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JIOBO3€pCKMIT 1I1e/TOYHOM MacCUB — caMasi KPYIHasi U3 M3BECTHBIX LIEJIOYHBIX PACCIIOCH-
HBIX MHTPY3Uil. B maHHOI paboTe BriepBble KOMIUIEKCHO PacCMOTpPeHa SBOMIOLUA COCTaBOB
K/IMHOIMPOKCEHOB TPeThell MHTPY3UBHOM (hasbl OCHOBHOI MAarMaTudyeckoll cragmuu (KoM-
IUTIEKC 9BUAINTOBBIX MYABPUTOB). TeM CaMbIM BOCIIONHEH IPOGET MO [eTATBHOMY M3yde-
HIO [JTABHOTO METAHOKPATOBOTO IIOPOL00OPA3yIoIero MIHepaaa MacClBa. BIsABIEHSI Te-
Tporpadudeckie 0CO6eHHOCTH K/IMHOMPOKCEHOB B PA3HBIX aCCOLMALISIX CPEIL [TAaBHBIX
[IOPOJ, KOMITIEKCA: 9BAMANTUTOBBIX IYABPUTOB, QOMANTOB U MODUPOBUSHBIX TYSIBPUTOB.
BriepBble IpuMeHeH IIOAXOJ, YYUTHIBAIOIMIT BAPUALMOHHOE PasHOOOpasye 30Ha/IbHOCTH
B KPUCTA/UIAX K/IMHOIMPOKCEHOB, a TaKXKe UX GpopMmy. [leTa/lbHO UCCIIeOBAHBI 30HATIBHOCTD
B KpUCTa/IIax u ux Mopdomnorust. [lokasaHo BO3MOXXHOE IPUCYTCTBIE ZI-T0XaHCEHUTOBOTO
n Ti-Zr-srupuHoBoro MuzanoB. HamedeHsr o61iye 1 acTHbIE TPEHIbI 9BOJIOLINI XUMITIe-
CKOTO COCTaBa, COOTBETCTBYOLIVE 30HATBHOCTY B K/IMHOIVPOKCEHAX. YCTAaHOBJIEHO, YTO HET
IIPSIMOIE CBSISY XMMMYECKOTO COCTaBa KIMHOIMPOKCEHOB CO CTPATUTPAPUIECKUM YPOBHEM
nopoy. Briepsble B upoKceHax 13 MOPOJ KOMIUIEKCA 9BMAIUTOBBIX TYSBPUTOB 3apUKCHPO-
BaHO Hambosiee BbICOKOe copepxanne ZrO, (3,09 macc. %), HECMOTpPsI HA TO YTO B 9TUX I10-
POax IIMPOKO PacpoCTpaHeHa coOCTBeHHAs (asa HMPKOHMS — SBIMATUT U IIPEIIOKeHa
BO3MOYKHAsI CXeMa 00O0TalieHNns TOPOJ STUM J/IEMEHTOM.

Kniouesvie c1064a: MIPOKCEHBI, 9BJMATNTOBBIE TYSBPUTDI, JIOBO3epCKIMIT MACCUB, LIMPKOHMIA.

BBeﬂCHI/Ie N IIOCTAaHOBKaA IIp06IIeMbI

JIoBO3epcKuit MaccuB — caMas KpPyIHas U3 M3BECTHBIX LIEIOYHBIX PACCIOEHHBIX
MHTPY3uil Ha Hautell iaHete (CeMeHOB 1 ap., 1974). Ho fo HacTosIero MoMeHTa BO-
IIPOC O €T0 IPOUCXOX/IEHNN U CTAHOBJIEHU! He CYMTAETCH [0 KOHIJa pelieHHbIM. OfHOI!
U3 3HAYMMBIX SABJIAETCA IMpob/ieMa reHe3nca KOMIIEKCa 3BAMANINTOBBIX TYSBPUTOB, KO-
TOPBIiT He BIIVICBIBAETCS B KJIACCUYECKYI0 OfHO(DA3HYIO cXeMy pOPMIPOBAHNS PACCIIOCH-
HBIX UHTPY3UBOB, KaK OCTa/IbHble KOMIITeKCh MaccuBa (Yarmkep un bpays, 1970). Cun-
TaeTCs, YTO OH O6bUI cHOPMMPOBAH BMeCTe C AIPYTMMU IIOPOJAMI MacCuBa, HO U3 6oee
nuddepeHIPOBaHHON TOPILY MarMbl, BHeJIPYBIIENICA B KOMIUIEKC Ha 3aK/TIOUNTENIb-

© Cankr-IletepOyprckumit rocyapcTBeHHbI yHUBepcuTeT, 2018

https://doi.org/10.21638/11701/spbu07.2018.105 69



HBIX 9TanaxX OCHOBHOI MarmMaTU4ecKol cragmnum mu3 Ma}IOF}IY6I/IHHOFO HpOMe)I(yTO‘-IHOFO
ouara (Korobeynikov and Laaioki, 1994).

EfVHBIM MCTOYHUKOM PaCIIaBOB KPYITHENIINX [1a/Ie030ICKUX MHTPY3uil — XUOMH-
ckoro 1 JIoBo3epCcKoro INTyTOHOB — CYNTAETCS ITyOMHHAsA MarMa, MeTacOMaTU3MpPOBaH-
Has 1 oboraijeHHas pegKoseMenbHbIMY anemenTamu (Kogarko et al., 2010; Arzamastsev
et al,, 2013). CymiecTByIOT BE OCHOBHBIE nsiet GopMUpoBaHusA Mopox Maccusa (Bmacos
u fip., 1959; Byccen n Caxapos, 1972; Kogarko et al., 2006; Féménias et al., 2005):

1) crpaTudumkanus pacriaBoB B MarMaTI4YeCcKoil KaMepe Ha ITyOuHe;

2) ¢pakuyoHHAas KPUCTA/UIN3ALMA Y>Ke U3BEPIIINXCs PacIUIaBOB, IO pa3yMeBalo-
Ias MepBUYHOE OOpasoBaHMe KYMYIATOB (ebIIIIIaTON/IOB, 00YCIOBIEHHAs
Pa3HBIMU MeXaHM3MaMIN.

CrpoeHre 1 MMHepPanIOrn4ecKnii cocTaB JIOBO3epCKoil MHTPY3NUM aKTUBHO M3Yydann
MHOT1€ M3BEeCTHBIE y4eHble, IOMTy4MBIIVe OCHOBHbIE JAHHBIE O €€ CTPOSHUY U MIHepa-
noro-netTporpaguyeckoil XapakTepuctuke. Maccus npencrasnseT co00il paccIOeHHBII
KOMIUIEKC — MHOTrOo¢asHOe MHTPY3UBHOE Tenlo (puc. 1), nMerolee CI0KHOE ABYXbAPYC-
Hoe cTpoeHne (Arzamastsev et al., 2008):

1) HVDKHMIT IPYC — LITOK, MMEIOIINII OKPYIIYIO pOpMY B IIIaHe,

2) BepXHUI ApyCc — IUIaCTOOOpasHas 3a/IeXKb MOITHOCTBIO OKOJIO 2 KM.

HatupoBky MHTPy3uBHBIX ¢a3 (Arzamastsev et al., 2013) 1 XapaKkTepucTUKa UC-
TOYHMKA MarMarudecknx pacmiaBos (Kogarko et al., 2010) B COBOKYIIHOCTH C I'€OJIOTH-
YeCKVMI JAaHHBIMI ITO3BO/IVIN YeTKO OIPele/NThb MOCIe[OBATe/IbHOCTD VX BHEAPEH!s
B JIOKeMOPUIICKIe TIOPOJIBI, A TAK)Ke 0CaJOUHO-BY/IKaHOTeHHbIE IIOPOJIbI CTTAb0 MeTaMop-
($130BaHHOII TOBO3€PCKOI TOJIIY HIDKHETO-CPeHeTo AeBOHa. B 0CHOBHYI0 Marmaruye-
cKylo craguio (365+5 miH ntet) (Arzamastsev et al., 2013; Kramm et al., 1993) BHenps-
much cnepyromye ¢assr (puc. 2) (Bmacos u gp., 1959; byccen n Caxapos, 1972):

— ¢asa I — coorBercTBYeT KOMIUIEKCY coffanmuToBbix cueHnTos (KCC),

— d¢asa Il — coorBercTByet muddepennuposanHomy kominexcy (IK),

— ¢asa III — cooTBeTCTBYeT KOMIUIEKCY SBAMAMNTOBBIX MysABpuToB (KIJI).

B mocnemHme mecATUIETHA MPOBOAVIIVICH TEOIOTO-Teo(dUsIYecKne UCCIeTOBAHNA
maccuBa (Arzamastsev et al., 1998) u Mmunepanorndyeckue rccnegoBanms nupokcena (Ko-
robeynikov, Laaioki, 1994; Kogarko et al., 2006; Suk et al., 2009), xoTopsle I03BOMUIN
YTOYHUTD CTPOEHVE UHTPY3UBHOTO Te/la ¥ OOHAPY>KUTb B HeM CKPBITYIO PaCCTIOEHHOCTb.
[TocnenHAA mpocneXXuBaeTcs 10 3aKOHOMEPHOMY M3MEeHEeHNI0 COCTaBOB nupokceHa (Te-
PacUMOBCKUIL 1 Ap., 1952; Korobeynikov and Laaioki, 1994; Kogarko et al., 2006) n aau-
annra (Kogarko, 2014) Bo BceM paspese MHTPY3UBHOT'O Te/la MacCUBA.

PaHee ObI/IO yCTaHOBJIEHO, YTO (PPAKUMOHHAS KPUCTA/UIM3ALNA MarMaTu4ecKoro
pacIrraBa MpOXOANIa B 3aKpBITON cucTeMe. Tak, ¢ Bo3pacTaHMeM CTpaTUrpaduiecKoit
BBICOTBI cOfiep)kaHme Hatpus, Fe** u TuraHa yBenmumBaercs, a ColepXKaHVe MarHusl
M Ka/IbIVIA YMEHBIIACTCS, ¥ OCYLIECTBIIAITCA TIePeXOfbl MeX/y KOHeUHBIMI WICHAMI
TBEPJOTr0 pacTBOpa AMOICHJ — TefileHOeprutr — arupuH. CocTaB KIMHOIMPOKCEHOB
B MacC/Be OIMCBIBAeT C/IeAYoIas OCHOBHAA cXeMa N30MOopdr3Ma:

Ca+ Mg (Fe’*) > Na+Fe®*.

Takoke 0TMeUYeHO HAKOIIJIEHNE TUTaHa B CUCTEME, UYTO CII0co6CTBOBAIO YBEIMYCHNIO
€ro Cofep’XaHMsd B KIMHOIMPOKCEHAX Ha IMO3JHUX CTAOUAX 06pa3OBaHI/IH, HO B HEKO-
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Puc. 1. Teonorndeckasi Kapta JIoBO3epcKoOro Maccmsa ¢ TOYKaMy 0T6opa 06pasios (Homepa 06pasiios
BBIfle/IeHbl IPSIMOYTOIbHIKAMN) 110 faHHBIM paboT (Tepacumoscxnii, 1966; Byccen n Caxapos, 1972) mo-
cre fopabotku (Arzamastsev et al., 2013):

1 — JeTBepTUYHbIE OTIOKEHIST; 2 — (QOVIAUT-TYABPUTHL; 3 — 3BAUATUTOBBIE TYSABPUTDL, TOBO3EPUT-
MYPMaHUTOBBIE TYABPUTDL; 4 — MITOJIUT C AIIATUTOM M TATAHUTOM; 5 — A PepeHIpOBaHHbIIT KOMIUIEKC;
6 — NOVIKMINTOBBIE HeeTMH-COaMNTOBbIE CeHNTDI; 7 — MerMaTOV/HbIC TTIOPOIbI KOHTAKTOBOI 30HDI;
8 — ¢oHomMTOBEIE TOPGUPDL; 9 — IETOYHbIE MUKPUTDL, TUMOYPIUTDL; 10 — IOPOAbI FOKEMOPHUIICKOTO
byHpmamenTa; Ha pparMeHTe BBepXy CleBa IOKa3aHa JIMHUA reojorndeckoro paspesa MN (cm. puc. 3)
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Puc. 2. Tunoretnyeckas cxeMa popmmposanus Mmaccubos Jlososepckoro (1-5) n Kypra (6-8):

1 — apmanmrossie nyaBputsl (KOJI); 2 — momapur-copepskaruit TysBput — QoistuT — ypTuTo-
BbIIT paccmoenHblit KoMmivieke (JK); 3 — noitkumurossie cofamroBble cueHnTsl (KCC); 4 — 1menoyno-
YAbTPAOCHOBHBIE IIOPOJIbI; 5 — II€/I0YHbIE BYIKAHUTDI; 6 — I[e/IOYHbIe CEHUTDI; 7 — IIe/I0YHO-YIbTPa-
OCHOBHbIE MOPOJDI (@ — MepUIOTUT, 6 — MUPOKCEHNT); 8 — HaiIKM OIMBUHOBBIX MenaHedeINHITOB
u mukputoB (Arzamastsev et al., 2008)

TOpBIX 0Opasijax Hab/IofaeTcss peskoe yMeHbleHue ero cogepxanus (Kogarko et al.,
2006), Ipyt 9TOM MPEIIONATaeTCs, YTO TUTAH COAEPIKUTCS B KIIMHOMMPOKCEHAX 1 B BUJe
muHana NaTiSiAlOg, n B Buse HentynutoBoit cocrapyswomeir (NayFeTiSi401,), koro-
past ucdyesaeT U3 CUCTEMbI Ha MIOCTIEHNX CTaAMsAX B cBs3u ¢ gepuuurom Fe?*. B pabo-
tax (Korobeynikov and Laaioki, 1994; Kogarko et al., 2006; Korapko, 2015) ycTaHOB/IEHO
YMeHBIIIeHNe COIePKaHNUA IMPKOHNA B KIMHONMPOKCeHax B mopopax KIJI. 9To ymeHb-
HHIeHne O6quHO CBA3bIBAIOT C IIOBBIINIEHVEM IIETOYHOCTU KIMHOIVIPOKCEHOB. B no-
CBSIIL[EHHBIX M3YYEeHUIO LIeNOYHBIX mopof paborax (Mann et al., 2006; Wu et al.,, 2016;
Andersen et al., 2016) copep>kaHue NVPKOHUA PACCIUTAHO B IIMPOKCEHAX HeeMHOBBIX
CUEHUTOB, TyABpUTOB 1 (oitantos B Bue Munana Na(Ti, Zr)ys(Fe*t, Mg)osSi,06. On-
HaKo, 1o fauHbIM pabot (Kogarko et al., 2006; Korapko, 2015), Han6ojiee BepOsATHO, 4TO
B JIOBO3E€PCKIMX KIMHONMPOKCEHAX IIMPKOHMIT cofepuTcs B Busie MuHana NaZrSiAlOg,
IIPY STOM IIPEJIIONAraeTcsi BO3MOXKHOE CTPYKTYPHOE 3aMeleHue Fe?*.

ITo pesynbraTaM M3y4eHNUs] TEMIIEPATYpPHOTO PeXVMMa HEKOTOPBIX ITOPOJ, BepXHelt
vyactu [K, Hyokneit yactu K9JI, a Taxoke KCC mipy momo1y reoTepMOMeTPOB YCTaHOBIIE-
HO, 4TO TeMIIepaTypHbIe TPEH/ bl KOPPEIUPYIOT C 3MEeHeHIeM II[e/TOYHOCTH IIMPOKCEHOB
(Suk et al., 2009).

VccnenoBauns putmos JIK mokasam, 9TO MMPOKCEHBI HA PAa3HBIX YPOBHAX KOM-
I/IEKCa MMEIOT pas/IM4Hble TpeH bl 9Bosronyu coctaBa (Kogarko et al., 2006). 9to 06bsic-
HAETCS 9BOIOLVEel MHTEPCTUILMOHHOTO PACIlIaBa, COCTaB KOTOPOTO 3HAYNTETbHO MEH -
€TCA B 3aBUCUMOCTU OT (bpal(LU/[OHHOf;[ KpuUcCTa/umm3annm, 1mpm 3ToM pa3BUTNE CUCTEMbBI
IpeAIIoIaraeTCs B TOM JKe HallpaB/IeHNN, YTO U BO Bcelt MHTpy3uu. B pa6ore (Féménias
et al., 2005) mokasano, uro nopoxsl IK Moriu ¢popMupoBaThbcsi B HECKOIBKO 9TAIOB, YTO
CIefyeT U3 JOKa3aTelbCTBA BHEPEHMA HOBBIX IIOPIVIT PAacIIABOB B yKe 3aTBeP/ieBIINI
MaTpUKC. ITO HECKOJIBKO IO-MTHOMY OOBSICHSIET BapMaIM/ COCTABOB K/IMHOIMPOKCEHOB.
[Toponbr K9JI He nccmenoBamich ¢ NCIONIb30BAHNEM TAKOTO ITOAXO0MA.
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Korga Bapmanmm coctaBa OOBSACHAIOTCSA Ha/IM4YMeM VHTEPCTUIIMIOHHOTO pacIliaBa,
pacIipefiefieHye 97IEMEHTOB B CHICTEME MOAUMHAETCA TeOXMMUYECKIM 3aKOHAM pacipefie-
JIeHUA MaKpO- I MUKPOKOMIIOHEHTOB B 3aKPBITOI cucTeMe. Ecu ske Mbl IIpefinosiaraeM
BHeJ[peHIe HOBBIX ITOPIMIl PacIlaBa B CYIIECTBYIOIIT MaTPUKC, TO BO3MOXXHO obora-
IIeHNe CYCTeMbI Ppa3/IMYHbIMI 37IeMeHTaMI.

Munepanorndecknit coctaB nopoyg K9JI B coBpeMeHHBIX paboTax M3ydajcs KOM-
IVIEKCHO C IOPOAAaMU JPYTUX MHTPY3UBHBIX (a3, YTO He IO3BOINIO [eTalbHO OCTAHO-
BUTbHCS Ha 0COOeHHOCTAX popMMpoBaHMA KnHonpokceHoB KIJL.

B crarbe moppo6HO paccMOTpeHa 3BOMIOIMA COCTABOB KIMHOMMPOKceHoB KIJI
U IpoBeJieHO cpaBHeHMe nocnenHux ¢ nupokcenamu K, KCC, nupokceHamu us pas-
JIMYHBIX cepuit mopoy XMOMHCKOTO MacCKBa, a TaKKe C MUPOKCeHaMM JaiKoBoil (aspl
XMOMHCKOTo MaccyuBa. ITO HO3BONIO MOMTYYNTD CAEYIOIINe Pe3yIbTaThl:

— YCTQHOBUTb OCOOEHHOCTY (PAKIMOHMPOBAHVS HMPOKCEHOB B pacIUIaBe [Jist
Hanboree MO3HNIX MaTMAaTNIeCKNX CTAMIl B YC/IOBYAX 3aKPBITON CHCTEMBI Mar-
MaTH4eCKOI KaMepbl;

— CPaBHMTD TPEH/IbI IOBEMI€HN A MMPOKCEHOB B Pa3HBIX TUIIAX ITOPOJ, U3 POACTBEH-
HbIX JIoBO3epcKkoit u XMOMHCKOM MHTPY3UIl — 3BOJIIOLMIO MVPOKCEHOB BO Bpe-
MEHM U IPOCTPAHCTBE.

XapakTepuctuka 00 beKTa UCCIeOBaHNS M METOMBI MCCTIEOBAHMS
OcnoeHvie unmpysuenvie pasvt maccusa u ocobennocmu K9JI

B 0CHOBHYI0 MarMaTH4ecKyo CTauio Obl chOPMUPOBAHBI TPY KOMIITIEKCA TOPOJ,
(puc. 1, 2).

Panbiie Bcero (B ¢asy I) chopmmpoBaicss KOMIIEKC MOVKMINTOBBIX HedennH-co-
IaMNTOBBIX ¥ HO3eaHOBbIX creHnToB — KCC. B Buje KCEHOMNTOB IOPOIBI 9TOTO KOM-
IIEKCa BCTPEYAIOTCs B 1BYX nocnenyonmx ¢asax II u III (Bracos u ap., 1959; Byccen n
Caxapos, 1972) n oTmm4aroTcs 60/1ee MIaCKMTOBBIM COCTaBOM.

Bo Bpems nHTpy3uBHOIL dassl II 6611 chopmupoBan auddepeHnpOBaHHBIN KOM-
mwiekc (1K) mopox, craraonmx MOITHOe IIacTO0OpasHOe TeIo BHU3Y PacCTIOeHHON Ja-
ctu MaccuBa. OH OTYETIVBO CTPATUUIMPOBAH M COCTOUT 113 MHOTOKPATHO IIOBTOPSIIO-
IUXCA C/I0€B YPTUTOB, (POVIANTOB U JTyABPUTOB MOIIHOCTBIO OT HECKOJIBKUX CaHTUMe-
TPOB [I0 BECATKOB METPOB, MHOITA OTMeYaeTCsl pUTMUYHOCTD UX YepegoBaHus (Brnacos
u 1p., 1959; Byccen n Caxapos, 1972). Ilopopsl 1o cocraBy 60ree armanToBble.

Kommnexc nopox (K9JI), chpopMupoBaHHbIX B TedeHMe MHTPy3uBHON ¢aspr 11,
IJIaBHBIM 00Pa3oM COCTOUT M3 ITACTOOOPA3HbIX TeNl 9BJAVATNTOBBIX JYSBPUTOB, POIiA-
UTOB, I0BUTOB. Taroke B HEM BCTPEUYAIOTCS UIOMNTBL 1 IPYTYe IIOPOABL OCHOBHOI BETBI,
KOHTAKTOBBIE J XV/IbHbIE ITIOpGUpOBNAHbIE TyABpUTEI (Bracos u ap., 1959; byccen n Ca-
xapos, 1972). ITopoas! caraoT IIACTOBOE TEIO MOIJHOCTBIO OT 150 mo 1000 M u pac-
T0/IaTAlOTCS B BEPXHell Y4acTV MAacCKBa, IO CBOEMY CTPOEHUIO HEOTHOPONHBI. PasHble
VICCTIeTIOBATe/M II0-Pa3HOMY XapaKTepyu30BaaM 3Ty HEOJHOPOMHOCTD, Hanbonee sACHOe
IpefcTaBIeHle O CTPOEHUN 3TOrO KoMIUIeKca (puc. 3) maHo B pabore (Arzamastsev,
etal., 2013). B ormune ot nopog JK, 8 nopomax K9JI xys>ke BbIpaskeHa TPaxXUTOUIHOCTD,
OTMeYaeTCs 4YacToe IepecaMBaHMe IOPOJ, C Pa3INYHONM CTPYKTYpPOIl M TEKCTypoil
u kpynHocTbio 3epeH (byccen u Caxapos, 1972).
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Puc. 3. Teonornyeckuii paspes no muauu MN (cM. ¢pparMeHT Ha puc. 1) ceBepo-3amajHOIl YacTn
JIoBO3€epCKOro ImyToHa:

1 — 3BEMANNTOBBIE NYABPUTH (4 — KpPYIHO3EPHUCTblE, 6 — HEPAaBHOMEPHO3EPHINCTHIE); 2 —
9BAMAINTOBbIE (OMANTB;; 3 — 9BAUAMUTUTB; 4 — JIOMAPUTOBBIE IOBUTHL; 5 — 3BIUATUT-FOBUTOBbIE
nopupbl; 6 — nysaBpuThl U GoranTsl U3 [1K; 7 — HOMKMIUTOBbIE COTAINTOBBIE M HO3€AHOBbIE CUEHUTHI
(KCC) (Arzamastsev et al., 2013)

Hecmorpst Ha pasmunblii Xapakrep paccnoens, Bo I u III gasax npucyrcTByror no-
POMbI, OAVMHAKOBbIE IO MIHEPAJIOTMYECKOMY COCTaBY, HO C Pa3/IMYHBIM MOPAIKOM KpU-
CTa/UIM3ALNN ¥ CTETIeHbI0 UAVOMOP(dI3Ma OCHOBHBIX IIOPOJOOOPA3YIOLINX MIHEPAJIOB.
B nopogax K9JI orMeyaeTcst MaKCHMa/IbHOE COflepyKaHMe MIPOKCEHOB BO BCEM MACCHBE.

B cxeme onmcanns paspesa K9JI, npennosxennoii B padote (byccen, Caxapos, 1972),
BBIJIE/IAIOTCA TPY YacTU: 1) BepXHss, 2) CpefHss, 3) HIDkHsAA. [Ipu 3TOM Bepx HIDKHeI!
YacTy IIPAKTUYECKN HETOCTYIIEH B 9PO3UOHHOM Cpe3e, I0ITOMY HaMI He MCCIeOBaH.

BepxHsis 4acTb paspe3a IpefiCTaB/IeHa IABHBIM 00pa3oM CJIeYIOLINMY IOPOJaMIL:

— CpefiHe- ¥ KPYITHO3epPHUCTHIMIU 9BIUATNTOBBIMYU TyABPUTaMU (COOTBETCTBEHHO
67 m 13%),

— «OCIICHHBIMI» 9BJMATUTOBBIMM TyABpuTamu (6 %),

— doitanramn KpynHodepHUCTHIMU (4 %),

— 9BIVAIMTOBBIMM IOPPUPOBUIHBIMI I0BUTAMM Y TyABpUT-IoBUTaMI (3 %),

— 9B[UANTO-TAMIPOGU/UINTOBBIMY TysaBpuTaMu (3 %),

— Me/IaHOKPAaTOBBIMI CPeHEe3epHICThIMY 3BAMAINTOBbIMY TysBpuTaMu (2 %),

— CpeHe3epHICTBIMI COIANMNTOBBIMM MitommTamu (2 %).

CpepHsAA 4acThb pa3pesa CefyIOIIMI IOPOIaMu:

— CepbIMM 9B[JVIaTUTOBBIMY CpefHe3epHUCTBIMM TysaBpuTamu (52 %),

— doitanTamMn 1 1eMIKOKPaTOBBIMY TySIBPUTAMI HEPaBHOMEPHO3epHUCTBIMIU (45 %),

— 3BJVAIMTOBBIMY NOPGUPOBUSHBIMY IoBUTaMU (3 %).

B xope mccnenoBaHusA M3ydascsa XMMUYECKNII COCTaB KIMHOMMPOKCEHOB U3 CeMU
06pasios, oro6panubix B KOJI, B Tab/1. 1 npuBefeHo neTporpaduyeckoe OMMcaHye mo-
pon. [l uccnegoBanms 6b110 0To6paHo 6oree 50 06pasIoOB, Cpey KOTOPIX BBIOPAHBI
Hanbosee XapakTepHble 00pa31ibl, ONpeie/AoLIe HEOTHOPOFHOCTD Topoy KOJI.

TakoKe yYUTBIBAIOCDH IPOLIEHTHOE COOTHOIIECHNSA STHX IIOPOJ B TaHHOM KOMIITTEKCE.
Cpeny HUX IIpeICTaB/IeHbl BCe OCHOBHbIE TUIIBI IIOPOJ;: TysIBPUTBI 3BAMUATUTOBBIE, Hoiis-
UTBI, IOBUTBI, KOHTAKTHbIe HOP(UPOBUAHbIE TysABpUTHL. V mo cBoeMy pasHoo6pa-
3MI0, U TI0O MOIIHOCTM OHM XapaKTepM3ylOT OCHOBHYIO 4acTb paspe3a KOMIIIEKCA.
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Tabnuya 1. Camcok oToOpaHHbIX 00pa31ioB HOPOL,

IToponma

O6pasery

Mecto
orbopa

Bricora,
M abc¢.

XapaKTepuCTHKa HOPOJbI
10 ONMCAaHMIO B IUIMdax

MenanoOKpaTOBbIi
CpeHe3epHUCTHIN
SBVATUTOBBIN
JTySABPUT

10-1

Tyn6ubloHyait

816

CTpyKTypa myaBpUTOBas, TEKCTYpa He-
IIPpaBM/IBHOTPAXUTONIHAA. prHHI)Ie
JIEIICTBI KA/IeBOTO TIO/IEBOTO IIITATa
(KIIIII) mMeroT HepOBHbIe OYEpTAaHUA,
pacrionaraoIyecs MeXAy HUMMU 3ep-
Ha HedenmHa u amduboma o6pasyrT
KpYyIHble UAVMOMOPQHbIE TIPU3MBI CO
CeflaMyl KaTakjasa, STUPMH 06pasyeT
UTOJIbYAThIe KPUCTA/UIBL, OOBOAKU-
Balolljee BCE OCTA/NbHbIE MUHEPAIbL,
cden, pynHble.

KpymHosepHucTbIit
JTaMpOGUINTOBBII
doitsut

5-1

Peka Kydryair
Y TIOHOXbs
TOpbI
MaHHemnaxkx

880

Crpykrypa  rumuanoMopdHO3epHU-
cTas, TeKCTypa MaccuBHas. Kpymusie
kpucrawiet KIIIII, Hedennna, mammpo-
bwunTa ¢ BKIIOYEHMSIMH IMPOKCEHa
u pegko ambpuboma. OyrIpoBU-
Hble MANOMOpP(HbIe IpuU3MaTHIeCcKue
U UTO/IbYaThie KPMUCTA/UIbI IMPOKCEHa
u amduboma. C/S-cTpyKTypHble [e-
dbopmaru kpucTtanios aMmpubona.

IBIMATNTOBBIN
JTYSABPUT
CpeflHe3epPHUCTDIN
C «OYKOBOI»

CTPYKTYpOI

13

Peka
Tyn6ubroHYyait

893

CTpykTypa CpefHe3epHMUCTas, TeK-
CTypa TpaxuTOMfHasA. DTUPMH U aM-
¢ubon 06pas3yT CIUIONLIHbIE BOJi-
JIOKOIIOIOOHbIE MAacChl, 3axXBaThIBas
aNIOMOCWIMKATBl U 3BAMAINT. IIpns-
MaTM4ecKye KPMCTA/IBl IMPOKCeHa
u amdubona pesopbuposaHsl. BHem-
HIe 0-CTPYKTYpHI fedopmaryu u C/S-
medopmanyy, ¢ IJIACTUYECKMMH Ha-
HPSDKEHUAMH B KPUCTAJIaX Ipu Ccy6-
COIMIYCHBIX YCTIOBUSAX.

TTopdupoBuHbIIi
JyABPUT-IOBUT

16

CKJI0H TOpBI
AHTBYHJIac4opp

998

CrpykTypa moppupoBUAHAs, TEKCTY-
pa TpaxuroupHas. B OCHOBHOI TKaHU
menkue nevictol KITII, xpuctanmsr He-
dbenuHa, IPU3MBI STVPIHA, 3€PHA IBJ-
annta. [lopdupoBusHble BBIETEHI:
Hedemnua (1,0-2,5 MM), MUKPOK/INHA
(1,5-2,5 mm) u comanura (mo 2,5 MM)
COoflep)KaT  BKJIIOYEHVS]  IMPOKCEHa,
KPUCTA/UIBl KOTOPOTO OPMEHTUPOBAHBI
u upuomopdHsl; a B MypMmaumnre (1,5-
3,0 mm), nopenuennte (1,5-2,0 mm)
n amoubone (0,3-0,5 MM) HUPOKCEH
BCerfa KCeHOMOPgeH U Pa3opueHTUpo-
BaH. KpyInHble UronpyaTbie BbIAE/ICHN
mupoxkcena (0,7-1,5 mm) u ampubona
(0,3-0,7 MmM).
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Oxonuarue mabn. 1

Ilopopa

Oo6paser

Mecto
orbopa

Bricora,
M abc¢.

XapaKTepuCTHKa HOPOJbI
[0 OIIMCAHMIO B IIIN(ax

IBAMAINT-
aMITpUIINTOBbII
JIySIBPUT

17

[lepesan
Teonmoros

1000

CTpykTypa JIyABpUTOBasA, TEKCTY-
pa HesABHOTpaxmroupHas. KpymHble
neitctel KIIIII ¢ HepoBHBIMU oOuep-
TaHUAMM, MEXAY HUMM — 3epHa He-
¢demnua; amdubon B Bume HpU3M CO
clefaMy  KaTakiasa, OOBONaKMBAIO-
LI UTONBYATBIN STYPMH; 3BIAMAJINT,
JaMIPOGUININT, HATPOINUT, KPYIHBIE
Kpuctauipl MarHeturta. CuIbHas CO-
panuTusanus  (Ho3eaH, aHaIbIUM),
TPELIMHOBATOCTb, B OCHOBHOM B IIN-
pokceHax u am¢ubonax, pasBuTas
U BJJ0/Ib KPUCTAJUIOB, I TIOIIEPEK, PexKe
IO CIIAHOCTH, HO 3aTeM 3ajedeHHas
BTOPMYHBIM LI€OTUTOM.

OBIMATUTOBBIN
JIyIBPUT CpefiHe3ep-
HUCTBIN

15

Topa
KenmpixBepmakx

1004

Crpykrypa runmugnomopgHasg, TekK-
cTypa TpaxutonpHas. KpymHbre meii-
cter KIIII ¢ HepoBHBIMYM OYepTAHUA-
MM, MEXy HUMU — 3epHa HedeanHa
u neiicTol amdubona, pe3opoupoBaH-
Hble, MHOTJA CUJIBHO ACCHMUINPO-
BaHHDble HeQEIMHOM IO TpelHAM
KaTaK/Ta3MpPOBAHNA, UTONbYATEIE KPI-
CTa/UIBI STUPUHA, OOBOJAKMBAIOLIVE
JENCTBI. DBAVAINT, HATPOMUT, KPYI-
HbIe 3epHA MarHeTNTa. BropmaHele ns-
MEHEHUS CXOXM C U3SMEHEHUAMM B 00-
pasue 17.

OBAMATUTOBBIN
JTySIBPUT
(KaKOpTOKNUT)

16a

Topa
AHTByHIACUOPp

1120

Crpykrypa maHupguomMopdHas, Tex-
cTypa TpaxuroupHas. Vipmomopd-
HbI€ KPpUCTA//Ibl 3BAMNAINTA, prHHbIe
I/II[I/IOMOp(bHI)Ie KpuCTa/ibl 3rUpuHa
u am¢ubona 1o 1 MM, pazopbupoBaH-
HbIE, PEJKO BO BKIIOYEHMAX He(bem/ma
B nenrpe (dyrnapsr), obpacraromuye
UITIAMM STUPUHA. MypMaHUT € MOJKK-
JIMTOBBIMY BPOCTKaMU UAMOMOPGHOTo
srupuHa u aMm¢pubona. Hedenmu cunn-
HO II€O/MUTUSMPOBAH MeCTaMM, COfa-
JINTOBBIC I/[JII/[OMOp(l)HI)Ie KpucTanibl,
pa3BuBamwInecd 1o MpraHI/ITy.
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[TeTpoXMMIYECKIIT COCTAB M3yYEHHBIX OPOJ, IPUBEAeH B Ta0/. 2 (J/11 CpaBHEHNS BBe-
mens! nyssputbl 3 JK). Mupexc armantHocTH (IA = (K,0 + Nay0)/AL,03) umeer 6onee
HM3KYe 3HadeHns B mysaBputax us [IK (IA =0,78 + 0,84) u 60onee Bbicokue B mopopax K9JI
(IA=0,80+1,14). [Topopbl TOCTEIIEHHO M3MEHSIOTCSI OT HU3KO- 10 CPeSHearIauTOBBIX.
Copepxxanue ZrO, B mysspurtax us JK oryerimnso Hike (0,19-1,58 macc. %), 4eM B 11y-
asputax K9JI 1,30-2,27 macc. %.

MeToppl nccnegoBaHusA

CocraB omnpefensany NIpy MOMOLIY ONTUYECKOM M 3MEKTPOHHON MUKPOCKOIUNU
(511 MUKpPO3OH/IOBBIX aHA/IM30B) B INTOCKO-IIO/IMPOBAHHBIX IIIN(AX Ha ABYX CKaHUPYIO-
VX 9MTEKTPOHHBIX MUKPOCKOIIAX C SHEPTOANCIEPCYOHHBIMY TPUCTaBKAMM.

B nmabopaTopuy JIOKaJbHBIX METONOB VICCIEHOBaHMs BelleCTBA I'€OTIOIMYeCKOro
daxymprera MI'Y momydyeHo 65 371eKTPOHHO-30H/OBBIX Pe3y/lIbTaTOB aHA/IN3a KINHO-
nupokceHoB npu nomoiu COM «Jeol JSM-6480LV» ¢ BOMbppaMOBBIM TEPMOIMUC-
CUOHHBIM KaTOOM U 3HepropucnepcuoHHbiM crekrpomeTpoM «INCA-Energy 350».
O6pabotka mpoBoguaace npu momoiny nporpamm SEM Control User Interface, Bep-
cust 7.11 (Jeol Technics LTD) u INCA, Bepcus 17a (Oxford Instrument). Ananns ocy-
IIeCTBIIAICA IPU YCKopstollieM HanpspkeHun 20 kB u cuye toka 3onpa 2,0 HA. ITpopmorn-
JKUTEJIbHOCTb HEINOCPe[CTBEHHOI'0 HAKOIUIeHMA cneKTpa cocrtasisia 100 c. Vicnons-
30Ba/IUCh CTaH/ApPThl IPUPOJHBIX MUHEpa/ToB U CTeKo/. VTepaljMoHHasA MOIpaBKa Ha
CpemHMIT aTOMHBI/I HOMep, IOIJIOLICHNE ¥ BTOPUYHYIO (III0OPECLeHINI0 BBOJIIACH
B aBTOMAaTuM4eckoM pexxmume no mopenu XPP-xoppekuun (INCA, Bepcusa 17a, Oxford
Instrument). s onTMMu3anuy yCIOBUII M3MEPEHWII WCIIONb3OBAJICA MeTajInde-
CKMil KOOasbT. YCIOBMs aHaIM3a BBIOPAHBI C TaKMM pPacyeToM, YTOObI OTHOCKUTEb-
Hble IIOTPELIHOCTY M3MepeHMs (BOCIPOM3BOAVIMOCTb aHalM3a) IO BCEM OCHOBHBIM
KOMIIOHEHTaM He mpeBblmamu 1,5 orH. %. Ilponenypsl cranmaptusaumm obecredn-
b a6con10THy10 IIOTPENIHOCTh M3MEPEHMsA ITIaBHBIX 97IEMEHTOB, paBHy 1,0-1,5%.

OctanbHble 350 3/1eKTPOHHO-30HIOBBIX Pe3y/IbTaTOB aHa/lM3a KIMHOIMPOKCEHOB
nonydensl B PIT CIT6I'Y «Teomopenb» Ipy OMOIIY CKaHUPYIOLIETO 9/IEKTPOHHOTO MI-
kpockoma (COM) Hitachi S-3400N ¢ sHeprogucnepcuonneiM cnekrpomerpom Oxford
Instruments X-Max 20. PesynbpraTsl 06paboTaHbl Ipy IOMOIIM IPOrPaMMHOTr0 obecIe-
YEeHU:

— Hitachi S-3400N Scanning Electron Microscope, Bepcus 7.3;

— INCA Energy 350, Bepcus 5.05;

— AZtek 2.2 SP1.

Amnanus nposefieH npu yckopsmwoieM Hanpsbkerun 20 kB u cune Toka 3012 1,8 HA.
IIpopo/mKUTENbHOCTh HEIIOCPENCTBEHHOIO HaKOIJIeHUA CIeKTpa cocTasiana 30 c. [Ina
CTaHAAPTU3ALMY VICIIONb30BANTNCh CTAHAAPTHI IPUPOSHBIX MUHEPAIOB U CTEKOI (B TOM
qIIC/Ie /I NMPKOHNUA). VITepalioHHbIe TIOIPaBKM Ha CpeJHIIT aTOMHBIN HOMep, IIOIJIO-
IIeHMe U BTOpUYHAs GII00PECIeHIV BBOGUINCH B aBTOMAaTYECKOM PeXMMe [0 MOfie-
nu XPP-koppekuun! (INCA Energy 350, Bepcust 5.05, Oxford Instrument). [lst orrnmn-
3aLMM YCIIOBMIT M3MEPEHNIT UCTIONb30BAJICS MeTAI/INYEeCKUIT KOOAIbT.

! Or anrn. eXtended Puchou/Pichoir — paciumpennsiit metox Puchou/Pichoir.
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Copiep>kaHlie MaKpO9/IeMEHTOB B IOPOJAX IIOTYYEeHBI B IA0OPATOPUU PEHTTEHO-
crextpanbHoro grropecuenTHoro aHanusa (XRF)? reonornyeckoro pakynsrera CII6IY
Ha criekrpoMerpe ARL Advant’X mo mporpamme QuantAS ¢ mpuMeHeHNeM 3TaOHOB.
CpeMKa IpOBOAMIACH NIPY HAIPsDKeHMU Ha TpyoOke 50 KB, ¢ cuyoit Toka 24 MA u cpen-
Hell ckopocTbio 10° C/MMH; IOC/IeNOBaTeNIbHO CHUMA/IOCh AT CKAHOB Ha KpMCTajIax
LiF 220, LiF 200, Ge 111, PET, AX 06 (miepBble Tpy CO CUMHTWUISLVIOHHBIM JJeTEKTOPOM,
HOC/IeJHNE [1BA Ha IPOTOYHOM IIPONOPLMOHAIBHOM JieTeKTope). CheMKa IIPOBOAIACh
IpyU HanpspKeHuu Ha TpyOke 50 KB, ¢ cumoii Toka 24 MA.

PesynbraTsl nccnenoBanmii

Mopgﬁonozuueacoe onucaxue

Kpucramipl KIMHOIMPOKCEHOB PasHOOOpasHbI 1o GopMe: UMEIOT PA3INIHYIO CTe-
IIeHb PasBUTHS TpaHell — OT IPU3MATUYECKOTO JO IPV3MaTIYeCKU-IITHAKOUIAIbHOTO
raburyca. YacTo KpMCTa/Ibl MMEIOT UTO/TbYAThI 061MK (puc. 4 u 5).

IIpu 6BICTPOII KpUCTAIM3ALNN UPOKCEH HOBOIBHO YaCTO 3aXBAaThIBAET JPYTIe
nopogoo6pasylomye MIHepasbl, 00pas3ysa uaroMopdHble Gy TIAPOBUIHbIE KPUCTAJUIBI
(cM. puc. 4, a, 6). I171eoXpoupyIoT TaKye MHANBIU/BI OT CHHe-3eeHoro (110 Np) 70 3e/1eHo-
BaTo-XeNToro (1o Ng) OTTeHKOB, OHM TaKKe MMEIOT caMoe 6O0JIbIIoe ABYIIpeIOM/ICHNe
U3 BCEX BCTPEYAOIVXCSI KIVHOIMPOKCEHOB B IIOPOJaX KOMIUIEKCA.

Hanb6ornee pacripocTpaHeHHBIM MIHEPA/IOM T'PYIIIIBI IMPOKCEHA CPeyl OOMbIIHCTBA
U3YYEHHBIX MOPOJ, SIB/ISIETCS STMPUH, MPEICTAB/IAIONINIT CO00M CIIyTaHHOBOJIOKHUCTBIE
TOHKOUTO/IBYAThIE arperaThl, 3aI0THAIOLINE IIPOCTPAHCTBA MEXY KPYIHBIMM BKpPaIlIeH-
HMKaMM HedelnHa, MUKPOK/INMHA, 9BAMAINTA, aMpuOoa, 1aMnpoduUInTa, MypMaHuTa
U JIOPEHLIEHNUTA, a TAK)XKe TPEeLIMHbI B HMX (CM. pUC. 4, 6). B HEeKOTOPBIX c/Ty4asx cpacTaHusa
OYeHb MEJIKMX UTO/MBYAThIX KPUCTAIOB 00pasyloT BOMOKHUCTYIO (BOIIOKOOOpasHYyIo)
Maccy BOKPYT Opofoo6pasylomux MuHepanoB. KpyHble MTonbyaTble KpUCTA UIbI STYPY-
Ha B nmax MMEIOT IPKO-3€eIeHbIin 1BeT (6e3 aHanmusaropa), 30HanbHsI (puc. 5,8). B acco-
LVALUY C HYMU BCTPEYAIOTCSI TIOCTEPMOPHbIE MITHEPAIIBI, IPEACTABIEHHbIE OAPITOM U I~
IOPOKCHIAMM MapraHIia ¥ Xele3a, MHOTAA B MHTePCTULIMAX MEXY KPUCTA/UIaMM STMpUHA
OTMeYaeTCs TOpMeBas MIHepaM3allis B BUJE PhIX/IBIX 00pa3oBaHUIL

Cpeny KpUCTaIoB, IOCTEIIEHHO 9BOJIIOLVIOHVPYIONIVIX K YBETNYCHIIO COEPKaHV
STMPMHOBOTO MUHAJIA, IPUCYTCTBYET U Ceplis, B KOTOPOU KPYUCTA/UIBI MMEIOT 0OPaTHYIO
30HAJIBHOCTD (CM. PUC. 5, ¢), OHM SABJIAIOTCS KCEHOKPUCTAIaMU 110 OTHOLIEHNIO K BMe-
I[AIOIVIM VX IIOPOJaM.

Taxoke K KCeHOKPUCTA/UIaM, IO BCell BUJVIMOCTM, OTHOCSITCS IMPOKCEHBI, 3aXBa-
JeHHbIe B KaueCTBe BK/IIOYECHNII B IIeHTpa/lbHble 30HBI He(eIMHa I MUKPOK/INHA (CM.
puc. 5,0). Oy 0OHapy>KeHBI BO BCeX M3YYEHHBIX IOPOJAxX ¥ NPENCTAB/IeHbI IIpU3Ma-
TUYECKVIMI KPUCTA/UIaMU IpaBWIbHOI (opmbl (pasmepoM oT 30 go 100 MKM), MHOTAA
BCTPEYAIOTCSI 0OIOMKYM KpUCTa/IOB. [IMpOKCeH 13 BK/IIOUEHMII MMeeT HeOTHOPOIHBIN
COCTaB, XOTA U ONM3KMIT K STYPUHY, TaKye KPUCTAJUIbI He ABJIAI0TCA Pe3y/IbTaToOM pac-
najia TBEpPJiOro pacTBOpa MIN PaCKpUCTAIM30BAHHBIMY BKIIOUEHUAMU. BeposTHO, OHM
ObLTM TIPUMHECEHDbI PAcIIaBOM 1 3axBadeHbl HedeMMHOM ¥ MUKPOK/IMHOM B KadyecTBe
PEeMKTOB, C(POPMUPOBAHHBIX B YCIOBUAX, Korma puddepeHnmanys paciaba JOCTUT-

2 Or aurn. X-ray fluorescence — pentreHodmyopeciieHTHbliT aHamu3 (POA).
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Puc. 4. Paznmuanble MOpdoornyeckme pasHOBUAHOCTU KIMHOIMPOKCEHOB:

a — obpaser; 16a, IpM3MaTHYECKNUIT KPUCTA/UT KIMHOIMPOKCeHa (M306pakeHne B MapalebHBIX
HUKOJIAX); 6 — ob6pasert 5-1, QyT/IAPOBUAHBII YAMMHEHHO-IPU3MATUYECKIIT KPUCTA/UT KIMHOMMPOKCEHA
(n3o6pakeHne B CKpelieHHBIX HUKOMAX); 8 — obpaser) 10-1, CIIyTaHHOBOTIOKHIMCTBIE arperaThl, CIOKeH-
Hble MITIAMJ STMPVHA, 3aIOTHAININME IPOCTPAHCTBA MEXIY KPYIHBIMM BKpPAIVIEHHMKAMM ¥ TPeLIMHBI
B HUX (M300pakeHNe B apalebHbIX HUKOIX); 2 — oOpasers 16a, 3aTBepfeBIiee pacKpUCTA/UIM30BAHHOE
BKJIIOYEHNe, IpefcTaB/IsolIee co00it momndasHblil arperaT

J1a IPAaKTUYeCKU KOHEYHOI TOYKY /IS 1e/IOYHBIX MMPOKCEeHOB. Jloka3aTe/IbCTBOM 9TOTO
ABJIACTCS APYTOIL, Y>Ke 30HA/IbHBIN KIMHOIMPOKCEH, KPUCTA/IbI KOTOPOTO BCTPEYAI0T-
Cs B BUJIe BK/IIOUEHMII BO BHEIIHNUX 30HAX KPMUCTA/UIOB HedelnHa ¥ MUKPOK/INHA (CM.
puc. 5,¢e).

B penkux cny4asnx B HepervHe HaOMIONAIOTCA CKOIUICHNS MeIbYaiinX (pasMepoM
0K0710 10 MKM) IPU3MaTHYeCKUX KPUCTAUIMKOB, KOTOPBIE II0 CBOEMY COCTaBY COOTBET-
CTBYIOT IIPAaKTUYECKU UJIea/IbBHOMY aTMPUHY (CM. puC. 4,2). CKopee BCero, OHY SB/IAI0TCS
3aTBepJeBIIMMI PACKPUCTA/UIM30BAaHHBIMM BKTIOUEHMAMI — 9TO 3aXBaueHHBIT Hede-
JIMHOM PACIUIaB, KOTOPBIII II03)Ke PaCKPUCTA/IM30BAICA C 0Opa3oBaHMeM STUPUHA B Ka-
yecTBe OCHOBHOI asbl. Takme BKIoYeHNs onycaHbl B pabore (basaposa, 1969). Takxke
OTMeYaI0TCs TOHKNE UTOJIOUKN (pasMepoM MeHee 5 MKM) STMpUHA B MUKPOK/INHE, KOTO-
pble, CYAs IO BCeMY, ABMIAIOTCA CTPYKTYPaMM paclaja.

Xumuueckuil u MUHATbHDILL COCMNAB KAUHONUPOKCEHOB

CoracHO XMMI4eckoMy cocTtaBy (Tabs1. 3) v mpuHATON Knaccuduxanuy (Morimoto,
1988), xmuHonupokcensl K9JI rmaBHBIM 06pa3oM IIpefiCTaB/IeHbl STUPUHOM, B MEHbIIIei
CTelleHM — STVMPMH-aBIUTOM. B cranmapTHoil dopmyne, nmetommert Bug M2 M1 T,Og,
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100 MKMm

Cq R
—

100 mkm
Cq C, Inc
NN —_—

Puc. 5. 30HaIBHOCTD B KIIMHOMMPOKCeHaX (POTO B OTpaXKEHHBIX /IEKTPOHAX):

a — TpU3MaTUYECKNII KPUCTA/UI KIMHOIMPOKCEHA ¢ 06OTalleHHBIM LUPKOHMeM sipoM (obpaser 13);
6 — HpI/ISMaTI/I‘-IeCKI/Ie KPI/ICTa)I}'II)I KHI/IHOHVIPOKCeHa C IIOBBIILIIE€HHbIM co,uep)KaHI/IeM J:[]/IOHCI/IH-FCI[GH6epFI/[TOBO-
ro muHasa (3oHa Cp) (06pasers 5-1); 6 — CPOCTKM Y/IVHEHHO- IPU3MATIYECKUX KPUCTA/UIOB K/IVHOIIMPOKCEHa,
cexyue 3BanamnT (06paser 5-1); ¢ — KCEHOKPUCTA/T KIMHOMMPOKCEHa (B PeabHOCTY MMeET 3e/IEHOE SIAPO,
Ha (OTO OHO BBIJIE/ISIETCA Yy Th 60JIee TEMHBIM OTTeHKOM) (06pasels 5-1); 0 — KpUCTa/UL STMPIUHA U3 LieHTPasb-
HOIT JacTy 3epHa HedemnHa (o6pasen 13); e — KPMUCTa//I 30HATPHOIO KIMHONMPOKCEHA U3 BHELIHEN YacTy
3epHa Heennna (o6pasery 13)

TeTpasfpuyecKas MO3ULMSA 3aHATA aATOMaMI KPeMHMS U aJIIOMMHUA, OKTasfipyudecKas
nosunusa M2 — aTromamui KaibLus U HATPu4, a B mosuiyn M1 Haxoparcs Fe’*, marumii,
MapraHel, TUTaH, Fe?*, ayrroMuHMIL, LVIPKOHMIA, HMOOWIT ¥ BaHAUIA.

Kpucranmoxnmmdeckre k09QpPuiimeHTs ObII1 PACCIUTAHBI ITO CTAHAAPTHOI METO-
IVKe Ha 4yeTbIpe KatuoHa (Droop, 1987), mocie 4ero monaydeHHble KPUCTA/UIOXMMUYE-
ck1e popMysIbl OBUIN pasIoXKeHbI HA BOCEMb MIHAJIOB (B TOJ JKe IOC/Ie{OBATe/IbHOCTH,
Kak B Ta07. 2):

1) arupuH (Aeg), 5) sucrarut (En),

2) mmorncup (Di), 6) depaccunur (Fer),

3) regen6eprur (Hed), 7) Ti—Zr-arupun (Ti—Zr)-Aeg
4) xxapeut (Jad), 8) Zr-itoxancenut (Zr—Jn)

Bmecte ¢ ocnoBHpiMK Quad-komnoneHtamu (En+ Fer+Di+ Hed), srupunom (oc-
HOBHBIM Na-Cofiep)KauuM KOMIIOHEHTOM) U Ma/lbIMU KOMUYECTBAMU XKAJ[EUTA K M-
Ha/IbHBIM popMaM ObUIH fOOABIEHbI KOMIIOHEHTHI, CBSI3aHHBIE C TUTAHOM M LIUPKOHVEM.

V36biTok Hatpus koppenupyet ¢ (Ti+ Zr) B mponopriym okoso 2 : 1, 4To yKasbIBaeT
Ha BO3MOXKHOE CyljecTBOBaHMe Ti—Zr-cofiep>Kalilero NMpoKceHa B KadeCTBe MMHATb-
Hoit popmsbr (Na(Ti, Zr)os(Fe*t, Mg)osSi20¢) — Ti—Zr-srupuna (puc. 6,d), KOTOPHIi
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Puc. 6. CooTHOIIIEHIE KOMIIOHEHTOB B Iopojax HOBO3epCKOI‘0 MaccuBa:

G — TIPOIOPLNMA COOTHOLIeHNA U36bITouHOro Na-kommoHeHTa 1 (Zr + Ti) — okomno 2:1. ITokasano cy-
mectBoBaHMe Ti—Zr-aruprHa B mopoznax JIoBo3epcKoro maccyusa (Hanbomee XOpouIo IPOsIBIEHHOE B IIOPOJAX
K9JI) u orcyrcrsue Ti—Zr-srupuna B XMOMHCKUX KIMHOMMPOKCeHax; 6 — cooTHoutenne Na- u (Ti + Fe?')-
KOMIIOHEHTOB, KOTOpbIe IIOTEHIMaIbHO MOTYT BXOANTD B Ti—Zr-arMpuHOBLIi 1 HENTYHUTOBBIN MuHambL. Kop-
PeIALMOHHAS 3aBUCUMOCTD [IPAKTUYECK OTCYTCTBYET; 6 — COOTHOIIEH)E KOMIIOHEHTOB (Zryest + Mn) 1 Alyy
B rporopuuy 1:1, CBU/IETeNbCTBYIOIEe O BO3MOKHOM CyiectBoBaHnu MuHama Ca(MngsZrgs)AlSiOg. TToka-
3aHO, YTO TaKas IPOIOPLMA XapaKTepHa TONbKO LA IOBO3ePCKUX MOpox; ¢. e. — 3mech 1 Ha puc. 8, 10, 11 —
¢bopMyTbHBIE eIVHNUIIBI

ObUI OOHApYXXeH U B IPYIMX LIeTOYHBIX Mopozax (Mann et al., 2006; Wu et al., 2016;
Andersen et al., 2016).

ITo npepnono>xeHnAM HeKOTOpbIX aBTOpoB (Ferguson, 1977; Korobeynikov, Laaioki,
2004; Kogarko et al., 2006), xpome ¢popmupoBannst Ti—Zr-srupyHa TUTaH y4acTBYeT
TaloKe U B (GOPMMUPOBAHNY HENTYHUTA (Na,Fe?*TiSi4012), KOTOPbIT HEBO3MOYXKHO OT/Ie-
muTh oT Ti—Zr-arupuHa 13-3a MoXoXKero Habopa xummieckux snementos. Ho na rpadu-
Ke (cM. puc. 6,6) OTCyTCTBYeT IIPONOPLVOHAIbHAS 3aBUCYMOCTb MeXX/1y KOMIIOHEHTaMI
HEIITYHUTOBOI'O MVHAJIA, YTO TOBOPUT, 110 BCEV BUAVMOCTH, 00 OTCYTCTBUM IOC/IETHETO
B JaHHBIX KJIMHOMMPOKCEHAX.

V36b1TO4HBII Z1 (Zlrest) B CYMMe ¢ Mn 13 10XaHCEHUTOBOTO MI{HA/IA KOPPENTUPYyeT C
Alyy (tme Alry — amoMuHMIT, BXOAAINIL B TeTPasApUYecKyIo TO3NUIMIO IMPOKCEHa) B CO-
otHouieHnn 1:1 (cM. puc. 6, 8). Mbl nipefiriosaraem, 4To HIOXaHCEHUT, B KOTOPBII BXOMISAT
nupkonuit u Al 6ymer nmerts Taxoit Bum: Ca(MngsZrg5)AlSiOg. BoamoxxHoe mpucyT-
CTBME TAKOTO MUHAJIA IO[JTBEPKIAeT CUIbHAsI KOs IIMPKOHNUS C MapraHieMm (ee
koo duument cocrapmser 0,50) u ¢ kanpieM (ee koaddurment — 0,74).
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3onanvuocmo KTUHONUPOKCEHOB

HabmoaeTcsi MHOXKeCTBO Bapyaliiil COCTABOB M3Y4YeHHBIX MIHEPA/IOB IPYIIIIbI I~
pokceHa. Ha puc. 7 mokasaHbl pa3iuyHble BapMaHTbl PasBUTHsI 30HambHOCTU. Kaxkpas
13 000CO6/IEHHBIX 30H OTPa)KaeT COCTaB KJIMHOIMPOKCEHA OTHENbHON CTa[i SBOIIO-
uyu. Tak, Mbl BBIZIEIU/IN IATh BUIOB 30H (Tabm1. 3):

1) Co=Aegss 78 Dijg-12 Hedo_14 — B LleHTpa/IbHOI YacTy KPUCTAIIOB,

2) Cyzr=Aegss g7 Dis_g Hedg_14 — Tam e,

3) C1 = Aeg82—87 Di6_8 Hed7_10 — B CpeHHef/'I JacTU KpUCTAJJIOB,

4) C2 = Aeggg,gz Di3,5 Hed5,7 — TaM XKe,

5) R=Aegos 96 Dii_» Hed, 4 — Bo BHelHeit 30He KPUCTA/IIOB.

B Buje nepBrYHBIX TBepHOGa3HBIX BKIIOUCHMII KIMHOIMPOKCEH BCTpeYaeTcs B He-
¢dennHe, MUKPOK/INHE, 9BAMANINTE, CONATINTE, MyPMaHITe, IOPEHIIEHUTe U JTaMIIpoduI-
nure. ITo Mopdonoruy u cocTaBy pasnnyaTcs ClIefyoliye BKIIOYeHNA KIMHOIVPOK-
cena (cM. Tabm. 4):

Ob6pasel 5-1 O6pasubl 10, 15, 17
eg

Di Hed
Ob6pasey 16a
feg
100

0 10 30 0 10 30
Di Hed Di Hed
Puc. 7. 30HanbHOCTH KHI/IHOHI/IPOKCCHOB, HaHECCHHasA Ha TpOﬁ[HbIe Anarpam-
mbI Aeg—Di—Hed:
CTPEJIKN — II0CIE[0BATEIbHOCTD CMEHDI 30H B KpUCTa/lylax (CH}IOH.IHbIC — Hpeo6—
JIafaouiasa 30HAIbHOCTD, IIPEPBIBMCTDBIE — PEKE BCTPEYAIOLIAACA 30Ha)IbHOCTb)
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Ta6ﬂuua 4. MCCIICJIOBaHHbIe BKTIOYEHNA IIMPOKCEHOB B PAa3/INYHbIX MIHEPATAX

Ob6paser
Munepan

10-1 17 15 13 16a 5-1 16

Hedennu Cz C1, | CLCL R, | CLCu R, | CLCo R, | Cp, Cp, Gy, | Co, Gy, Ci, Cy R,
Cy R, Inc Inc Inc Inc R, Inc* Cy R Inc

Muxpoxnina Cy, Gy, R, CL,R C, Cu R | CLCuR, | Cp, CpL Gy, | Cp, C, Gy | Cp, G

Inc Inc R*
IBAUANINT Cy, G
Copanur C;, G, R R C;, R
Amdnbon C,, Inc Inc C, C, R
Jlamnpodummmr C,
MypmanuT C; C, G,
JlopeHneHUT Cy

IIpumeuanus. 1. 3oHanbHOCTh MMpokceHoB: Co n Cz, — LeHTpanbHasA 4acTh, C; u C; — cpepHas
qacCTb, R — BHemHss 4yacth KpUCTanaos, Inc — IIpM3MBbl 3TMPMHA, 3aXBa4Y€HHbIE B IIEHTPA/JIbHYIO0 YaCTb
KPUCTAUIOB HedemHa M MUKPOKINHA. 2. «¥» — pacKpUCTa/IM30BaHHbIe MOM(asHble arperaThl I UIJIbI
ITrMpMHa B MHEPaJIaX, HE VICIIO/Ib30BAIMICh B CPAaBHUTEIbHBIX NMIarpaMMax

1) npusmsbl srupuna (Inc=Aegog_100 Dip-1 Hedo-1), 3axBadeHHbIe KpUCTa/IaMn He-
¢denuna 1 MUKpOK/IMHA (CM. puc. 5,0);
2) MeJKue IpMU3MaTHUdecKue ¥ KCeHOMOp(dHBbIe 06IOMKHM (CM. puc. 5, e) KIMHOIM-
pokcena Aty Tunos 30H (Co, Czy, Ci, C; u R), BcTpeyarommecs B HedennHe, M-
KpOK/IMHe, aMpubosie, cofanuTe, sBAManInTe, TaMIpoduuInTe, MypMaHNTe, J10-
peHLeHnTe (TabmMI. 4);
3) sarBeppeBlMe PacKpUCTA/IN30BaHHBIE NoNM(asHble arperatel B HedemnHe
(cm. puc. 2,2);
4) TOHKMe UTOTIOUKM (pa3MepoM MeHee 5 MKM) STMpUHA B MUKPOK/INHE, 00pa3oBaB-
IIecs B pe3y/bTaTe paclajia TBepAbIX pacCTBOPOB.
CocTaBbl NOCTIEHNUX /IBYX TUIOB BK/IIOYEHNII HE MCIIONb30BAIUCh B CPAaBHUTED-
HBIX JMarpaMMax.

30HA/ILHOCTD pacIpefie/ieHNsl MMPOKCEHOB BeCbMa pasHOOOpasHa: ee MOXKHO pas-
[eNTb Ha MarMaTu4deckyio (C pe3KMMI U YeTKUMH IepeXofaMy MKy 30HaMI) U Me-
TACOMATNYECKYIO (C IUVIaBHBIMU IIepeXOfaMy MeXIy 30HaMu Kpucrasna). s meraco-
MaTU4eCKOl 30HaJIbHOCTY MHOIZIA XapaKTePHO HEepaBHOMEpPHOE IepeMesKeHIe TEMHBIX
Y CBET/IBIX COM.

Il omMcaHus coCTaBa IMMPOKCEHOB MBI IPEACTABIIN IIOTyYeHHbIE Pe3y/IbTaThbl
B Bujie TpaMKOB 3aBYCMMOCTY COAEPKaHNA OCHOBHBIX IIeTPOr€HHbIX 9/IEMEHTOB OT VH-
mexca ppakyuonuposanus (Stephenson, 1972) (puc. 8): ero sHadeHUs OTIIOKEHBI IO OCK
abciucc. DTOT MHJIEKC MOTYYWI MIMPOKOe PacHpOCTpaHeHue B paboTax, Kacalolxcs
M3Y4YeHMsI COCTaBOB KIMHOIMPOKCEHOB B II[e/IOYHBIX IIOPO/IaX, KOI/a IIpy OOMbIION JosIe
11[e/TOYHOTO KOMIIOHEHTA yBe/INYMBaeTCs MUHAJIbHOE pa3HOOOpasye COCTaBOB IMIPOKCe-
HOB. TakuM 06pa3oM, OH OTpa’kaeT SBOMIOLNIO PA3BUTHA MMPOKCEHOB, POPMIUPYIOMIVX-
Cs B LIJIOYHOM paCIlIaBe.

OO1mmit TpeH s, 9BOMIOLNM U3YYEHHBIX KIMHOIMPOKceHoB 13 opoy KIJI (cm. puc. 8)
MIMeeT PaspbIBbl, COOTBETCTBYIOIINE 30HA/IBHOCTY VX pacIpOCTpaHeHus. Pa3pbIBbI X0-
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Puc. 8. OBomonusa cocTaBa KIMHONMPOKCEHOB C Y4€TOM 30HaIbHOCTU B nopogax KIJI: coorHome-
HYI€ OCHOBHBIX IIETPOT€HHBIX 9/IEMEHTOB B K/IMHOIIMPOKCEHAX C MHAEKCOM (pPaKIMOHNMPOBAHNA

Co 1 Cz; — 30HBI, COOTBETCTBYIOIINE LIEHTPAIbHOI YacTy Kpucrannos, C; u C, — cpenneir, R — BHemHeit;
Inc — Ipu3MBI STVPUHA, 3aXBaYeHHbIE B LIEHTPAIbHYIO YaCTh KPUCTA/IIOB HedeIHa I MUKPOK/INHA

POLLIO ITPOsIB/IeHBI Ha TpaHuiie Mexy 30Hamu C; i R, B OCTa/IbHBIX C/Ty4asix Yallle BCero
00/1acT! NepeKpPhIBAIOTCA.

Ocobennocmu cocmasa KTUHONUPOKCEHO8 6 nopobux

B menanoxkpamosom cpedneseprucmom ssouanumosom nysepume (obpasen 10-1),
agouanum-namnpogunnumosom nysepume (obpaser; 17) u cpednedeprucmom 3860uanu-
mosom nysepume (06pasers 15) KIMHONMPOKCEHBI B OCHOBHOM IIPeICTAB/ICHBI KPUCTNATI-
7IAMU PA3INYHBIX GOPM — OT HPUSMAMULECKUX IO KPYNHBIX USONIbUAMbIX, — TIO XUMU-
4eCKOMY COCTaBy COOTBeTCTBYyIouMY 30HaM C; 1 pexxe Cy, a TaKxKe MOHKUMU UTIAMU,
Pa3BUBAIOIIVMMICS [TOBEPX BBIIIEOMIICAHHDBIX KPUCTA/UIOB I COOTBETCTBYIOIVIMY 30HAM
C, u R (cm. Tabs. 3).

KnrHONMpOKCeHBl, TpefcTaBIeHHble KPYIHBIMYM WIOMBYATBIMM KPUCTA/UIAMM
¥ IPU3MaMH, UMEIOT CYIBHO PasBUTYIO TPEIIMHOBATOCTb, YaCTO CUIBHO pe30pbupoBa-
HbI 1 pparMeHTHPOBAHBI, C fUCTOKaUMAMMA. 1o TpelHaM craitHOCTH U GparMeHTHpo-
BaHHBIM 00JIOMKaM pasBUTbI BTOPMYHbIE M3MeHeHMs (CM. puc. 5,8). B pesynbrare aTux
IIPOLIeCCOB HEKOTOpPbIe (PparMeHThI MMPOKCEHOB IPHOOPETAIOT KCeHOMOPDHYIO HOpMYy.
Pesxe BcTpeyarolyecs: TOHKIE UITIbI — 6e3 AMCTTOKaLMOHHbBIX HapYIIeHNU, BBITIANAT He-
M3MEHEHHBIMH, HO YaCTO TOXXe (PparMeHTHPOBAHBL.
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Kpome Toro, HabmomanTcs 3axéaueHHoie B HedemuH, MUKPOKINH, aMpubon u co-
HanuT 06JIOMKM UITI ¥ MEJIKVE TIPU3MBI IIMPOKCEHA.

B cpedneseprucmom 260Uanumosom nysepume ¢ «o4kosot» cmpykmypoii (o6pa-
sey, 13) u assouanumosom nysiepume (kaxopmoxume) (obpasey, 16a) KapTuHa pasHO-
06pasus KIMHOMMPOKCEHOB U UX COCTABOB Ooree croykHas. [IMPOKCEHBI PaCIONMOXKEHBI
U B MEXX3€PHOBOM ITPOCTPAHCTBE (B OCHOBHOI Macce), MeX/y JeicT Hedemnna, MUKpo-
K/IMHA ¥ M30METPUYHBIX KPUCTA/IIOB 9BAMANNTA, U B BUJle BKIIOUEHWIT B 9TUX MUHepa-
J1aX, TPY 3TOM CHJIBHO OT/IMYASCh II0 pasMepaM OT MeXX3epHOBBIX BbifeneHumit. Cpenn
BKJTIOYEHUIT €CTh KPUCTAJIUIBI, MAEHTUIHbIE C MEXX3€PHOBBIMM, HO BCTPEYAIOTCS 1 CKOII-
JIEHNA MEJIKMX KPUCTAJI/INKOB (pasMepaMI/I 0,01-0,07 mMm). ITo Bceit BUAMMOCTH, IIOJIN-
¢asHble arperaTsl — paclIaBHble BKIIOUEHNS WM 00pa3oBaBIINecs B pe3y/IbTaTe pac-
Iajia TBEP/bIX PaCTBOPOB — XapaKTepHBI /i1 o6pasia 16a.

B o6pasije 13 pefiko BCTPEYATCs UOUOMOPPHBIE KPUCATIIbL C APKUMU CBEMIbIMU
s0pamu (B OTpaXKEHHBIX 9MEKTPOHAX) C YeTKO OT/eIeHHbIMY LieHTpanbHo (Cyz;), cpenHeit
(C2) n xpaesoit (R) 3oHamu (MarmaTudeckasi 30HaNbHOCTD) (cM. Tabm. 3, puc. 5,a). OHu
TPELMHOBATSI (II0 CIIATHOCTM), PV 9TOM OTMEYAIOTCSI CIefbl BTOPUYHBIX M3MEHEHMIT 110
TpeIInHaM, JUCTOKAIMOHHBIE TIMPAMUJIBI POCTA, 3a/IedeHHbIe TUPOOKUCTAMI JKeTte3a.

[lpyroit TUII KPUCTaITIOB — 3TO ONUHHbIE Uesibl, TIpOpe3aroliye 6o/mee KpyIHbIe
KPUCTaMIbL. [/ TaKMX KPUCTA/ZIOB XapaKTEPHBbI MATaCOMATUYECKast 30HANbHOCTD, OT-
CYTCTBIUE TPELMHOBATOCTI ¥ AUCTOKALMOHHBIX IIMPAMUJ] POCTA, KOTOPBIE eCTh Y paHee
copmupoBaHHbIX mpusM. lleHTpabHas YacTb XapaKTepusyeTcs, TaK >ke Kak 1 B 60-
Jlee KPYIHbBIX PAHHMX KPUCTA/UIAX, BBICOKUM cofepxanueM 1upkonus (Cy,), a BHEIIHAs
30Ha CTI0’KeHa KITMHOMMPOKCEHOM Tuma R.

st kpynHoseprucmozo nampogunumosozo goiisuma (obpasey, 5-1) XapaKTepHbI
uouomopguovle npusmul u pymnapot pazmepom 0,1-0,5 MM (B peKIX CIydasx JOCTUTAIO-
wgye pasmepa 1,5 n 0,03 MM) 3a9aCTyI0 CM/IBHO TPEIIMHOBAThIE, 30HAIbHBIE (CM. PIC. 5, 6).
TpeuHbI 0OBIYHO PA3BUTHI 11O CIANTHOCTY, HO O0/Iee KPyIHbIe IPOXOAAT B KPeCT KpH-
CTJI/IOB, YaCTO HAOMIOAAI0TCS 00/I0MaHHbIE KPAeBble YaCTI.

30Ha/IbHOCTb BapbyUpyeT OT MarMaTU4YecKoi 1o MeTacomaTndeckoit. K marmaruye-
CKVM OTHOCSITCSI KPUCTAJUIBI CO CBET/IBIMU (B OTPa)KEHHBIX 97IEKTPOHAX) SIPAMU C YeT-
KUMM TPaHMLAMM, IOBTOPSIOIIMMY OCHOBHYI0 (OPMY KPUCTA/IA, IO COCTAaBY COOT-
BeTcTByMOLIE 30He Co. COCTAaB BO BCEil OCTANBHON BHELIHEl YaCTV KPUCTA/IOB MOXKET
MEHSATBCS OT COOTBETCTBYMIEro 30He Ci K coOTBeTCTBYyIEeMY 30He C; 63 BCAKOI 3a-
KOHOMepPHOCTH. TeM caMbIM ITPOSIBIISETCS METACOMATIYeCKasi 30HA/IBHOCTD KPUCTAIIIOB,
IIPY 9TOM UX COCTaB B CaMOJl BHEIIHEl YacTy KPUCTAIOB — B yI7TIaX — COOTBETCTBYET
3oHe Cs (cM. Tabm. 3). [I/Ist MeTacoMaTN4eCKol 30HaIbHOCTY XapaKTepHO HEPaBHOMEP-
HOE€ pacrpefieneHyie TEMHBIX I CBET/IBIX [ITIMHHBIX COM B IIPOJIOBHBIX pa3pe3ax 1 paBHO-
MEpPHO ISITHUCTBIX 10 BCETl IUIOIA Y KPUCTA/Ia B IIOIIEPEYHBIX paspesax.

BcTpeuaroTcsi TaKkXKe KCeHOKPUCMAsvl ¢ memHoimMu A0pamu (B OTPa>KEHHBIX 9JIeK-
TPOHAX), COCTaB KOTOPBIX BO BHYTPEHHEN 4acTy COOTBETCTBYeT 30He C, @ BO BHeII-
Helt — 3o0He C; (cM. puc. 5, 2).

B nopgpuposuornom nysepum-osume (obpaser; 16) nmeeT MeCTO abCOMIOTHO MHAs
KapTMHA. B OCHOBHOIT Macce MOPOABI HAOMIOMAIOTCS MeNKIe pPa3sopUMeHTUPOBAHHbIE
yIUTOLIeHHBbIe UTO/I0YKM. [10 CpaBHEHMIO CO BCeMM APYTMMU PAa3HOBUJHOCTSIMU K/IMHO-
IMPOKCEHA OHY MMEIOT CPeHMII COCTaB, cooTBeTcTBYMMIT 30HaM C; 1 C,. B KpymHbIX
HOMKWINTOBBIX KPUCTA/UIAX (MYPMaHUTA, TOpeHIeHnTa 1 aMpr60/1a) KIMHOIMPOKCEH
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BCeryja KCeHOMOP(QEH 1 pa3OpMeHTUPOBAH M COCTaB ero cooTBeTcTByeT 30HaM C; 1 C,.
Ho B kpynHBIX 1oMOpGHBIX BKpaI/IeHHNKAX HedenmnHa, MUKPOK/IMHA U COTATNTA OH
uaoMop(deH 1 OPUEeHTUPOBAH, €ro COCTaB COOTBETCTBYeT 30HaM C,, R u Inc. JloBo/bHO
Y4aCcTO B OCHOBHOIT Macce BCTPEYAIOTCS KPYIIHbIE UAMOMOP(dHbIE UTOIbYAThIe BKPAIITIeH-
HVKM, COCTaB KOTOPBIX COOTBETCTBYeT 30He Co, U TaKye e 110 GopMe KCeHOKPIUCTAIIIBI
C COCTaBOM, ITepeXORHBIM 0T 30HBI C; K 30He C; (cM. TabmI. 3).

Pasoenenue nopod no munoxumu1eckum zpynnam

OCO6eHHOCTY MMHA/IBHOTO COCTaBa IMMPOKCEHOB M3YYEHHBIX IOPOJ, IO3BOMNIN
HaM pasfie/INTh IOPOABI Ha TPY TUIIOXMMUYeCKNe TPpymbl (puc. 9). 9To pacnpeneneHne
COBIaJaeT C IPYIIMPOBKOI 00pas1ioB 1o MecTy oTbopa (cM. puc. 1, Tabm. 1).

: >0 : —— 0 % 0

(Ti—2Zr)-Aeg 75 Aeg (Ti—2Zr)-Aeg 75 Aeg  (Ti—Zr)-Aeg 75 Aeg

Puc. 9. 30HaNbHOCTD KIMHONMPOKCEHOB B M3y4eHHBIX nopopax (rpymmsl I-11I), HaHeceHHasa Ha
tpoitHyto auarpammy Quad — (Ti—Zr)-Aeg — Aeg:

TOYKM — YCPEHEHHDI COCTAB KaXK/I0M 30HbI

K I epynne oTHOCATCA MysABpUTHI (MeTAaHOKPATOBbIE CPETHE3EPHUCTDIE 3BAVAINTO-
BbI€, 9BIMATUT-TaMIIPQUUINTOBBIE, CPeIHE3ePHICTDIE SBAMNATUTOBbIE U TAKIE JKe C «0U-
KOBOJ1» CTPYKTYPpOIt) U3 fonuHbI p. Tynbanyait u ¢ nepesana [eonoros (cm. puc. 1). B Hux
COJepIKATCsl K/IMHOIMPOKCEHBI C 000TaIeHHBIMI [[PKOHIEM LIeHTPAIbHBIMU YaCTSAMU
(cm. puc. 4, 6; 5, a, e). Copepxkanue ZrO, B Hux gocturaet 3,09 macc. %.

Ko II epynne otHOCATCSI TOpGUPOBUAHBIE TYSBPUT-IOBUTHI 11 9BIMATNTOBBIE JTysIB-
PUTHI (KAKOPTOKUTHI) C TOPbI AHIBYH[ACYOPP C HEBBICOKMM COJiep>KaHMEeM IMPKOHNA
(ZrO; — 0,13-1,32 macc. %) (cm. puc. 1). KnnHonupokcens! 6onee o6oraijeHbl FUOII-
CI/II_[-I‘CHeH6epI‘]/ITOBI)IM MMHA/JIOM B LEHTPaJIbHbIX YaCTAX KPUCTA/IOB, YTO T'OBOPUT
0 Hanborlee MPUMUTUBHOM COCTAaBe IO CPABHEHWIO C OCTATBHBIMM PACCMOTPEHHBIMNU
noponamu (cM. puc. 4, a).

K III 2pynne OTHOCATCS KPYIHO3€pHMUCTbIE MTaMpOGUINTOBbIE (QOISUTBL C IOf-
HOXXbs ropbl MaHHenax (puc. 1). Onu 60ree o60raieHbl STMPUHOBBIM MIHA/IOM, HO B TO
Ke BpeMsI 4aCcTO MMEIOT COCTaBBI, COOTBeTCTBYIoIMe 30He Co, penko — 30He Cy, (ZrO; —
mo 2,58 macc. %) (cm. puc. 4, 6; 5, 6, 8).

O6cy>x/ieHe pe3ynbTaToB

TpaIH/IIH/IOHHO IIpM ONMCaHUM MMNPOKCEHOB NMCCAEAOBATE/IN JVICIIONDB3YIOT IOHATNE
resepannsd, InpyMeHsAasa €ro K KpucrajaaiaM B LEJIOM. TaK, BMJIMMBI]Z MaKpOCKOIINMYIECKN
ITMPVIH IPUMHATO OTHOCUTD KO BTOpOf/I TeéHepanumy, a TOHKNE UTOIKY, KOTOPpbI€ HEBOODPY-
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JKEHHBIM I7Ia30M IIPAKTHYECK) HEBO3MOXXHO PasIysfieTb, — K TpeTbeil (Bmacos u mp.,
1959; Byccen u Caxapos, 1972 u fip.).

JIpyroit MOAXOM /st M3y4YeHNs MMPOKCEHOB ObLT mpeyioxeH B pabore (Kogarko et
al., 2006). OH 3aKk/T04aeTCs B U3YYEHUM TPEH/OB SBOIOLUI IMPOKCEHOB, IIPYU HOCTPOe-
HMJ KOTOPBIX MCIO/Ib30BA/INCh TONBKO Hanbojlee MarHe3uaabHble IIeHTPaJbHbIe YacTU
KPUCTAJIIOB.

B HacrosIelt cTaThe Py M3yIeHNI 9BOJIOLMY STUX TPEHOB ObUI IPYMeHEH NHO
IOAXOI, YYMTHIBAIOLINII pa3HOOOpa3ue XMMIYECKOTO COCTaBa B 30HA/IbHBIX KPUCTA/IIAX,
a TaKkxKe UxX Gpopmy.

O6umit TpeH 1 9BOMIOLNN KINHOMMPOKCEHOB B IIe/IOM MMeeT CTYIeHYaTblil XapaK-
TEep: OH COCTOUT M3 OTHEIIbHBIX CTAIMII, KaXK/Jas U3 KOTOPBIX COOTBETCTBYET OIpefie-
JICHHOJ1 30He B KpPUCTa/l/le KIMHOMMPOKCceHa. Kpome Toro, Kaxas cTafus uMeer CBoe
OTKJ/IOHAIONIeeCs: OT CYMMAapHOTO BEKTOpa HallpaBjIeHMe, HO B 1[eJIOM OHO COXPAHAeTCs
(cm. puc. 7).

Panee Takye 0CO6€HHOCTHU Pa3BUTHS TPEHJOB OOCY>KAANMNUCh APYTMIMIU UCCIIE0BA-
Te/IMM 1 OIMCHIBA/INCh KaK PaspbIBBI B CMeCUMOCTM paciviaBa. Hampumep, B pabore
(Stephenson, 1972) ux mosiBieHne 0O0bSICHAETCS 0OMACTIO CTAOMIBHOCTHU I[EIOYHOTO
amdubona. A B pabore (Kopobeiinnkos u Jlaaiiokn, 1994) ormMedaeTcsi HeCTabMIBHOCTD
K/IMHOMMPOKCEHA Ha OIpeMIe/IeHHBIX 3TAllaX KPYUCTA/UIN3ALNI MAarMbl B CBSI3U C HAKO-
IUIEHVeM BOJIBI B CHICTeMe, CTIeAICTBIEM Yero sABisieTcsa popmuposanue amdpnboma. C Mo-
MeHTa M30BITOYHOrO HAKOIUIEH S 11[e/I049eil BHOBb (OPMUPYETCS STUPYH.

YcTaHOBIIEHO, YTO MMPOKCEHBI He SBOJIOLMOHMPOBAIN HEIPEPbIBHO U IOYTU BO
BCeX CTy9YasX KaXX/blil OTHENbHO B3SATHI KPUCTAT IPOXOANMI {BE-TPY CTAANMU SBOIIO-
LN,

Kpucramibel nupokceHa ¢ OAMHAKOBOI 30HA/IBHOCTBIO HAXOJATCSA B O/IM3KO pacIo-
JIO)KEHHBIX paspesax, HO IPY 9TOM JIOKaIM3YIOTCs Ha pasHoit rmyouHe. To ecTb He Ha-
OnmofaeTCs MpsiMasi CBA3b XMMMYECKOIO COCTaBa IMMPOKCEHOB CO CTpaTUrpadpudeckum
ypOBHeM (B TOM 4YNC/Ie 1 TI0 COAEP>KaHMIO LIMPKOHMS), KaK Ipefnonaranoch patee (byc-
cen u Caxapos, 1972; Korobeynikov and Laaioki, 1994; Kogarko et al., 2006).

B paMKax cy1ecTBYIOLX KOHIIEMLiT GOpMUPOBaHIs IOPOJ, MAacCUBA TAaHHBIN BbI-
BOJl IOZITBEPKZAET Bepcuio (PAKIMOHHOI KPUCTA/IN3ALUY U3BEPIIINXCs PACIIaBOB
1 GopMIUpOBaHUE B HUX KyMY/IaTOB.

93071101411}1 KAUHONUPOKCEHO6 }Iososepcxoeo u Xubuncrozo maccusos

[Tpu n3ydeHnM SBOMIOLMYU KIMHOIMPOKCEHOB JIOBO3€PCKOrO MaccuBa HeM30eXKHO
UX CpaBHEHIE C KTMHOMMPOKCEHAMI U3 Hanbosee poICTBEHHOTO XMOMHCKOTO MacCUBa.

CocTaBbl KIMHOMMPOKCEHOB 13 Hambonmee paHHUX nopop JloBosepckoro u Xu-
OuHCcKOro MaccuBa oBonbHO 6muskn (Na—Mg=-0,75) (puc. 10). VI3 nuddepeninu-
POBAHHOTO paciiaBa Hadamu GOPMUPOBATHCS KIMHONMMPOKCEHBI OOIIMPHON cepun
JK, cooTBeTcTByIOIIME TBEPABIM pacTBOopaM Aegs 190 Dig-s; Hedo-3s (Korobeynikov
and Laaioki, 1994; Féménias et al., 2005; Kogarko et al., 2006; Korapko 2015; Suk et
al., 2009). ITupoxcenst (K3JI), coorBercrBytouue III dase, Havanu GopmMupoBaThCcs
u3 6omnee nudpdepennuposannoit marmol (Na—Mg>0,8), 10 cocTaBy OHM IIpeCTaB-
JIeHBI IJITaBHBIM 00pa3oM arupuHoM (Aegzs_100 Dip-12 Hedo-1s). CBenenus, nmpusepeH-
Hble B HacTrosieil pabore, momomHeHbl nuteparypubiMu manHbiMM: (Korobeynikov
and Laaioki, 1994; Kogarko et al., 2006; Korapxko, 2015; Suk et al., 2009). A nan6o-
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nee npumutuBHbIMU (Na—Mg=-0,9) cpen pacCMOTPEHHBIX ABJAITCA INMPOKCEHBI
U3 faitkoBoit $a3sl XMOMHCKOTO MacCKBa, IpefCTaBlIeHHble TMOICULOM U AUOIICUT-
aBruToM (Aego 2 Diss_os Hedo,-35) (Arzamastsev et al., 2005). ITomry4eHHbIe BBIBOABI
HOATBEPXKAAIOTCSA TaHHBIMU Jpyrux nccnenosareneit (Kocteiésa-/Iabynuosa u gp.,
1978; Kramm et al.,1993; Arzamastsev et al., 2013, u gp.)

[Jis1 KTMHONMPOKCEHOB 060MX MacCUBOB XapaKTePHO Pe3Koe YMEHbIIeHMe Cofep-
JKaHUS TUTAHA, IPOSBJIICHHOE HA IO3[HeN cTajuy (PpaKkuMOHNPOBaHUA. DTy 0COOeH-
HOCTb OOBSICHSIOT KPUCTA/IIN3aLMel IMPOKCeHa B TapareHesyce ¢ TUTAHCOAEPKaLIMK
MUHepajaMi TPYII JTOMOHOCOBUT-MYpMaHUTa, Hamnpodummnra. Hekoropble mccre-
IOBaTe/y Mpenroaraay IpUCcyTCTBUe TUTaHa B (OpMe HENTYHUTOBO COCTAaBIISIONE
(Ferguson, 1977; Korobeynikov and Laaioki, 1994; Kogarko et al., 2006). Hamun pacueTsr
He TIOATBEepAV/IN HaJIM4dye HeNTYHNTA B KIMHONMpOKceHax nopop K3OJI, Tak xak Bech
TUTAH OKA3aJICS CBSI3aHHBIM C Ti—Zr-arupuHoM.

B JIoBosepckoM MaccuBe, B oTmmune oT XMOMHCKOTo 1 MaccuBa Vnumayccak, Ha-
6monaercs 6onee Huskoe copepxkanue Fe?* (Korobeynikov and Laaioki, 1994), Bxopsie-
TO B COCTaB 1 refeHbepruta, u Ti—Zr-srupuHa.

XapakTepHas 0c06eHHOCTb TOPoJ; JIOBO3epCKOTo MaccuBa — uX 0OOTaleHe up-
KOHMeM, IIPOsIBIEHHOe BO Bcex Komiuiekcax nopog (Korapko, 2015; Korobeynikov and
Laaioki, 1994). ITo manusim pabotsr (Korapko, 2015), Hanbomee BBICOKO COfep>KaHue
LUPKOHMs B KIMHONMMpOKceHe B nopopax K (ZrO; 2,38 %), a B mopogax K9JI nabmo-
IaeTcs ero IMOHVDKEHHOEe COfiepKaHye B IAaHHOM MUHepase, YTO CBS3aHO C IOC/IeIHEN
cragyeil GpakLVOHMPOBAHNMS U IOSIBIEHeM COOCTBEHHO LMPKOHMEBON (a3bl — 9B-
IVaTnTa.

Pesynprarhl Hamlero mcciefoBaHuA, JOIOMHEHHbIE JaHHBIMM JIPYIMX aBTOPOB,
IIOKA3aJIM, YTO KPUCTA/IBl MIHEPA/IOB TPYIIIBI IVPOKCEHA, M3YIeHHBIX HAaMI BO BCEX
tumnax nopoy K9JI, umeroT oTueT/IMBYI0 30HAIBHOCTD U J/Is1 HEKOTOPBIX 3 HUX XapaK-
TEPHO BBICOKOE COflep>KaHMe IIMPKOHNA B IIeHTpanbHOM 30He — Azpe. Ha puc. 10 Bup-
HO, 4TO KayHonupokcens! u3 K9JI 6omee 6oraTsl LUpKOHMEM, YeM KIMHOMINMPOKCEHBI
u3 JK u KCC. Tak, 1o HalmmM JaHHBIM, MaKCUManbHoOe cofepkanne ZrO; B Hux 3,09 %
1o cpaBHeHMo ¢ 2,38 % B xnmHonmpoxcenax n3 JJK mo manueim paborsr (Korapko,
2015).

VIHTepecHO OTMETUTH, YTO TaKOe IMOBBILIIEHHOE COfiep)KaHMe IVPKOHMSA Xapak-
TepHO I MMPOKCEHOB M3 CPeJHe3ePHICTDIX 9BANATUTOBLIX TYSIBPUTOB C OYKOBOII»
CTPYKTYpOJi — IOpPOJ, ¢ HaMOONbLUIVM COfiep)KaHUeM 9BIMANNTA, KaK COOCTBEHHOI
¢aspr nqupkonus. Takum o6pasoM, 9T JaHHBIE JJEMOHCTPUPYIOT MHOe, YeM B pabo-
te (Korapko, 2015), npenmnono)keHne o CBsI3M YMEHBIIEHUs COJEepP>KaHMs LUPKOHUS
B KJIMHOMIMPOKCEHE C MOsIBJIEHMEM 9BIMAINTA B Ka4eCTBE COOCTBEHHOI [[UPKOHMEBOIT
¢dasbl. Ho B TO >ke BpeMs OHM NOATBEPXKAAOT (HAKT 3HAYUTENBHOTO YMEHBIIEHVS CO-
Iep>KaHus LUPKOHUSA B KpaeBbIX 30HaX KpucTawioB. [1o Bceil BUMMOCTY, 3TO MOXKHO
OO'BSCHUTD TeM, YTO BeCh UMPKOHMIT GPaKLMOHUPOBAJ B 60/Iee PAHHIOK CTAINIO, yda-
CTBYsl OJHOBPEMEHHO B KPUCTA/IM3ALMN 9BIUAINTA U sAfep KINHOINPOKCEHOB, 060-
TalleHHBIX 9TUM MUKPO3JIEeMEHTOM.

Crout 3aMeTuTh, 4TO, KaK yHoMAHyTO B paborax (byccen u Caxapos, 1972; Bra-
COB 1 Ap., 1959), apguanut n3 nopox KI3JI ornnyaercs ot apguanura us K ropasgo
OosbllIell CTENEeHbI0 NAKOMOp(dU3Ma — OH OFHOBPEMEHHO Kpucrammmsyercs B KOJI
BMecTe ¢ HedeIMHOM, MUKPOKIMHOM ¥ KIMHOIMpoeceHOM. I103ToMy, BO3MOXKHO,
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HOPSA/IOK KPUCTA/UIN3ALNM MUHEPANOB CIIOCOOCTBOBAN OOOralleHN0 Zr IupoKce-
HoB KOJI. OH ommcpiBaeTcs CleAyrpolleil MOCTEIIEHHO CMEHSIOLIENCsl 30Ha/IbHOCTDIO:
(Cp)>C1>Cy~>R. Copepxanne ZrO, B Takux NMpoOKceHax pocturaet 1,46 %, a sapa
Hanbosee oOOTaleHbl AVOICUIOBON COCTABIAIIIEN 0 CPAaBHEHMIO C APYTUMU W3-
y4eHHBIMM KnyHonnpokceHamy KIJI. Otu nupoxcensl otHocATcA Ko 11 u 11T tunoxnm-
MMIYECKUM IPYIIIaM IIOPOF,.

CuibHOe LIMPKOHMEBOE 000rallleH e YacTy KPUCTa/UIOB KIMHOMMPOKceHOB (ZrO; o
3,09 %, uto cooTBeTCTBYeT 30He Cz;), OTHOCAIMXCA K I TpyIIIe TOpOJI, He yBA3BIBACTCS
C IIOCTeNeHHbIM QpaKiyoHNpoBaHyeM (puc. 11), KOTopoe IPUHATO CYNTATh eAVHCTBEH-
HBIM BefymuM ¢GakTopoM Ipy GopMupoBaHUM Oposi MaccuBa. Ckopee BCEro, MOXKHO
FOBOPUTb O JONOTHUTENTBHOM (IOMIHOM/PAacIVIaBHOM OOOralleHuy IMOpoj LUp-
KOHIEM.

v O01acTh pacIpoCTPaHeHHs
< 4 OTJIOKCHUH alCKOW CBUTHI
HIDKHETO pHbes

. ad
Bamkupckuit %
METaHTHKIHHOPHIT

57° \
V4

.

//_.-.-\—"‘.-.-.-.-,5)

Puc. 11. Bapuanuu copep>xannd (Zr+Mn) IO OTHOLIEHUIO K VHAIEKCY (DPaKIVIOHU-
poBaHus B obpasiax 13 (rpaduxk cnesa) u 10-1 (rpaduk crpasa). [TokasaHO BO3MOXXHOE
oT/eNIeHNe Zr-I0XaHCEHNTOBOrO MIHAIA (3aKpallleHHble KBAJPAThI) B KaYeCTBE OT/E/IbHOI
BeTBU

HaHHbe/l (baKT IIpUBOAUT K IIOHMMAaHHNIO TOI'O, YTO MOJXHO BbIJE/INTDb OTHE/IbHbBIE
BETBJI 9BOIOLINY KIVHOMMPOKCEHOB — HM3KO- ¥ BBICOKOIIMPKOHMEBYIO.

[lepBas BeTBb ABJIACTCA CNIEACTBMEM (PPaKIMOHHON KPMCTA/IM3aLNN PACIIIaBa,
Crloco6cTBOBaBLIEr0 (POPMUPOBAHNIO OCHOBHOTO TPEH[a 3BOTIOLVM JIOBO3EPCKUX
K/IMHONMPOKCEHOB. DTOT TPEH[| COBIIAZaeT C TPEHOM 9BOIIOLNI COCTABOB K/IMHOINU-
pokceHoB n3 JIK, IOCTeNeHHO CXOAAIMM Ha HeT K KOHI[y (paKIMOHMPOBAHUA (CM.
puc. 10).

Bropas BeTBb CBA3aHA C IOMOTHUTEIBHBIM ZI-COAepKaIuM ¢onp/paciias 060-
raljeHyeM, IposBUBIINMCA TONbKO Bo BpeMs III ¢asnr BHenperns (KIOJI) B mpoMexyT-
KaX MeXZY CTafyisIMI, B Te4eHJe KOTOPhIX COCTaB KIMHOMMPOKCEHOB COOTBETCTBOBAII
3oHaM Cy u Cy, a Taxoke 30HaM C; u C, (puc. 12). Ota dasa u 06ycnoBuia NOBILIEHHOE
IIVPKOHMeBOe oboraiiene KIMHonmpokceHoB B KOJI Mo cpaBHEHNIO ¢ KIMHOMMPOKCe-
Hamu B JIK.

B nupokceHax, 9BOTONNA KOTOPBIX IPONCXOAVIIA IO MEXaHN3MY OCHOBHOI BETBU
(HUBKOLMPKOHNUEBOIT), BepOsATHee BCETO, OCYILIECTBIISAETCA CIeyIoas cxeMa 130MOop-
¢dusMa, cBA3aHHAA C PPAKIMOHNPOBAHNEM TUTAHA VM IV PKOHMA:

Na+ (Ti, Zr)o s+ (Fe**, Mg)os > Na + Fe’*.
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Puc. 12. 30HaNMbHOCTD KIMHOIMPOKCEHOB,
HaHeCeHHas Ha TpoitHyIo fuarpamMmy Aeg — Di —
Hed. ITokasaH MMITy/IbCHBIN XapaKTep MOAB/ICHNA
30HBI Cyz; (LieHTpaIbHOI 06OTaleHHOI IIMPKOHM-
€M 30HbI), BO3MOYXHO, IPOSIB/IAIOLINIICS B IIpOMe-
JKYTKaX MEXJ1y CTa[[sAMM SBOJIIOLIY IPOKCEHOB

Bropas BeTBb (BBICOKOLMPKOHMEBasI) ¢ Hambojee BBICOKMM cofepxkanueM ZrO,,
IpaKTUYeCKV He PPaKIVIOHNPY:, CIMBAETCA C OCHOBHBIM TpeHaoM (puc. 11). Tyt peann-
3yeTcs ClIelylolas cxeMa n3soMoppusma:

(Ca+Mg (Fe?")) + (Mngs + Zros) > 2 Na + Fe*.

BoiBoabl

B manHOII paboTe BHepBble KOMIIEKCHO PAcCMOTPEHA SBOJIOIMA COCTABOB K-
HonypokceHoB KIJI JloBo3epckoro mMaccuBa — BOCIIOTHEH NPOOeNT B M3yYEHUU ITIaB-
HOTO MeTaHOKPAaTOBOTO MOPOI000pasyollero MyuHepana. BoiaineHbl meTporpadude-
CKMe OCOOEHHOCTU KIVHONMPOKCEHOB PasHbIX ACCOIVAIMII CPelyl OCHOBHBIX ITOPO
III ¢aspl BHeApEHNS: 9BAVATUTOBBIX IyIBPUTOB, (POVANTOB U NMO(PUPOBUAHBIX JTysB-
puToB. [leTambHO MCCTENOBaHBI 30HATBHOCTD KIMHOMMPOKCEHOB M WX MOPQOIOTy-
Jeckue TUIbL. HamedeHbl 00liMe 1M YacTHBIE TPEH/IBI SBOJIOLMUN XUMMIYECKOTO COCTa-
Ba IIMPOKCEHOB, OTBEYANIINE ee 30HANbHOCTH. II0Ka3saHO BO3MOXKHOE IpPUCYTCTBHE
Zr-itoxanceHuta u Ti—Zr-srupyuHa, He pacCCMOTPEHHOE [0 9TOrO APYTMMU aBTOpPaMIMI.
Taxoke ycTaHOBJIEHO IPUCYTCTBYE IIOCTIEIHETO TONbKO B Iopofax JIoBosepckoro maccuaa.

B HacTosIell cTaTbe IPYMEHEH MHOI, 0COOBIl ITOAXOM AJIS M3y4YEeHNs 9BOIOLNU
IMPOKCEHOB, YYNTBIBAIOIINI BCe Pa3HOOOPa3ie XMMIYECKIX COCTABOB 30HA/TbHBIX KpH-
cTasioB. TijaTtenbHO UCCIEN0BaHA 30HATIbHOCTh KIMHOIMPOKCEHA B T/IABHBIX OPOJAX
K9JI. Ha rpadukax 3aBMCUMOCTU COfep)KaHMsI OCHOBHBIX IIETPOT€HHBIX 3JIEMEHTOB
IIPOCMAaTPUBAETCs HEACHO BbIpa)KeHHas AVICKPETHOCTD, CBA3aHHAsA C M3MEHEeHUAMU XU-
MIYECKOTO COCTaBa BO BpeM:I 3BOJIOIMY KPUCTAJ/IOB. B 11e7IoM ke B KpUCTa/Iax Iepe-
XOJ OT OJfHOI! 9BOJIIOLIMOHHON CTaiuI K PYToli MOAYMHEH 00IeMy TPeH/Y 9BOJIIOLN
MaccuBa. YCTaHOB/IEHO, YTO HET MIPAMOIN CBA3Y XMMMYECKOTO COCTaBa IMPOKCEHOB CO
cTparurpaguyeckM ypoBHeM MOPOJ (B TOM YNC/Ie 1 IO COfePXKaHMIO IIMPKOHNA), KaK
cunTanoch panee. Ilopofbl, cxoxXue 10 XMMIYECKOMY COCTaBY KIMHOIMPOKCEHOB, TPYII-
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HVPYIOTCA 10 MeCTy 0TOOpa. B paMKax CyILecTBYIOMIMX KOHIIIIINIL 9TO MOATBEP)KAAET
Bepciio GPAKIMOHHOI KPUCTA/UIN3AIVM M3BEPIIINXCS PACIIaBOB.

ITpn cpaBHeHMM XMMMYECKOTO COCTaBa KIMHOMMPOKCEHOB U3 Pa3/IMYHBIX HOPOT
JloBo3zepckoro m XmOMHCKOrO MacCMBOB 3aMKCHPOBAHBI Haymbo/ee BBICOKME COTep-
JKaHUA IMPKOHMA B nopopax KOJI, HecMOTps Ha TO YTO B 3TUX IOPOAAX LIMPOKO pac-
IpocTpaHeHa cOOCTBeHHas (asa UPKOHUA — 9BAMAINT. PaHee oTMe4anoch, 4To K-
Hommpokcens! [JK Hanbonee oboramens: nunpkonuem (Korapko, 2015). Bepositro, aTo
00BACHAETCA HEOCTATKOM JAHHBIX O XMMIYECKOM COCTaBe KmHompokceHoB KOJI o
CpPaBHEHMIO ¢ 00EMOM JaHHBIX O COCTaBe KnnHonupokceHos u3 K. Hacrosmas crarbs
II03BOJISIET BOCIIONTHUTD STOT IIPOOerL.

ITpy usy4eHMM 30HATBHOCTY B KPUCTa/IaX KNMHOIMpoKkceHoB KOJI BbIABIeHO 3Ha-
4NTENbHOE YMEHbILIEH)E COfePKaHUA LIMPKOHUA B MIX KPAeBbIX YaCTAX. ITO OOBACHA-
eTCsl TeM, 4TO BeChb LMPKOHMII (PpPaKIMOHMPOBA/I paHee, YIaCTBYs B KPUCTA/UIM3ALNU
9B[IVA/INTA Y IeHTPaJIbHBIX 30H KPUCTAJIZIOB MMPOKCEHA.

Henb3sa O6'bHCHI/ITb Ha/n4dye UMPpKOHMA TEM, YTO 9aCTb KPMCTA/ZIOB K/IIMHOIIMPOK-
CeHOB oboralaeTcss UM B XOfie TTOCTeNleHHOTo (pakuyonnposanus. [loatomy npenro-
JIaraeTcs, 4TO MMeeT MeCTO JJOIO/THIUTeIbHOE (IIIONIHO-pacIUIaBHOE 00oralljeHue IOPOF,
K9JI nupxonneM. BoIfienAr0TCs iBe OTE/IbHbIE BeTBY 9BOMIOLVI KIMHONMPOKCEHOB:

1) HM3KOLMPKOHMeBas — SABJIAETCA NPOAYKTOM (PAKIMOHHON KPUCTA/UIM3ALNN
pacmraBa, cOpMUpPOBaBIIAsA OCHOBHON TPEHJ 3BOJIONNN KIMHOIMPOKCEHOB
JIoBO3epCKOTro MacChBa;

2) BBICOKOIMPKOHMEBAs — CBA3aHHAA C JOIOTHNUTETbHBIM Zr-COofiepsKalM (IIro-
uj/paciiaB oboraiieHIeM.

/3y4eHne XMMMUYECKOTO COCTABOB KIMHONMPOKCeHOB U3 nopoj K3JI mossonmio
IaTh IPOCTPAaHCTBEHHO-BPEMEHHYIO XapaKTePUCTUKY 9BOTIOLNY 3TUX IIOPOJ: BHIAETUTD
cTapuy uX GOpMMPOBAHMA, a TAaKXKe YCTAHOBUTH TEHAEHLUN VX IIPOCTPAHCTBEHHOTO
pacrpocTpaHeHHs.

A. M. Cedosa, coasmop, eny6oko npusHamenvHa c60emy HAyHHOMY PyKosooumenio,
0-py 2eon.-mun. Hayk A. H. 3aliyesy 3a kommenmapuu k crmamoe, makie 671a200apum co-
mpyonukos PL] «leomodenv» H. C. Bnacenxo u B. B. Illunosckux, compyonuxa LIKIT MI'Y
kaHo. eeon.-mun. Hayx B. O.Anackypm 3a KauecmeeHHO 6biNONHEHHbIE AHATU3bL PeyeH-
3eHMOo8 — cm. Hayd. comp. nabopamopuu «Py0oHOCHOCMU W e10uH020 MAZMAMU3Ma»
T'EOXM PAH «kano. 2eon.-mut. Hayk H.B.Copoxmuny u compyonuka leonozuueckoii
cyncbvl lepmanuu kauo. 2eon.-mun. Hayk M. A. Cumnukosy — 3a 6HUMAamenvHoe usye-
Hue Mamepuana u ueHHvle yKasamus.
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Clinopyroxene from eudialyte lujavrites complex of the Lovozero alkaline massif
(Kola Peninsula): characteristics of the chemical composition and evolution
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For citation: Sedova A. M., Evdokimov M. D. Clinopyroxene from eudialyte lujavrites complex of the
Lovozero alkaline massif (Kola Peninsula): characteristics of the chemical composition and evolu-
tion. Vestnik SPbSU. Earth Sciences, 2018, vol. 63, issue 1, pp. 69-102. https://doi.org/10.21638/11701/
spbu07.2018.105

The Lovozero alkaline massif is the largest known alkaline layered intrusion (Semenov E. V.
etal.,, 1974). For the first time this paper examines the evolution compositions of clinopyrox-
enes from the third intrusive phase introduced into the main magmatic stage (the complex
of eudialyte Lujavrites). A gap has been filled in for a detailed study of pyroxene, as the main
melanocratic rock-forming mineral of the massif. Petrographic features of clinopyroxenes
in various associations among the main rocks of the complex (eudialyte lujavrites, foyaites
and porphyry lujavrites) have been studied. The first approach that takes into account the
variational diversity of zonal crystals of clinopyroxenes and their morphology. Zonality and
morphology of crystals were studied in detail. The possible presence of Zr-johansenite and
Ti—Zr-aegirine minals is shown. The general and particular trends in the evolution of the
chemical composition corresponding to zonality are outlined. It was established that there is no
direct connection between the chemical composition of clinopyroxenes (in terms of the content
Ti—Zr-egirin and Zr-johansenite minals in them) with the stratigraphic rock level. It has been
established that rocks of similar clinopyroxenes are grouped in the same location at different
depths. For the first time, the highest content of ZrO, (3.09 wt. %) was detected in the rocks
of the eudialyte lujavrita complex, despite the fact that in these rocks is present eudialyte as
widely distributed the zirconium phase and a possible scheme for the enrichment of rocks by
this element is proposed.

Keywords: pyroxenes, eudialyte lujavrites, Lovozero massif, zirconium.
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