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INTRODUCTION

The mineral zircon is extremely variable both in terms of external morphology and internal textures. These features reflect the
geologic history of the mineral, especially the relevant episode(s) of magmatic or metamorphic crystallization (and recrystallization),
strain imposed both by external forces and by internal volume expansion caused by metamictization, and chemical alteration. The
paper presents a selection of both the most typical, but also of the less common, features seen in zircon, categorized according to the
different geological processes responsible for their formation. The atlas is intended as a general guide for the interpretation of zircon
characteristics, and of related isotopic data.

Zircon has become one of the most widely used minerals for the extraction of information on the prehistory and genesis of
magmatic, metamorphic and sedimentary rocks. Much of the geological usefulness of zircon stems from its suitability as a
geochronometer based on the decay of U (and Th) to Pb, but in addition it is also the major host of the radiogenic isotopic tracer Hf,
and it is used to determine oxygen isotopic compositions and REE and other trace element abundances, all of which yield useful
clues concerning the history of the host rock, and in some case, the parent rock in which the precursor zircon crystallized.

One of the major advantages of zircon is its ability to survive magmatic, metamorphic and erosional processes that destroy
most other common minerals. Zircon-forming events tend to be preserved as distinct structural entities on a pre-existing zircon grain.
Because of this ability, quite commonly zircon consists of distinct segments, each preserving a particular period of zircon-formation
(or consumption). A long experience and modern instrumentation and techniques have provided the "zircon community" the means
to image and interpret preserved textures, and hence to decipher the history and evolution of a rock. One of the most critical tasks is
the proper assignment of particular zircon domains or grains to a specific stage in the history of a rock. This is relatively simple and
straightforward in many cases where a proper understanding of the geological setting, simple logical deduction, and common sense
lead to unambiguous and straightforward interpretation
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BBEAEHWUE

Tabnuua 1.

MeTopn nonyyeHus nsobpaxeHus CokpalueHue
BuHokynap BM
Mukpockonus, NnpoxoadaLLnin ceeT TL
Mukpockonusi, OTPaXXEHHbIN CBET RL
KaptupoBaHue pacnpeaenenms U UM
KaTtogontommnHecueHUus CL
Mwukpockonusi, 00paTHO-OTPaKEHHbIE 3NEKTPOHbI BSE
Mukpockonusi, BTOPUYHbIE 3NEKTPOHbI SEM

MwuHepan LMPKOH Ype3BblHaiHO M3MEHYMNB KaK C TOUKN 3peHUst BHELLHEN MOPAOSOrnn, Tak u
BHYTPEHHUX CTPYKTYp. 3TN OCOBEHHOCTM OTpaxalT reonorMyeckyto MUCTOpPUID MUHepana,
0COBEHHO COOTBETCTBYHOLLME 3NN30A4(bl) MarMaTuyecKkom nm MeTamopUYecKon KpucTannnsaumm
(v pekpucTannusaumm), HanpsbkeHne, BbI3BaHHOE BHELUHUMW CUITaMU U BHYTPEHHUM 06 bEMHBIM
pacluMpeHneM, BbI3BaHHbIM MeTaMUKTU3aunen (paduayUuoHHbIM paspyweHuUemM cmpykmypbl) w
XMMmnyeckum nameHeHmem. CtaTtbs npeacraBnsiet cobomn BbIGOPKY Kak Hanbonee TUMUYHBIX, TaK n
MeHee pacnpocTpaHEeHHbIX YepT CTPOEHUS!, BbISIBNEHHbIX B LUMPKOHAX, KNaccuULMPOBaHHbIX MO
pasfiMyHbiM  reofiormyeckMMm  npoueccam, OTBETCTBEHHBIX 3a WX dopMumpoBaHue. ATtnac
npegHasHavyeH B kadecTBe obLLEro pykoBOACTBa ANs MHTEPNpEeTaLMM XapakTepUCTUK LMPKOHA, U

CBA3aHHbIX C HUMU N3OTOMHO-reOXNMMNYECKNX AaHHbIX.

LinpkoH ctan ogHuM K3 Haubornee LWMPOKO MCMONb3yeMbIX MUHEpParoB AN MNONy4YeHus
WHOpMaLMM O NPedbiCTOPUM U TEHE3NCE MarMaTUYeckux, MeTamopdUYECKMX M 0Cado4HbIX
nopog. [lonb3a uMpkOHa pAOns reonorMM nNPOUCTEKAEeT U3 €ero MnpUrogHoOCTU B KavecTBe
reoxpoHomMmeTpa Ha ocHoBe pacnaga U (1 Th) B Pb, HO KpoMe TOro, OH SiBNAETCS Takke OCHOBHbIM
MUHEpPanoM-MHONKATOPOM M30TOMHOro coctaBa radpHua (eHf), m oH wucnonb3dyetca Ans
onpegeneHns M3OTOMHOrO COCTaBa Kucnopoga W cogepxaHunm P33, a Takke KOHUEHTpauuu
APYrMX MUKPOINEMEHTOB, KaXAbIA U3 KOTOPbIX JAET NofesHble NOACKas3KM, Kacarlmecs Nctopum
BMELLaLWMX nopoa, a B HEKOTOpbIX CryYyasiX M UCXOOHOW nopodbl (NpoTtonuTa), B KOTOPOM

I'Ipe,EI,UJeCTByI'OLLI,VIIZ LUMPKOH KpuUcTanmnn3oBarcs.

OOHUM 13 OCHOBHbIX MPEVMMYLLECTB LIMPKOHA SIBNSETCA €r0 YCTONYMBOCTb B MarMaTUYECKMX,
MeTaMoprYECKMX W SPO3NOHHBIX MNpoLeccax, KOTopble paspyllalT OOMbWMHCTBO ApYrux
obuiepacnpocTpaHeHHblx MuHepanoB. CobbiTus, nepobpasylolmne LUMPKOH, Kak npaBuno,
COXPaHAITCH B KAYECTBE OTAENbHbIX CTPYKTYPHbLIX €AMHUL, (AOMEHOB 3epHa, HOBbLIX HapacTaHui),
(POPMUPYIOLLIMXCA Ha YXKe CYLLEeCTBYIOLIMX 3epHax UUpKoHa. MN3-3a aTon cnocobHOCTW, AOBOMBLHO
4YacTO LMPKOH COCTOUT M3 OTAENbHbIX JOMEHOB, KaXabl U3 KOTOPbIX OTBEYaeT onpeaeneHHoOMY

nepuony ero obpasoBaHusi/npeobpasoBaHua (unNu ero pactBopeHus). MHOroneTHWi onbIT U



coBpeMeHHas annapaTtypa u metoabl obecneunBatoT "LUMPKOHOBOE coobLLecTBO" cpeacTBamMmn aAng
nonyvyeHns un3obpakeHuss M MHTepnpeTauuMn COXPaHMBLUMXCA CTPYKTYp, W, cnegoBaTenbHo,
No3BONAT paclunmdpoBaTb UCTOPUIO U 3BONOLMIO nopoabl. OAHOM M3 Hanbonee BaXKHbIX 3aday
ABNsieTca npasBwibHasi MAeHTMUKaAUMS MNPUHAONIEXHOCTU OTAENbHbIX JOMEHOB LMPKOHA Wn
3epeH K onpegeneHHon crtagunm B WUCTOPUM MNOopogbl. ATO OTHOCUTENBHO MPOCTO BO MHOMMX
cny4yasix, Korga UMeeTcs MpaBuIlbHOE MOHMMaHWE reosiormdeckon obCcTaHOBKWU: Torga npocTas
rfiornyeckasi 4egykums v 3gpasblii CMbICI BEOYT K OAHO3HAYHOMY M MPOCTOMY TOJSIKOBaHMI0. Ho aTo
MOXeT ObITb Ype3BbIHANHO CHOXHOW 3agaden B OPYrvMx crydasix, Korga UHTepnpetauus MoXeT
©onee cunbHO BGbITb 3aTPOHyTa NPEOB3ATOCTbIO MCCNEAOBaTENS, HEXENN YNCTO OOBbEKTUBHBIMMU
kputepnsamu. lpumepamm TOMy WHOrga ObiBalOT cryvyauM OaTUPOBAHUS CHOXHbBIX THENMCOBLIX
TEeppenHOB, Kak HeaAaBHO OOCYXOaBLUMECA paHHeapxeuckue rHencobl u3 [peHnaHaum (Hanpumep,
Nutman et al. 1993, 2002; Whitehouse et al., 1999, Mayers and Crowley, 2000). HTepnpeTaums
BO3pPaCTOB M M3OTOMHbIX OTHOLUEHUW HAXOAMUTCHA NoA BIUSIHMEM, C OAHOW CTOPOHbI, KOHKPETHbIX
CTPYKTYPHbIX COOTHOLLUEHUA U NMTO/NEeTponorMn obbekTa a, C OPYrol CTOPOHbI, XapakKTepPUCTUK
NnpoaHanu3npoBaHHbIX MUHEepanoB, a Haubonee 4yacto - MOPGONAOrMYECKUMU U BHYTPEHHUMU

CTPYKTYPHbIMU XapaKTepUCTkamm akuecCopHOro UMpkoHa.

Llenb aToro TekcTa saBnseTcst 0630p pasnNUYHbIX CTPYKTYPHbIX COOTHOLIEHUI, HabnogaeMbixX
B LUMPKOHaX M UX cBA3eN C HOPMUPOBAHMEM KOHKPETHBLIX MOPOA4 M MPOLIECCOB UX U3MEHEHWUS.
Mopbopka BkntovaeT B cebsa 1 camble 0ObIYHbIE, U peaKue CTPYKTYpbl, HabnwgaemMble B Nnpupoae.
doTorpadoum  LMPKOHOB W  PUCYHKN NpUBEOEHbl NO KaTeropusiM B COOTBETCTBUM C  UX
npeanonaraemMon reHeTu4eckon ceasbto. [Nprumepsl, BbiIbpaHbl U3 HalMX COBCTBEHHbLIX KOMNEKLUMNA,
NonyyeHbl OT Konmer m u3 nutepatypbl U, B OCHOBHOM, 6asupyloTCA Ha XOPOLUO M3YYEHHbIX
reosiorM4ecknx CUTyaumsix, B KOTOPbIX r€0NOrMYecknuin KOHTEKCT obecnevmBaeT 4OCTAaTOUHYO Mepy

YBEPEHHOCTM B TOM, YTO MHTEpNpeTaLms BepHa.



NONYYEHUE U3OBPAXEHUA LLUPKOHOB

O6bIl4HO B nopopax (8 Komopobix UUPKOH Moxem obpa3oeambcs) pa3mep 3€peH UMPKOHA
BapbupyeT B oT okono 20 go 200 mkm (Silver n Deutsch 1963). Bonbluine 3epHa UMpKoOHa, OO
HECKONbKUX CM B LWUMPUHY (Mnun gaxe Ao 30 cMm AnnHON, Hanpumep 13 kapboHaTuToB n3 CeBepHbIX
TeppuTopuii, ABCTpanuu), MOXHO HaWTW B TPAHUTHbLIX MermaTuTax, CMeHuTax, Kumbepnurax u
kapboHaTuTax, B TO BpeMS Kak o4eHb mManeHbkue (10-30 MKM) LMPKOHbI MOTYT NPUCYTCTBOBaTb B
adaHMTOBbIX BYNKaAHMYECKUX Nopodax M hopMMpoBaTbCA Ha MO3OHUX CTaAMsAX KpucTannusaumm
rnyOuHHbIX Nopoa. Mo3ToMy BHELLHME M BHYTPEHHWE CBOMCTBA LIMPKOHA BbIABNSAOTCS C MOMOLLbIO
ONTUYECKOM MMUKPOCKOMUN N INEKTPOHHOW MUKPOCKONUKU (KaTOO4OSNOMUHECLIEHTHOE CBEYEHUe,

BTOPUYHbIE UITN O6paTHO-paCCGFIHHbIe SJ'IeKTpOHbI).

BuHokynapHbin Mukpockon (BM; Tabnvua 1) nossonsiet HabnwogaTb MakpOCKOMUYECKUe
CBOWCTBA, TakMe Kak UBeT, CTerneHb NPO3payHOCTN UM HENPO3PAYHOCTN, BHELLHIO MOPONOrnio
n passutne opM, NPUCYTCTBUE BKITHOYEHUIN, HEKOTOPbIE AeTanu BHYTPEHHEW CTPYKTypbl (ecnu
BUOHbI: 07151 Ty4Wez20 BbIsIBNIEHUS CMPYKMYypPHbIX 0emanel HabnoOeHUsT UUPKOHbI cMadyuearomcs,
Harnpumep — 3mMaHoJIOM; MOSIE3HO U3MEHeHUe (boHa — Ha 4YEPHOM ryduwie 8udHa Mopghosioaust
MesiKux rnpospayHbix becysemHbix 3épeH). [lpumeHeHue aTaHona Takke obneryaet
nepemMeLleHne, NoBopoT UNN MHANBMAYaANbHYO BbIOOPKY 3epeH (nurnemkol), a Takke obnerdyaet
BO3MOXXHOCTb OTNIMYUTb LMPKOH OT APYrMX MMHEPArioB, TakMX Kak anaTtuT, KBapLl, NOMeBon wnat u
TUTaAHUT. TeM He MeHee, Haunydlwme onTudeckMe HabnaeHus AOCTUralTCst NpUM NOMELLEeHUN
LMPKOHOB B MOTHbIE XXWMAKOCTU, TakMe Kak UMMEPCUOHHbIE Macna, rMULEepUH UM MeTuneHmoauna,
XOTA 3TO, Kak MpaBumno, CMAWULWIKOM TPOMO3AKO ANA MOBCEAHEBHOM paboTbl (MCMOMb30BaHUE
MeTUneHnoanaa U HEKOTOPbIX MMMEPCUOHHbLIX Macen TpebyeT cneumanbHOW BEHTUIALWNOHHOM
YCTaHOBKM M3-3a UX TOKCUYHOCTW). [penapaTbl C 3epHaMy LIMPKOHOB MOryT ObiTb MPUrOTOBMEHDI,
nucrnonb3ysl kaHagckui 6anb3am, NUNEpPWH, WU PasfMYHblE 3MOKCMAHbLIE CMOIbl, HO, Kak
cnencTeue, ctaHoBUTCS Gonee TpyaHbIM BMNOCNEACTBUMM U3BMEYb 3epHa Af9 aHanusa MeTonoMm
nsotonHoro pasbasneHus (ID-TIMS), ocobeHHO ecnM WCNOMb3yKTCHA SMOKCMAHbIE CMOSIbI.
WccnegoBaHms  BHYTPEHHEW CTPYKTYpbl LMPKOHA MoOryT OblTb NpoBedeHbl C  MOMOLLbIO
netporpacnyeckoro MUKpPOCKOna C WCMOSfib30BaHWEM MPOXOASLLErO MM OTPaXEeHHOro cBeTa.
Mpoxogsawmn ceeT (TL) aBnsieTca nonesHbiM A4S NPOCMOoTpa LMPKOHOB B WWNUdax Ui LMPKOHOB,
CMOHTMPOBaHHbIX B «Wanbe» M noOMoraeT BbIABUTb TakMe OCOBGEHHOCTU, Kak pocToBas
30HanbHOCTb (Xoms, sUOHa He 8ceada) N METAMUKTHbLIE 30HbI, KOTOPbIE UMEIOT pasfnuyHble LBeTa
UHTepdepeHUUn Npu npocmoTpe B nonspusosaHHom ceete (Chakoumakos ap., 1987, Murakami
et al., 1991 Ewing et al., gaHHbin TOM). HabniogeHve B wnudax Takke MNONe3Ho AN
YCTaAHOBIIEHNSA COOTHOLLEHWUI LIMPKOHA W rMaBHbIX Nopoaoobpasyowmnx MuHepanoB. HegoctaTkom
MeToAa ABMseTCs, Kak NpaBunno, HebonbLIOW pa3mMep LUMPKOHA, YTO GpocaeT BbI30B paspeLuatoLLen
Cuvne MUKPOCKOMOB, M TPYAHOCTb OTNMYMA LMPKOHA OT MOHauuTa UM Opyrmx MWHeparnoB C
BbICOKUM pernbed)OM M BbICOKUM ABYIyyenpenomneHnemM. Mukpockonus B otTpaxkeHHom ceeTe (RL)

NPUMEHNTENBHO K NONMPOBAHHbLIM «wanbamy», cnerka npoTpaBlieHHbIM NapamMmu pa36aBJ'IeHHOIZ



HF, aBnseTtcs ovyeHb ah(PeKTUBHbIM AN1S BbIABNEHNSA 30HANbHOCTU POCTa, U3MEHEHUA, U APYrnX
yepT B APEBHUX, OTHOCUTENIbHO METaMUKTHbIX LMpkoHax (Hanpumep, Krough and Davis 1974,
1975; puc 1.1.) , O™ metoabl, BM, TL u RL (¢ HF TpaBneHuem) kak npaBuio, HECNOCOGHbI
OOIMKHBbIM  06pas3oM  pacKpblTb  BHYTPEHHIOK  CTPYKTYPHYK  CIIOXHOCTb  HEe-MEeTaMUKTHbIX,
KpuUCTannnyeckux [AOMEHOB UWPKOHA, [aBas M300paKeHWss UMPKOHA, KOTopble BbIrMaasaT
He3oHanbHbIMK 1 BHyTpeHHe Oesnukmmm (Rudnick and Williams 1987, Hanchar and Rudnick,
1995).

KapTbl pacnpegenexus ypaHa (v Th) (UM) moryT 6biTb nonyyeHbl nyTemM MHOYLMPOBaHUS
TPEKOB AerieHns1 nocre BO3OeUCTBMS Ha HUX MOTOKOM HEWTPOHOB B peakTope C nocnenylowmm
npUMEHeHNeM crneumanbHOro AeTeKkTopa, YCTAHOBMEHHOrO Ha MOMMPOBaHHLIX 3epHax LMPKOHA,
(pnc. 1.8) (Hanpumep, Duchesne et al., 1987). Kpome Toro, aBropagunorpadus, UCNonb3ysa TEXHUKY
AOEPHOM aMynbcuW, Oblla NpMMEHeHa And OoTobpaXeHMs TPEeKoB O-4acTul, B LMPKOHaxX
(Hanpumep, Silver and Deutsch 1963).

Haunyywee BbiSIBNEHNE BHYTPEHHUX CTPYKTyp obecneuvvMBaeTca KaTOAOMOMUHECLEHUMEN
(CL) nnn obpatHo paccesHHbiMy anektpoHamu (BSE) (BSE u3obpaxeHue — «He2amueHO»
omHocumesnibHO CL u MeHee KOHmMpacmHO, HO Jlyduwe 8bIS8NISIeKM MmpewuHbl U 6CKpPbimble
ekroyeHus) (puc. 1.2-1.7). JaBHO M3BECTHO, YTO HEKOTOpPble MUHeparibl, B TOM 4YuChe LUPKOH,
nposiBnAloT  acdekt CL  npu  Gombapauposke  anektpoHamu  (Crookes, 1879).
KaTooontoMUHeCLeHUNS LWMPOKO MPUMEHSAETCA B KadecTBe MNeTPOoSsiorMyeckoro WHCTPYMEHTa B
Haykax o 3emne c cepeaunHbl 1960-x rogos (Hanpumep, Long and Agrell 1965, Smith and
Stenstrom 1965), n atoT mMeTog 6bIN UCMOMbL30OBaH B TeyeHWe nocnegHux Tpuauatn net ans
nccnegoBaHUsA LWMPOKOro cnektpa npobnem B ocagodHon netponiormm (Owen and Carozzi 1986,
Owen 1987), marmatuyeckon M MeTamopdUyeckon NeTporiorMm uU reoxXpoHonoruu (Hanpumep,
Sippel 1968, 1971;. Goérz et al. 1970, Malcuit and Heimlich 1972, Sommerauer 1974, Ono 1976,
Vocke and Hanson 1981, Vavra 1990, 1993; Hanchar and Miller 1993, a Takke MHOroYMcrneHHble
Opyrve nccrnegoBaHus, HadmHas ¢ cepeanHbl 1990-x rogos).

OnemMeHTHbIe, UK CTPYKTYPHbIE PaKTOPbI, KOHTPONMPYLOLNE MHTEHCUBHOCTL CL-cBeYeHus,
Kak NpaBuslo, XOPOLLO MOHATHbI Ans 6onbwnHcTBa MuHepanoe (Marshall, 1988) u oHu, 06bIYHO,
CBSI3aHbl C 9MEKTPOHHbIMK MepexodamMun B 5d-3MeKTPOHHbIX MEepexOoAHbIX anemMeHTax, npu 4f-
3NEKTPOHHbIX Mepexodax, HanpuMmep B TpexBaNeHTHbIX peako3emesnbHbiX anemeHTax ( P33),
konebaTtenbHOM MIOMUHECLEHUMEN MOHA YpaHwuna, WM SBMEHUN CBA3aHHbIX C AedeKkTamu
(Marshall, 1988). B umpkoHax LIMPOKOMNONOCHas 3aMuccus nposiBnsetrca nubo B cuHeM, nmbo
XEeNToOM perMoHax, Unm Tom 1 Apyron, aNeKTPOMarHUTHOrO CNeKTpa, Ha KOTOpbIM HaknagbliBaoTCs
ocTpble NUkM TpexBaneHTHbix P33. Dy%* cuuMTaeTcs OCHOBHbIM 3MeMEHTHbIM (haKTOPOM
(Hanpumep, Mariano 1978, 1989, Remond et al., 1992, Hanchar and Rudnick 1995), xoTta n gpyrue
KOMMOHEHTbI, Takne kak Sm3*, Eu?* n Tb3* Ttakke MoryT 6biTb CL-aMuUTTEPaMK B LMPKOHE (Hanp.,
Ohnenstetter et al. 1991, Yang et al. 1992) (kak npasuno, CL-¢poTorpacum genatot B 4/6 ramme ).

Hanunune U** u pesynbTupylollee paavauvoHHOEe MOBpexaeHne oT ero pacnaga nogaensioT CL



amuccuio (cm Nasdala et al.,. gaHHbI ToMm, ana 6onee TwarensHoro obecyxaeHna CL umpkoHa).
Ohnenstetter et al. (1991) npeanonoXxunu, YTo B LUMPOKOM AMana3oHe 4YacToT NPOosBIEHNe CUHEN
CL moxeT 6bITb CBSI3aHO ¢ AedekTaMu U CBSI3aHO C Hann4nem Y3* 1 4yTo LIMPOKONONOCHas xenTtas

CL amuccunsa Takke MOXeT ObiTb 06ycrnoBneHa gedekramum B cBsA3M ¢ Hanuumnem Ti4* nnm U4,

N300paxeHnsa, NONyYeHHble C MOMOLIbD 0BpaTHO-paccesiHHbIX arnekTpoHoB (BSE)
MOKa3bIBalOT KOHTPACT pacnpeferieHns 3feMeHTOB CpeaHNX aTOMHbIX MacC B pasHbiX JOMeHax
MUHepana: Yem Bbllle MacCoBOE€ 4YMCNOo, TeM Bonblue 3NEKTPOHOB «OTpaXaeT» yyacToK U TeM
Apye OH OyaeT BbIrMsiAeTb B KOHEYHOM u3obpaxeHuun. M3obpaxeHnsa B oOGpaTHO-pacCesiHHbIX
3MEKTPOHOB B HACTosllLlee BpeMs LIMPOKO MUCMOMb3YITCA B PasfiMyHbIX Feonorn4ecknx
uccnegoBaHUAX M MeTo NPU3HaeTcsl MOLLUHBbIM WHCTPYMEHTOM ANd U3yYeHWs 30HanbHOCTU B
MUHepanax M ocobeHHO akuecCopHbiXx MuHepanax (Hanpumep, Wayne and Sinha 1988, 1992;
Krinsley and Manley 1989, Paterson et al. 1989, 1992a,b; Paterson and Stephens 1992, Miller et
al. 1992, n MHorouncrnieHHble uccrnenoBaHus ¢ cepefuHbl 1990-x rogos). AnemeHTbl, KoTopble
Hanbornee OTBETCTBEHHbI 3a N3MEHEHNSA MHTEHCMBHOCTM BSE B KOPOBLIX LMPKOHAX - 3TO racHuim
n U, nmerowme sTopmnyHeln acpdekt (Hanchar and Miller, 1993).

Mpn nccnegoBaHnn LMPKOHOB C NPUMEHEHMEM 3TUX METOLO0B BM3yanu3auun, obHapyXeHo,
YTO, BO MHOIMX criyyasx, oba metoaa BbIABRAIOT CXoAHble YepTbl. OgHako, Kak npasuno, apkue CL
obnacTu BbIrNAgaT kKak TeMHble B BSE v HaobopoT - HabnogeHne otmedeHHoe Hanchar and Miller
(1993), Koschek (1993) n mHorumu apyrummn nccnepgosatensamu (puc. 1.3-1.6). Mbl oGHapyxunu,
yto CL kak npaBuno, 6onee wuHdopmaTtuBHbl, YeM BSE ana waeHTudgumkaumm pasnuyHbiX
obnacten pocta B LUMpPKOHax, M3-3a OOnblIero guanasoHa WHTeHcuBHocTM CL amuccun m
OOMNONHUTENbHLIX Bapuaumi uBeTa (ecnn cgenaHo ¢ nomowbtko CL cuctembl Ha oOcHoBe
netTporpacpnyeckoro MMKpOCKOMNa, UCMoNb3ys LUBETHYI HEraTUBHYH MW MO3UTUBHYIO MAEHKY UK
umdposyto kamepy). Kpome Toro, pasnuyHble aTanbl pocTa 4acTo MMET xapakTtepHble ueeTta CL
N3y4yeHus: 3TO0 CBOMCTBO Npu ncnonb3oBaHmm CL MoxeT nomoub BbibpaTb MecTa Ans nokanbHOro
aHanusa JOMEHOB pa3nuyHoro Bo3pacTta. cnonb3oBaHue CL cucteMbl Ha OCHOBE CKaHMPYIOLLEro
3MIEKTPOHHOIO MWKPOCKOMA, O4YEeBMAHO, MOKa3bliBAET CXOXME 4epTbl B LMPKOHAX, HO ecnu
006paboTka cuMynupoBaHHbIX LBETOB He OyaeT caenaHa, nsobpaxkeHus OygyT nonyyaTbCa TONbKO

B CEpOoM Wwkane u pasHouseTHble CL permoHbl OCTaHyTCst He3aMeYeHHbIMU.



PucyHok 1. MeToabl Bu3yanu3auuu (1-2) ToT xe umpkoH: doTo nony4veHHble B RL n CL, nocne nonvpoBku u
TpaBneHust nosepxHocTu napamu HF; 13 Nemchin and Pidgeon (1997). (3-4 u 5-6) CpaBHeHune nsobpaxenuii CL n BSE
(3 J.M. Hanchar, HeonybnukoBaHHble pesynbTathl); (7-8) RL nonupoBaHHOro Kpuctanna UMpKOHa BbISBRSET
BHYTPEHHEEe SApO W paguarnbHylo TpelimHoBaToCTb BHelwHen obonoykn; UM n3obpaxeHus BbISBNSIOT 30HANbHOCTb,
YKasblBaloLWy0 Ha OYeHb BbICOKME KOHUeHTpauum U B uUeHTpe, Gonee ymepeHHble 3HayeHWss B MPOMEXYTOYHOMN
o6onouke 1 6onee HU3KME KOHLEHTpaLMKn B oTopodke, n3 Duchesne et al. (1987).



MOP®OJTIOInA LMPKOHA

LinpkoH aBnseTca TeTparoHanbHbIM MuHeEparoM K Havbonee 4acTo pacTeT B Buae
NpM3MaTMYECKMX KPUCTanmMoB ¢ ABYyMS NUpamMuaanbHbiMU BEPLUMHAMUN C yANMHEHUEM (OTHOLUEHWE
ONVHBI K WnprHe) B npegenax ot 1 go 5. lNonaratT, YTO 3TO OTHOLLUEHME, OObIMHO, OTpaXKaeT
CKOPOCTb KpucTannusaumu. [encTBuMTenbHO, WuronbyaTtble KpUCTamnmnbl LWPKOHA SBNAOTCH
OOblYHbIMM B BbICTPO-KPUCTaNNM3YOLWMXCA, NOpdUMPOBbIX, CYOBYNKaHUYECKUX UHTPY3USX,
rpaHuTax Hernybokoro 3aneranus, n rabbpo (Hanpumep, puc. 2.15-2.18), B To Bpemsi kak KOpoTKue
N U30OMETPUYHbIE (POPMbI ABMAKOTCA Gonee pacnpoCTpaHeHHbIMU B MYOWHHBLIX , MeANeHHO
oxnakgaroLmxcs nnyToHax (puc. 2.13-2.14). (O6bI4HO m.x. obpa3sosaHue

Kopomkornipuamamu4eckux 00 bunupamudarnbHbiX KpUcmarnios 8 Weso4YHbIX rnopodax.)

Opyrne dakTopbl, BAMsOWME Ha GopMy KPUCTasnoB LMPKOHA 3TO XMMUYECKUA COCTaB W,
BO3MOXHO, Temnepartypa KpuctannusaunmoHHou cpefpbl. Cuctematuyeckoe ndyyeHue TUnonoruu

LUMPKOHa NpUBENO K CO34aHWMI0 LUMPOKO UCNoNb3yemMon «cxeMmbl [onuHa " (puc. 2 BCTaBka), B
KOTOPOW KpucCTansbl LMPKOHA KNnaccuuuupyroTca B COOTBETCTBUM C OTHOCUTESbHBIM Pa3BUTUEM
npuamaTtuyeckux rpaHen {100} B cpaBHeHun ¢ {110} n nupammganbHbIX KpUcTaninmnyeckux gopm
{211} otHocutenbHo {101} (Pupin 1980). B o6wem cnydae, cpeouM 3epeH UMpKOHa Wu3
OTHOCUTENBbHO CYXUX LENOYHbIX M TONMEeUTOBbIX MarmMaTtuyeckux MopoA, Kak npaBuno,
npeobnagatot {100} n {101} popmbl; B nopoaax e oT rMUHO3EMUCTbIX A0 N3BECTKOBO-LLENOYHbIX
NnosBMASATCA pasnuyHble KOMBuHaumm dopm ¢ 3ameTHbIM npucytcteum {211}. Cpean GoraTbix
BOAOW rpaHWTOB W nermaTtutos, kak npasuno, {110} n {101}, asnaiTCA AOMUHWUPYOLWMMU
dopmamu. Pupin (1980), cBs3biBan OTHOCUTENBHOE pPa3BUTUE MPU3MATUYECKUX FPaHENn, rMaBHbIM
obpasom, c TemnepaTypon Kpuctannusaumm, Toraa kak pocT nupammaanbHbIX rpaHen bbin ceasaH
C Xxumumyecknumn daktopamu. Pupin (1980) npegnonoxun, 4To TUNONOrMYECKUX MapameTpbl
nonynsaumMy LUMPKOHA MOTyT UCNONb30BaTbCH AN ONMCaHUsA 9BOSMIOLUN MarMaTU4eCKon CUCTEMbI.
OTy, HEecKomnbKO YMNpOLLEHHY uHTepnpeTauuto ocnopun Vavra (1993), kotopeii BBen ©onee
CMNOXHbIN MeToA ANna onpeaeneHns OTHOCUTENbHOro Temna pocTta (oopM LMpKOHa Ans TOro, 4Tobbl
OoXapakTepu3oBaTb KMHETUKY cpeabl Kpuctannmsaumn. Benisek and Finger (1993) Takke nokasanu,
4YTO (pakTOpbl XMMWYECKOr0 COCTaBa OKa3blBalOT CyLIECTBEHHOE BNUAHME Ha pasBuUTue

npu3aMaTUYeCcKnX rpaHen B LMPKOHA.

Kak ynoMvHanoch Bbile, CKOPOCTb KpUcTannm3auum, no-BMaAMMOMY, ABASIETCA OCHOBHbIM
(haKTOPOM, KOHTPOSNUPYHOLLMM KO3 DULMEHT yaANMHEHNS LMpKOoHA. CKeneTHble KpucTansbl
LMPKOHa - camas KpanHsisa popma BbicTporo pocta. Takme LMpKOHbI, HabnogatTca nokanbHO B
OCHOBHbIX 1 LLENOYHbIX HEAOCILWEHHbIX Nopogax (puc. 3.7 n 3.8) n xapakTepusyoTcs pa3ButTmemM
KpucTannmnyeckmx «banok» n neperopogok, OKpyKarLnx nyctoe npoctpaHcTeo (Bossart et al.
1986). ConoctaBuMbIN TUMN LUPKOHA, C NOSIbIMK MPU3MaMKn UK APYTMMU HE MOMHOCTBIO
BblpalLleHHbIMU KpucTannamu, 6bin 0OTMeYeH B NofnocTAx B aHae3ntobasanbTa, 4To
WHTEPNPETUPYHOTCS Kak Npu3HaK ObICTPOro pocTa u3 rasoBon (naposon) dasbl (puc 2.23;. Huneke

and Rossman 1978). MHorme marmbl B CBOEW 3BOSIOLMM, KaK NpaBMiio, JOCTUIraloT HACbIWEHHOCTH



LIMPKOHMEM OTHOCUTENBHO PaHo 1, Takum obpa3oMm, KONMYECTBO OCAXAAIOLLLEroca LIMPKOHA MOXeT
CONpPOBOXAATb KpucTannmaaumio 6onbLUMHCTBA APYrnX MUHepanos rabbponaos (neamamoudHbIx

dorniepumos).
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PucyHok 2. Bapvauum BHewwHewn mopdonorun. Bee 3épHa pasmepom ot 70 aa 250 mkm (1-21) MepemeHHble
XapakTepUCTUKU MOPCONOrMM B TEPMUHAX OTHOLUEHUS AfWHbI K WupuHe K Tunonorusi. MNMocnenHsst AaHa B obuiem
KOHTekcTe anarpammbl Pupin (1980), koTopasi ocHOBaHa Ha OTHOCUTENIbHOM pa3BUTUM NPU3MaTUYECKON (BEpTMKanbHas

OCb) 1 NpammnaanbHbIX rpaHen Kkpuctanna (ropusoHTanbHas ocb). OTMETUM Takke NMoKanbHOEe Hanuyne KCeHOreHHOro



SApa, BKIYEHUN OPYrMX MUHEpPAroB WM cTeneHb TpewmHoBaTocTu. (1) —m3 Pupin (1980), TL; (2) - Tonbko opHa
nMpamuga passuBaeTtcs Ha bonbliom okpyrnom sape, ®. Kopdy (HeonybnvkoBaHHble AaHHble), BM; (3) — n3 Machado
et al. (1989), BM; (4) - ®. Kopdy (HeonybnukoBaHHble AaHHble), BM; (5) - npuspak KCEHOreHHOro siapa BbISIBNSIETCS
TONMbKO MNy3blpbkOBOW CTpykType, n3 Oberli et al. (1994), T.; (6) - n3 Kréner et al. (1998), SEM; (7) — cnoxHoe
ABOWHMKOBaHue, n3 Jocelyn and Pidgeon (1974), BM; (8) - kpuctann UMPKOHa NOMHOCTBLIO NULWEHHBIN NPU3MaTUYECKNX
rpaHen, n3 U. Schaltegger (HeonybnukoBaHHble AaHHble), SEM; (9, 10) — ynnoLWéHHBLIN POpMbI, COBONHMKOBAHHBIN
kpuctann, u3 ®. Kopdy (HeonybnukoBaHHble aaHHble), BM; (11, 12) - ns Pupin (1980), TL; (13,14,15) - n3 ®. Kopdy
(Heonyb6nukoBaHHble AaHHble), BM; (16) - n3 Moser (1997), SEM; (17, 18) - cunbHO TpewmHOBaTbLIN NPU3MaTUYECKUN
LUMpKOH B rabbpo, n3 Corfu and Stott (1998), BM; (19, 20) — saBHoe sigpo, obpocluee npo3padHon npuamon, us Palmer
and Davis (1987), BM; (21) - n3 Corfu and Ayres (1984), BM. (22) LinpkoHoBbIn arperat 13 nryToHa rpaHuToB A-Tuna, ns
Charoy and Raimbault (1994), SEM. (23) - TOHKOCTEHHbIA MONbIA KpUCTann umpkoHa, n3 Huneke n Rossman (1978),
SEM. (24) cbparmMeHT UMpKOHA, TUNWYHbLIA ANs NONYNAUMINA, M3BMEYEHHbIX U3 MHOMMX OCHOBHbIX mopod, u3 Abati et al.,
(1999), SEM. (25-27) KoMnosuTHble, pe3opbupoBaHHble 3epHa (LMPKOH TUMa «UBeTHas kanyctax); 25, 27 - n3 meta-
TpoHabeMuTOB, M3 Pin and Lancelot (1982), SEM; 26 - n3 madmyeckoro rewnca, us Peucat et al.,. (1990), b. M.. (28-30)
pe3opbupoBaHHble B Marme 3epHa 6e3 obpacTtaHui. (28) - oTaenbHbIn CBOGOAHLIN OT OBpacTaHU KCEHOreHHbIN
KpucTann u3 rpaHutongHbix nopog, u3 Corfu and Ayres (1994), BM; 29-30 - cunbHO pe3opbuypoBaHHbIE KCEHOTEHHbIE
KpucTanmnbl M3 NMPOKNacTuyeckux BynkaHudeckux nopog (n3 ®. Kopdy, HeonybnukoBaHHble AaHHble), BM. (31-34)
cnerka okpyrnble 4O MHOrOrpaHHbIX LMPKOHbI N3 meTamopdunyecknx nopoa. (31) - ns metarabbpo, pegaktmposancs ns
van Breemen et al. (1986), SEM; (32) — n3 neiikorpanutos, u3 Kréner et al. (1998), SEM; (33,34) - 13 HMKXHEKOPOBOrO
kceHonuTa, n3 Chen et al. (1998), SEM. (35-36) LinpkoHbI, CBA3aHHbIE C yaapaMu MeTeopuToB. (35) - pe3opbnpoBaHHbI
LUVPKOH, WCNbITAaBLUUA LUOKOBOE BO3LAENCTBME C MNPU3HAKaMu CTPYKTypbl nnaHapHow pedopmauun; (36) — noct-

WUMMaKTHbINA POCT NOJNIMKPUCTaNNNYECKoro LUupkoHa; oba doto us Moser (1997), SEM.

B HekoTOpbIX pacnnaeBax (OCHOBHbIX, HarpumMep), 0QHAKO, HacblWeHNe OCTUraeTCcsa TOSbKO
B KOHUE Kpuctannusaumm, nmbo m3-3a OYeHb HU3KOro cogepxaHust Zr, WM  BbICOKOW
pacTBOPUMOCTU LMpKOHa unm obomnx atnx daktopoe (cM. Hanchar and Watson, gaHHbin Tom). B
3TUX CNyYasx UMPKOH opMMpyeTcs NO34HO B 06BbEMaXxX BbICOKO DpaKLMOHMPOBAHHOW MarmMbl, Uimn
B M30JIMPOBAHHbIX 06BEMAaxX MarmMbl (GhopMuUpyrOWUX rTeaMamoudHbIe WIUPbI 8 MOWHbIX daliKax,
Harpumep) Vnn B UHTEPCTUUMAX MexXOy OPYrMMU MUHepanamu. Takue LMPKOHbI OObIYHO MMEIT
NUWb 4YacTUYHO pasBuTble rpaHen kpuctanna (Hanpumep, Poldervaart 1956, Scoates and
Chamberlain, 1995; puc 3.7) 1 oHM BbIgENATCA NpyU cenapaumm MUHeparnoB B Buae 0O10MKOB
(puc 2.24). O10 obwas 4yepta Ana [pOTMBONOMOXHbLIA Cry4Yya BO3HWKAET, Korga marma
nepechbilleHa OTHOCUTENbHO LMPKOHUSA B TeYEeHWe 4acTu MMM BCEro npolecca Kpucrtannusauuu
nopoabl. Takme  Marmbl  HecnocoOHbl  MOMHOCTBID  PacTBOPUTb  PECTUTOBLIA UMK
aCCUMWUNNPOBAHHBLINA  LIMPKOH, KOTOPbLIN [OBOSIbHO 4acTO CTaHOBATCSA 3aTpaBKOW ANnsi BHOBb
00Opa3oBaHHbIX MarMaTn4eckux LUMpKOHOB. OBMNNK KCEHOMEHHOro LMPKOHA, Takum obpasom, MOXeT
BapbMpoOBaTb B LUMPOKOM [uanas3oHe OT 3epeH, coBceM CBOOOAHbIX OT ntobbix obpacTaHun (puc
2.28-2.30) 0o CKpPYrMéHHbIX 3epeH YaCcTUYHO UK MOSTHOCTLI0 OBPOCLUMX OTOPOYKaMU (KarMamm)
HOBOro umpkoHa (puc 2.1-2.3; 2.19-2.21). B HekoTopbix Mopodax MOXHO HabnwgaTb MOSHbIN
CMEKTp MNPOSABMAEHUA MOPdOSOrMN U CTPYKTYP — OT CBOOOAHOro OT OOpacTaHWM KCEHOreHHOro
UMpKOHa, si0ep € Hapocwumu nupamudamu, HO 6e3 HapacmaHusi HO80U [pu3Mbl, 3€pPEH C
KCEHOreHHbIMN sapamMum U OObEeMHbIMM OTOPOYKaMM, a TakkKe LEeNMKOM HOBbI MarmaTtuyeckui

UMPKOH (Mo006HbIt crniekmp ¢hopM MOXHO Habmodamb 6 napamuemamumax). Kpome Toro,



NOMHOCTLID HOBOOOpA30BaHHbIE KpUCTanmbl LMPKOHA MOMYT caMu OEMOHCTPUPOBAThL CTPYKTYpHI,
npeanonarampLLmMe HeCKOmMbKO CTaaui pocta n pes3opbummn (YacmuyHo2o pacmeopeHusi). Bce atu
0COBEHHOCTU MOryT ObITb CBA3aHbl C KOMMSIEKCHOM 3BOMOUMEN Marmbl OT MepBOHavyasibHOro
hopMUPOBaHNSA NyTEM MMABMEHNA UCXOAHbIX MPOTOMUTOB, Yepe3 pasfuyHble CTaaun ABUKEHUS
CKBO3b KOpPY, KOHTaMWHAaLMIO U, BO3MOXHO, CMeLnBaHne ¢ 06bEMaMn MHbIX MarM, PakLMOHHOM
Kpuctannusaumen n guddepeHumaumnen, ¢ noTepen Kymynatos u rongoB, N OKOHYaTENbLHOMO
NX BHEAPEHMS NN IKCTPY3un. PacTBOPMMOCTb CaMoro LiMpKOHa B 3HAaYNTENbHOW CTENEHN 3aBUCUT

OT coCTaBa Marmbl U ONUCbIBAETCA NapaMeTpoMm
M = (2Ca + Na + K) / (Si x Al),
a Tawkke 3aBucuT ot cogepxaHuss HoO n temnepatypbl (Watson 1979, 1996; Harrison un

Watson 1983 roga, Watson and Harrison 1983, Hanchar et al., B aTom Tome).

Kpome pe3opbuumn, moryuien nponsonTu, Korga LMPKOH NOrpy>KaeTcst B MarMy, pacTBOpeHue
n Moaundumkauma, B TOM Yncre n nepekpuctannuaaumsa u Octeanbgosckoe cos3pesaHue (Watson et
al., 1989) moryt ObITb pe3dynbTatoMm MeTamopduama. (Ocmeanb0o8ckoe co3pegaHue — pocm
KpyrnHbIX Kpucmarssioe 3a c4ém pacmeopeHusi mesnkux). MepgneHHaa avddysns GonbliMHCTBA
KaTUOHOB B HEMETaMMKTHbIX LIMPKOHax MOKa3blBa€T, YTO HWMKAKOW CyLleCTBEHHOW 6e3BOoaHOM
pekpucTannusaumm He GyaeT NPOUCXOANTb B TEYEHME FeoNorM4Yeckn 3Ha4YMMbIX NepnogoB NyTéM
OogHOM  nuwb  obbemMHOW  audpdpy3um  Npy TemnepaTypHbIX  YCMOBUSIX  HOPManbHOW
KOHTMHeHTanbHon kopbl (Cherniak et al. 1997a,b; Cherniak and Watson 2001, Cherniak and
Watson, gaHHbii ToM). Takum obpasom, BepodATHO, 4To nbasa cybconuaycHas mogudoukaumns
UMpKoHa ByaeT oTpaxaTb MeXaHW3Mbl aKTUBHOMW KOPPO3UN N OCAXKAEHUS, CBSAI3@HHbIE C XWUOKOW
daszon. CnepoBaTtenbHO, Takke, BEPOATHO, YTO M nobas Takaa peakums OyaeT NpPOMCXOAUTb
O[HOBPEMEHHO C MeTamMopUYECKUMIN peakumMsaMm Apyrnx MUHepanbHbiX a3, NPUCYTCTBYHOLWNX B
nopogae.

BHewHsas mopdonorna  BbIpOCWIMX Npu  MeTamopumame unm  meTamopduyecku
MOANMULNPOBAHHBLIX KPUCTanNmMoB LMPKOHA, Kak MpaBuio, XapakKTepuaylTcd OKPYrfbiMU unu
OYeHb pesopbupoBaHHbIMKM opmamu (puc. 2.25-2.27, 2.31-2.34), HO Hannume MANOMOPMHbIX
WHOVBUOOB Takke BO3MOXHO, OCOBEHHO B o4YeHb BoraTbiX OrIlOMAOM CUCTEMax, TakMX Kak npu
meTamopcumsame ampunbonuToBon haumm CNIOAHbLIX CraHueB unum B murmatutax. B nepsom
cny4yae, pasBuTME FPaHen KpUCTanioB, BEPOSTHO, OOYCMOBEHO, B OCHOBHOM, HarlM4MeM BOLHbIX
unu yrnekucnbelx riloMaoB, a B criydae MMrMaTutoB, LMPKOH, BEPOSITHO, pPacTéT B KOHTaKTe C
pacnnaBHon ¢ason, W, crnefoBaTeNnbHO, CTPOro roBopsi, He MeTaMopdUnyeckuin, HO, cKopee,
MarMaTmyeckmn. Yto KacaeTtcsi OKpyrrioro Metamopuyeckoro Tuna umpkoHa (murnu4Ho2o 0rns
ycnosuli epaHynumosol ¢hauuu), TO MOXHO pacrno3HaTb pasfiMyHble CTENeHn ero Mmogudukauuu.
Kpuctannbl UMpKoOHa B HEKOTOPbIX FHeWcax MOryT NpPOsBMATb TOMbKO YMEpPEHHOEe OKpyrreHue
KpaeB KpucTanna, Toraa kak B ApYrMx ucxogHas copma Kpuctanna paspyliaeTcs, U KOHEYHbIn
NPOAYKT UX — POBHbIE OKPYrIible 3epHa (puc. 2.31). 3To 00bIYHO GbIBAET B YCNOBUSAX rPaAHYINTOBOM

dauum nopod, roe 3epHa UMPKOHA WHOrAa WMEKT MHOrorpaHHyt mopdonorutio («ghopma



¢ymboribHo20 Mms4a») (puc. 2.32-2.33). 3epHa MOryT COCTOATb B 3HAYMTENbHOM Nponopuun u3
nepepaboTaHHOro UCXOAHOIO UMPKOHA, UMW, Kak B OPYrMX KpamHUX Cydasix, COCTOSIT NOSIHOCTLIO
M3 Haueno HOBOOOpasoBaHHOrO MeTamopduyeckoro uupkoHa. MeTamopdumsoBaHHble 6a3nTbl
fnokanbHO coAepXaT HenpaBwuibHble 3epHa UWMPKOHA, Hanpumep, Tuna «LUBETHOW KanycCTbl»
(Peucat et al. 1990) (puc. 2.25-2.27). B HekoTopbIX criydasx dopmMa 3TUX 3epeH MOXeET oTpaxaTtb
pe3opbunio nepBoHayarbHO HenpaBUSibHbIX  ParMEeHTUPOBAHHbLIX LMPKOHOB TaKuX, Kak
BblAensemMble U3 HEKOTOPbIX OCHOBHbIX Mopog (puc. 2.24), unv u3 KOMMNO3WUTHbLIX KPUCTansos,
HaMOEHHbIX B HEKOTOpbIX rpaHutax (puc. 2.22), HO B [OpYyrnx crydasx, OHW, BEPOSITHO,
npeacTaBnsloT CcoOOM BbIPOCLIMA NPU  MeTamMopduame MNONUKPUCTANNIMYECKUA UMPKOH. OHK
obcyxpgatotcsa 6onee noapobHo ganee B aton rnaee. Ocobbin criyvar nokasaH Ha puc 2.35 n 2.36,
- NpMMep LMPKOHOB M3 METEOPUTHbLIX KpaTepoB, UCMbITABLUMX LUOKOBOE yAapHOEe BO3LENCTBUE:
OHW MMEIOT Kak crefbl yaapa, BblpaXeHHble B TPELIMHOBATOCTW, CBA3AHHOW C MMMaKTOM U

6bICTpOFO pOCTa HOBOro NoJIMKpucTansim4eckoro LMpKkoHa HenocpeactseHHO nocrie ygapa.



30HAJIbHbBIE CTPYKTYPbl ULUPKOHOB U3 U3BEPXXEHHbLIX MOPOA

OpgHon u3 Havbonee XxapaKTepHbIX YepT MarMaTU4eCcKOro LUMPKOHA SIBNSETCA Hanuume
XOPOLLO pa3BUTOM 30HANBHOCTM pocTa. ATa YepTa nyywe Bcero BuaHo Ha CL (Heckonbko xyxe Ha
BSE) wn3obpaxeHun, HO B LMPKOHAX NpPeTeprneBLIMX METaMUKTM3auMlo B AOMeHax bGoraTbix
YypaHoOM, 30HanbHOCTb MOXeT ObiTb BbISIBIeHa MOpPOM TONMbKO MOCPEACTBOM OMNTUYECKOW
mukpockonun (BM, RL, TL ¢ npumeHeHnem TpaBnenuns HF). 30HanbHOCTb OTpaXkaeT u3MeHeHue
KOHUEeHTpauun Zr n Si u, 4to bonee BaxHO, MaMeHeHns cogepxanun Hf, P, Y, P33, U n Th — Ha
BENUYMHBI A0 nopsaka Ans HEKOTOPbIX U3 3TUX anemMeHToB (Hanpumep, Kdppel and Sommerauer
1974, Benisek and Finger 1993, Hanchar and Rudnick 1995, Fowler et al. 2002, n mHorne gpyrue
uccnegosaHus). CoctaB 30H MMeeT TEHAEHLUMNIO N3MEHATLCA MeXAYy ABYMS KOHEYHbIMU YneHamu,
OOHVMM U3 KOTOPbIX SBMSETCS LMPKOH C OYEHb HU3KMM COAEpP)KaHUMEM MUKPOSSIEMEHTOB,
npubnmxasicb K COCTaBy YMCTOrO LMPKOHA, a APYroM KOMMOHEHT — UMPKOH, oboralleHHbIn
MUKPO3IeMEHTAaMN L0 HeCKonbKnx BecoBbiX % npumecu (Speer 1982). Pexumbl passutus
30HaNbHOCTM Takke LUMPOKO BapbupyloT. B HekOTOpbIX cryvasix HabnwgaeTca noyTu
OvmoganbHaa nocrnenoBaTenbHOCTb 30H GoraTbiX U 6eOHbIX MUKPOINIEMEHTAMU C NPaKTUYECKUM
OTCYTCTBMEM MPOMEXYTOUHbIX cocTaBoB (puc. 4.1 n 4.2), Torga kak B OpYrMx crydasx 30Hbl
OXBaTbIBAlOT ropas3go 6osee LWMPOKNn CNEKTP XMMUYECKUX cocTaBoB (puc. 4.3-4.12), unu pasHuiua
COCTaBOB OYeHb Mana, NposiBNAACb B BuAe Nub criabo BUOUMBIX y30pax 30HanbHOCTWU (puC.
4.13-4.15), a B HEKOTOPLIX Cry4yasix HET HWKAKOW BUOMMOW 30HAINbHOCTM 30HANbHOCTbL BOOOLLE
(puc. 4.16). (Cnedyem ydecmb, 4mo npu wiaugosKke YUPKOHO8 Moslydaemcsi cryvaliHoe cedYeHue,
Komopoe Moxem oka3ambcs 8 npedesiax 00HOU 30HbI pOCMO8OU 30HaslbHOCMU, 0agasi KapmuHy
Kaxyuweaocss omcymcmeusi 30H). TOnwmHa norioc Takke BapbUpyeT B LUMPOKMX npeaenax.
Hanpumep, nonockl Ha pucyHke 4.1 nopsgka 20-100 MKM B LWUMPWHY, B TO BPEMS KaK Ha PUCYHKE
4.2 epBa nu wupuHon 5-10 mkm. Fowler et al. (2002) nokasanu, 4YTO NEPUOAMYHOCTb MOXHO
HabnogaTh B pasHbix MaclTabax B UCCnefoBaHHbIX UMW MerakpucTannax UMpkoHa: B npegenax
ot 0,5 MM go nepBbiXx MKM. Kpome TOro, B OTAENbHbIX KpuUCTanmnax MOXHO HabnwogaTb
3HauYuTeNbHble U3MEHEHUS B OTHOCUTENBbHOM pPa3BUTUM 30HASbHbIX JOMEHOB: Hanpumep, Ha
pucyHkax 4.11 n 4.12 ogHa 6onbluas ogHopogHas UeHTpanbHasg 30Ha CMEHSIETCH 3HAYUTENBHO
Bornee TOHKMMWN OCUMNNATOPHO-30HaNbHbIMK nonocamu. Halden and Hawthorne (1993) nokasanw,
YTO 30HaNbHasa CTPYKTypa UMpKOHA un3 kapboHaTuta MOXET ObiTb OLEHEeHa KOMNYECTBEHHO C

NOMOLLBIO CNeKTparibHOro aHanmsa.

MpoucxoxaeHne 30HanNbHOCTU pocTa obcyxaaeTcs OBOMNbHO NnogpobHo: Mattinson et al.
(1996) npuwinu K BbIBOAY, YTO 3NU30ANYECKUIA POCT NPOUCXOANT N3-3a B3aUMOAENCTBUSA MeXAY
cTaguen pocTa Kpuctanna (HadyarbHas, npoMeXXymoyHas Unu KOHe4YHasl), Xxapakrtepa rpaHuubl
KpucTtann-pacnnas-driona, CTeneHn nepecoILeHns pacnnasa, ckopocty anddysnm n cteneHn
OKUCMEHWS.

B egmHcTBEHHOM, A0 CMX NOp Ony6nMKoBaHHOM UCCNeNOBaHUK, pacCMaTpUBatoLLNM

Moaesnun 30HallbHOCTU LMPKOHOB N3 pAana reHeTu4eCkn CBA3aHHbIX Nopoa U3 30HaribHOro niyTtoHa



I-tuna (SiO2 50-75 mac%, 30HbI OT gnMopuTa, o annurta), Hoskin (2000) npoaHanuanpoBan ¢
nomoubto CL nsobpaxeHnin n ppaktanbHOM CTaTUCTUYECKON XapaKTEPUCTUKN N3MEHEHNE
OCLMNMATOPHON 30HANbLHOCTK B UMpKoHax (puc. 4.17) B cekTopax pasnuyHoro coctarsa. OH
YCTaHOBUI, YTO BXOXOEHNE MUKPOINEMEHTOB B LIUPKOH KOHTPONUPYeTCH "BHELLUHNUMMU
Bo3gencTeuamMun" (Mpoueccamm, NPOUCXOASALLMMN B MarMaTu4eckon CUCTEME, a HE Ha rpaHuLe
Kpuctann/pacnnas). PesynbTaT BHELWHero BO3AENCTBUA AOSMKEH HanaraTb Bo3pacratoLlee
yrnopsiaoumBaHue (M3mepsieTcs Kak cpegHun nokasartens JisnyHoBa, Am, CTaTUCTUYECKUIA
napameTp) Ha CTPYKTYpPY OCLMNNATOPHON 30HanNbHOCTH, B NpoLiecce MarMaTU4eCcKon
onddepeHumaunn. Koppensauma mexay marmatmyeckon gudpdepeHumaumnen n Bo3pactaHmem
ynopsiAovMBaHus 30HaNLHOCTU CBSI3aHa C YyNopsiAoveHMeM B pacnnase nytem nonmMmepusaunm.
Hoskin (2000) npeactasun mogenb Ans nonyvyeHnsa n3obpaxxeHnst 30HanbHOCTK, KoTopas
yuuUTbIBaeT QUHAMUKY Ha FpaHuLLEe LMPKOH/pacnnas, 3aMeHy KaTMOHOB, Anddy3unto 1
nonuMepusaumio pacnnasa, U opMMpoBaHUE CTPYKTYpbl. ATa MOesSb OCTAaeTCs HENPOBEPEHHON,
XOTSl MOHHbIE 30HAbI HOBOrO nokorneHus (Hanpumep, Cameca nanoSIMS-50) moryT obecneunTb

cpencTBa Ans eé NpoBEpPKM.

PucyHok 3. CnoxHble 1 gpyrue suabl 30HanLHOCTM B MarmaTnyeckux nopopax.(Bce sepHa pasmepom ot 70 o
250 mkm) (1-2) CnoxHas 30HanbHOCTb POCTa C JIOKarnbHbIMWU MPOSABIEHUAMW NPOMEXYTOYHON pe3opbumn umpkoHa n3
aHaTekTnyeckoro rpaHuTa, n3 P. Kinny (Heony6nukoBaHHble gaHHble), CL. (3-4) CektopuanbHas 30HanbHOCTb; 3 —
CeyeHne, napannensHo ocu C (MyHKTUpHAs NUHWS NoayepkuBaeT rpaHuuy mexay cektopamu), us Krogh (1982), RL.
3epHo, npoTpasreHHoe napamu HF; 4 - CeveHne nepnenaukynsipHo k ocu C, u3 Hoffman and Long (1984), CL. (5-6)
MATHUCTas 30HaMbHOCTb; 5 - LIMPKOH M3 HOPUTA C LUMPOKOW 30HANbHOCTHIO C HANOXEHHOW Ha Heé CTPYKTypow
HenpaBunbHbIX AoMeHoB, M3 Paquette et al. (1995), CL; 6 - sApkue LBbI NOKa3bIBAlOT W3MEHEHHbIE TPELLUHbI,

HapyLlialowue nepBuUYHY0 30HanbHOCTb; M3 Vavra and Hansen (1991), CL. (7-8) ckeneTHbIi pocT; 7 - HEMOSHblE



(oparMeHTbl LMPKOHA, pacTyLiMe Ha NPOTMBOMOSIOXHbLIX OKOHYaHUSAX nnaruoknasa, u3 Paquette et al. (1995), TL.; 8 —

HenomnHoO-BbIPOCLUMIA LMPKOH U3-3a BbICTPOro pocTa, ceveHve, nepneHamkynsapHoe ocu C, n3 Krogh et al. (1982), TL.




PucyHok 4. Bapuaumm B 30HanbHOCTM pocTa B MarmMatuyeckmx uupkoHax.(Macwrabras nwuHenka
cootBeTcTBYeT NpmbnuantensHo 100 mkm (1) 3oHanbHbIN KpucTann M3 napsukuta (M3 S. Dahlgren, HeonybnukoBaHHble
nanHble), CL. (2) BumoganbHasa 30HaNbLHOCTb, arnanToBbIv KoMmnekc, u3 Smith et al. (1991), BSE. (3) TOHKO30HarnbHbIN
Kpuctann u3 kapboHatuTos, n3 J. Hanchar (Heony6nukoBaHHble AaHHble), CL. (4, 5) 30HanNbHbIN Mera-kpUcTanInyeckuin
LUMPKOH 13 kumbepnutos, u3 P. Kinny (HeonybnukoBaHHble AaHHble), CL. (6-12) 30HanbHOCTb pocTa LMPKOHOB U3
TUNUYHBLIX Mopoa 3eMHol kopbl: (6) u3 J. Hanchar (HeonybnukoBaHHble paHHble), CL; (7) - wm3 P. Kinny
(Heony6rnukoBaHHble AaHHble), CL; (8) - Poller (1997), CL; (9) - ns P. Kinny (Heony6nukoBaHHble gaHHble), CL; (10) - n3
Benisek and Finger (1993), BSE; (11) - n3 ®. Kopdy (HeonybnukoBaHHble aaHHble), CL ;(12) - n3s Christoffel et al.
(1999), CL. (13-15) Cnabo BblpaxXeHHass W LWupokas 3oHanbHocTb: (13) — wm3 kapboHaTtuTta, M3 J. Hanchar
(Heony6nukoBaHHble aaHHble), CL; (14) - nermatuT, n3 J. Hanchar (Heony6nukoBaHHble aaHHble), CL; (15) - maHmxepuT
(3 @. Kopdpy (HeonybnukoaHHble AaHHble), CL (16) - OaHOpOAHbIN HE30HanbHbLIM LUMPKOH M3 fauuta, u3 Zeck and
Williams (2002), CL; (17) - MNepexoa cTunen 3o0HanbHOCTM Mo Mepe AudddpepeHumMn nnyToHa OT Auoputa, depes
rPaHOAMOPUT, K pasnuyHbIM ha3am afaMennuToB, U, HakoHew, Kk annuTy. LUnupokue 30HbI B LIMPKOHE 13 AMOopUTa UMeT
TEHOEHUMIO CTAHOBUTLCS MOCTENEHHO YXXe, HO Bornee yacTbiMu, MO Mepe TOro, Kak Marma pasBMBaEeTCs U OCTbIBAET; U3
Hoskin (2000), CL.

[doBonbHO 4acTto HabnwpaeTcs, 4YTO peryndpHas 30HanbHOCTb pocTa npepbiBaeTcs
CTPYKTYPHbIMW pa3pbiBaMy BAOMb KOTOPbIX UCXOAHas 30HanbHOCTb pe3opbupyeTcs n cMeHseTcs
CTPYKTypamMu1 HOBOOOpa3oBaHHOro 30HanbHOro umpkoHa (puc. 4.1, 3.1 n 3.2). 3Tn nHTepBan.l
pe3opbumn, BEPOSITHO, OTpPaXalT MNPOMEXYTOYHble Nepuoabl HeaocCbiWweHna Zr B Marme,
BCNeacTBne KpynHoMacwTabHbIX SIBIEHWA CMELUEHWs,, UM MECTHbIX KUHETUYECKUX SBNEHUN
(frokanbHo20 pocma T°, Hanpumep npu rnocmMyrjieHU 8 Ccpedy HOBbIX «20pA4YUX» ropyul
pacnnaea). Hanpumep, LMPKOH, NOKa3aHHbIN Ha pucyHke 4.15, BbligeneH 13 4apHOKUMTOBOW hasbl
30HaANbHOrO MAYTOHA W XapakTepu3yeTCs HenpaBUSibHbIM OKPYrMbiM BHELWHUM BWAOM, MOYTU
O HOPOAHOW BHYTPEHHEN CTPYKTYpPOU U CBMAETENbCTBaMU NpeaenbHoON pe3opoummn n NnoOBTOPHOroO
pocTa. OTW CTPYKTypbl MpeanonaratT, YTO OHW, BO3MOXHO, ChopMMpoBanmncb B XOAE OYEHb
MEeONEHHON W CROXHOW KpuUCTannusaumm marmbl Npu ANUTENbHOM BpeMeHW npebbiBaHusa B
HWKHeN kope (0dHako, 6 npedesiax aHaIuMuyeckol nozspewHocmu, Yawe ecez2o — noyYymu
«00HospemeHHO» cM. Claiborne LL, et al., (2006) Tracking magmatic processes through
Zr/Hf rations in rocks and Hf and Ti zoning in zircons: An example from the Spirit
Mountain batholith, Nevada. Mineral Mag 70:517-543). B npoTMBOMNOMNOXHOCTL 3TOMY,
O[HOBO3PACTHbIA LIMPKOH B MAaHPKEPUTOBOWN YaCTW TOrO e MiyToHa MMeEeT NPOCTYH 30HANbHOCTb
pocTa M OTCYTCTBME CrefdoB pes3opbumm (UMPKOH He nokasaH). Ocobbli criyvyan 30HanbHOCTU -
cekTopuanbHas 30HanNbHOCTb. B KpucTanne, nokasaHHOM Ha pUCyHke 3.3, CeKTopbl NapannenbHbl
ocn  C: nupamuganbHble cekTtopbl oboraweHbl U (M NpeanonoXuTenbHo  Opyrumu
MUKpPOSieMEHTaMn), Toraa Kak npuamartumyeckue cektopbl cogepxaT medbwe U (Krogh 1982)
(epaHuua mexdy cekmopamu riokasaHa He eriosiHe 4émko). B npumepe, nokasaHHOM Ha PUCYHKe
3.4, cexTOpbl BbIAENSATCA MO W3MEHEHVUAM Mexay ABYMS MpU3MaTUYECKUMMU TPaHAMM.
MUVKPO30OHAOBLI aHanNu3 pasHbiX CEKTOpoB BbiABMN Bapuauum Hf n Y Ha 20-100%, yactuyHo

KOPPENUPYSACb C MEHbLUMMU nameHeHusMmn Zr n Si, (U Huxe npegena obHapyxeHus; Hoffman and



Long, 1984). Pa3ssutne cektopuanbHOW 30HANbHOCTM B LMPKOHAX OOYCMOBMAEHO KUHETUYECKUMMU
dakTopamu 1 BLICTPbIMU U3MEHEHUSIMWU B CPpefe KpucTannmsaumm Bo BpeMsi pa3BuUTUS KpucTanna
(Hanpumep, Paterson and Stephens 1992). Watson and Liang (1995) npeanaratoT, 0gHaKo, 4TO
nosiBNeHne CeKTopmanbHON 30HaNbLHOCTM B OCHOBHOM 3@BUCUT OT COOTHOLLEHUS MexXay Temnamu
pocTa pelleTkM U CnocoOHOCTbO peweTkn K andpdysun. B nx mogenn, ocobble NoBEpXHOCTU
pocTa nepeBoHayarnbHO oboraleHbl HEKOTOPbIMU 3fIEMEHTaMN MO OTHOLWIEHUIO K APYrUM, U 3TU
pasnuuusa 3ateM COXPaHSAITCA B pacTyweM kpuctanne, ecnu auddysns B peweTke 4OCTaTOYHO
MeaneHHasa. Vavra et al. (1996) npunucbiBaloT QOPMUPOBAHME CEKTOPUAIIbHOW 30HaNbHOCTU
ObICTPO M3MEHSWMMCA W HepaBHbIM TeMnaM poCTa, CBSA3aHHbIX C LIEPOXOBATOCTbIO
NMOBEPXHOCTU POCTa U CTEMEHbIO HACbILLEHMS cpeabl pocTa.

CkeneTHbIn  UMPKOH Ha pucyHke 3.8 npegctaeBnseTr cobon  KpaHWA  criyyam
npenMyLLEeCTBEHHOrO pocTa BOOMb OnpeAeneHHbIX KpucTannorpadumyeckux HanpaeneHmn. 34ech
O4Ha M3 rpaHer NpM3mMbl Beipocna no 4YeTbipeM "rpebHsam", KoTopble TAHYTCA OT LeHTpa Kpuctanna
(npeanonoxutenbHo, napannensHo ocu C). BTopas npuamatmyeckasi rpaHb TOSbKO HavvHaeT
pa3BMBaTbLCS B HaPYXHbIX YacTsaX KpuUcTanma B KOHLUE npouecca Kpuctannusauun. LleHTpanbHbiv
pavioH mexay rpebHen octaeTcs MOmnbiM U fOKarbHO, BO3MOXHO, Oblinl 3anofiHEH LIMPKOHOM C
BbICOKOW KOHUEeHTpaumen U, cenyac BbICOKO METAMUKTHLIM. Takne nonocTu BO3HMKAKT OObIYHO B
ObICTPOPACTYLUMX,  YOMMHEHHbIX  MNPU3MaTUYEeCcKUX  UMPKOHaxX (8  Komopbix  3a4yacmyto

Habnodaromces «kaHallbHbIe» BKITHOYEHUS pacrjiaga, muru4yHo 011 8yIKaHUMOs).

Cneuudmnyecknin TN 30HaNbHOCTW, MokasaHHbIi Ha pucyHke 3.5 (Paquette et al., 1995) —
3TO HeperynapHas, NaTHACTasa CTPYKTypa. OTOT TUM CTPYKTYPbl HANOMUHAET KapTUHY BOMHUCTOrMO
noracaHusi B Hanps>KeHHOM KBapLie, 1, BO3MOXHO, OTPaXKaeT HanpshKeHne B UMPKOHe, BO3HUKLLEE
BO BPEMS OKOHYaHMSI MarMaTM4ecKoro BHegpeHUs. BblipakeHHbIN M3rnb 04eHb TOHKUX KPUCTansoB
uMpkoHa Habntogancs nepsbiM aBTOpoM B Kpuctannax 0,5-2 cm ANuHHOM M3 nermaTuToBbIX (ha3
ABYX MacCUBHbIX WHTPY3MBOB rabbpo, XOoTd UMPKOH He Obin paccmoTpeH nocpeactsom CL.
CTpyKTypa, nokasaHHas Ha pucyHke 3.5 npegnonaraeT, YTO MUKPOTPELUMHbI MeXAy pasfvyHbIMU
goMeHamy ObinyM  BMOCMEACTBMM 3arnedeHbl HOBOM a3on pocTa LUMpKOHa B rnpouecce
oxnaxaeHus. Heckonbko noxoxas NATHUCTaa CTPYKTypa YANWHEHHbIX KPUCTarnnoB C HeYyeTKow
30HANbHOCTLIO N HenpaBWbHbIMW NPOAOMbHBIMKU Nonocamn (puc. 3.6) 6bina ncrtonkoeaHa Vavra
and Hansen (1991), kak CBMOETENbLCTBO JOKalbHLIM PeKpUCTanIn3aunum BAOMNb MPOAOINbHbIX
MUKpOTpewmH. [pekpacHble MAMOMOPMHbIE MpPU3Mbl 6e3 Kakux-nmbo crneaoB 30HANbHOCTU
nokanbHO HabnogaeTcss B HEKOTOpbIX nopogax (puc. 4.16). HesacHo, siBNAeTca nu OTCyTCTBUE
30HANbHOCTM CNEeACTBMEM HEAOCTaTOYHOM  paspeluarollert  CnoCoBHOCTM  MCMONb30BaHHbIX
MEeTOAOB BuM3yanusauuu, WNu 3TO BO3OEUCTBME KOHKPETHOW cpedbl pocTa U KUHETUKU
cnocobcTBoBany 06pasoBaHM0 KOMMO3ULMOHHO OAHOPOAHbLIX KPUCTANOB, WUNN Xe WUCXOOHble

Y30pbl 30HANbHOCTU Obinn YHUYTOXEHDbI.



KCEHOrNEHHbIE AOPA

MpucyTCcTBME KCEHOKPUCTOB LMPKOHA NABNSETCS OOLen 4YepTorM MHOMMX MarmMaTU4ecKuX
nopon (Hanp. Robinson et al.,, 2015, Gondwana Research v.27 pp.486-506 noka3anu ux
npucymcmeue 8 oguosiumosbix nepudomumax u xpomumumax). KCeHOKPUCTbl LMPKOHa
obpasyloT 3aTpaBKW, OKaWMIIEHHble HOBOOOPAa30BaHHbIM MarMaTUyYecKMM LIMPKOHOM, WMu
OKpyrmnble, NUWEHHbIE HOBbLIX KarlM WnW, penko, MAMOMOpdHbIe KpucTannbl (Hanpumep, Korga
LUMPKOH 3axBadeH Ha MO3gHen cTaauu KpucTannu3auum Marmbl U HEAOCTaTOYHO BpeMeHu Ang
Koppo3un unu obpactaHus). KceHoreHHble sapa Nerko BbIsiBUTb B HEKOTOPbIX MOPHbIX NOpogax, HO
TpyaHo B Opyrux. Ecnn ecTb 4veTkme pasnuuua B cogepxaHum U mexagy S40poM U KarMow,
pasnuune B CTENeHW MeTaMmukTudaumm (U npucyuiero o6bEMHOro paclmpeHus) npuMBoauT K
«pa3byxaHnio» y4acTKoB BbICOKO-U LMpKOHA, TpaHchopmupsa ucxoaHble 6ecuBeTHble AOMEHbI B
po30Bble A0 KOPWMYHEBOrO WM Aaxe HenpospauvHble (rmpu pasHoMm codepxaHuu U cmeneHb
MemaMmukmHocmu ebiwe y 6oree OpesHe20 UUPKOHa, KakK y rosyquswezo 6onbwyo 003y
paduayuu). Ecnn apgpo ©Oorade ypaHOM, 4YeM Kavma, paclwmpeHue ssgpa  npuBOAMT K
pacTpeckuBaHuio Gonee xecTtkom obonoukn (obpasyromcesi paduanbHble mpeujuHsl) (puc 2.19-
2.21;. 5.1-5.4). B npoTvBHOM crny4ae, 4p0 € HU3KMM U B OKpY>XeHWU BbICOKO-U KanMbl, 0BbIYHO He
dopmumpyeT paspbiBa (puc. 2.1 n 2.3, Ho cmoTpu puc. 13.1 n 13.2 Huxke), HO obonoyka byaet
HaMHOro TeMHee, 4YeM cepgueBuHa (BO3MOXHO o0b6pa3ogaHue KOHUEHMPUYECKUX MPEUUH).
Hanuune Taknx mogenen paspylleHnss 1 Bapuauuin OKpacku No3BOSMSOT HAM BbISIBUTb CTPYKTYpbI
sAapo-obonoyka NpocTbiM  MUKpockonudeckum (BM) wuccnepoBaHuem (nozgpyxeHue 3epeH 8
arnkoeosrb obriecyaem 3adayy). [Ina n3oTonHOro aHanusa ¢ NPUMEHEHNEM NOSTHOrO PacTBOPEHUS,
KakK npaBuio, OTHOCUTENbHO MPOCTO OTAENUTb siapa (Harpumep ¢ romMowbio 2udpoydapa usu
MexaHU4YeCKO20 packarsibleaHusi 8 XUOKocmu 80 u3bexxaHue pasniéma OCKOJIKog) 0T 00onoYveKk u
aHanusupoBaTb WX NO OTAENbHOCTW ANs onpefeneHns Bo3pacta. B HekoTopbix cny4dasx
€OWNHCTBEHHbIN BUONMbIA NPU3HAK KCEHOrEHHbIX S4ep BblpaXeH B Buae wnenda Menkmx

ny3blpbKOB//BKITHOYEHWI Ha rpaHuLe Sapo-o6onoyka (puc. 2.5).

OOGHapyxeHue CTPYKTyp S4po-KariMa CTaHOBUTCS HaMHOIO CIOXHEee B TeX crny4yasix, Koraa
ob6a u agpo, M 0bOONOYKa HM3KO-ypaHOBble, M, TakMm ob6pa3om, ocTalTca GecuBeTHbIMU U
HeTpeLnHoBaTbIMK Aaxe nocne 2 unn 3 MunnuapaoBs net. B Takux cnyvasx npocTon BU3yarnbHblIi
OCMOTpP noA GUHOKYNSIPHLIM MUKPOCKONOM BOOOLLE HE CMOXET BbISIBUTb HarMynme KCEeHOreHHbIX
anep, U gaxe Takve metoabl, kak HF-TpaBneHne MoxeT He NoOMouYb. YKkaszaHUeM Ha 803MOXXHOE
npucymcmeue 50ep sensgemcs Hanudue epaHel dumemeazoHanbHolu dunupamulsl, [pu
Hecomeemcmeuu opueHmupoeKku ocel si0pa u 0bos10YKU rnoz2acaHue 8 Mosisipu308aHHOM ceeme
bydem HeodHoepemeHHbIM. B oTtnuume ot atoro, npumeHeHne CL wnn BSE wn3obpaxeHui
ABNsieTca ycnewHbiM B 6oNbLIMHCTBE crydaeB (HO He eceada, Hanpumep, puc. 3.2, 5.5, 5.6, 7.8 n
9.14 n panee) W, kaKk OTMEeYanocb Bblle, 4YacTo OblBaeT, 4YTO pasfnyHble 3MNM304bl POCTa,

COXpaHEHHble B LMPKOHe, ucnyckatoT CL nanyyeHvne pasnunyHoro uBeTa.



PucyHok 5. PasnuyHble nNpoOsIBNEHWUSI KCEHOTEHHbIX $Aep B MarMaTUY4ecKMX W BbICOKO-TPaAMEHTHbIX
mMeTamopduyeckux nopogax. (1- 20) PasnumuHble nosiBrieHWe KCeHoreHHble sigep B marmatudeckux (1-13, 16-20) n
BbICOKO-TPaANEHTHbIX MeTamopduyecknx nopogax (14-15), (Bce 3epHa pasmepom ot 70 o250 mkm); (1) - BonbLoe
MeTaMUKTHOe S4pO0 paclumpunack, Y4TO NPUBENO K pacTpeckmBaHuio kavmbl, n3 Welin et al. (1982), TL.; (2, 3) - u3 J.
Hanchar (HeonybnukoBaHHble AaHHble), BSE; (4) - n3 Corfu and Ayres (1984), RL; (5, 6, 7, 8, 9) - us P. Kinny
(Heony6nukoBaHHble faHHble), CL; (10) - n3 J. Hanchar (HeonybnukoBaHHble aaHHblie), CL; (11) - mu3 P. Kinny



(Heony6nmkoBaHHble AaHHble), CL; (12) —u3 Andersson and Williams (2001), CL; (13) - u3 Paterson et al. (1992b), BSE;
(14-15) - o6nomouHsle sapa, ns Vavra et al. (1996), CL; (16, 17) —n3 Zeck and Williams (2002), CL; (18) - ns Whitehouse
et al. (1999), CL; (19, 20) - n3 D. Moser (Heony6nukoBaHHble AaHHble), CL.

KceHoreHHble sapa OObIMHO OTNMYAETCS OT OKPYXALWMX WX KauM reomeTpuyecKu-
HEPOBHbLIMW MOBEPXHOCTAMM, KOTOPblE CEKYT BHYTPEHHIOK 30HANbHOCTb, 06pa3ys PUCYHOK
«cmpykmypHoao Hecoanacusi» (puc. 5.5-5.8, 511 un 5.18), unu pasgensaT OKpyrnble,
He30HarbHbIE€ U XaOTUYHO 30HarnbHbIe SApa OT KarM C BbIpaXXeHHOW 30HaNbHOCTbIO pocTa (puc.
5.2-5.3,5.9, 5.12-5.16 5.19 n 5.20). Takne CTpyKTypHble NepepbIBbl MOTYT YKa3biBaTb Ha CUMbHYIO
pe3opbumto unnu MexaHu4yeckyro abpasuro UMpKOHa paHHen ctaguum pocta (puc. 5.7, 5.11-5.13), n
Ha NnokanbHOM YPOBHE OHW MOryT MokasblBaTb, YTO HOBbIN POCT LUPKOHA Mpou3oLllen B Apyroun
Kpuctannorpaduyeckon opueHTauumn, 4em umpkoH cybctpata (puc. 5.11). B onpegeneHHbix
cuUTyauusx, OgHaKo, MOXET ObiTb TPYAHO OTANYUTL KCEHOrEHHOE A4P0 OT APYrMX AOMEHOB, TaKMX
KaK 30Hbl MECTHOW nepekpuctannu3auun mnu cneundundeckne norocbl MarmaTU4ecKoro pocta
UM TOYHO OMNpedenuTb MEeCTOHaxOXAeHne akTUYeCcKoM rpaHuubl  Mexay sSOpoM U
mMarmatmyeckon obonoukomn (puc. 5.4, 5.12 5,16 n 5,17). AABndetca obbl4HbIM Hannyme 6onee yem
OLHOro CTPYKTYPHOIrO nepepbiBa BHYTPW OTAEMNBHOrO 3epHa LMPKOHA, U, B NPUHLMNE, OHU MOTYyT
yKasblBaTb Ha Hanu4Me HEeCKOSIbKMX OCHOBHbIX FreHepauun, - coyeTaHue aTtanoB pe3opbumm agpa
(paHHsI9 hasa B LeHTpe) n pe3opbunn mMaHTUKM (NO34HsSs, nepudepus), UM HECKONbKO CTagaumn
MarmaTudeckon pesopbumm B npegenax OAHOMO MarmaTUyeckoro npouecca. VIHTepnpetaumm
06bIY4HO MOryT OblTb HaAeXHbIMW, WNKU, MO-KpanHeW Mepe, C MeHbLUer MOrpeLuHoCTIo, Koraa
CTPYKTYpPHble HabnitogeHWsi CcoveTarTCA C W30TOMHBbIM aHANU30M KOHKPETHbIX 30H (OOMEHOB).
(MHo20a Mmasmamuveckue UUPKOHbI pasnambigaromcs 8 O0suxywelcs Mazme U 3amem

obpacmatom kalimamu, dagasi CmMpPyKmMypbl, CXOOHbIE C KCEHO2EHHbIMU si0pamu).

B HekoTOpbIX crnyyasix 30HarnbHble KCEHOreHHble siApa MOryT COXpaHuTb WAMOMOpPMHbIE
KOHTYpbl, KOTOpble NepexoanT 6e3 BUAMMbIX NepepbiBOB B 30HasbHble KaliMbl. B Takux crnyvasi,
TONIbKO M30TOMHbIA aHanM3 KOHKPeTHbIX obracTei (cepeavHa Kpuctanna u ero kpaw) cnocobeH

BbISIBUTb MPUCYTCTBME KCeHOreHHbIX saep (Paterson u ap., 1992b).

TpyAHOCTM BO3HUKAIOT MPU MOMbITKE BbISICHUTL MPOUCXOXAEHMEe KCEeHOreHHbIX siaep. B
OTAEeNnbHbIX Cny4vasix, KroyeBas WHopmaumMs MoXeT ObiTb nonydeHa nyTeM MpsIMOro
HabnioaeHns B NoseBblX ycnoBusix. Hanpumep, KCeHoreHHble siapa, HaWaeHHble B LIMPKOHaX W3
MUrMaTUTOB MO OGIOMOYHBIM OCaA0YHbLIM TOSLLAM, UMM B KNACCUYECKOM S-Tuna rpaHute, MoryT
OblTb NErko WHTEpPNpPeTUpoBaHbl Kak OGIOMOYHOIO MNPOUCXOXAeHMs (OeTpuToBble). YactoTa
M30TOMHbIX BO3PAacTOB W BPEMEHHble WHTEpBanbl C WX OTCYTCTBMEM, MONyYeHHble Ans
KCEHOreHHbIX MNONynNsuMin LMPKOHA MOryT OblTb CBSi3aHbl C MOTEHUManbHbIMU  UCTOYHUKAMM

0oCafgo4HOro Mmartepuana (pacnpedeneHue go3pacmos 10ep Moxxem, makxe, 6bimb conocmasieHo



C 8o3pacmamu 0empumosbIX UUPKOHO8 U3 npedronazaeMoeo aHasoza). B cnyyae KCeHOreHHbIx
A0ep UMPKOHA, HaWAEHHbIX B TPaAHUTHBLIX Tenax He [AOoKa3aHHOro O[HO3HA4YHO KOPOBOrO
NPOVCXOXAEHUS, ONPeAennUTb UX NPUPOAY He NpeacTaBnsieTcsl BO3MOXHbIM, HO, B LIENIOM, MOXHO
npegnonaratb 00IOMOYHOE MNPOUCXOXOEHME saep. Ecnm MCTOYHMKOM rpaHUTOMOOB SIBRSieTCS
CMeLLaHHbIA THENCOBBIV BIOK, TO KCEHOMNEHHbIE LIMPKOHBI MOTYT ObITb Kak CcynpakpycTanbHoro (T.e.
OEeTPUTOBOr0), Tak M MarmMaTU4ecKoro MNPOUCXOXOEHUS; B APYruMx crydasx MHOrocTagunHbIN
MarmMaTu4yeckui LUMPKOH, OXugaemo, MOXeT ObiTb BKIOYeH (obpacmu KaliMol) BO BHOBb
0o0Opas3oBaHHble UUPKOHbI. Takmm o00pa3oMm, B OONbLUMHCTBE CNy4YyaeB sdAcHas W npocTas
WMHTepnpeTauns NPONCXOXOEHUS KCEHOTEHHbIX SiAEpP HEBO3MOXHA (10 kpalHel mepe — mpyoHa).
Camun KceHOoreHHble sapa He OalT AOCTAaTOYHO MOACKA30K OTHOCUMTESTbHO WX MPOUCXOXOEHUS.
MHorga oHM coxpaHsaT uapanuHbl U TPELLMHbI, Bbi3BaHHbIE 3pO3nen (MexaHu4Yyeckol abpa3suel) n
npoueccom ceammeHTauum (puc. 5.14 n 5.15), koTopble 9BNAIOTCA HE3aBUCUMbIM CBUAETENBCTBOM
ana  obnoMoOYHOro MNPOUCXOXAEHUSA, B MPOTUBHOM Criydyae TakMe MNOACKA3KM  CIIULLKOM
HEeOAHO3HauYHbl, YTOObI UM MOXHO ObINO AOBepPATb. B ciyvyae He-ghpakyUuOHUPOBaHHbLIX OCHOBHbIX
U y/1bmaoCHOBHbIX MOPO0 HOpMasibHOU WEMOYHOCMU, 8 KOMOPbIX UUPKOH He obpasyemcs,
KCEeHO2EHHY0 npupody UUPKOHa ebldarom KceHoMopchHasi Mopghonoaus (oKkamaHHOCMb,
abpaduposaHHas/pe3opbuposaHHas NosepxHocmb) u pacxoxdeHue muna Kfl-cmpykmyp 6
nonynayusix UUupKoHO8, cernapupyembix u3 makux nopod. Kak npasuno, omoersibHble UUPKOHbI
makux nonynayud darom pacxolfsauuecs 3Ha4YeHUs 803pacmoes («2emepoxpoHUS»), YMO makxe

S8/1IeMCs yKa3aHUeM Ha KCeHO2eHHYH0 rpupody unu 3agpsi3HeHue npu cenapayuu.



CYbCOJNIMOYCHBbIE UBMEHEHUA U POCT LIMPKOHA
NosgHemarmaTuyeckue ABnNeHus

LIMpKOHbI MOryT ObITb 3aTPOHYTbl pPasnMYHbIMKA MpoLeccamu B pas3HOe BpeMsi: Ha
3aKMYMTENDBHBIX 3Tanax MarMaTU4yeckow KpucTannmsauun, BO BpeMs MeOJIEHHOro OXnaxaeHus
OOnbLUNMX WHTPY3UBHbIX Ten, M 6Gonee MNo3gHUX (HanoXeHHbIX) MeTamMopgUUecKnx CobbITUN.
Pasnuume mexay nocneactesmMsMmM NPOLECCOB HE BCEraa siBHble, U HE BCErga eCTb KOHCEHCYC Mo

NHTepnpeTaLumn 06pasyoLnXcs BTOPUYHBIX CTPYKTYP.

M3amMeHeHna marmaTudeckoro LUMpKOHA BO BpeMsi MNO3dHe- W MOCT-MarMaTU4ecKoro
OXNaXOEHWsl, KaK TMpaBuIio, NPUBOAUT K HAPYLIEHUO KOHLEHTPUYECKON OCLMNNATOPHOWN
30HanbHocTn. OgHMM M3 Hambonee 4yacto HabntogaeMblix MNOCNEACTBUN SIBNSIETCS pasBUTUE
HenpaBWIbHbIX OAHOPOAHbLIX AOMEHOB LUMPKOHA, C HU3KMM U, ceKkywmMx HecornacHo OOMEHbI C
pPOCTOBON 30HamNbHOCTLIO (puc. 6.1-6.7). 3TM [OOMeHbl, Kak mnonarawT, pasBuMBalOTCHA Mpu
nepekpuctannusaumm, - npouecce, CTUMYNMPOBAHHOM OTHOCUTENIbHOMW HECTabunbHOCTbIO
obnacten boraTbIX MUKpO3NeMeHTamu, OTTHOCUTENBHO «4YUCTOro» LUMPKOHa.
MepekpucTtannmsaumm, BepOsTHO, CNOCOOCTBOBANO Hanuune OTAEMNMBLUMXCA OT MarmMbl BOOHbIX
dnomngos B mMybuHHbIX ycrnoeuax (Pidgeon 1992, Nemchin and Pidgeon 1997, Schaltegger et al.
1999). lNpouecc nepekpucTannmMsaumm, cMeLasi coctaB BrMKe K YNCTOMY LIMPKOHY, BbITECHSET
MUKPO3NEMEHTbI, NPUBOASA K UX KOHLIEHTpauun B 6oratbiX NPUMECAMUN N3OTHYTbIX 30Hax (puc 6.5,
6.10-6.12 n 6.17;. Pidgeon et al. 1998). [pyron cnocob nepekpucTtannusaumum, no-BMAMMOMY,
NposBAsSIeTCA Kak MeTacoMaTMyeckoe 3aMelleHMe LUMPKOHAa, co3farolero gOoMeHbl 6oratbie
npPUMeCHbIMW anemMeHTamn. Hanpumep, npu3aMbl LMPKOHA, MOKasaHHble Ha pUcyHke 6.16
XapaKTepmusyeTcsl MO3auM4yHOW CTPYKTYpOW, KoTopasl, Kak MnpeacTaBnsieTcsi, pasBUBanuUCh
nocpeacTtBoM Moamdumkaumm uncxogHoro Husko-U umpkoHa, nmbo BO BpeMs MO3QOHEN
MarmaTuiyeckon ctagum unum npu nocriegywowem metamopdpmame (Corfu and Ayres, 1984).
BosHukHOBEHME "M30rHYThIX" NPM3M B 3TOM MOMyNAUUKW npegnonaraeT, YTO pas3BuUTUe MO3anyHOW
CTPYKTYpbl, BO3MOXHO, MpeaLlecTBoBano ob6pas3oBaHWMi0 MATHUCTOW (HANPSBKEHHOW) CTPYKTYpbI,

nogobHou Ton, koTopasa HabnaaeTcs Ha pucyHke 3.5.



zation

-~ “local
I rystal

>
dlization
microveins

increasing lecd rec
andd opment

PucyHok 6. MNepekpucrtannusauusi LMpKoHa - no3gHee- 4o noctmarmaTnyeckon. 3epHa pasmepom ot 70 go 250

mMkM (1) Meprognyeckas 3oHanNbHOCTbL cpe3aHa 06nacTbio MOBTOPHO FOMOreHM3NPOBaHHOIO LMpkoHa, n3 Poller (1997),
CL; (2- 7) YactmyHo coxpaHéHHas 30HaNbHOCTb pOCTa LMPKOHA MNPOHW3aHHAs TPaHCrPECCUBHBIMU  30HaMMU
pekpucTannusaumm 1 fiokanbHOro pasBUTUS «CKPYYEHHOW» (KOHBOMIOTHOW) 30HanbHocTy; (2,3) —n3 Pidgeon (1992 r.);
RL; (4, 5) —n3 Nemchin and Pidgeon (1997), RL; (6) —u3 Schaltegger et al. (2002), CL; (7) —13 Andersson and Williams
(2001), CL; (8) - cTpykTypbl Tuna «kocol crouctoctu» (U3 J. Hanchar, HeonyGnukoBaHHble AaHHble) (9-12, 17)
[eTeporeHHbIi NATHUCTBIA PUCYHOK W CKPYYEHHasi 30HanbHOCTb, OTHECEHHAst K MOCT-KPUCTannM3aLoHHOW O4MCTKe
KPUCTanNMYeckon CTPYKTYpbl C MPOrpPeccMBHON Murpauuent nonoc GoraTbix MukpoanemeHtamu; (9) - u3 Vavra and
Hansen (1991), CL; (10) - us Mulch et al. (2002), CL; (11, 12, 17) - n3 Pidgeon et al. (1998), RL. (13-15) LiupkoH n3



NEeNKOHOPUTOB, AEeMOHCTpUpYoLLMe Gonbllee KONMYECTBO NOKamnbHbIX AOMEHOB MNepekpucTtaniMsauum u passuTus
MUKponpoxunkos (c gobasnennem U), yTo KoppenupyeTtcs ¢ «nepesanyckom» U-Pb «yacos», moguduumpoBaHo 13
Ashwal et al. (1999), CL; (16) lNMaTHuCTas mMo3amyHas CTPyKTypa, ykasblBalollasi Ha MeTacoMaTuyeckoe 3amelleHue

Hu3Ko-U JoMeHa LUMPKOHOM, ¢ 6onee BbicokuMm U (M NpeanonoXxuTensHo Apyrx MUkpoanemeHToB), 3 Corfu and Ayres
(1984), RL.



MeTamopchu3sM cpegHUX U BLICOKUX TemnepaTyp

Tpwu uMpKoHa, nokasaHHble Ha pUcyHkax 6.13-6.15 oTobpakatoT NporpeccMBHOE pas3BUTUE
CTPYKTYP MPOXUIIKOB W OpekuymMpoBaHMsl, MO WUCXOOHO OTHOCUTENbHO OAHOPOLHOMY LUPKOHY
(Ashwal gp., 1999). U-Pb patnpoBaHue nokasbiBaeT, YTO KONIMYECTBO NMPOXMUIIKOB pacCceKaroLmnX
3TV 3epHa UMPKOHA KOPpPEnMpyeTcs CO CTEMNeHbo OMOSIOXKEHUS, YKka3biBas Ha TO, 4To notepsa Pb
Obina BbI3BaHa MeTaMOpPUYECKON NepekpucTannma3aunen, B KakOBoM cnydae anddysma yepes
rpaHuuy 3epHa (U Mo mpewuHaMm), CKopee Bcero, npesocxoauna obbemHyo auddysuio.
AHanormyHbiM o6pa3oMm, nykoBuuUe-nogobHaa CTPYKTypa 3aMeLLleHust Unn pekpucTannmsaumm
BMAMMAsi B KpUCTanne UMpkoHa Ha pucyHke 6.6, kak 6bino nokasaHo, Gbina copmupoBaHa BO
BpeMsi MmeTamopdumdeckoro cobbltna  (Schaltegger wu  gp. 2002). Connelly (2001)
3a40KyMEHTMpOBan €4Ba pasnMuMMytd  TOHKYID MeTaMopuyeckyto pekpuctannusaumio,
npuBeAWy K MNOCTENEHHOMY, HO OAHOPOOHOMMMMY MCYE3HOBEHUIO MepBOHaYarbHOM
30HanbHOCTU poOCTa, 4YTO KoppenupyeTca ¢ Oonbwumu notepsmn Pb. LMpkoH B BbICOKO-
MeTaMopn30BaHHbIX NOpoAax MMEET LUMPOKOE pa3Hoobpasne U CroXHOCTb CTPYKTYp, KOTopble
OTpaXalT M3MEHEHUS  PUIUKO-XMMMYECKMX  YCIIOBUM U MNPOAOIDKUTENBHOCTU  KaXKAOro
MeTamopunyeckoro cobbiTUSA, U Bbi3BaHbl U3MEHEHUSAMU YXe CYLLEeCTBYIOLWUX CTPYKTYp U / nnu
POCTOM HOBOro UMpKOHa (puc. 7). HavumeHee Wu3MEHeHHble 3epHa UMPKOHA MOryT 4YacTU4HO
COXpaHATb OCTaTKM MCXOOHOW 30HAaNbHOCTU pocTa, OyayyuM TOMbKO NOKanbHO WM3MEHEHHbIMU
MeTamopdn3MoMm, 1 NOTOMY AEMOHCTPUPYIOT CTPYKTYPbl, HANOMUHaLWME TakoBble A58 No3gHee-
MarMaTU4eCKon nepekpucTannusaumm, kak onucaHo Bbiwe (puc 7,1-7,5;. Cp. Puc 6) (Hoskin and
Black, 2000). LimpkoHbl n3 marmaTtuyeckoro npotonuta us PR pernoHa [xopaxrayH, ABcTpanuu,
UCNbITanuM pasfnuMyHyld CTENeHb NepekpucTannmM3auunm B xoge cobbiTMA B YCNOBUSAX BbICOKOM
amgpubonutoBon aumm. LIMPKOH BO MHOMOM COXpaHsSieT MarmMaTuyecKyld OCUUNIIATOPHYHO
30HaANbHOCTb, XOTH OHa CTAHOBUTCA BCe 6onee M30rHyTbi, CMa3aHHOW U YTOMLWEHHOW, pearnpys
Ha mMeTamopduam. [JomMuHUpyoWasa CTPYKTypa, oQHaKo, 3TO TpaHCrpeccuBHble/nepekpbiBatoLLme
(BCe yXe paHee cyllecTByloWME CTPYKTYPbl) AOMEHbI LMPKOHA B (hOpMe MATEH U BbIMNYKNOCTEN.
O6nactn nepekpucTannmMsalmMm BO3HMKAKOT MPEMMYLLECTBEHHO Ha OKOHYaHUAX KpucTanna, Ho
Takke WU B OpyrMx Mectax, B rnybuHe Kpuctanna, WHOrga He COeAMHEHHbIX $IBHO C ero
NMOBEPXHOCTbI0. bonblwoe 3HayeHMe MMeEeT COXPaHHOCTb PENIMKTOB MEPBUYHBIX CTPYKTYP
(3oHanbHOCTM pocTa) B npefenax obnacten nepekpuctannmsaumm. OTU PENuUKTbl Ha3biBaAKTCA
"CTPYKTYpbI-Npu3pakn” M HecyT OTBETCTBEHHOCTb 3a «CMeLLaHHble» W30TOMHbIe BO3pacTbl U
CMeLLaHHble MUKPO3NEMEHTHbIE KOHLEHTpaunn Mmexay obrnactaMm ¢ COXpaHEHHOW 30HaNbHOCTbIO
pocTa M MOSHOCTbK nepekpuctannudoBaHbiMn  ydactkamu. Hoskin  and Black (2000)
WHTEpNpeTMpoBann aTW CTPYKTYpPbl Kak MpeacTaBnsiowme pekpuctannusauuio B TBEPAOM
COCTOSIHUW, MOTOMY YTO Hanuuue nNpu3pak-CTPYKTYp M U30NAumMs HekoTopblx obnacTten nosHom
nepekpucTannu3aumm oT MOBEPXHOCTU KpucTanna HecOBMECTUMbl C JlOKarbHbIM NPOLECCOM

pacTBopeHusi/nepeocaxaeHns (B NpucyTcTBMM dononga).
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PucyHok 7. [llepekpuctannusaumss M HOBbIW POCT LUPKOHA B BbICOKO-TPAANEHTHBLIX MeTamMopduyecknx
nopopax..(Bce 3epHa or 70 go 350 mkm B pasmepe) (1-5) WcxoaHbii nanomopdHbIA  LIMPKOH cpes3aeTtca
pPEKPUCTaNIN30BaHHLIMU UMM BHOBb BbIPOCLUMMY JOMeHaMu ¢ 6onee ogHopoaHbiM coctaBoM; (1, 2) - rHencel Akilia, ns
P. Kinny (HeonybnukoBaHHble AaHHble), CL; (3)- Akilia rHencel, n3 Nutman et al. (2002 r.); (4, 5) — HWXKHeKOpOBble
kceHonuTbl, M3 Moser and Heaman (1997), CL. (6-12) LIMpKkoH C 04eHb HEPErynspHOWM KOHLIEHTPUYECKON 30HANbHOCTbIO,
C NOKarnbHO HanoXeHHbIMN 30HaMn pekpucTannn3auum unm HoBoro pocta; (6, 7, 8) - HKHEKOPOBLIM KceHoNUT, u3 M.

Schmitz (HeonybnukoBaHHble AaHHble), CL; (9, 10, 11) - u3 pasnuyHbiXx MeTamopduyeckmux nopog, m3 P. Kinny



(HeonybnukoBaHHble AaHHble), CL; (12) - n3 madmyeckoro rpaHynuTta, M3 Peucat et al. (1990), CL. (13-19)
CekTopuanbHasi 30HaNbHOCTb U 30HANBHOCTb TUMA «EMOYKM», NTOKANbHO OKPYXalLuMe CTapble KOMMOHEHTbI LIMPKOHOB;
(14,16) - n3 HKHeKopoBoro kceHonuta, u3 Schmitz and Bowring (2002b), CL; (15) - n3 nopoa rpaHynutoBon caunu, 13
Pidgeon et al. (2000), CL; (13,17,18) — u3 BbICOKO-rpaMeHTHbIX rHencoB, n3 P. Kinny (HeonyGnvkoBaHHble AaHHble), CL.
(20-22) XaoTu4Hble CTPYKTYpbl C JOKanbHbIMU MPOSIBNIEHUSIMM [OMEHOB CO CTPYKTYpOM «TedveHusy; (20, 21) - u3
HWKHEKOPOBOro KkceHonuta, u3d Schmitz and Bowring (2001), CL; (22) - n3 murmatutoBbix rHemcos, u3 P. Kinny
(Heony6nukoBaHHble AaHHble), CL. (23-25) Monockl nnn gpyrue Gonbline CErMeHTbl OAHOPOAHO CTPYKTYPUPOBAHHOIO
uMpKoHa; (23, 24) - rvencel Akilia, 3 P. Kinny (HeonybnukoBaHHble AaHHble), CL; (25) — 3 HUXKHEKOPOBOro KceHonuTa,
n3 Moser and Heaman (1997), CL, (26) — n3 rpaHynuTa, u3 Bingen et al. (2001a),

B nopogax rpaHynutoBOM bauMM LMPKOH, KakK npaBwuIo, XapakTepusyeTcs O4YeHb
XaoTUYECKNMUN CTPYKTypamun. KoHUeHTpu4eckast 30HanbHOCTb, KOrga NpucyTCTBYeET (puc. 7.6-7.12),
AOBOJIbHO HeperynspHa n nmwb cnabo HanoMuHaeT napannenbHyto nnm
perynsipHyto/3akOHOMEPHYH0 TFeOMETPUI0 30HAINIbHOTO MarmMaTM4yeckoro uupkoHa (cm puc. 4).
HekoTopble  BapuaHTbl  CEKTOpManbHOM U «ENoYKo-06pas3HOoM»  30HANBHOCTM  OYEHb
pacrnpoctpaHeHbl (puc. 7,13-7,19), nocneaHsisi (8bipa)eHHasi Kak KAUHOBUOHbIE CEKMOpPbI C
3ybyambIMu epaHuyamu) oTpaxaeT cunbHble konebaHuns TemnoB pocta (Vavra et al., 1996).
Camble KpalHue CTPYKTYpHble TUMbl UMEKT abCTpaKTHbIE N XaoTUYEeCKMe CTPYKTYPHbIE PUCYHKM,
KOTOpble coyeTatoT B cebe nowarosble CTaamMm pocta Co CTPYKTypamm «TeveHusa» (puc. 7.20-7.22).
HeB3npasa Ha Hannune Taknmx reoMeTpU4EeCKn CITIOXKHbIX Y30pOB, HEpPeaKo HabnaatTCA LIMPKOHbI,
nnu, No KpanHen mepe, 6onbLuMe JOMEHbI LMPKOHA, KOTOPbIE NMOMTHOCTBI OAHOPOAHbI (MW MOYTH
TakoBble) NpW UccrnefoBaHUM C NPUMEHEHNEM OObIYHLIX METOA0B Bu3yanu3auun (puc 7.23-7.26;.
a Takke 4actum pyrnx 3epeH B puc. 7). B cnyyae, korga obnactb paBHomMepHo CL-temHada (nnu
ceetnasg B BSE), oHM MoryT ObiTb NpeanonoXUTENbHO NULIEHbI 30HANbHOCTW, MNOTOMY YTO
NIOMUHECLEHUNA MoxeT ObiTb ModaBrneHa BbICOKMM COAEp)XaHMEM MUKPO3NEMEHTOB UMK
MeTamunkTusaumen. OgHako, AOMEHbI, KoTopble AalT odeHb CL-Apkme nsobpakeHns moryt 6biTb
OENCTBUTENBbHO  OAHOPOAHLIMKW,  MOCKOMbKY OHW  UMEKT O4YeHb HU3KME  COOEpXKaHus
MuKpoanemeHToB. Puc. 7.8, 7.11 n 7.12, B 4acCTHOCTW, MOKa3blBalOT, KaK Takue [LOMEHbI
pas3BMBaTbCS Kak KpaeBble MOoChl U BbIMYKNOCTU, KOTOPbIE NOKanbHO MPOHUKAKOT BHYTPb 3€pHa,
HO rlOKanbHO OHW Takke ob6pa3syloT ameboBMAHbIE 30HbI, MOMHOCTLIO 3aKMIOYEHHbIE B LEHTpe
3epeH (puc. 7.9).

Bingen et al. (2001a) onucbiBalOT, Kak MeTaMOPMUYECKUN ULUUPKOH U3 rpaHynuToB
pa3BuBaeTCd, B Buae HapOCTOB B (popme LUMANbl Ha paHee CyLleCTBOBaBLUEM LMPKOHE U
unbmeHuTe (puc. 7.26), unn OYeHb ONIMHHbIE, TOHKME OBOMOYKM cregyolime No rpaHuue 3epeH
unu TpewmHam B unbmeHunte (puc. 8.1-8.3); oHM 3aknoumnu, 4To Tpebyembli ANA pocTa LMPKOHWUIA

ObIn nosny4yeH npu pacnage nnbMeHnTa n 6a,1:|,/:|,eneV|Ta.



MeTamopchun3m BLICOKOro AaBneHusA

lMoHMMaHue Npupoabl LMPKOHA M3 IKMOTMTOB SBMISETCS UHTPUTYIOLLEN MU CNOXHON 3agaden,
0COBEHHO yuuThIBad, YTO AaTuUpoBaHMe COObITUIA BbICOKOrO AaBreHUsl SIBNAETCS 3Ha4YMMbIM ANs
PEKOHCTPYKLUUN UCTOPUN OPEBHUX KOMMM3MOHHBIX NOACOB. B npoctenwmnx cnyvasx, aKnorntoBble
LUMPKOHbI UMEIOT OKPYrfble U HECKOMbKO HenpaBuibHble (POPMbl, HO OTHOCUTENBHO OAHOPOAHbIE
BHYTPEHHUE CTPyKTypbl. [lpymep Ha pucyHke 9.1 OEMOHCTpPUpPYeT BOMHUCTYIO CTPYKTYpY
"nonspHoro cusiHma". 9Ta CTPyKTypa ABNSAETCA TUNWYHOW ONS 3TUX LMPKOHOB, AaBasi M30TOMHbIN
BO3pacT, OTBevawLWwmii BpeMmeHn cobbitusi Bbicokoro aaeneHust (Corfu et al., 2002). MNMogo6Hble
CTPYKTYpbl TakKe MMEIT 3epHa Ha pucyHkax 9.2 n 9.3, B TO BpeEMS KaK MHblE LIMPKOHbI, Ha

pucyHkax 9.4-9.6, 6bonee ogHOPOAHbLI, HO NTOKaINbHO coaepXaT TEMHbIE 30HbI.

B obLuem, aknorntbl cogepkat LMPKOHbI CNOXHbLIX TMNoB. OanH U3 pacnpoCTpaHEHHbIX TUMOB
copgepxuT ase asbl: 6bonee ApeBHWE penuKkTbl, cOOPMMPOBAaBLLMECS A0 SKITOrMT13aumm nopoasl,
OKPYXXEHHbIE /UK MPOHM3aHHbIE HOBbIM MeTaMopdmryeckuM LMPKOHOM (puc. 9.7-9.15). Agpa
MOryT BbITb OOQHOPOAHBIMU UM UMETL 30HbI POCTa, NOKanNbHO CO creamu paHee npounsowewen
pe3opbummn n nepekpuctannuaauum (puc. 9.9 n 9.13). Metamopduyeckne kanmbl, kKak npasuno, ot
OOHOPOAHbIX A0 HECKOSTbKO HEOOAHOPOAHbBIX, M OTAENEHbl OT S4ep HeperynsapHbIMy
NMOBEPXHOCTAMM, yKasblBaloLLMX Ha KOppo3uio. MNMocnegHsas Yyepta oCOGEHHO 3aMeTHa B PUCYHKe
9.15, KOTOpbIN NoKasbliBaeT HOBLIM MeTaMOPUYECKUA LUPKOH, BbIPOCLUNN COBMECTHO C KO3CUTOM,
B KaBepHe B rmybuHe ncxogHoro kpuctanna. Hosbii maTtepuarn, ckopee BCero, NPOHUK U3BHE
KpucTanna BLOMb CeTU TOHKUX TpeLwmH. OQHOPOOHOCTb METaMOPUNYECKUX LIMPKOHOB 1
BHYTPUKPUCTANIMYECKUX AOMEHOB, ONMCAHHAS BbILE, KOHTPACTUPYOT C OCLUNNATOPHON
30HaNbHOCTbIO, BUAMMOM B LIMPKOHE Ha pucyHke 10. MeTamopduyeckasa npupoaa nocnegHero
noaTBepXgaeTcs, B KaXaom crnydvae, no coorsetcTemio U-Pb Bo3pacToB reonornyeckomy
KOHTEKCTy. B uenom, 3oHanbHOCTb 3aKOHOMeEpHas, B BUAe IGO0 04YEeHb TOHKUX UMM OYEHb rpyObIiX
Nnosioc 1 AOBOMBHO NOX0Xa Ha 30HaNbHOCTb MarmaTudeckoro uupkoHa (puc 10.1-10.4;. 10.6 1
10.7). CnoxHas kapTuHa bornee xapakrtepHa Angd KpUCTannoB LMpKOHa rpaHynMToBon dauuu,
nokasaHHbIX Ha npumMmepe 3epeH Ha puc 10.5. 3epHo, nokasaHHoe Ha pucyHke 10.1 egMHCTBEHHOE
3epHO B Nonynsaumm LUMpkoHa (nccnegosaHHoro ¢ nomowbio CL, cm Takke puc 9.1), koTopoe
nokasblBaeT Takylo MernkomacTabHyt 30HanNbLHOCTb Ha Kpato 3epHa. bornee BblipakeHHOe
pa3BuUTME 30HANBHOCTM Ha Kpato 3epHa Takke o4eBnAHO Ha pucyHke 10.6. Hannuune Takomn
30HaNbHOCTM B MeTaMopUn4eCcKMX LMpKoHa paboTaeT NpoTUB «OBLLEro MHEHUSA»
(omoxxdecmerneHue MoHKoU pocmoeoli 30HaIbHOCMU C MazmMamuyYeCcKuM POCMOM) 1 Bbl3biBaeT
HEKOTOpoe pacxoxaeHune B nHtenpetaumsx. Gebauer et al. (1997) nokasbiBaloT, YTO 30HANBHOCTb,
obHapyxeHHas B Takux 3epHax (puc. 10.2 n 10.6), BO3MOXHO, OTpakaeT KpucTannmsaumio B
NoKanbHO CyLLIECTBYIOLEM pacnsiaBe UnmM CBEPXKPUTUYECKNX prntonaax, KoTopble MoryT
NnosiBUTbCS Ha ke meTamopdumama. OHuM Takke obpaTuUNM BHMMaHMe Ha NOSIBNEHWE B 3TUX

3epHax 0aHOPOAHbIX
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PucyHok 9. LinpkoHbl B nopofax Bblcokoro AasneHusi. Bce nokasaHHble 3epHa oT 70 go 300 MkM no pasmepy.
(1-3) HeperynsipHas, anddysHas (Tuna «nonsipHoro cusiHusi») 3oHanbHocTb; (1) — n3 Corfu et al. (2002), CL; (2) —»3
Schmitz and Bowring (2002a), CL; (3) —13 Rowley et al. (1997), CL; (4-6) B 3HauntensHown mepe ogHOpOAHbIE
CTpykTYpbl; (4) —13 Lopez Sanchez-Vizcaino et al. (2001), CL; (5) (6) —13 Schmitz and Bowring (2002a), CL; (7-14)



3KrnormTonofo6HbIE LMPKOHBI, 3amellaroLme 1 obpacratowme go-metamopduyeckyto dasy; (7)- s Rubatto et al. (1998),
CL; (8) —u3 Hacker et al. (1998), CL; (9) —#n3 Gebauer et al. (1997), CL; (10,11) —n3 Rubatto and Gebauer (1999), CL;
(12) - n3 Oberli et al. (1994), CL; (13) - u3 Liermann et al. (2002), CL; (14) - u3 Rowley et al. (1997), CL. (15) -
OTHOLLEHNSA MeXy APEBHUM 30HANbHbLIM LIMPKOHOM M JOMEHaMM1 LIMpKOHa, MeTaMopunyeckoro reHeavca BMecTe ¢

ncesno-BKIIOYEHNAMM KoacuTa, u3 Gebauer et al. (1997), CL.

obnacTten BOKPYr Mefkux BKIMOYEHWUW, Npeanonaras, Yto OHW NpeacTaBnsaoT cobon 30HbI OTXKUra,
KOTOpble Bbl3BanM OOMEH XMMMWYECKMX SNEMEHTOB C BkodveHusimu (puc. 10.6 1 10.7). bonee
HeobObl4YHasi CTPYKTypa - O4YeHb HeperynsdpHbli MNATHUCTBIM  pucyHok (puc. 10.8 un 10.9),
HabnogaeTca B M OMOMOPMHOM LMPKOHE U3 HU3KOoTeMMnepaTypHoro aknornta mns Npeuunn (Brocker
and Enders, 1999). ABTOpbl MWHTEPNPETUPYIOT 3TU LUPKOHbI, Kak OOpas3oBaHHble npwu
MeTacoMaTU4eCKMX npoueccax BO BpeMs COObITUS BbICOKOrO AaBIEHUSA, XOTS MOXHO Obino Obl
yTBEPXAaTb, YTO 3KMNOrMTOoBOE COObITME MOINO TOMBKO NULWb BbI3BaTb CTPYKTYPHbIE HapyLUEHUS,
HO He obpa3oBaHMe HOBOroO LiMpKOHa. HekoTopble noackasku, Kacalolwmecss MEXaHU3MOB, KOTOpbIe
opMUPYIOT LMPKOHbI B 3knorutax ©Obinn npegoctaeneHbl Bingen et al. (2001b): oHwn
npegnonoXunn, 4YTo LUUPKOHOBbIE KOPOHbI BOKPYr WIbMEHUTa BbIPOCNM 3a CYET pacnaga

unbmMeHuTa (Ha pyTun v rpaHart; puc. 8.4), utobbl cchopmmpoBaTb 6onee KpynHble 3epHa LIMPKOHA.
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PucyHok 10. 3oHanbHOCTb LMpKOHa 13 Nopof BbICOKOro AasneHuns. MNMokasaHHble 3epHa ot 70 go 300 Mkm no
pasmepy. (1) BHyTpeHHAsa anddy3Hasa 30HanbHOCTb, OKPYXEHHasA KpaeBbiM JOMEHOM C 30HanNbHOCTLIO pocTa, u3 Corfu
et al. (2002), CL. (2-4) Bapvauun 3oHanbHoCTK pocTa, (2) —n3 Gebauer et al. (1997), CL; (3) —13 Rubatto et al. (1998),
CL;. (4) - n3 Bingen et al. (2001b), CL. (5) cnoxHasi 3oHanbHOCTb, 13 Rubatto et al. (1998), CL. (6-7) - sknorntoBbie



LUMPKOHBI, COAepXaLlme sapa ¢ 30HanbHonm cTpykTypoi; (6) —u3 Gebauer et al. (1997), CL; (7) - u3 Bingen et al. (2001b),
CL. (8-9) MNaTHWUCTO-CTPYKTYPUPOBaHHLIE LUPKOHBI U3 9KNornToBs, n3 Brocker and Enders (1999), CL.



T’MAPOTEPMAIJIIbHbIE LIMPKOHDI

OTO TUN HECKONBbKO UCKYCCTBEHHbIN, TakK Kak MOXET ObITb, YTO BECb METaMOPUYECKUA POCT
LMpKOHa (1 pe3opbunst) npomcxoauT TONbKO B MPUCYTCTBMM Xnakon dasbl (CMnnkaTtHOro pacniasa
unu BogHoro dnomaa). Peakuuu, npogyumpyowime LMPKOH npu pacnage 6agaeneuta (puc 8.5-
8.8; Davidson and van Breemen 1988) Bknto4aoT gobaBKy guokcuaa KpeMHUs 1, BEPOATHO, Takke
OPYrMX KaTMOHOB, MOCKOMbKY TakMe LWMPKOHbI, Harnpumep, MMEKT COBEPLUEHHO OT/INYHbIE OT
poaouTenbckoro Gaggeneuta oTHoweHus Th/U,. TpaHcnopT kpemMHe3sema U ApYrnx KaTUOHOB,
BO3MOXEH 4epe3 BOAHbIM ntona. LOpyrMMy npuMmepamm pocTa UMPKOHA, KOTOopble MoryT
npoucxoauTb Npu cogencTemn dnonga, SBNATCA POCT UMPKOHA Ha unbMeHuTte (puc. 8.1-8.3) B
rpaHynuTax M KOPOHbl MUKPOLMPKOHOB, Habntogaemblx BOKpPYr pytuna B aknorutax (puc. 8.4).
(Cnedyem ommemumb pocm UYUPKOHA U UUPKOH-KCEHOMUMO8020 azpezama 8 ycrnosusix ®3C,
ebisierieHHbIU 6 memaocadkax Hay and Dempster, 2009 Journ. Petrol. Vol. 50 No 4 pp. 571-589
doi:10.1093/petrology/egp011 — pocm nopucxodun 3a c4ém pacmeopeHUsT MemaMUKMHO20
UUPKOHA).

PocT rupgpotepmanbHoro umpkoHa 6bin onucaH B arnamtoBon cpege (pyc 8.9 n 8.10;. Rubin
et al.,, 1989), roe meTacomarto3, MNO-BMAMMOMY, MNPOUCXOAUT BO BPEMSI MNO3OHEN CTagum
MarmaTuyeckon KpucTtannusaumm. MeTtacomaTMyecKMin LUMPKOH, MOKasaHHbIn Ha pucyHke 8.11,
pasBMBanca npuM MeTacoMaTto3e YrbTPaoCHOBHbLIX nopon B MaHTum (Grieco et al.,, 2001). B
NnoaobHbIX YCNOBUSX, UUPKOH Obll OTMeYeH B accounaumm ¢ 6agaenevt/LMpKOHONUTOBLIMU
KanMaMy B METacOMaTUYECKUX XuNax, CeKywmx MaHTuhHble nepugotuthl (Kinny and Dawson,
1992). Mpumepbl Ha pucyHkax 8.12 n 8.13 nokasbiBaloT obpasoBaHMe BbICOKO-U LIMPKOHOBbLIX
OTOPOYEK, KOTOPbIE, B HEKOTOPbLIX Cry4YasX, ABNATCA NPOCTbIM 06pacTaHneM, HO Yalle obpasyoT
«3anuebl» B HU3KO-U pernMoHax B KpucTamnax UMpKoHa. OTU BbICOKO-U pernoHbl, BO3MOXHO,
dopmupyeTca npu Metacomartosde, WNM nepekpuctannusauumu, Wunu nyTém pacTBOpPEHUs U
NMOBTOPHOrO OCaXAeHNsa BO BpeMsi COObITUS, KOTOPOE, BEPOSTHO, CONPOBOXAAnochk permoHansHom
rmapotepmManbHon aktuBHocThio (McLelland et al. 2001, Hanchar et al. in preparation).

XOpowo CcoxpaHMBLIAACA BHELWHSAS rpaHuua kpuctanna ©Oyger, Kak  npaswuno,
noaTBEPXKOEHMEM HEKOro MPOCTOr0 MexaHusma 3aMelleHusi, XOTd npupoda 3TOoro npolecca
ocTaeTca HesicHoW. KapTuHa, Habniogjaemas ansa 3epeH Ha pucyHkax 3.6 n 6.13-6.15 BnonHe
MOXeT COOTBEeTCTBOBaTb aHanormyHomy npoueccy. Ckopee Bcero, 3TU BbICOKO-U pernoHbl B
KpucTannax UupKoHa - He pesynbTaT npoctorm obbemHon guddysmm U anddyHampyrollero
BHYTPb W Zr ANEPYHOMPYIOLLETO HapyXy Ha OCHOBaHuM cnabon kuHeTukn anddysmm U B
umMpkoHax B kopoBblx ycnoBusix (Cherniak et al. 1997b). XoTa B HeKOTOpbIX Cchnyyasx
nccnegosaTenu npeanonaratT, YTO UX LMPKOHbI MMEKT rMapoTepMaribHOe NpoucXoxaeHue, no-
npexxHeMy CcyLlecTByeT HeonpedeneHHocTb. LIMpKOH, OAHO3HAYHO OCaXOEHHbIN N3 BOAHOrO
dnonga umeet "rybuartyro” cTpyktypy (Wayne and Sinha 1992, Hacker et al. 1998-puc 3 B HeM;...
Hoskin et al., 1998) n oHm 4pesBbiHanHo oboraweHbl HFSE, P33 (Hoskin et al.,, 1998),
HepaguoreHHbiM ceuHUoM (Watson et al., 1997) n dTopom (Hoskin 1999). Mbl cuutaem 311
XapakTEPUCTUKN MNONE3HbIMU KPUTEPUSIMUA AN BbIABNEHUS LIMPKOHA, KPUCTannmayowerocs u3s
BOOHbIX PacTBOPOB MpW HU3KOM AaBneHumn (<2 kbap), Huskom Temnepatype (<500 ° C) u npu
BbICOKOM COOTHOLLEHUN BoAa / nopoaa.

LlupkoH, cghopmuposaHHbili 8 briroudo-HackiweHol cpede, Ha npumepe rneamamumos HO3
WnuybepeeHa (Majka et al.,, 2012, Polish Polar Research, Vol. 33, no. 1, pp. 1-17, doi:
10.2478/v10183-012-0003-6) umes OQunupamudasbHO-NPUIMamu4Yeckur0 Mopgonoauo bbin
onnmu4yecku HernpospadyeH, noumu 6ecusemeH, Kfi-6beccmpykmepH u colepxan 6onbwoe
KOu4ecmeo MeJIKUX MUHeparibHbiX eKmtodeHul. U-Pb aHanus ebiseusnl 8bICOKOoe CoOepKaHue
Hepalduo2eHHO20 ceUHUa (o usmepeHHoMy 2%4Pb), umo denraem makoli YUPKOH Masionpu200HbIM
Onsa damupoeaHusi, 00Hako, 8 Oempumosbix ronynasayuUsaxX MoXem yKasbleamb Ha Hanudue
pedKkomemarsbHbIX neamamumos 8 obracmu UCMOYHUKa CHoca.
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PucyHok 8. ®opmbl pocTa MeTamMopdhUyeckux rmapoTepmMarnbHbIX LMPKOHOB. (1-3) pa3suTre unpkoHa B
rpaHynurax; (1, 2) - uMpkoH B bopme Lnsnbl, o6Tekarowmii nbMeHuT; (3) - TOHKMIA CNON LIMPKOHA, NOKPbIBaOLLMA
UNbMeHUT, B KOHTakTe ¢ 6agaenenTtom, 13 Bingen et al.;(2001a), (1) = CL, 300 mkm B WwnpuHy, (2, 3) - BSE, 100 mkm (4)
LinpkoH, dhopmupytowmii Lenoykn 6ycmHok Bokpyr pytuna. O6a B okpyxeHun rpaHatos, u3 Bingen et al. (2001a), BSE
100 MKM WivpuHoii; (5-8) PopmupoBaHme umpkoHa 13 bapgaeneunta; (5) - KOpOHbI LMPKOHA BOKpYr 6agaenenta, TL
(wrnndp), 100 MkM AnvHHOWM; (6) - Lienb KpUCTansoB LMPKOHA B Nnarvoknase (nonHasi peakums ¢ 6agaenentom); 250 Mkm
AnuvHHOW, TL (wnund); (7, 8) - AeTany B3anMOOTHOLLEHWI LUMpkoHa 1 6apaenewnta, TL (7) n BSE (8), nsobpaxeHue ok 80
MKM LmpuHoi: Bce n3 Davidson and van Breemen (1988). (9-10) no3gHe-marmaTuyeckon UMpKoH, boraTbiii
BKIIOYEHMSIMU (TOPUTA): pa3pacTaHue rngpoTepmMarnbHOro, cBo6o4HOro OT BKMKOYEHUIA UmMpkoHa, u3 Rubin et al. (1989),
BSE, 3epHa wupuHon ot 5 o 10 mkm; (11) MeTacomaTnyeckmin LMPKOH B yNbTPaoCHOBHLIX NopoAaax, n3 Grieco et al.
(2001), CL; (12-13) 6oraTble U karimbl 3ameLLeHns rngpoTepMarbHbIM LMPKOHOM BOKPYT H13ko-U umpkoHa, 13 J.
Hanchar (HeonybnmkoBaHHble AaHHble) BSE, oba kpuctanna ok 100 Mkm B LUMPUHY.

[udpomepmarnbHUs npupoda UupkoHa Moxem bbimb Ooka3daHa aHanu3om P33 8 HéM, a
mak)xe oueHKold memnepamypsbl Kpucmannudayuu rno Ni-in-zircon mepmomempy.




KUMBEPJIUTOBbIE U CBA3AHHBLIE C MAHTUEW LIUPKOHDI

TepMuH "KMMBEPNUTOBBLIN LIMPKOH" MCNONb3yeTcs 34echb A 0603Ha4YeHNss Merakpuctannos
LMpPKOHA, OObIYHO N3BMEKaeMbIX U3 KUMOepnnToB, kapboHaTUTOB, LWEeNOYHbIX Ba3anbToB, U ApYrnX
nopoa rnyouvHHOrO NPOUCXOXAEHUSA; OH BCTPEYalTCH, HO ropasfo pexe, Kak KOMMOHEHT
CMEHUTOBbIX KCEHONUTOB, NEPEHOCUMMbIX TakMMyu Marmamu. [JOMUHMpYOLEN XapaKTepucTUKOn
KMMOEpnMTOBOrO LMPKOHA ABNsieTca ux obwwmin Gonbwon pasmep (4O CM  pa3mMepoMm) u
kceHoMopdHaa mopdonorus (Kresten et al. 1975; Belousova et al. 1998). BHyTpeHHMNE CTPYKTypbl
MMEIOT LUMPOKUI AMana3oH. B merakpuctannax, nokasaHHbIX Ha pucyHkax 11.1-11.4, cTpyktypa B
3HAYMTENbHOW CTENEHN OQHOPOAHA, 3a UCKITIOYEHMEM HEKOTOPLIX Cnabo NposiBNEHHbIX O4epTaHui
GonbLluMX yrnoBaTbiX JOMEHOB, BO3MOXHO, CBA3aHHbIX C pacTpecKkMBaHWeM. 3epHa Ha PUCYHKe
11.5 coxpaHalT o4veHb cnabo NPOSABMEHHYKD W LUMPOKOMOSOCHYK 30HamnbHYK CTPYKTypy. B
OTNn4Me OT 3JTOro, 3epHa Ha pucyHke 11.6 MNokasbiBaeT BENUKOMENHYI, XOTA W CROXHYO,
POCTOBYIO 30HANbLHOCTL. [1Ba aHanNOrMyHbIX 3epHa NoKa3aHo Ha pucyHkax 4.4 un 4.5. MNMprnynHa aTux
Bapuauun He sicHa. BoaMmoxHo, cnabasi nposiBNEHHOCTb 30HANbHOCTU B HEKOTOPbIX 3€pHaX MOXeT
OblTb CBA3aHa C ANMTENbHbIM HaXOXAEHWEM MEerakpucToB Mpu OYeHb BLICOKMX TemnepaTtypax B
MaHTWUK, YTO, BO3MOXHO, MPMBENO K YaCTUYHOW UM MOMHOW romoreHunsaumm nwobon McxogHOM
30HaNbHOCTM: B 3TOM Clnyyae T€ MErakpucCTbl, B KOTOPbIX XOPOLUO COXPaHSIETCA 30HANbHOCTb,
BMOMMO, He ocTaBanncb B 0Onactu WUCTOYHMKA B TedeHue OnAUTEenbHOro BpemeHu. KoHeuHo,
00bl4HO Habnogaemble BO3pacTbl MErakpucTtoB, OTHOCUTENbHO M3Beprawwen Wux marmbl
OTHOCATCHA KO BpPEMEHU MX NpebbiBaHWs B UCTOYHMKE, BO3MOXHO, HE HAaMHOro MnpeaBapsitoLLmM
BpEMS BYNIKAHWYECKOW aKTUBHOCTW, HO €CTb W WUCKMYeHus. [lpyroe pacnpocTpaHeHHoe
HabnogeHne COCTOMT B TOM, 4TO, KOrda mMpuUCYTCTBYET OCUMUINATOPHAs 30HanbHOCTb B
KMMOEpnMUTOBbIX LMPKOHAX OHa 4YacTo cpe3aeTcd KCEHOMOPMHbLIM KpaeM 3epHa (Hanpumep, puc.
44 wn 4.5), ykasbiBas Ha TO, 4YTO, HECMOTpPS Ha KX OOnbLIOW pa3Mep, OHU CYLLECTBEHHO
pacTBOPEHbl OTHOCUTENbHO MepBOHayanbHO 6ONbWNX pa3mMepoB 3epHa. Hesb3s UCKmoYume U
gapuaHm MmexaHu4eckol abpas3uu 8 rnpouecce u3eepxeHuUsi eewecmsa: noG0bHbIE OKpyarble
opmbl  Habmodaromess Yy UUPKOHO8 U3 Kuchbix mygoe u usHumbpumos. PucyHok 11.7
WNNIOCTPUPYET BUA TOrO XXe 3epHa BMAENW, YTO U Ha pucyHke 11.5 B nonsapusoBaHHOM CBeTE.
fBHas Mo3amyHaa CTpykTypa Oblna MCTONMKOBaHa Kak CrneacTtBue  BO3MOXHOW - XPYMKOW
aecdopmaumm, BbI3BaHHOM CTPECCOM, BAMSIOLMM Ha LMPKOHbI HA Gonblumx rmybuHax (Scharer et
al. 1997), xoTa 91O, CKOpee Bcero, crieacteue ObICTPOro CHUWXEHUS OaBrEHUS MpU U3BEPXKEHUN.
Puc. 11.8-11.10 nokasbiBaoT 4acTto Habniogaemyo peakLMOHHYIO KanuMy Mexay LMPKOHaMu K
OpyrMMn cunukatamn, Beaylmux K obpasoBaHuIO NMPOMEXYTOYHbIX GaggenenTta u MHorga Takke
umpkoHonuta (Heaman and LeCheminant 1993). OTn peakumun ae-cunudpukaumm 6uinm cBa3aHbl ©
annsogamMum MetTacomaTto3a B MaHTUKW, HO MOIN Takke pasBMBaTbCA Ha MO3AHEN CTagumn KoHTakTa

MErakpucTOB LIMPKOHA C BO3AbIMaloLLLENCs, HeAOChILLIEHHO ANOKCUAOM KPEMHUS, Marmo.



PucyHok 11. KumbepnuToBble umpkoHbl. MacwtabHas nuHerika ok 100 mkm. (1-4) ogHopogHo

CTPYKTYPUPOBAHHBIV LIMPKOH B METACOMaTU3MPOBAHHOM MaHTUAHOM KceHonuTe 13 kumbepnuta us P. Kinny
(Heonyb6nukoBaHHble gaHHbIe), CL. (5) Cnabo 3oHanbHbIN kKMMGepnuToBLIN LIMPKOH, 13 Scharer et al. (1997), CL. (6)
OT4YETNMBO 30HanNbHbIE KUMGEPNUTOBBIE LIMPKOHBI, 13 P. Kinny (HeonybnukoBaHHble aaHHble), CL. (7) Mo3anyHas
CTPYKTYypa B Nonspu3oBaHHOM cBeTe, 3 Scharer et al. (1997), TL. (8-10) Pacnag kuMOepnuToBOro LUMpKOHa Ha

6apneneur, (8) - ns P. Kinny (HeonybnukoBaHHble aaHHble), BSE; (9,10) — n3 Heaman and LeCheminant (1993); BSE.



CTPYKTYPbI ULUPKOHOB, CBA3AHHbIE C METEOPUTHbLIMAX YOAPAMU

ManopacnpocTpaHeHHbI Knacc LUMPKOHA BKIOYaeT 3epHa, obpas3oBaHWe KOTOPbIX CBA3AHO C
nageHnemMm KpynHolX meTeopuToB. WX Hambonee xapakTepHbIM AMArHOCTUYECKMM MPU3HAKOM
ABNSETCA HanM4ymMe HECKONbKMX CEPUIA MIOCKOCTHLIX Aedopmaumii (puc. 12.1- 12.6 n puc. 2.35),
KOTOpble BbISBMAITCA OCOGEHHO XOPOLLO C MOMOLLBI CKaHUPYIOLLEro 3NEKTPOHHOrO MUKpOCKona
(SEM) Ha npoTpaBneHHbIx noBepxHocTax (Bohor et al., 1993). 3Tn ocobeHHOCTH, OAHAKO, YacTo
MOryT TaKke paccMaTpmBaTbCA C NMOMOLLBI OBbIYHOM OMTUYECKOW MMUKPOCKOMUU B MPOXOASLEeM
unm otpakeHHom ceeTte (puc. 12.2 n 12.4) B 3epHax, CMOHTUPOBAHHbLIX B 3MOKCUOHOW «LLanbe»
unn B wnude. Nog OGMHOKYNAPHBIM MUKPOCKOMOM, 3€epHa UMPKOHA, MWCMbITaBLUME LLIOKOBOE
BO34eNCTBUE BbIMAAAT 6enoBaTbiMM M OYEHb MYTHbIM, AaXe MOSIHOCTbI0 HENPO3payHbiM, HO
MHOrAa MOXHO OBHapYXWTb XapakTepHble NNOCKOCTHbIE CTPYKTYpbI (Krogh et al., 1984, 1993). Mpun
yBENMYEHUN CTEMEHN YAApPHOro BO3AEWCTBMS B LMPKOHAax pasBUBAKOTCS paHynMpoOBaHHbIE
CTPYKTYPbl 1 NPOUCXOANT NpeBpaLleHue B NonukpucTannuyeckme arperatbl (puc. 12.7 n 2.36). B
CaMbIX 3KCTpeMarnbHbIX YCMOBUAX OHU Ha4yMHAOT MNNaBUTBCH, NPOLECC, KOTOPbIN MPUBOOAUT K
0o6pa3oBaHUI0 CTPYKTYp, TaKMX KakK MokKasaHHble Ha pucyHkax 12.8 n 12.9. 3epHa uupkoHa,
UcnbiTaBLUME LLUOKOBOE BO3AENCTBME, KOTOpbIE MonagalT B CMOW MMMOAKTHOro pacnnasa, MoryT
obpacTn HoOBOOOPA30BaHHBLIMU KariMamu, KOTOPbIE OTNIMYaOTCA B OCHOBHOM OTCYTCTBMEM CredoB
yoapHon pgedopmaumn, ykasblBasgd Ha TO, YTO OHM CPOPMUPOBaNUCb HEMELNEHHO nocne
yoapHoro cobbitnsa (puc. 12.5, 12.6 n 2.16). Takme UUPKOHbI SABAAOTCA OECUEHHbIMK Ans

naTtuposku BpeMmeHu Bo3genctaums (Kamo et al. 1996, Moser 1997, Gibson et al. 1997).
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PucyHok 12. BHeLWWHWI BUA 1 CTPYKTYpa LIMPKOHa B METEOPUTHBIX YaapHbIX cTpykTypax. (1, 2) Mpetepnesine
yAapHbIN LOK KpUCTanmbl LMPKOHa 13 YapHokuTa B cTpykType Vredefort, s Kamo et al. (1996), 1 = SEM, 2 = TL,
Nonsipu3oBaHHbIN CBET. (3) - OUOMOPMHBIV LIMPKOH C TPEMSI CUCTEMaMM CTPYKTYp nraHapHon aedopmauun; Kpatep
MaHwukyaraH, n3 Bohor et al. (1993); SEM. (4) - Heckonbko cuctem nnaHapHbIx Aecopmauuii B NpeTepneBLUeEM yaapHbIN
LWOK LuupkoHe 13 puonutos Konnep Knudd, ctpyktypa Canbepu, ns ®. Kopdy (HeonybnvkoBaHHble aaHHble), TL. (5, 6)
LMPKOHbI M3 MOCT-yA4apHOro rpaHnTa n3 cTpykTypbl Vredefort, 3 Gibson et al. (1997); 5 - nanomopHbiv kpuctann 6e3
yAapHbIX CTPYKTYp, BKNoYaroLwmi TpewmHosatoe a4po (RL); (6) - aapo uupkoHa ¢ cuctemamu nnaHapHbIX
AedopMauunii, OKpy>XEeHHOe NOCT-yAapHON He TpeLLUMHOBaTON LiMpkoHoBoK kanmol (CL). (7) rpaHynnpoBaHHOe 3epHO
LIMPKOHa 13 rpaHOUPOBO YacTu pacnnaBHo-6pekumneBon ganku, ctpyktypbl Vredefort, us Kamo et al. (1996), SEM. (8,
9) nonukpucTannnyeckne 3epHa co CTPykTypamm gerasauun n nnaenenus; (8) - K/ T guctanbHoe nmnakTHoe
BblOpoLLeHHOe BelecTBo, Berwind KaHboH, wrat Konopago, ns Bohor et al. (1993); SEM; (9) — doopmauma Onaping

(vmnakTHBIN pacnnas), cTpyktypa Canbepu, ns Krogh et al. (1996), SEM.



TPEWMHOBATOCTDb

OnddepeHumnanbHas MeTaMUKTU3aumMst LMPKOHA Bbl3blBaeT OObEMHOE pacluinpeHve
boratbix U gomeHoB (Holland and Gottfried 1955) ¢ nocnegytowmm pacTtpeckuBaHnem Gonee
YCTOMYMBBIX N XPYMKUX HU3KO-ypaHOBbIX obnacten (Hanpumep, Chakoumakos et al., 1987; puc
13.1-13.4.). OOGbIYHO pacTpeckmBaHME HAYMHAKOTCS Ha KOHTAKTe C Oonee MeTaMUKTHbIMU
AOMEHaMM UNu BbICOKO-U BKNIOYEHMAMU M pa3BMBAIOTCA B paguanbHOM HarnpasneHuu Hapyxy
yepe3 Hu3ko-U 30HblI (puc 2-19-2.21;. 5.1-5.4; 13.1 n 13.2). CywecTByeT Takke BTOpOM Tun
TPELLMHOBATOCTN, KOTOPbIA pa3BMBaETCA KOHLEHTPUYECKM BOOSb rPaHvLbl MeXay AOMeHamu C
BbICOKMM M HuM3kum U (puc. 13.2 n 13.3). Lee and Tromp (1995) obGcyxpaioT napameTpbl,
OTBETCTBEHHblE 3a pa3BUTME TakKMX CUCTEM TpPewuH W NPUXOASAT K BbIBOAY, YTO OHMU
KOHTPONUPYIOTCA, FMNaBHbIM 00Opa3oM, CTEeNeHbld METAMWMKTHOCTW, OTHOCUTESbHOW TOSILLMHOM
"obonoukn" wn orpaHudmBaowero (BHewHero) pasneHus. OHWM Takke npegnonaralwT, 4TO
nocnegHnin hakTop MOXET CAYXUTb MHCTPYMEHTOM ANS OUEHKM rNyOuHbI HaxXoXA4eHUsa nopoabl.
OpHako 3TO HaBpsa M OOCTMKMMO, MOCKOSIbKY MOBLIWEHHbIE TemnepaTypbl HWKHEN Kopbl
MOBbLILLAIOT CTENEHb OTXMra A0 TOYKW, KOrda pacTpecKkMBaHWe LUMpkoHa passuBaeTcsa cnabo. O6
3TOM CBMOETENbLCTBYET, Kak NPaBUIiO, OYEHb XOpoLlas COXPaHHOCTb LMPKOHA NpWU 3KCrymauum
nopoa HWXHMX COEB 3eMHon Kopbl (Hanpumep, Rudnick and Williams 1987, Hanchar and Rudnick
1995).

MapannenbHoe paspyLleHne LMPKOHA U3 HUXKHEKOPOBOIO KCEHONMUTa Ha MoKa3aHO PUCYHKe
13.5 n aBnsetca dabl HocuTens (KceHonuta) BO Bpems u3BepxeHus BynkaHa (Rudnick and
Williams 1987). 310 MoxeT ObiTb aHanorom MexaHusma gedopmaunn, dopMmupyroero
MO3anyHble CTPYKTYpbl, HabnwgaemMble B HEKOTOPbIX KAMOEPNMTOBLIX UMpkoHax (puc. 11.7).
Apyrne dakTopbl, KOTOPbIe BbI3bIBAOT pacTpeckuBaHMe LUMPKOHA 3TO BHELLHWA CTpecc BO BpeMms
munonntnsaumm (Wayne and Sinha 1988) wnun guareHes (puc 13.6;. Medenbach 1976). Mpwu
BO34ENCTBUM NPOrpeccmMBHOro anareHesa, Unn apyrmx Mmetamopunyecknx Bo3gencTemm, CUCTeEMbI
TPeLWmH MOryT 3aneynmBaTbCa M MOryT ObiTb BUAHbBI TOMbKO NPW OMpeAerieHHbIX YCrnoBusax (puc
13.7-13.8;. Takxe puc 3.5, 3.6 1 9.15.).



PucyHok 13. CTpyKTYypbl TPELWMHOBATOCTHU B LMpkoHax. (1-3) PagnansHble 1 KOHUEHTPUYECKNE TPELUMHbI B

umpkoHax n3 Xp. Mycrpeis (13 Lee and Tromp 1995; BSE); (1) - pagunanbHble TpeLUmHbl, HauMHaloLWmMecs Ha Kpato
BblCOKO-U+Th LieHTpanbHOM YacTy u pacnpoCTpaHSALLMeCs BO BHeLUHUe, H13ko-U+Th obonouku; (2) — o6bémHoe
pacwuperne U+Th-6oratoro ueHTpa nopoxaaeT KOHLEHTPUYECKUE TPELLMHBI BAOMb FPpaHuLbl LEHTPANbHOM YacTu u
paguvarnbHble TpeLUHbI B Kanme; (3) - MeTammnkTnsaums BbiCOKo-Th+U KaliMbl BbI3bIBAET KOHLEHTPUYECKNE TPELUMHBI Ha
rpaHnLe C MeHee METaMMKTHOW BHYTPEHHeN YacTbio. (4) TpewwmHoBaThIN UMPKOH M3 nryToHa Strontian (u3 Paterson et
al., BSE.); 60nbMHCTBO TPELUUH pacnpocTpaHaeTcs OT ABYX NSATEH, KOTOpble coaepxaT BkntoveHus 6oratele U+Th, HO
TPELLMHbI CTAHOBSTCS KOHLEHTPUYECKUMW BOOMb FPpaHuLpbl ¢ BHELIHel Bbicoko-U+Th kaiimoii. (5) LiupkoH 13 kceHonuta
HWKHEN Kopbl (BoCTOYHas ABCTpanus), NoKa3sbiBaloLLMIA XOPOLLIO BbipaXXeHHOe napannenbsHoe packanbiBaHue, no-
BMAMMOMY, oTpakas AedopmMaunio Bo Bpems 6uicTpon gekomnpeccun (M3 Rudnick and Williams, 1987, TL). (6)
30HanbHbIV LIMPKOH 13 KOHrMomepaTta ButeaTepcpaHaa, pacTpeckaBLUMACS NpY YNNOTHEHUM MEXAY ranbkamu Ksapua v
nMpuTa; TPELLUHBI cervac 3ane4veHbl kBapuem; n3 Medenbach (1976), RL, nonupoBaHHeIn wnud. (7) OpesHue
TPELUMHbI, PacnpOCTPaHAOLLMECS U3 BKIOYEHWI, ObiNn 3aneyveHbl MaTepuanom ¢ HA3KOW NTIOMUHECLEHLNEN, BbIPOCLLMM
BO BHELLHMX METaMopUYECKMX JOMEHAX LIMPKOHA U3 BEPXHEKOPOBOIo kceHonuTa; u3 Schmitz and Bowring (2001), CL.

(8) TpelmHbI, 3ane4eHHble NMIOMUHECLMPYOLLIMM MaTepuanom; n3 Rubatto et al. (1998), CL.



M3MEHEHUA

XnMudeckne u3MeHeHue, Kak npaBuio, BUOHbI B 3epHax UUPKOHA, KOTOpble CUIbHO
METaMUKTU3NPOBAHbI (ITOCKOSIbKY MEeHee XUMUYEeCKU CmOUKUE) N B KOTOPbIX MMEKTCs nyTu Ans
GnomMaoB AN NPOHUKHOBEHMS B CTPYKTYpy (Hanpumep, auddysuvs u vHUAbTpauus Mo
rpaHvuamM 3epeH). ATUMKU NyTAMU ABNSAIOTCSH, Hanbornee 4acTo, CUCTEMbI TPELLUH, PACCMOTPEHHbIE
BblllEe, HO WMHOr4a TaKKe CTPYKTYpHble paspbiBbl (HaAnpumep, 30HanbHOCTb, puc. 14.5) un
NMOBEPXHOCTU MeXAy LMPKOHOM W BKIIOYEHUAMU OpYrnx MuHepanos (puc. 14.7). (ommeyvanock
makxe, Ymo 30HbI rnnacmuyeckux deghopmayuli Mo2ym s1815imbCs MymMsaMU Muepayuu sewecmea)
N3meHeHne, kak npaswno, obpasyeT BbiNyknble, rpo3geBuaHble (PPOHTbI, HO JOKANbHO TaKke
nepucTble CTPYKTYpbl (puc. 14.2), KOTOpble PpacnpoCTPaHAKTCA BAOMb TPELWMH W BHYTpU
KpucTtanna. 3epHo, NokasaHHoOe Ha pucyHke 14.1, COCTOMT M3 LEHTPanbHOW HU3KO- YpaHOBOW
4YacTu B OKpPYXeHUM BbICOKO-U MaHTuK, KOTOopas, B CBOK O4yepedb, CaMa foKanbHO OKavMieHa
TOHKOW HWU3KO-ypaHOBOM 30HOW. [locnedHsas pagmanbHO TpelwuHoBaTta, no3sonss dnovay
NPOHWKHYTb B BbICOKO-U MaTepmarn, KOTOPbIN CTan W3MEHEHHbIM, MPUYEM (POHT U3MEHEHUN
pacnpocTpaHseTcs BOOMb KOHUEHTPUYECKUX TpelwmH. Ha pucyHke 14.3, ueHTpanbHag HU3KO-
ypaHoBasi 30Ha CcTana TpewmMHOBaTONn no3Bonaa [ocTyn (MpeanonoXuTerbHO M3 panioHOB,
pacnonoXeHHbIX BAOMb OCKM C) NIOKOOB, KOTOPble 3aTeM BO3AEWCTBYIOT Ha OKpyXaloLyto
METaMUKTHY0 30HY. lMocnegHsas Takke 3aTPOHYTa U3MEHEHUSMUM BAOSb HAPYXHOrO KONbLiEeBOW
30Hbl, NocnegHne Ase 30Hbl UIBMEHEHUI NOCTENEeHHO NpubnwxarTes apyr K apyry. PucyHku 14 .4-
14.6 n 14.7 vnnoCcTpUpytoT gpyrne KoOMOruHaLMn 1 TOro e SABIeHus, B TO BpeMs kak puc 14.8
OEMOHCTpUpYeT cny4Yyanh MpenMyLLeCTBEHHO HWU3KO-YpaHOBOIMO LMPKOHA C BCEro fullib
HECKOMbKMMW BbICOKO-U 30HamMK, KOTOPbIX AOCTUM doritonz, NPOHUKHYB BOOSMb TPELMH B HU3KO-
ypaHoBOW MaTtpuue M Obiny MoYTU MOMHOCTBIO M3MeHeHbl. [1Ba 3epHa Ha puc 14.9 n 14.10 -
OPEeBHME KpucTannbl UMpkoHa K3 rHencoB Akacta (Bowring and Williams, 1999), koTtopbie
OEMOHCTPUPYET Ype3BbIYaNHO CIOXHbIE Y30pbl rMApOTEPMAnbHbIX U3MEHEHWI, NPOHUKAOLWMX B
30HanbHble [OMEHbl LUMPKOHA M MOSTHOCTLIO OKpyXawlwme Menkue OCTPOBKM OAHOPOLHOrO
HEU3MEHHOro LMpKoHa. [lpouecc u3MeHeHusa, Kak ObiNo Mnokas3aHo, rnapaTMpyeT LIMPKOH,
BblLLlenaymMBas HEKOTOpble aneMeHThl, TakMe kak Pb n ocaxageHuns gpyrue, Takve kak Fe n Ca (u,
BO3MOXHO, HepaguoreHHbin Pb), cnepoBatenbHo, Adenaet MwuHepan HenpurogHbiMM Ang
n3otonHoro aHanusa (Krogh and Davis 1974, 1975; Medenbach 1976, Krogh 1982). NlameHeHHbIe
30HbI ropa3go 6onee pacTBOPMMbI, YEM KPUCTANNIMYECKUIA LUMPKOH, U MOFYT Nerko pacTBOpPATHCS
npyv KpaTkoM BO3AEWCTBMM nNapoB pasbaBneHHon HF, obecneumBasi 3-mepHoe wu3obpaxeHue

npouecca nameHexus (puc. 14.11 n 14.12).
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PucyHok 14. CTpyKTypbl M3MeHeHus B umpkoHax. (1) VameHeHus, pa3BuBaloimecs BAOMb KOHLEHTPUYECKNX
TPELWMH napannenbHbIX rpaHnue Mexay HusKo-U BHYTPEHHen 4acTblo LMPKOHA W BHELHeW BbiCOKO-U o6onouykoi;
Hambonee BHeWHSAs HuU3Ko-U kavma vMeeT paguvanbHble TpeLliuHbl, KOTopble MO3BONWAM AOCTyn dnonaos; us
Medenbach (1976), RL. (2) YacTb Bbicoko-U umpKoHa, 4EMOHCTPUPYIOLLAst CaMyo BHELLHIO U3MEHEHHYO KalMy 1 [Ba

BHYTPEHHUX (DPOHTa rmapoTepMarnbHbIX WU3MEHEHWA C rpo3feBUMAHLIMU U NepucTbiMu CTpykTypamu; u3 Medenbach



1976), RL. (3) LinpkoH ¢ Hu3ko-U, TpelumMHOBaTON BHYTPEHHEW 4acTbio, OKPY)KEHHOW BHELUHel BbiCOko-U nomnocoi;
N3MEHEHUs pa3BMBarMCb Kak BAOSb BHELUHEN KalMbl, Tak U BAONb KPMBOJIMHENHbLIX TPAEKTOPWUIA, BO3HMKAIOLWMX BAOIb
TpewwmH B nanomopdHon, H13ko-U BHyTpeHHen 3oHe; n3 Krogh and Davis (1974), RL. (4) JlokanbHoe n3meHeHvne BOKpyr
TPELmrH napannenbHbIX U opToroHanbHbiXx ocn C; n3 @. Kopdy (HeonybrnumkoBaHHble AaHHble), RL. (5) 3oHanbHbIN
LMPKOH C U3MEHEHVSIMW, KOHTPONMPYEMbIMWU, B OCHOBHOM, KpucTannorpaduyeckumn paspbisamu; 13 van Breemen et al.
(1987), BSE. (6) Bbicoko-U, 0gHOPOAHBIN LIMPKOH C M3MEHEHUsIMU, OrpaHMYEeHHbIMWU Npegenamu ero kanmmbl; n3 Krogh
(1982), RL; (7) UupkoH c 6Gonbwnm BKIMHOYEHUMEM KCEHOTUMA, OKPYXEHHbIA OOLUMPHOW 30HOW rugpaTtaumu,
pPacnpOCTPaHSIIOLENCS HapYXy U C HEOOMbLIMMK «anneHanKcaMmy, NPOHUKALWKMMKN BHYTPb OT kpasi, u3 Medenbach
(1976), RL. (8) CnnbHO U3MeHeHHble, y3kue 30Hbl BbICOKO-U LIMpKOHa BHYTPU NpenMyLLeCcTBEHHO HU3ko-U LupkKoHa; 13
Medenbach (1976), RL. (9,10) CnoxHo-30HanbHble U U3MEHEHHblE LUMpKOHbl 13 4,0 mnpg. neT rHeirca Acasta; us
Bowring and Williams (1999), RL. (11,12) KpatkoBpemeHHOe Bo3aencTBue napoB HF pacTBOpuno M3MEHEHHyl Wt
rMApaTMpPOBaHHYIO YacTb, CCPOPMMPOBAB penbed C «BO3BbILLEHHOCTAMUY U3 HEM3MEHHOro LUMpKoHa; n3 Krogh and Davis
(1975), SEM.



BKMIOYEHWUW, CPACTAHUA U OBPACTAHUA LUUPKOHA U AIPYITUX MUHEPANOB
OTHOLWEHUA Mexay LMPKOHOM U MWHepanamu, KOTopble OH BKMOYaeT, UK B KOTOpble OH
BKMOYEH, MOXeT obecneuntb BaXHYL0 MHGOPMaLMIO, KacaloLLlytcs YCIOBUI KpucTannmsaumm u
napareHeTMYecKnx accoumaumi. Ata MHPOPMaUUA MOXET MMETb pelualrollee 3HayveHue, Korga
Aeno goxoaut oo uHTepnpetauun U-Pb BospacToB uupkoHa. Kpuctannbl UMpKOHa 0ObIYHO HecyT
BKIOYEHMS OpyrMx MuHepanos (puc 2.4, 2.7, 2.11, 13.4,. 15.1-15.12; 15.18-5.19), ocobeHHO 13
yucna rnaBHbIX NOPOAOOOpPasyLWNX MUHEPANoB, TakuxX Kak BMOTUT, KBapL, 1 NOMEBOW LWNaT, HO UX
OTHOCUTENbHAA YWUCIIEHHOCTb 3HAYMTENbHO W3MEHSIETCS MeXAy pPasnuyHbiMKM - rpynnamu
nonynsaumm umpkoHa. (Crnedyem ommemums, YmMO HEKOMOPbIe MUHepas U3MeHsIom ce8ol cocmas
8 rnpouecce ¢hpaKyuoHHOU Kpucmarsnnausayuu, ompaxas, m.o., He cpeOHul cocmas rnopod, a
cocmag cpedbl Kpucmannusauyuu UupkoHa). W3ydeHne MuHepanbHbiX — BKIIOYEHWA B
MeTamopryECKNX LMPKOHAX MOMOraeT OrpaHnyMTb OTHOCUTESbHbIA NapareHe3nc LUpKoHa Mo
OTHOLLEHMIO K OCHOBHbIM MOpOAoO06pasylwmm MuHepanam. LIMpkoHbl Takke 4acTto cogepxat
BKMIOYEHMS pacnnaeBa, KOTOpble MPUCYTCTBOBANM B MOMEHT KpucTannmsaumm uupKkoHa (Cm
Thomas et al., gaHHbIn TOM, ANA o6Cy)XAeHMA BKMOYEHWA pacnnaBa B KpucTannax UUPKOHA).
Hanu4ue ekmwouveHuli cmekna He o0653amesfibHO yKasbleaem Ha  «CmpemMumersibHyto
Kpucmannu3sauyuroy (8ynkaHu4yeckul 2eHaesuc), HO ckopee obycnaenueaemcsi masbiM 00bEMOM
pacrinaea, 8 KaKko8OM Cllydae OH He packpucmarniu3osbieaemcs. B kadyectBe npumepa, 3epHa
LUMPKOHA, NokasaHHble Ha pucyHkax 15.1-15.3 BkmoyatoT, UK BKIMOYEHbI B, MUHEpParnbl BbICOKOro
AaBrieHus, TakMe Kak anmas, rpaHaTt n KoacuT. BknodeHus pacnnasa u cnongos (puc. 15.5-15.9)
MOryT TaKkxe NpeaocTaBuTb MHOOPMALNIO O COCTaBe MarMbl U ra3oB Ha onpeAerneHHbIX 3Tanax B
3BOMOUUM  MarMaTMyecknx unm metamopdmyeckmx cuctem. PucyHok 15.9 wnnioctpupyet
KOHKPETHbIN npumep KMMOeprnvMToBOro LUUPKOHA, B TOM 4uCre TO, Kak TBepAble MWHeparbHble
BKIIOYEHUS,, a TaKKe MHOrOYUCIIEHHbIE NIOUOHbIE BKMOYEHUS, MMEKT O4YeHb YeTkoe
Kpuctannorpaduyecku  KOHTponupyemoe pacnonoxexHve. Cnedyem ommemumbs,  4mMoO
aHarnus//OuasHocmuka Oaxe He BCKDPbIMbIX BKITIYEeHUU 803MOXHa, b6riazo0apsi rnpuMeHeHUto

PamaHosckoli criekmpocKoruu.

Ha Puc 15.10 n 15.11 npmBegeHbl Npumepbl LMPKOHA, CoAepKallero MHOro4YMcrieHHble
BKIOYEHMSA OObIKHOBEHHbLIX MUHEPArOB, TaKUX Kak KBapu M anatuT, BmecTte ¢ 6oratbimn U n Th-
KOMMOHEHTaMM N MHOFOYMCIEHHBIMU MOMoCTAMU. B Lenom, nHtepnpetaumns Takmx BKIOYEHUIA B
BbICOKO-METaMUKTHbIX U M3MEHEHHbIX 3epHaxX TpyAHa, MOTOMY YTO BKIHOYEHMS MOryT GbiTb NGO
3axBayYeHHble KCEeHOKpUCTamnsbl UMW OCaXOEHHble U3 cpedbl pocTa MUHepanbHble dasbl, unn
dasbl, BBeAEHHble nocre obpas3oBaHUSA LUMPKOHA. OTO Kak pa3 cryvyanm C 3epHOM LIMPKOHA,
nokasaHHbIM Ha puc 15.13, cogepxallero BTOPWUYHbLIA MOHaUMT, KOTOPbIA KpucTannmnsoarcs
BAOSMb TPELMHbl B KpUcCTanmne, WM UMPKOHA Ha pucyHke 15.12, KOTopbIi coaepXUT OOUNbHbIN
raneHuT, BoleaWwmnin B LMPKOH MHOIO MO3Xe ero nepBoHavanbHON Kpuctannuasaumm. PucyHok 9.15
3TO0 npuMmep TOro, Korga omdauuT Obin BKAKYEH B 3€PHO LUMPKOHA, HO OH OKPYXeH

3apy6Ll,eBaBLLII/IMI/ICFI TpewunHamMmu, cneagoBaTtesibHO, OH Obina C(bOpMI/IpOBaH BO BpeEMA BTOPUYHOIO



cobbITNS, KOTOPOE MOBMMANO Ha  9KMOrMTOBbLIN  UMPKOH  (Gebauer et al., 1997).
Kpuctannorpaduyeckn, KOHTponMpyemble BKrodeHus 6Gapgenenta B uupkoHe (puc. 15.14),
BEPOSITHO, OTpaxalT pacnaj uvpkoHa Ha GapaenewT m kpemHedem (cMm Takke MclLaren et al.,
1994).

CTpykTypHOE CPOACTBO (T.€. M3OCTPYKTYPHOCTbL) LIMPKOHA M KCEHOTMMAa O3HavaeT, YTo 3Tu
ABa MuHepana rfokanbHO OBHapyXuBalTCH B accouuauun apyr ¢ Apyrom B popMe KceHoTuma
obpocluero uupkoHom (puc. 14.7;. 15.17), nnn HaobopoT (puc. 15.16. n 15.17), nnn, Kak CrnoxHole
cpacTtaHusa (puc. 15.18 n 15.19). [1ea KpucTtanna KCEeHOTUMA, MPUKPENIIEHHbIE K LMPKOHY Ha
pucyHke 15.15 GbinM cdopmMmpoBaHbl B Npouecce guareHesa W, Takum obpasom, MoryT ObiTb
MCNonb3oBaHbl ANA AaTUpOBaHWUS (onpedeneHns nuvuta) Bospacta ceguMMeHTauun (Hanpumep,
Fletcher et al. 2000).

Cnedyem ommemumsb, 4mo aHanu3 U/Pb 8 UUPKOH-KCEHOMUMOBOM azpez2ame
nocpedcmeom SIMS (SHRIMP, Cameca IMS1280) 0Oacm, ckopee 86ce20, UCKaxXEHHbIU
pesynbmam, moeada KaKk rofyyeHue KoppekmHo20 207Pb/%Pb  803MOXHO, HO Onisl

Ookembputlickoz2o («OpesHea0») YUPKOHa.
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PucyHok 15. BkntoueHusi, cpacTaHus, n obpactaHmsa LmMpkoHa. Bee 3epHa, nokasaHHble 34ecb, oT 100 go 200 mkm. (1-3)
LIMpKOH 13 rHerca CBEPXBLICOKOrO AaBMNEHNS COAEPXUT BKIMIOYEHNS rpaHaTta un anmasa (1) 1 MmarHueBbIn KanbumT (2), HO
cam no cebe BKNIOYEHbI B rpaHaT ¢ anmasamu u koacutom (3); (n3 Korsakov et al., 2002, TL). (4-5) LinpkoH B rpaHWTHON
nopoae € UronbyaTbiM anaTMToBbIM BKOYEeHNeEM (4) 1 yANMHEHHON, pasaBavBatoLLencs nonocteio (5) (¢ pacnnasom?);
(13 Bussy and Cadoppi 1996 roga, TL). (6) TpybuaTble nonocTu B LuMpkoHe n3 yapHokuta (13 Chiarenzelli and McLelland
1993; TL). (7-8) PacnnaBHble BkmtoveHusi (8) n CO2 nmoc anaTuToBe BKMOYeHMe (7) B LMPKOHE M3 HKHEKOPOBOTO

kceHonuTta (M3 Rudnick and Williams, 1987, TL). (9) BkntoveHnus B umpkoHe u3 kumbepnurta. Cnesa: Kybuyeckui

MuHepan (okeug umpkoHna? 10-20 MkM B LIMpUHY); CnpaBa: OpueHTUpOBaHHbIe crefbl (PONOHbIX BKIOYEHWUI (Kannm

UNn yonuHeHHble KaHanbl, <10 MKM B LUMPUWHY) (C nameHeHnsimu 3 Kresten et al. 1975 TL.). (10) MNMopunCTbIfi LMPKOH U3



LLEMOYHOro rpaHMTa C MHOrOYUCNEHHbIMKU BKMoYeHusamu, GorateiMu U u Th n BokoBoe HapacTaHue Toputa (U3
Poitrasson et al. 1998, BSE). (11) BknioueHunsa kBapua, anatuta n cunukatHon gassl U-Th B uypkoHe 13 gnoputoB (13
Mulch et al. 2002, BSE). (12) uMpKoH 13 ocafovHbIX MOPOA B ApPEBHEM (ecTecTBEHHOM) peaktope Okno; Kpuctann ¢
MPUCLINKON BKMtOYeHUA raneHuta (benble nNsTHA), BBEAEHHbIX B XOAE€ MO3OHWX TMAPOTepMarnbHbIX COObITMA (C
nameHeHuamn n3 Mathieu et al. 2001, BSE). (13) MoHauuT, pacTywmii B TpewmHe B unpkoHe (13 Barbey et al. 1989,
BSE). (14) 3amewieHne 6agaenenTa BHYTPU 30HANbLHOrO LIMPKOHA U3 TOHanNMTOBLIX rHercoB (13 Barth et al. 2002, BSE).
(15) OBNOMOYHBIN LUMPKOH C BOKOBLIMW BbIPOCTaMU OBYX AMareHeTUdYeckux KpuctanmnoB kceHoTuma (13 Fletcher et al.
2000, BSE). (16) NanomopdHbIn kceHoTuM, obpacTarwmi umpkoH (n3 Scharer et al. 1994, SEM). (17) obpacraHne
KpUCTanmnoB KCeHOTMMa LMPKOHOM B armauToBOM marmartumdeckom komnnekce (n3 Smith et al. 1991, BSE). (18-19)
CpacTaHusi LUMPKOHa W KCEHOTMMa B NENKorpaHUTHOM cunne. M3BMnucTo- 3oHanbHble sigpa obenx a3 okanmneHbl

OCLMNNATOPHO- 30HanbHbIM MatepuanoMm, a 3aTem LUMPOKoN ogHopogHon kanmon (13 Viskupic 2003 roga, CL).



SAKINKOYUTEJIbHbIE 3AMEYAHUA

BoiwenpuBeaéHHble uNnOCTpauum noavYepkMBaloT pasHooOpasne BHYTPEHHUX W BHELUHWUX
NMPU3HAKOB, XapaKTepu3yHLUMX LMPKOH, M MNOKa3biBaeT, Kak Takue npusaHakm MoryT ObiTb
NCMONb30BaHbl AN M3BMEYEHUS LEHHOW WHOpMauMM O TeOoriorMYeckon WUCTOpUN  1”
NEeTPOreHeTUYECKUX CBA3AX LUUPKOHA: y4yém  xapakmepucmuk roebiuaem HaléXHOCMb
uHmepnpemauyuu U30MOIMNHO-2€0XUMUYECKUX pesynbmamos aHanu3sa UUPKOHO8.
[dnarHocTnyeckas LEHHOCTb TakUX WCCNEeAOBaHWIN, €CTECTBEHHO, YBENMWYMBAETCS, KaK TONbKO
0COBEHHOCTN MOPONOrMN N CTPOEHUS LUMPKOHA PacCMaTpuBatOTCst B COYETAHUN C SNTEMEHTHbIM
COCTaBOM W//VNMM U30TOMHBLIMW XapaKTEPUCTUKAMW TOTO XE€ MUHepana M B KOHTEKCTE XOPOLUO
OXapaKTepu3oBaHHbIX FOPHbIX MOPoA. BaxkHO Takke MMeTb B BMAY, YTO UHTEPNpeTaums HEKOTOPbIX
XapaKTEePUCTMK, TaKMX Kak 30HaNbHOCTb POCTa UNn sIBeHNe pe3opbumm MoryT ObiTb HECKOSbKO
HEACHbIM M MNpPOTUBOPEYMBLIM. Takum obpasom, TpebyeTcsi HekoTopasi OCTOPOXHOCTb, Korga
OCYLLECTBNAETCA MHTEepNpeTauus Takux CTPYKTyp.

U-Pb aHanus, 0cobeHHO nokasibHbIU, M038075em peliumb HEKOMOpPbIe U3 8biluenepeyquciieHHbIX
npobnem, npu ycrnosuu, Ym npoba He Obina 3aspsa3HeHa Mpu cenapayuu akuyecCopHbIX
MUHepasos.

B Hacmosiwee spemMs uMeromcs aHaiaumu4ecKue 803MOXHOCMU OrnpedesieHUs «OKeaHU4YeCcKoU»
unu  «kopoeol» npupodsl yupkoHos (Grimes 2015 Contrib Mineral Petrol 170:46
doi:10.1007/s00410-015-1199-3), ucrnionb3ys anemeHmbi- MpuMecu.

BbisierieHbl 803MOXHOCMU UCMO/Ib308aHUS 8KTIOYEHUU arnamuma 8 YUpKOoHe (0080/1bHO YacmbiX)
ons yened onpedeneHus nempoeeHesuca (Bruand, GEOLOGY, 2016; v. 44; no. 2; p. 91-94), umo
Moxxem bbimb uUcrosib3oeaHo Oris1 dokazamesib.cmea asmoegeHHOU (Unlu KceHo2eHHOoU) npupodbl

UUpKOHa 8 nopode.

Yyumsbieasi npumeHUMocmb UupKoHa 051 yeneld damupogaHusi, UMEHHO y4Em 8Cex 803MOXHbIX
XxapakmepucmuK U aHanu3upyemo20 UYUpPKOHa U nopoobl, U3 KOMOPOU OH u3ere4éH, criocobeH
nosbicumb HalEXHOCMb UHMeprpemayuu aHaaumu4yeckux pesynbmamos. be3 yyéma
Mopghosioauu U 8HympeHHel CmpyKmypbl aHanu3upyembiX MUHeparsbHbIX 3EpeH (Harnpumep,
uupkoHa), 6e3 onpedesieHus: rnpPUPOObl aHaU3UpyeMo20 seujecmea (HaCKo/IbKO 3MO 803MOXHO),
rnoslyd4aemMble U30MOIHO-2€0XUMUYECKUE pe3yfibmambl OCMarmcs ulb «2e0Mempu4ecKum
MecmoM MmoYeKk» Ha epaguke, upperiegacHMHbIM K MPUPOOHbIM 0bbekmam (noka He OoKa3aHO

obpamHoe).
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