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BBenenue

AKTYaJIbHOCTh TeMbl. MUHEpabl HAATPYIIIbl TYpMaiHa SBJSIOTCS CIO0XKHBIMUA OOpaTOCHUIMKATaAMH,
KOTOpBIE BCTPEUAIOTCS B PA3HOOOPA3HBIX MarMaTH4eCKUX, METaMOP(PHUUECKUX U 0CAJOYHBIX MOPOJaX
pa3InYHOro MpoucxokacHus U cocrasa (Henry et al. 1994; 3aropckuit u ap. 1999; 3aropckuii 2010;
Vdacny M, Bacik P 2015).

[IpucyrcTBHE B pa3IMUHBIX TOPHBIX TOPOAAX, CTAOMIBHOCTH B IIHMPOKOM JHAara3oHe
TEPMOJMHAMHYECKUX YCJIOBHM U CYIIECTBEHHAs BapHaOeIbHOCTh 3JIEMEHTHOTO COCTaBa, MO3BOJISIET
UCIIOJIb30BaTh TYPMAJIMHBI B KAYECTBE MUHEPAIIOB-UHANKATOPOB BOJIIOIIMH COCTaBa BMEMIAOIIMX HX
ropubix nopox (Kysmusn u ap. 1979; Henry et al. 1985; Federico et al. 1998; van Hinsberg et al. 2011;
Kuznetsova et al. 2011; Vereshchagin et al. 2018).

brnarogaps ~ yHHKanbHOMY  CHEKTPYy  KpHUCTaNIOQU3UYECKUX  CBOMCTB  (MUpO- H
MbE303JIEKTpUYECKOMY 3((DEKTY, HATHUUIO «TUOIHOTO» dPPeKTa TEIIIONPOBOJHOCTH, IPO3PAYHOCTH U
SPKOM OKpacKe TypMaJIMHbI HAXO/SAT IPUMEHEHNE BO MHOTUX OTPACIISIX HAYKH U TEXHHUKH, B TOM YHCIIE,
B KadecTBe pabouMx TeN TEIUIOIEKTPUUECKUX Mpeodpa3oBaresieil M yIpaBIAIOMUX AJIEMEHTOB B
CXEMaXx, «3alyCKaeMbIX» U3MEHEHHEM TeMIiepatypsl. [Ipo3paunsie, ipko OKpalieHHbIe pa3HOBUIHOCTU
TYPMaJIMHOB HAXOJSAT MPUMEHEHHUE B FOBEJIMPHOM JIEIIe.

Kpucramumdeckas ctpyktypa TypMmaiusa (mp. rp. R3m) xopomo usyuena (Buerger et al. 1937;
Hamburger, Buerger 1948; benos, benosa 1949; Benos 1976; Hawthorne F.C., Henry 1999). B
COOTBETCTBUM C MHOT'OYMCICHHBIMA HOHHBIMH 3aMELIeHUAMHU o011ast popMmyia TypMaJliHa UMEET BUJ
(Xenpn): X™XY3V1ZgV! [T6'VO15][B"'O3]3VsW (X - Na¥, Ca?*, K*, [1 (akancus); Y - Li*, AP u np.; Z —
AP u np.; T-Si**, AP, B¥; B—B*"; V (03) - OH, 0%; W (01) — OH", F, 0?).

3aKOHOMEPHOCTH CIIOKHBIX H30MOpPGHBIX 3aMENIeHWH M CBS3aHHBIX C HUMH Aedopmanuit
CTPYKTYpbl TypMajluHa SIBJISIIOTCA TPEIMETOM IOCTOSSHHOM HayuyHoM muckyccun (I'opckas 1985;
Adonnna 1990; Ertl et al. 2002; Bosi et al. 2007; Bosi 2018). B nacrosiiiee BpeMsi B CTPYKTYpHO# 0aze
TMaHHBIX Heopranndeckux coequnenuit ICSD naxopstes ceenenus o 200 onpeneneHuit KPUCTAITUIECKOM
CTPYKTYpBl TypMalliHa, YTO IO3BOJIAET MPOBOJUTH TAaKUE MCCIEAOBAHMSA Ul OTIEIbHBIX IPYII
TYpMaJIMHOB, OTiHUaronmxcs o cocrary (Vereshchagin et al. 2014; Vereshchagin et al. 2018).

Li-comeprkaiue TypMauHbl (371b0anThl, PTOPITHLOANTHI, JAPPEITeHPHUTHI, (PTOPIUITUKOATHTHI,
POCCMaHMTHI U JIp.), KOTOPBIM MOCBSILIEHA HAaCTOsAIIas paboTa HanboJIee 4acTo BCTPEUAIOTCS B 9H/IOTEHHBIX
MECTOpPOXKICHUSX. VX camble KpyHHBIE MECTOPOXKIEHHUS CBs3aHBl C CyOpenKoMeTalNIbHBIMU
MHUAPOJIOBBIMH TIETMAaTHUTAMH, KOTOPBIE SBIISIOTCS SMUTEHETHYECKUMHU W HIMPOKO MPEACTABICHBI BO
MHOTHMX peruoHax mupa: B 3abaiikanbe, Ha Ypane, [lamupe, B CLLIA, [Takucrane, Henane. K satomy
TUIY IETMaTUTOB OTHOCATCS TaKXKe HEKOTOPbIE TYpMalMHOBBIE MecTopokaeHus bpasunuu, KOxuHoi

Ad¢puku u Llentpanpaoro Manarackapa (3aropckuii u np. 1999).



B HacTosimee BpeMs B MEXAYHapOJHOM OaHKE JaHHBIX IO CTPYKTypaM HEOpPraHHYECKUX
coeaunenuii ICSD comepikarcs cBeaeHus 110 pe3yibraTaM 121 MoNHBIX CTPYKTYPHBIX OnpeacaeHuit Li-
coJlepKalux TypMaluHOB. VX U30MOpGU3M U CTPYKTypHbIE HedopMaliy H3y4yeHbl HEIOCTATOYHO.
OcobeHHOCTH UX ONWKHEro TMOpsAIKa, KOTOPBIA paHee WH3y4aaun O0e3 ydera CTaOWIbHOCTH
KOOPJAMHAIIMOHHBIX aTOMHBIX TPYNIHPOBOK, Takke TpeOboBanu yrouHeHus. K MomeHTy Havana
HacTosIel paboThl OTKPBITHIM OCTaBaJICs BOIPOC MO MPUPOJE aHOMAIBHON JBYOCHOCTU TYypMAallMHOB
(Topckast, [Tynun 1992; Akizuki et al. 2001).

Heapr padorbl. PacimmpuTh NpencTaBiIeHMs] O MUHEPAJIOTUHM, KPUCTAIIOXMMHM M aHOMAaJIbHBIM
ONTUYECKHUM CBOWCTBaM Li — copepikaniux TypMalInHOB.

OcHoOBHBIC 32Ja4H.

1. M3yunTh MuHepanbHbIi cocTaB U u3omMoppusMm Li-comepikamux TypMaTuHOB U3 MECTOPOXKICHHIMA
Poccun u Tamxuxucrana (Canrunenckoe Haropwe, Llentpanbaoe 3abaiikanse, Boctounstit [lamup).

2. V3yuuts 6nmxuuil opsaaok Li-Al — TypMaauHOB ¢ pa3indHbIM cooTHomenueM Na'/Ca?’,

3. U3yunth anoManpHy10 ABYOCHOCTH Li-Al — TypMaanHOB U3 Pa3IMYHBIX MECTOPOXKACHUI U BBISIBUTH
€€ CTPYKTYPHYIO IPUPOTY.

4. IIpoananu3upoBaTh 3aKOHOMEPHOCTH CTPYKTYpHBIX Aedopmaruii Li-Al — TypMaanHOB.

O0bekThl M MeToIbl HccienoBaHusi. OObEKThl MccaenoBanus. Li-comepxkaiiue TypMajiWHBI W3

mecropoxaeHuit Poccun u Tamxukucrana (Bocrounstit [Tamup, Canrunienckoe Haropse, Llentpansnoe
3abaiikanbe). OOpas3ipl TypMainnHOB Obutu mpenoctasineHsl E.B. bamanunoii, A.A. 3o1oTapeBbiM
(CIIoI'Y, CII6) u JL.T'. Ky3nenoBoii (Muctutyt reoxumun CO PAH, UpkyTck).

MeTtonabl ncciaeoBaHus:

1. V3ydyeHue 31€MEHTHOTO COCTaBa: a) PEeHMeeHOBCKUN MUKPOCHeKmpanivHull ananu3. Jlectepckuit
yauBepcureT (Auraus), JEOL SXA-8600S ¢ BonHoBeIME criekTpoMeTpamu; MHCTUTYT reoxumun CO
PAH (Upkyrck), JCXA-733, JEOL Ltd ¢ BOMHOBBIMH CHEKTpOMETpaMH; MUHEpATOTHYCCKUN
unctutytT [eiigensOepckoro yHuBepcureta (I'epmanms), Cameca SX-51 ¢ BoJHOBBIMHU
cniekTpoMerpamu; My3elt ectectBeHHOU ncropuu (Jlonmgon, Aurims), Cameca SX-50 ¢ BosiHOBBIMU
cnektpoMerpamu; MHCTUTYT reonmoruu u reoxponHonorun nokemopuss PAH (CII6), ATB-55 ¢
PEHTIeHOBCKHM dHeproaucnepcruoHHbM ciektpomerpom LINK AN 10000/85S; OO0 MEXAHOBP
NHXWHWPUHIT AHAJIUT (CI16), Cameca SX-50; 06) macc-cnekmpomempus 6mopudhbix UOHOS.
Munepanoruyeckuit  uHctuTtyT lelinenvOeprckoro  yHuBepcutera (['epmanus), HOHHBIN
mukpoananuzatop CAMECA IMS 3f; B) ICP memoo ¢ ucnonvzosanuem cucmemuvl nazepHotl
abaayuu. Jlonnonckuit My3seil ectecTBeHHOM ncTopuu (AHIUINA), TUIA3MEHHBIA Macc-CIIEKTPOMETP
Thermo Elemental PQ3 + S, mazep New Wave UP213Al; 1) nramenno smuccuonnwii memood. OO0
MEXAHOBP MHXXMHUPUHI" AHAJIUT (CIIO0), criektpomerp AAS — 3; Uucturyt reoxumun CO

PAH (Upkytck), cnektpomerp AAS — 3; 1) memoo nomenyuomempuyecko2o mumposanus. THCTUTYT



xumun cuwimukaroB PAH (CII6); OO0 MEXAHOBP WMHXWHUWUPUHIT AHAJIUT (CII6); e)
kaaccuveckutl memoo «moxpas xumusy. Uactutyt reoxumuun CO PAH (Mpxkyrck).

2. MoHoKpHCTaIbHBIA PEHTTEHOCTPYKTYPHBIA aHalIM3: PEHTIeHOBCKas Jaboparopus Kadeapbl
kpucrayuiorpadpuun CIIOI'Y (CII6), monokpuctanbhbie qudpakromerpsl SYNTEX P21, Nicolett R3;
HNuctutyr Munepanoruu u [lerporpaduu bonnckoro Yuuepcurera (I'epmanust), MOHOKPUCTATBHBIN
mudpakromerp APEX Il. Pacuer CTpyKTypHBIX XapaKTEpHUCTHUK IPOBOJIWIM C HCIOJb30BaHUEM
komruiekcoB rporpamm CSD (Akselrud et al. 1989), SHELXL (Sheldrick 1997).

3. Uzyuenue OmmkHero nopsiaka meronom MK-cnekrpockonuu (MMOPOIMIKM U MOHOKPHCTATMYECKUE
wiactuHkn): WHCTUTYT Teonormu W reoxpoHonoruun pokemoOpuss PAH (CII6), aByximydeBoi
pemeTouHsli ciekrpodoromerp Specord M8O0.

4. Onpenenenue yria 2V meronom Mamsipa: maboparopus pocta kpucramioB UK JIT'Y.

Pacuersl cTaOMIBHOCTH KOOPAMHALMOHHBIX ATOMHBIX TPYNIHUPOBOK IPOBOAWUIM IO MeToauke P.
Xoropua (Hawthorne 2002); uckakeHHOCTH MOJMAAPOB — Mo ypaBHenusMm Ertl et al. (2002) ¢
KCIIOJIb30BaHueM naHHbIX 0asel ICSD.

Hayunas nHoBu3Ha. Pactvpensl npeacTaBieHuss 0 MUHEPAIOTUH, KPUCTAINIOXUMUN U aHOMAaJIbHBIM
ONTUYECKUM CBOHCTBaM Li-comeprkamux TypMaiunHOB. B peaxoMeTanbHON MErMaTUTOBOM JKHUIIE CO
ckanonuToM (CaHruneHckoe Haropee, TyBa) oOHapyxkeHbl Li-conepkaimue TypMaldHbl €
JOMMHHUPOBAHUEM KallbLiUsl B X-moaudape, coctas Y, Z, Wu V' — no3unui KOTOPhIX HE COOTBETCTBYET
HU OJJHOMY U3 M3BECTHBIX MUHEPANIBHBIX BUAOB. BrisiBieno ctpemnenue OH™ u F- — noHOB, COBMECTHO
3aceisoix B CTpykrype TypmaimmHa W(O1) mo3uimio, K YIOPSIOYCHHOMY pAaCIpeeICHHIO.
[TokazaHo, 4TO BTOpas KOOpJAWHAIMOHHAs cepa OKa3bIBACT CYIIECTBEHHOE BIUSHHE Ha OMMKHHUI
nopsanok B Li-Al — typmanunax Bokpyr W (OH', F) u V' (OH") — no3unuii, KOTOpbI KOHTPOIUPYETCs
TpeOOBaHUAMH JIOKAJILHOTO OajlaHCca BAaJEHTHOCTEH M KPUCTAIIIMYECKON CTPyKTypoil. JokazaHo, uTo
MOSIBJICHHE ONTHYECKUX aHOManuii B TypmanuHax ¢ 2V > 10° cBs3aHO, MPEeUMYIIECTBEHHO, C
MOHWKEHUEM CHUMMETPHH KpUCTaJlIa, 4YTO 00YCIOBIEHO YAaCTUUHO YHOPSAOYEHHBIM paclpe/esieHneM
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katnonoB Li" u A’ mo YOs okrasnpam. Briepeble npoaHain3upoBaHbl 3aKOHOMEPHOCTH XUMUYECKHX

nepopmamuii Li-Al — Typmanunos. Iloka3aHo, uTo yBenumueHue copepxkanus Al

B Y-Tio3unuu
MPUBOAUT K cOMKeHuo pazmepoB YOsu ZOs— OKTadIpOB U BIMSIET Ha UCKAKEHHOCTh Z(Js — OKTadIpOB
u TOy4 - TeTpa’ipoB.

IIpakTuyeckass 3HAYMMOCTBH. Pe3yabTaThl YTOYHCHHS KPUCTAUIMYECKUX CTPYKTYpP TYPMAIHHOB
(mapameTpsl dJIEMEHTAPHOW sTUeHKH, KOOPIAMHATHI aTOMOB, MEKATOMHBIE PACCTOSIHHSI) BKIIIOUEHBI B
0a3el cTpykTypHBIX AaHHBIX (ICSD, AMCSD) 1 MOryT OBITH HCIIONB30BAHbI JIsI COBEPIICHCTBOBAHUS

CYILIECTBYIOIIEW HOMEHKIIATypbl MUHEPAJIOB HAATPYIIIBI TYPMAJIMHA, BBISBICHUS CBSA3€H "CTpyKTypa -

COocTaB - CBOICTBAa", a TakXKe PEKOHCTPYKLIHMH YCIOBUN MuUHepanooOpa3oBaHusa. MaTepuaisl



JICCEepTALluH TOJDKHBI HATH CBOE MPUMEHEHUE B yUE€OHBIX Kypcax M0 MUHEPAJIOTHH, HEOPTaHUYECKOM
KPUCTAJIOXUMHUM U CTPYKTYPHON MHUHEPATIOTHH.

3amuniaeMble M0JI0KeHHUs.

1. OOmieit 0COOEHHOCTHIO TYPMAJIMHOB M3 3HIOKOHTAKTOBON YaCTH PEIKOMETaIbHOW MErMaTHTOBOM
Kuiabl co ckanosutoMm (CaHTHIIEHCKOe Haropbe, TyBa) sIBISIETCS JOMUHHUpPOBaHUE Kaiblus B X —
noszuuuu. Cocras Y, Z, Wu V' — no3uuuii uCCle10BaHHBIX KPUCTAIIJIOB HE COOTBETCTBYET HU OTHOMY U3
M3BECTHBIX MUHEPAJIBHBIX BHUJIOB JTAHHOW HAITPYIIIbl. DBOMIOIMS 3JIEMEHTHOTO COCTaBa 30HAJIbHBIX
KpUCTAILIOB (OT LeHTpa K nepudepun): 3HaYuTeNbHOE yMeHbIIeHHe cofepkanus Mg?’™ u yBenuueHue
AP, Li* u Fe** B YOs - okrasmpax, ykasbiBaeT Ha M3MEHEHHE BHIOBOTO COCTAaBa TypPMAJIHHOB B
CJIEICTBUM CMEHBI XUMHYECKOI 0OCTaHOBKH B MPOIIECCE MUHEPAIO00Pa30BaHHUS.

2. Moust OH™ u F, coBmecTHO 3acenstonue B cTpykType TypMmannHa W - mo3uimio, crpeMsrcs K
YIOPSA0YEHHOMY pacIpesieeHHI0, YTO IPUBOAUT K paciueruieHnto W - NO3UIMM U TOSBICHUIO B
cTpykType HeakBuBaneHTHbBIX OKTadApoB [YO4(OH),] u [YO4(OH)F], koTopbie 00beIMHEHBI B TPUAIHI,
HEHTPbI KOTOPBIX HAXOJUTCS HA OCH TPETHETO MOPSIJIKAa WU BOTU3U HEE, COOTBETCTBEHHO.

3. Bropas xoopauHaimonHas cdepa oka3bIBaeT CyIIECTBEHHOE BIMSHUE Ha OMKkHUN opsaok B Li-Al-
typmanuHax Bokpyr W (OH', F) u V (OH) — mo3unuil. DIeMEHTHBI COCTaB, COOTHOIICHHE U
YIOPSAOYEHHOCTh  PACIpENEeHUs] TMPUCYTCTBYIOIUX B CTPYKTYpe CTaOMJIBHBIX KJIACTEpPOB
KOHTPOJIUPYETCS TPEOOBAHUSIMHU JIOKAJILHOTO OajlaHCa BaJIGHTHOCTEN U KPUCTAJUTMYECKOU CTPYKTYPOil.
4. B typmanunax ¢ 2V > 10° mosiBleHHE ONTHUYECKHX AHOMAIHMH CBS3aHO, MPEHUMYIIECTBEHHO, C
MNOHMKEHHUEM CUMMETPHUH KPUCTAJIa: OT TPUTOHAIBHOU (1p. Tp. R3m) 10 MOHOKIMHHOU (Ip. rp. Cm)
WU TPUKIHUHHOU (TICEBIOMOHOKIMHHON) (mp.Tp. R1), 4TO 0OYCIOBIEHO YAaCTHUYHO YIOPSIO0UYEHHBIM
pacnpenienenneM katuoHoB Lit u A" mo YOs oxta’mpam. PasHuna B 3aceqeHHOCTH Y-HO3MIIUIA
YBEJIMUMBAETCS 110 Mepe Bo3pacTaHuss ymioB 2V  Brons HampasieHus pocra [0001], uyro
COIPOBOXK/IAETCS 3aMELIEHUEM HATPHsI HAa KaJablUi B X—TIO3ULIUH.

5. Vsemuuenue cozmepxkanus AIP* (ymenpmenne Li*) B Y-mosumuu crpykrypsl Li-Al-Typmanunos
OPUBOAMT K cOnmxeHuto pasmepoB YOs u ZOs — oktasnpoB. M3-3a cMmerieHus oOLIMX BEPIIMHHBIX
kucnopogoB (06 u O7) uckaxkeHHOCTh ZOs — OKTadIpOB yBenu4uBaercs, a 10s;—TeTpa’apoB —
yMeHbIIaeTcs. B memoM, cTemeHb AegopManuM  CTPYKTYpbl yMEHbBINAeTCsl BIOJb  psija:
GTOPAUAAUKOATHT > dIE0AUT, PTOPANTBOAUT > NappeUITeHPUUT, POCCMAHUT > Li - cofepskaniuii OJICHUT.
3nauenus 195 HaxomsaTcs B 0OpaTHOlN 3aBMCUMOCTH OT coepxkanus A" B YOs — okrasnpax u B*" B
TO-TeTpasnpax.

JInunblii BKJIaZ aBTOpa. ABTOPOM pPAa0OTHl IMPOAHATU3UPOBAHBI JIUTEPATypHBIE JAHHBIE I10
KPHUCTAJUTMIECKON CTPYKTYPE U TEOJIOTHYECKUM YCIOBUSAM HaXOKACHUS Li-copepkaiiux TypMaTuHOB,;
MOJTOTOBJIEHBI MPOOBI ISl BCEX AKCIEPUMEHTAJIbHBIX HCCIEIOBaHHM; MPOBEAEHO M3MEPEHHE yria

onTuyeckux ocer 2V AJI1 AHOMAJIBHO ABYIIPCIOMIIAIONIUX TYPMAJIMHOB; PA3JI0OKCHUC I/IK-CHCKTpOB,



pacyer 1o HUM CPEJHHUX COCTABOB OKTA3JPOB M PAacCUeThl MEKaTOMHBIX PACCTOSHUI Ha OCHOBE TEOPUHU
BaJICHTHBIX YCUJIMH MpPHU OLIEHKE CTaOWUJIBLHOCTU KOOPAMHAIIMOHHBIX TPYIIIUPOBOK BOKpyr W m V-
TIO3UIINH.

PenTrenoBckue uccneqoBanus, yTOUHEHUE KPUCTAIIMYECKUX CTPYKTYp, cbemka MK-criektpoB

U MHTEPIpETaIysi MOJYyYCHHBIX Pe3yJbTaTOB BBIIOJHEHBI MPU HEMOCPEACTBEHHOM YYacTHH aBTOPA;
o0cCyX/IeHIe Pe3yNIbTaTOB UCCIIEIOBAHMUS U HAMCaHUE CTaTell — COBMECTHO C HAyYHBIM PYKOBOJIUTEIEM
U COaBTOpaMHU ITyOIUKALIU.
AnpoOanusi padorbl M myOaukanuu. OCHOBHBIE pE3yNbTaThl JUCCEPTALMOHHOM pabOThl ObLIN
JIOJIO’KEHBI M 00CYKJICHBI HAa MEXTyHAPOIHBIX U pOCCUUCKUX KoH(pepeHuusax: 1V u V MexyHapoaHbIx
Cumnosunymax «Munepanorudueckue mysen» (Cankt-IletepOypr, 2002, 2005); XV MexayHapoaHoM
copemanuu 1o Pentrenorpaduu u Kpucramioxumuu MunepanoB «PeHTreHorpadus MUHEPAIbHOTO
ceipbsi»  (Cankr-lIlerepOypr, 2003); HOOuneiiHoit MeEXIyHApPOAHOW HAy4YHOH KOH(EPCHIUU
«®enoposckas ceccusi-2003» (Cankr-IlerepOypr, 2003); X Cbe3ne Poccuiickoro MuHepaioru4eckoro
obmectBa (Cankt-IlerepOypr, 2004); MexayHapoaHoi Hay4yHOW KoHpepeHInH «CHeKTpOCKOIus,
peHTreHorpadus u kpuctamnoxumus munepanony (Kazaus, 2005); VII MexayHapoaHoit koHdepeHIH
«HoBbie ugen B Haykax o 3emse» (Mocksa, 2005); IV HanuoHanpHOW KpUCTAITIOXUMUYECKOU
koH(pepeHmmu (Yeproronoska, 2006); MexayHapoaHoil Hay4dHOH KoH(epeHIH «DenopoBcKas
ceccusi-2006» (Canxt-IlerepOypr, 2006); IX HannonanpHON KpHUCTAIUIOXMMHUYECKOH KOH(EpeHInH
(Cy3zmans, 2018); XIX INTERNATIONAL MEETING ON CRYSTAL CHEMISTRY, X-RAY
DIFFRACTION AND SPECTROSCOPY OF MINERALS (Apatity, 2019); Hayunas xoHdepeHIHst
«Munepanoruueckue myzen — 2019. Munepanorusi, Buepa, ceromus, 3aBTpa» (Caukt-IletepOypr,
2019); X HanmonasnpHas kpuctautoxumuueckas koupepenus (Tepckoi, 2021).

ITo Teme nucceprauuu omyOJMKOBAaHO / cTaTed B JKypHanax, Bxoaammx B cnucok BAK (5 u3
KOTOPBIX BXOIIT B MEXIyHapoaHble cuctembl imTupoBanus Web of Science m Scopus). Pabora
BHITIOJIHEHA Tipu (hpuHaHcoBOM mojiepkke Poccuiickoro ®@onma dynmamentanbHbix MccnenoBanuit
(mpoekt Ne 04-05-64298), a Taxxe crunennuu [Ipesunenta PO (2006).

O0beM u cTpyKTYpa padoThbl. Jluccepranys COCTOMT W3 BBEJEHHMS, 6 TIJaB, 3aKIIOYEHMs, CIMCKA
JaUTepaTypsl U S npuiioxkeHuil. Ooumit oobem nuccepranuu 134 crpaHuil TEKCTa, B TOM Yucie 32 pUCYHKa,
42 TabnuIs! ¥ CIMCOK OnbIMorpadueckux cchutok u3 115 HanmeHoBaHMiA.

baaronapnocTu. PaGora BbIMONHEHAa MOA PYKOBOJACTBOM J.I.-M.H., mpodeccopa Kadeapsl
kpuctautorpapuu O.B. ®pank-Kamenerkoit, KOTopyro aBTop 071arofapuT 3a NpeAIokeHHYIO CTPATEruio
UCCJIE/IOBAHNUsI, BCECTOPOHHIOI MOMOIIb U Oe3rpaHMYHOe TeprieHne. ABTOp OnaromapuT K.r.-M.H. A.A.
3omnorapesa (kadeapa munepanoruu CII6I'Y), koTopslit 3anHTEpecOBa €€ TaHHOM TeMAaTUKON Ha 3 Kypce
o0ydeHMsI B YHHUBepcUTETE, ObUT €€ TIepBBIM HAyYHBIM PYKOBOJMTEIEM M OKa3bIBAl KOHCYJIETATUBHYIO

IIOMOIIIb Ha BCCX dTallax pa6OTBI. ABTOp TaKKe XOTeN Obl BbIPa3UTh 0006}7}0 6JIaFO,Z[apHOCTL K.IT.-M.H. 11.B.



PoxxnecTBeHCKOM, ¢ TIOMOIIBIO KOTOPOI OBLTO BBIIMOIHEHO YTOYHEHHE CTPYKTYP TYPMAIMHOB; K.T.-M.H.
M.C. baGymikuHy, C TOMOIIBIO KOTOPO# ObUIH TipoBeaeHbI MK -criekTpockonmaecknue uecae10BaHus; 1.T.-
M.H. A.I'. HITykenbepra, mpu y4acTUH KOTOPOTO ObLIH UCCIIE0BAaHbI ONITUYECKHE aHOMAIIUU TYPMAJIMHOB,
a taxke K.I.-M.H. O.C. Bepemaruna, n.r.-m.H. A.H. 3aiineBa, x.r.-m.H. FOJL. Kpenepa u apyrux
corpynuukoB kadenp Kpucramnorpadbmm n Munepanorun HMuacruryra Hayk o 3emie, Jlecrepckoro
YHUBEPCUTETA 3a ITOMOIIIb HA PA3JIMYHBIX 3TAMax ucciaenoBanus; K.r.-M.H., JL.I'. Ky3HenoBy, k.r.-Mm.H. A.A.
3onorapeBa u k.r.-M.H. E.B. bamanuny 3a mpenocraBiieHHe 0OpasloB TYpMAJIUMHOB W3 Pa3IMYHBIX

MECTOPOKIACHUIA.
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1. Kpucra/juinyeckasi CTPYKTYpa U HOMEHKJIATYPa TYPMAJIUHOB

H. B. BesoB Hartiesn B KpHCTALTMYESCKOM CTPYKTYype TypManiuaa (ip. rp. R3m) (benos 1976) criouctsiii
TPEXATaXHBIA aHTUrOpuTOBBI (pparmMeHT XY375018 (puCynok la). B mepBom staxke sToro ¢parmeHnra
HaXOJIATCS IJIOTHO YITaKOBaHHBIE TpHUaabl okTadapoB YOs. Hax HUMU pacioioxeHO OCTPOBHOE LIECTEPHOE
k016110 U3 704 (MPEUMYIIIECTBEHHO KPEMHHUEBBIX ) TETPAdIPOB, OPUEHTUPOBAHHBIX TaK, YTO OJJHA U3 TPaHEH
nepneHauKyisipHa HanpasieHuto [001]. B Tpetbem sTaxe Haj LHEHTPOM KOJIbLia B MO3ULIMH X [TOMEIAETCS
IIEJIOYHON KaTHOH (MJIM BaKaHCHsA) B IeBSITepHOM KoopauHaun. Tpoiiku YOg - OKTa3ApOB OKPY>KEHBI TPEMSI
MYCTBIMU OKTa’JIpaMH, Ha OJHOM M3 IpaHell KOTOPBIX PacIoiiokKeH aTroM O0opa B TPOMHONM KOOPIMHAIMU.
Kaxxnp1it aHTUrOpUTOBBII A5IeMEHT OKpYXEH miecThbio ZOg- OKTadpaMu, KOTOPBIE CBS3aHbBI C OKTadIpaMu
YOs uepes peopa O3-06. Mexay coboii Haxosimecs Ha oqHol Bbicote ZOg - okTasaApsl cszanbl BO3 -
TPEYTOJIbHUKAMH.

K HaxnouusiM pedpam O7-07 kaxaoro ZOs - OKTasapa HPUMBIKAIOT TETPAdAPHUCCKUE KOJIbIA
COCEIHUX aHTUTOPUTOBBIX (pparmMenToB. dparmentsl XY3Z6(76018)(BO3) cBsA3aHbI BAHTOBBIMU OCAMH 31, 37
U TIOATOMY HAXOJATCS Ha TPEX ypoBHsX. Takum oOpa3oM, CBS3b MEXKIY aHTHTOPUTOBBIMH OCTPOBKAMHU
ocymectisiercst uepe3 ZOg - OKTadApbI, KOTOpble pEOpamMy W BepIIMHAME OOBEMHEHBI B TPEXMEPHBIN

KapKac U3 BUTHIX KOJIOHOK BIIOJIb OCH ¢ (PHCYHOK 10).

Pucynok 1. Kpucrammdeckas crpyktypa Typmaiisa (mp. rp. R3m): (a) - ciouctsie pparMeHThI
XY3Z6(T6018)(BO3); (0) - BUTast KOIOHKA K3 CBs3aHHBIX péopamu ZOgs — OKTadIPOB, CoepIKaras

«aHTHrOpHUTBBIe OCTpOBKM» (benor 1976).

[Meprast knaccupukaims TypMainHoB npemiokena ®. Xoropnom B 1999 romy (Hawthorne

1999). Cornacuo kiaccudukaimu, yreepxaeHaoi Komuccneit mo Hoseim Munepanam, Homenkinarype
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u Knaccudukanmm MexnyHapoanoit Munepanoruueckoit Accormarnun (KHMHK MMA), TypmanuHs
paccMaTpUBAIOTCA KaK HAJATpPyINIa MUHEPAJIOB, XapaKTEePHU3YIOIIMECcs OOIIEH KpHUCTaTLIOXHMMHIECKON
dopmymoii (Henry et al. 2011).: Xo-1Y3 Ze(TeO18)(BO3)sVsW, rue: X = Ca?*, Na*, K*, Bakancus; Y = Li,
Mg?*, AP*, Fe?* u np.; Z = AI¥*, Fe**, Mg?* u np.; T = Si**, AI¥*, B®*; V= OH", O%; W = OH", F#, 0%

CoriacHO 3aceleHHOCTH X — TO3MIMHU CleayeT pasiandars menounsie (Na¥, KY) u kanbiueBbie
TYpPMaJIMHBI, @ TAKXKE TYPMAIUHBI, B KOTOPOH X — mo3uiusi BakautHa. Kaxaast U3 3TUX TpeX TPYIIII 1o
JOMHUHUpYoLeMy annoHy B W — no3unmu noapasensercs Ha Tpu noarpynisl (okcu - (O), ruapokcui
- (OH) u ¢top - (F) — TypMaaHHOB), KOTOPBIC 3aTEM JIENIATCSA C YIETOM 3aCEICHHOCTH CHaudana Y, a

[IOTOM Z — HO3ULIMH.

Ha cerognsiamii nens Komuccuneit mo Hoseim Munepanam, Homenknarype u Knaccudukanum
MexayHapoaHOH MuUHEpaOTHYecKO AcCCONMAIMM B HAATPYNIE TypMalWHA YTBEPXKICHO 33
MHHEpalbHBIX BHIA. Li-comepikaiuue TypMaiavHbl, KOTOPbIM IOCBSIILICHA HAcTosIIas padora (Tadnuua
I11.1, I11.2.) npencTaBieHbl MATbIO MUHEPAJIbHBIME BUIAMHU, B COCTaB Y—IIO3UIIUN KOTOPHIX B KAYECTBE
OCHOBHOT'O 3JIEMEHTa BXOAMT JIMTHH (Tabnuua 1). MuHepan JUIIMKOaTUT, B KOTOpoM B mo3utmu W
nomuHupyor OH™ - wonbsl oOHapyxen B npupoae (Breaks et al. 2008), HO moka sBisieTcs
runoTernyeckuM (tabauma 2). Kpome iaudouxoamuma TPEATOKEHBI €II€ IBa THUIOTETHYCCKUX
MHUHEpaJIbHBIX BUJA, B COCTaB KOTOPBIX MOXET BXOJIUTh JUTUI B KauecTBE OCHOBHOro. B kauecTBe
NPUMECHOTO 3JIeMEHTa JHUTHH OOHApYXKEeH TakKe B OJCHUTE H (TOPYBHTE, a TaKXKe IIOKa
runoretudeckom roponenure (Ertl et al. 2003).

Tabmuua 1. Yteepxkaennsie KHMHK MMA MuzepanbHble BUJIBI B HAATPYIIE TypMailHa
Xo0-1Y3Z6[SisO18][BO3]3V3W, B cocTaB KOTOPHIX MOKET BXOJAUTH JINTHIA.

HasBanue MuHepaia | Y3 | Zs | T6 | Vs | W | Hcrounnk
Ilesouynas rpynna (X - Na)
OH- noarpynna

DpGanT | LitsAlis | Als [ Sis | (OH);s | OH | Ito, Sadagana 1951
O - noarpynna
Jlapennrenpenr | AbLi | Als Sis | (OH)s | O | Novaketal. 2013
F-noarpynna
dTOpaBOANT | AlisLiss | Als | Sis | (OH)s | F | Bosietal. 2011

KaabuueBas rpynna (X - Ca)
F-noarpynna
dropmummkoatut | LAl [ Als | Sis | (OH)s | F | Dunnetal 1977
I'pynna ¢ BakanTHo# X nmo3uuueii (X-0)
OH- noarpynna
PoccMaHUT | ALLi | Al | Sis | (OH)s | OH | Selway etal. 1998



http://pubsites.uws.edu.au/ima-cnmnc/henry%20et%20al%202011%20tourmaline%20tomenclature.pdf

12

Tabnuma 2. ['nnoreTnyeckne MUHEpaIbHBIC BUIBI B HAATPYIIIE TypMaTrnHa
X0-1Y3Z6[SieO18][BO3]3V3W, B cocTaB KOTOPBIX MOXET BXOIUTh JIUTHH.

HazBanue | Ys | zZe | va | w | Hcrounuk
Hlesounas rpynna (X - Na)
®moponenum | Als | Als | O3 | F |  Ertletal 2003
I'pynna ¢ BakanTHoi X nounuei (X-0)
Oxcupoccmanum | AlsLios | Al | (OH); | O | Ertl et al. 2005

Kanbnueasi rpynna (X - Ca)

JIuoouxoamum LioAl Alg (OH)s3 OH Breaks et al. 2008

Oxcunuoouxoamum | LizsAlis | Als (OH)3 0]
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2. F — conep:kamme 3ab0auThl n3 nerMmatutoB Boctounoro Ilamupa

2.1. MuapoJioBbie nermatuthbl Boctounoro Ilamupa (reosjioro-MuHepajgorudeckoe
ONHUCAHHE)

B xoniie 80-x rogoB XX Beka Ha [lamupe, B untepBaiie abcomoTHbIX BeICOT 4300 — 5050 meTpos,
B mpeenax My3KOJIbCKOTO KOMITJIEKCa METaMOP(PHUECKUX MOPOJ, OOHApYKeHa CepHsl MPOSBICHUN U
MECTOPOXKJCHUI pa3HOOOpa3HBIX LBETHBHIX KaMHel. Cpeau HUX 0coboe MECTO 3aHUMAeT TypMalluH
(3omotapes 1996). Cornacuo M. C. rodypy, My3KoabCKHil KOMIUIEKC ITPEICTABIIsACT COO0M BHITIHYTYIO
B IIMPOTHOM HAalpaBJICHUHU IOJIOCY pa3BUTUsl MeTaMopduyeckux nopof (130 kM JUIMHOIO IPU IIUPUHE
10 — 30 xm) (Hrodyp u ap. 1970). B pa3pese ona mmeer (HopMy TepMaIbHONH AHTHKIMHAINA U
XapaKkTepu3yeTcsi MeTaMop(pHIECKOr 30HATbHOCTHIO0 KHAHUTOBOTO THUNA (PUCYHOK 2). B sinpe 3aneraror
HUKHETANIe030MCKHEe THEWCO — TPaHUThI, a HA KpPbUIbSIX — MeTamMoppu30BaHHBIC (B YCIOBHIX

aM(l)H6OHHTOBOﬁ J10 3€1E€HOCIaHIIEBOM Q)aunn) CJIOKHOCKJIaA4aTbIC OTIIOXKCHUA ITaJICO304 U MC30304.

j -
L HEBDUMTE KDHETE AN M- C i CAB L

—_—
H 3 | AvopwTe
| S |

Pucynok 2. Cxema reosiorndeckoro cTpoeHus: My3KoJIbCKOTo KOMITJIEKCa METaMOP(PHUUECKUX MTOPOJT
(Trodyp n 1p. 1970).

Cornacno [lrodypy, TypMaauHOBas MHUHEpalM3alus MPUYpOUeHA K IHEerMaTHTaM, KOTOpbIe
CBA3aHbl C MaccuBaMu TIpaHuUTOB IIIaTHMyTCKOro MHTPY3MBHOIO KOMIUIEKCA. MacCHUBBI CIIOXKEHBI
JEHKOKpPaTOBbIMM OMOTHUTAMM M JIBYCIIOASIHBIMH, OHOTUT — amM(puOOJIOBBIMU TpaHUTAMH U
agamesuiutaMu. [lermMaTUTOBBIE KHMJIBI 3aJ€ral0T B SK30KOHTAKTE IIATHYTCKUX T'PAHUTOB Cpenu
pa3sHOOOpa3HBIX 0CaJOYHO-MeTaMOp(hUUECKUX TTOPOJI U 3aHUMAIOT, KaK MIPAaBUJIO, CEKYIIlee MOJI0KEHNE
[0 OTHOLICHMIO K BMEIIAIOMIMM HopoAaM (pucyHok 2). IlermaTuThl UMEIOT M1acTooOpasHyio Gopmy.
MoIHOCTh KpYTONAJAOIMIMX >KWJI COCTaBISET OT JAECATKOB CAaHTUMETPOB A0 JAECATKOB METPOB,
MPOTSHKEHHOCTh caMasi pa3HoOOpa3Has (MakcuMalibHast niuHa — 1 km). KpymHbie merMaTuToBbIE JKHITBI

UMEIOT 30HAILHOE CTPOCHUE, 0COOCHHO YETKO MPOSIBICHHOE B pa3/yBax >KHUL.
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Hamu mpoBeneHO KpHUCTANIOXUMUYECKOE UCCIICJOBAHUE TPEX HOBEIHPHBIX TYPMAaIUHOB
(310aMTOB) M3 MHApOJOBBIX mMerMatutToB Boctounoro [lamupa ¢ paszinuuHbIM cojaepkaHueM ¢Topa
(PoxxmectBenckas u ip. 2005): po3oBoro - pyoemumTa, cuHero - uaauronuta (oop. T-17, T-14 u3 xuibt
Muka) u 3eneHoro - Bepaenuta (00p. T-7 u3 xxunsl Ctynenyeckas) (tadmuna [12.1).

Tecmamumosas sicuna Muxa SBISIETCS CaMbIM BBICOKOT'OpPHBIM MECTOM M3 U3BCCTHBIX MGCTOpO)I(I[GHI/IfI

TypMmanuHa B mupe (o0HapyxxeHa A. M. CkpurutuieM Ha Beicote ~5000 metpoB). KpyTo manaromee na
IOT0-BOCTOK PE3KO CEKYIIEE TEJIO KUJIbI 3aJIeracT CPeu KBApLUTOB U MIECYUaHUKOB. MOIIHOCTD JKUJIbI
COCTABJISIET OT 5 710 25 METPOB | 1O IPOCTHUpaHuto mpociexuBaercs Ha 600 m (PoccoBckuii u ip. 1991;
Baropckuii, Ilepersbkko 1996). IOBemupHblE TypMajdMHBI HaOMIOJAIOTCS B IyCTOTax (pasmep
BapbUpPYeTCs OT HEeCKONbKMX cM® 10 1.5- 2 M3; (opMa monocTeil H30MeTpUUHAs WIH JIMH30BUIHAS),
IPUYPOUYEHHBIX K KBApI] - KJIIEBEJIAHAUT - JIEIUIOJUTOBON 30HE. BO MHOTMX M3 HUX YacTO BCTpeYaeTcs
CBETJIO — PO30OBBII PYOEIUIUT B BHJIE HIECTOBATHIX KPUCTAIJIOB JJIMHHOW 5-7 CM, HOKPBITHIX KOPKOU
TOHKOUENTyH4aToro arperata myckoBuTa (3osotapeB 1996), a Takke MOIUXPOMHBIE TYPMAaJUHBI
(30HATBHOCTB: YepHas-pO30Basi-TEMHO-CUHSISI-3€JI€HAs1), KOTOPbIE aCCOLMUPYIOT C KBapILEM, CIIIOJIaMU,
Toma3oM u rambeprutom (3aropckuii 1 ap. 1999)

Kuna Cmyoenueckas pactiojioxeHa Ha F0’KHOM ckiloHe XpebTa Typakynoma. Bmemaronmmu nopogaMu

SBJISIFOTCSI. MPAaMOPH30BaHHbIE M3BECTHSAKM U Mpamopa. TypMalMHBI MPEICTaBlIE€Hbl OJHOLIBETHBIMHU
BEPJIEIUTAMHU, TAK K€ BCTPEUAIOTCSI IOJIMXPOMHBIE KPUCTAILIBI, B KOTOPBIX HAOJIIOAAOTCS 30HbI 3€J1EHO

— KENTOrO U TEMHO — KOpUuHEBOTO 1BeTOB (Ckpurutens 1989).

2.2. XMMHUYeCKHUI COCTAB TYPMAJIUHOB

Pe3ynbpTaThl XUMHUYECKOTO aHalM3a MCCIICOBAHHBIX TYPMAJMHOB, CIEIaHHBIC PA3IUMYHBIMU
METOJaMH B pa3HbIX Jaboparopusix (tabmuua [12.3), mpeacraBiens! B Tabauie 3.

N3-3a crnoxxHOro n3oMoppu3Ma TypMaJIMHOB U BO3MOXKHBIX OHIMOOK XHMHUYECKUX aHAJIU30B
XUMUYecKrue (OpPMYIbl HCCIENyeMBIX O0pa3loB pacCUUTHIBAIM CIENYIOUIUMHU crocodbamu: Ha 31
aanoH (O + F + OH), va 29 aTomoB kuciioposa, Ha 24.5 atoma Kucioposa, va 19, 18, 16, 15 katnoHos
U Ha 6 aToMOB KpemHHMs. [laHHble 10 KoanuecTBY B203 B oHUX U Tex ke o0paslax, NoJyyeHHbIe
METOJIOM MOTEHIIMOMETPUYECKOTO TUTPOBAHUS B Pa3HBIX JIAOOPATOPHSX, CYIIECTBEHHO PacXOJsATCs
(trabmuma 3). Yucimo atomoB 6opa B dopmynax obpasioB T-14 u T-17, pacCuuTaHHBIX 1O ITHM
JAHHBIM Pa3JIMYHBIMH CHOcO0aMu, 3HAYUMO OTJIMYaeTcss OT Tpex (rabnuna 4 BapuaHt a, 0) W,
CJIEIOBATENBHO, SIBJISETCS CTPYKTYpHO HEOOOCHOBaHHBIM. Pacuer koadduimeHtoB B Qopmyie
TYpMaJIMHOB C YY€TOM OIpEIeIEHHOr0 MeToaoM (oTomerpun ramenn kommyectBa LiO (ma 15

KaTHOHOB WM Ha 24.5 aTomMa KHCJIOpoaa U Ha 6 aToMOB Si) TpeOyeT MOsIBICHHs BaKaHCHIl B Y-
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no3unuu (tabnuna 4 Bapuant B, T, ). COINIacHO CTPYKTYPHBIM HCCIEIOBAaHUSAM, 3TO TaKkKe
HETUINIMYHO i TypMaiuHoB (Tabnuna I11.1). CnegoBaTenbHO, MOTYyYEHHBIE SKCIIEPUMEHTAIBHBIM
MyTeM JaHHbIE [0 COJAEpKaHHIO OOpa W JIUTUS HE SIBISAIOTCS JOCTOBEPHBIMM U HE MOTYT OBITh
UCIIOJIb30BaHBI MIPH pacuere GopMysl UCCIEAYEMbIX TYPMaTUHOB.

[ToaTromMy mpenBapuTeNbHbIC KPUCTADIOXUMHYECKHE (OPMYJIBI HCCICAYEMBIX TBEPABIX
pacTBOpoB (BapuaHT 1, Tabnuna 5) ObUTH pacCYUTaHBI 1O JAHHBIM MUKPO30HIOBOTO aHayn3a (Tabauia
3) Ha mIecTb aTOMOB KPEMHHMsI B MPEJIOJIOKEHNUU, YTO YUCIO aTOMOB Oopa B (hopmysie paBHO TpeM.
Uucno aTOMOB JUTHS ONPECISUIA PACUETHBIM IIyTEM B MPEINOJI0KEHHH TOJHOTO 3amojiHeHus Y-
no3unuu. PacrpeneneHne KaTHOHOB, B TOM UHCIE JIBYX- M TPEXBAJEHTHOI'O >Keie3a, I10
OKTa’ApUUYECKUM MO3ULUSIM KOHTPOJUPOBAIU, MPUBIIEKAs 3HAUCHHUS MapaMeTpPOB 3JIEMEHTapHON
siaeiiku (Tabnuma 6), mo meroauke M.I'. 'opckoii ¢ coaBTopamu (I'opckas, @pank-Kamenenkas 1988).
st pacmpeneneHuss KaTHOHOB JKele3a B CTPYKType oOpasma T-14 Obul MCHONIB30BaH METOJ
MeccOayIpoBCcKoi criekTpockormuu (OBUMHHHUKOB, 3010TapeB 1997). Annonsl o V- u W - mo3umnusm
He pasnensuid, kKonmuuectBo OH™-rpynnm M aHMOHOB KHUCJIOpOJA OLIEHHMBANIM, N0OHMBasch OanmaHca
3apsI0B.

Tabmuua 3. XuMHU4YecKkuii COCTaB UCCIIEOBAHHBIX TYpMAIUHOB (Mac. %).

KommnonenT Obpastiet
T-17 T-14 T-7

SiO; 37.16 35.86 37.11
TiO2 0.10 0.04 0.05
Al203 40.17 36.16 36.81
Cr203 0.00 0.00 0.03
FeO* 0.02 6.93 3.50
B2Os Bap a** 11.61 14.52 HE o1p.

Bap 0*** 9.43 9.09 HE oTIp.
MnO 0.47 0.07 2.66
MgO 0.00 0.00 0.01
Ca0 1.26 0.17 0.11
Na.O 1.65 2.75 2.97
K20 0.00 0.03 0.02
Li.O 1.63 0.96 HE omp.
F 0.88 1.16 1.39
Cymma 94.95 98.51 84.66
-O=F 0.37 0.49 0.58
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Cymma

94.58

98.02

84.08

* - FeO — cymmapHoe xkene3o; ** - (a) cox. B.O3 onpenensiu B

MEXAHOBP MTHXXUHUPUHI AHAJIUT; *** - (6) con. B2O3 onpenensiiu

B Mnctutyre Xumun Cuinkaro PAH.

Tabnuua 4. KoagdunueHnTsl B KpUCTANIOXUMHYECKUX (POpMyIaX UCCIEI0OBAHHBIX TYPMAaIUHOB.

Merton pacuera X Y Z T B V3+W

Na[cCa|] Y |A |[L [Mm]Ti|] Y |A]|si|]B|J]oH]F] o
Oopazen T — 17 (po3oBblIii)
6Si 052 | 022 | 0.74 1 165 | 1.28 | 0.06 | 0.01 | 3.00 | 6.00 | 6.00 | 3.00 | 3.20 | 045 | 0.35
18kar” a 052 | 0.22 | 0.74 | 1.64 | 1.06 | 0.06 | 0.01 | 2.77 | 6.00 | 6.00 | 3.23 | 296 | 045 | 0.59
0 053 ]| 0.23 | 0.76 | 1.90 | 1.09 | 0.07 | 0.01 | 3.07 | 6.00 | 6.20 | 2.72 | 3.06 | 0.46 | 1.40
290" a 051 ] 021 |0.72] 154 | 1.04 | 0.06 | 0.01 | 2.65 | 6.00 | 591 ] 3.19 | 355 | 0.45 no
0 053 | 022 | 075|178 | 1.08 | 0.07 | 0.01 | 294 | 6.00 | 6.10 | 2.67 | 3.54 | 0.46 no
6Si B 052 | 0.22 | 0.74 ] 1.65 | 1.06 | 0.06 | 0.01 | 2.78 | 6.00 | 6.00 | 3.00 | 3.42 | 045 | 0.13
15kar r 052 | 0.22 | 0.74 |1 1.76 | 1.07 | 0.07 | 0.01 | 291 | 6.00 | 6.09 | 3.00 | 2.69 | 0.46 | 0.85
2450 i 052 | 022 | 0.74]1.63 | 1.06 | 0.06 | 0.01 | 2.76 | 6.00 | 598 | 3.00 | 3.55 | 0.45 no
Oopazen T — 14 (cunmnii)

Meron X Y Z T B V3+W
pacuera | Na | Ca K > Al Li |Fe* |Fe¥* | Mn | Y Al Fe Si B | OH F @]
6Si 0.90 | 0.03|0.01|094]11.23|0.85|0.86|0.05|0.01|3.00]594]0.06]6.00]3.00]3.09]|0.62|0.29
18kar” | a | 0.90 | 0.03 | 0.01 | 0.94 | 0.84 | 0.61 | 0.81 | 0.05 | 0.01 | 2.32 | 5.94 | 0.06 | 5.68 | 3.98 | no | 0.58 | no
6093 |003|0.01|097|146|0.67|0.89|0.05|0.01|308]|594]0.06]|6.19]272]260|0.64|0.76
290" | a]0.84|0.03|0.01|088]0.79|0.61|0.81|0.05|0.01]|227]594]0.06| 563]395]3.42]|058]| no
6]091]0.03]0.01]09]134|0.66]|0.88|0.05]|0.01|294]594]0.06]6.10] 268|337 |0.63]| no
6Si | B8] 090|0.03|001]|094]123|0.65]|0.86|0.05|0.01|280]594]0.06]|6.00]| 3.00][3.24]0.62]|0.14
15kar | r 091 |0.03|0.01|095] 132|066 | 0.82|0.05|0.01 |286]594]0.06] 6.08] 3.00 ] 3.73| 0.62 | 0.35
2450 | 1] 0.89 | 0.03|0.01 | 093] 1.20|0.65|0.86 | 0.05|0.01|277]594]0.06| 598 | 3.00 | 3.39 | 0.61 | no

Oopazen T — 7 (3es1eHblIil)

MeTton pacuera X Y Z T B V3+W
Na | Ca Y Li Al | Fe? |Fe* | Mn | ¥ Al Si B |OH | F 0
6Si 0.96 | 0.04 | 1.00 | 1.14 | 1.05 | 0.39 | 0.06 | 0.36 | 3.00 | 6.00 | 6.00 | 3.00 | 3.00 | 0.54 | 0.46

* - pacuer ¢ yueToM JaHHBIX XMMHUUYECKHX aHAJIM30B 10 COJEPKAHMIO JTUTHS U 60pa (a — cox. B20s3
onpenensan B MEXAHOBP MH)KMHUPUHIT AHAJINT; 6 - con. B203 onpenensnu B Uactutyre XuMuu
CunukaroB PAH; B, I, 1 — pacyer ¢ y4eTOM JaHHBIX XUMUYECKUX aHAJIU30B 10 COAECPHKAHUIO JINTUS
(komruecTBO 60pa pacyeTHOE — TEOPETUUECKHH KO3 PHUIIMEHT paBHBIN TpeM).

Ta6nuna 5. Kpucramioxumudeckre popMysIbl HCCIEN0BAHHBIX TYPMAIHHOB
XY3Z6(SisO018)(BO3)3(OH)3(0,0H,F), mp. rp. R3m, Z = 3.

Oopasen | Bapu ®opmyia
aHT
T-17 1 (Nao.52Cao.2200.26) (Al1.6sLi1.28MN>* 0,06 Ti0.01) Als.0o(SisO18) (BO3)3(OH3.20F0.4500.35)
2 (Nao.68Ca0.2200.10) (Li1.56Al1.44) (Als.82Mn**0.18) (SisO18) (BO3)3(OH)3(OHo.64F0.36)
T-14 1 (Nao.90Ca0.03Ko.0100.06) (Al1.23F€* 0,85 Li0.s5F€% 0.0sMN?*0.01) (Als 94F€2*0.06)
(Si018)(BO3)3(OH3.04F0.6200.34)
2 (Nao.89Ca0.03Ko0.0100.07) (Al1.0oL i1 0sF€**0.82F€>*0.04) (Al 0aF€%*0 06)
(Sis018)(BO3)3(OH)3(Fo.570H0.43)
T-7 1 (Nao.93Ca0.0200.02)(Li1.14Al1.02Mn?* 0. 36Fe%*0.33F€>*0.14Ti0.01) Als.00
(Si018)(BO3)3(OH3s.20F0.71)
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2 (Nap.97Ca0.03)(Li1.14Al1.02Fe*0.45Mn?*0 30F€3"0.09) Als.00
(SieO18)(BO3)3(OH)3(Fo.600Ho.40)

BapuanT 1 — npeaBapuTenbHas KpUCTAIUIOXUMUYECKast (opMyria; BAPHAHT 2 — CTPYKTYPHO
yrouHeHHas popmyna. Pacripenenenue kaTHOHOB kene3a B oOpasie T-14 BbinosHeHo ¢
HCIIO0JIb30BaHUEM JIAHHBIX MeccOay3poBckoit criekTpockonuu (OBUMHHUKOB, 3010TapeB 1997); B
obpasue T-7 — c npuBieYeHHEM 3HAUCHHS TAPAMETPOB JIEMEHTApHOM SYeHKH, 0 MeToauke M.T.
I'opckoii ¢ coaBropamu (I'opckast, @pank-Kamenerkas 1988).

JlaHHbIE XUMUYECKUX aHAIU30B (Tabnuua 5, BapuaHt 1) HOATBEpAUIIN, YTO BCE HCCIIEAOBAHHbIE
TYPMAaJIMHBI ABIAIOTCA 31b0anTamu. B X — nosunuu noms katnonos Na* Bapeupyer ot 0.52 10 0.93 ¢.
exn., Ca** —o010.02 10 0.22 ¢. en., Bakancuu — ot 0.02 110 0.26 . €., T. €. OCHOBHBIM KaTHOHOM SBJISETCS
Hatpuil. B Y — mosunmn nons katunonos Li* Bapsupyer ot 0.85 10 1.28 ¢. ex., AP or 1.02 10 1.65 .

I3* 61m3Kko x enunmue (Bapsupyer ot 0.7 1o 1.1). Kpome

en. CooTHOIIIEHHE aTOMHBIX KonnyecTB Li* / A
TorO, B 06pasuax T-14 u T-7 npucyrcByror npumecu Mn?* (cox. 0.01-0.36 ¢. ex.), Fe?* (con. 0.33-0.86
d. en.) m Fe** (com. 0.05-0.14 ¢. en.), a B ob6pasuax T-17 u T-7 - muxponpumecs Ti** (com. ~ 0.01 ¢.
enl.). Z — Ho3HuIus IpeuMyIecTBeHHo 3anonnena Al*Y, B 06pasue T-14 IpHCyTCTBYeT MHKPOIIPHMECEH
Fe3* (con. 0.06 ¢. exn.). B mosunmsax V + W Bo Bcex o6pasuax mpucyTcTByioT noHsl F. Cozepskanue

¢dropa makcumaiabHO B obpasie T-7 (0.71 ¢. ex.), MunumanbHo — B oOpasue T-17 (0.45 ¢. exn.).

2.3. YToUHeHne KPUCTANIHYECKON CTPYKTYPbL. OcobeHHoCTH H3oMoppusma

Pe3ynbTaThl yTOYHEHUSI KPUCTAILUTMYECKUX CTPYKTYp AnnbbantoB [lamupa (06p. T-17, T-14, T-7,
Tabmmua 6, I14.1, I13.1) mokasanu, 4o B Y-MO3UIMH COOTHONIEHHe KaTHoHOB Li*/AI** 61m3ko k exunnie
U TIPU 3TOM IO3UIIMA 3aMI0JTHEHA STUMU KaTHOHAMH He MeHee, ueM Ha 70%. CpenHue JUInHbI cBsizelt Y-
0 (2.022-2.053 A) (Ta6mura [14.1) yBeIMUMBAIOTCS C POCTOM COJEPKAHHA KaTHOHOB Fe u Mn u 6rm3ku
K HalJeHHBIM B CTPYKTypaX HCCIIEJOBaHHBIX paHee 3ap0anuToB (Ito, Sadanaga 1951; Topckas 1982;
Topckas 1985; Donnay, Barton 1972; Grice, Ercit 1993 u ap.; Tabmuua 7, I11.2). [TonyueHHble 3HaYCHHS
3acenennocTeli ZOg-OKTadApoB M cpeaHux auH cBsseir Z-O (1.907-1.909 A) (tabmuma I14.1)
MOJTBEPIMIIN, YTO BO BCEX CTPYKTYpax 3TH OKTAIPHI MOJHOCTHIO (FITH MTOYTH MOJIHOCTHIO) 3aII0JHEHBI
QTIOMAHUEM. X-TIO3HIIMS BO BCEX MCCIIEOBAHHBIX CTPYKTYpax MPEUMYIIECTBEHHO 3acelieHa HaTPHEM.
Cpennee 3HaueHue AmuHbI cBsa3u X-O Bappupyer ot 2.655 (06pasen T- 17) 10 2.670, 2.673 A (o6pasen
T-14, T-7) (tabmuua I14.1). Takum oOpa3oM, yBeIHMUEHHE pa3MEpPOB JEBATUBEPUIMHHUKOB X
NPOMCXOMUT 1O Mepe yBenmdeHuss pa3MepoB YOe-OKTad’apoB, UYTO XOpOHIO OOBSICHSETCS
OCOOCHHOCTSIMM ~ XMMHUYECKUX JedopManuii  CTpykTypsl TypMmanuHoB (Ppank-Kamenenkas,
PoxnectBenckass 2001). PesymbraThl YTOYHEHHs 3aCElIEHHOCTEH TETpadJpUUYECKUX IO3UIMN
HNOJATBEPAMIIN, YTO BO BCEX CIy4asX JaHHas MO3UIMS MPAKTUYECKH MOJHOCTBIO 3acelieHa KaTHOHAMHU

Si**. Cpenuue Tetpasapuueckue paccTosHus papHbl 1.618-1.620 A, cpemuuit yron O-Si-O 109.44°.




18

Tabmuia 6. XapakTepuCcTHKa UCCIEAOBAHHBIX 00pPa3IOB TYPMAIMHOB U3 PA3JIMYHBIX MECTOPOXKICHUN
U PEHTTEHOCTPYKTYpHOTO 3KkcnepumenTa (MoK).

XapakTepucTruka O6pasite
BocTounsiii [Tamup CanruneHckoe Haropee, TyBa
T-17 T-14 T-7 TC 297 TC 697

Con. ¢ropa, | 0.88 1.16 1.39 1.50 1.50

Mmacc. %

Pasmep o6pasima 0.22x0.22x0.29mm® | 0.22x0.22x0.29mm° | 0.24x0.24x0.30mMm° | 0.25%0.25% | 0.24x0.24%0.30mm°
0.30mM°

Hudpaxromerp | Nicolett R3 Nicolett R3 SYNTEX P21 Nicolett Nicolett R3
R3

a, A 15.833(4) 15.905(6) 15.902(5) 15.925(2) | 15.894 (4)

c, A 7.101(1) 7.121(2) 7.127(2) 7.1539(8) | 7.115(2)

V, A 1542(1) 1560(2) 1561(1) 1571.0(3)

Dy, T/CM® 3.046(2) 3.104(2) 3.096(3) 3.069

u, cmY 10.73 15.21 14.57

Becopas cxema | 1/(0F2+0.001 Fund) 1/(0F?+0.0018 Fun?) | 1/(0F%+0.002 Fusnd) 1/(0;2;o.ooo 1/(6¢2+0.0002 Fuusn?)
3 Fusu

20@max, ° 80 80 80 80 : 80

Yucno uzMm. otp. | 2162 2223 1746 2305 2308

(1>201)

Uwncno wesaBuc. | 1148 1164 986 1132 1162

orp. (F>4cE)

R(F) 0.0294 0.0308 0.0417 0.019 0.019

Rw 0.0302 0.0359 0.0405 0.020 0.022

S 1.13 1.11 1.12 1.11 1.47

I/ISBGCTHO, 4TO IIPOTOH B CTPYKTYPC TYPpMaAJIMHA JIOKAJIN30BaH HA IIJIIOCKOCTH CUMMETPUHA BOJIM3H

nosuiu O(3) (V) u Ha Tpoiinoii ocu BOsm3u nosuimu O(1) (W1) (Topckas 1985; Tippe, Hamilton 1971,

PoxnecrBenckas u ap. 2005). [letanbHblil aHanu3 pazHOCTHbIX Dypbe-CHHTE30B MO3BOJIMI HAWTH B

UCCIIEIOBAHHBIX CTPYKTYpax aToMbl Bogopoda Toibko BOmm3u mosuimu O(3) (V) (tabmmma I13.1).

XapaktepucTuku BojopogHou cBsizu O(3)-H...O(5) mexnay YOe-0KTa’apoM U TeTpadipUyYecKUM

KOJIBIIOM COCEJIHEro MO BBICOTE AHTUIOPUTOBOro (parmeHTta (Tabnuna 8) ONM3KU K HalJEHHBIM B

CTpYKTypax Jpyrux snbOautoB (tabmuua I11.2). Ha mpucyrctBue mpoTroHa BOJIM3U CYLIECTBEHHO

BaKaHTHOW B HcCcaeqoBaHHBIX CTpykTypax mosuimu O(1) (W1) ykas3piBaroT pe3yibTaThl aHAIN3a

Oananca BaneHTHOCTe# (Tabmuma 9), BeimoaHenHoro mo HO.A. Ilsrenko (Ilstenko 1972) ¢ yuetom

JaHHBIX 110 3aCEJICHHOCTH KaTHOHHBIX M aHHOHHBIX MO3UIINI (Ta6J'II/II_Ia I13. 1)

Ta6nuna 7. CpasHenue 3acenenHocTeit (apfu) u cpeauux mamun cpsseir (A) B uccnemyeMsix
cTpykTypax F-comepxkamux typmanunos (00p. T-17, T-14, T-7) u panee u3y4eHHbBIX dJIH0AUTOB.

X - monmmsaAp Y Og-okTasIp ZQOg-oKTad 1P
Hcrounnk
Cocras X-O¢p Cocras Y-Ocp Cocras Z-Ocp
Nao.ssCao.2200.10 | 2.655 | Lios2Aloas 2.022 | Alp97Mnoos | 1.907 | O6p. T-17
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PoxnecTBencka
s ¥ 1p. 2005
Nao.68Cao.22 2.670 | AloasLio.ssFeo.29 2.033 | AlogoFeoor | 1.909 | O6p. T-14
Ko.0100.10 PoxiecTBeHCKa
s 1 1p. 2005
Nao.97Ca0.03 2.673 | Lio3sAlosa(Fe+Mn)o2s | 2.053 | Alioo 1.907 | O6p. T-7
PoxxnecTBencka
s ¥ 1p. 2005
Nao.gsCao.13 2.712 | Alps7Lioss 2.002 | AlpgoFeoo1 | 1.972 | Ito, Sadagana
Mno.o1 1951
Nao.37Ca0.08 2.677 | LiossAloza(Fe+Mn)o2s | 1.969 | Alioo 1.898 |Topckas u
Ko.0100.54 ap. 1982
Naos2Caooi017 | 2.680 | AlossLio2sFe? 0.5 2.061 | Alioo 1.907 | I'opckas
Mno.osFe**o.01 1989
Nao.s4Cao.03 2.677 | Alp4sMngziLio.1s 2.032 | Alioo 1.907 |Ertl et al.
Ko.0100.12 Feo.02Tio.01 2004
Nao.6700.33 2.670 | AlosoLio.4sFeo0sMnoor | 2.007 | Alroo 1.907 | Bosi et al.
2005
Nao.78Cao0.06 2.671 | AlossLiossaFe?*o1s 2.030 | Al1ioo 1.908 | Bosi et al.
Ko.0100.15 Mno.09ZNo.01 2013
Nao.esCao.osdo31 | 2.670 | AlosoLio.ssMng1aFe* 001 | 1.980 | Aligo 1.895 | Grice, Ercitis
1993

Ta6muna 8. Xapakrepuctuku Bogopoanoi cesizu O(3)-H...O(5) B cTpykType 21160auTOB.

Paccrosaue, A Vromn, °
Typmanun
H-0(3) H-0(5) 0@3)—0() |0(3)-H-0()

T-17° 0.81 2.32 3.125(4) 172

T-14° 0.88 2.40 3.167(5) 145

T-7° 0.83 2.51 3.184(6) 138
AlomsGant!  [0.940(2) 2.070(2) 2.993(5) 170(1)
Fe-omsGant?  [0.820(4) 2.340(3) 3.154(4) 169(3)

! _Topckas u ap. 1982; 2 —Topckas 1985; ° — Posxnectenckas u ap. 2005.

Tabnuna 9. Pe3ynbraThl pacueTa BaJIGHTHBIX YCUJINI Ha aHUOHAX B CTPYKTYpaXxX MCCIIEIOBAaHHBIX

TpraHI/IHOB.
HOSI/IL[I/II/I AHNOHOB
ObpasenBapuanti—a 7y F JO()+F 0@ | 0B) | 0@ | oB) | 0®6) | O(F) | 0@
T-171 | 1 | 0.657 | 0.303 1851 | 1.107 | 2.040 | 1.911 | 1.959 | 2.027 | 1.995
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2 1.179 | 0.303 | 1.482 | 1.851 | 1998 | 2.040 | 2.010 | 1.959 | 2.027 | 1.995
T-141 1 0.372 | 0560 | 0.932 | 1.858 | 1.101 | 2.038 | 1.890 | 1.953 | 2.024 | 1.994
2 0.704 | 0560 | 1.264 | 1.858 | 1.982 | 2.038 | 2.008 | 1.953 | 2.024 | 1.994
T-7* 1 0.435 | 0.479 | 0.914 | 1.893 | 1.092 | 2.043 | 1.920 | 1.947 | 2.005 | 1.948

2 0.755 | 0.479 | 1.234 | 1.893 | 1.994 | 2.043 | 2.018 | 1.947 | 2.005 | 1.948

Pacuer npoBezieH 0e3 yuera (BapHuaHT 1) ¥ ¢ ydeToM (BapHaHT 2) aTOMOB BOJIOpOJIa; * —
PoxnectBenckas u jip. 2005.

CoryiacHO JIUTEpaTypHBIM JaHHBIM MO KpUCTa/THueckoMmy ctpoenuto Li-Al — TypmanuHoB
(tabmuna I11.2) mmuna ceasu Y-O(1) (1.790-2.126 A) menbme, uem Y-O(3) (2.153-2.186 A). B
MCCIIEI0BAHHbIX CTPYKTypax JmuHbl cBsazu Y-O(1) (1.94-2.04 A) taxxe Heckonbko MenbIe, yem Y-O(3)
(2.16-2.17 A). Takoe COOTHONIEHHWE ATUX MJIMH CBS3€M TUNMYHO W ISl THAPOKCHICOJEPHKAIIUX
TYpPMaJIMHOB U O0YCJIOBIIEHO HAIMYUEM JBYX CHIIbHBIX CBsi3el Mexay annoHamu O(3) u kaTHOHAMH B
JBYX COCEOHMX Z-OKTadapax. B mccimemyeMpIX KpUCTAIUIMYECKUX CTPYKTypax 31a60autoB BoctouHoro
[Tamupa BoisiBIIeHO paciierieare no3uiuu W[O(1)] Ha qBe yacTUYHO 3acencHHbIe: TpexkpatHyo W1 u
neBstukpatHyto W2 (tabnuma [13.1). Kaxneiii atom/Bakancust B no3unuu W1 (Ha ocu cuMMeTpuu
TPETHETO MOPSAKA) OKPY>KEH TPEeMs COOTBETCTBYIOLIUMH CTPYKTYPHBIMU e€qUHHUIIAMH B mo3unmu W2
(pucynok 3). CymMmapHasi 3aceleHHOCTb TaKOl rpynnmupoBKM paBHa enunuie. Kak ciencrsue, B
CTPYKTYypax MOSBJISIOTCA yKOPOYEHHBIE 3arpelieHnbie paccrosuus: W1-W2 0.36(2), 0.38(2), 0.42(5) A;
W2-W2 0.52(3), 0.66(4), 0.57(2) A - mnsa o6pasuos T-17, T-14 u T-7, cooTBeTcTBeHHO. Bo Beex
ctpykTypax mHa cBasd Y-W2 ~1.8 A (tabmuma I14.1), 4To MOKeT paccMaTpuUBaThCS Kak
CBHUJIETEJICTBO TOTO, 4TO Mo3unus W2 cratucTHUecku 3aceieHa aHuoHamu ¢ropa. B moms3y storo
NPEIIOI0KEHUSI TOBOPUT U TO, YTO JaHHBIE XUMHUYECKOTO aHaJM3a O CoAep)aHuu Gropa B oOpasmax
T-17, T-14 u T-7 (0.45, 0.62, 0.71 at. ex. Ha Gopmyny) OJM3KM K PAaCCUUTAHHBIM Ha OCHOBAHWUHU
3aceneHHocT 3ToM no3unuu (0.36, 0.57, 0.60 at. en. Ha Gpopmyny). AHanu3 GajaHca BaJICHTHOCTEH B
UCCIIEIYeMbIX CTPYKTypax (Tabmuiia 9) mokaspiBaer, uto mosuiuu O(1) (W1) u O(3) (V) 3aceneHsl
TONPKO OJHOBAICHTHHIMH aHWOHAMH, T.., C YYETOM CKazaHHOro Bbime, OH™-rpynmamm.
YropsimoueHHOe pacnpenenieane aHnoHoB ¢ropa u OH'-rpynm, mpuBojsIiee K MO3UITHOHHOMY
OecropsiKy, XapaKTepHO, Hampumep, JUIsl KpUCTAUIMYECKOM CTPYKTYphl T'HMIpOKCUiI(TopanaTura
(Sudarsanan, Young 1978). Takum o0pa3oM, ecTh BCE OCHOBAHHS MMoJjaraTh, 4to paciieruieHne W-
MO3HWIIMM B WCCIICIOBAaHHBIX CTPYKTypax TypMaJIWHOB BBI3BAHO CTPEMIICHHEM K YIOPSIOYECHHUIO
aHnoHoB (ropa m OH ™-rpymm.

[Tonmy4yeHHble B pe3ysbTaTe CTPYKTYPHOTO HCCIEAOBAHHS KPUCTAJUIOXUMHUYECKUE (HOPMYIIBI
np0auToB (Tabiuua S5, BapHaHT 2) B IIEJIOM XOPOIIO COTJAcyOTCS C IEepecueToM pe3yJbTaToB
MHUKpPO30HJIOBBIX aHAIM30B Ha Qopmyny (tabnuma 5, Bapuant 1). I'maBHOe pasznuuue CBS3aHO C
yrounenueMm 3acenieHHoctd W- u V — mosurmit. Kpome toro, B ctpykrype o6pasna T-17 BrisiBieHa

MCHbIIIas (‘-ICM nmpearnojaarajiochb paHee) JIOJIsI BAKAHCHH B ITO3UIINU Xu NMPUCYTCTBUC IPUMECHU KATUOHOB
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Maprania B Z — mo3uiuu. [lomydeHHbIEe pe3ynbTaThl MOKa3alld, YTO BXOXKJICHHE JIBYXBAJICHTHBIX
KaTHOHOB >Kene3a 1 Maprania B YOs OKTadJpbl MPOUCXOAUT B AJIbOAUTaX MPEUMYIIECTBEHHO 110 CXeMe
Li* + AP &< 2(Fe**, Mn?") i He NpUBOINUT K TIOSBJIECHHIO JOTIOJHUTEIBHBIX BAKAHCHH B X — TIO3HINH
U IByXBQJICHTHBIX aHUOHOB B V- win W — no3unusix.

Ynopsgouennoe pacnpeaeneane OH-rpynn u anmonoB ¢gropa mo mosumusm W1 u W2
yKa3blBa€T Ha TMPHUCYTCTBHE B CTPYKTypaxX HCCIEAOBAHHBIX TYPMAJIMHOB JIBYX THIIOB OKTad3/pOB:
[YO4(OH)2] u [YO4(OH)F] (pucynok 3). FIx cOOTHOIIIEHUE 3aBHCUT OT KOJIMYECTBA (PTOPA U MEHSCTCS
OT CTPYKTYPHI K cTpyKType. B 06pasznax T-17, T-14 u T-7 ono paBuo 1.78, 0.75 u 0.67 COOTBETCTBEHHO.

Oxrasapel  [YO4(OH)2], Haxomsimmecss B IEHTpe aHTHropuToBoro octpoBka XY3TeOss,
0o0beAMHEHBI B Tpuaabl yepe3 oOuryro BepminHy W1, Haxozisuyrocs Ha OCH CUMMETPUHM TPETHErO
nopsiika (pUCYHOK 3a), M [M03TOMY 3KBUBAJIEHTHBI. Takue Tpuaabl U3 SKBUBAJIEHTHBIX Y(Js OKTA3pOB
BCTpEUCHBI 3a peakuM uckiaroueHueM (Grice, Ercit 1993) Bo Bcex cTpyKTypax TYpMaldHOB. AHHOHBI
dTopa cmeleHsl ¢ TpoitHOI ocu cumMeTpu. [Toatomy oktarapsl [YO4(OH)F] oO6beauHenHs! B Tpuasl,
CTaTUCTHYECKHU pacHpeesiCHHbIE BOKPYT 3TOH ocH (pucyHok 30). B xaxxaoii u3 Tpuan jyimHa cBsi3u Y-
F B oagnom okxtasape (1.75-1.84 A) cymectBenno Memnbie, yeM B AByX apyrux (2.20-2.25 A).
AHaJOrM4HOE pacrpesiesieHne Tpuaja U3 HedKBUBaJICHTHBIX Y(Js OKTadPOB OOHAPYKEHO B CTPYKTYpE
anbpbanTa u3 bpazunun c KPUCTATIOXUMUYECKON dbopmynoit
(Nao.66Cao.300.31) (Al1.53L11.03MnNo.41F€0.03) Ale(BO3)3(Sis.82B0.18018) (OH)3(Fo.620H0.3400.04) (Grice, Ercit
1993). B aT0il CcTpyKType, B OTJIMUHME OT HCCIEIOBAaHHBIX HaMmH, pacuieruienne W-mo3unuu He
oOHapyxxeHo. Ee cmelieHne ¢ OCM CHUMMETPUM TPETHErO MOps/IKAa NPUBOJUT K MOSBICHHIO B
cootHomenuu 1:2 YOs okTasapoB ¢ jumHOM cBasu Y-W, pasHoit 1.790 u 2.126 A coorercTBeHHO.
MOHO TPEIONI0KNUTh, YTO CYIIECTBEHHAs] aHWU30Tponus JIUH cBs3eid Y-W B KpHCTalImuecKux
CTPYKTYpax TypMaJIMHOB, B KOTOpbIX W — MO3WIMS CMeIIeHa C OCH CUMMETPUH TPEThETO MOPSIKa,
MOXeET ObITh apTe(akToM, BO3HHMKAIOIIUM H3-3a MOHMWXKEHUS CHMMETPUH, KOTOpPO€ CTOJb
HE3HAYUTENbHO, YTO MPAKTUYECKH HE CKA3bIBAETCS Ha MapaMeTpax TPUTOHATIHHOW KPUCTATLTUYECKON
pelIeTKH, U3BMEPEHHBIX TP KOMHATHOW TemmnepaType. Takoil a3¢dekT Obl1 0OHapyKeH HaMH paHee B

Kkpuctauinaeckon crpyktypeksaciioB K(Alo.osCro.5)(SO4)2 x 12H20 (Poxaectsenckas u ap. 2001).

2.4. 3aK/II0YUTEIbHBIC 3aMEeUYAHUS

Pe3ynpTaThl KPUCTANIOXUMHUYECKOTO HCCie10BaHus 3160auToB BocTounoro [lamupa nokaszainu,
YTO B3aMMOCBSI3aHHBIE H30MOpP(HBIE 3aMEIleHUsT B Pa3HbIX MHO3UIUAX CTPYKTYpPhl TYpMaJMHOB
IIPEAONPENCIAIOT HEKOTOPYIO YCIOBHOCTH BBINEIICHUS CPEIUM HHUX CaMOCTOSTEIBHBIX MUHEPAIbHBIX

BuzoB (Hawthorne, Henry 1999; 3onorapeB, Bymax 1999). B 1999 ronmy, yTouyHsis HOMEHKIATYpy
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MuHepasioB 3Toi rpynmbsl @. XayroH u [Dx. XeHpH Npeayokwin pa3iuyarb GTop, TUAPOKCHI U
OKCUTYPMAJIMHbI Ha OCHOBE Pa3IMYHOM 3aCEJICHHOCTH COOTBETCTBYIOIIMMU aHuoHamu V- u W —
no3unuil. [IpuBeneHHbIE BbIlIe pe3yabTaThl YTOUHEHUS KPUCTAIUIMYECKUX CTPYKTYP MOATBEPIMIIN
BO3MOKHOCTb IIPAKTUYECKOHN pealn3alii 3TOM HOMEHKIIATYPBI.

BrIsiBIeHHOE B ITPOIIECCE UCCIISIOBAHUS PACIICIIIICHIE TPEXKPaTHON aHnOHHOW W — TIO3UITNH Ha
JIBE€ TIO3BOJIUJIO, YTOUHUB UX 3aCEJICHHOCTh M IMPOAHATM3UPOBAB COOTBETCTBYIOLINE JJIMHBI CBA3EH,
YCTaHOBUTH 3aKOHOMepHoe BxoxaeHue ¢ropa B W-mosunmio. MoXKHO monaraTh, YTO TaKoe
pacripesieliecHie aHUOHOB (ropa sBisieTcss oOmieir ocobenHocThio LiI-Al — TypMaiuHOB W,
CJIEIOBATEIILHO, MOXET OBITh MCIOJIB30BAHO MPU HAMMCAHUU UX KPHUCTAUIOXUMHUYECKHUX (HOPMYI 1O
JTaHHBIM XUMUYECKUX aHAINU30B. B cTpyKTypax ABYX U3 HCCIEI0BaHHBIX TYpMaTuHOB (00pasubl T-14 u
T-7) nons propa B 3TOM Mo3unuu npeodiaaaeT, 4To mo3poiauio HaMm B 2005 rogy npeArnoaoKuTh HOBBINA
MHUHEpaIbHBIA BUJ - (ropansbant ¢ uacanpHoi (opmynoit Na(LiisAlis)Als(SisO18)(BO3)3(OH)sF.
[Tozxe B 2011 roxgy bo3u ¢ coaBTropamMu Ha OCHOBAaHUHM PEHTTEHOCTPYKTYPHBIX MCCIEAOBAHUMN MATU
ob6pasios (Bosi et al. 2005, 2013, Tabnuia I11.2) yrBepan faHHbIA MUHEpaTbHbBIH BUI. 1715 37150aUTOB
¢ npeobnaganuem OH-rpynn B W no3uiuu (B ToM uncie 1 uccinegoBannoro obpasua T-17), 8 2005
rogy  ObUIO  MPEAJIOKEHO  Ha3BaHWE  THIPOKCHI-NIBOAUT ¢ HJealnbHOH  Qopmyrnon
Na(Li1.5Al15)Als(SisO18)(BO3)3(OH)3sOH. Onnako, mo HoBoit Homenkiarype (Henry et al. 2011)
TBEPABIA PACTBOP C TaKOH HACATBLHOW (OPMYJION 3aKpEeIUIeH 32 MUHEPAJTbHBIM BHIOM — 3JIHOAWT,
OTKpBITHIM B 1913 roay u onucanusiM B 1959. U3 BhIlieckazaHHOTO CIEYET TO, YTO HA3BaHUE dIILOAUT

ABJIACTCA HAABUAOBBIM, BKIIFOUAOMIUM HE MCHEC IBYX MUHCPAJIbHBIX BUJIOB.

02) 0O(6)

Pucynox 3. Tpuazabl u3 Y-0KTa3poB B CTPYKTYpE UCCIIEIOBAHHBIX JIbOAUTOB:
A - [YO4(OH)2] u b - [YO4(OH)F].
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3. Li — comep:kamme TypMaJIuHbI U3 PeIKOMETALUILHOI MerMaTHTOBOI
KWJIbI €0 cKanoauToM (CaHrujieHcKkoe Haropse, TyBa)

3.1. Coanlenbaepckoe moJie JUTHEBBIX ErMATUTOB (Ie0J10r0-

MHUHEPAJOIHIECCKOE ormcaHne)

ConpOenpaepckoe MoJI€ JUTHEBBIX METrMaTUTOB ObLIO OTKpPHITO B 1958 romy reosorom
TyBuHcko# komIuiekcHol skcrienunuu Tpecta Ne 1 B. H. Konosanosoii (Ky3nemnosa u ap. 2011).
OHO OTHOCUTCA K CEBEpHOW BeTBU HpoTsKeHHOro (Oomee 120 kM) CyOmIMPOTHOrO mosica
pacnpoCTpaHEeHUsl PEIKOMETAJUIbHBIX IMEerMaTUTOB, pacnojiokeHHOro B CaHTMJIEHCKOM Harophbe,
ABIAONIEMCS 4acTbi0 TyBHHO-MOHIOJIBCKOTO MHMKPOKOHTHHEHTa B Hpefenax KaJleIOHCKOM
cKJIanuaToil obnactu rokHOro obpamieHuss Cubupckoit minargopmbl. JKumbl penkoMeTanIbHbBIX
MEeTMAaTUTOB COCPEJOTOYEHBl BOJMM3M JIMHEWHBIX 30H TIYOMHHBIX pa3joOMOB, 3/I€Ch Ke
pacmnoyiaratorcsi HeOOJIbIIIME MACCHUBBI IMETMAaTUTOHOCHBIX JIEMKOTpaHuUTOB. OIHAKO, KpoMe
MPOCTPAHCTBEHHOW CONPS)KEHHOCTH, IPU3HAKOB MPSIMOM T€HETUUYECKON CBA3U C 3TUMU I'PAaHUTAMU
I PEIKOMETAUIBHBIX IMEerMaTUTOB HE YCTaHOBJIEHO. llermMaTtuTsl JNUTHEBOM M TaHTal-LE3UM-
JUTUEBOM CHENHATU3alMU CTPYNIUPOBAHBI B CEPUU, COCTOSIIME M3 HECKOJBbKHUX COJIMKEHHBIX
JKUJIBHBIX TEI.

Typmanun BcTpedaeTcs: B peAKOMETAIUIBHBIX IIErMaTUTaxX TPEX PYAHBIX YYacCTKOB: Ha OJTHOM
u3 HUX (ydacTtok Hamexma) merMaTuThI JOKaJIU30BaHbl B U3BECTHsIKaX, a Ha apyrux (Illyk-brons u
O3epHbIil) — B MEeTaTEpPUTEHHBIX Mopoaax. HezaBucuMo OT cocTaBa BMENIAIOMINX MTOPOJT B JKUJIAX
pPEIKOMETAIbHBIX TErMaTUTOB PAaCIpPOCTPAHEHBI B OCHOBHOM TypMAaJIMHBI, OTHOCSIIUMECS K
U30MOp(HOMY psy LIEpJ-3Tb0ANT.

Hamu uccnenoBans! Typmanunsl (00p. 297 20,297 4, Z-1, Z-2, TC_496, TC 297, TC 697;
tabnuna [12.3) u3 penkoMeTarIbHON MMErMaTUTOBOM KWIIBI, CIOKEHHOW KBapIl-CKaMOJIUTOBON
MHUHEPAJTbHOM accolMaluell ¢ KaJIHEBBIM TMOJIEBBIM IIMATOM U CIOAYMEHOM, HAXOASIIUECS Ha

yvuacmke Haodeorcoa (Ky3nenosa, Cuzbix 2004). @parMeHUTHI )KUIIbl 0OHAPYKEHBI HA OYE€Hb KPYTOM

TOPHOM CKJIOHE B HEOOJIBIIIOM KOPEHHOM OOHa)KEHUHU U IETIOBUU. JTa MErMaTUTOBAas KUJa OTAeIeHa
Pa3phIBHBIMU HApYIIEHUSIMH OT JKHJI OOBIYHBIX CIIOAYMEHOBBIX IE€TMaTUTOB. BMemaromue
MEeTMATUTOBYIO JKUJTY U3BECTHIKH COCTOAT M3 KAJIBIIUTA M COAEPKAT MPUMECH YIIIMCTOTO BEIIECTBA,
pacrpeieIeHHOTO KpaifHe HepaBHOMEpHO. OHU NMepeKpUCTAIIN30BaHbl Ha paccTosiHuU 10 0.2 M OoT
JKUJIBI, HO SK30KOHTAKTOBasi MUHEpalu3alus — KBapll, TYPMaJHH, CKaloJIUT — JIOKAJIN30BaHA B
BHJE MaJOMOIIHBIX MHBEKIMOHHBIX MpoxuikoB He aanee 0.05 m or ee koHTakTOB. B KOpeHHOM
00HaXKEHUU MPOCMATPUBAETCS JTUIIH HEOOIbIIAs YacTh )KUIBI (2x1.5 MM) € ee JeKaluM KOHTAKTOM,

OCTaJIbHaA 4aCTb CKPbITA OCBIIBIO. prrIHI)Ie DIBIOBI ITIETMaTUTa Ha6J'IIO)IaIOTC$I B JCIIOBHUH HHUXE 110
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ckiony. ITo sTum (parmMeHTamM BHIHO, YTO JKUJIA CO CKAMOJHUTOM, KaK M OOJIBIIMHCTBO OOBIYHBIX
CIIOIYMEHOBBIX HJ JaHHOTO y4acTKa, UMEET BCE MPHU3HAKU UHBEKIIMOHHOTO 00pa30BaHuUs: YETKHE
U pE3KHMe KOHTAKThl C BMEUIAIONIMMH H3BECTHAKAMHU, C€J1a00 BBIPAKEHHBIE OKOJIOKHUIbHBIC
W3MEHCHHUS.

B Gonee mMomnHO# (1.5-2 M) YacTH KUIBHOE TEJIO0 MMEET HESIPKO BBHIPAKCHHOE 30HATBHOE
crpoerue (pucyHok 4, Bpe3ka A). IlpukoHTakToBas 30Ha (MUPUHOW 3-8 CM) CIOKEHAa TOHKO-
MEJIKO3EpHUCTHIM KBapIl-CKAMlOJIMTOBBIM arperatoM CO CIOJAYMEHOM U TYpMaJMHOM MOUKUIUTOBOM
cTpyktyphl. LlenTpanbHas 30Ha (mMpuHOl okosno 1-1.5 M) crnoxeHa cpeaHe KPYHMHO3EPHUCTHIM
arperaTtoM KaJlMe€BOTO IOJIEBOTO IIMAaTa, KBapla U CKAamoJuTa UAMOMOP(PHO3EPHHUCTOH, MECTaMu
nop¢upo01acTOBOIl, CTPYKTYpHI; BTOPOCTEIIEHHbIE MUHEpaJIbl — CIOAYMEH U TypMaiuH. Kpome
TOTO, B LIEHTPAJIbHOW 30HE HaOmronarTcs eauHu4Hble HeOonbmue (o0 10-20 cM B nnauHy npu
MIMPUHE 0 5 CM) HUIUPOBBIE 000COOTIEHHS, CIIOKEHHBIE MEIKO3EPHUCTON CIIOAYMEH-OJIMTOKIa3-
KBapueBol acconuanueil. Hawmbomee mo3gHMe 1O  BpeMeHHM O0pa3oBaHHMS — arperarsl
MEJIKOUEIIyHYaToro CBETI0-3€IEHOr0 MYycKoBUTa (pasmMepoM 1-2 cM B JIuaMmeTpe) H3penxa
BCTPEYAIOTCS CPEAM BCEX TPEX MUHEPATbHBIX aCCOIUAIIUM.

ManomomHnas (0.15-0.20 M) anmoduza *Kuiasl Xxapakrepusyercss 0ojiee YeTKO BbIPaXKEHHOM
30HAIBHOCTRIO (PUCYHOK 4, Bpe3ka b), 4To 00yCIOBICHO KPUCTAJUTU3ANMKMEH CKANOJUTa TOJBKO B
9HJIOKOHTAaKTOBOH 30HE ¥ 3HAYUTEIBHBIM OOOTAIEHHEM CIOJYMEHOM IIEHTPadbHOH 30HBI. Y
KOHTAKTOB uMeeTcs y3kas (1-2 cM) kaiiMa MEIKO3€pHUCTOTO KBapIl-CKAIOJIUTOBOIO MUHEPAIBLHOTO
KOMILJIEKCA C KaJMEeBbIM IIOJEBBIM IINAaTOM, CHOJYMEHOM M TypMaJlUHOM. 3aTeM CleayeT
POMEXKYTOUHAs 30HA IIUPUHOM 5-6 CM CIIOyMEH-I10JIEBOINAT-KBapIlleBOT0 COCTaBa, B KOTOPOil Ha
(GboHE  MEJIKO-CPEIHE3EpPHUCTOr0  OJIMIOKJIa3-CIOyMEH-KBapIeBOrO  arperara  BbIJEISIOTCS
nop¢upoOIacThl KaJTueBOro MOJIEBOTO IINaTa U OJUTrokia3a. B nentpe anodussl Habm0gaeTCA 30Ha
HIMPUHOU 5 CM MEJNKO- U CPEJHE3EPHHUCTOTO OJUTOKJIAa3-KBAapI-CIOAYMEHOBOIO MHHEPAIBbHOTO
KoMmIUlekca. Takke, Kak W B 0OoJjiee MOIIHONW 4YacTH KWIbl, BO BHYTPEHHHMX 30HaX ano(ussl
HaOIIo1al0TCs HEOOJbIINE THE3Ja MEJIKOYellyHyaToro cepedpucTo-3eJIeHOoro MyckoBuTa. M3
aKIIECCOPHBIX MHUHEPAJOB BO BCEX MHHEPATbHBIX KOMILIEKCAX, CIaralollux >KWAy, Hauboiee
pacrpoCTPaHEHBI KACCUTEPUT U MUPOXJIOP, PEKE BCTPEUAIOTCS [IUPKOH, TUPHUT, (DIIOOPUT, KATbIUT,
rpadurt (Kysneunosa u np. 2011).

OTnMuUTENbHON 0COOEHHOCTHIO TAHHOTO MTETMAaTUTOBOTO TeJla SABISETCS KpUCTANIM3aLUsl Ha
paHHE MarMaTU4YecKOW CTaJuU CKamloJIMTa BMECTO Ijaruokina3a. CKamojluT MMEET J10CTAaTOYHO
MOCTOSSHHBI XMMHUUYECKUN COCTaB, KOJMYECTBO MEMOHUTOBOIO MUHaJa cocTtaBiser 73-74 moin. %.
B ero 3epHax He mposiBJIeHAa 30HATBLHOCTH W JIUIIb W3PEAKAa MPUCYTCTBYIOT BKIIIOYEHHUS IHPKOHA,
nupoxjopa, TypmanuHa. CornmacHo KysnenoBoit c¢ coaBtopamu (Kysnenoa, Cussix 2004;

Ky3nenosa, [Ipokodpres 2008), panHrue MarmaTHueckue MUHEpaJbHbIe acCcOoIaui (HOPMHUPOBATHCH
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npu Oojiee BBHICOKMX 3HAYEHUSAX TEMIIEPATypbl M [aBJICHHS, YeM B OOBIYHBIX CIIOJYMEHOBBIX
nerMaTuTax.

XUMHYEeCKHIl cocTaB HauOoyiee pPAcCHpPOCTPAHEHHOTO B JKHIIE CKalOJIUTCOJAEPHKAIIETO
MUHEPAILHOTO KOMIUIEKCa MO cojepkaHuto Si u Al COOTBETCTBYET IEHKOTpAaHUTY, HO KpaiiHe
HEOOBIYCH 1O HHU3KOMY COJAEpXKaHHWIO MIEIOYHBIX 3neMeHTOB (Y KoO + NaO < 2 mac. %) u
sKkcTpemanbHO BbicokoMy - Ca (7 mac. % CaO) (Kysuemoma, Cusbix, 2004). Ilokazarens
rmHo3eMuctocT aaHHou mopoasl A/CNK (A1.03/CaO + Na,O + K;0O) cocrapmser 0.8, 4dro
3HAYUTEIBHO HIKE OOBIYHOTO i CHOoZyMeHOBbIX merMatutoB (1.3-1.4). Ormeuarorcs
MOBBINIEHHBIE BanoBbie coqepxkanus COz (2.2-2.4 %), H2O (0.7 %), B (0.2-0.5 % B203), HO oueHb
Huzkue koHmeHtpauuu C1 (0.03-0.04 %), S (0.02 %) u F (0.02—0.04 mac. %). Ilopona
XapaKTepu3yeTcss BHICOKMMHU KOHIEHTpauusiMu, ¢ ogHoi ctoponsl, Li, Rb, Cs, Sn, Nb, Be -
TUTOPUIBHBIX PEIKHUX DJIEMEHTOB, CHEHU(DUIHBIX JJIS CIIOAYMEHOBBIX NMErMATHTOB, C IPYro —
00b1yHO He cBoMcTBeHHBIX MM Sr, Zr, Hf, U, Th. Dty 0coOEHHOCTH MOIJIU OBITH BBHI3BAHBI
KOHTAMHUHAIMEH PEAKOMETA/NIbHOTO MErMaTUTOBOTO paciuiaBa KOMIOHEHTAMH H3BECTHSIKOB W,
BO3MOYKHO, IPYTHUX MOPOJ], TPOU3OIIEIIEH elle 10 ero BHEAPECHUS B KIIHHYIO MOJIOCTh, TaK KaK Ha
YpPOBHE DJPO3UMOHHOTO Cpe3a TMpU3HAKK €ro B3aUMOJCHCTBHS C BMEUIAIOIIMMHU IOPOJaMHU
MuHUMaIbHBL [Ipenmnonaraercs, 4To BeicoKast akTUBHOCTH CO2 MoTIIa 0Ka3aTh OONBIIOE BIMSHHAE HA
crerneHb KoHTamuHanuu pacmuiaBa (Kysnenosa, Ilpokodre 2008). Hexoropoe oboramieHue
nerMaTuTa B y3KOM YHIOKOHTAKTOBOM 30HE JKUIBHOTO Tejla, MO CPAaBHEHHIO C LIEHTPaJbHOM,
menouamu (K, Na, Li, Rb, Cs) u Al npu cHmxeHuu cogepkaHuil Si, BeposTHO, 00YyCIOBIEHO
SBIICHHEM OTPAXCHHOW IIENIOYHOCTH B pe3ylbTaTe KOHTaKTa paciulaBa ¢ HW3BECTKOBBIMU
BMEIIAIOIIMMH TIOPOJIaMHU.

Typmanun B Buze muHHonpusMatrndeckux (0.3-1.0 cM) KpUCTAIIOB B pacCMaTpruBaeMoOi JKuiie
SBIISIETCS BTOPOCTENEHHBIM MUHEpPAIoM, HauOoJiee XapaKTEpHBIM [UIsI paHHEH MHHEpalbHOM
ACCOIMAIINH, CIIOKEHHOM KaJIMEBBIM MOJIEBBIM IITTATOM, KBapIeM U cKarmoiuToM. OH BCTpEYaeTcs B BUJIE
KPUCTAJIOB MeA0BO-keNToro 1Beta (06p. TC-297,297 20, Z-1; rabnumna I12.3) u o6pazyeT BpoCcTKu
B CKaroJiMTe, KBaplle U KalueBOM IOJEBOM Inmare. B »HIOKOHTAKTOBOW YacTH KUIbI KPUCTAILIBI
TypMaJIiHa UMEIOT 30HaJIbHOE cTpoeHue (pUcyHOK 5a). B HuUX HaOmromaercs mornepedyHas IBETOBas
30HaIILHOCTh C YETKOW TPAHUIEH CMEHBI OKPACKH: MEIOBO-)KENTas IEHTpalbHas 4acTh W 3eJIeHas

nepudepuitnas (06p. TC-697, 297 4, Z-2; tabnuna 112.3).
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PI/ICYHOK 4. CxeMa reoJIorn4ecKkoro CTPOCHHUA MMErMaTUTOBOM JKHUJIBI.

3.2. Kearble TYypMaJIHHBI

3.2.1. XuMHnueckHuii coctaB

Pe3ynbpTaThl XMMHYECKHX aHATW30B OJHOPOJHBIX IO IIBETY JKEITHIX TYpPMalWHOB W3
[EHTPaJTbHONH YacTH OCHOBHOTO XuJbHOTO Tena (o6p. TC-297, 297_20, Z-1; tabnuua [12.1) mo
JIaHHBIM Pa3HBIX Ja0opaTOpHUil HECKOJbKO oTianuaroTcs (tadnuna 10, 11), 4yTo MOXKHO OOBSICHUTH
pa3IMYHBIMU BUAAMU aHanu3a (tTadbauna I12.3) u pa3nuyHbeIM KOJIMUECTBOM MaTepuasa, B3sThIM AJis
ux nposenenus (Kysnemosa u ap. 2011). HauGonpimme oTnuuus HaOIIOIAIOTCS B COJEPKAHUU
TJIaBHBIX KOMIMOHEHTOB cocTaBa — SiO2 u AlO3. OTMeETHM, YTO EHTPalbHbIE YIaCTKH 30HATBHBIX
KPUCTAJJIOB TypMaJIMHA JKEJITOr0 I[BETa U3 DHJAOKOHTAKTOBOW YacTH 3TOM »*wuiel (00p. 297 4, TC-
496, Z-2; tabmuna I12.1) UMEIOT CXOAHBI XHUMHUYECKHH COCTAaB C OJHOPOJHO OKPAIICHHBIMH
XKenTeIMu TypManuHaMu. OOpaiaer Ha ceOss BHUMaHUE OY€Hb BBICOKOE cojeprkaHue Boibl (3.92
mac. % H2O, Tabauma 10) u Huskoe konmuuectBo kpemuus (SiO2 = 36.40 mac. %, tabnuna 10) B
o6paszne TC-496 nmo nanusiM Habopatopuu Ne 2. Bmecte ¢ Tem my1s 3TOTO K€ 00pasiia 1mo JaHHBIM
naboparopuu Ne 4 mosrydeHbl MaKCUMaJIbHBIEC conepkanus kpemuus (SiO2 = 39.61 mac. %, Tabiuna
10). 3HauuTenbHBIC BapUallid XHUMHUYECKOTO COCTaBa 3TOro obOpasia TypMaluHa, MO JaHHBIM
pa3HbIX J1a0OpaTOpUi, CBUJIETEILCTBYIOT O TOM, YTO YCTAHOBJIEHHBIE Pa3IM4YUs B COCTaBE BO
MHOI'OM OIpEIENA0TCS 0COOCHHOCTSIMU POBEACHUS aHAIN3a B KOHKPETHOU TabopaTtopuu (pa3Hble

NpUOOPHI U ATATOHBI, pa3Has KBadu(UKaLKs aHATUTHKA U Apyrue NpuduHbl). OTMETUM TaKxke, 4TO
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KoJn4yecTBO BOABI B 00p. TC-496, mo maHHBIM aHAMUTHYECKON nmabopatopuu Ne 2, CyIIeCTBEHHO
BbIIIIE TPeOyeMOTo Ja)Ke MPU MOJTHOM 3aCeJIe€HUU THMIPOKCUIBbHBIMU Ipymnnamu mo3uuuid V + W.
OOBSACHUTH 3TO MOXKHO JHOO OmMOKaMH aHaiu3a, JU0O0 MPEANOJIOKUB YACTUUYHYIO 3aMEHY
KHCIIOpOJa TUAPOKCUIBHON rpymnmoit B TpeyronbHukax (BO3z). Bo3MoXHOCTh Takoil 3aMeHBI B
TypMalliHax HUKOTJa He 00CyXJajachk, XOTs B MUHEpalax Kiacca 00paToB 3TO 3aMEIICHHE OYEHb
pacupoctpaneHo (byonosa, ®umaros 2008).

Paznuuns B pe3ynbraTax XMMUYECKOT0 aHAJIN3a HAXOAT CBOE OTPAKEHUE U B PACCUUTAHHBIX
dopMynax M3y4EHHBIX OOpAa3IOB JKENTHIX TYPMAJWHOB; 3aBHCSAT OHU TAaKKe W OT BBIOPAaHHOTO
cnocoba ux pacyera (tabiuna 11).

Kpowme paznuuus B coepKaHUU TJIaBHBIX KOMIIOHEHTOB COCTaBa - KPEMHHS U alIOMUHUA,
paccuuTaHHble (OPMYIIBI KEITHIX TYPMAIUHOB HECKOJIBKO PA3IMYaIOTCS MO COOTHOLIEHUIO MEXIY
MarHueM U JUTHEM B Y-TIO3UIMH. Y HEKOTOPBIX KPUCTAJUIOB OTMEUYAIOTCS HEOOIbIINE BapHaLlNH B
HACBIIIEHHOCTH KEJITOTO IBEeTa, IPH 3TOM IEHTPAJIbHBIE YAaCTU TAKUX KPHUCTAILIOB SBIISIFOTCS
HECKOJIbKO Oosiee TeMHBIMH. MUKPO30HJAOBBIE aHANU3bl TAKMX KPUCTAJUIOB IOKa3alu, 4To Oolee
TEMHBIC YYaCTKH OTJIMYAIOTCS YyTh Oo0Jiee BBICOKHM cojepkaHueMm kene3a (tabmuma 10).
MakcuManbHOe cojepikaHue Keae3a OOHAPYKEHO B KENTHIX TypMalWHAX U3 LEHTPAIbHOW YacTH
OCHOBHOI'0 »uiapHoro tena (oop. TC-297, 297 20), MUHUMaJIbHOE — B LEHTPAIBHOM YYacTKe
JKEJITOTr0 [BETa OJTHOTO M3 30HAJIBHBIX KpucTamios (00p. TC-496).

B nienom nanHbIe 10 XUMHYECKOMY COCTaBy TYPMAJIMHOB KEJITOTO 1IBETA MO3BOJISIOT OTHECTH
UX K KaJbIMEBBIM PA3HOBHMJHOCTSAM MHHepajoB 3Toil rpynnel. Koadgouuuentsr B dpopmynax y
kanbius BapeupytoT oT 0.67 10 0.79 (06p. 297 20 u TC-297, TC-496, COOTBETCTBEHHO), Y HATPHUS
- ot 0.14 mo 0.25 (06p. TC-496 u TC-297, cooTBeTcTBEHHO). B okTasnpuueckoid mozunuu Y
noMuHUpYyeT MarHuit (coa. Mg - ot 2.28 1o 2.63 ¢. exn.; oop. TC-496, Tabnuna 11), B mog4uHEHHOM
KonuuyecTBe mpucyTcTByeT jautuii (com. Li = 0.29-0.72 ¢. exm.; obp. TC-496, tabmuma 11).
Oxraspudeckast mo3uius Z 3aHATa MPEUMYIIECTBEHHO aFOMHHHEM. B OOJBIIMHCTBE CITydaeB IJIst
MIOJIHOTO €€ 3aceJeHHs TpeOyeTcss BXOXICHHE B ATy IMO3HMIIMIO HEOOIBIIOTO KOIMYECTBA Keje3a
(00p. 297 4, TC-496; Tabnuna 11), pexxe turana (o6p. 297 20, Z-1Z-2, TC-496; tabnauua 11) u
naxe marnus (oOp. 297 20, 297 4, Z-2, TC-496; tabmuua 11). Terpasgpuueckas mo3uLus
3acelieHa, KpPEMHHEM, pPACCUMTAHHBIH KOA(P(UIHMEHT, KOTOPOr0o WHOTJA MPEBBINIAET €ro
TeopeTnyeckoe kKommuectBo — 6 (06p. TC-297, 297 20, Z-1, Z-2, TC-496; Ttabnuna 11), a unoraa
IpearnosiaraeT BX0XKJIeHUEe B 3Ty MO3ULHMIO JIPYTrUX KOMIOHEHTOB COCTaBa - TUTaHa, xkene3a (o0p.
297 4, TC-496, tabnuua 11). ITozunuun V + W 3aceneHbl NpeuMMYLIECTBEHHO THIPOKCHIBHOMN

CPYNIONA U GTOPOM, T. €. OTHOBAJICHTHBIMU AaHMOHAMHU.
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Ta6nuna 10. Xumuueckuit coctas (Mac. %) KenTeIX TypManuHoB (Tabnuna [12.1) mo naHHBIM pa3HbBIX
nabopartopui (1-4***).

OZLHOpOHHLIe 0 IBETY KpUCTAJJIbL LleHTpaJ'H)HI)Ie YacCTU 30HAJIbHBIX KPUCTAJIJIOB
KomnoneHnt 1 3 1 2 3 4
TC-297%* 2317:—1220)* (fi{;) 297 4 | TC-496 éf;) T?,{iﬁf*
SiO; 37.31 37.69 38.45 37.55 36.40 38.27 39.61
TiO; 0.18 0.20 0.20 0.15 0.20 0.19 0.22
Al;03 31.60 30.70 30.71 31.06 30.63 30.93 31.33
Cr03 0.00 0.00 0.00 0.00 0.02 0.00 0.00
B203 10.34 He omp. He omp. He omp. 10.69 He omp. He omp.
FeO 0.80 0.76 0.54 0.53 0.44 0.59 0.42
MnO 0.03 0.00 0.01 0.00 0.03 0.03 0.00
MgO 10.31 10.80 10.47 11.85 11.05 10.17 10.24
Zn0O 0.00 0.00 0.00 0.00 0.02 0.00 0.00
CaOo 4.54 3.89 4.45 4.04 4.37 4.45 4,74
SrO 0.00 0.00 0.17 0.00 0.00 0.00 0.00
Na20 0.78 0.67 0.65 0.76 0.64 0.64 0.48
K20 0.09 0.00 0.01 0.00 0.02 0.02 0.00
Li,O 0.74 He omp. 0.60 0.65 0.45 He omp. He omp.
H>O 2.46 He omp. He omp. He omp. 3.92 He omp. He omp.
F 1.50 He omp. 1.90 He omp. 1.82 1.91 He omp.
Cymma 100.68 87.39 100.70 87.21
O=F; 0.63 0.80 0.77 0.81
CymmMma 100.05 84.71 86.59 85.94 99.93 86.40 87.04
* - maHHBIE, YCpeTHEHHBIE TI0 N TOYKaM aHanu3a; ** - 1 oOpasia mpoBeaeHbI
CTPYKTYpHBIE UCCleIoBaHus; *** - mabopaTopuu: 1- Jlectepckuil yHUBEpCUTET,
Anrmus; 2- Uacturyt reoxumuu CO PAH, Upkyrtck, Poccus; 3-
MuHepanorudueckuii ”HCTUTYT [ eliienb0epckoro yHuBepcurera, I'elinensoepr,
I'epmanus; 4- Myseit ectecTBeHHOI uctopuu, Jlonaox, BenukoGpuranus.
Hcnons3oBanHbIE METO/IBI aHATM3A U 000PYyI0BaHKE NTPUBEEeHBI B Tabymie [12.3.

Ta6muma 11. KoaddurmeHts B opmyIie )KeNTHIX TYPMAIMHOB IPU pa3HbIX criocodax pacuera (o
JTaHHBIM, IPUBEJICHHBIM B Tabiuue 10).

OxHopojHbIe 10 1BeTy KpucTaibl | IleHTpajbHbIC YacTH 30HAIBHBIX KPHCTAIIOB
297_20 Z-1 Z-2 TC-496
IMosunus | Komnonenr | TC-297 (n=12) (n=10) 297_4 TC-496 (n=7) (n=5)
31 15 15 15 31 15 15
AHHOH KaTHOHOB | KAaTHOHOB | KAaTHOHOB | aHMOH | KaTHOHOB | KATHOHOB
Ca 0.79 0.67 0.77 0.68 0.75 0.76 0.79
X Na 0.25 0.21 0.20 0.23 0.20 0.20 0.14
K 0.02
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Sr 0.02
Cymma 1.06 0.88 0.99 0.91 0.95 0.96 0.93
Mg 2.49 2.54 2.51 2.59 2.63 2.34 2.28
Li 0.48 0.46 0.39 0.41 0.29 0.66 0.72
Y Fe?* 0.11 0.00 0.00 0.00 0.00 0.00 0.00
Ti 0.02 0.00 0.00 0.00 0.00 0.00 0.00
Al 0.04 0.00 0.00 0.00 0.00 0.00 0.00
Cymma 3.14 3.00 2.90 3.00 2.92 3.00 3.00
Al 6.00 5.80 5.82 5.78 5.77 5.78 5.71
Fe?* 0.10 0.07 0.02 0.06 0.08 0.05
z Ti 0.02 0.02 0.02 0.03
Mg 0.04 0.20 0.06 0.08
Cymma 6.00 5.96 5.91 6.00 5.83 5.94 5.87
Si 6.04 6.04 6.18 5.93 5.82 6.06 6.13
T Ti 0.02 0.02
Fe?* 0.05
Cymma 6.04 6.04 6.18 6.00 5.84 6.06 6.13
B 2.89 2.9 3.00 3.00 2.95 2.95 3.00
(0] 27 27 27 27 27 27 27
V+W OH 2.66 4.00 2.43 3.86 4.18 3.04 4.00
F 0.77 0.98 0.92 0.96
0] 0.57 0.59
Cymma 4.00 4.00 4.00 3.86 5.10 4.00 4.00
*-1, 2, 3, 4 — nabopaTopun, 0OXapaKTepHU30BaHHBIC B pUMEUaHuH 1o Tabmumei 10.

3.2.2. YTOYHeHHE KPUCTANINYECKOH CTPYKTYphI

J71s yTOUHEHUs KPUCTAJUIMYECKOM CTPYKTYphI ObLIT BBIOPAH JKENTHINA TYpMAalliH U3 LIEHTPATbHOM
YacTU OCHOBHOI'O XuibHOro tena (o6p. TC-297, tabnuua 6), KOTOPBIA MO JaHHBIM XMMHYECKUX
aHanmu30B (tabmura 10, 11) obu1 Hanbomee O30k K propyButy CaMgs(MgAls)(SieO18)(BO3)3(OH)zF
(Henry et al. 2011), HO OTIWYAJNCA OT HEr0 3HAYMTEIBHBIM COJCPIKAHHEM JIUTHS (BEPOSTHO B Y-
no3uiun) u orcyrctBueM Mg B Z-niosuitnu (Poxxaectserckas u ap. 2007).

[Tomy4yeHHbIE OTHOCHTEBHBIE KOOPMHATHI aTOMOB, HX M30TPOIHBIE TEIUIOBBIC MapaMeETPHI, a
TaK)Ke 3aCeJICHHOCTH KpHCTAIOrpaduuecKnx MO3UIMKA MpuBeneHbl B Tabmuie [13.2, 1uHbI CBA3M U
YIJIbI B OCHOBHBIX MOJIMYAPAX CTPYKTYPHI - B Tabnure [14.2.

Pe3ynbTaTthl yTOUHEHUS 3aCENCHHOCTEW KpucTauiorpadUyecKux MO3UIUN B HCCIEAYEeMOM
cTpyktype (tabmuma 12, T13.2) nmoxarBepauiu AaHHBIE XWMHUYECKOro aHanu3a (tabmuua 11) mo
COZIepKaHHI0 OCHOBHEIX KaTHoHOB (Ca?’, Na*, Mg?*, Li*, AI¥") B X -, Y - u Z - mosmmmsx. Kpome Toro,
OHH TOKa3ay, 4to B Z(Os - OKTadIpax u Si - TeTpadapax MPUCYTCTBYIOT MpUMecH 0oJiee TSHKENbIX (110

CpaBHCHHUIO C aAJIIOMUHUCM U KPEMHUCM, COOTBGTCTBCHHO) 3J1eMeHTOB. MICX0/151 U3 JAaHHBIX XUMHUYECKOIO
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aHaJIn3a, MOXKHO TPEANOJIOKUTh, YTO 3TO IPUMECH KATHOHOB Kejie3a (B Z - mo3ulun) U TutaHa (B Si -
TTO3UIIUHN).

Takum 00pazoM, YHUKQJIBHOCTh UCCIIEYEMOM CTPYKTYpPbl COCTOMT B TOM, YTO B OTIHUYHE OT
paHee HCCIEIOBAHHBIX CTPYKTYpP YBHUTOB, OKTa’apbl Z(Os MPAKTUUYECKU TMOJHOCTHIO 3arOIHEHBI
amoMuareM, a B YOs - OKTadpax KpoMe JBYXBaJEHTHBIX KATHOHOB MarHusi B CYIIECTBEHHOM

KOJIMYECTBE MPHUCYTCTBYIOT OJHOBATICHTHBIE KATHOHBI JTUTHS (cooTHOmeHne Lit/Mg?* ~ 0.2) (Tabmmma

12).

Ta6nuua 12. Cpasuenue 3acenennoctu (apfu) u cpennux anun csseii (A) B uccemxyemoit cTpykrype
xentoro Typmanuaa (00p. TC-297) u paHee U3y4eHHBIX YBHUTAX.

X - monuaip Y - okTa’ap Z - OKTasap
CocraB X-Ocp CocTtaB Y-Ocp CocTtaB Z-Ocp Herounmk
1| Cao77Nao23| 2.629 Mgo.g3Lio.17 2.061 Alo.ggFeo.o1 1.914 | PoxxmecTBeHCKas U Ap.
2.049 2007
2 | Caos4Naoso | 2.651 Mg1.09Feoo7 | 2.050 | Alo.91Mgo.0sTio.01 | 1.929 Grice, Ercitis 1993
3| CapgiNao.1s | 2.631 |Mgo.97Tio.01Vo.01| 2.048 AloggsMgo.11 1.924 | McDonald, Hawthorne
Lio.o2 1995
4 | Cao.76Nao.23 | 2.634 |Mdo.oeTio.01Voo1| 2.045 Alo.92Mgo.08 1.921 | McDonald, Hawthorne
Lio.o2 1995
5| Cao70Nao29 | 2.636 |MQo.9sTi0.01Vo.02| 2.047 | Alog2sMgoors | 1.921 | McDonald, Hawthorne
Lio.o3 1995
6 | Cao.77Nao20 | 2.631 MgoesTioor | 2.043 Alo.o5sMgo.05 1.919 | McDonald, Hawthorne
Vo.023L10.04 1995
7 | Caos7Naoss | 2.647 Mgz.o 2.043 Alo.91Mgo.09 1.929 Camara et al. 2002
8 | CapnasNao4o | 2.661 Mgos7Alos3 | 2.003 AlogsMgo.13 1.932 Taylor et al. 1995
Cro.01 Croo1

Emie ogna orianuuTenbHass 0COOCHHOCTh UCCIEAYEMOM CTPYKTYphI — paciueriieHue nosumuu W
Ha 1Be: W1 u W2, BeiaBnenHoe mno kapram ®Dypbe-cunte3oB (tabmuuna [13.2). O6e nozunuu
pacIosoxKeHbl HA OCH TPeThero nopsaka Ha paccrosuuu 0.14 A npyr ot apyra. Jnmuna cesasu Y-W1
(2.059 A, Tabmuna I14.2) cymecrBenHo Gonbine amuHbl cBazu Y-W2 (1.986 A, ta6muma I14.2), uto ¢
Y4ETOM PE3yJIbTATOB MPEABLAYIIHNX HCCICAOBAHUN KPUCTAIIMUECKUX CTPYKTYp YBUTOB (Tabmuima 13)
MIO3BOJISIET MPEINOIOKHUTH YACTHIHYIO 3acelieHHOCTh mo3unnu W2 annonamu ¢ropa, a W1l - kuciiopopa.

Yrounenue qoau annoHoB Gropa B mo3unmu W1 mokasano, uro ona 3ansaTta Ha 0.77 ¢.ex., 4yTo
MOJTHOCTBIO COTJIACyeTCsl ¢ TaHHBIMU XMMHUUYECKOTO aHanu3a. J[omst aHnoHOB Kucinopoza B mozummu W11
(mo pesynbpratam ytouHenus) paBHa 0.23 ¢.eq. U3 uero crmemyer, 4To cymMmapHasl 3aceleHHOCTb
nosutimii W1 u W11 paBHa enuHwMIle, 9TO MOATBEPKAACT CACITAHHOE TPEIOIOKEHNE O 3aCEIEHHOCTH

3TUX MO3UIMHM aHnoOHaMu (Topa u Kuciaopoja, coorBeTcTBeHHO (PoxaectBenckas u ap. 2007).
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Ta6muma 13. Cpasrenue coctaBos nosunuu W (apfu) u paccrosuuii Y - W, A B nccnenyemoit

CTPYKTYype xenroro Typmanuaa (06p. TC-297) u paHee n3ydyeHHBIX YBUTAX.

XapakxTt YBut (Tabauma 12)
CpUCTHK 1 2 3 4 5 6 7 8
CocraB| W1: Fo77 Oo.69 (OH)o.03 | (OH)o17 | (OH)o17 | (OH)o26 | Oo.1 Oo.17
W11: Oo.23 (OH)o.31 Fo.o7 Fo.s3 Fo.s3 Fo.74 (OH)o.9 | (OH)o.14
Fo.69
Y-W [W1: 1.986(7) 1.950 2.042 2.035 2.036 2.027 2.025 2.036
W11: 2.059(3)
3nech 1 B Tabnunax 15, 16 Homepa CTpyKTyp COOTBETCTBYIOT Tabiuie 12.
Takum  00pa3oM,  yTOYHEHHas B pe3ylbTaTe  CTPYKTYpHOTO  HCCJIeJO0BaHUS

KPUCTAIIOXUMUYECKass (OpMylia HCCIECJOBAHHOIO YBHTa XOpPOLIO COIJIACYeTCs C PACCYMTAHHOHM IO

JTAHHBIM XUMHYECKOro aHau3a (Tadnuina 14).

Tabmuua 14. Kpucrammoxummaeckue GopMyIibl HCCIIEAOBAHHBIX TYPMAIMHOB U3 PEIKOMETAIBHOM
MEerMaTUTOBOM KUJIbI cO cKanonuToM (CaHruineHckoe Haropbe, TyBa).

Oopa3zen | Kpucramnoxumuyeckas popmysia
OIHOPOAHBIIi 10 UBETY KeIThIii KPUCTAJLI
1 (Cap.7eNao 25K 0.02)1.06(Md2.49Li0.48F €% 0.11Al0.04 T0.02)3.14Al6.00Si6.02027B2.88
TC-297 _ (OH3 23F0.77) ' _
9 (Cao.77Nao.23)(Mg2.49Li0 51) (Als.93Fe%* 0.04F€2*0.03) [(Sis.04 Ti0.06) O18](BO3)3
(OH)3(F0.7700.23)
Ilepudepuiinas 4acThb TEMHO-3€JIEHOT0 LIBETA 30HAJIBHOI0 KPUCTAJLIA
1 (Cao.60Nao.3100.09) (Al1.00Fe?*0.76Li0.67Mg0.21ZN0.01) Als(Sis 60Al0.36 Tio.04) B2.98027
TC-697 __(OHasoForddazs
) (Cao.62Nao.3200.06) (Al1.0sLio.99Fe0.66Mgo.24 Ti0.03) Ale[SieO18] (BO3)3(OH2.2800.72)
(Fo.8400.16)
1 — mpeaBapuTeNbHAsS KPUCTAIIIOXUMUYECKas (POpMyIIa; 2 — CTPYKTYPHO YTOYHEHHAS
bopmyina.

Tabnuua 15. CpaBHeHHE mapaMeTpOB AJIEMEHTAPHOH sTUeKU B HCCIIelyeMON CTPYKTYpe SKEeITOro
typMmanusa (00p. TC-297) u panee n3y4eHHbIX YBUTOB.

Tapamerp VYBut (Tabiumna 13)

1 2 3 4 5 6 7 8
a, A 15.925(2) [15.973(1)[15.949(1) [15.950(2) [15.940(1) [15.940(1) [15.967(1) [15.917(2)
c, A 7.1539(8)|7.213(1) [7.188(1) [7.174(1) [7.177(1) [7.163(1) [7.213(1) [7.189(1)
Vv, A°  [1571.0(3)[1593.7(2)[1583.4(3)[1574.6(4) [1579.1(3)[1575.1(3) [1592.5(2) [1577.3(4)

OTnuuuTeNbHBIE OCOOCHHOCTH XMMHMYECKOI'O COCTaBa HCCIEAYEMOIro TypMalliHa XOpOILIO
MPOSBISIIOTCA U B JJMHAX CBA3€H, COOTBETCTBYIOMIMX MOIM3IpoB (Tabnuna 12, [14.2) u B 3HaueHUsIX
napamMeTpoB KPUCTAJUTMYECKOM perneTku (Tabmuima 6, 15). Kak u3BecTHO, Ha 3HAYECHHS MapaMeTPOB
3IIEMEHTAPHON SYEHKH TYpMAIMHOB CHJIBHO BIUSAIOT pa3mepsl Z(Os - okTadipoB (Ppank-Kamenenkas,

PoxnectBenckas 2001). Cpenuue pazmepsl ZOs - OKTa3pOB B UCClIeAOBaHHOU cTpYKType (Z-Ocp =
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1.914 A) cymiecTBeHHO MeHbIIE, YeM B CTPYKTypax Apyrux yButos (Z-Og, = 1.919-1.932 A, tabnuma
12), uTo 0OBSICHSETCS MPAKTUYECKH MOJHBIM MX 3alOJHEHHEM MaJleHbKMMM KaTUOHAMM alFOMHHUS.
[TapameTpsl U 00BEM DJIEMEHTAPHOW SUYEHKH HCCIEIOBAHHOTO TypMmanuHa (a = 15.925(2) A, c =
7.1539(8) A,V =1571.0(3) A®) cymecTBeHHO MeHbIIe, 4eM y ApyTruxX yBUTOB (Tadnuna 15): a = 15.940-
15973 A, ¢ =7.163-7.213 A, V = 1576-1594 A3. Tak kak Ha 3HaueHUs MapaMeTpa a KPUCTAILIMYECKOi
PELICTKH TYpMaJIMHa BIKSCT Takxke pa3mep Y-oktasapos (Ppank-Kamenenkas, PoskaectBenckas 2001),
TO mapameTp a yBurta (Ne 8 B Tabmuue 12, 15), y kotoporo Y - Mmo3uIus MOYTH HAMOJOBUHY 3acelieHa
KaTHOHAMH aTIOMUHHUS, eme Menbiie (15.917 A), uem y uccneayemoro kpucrasia.

YnopsimoueHHOE pachpeeieHne aHuOHOB ¢Topa W kucimopona mo mosumusm W1 u W11
YKa3bIBAaeT Ha IPUCYTCTBHUE B UCCIICJOBAHHON CTPYKTYpPE ABYX THUIIOB CTATUCTHUECKU PACIIPEICICHHBIX
B cooTHoIreHuu ~ 3:1 okrasapos: [YOs(OH)F] u [YO4(OH)O], xoTOpbie 00bEAMHEHBI B TPHAIBI YEPE3
o6mryto BepmuHy (mosumuto F~ um O, coOTBETCTBEHHO), HAXOAANTYIOCS HA OCH CUMMETPHHU TPETHETO
nopska (cm. pasaen 2.3). Cpeanue pasmeps oktadapos [YOs(OH)F] (2.061 A), cymectsenno 6oibie,
yeM B CTPYKTypax Apyrux yButos, rae Y-O nesxut B npegenax 2.003-2.050 A, (ta6nuua 12), yro
XOpOIIO OOBSCHSAETCS MPUCYTCTBUEM 3HAUUTEIHHOTO KOJIMYECTBA KATHOHOB JUTHS B Y-IO3UIUU.
Cpenuue pasmepsl oktasapos [YOs(OH)O] cymectenHo Menblue (2.049 A), T.e. 61u3ku 1o pasmepy K
MarHUeBBIM OKTadJpaM yBHTa, B KOTopoM W - mo3umus 3acesieHa MperuMyIIeCTBEHHO KUCIopoaoM (Ne
2 B Tabmuue 12). Cpemnee 3HaueHue uHbI cBasu X-O (2.629 A) amamormuno HaiieHHOMYy B
CTPYKTypax APYrux yBUTOB ¢ 6;1u3kuM cootHomennem Na*/Ca?* B X - mosumuu (Ne 3, 4, 6; Tabmuma 12)
(PoxnectBenckas u zip. 2007).

JletanbHblid aHaIM3 pa3HOCTHBIX Dypbe - CHHTE30B IO3BOJIMI HAWTH B HCCIEAOBAaHHOMU
cTpykType atoMm Bozopoza Bomm3u nosunuu V (O3) (tadmuma 113.2). [TapameTpsl BOJIOPOIHOM CBA3M
O(3) - H...O(5) mexny YOes OKTadApoM H TETPAdAPUUECKHM KOJBIIOM COCEIHEro IO BBICOTE

AQHTHUTOPUTOBOTO (hparMeHTa OJM3KU K HAHICHHBIM B CTPYKTYpax apyrux yButoB (Ne 2, 8; tabmuia 16).

Tabnuma 16. CpaBHeHHE TapaMETPOB BOJOPOAHOM CBSI3U B UCCIIEYEMOU CTPYKTYPE JKEITOTO
typmanuHa (06p. TC-297) u panee n3y4eHHBIX YBUTOB.

[Tapamertp it
1 2 8
H-O(3),A 0.838 0.788 0.969
H...0(5), A 2.564 2.511 2.252
O(3)-H-O(5),O 137.2 158.2 161.4
0(3)...0(5), A 3.229(2) 3.256 3.185
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3.2.3. U3omop¢du3M 1 BUI0BasI NPUHANIEKHOCTH

Kak cregyer w3 TNpUBENCHHBIX KPUCTALNIOXUMHUYECKHX Qopmyn (tabnuna 14), Bumoas
NPUHAJUIC)KHOCTh JKEJITOTO TYpMaJIMHA ONPENENIAETCS XapaKTepOM 3aCeICHHOCTH TPEX CTPYKTYPHBIX
nosuuii: X, Y u W. CornacHo pexkomeHnioBaHHOMY Komuccueli 1o HOBBIM MUHEpaiaM, HOMEHKIIAType
u kinaccudukanuu MexXIyHapOJIHOW MHHEPAJOTHYECKOW AacCOIMallii TPaBUIY JOMUHUPYIOIIEH
BanentHoctu (Hatert, Burke 2008) B macanpHON (GopMyiie 3TOr0 TypMajlrWHA B MO3HIUH X CIEIyeT
samucath Ca?*, a B Y — Mg?'. Oxmnako B mosumum W pomunmpyeT F, m 9T0 Hapymaer o6mIyio
AIIEKTPOHEUTPATBHOCTh (POPMYJIBI, TpeOys BHECEHHs KaKHX-TO W3MEHEHUW B 3alUCh HJICATHHON
dbopmyibl naHHOTO TypMainuHa. Cpelld U3BECTHBIX CETOJIHSI MUHEPAILHBIX BHIOB B TPYIINE TypMalnHa
U3yYCHHBIN HAMH MUHEpaI onmxe BCETO COOTBETCTBYET bTopyBUTY -
CaMgs(AlsMQ)(SieO18)(BO3)3(OH)3(F), rae xomreHcamnus 3apsAaoB MpH H30MOPGHOM 3aMEIICHUU
HATPUs Ha KaJIbIHil JOCTUraeTCs 3aMEeHON almoMHHMS MarHueM B mosunuu Z: Na‘x + AlFYz = Ca®'x +
Mg?*z. B HameMm ciyyae Takoil BapHaHT KOMIIGHCAIMM 3apsana He peanmsyercs. 1o ocoGeHHOCTAM
XUMHYECKOTO COCTaBa M3YYCHHBIH HAMU TYPMAIHMH MPUHIUIHATIBHO OTIMYACTCS OT YBUTA MCHBIIUM
KOJINYECTBOM MAarHusi ¥ HaJIMYUEM JIMTHsI B To3UIMH Y. Ero XuMu4eckuii coctaB MOXKeET OBbITh OMHCaH
KaK TPEXKOMIIOHEHTHbIH TBepabiii pactBop B cucteme Ca(MgoLi)Als(SisOis)(BO3)3(OH)sF,
CaMgsAls(SieO18)(BO3)3(OH)30 u NaMgsAle(SisO18)(BO3)3(OH)sF. ®opmyna HarpueBoro MuHaza
coOTBeTCTBYET (propapaButy. DOpMyIsbl ABYX IPYTHX MUHAIOB HE COOTBETCTBYIOT HU OJHOMY W3
U3BECTHBIX CETOJHS B TPYIIE TypMaJlMHAa MUHEPaJIbHBIX BHIOB. [lepexon oT (ropyBUTa K JIUTHH -
comepxamemy yButy (MuHan Ne 1) ocymectsisercs o cxeme: Mgty + Mg?*z = Li'y + AP*z. Tlepexon
OT yBHUTa K KanbiueBoMy MuHany Ne 2 — o cxeme: Mg?*z + OH = Al¥*z + O (Kysuemosa u ap. 2011).

KonuuecTBo nepBOro MUHaa ONpenesieTcs CoiepKaHueM JTUTUs U BapbupyeT oT 30 10 66 MoJ1.
%. KosnuecTBO HATPUEBOrO MUHAIA - PTOPAPABKTA, ONPEENAETCS cojiepskanreM Na* 1 BapbHpyeT OT
14 no 39 mon. %. KomuuectBo munaima CaMgsAls(SisO18)(BO3)3(OH)30, koTOpOE MOKHO OIICHHTH,
Hanpumep, o kodpuueHTy kuciaopoa B nozuuu W, He npesbimaer 59 moi. % (06p14HO 0K0IIO 25
moin.  %). JlomuHuUpoBaHWE B  psAe  OOpa3loOB  JKENATOTO  TypMajMHAa  KOMIIOHEHTa
Ca(Mg2Li)Als(SisO18)(BO3)3(OH)F  mo3BomsieT  paccMaTpuBaTh €ro B KadyecTBE  HOBOTO

CaMOCTOSTEILHOTO MHUHEpajia C NMPUBEIACHHON BBbIIIE HacanbHOM (Gopmynoii (PoxkaecTBeHCKas U p.

2007).
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3.3. 3oHaJIbHbIE TYPMAJIMHBI: 3JIEMEHTHbIN U BUI0BOW COCTAaB

3.3.1. Bapuauuu XuMH4€eCKOro cocTaBa

B u3yyeHHOW merMaTUTOBOM KHUile, KpOME OJHOPOAHBIX I10 LBETY TYypMajJuHOB B
9HJOKOHTAKTOBOM YaCTH >KMJIbI, BCTPEUAIOTCS 30HAJIBHO OKpalleHHble KpucTaiuibl. LleHTpanbHbIe
YaCTH TaKUX KPUCTAJUIOB MMEIOT JKENTHIA LBET U MO XMMHUYECKOMY COCTaBYy, KaK IMOKa3aHO BBIIIE
(cm. Tabmuner 10, 11), COOTBETCTBYIOT KEATOMY TypMajuHy M3 LHEHTPAIbHON YaCTH NErMaTHTOBOM
*uibl. KpaeBble 4acTH 30HAIBHBIX KPUCTAJUIOB OTIMYAIOTCS TEMHO-3€JI€HOM OKPaCKOM.

Kak cienyer u3 JaHHBIX XUMHUYECKOI'O aHAIW3a TEMHO - 3€J€HBIX TYPMAJIMHOB U3 KPAeBbIX
JacTel 30HABHBIX KpUcTauioB (00p. 297 4, TC-697, Z-2; rabnuusl 17, 18) 3aceIeHHOCTh MO3UIUN
X B MCCIIeOBAaHHBIX 06pa3ax Joctarouno 6immska: k. ¢. Ca?* - 0.60-0.64, Na* - 0.29-0.31. Bricokoe
KOJIMYECTBO QJIIOMUHHUS B TEMHO-3€JICHOM TYPMaJIMHE MO3BOJSET LEIUKOM 3aCeluTh UM
OKTa’3APUYECKYI0 MO3UIUI0 Z U YacTUYHO Y, KOTOpas OTJIMYAeTCs HauOOJbIIMM pa3zHooOpaszueM
3acesoIIUX €€ KaTHOHOB. B naHHON mno3uuuu mnpeoOjajaeT aalOMUHHUH, €ro Ko3QQuiueHT
Haxoautcs B mpenenax ot 1.00 (o6p. TC-697) mo 1.35 (ob6p. 297 4). IlpumepHO B paBHBIX
KonuuyecTBax mnpucyTcTByrorT jutHii (0.67-0.90 apfu) m xenezo (0.58-0.76 apfu). KomudectBo
MarHus, JOMUHUPYIOLIEro B MO3ULUU Y B XKEJITHIX LEHTPAJIbHBIX YACTAX KPHUCTAIJIOB, B TEMHO-
3eJIeHOM KpaeBoi 30He pe3ko nmogaunnennoe (0.13-0.21 apfu). Terpasapudeckas mo3uius 3acejacHa
KpeMHHeM, Ho aiist oOpasua TC-697, xumuueckuil coctaB KOTOpOro u3ydeH B jiabopatopuu Ne 2,
JUTsI TIOJTHOM €€ 3aCeIeHHOCTU TpeOyeTcsl 3HaUMMOe BXOXKIEHUE aTFOMUHUS.

B 30HanpHBIX KpHCTaJaX TypMaJlMHA, KPOME LIEHTPaNIbHOU - jKenToi u nepudepuitHoi -
TEMHO-3€JICHOM, MOYKHO BBIJICIIUTH €IIIe JIBE MPOMEXYTOUYHBIE 30HBI - OJIETHO-3EJICHOTO M 3€JIEHOTO

1BeTa (PUCYHOK 5).

Tabmuma 17. Xumuueckuit coctaB (Mac. %) TeMHO-3eTeHBIX TypManuHoB (Tabnuna [12.1) mo nanHbM
pa3HbIx abopatopwuii (1-4%).

Kommnonent 1 2 3 4
297_4 TC-697 Z-2 (n=3) TC-697
(n=5)**
SiO2 35.79 34.48 36.39 38.03
TiO2 0.15 0.35 0.41 0.47
Al203 38.50 38.45 37.77 38.43
Cr203 0.00 0.01 0.00 0.00
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B20O3 He omp. 10.63 He omp. He omp.
FeO 5.02 5.61 4.19 5.24
MnO 0.00 0.07 0.04 0.07
MgO 0.68 0.86 0.55 0.84
ZnO 0.00 0.11 0.00 0.00
CaO 3.45 3.47 3.55 3.80
Na20 0.95 0.99 0.98 0.94
K20 0.00 0.02 0.02 0.00
Li.O 1.21 1.01 He omp. He omp.
H20 1.97 3.22 He omnp. He omnp.
F 1.45 1.44 1.50 He omnp.
Cymma 89.17 100.72 85.40
O=F 0.61 0.61 0.63
Cymma 88.56 100.11 84.77 87.82

*-1, 2,3, 4—naboparopun, OXapaKTepU30BaHHbIC B IPUMEYAHUH IO TaOmuIeit
10; ** - nmna oOpa3na TPOBEIACHO PEHTTEHOCTPYKTYPHOE HCCIICIOBAHHUE.
Hcnonp30BaHHBIE METOJBI aHAIM3a M OOOPYIOBAaHUE NPUBEICHBI B TaOIUIlE

I12.3.

Pucynox 5. 3oHanpHBIE KPUCTALIBI TYPMAJIMHA: a — TTpo3padnbii umd (Ck —
ckanonut, KB — kBapn, My — MmyckoBuT, Typ - TypmanuH); 6 — o6p. Z-2
(tabmuter 10, 11; Tabmumer 17, 18; Tabmums 19, 20), n3006pakenue B 00paTHO
paccessHHBIX iekTpoHax (POM), 30HbI: 1 — xenTas, 2 — 6imeaHo-3eneHast, 3 —
3eneHas, 4 — TeMHO-3eJIeHasl.




Ta6nuna 18. KoaddunmeHnts! B hopmysie TEMHO-3€JIEHBIX TYPMaIHHOB IIPH Pa3HBIX CIIOCO0ax
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pacuera (10 1aHHBIM, IPUBEIECHHBIM B TabuIe 17).

1 2 3 4
IMo3unusa | KommoHeHt 2974 TC-697 2-2 (n=3) T(ﬁ-:6537
o 31 anuon 6Si 6Si
KATHOHOB
Ca 0.61 0.60 0.63 0.64
X Na 0.30 0.31 0.31 0.29
Cymma 0.91 0.91 0.94 0.93
Mg 0.16 0.21 0.13 0.20
Li 0.80 0.67 0.89 0.90
Fe?* 0.69 0.76 0.58 0.69
Ti 0.05 0.05
Y Al 1.35 1.00 1.34 1.15
Mn 0.01 0.01
Zn 0.01
Cymma 3.00 2.65 3.00 3.00
z Al 6.00 6.00 6.00 6.00
Si 5.88 5.60 6.00 6.00
Ti 0.02 0.04
! Al 0.10 0.36
Cymma 6.00 6.00 6.00 6.00
B 3.00 2.98 3.00 3.00
27 27 27 27
OH 3.03 3.49 2.10 3.08
F 0.74 0.78
V+W
) 0.97 1.12 0.92
Cymma 4.00 4.23 4.00 4.00
*-1, 2, 3, 4 — nabopaTopuu, 0OXapakTepH30BaHHbIE B IpUMeYaHUU moJ Tabmureit 10.

[Ipu mepexone OT LEHTpPaJbHOU KEITOM 30HBI KPUCTAJJIOB TypMajuHa K 30HaM OJeaHO-
3€JIEHOTO M 3€JIEHOro IBeTa (PUKCHPYIOTCS 3HAYUTeNbHBbIC Bapuanuu coctaBa (tabmumbr 19, 20).
Heckonbko yBenuumBaercs nonst Hatpus B mosurnuu X (0.24-0.39 apfu) mpu ymeHbmieHUM

koinuuectBa Kanmbius (0.51-0.69 apfu; oop. TC-697). IIpeobnananne Kaablius B OTOW MO3HUIUU
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MO3BOJISIET OTHECTU TYPMATHHBI TPOMEKYTOUHBIX 30H TAKXKE K KaTbIIMEBHIM PA3HOBUIHOCTSIM. Tak
KaK mo3unusi Z 3acelieHa MOJHOCThIO aFOMHUHHEM, BHUIIOBAas MPUHAJICKHOCTh 3THX TYPMAIMHOB
OTIpENeISIETCSl XapaKTepoM 3acesIeHHOCTH no3unuu Y. KonrdecTBO MarHusi B 3TOM MO3UIUU PE3KO
ymenbiiaercs (ot 1.90 mo 0.18 apfu; B o00p. 297 4 u TC-697, COOTBETCTBEHHO), YTO
KOMIICHCUPYETCSl BXOXKJICHHEM JKelle3a W allfoMUHUsA. MaKCUManbHBIX 3HAYEHUW B 3€JICHOU 30HE
nocruraer coxaepxkanue skemeza (0.93-1.12 apfu; B o6p. Z-2 u TC-697, COOTBETCTBEHHO)

(PoxnecrBenckas u ap. 2008).

Tabmuua 19. Xumuueckuii coctaB (Mac. %) MPOMEKYTOUHBIX 30H B 30HAJIBHBIX KpUCTaIaX
TypmainuHa (tabnuma I12.1) mo maHHsIM pa3HbIX 1aboparopuii (1-4%),

KomnoneHnt 1 4 3 4 3
297 4 | TC-697 Z-2 TC-697 Z-2
(n=2) (n=4) (n=4) (n=8)
birenHo-3¢eneHbIN 3eeHbIi
SiO» 37.29 39.73 36.13 39.18 34.69
TiO2 0.43 0.94 0.84 0.31 0.99
Al203 32.48 35.93 34.39 37.97 36.29
FeO 2.77 4.07 4.89 8.75 6.41
MnO 0.00 0.06 0.06 0.06 0.19
MgO 7.95 4.16 3.33 0.79 0.92
CaO 4.00 4.12 3.63 3.08 3.27
Na20 0.84 0.81 0.93 1.31 1.07
K20 0.00 0.00 0.02 0.00 0.02
Li.O 0.86 | Heomp. | He onp. | He omp. | He omp.
F He He omp. 1.44 He omp. 1.27
ormp.
Cymma 85.64 85.13
O=F 0.60 0.54
Cymma 85.76 89.82 85.04 91.45 84.59
*-1, 2, 3, 4 — nabopaTopun, oXapaKTepU30BaHHBIE B TPUMEYaHUU
non Ttabmurei 10. lMcmonb3oBaHHBIE METOJBI aHAIM3a U
obopynoBanue npuBeaeHsl B Tadmauie [12.3.

Kak u3meHnsieTcst KoJIM4eCcTBO JTUTHS B IEPEXOAHBIX 30HAX, TOUHO CKa3aTh TPYAHO, TaK KakK B
OonpmuHCTBE (OpMyNT ero KodPGUIHEHT MOMy4eH pacueTHhIM crnocobom. CyliecTBeHHbIE
BapWallui B COOTHOIIEHWM KAaTHOHOB B JTOM TO3WIIMU, YCTAaHOBJICHHBIE B pa3HbIX oOpasiax

TYPMAJIWHOB, HE IMMO3BOJIAOT OTHECTHU UX K OIMMPECACIICHHOMY MUHCPAJIBHOMY BUY.
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Ta6aumna 20. Koaddunments! B hopmynax 30HATHHBIX KPUCTAIUIOB TYPMaJIMHA U3 MPOMEKYTOUHBIX
30H IIpH pacueTe Ha 15 KaTHOHOB
(o maHHBIM, IPUBEACHHBIM B TabuIe 19).

1 4 3 4 3
TC-697 | Z-2 | TC-697 | Z-2
Ho3uuus | Kommonent 297 4 (n=2) | (n=4) | (n=4) (n=8)
Baenno-3es1enblit 3eJ1eHbIH
15 kaTnoHOB
Ca 0.69 0.67 0.65 0.51 0.61
X Na 0.26 0.24 0.30 0.39 0.36
Cymma 0.95 0.91 0.95 0.90 0.97
Mg 1.90 0.94 0.82 0.18 0.24
Li 0.56 1.03 0.65 0.80 0.28
Fe?* 0.37 0.51 0.68 1.12 0.93
Y Ti 0.05 0.11 0.10 0.04 0.13
Al 0.12 0.40 0.74 0.85 1.40
Mn 0.01 0.01 0.01 0.02
Cymma 3.00 3.00 3.00 3.00 3.00
z Al 6.00 6.00 6.00 6.00 6.00
Si 5.98 6.00 6.00 6.00 6.00
T Al 0.02
Cymma 6.00 6.00 6.00 6.00 6.00
B 3.00 3.00 3.00 3.00 3.00
27 27 27 27 27
OH 3.72 3.83 2.35 3.46 1.34
VW F 0.28 0.17 0.89 0.54 1.96
) 0.76 0.70
Cymma 4.00 4.00 4.00 4.00 4.00
*-1, 2,3, 4 - naboparopuu, 0XapaKTepHU30BaHHbIE B IPUMEYAHUN O]
tabmunei 10.

Kak mokazanu pe3ynbTaThl pacdeTa KpUCTALIOXUMHUYECKUX (POPMYIN 30HAJIBHOIO KpHCTasa
TypManuHa, xxenras 4yactb (TC-496) coorBeTcTBYeT panee nuzydyenHomy coctaBy (TC-297, rabmuma 11)
U SIBISIETCSl «JIMTHIH-COJEPKAIMMY» YBUTOM; CBeTJIO - 3eeHas 30Ha (TC-697) Taxke MOXKeT OBITh

OTHECEHa K «IMTHUH - cojiepxKaiieMy» yBuTy (tabmnuia 19).
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[Io maHHBIM XWUMHYECKOTO aHajiu3a TEMHO - 3€JICHBIH TYypMalWH OTIMUYAETCS CIOXKHBIM
XUMHYECKHM COCTaBOM. Pacuer (opMynbl Ha MHMHAIbl MO3BOJISIET MPEIBAPUTEIBHO OTHECTH 3TOT
obpasen k okcuauaaukoaTuty Ca(LissAlys)Ale(SisO18)(BO3)3(OH)30, mpemnoxennomy (Henry et al.
2011) B kauecTBE TMIIOTETUYECKOTO B TPyIIE TypMainHa (Tabuuua 2), KOTOPBIA OTIMYACTCS OT TaKKe
runorernueckoro muaaukoaruta Ca(Lit2AR)Als(SisO1s)(BO3)3(OH)3(OH) cormacHo cxeme: Li* +
20H" = APP* + 20 (PoxnecTBeHckas u p. 2008).

Hcxons w3 pacyeTtoB, Ha [OJI0 OKCHIMAJWKOATUTOBOIO MHHAja B H3YyYEHHOM oOOpasie
npuxoautcs 64.0 mon. %, Ha wepi - 23.0 mon. %, Ha ApaBuUT - 6.7 Moa. % U Ha poccMaHUT - 6.0 Mo.
%, HepaccuuTaHHbI ocTaTok cocTaBua 0.3 Moi. %. CBeTno-3eleHbld TypMalliH, U3 IPOMEKYTOYHOU
30HBI, XapaKTEPU3YETCsl CIEAYIOIIUM MUHAIILHBIM COCTABOM: JIMTUEBBIN YBUT - 47.0 mo. %, mepn -17.0
Moia. %, okcwiuaaukoatut - 11.0 mon. %, mugaukoarut — 9.0 mon. %, poccManut - 7.3 Moia. %,
runoretndeckuii MuHanm Na(Li2Ti)Alg[SisO18](BO3)3(OH)4 - 7 mon. %, HepacCUUTaHHBIN OCTAaTOK
coctaBui 1.7 moi. %. I1o npeobiiagaronieMy MUHAITY CBETIIO-3€ICHBIN TYpMaINH JOJKEH ObITh OTHECEH

K IMTUH-COZEpIKALEMY» YBUTY.

3.3.2. YTOYHeHHEe KPUCTANIMYECKON CTPYKTYPbl TEMHO-3€JIEHOI0 TYPMAJIMHA

JIJist yTOYHEHHS KPUCTAITMYECKON CTPYKTYpHI (Tabmuna 6, paszaen 2.3) Obl1 BBIOpaH oOpasery
TEMHO-3€JIEHOT0 TypMaJIMHA, BBIPE3aHHBIN U3 30HAILHOTO KPUCTAILIa, HAl/ICHHOTO B 9HJAOKOHTaKTOBOU
vacTh uibl (PoxmectBenckast u ap. 2008).

3aKTF0YATETFHBIC OTHOCHTEILHBIC KOOPIMHATH ATOMOB, UX H30TPOITHBIC TETIOBEIC TAPaAMETPHhI
Y 3aCEJIEHHOCTH NO3UIni TipuBeeHbl B Tabmune [13.3; niauHel csi3u - B Tabnuie 114.3.

Pe3ynbTaTthl yTOUHEHUS 3aCENIEHHOCTeW KpucTauiorpaduyecKux MO3UIUN B HCCIEAYEeMOM
cTpyktype (tabmuma [13.3) mnonarBepaunu HeOOJNBIIYIO [ONMIO0 BakaHCHH B X - TIO3UIIHH,
TIPENMYIIECTBEHHO 3aM0IHeHHOi kaTnoHamu Ca’*. Kpome Toro, 65110 MOATBEpKIEHO 3amoiHenne Z -
okTadapoB KatnoHamu AIP* u mpucyrcTBHe B Y - OKTa®apax MPaKTHUECKH B PABHBIX KOJHYECTBAX
kaTioHoB AlP*, Li* u (Fe + Mg). J{na Toro uTo6bI clenaTh 3aKTIOYEHHE O BAaJEHTHOCTH KaTHOHOB
JKenesa, 1o pe3ysibTaTaM YTOUHEHUs 3aceI€HHOCTH Y - mo3uninu (Tabmumna [13.3) u3 cooTHoIIeHUS:

(Y-O)ep = 2(Y-O)ici, 1)
rae (Y-O)i - cranmapTHOE OKTa’ApHYECKOE PACCTOSHUE i-20 KaThoHa, Ci - J0Js i-eo KatuoHa B Y -
MO3UINH, OBIJIO PAacCCYUTAHO (B MEPBOM MPUOIMKEHHUH) B IBYX BapHaHTaX CpeaHee paccTosHue B Y -
okTadape. CpaBHEHHE pacCUMTaHHBIX 3HaueHuit (2.04 u 2.01 A mns Fe?" u Fe3*, cootercTBenHO) C
SKCTIEPUMEHTAILHO TOTydeHHOH BemuunHoi 2.040 A (Tabmua I14.3) mokasano, 4To MPakTUYECKH BCE

JKEJIE30 B UCCIICAOBAHHOM TYPMAJIMHE HAXOAUTCA B IBYXBAJICHTHOM COCTOSAHUH. Torna, JJIs1 TOT'O YTOOBI
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CKOMIICHCHPOBATh 3apsif, IPU pacdyeTe KpUCTANIOXUMUYECKON (hOpMYITBI HAIIETo 00pa3iia He00X0uMO
IpUHATH ciexyrommii cocta nozumuit O(1)(W) + O(3)(V): ((OH, F)3.28 0%0.72).

Kak u B nutuiiconepxarmiem ysute (tadmuna I13.2), mosumus W B uccienoBaHHON CTPYKType
pacmeruiena Ha nBe: O(1) u O(11) (tabmuna I13.3). Tosumus O(1) pacmonokeHa Ha OCH CUMMETPHH
Tperbero nopsaka, a O(11) - cmemniena ¢ Hee Ha I0cKOCcTh cumMerpun. Pacctosinue O(1)-O(11) paBHo
0.46 A. Jmuna ceasu Y-O(1) cymiectBenHo Gombmie jumHBI cBazu Y-O(11) (~2.03 u 1.72 A,
cootBeTcTBeHHO, TaOmuma [14.3). VYtounenue 3acenenHoctu mno3umuu O(1) mokaszano: eciau
MPEIOJIOKUTh ([0 AHAIOTUU C ONMCAHHBIM BBIIIE JKENTBIM TypMmanuHoM (PokaecTBeHcKas W Jp.
2007)) nonHoe ee 3aceneHue annoHamu (ropa, To ux mous ~ 0.8 apfu, uto xoporio cormacyercs ¢
JIAHHBIMU XUMHYECKUX aHamn30B (Tadsmma 18). lons annoHoB kuciopoaa (wmu OH-rpyrmim) B mo3unmu
O(11) (o pesynbratam yrounenus) ~ 0.2 apfu. ITpu atom cymmaphas 3acenennocth nosuiuii O(1) u
O(11) (c ydueroM mX KpaTHOCTEH) paBHA CIWHUIIE, YTO YKA3hIBAET HA JOCTOBEPHOCTH MOJTYUYEHHBIX
3HA4YCHUN.

YTouyHeHHas 3acesieHHOCTh o3uiuu O(11) He Mo3BOJISET pa3MECTUTh B HEW BCE IBYXBAJICHTHBIC
annonbl kucaopoaa (0.72 apfu Ha yrouneHHyro Gopmyity), 4TO yKa3bIBaeT Ha X BXOXKJCHUE TaKKe B
no3unuio V, 00bIYHO 3anofHeHHON mpenmylnecTBeHHo OH-rpynmnamu.

Takum  oOpa3om,  yTOYHEHHAas B  pe3yiabTare  CTPYKTYPHOTO  HCCIEIOBaHHSA
KpHUCTa/LIOXUMHUecKas (opMmysia TeMHO-3esieHoro TypmanuHa (00p. TC 697, Bapuant 2, tabmura 14)
OUYCHb XOPOIIO COTJIACYETCS C PACCUUTAHHOM IO JAHHBIM XMMHYECKOTO aHajK3a, BBIMOJHEHHOTO B
naboparopuu Ne 4 (06p. TC-697, Bapuant 1, Tabnuna 14). @opmyna 3Toro e oopasia, pacCYuTaHHAS
M0 XMMHUYECKOMY aHalin3y, BBIMOJHEHHOMY B jabopatopuu Ne 2 (tabnuma 18), ornuyaercs oT
YTOUHEHHOM TI0 PEe3yNbTaTaM CTPYKTYPHOTO MCCIIE0BAHNUs, BXOXKIeHHeM dacTu noHoB Al¥* (0.36 ¢.
€/1.) B TeTPadIpHUECKYIO MO3ULIHIO.

[TapameTpsl dMeMeHTapHOMN S4YeiiKK HCCIeI0BaHHOTO TypManuHa (Tabmuna 6, 21) u cpegHue
JUIMHBI CBSI3U B OCHOBHBIX IMOJIM3/ApAX €ro CTpykTypsl (Tabmuua 22, 114.3) Onu3ku K HalJEHHBIM B
CTPYKTypax JUJUKOATUTOB. [IpakTUYEeCKW OJMHAKOBBIA pa3Mmep Y-OKTa’JpOB B HCCIICIOBAHHOM
CTPYKType M CTpyKType Oe3 kenesucroro mupmukoaruta (Nuber, Schmetzer 1981) ~ 2.04 A
00ycIIoBIIeH OMM3KMMH pasMepaMu kaTHoHoB Lit m Fe?* (cpenmme paccTOSHMS KaTHOH-KHMCIOPOJ B
okTaszpe ~ 2.16, 2.14 A, cootserctenno (Ppank-Kamenenxkas, Poxaectsenckas 2001)). Veenuuenue
pa3sMepoB Y-OKTa’apoB B CTPyKType nmamukoatutos m3 (Aurisicchio et al. 1999) no 2.06-2.07 A
CBA3aHO C BXOJKIEHHEM Ooliee KPYIMHBIX KaTnoHoB Mn?* (Mn-Ogp = 2.24 A).

B cTpykTypax ucciaeoBaHHOTO TypMalliHa M JIUIuKoaTtuTa, onucannoro B (Nuber, Schmetzer
1981), mosummst W 3acenena mpeumyiiecTBeHHO ¢GTopom, a V - THAPOKCWI - MOHaMH. B obomx
crpykrypax smunbl cBssu Y-O(1) u Y-O(3) cymectsenno pasnuunsl (2.03 u 2.19 A cootBercTBeHHO,

tabnuua 22). B ctpykrypax Mapranerconepxanmx tuaaukoarutos (Aurisicchio et al. 1999) annonos
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dropa cymectBenno mensme (Bcero Ha 0.3 apfu), u 9Tu paccrosHus npakTHYeck paBHEI (~2.18 A),

YTO NMOJATBEpKIaeT BXxoxaeHue ¢propa B O(1) mo3unuio uccieayemMoro TypMainHa.

Tabmuna 21. [TapameTpsl KPUCTAITUIECKON PEIIETKU KaTbIIHEBBIX

Li-Al-rypmanunos, mip. rp. R3m.

a, A c, A Jluteparypa
15.894(4) 7.115(2) PoxxnecrBenckas u ap. 2008
15.875(3) 7.126(2) Nuber, Schmetzer 1981
15.880(1) 7.115(1) Aurisicchio et al. 1999
15.882(1) 7.118(1) Aurisicchio et al. 1999

[Tapametpsr BogopoaHoi cBsizu O(3)-H...O(5) B ucciae10BaHHOM CTPYKTYpE TEMHO-3€JCHOIO
typmanuna (H-O(3) = 0.720; H...0(5) = 2.463; O(3)...0(5) = 3.182 A; yron O(3)-H...O(5) = 177.6°)
OJIM3KH K HAMICHHBIM B CTPYKTYPE JKENTOro Typmanuna (tadmuma 16).

Ta6muma 22. CpasHenue 3acenenHoctH (apfu) u cpennux nums cesseit (A) B uccnenyemoii cTpykrype

TeMHO-3¢eJIeHoro TypmanuHa (00p. TC-697) u panee H3ydeHHBIX
KPHCTAJUTMYECKUX CTPYKTYP KajblueBbix Li-Al-TypMaanHoB.

X-nmoausap Y-okTasap Z-okTa’ap
CocraB | X-Ocp CocraB Y-Ocp z:ggg CocraB | Z-Ocp Ucroumnk
Caps2Nao 32 AlgseLiossFeo22 2.027 O6p. TC-496
coo |20 | MoseeTion | 2090 | 2105 | Al | 2906 | Poracemencias
CagesNagss | 2.646 A|0,53Lio,47 2.044 ;g_)ég All_oo 1.908 Nuber et al. 1981
Cap.asNag.aa Lio.41Alo.40Mno 15 2.183 L
Oo.11 2.645 Mgoor 2.066 5184 Al1go 1.907 |Aurisicchio et al. 1999
CagssNap.aa Lio.40Alo.40Mno 18 2.178 L
KoosToor 2.644 Mdoor 2.063 5185 Al1go 1.907 |[Aurisicchio et al. 1999
CaosNaozs |5 gg | AloarbioaMnocs| 5 5o | 1997 |5 | 1904 | Ertletal 2006
Uo.14 o.06 2.180
Caog.64Nag 29 Lio.s4Alo.42F€0.01 1.998 .
Pbo.0slo.0c 2.632 Mno o3 2.032 5182 Al1go 1.904 Lussier et al. 2011

3.3.3. M3omop¢u3m 1 BUAOBas MPUHATIEKHOCTH

N3 paccunTaHHBIX  KPHUCTAUNIOXUMHUYECKUX (GOpMydl U  pe3yibTaTa yTOYHEHHS
KPUCTAJIJIMYECKON CTPYKTYPHI CIAEAYET, YTO BUI0Basi IPUHAIJIEKHOCTh TEMHO-3€JICHOTO TypMajnHa
ompenensaeTcs XapakTepoM 3acelieHHocTH mo3uimii X u Y, a Ttakke V u W. DTo KanbIueBbIit

TypMaJlH, B KOTOPOM B mo3unuu Y mpeoOiajaroT antoMUHUN U nutuil. CocTaB TEMHO-3€JIE€HOT0
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TypMaJliHa MOXXHO NpPEACTaBUTh KaK CMECh  CIEAYIOIIUX  YeThIpeX KOMIIOHEHTOB:
a(Aiz2Li)Als(SisO18)(BO3)3(OH)3(OH), NaMgzAle(SisO18)(BO3)3(OH)3(OH),
NaFeszAls(Sis018)(BO3)3(OH)3(F) u Ca(AlisLiss)Als(SisO18)(BO3)3(OH)3(F).

KonmndecTBo IepBOro - pOCCMaHUTOBOI'O MUHAJA - OMPEIEIAETCs IO BAKAHCUHU B TO3UIIUU X
U BapbupyeT oT 6 10 9 moin. %. KoauuecTBo ApaBUTOBOTO MHHAJA, OLICHEHHOE MO KOJIMYECTBY
Maraus (kodddunuent Mg?* nano pazgenuts Ha 3 1 ymMHOXHUTH Ha 100), cocraBnseT 4-8 Mo %.
[To coneprxkanuio xene3a KOIMYECTBO TUIIOTETUYECKOTO (PTOPILIEPIOBOTO MUHAlA cocTaBiseT 19-26
moa. %. Komuuecteo munama Ca(AlisLiis)Als(SieO18)(BO3)3(OH20)(F) onpenensiercs
K03 (HUIMEHTOM KaJbIus M B HaleM ciiydae coctaBiseT 60-64 moin. %. Takum o6pa3zom, TeMHO-
3€JICHBIA TypMaJlUH IO OCOOEHHOCTSAM XHMHYECKOro cocTraBa Haubosiee OJIM30K K
bropiuaaukoatuty ¢ uacanbuoit Gpopmyson Ca(Li2Al)Als(SieO18)(BO3)3(OH)sF (tabmuma 1), HO
oTnuyaercs or Hero otHomenueM Li*/AIR* B Y okrasapax u nanmumem kucnopoga B mosunuu V. OT
TUMOTETUYECKOr O OKCHJIMAJUKOATUTA Cc WJ1eaabHON bopmyon
Ca(Li15A11.5)Alg(SisO18)(BO3)3(OH)3(O) (rabmuia 2) HCCIEeIOBaHHBIH TypMaldH OTIHYACTCS
xapaktepoM 3aceieHHOCTH mno3unuid V u W n006aBOYHBIMH aHHOHAMM, W TJIABHBIM 00pa3zoM
npeobnananuem F~ B mo3unuu W. YcTaHOBIECHHBIE OTIUYUS XUMUYECKOTO COCTaBa TEMHO-3€JIEHOTO
TypMalliHa U3 MIETMAaTUTOBOM >kuiibl CaHTHIIEHCKOTO HAropbs, Kak OT QTOPIUAAUKOATHTA, TAK H OT
TUIIOTETHYECKOT0 OKCHWJIMJIIUKOATUTA TIO3BOJIAIOT paccMaTpuUBaTh €ro B KayecTBE HOBOTO
MUHEpaJIbHOrO0 BHJAA B TpyHIe TypMaluHa, uaeanbHas (opMmylia KOTOPOTO, COTIIACHO MPaBUIY
npeobnanaromero MuHaima  (3omortapeB, bBymax  1999), wumeer cueayrommii  BUA -
Ca(AlysLiis)Ale(SisO18)(BO3)3(OH20)(F) u monygaercst u3 nuaaukoaruTa mo cxeme: LiT + 20H =
ARt + 207,

3onanvnvlie mypmanunet W3 TErMaTUTOBON Kuibl CaHTUIEHCKOTO HAaropbsi SIBJISIOTCS
YHUKAJIbHBIMH [0 CBOEMY XHMHYECKOMY COCTaBy. Bapuamum cocraBa 30HAIbHBIX KPUCTAJIOB
TypMaJIiHa U3 YHIOKOHTAaKTOBOM YaCTH METMAaTUTOBOM KHJIbI CBUIECTEIHCTBYIOT O PE3KOM H3MEHEHUHU
XUMHYECKON 0OCTaHOBKH B MpoIlecce X 00pa3oBaHus. ITO CKa3bIBa€TCA B OCHOBHOM Ha YMEHbBIICHUU
CcOZIep/KaHUs MarHus B OKTadapuueckoit Y mosurmu: Mg? «Fe?*, 2Mg?" «Li* + AP u Mg?" + OH™ «
AP + 0%,

[TpomMexyTodHast 30Ha 3€JICHOTO IBeTa B KpucTayuie Typmainuaa (oop. TC-697, tadmmma 20) B
COOTBETCTBUH C MPABUIIOM JOMUHHPYIOIIEH BAICHTHOCTH JIOJKHA PACCMATPUBATHCS KaK KaJIbITUEBBIH
a”asor mepna. Mcxons u3 dopmynsl ans odpasua Z-2 (tabnuua 20), 3eJIeHblil TypMalllH, COTJIACHO
ATOMY MPABUILY, MOKET OBITh OTHECEH K KAJIBIIUEBOMY aHAJIOTY OJICHUTA. 30HA OJIeIHO-3€JICHOT0 11BETa
B 2TOM JKe KpHCTaIlIe TypMadiHa XapaKTepu3yeTcs MPUMepHO paBHBIM KonmmuectBoM Mg?*, A1%*, Fe?*
u Li* B Y nmo3unuu. CyiiecTByromye npaBujia HE JAIOT YETKUX PEKOMEHIAUUM ISl ONpeaeieHus

BHUJIOBOH MNPUHAAJICIKHOCTHU TypMaJIMHA B TAKUX CJIIOXKHBIX ClIydasX.



43

IIpu mepexone Kk KpacBOM TEMHO-3€JIEHOM 30HE 30HAJIbHBIX KPUCTAJUIOB, B IIEPBYI0 OYEPEIb,
(buKCUpPYIOTCS BapUallMK COAEPKaHMsI JKeJle3a M TUTaHa, a TAK)KE KaJbIMsl U HAaTpus (PUCYHOK 6), 4TO
yKa3bIBAET Ha PE3KYI0 CMEHY XMMHUYECKON 00CTaHOBKM MUHEPAI000pa30BaHusl U, BUMMO, Ha I1EpEPHIB

BO Bpemenu oOpazoBanus (Kysnerosa u np. 2011).
0.8

0
0.1

0
0.12

ATOMHOE KOJIMHECTBO

Howmep 30Hb1

Pucynok 6. Bapuanuu XuMU4ecKOTro COCTaBa 30HAIBHBIX
KpucTalioB TypMmanuHa. 3oHbl: (1) — xenras; (2) — 6neqHo-
3eneHast; (3) — 3enenas; (4) — TeMHO-3€JIeHas.

B 1enoM 3 BapuaIuii cOCTaBa 30HANBHBIX KPUCTAJIOB TypManuHa B oTHomeHnn Mg?*, AR,
Li* u Fe?" cnenyer, 4o B mpoliecce UX pocTa JOCTATOYHO PE3KO MEHsIACh XUMHUYECKas 06CTaHOBKA.
CooTHolIeHNE ke KaJIbLUSA U HATPUSl OCTAeTCs TOCTaTOYHO OJIM3KMM Ha MPOTSHKEHUH BCEro Mpoliecca
MUHEepanooOpa3oBaHus. JKenras 30Ha MOCTETIEHHO CMEHSAETCS OJIETHO-3€JICHON U 3€JIEHOH, MPU STOM
PE3KO yMEHBIIIAETCsI KOJMYECTBO MAarHus, BO3pacTaeT COJEp)KaHHE >Kele3a W aJlOMHHHA. TeMHO -
3eNeHasi KpaeBasi 30Ha KPUCTAIOB TypMalliHA XapaKTePU3YeTCs BHICOKUMHU KOJIMYECTBAMH ATFOMUHUS
Y JTUTHSL. DBOIOLNS XUMUYECKOTO COCTaBa 30HAIBHBIX KPUCTAJUIOB TYpMaTHHA U3 TErMaTUTOBOM JKUJIBI
CYIIECTBEHHBIM 00pa3oM KacaeTcsi B OCHOBHOM 3acCelIEHHOCTH OKTa’Jpuyeckod mosunuu Y. Takoe
M3MEHEHHE COCTaBa OMpeeNseTcs 3aMeHol dacTh Marmus kenesom (Mg = Fe?') u ocobeHHO

3aMelleHeM MarHus IUTHeM U amomuaneM (2Mg?* = Lit + A13" u Mg?* + OH = AI** + 0?).
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3.4. 3aka0unuTeIbHbIC 3aMeYaHUA

VYcTaHOBIEHHBIE PaA3IM4YUsl XUMHYECKOIO COCTaBa TYPMAJWHOB M3 LEHTPAJbHOM U U3
OHJIOKOHTAKTOBOM 30H JAHHOW NE€rMaTUTOBOM IKWIIbI OTPaXKalOT HEOJWHAKOBBIE YCIIOBHUS
dbopMHpPOBaHUS  COOTBETCTBYIOIIMX  MHHEPATbHBIX  accomwanuid.  JKenTelid  TypMaiuH,
BCTPEYAIOLIMICA B AacCCOLMALMM C KBapUEM, CKalOJUTOM, KaJIMEBBIM IIOJEBBIM IINATOM U
CIIOAYMEHOM, pACHPOCTPAHEHHOW B LEHTPAJbHOW YacCTU OCHOBHOIO IKUJBHOIO Teja,
XapaKTepu3yeTcsi JOCTATOYHO TOCTOSHHBIM XHUMHYECKUM COCTAaBOM M OTCYTCTBUEM SIBHOU
30HAIBHOCTH. OH OTIMYAETCs MOHMKCHHBIM cofiepkanreM Al u BbicokuM coaepxkannem Mg, Ca,
Li, 4TO COOTBETCTBYET OCHOBHBIM OCOOCHHOCTSM XHMHUUYECKOTO COCTaBa JaHHOTO MHUHEPAIBHOTO
KOMILJIEKCa, KPUCTAJIJIM30BABIIETOCS HA paHHEH MarMaTU4eCKOM CTaluy IPU MAaKCUMaJIbHO BBICOKUX
3HAYEHUSIX TEMIIEPATYphl U JIaBJICHUS.

TypmanuH ¢ mnomnepeyHoM IBETOBOW M XUMHUYECKOH 30HAJIBHOCTBIO (MEIOBO-)KEITas
[EHTpalibHas 4acTh U OJHA WJIU HECKOJbKO MepuEepUiHBIX 30H PA3IUYHBIX OTTEHKOB 3€JIEHOTO
[[BETA) - BCTPEUACTCS TOJHKO B MAJOMOIIHON YHIOKOHTAKTOBOI 30HE OCHOBHOIO >KHJIBHOTO Tela.
3HauMMble BapuUalMyd COCTaBa 30HAJbHBIX KPUCTAUIOB TypMajliHAa M3 3HIOKOHTAKTOBOW 30HBI
CBUJICTEIILCTBYIOT O PE3KOM H  OBICTPOM H3MEHEHHU XHUMHYECKOTO COCTaBa  CpPEabl
MUHEPAJIO00pa30BaHUs B OTHOIICHWW MAarHUs, JKeje3a, JUTUS M alllOMHHUsA. B 3Toi 30HE - Ha
rpaHUIle BHEAPUBILETOCS paciljiaBa U BMEILIAOUIEH Cpelibl - Ha U3MEHEHHUE COCTaBa KPUCTAJUIU3YIO-
Hierocsi TypMajanHa MOTJIM OKas3aTh BO3JEHUCTBHUE cleayronie GpakTopsl: a) 6oaee pe3koe CHUKEHUE
TeMIIepaTypbl KPUCTAJIN3AINH, YeM BO BHYTPEHHEHW YaCTH XKUJIbI; 0) OTHOCUTENIbHOE 00OTralleHne
MEerMAaTUTOBOTO paciijlaBa B MPU KOHTAKTE BOW 30HE IIEJIOYHBIMU 3JIEMEHTamMu U Al B CBA3U C
SABJICHHEM OTPaKEHHOMN IIEJIOYHOCTH; B) B3aUMOJIEHCTBHE MarMaTOT€HHOI0, 000TraneHHOro 60poM
dronaa ¢ pacTBOpaMu, IUPKYIHPYIOMIUME BO BMematomux noponaax (Kysuenosa u ap. 2011).

[IpoBenenHoe Hccae0BaHNE TYPMATIMHOB U3 TTETMAaTUTOBOM s MTbl CaHTMIICHCKOTO HArOpbst
CO CKaIllOJUTOM CBHUJETEIHCTBYET O HEOOBIYHOCTH MX XHMHYECKOTO W MHUHEPAJIBLHOTO COCTaBa.
[TonyueHHble pe3ynbTaThl YKa3bIBAlOT Ha CHEMU(PUYECKUE U pe3KUe TMEepPEeMEHHbIE YCIOBUS
MUHEPaTo00pa3oBaHUs W TO3BOJAIOT CUMUTATh JAHHYH JKHIY HCKIIOUUTENIBHO HHTEPECHBIM

MUHCPAJIOTUICCKUM 00BEKTOM.
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4. OcobeHHOCTH OJIMKHero mopsiaka B Li-Al - rypmanunax ¢
pa3auuHbIM cooTHomennem Na*/Ca?*

CBsi3p MeXIy AaJbHUM (KpUCTalUIM4ecKas CTPYKTypa) M OJMKHUM (aTOMHBIE KJacTephbl)
HopsIKaMK B TypMaiuHax Imupoko oocyxkmaaercs (Bosi 2011; Scogby et al. 2012; Bepemjarua u ap.
2014; Bosi et al. 2016; Bosi 2018).

Metoabl  KOJIEOATENbHOM  CIIEKTPOCKOMHMM  TO3BOJISIIOT  MOJIYYUTHh  JOHOJHHUTEIbHYIO
UHPOPMALIMIO O JIOKAJHbHOM KaTHOHHOM oOkpyxkeHun OH™ - HOHOB (puCYHOK 7), HaXOASIIUXCS B
nosunusax V u W B crpykrype typmanuna (Gebert, Zemann 1965; Nikolskaya, Samoylovich 1977;
Kuzmin et al. 1979; Henry, Guidotti 1985; Gonzalez - Carreno et al. 1988; Mashkovtsev, Lebedev 1991;
Castaneda et al. 2000; Skogby et al. 2012; Fantini et al. 2013; Bosi et al. 2016; Watenphul et al. 2016;
Bronzova et al. 2019).

K coxanenuio, B BBINOJHEHHBIX K HacTosimemy Bpemenun WK — ucciemoBanumsix Li-Al —
TypMaJuHOB (Tabnuua 23) HET €JUHOr0 MHEHHs [0 COOTHECEHHUIO IOJIOC IMOIJIONIEHUs B 00jacTu
BaneHTHHIX Kosiebanuit OH™ - rpymm (3800-3000 M) ¢ onpeneneHHBIMU KATHOHHBIME TPYHITHPOBKAMH.
B GonpmmHcTBe mydnukanuid, nocssimeHHbIX MK - ciekTpockonu4eckum ucciae1oBaHusaM b0anTa, B
ToM umcie coxepxantero Ca?* (Gonzalez-Carreno et al. 1988; Castaneda et al. 2000; Skogby et al. 2012;
Fantini et al. 2013), momochl BaJeHTHBIX KOJICOAHHWI HOHA THAPOKCHIA COOTHECEHBI, KakK OBLIO
npeuioskeHo B pabote (Gonzalez - Carreno et al. 1988), ¢ Tpemst rpynmupoBkamu (KjiacTepamm):
Y(LIAIAI) — Y(OH), "Li“AlAl - Y(OH"), YAI“AI?Al — Y(OH"). TTono6HbIE COOTHECEHHS HEMb3s CUMTATh
OKOHYATeJIbHBIMH, TaK KaK KOMOMHAIMS 3THX I'PYMNIUPOBOK B JIOOBIX COOTHOUICHUSAX HE MO3BOJIET
TIOMy4HTh COCTABhI, COOTBETCTBYIOIIME dMb6auTy (¢ cooTHomenneM Li*/AIR* B Y okTasape 6mmskum k
eaunuie). Mamkosues u Jlebenes (1991) nonbiTanuck pemuTh JaHHYIO POOJIEMY CMECTUB IPaHUILY
MEXy BBICOKOYACTOTHOM M HU3kouacToTHOU UK - obmactamu (Tabnuma 23), 4To MO3BOJIUIIO YUECTh
ele oHy KoopAuHamuonHyo rpymmupoBky '(LiLiAl) — W(OH") Bokpyr OH™ - rpynm B W - mosumun.
Hekoropeimu aBTopamu (Gonzalez-Carreno et al. 1988, Fantini et al. 2013, Bosi et al. 2016) 0Obu1a
c/leflaHa MOMbITKa yuecTh BausiHue Ha MK - criekTpbl TypMaauHOB (B TOM YHUCIIE 3JIOAUTOB) HE TOJIBKO
oktadapudeckux KatuoHoB (OH™ - HOHBI mepBOil KOOPIMHUPOBAHHOW cdepbl), HO W KATHOHOB U
BakaHcuid B X - mo3utuu (OH - HOHBI BTOPOI KOOPIMHAITMOHHOMN Cdephl).

Ckor6u c coasropamu (2012) mpemioXuiau y4UTHIBaTh CTaOMJIBHOCTh KOOPAMHAIIMOHHBIX
rpynnupoBok Bokpyr nozutmid W u V (kracmepos 3Y — W u (Y + 2Z) — V; pucyHok 7), momy4eHHYIO
pacueTHBIM IIyTEM C IPUMEHEHHEM TeOPHH BalleHTHBIX ycunuit (XoTopHoM (1996, 2002) u bo3u (2011,
2018)), mns yayumenus cootHecerust mojoc B MK-cmektpax Typmanuua. ITpemroxxennas Ckorou

MOZCIIb COOTHCCCHUS MPEANOJIaract JIOKAJIbHBIH MOopsIAOK B W - IIO3UIIHNH, CBSI3aHHBIM C HaJIU4YUEM



46

TIPUCYTCTBYIOIIMX B ONpeeNeHHOM COOTHOIeHHH nBYX Knactepos '(LIAIAL) — W(OHY), Y(LiLiAl) —
W(F"). Taxoii moaxo Ho3BOISET OMydnTh cootHomernue Lit/AI¥ B Y okrasape 61m3Koe K eAMHHIIE, HO
TIPOTHBOPEUNT TEOPHH BATEHTHBIX YCHIIHIA, COTTIACHO KOTOPOil yCTOHUMBOCTh rpymmupoBok '(LiLiAl)
—W(F)m Y(LiLiAl) — Y(OH") 6:mu3ka (Hawthorne 2002), uto He IIO3BOJISET OTAATH HPENOUTEHHE OHON
U3 HHUX. B 1enoM, MpUXOIUTCS KOHCTaTUPOBATh, YTO JIOCTOBEPHOH MOJICNIM COOTHECEHHS MOJI0C
nornomenns B UK-cnexrpax Li-Al — rypmanunos (Li*/AP* = 1) B o6macTn BaneHTHBIX Konebannii OH"
- HOHOB B HACTOSIIEE BPEMs HE CYIIIECTBYET.

OCHOBHOI1 11€J1bIO IIPOBOIIMOTO MCCIICIOBAHUS SBISIETCS M3y4eHue OnmmkHero nopsiaka B Li-Al-
(OH', F) — typmanunax ¢ cootnomenuem '[Li*/AIP*] = 1, koTOpslii He NPOTUBOPEUHUT AATBHEMY
HOPSIIKY U KOHTPOJHMPYETCS TEOPUEH BaICHTHBIX ycuinid. KOHKpeTHBIC 3aaui 3TOr0 MCCIIe0BaHUS
BrIroYay: (1) yrodyHeHue cTabuIbHOCTH aTOMHOTO KOOPAWHAIIMOHHOTO OKpYyx)eHust W- 1 V - O3HIIHiA,
3aceneHnbIX nonamu OH, F i O%; (2) npennoskeHne eMHOM MOJIENM COOTHECEHHS OJI0C TTOTIIONIEHHS
B oOmacTH BasieHTHBIX Konebanuii OH - nona B K - criekTpax nccinej0BaHHBIX TYPMAJIMHOB C y4ETOM
KaK [EPBOii, TaK U BTOPO# KOOPAMHAIIMOHHBIX chep; (3) onpeaesieHre THIIOB KJIaCTEPHBIX IPYMITUPOBOK
Bokpyr no3utuii W u V (noust OH 1 F), ux cooTHOMICHHE U 0OCOOCHHOCTH pacipe/IeICHUs B CTPYKTYpe

uccienyembix Typmanusos (Bronzova et al. 2019).

Pucynox 7. Koopaunannonnoe okpyxenue nozuiuit W u V B
CTPYKTyp€ TypMaJHHA.
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Ta6muia 23. BapradTsl COOTHECEHHS TIOJIOC BAICHTHBIX Kosebanuiit OH™ - nona
(cm¥) B MK — cniextpax Ca?* - conepsxamux Li-Al - TypMaiMHOB ¢ KOOpAHHAIIHOHHBIMH
OKTa3IpUYECCKUMU TPYIITUPOBKAMH (TI0 IUTEPATYPHBIM JTAHHBIM).

HurepBabl ITopomox MoHokpucTaLI
BAJICHTHBIX Castaneda .
Komebanmii Gonzalez et al. 1988 Mashkovtsev, Lebedev et al. 2000 Sklogby et Fa:ntml et
(o) 1991 (Soipy | 2012 | al 2013
Y(LIAIAL
—W(OH) Y(LiAIAI)
Y(LIAIAI (3680) | Y(LiLiAl) | Y(LiLiAl) — | —W(©OH)/ | "(LIAIAI) Xpak—
3680-3641 —WOH) | Y(LIAIAI) | —Y(OH) W(OH) Y(AIAIAL) | —W(OH) W(OH)
(3650) 1 —W(OH) (3652) (3652) —W(OH) (3657) (3660)
(3651) (3647-
3641)
YLiZAZAI- Y(LiLiAl) —
V(OH) W(OH) /
(3604) _ Y(LIAIAl — | "LI*AFAI- _
YLiZAIZAI- Y(LiAIAI) W(OH) VOH)/ | "LIPAPAL | YLiZARAI-
3604-3580 | vioH) | vizaral- | “Y(OH) | (310) | YAFAFAI | —Y(OH) | Y(OH)
(3583) V(OH) (3580) Y(LiAIAI) — —V(OH) (3586) (3593)
(3586) W(OH) (3582-
(3584) 3580)
YAIFAIPAI YLiZAIZAl— XNa—Y(OH)
—V(OH) V(OH)/ (3566)
TAFAPAL [ (3507) | TLIFAFAL L vazaRAL | YLIPARAI-
—(OH)Y | YARAFZAl _ Y(OH) V(OH)/ YAPAFAL | ypZARAL-
(3464) —V(OH) V(OH) (3506) YAIZAIFAI | —Y(OH) V(OH)
3566-3457 3473) | (3460) | viizapal. | —Y(OH) | (3475) (3481)
V(OH)/ (3460-
YA|ZA|ZA|_ 3457)
Y(OH)
(3462)
0O3-H...05 | O3-H...05 03- 03-H...05 H.0 03-H...05 He omp.
3380-3170 (3335) (3340) H...05 (3380) (3340- (~3380)
(3380) 3170)
CaO. mace. % | 028 3.37 121 2.68 0.050.41 | ~0.29 0.29
1 - B ckobKax ykaszano nonoxenre OH™ - nona B UK-cniektpe.

4.1. CTabWIbHOCTH KOOPAUHAIIMOHHBIX ATOMHBIX TPYNIUPOBOK BOKPYr W -u V —
NO3ULMH (pacyeT ¢ UCNOJIb30BAHNEM TEOPUH BAJICHTHBIX YCUJINI)

AHanu3 ycTOHYMBOCTH KOOPJMHAIIMOHHBIX aTOMHBIX IPYIITUPOBOK (KIIACTEPOB) B CTPYKType Li
- Al — TypmamuaoB Bokpyr mosummit W 1 V [3Y-Y(OH", F, 0%) u (Y + 2Z)-/(OH")] 6511 BEIMONHEH HA
OCHOBE JIOKJIBHOTO OaslaHca BaJleHTHOCTeH 1Mo metoanke XoropHa (2002). Pacuer paccTosiHMIA KaTHOH-
annoH (Dij) mpoBoamiu o ypasuenuto (Brown 1981, 2002):

Dij = Ro - 0.37*In sjj, rne (2)
Sij - JIOKaJIbHBIC BaJICHTHBIC YCHIINS JUTS KaXKI0T0 KaTHOHA B KJIacTepe;

Ro - smnupuyeckuit napametp (Brown and Shannon 1973).
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BenuuuHy Sij pacCYMTBIBAIM UCXOs U3 I0JIM B KiacTepe karuona i (o1 1/3 mo 1), ero Banentaoctu (17
(Li) wmu 3" (Al)) u BanentHoct anmona j (1 (OH, F) wmmu 2° (O)), cobmrogas MpaBUiio CyMMEI
BanentHocted (Pauling 1929; Hawthorne 2002). B ciydae OH™ - HOHOB, Yy4acTBYIOIIMX B BOAOPOIHBIX
CBS34X, corylacHO XoTopHy (2002) npuHUMalIM CyMMY BaJE€HTHBIX ycuiaui paBHyro 1.05 e u 1.15 e qna
nozuimid W u V, cooTBeTcTBeHHO. 3HaUeHHE SYMITUPUIECKOro napamerpa Ro (tabauma 24) 1uis paccTostHUN
AI¥* — (0%, OH) u Li* — (O, OH") 6b11m B3sTH U3 cTaThu bpayna (Brown 1981), mus paccrosauii AlI¥*
—F u Li* — F u3 crareu XotopHua (2002).

Tabnuna 24. 3HadeHus mapaMeTPoB AJIsl pacueTa 1o YpaBHEHUIO (2) ISl MHTEPIPETALMH ITOTy4YSHHBIX

pE3YIILTATOB.
CB’B]’ RO rKaT + raﬂ
(Shannon 1976)

Li-O | 1.29 2.16
Li-OH 2.13

Li-F | 1.35 2.09

Al-O | 164 1.94
Al-OH 1.91

Al-F | 156 1.87

PamxupoBanue KiaacTepoB MO YCTOMYMBOCTH J€Niajldi Ha OCHOBAHUM Pa3HUIBI (A) MEXIy
pPACCUUTAHHBIM II0 YPAaBHEHUIO (2) PacCTOSIHWEM KaTHOH-aHUOH Dij M SMIMPHYECKUM pPacCTOSHUEM,
paBHBIM CyMME COOTBETCTBYIOLIMX 3(P(EKTUBHBIX HOHHBIX paauycoB (Shannon 1976). Ilpu stom
YUUTHIBAIM ~ BapHAOEIBHOCTh  OKCIIEPUMEHTAJIBHBIX MEKATOMHBIX PACCTOSHUA W pPE3yNbTaThI
npeamiecTByromux pador (Hawthorne 1996, 2002; Bosi 2011, 2018).

B kpucrannudeckoif cTpykType Typmanuna mosurus W, 3acenennas anmonamu OH, F, 0%,
KoopauHIpoBaHa Tpems YOs okTasapaMu, a mosurus V, 3acenensas annonamu OH™ u O% — neyms ZOs
u omauM YOg okTasapamu (pucyHok 7). CoorBercTBeHHO, B Li-Al — TypManuuax Bokpyr nozutun W
BO3MOYKHO JIBEHA/IATh KOOPAMHAIMOHHEIX KiacTepos: ' (LiLiLi) —W(OH-, F,, 0%), Y(LiLiAl) - W(OH",
F, 0%), Y(LIAIAI) — W(OH", F, 0%), Y(AIAIAI) — W(OH", F,, 0%). CornacHoO ITHTEpaTypHBIM JaHHBIM
(Hawthorne 1996, 2002; Bosi 2011, 2018), u3 Hux cTabuabHbI Tobko mats: ' (LiLIAI) — W(OH', F),
Y(LIAIAI) —Y(OH", F) u Y(AIAIAI) — Y(0%). Bokpyr mo3urun V BO3MOKHBI 4ETHIPE KOOPAMHATMOHHBIX
knactepa: 'Li“Al?Al - V(OH, 0%) u YAI?AI“Al — Y(OH", 0%), u3 KOTOpBIX cTabmumbHE! TpH: ' LiZAlIZAl
—Y(OH), YAI“AI*Al —V(OH", O%) (Hawthorne 1996, 2002; Bosi 2011, 2018).

Pe3ynbTaThl, BBIIOJHEHHBIX HaMM pacyeToB mo (opmyne (2) AIMH CBA3ed KaTHOH-aHUOH
(Tabmuria 25), XOpoIIo CoraacyroTcs ¢ TuTepaTypHbiMu ganasiMu (Hawthorne 2002). Pasuuia mexmay
COOTBETCTBYIOIMMHU paccTosHusMu He mnpesbimaer 0.05 A. Cyns mo pasmune mexay Dij u

SMIIMPUYCCKUMU PACCTOSAHUAMU, PABHBIMHU CYMME COOTBCTCTBYIOIIUX B(I)(I)GKTI/IBHBIX HOHHBIX paaAnyCOB
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(Shannon 1976), ananu3upyembie KOOPANHAIIMOHHBIE KJIACTEPhl PAHKHUPYIOTCS 110 CTETIEHU CTaOMITBHOCTH
CJIEAYIOLIMM 00pa3oM.

Bokpyr nosunmn W: Y(LIAIAI) —W(OH, F) >> Y(LiLiAl) - Y(OH", F) = Y(AIAIAl) —=Y(OH", F
, 0%) >> Y(LiLiLi) - W(OH", F,, 0%), "(LiAIAl) - W(0?%) , Y(LiLiAl) - W(0%).

Boxkpyr nosumuu V: 'Li“AIAl-Y(OH") > YAI“AI“Al - Y(OH") > YAI?AI“Al - V(0%) >> YLiAlAl
_ V(0.

Tabmuia 25. XapakTepucTUKa yCTORYMBOCTH TPUAJl OKTadApoB, Koopauaupyrommx W -u V —
no3uin B Li-Al — Typmaninax.

Dij, A 1 WA, A B Dij, A WA, A Dij, A WA, A
Cocras Tpuajg
OKTA3/IpoB Annon B W- nosuuun
OH1.05— Fl.O— OZ—
1 3Lt 1.85 -0.28 1.77 -0.32 161 -0.55
(1.78) 3 0.38) | (L.71) | (0.38) | (152) | (0.64)
DAL 1.95 0.04 1.86 -0.01 171 -0.23
) (1.95) 0.01) | (1.87) | (0) (1.71) | (0.23)
Lit 2.17 0.04 2.09 0 1.92 -0.24
(2.20) 0.07) | (213) | (0.04) | (1.73) | (0.43)
AP 1.82 -0.09 1.73 -0.14 1.58 -0.36
, (1.81) 0,13) | (1.73) | (0.14) | (1.55) | (0.39)
oLt 2.04 -0.09 1.96 -0.13 181 -0.35
(2.02) 0.14) | (1.95) | (014) | (1.73) | (0.43)
4 AR 2.04 0.13 1.96 0.09 1.80 -0.14
(2.07) (0.16) | (1.98) | (0.11) | (1.78) | (0.16)
AHHOH B V - mo3unun
Cocras Tpuaj DA | VAA D, A ‘ VA, A
OKTaYIPOB OH> o*
Li* 2.14 0.01 1.92 -0.24
(2.13) 0) (1.87) (0.29)
> DAL 1.91 0 1.71 -0.23
(1.92) (0.02) (1.68) (0.23)
AP 2.01 0.10 1.80 -0.14
6 (2.03) (0.12) (1.78) (0.13)
OAIP 2.01 0.10 1.80 -0.14
(2.03) (0.12) (1.78) (0.13)
! - Dij pacuérHble pacCTOSHMS KAaTUOH-aHUOH; % - A pa3HuIa Mexy Dij
U OMIUPUYCCKAM  PACCTOSHHEM, paBHBIM CyMME COOTBETCTBYIOIIHX
5>()(eKTHBHBIX HOHHBIX paauycoB (Tabmuua 24) (Shannon 1976); 3 - B ckoOkax
NpPUBE/ICHBI PAcCTOSHUS, paccuuTaHHble B pabore (Hawthorne 2002) wu
COOTBETCTBYIOIIUE UM A.

TakuM 06pa3oM, TI0 Pe3y IbTaTaM HAIIINX PacyeToB, CTETIeHb CTa0MIpHOCTH Kiactepos Y (LiLiAl)
—W(OH, F) u "(AIAIAI) — Y(OH", F, O%) 6nm3Ka U IpU 3TOM CYIIECTBEHHO MEHBIIE, YeM KIIACTEPOB
Y(LiAIAl) — W(OH", F) (Bronzova et al. 2019). Dto He cornacyercs ¢ JAHHBIMU TPE/IIIECTBEHHUKOB
(Hawthorne 1996, 2002; Bosi 2011, 2018), xotopsle cuntanu, uto knacreps ' (LiLiAl) — W(OH", F) u
Y(AIAIAL) — W(0?) crabumsapivu, a kmactepsl '(AIAIAI) — W(OH,, F) — nme crabunsasivu. Ilo
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pe3ysibTaTaM BBIOJHEHHBIX PacyeToB, TPYMITUPOBKH, KOOpAWHHpYIomue mnosuiwio W, cremyer
paz6uth Ha Tpu rpymnsl: crabuaeable Y(LIAIAI) — W(OH, F); Haxoasmuecs Ha rpaHHIIe CTA0HIBHOCTH
Y(LiLiAl) — Y(OH", F), "(AIAIAl) — Y(OH", F, 0%) u Hecrabmmsrbie '(LiLiLi) — W(OH", F, 0%),
Y(LIAIAI) — Y(0%), Y(LiLiAl) — W(O?%). Pe3ynbTaThl OLEHKH CTAGMILHOCTH TIPYHIIHPOBOK BOKPYT
no3unuu V Xoporio cornacyrotes ¢ npeamectsyronmmu (Hawthorne 1996, 2002; Bosi 2011, 2018):
kiactepsl YLiZAIPAlI-Y(OH), YAI?AIZAl - V(OHY), YAI“AIAl —V(0?%) — crabunbabl, Knactep ' LiZAIZAl

—V(0?%) — ne crabunes.

4.2. YTOYHeHHE JIOKAJIbHOI0 KOOPAUHALIMOHHOT0 OKPYxkeHusi BOKpYr OH — nonos
(mo nannubIM UK - cCIeKTPOCKONUYECKOT0 MCCIe0BAHNS)

4.2.1. Xapaxkrepuctuka UK-cnekTpon

Jns ananuza xkoopauHanmoHHOro okpyxkeHuss OH™ — nonoB merogom UK - crnextpockomnuu
6611 BEIOpanBI ABa Li-Al — Typmanuna (tabmuma 26) ¢ 61u3KuM K euHnIe cooTHomenueM | [Lit/AIR]
(1.08 1 1.22 st 06pasioB 1, 2, COOTBETCTBEHHO) U pa3IM4HbIM cooTHomenreM Na*/Ca?* B X - mo3umun
(3.09 u 0.38 juis 06pasuos 1, 2, coorBercTBenH0). O6oramenusii Na* rypmanun (ob6pasery 1) — sns6ant
M3 MHApOJIOBBIX lerMaTuToB Bocrounoro IMamupa (06p. T-17, Tabmumua I12.1). O6oramennsiii Ca®* Li-
Al-typmanun (obpazenr 2) — 3to ¢dparment kpuctamwia (2V = () u3 mermatutoB L[eHTpasgbHOTO
3abaiikanbs (00p. 3b/2b, Tabmuma I12.2). Pe3ynbraThl yTOUHEHHMsS CTPYKTYp ATHX TYPMaJIMHOB
npeacrasiensl B Tabnmunax I13.1, I13.4, T14.1, T14.4. B ciyuae o6oramensoro Na* rypmanuna (o0paserr

1) ObLIM JIOKATU30BAaHBI aTOMBI BOJI0pOAa BOIM3K no3uiun V (Tabnuia 26) (Bronzova et al. 2019).

Tabnuua 26. XapakTepucTHKa UCCIEJOBAHHBIX TYpMaJIMHOB 10 JaHHBIM PCA.

Ko3¢gdunmeHTsl B KPHCTAIOXMMHUYECKHX (hopMyaax ®° 2
Typmaaun Xo-1Y3Z6[SisO18][BO3]3VzW HcTouHuK
X Y Z V w
OGoram. Na _ 14.9 | Rozhdestven
1 NaoesCaozz| lo1o | LirseAlias | AlsgaMn3g1g OHs OHo.e4F0.36 skaya et al.
(o0p. 1) 2005
Oﬁoram. Ca C30.55N30,25:o_1o Li1,65A|1,35 Als (OH) 0 OHo,4oF0,50 HE Shtukenberg
(06p. 2)* 275025 omp. | etal. 2007
1 o6pasusr: 1 — 06p. T-17 (tabnuua I12.1), 2 — 06p. 35/2B (Tabnuna I12.2); 2 - @° yroa Mexy
BekTopoM O3-H™ 1 ockio €. CocTaBbl MO3UIHIA B CTPYKTYpE 00pa3ia 2 YTOYHEHBI 10 JaHHBIM
XUMHUYCCKUX aHAJIIN30B C YYCTOM JIOKAJIBHOT'O OajtaHca BaJIEHTHOCTEN.

Ob6ocawennwii Na* mypmanun (Na*/Ca?* = 3.09). B MK-crekTpe NOPONIIKOBOH MPOOHI

oboramennoro Na“ typmanuna (o6p. 1, Tabmunma 26) B 00IacTH BaleHTHBIX KoleOaHWil HOHA
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ruapokcuna (3800-3000 cmb), kak u B paborax (Gonzalez - Carreno et al. 1988; Mashkovtsev, Lebedev
1991; Tabmuma 23), HaOMOJAIOTCS YETHIPE MOJIOCH (PUCYHOK 8a, Tabmuma 27): ogHa — criabou
nHTeHCHBHOCTH (3652-3650 cM1) 1 ZIBe BEICOKOMHTEHCHBHBIE aCHMMETPHUHbIE Goliee mupokue (3587-
3580 u 3469-3460 cm'); yeTBepTas Mago MHTEHCHBHAs mHUpokas monoca (3380-3297 cml) otHOCHTCS
K 00JIaCTH BaJICHTHBIX KOJIEOAHUN THIPOKCUIT - HOHOB, YUYaCTBYIOIIMX B BOJOPOJHBIX CBs35X. B criekTpe
noponikoBoi mpo0Osl B padote (Castaneda et al. 2000) Takxe HaOIIOIAIOTCS aHAIOTUYHbBIC 4 JIMHUH, HO
camasl BEICOKOYACTOTHAS - cMeleHa Ha 5-9 cm!” B HU3KoyacTOTHYI0 061acTh. CHEKTp, HOTyUeHHEIH OT
MOHOKPHUCTAJIJINYECKON IUIACTUHKH, BBIPE3aHHON NEPIEHIUKYJISIPHO OCH C, B TOM K€ 00JacTH IpH
BEKTOPE MOJISIPH30BAaHHOTO HH(ppaKkpacHoro usnydenus E, mapamiensHom ocu € (y = 0°), mpakTUIecKu
AQHAJIOTHYEH CIEKTPY OT MOpOoIIKa. ENMHCTBEHHOE pa3nuyue — MOsBICHHE JBYX CJaObIX IOJIOC B
BBICOKOYACTOTHOH obmacTu (3728, 3676 cm'). Baxkuo ormeTuts, uto B MK - criekTpax, momydeHHBIX
aHaJIOTHYHBIM ITyTeM B pabotax (Skogby et al. 2012; Fantini et al. 2013) 3Ti nonocs! orcyrcTBYyI0T. B
pabote (Skogby et al. 2012) ciekTp MOTHOCTHIO aHAJIOTHYEH MOPOIIKOBOMY, a B pabote (Fantini et al.
2013) nosBnseTcs AOMONTHATENbHAS OT0ca 3566 cM™.

B UK — cmekrpe, MOJy4eHHOM OT MOHOKPHUCTAUIMYECKOM IIaCTUHKH, oGoramenuoro Na'
TypMaJliHa, BEIPE3aHHOW MapauiebHo C, B 007aCcTH KOJICOAaHNH THAPOKCHII HOHA TpH yrie ¥ ot 0° 1o
30° mposiemiocs ot 10 10 12 monoc (pucynok 86, Tabmuma 27). Yersipe u3 Hux (l2, la, ls, Is)
MPUCYTCTBYIOT BO BCEX CIEKTPAX, MOTYUYEHHBIX 0€3 pa3ioKeHUs Ha COCTABIISIONINE (B IajbHEHIIeM 3TH
MOJIOCKI OyJieM Ha3bIBaTh OCHOBHBIMHU ). [Ipu 3TOM MOJI0’KEHHE CaMbIX BBICOKOYACTOTHBIX MOJIOC lpax 1 11
OJIM3KM K TIOJNOXKEHUIO JBYX cCla0bIx, mnposiBuBmmxcs B WK - cmekTpe, TOTyd4eHHOM OT
MOHOKPHCTAJTHYECKON TIJIACTUHKHU, BBIPE3aHHON MEPIEHAMKYISIPHO ocu C. B obmactu BasieHTHBIX
KoJIe0aHUM TUAPOKCUI - HOHOB, YYaCTBYIOIINX B BOJOPOIHBIX CBSI35X, YMCIIO MOJIOC BApbUPYET OT 2 10
4.

Ob6oeawennvii Ca** mypmanun (Na*/Ca?* = 0.38). MK - cmektpsl oGoramenHoro CaZt
TypManuHa (00p. 2, Tabnuua 26) oueHp OMU3KM K cnekTpam oOpasua 1 (pucyHok 9, tabmuua 28 u
pucyHok 8 a, 0, Tabnuma 27, COOTBETCTBEHHO), YTO OOYCIOBIEHO ONH30CTBIO B Y- OKTa’ape
cootHomenus Li*/AIP* B uccneopannbIx MuHepanax (Taénmuma 26), TO €CTh MPAKTHUECKH HACHTHYHBIM
KOOPAMHAIMOHHBIM OKpykenreM OH - nonoB. B crexrtpe moporka, oboramienroro Ca?* typmanuna
(06p. 2, prcyHOK 9a), Kak u B criekTpe oboramennoro Na“ Typmanuna, MpUCyTCTBYIOT M0JI0CkL: 3657-
3651, 3586-3584, 3475-3462 (cMmemieHa B BRICOKOYACTOTHYIO 00nacTh), 3340-3268 oMt (cmemieHa B
HHU3KOYACTOTHYIO 00macth). Kak u B ciydae oboramiennoro Na* Typmanuna, moiaocer 3586-3584, 3475-
3462 cmt ACHMMETPUYHBI. J[OTIOJTHUTETLHO MPOSBIIIOTCS WHTEHCHBHBIC TOJIOCH! Toriomenus 3610-
3604, 3509-3506 u 3406 cm'". ITomocsr 3610-3604, 3509-3506 cm!” panee GbUTM 3aUKCHPOBAHEI HA

crextpax Ca?* - comepsxammx snp6autoB (com. CaO ~ 3 macc. %; (Gonzalez-Carreno et al. 1988;
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Mashkovtsev, Lebedev 1991), tabmuna 23). UK - crmektp OT MOHOKPHCTAUTMYECKOHW IIACTUHKH,

BBIPE3aHHOM MEPIEHIUKYISIPHO ocH C (Y = 0°), aHaloru4eH CueKTpy OT rnmopoiuika (Tadmura 28).
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Pucynok 8. ITpumepsr UK - ciekrpos oboramennoro Na* rypmanuna (o6paser 1): (a) mopomiok; (b)
MOHOKpHUCTaJUIn4YecKas miactuHka (y = 0°). O6o3Hauenus: 1 - sKcepuMeHTaIbHbIEC JaHHBIE; 2 —
Pa3HOCTHBIE KPHUBBIC, XaPaKTEPU3YIOIINE BEIUYUHY HEBA30K MEKIY IKCIIEPUMEHTATBHBIM U
anmnpoOKCUMHUPOBAHHBIM crieKTpaMu; O003HaueHNs MOJI0C BaJIEHTHBIX KOJIeOaHU HOHA THIPOKCHIIA
COOTBETCTBYIOT Tabmuie 27.

EnuncTBeHHOE pa3nuuue — MmosiBlieHHe, Kak U B oOpasiie 1, AByX C1a0bIX MOJIOC B BBICOKOYACTOTHOM
obmactu (3732, 3676 cmb).

B HK - cnekrpe, NOJy4eHHOM OT MOHOKPHUCTAJUIMYECKOM IUIACTHHKH, BBIPE3aHHOMU
napajuleJIbHO OCH C, B 00J1aCTH BaJICHTHBIX KOJIEOaHUM MOHA TUIPOKCUIIA IPY U3MEHEHuH yriaa y ot 0°
1o 30°, mposiBuiiock oT 10 1o 13 momnoc (pucyHok 96, Tabnura 28). I1onockl lgax-14, Is-110 (Tabmuma 28)
AQHAJIOTMYHBI TE€M, YTO MOJIYYEHBI B CHEKTPaX OT MOHOKPHUCTAUIMYECKOM MIaCTUHKHU oOpa3na 1 mpu y =

0°.
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Ta6muma 27. Ionoxerns (cMY) ¥ HHTerpaTbHbIe HHTEHCHBHOCTH MOJIOC BAJICHTHBIX KOJNCOaHH HOHA
rujipokcuia B K - criektpax TypmanuHa ¢ BeicokuM copepikanreM Na* (o6paserr 1) u ux oTHeceHHs
C JIOKaJbHBIMU KOOPJMHAIIMOHHBIMU TPYIIUPOBKAMHU.

CHUMBOJI MoHokpucTA/NINYECKAs IACTHHKA
JlokajibHOE OKpYKeHue
TOI0CHI Iopomok 2 Lc I " ¢ (Moxeasn 6, TaGauua 29)
(puCyHOK P Yroa y°! 5
8) 02 0 10 20 30
3728 3734 3708 3708 Y(LiLiAl) — Y(OH) —
lsax He onp. 3728 | s0)3 | 74 | @os) | @0.0) XBak

3668 | 3670 | 3676 | 3676
(194) | (282) | (30) | (2.2

3651 | 3650 | 3656 | 3656
(16.7) | (31.3) | (16.9) | (19.3)

3615 | 3614 | 3617 | 3616 | v 2pizal v
Is 3607 o1 379) | (608) | (102) | (136) LIFAFAL - (OH)

3583 3586 3590 3587

l1 He omp. 3676 ¢ Y(LiLiAl) — Y(OH)

1,5 3651 3650 ¢ Y(LIAIAI) - W(OH)

5 4 4 Y iZAIZAL - V

l4 3587 3586 073 | @48 | ©01) | (1023) LiZAlIZAl - V(OH)
I He o He 3539 3537 3536 3540 YLi%AIZAl - V(OH) —
Na P: omp. | (58.1) | (162.4) | (41.9) | (27.5) *Na

He 3502 | 3480 | 3495 | 3508
omp. | (70.9) | (79.9) | (65.5) | (55.3)

65 3469 3458 | 3460 | 3450 | 3468
6 (53.1) | (816) | (52.6) | (39.7)

He 3428 3424 3406 3435

I5 He omp. YAIZAIZAl- V(OH)

YAIZAIZAI- V(OH)

I7 Heomp. | oo | 67.3) | @92) | (189) | (679) O3-H...05
5 3385 | 3357 | 3356 | 3350 ]
Is 3297 3350 | 00 | oy | o | (aao) 03-H...05
Ho He | 3203 | 3219 | 3215
Io He onp. omp. | omp. | (138) | (123) | (10.9) O3-H...05
lo He orp. He He He 3081 3079 03-H.. 05

orp. omp. omp. (4.9 (3.4)
2

3nech 1 B Tabmuna 28: 1 - y — yros nonspusanuu; 2 - CIeKTphl IPEACTABIEHEI 0e3
pa3soKEHUs Ha KOMIIOHEHTHI, ° - B CKOOKax IIPEICTABIEHBI HHTEIPAIbHBIE
MHTEHCHBHOCTH II0JIOC; * — acCHMETpMYHBIE MOJIOCHI, ° - OCHOBHBIE MOJIOCHI,
npucyrctBytone Bo Bcex MK -cmektpax Li-Al — TypmanuHOB, B TOM dHCIe
MoJTydeHHbIe 0e3 pasnoxeHus (Tadbiuia 23).

OTnuune CreKTpoB oOpasia 2 OT CIEeKTpPOoB oOpasma 1 3akirodaeTcsi B OTCYTCTBUHU TOJIOC B
nuanasone 3540-3536 cm” (Ina pucyHOK 86, Tabnuia 27) 1 HOABJIEHUH MOJIOCH B Auanasone 3518-3508
e (Ica pucynoxk 96, Tabnuna 28). Kpome Toro, B 061acTi BaleHTHBIX KONEOAHUH MHIPOKCHI - HOHOB,
YYacTBYIOUIMX B BOJOPOJHBIX CBS3SIX, IMOJOCHI B CHEKTpax oOpas3na 2 cMmeleHbl B Oosee

HU3KOYAaCTOTHYIO 00JIaCTh.
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Pucynoxk 9. ITpumepst MK - ciektpo o6oramennoro Ca?* Typmanuna
(obpaser 2): (a) moporok; (b) MoHOKpHCTAITHYECKAs TUTACTHHKA (Y =
90°). O6o3HaueHus: |1 - SKCIEpUMEHTANIBHBIC JAHHBIC; 2 — Pa3HOCTHBIC
KpUBBIE, XapaKTEPU3YIOLIUE BETUUNHY HEBSI30K MEXKIY
AKCTIEPUMEHTAIHBIM U alllIPOKCUMHUPOBAHHBIM CIIEKTPaMHU.
O0603HaueHus MOJI0C BaJICHTHBIX KOJIEOaHUN NOHA THAPOKCHUIIA
COOTBETCTBYIOT Tabmuiie 28.

Takum o6paszom, B MK - cmektpax oboramennoro Na* u oboramensoro Ca** typmamunos
MOJIO)KEHUE TI0JIOC BaJEHTHBIX KojiebaHnuii noHa rujapokcuia (li-la, Is-lw), xoopanHHpOBaHHBIX
OKTa3pUYEeCKUMHU KaTHOHAMU M1EPBOM KOOPAMHALIMOHHOHN cepsl, Ou3ku. YdacTue B OanaHce 3apsiioB
KaTHOHOB M BaKaHCUN BTOPOW KOOPAMHAIIMOHHON Cephl, HaXOASAIMXCS B X — MO3ULIUH, IPUBOJHUT HE
TOJIBKO K CIABUTY M PACLICTJICHUIO IOJIOC MOTJIOIIEHHUS! Vo', COOTBETCTBYIOIIMX KaTHOHAM IEepBOU
KOOPJMHAIMOHHON cephl, HO U K MOSBICHUIO TOMOTHUTENBHBIX MOTOC: lpax = 3730-3710 cml™ (B
crekTpax o6p. 1, 2; pucynok 86, 96; Tabmuma 27, 28), Ina= 3540-3536 cm’ (B ciexTpe 06p. 1; prcyHOK
86, Tabmuma 27), 1ca=3518-3508 cMm” (B cmekTpe 06p. 2; pucyHok 96, Tabmmma 28) (Bronzova et al.
2019).
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Ta6muma 28. ITonoxerns (cMY) ¥ HHTErpanTbHbIe HHTEHCHBHOCTH MOJIOC BATICHTHBIX KOJIEOaHHi HOHA
runpokcuna B MK - crextpax o6oramiennoro Ca’* Typmanuna (o6pasels 2), 1 MX COOTHECEHHUS C
JIOKAJIbHBIMU KOOPIMHAIIMOHHBIMU TPYIITUPOBKAMH.

CumBon MOHOKPHCTALIHYECKAN ILIACTHHKA
OOCLI e I Ic JIokanbHOe OKpY:KeHHe
(pucymOK Topomok 2 v 5 (Monesb 6, Tadauna 29)
roJ Y
9) 02 0 10 25 30
3732 3735 3724 3724 | vy s w X
lsax He omp. 3732 (35)° (5.2) (72) (9.1) (LiLiAl) — W(OH) —*Baxk
3676 3672 3670 3674 -
4 Y, W
I1 He omp. 3676 (5.0) 6.0) | (18.0) | (15.0) (LiLiAl) — W(OH)
: 3654 | 3658 | 3654 | 3654 o T
I, 3657 357 | a5 | @0) | (110) | (160) (LiAIAl) - Y(OH)
3608 | 3608 | 3605 | 3609 i ZAZAl
I5 3606 397 | a0 | @20 | (160) | (580 LiZAIZAl - V(OH)
L 5 3594
4 . . |_@70) | 3582 | 3579 | 3579 W ZAIZAl LV
3586 3582 76 (680) | 090) | (98.) LiZAIZAl - Y(OH)
(67.0)
3509 3518 3510 3511 3510 | vy :zpa1zAp L V X
Ica 3511 (280) | (4L.0) | (750) | (66.0) Li“Al“Al - Y(OH) — *Ca
3490 | 3480 | 3470 | 3482 Y AZALZAY
Is He omp. He omp. (88.0) | (39.0) | (60.0) | (98.0) Al“AlAl- Y(OH)
5 4 3462 3456 3466 3471 Y ya Z _ V.
ls 3475 3471 (3L0) | (20.0) | 87.0) | (54.0) Al“AlI“Al- Y(OH)
3400 3397 3398
4 -
7 3406 3400 (51.0) 6.7) no (62.0) 03-H...05
5 3325 3324 3328 }
Is 3268 3297 He omp. 14.0) | 210) | (6.0) 0O3-H...05
w167 ?12%; 3190 | 3188 03-H...05
lg He omp. He omp. : (8.4) (9.1)
3176
(3.0) O3-H...05
10 He omp. He onp. | He omp. ?g%? ?50533 :(J’g%? 03-H...05

4.2.2. Moaem COOTHECEHUSI M0JI0C BATTEHTHBIX KOJICOAHUI THAPOKCHJI — HOHA

CooTHeceHue TMOJOC TIOTJIOMICHUS] BaJIGHTHBIX KOJEOAHW HOHOB THUApPOKCHIA (Vou') C

TPOUHBIMH TPYIITUPOBKAMH OKTAdIPHUECKUX KaTHOHOB, kKoopauHupytommmu OH™ - noast B W - V —
TIO3HUIUSX, TPOBOAMIH ¢ yueToM cTabumbHocTu 3Y — W(OHY) u (Y + 2Z) — V(OH") knactepos (Tabmuia
25), a Takke pe3ysbTaToB npemectyonmx MK - ciekTpockonnveckux uccieaoBanuii (tabmuia 23).
I[pu 3TOM coracHo mpeapayuM uccienoanusm (badymkuna u np. 1997; Marti’nez-Alonso et al.
2002; Bosi et al. 2012), npeamonarany, 9To 4acTOTa BAJIEHTHBIX KojebaHuii mostoc mormomienns OH™ -

HOHOB O6paTHO MponopuruoHajibHa CYMMC 3apsA0B KATUOHOB, KOOPAWUHUPYIOIIUX OH - TpYIIIBI. KpOMe
TOro, IpHUMAaJIUu BO BHUMaHHWEC BO3MOXHOCTE CJABUI'a U paCIICTIIICHUA ITOJIOC IMMOTTIOIICHUA VoH" B CBs3U

C y4aCcTucm B Oanance 3apsAaA0B KaTUOHOB BTOpOf/'I KOOpHHHaHHOHHOﬁ C(bCpBI, 3aCCIIAIOIINUX X -

TIO3HIIMIO, 9TO MOXKET HPUBOIMTH K 06pazoBanuio knactepos 3Y — V(OHY) — X u (Y+2Z) — Y(OH) - X.
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B pe3yibTaTe 6LIJII/I MOJIYYCHBI MOJCIIN COOTHCCCHUS IMOJIOC BAJICHTHBIX KOHCGaHI/Iﬁ TUAPOKCUIT
noHa. BeiOop MeXIy pa3mUYHBIMUA MOJEISIMH COOTHECEHHUsSI OBbLI CHIENaH IMOCIe CPaBHEHUS CPEIHHX
COCTaBOB OKTadApoB BOkpyr V- m W — mo3unuii, ocHOBbIBasich Ha naHHbIX MK - crektpockornuu u
PEHTIEHOCTPYKTYPHOTO aHaliM3a MOHOKPUCTAIOB. [Ipu pacuere 3aceleHHOCTH OKTadIpUYeCKUX

nosuiuii (mo manHeiM UK - crektpoB) MBI mpeamnosiaraiy, YTO COOTHOUIEHHME HOPMHPOBAaHHBIX
MHTETPaIbHBIX MHTEHCUBHOCTEH IOJIOC TOTJIOICHUS BAJICHTHBIX KOJe0aHHii Vo PaBHO COOTHOIICHHUIO

COOTBETCTBYIOIIMX THM TosocaM KinactepoB 3Y — W(OH") mmu (Y + 2Z) — V(OH). Yron Mexy ochio C
U TI0JIOCOW BaJICHTHBIX KOJEOAHWH THUIAPOKCHI MOHA (Yrosl ®) HCIOJB30BANICSA KaK JOMOIHUTEIbHBIN
Kputepuii BeiOopa Mmonenu. Ilpu onpenenenuu opuentaimu OH™ - CBSI3M y4WTBIBAIM, YTO MpPHU
HaNpaBJICHUU TOJSAPU30BAHHOTO MH(PAKpacHOTO u3iaydeHus E mapanensHO HalpaBIeHHIO BEKTOpa
OH™ - cBs3u (ecnmu yron y paBeH yriy ®), OTHOCHUTEIbHBIC MHTCHCHBHOCTH IIOJIOC IOTJIOMICHUS
BaJICHTHBIX KosieOanuii B MK - criekTpax gocTuraroT Makcumyma. [IpeanoureHne oTnaBaioch MOJICIN
COOTHECEHHsI C YIJIOM, 3HAa4eHHWE KOTOPOro ObUIO ONHM3KO K TMOJYyYEHHOMY IO JaHHBIM
PEHTTEHOCTPYKTYpHOTO HccienaoBanus (Bronzova et al. 2019).

Hamu 6but0 paccMoTpeHo 6 Mozenel cooTHeceHus mooc (Tabmuna 29), pa3ieneHHbIX Ha JIBE
rpymnbl: | rpynma (Mogenu 1-3) — OocHOBHBIE MOJIOCKI COOTHECEHBI coryacHo pabote (Mashkovtsev,
Lebedev 1991); Il rpynma (Moaenu 4-6) — OCHOBHBIC MTOJIOCHI COOTHECEHBI coriiacHo pabote (Gonzalez
- Carreno et al. 1988). BuyTpu rpyIi npeaioKeHHbIE MOJICIN OTINYAIHCH [T0 COOTHOIICHHIO KJIaCTEPOB

pa3JIHqHOI>'I CTaOMIILHOCTH U PACIIOJIOKCHHUEM TI'pPaHUIBI MCXKAY BBICOKO- M HH3KOYAaCTOTHBIMU

o0acTamu.

Tabnuua 29. Mojenu cooTHEeCeHHUs 0JI0C BAJIGHTHBIX KOJIeOaHUI MOHA THIPOKCUIIA B
Li-Al — rypmanunax (o6pasiipl 1, 2) ¢ KOOpIUHAIMOHHBIME TPYIIIAPOBKAMH
BOKpyr OH™ - nona B W - u V — nozunusix.

IMoaoca Mopeau
(pucyHox | epynna Il zpynna
8,9) 1 | 2 | 3 4 | 5 | 6
|Ba|< Y(LlLlAl) - W(OH) —XBaK
Y(LILIAD — | Y(LILIAD - | v, ., - W Yor s W Y(LiLiAl) — Y(LiLiAl) —
l1 Y W(OH) Y W(OH) (LiLiAl) — W(OH) (LiLiAl) — W(OH) Y W(OH) W(OH)
(LiLiAl) — | Y(LiLIAD) = | v/, ;- W Y ar W (LiAIAl) - Y(LIiAIAl) -
12 Y W(OH) Y W(OH) (LiLiAl) — W(OH) (LiLiAl) — W(OH) W(OH) Y WZ(O|Z")
(LiAIAl) - (LiLiAD = | v, ., . W N W Y(LiAIAl) - Li“Al“Al -
] i W(OH) i WI(OH) (LiLiAl) — W(OH) (LiAIAI) - W(OH) Y WZ(OZH) Y VZ(OE')
(LiAIAl) - (LiAIAD - |+, . w Y| iZAIZAL . V LicAl“Al - LicAl“Al -
la W(OH) W(OH) (LiAIAl) - W(OH) Li“Al“Al - Y(OH) V(OH) V(OH)
YLiAIZAl | YLiZAZA] - YLiAIZAl /
Inat YLi%AlIZAl - V(OH) — *Na YAIZAIZAL- V(OH) - Y(OH) - *Na YAIZAIZAL-
*Na - V(OH) - *Na
YLiZAIPAl / YLiZAIZA - YLiZAIZAl /
lca? YLiAlI?Al - Y(OH) — *Ca YAIZAIPAL- V(OH) - Y(OH) - *Ca YAIZAIZAL-
XCa V(OH) - *Ca
YLIZAPAL - | YLIPAPAL - | v, 701z v VAIZAIZ ALV YLiZAIZAl - YAIZAIZAL-
Is V(OH) V(OH) LicAlI“Al - Y(OH) Al“AI“Al- V(OH) V(OH) Y(OH)
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YAIZAIZAL. | YAIZAIZAL YAIZAIZAL VAIZAIZAL
le AV'(Q:_DA' AV'(QL')A' YAARZAI-Y(OH) | YAIZAIZAI-Y(OH) Av'(é:_";" AV'(SL)A'
I | O3H..05 | O3-H...05 | YAPAI%Al- Y(OH) 03-H...05

! — monoca nmpucyrcTByeT ToabKO Ha criekrpe oboramennoro Na* rypmanuna (06p. 1); 2 — nomoca

TIPUCYTCTBYET Ha crekTpe odoramensoro Ca?* rypmamuna (06p. 2).

[Tonockr (I1-14, Is-l10), mpuCcyTCTBYIOIMMKE B CIEKTpax 000MX 0Opa3IoB, OBLIM COOTHECEHBI CO
CTaOWJIBHBIMH OKTa3JPUYECKUMU TPYINITHPOBKAMH TIEPBOM KOOPAWHAIIMOHHON Cephbl U BOJIOPOTHBIMU
CBSI3AMH. B BEICOKOYACTOTHOM 0671aCTH T0NI0CKH Ob1IM cooTHeCeHs! ¢ kKnactepamu ' (LiLiAlI) —W(OH ) u
Y'||_W -\. 3 - Y'Z|Z|_V -Y|Z|Z|_

(LiAIAIl) — "(OH); B Hu3kouacToTHOM 00acTu — ¢ Kiactepamu 'LI“AICA (OH) u "AlIAIA
V(OH"). Ucnonp3oBanue, kak u B padote (Mashkovtsev, Lebedev 1991), kmacrepa "(LiLiAl) — V(OH"),
HAXOJAICTOCS HAa TPAHUIE MEXY CTAOMIBHBIMU U HECTAOWIBHBIMU TPYIITHPOBKAMH, ObLIO BBI3BAHO
HEOOXOAMMOCTBIO TIONyduTh cooTHomenue '[Li*/AI¥*] = 1. [Ipeanonoxenne Ckorbu ¢ coaBTopamu
(2012) o Tom, yro 6mmM3KOe K eammmue cooTHomenue '[Li*/AP*] moxHO momyunTh 3a cuer
yropsigodensoro pacnpezenenus OH™ - rpynn B knacrepax '(LiLiAlI) — W(OH") u anuonos ¢ropa B
knacrepax '(LiLIAlI) — W(F) 6bu10 6b1 OHpaBAaHO TONLKO B TOM CIydae, €Cld Obl TPYIIHUPOBKH
Y(LiLiAl) —Y(F") 611 cTabunsuee rpynmuposok ' (LiLiAl) — Y(OH"), uto nmpotuBopeunt pesynsratam
HaIuX pacyeToB (Tadmuia 25).

OcraBmyecs MoJIOCkl BaJCHTHBIX KOJIEOAHUH MOHA TUAPOKCHNIA lsak, INa, lca (Tabmuma 27, 28;
PUCYHOK 8, 9), OBbLIIM COOTHECEHBI C KATHOHAMU U BakaHCHsAMH B X — no3uiuu (tadbnuua 29). CornacHo
®anTuny ¢ coaBTopamu (2013), BEIcOKOYacTOTHAS 110710¢a |sax = 3730-3710 cmb, mpucyrcTByromas Ha
crekTpax, kak oboraménnoro Na', Tak m oboraménsoro Ca’* TypMaanHOB, COOTHECEHA CO CBA3BIO
Y(LiLiAl) — W(OH") — *pak, a HuskouacToTHas nojoca Ina = 3540-3536 cm”, mpucyTcTByIOmas TOIBKO
Ha creKkTpe 06pasna 1, co ceasbio 'LiZAIZAl - Y(OH") — *Na*. ITo ananoruu nosocy lca= 3518-3508 cm’
, IPUCYTCTBYIOIIYIO TOIBKO HA CIIEKTPe 00pasia 2, MOKHO COOTHECTH co cBs3bio YLiIZAIFAl —V(OH") —
XC 2+ +

a". Tak kak B wmcciemyeMoM obOpasie oboramieHHoro Na“ TypmainHa TpPUCYTCTBYET MPHUMECH
Kanpius (Tabmuna 26), a B obpasie oboramensoro Ca?* Typmanuua — HaTpus (Tabnuia 26), MOXKHO
TIPEANONOKNTh, 4TO MONOCH Ina M Ica cooTBeTcTBYROT momoce 'LiAIZAl — Y(OHY) — *(Na*, Ca?"),

9] + 2+
MIOJIOKEHHE KOTOPOH 3aBHCHUT OT cooTHoreHust Na*/Ca™.

ComocTaBneHusi CPETHUX COCTaBOB OKTadApOB, KoopauHupyrommx OH™ — monst B V - u W —
MO3UIUSIX, MOJYYEeHHBIX MO AaHHbIM MK - CHeKTpoCKOmMHM W PEHTICHOCTPYKTYPHOTO aHaJN3a,
TMO3BOJIIIM cpa3y oTOpocuts Tpu Mozenu 1, 4, 5 (0.05 <WA <0.11 u 0.03 < VA< 0.08). Kpome Toro,
yueT 3HaueHU# yrioB HakioHa BogopomHou cBsizu O3-H...05, ompenenenusix mo gaHHbiM PCA,
MO3BOJIMJI UCKITFOUUTH MOJIENb 2, TakK Kak 1o faHHbIM PCA 3Hauenus O B ciayyae oOpasia 2 BapbUpPYIOT
ot 1.51 1o 8.08°, a mo BenmmumHAM YA TOMKHBI OBITH He MeHee 10° (Tabmuma 30). Takum oOpa3om, Ha
JTAHHOM 3Tare B Ka4eCTBE €IMHOM MOJICIH IS OMMCAHUs OJM)KHETrO TopsiiKa B uccieqoBanHbix Li-Al

— TypMaJIMHaX MOXHO paccMaTpuBaTh Mozenu 3 u 6.
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B HU3KOUACTOTHOH 00JIaCTH CpeAHHE MaKCHMalbHbIE CyMMAapHBIE WHTEHCHBHOCTH IIOJIOC
BaJieHTHBIX Kosebanuii OH™ — nonoB (I3, la, Is, ls; Tabnuma 27), koTopsie paHee ObLIIM COOTHECEHBI C
rpynmupoBkamu (Y + 2Z) — V(OH), yBenuuuBarotcs B auamasoHe yrioB y ot 0° mo 10°, a 3atem
YMEHbINAITCS Tpu yraax y > 10° (tabnuna 27). CnenoBarensHo, o nanHeiM UK - cniekTpockomnuw,
BennurHa yrina ® okazamace Onmmskoir k 10°. Ho B momenum 3 cpemHsisi 3aCEIEHHOCTH OKTadJIPOB,
KoopAuHHUpyomux V — [o3uuuioo, OnM3Kka K 3HAUEHUSM, IMOJYyYEHHBIM C  IIOMOIIBIO
PEHTTEHOCTPYKTYpHOrOo aHanmm3a, Ho Toimbko mpu y = 20° (YA < 0.01 apfu, Tabmuma 30), uro
MPOTUBOPEUYUT 3HAUCHHIO YIia ©, OIIEHEHHOMY U3 CPEAHUX MAKCHUMAJIbHBIX 3HAYCHUI HUHTETPAIbHBIX
uHTeHcuBHocTel nojoc Ha MK - criektpax. B monenu 6 3aceeHHOCTh OKTa’ApOB, KOOPAUHUPYIOLTUX
V — no3unuro, 6;11M3Ka K 3aCEIEHHOCTH, MOJYYEHHOM ¢ TTOMOIIIBIO PEHTTEHOCTPYKTYPHOT'O aHAIIN3a, IPU
3HageHnax y ot 0° go 30° (YA < 0.02 apfu, ta6muma 30), 4TO He TIPOTHBOPEUUT OIEHKE yria ® or
CpPEIHUX MaKCHMaJbHbIX 3HAYEHUI MHTErpanbHbIX MHTEHcUBHOCcTEH nosnoc Ha UK - cnekrpax. OT0
JiesaeT MoJienb 6 MPeAnoYTUTENbHOM, TaK KaK yroj Mexay BektopoMm O3-H™ u HanpasieHueM ocu C
nexuT B uHTepBaie 0° < @ <20°, 4TO COOTBETCTBYET JAaHHBIM PEHTTEHOCTPYKTYPHOTO aHaIMU3a,
MOJTYYEHHBIM IIPU YTOYHEHHUH CTPYKTYphI o0pasua 1 (O = 14.9°, rabnura 26).

Pe3ynbTaThl XOpOIIero coritacoBaHusl CPeTHUX COCTAaBOB OKTadIpoB, kKoopauHupyroumx OH™ —
HOHBI, oay4eHHbIX 1m0 JaHHbIM MKC (Moaens 6) u PCA B mupokom nuTepBae yrios y (tabnuma 30),
CBUJIETEJILCTBYIOT O BEPOSITHOCTH Pa3yHOpsAJOYEHHOTO paCHpEENICHUsl MPOTOHOB, CBA3aHHOIO C
JMCCUMMETpH3AIMEN KpUCTAUTHYECKUX CTPYKTYp Li-Al — TypmanunoB (cMoTpu ri1aBy 5, pazmen 5.2).

OO6nacTh BaJCHTHBIX KOJIEOAHUI THIPOKCUI - HOHA, YYACTBYIOIIETO B BOJAOPOAHBIX CBA3sX (l7-
l10 3435-3058 cm'), DOCTATOYHO CIOXKHA IS MHTEPIPETAINM, TaK KaK B HEH MOTYT HaXOJMThCS
00€pTOHBI U COCTaBHBIE YACTOTHI IPYTUX KOJIEOAHUN TypManHa.

Tabmuna 30. CpaBHEeHHE CPETHUX COCTABOB OKTadIpoB, Koopauaupyommx OH™ - nonsr B mo3ummsax W
1 V, IOJIY4YEeHHBIX C TOMOIIBIO OCHOBHBIX MOJIeJIel COOTHECEHUs (MOHOKpUCTANINYECKas TIACTHHKA)
Y METOJ1a PEHTTEHOCTPYKTYPHOTO aHAIH3a.

O6oramennsblii Na* Typmainn (oopasen 1) | Odoramennsiii Ca?* rypmanun (o6pasen 2)
ol 3Y-YOH) | wy z3| (Y+22)- | v, s 3Y - wa g3 | (Y+22)- | v, 3
! 0.64 A A V(OH) 1.00 A A W(OH) 0.0 A A V(OH) .92 A4
Mogaean 2
0 Li0,31A|o,33 -0.02 Lio,19A|o,31 +0.02 Lio,14A|o,15 -0.03 Li0,22A|0,70 +0.05
10 LiossAlozo | +0.01 | LioisAloss | -0.01 | Lio1aAloss | -0.04 Lio.17Alo.75 +0
20 Li0.27A|0.37 _006 Li0_18A|0_82 +0.01 LiO,lSAIO,lS '0.02 LiO.]_ZAIO.BO '0.05
30 Lio.27Alo.37 -0.06 Lio.10Alo.s1 +0.02 Lio.15Alo.15 -0.02 Lio.10Alo.73 +0.02
I'pannua? 14-173590 - 3470 cm™?
Moaeas 3
0 Lio,31A|0,33 -0.02 LioA12A|oA38 -0.05 Lio,14A|o,15 -0.03 Lio,16A|0,76 -0.01
20 Lio,27A|o,37 '006 LioA16A|0A34 '001 Lio,15A|o,15 -002 Lio,11A|0.81 '006
I'panuna 1,-173590 - 3470 cm®
Moaeab 6




59

0 Lio.33Alo.31 +0 Lig.17Alpg3 +0 Lio.13Alg.17 -0.04 Lio.16Alo.76 -0.01
I'panuua I2-133658 - 3605 cm™*
Ilzl‘,ﬂcﬂzle Lio.33Alo0.31 Lio.17Alo.s3 Lio.17Alo.13 Lio.17Alo75
1 -y - yron nonspusanuu; 2 — rpaHULA MEXKITY BEICOKO- U HU3KOYACTOTHBEIMM OOJIACTAMM Ha
HK-cnekrpe; € - WA, VA - pasauna mexnay copep:xkanneM noHos Li* B Y — mo3ummn,
coriacHo manueiM MKC u PCA.

4.3. Tunsbl kaactepoB BOKpYr OH u F - HOHOB, HX COOTHOLIIEHHE U pacnpeaeleHHe

Pe3ynbTaThl KOMILIEKCHOTO HCCIIEA0OBAaHUS ITO3BOJIMIIN OMKCATh OIMKHIE mops ok B Li-Al-(OH"
, F) — TypManuHax, KOTOpBI KOHTPOJIUPYETCS TEOPHEW BAJICHTHBIX YCHJIMH WM HE MPOTUBOPEUHUT
3aCEeNICHHOCTH KPHUCTAIUIOTPpaUUECKUX MO3UIHA, ONPEICICHHOW METOJOM PEHTICHOCTPYKTYPHOIO
ananu3a (Bronzova et al. 2019).

Kak cnenyer u3 BbIOpaHHON Mojenu cootHeceHust (tabmuma 27, 28, 30), OH™ - wuoHbI,
okpyxaronme W — nmo3unuio B u3ydeHHbIXx Li-Al — Typmanmuax (oOpasern; 1, 2), mpeacraBieHbl
cnenytommmu 3Y — W(OH") xmactepamm: "(LIAIAI) — W(OH), Y(LiLiAl) — Y(OH"). Hous OH,
okpyxkaronue V — mosunuio, npejacrapiensl kaactepamu (Y + 2Z) — Y(OHY): "LiAl?Al — Y(OHY) u
YAIZAI*Al —V(OH"). B o6oramensom Ca?* rypmanune (o6paser 2), kpome knactepos (Y + 2Z) — V(OH"
), B HE3HAUNTEILHOM KonudecTse (B cooTHomenuu 1:11) mpucyrerBytor knactepsi (Y+2Z) — Y(0?).

CornacHo MpoJIeaHHBIM pacdeTaM, cTabmibHOCTh Kiactepos '(LIAIAL) — Y(OHY), Y(LIAIAI) —
W(F) u Y(LiLiAl) — Y(OH"), Y(LiLiAl) - Y(F") 6nuska (Tabnuua 25). DT0 MO3BONAET MPEATIONI0KHTE, UTO
noHbI F, okpyxaronrie W—ro3uiuio B u3ydeHHbix Li-Al — Typmanunax, npeacraBineHs! kiactepamu 3Y
—WF): Y(LIAIAL — Y(F), Y(LiLiAl) — Y(F). Mockomsky W —HO3HIMS B HCCIET0BAHHBIX TYPMAIHHAX
paciierniena u3-3a ynopsjodenus anunonos OH u F~ (cM. tmaBy 2, pasnen 2.3), knacteps 3Y — V(OH)
pacrpeieneHbl oTHOCUTeNIbHO KinacTepos 3Y — V(F') ynopsaodenHo. B coOTBETCTBHY € 3aCENEHHOCTHIO
W-no3umuii uccie0BaHHbIX TypMaIuHOB (Tabnuna 26) cootHomenue knacrepos 3Y — W(OH) u 3Y —
W(F) cocraBmser 1.8 m 0.67 s oboramennoro Na' (o6p. 1) m oboramensoro Ca®" (o6p. 2),
cooTBeTcTBEHHO. COrIacHO 3aceleHHOCTAM Y-To3unuu (Ttabnuua 26), COOTHOIIEHHE MEXIY
CTaTHCTHUECKH pachpeneneHHbME KaacTepamu | (LIiLIAI) — W, Y(LIAIAI) — W u (YLi“AI“Al) — V(OH),
(YAIZAI?Al) — V(OH") paBro 1.06 1 1.31 as o6oramensoro Na* (06p. 1) n o6oramennoro Ca?* (06p.
2) TypMaJIMHOB, COOTBETCTBEHHO.

Ha ocHOBe mpennokeHHOW eAWMHOW MOJeNnu CcooTHeceHus (tabmuma 27, 28) MOXKHO
IPEANONOXKHUTE Hau4re 0osiee KpynHbIX kiactepoB 3Y — W — X u (Y+2Z) — V — X B usydennsix Li-Al

— typmanunax: '(LiLiAl) — W(OH") — *Bax (tax xe Bosmosxen '(LiLiAl) — Y(F) — *Bax), (YLi“Al?Al) —
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V(OH") — *Na*, ("LiAl?Al) — V(OH") — *Ca?". B cooTBeTCTBUH C 3aHATOCTBIO X—T103unuH (Tadnuma 26)
cooTHomenue Mexay kinacrepamu ' (LiLiAI) — W(OH", F) — *pak, ("Li%Al?Al) — Y(OH) — *Na* u
(YLi*AlI°Al) — Y(OH) — *Ca®* paBubr: 1: 6.8: 2.2 u 1: 2.5: 6.5 s oboramennoro Na* (o6p. 1) u
oboramennoro Ca?* (06p. 2) TypMalMHOB, COOTBETCTBeHHO. B oGoramennom Na* Typmanune

nomunupyet k1actep (' LiZAIZAl) —V(OHY) — *Na*, B o6oramennom Ca?* — YLi“Al“Al - V(OH") — *Ca?*.

4.4, 3akI04nTeJIbHBIC 3aMeUYAHUA

C npuMeHEeHHEM TEOPUM BAJIEHTHBIX YCHJIUN M AKCIEPUMEHTAJIbHBIX JAHHBIX, MOJIYYEHHBIX
metogoM UKC u PCA, usyden Omxuuit nopsok B Li-Al — (OH", F) TypmanuHax ¢ COOTHOIICHUEM
Y[Li*/AI**] 6nu3kuM k exuHMIE U pa3auuHbIM coaepskanneM Na'/Ca??,

Ha ocHOBe Teopuu BalleHTHBIX YCUJIUH yTOYHEHAa CTAOMIBHOCTh KOOPAMHALMOHHBIX
rpynmupoBok Bokpyr W - u V — mosumuii, 3acenenspix nonamu OH', F- u O%. Biepssle mpeiosxkena
€/IMHasi MOJIENIb COOTHECEHUS TI0JI0C TOTJIONIEHHS B 00JIaCTH BaJleHTHBIX Kosebanuii nona OH™ B UK -
crniektpax Li-Al — TypManiHOB, KOHTPOIHPYyEeMasi TEOPUCH BaJICHTHBIX YCHIIUA, U HE IPOTHBOpEUAIIast
JMaIbHEMY TOPSAKY B CTPYKType TypMmanuHa. [IpuMeHEeHHbI KOMIUIEKCHBIM MMOAXOJ TMO3BOJIUI
OIPEJICTUTh TUITBI KOOPIMHAIIMOHHBIX aTOMHBIX TpyHIupoBok BOKpyr nmo3unuid W u V (OH™ u F~ nonos)
B CTPYKTYpE€ HCCIIEIYyEMbIX TYpPMaJIMHOB U IPOAHAIM3UPOBATh UX COOTHOIIEHUE M pacCIpelesICHHUE.
ITokazaHo, 4TO HaOmOAaeMblii B wucciaenoBaHHbX Li-Al — TypmanuHax OMWKHHNA TOPSIOK,
KOHTPOJIMPYETCS] HE TOJIBKO TEOpUEH BAJCHTHBIX YCHIIMH, HO M JAJIbHUM MOPSAIKOM (3aCEIEHHOCTHIO
KpUCTAJIIIOrpaUuecKrx MO3ULUN).

Jliig onucaHus OJIMYKHET 0 MOPAIKA B CTPYKTYpe TypMairHa ObUIH MPEJI0KEHbI TAKKe KJIACTEePhI
6oubiirero pazmepa: WYsVsZs (Bosi 2011) u (W) — (YYY) — [(V)(V)(V)] — (Z2Z2ZZZ) (Watenphul et al.
2016; Bosi et al. 2016).
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5. OnTn4yecKkue aHOMAaJIUU M TUCCUMMETPHU3alUus TYPMAJIUHOB U3
mecTopoxaennii Bocrounoro MMamupa' u Ientpansnoro 3abaiikaabs

5.1. MajixaHCKoe NerMaTUuTOBOE I0JIe (FCOJIOI‘O-MI/IHepaJIOFI/I‘IeCKOG OHI/ICZIHI/Ie)

IlentpanbHoe 3abaiikaiibe sBISETCS KPYNHEHIIUM HCTOYHUKOM IOBEIMPHBIX TYpPMAaJIMHOB B
Poccnn. ManxaHckoe 1mermaTuToBoe 1oJe, pacnoiiokeHHoe B KpacHo — Uukolickom panione UntuHckon
obmacrtu, B 6acceitne pexu Yukoii (pucyHok 10), sBIsSETCS YHHUKAIBHBIM T€0JIOTHYECKUM O00BEKTOM TI0

HACBIIIEHHOCTH MHUAPOJIOBBIMH IETMAaTUTaMH, COAepXkalluMu TypMmanuubl (3aropckuii, [lepersokko

1992).
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] - yeTBEpPTHYHBIEC OTJIOAKEHHS; 2 - HEPACUICHEHHAS TOJIILA METANOPO/] MAJIXAHCKOIT CePUH NPOTEPo30s (caanibl GHOTHTOBLIE, GHOTHT-aMpHGOI0OBbIE);

3-8 - MeTanopoabl MAJIXAHCKOTO KOMILIEKea (MeTaradopomibl, MeTaanopuTel, aMpub01-GHOTHTOBBIE H GHOTHTOBBIC FHelicorpannTsl); 9-11 - me3o3oiickue
rpauuThi (HOTHTOBBIC NOPPHPOBH/IHLIC IPAHNTHIL, ABYCIOAAHBIC JICHKOIPAHNTEI M rPannThl); 12-19 - nerMaruThl (KaAHMINATOBbIE, JABYN0.1CBOIINATOBbIC,
0aHroKIa30BbIe); 20 - TeKTOHHYeCKHe Hapymenns; 21 - GaunaabHbIe TPaHHIbI.

12 - nermaruroBsbie wuiabl: 1 - Meuenasi; 2 - 4 - yu. [lpaBodepexubiii (2 - 6e3pimsinnoe 1ei0, 3 - [pasobep -2,4-Tlp pexnasn-1);

6-8, 19 - yu. JleBodepexubtii (6 - Ge3piMsinnoe Te1o, 7 - 3anaanas-2, 8 - 3anagnas-1, 19 - Jlesodepexnas); 9-16 - yu. Llentpaabusiii (9 - Moxosasi,

10 - Opemmnasi, 11 - Cocenka, 12 - Kapkaauaosasi, 13 - Upkyrauka, 14 - [landypurosasi, 15 - laabuss, 16 - Marucrpaabnas); 5, 17, 18 - yu. Ceribrii

(5 - Conmneunas, 17 - Cseraas, 18 - I'panaroBas).

MAJNXAHCKOE NErMATUTOBOE MNOJIE

Pucynok 10. I'eonornueckas cxema Maiixanckoro nermarutoBoro nojis. Ha cxeme nokasaHo
pacroiokeHne HeKOTOPBIX U3BECTHBIX MEerMaTUTOBBIX JKuil (3aropckuit, [lepersikko 1992).

Manxanckoe noje MUapoJIOBBIX MErMATUTOB 3aHMMAET TIIOIIAlb OKOIO 60 KM Ha I03KHOM CKIIOHE
Manxanckoro xpebta. IlermatuTel u3BeCTHBI B peruoHe Oosee 60 JyieT, HO KamMHECaMOIIBETHAs
MUHEpaJIu3alus B HUX HE OTMEYalach W He mporHo3upoBanack. OmHako, B 1980 rogy skcneauimeit
«CoCHOBreosorus» OblJIa OTKPBITAa OoraTasi MOJIMXPOMHBIM TYPMAIIMHOM. Jcuia Opewnas Ha BEpIINHE
OTHOMMEHHOM Tropbl, Ha Bojopazaene pek Morzon u CkakyHesi. B 1983 romy skcnemunms

«baiikankBapiicaMoIBEThI» Hayaaa MOUCKOBBIE pabOThI 1O IIBETHOMY TypMaJINHy U OOHAPYKUJIIA JHCUTY

! MuapousoBsle iermatutbl Bocrounoro Ilamupa onvcans! B paznene 2.1.
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Moxosas. Tlone mnpuypodyeHO K TpOBECY KPOBIM MOPGUPOBUAHBIX OHOTHUTOBBIX T'PAHUTOB U
JBYCIIONISIHBIX JIEHKOTPAaHUTOB, 3aJIETAIONINX B METaMOP(PHUUECKUX MOpoaax aM(puOOIUTOBOM Qaruu.
Boelgenensl Tpu TUNA MErMaruTOB: KAJIMUILIIATOBBIM, JBYNAJEBOIUNATOBBIA M  OJMIOKJIA30BBIil.
[Tonasisitoniee OONBIIMHCTBO BBICOKOIPOIYKTUBHBIX KU1 OTHOCHUTCSA K JBYIOJEBOILLIIATOBOMY THILY
IIErMaTUTOB; K OJMIOKJIa30BOMY THUIIy OTHECEHBI TOJIBKO TPU KWJIbI, HO BCE€ OHM NPOJYKTHBHBI Ha
TypMaJlMH; B KAQJIMINIATOBBIX IE€rMarTuUTax TypMaJWMH BCTPEYAETCS JIMIIb B EIWHUYHBIX TeEJlax B
HeOompmuX KoamdecTBax (3aropckuii, Ileperspkko 1992). B crpoeHMM mermMarutoB MnpeodiaagaroT
rpaduueckas, HesicHOrpauueckass M MEJIKONEIMaTOUIHasl CTPYKTYPHBIE Pa3HOBHIHOCTH KBapI —
KaJIMILIIATOBOIO M KBapll — OJUIOKJIA30BOI0 COCTaBa. B IEHTpanbHBIX YacTAX MPOLYKTUBHBIX Tel
BBIIETISIIOTCS. 00OTaméHHbIe OJIOKOBBIM KaJIMEBBIM MOJIEBLIM IIITATOM BHYTPEHHHE 30HBI C MUAPOJIAMU,
KOTOpbIE OKPY>KE€HbI KOMIUIEKCAMU TYPMaJIHH — JICIUJOIUT — albOUTOBOrO coctaBa. ®opma mMuapon
U3MEHSETCs OT IapooOpa3Hoi A0 TpyOUaron ¢ «kapMmaHammy» (3aropckuii u ap. 1999). CoBmectHo ¢
TYPMQJIMHOM B JIPY30BbIX KOMIUIEKCAX MPUCYTCTBYIOT KBapll, TOIa3, BOPOOLEBUT, MOJEBBIC IIINATHI,
JENUI0NUT, NaHOYpUT, ramMOeprut, MEeOoNuThl. TypMaauH — TIJaBHBIM CaMOLBET B IErMaTuTax
Manxanckoro mons. [lo oOunHio 1BETOBBIX OTTEHKOB, COBEPIICHCTBY W MHOroo0pasuioo ¢opm
KPUCTAJJIOB, MO pPa3HOOOpa3vi0 30HAIBHOCTU TypMajiuHbl MalXxaHCKOTO TMOJisi MOTYT YCHEIIHO
KOHKYPHUPOBATh C TYPMaJIMHAMHU U3 IIUPOKO U3BECTHBIX MECTOPOXKIEHUN MHpa.

Hamu nccnenoBana anomainbpHasi IByOCHOCTb TypMaJIMHOB U3 xui1 OpenrHas 1 MoxoBas (paszen
52). [Jna Tpex ceuenuii obOpasna 3b/2b w3 kunmel  MoxoBas MpPOBEACHO  JETAlbHOE
PEHTIeHOCTPYKTYpHOE HccienoBanue (paszuen 5.3).

JKuna Opewnas (pucyHok 11) mnpencraBiager coO0OMl  CIIOKHOBETBSAIIEECS TEIO C

MHOTOYHMCIIEHHBIMA M3TH0aMU U PE3KO MEHSIOUIMMUCS yIJIaMH NaJeHUs] KOHTAKTOB C BMEIIAIOIIHUMU
MeTarabOpouiaMi M MeTaJAuopuTamMH. B LeHTpanbHON YacTH Telo MMEeT B IUIaHe OKPYINIyIo, a B
pa3pese — TUH30BUAHYI0 popmy. OT IIEHTpaIbHON YaCTH OTXOAAT ABa oTBeTBIeHUs (JunHHA 90 1 40 M),
KaXKJI0€ U3 KOTOPBIX OCIIOKHEHO JOMOJHUTENbHBIMU anoduzamu. CTpoeHHE EHTPaTIbHON YacTH Tema
30HaJIbHOE. BHENIHS KoJblieBas 30HA CIOXKEeHa rpy0o rpaduuecKuM OJIMTOKIJIa30BbIM MErMaTUTOM C
MHOT'OYMCICHHBIMM KpHUCTaUIaMH 1mepia (10 5-7 cM B JUIMHY) U MEJIKMMHU OJIOKaMHM KaJMeBOTO
II0JIEBOTO 1LIIATa, PA3MEPBI U KOJIMYECTBO KOTOPBIX BO3PACTAIOT 10 HAIIPABJICHUIO K [ICHTPAJIbHOM 30HE.
BuyTpeHHss 30Ha IpeacTaBieHa KOMIJIEKCOM MUHEPAJIOB (KBapll, TYpMaJluH, JEMHUI0IUT, albOUT U
Ip.), IPUCYTCTBYIOIUX B Pa3jIMYHBIX COOTHONICHUSX. B pyOemmut — nenuaonur — aabOMTOBOM
MEJIKO3EPHUCTOM arperate HepeaKo MPUCYTCTBYIOT OoJiee KpyIHbIe KpUCTalIbl pyOemnura (o 5 — 7
CM), TOO0 MOJUXPOMHOTO TypMallnHa. B mpoTosioukax KOMIUIEKCa yCTaHOBJICHBI MOJUTYLIUT, TaHOYpUT,
MUKPOJIUT, TAHTAINUT, KOIyMOUT. Bo BHyTpeHHel 30HE pacmonokeHo OOJIBIIMHCTBO MUapo (pa3mep =
1.7 x 0.8 m). OObIYHO OHM 3alOJIHEHBI TIIMHUCTO — MOJEBOIINATOBBIM MarepuajoM C OOJbIIUM

KOJIMYECTBOM MOJUXPOMHOTO TypMasinHa. OCOOEHHO paclpoCTpaHEH PYOEJUIMT B TOHKOH TEMHO —
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3enéHol «pyOamikey. Hanbonee 1eHHBI KaMHECAaMOIBETHBIM Marepuail MpUypodYeH K MHapojaM CO
cBOOOMHBIM 00bEMOM. Ha cTeHkax moyiocTeil pa3BHBAIOTCS JIPY30BbI€ KOMILUIEKCHI C MOJIUXPOMHBIM
TypMaJIMHOM, KJICBEJIAHIUTOM, KBaplieM U JaHOyputoM (3aropckuit u np. 1999).

Kuna Moxosas (pucynox 11) — kpyronamaromee (40 — 85°) ruractuHOOOpa3HOE TENO IITMHON

350 M. MomHOCTb XUIIbI CHUXKAETCs OT 15 M Ha moBepxHOCTH 10 7 M Ha Tiryoune 100 M. Buytpennee
CTPOEHUE KHJIbl 30HAJIbHOE, MOLTHOCTh 30H B Pa3HBIX CEUEHHUSX Tella HeoJuHaKoBa. MakcuManbHOE
KOJIMYECTBO KAJIMEBOIO IMOJIEBOTO IIMAaTa XapaKTepHO AJIs LEHTPaJbHOW MPOAYKTUBHOM YacTu Tela.
Jnuna e€ cocTaBisieT OKoso 45 M, a MOIIIHOCTb MTPOAYKTUBHOM LIEHTPAJILHON 30HBI B HEM CHUKAETCS OT
6 M Ha moBepxHOCTH 70 1 M Ha mryouHe 100 M. B 11e10M B IPOAYKTUBHOM YacTH JKUJIBI TpeobiaiaeT
OJIUTOKJIA30BBIA MErMaTUT HEPaAaBHOMEPHO3EPHUCTON, TpaduiyecKoil 1 MeIKorpapuueckoil CTpyKTyp ¢
MEJIKUMH BBIJICNIEHUSIMU (2-5 CM) KaJueBOro MOJEeBOro Imnara. B 3Toil 30He MIMPOKO pa3BUT MO3AHUN
TyPM@IMH — JIENMIOJUT — aJbOUTOBBIM KOMIUIEKC. /[l JaHHOro KOMIUIEKCa XapaKTepHBI
HEPAaBHO3EPHUCTBIE PA3HOBUAHOCTH, B KOTOPBIX NMPUCYTCTBYET MEIKOUEUTyHuaThiil (00iee CBETbIi) U
KPYIHOYEIIYHYaThlii (MHTEHCUBHO OKPAIICHHBIH B ()HOJIETOBBIE TOHA) JICMUIOIUT B ACCOLUALUU C
PYOEIIUTOM, MOTUXPOMHBIM TypPMaJIMHOM, TOTyOOBaTO — 3€JIEHOBATHIM KJIEBEJIaHIUTOM, TOJIyO0OBaToO —
CEPBIM MJIU CBETJIO — PO30BBIM BOPOOBEBUTOM U METKHUM OECLBETHBIM MOJLTYIUTOM (3aropckuii u mip.
1999). B mpoayKTUBHOM 30HE BCKPBHITO OOJIBIIOE KOJIMYECTBO MHApPOJ, OKAHMIISIEMBIX MO3JHUMU
MUHEpAJIbHBIMA KOMIUIEKCaMH, OJOKOBBIM KaJMEBBIM MOJIEBBIM IIMAaToM M KBapueMm. OObMHO Ha
CTEHKaxX MHapoJl HapacTalT IIETKU KIEBETaHAWUTA, JICMHUAOJINTA, KPUCTAIIBI BIMYATOrO KBapla u
pyOemMTa, MHOTAAa KaJIHeBOro MOJIEBOTO Mimara. YacTo MUApOIIbI 3allOTHEHBI TNTMHUCTO — CIFOAUCTHIM
MarepraioM ¢ OOJIBIIMM KOJIMYECTBOM XOPOUIO 00pa30BaHHBIX KPHUCTAJUIOB PyOEUINTa, B TOM YHCIIEe
IOBEJIUPHOro KauectBa. [IpeobiagaroT M30METpUUHbBIE MUAPOJIBI - TIOJIOCTH Pa3MEPOM B MONEPEUHOM

ceuenuu 1-1.5 m.
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0+ e s e (680 [e2)e
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1-3 - oauroKAa30B LI
2 - rpyGorpaduues
3 - nesicnorpadueck
4 - KL HmuAaTobii rpagu it nermaru; 5 - Gaokosbiii KITI;
6 - GroxoBRIiT KBapu: 7 - AALOHTHPHIHPOBAHNLIH NEIMATHTS
8 - aenuaoanT-aa60HTOBBIC KOMILIEKCHI; 9 - Muapoasi; 10 - 30ubt
TPEIHHOBATOCT YACMEHTHI 30T AHMS IIeNMATHTOBBIX TeJ:
12 - rpanmubl GJI0KOB HETMATHTOB: - ceqennst onpoGoBAHKA NETMATHTOBBIX TE1:
5 14 - Gyposbie ckpaxnnb; 15, 16 - BMemanoume nopoast: 15 - meraraddpomint,
O 15 IO8 e o MeTaHOPHTEI, 16 - KBAPIEBLIE METATHOPHTEL.

At

MatHt: 1 - nescnorpadusiecknii,
10 MEARONETMATOMIHOIO,
© meakmyn Gaokaym KITILI;

(I 4

CxemaTuyeckuin reonorm4eckuin nnax xun Moxosas u OpeluHas.
Cocrasutenu B.W. Bensiesckuit u A.B. MuHakos

Pucynok 11. Cxemarnueckuii reojoruueckuii miaan xuin Moxosas u OperniHast
(3aropckuii, [Tepetsokko 1992).

5.2. AHOMAaJIbHAsI IBYOCHOCTH TYPMAJIMHOB U NPUYUHBI €€ BOSHMKHOBEHHUSA

Omnpenenenus BeMUYnH yriaoB 2V u mosokeHus 1.0.0. B Li-Al — Typmanunax u3 pasiudHbIX
mMectoposkaeHui (Tadauua I12.2) npoBoaumu MmetogoM Masispa (ToanocTts + 0.5°) ¢ HCIoap30BaHUEM
cootHouienus (Tarapckuit 1965):

2V rypm = 2arcsin [DTpr Xnmq)ﬂorXSinso / (anprXquor)], rae (3)

Drypm — MaKCUMaJIbHOE PACXOXKJICHHUE TUTIEPOOIT (JIeTIEHUs OKYJISIpa C TMHEHKOMN );

Nmgaor = 1.584,  Nmrypm = 1.635 - mokazarenu npenomiierus (Oneiimep u ap. 1987);

Dégaor = 19 — MmakcuMaabHOE pacXoskJeHne Tunepooi B Kpuctauie gropdaoronura.
Jns mepecd€ra TOMYYCHHBIX pPACCTOSHUN B yriel 2V UCHONB30BAJICS OSTAIOH — KPUCTAIUI
¢Topdaoronura ¢ u3BeCTHHIM yriioM 2V = 16°.

Pe3ynpTaThl NPOBEAEHHOTO HCCIEAOBAHUS IOKa3ajlid, YTO B TMpeleNax CeYeHUH OJHOro
KpHUCTalJla OPHUEHTUPOBKA IUIOCKOCTEH ONTHYECKMX ocel (11.0.0.) W BeluyuHa yrioB 2V CUIBHO
MmeHsieTcs (pucyHok 14, tabmuna 31). M3-3a gegekTHOCTH HEKOTOPHIX 00paslloB IMJI0XO ObUIa BHUJIHA
KOHOCKOTIHSI M PAcXOXKICHHE «KpecTa» HaOJI0AaIoCh TOJNBKO B HECKOJBKHX YYacTKaxX KpHCTalia
(bponzosa 2005).

B OonpmmucTBe KpHctamios yrou 2V He npessimaer 10°. B 42 % kpucramnos (Ne 1, 3 - 6, 8,
10 - 13, 14, 21, 23 tabaumna 31) 3nauenue yrua 2V He 6onee 5°; B 48 % xpucramios (Ne 2, 7, 9, 15-20,
22, 24-28) 5° <2V < 10°. MakcuMaibHoe 3HaueHue 2V ~ 26° HabIr01a10Ch B KpUCTAJIIE 000TaCHHOTO

Ca?* Li-Al - rypmanuna u3 Lenrpansroro 3abaiikanss Manxanckoro nermatutoBoro moss (Ne 14 (o6p.
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3b5/2b), Tabnuua 31). Cormacuo nurtepatypHbiM aanHbiM (Shtukenberg et al. 2006; 2007), moxHO
MPEOJIOKUTh, YTO aHOMAJIbHASI IBYOCHOCTh MCCIIEIOBAHHBIX TypMaIMHOB ¢ yriioMm 2V < 10° cBsizana
MPEUMYIIECTBEHHO C HaNpsHKEHUsIMU, a TypMmaiinHa u3 LlentpanbHoro 3abaiikanbs, B KOTopoM yroi 2V
nocturaet 26° (Ne 14, rabnuna 31) — ¢ pocTOBOM TUCCHMMETPU3AIIACH.

Hwxke mnpuBeneHbl pe3yabTaThl JACTAIBHOTO M3YYEHUS HPUPOIBI ONTHYECKUX aHOMAIIHMA
TypMaJIiHAa, B KOTOPOM yTOJI ONITHYECKUX ocei He npeBbimai 8° (Ne 9 (M-2), Tabauna 31) u TypManuHa,
B KOTOPOM YTOJI ONITHYECKHX oceit qocturan 26° (Ne 14 (36/2b), Tabnuna 31).

Kpucrann typmanuna ¢ Bocrounoro Ilammpa (Ne 9, tabnuma 31) sBisercs ONTHYECKH
HeOJHOPOAHBIM (pucyHoK 12). B HéM HabmonaioTcs cekropa pocta mupamun {0221} u {1011}
(po3oBoro 1BeTa), a Takke npusMsl {0110} (TeMHO-cuHero 1BeTa) (pucyHOK 14). B kpucTaie oueHb
MHOT'0 Pa3HOOOPA3HBIX BKIIOYECHUH U TpenH. B ceuennn, nepnenauxyisipaom [0001], HabnromatoTcs
po3payHble, MyTHBIE, OJJHOOCHBIE U IBYOCHBIE y4acTKH. Bo BHENIHEH 30He KpHUCTallIa, B CEKTOPE pocTa
npusme {0110} usmeputs yrasl 2V GbUIO NIPAKTUYECKH HEBO3MOKHO M3-33 €€ HEIpO3PauHOCTH.
YacTtoTa BCTpPEUaeMOCTH HEIBYIPEIOMIISIONUX y4dacTkoB ~ 12%. Haumbonee uwacto (B 25 %
HaOmoeHuil u3 122) Berpeuaercs yroa 2V, paBHblii 6° (pucyHok 13, 14). ocraTtouHo uacto (c
yactoTor 7 - 16 %) Bcrpeuatores 3Hauenus 2V ot 4.0° no 6.6°. Yruer 2V = 7.0°-8.0° BcTpevaroTcs B
eJIMHUYHBIX clydasx. B cexropax pocta mupamuss! {1011} B yrast 2V BapsupyioT oT 5.9° 10 6.6°, a B

cexTopax pocta mupamuasl {0221} — ot 3.7° 1o 8.0° (pucynok 14).

s TN

Pucynoxk 12. Cedyenne kpucTauia moJIMXpOMHOTO TypMaJIMHA

u3 Bocrounoro [Tamupa (006p. 9, tadiuma 31) L ocu ¢ [0001].

HBCTOBOC pas3inuuc rpaHeI71 NPU3MBI U ITUPpAMUIBI IIOAPA3YMCBACT U HCOAHOPOAHOCTL COCTAaBa
B PAa3JIMYHBIX CEKTOpax pocCcTa, a, CICAOBATCIBHO, U MECKCCKTOPHAIBHYIO T'€TCPOMCTPUIO, KOTOpad
JOJDKHa IPOABIATECA B pPa3jivuuiaX IapaMETpOB SHGMGHTapHOfI SI‘—IGfIKI/I, TO €CTh, KaK Mbl H
npeamnoiaarajii, aHoMajlbHasad JBYOCHOCTb HCCIICAOBAHHOTO TypMaliMHA CBsA3daHA MPCUMYIICCTBCHHO C

HAIPsKCHUSIMU.
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Taboauna 31. Bapuanusi BeJinuuH yrJjioB 2V B HccjielyeMbIX TYPMAaJMHAX.

Oopaszen’ Juanazon Odpasen’ Juanaszon
yrJioB 2V° yrJjoB 2V°
BocTounsrii [Tamup LenTtpanpHoe 3abaiikaiibe
1 Ip — 11 52/1 0-2 15 |3b/1A |0-8
2 Inm-71 5-7 16 | 3b-3 4-6.5
3 Ip - 11 10/1 0-1 17 | 3b-5 5-8
4 Im-9 1-3 18 | 3b-7 3-6.5
5 MIII - I16/1 2-3 19 | 3b-9 2-6
6 MII 2/1 1-5 20 |3b-10 |4-7
7 MII 2/2 5-6 21 | 3b-12 1-4
8 M-1 1-3 22 | 3b-14 | 2-7
9 M-2 0-8 23 | 3b-15 1-3
10 | CT-II5/1 1-4 24 | 3b-16 |5-8
bpaznnusa 25 3b-17 4-7
11 | bp-I11/1 1-2 26 | 3b-19 2-6.5
IentpansHoe 3abaiikanbe 27 3b-22 4-8
12 | OP-B5/1 0-2 28 |3b-23 |3-7
13 |b-1 2-5
14 | 3b/2B2 0-26

[Mpumeuanus. : — Homepa 06pasiio coBnanaror ¢ tadnuuei [12.2; 2 — u3MepeHust IpOBOAUINCH B
IIECTH CEUYEHHUAX, BBIMUIEHHBIX U3 OJHOr0 KpucTaiia (mar ~ 0.5 Mmm).
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[ yacToTa HabntoaeHU!
—&— 3HaueHus yrnos 2V

YacrtoTta HabnoaeHun

10

1 2 3 4 5 6 7 8 9 10 11 12 13 14
MopsakoBbIi Homep yrna 2V

Pucynok 13. I'ucrorpamma pacnpenenenus yriaos 2V B
00p. Ne 9, Tabnuma 31.

.73 cm

0.65 em

Pucynok 14. TunuuHas kapTUHa pacnpeesIeHns ONTUYECKUX aHOMAJIUN B

ceueHmsx 1o miockoct (0001). ITOO o6o3HaueHbI raHTEIbKAMU; LUDPHI -

BEJIMYHMHBI YTJIa ONTHYECKHUX OCEH 10 MOBEPXHOCTH KPUCTAIIIA; KPECTHKH -

OJTHOOCHBIE YUACTKH KPUCTAJIJIa; 3BE3/10YKHU - CUIIBHO J1e(hDeKTHbIE YUaCTKHU,

TJie N3MEPEeHNE ONTHYECKUX XapaKTePUCTUK 3aTPyAHEHO; | - cekTop pocra
{1011}, I - cextop pocta {0221}.

Kpucrann u3 LlentpanbHoro 3abaiikanbs (Ne 14, tabmuna 31) cioxeH TIaBHBIM 00pa3oM
cexTopamu pocTa mupamuasl {0221}, MeHee pa3BUTHI ceKTopa pocTa mpusmbl {0110} u mupamus!
{1011}. OGpasen o6namaeT OYEHb YETKO BBIPAKEHHOW CEKTOPHUAIBHOCTBIO B paclpe/ieieHun
ontuyeckux aHomanuil. Kpucramn Obu1 pacnuieH Ha 6 yacTedl NEPHEHAUKYISIPHO OCHU TPETHETO
MOPSI/IKA, YTO TIO3BOJIMIIO OLEHUTH 3HAUYECHUE YIiIa ONTHYECKUX OCeH B CEUYCHUSX, HAXOIIINXCS Ha
pa3Hoii BbIcOTe (OT OCHOBAHHMS K BepIIMHE) (PUCYHOK 15a).

CornacHo peHTIeHOCTIEKTPaIbHOMY MHUKpoaHanu3y (tabmuubl 32-35) uccnenyemblii oOpasern
npescTaBisier coboii TBepawii pactBop 3abOaumta Na(LiisAlis)Als(SisO18)(BO3)3(OH)3(OH) u

dropmummukoaruta Ca(Li2Al)Ale(SisO18)(BO3)3(OH)3(F) ¢ HeOOIBIIUM KOJUYECTBOM POCCMAHHUTA

(o)(LiAl2)Ale(SieO18)(BO3)3(OH)3(OH) (Henry et al. 2011). BaxxHo OTMETUTH IUPOKYIO BapHAIHIO
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XUMHUYECKOTO cocTaBa Kpuctauia. OT OCHOBaHHUSI KPUCTAJUIa K BEPLIMHE BJOJIb HAIMPABICHHUS pOCTa
[0001] (oT ceuenus S3 k S5) conepxkanue Ca yBenuuuBaercs, a Na ymenspiraercst (pucyHok 150, B).
Takum o0pa3oM, Haubosee TIIyOOKHE 30HBI POCTa MPEUMYIIECTBEHHO CIIOXKEHBI 3J1b0auTOM, a
OmmKalMe K BEpIIMHE — MPEUMYLIECTBEHHO JHIIUKOATUTOM (pucyHOK 150). Ha mro6oii BwicoTe
npusma {01-10} mo cpapHenmio ¢ mupamumoii{0221}, He3HauMTeNnbHO oborameHa >Ib6AUTOBOM
KOMITOHEHTO# (prcyHOK 158B), uto yke coobrmanocek (AKizuki et al. 2001).

3nauenue yriioB 2V B uccieayeMoM Kpuctaiie Bappupyer oT 0° 1o 26° (tabnuna 36, pucyHOK
16, 17). Ontuueckre aHOMAJIUM pacIpeesieHbl HeOAHOPOAHO. Camble BBICOKME 3HAYEHHUS YIIJIOB 2V
TIPOSIBIIEHBI B MPeoOIaarolieM 110 BEIMUrHe ceKTope pocTa mupamusl {0221}, CekTopa IHpaMubl
{1011} u npusmer {0110} xapakTepusyroTcs Gonee HU3KMMHU 3HaYeHusMH yrina 2V. Haubomee yeTko
3Ta 3aKOHOMEPHOCTH MPOSIBIICHA B BEPXHUX CeYCHUsIX S6 U S5 (pucyHok 17).

B kaxxqoMm ceueHUM B mpefenax OJHOTO CEKTOpa pocTa MIIOCKOCTH ONTHYECKHX OCeH MMEIOT
OJIM3KYI0 OpHEHTAlNI0, U3MEHsonIylocs He Oonee ueM Ha 10° (pucynok 16). Ilo cpaBHeHuio ¢
MaHHBIMHU, TpeacTaBieHHbIME Akizuki et al. (2001), xoppensiust Mexay OpHCHTAUEH TUIOCKOCTEH
ONTUYECKUX OCEH M HampaBieHHEM (QpPOHTa pOcTa MPOSBICHA HE TaK YETKO, HO TPUCYTCTBYIOT.
3nauenue yrina 2V 3HauMMO yBeNWYHMBaeTcs BAOJbL HampasieHus pocra [0001] ot ceuenus S3 k S5
(pucynok 17), T.e. mo mepe yBenuueHus cogepxanus Ca u ymeHbleHus coaepkanus Na B kpucraiie.

Takum 06pa3om, B UCCIIEAYEMOM KPHCTAIIIE, XapaKTEPUCTHKH ONTHUYECKUX aHOMAIMNA CBS3aHBI
C XMMHYECKHM COCTaBOM. BenmunHa yrioB 2V yBenn4uBaeTcsi OT OCHOBAaHHS K BEpIIMHE KPUCTAJUIA.
CBsi3b MEXY TPELIMHOBATOCTHIO KPUCTAJIIA U pacIipe/leIeHUeM ONTHYECKUX aHOMAJIU OTCYTCTBYET.
Ceuenne S5, conepxkaiiee HauOoJsbllee KOJIMYECTBO TPELIUH, XapakTepu3yercss HauOoJbIeit
JIBYOCHOCTBIO (pUCYHOK 16r). B 1ienom, noiaydeHHble JaHHbIE CBUAECTEIBCTBYIOT B IOJIb3Y TUIIOTE3BI
POCTOBOH TMCCHMMETapU3allii, HO U He HCKIIFOYAIOT KaTETOPUYHO BIUSHUE BHYTPECHHUX HAIPSKEHHUH

Ha aHOMAJILHYIO JIBYOCHOCTh B Hanbomee riryookux ceueHusx (S3, S2, S4) ¢ yrnmamu 2V ot 0°10 8°.

Tabnuua 32. Xumuueckuil coctaB kpucramia Typmanusa (00p. 3b/2b, Tabauma I12.2)
B Pa3IMYHBIX CEYCHUSIX cekTopa pocrta npu3mbl {0110},

OOop. h, KommonenT (Macc. %)
(pucynok | " | Na:O | CaO | SiOz | AlOs | FeO | TiO2 | F
15a)

S1 115| 148 | 293 |3896| 41.78 | 0.12 | 0.08 1.96
S6 145| 130 | 2.79 |40.10| 43.60 | 0.09 | 0.04 1.28
112 | 3.27 | 3954 | 4346 | 0.09 | 0.02 1.40
S5 16.5| 106 | 3.23 |37.78 | 41.27 | 0.03 | 0.03 1.36
1.05 | 3.44 |3881| 4198 | 0.08 | 0.04 1.23
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Ta6muua 33. Kooddpuuments B popmyse (¢.en.) kpucramna rypmammna Xo-1Y3Als[SicO18] [BOs]sVsW
(06p. 3b/2b, Tabauima 31) B pa3uyHBIX CCUEHHUSAX ceKTopa pocta mpusmbl {0110},

Oop. h, Kommonent (apfu)

MM Na Ca o Al | Li Fe Ti | Oy | OHv | Fw | OHw

S1 115 | 044 | 048 | 0.08 | 160|137 | 0.02 | 0.01 | 159 | 141 | 0.95 | 0.05
S6 145 | 038 | 045 | 017 | 169|129 | 001 | 0.01 | 131 | 169 | 0.61 | 0.39

033 | 053 | 014 (179|118 | 0.02 | 0.01 | 168 | 1.32 | 0.67 | 0.33

SBep.* 036 | 049 | 015 | 174|124 | 0.02 | 001 | 150 | 151 | 0.64 | 0.36
S5 165 | 033 | 055 | 012 | 174|124 | 001 | 001 | 163 | 1.37 | 0.68 | 0.32

032 | 057 | 011 (165|133 | 0.01 | 0.01 |1.40| 1.60 | 0.60 | 0.40

SBep.* 033 | 05 | 011 | 170|129 | 0.01 | 0.01 | 152 | 149 | 0.64 | 0.36

- CpeaHEC COACPIKAHUC DJIECMCHTOB B HCCIICAYCMBbIX o6pa3uax; (1)OpMy.]'IBI pacCUruThIBAIN
Ha 6S|, COOTHOHICHUC NBYX- U OAHOBAJICHTHBIX AaHUOHOB PACCUUTBIBAJIN U3 Oananca
BAPSAI0B.

Tabnuma 34. Xumuyeckuii coctaB (Macc. %) kpucramia Typmanuna (o0p. 3b/2b, tabnuma [12.2)
B Pa3JIMYHBIX CEYCHUSIX CEKTopa pocta nmupamuasl {0221},

Oop. h, Komrmonenr (apfu)
(p”fsig“ Y™ "Na0 [ CaO | Si0z | AlLOs | FeO | Ti0z | F
S3 15 | 1.56 | 1.87 | 38.92 | 43.04 [ 0.49 | 0.07 | 1.19
1.39 | 2.10 | 38.68 | 43.44 [ 0.26 | 0.06 | 1.36
S4 46 | 141 | 2.16 | 38.97 | 43.25 | 0.27 | 0.04 | 1.35
1.49 | 190 | 39.36 | 43.49 [ 0.47 | 0.08 | 1.16
S2 75 | 1.23 | 262 | 38.98 | 42.14 | 0.21 | 0.07 | 1.34
1.00 | 3.39 | 38.65| 41.90 [ 0.16 | 0.10 | 1.48
S1 115 | 0.78 | 4.03 | 38.24 | 42.33 | 0.13 | 0.08 | 1.74

0.99 | 354 [ 39.10| 4194 | 0.18| 0.06 | 1.61
0.86 | 4.02 | 38.84 | 42.13 | 0.13 | 0.08 | 1.44
S6 145 | 0.72 | 4.28 | 38.81 | 41.56 | 0.09 | 0.07 | 1.93
0.79 | 417 | 39.15| 41.71 | 0.12 | 0.06 | 1.57
0.83 | 3.98 | 38.68 | 41.97 | 0.10 | 0.05 | 1.54
S5 16,5 | 0.75 | 4.15 | 38.01 | 42.05 | 0.08 | 0.04 | 1.80
0.82 | 4.08 | 38.72 | 42.02 | 0.09 | 0.07 | 1.22
0.79 | 3.98 | 38.07 | 41.80 | 0.07 | 0.05 | 1.20
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Ta6nuua 35. Koaddunuenrs: B popmyie (h.exa.) kpuctamta typmaaraa Xo-1Y3Als[SisO1s] [BO3]3VaW
(06p. 3b/2b, Tabnuma [12.2) B pa3nuyuHBIX CEYCHUAX CEKTOpa pocTa
rapamusl {0221}

O6p. h, KommoneHT

MM Na Ca o Al | Li Fe Ti Ov | OHy | Fw | OHw

S3 15 047 | 031 | 022 (182|110 | 0.06 | 0.01 | 142 | 158 | 0.58 | 0.42

042 | 035 | 023 | 194|102 | 003 | 001 | 173 | 1.27 | 0.67 | 0.33

S3ep.* 045 | 033 | 023 | 188|106 | 005 | 0.01 | 158 | 143 | 0.63 | 0.38

S4 4.6 042 | 036 | 022 |185|110| 0.04 | 0.01 | 157 | 143 | 0.66 | 0.34

044 | 031 | 025 | 182|111 | 0.06 | 0.01 |0.35| 165 | 0.56 | 0.44

Shep* 043 | 034 | 035 | 184|111 | 005 | 0.01 | 096 | 1.54 | 0.61 | 0.39

S2 7.5 037 | 043 | 020 |165|130| 003 | 0.01 |125| 175 | 0.65 | 0.35

030 | 056 | 014 | 167|130 | 002 | 0.01 | 154 | 146 | 0.73 | 0.27

S2¢p.* 034 | 050 | 017 | 166|130 | 003 | 0.01 | 140 | 1.76 | 0.69 | 0.31

Sl 115 024 | 068 | 008 183|114 | 002 | 001 |217 | 0.83 | 0.86 | 0.14

030 | 058 | 012 | 159|136 | 003 | 0.01 | 149 | 151 | 0.78 | 0.22

0.26 | 067 | 0.07 | 167|130 | 002 | 001 |169| 1.31 | 0.70 | 0.30

Slep* 027 | 064 | 009 (170|127 | 0.02 | 001 |1.78| 122 | 0.78 | 0.22

S6 145 022 | 071 | 0.07 |157|140| 001 | 001 | 177 | 123 | 0.94 | 0.06

0.24 | 0.69 0.07 | 154|142 | 002 | 001 |152| 148 | 0.76 | 0.24

025 | 066 | 009 168|130 | 0.01 | 001 |1.73| 127 | 0.76 | 0.24

SBep.* 024 | 069 | 008 |160 137 | 001 | 001 |167| 133 | 0.82 | 0.18

S5 165 | 023 | 0.70 | 007 | 183|115 | 0.01 | 0.01 | 223 | 0.77 | 0.90 | 0.10

025 | 068 | 007 168|129 | 001 | 0.01 |162 | 138 | 0.60 | 0.40

024 | 067 | 009 |1.77|120| 0.01 | 001 | 177 | 123 | 0.60 | 0.40

SSep.* 024 | 068 | 008 | 176|121 | 001 | 0.01 | 187 | 1.13 | 0.70 | 0.30

* - cpeliHee coJiepyKaHue 3JIEMEHTOB B UCCIIEyeMbIX 00pa3iax; (opMyJibl pacCUUTHIBAIIN
Ha 6Si, COOTHOIIICHHE IBYX- M OJJHOBAJICHTHBIX AHHOHOB PACCUUTHIBAIN U3 OanaHca
3apsI0B.
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Pucynok 15. I3MeHeHus cocTaBa KpUcTaJlla TypMalIMHA 3JTbOAUT - JTHITUKOATHTOBOTO Psijia U3
HenTtpansHoro 3abaiikanbs (00p. 3b/2b, Tabnuma [12.2) Baoas Hanpasienus pocta [0001]: a -
3apHCOBKa uccieayeMoro kpucramia. Cepas u 0enast 30Hbl COOTBETCTBYIOT CEKTOPaM pOCTa MPU3M U
UpaMuJI, COOTBETCTBEHHO; O — u3MeHeHue cozepkanus Ca; B — u3MeHeHue cojaepkanust Na .

—o—mipamnna{02-21} -@-npusma{01-10}
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Pucynok 17. I3meHeHus ontudeckux yriaos 2V B KpucTajie TypMaliHa 3760auT —
TuauKoaTuTOBOTO psana u3 LlenrpansHoro 3abaiikanbs (06p. 3b/2b, Tabnmuna I12.2) Baons
HanpasisieHus pocta [0001].
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Tabnuma 36. I3meHnenus BenuuuH yrioB 2V B KpUCTaie TypMaJIiHA 3Ib0aUT — JTUAJIUKOATHTOBOTO
psana u3 Llearpanpaoro 3abaiikanbs (00p. 3b/2b, Tabnuua I12.2) Bnons Hanpasnenus pocta [0001].

Ne ceuennst | h, mm Yroa onruyeckux oceii 2V, ©
(preyroxc32) Tnanazon Cpennee 3uauenne
Tupamnna {0220} | Tpnsma {0110}

S3 15 0-1.0 0.5

S4 4.6 20-7.0 5.3 4.0

S2 7.5 40-7.0 5.5

S1 11.5 6.5-14.0 11.3 8.5

S6 14.5 6.5-18.0 16.3 12.6

S5 16,5 | 3.0-26.0 22.5 13.4

0.52 cMm

044 cm
(.45 em

0.63 cm 0.74 eM
B r

Pucynox 16. I3MeHeHHe KapTHHBI ONITUYECKUX aHOMAJIMH B KPHCTAJLIE TypMalIiHa 3JIbOanT
JTUAMKOATUTOBOTO psija u3 LlentpansHoro 3abaiikanes (06p. 36/2b, Tabnuua I12.2) Bnons
Hanpasienus pocta [0001]: a — ceuenue S4 (h=4.5 mm); 6 — ceuenne S1 (h=11.5 mm); B —
ceuenue S6 (h=14.5 mm); r — ceuenne S5 (h=16.5 mm). [ludpbl COOTBETCTBYIOT 3HAUCHHUSIM

yrioB 2V B rpajycax; TaHTEIN MOKa3bIBAlOT OPUEHTAIIHIO TNIOCKOCTEH ONTHYECKUX OCEH.

UepHble KpYyKKH — MecTa 0TO0pa oopasmoB S1, S6, S5 s PCA.
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5.3. InccumMeTpu3anusi TYPMAJIUHOB U3 MaJIXaHCKOI0 NerMaTUTOBOIO MOJIsI

J1J1sl TOATBEPIKACHUST POCTOBOH JHCCUMMETaPHU3AIMK KPUCTAILIA, B KOTOPOM yrou 2V 1ocTuraer
26 (06p. 3b/2b, Tabnuna 31, 36) ObLTM IPOBEICHBI aHAIM3 CAMMETPUHU M YTOYHEHHUE KPUCTALTUYECKON
CTpYKTYpHI (B mp. rp. cummerpur R3m, Cm u R1) o6pa3nos u3 ceuernii S1 (2Vmax = 119, S6 (2Vmax =
16), S5 (2Vmax = 23) (Shtukenberg et al. 2007).

5.3.1. AHa/1u3 CUMMeTPHH N0 M (PPAKIHOHHON KapTHHE

AHalM3 CUMMETPHH HCCIICAOBAaHHBIX OO0pa3lOB HAYMHAIM C CPAaBHEHHS WX HAPAMEMPOS
anemenmapuou avetiky (Tabnuima 37), molydyeHHBIX B Bbiciie mp. rp. R3m u e€ moarpynmnax R1 u Cm.
XoTs mapaMeTphl 3JIEMEHTApHON SYEWKH HCCICNyeMbIX O0pa3loB ONHM3KH K TPUTOHAIBHBIM,
CYIIECTBYIOT 3HAYUTEIbHBIC Pa3IMUYUs MEXJy KOHCTaHTaMu @ ¥ b (1o 6 CT. oIl.), a TakKe MeHee
BBIPKCHHBIC OTKJIOHEHHUS YIiI0B a, B 1y oT 90 ° u 120 °, coorBeTcTBeHHO (10 4 CT. oml. Tabiuma 37).
OTH JaHHBIC TPEIIONIAral0T IMOHIKEHHE CUMMETPHH 10 TPUKJIMHHOW WM, 10 KpaiHed wmepe,
MOHOKJIMHHOW. BBISIBJICHHBIC NCKKEHUS PEIICTKH OJIM3KU K TeM, 0 KOTOphIX coobmran Akizuki et al.
(2001) mns dparmenTa AByocHOro cekropa pocta {0221} kpucramma typmamuHa (2Vmax = 30°), B

KOTOPOM OTKJIOHEHHS YIJIOB OT UACAIbHBIX BEIMYMH ObLIH eliie Oojiee MposBieHs! (Tabuma 37).

Tabmuna 37. Bapuanuu mapamMeTpoB 3JIeMEHTApHOM si9eiKki 00pa3ioB, COOTBETCTBYIONINX PA3IMYHBIM
cedeHusaM Typmanuna u3 Llentpansnoro 3abaiikanbs (00p. 3b/2B).

Oopasen S1 S6 S5 Akizuki et al.
(2001)
h, MM (cM. pucyHok 15a) 11.6 145 16.5 Het nannsix
2V,° 11(1) 16(1) 23(1) 30

IMapaMeTpsl 3/1eMeHTAPHOM STYeHKHU

TpuronansHast cuuronus (mp. rp. R3m)

Qrpurs A 15.845(1) 15.840(1) 15.833(1)

Crpurs A 7.110(1) 7.109(1) 7.103(1)

TpuknuHHas (TICeBIOTPUIOHANbHAs) CHHIOHUS (TIp. rp. R1 u P1)

Bupucns A 15.854(3) 15.853(3) 15.845(4) 15.863(2)

Bprac, A 15.843(3) 15.834(3) 15.822(4) 15.851(2)
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(a-b)/o 3.7 6.3 5.75 6.0

Copury A 7.108(1) 7.109(1) 7.103(2) 7.107(1)

a, ° 89.944(14) 89.989(14) 89.97(3) 90.12(1)

la- 90°l/c 4.0 0.8 1.0 12.0

B, ° 90.045(15) 90.043(14) 90.07(3) 89.88(1)

IB- 90°l/c 3.0 3.1 2.3 12.0

y,° 119.975(12) | 119.949(12) 119.92(2) 120.22(1)

ly - 90°l/c 2.1 4.3 4.0 22.0
MoHokuHHast cuHroHus* (mp. rp. Cm)

o, A 27.467(10) 27.472(10) 27.466(16) | Her mamHbIX

Buom A 15.843(3) 15.834(3) 15.822(4)

[(@%ontbZon) Y2/2-Dyon) /o 3.4 2.02 1.7

Cuons A 7.108(1) 7.109(1) 7.103(2)

B, ° 90.045(15) 90.043(14) 90.07(3)

(B-90)/c 3.0 3.1 2.3

* - Quon = 28rpux + Drpux, Duion = Drpuk, Cuion = Crpux, CM. pECYHOK 19.

Crenyronum 3TanoM OblI aHanu3 unmeHcusHocmeti pegiekcoé Ha TUPPAKIMOHHON KapTHUHE,
KOTOpBIE SIBIISIOTCS SKBUBAJIEHTHBIMHM B 1p. rp. R3m. Takue pediaexcsl ObuM coOpaHbl B IPYIIIHI,
COOTBETCTBYIOIIHME 3JICMEHTaM CUMMETPHUHU B TU(PPaAKIIMOHHOM Kiacce -3m (3, My, My, M;), U Kaxaas
IpyITa aHAIU3uPOBAIAch oTaenbHO. Eciu pasuuma uatencuBHOCTelH (F2max-F2min) BHYTpH IpyTiTis! B 4
pasa mpeBbllIaja ONPEAEICHHOE MOPOroBOE 3HAUYEHHUE, CUMTAIOCh, YTO paccMaTpuBaemas IpymIa
HapylaeT omepanuio CUMMETpUU. MBI OIEHHMBalIM 3TO MOPOTOBOE 3HAUYEHUE B JIBYX BapHaHTaXx,
UCTIONB3YSl ~ MaKCHUMaJbHYIO BEIMYMHY CTAaHAAPTHOTO OTKJIIOHEHWS (CT. ONI. G) WHTCHCHBHOCTH
pebnexcoB B rpymme (F’ma-Fmin > 40max) ¥ HaMOONBIIYIO pa3HHIy B Heil MHTEHCHBHOCTEH
®punenenckux map pediuexcos (MKl u —h-K-1): F2max-F2min > 4|F2hki — Fhk|-

PesynbTaThl cpaBHEHNS MHTEHCUBHOCTEH OTPaKEHUH, SKBUBAJICHTHBIX B JIAYDBCKOM KJ1acce -3m,
MOKa3aJii HapYIIEHUsI OCH TPETHETOo MOPSAIKA U JIBYX HX TpeX MIOCKOCTEN 3epKabHONH CUMMETpUu (My
u M;) (pucynoxk 18). Hucno rpymni peduiekcoB, HapyIIAIOIIKUX 3TH YJIEMEHThl CUMMeTpuu He MeHee 20%.
[lpu sToM wmcno Tpymm pedIieKcoB, HapYIIAONIMX TPUTOHATBHYIO CHMMETpUI0 00p. S5 ¢

MaKCHMaJIbHBIM YTIIOM 2V, CYIIIECTBEHHO 00JIbIIe, 4eM 00p. S1 1 S6, 9To yKa3pIBaeT HA MAaKCUMATBHYIO
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CTETIeHb €ro auccuMmMerpuszanuu. llpomeHT Tpynn pedraekcoB, HapyMIABIIUX  IUIOCKOCTb

nepreHauKysipayto ocu Y (My), He npessitian ~ 3%. CiaenoBaTeabHO, CHMMETPHUS HCCIIEI0BAHHBIX

'mﬂ [H[|_|
0 -]
3 m m, m

3 4

KpHUCTAJIJIOB HE BBIIIC MOHOKJIUHHOM.

%

P

Pucynox 18. [IporieHTHOE copepskanue rpyI oTpakenuit (P), HapyImaronmx ornepanud CAMMETPUT
Jay3BCKOT0 Kiacca -3M (0Ch TPEThEro Mopsika U 3epKalIbHbIE IIOCKOCTH, pUcyHOK 19). UepHsie,
cepbie U OeJble KOJIOHKH COOTBETCTBYIOT oOpasiiam S1, S6 u S5, cOOTBETCTBEHHO.

Amcl

my m, my

Pucynok 19. CootHorienust Mexay TpUroHaiabHou (ip. Tp. R3mM), nceBaoTpuroHanbHOM (TPUKIMHHOM,
mp. rp. P1 u R1) 1 MOHOKIIMHHO¥ 371eMeHTapHBIMU stuciikamu (1p. rp. CM) uccieayeMbpIx 00pasios.

Pucynok 20. CxemaTnueckas MpoeKIus CTPYKTypbl TypMaiinHa Ha miiockocTsb (0001). Paznuunbie
OTTEHKHU CEpOTo LBETa COOTBETCTBYIOT paziaunyHomy conepxanuto Al u Li B YOg— okTasapax
(yrounenue B mip. rp. R1). Benbie u uepHbie TpeyronbHUKH npeacTaBistioT SiOs-terpasapsl 1 BOs-
IPYIIIbI, COOTBETCTBEHHO.
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3akonvr nocacanus. TpeTbUM 3TaloOM aHaIW3a JUCCUMMETPU3ALMU OBUIO BBIBICHUE
pedaekcoB, 3anpeneHHbIX B mp. rp. R3m.

AHanmu3 1udpaKIIOHHBIX OTPAKEHHUM, MOJy4YeHHBIX 0T 00pa3ioB S1, S6 u S5 BeisBun 74, 34 u
52 cnabbix peduiekca ¢ F2uasn> 46 (F?uacn ), COOTBETCTBEHHO, KOTOPbIE HAPYLIAIN MPOCTPAHCTBEHHYIO
rpymmbsl R3m (3akon moracanus h-k+1=3n). Onnako 6osiee TiaTeapHas IPOBEPKA HHTCHCHBHOCTH 3THX
pedIeKCoB ¢ MOMOIIBIO y-CKAaHUPOBAHUS, IPOBEIEHHOTO JI7Ist 00pa3ia S5, Mo3BoJInIa OCTABUTH TOJIBKO
3-5 3ampemeHHbIX OTPAKEHHH, NPAaKTUYeCKH He Hapymamommx R-pemerky. Oxa3anoch, 4YTO
MPOMCXOXKJICHNE OCHOBHOW YacTW HAOJIOAaeMbIX 3allpPEIICHHBIX OTPAKEHHH CBS3aHO C SIBJICHUEM
MHOTOKPATHOTO PACCEsSHUS, a TaKXKEe C BKIAJAOM A/2, KOTOPBIA SIBISETCS CHJIBHBIM Il JaHHBIX,
MOJTYYCHHBIX C MMOMOIIIBI0 AudpakTomerpa bpykepa.

Taxum oOpazom, aHanu3 AU(PaKIUOHHBIX KapTHH, MOIXY4eHHBIX oT 00p. S1, S6 u S5, mokazan
MOHMKCHUE CUMMETPHUH 710 MOHOKJIMHHOM (1ip. Tp. CM), WK TICeBIOTPUTOHAIBHON TPUKIMHHOMN (I1p.
rp. R1 win P1): @von = 28rpux + Drpu, Duvon = Drpux, Cyion = Crpux (cM. prcyrok 19). Bei6op mp. rp. R1 cpeau
TPUKJIMHHBIX TPYII KAXKETCS HauboJiee BEPOSTHBIM, TaK KaK COTJIACHO aHaJIM3y 3aKOHOB moracanwus, R

- PCUICTKA B CTPYKTYpax UCCICAOBAHHBIX TYPMAJIWMHOB IIPAKTUUCCKH HC HAPYIICHA.

5.3.2. YTOUHeHHs KPUCTAIVIHYECKUX CTPYKTYP

YTOYHEHHE CHUMMETPHHM  JBYNPEIOMISIONIMX  KPUCTAJUIOB W BBISBICHHWE  MPHYUH
muccummerpusaruu (Shtukenberg et al. 2007) npoBoanIK Ha OCHOBE YTOUHEHHS MX KPUCTALTHYSCKUX
CTPYKTYp B NPOCTPAHCTBEHHOH Tpymnme R3mM, a Takke B Tpex ee MOArpymmax: MOHOKIMHHOK Cm (c
COOTBETCTBYIOLIEH OpHeHTalMel 3epKaJlbHOW IUIOCKOCTH, JUIs KOTOpOH HaOr0/aioch HauMEHbIlee
KOJINYECTBO HApYIIEHUI MHTEHCUBHOCTH SKBUBAJIEHTHBIX pe(IeKcoB; pUCYHOK 19) u TpukiauHHBIX R1
u P1 (Tabnuna 38). HectanaapTHas npoctpaHcTBeHHas rpynna R1 Obuia CKOHCTpyHpOBaHa ¢ Y4ETOM
NICEBJOreKCaroHaNbHON TPUKIMHHON siueiiku u 1o6aBouHbIX Tpancauuii (1/3, 2/3,2/3) u (2/3,1/3,1/3),
KOTOpbIE ObUTH 10OABJIEHBI KO BCEM aTOMaM B aCUMMETPUYHON YacTH siueiKu, TO €CTh JOOaBIISIINCH /1Ba
HKBUBAJIEHTHBIX aTOMa, Kak Oy/ATO 3T0 Obl1a COOCTBEHHO poMO03[pHUyecKast pelIeTka B TeKcaroHaIbHON
ycraHoBke. To ecth Rl o3Hawamo, 4To, XOTsA sYeilka TPUKIMHHAS, KaXKIBIH aToM HMeEeT
TPaHCISIIMOHHBIC 3KBUBaNCHTHI: (X + 1/3,y + 2/3,2+2/3) u (x + 2/3,y + 1/3, z + 1/3). BBenenue stoit
IPOCTPAHCTBEHHOW TPYMINbl OKAa3aJloCh OYEHb IOJE3HBIM JUIsI OINUCAHMUSA JUCCUMMETPU3ALUU

KPUCTAJTIMYECKON CTPYKTYpbl TypMajliHA U €€ CPAaBHEHUS C MCXOJHOW TPUTOHAIBHOM CTPYKTYpOM

(R3m).
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KpuctamioB (00p. S1, S6, S5) B pa3auvHBIX TPOCTPAHCTBEHHBIX IPYIIAX.

O6p. | Yucao | Yucao | R(F>4o Rw S K1, K2 Pazme | Jdudpaxromerp
(Tabn | me3aBm | He3aBHC. F) (Becos. p o0p.
uma | c.orp. oTp. cxema)* | (r, Mm)
36) | (1>261) | (F>4eF)
Ip. rp. R3m
S1 1579 1570 0.0220 | 0.0872 1.119 0.0640 0.16 APEX I
2.7360
S6 1307 1301 0.0205 | 0.0785 1.070 0.0571 0.16 APEX I
3.9506
S5 1654 1644 0.0270 | 0.0686 1.211 0.0272 0.125 Nicolet-P3/R3
0.5702
Mp. rp. Cm
S1 11922 4004 0.0211 | 0.0760 | 1.038 0.0260 0.16 | APEXII
8.0217
S6 10258 3404 0.0193 | 0.0905 | 0.946 0.0400 0.16 | APEXII
11.0217
S5 13470 5293 0.0388 | 0.1032 | 1.088 0.0260 0.125 | Nicolet-P3/R3
18.0217
Hp. rp. P1
S1 22000 7337 0.0211 | 0.0777 1.139 0.0200 0.16 APEX I
8.0000
S6 18760 6206 0.0186 | 0.0749 1.093 0.0200 0.16 APEX I
8.0000
S5 16505 6525 0.0315 | 0.0903 1.300 0.0066 0.125 | Nicolet-P3/R3
8.0217
Hp. rp. R1 (P
S1 7246 7230 0.0214 | 0.0629 1.126 0.0240 0.16 APEX I
6.3787
S6 6161 6152 0.0197 | 0.0621 1.131 0.0280 0.16 APEX I
5.5295
S5 5653 5615 0.0281 | 0.0748 1.067 0.0452 0.125 | Nicolet-P3/R3
5.9190
*Becosas cxema: 1/{[a(F?)]? + (KiP)?+ KzP}, tne P = [max(F?,0) + 2F?]/3;
4 - Ip. rp. R1 co3maBanack ¢ MPUMEHEHHEM IICEBIOTE€KCArOHAIBLHONW TPHKIMHHOM
sueiiku, ¢ nobasnenuem Tpancsuii (1/3, 2/3, 2/3) u (2/3, 1/3, 1/3) k kaxxaoMy aTomy
B ACCHMMETPHUYHOM STYEMKE.

3HavyeHUs] KOOPJIMHAT aTOMOB, MapaMeTPOB CMEILEHUS U 3aCEJICHHOCTEW MO3MLMMI A Tp. TP.
R3m, Cm u R1 npuBenens! B Tabmunax 113.4, I13.5, I13.6, cCOOTBETCTBEHHO; JJIMHBI CBS3EH — B TAOIHIIAX
[14.4, 114.5, [14.6).

[TosydeHHbIE pe3y/ibTaThl TMOATBEPAWIM MOHIKEHHE CHMMETPHH JBYOCHBIX LI-Al —
TYpMaJIMHOB HUXe TpUTroHaNbHOI. [Toka3aHo, 4To 00111ast TOMONIOTHS TPUTOHAIBHOM KPUCTATLITUYECKON
CTPYKTYphl B HuX coxpassercs (pucyHok 20). IloHmwkeHne cuMMETpUH OOYCIIOBIEHO, TJIABHBIM
00pa3oM, YaCTUYHBIM YIIOPSTOYCHHEM KaTHOHOB B Y — MO3HUITHSX.

B moHokmuHHON mp. Tp. Cm, Y — mo3unus pacHieruiseTcsl Ha MeCTh HE3aBUCHMBIX TO3HIIHMA
(trabmuma I13.5). I1pu 3TOM 3aceneHHOCTH ITUX MIECTH MO3HUIMA MOTYT OBITH CTPYINIIUPOBAHBI B JBE
TPYIIBl C 3HAYUTENBHO PA3IMYAONICNUCS 3aCENEHHOCThI0, KOTOPYIO MOYKHO OXapaKTepu30BaTh

napamerpoM Xal = Al/(Al + Li). Paznuuuns 3HaueHuit Xai B 3Tux rpynmnax ans oOpasuos S1, S6 u S5
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pasubl 0.14, 0.14 u 0.29, cooTBeTcTBEeHHO. Pa3nuuus BHYTpH 3THX Tpymn Maibl (11 o6pas3uoB S1 u S6
menee 0.004 = 2 cr. omr; mna obpasua S5 onu npoxomar mo 0.034 = 17 cr. omr). Ilo3unuu,
IPUHAAJISKAIINE K OJHOM U TOH e rpyIie, CBA3aHbl JpYyr ¢ ApyroM mncesao R - tpancisuueit. Takum
o0pazoMm, R — cummerpust mo-npexHeMy HMPUCYTCTBYET B KpUCTAJUIMYECKOH CTpykType. Hamboinee
3HAYUTEJbHbIC HAapyImIeHus «R — TpaHcasmumn» oOHapykeHbl B o0pasue S5. OnHako, 3TH OTKIOHEHHUS
He OBLIM MOATBEPKACHBI IOCIEAYIOIMM YTOYHEHHEM B MEHEe CHMMETPUYHOM TPUKIMHHON
npoctpaHcTBeHHOU rpynne P1. ITo-BuaumMoMy, OHU SBISIOTCS CIEICTBHEM OIIMOOK, JAOIYIIEHHBIX B
IIPOLIECCE YTOUHEHUS KPUCTAJUINYECKON CTPYKTYPBI.

B np. rp. P1 kaxxgas Y — mo3uius pa3duBaeTcs Ha JEBATh HEAKBUBAICHTHBIX o3uLKi. OHAKO,
3aCeIICHHOCTH IMO3MIIMI, CBSI3aHHbIE R — cuMMmeTpueit, oTanuarorcs He 6oiee uem Ha 0.016 apfu, uro
COOTBETCTBYET 3 CT. Oll., M TakXe MOJATBEPXKIAeT coxpaHeHHe R — TpaHciasamuu. DTOT BBIBOJ B
JTabHEWIEM ObLIT IOATBEPKIeH JuimHaMu cBsizeit Y-O s Bcex Tpex obpasios (tabnuna [14.4, I14.5,
[14.6), mnst koTopeix B mp. Tp. Pl makcumanbHOe paszmuume Mexay pasmepamu YOs — OKTadapos,
cBA3aHHBIX R — TpaHcnsanueii, He npesbimaet 0.005 A (T.e. Menbiue, yem 1 ct. omt.). Ilo 3Toit mpuumHe,
OIKCaHKUE KPUCTAIIMYECKOM CTPYKTYpPbI HCCIIEI0BAaHHBIX TYPMAJIMHOB ClIEyeT pacCMaTpUBaThCs B IIP.
rp. R1.

B TpukiinHHOM npocTpancTBeHHOM rpymie R1 Y — no3unus pacuierisiercs Ha TpU HE3aBUCUMBIE
NO3HUIIMK, TaK 4TO Tpu Y — MO3MIHMHA B OJHOM M TOM JK€ AHTUTOPHUTOBOM (parMeHTe MOTYT
XapaKTepu30BaThCs Pa3IMUHBIMU 3aceieHHOcTsAMU (pucyHok 20). Habmonaemble 3aceneHHOCTH Y —
no3unuuu (Xar) XOpoUIO KOPPETUPYIOT CO CPEAHUMHU OKTa3APUYECKUMHU PACCTOSHUSAMHM KaTHOH —
kuciopon <Y-O> (tabmuma [14.6, [13.6; pucynok 21; pucynok 15). [Tozumus Y1 cogep kUt 3HAYUTETHHO
6onbiie Al, uem - Y2 u Y3, B koTOpbIX conepkanus Al ouenb 6au3ko apyr k Apyry (tabauna [13.4, T13.5
Y PUCYHOK 22; pucyHOK 15). Pa3Huiia B 3aceneHHocTH Y — MO3ULHUIA, XapakTepu3yeMast BermmunnHon A Al
= Xva - (Xv1 + Xv2)/2, yBeJIMYHBACTCs ¢ BO3pacTaHueM 3HaueHu# yrioB 2V, nocruras 0.32 mis obpasua

S5 (pucynok 22; pucynok 16)
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Pucynok 21. 3aBucumocts uuH cBsizeit Y-O, ot gosu Al B Y-nosunumsix (Xal) B
00p. S1, S6, S5. KBaapaTsl — pe3ynbTaTsl yTOUHEHHS CTPYKTYpHI B Ip. Tp. R3m,
Kpyru — B Cm, tpeyronbHuku — B R1. CrtomiHeie TUHUY MPEACTABISIOT
yCpeIHEHHbBIE IUTepaTyPHbIC JaHHBIC U1 4eThIpeX 00pa3ioB Li-Al-TypManuHoB ¢
He3HaunTenbHbIM (B cymme MeHee 0.08 ¢.ex.) cogepkanuem npumeceit Mn, Mg, Fe
U IPYTUX 3JeMeHTOB, 3anumatoux Y-nosuimu (Nuber & Schmetzer 1981; Burns et
al. 1994; MacDonald & Hawthorne 1995).

T T T T
p<
s g
Z

ol 002} },’(,’-' E
T Vs o o2 =
= s =
s o }'/ .... g z
o= Pid o1 B
pig <
o <

0.00! < 1 1 1 1 0.0

0 s 10 15 20
2V, °

Pucynoxk 22. 3aBUCHMOCTh MEXy ONTHYECKUM yriioMm 2V, BenuunHo# (& — b), rae a, b — m.o.4.
(TpeyroJIbHUKH) U pa3inuueM B coepkanuu Al B Y okTasapax (MOHOKIMHHAS annpokcumarus) AAl
= Xvs - (Xv1 + Xv2) / 2 (kBazgpatsl). JIMHUK TPOBE/ICHBI HA TJIa3.

Takum 00pa3oM, He3HAUMTEIbHASI Pa3HUIlA B 3aceICHHOCTAX Y2 u Y3 - MO3WIHIA, TIO3BOJISET B
OTIpeIcIEHHOM TPHUOIMKEHUN paccMaTpUBaTh HCCIIENyeMble CTPYKTYPhl, Kak MOHOKJIWHHBIE. Takas
MOHOKJIMHHAsl aNMpOKCUMAIMsl XOPOIIO COIJIaCyeTCsi C pe3yJibTaTaMHM aHalu3a HHTEHCUBHOCTEH
SKBUBAJICHTHBIX pediekcoB (pUCYHOK 18) M BBIMISAUT JOCTATOYHO OocTOBepHOW. OpHako Oomee
JeTaIbHBIN aHAIN3 TIOKA3bIBAET, YTO MO3KIKA Y2 Bceraa coaepskut menbiie Al, wem Y3 (tabmura I13.4,
[13.5; pucynok 20). Hns o6pasmoB S1, S6 u S5 paszmuuus pasasl 0.028, 0.052 u 0.011, yto
COOTBETCTBYET 5, 9 U 2 CT. Oll., COOTBETCTBEHHO. Pa3nuuns B 3aCENICHHOCTAX TAK)KE KOPPEIUPYIOT CO

cpenauMu JTrHaMu cBs3ert Y-O (tabmuma I13.5, I13.6; pucyHok 20). Takum odpazom, 1yt 00pa3ios S1
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U S6 HanwTydlIas MOAETb COOTBETCTBYET TPUKIMHHON cuMMeTpuu. OnHako Jutst oopasua S5 pa3ianyus
B 3aCEJIEHHOCTU OKTa’ApoB Y2 M Y3 CIOUILIKOM Malibl, JUIsl TOIO YTOOBI MOATBEPIUTH HNOHUKEHUE
CUMMETPUU A0 TPUKIMHHOW. ClenoBaTeNbHO, CUMMETPHs 3TOro obpasua (popMaabHO MOXKET OBITh
paccMOTpeHa Kak MOHOKJIMHHas. TemM He MeHee Mbl IOJlaraeM, 4TO CHMMETpus 3Toro obpasia,
TPUKJIMHHAS, HO C OUY€Hb MaJIbIM OTKJIOHEHUEM OT MOHOKJIMHHOM.

B nenoM, KpuUCTAJUIMYECKYI0 CHMMETPHUIO MCCIIEIyeMOro KpHUcTauia CleqyeT paccMaTpuBaTh
Kak OJM3KyH0 K MOHOKIMHHOM C HEKOTOpOMl CTeNeHbI0 TPUKJIMHHBIX HCKaxeHUi. UYUToObI
OXapaKTepH30BaTh CTEICHb ITUX UCKAXKEHHH, BBOAUM mapametp & =(Xv3 - Xv2) / (Xv1 - Xy2), KOTOpBIii
Om3ok Kk O mIT MOHOKIMHHOM

CUMMETpUM W | Il  TPUKIMHHOU

CTPYKTYpBI ~ 0€3
MICEBAOMOHOKIIMHHOCTH. D10 3HaueHue paBHo 0.20, 0.37 m 0.04 mns obpasmoB S1, S6 u S5
COOTBETCTBEHHO, YTO YKa3bIBAE€T HAa 3HAUMMbIE TPUKJIMHHbIE HapyllieHus B oopasuax S1 u S6 u oueHb
HE3HAYUTeNbHbIC HApYIIeHUs It oOpasna S5. AHanornyHas I3MEHYHMBOCTh CHMMETPUU HAOII0Aaach
11 u3oMOpdHBIX cepuit yrpananToBbix rpaHatoB (Wildner and Andrut 2001; Shtukenberg et al. 2005)
U HaTpHeBOTo xyopar-opomara (Shtukenberg et al. 2004).

B yTOYHEHHBIX CTPYKTypax Z-TIO3HIUHU MOTHOCTBIO 3amonHensl AI®Y, a cpennss nnmna csseit
KaTHOH-KHUCIopoa <Z-O> miisg Tpex 00pas3ioB Koiebercs B npeaenax morpemHocta ot 1.903 mo 1.906
A (tabnuua 39). [TonyueHHbIe Pe3yIbTaThl XOPOIIO COTTIACYIOTCS CO CPeHeil IIHHOM cBsseil <Z-O> B
cTpykrype apyrux Li-Al - TypmManuHOB ¢ Z-monudapaMu, MOJTHOCTBIO 3aHATHIMU Al 1 Y mO3uIusIMH,
MOYTH TIOJHOCTHIO 3anoidHeHHbIMU Al u Li (Tabnuma 7, 22, I11.2). To ke camoe OTHOCUTCS K JUTHHAM

csseit <T-O> u <B-0>: 1.615-1.620 u 1.372-1.380 A, cooTBercTBeHHO, B cpaBHeHuH ¢ 1.616-1.621 u
1.370-1.379 A B ctpykrypaxapyrux Li-Al-rypmanuHos.

Ta6muana 39. Cpenuue AmuHbI cBsseil (A) MOMUAAPOB B CTPYKTYpax JABYOCHBIX TYPMAIHHOB
(mp. tp. R3m, Cm, R1).

Honwsap | Mp.rp. Oo6pa3zen
S1 S6 S5
<X-0> R3m 2.628(123) 2.624(127) 2.623(128)
Ccm 2.629(63)-2.630(63) 1.629(63) 2.624(61)-2.633(65)
R1 2.629(63) 2.629(63) 2.627(63)
<Z-0> R3m 1.906(17) 1.903(17) 1.904(17)
Cm 1.905(18) 1.905(16)-1.906(18) | 1.904(16)-1.907(19)
R1 1.906(18)-1.907(17) | 1.905(16)-1.907(18) | 1.904(18)-1.905(19)
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<B-O> R3m 1.375(6) 1.376(7) 1.377(4)
cm 1.375(6)-1.377(10) | 1.376(5)-1.377(9) 1.372(3)-1.380(6)
R1 1.376(6)-1.377(10) | 1.376(6)-1.376(12) | 1.374(7)-1.377(11)
<T-O> R3m 1.620(11) 1.618(11) 1.617(11)

Cm 1.617(10)-1.619(12) | 1.617(10)-1.619(12) | 1.615(9)-1.620(15)

R1 1.618(12)-1.620(10) | 1.618(12)-1.620(10) | 1.617(13)-1.618(12)

CrangapTHbIE OIIMOKH ONPEICIICHHS JJTMH CBsI3eH BRIYMCIICHBI U3 pa30poca
WHIUBHUIYAIbHBIX JJIMH CBsI3el, yTouHeHHbIX B mp. Tp. R3m, Cm u R1,
COOTBETCTBEHHO.

W3 3naueHuit [uana3oHoB cpeHUX ANuH cBs3el <Z-0>, <B-O> u <T-O> B np. rp. R1, cnenyer, 4to
ornenbHble KoopauHaTHbie mommdapsl ZOs, BO3 u TO4 He moABEpKEHBI BIUSHUIO YMEHBIICHHS
cummerpun. Tosbko 3Hadenus <X-O>, Bappupyromue Mexay 2.623-2.633 A (tabnuua 39) HeckobKo
KOpouYe, 4eM Te, 0 KOTOPBIX coobIanock panee 2.645-2.675 A (tabnuua 7, 22, 111.2). Do npeanonaraer
MEHBIIIEE KOJMYECTBO BaKaHCHI B MO3HMIHUAX X B HcclenoBaHHbIX oOpasnax (0.07-0.13 apfu (tabnuma
33, 35; paszmen 5.2)) no cpaBHenuto ¢ 0.26-0.44 apfu B GOJBUIIMHCTBE KPUCTAIUIMYCCKUX CTPYKTYP
uccienoBanHbix Li-Al-rypmanunos. Habmromaembie cBsisu <T-O> HECKOJIbKO KOpPOYEe, YeM THITHYHBIC
naHbl ¢Bsizu Si-O. Bo3MOKHBIM 00BACHEHUEM SBIISCTCS YaCTHYHOE 3arOJHEHUE T-MO3HIUI 60poMm,
KOTOpO€e ObIJI0 YCTaHOBJIEHO B HeckoabKux padorax (Hughes et al. 2000; Schreyer et al. 2002; Marshall
et al. 2004; Bosi et al. 2005; Ertl et al. 2005, 2006; Ertl et al. 2008; Lussier et al. 2008). [IelicTBuTensHO,
YTOUYHEHHUE COOTBETCTBYIOIIMX 3aceleHHocTel (Tabnmuua 39) ykaspiBaeT Ha BO3MOXKHOCTh HAJIMYUS

MuUHUMaIbHOH (710 0.06 ¢. ex.) npumecu B B T-mo3unusix Bo BceX UCCIEA0BAaHHBIX CTPYKTYpPaX.

5.4. 3akia0uuTeIbHBIC 3aMEeYAHUA

CorJiacHO MOJTyYeHHBIM JIAHHBIM, aHOMAaJIbHAS IByOCHOCTh MCClieoBaHHbIX Li-Al-TypManuHoB
U3 pa3auuHbx MectopoxaeHuir (2V < 10°) cBs3aHa, NPEUMYIIECTBEHHO, C HaMpPsLKEHUSIMU
rerepoMeTpud. B aHOManpHO ABYNpelnoOMISIIOIIEM KpucTamie TypMmanuHa u3 LleHTpansHOro
3abaifkanbsi 3HaYeHUs yria 2V 3HauMMO YBEIMYHMBAIOTCS BIOJIb HampaBieHus pocta [0001] mo mepe
yBenuueHus: comepkanuss Ca W yMEHBIIEHUs cojepkanusi Na, aHOMalbHas JIBYOCHOCTH CBsI3aHa C
MOHIDKEHUEM CUMMETPUH KPHUCTAlIa: OT TPUTOHAIBHOU (Tp. Tp. R3m) 10 MOHOKIWHHOMN (Tp. Tp. Cm)
WIH TPUKJIMHHON (TICEBIOMOHOKIMHHON) (Tp.rp. R1), 00yCIOBIEHHBIM YaCTUYHO YHOPSIOYECHHBIM

pacnpenenenueM karnoHoB Li u Al mo YOs oktasmpam.
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HITyken6eprom ¢ coaBropamu (2007) 66110 MTOKa3aHO, TUIIOTE3a POCTOBOM IUCCUMMETPH3ALIUH
KOPPEKTHO IPEJCKa3bIBAET CUMMETPHUIO KpHUCTala U paclpeneneHue Y-OKTa’poB C pasIuyHON
3aCeJIEHHOCTBIO IpYT OTHOCUTENBHO Jpyra. Ha npoekunn kpuctajmmyeckoit CTpyKTyphl TYpMaIlHa Ha
rpaub (2021) (pucyHOoK 23) BUIHO, 4TO OTHOCHTENIBHO 3TOH pocTOBOH rpant Y2 u Y3 OKTadAphl HMEIOT
OJIMHAKOBYIO OpHEHTALMI0 U OKpyxeHue. OpHeHTaluss M OKpYXEHHME TpeTbero okrtasapa Y1
oranuaercs. Takas cuTyalus co34aeT OCHOBY JUIsl YIIOPAJOYEHHOT0 PACIPeesIeHHs] KATHOHOB 110 IBYyM
tunam Y-mosunmid. OTHOCHTENHbHO 060K pocToBOil cTymennm Ha TpaHsx (2021) (kotopele He
napamnensasl [1210] manpapienuio), Bce Tpu okTadapa Y1, Y2 m Y3 pasnuyHBl M MOTYT HMETh

Pa3InuYHBIC 3aCCIICHHOCTH.

Pucynoxk 23. ITpoekius KpucTaaInueckoil cTpyKTypsl TypMalliHa Ha pPOCTOBYIO TpaHb (2021),
(sanpasnenue [1210] pacrnonoskeHo ropu3oHTanbHO). CBETIO-Cephle TeTpadaphl 0003HAYAIOT FPYHIIBI
SiOa, yepHbie TpeyroipHuKH - rpymnsl BOs, cepoie kpyru — X (Na, Ca) — no3uiuu, 4epHbie Kpyru - Z

(Al) - mo3unuu. Bapuanuu 3aceneHHOCTEH Y-0KTadIpOB MOKa3aHbI Pa3IHUyHBIMH OTTEHKAMHU CEPOTO.

Kak ObutO MOKa3aHO BBINIE, Pa3HUIA B MapaMeTpax 3JeMEHTApHOW sdelku a - b, a Takke
pasnuuus B 3amosHeHun Y-mo3unmid (AAl = xv1 - (Xv2 + Xy3) / 2), KOPPEIUPYIOT C YIIIOM ONMTHYECKUX
oceit 2V (pucynok 22). Ha ocHOBaHUHM 3TOT0 MOXKHO MPEANOJIOKHUTh, YTO YIMOPSIAOUYEHHNE KaTHOHOB
SBIISIETCS TTIABHOW MPUYMHON aHOMAaTbHOW JABYOCHOCTH KPHCTALIOB ¢ yrioMm 2V > 10°. BHyTpeHHue
HANPSDKEHUST MOTYT TaKKe BIUSATH Ha HA0II0/1aeMYI0 ONTHYECKYIO KapTHHY, OJHAKO UX BIUSHUE MEHEe
3HA4YMUTENbHO. [Ipu 2TOM, BHYTpEHHHE HANpPsDKCHHS, BO3HUKAIONIUME M3-3a 30HAJBHBIX U CEKTOPHBIX
KOMITO3HITMOHHBIX HEOJHOPOIHOCTEH, MOTYT OBITh TPUYMHOW BapUaIllMd OPUEHTALUU TIJIOCKOCTH
ONTUYECKUX OCEH B Mpejiesiax CeKTOPOB pocTa (pUcyHoK 17a-T).

OO6Hapy>keHHe pOCTOBOTO YIIOPSI0YCHHSI, TAKKE MOATBEPHKIAETCS CUIIbHBIM YBETUUCHHUEM YTIIa
ONTHYECKUX OCEH B PA3JIMYHBIX CEUCHUSIX OJTHOTO KpHCTAJIIa 1O Mepe yBeIUu4eHHs yria 2V (pucyHOK
16). TlockoyibKy OOMIMI XMMHYECKUH COCTaB PA3TMYHBIX CEUCHWM IMOYTH OJMHAKOB, 3HAYNMBIE
W3MEHEHHUs yIiia ONTHYECKHX Oced, a Takke creneHu ynopsaodeHus Al/Li MOXHO OOBSICHUTH
M3MEHEHUSIMU YCJIOBHM poCcTa, HAIPUMEP, CHUKEHHEM TEMIIEPATYPhl UJIM CKOPOCTH POCTA HA MO3THUX

CTagusiaX poCTa KpUCTAJLJIOB.
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6. XapakTepHuCcTHKA CTPYKTYPHBIX Aedopmanmii Li-Al — rypmaannon

Cmpykmypuvle Oepopmayuu ObUTH TPOAHAIM3UPOBAHBI HA OCHOBE 11 CTPYKTypHBIX
onpenenennii Li-Al — TypmanuHoB ¢ comepskanuem npumecein He 6oaee 0.05 apfu (tabmuma IT5.1).
Takum TpeOOBaHUSAM yIOBIETBOPSUT UCCIICAOBAHHBIA HaMu Aib0anT ¢ BocTounoro I1amupa (06p. T-17,
tabsuima I12.1) u 10 Li-Al — typmanuaoB u3 6a3er ganabix ICSD (Ne 3, 15, 36, 39, 46-48, 65, 79, 89 B
tabmuma I11.1). Ilpu ananmmusze CTPYKTYypHBIX JeQopManuii TypMaJdHOB pacCMaTpUBAIM BIUSHHE
M3MEHEHHsI UX XHUMu4eckoro cocrasa (comepxkanue AlY, BT, FOl) ma nnunpl cBaseif, nckaxeHHOCTH
HOJIMA/IPOB, PACCUUTAHHBIC TI0 YPaBHEHUAM, TpeiokeHHbIM Ertl et al. 2002 (tabmuia 40), a Takke Ha
napaMeTpbl AJIEMEHTAPHON sS4YeKu. 3HaYeHHs] aHATU3UPYEMBIX MapaMeTpoB NMPUBEICHBI B TadJuIe

I15.2., a pacCYMTAaHHBIX IO HUM KBaJAPaTOB MApHBIX KOA(PPUIHEHTOB Koppesmuii (I°) — B Tabmumue 41,

42.

Ta6n1z1ua 40. ypaBHCHI/Iﬂ, OIMUCBIBAOIHNE UCKAKCHHOCTD MOJHU3APOB B CTPYKTYPC TypMaJIMHA

(Ertl et al. 2002).

IMapametp YpaBHeHune*
JIunelHas NCKaKEHHOCTh 1& ((N-0),-<N-0>),
oct= E Z[ N ]
OKTa’pa i1 <N-0O>
JIunelHas NCKaKEHHOCTh 1& . (T-0),—-<T-0>
s 3T0) )y
TeTpa’apa 443 <T-0>

*N=Y,Z

Conepxanue amomuans (AlY) B YOs — okTasape aHATH3HPYEMBIX TYPMAIUHOB BapbUPYeET - OT
2.43 no 1.30 apfu; matus (LiY) — ot 0.33 mo 1.56 apfu (ta6muua I15.1, I15.2); BeTM4HHA COOTHOLIEHHUS
[Li/Al]" — ot 0.14 10 1.20 apfu. Comepsxanue propa (FO) 8 O1 nosumuu usmensercs ot 0 1o 0.74 apfu,
a 6opa B kpeMHHeBoM TeTpadpe (BT) — ot 0 (B GompmmucTBe TypManiHOB) 10 1.23. B psje TypMaanHOB

B CJIe/IOBBIX KommuecTax (MeHee 0.05 apfu) comepxkarcs npumecn karrmonos Mn?*, Fe?" u Ti*,

6.1. lepopmanu oKTAdAPOB

KoppensinoHHblil aHanu3 nokasai, 4To yBeJlndeHue coaepkanust amoMunus B Y O - OKTadIpe
HAXOUTCSA B 0OPaTHOH 3aBHCUMOCTH OT cojlep:kaHus mutus (2 = 0.89). 3HaunMble 0OpaTHEIE CBA3M
oOHapyKEHBI MEX/Ty COJIEpKaHHEeM aTFOMHHUS U JiuHamu cBszeir <Y-O>, Y-O1 (OH), 03-06, Y-O6

(r? = 0.67, 0.74, 0.92, 0.85, cooTBeTcTBeHHO; Tabnuua 41, pucyHok 24), 9To XOpOIIO OOBSICHIETCS
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COOTHOLIEHHEM MOHHEIX panuycoB katuonos Li* u APR* (Rui+ = 0.76, Raz+ = 0.54 A, Shannon 1976).
HaunGosee cunmbHbBIE KOPPETSAIIUU BBISBJICHBI C JUIMHON 00111ero pedpa mexny YOs u ZOs — OKTadIpaMu
03-06 (pucynok 24 B), a Takxke ¢ JyiHOU cBs3u Y-O6 (pucyHok 24 0), T.€. ¢ KHUCIOPOAOM, KOTOPBI
sBIsieTcs: oOmel BepmmHOW Y, Z u T — monudapoB. Kpome TOro, BEISBICHBI MPSMBIE CBS3H MEKITY
paccrosreM 03-06 1 creayomumu XxapakTepuctukamu: <Y-0>, Y-O1(OH), Y-06, Z-06 (> = 0.74,
0.85, 0.81, 0.92, cooTBercTBeHHO). biarogapst Hasmuunto o6miero pedpa O3-O6 u obmieli Bepmuabl O6,
YBEIIMYCHUE COJIepyKaHust AIFOMUHUS B Y Op-OKTadIpe CYIIECTBEHHO BIUSET U HA XapakTepucTHku ZOe-
oktadapa. Ero cpemumii pasmep <Z-O> ymensmaercs (> = 0.53), a mmuHa cBsasu Z-0O6 u yriosas

MCKaKeHHOCTh (0°Z) yBemuuusatores (12 = 0.88, 0.62, COOTBETCTBEHHO).

2,04 r:=0.67 2 r:=0.85 2,58 r:=0.92
et 2,02 NI 1,98 < 2,56
Lo A~ LD g 25
5198 A% S1o 8 2,255
V1,96 n > 100 ® 28
b 1.9 0 1 2 3
1 2 0 1 2 3
AlY, apfu AlY, apfu AlY, apfu
a 5 B
1,91 1,89 80
1,908
< 1,906 ot igj 60
A 1,904 s L -
8 1,902 S 185 N 40 Eﬁ!g
1,9 20
V' 1808 N 185 [7] r=088 r2=0.62
1,896 1,84 0
0 1 2 3 0 1 2 3 0 1 2 3
AlY, apfu AlY, apfu AlY, apfu
r I e

Pucynok 24. Cessu Mexy cofepskanuem amfomunns B YOg-oktadape (Al") u reomerpuueckumu
xapaktrepuctukamu Y Os- 1 ZOp— OKTAdIPOB: a — CpeIHKE AJMHBI CBsi3el B Y-mo3unuu; 6 — AMHa
cs3u Y-06; B — qnmuHa pedpa O3-06; r — cpeanue UIMHBI cBsi3el B Z-TIO3UITUH; [T — JITTMHA CBSA3HU Z-
06; e — yrnoBas uckaxkeHHOCTh B ZOg — OKTadApe. 31ech U Janee 0003HAYCHHS COCTABOB
TypManuHOB coBranatoT: @ - onenutsr; M - poccmanuTer ¢ - JapEIITCHPUNTHL; A - 2IIb0AUTHI; []

- (PTOPITHIIUKOATUTEL; 2 — KO PUITUEHTHI KOPPESIIHHL
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ot 1,98 4]
< 196 QA

FOL apfu
oo oo
O N b O ©

O 1,94
> L 1’ =0.80
1,950 2,000 2,050 "o 05 1
<Y-0>, A FOL, apfu
a 0 B
2,58 080 | o5y O 1,89
2 — r-=u. 2=0.
ot 2,56 r’=0.89 /l:‘ S 0,60 é‘ ot 1,88 - r’=10.92
< 2,54 2 A < 187 ~
8 o A 25K 5 040 24 8 1ao Bk
™ -~ <~ 020 P N
3 7o a
L 1,84
2,48 0,00 ’
0 02 04 06 08 0495 4900 1,905 1910 0 02 04 06 08
’ 01
o1 FOl apfu
FoL apfu <Z-0>, A
r bl ¢

Pucynok 25. Cs3u mexny coaepxanueM propa B Ol nmozunmu u xapakrepuctukamu YOg u ZOg-
OKTa’3J[pOB: a — COJIEPIKaHUE AlY; 6 — cpennue IuHBI cBsizei B Y Og-OKTadape; B — IJIMHA CBS3U Y -

06; r — mmHa pedpa O3-06; 1 — cpennue mmHb cBsizel B ZOg-okTadape, € — mmHa cBsizu Z-06.

Ta6muma 41. Ksagpats! ko3ddurmenTos koppensnuu (?) Meskay KpHCTaLIOXUMUYECKHIMU
xapakrepuctukamu Li-Al — TypmanuHoB.

A FOT  <Y-0> Y- Y-06 <z-O> Zz-06 Y/Z 03-06
O1(OH)
100 -080 -067  -0.74 -085 -053 088 -062 -0.92 Al
1.00  0.74 070 080 052 092 069  0.89 Fot

1.00 0.58 0.60 0.38 -0.67 0.99 0.74 <Y-O>
1.00 0.60 0.63 -0.67 0.52 0.85 Y-O1(OH)

1.00 0.60 -0.91 0.57 0.81 Y-O6
1.00 0.39 0.29 0.39 <Z-0>

1.00 -0.63 0.92 Z-06

1.00 0.70 Y/Z

1.00 03-06

C BeposaTHOCTHI0 P>0.90 CBsA3H SABIAIOTS 3HAYUMBIME TIpH °>0.52.

Mexny conepxanueM amoMuHus B Y(Os—OKTazape U cojepxkanuemM ¢ropa B Ol nmoszunmn
TIPOCTIEKMBACTCS CHITbHAS 0OpaTHas koppensus (r?=0.80, pucyHok 25 a), 4To, BEpOSTHO, 00YCIOBIEHO
yCIOBUSAMHU (OPMUPOBAHUS PEIKOMETANbHBIX merMatutoB. [losumus O1, B cneAcTBUM CTpeMIIeHUS
dTOpa K yNopsI0YCHHOMY pachpe/eieHuo, pacuiemieHa (cm. pazaen 2.3). Paccrosuue Y-F (1.836-

1.897 A) cymectBenno mensie, yem Y-OH™ (1.920-1.976 A), uto mpeamonaraer Takxke oOpaTHYIO
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KOPPEJSIINI0 MEeXKAY colepkaHueM (propa M reoMeTpruuecKuMH XapakrepucTukamu Y Os-OKTadapoB.
JlelicTBUTENBHO, B YETHIPEX W3 OJIUHHAIATUA CTPYKTYP, B KOTOPBIX ObLJIa MPOU3BEACHA JIOKAIN3AIUS
¢dTOpa, Ha ypOBHE TCHICHIIMM IPOCIICKHBACTCS OOpaTHas CB3b MEXIy paccrossuueM Y-F u
conepxanueM ¢rTopa. Ha To, 4TO Takas CBSI3b peaIbHO MPUCYTCTBYET, YKA3bIBAET MpsMast KOPPEISALUs
mexy cBsa3bio Y-O1(OH) u reomerpuueckumu xapakrepuctukamu Y Os-oktasapa (<Y-0>, Y-06, O3-
06 (r? = 0.58, 0.60, 0.85, COOTBETCTBEHHO, PUCYHOK 25 6, B, T). CHIbHAs IpAMast KOPPEIALU MEKITY
conepxanueM ¢ropa u paccrosaueM O3-O6 MPUBOIUT K 3HAYMMBIM CBS3SIM MEXIY COJICpPKAHUEM
dropa cpemruM pasmepom ZOg-okTasapa (<Z-0>) u pmuHoii cesasu Z-06 (1> = 0.52, 0.92; pucynok 25
I, €).

CoorHomienne pasmepoB YOs u ZOgs-okTasapos (<Y-O>/<Z-O>) naxomutcsi B 0OpaTHO
3aBHCHMOCTH OT COJIEpIKaHHMs ANTFOMUHHMS | B TIPAMOiT 0T cosepskanus propa (2 = 0.62, 0.69, pucyHOK
26 a, 0), T.c. yBETUYCHHUE COACPNKAHWS ATFOMHUHHS TPHUBOJUT K COMMKEHUIO Pa3MEpPOB OKTadpOB, a
¢Topa — HaoOOpoT. YrioBas uckaxkeHHOCTh ZQOg-OKTa’apa NMPH YBEIHMUYEHHH HX COPa3MEpHOCTH

Bo3pacraert (2 = 0.91, pucyHnok 26 B).

- 1,07 1,07
1,065 (1,065
A 106 N o A 106 % jm
Q 1,055 \ 01,055 _-
N 105 A~ N 1,05 A.,-A
Y 1045 % V1,045 -A
A 104 A A 1,04 PR
(@]
D 1,035 " 01,035
Y 103 | r=0.62 > 1,03 1> =0.69
1,025 V1,025
0 1 2 3 0 0.2 0,4 0,6 0.8
AlY, apfu FOL apfu
a 0
- 1,07
11,06 @

N

O 1,05

E 1,04

/\ 2=

5 103 = 0.91

> 1,02

v 0 20 40 60 80

62Z, °

B

Pucynok 26. CBsizu mexy cootHouieHuem <Y-0>/<Z-O>u
XapakTepHCTUKaMH okTasapos Li-Al — rypmanunos: a-Al", 6-F°, —62Z.
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6.2. lehopManiuu TeTpa’aipoB

Cpennee Tterpadapuueckoe paccrosiHue <I-O> HaxoauTcs B OOpaTHOM 3aBUCHMOCTH OT
conepxanus 6opa (r> = 0.75, pucyHOK 27), 4TO MOKHO OOBSICHHTH TE€M, UTO PAINYC TPEXBAJIECHTHOTO
6opa B TeTpadapuueckoii koopauHanuu (0.11 A, Shannon 1976) cymecrBenso mensuie paguyca Sitt
(0.26 A, Shannon 1976). Biusuue conepsxanus amomunus B YOs-OKTadape Ha TeOMETPHYECKHE
XapaKTEePUCTHKH TETPadpa NPOSBISETCS B HATMYNHM CIabbIX NPAMBIX Koppersanuii mexay Al' u cBa3pio
T-06 (r? = 0.53, tabmumna I15.3), a taxke mMexay Y-O6 u cpemHuM pasmepoM Terpasapa <T-O>
(r’=0.63). O6parHbIe Koppenanuu HabmopaTces Mexay <Y-O> u T-06, n 03-06 — T-06 (r2 = 0.73,
0.61, COOTBETCTBEHHO).

VYrioBas ¥ JMHEHHAs HCKQKEHHOCTHU TETPadIPOB 3aBUCAT OT pacctosiHus T-O6 (pucyHok 28), a
TaKXe OT 3aCCICHHOCTH U TeOMETPUUECKUX XapakTepucTuk YO u ZOe-0KTadIPOB, B IIEPBYIO OYEPEib
uX HecopasMepHocTH (Tadsmma 42; pucyHok 29). ITo Mepe commkenus pazmepoB Y Os u ZOs-0KTadIpOB
UCKQ)KEHHOCTh TETPAadpOB yMeHbImaercs (pucyHok 29 x, 3). Mexay JIWHEHHOW M YIJIOBOH
HUCKaXECHHOCTBIO TeTpadapa HaOmiomaercs mpsmas 3aBucuMocTh (pucynok 30 a), a Mexay

UCKaxeHHOCTsMU TeTpasapa u ZOg-okTarapa — odparHas (pucyHok 30 0, B).

Tabnuua 42. KospduuueHTsl KOPPEsIuE MeXKy KPUCTAIUIOXMIMUYECKUMH XapakTepucTukamu B Li-
Al — TypmanHax (TeTpadIpbl U IapaMeTphbl 3JIEMEHTAPHBIX SYCCK).

BT AlY  F°Y <T-O> T-06 <Y-O> Y-O6 Z-06 Y/Z 03-06 a c
1.00 040 0.23 -0.75  0.009 0.15 056 041 0.15 0.26 -0.63  -0.69 BT
1.00 -0.80 0.42 0.53 0.67 085 0.88 0.62 0.92 -0.73  -0.79 AlY
1.00 0.29 -0.57 0.74 0.80 092 0.69 0.69 0.66  0.67 Fol

1.00 0.000 0.14 0.63 043 0.14 0.36 085 -0.76 | <T-O>

1.00 -0.73 031 052 -0.70 -0.61 013 0.17 T-0O6

1.00 0.002 0.67 0.99 0.74 058 052 | <Y-O>

1.00 091 0.57 0.81 0.88 092 Y-O6

1.00 -0.63 0.92 0.75 0.75 Z-06

1.00 0.70 0.58 0.48 Y/z

1.00 0.58 0.48 | 03-06

1.00 095 a

1.00 c

CBSI3H SIBIISIOTCS 3HAYMMBIMHE TIpH 12>0.52 (P=0.90).
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Pucynok 27. CBsizu MeX1y cofep)aHieM 0opa U CPEIHUM pa3MepoM

TeTpaj’ipa.
0,2 20 <>
ot = 0.82 N =071
ot | 5 | =S |
o S o 0— ~
L < £ 10 A~ _
©
% 005 Sha . MG g
& X
0 J 0
159 1,595 1,6 1,605 161 1615 1,62 159 159 16 1605 1,61 1,615 1,62
T-06, A T-06, A
a 3]

Pucynok 28. 3aBucuMocTs AnuHbI cBA3U 1-06 OT HCKa)XXKEHHOCTEH TeTpas/pa: a — TMHEHHON

nckaxeHHOCTH (AtetT*10%) TeTpasapa; 6 — yrioBoit nckaxkeHHOCTH (6°T) TeTpasapa.

3 2,05
2 = ! 2 — .
. r 0.76 2,04 P r 0.72
: 2,03 o ’
S . < 202 .- g
5 Oﬁ% A 201 ’
© 15 A\ S o o 2 /‘
= ~ [ S 1,99
05 1,97
1,9
0 1,95
0 0,05 0,1 0,15 0,2 0 005 01 015 02
AtetT*103, A AtetT*103, A
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2 103 . Q 108 ®
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Pucynok 29. 3aBUCUMOCTbh HCKaKEHHOCTEH TeTpas/jpa OT reoMeTpudeckux xapakrepuctuk YOg 1
ZOg-0KTadaApoB: a - yrinoBas (62T) HCKAaKEHHOCTh TETPadipa OT cojepkanus amoMuuus B Y Os-
okTacpe; 6 - nuHelnas (AtetT*10%) nckaxenHoCTh TeTpadapa ot pasmepa Y Os-0KTadapa; B -
yrinoBas (6°T) HCKaKeHHOCTh TeTpadapa oT pazmepa Y Og-okTaspa; r - AtetT*10% ot anmnE! cBs3M
Y-06; 1 - AtetT*10° ot mmunast pedpa 03-06; e - AtetT*10° ot amuns! cBs3u Z-06; x - AtetT*10° ot

cootrHomenus <Y-0>/<Z-0>; 3 - 6°T ot cootHomenus <Y-0>/<Z-0>.
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Pucynok 30. CBsi3u MeX 1y TUHEHHBIMU U YTIIOBBIMH UCKKEHHOCTSIMH TTOJIUAAPOB B CTPYKTYPE
TypManuHa: a — muHeiHas (AtetT*10%) u yrnopas (6°T) HCKaKeHHOCTH TeTpadipa, 6 — IuHeiHas
MCKaKeHHOCTh TeTpadpa (AtetT*10%) ot yrnosoit nckaxennoctn ZOs-0kTadapa (62Z), B — yriaosas
MICKaXKEHHOCTH TeTpadzipa (6°T) oT yriosoii nckaxennoctn ZOs-0kTasapa (6°Z).

6.3. I3MeHeHNns1 mapaMeTPOB 3JIEMEHTAPHOM sYeiiKu

M3BecTHO, YTO mapaMeTpbl 3JI€MEHTapHOW SYEHKH TYpMalIMHOB CYIIECTBEHHO 3aBHCAT OT
pasmepoB YOs u ZOs — okTadapoB (Ppank-Kamenenkas, Poxaecterckas 2001, Ertl et al. 2002). B
UCCIIC/IOBAaHHBIX TypMaJIMHAX HAONIONAIOTCS TPSMBIE CBSI3M MEXAY 3HAYCHUSMHU TapameTpa a U
cpenauMu pazmepamu Y Og — okTadapa <Y-O> u terpasrapa <T-O> (2 = 0.58, 0.85, COOTBETCTBEHHO;
pucyHok 31 a, 6) 1, COOTBETCTBEHHO, 00OpaTHBIE CBSI3U MEX/Ty BEIMIMHON TapaMeTpa a 1 CoiepKaHueM
amomunus B YOg-okTaspe u 6opa B TOs-TeTpasape (12 = 0.73, 0.63, cOOTBETCTBEHHO; pUCYHOK 31 B,
r). 3HaueHUs YII0BbIX K03()()UIUEHTOB B PETPECCUOHHBIX YPAaBHEHMSX YKA3bIBAIOT HAa TO, YTO BIMSHUE
pasmepoB Terpadapa <7-O> Ha mapamerp a Oonbmie, 4em BIUsHHE OKTadapa <Y-O>. Taxxke
HaOJFOTal0TCSl 3aBHCUMOCTH TTapaMeTpa @ OT IPYTUX TeOMETPHUYECKIX XapaKTEPUCTHK, BIHUSIONIMX Ha

<Y-O>u <T7-0>.
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Pucynok 31. 3aBUCHMOCTh MapaMeTpa @ OT 3aCEJICHHOCTEH U pa3MepoB MOIUIPOB B CTpyKType Li-
Al-TypmanunoB: a - pasmep YOg-okTasapa; 6 - pasmep TO4 — TeTpaspa; B - COACPKAHNE aATIOMUHHSI

B YOs-okTaspe; T - conepkanue 6opa B TOs-TeTpasape.
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Pucynok 32. 3aBUCHMOCTh MapaMeTpa ¢ OT 3aCeICHHOCTEH U pa3MepOB MOIMU3APOB B CTpyKType Li-
Al-typmanunos: a — pasmep YOs-okTasspa; 6 — pasmep ZOs-0KTadapa; B — AIHHA 001Iero pedpa
03-06; r — pazmep TO4 — TeTpadpa; 1 — conepkanue amroMuHUS B Y Og-0KTadape; € — coaepkaHue

6opa B TOs-TeTpaspe.

[TapameTp ¢ uccnenOBaHHBIX TYPMAJUHOB 3aBUCUT OT pa3mepoB Y(s, ZOs — OKTad3JIpoB U
terpasapos (12 = 0.52, 0.69, 0.76, COOTBETCTBEHHO; PUCYHOK 32 a, 6, ). 3HaUeHHs COOTBETCTBYIOMIMX
YIJIOBBIX KO3(p(PUIMEHTOB B PErpeCCHOHHBIX YpPAaBHEHHSIX YKa3blBAlOT Ha TO, YTO 3aBUCHUMOCTh
napamerpa ¢ ot <7-O> 6onbire, yem ot <Z-O> u eme Oombie, ueM oT <Y-O>. CoOTBETCTBEHHO,
HAOITIOIAI0TCSA 0OPATHBIE CBA3M MEXKTy TAPAMETPOM ¢ U COflepKaHueM amoMHuHus B Y Og — okTasape (12
= 0.79; pucyHok 32 1) M MeXIy MapaMeTpoM ¢ U coiepxkanueMm Oopa (r?> = 0.69; pucyHok 32 e).
3aBUCHUMOCTH MapaMeTpa ¢ oT pazMepa Z(Os — OKTad/pa, MPaKTUUECKH BO BCEX CIyYasX 3acelICHHOTO
ATIOMUHHEM, MOXXHO OOBSICHUTH CUIIBHOW 00PAaTHON KOPPEIAIHEH MEXTYy COAEPKaHHEM AlY u mmHO#M
obmtero pedpa mexay YOs u ZOs — okTazapamu 03-06 (1 = 0.92). Kax cie/icTBHE, BHISBICHA CHITBHAS
TIpAMas KOppesIus HapaMeTpa ¢ ¢ 9THM paccTosaueM (12 = 0.70, pucyHok 32 B).

Mexay mapameTpaMd @ ¥ ¢ HCCIEIOBAaHHBIX TYPMAJIMHOB CYIIECTBYET CHIIbHAs IpsMast
xoppemsmus (12 = 0.95), uTo, Mo-BUAMMOMY, ABJISETCS CIEACTBHEM HX 3aBHCUMOCTH, B GOJIBIIMHCTBE

CJIy4acB, OT OJHUX U TEX K€ KPUCTAJUNIOXUMHUUYCCKUX XAPAKTCPUCTHUK. OTnUYUTEIbHON 0COOSHHOCTEIO
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AHAIIM3UPYCMBIX TYPMAJIMHOB SABJIACTCA CYHICCTBCHHOC BJIMAHUC HA WX IAPAMCTPhI BHGMGHTapHOﬁ

STYCHKH TCOMETPHUICCKUX XAPAKTCPUCTHK U 3aceJICHHOCTEH TETPAsAPOB.

6.4. 3akII0uYNTeIbHBIC 3aMEeUYAHUSA

B pesynbrate wuccienoBaHus CTPYKTYypHbIX nedopmarmii B Li-Al — TypmannHax ObuIo
BBISIBJICHO, YTO YBEJIMYECHHE COJIEpP)KaHUs KAaTHOHOB amtoMHHHUS B YO — OKTad[pe MNPUBOIUT K
YMEHBILIEHUIO €ro pa3Mepa, a TaKKe yYMEHbUIEHHIO pasmepa Z(Os — OKTazapa (Kak CIeACTBHE
yMeHbIneHus bl 0011ero y Y Os 1 ZOg — okTadapoB pedpa O3-06). Pazmepst YOg 1 ZO6 — oxTa’ipos
commxarorcs. MckaxxenHoctb ZOg — OKTadpOB yBEIMYUBACTCS, YTO CBSA3aHO, B MEPBYIO OYEPEb, CO
cMmemienueM kucnoponoB O3 u 06, koopauHupyroomux, kak YO, Tak u1 ZOs — okTasapel. Ha sto
YKa3bIBAIOT 3HAYMMBIC PAa3HOHANPABICHHBIC KOPPESIIHMHA MEXIY YIIOBOH HCKaKeHHOCThIO ZOs —
oKTa’apoB U pacctossHusIME 03-06 u Z-06.

VYBenuuenue coaepkanusi amoMuHus B YOp — OKTadJpe TakKe BIUSET Ha T€OMETPHUYECKHE
xapaktepuctuku TOs — TeTpasapa, UYTO CBSI3aHO CO CMelleHueM aroma kuciopoga 06,
Koopaunupyromiero terpadap. Jiumna cBsizu T-O6 CyIIeCTBEHHO 3aBUCHUT OT TE€OMETPHUUYECKUX
xapaktepuctuk YOs u ZOs — okTa3ApoB. E€ yBennueHue no Mepe yBeIMUCHUsI COJICPIKAHMS ATFOMUHUS
B YOs — OKTadpe MPUBOAUT K YMEHBIICHUIO X UCKaKEHHOCTU. TakuMm oOpa3oMm, MEXAy CTEHEHBIO
uckaxxeHHocTu Z0g — okTadpoB U TO4 — TeTpadApoB MPOCIEKUBACTCS 0OpaTHAs 3aBUCUMOCTh. [Ipu
stoMm gaedopmarm ZOs — OKTadIpOB CYIIECTBEHHO MEHBINE, YeM TeTpadApoB (MaKCHMallbHas
MCKKEHHOCTh YIIIOBast TeTpadapoB — 17,02°; MUHUMaIbHAS HCKaXEHHOCTh — 4,57°).

[1941 Li-Al — TypManuHOB yMEHBIIAIOTCA [0 MEPe YBEIMUEHUS collepKaHus amfoMuHus B YO6-
oktasnpe u 6opa B 704 — Terpasape. [lapamerp a HaxomuTcs B NPSAMOM 3aBUCUMOCTH OT CPEIHHUX
pasmepoB YOs — okTadapoB u 7Oy — TETPAdAPOB, a mapaMeTp ¢ — oT pazmepoB YOs u ZOs — OKTadIPOB
u 704 — terpasdapoB. OTIUYUTENBHON 0COOEHHOCTHIO paccMaTpuBaeMbIX Li-Al — TypmannHoB siBisieTcs
CYIIECTBEHHOE BIMSHUE HAa UX NTapaMeTPhl 3aCEIEHHOCTU U Pa3MEpOB TETPASAPOB.

[Tony4yeHHbIe pe3ynbTaThl MO3BOJSIOT PACCMOTPETh MU3MEHEHHs XapakTepucTuk aedopmanuid Li-Al —
TYPMaJMHOB TI0 Mepe YBEIMYCHHS B HUX AJTIOMHUHHUS BJIOJb psfa: (TOpiuIInKoaTHT < SIIbOaWT,
bTopanK0anT < mappeiUIreHpUuT, poccMaHuT < Li- comepxamiuii oneHUT. COMIacHO MOTYyYEHHBIM
JTAHHBIM MaKCHMaJlbHas HECOPa3MEPHOCTh OKTAdIpPOB XapakTepHa [UIS  (TOPIUIIUKOATUTOB,
MHUHHMMAaJbHAsg — JAJS OJIEHUTOB; MaKCHUMalibHas MCKaK€HHOCTh Z(Os — OKTadIpOB XapakTepHa s
OJICHUTOB, MHHHMMAaJbHas — s (DTOPIMAIMKOATUTOB; MaKCHUMalbHas HCKaKEHHOCTb TETpa’apa
XapakTepHa I QTOPIUAINKOATUTOB, MUHUMAIIbHAS — [T OJICHUTOB. B 11e710M, 10 Mepe yBenndeHus

COJIepKaHMs AJIFOMUHUS, CTETIEHb CTPYKTYPHBIX AepopMalvii yMeHbILIAeTCsl.
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3aKJII04YeHue

OcHoBHBIE pe3yJIbTaThl padOTHI CBOJSATCS K CIECIYIOIIEMY.

1. VI3yuen MmuHepanbHblii cocTaB U u3oMophusm Li-copepxkaiux TypMaInHOB U3 MECTOPOKICHUI

Poccuu u Tamxukucrana (Canrunenckoe Haropwe, LlenTpanbaoe 3abaiikanse, Boctounsiit [lamup).

1.1. OmpeneneH 3JEMEHTHBIH COCTaB M YTOYHCHBl KPUCTALUIMYECKHE CTPYKTYpPBHI — TpeX
dTopcoaepkaiux 3Mb0anToB U3 nermatutoB Bocrounoro ITamupa. [Tokasano, 4to Ha3BaHHE THLOAUT
SIBJISIETCSI HAJIBUIOBBIM, BKJIFOUYAIONIMM HE MEHEE JIBYX MUHEPAIbHBIX BHI0B: HOBBI MUHEPAIbHBIN BH/T
- ¢Topansbanut (mpemioxkenue caenano Hamu B 2005 1) ¢ wugeanbHOW  opMynoi
Na(Li15Al15)Ale(Sis018)(BO3)3(OH)sF (yrBepskaen KHMHK MMA B 2013 1. ) ¥ THAPOKCHII-3/Ib0AUT
¢ uneanproit popmyioir Na(Li1sAl1s5)Als(SisO18)(BO3)3(OH)30H (yrBepsxaien KHMHK MMA B 1951
r). [lo HOBOII HOMeHKIarype, yrBepxkaeHHOH B 2011 roxy, TBEpABIA pacTBOp € TaKoM HAEaTIbHOMN
(dhopMysIoi 3aKperieH 3a MUHEPAIbHBIM BUIOM — 3JIbOAUT, OTKPHITHIM B 1913 rogy U onucaHHbIM B
1951.

1.2. HccnemoBanbl 3aKOHOMEPHOCTH HM30MOP(MHBIX 3aMCIICHUH W BUAOBas MPUHAICKHOCTh LI —
COZIEPIKAIIUX MTPEUMYIIECTBEHHO KaJIbIUEBBIX TYPMAIMHOB U3 PEAKOMETAIBHONU MErMaTUTOBOM YKHJIBI
co ckanositoM (CanruneHckoe Haropee, TyBa).

1.2.1. VI3y4eH 3JIeMEHTHBIH COCTAaB U YTOYHEHA KPUCTAUINYECKAs CTPYKTYpa OJHOPOJHOTO IO I[BETY
XKEJITOTO TypMaJHa U3 IICHTPAIbHOM YaCTH OCHOBHOTO JKUJIBHOTO Teja. [loka3aHo, 4YT0 M3y4eHHBIH
TBEP/bIA pacTBOp OmM30K Mo cocrtaBy kK ¢ropysury - CaMgs(AlsMg)(SisO18)(BO3)3(OH)3(F), Ho
OTJINYAETCS OT HErO MEHBIINM KOJMYECTBOM MAarHusi ¥ HAIMYHAEM JTUTHS B Y-TIO3UIMH. DTOT TBEPIBIA
pacTBOp MOKHO OIMHKCaTh, Kak cocrosmmii u3 Tpex kommoHeHT: Ca(MgoLi)Ale(SieOis)(BO3)3(OH)sF
(oboramennsiii mutuem ¢Gpropysur), CaMgsAle(SieO18)(BO3)3(OH)30 (rumoreTrueckuii OKCH-YBUT) U
NaMgsAle(SieO18)(BO3)3(OH)sF (dhropapasut). Ilepexon or (GTopyBHTa K OOOTaIllEHHOMY JIUTHEM
dropyButy ocymectpuserca mo cxeme: Mg¥y + Mg?*z = Li*y + AP*z Tlepexon ot dropysura k
THIOTETHYECKOMY OKCHYBHTY — 1o cxeme: Mg*z + Fw = APz + 0%w. Conmepxkanue MmHama
Ca(MgzLi)Als(SisO18)(BO3)3(OH)3F moxer mocturate 66 Moi. %, YTO MO3BOJSIET PacCcMaTpUBaTh
00OoraIieHHbId JUTHEM YBHUT B KAY4ECTBE HOBOIO MHHEPAIHHOTO BU/IA.

1.2.2. BrIgBiIeHB 3aKOHOMEPHOCTH HM3MCHCHHS XHMHUYECKOTO cocTaBa (OT mepudepuu K IEHTPY)
30HAJIBHBIX KPUCTAIIOB TYPMAIMHOB U3 DHIOKOHTAKTOBOMN YaCTH JKUJIBL.

VTOoYHEHHE KPHUCTAUIMIECKOW CTPYKTYPHI TEMHO-3€JICHOI0 TypMalnHa (KaiMa) mokasao,
4TO €ro COCTaB MOXHO TMPEACTABUTh KaK CMECh CIEAYIOMIMX YEeThIPeX KOMIIOHEHTOB:
a(Aiz2Li)Als(SisO18)(BO3)3(OH)3(OH) (pocemanut), NaMgsAls(SisO18)(BO3)3(OH)3(OH) (apasur),
NaFesAlg(SisO18)(BO3)3(OH)3(F) (THITIOTe THYECKU I ¢dbropurepi) "
Ca(AlyisLiis)Alg(SieO18)(BO3)3(OH20)(F) (HeusBecTHBIM MHHepanbHBbI Bua). Kanbiueas



95

KOMIIOHEHTa, MCCIEAYyeMOro TBEpPAOTO pacTBOpa, IO cocTaBy Haumbonee Oinm3ka K
bropauaaukoaruty ¢ uaeanbHoi Gpopmynoii Ca(Li2Al)Als(SisO18)(BO3)3(OH)3F, u moayuaercs us
HEro 10  CXEMe: Li'y + 20Hv = APy + 20%,. CogaepxaHue  MHHaIa
Ca(AlisLiis)Als(Sis018)(BO3)3(OH20)(F)  cocraBuser  60-64 wmon. %, 4YTO  IO3BOJISET
paccMaTpuBaTh 3TOT TYPMAJIMH, KaK HOBBIM MHMHEpaJbHbIA BHJA. BHIOBON cOCTaB LEHTpajJbHOU
(KenThIi) YacTH 30HAIBHOTO KpUCTaula OJM30K K OOOTalleHHOMY JIUTHEM  (PTOpPYBUTY
Ca(Mg2Li)Als(SieOi8)(BO3)3(OH)3F u3 meHTpaapbHON YacTH OCHOBHOTO JKHJIBHOIO Teia. Takum
00pa3oMm, 3BOJIOIUS XUMHUECKOTO COCTaBa TYPMAJIMHOB OT Mepu(epru K MEHTPY (0T TEMHO-3€JICHOTO
JI0 JKEJITOTO) CBsI3aHa, B OCHOBHOM, C 3aCEJICHHOCTBIO OKTA3IPUYECKOM MO3UIMHU Y, a TaK:Ke aHHOHHOM
B V-nosummn: Lity + A13*y = 2Mg?'y; Ay + (0%)Y = Mg?* + (OH)V; Fe?* = Mg?*.

1.3. IIpoananmu3upoBansl ocooeHHOCTH pacnpenenenus OH u F — MOHOB, COBMECTHO 3acCesIFOITUX
W(O1) no3umuio B CTPYKType TypMalnHa.

YTouHEHUE MMSITH KPUCTALTHYCCKUX CTPYKTYp F-comepKamx JIUTHEBBIX TYPMAIHMHOB

(Tpex 31b0aMTOB ¥ IBYX HEM3BECTHBIX KaJBIIMEBBIX TYPMAIUHOB, OJIM3KHX 10 COCTaBYy K (PTOPYBUTY U
(GTOPIUIIMKOATHTY) BBIABIIIO paciieruieHre kpuctamutorpadpuueckoit W(O1) mosunuu Ha ase (W1 u
W2, cratuctuyecku 3acenennbie annonamMu OH u F, cOOTBETCTBEHHO), YTO yKa3bIBAET HA CTPEMIICHHE
OH u F — wnoHOB Kk ynopsiioueHHOMY pacnpenencanio. OH™ - HOHBI IOKaIM30BaHBI HA OCH TPETHETO
nopsiaka, a F~ - monsl cMenieHsl ¢ He€. COOTBETCTBEHHO, B CTPYKTYPE TOSIBIISIFOTCS /IBA THITA OKTAdIPOB:
[YO4(OH)2] — o6beautensl B Tpuaasl uepe3 oduryro BepiuHy W1, HaXoSIIyrocss Ha OCH CHMMETPUH
tpetbero nopska; [YO4(OH)F] — o0beanHeHs! B TpHaibl uepe3 ooyt BepiunHy W2 i cTaTUCTHYECKH

pacrpenieneHbl BOKPYT 9TOH OCH.

2. Uzyuen 6nmsxnmii mopsnok B Li-Al — rypmanunax ([Li/Al]Y = 1) ¢ pasnmaunsiv cootHomenneM Na/Ca
B X-MIO3UIIHH.

[Tyrem pacdeToB, BBIIIOJHEHHBIX C HCIIOJB30BAaHUEM TEOPWUH BAICHTHBIX YCHIIMH, YTOYHEHA
CTaOUIIBHOCTDh AaTOMHBIX TpynnupoBok 3Y-W, (Y+2Z)-V, xoopaunupyrommx nosumuun W u V,
sacenennsie OH', F- u O% monamu. Ha ocHOBe SKCHEpPUMEHTANBbHBIX MccienoBaHuii meromoMm MK-
CHEKTPOCKONUM MpEJIOKeHa €IMHAas MOJeNb COOTHeceHMs mosoc mnornomeHus B MK - cmekrpax
TYPMaJIMHOB C JIOKaJbHBIMH TPYNIUPOBKaMHU, KoopauHUpyromuMu OH™ - HOHBI, HaxoIsIIyrocs B
COTJIACHH C TEOpUEH BAJICHTHBIX YCWIIMIA U TaHHBIMH PEHTTEHOCTPYKTYPHOTO aHAIIN3A.

[TokazaHo, uTo BTOpas KOOpPAMHAIIMOHHAs cdepa OKa3bIBaeT CYIIECTBEHHOE BIMSHUE Ha
omkHuil mopsinok B Li-Al-typmanunax Bokpyr W (OH', F) u V' (OH") — no3unmit. Oxpyxenue W-
TIO3HIINH IPeJICTaBNIAIOT cTabunbhsie kaacTeps: (LILIAIY W u (LiAlAl)Y — W. Oxpyxenue V-no3umun
— xmactepsr: LiYAIZAI - (OH)Y, AIYAI“Al? - (OH)Y u (6maronaps BIHSHHIO BTOPOH KOOPAHHAIIMOHHOM

cheprr): (LILIAIY — (OH)W - [, (LiYAIZAIZ) — (OH)Y — Na*, (LiYAIZAI?) — (OH)Y — Ca®"
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Bsaumoneiicteue W u V — annoHoB yepe3 kKaTHOHBI B Y(Op — OKTa’JApax MPHUBOJAUT K 0Opa30BAHUIO
. W \% I W \ | o

kpymHbix kiaactepos: [(OH)"Y3(OH)3 Ale] u [(F)"Y3(OH)3"Alg]. DnemenTHbIi cOCcTaB, COOTHOIIEHUE U

YIOPSAJIOYCHHOCTh  PACIPEICICHUs KJIACTEPHBIX TPYIIUPOBOK KOHTPOIHUPYETCS TpeOOBaHHSIMHU

JIOKaJILHOTO OajlaHca BaJICHTHOCTEH U KPUCTAUTMUECKOH CTPYKTYPOl.

3. M3yuena anomanbHas IByOCHOCTh Li-Al —TypMaanHOB U3 pa3iuYHBIX MECTOPOXKICHUN U IPUYNHBI
€€ BOSHHUKHOBEHHSI.

OmnpeneneHbl BeIMUUHBI yriioB ontudeckux oceit (2V) B 28 Li-Al — typmanunax (3150aut,
¢ropnmugmukoarut). Ilokaszano, yTo B mpenenax OJHOrO KpucTamuia yriasl 2V MOTYT CHJIBHO
BappupoBaTh (0T 0 1m0 26°); OPUESHTUPOBKA ONTHYECKUX OCEH — CHIIBHO MEHSATHCS. MakCHMalbHOE
3HaueHne 2V ~ 26° Obulo OOHApY>KEHO B 30HAJIBLHOM KpHUCTAIE TypMaiuHa K3 MaiaxaHCKOro
nermatutoBoro nois (LlenrpansHoe 3abaiikanbe), XUMUYECKUH COCTaB KOTOPOTO MOKHO IIPEICTaBUTh
KaK cMecCh Tpex KOMIIOHEHT: Na(Li15Al15)Ale(SisO18)(BO3)3(OH)3(OH) (3160auT),
Ca(Li2Al)Als(SisO18)(BO3)3(OH)3(F) (propaumaukoarur) u (0)(LiAl2)Als(SieO18)(BO3)3(OH)3(OH)
(poccmanut). I'myGoKue 30HBI POCTa 3TOTO KpUCTAJJIa MPEUMYIIECTBEHHO CIIOKEHBI IB0AnTOM, a
Onrkaiiiye K BepIIMHE — MIPEUMYIIECTBEHHO (hTOPIUATUKOATUTOM.

CoryiacHO TMOJIy4eHHBIM JIaHHBIM, AQHOMaJbHasi JIBYOCHOCTh WccienoBaHHbix Li-Al —
TypManuHoB (2V < 10°) cBsi3aHa, NPEUMYILIECTBEHHO, C HAIPSLDKEHUAMU retepomeTpuu. B anomansHo
JBYIIPENIOMIISIONIEM KpucTaiie TypmanuHa u3 LleHTpanpHoro 3alaiikanbs, 3HadeHus yria 2V B
KOTOPOM JOCTHUTaloT 26° M 3HaUYMMO YyBEJINYMBAKOTCS BIOJIb HampasieHus pocra [0001] mo mepe
yBesnnueHus: coaepxkanus Ca W yMeHbLIeHHs coaepxkaHus Na, aHOMallbHas JBYOCHOCTb CBf3aHa,
MIPEUMYIIECTBEHHO, C TOHMXEHHEM CHMMETPHUU KpHCTAJUIA: OT TpUTOHAIBHOW (Tip. rp. R3m) no
MOHOKIUHHOW (11p. Tp. Cm) WM TPUKIMHHOMN (TICEBAOMOHOKIMHHON) (TIp.rp. R1), uro 00yciIOBIEHO
YaCTUYHO YIOPSAAOYEHHBIM pacrpenesneHueM KartnoHoB Li u Al mo YOs okrasapam. Pasnuma B
3aCceJICHHOCTH Y-TIO3UIMH YBEJIMYMBAETCS C BO3pacTaHHeM 3HaueHui yrioB 2V. [IpucyrcTByromue B
3TOM KpHUCTaljie BHYTPEHHUE HANPSKEHHS, BOSHUKAIOUINE H3-32 HEOOJBIINX 30HAIBHBIX U CEKTOPHBIX
KOMITO3UIIMOHHBIX HEOJHOPOAHOCTEH, MOTyT OBbITh HPUYMHOM BapualMM OPHEHTALMHM IUIOCKOCTH

OINTUYECKHUX OCEH B npeaciiax CCKTOpPOB poOCTa.

4. IIpoananu3upoBaHbl 3aKOHOMEPHOCTH CTPYKTYPHBIX Aedopmanuii Li-Al — TypmanuHoOB.

Ha ocHOBaHMM OpUTHHAIIBHBIX H IMTEPATYPHBIX CTPYKTYPHBIX AaHHBIX (11 Li-Al — TypmanuHOB
¢ cozepkanueM npumeceit He 6oiee 0.05 apfu) ¢ ucronb3o0BaHNEM KOPPEISLMOHHOTO aHATIH3a H3Y4YEHBI
3aKOHOMEPHOCTH CTPYKTYpHbIX gedopmaruii Li-Al — TypmanuHOB (OJ€HHTOB, POCCMaHUTOB,

3N1b0AUTOB, JAPPEITEHPUNUTOB U PTOPIUAAUKOATUTOB).
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BbIsIBIIEHO, UTO yBEIUYEHHUE COJCPKAHUS KAaTHOHOB atoMUHUS B Y(Os — OKTadpe MPUBOIUT
commkennto pazmepoB YOs u ZOs — okTasapoB. MckaxenHocTs ZOs — OKTadipoB yBenmuuuBaetcs, 104
— TeTpa’aApoB - yMmeHbmiaercs. Tak kak nedopmanuu ZOs — OKTadIPOB CYHICCTBEHHO MEHbIIE, YeM
TETPAdAPOB, CTEIICHB JAe(POpPMALIUU CTPYKTYPHI YMEHBIIIACTCS BIOIb psifa: GTOPIUIAUKOATUT > DIILOAMNT,
GTOpANBEOAUT > MappeuIreHPUUT, pocCMaHUT > Li - com. oneHUT. OTIMYUTENFHON O0COOCHHOCTHIO
paccmarpuBaeMbix Li-Al — TypMaJMHOB SBISETCS CYIIECTBEHHOE BIMSHUE Ha HMX IapaMeTphbl

3aCCJICHHOCTHU U pa3ME€POB TETPASAPOB.
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IMPUJIOXEHHE 1

Kpucramioxumuueckne xapakrepuctuku Li-Al — rypmannnos

Ta6muma I11.1. Kpuctammoxumudeckue GopMysIbl CTPYKTYPHO UCCIICTOBAHHBIX

Li-Al — rypmanuHoB

Ha3zBanue Kpucramioxumuueckast popmyaa [Li/AIlY R Hcrounuk
MHHepaJia
1 Dp0auT (Nao,sgcao_m)(A|2,01Lio_9g)(A|5_76F80_06Mno_oe)(Sieolg) 0.49 0.032 Ito &
(BO3)3(0OH1.8301.17)(O0.6s0Ho.32) Sadagana
1951
2 DnpoanT (Nao_egMno_lscao,lz;Ko_oz\ \0_13)(A|1,59Li1_26|\/|no,12F62+o,03) 0.79 0.042 Donnay et
Alg(SisO18) (BO3)3(OH2.4900.51) (Fo.500Ho.40) al. 1972
3 Oo6or. Al- (Nao,37cao_osKo,01 0,54)(A|2_28Lio,69|\/|no,os)A|e(Si5013) 0.30 0.028 Fopcxaﬂ u
3H0anT (BOg)3(OH1_3601,14)(OH0_97F0,03) Ap. 1982
4 Dnp0anT (Nao.s5Cag.04/10.11) (Al1.53Mng g3Lig.42) Ale(SigO1s) 0.27 0.030 Nuber &
(BO3)3(0OH2900.1)(0) Schmetzer
1984
5 Dnpdaut (Nao,szcao,()lD0,17)(A|1,14Lio,34|:62+0,34|\/|n0,15Fe3+0,03)A|e 0.74 0.025 FOpCKaH
(Sig018)(BO3)3(OH)3(OHo.8300.17) 1989
6 Dp0auT (Nao,secao.oe,:0,31)(A|1,50Li1,02Mno,4zF62+o,o3)A|5(Si5013) 0.68 0.023 Grice &
(BO3)3(OH2.8200.18) (Fo.620H0.3400.04) Ercitis 1993
7 OnbdauT (Nao.g5Cao.os| 10.10) (Al1soLi1.14F€?*0.42MnNo.21Mgo.12) Als 0.76 0.024 | Benoxownesa u
(SisO018)(BO3)3(OH2.8200.18)(OH0.9200.08) ap. 1993
8 Mn-con. (Nao,egcao,zoD0,12)(A|1,07Li1,05|\/|n2+o,s4Ti4+o,o4)A|e 0.98 0.022 Burns et al.
ANIBOANuT (Sis.53Al0.17)015(BO3)3(OH)3(Fo.660Ho.34) 1994
9 (Nao.74Cao.16! 10.10) (Al1.0oLi1.04MN?*0 74F €016 Ti**0.04) Alg 1.02 0.023
(Sis.88Al0.12)018(BO3)3(OH)3(Fo.640Ho.36)
10 (Nao70Cao 15! 10.15)(AlossLlio.oFeo6sMNn? 0 49 Ti**0.11)Als 1.07 0.024
(Sis.86Al0.14)018(BO3)3(OH)3(Fo.560Ho.44)
11 (Nao.78Cao.06! 0.16)(Al1.11Li1.0aMN?*0 89 Ti**0.03) Alg 0.94 0.025
(SisO18)(BO3)3(OH)3(Fo.650Ho.35)
12 (Nao.75Ca0.05! 10.20) (Al1.07Li0.99MN?*0 g3 Ti%"0.04) Alg 0.93 0.023
(Si5.04Al0.06)O18(BO3)3(OH)3(Fo.560Ho.44)
13 (Nao78Cao.04! 10.18) (Al1.0sLi1.00MN?*0 g6Fe€0.05 Ti4*0.04) Als 0.95 0.023
(Si5.09Al0.01)018(BO3)3(OH)3(Fo.6s0Ho.32)
14 (Naojocao,os:0,22)(A|1_33Li1,22F€o_3oMn2+o,15)A|6(Si5018) 0.92 0.020
(BO3)3(OH)3(Fo.670Ho0.33)
15 (Nao.49Cao 17! \0,34)(A|1,61Li1,34Mn2+o,05)A|6 0.83 0.018
(Sis.90Al0.10)018(BO3)3(OH)3(Fo.520Ho.48)
16 Mn-con. (Nao,57\ \0,43)(A|1,65Li1,20|\/|no,14)A|6(803)3(Si6018)(OH)4 0.72 0.022 | McDonald et
17 2IIL0AUT (Nao,57\ \0,43)(A|1,71Li1,20|\/|no,lo)A|6(803)3(Si6018)(OH)4 0.70 0.023 al. 1995
18 dropanbbant (Nao.81Ko.01Cao.o1) (Fe?*0.00Al0.80Li0.70Mgo.61Mno.03 Tio.06) Als 0.88 0.014 Camara et
(Sis.97Al0.03)O18(BO3)2.93(OH)3((OH)0.42F0.5500.03) al. 2002
19 Dp0auT (Nao.84Ca.03Ko.01[10.12) (Al1.44Mng g3l io 54F€0.06 Tio.03)Als 0.38 0.021 Ertl et al.
(Sis.76Al0.24)013(BO3)3(OH)3(Fo.5400.46) 2004
20 Mn-con. (Nao,56CaoA13\ \0A32)(AI1,67Li1A25Fe2+vo4MnoA05)AI6 0.75 0.025 Bosi et al.
3IB0auT (Si5.91B0.09)O18(BO3)3(OH2.8500.15) (Fo.5:0Ho.49) 2005
21 (Nag.79Ca0.02Ko.0110.19) (Al1.27L10.65MnNo.84 Tio.04) 0.69 0.024
(Als.95Mno 05) (Sis.97Al0.02B0.01)O18(BOs)3(OH)s
(Fo.6s0Ho.35)
22 (Nao.78Ca0.0310.20) (Al1.26Li0.78MnNo.02Ti0.03) (Als.94Mno.06) 0.62 0.022
(Sis5.92Al0.05B0.03)O18(BO3)3(OH)3(Fo.530H0.3900.08)
23 (Nao.76Ca0.03K0.01110.20) (Al1.24Mn1 01Li0.71 Tio.04) 0.56 0.025
(Als.93Mng.07)(Sis.95Al0.05) O18(BO3)3(OH)3
(Fo.540H0.3900.07)
24 (Nao.74Ca0.02[ 10.22) (Al1.30Mn1 0gLio.57Ti0.04) (Als.92Mng g8) 0.44 0.021
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(Sis.92Al0.08)O18(BO3)3(OH)3(Fo.430H0.3800.19)

25 (Nao.69Ca0.0310.28)(Al1.32Mn1 20Li0.45 Ti0.04) (Als.90Mno.10) 0.36 0.022
(Sis.98Al0.02)O18(BO3)3(OH)3(F0.3900.360Ho .25)
26 (Nao.67Ca0.02Ko.01110.30) (Al1.30Mn1 21Li0.45Tio.04) 0.35 0.022
(Al5.90Mng.10) (Sis.92Al0.08) O18(BO3)3(OH)3
(Fo.410H0.3900.20)
27 (DTOpBJ'H,6aI/IT (Nao,67:0,33)(A|1,51Li1,25F62+o,1gMno,o4)A|5(Si5,gaBo,o4)018 0.83 0.024 Bosi et al.
(BO3)3(0OH)3(Fo.6300.37) 2005
28 (Nao.630.37) (Al 46Li1.28F82%0.12MNg 10Mo.04) Al 0.88 0.022
(Si5.97B0.03)018(BO3)3(OH)3(Fo.5100.49)
29 (Nao.66Ca0.03Ko0.010.30)(Al137Li1.11Mno 42Fe*0.11) 0.82 0.026
(Als.99Mno.01) (SisO18) (BO3)3(OH)3(Fo.5200.48)
30 Dnepbaut (Nao.53Cag.09 o,33)(A|2,ooLio,9oMn2+o,ogFez+o,01)A|6(BOe,)3 0.45 0.017 Ertl et al.
(Sis.61B0.39) O18(OH)3(OHo.6000.40) 2008
31 Dnepbaut (Nao_e3cao,03 0,34)(A|1_67Li1,17|\/|no,13Feo,03Tio,01)A|6 0.70 0.019 | Lussier et al.
(Sis.81B0.19)018(BO3)3(OH)3(OHg.79F0.21) 2008
32 (Nao.65Ca0.07110.28) (Al1.42L11.00MnNg.43Tio.08F€0.07) Al 0.70 0.032
(Sis.62B0.38) O18(BO3)3(OH)3(OHo.90F0.10)
33 (Nag.64Ca0.0310.33) (Al1.48Li1.00Mno.43F€0.06 T0.04) Als 0.68 0.033
(Si5.72B0.28) O18(BO3)3(OH)3(0OH)
34 ®dropanpdant (Nao.76Can.07Ko.01 0,15)(A|1_14Mno_5oLio,49Fez+o_45 0.43 0.015 Ertl et al.
Fe3*0.11ZN0.09 Tio.01 10.21) Ale(Sis 77Al0.20B0.03) O18 2010
(BO3)3(OH)3(Fo.690H0.2600.05)
35 (Nao.74Ca0.12' 10.14) (Al1.30Mno goLio.67F€3*0.0:F€%*0.01 0.52 0.017
Tio.010.19)Als(Sis.78 Alo.17B0.05)O18(BO3)3s(OH)3
(Fo.770H0.1900.04)
36 (Nag.51Ca0.16/10.33) (Al1.g0Li1.08Mno 01 J0.11)Alg 0.60 0.015
(Si5.77B0.23)018(BO3)3(OH)3(Fo.580H0.3200.10)
37 (Nao51Cao.19/ 10.30) (Al162Li1.13MNo.09Fe* 0,01 10.15) Al 0.70 0.013
(Sis.89B0.11)018(B03)3(OH)3(Fo.660Ho.34)
38 (Nao.59Cao.28 10.13) (AlyasLio.0iMno27Fe?*0 21 Tio.02 Jo.21) 0.66 0.018
(Als.92Mdo.08) (Sis.e5Al0.08B0.07) O18(BO3)3(OH)3
(Fo.790Ho0.21)
39 (Nag53Ca0.1[0.37) (Al1goli1.05Mno.02 0.13)Alg 0.58 0.013
(Si5.77B0.23) O13(BO3)3(OH)3 (OHo.54F0.46)
40 DnpbauT (Nao.73Cag.06/ 0.21) (Al1.24L11.02F€0.41MNg 18M(o.07) Als 0.82 0.025 Gatta et al.
(SisO18)(BO3)3(OH)3(Fo.540Ho.46) 2012
41 ®dropanpdant (Nao.saCag.02 Jo.14)(Al13sLio.78Mng.es Tio.01[l0.21)Alg 0.58 0.017 Ertl et al.
(Si5.92Al0.04B0.04)O18(BO3)3(OH)3(Fo.8:60Ho.19) 2012
42 (Nao.89Ca0.05Ko.01 10.05)(Al115Li059F€% 0.56MNo 48 Ti0.04) 0.51 0.018
Alg(Sis 87Al0.07B0.06) O18(BO3)3(OH)3(Fo.7900.180Ho.03)
43 (Nao.76Ca0.12[ 10.12) (Al1s2Li0.6sMNg 43FE%* 0,091 10.27) 0.45 0.018
(Als.98Ti0.02) (Sis5.71B0.29)O18(BO3)3(OH)3(Fo.690H0.31)
44 @TOp3J‘IL6aI/IT (Naojgcao,oeKo,m 0,15)(A|1,15Li1,02|:62+0,46|\/|n2+o,zgzno,03) 0.89 0.015 Bosi et al.
Alg(Si6.02018) (BO3)3(OH)3(Fo.760Ho.24) 2013
45 (Nao.s3Ca.02/ 10.15) (Al1.20Fe**0.01Li0.74MN?*0.00ZN0.06) Al 0.62 0.018
(Sis.94[10.06018) (BO3)3(OH)3(Fo.700H0.1900.11)
46 Happennrenpu (Nao,53Cao,01\ \0,41)(Li1,05A|1,95)A|5(Si6018)(BO3)3 0.54 0.021 Novak et al.
Ut (OH)3(Oo.65F0.34) 2013
47 O6or. 60p0M - (Nao_4gcao_24 \0.33)(A|2_43Li0_33 ‘0.28)A|6 0.14 0.018 Ertl et al.
OJICHUT (Si4.87B1.23)O18(B0O3)3(0OH)3(00.640Ho.36) 1997
48 Oo0or. 60pOM - (Nao,4ocao_zgmo_31)(A|z,42Lio_35:0_22)(A|5,92Do,03) 0.15 0.014 Hughes etal.
OJICHUT (Sia.85B1.06Al0.08) O18(BO3)3(OH)3(00.6s0H0.31F0.06) 2000
49 One”ur (N3.054Cao,02 0,44)(A|2A07Lio,63Mno,ogFeo,oM \0,17)A|5 0.30 0.014 Schreyer et
(Sis5.45B0.40Al0.14) O18(BO3)3(OH)3(OHo.83F0.1600.01) al. 2002
50 O6or. Mn - (Nao.g0Cao.o1! 0.19) (Al1.28Mn?*1 21Li037Fe* 0,02 l0.12) Al 0.30 0.036 Ertl et al.
OJIEHUT (Sis.80Al0.20)018(BO3)3(OH)3(F0.4300.320Ho.25) 2003
51 (Nao.77Ca0.03' 0.20)(Al1.23Mn?**1 14Li0.48F€% 0,02 Ti0.01 l0.12) 0.40 0.025
Alg(Sis.g3Al0.17)013(BO3)3(OH)3(Fo.4s0H0.3300.19)
52 Mg - con. (Nao.g4Ca0.11Ko.02 0,23)(A|1A58MgoA91F62+oA41TioAlo) no 0.014 Ertl et al.
OJICHHUT (Al4.90Mg1.10)(SiO18) (BO3)3(OH)3(00.900H0.07F0.03) 2003




109

53 (Nao.71Cao.10Ko.017 0.18) (Al1.42Mg1.10F€2*0 39 Ti0.00) (Al .4 0.014
MQ1.06) (Sis.95Al0.05)O18(BO3)3(OH)3(00.920H0.05F0.03)
54 Ooor. Fe - (Nao_5zcao,01:0,47)(A|1_62F62+o,83|\/|n2+o,42Lio,05Ti4+o,o3Do,o 0.03 0.031 Ertl et al.
OJICHHUT 5)(Als 57Mgo.13)(Sis.73Al0.17F€%*0.10)O15(BO3)3(OH)3 2004
(O0.540H0.32F0.14)
55 O6or. Mn - (Nao_34cao,o3Ko_01D0_12)(A|1,33Mn2+o,3eLio,51F62+o,06Tio,oz 0.38 0.021 Ertl et al.
OJIEHUT [o.22)Als.00(Sis.74Al0.26)O018(BO3)3(OH)3 2004
(Fo.540H0.3700.09)
56 Fe - con. (Nao,54cao_14Ko,01 0,31)(A|2_15F82+o_78|\/|n2+o_06Ti4+o,01) no 0.017 Cempirek et
OJIEHUT (Als5.90MQ0.10) (Sis.60Al0.40)O18(BO3)3(OH2.4900 51) al. 2006
(Oo.99F0.01)
57 Li - con. (Nao55Can.08Pho.o1! \0,36)(A|2_13Lio_75|\/|n2+o_01 011)Als 0.35 0.017 Ertl et al.
OJICHUT (Sis.34B0.66) 018(BO3)3(OH)3(OHo.5000.26F0.24) 2007
58 «JIuoouxoamu (Cao]zNao,27)(Li1,59A|1,13Fez+o,11Tio,05Mno,o4Mgo,03)A|6(B 1.40 0.025 Dunn et al.
my 03)3(Si6.02018) (OH)3(Fo.8670H0.8600.27) 1977
59 «JIuoouxoamu (Cao]zNao,27)(Li1,59A|1,13Fez+o,11Tio,05Mno,o4Mgo,03)A|6(B 1.41 0.033 Nuber &
my 03)3(Si6.02018) (OH)3(Fo.670H0.8600.27) Schmetzer
1981
60 | «JIuoouxoamu (Cap.4sNao.a11o.11)(Li1.20Al1.10MnNg 61) (Als.94 0.06) 1.01 0.021 | Aurisicchio
my (Sis.8810.12018)(BO3)3(OH)3(OHo.e300.37) etal. 1999
61 (Cao.48Nao.a1To.11)(Li1.23Al1.21Mng 61) (Al 8l 0.12) 1.02 0.025
(Sis.g8010.12018)(BO3)3(OH)3(OHo.s0 0.40)
62 | DTopmuaIHKO (Caos57Nag 20l lo.14) (Al1.a1L i1 33MN?*0.070 lo.10) Alg 0.94 0.017 Ertl etal.
aTuT (Sis.86B0.14) O18(BO3)3(OH)3(Fo.760Ho.24) 2006
63 (Cao.soNao 34 lo.16) (AlwssLiy15Fe2*0.0sMn?* 02l I 23) Al 0.74 0.015
(Sis.73B0.27)018(B03)3(OH)3(Fo.560Ho.44)
64 (Cao.41Nag .10l lo.18) (Al1e2Li1.06MN?*0.04F% 0,02 10.23) Al 0.67 0.013
(Sis.69B0.31)018(B03)3(OH)3(Fo.510Ho.49)
65 (Nao.46Cao.30l lo.24) (Al1g2Lio.gaFe?*0.01MN** 01 o 27) Al 0.49 0.013
(Sis56B0.44) 018(B03)3(OH)3(OHo 50F0.50)
66 | ®ropmuaanko | (Cao4sNao4sPboozl 10.05)(Li120Al124MN? 0 36F€%*0.02) Al 1.04 0.018 | Lussier etal.
aTHT (SisO18)(BO3)3(OH)3(Fo.710H0.20) 2011
67 (Caos6Nag.35Pbo.03lo.06)(Li1.46Al1.19MN%* 0 33F€%%0 11) Al 1.22 0.017
(SisO18)(BO3)3(OH)3(Fo.600H0.31)
68 (Cao.s2Nap.39Pbo.0200.07) (Li1.40Al1.17MN% 5 23Mgo.10F€% 0,10 1.19 0.018
)Als (SisO18)(BO3)3(OH)3(Fo.5600Ho.41)
69 (Cap.s3Nap.30Pbo.020.05)(Li1ssAl1.19MN% g 21 Fe2*0 02) Alg 133 0.017
(SisO18)(BO3)3(OH)3(Fo.700H0.30)
70 (Cap.saNap 26Pbo.02J0.05)(Li161Al1.190MN% g 15F2%0 02) Alg 1.34 0.017
(SisO18)(BO3)3(OH)3(Fo.700H0.30)
71 (Cap.saNap 28Pbo.0200.06) (Li1s0Al1 22MN?* g 14Fe2*0 05) Alg 1.30 0.016
(SisO18)(BO3)3(OH)3(Fo.710Ho.20)
72 (Cao.44Nag.47Pbo o3l lo.06)(Li1.20Al1.17MNn% g 53F€?*0.03) Alg 1.10 0.017
(SisO18)(BO3)3(OH)3(Fo.6s0Ho.32)
73 (Cap.saNap 28Pbo.0200.06)(Li1s0Al1 22MN? g 14Fe2*0 05) Alg 114 0.017
(SisO18)(BO3)3(OH)3(Fo.710Ho.20)
74 (Cao.44Nag.47Pbo o3l lo.06)(Li1.28Al1.17MNn% g 53F€?*0.03) Alg 1.23 0.020
(SisO18)(BO3)3(OH)3(Fo.6s0Ho.32)
75 (Caps1Nap.41Pbo.osJo.0s)(Li1ssAl1.10MN% g 40F2*0 03) Alg 1.34 0.022
(Sis018)(BO3)3(OH)3(Fo.750Ho.25)
76 (Cao.s8Nao.35Pbo.0170.06) (Li1.4Al1 21Mgo.0sMN?*0 03F€% "0 02 1.26 0.014
Tio.01)Als (SigO18)(BO3)3(OH)3(Fo.s50Ho.35)
77 (Cap.70Nap.23Pbo.01J0.06)(Li1esAl1 26MN%* g 03F2*0,03) Alg 1.20 0.016
(Sis018)(BO3)3(OH)3(Fo.670Ho0.33)
78 (Cap.s9Nap 25Pbo.01J0.05)(Li162Al1 20FE2*0,06MN?*0 04) Alg 1.20 0.016
(SisO18)(BO3)3(OH)3(Fo.600H0.31)
79 (Cao.65Nag.28Pbo.01lo.06)(Li1.56Al1.34MN%* 0 03F€%0.01 Tio.01) 1.25 0.017
Alg(SisO18)(BO3)3(OH)3(Fo.710Ho0.20)
80 (Cao.69Nao 24Pbo 01! 10.05) (Li1.60Al1 34F€2%0 03MNZ* 03) Alg 1.23 0.017

(SigO18)(BO3)3(OH)3(Fo.730Hg.27)
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81 (Cao.64Nao.28Pbo.01 10.06) (Li1.57Al1.25Mgo.02MN? 0. 03F %013 1.25 0.016
Tig.01)Als (SisO18)(BO3)3(OH)3(Fo.670Ho.33)
82 (Cao.6sNa.25P00.0110.06) (Li1.63Al1.24Mgo.0sMN?*0, 04 1.32 0.030
Fe?*0.06)Als (SisO18) (BO3)3(OH)3(Fo.640Ho.36)
83 (Cao.70Nao.24Pbo.0170.06) (Li1.57Al1 32Mgo.02MN?*o 03 119 0.015
Fe?*0.06) Als(Sis015) (BO3)3(OH)3(Fo.6s0Ho.32)
84 (Cao.68Nao.24Pbo.010.07)(Lize2Al1.20MN?*0.05 1.25 0.016
Fe?*0.04)Als (SisO18) (BO3)3(OH)3(Fo.720Ho.20)
85 (Cao.61Nao32Pbo.01)(Li1.61Al1.14Mgo.06MN? 0,06 1.42 0.018
Fe?*0.12Ti0.01) Alg(SisO18) (BO3)3(OH)3(Fo.630Ho.37)
86 (Cao.66Nao.27Pbo.01' lo.06)(Li1.e5Al116MN* 0 05 1.35 0.018
Fe?*0.00 Ti0.01)Alg (SigO1s)(BO3)3(OH)3(OHo s6F0.43)
87 (Cao.61Nap.31Pbo.01l0.07)(Li1.asAl127FE2 0 16MN?*0 06 117 0.017
Mgo.02Tio.02) Als(SisO15) (BO3)3(OH)3(Fo.630H0.37)
88 (Cao.s3Nao.34Pbo.o1 lo.02) (Li1.52Al1.20F€%*0.12Mgo.07 1.27 0.015
Mn?*5.06 Ti0.01) Als(SisO18) (BO3)3(OH)3(Fo.660Ho 1)
89 Poccmanur (\ \0_57Nao_43)(Li0_71A|2,17)A|5(Si5_92 o_og) 0.33 0.017 Selwey et al.
O18(B2.92[0.0803)3(OH)3(F0.100H0.8300.07) 1998
90 Mn - cox. ( 0,53Nao,46C8.o_01)(A|2,37Lio_33|\/|n2+o,25Fez+o,o4Ti4+o_01)A|e 0.139 0.017 Ertl et al.
KOKCUPOCCMAH (Sis.47Al0.28B0.25)O18(B03)3(OH2.8500.15) 2005
um» (00.860Ho.10F0.04)
91 (:0,53Nao,46Cao,01)(A|2,35Li0,32|\/|n2+o,23F62+o,04Ti4+0,01)A|e 0.136 0.017
(Sis.51Al0.25B0.24)018(BO3)3(OH2.8000.20)
(00.860Ho.10F0.04)
HasBanue munepana Kpucramnoxumuueckas popmysia [Li/Mg]Y R Hcrounuk
92 DdepyBUT (Cao.62Nao.39 0.01) (FE?*1.53Mg1.21 Ti%* 0 20MnNo.01) no 0.016 Grice &
(Als.72Mgo.g2Fe3*0.34F€2%0.12)6(Sis 83Al0.10)6018 Robinson
(BOs)3(OH)3(OH) 1989
93 DepyBUT (Cao,ezNao,4o)(F82+1,26Mgl,21Fe3+o,44A|o,os|V|no,01) no 0.016 Grice &
(Als72Mgo 82Fe*0.28 Ti**0.18)6(Si5.77B0.12T1%%0.10)6O15 Ercitis 1993
(BO3)3(OH)3(OHo.60[0.40)
94 (I)TOpYBI/IT (Cao,54Nao,42 0,04)(Mg3,01Lio,01)(A|5,46Mgo_5oTi4+o,05)e 0.003 0.018
(Sis.09Ti**0.01)6018(BO3)3(OH)3(Fo.620H0.3300.05)
95 VBur (Cao,43Nao,4o 0,17)(Mgl,7oA|1_zgcro,oz)(A|5_1eMgo,78 no 0.018 Taylor etal.
Cro.06)6(Sis018) (BO3)3(OH)3(O0.660Ho.31) 1995
96 V - con. (Cap.s1Nao.17110.02) (Mg2.92Vo.03 Tio.0sLi0.02) (Als.33Mgo.s7)s 0.007 0.025 | McDonald
¢ropysut (Sis.81Al0.19)6018(BO3)3(OH)3(Fo.970Ho.03) &
97 (Cao.76Nao.23 0.01)(Mg2.88Vo.03Tio.03Li0.02) (Als.33Mo.67)6 0.007 0.022 | Hawthorne
(Sis.81Al0.19)6018(BO3)3(OH)3(Fo.970Ho.03) 1995
98 (Cao.70Nao.29 10.01) (Mg2.84Li0.08V0.05 Ti0.03Cr0.01) 0.028 0.021
(Als 55Mo.45)s(Sis.73Al0.27)6018(BO3)3(OH)3(Fo.840Ho.16)
99 (Cao.77Nao.21l 0.02)(Mg2.79Li0.11V0.06 Ti0.03) (Als 6sMJo.32)6 0.039 0.020
(Sis.55Al0.45)6018(BO3)3(OH)s(Fo.740Ho.26)
100 (Cao.60Nao 371 10.03) (Mg2.77Vo.11Li0.09 Ti0.02Cro.01) 0.032 0.022
(Als 57M(o.43)s(Sis.81Al0.19)6018(BO3)3(OH)3(Fo.780Ho.22)
101 (Cao.72Nao.26l 0.02)(Mg2.69Vo.20Li0.06 Ti0.03Cr0.02) 0.022 0.025
(Als 50Mdo.50)6(Sis.58Al0.42)6018(BO3)3(OH)3(Fo.920Ho.08)
102 (Cao.77Nao.2010.03)(Mg2.74Vo.13Li0.08 Ti0.04Cro.02) 0.029 0.023
(Als.60Mo.40)6(Sis.51Al0.49)6018(BO3)3(OH)3(Fo.86:0Ho.19)
103 (Cao.77Nao 20 10.03)(Mg2.78Vo.12L10.06 Ti0.04Cro.01) 0.022 | 0.020
(Als.40Mdo.51)6(Sis.63Al0.38)6018(BO3)3(OH)3(Fo.6:0Ho.19)
104 (Cao.7sNao.2210.03)(Mg2.73Vo.16Li0.07Ti0.03Cro.02) 0.026 0.020
(Als.5:Mo.48)6(Sis.60Al0.40)6018(BO3)3(OH)3(Fo.8s0Ho.15)
105 DepyBuT (Cao.4sNag.49Ko.01' 10.02)(M01.35F€2*0.04F€3*0.49 Ti0.20) no 0.013 | Camaraet
(Al 58Mgo soFe®*0.62)6(Si5.90Al0.01)6018(BO3)3 al. 2002

(OH)3(00.640Ho.18F0.18)
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Ta6nuna I11.2. OcHoBHBIE CTPYKTYpHBIE mapaMeTpsl Li-Al — TypmanunHoB

Oop. CTpyKTypHbIE HapaMeTpsl, A HcTounuk
a c X-Ocp | Y-Ogp | Z-Ogp B-Og T-Ogp Y-Ocp /
Z-Ogp
1 16.000(2) 7.170(1) | 2.712 | 2.002 | 1.972 no 1.663 1.02 Ito &
Sadagana
1951
2 15.838(2) 7.103(1) | 2.670 | 2.018 | 1.905 no 1.617 1.06 Donnay et al.
1972
3 15.803(1) 7.086(1) | 2.677 | 1.969 | 1.898 1.373 1.619 1.04 Topckast u 1p.
1982
4 15.916(2) 7.130(1) | 2.676 | 2.040 | 1.909 1.372 1.620 1.07 Nuber &
Schmetzer
1984
5 15.901(2) 7.121(1) | 2.680 | 2.061 | 1.907 no 1.620 1.08 Topckas 1989
6 15.846(1) 7.119(1) | 2.670 | 1.980 | 1.895 no 1.616 1.04 Grice &
Ercitis 1993
7 | 15.887(2) | 7.150(1) | 2.670 | 2.055 | 1.910 no 1617 1.08 | Benokonesa n
ap. 1993
8 15.932(2) 7.135(1) | 2.666 | 2.045 | 1.910 1.374 1.625 1.07 Burns et al.
9 15.928(1) 7.137(2) | 2.669 | 2.046 | 1.909 1.375 1.623 1.07 1994
10 15.938(7) 7.133(5) | 2.675 | 2.048 | 1.908 1.374 1.624 1.07
11 15.872(2) 7.138(4) | 2.668 | 2.040 | 1.905 1.371 1.619 1.07
12 15.882(7) 7.123(5) | 2.668 | 2.036 | 1.904 1.389 1.618 1.07
13 15.926(7) 7.106(4) | 2.674 | 2.043 | 1.906 1.375 1.620 1.07
14 15.802(3) 7.121(1) | 2.664 | 2.014 | 1.902 1.369 1.615 1.06
15 15.854(2) 7.106(1) | 2.667 | 2.003 | 1.908 1.377 1.621 1.05
16 15.818(2) 7.087(1) | 2.602 | 1.992 | 1.904 1.370 1.617 1.05 McDonald et
17 15.805(2) 7.084(1) | 2.603 | 1.988 | 1.903 1.370 1.616 1.04 al. 1995
18 15.921(3) 7.137(2) | 2.679 | 2.036 | 1.911 1.376 1.619 1.07 Camara et al.
2002
19 15.9158(2) | 7.1201(1) | 2.677 | 2.032 | 1.907 1.375 1.622 1.07 Ertl et al. 2004
20 15.8232(7) | 7.0960(4) | 2.666 | 1.996 | 1.906 1.374 1.616 1.05 Bosi et al.
21 15.9055(6) | 7.1270(3) | 2.674 | 2.035 | 1.908 1.375 1.619 1.07 2005
22 15.9137(6) | 7.1302(3) | 2.675 | 2.038 | 1.909 1.376 1.620 1.07
23 15.9243(5) | 7.1323(3) | 2.676 | 2.040 | 1.909 1.376 1.620 1.07
24 15.9303(6) | 7.1341(3) | 2.682 | 2.039 | 1.910 1.376 1.621 1.07
25 15.9398(6) | 7.1363(3) | 2.685 | 2.041 | 1.911 1.376 1.620 1.07
26 15.9461(5) | 7.1380(3) | 2.688 | 2.042 | 1.911 1.376 1.621 1.07
27 15.8468(6) | 7.1058(3) | 2.670 | 2.007 | 1.907 1.375 1.617 1.05 Bosi et al.
28 15.8528(8) | 7.1083(5) | 2.671 | 2.011 | 1.906 1.376 1.617 1.06 2005
29 15.8801(6) | 7.1169(3) | 2.671 | 2.023 | 1.907 1.376 1.619 1.06
30 15.777(1) 7.086(1) | 2.677 | 2.032 | 1.907 1.375 1.622 1.07 Ertl et al. 2008
31 | 15.8063(16) | 7.0923(7) | 2.677 | 2.032 | 1.907 1.375 1.622 1.07 Lussier et al.
32 | 15.8402(16) | 7.1015(13) | 2.677 | 2.032 | 1.907 1.375 1.622 1.07 2008
33 | 15.8375(18) | 7.0996(10) | 2.677 | 2.032 | 1.907 1.375 1.622 1.07
34 15.9224(3) | 7.1250(3) | 2.677 | 2.032 | 1.907 1.375 1.622 1.07 Ertl et al. 2010
35 15.9096(3) | 7.1235(2) | 2.677 | 2.032 | 1.907 1.375 1.622 1.07
36 15.8304(3) | 7.0968(3) | 2.677 | 2.032 | 1.907 1.375 1.622 1.07
37 15.8405(3) | 7.1016(2) | 2.677 | 2.032 | 1.907 1.375 1.622 1.07
38 15.8775(3) | 7.1169(3) | 2.677 | 2.032 | 1.907 1.375 1.622 1.07
39 15.8111(4) | 7.0892(4) | 2.677 | 2.032 | 1.907 1.375 1.622 1.07
40 15.8560(3) | 7.1079(1) | 2.674 | 2.011 | 1.907 1.372 1.618 1.05 Gatta et al.
2012
41 | 15.8887(2) | 7.1202(1) | 2.670 | 2.007 | 1.907 | 1.375 | 1.617 1.05 | Ertletal. 2012
42 | 15.0107(1) | 7.1267(1) | 2.671 | 2.011 | 1.906 | 1.376 | 1.617 1.06
43 15.8430(1) | 7.1051(1) | 2.671 | 2.023 | 1.907 1.376 1.619 1.06
44 15.8933(2) | 7.1222(1) | 2.671 | 2.030 | 1.908 1.377 1.619 1.06 Bosi et al.
45 15.9083(6) | 7.1229(3) | 2.677 | 2.036 | 1.907 1.379 1.620 1.07 2013
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46 15.809(2) 7.089(1) 2.674 | 1.984 | 1.906 1.373 1.616 1.04 Novak et al.
2013
47 15.7395(2) | 7.0656(2) | 2.652 | 1.957 | 1.905 1.372 1.610 1.03 Ertl et al. 1997
48 15.731(3) 7.0638(9) | 2.647 | 1.957 | 1.902 1.371 1.609 1.03 Hughes et al.
2000
49 15.792(1) 7.0878(1) | 2.676 | 1.969 | 1.906 1.372 1.617 1.03 Schreyer et al.
2002
50 15.9466(3) | 7.1384(3) | 2.683 | 2.050 | 1.908 1.374 1.624 1.07 Ertl et al. 2003
51 15.941(1) 7.136(1) 2.684 | 2.045 | 1.910 1.376 1.622 1.07
52 15.9238(4) | 7.1822(2) | 2.682 | 2.010 | 1.926 1.374 1.620 1.04 Ertl et al. 2003
53 15.9149(3) | 7.1757(2) | 2.682 | 2.006 | 1.926 1.373 1.619 1.04
54 15.938(1) 7.136(1) 2.754 | 2.019 | 1.913 1.374 1.624 1.06 Ertl et al. 2004
55 15.9158(1) | 7.1201(1) | 2.754 | 2.019 | 1.913 1.374 1.624 1.06 Ertl et al. 2004
56 15.8838(3) | 7.1056(2) | 2.686 | 1.992 | 1.910 1.373 1.626 1.04 Cempirek et
al. 2006
57 15.938(1) 7.136(1) 2.754 | 2.019 | 1.913 1.374 1.624 1.06 Ertl et al. 2007
58 15.867(4) 7.135(4) 2.645 | 2.045 | 1.906 1.372 1.620 1.07 Dunn et al.
1977
59 15.875(1) 7.126(1) 2.646 | 2.044 | 1.908 1.378 1.620 1.07 Nuber &
Schmetzer
1981
60 15.880(1) 7.118(1) 2.645 | 2.045 | 1.906 1.372 1.620 1.07 Aurisicchio et
61 15.882(2) 7.115(1) 2.644 | 2.043 | 1.907 1.374 1.619 1.07 al. 1999
62 15.8322(3) | 7.1034(3) | 2.649 | 2.020 | 1.904 1.376 1.618 1.06 Ertl et al. 2006
63 15.8204(3) | 7.0955(2) | 2.639 | 2.011 | 1.904 1.374 1.617 1.06
64 15.8119(3) | 7.0925(2) | 2.644 | 2.004 | 1.904 1.374 1.616 1.05
65 15.8095(9) | 7.0941(8) | 2.652 | 1.996 | 1.906 1.375 1.614 1.05
66 | 15.8636(16) | 7.1119(9) | 2.641 | 2.037 | 1.905 1.377 1.617 1.07 Lussier et al.
67 | 15.8529(13) | 7.1101(8) | 2.635 | 2.033 | 1.905 1.377 1.617 1.07 2011
68 | 15.8548(14) | 7.1099(8) | 2.638 | 2.032 | 1.905 1.376 1.617 1.07
69 | 15.8456(12) | 7.1066(7) | 2.633 | 2.032 | 1.905 1.377 1.617 1.07
70 | 15.8418(17) | 7.1044(10) | 2.632 | 2.032 | 1.904 1.377 1.617 1.07
71 | 15.8363(15) | 7.1040(9) | 2.629 | 2.030 | 1.904 1.375 1.617 1.07
72 | 15.8675(13) | 7.1135(8) | 2.644 | 2.041 | 1.905 1.376 1.618 1.07
73 15.853(7) 7.120(4) 2.640 | 2.037 | 1.905 1.377 1.618 1.07
74 | 15.8449(15) | 7.1053(9) | 2.636 | 2.029 | 1.905 1.376 1.617 1.07
75 | 15.8248(16) | 7.0993(9) | 2.627 | 2.025 | 1.905 1.376 1.615 1.06
76 | 15.8307(10) | 7.1013(6) | 2.626 | 2.026 | 1.904 1.377 1.617 1.06
77 | 15.8337(12) | 7.1023(7) | 2.629 | 2.026 | 1.904 1.376 1.617 1.06
78 | 15.8293(11) | 7.1003(6) | 2.626 | 2.025 | 1.904 1.376 1.617 1.06
79 | 15.8343(11) | 7.1012(7) | 2.628 | 2.026 | 1.905 1.378 1.617 1.06
80 | 15.8303(11) | 7.1017(6) | 2.625 | 2.026 | 1.904 1.376 1.617 1.06
81 | 15.8399(11) | 7.1030(6) | 2.631 | 2.026 | 1.905 1.378 1.617 1.06
82 | 15.8306(16) | 7.0999(9) | 2.626 | 2.024 | 1.904 1.375 1.617 1.06
83 | 15.8299(13) | 7.1009(7) | 2.626 | 2.026 | 1.904 1.377 1.617 1.06
84 | 15.8286(14) | 7.1012(8) | 2.627 | 2.026 | 1.904 1.375 1.617 1.06
85 | 15.8438(14) | 7.1043(8) | 2.630 | 2.030 | 1.905 1.378 1.617 1.07
86 | 15.8368(11) | 7.1014(6) | 2.629 | 2.028 | 1.904 1.377 1.617 1.07
87 | 15.8333(14) | 7.1025(8) | 2.627 | 2.029 | 1.904 1.376 1.617 1.07
88 | 15.8404(13) | 7.1039(7) | 2.630 | 2.030 | 1.904 1.376 1.617 1.07
89 15.770(2) 7.085(1) 2.678 | 1.966 | 1.904 1.371 1.614 1.03 Selwey et al.
1998
90 15.8031(3) | 7.0877(3) | 2.687 | 1.962 | 1.908 1.372 1.6189 1.03 Ertl et al. 2005
91 15.8171(3) | 7.0935(3) | 2.690 | 1.964 | 1.910 1.373 1.6199 1.03
92 16.012(2) 7.245(2) 2.654 | 2.055 | 1.944 1.374 1.622 1.06 Grice &
Robinson
1989
93 16.000(2) 7.248(2) 2.654 | 2.055 | 1.944 1.375 1.622 1.06 Grice &
94 15.973(3) 7.213(2) 2.651 | 2.050 | 1.929 1.377 1.623 1.06 Ercitis 1993
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95 15.917(2) 7.189(1) | 2.661 | 2.003 | 1.930 1.374 1.621 1.04 Taylor et al.
1995

96 15.949(1) 7.188(1) | 2.631 | 2.048 | 1.924 1.376 1.624 1.06 McDonald &

97 15.950(2) 7.174(1) | 2.634 | 2.045 | 1.921 1.375 1.625 1.06 Hawthorne

98 15.940(1) 7.177(1) | 2.636 | 2.047 | 1.920 1.375 1.624 1.07 1995

99 15.940(1) 7.183(1) | 2.631 | 2.043 | 1.919 1.373 1.627 1.06

100 15.938(2) 7.179(1) | 2.645 | 2.038 | 1.922 1.377 1.623 1.06

101 15.959(1) 7.175(1) | 2.637 | 2.045 | 1.922 1.375 1.627 1.06

102 15.955(1) 7.170(1) | 2.636 | 2.047 | 1.920 1.376 1.627 1.07

103 15.958(2) 7.180(1) | 2.636 | 2.047 | 1.922 1.375 1.627 1.07

104 15.957(1) 7.175(1) | 2.634 | 2.046 | 1.921 1.377 1.628 1.07

105 16.017(2) 7.256(2) | 2.662 | 2.055 | 1.944 1.377 1.622 1.06 Camara et al.

2002
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IMPUJIIOKEHHUE 2

XapaKTepncTnKa 00bLEKTOB HCCJIeJ0BaHUA

Ta6nuua I12.1. O6bexTHI MccaeaoBanus: Li — comeprkaliye TypMaaIHHbI U3 Pa3IMYHbIX

MECTOPOKIAECHUM

Oopasen

Onucanue KpUCTAIIOB

\ IHocTymiienune

Bocrounslii [Tamup, Panryabckoe nermaturoBoe noJje (;kuaia Muka)

1 T-7* BBITSHYTBIN TIpU3MaTUYECKUH KPUCTALUT 3€JIE€HOI0
nBeta (mHHA 10 1 cMm).

2 T-14 | YromueHHbIi MPU3MATUYECKHUI KpUCTaLI,
obnamaromuil 30HATBHOCTBIO (IuameTp 10 1 cm):
LEHTP — pO30BOr0 I[BETa, KailMa - TEMHO-CHHETO
uBeta. MccnenoBanach Kaiima KpucTajuia.

3 T-17' | VromueHHbIi MPU3MATUYECKHUI KpHUCTaII,

o0amaromui  30HATBHOCTBIO (IuameTp 10 1 cm):
LEHTP — pO30BOrO I[BETa, KailMa - TEMHO-CHHETO
usera.  MccnepoBanach — LIEHTpasibHas — 4acTh
KpHUCTaJlJIa.

A.A. 3onorapés
(CIIory,
Nuctutytr Hayk
o 3emie,
kKadeapa
MUHEPAJIOTUH)

CaHrmienckoe Haropbe, TyBa (CKaHOJ'II/ITOBaﬂ AKHJIA HA YYaCTKeE Hanema)

4 | 297 20

Hpospaque 3CPHO OAHOPOJHOI'O KCJITOI'O IBCTA.

5 | 297 4

30HANBHBIA MPO3PAYHBIA KPHUCTAILT: CBETJIO-XKENITas
cepenuHa, OJieIHO-3€JICHAsT TIEpeXojHas 30Ha U
TEMHO-3€JICHas Kaiima.

6 Z-1

[Ipo3pauHOe 3€pHO JKENTOrO I[BETa HEMPABHIBHON
(hopMBI.

7 Z-2

30HANBHBINA MPO3PAYHBIN KPUCTAIIT: MEIOBO-KEITHIN
LEHTp, OJie/JHO-3esIeHas Mepexo/Has 30Ha U TEMHO-
3esIeHas KanMa. VccnenoBanace HEHTpalnbHas 4acTh.

8 | TC-496

30HANbHBIA TPO3PAUHBIA KPUCTAJUT: CBETIO-)KENTas
cepenuHa, OneaHO-3e€JIeHass TepexojHas 30Ha |
TEMHO-3€JIeHas1 KaiMa. Mcciie1oBaioch xKenToe 3€pHO
W3 HEHTPAJIbHON YaCTH.

9 | TC-297*

30HANBHBIA TPO3PAYHBIM KPUCTAII: TEMHO-)KENTas
cepenuHa, OneaHO-3e€JIeHass TepexojHas 30Ha |
CBETJIO-KENTHIN Kpall. MccnenoBanocs Keinroe 36pHO
W3 HEHTPAJIbHON YaCTH.

10 | TC-697*

3OoHANBHBIA ~ MPO3PAayHBIM  KPHUCTAL:  JKenTas
cepenuHa, OneaHO-3e€JIeHass TepexojHas 30Ha |
TeMHO-3€JieHass Kanma. MccienoBaioch 3€pHO U3
TEMHO-3€JIECHON KalMBI.

JL.T'. Ky3nenoBa
(Uucturyr
reoxumuu CO
PAH, Upkytck)

1. YTOUYHCHBI KPUCTAJUIMYCCKUC CTPYKTYPBHI.
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Ta6muma I[12.2. O6bekTh HccnenoBanus: Li-Al — TypMaauHBI ¢ ONTHYECKUMH aHOMAJIHSIMHU 13

Pa3IMIHbIX MeCTOpO}I(,Z[eHI/IfI

Hocryniienune

Odpasen Onucanne KpucTaaIos!
Bocrounslii [lamup, Panryiabckoe nermaTtuToBoe moJie
(xuiia [pusTHan)
1 [Tp-I1 | ITonmuxpomHBIN NpO3pauHblif, C1ab0 TPELIMHOBATHIN
59/1 KpUCTaJIJI MpU3MaTU4yeckoro radutyca (nuamerp 1 cwm).
IlenTp — MemOBO-KENThHIM 10 Oyporo, kaiima — OJeAHO
PO30BOrO I[BETA.
2 I1-7/1 | Tlpo3paunblii KpHCTAI MPU3MATHYECKOTO TrabuTyca
(mmameTp 2 MM), OTHOPOAHOTO OYypO-3€JIEHOTO 11BETA.
3 [Tp-I1 | ITonmuxpomubIil pO3pauHblil Kpuctaml (auamerp 1 cm):
10/1 LUEHTP — PO30BOTO LBETa, MEPEXOAHAs 30Ha — OneaHo-
po30Basi, KaiiMa — CBETJIO-3€JICHAas.
4 I1-9 [Ipo3paunslii TOMUXPOMHBIN KpucTall (quamerp 1 cm):
LEeHTp — OJIeIHO-)KENTOro, KalitMa — KOPUYHEBOTO I[BETA.

Bocrounslii Ilamup, Panryibsckoe nermaturoBoe moJe

(>xm1a MaJibinn)

5 MIII-
I16/1

Kpucramn oagHopomHoro  OienHo-TolyOOro  IBeTa,
MpU3MaTHYeCcKoro rabutyca (quamerp 1 cm).

Bocrounslii Ilamup, Panryibsckoe nermaruroBoe moJe

(xuna Muka)

6 | MII2/1

7 | MII22

3oHanbHBIA Kpuctamn (auamerp 1.5 cm): meHtp —
pO30BOro, KaiMa — TEMHO-CHHEro 1Bera. M3roToBIIEHBI
el ToMmUHOM 1.5 MM; uccenoBanacek KaiMma.

8 M-1

[TonuxpoMHBINA Tpo3pauHblil Kpuctaya (Auamerp 9 Mm):
TEMHO-PO30Basl CepeAMHa, IPOMEXYTOUHasl 30Ha — Oypo-
3eJieHas, KaiMa — TEMHO-3€eJIeHas.

9 M-2

[TonuxpoMHBINA Tpo3pauHblil KpucTaya (Auamerp 6 MM):
TEMHO-PO30Basl CepeluHa, IPOMEKYTOYHAass 30Ha —
0JIeTHO-pO30Bas, KaiiMa — TEMHO-CUHSIS.

Bocrounslii Ilamup, Panryibsckoe nermaruroBoe moJe

(xuia CtyaeHuyeckasi)

10 | CT-II5/1 | Ilpo3pauHblii MOJUXPOMHBIA KpHUCTALT (JUAMETP 5 MM):
CBETJIO-3€JIeHas cepe/inHa, roiayoas — nepudepus.
Bbpasnius, mrar Ilapan6a
11 | Bp-I11/1 | [Ipo3paunblii KpuUCTaII NPU3MATHYECKOTO TrabuTyca
(nnamerp 3 MM), OJHOPOAHOIO royiyOOro IBeTa, ci1ado
TPELIMHOBATBIN.

HenTpanbHoe 3adaiikaibe, MaJlxaHCKOe IETMaTUTOBOE MOJIe

(xmsia OpemHas)

12 | OP-B5/1

[Ipo3paunblii KpucTaul OAHOPOAHOIO CBETIIO-KEITOTO
1IBETa, MPU3MATHYECKOTO radutyca (1uaMerp 4 Mm).

A.A. 3onorapés
(CIIory,
Nuctutytr Hayk
o 3emie,
kKadeapa
MUHEPAJIOTUN)
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13

b-1

[Ipo3pauHblii TPEMIMHOBATBHIM KPUCTAII C MNPOJOIBHOU
30HANIBHOCTRIO (Auamerp 1.5 cM): mepexon IBeTa OT
OCCIIBETHOM YaCTU K KOPUYHEBOM 710 OypO-KEIITOH.

HenTpanabHoe 3adaiikanbe, MajxaHCKoe NerMaTUTOBOE MOJI€e

(:xus1a MoxoBas)

14

3b/2B2

[Ipo3paunslii  kpucrami, cn1abo TPEUIMHOBATHIN ¢
L[BETOBOM 30HAJIbHOCTHIO (quamerp 4 MM): LEHTp —
OJIeTHO-PO30BEIN, Tepudepuss — MHTEHCUBHO PO30BOTO
L[BETA.

15

3b/1A

[Ipo3pauHblii  KpUCTALI, CHJIBHO TPEIIMHOBATBIA C
L[BETOBOM 30HAJBHOCTHIO (qUAMETp 7 MM): LEHTp —
OJIeTHO-PO30BEIH, TTeprdeprs — TEMHO PO30BOTO IIBETA.

16

3b-3

[Ipo3paunblii  KpUCTaLI, CHUJIBHO TPEIIMHOBATHIA C
LBETOBOW 30HAJIBHOCTBIO (OUamMeTp 9 MM): LEHTp —
pO30BbIH, epudepus — 3eJICHOTo I[BETA.

17

3b-5

[Ipo3pauHblii  KpUCTAIJI, CHUJIBHO TPEIIMHOBATBIA C
[[BETOBOM 30HAIBHOCTBIO (AMaMeTp 2 CM): LEHTP
PO30BBIH, epudepusi — TPaBSIHO-3EJICHOTO I[BETA.

18

3b-7

IIpo3paunslii  kpuctami, ciaabo TpPEIMHOBATHIM ¢
LIBETOBOM 30HAJBHOCTHIO (IUAMETp S5 MM): LEHTp —
pO30BBIN, mepudepuss — CBEIO-3€JE€HOr0  IIBETa.
HccnenoBanace neHTpalibHas YacCThb.

19

3B6-9

IIpo3paunslii  kpuctami, ciaabo TpPEIIMHOBATHIA ¢
LIBETOBOM 30HAJBHOCTHIO (OUAMETp 7 MM): LEHTp —
PO30BBIi, CBETJI0-3€JI€Hasi TOHKAs Kaiima.

20

3B-10

[Ipo3pauHblii KpUCTAJUI, TPEIIMHOBATHIA C LBETOBOM
30HATBHOCTRIO (IUaMeTp 9 MM): LEeHTP — PO3OBBIiA,
nepudepus — CBETIIO-3eJICHOTO I[BETA.

21

3b-12

[Ipo3paunslii kpuctann (auamerp 4 MM) OJHOPOAHOIO
Oypo-3eJIeHOro IBeTa.

22

3b-14

[Ipo3pauHblii  KpUCTAILJI, CHJIBHO TPEIIMHOBATBIA C
I[BETOBOM 30HANBHOCTBIO (nuamerp 1.8 cMm): LeHTp —
0J1eTHO-PO30BbIHN, IEpU(EPHs — CBETIIO - PO30BOTO IBETA.

23

3b-15

[Ipo3pauHblii  KpUCTall, CHJIBHO TPELIIMHOBATBIA C
LIBETOBOM 30HAJBHOCTHIO (AuameTp 2.2 CM): LEHTp —
65e1H0-ToIy00H, nepudepus — 3e1eHOro 1BeTa.

24

3b-16

[Ipo3pauHblii  KpUCTAIJI, CHJIBHO TPEIIMHOBATHIA C
MIPOJIONILHOM 1[BETOBOM 30HAIBHOCTHIO (IuameTp 1.9 cm):
OT CBETJIO-KEJITOr0 10 PO30BOT0 IIBETA.

25

3b-17

IIpo3paunsiit  kpucramn (auamerp 1 cm), cnabo
TPEIIMHOBATHIA OJIHOPOAHOTO JKEJTOTO 1IBETA.

26

3b-19

[Ipo3pauHblii  KpUCTaILI, CHJIBHO TPEIIMHOBATBIA C
L[BETOBOM 30HaJbHOCTHIO (Auamerp 1.9 cm): meHTp —
OJIeTHO-PO30BHIi, TTepudeprs — pO30BOTO IIBETA.

27

3b-22

[Ipo3paunsiii  kpucramt (auamerp S5 MM), ciabo
TPELIMHOBATHIN OHOPOIHOTO KENTOrO IIBETA.

28

3b-23

[Ipo3paunslii  kpucramn (auamerp S5 MM), cinabo
TPEIMMHOBATBIA OJTHOPOAHOTO PO30BOTO LIBETA.

E.B. bamanuna
(CIIervy,
HNucruryr Hayk
o 3emue,
kadempa
TEOXHUMHH )
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! _ KkpucTammsl pacnWIMBald Ha CEYEHHs TOMIMUMHOM 10 0.5 MM HepHeHIUKYJIApHO

KpucTamorpadu4ecKkoi ocu C; 2 - u3MepeHus IPOBOAUIIH B IECTH ceueHuX (00pasupl S3, S2,

S4, S1, S6, S5), BeimuiieHHBIX U3 ogHOrO Kpuctayua (mmar ~0.5 mm). s o6pasnos S1, S6, S5

YTOUHEHBI KPUCTAITMYECKUE CTPYKTYpPHI B TIp. rp. cummerpun R3m, Cm u R1.

Ta6auna I12.3. Mecta npoBeleHUsT XMMUYECKUX aHAJIN30B U UCIIOJI30BaHHOE 000pYy/I0BaHUE

JlaGopaTopus O6opynoBanue AHAJIUTHK Oopa3sen
(Taoa. I12.1,
112.2)
MuKpO30HA0BbIN aHAJIU3
Jlecrepckuii yausepcurer, | JEOL SXA-8600S, A H. 3aiiues, P. T-14, T-17*,
AHrms SInoHMsA, ¢ BOJIHOBBIMU Buicon T-7
CIIEKTPOMETPAMH
HNucturyt reoxumuun CO JCXA-733, JEOL Ltd, JI.H. MarBeeBa 297 20,
PAH, Upxkytck, Poccus SInoHus, ¢ BOJHOBEIMHU 297 4
CIIEKTPOMETPAMU
MuHepanoruaecKkui Cameca SX-51 ¢ A.H. 3aiineB TC-496,
UHCTUTYT BOJTHOBBIMU TC-697
[eitnensOepckoro CIIEKTPOMETPAMH
YHUBEPCHUTETA,
I'etinenb6epr, ['epmanus
My3eii ecTecTBEHHOM Cameca SX-50 ¢ A.H. 3aiineB Z-1,7-2
ucropuu, JIOHI0H, BOJTHOBBIMU
BenukoOpuranus CIIEKTPOMETPAMU
WHCTUTYT reoioruu u ATB-55 Slnonus, c M.P. I1aBnos TC-496,
r€0XPOHOJIOTUHU PEHTI€HOBCKUM TC-697
nokemOpust PAH, CankT- | 2HEproaucrnepcuoHHBIM
[TetepOypr, Poccus crektpomeTpom LINK
AN 10000/85S, Auraus
000 MEXAHOEP Cameca SX-50 ¢ 10.J1. Kperiep 3b/2b (S3, S2,
NHXXUHUWUPUHI BOJIHOBEIMH S4, S1, S6,
AHAJIUT CIIEKTPOMETPAMHU S5)
Kilaccuuecknii MeTol «MOKpasi XMMHU S
HNucturyt reoxumuu CO I''A. Iloryauna TC-297
PAH, Upkyrck, Poccus -
doTomerpus naamenn (coaep:xkanue Li)
000 MEXAHOEP C.H. 3umuna T-14, T-17*
NHXUHUPUHT _
AHAJIUT
HNuctutyt reoxumuu CO JL.T'. Ky3nenoBa 297 4
PAH, Upkytck, Poccus -

Macc-cneKTpoMeTpHsi BTOPHYHbBIX HOHOB (cogepxkanue H*, Li*, B®*)
MuHepanoruIecKuii Cameca IMS 3f nonnsrii | A.H. 3aiiues TC-496,
UHCTUTYT MHUKPOAHAIU3aTOP TC-697
['efinenbOepckoro
YHUBEPCHUTETA,

I'eiinens6epr, ['epmanus

ICP ¢ na3epHoii adbasiuun (cogepxanune Li* 1 BO3MOKHBIX MHKpPONpUMeceii)
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My3eilt ecTecTBEHHOU [Tma3meHHbIN Macc- T. Hxedpuec, Z-
ucropuu, JIOH0H, cuektpomeTp Thermo A.H. 3aiines
BenukoOpuranus Elemental PQ3 + S,

nazep New Wave

UP213Al

IMoTeHnmomMerpuyeckoe TuTpoBanue (coa. B)

000 MEXAHOEP B C.H. 3umuHa T-14, T-17*
NHXWHWPUHI
AHAJIUT
NucTutyT Xumun _ M.II. CemeHnoB T-14, T-17%
CunukaroB PAH,
naboparopus
AHAJUTUYECKOU U
HEOPraHNYEeCKOH XUMUHU

1

nehopmanuu.

— nans o0paslia Ha OCHOBE CTPYKTYPHBIX JaHHBIX OBUIM pacCYMTaHbl CTPYKTYpPHBIE
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HPUJIIOXKEHMUE 3

Koopannatel, TemnepaTtypHbie (PaKTOPBI M 3aCeJIEHHOCTH MO3UINH B CTPYKTYypax

HCCJICI0OBAHHBLIX TYPMAJINHOB

Tab6numa [13.1. 3aceneHHOCTH MO3HIINI, KOOPAMHATHI aTOMOB M TEMIIEPATypHBIC (PAKTOPHI B

CTpyKTypax ¢ropcoaepkamux 1bp6autos (0op. T-17, T-14, T-7) (mp. rp. R3m)

Oopasen| Ilosuuus 3aceaénnoctsn, apful x/a y/b zlc Usxn/uzo?X
100, A2

T-17 X 3a |Nao.ssCao.2200.10 0 0 0.2358(4) [1.37(5)
T-14 Nao.g9Cao.03Ko.0100.07 0 0 0.2344(5) [2.12(8)
T-7 Nao.97Cao.03 0 0 0.2357(8) [2.40(1)
T-17 Y 9b |Lios2Alo4s 0.1230(1) [1/2x 0.6362(3) [0.42(4)
T-14 AlozsLiossFeo2s 0.12417(8) [1/2x 0.6284(2) [1.02(3)
T-7 Lio.3sAlo34(Fe + Mn)o2s 0.1241(1) |1/2x 0.6275(3) [0.69(4)
T-17 VA 18c |Alo.97Mno .03 0.29677(5) |0.25990(5) (0.6102(1) [0.57(2)
T-14 Alo.ggFeo.01 0.29778(6) |0.26092(6) (0.6114(1) [0.83(2)
T-7 Al 0.29751(8) |0.26082(8) 10.6116(2) [0.46(3)
T-17 B 9 B 0.1090(1) 2x 0.4546(4) (0.60(7)
T-14 B 0.1097(1) 2x 0.4561(5) [0.98(9)
T-7 B 0.1090(2) 2x 0.4550(8) [0.44(1)
T-17 Si 18c |Si 0.19186(4) |0.18986(4) |0 0.43(2)
T-14 Si 0.19195(5) 0.18998(5) 0 0.75(2)
T-7 Si 0.19191(7)|0.18997(7) |0 0.38(3)
T-17  WL1(O1) 3aOHoesoas’ 0 0 0.7723) [2.0(3)
T-14 OHo.s0i0573 0 0 0.784(5) 3.9(1)
T-7 OHo.4000.60° 0 0 0.762(1) [2.1(5)
T-17 W2 9b |Fo.1200.88 0.022(1) [1/2x 0.801(3) [0.5(5)
T-14 Fo10001 0.028(2) [1/2x 0.787(3) 0.7(2)
T-7 Fo2000.80 0.024(1) [1/2x 0.798(2) 0.5(5)
T-17 0(2) 9|0 0.06012(9) [2x 0.4870(4) [1.43(7)
T-14 0 0.0607(1) |2x 0.4848(5) [1.98(9)
T-7 0 0.0610(2) [2x 0.4850(7) [1.7(1)
T-17 VvV  0O(3) 9b|OH3 0.2659(2) [1/2x 0.5086(3) [1.22(7)
T-14 OH? 0.2690(2) [1/2x 0.5096(4) [1.19(7)
T-7 OH? 0.2698(2) [1/2x 0.5100(6) 0.9(1)
T-17 0(4) 9|0 0.09310(9) [2x 0.0744(3) [0.86(6)
T-14 0 0.0929(1) [2x 0.0718(4) [1.09(7)
T-7 0 0.0931(2) |2x 0.0714(5) 0.7(1)
T-17 0(5) 9|0 0.1860(2) [1/2x 0.0964(3) [0.88(6)
T-14 0 0.1865(2) [1/2x 0.0948(4) [1.05(7)
T-7 0 0.1859(3) |1/2x 0.0932(6) 10.7(1)
T-17 0(6) 18¢c|O 0.1951(1) [0.1847(1) |0.7751(2) (0.69(5)
T-14 0 0.1970(1) [0.1868(1) [0.7758(3) |0.96(5)
T-7 0O 0.1973(2) |0.1867(2) |0.7759(4) |0.58(8)
T-17 O(7) 18¢c|O 0.2862(1) [0.2857(1) [0.0793(2) [0.59(4)
T-14 O 0.2854(1) |0.2856(1) [0.0809(3) [0.89(5)
T-7 0 0.2857(2) |0.2858(2) [0.0805(4) [0.54(8)
T-17 0(8) 18¢c |0 0.2096(1) |0.2702(1) 10.4398(2) [0.72(4)
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T-14 0 0.2097(1) [0.2703(1) [0.4416(3) [1.00(6)
T-7 0 0.2097(2) |0.2703(2) |0.4412(4) [0.68(8)
T-17  |H 9bH 0.251 1/2x 0.398 5.4(7)
T-14 H 0.274(5) [1/2x 0.386(9) 4.2(9)
T-7 H 0.281 1/2x 0.395 3.5(2)

1

- CTaHapTHas OoIMOKa onpeaeacHus n0u sneMenTa B nosunuu <0.01 apfu;

2 - Usis = 1/3[U11(al)?a? + ... 2Uz3b*c*becosal; ° - zacenennocts mosummii V u W
0JIHOBAJICHTHBIMH aHHOHAMH TIOITBEPIK/ICHA AHATM30M GanaHca BaJeHTHOCTel (Tabmuma 5).

Tab6numa I[13.2. 3aceneHHOCTH MO3HINI, KOOPAMHATHI aTOMOB M TEMIIEpAaTypHBIC (PAKTOPHI B

crpykrype Li — comepskaniero ysura (06p. TC-297) (mp. rp. R3m)

Io3unus | 3aceJeHHOCTb, x/a y/b zlc UZ5km/m30x100, A2
apfu!
X 3a|Cao.77Nao.23 0 0 0.2303(1) 1.12(1)
Y 9b|Mgo.g3Lio.17 0.12522(6) |0.06261 0.6302(1) 0.50(2)
VA 18c|Alo.99F€0.01 0.29750(3) |0.26085(3) 0.61354(7) |0.48(1)
B 9B 0.10963(7) |0.21926 0.4534(3) 0.49(4)
Si 18¢|Sio.99Tio.01 0.19214(2) 0.19046(2) 0 0.39(1)
W1 (O1) 3a|0o.23 0 0 0.767(2) 0.8(1)%
W2 3alFo.77 0 0 0.7868(7) 1.45(6)
0(2) 9b|O 0.06055(5) [0.1211 0.4729(2) 0.71(3)
V3 (03) 9biOH 0.2703(1) |0.13515 0.5117(2) 0.67(3)
O(4) 9b|O 0.09209(5) |0.18418 0.0732(2) 0.77(3)
O(5) 9b|O 0.1824(1) 0.0912 0.0932(2) 0.70(3)
O(6) 18¢c|O 0.19666(7) (0.18775(6) 0.7777(2) 0.56(2)
O(7) 18¢|O 0.28510(6) |0.28472(6) 0.0832(1) 0.52(2)
O(8) 18¢c|O 0.21012(6) |0.27084(7) 0.4434(1) 0.62(2)
H 9bH 0.2815 0.14075 0.3966 5.03
! - crangaprHas ommbKa onpeaenenus 10 snementa B nosuiud < 0.01 apfu; 2 - Usys =
1/3[U11(at)?a? + ... 2Uz3b'ctbccos o; @ - amst 2TuX mosuiuii MCHoNb30BaINCh TEMIIEPATyPHBIE
(akTOpBI B H30TPOITHOM TMPUOITMIKECHUH.

Ta6nuua I13.3. 3aceneHHOCTH MO3UIMNA, KOOPIUHATHI AaTOMOB U TeMIIEpaTypHbIe (aKTOPHI B

cTpykType KanbitueBoro Li-Al — typmanuna (06p. TC-697) (mp. rp. R3m)

Ho3unms 3acenennocrn, apfu x/a y/b z/c UL kn/mz0x 100,
A-Z
X 3a |Cao.s2Nao.3200.06 0 0 0.2289(3) [1.30(3)
Y 9b |Alo.ssLio.33F€0.22Mdo.08Ti0.01/0.12379(8) |0.06190 0.6319(2) 0.44(3)
VA 18c |Al1o0 0.29735(5) |0.26050(5) |0.6113(1) |0.52(2)
B 9b B1oo 0.1094(1) [0.2188 0.4533(5) |0.58(7)
Si 18c [Si1.00 0.19223(4) |0.19026(4) |0 0.44(2)
W1 (01) 3a |OHoos 0.0329(12) [0.0165 0.797(2) 1.00(3)




121

W2 9b [Foss 0 0 0.7861(13) [3.30(3)
02 9b [Or00 0.0600(1) [0.1200  [0.4784(4) |1.51(7)
V_ (03) 9b |OHo76002¢ 0.2702(2) [0.1351  [0.5097(3) |0.84(6)
O(4)  9b |Owoo 0.0921(1) 0.1842  [0.0727(3) [0.87(6)
0()  9b |Oio0 0.1840(2) 0.0920  [0.0947(3) |0.87(6)
0(6)  18¢|O100 0.1968(1) [0.1868(1) [0.7754(2) |0.67(5)
O(7) _ 18¢|O100 0.2859(1) 0.2857(1) [0.0813(2) |0.60(4)
0(8)  18c|O100 0.2097(1) [0.2702(1) [0.4408(3) [0.69(5)
H 9b [Hioo 0252  [0.126 0.415 4.00

1 Use = 1/3[U11(at)?a? + ... 2Uz3bctbecos al.

Ta6nuua I13.4. 3aceneHHOCTH MO3UIMNA, KOOPMHATHI aTOMOB U TeMIIEpaTypHbIe (PaKTOPHI B
CTpyKTypax nByocHbIX Li-Al — TypmanunoB (00pa3ubi: S1 - Bepxusist, S6 — cpennsis, S5 - HUKHsSA

JIUHHH, COOTBETCTBEHHO) (Tp. rp. R3m)

Mo3uuus | 3acesIeHHOCTD, x/a y/b zlc Uss, A2
apfu
X 3a |Cao79@)Nao2iz) [0 0 0.23764(18) (0.0165(4)
Caosi)Nao.19e) [0 0 0.2381(2) [0.0186(5)
Caos3)Naos7e) |0 0 0.23855(17) |0.0108(4)
Y 9b |Liosoz@)yAloagse) [0.12400(11) [x/2 0.6343(2) 10.0084(5)
Liosis@)Alossse) [0.12413(12) [x/2 0.6339(2)  |0.0079(5)
Liossi(7)Alossary 0.12432(11) x/2 0.6349(2)  |0.0068(4)
V4 18c |Al1.00 0.29679(4) [0.25969(4)  |0.61176(10) (0.00512(14)
Al1oo 0.29675(4) (0.25965(4)  |0.61145(12) [0.00528(16)
Al1.oo 0.29680(4) [0.25967(4)  |0.61180(9) [0.00578(11)
B 9b Bioo 0.10906(9) [2x 0.4548(4)  10.0054(4)
B1.0o 0.10898(11) [2x 0.4544(4)  |0.0055(4)
B1.0o 0.10909(10) 2x 0.4553(3)  10.0062(3)
T 18c Sioo7())Boozwy  [0.19212(3) 1[0.19013(3) [0 0.00356(16)
Siooe)Boosy  [0.19210(3) (0.19012(4) 0 0.00332(19)
Sioos@)Boosy  [0.19208(3) [0.19004(3) |0 0.00393(13)
O1lW 3a [Fossp) 0 0 0.7892(7)  10.052(2)
(F)! Fo.93@2) 0 0 0.7877(7)  |0.049(2)
Fo.77 0 0 0.8219(6)  10.037(2)
0(2) 9b |O1o00 0.05982(8) [2x 0.4810(3)  |0.0167(4)
O1.00 0.05972(8) [2x 0.4801(4)  10.0159(5)
O1.00 0.05959(7) [2x 0.4804(3)  |0.0163(4)
0(3) 9b |O100 0.26907(16) [x/2 0.5094(3)  |0.0096(3)
O1.00 0.26893(18) [x/2 0.5101(3)  [0.0099(4)
O1.00 0.26944(16) [x/2 0.5100(3)  [0.0101(3)
O(4) 9b |O100 0.09223(7) [2x 0.0748(3)  |0.0074(3)
O1.00 0.09230(8) [2x 0.0750(3)  (0.0080(4)
O1.00 0.09223(7) [2x 0.0748(2)  |0.0079(3)
O(5) 9b [O100 0.18395(14) [x/2 0.0966(2)  (0.0078(3)
O1.00 0.18399(16) [x/2 0.0964(3)  |0.0083(4)
O1.00 0.18372(14) [x/2 0.0959(2)  |0.0086(3)
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O(6) 18c |O1.00 0.19606(9) (0.18617(10) |0.7758(2)  [0.0067(2)
O1.00 0.19596(10) [0.18618(11) [0.7758(2)  [0.0072(3)
O1.00 0.19603(9) (0.18608(9)  |0.77598(16) [0.0073(2)
O(7) 18¢ |O1.00 0.28600(9) [0.28539(9)  |0.08139(17) [0.0059(2)
O1.00 0.28594(10) |0.28535(10) |0.08155(19) [0.0059(3)
O1.00 0.28604(9) [0.28522(8)  |0.08147(15) [0.0067(2)
0(8) 18¢ [O1.00 0.20937(9) [0.26982(10) |0.44136(19) [0.0068(2)
O1.00 0.20955(11) [0.26990(10) |0.4413(2) [0.0067(3)
O1.00 0.20951(9) [0.27013(9)  |0.44175(18) [0.00751(19)
H 9b [Hio0 0.20937(9) |0.26982(10) |0.44136(19) [0.0068(2)
H1.00 0.20955(11) [0.26990(10) [0.4413(2)  |0.0067(3)
H1.00 0.20951(9) [0.27013(9)  |0.44175(18) [0.00751(19)
! - B cTpykType TypManuna S5 nosunus pacineriena Ha ase: W(O1) (F) + W(O1) (OH-,
0?): (0.033, 1/2x, 0.813) (OH", 0%)o.12.

Ta6muua I13.5. 3aceneHHOCTH MO3UIMKA, KOOPIMHATHI aTOMOB U TEMIIEpaTypHbIE (PaKTOPHI B

JIMHHUH, COOTBETCTBEHHO) (T1p. rp. Cm)

CTpyKTypax nByocHbIX Li-Al — TypmanunoB (00pa3ubl: S1 - Bepxusist, S6 — cpennsis, S5 - HUKHsASA

Io3uuus| 3aceaennocts, apfu x/a y/b zlc Usks, A2
X1 Cao.501)Nao.41(1) 0 0 0.23813(12) 0.0136(2)
Caoss7yNaoas( 0 0 0.23827(12)  [0.0153(2)
CaosseNao.az 0 0 0.23951(7)  [0.01419(10)
X2 Caos1mNaossw) 0.16655(3) 0.5 0.00485(12)  0.0124(2)
Cao.67(1)Nao.33() 0.16658(3) 0.5 0.90497(12)  [0.0151(2)
Cao.soyNao.so(1) 0.16620(2) 0.5 0.90592(6) 0.00975(10)
X3 Cao.60(1)Nao.401) 0.83322(3) 0.5 0.57159(12) 0.0134(2)
Cao.671)Nao.331) 0.83328(3) 0.5 0.57165(13) 0.0154(2)
Cao.47¢yNaos3(y) 0.83313(2) 0.5 0.57283(6) 0.00724(9)
Y11 Al s65(4)Lio.a3504) 0.06246(5) 0 0.6351(2) 0.0067(3)
Alo s16(4)Li0.384(2) 0.06260(5) 0 0.6351(2) 0.0089(4)
Alo.s332)Li0.367(2) 0.06284(3) 0 0.63566(10) 0.00484(14)
Y12 Alo.se5(a)Li0.43502) 0.22914(5) 0.5 0.3015(2) 0.0058(4)
Alo 615(4)Li0.385(2) 0.22924(5) 0.5 0.3017(2) 0.0082(4)
Alos1s)Lioss22) 0.22974(3) 0.5 0.30348(11) 0.00574(15)
Y13 Alo.se1(a)Lio.4300) 0.89589(5) 0.5 0.9682(2) 0.0083(4)
Alo 617(4)Li0.383(2) 0.89594(5) 0.5 0.9684(2) 0.0088(4)
Alo es2(2)Li0.348(2) 0.89667(3) 0.5 0.96943(10)  |0.00757(16)
Y21 Lio.s7s2)Alo.4252) -0.03086(4) 0.09290(8) 0.63471(18)  |0.0085(3)
Lios2s@)Alo.475(3) -0.03068(4) 0.09274(9) 0.63469(19)  |0.0119(3)
Liosa3@)Aloss7) -0.03073(3) 0.09246(6) 0.63539(13)  |0.01126(18)
Y22 Lio.s723)Alo.428(3) 0.13583(4) 0.59283(9) 0.30126(19)  |0.0080(3)
Lios2s@Aloarrs) 0.13601(4) 0.59280(9) 0.30136(18)  |0.0118(4)
Liosss@)Alossse) 0.13622(3) 0.59273(5) 0.30388(11)  |0.00471(15)
Y23 Lio.s7e3)Alo.424(3) 0.80248(4) 0.40707(9) 0.96795(19) 0.0087(3)
Lios23@)Alo.477(3) 0.80265(4) 0.40720(9) 0.96804(19)  |0.0114(4)
Liosss2)Alo33ae) 0.80283(3) 0.40686(5) 0.96672(12)  |0.00651(17)
Z1 Alzoo -0.01828(2) 0.27766(4) 0.61194(9) 0.00572(13)
Alzoo -0.01814(2) 0.27757(5) 0.61192(9) 0.00534(15)
Al1oo -0.017996(13) |0.27699(2) 0.61290(5) 0.00578(7)
72 Alzoo 0.14891(2) 0.88816(4) 0.61228(9) 0.00571(13)
Alzoo 0.14905(2) 0.88815(5) 0.61241(9) 0.00521(15)
Alzoo 0.149577(13) |0.88750(2) 0.61349(5) 0.00501(7)
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73 Al1 00 0.87053(2)  |0.83273(4) 0.61199(9)  |0.00563(13)
Al 0 0.87070(2)  [0.83276(5) 0.61202(9)  [0.00520(15)
Al10 0.871025(13)  [0.83240(2) 0.61273(5)  [0.00523(7)
74 Al1 0 0.14840(2)  [0.77764(5) 0.27858(9)  |0.00567(14)
Al10 0.14852(2)  [0.77759(5) 0.27860(9)  [0.00535(15)
Al 0 0.14931(13)  [0.77713(2) 0.27908(5)  [0.00502(7)
75 Al1 00 0.31558(2)  |0.38815(4) 0.27891(9)  [0.00574(14)
Al1 0 0.31571(2)  [0.38816(5) 0.27906(9)  [0.00535(15)
Al1 0 0.316111(13) [0.38761(2) 0.27974(5)  [0.00623(7)
76 Al1 00 0.03720(2)  [0.33274(4) 0.27861(9)  |0.00564(14)
Al1 0 0.03737(2)  [0.33273(5) 0.27867(9)  [0.00532(15)
Al1 0 0.037741(13)  [0.33262(2) 0.28000(5)  [0.00489(7)
77 Al1 00 0.81505(2)  [0.77765(5) 0.94524(9)  [0.00577(14)
Al1 0 0.81519(2)  [0.77757(5) 0.94528(9)  [0.00541(16)
Al1 0 0.815349(13)  [0.77709(2) 0.94579(5)  [0.00589(7)
Z8 Al100 -0.01776(2)  [0.38820(5) 0.94561(9)  |0.00577(15)
Al1 0 -0.01762(2)  [0.38813(5) 0.94575(9)  [0.00534(16)
Al1 0 -0.017213(13) [0.38772(2) 0.94692(5)  [0.00504(7)
79 Al 00 0.70387(2)  [0.33274(5) 0.94527(9)  |0.00568(15)
Al10 0.70404(2)  [0.33275(5) 0.94531(9)  [0.00528(16)
Al 0 0.704299(14)  [0.33260(2) 0.94584(5)  [0.00616(7)
B1 B1oo 0.05504(8)  |0.16340(14) 0.4556(3) 0.0059(4)
B1oo 0.05515(8)  [0.16336(17) 0.4551(3) 0.0059(5)
B1oo 0.05610(4)  [0.16379(8) 0.45790(17)  [0.00522(17)
B2 B1.oo 0.89133(10) [0 0.4547(4) 0.0064(6)
B1oo 0.89151(12) [0 0.4546(5) 0.0060(7)
B1oo 0.89156(6) [0 0.4560(2) 0.0060(3)
B3 B1oo 0.22172(8)  |0.66339(16) 0.1222(3) 0.0061(5)
B1oo 0.22182(8)  [0.66329(17) 0.1219(3) 0.0054(6)
B1oo 0.22222(4)  [0.66318(8) 0.12222(18)  [0.00653(18)
B4 B1oo 0.05795(11) |05 0.1213(5) 0.0062(7)
B1oo 0.05816(12) (0.5 0.1208(5) 0.0050(8)
B1oo 0.05931(6)  [0.5 0.1204(3) 0.0067(3)
B5 B1.oo 0.88835(8)  |0.33657(17) 0.7889(3) 0.0057(5)
B1.0o 0.88854(8)  [0.33658(18) 0.7886(3) 0.0059(6)
B1oo 0.88896(4)  [0.33741(8) 0.78994(18)  [0.00593(18)
B6 B1.oo 0.72461(11) |05 0.7875(5) 0.0051(7)
B1.0o 0.72480(12) (0.5 0.7877(5) 0.0050(8)
B1oo 0.72411(6)  [0.5 0.7897(2) 0.0047(2)
T1 Sio ss()Bo.o2) -0.00071(2)  [0.19087(3) 0 0.00456(12)
Sio 99(1yBo.o1(1) -0.00059(2)  [0.19083(4) 0 0.00426(14)
Sio.90)Bo.oi) -0.000322(12) [0.190633(19) |0 0.00520(6)
T2 Sio saBo.orqy 0.096359(19) |0.90585(4) 0.00090(8)  [0.00441(13)
Sio saBo.oiy 0.09653(2)  [0.90586(4) 0.00101(8)  [0.00418(15)
Sizo01) 0.096886(11) [0.906056(19)  [0.00266(4)  [0.00466(6)
T3 Sio 9aw)Bo.o1(w) 0.905096(19) [0.90293(4) -0.00011(8)  [0.00451(13)
Si1 o0(t) 0.90522(2)  [0.90289(4) -0.00002(8)  [0.00419(15)
Sio.gemBooiqy 0.90531(11)  [0.90287(2) -0.00058(4)  [0.00399(6)
T4 Sio 98w)Bo.o2(w) 0.16596(2)  |0.69087(4) 0.66668(8)  |0.00455(13)
Sio 99(1)Bo.o1(1) 0.16608(2)  [0.69085(4) 0.66676(9)  [0.00424(15)
Sio.o0Bo.oi) 0.166377(12) [0.690740(19)  |0.66713(5)  [0.00433(6)
TS5 Sio s9Bo.oqy 0.26302(2)  |0.40585(4) 0.66758(8)  [0.00445(14)
Sio 99(1)Bo.o1(1) 0.26317(2)  [0.40587(4) 0.66768(8)  [0.00405(16)
Sizoow) 0.263468(11)  [0.40573(2) 0.66871(4)  [0.00459(6)
T6 Sio saBo.or() 0.07177(2)  [0.40290(4) 0.66657(8)  |0.00440(14)
S 0.07190(2)  [0.40289(4) 0.66660(8)  [0.00457(16)
S 0.071962(12) [0.402759(19)  [0.66684(4)  [0.00450(6)
T7 Sio 9awBo.o2w) 0.83262(2)  |0.69086(4) 0.33331(9)  |0.00438(14)
Sio saBo.oiy 0.83277(2)  [0.69082(4) 0.33334(9)  [0.00460(16)
Sio gaBo.oiy 0.833103(12) [0.690434(18)  [0.33423(5)  [0.00424(6)
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T8 Sio o Bo.orq) 0.92971(2)  |0.40585(4) 0.33425(8)  [0.00442(14)
Sio gaBo.oiy 0.92984(2)  [0.40585(4) 0.33435(9)  [0.00394(16)
Siz.o01) 0.930136(12)  [0.40578(2) 0.33543(4)  [0.00421(6)

T9 Sio saBo.orq) 0.73845(2)  |0.40290(4) 0.33323(8)  [0.00452(14)
Siz o0(r) 0.73858(2)  [0.40288(4) 0.33330(9)  [0.00466(16)
Sio.geBooiqy 0.739077(12)  [0.40291(2) 0.33367(5)  [0.00491(6)

O1IW  |Fiosq 0 0 0.7891(3) 0.0537(13)
F12201) 0 0 0.7888(3) 0.0579(14)
Fosr 0 0 0.7899(3) 0.0499(5)

O12W  [Frosq 0.16822(15) |05 0.4554(4) 0.0524(11)
Fri00) 0.16823(15)  [0.5 0.4578(4) 0.0673(10)
Froi) 0.17384(6)  [0.5 0.4560(3) 0.0347(4)

O13W  [Frosq 0.83500(15)  |0.5 0.1222(4) 0.0531(11)
F1.1001) 0.83495(14) (0.5 0.1223(4) 0.0670(12)
Fo.ss 0.84030(7) (05 0.1227(3) 0.0363(4)

021) [Owo0 0.03129(6)  |0.08863(11) 0.4816(2) 0.0170(4)
O1.00 0.03147(6)  [0.08845(12) 0.4822(2) 0.0166(4)
O1.00 0.03247(3)  [0.08759(6) 0.48234(13)  [0.01178(15)

0(22) |O100 -0.05969(7) |0 0.4790(3) 0.0161(6)
O1.00 -0.05947(8) [0 0.4794(3) 0.0149(6)
Ov00 -0.05895(5) [0 0.4774(2) 0.0190(4)

0(23) |O100 0.19793(6)  |0.58864(12) 0.1484(2) 0.0166(4)
O1.00 0.19814(6)  [0.58852(12) 0.1489(2) 0.0167(5)
Ox.00 0.19971(4)  [0.58713(7) 0.14815(15)  [0.0206(2)

0(24) [O100 0.10694(8) |05 0.1454(3) 0.0157(6)
O1.00 0.10721(8) (0.5 0.1462(3) 0.0155(6)
Ox1.00 0.10702(5)  [0.5 0.14566(18)  [0.0138(3)

0(25) [O100 0.86460(6)  |0.58870(12) 0.8150(2) 0.0171(4)
O1.00 0.86472(6)  [0.58849(12) 0.8155(2) 0.0163(5)
O1.00 0.86607(3)  |0.58736(7) 0.81801(14)  [0.01359(17)

0(26) [O100 0.77373(7) 05 0.8123(3) 0.0166(6)
O1.00 0.77384(8) 0.5 0.8128(3) 0.0156(7)
Ov00 0.77389(4) |05 0.81083(19)  [0.0118(3)

0(31) |Owoo 0.13399(8) |0 0.5104(3) 0.0107(5)
Ovr00 0.13390(8) [0 0.5112(3) 0.0095(5)
Ovr00 0.13322(5) [0 0.51091(19)  [0.0110(3)

0(32) |O100 -0.06727(5)  [0.20242(10) 0.5096(2) 0.0101(3)
Ovr00 -0.06710(5)  [0.20239(11) 0.5101(2) 0.0103(4)
O1.00 -0.06737(3)  [0.20278(6) 0.50986(12)  [0.00988(18)

0(33) [O100 0.30065(8) |05 0.1771(3) 0.0103(5)
O1.00 0.30054(8) (0.5 0.1778(3) 0.0101(6)
O1.00 0.30070(4) (0.5 0.17849(17)  [0.00790(19)

0(34) [O1o0 0.09940(5)  [0.70244(11) 0.1762(2) 0.0102(4)
O1.00 0.09957(5)  [0.70238(11) 0.1768(2) 0.0102(4)
O1.00 0.09955(3)  [0.70362(6) 0.17775(12)  [0.01136(19)

0(35) |O100 -0.03268(8) 0.5 0.8437(3) 0.0102(5)
Ovr00 -0.03271(8) 0.5 0.8445(3) 0.0102(6)
Ovr00 -0.03289(5) 0.5 0.84534(17)  [0.0107(3)

0(36) |O1o0 0.76606(5)  [0.29761(11) 0.8428(2) 0.0102(4)
Ovr00 0.76623(5)  [0.29767(11) 0.8434(2) 0.0101(4)
Ovr.00 0.76629(3)  [0.29725(6) 0.84240(12)  [0.00845(18)

0(41) |O1oo 0.04638(5)  |0.13818(10) 0.0752(2) 0.0083(3)
O1.00 0.04647(5)  [0.13805(11) 0.0753(2) 0.0079(4)
Ov.00 0.04664(3)  [0.13772(7) 0.07674(13)  [0.0128(2)

0(42) [O1o0 -0.09243(7) |0 0.0746(3) 0.0083(4)
O1.00 -0.09227(8) [0 0.0747(3) 0.0078(5)
Ov.00 -0.09232(4) [0 0.07576(17)  [0.0072(2)

0(43)  [O100 0.21307(5)  |0.63815(11) 0.7417(2) 0.0079(3)
O1.00 0.21314(5)  [0.63808(11) 0.7420(2) 0.0077(4)
O1.00 0.21364(3)  [0.63834(5) 0.74346(12)  [0.00645(13)
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0(44)  [O1o0 0.07426(7) |05 0.7413(3) 0.0080(5)
O1.00 0.07445(8) (0.5 0.7414(3) 0.0079(5)
Ov00 0.07397(5)  [0.5 0.74201(18)  [0.0117(3)
0(45) |O100 0.87973(5)  |0.36188(11) 0.4084(2) 0.0080(4)
O1.00 0.87980(5)  [0.36194(11) 0.4086(2) 0.0077(4)
O1.00 0.87979(3)  [0.36307(5) 0.40881(11)  [0.00420(12)
0(46) |O100 0.74007(7) |05 0.4080(3) 0.0084(5)
O1.00 0.74107(8) (0.5 0.4081(3) 0.0078(5)
Ov.00 0.74180(4) |05 0.40801(16)  [0.0049(2)
0GL) O 0.09285(8) |0 0.0972(3) 0.0081(5)
O1.00 0.09290(8) [0 0.0974(3) 0.0082(5)
O1.00 0.09385(5) [0 0.09842(17)  [0.0102(3)
0(52)  |O100 -0.04572(5)  [0.13772(10) 0.0960(2) 0.0084(3)
O1.00 -0.04553(5)  [0.13768(11) 0.0960(2) 0.0083(4)
O1.00 -0.04532(3)  [0.13736(6) 0.09596(12)  [0.00929(17)
0(53) [O100 0.25950(7) |05 0.7638(3) 0.0086(5)
O1.00 0.25957(8) (0.5 0.7641(3) 0.0078(5)
O1.00 0.26006(4) (0.5 0.76602(18)  [0.0094(3)
0(54)  |O100 0.12095(5)  |0.63780(11) 0.7626(2) 0.0084(3)
O1.00 0.12117(5)  [0.63761(11) 0.7627(2) 0.0081(4)
O1.00 0.12150(3)  [0.63764(6) 0.76305(12)  [0.00913(18)
O(55)  [O100 0.92611(7) 05 0.4303(3) 0.0081(5)
O1.00 0.92623(8) (0.5 0.4307(3) 0.0083(6)
O1.00 0.92664(4) (0.5 0.43148(17)  [0.0067(2)
0(56)  [O100 0.78763(5)  [0.36231(11) 0.4293(2) 0.0083(4)
O1.00 0.78780(5)  |0.36236(11) 0.4293(2) 0.0080(4)
O1.00 0.78805(3)  [0.36320(5) 0.42983(12)  [0.00626(13)
0(61) [Oio0 -0.00436(4)  [0.19103(10) 0.77639(18)  [0.0075(3)
O1.00 -0.00420(4)  [0.19080(12) 0.77638(19)  [0.0076(4)
O1.00 -0.00351(3)  [0.19146(5) 0.77681(11)  [0.00633(16)
0(62) [Owo0 0.09822(5)  [0.91229(10) 0.7764(2) 0.0075(3)
O1.00 0.09825(5)  [0.91243(11) 0.7766(2) 0.0076(4)
O1.00 0.09871(3)  [0.91294(5) 0.77741(12)  (0.00705(16)
0(63) [O100 0.90691(5)  |0.89698(10) 0.7764(2) 0.0075(3)
Ovr00 0.90713(5)  |0.89695(11) 0.7764(2) 0.0072(4)
Ovoo 0.90683(3)  [0.89642(5) 0.77646(12)  |0.00759(17)
0(64)  [O100 0.16236(5)  [0.69093(10) 0.4431(2) 0.0076(3)
Ovr00 0.16246(6)  |0.69084(10) 0.4431(2) 0.0068(4)
Ovo0 0.16275(3)  [0.69063(6) 0.44319(12)  [0.00845(14)
0(65)  [O100 0.26491(5)  [0.41222(11) 0.4431(2) 0.0074(3)
O1.00 0.26492(5)  [0.41243(11) 0.4432(2) 0.0075(4)
O1.00 0.26524(3)  [0.41262(6) 0.44416(12)  (0.00900(18)
0(66) |O100 0.07358(5)  |0.39701(10) 0.4432(2) 0.0076(3)
Ovr00 0.07381(5)  [0.39697(11) 0.4431(2) 0.0075(4)
O1.00 0.07375(3)  [0.39710(6) 0.44389(12)  (0.00849(17)
0(67) |O1oo 0.82901(6)  |0.69096(10) 0.1096(2) 0.0073(3)
Ovr00 0.82913(6)  |0.69083(10) 0.1099(2) 0.0070(4)
Ovo0 0.82973(3)  [0.69029(5) 0.11016(12)  [0.00772(14)
0(68)  [O100 0.93156(5)  [0.41225(11) 0.1098(2) 0.0073(4)
O1.00 0.93161(5)  [0.41238(11) 0.1098(2) 0.0070(4)
O1.00 0.93177(3)  [0.41264(5) 0.11004(11)  [0.00576(16)
0(69) |O100 0.74028(5)  |0.39691(11) 0.1097(2) 0.0076(4)
O1.00 0.74048(5)  [0.39697(11) 0.1099(2) 0.0073(4)
O1.00 0.74067(3)  [0.39686(6) 0.11080(11)  [0.00639(17)
0(71) |O1oo -0.00013(5)  [0.28551(9) 0.08194(19)  [0.0064(3)
Ovr00 -0.00001(5)  [0.28549(10) 0.0819(2) 0.0058(4)
Ovr00 -0.00008(3)  [0.28546(5) 0.08325(11)  |0.00587(16)
0(72) [O1o0 0.14323(5)  |0.85718(10) 0.0815(2) 0.0065(3)
O1.00 0.14341(5)  [0.85719(10) 0.0817(2) 0.0062(3)
O1.00 0.14392(3)  [0.85753(5) 0.08121(12)  [0.00688(16)
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0(73)  [O1o0 0.85762(4)  |0.85654(10) 0.0818(2) 0.0065(3)
Ovr.00 0.85779(5)  [0.85652(11) 0.0818(2) 0.0065(3)
Ovr00 0.85803(3)  [0.85659(5) 0.08314(11)  [0.00587(16)
0(74)  [O1o0 0.16656(5)  |0.78554(10) 0.7486(2) 0.0062(3)
Ovr00 0.16668(5)  [0.78558(10) 0.7486(2) 0.0063(4)
Ovr00 0.16698(3)  [0.78502(5) 0.75018(12)  [0.00739(17)
O(75) |O1o0 0.30988(5)  [0.35714(10) 0.7481(2) 0.0064(3)
Ovr.00 0.31008(5)  [0.35722(11) 0.7484(2) 0.0062(4)
Ovr.00 0.31011(3)  [0.35590(6) 0.74858(12)  [0.00813(17)
0(76)  [O100 0.02428(5)  |0.35661(10) 0.7784(2) 0.0064(3)
Ovr.00 0.02448(5)  [0.35651(10) 0.7485(2) 0.0060(4)
Ovr00 0.02458(3)  [0.35646(6) 0.74749(12)  [0.00781(17)
0(77)  [Owo0 0.83322(5)  |0.78549(10) 0.4153(2) 0.0064(3)
Ovr00 0.83337(5)  [0.78549(11) 0.4153(2) 0.0061(4)
Ovr00 0.83357(3)  [0.78536(5) 0.41565(11)  [0.00533(16)
0(78) |O100 -0.02343(5)  [0.35715(10) 0.4149(2) 0.0068(3)
Ovr00 -0.02324(5)  [0.35723(11) 0.4149(2) 0.0059(4)
Ovr.00 -0.02338(3)  [0.35703(5) 0.41628(11)  [0.00424(16)
0(79)  [O100 0.69095(5)  |0.35655(10) 0.4152(2) 0.0064(3)
Ovr00 0.69113(5)  [0.35652(11) 0.4152(2) 0.0059(4)
Ovro0 0.69139(3)  [0.35645(5) 0.41649(12)  [0.00519(16)
O(81) |O10o 0.03040(5)  [0.23908(10) 0.4414(2) 0.0077(3)
Ovr00 0.03053(5)  [0.23891(11) 0.4413(2) 0.0076(4)
Ovoo 0.03063(3)  [0.23841(5) 0.44118(12)  [0.00741(13)
0(82) [Owo0 0.10531(5)  |0.83437(10) 0.4426(2) 0.0075(3)
Ovr.00 0.10545(5)  [0.83442(11) 0.4426(2) 0.0070(4)
Ovoo 0.10607(3)  [0.83348(5) 0.44439(11)  [0.00632(16)
0(83) [O100 0.86516(5)  |0.92536(10) 0.4418(2) 0.0072(3)
Ovr00 0.86538(5)  [0.92530(11) 0.4417(2) 0.0068(3)
Ovoo 0.86554(3)  [0.93528(5) 0.44119(12)  [0.00716(17)
0(84) [Ow00 0.19706(5)  [0.73903(10) 0.1079(2) 0.0077(3)
Ovr00 0.19719(5)  [0.73892(11) 0.1079(2) 0.0076(4)
Ovo0 0.19725(3)  [0.73883(5) 0.10820(12)  [0.00724(16)
0(85) [O100 0.27199(5)  |0.33432(5) 0.1092(2) 0.0076(3)
Ovr00 0.27211(5)  [0.33443(5) 0.1093(2) 0.0070(4)
Ovoo 0.27232(3)  [0.33434(2) 0.10981(12)  [0.00912(18)
0(86) |O100 0.03184(5)  |0.42535(4) 0.1085(2) 0.0072(3)
Ovr00 0.03206(5)  [0.42537(4) 0.1084(2) 0.0070(4)
Ovoo 0.03188(3)  [0.42529(3) 0.10978(12)  [0.00850(18)
0(87) |O1oo 0.86374(5)  |0.73899(5) 0.7747(2) 0.0078(4)
Ovr.00 0.86386(5)  [0.73892(5) 0.7746(2) 0.0076(4)
Ovoo 0.86405(3)  [0.73764(2) 0.77570(12)  [0.00769(17)
0(88)  [O100 0.93863(5)  |0.33438(5) 0.7759(2) 0.0072(4)
Ovr00 0.93879(5)  [0.33449(5) 0.7759(2) 0.0070(4)
Ovoo 0.93903(3)  [0.33350(2) 0.77891(12)  [0.00655(14)
0(89)  [O100 0.69849(5)  |0.42539(4) 0.7752(2) 0.0073(3)
Ovr00 0.69873(5)  [0.42537(4) 0.7751(2) 0.0067(4)
Ovoo 0.69867(3)  [0.42547(3) 0.77620(12)  [0.00613(13)
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Ta6nuua I13.6. 3aceneHHOCTH MO3UIMKA, KOOPUHATHI aTOMOB U TeMIIEpaTypHbIe (PaKTOPHI B

cTpyKTypax aByocHbIX Li-Al — rypmanunos (o0pasusr: S1 - Bepxusis, S6 — cpeanss, S5 - HIKHSISA

JIUHHUH, COOTBETCTBEHHO) (Ip. rp. R1)

Io3uuus [3aceneHnocrs, apfu x/a y/b zlc Usks, A2
X CaosoyNaosiy [0 0 0.23724(10) _ [0.01543(19)
Cao.701)Nao.30(1) 0 0 0.23736(11) 0.0165(2)
Cao s3)Nao.47(1) 0 0 0.23734(3) 0.0108(2)
Y1 AlosrogLioass  [0.12508(8)  [0.06264(7) 0.63408(15) _ [0.0072(3)
Alose7(6)Lio.4136) 0.12527(8) 0.06264(8) 0.63388(16) 0.0076(3)
Alo.s29(6)Lio.371(6) 0.12648(9) 0.06322(9) 0.63391(18) 0.0064(3)
Y2 LiosoaAloazss  0.93855(10)  [0.06204(9) 0.63349(18)  [0.0097(4)
Lio.s7a6)Alo.426(s) 0.93865(10) 0.06199(11) 0.6335(2) 0.0102(4)
Lio.e61(6)Al0.339(6) 0.93888(3) 0.06221(13) 0.6333(3) 0.0074(5)
Y3 LiossseAloasss  0.93842(9)  [0.87634(9) 0.63378(18) _ [0.0095(4)
Lios226)Al0.478(6) 0.93856(10) 0.87639(10) 0.6336(2) 0.0106(4)
Lio.e506)Al0.350(6) 0.93900(13) 0.87681(13) 0.6332(3) 0.0078(5)
71 Al 0.29802(6)  |0.26085(6) 0.61144(11) _ [0.00563(10)
Al1go 0.29821(6) 0.26094(6) 0.61135(11) 0.00546(11)
Al100 0.29934(7) 0.26196(7) 0.61113(13) 0.00588(12)
72 AlLoo 0.74136(6) __|0.03789(5) 0.61101(11) _ |0.00550(10)
Al1go 0.74160(6) 0.03797(6) 0.61098(11) 0.00549(11)
Al1go 0.74240(7) 0.03855(7) 0.61054(14) 0.00577(12)
73 Al 0.96367(6) |0.70413(6) 0.61101(10) _ [0.00562(10)
Al1 oo 0.96382(6) 0.70418(6) 0.61093(12) 0.00556(11)
Al1go 0.96444(7) 0.70504(7) 0.61037(13) 0.00582(12)
74 Al 0.74117(6) __|0.70330(6) 0.61116(10) _ |0.00550(10)
Al 0.74127(6)  [0.70329(6) 0.61101(12)  (0.00545(11)
Al oo 0.74230(7)  |0.70352(7) 0.61064(13)  0.00569(12)
75 AlLoo 0.29793(6) _ [0.03715(5) 0.61138(11) _ 0.00571(10)
Al1 oo 0.29805(6) 0.03713(6) 0.61137(12) 0.00556(12)
Al 0.20924(7)  [0.03713(7) 0.61112(13)  [0.00568(12)
76 AlLoo 0.06356(6)  [0.25936(6) 0.61100(11) _ [0.00563(10)
Al1 oo 0.96364(6) 0.25928(6) 0.61085(11) 0.00555(12)
Al1oo 0.96450(7) 0.26920(7) 0.61042(13) 0.00597(12)
Bl B1.oo 0.11029(16) 0.21846(15) 0.4543(3) 0.0058(3)
B1.oo 0.11051(17)  [0.21844(17)  |0.4539(3) 0.0058(3)
B1oo 0.11137(19)  [0.2188(2) 0.4539(4) 0.0064(4)
B2 B1.oo 0.78296(16) 0.89139(14) 0.4536(3) 0.0060(3)
B1.oo 0.78329(17)  [0.89142(17)  [0.4535(3) 0.0059(3)
B1oo 0.78386(19)  [0.89179(19) |0.4531(4) 0.0061(4)
B3 Bi1.oo 0.11012(16) 0.89164(14) 0.4545(3) 0.0059(3)
B1.oo 0.11026(17)  [0.89188(17)  |0.4543(3) 0.0060(3)
B1.oo 0.11152(19)  [0.89251(19)  |0.4543(4) 0.0060(4)
T1 Sio.97(1)Bo.03(1) 0.19296(3) 0.19063(5) 0 0.00384(16)
Sio.08(1)Bo.02(1) 0.19313(3) 0.19070(6) 0 0.00403(18)
Sio.07¢1)Bo.03(w) 0.19393(3) 0.19104(7) 0 0.00414(17)
2 Sios7)Boos 0.81041(6)  |0.00228(5) -0.00111(10) _|0.00384(16)
Siv.oo) 0.81054(6) 0.00231(6) -0.00123(11) |0.00453(18)
Sio.96(1)Bo.0aq) 0.81114(7) 0.00260(7) -0.00180(13) |0.00416(18)
T3 Sio a6 Boou) 0.99872(6) _ |0.80850(5) 20.00073(10) _[0.00393(16)
Sio.0s()Boos(y 0.09885(6)  [0.80855(6) 10.00080(11)  [0.00362(18)
Sio.04(1Bo.os(y 0.99960(7)  [0.80913(7) 10.00168(13)  [0.00392(18)
T2 Sio o7t Bo s 0.81037(6) _|0.80806(5) 20.00085(9) _ |0.00395(16)
Sio.06(Bo.0a(n 0.81046(6)  [0.80804(6) 10.00090(11)  [0.00360(18)
Sio.06()Bo.0a(n 0.81109(7)  [0.80831(7) 10.00179(12)  [0.00389(17)
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0.00412(16
T5 SiossBooa) 0.19287(6) o.ggggs(gg 88888?88; 0.00363518;
Sio.o71)Bo.03(1) 10900 8'00275E7) 0.00008(13) 0.00392(17)
Sio.96(1)Bo.0aqt) 0.19391(7) .19022(5) _(.) e e
T6 Sio.961)Bo.04(1) 0.99873(6) 0.19021(6) _0.00108(10) R
SioseBo.z (. 990009) 8' 19029(7) .0.00184(12)  0.00379(17)
2 Booen) o) 0 0.7879(3) 0.0559 (9)
o o 0 0 0.7874(3) 0.0573(9)
El'og(l) 8 0 0.7879(4) 0.0561(12)
1.02(1)
11992(11 0.4807(2) 0.0167(3)
R 88252383 8.12005%15; 0.4808(3) 0.0163(3)
81'00 0.06583(17)  [0.12040(15)  |0.4813(3) 0.0163(4)
o 0.88106(13)  [0.94009(13)  [0.4777(3) 0.0158(3)
R 0.88108(15)  [0.93987(15)  [0.4782(3) 0.0155(3)
81'00 0.88189(15)  [0.94070(17)  |0.4757(3) 0.0150(4)
o 0.06243(15)  [0.94251(14)  |0.4808(2) 0.0167(3)
°E R 0.06250(15)  0.94245(13)  [0.4814(3) 0.0167(3)
81'00 0.06578(18)  [0.94516(18)  |0.4811(3) 0.0162(4)
o 0.26810(13)  [0.13407(11) _ |0.5096(2) 0.0102(3)
oD 0.26790(12)  [0.13390(12)  [0.5098(2) 0.0101(3)
81'22 0.26767(15)  [0.13368(14)  [0.5092(3) 0.0101(3)
' 0.86551(12)  [0.13534(11)  |0.5088(2) 0.0101(3)
N 0.86555(12)  [0.13532(14)  |0.5086(2) 0.0105(3)
81'23 0.86596(14)  [0.13607(14)  [0.5078(3) 0.0106(3)
' 0.86567(12)  [0.73066(12)  |0.5089(2) 0.0102(3)
N 0.86608(14)  [0.73086(12)  |0.5089(2) 0.0104(3)
81'22 0.86577(14)  [0.72993(16)  |0.5078(3) 0.0100(3)
' 0.09303(11)  [0.18469(11)  [0.0743(2) 0.0081(2)
cuy 0.09302(12)  [0.18462(11)  [0.0742(2) 0.0080(3)
81'00 0.00372(13)  [0.18450(14)  [0.0741(3) 0.0083(3)
o 0.81547(12)  [0.90778(10)  |0.0739(2) 0.0084(2)
oD 0.81554(11)  0.90772(11)  [0.0737(2) 0.0083(3)
81'00 0.81581(14)  [0.90771(14)  [0.0732(3) 0.0082(3)
o 0.09281(11)  [0.90839(10)  [0.0747(2) 0.0082(2)
°E 0.00286(12)  [0.90842(12)  [0.0746(2) 0.0082(3)
81'00 0.09364(13)  [0.90907(13)  [0.0740(3) 0.0083(3)
o 0.18576(12)  [0.09287(11)  |0.0964(2) 0.0081(2)
oeD 0.18597(12)  [0.09300(12)  [0.0965(2) 0.0083(3)
81'00 0.18743(15)  [0.09374(14)  [0.0960(3) 0.0087(3)
Co 0.00897(11)  [0.09211(10)  [0.0950(2) 0.0083(2)
RO 0.90911(12)  [0.09206(13)  [0.0947(2) 0.0083(3)
81'00 0.91004(14)  [0.09213(14)  [0.0942(3) 0.0084(3)
Co 0.00876(11)  [0.81664(11)  [0.0955(2) 0.0085(2)
RO 0.00890(13)  [0.81665(12)  [0.0954(2) 0.0085(3)
81'22 0.90001(14) [0.81760(15)  [0.0943(3) 0.0087(3)
oN 0.19663(11)  [0.18599(10)  [0.7756(2) 0.0074(2)
ey Lo 0.19672(12)  [0.18597(12)  [0.7755(2) 0.0073(3)
81'00 0.19744(13)  [0.18576(13)  [0.7752(3) 0.0073(3)
Co 0.81406(11)  [0.01001(11)  [0.7752(2) 0.0076(2)
N 0.81422(12)  0.01005(12)  [0.7754(2) 0.0075(3)
o 0.81449(13)  [0.01048(14)  [0.7749(3) 0.0076(3)
o 0.00138(12)  [0.80479(10)  [0.7755(2) 0.0075(2)
RO 0.09148(12)  [0.80497(12)  [0.7753(2) 0.0075(3)
o 0.09276(14)  [0.80547(14)  [0.7752(3) 0.0079(3)
o 0.81408(11)  [0.80393(10)  [0.7755(2) 0.0076(2)
R 0.81431(12)  [0.80401(12)  [0.7753(2) 0.0075(3)
81'00 0.81444(13)  [0.80388(14)  [0.7752(3) 0.0080(3)
Co 0.10654(11)  [0.01054(11)  [0.7756(2) 0.0073(2)
N 0.19650(12)  [0.01058(12)  [0.7753(2) 0.0074(3)
8% 0.19724(13)  0.01131(14)  [0.7753(3) 0.0074(3)
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0(66) O1.00 0.99147(12)  |0.18670(10) 0.7755(2) 0.0075(2)
O1.00 0.99170(12)  [0.18678(12) 0.7755(2) 0.0073(3)
O1.00 0.99283(14)  [0.18715(14) 0.7751(3) 0.0080(2)
0(71) Or.00 0.28671(11)  |0.28615(10) 0.0806(2) 0.0065(2)
Ovr00 0.28685(11)  [0.28618(12) 0.0807(2) 0.0063(2)
Ovr.00 0.28738(13)  [0.28683(13) 0.0802(2) 0.0069(3)
0(72) O100 0.71562(11)  |0.00128(10) 0.0810(2) 0.0065(2)
O1.00 0.71573(12)  [0.00131(12) 0.0808(2) 0.0064(3)
Ov.00 0.71632(13)  [0.00160(14) 0.0806(2) 0.0065(3)
0(73) O100 -0.00006(11)  [0.71439(10) 0.0812(2) 0.0063(2)
O1.00 0.00003(12)  [0.71439(11) 0.0810(2) 0.0063(2)
O1.00 0.00068(13)  [0.71488(14) 0.0810(2) 0.0067(3)
0(74) Or.00 0.71541(11)  [0.71427(10) 0.0809(2) 0.0065(2)
Ovr.00 0.71551(12)  [0.71422(12) 0.0808(2) 0.0063(2)
Ovr.00 0.71626(13)  [0.71448(13) 0.0805(2) 0.0066(3)
0(75) O100 0.28662(11)  |0.00052(10) 0.0806(2) 0.0064(2)
O1.00 0.28679(11)  |0.00060(11) 0.0805(2) 0.0064(2)
O1.00 0.28737(13)  [0.00043(14) 0.0799(3) 0.0068(3)
0(76) Or.00 -0.00011(11)  |0.28543(10) 0.0812(2) 0.0064(2)
Ox.00 0.00007(11)  [0.28549(12) 0.0809(2) 0.0062(2)
O1.00 0.00061(13)  |0.28545(13) 0.0811(3) 0.0065(3)
0(81) Or.00 0.21085(11)  [0.27106(11) 0.4415(2) 0.0071(2)
Ox.00 0.21110(12)  [0.27111(12) 0.4414(2) 0.0070(3)
Ovo0 0.21233(13)  [0.27226(14) 0.4417(3) 0.0077(3)
0(82) Or.00 0.73080(11)  |0.93991(10) 0.4408(2) 0.0072(2)
Ox.00 0.73099(12)  [0.93997(12) 0.4406(2) 0.0071(3)
Ovo0 0.73102(14)  [0.94001(14) 0.4406(3) 0.0074(3)
0(83) Or.00 0.06089(11)  [0.79145(10) 0.4403(2) 0.0077(2)
Ox.00 0.06109(12)  [0.79156(12) 0.4403(2) 0.0077(3)
O100 0.06177(14)  |0.79258(14) 0.4394(3) 0.0079(3)
0(84) O1.00 0.73040(11)  |0.79055(10) 0.4410(2) 0.0070(2)
Ot.00 0.73060(12)  [0.79052(12) 0.4411(2) 0.0072(3)
Ovoo 0.73104(14)  [0.79088(14) 0.4405(3) 0.0077(3)
0(85) O1.00 0.21066(11)  |0.93980(10) 0.4414(2) 0.0074(2)
O1.00 0.21081(12)  [0.93985(12) 0.4415(2) 0.0072(3)
Ovo0 0.21215(13)  [0.93989(14) 0.4419(3) 0.0077(3)
0(86) O1.00 0.06087(11)  |0.26930(11) 0.4402(2) 0.0076(2)
O1.00 0.06103(12)  |0.26924(12) 0.4400(2) 0.0076(3)
Ovo0 0.06179(14)  [0.26900(14) 0.4391(3) 0.0078(3)
[Ip. tp. R1 ckoHCTpyMpoBaHa ¢ WCIOJB30BAaHHEM TMICEBIOTeKCArOHATBHON
TPUKJIMHHON suediku u jgoGaenmenuem (1/3, 2/3, 2/3) u (2/3, 1/3, 1/3)
TPAHCIIAIIUOHHBIX AJIEMEHTOB K KOXKJIOMY U3 aTOMOB B ACHMMETPHYHOM SIYCHKH.
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HNPUJIOXKXEHUE 4

CTpyKTYypHbIe XapaKTEePUCTUKH HCCJIeJ0BAHHBIX TYPMAJIHHOB

Ta6mnuua I14.1. Jlnunsl ceaseii (A) B 0cHOBHBIX HOIU3Ipax CTPYKTYp GTOP2IILOAUTOB

(Boctounsrii [Tamup)

Oopa3ubl Csa3n, Cesi3n, Csa3n,
3HAYEeHHs 3HAYEHHS 3HAYEHHS
Y-O(1) Z-0(6) X-0(2)x3
T-17 1.940(1) 1.862(4) 2.429(4)
T-14 2.040(2) 1.855(5) 2.446(5)
T-7 1.960(4) 1.848(6) 2.444(7)
Y-O(6)x2 Z-0(8) X-0(4)x3
T-17 1.963(4) 1.884(4) 2.799(4)
T-14 2.020(5) 1.886(5) 2.809(5)
T-7 2.026(7) 1.886(6) 2.820(7)
Y-0O(2)x2 Z-0(7) X-0(5)x3
T-17 1.976(4) 1.953(4) 2.736(5)
T-14 1.977(5) 1.959(4) 2.755(5)
T-7 1.975(7) 1.954(6) 2.755(8)
Y-0O(3) Z-0(3) X-O¢
T-17 2.158(6) 1.954(5) 2.655
T-14 2.167(6) 1.964(5) 2.670
T-7 2.171(7) 1.962(6) 2.673
Y-Ocp Z-0(8)
T-17 2.022 1.903(4)
T-14 2.033 1.912(5)
T-7 2.053 1.912(6)
Y-F Z-0(7)
T-17 1.82(3) 1.886(3)
[2.20(3)]x2
T-14 1.75(3) 1.878(4)
[2.24(2)]x2
T-7 1.84(4) 1.882(6)
[2.25(4)]x2
T-17 Y-Fe Z-O¢p
2.07 1.907
T-14 2.08 1.909
T-7 2.11 1.907




Ta6muua I14.2. Jlnunst csaseit (A) u yris! (rpax) B OCHOBHBIX HOJUAAPAX CTPYKTYPBI
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Li — congepxamiero yBura (Canrunenckoe Haropoe)

Ces3b [kpaTtHocTh]| JlMHA cBSI3M VYroa [kparHocTh] | Besmunna yriia
B-O(2) [1] 1.361(2) 0(2)-B-0(8) [2] 121.0(2)
-0(8) [2] 1.388(3) 0(8)-B-0(8) [1] 118.0(2)
cpeaHee 1.379 cpenHee 120.0
Si-O(4) [1] 1.632(2) O(4)-Si-O(5) 100.99(12)
-O(5) [1] 1.650(2) O(4)-Si-O(6) 111.99(12)
-0(6) [1] 1.593(1) O(4)-Si-O(7) 110.74(11)
-O(7) [1] 1.605(2) 0O(5)-Si-O(6) 111.18(12)
cpenHee 1.620 O(5)-Si-O(7) 110.29(12)
0O(6)-Si-O(7) 111.24(12)
cpenHee 109.45
X-0(2) [3] 2.409(2) Z-0(3) [1] 1.964(2)
-0(4) [3] 2.778(2) -0(6) [1] 1.856(2)
-0(5) [3] 2.700(3) -O(7) [1] 1.970(2)
cpenHee 2.629 -O(7) [1] 1.893(2)
-0(8) [1] 1.914(2)
Y-W1 [1] 2.059(3) -0(8) [1] 1.886(2)
-W2 [1] 1.986(7) cpenHee 1.914
-0(2) [2] 2.038(2)
-0(3) [1] 2.173(3)
-0(6) [2] 2.028(2)
cpemHee 2.061; 2.049
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Li-Al — rypmanuna (CaHTHICHCKOE HArOphe)

Ta6mua 114.3. Jlnuns! cBsseii (A) B 0CHOBHBIX TIONHAAPAX CTPYKTYPHI KATbIHUEBOTO

Y — okTasap Z — OKTaYIp Si — Terparap
Y-O1 2.027(6) Z-O(3) |1.955(4) [Si-O(4) 1.630(4)
Y —-O(11) 1.720(2) Z-O(6) |1.849(4) [Si-O(5) 1.645(4)
Y -O(2) x 2 2.003(4) Z-O(7) |1.959(4) [Si-O(6) 1.602(4)
Y -0(3) 2.195(5) Z-O(7) |1.859(4) [Si-O(7) 1.610(4)
Y -O(6) x 2 2.006(4) Z-0O(8) |1.911(4) [Si-Ocp 1.622
Y -Ocp 2.040; 1.989 Z-O(8) |1.885(4) X — moamap
B — TpeyrosbHuk Z-O, [1.906 X-0(2) x 3 [2.426(4)
B-O(2) 1.370(4) X-O(4)x3 [2.768(4)
B-O(8) x 2 1.383(5) X-0(5)x3 [2.707(5)
B-Ocp 1.379 X-Ocp 2.634

Ta6nuua I14.4. Jmunsl cBsseii (A)
B okTa3pax Y6 B cTpykTypax AByocHbIX Li-Al-rypmanuuos (mp. rp. R3m)

Y-O Oop. S1 Oop. S6 Oop. S5
Y-O6x2 1.9849(18) | 1.9835(19) 1.9787(16)
Y-O2x2 1.9963(18) | 1.9961(19) 1.9986(16)
Y-O1W 2.0270(32) | 2.0222(33) 2.0213(27)
Y-03 2.1797(27) | 2.1710(30) 2.1785(27)
Y-Ocp 2.028(31) 2.025(30) 2.026(31)

Ta6nuna I14.5. Jlnunsl ceaseii (A)
B OKkTayipax Y06 B cTpyKTypax nByocHbix Li-Al-rypmanusos (mp. rp. Cm)

Y-0 06p.S1 | 006p.S6 | OG6p. S5 Y-0 06p.S1 | O6p. S6 06p. S5
Y11-021 x2 | 1.9722(20) | 1.9673(20) | 1.9477(11) | Y21-021 | 2.0252(20) | 2.0231(21) | 2.0563(13)
Y11-062 x2 | 1.9750(17) | 1.9727(19) | 1.9710(10) | Y21-O11W | 2.0209(18) | 2.0155(18) | 2.0152(15)
Y11-O11W | 2.0348(19) | 2.0369(19) | 2.0449(14) | Y21-032 | 2.1899(20) | 2.1903(22) | 2.2044(13)
Y11-031 2.1552(25) | 2.1471(26) | 2.1269(15) | Y21-O,, | 2.036(32) | 2.034(32) | 2.046(33)
Y11-O, 2.014(30) | 2.011(29) | 2.002(29) | Y22-O64 | 1.9894(20) | 1.9873(21) | 1.9782(12)
Y12-023 x2 | 1.9714(20) | 1.9678(21) | 1.9482(12) | Y22-066 | 1.9912(19) | 1.9898(19) | 1.9902(12)
Y12-065 x2 | 1.9772(18) | 1.9727(19) | 1.9656(11) | Y22-024 | 2.0039(20) | 1.9999(21) | 2.0156(12)
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Y12-O12W | 1.9990(41) | 2.0016(40) | 1.8797(19) | Y22-023 | 2.0234(21) | 2.0226(21) | 2.0661(13)
Y12-033 2.1539(26) | 2.1475(26) | 2.1421(14) | Y22-O12W | 2.0370(27) | 2.0357(27) | 2.0958(15)
Y12-O,, 2.008(29) | 2.005(29) | 1.975(36) | Y22-034 | 2.1911(21) | 2.1897(22) | 2.2136(13)
Y13-025 x2 | 1.9735(21) | 1.9691(21) | 1.9434(11) | Y22-O 2.039(31) | 2.038(31) | 2.060(36)
Y13-068 x2 | 1.9751(19) | 1.9732(19) | 1.9597(10) | Y23-067 | 1.9880(21) | 1.9878(22) | 1.9875(12)
Y13-O13W | 1.9986(41) | 2.0003(38) | 1.8933(21) | Y23-069 | 1.9896(19) | 1.9895(20) | 1.9973(12)
Y13-035 2.1524(27) | 2.1485(26) | 2.1265(16) | Y23-026 | 2.0025(20) | 2.0004(21) | 2.0083(12)
Y13-O, 2.008(29) | 2.006(29) | 1.971(33) | Y23-025 | 2.0240(21) | 2.0216(22) | 2.0354(13)
Y21-061 1.9889(20) | 1.9879(21) | 2.0063(12) | Y23-O13W | 2.0402(28) | 2.0359(27) | 2.1127(16)
Y21-063 1.9901(18) | 1.9896(19) | 1.9945(12) | Y23-036 | 2.1894(22) | 2.1891(22) | 2.1907(12)
Y21-022 2.0033(20) | 1.9995(21) | 2.0006(14) | Y23-O, | 2.039(31) | 2.037(31) | 2.055(33)
Ta6nuua I14.6. Jmunsl cBsseii (A)
B okTa3pax Y6 B cTpykTypax aAByocHbIX Li-Al-rypmanuuos (mp. rp. R1)

Y-0 06p.SL | O06p.S6 | O6p. S5 Y-0 06p.SL | O6p.S6 | O6p. S5
Y1-021 1.9708(20) | 1.9668(22) | 1.9445(25) | Y2-021 2.0228(24) | 2.0256(23) | 2.0534(28)
Y1-065 1.9768(16) | 1.9734(18) | 1.9633(20) | Y2-032 2.1944(20) | 2.1964(23) | 2.1995(28)
Y1-061 1.9761(16) | 1.9774(18) | 1.9633(20) | Y2-O, 2.038(32) | 2.038(32) | 2.043(33)
Y1-OIW | 2.0366(16) | 2.0350(16) | 2.0538(18) | Y3-063 1.0880(17) | 1.9865(19) | 1.9931(24)
Y1-023 1.9770(20) | 1.9763(22) | 1.9492(25) | Y3-064 1.9895(20) | 1.9861(19) | 1.9940(24)
Y1-031 2.1545(21) | 2.1459(20) | 2.1327(23) | Y3-022 1.9979(20) | 1.9941(22) | 2.0003(27)
Y1-Oq 2.015(30) | 2.012(29) | 2.001(31) | Y3-OIW | 2.0206(17) | 2.0200(18) | 2.0152(23)
Y2-062 1.9915(20) | 1.9887(20) | 1.9904(24) | Y3-023 2.0218(24) | 2.0160(23) | 2.0516(28)
Y2-066 1.9925(17) | 1.9954(20) | 1.9920(24) | Y3-033 2.1881(20) | 2.1875(22) | 2.2025(28)
Y2-022 | 2.0081(21) | 2.0098(23) | 2.0079(27) | Y3-Ocp 2.034(31) | 2.032(32) | 2.043(33)
Y2-OIW | 2.0182(17) | 2.0145(19) | 2.0151(23)
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HNPUJIOKEHHUE 5

XapakTepuCTHKA CTPYKTYPHBIX Aedopmanuii Li-Al-typmanunos

Ta6muua I15.1. Kpucramioxumudeckue popmysisl Li-Al-Typmannaos

¢ conmepkanueM npumeceit He 6omee 0.05 ¢.ex.

Munepan Kpucrautoxumugeckas gpopmyna [Li/AIDY R-
daxr
op

1 (89)l Poccmanut ( 0_57Nao_43)(Lio_71A|2,17)A|e(Si5_92 0.08)018 0.33 0.017
(B2.92(10.0803)3(OH)3(F0.100H0.8300.07)

2(3) (Mo.54Nag.37Ca0.08K0.01) (Al2.28Li0.69MnNg.03) Als(SicO1s) 0.30 0.028
(BO3)3(OH1.8601.14) (OHo.97F0.03)

3 (47) Onenur (Nag.43Ca0.2410.33) (Al2.43Li0.33 10.28) Als(Sia.87B1.23) O18 0.14 0.018
(BO3)3(OH)3(00.640Ho.36)

4 (48) (Nag.40Ca0.29 10.31) (Al2.42Li0.36 10.22) (Al5.9200.08) 0.15 0.014
(Sis.g5B1.06Al0.08) O18(BO3)3(OH)3(00.6s0Ho0.31F0.06)

5 (15) Onpbaut (Nao,4gcao,17 0,34)(A|1,51Li1,34Mn2+0,o5)A|e 0.83 0.018
(Si5.90Al0.10)018(BO3)3(OH)3(Fo.520Ho.48)

6 (36) qDTOpBJ‘IL6aI/IT (Nao_51Cao,16 0,33)(A|1_30Li1,03|\/|no,01 0,11)A|e 0.60 0.015
(Sis5.77B0.23)O18(BO3)3(OH)3(Fo.580Ho0.3200.10)

7 (39) Dp0aut (Nao.53Ca0,1 0,37)(A|1,80Li1,05|\/| No.02 0,13)A|5 0.58 0.013
(Si5.77B0.23)O18(BO3)3(OH)3 (OHo.54F0.46)

8 (O6p. Dnp0auT (Nao_egcao,zzljo_lo)(Li1_56A|1_44)(A|5,82M n3+o_1g)(5i6018) 1.08 0.029

T-17, (BO3)3(OH)3(OHo 64F0.36)

TaoII.

1m2.3)

9 (46) I[apeHHFerI/II/IT (Nao_sgcao,m 0,41)(Li1,05A|1,95)A|6(Si6018)(803)3 0.54 0.021
(OH)3(Oq.66F0.34)

10 (65) (Nao.46Cao.30 lo.24) (AlvgzLi0.8aF€2* 0 01MN**g 01 10 27) Al 0.49 0.013
(Si5.56B0.44) O18(BO3)3(OH)3(OHo.50F0.50)

11 (79) DTOPIAUITUKOATHT (Cao.esNao.28Pbo.010.06) (Li1.56Al1.38MN** 0. 03Fe%* 0,01 Tio.01) 120 0.016
Alg(SisO18)(BO3)3(OH)3(Fo.720Ho.20)

! - B ckobKax ykazaHbI HOMepa 06pa3LoB, COOTBETCTBYIOMHE Tadm. I11.1.

Tab6muma I15.2. Kpucramioxumuueckue xapakrepuctuku Li-Al-TypmannHos
(c conepxanuem npumeceit meree 0.05), UCTIOIb30BAaHHBIEC MPU KOPPEISAIIMOHHOM aHAIN3e.

AlIY | [Li/AI]Y | FOt | BT <Y-O> Y-Ol | Y-O6 | <Z-O> Z-06 | <Y/Z>
1 2.17 | 0.33 010 | O 1.966 1.920 | 1.948 | 1.904 1.875 | 1.032
2 2.28 | 0.30 003 | 0 1.969 1.921 | 1.944 | 1.898 1.875 | 1.037
3 243 | 0.14 0 1.23 | 1.966 1.954 | 1.919 | 1.905 1.883 | 1.032
4 242 | 0.15 0.06 | 1.06 | 1.957 1.897 | 1.918 | 1.902 1.880 | 1.029
5 1.61 | 0.83 052 |0 1.986 1.985 | 1.970 | 1.908 1.861 | 1.041
6 1.80 | 0.60 0.58 | 0.23 | 1.997 1976 | 1.965 | 1.906 1.859 | 1.048
7 1.80 | 0.58 0.46 | 0.23 | 1.992 1.955 | 1.964 | 1.904 1.859 | 1.046
8 144 | 1.08 036 |0 2.002 1976 | 1.963 | 1.907 1.862 | 1.050
9 195 | 0.54 034 |0 1.984 1.945 | 1.957 | 1.906 1.866 | 1.041
10 | 1.82 | 0.49 0.50 | 0.44 | 2.028 1.958 | 1.959 | 1.906 1.865 | 1.064
11 | 1.30 | 1.20 074 | 0 2.026 2.012 | 1.981 | 1.908 1.849 | 1.062
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Ta6muna I15.2 (mpomosnkenue)

03-06 | <T-O> T-06 | a,A c, A
1 2.498 1.614 1.610 | 15.770 | 7.085
2 2.503 1.619 1.614 | 15.803 | 7.086
3 2.501 1.610 1.608 | 15.740 | 7.066
4 2.493 1.609 1.607 | 15.731 | 7.064
5 2.536 1.621 1.609 | 15.854 | 7.106
6 2.531 1.618 1.604 | 15.830 | 7.097
7 2.533 1.616 1.602 | 15.811 | 7.089
8 2.536 1.618 1.601 | 15.826 | 7.098
9 2.517 1.617 1.608 | 15.809 | 7.089
10 2.528 1.614 1599 | 15810 | 7.094
11 2.559 1.617 1592 | 15834 | 7.102

Ta6muma I15.3. KBaapatsl mapHbIX K03)GUIHEHTOB KOppensiuH (I2) Mex Iy

KPHCTAJUIOXUMHYECKUMU XapakTepucTikamu Li-Al — TypmanuHoB.

AIY  Li/AIY  FO' <Y-0> Y-O1 Y-O6 <Z-O> Z-06 Y/Z 03-06
100 -09 -080 -067 -074 -08 -053 088 -0.62 -0.92 AlY
1.00 064 053 0.71 0.74 047 -0.78 0.49 0.85 Li/Al"
1.00 0.74 0.70 0.80 052 092 0.69 0.89 Fol
1.00 0.58 0.60 038 -0.67 0.99 0.74 <Y-O>
1.00 0.60 063 -0.67 0.52 0.85 Y-O1
1.00 0.60 -091 057 0.81 Y-O6
1.00 039 0.29 0.39 <Z-O>
1.00 -0.63 0.92 Z-06
1.00 0.70 Y/Z
1.00 03-06

C BepoaTHOCTHI0 P>0.90 CBs3H SABIAIOTCS 3HAUMMBIME TpU 2>0.52.
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Introduction

Rationale. Tourmaline supergroup minerals are complex borate-silicates that occur in a variety of
igneous, metamorphic, and sedimentary rocks of various origin and composition (Henry et al. 1994;
Zagorsky et al. 1999; Zagorsky 2010; Vd’acny M., Bacik P. 2015).

The occurrence in different rocks, the stability in a wide range of thermodynamic conditions, and
the compositional variability allows using tourmaline as a mineral indicator of the evolution of its host
rock composition (Kuzmin et al. 1979; Henry et al. 1985; Federico et al. 1998; van Hinsberg et al. 2011;
Kuznetsova et .al. 2011; Vereshchagin et al. 2018).

Due to the unique range of chrystallophysical properties (pyro- and piezoelectric effect, “diode”
effect of thermal conductivity, transparency, and bright colour), the tourmaline is used in many sciences
and technologies, including as a working medium of thermoelectric converters and control elements in
circuits “triggered” as a result of temperature changes. Transparent, brightly coloured tourmaline
varieties are used in jewelry.

The tourmaline crystal structure (R3m space group) is well-studied (Buerger et al. 1937; Belov and
Belova 1949). In accordance with numerous ionic substitutions, the general formula of tourmaline is as
follows (Henry): XXY3V1ZsV! [T6'VO15][B"'O3]3VaW (X - Na*, Ca?*, K*, [ (vacancy); Y - Li*, AI** and
others; Z — APP* and others; T —Si**, A", B®*; B - B%*; V (03) - OH", 0*; W (01) - OH", F, 0?%).

Patterns of complex isomorphic substitutions and related deformations of the tourmaline structure
are the subject of ongoing scientific debate (Gorskaya 1985; Afonina 1990; Ertl et.al. 2002; Bosi et.al.
2007; Bosi 2018). Currently, the ICSD structural database of inorganic compounds contains information
on 200 determinations of the tourmaline crystal structure that allows such studies to be carried out for
individual groups of tourmaline differing in composition (Vereshchagin et al. 2014; Vereshchagin et al.
2018).

Li-bearing tourmalines (elbaite, fluor-elbaite, darrellhenryite, fluor-liddicoatite, rossmanite,
etc.), this work is devoted to, are most often found in endogenous deposits. Their largest deposits are
related to sub-rare-metal miarolic pegmatite, which is epigenetic and widespread in the world: in
Transbaikalia, in the Urals, the Pamirs, the USA, Pakistan, and Nepal. Some tourmaline deposits in
Brazil, South Africa and Central Madagascar are also assigned to this type of pegmatite (Zagorskiy et
al. 1999).

At present, the Inorganic Crystal Structure Database (ICSD) contains information on 121 full
structural determinations of Li-bearing tourmaline. Its isomorphism and structural deformations have
not been adequately studied. Features of their short-range order, which had previously been studied

without taking into account the stability of coordination atomic groups, also required refinement. By the
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time this work began, the nature of the anomalous biaxiality of the tourmaline remained undetermined
(Gorskaya and Punin 1992; Akizuki et al. 2001).

Work objective. Expand understanding of mineralogy, crystal chemistry and anomalous optical
properties of Li-containing tourmalines.

Principal goals.

1. To study the mineral composition and isomorphism of Li-bearing tourmaline from ore deposits of
Russia and Tajikistan (Sangilen Upland, Central Transbaikalia, and the Eastern Pamirs).

2. To study the short-range order of Li-Al-tourmaline with different Na/Ca ratios.

3. To study the anomalous biaxiality of Li-Al-tourmaline from various deposits and to identify its
structural nature using tourmaline from Central Transbaikalia as an example.

4. To analyze of structural deformation patterns of Li-Al-tourmaline.

Research targets and methods. Research targets: Li-bearing tourmaline from deposits of Russia and

Tajikistan (Eastern Pamir, Sangilen Upland, Central Transbaikalia) provided by E.V. Badanina,
A.A. Zolotarev (SPbSU, SPb) and L.G. Kuznetsova (Institute of Geochemistry SB RAS, Irkutsk).

Research methods:

1. Study of the elemental composition: a) X-ray microspectral analysis. University of Leicester
(England): JEOL SXA-8600S with wave spectrometers. Institute of Geochemistry SB RAS (Irkutsk):
JCXA-733, JEOL Ltd with wave spectrometers. Mineralogical Institute, University of Heidelberg
(Germany): Cameca SX-51 with wave spectrometers. Natural History Museum (London, England):
Cameca SX-50 with wave spectrometers. Institute of Precambrian Geology and Geochronology, Russian
Academy of Sciences (St. Petersburg): ATB-55 with LINK AN 10000/85S energy dispersive X-ray
spectrometer. OOO MECHANOBR ENGINEERING ANALIT (St. Petersburg): Cameca SX-50; b)
secondary ion mass spectrometry. Mineralogical Institute, Heidelberg University (Germany):
CAMESA IMS 3f ionic microanalyzer; ¢) ICP method using a laser ablation system. London Natural
History Museum (England): Thermo Elemental PQ3+S plasma mass spectrometer, UP213AI New Wave
Laser; d) flame emission. OOO MECHANOBR ENGINEERING ANALIT (St. Petersburg): AAS-3
spectrometer. Institute of Geochemistry SB RAS (Irkutsk): AAS-3 spectrometer; €) potentiometric
titration. Institute of Silicate Chemistry RAS (St. Petersburg); OOO MECHANOBR ENGINEERING
ANALIT (St. Petersburg); f) classical method of "wet chemistry". Institute of Geochemistry SB RAS
(Irkutsk).

2. X-ray Single crystal structural analysis: X-ray laboratory of the Department of Crystallography,
St. Petersburg State University (St. Petersburg): single crystal diffractometers SYNTEX P21, Nicolett
R3. Institute of Mineralogy and Petrography, University of Bonn (Germany): APEX Il single crystal
diffractometer. Structural characteristics were calculated using the CSD (Akselrud et al. 1989) and
SHELXL (Sheldrick 1997) software packages.
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3. Study of short-range order by IR spectroscopy (powders and single-crystal plates): Institute of
Precambrian Geology and Geochronology, RAS (St. Petersburg): two-beam grating Specord M80
spectrophotometer.

4. Determination of the 2V angle by the Mallard method: Crystal Growth Laboratory, Institute of the
Earth’s Crust, SPbGU (St. Petersburg).

5. Calculations of the stability of coordination atomic groups were carried out following the
F. Hawthorne method (Hawthorne 2002); those of polyhedral distortion, using equations of Ertl et al.
(2002) with data from the ICSD base.

Scientific novelty. The concepts of mineralogy, crystal chemistry and anomalous optical properties of
Li-containing tourmalines have been expanded. In a rare-metal pegmatite vein with scapolite (Sangilen
Highland, Tuva), Li-bearing tourmalines with calcium dominance in the X-polyhedron were found, the
composition of Y, Z, W, and V positions of which does not correspond to any of the known mineral
species. The tendency of OH- and F- ions, co-occupying the W(O1) position in the tourmaline structure,
to an ordered distribution was revealed. It is shown that the second coordination sphere has a significant
effect on the short-range order in Li-Al-tourmalines around the W (OH-, F-) and V (OH-) positions,
which is controlled by the requirements of the local valence balance and crystal structure. It has been
proven that the appearance of optical anomalies in tourmalines with 2V > 10° is mainly associated with
a decrease in crystal symmetry, which is due to the partially ordered distribution of Li* and AI** cations
over YO6 octahedra. For the first time regularities of chemical deformations of Li-Al-tourmalines are
analyzed. It is shown that an increase in the AI** content in the Y position leads to the convergence of
the sizes of YOe and ZOe octahedra and affects the distortion of ZO6 octahedra and TO4 tetrahedra.
Practical relevance. Results of refinement of the tourmaline crystal structure (unit cell parameters,
atomic coordinates, interatomic distances) are included in the structural databases (ICSD, AMCSD) and
can be used to improve the existing nomenclature of the tourmaline supergroup, to identify structure-
composition-properties bonds, and to reconstruct conditions of mineral formation. The dissertation
materials should find their application in the courses on mineralogy, inorganic crystal chemistry and
structural mineralogy.

Protected thesis statements

1. A common feature of tourmalines from the endocontact part of a rare-metal pegmatite vein with
scapolite (Sangilen Highlands, Tuva) is the dominance of calcium in the X-position. The composition of
Y, Z, Wand V - positions of the studied crystals does not correspond to any of the known mineral species
of this supergroup. The evolution of the elemental composition of zoned crystals (from the center to the
periphery): a significant decrease in the content of Mg?" and an increase in AI**, Li* and Fe*" in YO6 -
octahedrons, indicates a change in the species composition of tourmalines due to a change in the

chemical environment in the process of mineral formation.
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2. OH- and F- ions, co-occupying the W-position in the tourmaline structure, tend to an ordered
distribution, which leads to splitting of the W-position and the appearance of nonequivalent octahedra
[YO4(OH)2] and [YO4(OH)F], which are united into triads, the centers of which are located on the
third-order axis or near it, respectively.

3. The second coordination sphere has a significant effect on the short-range order in the Li-Al
tourmaline around the W (OH", F) and ¥ (OH") sites. The structure contains stable clusters: 3Y-W,
(Y+22)-V, 3Y-W-X and (Y+2Z)-V-X. Their elemental composition, ratio and order are controlled by local

valence balance requirements and crystal structure.

4. In tourmalines with 2V > 10°, the appearance of optical anomalies is mainly associated with a decrease
in crystal symmetry: from trigonal (sp. gr. R3m) to monoclinic (sp. gr. Cm) or triclinic
(pseudomonoclinic) (sp. gr. R1), which is due to the partially ordered distribution of Li* and AI*" cations
over YOG6 octahedra. The difference in the occupancy of the Y positions increases as the 2V angles along
the [0001] growth direction increase, which is accompanied by the substitution of sodium for calcium
in the X position.

5. An increase in the content of AI’* (decrease in Li") in the Y-position of the structure of Li-Al-
tourmalines leads to the convergence of the sizes of YO6 and ZO6 - octahedra. Due to the displacement
of common vertex oxygens (O6 and O7), the distortion of ZO6 octahedra increases, while that of 704
tetrahedra decreases. In general, the degree of deformation of the structure decreases along the series:
fluoroliddicoatite > elbaite, fluoroelbaite > darrellhenriite, rossmannite > Li-bearing olenite. The PIC
values are inversely related to the content of AI** in YO6 octahedra and B** in TO4 tetrahedra.
Personal contribution of the author. The author analyzed literature data on the crystal structure and
geological settings of Li-bearing tourmaline occurrences; prepared samples for all experimental
investigations; measured the 2V optical axial angle for abnormally birefringent tourmaline; IR spectral
decomposition, calculation on their basis of average compositions of octahedra and calculations of
interatomic distances based on the valence bond theory in assessing the stability of coordination groups
around W and V sites.

X-ray studies, refinement of crystal structures, IR spectra recording and interpretation of the
results obtained were carried out with the direct participation of the author; discussion of the research
results and writing papers were made together with the scientific advisor and co-authors of publications.
Work validation and publications. Main results of the thesis were reported and discussed at
international and Russian conferences: 4™ and 5" International Symposia “Mineralogical museums” (St.
Petersburg, 2002, 2005); 15" International Conference on Radiography and Crystal Chemistry of
Minerals “X-Ray Diffraction of Mineral Raw Materials” (St. Petersburg, 2003); Anniversary
International Scientific Conference “Fedorov session-2003” (St. Petersburg, 2003); 10" Congress of the

Russian Mineralogical Society (St. Petersburg, 2004); International Scientific Conference
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“Spectroscopy, X-Ray Diffraction, and Crystal Chemistry of Minerals” (Kazan, 2005); 7™ International
Conference “New Ideas in Geosciences” (Moscow, 2005); 4" National Crystal Chemical Conference
(Chernogolovka, 2006); International Scientific Conference “Fedorov Session-2006” (St. Petersburg,
2006); 9" National Crystal Chemical Conference (Suzdal, 2018); XIX INTERNATIONAL MEETING
ON CRYSTAL CHEMISTRY, X-RAY DIFFRACTION AND SPECTROSCOPY OF MINERALS
(Apatity, 2019); Scientific conference "Mineralogical museums - 2019. Mineralogy, yesterday, today,
tomorrow™ (St. Petersburg, 2019); X National Crystal Chemistry Conference (Terskol, 2021).

On the topic of the dissertation, 7 articles were published in journals included in the list of the
Higher Attestation Commission (5 of which are included in the international citation systems Web of
Science and Scopus). This work was supported financially by the Russian Foundation for Basic Research
(project no. 04-05-64298), as well as by a grant from the President of the Russian Federation (2006).
Work scope and structure. The dissertation consists of introduction, 6 chapters, conclusion, references
and 5 appendices. The total volume of the dissertation is 135 pages of text, including 32 figures, 42 tables
and a list of bibliographic references from 115 titles.

Acknowledgments. The work was done under the supervision of D.Sc., Professor of the Department of
Crystallography O.V. Frank-Kamenetskaya, whom the author would like to thank for the proposed research
strategy, comprehensive help, and infinite patience. The author is grateful to Ph.D. A.A. Zolotarev
(Department of Mineralogy, SPbGU), who interested her in this topic in the 3 year of study at the
University, was her first research advisor and provided advice at all stages of studies. The author would also
like to express special gratitude to Ph.D. 1.V. Rozhdestvenskaya, who helped the author to examine more
precisely the tourmaline structure; Ph.D. M.S. Babushkin, who help a lot with IR spectroscopic studies;
D.Sc. A.G. Shtukenberg, who helped with the investigation of tourmaline optical anomalies, as well as
Ph.D. O.S. Vereshchagin, D.Sc. A.N. Zaitseva, Ph.D. Yu.L. Kretser and other staff members of the
Departments of Crystallography and Mineralogy at the Institute of Earth Sciences, University of Leicester
for their assistance at various stages of the study; Ph.D., L.G. Kuznetsova, Ph.D. A.A. Zolotarev and Ph.D.

E.V. Badanina for providing tourmaline samples from various deposits.
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1. Tourmaline crystal structure and nomenclature

N.V. Belov found in the tourmaline crystal structure (R3m space group) (Belov 1976) a layered triplex
antigorite fragment XY37sO1g (Figure 1a). In the first storey of this fragment, there are densely packed triads
of YOs octahedra. Above them, there is an insular six-fold ring of TO4 (mainly silicon) tetrahedra oriented so
that one of the faces is normal to the [001] direction. In the third storey, above the center of the ring, at the X
site, an alkaline cation (or vacancy) is placed in nine-fold coordination. The triads of YOs octahedra are
surrounded by three empty octahedra, on one of the faces of which, there is a boron atom in triple coordination.
Each antigorite element is surrounded by six ZOg octahedra, which are connected to the YOs octahedral via
the O3-06 edges. ZOs octahedra, located at the same height, are connected by BOs triangles.

The oblique edges O7-O7 of each ZOs octahedron are adjoined by tetrahedral rings of neighboring
antigorite fragments. Fragments XY3Z¢(7501s)(BO3) are linked by helical axes 31, 3> and therefore occur at
three levels. Thus, the antigorite insulars are linked via ZOg octahedra, whose edges and vertices are united
into a 3D frame of spiral columns along the ¢ axis (Figurelb).

Figure. 1 Tourmaline crystal structure (R3m space group): (a) layered fragments XY,Z¢(TsO18)(BO3); (b) a
spiral column of ZOg octahedra linked by edges, which contains “antigorite insulars” (Belov 1976).

The first tourmaline classification was proposed by F. Hawthorne in 1999 (Hawthorne 1999).
According to the classification approved by the Commission for New Minerals, Nomenclature and
Classification of the International Mineralogical Association (IMA CNMNC), tourmaline is believed to

be a supergroup of minerals characterized by a common crystal chemical formula (Henry et al., 2011) :



145

Xo-1Y3 Zs(T6018)(BOs)sV3sW, where: X= Ca?*, Na*, K*, vacancy; Y=Li*, Mg?*, AP**, Fe?* etc .; Z= AI*",
Fe3*, Mg?* etc .; T=Si**, AI¥*, B%*; V=0OH", 0%; W=0H", F*, 0%,

According to the X site occupancy, one should distinguish between alkaline (Na, K) and calcium
tourmaline, as well as tourmaline in which the X site is vacant. Each of these three groups, according to
the dominant anion at the W site, is subdivided into three subgroups (oxy - (O), hydroxyl - (OH) and
fluor - (F) - tourmaline), which are then divided taking into account the occupancy of first Y and then Z
sites.

To date, the Commission for New Minerals, Nomenclature and Classification of the International
Mineralogical Association has approved 33 mineral species in the tourmaline supergroup. Li-bearing
tourmaline, to which this work is devoted (Tables Al.1, Al1.2.), is represented by five mineral species,
the Y site of which includes lithium as the main element (Table 1). Liddicoatite, in which OH" ions
dominate at the W site, was found in nature (Breaks et al. 2008), but is still hypothetical (Table 2). In
addition to liddicoatite, two more hypothetical mineral species have been proposed, which can contain
lithium as the main one. Lithium has also been found as an impurity element in olenite and fluor-uvite,

and in so far hypothetical fluor-olenite (Ertl et.al. 2003).

Table 1. Tourmaline-supergroup minerals Xo-1Y3Zs[SisO18][BO3]3VsW approved by IMA
CNMNC, which can contain lithium.

Mineralname | Ys | Zs [ Te | Vs | W | References
Alkali group (X - Na)
OH subgroup

Elbaite | LizsAlis [ Al Sis | (OH)s [ OH [ lto, Sadagana 1951
O - subgroup

Darrellhenryite | AbLi | Als | Sis | (OH); | O | Novaketal. 2013
F-subgroup

Fluor-clbaite | AlisLiis | Al | Sis | (OH)s | F | Bosietal 2011

Calcium group (X - Ca)

F-subgroup

Fluor-liddicoatite | Li2Al | Als | Sis | (OH); | F | Dunnetal. 1977

Group with vacant X position (X-0)
OH subgroup
Rossmanite | AbLi [ Al Sis | (OH)s | OH | Selway et al. 1998
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Table 2. Hypothetical tourmaline-supergroup minerals Xo-1Y3Ze[SisO18][BO3]3VsW, which can contain

lithium.
Mineralname [ Ys | Zs [ Vs [ W | References
Alkali group (X - Na)
Fluorolenitt | Als | Als | Os [ F |  Ertletal 2003
Group with vacant X position (X-0)
Oxy-rossmanite | AlasLios | Als | (OH)s | O |  Ertletal 2005
Calcium group (X - Ca)

Liddicoatite Li2Al Als (OH)3 OH Breaks et al. 2008

Oxy-liddicoatite | LizsAlis | Als (OH)3 O
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2. F-bearing elbaite from pegmatite of the Eastern Pamirs

2.1. Miarol pegmatite of the Eastern Pamirs

In late 80s of the 20" century, a series of occurrences and deposits of various coloured stones
was discovered in the Muzkol Metamorphic Complex, the Pamirs, in the range of absolute heights of
4300 to 5050 meters. Tourmaline occupies a particular place among them (Zolotarev 1996). According
to M.S. Dyufur, the Muzkol Complex is a latitudinally elongated zone of metamorphic rocks (130 km
long and 10 to 30 km wide) (Dyufur et al. 1970). In section, it has the shape of a thermal anticline and
is characterized by kyanite-type metamorphic zoning (Figure 2). Lower Paleozoic granite gneiss occurs
in the core, and metamorphosed (under amphibolite to greenschist facies) multiple-folded Paleozoic and

Mesozoic deposits occur in the wings.

Figure 2. Map of the Muzkol Metamorphic Complex geology (Dyufur et al. 1970).

According to Dyufur, tourmaline mineralization is confined to pegmatite, which is related to
granite massifs of the Shatput Intrusive Complex. The massifs are composed of leucocratic biotite and
two-mica biotite-amphibole granite and adamellite. Pegmatite veins occur in the exocontact of the
Shatput granite among various sedimentary-metamorphic rocks and, as a rule, occupy a crosscutting
position with respect to the host rock (Figure 2). The pegmatite is embedded. The thickness of the steeply
dipping veins ranges from tens of centimeters to tens of meters; their length is very diverse (maximum
length is 1 km). Large pegmatite veins are zonal; it is particularly distinct in vein swells.

The author made crystal chemical study of three gem tourmaline (elbaite) samples from miarole
pegmatite of the Eastern Pamirs with different fluorine contents: pink - rubellite, blue - indigolite
(samples T-17, T-14 from the Mika vein) and green - verdelite (sample T-7 from Studenchesky vein)

The Mika pegmatite vein is the highest known mountain tourmaline deposit in the world

(discovered by A.M. Skrigitil at an altitude of 5,000 meters). A sharply cutting vein body steeply dipping

to the southeast lies in quartzite and sandstone. The vein thickness ranges from 5 to 25 meters and is
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traced for 600 m along the strike (Rossovsky et al. 1991; Zagorsky, Peretyazhko 1996). Jewelry
tourmaline occurs in cavities (its dimensions vary from several cm? to 1.5-2 m?; the cavities are isometric
or lenticular and confined to the quartz-cleavelandite-lepidolite zone. Many of them often contain light
pink rubellite in the form of columnar crystals 5-7 cm long, covered with a crust of fine-scale muscovite
aggregate (Zolotarev 1996) and polychrome tourmaline (zoning: black — pink — dark blue — green), which
associate with quartz, mica, topaz and hambergite (Zagorskiy et al. 1999).

The Studenchesky vein is located in the southern slope of the Turakuloma Ridge. The host rock

consists of marbled limestone and marble. Tourmaline is represented by monochromatic verdelite;

polychrome crystals with green-yellow and dark brown zones are also found (Skrigitel 1989).

2.2. Chemical composition

Results of the chemical analysis of the investigated tourmaline samples, made by various
methods in different labs (Table A2.3), are presented in Table 3.

Due to composite isomorphism of tourmaline and possible errors in chemical analyzes, the
chemical formulas of the studied samples were calculated using following techniques: for 31 anions (O
+ F + OH), for 29 oxygen atoms, for 24.5 oxygen atoms, for 19, 18, 16, 15 cations and 6 silicon atoms.
Data about the amount of B>Os in the same samples, obtained by potentiometric titration in different
laboratories, differ significantly (Table 3). The number of boron atoms in the formulas of samples T-14
and T-17, calculated from these data by different techniques, significantly differs from three (Table 4;
version a, b) and, therefore, is structurally unjustified. Calculation of coefficients in the tourmaline
formula taking into account the amount of Li>O determined by the flame photometry (for 15 cations or
for 24.5 oxygen atoms and for 6 Si atoms) requires the appearance of vacancies at the Y site (Table 4;
version ¢, d, e ). According to structural studies, this is also not typical for tourmaline (Table Al1.1).
Consequently, the experimentally obtained data on the boron and lithium contents are not reliable and
cannot be used in calculating the formulas of the studied tourmaline.

Therefore, preliminary crystal chemical formulas of the studied solid solutions (Version 1, Table
5) were calculated from the microprobe analysis data (Table 3) for six silicon atoms under the
assumption that the number of boron atoms in the formula is three. The number of lithium atoms was
calculated assuming the complete filling of the Y site. The cations assignment, including ferrous and
ferric iron, at octahedral sites was controlled by using values of the unit cell parameters (Table 6),
following the procedure of M.G. Gorskaya et al. (Gorskaya, Frank-Kamenetskaya 1988). Mossbauer
spectroscopy was used for the iron cation assignments in the structure of sample T-14 (Ovchinnikov,

Zolotarev 1997). Anions were not split into V and W sites; the number of OH-groups and oxygen anions
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was estimated, trying to balance charges.

Table 3. Chemical composition of the studied tourmaline (wt. %).

Component Samples
T-17 T-14 T-7

SiO2 37.16 35.86 37.11
TiO: 0.10 0.04 0.05
Al2O3 40.17 36.16 36.81
Cr203 0.00 0.00 0.03
FeO* 0.02 6.93 3.50
B.Os var. a** 11.61 14.52 not def.

var. b*** 9.43 9.09 not def.
MnO 0.47 0.07 2.66
MgO 0.00 0.00 0.01
CaO 1.26 0.17 0.11
Na20 1.65 2.75 2.97
K20 0.00 0.03 0.02
Li2O 1.63 0.96 not def.
F 0.88 1.16 1.39
Sum 94.95 98.51 84.66
-0=F, 0.37 0.49 0.58
Sum 94.58 98.02 84.08
Notes. * FeO is total iron; ** (a) B2Os content was determined at
MECHANOBR ENGINEERING ANALIT; *** (b) B>O3 content was
determined at the Institute of Chemistry of Silicates, RAS.

Table 4. Coefficients in the crystal chemical formulas of the studied tourmaline.

Calculation method X Y Z T B Vs+W

Na[Ca|[ Y |[A L [Mm|[Ti|[ ¥y |A]si|]B|J|OoH|]F] O
Sample T - 17 (pink)

6Si 052 | 022 | 0.74 | 1.65 | 1.28 | 0.06 | 0.01 | 3.00 | 6.00 | 6.00 | 3.00 | 3.20 | 0.45 | 0.35
18xkar” a 052 | 0.22 | 0.74 | 1.64 | 1.06 | 0.06 | 0.01 | 2.77 | 6.00 | 6.00 | 3.23 | 2.96 | 0.45 | 0.59
b 053 | 0.23 | 0.76 | 1.90 | 1.09 | 0.07 | 0.01 | 3.07 | 6.00 | 6.20 | 2.72 | 3.06 | 0.46 | 1.40
290" a 051 | 021|072 | 154 | 1.04 | 0.06 | 0.01 | 2.65 | 6.00 | 591 | 3.19 | 3.55 | 0.45 no
b 053 | 022 | 075 | 1.78 | 1.08 | 0.07 | 0.01 | 2.94 | 6.00 | 6.10 | 2.67 | 3.54 | 0.46 no
6Si c 052 | 0.22 | 0.74 | 1.65 | 1.06 | 0.06 | 0.01 | 2.78 | 6.00 | 6.00 | 3.00 | 3.42 | 045 | 0.13
15kar d 052 | 0.22 | 0.74 | 1.76 | 1.07 | 0.07 | 0.01 | 2.91 | 6.00 | 6.09 | 3.00 | 2.69 | 0.46 | 0.85
24.50 e 052 | 022 | 0.74 | 1.63 | 1.06 | 0.06 | 0.01 | 2.76 | 6.00 | 5.98 | 3.00 | 3.55 | 0.45 no
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Sample T - 14 (blue)

Calculation Y Z T B Vs+W
method Na | Ca | K Y | Al Li |[Fe** |Fe®* | Mn| X | Al | Fe | Si B |OH | F @]
6Si 0.90|003|001|094]123]0.85|086|0.05|001|3.00]594]0.06])6.00]300]3.09]|0.62]|0.29
18kar” | a | 0.90 | 0.03 | 0.01 | 0.94 | 0.84 | 0.61 | 0.81 | 0.05 | 0.01 | 2.32 | 594 | 0.06 | 568 | 3.98 | no | 0.58 | no
b]093|003|001|097]| 146|067 |0.89|0.05|001]|308]594]0.06]6.19] 2721260 0.64|0.76
290" a|084]|003|001]|088]0.79|061|081]|0.05|001]|227]|594]0.06]563] 39 ]342|058]| no
b]1091|003|0.01]|09]134|066|088]|0.05|001]|294]|594]0.06]6.10] 2.68 | 3.37|0.63| no
6Si c]090|003|001|094]123|065|0.86|0.05|0.01|280]594]0.06]6.00] 3.00]3.24|0.62|0.14
15kar | d | 0.91 | 0.03 | 0.01|0.95]|1.32 | 0.66 | 0.82 | 0.05 | 0.01 | 2.86 | 5.94] 0.06 | 6.08 | 3.00 | 3.73 | 0.62 | 0.35
2450 | e | 0.89|0.03|0.01|093]1.20|0.65|0.86|0.05|0.01|277]|594]0.06] 59 ] 3.00]339]|061| no
Sample T - 7 (green)
Calculation X Y Z T B V3+W
method Na | Ca 3 Li Al | Fe** | Fe** | Mn 3 Al Si B |JOH| F o]
6Si 096 | 0.04 | 1.00 | 1.14 | 1.05| 0.39 | 0.06 | 0.36 | 3.00 | 6.00 | 6.00 ] 3.00 | 3.00 | 0.54 | 0.46

Notes: * calculation taking into account the data of chemical analyzes on the lithium and boron contents (a -
B.0O3 content was determined at MECHANOBR ENGINEERING ANALIT; b - B.Os content was
determined at the Institute of Chemistry of Silicates, RAS; c, d, e - calculation taking into account the data
of chemical analyzes based on the lithium content (the amount of boron is calculated: the theoretical
coefficient equals three).

Table 5. Crystal chemical formulas of the studied tourmaline XY3Z¢(SisO18)(BO3)3(OH)3(O,0H,F),

R3m space group, Z = 3.

Sample | Versi Formula
on
T-17 1 (Nao52Ca0.2200.26) (Al1.65Li1.28MNn?*0,06 Ti0.01) Als.00(SisO18) (BO3)3(OH3 20F0.4500.35)
2 (Nap.6sCa0.22000.10) (Li1.56Al1.44) (Als 82Mn3*0.18) (SisO18) (BO3)3(OH)3(OHo.64F0.36)
T-14 1 (Nao.90Ca0.03Ko.0100.06) (Al1.23F€* 0,85 Li0.ssF€% 0.0sMN?*0.01) (Als 94F€*0.06)
(SigO18)(BO3)3(OH3.04F0.6200.34)
2 (Nao.89Ca0.03Ko0.0100.07) (Al1.0oLi1.0sF€**0.82F€>*0.04) (Al 0aF€%*0 06)
(SigO18)(BO3)3(OH)3(Fo.570Ho.43)
T-7 1 (Nao.93Ca0.0200.02) (Li1.14Al1 02Mn?*0 36Fe2* 0 33F3*0.14 Ti0.01) Al.00
(Sis018)(BO3)3(OH3.29F0.71)
2 (Nap.97Ca0.03)(Li1.14Al1.02Fe%* 0.45Mn?*0 30F€>*0.09) Al 00
(Sis018)(BO3)3(OH)3(Fo.600Ho.40)

Notes: Version 1 - preliminary crystal chemical formula; Version 2 - structurally refined formula. The
iron cation assignments in sample T-14 was made using the Mossbauer spectroscopy data
(Ovchinnikov, Zolotarev 1997); in sample T-7, values of the unit cell parameters were used following
the procedure of M.G. Gorskaya et al. (Gorskaya, Frank-Kamenetskaya 1988).

Data of chemical analyzes (Table 5, Version 1) confirmed that all the tourmalines studied are
elbaites. At the X site, the Na cation fraction varies from 0.52 to 0.93 apfu, that of Ca, from 0.02 to 0.22

apfu, vacancies, from 0.02 to 0.26 apfu, that is, Na is the main cation. At the Y site, the Li cation fraction

varies from 0.85 to 1.28 apfu, Al from 1.02 to 1 apfu. The ratio of atomic amounts of Li/Al is near 1

(varies from 0.7 to 1.1). In addition, samples T-14 and T-7 contain admixtures of Mn?* (0.01-0.36 apfu),
Fe2* (0.33-0.86 apfu) and Fe3* (0.05-0.14 apfu), and in samples T-17 and T-7, there is a micro-admixture
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of Ti** (~0.01 apfu). The Z site is dominated by AI**; sample T-14 contains a trace of Fe** (0.06 apfu).
F~ ions have been recorded at the V + W sites in all the samples. The fluorine content is maximal in

sample T-7 (0.71 apfu), the minimum is in sample T-17 (0.45 apfu).

2.3. Refinement of the crystal structure. Features of metamorphism

Results of the refinement of the Pamir elbaite crystal structures (samples T-17, T-14, T-7; Table
6, A4.1, A3.1) showed that at the Y site, the ratio of Li*/AI®* cations is near 1 and at the same time this
site is filled with these cations by at least 70%. The average Y-O bond lengths (2.022-2.053 A) (Table
A4.1) increase with an increase in the content of Fe and Mn cations and are close to those found in the
structures of previously studied elbaite (Ito, Sadanaga 1951; Gorskaya 1982; Gorskaya 1985; Donnay,
Barton 1972; Grice, Ercit 1993 et al; Table 7, A1.2). The obtained values of the occupations of the ZO6
octahedra and the average Z-O bonds lengths (1.907-1.909 A) (Table A4.1) confirmed that in all the
structures these octahedra are completely (or almost completely) filled with aluminium. The X site in all
studied structures is predominantly occupied by Na. The average value of the X-O bond length varies
from 2.655 (sample T-17) to 2.670, 2.673 A (sample T-14, T-7) (Table A4.1). Thus, an increase in the
size of nine-vertex X occurs with an increase in the size of YO6 octahedra, which is well explained by
peculiarities of chemical deformations in the tourmaline structure (Frank-Kamenetskaya,
Rozhdestvenskaya 2001). The results of the refinement of occupations at tetrahedral sites confirmed that
in all cases this site is almost completely occupied by Si** cations. The average tetrahedral distances
vary from 1.618 to 1.620 A, the average O-Si-O angle is 109.44°.

Table 6. Characteristics of the studied tourmaline samples from various deposits and X-ray

structural experiment (MoK).

Characteristic Samples
Eastern Pamir Sangilen Uplands, Tuva
T-17 T-14 T-7 TC 297 TC 697
Fluorine content, | 0.88 1.16 1.39 1.50 1.50
wt. %
Sample size 0.22x0.22x0.29mm3 | 0.22x0.22x0.29mm? | 0.24x0.24x0.30mm3 gbzri:n%zsm. 0.24x0.24x0.30mm3
Diffractometer Nicolett R3 Nicolett R3 SYNTEX P21 Nicolett Nicolett R3
R3
a, A 15.833(4) 15.905(6) 15.902(5) 15.925(2) | 15.894 (4)
c,A 7.101(1) 7.121(2) 7.127(2) 7.1539(8) | 7.115 (2)
V, A 1542(1) 1560(2) 1561(1) 1571.0(3)
Dy, §/SM® 3.046(2) 3.104(2) 3.096(3) 3.069
u, sm¥ 10.73 15.21 14.57
Weight scheme | 1/(oF*+0.001 Fress?) | 1/(0F?+0.0018 Fimeas?) | 1/(0£?+0.002 Frmeas?) é/,(:GFZJZ())'OOO 1/(oF2+0.0002 Freas?)
2Omax, ° 80 80 80 80 80
Number of meas. | 2162 2223 1746 2305 2308
Ref. (1>26))
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The number of | 1148 1164 986 1132 1162
ind. Ref.

(F>4GF)

R(F) 0.0294 0.0308 0.0417 0.019 0.019
Rw 0.0302 0.0359 0.0405 0.020 0.022
S 1.13 1.11 1.12 1.11 1.47

It is known that proton in the tourmaline structure is located on the symmetry plane near the
O(3) (V) site and on the triple axis near the O(1) (W1) site (Gorskaya 1985; Tippe, Hamilton 1971;

Rozhdestvenskaya et al. 2005). The detailed analysis of the difference Fourier syntheses made it possible

to find hydrogen atoms in the investigated structures only near the O(3) (V) site (Table A3.1). The
characteristics of the O(3)-H ... O(5) hydrogen bond between the YOG6 octahedron and the tetrahedral

ring of the antigorite fragment adjacent in height (Table 8) are close to those found in the structures of

other elbaites (Table Al1.2). The presence of a proton near the O(1) (W1) site, which is substantially

vacant in the studied structures, is indicated by results of the valence balance analysis (Table 9),

performed according to Yu. A. Pyatenko (Pyatenko 1972), taking into account data on the cation and

anion site occupation (Table A3.1).

Table 7. Comparison of occupations (apfu) and average bond lengths (A) in the studied

structures of F-bearing tourmaline (samples T-17, T-14, T-7) and previously studied elbaite.

X - polyhedron YOe- octahedron Z0e- octahedron
Composition | X-Oayv. Composition Y-Oav. | Compositio | Z-O.v. | References
n
Nao.ssCao.2200.10 | 2.655 | Lios2Aloas 2.022 | Alp9o7Mnoos | 1.907 | Sample T-17
Rozhdestvenska
ya et al. 2005
Nao.6sCao.22 2.670 | AloasLio.ssFeo.29 2.033 | AlogoFeoor | 1.909 | Sample T-14
Ko.0100.10 Rozhdestvenska
ya et al. 2005
Nao.97Ca0.03 2.673 | LiossAlosa(Fe+tMn)o2s | 2.053 | Alwoo 1.907 | Sample T-7
Rozhdestvenska
ya et al. 2005
Nao.ssCao.13 2.712 | AlperLioss 2.002 | AlogoFeoor | 1.972 | Ito, Sadagana
Mno.o1 1951
Nao.37Ca0.08 2.677 | LiossAlosa(Fe+Mn)o2s | 1.969 | Aligo 1.898 | Gorskaya et
Ko.010054 al. 1982
Naos2Caoo10017 | 2.680 | AlossLiozsFe?*o.2s 2.061 | Alioo 1.907 | Gorskaya
Mno.osFe**o.01 1989
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Nao.s4Cao.03 2.677 | AlpasMnos1Llio.1s 2.032 | Alioo 1.907 | Ertl et al
Ko.0100.12 Feo.02Tio.o1 2004
Nao.6700.33 2.670 | AlosoLiossFeoosMnoor | 2.007 | Al1oo 1.907 | Bosi et al.
2005
Nao.78Cao.06 2.671 | AloasLiossFe**o1s 2.030 | Alioo 1.908 | Bosi et al.
Ko.0100.15 Mno.09ZNo.01 2013
NaoesCaoostostr | 2.670 | AlosoLio.ssMno.1aFe? 001 | 1.980 | Alroo 1.895 | Grice, Ercitis
1993
Table 8. Characteristics of the O(3)-H...O(5) hydrogen bond in the elbaite structure.
Tourmaline Bond length, A Angle ,
H-O(3) H-O(5) 0O(3)—0(5) O(3)-H-0(5)
T-17° 0.81 2.32 3.125(4) 172
T-14° 0.88 2.40 3.167(5) 145
T-7° 0.83 2.51 3.184(6) 138
Al-elbaite? 0.940(2) 2.070(2) 2.993(5) 170(1)
Fe-elbaite? 0.820(4) 2.340(3) 3.154(4) 169(3)
! _ Gorskaya et al. 1982; 2 — Gorskaya 1985; ®— Rozhdestvenskaya et al. 2005.
Table 9. Results of calculating valence bonds on anions in the studied tourmaline structures.
Sample |Versi Anion positions
ample \(VEISION ™5y T F  Jo+F 0@ | 0@) | 0@ | 0G) | 06 | o | 0@
T-17* 1 0.657 | 0.303 | 0.960 | 1.851 | 1.107 | 2.040 | 1.911 | 1.959 | 2.027 | 1.995
2 1179 | 0.303 | 1.482 | 1.851 | 1.998 | 2.040 | 2.010 | 1.959 | 2.027 | 1.995
T-14% 1 0.372 | 0560 | 0.932 | 1.858 | 1.101 | 2.038 | 1.890 | 1.953 | 2.024 | 1.994
2 0.704 | 0560 | 1.264 | 1.858 | 1.982 | 2.038 | 2.008 | 1.953 | 2.024 | 1.994
T-7* 1 0435 | 0479 | 0914 | 1893 | 1.092 | 2.043 | 1.920 | 1.947 | 2.005 | 1.948
2 0.755 | 0.479 | 1.234 | 1893 | 1.994 | 2.043 | 2.018 | 1.947 | 2.005 | 1.948

Notes: The calculation did not take into account (Version 1) and took into account (Version 2) hydrogen
atoms; ! - Rozhdestvenskaya et al. 2005.

The literature data on the Li-Al-tourmaline crystal structure (Table Al.2) shows that the Y-O(1)
bond length (1.790-2.126 A) is less than that of Y-O(3) (2.153-2.186 A). In the studied structures, the Y-
O(1) bond lengths (1.94-2.04 A) are also slightly shorter than those of Y-O(3) (2.16-2.17 A). Such a ratio
of these bond lengths is also typical of hydroxyl-bearing tourmaline and is due to the presence of two
strong bonds between O(3) anions and cations in two neighboring ZO6 octahedra. In the studied crystal
structures of the elbaite from the Eastern Pamir, the W[O(1)] site has been split into two partially
occupied ones: three-fold W1 and nine-fold W2 (Table A3.1). Each atom/vacancy at the W1 site (on the
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third-order symmetry axis) is surrounded by three corresponding structural units at the W2 site (Figure
3). The total occupation of such a group equals 1. Consequently, shortened forbidden distances appear
in the structures: W1-W2 0.36(2), 0.38(2), 0.42(5) A; W2-W2 0.52(3), 0.66(4), 0.57(2) A for samples T-
17, T-14, and T-7, respectively. In all structures, the Y-W2 bond length is ~ 1.8 A (Table A4.1), which
can be considered as evidence that the W2 site is statistically occupied by fluorine anions. This
assumption is also supported by the fact that the chemical analysis data on the fluorine content in samples
T-17, T-14 and T-7 (0.45, 0.62, 0.71 apfu) are close to those calculated on the basis of the occupation of
this site (0.36, 0.57, 0.60 apfu). Analysis of the valence balance in the studied structures (Table 9) shows
that the O(1) (W1) and O(3) (V) sites are occupied only by monovalent anions, i.e., taking into account
the above, by OH groups. The ordered assignment of fluorine anions and OH groups, leading to the site
disorder, is typical, for example, of the crystal structure of hydroxylfluorapatite (Sudarsanan, Young
1978). Thus, there is every reason to believe that the splitting of the W site in the investigated tourmaline
structure is caused by the tendency towards ordering fluorine anions and OH groups.

Elbaite crystal chemical formulas derived from the structural study (Table 5, Version 2) are
generally in good agreement with the recalculation of results of microprobe analyzes per formula (Table
5, Version 1). The main difference is related to the refinement of the W and V site occupations. In
addition, a lower (than previously assumed) fraction of vacancies at the X site and the presence of
manganese cation admixture at the Z site were identified in the structure of sample T-17. The results
obtained showed that entry of divalent iron and manganese cations to YO6 octahedra occurs in elbaite
mainly according to the scheme Li* + AP* & 2(Fe?*, Mn?*) and does not lead to the appearance of
additional vacancies at the X site and divalent anions at V or W sites.

The ordered assignment of OH groups and fluorine anions at the W1 and W2 sites indicates the
presence of two types of octahedra in the structures of the studied tourmaline: [YO4(OH)2] and
[YO4(OH)F] (Figure 3). Their ratio depends on the amount of fluorine and varies in various structures.
In samples T-17, T-14, and T-7, it is 1.78, 0.75, and 0.67, respectively.

The [YO4(OH)2] octahedra, located in the center of the XY3TsO1g antigorite insular, are united in
triads via the common W1 vertex, located on the three-fold symmetry axis (Figure 3a), and therefore are
equivalent. Such triads of equivalent YO6 octahedra are found with rare exceptions (Grice and Ercit
1993) in all the tourmaline structures. Fluorine anions are displaced from the three-fold symmetry axis.
Therefore, the [YO4(OH)F] octahedra are combined into triads, statistically distributed around this axis
(Figure 3b). In every triad, the Y-F bond length in one octahedron (1.75-1.84 A) is significantly shorter
than in the other two (2.20-2.25 A). A similar assignment of triads from nonequivalent YO6 octahedra
was found in the structure of elbaite from Brazil with the crystal chemical formula
(Nao.e6Cao.300.31) (Al1s3Li1.03Mno.41Fe0.03) Ale(BO3)3(Sis.82B0.18018) (OH)3(Fo.620H0.3400.04) (Grice, Ercit
1993). In this structure, in contrast to those studied by us, no splitting of the W site was found. Its
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displacement from the three-fold symmetry axis leads to the appearance in a 1:2 ratio of Y octahedra
with Y-W bond lengths equal to 1.790 and 2.126 A, respectively. It is likely that the significant anisotropy
of the Y-W bond lengths in the tourmaline crystal structure, in which the W site is displaced from the
three-fold symmetry axis, can be an artifact arising from the symmetry lowering, which is so
insignificant that it affects little if any the parameters of the trigonal crystal lattice measured at room
temperature. We found such an effect earlier in the crystal structure of alum K(Alo.g5Cro.05)(SOa)2 x
12H,0 (Rozhdestvenskaya et al. 2001).

2.4. Resultant conclusions

Results of the crystal chemical study of the Eastern Pamir elbaite showed that interrelated
isomorphic substitutions at different sites of the tourmaline structure predetermine a certain
conditionality of identifying independent mineral species among them (Hawthorne, Henry 1999;
Zolotarev, Bulakh 1999). In 1999, F. Hawthorne and J. Henry, refining the nomenclature of minerals
of this group, proposed distinguishing fluor-, hydroxyl- and oxy-tourmalines based on different
occupation of the V and W sites by corresponding anions. The above results of the refinement of crystal
structures confirmed the possibility of practical implementation of this nomenclature.

The splitting of the three-fold anionic W site into two, revealed in the course of the study, made
it possible, by specifying their occupations and analyzing the corresponding bond lengths, to establish
the regular occurrence of fluorine at the W site. It can be assumed that such fluorine anion assignment
is a common feature of Li-Al-tourmaline and, therefore, can be used when writing their crystal
chemical formulas based on the data of chemical analyzes. In the structures of two of the tourmalines
studied (samples T-14 and T-7), the proportion of fluorine at this site prevails, which allowed the
author in 2005 to suggest a new mineral species, fluor-elbaite, with the ideal formula
Na(Li1sAl15)Als(SisO18)(BO3)3(OH)sF. Later on, in 2013, Bosi et al. based on X-ray diffraction studies
of five samples (Bosi et al. 2005, 2013, Table Al.2) approved this mineral species. For elbaite with
dominating OH—groups at the W site (including for the studied sample T-17), in 2005, the name
hydroxyl elbaite with the ideal formula Na(Li1sAl15)Als(SieO18)(BO3)3(OH)sOH was proposed.
However, according to the new nomenclature (Henry et al. 2011), a solid solution with such an ideal
formula is assigned to a mineral species — elbaite, discovered in 1913 and described in 1959. It follows

from the above that the name elbaite is supra-species, including at least two mineral species.
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0O(6)

Figure 3. Triads of YO6-octahedra in the structure of the studied elbaites: A - [YO4(OH).] and B -
[YO4(OH)F].
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3. Li-bearing tourmaline from a rare metal pegmatite vein with scapolite

(Sangilen Upland, Tuva)
3.1. Solbelder lithium pegmatite field (Sangilen Upland, Tuva)

The Solbelder lithium pegmatite field was discovered in 1958 by V.N. Konovalova, a
geologist of the Tuva Complex Expedition of Trust No. 1 (Kuznetsova et al. 2011). It belongs to the
northern branch of an extended (>120 km) sublatitudinal rare-metal pegmatite belt in the Sangilen
Upland, part of the Tuva-Mongolian microcontinent within the Caledonian fold area in the south
Siberian platform. Rare-metal pegmatite veins are concentrated near linear zones of deep faults, and
small massifs of pegmatite-bearing leucogranite are also located here. However, apart from spatial
conjugation, no signs of a direct genetic relationship with this granite have been recorded for rare-
metal pegmatite. Pegmatites of lithium and tantalum-cesium-lithium trend are grouped into a series,
consisting of several adjacent vein bodies.

Tourmaline occurs in rare-metal pegmatite of three ore prospects: in one of them (Nadezhda
Prospect), pegmatite is located in limestone and in others (Shuk-Byul and Ozerny), in
metaterrigenous rocks. Regardless of the composition of the host rock, the veins of rare-metal
pegmatite are dominated by tourmaline belonging to the schorl-elbaite isomorphic series.

The author studied tourmalines (samples 297 20, 297 4, Z-1, Z-2, TS 496, TS 297, TS 697;
Table A2.3) from a rare-metal pegmatite vein composed of quartz-scapolite mineral association with

potassium feldspar and spodumene, located in the Nadezhda Prospect (Kuznetsova, Sizykh 2004). Vein

fragments were found in a very steep mountain slope in a small bedrock outcrop and deluvium. This
pegmatite vein is separated by faults from the veins of common spodumene pegmatite. The limestone
hosting the pegmatite vein consists of calcite and contains an admixture of carbonaceous matter, which
is extremely unevenly distributed. They are recrystallized at a distance of up to 0.2 m from the vein, but
the exocontact mineralization — quartz, tourmaline, scapolite — occurs as thin injection veins no further
than 0.05 m from its contacts. In the bedrock outcrop, only a small part of the vein (2 x 1.5 mm) with
its lying contact is visible, the rest is hidden by talus. There are large blocks of pegmatite in the deluvium
downslope. These fragments show that the vein with scapolite, like most of the common spodumene
veins of this area, has all signs of an injection formation: clear and sharp contacts with the host
limestones, weakly expressed near-vein alterations.

In the thicker (1.5-2 m) part, the vein body has a faint zonal structure (Figure 4, inset 4). The
near-contact zone (3-8 cm wide) is composed of fine-grained quartz-scapolite aggregate with spodumene
and tourmaline of poikilitic texture. The central zone (about 1-1.5 m wide) is composed of a medium-

coarse-grained aggregate of potassium feldspar, quartz and scapolite of idiomorphic-grained, in places
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porphyroblastic, texture; minor minerals are spodumene and tourmaline. In addition, in the central zone,
there are single small (up to 10-20 cm long and up to 5 cm wide) schlieren segregations composed of
fine-grained spodumene-oligoclase-quartz association. The most recent aggregates of fine-scaled light
green muscovite (1-2 cm in diameter) are uncommon in the three mineral associations.

A thin (0.15-0.20 m) vein apophysis is characterized by more pronounced zoning (Figure 4, inset
B), which is caused by the scapolite crystallization only in the endocontact zone and significant
enrichment in the central zone with spodumene. The contacts have a narrow (1-2 ¢cm) rim of a fine-
grained quartz-scapolite mineral assemblage with potassium feldspar, spodumene, and tourmaline. This
is followed by the intermediate zone 5-6 cm wide of spodumene-feldspar-quartz composition, in which
porphyroblasts of potassium feldspar and oligoclase are outlined against the fine- to medium-grained
oligoclase-spodumene-quartz aggregate. In the center of the apophysis, there is a 5-cm wide zone of
fine- and medium-grained oligoclase-quartz-spodumene mineral assemblage. In the inner zones of the
apophysis, small nests of fine-scaled silvery-green muscovite are also observed as in the thicker part of
the vein. The most common accessory minerals in all mineral assemblages of the vein are cassiterite and
pyrochlore, less often zircon, pyrite, fluorite, calcite, graphite (Kuznetsova et al. 2011).

Crystallization of scapolite instead of plagioclase at the early magmatic stage is a distinctive
feature of this pegmatite body. Scapolite is characterized by rather constant chemical composition; the
amount of meionite endmember is 73-74 mol %. There is no zoning in its grains, only occasional zircon,
pyrochlore, and tourmaline inclusions. According to Kuznetsova et al. (Kuznetsova and Sizykh 2004;
Kuznetsova and Prokofiev 2008), early magmatic mineral associations were formed at higher
temperatures and pressures than in common spodumene pegmatite.

The chemical composition of the most abundant scapolite-bearing mineral assemblage in the vein
corresponds to leucogranite as concerns Si and A1 content, but is extremely unusual in terms of a low
content of alkaline elements (3 K2O + Na>O <2 wt %) and an extremely high Ca content (7 wt % CaO)
(Kuznetsova, Sizykh 2004). The alumina content of this rock A/CNK (A1.03/Ca0O + NaxO + K>0) is
0.8, which is significantly lower than usually for spodumene pegmatites (1.3-1.4). There are increased
bulk contents of CO2 (2.2-2.4 %), H20 (0.7 %), B (0.2-0.5 % B203), but very low concentrations of
C1 (0.03-0.04 %), S (0.02 %) and F (0.02—0.04 wt %). The rock is characterized by high
concentrations of, on the one hand, Li, Rb, Cs, Sn, Nb, Be - lithophylous rare elements specific to
spodumene pegmatites, but on the other hand, Sr, Zr, Hf, U, Th, which are usually not typical of them.
These features could be caused by the contamination of the rare metal pegmatite melt with components
of limestone and, possibly, other rocks, which occurred even before its introduction into the vein cavity,
since at the level of the erosional cut, indicators for its interaction with the host rocks are minimal. It is
assumed that the high activity of CO> could influence greatly the degree of melt contamination

(Kuznetsova, Prokofiev 2008). Some enrichment of pegmatite in the narrow endocontact zone of the
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vein body, as compared to the central one, in alkalis (K, Na, Li, Rb, Cs) and Al with a decrease in Si
contents, is probably due to the phenomenon of reflected alkalinity as a result of melt contact with
limestone host rock.

Tourmaline in the form of long-prismatic (0.3-1.0 cm) crystals in the vein is a minor mineral
most typical of the early mineral association, composed of potassium feldspar, quartz, and scapolite. It
occurs as honey-yellow crystals (samples TS-297, 297 20, Z-1; Table A2.3) and forms intergrowths in
scapolite, quartz and potassium feldspar. Tourmaline crystals in the endocontact part of the vein have a
zonal structure (Fig.ure 5A). They exhibit transverse colour zoning with clear colour change: honey-

yellow central part and green peripheral part (samples TS-697, 297 4, Z-2; Table A2.3).

7 S
XX LS
o 0 N \RBY HepaBHOMePHO3ePHHCTHII CIOTyMeH-
3% D\%\ NAR R KBapII-NO/IeBOMINATOBBII KOMILIEKC
.\\r\ <o @) 1
\‘% O\{ X Cp.-KpYIHO3ePHHCTHII MOIeBOMINAT-KBapIl-
) V) D W CKANOMHTOBBI  KOMIUIGKC CO  CIOXYMEHOM H
o N D \ ..) TYPMATHHOM
A S\ \°, Meikosep. MOIeBOIINAT-KBapIl-
% .
o o \-“\ ) CKAIOHTOBBII KOMILTEKC CO CIIOYMEHOM H
O O .l\ A\ - TYPMATHHOM
‘} \\, \ 2\ /77| TlepekpHCTALTH30BaHHbIE H3BECTHAKH [
o\ ‘(\_ O\;\‘CI' 77| WMHBEKIHOHHBIMH KBapI-CKAOTHTOBBIMH
Vi 0PN WSS N
o © sy \ ¢ - NPOKHIKAMH, COJl. TYPMATHH
I e \:t \O E I Hemn3MeHeHHbIe BMeIIakoe
foNw O 9 I H3BeCTHAKH

Kannesslii nmosepoit mmar

Ksapn
MyCKOBHT
Osmroknas

CnorymeH

y KBapi-cKanmomIuT-TypMaTHHOBBII
4 arperar

1
| Cxanomur

[ \ TypMamHu

Figure 4. Geological structure of the pegmatite vein (in Russian).

3.2. Yellow tourmaline

3.2.1. Chemical composition

Results of chemical analyzes of yellow tourmaline of uniform colour from the central part of
the main vein body (samples TS-297, 297 _20, Z-1; Table A2.1) slightly differ in different
laboratories (Tables 10, 11) that can be explained by different types of analysis (Table A2.3) and
different amounts of material taken (Kuznetsova et al. 2011). The greatest differences are recorded
in the content of the main components of the composition: SiO2 and AlOs. It should be noted that
central sections of zoned yellow tourmaline crystals from the endocontact part of the vein (samples
297 _4,TS-496, Z-2; Table A2.1) have similar chemical composition with uniformly coloured yellow
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tourmaline. Noteworthy is the very high water content (3.92 wt. % H>O, Table 10) and the low
amount of silicon (SiO2 = 36.40 wt. %, Table 10) in the TS-496 sample according to Laboratory No.
2. At the same time, according to the data of Laboratory No. 4, the maximum silicon content (SiO2
= 39.61 wt. %, Table 10) was obtained for the same sample. Significant variations in the chemical
composition of this tourmaline sample, according to different laboratories, evidence that the
established differences in composition largely depend on peculiar features of the analysis in a
particular laboratory (different instruments and standards, different qualifications of the analyst and
other reasons). It also should be noted that, according to Analytical Laboratory No. 2, the amount of
water in sample TS-496 is significantly higher than required even with full occupancy of the V + W
sites with hydroxyl groups. This can be explained either by analysis errors, or by assuming partial
replacement of oxygen with a hydroxyl group in triangles (BOs). The possibility of such a
substitution in the tourmaline has never been discussed, although this substitution is very common
in borate class minerals (Bubnova and Filatov 2008).

Differences in the results of chemical analysis are reflected in the calculated formulas of the
studied samples of yellow tourmaline; they also depend on the method chosen for their calculation
(Table 11).

Besides the difference in the content of the main components of the composition, silicon and
aluminium, the calculated formulas of yellow tourmaline differ somewhat in the ratio between
magnesium and lithium at the Y site. Some crystals show slight variations in the density of yellow,
while the central parts of such crystals are slightly darker. Microprobe analyzes of such crystals
showed that the darker areas are characterized by slightly higher iron content (Table 10). The
maximum iron content was found in yellow tourmaline from the central part of the main vein body
(samples TS-297, 297 _20), the minimum, in the central yellow area of one of the zoned crystals
(sample TS-496).

In general, the data on the chemical composition of yellow tourmaline make it possible to
classify them as calcium varieties of this group of minerals. The coefficients in the formulas for
calcium vary from 0.67 to 0.79 (samples 297 20 and TS-297, TS-496, respectively), for sodium,
from 0.14 to 0.25 (samples TS-496 and TS-297, respectively). The octahedral Y site is dominated
by magnesium (Mg content varies from 2.28 to 2.63 apfu; sample TS-496, Table 11), lithium is
present in a subordinate amount (Li content varies from 0.29 to 0.72 apfu; sample TS-496, Table
11). The octahedral Z site is mainly occupied by aluminium. In most cases, for its complete
occupation, a small amount of iron (sample 297_4, TS-496; Table 11), less often titanium (sample
297 20, Z-1Z-2, TS-496; Table 11) and even magnesium (samples 297_20, 297 4, Z-2, TS-496;
Table 11) is required. The tetrahedral site is occupied by silicon, the calculated coefficient of which
sometimes exceeds its theoretical amount - 6 (samples TS-297, 297 20, Z-1, Z-2, TS-496; Table
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11), and sometimes suggests the entry at this site of other components of the composition: titanium,

iron (samples 297_4, TS-496, Table 11). The V + W sites are mainly occupied by the hydroxyl group
and fluorine, that is, by monovalent anions.

Table 10. Chemical composition (wt. %) of yellow tourmaline (Table A2.1) according to data from
different laboratories (1-4 ***).

Uniform color crystals Central parts of zoned crystals
Component 1 3 1 2 3 4
TC-297** 2317:—1220)* (fi’;) 297_4 | TC-496 éf;) T?ﬂfgf’*
SiO, 37.31 37.69 38.45 37.55 36.40 38.27 39.61
TiO, 0.18 0.20 0.20 0.15 0.20 0.19 0.22
Al;03 31.60 30.70 30.71 31.06 30.63 30.93 31.33
Cr20s 0.00 0.00 0.00 0.00 0.02 0.00 0.00
B,03 10.34 Not def. Not def. Not def. 10.69 Not def. Not def.
FeO 0.80 0.76 0.54 0.53 0.44 0.59 0.42
MnO 0.03 0.00 0.01 0.00 0.03 0.03 0.00
MgO 10.31 10.80 10.47 11.85 11.05 10.17 10.24
ZnO 0.00 0.00 0.00 0.00 0.02 0.00 0.00
CaO 4.54 3.89 4.45 4.04 4.37 4.45 4.74
Sro 0.00 0.00 0.17 0.00 0.00 0.00 0.00
Na.O 0.78 0.67 0.65 0.76 0.64 0.64 0.48
K20 0.09 0.00 0.01 0.00 0.02 0.02 0.00
Li,O 0.74 Not def. 0.60 0.65 0.45 Not def. Not def.
H.0 2.46 Not def. Not def. Not def. 3.92 Not def. Not def.
F 1.50 Not def. 1.90 Not def. 1.82 1.91 Not def.
Sum 100.68 87.39 100.70 87.21
O=F, 0.63 0.80 0.77 0.81
Sum 100.05 84.71 86.59 85.94 99.93 86.40 87.04
Notes: * - data averaged from n points of analysis; ** - structural studies have been
carried out for the sample; *** - laboratories: 1, University of Leicester, England; 2,
Institute of Geochemistry SB RAS, Irkutsk, Russia; 3, Mineralogical Institute,
Heidelberg University, Heidelberg, Germany; 4, Natural History Museum, London,
UK. The analysis methods and equipment used are shown in Table A2.3.

Table 11. Coefficients in the formula of yellow tourmaline for different calculation methods
(according to the data given in Table 10).

Uniform color crystals Central parts of zoned crystals
1* 3* 1* 2* 3* 4*
. 297_20 Z-1 Z-2 TC-496
Site | Component | TC-297 (n=12) (n=10) 297 4 | TC-496 (n=7) (n=5)
31 anion | 15cations | 15 cations | 15 cations 3.1 15 15
anion cations cations
Ca 0.79 0.67 0.77 0.68 0.75 0.76 0.79

Na 0.25 0.21 0.20 0.23 0.20 0.20 0.14
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K 0.02
Sr 0.02
Sum 1.06 0.88 0.99 0.91 0.95 0.96 0.93
Mg 2.49 2.54 2.51 2.59 2.63 2.34 2.28
Li 0.48 0.46 0.39 0.41 0.29 0.66 0.72
Y Fe2* 0.11 0.00 0.00 0.00 0.00 0.00 0.00
Ti 0.02 | 0.00 0.00 0.00 0.00 0.00 0.00
Al 0.04 | 0.00 0.00 0.00 0.00 0.00 0.00
Sum 3.14 3.00 2.90 3.00 2.92 3.00 3.00
Al 6.00 5.80 5.82 5.78 5.77 5.78 5.71
Fe2 0.10 0.07 0.02 0.06 0.08 0.05
z Ti 0.02 0.02 0.02 0.03
Mg 0.04 0.20 0.06 0.08
Sum 6.00 5.96 5.91 6.00 5.83 5.94 5.87
Si 6.04 6.04 6.18 5.93 5.82 6.06 6.13
T Ti 0.02 0.02
Fe? 0.05
Sum 6.04 6.04 6.18 6.00 5.84 6.06 6.13
B 2.89 2.9 3.00 3.00 2.95 2.95 3.00
0 27 27 27 27 27 27 27
V4+W OH 2.66 4.00 2.43 3.86 4.18 3.04 4.00
F 0.77 0.98 0.92 0.96
0 0.57 0.59
Sum 4.00 4.00 4.00 3.86 5.10 4.00 4.00
Note: * - 1, 2, 3, 4 - laboratories described in the Notes to Table 10.

3.2.2. Crystal structure refinement

For refining the crystal structure, yellow tourmaline was selected from the central part of the
main vein body (sample TS-297, Table 6), which, according to chemical analyzes (Tables 10, 11), was
closest to fluor-uvite CaMgs(MgAls)(SisO1s)(BO3)s(OH)sF (Henry et al. 2011), but differed from it in a
significant lithium content (probably at the Y site) and the absence of Mg at the Z site (Rozhdestvenskaya
et al. 2007).

The obtained relative coordinates of the atoms, their isotropic thermal parameters, as well as the
occupation of the crystallographic sites are given in Table A3.2, the bond lengths and angles in the main
polyhedra of the structure are given in Table A4.2.

Results of refinement of the crystallographic site occupancies in the studied structure (Table 12,
A3.2) confirmed the data of chemical analysis (Table 11) concerning the content of main cations (Ca®*,
Na*, Mg?*, Li*, AI**) at X, Y and Z sites. In addition, they showed that the ZO6 octahedra and Si

tetrahedra contain admixtures of heavier (as compared to aluminium and silicon, respectively) elements.
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Based on the data of chemical analysis, it is fair to assume that that they are admixtures of iron cations
(at the Z site) and titanium (at the Si site).

Thus, the uniqueness of the studied structure consists in the fact that, in contrast to previously
investigated uvite structures, the ZO6 octahedra are almost completely occupied by aluminium, and at
the Y octahedra, in addition to divalent magnesium cations, there are significant amounts of monovalent
lithium cations (the ratio Li*/Mg?* ~ 0.2) (Table 12).

Table 12. Comparison of the occupation (apfu) and average bond lengths (A) in the studied
yellow tourmaline structure (sample TS-297) and previously studied uvite.

X - polyhedron YOG - octahedron Z06 - octahedron
— — — References
Composition | X-Oav. | Composition | Y-Oa. | Composition | Z-Oay.
1|Cag77Nao23| 2.629 | Mgosslio1z | 2.061 Alo.goFe0.01 1.914 | Rozhdestvenskaya et al.
2.049 2007
2 |CaosaNaoao| 2.651 | MgrooFeoor | 2.050 | AlooiMgo.0sTioo1| 1.929 Grice, Ercitis 1993
3| CaosiNao1s| 2.631 |Mgoo7Tio.01Voo1| 2.048 Alo.gaMgo.11 1.924 | McDonald, Hawthorne
Lio.oz 1995
4 | Cao.7zéNao23 | 2.634 |Mgo.osTio.01Voo1| 2.045 Alo.92Mgo.08 1.921 | McDonald, Hawthorne
Lio.o2 1995
5| Cap70Nao29 | 2.636 [Mgo.95Tio.01Vo.02| 2.047 | AlogsMgoors | 1.921 | McDonald, Hawthorne
Lio.o3 1995
6 | Cao77Nao20| 2.631 Mgo.o3Tioor | 2.043 Alo.9osMgo.os 1.919 | McDonald, Hawthorne
Vo.023Li0.04 1995
7 | Caos7Naoss | 2.647 Mdz.0 2.043 Alo.91Mgo.09 1.929 Camara et al. 2002
8| Cao.4aaNaoso | 2.661 Mgos7Alpa3 | 2.003 AlogsMgo.13 1.932 Taylor et al. 1995
Croo Croo

Another distinctive feature of the studied structure is the splitting of the W site into two: W1 and
W2, revealed from the maps of Fourier syntheses (Table A3.2). Both positions are located on the three-
fold axis at a distance of 0.14 A from one another. The Y-W1 bond length (2.059 A, Table A4.2) is
significantly greater than the Y-W2 bond length (1.986 A, Table A4.2), which, taking into account the
results of previous studies of the uvite crystal structures (Table 13), suggests partial occupancy of the

W2 site by fluorine anions, and W1, by oxygen anions (Rozhdestvenskaya et al. 2007).

Table 13. Comparison of compositions of the W site (apfu) and Y - W distances, A

in the studied structure of yellow tourmaline (sample TS-297) and previously studied uvite.

Character Uvite (table 12)
Istic 1 2 3 4 5 6 7 8
Comp. | W1. Forr Oo.69 (OH)0.03 | (OH)o.17 | (OH)o.17 | (OH)o.26 Oo.1 Oo.17
W11: Oo.23 (OH)o.31 Fo.o7 Fo.s3 Fo.s3 Fo.74 (OH)o.9 | (OH)o.14
Fo.69
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Y-W |W1: 1.986(7) 2.036 2.027 2.025 | 2.036

W11: 2.059(3)

1.950 2.042 2.035

Notes: Here and in Tables 16, 17 numbers of the structures correspond to those in Table 12.

Refinement of the fluorine anion fraction at the W1 site showed that it is occupied for 0.77 apfu,
which is completely consistent with the data of chemical analysis. The oxygen anion fraction at the W11
site (according to the refinement results) is 0.23 apfu. From which it follows that the total occupation of
the W1 and W11 sites is equal to 1, which confirms the assumption made about the occupation of these
sites by fluorine and oxygen anions, respectively.

Thus, the crystal chemical formula of the investigated uvite, refined as a result of the structural

study, agree nicely with that calculated from the data of chemical analysis (Table 14).

Table 14. Crystal chemical formulas of the studied tourmalines from the rare-metal pegmatite

vein with scapolite (Sangilen Upland, Tuva).

Sample | Crystalochemical formula
Uniform yellow crystal
(Cap.7eNao 25K 0.02)1.06(Md2.49Li0.48F €% 0.11Al0.04 T0.02)3.14Al6.00Si6.02027B2.88
(OH3.23F0.77)
(Cao.77Nao.23)(Mg2.49Li0 51) (Als.93Fe%* 0.04F€2*0.03) [(Sis.04 Ti0.06) O18](BO3)3
(OH)3(F0.7700.23)
Peripheral part of a dark green zoned crystal
(Cao.60Na0.3100.00) (Al1.00Fe?*0.76Li0.67M7o0.21ZN0.01) Als(Sis.60Al0 36 Tio.0s) B2.98027
(OHs.49F0.74)4.23
(Caon.62Nao.32000.06) (Al1.0sLio.99F€0.66Mo.24 Ti0.03) Als[SicO18] (BO3)3(OH2.2800.72)
(Fo.8400.16)

Notes: 1-preliminary crystal chemical formula; 2-structurally refined formula.

TS-297

1

TS-697

2

Table 15. Comparison of the unit cell parameters in the studied yellow tourmaline structure
(sample TS-297) and previously studied uvite.

Parameter Uvite (table 13)

1 2 3 4 5 6 7 8
a, A 15.925(2) [15.973(1) [15.949(1)[15.950(2) [15.940(1) [15.940(1)[15.967(1) [15.917(2)
c, A 7.1539(8)[7.213(1) [7.188(1) [7.174(1) [7.177(1) [7.163(1) [7.213(1) [7.189(1)
V, A3 1571.0(3)[1593.7(2) [1583.4(3) |1574.6(4) [1579.1(3) [1575.1(3)[1592.5(2) [1577.3(4)

Distinctive features of the chemical composition of the studied tourmaline are also observed in
bond lengths of the corresponding polyhedra (Table 12, A4.2) and in the values of the crystal lattice
parameters (Tables 6, 15). As is known, unit cell parameters of tourmaline are strongly influenced by
the size of the ZO6 octahedra (Frank-Kamenetskaya, Rozhdestvenskaya, 2001). The average sizes of
Z06 octahedra in the studied structure (Z-Oay = 1.914 A) are significantly smaller than in the structures
of other uvites (Z-Oay = 1.919-1.932 A, Table 12), which is due to their almost complete occupation by
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small aluminium cations. The parameters and volume of the unit cell of the studied tourmaline (a =
15.925(2) A, c =7.1539(8) A, V = 1571.0(3) A3) are significantly smaller than those of other uvites
(Table 15): @ = 15.940-15.973 A, ¢ = 7.163-7.213 A, V = 1576-1594 A3. Since the values of the a
parameter of the tourmaline crystal lattice are also affected by the size of the YO6 octahedra (Frank-
Kamenetskaya and Rozhdestvenskaya 2001), the a parameter of uvite (No. 8 in Tables 12, 15), the Y site
of which is almost half occupied by aluminium cations, even less (15.917 A) than that of the studied
crystal.

The ordered fluorine and oxygen anion assignment at the W1 and W11 sites indicates the presence
in the studied structure of two types of octahedra statistically distributed in the ratio of ~ 3:1: [YO4(OH)F]
and [YO4(OH)Q], which are united into triads through a common vertex (F- or O%, respectively), located
on the three-fold symmetry axis (see Section 2.3). Average size of octahedra [YO4(OH)F] (2.061 A) is
significantly larger than in the structure of other uvites, where Y-Oay lies within 2.003-2.050 A, (Table
12), which is well explained by significant amount of lithium cations at the Y site. The average size of
octahedra [YO4(OH)O] are much smaller (2.049 A), i.e., are close in size to the magnesium octahedra of
uvite, in which the W site is mainly occupied by oxygen (No. 2 in Table 12). The average value of the
X-O bond length (2.629 A) is similar to that found in the structure of other uvites with a close Na*/Ca?*
ratio at the X site (Nos. 3, 4, 6; Table 12) (Rozhdestvenskaya et al. 2007).

The detailed analysis of the difference Fourier syntheses made it possible to find a hydrogen
atom in the studied structure near the V (O3) site (Table A3.2). Parameters of the O(3) - H...O(5)
hydrogen bond between the YO6 octahedron and the tetrahedral ring of the antigorite fragment adjacent

in height are close to those found in the structures of other uvites (Nos. 2, 8; Table 16).

Table 16. Comparison of hydrogen bond parameters in the studied structure of the yellow

tourmaline (sample TS-297) and previously studied uvites.

Uvite
Parameter
1 2 8
H-O(3),A 0.838 0.788 0.969
H...0(5), A 2.564 2.511 2.252
O(3)-H-O(5),O 137.2 158.2 161.4
0(3)...0(5), A 3.229(2) 3.256 3.185
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3.2.3. Isomorphism and species membership

As follows from the above crystal chemical formulas (Table 14), the species membership of
yellow tourmaline depends on the character of occupation of three structural sites: X, Y and W. According
to the dominant-valence rule recommended by the Commission on New Minerals, Nomenclature and
Classification of the International Mineralogical Association (Hatert, Burke 2008), in the ideal formula
of this tourmaline at the X site, it should be written Ca?*, and at the Y site, Mg?*. However, the W site is
dominated by F-, and this violates the general electrical neutrality of the formula, requiring some changes
to be made in the ideal formula of this tourmaline. Among mineral species known now in the tourmaline
group, the mineral studied by the author most closely corresponded to fluor-uvite
CaMgs(AlsMg)(SisO18)(BO3)3(OH)3(F), where charge compensation in isomorphic substitution of
sodium for calcium is achieved by replacing aluminium with magnesium at the Z site: Na*x + AP*z =
CaZ*x + Mg?*z. In our case, this type of charge compensation is not implemented. In terms of its chemical
composition, the tourmaline studied by the author fundamentally differs from uvite in the smaller amount
of magnesium and the presence of lithium at the Y site. Its chemical composition can be described as a
three-component solid solution in the Ca(MgzLi)Als(SisOi8)(BO3)3(OH)sF,
CaMgsAls(SisO18)(BO3)3(OH)30 and NaMgzAle(SisO18)(BO3)3(OH)sF system. The formula for sodium
mineral corresponds to fluor-dravite. The formulas of the other two endmembers do not correspond to
any of the mineral types known today in the tourmaline group. The transition from fluor-uvite to lithium-
bearing uvite (endmember No. 1) follows the scheme: Mg?*y + Mg?*z = Li*y + AI¥*z. The transition from
the uvite to the calcium endmember No. 2 follows the scheme: Mg?*z + OH™ = AI¥*z + O? (Kuznetsova
et al. 2011).

The amount of the first endmember is controlled by the lithium content and varies from 30 to
66 mol %. The amount of sodium endmember, fluor-dravite, is controlled by Na* content and varies
from 14 to 39 mol %. The amount of the endmember CaMgzAls(SisO1s)(BO3)3(OH)30, which can be
estimated, for example, based on the oxygen coefficient at the W site, does not exceed 59 mol % (usually
about 25 mol %). The dominance of the Ca(MgzLi)Als(SisO18)(BO3)3(OH)F component in some yellow
tourmaline samples makes it possible to consider it as a new independent mineral with the ideal formula

given above (Rozhdestvenskaya et al. 2007).
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3.3. Zoned tourmaline: variations in elemental and species composition

3.3.1. Chemical composition

In the studied pegmatite vein, in addition to the tourmaline of uniform colour in the
endocontact part of the vein, zonally coloured crystals have been found. Central parts of such
crystals are yellow and, according to their chemical composition, as shown above (see Tables 10,
11), correspond to yellow tourmaline from the central part of the pegmatite vein. Zoned crystal edges
are dark green.

As follows from the data of chemical analyses of dark green tourmaline from zoned crystal
edges (samples 297_4, TS-697, Z-2; Tables 17, 18), the occupancy of the X site in the studied
samples is quite similar: coefficient in formula Ca?* is 0.60-0.64, Na* is 0.29-0.31. Abundant
aluminium in the dark green tourmaline allows it to occupy completely the octahedral Z site and
partly Y site, which is characterized by the greatest variety of cations that occupy it. This site is
dominated by aluminium; its coefficient ranges from 1.00 (sample TS-697) to 1.35 (sample 297_4).
Lithium (0.67-0.90 apfu) and iron (0.58-0.76 apfu) are present in approximately equal amounts.
Magnesium, which dominates at the Y site in the yellow central parts of the crystals, is sharply
subordinate in the dark green edge zone (0.13-0.21 apfu). The tetrahedral site is occupied by silicon,
but for sample TS-697, the chemical composition of which was studied in Laboratory No.2,
significant aluminium amount is required for its complete occupation.

In zoned tourmaline crystals, in addition to the central (yellow) and peripheral (dark green)

zones, two more intermediate zones can be distinguished — pale green and green (Figure 5).

Table 17. Chemical composition (wt. %) of dark green tourmaline (Table A2.1) from data of

different laboratories (1-4%*).

Component 1 2 3 4
297 4 TS-697 Z-2 (n=3) TS-697
(n=5)**
SiO; 35.79 34.48 36.39 38.03
TiO> 0.15 0.35 0.41 0.47
Al03 38.50 38.45 37.77 38.43
Cr203 0.00 0.01 0.00 0.00
B203 not def. 10.63 not def. not def.
FeO 5.02 5.61 4.19 5.24
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MnO 0.00 0.07 0.04 0.07
MgO 0.68 0.86 0.55 0.84
ZnO 0.00 0.11 0.00 0.00
CaO 3.45 3.47 3.55 3.80
Na20 0.95 0.99 0.98 0.94
K20 0.00 0.02 0.02 0.00
Li2O 1.21 1.01 not def. not def.
H20 1.97 3.22 not def. not def.
F 1.45 1.44 1.50 not def.
Sum 89.17 100.72 85.40
O=F2 0.61 0.61 0.63
Sum 88.56 100.11 84.77 87.82

Notes. * - 1, 2, 3, 4 are laboratories described in the Notes below Table 10; ** -

X-ray structural study was performed for the sample. Analytical methods and

equipment used are shown in Table A2.3.

Figure 5. Zoned tourmaline crystals: (a) transparent thin section (Ck - scapolite,
Kv - quartz, Mu - muscovite, Tur - tourmaline); (b) — sample Z-2 (Tables 10, 11;
Tables 17, 18; Tables 19, 20), image in backscattered electrons (SEM), zones: 1-

yellow, 2-pale green, 3-green, 4-dark green (in Russian).




Table 18. Coefficients in the formula of dark green tourmalines from different calculation
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methods (according to the data given in Table 17).

1 2 3 4
Site | Component | 297 4 TS-697 | Z-2(n=3) T(f]fg
15 cations | 31 anion 6Si 6Si
Ca 0.61 0.60 0.63 0.64
X Na 0.30 0.31 0.31 0.29
Sum 0.91 0.91 0.94 0.93
Mg 0.16 0.21 0.13 0.20
Li 0.80 0.67 0.89 0.90
Fe?* 0.69 0.76 0.58 0.69
Ti 0.05 0.05
Y Al 1.35 1.00 1.34 1.15
Mn 0.01 0.01
Zn 0.01
Sum 3.00 2.65 3.00 3.00
Z Al 6.00 6.00 6.00 6.00
Si 5.88 5.60 6.00 6.00
Ti 0.02 0.04
! Al 0.10 0.36
Sum 6.00 6.00 6.00 6.00
B 3.00 2.98 3.00 3.00
@) 27 27 27 27
OH 3.03 3.49 2.10 3.08
VAW F 0.74 0.78
0] 0.97 1.12 0.92
Sum 4.00 4.23 4.00 4.00
Notes: * - 1, 2, 3, 4 - laboratories, described in the notes under Table 10.

Significant variations in composition are recorded in the transition from the central yellow
zone of tourmaline crystals to pale green and green zones (Tables 19, 20). The proportion of sodium
at the X site (0.24-0.39 apfu) slightly increases with a decrease in the amount of calcium (0.51-0.69
apfu; sample TS-697). Calcium domination at this site makes it possible to classify tourmaline in

the intermediate zones as calcium varieties. Since the Z site is occupied entirely with aluminium,
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the species membership of these tourmalines is controlled by the character of the Y site occupation.
The amount of magnesium at this site decreases sharply (from 1.90 to 0.18 apfu in samples 297 4
and TS-697, respectively), which is compensated by entering iron and aluminium. The iron content
reaches its maximum values in the green zone (0.93-1.12 apfu; in samples Z-2 and TS-697,
respectively).

Table 19. Chemical composition (wt. %) of intermediate zones in zoned tourmaline crystals
(Table A2.1) according to data from different laboratories (1-4 *).

Component 1 4 3 4 3
297_4 | TS-697 Z-2 TS-697 Z-2
(n=2) (n=4) (n=4) (n=8)
Pale green Green
SiO2 37.29 39.73 36.13 39.18 34.69
TiO: 0.43 0.94 0.84 0.31 0.99
Al2O3 32.48 35.93 34.39 37.97 36.29
FeO 2.77 4.07 4.89 8.75 6.41
MnO 0.00 0.06 0.06 0.06 0.19
MgO 7.95 4.16 3.33 0.79 0.92
CaO 4.00 4.12 3.63 3.08 3.27
Na.O 0.84 0.81 0.93 1.31 1.07
K20 0.00 0.00 0.02 0.00 0.02
Li2O 0.86 | notdef. | notdef. | notdef. | notdef.
F not def. | not def. 1.44 not def. 1.27
Sum 85.64 85.13
O=F 0.60 0.54
Sum 85.76 89.82 85.04 91.45 84.59
Notes: * - 1, 2, 3, 4 - laboratories described in the Notes under
Table 10. Analytical methods and equipment used are shown in
Table A2.3.

It is difficult to say exactly how the lithium amount changes in the transition zones, as in
most formulas its coefficient is obtained by calculation. Significant variations in the ratio of cations
at this site, found in different tourmaline samples, do not allow them to be attributed to a specific

mineral type.
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Table 20. Coefficients in the formulas of zoned tourmaline crystals from intermediate zones

calculated for 15 cations (according to the data in Table 19).

1 4 3 4 3

TS-697 | Z-2 | TS-697 | Z-2
Site Component 297_4 (n=2) | (n=4) | (n=4) (n=8)

Pale green Green
15 cations
Ca 0.69 0.67 0.65 0.51 0.61
X Na 0.26 0.24 0.30 0.39 0.36
Sum 0.95 0.91 0.95 0.90 0.97
Mg 1.90 0.94 0.82 0.18 0.24
Li 0.56 1.03 0.65 0.80 0.28
Fe2* 0.37 0.51 0.68 1.12 0.93
Y Ti 0.05 0.11 0.10 0.04 0.13
Al 0.12 0.40 0.74 0.85 1.40
Mn 0.01 0.01 0.01 0.02
Sum 3.00 3.00 3.00 3.00 3.00
z Al 6.00 6.00 6.00 6.00 6.00
Si 5.98 6.00 6.00 6.00 6.00
T Al 0.02

Sum 6.00 6.00 6.00 6.00 6.00
B 3.00 3.00 3.00 3.00 3.00

27 27 27 27 27
OH 3.72 3.83 2.35 3.46 1.34
VAW F 0.28 0.17 0.89 0.54 1.96
0] 0.76 0.70
Sum 4.00 4.00 4.00 4.00 4.00

Note: * - 1, 2, 3, 4 - laboratories described in the Notes below Table 10.

As results of calculating crystal chemical formulas of the tourmaline zoned crystal have shown,
the yellow part (TS-496) corresponds to the previously studied composition (TS-297, Table 11) and is a
“lithium-bearing” uvite; the light green zone (TS-697) can also be attributed to the "lithium-bearing"
uvite (Table 19).
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According to the chemical analysis, dark green tourmaline has a complex chemical composition.
Calculation of the formula for endmembers allows this sample to be tentatively attributed to the oxy-
liddicoatite Ca(Li1.5Al15)Als(Sis018)(BO3)3(OH)30, proposed by Henry et.al. (2011) as hypothetical in
the tourmaline group (Table 2), which differs from the also hypothetical liddicoatite
Ca(Li*2AP)Als(SisO1s)(BO3)3(OH)3(OH) according to the scheme Li* + 20H" = AI¥* + 207,

Based on calculations, the share of the oxy-liddicoatite endmember in the studied sample is
64.0 mol %, schorl, 23.0 mol %, dravite, 6.7 mol %, and rossmanite, 6.0 mol %, the uncalculated balance
was 0.3 mol %. Light green tourmaline from the intermediate zone is characterized by following mineral
composition: lithium uvite 47.0 mol %, schorl 17.0 mol %, oxy-liddicoatite 11.0 mol %, liddicoatite 9.0
mol %, rossmanite 7.3 mol %, hypothetical endmember Na(Li>Ti)Als[SisO18](BO3)3(OH)4, 7 mol %, the
uncalculated balance was 1.7 mol %. According to the dominated endmember, light green tourmaline

should be classified as “lithium-bearing” uvite.

3.3.2. Refinement of the dark-green tourmaline crystal structure

A sample of dark green tourmaline cut from a zoned crystal found in the endocontact part of the
vein was selected for refining the crystal structure (Table 6, Section 2.3).

Final relative coordinates of atoms, their isotropic thermal parameters and occupancies of sites
are given in Table A3.3; bond lengths are shown in Table A4.3.

Results of refining the occupancies of crystallographic sites in the studied structure (Table A3.3)
confirmed a small fraction of vacancies at the X sites, which is mainly occupied by Ca?* cations. In
addition, the occupation of the ZO6 octahedral by AI** cations and the presence of AI**, Li* u (Fe + Mqg)
cations in the YO6 octahedra were confirmed. In order to make a conclusion about iron cations valence
from results of the refinement of the Y site occupation (Table A3.3) from the ratio:

(Y-O)ep = 2(Y-O)ici, 1)

where (Y-O); is the standard octahedral distance of the i-th cation, c; is the fraction of the i-th cation at
the Y site, the average distance in the YO6 octahedron was calculated (as the first approximation) in two
versions. Comparison of the calculated values (2.04 and 2.01 A for Fe?* u Fe3*, respectively) with the
tentatively obtained value of 2.040 A (Table A4.3) showed that almost all iron in the studied tourmaline
is in the divalent state. Then, in order to compensate the charge, when calculating the crystal chemical
formula of our sample, it is necessary to accept the following composition of sites: O(1)(W) + O(3)(V):
((OH, F)328 0%0.72).

Similar to lithium-bearing uvite (Table A3.2), the W site in the studied structure is split into two
parts: O(1) and O(11) (Table A3.3). The O(1) site is located on the tree-fold symmetry axis, and O(11)
is shifted from it to the axis plane. The O(1) - O(11) distance is 0.46 A. The Y - O(1) bond length is
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significantly greater than the Y-O(11) bond length (~ 2.03 and 1.72 A, respectively, Table A4.3). The
refinement of the O(1) site occupancy showed that if we assume (by analogy with the yellow tourmaline
described above (Rozhdestvenskaya et al. 2006)) its complete occupation by fluorine anions, then their
share is ~ 0.8 apfu, which is in good agreement with the data of chemical analyzes (Table 18). The
quantity of oxygen anions (or OH groups) at the O(11) site (according to the refinement results) is ~ 0.2
apfu. In this case, the total occupation of O(1) and O(11) sites (taking into account their multiplicities)
equals to 1, which indicates the reliability of the obtained values.

The refined occupancy of the O(11) site does not allow all divalent oxygen anions to be arranged
in it (0.72 apfu per refined formula) that evidences their entering also the V site, which is usually
occupied mainly by OH groups.

Thus, the dark green tourmaline crystal chemical formula (sample TS_697, Version 2, Table 14),
refined as a result of the structural study, agrees very well with the one calculated from the data of
chemical analysis performed in Laboratory No. 4 (sample TS-697, option 1, Table 14). The formula of
the same sample, calculated from the chemical analysis made in Laboratory No. 2 (Table 18), differs
from the formula refined from the results of the structural study in entering of some Al**ions (0.36 apfu)
the tetrahedral site.

The unit cell parameters of the studied tourmaline (Tables 6, 21) and the average bond lengths
of main polyhedra of its structure (Table 22, A4.3) are similar to those found in the liddicoatite structure.
Almost the same size of YO6 octahedra in the studied structure and in the structure without ferruginous
liddicoatite (Nuber and Schmetzer, 1981) of ~ 2.04 A is due to the similar sizes of Li* and Fe?" cations
(average cation-oxygen distances at the octahedron are ~ 2.16, 2.14 A, respectively (Frank-
Kamenetskaya, Rozhdestvenskaya 2001)). An increase in the size of the Y octahedra in the liddicoatite
structure from Aurisicchio et. al. (1999) to 2.06-2.07 A is caused by entering of larger Mn?* cations (Mn-
Oa =224 A).

In the structures of the studied tourmaline and liddicoatite described in Nuber, Schmetzer (1981),
the W site is mainly occupied by fluorine and V site by hydroxyl ions. In both structures, the bond lengths
Y-O(1) and Y-O(3) are significantly different (2.03 and 2.19 A, respectively, Table 22). In the structures
of manganese-bearing liddicoatite (Aurisicchio et al., 1999), there are significantly fewer fluorine anions
(only 0.3 apfu), and these distances are almost equal (~2.18 A) that confirms the fluorine entering the
O(1) site of the studied tourmaline.
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Table 21. Parameters of the crystal lattice of calcium Li-Al-tourmaline, R3m space group.

a, A c, A References
15.894(4) 7.115(2) |Rozhdestvenskaya et al. 2008
15.875(3) 7.126(2) Nuber, Schmetzer 1981
15.880(1) 7.115(2) Aurisicchio et al. 1999
15.882(1) 7.118(1) Aurisicchio et al. 1999

Hydrogen bond parameters O(3)-H...O(5) in the studied dark green tourmaline structure (H-O(3)
= 0.720; H...O(5) = 2.463; O(3)...0(5) = 3.182 A; angle O(3)-H...0(5) = 177.6°) are similar to those

found in the yellow tourmaline structure (Table 16).

Table 22. Comparison of the occupation (apfu) and average bond lengths (A) in the studied dark green
tourmaline structure (sample TS-697) and previously studied crystal structures of calcium Li-Al

tourmaline.
X- polyhedron YOG6- octahedron Z0O6- octahedron
Compositi X-Oa | Composition | Y-Oa Y-O(1) Cor_np03| Z-Oay References
on Y-O(3) tion
. OGp. TC-496
CaoeaNaozz | gy AlossLiozFeoz | g4 | 2:027 Aligo | 1.906 | Rozhdestvenskaya et
Do.06 M0go.08Tio.01 2.195
al. 2008
. 2.027
CapgssNag 35 | 2.646 A|0,53Llo,47 2.044 2186 A|1_oo 1.908 Nuber et al. 1981
CaoasNaoes |5 g4 |LloaAloawoMnoss| 5 ges | 2183 1 ") 957 | Aurisicchio et al. 1999
0o.11 M0o.o1 2.184
CagsNag.aa Lio.40Alo.40Mno 15 2.178 .
Ko oaDo.07 2.644 Moo 2.063 2185 Al 1.907 |Aurisicchio et al. 1999
CaosiNaozs |5 gpg  |AloarbiossMnoos| o5 | 1997 15 | 1.904 Ertl et al. 2006
Uo.14 Uo.06 2.180
Cap.4Nao 29 Lio.s4Alo.42F€0.01 1.998 .
Pbo 620,06 2.632 Mnoos 2.032 2182 Al1go 1.904 Lussier et al. 2011

3.3.3. Isomorphism and species membership

From the calculated crystal chemical formulas and the result of the crystal structure
refinement, it follows that the species membership of dark green tourmaline is controlled by the
occupation pattern of the X and Y, sites, as well as V and W. This is the calcium tourmaline, in which
the Y site is dominated by aluminium and lithium. The dark green tourmaline composition can be
thought of as a mixture of the following four components: o(AizLi)Als(SieO18)(BO3)3(OH)3(OH),
NaMgzAls(SisO18)(BO3)3(OH)3(OH), NaFesAls(SisO18)(BO3)3(OH)3(F) and
Ca(AlysLi15)Als(SicO1s)(BOs)3(OH)s(F).
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The amount of the former, rossmanite endmember, is controlled by the vacancy at the X site and
varies from 6 to 9 mol %. The amount of the dravite endmember assessed from the magnesium content
(Mg?* coefficient should be divided by 3 and multiplied by 100) is 4-8 mol %. According to the iron
content, the amount of hypothetical fluor-schorl endmember is 19-26 mol %. The amount of the
Ca(AlisLiis)Als(SisO18)(BO3)3(OH20)(F) endmember is controlled by the calcium coefficient and in
our case it is 60-64 mol %. Thus, in terms of its chemical composition, dark green tourmaline is closest
to fluor liddicoatite with the ideal formula Ca(Li2Al)Als(SisO18)(BO3)3(OH)sF (Table 1), but differs
from it in the Li*/Al**ratio at the YOG6 octahedra and the oxygen at the V site. The studied tourmaline
differs from the hypothetical oxy-liddicoatite with the ideal formula
Ca(Li1.5A115)Als(Sis018)(BO3)3(OH)3(0) (Table 2) in the character of occupation of the V and W sites
by additional anions, and mainly in dominating F~ at the W site. The identified differences in the
chemical composition of dark green tourmaline from the pegmatite vein of the Sangilen Uplift, both
from fluor liddicoatite and from hypothetical oxy-liddicoatite, allow us to consider it as a new mineral
species in the tourmaline group, the ideal formula of which, according to the rule of the dominating
endmember (Zolotarev, Bulakh 1999) is as follows: Ca(AlisLiis5)Als(SisO18)(BO3)3(OH.0)(F) and
results from liddicoatite according to the scheme: Li* + 20H" = AI** + 207,

Zoned tourmaline from the pegmatite vein of the Sangilen Uplift has a unique chemical
composition. Variations in the composition of the zoned tourmaline crystals from the endocontact part
of the pegmatite vein indicate pronounced change in the chemical environment during its formation.
This mainly results in the decrease in the magnesium content at the octahedral Y site: Mg?*«Fe?*, 2Mg?*
«—Li"+ AP u Mg? + OH « AP + 0%,

The intermediate green zone in the tourmaline crystal (sample TS-697, Table 20), in accordance
with the dominant valence rule, should be considered as a calcium analogue of schorl. Based on the
formula for sample Z-2 (Table 20), green tourmaline, according to this rule, can be attributed to the
calcium analogue of olenite. The pale green zone in the same tourmaline crystal is characterized by
approximately equal amounts of Mg?*, A1%*, Fe?* and Li* at the Y site. The existing rules do not provide
clear recommendations for determining the species membership of tourmaline in such complicated
cases.

In the transition to the marginal dark green zone of zoned crystals, first of all, variations in the
contents of iron and titanium, as well as calcium and sodium are recorded (Figure 6), which indicates a
pronounced change in the chemical environment of mineral formation and, apparently, a gap in the time
of formation.

Generally, from the compositional variations in the zoned tourmaline crystals with respect to
Mg?*, AIP*, Li* u Fe?* it follows that chemical conditions changed quite sharply during their growth. The

calcium/sodium ratio remains close throughout the entire process of mineral formation. The yellow zone
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is gradually replaced by pale green and green, while the amount of magnesium sharply decreases, the
iron and aluminium contents increase. The dark green edge zone of tourmaline crystals is characterized
by high amounts of aluminium and lithium. The evolution of the chemical composition of zoned
tourmaline crystals from the pegmatite vein is mainly related to the occupancy of the octahedral Y site.
Such compositional change is controlled by the replacement of a part of magnesium with iron (Mg?* =
Fe2*) and especially the replacement of magnesium with lithium and aluminium (2Mg?* = Li* + A1%* u
Mg?* + OH = A" + 0?).
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Figure 6. Variations in the chemical composition of zoned
tourmaline crystals. Zones: (1) yellow; (2) pale green; (3)
green; (4) dark green.

3.4. Resultant Conclusions

The identified differences in the chemical composition of tourmaline from the central and
endocontact zones of the pegmatite vein reflect different conditions for the formation of the
corresponding mineral associations. Yellow tourmaline, found in association with quartz, scapolite,
potassium feldspar and spodumene widespread in the central part of the main vein body, is characterized
by a constant chemical composition and the absence of obvious zoning. It is characterized by low Al
content and high Mg, Ca, Li contents, which corresponds to main features of the chemical composition

of this mineral assemblage crystallized at the early magmatic stage at the highest temperatures and
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pressures.

Tourmaline with transverse colour and chemical zoning (honey-yellow central part and one or
several peripheral zones of various shades of green) is found only in the thin endocontact zone of the
main vein body. Significant compositional Variations in the zoned tourmaline crystals from the
endocontact zone indicate a sharp and rapid change in the chemical composition of the mineral formation
environment in relation to magnesium, iron, lithium and aluminium. In this zone, at the boundary of the
penetrated melt and the host medium, the following factors could influence the compositional change of
crystallizing tourmaline: a) sharper decrease in the crystallization temperature than in the inner part of
the vein; b) relative enrichment of the pegmatite melt in the near-contact zone with alkaline elements
and Al due to the phenomenon of reflected alkalinity; c) interaction of magmatogenic, boron-rich fluid
with solutions circulating in the host rocks (Kuznetsova et al. 2011).

The study of tourmalines from the pegmatite vein of the Sangilen Upland with scapolite testifies
to the unusualness of their chemical and mineral composition. The results obtained indicate specific and
abrupt variable conditions of mineral formation and allow this vein to be considered an extremely

interesting mineralogical target.
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4. Features of short-range order in Li-Al-tourmaline with different

Na*/Ca?* ratios

The relationship between long-range (crystal structure) and short-range (atomic clusters) orders
in the tourmaline is widely discussed (Bosi 2011; Skogby et al. 2012; Vereshchagin et al. 2014; Bosi et
al. 2016; Bosi 2018).

Vibrational spectroscopy methods provide additional information on the local cationic
environment of OH" - ions (Figure 7) located at the V and W sites in the tourmaline structure (Gebert,
Zemann 1965; Nikolskaya, Samoylovich 1977; Kuzmin et al. 1979; Henry, Guidotti 1985; Gonzalez-
Carreno et al. 1988; Mashkovtsev, Lebedev 1991; Castaneda et al. 2000; Skogby et al. 2012; Fantini et
al. 2013; Bosi et al. 2016; Watenphul et al. 2016; Bronzova et al. 2019).

Unfortunately, in the IR studies of Li-Al tourmaline performed to date (Table 23), there is no
consensus on the correlation of absorption bands in the region of stretching vibrations of OH™ groups
(3800-3000 cm') with certain cation arrangements. In most publications devoted to IR spectroscopic
studies of elbaite, including that containing Ca?* (Gonzalez-Carreno et al. 1988; Castaneda et al. 2000;
Skogby et al. 2012; Fantini et al. 2013), the stretching vibration bands of the hydroxyl ion are correlated,
as suggested in Gonzalez-Carreno et al. (1988), with three arrangements (clusters): Y(LiAlAl) — Y(OH"),
YLi%AlI“Al — Y(OH"), "AI?AlIAl — Y(OH). Such correlations cannot be considered final, since the
combination of these groups in any ratios does not allow obtaining compositions corresponding to elbaite
(with the Li*/AI** ratio at the YO6 octahedron close to 1). Mashkovtsev and Lebedev (1991) tried to
solve this problem by shifting the boundary between high-frequency and low-frequency IR regions
(Table 23), which made it possible to take into account one more coordination arrangement Y(LiLiAl) —
W(OH") around OH- groups at the W site. Some authors (Gonzalez-Carreno et al. 1988, Fantini et al.
2013, Bosi et al. 2016) made an attempt to take into account the influence on the IR spectra of tourmaline
(including elbaite) not only of octahedral cations (OH™ ions of the first coordinated sphere), but also
cations and vacancies at the X site (OH" ions of the second coordination sphere).

Skogby et al (2012) proposed to take into account the stability of coordination groups around the
W and V sites (3Y — W and (Y + 2Z) — V clusters ; Fig. 71), obtained by calculation using the theory of
valence forces by Hawthorn (1996, 2002) and Bozi (2011, 2018) to improve the band matching in the
IR spectra of tourmaline. The correlation model proposed by Skogby assumes a local order at the W site,
which resulted from the two clusters Y(LiAlAl) — W(OH"), Y(LiLiAl) — Y(F") occurring in a certain ratio.
This approach makes it possible to obtain a Li*/AI** ratio at the YO6 octahedron close to 1, but
contradicts the theory of valence forces, according to which the stability of the "(LiLiAl) — V(F) and

Y(LiLiAl) — W(OH") arrangements is rather similar (Hawthorne 2002 ) and this does not allow preferring
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one of them. In general, we have to state that currently there is no reliable model for correlating
absorption bands in the IR spectra of Li-Al tourmaline (Li*/AI** = 1) in the region of stretching vibrations
of OH™- ions.

The main goal of this research is to study short-range order in Li-Al-(OH", F) tourmaline with
the Y[Li*/APP*] = 1 ratio, which does not contradict the long-range order and is controlled by the theory
of valence forces. The specific objectives of this study included: (1) refinement of the stability of the
atomic coordination environment of W and V sites occupied by OH-, F-and O? ions; (2) proposal for a
unified model for correlating absorption bands in the region of stretching vibrations of the OH™ ion in
the IR spectra of the studied tourmaline, taking into account both the first and second coordination
spheres; (3) determination of types of cluster groups around the W and V sites (OH and F"ions), their

ratio and assignment features in the structure of the studied tourmaline (Bronzova et al. 2019).

Figure 7. Coordination environment of the W and V sites in the
tourmaline structure.
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Table 23. Versions of correlating stretching vibrations bands of the OH ion (cm¥) in the IR

spectra of Ca?*-containing Li-Al tourmaline with coordination octahedral arrangements (from

literature data).

Intervals of Powder Monocrystal
stretchin
vibration% Gonzalez et al. 1988 Mashkovtsev, Lebedev ecta:fégggg Skogby et Fantini et
1 1991 al. 2012 al. 2013
(cm®) (5 samp.)
Y(LiAIAI)
—W(OH) Y(LiAIAI)
Y(LIAIAI) (3680) | Y(LiLiAl) | Y(LiLiAl) — | —W(©OH)/ | "(LIAIAI) XBak—
3680-3641 —W(OH) | Y(LIAIAI) | —"(OH) W(OH) Y(AIAIAL | —Y(OH) W(OH)
(3650) 1 | —W(OH) (3652) (3652) —W(OH) (3657) (3660)
(3651) (3647-
3641)
YLiZAZAl- Y(LiLiAl) —
V(OH) W(OH) / S
3604 Y(Li _ | YLiZARAI-
YLiZAIZAI— ( ) Y(LiA|A|) (LV\I/?&I)ﬁI)) V(OH) / YLiZAIZAl YLiZAZAl—
3604-3580 | vioH) | vLizaral- | Y(OH) | (3610) | YAPAFAI | —Y(OH) | Y(OH)
(3583) V(OH) (3580) | vLialA— | —Y(OH) (3586) (3593)
(3586) W(OH) (3582-
(3584) 3580)
YAIFAIPAl YLiZAIZAl- XNa—Y(OH)
, —V(OH) _ V(OH)/ (3566)
AFAEAL | (3507) | TLIFAPAL | vazaRAL | YLIZARAI-
—(OH)Y | YARAFZAl _ Y(OH) V(OH)/ YAPAFAL | ypZARAL-
(3464) —V(OH) V(OH) (3506) YAIPAIPAI —V(OH) V(OH)
3506-3457 (3473) | (3460) | viizapal. | —V(OH) | (3475) (3481)
V(OH)/ (3460-
YA|ZA|ZA|_ 3457)
Y(OH)
(3462)
O3-H...05 | 03-H...05 03- 03-H...05 H.O O3-H...05 |  not def.
3380-3170 (3335) (3340) H...05 (3380) (3340- (~3380)
(3380) 3170)
Cao, wt. % 0.28 3.37 1.21 2.68 0.05-0.41 ~0.29 0.29

Notes: ! the position of the OH" ion in the IR spectrum is indicated in brackets.

4.1. Stability of coordination atomic arrangements around W and V sites

The analysis of the stability of coordination atomic arrangements (clusters) in the structure of the
Li-Al tourmaline around the W and V sites [3Y-"W(OH", F, 0%) u (Y + 2Z)-Y(OH")] was based on the

local valence balance according to the Hawthorne method (2002). The cation-anion distances (Dij) were

(calculation using the valence force theory)

Djj = Ro - 0.37*In sjj, where

calculated following the equation (Brown 1981, 2002):

sij — local valence forces for every cation in the cluster;

Ro— empirical parameter (Brown and Shannon 1973).

)
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Value sij was calculated based on the cation i fraction in the cluster (from 1/3 to 1), its valence
(17 (Li) or 3* (Al)) and the anion j valence (1" (OH, F) or 2" (0)), following the valence-sum rule (Pauling
1929; Hawthorne 2002). In the case with OH" ions participating in hydrogen bonds, according to Hawthorne
(2002), the sum of the valence forces was taken to be 1.05 e u 1.15 e for W and V, respectively. The value
of the empirical parameter Ro (Table 24) for AI¥* — (0%, OH") and Li* — (O, OH") distances were taken
from Brown (Brown 1981), for AI** — Fand Li* — F distances from Hawthorne (2002).

Clusters were ranked in terms of stability based on the difference (A) between the cation-anion
distance Djj calculated by Eq. (2) and the empirical distance equal to the sum of the corresponding
effective ionic radii (Shannon 1976). In this case, the variability of the experimental interatomic
distances and results of previous works (Hawthorne 1996, 2002; Bosi 2011, 2018) were taken into

account.

Table 24. Values of parameters for calculation according to equation (2) for interpreting the results

obtained.
Bond RO rKaT + raH
(Shannon 1976)

Li-O | 1.29 2.16
Li-OH 2.13

Li-F | 1.35 2.09
Al-O 1.64 1.94
Al-OH 1.91

Al-F 1.56 1.87

In the tourmaline crystal structure, the W site occupied by OH", F-, 0% anions is coordinated by
three YOB octahedra, and the V site occupied by OH" and O? anions, is coordinated by two ZO6 and one
YOG octahedra (figure. 7). Accordingly, in the Li-Al tourmaline around the W site , twelve coordination
clusters are possible: Y(LiLiLi) — W(OH-, F-, 0%), Y(LiLiAl) - W(OH", F, 0%), Y(LIiAIAI) - Y(OH", F,, 0%
), Y(AIAIAD) —Y(OH", F, 0%). According to literature (Hawthorne 1996, 2002; Bosi 2011, 2018), only
five of them are stable: Y(LiLiAl) — W(OH", F), Y(LIiAIAI) — W(OH", F) u Y(AIAIAI) — Y(0%). Four
coordination clusters are possible around the V site: YLi“AI?Al—-V(OH-, 0%) u YAI“AI’Al - Y(OH", 0?),
of which three are stable: YLiAI?Al — Y(OH), YAIAI?Al — Y(OH", 0%) (Hawthorne 1996, 2002; Bosi
2011, 2018).

The results of our calculations according to formula (2) of the cation-anion bond lengths (Table
25) are consistent with the literature data (Hawthorne 2002). The difference between the corresponding
distances does not exceed 0.05 A. Judging by the difference between Dij and empirical distances equal
to the sum of the corresponding effective ionic radii (Shannon 1976), the analyzed coordination clusters

are ranked according to the degree of stability as follows:
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Around the W site: "(LIAIAI) — W(OH", F) >> Y(LiLiAl) - Y(OH, F) = "(AIAIAIl) —W(OH", F,
0?%) >> Y(LiLiLi) — (OH", F, 0%), Y(LiAIAl) - Y(0%) , "(LiLiAl) - Y(O?%).

Around the V site: YLiAI“Al - V(OH") > YAI“AI?Al — V(OH) > YAI?AI“Al - V(0%) >> YLi*Al*Al
~V(02).

Thus, according to the results of our calculations, the degree of stability of clusters "(LiLiAl) —
W(OH", F) and "(AIAIAI) — W(OH", F, 0%) is rather close and, at the same time, significantly less than
clusters "(LiAIAI) —W(OH-, F) (Bronzova et al. 2019). This is inconsistent with the data of predecessors
(Hawthorne 1996, 2002; Bosi 2011, 2018), who believed that clusters Y(LiLiAl) — Y(OH", F) and
Y(AIAIAI) —W(0?%) are stable, while clusters "(AIAIAI) —Y(OH", F) are unstable. Based on results of the
calculations performed, the arrangements coordinating the W site should be divided into three groups:
stable Y(LiAIAl) —Y(OH-, F), located on the boundary of stability Y(LiLiAl) — Y(OH", F), "(AIAIAI) —
W(OH", F, 0%), and unstable Y(LiLiLi) — Y(OH", F,, 0%), "(LiAIAl) — Y(0%), Y(LiLiAl) — Y(O%).

Table 25. Description of the stability of octahedron triads coordinating W and V sites in

Li-Al—tourmaline.

. 1 w 2 - w - w
Octahedral triad D, A A A D, A | "A A | Dy A A A
composition Anion in W-site
OHl.OS— Fl.O— OZ—
1 3Lt 1.85 -0.28 1.77 -0.32 1.61 -0.55
(1.78) 3 (0.38) | (1.71) | (0.38) | (1.52) | (0.64)
QAP 1.95 0.04 1.86 -0.01 1.71 -0.23
) (1.95) (0.01) | (1.87) | (0) (1.71) | (0.23)
Lit 2.17 0.04 2.09 0 1.92 -0.24
(2.20) (0.07) | (213) | (0.04) | (1.73) | (0.43)
AP 1.82 -0.09 1.73 -0.14 1.58 -0.36
3 (1.81) (0,13) | (1.73) | (0.14) | (1.55) | (0.39)
oLt 2.04 -0.09 1.96 -0.13 1.81 -0.35
(2.02) (0.14) | (1.95) | (0,14) | (1.73) | (0.43)
4 AR 2.04 0.13 1.96 0.09 1.80 -0.14
(2.07) (0.16) | (1.98) | (0.11) | (1.78) | (0.16)
AnioninV - site
Octahedral triad DA [ VAA Dij, A | YA, A
composition OH> o*
Lit 2.14 0.01 1.92 -0.24
(2.13) (0) (1.87) (0.29)
S AP 1.91 0 1.71 -0.23
(1.92) (0.01) (1.68) (0.23)
AP 2.01 0.10 1.80 -0.14
6 (2.03) (0.12) (1.78) (0.13)
NG 2.01 0.10 1.80 -0.14
(2.03) (0.12) (1.78) (0.13)
Notes: ! Djj are calculated cation-anion distances; ? A is difference between Dij
and an empirical distance equal to the sum of the corresponding effective ionic
radii (Table 24) (Shannon 1976); 2 in brackets shown are distances calculated in
Hawthorne (2002) and A corresponding to them.
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Results of assessing the stability of arrangements around the V site are in good agreement with the
previous ones (Hawthorne 1996, 2002; Bosi 2011, 2018): clusters "LiAlIZAl — Y(OH"), YAIAIAl —
V(OH"), YAIPAI?Al —V(0?) are stable, the cluster "Li“Al“Al —V(0?%) is unstable.

4.2. Refinement of the local coordination environment around OH-ions (from IR

spectroscopic study)

4.2.1. Description of IR spectra

For analyzing the coordination environment of OH™ ions by IR spectroscopy, two Li-Al
tourmalines were selected (Table 26) with a Y[Li*/AI**] ratio close to 1 (1.08 and 1.22 for samples 1, 2,
respectively) and different Na*/Ca?* ratio at the X site (3.09 and 0.38 for samples 1, 2, respectively). Na*
-rich tourmaline (sample 1) is elbaite from miarole pegmatite of the Eastern Pamirs (sample T-17, Table
A2.1). Ca?*-enriched Li-Al tourmaline (sample 2) is a crystal fragment of (2V = 0) from the Central
Transbaikalia pegmatite (sample 3B/2B, Table A2.2). Results of refining the structure of these
tourmalines are given in tables A3.1, A3.4, A4.1, A4.4. In case of Na*-rich tourmaline (sample 1)
(sample 1), hydrogen atoms were localized near the V site (Table 26) (Bronzova et al. 2019).

Table 26. Description of the studied tourmalines from X-ray structural data.

Coefficients in the formula ®° 2
Tourmaline Xo-1Y3Z6[SisO18][BO3]3VzW References
X Y Z V W
Na-rich _ 14.9 | Rozhdestven
1 | NaoesCao22! 010 | LirssAlias | AlsgaMn®*01s OHs OHo.64F0.36 skaya et al.
(sample 1) 2005
Ca-rich CagesNags lo10 | LiresAliss Alg (OH)».750 OHo.40F060 not Shtukenberg
(sample 2)! 215025 def. | etal. 2007
Notes: * - samples: 1 - sample T-17 (Table A2.1), 2 - sample 3B/2B (Table A2.2); 2 - @° is the angle
between the O3-H" vector and the ¢ axis. Composition of sites in the structure of sample 2 were
refined based on data of chemical analyzes taking into account the local valence balance.

Na*- rich tourmaline (Na*/Ca?* = 3.09). In the IR-spectrum of the Na* - rich tourmaline powder
sample (sample 1, Table 26) in the region of hydroxyl ion stretching vibration (3800-3000 cm?), as in
papers of Gonzalez-Carreno et al. (1988), Mashkovtsev, Lebedev (1991) (Table 23), there are four bands
(Figure 8a, Table 27): one of low intensity (3652-3650 cm?") and two high-intensity asymmetric broader
bands (3587-3580 and 3469-3460 cm®); the fourth one, a wide band of low-intensity (3380-3297 cm?®"),
occurs in the stretching vibration region of hydroxyl ions involved in hydrogen bonds. In the spectrum
of the powder sample in the paper of Castaneda et al. (2000), similar 4 lines are also observed, but the

highest frequency is shifted by 5-9 cm? to the low-frequency region.
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The spectrum obtained from a single-crystal plate cut perpendicular to the ¢ axis in the same
region with the polarized infrared radiation vector E parallel to the ¢ axis (y = 0°) is practically analogous
to the spectrum from the powder. The only difference is the appearance of two weak bands in the high-
frequency region (3728, 3676 cm®). It is important to note that these bands are absent in the IR spectra
obtained in a similar way in (Skogby et al. 2012; Fantini et al. 2013). In Skogby et al. (2012), the
spectrum is completely close to the powder spectrum, and in Fantini et al. (2013), an additional band
(3566 cm?") emerges.

In the IR-spectrum obtained from a single crystal plate of the Na* - rich tourmaline cut parallel
to the c axis, in the range of hydroxyl ion vibrations at an angle of y from 0° to 30°, from 10 to 12 bands
emerged (Figure 8b, Table 27). Four of them (l2, l4, ls, Ig) occur in all the spectra obtained without
decomposition into components (further, these bands will be referred to as main bands). In this case, the
positions of the highest-frequency bands lvac and I1 are close to the positions of two weak ones, which
emerged in the IR spectrum obtained from a single-crystal plate cut perpendicular to the c axis. In the
region of stretching vibrations of hydroxyl ions participating in hydrogen bonds, the number of bands
varies from 2 to 4.

Ca?" - rich tourmaline (Na*/Ca?* = 0.38). The IR-spectra of Ca?* - rich tourmaline (sample 2,
Table 26) are very close to the spectra of sample 1 (Figure 9, Table 28 and Figure 8a, b, Table 27,
respectively), which is due to the similarity in the YO6 octahedron of the Li*/AI** ratio in the studied
minerals (Table 26), that is, almost identical coordination environment of OH" - ions. The spectrum of
the Ca?* - rich tourmaline powder (sample 2, Figure 9a), analogous to the spectrum of Na* - rich
tourmaline, has following bands: 3657-3651, 3586-3584, 3475-3462 (shifted to the high-frequency
region), 3340-3268 cm? (shifted to the low-frequency region). As in the case of Na* - rich tourmaline,
the bands 3586-3584, 3475-3462 cm?™ are asymmetric. Additionally, there are intense absorption bands
3610-3604, 3509-3506 and 3406 cm'". The bands 3610-3604, 3509-3506 cm®” were previously recorded
in the spectra of Ca?" - bearing elbaite (CaO ~ 3 wt. %; (Gonzalez-Carreno et al. 1988; Mashkovtsev,
Lebedev 1991), Table 23). The IR-spectrum from the single crystal plate cut perpendicular to the ¢ axis
(y = 0°) is analogous to the spectrum from the powder (Table 28). The only difference is the emergence
of two weak bands in the high-frequency region (3732, 3676 cm'") as in sample 1.

In the IR-spectrum obtained from the single-crystal plate cut parallel to the c axis, in the region
of stretching vibrations of the hydroxyl ion with a change in the angle y from 0° to 30°, from 10 to 13
bands emerged (Figure 9b, Table 28). The bands lvac-l4, Is-110 (Table 28) are analogous to those obtained
in the spectra from the single-crystal plate of sample 1 with y = 0°. The difference between the spectra
of sample 2 and the spectra of sample 1 is the absence of bands in the range 3540-3536 cm®” (Ina in
Figure 8b, Table 27) and the emergence of a band in the range 3518-3508 cm? (lca in Figure 9b, Table
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28). Besides, in the region of stretching vibrations of hydroxyl ions participating in hydrogen bonds, the
bands in the spectra of sample 2 are shifted to the lower frequency region.

Thus, in the IR — spectra of Na* - rich and Ca?* - rich tourmalines, the positions of the stretching
vibration bands of the hydroxyl ion (li-ls, Is-110), coordinated by octahedral cations of the first
coordination sphere, are close. Participation in the balance of charges of cations and vacancies of the
second coordination sphere located at the X site leads not only to the shift and splitting of the absorption
bands von-, corresponding to the cations of the first coordination sphere, but also to the emergence of
additional bands: Ivac = 3730-3710 cm?" (in spectra of samples 1, 2; Figure 8b, 9b; Tables 27, 28), Ina =
3540-3536 cm'" (in the spectrum of sample 1; Figure 8b, Table 27), ICa = 3518-3508 cm'" (in the

spectrum of sample 2; Figure 9b, Table 28).
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Figure 8. Examples of IR - spectra of the Na* - rich tourmaline (sample
1): (a) powder; (b) single crystal plate (y = 0°). Designations: 1 -
experimental data; 2 - difference curves characterizing the magnitude of
the residual errors between the experimental and approximated spectra;
designations of the stretching vibration bands of the hydroxyl ion
correspond to Table 27.
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Table 27. Positions (cm¥") and integral intensities of stretching vibration bands of the hydroxyl ion in

IR-spectra of Na*-rich tourmaline and their correlating with local coordination arrangements.

Single crystal plate
Bond 1c | E Local arrangement
symbol Powder 2 Andle o1 (model 6, Table 29)
(Figure 8) gley
02 0 10 20 30
3728 | 3734 | 3708 | 3708 | Y(LiLiAl)— "(OH)—
Ivac notdef. | 3728 | s 0vs | (7.4) | (108) | (10.0) Xac
3668 3670 3676 3676 -
4 Y W
Iy notdef. | 3676 a4 | 282 | 30 | @1 (LiLiAl) — Y(OH)
3651 3650 3656 3656 .
5 4 Y W
P 3651 3650¢ | 167 | 313) | (169) | (19.3) (LiAIAl) - W(OH)
3615 3614 3617 3616 Y| ZAIZAL LV
I3 3607 0| 70y | (608) | (102) | (13.6) LiZAlZAl - Y(OH)
3583 3586 3590 3587 .
5 4 4 Y] iZAIZAL .V
14 3587 3586° | 973) | (84.8) | (89.1) | (1023) | LTAIAI-T(OH)
| not def not 3539 3537 3536 3540 YLi“AlI°Al - Y(OH) —
Na ' def. | (58.1) | (162.4) | (41.9) | (27.5) *Na
not 3502 3480 3495 3508 YAIZAIZAL V
Is notdef. | get | (709) | (79.9) | (655) | (55.3) AFAFAL-T(OH)
3469 3458 3460 3450 3468
5 4 YAIZAIZAL V
le 3492% | 531) | (816) | (52.6) | (30.7) | ATAIA-T(OH)
not 3428 3424 3406 3435
l7 notdef. | ger. | (67.3) | (792) | (18.9) | (67.9) O3-H..05
3385 3357 3356 3350
5 -
le 3291 | 33%0 | 1043) | (@oL7) | (47.8) | (44.9) O3-H...05
not not 3203 3219 3215
ls notdef. | ger | def. | (138) | 12.3) | (10.9) O3-H..05
not not not 3081 3079
o notdef | get. | def. | def. | (44) | (3.4) O3-H...05
Notes: Here and in Table 28: ! - y — polarization angle; 2 - spectra are presented without
decomposition into components; 2 - integral intensities of the bands are shown in brackets; * -
asymmetric bands; ® - main bands present in all IR spectra of Li-Al - tourmaline, including those
obtained without decomposition (Table 23).
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approximated spectra. Designations of stretching vibration bands of the hydroxyl ion
correspond to Table 28.
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Table 28. Positions (cm¥") and integral intensities of stretching vibration bands of the hydroxyl ion in

IR-spectra of Ca?* - rich tourmaline and their correlating with local coordination arrangements.

Single crystal plate
Band lec Ic Local arrangement
symbol Powder ? — (model 6, Table 29)
(Figure 9) Angle y
02 0 10 25 30
3732 | 3735 | 3724 | 3724 | Y(LiLiAl)— W(OH) -
hvac notdef. | 3732 | 35vs | 52) | (7.2) | (9.1) XVac
4 | 3676 | 3672 | 3670 | 3674 Yo i iAW
I; not def. 3676 (5.0) 6.0) | 18.0) | (15.0) (LiLiAl) — ¥(OH)
3654 | 3658 | 3654 | 3654 .
5 Y oW
I2 3657 3657 145) | (7.0) | 12.0) | (16.0) (LiAIAI) - Y(OH)
3608 | 3608 | 3605 | 3609 V| ZALZAL LV
I3 3606 3597 4.0) | 22.0) | (76.0) | (58.0) LiAl“Al - Y(OH)
3594
g ® 4 s | (17.0) | 3582 | 3579 | 3579 Y| ZAZAL LV
3586 3582 3578 | (68.0) | (99.0) | (98.0) Li“Al“Al - Y(OH)
(67.0)
| 3509 3511 3518 | 3510 | 3511 | 3510 YLi“AlI“Al - Y(OH) —
ca (28.0) | (41.0) | (75.0) | (66.0) *Ca
3490 | 3480 | 3470 | 3482 YAIZAIZAL V
Is not def. not def. (88.0) | (39.0) | (60.0) | (98.0) Al“AlIAl- Y(OH)
3462 | 3456 | 3466 | 3471
5 4 YAIZAIZAL Y
lg 3475 3471 (31.0) | (20.0) | (87.0) | (54.0) AlI“Al“Al- ¥Y(OH)
4 3400 | 3397 3398 i
I7 3406 3400 6.0 | 67) | " | (620 03-H...05
5 not 3325 | 3324 | 3328 i
Is 3268 3207 | 4ee wa0) | 21.0) | (6.0) 03-H...05
3207
3190 | 3188 O3-H...05
ls notdef. | 3167 | not L (9) | g | (g1
def. 3176 03-H..05
(3.0
not 3066 | 3058 | 3068
lo not def. not def. def. 36) | (5.4) | (8.0) O3-H...05

4.2.2. Models of correlating bands of stretching vibrations of hydroxyl ion

Correlating the absorption bands of stretching vibrations of hydroxyl ions (vVOH") with three-fold
arrangement of octahedral cations coordinating OH™ - ions at the W and V sites was carried out taking
into account the stability of 3Y —W(OH) and (Y + 2Z) — V(OH") clusters (Table 25), as well as results of
previous IR-spectroscopic studies (Table 23). At the same time, according to previous studies
(Babushkina et al. 1997; Marti'nez-Alonso et al. 2002; Bosi et al. 2012), it was assumed that the
frequency of stretching vibrations of the absorption bands of OH" - ions is inversely proportional to the

sum of the charges of cations coordinating OH" - groups. In addition, the author took into account the

possibility of the shift and splitting of the absorption bands Vou- due to the participation in the charge
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balance of the cations from the second coordination sphere, which occupies the X site that can lead to
the formation of 3Y — W(OH") — X and (Y+2Z) — Y(OH") — X clusters.

As a result, models of correlating the stretching vibrations bands of the hydroxyl ion were
obtained. The choice between different correlation models was made after comparing the average
compositions of octahedra around the V and W sites, based on the data of IR — spectroscopy and X-ray
structural analysis of single crystals. When calculating the occupancy of octahedral sites (from IR-

spectral data), the author assumed that the ratio of the normalized integral intensities of the absorption
bands of stretching vibrations Von- is equal to the ratio of the 3Y — Y(OH") or (Y + 2Z) — V(OH") clusters,

corresponding to these bands. The angle between the ¢ axis and the stretching vibration band of the
hydroxyl ion (angle ®) was used as an additional criterion for choosing a model. When determining the
orientation of the OH™ - bond, it was taken into account that when directing the polarized infrared
radiation E parallel to the direction of the OH™ - bond vector (if the angle vy is equal to the angle ®), the
relative intensities of the absorption bands of stretching vibrations in the IR-spectra reach their
maximum. The preference was given to the model of correlation with the angle, the value of which was
close to that obtained from the data of X-ray structural study (Bronzova et al. 2019).

The author has considered 6 models of band correlation (Table 29) divided into two groups:
Group | (models 1-3) — main bands are correlated according to the paper of Mashkovtsev, Lebedev
(1991); Group Il (models 4-6) — main bands are correlated according to the paper of Gonzalez-Carreno
et al. (1988). Within the groups, the proposed models differed in the ratio of clusters of different stability

and the location of the boundary between high and low frequency regions.

Table 29. Models of correlating stretching vibration bands of the hydroxyl ion in the Li-Al —
tourmaline (samples 1, 2) with coordination arrangements around the OH" - ion at the W and V sites.

Band Models
s_ymbol I group Il group
(Figure 8,
0 1 2 3 4 5 6
lvac Y(LILIA') — W(OH) —Xvac
VGLA) = | (LAY [ v . — VGLAN = | Y(LILIAD -
I Gon | Siomy | itian-vor) | itian-vor) | Gro o
VGLIA) = | Y(GLAN = [ . — VLGAIAI) - V(LAIAL) -
I, (W(OH)) (W(OH)) Y(LILIAl) — “(OH) | Y(LiLiAl)— W(OH) (W(OH)) (W(OH))
VGAIAN - | (GLAY = | v . VLIAIAD - VLIZAZAI -
Is (W(OH)) (W(OH)) Y(LILIAl) - Y(OH) | Y(LIAIAI) - W(OH) (W(OH)) A
Y(LIAIAD - | Y(GAIAN- | 4. » Y TAAl v TLAIZAI - VLAIZAI -
ls "om) Wby | Y(LIAIAD - “(OH) Y -Lzl AZ| Al - Y(OH) or) “on
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Ina LiZAIZAI - V(OH) - *Na AIZAZAL-VOH) - | \ AIZAFAI-
*Na (OH)—"Na | viop) - *Na
VLZAPZAT | PARA .| LPAFAT
lca? YLiZAIZAI - V(OH) - *Ca YAZAIZAIL-VOH) - | \ VAZAFZAI-
XCa (OH)-"Ca | vion) - *ca
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VI ZAIZAl - 1 V1 ZAIZAT - VI ZAIZAL - VAIZAIZAL
Is L'V(g'l_@' L'v(gl,_,?l YLIZAIZAI - Y(OH) | YAIZAIZAI-Y(OH) L'V(g'H?' AV'(SL)A'

VARAEAL | YAZAAL | 4 rpnan v B VARALAL- VARAFAL-
ls A Yoy | APAPAL-Y(OH) | YAFAPAL-Y(OH) o o
I | O3H..05 | O3-H...05 | YAAI%Al- Y(OH) 03-H...05

Notes: ! - the band is present only in the spectrum of Na* - rich tourmaline (sample 1); 2 - the band is
present in the spectrum of Ca?* - rich tourmaline (sample 2).

The bands (l1-14, Is-110) present in the spectra of both samples were correlated with stable
octahedral arrangements of the first coordination sphere and hydrogen bonds. In the high-frequency
region, the bands were correlated with "(LiLiAl) — Y(OH") and Y(LiAIAl) — W(OH") clusters; in the low-
frequency region with YLi%AlI?Al — V(OH") and YAI“AI?Al — V(OH") clusters. The use of the Y(LiLiAl) —
W(OH") cluster (as in Mashkovtsev, Lebedev 1991), located on the boundary between stable and unstable
arrangements, was caused by the need to obtain the "[Li*/AI**] = 1 ratio. The supposition of Skogby et
al. (2012) that the Y[Li*/AI**] ratio close to 1 can be obtained due to the ordered assignment of OH" -
groups in "(LiLiAl) — W(OH") clusters and fluor anions in Y(LiLiAl) — W(F) clusters would be justified
only if the Y(LiLiAl) — W(F) arrangements were more stable than the "(LiLiAl) — W(OH") arrangements
that contradicts the results of our calculations (Table 25).

The remaining stretching vibrations bands of the hydroxyl ion lvac, Ina, Ica (Tables 27, 28; Figures.
8, 9) were correlated with cations and vacancies at the X site (Table 29). According to Fantini et al.
(2013), the high-frequency band lvac = 3730-3710 cm?-, which is present in the spectra of both Na* - rich
and Ca?* - rich tourmalines, is correlated with the Y(LiLiAl) — W(OH") — *vac bond, and the low-frequency
band Ina= 3540-3536 cml, which is present only in the spectrum of sample 1, is correlated with the
YLi“Al?Al — Y(OH") — *Na* bond. By analogy, the band lca = 3518-3508 cm", which is present only in
the spectrum of sample 2, can be correlated with the YLi“AI“Al — Y(OH") — *Ca?* bond. Since the studied
sample of the Na* - rich tourmaline contains an admixture of calcium (Table 26), and the sample of Ca?*-
rich tourmaline contains sodium (Table 26), it can be assumed that the Inaand lca bands correspond to
the band "LiAlI?Al —V(OH") — *(Na*, Ca?*), the position of which depends on the Na*/Ca?* ratio.

Comparison of the average compositions of octahedra coordinating OH" “ions at the V and W
sites, obtained from IR — spectroscopy and X-ray structural analysis, made it possible to immediately
omit three models 1, 4,5 (0.05 <WA <0.11 u 0.03 < VYA <0.08). In addition, the allowance for values of
the angles of inclination of the O3-H" ... O5 hydrogen bond, determined from the XRS analysis data,
made it possible to exclude model 2, since, according to the XRS analysis data, the values of ® in the
case of sample 2 vary from 1.51 to 8.08°, while based on the YA values they should be at least 10° (Table
30). Thus, at this stage, models 3 and 6 can be considered as a unified model for describing short-range

order in the studied Li-Al — tourmalines.
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In the low-frequency region, the average maximum total intensities of the stretching vibration
bands of OH" ions (ls, l4, Is, lg; Table 27), which were previously correlated with the (Y + 2Z) — V(OH")
arrangements, increase in the range of angles y from 0° to 10°, and then decrease at angles y> 10° (Table
27). Consequently, according to the IR spectroscopy data, the value of the angle ® turned out to be close
to 10°. However, in model 3, the average occupation of octahedra coordinating the V site is close to the
values obtained by X-ray diffraction analysis, but only at y = 20° (YA < 0.01 apfu, Table 30) that
contradicts the value of the angle ® estimated from average maximum values of the integral intensities
of the bands in the IR-spectra. In model 6, the occupation of octahedra coordinating the V site is close
to the occupation obtained by X-ray diffraction analysis at y values from 0° to 30° (YA < 0.02 apfu,
Table 30) that does not contradict the estimate of the angle ® from average maximum values of integral
intensities of bands in IR-spectra. This makes model 6 more preferable, since the angle between the O3-
H- vector and the direction of the c axis lies in the range 0°<® <20° , which corresponds to the X-ray
structural analysis data obtained when refining the structure of sample 1 (® = 14.9°, Table 26).

Results of good agreement of the average compositions of octahedra coordinating OH" ions,
obtained from IRS (model 6) and XRS analysis in a wide range of y angles (Table 30), indicate the
probability of a disordered assignment of protons associated with dissymetrization of crystal structures
of the Li-Al tourmaline (see Chapter 5, Section 5.2).

The region of stretching vibrations of the hydroxyl ion participating in hydrogen bonds (I7-110
3435-3058 cm), is rather difficult to interpret, since it may contain overtones and composite frequencies
of other tourmaline vibrations.

Table 30. Comparison of the average compositions of octahedra coordinating OH"ions at the W and V
sites, obtained using the base correlation models (single crystal plate) and the X-ray structural analysis.

Na*-rich tourmaline (sample 1) Ca?*-rich tourmaline (sample 2)
ol 3Y-"OH) [ wy 3| (Y+22)- | v, 33 3Y - wa 3 | (Y+22)- | v\ z3
! 0.64 A A V(OH) 1.00 A A W(OH) .30 A A V(OH) 0.02 A A
Model 2
0 Lio.s1Alo.3 -0.02 Lio.19Alp81 +0.02 Lio.1aAlo.16 -0.03 Lig.22Alg.70 +0.05
10 LiossAlozo | +0.01 | LioisAloss | -0.01 | Lio1aAloss | -0.04 Lio.17Alo.75 +0
30 Lio.27Alo.37 -0.06 Lio.10Alog1 +0.02 Lio.1sAlo.15 -0.02 Lio.10Alo.73 +0.02
Boundary l4-17 3590 - 3470 sm?
2
Model 3
0 Lio,31A|o,33 -0.02 Lio_12A|o_88 -0.05 Lio,14A|o,16 -0.03 Lio,16A|o,76 -0.01
10 Lio,34A|o,3o +0.01 Lio_11A|o_gg -0.06 Lio,13A|o,17 -0.04 Lio,16A|o,76 -0.01
20 Li0.27A|0.37 -0-06 Li0_16A|0_84 '0.01 LiO,lSAIO,lS '0.02 LiO,]_]_AIO,B]_ '0.06
30 Li0.27A|0.37 -0-06 LiO_llAIO_SQ '0.06 LiO,lSAIO,lS '0.02 LiO.]_4AIO.78 '0.03
Boundary l4-17 3590 - 3470 sm'?
Model 6
0 Lio.33Alo.31 +0 Lio.17Alo.g3 +0 Lio.13Alo.17 -0.04 Lio.16Alo.76 -0.01
20 Lio,24A|o,40 -0.09 LioA15A|oA35 -0.02 Lio,16A|0.14 -0.01 Li0,17A|0,75 +0
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Boundary I2-13 3658 - 3605 sm'?
XRS data Lio.33Al0.31 ‘ Lio.17Alo.s3 Lio.17Alo.13 Lio.17Alo75

Notes: * - polarization angle; 2 - boundary between high and low frequency regions in the
IR-spectrum; WA, VA - difference between the Li* “ions content at the Y site, according to
IRS and XRS data.

4.3. Types of clusters around OH" - and F - ions, their ratio and assignment

The comprehensive study allowed the description of the short-range order in Li-Al-(OH", F)
tourmaline, which is controlled by the valence force theory and does not contradict the occupation
(determined by X-ray structural analysis) of crystallographic sites (Bronzova et al. 2019).

As follows from the chosen correlation model (Tables 27, 28, 30), OH" ions, surrounding the W
site in the studied Li-Al — tourmaline (samples 1, 2), are represented by the following 3Y — Y(OH")
clusters: Y(LiAIAI) — Y(OH"), "(LiLiAl) — W(OH"). OH" ions, surrounding the V site, are represented by
the (Y + 2Z) — V(OH") clusters: "Li“Al?Al-"Y(OH") and "AIAl?Al —Y(OH"). In the Ca?* - rich tourmaline
(sample 2), in addition to (Y + 2Z) — V(OH") clusters, there are (Y+2Z) —V(0?) clusters in an insignificant
amount (in a ratio of 1:11).

According to the calculations, the stability of Y(LiAIAI) — W(OHY), Y(LiAIAI) — Y(F) and
Y(LiLiAl) — W(OH"), "(LiLiAl) — W(F) clusters is close (Table 25). This suggests that the F~ - ions,
surrounding the W site in the studies Li-Al — tourmaline, are represented by 3Y —V(F") clusters: Y(LiAIAl)
—W(F), Y(LiLiAl) = Y(F). Since the W site in the studied tourmaline is split due to the ordering of the
OH" u F - anions (see Chapter 2, Section 2.3), the 3Y — W(OH") clusters are distributed relative to the Y
—W(F) clusters in an orderly manner. In accordance with the occupation of the W sites of the studied
tourmaline (Table 26), the ratio of the 3Y — Y(OH) and 3Y — W(F) clusters is 1.8 and 0.67 for the Na* -
rich (sample 1) and Ca?* - rich (sample 2) tourmalines, respectively. According to the occupations of the
Y site (Table 26), the ratio between statistically distributed "(LiLiAl) — W, "(LiAIAI) — W and ("Li“Al*Al)
—VY(OHY), (YAI*AI*Al) — Y(OH") clusters is 1.06 and 1.31 for the Na* - rich (sample 1) and the Ca?* - rich
(sample 2) tourmalines, respectively.

On the basis of the proposed unified model of correlation (Tables 27, 28), one can assume the
presence of larger 3Y — W — X and (Y+2Z) — V — X clusters in the studied Li-Al tourmaline: "(LiLiAl) —
W(OH") — *vac (Y(LiLiAl) — W(F) — *vac is also possible), (YLi“AlI*Al) — V(OHY) — *Na*, ("Li‘AlAl) —
V(OH") —*Ca?*. In accordance with the occupation of the X site (Table 26), the ratio between the clusters
Y(LiLiAl) —= W(OH", F) — *vac, ("LiAlI“Al) — V(OH") — *Na*and ("LiAl?Al) — Y(OH") — *Ca?** are: 1:6.8:
2.2 and 1:2.5: 6.5 for the Na* - rich (sample 1) Ca®* - rich (sample 2) tourmaline, respectively. The Na*
- rich tourmaline is dominated by the (YLi“Al“Al) — Y(OH") — *Na" cluster, the Ca?" - rich tourmaline is
dominated by the Ca?" — YLi?Al ?Al — V(OH") — *Ca?* cluster.
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4.4. Resultant conclusions

The short-range order in Li-Al — (OH", F) tourmaline with the Y[Li*/AI**] ratio close to 1 and
different Na*/Ca®* contents was studied using the valence forces theory and IRS and XRS experimental
data.

The stability of coordination arrangements around the W and V sites occupied by OH", F u O% -
ions has been refined based on the valence forces theory. For the first time, a unified model was proposed
for correlating absorption bands in the region of stretching vibrations of the OH" - ion in the IR-spectra
of Li-Al — tourmaline controlled by the valence force theory and not contradicting the long-range order
in the tourmaline structure. The applied combined approach made it possible to determine types of
coordination atomic arrangements around the W and V sites (OH™and F" - ions) in the studied tourmaline
structures and to analyze their ratio and assignment. It is shown that the short-range order observed in
the studied Li-Al — tourmaline is controlled not only by the valence force theory, but also by long-range
order (occupation of crystallographic sites).

Larger clusters have also been proposed to describe the short-range order in the tourmaline
structure: WY3V3sZg (Bosi 2011) and (W) — (YYY) — [(V)(V)(V)] — (Z2ZZZZ) (Watenphul et al. 2016; Bosi
et al. 2016).
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5. Anomalous biaxiality and dissymetrization of tourmaline from

deposits of the Eastern Pamirs? and Central Transbaikalia

5.1. Malkhan pegmatite field (Central Transbaikalia)

Central Transbaikalia is the largest source of jewelry tourmaline in Russia. The Malkhan
pegmatite field, located in the Krasno-Chikoisky District, the Chita Region, in the Chikoy River Basin
(Figure 10), is a unique geological target as concerns the amount of miarolic pegmatite containing

tourmaline (Zagorsky, Peretyazhko 1992).
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Figure 10. Geological map of the Malkhan pegmatite field. The map shows the location of some of
the known pegmatite veins (Zagorskiy, Peretyazhko 1992).

The Malkhan field of miarolic pegmatite occupies an area of about 60 km? in the southern slope
of the Malkhan Ridge. Pegmatite has been known in the region for over 60 years, but gemstone
mineralization has not been recorded or predicted in them. In 1980, the Sosnovgeologia Expedition
discovered the Oreshnaya vein, rich in polychrome tourmaline, on the top of the mountain of the same
name, on the watershed of the Mogzon and Skakun’ya rivers. In 1983, the “Baikalkvartssamotsvety”

Expedition began exploration for coloured tourmaline and discovered the Mokhovaya vein. The field is

2 Miarolic pegmatite of the Eastern Pamirs is described in section 2.1.
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confined to the roof pendant of porphyritic biotite granite and two-mica leucogranite occurring in
metamorphic rocks of the amphibolite facies. Three types of pegmatite have been identified: K-feldspar,
two-feldspar, and oligoclase. The overwhelming majority of highly productive veins belong to the two-
feldspar type of pegmatite; only three veins were attributed to the oligoclase type, but all of them are
productive for tourmaline; in potassium feldspar pegmatite, tourmaline occurs only in minor quantities
in single bodies (Zagorskiy, Peretyazhko 1992). The pegmatite structure is dominated by graphic,
obscure and small-pegmatoid structural varieties of quartz-K-spar and quartz-oligoclase composition. In
central parts of the productive bodies, there are internal zones rich in block K-spar with miarole, which
are surrounded by tourmaline-lepidolite-albite assemblages. The miarole shape varies from spherical to
tubular with “pockets” (Zagorskiy et al. 1999). Along with tourmaline, the druse assemblages contain
quartz, topaz, vorobyevite, feldspars, lepidolite, danburite, hambergite, and zeolite. Tourmaline is the
main gem in the pegmatite of the Malkhan field. In terms of the abundance of colour shades, perfection
and variety of crystal shapes, and the diversity of zoning, the Malkhan-field tourmaline can successfully
compete with tourmaline from well-known deposits of the world.

The author investigated the anomalous biaxiality of tourmaline from the Oreshnaya and
Mokhovaya veins (Section 5.2). The detailed X-ray structural study was carried out for three sections of
the 3B/2B sample from the Mokhovaya vein (Section 5.3).

The Oreshnaya vein (Figure 11) is an intricately branching body with numerous bends and

sharply varying dip angles of contacts with host metagabbroid and metadiorite. In the central part, the
body is rounded in plan and lenticular in section. Two branches extend from the central part (90 and 40
m long), each of which is complicated by additional apophyses. The central part of the body is zoned.
The outer annular zone is composed of coarse-graphic oligoclase pegmatite with numerous schorl
crystals (up to 5-7 cm in length) and small blocks of K-spar, the size and number of which increase
towards the central zone. The inner zone is represented by an assemblage of minerals (quartz, tourmaline,
lepidolite, albite, etc.) occurring in various proportions. Rubellite-lepidolite-albite fine-grained
aggregate often contains larger rubellite crystals (up to 5-7 cm) or polychrome tourmaline. Pollucite,
danburite, microlite, tantalite, and columbite have been found in crushed samples from the assemblage.
The majority of miaroles (1.7x0.8 m in size) are located in the inner zone. They are usually filled with
clay-feldspar material with abundant polychrome tourmaline. Rubellite in a thin dark green envelope is
particularly widespread. The most valuable gemstone material is confined to free-volume miarole. Druse
assemblages with polychrome tourmaline, cleavelandite, quartz, and danburite occur on the walls of
cavities (Zagorskiy et al. 1999).

The Mokhovaya vein (Figure 11) is a steeply dipping (40-85°) tabular body 350 m long. The vein
thickness decreases from 15 m at the surface to 7 m at a depth of 100 m. The internal structure of the

vein is zonal, the thickness of the zones in different sections of the body is different. The central
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productive part of the body hosts the maximum amount of K-spar. Its length is about 45 m, and the
thickness of the productive central zone in it decreases from 6 m at the surface to 1 m at a depth of
100 m. In general, the productive part of the vein is dominated by oligoclase pegmatite of irregular-
grained, graphic and fine-grained textures with fine disseminations (2-5 cm) of K-spar. Late tourmaline-
lepidolite-albite assemblage is widespread in this zone. This assemblage is characterized by
inequigranular varieties, which contain fine-scaled (lighter) and large-scaled (intensely coloured in violet
tones) lepidolite in association with rubellite, polychrome tourmaline, bluish-greenish cleavelandite,
bluish-gray or light pink vorobyevite, and fine colourless pollucite (Zagorsky et al. 1999). Abundant
miaroles bordered by later mineral assemblages, block K-spar and quartz were exposed in the productive
zone. Usually, druses of cleavelandite, lepidolite, smoky quartz and rubellite crystals, sometimes K-spar
grow on miarole walls. The miaroles are often filled with clay-mica material with a large number of
well-formed rubellite crystals, including gem-quality. Isometric miaroles (cavities 1-1.5 m across)

prevail.
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Figure 11. Geological sketch-map of the Mokhovaya and Oreshnaya veins
(Zagorskiy, Peretyazhko 1992).

5.2. Anomalous tourmaline biaxiality

The 2V angles and the position of optic axial planes (0.a.p.) in Li-Al tourmaline from various
deposits (Table A2.2) were determined by the Mallard method (accuracy + 0.5°) using the following
formula (Tatarsky 1965):

2Vturm = 2arcsin [Dturm XNmflogxsin8° / (nmturmxDriog)], Where 3)

Dwrm is maximum discrepancy of hyperbolas (division of an ocular with a ruler);
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Nmflog = 1.584, nmwrm = 1.635 are refractive indices (Fleischer et al. 1987);

Driog = 19 is the maximum divergence of hyperbolas in the fluor-phlogopite crystal.

To recalculate the obtained distances to angles 2V, a standard was used - a fluor-phlogopite
crystal with the known 2V angle = 16°.

Results of the study showed that, within the cross-sections of one crystal, the orientation of the
optic axial planes (0.a.p.) and the magnitude of the 2V angles vary greatly (Figure 14, Table 31). Due to
the defectiveness of some samples, conoscopy was poorly visible and the divergence of the “cross” was
recorded only in several areas of the crystal (Bronzova 2005).

In most crystals, the 2V angle does not exceed 10°. In 42% of crystals (Nos. 1, 3 - 6, 8, 10 - 13,
14, 21, 23; Table 31) the value of the 2V angle is not more than 5°; in 48% crystals (Nos. 2, 7, 9, 15-20,
22, 24-28), it is 5° < 2V < 10°. The maximum value of 2V ~ 26° was observed in the Ca®*-rich Li-Al
tourmaline crystal from the Malkhan pegmatite field, Central Transbaikalia (No. 14 (sample 3B/2B),
Table 31). According to the literature (Shtukenberg et al. 2006), it can be assumed that the anomalous
biaxiality of the studied tourmaline with an angle of 2V < 10° is mainly associated with stresses, while
that of the tourmaline from Central Transbaikalia, in which the 2V angle reaches 26° (No. 14, Table 31),
is due to the growth dissymetrization.

Below are results of the detailed study in the nature of optical anomalies of the tourmaline in
which the optic axial angle did not exceed 8° (No. 9 (M-2), Table 31) and the tourmaline, in which the
optic axial angle reached 26° (No. 14 (3B/2B ), Table 31).

The tourmaline crystal from the Eastern Pamirs (No. 9, Table 31) is optically inhomogeneous
(Figure 12). It contains growth sectors of {02-21} and {10-11} (pink) pyramids, as well as {01-10}
prism (dark blue) (Figure 14). There are a lot of various inclusions and cracks in the crystal. In the
section normal to [0001], there are transparent, opaque, uniaxial and biaxial areas. In the outer zone of
the crystal, in the growth sector of {01-10} prism it was impossible to measure the 2V angles because
of its opacity. The incidence of non-birefringent areas is ~ 12%. The most common (in 25% of 122
observations) is the 2V angle equal to 6° (Figure 13, 14). Quite often (with an incidence of 7 to 16%)
there are 2V values from 4.0° to 6.6°. 2V angles = 7.0°-8.0° are scarce. In the growth sectors of {10-
11} pyramid, 2V angles vary from 5.9° to 6.6°, and in the growth sectors of {02-21}pyramid it ranges
from 3.7° to 8.0° (Figure 14).

The colour difference in faces of the prism and the pyramid implies the heterogeneity of the
composition in different growth sectors, and, consequently, the intersectoral heterometry, which should
be displayed in differences in the unit cell parameters, i.e., as we assumed, the anomalous biaxiality of

the studied tourmaline is mainly associated with stresses.



Figure 12. Cross-section of the polychrome tourmaline crystal from

the Eastern Pamirs (sample 9, Table 31) L to the ¢ axis [0001].

Table 31. Variation of the 2V angles in the studied tourmaline.

Sample !

Angle range

2V°

Sample?!

Angle range
2V°

Eastern Pamir

Central Transbaikalia

1 [Tp —1152/1 0-2 15 3b/1A | 0-8

2 m-7.1 5-7 16 3b-3 4-6.5
3 [Mp-1110/1 0-1 17 3b-5 5-8

4 Im-9 1-3 18 3Bb-7 3-6.5
5 MIII - I16/1 2-3 19 3b-9 2-6
6 MIT 2/1 1-5 20 35-10 4-7
7 MIT 2/2 5-6 21 3b-12 1-4
8 M-1 1-3 22 3b-14 2-7
9 M-2 0-8 23 3b-15 1-3
10 | CT-I15/1 1-4 24 3b-16 5-8
Brazil 25 3b-17 | 4-7

11 | bp-IIl/1 1-2 26 3b-19 2-6.5
Central Transbaikalia 27 3b-22 | 4-8
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12 | OP-bB5/1 0-2 28 3b-23 3-7
13 |b-1 2-5
14 | 3b/2B2 0-26

Notes: 1The sample numbers are the same as in Table A2.2; 2 measurements were carried out in six

sections cut from one crystal (interval ~ 0.5 mm).
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Figure 13. Histogram of 2V angles assignment in sample.
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Figure 14. Typical pattern of optical anomaly distribution in sections along the
(0001) plane. Optic axial planes are indicated by dumb-bell shaped figure;
numbers are values of optical axial angle on the crystal surface; crosses show
uniaxial sections of the crystal; asterisks indicate severely defective areas
where measurement of optical characteristics is difficult; I - growth sector of

{10-11}, 1l - growth sector of {02-21}.

The crystal from Central Transbaikalia (No. 14, Table 31) is mainly composed of the growth
sectors of {02-21} pyramid; the growth sectors of {01-10} prism and {10-11} pyramid are less evolved.
The sample has a very distinct sectoriality in the distribution of optical anomalies. The crystal was cut
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into six parts normal to the three-fold axis. This allowed the assessment of the optical axial angle value
in sections located at different heights (from the base to the top) (Figure 15a).

According to X-ray spectral microanalysis (Tables 32-35), the studied sample is a solid solution
of elbaite Na(Li1.5Al15)Als(SisO18)(BO3)3(OH)3(OH) and fluor-liddicoatite
Ca(Li2Al)Alg(SisO18)(BO3)3(OH)3(F) with minor rossmanite (0)(LiAl2)Alg(SieO18)(BO3)3(OH)3(OH)
(Henry et al., 2011). It is noteworthy that the crystal chemical composition varies widely. From the base
of the crystal to the apex along the [0001] growth orientation (from section S3 to S5), the Ca content
increases, while that of Na decreases (Figures 15b, c). Thus, the deepest growth zones are mainly
composed of elbaite, while those closest to the apex predominantly consist of liddicoatite (Figure 15b).
At any height, {01-10} prism compared to {02-21} pyramid is slightly enriched in the elbaite component
(Figure 15¢), as already reported (Akizuki et al., 2001).

The value of the 2V angles in the studied crystal varies from 0° to 26° (Table 36, Figures 16, 17).
Optical anomalies are distributed heterogeneously. The highest values of the 2V angles are recorded in
the predominant growth sector of {02-21} pyramid. Sectors of {10-11} pyramid and {01-10} prism have
lower 2V angle values. This pattern is best seen in the upper S6 and S5 sections (Figure 17).

In each section within one growth sector, the optical axial planes have a close orientation varying
by no more than 10° (Figure 16). Compared to the data presented by Akizuki et al. (2001), the correlation
between the orientation of the optical axial planes and the direction of the growth front is not so clear,
but it is present. The 2V angle increases significantly along [0001] growth direction from section S3 to
section S5 (Figure 17), i.e. as the Ca content increases and the Na content in the crystal decreases.

Thus, in the studied crystal, features of the optical anomalies are related to the chemical
composition. The 2V angles increase from the base to the apex of the crystal. There is no relationship
between crystal fissuring and the optical anomaly distribution. Section S5, which contains the largest
number of fissures, is characterized by the highest biaxiality (Figure 16d). In general, the data obtained
support the hypothesis of growth dissymetrization, but they do not categorically exclude the influence
of internal stresses on anomalous biaxiality in the deepest sections (S3, S2, S4) with the 2V angles from
0° to 8°.

Table 32. Chemical composition of the tourmaline crystal (sample 3B/2B, Table A2.2)
in different sections of the {01-10} prism growth sector.

Sample | h, Component (wt. %)

. mm . -
(Figure Na;O | CaO | SiO2 | AlbO3 | FeO | TiO2 F
15a)

S1 115| 148 | 293 |3896| 41.78 | 0.12 | 0.08 1.96
S6 145 | 130 | 2.79 |40.10| 43.60 | 0.09 | 0.04 1.28
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112 | 3.27 | 3954 | 4346 | 0.09 | 0.02 1.40
S5 165| 1.06 | 3.23 |37.78| 4127 | 0.03 | 0.03 1.36
1.05 | 3.44 |38.81| 4198 | 0.08 | 0.04 1.23

Table 33. Coefficients in the formula (apfu) of the tourmaline crystal Xo-1Y3Als[SisO1s] [BO3]3VzW
(sample 3B/2B, Table 31) in different sections of the {01-10} prism growth sector.

Sample h, Component (apfu)
mm

Na Ca mi Al Li Fe Ti Ov | OHv | Fw | OHw

Sl 11.5 044 | 048 | 0.08 |1.60 137 | 0.02 | 0.01 | 159 | 141 | 0.95 | 0.05

S6 145 | 038 | 045 | 017 | 169|129 | 001 | 0.01 | 131 | 169 | 0.61 | 0.39

033 | 053 | 014 (179|118 | 0.02 | 0.01 | 168 | 132 | 0.67 | 0.33

SBav.* 036 | 049 | 015 (174|124 | 0.02 | 0.01 | 150 | 151 | 0.64 | 0.36

S5 165 | 033 | 055 | 012 | 174|124 | 001 | 001 | 163 | 1.37 | 0.68 | 0.32

032 | 057 | 011 165|133 | 0.01 | 0.01 | 140 | 160 | 0.60 | 0.40

SSav.* 033 | 056 | 011 (170|129 | 0.01 | 0.01 | 152 | 149 | 0.64 | 0.36

Notes: * is average content of elements in the studied samples; formulas were calculated
for 6Si, the ratio of di- and monovalent anions was calculated from the charge balance.

Table 34. Chemical composition (wt. %) of tourmaline crystal (sample 3B/2B, Table A2.2) in different
sections of the {01-10} pyramid growth sector.

Sample h, Component (apfu)
Figure mm : -
(Figu Naz0 | CaO | SiOz | AlLOs [FeO | TiO2 | F

15a)

S3 15 | 1.56 | 1.87 | 38.92 | 43.04 | 0.49| 0.07 | 1.19
1.39 | 2.10 | 38.68 | 43.44 | 0.26 | 0.06 | 1.36

S4 46 | 141 | 216 | 38.97 | 43.25 | 0.27 | 0.04 | 1.35
149 | 190 | 39.36 | 43.49 | 0.47 | 0.08 | 1.16

S2 75 | 123 | 262 | 3898 | 42.14 | 0.21| 0.07 | 1.34
1.00 | 3.39 | 38.65 | 41.90 | 0.16 | 0.10 | 1.48

S1 115 | 0.78 | 4.03 | 38.24 | 4233 | 0.13 | 0.08 | 1.74

0.99 | 354 | 39.10| 4194 |0.18| 0.06 | 1.61
0.86 | 4.02 | 38.84 | 42.13 | 0.13 | 0.08 | 1.44
S6 145 | 0.72 | 428 | 38.81 | 41.56 | 0.09 | 0.07 | 1.93
0.79 | 417 | 39.15| 41.71 | 0.12| 0.06 | 1.57
0.83 | 3.98 | 38.68 | 41.97 [ 0.10 | 0.05 | 1.54
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S5 16.5 | 0.75 | 4.15 | 38.01 | 42.05 | 0.08 | 0.04 | 1.80
0.82 | 4.08 | 38.72 | 42.02 | 0.09 | 0.07 | 1.22
0.79 | 3.98 | 38.07 | 41.80 | 0.07 | 0.05 | 1.20

Table 35. Coefficients in the formula (apfu) of the tourmaline crystal Xo-1Y3Als[SisO1s] [BO3]3VzW

(sample 3B/2B, Table A2.2) in different sections of the {02-21} pyramids growth sector.
Sample h, Component (apfu)

mm- —Na Ca 0 Al | L Fe Ti | Oy | OHy | Fw | OHw

S3 15 047 | 031 | 022 (182|110 | 0.06 | 0.01 | 142 | 158 | 0.58 | 0.42

042 | 035 | 023 (194 (102| 003 | 001 |1.73| 127 | 0.67 | 0.33

S3av* 045 | 033 | 023 | 188|106 | 005 | 0.01 | 158 | 143 | 0.63 | 0.38

S4 4.6 042 | 036 | 022 |185|110| 0.04 | 0.01 | 157 | 143 | 0.66 | 0.34

044 | 031 | 025 (182 |111| 0.06 | 0.01 |0.35| 165 | 0.56 | 0.44

Shav* 043 | 034 | 035 | 184|111 | 005 | 0.01 | 096 | 1.54 | 0.61 | 0.39

S2 7.5 037 | 043 | 020 |165|130| 003 | 001 |125| 175 | 0.65 | 0.35

030 | 056 | 014 167|130 | 0.02 | 0.01 | 154 | 146 | 0.73 | 0.27

S2av* 034 | 050 | 017 | 166|130 | 003 | 001 | 140 | 1.76 | 0.69 | 0.31

Sl 115 024 | 068 | 008 |183|114| 002 | 001 |217 | 0.83 | 0.86 | 0.14

030 | 058 | 012 |159|136| 003 | 0.01 |149| 151 | 0.78 | 0.22

0.26 | 067 | 0.07 | 167|130 | 002 | 001 |169| 1.31 | 0.70 | 0.30

Slav* 027 | 064 | 009 (170|127 | 0.02 | 001 |1.78| 122 | 0.78 | 0.22

S6 145 022 | 071 | 0.07 |157 (140 | 001 | 001 | 177 | 123 | 0.94 | 0.06

0.24 | 0.69 0.07 154|142 | 002 | 001 |152| 148 | 0.76 | 0.24

025 | 066 | 009 168|130 | 0.01 | 001 |1.73| 127 | 0.76 | 0.24

S6av.* 024 | 069 | 008 160|137 | 001 | 001 |167| 133 | 0.82 | 0.18

S5 165 | 023 | 0.70 | 007 | 183|115 | 0.01 | 0.01 | 223 | 0.77 | 0.90 | 0.10

025 | 068 | 007 |168|129| 001 | 0.01 |162 | 138 | 0.60 | 0.40

024 | 067 | 009 |1.77|120| 0.01 | 001 | 177 | 123 | 0.60 | 0.40

SBav.* 0.24 | 0.68 008 (176|121 | 001 | 001 |187| 1.13 | 0.70 | 0.30

Notes: * is average content of elements in the studied samples; formulas were calculated
for 6Si, the ratio of di- and monovalent anions was calculated from the charge balance.
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Figure 15. Compositional variation of the tourmaline crystal of the elbaite - liddicoatite series from
Central Transbaikalia (sample 3B/2B, Table 112.2) along the [0001] growth direction: (a) sketch of the
studied crystal. Grey and white zones correspond to the growth sectors of the prisms and pyramids,

respectively; (b) variation of the Ca content; (c) variation of the Na content.
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Figure 17. Variations in 2V optical angles in the tourmaline crystal of the elbaite - liddicoatite series
from Central Transbaikalia (sample 3B/2B, Table A2.2) along the [0001] growth direction.

Table 36. Variation of 2V angle values in the tourmaline crystal of the elbaite - liddicoatite series from
Central Transbaikalia (sample 3B/2B, Table A2.2) along the [0001] growth direction.

Slice h, mm Angle of optical axes 2V, °
number
(Figure Range Average value
15a)

Pyramid {02-20} Prism {01-10}

S3 1.5 0-1.0 0.5
S4 4.6 20-70 5.3 4.0
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S2 7.5 40-7.0 5.5

S1 115 | 6.5-14.0 11.3 8.5
S6 145 | 6.5-18.0 16.3 12.6
S5 16.5 | 3.0-26.0 22.5 13.4

0.52 cMm

044 cm
0.45 em

0.63 cm 0.74 em
c d

Figure 16. Variation of the optical anomaly patterns in the tourmaline crystal of the elbaite -

liddicoatite series from Central Transbaikalia (sample 3B/2B, Table A2.2) along the [0001]
growth direction: (a) S4 section (h =4.5 mm); (b) S1 section (h =11.5 mm); (c) - S6 section (h
= 14.5 mm); (d) S5 section (h = 16.5 mm). Numbers correspond to 2V angles values in degrees;

dumbbells show the orientation of optical axial planes. Black circles are places of S1, S6, S5

sampling for XRS analysis.

5.3. Dissymmetrization of the tourmalines from the Malkhan pegmatite field

To confirm the crystal growth dissymmetrization, in which the 2V angle reaches 26 (sample
3B/2B, Tables 31, 36), the author analyzed the symmetry and refined the crystal structure (in space
groups of the R3m, Cm u R1symmatry) of the samples from sections S1 (2Vmax =11, S6 (2Vmax= 16),

S5 (2Vmax= 23) (Schtukenberg et al. 2007).
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5.3.1. Symmetry analysis based on diffraction pattern

The symmetry analysis of the studied samples began with a comparison of their unit cell
parameters (Table 37) obtained in the highest R3m space group and its R1 and Cm subgroups. Although
the unit cell parameters of the studied samples are close to trigonal, there are significant differences
between a and b constants (up to 6 st. err.) as well as less pronounced deviations of the angles a, f and
v from 90° and 120°, respectively (up to 4 st. err., Table 37). These data suggest a decrease in symmetry
to triclinic, or at least monoclinic. The detected lattice distortions are close to those reported by Akizuki
et al. (2001) for a fragment of the {02-21} biaxial growth sector of the tourmaline crystal (2Vmax = 30°),

in which the deviations of the angles from ideal values were even more pronounced (Table 37).

Table 37. Variations in the unit cell parameters of samples corresponding to different sections of the
tourmaline from Central Transbaikalia (sample 3B/2B).

Sample s1 6 S5 Akizuki et al.
(2001)

h, mm (see Figure 15a) 11.6 145 16.5 no data

2V, ° 11(2) 16(1) 23(1) 30

Unit cell parameters
Trigonal syngony (sp. gr. R3m)
awig, A 15.845(1) 15.840(1) 15.833(1)
Ctrig, A 7.110(1) 7.109(1) 7.103(1)
Triclinic (pseudotrigonal) syngony (sp. gr. R1 u P1)

awicl, A 15.854(3) 15.853(3) 15.845(4) 15.863(2)

bict, A 15.843(3) 15.834(3) 15.822(4) 15.851(2)

(a-b)/o 3.7 6.3 5.75 6.0

Curict, A 7.108(1) 7.109(1) 7.103(2) 7.107(1)

a, ° 89.944(14) 89.989(14) 89.97(3) 90.12(1)

la- 90°l/c 4.0 0.8 1.0 12.0

B, ° 90.045(15) 90.043(14) 90.07(3) 89.88(1)

IB- 90°l/c 3.0 3.1 2.3 12.0

y,° 119.975(12) | 119.949(12) 119.92(2) 120.22(1)
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ly - 90°l/o 2.1 4.3 4.0 22.0
Monaclinic syngony * (sp. gr. Cm)

amon, A 27.467(10) 27.472(10) 27.466(16) | no data

brmon, A 15.843(3) 15.834(3) 15.822(4)

[(@2mon*+b2mon) Y4/2-bmon] /o 3.4 2.02 1.7

Crons A 7.108(1) 7.109(1) 7.103(2)

B, ° 90.045(15) 90.043(14) 90.07(3)

(B-90)/ 3.0 3.1 2.3

Notes: * is amon = 2atric + Dtric, Pmon = b tric, Cmon = Cr tric, See Figure 19.

The next step was to analyze overtone intensities in the diffraction pattern, which are equivalent
in the R3m space group. Such overtones were gathered into groups corresponding to the symmetry
elements in the diffraction class -3m (3, mx, my, mz), and each group was analyzed separately. If the
difference in intensities (F2max-F?min) Within a group was 4 times higher than a certain threshold value,
it was considered that the group in question breaks the symmetry operation. The author assessed this
threshold value in two variants, using the maximum value of the standard deviation (st. err. o) of the
intensity of reflexes in the group (F?max-F?min > 4omax) and the greatest difference in the intensities of
Friedel pairs of overtones (hkl and —h-k-1): F2max-F2min > 4|F?hki — F2-h-k-I.

The results of comparing the overtone intensities, equivalent in the Laue class -3m, showed
violations of the three-fold axis and two of their three planes of mirror symmetry (myx u m;) (Figure 18).
The number of overtone groups that break these symmetry elements is at least 20%. At the same time,
the number of overtone groups that break the trigonal symmetry of S5 sample with a maximum 2V
angle, is much more than samples S1 and S6 that indicates the maximum degree of its dissymmetrization.
The percentage of overtone groups that break the plane, which is perpendicular to the Y (my) axis, did

not exceed ~ 3%. Hence, the symmetry of the studied crystals is not higher than monoclinic.

*
- 20 |
0 m ] I
3 m, m._ m,

Figure 18. Percentage of reflection groups (P) that break Laue class symmetry operations -3m (three-

P

fold axis and mirror planes, Figure 19). Black, grey, and white columns correspond to samples S1, S6,

and S5, respectively.
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Figure 19. Relationships between trigonal (R3m space group), pseudotrigonal (triclinic, P1 and
R1space groups) and monoclinic unit cells (Cm space group) of the studied samples.

Figure 20. Schematic projection of the tourmaline structure on the (0001) plane. Different grey shades
correspond to different contents of Al and Li in YOG6 octahedra (refinement in R1space group). White

and black triangles represent SiO4 tetrahedra and BOs groups, respectively.

Extinction laws. The third stage in the dissymmetrization analysis was the identification of
overtones forbidden in R3m space group.

Analysis of the diffraction reflections obtained from samples S1, S6, and S5 revealed 74, 34, and
52 weak overtones with F2osser> 46 (F2 onser.), respectively, which broke the R3m space group (h-k-+1=3n
extinction law). However, a more thorough check of the overtone intensities using the y-scan carried
out for sample S5 allowed the author to leave only 3-5 forbidden reflections, which practically did not
break the R-lattice. It turned out that the origin of the most of the observed forbidden reflections is
associated with the phenomenon of multiple scattering and with the A/2 contribution, which is strong for

the data obtained by means of the Bruker diffractometer.
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Thus, the analysis of the diffraction patterns obtained from sample S1, S6, and S5, showed a
decrease in symmetry to monoclinic (Cm space group), or pseudotrigonal triclinic (R1 or Plspace
group): @mon = 2atric + biric, Pmon = brric, Cmon = Curic (See Figure 19). Selection of R1 space group among
the triclinic groups seems to be most probable, since, according to the analysis of extinction laws, the R-
lattice in the structures of the tourmalines studied is almost not broken.

5.3.2. Crystal structure refinement

Refinement of the birefringent crystal (Schtukenberg et al. 2007) symmetry and the identification
of dissymmetrization reasons were based on refining their crystal structures in the R3m space group and
in its three subgroups: monoclinic Cm (with the corresponding orientation of the mirror plane, for which
the least number of disturbance in the intensity of equivalent overtones was observed; Figure 19), and
triclinic R1 and P1 (Table 38). The nonstandard R1space group was designed taking into account the
pseudohexagonal triclinic cell and additional translations (1/3, 2/3, 2/3) and (2/3, 1/3, 1/3) that were
added to all atoms in the asymmetric part of the cell, i.e., two equivalent atoms were added, as if it were
actually a rhombohedral lattice in the hexagonal assembly. That is, R1lmeant that, although the cell is
triclinic, each atom has translational equivalents: (x + 1/3,y + 2/3,z + 2/3) and (x + 2/3, y + 1/3, z + 1/3).
The introduction of this space group turned out to be very useful for describing the dissymmetrization

of the tourmaline crystal structure and its comparison with the original trigonal structure (R3m).

Table 38. Characteristics of X-ray diffraction experiment of birefringent crystals (samples S1, S6, S5)
in different space groups.

Sample The The R(F>4¢ Rw S K1, K2 Sample | Diffractometer
(Table | numbe | number F) (weight | size (r,
36) r of of scheme) mm)
indepe | indepen *
ndent | dent ref.
ref. (F>40F)
(1>201)
Sp. gr. R3m
S1 1579 1570 0.0220 | 0.0872 | 1.119 0.0640 0.16 APEX 11
2.7360
S6 1307 1301 0.0205 | 0.0785 | 1.070 0.0571 0.16 APEX 11
3.9506
S5 1654 1644 0.0270 | 0.0686 | 1.211 0.0272 0.125 Nicolet-P3/R3
0.5702
Sp.gr.Cm
S1 11922 4004 0.0211 | 0.0760 | 1.038 0.0260 0.16 | APEX I
8.0217
S6 10258 3404 0.0193 | 0.0905 | 0.946 0.0400 0.16 | APEX I
11.0217
S5 13470 5293 0.0388 | 0.1032 | 1.088 0.0260 0.125 | Nicolet-P3/R3
18.0217
Sp.gr.P1
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s1 22000 7337 0.0211 | 0.0777 | 1.139 | 0.0200 0.16 APEX I
8.0000
S6 18760 6206 0.0186 | 0.0749 | 1.093 | 0.0200 0.16 APEX I
8.0000
S5 16505 6525 0.0315 | 0.0903 | 1.300 | 0.0066 | 0.125 | Nicolet-P3/R3
8.0217
Sp.gr. R1 (P
s1 7246 7230 0.0214 | 0.0629 | 1.126 | 0.0240 0.16 APEX I
6.3787
S6 6161 6152 0.0197 | 0.0621 | 1.131 | 0.0280 0.16 APEX I
5.5295
S5 5653 5615 0.0281 | 0.0748 | 1.067 | 0.0452 | 0.125 | Nicolet-P3/R3
5.9190
Notes: * shows weighting scheme: 1/{[¢(F?)]*> + (KiP)*+ K:P}, where P = [max(F?,0) +
2F2)/3;
4+ R1 space group was created using the pseudohexagonal triclinic cell, with the addition of
translations (1/3, 2/3, 2/3) and (2/3, 1/3, 1/3) to each atom in the asymmetric cell.

Atomic coordinates, displacement parameters, and site occupations for R3m, Cm and R1 space
groups are given in Tables A3.4, A3.5, A3.6, respectively; bond lengths in Tables A4.4, A4.5, A4.6).

The results obtained confirmed a decrease in the symmetry of biaxial Li-Al-tourmaline below
the trigonal one. It is shown that the general topology of the trigonal crystal structure is preserved in
them (Figure 20). The decrease in symmetry is mainly due to the partial cation ordering at the Y sites.

In the monoclinic Cm space group, the Y site is split into six independent sites (Table A3.5). In
this case, the occupations of these six sites can be arranged into two groups with significantly different
occupations, which can be characterized by the parameter xai = Al/(Al + Li). The differences in Xai
values in these groups for samples S1, S6, and S5 are 0.14, 0.14, and 0.29, respectively. The differences
within these groups are small (for samples S1 and S6, less than 0.004 = 2 st. err.; for sample S5, they
reach 0.034 = 17 st. err.). Sites belonging to the same group are linked to each other by pseudo R
translation. Thus, the R symmetry is still present in the crystal structure. The most significant
disturbances of the “R translation” were found in sample S5. However, these deviations were not
confirmed by subsequent refinement in the less symmetric triclinic P1space group. Apparently, they are
a consequence of errors made in the crystal structure refinement.

In the P1 space group, each Y site is split into nine non-equivalent sites. However, site
occupancies linked by R symmetry differ by no more than 0.016 apfu, which corresponds to 3 st. err.,
and also confirms the preservation of R translations. This conclusion was further confirmed by the Y-O
bond lengths for all the three samples (Tables A4.4, A4.5, A4.6), for which, in the P1 space group, the
maximum difference between the sizes of YO6 octahedra linked by R translation does not exceed 0.005
A (i.e., less than 1 st. err.). For this reason, the description of the studied tourmaline crystal structure
should be considered in the R1 space group.

In the triclinic R1 space group, the Y site is split into three independent sites, so that three Y sites

in the same antigorite fragment can be characterized by different occupations (Figure 20). The observed
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Y site occupations (Xai) correlate well with the average octahedral cation - oxygen <Y-O> distances
(Tables A4.6, A3.6; Figures 21, 15). The Y1 site contains significantly more Al than Y2 and Y3, in which
the Al contents are very close (Tables A3.4, A3.5 and Figures 22, 15). The difference in the occupation
of the Y sites, characterized by the A Al = Xvs - (Xv: + Xv2)/2 value, increases with increasing 2V angles,
reaching 0.32 for sample S5 (Figures 22, 16).
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Figure 21. Dependence of the Y-Oav bond lengths on the Al proportion at the Y sites
(Xar) in samples S1, S6, S5. Squares are results of the structure refinement in the
R3m space group, circles in Cm, triangles in R1. Solid lines show the averaged
literature data for four samples of Li-Al-tourmaline with insignificant (total less
than 0.08 apfu) impurities of Mn, Mg, Fe and other elements occupying Y sites
(Nuber & Schmetzer 1981; Burns et al. 1994; MacDonald & Hawthorne 1995a).
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Figure 22. Dependence between the 2V optical angle, the value (a —b), where a, b are unit cell
parameters (u.c.p.) (triangles) and the difference in the Al content in the YOG6 octahedra (monoclinic

approximation) AAl = xvs - (Xv1 + Xv2) /2 (squares). The lines are drawn approximately.

Thus, the insignificant difference in the occupations of the Y2 and Y3 sites allows, in a certain

approximation, the studied structures consider as monoclinic. This monoclinic approximation is in good
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agreement with results of analysis of equivalent overtone intensities (Figure 18) and looks quite reliable.
However, a more detailed analysis shows that the Y2 site always contains less Al than Y3 (Tables A3.4,
113.5; Figure 20). For samples S1, S6, and S5, the differences are 0.028, 0.052, and 0.011, which
corresponds to 5, 9, and 2 st. err., respectively. Differences in occupations also correlate with the average
Y-O bond lengths (Tables A3.5, A3.6; Figure 20). Thus, for samples S1 and S6, the best model
corresponds to triclinic symmetry. However, for sample S5, the differences in the Y2 and Y3 octahedron
occupations are too small to confirm the decrease in symmetry to triclinic. Hence, the symmetry of this
sample can formally be regarded as monoclinic. Nevertheless, the author believes that the symmetry of
this sample is triclinic, but with a very small deviation from monoclinic.

In general, the crystal symmetry of the studied crystal should be considered as close to
monoclinic with some degree of triclinic distortions. To characterize the degree of these distortions, the
author introduces the parameter & =(Xys - Xv2) / (Xv1 - Xy2), which is close to 0 for monoclinic symmetry
and 1 for atriclinic structure without pseudomonoclinicity. This value is 0.20, 0.37, and 0.04 for samples
S1, S6, and S5, respectively, which indicates significant triclinic disturbances in samples S1 and S6 and
very insignificant disturbances for sample S5. A similar variability in symmetry was observed for
isomorphic series of ugrandite garnets (Wildner and Andrut 2001; Shtukenberg et al. 2005) and sodium
chlorate bromate (Shtukenberg et al. 2004).

In the refined structures, the Z sites are completely occupied by AI®*, and the average length of
the cation-oxygen < Z-O> bonds for three samples varies within an error from 1.903 to 1.906 A (Table
39). The results obtained are consistent with the average <Z-O> bond length in the structure of other Li-
Al —tourmalines with Z polyhedra, completely occupied by Al, and Y sites, almost completely occupied
by Al and Li (Tables 7, 22, A1.2). The same applies to the <T-O> and <B-O> bond lengths: 1.615-1.620
and 1.372-1.380 A, respectively, as compared to 1.616-1.621 and 1.370-1.379 A in the structures of

other Li-Al—tourmalines.

Table 39. Composition and average bond lengths of polyhedra of biaxial tourmaline structures (R3m,

Cm, R1space groups).

Polyhedron | Sp.gr. Sample
S1 S6 S5
<X-0> R3m 2.628(123) 2.624(127) 2.623(128)
Cm 2.629(63)-2.630(63) 1.629(63) 2.624(61)-2.633(65)
R1 2.629(63) 2.629(63) 2.627(63)
R3m 1.906(17) 1.903(17) 1.904(17)
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Cm 1.905(18) 1.905(16)-1.906(18) | 1.904(16)-1.907(19)
<Z-0>
R1 1.906(18)-1.907(17) | 1.905(16)-1.907(18) | 1.904(18)-1.905(19)
<B-O> R3m 1.375(6) 1.376(7) 1.377(4)
Cm 1.375(6)-1.377(10) 1.376(5)-1.377(9) 1.372(3)-1.380(6)
R1 1.376(6)-1.377(10) 1.376(6)-1.376(12) 1.374(7)-1.377(11)
<T-O> R3m 1.620(11) 1.618(11) 1.617(11)
Cm 1.617(10)-1.619(12) | 1.617(10)-1.619(12) | 1.615(9)-1.620(15)
R1 1.618(12)-1.620(10) | 1.618(12)-1.620(10) | 1.617(13)-1.618(12)
Notes: Standard errors in determining the bond lengths are calculated from the
scatter of individual bond lengths refined in R3m, Cm, R1 space groups,
respectively.

From the values of the ranges of average bond lengths <Z-O>, <B-O> and <T-O> in the R1
space group, it follows that ZOs, BO3 and TO4 individual coordinate polyhedra are not affected by the
decrease in symmetry. Only the <X-O> values varying between 2.623-2.633 A (Table 39) are somewhat
shorter than those reported earlier 2.645-2.675 A (Tables 7, 22, A1.2). This suggests a smaller number
of vacancies at X sites in the studied samples (0.07-0.13 apfu (Tables 33, 35; Section 5.2)) compared to
0.26-0.44 apfu in most crystal structures of the studied Li-Al-tourmaline. The observed <T-O> bonds
are somewhat shorter than the typical Si-O bond lengths. A possible explanation is partial occupation of
the T site by boron, which was reported in several papers (Hughes et al. 2000; Schreyer et al. 2002;
Marshall et al. 2004; Bosi et al. 2005a; Ertl et al. 2005, 2006; Ertl et al. 2008; Lussier et al. 2008). Indeed,
the refinement of the corresponding occupations (Table 39) indicates the possibility of minimum (up to

0.06 apfu) B impurity at the T site in all the studied structures.

5.4. Resultant conclusions

According to the data obtained, the anomalous biaxiality of the studied Li-Al-tourmalines from
various deposits (2V < 10 °) is mainly due to the stresses of heterometry. In the anomalously birefringent
tourmaline crystal from Central Transbaikalia, the 2V angle significantly increases along the [0001]
growth direction as the Ca content increases and the Na content decreases, the anomalous biaxiality is
associated with a decrease in crystal symmetry: from trigonal (R3m space group) to monoclinic (Cm
space group) or triclinic (pseudomonoclinic) (R1 space group), due to the partially ordered assignment
of Li and Al cations at the YOs octahedra.
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Shtukenberg et al. (2006) showed that the growth dissymmetrization hypothesis correctly
predicts the crystal symmetry and the distribution of YOG6 octahedra with different occupations relative
to each other. On the projection of the tourmaline crystal structure on the (20-21) face (Figure 23), it can
be seen that relative to this growth face, the Y2 and Y3 octahedra have the same orientation and
environment. The orientation and environment of the third Y1 octahedron are different. This situation
creates the basis for an ordered cations assignment at two types of Y sites. With respect to any growth
step on the faces (20-21) (which are not parallel to [-12-10] direction), all the three Y1, Y2 and Y3

octahedra are different and can have different occupations.

Y1

Figure 23. Projection of the tourmaline crystal structure on the (20-21) growth face ([-12-10] direction
is horizontal). Light grey tetrahedra denote SiO4 groups, black triangles BOs groups, grey circles X
(Na, Ca) sites, black circles Z (Al) sites. Variations in the YO6 octahedra occupations are shown in

different shades of grey.

As shown above, the difference in the a - b unit cell parameters and differences at the Y site
occupation (AAl = xy1 - (Xy2 + Xv3) / 2), correlate with the 2V angle of the optical axes (Figure 22).
Thereunder, it can be assumed that the ordering of cations is the main reason for the anomalous biaxiality
of crystals with an angle 2V>10°. Internal stresses can also affect the observed optical pattern, but their
effect is less significant. At the same time, the internal stresses arising from zoned and sectorial
compositional inhomogeneities can cause variations in the orientation of the optical axial plane within
the growth sectors (Figure 17a-d).

The identification of growth ordering is also confirmed by a strong increase in the optic axial
angle in different sections of the same crystal as the 2V angle increases (Figure 16). Since the total
chemical composition of different sections is almost the same, significant variations in the optic axial
angle, as well as in the degree of Al/Li order, can be explained by variations of growth conditions, for

example, by a decrease in temperature or growth rate at late stages of crystal growth.
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6. Description of Li-Al-tourmaline structural deformations

Structural deformations were analyzed based on 11 Li-Al-tourmaline structural determinations
with impurity content of no more than 0.05 apfu (Table A5.1). These requirements were met by the
studied elbaite from the Eastern Pamirs (sample T-17, Table A2.1) and 10 Li-Al-tourmalines from the
ICSD database (nos. 3, 15, 36, 39, 46-48, 65, 79, 89 in Table Al.1). When analyzing the tourmaline
structural deformations, the author studied the effect of the variation of their chemical composition (Al,
BT, F! content) on bond lengths, distortions of polyhedra calculated using the equations proposed by
Ertl et al. (2002) (Table 40), as well as on the unit cell parameters. The values of the analyzed parameters
are given in Table A5.2 and matched coefficients of determination (r?) calculated from them are shown
in Tables 41, 42.

Table 40. Equations describing the polyhedron distortion in the tourmaline structure (Ertl et al. 2002).

Parameter The equation *
Linear distortion 1E& ((N-0).—<N-0O>
Aoct=_2[(( )I )]2
octahedron 63 <N-O0>
Linear distortion 14 (T-0).-<T-0>
Atet=_Z[(( )I )]2
tetrahedron 43 <T-0>

Notes: * N =Y, Z.

The aluminium content (Al") at the YOG6 octahedron of the analyzed tourmalines varies from 2.43
to 1.30 apfu; lithium content (Li") from 0.33 to 1.56 apfu (Table A5.1, A5.2); the [Li/Al]Y ratio from
0.14 to 1.20 apfu. The fluorine (F°*) content at the O1 site varies from 0 to 0.74 apfu, and that of boron
at the silicon tetrahedron (BT) from 0 (in most tourmalines) to 1.23. Some tourmalines contain trace

amounts (less than 0.05 apfu) of Mn?*, Fe?* u Ti** cation impurities.

6.1. Octahedron deformations

Correlation analysis showed that the increase in the aluminium content in the YO6 octahedron is
inversely related to the lithium content (r? = 0.89). Significant feedbacks were found between the
aluminium content and <Y-O>, Y-O1 (OH), 03-06, Y-06 bond lengths (r?> = 0.67, 0.74, 0.92, 0.85,
respectively; Table 41, Figure 24) due to the ratio of the ionic radii of the Li* u AI** (Rui* = 0.76, Ra®*

=0.54 A cations (Shannon 1976). The strongest correlations were found with the length of the common
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edge between the YO6 and ZO6 octahedra O3-0O6 (Figure 24c), and with the Y-O6 bond length (Figure
24b), i.e. ¢ with oxygen, which is the common vertex of Y, Z, and T polyhedra. In addition, direct
relationships were revealed between the O3-06 distance and the following characteristics: <Y-O>, Y-
O1(0OH), Y-06, Z-06 (r? = 0.74, 0.85, 0.81, 0.92, respectively). Due to the common 03-06 edge and
common O6 vertex, an increase in the aluminium content in the YOG octahedron significantly affects the
characteristics of the ZO6-octahedron. Its average size <Z-O> decreases (r> = 0.53), while the Z-06

bond length and angular distortion (¢°Z) increase (r? = 0.88, 0.62, respectively).
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Figure 24. Relationships between the aluminum content in the YO6-octahedron (AlY) and the
geometric characteristics of YO6- and ZO6-octahedrons: a — average bond lengths in the Y-site; b —
Y-06 bond length; c - length of the edge O3-06; d — average bond lengths in the Z-site; e — Z-06
bond length; f —angular distortion in ZO6 — octahedron. Here and below, the designations of the
compositions of tourmalines coincide: ® - olenite; B - rossmanite; ¢ - darrellhenryite ; A -

elbaite; [ |- fluor-liddicoatite; r>— correlation coefficients.
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Figure 25. Relationships between the fluorine content in the O1 position and the characteristics of
YO6 and ZO6 octahedra: a— Al content; b — average bond lengths in the YO6 octahedron; (c) Y-O6
bond length; d — edge length O3-06; e — average bond lengths in the ZO6 octahedron, f — Z-O6 bond

length.

Table 41. Coefficients of determination (r?) between crystal chemical characteristics of Li-Al

tourmaline.
AlY  F9l  <Y-O> Y- Y-06 <Z-O> Z-06 Y/Z 03-06
O1(OH)
1.00 -0.80 -0.67 074 -0.85 -0.53 0.88 -062 -0.92 AlY
1.00 0.74 0.70 0.80 0.52 0.92 0.69 0.89 Fo1

1.00 0.58 0.60 0.38 -0.67 0.99 0.74 <Y-O>
1.00 0.60 0.63 -0.67 0.52 0.85 Y-O1(OH)

1.00 0.60 -0.91 0.57 0.81 Y-O6
1.00 0.39 0.29 0.39 <Z-0>

1.00 -0.63 0.92 Z-06

1.00 0.70 Y/z

1.00 03-06

Notes: With probability P>0.90, the bonds are significant when r>>0.52.

There is a strong inverse correlation (r> = 0.80, Figure 2a) between the aluminium content at the
YOG6 octahedron and the fluorine content at the O1 site, which is probably due to the rare-metal pegmatite
generation conditions. The O1 site is split due to the tendency of fluorine to an ordered assignment. The
Y-F distance (1.836-1.897 A) is significantly shorter than that of the Y-OH" (1.920-1.976 A), which
also suggests the inverse correlation between the fluorine content and the geometric characteristics of
YOe octahedra. Indeed, in four of the eleven structures in which fluorine was localized, the tendency
towards inverse relationship between the Y-F distance and the fluorine content is traced. The fact that
such a relationship actually exists is indicated by the direct correlation between the Y-O1 (OH) bond
and the geometric characteristics of the YO6 octahedron (<Y-O>, Y-06, 03-06 (r* = 0.58, 0.60, 0.85,
respectively, Figure 25 b, c, d). The strong direct correlation between the fluorine content and the O3-
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06 distance leads to significant relationship between the fluorine content of medium-sized ZO6
octahedron (<Z-0>) and the Z-06 bond length (r> = 0.52, 0.92; Figure 25 ¢, f).

The size ratio of the YO6 and ZO6 octahedra (<Y-O>/<Z-O>) is inversely dependent on the
aluminium content and directly dependent on the fluorine content (r> = 0.62, 0.69, Figure 26 a, b): an
increase in the aluminium content leads to the similarity in the octahedron sizes, and vice versa with
fluorine. The angular distortion of the ZO6 octahedron increases with an increase in their proportionality
(r? = 0.91, Figure 26 c).
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Figure 26. Relationships between <Y-O>/<Z-O> ratio and characteristics of
Li-Al — tourmaline octahedra: a—Al", b—F°?, ¢c—6%Z.

6.2. Tetrahedral deformations

The average <T-O> tetrahedral distance depends inversely on the boron content (r?> = 0.75,
Figure 27), which can be due to the fact that the trivalent boron radius in tetrahedral coordination (0.11
A, Shannon 1976) is far less than the Si** radius (0.26 A, Shannon 1976). The impact of the aluminium
content in the YOG octahedron on the geometric characteristics of the tetrahedron is manifested in weak
direct correlations between AlY and the T-O6 bond (r> = 0.53, Table A5.3), as well as between Y-06 and
the mean size of the tetrahedron <T-O> (r? = 0.63). Inverse correlations are observed between <Y-O>
and T-06, and 03-06 — T-06 (r> = 0.73, 0.61, respectively).

The angular and linear distortions of tetrahedra depend on the T-O6 distance (Figure 28) and on

the occupation and geometric characteristics of the YO6 and ZOG6 octahedra, primarily their
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incommensurability (Table 42; Figure 29). As the YO6 and ZO6 octahedra match in size, the tetrahedral
distortion decreases (Figure 29 g, h). There is the direct dependence between the linear and angular
tetrahedral distortions (Figure 30 a), and the inverse dependence between the tetrahedron and the ZO6

octahedron distortions (Figure 30 b, c).

Table 42. Correlation coefficients between crystal chemical characteristics in the Li-Al tourmaline

(tetrahedra and unit cell parameters).

BT AlY  F91  <T-O> T-O6 <Y-O> Y-06 Z-06 Y/Z 03-06 a c
1.00 040 0.23 -0.75  0.009 0.15 056 041 015 0.26 -0.63  -0.69 BT
1.00 -0.80 0.42 0.53 0.67 085 088 0.62 0.92 -0.73  -0.79 AlY
1.00 0.29 -0.57 0.74 080 092 0.69 0.69 0.66  0.67 Fol

1.00 0.000 0.14 063 043 0.14 0.36 085 -0.76 | <T-O>

1.00 -0.73 031 052 -070 -0.61 0.13 0.17 T-O6

1.00 0.002 0.67 0.99 0.74 058 052 | <Y-O>

1.00 091 057 0.81 0.88 092 Y-O6

1.00 -0.63 0.92 0.75 0.75 Z-06

1.00 0.70 0.58 0.48 Y/Z

1.00 0.58 0.48 | 0O3-O6

1.00 0.95 a

1.00 c

Notes: The bonds are significant at r>>0.52 (P = 0.90).
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Figure 27. Relationships between boron content and mean tetrahedron size.
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Figure 28. Dependence of the T-O6 bond length on tetrahedron distortions: a — linear distortion of

the tetrahedron (AtetT*10%); b — angular distortion of the tetrahedron (¢T).
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Figure 29. Dependence of tetrahedron distortions on geometric characteristics of the YO6 and ZO6
octahedra: a-angular distortion of the tetrahedron (c?T) on the aluminum content in the YO6
octahedron; b - linear distortion of the tetrahedron (AtetT*10%) on the size of the YO6- octahedron; c-
angular distortion of the tetrahedron (c°T) on the size of the YO6-octahedron; d - AtetT*10° on Y-O6
bond length; e - AtetT*10° from the length of the edge O3-06; f - AtetT*10° on the Z-O6 bond
length; g - AtetT*10° from <Y-O>/<Z-O> ratio; h - °T from the ratio <Y-O>/<Z-0>.

20 70
2 =
18 o gt e 60 r*=0.60
1 -7 ™
14 . 50 A < _ ]
o 12 PR < 40 <> =
= 10 s A N
e 8 % % 30
6 ' 20
4
) 10
0 0
0 0,05 01 0,15 0.2 0 005 01 015 02
AtetT*103, A AtetT*103, A
a b
70
60 ave
50 R 4-__
. -
0 &
)
©
201 =078
10
0
0 5 10 15 20
6T, ©
C

Figure 30. Relationships between linear and angular distortions of polyhedra in the tourmaline
structure: a — linear (AtetT*10%) and angular (c2T) distortions of the tetrahedron; b - linear distortion
of the tetrahedron (AtetT*10%) on the angular distortion of the ZO6-octahedron (c%Z); ¢ - angular
distortion of the tetrahedron (c2T) vs. angular distortion of the ZO6-octahedron (52Z).
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6.3. Variations in unit cell parameters

It is known that the unit cell parameters of the tourmaline significantly depend on the YOG6 and
Z06 - octahedron sizes (Frank-Kamenetskaya, Rozhdestvenskaya 2001, Ertl et al 2002, etc.). In the
studied tourmaline, direct relationships are observed between the a parameter value and the mean sizes
of the YO6 octahedron <Y-O> and tetrahedron <7-O> (r> = 0.58, 0.85, respectively; Figure 31 a, b) and,
consequently, feedbacks between the a parameter value and the aluminium content in the YOG6
octahedron and boron in the TO4 tetrahedron (r> = 0.73, 0.63, respectively; Figure 31 c, d). Angular
coefficient values in regression equations indicate that the impact of the tetrahedron size <T-O> on the
a parameter is greater than the impact of the octahedron <Y-O>. Dependences of the a parameter on

other geometric characteristics influencing <Y-O> and <T-O> are also observed.
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Figure 31. Dependence of the a parameter on occupancies and sizes of polyhedra in the Li-Al-
tourmaline structure: a - YO6-octahedron size; b - size TO4 - tetrahedron; ¢ - aluminum content in
YO6-octahedron; d - boron content in TO4-tetrahedron.
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Figure 32. Dependence of the ¢ parameter on occupancies and sizes of polyhedra in the Li-Al-
tourmaline structure: a — YO6-octahedron size; b — ZO6-octahedron size; ¢ — edge length O3-06; d —
size TO4 - tetrahedron; e — aluminum content in YO6-octahedron; f — boron content in TO4-
tetrahedron.

The ¢ parameter of the studied tourmaline depends on the sizes of YO6, ZO6 octahedra and
tetrahedra (r> = 0.52, 0.69, 0.76, respectively; Figure 32 a, b, d). The corresponding direction coefficient
values in regression equations indicate that the dependence of the ¢ parameter on <T-O> is greater than
on <Z-O> and even more than on <Y-O>. Accordingly, feedbacks are observed between the ¢ parameter

and the aluminium content in the YO6 octahedron (r> = 0.79; Figure 32 e) and between the ¢ parameter
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and the boron content (r?> = 0.69; Figure 32 f). The dependence of the ¢ parameter on the ZO6 octahedron
size, in almost all cases occupied by aluminium, is due to the strong inverse correlation between the AlY
content and the length of the common edge between YO6 and ZO6 octahedra O3-06 (r* = 0.92). As a
consequence, a strong direct correlation of the ¢ parameter with this distance was revealed (r> = 0.70,
Figure 32 c).

There is a strong direct correlation between the a and ¢ parameters of the studied tourmaline (r?
= 0.95), which, apparently, is a consequence of their dependence, in most cases, on the same crystal
chemical characteristics. A distinctive feature of the analyzed tourmalines is a significant effect of
geometric characteristics and occupations of tetrahedra on their unit cell parameters.

6.4. Resultant conclusions

The study of structural deformations in Li-Al-tourmaline showed that the increase in the
aluminium cation content in the YO6 octahedron leads to a decrease in its size, as well as to the decrease
in the size of the ZO6 octahedron (as a consequence of shortening the O3-O6 edge, which is common
for YO6 u ZO6 octahedra). The YO6 and ZO6 octahedra attain similar sizes. The distortion of the ZO6
octahedra increases; it is caused, first of all, by the displacement of the O3 and O6 oxygen, coordinating
both YO6 and ZO6 octahedra. This is evidenced by significant multidirectional correlations between the
angular distortion of the ZO6 octahedra and the O3-O6 and Z-O6 distances.

An increase in the aluminium content in the YO6 octahedron also affects the geometric
characteristics of the TO4 tetrahedron, which is due to the displacement of the O6 oxygen atom, which
coordinates the tetrahedron. The T-O6 bond length substantially depends on YO6 and ZO6 geometric
characteristics. Its increase with an increase in the aluminium content in the YOG6 octahedron leads to the
decrease in their distortion. Thus, there is an inverse dependence between the degree of distortion of
Z06 octahedra and TO4 tetrahedra. At the same time, the deformations of ZO6 octahedra are
significantly less than those of tetrahedra (maximum distortion of angular tetrahedra—17.02°; minimum
distortion—4.57°).

The unit cell parameters of Li-Al-tourmaline decrease with the increase in the aluminium content
in the YO6 octahedron and boron in the 704 tetrahedron. The a parameter is directly dependent on mean
sizes of YOG octahedra and 704 tetrahedra, and the ¢ parameter depends on the sizes of YO6 and ZO6
octahedra and 704 tetrahedra. A distinctive feature of the studied Li-Al-tourmaline is a significant effect
of the tetrahedral occupations and sizes on their parameters.

The results obtained make it possible to consider variations in the deformation characteristics of
Li-Al-tourmaline with an increase in aluminium in them along the following series: fluor-liddicoatite

<elbaite, fluor-elbaite < darrellhenryite, rossmanite < Li-bearing olenite. According to the data obtained,
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the maximum incommensurability of the octahedra is typical of fluor-liddicoatite and minimum of
olenite; the maximum distortion of the ZO6 octahedra is typical of olenite and minimum of fluor-
liddicoatite; the maximum distortion of the tetrahedron is typical of fluor-liddicoatite and minimum of

olenite. In general, as the aluminium content increases, the degree of structural deformation decreases.
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Conclusions

Main results of the work are as follows:

1. Mineral composition and isomorphism of Li-bearing tourmaline from mineral deposits of Russia and Tajikistan
(Sangilen Upland, Central Transbaikalia, Eastern Pamir) were studied.

1.1. The elemental composition was determined and the crystal structures of three fluorine-bearing
elbaites from pegmatite of the Eastern Pamirs were refined. It is shown that the name elbaite is
superspecies, including at least two mineral species: a new mineral species fluor-elbaite (the author made
the proposal in 2005) with the ideal formula Na(Li1.5Al1.5)Als(SieO18)(BO3)3(OH)3F (approved by IMA
CNMNC in 2013) and hydroxyl-elbaite with the ideal formula Na(Li15Al15)Als(Sis01s)(BO3)3(OH)sOH
(approved by IMA CNMNC in 1951). According to the new nomenclature, approved in 2011, a solid
solution with such an ideal formula is assigned to the elbaite mineral species, discovered in 1913 and
described in 1951.

1.2. Isomorphic substitution patterns and the species membership of Li-bearing mainly calcium
tourmaline from the rare metal pegmatite vein with scapolite (Sangilen Upland, Tuva) were studied.
1.2.1. The elemental composition was examined and the crystal structure of yellow tourmaline of
uniform colour from the central part of the main vein body was refined. It is shown that the studied solid
solution is close in composition to fluor-uvite: CaMgs(AlsMQg)(SisO18)(BO3)3(OH)3(F), but differs from
it in a smaller amount of magnesium and the presence of lithium at the Y site. This solid solution can be
described as consisting of three components: Ca(MgzLi)Als(SisOi8)(BO3)3(OH)sF (Li-rich fluor-uvite),
CaMgsAls(SisO18)(BO3)3(OH)30 (hypothetical oxy-uvite), and NaMgzAls(SisO18)(BO3)3(OH)3F (fluor-
dravite). The transition from fluor-uvite to Li-rich fluor-uvite follows the scheme: Mg?*y + Mg?*z = Li*y
+ AI®*z. The transition from fluor-uvite to hypothetical oxy-uvite follows the scheme: Mg?*z + Fw =
Al¥*z + 0%. The endmember Ca(Mg2Li)Als(SisO1s)(BOs)s(OH)sF content can reach 66 mol %; so, it
makes it possible to consider Li-rich uvite as a new mineral species.

1.2.2. Patterns of variations in the chemical composition (from the periphery to the center) of tourmaline
zoned crystals from the endocontact part of the vein were revealed.

Refinement of the crystal structure of dark green tourmaline (edge) showed that its composition can be
represented as a mixture of the following four components: o(Aiz2Li)Als(SisO18)(BO3)3(OH)3(OH)
(rossmanite), NaMgszAle(SisO18)(BO3)3(OH)3(OH) (dravite), NaFesAls(SisO1s)(BO3)3(OH)3(F)
(hypothetical fluor-schorl) and Ca(Al1sLi15)Als(SieO18)(BO3)3(OH20)(F) (unknown mineral species).
The composition of the calcium component of the studied solid solution is closest to that of fluor-
liddicoatite with the ideal formula Ca(Li2Al)Als(SisO18)(BO3)3(OH)sF and is derived from it following
the scheme: Li*y + 20H = A*y + 20%. The endmember Ca(Al1sLi15)Als(SisO18)(BO3)3(OH20)(F)
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content is 60-64 mol %, which allows this tourmaline to be considered as a new mineral species. The
species composition of the central (yellow) part of the zoned crystal is close to the Li-rich fluor-uvite
Ca(MgzLi)Als(Sis0ig)(BO3)3(OH)sF from the central part of the main vein body. Thus, the evolution of
the tourmaline chemical composition from the periphery to the center (from dark green to yellow) is
mainly due to the occupancy of the Y octahedral site, as well as the anionic one at the V site: i*y + A1%*y
- 2M92+Y; ARy + (02-)v - Mg2+ + (OH-)V; Fe2* = Mgz+.

1.3. Features of OH" and F ion arrangements, jointly occupying the W(O1) site in the tourmaline structure, have
been analyzed.

Refinement of five crystal structures of F-bearing lithium tourmaline (three elbaites and two unknown
calcium tourmalines, similar in composition to fluor-uvite and fluor-dicoatite) revealed the splitting of
the crystallographic W(O1) site into two parts (W1 and W2, statistically occupied by OH and F anions,
respectively), which indicates the tendency of OH™ and F ions toward an ordered distribution. OH" ions
are located on the three-fold axis, and F~ ions are displaced from it. Accordingly, two types of octahedra
appear in the structure: [YO4 (OH) 2] combined into triads through the common W1 vertex located on
the three-fold symmetry axis; [YO4(OH)2] united in triads via the common W2 vertex and statistically

distributed around this axis.

2. The short-range order in the Li-Al tourmaline ([Li/Al]Y = 1) with different Na/Ca ratio at the X site
was studied.

The stability of the 3Y-W, (Y+2Z)-V atomic groups coordinating the W and V sites occupied by
OH-, F and O 2 ions, has been refined by means of calculations performed using the valence-force
theory. Based on experimental studies by IR spectroscopy, a unified model has been proposed for
correlating absorption bands in IR spectra of the tourmaline with local arrangements coordinating OH"
ions consistent with the valence force theory and the X-ray structural analysis data.

It is shown that the second coordination sphere has a significant effect on the short-range order
in Li-Al tourmaline around the ' (OH", F") and V' (OH) sites. The W site environment is represented by
stable clusters: (LiLiAl)Y -W and (LiAIAI)Y — W. The V site environment is represented by following
clusters: LiYAI“Al% - (OH)Y, AIYAI*Al“ - (OH)Y and (due to the effect of the second coordination sphere)
(LiLiADY — (OH)W - [, (LiYAI“Al%) — (OH)Y — Na*, (LiYAI“Al?) — (OH)Y — Ca?*. The interaction of W and
V anions through the cations in Y octahedra leads to the formation of large clusters: [(OH)"WY3(OH)s"Alg]
and [(F)"Y3(OH)3"Alg]. The elemental composition, ratio and ordering of the distribution of cluster

arrangements are controlled by requirements of local valence balance and the crystal structure.

3. The anomalous biaxiality of Li-Al tourmaline from various deposits and reasons of its occurrence

were studied.
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Values of optical axial angles (2V) in 28 Li-Al tourmaline specimens (elbaite, fluor-liddicoatite)
have been determined. It is shown that 2V angles can vary significantly within one crystal (from 0 to 26
©); the orientation of the optical axes can change greatly. The maximum value of 2V ~ 26 ° was found
in a zoned tourmaline crystal from the Malkhan pegmatite field (Central Transbaikalia), the chemical
composition of which can be represented as a mixture of three components:
Na(Li15Al15)Als(SisO18)(BO3)3(OH)3(OH) (elbaite), Ca(Li2Al)Als(SisO18)(BO3)3(OH)3(F) (fluor-
liddicoatite) and (o)(LiAl2)Als(SieO18)(BO3)3(OH)3(OH) (rossmanite). The deep growth zones of this
crystal are predominantly composed of elbaite and those closest to the top mainly consist of fluor-
liddicoatite.

According to the data obtained, the anomalous biaxiality of the studied Li-Al tourmalines (2V <
10 °) is mainly due to heterometry stresses. In the anomalously birefringent tourmaline crystal from
Central Transbaikalia, the 2V angle in which reaches 26° and significantly increases along the [0001]
growth direction as the Ca content increases and the Na content decreases, the anomalous biaxiality is
mainly caused by decrease in crystal symmetry: from trigonal (R3m space group) to monoclinic (Cm
space group) or triclinic (pseudomonoclinic) (R1space group), which is due to the partially ordered
distribution of Li and Al cations at the YOs octahedra. The difference in the occupancy of the Y sites
increases with increasing 2V angles. The internal stresses present in this crystal, arising from small zoned
and sectorial compositional inhomogeneities, can cause variations in the orientation of the optical axial

plane within the growth sectors.

4. Structural deformation patterns of Li-Al tourmaline were analyzed.

On the basis of original and published structural data (eleven Li-Al-tourmaline specimens with
an impurity content of no more than 0.05 apfu), structural deformation patterns of Li-Al tourmalines
(olenite, rossmanite, elbaite, darrellhenryite, and fluor-liddicoatite) were studied using correlation
analysis.

It was identified that the increase in the aluminium cation contents in the YO6 octahedron leads
to approximation of YO6 and ZO6 octahedron sizes. The distortion of the ZO6 octahedra increases,
while the distortion of TO4 tetrahedra decreases. Since the deformations of ZO6 octahedra are
significantly less than those of tetrahedra, the degree of structural deformation decreases along the series:
fluor-liddicoatite>elbaite, fluor-elbaite>darrellhenryite, rossmanite> Li-bearing olenite. A distinctive
feature of the studied Li-Al tourmaline is a significant effect on its occupation parameters and size of

tetrahedra.
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APPENDIX 1

Crystal chemical characteristics of Li-Al-tourmalines

Table Al.1. Crystal chemical formulas of the structurally studied

Li-Al — tourmalines

Mineral name Crystal chemical formula [Li/AITY R References
1 Elbaite (Nao,sgcao,lfg)(A|2,01Lio,99)(A|5,76F60,06Mno,oe)(Sieols) 0.49 0.032 Ito &
(BO3)3(0OH1.8301.17) (00.6s0Ho 32) Sadagana
1951
2 Elbaite (Nao,egMno,lscao,MKo,ozD0,13) (A|1,59Li1,26Mno,12|:62+o,03) 0.79 0.042 Donnay et
Alg(SisO18)(BO3)3(OH2.4900.51)(Fo.600Ho.40) al. 1972
3 Al-rich elbaite (Nao,37cao,osKo,01:0,54)(A|2,28Lio,69|\/|no,o3)A|6(Si6013) 0.30 0.028 Gorskaya et
(BO3)3(0OH1.8601.14) (OHo.97F0.03) al. 1982
4 Elbaite (Nao,gscao,m:0,11)(A|1,53Mno,ggLio,42)A|5(Si5018) 0.27 0.030 Nuber &
(BO3)3(OH2.900.1)(0) Schmetzer
1984
5 Elbaite (Nao,gzcao_oﬂ \0_17)(A|1,14Lio_34Fez+o_34Mno_15F63+o_03)A|6 0.74 0.025 Gorskaya
(SigO018)(BO3)3(OH)3(OHo.8300.17) 1989
6 Elbaite (Nao_escao,o3 0,31)(A|1_5oLi1,02Mﬂo,42Fez+o,03)A|5(Sieolg) 0.68 0.023 Grice &
(BO3)3(0OH2.8200.18) (Fo.620H0.3400.04) Ercitis 1993
7 Elbaite (Nao_sscao,os o,1o)(A|1_5oLi1,14F€‘2+o,42|\/|no,lego_lz)Aha 0.76 0.024 | Belokoneva et
(SisO18)(BO3)3(OH2.8200.18) (OH0.9200.08) al. 1993
8 Mn—bearing (Nao,sscao_zo\ \0_12)(A|1,07Li1_05Mn2+o,84Ti4+o_o4)A|e 0.98 0.022 Burns et al.
elbaite (Si5,33A|o,17)013(803)3(oH)s(FO.BGOHo,34) 1994
9 (Nao.74Cao.16! 10.10) (Al1.02Li1.04MN?*0 74F €016 Ti**0.04) Alg 1.02 0.023
(Sis.88Al0.12)O18(BO3)3(OH)3(Fo.640Ho.36)
10 (Nao.70Cao.15 10.15) (Alo.saLlio oFeo.66MNn?* 045 Ti%*0.11) Als 1.07 0.024
(Sis.86Al0.14)018(BO3)3(OH)3(Fo.560Ho.44)
11 (Nao.78Ca0.06 10.16) (Al1.11Li1.04MN?* 0 g9 Ti%* 0 03) Alg 0.94 0.025
(SigO18)(BO3)3(OH)3(Fo.650Ho.35)
12 (Nao,75Cao,05\ \0,20)(A|1,07Li0,99|\/|n2+o,83Ti4+o,o4)A|e 0.93 0.023
(Sis.94Al0.06)O18(BO3)3(OH)3(Fo.560Ho.44)
13 (Nao.78Cao.04! 10.18) (Al1.0sLi1.00MN?*0 gsFe€0.05 Ti**0.04) Alg 0.95 0.023
(Sis.90Al0.01)O18(BO3)3(OH)3(Fo.6s0Ho.32)
14 (Nao.70Ca0.08 0.22) (Al133Li1.22F€0.30MN?*9.15) Al(SisO1s) 0.92 0.020
(BO3)3(OH)3(Fo.s70Ho.33)
15 (Nao,4gcao_17D0_34)(A|1,51Li1_34Mn2+o,05)A|6 0.83 0.018
(Si5.90Al0.10)018(BO3)3(OH)3(Fo.520Ho.48)
16 Mn—bearing (Nao_57D0_43)(A|1,56Li1,2o|\/|no_14)A|6(803)3(Sieolg)(OH)4 0.72 0.022 McDonald et
17 elbaite (Nao_57D0_43)(A|1,71Li1,2o|\/|no_lo)A|6(803)3(Sieolg)(OH)4 0.70 0.023 al. 1995
18 Fluor-elbaite (Nao.81Ko.01Cao.01) (Fe?*0.00Alo.80Li0.70Mgo.61Mng.03 Tio.06) Als 0.88 0.014 Camara et
(Si5.97Al0.03)018(B03)2.93(OH)3((OH)o0.42F0.5500.03) al. 2002
19 Elbaite (Nao.84Ca.03Ko0.01J0.12) (Al1.44Mng g3Lig 54F€0.06 Ti0.03) Als 0.38 0.021 Ertl et al.
(Sis.76Al0.24)O18(BO3)3(OH)3(Fo.5400.46) 2004
20 Mn—bearing (Nao,secao_lgﬂ0_32)(A|1,57Li1_25Fez+o_o4Mno_os)A|e 0.75 0.025 Bosi et al.
elbaite (Si5.91B0.09) 018(BO3)3(OH2.8500.15) (Fo.510H0.49) 2005
21 (Nao.79Ca0.02Ko.01110.10) (Al1.27L10.6sMnNo.84 Tio0.04) 0.69 0.024
(Als.95MnNg.05) (Sis.97Al0.02B0.01)O18(BO3)3(OH)3
(Fo.ss0Ho.35)
22 (Nao.78Ca0.03[10.20) (Al1.26Li0.78MnNg g2 Tio.03) (Als.94Mng g6) 0.62 0.022
(Si5.92Al0.05B0.03) 018(BO3)3(OH)3(Fo.530H0.3900.08)
23 (Nao.76Ca0.03K0.0110.20) (Al1.24Mn1 01Li0.71 Tio.04) 0.56 0.025
(Als.93Mno.07)(Sis.95Al0.05)O18(BO3)3(OH)3
(Fo.540H0.3500.07)
24 (Nag.72Ca0.02[10.22) (Al1.30Mn1 0gLio.57 Ti0.04) (Als.92Mno.08) 0.44 0.021
(Sis.92Al0.08) O18(BO3)3(OH)3(F0.430H0.3800.19)
25 (Nao.69Ca0.0310.28) (Al1.32Mn1 20L .45 Ti0.04) (Als.90Mng.10) 0.36 0.022
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(Sis.98Al0.02)O18(BO3)3(OH)3(F0.3900.360Ho.25)

26 (Nao.67Ca0.02Ko.01170.30) (Al1.30Mn1 21Li0.45Tio.04) 0.35 0.022
(Als.9Mno.10)(Sis.92Al0.08) O18(BO3)3(OH)3
(Fo.410H0.3900.20)
27 Fluor-elbaite (Nao,67:0,33)(A|1,51Li1,25F62+o,1gMno,o4)A|5(Si5,gaBo,o4)018 0.83 0.024 Bosi et al.
(BO3)3(0OH)3(Fo.6300.37) 2005
28 (Nao.630.37) (Al 46Li1.28F82%0.12MNg 10Mo.04) Al 0.88 0.022
(Si5.97B0.03)O018(BO3)3(OH)3(Fo.5100.49)
29 (Nao.65Ca0.03K0.01/ 10.30) (Al1.37Li111Mng 42Fe2*0 11) 0.82 0.026
(Als.99Mno,01)(SisO18)(BO3)3(OH)3(Fo.5200.48)
30 Elbaite (Nao.53Cag.09 o,33)(A|2,ooLio,9oMn2+o,ogFez+o,01)A|6(BOe,)3 0.45 0.017 Ertl et al.
(Sis.61B0.39) O18(OH)3(OHo.6000.40) 2008
31 Elbaite (Nao_63Cao,03 0,34)(A|1_67Li1,17|\/|no,13Feo,03Tio,01)A|6 0.70 0.019 | Lussier et al.
(Sis.81B0.19)018(BO3)3(OH)3(OHg.79F0.21) 2008
32 (Nao.s5Ca0.0710.28) (Al1.42L11.00MnNg 43 Tio.08F€0.07) Al 0.70 0.032
(Sis.62B0.33) O18(BO3)3(OH)3(OHo.90F0.10)
33 (Nao.64Ca0.03[10.33)(Al1.48Li1.00MnNg.43F€0,06 Tio.04) Al 0.68 0.033
(Sis5.72B0.28)018(BO3)3(OH)3(0OH)
34 Fluor-elbaite (Nao.76Can.07Ko.01 0,15)(A|1_14Mno_5oLio,49Fez+o_45 0.43 0.015 Ertl et al.
Fe3*0.11ZN0.09 Tio.01/ 0.21)Als(Sis.77Alo 20B0.03)O18 2010
(BO3)3(OH)3(Fo.690H0.2600.05)
35 (Nao.74Cag.12/ 10.14) (Al1.30Mng soLio.67Fe3*0.00F€*0.01 0.52 0.017
Tio.0170.19)Als(Sis.78 Alg.17B0.05)O18(BO3)3(OH)3
(Fo.770H0.1900.04)
36 (Nag.51Ca0.16/10.33) (Al1.goLi1.08Mno 01 J0.11)Alg 0.60 0.015
(Si5.77B0.23) O18(BO3)3(OH)3(Fo.580H0.3200.10)
37 (Nao51Cao.19/ 10.30) (Al162Li1.13MNo.0oFe* 0,01 10.15) Al 0.70 0.013
(Sis.80B0.11) O18(BO3)3(OH)3(Fo.660Ho0.34)
38 (Nao.59Cao.28' 0.13) (Al1.3slio.01Mno27Fe?*0 21 Tio.02' 0.21) 0.66 0.018
(Als.92Mdo.08)(Sis.85Al0.08B0.07) O18(BO3)3(OH)3
(Fo.790Ho0.21)
39 (Nao,53cao_1 0,37)(A|1_30Li1_05|\/|no,02\ \0,13)A|e 0.58 0.013
(Si5.77B0.23) O18(BO3)3(OH)3 (OHo.54F0.46)
40 Elbaite (Nao.73Cag.06/ 0.21) (Al1.24L11.00F€0.41MNg 18MQo.07) Als 0.82 0.025 Gatta et al.
(SisO18)(BO3)3(OH)3(Fo.540Ho.46) 2012
41 Fluor-elbaite (Nao.saCag.02 Jo.14)(Al13sLio.7sMng.es Tio.01[l0.21)Als 0.58 0.017 Ertl et al.
(Sis5.92Al0.04B0.04)O18(BO3)3(OH)3(Fo.8:60Ho.19) 2012
42 (Nao.89Ca0.05Ko.01 10.05)(Al115Li059F% 0.56MnNo 48 Ti0.04) 0.51 0.018
Als(Sis.87Al0.07B0.06) O18(BO3)3(OH)3(Fo.7900.180Ho.03)
43 (Nao.76Cao.12! 10.12) (Al1s2Li0.60MnNo.43F€% 0.0/ 10.27) 0.45 0.018
(Als.98Ti0.02) (Sis5.71B0.29) O18(BO3)3(OH)3(Fo.690H0.31)
44 Fluor-elbaite (Naojgcao,oeKo,m 0,15)(A|1,15Li1,02|:62+0,46|\/|n2+o,zgzno,03) 0.89 0.015 Bosi et al.
Alg(Si6.02018) (BO3)3(OH)3(Fo.760Ho.24) 2013
45 (Nao,83Cao,02\ \0,15)(A|1,20F62+0,91Lio,74|\/|n2+o,ogzno,05)A|a 0.62 0.018
(Sis.94[10.06018) (BO3)3(OH)3(Fo.700H0.1900.11)
46 | Darrellhenryit (Nao58Ca0.01/ 10.41)(Li1.05Al1.95)Als(SisO18) (BO3)3 0.54 0.021 | Novak et al.
e (OH)3(O0.65F0.34) 2013
47 | Enriched with (Nao.43Cao.24! 10.33) (Al2.a3lio sl 1o.28)Alg 0.14 0.018 Ertl et al.
boron olenite (Si4.87B1.23)018(BO3)3(OH)3(00.640Ho.36) 1997
48 Enriched with (Nao.40Cao.20/ J0.31) (Al2.42L10.36 10.22) (Als.92[ 10.08) 0.15 0.014 | Hughes et al.
boron olenite (Si4.85B1.06Al0.08)O18(BO3)3(OH)3(00.630H0.31F0.06) 2000
49 Olenite (Nao.54Ca0.02[ 10.44) (Al2.07Li0.63MnNo.09F€0.04 10.17)Als 0.30 0.014 Schreyer et
(Sis5.45B0.40Al0.14) O18(BO3)3(OH)3(OHo.83F0.1600.01) al. 2002
50 Enriched with (Nao,socavoﬂ \oAlg)(All,ngn2+1,21Lio,37F62+o,02\ \0,12)A|5 0.30 0.036 Ertl et al.
manganese (Sis.80Al0.20)018(BO3)3(OH)3(F0.4300.320Ho.25) 2003
51 olenite (Nao.77Ca0.03' 0.20) (Al1.23Mn?**1 14Li0.48F€% 0,02 Ti0.01 l0.12) 0.40 0.025
Als(Sis 83Alp.17)O18(BO3)3(OH)3(Fo.4s0H0.3300.19)
52 Mg - bearing (Nao,64C3.0A11Ko,02 0,23)(A|1A58MgoA91FEZ+oA41TioAlo) no 0.014 Ertl et al.
olenite (Al4.50Mg1.10)(SisO18) (BO3)3(OH)3(00.900Ho.07F0.03) 2003
53 (Nao.71Ca0.10Ko.01/ 10.18) (Al142Mg1.10F€2*0.39 Ti0.00) (Al .94 0.014

M01.06)(Sis.95Al0.05) O13(BO3)3(OH)3(00.920H0.05F0.03)
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54 Fe —rich (Nao_szcao,m:0,47)(A|1_62F82+o,33|\/|n2+o_42Lio_05Ti4+o,03Do,o 0.03 0.031 Ertl et al.
olenite 5)(A|5,37Mgo_13)(Si5_73A|0_17Fe3+o_10)018(BO3)3(OH)3 2004
(00.540H0.32F0.14)
55 Mn —rich (Nao_34cao,o3Ko_01D0_12)(A|1,33Mn2+o,3eLio,51F62+o,06Tio,oz 0.38 0.021 Ertl et al.
olenite [0.22)Als 00(Sis.72Al0.26)O18(BO3)3(OH)3 2004
(Fo.540H0.3700.09)
56 Fe - bearing (Nao,54cao_14Ko,01:0,31)(A|2_15F62+o,78|\/|n2+o,oeTi4+o,01) no 0.017 | Cempirek et
olenite (Als5.90MQ0.10) (Sis.60Al0.40)O18(BO3)3(OH2.4900 51) al. 2006
(Oo.99F0.01)
57 Li - bearing (Nao,sscao_ogpbo_oﬂ \0,35)(A|2_13Lio_75|\/|n2+o_01 0_11)A|6 0.35 0.017 Ertl et al.
olenite (Sis.34B0.66)018(BO3)3(OH)3(OHq.5000.26F0.24) 2007
58 «Liddicoatite» (Cao]zNao,27)(Li1,59A|1,13Fez+o,11Tio,05Mno,o4Mgo,03)A|6(B 1.40 0.025 Dunn et al.
03)3(Si6.02018)(OH)3(Fo.8670H0.8600.27) 1977
59 «Liddicoatite» (Cao]zNao,27)(Li1,59A|1,13Fez+o,11Tio,05Mno,o4Mgo,03)A|6(B 1.41 0.033 Nuber &
03)3(Si6.02018)(OH)3(Fo.8670H0.8600.27) Schmetzer
1981
60 «Liddicoatitex (Ca0_48Na0_41D0_11)(Li1_20A|1_19Mn0,61)(A|5,94D0,06) 1.01 0.021 Aurisicchio
(Sis.g8010.12018)(BO3)3(OH)3(OHo.63 0.37) etal. 1999
61 (Cao.48Nao.a11o.11)(Li1.23Al1.21Mng 61) (Al 88 0.12) 1.02 0.025
(Sis.g8010.12018)(BO3)3(OH)3(OHo.s0 0.40)
62 Fluor- (Caos57Nag 20l lo.14) (Al1.a1L i1 33MN?*0.071 lo.10) Alg 0.94 0.017 Ertletal.
liddicoatite (Sis.86B0.14)018(BO3)3(OH)3(Fo.760Ho.24) 2006
63 (Cao.soNao 34 lo.16) (AlwssLiy15Fe2*0.0sMn?* 02l o 23) Al 0.74 0.015
(Sis.73B0.27)018(B03)3(OH)3(Fo.560Ho.44)
64 (Cao.41Nag .10l lo.18) (Al1e2Li1.06MN?0.04F% 0,02 10.23) Al 0.67 0.013
(Sis.69B0.31)018(BO3)3(OH)3(Fo.510Ho.49)
65 (Nao.46Cao.30 lo.24) (Al1gzLi0.8aF€2* 0 01MN*g 01 1o 27) Al 0.49 0.013
(Sis56B0.44) 018(BO3)3(OH)3(OHo 50F0.50)
66 Fluor- (Ca.49Na0.44Pbo 02l l0.05) (Li1.20Al1 24MN?*g 36Fe%0.02) Alg 1.04 0.018 | Lussier et al.
liddicoatite (SigO13)(BO3)3(OH)3(Fo.710Ho 20) 2011
67 (Caos6Nag.35Pbo.03lo.06)(Li1.46Al1.19MN%* 0 33F€%% 0 11) Al 1.22 0.017
(SisO18)(BO3)3(OH)3(Fo.600Ho.31)
68 (Cao.52Nao 39P0o .02 10.07)(Li1.40Al117MN% 0 23Mgo.10F€%*0.10 1.19 0.018
)Als (SisO18)(BO3)3(OH)3(Fo.5600Ho.41)
69 (Cap.s3Nap.30Pbo.02J0.0s)(Li1ssAl1.19MN% g 21 Fe?*0 02) Alg 133 0.017
(SisO18)(BO3)3(OH)3(Fo.700H0.30)
70 (Cap.saNap 26Pbo.0200.05)(Li161Al1.10MN% g 15F2%0 02) Alg 1.34 0.017
(SisO18)(BO3)3(OH)3(Fo.700H0.30)
71 (Cap.saNap 28Pbo.0200.06) (Li1s0Al1 22MN?* g 14F2%0 05) Alg 1.30 0.016
(SisO18)(BO3)3(OH)3(Fo.710Ho.20)
72 (Cao.44Nag.47Pbo o3l lo.06)(Li1.20Al1.17MNn% g 53F€%*0.03) Alg 1.10 0.017
(SisO18)(BO3)3(OH)3(Fo.6s0Ho.32)
73 (Cap.saNap 28Pbo.0200.06) (Li1s0Al1 22MN?* g 14F2*0 05) Alg 114 0.017
(SisO18)(BO3)3(OH)3(Fo.710Ho.20)
74 (Cao.44Nag.47Pbo o3l lo.06)(Li1.28Al1.17MNn% g 53F€%*0.03) Alg 1.23 0.020
(SisO18)(BO3)3(OH)3(Fo.6s0Ho.32)
75 (Caps1Nap.41Pbo.osJo.0s)(Li1ssAl1.10MN% g 40F2*0 03) Alg 1.34 0.022
(SisO18)(BO3)3(OH)3(Fo.750Ho.25)
76 (Cao.s8Nao.35Pbo.010.06) (Li1.agAl1 21Mgo.0sMN?*0 03F€% %0 02 1.26 0.014
Tio.01)Als (SigO18)(BO3)3(OH)3(Fo.6s0Ho.35)
77 (Cao.70Nag.23Pbo.01lo.06)(Li1.68Al1.26MN%* 0 03F€%%0 03) Als 1.20 0.016
(SisO18)(BO3)3(OH)3(Fo.670Ho.33)
78 (Cao.69Nao 25Pbo.01! 10.05) (Li1.62Al1 20F€2*0.06MNZ*0 04) Alg 1.20 0.016
(SisO18)(BO3)3(OH)3(Fo.600Ho.31)
79 (Cao.65Nag.28Pbo.01l0.06) (L i1.56Al1.34MN%* 0 03F€%0.01 Ti0.01) 1.25 0.017
Alg(SisO18)(BO3)3(OH)3(Fo.710Ho.20)
80 (Cao.69Nao 24Pbo.01! 10.05) (Li1.60Al1 34F€2*0 03MNZ* 03) Alg 1.23 0.017
(SisO18)(BO3)3(OH)3(Fo.730H0.27)
81 (Cao.6aNao 28P0o.01' 0.06)(Li1.57Al125Mgo.02MN?*g 0sF€2%0 13 1.25 0.016

Tig.01)Als (SigO18)(BO3)3(OH)3(Fo.670Ho.33)




240

82 (Cao.68Nao.25Pbo.01 10.06) (Li1.63Al1.24Mgo.0sMN* 0,04 1.32 0.030
Fe?*0.06)Als (SisO18)(BO3)3(OH)3(Fo.640Ho.36)
83 (Cao.70Na0.24Pbo.01 o.06) (Li1.57Al1.32Mgo.02Mn? 5,03 1.19 0.015
Fe?*0.06) Als(SisO15) (BO3)3(OH)3(Fo.6s0Ho.32)
84 (Cao.68Nao.24Pbo.010.07)(Lize2Al1.20MN?*0.05 1.25 0.016
Fe?*0.04)Als (SisO18) (BO3)3(OH)3(Fo.720Ho.20)
85 (Cao.61Nao32Pbo.01) (Li1.61Al1.14Mgo.0sMN? 0,06 1.42 0.018
Fe?*0.12Ti0.01)Ale(SicO18)(BOs3)3(OH)3(Fo.630H0.37)
86 (Cao.66Nao.27Pho.o1 0.06)(LivesAlL.1oMN?*0.05 1.35 0.018
Fe?*0.00Ti0.01)Als (SisO18)(BO3)3(OH)3(OHo.s6F0.43)
87 (Cao.61Nao.21Pbo.01l0.07) (LirasAl127Fe?0.16MN?*0.06 1.17 0.017
Mgo.02Ti0.02) Als(SieO18) (BO3)3(OH)s(Fo.630Ho.37)
88 (Cap.s3Nap.34Pbo.0170.02) (Li1.52Al1 20F€%*0.12MGo.07 1.27 0.015
Mn2*0.06 Ti0.01)Als(SisO18) (BO3)3(OH)3(Fo.660Ho.31)
89 Rossmanite (os7Nag.43)(Lio71Al2.17) Als(Sis.92[ 0.08) 0.33 0.017 | Selwey et al.
O18(B2.92[0.0803)3(OH)3(F0.100H0.8300.07) 1998
90 Mn - bearing (0.53Na0.46Ca0.01) (Al 37L10.33MN% 0 25F8%* 0,04 Ti%%0.01) Al 0.139 0.017 Ertl et al.
«OXy- (Sis.47Al0 28B0.25)O18(B03)3(OH2.8500.15) 2005
rossmanite» (O0.860Ho.10F0.04)
91 (:0,53Nao,46Cao,01)(A|2,35Li0,32|\/|n2+o,23F62+o,04Ti4+0,01)A|e 0.136 0.017
(Sis.51Al0.25B0.24)018(BO3)3(OH2.8000.20)
(00.860Ho.10F0.04)
Mineral name Crystal chemical formula [Li/Mg]Y R References
92 Feruvite (Cao.62Nao.390.01) (FE?*1.53Mg1.21 Ti** 0 20MnNo.01) no 0.016 Grice &
(Als.72Mgo.g2Fe3*0.34F€2%0.12)6(Sis 83Al0.10)6018 Robinson
(BOs)s(OH)s(OH) 1989
93 Feruvite (Cao,szNao,4o)(Fez+1_26Mgl_21Feg+o_44A|o_osMno_ol) no 0.016 Grice &
(Als.72Mdo.82Fe3* 028 Ti**0.18)6(Si5.77B0.12Ti*%0.10)6018 Ercitis 1993
(BO3)3(OH)3(OHo.s0  l0.40)
94 Fluor-uvite (CagsaNag a2 0,04)(Mg3,01Lio,01)(A|5,46Mgo_5oTi4+o,05)e 0.003 0.018
(Sis.09Ti**0.01)6018(BO3)3(OH)3(Fo.620H0.3300.05)
95 Uvite (Cag.asNag.40/ 10.17)(Mg1.70Al1.28Cro.02) (Als.16MQo.78 no 0.018 | Tayloretal.
Cro.06)6(Si6018) (BO3)3(OH)3(O0.660Ho.31) 1995
96 V - bearing (Cao.81Nao.17770.02) (M2.92V0.03 Tio.03Li0.02) (Als.33Mgo.67)s 0.007 0.025 | McDonald
fluor-uvite (Sis.81Al0.19)6018(BO3)3(OH)3(Fo.970H0.03) &
97 (Cao.76Nao.23 10.01)(Mg2.88Vo.03 Tio.0sLi0.02) (Als.33Mgo.s7)s 0.007 0.022 | Hawthorne
(Sis.81Al0.19)6018(BO3)3(OH)3(Fo.970Ho.03) 1995
98 (Cao.70Na0.29 10.01) (Mg2.84Li0.08V0.05 Ti0.03Cro.01) 0.028 0.021
(Als.55Mgo.45)6(Sis.73Al0.27)6018(BO3)3(OH)3(Fo.840Ho.16)
99 (Cao.77Nao.21/ 10.02) (Mg2.79Li0.11 V.06 Ti0.03) (Als.6sMgo.32)6 0.039 0.020
(Sis.55Al0.45)6018(BO3)3(OH)3(Fo.740Ho.26)
100 (Cao.60Nao.3710.03) (M@2.77Vo.11Li0.09 Ti0.02Cro.01) 0.032 0.022
(Als.57Mgo.43)6(Sis.81Al0.10)6018(BO3)3(OH)3(Fo.7s0Ho.22)
101 (Cag.72Nao 26l 10.02)(Mg2.68Vo.20Li0.06 Ti0.03Cro.02) 0.022 0.025
(Als.50Mgo.50)6(Sis.58Al0.42)6018(BO3)3(OH)3(Fo.920Ho.08)
102 (Cao.77Nag.20710.03) (M@2.74Vo.13L10.08 Ti0.04Cr0.02) 0.029 0.023
(Als.60Mgo.40)6(Si5.51Al0.49)6018(BO3)3(OH)3(Fo.810Ho.19)
103 (Cao.77Nag.20710.03) (M@2.78Vo.12Li0.06 Ti0.04Cr0.01) 0.022 0.020
(Als.49Mgo.51)6(Sis.63Al0.38)6018(BO3)3(OH)3(Fo.810Ho.19)
104 (Cao.75Nao.22 0.03) (Mg2.73Vo.16Li0.07 T i0.03Cr0.02) 0.026 0.020
(Als 5:Mdo.48)s(Sis.60Al0.40)6018(BO3)3(OH)3(Fo.850Ho.15)
105 Feruvite (Cao.48Na0.49Ko0.01 10.02)(MJ1.35F% 0.04F€**0.49Ti0.20) no 0.013 | Camara et
(Al458Mgo.soFe® 0.62)6(Sis.00Al0.01)6018(BO3)3 al. 2002

(OH)3(00.640Ho.18F0.18)
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Table A1.2. Main structural parameters of Li-Al — tourmalines

Sam Structural parameters, A References
ple a Cc X-Oay Y-Oav Z-Oay B-Oav T-Oav Y-Oav/
Z-Oav
1 16.000(2) 7.170(1) | 2.712 | 2.002 | 1.972 no 1.663 1.02 Ito &
Sadagana
1951
2 15.838(2) 7.103(1) | 2.670 | 2.018 | 1.905 no 1.617 1.06 Donnay et al.
1972
3 15.803(1) 7.086(1) | 2.677 | 1.969 | 1.898 1.373 1.619 1.04 Gorskaya et
al. 1982
4 15.916(2) 7.130(1) | 2.676 | 2.040 | 1.909 1.372 1.620 1.07 Nuber &
Schmetzer
1984
5 15.901(2) 7.121(1) | 2.680 | 2.061 | 1.907 no 1.620 1.08 Gorskaya
1989
6 15.846(1) 7.119(1) | 2.670 | 1.980 | 1.895 no 1.616 1.04 Grice &
Ercitis 1993
7 15.887(2) 7.150(1) | 2.670 | 2.055 | 1.910 no 1.617 1.08 Belokoneva et
al. 1993
8 15.932(2) 7.135(1) | 2.666 | 2.045 | 1.910 1.374 1.625 1.07 Burns et al.
9 15.928(1) 7.137(2) | 2.669 | 2.046 | 1.909 1.375 1.623 1.07 1994
10 15.938(7) 7.133(5) | 2.675 | 2.048 | 1.908 1.374 1.624 1.07
11 15.872(2) 7.138(4) | 2.668 | 2.040 | 1.905 1.371 1.619 1.07
12 15.882(7) 7.123(5) | 2.668 | 2.036 | 1.904 1.389 1.618 1.07
13 15.926(7) 7.106(4) | 2.674 | 2.043 | 1.906 1.375 1.620 1.07
14 15.802(3) 7.121(1) | 2.664 | 2.014 | 1.902 1.369 1.615 1.06
15 15.854(2) 7.106(1) | 2.667 | 2.003 | 1.908 1.377 1.621 1.05
16 15.818(2) 7.087(1) | 2.602 | 1.992 | 1.904 1.370 1.617 1.05 McDonald et
17 15.805(2) 7.084(1) | 2.603 | 1.988 | 1.903 1.370 1.616 1.04 al. 1995
18 15.921(3) 7.137(2) | 2.679 | 2.036 | 1.911 1.376 1.619 1.07 Camara et al.
2002
19 15.9158(2) | 7.1201(1) | 2.677 | 2.032 | 1.907 1.375 1.622 1.07 Ertl et al. 2004
20 15.8232(7) | 7.0960(4) | 2.666 | 1.996 | 1.906 1.374 1.616 1.05 Bosi et al.
21 15.9055(6) | 7.1270(3) | 2.674 | 2.035 | 1.908 1.375 1.619 1.07 2005
22 15.9137(6) | 7.1302(3) | 2.675 | 2.038 | 1.909 1.376 1.620 1.07
23 15.9243(5) | 7.1323(3) | 2.676 | 2.040 | 1.909 1.376 1.620 1.07
24 15.9303(6) | 7.1341(3) | 2.682 | 2.039 | 1.910 1.376 1.621 1.07
25 15.9398(6) | 7.1363(3) | 2.685 | 2.041 | 1.911 1.376 1.620 1.07
26 15.9461(5) | 7.1380(3) | 2.688 | 2.042 | 1.911 1.376 1.621 1.07
27 15.8468(6) | 7.1058(3) | 2.670 | 2.007 | 1.907 1.375 1.617 1.05 Bosi et al.
28 15.8528(8) | 7.1083(5) | 2.671 | 2.011 | 1.906 1.376 1.617 1.06 2005
29 15.8801(6) | 7.1169(3) | 2.671 | 2.023 | 1.907 1.376 1.619 1.06
30 15.777(1) 7.086(1) | 2.677 | 2.032 | 1.907 1.375 1.622 1.07 Ertl et al. 2008
31 | 15.8063(16) | 7.0923(7) | 2.677 | 2.032 | 1.907 1.375 1.622 1.07 Lussier et al.
32 | 15.8402(16) | 7.1015(13) | 2.677 | 2.032 | 1.907 1.375 1.622 1.07 2008
33 | 15.8375(18) | 7.0996(10) | 2.677 | 2.032 | 1.907 1.375 1.622 1.07
34 15.9224(3) | 7.1250(3) | 2.677 | 2.032 | 1.907 1.375 1.622 1.07 Ertl et al. 2010
35 15.9096(3) | 7.1235(2) | 2.677 | 2.032 | 1.907 1.375 1.622 1.07
36 15.8304(3) | 7.0968(3) | 2.677 | 2.032 | 1.907 1.375 1.622 1.07
37 15.8405(3) | 7.1016(2) | 2.677 | 2.032 | 1.907 1.375 1.622 1.07
38 15.8775(3) | 7.1169(3) | 2.677 | 2.032 | 1.907 1.375 1.622 1.07
39 15.8111(4) | 7.0892(4) | 2.677 | 2.032 | 1.907 1.375 1.622 1.07
40 15.8560(3) | 7.1079(1) | 2.674 | 2.011 | 1.907 1.372 1.618 1.05 Gatta et al.
2012
41 15.8887(2) | 7.1202(1) | 2.670 | 2.007 | 1.907 1.375 1.617 1.05 Ertl et al. 2012
42 15.9107(1) | 7.1267(1) | 2.671 | 2.011 | 1.906 1.376 1.617 1.06
43 15.8430(1) | 7.1051(1) | 2.671 | 2.023 | 1.907 1.376 1.619 1.06
44 15.8933(2) | 7.1222(1) | 2.671 | 2.030 | 1.908 1.377 1.619 1.06
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45 15.9083(6) | 7.1229(3) | 2.677 | 2.036 | 1.907 1.379 1.620 1.07 Bosi et al.
2013
46 15.809(2) 7.089(1) 2.674 | 1.984 | 1.906 1.373 1.616 1.04 Novak et al.
2013
47 15.7395(2) | 7.0656(2) | 2.652 | 1.957 | 1.905 1.372 1.610 1.03 Ertl et al. 1997
48 15.731(3) 7.0638(9) | 2.647 | 1.957 | 1.902 1.371 1.609 1.03 Hughes et al.
2000
49 15.792(1) 7.0878(1) | 2.676 | 1.969 | 1.906 1.372 1.617 1.03 Schreyer et al.
2002
50 15.9466(3) | 7.1384(3) | 2.683 | 2.050 | 1.908 1.374 1.624 1.07 Ertl et al. 2003
51 15.941(1) 7.136(1) 2.684 | 2.045 | 1.910 1.376 1.622 1.07
52 15.9238(4) | 7.1822(2) | 2.682 | 2.010 | 1.926 1.374 1.620 1.04 Ertl et al. 2003
53 15.9149(3) | 7.1757(2) | 2.682 | 2.006 | 1.926 1.373 1.619 1.04
54 15.938(1) 7.136(1) 2.754 | 2.019 | 1.913 1.374 1.624 1.06 Ertl et al. 2004
55 15.9158(1) | 7.1201(1) | 2.754 | 2.019 | 1.913 1.374 1.624 1.06 Ertl et al. 2004
56 15.8838(3) | 7.1056(2) | 2.686 | 1.992 | 1.910 1.373 1.626 1.04 Cempirek et
al. 2006
57 15.938(1) 7.136(1) 2.754 | 2.019 | 1.913 1.374 1.624 1.06 Ertl et al. 2007
58 15.867(4) 7.135(4) 2.645 | 2.045 | 1.906 1.372 1.620 1.07 Dunn et al.
1977
59 15.875(1) 7.126(1) 2.646 | 2.044 | 1.908 1.378 1.620 1.07 Nuber &
Schmetzer
1981
60 15.880(1) 7.118(1) 2.645 | 2,045 | 1.906 1.372 1.620 1.07 Aurisicchio et
61 15.882(2) 7.115(1) 2.644 | 2,043 | 1.907 1.374 1.619 1.07 al. 1999
62 15.8322(3) | 7.1034(3) | 2.649 | 2.020 | 1.904 1.376 1.618 1.06 Ertl et al. 2006
63 15.8204(3) | 7.0955(2) | 2.639 | 2.011 | 1.904 1.374 1.617 1.06
64 15.8119(3) | 7.0925(2) | 2.644 | 2.004 | 1.904 1.374 1.616 1.05
65 15.8095(9) | 7.0941(8) | 2.652 | 1.996 | 1.906 1.375 1.614 1.05
66 | 15.8636(16) | 7.1119(9) | 2.641 | 2.037 | 1.905 1.377 1.617 1.07 Lussier et al.
67 | 15.8529(13) | 7.1101(8) | 2.635 | 2.033 | 1.905 1.377 1.617 1.07 2011
68 | 15.8548(14) | 7.1099(8) | 2.638 | 2.032 | 1.905 1.376 1.617 1.07
69 | 15.8456(12) | 7.1066(7) | 2.633 | 2.032 | 1.905 1.377 1.617 1.07
70 | 15.8418(17) | 7.1044(10) | 2.632 | 2.032 | 1.904 1.377 1.617 1.07
71 | 15.8363(15) | 7.1040(9) | 2.629 | 2.030 | 1.904 1.375 1.617 1.07
72 | 15.8675(13) | 7.1135(8) | 2.644 | 2.041 | 1.905 1.376 1.618 1.07
73 15.853(7) 7.120(4) 2.640 | 2.037 | 1.905 1.377 1.618 1.07
74 | 15.8449(15) | 7.1053(9) | 2.636 | 2.029 | 1.905 1.376 1.617 1.07
75 | 15.8248(16) | 7.0993(9) | 2.627 | 2.025 | 1.905 1.376 1.615 1.06
76 | 15.8307(10) | 7.1013(6) | 2.626 | 2.026 | 1.904 1.377 1.617 1.06
77 | 15.8337(12) | 7.1023(7) | 2.629 | 2.026 | 1.904 1.376 1.617 1.06
78 | 15.8293(11) | 7.1003(6) | 2.626 | 2.025 | 1.904 1.376 1.617 1.06
79 | 15.8343(11) | 7.1012(7) | 2.628 | 2.026 | 1.905 1.378 1.617 1.06
80 | 15.8303(11) | 7.1017(6) | 2.625 | 2.026 | 1.904 1.376 1.617 1.06
81 | 15.8399(11) | 7.1030(6) | 2.631 | 2.026 | 1.905 1.378 1.617 1.06
82 | 15.8306(16) | 7.0999(9) | 2.626 | 2.024 | 1.904 1.375 1.617 1.06
83 | 15.8299(13) | 7.1009(7) | 2.626 | 2.026 | 1.904 1.377 1.617 1.06
84 | 15.8286(14) | 7.1012(8) | 2.627 | 2.026 | 1.904 1.375 1.617 1.06
85 | 15.8438(14) | 7.1043(8) | 2.630 | 2.030 | 1.905 1.378 1.617 1.07
86 | 15.8368(11) | 7.1014(6) | 2.629 | 2.028 | 1.904 1.377 1.617 1.07
87 | 15.8333(14) | 7.1025(8) | 2.627 | 2.029 | 1.904 1.376 1.617 1.07
88 | 15.8404(13) | 7.1039(7) | 2.630 | 2.030 | 1.904 1.376 1.617 1.07
89 15.770(2) 7.085(1) 2.678 | 1.966 | 1.904 1.371 1.614 1.03 Selwey et al.
1998
90 15.8031(3) | 7.0877(3) | 2.687 | 1.962 | 1.908 1.372 1.6189 1.03 Ertl et al. 2005
91 15.8171(3) | 7.0935(3) | 2.690 | 1.964 | 1.910 1.373 1.6199 1.03
92 16.012(2) 7.245(2) 2.654 | 2.055 | 1.944 1.374 1.622 1.06 Grice &
Robinson
1989
93 16.000(2) 7.248(2) 2.654 | 2.055 | 1.944 1.375 1.622 1.06
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94 15.973(3) 7.213(2) 2.651 | 2.050 | 1.929 1.377 1.623 1.06 Grice &
Ercitis 1993

95 15.917(2) 7.189(1) 2.661 | 2.003 | 1.930 1.374 1.621 1.04 Taylor et al.

1995

96 15.949(1) 7.188(1) 2.631 | 2.048 | 1.924 1.376 1.624 1.06 McDonald &

97 15.950(2) 7.174(1) 2.634 | 2.045 | 1.921 1.375 1.625 1.06 Hawthorne

98 15.940(1) 7.177(1) 2.636 | 2.047 | 1.920 1.375 1.624 1.07 1995

99 15.940(1) 7.183(1) 2.631 | 2.043 | 1.919 1.373 1.627 1.06

100 15.938(2) 7.179(1) 2.645 | 2.038 | 1.922 1.377 1.623 1.06

101 15.959(1) 7.175(1) 2.637 | 2.045 | 1.922 1.375 1.627 1.06

102 15.955(1) 7.170(1) 2.636 | 2.047 | 1.920 1.376 1.627 1.07

103 15.958(2) 7.180(1) 2.636 | 2.047 | 1.922 1.375 1.627 1.07

104 15.957(1) 7.175(1) 2.634 | 2.046 | 1.921 1.377 1.628 1.07

105 16.017(2) 7.256(2) 2.662 | 2.055 | 1.944 1.377 1.622 1.06 Camara et al.

2002
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APPENDIX 2

Characteristics of the objects of study

Table A2.1. Objects of study: Li - containing tourmalines from various deposits

Sample | Description of crystals | Admission

Eastern Pamir, Rangul pegmatite field (Mika vein)

1 T-7* An elongated prismatic green crystal (up to 1 cm | A.A. Zolotarev
long). (St. Petersburg

2 T-14' | A thickened prismatic crystal with zoning (up to 1 cm | State University,
in diameter): the center is pink, the border is dark blue. | Institute of Earth
The rim of the crystal was studied. Sciences,

3 T-17* | A thickened prismatic crystal with zoning (up to 1 cm | Department of
in diameter): the center is pink, the border is dark blue. | Mineralogy)
The central part of the crystal was studied.

Sangilen Uplands, Tuva (scapolite vein at the Nadezhda site)

4 | 297 20 | Transparent grain of uniform yellow color. L.G.

5 297_4 | Zoned transparent crystal: light yellow center, pale | Kuznetsova
green transition zone and dark green border. (Institute of

6 Z-1 Transparent grain of yellow color of irregular shape. | Geochemistry

7 Z-2 Zoned clear crystal: honey yellow center, pale green | SB RAS,
transition zone and dark green border. The central part | Irkutsk)
was examined.

8 | TS-496 | Zoned transparent crystal: light yellow center, pale
green transition zone and dark green border. The
yellow grain from the central part was studied.

9 | TS-297' | Zoned clear crystal: dark yellow center, pale green
transition zone and light yellow edge. The yellow
grain from the central part was studied.

10 | TS-697% | Zoned clear crystal: yellow center, pale green
transition zone and dark green border. The grain from
the dark green border was studied.

L - the crystal structures have been refined.

Table A2.2. Objects of study: Li-Al - tourmalines with optical anomalies from various deposits

Sample Description of crystals ! Admission
Eastern Pamir, Rangul pegmatite field A.A. Zolotarev
. (St. Petersburg
(vein Pleasant) State University,

1 | Pr-P 52/1 | Polychrome transparent, slightly fissured crystal of | Institute of
prismatic habit (diameter 1 cm). The center is honey- | Earth Sciences,
yellow to brown, the border is pale pink. Department of

2 P-7/1 Transparent crystal of prismatic habit (diameter 2 mm), | Mineralogy)
uniform brown-green color.

3 | Pr-P 10/1 | Polychrome transparent crystal (diameter 1 cm): center -
pink, transition zone - pale pink, border - light green.

4 P-9 Transparent polychrome crystal (diameter 1 cm): center -
pale yellow, border - brown.
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Eastern Pamir, Rangul pegmatite field

(vein Malysh)

5 Msch- | Crystal of uniform pale blue color, prismatic habitus
P6/1 (diameter 1 cm).
Eastern Pamir, Rangul pegmatite field
(Mika vein)
6 MP 2/1 | Zoned crystal (diameter 1.5 cm): center - pink, border -
7 MP 22 dark blug. Thin sections 1.5 mm thick were made; border
was studied.
8 M-1 Polychrome transparent crystal (diameter 9 mm): dark pink
middle, intermediate zone - brown-green, border - dark
green.
9 M-2 Polychrome transparent crystal (diameter 6 mm): dark pink
middle, pale pink intermediate zone, dark blue border.
Eastern Pamir, Rangul pegmatite field
(Studencheskaya vein)
10 | ST-P5/1 | Transparent polychrome crystal (diameter 5 mm): light
green middle, blue - periphery.
Brazil, Paraiba
11 | Br-P1/1 | Transparent crystal of prismatic habit (diameter 3 mm),
uniform blue color, slightly fissured.
Central Transbaikalia, Malkhan pegmatite field
(Oreshnaya vein)
12 | OR-B5/1 | Transparent crystal of uniform light yellow color,
prismatic habitus (diameter 4 mm).
13 B-1 Transparent fractured crystal with longitudinal zoning
(diameter 1.5 cm): color transition from colorless part to
brown to brown-yellow.
Central Transbaikalia, Malkhan pegmatite field E.V. Badanina
. (St. Petersburg
(vein Mokhovaya) State University,
14 | 3B/2B? | Transparent crystal, slightly fissured with color zoning | Institute of
(diameter 4 mm): center - pale pink, periphery - intense | Geosciences,
pink. Department of
15 | 3B/1A | Transparent crystal, strongly fissured with color zoning | Geochemistry)
(diameter 7 mm): center - pale pink, periphery - dark pink.
16 3B-3 | Transparent crystal, strongly fractured with color zoning
(diameter 9 mm): center - pink, periphery - green.
17 3B-5 | Transparent crystal, strongly fissured with color zoning
(diameter 2 cm): center - pink, periphery - grass-green.
18 3B-7 Transparent crystal, slightly fissured with color zoning
(diameter 5 mm): center - pink, periphery - light green. The
central part was examined.
19 3B-9 | Transparent crystal, slightly fissured with color zoning

(diameter 7 mm): center - pink, light green thin border.
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20 | 3B-10 | Transparent crystal, fissured with color zoning (diameter 9
mm): center - pink, periphery - light green.

21 | 3B-12 | Transparent crystal (diameter 4 mm) of uniform brown-
green color.

22 | 3B-14 | Transparent crystal, strongly fissured with color zoning
(diameter 1.8 cm): center - pale pink, periphery - light pink.

23 | 3B-15 | Transparent crystal, strongly fissured with color zoning
(diameter 2.2 cm): center - pale blue, periphery - green.

24 | 3B-16 | Transparent crystal, strongly fissured with longitudinal
color zoning (diameter 1.9 cm): from light yellow to pink.

25 | 3B-17 | Transparent crystal (diameter 1 cm), slightly fissured,
uniform yellow color.

26 | 3B-19 | Transparent crystal, strongly fissured with color zoning
(diameter 1.9 cm): center - pale pink, periphery - pink.

27 | 3B-22 | Transparent crystal (diameter 5 mm), slightly fissured,
uniform yellow color.

28 | 3B-23 | Transparent crystal (diameter 5 mm), slightly fissured,
uniform pink color.

1 _ the crystals were sawn into sections up to 0.5 mm thick perpendicular to the crystallographic
axis c¢; 2 - measurements were carried out in six sections (samples S3, S2, S4, S1, S6, S5) cut
from one crystal (step ~0.5 mm). For samples S1, S6, S5, the crystal structures were refined in

sp. gr. symmetries R3m, Cm and R1.

Table A2.3. Locations of chemical analyzes and used equipment

Laboratory Equipment Analyst Sample
(Tables A2.1,
A2.2)
Microprobe analysis
University of Leicester, JEOL SXA-8600S, A.N. Zaitsev, R. T-14, T-17%,
England Japan, with wave Wilson T-7
spectrometers
Institute of Geochemistry | JCXA-733, JEOL Ltd, L.N. Matveeva 297 20,
SB RAS, Irkutsk, Russia | Japan, with wave 297 4
spectrometers
Mineralogical Institute of | Cameca SX-51 with A.N. Zaitsev TS-496,
Heidelberg University, wave spectrometers TS-697
Heidelberg, Germany
Natural History Museum, | Cameca SX-50 with A.N. Zaitsev Z-1,27-2
London, UK wave spectrometers
Institute of Precambrian ATB-55 Japan, with X- | M.R. Pavlov TS-496,
Geology and ray energy dispersive TS-697
Geochronology RAS, St. | spectrometer LINK AN
Petersburg, Russia 10000/85S, England
000 MEHANOBR Cameca SX-50 with Yu.L. Kretzer 3B/2B (S3,
ENGINEERING ANALIT | wave spectrometers S2, 54, S1,
S6, S5)

Classic "'wet chemistry' method
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Institute of Geochemistry G.A. Pogudina TS-297
SB RAS, Irkutsk, Russia -

Flame photometry (contents of Li*)
OO0 MEHANOBR S.N. Zimina T-14, T-17*
ENGINEERING ANALIT -
Institute of Geochemistry L.G. Kuznetsova 297 4
SB RAS, Irkutsk, Russia -

Mass spectrometry of secondary ions (contents of H*, Li*, B%*)
Mineralogical Institute of | Cameca IMS 3f ion A.N. Zaitsev TS-496,
Heidelberg University, microanalyzer TS-697
Heidelberg, Germany

ICP with laser ablation (content of Li* and possible traces)

Natural History Museum, | Thermo Elemental T. Jeffries, Z-
London, UK PQ3+S plasma mass A.N. Zaitsev

spectrometer, New

Wave UP213Al laser

Potentiometric titration (B content)

000 MEHANOBR _ S.N. Zimina T-14, T-17*
ENGINEERING ANALIT
Institute of Chemistry M.P. Semenov T-14, T-17%

Silicates RAS, Laboratory
of Analytical and
Inorganic Chemistry

! _ Structural deformations were calculated for the sample based on the structural data.
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APPENDIX 3

Coordinates, temperature factors, and site occupancies in the structures of the

studied tourmalines

Table A3.1. Occupancy of positions, atomic coordinates, and temperature factors in the structures of

fluorine-containing elbaites (samples T-17, T-14, T-7) (sp. gr. R3m)

Sample Site Occupancy, apfu? x/a y/b zlc Ueqis?x10
0, A~
T-17 X 3a |Nao.ssCao.2200.10 0 0 0.2358(4) [1.37(5)
T-14 Nao.g9Cao.03Ko.0100.07 0 0 0.2344(5) [2.12(8)
T-7 Nao.97Cao.03 0 0 0.2357(8) [2.40(1)
T-17 Y 9b |Lios2Alo.4s 0.1230(1) [1/2x 0.6362(3) [0.42(4)
T-14 Alo.3sLio.35Feo.29 0.12417(8) [1/2x 0.6284(2) [1.02(3)
T-7 Lio.3sAlozs(Fe + Mn)o2s 0.1241(1) (1/2x 0.6275(3) [0.69(4)
T-17 V4 18c |Alo.97Mno o3 0.29677(5) |0.25990(5) [0.6102(1) [0.57(2)
T-14 Alo.goFeo.01 0.29778(6) |0.26092(6) [0.6114(1) [0.83(2)
T-7 Alio 0.29751(8) |0.26082(8) |0.6116(2) |0.46(3)
T-17 B 9b B 0.1090(1) [2x 0.4546(4) (0.60(7)
T-14 B 0.1097(1) [2x 0.4561(5) [0.98(9)
T-7 B 0.1090(2) [2x 0.4550(8) [0.44(1)
T-17 Si 18c [Si 0.19186(4) |0.18986(4) 0 0.43(2)
T-14 Si 0.19195(5) [0.18998(5) 0 0.75(2)
T-7 Si 0.19191(7)|0.18997(7) |0 0.38(3)
T-17 W1 (01)  3a|OHoeam0.36° 0 0 0.772(3) [2.0(3)
T-14 OHo4300057° 0 0 0.784(5) 3.9(1)
T-7 OHo.40000.60° 0 0 0.762(1) [2.1(5)
T-17 W2 9b|Fo.1200.88 0.022(1) [1/2x 0.801(3) [0.5(5)
T-14 Fo.1900.81 0.028(2) [1/2x 0.787(3) 10.7(2)
T-7 Fo.2000.80 0.024(1) |1/2x 0.798(2) [0.5(5)
T-17 0(2) 9b|0 0.06012(9) [2x 0.4870(4) [1.43(7)
T-14 @] 0.0607(1) [2x 0.4848(5) (1.98(9)
T-7 @) 0.0610(2) [2x 0.4850(7) [1.7(1)
T-17 V O(3) 9b|OH? 0.2659(2) [1/2x 0.5086(3) [1.22(7)
T-14 OH3 0.2690(2) [1/2x 0.5096(4) [1.19(7)
T-7 OH3 0.2698(2) |1/2x 0.5100(6) [0.9(1)
T-17 0O(4) 9b|0 0.09310(9) [2x 0.0744(3) (0.86(6)
T-14 @] 0.0929(1) [2x 0.0718(4) [1.09(7)
T-7 @) 0.0931(2) [2x 0.0714(5) [0.7(1)
T-17 0O(5) 9b|0 0.1860(2) [1/2x 0.0964(3) (0.88(6)
T-14 @] 0.1865(2) [1/2x 0.0948(4) [1.05(7)
T-7 @) 0.1859(3) |1/2x 0.0932(6) [0.7(1)
T-17 0(6) 18c |0 0.1951(1) |0.1847(1) [0.7751(2) [0.69(5)
T-14 @] 0.1970(1) |0.1868(1) [0.7758(3) [0.96(5)
T-7 @) 0.1973(2) |0.1867(2) |0.7759(4) |0.58(8)
T-17 O(7) 18c |0 0.2862(1) |0.2857(1) [0.0793(2) [0.59(4)
T-14 O 0.2854(1) |0.2856(1) [0.0809(3) [0.89(5)
T-7 @) 0.2857(2) |0.2858(2) |0.0805(4) |0.54(8)
T-17 0(8) 18c |0 0.2096(1) |0.2702(1) [0.4398(2) [0.72(4)
T-14 @] 0.2097(1) [0.2703(1) [0.4416(3) [1.00(6)
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T-7 0 0.2097(2) [0.2703(2) [0.4412(4) [0.68(8)
T-17  |H 9bH 0.251 1/2x 0.398 5.4(7)
T-14 H 0.274(5)  [1/2x 0.386(9) 4.2(9)
T-7 H 0.281 1/2x 0.395 3.5(2)

! - standard error of determining the percentage of an element in a site <0.01 apfu;
2 - Usis = 1/3[U11(al)?a? + ... 2Uz3b*c*becosa]; 3 — occupancy site V and W with monovalent
anions confirmed by valency balance analysis (Table 5).

Table A3.2. Position occupancies, atomic coordinates, and temperature factors in the structure of Li-

bearing uvit (sample TS-297) (sp. gr. R3m)

Site Occupancy, apfu x/a y/b z/c UZeqrisox100, A2
1
X 3a|Cao.77Nao.23 0 0 0.2303(1) [1.12(2)
Y 9b|Mgo.s3Li0.17 0.12522(6) (0.06261 0.6302(1)  [0.50(2)
V4 18c|Alo.g9Fe0.01 0.29750(3) (0.26085(3)  |0.61354(7) (0.48(1)
B 9bB 0.10963(7) 0.21926 0.4534(3)  |0.49(4)
Si 18c¢|Sio.99 Tio.01 0.19214(2) |0.19046(2) |0 0.39(1)
W1 (O1) 3a/0o.23 0 0 0.767(2) 0.8(1)%
W2 3afFo.77 0 0 0.7868(7)  [1.45(6)
0(2) 9bO 0.06055(5) 0.1211 0.4729(2) 10.71(3)
V3 (03) 9b|OH 0.2703(1) [0.13515 0.5117(2) |0.67(3)
O(4) 9bO 0.09209(5) (0.18418 0.0732(2) 0.77(3)
O(5) 9bO 0.1824(1) |0.0912 0.0932(2) |0.70(3)
O(6) 18c|O 0.19666(7) (0.18775(6)  |0.7777(1)  |0.56(2)
O(7) 18c|O 0.28510(6) (0.28472(6)  |0.0832(1) [0.52(2)
0O(8) 18c|O 0.21012(6) (0.27084(7)  [0.4434(1) [0.62(2)
H 9bH 0.2815 0.14075 0.3966 5.0°
1 - standard error of determining the percentage of an element in a site < 0.01 apfu; 2 - Uy =
1/3[U11(at)?a? + ... 2Ua3b'ctbecos o]; 2 - for these sites, temperature factors were used in the
isotropic approximation.

Table A3.3. Position occupancies, atomic coordinates, and temperature factors in the structure of

calcium Li-Al-tourmaline (sample TS-697) (sp. gr. R3m)

Site Occupancy, apfu x/a y/b zlc Uleqiisox100, A

2
X 3a_|Cao.s2Nao.3200.06 0 0 0.2289(3) [1.30(3)
Y 9b |Alo.3sLio.33F€0.22M(0.08Ti0.01(0.12379(8) |0.06190 0.6319(2) |0.44(3)
7 18¢ [Alioo 0.29735(5) 0.26050(5) [0.6113(1) [0.52(2)
B 9b [B1oo 0.1094(1) [0.2188 0.4533(5) |0.58(7)
Si 18¢ [Si1 00 0.19223(4)[0.19026(4) [0 0.44(2)
W1 (O1) 3a [OHoos 0.0329(12) [0.0165 0.797(2)  |1.00(3)
W2 9b |Foss 0 0 0.7861(13) [3.30(3)
02 9b 0100 0.0600(1) 0.1200 0.4784(4) |151(7)
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vV (03) 9b [OHo7600.24 0.2702(2) [0.1351  |0.5097(3) |0.84(6)
O(4)  9b |Owoo 0.0921(1) 0.1842  [0.0727(3) [0.87(6)
0()  9b |Oio0 0.1840(2) [0.0920  [0.0947(3) |0.87(6)
0(6)  18¢|O100 0.1968(1) [0.1868(1) [0.7754(2) |0.67(5)
O(7) _ 18¢|O100 0.2859(1) [0.2857(1) [0.0813(2) |0.60(4)
0(8)  18¢|O100 0.2097(1) [0.2702(1) [0.4408(3) |0.69(5)
H 9b Hio0 0.252 0.126 0.415 4.00

1 Use = 1/3[U11(at)?a? + ... 2Uz3bctbecos al.

Table A3.4. Occupancy of positions, atomic coordinates and temperature factors in the structures of
biaxial Li-Al —tourmalines (samples: S1 - upper, S6 - middle, S5 - lower lines, respectively) (sp. gr.

R3m)
Site Occupancy, x/a y/b zlc Ueq, A2
apfu
X 3a |Cao792)Nao212) |0 0 0.23764(18) (0.0165(4)
Caosi2)Nao19e) |0 0 0.2381(2) [0.0186(5)
Caos3)Naosre) [0 0 0.23855(17) 10.0108(4)
Y 9b |Lio.s02(9)Alo.a989) {0.12400(11) [x/2 0.6343(2)  |0.0084(5)
Liosis@)Alosse) [0.12413(12) [x/2 0.6339(2)  [0.0079(5)
LiossinAloaser) [0.12432(11) [x/2 0.6349(2)  |0.0068(4)
V4 18c |Al1.0o 0.29679(4) |0.25969(4) 0.61176(10) (0.00512(14)
Al1oo 0.29675(4) |0.25965(4) 0.61145(12) |0.00528(16)
Al1oo 0.29680(4) [0.25967(4) 0.61180(9) 0.00578(11)
B 9b B1oo 0.10906(9) [2x 0.4548(4)  |0.0054(4)
B1.0o 0.10898(11) 2x 0.4544(4)  10.0055(4)
B1.0o 0.10909(10) 2x 0.4553(3)  |0.0062(3)
T 18c [Sio.o7())Bo.o3yy  [0.19212(3) |0.19013(3) 0 0.00356(16)
Siogs1)Boosry  0.19210(3) [0.19012(4) 0 0.00332(19)
Sioos)Boosy  [0.19208(3) 0.19004(3) 0 0.00393(13)
O1W 3a [Fossp 0 0 0.7892(7)  |0.052(2)
(F)! Fo.932) 0 0 0.7877(7)  [0.049(2)
Fo.77 0 0 0.8219(6) (0.037(2)
0(2) 9b |O100 0.05982(8) [2x 0.4810(3)  |0.0167(4)
O1.00 0.05972(8) [2x 0.4801(4)  10.0159(5)
O1.00 0.05959(7) 2x 0.4804(3)  |0.0163(4)
0(3) 9b |Owo0 0.26907(16) [x/2 0.5094(3)  |0.0096(3)
O1.00 0.26893(18) [x/2 0.5101(3)  |0.0099(4)
O1.00 0.26944(16) [x/2 0.5100(3)  [0.0101(3)
0O(4) 9b [O100 0.09223(7) 2 0.0748(3)  (0.0074(3)
O1.00 0.09230(8) [2x 0.0750(3)  |0.0080(4)
O1.00 0.09223(7) 2x 0.0748(2)  10.0079(3)
O(5) 9b |O1.00 0.18395(14) [x/2 0.0966(2)  |0.0078(3)
O1.00 0.18399(16) [x/2 0.0964(3)  (0.0083(4)
O1.00 0.18372(14) [x/2 0.0959(2)  |0.0086(3)
O(6) 18c |O1.00 0.19606(9) [0.18617(10) [0.7758(2)  |0.0067(2)
O1.00 0.19596(10) (0.18618(11) |0.7758(2)  [0.0072(3)
O1.00 0.19603(9) |0.18608(9) 0.77598(16) (0.0073(2)
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0(7)  18¢c [O1oo 0.28600(9) ]0.28539(9)  ]0.08139(17) [0.0059(2)
Oxr.00 0.28594(10) (0.28535(10) [0.08155(19) [0.0059(3)
Ovr.00 0.28604(9) |0.28522(8)  |0.08147(15) (0.0067(2)

0(8)  18c 0w 0.20937(9) |0.26982(10) |0.44136(19) [0.0068(2)
Ox.00 0.20955(11) [0.26990(10) [0.4413(2)  [0.0067(3)
Ovr.00 0.20951(9) (0.27013(9)  |0.44175(18) (0.00751(19)

H 9b [Hioo 0.20937(9) |0.26982(10) |0.44136(19) |0.0068(2)
Hx.00 0.20955(11) [0.26990(10) [0.4413(2)  [0.0067(3)
H1.00 0.20951(9) |0.27013(9)  |0.44175(18) (0.00751(19)

1 - in the structure of tourmaline S5, the position is split into two: W(O1) (F) + W(O1)
(OH-, 0%): (0.033, 1/2x, 0.813) (OH", 0*)0.12.

Table A3.5. Occupancy of positions, atomic coordinates and temperature factors in the structures of

biaxial Li-Al — tourmalines (samples: S1 - upper, S6 - middle, S5 - lower lines, respectively) (sp. gr.

Cm)
Site Occupancy, apfu xla y/b zlc Ueqg, A2
X1 Cao.501)Nao.41(1) 0 0 0.23813(12) 0.0136(2)
Caos7yNaossq) 0 0 0.23827(12)  [0.0153(2)
Cao.s8(1)Nao.42(1) 0 0 0.23951(7) 0.01419(10)
X2 Cao.61(1)Nao.39(1) 0.16655(3) 0.5 0.90485(12) 0.0124(2)
Cao.67(1)Nao.33() 0.16658(3) 0.5 0.90497(12) 0.0151(2)
Cao.soyNao.so(1) 0.16620(2) 0.5 0.90592(6) 0.00975(10)
X3 Cao.60(1)Nao.40(1) 0.83322(3) 0.5 0.57159(12) 0.0134(2)
Cao.67(1)Nao.a3(1) 0.83328(3) 0.5 0.57165(13)  |0.0154(2)
Cao.47¢yNao.s3(1) 0.83313(2) 0.5 0.57283(6) 0.00724(9)
Y11 Ao sose Lioass) 0.06246(5) |0 0.6351(2) 0.0067(3)
Alo.s16(4)Li0.384() 0.06260(5) 0 0.6351(2) 0.0089(4)
Alo.s332)Lio.3s7(2) 0.06284(3) 0 0.63566(10) 0.00484(14)
Y12 Alo.se5(a)Li0.43502) 0.22914(5) 0.5 0.3015(2) 0.0058(4)
Alo.s15(4)Lio.385() 0.22924(5) 0.5 0.3017(2) 0.0082(4)
Alo.sis)Lioss22) 0.22974(3) 0.5 0.30348(11) 0.00574(15)
Y13 Alo.se1(a)Lio.4300) 0.89589(5) 0.5 0.9682(2) 0.0083(4)
Alo.s17(4)Lio.383() 0.89594(5) 0.5 0.9684(2) 0.0088(4)
Alo.ss202)Li0.348(2) 0.89667(3) 0.5 0.96943(10) 0.00757(16)
Y21 Lio.s7s2)Alo.4252) -0.03086(4) 0.09290(8) 0.63471(18)  |0.0085(3)
Lios2s@)Alo.475(3) -0.03068(4) 0.09274(9) 0.63469(19)  |0.0119(3)
Lio.sa32Al0.357(2) -0.03073(3) 0.09246(6) 0.63539(13) 0.01126(18)
Y22 Lio.s723)Alo.428(3) 0.13583(4) 0.59283(9) 0.30126(19)  |0.0080(3)
Lios2s@Aloarrs) 0.13601(4) 0.59280(9) 0.30136(18)  |0.0118(4)
Lio.s652)Al0.3352) 0.13622(3) 0.59273(5) 0.30388(11) 0.00471(15)
Y23 Lio.s7e3)Alo.424(3) 0.80248(4) 0.40707(9) 0.96795(19)  |0.0087(3)
Lios23@)Alo.477(3) 0.80265(4) 0.40720(9) 0.96804(19)  |0.0114(4)
Liosss2)Alos3ae) 0.80283(3) 0.40686(5) 0.96672(12)  |0.00651(17)
Z1 Alzoo -0.01828(2) 0.27766(4) 0.61194(9) 0.00572(13)
Alzoo -0.01814(2) 0.27757(5) 0.61192(9) 0.00534(15)
Al1oo -0.017996(13) |0.27699(2) 0.61290(5) 0.00578(7)
72 Alzoo 0.14891(2) 0.88816(4) 0.61228(9) 0.00571(13)
Alzoo 0.14905(2) 0.88815(5) 0.61241(9) 0.00521(15)
Al1oo 0.149577(13) |0.88750(2) 0.61349(5) 0.00501(7)
Z3 Alzoo 0.87053(2) 0.83273(4) 0.61199(9) 0.00563(13)
Alzoo 0.87070(2) 0.83276(5) 0.61202(9) 0.00520(15)
Alzoo 0.871025(13) |0.83240(2) 0.61273(5) 0.00523(7)
74 Al 0 0.14840(2)  [0.77764(5) 0.27858(9)  |0.00567(14)
All.0 0.14852(2) 0.77759(5) 0.27860(9) 0.00535(15)
Alzoo 0.14931(13)  |0.77713(2) 0.27908(5) 0.00502(7)
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75 Al1 oo 0.31558(2) 0.38815(4) 0.27891(9) 0.00574(14)
Al1 oo 0.31571(2) 0.38816(5) 0.27906(9) 0.00535(15)
Al 0 0.316111(13) |0.38761(2) 0.27974(5) 0.00623(7)
76 Al 0.03720(2) 0.33274(4) 0.27861(9) 0.00564(14)
Al 0 0.03737(2) 0.33273(5) 0.27867(9) 0.00532(15)
Al g0 0.037741(13) |0.33262(2) 0.28000(5) 0.00489(7)
Z7 Al 0.81505(2) 0.77765(5) 0.94524(9) 0.00577(14)
Al 0.81519(2) 0.77757(5) 0.94528(9) 0.00541(16)
Al 0.815349(13) |0.77709(2) 0.94579(5) 0.00589(7)
Z8 Al -0.01776(2) 0.38820(5) 0.94561(9) 0.00577(15)
Al -0.01762(2) 0.38813(5) 0.94575(9) 0.00534(16)
Al -0.017213(13) [0.38772(2) 0.94692(5) 0.00504(7)
Z9 Al 0.70387(2) 0.33274(5) 0.94527(9) 0.00568(15)
Al 0.70404(2) 0.33275(5) 0.94531(9) 0.00528(16)
Al 0.704299(14) |0.33260(2) 0.94584(5) 0.00616(7)
B1 B1.oo 0.05504(8) 0.16340(14) 0.4556(3) 0.0059(4)
B1.oo 0.05515(8) 0.16336(17) 0.4551(3) 0.0059(5)
B1.oo 0.05610(4) 0.16379(8) 0.45790(17) 0.00522(17)
B2 B1.oo 0.89133(10) 0 0.4547(4) 0.0064(6)
B1.oo 0.89151(12) 0 0.4546(5) 0.0060(7)
B1.oo 0.89156(6) 0 0.4560(2) 0.0060(3)
B3 B1.oo 0.22172(8) 0.66339(16) 0.1222(3) 0.0061(5)
B1.oo 0.22182(8) 0.66329(17) 0.1219(3) 0.0054(6)
B1.oo 0.22222(4) 0.66318(8) 0.12222(18) 0.00653(18)
B4 B1.oo 0.05795(11) 0.5 0.1213(5) 0.0062(7)
B1.oo 0.05816(12) 0.5 0.1208(5) 0.0050(8)
B1.oo 0.05931(6) 0.5 0.1204(3) 0.0067(3)
B5 B1.oo 0.88835(8) 0.33657(17) 0.7889(3) 0.0057(5)
B1.oo 0.88854(8) 0.33658(18) 0.7886(3) 0.0059(6)
B1.oo 0.88896(4) 0.33741(8) 0.78994(18) 0.00593(18)
B6 B1.oo 0.72461(11) 0.5 0.7875(5) 0.0051(7)
B1.oo 0.72480(12) 0.5 0.7877(5) 0.0050(8)
B1.oo 0.72411(6) 0.5 0.7897(2) 0.0047(2)
T1 Sio.98(1)Bo.02(2) -0.00071(2) 0.19087(3) 0 0.00456(12)
Sio.901)Bo.01() -0.00059(2) 0.19083(4) 0 0.00426(14)
Sio.991)Bo.01(2) -0.000322(12) |0.190633(19) 0 0.00520(6)
T2 Sio.99(1)Bo.01() 0.096359(19) [0.90585(4) 0.00090(8) 0.00441(13)
Sio.991)Bo.01() 0.09653(2) 0.90586(4) 0.00101(8) 0.00418(15)
Si1.001) 0.096886(11) |0.906056(19) 0.00266(4) 0.00466(6)
T3 Sio.99(1)Bo.01() 0.905096(19) [0.90293(4) -0.00011(8) 0.00451(13)
Si1.00(1) 0.90522(2) 0.90289(4) -0.00002(8) 0.00419(15)
Sio.091)Bo.01(2) 0.90531(11) 0.90287(2) -0.00058(4) 0.00399(6)
T4 Sio.98(1)Bo.02(1) 0.16596(2) 0.69087(4) 0.66668(8) 0.00455(13)
Sio.99(1)Bo.01() 0.16608(2) 0.69085(4) 0.66676(9) 0.00424(15)
Sio.991)Bo.01(2) 0.166377(12) |0.690740(19) 0.66713(5) 0.00433(6)
T5 Sio.99(1)Bo.o1(1) 0.26302(2) 0.40585(4) 0.66758(8) 0.00445(14)
Sio.991)Bo.01() 0.26317(2) 0.40587(4) 0.66768(8) 0.00405(16)
Si1.001) 0.263468(11) |0.40573(2) 0.66871(4) 0.00459(6)
T6 Sio.99(1)Bo.01() 0.07177(2) 0.40290(4) 0.66657(8) 0.00440(14)
Si1.00(1) 0.07190(2) 0.40289(4) 0.66660(8) 0.00457(16)
Si1.001) 0.071962(12) |0.402759(19) 0.66684(4) 0.00450(6)
T7 Sio.08(1)Bo.02(2) 0.83262(2) 0.69086(4) 0.33331(9) 0.00438(14)
Sio.091)Bo.01() 0.83277(2) 0.69082(4) 0.33334(9) 0.00460(16)
Sio.091)Bo.01(2) 0.833103(12) |0.690434(18) 0.33423(5) 0.00424(6)
T8 Sio.99(1)Bo.o1(1) 0.92971(2) 0.40585(4) 0.33425(8) 0.00442(14)
Sio.091)Bo.01() 0.92984(2) 0.40585(4) 0.33435(9) 0.00394(16)
Si100(1) 0.930136(12) |0.40578(2) 0.33543(4) 0.00421(6)
T9 Sio.99(1)Bo.o1(1) 0.73845(2) 0.40290(4) 0.33323(8) 0.00452(14)
Si1.0001) 0.73858(2) 0.40288(4) 0.33330(9) 0.00466(16)
Sio.991)Bo.01() 0.739077(12) |0.40291(2) 0.33367(5) 0.00491(6)
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O1IW  |Fios 0 0 0.7891(3) 0.0537(13)
F1220) 0 0 0.7888(3) 0.0579(14)
Fosra) 0 0 0.7899(3) 0.0499(5)
012W  |Fiosq 0.16822(15) 0.5 0.4554(4) 0.0524(11)
F1.1001) 0.16823(15)  [0.5 0.4578(4) 0.0673(10)
FLoq 0.17384(6)  [0.5 0.4560(3) 0.0347(4)
O13W  |Fiosq 0.83500(15)  |0.5 0.1222(4) 0.0531(11)
Fri00) 0.83495(14) 0.5 0.1223(4) 0.0670(12)
Fossa) 0.84030(7) 0.5 0.1227(3) 0.0363(4)
0(21) |O1o0 0.03129(6)  [0.08863(11) 0.4816(2) 0.0170(4)
O1.00 0.03147(6)  [0.08845(12) 0.4822(2) 0.0166(4)
O1.00 0.03247(3)  [0.08759(6) 0.48234(13)  [0.01178(15)
0(22) [Owo0 -0.05969(7) |0 0.4790(3) 0.0161(6)
O1.00 -0.05947(8) [0 0.4794(3) 0.0149(6)
O1.00 -0.05895(5) [0 0.4774(2) 0.0190(4)
0(23) [O100 0.19793(6)  |0.58864(12) 0.1484(2) 0.0166(4)
O1.00 0.19814(6)  [0.58852(12) 0.1489(2) 0.0167(5)
Ox00 0.19971(4)  [0.58713(7) 0.14815(15)  [0.0206(2)
0(24) |O100 0.10694(8) |05 0.1454(3) 0.0157(6)
O1.00 0.10721(8)  [0.5 0.1462(3) 0.0155(6)
Ov00 0.10702(5) |05 0.14566(18)  [0.0138(3)
0(25) |O100 0.86460(6)  |0.58870(12) 0.8150(2) 0.0171(4)
O1.00 0.86472(6)  [0.58849(12) 0.8155(2) 0.0163(5)
Ov00 0.86607(3)  [0.58736(7) 0.81801(14)  [0.01359(17)
0(26) |O100 0.77373(7) 05 0.8123(3) 0.0166(6)
O1.00 0.77384(8) 0.5 0.8128(3) 0.0156(7)
Ox1.00 0.77389(4) |05 0.81083(19)  [0.0118(3)
0BL) [Owoo 0.13399(8) [0 0.5104(3) 0.0107(5)
O1.00 0.13390(8) [0 0.5112(3) 0.0095(5)
O1.00 0.13322(5) [0 0.51091(19)  [0.0110(3)
0(32) [Owo0 -0.06727(5)  [0.20242(10) 0.5096(2) 0.0101(3)
O1.00 -0.06710(5)  [0.20239(11) 0.5101(2) 0.0103(4)
O1.00 -0.06737(3)  [0.20278(6) 0.50986(12)  [0.00988(18)
0(33) [O100 0.30065(8) |05 0.1771(3) 0.0103(5)
Ovr00 0.30054(8)  [0.5 0.1778(3) 0.0101(6)
Ovr00 0.30070(4) (0.5 0.17849(17)  [0.00790(19)
0(34) |O100 0.09940(5)  [0.70244(11) 0.1762(2) 0.0102(4)
Ovr00 0.09957(5)  [0.70238(11) 0.1768(2) 0.0102(4)
Ovr00 0.09955(3)  [0.70362(6) 0.17775(12)  [0.01136(19)
0(35) [O100 -0.03268(8) 0.5 0.8437(3) 0.0102(5)
O1.00 -0.03271(8) (0.5 0.8445(3) 0.0102(6)
O1.00 -0.03289(5) (0.5 0.84534(17)  [0.0107(3)
0(36)  [O100 0.76606(5)  [0.29761(11) 0.8428(2) 0.0102(4)
O1.00 0.76623(5)  [0.29767(11) 0.8434(2) 0.0101(4)
O1.00 0.76629(3)  [0.29725(6) 0.84240(12)  [0.00845(18)
0(41) [O1o0 0.04638(5)  [0.13818(10) 0.0752(2) 0.0083(3)
Ovr00 0.04647(5)  [0.13805(11) 0.0753(2) 0.0079(4)
Ovoo 0.04664(3)  [0.13772(7) 0.07674(13)  [0.0128(2)
0(42) |O100 -0.09243(7) 0 0.0746(3) 0.0083(4)
Ovr00 -0.09227(8) [0 0.0747(3) 0.0078(5)
Ovo0 -0.09232(4) [0 0.07576(17)  [0.0072(2)
0(43) |O100 0.21307(5)  |0.63815(11) 0.7417(2) 0.0079(3)
Ovr00 0.21314(5)  [0.63808(11) 0.7420(2) 0.0077(4)
Ovoo 0.21364(3)  [0.63834(5) 0.74346(12)  |0.00645(13)
0(44)  |O100 0.07426(7) |05 0.7413(3) 0.0080(5)
O1.00 0.07445(8) 0.5 0.7414(3) 0.0079(5)
Ov.00 0.07397(5) 0.5 0.74201(18)  [0.0117(3)
0(45)  [O100 0.87973(5)  |0.36188(11) 0.4084(2) 0.0080(4)
O1.00 0.87980(5)  [0.36194(11) 0.4086(2) 0.0077(4)
O1.00 0.87979(3)  [0.36307(5) 0.40881(11)  [0.00420(12)
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0(46)  [O100 0.74097(7) 0.5 0.4080(3) 0.0084(5)
O1.00 0.74107(8) 0.5 0.4081(3) 0.0078(5)
Ov00 0.74180(4)  [0.5 0.40801(16)  [0.0049(2)
O(1) |O1oo 0.09285(8) |0 0.0972(3) 0.0081(5)
O1.00 0.092908) [0 0.0974(3) 0.0082(5)
O1.00 0.09385(5) [0 0.09842(17)  (0.0102(3)
0(52)  |O100 -0.04572(5)  [0.13772(10) 0.0960(2) 0.0084(3)
O1.00 -0.04553(5)  [0.13768(11) 0.0960(2) 0.0083(4)
O1.00 -0.04532(3)  [0.13736(6) 0.09596(12)  [0.00929(17)
0(53) [O100 0.25950(7) 0.5 0.7638(3) 0.0086(5)
O1.00 0.25957(8) (0.5 0.7641(3) 0.0078(5)
O1.00 0.26006(4) (0.5 0.76602(18)  [0.0094(3)
0(4) O 0.12095(5)  |0.63780(11) 0.7626(2) 0.0084(3)
O1.00 0.12117(5)  [0.63761(11) 0.7627(2) 0.0081(4)
O1.00 0.12150(3)  [0.63764(6) 0.76305(12)  [0.00913(18)
0(55) [O100 0.92611(7) |05 0.4303(3) 0.0081(5)
O1.00 0.92623(8) 0.5 0.4307(3) 0.0083(6)
O1.00 0.92664(4) 0.5 0.43148(17)  [0.0067(2)
0(56)  [O100 0.78763(5)  [0.36231(11) 0.4293(2) 0.0083(4)
O1.00 0.78780(5)  [0.36236(11) 0.4293(2) 0.0080(4)
O1.00 0.78805(3)  [0.36320(5) 0.42983(12)  [0.00626(13)
0(61) |O1oo -0.00436(4)  [0.19103(10) 0.77639(18)  [0.0075(3)
O1.00 -0.00420(4)  [0.19080(12) 0.77638(19)  [0.0076(4)
O1.00 -0.00351(3)  [0.19146(5) 0.77681(11)  (0.00633(16)
0(62) |O100 0.09822(5)  |0.91229(10) 0.7764(2) 0.0075(3)
O1.00 0.09825(5)  [0.91243(11) 0.7766(2) 0.0076(4)
O100 0.09871(3)  [0.91294(5) 0.77741(12)  |0.00705(16)
0(63)  [O100 0.90691(5)  [0.89698(10) 0.7764(2) 0.0075(3)
O1.00 0.90713(5)  [0.89695(11) 0.7764(2) 0.0072(4)
O100 0.90683(3)  [0.89642(5) 0.77646(12)  [0.00759(17)
0(64)  [O1o0 0.16236(5)  |0.69093(10) 0.4431(2) 0.0076(3)
O1.00 0.16246(6)  [0.69084(10) 0.4431(2) 0.0068(4)
O1.00 0.16275(3)  [0.69063(6) 0.44319(12)  (0.00845(14)
0(65)  [O100 0.26491(5)  [0.41222(11) 0.4431(2) 0.0074(3)
Ovr00 0.26492(5)  [0.41243(11) 0.4432(2) 0.0075(4)
Ovoo 0.26524(3)  [0.41262(6) 0.44416(12)  |0.00900(18)
0(66) |O100 0.07358(5)  |0.39701(10) 0.4432(2) 0.0076(3)
Ovr00 0.07381(5)  [0.39697(11) 0.4431(2) 0.0075(4)
Ovo0 0.07375(3)  [0.39710(6) 0.44389(12)  [0.00849(17)
0(67) [O100 0.82901(6)  |0.69096(10) 0.1096(2) 0.0073(3)
O1.00 0.82913(6)  [0.69083(10) 0.1099(2) 0.0070(4)
Ox.00 0.82973(3)  [0.69029(5) 0.11016(12)  [0.00772(14)
0(68) |O100 0.93156(5)  [0.41225(11) 0.1098(2) 0.0073(4)
O1.00 0.93161(5)  [0.41238(11) 0.1098(2) 0.0070(4)
O1.00 0.93177(3)  [0.41264(5) 0.11004(11)  [0.00576(16)
0(69) |O100 0.74028(5)  |0.39691(11) 0.1097(2) 0.0076(4)
Ovr00 0.74048(5)  [0.39697(11) 0.1099(2) 0.0073(4)
Ovo0 0.74067(3)  [0.39686(6) 0.11080(11)  |0.00639(17)
0(71) [Owo0 -0.00013(5)  |0.28551(9) 0.08194(19)  [0.0064(3)
O1.00 -0.00001(5)  [0.28549(10) 0.0819(2) 0.0058(4)
Ovr00 -0.00008(3)  [0.28546(5) 0.08325(11)  [0.00587(16)
0(72)  |O100 0.14323(5) _ |0.85718(10) 0.0815(2) 0.0065(3)
O1.00 0.14341(5)  [0.85719(10) 0.0817(2) 0.0062(3)
O1.00 0.14392(3)  [0.85753(5) 0.08121(12)  [0.00688(16)
0(73) |O1o0 0.85762(4)  |0.85654(10) 0.0818(2) 0.0065(3)
Ovr00 0.85779(5)  |0.85652(11) 0.0818(2) 0.0065(3)
Ovr00 0.85803(3)  [0.85659(5) 0.08314(11)  [0.00587(16)
0(74)  [O1o0 0.16656(5)  |0.78554(10) 0.7486(2) 0.0062(3)
O1.00 0.16668(5)  [0.78558(10) 0.7486(2) 0.0063(4)
O1.00 0.16698(3)  [0.78502(5) 0.75018(12)  [0.00739(17)
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0(75)  [O1o0 0.30988(5)  |0.35714(10) 0.7481(2) 0.0064(3)
Ovr.00 0.31008(5)  [0.35722(11) 0.7484(2) 0.0062(4)
O1.00 0.31011(3)  [0.35590(6) 0.74858(12)  [0.00813(17)
0(76)  [O100 0.02428(5)  |0.35661(10) 0.7784(2) 0.0064(3)
Ovr00 0.02448(5)  [0.35651(10) 0.7485(2) 0.0060(4)
Ovr00 0.02458(3)  [0.35646(6) 0.74749(12)  [0.00781(17)
O(77)  |O1oo 0.83322(5)  |0.78549(10) 0.4153(2) 0.0064(3)
O1.00 0.83337(5)  [0.78549(11) 0.4153(2) 0.0061(4)
O1.00 0.83357(3)  [0.78536(5) 0.41565(11)  [0.00533(16)
0(78)  [O100 -0.02343(5)  [0.35715(10) 0.4149(2) 0.0068(3)
O1.00 -0.02324(5)  [0.35723(11) 0.4149(2) 0.0059(4)
O1.00 -0.02338(3)  [0.35703(5) 0.41628(11)  [0.00424(16)
0(79) [O1o0 0.69095(5)  |0.35655(10) 0.4152(2) 0.0064(3)
Ovr00 0.69113(5)  [0.35652(11) 0.4152(2) 0.0059(4)
Ovr00 0.69139(3)  [0.35645(5) 0.41649(12)  [0.00519(16)
O(81) |O1oo 0.03040(5)  [0.23908(10) 0.4414(2) 0.0077(3)
O1.00 0.03053(5)  [0.23891(11) 0.4413(2) 0.0076(4)
O100 0.03063(3)  [0.23841(5) 0.44118(12)  [0.00741(13)
0(82) |O100 0.10531(5)  |0.83437(10) 0.4426(2) 0.0075(3)
O1.00 0.10545(5)  [0.83442(11) 0.4426(2) 0.0070(4)
Ovoo 0.10607(3)  [0.83348(5) 0.44439(11)  [0.00632(16)
0(83)  [O100 0.86516(5)  |0.92536(10) 0.4418(2) 0.0072(3)
Ovr.00 0.86538(5)  [0.92530(11) 0.4417(2) 0.0068(3)
Ovoo 0.86554(3)  [0.93528(5) 0.44119(12)  [0.00716(17)
0(84) [Ow00 0.19706(5)  [0.73903(10) 0.1079(2) 0.0077(3)
Ovr00 0.19719(5)  [0.73892(11) 0.1079(2) 0.0076(4)
Ovoo 0.19725(3)  [0.73883(5) 0.10820(12)  [0.00724(16)
0(85)  [O100 0.27199(5)  |0.33432(5) 0.1092(2) 0.0076(3)
Ovr00 0.27211(5)  [0.33443(5) 0.1093(2) 0.0070(4)
Ov00 0.27232(3)  [0.33434(2) 0.10981(12)  [0.00912(18)
0(86) [O100 0.03184(5)  |0.42535(4) 0.1085(2) 0.0072(3)
O1.00 0.03206(5)  [0.42537(4) 0.1084(2) 0.0070(4)
Ov00 0.03188(3)  [0.42529(3) 0.10978(12)  |0.00850(18)
0(87) |O1o0 0.86374(5)  |0.73899(5) 0.7747(2) 0.0078(4)
Ovr00 0.86386(5)  [0.73892(5) 0.7746(2) 0.0076(4)
Ovoo 0.86405(3)  [0.73764(2) 0.77570(12)  [0.00769(17)
0(88)  |O100 0.93863(5)  |0.33438(5) 0.7759(2) 0.0072(4)
Ovr00 0.93879(5)  [0.33449(5) 0.7759(2) 0.0070(4)
Ovoo 0.93903(3)  [0.33350(2) 0.77891(12)  [0.00655(14)
0(89)  [O100 0.69849(5)  |0.42539(4) 0.7752(2) 0.0073(3)
Ovr00 0.69873(5)  [0.42537(4) 0.7751(2) 0.0067(4)
Ovoo 0.69867(3)  [0.42547(3) 0.77620(12)  [0.00613(13)

Table A3.6. Occupancy of positions, atomic coordinates and temperature factors in the structures of
biaxial Li-Al - tourmalines (samples: S1 - upper, S6 - middle, S5 - lower lines, respectively) (sp. gr.

R1)
Site Occupancy, apfu x/a y/b zlc Ueg, A2

X Cao.s9yNao.31(1) 0 0 0.23724(10)  |0.01543(19)
Cao.701)Nao.3001) 0 0 0.23736(11)  |0.0165(2)
Caos3yNao.47(y 0 0 0.23734(3) 0.0108(2)

V1 AlosogLioaes  [0.12508(8)  [0.06264(7) 0.63408(15) _ [0.0072(3)
Alssrglioase — [0.12527(8)  |0.06264(8) 0.63388(16)  |0.0076(3)
Alosogliose  [0.12648(9)  |0.06322(9) 0.63391(18)  |0.0064(3)

Y2 LiossssAloasss  0.93855(10)  [0.06204(9) 0.63349(18) _ 0.0097(4)
LiosrueAloazse  [0.93865(10)  [0.06199(11)  |0.6335(2) 0.0102(4)
LiosoeAlossse  [0.93888(3)  [0.06221(13)  |0.6333(3) 0.0074(5)
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V3 LiossmAlosss  0.93842(9)  [0.87634(9) 0.63378(18) _ [0.0095(4)
LioszzeAloase  0.93856(10)  [0.87639(10)  |0.6336(2) 0.0106(4)
Lig.e506)Al0.350(6) 0.93900(13)  |0.87681(13) 0.6332(3) 0.0078(5)

71 Al oo 0.29802(6) 0.26085(6) 0.61144(11)  |0.00563(10)
Al1 oo 0.29821(6) 0.26094(6) 0.61135(11)  |0.00546(11)
Al1 oo 0.29934(7) 0.26196(7) 0.61113(13)  |0.00588(12)

72 AlLoo 0.74136(6)  [0.03789(5) 0.61101(11) _ [0.00550(10)
Al1.00 0.74160(6) 0.03797(6) 0.61098(11) 0.00549(11)
Al 0.74240(7)  [0.03855(7) 0.61054(14)  [0.00577(12)

73 AlLoo 0.06367(6)  [0.70413(6) 0.61101(10) _ [0.00562(10)
Al1.00 0.96382(6) 0.70418(6) 0.61093(12) 0.00556(11)
Al1.00 0.96444(7) 0.70504(7) 0.61037(13) 0.00582(12)

74 AlLoo 0.74117(6) _ [0.70330(6) 0.61116(10) _ [0.00550(10)
Al1.00 0.74127(6) 0.70329(6) 0.61101(12) 0.00545(11)
Al1.00 0.74230(7) 0.70352(7) 0.61064(13) 0.00569(12)

75 AlLoo 0.29793(6)  [0.03715(5) 0.61138(11) _ [0.00571(10)
Al1.00 0.29805(6) 0.03713(6) 0.61137(12) 0.00556(12)
Al1.00 0.29924(7) 0.03713(7) 0.61112(13) 0.00568(12)

76 Al g0 0.96356(6) 0.25936(6) 0.61100(11)  |0.00563(10)
Al1 oo 0.96364(6) 0.25928(6) 0.61085(11)  |0.00555(12)
Al1go 0.96450(7) 0.26920(7) 0.61042(13) 0.00597(12)

Bl B1.oo 0.11029(16)  |0.21846(15) 0.4543(3) 0.0058(3)
B1.oo 0.11051(17)  |0.21844(17) 0.4539(3) 0.0058(3)
B1.00 0.11137(19)  |0.2188(2) 0.4539(4) 0.0064(4)

B2 B1.oo 0.78296(16)  |0.89139(14) 0.4536(3) 0.0060(3)
B1.oo 0.78329(17)  |0.89142(17) 0.4535(3) 0.0059(3)
B1.00 0.78386(19)  |0.89179(19) 0.4531(4) 0.0061(4)

B3 Broo 0.11012(16)  [0.80164(14)  |0.4545(3) 0.0059(3)
B1.0o 0.11026(17)  [0.89188(17)  |0.4543(3) 0.0060(3)
B1.oo 0.11152(19)  |0.89251(19) 0.4543(4) 0.0060(4)

T1 Sios7Booi) 0.10296(3)  [0.19063(5) 0 0.00384(16)
Sio.0a()Bo.oz(n 0.193133)  [0.19070(6) 0 0.00403(18)
Sio.97(1)Bo.03(1) 0.19393(3) 0.19104(7) 0 0.00414(17)

T2 Sio.97(1)Bo.03(1) 0.81041(6) 0.00228(5) -0.00111(10)  |0.00384(16)
Siv.oo) 0.81054(6) 0.00231(6) -0.00123(11)  |0.00453(18)
Sio.96(1)Bo.04() 0.81114(7) 0.00260(7) -0.00180(13) (0.00416(18)

T3 Sio.96(1)Bo.0a(1) 0.99872(6) 0.80850(5) -0.00073(10)  |0.00393(16)
Sio.05(1)Bo.0s(1) 0.99885(6) 0.80855(6) -0.00080(11)  |0.00362(18)
Sio.041)Bo.0s(1) 0.99960(7) 0.80913(7) -0.00168(13)  |0.00392(18)

T4 Sioo7Bo.os) 0.81037(6) _ |0.80806(5) 20.00085(9) __[0.00395(16)
Sio.96(1)Bo.04(1) 0.81046(6) 0.80804(6) -0.00090(11) (0.00360(18)
Sio.96(1)Bo.0aq1) 0.81109(7) 0.80831(7) -0.00179(12)  |0.00389(17)

T5 SiooewBooz) 0.19287(6) _ [0.00232(5) 0.00005(10) _[0.00412(16)
Sio.97(1)Bo.03(1) 0.19302(6) 0.00239(6) 0.00001(10) 0.00363(18)
Sio.96(1)Bo.04(1) 0.19391(7) 0.00275(7) 0.00008(13) 0.00392(17)

T6 Sio.96(1)Bo.0a(1) 0.99873(6) 0.19022(5) -0.00100(10)  |0.00385(16)
Sio.08(1)Bo.02(1) 0.99886(6) 0.19021(6) -0.00108(10)  |0.00429(18)
Sio.04(1)Bo.0s(1) 0.99961(7) 0.19029(7) -0.00184(12) |0.00379(17)

01w F1.os01) 0 0 0.7879(3) 0.0559 (9)
F1.0801) 0 0 0.7874(3) 0.0573(9)
F1.o20) 0 0 0.7879(4) 0.0561(12)

021  |Owo 0.06269(15)  [0.11992(11) _ |0.4807(2) 0.0167(3)
O1.00 0.06327(13)  [0.12005(15)  |0.4808(3) 0.0163(3)
OL0o 0.06583(17)  [0.12040(15)  |0.4813(3) 0.0163(4)

022) O 0.88106(13)  [0.94009(13)  [0.4777(3) 0.0158(3)
O1.00 0.88108(15)  [0.93987(15)  |0.4782(3) 0.0155(3)
OLoo 0.88189(15)  |0.94070(17)  |0.4757(3) 0.0150(4)

0(23) O1.00 0.06243(15)  |0.94251(14) 0.4808(2) 0.0167(3)
O1.00 0.06250(15)  |0.94245(13) 0.4814(3) 0.0167(3)
O1.00 0.06578(18)  |0.94516(18) 0.4811(3) 0.0162(4)
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o3
(31) O1.00

81-00 0.26810(13)

N OMO 026800003 0.13407(11)

Omo 0.26767(15) 0 Too66(14) o5t

Olloo s s 0.5098(2) 0.0102(3)

- Omo i AL 0.5092(3) 0.0101(3)

01-00 0.86596(14) 0.13532(14) 03085() oy

01-00 0.86567(12) 0.13607(14) 20750 s

0(41) Ol.oo 0.86608(14) 0.73066(12) 050850) e

Omo s D To00612) 0.5089(2) 0.0106(3)

01.00 T P Ta0ee2) 0.5089(2) 0.0102(3)

- Omo i) Rl 0.5078(3) 0.0104(3)

01.00 Do P Losmea) 0.0743(2) 0.0100(3)

o 0.81547(12) 0.18450(14) e omon

- Olm Deiiio L 0.0741(3) 0.0080(3)

Olloo et IR 0.0739(2) 0.0083(3)

Olloo s s 0.0737(2) 0.0084(2)

- Omo Dy s 0.0732(3) 0.0083(3)

Omo Do D S0830(10) 0.0747(2) 0.0082(3)

Omo Disinio 0 o0tezt) 0.0746(2) 0.0082(2)

0(52) 01-00 0.18597(12) 0.09287(11) 005840 sy

o 0.18743(15) 0.09300(12) 0 050500 ool

Omo i 0 ooso0t2) 0.0965(2) 0.0081(2)

0(53) 01-00 0.90911(12) 0.09211(10) 00550) s

Ol-Oo 0.91004(14) 0.09206(13) 0 05e700) ey

Oum 0.90876(11) 0.09213(14) 084205 ey

- Omo st doota) 0.0942(3) 0.0083(3)

01-00 0.90001(14) 0.81665(12) 00950 ey

Olloo s a2 0.0954(2) 0.0085(2)

0(62) Ol.oo 0.19672(12) 0.18599(10) 0T560) o1

01-00 0.19744(13) 0.18597(12) Tt iy

01-00 0.81406(11) 0.18576(13) Tt oo

0(63) Ol.oo 0.81422(12) 0.01001(11) TR o1y

Ol-Oo 0.81449(13) 0.01005(12) T oy

01-00 0.99138(12) 0.01048(14) a5 o

- Olloo Dssiinis Do) 0.7749(3) 0.0075(3)

o 0.99276(14) 0.80497(12) v oo

Omo bssiraio ey 0.7753(2) 0.0075(2)

0(65) 01-00 0.81431(12) 0.80393(10) 0775 w7ty

Ol-Oo 0.81444(13) 0.80401(12) Vi) ooy

Oum 0.19654(11) 0.80388(14) 17 by

- Olloo i) D Sosad 0.7752(3) 0.0075(3)

01-00 0.19724(13) 0.01058(12) TR oo

01-00 0.99147(12) 0.01131(14) 0 Trsats o

0(71) Ol'oo 0.99170(12) 0.18670(10) 077550 i

o 0.99283(14) 0.18678(12) v oo

01-00 0.28671(11) 0.18715(14) Tt oo

- Omo D2y Do) 0.7751(3) 0.0073(3)

oL 0.28738(13) 0.28618(12) 0 0507 ooy

01-00 0.71562(11) 0.28683(13) 0 0e0m(2) oo

0(73) Ol.oo 0.71573(12) 0.00128(10) 006100) 1050

Olloo prirsin DooLZ810) 0.0810(2) 0.0069(3)

Ol-Oo -0.00006(11) 0.00160(14) 0 0606(2) oo

0(74) Ol.oo 0.00003(12) 0.71439(10) 006120) 10515

oL 0.00068(13) 0.71439(11) 0 051000 oy

Omo T Ty 0.0810(2) 0.0063(2)

0(75) Ol-oo 0.71551(12) 0.71427(10) 30605 s

01-00 0.71626(13) 0.71422(12) 0 0505(2) sy

o 0.28662(11) 0.714458(13) 0 0605(2) oo

: b AL 0.0805(2) 0.0063(2)

0.28737(13) 0.00060(11) D000 s

0.00043(14) 07500 1)

0.0799(3) 00008

0.0068(3)
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0(76) O1.00 -0.00011(11) |0.28543(10) 0.0812(2) 0.0064(2)
o 0.00007(11)  [0.28549(12) 0.0809(2) 0.0062(2)
O1.00 0.00061(13)  [0.28545(13) 0.0811(3) 0.0065(3)
0(81) O1.00 0.21085(11)  |0.27106(11) 0.4415(2) 0.0071(2)
Ov.00 0.21110(12)  [0.27111(12) 0.4414(2) 0.0070(3)
Ovo0 0.21233(13)  [0.27226(14) 0.4417(3) 0.0077(3)
0(82) O1.00 0.73080(11)  |0.93991(10) 0.4408(2) 0.0072(2)
Ov.00 0.73099(12)  [0.93997(12) 0.4406(2) 0.0071(3)
O1.00 0.73102(14)  [0.94001(14) 0.4406(3) 0.0074(3)
0(83) O1.00 0.06089(11)  |0.79145(10) 0.4403(2) 0.0077(2)
O1.00 0.06109(12)  [0.79156(12) 0.4403(2) 0.0077(3)
O1.00 0.06177(14)  [0.79258(14) 0.4394(3) 0.0079(3)
0(84) O1.00 0.73040(11)  |0.79055(10) 0.4410(2) 0.0070(2)
O1.00 0.73060(12)  [0.79052(12) 0.4411(2) 0.0072(3)
O1.00 0.73104(14)  [0.79088(14) 0.4405(3) 0.0077(3)
0(85) O1.00 0.21066(11)  |0.93980(10) 0.4414(2) 0.0074(2)
O1.00 0.21081(12)  [0.93985(12) 0.4415(2) 0.0072(3)
Ovoo 0.21215(13)  [0.93989(14) 0.4419(3) 0.0077(3)
0(86) O1.00 0.06087(11)  |0.26930(11) 0.4402(2) 0.0076(2)
Ox.00 0.06103(12)  [0.26924(12) 0.4400(2) 0.0076(3)
Ovo0 0.06179(14)  [0.26900(14) 0.4391(3) 0.0078(3)

Sp. gr. R1 is constructed using a pseudohexagonal triclinic cell and adding (1/3,
2/3, 2/3) and (2/3, 1/3, 1/3) translational elements to each of the atoms in the

asymmetric cell.
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APPENDIX 4

Structural characteristics of the studied tourmalines

Table A4.1. Bond lengths (A) in the main polyhedra of fluoroelbaite structures (Eastern Pamir)

Table A4.2. Bond lengths (A) and angles (deg) in the main polyhedra of the structure

Samples Bond lengths, Bond lengths, Bond lengths,
values values values
Y-0(1) Z-0(6) X-0(2)x3
T-17 1.940(1) 1.862(4) 2.429(4)
T-14 2.040(2) 1.855(5) 2.446(5)
T-7 1.960(4) 1.848(6) 2.444(7)
Y-O(6)x2 Z-0(8) X-0(4)x3
T-17 1.963(4) 1.884(4) 2.799(4)
T-14 2.020(5) 1.886(5) 2.809(5)
T-7 2.026(7) 1.886(6) 2.820(7)
Y-0O(2)x2 Z-0(7) X-0O(5)x3
T-17 1.976(4) 1.953(4) 2.736(5)
T-14 1.977(5) 1.959(4) 2.755(5)
T-7 1.975(7) 1.954(6) 2.755(8)
Y-O(3) Z-0(3) X-O¢p
T-17 2.158(6) 1.954(5) 2.655
T-14 2.167(6) 1.964(5) 2.670
T-7 2.171(7) 1.962(6) 2.673
Y-Og Z-0(8)
T-17 2.022 1.903(4)
T-14 2.033 1.912(5)
T-7 2.053 1.912(6)
Y-F Z-0(7)
T-17 1.82(3) 1.886(3)
[2.20(3)]x2
T-14 1.75(3) 1.878(4)
[2.24(2)]x2
T-7 1.84(4) 1.882(6)
[2.25(4)]x2
T-17 Y'Fcp Z'OCP
2.07 1.907
T-14 2.08 1.909
T-7 2.11 1.907

Li - containing uvit (Sangilen Highland)

Bond lengths Bond length Angle [multiplicity] | Angle value
[multiplicity]
B-0(2) [1] 1.361(2) 0(2)-B-0(8) [2] 121.0(2)
-0(8) [2] 1.388(3) 0(8)-B-0(8) [1] 118.0(2)
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average 1.379 average 120.0
Si-O(4) [1] 1.632(2) O(4)-Si-O(5) 100.99(12)
-0(5) [1] 1.650(2) 0O(4)-Si-0(6) 111.99(12)
-0(6) [1] 1.593(1) 0O(4)-Si-0(7) 110.74(11)
-O(7) [1] 1.605(2) O(5)-Si-O(6) 111.18(12)
average 1.620 O(5)-Si-O(7) 110.29(12)
0(6)-Si-O(7) 111.24(12)
average 109.45
X-0(2) [3] 2.409(2) Z-0(3) [1] 1.964(2)
-0(4) [3] 2.778(2) -0(6) [1] 1.856(2)
-0(5) [3] 2.700(3) -0(7) [1] 1.970(2)
average 2.629 -0(7) [1] 1.893(2)
-0(8) [1] 1.914(2)
Y-W1 [1] 2.059(3) -0(8) [1] 1.886(2)
-W2 [1] 1.986(7) average 1.914
-0(2) [2] 2.038(2)
-0(3) [1] 2.173(3)
-0(6) [2] 2.028(2)
average 2.061; 2.049

Table A4.3. Bond lengths (A) in the main polyhedra of the calcium

Li-Al - tourmaline (Sangilen Highlands)

YOG - octahedron Z06 — octahedron Si - tetrahedron
Y-O1 2.027(6) Z-O(3) [1.955(4) [Si-O(4) 1.630(4)
Y -0(11) 1.720(2) Z-O(6) |1.849(4) [Si-O(5) 1.645(4)
Y -O(2) x 2 2.003(4) Z-O(7) |1.959(4) [Si-O(6) 1.602(4)
Y -0(3) 2.195(5) Z-O(7) |1.859(4) [Si-O(7) 1.610(4)
Y -O(6) x 2 2.006(4) Z-0O(8) [1.911(4) |Si-Oav 1.622
Y —QOav 2.040; 1.989 [Z-O(8) [1.885(4) X - polyhedron
BO3 - triangle Z-Oa  |1.906 X-0(2) x3  [2.426(4)
B-0(2) 1.370(4) X-0(4)x3 [2.768(4)
B-O(8) x 2 1.383(5) X-0(5)x3  [2.707(5)
B-Oay 1.379 X-Oav 2.634

Table A4.4. Bond lengths (A) in YO6 octahedra in the structures of biaxial
Li—Al tourmalines (sp. gr. R3m)

Y-O Sample S1 | Sample S6 Sample S5
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Y-06x2 | 1.9849(18) |1.9835(19) | 1.9787(16)
Y-02x2 | 1.9963(18) | 1.9961(19) | 1.9986(16)
Y-OIW | 2.0270(32) |2.0222(33) | 2.0213(27)
Y-03 2.1797(27) |2.1710(30) | 2.1785(27)
Y-Ouy 2.028(31) | 2.025(30) 2.026(31)

Table A4.5. Bond lengths (A) in YO6 octahedra in the structures of biaxial

Li—Al tourmalines (sp. gr. Cm)

Y-O Sample S1 | Sample S6 | Sample S5 Y-O Sample S1 | Sample S6 | Sample S5
Y11-021 x2 | 1.9722(20) | 1.9673(20) | 1.9477(11) | Y21-021 | 2.0252(20) | 2.0231(21) | 2.0563(13)
Y11-062 x2 | 1.9750(17) | 1.9727(19) | 1.9710(10) | Y21-O11W | 2.0209(18) | 2.0155(18) | 2.0152(15)
Y11-011W 2.0348(19) | 2.0369(19) | 2.0449(14) | Y21-032 | 2.1899(20) | 2.1903(22) | 2.2044(13)
Y11-031 2.1552(25) | 2.1471(26) | 2.1269(15) | Y21-Oa 2.036(32) | 2.034(32) | 2.046(33)
Y11-Oav 2.014(30) | 2.011(29) | 2.002(29) | Y22-O64 | 1.9894(20) | 1.9873(21) | 1.9782(12)
Y12-023 x2 1.9714(20) | 1.9678(21) | 1.9482(12) | Y22-O66 1.9912(19) | 1.9898(19) | 1.9902(12)
Y12-065 x2 1.9772(18) | 1.9727(19) | 1.9656(11) | Y22-024 2.0039(20) | 1.9999(21) | 2.0156(12)
Y12-O12W 1.9990(41) | 2.0016(40) | 1.8797(19) | Y22-023 | 2.0234(21) | 2.0226(21) | 2.0661(13)
Y12-033 2.1539(26) | 2.1475(26) | 2.1421(14) | Y22-O12W | 2.0370(27) | 2.0357(27) | 2.0958(15)
Y12-Oay 2.008(29) | 2.005(29) | 1.975(36) | Y22-034 | 2.1911(21) | 2.1897(22) | 2.2136(13)
Y13-025 x2 1.9735(21) | 1.9691(21) | 1.9434(11) | Y22-Oay 2.039(31) 2.038(31) 2.060(36)
Y13-068 x2 1.9751(19) | 1.9732(19) | 1.9597(10) | Y23-O67 1.9880(21) | 1.9878(22) | 1.9875(12)
Y13-013W 1.9986(41) | 2.0003(38) | 1.8933(21) | Y23-069 | 1.9896(19) | 1.9895(20) | 1.9973(12)
Y13-035 2.1524(27) | 2.1485(26) | 2.1265(16) | Y23-026 | 2.0025(20) | 2.0004(21) | 2.0083(12)
Y13-Oav 2.008(29) | 2.006(29) | 1.971(33) | Y23-025 | 2.0240(21) | 2.0216(22) | 2.0354(13)
Y21-061 1.9889(20) | 1.9879(21) | 2.0063(12) | Y23-013W | 2.0402(28) | 2.0359(27) | 2.1127(16)
Y21-063 1.9901(18) | 1.9896(19) | 1.9945(12) | Y23-036 | 2.1894(22) | 2.1891(22) | 2.1907(12)
Y21-022 2.0033(20) | 1.9995(21) | 2.0006(14) | Y23-Oav 2.039(31) | 2.037(31) | 2.055(33)
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Table A4.6. Bond lengths (A) in YO6 octahedra in the structures of biaxial

Li—Al tourmalines (sp. gr. R1)

Y-O Sample S1 Sample Sample Y-O Sample Sample Sample
S6 S5 S1 S6 S5

Y1-021 1.9708(20) | 1.9668(22) | 1.9445(25) | Y2-021 2.0228(24) | 2.0256(23) | 2.0534(28)
Y1-065 1.9768(16) | 1.9734(18) | 1.9633(20) | Y2-032 2.1944(20) | 2.1964(23) | 2.1995(28)
Y1-061 1.9761(16) | 1.9774(18) | 1.9633(20) | Y2-Oa 2.038(32) | 2.038(32) | 2.043(33)
Y1-01W 2.0366(16) | 2.0350(16) | 2.0538(18) | Y3-063 1.9880(17) | 1.9865(19) | 1.9931(24)
Y1-023 1.9770(20) | 1.9763(22) | 1.9492(25) | Y3-064 1.9895(20) | 1.9861(19) | 1.9940(24)
Y1-031 2.1545(21) | 2.1459(20) | 2.1327(23) | Y3-022 1.9979(20) | 1.9941(22) | 2.0003(27)
Y1-Oa 2.015(30) | 2.012(29) |[2.001(31) | Y3-O1W | 2.0206(17) | 2.0200(18) | 2.0152(23)
Y2-062 1.9915(20) | 1.9887(20) | 1.9904(24) | Y3-023 2.0218(24) | 2.0160(23) | 2.0516(28)
Y2-066 1.9925(17) | 1.9954(20) | 1.9920(24) | Y3-033 2.1881(20) | 2.1875(22) | 2.2025(28)
Y2-022 2.0081(21) | 2.0098(23) | 2.0079(27) | Y3-Oa 2.034(31) | 2.032(32) | 2.043(33)
Y2-01W | 2.0182(17) | 2.0145(19) | 2.0151(23)




Characterization of structural deformations of Li-Al-tourmalines

Table A5.1. Crystal chemical formulas of Li-Al-tourmalines with sod. impurities
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APPENDIX 5

not more than 0.05 apfu

Mineral Crystal chemical formula [Li/AIDY R-
factor
1(89)! Rossmanite (Tos57Nag.43)(Lio.71Al2.17) Alg(Sis.92[ 10.08)O1s 0.33 0.017
(B2.92(10.0803)3(OH)3(F0.100H0.8300.07)
2(3) ([0.54Nao.37Ca0.08K0.01) (Al2.28L10.66MnN0.03) Als(SicO1s) 0.30 0.028
(BO3)3(0OH1.8601.14) (OHo.97F0.03)
3 (47) Olenite (Nao.43Ca0.2410.33) (Al2.43Li0.33 10.28) Al6(Si4.87B1.23)O18 0.14 0.018
(BO3)3(0OH)3(00.640Ho0.36)
4 (48) (Nao.40Cao 29[ 10.31) (Al2.42Li0.36[ 10.22) (Als.92[ 10.08) 0.15 0.014
(Sis.85B1.06Al0.08)O18(BO3)3(OH)3(00.630H0.31F0.06)

5 (15) Elbaite (Nao,49Cao,17 0,34)(A|1,61Li1,34Mn2+o,05)A|5 0.83 0.018
(Sis.90Al0.10)018(BO3)3(OH)3(Fo.520Ho.48)

6 (36) Fluor-elbaite (Nao.51Cao.16[10.33) (AlLgoLi1.08MnNo.01[0.11)Als 0.60 0.015

(Si5.77B0.23) O18(BO3)3(OH)3(Fo.580H0.3200.10)

7 (39) Elbaite (Nao_53Cao,1 0_37)(A|1,80Li1,05|\/| No.02 0_13)A|6 0.58 0.013
(Si5.77B0.23)O18(BO3)3(OH)3 (OHo.54F0.46)

8 (sample T- Elbaite (Nao 68Cap.2200.10) (Li1.56Al1.44) (Als 82MNn3* 16) (SisO1s) 1.08 0.029

17, Table (BOg)s(OH)g(OHo,mFo_se)
A2.3)
9 (46) Darrellhenry (Nao,sgcao,(n 0,41)(Li1,05A|1,95)A|5(Si6018)(803)3 0.54 0.021
ite (OH)3(Oo.66F0.34)

10 (65) (Nao.46Ca0.30.0.24) (Al1.g2Li0.89F€%*0.00MN**0,01_l0.27) Als 0.49 0.013
(Sis.56B0.44)O18(BO3)3(OH)3(OHo 50F0.50)

11 (79) Fluor- (Cao.65Nao.28Pbo.o10.06)(Lizs6Al1.3aMN?*0.03F€%*0.01 Tio.01) 120 0.016

liddicoatite Alg(SicO18)(BO3)3(OH)3(Fo.720Ho.29)

1 - in parentheses are the sample numbers corresponding to Table A1.1.

Table A5.2. Crystal chemical characteristics of Li-Al-tourmalines (with impurity content less than

0.05) used in the correlation analysis.

AlIY | [Li/AI]Y | FOt | BT <Y-O> Y-O1l | Y-0O6 | <Z-O> Z-06 | <Y/Z>
1 2.17 | 0.33 010 | O 1.966 1.920 | 1.948 | 1.904 1.875 | 1.032
2 2.28 | 0.30 003 |0 1.969 1.921 | 1.944 | 1.898 1.875 | 1.037
3 243 | 0.14 0 1.23 | 1.966 1.954 | 1.919 | 1.905 1.883 | 1.032
4 242 | 0.15 0.06 | 1.06 | 1.957 1.897 | 1.918 | 1.902 1.880 | 1.029
5 1.61 | 0.83 052 |0 1.986 1.985 | 1.970 | 1.908 1.861 | 1.041
6 1.80 | 0.60 0.58 | 0.23 | 1.997 1976 | 1.965 | 1.906 1.859 | 1.048
7 1.80 | 0.58 0.46 | 0.23 | 1.992 1.955 | 1.964 | 1.904 1.859 | 1.046
8 1.44 | 1.08 036 | 0 2.002 1976 | 1.963 | 1.907 1.862 | 1.050
9 1.95 | 0.54 034 |0 1.984 1.945 | 1.957 | 1.906 1.866 | 1.041
10 | 1.82 | 0.49 0.50 | 0.44 | 2.028 1.958 | 1.959 | 1.906 1.865 | 1.064
11 | 1.30 | 1.20 074 | 0 2.026 2.012 | 1.981 | 1.908 1.849 | 1.062
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03-06 | <T-O> T-06 | a, A c, A
1 2.498 1.614 1.610 | 15770 | 7.085
2 2.503 1.619 1.614 | 15.803 | 7.086
3 2.501 1.610 1.608 | 15.740 | 7.066
4 2.493 1.609 1.607 | 15.731 | 7.064
5 2.536 1.621 1.609 | 15.854 | 7.106
6 2.531 1.618 1.604 | 15.830 | 7.097
7 2.533 1.616 1.602 | 15.811 | 7.089
8 2.536 1.618 1.601 | 15826 | 7.098
9 2.517 1.617 1.608 | 15.809 | 7.089
10 2.528 1.614 1599 | 15810 | 7.094
11 2.559 1.617 1592 | 15.834 | 7.102

Table A5.2 (continued)

Table A5.3. Squared pair correlation coefficients (r?) between the crystal chemical characteristics of

Li-Al — tourmalines

AIY  Li/AIY  F°' <Y-0> Y-O1 Y-O6 <Z-O> Z-06 Y/Z 03-06
100 -09 -080 -067 -074 -08 -053 088 -062 -0.92 AlY
1.00 064 053 0.71 0.74 047 -0.78 0.49 0.85 Li/AlY
1.00 0.74 0.70 0.80 052 092 0.69 0.89 Fol
1.00 0.58 0.60 038 -0.67 0.99 0.74 <Y-O>
1.00 0.60 0.63 -0.67 0.52 0.85 Y-O1
1.00 0.60 -0.91 057 0.81 Y-O6
1.00 039 0.29 0.39 <Z-O>
1.00 -0.63 0.92 Z-06
1.00 0.70 Y/Z
1.00 03-06

C BepoATHOCTHI0 P>0.90 CBS3H SABIAIOTCA 3HAUMMBIME TIpH 2>0.52.




