla TtpebyroTcs
temmeparypsl >1400-1600°C [Brey et al., 2009; Foley et al., 2009].

Bropoii moaxon mpeamoyaraeT HcciaeAoBaHuWE (Pa30BBIX pPaBHOBECHM B
KUMOEPIUTONOAOOHBIX CcHUCTeMax BOMM3M JukBUAyca. C ero UCHOJIb30BaHUEM
BBITIOJTHEHO 3HAUMTENbHOE KoarmaecTBo padot [Eggler and Wendlandt, 1979; Edgar and
Charbonneau, 1993; Girnis et al., 1995; Ulmer and Sweeney, 2002; Mitchell, 2004,
Girnis et al., 2011; Ilaperua u ap., 2013; Sokol et al., 2013; 2014; Sharygin et al.,
2015] (Tabn. 1.2). B HuX, Kak MpaBWIO, MCIOJIB30BATHCH JTUOO MPUPOIHBIE 00Pa3IIbl
HEU3MEHEHHBIX KUMOEPIUTOB JIMOO MYJIbTUKOMIIOHEHTHBIE COCTaBbI, MOJACIUPYIOIINE
nepBuyHyr0 Marmy. [lomydeHHBIE JaHHBIE CBUIETEIBCTBYIOT, YTO BaJIOBBIM COCTaB
CHUCTEM BIIMAET Ha HaOOp (a3 pPaBHOBECHBIX BOJIM3M JMKBUAYCAa, B YAaCTHOCTH, Ha
cTaOMIBLHOCTh OPTO- U KimHOnupokcenoB [Edgar et al., 1988; 1993; Mitchell, 2004].
[IpuueM Haunbomblee BIUSHUE HA CTAOMIBHOCTH (ha3 B TaKUX CHUCTEMaX OKa3bIBAIOT
koHneHntpanuss CaO u ornHomenue CO,/SiO, (CS) [Edgar et al.,, 1993; Ulmer and
Sweeney, 2002; Luth, 2009]. Kpome Toro, A. I'mpuuc ¢ coaBropamu [Girnis et al.,
1995; lN'upuuc u ap., 2005] mokazajiu, 4TO COCTAB U KOJIMUECTBO (HIIIOMAA TAKKE MOKET
pavKaIbHO W3MEHATHh CTAa0WIBHOCTh (a3 BOMM3M JHMKBHIyca KUMOEpIHMTA TMPHU
MaHTuiHbIX P-T mapametpax. [Io ux JaHHBIM MarHe3uT BMECTO OJIMBHHA CTAHOBUTCS
crabuieH BOu3u JukBumayca npu 5,5 I'lla u Xco2>0,7. HeobxoauMo oTMETUTH, YTO
JUTSl YaCTH U3YYEHHBIX COCTABOB MYJIbTU(A3HOE HACHIIICHUE PACIIIIaBOB (PUKCUPYETCS B
mmpokom nuanaszone P-T-Xcoz [Eggler and Wendlandt, 1979; Girnis et al., 2011; Sokol
et al., 2013; 2014].

Takum 00pa3om, aHAIIN3 UMEIOIUXCS JAaHHBIX MTOKA3bIBACT, YTO HA CETOMHSIITHHIM
MOMEHT ¢J1a00 M3yYCHHBIMH OCTAIOTCS KaK MEXaHW3Mbl METacOMaTHYCCKOMN
TpaHChOpMAIM TOTCHIIMABHBIX JIMTOCHEPHBIX MPOTOJUTOB KUMOEPIUTOB, TaK U

(bU3UKO-XMMHUYECKHE YCIOBHS T'€HEepaluu COOCTBEHHO ATUX CBEPXINTyOMHHBIX Marm. B
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TOK€ BpEMS B SKCIIEPUMEHTAIILHOM METPOJIOTUH pa3padOTaHbl U ITUPOKO MPUMEHSIOTCS
METO/bl W3y4YEHHs KaK DPEaKUHMOHHOIO B3aUMOJEHCTBUS pacIulaBOB, B TOM YHCIIE
KapOOHATHBIX, C PA3TUYHOIO pOJAA MEPUIOTHUTAMH, TaK U MEXaHU3Mbl TE€HEpaluu
MaHTUMHBIX  pacIUIaBOB.  YUUThHIBas 3TO  MOXHO  CI€JIaTh  BBIBOJ,  4YTO
AKCIEPUMEHTAJIBHOE MCCIEAOBAHUE OCHOBHOW IOCJIENOBATENBHOCTH TMPOLIECCOB,
00€eCIeYnBaBIINX TI'EHEPALMIO [IYOMHHBIX KUMOEPIUTOBBIX MarM B CYOKpaTOHHOM

HHTOC(I)epHOﬁ MaHTHU ABJIACTCA ‘-IpCBBLI‘-IEIﬁHO AKTYaJIbHBIM U Ba’KHBIM.
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I'maBa 2. Meroauka uccjie10BaHUM

2.1. Annmaparypa AJi5 poBeAeHHUs IKCIIEPUMEHTOB NPH BbICOKUX TeMIIepaTypax u

JAABJICHHUAX

OKCneprUMEHThI ObUTH BBITIOJHEHBI HA MHOTOITYaHCOHHOM O€CTpeccOBOM arinapare
«pazpesHasi cdepa», papaboTaHHOM B MHCTUTYyTe Teosnorun u reopusuku CO AH
CCCP. O6muii BuI W TIpUHIMIHAIbHAS CXeMa ammapaTta IpuBeaeHa Ha puc. 2.1.
MHoronyaHcoHHBIN OJIOK pacIoiokeH B pa3beMHOM KOPITyCE, UMEIOLIEM BHYTPEHHIOO
chepuueckyro mnoJoctb. JlaBiaeHue cozmaercd NOyTeM [OAa4Yd Macjia MEXIy
MTOBEPXHOCTBHIO TOJIYKOPIIYCOB M T'€pPMETHYHO MPUKPEIIIEHHBIMA K HUM PE3UHOBBIMU
MeMmOpanamu. Ilon gaBneHueM macia MeMOpaHbl BO3JCUCTBYIOT Ha OJIOK ITyaHCOHOB,
oOecrieunBas T€HEpaIMI0 BBICOKOTO JaBJcHUS B suelike. B pe3anHOBbIX MeMmOpaHax
MPUCYTCTBYIOT CIEIUATIbHBIE KOHTAKThl, CIY)KAlllME€ [JIs MOJAAYM HANpSHDKEHUS Ha
HarpeBaTeilb M IPOBEICHUS W3MEPEHUN B sA4YelKe. B JKCnepuMEHTax HCIOJIb30BaH
JIBYXCTYIIEHYAThI OJIOK MMyaHCOHOB, COCTOSAIIMN U3 8 CTaJbHBIX IMyaHCOHOB BHEITHEH
CTYHeHH, W 6 TBEpPAOCIUIABHBIX ITyaHCOHOB BHYTpEHHEH cTymeHu (cxema §-6).
[TonoOHass KOHCTPYKLMsSI TIO3BOJISIET 3a CYET IMOTEpPH YaCTH BHEUIHETO YCUIIUS
o0ecnieunBaTh CaMOIICHTPOBKY M OOKOBYIO MOJAEPHKKY TBEPIOCIJIABHBIX ITyaHCOHOB.
Benuuuna paBieHuss B sUeiike ompenensieTcss AaBICHUEM Macia, COOTHOILIEHHUEM
Iomaael HapyXHOM cdepuueckord TMOBEPXHOCTH BHEIIHEH CTYNEHH ITyaHCOHOB,
IUIOIIABI0 pabOUMX IJIOIIAI0OK MyaHCOHOB BHYTPEHHEN CTYNEHU M BETMYMHON MOTEPU
Ha TPEHHE MEXJYy BHEIIHEW M BHYTPEHHEH CTYNEHSAMHU. B HIKHEM IMOIYKOpITyce
UMEEeTCs CHCTeMa KaHAJIOB, JIJIsi 00ECTeUCeHUs ITUPKYJIAINA BOABI MEXy MyaHCOHAMH
BHEIIHEW W BHYTpPEHHEH cTyrneHed. (Cucrema OXJIAKICHUS IO3BOJAET MPOBOAUTH
JUTUTEIIbHBIE DKCIIEPUMEHTHI 6€3 HarpeBa MHOTOITYaHCOHHOTO 0JIOKa, YTO 00ECTICUrBACT
TOYHOE mnojjepxkaHue 3aaaHHbiX P-T mapameTpoB, a mpuU OTKIIOYEHUU TUTAHUS
obecrnieunBaeT 3akajiky o0pa3ioB co ckopoctbio 150-200 rpan/cek.

B pabote ucmonbp3oBanu sUEHKH BBICOKOTO JaBlieHHsS B (popMe TeTparoHajIbHOM

IIPHU3MBEI. I[CT&III/I AYCCK M3roTaBJIUMBAIM M3 TYTIOINIABKUX OKCHJO0B, HC HWMCIOHIHUX
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Puc. 2a. OOmmit Bujx OecrnpeccoBOr0 MHOTOIYaHCOHHOTO ammapara «paspe3Has

chepar.
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Puc. 26. Cxema ycTpoiicTBa O€cmpeccoBOr0 MHOTOIYaHCOHHOTO —armapara
«pazpe3nast cpepa». 1 — moaymydThl. 2 — pazbeMHbIE MOIYKOpIyca. 3 — CTalbHbIC
MyaHCOHBI MEPBOM CTyNeHH. 4 — pe3uHoBasi MeMOpaHa. 5 — TBEpAOCILJIaBHbIE ITyaHCOHBI
BTOPOW CTYIEHU. 6 — siUeiiKa BBICOKOTO NABJEHHS. / — KaHAI JJIsl MOAA4Yu BOABI. 8 —

KalmnJIJIAP BBICOKOTO OABJICHUS.
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($a30BBIX TIEPEXOJOB TMPH TMapamMeTpax OHKCIEPUMEHTOB W O0O0JIAMAIOMUX HU3KOU
TEIUIONPOBOJHOCTHIO. SIUeKU BBICOKOTO NaBjieHUsT uMenu pasmepbl 21,1x21,1x25,4
MM 1 19x19%22 MM mis skcnepumerToB npu 5,5-6,3 u 7,0-7,5 I'Tla cooTBeTCTBEHHO.
Jlns HarpeBa oOpasliOB HCIOJIb30Balid TIpaUTOBBIE HArpeBaTeld C BHYTPEHHUM
auameTpoM 12,2 MM (tommuHOM creHku 0,5 MM) u BbicoTor 18.8 MM s
sKcriepuMeHToB nipu 5,5-6,3 I'Tla u 9,2 mm x 14,8 mm, mis sxkcnepumenTos nipu 7,0-7,5
I'TIa.

KanubpoBka maBneHus Obla MPOU3BEACHA MYTEM PETUCTPALUUA W3MEHEHUS
comporuBiieHuss Bi mpu 2,55 I'Tla u PbSe mpu 4,0 u 6,8 I'lla mpu komMHATHOI
teMmriepatype U (uxcanuu (¢$a3oBoro rmepexoja rpapuT-aiMaz TpPU  BBICOKHUX
temneparypax [Kennedy and Kennedy 1976]. TemmepaTypa KOHTpOJUpOBajach B
KaXJI0M dKcriepuMenTe ¢ momoiisio PtRh6/PtRh30 tepmomnapel, oTkanuOpoBaHHOM TTpH
6,3 I'lla u 7,5 I'lla, ucnosib3ys Temrieparypy miasinenus Al u Ag (Sokol et al., 2015b).
TOYHOCTH KOHTPOJS JABJICHUS M TEMIIEpaTypbl MPH TapaMeTpax HCCISIOBaAHUS
cocrapisia 0,1 I'Tla u £20°C, cOOTBETCTBEHHO.

JIOTIOTHUTENBHO ISl ydeTa CHelUUKN CXEMbl pa3MEIICHHS aMITyJl U MOHTaxa
TepMmomnapsl B skcriepuMenTax npu 6,3 ['Ila Hamu ObUT BBINOJTHEH KaauOPOBOYHbBIC
AKCIIEPUMEHTHI, B KOTOPBIX ObLIa OmpejesneHa TemieparypHas mompaBka Ha O.[].C.
TepMoMaphl MPU BBICOKUX TemrepaTypax. KamnOpoBka mpoBoamiIach mo TeMiepaTrype
riaByieHuss Ni. KoHTposib naBieHHs OCYIIECTBIISICS IMyTeM aHaiu3a (pa3o00pa3oBaHus
(ammazooOpaszoBanus) B cucteMe Ni-C. Cxema KaarOpOBOYHOW SYCHKH MPHUBEICHA HA
puc. 2.2. Jlna ¢ukcauu TeMrepaTypsl MIaBICHUS HUKEINs, B sYeiike Oblja pa3MelieHa
Ni mpoBosioka, 9acTb KOTOpod mpoxomawia uepe3d maidy NaCl, pa3memienHoi B
LCHTpaJIbHOH MajorpagueHTHoi 3oHe. HemocpeacrBenno mon maiboit  NaCl
pacnoniarayicsi rpaduTOBBIN MIMHIP. KOHIEI MPOBOIOKKA OBUTH BBIBEICHBI HA TpaHU
AYEMKA W TOAKIIOYEHBI K ommerpy. llocne pocTtwkeHuss B ammapare 3aJaHHOTO
JIABJICHUS, TPOU3BOIMIICS MEIJICHHBIN oabeM Temmeparypsl. 11laitda NaCl mnasuiace
npu temnepatype okosno 1400°C. IMpu moctmxenuun temmeparypsl 1640+40°C [Strong,
Bundy, 1959] npoucxomun peskmii ckauek comportusicHus Ni mpoBonoku ¢ 1-2 10

>200 OMm.  ComocraBieHue TaOIUYHBIX JaHHBIX U 3adukcupoBanHoro I.J1.C.
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Puc. 2.2. Cxema kanuOpoOBOYHOM sUEHKH BBICOKOTO AaBiieHus. 1 — MO TokoBoI.
2 — ZrO; stuetika. 3 - PtRh6/PtRh30 trepmomapa. 4 — Ni mpoBosioka. 5 — NaCl. 6 — MgO

BTyJKa. / — rpadur. 8 — Ni guck. 9 - 3aTpaBOYHBIC KPUCTAIITBI AIMa3a.
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TEpPMOIIapbl B MOMEHT, KOTJIa IIPOUCXOAWI0 miaBjieHue Ni MO3BOIMIO yCTAHOBUTD, YTO
MOTIPaBKa K TaOJIMYHBIM 3HAUYCHUSM TeMreparypsl coctaBisieT +70°C.

OoOpasoBapmuecst npu 1wiaBieand Ni kamm nocie nagenus B paciuiae NacCl
BBI3BAIM CHHTE3 aiMa3a B oOpasme rpadurta. Takum oOpazom, Mpu TeMmIeparype
1640+40°C naBiieHHE B MCHOJB30BAHHOW HAaMHU SYEUKE COOTBETCTBOBAJIO IOJIIO
cTabmiIbHOCTH anMasza. ['panunia ¢a3oBOro paBHOBecHsS TpaduT-aiiMa3 1O JaHHBIM
padoter [Kennedy and Kennedy, 1976] omuceiBaeTcs JHMHEHHBIM ypaBHEHHEM
P=T/400+1.94 (rne nasnenue npusenexo B ['Tla, a remnepatypa B °C). Takum o6pazom,
MUHUMAJIbHOE JIaBJICHHE HEOOXOAMMOE IS CHHTE3a ajiMasza, ¢ yY4eTOM IMOrPEIIHOCTH
naHHbIX 1o TraBiieHuio Ni, cocrabiser 5,94-6,14 I'Tla. [Tony4yeHHbIC 3HAYCHHS XOPOIIIO
COOTBETCTBYIOT JaHHBIM TMPEABIAYIIUX KaTUOPOBOK, COIVIACHO KOTOPHIM B
HCIIOJIb30BAaHHOM HaMM sfUekiKe JaBjeHue coctapisuio 6,3 I'11a.

Benmnuunel TpagueHTa Temmepatyp B oOpasiiax ObLIM OIICHEHBI HAa OCHOBAaHUH
JIAHHBIX MPOrpaMMBbl YnciIeHHOro moaenupoBanus [Hernlund et al. 2006]. PacuetHoe
pacmpeneiieHHe TeMIlepaTyp B BHYTPHM HarpeBaTele, ¢ YYETOM pa3HBIX CXEM
3aMOJTHEHUS SYEEK, a TaKKEe HCIOJb30BAHHBIX KOHTEHMHEPOB M aMITyJl, IPUBEACHBI Ha
puc. 2.3, 2.4. AHanu3 TMOJYYEHHBIX JAHHBIX MOKA3bIBAET, UTO BEPXHEE WM HIDKHEE
pacmoyio)keHre O00pas3loB OTHOCHUTEIBHO IIEHTpA SUYCHKH SBISETCS HE TOJHOCTHIO
OKBUBAJICHTHBIM II0 PpACTPEACIICHUIO Temmeparyp. B ciydae wuCHoib30BaHUs
rpaUTOBBIX KOHTEHHEPOB ¢ 6 oOpasiamu sl HMCCIEAOBaHUS B3aUMOJICHCTBUS
KapOOHATHBIX paciuiaBoM ¢ nepuaoTutom npu 1200-1350°C (puc. 2.3), TeMmneparypHast
pasHUIA JJISI [ICHTPOB BEPXHETO M HUXKHEro oOpasnoB cocrapisieT okono 10°C. Ilpu
UCITOJIb30BaHUU Pt aMmmysn s SKCIIEpUMEHTOB 1O MYJIbTH()A3HOMY HACKHIIICHUIO
kuMOepiutoBoro pacruiaBa npu 1400-1600°C (puc. 2.4), TemrepaTypHas pa3sHULA IS
IIEHTPOB BEPXHETO W HIKHETo 00pa3ioB gocturaeT 30°C. B o6oux ciydasx pacyeTHBIN

IpaJueHT TeMneparyp B caMux oopaszuax 01au3ok k 10°C/mMm.

2.2. MeToauka uccjie0BaHuA 0JIM3COJMAYCHBIX PACIJIABOB M NMPOAYKTOB MX

PC€AKIIHOHHOI'O B3aUMOJAEHCTBHS C NEPUI0OTUTOM
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Puc. 2.3. Cxema stueiiku BBICOKOTO AAaBJICHHUSI IS SKCIIEPUMEHTOB 110 U3yUYCHHIO
PEAKIIMOHHOTO B3aUMOJICHCTBHUS «IIEPUIOTUT-KApOOHATHBIN PACIIaB» U C PACUCTHBHIM
pacrpeieieHueM TeMIIEPaTyp, MOTyYSHHBIM C UCTIOJIh30BAHUEM IPOTPAMMHOTO
obecrieuenus (Hernlund et al. 2006). MoaenupoBaHue, IPOBEICHO AJIs COOPKU
YeTBIPbMSI COHIBUY-00pasiamu B rpadutoBoM koHTeitHepe mpu 1200°C (a) u 1350°C
(0). 1 - ZrO; siueiika. 2 - rpaduroBbiii HarpeBartenb; 3 - PtRhg/PtRhsy Tepmomnapa. 4 -
MaJorpaJMeHTHasl 30Ha; S - NEPUIOTUT; 6 — KapOOHATHBIN paciias; / - rpadUTOBBIM
koHTeliHep; 8 — MgO Brynka; 9 - ZrO; mraiiba; 10 - Mo TokoBozsl. TosicThie TMHUM —

uzorepmbl 100°C; Tonkue nuanu — nzotepmsl 10°C.
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Puc. 2.4. Cxema siueiiku BBICOKOTO JaBJICHUS JJI SKCIIEPUMEHTOB 10 U3YUYCHHIO
dazoo6pazoBaHus B KUMOEPIUTE TP. Y 1auyHas U C PACUETHBIM pacIlpeeiCHUEM
TEMIIEPATYyP, MOJYYESHHBIM C UCIIOIb30BaHUEM MporpammHoro odecneyenus (Hernlund
et al. 2006). MoaenupoBaHue, MPOBEICHO AJIs COOPKH C 2 TUIATHHOBBIMU aMITyJIaMU
npu 1400°C (a) m 1600°C (6). 1 - ZrO;, sueiika. 2 - rpadUTOBBINA HarpeBaTENb; 3 -
PtRhe/PtRh3 Tepmonapa. 4 - MmanorpanuenTHas 30Ha; 5 — Pt - ammyna; 6 — rpadguroBbIit
koHTeliHep; 7 — kumbepaut; 8 — CsCl; 9 — MgO Bryinka; 10 - ZrO, maiioa; 11 - Mo

TOKOBOJBI. TomncTeie muann — n3otepmsl 100°C; Tonkue muanm — nzotepmsl 10°C.
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OpHol U3 Lesell SKCIEPUMEHTAIIBHOM METPOJIOTHH SIBJISIETCS M3YyYEHHE COCTABOB
pacIuIaBoB, KOTOPhIE MOTYT OBITh T€HEPHPOBAHBI TUIABJICHHEM MAaHTHUHBIX Topoia. B
OCHOBHOM BapHaHTE METOAMKU IKCIEPUMEHTAJIBHO MpU MaHTUMHBIX P-T mapamerpax
IUTaBSAT CMECh, OTBEYAOIYIO [0 COCTaBy WMHTepecyromiei mopoasl [Brey et al., 2011,
2009, 2008; Ghosh et al., 2009]. Dror BapuaHT XOpOIIO MOAXOAUT IS H3yUCHUS
pacriaBoB, OOpa3yIOIIMXCS TPH BBICOKMX CTEMEHSIX IUJIAaBJICHUS, IOCKOJIBKY OHH
000COOMSAIOTCST B 3HAYUTEIBHOM 00BEME, JOCTYITHOM, TOCHIE 3aKajikd oOpasma, st
nocienyroniero anainusa. OJHAKO MPU TEPMHUUYECKOM PEKHMME BEpXHEW MAaHTUU B
OCHOBHOM 00pa3yroTcsi OJIM3CONMAYCHBIC pacIljiaBbl. Tak TeOXMMHUYECKHE pPacueThl
MIPEAIOJIararoT, YTO CTENEHb IIABJICHNS HCTOYHUKOB MHOTHX OKCAaHMYECKHUX 0a3aIbTOB
He npesbimana 5% [Hirschmann and Dasgupta, 2007; Clague and Frey, 1982; Chauvel
et al., 1992; Thomas et al., 1999; Frey et al., 2000]. YactnuHoe 1iaBieHre B HauOoIee
rIIyOMHHBIX 0a3abTOBBIX MCTOYHHUKAX, BbI3BaHHOEe H»O mmm CO, durongom, Moxker
OBITh CYIIECTBEHHO HWXe 3Toro 3HaueHus [Eggler, 1976; Plank and Langmuir, 1992;
Hirth and Kohlstedt, 1996; Karato and Jung, 1998; Presnall et al., 2002; Asimow and
Langmuir, 2003; Dasgupta and Hirschmann, 2006]. CymectByromue MOICTH
reHepaluu KUMOEPJUTOB TakKe MpPEArnojiaraloT, 4ro o0pa3oBaHUE KUMOEPIUTOBBIX
pPacIuIaBOB MPOUCXOAMIIO MPHU CTETICHH TIJIaBICHUS KapOOHATU3UPOBAHHBIX TPAHATOBBIX
nepunotutoB <1% [Eggler and Wendlandt, 1979; Canil and Scarfe, 1990; Dalton and
Presnall, 1998].

Omnpenenenre coctaBa 4YaCTMYHOIO paciulaBa, MpH CTENEHU MpaBiieHUs oOpasia
<<10%, mnpencrapiasieT CcoOOW 3HAYUTEIHHYIO DKCICPUMEHTAILHYIO MPOOJIeMY.
Bo3zHukaronye TpyAHOCTH CBsI3aHBI C TEM, YTO MeJKHe 000cOo0IeHus paciyiaBa (Korjaa
pa3Mep ACHAPUTOB, OOpa3yIOIIMXCs MPHU 3aKajKe paciulaBa, COMOCTaBUM C Pa3MEPOM
000CcOONIEHUs1) CIOXKHO AHAJIM3UPOBATH METOJAOM pac(OKyCHpPOBAHHOTO IydKa
MuKpo3oHaa. Kpome Toro, mpu 3akaike B MaJeHbKOM oOOBbeME MeTacTaOWiIbHas
KPUCTAIIM3AIMS Ha MOBEPXHOCTAX OKpYXKaromux (a3 MPUBOIUT K CYIIECTBEHHOMY
U3MEHEHHUIO XMMHMUYECKOTO cocTaBa paciuiaBa. /s Toro urtoObl MpeogosieTh 3TH
npoOiemMbl  OBIJIO  pa3pabOTaHO HECKOJBKO METOAMK, BKIIOYAs COHIBUY-METO/I,

JOBYIIKH paciljlaBa, TEPMHUYECKYI0 cerperanuio W Mukpomaiiku [Stolper, 1980;
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Takahashi and Kushiro, 1983; Hirose and Kushiro, 1993; Baker and Stolper, 1994;
Zhang and Herzberg, 1994; Walter, 1998; Laporte et al., 2004]. Kaxxaplit 13 HUX uMeeT

CBOH IIpeUMyHIcCTBa 1 HCAOCTATKU.

Cpenaun »TUX TOIXOJOB OJHUM W3 HaWOOJIee HMCTOJIB3YEMBIX SIBIISCTCS COHJIIBHY-
MeToql. B ero mpocreiiniemM BapuaHTE CIIOM C COCTAaBOM HCCIEAYeMOTO pacliiaBa
MOMETIAIOT MEXAY IBYMS CIIOSIMUA MOJIEITHHOU MMOPOJIBI - «MAaTPUIIBD (HApUMep, TaKOH
KaK MepUI0TUT). B X0/1e sKcIepuMenTa cocTaB paciuiaBa mpuOIMKaeTcsl K PABHOBECHIO
c dazamu moOpoABl 3a CUET TPOIECCOB PACTBOPEHUSA-TICPEKPUCTALIN3AIUN U
mupdy3nonnoro odbmena. Ilpm 3TOM pacmiaB, Kak MpaBuiio, oOpa3yeT OOIHMPHYIO
TOMOT€HHYI0 00J51acTh, KOTOpas IIOCJ€ €ro 3akalKe, NpUrojHa JJis aHaiu3a

MHUKPO30HAOBBIMHU MCTOAAMH.

V namboiee IIPpOCTOTO0 BapHaHTAa COHABUY-MCTOIAMKHM CCTb JBAd OCHOBHBIX

HEOOCTAaTKa.

1. Ins nOCTHKEHUsT paBHOBECUSI MO BCEM KOMIIOHEHTaM (OCOOEHHO IEeIovam)

TpeOyeTCsl SKCIEPUMEHTHI OU€Hb OOJIBIION JJIUTEIBHOCTH.

2. JlobaBKka 3HAYUTENHHOTO KOJMYECTBA HCCIEIyeMOr0 paciulaBa CO3/aeT
OMAaCHOCTb TOTO, YTO UCCIIENYEMBIH paciyiaB OyJeT HE HACHIIIEH M0 OTHOIIICHUIO

K (pazaM MHTEPECYIONIEH MOPOIBI.

[lepBblii W3 JTUX HEJIOCTATKOB MOXKET OBITh YCTPAaHCH IyTEM MPOBEICHUS
UTEPATUBHBIX COHBUY-IKCIIEPUMEHTOB, IIPU KOTOPBIX COCTAB PACILIaBa MOCIIE KaXKIO0TO
IPOBEJICHHOTO 3KCIICPUMEHTA HCIOJNB3YeTCs B KadeCTBE HCXOTHOTO paciuiaBa Jyis
Ka)XXJIOT0 MOCIEIYIONIero dKcrepuMenTa. Takoilt MeTon ObUT YCHENIHO MPUMEHEH IMpH
TUiaBieHun kapOoHarusupoBanHoro jepronura [Wallace and Green, 1988; Thibault,
1992] u mmuHEICBOro MEPUI0THTA, HOMHUHAIBLHO HE cojepikaiiero jJeTyuux [Robinson
et al., 1998]. UrepatuBHbIi METOI HE TPEOYET MOJTHOTO PABHOBECHS MY PACILIIABOM
U MaTpuileil Ha KaXJIOM SKCIEpUMEHTAIbHOM Immare. OHAKO IS JOCTHIKCHHS
paBHOBeCHs B paclpeeliecHHd Haubojiee HECOBMECTHMBIX JJIEMEHTOB TpeOyeTcs
3HAYHUTEIBHOEC KOJMUECTBO MTeparmii: maorga Oonee 20 [Dasgupta and Hirschmann,

2007]. Takke UTepaTUBHBII MOAXO0]] YACTHYHO YCTPAHSIET BTOPOI HEJOCTATOK, IIOTOMY
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YTO IOBTOPSIOLIEECS MCHOJIB30BAHUE MATPUIBI OJHOTO M TOTO K€ COCTaBa B WTOTE
IIPUBOJUT pPACIIaB K TOMY COCTaBYy, KOTOPBIM HAaXOAMUTCA B PAaBHOBECHH CO BCEMU

¢dazaMu UCXOAHOMN TOPO/IBI.

Jis  cokpamieHuss ~ KOJMYECTBA  WTEpalii  ObUT  TPEUIOKEH  METOJ
MOJIA(DHUIIMPOBAHHBIX HUTEPATUBHBIX COHABUY-3KciepuMenToB (MMCD) [Hirschmann
and Dasgupta, 2007; Dasgupta and Hirschmann, 2007]. B atom MeToze mpeaiaraercs
BHOCHTHh U3MCHEHHUS B COCTAaB paciuiaBa mepes] KaKIOW MOCICeIyIoIed uTepanuei mo
MOMEHTa JOCTMKECHHUSI PABHOBECHS C HCXOJHOW MaTpPULEH, COCTaB KOTOPOM HE
MEHSIETCS OT UTEpallii K uTepanu. JlJis 3Toro mo pe3ynbpraraM MepBOro SKCIIEpUMEHTa
OIPEAEISAIOTCS 3HAUYECHUS KOX(P(PHUIUEHTOB paclpeaciicHus MEKIy paciuiaBoM (Cf) u

marpuuei (C¥) s kaxaoro koMmnoneHTa (i) B mepBoM MPpHOIHKEHIH:

Ll
3aTeM Ha UX OCHOBE IPOM3BOAMTCS OIEHKA cOCTaBa paciiaBa (") ¥ MaTPHIIbI

(c*') B KOHIIE EPBOI UTepaLuy s TIAHUpPYeMoii 1oy paciiasa (F):

rae €7 - KOHIIEHTpAIMs i-r0 KOMIIOHEHTa B BaJIOBOM COCTaBE MHTEPECYIOIIEH MOPOIBI.
Torna nis cneayroieid UTepalu npu goJie paciiara (X) U goje MaTpuilbl (1-X) MOXKHO

paccunTaTtb COCTAB pacIiliaBa:

[Ipumensis 3Ty Tpomenypy WTEPAaTUBHO, BO3MOXHO OBICTpEE MOIYy4YUTh
O’KHMJIA€MBIM COCTaB paciuiaBa MpH 3aJaHHON CTENEHU IJIaBJieHus mopojsl. Mcnonb3ys
3TOT MeToA, ero aBropam [Dasgupta and Hirschmann, 2007] yaanock npu 6.6 I'Tla u
1200-1245°C Bcero 3a 4 urepauuu ONpeACTUTh COCTaB OKOJIOCOJHMIYCHOTO paciijiaBa

0e3KaeBoro KapOOHATU3UPOBAHHOTO JIEPI0JInTa ¢ coqepkanremM Na,O <1%.
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B cooTtBercTBUM ¢ TmiensiMu pabOThl HA HAYaIbHOM JTale€ Mbl TOMBITAINCH
ucrnonb3oBath MUCH misa ompeneneHus: cocraBa 00ratoro menodyaMu KapOOHATHOTO
pacmuiaBa, paBHOBecHOro c jepuoiutom npu 1200°C u 5.5 I'Tla. Ognako Oosbliive
NOTPENIHOCTA B ONPENIETIEHUU COCTaBa 3aKAJEHHOI'O paciljlaBa HE MO3BOJIMIIA HAM C
JIOCTAaTOYHOM TOYHOCTBIO OIpPEACIUTh KOI(DPUIIMEHTHI pachpeaesieHus sl 4YacTu
koMrioHeHTOB (CaO, MgO, Na,O wu, B Oonbuieir crenenu, K;O). D10 mpuBeno k
OOJIbIIMM ~ OIIMOKaM TMPU pacyeTe COCTABOB ISl CHEAYIOIIMX WTepalui, W,
COOTBETCTBEHHO, K TOMY, YTO KOMIIOHEHTHBIN COCTaB paciuiaBa IOCJe MPOBEICHUS

IICPBbIX I/ITepaHI/Iﬁ HC CTPCMHUIICA K PaBHOBCCHBIM 3HAYCHUAM.

BaxapIM OCHOBaHHEM JISI TOTO, YTOOBI OTKa3aThCA OT Mcmoab3oBanus MUCDH
HOCITYKUJIO TO, YTO Hac B OOJIbLIEH CTENEHW HHTEPECOBAIO MUMEHHO peakyuoHHoe
B3aMMOJICicTBHE KapOOHATHOIO paciylaBa € MEPUIOTUTOM U COCTaB pacIulaBa,
PABHOBECHOTO C y>K€ U3MEHEHHOU 1opo10ii. [ToaToMy 17151 HAIIMX IKCIIEPUMEHTOB ObLT
BbIOpaH HanboJiee MPOCTON BapuaHT COHABUY-MeTona. Heo6XxoaumMo oTMETUTh, YTO O
aHAJIOTMYHONM METOJUKE ObUIO MPOBEAEHO M3YYEHHE PEAKLIMOHHOTO B3aUMOJECUCTBUS
KapOOHATHBIX paciiaBoB ¢ nepupotutamu M. Tubaynarom ¢ coaBtopamu [Thibault et
al., 1992]. B cBoeii paboTe aBTOPBHI HKCIOJB30BAIA  CJIACAYIOIIYIO CXEMY.
[MpenBaputensuo npu 3 I'Tla ObL1 UTEpAIMOHHBIM METOAOM OBLT M3yueH coctaB KoO-
coJieprKaluX KapOOHATHBIX PacIUIaBOB, PABHOBECHBIX C (DJIOTOMUTOBBIM JIEPLIOTUTOM U
KapOOHATU3WPOBAHHBIM (PJIOTOMUTOBBIM JIEPLOJUTOM. 3aTeM MOJIYYEHHbIE COCTaBbI
pacIuiaBoB C HMCHOJIb30BaHUEM CHOHABUY-MeTOAuKH npu 2 ['Tla Obun mpuBeneHsl B

pPEaKIMOHHOE B3aUMOJECHCTBHUE C MEPUIOTUTAMMU.

Jlnst oOpa3oBaHusi B COHIBHY 0OOpasllax pPaBHOBECHBIX AacCOLMALMNA 3a OJHH
HKCIEPUMEHT €ro JUIMTEIBHOCTh JOJKHA OBITH JOCTATOYHO BeJMKa. B mpoaykrax
npeaBapuTenbHbIX dKkcrepuMenToB npu 6.3 T'Tla, 1200-1350°C u gnutenpHOCTH 60
YacOB MPUCYTCTBOBAIHM (Da3bl ¢ 30HATBHOCTHIO M, TIOITOMY, MOJHOTO PABHOBECHUS B
oOpasiie JOCTUTHYTO He O0bu10. OCHOBBIBAsICH HA TOM, UTO Ha Ha4aJIbHBIX 3Tarax Halmx
HKCIIEPUMEHTOB KapOOHATHBIN PACIIaB HAXOJUTCSA B PEAKIIMOHHOM B3aWMOJICHCTBUU C

ManHHCﬁ W JUIOIb 3aTCM YPAaBHOBCIIMBACTCA C IMPOAYKTaMH PCAKIMK, HaMH OBLT
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caesiaH BbIBOJ, 4ToO npu temmneparype 1200°C nauTenbHOCTh 3KCIEPUMEHTOB JODKHA
nocturath 150 yacoB. DKCIEPUMEHTHI ¢ TAaKOH M OONbIIEH AJIUTEIBHOCTBIO SBISIOTCA

YHHUKQJILHBIMU ¥ OBLITH pealin30BaHbl paHee Tulib B padore [Yaxley and Brey, 2004].
Bri6op P-T mapameTpoB SKCIEPUMEHTOB IO MOJEIUPOBAHUIO B3aUMOJECUCTBUS
«kapOOHATHBIN pAaCIUIaB-NIEPUIOTUT» ObUI OCYIIECTBIEH HAa OCHOBAHMM JIAHHBIX
U3y4YEHHUsS MAaHTUMHBIX KCEHOJUTOB M3 KUMOEpIMTOB W, MpPEXIE BCEro, TPyOKH
VYnaunas. CorjacHO JAaHHBIM TepMOOAPOMETPUM KCEHOIMTOB U3 Tp. YJIadyHas
TeMIiepaTypa B CYOKpaTOHHOW JUTOC(HEPHON MaHTHUM TIOJ HEH JEMOHCTPUPYIOT
oumonanbHOe pacnpeaencuaue [Boyd et al., 1997; Goncharov et al., 2012] (Puc. 2.5).
"Ilepern6" reorepmer ot 40 k 45 mBr/mM?> [Pollack and Chapman, 1977] xoropsrii

HaOromaeTcss B HIDKHEH Tpetu mmrocdepHoii mantuu [Goncharov et al., 2012] 6but

UHTEPIIPETHPOBAH KaK PE3yJbTAT BO3JACHCTBUS TOPSAYETO METACOMATHYECKOTO areHTa
U3 HIWKHUAX dYactei nmrochepbr [Goncharov etal., 2012] wim Temia MaHTHIHOTO
wioma [Howardth et al., 2014]  TIlpuyeM 5STOT MPOLECC HEMOCPEACTBEHHO
Ipe/IIIecTBOBAI H3BepKeHHI0 KuMOepautoB [Goncharov et al., 2012]. IIpuaumas Bo
BHUMAaHHE, YTO TOJIMHA JHUTOC(HEPHON MAHTUU MOJX Tp. YAauyHas  COCTaBISIET
npubausurensao 220 kv [Goncharov et al., 2012], nepeceuenue reorepmel 45 MBT/M?
C MaHTUMHOW aauabaToll COOTBETCTBYET TeMIepaTypaM MOTEHIIMAIbHOI'O0 MCTOYHMKA
KAMOEpIUTOBBIX MarM B auanazoHe 1320 go 1400°C (puc. 2.5). ITo nanusim [Howarth
et al., 2014] OGomee paHHHI HHU3KOTEMICPATYPHBIH METACOMATO3 B JIMTOCHEPHOM
Mantuu 1ojJ; CuOUpcKUM KpaToHOM ocyuiectBisuics npu Temieparype 900-1100°C.
bonee  BbICOKOTEMIIEpaTypHbIH  METAacOMaTo3 M IeHepaluss  COOCTBEHHO
kuMOepauToBeix MarM npu  T>1200°C. BpiOop npaBneHuili ajis 3KCHEPUMEHTOB

OIINPACTCA Ha OJAHHBIC
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OapomMeTpuu, MOTYyYEHHBIX MPU N3YYEHUU HAanOoJee TIIyOMHHBIX KCEHOJIUTOB, KOTOPHIC
dbopmupoBanuch npu nasieHuu 5,5-7,0 I'lla. Takum 00pa3oMm, aHaIU3 MPUBEICHHBIX
JAHHBIX  TOKa3aj, 4YTo HauOoyiee BaXXHbIM ISl HCCIEJOBAaHUS MPOIECCOB
B3aUMOJICCTBUSL KAapOOHATHBIX PACIUIABOB C MEPUAOTUTAMU SIBIIAECTCS JUANA30H

nasnenuit 5,5 -7,0 I'Tla u remnepatyp 1200-1350°C.

2.3. MeToa u3yuyeHusl yCJI0BHMi reHepanuu riiyOMHHBIX MarM no (pazoBomy
COCTaBY MO/IeJIbHOI CHCTeMbI BOJIN3H JUKBHAYCA (METOX MYJIbTH(PAZHOTO

HACBIIIEHNS)

BaxneilmuMu  mapaMeTpaMy, KOHTPOJHUPYIONIMMHU TIpoliecc 00pa3oBaHUs
KHMOEPIUTOBBIX Marm, SBISIOTCS (Pa30BbIH M XMUMHYECKHH COCTaB MAaTEPUHCKHUX
MaHTUUHBIX TIOPOJI, a TAaK)Ke KOHIICHTPAIMSI B HUX JIETy4YnX. BBISCHUTH 3TH MapaMeTphbl
HKCIIEPUMEHTAIIbHO MOKHO C HCIIOJb30BaHME METOAa MYJIbTHU(A3HOTO HACHIIIECHUS
[Eggler and Wendlandt, 1979; Ringwood et al., 1992]. Ero cyTh 3akiodacTcsi B TOM,
YTO HEMOCPEJCTBEHHO B MOMEHT OTJCJICHHS PaBHOBECHAs C MAaTEPUHCKOW MOpPOAOU
KHMOEpJIMTOBas Marma, B3sTas KaK HW30JUPOBaHHAs CHCTEMa, HAXOJIWUTCS BOJIU3U
COOCTBEHHOTO JIMKBHIyca (TaK Kak COJCPKHUT HE3HAYUTEIHHOE KOJIHMYECTBO
Kpucraumueckoir (aser). [TorTomy, HE0OXOAMMBIM (HO HE JTOCTATOYHBIM) YCIOBHUEM
DKCIIEPUMEHTANILHOTO  BocmpousBeneHusd  P-T-Xieryuux ~ IAPAMETPOB  T'EHE3HCA
KUMOEpIIUTAa SIBIISIETCS PaBHOBECHOCTh KUMOEPIUTOBOM MarMbl B MOMEHT OTACIICHHUS C
OJIMBUHOM, THPOKCEHOM U TpPaHATOM — OCHOBHBIMH MHUHEpajlaMH MPOTOJIUTA.
JlaBnenue, mpu KOTOPOM (PHKCHUPYETCsl TaKOe PaBHOBECHE, TOJDKHO COOTBETCTBOBATH
reo0apoOMEeTpUYECKUM  OIICHKaM TIyOuHbl  (OpPMHUpPOBAaHMS  KUMOEPIUTOB, a
JUKBUIYCHBIE TEMITEpaTyphbl JOJKHBI OBITh HE HIDKE YeM MaKCHMAaJIbHBIE IO JaHHBIM
TreOTePMOMETPHH KCEHOJIUTOB JuIsi oOyactu mx reHeparuu [Eggler and Wendlandt,
1979]. Takum 00pa3oM, OJMBHH TIpaHaT W MHPOKCEH KaK OCHOBHBIE MHHEPAJIbI
MEPUIOTUTOBOTO MTPOTOIUTA TOKHBI OBITh CTAOMITEHEI Ha JIMKBUTYCE KUMOEPIUTA WA

HETOCPECTBEHHO MO/I HUM TPH JaBJeHUH, TeMiieparype, a takxe fCO, u fH,0, mpu
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Tabmuua 2.1. CocTaBbl CTapTOBBIX CMECer
aepuosuta (LC), rapubyprura (HC) u kap6oantutos (C, GS, B6 u B10) (mac. %).

LC HC GS C B6 B10
SiO2 4575 4578  0.62 5.00 8.03 16.01
TiO2 0.18 - 0.02 2.46 0.27 0.19
Al,O3 4.06 2.65 0.73 1.45 0.46 0.30
Cr203 0.47 1.05 - - 0.00 0.11
FeO 7.53 7.67 3.97 7.38 7.42 18.31
MnO 0.11 0.11 - 0.17 0.23 0.34
NiO 0.35 0.33 - - 0.05 0.08
MgO 37.73 4151 477 13.83 23.29 22.21
CaO 3.21 0.57 15.67 22.69 13.25 8.30
Na.O 0.33 - 0.18 4.65 0.80 0.47
K20 - - 31.30 3.58 10.04 5.80
Cymma 99.69 99.67 5726 61.21 63.84 72.12
Tabnuna 2.2. Banosslii coctas conaBuucii (mac. %).

LC-C LC-GS LC-B6 LC-B10 HC-C HC-GS HC-B6 HC-B10
SiO2 31.08 29.50 32.17 35.04 29.57 27.99 30.66 33.54
TiO> 1.00 0.12 0.21 0.18 0.89 0.01 0.10 0.07
Al;0O3 3.12 2.86 2.76 2.71 2.13 1.87 1.77 1.71
Cr203 0.30 0.30 0.30 0.34 0.65 0.65 0.65 0.69
FeO 7.48 6.25 7.49 11.41 6.86 5.63 6.88 10.80
MnO 0.13 0.07 0.15 0.19 0.13 0.06 0.15 0.19
NiO 0.22 0.22 0.24 0.25 0.11 0.11 0.13 0.14
MgO 29.13 25.86 32.53 32.14 30.06 26.80 33.47 33.08
CaO 10.22 7.70 6.82 5.04 8.69 6.16 5.29 3.51
Na,O 1.89 0.28 0.50 0.38 1.69 0.08 0.30 0.18
K20 1.29 11.27 3.61 2.09 1.29 11.27 3.62 2.09
Total 85.86 84.43 86.80 89.78 82.06 80.64 83.01 85.99
MgO/CaO 2.9 3.4 4.8 6.4 3.5 4.4 6.3 9.4

LC — nepuomnut, HC — rapnoyprut, C, GS, B6 u B10 — kapOoHaTHBIC pacIiiaBbI.
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KOTOPBIX TIpou3onuIo otaeienne Marmel [Ringwood et al., 1992]. Tlpuyem BbicOKHE
KOHIIGHTpAIlMu JIETKUX  penko3emenbHbiX diemeHToB (LREE), HO Hu3KHe
KOHLIEHTpAllMU TsKEIbIX penko3zeMenbHbiXx 3iemeHToB (HREE) B kumbGepnurax
O3HAuYal0T, YTO €r0 HWCTOYHUK JOJDKEH ObUI COAEepKaTh IpaHaT M, CIEAOBATEIbHO,
YacTUYHAs JKUAKOCTh (hopMupoBanack B mpucytctBuu rpanara [Mitchell 1986;
Ringwood et al.,, 1992; le Roex et al., 2003]. DxcrnepuMeHTAIbHBIH IOMCK
napaMeTpoB MyJbTH(A3HOTO HACHIIIEHUS paciuiaBa mpuMeHuM, eciu: (1) cocras
HKCIEPUMEHTAJIbHOU  3arpy3kd  (MOAENIBHOM  CHUCTEMBI) JOCTATOYHO  TOYHO
BOCIIPOM3BOANT COCTaB MEPBUYHON Marmpl; (2) MeXAy pacljaBHOW W TBEPIbIMU

(azamu JOCTUTAETCS] PAaBHOBECHE U OTCYTCTBYIOT meputektndeckue peakuuu [Ulmer

and Sweeney, 2002; Funk and Luth, 2012].

2.4. O6ocHOBaHMe BbIOOPA MCXOIHBIX COCTABOB M MOAT0TOBKA K IKCIIEPUMEHTaAM

HCXOIHBIX cMeceH

2.4.1. JkcniepuMEeHThI 110 MOAEJTUPOBAHUIO B3AUMO/IeHiCTBUSI «IEPUAOTHT —

KapOOHATHBIN pacniaB»

OKCHepUMEHTHl TPOBENIEHBI IS  MOJICIMPOBAHUS TIPOIlEcca PEAKIIMOHHOTO
WU3MCHEHUS TTEPUIOTUTOBBIX TTPOTOJIMTOB KUMOEPIUTOB KapOOHATHRIMU paciijiaBamMu. B
Hameil paboTe B KadyecTBE WCXOJHOTO TMEpUIOTHTa OBLUT HCIOJIb30BaH COCTaB
MoJIeJIbHOTO JieproauTa (31echk u panee no Tekcty LC) [Hart and Zindler, 1986] (Taou.
2.1) u coctaB moaenpHOTO Tapuoypruta HC (6e3 mob6asnenns K,COs), koTopbiii ObLT
ucronbp3oBaH B pabote [Brey et al.,, 2011] (manee — HC). Bribop Takoro craBa
NEePUJIOTUTOB  OOYCIIOBIIGH TEM, 4YTO TaplOyprUTBl MW  JICPUOJHMTHl  IITUPOKO
pacnpocTpaHEHbI Cpei KCEHOJIUTOB U3 KUMOEepauToB BO BceMm mupe [Cobone, 1974;
Hoycon, 1983], B yactHOCTH B kuMOepiuTax «Y maunas» [Cobones, 1974; ConoBbeBa u

ap., 1994; 3unuyk u np., 1993].

B kauectBe MOACIIBHBIX COCTaBOB Kap6OHaTHLIX PacCIiuIaBOB HMCIIOJIB30BaJIN YCTBIPC
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pa3HBIX COCTaBa, KOTOPBIE MOTJIM OBITh TEHEPUPOBAHBI B PA3IIUUHBIX TC€OJMHAMUYECKUX
oOctaHoBKax. B o01meM ciydyae MCTOYHMKOM BEIIECTBAa KAPOOHATHBIX PACILNIABOB MOTYT
ObITh 00JaCTH YACTUYHOTO TIUIABJICHUS KapOOHATU3UPOBAHHBIX IEPHIOTUTOB Ha
riyOuHax OOJBIINX, YeM 30HAa (OpMHUpPOBaHUS KUMOepnuToBoil marMmel. [losTomy, B
KayecTBe MOJEIBHOTO0 KapOOHATHOTO paciuiaBa, CHOPMUPOBAHHOTO B pe3yJbTaTe
IUIaBJICHUS TII0JI BO3JCHCTBUEM MAaHTUHHOTO IUTIOMa, OBLI HCIIOJIb30BAaH COCTAaB
BBIIJIABKM K3 OOraToro KajaueMm KapOOHATH3WPOBAHHOTO rapulOypruta, MOIy4Y€HHOTO
npu 6 u 10 I'Tla, 1400°C (nasiee B6 u B10) [Brey et al., 2011]. Ins moaenupoBaHus
KapOOHATHOTO pacIuiaBa, KOTOPBIA MOTEHIIMATBFHO MOXET (OPMUPOBATHCS B 30HAX
CyOAyKIIMM, TPHUMEHSIM COCTaB BBHIMJIABKHM W3 KapOOHATU3MPOBAHHOTO TMEJIHTA,

nosydenHoi rpu 8 I'Tla u 1100°C (manee GS)[Grassi and Schmidt, 2011].

Bo wmuormx wmogmensx [Foley, 1992; Brey et al, 2009] xumOGepauTs
paccMaTpuBalOTCS KaK TNPOAYKThl KPUCTALIU3AIMK MarM, OOpa30BaBIIUXCS IO
MEXaHU3My THOpUAM3alUU paciulaBa KApOOHATUTOBBIX JKUJI M BEIIECTBA OKPYKAIOIINX
NEPUIOTUTOB. YUUTHIBAsL 3TO, NJISL OINpPEACIICHUS] COCTaBa YE€TBEPTOr0 KapOOHATHOTO
pacruiaBa METoJ0M Macc-OajaHca moa0Hupaics Takod cOoCTaB, YTOOBI €r0 COBMECTHOE
IUIaBJICHUE C JIEPLOJIUTOM 0OecreuynBano Obl 00pa3oBaHNEe KUMOEPIUTOBOTO paciljiaBa.
[Ipu sTOM B KauecTBe MOJENM MEPBUYHOM Marmbl kKumOepsiuta | Tpynmbl ObLT
UCIIOJIb30BaHbl COCTaB KuMOepauTa TpyOkm «Ymaunas» [Kamenetsky et al., 2009].

KOMITOHEHTHBII cOCTaB MOJEIBHOTO KapOOHATHOTO paciuiaBa ObUI pPacCUUTaH [0

bopmye , rne Cj — coaepxaHue i-ro KOMIIOHEHTa, p — MaccoBasl
JIOJIsT JIEPIIOJIMTOBOTO MaTepuana B THOpuaHOW Marme (kumbepnute). s oreHku

SHAYCHUA P OBIIIM MCIIOJIB30BaHbI ClIeaAyromue rpaiHniHbIC YCIIOBUA!

1. Conepxxanue S10; B UCXOAHOM KapOoHATUTE (KMJIBHOM BEILECTBE) JIOJKHO

ObITE OT 5 110 10%.

2. Ucxonneii nepuonaut He cojepkuT COz, a ero MCTOYHMKOM B (PUHAJIBHOM

KUMOEPJIUTE SIBISCTCS UCKIIOUUTEIBHO KapOOHATHBIN pacIuiaB.

[Tonyyennsie Ha Oa3e TakuX JOMYUIEHUH pacuETHbIE MNPOMOPLUUU JI Marmbl

kuMOepiuTa Tpyoku «Y padnasi» coctaBuiu: 44 Bec. % xapbonatHoro pacruiaBa C u 56



Bec.% nepuonuta LC. (Tadm. 2.1).

OOpa3npl At UCCIAEAOBaHUS B3aUMOJICHCTBUSL KapOOHATHOTO paciuiaBa U
NEPUJ0TUTA 3aMOJHUIM TOCIOWHO (COHIABUY METOJN): «IEPUIOTUT — KapOOHATHBIN

pacmiaB (36 mac.%) — nepunoTuT». BasioBble coCcTaBbl COHABUYEH MPUBEIEHBI B Ta0I.

2.2

Iloozomoeka oopazuoe

HcxonHble cMecH TPUTOTOBJICHBI W3 MPUPOJHOro MarHesuta (MgpoCag1COs,
Mectopoxkaenue Carka) M XUMHUYECKHM YHMCTBIX peakTuBOB KapOoHaToB (CaCOs,
Na,COs3, K,CO3), okcumos (SiOz, Al;Os3, TiO,, NizO3) u MeTammudeckoro maprasiia. B
MCXOJ/IHBIE 00pa3Ibl JIEPLOIUTA U TapluOypruta J00ABISIIM CUHTETUYECKUN (asyiuT WIK
npupoaHoi onmuBuH (9 Bec.% FeO) u3 kcenomuta TpyOku «VYmadnasy. KOMIIOHEHTHI
ObLTM CMEIIaHbl U TOMOTEHU3UPOBAHBI B CTYIKE MOJ CJIOEM CIUPTA U XPAHWIUCh MPHU
100°C. Macca xaxngoro oOpasma coctaBimsuia ~50 wmr. Ilepen HavalioM KakI0ro

9KCIICPUMCHTA CMECHU ITPOCYHINBAJIINCH IIOBTOPHO.

OOpa3ipl pa3Meniaiy B IByX KOHTEHHEpax, U3TOTOBICHHBIX U3 rpaUTOBBIX 1IAN0
C OTBEPCTHSIMU, U U30JUPOBATUCH TpaduToBbIMU Kpbillikamu (puc. 2.3). KoHteiHepbl
MTO3BOJISIIM MCIIOJIB30BaTh B OJHOM siueiike oT 4 1o miectd oOpasuoB. VX nmpumeHeHnne
MO3BOJISII0O MUHUMM3UPOBATh BBIHOC KeEjl€3a U3 CUCTEM, MOJCIUPYIOUIUX MaHTUUHbBIC

MapareHe3uchbl, 1 KOHTPOJIUPOBATh (DYTUTUBHOCTH KUCIOPO/Ia B CHIIMKATHBIX CUCTEMaX

Ha ypoBHe 0ypepa EMOG/D.

[Tocne 3akanku ¥ OKOHYAHUS SKCIIEPUMEHTA 00pa31ibl U3BJICKAIN U3 KOHTEHHEpa U
pacnwIMBaIM Ha JBE 4yacTd. J[7s mpoBeneHWs aHAIM30B OJHY W3 4acTed o0pas3iioB
MOHTHPOBAJIM BHYTPU QIIOMHUHUEBOTO KOJIbLA, 3aJMBaJMd JIOKCUIHOM CMOJIOW U
MOMEIIAId B BaKyyM [IJIsl 3alOJHEHUS CMOJIOM TOPOBOTO IMPOCTPAHCTBA OOPA3IlOB.
[locne mosmMepu3aluu CMOJIbI, TOBEPXHOCTh OOpa3lOB MOJUPOBAIM aOpa3WBHBIMU
MUKPOKPUCTAJUTMYECKIUMH aJIMa3HBIMH TIacTamMu pa3nudHoi ¢ppakuuu (0T 1 10 20 MKMm).

Tak kak 3akajieHHble KapOOHATHBIC PACIUIABHI JIETKO aJICOPOUPYIOT BOAY M3 BO3/yXa,



45

06pa3u1>1 XPaHUIIUCh B 9KCUKATOPCE.

2.4.2. lloaroroBka odpasna KUMOepPJaAUTA TP. YIa4Has K IKCIIepUMEHTaM

B xauectBe kuMOepauTa | rpynmsl ObIT UCTIOIB30BaH 00pasel] KUMOEpJIUTa U3 HUKHUX
TOPU30HTOB TpyOkH Ymaunas Bocrounas (#UVS-01/01). Mcxomnbeiii oOpaser; ObLT
MpPEABAPUTEIILHO OYMIIEH OT BKPAIUICHHUKOB OJIMBMHA M KceHoiuToB. [Ipomemypa
OYMCTKM OblJJa OCHOBaHa Ha JaHHBIX 00 pa3MEpHBIX U MOPQOJIOTHUECKUX
O0COOCHHOCTSIX KCEHOKPUCTOB B 3THX kumoOepiwmrax (Brett et al., 2009;; Arndt et al.,
2010). KcenomopdHbie 3epHa OJMBHHA, HA KOTOPBIX YaCTO MPUCYTCTBYIOT CJIEJIbI
pacTBOpPEHUSI W KOTOpPBIC, KaK IMPaBWIIO, UMEIOT pasMmep Oosee 1 MM Takxke ObLIH
yAaJeHbl U3 UCXOTHOTO KuMOepauTa. Hebompiire naunomMmopdHbie 3epHa OJTUBUHA ObUTH
ocTaByieHbl B 00pasiie. KoHIleHTpaluy OCHOBHBIX KOMIIOHEHTOB B MOJYYE€HHOM IOCIIE
OYUCTKH OOpaslle OIMpEeAesuIi C MOMOIIBI0 PEHTTEHO-()IYyOPECIIEHTHOTO aHalnu3a C
ucrnosib3oBanueM ckanupytomiero crekrpomerpa VRA-20R. Conepxxanue FeO, Fe,0Os,
H,O, CO,, S u F Obumn omnpeneneHsl MeTogoM MOKpod xumuu, a Cl mytem
TYpOUIUMETPUIECKOTO aHam3a. Vcrnoap30BaHHBII HaMu cocTaB (Tadi. 2.3) HaXOIUTCs
B npejienax "OJu3KUX K MePBUYHBIM" apXETUITUYECKUM KUMOEPIUTOBBIM pacIiliaBaMm, C
coaepxanueM SiO, 21-30 mac.%, MgO 22-28 mac.%, CaO 10-17 mac.%, FeO (oo6mr.)
7-11mac.%, u CO; 5-14 mac.% [Becker and Le Roex 2006; Kopylova et al. 2007]. B
[EJIOM, 3TOT COCTaB COOTBETCTBYET BAJOBOMY COCTaBYy KMMOepiuTa Tp. ¥YayHas 1o
naHabeIM [Kamenetsky et al., 2009a, 2012], ¢ He3HAYUTEILHOM pa3HHIICH B COACPKAHUH
Al;O3 (2,9 npotuB 1,75 mac.%) u H2O (2,5 nporus 0,38 mac.%). McxomHbIi cocTas
KAMOEpIIMTa pacroyiaracTcs Ha KajablIMeBOH cTopoHe oTHocuTelbHO nHuu Ol-CpX Ha
nuarpamme Ca0O-MgO-SiO; (puc. 1.3). CTOUT OTMETHTH, YTO COCTaB KUMOEpJIHTA TP.
VY naunasi, npuBeaennsiii B. Kamenenkum u coaropamu [Kamenetsky et al., 2012] u
coctaB acdanutoBoro kuMmOepiauta wu3 Tp. Beccenron (FOxuas Adpuxa),
uccienoBaHHbli B padorax [Edgar et al., 1988] wu [Edgar and Charbonneau, 1993],
TaKXe JIeKaT Ha KaJbIMeBOH cTopoHe oTHocuTenbHO JuHUM Ol-Cpx. B TO ke Bpems,

BaJIOBBIC COCTAaBbl KUMOEPJIMTOB, UCCIIeI0BaHHBIX B padore [Mitchell, 1986] noxarcs
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Ta6muma 2.3 Banoble coctaBbl KuMOepiuTa Tp. Y naunas (mac.%).

Ucxonnsrit
KuMOepIHT TP. Kum6epaut tp. Yaaunas ¢
V raunas MOBBIIIEHHBIM cojiepkanuemM HoO

SiO» 27.52 26.54 26.40 25.78 25.56 25.39 25.11 24.97
TiO> 1.35 1.30 1.30 1.27 1.26 1.25 1.23 1.23
Cr203 0.12 0.12 0.12 0.11 0.11 0.11 0.11 0.11
Al203 2.93 2.82 281 2.74 2.72 2.70 2.67 2.65
Fe203 3.10 2.99 2.97 2.90 2.88 2.86 2.83 2.81
FeO 5.04 4.86 4.84 4.72 4.68 4.65 4.60 4.57
MnO 0.15 0.14 0.14 0.14 0.14 0.14 0.14 0.14
MgO 27.68 26.70 26.56 25.93 25.70 25.53 25.24 25.10
NiO 0.21 0.21 0.20 0.20 0.20 0.20 0.19 0.19
CaOo 13.32 12.85 12.78 12.48 12.37 12.29 12.15 12.08
Na20 2.56 2.46 2.45 2.39 2.37 2.36 2.33 2.32
K20 1.84 1.78 1.77 1.73 1.71 1.70 1.68 1.67
P20s 0.41 0.40 0.39 0.38 0.38 0.38 0.37 0.37
H20 2.49 6.00 6.50 8.70 9.50 10.10 11.10 11.60
COz 9.43 9.10 9.05 8.83 8.76 8.70 8.60 8.56
S 0.33 0.32 0.32 0.31 0.31 0.31 0.30 0.30
F 0.14 0.14 0.14 0.13 0.13 0.13 0.13 0.13
Cl 1.32 1.28 1.27 1.24 1.23 1.22 1.21 1.20
Total 99.94 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Xmg 0.86

CS 0.34

Xco2 0.61 0.38 0.36 0.29 0.27 0.26 0.24 0.23

Xwmgo = mosbHOe otHotenne MgO/(MgO+FeQ); CS = CO2/SiO2 (mMac.%); Xco2 = MoJIbHOE
oraomenne CO2/(CO2+H20).



47

touHo Ha muauI0 Ol-CpX. Cocras, npencrasistoniuii kumOepaut || rpymrsr,
uccienoBannbiii [UImer and Sweeney, 2002] 6enen kaiableM U JISKUT TPaBee dTOU
JIMHUU.

B xkumbepiure Tp. Yaaunas [Maas et al., 2005], B nie;iom u B 0Opasiie KOTOPBIH MBI
UCIIOJIb30BAIM B YaCTHOCTU oTMeuaercsa Bbicokoe (1.3 Bec.%) copeprkaHue XJIOpUIOB
Na u K. Ilo nanasiM peHTreHo(a30BOro aHajan3a IJIaBHOW BojocoaeprKaiieid ¢a3oi B
UCITOJIb30BaHHOM KuMOepyute sBisieTcs: dioronut. OOmiee conepkanue Boasl (H,O B
dbaoromure + HpO, amcopObupoBaHHas Ha TIOBEPXHOCTH IIOPOINKA) B 0Opaslie,
OTIpEJICTICHHOE TIPU OTXKUTE HaBeCKH KuMOepimta B xpomarorpade mpu T=1000°C,
coctaBuiio 2.5 Bec.%. [ToaToMy 17151 SKCTIEPUMEHTOB € COJIEPKAHUEM BOJIbI OoJIbIe 2,5
Bec.%, ona nobasisuiack B Buae H,O.

N3BecTHO, UTO MPOBEACHUE PKCIIEPUMEHTOB C KEJIE30COACPKAIIUMU CUCTEMAMHU B
Pt ammynax 6e3 3allIUTHBIX KOHTEHHEPOB WK PYyTEPOBOK COMPOBOXKAAETCs otepeit Fe,
3a cueT pacTBopeHus ero B Pt. [[ns mpoBeneHUst SKCIEPUMEHTOB, CIIPECCOBAHHBIN B
Ta0JETKU MOpoIIoK kuMoOepnuta Maccoi ot 50 mo 70 mr., nomemtaics B Pt aMimysisl ¢
BHYTPEHHUM  TpPadUTOBBIM  KOHTEHHEPOM. Takoll ~ KOHTEMHEpP  MO3BOJIUI
MUHUMU3UPOBATh MOTepU Fe cucteMoil M MO3BOJISUT MOAACPKUBATH (DYTUTUBHOCTH
Kuciopoaa Ha ypoBHe 0ydepa EMOG/D.

Pt-ammnynel 3aBapuBaiiCh NMPU MOMOIIM JYyroBOi cBapku. Bo u3bexanue mnorepu
JIETy4YnX, B MOMEHT CBAapKH aMITyJIbl OXJIAXIAJIUCh KUJIKUM a30ToM. Jlanee aMImyJibl
MPOXOJUIIN OIMPECCOBKY C LENbIO BBISABICHUS WX BO3MOXHOW HET€pMETUYHOCTH, W
3aTeM, B CJlydae YCIEIIHOTO MPOXOXKICHHs TecTa, 3anpeccoBbiBayich B CSCl. Takas
cxema MOHTaxka oOecrieunBaia B paboyeM oObeMe KBa3HTMIPOCTATUYECKHE YCIOBHS
Harpy>keHust Jajisi amnyi. [IoaroToBiieHHbIE JI€Talld MOMEILIAIUCh B SYEMKY BBICOKOTO
napinenus. EE€ cxema mnpuBeaena Ha pwuc.2.5. Ilocne »skcrepuMeHTOB oOpaszell
u3BJIeKalcs u3 Pt-ammynbl W mojBepraics NpONUTKE SMOKCUIAHBIMU cMmojiamu. [locne
MOJIMMEPU3ALINHT CMOJIBI, o0Opa3ipl MOJIUPOBAIIH aOpa3uBHBIMU

MUKPOKPHUCTAJUTMYECKUMH aJIMa3HbIMH MacTaMu pazindHor ppaxiuu (0T 1 10 20 MKM).
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2.5. MeToabl ucciaeaoBaHusi 00pa3moB MocJjie IKCIEePUMEHTOB

OnTrueckue HaOIOICHUS B3aMMOOTHOIICHUH (ha3 U OLIEHKA UX KOJMYECTBEHHBIX

COOTHOIIICHHU BBITIOJIHEHBI ¢ TOMOIILI0 OMHOKYIsIpoB MBC — 9 u Carl Zeiss Stemi

2000-c.

HccnenoBanre XMMHYECKOTO COCTaBa TOJYYCHHBIX (a3 TpoBOIMIM Ha
mukpoananuzatopax Camebax Micro u Jeol JXA-8100 ¢ nanbuienueM rpaputom ~20-
30 uM (amamutuk k.r.-m.H. Hurmaryiamma E.H.). TlapamMeTpbl CheMKH: YCKOpSIOIIEE
Hanpspbkenne 20 kB, Tok smektpoHoB 40 HA, Bpems skcno3uuuu 10 cexyHn, AuaMeTp
30HJA JUISl KpUCTAUIMYeCKUX (a3 ~2-3 MkM. CHHTE3MpOBaHHBIE B SKCHEPUMEHTAX
KpucTaJuinueckue ¢as3bl ObUIM YCTOMYHMBBI IO SJCKTPOHHBIM 30HJOM U ITO3BOJISUIH
paboTaTh ¢ OOJBIIUM TOKOM ISl JTy4lliero Habopa ctaTucTUku. CTaHgapTamMu CIy>KWIH
OJIHOPOJIHBIC IPUPOAHBIE U CUHTETUYECKUE MUuHepalbl: ouBuH CH-1 st onpenenenus
MgO, FeO, SiOy; rpanare:UD-92 - Cr,03, 0-145 - Al;,O3, IGEM — MnO; minuHesns
NIFE204- NiO; amsoutr ALBITE - NaO; oproknas 359-1 - K;0; muoncux DIOPSIDE -
CaO; uapmennt IL GF-55 - TiO,. B mpouecce pacuera KoHIEHTpaluii merogoM PAP
[Pouchou, Pichoir, 1985] yuuThiBanoch HallOKEHHE HAa AHAIMTHUYECKYIO JUHHIO Py,
JIUHUU CaKBl, a TakkKe B3auMHble HanoxeHuss juHuii Tik, u Bap, Ilorpemnocts

ONPEAEICHUN BCEX KOMIIOHEHTOB HAXOIWJIACh B Mpenenax 2 oTH. %.

He cMoOTpsi Ha BBICOKYIO CKOPOCTh OXJIAKJECHHS OOpa3lioB, CHHTE3WPOBAHHBIN
pacIuiaB He IPEBpAILAICS B CTEKIO. [IpoayKThI 3aKkaliky pacruiaBa nocie 3KCIEepUMEHTa
MPEACTaBJICHbl JACHAPUTHBIMU KPUCTANIAMU CHJIMKATHBIX M KapOoHaTHbIX (¢a3. s
ONpPEACICHUS] XMMHUYECKOTO COCTaBa 3aKAJIEHHOIO paciuiaBa JuaMeTp 30HIa
yBenuuuBain A0 50-70 MKM ¢ mOepechbeMKOW cTaHgapToB. biaromapsi sTomy
MPOBOJIAJIACH ChEMKA MO TUIOIIAJAN U YCPEAHEHUE COCTABOB 3aKAJOYHBIX JICHAPUTOB.
Heobxoaumo OTMETHTH, YTO WCIOJIb30BAHUE JTAHHOW METOJUKH COIPSHKEHO BBICOKOMN
MOTPEIIHOCTHIO, OJTHAKO OHA IIMPOKO MPUMEHSIETCS B IKCIEPUMEHTAIBHBIX padoTax

[Ulmer and Sweeney, 2002; Brey et al., 2008, 2009; u ap.] T.K. albTepHATHB i IMOKa HE
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cymectByeT. Ilepecuer M3MEPEHHBIX HMHTEHCHBHOCTEM IPOU3BOAWICS II0 METONY

HaHKpaTOBa H3 IIPpOTrpaMMHOI'0 oOecrneueHus MUKPOAHAJIN3aTOPOB.

JI71s1 OIIeHKHM BECOBBIX COOTHOIIIEHUH (pa3 MpoBeIeH pacueT Macc-0ajlanca METOI0M
MHHUMH3AIUN KBAJPaTOB OTKIOHEHUM C WCHOJIb30BAHUEM IIEPBUYHOIO COCTABA
CHUCTeMbl U MHKPO30HIOBOTO aHaimu3a ¢a3. OTMETUM, UTO COJCpP)KaHHE HEKOTOPBIX
KOMIIOHEHTOB B pacIUlaBe II0 JaHHbBIM MHKpo3oHma, B yactHocTH Na0, Kj0,
MOABEPTraJINCh KOPPEKTUPOBKE UCXOJs U3 JaHHBIX Macc-0ajaHca, TaK Kak HX

KOHOCHTPAIWA OblJ1a 3aHIKCHA.

CkaHupyromas JJIEKTpOHHAsE MHUKPOCKOTHUS  SBISETCS 0a30BBIM  METOJIOM
Kpuctayuiomopdosiorndeckoro  anaiauza. OHa Takke TO3BOJSET OCYIICCTBIATH
JUarHOCTUKY MHKpo(da3, ompeaessiTh WX MPOCTPAHCTBEHHBIE COOTHOUICHUS U
Ka4eCTBEHHBI XUMHUUYECKHUU cocTaB. B Hamielr paboTe wuccleoBaHUE TEKCTYP
00pa3IoB, 30HaILHOCTH (a3 U uxX QororpadupoBaHUe MPOBOJIUIN HAa CKAaHUPYIOIIEM
mukpockorie TESCAN MIRA 3 LMU (amanmutuk M.B. XinectoB). TommuHa
HarnbpUIeHUs TpaduTta ~25 HM, yCcKopsrollee HampsbkeHue cheMku 20 kB, mocTossHHBIN

TOK 30H11a 1.6 HA, BpeMs akcnio3uniuu 20 cex.
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I'masa 3. Pe3yJbTaThl 3KCIIEPUMEHTOB 110 MOAEJIMPOBAHUIO NIPOLECCOB
B3aUMO/IelCTBUS KAPOOHATHBIX PaclaBoB ¢ nepuaorutamu npu 5.5-7.0 I'lla

u 1200-1350°C.

3.1. AHA/IM3 paBHOBECHOCTH TNOJIy4eHHbIX 00pa31oB

BaxHedmuM  ycloBHEM  TOJNYYEHHUsS  JOCTOBEPHBIX  PE3YJIbTAaTOB B
NETPOJOTUYECKOM  DKCIIEPUMEHTE  SIBIIAETCS  JIOCTH)KEHHE  pPAaBHOBECHS B
ucciaenyeMbix npogaykrax. CylmiecTByeT MHOMXKECTBO IPUEMOB JOCTHKEHUS
pPaBHOBECHS B JKCIIEPUMEHTAIBHBIX cUcTeMax. OHM MOJPOOHO PACCMOTPEHBI B
['maBe 2. Jlng wu3ydeHUs B3aUMOACHCTBUS KapOOHATHBIX paCIIaBOB  C
NepUJOTUTAMU HaMH BBIOpaH MOAXOJ, NPEIyCMaTpPUBAIOUINI IpOBEIEeHUE
MaKCUMAaJIbHO BO3MOXHO JUIMTENbHBIX dKcepuMeHTOB (10 150 yacos). [Ipu s3Tom
(uKcalsi paBHOBECHOTO COCTOSIHUS, MOJYYEHHBIX SKCHEPUMEHTAIBHO (Pa3oBbIX
accolMAalMi, MPOBOAWJIACH HA OCHOBAHWH JJAHHBIX KHHETUYECKHUX YKCIIEPUMEHTOB,
aHalnM3a TEKCTYPHBIX OCOOEHHOCTEH O00pa3snoB M COCTaBa W 30HAIBHOCTHU
OTIeNbHBIX (Pa3. JlocTHKeHHe paBHOBECHOCTU CUHTE3UPOBAHHBIX YEThIpeX(Pa3HbIX
accormanuii Ol — Grt — Cpx — OpX mpoBEpeHO ¢ MOMOIILI0 TEPMOOAPOMETPOB
pa3pabOTaHHBIX JII MAHTUHUHBIX TPAaHATOBBIX MEPUAOTUTOB, a TAKXKE aHaIU3a
30HaNbHOCTH  (a3. Mcnonp3oBaHHBIE  TEpPMOOAPOMETPHI  MOCTPOEHBI  Ha
HKCIIEPUMEHTAJIBHO  HM3YYEHHBIX  3aBUCHMOCTSAX  XMUMHYECKOTO  COCTaBa
COCYUIIECTBYIOIIMX paBHOBECHBIX (a3 oT P-T mapameTpoB, mosTomy coBmajeHue (B
npenenax OWIMOKM) 3HAUEHUH TemIepaTyp M JaBICHMM pacCUMTaHHBIX C
OMOIIbI0 TepMoOapomMeTpoB U (akTuueckux P-T mapameTrpoB 3KCHEpUMEHTOB
OyZAeT CBUIETEIbCTBOBATh O JJOCTHKEHUH paBHOBECHS B 00pa3iax.

P-T mapamerpnl ompeneneHbl € TNOMOIIBI0 OapoMerpa, OCHOBAaHHOTO Ha
conepkanun Al B oprommpokcene [Nickel and Green, 1985], a taxxke
nsynupokceHoBoro u Ca-Opx tepmomerpa [Brey and Kohler, 1990]. Pacuers
IpoBeNeHbl s rpaHatoBoro Jepuoiuta LC, mnojlydeHHOro B TECTOBOM

skcriepumente npu 5,5 I'Tla u 1200°C (Mcmoiap30BaHHOrO Jajieeé B KadecTBE



5l

MaTpPHIBI JUIS SKCIIEPUMEHTOB), M sl deThipexda3upix accormamnmii Ol — Grt —
Cpx — OpX, momyuennbix mpu 5,5-7,0 I'Tla u 1200 u 1350°C B pesynbTate
B3aMMOJICHCTBHS ~ KapOOHAaTHOro pacmiaBa u nepupotura (tabm.  3.1).
CormocTaBieHre 3aJaHHBIX JABJICHUN W TEMIEpaTyp AKCIIEPUMEHTOB U 3HAUCHUH,
pacCuMTaHHBIX MO TepMobapoMeTpaMH, TIpuBeIeHO B Tabn. 3.2. AHamu3
NPUBEICHHBIX JAaHHBIX, C Y4€TOM COOCTBEHHOW OIMMOKU TepMoOapoOMETpOB B
npenenax 0.5 I'lla u 60°C, coorBercTtBenHo [Brey and Kohler, 1990; Pearson et
al., 2014], mo3BoaseT caenaTh BBIBOJA, YTO JJIsi OOJBIICH YacTH accoIHaIuil
pa3HHIIA MEXy PACUCTHBIMU U PEaIbHBIMH 3HAYEHUSMU HECYIICCTBEHHA. TaKoi
BBIBOJI CBHUJCTEIBCTBYET B TMOJb3Y PABHOBECHOCTH U3YYEHHBIX CHCTEM.
JIOMOTHUTENPHBIM ~ JTOKA3aTEIIBCTBOM ~ JTOCTYDKCHHS ~ PaBHOBECHSI  SIBIISICTCS
OTCYTCTBHE€ 30HAJLHOCTH U 3HAUYMMBIX PA3IMYMil B COCTABE MEXKY CUIUKATHBIMU
dazamu, KPUCTALIN30BABIIMMHUCS Ha MECTE M3HAYAIBHOTO KapOOHATHOTO CJIOS, U
B nepupotutoBord marpuie (puc. 3.1, 3.2; ta6m.3.3). MckimodeHne COCTaBIISIOT)
rpadatel u3 o6OpasnoB HC-C u HC-GS, kpucramim3oBaBIIMecs Ha TpaHUILIC
pacruiaBa u MaTpuilsl pu 6.3 I'Tla u 1200°C: oHM 30HANBHBI U COAEPKAT OOJIBIIE

CaO u menbie Cr,03, ueM rpaHaTbl MaTPUIIHL.

3.2. TekcTypbl 00pa3ioB

Texctypbl 00pa3ioB ObUTM CHOPMUPOBAHBI TOJ] BIUSHUEM HECKOIBKUX
dakropoB: (1) mocioiiHoro 3amonHeHus ammyn;, (2) HMCXOOHOrO COCTaBa
KapOoHaTHOro paciiaBa; (3) Temmeparypbl 3KcrnepuMeHTa; (4) BEpPXHEro WIH
HIDKHETO TIOJIOKEHHUST 00pas3ia OTHOCHTEIHHO IIEHTpa MaJIOTPAJMCHTHOW 30HBI
STYCHKH BBICOKOTO naBienus (puc. 3.1-3.2).

[TpoaykTamMu peakIMOHHOTO B3aWMOJEHUCTBHS MOJCIBHOTO TapI0yprura
(HC) u wmomensHoro neprosuta (LC) ¢ kapGonatHeiM pacmiaBoM GS mipu
temneparype 1200°C  aBisiIOTCA NEPUAOTHTOBAs MaTpulla C HM3MEHCHHBIM
$a30BBIM W XUMHYECKHMM COCTaBOM M 3aKaJICHHBIM paciiaB. B OoibIIMHCTBE

00pa3ioB Marpuia ciaoxena ¢aszosoii acconuarmeit Ol — Grt — Cpx — Mgs (ta6u.
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Tabnuma 3.1. MaccoBble COOTHOIICHHE CHHTE3UPOBAHHBIX (ha3 B IKCIIEPUMEHTATbHBIX

oOpa3iax.
Ne O6pasery P T(°C) Ol Grt Cpx Opx Mst Liq
IKCII. (I'TTa)
1051 LC 55 1200 0.52 0.16 0.13 0.19 - -
1077 HC 55 1200 0.57 0.13 - 0.3 - -
1051 LC-C 55 1200 0.29 0.13 0.25 - 0.23 0.1
1516 LC-C 6.3 1200 0.32 0.15 0.23 - 0.2 0.1
1505 LC-C 6.3 1350 0.35 0.13 0.17 - - 0.35
1106 LC-C 7 1350 0.35 0.12 0.2 - 0.05 0.28
1673 LC-GS 6.3 1350 0345 0.12 0.165 - - 0.37
1106 LC-GS 7 1350 0.33 0.11 0.16 - - 0.4
1051 Lc-B6 55 1200 0.52 0.14 0.12 - 0.07 0.15
1097 Lc-B6 55 1350 0.44 0.09 0.05 0.1 - 0.32
1669 LC-B6 6.3 1200 0.5 0.14 0.15 - 0.05 0.16
1673 LC-B6 6.3 1350 0.44 0.1 0.06 0.09 - 0.31
1051 LC-B10 55 1200 0.57 0.06 0.17 - 0.06 0.14
1673 LC-B10 6.3 1350 0.55 0.12 0.12 0.01 - 0.2
1106 LC-B10 7 1350 0.5 0.12 0.1 0.05 - 0.23

1097 HC-C 5.5 1350 0.41 0.095 0.15 - 0.035 0.27
1669 HC-C 6.3 1200 0.3 0.085 0.25 <0.01 0205 0.12

1673 HC-C 6.3 1350 0.39 0.1 0.16 - 0.05 0.3
1097 HC-GS 55 1350 0.35 0.08 0.1 0.07 - 0.4
1669 HC-GS 6.3 1200 0.42 0.09 0.14 - - 0.35
1673 HC-GS 6.3 1350 0.43 0.09 0.1 <0.01 - 0.38
1106 HC-GS 7 1350 0.4 0.1 0.08 0.05 - 0.37
1669 HC-B6 6.3 1200 0.41 0.08 0.2 0.16 0.15

1673 HC-B6 6.3 1350 0425 0.085 0.06 0.1 0.08 0.25
1097 HC-B10 55 1350 0.43 0.08 0 0.22 0.05 0.22
1669 HC-B10 6.3 1200 0.6 0.12 0.09 <0.01 0.06 0.13

Ol, onmuBun; OpX, opromupokcer; Cpx, kiuHonupokceH; Grt, rpanat; Mgs, maruesur; Liq,
pacruiaB.

MaccoBbie OTHOIICHUs (a3 ONpe/IeNICHbI IPU TTOMOIIN Macc-0aiaHca, BBITIOJTHEHHOTO TI0 METOY
HAMMEHBIIIMX KBAJIPATOB JIJIs OTPAaHMUYEHHOTO YKClia KOMITOHEHTOB B cucteMe SiO2, TiO2, AlLOg,
MgO u CaO. PacueTsl IpOBOIMINCH C UCTIOIB30BAHUEM BaJIOBOTO COCTaBa CHCTEMBI M COCTaBOB
¢as. J{ns Beex oOpasuos norepu Fe, paccunrannsie kak (FeOcaic-FeOinitial) / FEOQinitial cocTaBisim
menee -0.01.
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Tabmumna 3.2. YcnoBusi S5KCIEpUMEHTOB U (Da30BBIi COCTaBa CHCTEM.

®da3pl HA rpaHHUIIe

P(GPa)T (°C) T (°C)

Ne P T T

Oopasen . MaTPUIII U ®a3bl MaTpHIIBI (NG (BKN (BKN
oKt (Ia) (°C) - () paciuiaBa 85) 2px)  ca opx)
Mampuya
1051t LC 5.5 1200 150 - Ol+Cpx+Opx+Grt 5.3 1285 1227
1077 b HC 55 1200 150 - Ol+Opx+Grt - - -
Jlepyonum-kapbonamuwiii pacnias
1051b LC-C 55 1200 150 Grt+Cpx+OIl? Ol+Cpx+Grt+Mgs - - -
1516t LC-C 6.3 1200 60 Grt+Cpx+OI? Ol+Cpx+Grt+Mgs - - -
1505t LC-C 6.3 1350 60 OI+Cpx+Grt Ol+Cpx+Grt - - -
1106t LC-C 7 1350 150 Cpx+Grt Ol+Cpx+Grt+Mgs - - -
1669 b LC-GS 6.3 1200 150 Ol+Cpx+Grt? Ol+Cpx+Grt - - -
1673b LC-GS 6.3 1350 150 Ol+Cpx Ol+Cpx+Grt - - -
1106 b LC-GS 7 1350 150 Ol+Cpx+Grt Ol+Cpx+Grt - - -
1051t LC-B6 5.5 1200 150 OI+Grt Ol+Cpx+Grt+Mgs - - -
1097t LC-B6 5.5 1350 150 OI+Grt Ol+Opx+Grt+Mgs 59 1334 1278
1669t LC-B6 6.3 1200 150 Ol Ol+Cpx+Grt+Mgs - - -
1673b LC-B6 6.3 1350 150 Cpx+Opx? Ol+Opx+Cpx+Grt 6.2 1375 1383
1051t LC-B10 5.5 1200 150 OI+Grt Ol+Cpx+Grt +Mgs - - -
1673 b LC-B10 6.3 1350 150 Cpx+Opx Ol+Opx+Cpx+Grt 6.0 1376 1395
1106t LC-B10 7 1350 150 Ol+Opx+Cpx+GrtOl+Opx+Cpx+Grt 6.1 1417 1429
T'apybypeum-xapbonamuulil pacnias
1097 b HC-C 55 1350 150 Ol+Grt+Cpx Ol+Cpx+Grt+Mgs - - -
1669b HC-C 6.3 1200 150 Grt+Ol S,:Agcs:pr'Opr'G” 55 1237 1229
1673t HC-C 6.3 1350 150 Ol+Grt+Cpx Ol+Cpx+Grt+Mgs - - -
1097t HC-GS 55 1350 150 Ol+Grt+Opx Ol+Opx+Cpx+Grt 6.0 1404 1417
1669 b HC-GS 6.3 1200 150 Cpx+Grt Ol+Cpx+Grt - - -
1673t HC-GS 6.3 1350 150 Ol+Grt+Cpx Ol+Opx+Cpx+Grt - - -
1106 b HC-GS 7 1350 150 Cpx+Grt+Opx Ol +Opx+Cpx+Grt 6.6 1364 1435
1669 b HC-B6 6.3 1200 150 OI+Grt Ol+Cpx+Grt+Mgs - - -
1673t HC-B6 6.3 1350 150 OI+Grt+Cpx Ol+Opx+Cpx+Grt+Mgs - - -
1669t HC-B106.3 1200 150 OI+Grt Ol+Cpx+Opx+Grt+Mgs 5.6 1208 1274
1097t HC-B105.5 1350 150 OI+Grt Ol+Opx+Grt+Mgs - - -

LC - naeproaut, HC - rapuoyprur, C, GS, B6 u B10 — kapOonartHsie paciuiaBsl (Tabnuma 1, 2). NG
85 - Al-Opx 6apometp [Nickel and Green, 1985], tounocts 0.5 I'TIa (28) [Brey and Kohler, 1990;

Pearson et al., 2014]; BKN 2px u BKN ca-0pX u aBymupokceHoBblii 1 Ca-Opx TepMOMETpBHI,

[Brey and Kohler, 1990], tounocts 60°C (25) [Brey and Kohler, 1990; Pearson et al., 2014].
t - oOpazen momMeniany B BEpPXHEH 4acTh TpapiTOBOr0 KOHTEHHEPA;

b - oGpaser momerany B HUWXKHEH 4acTH rpa)UTOBOTO KOHTECHHEPA.



Puc.3.1 Muxkpodotorpaduu penpe3eHTaTUBHBIX OOpa3IOB MOCIE AKCIEPUMEHTOB
NPy pPa3IUYHBIX TEMIIEpaTypax, TMOJYy4YeHHbIE C TOMOIIBI0 CKaHUPYIOIICH
3JIeKTPOHHON MuUKpockonuu: a) Ne 1669, LC-GS, 1200°C (au3); 6) Ne 1673, LC-GS,
1350°C (umu3); B) Ne 1669, HC-GS, 1200°C (uu3); r) Ne 1673, HC-GS, 1350°C
(Bepx); m) Ne 1669, HC-B6, 1200°C (amu3); €) Ne 1673, HC-B6, 1350°C (Bepx); ) Ne
1097 HC-C (au3); 3) Ne 1673, LC-B10 (#u3). O603Hauenus ¢a3: Ol - onuBun; Opx -
opronupokceH; Cpx - kimHonupokceH; Grt - rpanar, Mgs - marunesut; Liq -
pacruias.
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Puc 3.2. KapTsl pacripeneneHus 3JeMeHTOB (TICEBI0-OKpallleHHbIe) B 00pa3Iax: a)
Ne 1097, HC-GS; 6) Ne 1097, HC-B10; B) Ne 1673, HC-B6; 1) Ne 1663, HC-GS; n)
Ne 1673 LC-GS; €) Ne 1669 LC-B6; ) Ne 1051, LC-B6; 3) Ne 1097, HC-C; u: Ne
1673, HC-GS.
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3.1, 3.2 puc. 3.1 a, 06). Uckmodennem siBiseTcs dkcrepumenT ¢ cuctemonr HC-GS,
B KOTOPOM OTCYTCTBOBaJl MarHe3ut. Kpome toro, B obpasuax ¢ cucremamu HC-C
u HC-B10 npucyTcTByeT HEOO0IBIIIOE KOJMYECTBO OpTOoNUpoKceHa (puc. 3.1 T, 3).

CanaBu4-00pasibl MOCcie SKCIEPUMEHTOB COXPAHSIOT MOCIONHOE CTpOSHHE
(puc. 3.la, B). OOBEeM 3aKaJCeHHOro paciulaBa B oOpasiax ¢ KapOOHATHBIM
paciiaBoM GS mpUOIM3UTENIPHO paBeH o00BEMY, 3aHHMAeMOMY UM IIepe
IpOBEJCHUEM DJKcliepuMeHTa. B Toxke Bpemst B oOpasnax ¢ KapOOHATHBIMU
pacrmaBamu C, B6 um B10 o6bem, 3aHuMaeMblii 3aKajJe€HHBIM pacIlJIaBOM
3HaunTenbHo MeHbine. [Ipu temneparype 1200°C, pacruiaB obpasyeT 30HY B
NEPEKPUCTAIUTN30BAHHOW TEPUIOTUTOBOM MAaTpHUIle MPHUOIU3UTEIBHO Ha YPOBHE
cepeMHbI BBICOTHI 00pasiia (puc. 3.1e). [Tpu sToM opma U pasMep pacruiaBHOU
30HBI TIPAKTUYECKH HE 3aBUCHUT OT MO3HUIIMH COHJBHYA BHYTPH sS4Yciku. [1o maHHBIM
kapT pactnpeaenenus Ca, Mg, K B o6pasiiax, 3HauuTeIpHOE KOJIMYECTBO paciljiaBa
OPUCYTCTBYET  Takke B  MPOCTPAHCTBE  MEXKAY  HOBOOOpPa30BaAHHBIMU
NEePUIOTUTOBBIMH (pazamu BOJIM3M 1IeHTpa oOpasua (Puc. 3.2 6, B, 1).

XapakTepHOil  JieTanblo TeKCTyp Oonblneil 4acthd 00paslioB  MOCHe
skcrepumeHToB npu 1200°C (kpome 3xcriepuMeHTOB ¢ GS) ABISETCS IPUCYTCTBUE
OOJIBIINX, IPAKTHICCKH MOHOMHUHEPAIbHBIX JTHUH3 MarHesuta (puc. 3.1 e, 3.2 1, n).
Kpome Toro, B oOpasiiax, TOJYYEHHBIX B pe3yJdbTaTe B3aUMOJCHCTBUS
nepugotutoB HC u LC c¢ kapOonatHeiM pacruiaBom GS Ha rpaHuie ¢
NEePUIOTUTOBON MaTpuiiei (OpMHUPOBAJICS CJIONW KIMHOMUPOKCEHA TOJIIMHON 0
100 mxm (Puc. 3.2 n, e). O0beM KpUCTAIU3ANMKM APYTUX CUIMKATHBIX (a3 Ha
ATON TpaHuIle ObUI HE3HAYWTENeH. TOJIbKO MHOXECTBO Menkux (<50 MKM)
KpPHUCTAJUIOB rpaHaTa OblIo 3apUKCHPOBAHO B 3aKaJlEHHOM paciuiaBe conasuya HC-
GS (akcm. Nel1669). O6pasusl, momyueHHsie pu Temnepatype 1350°C, TekctypHO
CYIIECTBEHHO OTJIMYAIOTCS OT 00pas3inoB, mnomydeHHeix mnpu 1200°C. B
BBICOKOTEMIIEPATYPHBIX SKCIIEPUMEHTAX PacIulaB KOHIIEHTPUPOBAJICS B HauboJiee
ropsiuerd 3oHe ammynbl (puc. 3.2, 3.3). Tak, mpu pacrosoXEHHH COHIBHYA B
HIDKHEH 9acTH MajlorpaJueHTHOMN 30HbI siueiiku (puc. 2.3), paciuiaB OKa3bIBajiCs B

ee BepxHed yactu. Ero mepemernieHre OCyIIECTBISIOCh B PE3yJIbTaTe MOJHOTO
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NEPEeHOCa BEIECTBA BEPXHEHW YacTH MEPUIOTUTOBON MATPUIlbl B 00Jiee XOIOIHYIO
30Hy pPEaBIIMOHHOTO 00beMa, MpPU ATOM KPHUCTAJUIM30BAIUCH OYEHb KPYIHBIE,
4acTo cyOmapasuieibHble, TUMUANOMOP(HBIE ¥ HIAUOMOPQHBIE KPUCTAIIIBI
omuBuHa (1o 1 MM), a Takxke KpynHsle (10 200 MKM) UAMOMOPQHBIE WIH
THIMUIAOMOP(HBIC WHAWBHUABI KIMHONMPOKCEHa W TpaHarta. llpu BepxHeMm
pacmoyokeHun o0pa3IoB pacilaB OCTaBaJICA B CpenHed dacTu oOpasma. B stom
cllyuae Ha TpaHHUIEe MEPUAOTUTOBOM MATPHUIIBI M paciliaBa, a Takke B 0ObeMe
pacruiaBa KpHUCTaNTM30BaINCh CIUHUYHBIC HUIMOMOpP(HBIE KPUCTAIIBI OJIMBHHA
pasmepoM g0 800 Mkm (puc. 3.1 r), KIMHONUPOKCEHa U TpaHaTa, pazmMepom 0 300
MKM.

[lonHass wiM YacTUYHAs TMEPEKpUCTAIUIM3ALMA TMEPUIOTUTOBBIX a3 B
KapOOHATHO-CHJIMKATHOM pacIUlaBe, CBHUAETEIBCTBYIOT O €ro MyJbTH(a3HOM
HACBHIIIEHUH U, CJEe0BaTeIbHO, OypepupoBaHWM AKTUBHOCTH OCHOBHBIX
KOMITOHEHTOB B U3y4€HHBIX cucTeMaX. OJIHAKO ClIeTyeT OTMETUTD, YTO TTOCKOJIbKY
KOJINYECTBO CHHTE3UpOBaHHbIX (pa3 B oopasnax (Ol — Grt — Cpx + Opx £ Mgs — L)
ObUTO MEHBIIE, YeM KOMIIOHEHTOB B CHCTEMax, TO aKTUBHOCTh YacTd
KOMITOHEHTOB, 3adukcupoBaHa He Obuia (Hampumep KO, KOTOpBIN mpakTUYECKU

HE PAcTBOPSJICS B TBEPABIX (azax).

3.3. CocraB pacmjiaBa

CornmacHO JaHHBIM, TIOJYYCHHBIM TP HCCIEIOBaHWU O0O0pasloB Ha
CKaHHUPYIOIIEM MHKPOCKONE M, B YaCTHOCTH, KapTaM pPACTPEICICHUS dJIEMEHTOB
(puc. 3.1-3.3), mocie 3aKajKu paciiaBbl 00pa3yloT JCHIPHUTHI, oboramieHHbie K,
Ca u Mg (puc. 3.3). Pasmepbl JCHIPUTOB BapbUPYIOT OT HECKOJBKUX ICCATKOB
MHUKPOH, B MEK3EpHOBOM mpocTpaHcTBe (puc. 3.2 a, 0, B, k, u), 10 500 MKM, B
KPYIHBIX 0o0MacTsax obOocoOnenus pacruiaBa (puc. 3.2 a, r, 1, u). Ilpu sTom,
HEO0OXOJMMO OTMETHUTh, YTO COCTABBI PACINIABOB B MEK3EPHOBOM MPOCTPAHCTBE U

B KPYIHBIX 000C0O0JIEHUAX UACHTUYHBI B OOJILIIMHCTBE 00pa3IIOB.
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Puc 3.3. 3amenienne opTonupokceHa KInHonupokceHoM B oopasie LC-B10
(oxcniepument Ne 1106): mukpodororpadus (a) u kapTa pacnpeneicHus
AJIEMEHTOB (TIceB10-oKpartieHas) (0).
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CocraBbl MybTH(A3HO HACKIIMIEHHBIX PACIUIABOB B OCHOBHOM OTIPEIEIISIOTCS
COCTaBOM CTapTOBOr0 KapOOHATHOrO pacIulaBa M B MEHbIIEH CTENEHU COCTaBOM
nepua0TUTa Win mnapamerpamu skcriepumenta (Puc. 3.4). CormacHo JaHHBIM
MUKPO30HJOBOT'0 UCCIIEIOBAHUS COAEPKAHUE KPEMHE3EMA B PACILIABE COCTABIISET
or 1 no 5 mac.% u or 2 no 7 mac.% npu temmneparypax 1200°C u 1350°C,
COOTBEeTCTBeHHO (Tabmuua 3.1, puc. 3.5a), TO €CTh HAXOIUBIIUNCS B PABHOBECHH C
nepupotutom npu 1200-1350°C pacmiaB ObLT IPEUMYLIECTBEHHO KapOOHATHBIM,
a 3a()MKCUPOBAaHHOE yBEIMYCHHUE cojiepkaHus B HeM SiO; JIHIIb HE3HAUYUTEIILHO
OPEBBIIANI0O  aHATUTHUecKylo omuoOKy. [lpm stom Bapumanuum Ca# B
CUHTEe3UpoBaHHbIX pacmaBax (37 mo 50, puc. 3.4, 3.50) ObulM 3HAYUTEITBHO
MEHBIIIE, YeM B CTapTOBBIX KapOOHATHBIX pacmuiaBax (ot 20 mo 70, Tabxa. 2.1).
Cnenyer ormetuth, uto Ca#, 3aduKcHpOBaHHBIM B 3aKajJCHHOM pacIllaBe W3
o0Opas1oB ¢ kapOoHaTHBIM paciiaBoM GS, monydyeHHbIx pu Temneparype 1200°C,
BEPOSITHO 3aHUXKEH. DTO CBA3aHO C TEM, YTO METOJMKA aHajin3a C IMOMOIIbIO
pachOKyCUpPOBaHHOTO IMy4YKa MHUKpOAHAJIM3aTOpa HE IMO3BOJIMJIA OLEHUTHh BKIJIAJ
CJIOSI YaCTUYHO 3aKaJouHOro KiuHonmupokceHa (<10 00.% oT o0miero KoiamyecTna
3aKaJ€HHOr0 pacIulaBa), KPUCTAJUIM30BABLIEIOCA HA KOHTAKTE paciuiaBa U
MEPUIOTUTOBON MATPHUIIBI.

Kak mnpasuno, xonmnentpammun CaO u MO B pacmiiaBe He TOKa3bIBAIOT
CUCTEMAaTHYECKUX U3MEHEHUN NpHU yBennyeHuu temmneparypsl ot 1200 go 1350°C.
Opnako ObUIO 3aMKCUPOBAHO HE3HAYUTENIHBHOE YBEIMYECHHE WX KOHIICHTpAIUi
npu pocre naBieHus ot 5.5 go 7 I'Tla (tabmuma 3.3; puc. 3.56). Ilpu sToMm
comepkaauss K,O, Na;O m FeO B pacriaBe riaBHBIM 00pa3oM 3aBHUCETH OT
CTapToOBOro KapOboHaTHOTO paciuiaBa. Tak koHueHnTpauus K;O yBennduBanach ¢ ~
5 mo ~25 mac.% B psay SKciepuMeHTOB ¢ kapooHaTutamu C — B10 — B6 — GS,
a conepxanust Na,O u FeO Oblin OTHOCUTENIBHO BBICOKMMU TOJIBKO B 00pasIiax ¢

ucroyib3oBanueM kapOoHaTHbIXx pacruiaBoB C u B10, cooTBercTBeHHO (Tabnuiia

3.3).



65

CaCo,

Arg+Dol+L

I = I ' I ' 1 " 1

MgCO, K,CO,+Na,CO,

Puc 3.4. TlonmokeHWE TOYEK COCTABOB pAacCILIaBOB, IOJYYCHHBIX B COHJIBUY-
skcriepuMeHTax B Ha jgmarpammMe  MQCOs— KyCO3+NaCOs—  CaCoOs.
Kap6onaruroBsie coctaBel: 1 — C, 2 — GS, 3 — B6, 4 — B10. He3akpamennsie
CHUMBOJIBI — CTapTOBBIE COCTaBbl KapOOHATHTOB. Cepble CHUMBOJBI — PAaCIUIABHI,
NOJydCHHBIC TpH IUiaBieHuu kapOonatutoB [Sokol et al., 2015a]. Tloxs
KPUCTALIN3AIMH OTOOpaXEHbI B COOTBETCTBHH C JAHHBIMH II0 TUIABJICHUIO
nceBao-omaapHoii cucreMbl KoCOs; -CagsMgosCO3, mpu 6 I'Tla u 1200°C
[[Hankmii u gp., 2015]. L = pacmuas, K; = K;CO3; KoMg = KaMg(COs)2; Mgs =
mamaraes3ut; Dol = gojgomut; Arg = aparoHur.
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(monpHOE CaO / (CaO + MgO) x 100) B 3aBucumocTu ot P.



67

3.4 CocTaB CWIMKATHBIX U KapOOHATHBIX (a3

Onueun

OmuBuH 3adUKCHpPOBaH BO BCeX oOOpasmax ToclIe JKCIEPUMEHTOB.
Mopdosoruss ¥ pa3sMepbl  TOJYyYEHHBIX KPHUCTANIOB  KOHTPOJIHPOBAIHCH
NPEUMYIIECTBEHHO MX PACMHOJOKEHHEM B oObeMe oOpasma. 3epHa OJIMBHUHA,
pacrosioKEHHBIE B TEPUJAOTUTOBOM MATpHUIC dYalle HMEIOT KCEHOMOP(HBIH,
WHOT/Ia THITHIUOMOP(HBINA MPU3MATHUECKUI OOJIMK, ¥ BaphbUPYIOT MO pa3Mepy OT
~30-100 mxm, ipu Temneparype 1200°C, no ~50-200 mxm, nipu 1350°C; ipu 3TOM
Ooree MenKre KpUCTAIJIbl OCCIIBETHBI, @ KPYITHBIE UMEIOT 3€JI€HOBATHIA OTTEHOK.
Kak oTmeuasniocs paHee, OJIMBUHBI, KPHUCTAJJIM30BABIIMECS HA TPAHUIIEC WU
HETOCPEJICTBEHHO B pacIUlaBe WMEIOT HANOMOPGHBIN WM TUIMHIAOMOP(PHBINA
o6nuk (puc. 3.1 0, T, Xk, 3). BakHO OTMETHTH, YTO BCE OJMBHUHBI BHE 3aBUCUMOCTH
OT pa3Mepa U pacroIOKEHUs] UMEIOT UJICHTUYHBIN cocTaB. ONUBUHBI, TOJyYCHHbBIC
B OKCIIEpHUMEHTaX C OoraTtelM jKeile3oM KapOoHaTHBIM pacmuiaBom B10,
CUCTEMATHUYECKU UMEIOT Oosiee HU3kui MQ#, Bapeupyromuii ot 82 o 85 (Tabnuia
3.3, puc. 3.6a). Mg# oJMBHHOB, CHHTE3UPOBAHHBIX B PE3yJbTaTe B3aUMOICHCTBHUS
kapOoHaTHBIX paciiaBoB B6, C, GS ¢ nmeprionmToM, ObLT HECKOJIBKO HUXKE, YEM B
cilydae, Korja B KauecTBe MEepUI0TUTa UCTob30Baics rapudoyprut (Mg# 86-90 u
89-91, cootBercTBeHHO). KoadduuueHT pacnpenencHus xene3a W MarHus
KD:(XFe(meIt) x'XMg(oIivine))/(XFe(olivine)'>< XMg(melt)) MCXKAY OJIMBHHOM M PACIlZIaBOM
coctarysit ot 0,3 o 0,7 (puc. 3.60). IIpu sToM 3aBucHMOCTh Kp OT TeMrieparypsl
B JMana3oHe TMapaMeTpoOB HCIOJIb30BAHHBIX B OJKCIEPUMEHTaX He Oblia
3apuxcupoBana. CTOUT OTMETUTH, YTO MOTyUeHHBIE 3HaUeHus1 Kp cornacyroTcs ¢
JIAaHHBIMH, TpuBeJcHHbIMH B pabore [Dasgupta and Hirschmann 2007a] s

cucteMbl « nepuaoTuT-CO2» .

I'panam
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X - Xmg(olivine))! (Xre(olivine) X
FeO/(MgO+FeQ) x 100).

Xmgmely) kak ¢yakuus Fe#  (Fe#

MOJIBHOC
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['panar, Takxke Kak W OJHMBUH, ObUT 3a(UKCHPOBAH BO BCEX OOpa3Iax.
NunuBuner umenn pasmep ot 10 go 150 mMxM m wm3omerpudusblii 00mMK. B
YaCTHOCTHU, UIMOMOP(HbBIE KPUCTAUIBI HAOMIOAAINCHh Ha TPaHULIE EPUIOTUTOBOMN
MaTpHIIbI C pacIljiaBoM, a ux pazmep BappupoBasl oT 20-50 mxMm npu 1200°C (puc.
3.1B) u 1o 150 mxm mipu 1350°C (puc. 3.1 6, 3.2 a, n). B nmepumoTUTOBOI MaTpHIie
pa3mep rpaHatoB o0bdHO cocTaBisl 20-100 mxMm. [Ipu sToM B HUX HE OBLIO
OOHapy>KEHO 30HAJBHOCTH. Menkue KpUCTAUIBI ObUTM OECIBETHBI, a IIBET
KPYIHBIX KPUCTAJIOB BApbUPOBAJ OT PO30BOT0 J0 PO30BATO-JIUIIOBOTO.

CocraBbl TpaHaTOB OKa3aJMCh BeCbMa YYBCTBUTEIbHBI K YCIOBUSIM
MPOBEJICHUSI SKCIIEPUMEHTOB U COCTaBaM CTapTOBBIX cucTeM (puc. 3.7). ['paHaThl,
MOJIYYCHHBIE B PE3YJIbTATE€ B3aUMOJCUCTBUS MEXKIAY KapOOHATHBIM PACIIaBOM U
rapuOyprutom npu 1200°C, coaepxkat Ha 3-4 mac.% 6omabiie CaO, yeM rpaHaThl B
ucxogHom rapuoyprure. [Ipu atom cogepxkanue CroOs; B HUX BapbUpyeT OT 5,5 10
10 mac.%. Ha CaO-Cr,O3; muarpamMmme cOCTaBbl TaKMX TPaHAaTOB B OCHOBHOM
pacrnoyiararotcsi B Tpenesiax o0JacTH TpaHATOB JIEPIIOJIUTOBOTO TMapareHes3uca
(CoboseB u ap., 1969). XapakTepHo, YTO HX MECTONOJOKECHUE HA OTOU
qyarpaMMe, Kak IpaBuio, coryacyercss ¢ (ha3oBbIM COCTABOM MEPHUIOTUTOBOU
MaTpHIlpl Tocie skcnepumeHTta. ['panatel B oOpasunax HC-C u HC-GS,
kpucrtaumsoBasiuecs npu 6.3 ['Tla u 1200°C na rpaHuiie MaTpPHIIbI C PACIIABOM
WM HETIOCPEJICTBEHHO B €ro o0beMe cojaepikanu Oonbinee koiaumdectBo CaO wm
menbinee Cr,O3, ueM rpaHaThl B IEpUAOTHTOBON MaTpulle (Tadi. 3.3). B oOpasmax
C IPYTUMH CUCTEMAaMH Pa3JInyus B COCTaBaX I'PaHATOB OTCYTCTBOBAJIH.

[lonyyeHHsie B pe3yibTaTe B3aUMOJCUCTBUS «KAPOOHATHBIA pacIiaB-
rapuoyprut» npu 1350°C rpaHaThl HMMeEIU CYIIECTBEHHO 00Jiee€ HU3KOE
conepxanure CryOs, 9em rpaHaThl UCXOTHOTO TapuoOypruta: 2-4 mac.% mpoTuB 7
mac.% [Cokom u ap., 20156]. Konmentpaius CaO B BbICOKOTEMIIEPATYPHBIX
rpanarax (1350°C) cocraBnsuia or 6 10 8 Mac.% B COHABUYAX C OOraTHIMH
KanpluueM kapOoHaTHbiMHM pacmiaBamu GS u C, u 4-6 mac.% B paBHOBecHH C
JPYTUMU  KapOOHATUTOBBIMU COCTaBaMH. ['paHaTbl, CHUHTE3UPOBAHHBIC TIPH

B3aMMOJICUCTBUM «KapOOHATHBIN pacmuiaB-neproiaut» npu 1200-1350°C congepsxar
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Puc 3.7. CoctaBbl rpanatoB. a: B koopauHatax CaO-Cr,Osz;, 1-3 Bapuanuu
COCTABOB IPaHATOB M3 KCEHOJIMTOB MEPUAOTUTOB Tp. Y aauHas u Tp. OOHaKeHHAs
[Howarth et al., 2014]. Ctpenkamu Ha AuarpamMme IMOKa3aHbl U3MEHEHHUS COCTaBa
rpa"Hata BcieacTBue: 1 = mepexoja W3 TrapuOypruToBOrO K JIEPIIOJIMTOBOMY
MapareHe3ucy B pe3yibTaTe pedepTHIN3alui TEPHIOTHTOB HM3-3a IMHUPKYIISAIIAN
HU3KOTEMIIEPATYPHBIX (DIFOMIOB/pacIiaBOB J0 Hadajga YaCTUYHOIO IUIaBJICHUS
CLM; 2 u 3 = Beicokoremmneparypnas (> 1200 ° C) meTtacomarrdeckas CTaausi ¢
MOCJICTYIONTUM YacTHUHbIM TutaBieaneM SCLM mon BozmelicTBueMm 1mioma; O:
Bapuanuu T1/Cr orHomenuss u Mg # rpaHaros.
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o6ompmie CaO u menbime Cr,Oz; yem rpaHaThl, CHHTE3UPOBAHHBIC B 00pa3iax ¢
rapudypruroM. KX cocTtaBbl JexaT Ha TpaHUIE IMOJEH COCTaBOB TIpaHATOB
JIEPIIOJIUTOBOTO M BEPJIUTOBOrO MapareHe3ucoB B JIeBOM yacTu auarpammbl CaO-
Cr,0O3 [CoGoseB m u gp., 1969] (puc. 3.7a), mpu 3TOM, UX COCTaBBl HE
JIEMOHCTPHUPYIOT SBHON 3aBHCHMOCTH OT TEMIIEpaTypbl M COCTaBOB HCXOJHBIX
KapOOHATHBIX PACILIABOB.

MaxcumanbHble 3HadeHus T1/Cr coorHomenuit (0.7-5), xapakTepHbIe s
METraKpHCTOB TpaHaToB u3 kumOepiutoB (Puc. 70), Obuin 3apMKCHpOBaHBI B
rpaHaTax M3 OOpa3loB IOCJI€ PEAKIIMOHHOTO B3aMMOACHCTBHS MEPUIOTUTOB C
kapoonatHeiM pactiaBom C. Kpome Toro, onum comepxkamu 8-11 mac.% FeQ,
umenu Hu3kuit Mg# (72-82), Beicokoe coaepxanue 110, (1.5-2.5 wmac.%),
noBeIieHHbIe KOHIIeHTpamu NayO (mo 0.12—0.22 mac.%), 1 HU3KHE COAepKAHUS
Cr,03 (2.1-5.1 mac.% B HC wmarpune u 0.6-1.1 mac.% B LC wMatpue).
BoabIMIMHCTBO TpaHATOB, KPUCTAJUIM30BABIIMXCS B CHOHABUYAX C KapOOHATHBHIMU
pacrmaBamu B6 u B10, umenu Ti/Cr otHomenue ot 0,1 go 1,0, TunuyHoe aJis
rpaHaToB u3 JAePOPMUPOBAHHBIX JEpIHOIUTOB. B oOpasmax ¢ kapOOHATHBIM
pacriaBom B10 rpanater umenn Hu3kuii Mg# (62-66) BciieacTBHE BBICOKOTO
conepxxanusi FeO B cucteme. ['panarel ¢ Hu3kUM Ti/Cr OTHOIIIEHHMEM U BBICOKUM
Mg# 77-82 Obutn 3aUKCUPOBAHBI B MEPUAOTUTOBON MaTpHIIE, MOTYYCHHOW TIPH
B3aMMOJICUCTBUM ¢ KapOoHaTHBIM pacmmaBoM GS. HWx cocraBpl, HUMEIOT
MPOMEKYTOUHBIE  3HAYEHHMs] MEXKAy TIpaHaTaMd W3  JEMJICTUPOBAHHOTO
BBICOKOXPDOMHUCTOTO  TIEPHIOTHTA,  ASHOPMHPOBAHHOTO  JIEPIOJUTA U

MCTACOMATU3HUPOBAHHOI'O XPOM-ITUPOIIOBOIO JICPILOJINTA.

Knunonupokcen

CocTaB KJIMHOMHUPOKCEHOB OKa3ajcs TaKKE YYBCTBUTEIEH K YCJIOBHUSAM
skcnepumenToB. Mx Ca# BappupoBan ot 39 no 46 npm 1200°C, u cHmXaics a0
35-41 npu 1350°C (3a uckiaroueHHeM OJHOTO oOpasiia, rjae gocturan 45) (puc.

3.8a). Bce mpoaHanm3upoBaHHBIE KIMHOIMHUPOKCEHBI IO COAEPKAHHIO MAarHUS U
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Kenesa MOXKHO pa3fenuTh Ha JBe rpynmel: ¢ Mg# or 851 mo 86.3,
KPUCTAJUTM30BABIIUECS B COHABHUYAX ¢ Fe-0orateiM kapOoHaTHBIM pactuiasom B10,
u ¢ Oosee BeicokuM Mg# ot 87.4 no 91.6, moaydeHHBIX B IKCIIEPUMEHTaX C
OCTaJIbHBIMU KapOoHaTHbIMH paciuiaBamu (puc. 3.8a, 6). B ximHommpokceHax u3
coHABUYEH ¢ rapudyprutoM u sepuoiautom Cr/(Cr+Al) oTHomeHHe BapbUPOBAJIO
ot 0,24 10 0,53 u ot 0,1 10 0,23, cooTBEeTCTBEHHO, ITpH 3TOM cojiepkanue CroOsz B
HUX HE3HAYHMTEIIbHO CHIDKAJIOCH C MOBBIIIeHHEM TemiiepaTyphl. Conepkanne KO
BapbsupoBayio oT 0,5 g0 0,6 mac.% B oOpasznax ¢ 60raTbiM KajaueM KapOOHATHBIM
pacrutabom GS, m He mpebmmano 0,3 mac.% B oOpasiax ¢ OCTaIbHBIMH
kapOoHaTHBIMU paciuiaBaMu. Koadummentsr pacnpenenenus KoO u Na,O mexay
KJIIMHOIIMPOKCEHOM M paciiaBoM kojiebanuck ot 0,006 mo 0,02 u ot 0,3 mo 0,9,
cooTBeTcTBeHHO. C yBennueHueM temmepatrypsl ot 1200 no 1350°C koadduriment

pacnpenenenus K;O Heckonbko yBemmuuBaiics, a Na;O camxkacs.

Opmonupokcen

OpTONMUPOKCEH  KPUCTAUIM30BAICS  MPEUMYIIECTBEHHO B  MPOAYKTax
B3aMMOJICUCTBUS «KapOOHATHBIN pacruiaB-nepugotut» npu 1350°C (tabdn. 3.1,
3.2). OH Taxke ObLT OOHApY)KEH B IBYX oOpa3iax u3 skcrepumMenToB npu 1200°C.
Ero umHauBuabl umenu TUNMUIAOMOP(HBIA MPU3MATHUECKUN OOJUK, pa3Mep He
npesbiman 10-50 mxM. Bee opronupokcenst coaeprkanu 6omee 0,15 mac.% Cry03,
YTO SBIIAETCS XapaKTEpHOM YEpPTOM sl  OPTONMPOKCEHOB MAaHTHMHBIX
nepuaotutoB (Puc. 3.9). [lo MarHe3nanbHOCTH U JKEIE3UCTOCTH OHU MOTYT OBIThH
pasnenensl Ha aBe rpynmnsl: 1) ¢ Mg# ot 86 no 88, monydenHble B oOpasmax C
kapOoHaTHeIM paciiaBom B10; 2) ¢ Mg# ot 90 no 91.5, 3adukcupoBaHHBIE BO
BCEX OCTalbHBIX 0Opa3nax. [Ipu yBennuenuun tremneparypst ot 1200°C go 1350°C
koHueHTpaiuss CaO B opronupokceHax ypenuumiach ¢ 0,9-1,0 no 1.1-1.6 mac.%,
npu 3ToM KoHueHtpanusi Al,Os; BapsupoBana ot 0,56 mo 1,1 mac.%, nocturas
makcumyma mipu 5.5 I'Tla u 1350°C u munumyma tipu 7.0 I'Tla u 1350°C (Tabnuia
3.3).
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Puc 3.8. CocraB kiuHONHMpPOKCEeHOB. a: Ca # B 3aBucumoctu ot Mg #; 6: Cr/(Cr +
Al) B 3aBucumoctu ot Mg#; B: K,O B 3aBUCHMOCTH OT TeMIIEpaTyphbl (TaHHbBIC IS
cuctrembl KNCMASH no nannsiM [Konzett and Ulmer, 1999]; r: coaepxanue
Cry03, B 3aBUCHMOCTH OT TeMIIEpaTyphl; A: Koddduiuent pacnpeneneuus Na,O
Mexay CpX u kKapOOHATUTOBBIM PACIZIaBOM B 3aBUCUMOCTH OT TEMIIEPaTYPhI; €:
koadumment pacrpeaenenus K,O mexmy CpX v kapOOHATUTOBBIM PACIIIIaBOM

Kak QyHkuus T.
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Maczuezum

CocraB MarHe3utr a Obul OoJiee CTAOMJIBHBIM B CPAaBHEHUHU C OCTaJIbHBIMH
Kpuctauinueckumu ¢dazamu (tadm. 3.1, 3.2). B maruesure, KpUCTaLIM30BaABIIEMCSI
B COHJBHMYAaX C KapOoHaTHeIM pacmiaom B10, 3adbukcupoBaHO HECKOIBKO
Oonbiiee copepxkanue FeO, yeM B MarHe3WTax M3 SKCIEPUMEHTOB C JAPYTUMHU
kapOoHaTtHeIMU pactuiaBamu (8.3-9.5 mac.% npotus 5.0-7.3 mac.%). ConepxaHue

CaO B marnesute Bo3pacraino ¢ 1.83-2.4 mac.% npu temnepatype 1200°C no 2.2-

3.4 mac.% mpu 1350°C.

3.5. 3akioyenue

AHanmu3 COCTaBOB CUJIMKATHBIX (a3, MOJTYYEHHBIX SKCIEPUMEHTAILHO MPU
B3aMMOJICUCTBUM KapOOHATHOIO paciljlaBa U MEPUIOTHTA MOKA3bIBAET, YTO OHH,
KaK TIPaBWJIO, UMEIOT COCTaBBI CXOJHBIE C COCTaBaMHW MaHTHHHBIX MHHEPAJIOB,
0COOEHHO BBICOKOTEMIIEpaTypHbIX mnepuaotutoB (puc.  3.10). HckmoueHus
KacaroTcs (pa3, MOIYICHHBIX TIPH B3aMMOJICHCTBUH TEPUIOTHTOB C KapOOHATHBIM
pacmiaom  B10, oGoramennbiM  Fe, a Takke HECKOJbKO TMOBBIIICHHBIM
conepxxkanuem CrpO; B OoJbIIeil 4acTh KIMHOMUPOKCEHOB. OTiMUME COCTaBOB
CUHTE3UPOBAHHBIX (Da3 OT METAaKpHUCTOB M3 KMMOEPIMTOB XOPOIIO BHIHO Ha Puc.
3.10, Ha KOTOpPOM TIPUBEJEHO CPAaBHEHHE MOJYUYEHHBIX PE3YyJIbTAaTOB C JaHHBIMU
padoter (Haggerty, 1995). B memom, 3akiro4eHHE O CXOXKECTH COCTaBa
CUHTE3UPOBAHHBIX CHJIMKATHBIX (a3 TEPUJAOTUTOBOM MAaTPHIBI C COCTaBaMH
MUHEPAJIOB MAaHTUWHBIX MEPUIOTUTOB TMO3BOJSET CHEJIaTh BBIBOJ, YTO B COJIBHUY-
DKCIIEPUMEHTAX TIOJYYCeHBl MYJBTH(A3HO HACHIIICHHBIC pPaCIUIaBbl, KOTOpPHIC
JIOJDKHBI OBITH CTAOMIIBHBI B OCHOBAHMHM KOHTHHEHTAJIBLHOUW JTUTOC()EpHON MAaHTHH.
[Ipu »TOM COOCTBEHHO M3MEHEHHAsl MEPUOTUTOBASI MATPHIIA SBJISETCS MOJEIHIO
METacCOMaTU3UPOBAHHOTO T10]T BO3/ICHCTBHEM KapOOHATHOTO pacIliaBa

MAaHTUHAHOTO MIEPUIOTUTA.
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Puc 3.10. CocTaBbl S5KCIEPUMEHTATIBHO NOJYYEHHBIX OJIMBUHA, OPTONIMPOKCEHA,
rpaHaTa 1 KimHonupokceHa Ha Mg - Fe — Ca quarpamme, B CpaBHEHHH C

cocTaBaMH MUHEPAJIOB B MAHTHHHBIX HapareHe3ucax [Haggerty, 1995].
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I'naBa 4. Pe3yJbTaThl 3KCIIEPUMEHTOB 10 U3y4eHHI0 (a30BbIX OTHOLICHUH

kuMOepauTa Tpyoxku Yaaunas npu 6.3-7.5 I'lla u 1300-1700°C.

4.1. AHaJIM3 paBHOBECHOCTH MOJIyYeHHBIX 00pa31oB

B umenoMm, o6majmaronye HHU3KOM BSI3KOCTBIO BOJAOCOJEpIKalle KapOOHATHO-
CWIMKATHBIE pacIlaBbl W cuiaukatHele (a3el mpu  Temreparypax >1300°C wu
JUTUTEIILHOCTAX SKCIepUMEHTOB 40 4acoB JOJDKHBI TOCTUTATh paBHOBecus [Brey et al.,
2009]. [asbHeiiinee yBEIMYCHUE JUIMTEIIBHOCTH HEBO3MOXKHO W3-3a IOBBIIICHHOM
yTeUKu Bojopoja u3 Pt ammyn ¢ BogocoaepkamyMmu oOpa3lamMu KUMOepiauTa M, Kak
CIIC/ICTBHE, X YaCTHYHOTO OkuciieHus. Panee B padortax [Sokol and Pal’yanov, 2008;
Sokol et al., 2009] 6puT0 TIOKa3aHO, YTO B yIJIEPOAHACHIIEHHBIX cucTeMax C—O—H wu
Mg.SiOs— H,O-C mpu cxoxmx P-T mapamerpax yredka BOIOpOJa MPHBOAUT K
nosiBjeHut0 u30biTouHoro CO; M KpUCTaUTM3allMM  MarHe3uTa, COOTBETCTBEHHO.
JIOTIOTHUTENBHBIM BaXXHBIM (DAaKTOPOM, HAPYMIAIOIMIUM pPABHOBECHE B JUIUTEIHHBIX
HKCIIEPUMEHTAX, MOXET OBbITh BBIHOC Xkeye3a u3 obOpasinoB B Pt ammyny. CoriacHo
pacyetam Mmacc-0anaHca, HauOoJblIas moTeps >kenesa 3adukcupoBaHa B 40-4acoBbIX
sKcepuMeHTax 0e3 rpadUuTOBBIX KOHTEHHEpOB. B Oomblell YacT OCTaIbHBIX
HKCIIEPUMEHTOB OHA Haxojuiach B uHTepBaie 1-2 oTH. %, mpudem B oOpasmax ¢
coJiepyKaHueM BOJBI > 8 Mac.%, MmoTeps jkeie3a ObLTa HECKOJIBKO BhIIIE, (KaK MPaBHIIO
cocTarisiia ~3 oTH. %).

JIns  Toro 4YToOBI OIIGHWTh PABHOBECHOCTh IIOJYYEHHBIX 0OpasIoB, ObLI
WCIIOJIb30BAaH  OJIMBUH-TPAHATOBBIA  TEOTEPMOMETpP, KOTOPBIH  OCHOBaH  Ha
TEeMIIepaTypHOH 3aBUCUMOCTH KO3 (DUIIMEHTA pacTipeesICHUs JKelle3a U MarHusl MEXIy
OJIMBUHOM M I'paHaTOM. DTa 3aBUCHMOCTh oTKamOpoBana B padote [O’Neill and Wood,
1979] no namnenus 6 I'Tla 1 HU3KOKEIE3UCTHIX MEPHIOTHTOB, UMEIONIUX T'paHaT C
Ca#<0.3. Ha puc. 4.1 noka3zaHo pa3iauuue MEXIy SKCIEPUMEHTAIBHOW W PacueTHOMN
TeMIiepaTypoil s Hamux oOpasuoB. s Oonplielt yacTh 3KCOEPUMEHTOB pacueTHas

temneparypa Ha 12-150°C Hmke uzMepeHHOM. OJIHAKO ATH 3HAYEHUS HAXOIATCSA B

npeaenax gomycrumoi omubku (180°C) mns manHoro reotepmomerpa [Pearson et al.,
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Puc 4.1. Pa3HOoCTh MeXIy TeMIepaTypaMH, PacCCUUTAaHHBIMU IO OJMBHUH-TPAHATOBOMY
reorepmomeTpy (O'Neill u Wood, 1979), u dakruueckumu TeMIepaTypaMu
OKCIIEPUMEHTOB. DKCIIEPUMEHTHI, JIJI1 KOTOPBIX Pa3HOCTh TEMIIEpaTyp HaXOJHUTCS B
npeenax OMMOKH TEpMOMETpa IIOKa3aHbl CEPhIM IBETOM. OKCICPHUMEHTBI, TJC
paBHOBECHE HE OBLIO JOCTUTHYTO MPUBEACHBI YSPHBIM I[BETOM.
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2014]. IIpu >TOM ONMBHHBI U TpaHAThl U3 3kcrnepumentoB 1371, 1376, 1227 u 1426
BEPOATHO OBbLIM HEPAaBHOBECHBI, TaK KaK pa3HUIA MEXIY (PaKTHUEeCKONW M pacueTHOM
Temneparypamu okazaiach >180°C. AHanu3 MoJydeHbIX AAHHBIX MO3BOJISIET CIENATh
BBIBOJI, 4YTO B OOJbIIEHM dYacTH oOpa3oB KuUMOepJuTa TpPyOKHM VYadadyHas B
skcriepumentax npu 6.3 - 7.5 I'lla u temmeparypax >1300°C ObUIO JOCTUTHYTO
paBHOBECHE.

JIOTIOJTHUTEIBHBIM UHIUKATOPOM JAOCTH)KEHUS PAaBHOBECHUS B STHUX IKCIEPUMEHTaX
ObUIO TO, YTO TOJYYECHHBIE KpUCTAUIMYECKUE (ha3bl TOMOTCHHBI U  JIUIIEHBI
30HANTBHOCTH. TOJBKO B YacTH HU3KOoTeMIeparypHbix oOpasior (1300°C)
cogepxkanne FeO B onmMBHHaX 3aMETHOBAPHHPOBAIO OT SApa K IOBEPXHOCTH, a

B 3aKaJeHHBIX paciuiaBax Bapbupoaiu KOHUeHTpamuu SiOz, MgO, n CaO.

4.2. Texcrypsl u (pa30BbIii cOCTaB 00pa310B

HccnenoBanne 3akaJeHHBIX O0OpaslmoB C  HWCIHOJB30BAaHUEM CKaHUPYIOMICH
MHKPOCKOIIMA W MHMKPO30HIOBOTO aHAJIN3a ITOKA3bIBAET, 4yTO npu aasieHun 6,3 I'lla
pacriuiaB KuMOepiuTa Tp. YJayHas HaXOAWTCS B PABHOBECHM C accollyaluen
Ol+Cpx+Grt B amamazone Temmepatyp 1300-1570°C m coxeprkaHusix BOabl B 2,5-6
mac.% (tabn. 4.1). Ilpu yBenudeHuu TeMIepaTypbl HaOIIOAETCI YMEHBIICHUE
KOJIMYECTBA COCYIIECTBYIOIIMX C PACIJIABOM CHJIMKATHBIX (a3, B TO BpeMs Kak O
pacruiaBa yBeaumauBaeTcs. Tak, oOpasell, MOydeHHBIA IPU HU3KUX COJEPIKAHMIX BOJIBI
(2,5 mac.%) u Temneparype B 1470°C (puc 4.2), npecTaBieH MJIOTHBIM CBETJIO-CEPhIM
arperaToM, COCTOSIIIUM U3 MEJKUX KPUCTAIINICCKUX CHIIMKATHBIX (ha3 pazmepoM 10 50
MKM H PacIlOJIOKEHHOTO B MHTEPCTHIMIX paciiiaBa. PaccumTaHHas ¢ TOMOIIBIO Macc-
OanaHca cTeneHb MIaBJIeHUs 3TOro oopasia cocrapiseT 42 mac.%.

C moBbIlIEHUEM TeMIIepaTypbl HAOJIOMACTCS pa3lielIeHUe PeaKIMOHHOIo 00bheMa
aMITyJibl Ha 30HbI. B 00pasiie, mosiy4ueHHoM B akcrepumente mpu 1520°C (puc. 2.4, 4.3)
B TOps4Yeil YacTh (UKCUPYETCS TEMHO-Cepas 30HA, COCTOAMIAs M3 3aKaJOYHBIX

JEHJIPUTHBIX KPUCTAJIOB M OOJIBIIOrO0 KOJWYecTBa dYemryek rpaduta. B xomomHoit
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Tabmuua 4.1. IlapameTpsl npoBeieHNs SKCIIEPUMEHTOB U coiepikaHue (a3 B MOJyYeHHbBIX 00pa3iax.

No [TapameTpsl SKCIIEpUMeEHTa Conepxanue (Mac.)
) JmuTenbHOCTD H.O
P (I'Tla) T (°C) (4gac) (mac.%) Ol Cpx Grt Pv Lig
1341 6.3 1470 40 25 042 012 009 0.01 0.37
1343 6.3 1520 40 25 040 0.05 0.06 0.01 0.49
1417-1 6.3 1520 40 25 031 011 0.08 <0.01 0.50
1350 6.3 1570 40 25 026 009 005 - 060
1500 6.3 1630 1 25 025 - - - 0.75
1377 6.3 1300 40 6 035 015 013 0.01 0.37
1376 6.3 1400 40 6 0.28 0.11 0.08 <0.01 0.53
1476-1 6.3 1470 40 6 0.27 0.17 0.07 <0.01 0.49
1371 6.3 1520 40 6 0.21 0.16 0.05 <0.01 0.58
1417-2 6.3 1520 40 6 025 011 0.09 - 0.55
1378 6.3 1570 40 6 020 0.09 0.04 - 0.68
1502-1 6.3 1670 1 6 - - - - 1.00
1502-2 6.3 1670 1 6 - - - - 1.00
1476-2 6.3 1470 40 83 016 015 0.06 <0.01 0.63
1444-1 6.3 1470 40 87 015 - - - 0.85
1444-2 6.3 1470 40 111 - - - - 1.00
1227 7.5 1300 15 25 038 015 0.08 0.02 0.37
1443-1 75 1450 40 25 026 010 016 0.02 0.46
1426 75 1570 40 25 025 0.03 0.02 <001 0.70
1501 75 1670 1 25 020 - - - 0.80
1438 75 1570 40 6 038 - 012 - 0.50
1429 75 1570 40 6 043 - 012 - 0.45
1503-1 75 1670 1 6 - - - - 1.00
1503-2 75 1670 1 6 005 - - - 0.95
1450-1 7.5 1500 40 65 023 006 011 - 0.60
1443-2 7.5 1450 40 95 0.13 0.04 008 - 0.75
1450-2 7.5 1500 40 101 011 0.01 0.08 - 0.80
723 7.5 1600 40 11.6 - - - - 1.00

O06o03nauenus das: Liq — pacmias; Ol — onusun; CpX — kiuHonmupokceH; Grt — rpanar; Pv —
HIEPOBCKHT.
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Puc 4.2. Cxon (a) u monupoBaHHbIN (pparMeHT (0) oOpasiia mocie 3KCnepuMeHTa
Ne 1341 (6.3 I'Tla, 1470°C, 2,5 mac.% H,0). Gr — rpadur.
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Puc 4.3. Cxon (a) u monupoBaHHbIN (pparMeHT (0) 0Opasiia mocie 3KCnepuMeHTa
Ne 1343 (6.3 I'Tla, 1520°C, 2,5 mac.% H,0).
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4acTH HaxoauTcs Oosiee cBeTas 30Ha, 00pa3oBaHHas CHIIMKAaTHRIMU (hazamu. [Ipu 3Tom
KPUCTAJUIBl TpauTa MPUCYTCTBYIOT B 30HE 3aKaJEHHOTO pacIulaBa M B YacCTH 30HBI
Kpucraummueckux ¢az. CreneHp miaBieHus 3Toro oopasma coctanisieT 49 mac.%. Ilpu
temriepatype 1570°C B rpadutoBOoM KOHTEiHEepe, Tlie ObLI pa3MelleH KUMOepJuT
TpyOku VYnauyHas, 3aUKCHpOBaH CHHTE3 anmaza. IJTOT MPOLECC COMPOBOXKAAICS
IPOMUTKOM  HOBOOOPA30BAHHOTO  MOJUKPUCTAIUIMUECKOrO  aliMa3HOro  arperata
pacmaBoM (puc 4.4). B ropsiueii yactu aminyiisl copMHpOBaIaCh TEMHO-Cepasi 30Ha €
OOJBIINM KOJTMYECTBOM YeIlIyeK rpaduTa U JCHIPUTHBIMH 3aKaJOYHBIMUA KPUCTAIJIAMH.
B xonogHoi uactu ¢uxcupyercs Oonee cBeTias 30HA JMKBUAYCHBIX KPUCTAIJIOB.
CrerneHb MIABIEHUS 3TOr0 00pasiia HE MOXKET ObITh OIIEHEHAa TOYHO, TaK KaK 4acTh
pacruiaBa ObuTa OT/AENIEHAa OT OCHOBHOWM MaccChl IpU CUHTE3e anmasa. M3 pacuera macc-
OaslaHca U BU3YaJIbHBIX HAOMIOACHUN CIENyeT, YTO COACp)KaHUE paciiaBa COCTAaBISIET
oxouo 60 mac.%.

Jlis Bcex OKCIEPUMEHTOB C KUMOEpPIUTOM Tp. YJadyHas MpPH TOBBIIICHHOM
colepkaHueM BoAbl (>6 Mmac.%) XapakTepHO pazjerneHue oOpas3loB Ha 3 30HBIL
Bepxusisi yacth, 3aHumaromas ot 1/6 no 3/5 oObema, oOpa3oBaHa 3aKaJOYHBIM
arperaToM CBETJIO PO30BOTO I[BETA, HIKHASL YacTh CJIOXKE€HA CHJIMKAaTHbIMH (ha3amu, a
CpEIlHss, UMEIOIIasi CPAaBHUTEILHO MaTyl0 TOJIIUHY M OOJee HACHIIECHHBIN 3€JICHBIN
uBeT, cioxeHa Oosnee KpynHeiMH (70 300 MKM) THUOMAMOMOP(PHBIMH  WJIU
UIMOMOP(GHBIMU KPUCTAUTMYECKUMH (DazaMu, MPEUMYIIECTBEHHO KIMHOIMMMPOKCEHOM
(puc 4.5). Ilpu yBemmuenun copepxanus H,O B cTraproBoM cocTaBe HaOIrOmaeTCs
yYBEJIMYEHHE CTENEHU TIaBieHust oopas3ioB. Tak npu temneparype 1470°C yBenuueHnue
coJiep)KaHHMsl BOJBI B CTapTOBOM KumobOepiute ¢ 2,5 g0 8,3% cTerneHb IUIaBICHUS
Bo3pacTtaeT 6osiee ueM Ha 25%. [Ipu naBnenuu 6.3 I'Tla u conepxanuu Boasl 2,5 mac.%
HanOoJiee BBICOKOTEMIEpATypHBId dKcriepuMeHT mnpoBereH npu 1630°C. Cremnenb
MJIaBJieHusl oOpas3lia B HeM jgocturia 75 mac.%, a €IMHCTBEHHOM KPUCTALTNYECKOM
¢dazoii B paBHOBecuH ¢ pacruiaBoMm Obul onuBuH. [Ipu konuentpanuum H,O 6 mac.%,
MOJIHOE TIIaBJieHUE oOpasma kumoOepnuta Obuto 3adukcupoBano mpu 1670°C, a mpu
11,6 mac.% H;O yxe npu 1470°C. HemocpeacTBeHHO MOJ JMKBUAYCOM 30HA

MYJIBTI/I(I)aBHOFO HACBbIIICHHUA OTCYTCTBYCT, 4 B PaABHOBCCHUH C PACIIIIABOM COCYHICCTBYCT



Puc 4.4. Anma3s u oT/IeIMBIIKICS 3aKaJICHHBINA pacIuiaB Ha MecTe rpaduTOBOrO
koHTeiHepa. Dkerr. Ne 1350 (6.3 I'Tla, 1570°C, 2,5 mac.% H,0.).

Pt amnyna

‘l
o

.
L o2,

Puc 4.5. Cxon o6pa3sna nocie skciepumerta Nel1378 (6.3 I'Tla, 1570°C, 6 mac.%
H0).
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TOJIBKO OJIMBUH. DKCTPAMOJISAINS MMOTYYECHHBIX JAHHBIX MMO3BOJISIET CAENIATh BBIBOJ, YTO
npu 2,5 mac.% H,0, nukBuayc cucteMbl HaxoauTcs npu temiepatype 1700-1750°C.

B skcnepumentax npu nainenun 7.5 I'lla u comepxanuu H,O 2,5 mac.%, c
yBenuueHreMm Ttemmepatypel ¢ 1450° mo 1570°C, crenenp muiaBieHust oOpasLoB
Bo3pactaet ¢ 47 no 70 mac.%. Takxke HaOmoAaeTcs pasjeneHue oOpa3ioB Ha 30HbL. B
ropsiueil yactTu oOpasllioB pacrojaraercs 30Ha, CIOXEHHAas 3aKaJlOYHBIM arperatom
JNEHAPUTHBIX KPUCTAILIOB (3aKAJICHHBIM PACIUIABOM) OT OEJIOT0 ¢ KPEMOBBIM OTTEHKOM,
JI0 CBETJIO-PO30BOTO IIBETa, & B XOJIOAHOW YacTU aMIyJibl — 30HA, COCTOAIIAs U3
KPYITHBIX TUITUAROMOP(MHBIX ¥ MIHOMOP(GHBIX KPUCTALUIOB CHIIMKATHBIX (a3 (puc. 4.6).
[Ipu copepxkanum Bonbl <6 mac.% u temmneparypax Ao 1500°C, takxke kak u npu 6,3
I'Tla, B paBHOBecuu ¢ paciuiaBoM Haxoautcs acconumarus Ol+Grt+Cpx, omnako c
NOBBIIIEHHEM Temnepatypbl 10 1570°C KIMHONMMPOKCEH CTAaHOBUTCS HE CTaOWIIEH, a
PAaBHOBECHBIMU C PACIUIABOM KPUCTAJUTMUECKUMU (ha3aMu OCTAIOTCS OJMBUH U TpaHaT.
[Ipu koHueHTpauuu BoAbl 6 Mac.% MoJIHOE TuIaBiieHne oOpasiia 3aUKCUPOBAHO MPHU
1670°C. C moBbIIIEHWEM KOHIIGHTparuu Bojabl 10 9-10 mac.% MuHHMabHAS
TeMmrepaTrypa IOJHOTO IUTaBjieHUs 00pa3ioB cHmwkaercs Ha 100-150°C. Ilpu stux
koHIeHTparusax H,O BOmm3u nmukBuayca (mpu temmneparype menee yeMm Ha 100°C Huxe
JMKBUIYCA) CYIIECTBYET 30HA, I'JI€ PacIUlaB HAXOJUTCS B PABHOBECHH C OJUBUHOM,
rpaHaTOM U KIWHOMHPOKCeHOM. JIukBumyc xkumOepiurta mipu comepxkanuu H,O - 2,5

Mac.% He Obul onpenesieH. [1o HamKMM OLIEHKaM, MOJHOE IJIABJIECHUE MPOUCXOIUT MPHU

1730°C.

4.3. CocTaB paciiaBa

PacrimaBel B 00Opa3iax mocjie 5SKCOEPUMEHTOB TMPEJCTABIEHBl 3aKaJlOYHBIM
arperaToM, COCTOSAIIUM U3 JCHAPUTHBIX KPUCTAJUIOB CHJIMKATOB W KapOOHATOB.
XuMuueckuii coctaB pacmiaBoB (Tabn. 4.2) 3aBUCUT B OCHOBHOM OT CTEIEHU
IJIaBJICHUs 00pa3IoB, KOTOpas pacTeT C YBEJIWYECHHEM COJICpKaHUS BOJABI H
TeMriepaTypbl. B akcmepumMeHTax ¢ KUMOEPIMTOM, MpPH OTHOCHUTEIHLHO HHU3KUX

temneparypax (1300-1470°C) u conmepkanusix Boubl 2,5-6 Mmac.%, paciiaB umeeT
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Pt amnyna

Puc 4.6. Cxoux oOpasua nocie sxcnepumenTa Nel1443-2 (7.5 I'Tla, 1450 C, 9.5
mac.% H;0)..
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IPEUMYIIIeCTBEeHHO KapOoHaTHBIN coctaB. Coaepxanune SiO, B HeM He npesbimaeT 10
mac.%, ipu 3ToM oH Oorat menodamu (10 6 mac.% Na,O u g0 5 mac.% K;0) u umeer
Ca#>35. Ilpm  TOBBINICHUHW  TEMIIEpAaTypbl  OCHOBHOW  3a()UKCHPOBAHHOMU
3aKOHOMEPHOCTBIO SABJISUIOCH yBenmmdeHue coaepkanus SiO; (puc. 4.7 a, 0). [Tockoiabky
TeMIlepaTypa JUKBHyCa PacTeT C YMEHbIICHUEM KOHIEHTPAIMKU BOJbI B KUMOEPIIUTE,
TO Npu HU3KOoM cojaepkanuu H,O xonnentpanus Si0O; B pacmiaBe gocturaet 25 mac.%
TOJIBKO Tipu Temmeparypax Bbeime 1600°C, kak mpu 6,3, tak m 7,5 ['Tla. Ilpm
conepkanuu BoJibl 8-10 mac.%, koHueHTpamus Si0, B paciuiaBe NMpuOIMKaeTcs K 25
Mac.% yxe npu temmneparype okoio 1500°C. IIpu s3Tom, B paciiaBax, MOJIyYCHHBIX B
obOpasmax ¢ coaepxkanueM HO 2,5 mac.%, Ca# pacnnaBa ymenbmanca ¢ 0,4 1o
npubmusutensHo 0,3 ¢ yBenuuenuem temriepatypsl oT 1300 mo 1600°C (puc. 4.7 B).
YBenuueHue cofepKaHus BOABI B CTAPTOBOM COCTaBE CITOCOOCTBYET MoHMKeHN0 Cat.
Tak, mpu coxepxkanuun H,O 6 mac.%, Ca# craHoBWiCS MeHbIIe 25 yxe IMpuU
temriepatype 1450-1500°C. CnemyeT OTMETUTH, YTO TOJYYEHHBIE B pe3yJibTare
HKCIIEPUMEHTOB OOTaThie BOAOW BBHICOKOTEMIICPATYPHBIC PACIUIABhI, HIMEIIM OTHOIIICHUE
Al k TByXBaJICHTHBIM KaTHOHAM, XapaKTePHOE I IEPBUYHBIX KUMOEPIUTOBBIX MarM |
rpyniel [Becker and Le Roex, 2006].

Takum o0pasom, B skcnepumeHTax mnpu 6.3 u 7.5 ITla c yBenuueHuem
TemriepaTypbl u coaepkanus HyO otmedaercs cHwkenue conaepxkanuss CaO wu
niesoveid, U yBenmdenue konmnentpaun MgO, mpu stom copepkanue Al,O3 ocraercs
MPAKTUYECKU MOCTOSIHHBIM. [10 KOHIIEHTpaIMu OCHOBHBIX METPOTEHHBIX KOMIIOHEHTOB
COCTaB pacIulaBa MPUOIIIKACTCS K HUCXOTHOMY KHMOEPIMTOBOMY TIPH COACPIKAHUSIX
H,0 B 2,5-6 mac.%, temneparype 1570-1600°C u crenenn mmasnennst 60-90 mac.%. B
TOXKE BpeMsl MpPU COACpKAHUAX BOJBI B cucreme >8 Mac.%, cOCTaB pacrjiaBa

CTaHOBUTCS OIM3KUM K KuMOepiuToBoMy yke npu 1450-1500°C u cTenenu miaBieHHs

~70 mac.%.
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Puc 4.7. Conepxanust SiO; (a u 0), u Ca # (B) B 3aKaJicHHbIX pPacIUIaBax B
3aBUCUMOCTH OT Temmepartypsl. 1 - skcniepumenTsl mipu 6,3 ['Tla, 2,5 mac.% H0;.
2 - 6,3 I'Tla, 6 mac.% H,0;. 3 - 6,3 I'Tla, 8.3-8.7 mac.% H;0;. 4 - 6,3 I'Tla, 11,1
mac.% H,0; 5 - 7,5 I'Tla, 2,5 mac.% H,0; 6 - 7,5 I'Tla, 6 mac.% H,0; 7 - 7,5 I'T]a,
6,5 mac.% H,0;.8-7,5TTla, 9,5 mac.% H,0; 9 - 7,5 I'TIa, 10,1 mac.% H,0;. 10 -
. 7,5 Tla, 11,6 mac.% HO. YBenuuenue pasmepa CUMBOJIOB COOTBETCTBYET
yBeIMYeHHIO KoHIleHTparuu H,0.
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4.4. CocTaB CWUIMKATHBIX (pa3

Onueun

B cyONMKBUIYCHBIX OSKCHEPUMEHTaX OJIMBUH KPUCTAIU30BAICS BO BCEM
UCCIICIyeMOM JMaIia3oHe TeMIepaTyp u aaBieHui (taou. 4.1). Ero xumuueckuii coctas
npuBeneH B Tabm. 4.2,  Kpucramnel, mOdy4eHHbBIE B OTHOCHTEIHHO
Hu3KkoTeMIiepatypHbix 3kcnepumentax (1300-1470°C) ¢ wuskum conepkanuem Hy0,
UMEIOT KCEHOMOP(HBINA 00MK U pazmepsl 10 50 MkM. [Ipy NOBBIIIEHUH TEMIIEPATyphI
1o 1500-1600°C u comepkanus BoJbl >6 Mac.% WHANBUABI MIPHOOPETAIOT OKPYTIIBIH,
WHOTJIa TPU3MATHYECKU OONuK, a uX pasMmepsl yBenuuuBaroTcs g0 100-500 mxwm.
Menkune kceHOMOp(HBIE KpHUCTaIbl OECIIBETHBI, a KPYIMHbIE UMEIOT CBETJIO-3€JICHBIN
uset. Conepxanue HOpPCTEPUTOBOIO MHUHAJIA B OJMBHUHAX BapbUpyeT OT FOgy 10 FOg7.
Cnabasi 30HaJBLHOCTH OJMBMHOB IO COACPKAaHUIO jKelle3a HaOIoaeTcs TOJIbKO B
Hu3KkoTemmneparypHbix skcrepuMmenTax (T= 1300°C). C poctoM coaepxkaHus BOJABI U
YBEJIMYCHHUEM TeMIIepaTypbl HaOoaaeTcs ymMeHblieHue Fe# (puc 4.8). Dta TeHaeHIus
W3BECTHA IO MPEABIAYIIUM dKCIIepUMeHTaIbHBIM pabotam [Ulmer and Sweeney, 2002;
Brey et al., 2009]. Takoe u3MeHEHHE COCTaBa OJMBMHA MOXET OBITh CBS3aHO Kak C
u3MeHeHHeM Kod(duimenTa pacnpeaeneHus Fe Mexay OJMMBUHOM U PacIljlaBOM, TaK U
C ToTeper yacTH kese3a o0paslioM, 3a CUET €ro BhIHOCA U cIUlaBieHus ¢ Pt ammynoit
[Brey et a., 2011]. Kak oTmedanoch paHee, HE CMOTPS Ha HCIOJIb30BAaHUE 3aIIUTHBIX
rpadUTOBBIX KOHTEHHEPOB, MOTEPs JKejle3a B 00pa3lax MOXKeT ObITh JOBOJIBHO
3HAYUTENbHOW, OCOOCHHO B OKCIIEPUMEHTaX C BBICOKUM coaepxkanuem Hy0.
Hapyienue 1eocTHOCTH KOHTEHHEpa MPU CUHTE3€ ajMa3a B HEM TaK K€ CO3/1aBajio
JOTIOJIHUTENIbHBIE  TpoOsieMbl. Tak, oJuMBUHBI U3 dSKcrepuMeHTa 1444-1 He
BITMCHIBAIOTCSI B OOIIYIO0 3aKOHOMEPHOCTH. [lo-BuauMomy, moBpexacHue rpaduToBOTO
KOHTEHHEepa MPUBEJIO K MOBLIIIICHHOMY BBIHOCY eje3a u3 oopasma. [IpakTtudecku Bce
CUHTE3UPOBaHHBIC OJIMBUHBI cojaepxar 3ameTHyo npuMech CaO u NiO (1o 0.4 u 0,1

Mac.%, COOTBETCTBEHHO).
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Puc 4.8. Koadunuent pacnpenenenus Fe-M(g

(KD=(Xre(mettyx Xmg(olivine))! (Xre(olivine) X XMg(melt)) MEXKITy PACIUIaBOM U OJIMBUHOM KaK
¢bynkius Fe# onmuBuna (Fe# - monsHOe otHOMIeHHEe FEO/(MgO + FeQ)).
YcnoBHble 0003HaUEHUS TPUBEICHBI Ha puc. 4.7
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I'panam

Acconmanuu ¢ rpaHaToM (UKCUPOBAIMCH B OOJIBIIMHCTBE JKCIEPUMEHTOB C
kumOepnutoM (Tabn 4.1). Ilpu HU3KUX TeMmIeparypax U COJEp)KaHUSAX BOJbI rpaHat
BCTpEYAeTCs] B BHUJIEC CKOIUICHUM MEJNKUX OECHBETHBIX KPHUCTAIIIOB pa3mepoMm jao 20
MKM, a TaKKe€ B BUJE CIMHUYHBIX BKIIOUEHUN B KpHUcTajiaX ofuBUHA. C MOBBIIIICHUEM
Temneparypsl u coaepxkanusi H,O pasmep rpanata yBenuuuaercs 1o 100, a uHorAa U
10 500 MmxMm. MHAMBUABI TPHOOPETAIOT CBETIO-PO30BbIN, HHOTAA OJeAHO-(PHOIETOBBIN
nBeT. Takol 1BeT 0COOEHHO XapakTepeH JiA TPaHaTOB U3 3KCIIEPUMEHTOB C BBHICOKUM
COZIEP>KaHUEM BO/IBI.

CocTaBbl CHHTE3UPOBAHBIX B DKCIEPUMEHTAX IpaHaTOB, MPUBEJEHBI B Ta0d. 4.2.
Hawnbomee wH(pOpMaTUBHBIMU JUIsI TpaHATOB MAHTHUHHBIX aCCOITMAITUN SBIISIOTCS
npumecu Cr,03, CaO u TiO, [Cobones, 1977; loycon, 1980]. U3meHeHMEe comepKaHMsI
CaO u TiO; B Hux moka3zaHo Ha puc. 4.9. Jlns rpaHaToB, KPUCTALIM30BABIIUXCS MTPH
temriepatype 1470°C u xonnenTpamuu H,O 2,5 mac.%, conepxkanmss CaO pocturaror
22 wmac.%, a Cr,O; He3nHauumtenbHo mpeBbimaroT 1 wmac.%. C yBenuueHueMm
TEMITepaTyphbl ¥ KOHIIEHTPAIMK BOJBI B MCXOJHBIX 00pa3iax, HabI01aeTcs CHIKCHUE
conepkanns CaO B rpanatax 10 6-8 mac.% npu konunerTparnuu Cr,0sz mo 2 mac.%. Ha
nuarpamme Ca0-Cr,0; [CobosieB u ap., 1969] monyueHHble TpaHAThl MOMAJAIOT B
00J1acTh TPaHATOB BEPIUTOBOTO MapareHe3unca.

B skcnepumentax npu 1300°C ¢ 2,5 mac.% H,O, conepxanne TiO, Moxer
JOCTHTATh B TpaHaTax 5 mac.%. OqHako Mpy MOBBIMIEHUN TEMIIEPATYPhI M KOJNYECTBA

BOJIBI, copepxkanue T10; cHmkaeTcs 10 >1 mac.%.

Knunonupoxcen

Knunonupokcen 3adgukcupoBan B O0onbImHCTBE 00pasnos (Tadm 4.2). Kpucramsi,
nonyueHHsie npu temneparype 1300-1470°C umerot npusmMaTHuecKuii 00JIMK U pazMep
30-100 mxm. C moBbimieHueM temmeparypsl A0 1570°C ux pasmep MOXKeT AOCTUTATh

700 MKM, a IIBET M3MEHSICTCS OT OECIIBETHOIO JIO CBETJIO0-3€JIEHOI0. XHMHYECKHE
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Puc. 4.9. CocraBbl rpaHaTtoB B NOJydeHHbIX oOpasuax. Ca # (a) wu

conepkanue Cr,0O3 (0) kak ¢yHkius conepkanus T10,. CocTaBbl O€IHBIX XPOMOM
rpaHatoBeix merakpuctoB [Shulze, 2003] npuBeneHs! i cpaBHEHUS. Y CIOBHBIC

0003HaueHUs IPUBEJEHBI HA puc. 4.7
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COCTaBbl CHHTE3WPOBAHHBIX KIMHOMMPOKCEHOB MOKa3aHbl Ha puc. 4.10 u npuBeneHs! B
Tabn. 4.2. Bce oHM OMM3KH K TUONCHIY C HE3HAUUTEIHbHOW MPHUMECHIO KaJEUTOBOTO
muHana. C poctoM coiep)kaHusi BoAbl HabmogaeTcs yBenndenue konueHTpanuu Cro.03
(ot 0,1 mo 0,5 mac.%). Coumepxxanme TIO, B HuUX cocrtaBiser MeHee | mac.%, a

koHneHTparus NaoO konebnercs B mpeaenax ot 1 1o 1,7 mac.%

Ilepoeéckum

[lepoBckutr ObUT 3aUKCHPOBAH IMOYTH BO BCEX 0O0pas3lax, IMOJYYEHHBIX B
pe3yJbTaTe SKCIIEPUMEHTOB ¢ HU3KOoM KoHneHTpanueid HoO (tadu. 4.1), n npeacrabieH
OKpyrabiMH 3epHamMu (Tabi. 4.1). Ero kxommyecTBO coctaBiser He Oonee 2%, u
YMEHBIIIAETCS C yBeJIWYeHHEM TtemnepaTypbl. COCTaB MEPOBCKUTA MNPAKTUYECKU HE

MEHSIETCS B 3aBUCHUMOCTH YCJIOBUH SKCIEPUMEHTOB, U BapbUpyeT B mpenenax 54-55

Mac.% Ti10,, 36-37 mac.% CaO, 0,7-0,8 mac.% FeO, 0,8 mac.% Na,O.

4.5. 3akauyeHue K riaase

OnHoil U3 BaXKHENIIKX 3a7a4 Halleld padoThl ObLI MOUCK YCIOBHUH, B KOTOPBIX MpU
NABJICHUSX, XapaKTepHbIX i oOjacTed 3apokKAeHuss MarM, OoraTble BOAOH
KUMOEpPJIUTOBbIE pACIIaBbl HACBIILEHbl OTHOCUTENIBHO AacCOLMAllMM  CHUJIMKATHBIX
muHepasioB OIl+Grt+Px. [lns mowmcka TakuX YCIOBHHA MPOBEACHBI JBE CEpPUH
HKCIIEPUMEHTOB, aHAJIU3 KOTOPBIX MO3BOJISIET OCTPOUTH (ha30BbIE AMArpaMMbl st 6.3
u 7.5 I'Tla B koopuHaTax TeMmepaTypa - KOHIeHTpamus Bosl (puc. 4.11).

Kak cnenyer u3 mnomydeHHBIX nAaHHbIX (puc.4.11), HemocpeacTBEHHO BOIU3U
JMKBUAyca KuMOepiuTta TpyOku Ymaunas crabuibHa accoranus OIl+Lig. Pacruas,
oOpasyronuiics npu miaBieHuu kumoepiurta npu 6,3 I'Tla, B nuanazoHne KOHIEHTpaIUi
Boabl 6-8 mac.% BOmm3um smkBuayca (AT<100°C) paBHOBeceH C accoluarei
OJIUBUHKIMHONHUPOKCeH+TpanaT. [Ipu conepkanum Boabl 2,5 mac.% MyJibTH(a3HOE
Hacelienue ¢ukcupyercs npu AT>150°C oTHOCHUTENBHO JIMKBHAYCA. AHaJIOTHYHAS
CUTYyalusi HaOJII0AaeTCsl IPU KOHIIEHTpAI BOobI >8 mMac.%, KIMHOMMPOKCEH U rpaHaT

OKa3bIBAIOTCS HECTAOMJILHBI BOJIU3H JIMKBUTYCA.
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CPx F BkntoueHnsa KNnMHONMPOKCEHa
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Puc. 4.10. Conepxxanue Cr,O; (a) m Ca # (0) B KIMHOIHUPOKCEHAX Kak
dbynaknus konnentparuu NapO. Jlns cpaBHEeHUS MPUBENCHBI JAaHHBIE 10 COCTaBY
KJIMHOIIMPOKCeHAa u3 KumOepiura Tp. Ymaunas [Kamenetsky et al., 2009].
YcnoBHBIE 0003HAUYCHMS IPUBENICHBI B pHC. 4.7.
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Puc. 4.11. ®azoBas auarpamma KumOepiuta Tp.YJauHas B KOOpAMHATAX
«remmeparypa — konuentpamus HoO» mpu P=6,3 I'Tla (a) u 7,5 I'Tla. 3anutsiii
YEpHBIM CEKTOp KBaJpaTa O3HAYaeT MPUCYTCTBUE COOTBETCTBYIOUIEH (a3bl,
IIyCTON — €€ OTCYTCTBHE.
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[Tpu masnenun 7,5 I'Tla (puc 4.10) B nuama3one KOHIEHTpAIMi BOABI OT 2,5 10 6
Mac.%, HEMOCPEICTBEHHO IO JHUKBUAYCOM pacIulaB KuMOepiuta Tp. YadHas
COCYHIECTBYET ¢ OMUBUHOM. [Ipu 3TOM AT MexXly JIUKBUYCOM U 30HOM, /i€ CTaOUIIbHA
accoranust Ol+Grt+Cpx, cocraBnsier 6onee 100°C. Ilpu mMOBBIMICHHH COIEPXKAHUS
H,O no >9 mac.% Habmromaercsi CHIDKEHHME TeMIepaTypbl JUKBHIYCa, a BOJIU3U €ro
(AT<100°C) mosiBiisieTCst 30Ha MYJIbTU(PA3HOTO HACBIIICHHMS, TJI€ PaCIljlaB PaBHOBECEH C

OJINBUHOM, I'PAHATOM H KIIMHOIIMPOKCCHOM.
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I'naBa 5. AHa/IM3 MOJIy4YE€HHBIX IKCIIEPUMEHTAJbHBIX JAHHBIX

[IpoBeneHHbBIC HCCIIeN0BaHUs TJIaBHBIM 00pa30M ObLIM HAIPaBJIEHbI HA U3YYCHUE
MPOLIECCOB PEAKIIMOHHOTO B3aUMOJICHCTBUSA KapOOHATHBIX PACIUIABOB C MAaHTUHWHBIMU
rapuOypruTaMyd W JIEpIOJUTAMHU, a TakK€ Ha PEKOHCTPYKIMIO YCJIOBHM TeHepanuu
KUMOEpPIUTOBBIX MarM W HWX CBI3W C KapOOHATHBIM  METacOMaTo30M B
KOHTUHEHTaJbHOU JuTocPepHor wmaHTHMU. HoOBbIE 5SKCnEepUMEHTaNbHbIE JdaHHbBIC
(baKkTH4eCKH TO3BOJSIIOT JETAIhHO MPOAHAIM3UPOBATH, KaK METacOMAaTo3 IO
BO3JICMCTBUEM KapOOHATHBIX pACIUIABOB MPUBOAUT K H3MEHEHHUIO MHUHEPAIbHOIO
COCTaBa MOTEHIMAJIBHBIX MPOTOJIUTOB U MPHU MOCTYIUICHUH JIETYYUX MOXET BJIMSATH Ha

COCTaB M MapaMCTPbI ICHCpALIUN KI/IM6epJ'II/ITOBBIX Marm.

5.1. YcroituuBocTh Marue3uta u Mexanuzm Mg-Ca o0MeHa MexR1y KapOOHATHBIM

paciiiaBOM 1 NIEPUIAOTHUTOM

[IpumMeHeHne MHOTOAMITYJIBHOW METOJHMKHU IS AKCIICPUMEHTAIBLHOTO H3YyYCHHUSI
PEaKIMOHHOTO B3aUMOJICUCTBHUS MEXKAYy KapOOHATHBIM pACIUIaBOM M MEPUIOTHTOM
MO3BOJIMJIO HCMOJB30BATh IIUPOKHM CIEKTP COCTaBOB KapOOHATHBIX pacCIJIaBOB
(6oratenii CaO u K0 - GS; C, ¢ otHOocHTenbHO BhICOKMM conaepskanneM CaO u NayO,
MgO u 6oratsie KO u FeO - B6 u B10) u nepunoruros (siepiionut LC u rapulOyprut
HC). Takoe pa3HOOOpa3We HMCXOMHBIX COCTAaBOB M OOJbINas MPOAOIKATEIHBHOCTD
3HAYUTEILHOM YacTu skcrepuMeHToB (150 yacoB), ¢ OIHOW CTOpPOHBI, obecrmedusia
JIOCTIDKEHHE PAaBHOBECHS B TPOJYKTaX B3aMMOJICUCTBHS, a C JIPYroil, MO3BOJIMIIA
peKkoHCTpyHupoBaTh  MexaHu3mbl  Ca-Mg  oOMeHa  Mexay  KapOOHATHBIMH
meracomatuyeckumu arenramu u CLM mepuporuramu (tabmuma 3.1, 3.2, 3.3, puc.
5.1).

Accommaruu  ¢a3, o00pa3oBaBIIMECS TMPU B3aUMOJCHCTBUU KapOOHATHBIX
pacIiaBOB C MEPUAOTUTAMU B Juana3zoHe AasieHuit 5,5-7,0 I'Tla mpu Ttemmeparypax

1200 u 1350°C, 3ametHo paznmuuarotcs. [locne sxcnepumentoB nipu 1200°C o6pazyercs
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Puc. 5.1. MaccoBas 1011 0JIMBUHA, OPTOIIUPOKCEHA, KITMHOMUPOKCEHA U MarHe3uTa B
IKCTIICPUMEHTAX C JICPIIOIUTOM (a, 0) 1 TapuOyprurom (B, ) B 3aBUCUMOCTH OT
otHotrenuss MgO / CaO B ctapTOBOM cOCTaBe «IEPUIOTUT-KapOOHATHBIA pacIliaBy
conasuueit npu 1200°C (a, B) u 1350°C (6, r).
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NEepUIOTUTOBAST MAaTpPHULa, COJEprKallasi HE3HAUMTEIbHOE KOJMYECTBO OPTOIMHMPOKCEHA
(BIUTOTH 70 TMOJHOTO OTCYTCTBHS), OOJIBIIIOE KOJMYECTBO KIMHOMUpPOKCEHA u 70 16%
Marfe3uTa. B pe3ynbprare peakmuM TEpHIOTHTa C W3YYCHHBIMH KapOOHATHBIMU
paciiaBamMu oopasyetcs ¢azoBas accormanus Ol — Grt — Cpx £ Opx + Mgs. IIpu
temneparype 1350°C koHIeHTpaIusl KIMHOMMPOKCEHA U MarHe3uTa B MaTpHUIlE PE3KO
najaeT (0 ero IMOJIHOTO MCYE3HOBEHHMs), a COJACpKaHUEe OPTOMHUPOKCeHa pacter. [Ipu
3TOM, B HEKOTOPBIX BBICOKOTEMIIEPATYPHBIX 00pa3ax OpTONHUPOKCEH 3a(pUKCHUPOBAH HE
TOJILKO B TIEPHIOTHTOBOM MaTpuile, HO W Ha TPaHUIIE MaTPHIBI C paciuiaBoM. B
pesynpTaTe ipu 1350°C B 00pasme odpasyercs (azoBas acconmarus Ol — Grt — Opx +
Cpx = Mgs.

XapakTepHOl 4YepTOW CUHTE3UPOBAHHBIX MPU B3aUMOJICUCTBUHM KapOOHATHBIX
pacIuTaBOB C TEPUIOTHUTAMH S>KHIKOCTEH SIBISICTCS TO, YTO, HECMOTpPS Ha IMHPOKUN
JMara30H BapuaIlMii HCXOJMHBIX cocTaBoB, KoHIleHTpanus CaO u MgO B pacruiaBax,
nonyyeHHbIX ¥ npu 1200 u npu 1350°C BapeupoBana B y3kux npenenax. [Ipu stom
conepkanue SiO; B Hux npu 1350°C (<7 mac.%) ObUIO I HE3HAYUTEIHHO BBIIIE,
yem npu 1200°C (<5 mac.%) u, (dakTU4ecku, paciiaBbl OCTABAINCH CYIECTBEHHO
kapOoHaTtHbIMU. (pHC. 3.4, 3.5).

PaccmoTpum  Goisiee  neTambHO MEXaHU3M B3aUMOJICUCTBUST B HW3YYEHHBIX
oOpasuax. Kak MOXHO BuUAETh Ha JuarpamMme puc. 3.4 HUCXOIHBIA KapOOHATHBIN
pacmaB GS 6wt Hanbonee 6orat CaO u KoO u monunocteio miaBuics npu 1200°C. Ero
B3aMMOJICUCTBUE KaK C MOJEIIbHBIM TaplUOypruTOM TaK ¥ MOJIEIBHBIM JIEPIIOJUTOM
MPUBOIMIIO K TIOTHOMY MCUYE€3HOBEHUIO OPTOMUPOKCEHA. DTO MO3BOJISET CACNATh BHIBO/I,
YTO B JKCIIEPUMEHTAX C MCIOJb30BaHMEM KapOoHaTHOro pacrmiaBa GS mpu 1200°C
npoTekaeT peakius ¢ pacxomoBanneM Ca0 pacrutasa (puc. 3.4, 3.5)

Mg.Si,Os +CaCO3; —CaMgSi,0 +MgCOs3 (3)
Opx Liquid Cpx Liquid

[Ipudem, moaydeHHBIN B pe3ysbTaTe peakiuu paciuiaB Obut 3ameTHO oboramen MO,

OAHAaKO KpHUCTAJJIM3allusd MAaro€3nuTa B MaTPULC HC IIPOUCXOJHIIA.
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B skcnepumenTax ¢ kapOboHaTHBIM pacmiaBoM C, KIMHONHUPOKCEH 00pa3yercs

NPEUMYIICCTBCHHO B PE€3YyJIbTAaTC PCAKIIMHA MEXK Y OPTONMMPOKCCHOM M PaACIIJIaBOM:

CaMg(C03)2 + Mg28i206 = 2M9C03 + CaMgSi206 (1)
Liquid Opx Mgs Cpx

B monp3y Takoro BBIBOJA CBHIETEIBCTBYET TOT (DaKT, YTO B TIPEIBAPUTEIHHBIX
OKCIIEPUMEHTAxX TIO0 IUIAaBJIEHUIO KapOoHaTtHOTO cocTaBa C uro npu nasienuu 5,5 ['Tla
1200°C B paBHOBECHH C PACIIaBOM KpHUCTAITU3yeTcs A0JoMHUT. ClenoBaTenbHO,
oOpazyroniuicss B COHJABUY OKCIIEPUMEHTaX pacijlaB OblUl TakXe TMEPECHIIICH
nonmomutoM. [losToMy B pe3ynbpTate B3aUMOJEHCTBHUS MPOUCXOIMIIA KPUCTAITU3AIUS
MarHesuta, xoTsi MQ@# oOpasyromerocst pacmiaBa ObLI JUIIL HEMHOTO OOJIbIIIE, YeM
Mg# xapOonaTHOTO pacmiaBa GS.

BzaumopeiictBue mnepumoTuTa ¢ KapOoHaTHbIMU pacruiaBamu B6 u  B10
OPUBOJAUT K YMEHBIICHHIO KOJMYECTBA pacilaBa B CPaBHEHUU C HCXOJHBIM
KOJIMYECTBOM KapOoaHTa, a KpPUCTAIIM3alMsl MAarHe3uTa TMPOUCXOIUT 3a CYET
pacxoI0BaHus JOJIOMUTOBOM COCTABJISIONIEH paciiaBa.

Mg.Si,Os+CaMg(CO3),—>CaMgSi,0s+2MgCO;3 (4)
Opx Liquid Cpx Mgs

OuHaNBHBIA COCTAB MEPUOTUTA TIOCIIC PEAKIIUU C KAKIIBIM U3 UCTIOJIb30BaHHBIX
TUNOB KapOoHaTHoro paciuiaa npu 1200°C Ok npakTruecku uaeHtudeH - Ol — Grt —
Cpx = Mgs, HEe3aBHCUMO OT JIEPIIOIUTOBOTO WA TaplOYPTUTOBOTO COCTaBa MCXOTHOM
Matpuilsl. Wckimodenne coctaBisier skcrepuMeHT Nel669, B KOTOpOM B HMCXOIHO
rapuOypruToBOM MaTpUlle COXPAHUIIOCh HE3HAYUTENIBHOE KOJIMYECTBO OPTONUPOKCEHA.

VYeenuuenune temnepatypsl oT 1200 no 1350°C npuBOIUT K Havally IUIaBJICHUS
MAarHe3UTCOACPKAIIEH MEPUIOTUTOBOM MATPUIIBI IO PEAKIUH, XaAPAKTEPHOM s
Mar"e3uTcoepxaiumx Jyeproautos [Dasgupta and Hirschmann, 2007b], dbakruuecku
aHanoruyaor peakmuu (1). [lnaBiaeHme wMaTpuil oOecredrMBaeT THUOPUIU3AIIIO

UCXOJTHOTO KapOOHATHOTO pacijlaBa C BBIIUIABKOM W3 MarhesuTconaepxkaniero. B
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pesynprate Ca# pacriaBa ocTaeTcsl NPAKTUYECKM HEU3MEHHBIM, IPOUCXOJUT
MCYE3HOBEHNE MAarHE3UTA U KPUCTAILIN3AINS OPTOMUpPOKCceHa. OTMETHUM, YTO B CUCTEME
HC-GS kpucrammuzamust opTonupokceHa mpoucxoauia mpu temneparype 1350°C npu
nagineann 5,5 m 7 I'Tla (3xcnepumentsl Nel097 m 1106 COOTBETCTBEHHO), HO HeE
3aukcupoBana npu 6,3 I'Tla (Nel673). B orcyrcTBum MarHesuta peakius (1) c
ydyacTueM KapOoHaTHoro pacmiaBa GS BO3MOXHa TOJIBKO 3a CUYET MarHus
KapOoHaTHOro pacmiaBa. B 3Tux oOpasmax cuctemarnueckoe yBenuueHue Ca#
pacriaBa OTCYTCTBOBAJIO, BEPOATHO, MOTOMY, UYTO OOBEM KpPUCTAIUIM3YIOUIErOCs
OPTOIHPOKCEHA ObLIT HE3HAUUTENICH, B TO BpEMS KaK KOJMYECTBO pacIjiaBa — BEJIHKO.
Ha ocHOBaHWYM TOJIyYCHHBIX JAaHHBIX MOKHO CJIIeJIaTh BBIBOJ, YTO KapOOHATHBIC
pamiaBel ¢ MaccoBbiM oTHomienneM Mg@O/CaO >0.3, Bo3HHKIIHE B pe3yJIbTare
TJTaBJICHUS KapOOHATH3UPOBAHHBIX NepuaoTuToB nipu 6-10 I'Tla, mpu mpoHUKHOBEHUHN
u3 Oosee ropsueir acteHochepsr (~1400 °C) B Oosee xomomuyto (~1200 °C)
KOHTHHEHTAJIbHYIO JuTochepHyto Mantuio (CLM) MOTYT METacCOMAaTHYECKH
IpeBpamarh TaplIOypPTUTBl B MAarHE3WTCOJCPIKAIIME JICPIIOJUTHI WM BEPJIUTHI.
[IpoHrkHOBEHHE OOOTAIIEHHBIX KaJIUeM U KaJlbllueM KapOOHATHBIX PAaCIUIABOB,
oOpa3yloluxcsi Npu BBICOKUX JaBieHUsX u Temmeparypax <1100°C B pesynbTaTe
TUIaBJICHUS CyOIyIIMPOBAHHBIX KapOOHATU3UPOBAHHBIX TMEIUTOB, IPU B3aUMOJCHCTBUU
¢ nepugorutamu CLM, HampoTwB, NpuUBOAAT K 0Opa3oBaHUIO O€3MarHe3UTOBBIX,

O60FaH_[eHHBIX KIIMHOITMPOKCCHOM JICPIOJIMTOB UJIM BEPJIUTOB.

5.2. PekOHCTPYKIHS XapaKTEPHBIX 0COOEHHOCTEH KApOOHATHOI0 METACOMATO3a

['panar B cuily CBOUX, KPHUCTADIOXUMUYECKHX OCOOEHHOCTEH, COICPKUT
HanOojiee BaXXHYH TE€HETHMYECKYI0 HWH(OOpPMALMIO, W TIPEACTaBISCT HAUOOJIBIINMA
WHTEpEC N1 PEKOHCTPYKIMU YCIOBUU KPUCTAJUIM3ALMU MAHTHUHHBIX MapareHe3HUCOoB.
Hamu skcnepuMeHTaIbHO MOKa3aHO, YTO COCTaB TapIOypruTOBOTO TpaHaTa MOXKET
OBITh MHAUKATOPOM, KaK COCTaBa, Tak U TeMIepaTypbl KapOOHATHOTO MeTacoMaTo3a B

CLM [Coxkon u ap., 20158; Sokol et al., 2016]. A umenno, Tak, HanmpuMmep, IpaHATHI
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kpuctayun3oBasirecs npu 1200°C B coHaBUYaxX «KapOOHATHBINA pacIiaB-rapluOypruT»
umenu Ha 3-4 Bec.% Oonpme CaO uyeM B HWCXOAHBIX TapIOypruTax M MPU ITOM
COXpaHsUIM J0CTaTouHO Bblcokue coaepxkanuss CrpOz (ot 5,5 mo 10 mac.%). Ha
muarpamme CaO - Cr,O3 (CoboneB m mp., 1969), cocraBbl 3THX HOBOOOpa30BaHHBIX
IPaHAaTOB HAXOJATCS MPEUMYIIECTBEHHO B MpeEeNax JIEPIOJIUTOBOTO o (puc. 3.7a).
B3aumojeiicTBue «nepuaoTUT-KapOOHATHBIM pactuiaB» mpu  Temmepatrype 1350°C
MPUBOIWIO K 3aMETHOMY YMEHBIIICHHIO B TpaHatax comepxkanus CroOs (mo 2-4 mac.%),
B TO Bpems Kak KoHueHtpanmuss CaO B HUX 3aBucela OT COCTaBa HCXOJHOTO
KapOOHATHOTO pacijlaBa W BapbUpoBajia OT 6 10 8 mac.% B rpaHatax u3 oOpasIoB C
kapoonaTHbeIM pacmiaBoM GS u C, u ot 4 10 6 mac.% c kapOOHATHBIMU paciiiaBamu B6
u B10. CocraBel 3tux rpanatoB Ha auarpamme CaO - Cr;Os; pacnonaratorcs B
npenesax BEPIUTOBOTO M JIEPLOJUTOBOTO IOJEH, YTO COTJIACyeTCsl C KOHEUYHBIM
($a30BBIM COCTaBOM MEPUIOTUTOBON MAaTPHUIIBI TIOCIE B3aUMOJCHCTBUS «KapOOHATHBIN
pacriaB-TapuoypruT.

BrisBiiennbie TeHACHIMN W3MeHeHHs comepxkanus CaO u Cr,Os; B rpaHatax B
pe3ynbTaTe BO3/IEUCTBUS KapOOHATHOTO paciiaBa Ha rapuoyprut npu 1200°C u 3a tem
npu 1350°C  (akTudyeckn BOCHPOU3BOAAT OCHOBHBIE J3Tambl HBOJIOLNUU COCTaBa
HEKOTOPBIX TPAHATOB, KOTOPBIE PEKOHCTPYUPOBAHBI MO METAaCOMATHU3WPOBAHHBIM
nepuaoTUTOBRIM KceHomutaMm st CLM mon kumGepnutoBod TpyOkou VY imauHas
[Howarth et al., 2014; ConoBweBa u ap., 2014]. ITo nanueiM padoter [Howarth et al.,
2014] mepBblii 3Tanm MeTacomaro3a MPHBOAMI K oOorarieHuio rpanatoB CaO mpwu
MPaKTUYECKA TOCTOSTHHOM coaepkannn Cr,O; m (HopMUpOBaHHIO BEPTUKAIBLHOTO
tpeHaa Ha auarpamme CaO-CryOz oT raprOypruToBoOro K JIEpIOJMTOBOMY Tomo. [lo
MHEHUIO aBTOPOB, TaKO€ W3MEHEHHE COCTABOB TPAHATOB OBLIO 0OYCIOBICHO
HUPKYJSLIMEH  HU3KOTEMIIEPAaTypHBIX  pPAacIlaBOB  TI€HETUYECKH  CBSI3aHHBIX  C
CYIIEpILTIOMOM, JI0 HaJyayia ero Tepmudeckoro Bosaeicteus Ha CLM. Meracomaros Ha
9TOM 3Tane npusen k pedeprunusaiun CLM mox Cubupckum kpatoHom [Howarth et
al., 2014]. BaxxHO OTMETHTH CYIIECTBOBAaHHE IPYI'MX TPEHIOB, 3(DUKCUPOBAHBIX B
rpaHaTax M3 KCEHOJMTOB MAaHTHHHBIX MEPUIOTHUTOB. Tak, MUPOIOBBIE TPAaHATHl W3

KCEHOJUTAa METaCOMATU3UPOBAHHOIO MEpUAOTUTa TpyOku Mup oOTIM4YaroTCs
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CYIIIECTBEHHON 30HAIBHOCTBIO, KOTOpasi MPOSBISACTCS B YBEIUYCHUH COJICPIKAHMUS
Cr,03 ot mienTpa (5 mac. %) k kpato 3epeH (8 mac. %) [Cobones, 1974, CoboseB u np.
1997]. ComnocraBiieHHe COCTAaBOB TI'PAaHATOB W3 IMEPUIOTHTOBBIX KCEHOJIUTOB TPYOOK
VYnaunas m OOHaxkeHHas naeT aBa pasHeix TpeHma Ha CaO-Cr,O; nuarpamme:
yBenuueHue koHneHtpamuu CaO mpu moctosiHHOM KoHIeHTpanuu CrpOs; B mpenenax
noJisi rapuOypruToBoro maparenesuca u cHmwkeHnue CaO, Cr,O3 B mpemenax moss
aepuosmroBoro maparenesuca. Cormacao [Pochilenko et al., 1999], rpanartel u3
KCEHOJIUTOB TpyOkn OOHakeHHass W TPyOKH YmauHash HECYT CIEIbl BO3JACHCTBUSA
oorateix Si0O; 0a3a’dbTOMOMOOHBIX W KUMOEPIUTOBBIX  PACIUIABOB-(IIOUIOB
COOTBETCTBEHHO.

[lonmy4yeHHble  HaMHU  DKCIIEPUMEHTAJIbHBIE  JAHHBIE  IOKA3bIBAIOT,  YTO
KapOOHATHBIC pacCIUIaBbl, KOTOpHIE OOECIEUMIIM TaKyl DBOJIONHWIO COCTaBa
rapuOypruToBeIX I'PaHATOB, CKOpEe BCETro, SIBISUIMCH 0e3BoAHBIM. Hamu panee ObuLIo
nokasatno, yto npu 1200°C, Bo3aeiicTBHE BOJOCOEPKAIIETO KapOOHATHOTO pacIiiaBa
Ha TapruOypryuThl MPUBOIUT JIUITL K HE3HAYUTEIILHOMY U3MEHEHHIO KoHmeHTpaun CaO
B IpaHaTe B mpejeiax raproyprutoBoro nois Ha CaO-Cr,O; muarpamme (Puc. 3.7a)
[Coxon u ap., 20158]. Ciexyer OTMETHTD, YTO KPUCTAIUIM3AIMS KIMHOIUPOKCEHA KaK
pe3yNbTaT B3aUMOJICHCTBUA «KapOOHATHBIA pacCIUIaB-TIEPUIOTUT» HE (PUKCHpOBANIACh,
eCIIM MCXO/Has cuctema umena MojibHoe oTHoteHne COL/(CO; + H,0)> 0,6 [Cokomn u
ap., 20158].

Cornacno pexonctpykiuu [Howarth et al., 2014], BeicokoremnepatypHas (>
1200°C) cramus wmeTacomaro3a Oblla BbI3BaHA 4YacTUYHBIM 1uiaBiieHneM CLM,
CBS3aHHBIM C  TEpMHUYECKMM  Bo3aciicTBHeM  CHOHMpPCKOrO  CyINepIuiioMa,
npUOIM3HUBIIETOCS K TpaHMile «acteHocdepa-nmurochepa». ['paHaThl JIEPIIOJIUTOBOTO
mapareHe3suca W3~ METAaCOMATH3WPOBAHHBIX  MEPUAOTUTOB  Tp.  YJdadHas,
COOTBETCTBYIOIIUE OTOH CTajuu, JACMOHCTPUPYIOT OJIHOBPEMEHHOE CHHKCHHE
koHneHTparuii CaO u Cr;03. Tenmenums uaMmeHeHus konmneHTparuid CaO u Cr;O; B
rpaHaTax IMpHU MOBBIIICHUU TEMIIEPATypbl B3aUMOJICHCTBHUS KapOOHATHOTO paciuiaBa C
raprOyprutom (0CoOCHHO, B COHABHYAX ¢ KapOoHATHBbIMH paciutaBamu B6 u B10) ot

1200 go 1350°C B Hammx OHKCOEPUMEHTAX XOPOLIO BOCIPOU3BOAUT TPEHA B
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MaHTHUMHBIX ~ TpaHaTax  M[pud  TEepexoje  OT  HU3KOTEMIIEPaTypHOTO K
BBICOKOTEMIIEpATYpHOMY  MeTacomaTo3y. OcTaercsi HEACHBIM, CHOCOOHO  JH
B3aMMOJICUCTBUE BOJOCOEPKAIUX KApOOHATHBIX pPACIUIABOB C MEPUIOTUTOM MpHU
1350°C obecrieunTh aHATIOTUYHBIE U3MEHEHUSI COCTAaBOB TPaHATOB.

borateiii mienodyamu kapOOHATHBIA paciiaB sBIeTCS A(OQPEKTUBHON cpeoit
pocra anmasa [Palyanov et al., 2007;. Palyanov and Sokol, 2009; IlanbsHoB u p.,
2015]. Kpucrammsanuo ainmas3oB ¢ (GUOPHWILISIPHBIM CTPOCHUEM OOBIYHO CBSI3BIBAIOT C
BO3JIeHiCTBEM MeTacomaTHdeckux areHtoB Ha CLM u reHepanueid KuMOEpIUTOB
[Navon, 1999]. MukpoBKIIOUEHUS B TaKHX ajaMa3aX HMCIOT IPEHUMYIICCTBEHHO
kapOonatHeiii coctaB [Klein-BenDavid et al., 2007, 2009; Logvinova et al., 2008;
Zedgenozov et al., 2009; Kopylova et al., 2010]. Hamu ycTaHOBJIEHO, YTO B pe3yJIbTaTe
B3aMMOJICUCTBUS MEX]y MEPUIOTUTOM M KapOOHATHBIM paciuiaBoM npu 5,5-7,0 I'Tla u
1200-1350°C ooOpa3syercs pacruiaB ¢ MgO/CaO oTHoIlIeHHEM, KOTOpPOE B Y3KHX
npezenax kouTponaupyercs peakiusmu (1-4) [Cokon u ap., 2015a; Sokol et al., 2016;
Kpyk u ap., 2016]. [Tpu 3TOM, COTIIACHO MOTYYCHHBIM JIaHHBIM, COJICPIKAaHUE MICIOUYCH
U Kelle3a B paciljlaBe B OCHOBHOM 3aBHUCST OT COCTaBa METACOMAaTUYECKOTO areHTa,
noctynatormero 8 CLM. Ha Mg - Fe - Ca amarpamme c coctaBamu (DIIOUTHBIX
BKJIFOUCHHUI B ayiMa3ax ¢ (QUOPUIUISIPHBIM CTPOCHHUEM W3 PA3IMYHBIX PETHOHOB MHpPa
[Klein-BenDavid et al., 2007; Zedgenozov et al.,, 2009; Kopylova et al., 2010],
KapOOHATHBIE paCIUIaBbl PaBHOBECHBIE KaK C TaplOyprUTaMu, TaK W JIEPIOJIUTAMHU
COBMAJIAIOT TOJBKO C MOJISIMH BBICOKOMAarHe3uaabHON CEpUU KapOOHATHBIX BKIIOUYEHUM
(puc. 5.2). YuuTsiBas pa3Ho0Opa3ue MCCICAOBAHHBIX KapOOHATHBIX PACIIABOB, MOYKHO
cAenaTh MPEANOJIOKEHHUE, YTO OOJBIIMHCTBO M3 OOTaThIX KajblIMEM KapOOHATHBIX
BKJIFOUEHUI HEPAaBHOBECHBI C NMEPUAOTUTOM. B03MOXKHO, HEKOTOpBIE aiaMa3bl MOTJIH
UMETh B KadecTBE CpeAbl KpHUCTAUIM3AIMK OoraThle KalblueM KapOOHATHTHI,
paBHOBECHBIE C KapOOHATU3MPOBAHHBIM JKJIOTMTOM. ['eHepamusi OOraThiX >Kele30M
KapOOHATHBIX PACIJIABOB U3 BKJIFOUCHHUH (puc. 5.2) ObUIa HEBO3MOXKHA B PABHOBECHH C
nepupotutamu CLM u, BeposiTHO, MMena MECTO JIMOO B 3KIOTHTaX, TUOO B KAKON-TO

JIPYTOV_JINTOJIOTHH.
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Puc 5.2. Mg-Fe-Ca auarpamma (M011.%) ¢ cocTaBaMu paBHOBECHBIX C
NEePUIOTUTOM KapOOHATHBIX PACIIaBOB (MPSAMOYTOJIBLHUKH), U BKIIFOUCHUI B
BOJIOKHHUCTBIX anMasax. la u 16 — mo ganusiM (Klein-Ben David et al., 2009); 2 — o
nanHeM (Zedgenizov et al., 2009); 3 — mo nanubeiM (Kopylova et al., 2010).
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MexaHu3M NobeMa METaCOMATHYECKOTo areHTa (pacruiaBa/Qiionaa) B MaHTHH
ocraercs npeamerom nuckyccuid [Green and Wallace, 1988; Wallace and Green, 1988;
Shatskiy et al.,, 2013]. Ilockonbky KapOOHATHBIM pacilaB XOPOIIO CMadHBacT
CHJIMKATHI, TO OH MOXKET JIBUTAThCS BBEPX 110 MEK3epHOBOMY mpocTpaHcTBy [Green and
Wallace, 1988; Wallace and Green, 1988]. Cormacuo touke 3penus [Shatskiy et al.,
2013] npu HamMuuMk TpajMeHTa TeMIepaTypbl KapOOHATHBIH paciiaB  MOXKET
nepeMenaThCsl 3a CYET PACTBOPEHMS W TMEPEKPUCTAILIM3AIMHN CUIMKATHBIX (a3. B
HaIIMX CHOHABUY-IKCIIEPUMEHTaX MepeMellleHne KapOOHATHOro paciuiaBa B o0Opasiax
COMPOBOXAANOCH  MepeKpucTam3anueii  ¢a3 mnepuaoTuTa, MPUBOAMBIIEH K
oOpazoBanuio KpynHbix a0 300-1000 MKM KpUCTAIJIOB OJMBUHA, KJIMHOMUPOKCEHA,
rpadara u uHorma Opx (puc. 3.1, 3.2). OueBHAHO, YTO POCT TAKUX HHIMBHJIOB,
HampuMep, MapajuleIbHO OPHUCHTUPOBAHHBIX KPUCTAUIOB osmBHHA (puc. 3.10),
MIPOUCXOIUIT TyTEM PAaCTBOPEHUS MEPUAOTUTOBON MaTPHUIIbI B ropssuel 4acTu oOpasiia u
OCQXKJIEHUs PACTBOPEHHOIO Marepuana B xoyiogHou dyacTu. [lo mpuOmu3uTenbHbIM
OLIEHKaM, CKOpPOCTh pOCTa Hambosee KPYMHBIX KpPUCTAUIOB OJIMBHHA B pacIljiaBe
KapOoHaTa JOCTUTalIa 5 MKM/4 MPHU TpagueHTe TemrepaTtyp B oopasie ~ 10°C/mm (puc.
3.1r). B mpormecce mepekpuCcTa/UIM3AIMK, PACIlaB MOT IEJIMKOM IIepeMellaThCsl B
BBICOKOTEMIIEpaTypHyto 30HY (puc. 3.10), ocraBisas 3a co0Oil KpyIHbIE WHIAUBUIBI.
Takum 00pa3om, HaIIU IKCIEPUMEHTHI MOATBEPXKIAIOT BO3MOXKHOCTH TMEPEMEIICHUS
KapOOHATHOTO pacIulaBa M3 XOJOAHOW YacTH aMITyJIbl B TOPSYYIO MPHU HampaBICHUH
BEKTOpa CHJIBI TSKECTU B TPOTHUBOIIOJIOKHYIO CTOPOHY.

B MaHTHU cXOXee OTHOIICHHE TPaJueHTa TEeMIIEPaTyp U CHIIbI TSHKECTH HA MyTH
JBIDKEHUS KapOOHATHBIX paCIUIaBOB MOXKET pEaju30BLIBATHCSA, HANpUMeEp, TpH
MOJBEME PACIUIAaBOB M3 XOJOJHOTO CYOMYyIMPOBAaHHOTO cCJd0a B TOPSYUE TMOPOJbI
MaHTUWHOTrO KiauHA. [lpm TakoM mnoabeme. B 3TOM ciydyae BO3MOXKHO y4acTHE
Mexanm3ma, npemrokennoro A. Ilamkum ¢ coaBropamu [Shatskiy et al., 2013] u
peanu3oBaHHOTO B Hamied pabore. OpgHako MNpU TOIBEME MAHTHIHOTO ILIIOMA,
OTIENSAIOMHNECS OT HETO PAcIlIaBbl JIOJDKHBI JIBUTAThCS B HAIMPABICHHH OT TOPSYETO
MCTOYHUKA K XOJOMHOM ymuTochepe. B aTom ciiydae ux ABMKEHHE BO3MOXKHO JIUOO T10

MEXK3E€PHOBOMY IIPOCTPAHCTBY, JIMOO 10 ociiabieHHbIM 30HaM [Doucet et al., 2014].



110

5.3.YcaoBusi MyJibTH(PA3HOT0 HACHIIIEHUSA MOJEJIbHBIX KHMOEPJIUTOBBIX

paciiiaBoB

Cneuyughuxa uccinedo6anHvlx MOOEAbHBIX COCHABOB

DKCIEepUMEHTAIIBHOE HCCIIEIOBAHME TIPOLIECCOB TEHEpaluh KUMOEPIMTOBBIX
MarM HMEET JIOITYI0 HUCTOPUIO. YUMTHIBas IIMPOKOE pa3zHOOOpasue HCCIEAOBaHHBIX
AKCIIEPUMEHTAIIBHO KUMOEPJIMTOBBIX 151 KUMOEPJIUTONOJOOHBIX COCTaBOB,
1[eJIeCO00pa3HbIM TPEJICTABIIACTCS MPOBECTH CpPaBHEHHE M 0000IEHHE Pe3yJIbTaTOB
MPEAIIECTBYIOMUX PabdOT ¢ MOJYYEHHBIMHM HaMU JaHHbIMH O (ha3000pa3oBaHUU B
kuMmOepaute Tp. YnauyHas. Takoe 0000IIeHHE MO3BOJIMT MPOBECTH aHANU3 MOJEH
CTaOMJIBHOCTH  JIMKBUJIYCHBIX (a3 B  3aBUCHUMOCTH OT BajoOBOI0  COCTaBa
MYJIbTUKOMIIOHEHTHBIX CHUCTeM W (IIIOUIHOTO peXuMa MarMoreHepainuu. lIpexie
BCEr0, HEOOXOIUMO OTMETUTh, YTO JKCIEPUMEHTAILHOE HCCleI0BaHne (Pa3oBOTo
COCTaBa KUMOEPIUTONOAOOHBIX CUCTEM MPOBEACHO B IIMPOKOM JUAIa30HE JaBJICHUM.
[TockonbKy MakCUMalbHBIE TIYOMHBI C KOTOPBIX KUMOEPIMTOBBIE MarMbl BBIHOCSIT
MOJIABJISIIOIIEE OOJBITMHCTBO KCEHOMUTOB olleHnBaroTcsi B <200-240 kM., paccMoTpum

TOJBKO PE3YJIbTaThl IKCIEPUMEHTOB, BBITIOJIHEHHBIX B JAWANa3OHE AaBJICHUU 5,5-7,5

['Tla (Ta6n. 1.2, Puc. 1.3).

B sTom nuanasone naBieHUI ObUIM MCCIIEAOBAHBI CIEIYIOIINE PSIi MOZIEIIBbHBIX
coctaBoB. OAHUM K3 NEPBBIX ObUIO BBITOJIHEHO HM3YyYEHHUE YCIOBUN MyJIbTH(PA3ZHOTO
HACBIILIEHUS YCPETHEHHOTO cocTaBa KUMOepauToB u3 Tpyook Jlecoro, Oxnas Adpuka
[Eggler and Wendland, 1979]. A. Darap c¢ coaBropamu [Edgar et al., 1988] mus
AKCTIIEPUMEHTOB MCIOJIb30BaIM 0Opasel; kuMmOepauta | rpynmel u3 Tpyoku Beccenton
(Wesselton), IOxxnas Adpuka. IToT oOpasen MNOpeacTaBisul coO0OM adaHUTOBBIN
KUMOEpIUT, B KOTOPOM (PUKCHUPYIOTCS OJMBUHOBBIE MHUKPO(DEHOKPHUCTHI, a TaKkKe

NCPEMCHHBIC KOJMYCCTBA KaJbIMTAa, MOHTHYCIINTA, HWJIIMCHWUTA, IIIMMWHCIIN, IICPOBCKUTA,
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amaTuTa, CepreHTHHa U m3peaka Quoronura. KceHOKpUCTHI oMmBHHA U (iIorONMTa, a
TaK)K€ KCEHOJIUTHI BMEMIAIONIUX TIOPOJ BCTPEUAIOTCS UYPE3BBIYAWHO PEIKO. ABTOPHI
OTMEYAIOT, YTO KUMOEpIUT mMeeT Oosiee Hu3Kkue cojnepxkanus SiO,, MgO, K;O, Ho
oonee Boicokne TiOy, Al,Os;, CaO, wem comepkarme MaKpOKPHUCTBI KUMOEpIUTHI |
TPYMITBI U3 TOTO K€ pailoHa. DTOT COCTaB 3HAYMUTEIHHO OTIMYACTCS OT KUMOEpIHTa,
ucrnojas3oBanHoro B padore [Eggler and Wendlandt, 1979]. B Gonee nmo3nneit padote
[Edgar and Charbonneau 1993] Obl1 HCHONB30BAaH TOT K€ KAMOEPIUT TPYOKH
Beccenton. OTcyTcTBHE KCEHOJIMTOB M KCEHOKPHCTOB, a TaKXe MEITKO3CpPHHCTAs
CTPYKTypa IMO3BOJIMJIA aBTOPaM CJIeJIaTh BBIBOJ, YTO COCTAB dTOTO KUMOEPJIUTa OJIN30K
K COCTaBy IEpBHYHON Marmbl. Ilpwm 3TOM OHM OTMEYAlOT, YTO WCTHHHAS MPHUPOJA
KUMOEpIUTa ¢ TOYKU 3peHus 1esiel paboThl HE CTOJIb BaxkHa. bojee cymiecTBeHHO, 4TO
€ro coctaB xapaktepeH s 0enubix SiO; u 6orateix CaO KUMOEPIUTOB, HEKOTOPHIEC U3
KOTOPBIX MOTYT OBITh NMPUMUTHUBHBIMU. OCHOBHBIM OTJIWYHEM BBIOPAHHOTO COCTaBa

SIBJIIETCS HU3Kas Ben4InHa Xcopy.

A. I'mpuuc ¢ coaBropamu [Girnis et al., 1995] ns skcnepuMeHTOB UCTIOIB30BAIN
OTHOCHUTENIPHO HM3KOKalbIueBblii coctaB (9 Bec.% Ca(O), cOOTBETCTBOBABIIMIA
YCPEIIHEHHOMY cocTaBy KuMOepauToB la rpynmel. CocTaB JIeTy4dnx 3a7aBajiy 3a/1aBajics
BapbupoBanueM MojabHOU a0iau CO; (Xco2=CO,/(CO, + H,0)) B cucreme ot 1,0 mo
0,31. B OGonee mo3gueit pabore [Girnis et al., 2011] Obu1 HcmOIB30BaH COCTaB
oboramennbiii kanbueM (15 Bec.% CaO). Xco2 B HICXOIHBIX CMECSIX U3MEHSUIH OT 1 10
0,16. ABTOopamu ObLIO OTMEUYEHO, YTO KOHIeHTpauuss CaO B nmepBUYHON MarmMe A0 CUX
MO SIBIISIETCS IPEAMETOM JAUCKYCCHUH M MOTEHIIMAIBLHO MOXKET BapbupoBath OT 15 1o 24
Bec.%. OgHako, naxe HaubOosee HU3KHE 3HAYEHHUsS ISl 3TOrO Avarna3oHa HaXOASTCs
JATIeKO OT CpeAHMX 3HaueHud 1y kumOepautoB la rpynmel. I1. Yiemep u P. Cyunu
[Ulmer and Sweeney, 2002] s ucciieoBaHUs YCIOBUH TeHEpallik 0OraThiX Kaluem
kuMOepauToB Il rpynmbl (OpaHKUTOB) UCMONB30BAIM COCTaB OJMU3KUN K CpEeHEMY IS
JAHHOM TpyMIbl KUMOEPIUTOB, coryiacHo aaHHeiM [Smith et al., 1985]. Ilpu stom
HUCXOJHBIM cOocTaB ObUT Heckoyibko oboramieH NayO (0,93 mac.%) u umen Oosee

BBICOKO€ 3HaueHue Xco=0,37, yem ycpennenHwii coctaB (0,1 mac. % wu 0,18,
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COOTBETCTBEHHO). DTOT K€ COCTaB, HO C MEPEMEHHBIM KOJIUYECTBOM BOJIbI (Xcoz OT

0,24 no 0,37) 6b11 Hcnonb3oBaH B padote [Sokol et al., 2014].

Heckonmbko 3KCIEepUMEHTATBHBIX Pa0dOT OBLIO BBIMTOJHEHO C KuUMOepiauTom |
rpymnmsl U3 Tpyoku Yaaunas [JlutacoB u ap., 2010; Illapeiruna u ap., 2013]. B atux
paboTax HCIOJNB30BATUCh CHUHTETHYECKHH aHalor W 00pa3upl I'MNabHCCATBHOTO
HEU3MEHHOT0 KUMOEpiuTa, COOTBETCTBEHHO. B mepBod M3 HUX B MCXOJHBIM COCTaB
JOTIOJTHUTENBHO BBOIUIUCH xJopunbl kanuss u Hatpusi (Cl - 5 Bec%). B pabGote
[Hapeirus 1 1p., 2013] ucmonb3oBalics MOPOIIOK MpakTudecku 6e3BoaH0r0 (0,5 Bec.%
H,0) xunbHOrO KUMOEPIHTA, TPUTOTOBJICHHBINH U3 (PArMEHTOB MOPOAbI, APOOJICHHBIX
no ¢pakuuu 0,5-1,0 MM, U He coaepKalluX KCEHOJIUTOB M KCEHOKPHUCTOB. B paboTe
[Coxomn, Kpyk, 2015] Obutn HMccem0BaHbl COCTaBbI C MOBBIICHHBIM coaepskanneM CaO
(~13 mac. % CaO) u Hu3kuM Xcoz, KOTOpbIe coriacHo oneHkam [Sparks et al., 2009]

MOI'YT BO3HHKATBh BCJICACTBUC KOHTAMHWHAIINHN KOPOBBIX KCCHOJIMTOB.

Jns aHanM3a COCTaBOB KUMOEPIUTOB W MOJEIBHBIX CHCTEM B KayecTBE
OCHOBHBIX MapaMETPOB HAMHU OBLIM WCIIOJIL30BaHbI BecoBble oTHomIeHUs SiO./MgO,
MgO/CaO u CO,/SiO,, a Takxke Xcop. Tak Kak st 00JbIIEH 4acTh padoT CoepIKaHMSI
H,O u CO; B pacmiaBax mociie SKCIIEPUMEHTOB HE ONPEEsIUCh, TO 3HaUYCHUE Xco2
paccuMTHIBAJIOCH AJII BaJIOBOTO COCTaBa MCXOJHBIX cucTteM. HeoOXxonumMo OTMETUTh,
YTO MOJYYEHHBIE TaKMM 00pa3oM 3HAaUYEHUsl OTPaXarT Xcoz B PACIUIABE TOJIBKO IS
COCTaBOB 0€3 JMKBHMJIYCHOIO MarHe3uta. Kpome TOro, mpu HCIOJIb30BAaHUM B
skcriepuMenTax Pt ammyn ¢ rpadutoBbiMu KoHTeliHepamu (cMm. Taba. 1.2, «Matepuan
KOHTeHepa») koHueHTpanuss CO, B oOpa3nax B MPOIECCEe AKCIEPUMEHTOB MOTJIa
HE3HAYUTEJIbHO PACTH BCIICJCTBUE OKHUCIEHUS TpaduTa (3a cueT yreuku Bojoposa u3 Pt
amnyi). B pesynbrare, pa3Huia B 3HaAYEHUSAX Xco2 IS MCXOJIHOTO BaJIOBOIO COCTaBa U
Ui peanbHOro paciiaBa Morja gocturarh 0,1, Ilo mamemy MHeHUI0, KOMOWHAIUS
BbIOpaHHBIX JJI aHAJIMW3a I[apaMeTpOB MO3BOJIAET KaK aHAIM3UPOBATH CHEIUPHUKY
¢da3oBoro cocraBa MOJEIBHBIX CHCTEM, TaK W COMOCTABIATh HKCIEPUMEHTAJIbHBIC
JaHHbIE C PEKOHCTPYKIMSAMHU TPEHIOB U3MEHEHHsI COCTaBOB KUMOepauToB. B kauecTe

(baxkTypHOU TOAOCHOBHI i pUCYHKOB 1.1 u 1.2 ObUIM HMCHOJIb30BaHbI JAUArPaMMBI,
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npuBeneHHbIe B paborax [Sparks et al.,, 2009] u [Ulmer and Sweeney, 2002],

COOTBETCTBCHHO.

OO6uiee conocTaBlieHHE JaHHBIX NpUBEAEHHBIX B Tabnmunax 1.1, 1.2, a Takxke Ha
pucynkax 1.1 m 1.3 cBuUaeTenbCTBYeT O TOM, YTO, B II€JIOM, JKCIIEPUMEHTAIbHBIC
00OpasIbl XOPOIIIO0 COOTBETCTBYIOT MOTEHITMAIBLHBIM COCTaBaM MEPBUYHBIX MarM. bosee
TOTO, W TE€ U JIpyrHe B OCHOBHBIX YepTax COOTBETCTBYIOT COCTaBam
BBICOKOTEMIIEPATypPHBIX BBIIIABOK, MOJYYEHHBIX IPH IUIABJICHUU KaK YIIPOIICHHOM
cuctembl  Ca0O-MgO-Al,03-Si0,-CO, (CMAS-CO,) [Dalton and Presnall, 1998]
(Puc.1.1 ), tak u Oonee cnoxubix cucteM Jepunoaut-CO2-HO, nepronut-K;COs-
MgCO;3 u rapnoyprut-K,CO-MgCOs; [Brey et al., 2009; 2011] (Puc. 1.2). IIpu s1oMm,
YacTh HCCJICJOBAHHBIX MOJICNIBHBIX CHUCTEM TMOMaJaloT B O0JacCTH HETUIUYHBIX
COCTaBOB KMMOEPJIMTOB, KOTOPhIE corjacHo orleHkam [Sparks et al., 2009] Bo3HuKarOT

Onaroiapsi MHTCHCUBHOM aCCUMIJISAIINK OJIMBUHOBBIX KceHOokpucToB (Puc. 1.1).

Ycnosusn My]lbmu¢d3ﬂ020 Hacovluienun MOOEIbHBIX CUCHIEM

AHanu3 WUMEIOIIEToCcsl MacCHMBa JKCIEPUMEHTANBHBIX JaHHBIX IIeIeCO00pa3HO
HAYaTh C aHajM3a TemIepaTyp JIMKBUAYCa KUMOEPIUTOBBIX COCTAaBOB MpPU JABICHUU
5,5-7,5 TI'Tla. HeoOxonuMO OTMETHTb, YTO PACCMOTPEHHUE JeTanell H3MEpPEeHUs
TEMIEPATyp U TOYHOCTHU OIpEAeeHUs JIMKBHUAYyCa JieXkaT 3a MpeaeaaMu 3a/1a4 JaHHOM
pabotel. OmHAKO HYXHO YYUTBIBaTh, YTO TOYHOCTH (pukcammm Temmeparyp Oonee

1500°C npu naBnenusx 5,5-7,5 I'Tla, oTHOCHTENBHO HE BEIUKA.

Nmeromuecs: NaHHbIE CBUIETEIBCTBYIOT O TOM, YTO IIOJHOE IUIABJICHUE
HCCIIEIOBAHHBIX MOJICJIBHBIX KMMOEPJIUTOB (PUKCHUPOBAIIOCH B JWaIa30HE TeMIlepaTyp
or 1470°C no >1700°C (Puc 4.11. ). Ilpuuem mnpu yBenuueHHH Xcoz B MCXOIHBIX
coctaBax ¢ 0,15+0,31 mo 0,9+1,0 Temneparypa ux JUKBUAYCA B CPEAHEM pACTET Ha
~200°C (puc 5.3). CocTaB nepBoO# CTaOMIBHOM MO TUKBUIYCOM (Da3bl 3aBUCHT KakK OT

KOHOCHTPAOWMH OCHOBHBIX II€CTPOICHHBIX KOMIIOHCHTOB, TaK H Xcoz. JIJ'IH N3YYCHHBIX
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Puc. 5.3. TenneHus yBenu4eHus TEMIEPATyphl JUKBUAYCA
MYJIBTUKOMIIOHEHTHBIX CUCTEM, MOJCIUPYIOIINUX TEPBUYHBIE KUMOEPIUTOBBIE MarMBbl,
IIPU yBEIMYEHUH B UX cocTaBe MOJbHOro otHommenus CO,/(CO,+H,0). R? — Benmuunna
JOCTOBEPHOCTH alMPOKCUMAIINU. DKCIEPUMEHTATIBHBIE TOUYKH, TIOMEYCHHBIE 3HAKOM

BOIIPpOCa, UCKIIIOUCHBI U3 daHaJIU3a.
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coctaBoB ¢ Xc02<0,5 u mpu BecoBom otHommeHNH S102/MgO ot 1 mo 1,5 1 MgO/Ca0<3
JTUKBUAYCHOU (azoit siBisieTcs: onuBuH (Puc. 5.4). B OenHbIX kamblimeM cocTaBax, Mpu
MgO/Ca0O>3, nepBoii cTabuibHOU (pa3oil sBIAETCS OPTOMUPOKCEH. s M3ydeHHOro
HaMH BBICOKO KaJbIIMEBOIO COCTaBa ¢ BeCOBBIM oTHomeHueM SiO/MgO = 2,
JTUKBUAYCHOM (a3oit okazaics kinuHonupokceH (Tadn. 1.2, Puc. 5.4 ). C yBenuuenueM
Xco2z mo 0,6+0,89 oTMeueHHbIE 3aKOHOMEPHOCTH coxpaHstoTcs. OnHako mnpu
Xc02=0,9+1,0 onuBuH kak JukBUAyCcHas (asa Oombine He (UKCHpPYETCA B MPOIYKTaX

9KCIICPUMCHTOB, YCTYIIasA MCCTO I'paHaTy WX KIIMHOIIMPOKCCHY.

JI71st 4eTKOM cucTeMaTU3alMKi UMEIOIUXCS JTUTEPATYPHBIX JaHHBIX (ITOJTYYEHHBIX
C HCHOJB30BAHUEM pa3HBIX METOJAMYECKHX MPUEMOB) M (PUKCAMMU [apaMeTpoOB
MYyJIBTH(A3HOTO HACHIIICHUS, TEMIEPATYpPy «BOJIM3U JUKBUAYCa» OMPEICTSIN Kak
temneparypy Ha 100°C mmxe muksuayca (T.-100°C). Bwibop amamazona B 100°C
CBSI3aH C TE€M, YTO AKCIIEPUMEHTHI MPHU CTOJIb BhICOKUX P-T mapamerpax, Kak mpaBuio,
npoBojsTes ¢ marom >50°C. [Ipu atom 06beM kpuctamioB B cucteme npu T -100°C,
Kak TmpaBuio, He mpebimacT 40% (T.e. MPUOIUZUTENBHO COOTBETCTBYET OOBEMY
TPAHCTIOPTUPYEMOTO MarmMoi KpHUCTAJUTMUECKOTO MaTepuaja), a COCTaB pacIUIaBHOMN
da3pl yxke OJIM30K K BaJIOBOMY COCTaBY cUCTeMbl. llepumoTutoBbiii coctaB (pazoBoi
accollMaIfy, PaBHOBECHOW C pacIulaBOM MpHU TaKOW Temreparype, OyaeT Oo3HadaThb
MOTCHIIMAIBHYIO BO3MOXKHOCTh T'€HEpAallMM MarMbl aHAJOTHYHOTO COCTaBa W3
MaHTUHUHOTO TiepuaoTuTa. [IprMepbl M3MEHEHHsI COCTaBa MOJECIbHBIX CHUCTEM MOKHO
BUJICTh Ha (Da30BBIX AUarpamMmax «Temrmeparypa — koHneHTpamus HyO», mpuBeaeHHBIX
Ha pucyHke 4.11. MIx aHanu3 moka3bIBaeT, YTO C YBEIMYCHUEM KOHIIEHTPAIlMU BOJIbI B
cucteMe 00sacTh cTabunbpHOCTH Tpex(dasubix accormanuii Ol+Grt+Cpx (Puc. 4.11)

MOKET JTUOO MPUOIMKATHCS TUO0 YAAIATHCS OT JIMKBUTYCA.

Kaxk 5T0 BUIHO Ha puc. 5.5, (a30BbIiA COCTAB IKCIEPUMEHTAILHO UCCIIEOBAHHBIX
cucreM npu temmeparype Ha 100°C Hmke JHKBUAyCa 3aKOHOMEPHO U3MeHsieTcs. B
obnacTtu coctaBoB ¢ npeodnaganuem H,O nan CO; pukcupyercst oIMBUHCOAEpKAIAs
mynbTuda3zHas accorumaiusi. Ee crabunpHOCcTh Tipu Xcopz B auanazone 0,15-0,31

OTpaHUYeHa OTHOCUTEIHHO HU3KMMU oTHomeHusMu MgO/CaO<3+4. Ilpu Oomnee
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Puc. 5.4. PacnonoxxeHue noJyiei OJIMBUHCOAEPKAIINX U 0€30IMBUHOBBIX
MyJIbTH(A3HBIX aCCOUMAUNNA BOJU3H JTMKBUAYCA KUMOEPIUTONOJOOHBIX CUCTEM, a
Takxe TpeH I (A) COCTaBOB MEPBUYHBIX BhILIaBOK B cucteMe CMAS—CO, [Dalton,
Presnall, 1998]. Kpy»Ku - peKOHCTpYHpPOBaHHbBIE COCTABBI IEPBUYHBIX MarM (yCJIOBHBIE
o0o3HauyeHus Ha puc. 1.1).
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Puc 5.5. (a, B, 1, ) TeMriepaTypsl JIUKBUAyCa U ITepBas KpUCTaJUTHUECKas (asa moj
JUKBUIYCOM JIJISL UCCIICTOBAHHBIX KUMOCPIUTOMOAO0HBIX CUCTEM (I[BETOM BBIJICIICHBI
OLICHOYHBIC IMOJIs KpucTaumu3anuu ¢as); (0, T, e, 3) Pa30BbIil COCTaB B PABHOBECHH C
pacrmaBoM npu temmneparype Ha 100 °C Huke TukBHyca (IBETOM BbIICIICHBI
OIICHOYHBIE TTOJIsI MyJbTHU(DA3HBIX accoruaruii). Kpyku — peKoHCTpyHpOBaHHbIE
COCTaBbI IEPBUYHBIX Marm 1o JINTEPATYPHBIM JaHHBIM (YCIOBHBIC 0003HAYEHUSI HA
puc. 1.1); Cpx out 1 Opx out — KIHHOITUPOKCEH U OPTOMUPOKCEH OTCYTCTBYIOT,
COOTBETCTBEHHO.
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BBICOKMX 3HAYEHUSX 3TOTO OTHOIICHHS BOJIM3U JIMKBHUyCa OKA3bIBACTCS HECTAOWIICH
rpanar. B oOmactu moBbImeHHBIX KoHIEHTpanuid SiOp, TPU BECOBOM OTHOIICHUU
SiO,/Mg0O>2, da3oBas accouuaiysi COCTOMT W3 KIMHONUPOKCeHa H rpaHata. C
yBenuueHueM 3HaueHus Xcoz A0 0,31+0,52 mone wmynbTuda3HON accolyaluu
pacumpsiercss B CTOpoHy Oosbiiux 3HaueHuid MgO/CaO oTHomieHHWM 3a cuer
pacumpeHus noJisi cTadWIbHOCTU TpaHaTa. MMeronuecs: JaHHbIE MO3BOJISIOT OIEHUTD
rpanuiibl ctabmibHocTH Opx U Cpx B paciuiaBe. Ha mpuBeneHHBIX quarpaMmmax (puc.
5.5) OlLIEHOYHBIE TpaHUIBl PaCHOJaraloTCa CyOrOpPU30HTAIbHO, MOCIEA0BATEIBLHO

paznensis npu cHwkeHnr MgO/CaO otHomenus accoruaiuu ¢ Opx, Opx+Cpx u Cpx.

g cocraBoB ¢ npeoOnananueM CO, Han H,O BOMM3M NUKBHAYCA MOSIBISETCA
Oe30IMBUHOBAsI MyJIbTH(a3Has accoranus, cocrosimas u3z Opx+Grt+Mgs (puc. 5.5 e,
3). Ilpuuem, mpu Xcor=0,60+0,89 Ttakoit HaGop ¢a3 Qukcupyercs, TOIBKO MpU
OTHOCUTENBHO BBICOKMX MgO/Ca0 oTHOLIEHHUsAX B CTapTOBOM coctase. IIpu 3TOM B
CUCTEMaX C HU3KHM COJAEpKaHueM JeTyuux u oTHomeHuem MgO/CaO<3 crabuieH
TOJILKO OJIMBUH W TpaHaT. B cocraBax c pe3kum mnpeodnaganuem CO; rpaHHIbI
CTaOMJIBHOCTH 0€30JIMBUHOBOM MYJIbTHU(a3HOM acCOLMALNNA HECKOJIBKO PACIIMPSAIOTCS U
B HEHl JOMOJHUTENBHO MOSABISAIOTCS KIMHOMUPOKCEH M KO3CUT. OJUBUH OKa3bIBACTCSA
CTaOWJIeH TOJNBKO B MCXOJHBIX COCTAaBaX MCKYCCTBEHHO OOOTAIICHHBIX OJHMBHHOM 0

MgO/CaO oTHotieHust 0koJo 6.

OTMedeHHBIC 3aKOHOMEPHOCTH M 000COOJICHHOCTD TOJICH OJTMBUHCOACPKAIINX U
0€30JIMBUHOBBIX aCCOIMAIMI B XOPOIIIO BUIHBI HAa pUC. 5.4, HA KOTOPOM JIJII UCXOIHBIX
coctaBoB BMecTto SiO,/MgO mnpuBeneHo maccoBoe otHomenue CO./SiO;. B Takux
KOOpJIMHATaX UCXOHBIC COCTaBbI C HU3KUM COJIEP>KaHUEM JIETy4UX, HO Mpeo0IagaHueM
CO; (Xco2>0,52), mpoayuupyroiiiue BONMHM3M JHMKBUAYCAa HE COACpPIKAIIME MarHe3uT
nByxdaszubie accormanuu Ol+Grt, Grt+Opx u Opx+Ol oxa3biBaloTCs B 00J1aCTH
CTaOWMJIPHOCTH  OJUBUH  COJCpXKAIMX  MYJIbTH(A3HBIX  acCONMaluid WA
HEIOCPEICTBEHHO psajoM ¢ HuMH. Ha puc. 5.4 mpuBeneH TpeHI M3MEHEHHUS COCTaBa
pacruiaBa oOpasyromierocs mnpu dvactudyHoMm TuiaBiennn cuctrembl CMAS-CO, B

nuanasone temmeparyp 1380-1500°C [Dalton and Presnall, 1998]. CormacHo 3Tum
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JaHHBIM TI0 MEpe YBEJIWYEHHs] CTENEHH IUJIaBICHHUS CHUCTEMBbl COCTaB paclijiaBa
U3MEHSeTCS OT TMpaKTHYeCKH 4HucTo KapOonatHoro (Si0z2 ~5 Bec.%) 10
kuMOepnuTonogooHoro. Bo  BceM  uccienqoBaHHOM — JHMama3oHe  TEMIEPATyp
oOpasyloluiics  pacijlaB  paBHOBECEH €  ueThlpexda3Hol  accolMaimei
Ol+Opx+Cpx+Grt. IIpu 3TOM TpeHJ M3MEHEHHUs COcTaBa OOpa3yroUIerocs pacruiaBa
nepecekaeT o0JacTb OE30JIMBUHOBOM, MarHe3uTCOAEp Kalle acconnanuu. Jums mnpu
MakcumanbHbIx Temrepatypax (1500°C) cocraB oOpasytomerocs ¢ cucteme CMAS-
CO; pacmiaBa oka3biBaeTcsi OJM30K K BaJIOBOMY COCTaBY CHCTEM T'E€HEPHUPYIOIIUX
KUMOEpIUTONOA00HbIE PACIUIaBbl, PABHOBECHBIE BOJIM3U JTUKBHUAYCA C OJMBHUHOM. DTO
KaxyIieecss MPOTHBOpEYre OOBSICHICTCS TeM, 4To mpu TexX ke 3HadeHusx CO,/SiOy,
obpasyromuiicsa B cucteme CMAS-CO, pacniaB HE paBHOBECEH C MAarHe3UTOM, B TO
BpeMs Kak B JKCIIEpUMEHTaX MO MyJIbTU()A3HOMY HACHIIICHUIO BOJIW3U JMKBUIyCa B
paBHOBECMH C paciuiaBoM Obul  ctabuieH MarHe3uT. llosBieHne MarHesura
CBUJETEIBCTBYET O MAKCUMaJIbHO BO3MOXKHOM akTuBHOCTH CO2, KOHTpOIUpPYyEMOM
paBHOBECHEM MEXIy KapOOHAaTHO-CHJIMKATHBIM PAaCIUIABOM (COAEpXAIIUM IEJIOYH,
KEJe30 U JIpyrue KOMIIOHEHTbI) M TBEPABIM MarHe3utoMm. BeposiTHO, B paciuiaBe
ynpomieHHot cuctembl CMAS-CO; pactBopumocts CO2 HECKOJIBKO BBIIIE, U
TpeOyroTcst Oosiee BBICOKHE KOHIIEHTPALlMM [BYOKHUCH YIriepoja Uil HACBIIICHUS

paciuiaBa a0 IOABJICHUS PABHOBCCHOI'O MAarue3nTa.

5.4. Posb GoratbIx JieTy4uMH KapOOHATHBIX PACIVIABOB B METACOMATHYECKOM

U3MCHCHUHU NOTCHIHUAJbHBIX IIPOTOJIUTOB KI/IMﬁepJII/ITOBBIX Marm

HOJ’IyT-IeHHBIe AaHHBIC ITO3BOJIAIOT Pa3BUTh KOHICIIINHIO JKUJIIBHOI'O MCTACOMATO3a
NEPUAOTUTOB OOTraThIMU JIETYYMMH KapOOHATHBIMH paciulaBaMHU Kak MpeaBapUTEIbHON
CTaJMM TeHEepaluuyd KUMOEPIUTOBBIX MarM B JUTOC(HEPHOW MAHTHH, MPEAJIOKEHHYIO B
paborax [Foley 1992; Tappe et al., 2008; Brey et al., 2009]. s storo
1EJIeCO00pa3HbIM TPEJICTABISACTCA JI€TaJbHOE CPABHEHUE PE3YyJIbTATOB, MOJTYYEHHBIX

Ipy WM3YyYEHUU B3aUMOJICUCTBHUS «IEPUAOTUT-KAPOOHATHBIA pACIUIaB» C JTaHHBIMU
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HKCIIEPUMEHTOB 1O MYJIbTH()A3HOMY HACHIIIEHHIO O MHHEPAJIbHOM COCTaBe
MOTEHITUATBHBIX TIEPUTOTUTOBBIX UCTOUHUKOB KUMOEPIIUTOBBIX MarMm.
DKCTiepuMEHTAIbHBIE PabOThI TIO TIOUCKY O0acTell My IbTH(A3HOTO HACKHIIICHUS
[Eggler and Wendlandt, 1979; Edgar et al., 1988; Ulmer and Sweeney, 2002; Girnis et
al., 1995, 2011; Sokol et al., 2013a, 2014; 2015d] aEeMOHCTPHPYIOT 3aKOHOMEPHOCTh
U3MEHEHHUs (a30BOro COCTaBa MMOTCHIMAIBLHOTO JHUTOCHEPHOTO HCTOYHUKA TIpU
yBenmaeHnu MgO/CaO B ucciengyeMom MozenbHOM kumbepiute oT 1,8 1o >4: Ol — Grt
— Cpx »> Ol — Grt — Opx — Cpx — Ol — Grt — Opx. Takum oOpa3om, 3HAYCHUS
maccoBoro otHomenus MgO/CaO <4, pekoHCTpyHpOBaHHBIC TSI COCTABOB TIEPBUYHOM
kuMOepnuToBoii MarMel [Le Roex et al., 2003;. Harris et al., 2004; Becker, Le Roex,
2006; Kjarsgaard et al., 2009;. Kopylova et al., 2007], nckimoyaeT UX MPOUCXOKICHHE
U3 KapOOHATU3UPOBAHHOTO TApLOYPTrUTOBOTO HCTOUYHUKA B YCIOBUAX JTUTOCHEPHI.
CormacHO  TOJMY4YEeHHBIM  HAMH  OKCIEPUMEHTAJbHBIM  JAaHHBIM  TIO
B3aMMOJIEUCTBUIO «KapOOHATHBIN PACIIaB-NIEPUIOTHUTY, TUTOCHEPHBII rapuOypruT npu
MeTacoMaTo3e CyXuMu KapOoHaTHbIMU pactuiaBamu nipu 1200-1350°C, nomkeH TepsTh
OPTOMUPOKCEH (MOJHOCTBIO WJIM YaCTUYHO) M MPeoOpa3oBBIBATHCS B JIEPLOJIUT, WU
uHoraa B BepiuT. CiieyeT OTMETUTh, YTO, METACOMATHUUYECKUE PEAKIIMH MOTYT OBITH
JIOKaJIbHBIMHM BJIOJIb KOHTAaKTa KapOOHATUTOBBIX KMJI C BMEIIAIOIMIUMH MaHTUMHBIMU
nepunoturamu [Doucet et al.,, 2014]. B Takux yCIOBHSX TPHU yBEITUYCHUH
TeMIlepaTypbl, 00pa3oBaHHe KUMOEPIMTOBOW MarmMbl MOXKET HATH IO MEXaHU3MY
ruOpUAN3alid  BHITUTABKK OOpa3yoIieicss TpH IJIaBICHUH MarHE3WTCOJIEPIKaIlero
JICPIIOJINTA, TaK M YK€ CYIICCTBYIOIIEIO paciiaBa kKapOoHaTUTOBBIX xwui [Foley 1992;
Brey et al., 2009]. ImenHO maBieHre MarHE3UTCOACPIKAIIMX TaplOYPrUTOB IIpH ~ 6
I'Tla mo muenuto [Brey et al., 2009] moxxer npuBoauTh K 00pazoBanuto Ooratoir CO;
baronaHON a3kl B paBHOBECHU C KUMOEPIMTOBBIM pPAaCIUIABOM, KOTOpas IOJKHA
BBI3BAaTh OT/EJCHHE OT MPOTOJUTAa W CIOCOOCTBOBATH OBICTPOMY MOABEMY MAarMbl.
OpmHako, Kak OTMEYEHO BBINIE, METAacOMAaTO3 CYXHMH KapOOHATHBIMH pacIlIaBaMH
nepugotutoB CLM He MoXkeT npuBOAUTH K OOpa30BaHHIO MAarHe3UTCOAEpKaIIuX
raprOypruToB, TaKk KaK OPTOMHPOKCEH HCYe3aeT NpH OOpa30BaHWM MAarHe3WTa, a

nocienHuid mpu yBenmueHuu Temneparypsl a0 1350°C pacxomyercs B pesynbTare
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TUJTABJICHUS TIEPUIOTUTOBOM MaTpuilbl. Kak ObUTO MOKa3aHO paHee, B MOJIb3y CYXOCTH
KapOOHATHBIX AareHTOB METAacoMaTo3a CBUJETEILCTBYIOT OCOOEHHOCTH TPEHIOB
30HAJILHOCTH B I'paHaTe M3 METACOMATHUYCCKH M3MEHEHHBIX mepumotutoB [Howarth et
al., 2014; ConoBbeBa u p., 2014].

Hanpapnenne wu wuHTeHCMBHOCTH MQ-Ca oOMeHa Mexay KapOOHATHBIM
pacruiaBoM M TEPUAOTUTOM JOJKHBI OBITh Pa3IUYHBIMH B 3aBHUCHUMOCTH OT TOTO
CONCPKUT JIM METAaCOMATHUECKHl areHT BOay WM HeT. Bojocoaepxkamiue
KapOOHATHBIK PACIIJIaBbI MOTYT IMOJIY4aTh BOJy U3 HOMUHAJIBHO O€3BOJHBIX MHUHEPAIOB
conepxkammx OH nedextor B ctpyktype [Sokol et al., 2013b]. Cnenyer ormeTuts, 9TO
MPOAHATIM3UPOBAHHBIE KCEHOJUTHI TEepua0TUTOB CHOMPCKOTO KpaTOHAa HMEIOT
conepxxanue H,O ot 6 1o 323 ppm B onuBune, 28-301 ppm B opronupokcene, 100- 272
ppm xauHommpokcene u 0-23 ppm B rpanare [Doucet et al.,, 2014]. IIpu sTom,
collepkKaHMEe BOJBI B MHHEpalaX KOPPEIUPYIOT C MOJAIBHBIM COJEpKaHUEM
KJIMHOIIMPOKCeHa W TpaHara. Kak mpenmonaraercs B padote [Doucet et al., 2014]
oOOTaIeHHbIE BOJOW MEPUAOTUTHI JIOKAIM30BAaHBI TOJBKO B 30HaX METacoMaTo3a
(BO3MO>KHO paHHHUX ATAnoB). B oCTaNbHBIX YacTSIX MaHTHH, IEPUAOTUTHI cojiepkat <50
ppm H,O. IlonydeHHble HaMU JaHHBIE MMO3BOJIAIOT CAEJATh BBIBOJ, YTO PAaCIUIaBBI B
paBHOBECHM ¢ OCIHBIMU BOJOH MEPUIOTHTAMH MpH TerioBoMm pekume CLM (1200-
1350°C) momwkHbI OBITH CyliecTBeHHO KapOoHaTHBIMHU (S10,<7 mac.%, Ca# ot 37 mo
50). ITo coctaBy Takue pacijiaBbl OTJIHYAIOTCSA OT COCTABOB PEKOHCTPYHPOBAHHBIX
NePBUYHBIX KUMOEpauTOBBIX MarM Kak | Tak u |l rpynmer [Le Roex et al., 2003;. Harris
et al., 2004; Becker, Le Roex, 2006; Kjarsgaard et al., 2009; Kopylova et al., 2007], a

TaK)Ke OT CBEXero kumoepiuta tp. Y aaunas [Kamenetsky et al., 2009].

Cocmaeé npomonuma u @QunanvnHaa cmaous 2eHepauuu Mmazmvl, N0 OAHHHIM

IKCnepumenmaibHo2co Modeﬂupoeauuﬂ

CxoxecThb 110 COACPIKAHNIO TIJIAaBHBIX IICTPOrCHHLIX KOMIIOHCHTOB COCTAaBOB

9KCIICPUMCHTAJIBHO HCCJICAOBAHHBIX CHUCTCM W PCKOHCTPYHMPOBAHHBLIX COCTABOB
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NEPBUYHBIX MarM TMO3BOJSET HaM BBIIOJHUTH OLEHKY YCIOBUH TeHepaluu
KuMOepauToB. OCHOBOM [ist 3TOro OyaeT sABIATHCA (Da30BBIM COCTaB MOJAETBHBIX

CUCTEM BOJIM3U JIMKBUTyCA.

[Ipexxne Bcero, Temmeparypbl JUKBUAYCA ISl MPAKTUYECKH BCEX H3YyUEHHBIX
MOJIEIBHBIX COCTABOB JIOCTATOYHO BBICOKH M M3MEHs0TCS oT 1470 mo >1700°C (Tab6a.
1.2, Puc.5.3). HeoOxogmMo OTMETUTH, YTO OTH 3HAYCHHUS BBIIIC TEMIIEPATYP
noteHuaibHoro nporonura (~1400°C), pukcupyeMbIX TepMOMETpHEH s HauboJjee
ITyOMHHBIX KCCHOJIMTOB W3 BCEX KMMOEpPIMTOBBIX npoBuHIMK [Pearson et al., 2003;
2014]. Pasnuume MexIy TEMIICpaTypOH JHMKBUAYCAa KHMOEpIHTAa M IOTECHIUAIBHOIO
MPOTOJIMTAa MUHUMAJIBHO JJISI COCTABOB OOTaThIX JIETyYUMH U 3HaYeHHEeM Xco2<0,31. [To
muernto [1. Ymoemepa u P. Cymrm [Ulmer and Sweeney, 2002] croms BBICOKHE
TEMIIepaTypbl IUTABJICHHS MOTYT OBITb CBSI3aHBI C  HEJOOIICHKOM  CTENeHU
KOHTAMHUHAIIMA ~ KAMOEPJIMTaMH  TYTOIUIABKOTO  Marepuaia  TaprOyprUTOBBIX
KceHoauTOB. [lo HameMy MHEHHWIO, TYTOIIABKOCTh MOJIEIBHBIX CHUCTEM, (HhaKTHICCKH
AQHAJIOTUYHBIX 1O  COJEPXAHUIO  TJIABHBIX  NETPOTCHHBIX  KOMIIOHEHTOB  C
PEKOHCTPYHPOBAHHBIMH COCTaBaMH TIEPBHUYHBIX MarM, CBHUACTCIBCTBYET B IIOJB3Y
cnenanHoro B pabote [Brey et al., 2009] BbiBoma 00 y4acTHH OTOJIHUTEIBHOTO
HUCTOYHHMKA TeIla B Tporecce oOpa3oBaHus Marmpl. HeoOXoauMoO OTMETHTH, 4YTO
oopasoanue kumbepiura B CLM npu termnosom noroke 40-45 MBT/M2, HOTEHIMAIBHO
BO3MOXKHO TIpu 0o0jiee BBICOKHMX, Ye€M B PEKOHCTPYMPOBAHHBIX COCTaBax Marm

kouueHrpaiusax HyO u CO; (mpu Xcoz <0.3).

Heo6xo1uMo OTMETUTh, YTO HU B OJIHOW U3 PacCMOTPEHHBIX Hamu pabdoT (Tabu.
1.2) HemocpeACTBEHHO Cpa3y MOJ TUKBUAYCOM He ObUIO 3a)MKCHPOBAHO PAaBHOBECHOTO
CYIIIECTBOBAaHMsI paciijiaBa U MyibTH(a3HOU accoruanuu. OJIMBUH Kak IepBasi MO
JUKBUAYcOM (haza cTaOuieH B COCTaBax € BecOoBbIMHU OTHOIIeHHs MU MgO/CaO<3 B
IUPOKOM Juana3zoHe Xcoz. [Ipu yBeNmWuYeHWH CTENEHUW MarHe3uajabHOCTH COCTaBa,
XapaKTepHOTO MJii KUMOEpPIUTOB C BBICOKOW JIOJEH aCCHUMIIIALMN OJMBHUHOBBIX
kceHokpuctoB (Puc. 1.1) Ha nukBuayce OKa3bpIBaeTCs CTAOWJIEH OpPTOMUPOKCEH. B

Cllydae COCTABOB XapaKTEPHBIX JUIsI KUMOEPIHUTOB C CYIECTBEHHOW AaCCHUMIIISIIHEH
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KOpOBBbIX KceHONMUTOB (Si02/MgO0>1,5 u MgO/Ca0O <2) NUKBUAYCHBIM OKa3bIBaCTCS

KIIMHOIIMPOKCCH.

DKCnepUMEeHTAIbHBIE JJaHHBIE CBUACTEIBCTBYIOT O TOM, YTO OJTMBUHCOICPIKAIIIHEC
MyJIbTH(Da3HbIE aCCOLMAIIMH B OCHOBHOM CTaOMJIBHBI BOJIM3U JIUKBHUAYCA MTpU Xco2<0.5.
Onu Taxkke (PUKCHPYIOTCS B OCTHBIX JIETYYMMH COCTaBax IMPH 0oJiee BBICOKUX Xco2
[[Hapeirun u ap., 2013]. Ilo HammM AaHHBIM TOJBKO OJMBUH W OPTONHPOKCEH
PaBHOBECEH C pacIljlaBOM BOJM3U JIMKBUAYCa B 00OTalleHHbIX Bo1o U Si0; cocTaBax ¢
MgO/Ca0>4 u Xco02<0.3 [Sokol et al.,, 2014]. Ilpm xapakTtepHOM I TpeHAA
ACCUMUWJISIIUU  OJIUBUHOBBIX KCEHOKPHCTOB YBEJIMYEHUU BECOBOTO OTHOUICHUS
MgO/CaO B cocraBax ot 1,8 10 >4 (Puc. 5.4 ) npoucxoauT CMEeHa CTa0UJILHBIX BOJIU3H
mukBuayca accommanui:  Ol+Grt+Cpx  —  Ol+Grt+Opx+Cpx  —  Ol+Grt+Opx.
Marunesutcoaepkaiiye MyiabTU]a3Hble accolualuu cTabuiabHbl Tpu Xco2>0.5. Ilpu
ATOM, OJIMBUH U MAarHe3uT BOJM3U JUKBUAYCA ObUT (PUKCUPOBAH TOJIBKO ISl COCTABOB C
MgO/Ca0O>6 [Girnis et al., 2011]. HeoOxoaumMo MOAYEPKHYTH, YTO €I CYHICCTBYET
IJI0X0 WM3yYeHHAss 007acTh KUMOEPIHMTOBBIX COCTAaBOB C BECOBBIMH OTHOIICHUSMU
CO,/SIO; B mmamazone ot 0,5 no 0,8, B KOTOpOW mpu OONBIIUX KOHIEHTPAIMIX
JETYy4uX BOJIM3M JIMKBUIyCAa IOTEHIIMATHLHO BO3MOXKHO MYJbTH(a3HOE HACHIIICHUE

pacijiaBa OTHOCHUTENIBHO OJMBHH-IMUPOKCEH-TpaHaT-MarHe3nuToBoil acconuanun (Puc.

5.4).

B 1nenoM, 3KCepUMEHTHI MO TUIABJICHUIO CUCTEM, MOJACIUPYIOMMNX KUMOEPIIUT,
MO3BOJIAIOT ~ ClIeJIaTh  BBIBOJ, UTO 3HAYUTENbHAS YacTh PEKOHCTPYHPOBAHHBIX
MEPBUYHBIX Marm TMOIMajaloT B 0071aCTh COCTABOB, T€HEPAIIHS KOTOPHIX BO3MOXKHA TIPH
bmongHOM pexuMme ¢ Xcp2<0.5 u3 KapOOHATU3UPOBAHHOIO TPAHATCOJEPHKAIIETO
jepuonauTa. YacTh COCTABOB pacrojaraiTcss B O0JacTH, IS KOTOPOM BO3MOXHA
reHepanus U3 KapOOHATU3UPOBAHHOTO TPAHATCOIEPIKAIIECTO BEPIUTA. XapaKTEepHO, UYTO
JUIsS.  TIpOaHAJIM3UPOBAHHOTO Juarna3oHa jgaBiaeHuu (5,5-7,5 I'Tla) vu oauH U3
PEKOHCTPYHUPOBAHHBIX COCTAaBOB MEPBUYHBIX MAarM HE IMOMAaJacT B 00JIaCTh TeHepaIuu
u3 KapOoHaTU3MpoBaHHOTO TapuOypruta. [Ipu 3TOM HEOOXOIUMO OTMETUTH, UTO IO

naHHbIM A. ['mpHuca ¢ coaBropamu [Girnis et al., 2011] pacmass ¢ cogepxannem CaO
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OMM3KUM K cpemHeMy coctaBy kumOepsmrtoB rpymmbel I [Smith et al.,, 1985] moryr
TEHEPUPOBATHCS W3 TapiOypruTOBOTO WCTOYHWKA TpH naBieHun Oonee 7,5 I'Tla. B
1[EJIOM CYIIIECTBEHHO OOOTalllEHHbIE KaJIbIIMeM COCTaBbl MepBUYHBIX MarM (MgO/CaO
<3) nmpsAMO YKa3pIBAIOT Ha 3HAUYUTEIbHYIO WM TOJHYIO  BEPIUTU3ALMIO
MOTEHIIMAIBHOIO MPOTOJIUTa B cyOKpaToHHOU sutocdepe. [lo HamMM AaHHBIM 3TOT
MPOLIECC CBSI3aH C MPEIBAPUTEIBHBIM PEAKIIMOHHBIM B3aUMOJCHCTBUEM MPOTOIUTA C
kapOOHAaTHBIMU paciiaBamMu Tipu  Temreparypax ~1200°C. DxcrepuMeHTalIbHBIC
JaHHBIE TaKXXe€ CBUJIETENBCTBYIOT O THIOTETHYECKOW BO3MOXKHOCTH TeHEpaluu
KUMOEPIUTOBBIX paciiiaBoB mpu  Xcoz>0,5 u3 O€30JMBHHOBBIX MPOTOJUTOB -

IPAHATOBBIX OPTONMUPOKCEHUTOB UM BEOCTEPUTOB.

B 3aBHCHMOCTH OT COCTaBa TPaHCMaHTHUIHOTO KapOOHATHOTO paciuiaBa (MPEexIe
Bcero koumentparmuii SiOz, K, H,O, a Taxxe fO;) mMeTtacomMaTo3 BOCCTaHOBIICHHOTO
NEPUIOTUTA MOXKET TPUBOIUTH K €r0 OKHUCICHHIO M KPHUCTAUIM3AIMA HEKOTOPBIX
KOJIMYECTB, KaK KapOOHATOB, Tak M Bojocoiepxamux (a3 [Creighton et al., 2009].
CooTBEeTCTBEHHO, KaK  MHHAMYM  HadaJbHas  ¢a3a  IUIaBJICHUS  TaKOTo
METaCOMAaTHU3UPOBAHHOTO TEPUAOTUTA OYIET OCYIIECTBISTHCA NpU OypepupoBaHUU
konneHrpauii H,O u CO;, B pacriase [Wyllie 1977a,b; Eggler and Wendland, 1979].
K coxalieHnto 3KCIIepUMEHTAIBHBIX TJAHHBIX O COCTaBEe paciuiaBa, 00pa3yromerocs npu
JaCTUYHOM TIUIABJICHUHM KapOoHAaT- ©  (QUIOTOMUTCOMEPKAIIECTO TIEPUIOTUTA TIPH
napaMeTrpax TeHepalid KUMOCpJIMTOB HeT. PacruiaB, MoJydeHHBI B PaBHOBECHH C
Ol+Opx+(=xCpx)+Grt+Ms, conepxut mano SiO, u MgO, Ho maoro CaO B cpaBHEHUHM C
kumOeputamu [Brey et al., 2009]. JIume npu naBiaexuun 10 I'Tla oOpasyrommiics B
PaBHOBECHHU C MAarHE3UTCOJEPKAIIUM TapliOypruToM paciuiaB 1o coaepxkanuro MgO u
SiO; cTaHOBUTCS TOX0K HA KUMOEPIUT | rpyIimel, 0MHAKO OH 001a1acT OYCHb HU3KUMU
koHnentpanusmu Al,O3 (<0,2 mac.%). Otu nannbie mo3Boswm ['. bparo ¢ coaBropamu
[Brey et al.,, 2009] cnmenate BBIBOA, YTO OOpa3oBaHHE KHMOEPIMTOBOIO paciljaBa
HEBO3MOJXKHO Yepe3 IUIABJICHUE MArHe3UTCOACP AKX JIEPIIOJIUTOB MM rapiOypruToB
B oJHy ctaauio. C apyroil CTOPOHBI, IUIaBJIeHHE (IIOTOIMUTCOACPIKAIIECTO MPOTOJIUTA,
MI0-BHIMMOMY, HE B COCTOSIHUM 00€CIIeYrTh 00pa30BaHKUE pacIliaBa ¢ KOHIICHTPAITUSIMHU

BOJBI, XapaKTCPHbBIMU JIIsL PEKOHCTPYUPOBAHHBIX COCTaBOB ICPBUYHBIX
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kuMOepruToBbiXx MarM [Becker and le Roex 2006; Kjarsgaard et al., 2009]. Coriacho
9KCIEPUMEHTATBHBIM JTAHHBIM, IUIaBJICHHE ¢roronuTCOAEPIKAIIETO
KapOOHATH3UPOBAHHOTO JiepioyuTa npu gasienun 3,0 I'Tla npuBoAUT K 00pa30BaHMIO
ooraToro menaodyaMy JOJIOMHUTOBOTO paciljiaBa, cojepkamero Toibpko 2,7 Bec.% HO
[Thibault et al. 1992]. Ilpu yBenuyeHHHM CTENEHW IUIABIICHUSA, KapOOHATHI /WM
BOJOCOiepKale (a3bl B MPOTOJUTE MOTJIM OBITh IOJHOCTBIO H3PACXOJI0BAHBI.
CoriacHO 3KCIIEPUMEHTAIbHBIM JaHHBIM HCYE3HOBEHHE PaBHOBECHOrO KapOoHaTa
IPUBOIUT K ObIcTpoMy pocTy KoHieHTpanuu SiO, B pacmiase [Dalton and Presnall,
1998; Brey et al., 2009; Dasgupta et al., 2013]. OueBugHO, B TaKHX YCIOBHUAX MPOIECC
IUIaBJCHUS MOI IPHUBOAWTH K TCHEpAIlMM OTHOCHUTCILHO  OETHBIX  BOJIOM

KI/IM6epHI/ITOBBIX Marm.

Boratele BOJOW Marmbl, BEpOSTHO, MOIJIM BO3HHMKATh 3a CYCT JKCTPAKIIMU B
IPOTOKUMOEPIMTOBBI pacIUlaB  BOABI M3 HOMHHAIBHO OE€3BOJAHBIX MHHEPAIOB
nepunoruta (Sokol et al., 2013b). B 3aBucuMoCTH OT TemIepaTypbl ¥ KOHIICHTPAIIUH
Kajgus B pacIUlaBe MOYKHO IPEINOJOXHTh JIBa BapHaHTa mporecca. I[IpH BBICOKOM
COZCpKAHUU Kalus, XapaKTEepHOM, Hampumep, masi KumOepiautoB Il rpymmbl, HO
OTHOCHTEIIbHO HHU3KHX TeMIlepaTrypax, OOCCICUUBAIONIMX CTa0MILHOCTH (IIOTOMHKTA,

Bo3MoxkHa peakiust [UImer and Sweeney 2002]
2 opx + olivine + garnet + K,CO3 (L) + 2 H,0 (L) — 2 phlogopite + MgCOs,

kotopast Oydepupyer aktuBHoctH H,O m CO; B pacmiaBe. IIpy 3ToM 4YacTh BOIBI
(?KCTparupoBaHHOM M3 HOMUHAJIBLHO 0€3BOJIHBIX MUHEpaioB) U CO; OyJeT CBSA3BIBATHCS
c oOpazoBanvem (uioronuta u KapOoHara, oOecreuuBasi JIOMOJTHUTEILHYIO
METAaCOMATHUYECKyI0  MepepaboTKy  MpOTOJIUTa  KUMOEPIUTOBBIM  paCIJIaBOM.
CBUIETEIHLCTBOM B MOJIb3y ITOM pEaKIMU MOTYT CIYKUTh HAaXOAKU B KpHUCTaIax
aliMa3a U3 KHMOEpJINTa CHHT€HETUYHBIX BKIoUeHui (ioromnurta [Cobones u ap., 2009].
CxomHast peakiusi TaKKe MOXKET PealM30BbIBATHCS MPU B3aUMOJICHCTBUU OCThIBAIOIIEH
KUMOEPJIIUTOBOM MarMbl ¢ IEPUIOTUTOM B IIPOMEKYTOUHBIX odarax. B OeHbIX Kaauem
COCTaBaX, XapaKTEPHBIX JUIsI KUMOEPIUTOB | Tpymiibl, posib JaHHOW peakiud BEPOSITHO

HE3HAYUTCIIbHA. HpI/I 9TOM COJACPIKAHHUC B MarMcE BOJLI 6y):[eT OIpCACIIATECSA TOJBKO
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kodpurmentom pacnpenenenus H,O mexmay HOMUHAIBLHO O0€3BOAHBIMA MHHEpPATIAMU

IMpOTOJINTA U Marmou.
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3akJIroueHue

[IpoBeneHHbIE UCCAEAOBAHUSI TOKA3bIBAIOT, YTO B3aUMOJCHCTBUE KapOOHATHBIX
pacriaBoB ¢ rapuOyprutoM wid JjepuoauroM mpu P-T mapamerpax oOcCHOBaHUS

nUTOC(EPHOM MAHTHH, B OCHOBHOM ocymiecTBisieTcst uepes Mg-Ca oOMeH 110 peakiuu:
Mgzsizoe + C&Mg(CO:;)Z = CaMgS|205 + 2M9C03

¥ TPHUBOAWT K oOpa3oBaHHI0 Ooraroro imenoyamu, HO OemHoro SiO; (<7 mac.%)
kapOoHatHoro pacmiaBa. Ero Ca# Bapeupyer ot 37 nmo 50 u KOHTpOJUpYyETCS
MHUHEpaJIbHBIM COCTaBOM IMepuaoTuta. B3ammoneiicteue mpu 1200°C mpuBoaut K
BEPJUTU3ALMU TIEPUJIOTUTA 32 CUET PACXOJIOBAHUS OPTONMHMPOKCEHA U KPHUCTAIA3ALUN
KJIMHOTTUpOKCceHa 1 MarHe3uta. C yBenndenuem temmneparypsl 10 1350°C stoT nporecc
MPEKpaIaeTCs], KOHUEHTPAlXs KIMHONUPOKCEHA U MAarHe3uTa B MEPUIOTUTE MAJIaeT, a
OpPTONHUPOKCEHA YBEeIUUYMBaeTcs. Takum 00pa3oM, METaCOMAaTO3 CyXHUMH KapOOHATHBIMU
pacriaBaMd MOJKET BbI3BaTh TI'E€HEpAIUI0 KapOOHATHU3UPOBAHBIX JIEPLIOJIUTOB WIIU
WHOT/Ia BEPJIUTOB, SIBISIONIUXCS MOTEHIUATBHBIM UCTOUHUKOM KHUMOEPIUTOBBIX Marm,
HO TaKOM METacoMaTo3 HE MOKET MPUBOJUTH K O0OpPa30BAHUIO MArHE3UTCOAECPKAIINX
rapuOyprutoB. Cunmkatheie (a3pl, oOpasyromuecs B pe3yJibTaTe B3aUMOJICUCTBUS
KapOOHATHBIX PAaCIUIaBOB W TMEPUIOTUTOB HMMEIOT COCTaBbl, CXO0XHE COCTaBaMHU
MUHEPAJIOB BBICOKOTEMIIEPATYPHBIX MEPUIOTUTOB, HO 3aMETHO OTJIMYAIOTCS OT
METaKpUCTOB W3 KHUMOEpPJUTOB. ['paHarhl, KpUCTAUIU3YIOUIUECS B pe3yJbTare
PEaKIIMOHHOTO B3aUMOJICUCTBUS MEX Ty KapOOHATHBIMH pacIylaBaMH U TapliOypPrUTOM C
yBenuueHreM TemrepaTtypel oT 1200 mo 1350°C, neMOHCTpHPYIOT HM3MEHEHHE
conepxkanus CaO u Crp03, BOCIPOM3BO/IAIIECE OCHOBHBIE 3aKOHOMEPHOCTH 3BOJIFOIIUN
COCTaBa T'PAHATOB U3 KCEHOJUTOB METACOMATHU3MPOBAHHBIX MEPHUIOTUTOB KUMOEpIUTA
TpyOku VYnauHas. B Toxke Bpemsi, paBHOBECHBIE C TMEPUIOTUTAMU KapOOHATHBIC
pacrutaBbl OJU3KHU MO COCTaBY TOJBKO K 0OTaThIM MarHueM KapOOHATHBIM BKJIIOUYCHUSIM

B aJIMa3ax.
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[IpoBeneHHBII HaMHU aHaIW3 CBUAETEIBCTBYET O TOM, YTO BapUallMd COCTaBOB
VICCJICJIOBAaHHBIX JKCIICPUMEHTAIIBHO MOJEIbHBIX cuctem (tadm. 1.1 , Pmc. 1.1-1.3)
MPAKTUYECKU TMEPEKPHIBAIOT COCTABbl PEKOHCTPYUPOBAHHBIX MEPBUYHBIX Marm (Talil.
1.2, puc. 1.1-1.3) mo KOHLIEHTpAalIMsSIM TJaBHBIX METPOTCHHBIX KOMIIOHEHTOB U B
3HAYUTEIHLHON Mepe BO3MOKHBIE Bapualud Xcoz. ITO MO3BOJMIIO HAM, YEPE3 aHAIU3 U
000011leHHe JTaHHBIX OO0 YCIOBUSX IUIABJIEHUS M MYJIbTU()A3ZHOTO HACHIIICHUS
MOJICJIBHBIX CHCTEM BOJIU3M JIMKBHUJYCA, BBISIBUTH 3aKOHOMEPHBIE KOMOMHAIUU
COCTABOB MPOTOJUTOB, TEMIIEPATyp U (IIOUIHBIX PEKUMOB, IPU KOTOPHIX B YCIOBHSIX
cyOkparonHoit mmtochepsr (5,5-7,5 ['Tla) Bo3mokHAa TeHeparusi pacIUIaBOB,

COOTBCTCTBYIOIINX PCKOHCTPYHPOBAHHBIM IICPBUYHBIM KI/IM6epJ'II/ITOBI>IM Marmam.

Nwmeromuecss naHHbIE CBUAETEIBCTBYIOT O TOM, YTO TEMIEPATyphbl JIMKBHIYCA
NPAaKTHYECKH BCEX HM3YYCHHBIX MOJEIBHBIX cucTeM (>1470°C) mpeBBIIAIOT
MakcumaibHbIie TeMmepatypsl (~1400°C), pukcupyembie TepMoMeTpue uist Hanboliee
INIyOMHHBIX KCEHOJIUTOB u3 KumOepautoB [Pearson et al., 2003]. CHuxenue
TEMIEPATYPbl JUKBUAYCA HCCIEAOBAHHBIX COCTAaBOB MPH YMEHBIIEHWH B HUX Xco2
CBUJICTEIILCTBYET O TOM, YTO JJIsi T'€HEepaluu OOraThbiX BOJAOW KUMOEPIUTOBBIX Marm
TpeOyeTCsl CYIIECTBEHHO MEHEE MOIIHBIN JOMOJHUTEIbHBIA UCTOYHUK Teruia. BOmmsu
JUKBUyCa KUMOEPIUTONONO0HBIX CUCTEM T'pPaHUIbl CTAOMJIBHOCTU OTACJIBHBIX (a3 u
MyJIbTU(A3HOTO HACBHIIMICHUST B II€JIOM, 3aBUCAT KaK OT KOHILIEHTPAIMU TJIABHBIX
METPOTEHHBIX KOMIIOHEHTOB, TaK M OT Xco2 B CTAPTOBOM cocTaBe. OIMBUHCOAEPIKAILIAS
MyJIbTH(a3Has accolanus crabuiabHa BOIM3M JUKBUAYca npu Xco2<0,5. Ilpuuem npu
yBenmueHnn MgO/CaO BecoBoro OoTHOIICHHS B cocTaBax oT 1,8 10 >4 MpouCXOIUT
CMEHa paBHOBECHBIX ¢ pacmuiaBoM accormarnuii: Ol+Grt+Cpx — Ol+Grt+Opx+Cpx —
Ol+Grt+Opx. B wm3yueHHbIXx cucremMax ¢ mnpeoOiamanueM Bogasl  (Xco2<0,3)
MynbTU(Aa3HOE HAaChIIIEHUE paciuiaBa He (Qukcupyercs s coctaBoB ¢ MgO/CaO
OTHOILIEHWEM OKOJIO 5 W JJI1 BBICOKOKAJIBLIHUEBBIX cOCTaBOB ¢ Si02/MgO oTHOLIeHHEM

Obonee 2. MarnesuTconepkaimue MyJIbTH(A3HBIE aCCONMANKM CTAOWJIBHBI  MPU

Xco2>0,5.
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CornacHo moaxony, chopmynupoBanHomy B pabortax [Wyllie 1977; Eggler and
Wendland, 1979], skcrepuMeHTBl ¢ cOCTaBaMU NEPBUYHBIX KUMOEPIUTOB TOJDKHEI
BOCIIPOU3BOANTH  BOJM3M  JIMKBUJYCAa  PaBHOBECHYIO  (a30BYyI0  acCOLMAILMIO
AQHAJIOTUYHYIO TIEPUAOTUTY MPU (UKCHPOBAHHOM JIaBJIICHUH. B COOTBETCTBUU C ITHUM,
KapOOHATU3UPOBAHHBIM TpaHATCOJCPXKAIIUNA JIEPIIOTUT MOXKET OBbITh MaTEPUHCKOMN
MOPOAON ISl 3HAYUTEJILHON YaCTH COCTABOB MEPBUYHBIX MarM ¢ Xcoz <0,5. ['eHeparus
NEPBUYHBIX MarM C BBICOKUM cojepkanueM kanbliuga (MgO/CaO <2) u Xco2 <0,5
BO3MOXKHa U3 KapOOHATU3WPOBAHHOTO TIpaHATCOJEpKallero BepiuTa. B amanazone
MIPOAHATTM3UPOBAHHBIX JIaBIICHUN PEKOHCTPYUPOBAHHBIE COCTABBI MIEPBUYHBIX MarM HE
MOTAAI0T B 00JIACTh T€HEpalliu U3 KapOOHATU3UPOBAHHOTO rapulypruta. [lepBuunsie
paciiaBsl ¢ Beicokoi goneit CO; (Xco2>0,5) runoreTHuecku MOTyT 00pa3oBhIBAThCS B
0€30JIMBUHOBBIX TMOPOJaX - KapOOHATU3UPOBAHHBIX TPAHATOBBIX OPTOIMMPOKCEHUTAX

WU BeOCTEepUTAX.

Bompoc o TOM, B Kakod Mepe peakiuu C ydacTUeM KapOOHaToOB U
BoJiocoiepKaux (a3 OydepupoBaiu MpoLECC TeHEpAMU KUMOEPIUTOBOW Marmbi,
OCTaeTCs OTKPBITBIM. MMeronuecss TE€OXMMHYECKHE U TMETPOJOTHUYECKUE JIaHHbIC
CBUJIETEIIBCTBYIOT O TOM, 4yTO MCTOYHMKOM CO; m H,O nns mpoieccoB reHepanuu
KUMOEPJIUTOBBIX PACIJIABOB  BBICTYNAJIUM METAaCOMATHYECKHE pacIljiaBbl/(DIIOUIbI,
o0ecCIeunBaBIINEe MHOTOCTAIUHHOE TMpeoOpa3oBaHUE MPOTONMTA. BakHbIM, a
BO3MOXKHO U TJIaBHBIM, HCTOYHHUKOM BOJBl MOIJIM OBITh HOMHHAJIIBHO OE€3BOJIHBIE
MuHepainbl, conepxkanme OH nedextsl B cBoelt cTpykrype. Ilpuuem mnocnegnue
aKcriepuMeHTalbHble AaHHble [Sokol et al., 2013b] cBUAETEIBCTBYIOT O TOM, YTO
dbopmupoBaHue OOraTbix BOJOM KHUMOEPIUTOBBIX MarM OBIJIO BO3MOXHO HMEHHO
Oylarogapsi PKCTPAKIMK BOJIbI U3 MEPUIOTUTOB C MOBBIMICHHBIM cojaepxkannem OH-

ne(eKTOB B MUHEpAJIaX.
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