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Annomayun. MeTogoM Macc-CIIeKTPOMETPHUU BTOPUIHEIX HOHOB (SIMS) yCcTaHOBIIEHO 3aKOHOMEPHOE
pacrpesielieHue psiaa MIEMEHTOB-IIpUMeced B KpHCTallaX CHOAYMEHa OJHONO M3 IIerMAaTUTOBBIX JUTHEBBIX
MecTtopoxaeHui Adranncrana — [lamkn (mposununs Hypucran). [IpoBeaeno 27 JoKaibHBIX aHATU30B Ha CO-
JepkaHre 19 XUMHYEeCKHX JIEMEHTOB B 00pasIiax CIogyMeHa pa3HbIX TeHepalldii, OTOOpaHHBIX U3 MeTMaTH-
TOB BO BpeMs 1oJieBbIX padoT 2023 1. M3ydeHsl KpHcTaI CIIOAyMEHA paHHe! TeHepaliiy U3 CIIoyMeH-KBapIl-
aIEOMTOBOTO IIErMaTHTa OJIIOKOBOM CTPYKTYPHI U JIBa KpHCTalIa CHOAYMEHA MO3JHUX TeHEpaIi — HIHOMOp Q-
HBIH KPUCTAIUT U3 KBAapLIEBOTO SIpa M KPUCTAJLI, M3BJICUCHHBIH U3 MUHEPATM30BaHHON MYCTOTHI («3aHOPHIILAY)
BMECTE C TOPHBIM XpyCTalleM, allbOUTOM M MyCKOBHTOM. YCTaHOBJIECHO, YTO B IIMPAMUJIE POCTA TPAHU THHAKO-
nna (010) xonuenrpamyst Fe, B u Be Ha mopsiiok 6osee BbICOKast, 9€M B Tupamuie pocra rpanu nmpusmsl (021).
B HampaBneHuu oT paHHUX K MIO3IHUM 30HaM POCTa OTMEYAETCsl TeHJIEHIM K MOBBIIIEHUIO cofepxkanus Be,
B, Fe n Mn, a taxxe k nonmxenuro conepxkanust K, Rb n Ti. HeonHopomHoCTh IpriMecHOT0 cocTaBa KpucTal-
JIOB CIIOAYMEHA OIPEAEISIETCSI HE CTOJBKO MX 30HAJIBLHOCTBHIO, CKOJIBKO CEKTOPHAILHOCTHIO, 00YCIIOBICHHON
Pa3sHBIMU KPUCTAITIOXUMUIECKUMH YCIOBHSMH BXOXKICHUSI N30MOP(HBIX IpUMecel B CTPYKTYpy MHHEpaa
HA IPaHsAX, OPUEHTUPOBAHHBIX MapaJUIEIbHO U NEPHIEHIUKYIISIPHO HAIPABIEHUIO TUPOKCEHOBBIX LEeH KpeM-
HEKHCIOPOJAHBIX TeTpa’ipoB Broib ocu [001]. B HampasieHnn oT paHHEH K MO3MHUM T€HEPAIMSIM CIIOIY-
MEHa CyIIECTBEHHO CHIKAETCSI COIeprKaHne OOJIBIINHCTBA IPOAHAIN3UPOBAHHEIX JIEMEHTOB-TIPUMECEH, YTO
COOTBETCTBYET INPEACTABICHNSIM 00 U3MEHECHUN KPHUCTAIUIN3AIIMOHHOTO (DPAKIIMOHUPOBAHUS SJIEMEHTOB TIPH
HBOJIIOIOHHOM M3MEHEHHH Pa3BUTHS MEFTMAaTHTOBOTO IpOIecca B YCIOBHAX Tepexona (pU3nKo-XMMUIeCKOi
CUCTEMBI OT 3aKPBITOTO K OTKPBITOMY COCTOSIHHIO.

Knioueswvie cnoga: cnogyMeH, TUTUEBBIX ETMATUTBI, JJIEMEHTHI-TpUMecH, MeTod SIMS, 30HabHOCTD,
CEKTOPHAIILHOCTD, MecTopoXkieHne [lamku, Adranucran.
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Abstract. Regular distribution of several trace elements in spodumene crystals of the Pashki pegmatite
Li deposits in Afghanistan (Nuristan province) is analyzed using secondary ion mass spectrometry (SIMS).
Twenty seven local analyses of 19 elements were carried out in spodumene samples of different generations
taken from pegmatites during field works of 2023. We studied an early generation spodumene crystal from
blocky spodumene-quartz-albite pegmatite and two late generation spodumene crystals including an euhedral
crystal from a quartz core of pegmatite and a crystal extracted from a mineralized cavity together with
quartz crystal, albite, and muscovite. It is found that the Fe, B, and Be content is significantly higher in the
growth pyramid of the pinacoid face (010) than in the growth pyramid of the prism face (021). From early
to late growth zones, the Be, B, Fe, and Mn content increases and the K, Rb and Ti content decreases. The
heterogeneity of trace element composition of spodumene crystals thus mostly depends on their sectoriality,
which is caused by different crystal chemical conditions of the incorporation of isomorphic trace elements
into the mineral structure on faces parallel and perpendicular to the direction of pyroxene chains of Si—O
tetrahedra along axis [001] rather than by their zonation. From early to late generations of spodumene, the
content of most analyzed trace elements significantly decreases corresponding to the ideas about the change in
the crystallization fractionation of elements during the evolution of the pegmatite process transiting from the
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closed to open physicochemical system.
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BBEJIEHUE

Crnonymen (B wummeane LiAlSi,Og), muHepan
TPYMITBI THPOKCEHOB, SIBIISIETCS TJIABHBIM PYIHBIM MH-
HEpaJOM TErMAaTUTOBBIX JIHUTHUEBBIX MECTOPONKICHHIMA
(Dessemond et al., 2019). HeomHOpOIHOCT €70 XUMH-
YECKOTO COCTaBa MPEACTABISACTCS BAKHON XapaKTepu-
CTHKOW KaK B TEOPETUYECKOM, TaK M B TPAKTHYCCKOM
TUTaHe, 2 UMEHHO: B OTHOIIICHUH HEPEIICHHBIX BOIMPO-
COB I'eHe3rca ¥ TUIIOMOP(H3Ma ITOr0 MUHEpalia 1 co-
BEPIICHCTBOBAHUN METOJMKH OMPOOOBAHUSI M TMOBBI-
HICHUH JIOCTOBEPHOCTH MOJICUETA 3a11aCOB COOCTBEHHO
JIUTUEBOTO CHIPHS B TIETMAaTUTOBEIX Tenax (Sirbescu et
al., 2023). Tak wim wHAYE, 3TOT BOIIPOC C Pa3HBIX CTO-
POH JaBHO OCBeIIaeTCs B Hay4HOH imTeparype (Jahns,
Burnham, 1969; London, 2005, 2018), u He MOXeT
OBITH 000¥IeH BHUMAHUEM B HACTOSIIEE BPEMs, KOT/Ia
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mpobiemMa OCBOSHUST HOBBIX METMAaTHTOBBIX JIMTHEBBIX
MECTOPOXKIEHUH, Tpruodpena 0CoOyI0 aKTyalbHOCTb.
HMeHHO K TakuM 00BEKTaM OTHOCATCS JINTHEBBIE Me-
cTopokIieHus] AQraHucrana, Cpeau KOTOPBIX TI0 3ara-
caM JINTUEBOTO CHIPhS M JOCTYITHOCTBIO JJIi OCBOCHUS
BBIIENIsIeTCS MecTopoxaeHue [lamku B mpoBHHINHK
Hypucran (Benham, Coats, 2007). ImeHHO 31€Ch BO
BpeMs TTOJIEBBIX paboT, mpoBenaeHHBIX H. Xammapmaom
B 2023 1., OBUT cOOpaH MHHEPAJIOTHIYECKUN MaTepHa
JUTSL TAHHBIX UCCIICIOBAHUM.

I'EOJIOTMYECKUE CBEJJEHUA
O MECTOPOXIAEHUU ITAIIKH

Mectopoxkenue Ilanmiku pacnojiokeHo B J0-
JIMHE OJIHOMMEHHOHN PEeKH, B palioHEe ee JIEBOTO MpH-
toka p. [lapyn (35°17°30” c.mm., 70°57°30” B.1.) 1 3a-
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JIeraeT B BEPXHETPUACOBBIX MOpoJax Ha mioriaaun 2.0
x 3.5 kM B 5 kM K toro-3amany ot T. [lapyn (puc. 1)
(Geology..., 1995; Benham, Coats, 2007). Ilepemambt
a0comoTHRIX BBICOT BaprupyioT oT 3000 mo 4300 M
HaJ ypOBHEM MOpsA. MecTopoKaeHrne ObLIO OTKPHITO B
1971 . J.H. PoccoBckum u C.H. Hap6aeseim. B 1973
r. b.4. Buxrep u I'K. EpemeHko cocTaBuin 3CKU3HYIO
TEOJIOTHYECKYIO KapTy MECTOPOXKISHHs B MaciiTade 1
: 5000 (Geology..., 2008).

Tepputopusi MeCTOPOXKACHHUSA CIIOKEHA KOM-
MJICKCOM MeTaMOpGUIECKHUX TTOpoT (TIPEUMYIIIECTBEH-
HO, TpPaHaT-MyCKOBHUT-OMOTHUTOBBIMH CIAHIIAMH CO
CTaBPOJIUTOM, KBapIUTaMHU, MPaMOPH30BaHHBIMHA W3-
BECTHJIKAaMH) TaK Ha3bIBaGMOH KaIlIMyHJIICKOH CEpHH,
OTHOCMMOW K BepxHemy Tpuacy (Geology..., 1995,
2008). Tomnmra MmeTamopUIECKUX TTOPOJT XapaKTEPHU3y-
ercs kpyromanatomuM (60—70°) 3ameranueM ¢ oOIUM
asumyToM manenus 310°. B mpemenax 3Toro KOMITIEK-
ca MOPOJ] BHISIBIEHBI JKUIJIBI KPYMTHOKPHCTAITIIECKIX
MEerMaTONIHBIX TPAHUTOB MPEUMYIIECTBEHHO KBapII-
MHUKPOKIIMH-aJIEONTOBOTO COCTaBa C y4acTKaMH, CJIO-
KCHHBIMH THUTaHTOKPHUCTAJUIMIECKUMH TETMaTUTaMu
CTIIOYMEH-KBapI-MUKPOKIHMH-aTh0NTOBOTO COCTaBa C
JIETTHIONTUTOM, TIOJIMXPOMHBIM TYPMAJTHHOM H PeXe —
MOJUTYITUTOM. JKWITBI KpyTOomaaaromiue (yroi majaeHus
70—75°), 3aHUMAIOT COTTIAaCHOE M KOCO CEKYIIee IOJI0-
YKEHHE OTHOCHUTEIBHO BMEMIAIOIINX TIOPOJ (C OTKIIOHE-
HHEM OT comTacHoro Ha 5—-10°).

B cTpoeHnn merMaTuToBOTO ITOJISL MECTOPOXKIe-
HUS BBIIEIISIFOTCS IB€ HanOoJIee KPYITHBIE KMITBL (SKHITBI
Ne 1 m 3) m oxgHa ceTdarast 30Ha CETYATOTO CTPOCHUS
(xmma Ne 2). OOe KWIIBI M JKWIIbHAS 30HA 3aJIETaroT
cOMmmKeHo M mapayuiensHo. VX oKpykaeT MHOXKECTBO
JIpyTUX OoJiee METKUX MEeFMATHTOBBIX TEI.

Hambomnee kpymaas sxuma Ne 1 mpociekeHa 1mo
MPOCTUPAHUIO Ha | KM, TIPH 3TOM OHa OOHa)keHa B pe-
meede Ha 600 M 10 TMageHU 0. MOITHOCTE KoJleOmeTcs
ot 7.5 no 60 M (Geology..., 1995). B xwune madbmona-
eTCs CIIeTyTolasl BepTUKAIbHAS 30HAIbHOCTh: HIDKHSS
BHAMMAst 9aCTh KHUJIBI (IJTMHON B TTIaHE TI0 MTPOCTUpa-
Huto mpuMepHo 100 M) cliokeHa MPEHMYIIECTBEHHO
KPYITHOKPHUCTAIUNTMIECKUMH  KBaPII-MUKPOKIUH ~ allb-
OMTOBBIMU TIETMATOMTHBIMU TPAHUTAMH, COJIEPIKAIIIN-
MH MEIKHe KPHCTaJUTbI CIIoAyMeHa. B merMaTommaHbIx
TpaHUTaX U MErMaTUTaX 3TOW YaCTH JKMIIBI OTMEYAeTCs
BBICOKOE cozieprkanue MUKpokiuHa (110 30 06. %) u mo-
BBITIICHHOE CojiepKaHue depHoro Typmanuaa (3—10 06.
%). BrImire 1o paspesy (masnee mo mpoCTHPaHUIO B IOTO-
3amajHOM HaIlpaBJIEHUH) B MErMaTOWIHBIX TPaHUTaX
KHITBI YBEITMYHNBACTCS KOTMIECTBO THE3/T M TIPOYKMIIKOB
KBapI-MUKPOKJIMH-ATbOUTOBBIX TIETMATUTOB OJIOKO-

BOM CTPYKTYpBI, OTMEUAIOTCS THUTAaHTOKPUCTAJLTHYE-
CKH€ YYaCTK{ IeTMaTOMAHOTO CTPOCHHS C KBapIiie-
BBIMH 000COOJICHUSIMHI M KPYITHBIM criogyMeHoM. Ero
KpUCTaJUIbl B TAKUX IMErMaruTax JocTuramt 50 cM B
JUTHHY, a colep’kaHue Bo3pacTtaer 10 25 00. %. Xapak-
TEPHBIMH T TAKUX IETMATUTOB SIBJISTFOTCS] MEITKOKPH-
CTAJUTMYECKHE arperarbl pO30BOTO TypMajHHA U €ro
KPYITHBIE TIOMMXPOMHBIE KPHUCTAJUIBI, JOCTUTAIOIINE
20 cM B IUTHHY, CBETIIO-3CJICHBIN 1 OCCITBETHBI MYCKO-
BT, a TaK)Ke THE3/1a U MPOKUIIKK METKOKPHACTAILTHIE-
CKHX arperaroB JICMTHIOINTA.

Kuna Ne 3 mpocnexxeHa 0 HPOCTUPAHUIO Ha
600 M 1 obHaxkeHa B penbede Ha 450 M M0 TagCHUTIO
MpY MOITHOCTH OT 2 J10 8 M. [IpeicTaBnena croayMeH-
MHUKPOKIINH-aJIBONTOBBIM ~TIETMATOUAHBIM TPAHUTOM
THe3/1aMH TerMaTuTa ¢ KpymHbiMu (10 20-30 cMm mmm-
HOW) TMPU3MATHYECKUMHU KPHUCTAJUTAMU 3EJIEHOBATO-
ceporo criorymeHna (ot 15 10 20 06. %).

Jns Beex Tpex KA XapaKTepHO HalM4He IIy-
CTOT («3aHOPBIIICHY), COACPIKAIINX KYHIIUT, CBETIO-
3€JICHBI MYCKOBUT U TOpHBIM XpycTaib. KOHTaKThl
KHUIIBI CO CIAHIIAMH OTYETIHMBBIE. JK30KOHTAKTOBBIE
M3MEHEHVSI BEIPAYKCHBI B MyCKOBUTH3AINH U TypMaJn-
HU3AIMU CIIaHIEB HA PAcCTOSSHUM 5—15 CM OT KOHTaK-
TOB mJ. Takoke IJIs CIIAaHIIEB XapaKTEPHO MHOXKECTBO
BETBSIMXCS IPOKMIKOB METKOKPUCTAIUTMYECKOTO ca-
XapOBHUIHOTO aThONTA.

®AKTUYECKUI MATEPUAJT

Hamu n3yueHo Tpu KpucTaiia CogyMeHa pas-
HBIX T€HEPaInii, OTOOPAaHHBIX M3 TIETMaTUTOBOM JKUJIBI
Ne 3. O6pazert Ne 1 mpencrasiser coboit uamomopd-
HBIH MTPO3pavHBIA U OSCIIBETHRIN KPUCTAILT CTIOAyMEHA
pasmepoM 8 X 10 x 18 MM, U3BJICUCHHBIA U3 MUHEpPa-
JTU30BAHHON TYCTOTHI («3aHOPBIINIAY) TMErMaTHTOBOH
xuibl Ne 3 (puc. 2a, 6). B rojoBHOW 9acTu KpHCTal-
7a HAOJIOmaeTcsl TOHYAWIas pocToBas 30HATHLHOCTD
mo {021} u {010}, BeIpaXkecHHAs B YepPEIOBAHUN TOH-
JalX (MOIITHOCTHIO B JECATHIC JOH MIJITUMETPA)
OCCITBETHBIX 30H POCTa W 30H, 3aMyTHCHHBIX (DITFOHI-
HBIMH BKJTIOUCHISIM (pHC. 2, 3).

O6pazerr Ne 2 mpeacraBieH 0OJTOMKOM HITHO-
MOP(HOTO 30HATBHOTO KPHUCTAIIIA YITHHECHHOTO 00JTH-
Ka pasmepoM 8 X 10 x 30 cm, U3BJICUCHHBIM U3 KBap-
[IEBOTO s/Ipa KBapI-albOMTOBOTO TerMaTuTa. BHYy-
TPEHHHE 30HBI POCTA — CBETIIO-(DHOJIETOBEIE, BHEIITHHE
mo{010}, KOHTaKTHPYIOIIHE C KBapIeM — OEJbIe ¢ 3¢-
JICHOBATHIM OTTEHKOM (pHC. 4).

O6pa3zerr Ne 3 mpexacraBiser coboit 30HATBHBIH
YIJIMHEHHBIA KPUCTAII CIoAyMeHa pasMepom 10 X
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Distribution of trace elements in growth zones and sectors of spodumene crystals

35°1871.67°C.1,
70°55'33.65'B.4.
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Puc. 1. Tlonoxenne nposrHnny Hypucran B Adranucrane (a), cxema reoJIoriaeckoro CTpoeHust MectopoxaeHus lamkn
¢ reorpauueckuMy KOopAuHAaTaMy BepxHHX dacTer ki Ne 2 u Ne 3 (6) (cocrasnena b.fI. Buxrepom u I'K. Epemenko B
1973 r., oundposana H. Xammapaom B 2024 1.) u pororpacust sxumst Ne 3 (B).

1 — JlemoBHaNbHEIC, TPOMOBHATIFHbIC, KOJUTIOBHAIBHBIC U (DIIOBHOTISINAIBEHBIC 00pa3oBaHust; 2—4 — cIaHIpl: 2 — OHOTHT-
am¢udomoBblie, aM(PHOOIOBEIE; 3 — IPaHAT-MYCKOBHT-OMOTUTOBBIC; 4 — IrpaHaT-CTaBPOINT-MYCKOBUTOBBIC; 5 — N3BECTHSKH,
MpPaMOPU30BaHHBIC H3BECTHSKH; 6 — IECYaHUKH, M3BECTKOBUCTBIC IIECYAHUKH; 7 — QHILINTHL, GHILIMTH3NPOBAHHbIC aICBPOJIH-
ThI; 8—10 — IerMaTuTer: 8§ — aTEOUTH3UPOBAHHBIE MUKPOKIMHOBBIE; 9 — CTIOyMEH-MUKPOKIIHH-aTL0UTOBEIC; |0 — MHTEHCHBHO
aNBOUTH3MPOBAHHEIE O criogymMeHoM; 11 — muddepernmpoBanHas criogyMeH-MUKPOKINH-aTEOUTOBAS JKMJIA C TIOJUTYIIHTOM;
12 — HOMepa OCHOBHBIX CITOAYMEHCOEPIKAIINX KA, 13 — M30THIICH penbeda ¢ BRBICOTHRIMA OTMETKAMH OTHOCHUTEIHHO YPOB-
HS MOps; 14 — 21eMeHTHI 3a5ieTaHus (C yKa3aHWeM YIJIOB ITaACHI).

Fig. 1. Position of the Nuristan province in Afghanistan (a), geological scheme of the Pashki deposit with geographical
coordinates of the upper parts of veins nos. 2 and 3 (6) (composed by B.Ya. Vihter and G.K. Eremenko in 1973 and digitized by
N. Hamdard in 2024), and a photo of vein no. 3 ().

1 — Talus, proluvial, colluvial, and fluvioglacial rocks; 2—4 — schist: 2 — biotite-amphibole, biotite; 3 — garnet-muscovite-
biotite; 4 — garnet-staurolite-muscovite; 5 — limestone, marblized limestone; 6 — sandstone, calcareous sandstone; 7 — phyllite,
phyllitized siltstone; 8—10 — pegmatite: 8 — albitized microcline; 9 — spodumene-microcline-albite; 10 — intensely albitized with
pollucite; 12 — numbers of main spodumene-bearing veins; 13 — isohypses with height above sea level; 14 — bedding elements
(with dip angles).
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Puc. 2. TlonnpoBaHHas TUIAaCTUHKA CIIOAYMEHA, BBIpE3aH-
Hast 3 kpuctayia mo (100), ¢ yepenoBaHreM OECIBETHBIX U
3aMyYTHCHHBIX (1)J'IIOI/I}1HI)IMI/I BKIIFOUCHUAMU 30HaMH poCTa
(TIOKa3aHBI CTPENKOI) B IMpaMu/ie pocTa rpaHu npu3Msl (021)
(obOpaszerr Ne 1).

Fig. 2. Polished spodumene plate cut from crystal by (100)
with alternating colorless growth zones and those with fluid
inclusions (indicated by arrow) in the growth pyramid of the
prism face (021) (sample no. 1).

15 x 50 cM U3 KBapl-aJbOMTOBOrO mermaruta. BHy-
TPEHHUE 30HBI POCTA — CBETIO0-(PHOJICTOBbIC, BHEIITHUE
— OeTble ¢ 3eJIeHOBATHIM OTTEHKOM (KpHCTaIIorpadu-
YyecKasi OpUEHTHPOBKA MUPaMHJ] pocTa He UAeHTH(DU-
nupoBana). MccienoBadsl 4eThIpe 00I0MKa ITOTO KPH-
crama (puc. 5).

B reHernueckoM riaHe oOpaslibl MPeeTaBIIs-
10T pa3HbIe TeHepaluy CroyMeHa. PaHHsIsi reHepaius
BKIFOUaeT OOJBIIMHCTBO KPUCTANIOB MUHEpania, KO-
TOpBIE 00pPa30BaJIKCh COBMECTHO C TIIABHBIMH ITOPO-
N000pas3yroIUMH MUHEPaJIaMi ITETMaTUTOB OJIOKOBOM
CTPYKTYpBI, TAKUMH KaK KBapIl, MUKPOKJIMH, allbOUT U
MyckoBHT (00p. Ne 3). IMo3nHue renepanin BO3HUKIN
Ha 3aKJIIOYUTEIHLHON CTa/INU MEerMaTuTOBOTO MPolecca
npu GopMUpOBaHNH KBAPLEBOTO s/Ipa B 30HAX IerMa-
TOUJHOM CTPYKTYPBL (00p. Ne 2), a Tarke Ha THAPOTEP-
MaJIbHOW CTa/IMU MIErMaTUTOBOTO MIpoIiecca B IyCTOTax
(«3aHOpBIMIaX») BMECTE C KPUCTANIAaMH TOPHOTO Xpy-
cTaud, anpouTa (KIeBellaHAnTa) U MyCKOBUTA U JICTIH-
monuta (06p. Ne 1).

METO/IbI UCCIIEAOBAHU A

Kpucramnorpapuueckne 3JIEMEHTHI KPHCTAN-
noB (puc. 3a, 6) ompenesUTNCh METOIOM CPaBHECHHSI
C JTAJOHHBIMU H300paXECHUSIMH KpHCTaJLIorpaduye-
ckux ¢opm criogymena (Tperep, 1968) u B mporpam-

Me SMORF (www.smorf.nl) ¢ yaeToM opueHTHPOBKH
IJIOCKOCTEN CIAMHOCTH U OTHEJIBHOCTH, a TAKXKE IPO-
SIBIICHUS KPUCTAIIOONITUYECKUX CBOMCTB B OCKOJIKAX H
TOHKHX TUTACTHHKAX.

[IpoOb1 mIs aHANMUTHYCCKUX HCCICIOBAHUH
BBIMIJINBAJINCHh JUCKOBOUW mmuioi Tommuuoi 0.5 MM.
B mpenaparax mis MHKpO30HIA BBINHJICHHBIE TLTa-
CTUHKH IIOMEIIAINCh B MPOTOKPHIJ, OKOHYATEIHHO
nui(OBAIMCH Ha XallleoHe CBOOOIHBIM ajIMa3HBIM
abpa3uBOM 2 MKM M TIOJTHPOBATHCH Ha (eTpe ammas-
HbIM abpazuBoM 1.0-0.5 MM, yBIa)KHEHHBIM BOIOH U
MTOJTUTPOTIAIICHTITUKOJIEM.

ConepkaHue peAKuX SJIEMEHTOB B CIIOTyMEHE
OTIpE/IETICHO METOZOM MAacC-CIIEKTPOMETPUH BTOPHY-
HbIX noHOB (SIMS) Ha norrOM 30HAE Cameca IMS-4f
B SlpocnaBckoMm ¢rmane Pnu3nko-TexXHOIOrnIecKoro
HHCTUTYTa POCCHUMCKOW akaJeMHu HayK MO METOJIH-
Ke, anmpoOnpoBaHHOW paHee I IupkoHa (JIeBarmmosa
u ap., 2022). CoctaB ompeneisuics 1mo mpomissM B
TOYKaX, PACIIOIOKEHHBIX B MUPAMHUIaX POCTa TpaHen
rabUTyCHBIX TIPOCTHIX (OpPM WM OPUEHTHPOBAHHBIM
B HANpaBJIEHUW OT PAaHHUX K ITO3JHUM 30HaM pOCTa.
[IpoBeaeno 27 nokanbHBIX aHATU30B Ha 19 seMeHToB
(K, Ca, Cr, Zn, Ga, Zr, Cs, Ta, Sn, Nb, Cu, Fe, Mn, V,
Ti, Mg, Na, B, Be) B Tpex oOpazuax crogymeHa. Ycio-
BUS CEMKH: TIEPBUYHBIN Iy4OK HOHOB '°O, , tuaMeTp
KOTOPOTO COCTaBIsIeT MpuMepHO 20 MKM, TOK MOHOB
5-7 HA, yCKOpSIOIIee HAMPSHKEHUE TIEPBUYHOTO ITyJIKa
15 xaB. Kaxmoe n3MepeHne CoCTOosII0 U3 TPEX IMUKIIOB,
YTO TO3BOJISUIO OICHWTH WHAWBUIYAJIBHYIO TOTpEI-
HOCTh m3Mepenns. O01mee BpeMsl aHaIn3a OTHON TOU-
Kku B cpenHeM coctaBisiio 30—40 muH. [lorpenrHocTs
M3MEPEeHUsT PEeKUX 3JIEeMEHTOB cocTaBmieT a0 10 %
IUIsT KOHIeHTpanui Beime 1 1/t u mo 20 % i awma-
nmazoHa koHreHTpanuii 0.1-1 1/T; mopor oOHapyKEHUS
JUTSL Pa3NMYHBIX DJIEMEHTOB BapbHpyeT B Tpezenax
5-10 mr/T.

PE3YJITATBI MICCJIEJIOBAHUIA

O6pazerr Ne 1. CocraB criomymMeHa OIpeaeiieH
B 11 Toukax, pacTmoOIOXKEHHBIX B CEKTOPE POCTa TPaHU
mpu3Mbl (021) 1 B YeTBIpEX TOYKAaX B CEKTOpE pOCTa
rparu muHakouaa (010) (puc. 3B; Tabdn. 1). CpaBHe-
HUE CPEIHEro CONep>KaHus dJIEMEHTOB B MUpPaMHUIaX
pocTta rpaHel pa3HBIX IMPOCTHIX (OPM MOKA3aJI0 CTa-
TUCTUYECKHU 3HAYMMOE OTIIMYMe cojiepxanuii Fe, Be u
B B mupamune pocra rpanu nuaakouaa (010) u mupa-
Muge pocta rpanu mpusMmel (021) (puc. 6). B 11 tou-
Kax, pacroJOKEeHHBIX B CEKTOPE POCTa TPaHU MPHU3MBI
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Puc. 3. Kpucrau criogymMeHa M3 MoJ0CTH («3aHOPBIIIay) B KBapl-aiib0MToBOM Termarute (00p. Ne 1): a — oOumii Buj ¢
yKazaHueM Kpucrayuiorpaduueckux npoctsix ¢popm no (Tperep, 1980); 6 — Buz rpaHeli, HAMBUIEHHBIX XJIOPUCTHIM aMMOHHEM,
¢ ykazanueM paspe3oB 1o (010) u (100); B — monokeHHE U HOMEpA TOUCK aHaIKM3a Ha MOBEPXHOCTH IUIACTUHKY, BBIMMICHHOMN

o (100) (Tabm. 1).

Fig. 3. Spodumene crystal from a cavity in quartz-albite pegmatite (sample no. 1): a — general view with indicated
crystallographic simple forms after (Treger, 1980); 6 — view of faces covered by ammonium chloride with indicated cuts by

(010) and (100); B — position and numbers of analytical points on the surface of the plate cut by (100) (Table 1).

IIpumecHslii cocTas (r/T) ciogymena (oopasen Ne 1)

Trace element composition (ppm) of spodumene (sample no. 1)

DieMeHT

K
Ca
Cr
Zn
Ga
Zr
Cs
Ta
Sn
Nb
Cu
Fe
Mn
A\
Ti
Mg
Na
B
Be

CexTop rpanu npu3msl (021)

1
40.4
11.3
34.7
1172
72.6
0.44
0.42
0.07

112
0.23
352
20.7

180
0.26
11.2
1.46
335
0.82
0.05

2
50.1
17.4
54.7
1693
77.8
0.44
0.13
0.05
71.1
0.19
33.5
48.7
220
0.27
6.92

60.4*
393
1.05
0.06

3
41.8
2.79
21.5
468
70.1
0.16
0.72
0.05

114
0.09
16.0
47.5
234
0.24
7.17
0.35
368
1.79
0.06

IenTp
4 5

16.9 174
527 | 64.7
60.7 | 523
1443 | 2550
68.3 | 68.1
0441 0.53
0.09 | 0.15
0.07 | 0.10
108 111
0.11 | 0.30
304 | 60.1
59.5 | 67.8
257 256
0.25 | 0.29
630 | 6.83
0.46 | 490
394 575
1.53 | 1.25
0.06 | 0.08

6
17.6
5.32
45.2
1345
66.9
0.48
0.10
0.03
106
0.10
28.2
86.6
289
0.29
8.74
0.42
418
1.54
0.08

7
12.8
3.66
554
1455
65.0
0.57
0.08
0.04
103
0.13
32.8
67.9
271
0.22
8.29
0.34
417
1.56
0.09

8
185
109
115

3215
68.6
0.76
0.07
0.11
84.4
0.20
59.1
80.9
302
0.28
6.19
6.42
600
2.13
0.11

9
12.3
4.40
47.1
1305
65.4
0.58
0.11
0.08

107
0.19
34.0
87.9
298
0.25
5.55
0.85
447
2.00
0.11

Kpait
10
10.0
3.50
54.8
1250
61.7
0.58
0.13
0.06
90.4
0.17
30.4
75.8
287
0.26
4.97
0.29
422
1.89
0.09

11
11.1
3.10
53.6
1178
61.4
0.54
0.12
0.05
134
0.15
27.7
73.1
278
0.27
5.69
0.37
416
1.60
0.11

Tabnuya 1

Table 1

CexTop rpann nuHakouna (010)

Ilentp Kpaii
12 13 14 15

7.12 | 15.0 | 691 | 57.6
261 | 546 | 3.55 | 288
43.1 | 585 | 36.0 | 357
838 | 1139 | 712 | 1570
622 | 62.5 | 62.6 | 67.8
041 | 041 | 031 | 033
0.16 | 0.14 | 0.09 | 0.13
0.10 | 0.05 | 0.08 | 0.04
165 148 118 135
0.17 | 0.17 | 0.08 | 0.14
32.1 | 31.0 | 19.7 | 36.8
100 102 115 107
276 285 296 | 277
028 | 0.25 | 0.30 | 0.32
6.40 | 537 | 5.14 | 6.08
036 | 0.87 | 0.81 | 4.43
472 488 466 593
222 | 219 | 1.99 | 222
0.18 | 0.18 | 0.13 | 0.16

Hpmeqaﬂue. 3Be3,I[O‘IKOI>’I OTMCYCHO COACPIKAHUC Mg, CBsA3aHHOC C 3aXBATOM MHUKPOBKJIFOUCHMUSA.

Note. An asterisk shows the Mg content associated with captured microinclusions.
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Puc. 4. Kpucrann cnogymeHa U3 KBapIeBOTO
A1pa IerMaTura ¢ yka3aHueM Todek aHaiuuza (o0p.

Ne 2). Puc. 5. O6n0OMKH KpHCTajlla CIIOAyMEHA U3 NerMarura 6J10KoBoi
1-4 — Criogymes: 1, 2 — uonetoBbiif; 3, 4 — Ge- CTPYKTYpBI C yKa3aHHEM Touek aHaum3a (0op. Ne 3).
JIBIH C 3€JIEHBIM OTTEHKOM B IMPAMMJIE POCTA FPaHU 1-8 — Cnonymen: 1, 2, 3, 4 — pmoneTosiit; 5,6, 7, 8 — Genbrii ¢
nuuaxonza (010) (Tabm. 2). 3€JIEHOBAaThIM OTTEHKOM (Tal. 3).
Fig. 4. Spodumene crystal from quartz core of Fig. 5. Fragments of spodumene crystal from blocky pegmatite
pegmatite with indicated analytical points (sample with indicated analytical points (sample no. 3).
No. 2). 1-8 — Spodumene: 1, 2, 3, 4 — purple; 5, 6, 7, 8 — white with

1-4 — Spodumene: 1, 2 — purple; 3, 4 — white greenish tint (Table 3).
with green tint in the growth pyramid of the pinacoid

face (010) (Table 2).

(021), conepxanue Fe Bapsupyer or 20.7 no 87.9 r/t Tabnuya 2
npu cpexHeM conepxkanuu 65.1 r/t; Be — or 0.05 mo IpumecHbrii coctas (r/T) cioxymena (o6pasen Ne 2)
0.11 /1 (B cpenuem, 0.08 1/1); B — ot 0.82 m0 2.13 1/T Table 2

Trace element composition (ppm) of spodumene

(B cpeanem, 1.56 r/T). B yeTbipex ToUKax, HaXOMSIIAX~
(sample no. 2)

cs B cekrtope pocrta rpanu nuHakouna (010), comep-
skanue Fe cocrasisier ot 100 o 115 v/t mpu cpemHeM

snauennn 106 r/1; Be — ot 0.13 10 0.18 1/T (B cpeanem, JmemeHT  DHONETOBAA IACTS BETAN HACTR G
0.16 r/1); B — ot 1.99 110 2.22 1/t (B cpeanem, 2.15 r/1). 3CIICHOBATRIM
CozeprkaHue 0CTaNIbHBIX MPOAHATN3UPOBAHHBIX OTTEHIOM
3JICMEHTOB HE MMEET CYHICCTBEHHOIO0 OTJIMYUS B IH- ! 2 3 4
pamujie pocTa yKa3aHHbIX TpaHeit (tadu. 1). Bmecrte ¢ (Ij<a ;81 g ?gg 611919 ié;
TeM, B iupamuze rpand (021) B HarpaBieHUH OT paH- Cr 359 41.4 492 372
HHUX K TO3IHUM 30HaM POCTa OTMEYACTCsl TCHACHIIUS 7n 1362 1727 2338 1509
K noBblieHut0 conepxkannst Be (ot 0.05 no 0.11 r/T), Ga 53.8 60.6 479 45.0
B (ot 0.82 1o 1.60 r/1), Fe (ot 20.7 10 73.1 /1) 1 Mn Zr 0.57 0.70 0.87 0.72
(ot 180 mo 278 1/T), a TaKkKe — K MOHMKCHHUIO COIEP- Cs 0.17 0.20 0.12 0.08
skanus K (ot 40.4 mo 11.1 r/1), Rb (ot 0.98 no 0.18 gﬁ g(())(? (;738 ?3153 ?865
r/t) u Ti (ot 11.2 1m0 5.69 1/1) (puc. 7a-¢). He ormeua- Nb 0.19 028 019 021
I0TCSI CYILIECTBEHHBIE KOJIeOaHMUs IIPUMECHOTO COCTaBa Cu 277 59.4 34.7 24.5
10 30HaM U MUpaMuiaM pocta rpanu nuHakousa (010) Fe 26.4 35.4 26.4 25.3
JUIsl YKa3aHHBIX AJIEMEHTOB (pHC. 7K-M). Mn 359 331 132 147
Oo6pazenr Ne 2. CocraB KpucTa/uia CIOJAyMEHa v 0.29 0.32 0.32 0.26
OIpE/ieNieH B YETHIPEX TOUKaX: JBAa ONpEICICHUS — I\F/rllg ggg ? 31’ %g? %gg
B UEHTpasbHOH ((uoneroBoit) wactu (MpUHAIIEK- Na 1065 1129 373 739
HOCTb TOYEK K IIMPAMMJIE POCTA IPAHU IIPOCTON (1)Op- B 11.4 16.3 18.5 16.9
MBI HE OIpenesicHa); /IBa OMpPEICICHHs] — B KpaeBOM Be 0.91 0.83 0.26 0.22

yacT (0enoil ¢ 3eeHOBaThIM OTTEHKOM) B IIHPAMUJIC
pocra rpanu nunakousa (010) (puc. 4; Tadm. 2).
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Tabnuya 3
[IpumecHsIit cocTaB (T/T) cmogymena (o6pasen Ne 3)
Table 3
Trace element composition (ppm) of spodumene (sample no. 3)
OnemeHT Buytpennss (puonerosas) 4acTh Buenrasist (6enast ¢ 3eIeHOBATHIM
KpHCTaIa OTTEHKOM) YacTh KPUCTAILIA
1 2 3 4 5 6 7 8

K 138 443 97.0 46.6 21.5 29.2 22.0 13.4
Ca 27.4 20.6 98.2 22.9 5.89 9.49 5.29 6.11
Cr 17.8 13.6 13.6 13.8 12.8 10.4 13.5 9.71
Ga 48.0 46.3 48.4 51.1 432 43.8 49.4 48.4
Rb 0.35 0.22 0.25 0.35 0.14 0.18 0.15 0.16
Zr 0.39 0.29 0.38 0.36 0.16 0.18 0.30 0.24
Cs 0.66 2.55 0.48 1.62 0.07 0.30 1.74 0.11
Ba 0.23 0.22 0.55 0.29 0.03 0.10 0.07 0.04
Ta 0.39 0.13 0.78 0.51 0.03 0.06 0.10 0.03
Sn 460 427 26.5 61.0 29.4 38.8 67.2 63.4
Nb 0.24 0.14 0.22 0.27 0.23 0.12 0.13 0.13
Sr 0.28 0.23 0.60 0.33 0.04 0.15 0.10 0.06
Mn 447 468 405 589 627 531 626 619
v 0.33 0.30 0.33 0.31 0.30 0.27 0.30 0.30
Ti 8.87 10.46 9.30 10.88 6.07 7.15 9.94 8.47
Mg 14.83 9.75 21.58 11.12 1.42 3.05 4.70 2.49
Na 1438 1439 1462 1473 1235 1291 1381 1357
B 11.5 23.9 30.9 12:5 12.9 10.3 12.7 8.52
Be 1.47 1.85 0.74 0.80 0.57 0.54 0.90 0.83

Li 39367 | 38624 | 41855 | 45905 | 39358 | 40317 | 43348 | 43102
Fe 375 501 568 691 456 514 493 483
Cu 47.1 27.8 50.5 37.0 21.4 9.84 29.6 13.9
Zn 779 609 885 407 525 372 569 318

O6paszen Ne 3. CocTaB onpezeseH B YeThIpex 00-
JIOMKaxX KpHCTaJula CIIOJyMEHa B BOCbMHU TOYKAX: TOY-
ku 1, 2, 3, 4 — cnogymMeH (GUOIETOBBIU (BHYTPEHHSIS
94acTh KPUCTAILIA); TOUKH 5, 6, 7, 8 — criomyMeH Oemnblit
C 3CJICHOBATHIM OTTEHKOM (KpaeBasi 4acTh KPHCTAJLIa)
(puc. 5, Tadm. 3).

B o6paszmax Ne 2 u Ne 3 oT paHHUX K MO3IHUM
30HAM POCTa HECKOJIBbKO CHIDKAETCS TOJBKO COIepKa-
uHue Sn (ot 200 go 106 r/1, ot 460 10 61 1/T, cOOTBET-
CTBEHHO). B 11€JI0M, 10 OCTaJIbHBIM 3JIEMEHTaAM-IIPH-
MECsIM CYIIECTBEHHbIC OTIIMYUS B IPUMECHOM COCTaBE
30H pocTa pa3Horo mBeTa He HaOmomatorcs. CpaBHe-
HHUE COCTaBa BCEX TPEX MU3YUYCHHBIX 00Pa3IOB IMOKa3a-
710, 4TO B 00pa3max Ne 1 u 2 comeprkanue OONBITUHCTBA
anemeHToB-nipumeceit (Fe, Mn, Mg, Sn, Na, Be u B)
3HAUUTEIBLHO HIXKE, 4eM B 00pasue Ne 3 (puc. 8).

OBCYXIAEHUE PE3YJIbTATOB
N 3AKJIFOYEHUE

Pe3yJ'H>TaTBI I/ICCHCZ[OBaHI/Iﬁ CBUACTCIILCTBYIOT
O TOM, 4YTO FCOXUMHUYECKON 0COOEHHOCTEIO mnmpounecca
O6paBOBaHI/I$I CrioAyMcHa B ICTMATUTAX JIMTUEBOT'O MC-
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cropoxaeHus [lamku siBasieTcs NperMYyILECTBEHHOE
HaKOIJICHUE NPUMECHBIX 3JIEMEHTOB B paHHEU (BBICO-
KOTEeMIIEPaTypHOI) reHepaluy 3TOro MUHepaa, mpe-
CTaBJISIIOILECH B IErMaruTax OCHOBHOM 0ObeM JHTHE-
BOro chbIpbsi (00p. Ne 3). Ha 3akiIrounTeNnbHBIX dTanax
PasBUTHS IErMaTUTOBOTO IIPOIiecca B y4acTKax Inerma-
TOUIHOM CTPYKTYPHI U B KBapPLIEBOM SIAPE COACPKAHUE
NPUMECHBIX 3JCMEHTOB B CIIOAYMEHE 3HAYMTEIHLHO
cHmkaercs (00p. Ne 2 u 2). DTH HaHHbBIE COTIACYIOTCS
C COBPEMEHHBIMH TEOPETUUECKUMH MPEICTABICHUSIMH
0 3aBHCUMOCTH KPHUCTAJUIM3ALMOHHOTO (PaKLUOHH-
pPOBaHMA XHMHUYECKMX 3JIEMEHTOB OT Iepexoja cpe-
Il MUHEPAI000pa30BaHusl B IETMATUTOBBIX TeJax M3
COCTOSIHUSI 3aKPBITOH (PU3MKO-XUMHUUECKOH CHUCTEMBI
¢ BoicokuMu PT mapamerpaMu K COCTOSIHUIO OTHOCH-
TeJIbHO 00Jiee OTKPBITOW CHUCTEMBI C MOHMKEHHBIMHU
PT mapamerpamu cpenst (Cerny, 1991). Bxoxnenue
M30MOPGHBIX MIPUMECEH B CTPYKTYpy IOpoaooOpasy-
IOLIMX MUHEPAJIOB HAa PaHHEM 3Talle Pa3BUTHUS [lerMa-
TUTOBOT'O Ipollecca B TeJax MerMaTouHbIX IPAHUTOB
orpeensieTcs HaKOIJICHUEM TPUMECHBIX XUMHUUECKUX
AIIEMEHTOB BO (uironIHON (asze, ueMy CrocOoOCTBYIOT
YCIIOBUSL 3aKpBITOH cUCTEeMBl. V3MEHEHHEe TEKTOHU-
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YECKOTo pekuma (OPMHUPOBAHHS TTETMATHTOBBIX TeEI
OTIpe/ieTIsieT PacKphITHE CUCTEMBI B YCIOBHUSX CHIDKA-
OIIIETOCS /TaBJICHUSI ¥ BOSHUKHOBEHUS TPOHHUIIAEMBIX
30H. OTO 00ycClaBIMBacT CMCHY HAKOIICHHS XUMU-
YECKHX DJIEMEHTOB BO (DIIFOMIE WX BBHIHOCOM TIO TEK-
TOHWYECKH HapyIIEHHBIM 30HAM 3a TPEIeNbl paHee
3aMKHYTOTO JKHJIBHOTO TIPOCTPAHCTBA METMATOMIHBIX
TPaHUTOB W TIeTMaTuTOB. Kprcrammmsanus MuHepaioB
B 3aMKHYTOH cpeJie ¢ BBICOKMUM COJZIepyKaHUEeM ITpUMec-
HBIX DJIEMEHTOB CMEHSETCSl KpPHCTaJUIN3alnell MEHe-
pajoB (B JaHHOM CiTydac — CIOAYMEHa), 00CTHEHHBIX
JIIEMEHTAMH-TIPUMECSIMA. YCTaHOBIIEHHBIC 3aKOHO-
MEPHOCTH TTOJTBEPKAAIOT KOHIETIHIO TeOXHMHUYe-
CKOW DBOITIONIMHN TTETMaTHUTOBOTO TPOIIEcca, W3I0KEH-
HYI0 B paboTax MpeacTaBUTeNIed POCCHIICKON HayIHOMH
TITKOJTBI, OTIPE/ICTMBIIIEH COBPEMEHHBIE MTPEICTABICHHUS
0 CTPYKTYpE W DBOJIONUHN TPAHUTOUTHBIX W TIETMAaTH-
ToBeIX cucteM (lopmmenko, 1996; beckwun, MapuH,
2019). Ocraercst OTKPBITBIM BOTIPOC O TEHETHYECCKOM
3HaYeHWH TaKOTO TUTIOMOP(HOTO MpH3HAKa CIIOTyMe-
Ha JINTHEBBIX METMAaTUTOB, KaK €ro OKpacka, Mpupoa
KOTOPO, OTIPEIENIETCs IPUCYTCTBHEM XPOMO(OPOB —
M, Cr, Fe 1 V, a n3MeHeHne OKpacK — BapHAITUIMHU
crernenn okucienns Mn u Fe (Czaja et al., 2020).

OTMETHM TIpUMedaTelbHbIe OHTOTEHHYECKYIO
U KPHUCTAJUIOXUMHYECKYIO OCOOCHHOCTH THAPOTEP-
MaJLHOTO KpHCTayUia cromxyMmena (oop. Ne 1): HEOaHO-
POIHOCTH €T0 MPHMECHOTO COCTaBa OOYCIIOBIIEHA HE
CTOJBKO 30HATBHOCTHIO, CBS3aHHON C HM3MEHEHHSIMHU
YCIIOBHI pOCTa MHHEPAIbHBIX WHAWBHIIOB, CKOJIBKO
€r0 CTPYKTYPHOW KOHCTHUTYIIHOHHOW OCOOCHHOCTHIO
— CEeKTOPHaIbHOCTHIO, T. €. Pa3HBIMHA KPUCTAJUIOXH-
MHUYECKUMH YCIOBHAMHU BXOKIEHHEM HM30MOP(HBIX
MpUMeceill B CTPYKTypy MuHepana Ha rpansx {021} u
{010}, opmeHTHPOBAHHBIX, COOTBETCTBEHHO, Tapa-
JIENBHO W TIEPTICHANKYIISPHO HANPaBICHUIO MHPOKCE-
HOBBIX IIeTIel KPEMHEKHCIOPOTHBIX TETPAdIPOB BIOITH
[001]. BxoxxneHme mpuMeceit 60ee MHTCHCHBHO TIPO-
ncxonuio Ha rpaHm nuHakouda (010), ueM Ha TpaHu
npu3Mbl (021). Henb3s1 UCKITIOYNTH BBISIBIICHHUS TaKOH
e 3aBUCUMOCTH HEOJHOPOJHOCTH COCTaBa KPUCTAI-
JIOB CIIOAyMEHa paHHEW TeHEepalnH, COCTAaBIIIONINX
OCHOBHYIO MacCy pPyIHOH JIMTHEBOM MHUHEpaln3aluu
B TETMATUTaX, YTO CIIEAYyeT MPUHATH BO BHUMAaHWE U
YUIUTHIBATEH TIPH pa3padb0TKe METOIUKH OTIPOOOBAHUS U
MOJICYEeTa 3aMacoB JIMTHEBOTO CHIPBS B PEAKOMETAILIb-
HBIX TIETMaTUTAaX.
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