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CTpyKTypa U CBOMCTBA MHUHEPAJIOB 1 MUHEPAJIONOA00HBIX CHHTETHYECKHUX
MaTepHUAJIOB: AKTyaJbHbIe MPO0JeMbl

C. JI. Borakos

Hnemumym ceonoeuu u ceoxumuu um. akademuxa A.H. 3asapuyroeo YpO PAH, 620110, e. Ekamepunoype,
yia. Akademuxa Boncosckoeo, 15, e-mail: vsl.yndx@yandex.ru

[ocrymuna B pegakumio 05.04.2025 r., npunsrta x megatu 07.04.2025 r.

OcHOBHasl 11eJ1b UCCIIEIOBAaHMI B 00JIACTH CTPOCHUS ¥ CBOMCTB MHHEPAJIOB, HX KPUCTALIOXUMHH U (QDU3UKH — TOJTydeHHE
(hyHIaMeHTaTbHONW HHPOPMAIIUH O PeabHOM aTOMHOU M 3JIEKTPOHHOM CTPYKTYpE MUHEPAILHBIX 0OBEKTOB U (pH3NIEeCKUX
3aKOHOMEPHOCTSIX HX IpeoOpa3oBaHus MO AeHCTBHEM BHENIHUX (DaKTOPOB (TEMIIEPATypHl, JaBJICHHs, PAAUalliH, XHMHU3-
Ma OKpy»Karomiei cpeasl). [lonoOHas nHpopMaLus ABIASIETCS OCHOBOM I TUIM3ALUK, PECTaBPALUH YCIOBHH KpUCTAJ-
JHM3aIMU ¥ SBOJIONIH MUHEPAJIOB B ONPEeNICHHOH re0IOrnIecKoi CUTYyaIiH; OHa IMHPOKO UCHONB3yeTCs MPH IeTpore-
HETHYECKUX M T€OXPOHOJIOTHYECKHX MOCTpoeHusX. [1o100HbIe McclieIoBaHNs aKTYaJIbHBL U ITPU pa3paboTKe MPUPOIOIIO-
JOOHBIX TEXHOJIOTHH MOTyUSHHUS] HOBBIX NMEPCIIEKTUBHBIX (YHKIMOHATBHBIX MaTepHantoB. PaboTsl B 1aHHOH 001acTH CO-
XPaHSIOT CBOIO aKTyalbHOCTh M CETOIHs. HacTosmuii TeMaTH4ecKuil CIIENBBIMYCK IIPOJOIKAET CHENBBIMYCK JKypHaa
“Jlutocdepa” Ne 2, 1. 24, 2024 r.; B Hem npejcTaBieHo 13 crateit B obnactu (1) vccienoBaHuii CTPYKTYpbl, KPUCTAILIO-
XUMUH, QU3UKHA 1 THITIOMOP(PH3Ma MHUHEPAIIOB; (2) 0OTpaOOTKH METOJMK CHHTE3a U U3yUCHHUS CBOMCTB MUHEPATIONOIOOHBIX
Matepuaios; (3) pa3pabOTKH METOIOB MCCIIEOBAHUS. B CTaThsAX HACTOSIIETO CHENBBITYCKAa OTPaXKEHBI Pe3yIbTaThl HC-
ClIeI0BaHMI POCCHHCKHX yUEHBIX, TOTyUEHHBIE B TAaHHBIX 00IACTAX B MOCIEAHEE BPEMSI.

KiioueBble clioBa: cmpykmypa, cmpoenue, C8OUCME0, MUHEPAT, KPUCMALIOXUMUS, CHEKMPOCKONUS, MUNOMOPPUIM,
npUPOOOn0O0OHASL MEXHON02US, (DYHKYUOHATbHBII MAMepUua
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CoBeTckue 1 poCCUHCKHE YUEHBIE CTOSIT Y HCTOKOB
Pa3BUTHSI LIEJIOTO psijla HAYYHBIX HAINPaBICHHUN B 00-
JIACTH UCCIIEJIOBAHMS CTPOCHHS M CBOMCTB MUHEPah-
HOT'O BEILIECTBA, KPUCTANIOXUMMHU, PATUO-, ONTHUE-
ckoit, UK 1 MeccOay poBCKOii CIIEKTPOCKOITMHA MHHE-
payioB, 0TpabOTKM METOANK CUHTE3a MHHEPAJIONO0100-
HBIX (YHKIMOHAJIBHBIX MaTEpHUANOB (CM. HallpUMeEp
(Mapdynusn, 1974; KouyOeit u ap., 1988; BorsikoB n
ap., 1993; Cky6uos, 2005; Yamryxus u ap., 2007; Ko-
necoB, 2009; Kaynuna, 2010; Botsakos u ap., 2011;
IlamoBa u mp., 2020)). B mactosmee Bpems B Poc-
cuu c(hOPMHUPOBAIACH IEHTPHI i O(DOPMUITHCH IITKOJTBI
B PA3JIMYHBIX HAYYHbIX HAIPABICHUAX HUCCIEAOBAHUS
MUHepalbHOro BemecTBa. Clenyer OTMETHThH ILIKO-
JBl 10 KpucTayuiorpaguu u Kpucramioxumun MI'Y
n Cankrt-IleTepOyprckoro yHuBepCcHTETa, IIKONBI B
obmacti pu3uKO-XUMUM MUHepanoB B Kazanu u Ha
VYpane — B ExarepunOypre, Muacce n ChIKTBIBKApe,
B Cubupu — B HoBocubupcke, Upkyrcke u Tomcke.
C uenbro MHTErpalyy Pa3IUyYHBIX IMIKOJ M HaYYHbIX
HanpaBjiICHUH, OOBbEIUHEHUS CIELHUAIUCTOB, B TOM
qucie padoTalOMIMX Ha CTHIKE HAYK — MHHEPaJOTHH
W MaTepHajoBEACHUS, IKCIEPUMEHTAIbHOH U TeEo-
peTnyeckol (hU3HMKH, CHEKTPOCKOIMUH M KPHUCTAIIO-
XHUMHAU MUHEPAIOB U MUHEPATONOA00HBIX (DYHKIIHO-
HaJbHBIX MaTepUaloB, a TaKKe pa3pabOTKN aHAIUTH-
YeCKMX METOJI0B McciemoBanus, HauuHas ¢ 2009 r.,
Ha 6a3e MHCcTHTYTa reonorun u reoxumun YpO PAH
€XEeroJHo MpoBoauTcsa Beepoccuiickast HaydyHasi KOH-
(hepennus “MuHepalbl: CTPOCHHE, CBOMCTBA, METO/IBI
uccinenoBanus”’. B 2024 r. Obi1 omyOauKoBaH TeMa-
TUYECKHI CHEUBBINYCK XypHana Jlutocdepa, mocss-
LICHHOTO aKTyaJbHBIM MpoOiieMaM B 00J1acTH cTpoe-
HUS, CBOMCTB U METOJOB HCCIEIOBAaHNS MHHEPAJOB,
WHUIIMAPOBAHHBIN yYaCTHHUKaMU KOH()EPEHIUH U CO-
nepkamuii 16 crTaTeil aBTOpPOB, TMPEICTABIISIONINX
pa3InyHbIe aKkageMU4ecKkue UHCTUTYTh U BY 31 Mo-
ckBbl, Cankrt-IlerepOypra, ExarepmnOypra, Amaru-
toB, HoBocubupcka n Upkyrcka (“Jlutochepa”, Ne 2,
2024). Hacrosmuii CHenBhITyCK SBISETCS €ro IMpo-
JIOJDKCHHEM; B HEM MpejcTaBiieHo 13 crarei B oOna-
CTH TPEX OCHOBHBIX HAay4HBIX HampasieHuii: (1) uc-
CJICZIOBAHUSI CTPYKTYPhI, KPUCTAJUIOXUMHH, (HUZUKH
U TATIOMOpdu3Ma MHHEPATOB; (2) OTpabOTKH METO-
IOUK CHHTE3a M H3Yy4EHHUS! CBOMCTB MHHEPAIONon00-
HBIX MaTepuanos; (3) pa3paboTKH METOJOB HCCIEN0-
BaHUS. B cTaThiax HACTOALIETO0 TEMAaTUYECKOTO CIIel-
BBIITYCKA OTPayKEHBI PE3yJbTaThl UCCIEIOBaHUN POC-
CHHMCKHX YUYCHBIX, TOJYYEHHBIC B IaHHBIX 00JIACTSIX B
rocJieIHee BpeMsl.

OTtkpsiBaeT crensbimyck ctarbs Epemnua H.H. c
coaBTopamu (Epemun m np., 2025), B KoTOpO#l pac-
CMOTPEHBI pa3HOOOPa3Hble MOTUBBI 3aIIOJHEHUS OKTa-
9APUUYECKHUX, TETPAdAPUUECKUX M TPUTOHAJIBHBIX ITYy-
CTOT B @HHOHHBIX YIIAKOBKaX, peaju3yeMble B MHUDE
MuHepanoB. [lokazaHa B3aMMOCBSI3b KPHCTAUTMYECKUX
CTPYKTYp OJIMBHHA, HOPOEPTUTA, XOHAPOANUTA, TyMHUTA
U Jp.; MHTEPIPETHPOBAHO KaxKylleecs MpOTUBOpEUne

Bomskos
Votyakov

HaOJI0IaEMOT0 TOTOJIOTUYECKOTO Pa3HOOOpasusi Mo-
TUBOB M MpaBuia napcumonuu JI. [Tonunra.

B pabore Unpnna I'.C. ¢ coaBropamu (WUnbuu n
np., 2025a) mpemcTaBIeHBI pPe3yabTaThl YTOUHEHUS
KPUCTAIJIMYECKON CTPYKTYpPhl TOJOTUIIHOTO 00pasua
HIroJUIeprTa U3 Kapbepa JI€naii (BymkaHn4eckwii pailon
Aticdens, ['epmanusi) B paMKax ABYX HMPOCTPAHCTBEH-
HBIX TPYII — aUeHTPUYHON Pl M HeHTpocuMMeTpuy-
voit P1. I'pynmma Pl mpennaraercs B kadecTBe Ooiee
MOIXOAIIEH ISl OIMCAHMS CTPYKTYPBI; OHA ITO3BOJIS-
€T BBISIBUTH OOJIbIIE CYIIECCTBYIOIIMX PAa3IUuuil B 3a-
CEJICHHOCTSIX TIO3ULHH M JUIMHAX CBA3EH KaTHOH—aHU-
oH B HOH-monynsix; mpeicTaBieHa naealn3upoBaH-
Has opmyia muHepaia B Bujae Ba,Na(Mn,Ca)(Fe*,
Mg,Fe?),Ti,(S1,0,),(0O,F),.

Bo Bropoit pabore WUnbuueim [.C. ¢ coaBTOpa-
mu (MnbuH u ap., 20256) u3yyeHa KpucTaminyecKast
cTpykTypa Ca-cofepaliero uieHa psjaa NeppoTuTa u3
OxTsi06pbekoro menouHoro maccuBa (CesepHoe Ilpu-
aszoBbe). IlpeacraBieHsl mapaMeTpsl MOHOKIMHHON
SJIEMEHTAPHOU SIYEMKH; CTPYKTypa YTOUHEHA B paM-
Kax JBYX NMPOCTPaHCTBEHHBIX Tpymn C2 u C2/m. I'py1i-
na C2 mpemiiaraercsi B KadecTBe 0oJiee MOAXOAIIeH
JUIS OTIMCAHUS CTPYKTYPBI TeppoTuTa. M3ydeHHsIi 00-
pasen sBigercss F-moMHHaHTHBIM aHAJIOroOM MEeppoTH-
Ta, OTJINYASACH OT MOCJEIHEro MPUCYTCTBUEM B COCTa-
Be Ca, BeIcOKUM conep:kanueM Fe u auskum Nb; mpen-
CTaBJIeHa KpUCTaJUIOXUMHUecKast (hopMmyia odpasua.

Kanesoii E.B. ¢ coaBropamu (KaneBa u mp., 2025)
JeTalbHO MCCIEJOBAaHbl 3€J€Has U CHUPEHEBO-cepast
Pa3sHOBUAHOCTH (PpaHKAMEHHUTA U3 YAPOUTOBBIX I1OPO]
MypyHckoro maccuBa. I1o faHHBIM paInOCIEKTPOCKO-
[TUH, ONITUYECKOTO TIOTJIOMIEHUS U (POTOTFOMUHECIICH-
LUK yCTAHOBJICHO, YTO 3€JIeHas OKpacka paHKaMeHH-
Ta, BEPOSTHO, CBSI3aHa C MePeXo/iaMu C IIepeHOCOM 3a-
psana Fe/Ti u Fe*'/Fe’*,

B pabore Mopoxuna A.W. ¢ coaBropamu (Mopo-
XUH U Ap., 2025) ¢ ucnonb3oBanuemM COM, crekrpo-
CKOIMU KOMOHMHAIIMOHHOTO paccesHUsl CBETa W OITH-
yeckoro aud@y3sHoro orpakeHHs HCCIeJOBaHBl JTU-
HaMHYECKHE OCOOCHHOCTH MaJOMEIUCTOTr0 OOpHHTa
Bounkosckoro mecropoxaenust (Cpenuuii Ypan). Ilo-
Ka3aHO, YTO OKMCIICHHE IIOBEPXHOCTH OOPHUTA BBI3bI-
BaeT YJIyYLICHHE €€ BIIEKTPONPOBOMSLINX CBOMCTB;
pu 3toM mudPy3un u3 odbema OOpHUTA B MTOBEPX-
HOCTHBIM CJIOW MOJ| I€UCTBUEM 3JIEKTPOHHOTO IydKa
He 3aduKkcupoBano. [Ipemioxken Kpurepuit st BbiJie-
JICHWsI pa3HOBUIHOCTEH OOpPHHTA W MPOTHO3UPOBAHUS
nokasarenei nepepaboTKu METHBIX PYI.

B crarpe lllamoBoit KO.B. ¢ coaBropamu (ILlamo-
Ba U Ap., 2025) npeacTaBiIeHbl TaHHBIE O TIPUMECHOM
COCTaBe, KOJeOaTEeIbHbIX M JIOMUHECLIEHTHBIX CBOIi-
CTBax 0JIarOpOJHOM LINUHEIN W3 MPaMOpPOB BOCTOY-
HOro ckiloHa Ypama (Myp3uHCKO-AyHCKOTO aHTH-
kiuHOpust 1 KyumHckoro mposiienus pyouna Kou-
KapCKOT0 aHTUKIMHOPHS), a TAKKE M3 MECTOPOXKAe-
Hus Kyx-u-Jlan u I'opon (FOro-3amagnsiii [lamup);
MIPOAHAIM3UPOBAHO BIHAHUSA MPUMECHOTO COCTaBa U
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TEIUIOBOW MCTOPUM Ha CTPYKTYPHOE KaTHOHHOE pa3-
yrnopsiioueHue 1 (HOTOTOMHHECIICHITHTHBIE CBOWCTBA
IITMUHEN; PACCMOTPEHBI BO3MOKHOCTH NPUMEHEHUS
Pe3yNbTaTOB AJISl PEIICHNS TEMMOJIOTHYECKIX ¥ MUHE-
paNOTHYEeCKUX 3ajad.

B nByx metonnueckux crarbsix Kenynuupsina U.A.
¢ coasropamu (PKemynuusin u ap., 2025a, 6) Ha npu-
Mepe psJia TPaHaTOB MPOaHATU3UPOBAHBI BO3MOYKHO-
CTH MHCIIOJIb30BaHUS BBICOKOTEMIIEPATYpHOH HMIIe-
JAHCHOM CIIEKTPOCKOMHUM Ui M3yYeHHUs dJIeKTpude-
CKMX XapaKTepUCTHK MHUHEpajoB. B pexume Harpe-
Ba-oxyaxaeHws npu temieparypax 200-900°C u ga-
crotax 1-10° I'l nccneoBaHbl CBOMCTBA IEMAHTOUIA
n3 xiumHONMpokceHuToB ([lommHeBckoe MecTopoxkae-
nue, Cpennuil Ypan), aHnpaautoB u3 ckapHos (Bepx-
nuit Yoaneit, Cpequuii Ypan; COkoTOBCKHI pyTHHEK,
r. Pynueiii, Kazaxcran) u anemannuna u3z Bepxonos-
ckoit ko (Cpemauii Ypain). Pe3ynbratel unTepmpe-
TUPOBAHBI B COIMOCTaBJICHHH C TEPMOTPAaBUMETpPUYE-
CKMMH W PEHTT€HOCTPYKTYPHBIMH JTaHHBIMH, a TaK-
e NaHHBIMU Ju((y3MOHHOTO CBETOpacCesHUS MH-
HEPaJIOB B ICXOJTHOM COCTOSTHUH H TTOCIIE BEICOKOTEM-
MepaTypHOro OTKWra. BriepBble MOTy4YEHBI DIEKTPH-
YecKHe XapaKTepHCTUKU AemaHTouna. [lokasano, uto
XUMHYECKUH 1 (ha30BbIN COCTAB aHJIPAIUTOB OKa3bIBa-
€T 3Ha4MMOe BIUSHHE Ha UX 3JIEKTPOMPOBOIUMOCTb.
Jlia anpMaHAWHA YCTaHOBJIEHO, YTO HA TEMIIEpaTyp-
HOM 3aBICHMOCTH JJIEKTPOTIPOBOAHOCTH (PUKCHpyETCs
anoMaiust ipu 750°C, oOycioBiIeHHAs HA4aJlOM pa3-
JIO’KEHUsT 00pasiia; O TMOCIeIHEM paHee He cooOlIia-
nock. BrnusiHne HavanmbHBIX cTaguii (a30BBIX HpeBpa-
LIEHUH Ha AJIEKTPONPOBOAHOCTh OTKPHIBAET MEPCIIEK-
TUBBI MCTIOJIb30BAHUS Ul aHalIM3a JaHHOTO SIBIEHUS
HUMIIEJAHCHOM CIIEKTPOCKOIHUH.

B pabote lapnermmuoii A.A. ¢ coaBropamu (/las-
meTmuHa ¥ Ap., 2025) mpencTaBieHO OMMCAHUE Me-
TOIMYECKUX AaCIEKTOB IMPOOOIIOATOTOBKYA W aHAlIN3a
TUQPPaKIUA OTPAKEHHBIX AJIEKTPOHOB B HCCIEIOBA-
HUHM MUKpOJe(QOpMaIiii B 3epHaX UPKOHA, BKIIOYAIO-
e (1) aHanu3 3HaUMMOCTH BIIMSHUS YCIOBUH peru-
ctpaiun EBSP-u300pakeHuii pu pa3HOM YCKOPSIHO-
ieM HanpspkeHuH nydyka U Ha COOTHOILICHHS CUTHAJ/
IIyM, TIPOCTPAHCTBEHHOE pa3pelieHre W MIMPUHY I0-
nmoc Kukyun; (2) cpaBHEeHHE KapT 3epHa IMUPKOHA, TT0-
mydeHHBIX Tipu pasHbix U; (3) pazpaboTky anropur-
Ma TIOMCKa MHUHEPAJIOB M TUATHOCTUKH AeopMaruii
B MUHepajiax. MeToauka anpoOMpoBaHa Ha CEPUH U3
50 mrgoB UMIAKTHBIX MOPOJ U3 METEOPUTHBIX Kpa-
tepoB Bpenepdopt (FOAP) u Kapa (xp. Ilaii-Xoii,
n-oB HOropckuii, Poccust); cpemu oOHapyKEeHHBIX
436 3epeH IUPKOHA BBISABICHBI BCE W3BECTHBIC THITHI
MHKpOoehOpMaIni.

B pabore MscuaukoBoii A.C. ¢ coaBTopamu (Msic-
HUKOBA U Jip., 2025) paccMOTpEHbI BOMPOCHI MIPUMeE-
HEHMS METOJI0B MAIIMHHOTO 00y4eHus 1is 3 HeKTHB-
HOMW KJaccu(UKaUKM KBapPLUTOB 110 UX XUMHUECKOMY
COCTaBYy, BKJIIOUYasl WACHTH(DUKALUIO KIFOUEBBIX MHK-
pPO3JIEMEHTOB W BBISBICHHE T'€OXHMMHMYECKUX paziu-
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yuii MexXAy oOpasuamu. J{ist 3HaYMMOH BEIOOPKH J1aH-
HBIX, TO/IBEPTHYTHIX MHTEPIIPETAINN C TOMOIIBIO Me-
TOJIOB MAIIMHHOTO OOydYeHHs (WX HOpMaJH3allH U
ayrMeHTanuu ¢ wucmnoib3oBanneM SMOTE mnsa pe-
ImIeHusT MpoOJIeMBl ITrucOaaHca KJIaccoB) BBITIOJIHECHA
KpOCC-BaJIMJIAINS; TIOKAa3aHO, YTO B paMKax aJllOPHT-
Ma CatBoost mocturaercst TOYHOCTh KiacCH(pUKALUH
110 97%. IToka3aHo, yTo Mn SIBJISIETCST KIIFOYEBBIM dJie-
MEHTOM B Kjaccuukamnuu oopasiios.

Hukudoposeim M.B. ¢ coaBropamu (Hukudopos
u ap., 2025) B paMkax BBICOKOTEMIIEPaTypHOTO TBEP-
nmoda3HOTO METO/Ia N3YUEHO 00pa30BaHME MHHEPAJIO-
Mo0OHBIX (a3 CO CTPYKTYPOH CTPOHIIMOBHTIOKHTA
st cepun StoIn(PO,)—Ca,Ln(PO,), (Ln = Eu*', Yb*).
[IpoayKTBl aTTECTOBaHbI C HCIONb30BAaHUEM DPEHTTE-
HOBCKOH An(pakuny, TU3IEKTPUIECKON U (POTOIIOMU-
HECIIEHTHOH criekTpockonuu. [lokazaHo, 4To 00pa3ibl
KPUCTAJUTM3YIOTCS B CTpYKType Stoln(PO,); ¢ 3amere-
muem St — Ca*" u Eu®" u xapakrepusyroTcs JIIOMH-
HecIleHIInel B KpacHo-opamkeBoil wm UK obmactu 3a
cuer u3nydenust HoHoB Eu" wim Yb*™.

B pa6ore [loramosa C.B. ¢ coaBTopamu (IloTamos u
ap., 2025) npeacTaBieHbl pe3yabTaThl SKCIIEPUMEHTOB
no cunre3y mkeppumeputa KqFe,sS,Cl npu u3obap-
HO-U30TEPMHUYECKON BBIACPIKKE B aBTOKJIaBax. YcTa-
HoBJeHBI ontuMalbHbIe (500°C, 500 at™, 168 1) ycio-
BUsl cuHTe3a MuHepana. [lomyueHnbie ¢asbl arrecto-
BaHBI C HCMOIB30BaHneM COM, peHTTeHOCTPYKTYPHO-
T'0 aHAJIM3a U CIIEKTPOCKOITMH KOMOMHAIIMOHHOTO pac-
CesTHUS CBeTa.

C 1enbio co31aHUsI MHKEKTUPYEMBIX KOCTHBIX Lie-
MEHTOB Ha OCHOBE pacTBOpUMBIX (a3 pochaTtoB Ca u
Mg iist IPUMEHEHUS] B MaJIOMHBA3UBHBIX XUPYPrude-
CKHX BMeImaTenbcTBax ['onpnoepr M.A. ¢ coaBropamu
(Tompadepr u ap., 2025) u3ydeHO BIUSHUE BBEICHUS
HaTpUi KapOOKCHII METHIILIEIUTIONO036I M MEXaHOXHMH-
YeCKOH aKTWBaIMM Ha (Da30BBIA COCTaB, BpEMs CXBa-
TBIBAHUS, MUKPOCTPYKTYPY, KOTE€3WI0, WHKEKTHPYE-
MOCTb ¥ TPOYHOCTHBIE CBOMCTBA LIEMEHTHBIX MaTepua-
JIOB. ATTecTalysi MaTepUaloB BBIIOJIHEHA C UCIIOJIb-
3oBanreM COM, pEHTTeHOCTPYKTYPHOTO aHaIu3a,
BHCKO3MMETPHUH U JIA3€PHOTO aHAJIN3a YaCTHII.

Baaropapaoctu

Penxosierns mnpusHaTenpHa aBTOpaM CTaTel 3TOrO BHI-
IIyCKa, PELEH3eHTaM 32 KOHCTPYKTHBHBIE KOMMEHTapuu U
TIPEATIOKEHHSI M OPTaHU3alMAM 3a (DHUHAHCOBYIO TOAJEPIK-
Ky NIPOBEJICHHBIX UCCIIEOBaHUI.
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CTPYKTYPA U CBOMCTBA MUHEPAJIOB
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OkTasapuyecKue u TeTpajdpuveckre MOTUBBI B CTPYKTYPHOM
MMHEpPAJOTuM — 0TBeT NPpUpPobl nsitomy npasuiy JI. Iloaunra

H. H. Epemun’?, T. A. Epemuna’, O. A. I'yp6anoBa’
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Obvexm uccnedosanusi. CTPYKTYPBI psiia MUHEPAJIOB C 3aIOJIHCHHBIMU OKTa3IPUUYCCKUMH, TETPAdAPHUCCKIMHU U TPUTO-
HaJbHBIMH ITyCTOTAMH B aHHOHHBIX YIIaKOBKax. [[ens. AHann3 xoppensuy npasuia napcumonunn JI. [Tonunra ¢ Mmunepa-
JOTHYeCcKUM pazHooOpazuem. Obwue nonosicenus. Ha mprMepe B3aNMOCBSI3H KPUCTAUTMIECKUX CTPYKTYP OJIMBUHA, HOP-
OepruTa, XOHApOANUTa, TymMuTa, KinuHorymuta, Cdl,, Mg(OH),, pytuna, OpykuTta, aHatasa, HIMAHEIH, TAACIOpa, TETUTA,
rpoyTHTa, CTeHHepHTa, pamcaeiura, VO,, roIanInTa, TOJOPOKUTA, POMaHeInTa, KOPYH/a, KapelnaHhTa, dCKOIAnTa,
reMaTHTa, TeTPaJuMHTA, WIIbMEHNTA, KAIbIUTa, MATHE3UTAa, CUICPHUTA, POJIOXPO3UTA, TOJIOMUTA, KyTHATOPUTA, AHKCPHTA,
TOmasa, BIOpLHTA, chanepura, XalbKOIMHUPHUTA, CTAHHIHA, TepMaHHUTa, SHAPTUTA, CYJIbBAHUTA, TICHTIAHANTA, TIéTa (JIuTap-
ruta), LiOH, kynpura, kynepura, xanpko3uHa, BCl;, Na;As, koBeJUTHHA M JOMEHKHTA MTPOIEMOHCTPUPOBAHO MHOTO00pa-
3He BO3MOKHBIX TOMOJIOTHYECKUX KOHCTPYKIUI KPUCTALTHYESCKUX CTPYKTYP C HATMYUEM B IJIOTHOYNAKOBAHHOM MOTHBE
AQHMOHOB Pa3HOOOPA3HBIX ITyCTOT, KOTOPBIE MOTYT 3aHUMAThCSI KATHOHAMH MEHBILEro pa3Mepa. [IpoaHann3npoBaHbl OKTa-
D/IPUYECKHE MOTUBBI PA3IMYHON CTEXHOMETPHUH OTHOIICHHSI HOHOB, 00Pa3yIOIINX YIAKOBKY, K 3aIIOJTHEHHBIM ITyCTOTaM,
TETPadJPUUCCKUE MOTHBBI C 3aITOJTHEHUEM CJIOCB OJTHON YSTHOCTH U PA3HBIX YETHOCTEH, AaHHOHOIICHTPUPOBAHHBIE TETPad-
JPUYECKHE MOTHBBI, TPUTOHAIIBHBIE MOTHBBL. Bb1800b1. JJaHO 00BSICHEHHE KaXKyILEroCs IPOTHBOPEUHS HAOII01aeMOro TO-
MOJIOTHYECKOTO Pa3HOOOpa3wsi MOTHBOB U IpaBmiia mapcumonuw JI. [TonmHra.

KuitoueBble ci10Ba: niomueiuie ynakoeKu, KpUCMAaiiuieckue CmpyKmypbl, OKMasopuieckue nycmonivl, mempasopuye-
CKUe nycmonol, MpUeOHAIbHbLE NYCIOMbL, CMEUAHHbIE MOMUBHL, NPABULO NAPCUMOHUU
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Nikolay N. Eremin"?, Tatiana A. Eremina’, Olga A. Gurbanova'

IM.V. Lomonosov Moscow State University, Geological Faculty,
1A Lenin Hills, Moscow 119991, Russia, e-mail: neremin@mail.ru
’Institute of Geology of Ore Deposits, Petrography, Mineralogy and Geochemistry, RAS,
35 Staromonetny lane, Moscow 119017, Russia

Received 13.12.2024, accepted 04.04.2025

Research subject. Structures of minerals with filled octahedral, tetrahedral, and trigonal voids in anionic packages.
Aim. Analysis of the correlation of L. Pauling's rule of parsimony with variety of minerals. Key points. Using the example
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Mg(OH),, rutile, brookite, anatase, spinel, diaspore, goethite, groutite, stenierite, ramsdellite, VO,, hollandite, todorokite,
romanechite, corundum, karelianite, eskolaite, hematite, tetradymite, ilmenite, calcite, magnesite, siderite, rhodochrosite,
dolomite, kutnohorite, ankerite, topaz, wurtzite, sphalerite, chalcopyrite, stannite, germanite, enargite, sulvanite, pentlandite,

Tt murupoBanus: Epemun H.H., Epemuna T.A., T'yp6anoBa O.A. (2025) Okrasapuyeckue U TETPadApUYECKUe MOTHBBI B CTPYK-
TYpHOIl MHUHEPAJOrWu — OTBET MpupoAbl nsaTomy npaswiy JI. [lommura. Jlumocgepa, 25(2), 196-211. https://doi.org/10.24930/2500-
302X-2025-25-2-196-211. EDN: YHDVSM

For citation: Eremin N.N., Eremina T.A., Gurbanova O.A. (2025) Octahedral and tetrahedral patterns in structural mineralogy — nature’s
answer to L. Pauling’s fifth rule. Lithosphere (Russia), 25(2), 196-211. (In Russ.) https://doi.org/10.24930/2500-302X-2025-25-2-196-211.
EDN: YHDVSM

© H.H. Epemun, T.A. Epemuna, O.A. I'ypbanoBa, 2025

196



Oxmasopuieckue u mempa’sopudeckue MOmuebl 6 CMpyKmypHOU MUHEPAI0Suu
Octahedral and tetrahedral patterns in structural mineralogy

litharge, LiOH, cuprite, cooperite, chalcocite, BCl;, Na;As, covellite and domeykite, a variety of possible topological
structures of crystal structures with the presence of various voids in a tightly packed motif of anions, which can be occupied
by smaller cations, is demonstrated. Octahedral motifs of various stoichiometry of the ratio of ions forming the package
to filled voids, tetrahedral motifs with layers of the same parity and different parity, anion-centered tetrahedral motifs, and
trigonal motifs are analyzed. Conclusions. The explanation for the apparent contradiction between the observed topological
diversity of polyhedral motifs and L. Pauling’s fifth rule is given.

Keywords: close packing of atoms, crystal structures, octahedral voids, tetrahedral voids, trigonal voids, mixed patterns,
motifs, Pauling’s fifth rule
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BBEJIEHUE

“Vnaxoexu — smo ceoeobpasmnvle “anuonnvie” mops,

6 KOMOPbIX PA3bIePblEalOMcs MUHepanio2uidecKkue coobimus,

m. e. 8Cs MUHEPANO2UYECKdsl U2pa CBOOUMCsL K pacnpeoenenuio
KamuoHo8 no nycmomam naomueuuen YnaKkosku .

(benos, 1947).

Ananus MIPpUPOJAbl XUMUYCCKOI'O CBA3BIBAHUA B KPpU-
CTaJUIe HArJISIIHO JAEMOHCTPUPYET, YTO aTOMBI B HEM
CTpeMATCS OBITh YNMaKOBaHHBIMH HamOOJee IIOTHO,
TaK KaK 3TO MPUBOJUT K HamOoee KOPOTKUM MEX-
ATOMHBIM ¥ MEKMOJIEKYJISIPHBIM KOHTaKTaM M, CJIEJI0-
BaTeNbHO, 00ECIEeYNBaCT MAaKCHUMAIbHYIO (110 MOAY-
JIF0) DHEPTUIO CLemieHus. Takoe cTpeMJIeHUE B SIBHOM
BHUJIE PEATU3YETCA B MIOHHBIX, MOJIEKYISAPHBIX U METa-
JINYECKUX KpHUCTAJUIAX. B 3TOH CcBsI3M TEOpUS IIIOTHEM-
mux ynakoBok (I1Y), 3aponuBmiasicst erme BO Bpeme-
Ha W. Kemepa, sBiseTcss OMHAM W3 BaKHEHIITNX (ak-
TOPOB PacCHpOCTPAHEHHOCTH CTPYKTYpHOTO THTIA He-
opranyeckoro kpucramia. CylecTBYIOT JBE T'OMO-
TEHHBIE IUIOTHEHIINE YIAKOBKH, B KOTOPBIX MO3HUIIUU
Bcex c(ep CHMMETpPHYECKH SKBHUBAICHTHBI: KyOuue-
ckast (KIIY) u rexcaronansnas (I'ITY). lomnst 3ansiToro
COTPUKACAIOIIUMHUCS HEC)KMMAEMBIMH CPEPHUSCKIMHU
aTOMaMH IPOCTpaHCTBa BO Beex [1Y abCoOI0THO ou-
HakoBa (=0.7405), paBHO KaK ¥ YHUCIIO OJMKANTIIIX CO-
cezelt merTpanpHOro mapa (12).

Bo3Hukaer MOTHYHBIA BOTIPOC, B YeM 3aKIFOYaeT-
€5l KPUCTAITIOXUMUYECKAsl Pa3HULA MEXK]TYy STUMU YIia-
KOBKaMH, 3aCTaBJISIONIAs TO WIK MHOE MPOCTOE Bellle-
CTBO (MeTaJyul WJIM MHEPTHBIM ra3) JenaTh CBOM c00-
CcTBeHHBbIH BbIOOP? OKa3bIBaeTCsA, pa3HUIA CYIIE-
ctByetT: cinou I'TTY u KIIY 3HauuTenpHO pas3inyaror-
CsI MEXKIy co00# mo cummeTpun. Eciam Kakaelid map
KIIY, Haxonsachk Mexay ABYMsI HEOJAMHAKOBO OpPUEH-
TUPOBAHHBIMH CJIOSIMH, 00JIaJIaeT IIEHTPOM WHBEPCHH,
To uepe3 caoit ['TIY, Haxoasmumiicst Mexay ABYMs OJ1U-
HAKOBO pACIOJIOKEHHBIMU CJOSMH, MPOXOAMUT IIJIO-
CKOCTb CHUMMETPHHU. COOTBGTCTBCHHO, KOOpAuHaIu-
OHHbIE MHOTOTPaHHUKH B TIEPBOM CITy4ae MpeJiCTaBIe-
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HBI apXUMEIOBBIM KyOOOKTa3ApOM, a BO BTOPOM — €0
reKcaroHaJbHBIM aHajioroM. [logoOHbIE cuMMeETprYe-
CKHE pa3Inyusl MPOSBISAIOTCS U HA OOJBIINX PAacCTOA-
HUSIX: TUIOTHOCTD PacIpeie]ICHHUs 3aHATOTO MPOCTPaH-
CTBa W MyCTOT B OoJiee nayiekux chepax BOKPYT Inapa
ITY HeckoabKO pa3nuyHa, T. €. pa3IuvHa TaK Ha3bIBae-
Masl JIOKaJbHas INIOTHOCTh yNakoBKH. Tak, B mpeaenax
cdepsl paanyca R = 2d (d — nuamerp mapa) B KITY Ha-
xomsares 54 cocena, a B ['TIY 56. Kpowme toro, B mep-
BOHM M3 HUX 3TH COCEIH CTPYIUPOBAHBI B YETHIPE KO-
OpAMHALMOHHEIE cpephl U 00pa3yloT KOOPAMHAIINOH-
HYIO NIOCJIE0BATENbHOCTE 12 + 6 + 24 + 12, Toraa kak
BO BTOPOI — B LIECTh KOOPAMHALIMOHHBIX Cep ¢ KO-
OpJIMHAIIMOHHON MOCIEA0BATENbHOCTRIO 12 + 6 + 2 +
+ 18 + 12 + 6. [lomoOHOE paznuyme B YuCie coceien
COXpaHsieTcsl U Ha OOJIBIINX paccTosHUsIX. B paamnyce
R =3d Bokpyr nentpansaoro aroma B KITY naxoaurcs
176 coceneli, CTpyIITUPOBAHHBIX B 9 KOOPAMHAITHOH-
HEBIX cdep, a B I'TIY — Tompko 158 coceneit, Ho B 14 KO-
opanHannoHHEIX chepax (Epemun, Epemuna, 2018).

[Tonesnrpim cnencreuem Teopuu I1Y sBasercs tak
HazbIBaeMoe “npaBmio 12 cocenei” — sMmupuyeckoe
000011IeHre, COTJIACHO KOTOPOMY BEIyIIWE aTOMBI
(MOHBI) CTPYKTYpHI Heopranmdeckoro kpucramia (be-
50B, 1947) crpeMsTcs OKpYXUTh ce0si JBEHAAThIO
OMIKANUTIIIMU OJTHOMMEHHBIMHA COCEISIMH. JTO TIpa-
BHJIO TaKXKe MO’KHO pacCMaTPHUBATh U Kak CTPEMJICHHE
YaCTHIl B KPUCTAILJIE K MTPEJISITbHO PpAaBHOMEPHOMY pac-
MIpEJIEIEHNIO B IPOCTPAHCTBE, PU KOTOPOM KasKJasi U3
HUX MMEET MAaKCHUMAaJbHO JOMYyCTUMOE YUCIO PABHO-
yIaJeHHbIX oauHaKoBbIX coceneit (bopucos, Iloaoe-
pe3ckas, 1984).

Bwmecre ¢ Tem, ecnu Ob1 Teopuio ITY MOXHO OBLIO
MIPUMEHUTH TOJBKO JJISI OMMCAHUS CTPYKTYP HECKOJb-
KHX JIECSTKOB IPOCTBIX KPUCTAIUTMUECKUX BEIIECTB,
OHa HE MMeJa Obl /IS KPUCTANIOXUMHUH TaKOTO OOJIb-
uioro 3HaueHus. Pacmmpenune cdepbl IpUMEHEHHS Te-
opuu I1Y kak HariasAHOTO TEOMETPUYECKOro crocoda
OIHCAHUS CTPYKTYP, BO3MOKHO B HECKOJIBKMX HaIPaB-
nenusix. Bo-nepebix, ITY MoxeT ObITH ciloXkeHa aTo-
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MaMH pa3HbIX COPTOB, OJIM3KUMH TIO Pa3MEPHBIM Xa-
pakrepuctukaM. [Ipu 3TOM aTOMBI MOTYT OTJIMYAThCA
Y 110 XUMHUYECKIM CBOWCTBAM, M JaXKe MO 3HAKY 3api-
na (Hampumep, B cTpykType nepoBckuta CaTiO;). Bo-
BTOPBIX, PSIJI CTPYKTYP MOXKET OBITH OMUCAH B paMKax
teopun I1Y B aHnoHneHntpupoBanHoM acriekre (Kpu-
BoBuueB, dunatos, 2001), korma mo 3akony IIY B
CTPYKTYpE pacmojiaratoTcsi KaTUOHBI. B-TpeThux, mo-
MHMO MOHHBIX MJIM METAJNTMYECKUX CTPYKTYp, B KOTO-
PBIX CHEPUYHOCTh COCTABISAIONIMX WX TUIOTHOYIAKO-
BaHHBI MOTHB aTOMOB BECbMa OTpaBiaHa, B paMKax
9TOW TEOPUH TMPEKPACHO OIMUCHIBAIOTCS CTPYKTYPHI U
C KOBaJICHTHBIMH CBSI3SMH, (DOpMa aTOMOB B KOTOPBIX
OUeHb JalieKa oT cpepudeckoil. B-ueTBepThIX, MHOTO-
o0pasue BO3MOXKHBIX TOIOJIOTHUECKUX KOHCTPYKIMN
KPUCTAIJIMYECKUX CTPYKTYp oOecredynBaeTcsl Hallu-
YHeM B IUIOTHOYTaKOBAHHOM MOTHBE aHHOHOB pa3HO-
00pa3HBIX ITyCTOT, KOTOPBIE MOTYT 3aHUMAThCS KaTHO-
HaMHU MeHbIIero pa3mepa. Hambonee pacpocrpanen-
Hble OJFDKalIIMe OKPYXEHHs JJIs KaTHOHOB B CYIIIe-
CTBEHHO MOHHBIX HEOPTAaHUYECKUX KPUCTAJUIAX, B TOM
quclie B MUHEpalnax — OKTadIPHUECKUe U TeTpadIpH-
yeckue. [1oaToOMy B TakuxX KpHCTalIaX KaTHOHBI Yalle
BCET0 MOMajaroT J100 B TeTpadipuyecKue, 1100 B OK-
TasApuvecKue myctotsl [1Y aHuoHOB, MO0 U B T€, U B
npyrue ogHoBpemeHHo (Yamic, 1987). ITomumo 3tHx
MyCTOT, ONPECICHHYI0 POjib (0COOEHHO JijIsi OOopaToB
1 KapOOHATOB) UTPAIOT TPUTOHAIBHBIE ITyCTOTHI, T€0-
METPHUYECKOE MECTO KOTOPHIX (PMKCHUPYETCS B LIEHTpE
KKIO0W TpaHu JH00T0 TeTpadapa Judo OKTalapa.

OTtMeTnM, 4TO Ha pazHooOpa3ue pas3perlIeHHbIX
KPUCTAJUIMYECKUX CTPYKTYP OKA3bIBACT HAMIPABICHHOE
BO3CUCTBHE OO KPUCTATUIOXUMHYESCKUN TPHHIUIT
WU3BECTHBIM 1MOJ| Ha3BaHUEM mAToro mnpasuna llonun-
ra (npasuia napcumonnn) (Pauling, 1929; Hawthorne,
2006), cymIecTBEHHO OTPaHUYMBAIONINN YHCIIO BO3-
MOJKHBIX JIJIS 33/TaHHON ()OPMYJITBI YHUKAITBHBIX CTPYK-
TypHBIX (parMeHToB. Tem He MeHee, aHaTN3 pa3Iud-
HBIX MOTHBOB 3aIlOJIHEHUS OKTadJIPUUYECKUX U TETpa-
9APUYECKHUX MyCTOT KUCIOPOAHBIX YMAKOBOK, peau-
3yeMBIX B MHpE MUHEPAJOB, MMOKa3bIBa€T 3HAUYNUTEINb-
HOE TOIOJIOrHYecKoe pa3zHooOpasue. I[IposenenHoe
Jluma—ne—®Papua u3yueHHE NPEACTABUTEIbHOU BBI-
Oopkn u3 3248 KPUCTALIMYECKUX CTPYKTYp MHHE-
pano (Lima-de-Faria, 2012) mokazayo, ato mius 457
cTpykTyp (okono 14%) I1Y mpucyTcTByeT mpakTuue-
CKM B HeMckakeHHOM Buze. IIpu stom B 135 ciyua-
ax (pukcupoBanach coBMectHast [1Y 13 aTOMOB pa3HbIX
COPTOB.

Koneuno, pa3mepbl KaTHOHOB JajiekKO HE BCerja
TOYHO OTBEYAKOT pazMepaM IIyCTOT B uacaipHoi ITY
aanoHOB. OOBITHO pa3Mep KaTHOHA OOJBIIIe TEOMETPHU-
YEeCKOTO Tpefieria, ONpeAesIeHHOTO MEPBBIM TPaBUIOM
[Homuura (Pauling, 1929): Rrpur. = 0.155 R, Rretp. =
= 0.225 R, Rokt. = 0.414 R, rne R — paauyc aHHO-
Ha, ciaratouiero I1Y; cnenoBaTensHO, aHMOHHAS yna-
KOBKa HECKOJIBKO pa3ABHIAeTCs, T. €. IePecTaeT ObITh
IUIOTHEUIIEH B CTPOrOM MAaTeMaTUYECKOM IOHHUMAa-

Epemun u op.
Eremin et al.

HUU 3TOr0 TepMmuHa. OMHAKO TaKue HE3HAYUTEIbHBIC
HapyIIEHUs MOTUBA CIIIAKUBAIOTCS TaK HA3bIBAEMBIM
MIPUHITUTIOM MUHUMATBHOU nuccuMerpuzanuu (Ypy-
coB, 2013). JlelicTBre ATOTO MPHUHITUIA MIPOSIBIISCTCS
B TOM, YTO /ISl KOHKPETHBIX HCKaKEHHBIX KPHUCTAI-
JIMYECKUX CTPYKTYP COXPAHSETCS BO3MOXHOCThH OBITH
3¢ (dhekTUBHO onrcaHHBIMU ¢ Tio3uwmii [1Y; Bo BcskoM
ciIy4ae, 10 TeX MOop, MOKa FTEOMETPUUECKUE UCKAKECHUS
HE MIPEBBICSIT HEKOTOPYIO KPUTUUYECKYIO BETUUUHY.

B 3emHoi1 kope cambIM pacnpOoCTpaHEHHBIM aHUO-
HoM siBasiercst HoH O?° ¢ HOHHBIM PaMyCoM OKO-
70 1.36 A. Pasmeps! Takke BechbMa pacHpOCTPAHEH-
HbIX MOHOB F~ 1 OH™ oueHb OJIM3KHM K ITOW BETWYH-
HE, YTO NMPUBOJUT K MHOTOYHCIICHHBIM MTPHMEpaM CO-
BMecTHBIX 1Y 3TuX aToMOB Kak, Hampumep, B Toma-
3e ALSiO4(OH,F), ueTbipexcioliHas yIakoBKa CJI0XKe-
Ha BCEMU dTUMHU aHHUOHAMU. Tak:Ke OTMETUM, YTO B OK-
TadIpUUECKUE, TETPAIIPUUCCKUE U TPUTOHATHHBIC ITy-
CTOTHI yrmakoBok annonos 0>, F-, OH™ MoryT BXOAUTE,
coryacHo mepBoMy mpasmny [lonmHra, mogaBnsronee
YHUCIIO AJIEMEHTOB TaOIUIIEI MeHeneeBa (¢ auarmaso-
HOM MOHHBIX paauycos ot 0.2 no 1.0 A). Jlns ynako-
BOK M3 0oJiee KPYIMHOTO aHHOHA S* Ha MEPBYIO POJb
BBIXOJISIT TETPAdIPUUECKUE MOTHUBBI, IPUYEM HE TOJIb-
KO HM3-32 YBEJIMUYCHHS pa3Mepa aHHOHA, a u3-3a 00Jb-
el KOBAJIEHTHOCTHM XMMHUYECKOM CBSA3U U, CII€IOBA-
TENIbHO, TEHICHIMM K O0Opa30BaHUIO Sp -THOPHIHBIX
opOHTanei, IMEIINX TeTPAdIPHUECKYI0 TEOMETPH-
yeckyro (opmy. CrenoBaTenbHO, OOJBIIMHCTBO COE-
TUHEHUH XaTbKOPUILHBIX 3JIEMEHTOB TaK)Ke BEJIHKO-
JenHo onwuckiBatoTcs ¢ nozunuid [1Y (Epemun u np.,
2024).

OKTAS/IPUYECKHNE MOTUBBI
B KPUCTAJIJIMYECKUX CTPYKTYPAX

MOTHBBI € 3aIIOJTHEHUEM OKTa’JIPUUYECKHUX IIyCTOT
Ype3BbIYAHO MOMYJISIPHBI B CTPYKTYPHOH MMHEpao-
rud. [lockonpky Ha KaXIblid map J100OH IIIOTHEH-
e ymakoBKM MPHUXOIUTCS OJHA OKTadJpuyecKas U
JIBE TETPadIpPHUYECKHE MTyCTOThI, TO CTPYKTypHas dop-
MyJia KpUCTaJljia ¢ 3amojiHeHueM okTadapuaeckux (O)
u terpadapudeckux (1) mycToT B 00IIeM BHIE MOXKET
OwiTh 3amucana kak O, T,, X,. 3nece X — nown, 06-
pa3yromui MIOTHEHITYIO YITaKOBKY, @ X U Y OOBIYHO
(HO He 00s3aTeNbHO) — MPOCTHIE IIENIbIE YMCIIa, OTpa-
HU4eHHble HepaBeHcTBaMU: 0 <x <n, 0 <y < 2n. Ot-
HoLIeHUe q = (Nn—X)/N AaeT NOJIO0 3aHATBIX OKTadpH-
YEeCKHX, a OTHOILIeHUE t = (2n—y)/2n — OO 3aHATHIX
terpadapudeckux mycrot (Epemun, Epemuna, 2018).

Crexuometpus q =1, t =0 (0OX)

[TonHOoe 3amoHeHNEe OKTA3IPUUYECKUX ITyCTOT MpPHU-
BOJIUT B CiTydae KyOMUECKOH MIIOTHEHIIEH YIIaKOBKH K
ctpykrypHomy tuny (CT) NaCl, a B rekcaroHaibHOM
Bapuante — K CT NiAs. O6a CT upe3BbluaiiHoO morry-
JIAPHBL: 110 JaHHBIM Ha 2023 T. TI0 YHCITy MUHEPAIbHBIX
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BusoB CT NiAs umen mectoit panr, a CT NaCl — tpe-
tuit (Epemun u ap., 2024). K aTomy cTpyKTypHOMY TH-
Ty OTHOCHUTCS OOJIBIIOE KOJIMIECTBO OMHAPHBIX COCIH-
wennii: ramoreanoB — LiCl, KCI, AgCl, RbCl, oxcu-
JIOB IBYXBAJICHTHBIX MeTaiuioB: MgO (nepukiaz), FeO
(Broctut), CaO (u3Becth) SrO, BaO, a Takke HEKOTO-
pBie CyIb(hUIBI, CEICHHUIBI, TEILTYPHIbI, KApOU I, HU-
TPUJIbL, TUIPUJIBI U APYTUE COSAUHCHUSI.

B CT NiAs 3amoJiHeHHbIE OKTa3JIpbl COSUHSIOTCS
rpanaMu (puc. 1), 9To ¢ OJJHOM CTOPOHBI yBEIHUNBA-
€T DJIEKTPOCTATUYECKOE OTTATKHBAHNE MEXKITY COCEI-
HAMH KaTHOHAMH B CIydae BBICOKO-MOHHBIX CTPYK-
Typ, @ C JAPYroil CTOPOHBI, O0ECTeunBaeT BO3MOXK-
HOCTHh 3((HEKTHBHOIO TOJUKATHOHHOTO B3aWMOJICH-
cTBHs. DTO 0obecnednBaeT ero 0cooyIo MonyJasipHOCTh
Cpelu XaabKO(MUIbHBIX COSTMHEHUHN MTEPEX0THBIX Me-
TaJUIOB.

Crexuometpus q = 0.5, t = 0 (0X),)

Crtpykrypsl ¢ popmynoit OX, MOryT OBITH ITOITyYe-
HBI U3 TUIOTHEHIIEH aHMOHHOW YITAaKOBKH ITyTEM 3aI10JI-
HEHMS TIOJIOBHHBI OKTa’ApUYECKUX MycTOT. [Ipuuem
9TO 3alOJHEHHUE MOXKET MPOHMCXOAUTH PaA3THYHBIMH
cniocobamu. Hampumep, mycToTbl MOTYT OBITH 3aI1od-
HEHBI CIUIOIIHBIMU CJIOSIMU: CJION 3aIOJIHEHHBIN, CIIOMN
nycroi (Momudpukanuu Cdl,, opycut, Mg(OH),, cm.
puc. 1) mibo cOCTOATHh W3 OAWHAKOBBIX HAIIOJOBUHY
3al0JHEHHBIX OKTa’apuueckuil cnoes. Takue ciou B
MIPOCTEHIIEM cITydae MOTYT COCTOSITh U3 TTapasllIeIbHBIX
PAAOB: psA — 3alOJHEHHBIN, pax — mycTol. [Ipuuem,
psiabl MOTyT ObITH Kak mpsimbiMu (pyThn TiO, — map-
kazut FeS,, puc. 2a), Tak u 3ursaroodpasusivu (Opy-
KuT, aHata3, o-PbO,, konymour (Fe,Mn)(Nb,Ta),0,,
puc. 26). Taxxe MOTyT OBITH pPealM30BaHBI MPSIMBIC
(rerutr FeOOH, mnacnop, AIOOH u np., puc. 2B) ninu
3yOuatsie neHTHl (onmuBuH (Mg, Fe),Si0,, HopOeprur

Puc. 1. B3anMocBs3b CTPYKTYpHBIX TUTIOB NiAs (HH-
keiun) u Cdl, (Mg(OH),, 6pycur).

Fig. 1. The relationship of the structural types NiAs
(nickel) and CdI, (Mg(OH),, brucite).
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Mg;SiO,(F,OH),, xouapomutr Mg,[SiO,],(F,OH), u
Ip., puc. 2r—3). B 3TOM cTpyKTypHO-TOMOJIOTHYECKOM
pSIy CHIIMKATOB, IIOCTPOSHHBIX M3 MEPEMEHHBIX KOJIU-
9eCTB OPYCHTOBBIX M (DOPCTEPUTOBBIX MOIYJICH, TTPH
paBEHCTBE YHCIIa COSAMHEHUN MEXTy OKTa’aApamMH B
MepHoie TIOBTOPSIEMOCTH 3UT3ara JICHThI B OJJHOM Ha-
npasieHud (1) U B MPOTHUBOMOIOXKHOM (|) CTPYKTY-
pa Oyner obnanaTb poMOHYecKoil cummeTpuelt (Hop-
oeprut, rymut). [Ipu HepaBeHCTBE YuClia MPOTHUBOIIO-
JIOXHBIX COEIMHEHNH CHMMETPHS 3aKOHOMEPHO ITOHU-
JKAeTCsl 0 MOHOKJIMHHOW (KIIMHOTYMUT, XOHIPOIUT).
AHanornyHas 3aKOHOMEPHOCTh TPOSIBIsieTcs 1 'y Mn
aHAJIOTOB 3THUX MHHEPAJIoB, 00pa3yromux JerKodE-
HUITUTOBYIO CEPHUIO, TOCTPOCHHYIO M3 OJIOKOB TPOYTH-
ta MnOOH u Tedpourta Mn,Si0, (Ypycos, Epemun,
2010). Bce ot TONOI0rHYECKHE BO3ZMOKHOCTH ITPUBO-
JST K O0JIBIIOMY MHOTOOOPA3HIO CTPYKTYPHBIX THITOB
co crexuomerpueit OX, (tadm. 1).

Heckosibko WHOH c€I10CO0 3aroHEeHUsl ITOJIOBU-
HbI OKTa’Apuyeckux nmyctoT B I1Y peanu3oBaH B uc-
KItouuTenbHO pacnpoctpaHeHHoM CT  mmuHenu
MgAlO,. Ilo nanabiM Ha 2023 T. MO YKMCITy MHHE-
pPaJbHBIX BUAOB OH SIBIISUICA A0CONIOTHBIM YEMIIHO-
HOM, KaK 10 YMCITy MHHEPAJIOB, TaK U MO YHCIY 3ape-
TUCTPUPOBAHHBIX CTPYKTYPHBIX pactmdposok (Epe-
MHUH U 1p., 2024). B ocHoBe storo CT nexur Tpex-
CJIOMHAas MJIOTHEMIIas yIaKOBKa AHUOHOB, B KOTOPOil
3amoJTHEHBI 1/2 okTasmpuyeckux u 1/8 TeTparapude-
CKHX ITycTOT. PaccMarpuBas MOTUDAPUYECKYIO MO-
nenb 3Toro CT MOKHO 0OHAPYKUTH OKTaAdAPUUYECKUC
ciou (MepHeHANKYISIPHBIE OCSIM 3-T0 MOpsAIKa), KO-
TOpbIEC 3aroJIHEHBl aToMamMu Al Mo Tak Ha3bIBaeMo-
My “mmnuHeneBoMy”’ 3akoHy (puc. 3a). B atom cioe
3anojHeHo 3/4 oktasapos. “lInuHeneBbie” Ciiou me-
pecianBaioTCsl C “aHTHUINNTUHEICBBIMH CJOSIMHU, B
KOTOPBIX 3amoiHeHo 1/4 oxrtasapos (puc. 30). Omu-
HOYHBIE Al-OKTasaphl pacrmoyiaraloTcs Ha TPEYTOJb-
HBIX “IOCaI0YHBIX TUIOMIAIKaX ’, 00pa30BaHHBIX pPed-
pamu Tpex Al-OKTa’apoB NpeAblAyIIero “HImHuHe-
neBoro” cnosi. OCHOBaHUSIMH HM30JUPOBAaHHBIX Mg-
TETPa’IPOB, PACIIOJIOKEHHBIX B “aHTHINNHHEICBHIX
CIIOSIX, CIYXaT TPEYroJibHBIE TPaHH IyCTHIX OKTa-
37poB M3 “HIMHUHENEBOro” cios. BepmwuHbl TeTpa-
37pOB, MMPOTUBOIIOJOKHBIE UX OCHOBAHUSAM, SBIISIOT-
cs oOmMMH TS TpeX Al-OKTa’ApoB BEBINIC- U HIKE-
JIeXAIKX “TIMUHENEBBIX” ¢I0eB (CM. puc. 30).

Baxnoit ocobennoctsio 3toro CT sBisieTcst BO3-
MOKHOCTb 00pa30BaHMs TaK Ha3bIBa€MbIX ‘“‘OOpallieH-
HBIX” MIMUHENEH, B KOTOPBIX TETPAdAPUUCCKUE MO3U-
LY 3aHSITHI HE IBYXBAJICHTHBIM, & TPEXBaJICHTHBIM Ka-
THOHOM. B 3TOM cnydae kpucramuioxummudeckas Gop-
MyJia OyJeT BBITJIACTD cienyromum oopasom: BV(AB)
VIQ,. Takoli Tipe/ieNbHBIN ClTydail COOTBETCTBYET CTe-
nenu obpamenus 60 = 100%. DTot mapamerp ykasbl-
BaeT Ha JIOJII0 KaTHOHOB “B” B TeTpasipuueCcKuX MO3H-
musx. [pu 0 < § <1 mmuHenb OyJeT Ha3bIBaThCS CMe-
[IAHHOM WM YacTHYHO-00paieHHol. HekoTopsie coe-
nuaenust otoro CT npuBeieHs! B Ta0II. 2.
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Puc. 2. OkrasapuuecKue psiibl U JICHTHI, o0ecneunBaromue crexuomerpuro q = 0.5 (0X,):

a — npsiMoii psx, peannsyemstii B CT pyruna TiO, — mapka3suta FeS,;

6 — 3ur3aroo6pasusriii psizx (11] 1), peanusyemsiit B CT 6pykuta, anarasa, a-PbO, u konymbura (Fe,Mn)(Nb,Ta),0,;
B — JIeHTa U3 2-X psnoB, peamnszyemas B CT nuacriopa AIOOH — retura FeOOH,;

r — 3ur3aroodpasnas nenta (12 |2), peanusyemast B CT onusuna (Mg,Fe),SiO,;

1 — 3urzaroo6paszHas nenta (13 |2), peanusyemas B xouapoaure Mg(OH), x 2Mg,Si0,;

e — 3ur3aroodOpasHnast sienra (12]212]3), peanusyemas B kimmHorymure Mg(OH), x 4Mg,SiO,;

K — 3urzaroobpasuas senta (13|3), peanusyemast B Hopoeprute Mg(OH), x Mg,SiO,;

3 — 3ur3aroo6pasnas jnenTa (13212312 2), peammzyemas B rymure Mg(OH), x 3Mg,SiO,.

Fig. 2. Octahedral rows and ribbons with stoichiometry q = 0.5 (OX,):

a — a straight row in the rutile TiO, ST — marcasite FeS,;

0 — a zigzag series (11} 1) in brookite, anatase, a-PbO, and columbite (Fe,Mn)(Nb,Ta),0,STs;

B — a tape of 2 rows in the diaspore AIOOH — goethite FeOOH;

r — zigzag ribbon (12|2) in olivine (Mg,Fe),SiO, ST;

1 — zigzag ribbon (132) in the chondrodite Mg(OH), X 2Mg,Si0,;
e — zigzag ribbon (12]212]3) in the clinohumite Mg(OH), x 4Mg,SiOy;

x — zigzag ribbon (13]3) in the norbergite Mg(OH), x Mg,SiO;

3 — zigzag ribbon (13212312 2), in the humite Mg(OH), x 3Mg,SiO,.

OTnenbHO cieyeT pacCMOTPETh TaK Ha3bIBacMble
“TyHHENBHBbIE” CTPYKTYphl. B HUX mposBistorcs Oec-
KOHEYHbIE BJOJIb OJHOTO U3 KpHCTaJuIorpaduiecko-
IO HanpaBleHHs MYCTbIE KaHaIbl Pa3InIHON pasmep-
HocTH. IlycThle kKaHanbl YepeayroTcs ¢ OECKOHEYHbI-
MH B 9TOM JK€ HaIPaBJICHUU 3arOJHEHHBIMH OKTa-
3JIpUYECKUMU psjaMu U ieHTaMu. [Ipocreiiiive kaHa-
JIBI pa3MepHOCThIO 1 X 1 m 1 X 2 COOTBETCTBYIOT YK€
pacemotpennasiM CT pytuna (puc. 4a) u CT nuacnopa

(puc. 46). Cxoansrii ¢ mpocreiimmM 1 X 1 kaHAIOM py-
THJa, HO KBaJpaTHOW (hopMbl KaHan peanusyercs B CT
pombOuueckoro VO,, ubs 351eMeHTapHas siueiika coaep-
xuT 32 dopmynsHble eaunuisl (Pierce, Goodenough,
1970). Yame Bcero 3TM KaHajbl HE 3allOJIHSIOTCS J0-
MOJTHUTEJILHBIMU HOHAMH B CHITy CBOET'O HEOOJIBIIOTO
pa3mepa.

B xananax Gosbleit pa3MepHOCTH MOTYT JIOKAJTH-
30BaThCsl KPYNHbIE KaTHOHBI, 3aMEHSs IO3ULUH aTo-
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MmoB [1Y, 1 faxe JOMONHUTENBHBIE CTPYKTYpHBIE (hpar-
MEHTBI, UTPAIOIIHe POJIb MPeKypcopoB. Beckma opurn-
HaJbHAsA CXE€Ma COWICHEHHS IIECTH OKTa’ApOB, AOIY-
cKaromrasi oOpa3zoBaHWEe “IyCTOT’, MOCTATOYHBIX IS
BXOXKICHHS KPYIHOTO KaTHOHA KaJbLUS PeaTnu3yeTcs

1 1 1
L= | = =
28 2 & Ei_ &3
ot 9 < ~ Y H = B &
s ® = o < O =
8= 2 a oz & ¥O
S z 4 F o Q 4aF
A= A T =B I
Nl O g = A aSFE a0
148 2.5 HEZ 58
SlE . S5 % SxE E= B poMOmMueckoM MuHepane mapokute CaMn,O, u psize
° S 2 §§ 55 5 28 £55 ero U30CTPYKTYPHBIX aHanorax — (epparax, ramiarax
Zlefs «EF &5 JBE EG 5 u tutanarax (puc. 48). Kak BUIHO U3 PHCYHKa, COOT-
<
el 82 cf 2 = 8 g FQ 55 HOIICHHE OKTA’APOB M “MycTOT”’, 00pa30BaHHBIX IIIe-
— < —
5 % = 2 3 9 2ZE o3 5 CTBIO OKTadapaMu, paBHo 2:1. Takum 00pazom, moi-
G i
EE2 ES ZE ES - 528 HOCTBIO 3aCeJICHHBIE “IIyCTOTBI” 00ecneYnBarT (Gop-
; 58 5 E § =3 E E £ myiy coeaunenust AB,O,. 3amerum uro st CT wacto
= 2] =
<83 % ) % 5 % =z % § % HA3bIBAIOT “TIOCTHINMHEIEBBIMU (a3aMu’’, TIOCKOJIBbKY
N— v
2 s MM <o WA < ) nonuMopdHbIi epexos B 3TH cTpykTypbl u3 CT wmnu-
z $ .3 _ =55 _@ HEJIM HEOJHOKPaTHO (DMKCHUPOBAJCS MPU BBICOKOOA-
= = '3 TES T = puueckoir obcranoBke mMantuu 3emin (Iskrina et al.,
N—
2022). Ilpu TakoMm mepexojie 3aKOHOMEPHO yBEIHYU-
o — Baercst KY kpynHoro karnoHa B KaHaie 70 7.

“Kaman” 2 % 2 peanu3yercss B TOJJIAHAWNTE
Ba(Mn*,,Mn*)O,, ¥ Apyrux MpeacTaBUTENEH €ero

n
§ 6? % Haarpynmnsl. Hanuuue B 3T0M CTPYKTYype OTHOCUTEIb-
Zla = g HO KpPYIHOTO “‘KaHaja’”, B KOTOPOM ITOMEIAETCsl KPyTI-
2% % i HBII KaTnOH Ba?* (puc. 4r), NpUBOIHUT K TOMY, YTO J1aH-
=| & % = Heli CT mpezcraBisieT onpeneieHHbI MHTepec Kak
Olg s = < HNOTEHIMANbHass MaTpULA Ul UMMOOWIM3ALUM BbI-
Z ;L 8 &2 COKOAKTHBHBIX PaJHOAaKTUBHBIX 0TX070B (Ma et al.,

2021). Ha ocHOBe ero kapkaca co3jgaHa ITHPOKO W3-
BecTHass MmuHepanbHas Matpuiia SYNROC (Abe et al.,
2006), B TIOJIOCTSAX KOTOPOH yIEP>KUBAIOTCS KPYITHBIS
paaroOaKTUBHBIE U30TOIIBI.

“Kanan” 3 X 2 3a)ukCcUpoOBaH B poOMaHeInTe (1ICu-

“AHTUKOPYJIOBBIE CJION’ U3 U30JUpOBaHHBIX | JlomerkuT CusAs

) S S E :
Zg E = § a
o o >
= § Qx» A £ E
T T < =
< & = c = T 8
FE 825 585 ¢
‘é e NG %CE ;Efg nomenane) Ba(Mn*';,Mn*",)0,, x H,O. B Hem oka-
El o g E - E =82 g & JIU3YIOTCST KPYITHBIE KATHOHBI Ba?" M MOJIEKYJIBI BOJBI
o =" ] 13 99
E © % 58 = £ g X (puc. 4m). “Kanan” 3 x 3 peanusyercst B TOJAOPOKUTE
S| &2 oF o . § = % 2 (Mn*,Ca,Mg)Mn*";0; x H,O (cMm. puc. 4). B otnnume
S| = A 13 kR
Slgg & Z 3= SEEX OT TIPEABIYIINX ABYX CIIy4aeB BHYTPH 1<a1Hana;+ pac-
E| Bz gES B e g § =3 roJjaratoTcsi JOMOJHUTEIbHbIE TToudApbl Mn*', Ca,
© ° 2 E o § 8 SE e § Mg. Eme 6ompmmii o pazmepy 2 x 5 “xaHan’ ObLI 3a-
[} )
% § S 8 5 g5 3 E g8 (bMKCcHMpOBaH B IPYrodl pa3HOBHIHOCTHU IICHIIOMENIaHa
B §§ 2 gf 2 §5 XS §[ L Rby»;MnO, (Tamada, Yamamoto, 1986). Emue pa3 nox-
T2< EQ 52 E E g @ YEPKHEM, YTO B BBILICTICPEUUCIICHHBIX CIy4asiX BbIIC-
=°* 35 5F °or 9N JIeHWe “KaHaJIOB” SBIISIETCS JOCTATOYHO YCIIOBHBIM.
— S o Bosee KOPPEKTHO MaHHBIC CTPYKTYPhI JOJIKHBI OBITH
=~
E [ N ONHUCaHbl KaKk COBMecTHbIE 1Y aHMOHOB M KPYMHBIX
- ~ KaTHOHOB.
o o o o o
Tl = Q Q = —
Crexuomerpus q = 2/3, t =0 (0,X;)
Campiit pactipoctpanennslii CT B 3TO# cTexmome-
~
o %0 tpuu siBisieTcst CT kopynaa Al,O;. OCHOBY CTPYKTY-
= o s » = pbl cocTaBisieT AByxcinoiHas [1Y u3 HOHOB KucIopo-
ﬁ 2 < g o) ma. 2/3 OKTadJApUYECKUX IYCTOT YIIAKOBKH 3alloJIHe-
S o IS . 2 S <) HBI KaTHOHAaMK Al’" TakuMm 00pa3om, 4To B JHOOOM psi-
P =
S £ = gﬁ o = v @ Iy OKTa3ApUIECKOTO CJI0s1, IEPIeHINKYIISPHOTO EHH-
.;‘ 5 5 E x < g L: 4 CTBEHHOH OCH 3-TO TOps/IKA JIBa 3alOJTHEHHBIX OKTa
. ~ =
= = s ¥ &5 & i 971pa epEyIOTCA C OIHHIM MYCThIM, (dhopmupyst Tak Ha-
S 2 24 g2 & 2 s 3BIBAEMBIN “KOPYHAOBBIN cioii (cM. puc. 3B). B Bep-
EE es ¢ & ¢ 2 TUKaJIbHOM HalpaBjieHUU (BIOJb OCU Z) Takke HaO-
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ALALA
\ S
YA XA YA

Puc. 3. MOTHBBI TOCTIOWHOTO 3aITOTHCHUS OKTa3ApUICCKUX MyCTOT, 06eCHe‘II/IBaIOIIII/IC PA3INYHBIC CTCXUOMETPUIC-
CKHEC COOTHOIIICHUA.

99 A3

a — “mmmHeneBbit” cioi (q = 3/4); 6 — “anTHmmuHeneBbId cnoi” (q = 1/4) ¢ Terpasapamu MgO,; B — “KOpYHIOBEIN™ CIIOH
(q =2/3); r — “anTHKOPYROBBIH Ci10i1” (q = 1/3) ¢ KapOOHATHBIMH TPEYTOIBHBIMH TPYIITHPOBKAMH.

Fig. 3. Motives of layered filling of octahedral voids, providing various stoichiometric ratios.

a— “spinel” layer (q = 3/4); 6 — “anti-spinel layer” (q = 1/4) with MgO, tetrahedra; B — “corundum” layer (q = 2/3); r — “anticorrup-
tion layer” (q = 1/3) with carbonate triangular groupings.

Tadanua 2. Kpucramdaeckue CTpyKTypbl HEKOTOPBIX COSIMHEHHUH CTpyKTypHOro Tuna mmnuHenn (Epemun u ap., 2020)

Table 2. Crystal structures of some spinel structural type compounds (Eremin et al., 2020)

CoennHeHME Tetpasp Oxkra’ap a, A d
CoALO, Co-A AlM_Co!! 8.104 YacTuaHo-o0parieHHas
CuCr,S, Cu" Cr't 9.820 Hopwmasbhas
CuCr,Se, Cut Crit 10.334 Hopwmasbhas
CuCr,Te, Cu" Cr'" 11.260 Hopwmasbhas
FeFe,0, Fell Fel'-Fe!! 8.3958 OOpateHHas
GeCo,0, Ge' Co" 8.138 Hopwmasbhas
MgAl,O, Mg! Al 8.075 Hopwmasbhas
MgFe,0, Mg"-Fe™ Fe™-Mg" 8.378 YacTuuHo-00parieHHas
Mgln,O, In™ In"-Mg" 8.864 OO0parieHHas
Mgln,S, Mg" In™ 10.687 Hopwmanbnas
SnZn,0, Zn" Sn'V—Zn" 8.610 O0parieHHas
TiMg,0, Mg" TiV-Mg" 8.410 OO0parmenHas
TiZn,0, Zn" TiV—Zn" 8.456 O0parieHHas
WNa,O, VAL Na! 9.108 Hopwmasbhas
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Puc. 4. “Kanansr” pa3niaHO#i pa3sMEepHOCTH B KPUCTAUTHIECKUX “TYHHEIBHBIX CTPYKTYpPax.

a— CT pyruna (“xanan” 1 x 1); 6 — CT auacnopa (“xanan” 1 X 2); B — “kanan”, 00pa3oBaHHBIN 1eCThI0 okTa’apamu B CT mapo-
KuTa; T — 2 X 2 “kaHan’” B CTpyKType rojutangura Ba(Mn*,,Mn*")O¢; 11— 3 x 2 “kaHan” B cTpykType pomanemta Ba(Mn* 5, Mn®",)
0,0 x H,0; 3 x 3 “kanan” B crpykrype Togopokura (Mn?>*,Ca,Mg)Mn*";0; x H,O.

Fig. 4. “Channels” of various dimensions in crystalline “tunnel” structures.

a— ST rutile (“channel” 1 x 1); 6 — ST diaspore (“channel” 1 x 2); B — “channel” formed by six octahedra in ST marokite; r —

2x2

“channel” in the structure of hollandite Ba(Mn*";,Mn?")O,¢; 11— 3 x 2 “channel” in the structure of romanechite Ba(Mn*'5,Mn3*,)O,, %
x H,0; 3 x 3 “channel” in the structure of todorokite (Mn?**,Ca,Mg)Mn*";0; x H,O.

JII0JJaeTCs Yepe/IoBaHKe JIBYX 3allOJTHEHHBIX M OJTHOTO
BAaKaHTHOTO OKTa’apa. OTMeTnm, 4To (GOpMHPOBAHNE
TAaKUX KOJIOHOK BO3MOKHO TOJIBKO B IByXcJ0iHOM [TV,
B KOTOPOM OKTa3JpUYECKUE IyCTOThHI PacroararTcs
IpyT Haja IpyroM M COeArHEHbI o01el rpanbo. Kpu-
CTaJUIOCTPYKTYPHBIE JaHHBIC HEKOTOPBIX MPEICTABU-
teneit 3tor CT npuBenens! B Tadi. 3. [IpousBomHbM
ot CT kopynna sBisiercs CT unbmenuta (FeTiO;) rae
IBa cliosi aToMOB Al 3aMEHSIIOTCSI Ha YepeayroIInecst
cinou Fe** u Ti.

AnbTepHaTHBHAs  BO3MOXKHOCTb  OOECIICUEHHS
3HaueHust q = 2/3 peammsyetrcss B CT rterpagummura
Bi,Te,S. OcHOBY CTPYKTYphI TETpaJiuMHTa COCTABIIS-
€T COBMECTHas 9-ciolHas IJIOTHEWIAasl yIaKkoBKa ce-
pl 1 Temutypa (¢ Te-Te-S mociaeno0BaTenbHOCTHIO CIIO-
€B), B KOTOPOH MOHBI BUCMYTa TaKXKe IMOCJIOWHO 3aHU-
MaroT 2/3 oKTadApuuecKux mycToT. [Ipu aTOM BakaHT-
HbIM OKAa3bIBAETCS CJOW OKTadApPOB, OOpa30BaHHBIN
ToJBKO HoHamu Te.

Crexnomerpus q = 1/3, t = 0 (0X5)

Cpenu CT 2TOl CTEXHMOMETPUH BBIACIUM KaIbIUT
CaCOj;. OcHOBY ero KpHCTaNINYEeCKON CTPYKTYpPBI CO-

craBnsier nByxcioiiHas [1Y annonoB kucnopona, 1/3
OKTadJPUYECKUX ITyCTOT KOTOPO 3aMojTHEHa aTOMaMH
Ca 1o “aHTUKOPYHIOBOMY  HIIH ‘“KapOOHATHOMY MO-
THBY, T. €. B JTIOOOM PSIy OKTadIPUYECKOTO CJIOS JIBE
IMyCTOTHl BaKaHTHBI, a OJHA 3aHsATa aromMoM Ca (cM.
puc. 3r). [Ipu 3TOM Ka)ablii aTOM KHCIOPOJa OKa3bl-
BaeTcd NpuHaaiexkamuMm 18yM Ca-oKTa’apaM U of-
HoMy CO;-TpeyroibHHKY. B BOSHUKIIMX KOJOHKAX M3
OKTa3/IpOB, BBITSHYTHIX BJIOJIb [NIABHON OCH YIIAaKOBKH,
YepeayloTcsl JIB€ HE3aCEJICHHbIE OKTadpUYEeCKhe Iy-
CTOTHI C OJTHOH 3amoTHeHHOM. O0IIIast TOpu30HTATbHAS
TpaHb KOKIOW Maphl MyCTHIX OKTadIpOB KaK pa3 U sB-
nseTcst n3zonupoBaHHbIM CO;-TpeyronsHUKOM. Kpu-
CTAJUIOCTPYKTYPHBIEC TaHHbIE HEKOTOPHIX COCAMHEHHN
storo CT npusenenst B Tabn. 4. Kak Bumno stor CT
TaK)Ke BeChbMa TOMYJISIPEH B Kiaccax OopaToB W HU-
TPATOB, JIOIYCKAIOIIUX TPUTOHAIBHYIO KOOPIUHAIIUIO
MEJIKUX KaTHOHOB.

AnbrepHatuBoit miast q = 1/3 sBasercs CT rtoma-
3a Al,[SiO,](OH,F),. lns 9T0if CTpyKTYpHI XapakTep-
Ha 4-cnoiiHas I1Y, gacTo Ha3pIBaeMasi TOMA30BOM, TaK
KaK OHa BIEpBbIe OblIa OOHApy)KeHa MMEHHO B 3TOM
MuHepaie. Al 3anumaet 1/3 OKTa’[pUYECKUX MYCTOT,
a Si — 1/12 rerpasapuueckux. XapakrepHas 0coOeH-
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Ta6auna 3. Hekoropsie coenuHeHus cTpykTypHoro tuna kopyana Al,O; (Epemun u np., 2020)

Table 3. Some compounds of the structural type of corundum Al,O; (Eremin et al., 2020)

Coenunenne a c z(0) x(X)
Kopyna AlLO;, 4.76 12.990 0.3150 0.3030
Ockomant Cr,0; 4.9507 13.566 0.3477 0.3051
T'emarut Fe,0; 5.04 13.750 0.3550 0.3020
Kapenuanur V,0, 4.952 14.002 0.3463 0.3150
Rh,0; 5.127 13.853 0.3480 0.2950
Ga,0, 4.9825 13.433 0.3554 0.3049
In,0; 5.487 14.510 0.3573 0.2980

Tabuuna 4. Hexoropsle coennHenus cTpyKTypHoro tuna kansiura CaCOs

Table 4. Some compounds of the structural type of calcite CaCO;

CoenuHeHne a, A ¢, A
AIBO;, 4.464 13.745
Kanbiut, CaCO, 4.989 17.062
Honomut, CaMgCO; 4.801 16.107
Kyrraropur, CaMnCO; 4.873 16.349
Amnkeput, Ca(Mg,Fe)CO; 4.817 16.079
CdCO;, 4923 16.287
CoCOs, 4.662 14.963
Cuneput, FeCO, 4.692 15.380
InBO, 4.822 15.438
LiNO; 4.692 15.215
LuBO;, 4915 16.212
Marunesut, MgCO, 4.633 15.013
Ponoxposzut, MnCO; 4.768 15.635
NaNO; 5.071 16.825
NiCO, 4.612 14.735
ScBO; 4.748 15.262
VBO, 4.573 14.320
ZnCO;, 4.653 15.026

HOCTb CTPYKTYPBI 3aKJIIO4Yaercss B TOM, uro IIY co3-
JAeTCsl COBMECTHO KuciopoaoM u nonamu OH u F-.
B cTpykType MOXHO BBIACITUTH UEPEAYIOIIUECS IIY-
CTBIC W 3aIIOJIHCHHBIC Ha 2/3 MPsSMBIC OKTadIPUICCKUE
psnbl. JIBOMKH OKTa’pOB 3alI0JIHEHHOTO psijia COeau-
HSIOTCS B OE€CKOHEUHBIH “00pIIop” ¢ ITOMOIIBIO U30H-
POBaHHBIX KPEMHEKHCIOPOIHBIX TETPAdIPOB (puc. 5).

TETPADIPUYECKUE MOTHUBbI
B KPUCTAJIJIMYECKUX CTPYKTYPAX

MOTHBEI C 3aMTOTHEHUEM TOJIBKO TETPAdAPUIECKIX
IMyCTOT B MOJHEUIINX YIMaKOBKaX MEHEE pacrpocTpa-
HEHBI, YeM OKTadIpHUIecKre. DTO CBSI3aHO, BO-NIEPBHIX,

Puc. 5. MoTuB 3a110JHEHUS TETPAIAPUUECKUX U OK-
Ta’JIPUUECKHUX ITyCTOT ¢ (OPMUPOBAHUEM ‘‘OOpIItO-
pa’” B KpUCTAJUINIECKOH cTpykType Tomasza Al,[SiO,]

C Majold reOMETPUYECKON BapUaTHUBHOCTBIO TETpa- (OH,F),.

371pa, U30EraroIIero, B CUIIy CBOETO MEHBIIETO pa3Me-

pa, coeauHeHus 1o 06wuM pebpam 1 Tem Goiee rpa- Fig. 5. The motive of filling tetrahedral and octa-
HIM. BO-BTOpPBIX, KOJIMYECTBO KAaTUOHOB, ISl KOTO- hedral voids with the formation of a “border” in the
pBIX TeoMeTpudecku 0osiee KOMPOpTHA TeTpadJpuye- crystal structure of topaz AL,[SiO,](OH,F),.
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CKasl ITyCTOTa B cllydae kuciaopoaHnou 1TV, takxke Bech-
Ma OrpaHU4YCHO. BapI/IaTI/IBHOCTI) HECKOJILKO YBEJIM-
YUBAETCS B TOM ciydae, koraa IIY cinoxeHa noHamu
6onpiero, uem O%, pasmepa, Hanpumep, S>-. ITomu-
MO IreOMeTpHUYECcKOoro akTopa, B JaHHOM ClIydae 0co-
Oyl0 pojib NpUOOpeTaeT HANPABICHHOCTb MEKATOM-
HBIX B3aWMOJEHCTBUH, UTO, KaK y>K€ OTMEYaJOCh BbI-
111e, IPUBOJNT K BHICOKOI pacpOCTPaHEHHOCTH UMEH-
HO TCTPA3ApPHUICCKUX MOTHUBOB IJId CYJ'II)(bI/IILOB U CyJIb-
(doconeii.

MoTuBBI ¢ 3alI0JTHEHHEM CJI0€B OJHOH YeTHOCTH

B nr060ii ITY oHa monoBrHA TETPadAPOB OPUEHTH-
pOBaHa OTHOCHUTEJILHO TJIaBHOM OCH YIIaKOBKHU BEpIIHU-
HaMH B OJTHY CTOPOHY, a Apyrasi HOJOBUHA — B IPYTYIO.
Haubonee pacrpocTpaHeHHBIM CLIOCOOOM 3aIlOTHCHUS
TeTPadAPUUECKUX IMyCTOT SBJISETCSA 3alOJHEHHE CIIO0-
€B TETPadIPOB JIUIIIb OJHON OPHEHTAIIUN OTHOCHUTEINb-
HO TJIABHOM OCH YIIAaKOBKH, YTO IIPUBOAUT K 3aIlOJIHE-
HUIO NIOJOBUHBI TETPA3APUUECKUX MycTOT. Takoe 3a-
MIOJTHEHHUE CJIOEB OHONM OPUEHTALMM YacTO HAa3bIBAIOT
3aIl0JTHEHUEM CJIOEB OJTMHAKOBOW yeTHOCTH. [Ipu aTOM
TETPadIpbl, COEIMHEHHBIE B CJIOE 110 BEPLIMHAM, TIOJIU-
MEpPU3YIOTCS B TPEXMEPHBIH KapKac TakkKe Mo OOIIIM
BepmHaM. [IpumepamMn Takux KapKacoB MOTYT CIIy-
KUTHh CTPYKTYpHI Bioprura ZnS, sHapruta Cu;AsS,,
cthanepura ZnS, cranmHa Cu,FeSnS, (n m3ocTpyk-
TypHOTO emy Opmaptuta Cu,FeGeS,), xanpkonupura
CuFeS,, repmanura Cuy(Fe,Ge)S,. Ho ecnu B cTpyk-
Typax BIOPLUTA U SHApruTa (CBEXCTPYKTYpa K BIOPLIU-
Ty), ocHoBaHHBIX Ha ['TIY, ciou TeTpasapoB moBToOpsi-
I0TCSI Yepe3 O/IMH, TO B CTPYKType canepura, CTaHHU-
Ha, XaJbKOMMUPHUTA U T€PMaHUTa TETPadIPhl pPeau3y-
10T YK€ TPEXCIIOMHBII MOTUB (puC. 6). OTMETHM, 4TO B
CHCTEME BIOPIUT-C(aIepPUT CYIIECTBYIOT U ITOJUTUIIBI
Pa3IMYHON CIOWHOCTH, B KOTOPBIX YepeayroTcs cda-
JICPUTOBBIC U BIOPLUTOBBIEC OJIOKM 10 aHAJIOTHHU C HO-
mutunamu kapoopysaaos SiC. [lpumenss TepMuHbI, 3a-
HWMCTBOBaHHBIE U3 OKTa3APHUYECKHX MOTHBOB, MOXKHO
CKa3aTh, YTO B T'€TEPOATOMHBIX closix 3Hapruta Cu-
TeTpadApbl PACcIoOaraloTcs M0 MIMUHEIEBOMY 3aKOHY,
a As-TeTpa’zpsl — 1o “OHapruToBOMY’ (MM “TICEBIO-
AHTHUIIIIHEIIEBOMY '), B KOTOPOM HAITOJIOBHHY 3aIl0JI-
HEHHbIE PsIIbl HE CMEIIEHBl OTHOCUTEJIBHO APYT IPY-
ra (cM. puc. 6B).

Xanprkormmpur CuFeS,, repmanut Cus(Fe,Ge)S, u
ctanHuH Cu,FeSnS, ABAAIOTCS MPOU3BOIHBIMU CTPYK-
Typamu (CBEpXCTPYKTypamHu) K cdaneputy. B xanbko-
MUPUTE MOXKHO BBIJEIUTH CIIOW, B KOTOPBIX KayKIBIH
copT TeTpa’poB (GopMHPYET ‘‘OPYKUTONOJOOHBIH
3ur3aroo0pasHeii MOTUB (cM. puc. 6r). B cTpykType
repmannTa Cus(Fe,Ge)S, rerpasapsr Cu pacmtosiokeHbl
0 IUMTHUHEICBOMY MOTHBY, a B T€TEPOATOMHBIX CIIOSX
CTPYKTYypHI TeTpadapsl Fe u Ge pacrnonararorcs 1o as-
TUIIIHHEICBOMY MOTHBY (CM. pHC. O11).

B crpykrype crannuna Cu,FeSnS, ormeuarores re-
TEPOATOMHBIE CJIOH, B KOTOPBIX YePEAYIOTCS PS/IbI Y-
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CTO MEJHBIX U JKEJIE3HO-0JIOBSIHHBIX TeTpadapoB. Jlro-
OOIIBITHO, YTO BBIACICHHBIC OT/ICIBHO TeTpadaphl FeS,
n SnS, 006pa3yroT y)Ke yIOMSHYTHIH BbIIIE YHAPTUTO-
BBIII MOTHB (cM. puc. 6¢). [lpu dopmupoBannn Tpex-
MEPHOTO KapKaca CTPYKTYpbl CTaHHMHA K KaXJIOH
TPOMKE TETPadPOB OJHOTO CIIOST B TOUKE CXOMKICHHUS
TpeX BEpIUIMH O00aBISETCA TETPasAp BTOPOTO CIOS
HEIOCTAIOMIET0 XMMUYECKOTO COpTa TakuM 00paszom,
9yTOoOBI MONMyYHIach IpyIa, cocTodmas U3 2 TeTpa-
sapoB CuS,, omxoro terpadapa FeS, u ogroro Tetpa-
aapa SnS, (cM. puc. 6¢).

MoTHBBI ¢ 3a110JIHEHHEM CJI0€B PAa3HOH YeTHOCTH

MoOTHBBI € 3allOJIHEHUEM TETPA’APOB Pa3IUUHON
OpPHEHTAllUM Peau3yIoTCsl B CTPYKTypax KyOaHUTa
u oopuura. B kyOanute CuFe,S;, ubs cTpykTypa mo-
CTpOoe€Ha Ha OCHOBE JByxcioiHoil IIY cepbl, MOKHO
BBIJIETIUTH OJHOHAIPABIECHHBIE JICHTHI U3 Tap XKele3-
HBIX TETPAdIPOB, COENNHEHHBIX METHBIM TETPAdAPOM.
B ctpykType Takue neHTBl YepeayoTCs B IIaXMaTHOM
MOpsIZIKE C WHBEPCHEW OPHEHTAIH TEeTPadpoB, COe-
TUHSISICH TI0 pedpam KeJe3HBIX TeTpal’apoB (puc. 7a).
B crpykrype 6opuuta CusFeS,, Terpasapuueckuii Mo-
THUB KOTOPOH peasn3yeTcsl Ha OCHOBE TpexcioiHom ITY
Cepbl, MOKHO BBIJIETUTD JBa BIOKEHHBIX IPYT B Apyra
chalepuTOBBIX CIIOS Pa3HON OpHUEHTAIUH, COCMHEH-
HBIX 110 pebpam (puc. 76). [Ipu 3TOM eciiu 0TWH ITOTHO-
CTBIO 3aII0JHEHHBIN CIIOM NpPEACTaBICH UCKIOYUTENb-
HO MeIHBIMHE TeTpadapamMu CuS,, TOr1a Kak TeTpa’ipbl
(Cuys,Feys)S, BTOpOro cI1os 3aCesroT ero CTaTHCTHYe-
CKH JIMIIb HAITOJIOBUHY.

KpacuB un Becbma OpUTHHANIEH MOTHUB 3arojHe-
HUS TETPa’ApHUUEcKUX MycToT B cynbBaHute Cu;VS,,
CTPYKTypa KOTOPOT'O TAK)K€ OCHOBAaHA HA TPEXCIOMHOMN
ITY aTomoB cepsl. B Helt aTombl Mean popMupyroT o1-
HOHAIIPABJICHHBIE TETPASAPUIECKIE CIIOH TIO IITHHE-
JIEBOMY 3aKOHY, B KOTOPBIE BCTaBIICHBI M30JUPOBAH-
HbIE TETPadApbl BaHAAWs POTHBOIOJIOKHOW OpUEHTA-
LMK, PACIIOJIOKEHHBIE 110 aHTHUILIHNHEIEBOMY 3aKOHY
(puc. 7B).

Crpyxkrypy koBemuHa CuS MOXKHO paccMaTpuBaTh
Kak /1Ba OJIOKa MBYXCIIOMHOW TUIOTHEHIIIECH YITaKOBKU
aTOMOB cepbl. biiok mpeacrasiser coOoit 1Ba BIOPIIN-
TOBBIX CJIOSl PA3HOW OPHEHTAILNH, YIHPAIOIIHECS Bep-
LIMHAMU B HAIlOJIOBUHY 3aloNHEeHHbIN cinoi CuS; Tpe-
YTOJILHUKOB, SIBIISIONIUMECS OOIIMMH TPaHIMH ITy-
CTBIX OKTa’IpoB aHuoHHoM [1Y (puc. 7r).

Eme Oomnee cioXHBII MOTHB pealu3yeTcsi B
ctpykrype nentinanguta (Fe,Ni)yS;. ATOoMBI Kenesa
Y HUKEJIS B 9TOH CTPYKTYpE pacrloiaraloTcs Kak B Te-
Tpa’apax, Tak U B OKTadJipax. TeTpa’ipuuecKkuil Mo-
THUB B 3TOM KPUCTAINIUYECKON CTPYKTYpE MpEencTaB-
nsieT co00H Kak 4epe/loBaHre ABYX pa3HOHAIPABICH-
HBIX aHTUIINUHENIEBBIX U ABYX pa3HOHAIPaBICHHBIX
HINUHENIEBbIX TeTpadApuuecKkux cioes. [Ipuuem aH-
THULITIMHENIEBbIC CIOM MEXAY COOOH TOTIOTHHUTEINb-
HO CBSI3BIBAIOTCS OAMHOYHBIMU okTa’apamu (Fe,Ni)
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Puc. 6. Terpaspuyeckue MOTHBBI C 3aMIOJIHEHUEM CJIOEB OJIHOW YETHOCTH B CTPYKTYpax: a — BIOPLUTA, 0 — caepu-
Ta, B — DHAPTUTA, T — XaJIbKOIIUPUTA, J1 — TEPMAHUTA, € — CTAHHHUHA.

Fig. 6. Tetrahedral motives with filling of layers of the same parity in structures: a — wurtzite, 6 — sphalerite, B — enar-

gite, r — chalcopyrite, 1 — germanite, e — stannite.

S¢, pacmolioKeHHe KOTOPBIX COOTBETCTBYET KapOo-
HAaTHOMY MOTHBY. Takoe depenoBaHue (QpopMHUpPYyET
U3 TETPa’APOB TAK HA3bIBAEMYIO §-JyU€BYIO 3BE31Y,
SIBJIAIOILYIOCS 3Be314aTol Gopmoii okTasapa. Takue
3Be3apl U OKTadapbl opmupyror NaCl-mogoOHyro
CTPYKTYpY.

Becpma crieniudrdyeH ¥ MOTHB 3allOJTHEHUS TETpa-
9IpUUECKHX IycTOT B cTpykType LiOH, (da3a Bbun-
TaHUA OT CTPYKTYpHI Li,O, B KOTOPO¥ 3amOTHEHBI BCE
TeTpadApUIecKue MyCcTOTH B KyOudeckoii [1Y): B Helt
MEPIEHIUKYISIPHO ocu 4-0ro mopsaka o0OpasyroT-

LITHOSPHERE (RUSSIA) volume 25 No.2 2025

Csl CIUTIONIHBIE CIIOM COEIMHEHHBIX IO pedpaM TeTpa-
9APOB, UTO MOHIKAET CUMMETPHIO /IO TETParoHaIbHON
(puc. 8a). OTHOCUTENBFHO K€ OCH YITaKOBKH 3aIlOJIHS-
I0TCSI CJION pa3HOM YETHOCTH.

AHNOHOLIECHTPUPOBAHHbIE TeTPAadApUYecKue
MOTHBBI

Hauwnnas ¢ konma 60-X IT. MpOIIIOro Beka cTaia
AKTHBHO Pa3BUBAThCS KOHIICHIUS aHUOH-IICHTPUPO-
BaHHBIX MOJIUDIPOB, KOTOPAs MoKa3aia CBOI KPUCTAI-
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Puc. 7. Terpasapuueckre MOTHBBI C 3aII0JJHEHHEM CJIOEB Pa3HOM YETHOCTH B CTPYKTypax: a — KybaHuTa, 0 — OopHH-
Ta, B — CYJIbBaHUTA, T — KOBEIUIMHA, JI, € — ICHTJIAH/NTA.

Fig. 7. Tetrahedral motives with filling of layers of different parity in the structures of: a — cubanite, 6 — bornite, B —
sulvanite, T — covellite, 1, ¢ — pentlandite.
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Puc. 8. Terpasapudeckne u TpUTOHATBFHBIE MOTHBEI B CTPYKTypax: a — LiOH (rmeta), 6 — Kympura, B — Kylepura, T —

nmoMeiikuTa, 1 — NajAs.

Fig. 8. Tetrahedral and trigonal motives in the structures of: a — LiOH (litharge), 6 — cuprite, B — cooperite, T —

domykite, 1 — Na;As.

JIOXUMUYECKYI0 3()(hEeKTUBHOCTD U1l OIMCAHUS XUMU-
YECKUX COCAMHEHMH OHOBAJICHTHBIX MEAU U PTYTH,
JOBYXBaJICHTHBIX PTYTH, CBHHLA, OJIOBA, IUHKA U PAla
Opyrux snemeHToB. B monorpaduu (Kpusosuues, ®u-
natoB, 2001) ObUT IPOBE/ICH BeChbMa TOPOOHBIN aHa-
JIU3 CllydaeB, B KOTOPHIX BbIJICJIEHHE UMEHHO aHWOH-
LEHTPUPOBAHHBIX IPYIIIHPOBOK SIBISIETCS Ooiee 000c-
HOBAaHHBIM, YE€M CTaHIAPTHHIN KaTHOH-LIEHTPUPOBAH-
HBIN ITOAX0Md, UMEHHO:

1. AHHMOHBI, CrIOCOOHBIE OOPa30BBIBATH JKECTKHUE
IPYNIIUPOBKH C KaTHOHAMHU SIBIISIIOTCA MEJIKHUMH, Ma-
JIOTIOJISIPU3YEMBIMU 1 00J1a1al0T BBICOKMMU BEJIMYMHA-
MU 3JI€KTPOOTPHLATEITHLHOCTH.

2. B xauecTBe aHMOH-LIIEHTPUPOBAHHBIX MOJIHIPOB
BBICTYMNAIOT JIMIIb TETPa’ipbl XA,.

3. Katnonsl B Takux TeTpadapax 0Opa3OBHIBAIOT
A-X cBszu ¢ BaneHTHBIM ycunmeM v = V(X)4, rre
V(X) — BaJIeHTHOCTh aHWOHA X.

4. B aHMOH-UEHTPUPOBAHHBIX KPHCTAIUIMYECKUX
CTPYKTypaxX 4acTO MPUCYTCTBYIOT HECKOJIBKO COPTOB
annoHoB X1, X2, X3; npu 3TOM B aHMOH-LIEHTPUPO-

LITHOSPHERE (RUSSIA) volume 25 No.2 2025

BaHHOM TeTpadpe X 1A, comepxkarcs csazu A-X1, 60-
Jiee mpoYHble, ueM cBsizu A-X2, A-X3 u . 1.

B ocranpHBIX cinyyasx KaTHOH-LEHTPUPOBAHHBIH
MOJXON sIBIsieTcss Oojiee ONpaBAaHHBIM, a KOHILEIH-
LUl aHUOH-IICHTPUPOBAHHBIX MOJIMAAPOB OyJeT mpen-
CTaBJIATH COOOMW JIMIIBL OIpEeNeHHBIH “reomMeTpuye-
CKHUI M3BICK”, Ta)Ke €CJIM OTHOIICHHE YHCJIa KaTHOHOB
K YHCITy aHHOHOB B (hopMyJie OOJNBIIE MM PABHO €IH-
HUIIE.

AOCOJIIOTHO HE MpeTeHAys B paMKaxX HacTOSIICH
MyOIMKaKY HA CUCTEMAaTHKY MCKIIOUUTEIBHO M3SII-
HOW M MHOT00Opa3HOHM TOMOJOIMH KOMILIEKCOB aHU-
OH-IICHTPUPOBAHHBIX TETPAdIPOB, MPUBEAEM JIMIIb
HECKOJIBKO MPHMEPOB, JOMONHSIONINX MHOTOOOpasue
paccMaTpuBaeMbIX TETPAdAPUIECKIX MOTHBOB.

Crtpykrypa tnera (wnu nutapruta) PbO sBuser-
Csl AHTUU3OCTPYKTYPHOU K YK€ PacCMOTPEHHOU BbI-
me crpykrype LiOH (cm. puc. 8a). CtpykTypy Kyn-
pura Cu,0O MOXHO MpeaCTaBUTh Kak IepecianBa-
HUE aHTUIIMHUHENIEBbIX cloeB TeTpasapoB OCu, pas-
JUYHOW OpUEHTAlMH TPU JOMYUICHWH, YTO 1O 3aKO-
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HY IUIOTHEHIIEH YIIAKOBKH PacIoIaratoTcs aTOMbl Me-
mu (puc. 86). CTpyKTypa KynepuTa B aHHOHOLICHTPH-
POBAHHOM acIieKTe MpeACTaBIsieT co00il pedepHO-CBsI-
3aHHBIC KOJIOHKH TeTpa’apoB [SPt,], coequnstontmnecs
MeXIy co0oii o BepmHaMm (puc. 8B).

TPUTI'OHAJIBHBIE MOTHBBI
B KPUCTAJIJIMYECKUX CTPYKTYPAX

TpuronanbHble MOTHBBI HauMeHee MOIMYJIAPHBI B
CTPYKTypax, MOCTPOEHHBIX Ha ocHOBe [IY mo nmpuuune
HCKIIFOUUTEIIbHO MAJIOTO KOJIMYECTBA KATUOHOB, y/I0B-
JIETBOPSIFOLIUX 1O Pa3MEPHBIM XapaKTEPUCTUKAM TPU-
roHaNnbHbIM nyctoTaM. Ha kaxnaeiit atom I1Y nmpuxo-
JUTCSI BOCEMb TPUTOHAIBHBIX ITyCTOT, SABISIOLINXCS
rpaHsAMHU TeTpadapoB U okTa3apoB. Ho ecou B KIIY
BCE€ TPUIOHAIbHBIE ITYCTOTHl CHUMMETPUHHO SKBHBA-
JeHTHBI, TO B I'TIY oHuM npecTaBiaeHsl JByMs HEIKBU-
BaJICHTHBIMH TPYNITAMU: JBE MTyCTOTHI TOPU3OHTAIHHBI
1 00J1a1atoT CAMMETPHEH 37, TO OCTATBHBIE IIECTh Ha-
KJIOHHBI U UX CHMMETpHUs Hike (m). B GompmmHCTBE
CIIy4aeB 3alloJIHAIOTCA 0oJiee BBICOKOCHUMMETPUYIHBIE
TpUroHaJbHBIE MycTOTHl. Hampumep, B paccMoTpeH-
oM Beiie CT kanpiuta CaCO; 3amonaena 1/6 gacthb
TOPU30HTAIBHBIX MYCTOT, TOT/Ia KaK HAaKJIOHHBIE TPH-
TOHAJbHBIE TTYCTOTHI OCTAIOTCS BaKaHTHBIMHU. TOJIBKO
TOPU30HTAIBHBIE TPUTOHAIBHBIE ITyCTOTHI 3AIIOIHAIOT-
cs1 takke B cTpykrype BCl;, B-xampkosune Cu,S u B
psle ApYyTUX CTPYKTYP.

B kauectBe mnpumepa 3amoOJHEHUS HAKJIOHHBIX
TPUTOHAJIBHBIX IMYCTOT MOXHO INPUBECTH CTPYKTYPY
o-xanapko3uHa Cu,S, a Taxke gomeiikura CusAs, B KO-
TOpOW aTOMBI MBIIIBbAKA 00pa3yIoT AByXcioinyo I1Y,
a MeIb 3aHMMAaeT OKTA3PUYECKHe M 4YacTh HAKJIOH-
HBIX TPUTOHAJIBHBIX IYCTOT, XOTS aTOMBbl MeIW He-
MHOTO “BBIXOJST W3 TJIOCKOCTH TpeyroibHuKka. [lo-
3TOMY CTPYKTYpPY AOMEUKUTA MOKHO aJIbTEPHATUBHO
onucath Kak IIY ¢ MONHBIM 3aMIOJIHEHUEM TETpaA’ApU-
YECKUX U OKTa3pUUYECKUX MyCTOT, B KOTOPOH “‘TeTpa-
3ApUYecKre’” aTOMBbI MEAM CMEILIEHBI U3 LIEHTpa TeTpa-
9/IpOB B CTOPOHY MX rpaHeid (puc. 8r). Takum oOpa-
30M, B 3TOM CTPYKTYpe MPaKTUYECKH PEATU3yeTCs peji-
qalmwii ciaydaii 0ObeIWHEHUS ABYX TETPAdAPOB II0
o01elt TpaHu, 9TO HEBO3MOXKHO B KHACIOPOAHBIX 11V
13-3a CWJIBHOT'O AJIEKTPOCTATUUECKOrO OTTATKUBAHUS.

CXO0HBII MOTHUB PEaTU3yETCs B CTPYKTYPE apCEHU-
na HaTtpus NasAs, B KOTOPOH aTOMBI MBIIIbsIKa PacIo-
JIararoTCs 10 3aKOHY JIBYXciIoiHOM I1VY; B 3TOM Citydae
4acTh aTOMOB HATPHs JIOKAIU3YETCS B MO3UIUAX BCEX
TeTpa’apuieckux myctot 3toil ITY. JlonosHurenbHbie
aTOMBI HATPHS 3aHUMAIOT HE OKTa’JIPHYECKHe ITyCTO-
THI, KaK B JIOMEHKHTE, a TPUTOHAJIbHBIE (SBISIOIIAECS
o0ImMMH /IS IBYX IYCTHIX OKTadapoB I1Y) (puc. 8x).
besycnoBHo, n3-3a Onm3octu paanycoB Na u As B faH-
HOM CIIy4yae MOYKHO T'OBOPHUTH JHIIb O pa3MELICHUU
aTOMOB B IPOCTPAHCTBE 1O 3aKkoHy I1Y, HO HUKaKk He
0 €€ peaJIbHOM MPUCYTCTBUU B ITOU KPUCTATUITMUECKON

CTPYKTYpe.
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3AKJIFOUEHUE

Bce BblenepeunciieHHbIE TIPUMEPHl  ITOKa3bIBa-
10T, 4T0 KoHmenmus [1Y pa3sHooOpa3HBIX aHHOHOB SIB-
JIIETCS UCKITIOYUTEIHHO TUIOOTBOPHOM KaK MPHU OIH-
CaHWH M3BECTHBIX KPUCTAUTMIECKHX CTPYKTYp, TaK U
P TPOTOTUITUPOBAHUH HOBBIX BEPOSTHBIX CTPYKTYP-
HbIX MOTUBOB. CTpeMJICHE XUMUYECKUX COCTUHCHUN
K 00pa30BaHUIO TIIOTHOYMaKOBAHHBIX MOTHBOB Ha OC-
HOBE TOMOTeHHBIX [1Y NJ1s1 MHOTOYHUCIIEHHBIX CTEXUO-
METPUYECKUX COOTHOIICHUH, B COUCTAHUH C MPUHIIH-
ITOM MHUHHMAaJbHON TUCCHMMETPH3AINH, TPUBOIUT K
HEKOTOPOMY BH3YaIbHOMY AP PEKTy OTpOMHOTO MHO-
roo0pa3usi TONOJOTHYECKUX MOTHBOB. TeM He MeHee,
aHaIIM3 TPEACTABICHHBIX B Pa00TE€ MHOTOYUCIICHHBIX
BapUaHTOB (POPMHUPOBAHUS KPUCTALTMUECKUX CTPYK-
TYp MO3BOJISIET CPOPMYITUPOBATH CIIETYIOIIIE BBIBO/IBI
1 0000IIEeHHS:

1. MHOTOOOpa3Me MOTUI IPUICCKUX MOTHBOB OIIpE-
neIsieTcst OONBIITIM YHCIIOM COYETaHUN Pa3TUIHBIX 110
pa3MepaM ¥ CBOWCTBAM XMMHYECKUX DJIEMEHTOB, 00eC-
MIEYMBAFOIINM JJI1 HUX B KaXKJIOM KOHKPETHOM CITydae
MUHUMYM DJHEPTUU MEXKATOMHOI'O B3aUMOJICHCTBHSL.
3aMeTuM, 4TO JIaXKE B ITOM CIIy4yae HaIpaBICHHOE BO3-
JerictBue nAtoro npaswia IlonMHra Ha MaccuB BO3-
MOJKHBIX KOMOMHAIMI CTPYKTYPHBIX ()parMeHTOB HC-
KITFOUHTENFHO BEJINKO — TIPU €r0 OTCYTCTBUH BO3MOXK-
HOE YHCJIO0 COYETAHUM HECKOJBKUX 3JIeMEHTOB Ilepuo-
muaeckoit CucreMsl gaino 061 Py ¢ OTPOMHBIM YHC-
JIOM HyJ€eil.

2. Ha nstoe npaBuiio [lonuHra HakiaaabIBaeTcs co-
BMECTHOE JICWCTBUE OCTAIBHBIX 4-X TIPaBUJI, B IEPBYIO
ouepe/Ib, MPaBUII DJIEKTPOCTATUYECKOIO U BAJICHTHOTO
OarnaHca, TakyKe OrpaHHMYHBAIOIIEE YUCIIO IOy CTUMBIX
TOIOJIOTMYECKIX MOTHBOB.

3. CpaBHHBas TOJUIAPUICCKAE MACCUBBI MEKIY
c000if MOXHO 3aMETHUTh, YTO OKTadJIPHUECKHUE MOTH-
BBI, B IEJIOM, CTAparOTCs MOAYUHATHCS Ooyee “¥KecT-
KHM TPYMIIUPOBKaM~ B KPUCTALIMYECKUX CTPYKTY-
pax; WX TOMOJIOTHS YacTO TAKKE OIpelNeisieTcs pas-
HOOOpa3HBIMH MPEKYPCOpPaMH, pojb KOTOPBIX HHOTIA
WUTPAIOT KPYIHBIC aTOMbl U WOHBI, HCKAKAIOIINE Ie0-
metputo ITVY.

Taxum 00pa3oM, TMMHTHPOBAHHOE TIPABUIIOM TIap-
CUMOHUHU pa3HOOOpazne MHHEPATOTHYECKOTO MHpa
MIPOSIBIISIETCSI UMEHHO B XapaKTepe 3aN0JHEHHS ITyCTOT
pa3IMYHBIMUA KATUOHAMH, YTO U 3a()UKCUPOBAHO B 00-
pasHoii uurare H.B. benosa, nocayxusiien snurpa-
(oM k HacTosimiel padoTe.
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Obvexm uccredosanus. Ha NaHHBI MOMEHT CUMMETPHS IIIOJUIEPUTA W BBEIOOP MPOCTPAHCTBEHHOW TPYIIIHI (IIp. TP.) B
ero CTPYKType SBISIOTCS AUCKYCCHOHHBIMH. B naHHOH paboTe BBINOIHEHO MOBTOPHOE M3y4YeHHE TOJOTHIHOIO 00pas-
1a wmosnepura. Mamepuanvt u Memoodsi. MUHEpaN IIIOIIEPUT HaiiieH B 0a3aJbTOBOM Kapbepe JI€nail (BynkaHHUeCKHi
paiion Atidens, ['epmanmst). Kpucrammmaeckas cTpykTypa oOpasiia H3ydeHa METOJIOM PEeHTI€HOCTPYKTYpPHOTO aHaIH3a.
Peszynomamer. Hamu yTouHeHa KpyCTaTYecKas CTPyKTypa LIIOJUIEpUTa B paMKax JIBYX IIp. Ip. — alleHTpu4yHol Pl 1 1ieH-
TPOCUMMETPHYHOM P 1 ¢ MCcroap30BaHNEM MAaCCUBOB IaHHBIX 11 2496 u 1683 He3aBUCUMBIX OTpaxkeHui ¢ [ > 36(/) coot-
BeTCTBEHHO. lToroBrle 3HaueHus R-¢paxropa cocraBumm 4.42% B nip. rp. P1 1 4.51% B np. tp. P 1. [TapameTpsl TpUKIHH-
HO# SeMeHTapHoi sueitku: @ = 5.4055(3), b= 7.0558(3), ¢ = 10.1945(6) A, o= 99.838(4), B = 99.715(5), y = 90.065(4)°,
V'=377.43(4) A3. Uneammsuposannas hopmyna — Ba,Na(Mn,Ca)(Fe**,Mg,Fe**),Ti,(Si,0,),(O,F),. Bot6odbi. AieHTpraHasS
np. rp. P1 npeanaraercst B kKauecTBe Ooree MOAXOISIICH sl ONMCAHUS CTPYKTYPBI MIIOJUIEPUTA, TaK KaK MO3BOJISIET BBIS-
BUTH OOJbIIIE CYIIECTBYIOIIUX PA3IMYUN B 3aCEIEHHOCTAX MMO3ULHUI U JUTMHAX CBsI3el KaTHOH—aHUOH B HOH-MOyIsX.
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Pseudosymmetry and cation ordering in heterophyllosilicates.
1. Refinement of the crystal structure of schiillerite
Ba,Na(Mn,Ca)(Fe*,Mg,Fe**),Ti,(Si,0-),(0,F),
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Research subject. Currently, the symmetry of schiillerite and the choice of space group (sp. gr.) in its structure are subjects
of debate. In this work, a re-examination of the holotype sample of schiillerite was conducted. Materials and Methods. The
mineral schiillerite was found in the Lohley basalt quarry (Eifel volcanic area, Germany). The crystal structure was studied
using single-crystal X-ray analysis. Results. We refined the crystal structure of schiillerite within two space groups —
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acentric P1 and centrosymmetric P 1 using data sets for 2496 and 1683 independent reflections with /> 3c(/), respectively.
The final R-factor values were 4.42% in sp. gr. P1 and 4.51% in sp. gr. P1. The parameters of the triclinic unit cell are:
a=5.4055(3) A, b=7.0558(3) A, ¢ =10.1945(6) A, 0= 99.838(4)°, B =99.715(5)°, y = 90.065(4)°, V' =377.43(4) A>. The
idealized formula is Ba,Na(Mn,Ca)(Fe**,Mg,Fe?"),Ti,(S1,0,),(0,F),. Conclusions. The acentric space group P1 is proposed
as more suitable for describing the structure of schiillerite, as it allows for the identification of more existing differences in
site occupancies and cation-anion bond lengths in HOH modules.

Keywords: pseudosymmetry, cationic ordering, schiillerite, lamprophyllite, heterophyllosilicates
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BBEJIEHUE

SIBNeHrE TICEeBIOCHMMETPHH JOCTATOYHO HIMPOKO
pacnpocTpaHeHo Cpeu MPUPOIHBIX H CHHTETHYECKUX
coequnenuii (Zorky, 1996; Uynpynos, 2015) u TecHO
cBsi3aHo ¢ nBoiHukoBanueM (Nespolo, Ferraris, 2004;
Stoger et al., 2016), moxynupoBanHbiMu (hazamu (de
Wolff, 1974), TOMEHHBIM CTPOCHHUEM B CETHETORJICK-
tpukax (Shi et al., 2016), a Takke $a3zoBBIMHU MTEPEXO-
nmamu tuma rmopsimok-oectopsinok (Christy, 1995). Ipo-
OreMa M3y4YeHHs TICEBIOCHMMETPHYHBIX KPUCTAIIIH-
YECKUX CTPYKTYpP BO MHOTOM CBsi3aHa C PSIOM OCOOCH-
HOCTEH PEHTTeHOCTPYKTYPHOI'O aHaJln3a, MOCKOJBKY
CBSI3b AU(QPAKLINOHHON KapTUHBI C MPOCTPAHCTBEHHON
IpyMNION KPUCTala HE BCEra OJHO3HAYHA, YTO 00Y-
CIIOBIICHO, B YaCTHOCTH, 3aKoHOM Dpunens — paBeH-
CTBOM HWHTEHCUBHOCTeH otpaxxeHuit [(hkl) w I(hkl)
(Friedel, 1913). B aToif cBs3u, B HAcTOsIIEEe BpeMs B
OCHOBE aHAJIN3a TICEBJIOCHMMETPUN JIEKUT TEOPHS
TPYyTII, B TOM YHUCIIE COOTHOIIIEHHE TPYIIa-HaArpyTIIa,
KOTOpasi MO3BOJISIET aHATM3UPOBATh MUHUMAIIbHBIE HC-
KaXeHUs1 Kpuctajmmnaeckux crpykryp (Capillas et al.,
2005, 2011), a Taxke OCOOCHHOCTH paclpeesIeHHs
anektrponHoit miotHoctH (Capillas et al., 2005; Nelyu-
bina et al., 2010; Yynpysos, 2015).

Jns MyUHepanoB W HEOPraHUMYECKUX COEAMHEHUMN
CJIO)KHOTO COCTaBa NICEBJIOCHMMETPHSI YacTO CBA3aHA C
HEOJIHOPOJTHOCTHI0 XUMHYECKOTO COCTaBa, BBHI3BIBAIO-
el 0COOEHHOCTH pacrpeaesieHUs KaTHOHOB TI0 TTO3H-
LUSAM CTPYKTYPBI WM JIOKATU3AIHI0 MUKPOTIPUMECEH
(benokonesa u ap., 1990, 1997a, 1997b, 1998; Thomas
et al., 1992; Katkosa u ap., 1998; Xu et al., 2023), uro
MOJKET TIPUBOJIUTH K JIOKAILHBIM TOHWKEHUSIM CHMMe-
Tpun. /|15 0THO3HAYHOTO BBIBO/IA O TTOHIKEHUH CHM-
METPHH WIIN HAJTHYUH TICEBJOCUMMETPHUH HEOOXO0IMMO
MIPHUBJICYCHUE TOHKUX METOAOB (HAmpUMep, YCTaHOB-
nenue onrtuueckux anomanuit (Ilynun, LTykenOepr,
2004)), a B ciiyuae pEHTTEHOCTPYKTYpHOTO aHaju3a
MPEeIoIaraeTcsi yTOYHEHHE KPUCTAITUYECKUX CTPYK-
TYp B paMKax HECKOJBKHX IIp. TP., YTO MO3BOJISET aHa-
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JU3MPOBATh OCOOEHHOCTH pacmpesiesieHHs] KaTHOHOB
o mo3utmusaM (Stachowicz et al., 2019; Akcenos u ap.,
2024; 3apybuna u ap., 2024).

[IceBnocumMMmeTpHst Takke MOXKET OBITH CBsi3aHA
C MOIYJSIPHBIM CTPOCHHMEM M TOJUTHUIHEH, 4TO TaK-
xe xapakrepHo u aist OD-ctpykryp (Nespolo et al.,
2012; AxcenoB u ap., 2023). Jlns MuHepanoB Kiacca
reTepoQUIUIOCHINKATOB, OTHOCALIMXCS K CTPYKTYp-
HOMY ceMeiicTBy Oadeprrcuta (PacuBeraeBa, Akce-
HOB, 2011; Sokolova, Camara, 2012) TuTnaHO MOMY-
nspHOe cTpoenune, nonutunms u OD-ctpykrypsr (be-
JIOKOHeBa u Ap., 2015; AkcenoB u jp., 2023), a cBs3b
CTPYKTYPHBIX OCOOCHHOCTEH, XapakTepa ABOHHHKOBA-
HUS 1 TIOJNIMTHUIINY C TICEBJOCUMMETpUE Oblia 1eTainb-
HO pacCMOTpeHa Ha MpUMepe MUHepaa I3UHbINAIBS-
nuta BaNaFe,Ti,(Si1,0,),0,(OH),F (Jin et al., 2018).
OCOOEHHOCTH CTPOEHHUSI U CUMMETPHUH TeTepOoUIIIO-
CHJIMKATOB ITI0JIO’KEHBI B OCHOBY HOMEHKJIATYphl JaH-
Horo cemeiictBa (Rastsvetaeva et al., 2016; Aksenov
etal., 2021).

Munepan mrrosieputr Ba,NaMnFe* Fe¥ ' Ti,(Si,0,),
O,F, Obun BmepBble HaliieH B 0a3aJbTOBOM Kapbe-
pe Jlénaii (BynkaHumueckuil paiion Ailidens, ['epma-
Hus) (UykanoB u ap., 2011; Pacieraena u np., 2011)
W 110 COBPEMEHHOM KITacCH(HUKAIUU BXOJUT B TPYIIITY
MypMaHHUTa HaArpynmsl ceimozeputa (Sokolova, Ca-
mara, 2012). OCHOBY €ro KpUCTaJUTHYECKON CTPYKTY-
pbl coctaBisieT Tpexciaonbli HOH-monynb, rae O —
OKTa3IpHUYECKHUI CJIOH M3 peOepHO-CBSA3aHHBIX M@4-
okta’apoB (¢ = O, OH, F), a H — rerepononusapu-
YeCcKuil cioid, cocrosimuii u3 terpa’apos SiO, u TiOs-
MATUBEPIIMHHUKOB. [lapameTpsl TPUKIMHHON 3ite-
MEHTapHOW S4YEHKM MEepBOHAYAIHHO M3YyYEHHOTO 00-
pasua: a = 5.4027(1), b = 7.066(4), ¢ = 10.2178(1)
A, 0=99.816(1), B = 99.624(1), y = 90.084(1)°, V =
=378.75(2) A%, a cummeTpus onmuchIBaNach aleHTPHY-
Hoii mp. Tp. P1 (Uykanos u np., 2011; Pacuseraesa u
ap., 2011). JlanpHelme uccienoBaHus BHICOKOXKENEe-
3MCTOr0 aHAJIOTa IIOJUIEPUTA, HAWJIEHHOTO B Kapbepe
KanenbGepr (Bynkanudeckuii paiion Aiidens, ['epma-
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HUS) B COCTaBe MO3HEH MHEBMAaTOJUTOBOM accolua-
LIMU, CBSA3aHHOM C MIETOYHBIM 0a3ajibTOM, MOJTBEP-
WA alleHTPUYHOCTh KPUCTAUTMYECKON CTPYKTYPHI
(ip. Tp. P1) 3a cueT yrnopsimoueHus KAaTHOHOB T10 OKTa-
SJIPUYECKUM M-TIO3UITUSM; TTapaMETPhI JIEMEHTaApPHOU
saerku: a = 5.4061(1), b = 7.0416(6), ¢ = 10.2077(7)
A, 0=99.86(1), B=99.78, y = 89.98(1)°, V=377.1(1)
A3 (Pacuperaesa u 1p., 2014). OHaKo U3yYeHHE KpH-
CTAJUIMYECKOW CTPYKTYphl MHHEpaja, OJH3KOro MO
COCTaBy K IIIOJUIEPUTY, HO sBIsIOIIEeroca ero Mg-
aHAJIOrOM, C IapaMeTpaMu JIEMEHTAPHON STYEHKU: a =
=5.396(1), b=7.071(1), c=10.226(2) A, 0.= 99.73(3),
B=199.55(3), y=90.09(3)°, ¥=1379.1(2) A%, nokazaino
BO3MOYXHOE HAJIMYKE LIEHTPAa CHMMETPHH U 1ip. Tp. P1
(Sokolova et al., 2013).

B cBs31 ¢ HEOAHO3HAYHOCTHIO BEIOOpA CHMMETPUH
HamMH OBUI MOBTOPHO HM3Y4YEH TOJIOTHITHBIA 0Opasen
LIIOJIJIEPUTA M YTOUHEHA ero KpUCTaIIndecKas CTPyK-
Typa B paMKax JIByX IIp. Ip. — aU€HTPU4YHOU Pl n nen-
TpocUMMETpUYHON P 1.

MATEPHAIJIBI 1 METO/IbI

XUMHUYECKUI COCTaB UIIOJUIEPUTA H3YYEH METO-
JIOM JIOKQJIbHOTO PEHTIe€HOCHEKTPaJbHOrO aHaln3a
Ha CKaHUPYIOLIeM 3JIEKTPOHHOM MHKpockore Tescan
Vega II XMU ¢ peHTI€HOBCKUM 3HEPIoJINCIIEPCUOH-
HbIM criekTpomeTpoM INCAx-sight. C momornipio peHT-
TeHOBCKOTO BOTHOBOTO criektpomerpa INCA 700 Obi-
JIa OTIpe/Ie]ICHa CPENHsSA CTENeHb OKHCIICHHS JKeiesa,
paBHas 2.7. DOMnupudeckas Gopmylia, paccuuTaHHAsS
Ha 18 aromoB O + F ¢ yueToMm BaJIEGHTHOCTH KeJe3a 1
ycioBus Oananca 3apsiioB umeeT Bux (Z = 1): (Ba, g
Sto.15Ko.11Na 0sCag43Mng 4, Mg ssFe uFe’ 02T 5
Nby.17Al)24)57.05513.08016.05F 1 02- Uneanmsuposannas ¢op-
MyJIa, BBIBEJICHHASI C YI€TOM CTPYKTYPHBIX JaHHBIX —
Ba,Na(Mn,Ca)(Fe*",Mg,Fe?"),Ti,(S1,0,),(0,F), (Uyxka-
HOB | Jp., 2011).

[loBTOpHBIE PEHTTEHOCTPYKTYpPHBIE HCCIIEOBA-
HUS TOJIOTUITHOTO IIIOJUIEPUTA BBHIIIOJHEHBI HA MOHO-
KpPHUCTAIBHOM PEHTTEHOBCKOM nudpakTomeTpe Rigaku
XtaLAB Synergy-S (MoKa-u3nyuenue). [lapamerpst
TPUKIUHHOW dJIeMEHTapHOU saeukn—(a = 5.4055(3),
b = 7.0558(3), ¢ = 10.1945(6) A, a = 99.838(4), B =
=99.715(5), y = 90.065(4)°, V =377.43(4) A%) 6nuzku
K nonydeHHbIM panee (UykaHoB u ap., 2011; Pacuse-
Taesa u 1ip., 2011).

[TockounbKy, Kak ObLI0 OTMEUYEHO BBIILIE, CHMMETPHS
LIFOJUIEPHUTA U BBIOOP M. IP. €ro CTPYKTYPHI SIBIISIOT-
cs1 quckyccuonnbiMu (Paciseraesa u nip., 2011, 2014;
Sokolova et al., 2013) u cBs3aHBI, B IEPBYIO OYEPEIb,
C XapaKTepoM KaTHOHHOTO YIOPSAOYCHUS B OKTadIPH-
yeckux M-nozunmsax HOH-monyns, B 1aHHOU paboTte
KPHCTAJUIMYECKask CTPYKTypa LIKJUIEPUTA yTOYHEHA B
pamkax AByX mp. rp. P1 u P11, KOTOpbIie HE MOTYT OBITh
Pa3NuYUMBl HANPSAMYIO U3 ITUQPPAKUIUOHHBIX TaHHBIX.
U3-3a CIOXKHOTO XMMHUYECKOTO COCTaBa W OOJBIIOTO
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yyciia CTPYKTYPHBIX MO3UIMNA pacripesieseHne KaTHo-
HOB IPOBOJMJIOCH HA OCHOBE KPUCTAJUIOXHUMUYECKHX
KpuTepueB (CpeJHHe pacCTOSHUS KaTHOH-aHHMOH), a
TaK)Ke C YIETOM PacCEHBAIOMICH CTIOCOOHOCTH KaX 01
nmosunnu (Hawthorne et al., 1995). Bece pacueTsl BBI-
MOJIHEHBI ¢ UCIoJIb30BaHueM nporpaMmbl JANA2006
(Petricek et al., 2014). OcHOBHBIE KpucCTaILIOrpadude-
CKHE XapaKTepUCTUKH, NaHHbIE DKCIEPHUMEHTa U pe-
3yJIbTaThl YTOUHEHHS IPUBEICHBI B Ta0M. 1.

OxoHuaTeNbHbIE KOOPAWHATHI aTOMOB, 3acelieH-
HOCTH W TIapaMeTpbl aTOMHBIX CMEIICHWH TpHUBelie-
HEI B TaOJI. 2 1 3, a OCHOBHBIC MEKAaTOMHBIE PacCTOsI-
HUs — B Tabn. 4. ITOrOBBIE CTPYKTYpHBIE JaHHBIE JE-
norupoBanbl B KemOpumkckuit 6ank ganabix (CCDC
2413302 u 2413303).

OBCYXJAEHUE PE3VYJIbTATOB

s MOJEIIH, YTOUYHEHHOM B pam-
kax 1p. Tp. Pl, xpucramroxummaeckas ¢op-
MyIa ITIOJUIepUTA (“arrosmeput-P17) nMe-
€T BUI 4 = 1): 4(Bag 54510,07Ko.0530.04)

A,(BaOBI Srg,05K0.0s50.06) ["(Nag4,Mn, 35Cay 1;F e 3)
M (Nag s Mn 2C30.23Fez+0.02)M2(Mgo443Fe3+0.37Fez+0.2)

M (Mg Fe™ Fe* ) (O,F),]
[“(Ti7sNby 16F e 0.05ALy04)" (TigssF € 025AL,16Nbgos) O,
(S1,05),], Tne KBagpaTHBIMU CKOOKAMHU BBIJEIIEHBI OC-
HOBHBIE KJIIOYEBbIE (PAarMEHTbl CTPYKTYphl — LIEH-
TpaJbHBINA OKTadApuiecKkuii J-ClIoN W BHEIIIHUE TeTe-
pornonmapudeckue H-cetku (puc. 1a).

B kpucrammueckoi cTpykrype “uroiuiepura-P1”
B IIEHTPAJIbHOM OKTa3jpuieckoM cioe HOH-monyns
(puc. 2a) MIl1-no3unusi, XapaKTepU3YIOWIAsACS Hau-
OOJIBIIMM ~ CpPEeTHUM  PAcCTOSIHUEM KaTHOH-aHWOH
(SM1-O> = 2281 A), sacenena atomamu Hatpus
(0.42 aroma Ha HOPMYITHHYIO €IUHHUITY, a.(.), MapraH-
na (0.38 a.¢.), kanerwmst (0.17 a..) u AByxBasleHTHOTO
xenesa (0.03 a.¢.). M1’-no3unus co cpeTHIM PaccTo-
AHMEM KaTHOH-aHMOH <M1°~O> = 2.279 A 3acenena
npenmyiiecTBeHHO atomaMu Hatpust (0.63 a.d.), a Tak-
JKe, 110 aHaJIOTUH ¢ TTo3uneit M1, comep KUt MapraHert
(0.12 a.d.), xanpuuii (0.23 a.d.) U AByXBaJICHTHOE Ke-
ne30 (0.02 a.¢.). M2- u M2’ mo3unuu MPUHSATH 3ace-
JICHHBIMU aTOMaMH MarHusi, TP€XBaJEHTHOI'O U JIBYX-
BaseHTHOTO xene3a (0.43 a.¢d. marawms, 0.37 a.d. Tpex-
BaneHTHOTO 1 0.2 a.(h. ABYXBaJIGHTHOTO XKene3a B M2-
no3uuuu u 0.47 a.¢p. maruus, 0.33 a.d. TpexBaneHTHO-
rou 0.2 a.¢. IByXBaJIEHTHOTO Jkesie3a B M2’ -o3uIun).
CpenHue 3Ha4eHUs1 PAaCCTOSHUN KaTHOH-aHUOH B MQg-
oktarapax (rae ¢ = O, F) cooTBeTCTBYIOT MOCIen0Ba-
TenpHOCTH: M1 > M1° > M2’ > M2 (2281 A>2279 A
>2.197 A>2.161 A, cooTBeTCTBEHHO).

B L- m L’-nosunum BHemHux fHH-cerok HOH-
MOJIyJsl, TIOMHMO HpeoOJIaAalouIero TUTaHa, ycTa-
HOBJICHO TaK)ke MPHUCYTCTBHE HUOOMS, TPEXBAICHTHO-
ro >kene3a u amomunus (0.75 a.d. turana, 0.16 a.d.
Huobwus, 0.05 a.¢. TpexsBanentHoro xene3a u 0.04 a.¢.
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Tabauna 1. KpuctaniocTpyKTypHbIEe JaHHbIE, XapaKTePUCTHKA SKCIIEPUMEHTA U Pe3yJIbTaThl YTOUHEHHUS CTPYKTYpPHI IIOJI-

nepura

Table 1. Crystal parameters, data collection and structure refinement details for schiillerite

KpucramiocTpyKTypHble JaHHbBIE

IIp. rp.

P1 P1

CrpykrypHas popmymna

®opmynbHas Macca (T)
Temneparypa (K)
a(A)

b (A)

c(A)

a (%)

g
e
Z

D, (r/cm?)
Pa3smeps! kpucTama (M)
dopma kpucrauia

4(Bag 54Sr9,07K o 0500.04) * (Bag 51510.05K.0500.05)
M'(Na0_42Mn0_38Ca0_17Fe2*0_03)

M (Nay My ,Cag 03F e )
M2(MgoasFe™ o7 Fe* ) " (Mg 47 F e’ 5Fe* )
(O,F), (Tig7sNby 1sFe*g 0sAlg o4)

k V(Tio.ssFe%o.zsAlo.16Nbo.o4)02(Si207)2903

4(Bay 65Srq,15Ko,100.1) ' (Na; osMng sCag 4
Fe.%o.os) Mz(Mgo.s)Fe%(uF?%oA)
I(Ti,; Fe¥'y3Al ,Nby,) Si,0,;F

297
5.4055(3)
7.0558(3)
10.1945(6)
99.838(4)
99.715(5)
90.065(4)
377.43(4)

1
3.9759
0.25 x0.19 x 0.07
3epHO HENPaBUWILHON (hOPMBL

XapaKTepI/ICTI/IKa OKCIICPUMCHTA

Judpakromerp
Uznyuenue; A (A)

XtaLAB Synergy, Single source at home/near, HyPix (Hybrid Pixel Array Detector)
MoK,; 0.71073

KoaddummenT mornomnieHus, 8.006
(M)
F (000) 421
O — Oaxe (°); IpEDETBL 1, K, 3.83-30.55;-7<h<7,-9<k<9,-14<[< 14
OO611ee 9uCIIo OTPaKEHUH 4413
Uwucno ycpemHeHHBIX (I,) / He3aBH- 2632 /2496 1758 /1683
CUMBIX (N)) OTpakeHuit
Kpwurepwuii or6opa oTpaskeHmi 1>3c(])
R (%) / R, 2.7/1.35 | 2.85/1.15
Pe3ynbTaThl yTOUHEHUS
Meron yTouHEeHuUs MHK no F
BecoBas cxema 1/(c*|F] + 0.0009F?)
R,/ wRy, (%) 4.42/5.77 4.51/5.85
Ry / WR,, (%) 4.57/5.85 4.63/5.94
GOF 1.75 1.80
CCDC 2413302 2413303

Tabauna 2. KoopauHaTel aToMOB, TapaMeTphl aTOMHBIX CMEIIEHHUH U 3aCENIeHHOCTh MO3ULIUH ISl CTPYKTYPHON MOJIENH IO~

nepura B 1p. rp. Pl

Table 2. Atomic coordinates, parameters of atomic displacements and occupancy of positions for the structural model of schiillerite

for the sp. gr. P1

Tlo3unus X y z Cref Cealc 3aceneHHOCTh
A 0.30042(17) 0.53089(12) 0.85158(10) 49.74 50.65 Bag 4510 67K 0500.04
A’ 0.75666(17) —0.00176(12) 0.71700(10) 48.57 49.35 Bag g1 S10,05Ko.0sT0.06
ZA +A’ 98.32 10000 Ba|.6SSI'0415K0.1D041
L 0.7091(4) 0.4654(3) 0.57512(19) 25.11 24.88 Tio7sNbg sFe*.0sAl 04
L 0.3433(4) 0.0660(3) 0.9917(2) 22.28 22.32 TigssFe3t25AlLy 1eNbg o4
TL+L 47.38 47.20 Ti, sFe’";Al ,Nby,
M1 0.7746(5) 0.1415(4) 0.2873(3) 19.96 18.30 Na, 4, Mn,;sCay ,Fe* 3
M1’ 0.2679(6) 0.3942(5) 1.2864(3) 16.07 15.05 Na, sMn ,Cay 3 Fe* 1
> M1+ M1’ 36.03 33.35 Na, ;sMngsCa, JFe?" o5
M2 —0.2383(6) 0.6465(5) 1.2893(3) 18.85 19.98 Mg, ;sFe¥ 3, Fe* 5
M2’ 0.2832(6) 0.8861(4) 1.2842(3) 18.40 19.42 Mg, Fe*y33Fe? .,
M2+ M2 37.25 39.40 Mg, Fe¥  Fe* 4
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Ta0umua 3. KoopuHaThl aTOMOB, IapAMETPhl AaTOMHBIX CMELLEHUH U 3aCEIEHHOCTD NO3ULMHA U1 CTPYKTYPHON MOJEIH LI~
sepura B 1p. rp. P1

Table 3. Atomic coordinates, parameters of atomic displacements and occupancy of positions for the structural model of schiil-
lerite for the sp. gr. P1

Tlo3umus X y z Cer €.ale 3aceeHHOCTh
A 0.44803(5) 0.55362(4) 0.96268(3) 98.69 100.00 Ba, 45Sr,15Ko 100,
L 0.40274(15) 0.01972(11) | 0.82178(8) 47.60 47.20 Ti, ;Fe’*3Al,,Nbg,
M1 —0.5271(2) 0.69383(16) | 0.53055(11) 35.53 33.35 Na, osMn, sCa,Fe* s
M2 —0.5413(2) 0.20004(15) | 0.53244(10) 39.03 39.40 Mg, Fe¥",-Fe*,

Ta6auna 4. Cpenare pacCTOSHUS KaTHOH-aHUOH JJISI CTPYK-
TYPHBIX MOJIEJICH IIIIOJUIepHUTa

Table 4. Average cation-anion distances for structural mod-
els of schiillerite

PaccrosiHue Pl P1
A-O 2.8575 2.8689
A-O 2.8790 -
L-O 1.9572 1.9320
L’-O 1.9083 —

M1-0O 2.2809 2.2756
M1°-O 2.2799 —
M2-O 2.1612 21717
M2°-O 2.1971 -
Sil-0O 1.6135 1.6290
Sil’-0O 1.6350 -
Si2-0O 1.6159 1.6278
Si2’-0O 1.6380 —

antoMuHus B L-no3utiuu U 0.55 a.¢. turana, 0.25 a.¢.
TpexBaJIeHTHOTO kejie3a, u 0.16 a.h. amroMuHUA H
0.04 a.p. HMOOMSI B L’-1TO3HUIINN).

B mnpoctpanctBe wmexnay cocenunmu HOH-
MOOynaMH B A- u A’-mo3unmsax mpeobmamaer Oa-
puii, a ero HeJAOCTAaTOK YAaCTUYHO KOMIICHCHUPYET-
cs ctponnueM u kairuem (0.84 a.¢. 6apus, 0.07 a.d.
crporrus u 0.05 a.p. xanmus B A-no3ummu u 0.81
a.¢. 6apus, 0.08 a.d. crponnus u 0.05 a.¢. kanus B
A’-mo3unun).

Jiist MoJienu KpUCTAIIMYECKOH CTPYKTYPBI, yTOU-
HeHHOW B pamkax np. rp. P1 (“mrommepur-P17”)
(puc. 16) npoucxoaut o0bEIUHEHUE TO3ULMI 33 CUET
JEeWCTBUS HEHTPAa CHMMETPUH. DTO IPUBOAUT K yCpe-
HEHMIO 3HAYCHUH 3aCEICHHOCTU B MO3ULMAX M pazMe-
POB COOTBETCTBYIOIINX MOIMAAPOB B HOH-monyne.
YTOuHEHHAs _ KpUCTANIOXMMHUYECKAs (hopmyna
“mrromeput-P 1 B JaHHOM citydae uMmeet Bua (£ =1):
A(Bag s55S10.075Ko0.0s00.0s)2  ["'(Nag s2sMng 5Cag 2Fe* g p5)
M(MgopasFe* asFe*’ o) (O,F)], [M(TigesFe’ o15Alp 1 Nby )
O(S1,07) ..

B uentpanpHOM oOkTadapuyeckoM cinoe HOH-
Monynst (puc. 26) M1-mo3unms, XapakTepu3yrola-
sicsi HauOOJBIIMM CPEIHUM PACCTOSIHHEM KaTHOH-
aHnoH (<M1-O> = 2.276 A), 3acenena mpenmyumie-
ctBeHHO aromamu Hatpus (0.525 a.d.), mapranma

6 WVYNVVIVV.

N VAN VAN
I3 |
ADARBSARS

Puc. 1. O0mwmii BU MOJEIICH KPUCTAIUTMYCCKUX CTPYKTYP IIIOJUICPUTA, YTOUHCHHBIX B paMKax mp. rp. Pl (a) u P1 (0).

Fig. 1. General view of models of schiillerite crystal structures, refined within the sp. gr. P1 (a) and P1 (0).
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Puc. 2. OcoGeHHOCTH CTPOEHHUS OKTa’aApuyeckoro O-cios B MOAETSIX KPHCTALIMYECKUX CTPYKTYp IIIOJUICPHTA,

YTOYHEHHBIX B paMkax mp. rp. Pl (a) u P1 (0).

Fig. 2. Features of the structure of the octahedral O-layer in models of crystal structures of schiillerite, refined of the

sp. gr. P1 (a) and P1 (0).

Puc. 3. OcoOGeHHOCTH CTPOCHHS TPEXCIOWHOTO
HOH-mopnynst B MOZETH KPUCTAIIMYECKON CTPYKTY-

poI “mrroseput-P1 7.

Fig. 3. Features of the structure of a three-layer HOH
module in the crystal structure of schiillerite, refined

of the sp. gr. P1.

(0.25 a.¢.), xanprust (0.2 a.¢.) 1 IByXBaJeHTHOTO Ke-
ne3a (0.025 a.¢.). M2-nosunus (<KM2-0> = 2.172 A)
3acesieHa atomamu Maraus (0.45 a.d), TpexBajeHT-
Horo (0.35 a.¢) u aByxBanentHoro xene3a (0.2 a.d.).
B L-nio3utuu BHemHux H-cetok HOH-monyns (puc. 3)
npeobnagaer tutan (0.65 a.}p), a Takke ycCTaHOBIIE-
HO TIPUCYTCTBHE TpexBajeHTHoro xene3a (0.15 a.d),

LITHOSPHERE (RUSSIA) volume 25 No.2 2025

amomunus (0.1 a.¢d) u xuodus (0.1 a.¢). B 4-mozunmn
npeobuanaer 6apuit (0.825 a.), a ero HegoCTaTOK Ya-
cTUIHO KomrieHcupyercs ctporteM (0.075 a.d) u xa-
mmeM (0.05 a.d).

Taxkum 00pa3om, CpaBHUTEIBHBIN aHAIN3 MOKA3bI-
BaeT, YTO MpH BbIOOpe aleHTpU4YHOH mp. rp. Pl mpo-
SIBIISTIOTCS. Pa3IM4Ms B 3aCENICHHOCTSX TO3UIHIA, CBS-
3aHHBIX TICEBJOCUMMETPHUEH, W, COOTBETCTBEHHO, B
pa3Mepax KaTHOH-aHHOHHBIX DPACCTOSHHW, KOTOpBIE
YCPEIHSIOTCSI U CTAHOBSITCS HE3aMETHBIMH B PaM-
KaxX HEHTPOCHMMETpHYHOU mp. rp. P1. Dtn pasnu-
YHsl KacaloTCsl KaK YIMOMSHYTBIX BBILIE MO3UIMH, TaK
u Si-TeTpa’apoB. B yacTHOCTH, cpelHee paccTosHUE
<Sil-0>=1.6135 A, a 151 cBI3aHHOI TICEBIOCHMME-
Tpueit nosunun <Sil’—O> = 1.635 A. Amanoruunas
KapTWHA HAONMIOMAETCS W IS APYTOH Maphl TETpad-
npoB: paccrostHne <Si2—0>=1.6159 A, a <Si2’-O> =
=1.638 A, B To Bpems Kak B mip. Tp. P1 cOOTBETCTBY-
rorue paccrosHus <Sil-O0> = 1.629 A u <Si2-0> =
= 1.6278 A, uT0 sBNAETCA yCpEIHEHHBIMU 3HAYECHHUS-
MH, KOTOpBIE HE OTPAKaloT PAa3JIMYMii B pazMepax Te-
Tpa’apoB (cM. Tadim. 3).

BBIBO/IbI

Takum 00pa3oM, Ha OCHOBE MOBTOPHOTO H3yue-
HUSl TOJIOTUIIHOTO O0pa3sla IIIJIIEPUTAa MOXKHO 3a-
KJIFOUUTh, YTO alleHTpU4Has np. rp. Pl mo3BossieT BbI-
SIBUTH OOJIBIIE CYLIECTBYIOLINX PA3IMYUi B 3acejeH-
HOCTAX MO3ULUHN U pa3Mepax CBA3€H KaTHOH-aHUOH B
HOH-Monynsax, Mo CpaBHEHUIO C MOJIENbIO, YTOUHEH-
HOH B paMKax IEHTPOCHUMMETpUYIHOH Tip. Ip. P1. D10
MO3BOJISIET 00JIee TOYHO ONMHUCHIBATH CTPYKTYPY LIIOJI-
JIEpUTa, YTO HAXOJUTCS B COTTIACHU C paHee OITyOJIMKO-
BaHHBIMU JaHHbIMU (UykaHoB u 1p., 2011; Pacnsera-
esa u Jip., 2011).
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Object of Study. The symmetry and the choice of the space group (sp. gr.) for the structures of perraultite and related
minerals — bafertisite-like Mn/Fe-Ti heterophyllosilicates with ordered alkali and alkaline earth cations is still under
discussion. In the present work, the crystal structure of the Ca-containing member of the perraultite series is studied.
Materials and Methods. The mineral perraultite used in this research was collected from the Oktyabrsky alkaline massif
(Northern Azov region). The crystal structure of the sample was studied using single crystal X-ray diffraction analysis.
The parameters of the monoclinic unit cell are: @ = 10.7230(3) A, b = 13.8313(4) A, ¢ = 20.8178(7) A, B = 95.0348(3)°,
V'=3075.638(15) A* Results. The crystal structure of perraultite was refined within two space groups, C2 and C2/m, using
data sets for 5120 and 2948 independent reflections with / > 3o(/), respectively. The final R-factor values were 4.66%
for the sp. gr. C2 and 4.84% for sp. gr. C2/m. For the structural model refined using the sp. gr. C2 the crystal chemical
formula is (Z = 2): *'(Ba) “*(BagesKo36)> *(Ko.s7Ba0.13) ' (Nag0Cag0) #(Nag 70Cag30) »(NageoCag 10)x [M' (Mng seFe*!s.40Zn4,10)
Mz(Mno.soF_e2+o.3ozn0.10) MB(MnoAsoFe%o.so) 1‘{4(Mn0.7oF62+0.30) 'MS(Mno.soFeZ+O.5o) M6(Ming goF eg.40) (Mg ggFe™*.40) M (Mg 70F e 30)
(OH),1, [M™(Tip01Nbg.g9) T(Tig.0:Nbg9) ™(Ti77Nby13Z10.10) ™(Tig01Nbggo) (Si,0,),0,4F],, where square brackets denote the
main structural fragments. Conclusions. The sp. gr. C2 is proposed as more suitable for describing the perrotite-type
structure, since it allows better identification of the features of the occupancy of positions within the HOH modules. The
studied mineral from the Oktyabrsky massif is a F-dominant analogue of perraultite, differing from the latter also by the
presence of calcium, a high iron content and a low niobium content.

Keywords: pseudosymmetry, cationic ordering, crystal structure, perraultite, surkhobite, bafertisite group, heterophyllo-
silicate, Oktyabrskiy alkaline massif
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BBEJEHUE

CumMmeTpusi KpHUCTAIJIOB MHHEPAJOB  OTpakaeT
WX aTOMHOE CTpPOEHHE M 3aBUCHT OT OOJIBIIOrO
yrciaa (pakTopoB, Cper KOTOPBIX MOYKHO BBIICIUTH
YCIIOBHS KPHUCTAJUIM3aLUK, HEOAHOPOIHOCTh COCTaBa
U cTpoeHms, a Takke nedektHocts (FOmxkwH m ap.,
1987). B pspe cimydae uHpOpMaIms O CHUMMETPUU
MOJKET OBITh HAIPSIMYIO MCIIOJIb30BAaHA JAJISI PEIICHHS
HE TOJIBKO KPUCTAJUIOXUMHYECKHX, HO TaKXKe
MHUHEPaATOTeHETHUECKUX U MeTporpapuyeckux 3aaad,
Harnpumep, B ciaydae nojiesbix mmatoB (Krivovichev,
2020). [lormkeHne CUMMETPUH HEPEIKO CBS3aHHO C
YHOPSIOYEHNEM KaTHOHOB IO MO3HULUSAM CTPYKTYPBHI,
YTO, BYaCTHOCTH, 0TMEYAJIOCh IS TOPOJ000PA3YIOMINX
CWJIMKATOB — MUHEpaIoB Haarpymm ampudomnos (Yang,
Hircschmann, 1995), mupokceno (Mottana et al.,
1997), typmanuna (Bosi et al., 2022) u Be3yBuana
(ITanukopoBckwii u zip., 2023).

[Tockosbky cUMMeTpHst MUHEpalia MOKET 3aBHCETh
OTJIOKAILHBIX 0COOCHHOCTEH pacipe/ielIeHNsI KATHOHOB
o mosurusM (Hawthorne, 2016), To mis muHepa-
JIOB CJIOKHOI'O COCTaBa HPEAINOJaraeTcs yTOYHEHUE
UX KPUCTAJUTMYECKUX CTPYKTYP B paMKax HECKOJIBKHUX
MPOCTPAHCTBEHHBIX T'PYMI, YTO TO3BOJISIET CPABHUTD
MOJTy4deHHBIE MOJENU U BBIOpaTh onTHManbHyo. Kak
MOKa3alii UCCIIeIOBaHUs MPEACTaBUTEICH HAATPYIIIIbI
ceitnosepura (Jin et al., 2018; Sokolova et al., 2019,

2021; WUneun u ap., 2025), naHHBIA MOAXO0J XOPOIIO
ce0s1 3apeKOMEH/I0BaJl, YTO MO3BOJISET MMOJyYaTh JaH-
HbIE HE TOJIBKO O paclpe/ieeHUH KaTHOHOB, HO M Xa-
paxkTepe MOJIUTUIHU. AHAJIOTHYHBIE PE3YIbTAThl Obl-
JIU TIOJTyYE€HBI U JUI POJACTBEHHBIX COEIMHEHHH C MO-
OyJISPHBIMH CTPYKTYpaMH, B 9aCTHOCTH, MHUHEPAJIOB
rpynmbl ueBkuHATA (Stachowicz et al., 2019; AxcenoB
u ap., 2024).

[leppotur — TeTepoUIIOCHIUKAT, JJIsi KOTOPO-
IO CEroJHs IpeyiaracTcs uaealn3upoBaHHas Gopmy-
na BaNaMn,Ti,(S1,0,),0,(OH),F. On Obu1 BrepBbIe
0o0OHApYKEH B MErMaTUTaX arfmauTOBBIX HE()EITHMHOBBIX
cUeHHUTOB B Kapbepe Jlemmkc B maccuBe Cent-Unep
(Saint-Hilaire) B mposuammu Ksebek (Kanama) u
OMNMCAaH KaK HOBbIM MuHepanbHbId Bua B 1991 rony
(Chao, 1991). IleppoTuT — 4snieH rpymisl badepTucura,
KOTOpasi, B COOTBETCTBUU C Kiaccu(UKalUeH, IPUHS-
TOM cerogHss MexIyHapOJHOW MHHEPaIOrH4eCKOu
accolualyen, paccMaTpuBaeTcs Kak IMojpasesieHue
HaArpymisl ceinosepura (Sokolova, Camara, 2017).
Kpucrammaeckue CTpyKTypbl TOJOTHITHBIX TIEPPOTUTA
u ero Fe?’-IOMHHAHTHOTO aHAIOra I3WHBIIANBSIHUTA
BaNaFe?",Ti,(Si,0,),0,(OH),F (Hong, Fu, 1981) ne
ObUTH W3Y4YeHBI, U WACATU3UPOBAHHBIE XHUMHUYECKUE
(hopMyIIBI  ATUX MHUHEpPANIOB OBUIH IPEIJIOKECHBI
HCXOJI U3 COOTHOIICHUS] KOMIIOHEHTOB, MOJTYYEHHBIX
Ha OCHOBE XHMHUYECKHX cocTaBoB. Kak mnoxaszanun
paboTHI, BHIMOJIHEHHBIE HA JAPYTUX 00pa3iax, OCHOBY
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KPUCTAITTMYECKON CTPYKTYPBI T€TEPOPHIIIOCUINKATOB
TUNIA TIEPPOTHTA COCTaBISAET Tpexcioineii HOH-
MOAYJh, Te O — OKTadAPUICCKUN CIOU U3 pedepHO-
cBs3aHHBIX M@¢-okTasapoB (¢ = O, OH, F), a H —
reTepornoNUdIPUYECKUM  CJIOW,  COCTOSIIIMN U3
muoptorpymm  Si,0; u okrtasdnpoB TiOg Cocennue
HOH-Monynu o0beqMHAIOTCS Yepe3 00IIHe KHCIOPO/I-
Hele BepiunHbl Ti04- un NbOg-0kTasapoB, popmMupyst
IJIOTHBIM TETEPOINONUIIPUUYECKUI KBa3UKapKac, OT-
pULIATENBHBIA  3apsii  KOTOPOTO  KOMIIEHCHUPYETCS
BHEKapKACHBIMU IIEJIOYHBIMH U MEI0OYHO3EMETbHBIMH
katroHamu (SImHOBa ™ mp., 1998; Pozenbepr u ap.,
2003; Sokolova et al., 2015, 2019, 2021; Jin et al.,
2018).

[TapameTpsl MOHOKIIMHHOM 3JIEMEHTapHOW slYEeHKH
MepPBOHAYAIILHO M3YYEHHOI'O (TOJOTHITHOrO) oOpasna
neppotuta u3 Cenr-Unepa TakoBbL: dy,,.c = 10.820(2),
Byowc = 13.843(4), Cyonc = 20.93(1) A, B = 95.09(2)°;
Vyonc=3123(6) A3. Ananus moracanmii Ha HOPOIIKOBOH
PEHTI€HOrpaMMe KaHaJICKOI'0 IEPPOTHTA ITO3BOJIMI
ycTaHOBUTh C-pelieTKy M MPeNnojOXHUTh OIHY H3
TpPeX MOHOKJIMHHBIX Tp. Tp.: C2, Cm umu C2/m (Chao,
1991). Kpucraminueckasi CTpyKTypa 3TOr0 MHHEpaia
He ObUla W3y4YeHa, a TMpeJIOKEHHAs JJsl Hero
uaeann3upoBaHHast GopMysa BBITIIsAETA CIIELyOIUM
obpaszom: Na,KBaMng(Ti,Nb),SizO+,(OH,F,H,0),.

[Tozxxe meppotut OB ommcaH n3 OKTAOPHCKOTO
(Mapuymonbckoro) MaccuBa Ha fore JloHerkoit
obmactu (Ilpmazosne) (IlexkoB m ap., 1999). Drtor
o0pasel CyLECTBEHHO OTIMYACTCS OT TOJOTHIIHOTO
nepporuta 1o coxaepxkanuto Ca, Mn, Fe, Ti, Nb u
F (tabn. 1), HO Ha OCHOBaHMHU HACATU3UPOBAHHOM
(dbopMyJibl OH ObUT OTHECEH K meppotuty. s Hero
Obutla pacimupoBaHa KpHUCTAJUIMYECKash CTPYKTypa,
a MapaMeTpbl MOHOKJIMHHOW 3JI€eMEHTapHON AYeUKH
TIPUBEICHBI CIEAYIOMHNE: dyonc = 10.731(2), byonc =
= 13.841(4), Cyonc = 20.272(6) A, B = 121.19(2)°;
Vyorc = 3084(1) A3, B a1oit pabote H.A. SIMHOBOI1 ¢
coaBropamu (1998) oOcyxnanack HEOJHO3HAYHOCTh
BbIOOpa D3JEMEHTAPHOHN SUCHKH, a TaKkKe HaJudue
IICEBJIONIEPHOIOB TOBTOpsieMoctu a/2 u b/2. Kpome
TOTO, B MAacCHBE 3KCIIEPUMEHTAIBHBIX JTaHHBIX OBLIO
OTMEUYEHO NPUCYTCTBHE HEKPUCTATIIOrPadUIECKUX
rioracannii Tuna (hkl): h+ k= 4n mst [ = 2n, cBA3aHHOE
¢ ABOWHUKOBaHMEM. B pesynbrarte ObLTO TOKa3aHO, 4TO
Hawyyluee 3HadeHue R-gpaxropa 6.2% moaydeHo npu
YTOUHEHHUHU CTPYKTYpPBI B pamkax mp. rp. C2 (SImuoBa
u ap., 1998).

PacimmdppoBka  KpUCTAIMYECKOH  CTPYKTYPBI
MOCITY’KMJIa OCHOBOW JJIsl BBIIEJICHHS HOBOTO Ha
ToT MOMeHT Ca-ITOMMHAHTHOTO aHajora IMeppoTHTa
U L3MHBIIAIBSHUTA, HAa3BAaHHOIO II0 MECTy Haxo[-
ku cypxooutom' (EcekoBa u np., 2003; Posenbepr u
ap., 2003), KOTOPBII XapaKTeprU30BaJICS CIeIYOIIIMA
napamMeTpaMd MOHOKJIMHHOHM 3J€MEHTApHOH SUCHKH:

I B nHacrosiee BpeMsl JaHHBIM MHHEpal paccMaTpUBaeTCs
MMA B kadyecTBe pa3HOBUAHOCTH IEPPOTHUTA.
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a = 10.723(1), b = 13.826(2), ¢ = 20.791(4) A, B =
=95.00(1)°; ¥ = 3070.7(28) A%; mip. rp. C2. JlanbHeii-
e HUCCICOOBAHUSA TOJOTUITHOTO 06pa3ua CHayaJia
TTOKa3aJIi CYIIECTBEHHOE IMpeodaganue HaTpUsS Hall
KaJIbIUEM, YTO TMTOCITYKUIIO HpH‘IHHOﬁ 11 €T0 HCpBOﬁ
AUCKpeAUuTalun B Ka4yeCTBEC CaMOCTOATECIBbHOT'O
MHHCPAJIBHOI'O BHJA. TGM HEC MCHCC, IOBTOPHBLIC
HCCIIEA0BaHUA C YUeTOM YTOUHCHHBIX  JaHHBIX

M0 XHMHUYECKOMY COCTaBy, a TaKKe JaHHBIX
MeccOayIpOBCKOH CIIEKTPOCKOIIUH TTO3BOJIHIIH
opummanpHo  (pemennem  Kommccum ~ MMA)

peadmmTHPOBaTh CypXxoOuT Kak Ca-ymopsaodeHHBIH
aHaIOT TIEPPOTUTA C HICANH3MPOBAHHON (opmyIoit
(Ba,K),CaNa(Mn,Fe*" Fe*"),Ti4(S1,0,),0,(F,O0H,0),
(Rastsvetaeva et al., 2008). PenTrenocrpykrypHoe
uccnenoBanue cypxobura u Ca-conepxaliero MuHe-
pana u3 [IpuazoBbs B pamkax mp. rp. C1 (Sokolova
et al., 2020, 2021) nmoka3ajio, 4ToO B TaKOHl TPaKTOBKE
9TH MHUHEpaJbl HE TOIBKO M30CTPYKTYPHBI, HO M Xa-
paKTepHU3yIOTCsS OMHOTHITHBIM paclpeieleHneM Ka-
THOHOB TIO TIO3WIMSM: W3-32 YMEHBIICHHUS BIBOE
MIEPBOHAYAIILHBIX AJIEMEHTAPHBIX SYEEK COKPATHUIIOCHh
YHCJIO HE3KBUBAJIECHTHBIX MO3UIMM, BCIEACTBHE YEro
CTPYKTYpHBIE MOJIEIM TPEANOIaraeMoro MneppoTura
U cypxoOWTa CTalu HEpa3IMYUMBl. JTO TOCITYKH-
JI0 IPUYHMHON TIOBTOPHOM JHCKpPEIUTALIMU CypXoOuTa
KaKk MuHepajga, WACHTHYHOTO meppotuty (Sokolova
et al., 2021). IIpu sToM HEe OBUIM YUYTCHBI BeChbMa Cy-
IIECTBEHHBIE Pa3HuUs MEXIy H3y4YeHHBIMH ITHMHU
aBTOpaMH MHUHEpAIaMHd WU TOJOTHUITHBIM TIEPPOTHTOM
o XuMHUYecKoMy coctaBy. [logpoOHo 3Ta mpobiiema
00CyKIaeTcsl HIKE.

Kpucramnuueckass CcTpyKkTypa I3UHBIIAIBSIHATA
ObUTa BHEpPBHIE HM3y4YeHAa HAa OOpasle M3 IIEIOYHOTO
maccuBa Hoppa Uepp (LLIBennst), KOTOPBIH oTiHyaics
OT TOJIOTHITHOTO 0o0Jiee BBICOKUM COJEp)KaHHuEM
xeneza (Holtstam, 1997; PacieraeBa u ap., 2008).
[Tapamerppl sSYEWKH, YCTAaHOBJICHHBIC II0 ITOPOIII-
KOBBIM JIaHHBIM, OBUTH OJM3KA K TaKOBBIM IS
HEPPOTUTA: Ayorc = 10.696 A, by.c = 13.800 A,
Cuonc = 20.705 A, B =94.96°; V,onc = 3122.4 A3 Tem
He MeHee, JanbHeimas pacumdpoBka Oblia BBITOIHE-
Ha B IPUMMTHBHOW MOHOKJIMHHOM SYEMKE MEHBIIETrO
ooweMa (PacmBeraeBa u mp., 2008): dyonp = Ayonc/2 =
= 5.350(2) A, byour = byonc/2 = 6.909(6) A, Cyonr =
=20.96(1) A, B=99.83(4)°; Vyour = 763(5) A3; 1mp. p.
P2/m. [lanpHeiilnee yTOYHEHHE KPHUCTAIIIMYECKON
CTPYKTYPBI U XUMUYECKOH (DOPMYJIbI II3UHBIIAIB3STHATA
n3 wmaccuBa Hoppa Uepp ObUIO BBIIIOJHEHO B
paMKax MOHOKJIMHHOM SYEMKHM C [apamMeTpaMu
(Sokolova et al., 2008): a = 10.6785(8) A, b =
13.786(1) A, ¢ = 20.700(2) A, B = 94.937(1)°, V =
3035.93(6) A3. Haxonka IBMHBIIAIBSIHATA TAKKE
ObUTa clelaHa B IETMAaTHTE IIEIOYHBIX TPAHHUTOB
kommiekca ['pemsaxa-Beipmec (Konbckuii m-oB) st
KOTOpOTO, MO TMOPOIIKOBBIM JIaHHBIM, YCTAHOBJIEHBI
rnapaMeTpsl MOHOKJIMHHOM s4eiku, ONM3KHe K Tako-
BBIM JUIA L[3UHBbIIALBSHUTA U3 MaccuBa Hoppa Yepp:
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Tabauna 1. XuMudeckuil COCTaB MUHEPAJIOB psjia MEPPOTUTA

Table 1. Chemical composition of perraultite-related minerals

HUnvun u op.
Ilyin et al.

Komnonent 1 | 2 | 3 | 4
Copneprxanue (Mac. %)
Na,O 3.52 2.76 2.73 (2.41-2.97) 2.27 (2.17-2.43)
K,0 2.68 1.67 2.08 (1.95-2.12) 1.87 (1.81-1.94)
CaO — 1.48 1.34 (1.21-1.52) 2.53 (2.40-2.64)
SrO - 0.05 - 0.26 (0-0.51)
BaO 8.88 10.64 10.77 (10.47-10.92) 11.16 (10.86-11.58)
MgO 0.06 0.04 - 0.13 (0.05-0.29)
MnO 31.14 19.28 18.96 (18.94—-18.98) 16.32 (15.93-16.76)
FeO 1.12 12.06 12.44 (11.92-12.64) 13.92 15.33-16.23**
Fe,04 - 0.75 - 2.11
ZnO - — 0.83 (0.61-1.08) -
AlLO; 0.03 0.03 - 0.02 (0-0.07)
TiO, 9.44 17.83 15.74 (15.42-16.03) 16.14 (15.98-16.29)
Zr0O, 0.12 1.09 0.55 (0.52-0.59) 0.34 (0.19-0.44)
Nb,Os 13.35 1.24 3.01 (2.63-3.32) 2.14 (1.86-2.40)
Ta,0s - 0.11 - -
SiO, 27.32 27.72 27.20 (25.98-27.95) 27.27 (26.86-27.36)
H,0O 3.49 1.79 2.14% 1.17
F 0.84 2.18 2.13 (1.65-2.46) 2.94 (2.47-3.43)
-0=F, —0.35 —0.92 —0.90 -1.24
Cymma 101.64 99.80 99.02 99.25
dopmybHbie K03 duiueHTsl, paccuntanubie Ha SigO,5(OH,0,F),,

Na 2.02 1.54 1.56 1.30
K 1.00 0.61 0.78 0.71
Ca - 0.46 0.42 0.80
Sr - 0.01 - 0.05
Ba 1.02 1.20 1.24 1.29
Mg 0.03 0.02 - 0.06
Mn 7.72 4.70 4.72 4.07
Fe* 0.27 291 3.06 342
Fe** - 0.16 - 0.47
Zn - — 0.18 -
Al 0.01 0.01 - 0.01
Si 8 8 8 8
Ti 2.07 3.86 3.48 3.57
Zr 0.02 0.15 0.08 0.05
Nb 1.77 0.17 0.40 0.28
Ta - 0.01 - —
OH 5.61 3.44 2.40 2.30
F 0.78 1.99 1.98 2.29
H,O 0.60 — — -

Ipumeuanwe. 1 — ronorun nepporuta, Cenr-Mnep, Kanana (Chao, 1991); 2, 3 — Okrsi0psckuii Mmaccus, [1puazosbe (2 — [Texos u ap., 1999;

3 — Hacrosmias paboTa); 4 — cypxooum, Jlapa-u [lno3, Tamxukucran (Rastsvetaeva et al., 2008).
*Conepxanue H,O paccyntaHo Mo CTEXHOMETPHH.
*# 1 obmero xenesa, paccyutanaoro Ha FeO.

Note. 1 — holotype of perrotite, Saint-Hilaire, Canada (Chao, 1991); 2, 3 — Octyabrsky massif, Priazovye (2 — Pekov et al., 1999; 3 — cur-
rent work); 4 — surkhobite, Dara-I Piyoz, Tajikistan (Rastsvetaeva et al., 2008).

*H,O content calculated based on stoichiometry.
**For total iron, calculated as FeO.
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a=10.72(2), b=13.80(2), c=20.94(6) A, p=97.0(5)°;
V' =3074(19) A (JIerkoBa u ap., 2010).

BoOmennonur — Nb-nomMuHaHTHEIN aHa-
JIOT TIEPPOTUTA C HIACATH3UPOBAHHON (HOPMYJIOi
Na,KBa(Mn,;Na)Nb,(Si,0,),0,(0H),0,, Opl1 Haii-
neH B maccuBe Cenr-Unep (KBebek, Kanana), a ero
KpUCTAJUTHUYECKasi CTPYKTypa Obuia pacmmdpoBaHa
B pamkax np. rp. C1l ¢ TakuMu mapaMmerpamu
TPUKJIMHHOW (TICEBJOMOHOKIMHHON) 3JIeMEHTapHON
sueiikn: a = 10.839(6) , b = 13.912(8), ¢ = 20.98(1)
A, o = 89.99(1), B = 95.05(2), v = 89.998(9)°,
V = 3152(5) A® (Sokolova et al., 2015). B kauecTse
apryMeHTa B TIOJIb3Y Tepexojia K TPUKIMHHOW CHM-
MeTpuu ObLTa OTMEUYeHa HEBO3MOXKHOCTH YTOYHEHHS
MOJENIM KPUCTAJUIMYECKOM CTPYKTYphl B paMKax
MOHOKJIMHHBIX TIp. rp. C2/m u C2 u3-3a OTpHLATEIb-
HBIX 3HAQUYEHHUH IapaMEeTpPOB aTOMHBIX CMEIICHHM, a
TaK)Ke JBOMHUKOBAHMS.

B nanpreiimem Oputa yTOYHEHA KpHCTAJTHYECKast
CTPYKTypa o0Opaslia I3UHBIIAIBIHATA U3 IIEJTOYHOTO
maccuBa Bepxnee Ocmne (B. Kazaxcran) — Taxke B
pamkax np. rp. C1 c¢ mapaMmerpamMH TPHUKIMHHOU
(TICEBIOMOHOKIMHHOM ) 3JeMEHTapHON STUETKH:
a = 10.7059(5), b = 13.7992(7), ¢ = 20.760(1)
A, o = 90.008(1), B = 94.972(1), y = 89.984(1)°,
V = 3055.4(4) A’ (Camara et al., 2016). Cuemyer
OTMETUTH, YTO pa3JIMYHBIE CXEMBbl KAaTHOHHOTO
YIOPSAOYCHNHS B TeTepo(PHIUIOCHINKATaX JJTOBOJIBHO
4acTO TPHUBOAAT K  TOHIKEHHIO CHMMETPHH.
Hampumep, B ciywyae wnabamammpodmumra (BaNa)
Ti,Na;Ti(S1,0,),0,(OH),, wMuHepanma w3 TpyMIbI
JAMIPOPUWILINTA, YIOpsIoUueHUue KaTHoHOB Ba u Na

MPUBOJUT K MOHMWKEHUIO CUMMETpuH oT C2/m 1o P2/m
(UykaHnoB u 1p., 2004; Sokolova, Hawthorne, 2008).
[To3xxe, HA OCHOBE YTOYHEHHMSA KPHUCTAJUINYECKON
CTPYKTYpHl I3WHBIIAIBAHUTA W3 MECTa €ro MepBOi
HaXoJKH, Ha peke [[3uaman3sH (mpoBunIms ChayaHsb,
Kwuraii), OBUIO TpPEIIOKEHO ONHCHIBATh KaK caM
MEPPOTUT, TAK U BCE CXOXKHUE IO CTPYKType MHUHEpa-
Jbl C KBa3UKAPKACHBIMU CIOUCTBIMU CTPYKTypaMu
Ha OCHOBE CTPYKTYpbI OadepTHcuTa, HO C YNOpsao-
YEHHBIMH KPYMHBIMA KAaTHOHAMH (I3UHBIIAI3SIHUT,
CypXxoOWuT_u OOOIIEHHOHHT) B paMKax TPUKIMHHON
mp. p. P1 (Jin et al., 2018), ¢ Takumu mapaMeTpaMu
DIIEMEHTAPHOU SYCHKHU: Aypynp = 8.7 A, Drpuinr = 8.7 A,
chHKII—P =~ 11.0 A: a’rpmcn-P ~ 8105 BTpmm-P ~ 1100: YTpnkn-P ~
= 104°, V,puenp = 764 A3. B xauecTBe 000CHOBAHHUS BbI-
0opa Takoil TPUKIMHHON “TIPOTOSYEHKN” ¢ 0a30BBIMU
BCKTOpaMHu a' = anl/lK-P; b' = brpm(-P; C' = crpm(-P (aMOH =
=-a'+b';by,,=a +Db';c,,=a —2c') Obuia oTMeUCHa
crieruuyueckass 0COOCHHOCTh TBOWHUKOBAHUS 32 CUET
HeperyisapHoi ykmanku HOH-clioeB, BCIIGICTBUE
Yero W  BO3HUKAIM  aHOMAallbHBIE  IOTACaHWMs.
B nansneitmem, B 2020 r. KpucTaaInyecKue CTPYKTYPbl
LB3UHBIIAIRBSHUTA, CypXo0uTa U O0OIICHHOHUTA ObLIN
YTOUHEHBI B paMKax IBYX CTPYKTYpPHBIX MOJEIed —
C WCIOJL30BaHHEM TPUKIMHHON “mpoTosyeiku” ¢
np. rp. P1, a Takxe B paMKax yJIBOGHHOU “NipoTosyeii-
Kk’ ¢ 0a30BBIMH BeKTOpamu a* =—a'—b', b* =—-a' + b,
c* = —' u TpUKIMHHBIME TapameTpamu (mip. rp. C):
a‘rpmc-C»l ~ 1079 prm(-C ~ 1381 chHK—C ~ 1111 anHKII—C =
= 108~2Oa BTpHKﬂ—C = 99“209 ’YTpI/IKH—C = 90'009 V‘rpmcn-C =
1540 A’ (Sokolova et al, 2019). BsaumocBs3b
3JIEMEHTAPHBIX SUEeK JAPYT C APYroM MoKa3aHa Ha puc. 1.

’

Puc. 1. Paznuunbie cmocoObl BRIOOpA SIICMEHTAPHBIX SYECK MPH OMHCAHWH KPUCTATHYECKUX CTPYKTYp Heppo-
THTA, I3UHBLIAIBSIHATA 1 OOOIICHHONTA: TPUKIMHHAS (IICEBIOMOHOKINHHA) siuelika ¢ mapameTpamu a ~ 10.7 A,
b~13.8 A, c=20.7 A, a~90° B ~95° v ~90° (mp. rp. C1) (a), TpUKIHHHAS “HPOTOSUEiiKa” C MapaMeTpaMu
a~87A b~87A,c~11.0A, 0~81° B~110°y~104° (mp. rp. P1) (6), a TakKxe yBOEHHAS TPUKINHHAS “TIPO-
Tostueiika” ¢ mapamerpamu a ~ 10.7 A, b ~13.8 A, c~11.0 A, 0.~ 108°, B ~ 99°, v ~ 90°.

Fig. 1. Various approaches to selecting unit cells for describing the crystal structures of perraultite, jinshajiangite, and
bobshannonite: triclinic (pseudomonoclinic) cell with parameters mapamerpamu a ~ 10.7 A, b ~ 13.8 A, ¢ =20.7 A,
a~90°, B ~95° v ~90° (space group C1) (a), triclinic “proto-cell” with parameters a ~8.7 A, b ~8.7 A, c ~11.0 A,

o~ 81°,

b~13.8 A, c~11.0 A, o~ 108°, B~ 99°, v ~ 90°.

LITHOSPHERE (RUSSIA) volume 25 No.2 2025

~ 110°, v ~ 104° (space group P1) (b), and doubled triclinic “proto-cell” with parameters a ~ 10.7 A,
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B cBsI31 ¢ HEOAHO3HAYHOCTHIO BEIOOpA CHMMETPUH
HaMHU B HACTOAIIEH paboTe U3ydeH elie oauH o0pa3erl
MuHepaia u3 OKTI0phCKOT0 MaccuBa M yTOYHEHA €ro
KpUCTAJUTMYECKAs CTPYKTypa B paMKaxX MOHOKIWHHON
dJIEMEHTApHON sSUYCHKH ¢ 0a30BBIMH BEKTOPAMHU 2y,
Dyous Cuon B ABYX TIp. Tp. — C2 u C2/m. ObcyxmaeTcs
mpo0JieMa TBOWHUKOBAHUS U BO3MOXKHAS TIOJUTHITUS
n3-3a ocobennocrert yknaaku HOH-monysei, 4To npu-
BOJUT K TOSIBJICHUIO aHOMAJbHBIX MOTACaHUU B Mac-
cuBax TUPPAKIIMOHHBIX JTaHHBIX. Takxke 00CyxmaeTcs
cTaryc MuHepana u3 [Ipua3oBbs 1 cypxoOuTa ¢ TOUKH
3peHHs] CETOTHSIIHErO TOAX0/Ja K HOMEHKIAType
KJIACCU(UKAIIH MUHEPAJIOB.

MATEPUAIJIBI U METO/1bI
IIpoucxoxaenne o6pasna

W3ydenHblit B Hacrosiiedl pabore oOpaser ObuI
HatimeH B 1994 r. ogaum u3 aBtopoB (M.B.I1.) B JImMu-
TPOBCKOM IIe0€HOYHOM Kapbepe y c. JIMHuTpoBKa B
5 kM K tory ot . BomHoBaxa (Ces. [Ipua3zosbe). B atom
Kapbepe IOMHMO T'PaHUTOB, JOObIBAEMBIX Ha IICOCHD,
BCKPBITHl 9K30KOHTaKTOBbIE 00pa3zoBaHusi OKTAOPH-
CKOTO LIETIOYHOTO MAacCHBa, B TOM YHCJE albOUTHUTHI
W CYIIECTBEHHO KBapII-TIOJIEBOIINATOBBIE METacoOMa-
TUTBL. B 3THX IENIOYHBIX MOpoJiaX Kak pa3 M pa3Bu-
Ta TUTAHOCWJIMKATHAs MUHEPAIN3alns, IPEJICTABICH-
Has WICHaMH psia aCTPOPMILIUT-KYIUIETCKUT U I0CTa-
TOYHO Pa3HOOOPa3HBIMU 10 COCTaBYy reTepo(UILIOCH-
JTuKaTtaMu rpynnsl 6adeprucura. C HUIMH acCOLUUPY-
10T, TOMUMO aabOuTa, KaJHeBOTO MOJIEBOTO LINaTa M
KBapia, apHBEACOHUT, OMOTUT, LUPKOH, WHOTIA ATH-
puH, moHanuT-(Ce), 6actaesur-(Ce) u ¢urooput. Ha
MaTepuaie OTCIoJia OblIa orrcaHa BTOpas B MUpPE Ha-
xonka neppotuta (IlexoB u ap., 1999), a ogua 13 00-
PAa3IoB U3YYEH B CTPYKTYPHOM OTHOIIEHHH (SIMHOBa 1
ap., 1998). OH npoucxonui U3 ams0UTHTA, a UCCIIE0-
BaHHBII B HACTOALIEH paboTe MOHOKPHCTAILT OTOOpaH
U3 KPYMHO3EpHHUCTOro aM(uOOI-0JUrokiIa3-KBapi-
KaJIUEBOIIOJIEBOIIIIATOBOIO METacoMaTHTa. JTO Kpac-
HO-OpaHXXEBbI NpuU3MaTHYeCKUl (OpYCKOBHIIHBIN)
naauBu pazmepamu 2.0 x 0.8 x 0.5 MM, Bpocmuii B
KBapI-MUKPOKIMHOBBINA arperar.

XuMHuecKknii cocraB

XUMHYECKH COCTaB HAIIero MHUHepana H3ydeH
METOJIOM 3JIEKTPOHHO-30H/I0BOTO MHUKpOaHalIu3a B
JlaGopaTopu# JOKaJIbHBIX METOJOB HCCIIEOBAHUS
BemiecTBa ['eonormueckoro ¢akynprera MIY Ha
DJIEKTPOHHOM  MuKpockome Jeol JSM-6480LV,
OCHAILlEHHOM  BOJIHOBBIM  criektpomerpom  IN-
CA-Wave 500. Ananu3 BBINOJHSUICS HPU  YCKO-
pstomem HampsbkeHun 20 kB um cuie Toka 30HAA
20 HA; 30HI ObUI pacOKyCHpPOBaH 10 IUIOMIAAKH
5 X 5 MKM JUIi MUHUMH3aLUHU TIOBPEXACHHs 00pasia.
Hcnonb3oBanuch cienyronme cranaaptbl: Na, Si —
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anpout, K — mukpoxnun, Ca — nuoricuj, Ba — BaSO,,
Mn, Ti — MnTiO,, Fe — FeS,, Zn — ZnS, Zr — Zr, Nb —
Nb, F — MgF,. KoHleHTpanuy oCTajlbHbIX 3JIEMEHTOB
C aTOMHBIMH HOMEpPaMH BEIIIIE, YeM Y KHCIIOpoa, OKa-
3aJUCh HIDKE TIpenenioB oOHapyxkeHusa. CopepikaHne
H,0O ne onpenensnocs.

XUMUYECKHA COCTaB MHHEpalla MpHUBEIEH B
tabiu. 1. Ero smnupudeckas ¢popmyia, paccunTaHHAS
Ha (S51,0;)s, umeer B (Ba, 45K 56)n404(Nas 12Cags,)
£3.96(Mno 44Fe? 6 15716 36) x15.02( Tig.06Nbg.50ZT0.16)
£7.02(51,07)§07.64(OH)5 40F 306 (Z = 1; B oTOM hopmyrne
CTPYNIIUPOBAHBI KAaTHOHBI C ONM3KAMH HOHHBIMH
pagnycamu). Kak MoxHO BueTh u3 Tadm. 1, uccneno-
BaHHBII B HACTOSIIIEH paboTe oOpa3er] He3HAYUTETHHO
OTIIMYAETCS 10 XUMHUYECKOMY COCTaBY OT OXapaKTepH-
30BaHHOTO panee u3 OkTsa0pbckoro maccusa (Ilexo u
ap., 1999): nmo cytH, HaOJIOJaETCsI TOJILKO HEOOJIBIIIOE
paznuune B 4acTd Ti:Nb-OTHOIICHUS.

PenTreHocTpyKTypHbIi aHAIU3

PeHTreHoCTpyKTYpHBIE  HWCCIEAOBAaHUS  HAIIIEro
o0Opaslia  BBIMOJHEHBI  Ha  MOHOKPHCTAIbHOM
pentrenoBckoM nudpakrometpe Rigaku XtaLAB
Synergy-S (MoKa-u3nyuenue). Ha nudpakiimoHHBIX
KapTuHax (puc. 2), B YACTHOCTH, YCTAaHOBJICHBI
aHOMaJIbHBIC [TOTAacaHusl, B 4acTHOCTH, hkO: |h| + |k| =
= 4n + 2, KOTOpHIE HE COOTBETCTBYIOT HU OTHOMY
n3 3akoHOB Tmoracanms (Nespolo et al., 2014).
ABTOMAaTHYECKUI aHaNU3 TUPPAKIHOHHBIX TaHHBIX,
BBIMOJIHEHHBIN ¢ HCIIOIb30BaHHEM ITporpaMmMbl CrysA-
lis, mpenoxuIa caeayoupe napaMmeTpbl MOHOKIMHHON
aneMeHTapHoi stuetiku: a = 10.7230(3), b=13.8313(4),
c=20.8178(7) A, p=95.0348(3)°, ¥=3075.638(15) A3,
KOTOpPbIC HaXOJATCS B COIVIACHH C JAHHBIMH, OIyO-
JUKOBAaHHBIMHU paHee Ui JPyroro oOpasma TOro Ke
muHepana u3 OKTa0phckoro MaccuBa (SIMHOBa u
ap., 1998). Tlockonbky B MaccuBe AM(PPaKIMOHHBIX
JaHHBIX HE HaOMI0AaIoCh OOBEKTUBHBIX NPHYUH
JUId Tiepexosa Kak B TPUKIMHHYIO “IPOTOSYEHKY”,
cormacHo (Jin et al.,, 2018), Tak U B TPUKIMHHYIO
yaBOeHHY0 ‘“‘mpotosiueiiky” (Sokolova et al., 2021)
(KOTOpBIE  XapakTepU3YIOTCS CHIILHOW  CTETICHBIO
TICEBIOCUMMETPHUIHOCTH), TO JANbHEHIIIee YTOUYHEHNE
KPUCTAJUTMYECKOW CTPYKTYpPHI HAIIero odpasia ObLIo
BBITIOJTHEHO B paMKaX MOHOKIIMHHON CHCTEMBI.

Kpucramnuueckass CTpyKTypa HaMH yTOYHEHa
B paMmkax aByX mp. rp. — C2 u C2/m, KoTOpbIe
HE MOTYT OBITh pPa3IMYUMBl HETOCPEICTBEHHO
n3 JIUGPaKUMOHHBIX JaHHBIX. M3-32  CIOXKHOTO
XHUMHYECKOT0 COCTaBa M OOJIBIIIOTO YUCIIA CTPYKTYPHBIX
MO3UIMI pacrpesiesieHne KaTHOHOB IPOBOIMIOCH Ha
OCHOBE KPHUCTAJUIOXHMMUYECKHX KPUTEpHEB (CpenHue
paccTosHUS KAaTHOH-aHWOH), a TaKkKe C YYeTOM
paccenBaroIei crtocoOHOCTH Kax 1o mo3uru (Haw-
thorne et al., 1995). Bce pacueTsl BBINOIHEHBI C HC-
nosib3oBanueM nporpamMmbl  JANA2006 (Petiicek
et al., 2014). OcHoBHBIe KpHcTaIIIOrpaguyecKue
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XapaKTEPUCTUKH, TAHHBIE SKCIIEPUMEHTA U PE3YJIbTAThI
yTOUHEHHMs pUBeieHbI B Ta01. 2. KoopauHaTs! aToMOB,
3aCEJIeHHOCTH U MapaMeTpbl aTOMHBIX CMELEHUH AJis
JBYX Mp. TP. IPUBEJCHBI B Ta0I. 3 1 4, cpeHue 3Haue-
HUSI OCHOBHBIX M@XAaTOMHBIX PacCTOSTHHM — B Ta0JI. 5.

PE3VYJIbTATDI
CrtpykrypHasi MoaeJib B np. rp. C2

s MOJENH, YTOUHEHHOHI B pamkax
HU3KOCUMMETPUYHOH Tip. Tp. C2, KpUCTATUIOXUMHUYE-
ckas (popmyIia u3ydeHHoro odpasia umeer B (Z=2):
“(Ba) (BagwuKose): P(KosBags)  #'(Nag70Cags)
B(Nay70Cags0) *(NageoCagio), [M'(MngsoFe*40Zn, 1)
M2(Ming g0 F e 30210 1) *(Mny seFe* ¢ 50) Y (Mng 20F e 50)
M (Mng soFe*.50) Mé(Mno.(yoFe%(mo) W(Mno.eoFeHo.w)
A/{g(Mno,7oFez+0.3o) (OH)4]A2 [""(Tig01Nbg g9) "*(Tig01Nbg go)
T(Tig77Nby 13Z1919)  T*(Tig.9Nbg o9) (51,0,),0,F;],,
IJie KBaJIpaTHBIMH CKOOKaMH BBIJICJICHBI OCHOBHBIC
KJIIOYEBBIE (PparMEeHThI CTPYKTYPHI (pHc. 3).
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Puc. 2. Passeptku cioeB 00-
paTHOTO TIPOCTPAHCTBA IKCIIE-
puMeHTanpHBIX ~ JaHHBIX  Ca-
COJIepIKAIETO aHajora MeppoTHu-
ta n3 OKTAOPHCKOTO MECTOPOXK-
nenwnst: 0kl (a), h0I (6) u hkO (B).

Fig. 2. Projections of the recipro-
cal space layers for experimental
data of the Ca-bearing analogue of
perraultite from the Oktyabrskiy
massif: 0k/ (a), h0l (6) u hkO (B).

B or1olf cTpyKTYypHOM MOJenu B LEHTPAJIbHOM
oktayapuueckoM cioe HOH-monyns (puc. 4) M1-
no3uuus 3aceneHa aromamu Mapranuna (0.5 aroma Ha
(dhopMynbHYIO euHUILY, a.(]. ), xkene3a (0.4 a.¢.) uuHKa
(0.1 a.p.). M2-no3unus 3acencHa MPEUMYIIECTBEHHO
atomamu mapranma (0.6 a.d.), a Takxe, MO aHATIOTHH
¢ mo3urueit M1, comepxut xene3o (0.3 a.dh.) m HHK
(0.23 a.¢b.). M3-u M5-1103uIIAA TPUHSATHI 3aCEICHHBIMHU
aTOMaMH Maprasia u xeinesa nmoposHy (mo 0.5 a.gd.).
MA4- m MS8-no3unuM 3aceleHbl MPEeUMYILIECTBEHHO
aromamu Mapranua (mo 0.7 a.d.), a Takxke xenesa (1o
0.3 a.¢.) B ocraBmxcs M6- 1 M7-no3UIMSIX TaKKe
yCTaHOBJICHO Tpeobiananue mapranma (mo 0.6 a.d.) ¢
npuMeckto xkenesa (o 0.4. a.d.)

B oxtasmpudeckux Ti-mOMHUHAHTHBIX TTO3UITUIX
BHemHUX H-cetok HOH-momyns (cM. puc. 3), TTOMH-
MO TIpeoOIafalolero THTaHA, YCTAHOBIIEHO TaKKe
npucytcTBue HHooOus u uupkonus. B Til-, Ti2- u Ti4-
no3unusx coaepxurcs o 0.91 a.d. Turana u 0.09 a.d.
HuoOwus; B Ti3-no3unuro nomumo tutana (0.77 a.¢.) u
HuoOwus (0.13 a.¢.) Bxoaut uupkonutii (0.1 a.d.).
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Tabauna 2. KpuctamiocTpyKTypHble JaHHBIE, XapaKTEPUCTHKA SKCIIEPUMEHTA U Pe3yJIbTaThl yTOUHEHHS CTPYKTYPbI

Table 2. Crystal parameters, data collection and structure refinement details

KpucramioctpyKTypHble JaHHbIE

Pasmepsl kpucTaiia (M)
dopma Kpucrauia

Ip. rp. 2 | C2/m
®dopmybHas Macca (T) 872.9
Temmeparypa (K) 293
a(A) 10.7230(3)
b (A) 13.8313(4)
c(A) 20.8178(7)
B () 95.0348(3)
V(A% 3075.638(15)
V4 2
D, (t/em?) 3.7703

0.17 x 0.11 x 0.09
3epHO HenpaBUIbHOW (OPMBI

XapakTeprCcTHKa IKCIIEPUMEHTA

Judpakromerp
Usnyuenue; L (A)

XtaLAB Synergy, Single source at home/near, HyPix (Hybrid Pixel Array Detector)

MoK,; 0.71073

KoaddumueHT mornomeHus, 6.621
()
F(000) 3310
0 — Oyae (°); IpenEIBI A1, Ky | 2.66-30.8; -15<h<15,-19<k<19,-28</<29
O01Iee YncIo OTpasKeHHH 26003
Yucio ycpeaHeHHsix (N,) / He3aBu- 8676 /5120 4688 /2948
cUMBIX (V) oTpaskeHn i
Kpurepwuii or6opa oTpaskeHmi 1>3c(])
R,, (%) /R, 4.91/4.35 5.49/3.21
PesynbraTel yroUHEeHUS
Meron yrouHeHus MHK 1o F
Becosas cxema 1/(c*|F] + 0.0009F7) 1/(c?|F] + 0.0001F?)
R,/ wR,, (%) 4.66 /6.56 4.84/6.34
R,/ WR,, (%) 4.66 / 6.56 9.58/8.18
GOF 1.37 2.53

anMeanHe' RI = z('Fobs‘ - |Fcz|lc|) / Z‘Fobsl; WR2: {Z[W(Fohsz - Fcalcz)z] /Z[W(Fobsz)z]}l/z; GOF = {Z[W(Fobsz - Fcalcz)] / (f’l 7p)} 2 A€ n — KO-

JHYECTBO OTPAXKEHUH, a p — KOJTMIECTBO YTOYHEHHBIX TApPaMETPOB.

Note. Rl = Z(|F0b5| - ‘F\:alc|) / Z‘Fobst WR2: {z‘,["v(};'obs2 7Fcalcz)2] / Z[W(Fobsz)z]}”z; GOF = {Z[W(Fobsz

reflections, a p — number of refined parameters.

B mpoctpanctee wmexny HOH-vonymamu Al-
TTO3UIIAS TIOJTHOCTBIO 3acelicHa aroMaMu Oapws. A2-
MTO3UITNST XapaKTEepPHU3yeTCsl 3acelICHHOCThIO OapueM
(0.635 a.¢.) ¢ mpumeckto kamus (0.365). 43-mo3urus
MIPaKTHYECKHU TOTHOCTHIO 3aceneHa kamuem (0.87 a.d.)
¢ nmpumeckto Oapust (0.13 a.¢.). B Bl- u B2-no3unumsx
ycraHoBjeHo nipeoOnaganue Hatpus (0.7 a.d.), a Tak-
xe npucyTtctByerT Kanmbimid (0.3 a.d.). B3-mozunus
MIPaKTUYIECKU TTOJTHOCTRIO 3aceneHa HatpueM (0.9 a.d.)
¢ HeOompIIoH puMechio Kambitus (0.1 a.d.).

CrpykTypHast MozeJib B mp. rp. C2/m

Hns  Mopenn  KpUCTaJUIMUECKOM  CTPYKTYpBHI,
YTOUHEHHON B paMKaX BBICOKOCUMMETPUYHOU Mp. Tp.

—F.a2)]/ (n—p)}'? rae n — number of

C2/m (cM. puc. 3), yTOUYHEHHAS] KPUCTAUIOXUMIYECKast
dopmymna umeer Bux (Z = 2): 4(Ba) “?(BagKo0)s
(30.50Ko.40Bag.10)> Pl(Nay 50Cag ) #2(Nay 59Cag )
B(Nag 50Cag 20), [ (Mng soF e 30214 0) "(Mng ssFe** 45),
M3(Mno.soFez+o.50)2 M(Mny 70Fe*30) MS(MHO.70F62+0.30)2
(QH)4]2 [M"(Tig.00Nby05Z10.05) 2(Tip00Nby,10)
3(Ti.50Nbg 20) (S1,07),04F; ..

B uentpanpHOM oOKTadapuyeckoM cinoe HOH-
monynsa (cm. puc. 4) Ml-no3unma 3acerneHa
MpeuMyIecTBeHHO atomamu Mapranma (0.5 a.d.),
xene3a (0.3 a.¢.) u muaka (0.2 a.d.). B M2-no3unun
Takke  YCTaHOBJECHO  mpeoOiajaHue  MapraHia
(0.55 a.d), Taxke mpucytcrByer xkene3o (0.45 a.d.).
M3-nio3unyst MpUHSATA 3aCEICHHON aTOMaMK MapraHiia
u kenes3a nmoposHy (o 0.5 a.¢.). M4- u M5-no3unuu
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Tabauna 3. DIeKTpoHHOE cojep)kaHue, KpaTHOCTh ((J) M 3aCeNICHHOCTh KaTHOHHBIX TMO3WIMHA JIJIsi CTPYKTYPHOH MOJIENH B

mp. tp. C2
Table 3. Electron content, multiplicities and occupancy of cationic sites for the structural model in the sp. gr. C2
Tlo3nmus Cref Cealc 0 U, 3aceIeHHOCTh

Al 57.817 56 2 0.0025(2) Ba
A2 39.193 425 4 0.0399(7) Bag Ko 36
A3 22.638 23.81 2 0.0313(13) KosBag
Bl 14.615 13.70 2 0.013(4) Nay,0Cayg s
B2 14.352 13.70 2 0.016(4) Nag0Ca g3
B3 12.524 11.90 4 0.008(4) NaggCag o
M1 24.237 25.90 4 0.0225(17) Mny sFeg40Zn4 16
M2 24.905 25.80 4 0.0122(15) Mny g Feg 3020410
M3 25.364 25.50 4 0.0143(17) Mn, 5oFeq 50
M4 24.465 25.30 4 0.0253(18) Mny-oFeq 30
M5 26.392 25.50 4 0.0057(11) Mn, 5,Feq 50
M6 25.183 25.40 4 0.0039(11) Mny ¢,Fe 40
M7 25.170 25.40 4 0.0010(10) Mny ¢Fe 40
M8 25.042 25.30 4 0.0044(12) Mny oFeq 30
Til 23.945 23.71 4 0.0006(8) Tig.0:Nbg g9
Ti2 23.993 23.71 4 0.0287(9) Tig.0:Nbg g
Ti3 26.681 26.27 4 0.0018(7) Tiy7Nbg 1321 10
Ti4 24.031 23.71 4 0.0290(9) Tig.0:Nbg g9

Tabauna 4. DneKTpoHHOE cojiep KaHue, KpaTHOCTh ((J) M 3aCEJICHHOCTh KATMOHHBIX TO3UIUH JUTSl CTPYKTYPHOM MOJIENH B IIp.

p. C2/m
Table 4. Electron content, multiplicities and occupancy of cationic sites positions for the structural model in the sp. gr. C2/m
Io3urus Cref Ceale (0] U, 3aceaeHHOCTh

Al 58.796 56.00 2 0.0061(2) Ba
A2 39.001 41.20 4 0.0302(4) Bay 60K o40
A3 11.889 13.20 4 0.0207(11) Oy.50Ko.40Bay 10
Bl 13.900 12.80 2 0.0096(14) NayCa g0
B2 13.388 12.80 2 0.0127(14) Nay50Ca g2
B3 13.777 12.80 4 0.0112(11) Nay 50Ca g4
M1 24.847 26.30 4 0.0123(4) Mny 5Fe) 30210
M2 25.092 25.45 8 0.0099(3) Mny ssFe s
M3 24.853 25.50 8 0.0088(4) Mn, 5,Feq s
M4 24.908 25.30 4 0.0091(4) Mny,Feq 30
M5 25.345 25.30 8 0.0139(3) Mny-,Feq 30
Til 25.605 23.85 8 0.0040(2) Tig.00Nbg 05210 05
Ti2 25.724 23.90 4 0.0369(8) Tip0eNbg 10
Ti3 25.581 25.80 4 0.0424(8) Tiy40Nbg2g

3aceJIeHbl aTOMaMH IIPEUMYIIECTBEHHO aTOMaMHu Map-
ranmna (0.7 a.¢) ¢ mpumecsto xenesa (1o 0.3 a.d.).

B okrasapuyeckux Ti-nmo3unusx BHEIIHUX H-CeTOK
HOH-vonyns mnpeobnamgaer turaH. B Til-mo3unuu
YCTaHOBJICHO BbICOKOE cojieprkanue Turana (0.9 a.d.) ¢
npumechto HuooOwus (0.05 a.d.) u uupkonus (0.05 a.¢.).
Ti2-mo3unmss Tak)XKe 3acejleHa aroMaMHM THTaHa
(0.9 a.¢.), a ero HEAOCTATOK KOMIICHCUPYETCSI HHOOHEM
(0.1 a.¢p.). Ti3-mo3ummst xapakTepusyercsi mpeodraga-
nuem tutaHa (0.8 a.¢.) ¢ mpumecwro Hnodus (0.2 a.d.).
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B npocrpanctBe Mmexay HOH-monynsmu Al-
MTO3UITHS TIOJTHOCTBIO 3acelieHa aToMaMu Oapusi. B 42-
MTO3UIMH yCTaHOBIIEHO TIpeobananue Oapus (0.6 a.d.)
¢ npumecklo kanus (0.4 a.d.). A3-nozunysi, nz-3a aeu-
CTBHS IUIOCKOCTH OTPaKCHUsI, yBauBaetcs. [ kom-
neHcaruu 3Toro 3pQexTa 3aceICHHOCTh MO3UIMH CO-
Kpamaercs B 2 paza. Takum oOpa3om, A3-no3unus co-
nepxxut Bakancuio (0.5 a.d.), a Taxke 3acereHa aTo-
mamu kaiust (0.4 a.¢.) u 6apus (0.1 a.d.). Bl-, B2 n
B3-mo3unnu paBHOMEPHO 3acelieHbl MPEUMYIIIeCTBEH-
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Ta6auna 5. CpenHue pacCTOSHUS KaTHOH-aHUOH ISl IBYX
CTPYKTYPHBIX MOJICIICH

Table 5. Average cation-anion distances for the two structu-
ral models

Paccrosiue C2 C2/m
A1-0O 2.8717 2.8849
A2-0O 3.0934 3.1254
A3-0 2.9911 2.9989
B1-O 2.6306 2.6029
B2-0O 2.6263 2.6028
B3-0O 2.6379 2.6369
M1-O 2.1704 2.1846
M2-O 2.1650 2.1870
M3-O 2.1721 2.1997
M4-O 2.2201 2.1949
M5-O 2.1970 2.2044
M6-0O 2.2198 -
M7-O 2.2061 -
MB-O 2.2262 —
Til-O 1.9828 1.9653
Ti2-O 1.9821 1.9575
Ti3-O 1.9539 1.9678
Ti4-O 1.9665 —
Sil-O 1.6177 1.6241
Si2-0O 1.6221 1.6221
Si3-O 1.6035 1.6068
Si4—O 1.6169 1.5971
Si5-O 1.6335 -
Si6-O 1.5952 -
Si7-O 1.6301 —
Si8-O 1.6312 -

HO atomamu Hatpus (no 0.8 a.d.) ¢ mpuMechbio Kallb-
nus (o 0.2 a.d.).

OBCYXJAEHUE PE3VYJIbTATOB

CpaBHUTENBHBIH  aHANM3  TOKa3bIBAeT,  4YTO
mpu BeIOOpe Tp. Tp. C2 MPOSBIAIOTCS PasIudus B
3aCEJICHHOCTSIX IIO3WINH, CBSI3aHHBIX DJIEMEHTAMU
[ICEBIOCUMMETPHUH, U, COOTBETCTBEHHO, B pa3Mepax
KaTHOH-aHUOHHBIX PACCTOSHUMN, KOTOPHIE YCPETHSIOT-
Csl M CTAHOBSITCS HE3aMETHBIMHU B paMKax 1p. rp. C2/m
(cm. Tabm. 4).

OTMeTuM emie OAWH acleKT BBIOOpa TIp. TP.
C2. CornacHO JACHCTBYIOIIMM CETONHS IpaBUIaM
MexayHapoIHOH MHHEpANIOrH4ecKOM accoLMaluu —
MMA (Bosi et al, 2019a, b), OGamancupyromm
3apsifi KOMIIOHEHT B (opmMmyiie MuHEpajga MOXKEeT
paccMaTpuBaThCsl Kak BUI000PA3YIONIUH JaKe eCiu
OH HE JIOMUHHUPYET B COOTBETCTBYIOIICH MO3UIINU,
HO COACPXKUTCS B HEU B CYIICCTBEHHOM KOJHYE-
cTBe. B manHOM ciydae poJib TaKOTO dJeMeHTa, obec-
MEYMBAIOIIETO  DJIEKTPOHEUTPATFHOCTE  (POPMYJIBI
KOHEYHOTO YJeHa MHHEPAJILHOTO BHJIA, MOXKET UI'PaTh
Kajapluii B Na-JOMHUHAHTHBIX mno3unusax Bl u B2:

HUnvun u op.
Ilyin et al.

BLB2(Na, 40Cag¢9) (B OCTANBHBIX MO3WMIUAX, 3aCEIICH-
HBIX Pa3HOBAJICHTHBIMH KaTHOHAMH, OTHOCHUTEIIHHBIC
colepKaHWs TPUMECHBIX KaTHOHOB HIke). [lpum
TAaKOM TIOZXOJI€ YNPOIIEeHHAsT KPHUCTAITIOXUMIYECKas
(hopMyIa N3y4eHHOTO MUHEpasa B MoJIeNH ¢ Tp. rp. C2
MOJeT ObITh 3anucana B Buje 4'Ba 4*Ba, ©°K #%(NaCa)
#Na, "*Mn,, "*Tig (Si,0,)s Os (OH)s F, (Z = 1),
YTO COOTBETCTBYET WJICAIU3UPOBAHHON (opmyiie
Ba;K(NaCa)Na,Mn,Tig(Si,0,)sO5(OH)gF,.

B ynpoienHoii kpucramioxuMuieckoi Gopmyie
M3YYEHHOTO MHUHEpaJia B MOJCIH, YTOYHCHHOW B
paMkax mp. p. C2/m, poyib KaTHOHA, 6AJTAHCHPYIOIIIETO
OamaHc 3apsa/10B, MoxeT urpath K B mosunmm A2 (co-
JepXKaHWsI TIPUMECHBIX KOMIIOHEHTOB B OCTAaJBHBIX
A- ¥ B-o3uIUAX HE3HAYUTEIbHBI). OTHAKO COOTBET-
CTBYIOLIAs UACATU3UPOBAHHAS KPUCTANIOXUMHUUECKAs
¢dhopmyna Ba(BaK) oNaNaNa,Mn ¢ Tig(Si,0,);Os(OH)g
F, He sBusieTcst AJIEeKTPOHEUTPaNbHOW (M30BITOYHBIH
OTPHIIATEIBHBIN 3aps/l paBeH —3).

B pabote Sokolova et al. (2021) caeman BeIBOI O
TOM, YTO M3Y4YeHHBIH MuHepan u3 [Ipna3oBbs u m30-
CTPYKTYPHBI C HUM CypXOOUT (Ha ceil JIeHb TUCKpe-
JTUTHPOBAHHBIM KaK MHHEPAIbHBIA BUJ) SBISIOTCS
Pa3HOBUIIHOCTSIMU TEPPOTUTA, OnMUcaHHOrO U3 CeHT-
Wnepa 6e3 ctpykTypHbIX 1aHHBIX. [To nanasmM E.B. Co-
KOJIOBO# C COaBTOpaMH, KpHUCTalsIoOXUMuueckas (op-
MyJa cypxobuma, u3y9deHHoro B mp. Tp. C, UMEeT BUIT
A1(Bag 49S19.01) (Ko 3Bag 10CS0.0:90.02) #'(Nag30Cag 1900.01)
P2(Nag20Cag2000.01) (Mny gFe* | ;7P e ,:Mgg 03Alg 0300.10)
(Ti; Nbg 10Z10,05) (S14014) [(OH);26F021] Fio, uTO, B
CBETE PACCMOTPEHHOTO BHIIIE TOX0/1a, COOTBETCTBYET
YIPOIICHHON KpHCTAJUIOXUMHUUECcKoil (opmyine “'Ba,
2K, #*(Na,Cay) *Mn;, " *Tis (Si,0,);s Os (OH)s
F, u uneanusupoBanHo# (hopMysie KOHEYHOTO UJICHA
Ba,K,(Na,Ca,;)Mn,Tig(S1,07)s05(OH)sF, (2= 1).

Taxkum 00pazoM, B CypXOoOHUTE KaJIBIIHA, €CIIH CIe-
OBaTh TPHUHATHIM cerogHs MMA mpasuiam (Bo-
si et al.,, 2019a, b), urpaer Bumo0OpazyromIyIo (spe-
cies-defining) pomb. B TO e Bpems, TOJIOTUITHBIN
neppotut u3 Cent-Unepa e coaepxkur Ca, 4T0, BEpo-
SITHO, CBSI3aHO C €0 HAXO0XKJICHUEM B YIBTPALICTIOYHOM
nermMatute, (GOPMHUPOBAHHE KOTOPOTO MPOUCXOIUIIO
MPH OYCHb BBICOKOW AaKTHBHOCTH HATPUSA TIPHU
HE3HAYUTENbHOU poiu Kanblius. Ero sMmmnupuueckas
popmyna Na, g, Ko Bajg (Mnyq; Fe*g0; Mgoo3)ss.03
(Tizos Nby77 Zroe)sssy (SigoiAlpo)ssoz Osoo [(OH)s e
Fozs (H,O)geols700 (Chao, 1991) m, crnemoBaTenbHO,
COTJIaCHO MPUHITHIM B HACTOAIEE BPEMsI KPUTEPUSIM,
MEPPOTUT U CYPXOOWT CJCIYyEeT OTHOCUTH K Pa3HbIM
MHHEpalbHBIM BHJaM. Kpome TOro, roJIOTUIIHBIN
obpaszerr meppoTUTa COACPKUT 3HAYUTEIHHO OOJIBITIE
Hrooms (Nb:Ti = 54:46 B aTOMHBIX SAWHUIIAX), YEM
o0pasipsl 3 OxTs0peckoro Maccupa u Jlapa-u-Ilnosa,
Y HeIb3s UCKITF0YaTh BO3MOXKHOCTh MPHUCYTCTBHUS Nb-
JOMUHAHTHBIX TO3ULMA B CTPYKTYpEe IMEPPOTUTA U3
Cent-Unepa.

B romortunHoM neppoTHTE MapraHel] Ppe3Ko
npeo0yagaeT MO COACPKAHUIO HAI JKEIIe30M, YTO
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Puc. 3. O0Ommit Bua Mozenn KpUCTAUIMYECKOW CTPYKTYpBI NMEPPOTHTA, YTOYHEHHOH B paMkax mp. rp. C2 (a) u

C2/m (6).

Fig. 3. General view of model of perraultite crystal structure, refined within the sp. gr. C2 (a) and C2/m (6).

Puc. 4. OcoOeHHOCTH CTPOCHUSI OKTadApUIecKoro O-clios B MOAEISX KPUCTAITHYSCKUX CTPYKTYP MePPOTUTA, YTOU-
HEHHBIX B pamkax mp. rp. C2 (a) u C2/m (0).

Fig. 4. Features of the structure of the octahedral O-layer in models of crystal structures of perraultite, refined of the

sp. gr. C2 (a) and C2/m (0).

HCKITIOYaeT MPUCYTCTBHE Fe-TOMUHAHTHBIX MO3UIUI
B €ro CTpykType. B To ke Bpems, B MéccOay?poBCKOM
CHEKTpe cypxobuma TPUCYTCTBYIOT J1Ba ayOsera
Fe?* ¢ OTHOIICHHEM MHTETPabHBIX MHTEHCHBHOCTEH
42:58, ato B Mozenu ¢ 1p. Tp. C2 COOTBETCTBYET He-
paBHOMepHOMY pacnpenencuuio Fe*” u Mn*" no 8 mo-
3UIMSAM, TIPH KOTOPOM TPH MO3UIMHU SIBJISIOTCS Fe-
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JOMHHAHTHBIMH, a TIATh — Mn-omuHanTHeIME (Rasts-
vetaeva et al., 2008).

Hakonen, oTMeTuM emie OJHY CYIIECTBEHHYIO
0CcOOEHHOCTB TOJIOTUITHOTO NeppoTHTa. B ero cocrage,
B OTIMYKEe OT MuHepana u3 [Ipua3oBes u cypxobuma,
cojiepkaHue GpTopa HIKE TOT0, KOTOpOe HEOOXOANMO
JUISL JOMUHUPOBAHMS 9TOTO 3JIEMEHTAa B OJHOW U3 I10-
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3ULUI B MPEINONI0KEHUH 00 N30CTPYKTYPHOCTH BCEX
Tpex MHHepasloB. B cypxobume, nnsg KoToporo mo-
JydeH TOJHBIA XMMUYECKHH aHalu3, olIiee conaep-
kaHue ¢rTopa TpeBocxomuT coxepykanme OH-rpymm
(F:OH = 54.4:45.6) (Rastsvetaeva et al., 2008). Co-
riacHo maHHbIM E. CokonoBoii ¢ coaBropamu (Soko-
lova et al., 2021), B ctpykType Munepaia u3 [Ipuazo-
Bbsl (PTOP MOJHOCTBIO 3aCENSIET CAMOCTOSITEIBHYIO T10-
3UIHIO.

Takum  00pa3oM, TepeUYHCICHHBIC — Pa3IHYHS
B XHMHYECKOM COCTaB€ HE TIO3BOJSIOT OTHOCHTH
cypxoOoutr u muHepan u3 lIpuasoBbs K NEppOTUTY.
Uro e KacaeTcsi M3yYeHHOTO HaMM MMHEpana H3
OKTS0pbCKOrO MaccuBa, TO OH 0 XUMHYECKOMY
cocTaBy OJM30K K CypXOOHUTY, OTIHYAsCh OT MOCIEN-
HETO HECKOJIbKO 0oJiee HHM3KHUMHU COJEPKAHUSIMH
KaJIpIUsl, HO PE3KO OTIMYaeTCsl OT TOJOTHUITHOIO
neppotura 1o cogepxxanusiMm F, Mn, Fe, Ti u Nb (cm.
Tabi. 1). YaureiBas 01130CTh (110 CYyTH, MACHTUIHOCTD )
KpHUCTaJI0rpapuIecKux XapaKTEePUCTUK BCEX
Tpex 00pa3loB, YbM COCTaBbl IMPHUBEICHBI B 3TOU
TabaMLe, MOXKHO C BBICOKOM J0Jel BEpOATHOCTH
MIPEO0KUTh, UTO 3/1€Ch UMEET MECTO PsAJ TBEPIBIX
pacTBOpoOB (CKOpee BCEro, M30CTPYKTYPHBIX), B KO-
TOPOM OIIPENIEIICHHO pEeaIu3yeTcsl CJIO0KHas CHCTe-
Ma COMNPSDKEHHBIX M30MOP(HBIX 3aMEUICHUH, B TOM
yucne rerepoBalieHTHRIX (Ba «» K < 0, Na < Ca,
Mn < Fe, Ti <> Nb, OH < F u, Beposarao, O < OH).
Mpbl UCXOIUM M3 TOrO, YTO IIOHSATHE PSAAa TBEPIBIX
pacTBOpOB BKJIIOYAET OIUH TOMOJOTMYECKUH THII
KPUCTAJUIMYECKOM  CTPYKTYpbl y WIEHOB psja
(B oTiiMume OT U30MOP(HOrO psia, YJICHB KOTOPOrO
JOJDKHBI OBITh U30CTPYKTYpHBL. OHAKO pa3HbIe diie-
HBI OTHOTO U TOTO K€ psAZia TBEPABIX PACTBOPOB MOTYT
pasnryaThCs MPOCTPAHCTBEHHOW TPYMIION (Kiaccude-
CKHI TIpUMep — TUIarHOKIa3el). B Hamem ciydae Bce
MHUHEpaja psia NeppoTUTa, CTPYKTypa KOTOPBIX H3Y-
YeHa, IPUHAUIeKAT K OTHOMY M TOMY K€ TOIOJIOTHYe-
cKkoMy THITy. DTOT psag Mn-Ti-retepodumnocuinkaTon
MOKHO YCJIOBHO Ha3BaTh PsAJIOM (cepueil) meppoTura.
CeHT-unepckuii MeppoTUT MOXKET pPacCcMaTpUBATHCS
KaK ero KpalHui OecKaJbIUeBbId wieH, a (Gopmyia
cypxobuTa C COCTaBOM KOMITOHEHTOB B TO3WIUSAX B

B1 B2

(Nay30Cag 100001)"*(Nag ,0Cag 2000 01) MOKET  OBITS,
B CBeTe€ CcerofHsAmHux npaswi MMA, BnoJsHe
KOppeKTHO wuaeanmusupoBaHa g0 Ba,K,(Na,Ca,)

Mn,Ti3(S1,0,)305(OH)sF,. O6pazen u3 llpuazosss, B
KOTOPOM KaJIbIIHsI 3aMETHO MEHBIIIE YeM B CYpXoOuTe,
JEMOHCTPUPYET TaKWe COOTHOIICHUS B-KaTHOHOB
B pasueix mosuimsax:  Z1(Nag;0Cags0)P2(Nag70Cag )
B3(NageoCag 10),. CymectBennoe (6ojiee yeM BIBOE)
npeobnamanne Na Han Ca B KaKI0# U3 TO3UINH B, 1e-
JIACT HEOHO3HAYHON BO3MOXKHOCTh IIPUMEHEHHS K He-
My (GOpPMaNBHBIX KPUTEPUEB, MO3BOJISIFOIIUX 3aMUCHI-
BaTh B KA4eCTBE BUA000pa3yrOIMX 002 KOMITOHEH-
T4, COBMECTHO BXOJSAIINE B OJ[HY MO3HIIUIO, €CITH OHU
pasnoBasienTHbIe (Bosi et al., 2019a, b). Oto o6cTos-
TENLCTBO, CBA3AHHOE C OUEBUIHBIM HECOBEPIIEHCTBOM

HUnvun u op.
Ilyin et al.

JIEUCTBYIOLIMX CEroJHA IPaBUI MHHEPAIOTrHYECKOU
HOMEHKJIATYPbl B OTHOIIEHHH TBEPABIX PACTBOPOB C
reTepPOBAICHTHBIMU  M30MOP(QHBIMU  3aMEICHUSMH,
BKyIl€ C OTCYTCTBHEM CTPYKTYPHBIX IaHHBIX JUIS
TOJIOTUITHOI'O TEPPOTUTA, MOPOXKIAIOT HEOAHO3HAY-
HOCTb B TPAKTOBKE BHIOBON NMPHHAIJICKHOCTH Hallle-
ro rerepopmutocunnkara u3 OKTsI0pbCKOT0 MaccuBa.
OTOT BONpPOC MOKET OBITH ONpPEAETICHHO pelleH B
Oynayuiem, korna (1) mosBUTCS MOHMMAaHUE TOTO, YTO
K€ C TOYKH 3PEHUs] KPUCTAJUIOXUMHUHU TPEICTaBIISET
c000i TOIIOTUITHEIH TEPPOTHUT, U (2) Oy et pazpadoTaHa
HOMEHKJIaTypa MO PYIIIBI L3UHBILIAI3IHUTA
(Ha3pIBaeM ee Tak YCJIOBHO, 10 MUHEPAIy, OTKPBITOMY
MepBbIM) B Tpymie OadepTUCUTa, MapraHIeBO-THTA-
HOBYIO YacTh KaKOBOW MOATPYMIIBI U COCTaBISCT PsiA
neppotura. [loka 3TOro He MPOM30ILILIO, AJS HAIIETO
o0pasiia Mbl cuuTaeM HanboJjiee KOPPEKTHBIM Ha3BaHHE
“Ca-comep xariuii MUHEpai psfa IeppoTuTa’.

OCOBEHHOCTH ITOJIMTUIINUN
B TI'ETEPOOUIINIOCUIINKATAX

[Momutunust B cnronax ((GUILTIOCHIMKATaX, OCHOBY
CTPYKTYPBI KOTOPBIX 00pa3ytor 7TOT-monynu, tae T —
BHEIIHUN TETPadIpUUECKUii coi, a O — IeHTPaTbHBIN
OKTadAPUYECKUN CIOW) — OYEHBb PACIPOCTPAHEHHOE
ABIIEHHE, KOTOpOe OBUIO JETalbHO OIMCaHO B
pamkax ¢dopmamuzma OD-teopum  (Dornberger-
Schiff et al., 1982; Durovic, 1984; Nespolo, Durovic,
2002). B gacTHOCTH, OBUTIO TOKA3aHO, YTO HamOoJee
pacnpoctpanensl 1M, 2M, n 3T-nmonuTunsl, pasiu-
Yalolmecs: moBopoToM coceanux 7OT-moxmyneil Ha
2n x 60° (n = 0 B ciywyae 1M-nonutuna; n=1u 2 ans
2M,-nonutuna; n =1 u 2 qnsa 3T-nonuruna) (Ferraris,
Ivaldi, 2002; Chukanov et al., 2019).

IIpu sToM must rerepodmmtocwmkaTroB ¢ HOH-
MOJYJISIMH, TaKK€ OTMEYaeTcs OOJBIIOE YHCIO
mosmmtunioB  (Christiansen et al.,, 1999; Ferraris
et al, 2008), B wyacTHOCTH, B MHHEpajax TIpyl-
nel tamnpodmumta (Moore, 1971; Johnsen, 1996;
Krivovichev et al., 2003; Sokolova, Hawthorne, 2008),
po3enOymuta (Christiansen et al., 2003), a Taxxe B
6adeprucure (Li et al.,, 2011), uanenure (Sokolo-
va et al., 2011) n muabmam3suute (Jin et al., 2018).
B 2015 r. ObIT TIPOBENEH TOIOJIOTO-CHUMMETPHIHHBIN
aHamM3  TeTepOWLIOCHINKATOB  CTPYKTYPHOTO
ceMeiicTBa GadepTrcuTa B pamkax eanHoit OD-teopun
(Ferraris et al., 2008; AkceHoB u 1p., 2023), KOTOpHIH
MoKa3aj BO3MOJKHbIE TUIIBI YKnaaku HOH-moayneit B
3aBHCHMOCTH OT Pa3MHOKAIOIINX 3JIEMEHTOB CUMMET-
pUH, BCIEACTBHE YET0 BO3MOXHO KaK 3aKOHOMEPHOE
IBOMHWKOBAaHUE, TaK M 00pa30BaHNE YIMOPSAOYCHHBIX
W HeynopsaaoueHHbIX nonutumnos (bemoxonesa u np.,
2015).

Jus munepanoB rpymnmsl samnpodumiuta (Ras-
tsvetaeva et al., 2016; Aksenov et al., 2021) Obu1
npeioked cienyounmii  OD-rpynmons, KOTOpsIi
OTIHCHIBAET BCE CEMEHCTBO MOJUTHUIIOB, OTHOCSIINXCS
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K kareropuu IV nonutunos ¢ M = 2 yncnom OD-croes
(Ferraris et al., 2008):

g

P(l)2/ml[0’s]

P2/ n)2/m2 /m, (1)

rae s npuHumaer 3HadeHus ot —0.085 mo —0.10;
nepsbiii OD-cnoii ¢ cummerpuem P(1)2/ml cooter-
ctByeT HOH-MOonymnio, a BTOPOH CIOW C CHMMETpHU-
eit P(2/n)2,/m2,/m COOTBETCTBYET MEKIIAKETHOMY

MPOCTPAHCTRY.

B ciydae badeprucura, MEepPpPOTHTA,
L3UHBIIAIBSIHUTA, OOONICHHOHWTA, CypXoOuTa, a
tTake Hommmypauta (Sokolova, Camara, 2017)

cummerpusi HOH-Momynst OINUCBIBAE€TCS TPYyNION
P12,/m(1), a ciMMeTpHs MEKITAKETHOTO TPOCTPAHCTBA
omHchIBaeTcsI cummeTpueit P2/m2/m(2/m) (bemokonesa
u np., 2015). B aroit cBsa3u OD-rpynmon MOKHO 3a-
MUCaTh B BH/IE;

P12/ m(l)

Py /m/m). @)

[r.s]

Ha nonutunHyro npupony yKIaakd CIOEB W IO-
SIBIICHUSI JOTIOJHUTEIBHBIX HKOB B AU(PAKLINOHHBIX
kaptunax (Li et al., 2011; Sokolova et al., 2011; Jin et
al., 2018) yka3piBaeT GopMUpOBaHHE YIIOPSTOUCHHBIX
THOPUIHBIX CTPYKTYP MHUHEPAJIOB, TAKUX KaK, HATPH-
Mmep, kamapant (Camara et al., 2009), B koTopom uepe-
IYIOTCST MOYJTH IBYX THIIOB: TIEPPOTHUTOBOTO 1 O6adep-
THUCHTOBOTO.

Pacmmpsis  moaxon,  NpPEUIOKEHHBIM — paHee
B paMKax  TOIOJIOTO-CUMMETPUIHOTO  aHajau3a
MUHEpaJoB Halarpynmsl ceiposzepura (bemokoHnepa
u ap., 2015), MOXHO NpPeNIOKUTh paccMaTPHUBAThH
WX TPEACTaBUTENM Kak cocrosmme u3 M = 3
gucma OD-crmoeB (kareropusi 1V), mo anajmorum ¢
O6opartamu rpymsl Butanta (Volkov et al., 2024) nmu
nupobopaTaMy IBYXBaJICHTHBIX METaUIOB (AKCEHOB 1
ap., 2025). B TakoMm cirydae Bce pazHOOOpasue MoH-
TUIOB OyJIET ONMPEaeATHCS JOKAIBHBIMU ONEPALUSIMH
CUMMETPHUH, KOTOpbIe OyayT akTuBHBI B O-cioe HOH-
MOJYJISL M MEKITAKETHOM MTPOCTPAHCTRE.

BBIBO/IbI

Ha ocHOBe monyueHHBIX B HacTOsIIEH paboTe JaH-
HbIX Juisi Ca-colepiKallero wieHa psia neppoTuTa u3
OxTs0pbckoro MaccuBa B [Ipra3oBbe MOXKHO 3aKITHO-
YUTh, YTO CTPYKTYpHAasi MOJEIb, IOJyUYEeHHAS B TIp. TP.
C2, mO3BOJISIET JIy4IlIe BBISBUTH CYIECTBYIOIIUE Pa3-
JINYMS B 3aCEJIEHHOCTH IIO3UIIMN U JJIMHAX CBA3EH Ka-
THOH-aHUOH B HOH-MOAyJsIX IO CPaBHEHHIO C MOJE-
JBI0, YTOUYHEHHOW B pamkax mp. rp. C2/m. IlomydeH-
HbIE KPHUCTANIOXUMHUYECKHE (OPMYJIBI M, KaK CIe-
CTBUE, HJeaM3UPOBaHHBIE (DOPMYJIBI Ha WX OCHOBE,
OTJIMYAIOTCS CTPYKTYPHOU AeTanu3alue u3-3a pas-
JUYHOTO YHCIA CHUMMETPUYECKA HEIKBUBAICHTHBIX
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no3uuui. TeM He MeHee, OJJHO3HAYHbIX KPUTEPHUEB B
BbIOOpEe Oasuca JIEMEHTAPHOW SIYCHKU M MPOCTPaH-
CTBEHHOH TIpylIbl IOKa YCTaHOBUTH HEBO3MOXK-
HO H3-3a CJIOKHOCTH XMMHYECKOIO0 COCTaBa U CTPOE-
HHAS OCOOCHHOCTECH NBOWHHWKOBAHHS M OXHOBPEMECH-
HOT'O IPUCYTCTBUSL HECKOJBKUX IOJUTUIIOB B OJHOM
(M3yyaeMOM) KpHCTaILIE.

PaccMoTpeHne moslydeHHBIX CTPYKTYpHBIX JAaH-
HBIX B KJIFOUEC ﬂeﬁCTByIOIHHX CCroJHy nmpaBuj MUHEpa-
JIOTUYECKOM HOMCHKJIATYpPbl IIOKA3bIBA€T, YTO B U3Y-
4yeHHOM MHUHepaie u3 [Ipra3oBbs 1 0cCOOEHHO — B pOJI-
CTBEHHOM €My CYpXOOWTe KaJbI[Uii MOXXHO paccMar-
pUBaTh B TOM YHCJIE KaK KOMIIOHEHT, UT'PAIOILIUIA BU-
J000pasyromyo poiib. HecMOTpst Ha TO, 9TO CTPYKTY-
pa rosoTUIHOro (OEeCKaIBIINEBOrO U BHICOKOHHOOUE-
BOI'0) MEPPOTUTA HE U3yUYeHa, UMEIOLIUECS JaHHBIE O
XUMHYECKOM COCTaBe MHUHEpaja, U3y4YeHHOTO B Ha-
cTosIIeH paboTe MO3BOJISIIOT PacCMaTPUBATh €ro Kak
CaMOCTOSTETEHBIN MHHepaHLHLIfI BUJ, IpUHOUIINAIIb-
HO OTJWYAIONIUICS OT MEePPOTHUTa BUI000pa3yromei
poutbio (hTOpa M KaJIbITH.
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DpaHKaMEeHUT B YaPOUTOBBIX NOpoaax MypyHCKOro MmaccuBa:
CPAaBHUTEJIbHAS XaPAKTEPUCTUKA 3€JICHON U CHPEHEeBO-Cepoi Pa3HOBUAHOCTH
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Obvexm uccnedosanus. B 4aponToBbIX Mopoaax MypyHCKOTo MaccuBa 0OHapy KeHbI 1BE PA3HOBUIHOCTH (hpaHKAMEHHTA:
3elieHast 1 CUpeHeBo-cepast. Llenw ucciedosanus. 11enbro JAHHOTO UCCIIE0BAHNUS SBIIETCS CPaBHUTENBHBIN aHAIU3 00pa3-
110B (hpaHKaAMEHHTA CUPEHEBO-CEPOT0 U 3€I€HOT0 LBeTa. Mamepuasl u memoobl. MUHEpabHbIH COCTAB YAPOUTOBBIX I10-
pon ¢ ppaHKAMEHHTOM H3ydasicsl ONTHIECKHM NETPOrpaGIIeckuM METOIOM C HCIIONIb30BaHHEM MOJSAPU3AIIMOHHOTO MUK-
POCKOIIA, XUMHUUYECKHIT COCTAaB — Ha 3IEKTPOHHO-30HIOBOM MHKpoaHanu3aTope. Kpucramimdaeckas cTpyKkTypa (ppaHkame-
HHTA HCCIIEN0BANIACH C TIOMOIIBIO MOHOKPUCTAIBHOTO aBTOMATHYECKOTr0 JU(PPAKTOMETPA, @ CIIEKTPBI TOrJIOoNeH s 1 (o-
TOJIFOMUHECIEHIMH MOJTyYeHbI Ha CIIEKTPO(GOTOMETPE U CHEKTPODIIIOOPUMETPE COOTBETCTBEHHO. Pe3yiomamsi. Mccneno-
BaHbl MOp(doreHeTHUECKHEe 0COOEHHOCTH 00pa3LOB IIOPOJ, COIEPKAINX (PpaHKAMEHHT, €ro apareHeTHIeCKue accolua-
IIMU ¥ B3aMOCBSI3H C aCCOLMUPYIOIUMU MuHepanamu. Ilo xummudeckomy coctaBy coaepxkanus Na,O u CaO B o6pasnax
IIPAKTUYECKN HACHTUYHBI paHee H3ydeHHBIM MYPYHCKHM 00pasiaM, B TO BpeMs Kak ypoeHb K,O mist cupeHeBo-ceporo
U 3eJeHOro ()paHKaMEHHTA BBIIIE, YEM B aHAIN3aX JPYTHX aBTOpOB. Takxke ObUla M3ydeHa KPHUCTAIIMYECKas CTPYKTypa
3eJIeHOro ()paHKaMEHHTA, IPOBEICHO €T0 CPABHEHUE C CUPEHEBO-CEPHIM 00Pa3IoM, HHTEPIPETHPOBAHBI CIIEKTPHI TIOTTI0-
IeHNs ¥ QOTOTIOMUHECICHINH. Bbi600b1. O6e pa3sHOBHAHOCTU MUHEPAIa OTIIMIAIOTCS 110 ACCOLHALISIM COITY TCTBYIOIINX
MUHEPAJIOB: 3eIeHbIH (paHKaMEHNT 0OBIYHO ACCOLUHUPYET C YAPOMTOM, STHPUHOM, MUKPOKJIMHOM U KBapIieM, B TO BpeMsI
KaK CHPEHEBO-CEPBIil — ¢ YapouTOM, aM(bHuOOIOM, KBaplieM, CTHCHUTOM H anaTHToM. I[TocpencTBOM HCCIe10BaHUS METO-
namu OIIP, onTuueckoro moriomeHus u GpoToNOMUHECHEHIINY YCTaHOBJICHO, YTO 3€JIeHast OKpacka ()paHKaMEHHTA CBS-
3aHa ¢ nepexojamu ¢ nepeHocom 3apsaa Fe/Ti u Fe*'/Fe’.

KiroueBble ciioBa: ¢gpanrxamenum, MypyHckuil ujeirounot Maccus, nempoepagus, KpUcmaiioxumis, CneKkmpocKonus
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Frankamenite in charoite rocks of the Murun massif: comparative
characterization of green and lilac-gray varieties
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Research subject. Two varieties of frankamenite, green and lilac-gray, were discovered in the charoite rocks of the Murun
massif. 4im. The aim of this study is a comparative analysis of lilac-gray and green frankamenite samples. Materials and
Methods. The mineral composition of frankamenite-containing charoite rocks was studied by optical petrographic method
using polarization microscope, the chemical composition was studied on electron probe microanalyzer. Crystal structure
of frankamenite was studied using single crystal automatic diffractometer, and absorption and photoluminescence spectra
were obtained on spectrophotometer and spectrofluorometer respectively. Results. The morphogenetic features of rock
samples containing frankamenite, its paragenetic associations and relationships with associated minerals were studied. In
terms of chemical composition, the Na,0O and CaO contents in the samples are almost identical to the previously studied
Murun samples, while the K,O level for lilac-gray and green frankamenite is higher than in the analyses of other authors.
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The crystal structure of green frankamenite was also studied, compared with the lilac-gray sample, and absorption and
photoluminescence spectra were analyzed. Conclusions. Both varieties of the mineral differ in their associations of minerals:
green frankamenite is usually associated with charoite, aegirine, microcline and quartz, while lilac-gray frankamenite is
associated with charoite, amphibole, quartz, steacyite and apatite. Using EPR, optical absorption and photoluminescence
methods, it was established that the green color of frankamenite is associated with Fe/Ti and Fe?/Fe** charge transfer

transitions.

Keywords: frankamenite, Murun alkaline massif, petrography, crystal chemistry, spectroscopy
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BBEJEHUNE

CunukaTbl ¢ TpyO4YaThiM THUTIOM aHHOH-pajHKaia
MIPEJCTABIAIOT CO00M YHUKATBHBIN KJIacC MHUHEPAJIOB,
CTPYKTypa KOTOPBIX 00pa3oBaHa KPEMHEKHCIOPO-
HBIMH T€Tpa3JpaMH, OJIMMEPU30BaHHBIMU OECKOHEU-
HO B OZHOM HANpPAaBJICHUU U PACIIOJIOKCHHBIMH MEX-
Iy CTEHKaMH peOepHO-TI0IeJICHHBIX OKTa3ApoB. B nan-
HOM HCCIEIOBAaHWM pAacCMaTpUBACTCS PEIKUI MUHE-
pan ¢pankamennt, K;Na;Cas(Si;;,05)(F,0H), nH,0,
BCTPEUAIOIIMICS B LIEIOYHBIX MOpoJax MypyHCKOro
MaccuBa U OTHOCSIIUICS K TpyIIe TPyOUaThIX CHIIMKA-
TOB. XOTS LIETOYHBIE MTOPO/IBI HE SBIAIOTCS Hanboee
pacIpocTpaHeHHBIMU CPEId MarMaTu4ecKuX, OHU UMe-
10T CBOU YHMKaJIbHbIE T€OXUMHYECKUE U MUHEPAJIOTHU-
YECKUE XapaKTEePUCTUKU. V3yueHne KpucTamIniecKoi
CTPYKTYpPbl MHHEPAJIOB ILEIOYHBIX KOMIUIEKCOB OCTa-
eTCsl BaXXHOM 3ajadell 11 MHUHEPAJIOTHH, MOCKOJIBKY
MHOTHE pE/IKHE IIEJOYHbIE CUJIMKATHI CO CJIOKHBIMU
KPUCTAJUTMYECKUMU CTPYKTypaMH elie He ObLIM J0CTa-
TOYHO TOAPOOHO OXapaKTePU30BaHBI U TPEOYIOT OoJtee
riy6okoro uzydeHus. CTpyKTypHbIE M TUIOXMMHYE-
CKHE XapaKTEPUCTHKH 3THX CJIOKHBIX CHJIMKATOB MO-
TYT TaKXe CIy>KUTb MHAUKATOPAMH IS TeHETHYECKOM
MUHEPAJIOTUHU Pa3INYHBIX F€0JIOTNYECKHX CPENl.

OpaHKaMEHUT SBISETCS YHHUKAJIbHBIM IENO0Y-
HbIM CHJIMKAQTOM, Ha CETOAHSIIHUI JEHb BCTpedaro-
IIMMCST TOJIBKO Ha MypyHCKoM MaccuBe (XOMSKOB
u np., 2009). 3nauenue mapaMerpa CIOKHOCTH g o
(mpumepro 340 Owut/su., Krivovichev, 2013), oTHO-
CUT (ppaHKaMEHHUT K MHUHEpajaM C KPUCTAJUINYECKON
CTPYKTYypoil cpeaHeil cioxkHoctu. CoriacHo uepap-
XUH CWIIMKaTHRIX MuHepaiioB (Day, Hawthorne, 2020),
OH TIpE/CTaBISICT COOON TPyOUaTHIil CHIIMKAT C OJHO-
MEpHOW TeTpadapuieckoi monumepuzanuei. TpyOxu
[Si;,050]'* coCcTOST M3 ABYX CBSI3AHHBIX JIEHT IIECTHY-
JICHHBIX KPEMHEKHCIIOPOIHBIX KOJIEIl U COETUHEHBI C
roppupoBanabivME ciaosmu Ca>” m Na™-0okTasapos, a
BHYTPEHHHUE KaHaJIbl coAepxaT noHbl K 1 MoJjeKybl
H,O. Ananornvnsie TpyOKH BCTPEYAIOTCS B CTPYKTY-
pe kanacura (PoxxaectBenckas u ap., 1988) u gpropka-
Hacuta (XoMsKoB u ap., 2009), Tak Kak ppaHKaMEHUT
SIBIISIETCSL UX TPUKJIMHHON TonuMopHoil Moauduka-
uei.
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Kanacut cogeput B CBO€H CTPYKType YeThIpe To-
sunun (OH)™, B TO BpeMs Kak (TOpKaHACHUT BKJIIOYA-
et nBe no3unuu F, onny (OH)™ u cmemannyro (F,OH)-
MO3MIINIO, CBA3bIBatomecs ¢ Na'- u Ca? -okTasipamu.
Kpucraminueckas CTpyKTypa KaHacuTa, OTKPBITOIO B
Xubwunax B 1950-x rr., geranmpHo m3ydanachk (opd-
MaH # ap., 1959; Yuparos u ap., 1969) u ycmnenrHo
yrouHeHa B 1988 r. 1.B. PoxxnecTBeHCKOM ¢ KoJIera-
MU (1988), KoTOpBIE TaKKe OTMETHIIN PA3IUUUs B CO-
CTaBe KaHacHTa U3 XUOMHCKOTO U MypyHCKOTO Mac-
cuBoB (EBnoknumos, Perup, 1994).

B 1992 r. JI.B. Huxkumosa u xomieru (1992) yrou-
HUJIM KPUCTAJUTMYECKYIO CTPYKTYPY MHHEpasia U3 4a-
pouTnTOB SIKyTHH, Ha3BaB €ro TPUKIMHHBIM KaHACH-
TOM. Y CcTaHOBIIEHHAS JJIs1 00pasiia MpoCTpaHCTBEHHAsS
rpynma Pl oObsiCHWIA TPYAHOCTH, BO3ZHHUKIIHE TpPU
WCCIIEIOBAHUN CTPYKTYPBI B paMKax MPOCTPAHCTBEH-
Holi rpynmnbl C2/m (PoxnectBenckas u ap., 1988), mpu
9TOM KPHUCTAJUIMYECKAsi CTPYKTypa M MEKaTOMHbBIC
PACCTOSHUS OKA3aJIMCh CXOKUMHU C MOHOKJIMHHBIM Ka-
HacuTOM U3 XHOMHCKOTO MaccuBa.

B 1994 r. Kommuccueit 1mo HOBBIM MHUHEpajaM H
Ha3BaHusAM MmuHEepaioB MMA (CNMNC IMA) tpu-
KIIMHHBIA KaHAaCHT ObUT MPU3HAH HOBBIM MHHEPAJIOM
(Hukumosa u ap., 1996) u HasBan (paHKaMEHUTOM
B 4YecTh Kpuctayuiorpada mpocgeccopa B.A. ®pank-
Kamenernkoro. M3HayanbHO M YapOWT CUMTANICS CH-
PEHEBBIM KaHACHUTOM, HO TIOCIIE HCCIIEAOBAHHS ObLI
BBIZICJICH KaK HOBBIM MHHEpanbHBIM B (PoroBa u
np.,1978; Kones u ap., 1996). B 1996 r. O6vum omy-
OJIMKOBAHBI PE3YJIBTATHl YTOUHEHHS CTPYKTYPHI (hpaH-
kamenuta (Rozhdestvenskaya et al., 1996).

B 2003 r. P.K. PacuseraeBa u coaBtopsl (2003)
OIMKCATH KaHACUT U3 XUOWHCKOTO MaCCHBA C BBICOKUM
coJiep)kaHueM (TOpa, CTPYKTypa KOTOPOTO OTJIHYa-
JIaCh MPOCTpaHCTBeHHOMN rpymmnoi (Cm BMecto C2/m)
U 3al0THCHUEM OKTadapuueckux mo3uruii. B 2007 T.
OH OBLT IpU3HAH HOBBIM MHUHEPATIOM (PTOPKaHACHTOM
(XomsxoB u ap., 2009).

Taxum 00pazom, PTOPKAHACUT MOXKHO CUHTATH JIU-
00 (TopHUCTHIM aHAOTOM KaHACHUTA, THO0 MOHOKJIHH-
HbIM aHanoroMm (pankamenuta (PacieraeBa u np.,
2003). HanpHeHmx ucciae10BaHUi MUHEPAJIOB TPyTI-
bl KaHACUTA 3a MOCJEeAHUE 15 JeT MpakTUYeCKU He
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MIPOBOJIMJIOCH, XOTSI OINTHYECKHE U KoyieOaTelbHbIC
CBOWMCTBA JI0 CUX TIOP HEJJOCTATOYHO U3yUCHBI.

B nocneanue roapl uccneaoBaHusl KPUCTANIOXUMU-
YECKHUX CBOWCTB CIIO)KHBIX CHIIMKATOB C IIETIOYEYHBIMU
AJIEMEHTaMH B CTPYKTypax MproOpesy 3HAYNMOCTh IS
pa3paboTKu OMOAKTHBHOHN CTeKIIOKepamMuKu. MuHepa-
JBI C TPyOYaThbIMH CTPYKTypaMH OOJaIar0T OTIHYH-
TENBHBIMUA ONTHYSCKUMH XapaKTEPUCTHUKAMH, YTO OT-
KPbIBA€T HOBLIC BO3MOXKXHOCTH UIA UX HCIIOJL30BaHUA
B ()OTOIIEKTPUUECKUX YCTPOUCTBAX, ONTUYCCKUX CCH-
copax, a TAKXKe B COJIHEYHBIX 0arapesx M CBETOIUOIAX
(mammpumep, Czaja, Lisiecki, 2019; Kaneva et al., 2020a).
®dpaHKaMEHHT COACPIKUT KaTHOHBI (M-TI03HIIHH ), KOTO-
pBIE MOXKHO JIETUPOBATh MOHAMH TMEPEXOJHBIX METa-
JIOB M JIAHTAHWJIOB, YTO JENACT €ro MEepCHEKTHBHBIM
JUTSL IPOU3BOJICTBA HOHOOOMEHHHUKOB U JTFOMHHO(POPOB
(Kaneva et al., 2023, lllenapuk u np., 2023).

CroXHBIe CHITUKaTHbIE MUHEpalbHbIe (asbl mpen-
CTaBIISIIOT COOOM BaKHBIE MOAEIbHBIE O0OBEKTHI IS U3-
YYEHHUSI TEXHOJIIOTHYECKHX CBOWCTB MaTepHaioB, Oia-
rojgaps cBoei CTaOMIBHOCTH W YCTOWYHMBOCTH K pas-
JIUYHBIM (PU3UKO-XMMUYECKUM BO3JICHCTBHSIM, YTO I10-
3BOJISIET TITy0Ke MOHATHh MEXaHW3MbI UX (popmupoBa-
HUS U TIpeoOpa3oBaHus, a TAKXKE CIOCOOCTBYET pa3pa-
0OTKE HOBBIX TEXHOJIOTMU M ONTUMH3AIUK TIPOU3BOJI-
CTBCHHBLIX ITPOLICCCOB.

MATEPHAIJIBI U METObI UCCJIIEAOBAHUA

B MypyHCKOM MaccHMBe B YapOUTOBBIX TOPOJax
BCTPEYAIOTCS JIBE PA3HOBUIHOCTH (ppaHKAMEHHUTA: 3e-
JeHas U cupeHeBo-cepas. OOpasipl A McciaenoBa-
HUsl OBUIM MPEIOCTaBIEHBI TOCYAapCTBEHHBIM MHHE-
panorudeckuM my3zeem uMm. A.B. Cunoposa UPHUTY,
MUHEPAJOTHYECKUM MYy3€eM T'OpPHOIMPOMBIIUIEHHO-
ro mpemnpustast AO “baiikankBapcamMonBeTs” U
M.A. MUTHYKUHBIM.

OO0pasubl (hpaHKaMEHHTa CHPEHEBO-CEPOT0 U 3e-
JICHOTO 1IBeTa ObUIM HAaMJICHBI B YAPOUTOBBIX OPOAAX
Ha MajoMypyHCKOM MacCUBE, I'/le MHHEpasl acCOLH-
HpyeT C YapOUTOM, MEKTOIUTOM, MUKPOKIMHOM, 3TH-
puHOM, THHaKcuTOM, KBapuem (EBmoxkumos, Perup,
1994). ®pankaMeHAT 00pa3yeT YILIOMIEHHBIE, PO3ET-
KOBHUJIHBIE WITH PaJHaIbHO-TYYHCThIE arperaTbl U CUH-
TaeTcsi HEeOOBIYHBIM KOJUIEKITMOHHBIM KaMHeM (Hanus
et al., 2020). B MypyHCKOM MaccuBe B YapOHTOBBIX
[IOPOJIaX MOXHO BCTPETUTH HECKOJIBKO LIBETOBBIX pa3-
HOBHJHOCTEH (paHKaMEeHUTa, BKJIIOYas cepble, To-
nyOoBaTo-cupeHeBble U 3ejeHoBaThie orTeHku (Ko-
HEB U Jip., 1996). 3enensblii ppaHKaMEHHUT BCTpEYaeT-
csl B BUJI€ HANOMOP(HBIX KPUCTAUIOB HA ydacTke Ma-
TUCTPANIbHBIN, TOTJa KaK CHpPEHEBO-CEphIi 00paszyer
JEHAPUTOBBIE arperatbl Ha yuyactkax Crapsiii u Boc-
TOUHBIA. B maHHO# paboTe 0Opa3isl 0003HAUEHBI KaK
CC® (cupeneBato-cepblil ppankamenut) u 3D (3ene-
HBIA paHKaAMEHUT).

MuHepanbHblil COCTaB YAPOUTOBBIX MOPOJ, CONEP-
Kamux (paHKaMEHUT, H3ydaics ONTHYECKUM TIeTPO-

Kanesa u op.
Kaneva et al.

rpadMuecKUM METOJOM B MPOXOASIIEM CBETE B LIIHU-
¢ax TonmuHoN ~30—-35 MKM € MOMOIIBIO MOJISIPU3ALU-
onHoro mukpockorna Olympus BX-51 ¢ 20-500-kpat-
HBIM JMAITa30HOM yBEJIWYEeHHA, C (PYHKIUIMHU TIPOXO-
JSITIET0 M OTPAKEHHOTO CBETA, OCHAIIIEHHOTO (oTOoar-
naparom Olympus. MccnenoBanuck MopdoreHeTnye-
CKHE OCOOCHHOCTH (paHKAMEHHUTA, €ro IaparcHeTH-
YEeCKHEe acCOLHMALNY, BBISBISINCH B3aMMOOTHOIICHHS
ACCOIMUPYIOMINX ¢ HUM MHHepaioB. OQuH AyOauKar
nutda ¢ CUpeHeBo-cepbiM (paHKaMEHUTOM ObLI ITPO-
KpalleH Mo CIeMUalbHOW METOIWKE, TO3BOJISIOIIEH
Ha KaueCTBEHHOM YpPOBHE ONPEACITUTh MPHUCYTCTBHE
nonoB Ca*" B kapOoHaTtax. HemokphIThii TOKPOBHBIM
cTexyioM g norpyxanu Ha 1 MunyTy B 1%-i1 pac-
TBOP aIn3apHHOBOTO KpacHoro C B OUCTWIIIIMPOBAH-
HO¥1 BoJie ¢ obaBienueM 6 karenb 50% HCI. Kap6o-
HaTBI, copeprkaiue nousl Ca?* OKpanMBaroTCs B IPKO-
PO30BBI LIBET.

XHUMHYECKHUA COCTaB OBLT MPOAHATU3UPOBAH C II0-
MOIIIBI0  DJIEKTPOHHO-30HIOBOTO  MHKpPOAHAIU3aTO-
pa JEOL JXA-8230 (SImonus). YcinoBus pabOTHI IS
koauuectBeHHOoro WDS aHanmu3a BKIIOYAIU YCKOPS-
roee HanpsbkeHue 15 kB, Tok myuka 5 HA u pasmep
msiTHa 20 MKM. JlaHHBIE CKOPPEKTHPOBAHBI C MCIIOIb-
30BaHuEM Tpoleypsl koppekunn ZAF (aToMHBIN HO-
Mep, mnorjoiieHue, Gayopecuenius). CozaepxaHue
H,O 6bU10 paccunTaHo MO pa3HUIIe W 3aTEM YYTEHO B
nporuenype koppekimn ZAF. Bpems cuera mukoBoi
nHTeHcuBHOCTH cocTasmio 10 ¢ mist Ca, Mg, K, F, Si,
Al Fe, Na, Sr u Ba u 20 ¢ ans Ti u Mn. Bpewms cuera
¢ona coctaBuiio 1/2 BpeMeHH cyeTa MUKOB VISl BBICO-
KO- U HU3KOdHepreTuyeckux (GpoHoB. B kauectse cran-
napToB ObUTH MCMONb30BaHkl: nuorncuy (Ca, Mg), ca-
wuauH (K), moopur (F), onmusun (Si), xaneut (Na),
pononut (Mn), StF, (Sr), mupor (Al, Fe) u 6apur (Ba).

Kpucrammaeckas cTpykTypa o0pa3iioB ¢ppaHkame-
HUTa ObUTa M3y4YeHa C HMCIIOJIb30BAaHWEM aBTOMAaTHYe-
ckoro nu¢pakromerpa Bruker AXS D8 VENTURE c
HCTIOJIb30BaHUEM MOHOXPOMATHU3UPOBAaHHOT'O PEHTTe-
HOBcKOTO MoKa u3nydeHust. Y clnoBus pabOThI COCTaB-
nmsu 50 kB u 1 MA. PaGouee paccrosiHue OT A€TEKTO-
pa mo kpucrtamia coctaBmio 40 mm. Ctparerust c0o-
pa JaHHBIX OblUIa ONTHMHU3MPOBAHA C TIOMOIIBIO TTaKe-
ta APEX2 (Bruker AXS Inc) (Bruker, 2007a). [l 3a-
nucH Beeit cdepnl DBanpaa (th, £k, +1) mo Omax ~33°
ObLTa UCTIONB30BaHa KOMOWHAIMS HECKOJIBKHX Ha0o-
pOB BpamieHuil o ® u ¢. V3BneueHne MHTEHCUBHO-
cTell oTpakeHHH M KoppekTtupoBka LP-a¢dexra ObI-
JIU BBITIOJIHEHBI ¢ mioMolbio naketa SAINT (Bruker,
2007b). Kpucranmmueckast cTpykTypa ObLia yTOYHe-
Ha B MPOCTPAHCTBEHHOU Tpymie Pl ¢ ucroiap30BaHu-
eMm nporpamMbl CRYSTALS (Betteridge et al., 2003).
B pesynbTate yTOUHEHUS! KPUCTAIIIMUECKON CTPYKTY-
peI ¢ ucnons3zoBanueM nporpammel ROTAX (Copper,
2002) ObUIO BHISBICHO JBOWHUKOBAHHME C MaTpHIICH
[101, 11 0.5, 001 ], xapakTepHoii st 060X 00pa3-
o CC® (Kaneva et al., 2023) u 3®. 13-3a Hecorep-
IIEHCTBA KPHUCTAJUIMYHOCTH O0O0pasloB pe3ysbTaThl
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PEHTTeHOCTPYKTYPHOT'O HCCIIEIOBAHNS HE TO3BOJISIFOT
noxanuzoBaTh aToMbl H rpynn (OH)™ 1 Monexy:1 BozibI.
KavecTBo KpuCTaIIOB OBLIO TUIOXUM, U MPEACTABIICH-
HBbIE PEe3yNbTaThl SABJSIOTCS HAWIYYIIAMH TOCTE He-
CKOJIBKHX TIOMBITOK cOOpa Au(ppakIInOHHBIX JaHHBIX.
CrieKkTpbl TIOTIIONIEHUS OBLTH M3MEpPEHBl Ha CIEK-
tpodotomerpe Perkin-Elmer Lambda 950 npu komHart-
Holl TemmepaTtype. ChemMKka 3epeH TommuHoi 1.4 MM
MIPOBOANIIACH B PEKUME IMPOIMYCKaHUS B JETIOJISPU30-
BaHHOM cBeTe. CrekTpbl (HOTONOMUHECHCHIIUU Obl-
JIM TTONTy4eHbl Ha criekTpodiroopumerpe Perkin-Elmer
LS-55 npu Bo30YyKIeHNH KCEHOHOBOW ammon. DI1P
CHEKTPBI PETUCTPUPOBAIUCH C TIOMOIIBIO CIIEKTPOMET-

MukpoknuH
Yapout

pa PD-1306 B X-amamazone ¢ gactotoir 9.3841 I'T'1
MpyY KOMHATHOM TeMIiepaType.

PE3VYJIbTATBI UCCJIIEAOBAHUA
N OBCYXJEHUE

Ilerporpadgust 4apouTOBBIX IOPO
¢ ppankamennTOM

[MpusmaTrueckre yUIMHEHHBbIE HIMOMOP(HBIE H
THIAAROMOP(HBIE KPUCTAIIIBI 3€JICHOTO ()paHKaAMEHH-
Ta OCTUTAIOT B ynHY 10 cM mpu mmpune 1.5 X 1.0 c™m
(puc. la). 3eneHbIit GpaHKaMEHUT COJICPYKHUT BBITS-

Puc. 1. ®dororpadus noinupoBaHHOro mMTyGHOro oOpasia 4YapouTOBOM MOPOJBI C 3€JICHbIM (paHKAMEHUTOM (2) U
MukpodoTtorpadun nIHdOB U3 HEro B NPOXoAsIIeM cBere (0—H).

[Monspuzatops! mapatensusl (0, T, €, 3, K, M), HOJISIPU3aTOPBI CKPELIeHSI (B, 1, K, H, JI, H). O0pa3sew npeJocTaBIeH MHHEPaIOri-
YEeCKHM My3€eM TOpHOIPOMBINUIEHHOTO mpeanpuatust AO “baiikankBapcaMoBEeThI .

Fig. 1. Photograph of a polished sample of charoite rock with green frankamenite (a) and micrographs of the thin sec-

tions in transmitted light (6—H).

Polarizers are parallel (6, T, ¢, 3, K, M), polarizers are crossed (B, 1, Xk, 1, 1, H). The sample was provided by the mineralogical mu-

seum of the mining company JSC Baikalkvarsamotsvety.
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HYTbI€ BJIIOJIb Y/UIMHEHHS BKIIIOYCHHUS KBapla M Ya-
pouta (puc. 16-n). B numde npu ckpernieHHbIX MO-
JSPU3aTOpax BO (paHKAMEHUTE OTMEYaeTcs IOJIH-
CHHTETUIECKOE ABOWHHMKOBaHUE (cM. puc. 1m1). B da-
pOUTOBOM HOpoAe Hapsiny ¢ (paHKAaMEHHUTOM BCTpe-
YalTCs MAUOMOP(HBIE M THIUANOMOP(HBIE 3ep-
Ha srupuna 0.3 x 1.0 mm (puc. le—n), oOpa3zyroume
CPOCTKM B BHJIE PagUabHO-TYYHCTBIX M JINH30BH[-
HBIX arperaroB. Taxke oTMeuaroTcs JOBOJBHO KPYyII-
HBIC JIMH30BUIHbIE 000COOJICHHSI MUKPOKIIMHA pa3Me-
pom 4 x 2 MM (cM. puc. le—u), CpOCTKU 3€peH CYIb-
($unoB, NpeuMyIIeCcTBEHHO rajgeHuTa. Kapu npucyr-
CTBYET B BUJE IBYX pasHOBUAHOCTeH (puc. 1xk—i1). On-
Ha [IPeJCTaBIeHa OTACIbHBIMU BBITSHY THIMHU 3€pHAMU,
pazMep KoTopbix He mpesbimaer 0.5 % 2.0 mm. Bro-
past pa3HOBUAHOCTH KBapla NpeacTaBisieT co0oil Me-
KM€ W30METPUYHBIE U CyOHM30METpHYHBIC 3epHa, 00-
pasyroliye JMH30BUAHBIE arperatbl Cpeid 4apouTo-
BOil Macchl. YapouT Takxke oOpasyer JiBe pasHOBH/I-
Hoctu. llepBas mpexacrtaBieHa AJIMHHOIIPHU3MAaTHUe-
CKUMH HeAe()OpPMUPOBAHHBIMU KPHUCTAJUIAMH 4apOH-
Ta, BBITSHYTHIMHU BJIOJIb YIJIMHEHHUS KpHCTaJuia (paH-
KaMeHHuTa. Bropas pa3HOBHIHOCTH YapOUTa OTMEYAET-
cs Ha ynanenuu 0.5-1.0 cM oT ¢paHKamMeHUTa B BU-
ne 1e(opMUPOBAHHBIX JIEHUCT, ACCOLMUPYIOIIUX C U30-
METPUYHBIMU 3EPHUCTBIMH arperarami MHKPOKIMHA
(cm. puc. 1a).

JleHapuTOBBIE arperatel CUPEHEBO-CEPOro (hpaHKa-
MEHHTA JOCTUTAIOT B JIMHY 10—15 cM U cI0KEHBI BbI-
TSHYTBIMH JTOCKOBUIHBIMU 3epHamu (puc. 2a, 6). Ot-
JeNbHbIE 3epHA JOCTUTAIOT B [UIMHY | CM IpHW LIUpH-
He 3 MM. B 4apouToBBIX mOpozaax, conepxamux CH-
peHEBO-cephlii ppaHKaMEHUT OTMEYAIOTCSl KPHUCTAILIBI
KENTOr0 CTUCHUTA, JIMH30BHIHBIE 000COOICHUS Iile-
siouHoro am(pubosa u kBapua (cM. puc. 2a, 0). B 1wu-
(hax cupeHeBo-cephli (PpaHKaMEHHUT TIOYTH OCCIIBETCH
1 UMEET €JI€ YIOBHUMBIA CepOBaTO-KENTOBATBIN OTTE-
HOK (puc. 2B, 1). [Ipu ckpelieHHbIX MoyIsipu3aTopax B
3epHaX OTMEYAETCsI MOJMCUHTETHUYECKOE ABOMHUKOBA-
Hue (cM. puc. 21). LiBera naTepdepeHIMOHHOM OKpac-
Ku (ppaHKaMeHHTa B HUTM(ax TommuHon 30 MKM — Jia-
BaH/aBO-Cephle MepBOro mopsaka (puc. 2r, €, K), B
nutidax TONMIMHON 35 MKM — JKeNThle MepBOro Io-
psanka (puc. 23, M, o). CupeHneBo-cepbiii (ppankame-
HUT HE 00pa3yeT OTYETIMBBIX KOHTAKTOB C YaPOUTOM,
a BHYTPH 3€peH OTMEYAIOTCs MHOXKECTBEHHBIEC BKJIIO-
YEeHUS! JUIMHHONPU3MATUYECKUX KPHUCTAJUIOB YapOu-
Ta, YTO YKa3bIBaeT Ha OJHM3KYIO 10 BPEMEHH KPUCTAa-
nu3anuio ppaHkaMeHUTa W d4apouTa (CM. puc. 2B—e).
B numdax cupeHeBo-cepblii (ppaHKAMEHUT IOUYTH
OecI[BETEH U UMEET eJie YIOBUMBIH CEpOBATO-XKEITO-
BaTHIN OTTEHOK (CM. puc. 2B, 1). [Ipu cKkpeneHHBIX 0-
JSIpU3aTOpax B 3€PHAX OTMEYAeTCs IMOJUCHHTETHYE-
ckoe nBoitHMKOBaHME (cM. puc. 21). LIBera unTEepde-
PEHLIMOHHOW OKpacku (paHKaMEHUTa B HuIM(ax TOJI-
mmHOM 30 MKM — JlaBaHJaBO-CEPbIE IEPBOTO MOPSAKA
(cM. puc. 2 T, e, K), B IIM(ax TOJIMHON 35 MKM —
JKETHIE TIEPBOTO TopsaKa (CM. puc. 23, M, 0). Opanka-
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MEHUT aCCOLMUPYET C TMH30BUIHBIMU arperaTraMy am-
¢ubona (cM. puc. 211, M) U STUHUYHBIMUA CyOHU30MET-
PUYHBIMH 3epHaMu anatuta (puc. 2x). 3epHa hpaHka-
MEHMTa Pa3OUThl ABYMs CHCTEMaMu TpeliuH. PaHHs
3aroJHeHa KBapIeM, a MO3IHSI — KapOoHaTaMH (CM.
puc. 2r, k). B gapoutoBoif mopojie MpOKUIKA KBap-
1a 1 KapOoHaTa MpOCIIEKUBAIOTCS BIOJb CJIaHLIEBATO-
CTH ¥ TUIOMYATOCTH YapOUTOBBIX arperartos. [Ipuuem B
YapouTe OHM OOpa3yroT AOBOJBHO IIHMPOKHE Pa3TyBhI
mmprHOH 710 0.6 MM, B TO BpeMst Kak BO ()paHKaMeHH-
T€ MUPHHA KBAPIEBHIX M KAPOOHATHBIX MPOXKUIIKOB HE
npesermaer 0.02 MM. B mieHTpasibHON YacTh KWL, 3a-
[IOJIHEHHBIX 3€pHaMU KBaplia, BCTPEUYAOTCs BKparuie-
HUS 3epeH KapOoHaTa (cM. puc. 2u, k). Yapour B ac-
COLIMALIUU C CUPEHEBO-CEPHIM (PpaHKaMEHUTOM Ipen-
CTaBJICH CJIAHICBATO-TUIOHYATOH MOP(OJIOTHIECKON
Pa3HOBHUIHOCTHIO. B pe3ynbTare npoieccoB BbIBETPH-
BaHUs (ppaHKaMeHHUT npuoOperaeT OypoBaThlii OTTe-
HOK 32 CYeT NMPHUCYTCTBHS THAPOKCUIOB XKelle3a BIOJb
TPaHMII 3ePEH, TUIOCKOCTEH CITAHOCTH W TPEIIUH (CM.
puc. 2 XK, 1, H).

XHMMHYeCKHIH COCTAaB H KPUCTAJIHYeCKast
CTPYKTYpa

Cpennuii XMUMHYECKUIl cocTaB (OIMpeIeNeHHBINH 110
BOCBMHM TOYKaM) M aTOMHbBIE COOTHOIIEHHUs (mo 12
(Si + Al) xatnonam) (ppaHkaMeHHUTA TIPEACTABIICHEI B
tabm. 1. Cogepxanne Na,O m CaO moutn WACHTHY-
HO COJIEp’KaHUIO B paHee H3yYeHHBIX 00pa3max u3 My-
pyHckoro mectopoxkaenus (Dokuchits et al., 2022; Ka-
neva et al., 2023), B To Bpemst coxepxkanne K,O mis
obpazoB CCD (Kaneva et al., 2023) u 3® Bbime no
cpaBHenuto ¢ anamusamu D.10. Jlokyuuir (Dokuchits
et al.,, 2022). Conmepxxanne F B ykazanHoil pabote
Bapwupyet ot 3.72 1o 5.75 mac. %, a B o6pazmax CCD
u 3@ — o1 4.30 o 4.76 mac. %.

YuutbiBas pe3yNabTaThl  AIEKTPOHHO-30HOBOTO

MUKpOAHAIHM3a U YTOYHEHUS KPUCTAIITHNYECKON CTPYK-
TYpBI, TPEUIOKEHBI CIICAYIOIUE KPUCTALIOXHMHUYC-
ckue (popMyJIbl Il 00pa3loB CUPEHEBO-CEPOTO U 3€-
JeHoro (ppaHKaMeHuTa:
K, 97Bag 01Na, 74Cas osMnyg St 03F€0.01[S111.00A10.01030]
(F5;(OH))-0.64H,0 mma CC® (Kaneva et al.,
2023) u K, ssNay 66Cay 04810 0sMng osF e 05[ S11,05]
(F3.06(OH).4):0.83H,0 — st 3.

CBOIHBIE JaHHBIE 0 MOHOKPHCTAIIAX, TapaMeTpax
YTOYHEHUU CTPYKTYPbI, N30paHHBIC MEKATOMHBIC pac-
CTOSIHHS, a TAK)KE JJAaHHBIC O 3aCEJICHHOCTH KaTHOHHBIX
MIO3UIINN TTPUBEACHBI B Ta0M. 2. [Ipoeknus kprucramim-
YecKOl CTPYKTYphl (hpaHKaMEHHTA BJIOJIb OCH ¢ TIOKa-
3aHa Ha puC. 3a.

Cpemaue paccTossHHS B Si-TeTpadapax HaXOmsT-
ca B mpenenax 1.60(2)-1.64(1) A nns o6pasua CCD
(Kaneva et al., 2023) u 1.55(2)-1.71(1) A nna 3®
(cM. Tabum. 2). YCTaHOBJICHO yIIOBJIETBOPUTEIIBHOE CO-
OTBETCTBUE MEKAY CPEIHUM KOJIHYECTBOM DIIEKTPO-
HOB U CPEJHUMHU MEKATOMHBIMU PACCTOSHUSMH, I10-
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Puc. 2. dororpaduu mtyhHBIX 00pa3IOB YAPOUTOBOI MOPOJIBI C CHPEHEBO-CEPBIM (PpaHKAMEHUTOM (a, 0).

HemnonmposanHbIi 00pasery (a) sBisieTcs COOCTBEHHOCTBIO TOCYJAPCTBEHHOTO MHHEpaIornieckoro Mmysest M. A.B. Cunoposa
HUPHUTY (uomep mo KIT (T'MIK): MMY O® 10691, unBenrtapusiii Homep 13/687). IonupoBanHblit o6paserr (0) IpHHALIECKUT
M.A. Murnukuay Mukpodororpadun numdos B mpoxosieM cBete (B—0). [lomspusatopsl napaienbHs (B, 1, K, U, I, H), T10-
JISIPU3aTOPBI CKpenieHsl (T, €, 3, K, M, 0). IHTepdepeHonHast OKpacka MUHepaIoB Ha MUKpodoTrorpadusx (3, M, 0) COOTBETCTBY-
eT TomuuHe mmda ~35 MKM.

Fig. 2. Photographs of hand-cut specimens of charoite rock with lilac-gray frankamenite (a, 0).

Unpolished specimen (a) is the property of the A.V. Sidorov State Mineralogical Museum of Irkutsk National Research Techni-
cal University (KP (GIK) number: MMU OF 10691, inventory number 13/687). Polished specimen (6) belongs to M.A. Mitichkin.
Micrographs of thin sections in transmitted light (8—0). Polarizers are parallel (8, 1, k, u, 11, H), polarizers are crossed (T, e, 3, K, M, 0).
Interference coloring of minerals in micrographs (3, M, 0) corresponds to a thin section thickness of ~35 pum.
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Tadamnua 1. Cpennuii xumudeckuit cocras (Mac. %) UcciieI0BaHHBIX 00pa3LoB (hpaHKaMEHHUTa

Table 1. Average chemical composition (wt %) of the studied frankamenite samples

Oxcugsr | Mac. % | Juanason |CT. otk | Mac. % | Juanason |CT. OTKI. | AtoMm A.d.e.

30 CCoD 30 CCo

([lannast pabora) (Kaneva et al., 2023) (Jaunast | (Kaneva et
pabora) | al., 2023)

Si0, 5599 | 54.95-56.21 0.53 55.78 | 54.81-57.19 0.35 Si 12 11.99
AlLO; H.m.o. - - 0.04 0-0.29 0.05 Al - 0.01
Na,O 6.40 5.97-7.00 0.42 6.57 6.09-6.91 0.26 Na 2.66 2.74
MgO 0.08 0.04-0.12 0.03 0.01 0-0.03 0.01 Mg 0.03 -
K,O 10.44 9.89-10.92 0.26 10.82 10.62-11.08 0.14 K 2.85 2.97
CaO 21.50 | 21.34-22.08 0.35 21.83 | 21.45-22.15 0.21 Ca 4.94 5.03
TiO, 0.01 0-0.04 0.01 H.mo. - - Ti - -
MnO 0.25 0.20-0.37 0.05 0.42 0.34-0.48 0.04 Mn 0.05 0.08
FeO 0.27 0.25-0.33 0.04 0.07 0.03-0.12 0.04 Fe 0.05 0.01
SrO 0.63 0.49-0.79 0.09 0.28 0.17-0.39 0.06 Sr 0.08 0.03
BaO 0.04 0-0.06 0.03 0.10 0-0.26 0.09 Ba - 0.01
F 4.51 4.15-4.76 0.24 441 4.30-4.61 0.16 F 3.06 3.00
Cymma 100.12 100.33
O=F2 1.90 1.86
H,0 1.76 1.56
Bcero 99.98 100.03

Jy4EeHHBIMHU 10 pe3yJbTaTaM 3J€KTPOHHO-30H/I0BOTO
MUKpOaHaiu3a M CTPYKTypHOro yrouHeHus. Paccro-
STHAE MEXJ/Iy KaTHOHaMU M aHUOHAMH U 00bEM OKTa-
31poB M1 u M8 SBISIOTCS COOTBETCTBEHHO HANOOITb-
ITUMH ¥ HAUMEHBITUMH JIJIs1 00oux 00pa3ioB. B kpu-
CTAJUTMYECKON CTPYKType (paHKaMEHUTa pa3indaroT
JIBa TUMa BHYTpeHHUX nosocteil. Kanan I, BeITSHY-
THIA BAOJNB ocu ¢ (puc. 30), orpaHUYeH BOCBMHUYJICH-
HBIMH TETPAdIPUIECKUMHU KOJBLIAMH, C PACCTOSHUSIMH
MesKIy aToMaMH Kuciopoga ~ 7.4 x 6.1 A; momocts 11,
OTpaHWYeHHass BOCBMHUWICHHBIMH KOJBIIAMU TPOCTH-
paetcst BIoJb ocu a (cM. puc. 3a) U UMeeT Toreped-
Hoe ceuenne ~ 4.8 x 4.1 A (Kaneva et al., 2023). D¢-
(hexTHBHAS MUpHHA (€CW) COOTBETCTBEHHO COCTABIIA-
er~4.7x3.4u2.1x1.4 A (Kaneva et al., 2023), yto
03HAYaeT, YTO M0 KPUTEPHUSIM MUKPOTIOPUCTOCTH TOJIb-
KO KaHas | oTBeuaeT TpeOOBaHMIO MUHUMAIBHOW LU~
punsl 3.2 A. ITonoctu B kanane I gocTatoyHo Kpyn-
HBIE U MOTYT COZIepXkaTh “TOCTeBbIe” aTOMBI (110 paz-
MepaMm cooTBeTcTByomue K n kpymHee) M MOJeKy-
JIBI BOJIBI TTOI00HO MUKPOTIOPHCTHIM MaTepraiaM. Kak
OBUTO yKa3aHO B mpeapiaymiei padore (Kaneva et al.,
2023), na MK-crektpe cupeHeBo-ceporo (paHKame-
HUTA YETKO OTMeUaroTcs KojeOanusax AByX Tumnos OH-
AHMOHOB, MHTEHCUBHOCTH T0JIOC KOTOPBIX Pa3IMYHBIX
00pa30oM YMEHBIIIAOTCS Tpu HarpeBanuu. Habmrogae-
MO€ pa3jIMuyue B JJIMHAX CcBsI3el <KaTHOH—aHUOH> I
nmonmdapos K1 n K2, K3 (cm. tabn. 2) yka3piBaeT Ha
Oomee cmaboe B3amMoelCTBHEe MEXIy KaTHoHOM K1
YW aTOMaMH KHCJIOPO/ia M0 CPaBHEHHIO ¢ KaTHOHAMU
K2 u K3, 4ro 00BsCHsET Hann4ue JBYX THUIIOB KOJe-
0anuit OH-annonos na UK-cnekrpax. Hanmuuue 0omnb-
ol anepTypsl KaHana | obnerdaer ABMKEHUE Yepes

HEe MOJIEKYJT BOJBI M CIIOCOOCTBYET JCTHUApATAIIUH
npu HU3KKX Temneparypax (Kaneva et al., 2020b; Bog-
danov et al., 2021; Kaneva et al., 2023).

IIpupona oxkpacku

Ha puc. 4 npuBeneHbl CIEKTPHI MOTJIOMIEHUS 00-
pasuoB 3® (kpusas /) u CCO (Kaneva et al., 2023)
(xpuBas 2). B oOpasue 3® B criekTpe MOTJIOLICHHUS
HE BBIACTSACTCS HUKAKUX Y3KUX T0JOC M HaOJromaeT-
Csl ”HTEHCHBHOE TJIEY0 B KOPOTKOBOJHOBOM 00J1acTH
CIEKTpa, a TakXKe IIMpoKas mojoca B obmactu 600—
800 am. B obpaszne CCD HabmI0mat0TC TOJIOCHI TT0-
rontennsa B oomacta 405 um u 420 HM U HEOOJIBIIOE
miedo B obnactu 430 HM. [Ipm Bo3OykIeHUU B 00-
JIACTH MHTEHCUBHOTO Kpasl morjiomeHus: oopasua 30
HaOII0AaeTCsl MOJ0ca JIOMUHECIICHIUN C MaKCHMY-
MoM B obnactu 680 HM. KpuBast 3aTyxaHus TFOMHHEC-
LEHIIUU UMEET DKCIOHEHINAIbHYI0 (OpPMY M TOCTO-
SHHYIO 3aTyXaHus nopsiaka 3 mc. Habmomaemas mio-
MUHECIIEHITHS XapakTepHas aus Fe’™ noHos B TeTpa-
3APUYECKOM OKPY KEHHUHU.

Ha puc. 5 mpusenen cnekrp OIIP obpasma 30.
B criektpe DIIP HaGnronaeTcsi HHTEHCUBHBINA CHTHAI,
ces3anHblil ¢ Fe’'. HaOmonaercs mmpokuii 6eccTpyk-
TYpHBII curHan ¢ g-pakropom 2.2, cBsizannbiil ¢ Fe’' B
OKTadIpUYECKOM OKPYXXEHHH, a TaK’Ke MEHee MHTCH-
CHBHBIN curHai ¢ g-aktopom 4.2, cBsizanHblil ¢ Fe**
B HU3KOCHMMETPHYHOM, CKOPEE BCETO B TETpadApHUe-
ckom okpyxernnn (Pathak et al., 2014), a taxxe DI1P
curHan oT Mn?' ieHTpoB B okTasapax. [Ipu aToM, KOH-
LEHTpalus JKeje3a B TETPadJpUUECKOM OKPYKEHHU
He3HauuTeldbHa U coctaBisier Menee 0.01 gopmynb-
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Tadaunua 2. Kpucramiorpaduyeckue JaHHbIC U TApaMETPbl yTOUHEHUsI KPUCTAITMUYECKOM CTPYKTYpbl 00pa3ioB hpaHkame-
HHUTA, TeOMETPHUYECKHE TapaMeTphl (MeKaTOMHbIE paccTosHus (A) B monusapax) u pacnpe/eseHne KaTHOHOB T10 TIOJTHAIPH-
YECKUM IO3HULHSIM, YCTAHOBJIEHHOE C TOMOIIBI0 YyTOUHEHHSI KPUCTAJUTMUECKOH CTPYKTYPBI M XUMHUYECKOTO aHAIN3a

Table 2. Crystallographic data and parameters of the crystal structure refinement of frankamenite samples, geometric para-
meters (interatomic distances (A) in polyhedra) and the distribution of cations over polyhedral positions established using

refinement of the crystal structure and chemical analysis

[Mapametp 30 CCo [Mapametp 30 CCo
(Mannas (Kaneva et al., (Manuas (Kaneva et al.,
pabora) 2023) pabora) 2023)
[TapameTpbl 3JIEMEHTAPHOMN SYCHKH [TapameTpbl yTOUHEHHS KPUCTAIUTHYECKON CTPYKTYPBI
a(A) 10.154(2) 10.093(1) OTtpaxxeHuil, ucrnons3ye- 2408 7437
b(A) 12.797(2) 12.695(1) MBIX B yTOUHCHHUHI
¢ (A) 7.278(2) 7.23478) | (> 300)
a(°) 89.99(1) 89.954(4) Ywuceno yTogHsIeMbIX 544 515
B(°) 110.95(2) 111.043(4) 11apamMeTpos
v (®) 110.26(1) 110.244(4)
V(A% 820.2(3) 803.6(2) R (%) 8.18 3.67
R, (%) 10.00 4.75
S 0.9382 1.0653
CooTHoIIIEHHUE DIIEMEHTOB 0.62:0.38 0.50:0.50 APuin/ APy (€7A%) -0.66/1.24 —-0.48/0.61
JIBOMHUKOBAHUS
MeXaToMHBIE PAcCTOSHNA <KaTHOH—aHHOH> (A) B TeTpasapax
<Sil-O0> 1.57(2) 1.61(2) <Si7-0> 1.71(2) 1.63(1)
<Si2-0> 1.61(2) 1.61(1) <Si8-0O> 1.65(2) 1.64(1)
<Si3-O> 1.55(2) 1.64(1) <Si9-0O> 1.69(2) 1.60(1)
<Si4-0> 1.64(2) 1.63(1) <Sil0-O0> 1.60(2) 1.62(1)
<Si5-0> 1.64(2) 1.60(2) <Sil1-0> 1.64(2) 1.63(1)
<Si6-0> 1.58(2) 1.62(1) <Sil2-0> 1.65(2) 1.63(1)

PacripesiesnieHne KaTHOHOB MO TIOMUYIPUYECKUM HO3HIUAM U MEKATOMHBIE PACCTOSHUS <KaTHOH—aHHoH> (A)
B K- u M-nonmsipax

Ml Nay 6,Cag s Nay 3sCag 105103
<M1—O,F)¢> 2.46(2) 2.44(2)
M2 Cay 3sMny o Cagoo
Feg 0581005
<M2-O¢> 2.38(2) 2.37(2)
M3 Ca,5;Nay 3, Cag ssNag 43
<M3>—(0,F)s> 2.42(2) 2.39(2)
M4 CaysNay 5 Cag76Nayg 53
<M4—(O,F)¢s> 2.39(2) 2.37(2)
M5 Ca,Nay 3, Cay7Nay s
<M5—(O,F)¢> 2.39(2) 2.36(2)
M6 Nag49Cag 47 Cag ssNag 43
<M6—(O,F)s> 2.40(2) 2.39(2)

M7 CaysNayg 5 Cay75sNay 53
<M7—O,F)¢> 2.39(2) 2.37(2)
M3 Cay Nay o3 CayssNay 5,
Mgy 03 Mn sFeq o1
<M8—(O,F)¢s> 2.37(2) 2.36(1)
K1 Ko.90 Ko
<K1-0,0,)s> 3.13(3) 3.10(2)
K2 K.06570.03 Koo
<K2—(0,0,):> 3.02(3) 2.98(2)
K3 Ko.99 Ko09Bag o
<K3—(0,0,):> 3.01(3) 2.98(2)

Hoii eaununbl. B o6pasne CCD B cnextpe DIIP mpak-
THYECKHU He Habmoaasochk curaana ot Fe** (Kaneva et
al., 2023).

[To uBeroBo#i auarpamMmMe (BCTaBKa K puc. 4), pac-
CUNTAHHOW M3 CIIEKTPOB MOIJIOIIEHUS, BUJHO, UTO 3€-
JIeHasT OKpacka oOpasma ()paHKaMEHHWTa BBI3BaHA HH-
TEHCUBHBIM KOPOTKOBOJIHOBBIM IUIEYOM M HaJIM4H-
€M IIUPOKOH OECCTPYKTYpHOU MOJIOCHI MOTJIOIICHHUS
B obmactu 600—800 um. LBeroBrie KoopauHaTh 3D B
cucteme CIE 1931 pasusr (0.35; 0.45) B oTinuue oT

LITHOSPHERE (RUSSIA) volume 25 No.2 2025

CC®, xoopmaunarel kotoporo (0.37; 0.39). B pabo-
te (Kaneva et al., 2023) nonockr noromexus B CCD
ces3anbl ¢ d—d nepexomamu B d° B monax Mn?". Ilo-
JIOXKEeHHE Tojioc mortomenus Mn?" u Fe’* moBoasHO
OJIM3KH MEXITy COOOM, M 3a4acTyio 0e3 JOTOTHUTEIb-
HBIX HCCJICJIOBAHHUH, TOJIBKO IO CHEKTpaM IOTJIOIIe-
HUSI, CIIOKHO CKa3aTh K KAKOMY WOHY OHHM OTHOCSTCS
(Kaneva et al., 2024).

B o6pasne 3P umeercss HEKOTOpasi KOHIICHTPAIHSI
Ti*, TakumM 00pa30M BO3MOXKHBI TIEPEXO/IBI C TIEPEHO-
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Puc. 3. Kpucramumaeckas cTpykTypa ¢ppaHKaMeHHTa B MPOCKIIMU BIONb OCH @ (a) U (PparMeHT KPHUCTAJUTNIECKOI
CTPYKTYPBI B IPOSKLIUH BIOJIb OCH ¢ C arnepTypaMu kaHaina I (0).

Si-TeTpasapsl oKparieHbl B 4epHbIi 1BeT, Ca/Na-1oanspsl — B )KENTHIH. ATOMBI KHCIIOpoa, GpTopa n KaJiust — KpacHbIe, (PHOJIeTO-
BBI€ U 3€JI€HBIE C(Eephl COOTBETCTBEHHO. YaCTHYHO 3aKpalIeHHbIE OeNIbIM IIBETOM C(EphI YKa3bIBAIOT HA BAKAHTHBIEC MOTOKEHUSL.

Ha pucynke (6) ue moxasans atomsr K u H,O.

Fig. 3. Crystal structure of frankamenite in projection along the g-axis (a) and the fragment of the crystal structure in

projection along the c-axis with apertures of channel I (0).

Si-tetrahedra are colored black, Ca/Na-polyhedra are colored yellow. Oxygen, fluorine, and potassium atoms are red, violet, and
green spheres, respectively. Partially white-colored spheres indicate vacant positions. The K and H,O atoms are not shown in the

figure (0).

com 3apsya Fe/Ti, koTopble Kak pa3 UMEHOT IOJIOCHI
nornomenus B obnactu 420 am (Mattson, Rossman,
1988), Takxe B obmactu 340 HM MOKET HAXOAUTCS UH-
TEHCHBHAsI 110JIOCA TIOTJIOMIEHS, CBSI3aHHAS C TIEPEX0-
nmamu ¢ mepenocom 3apsaa Mn/Ti. Hlupokas 6eccTpyk-
TypHasi MOJIOCa MOXET OBITh BbI3BaHA IMEPEXOoJaMH B
noHax Fe?' u nonocamu ¢ nepenocom 3apsina Fe?'/Fe’*,
TaKKe 3Ta M0JI0CAa MOKET OBbITh BhI3BaHA MEPEXOJaMHU
¢ nepenocom 3apsina Fe/Ti (Taran, 2019). Huzkas un-
TEHCHBHOCTH TIOJIOCHI TIOTJIOIICHUSI CBUACTEIHCTBY-
eT 0 MaJoi KOHIeHTpanuu Takux nap. CoriacHo pa-
6ote (Taran, 2019) k mosBIEHNIO XapaKTEPHOH OKpa-
CKH, CBSI3aHHOW ¢ IoJiocaMu TiepeHoca 3apsaa Fe/Ti
npuBOIUT KoHIeHTpanus Ti MeHee 107 hopMysIbHBIX
€JIMHUII.

B o0oux uccnenoBaHHbIX 00pa3iax (ppaHKaMEHH-
Ta IPUCYTCTBYET MapraHell, OJJHAKO UX OKpacKa OTJIHU-
yaercs. bosnee Toro, B 00pasie CCD nabmrogaercs Me-
Hee MHTCHCUBHOE TIIEY0 B KOPOTKOBOJIHOBOM 001aCTH
CHEKTpa W OTCYTCTBYET IIUPOKas MOJIOCHI B 00JIACTH
600—-800 uM B oTiimume ot obpasma 3D.

OI1IP curuan u JroMuHecHEHIAA B 00actd 680 HM
CBHUJICTENLCTBYIOT 0 Hanmuunu Fe*" B Terpasapuueckom
okpyxxenuu B 3@ ¢pankamenute. Bmecre ¢ Tem BO3-
MOKHO Hanmure u Fe?'. Takum 06pa3om 3ereHast okpa-

cka 3@ oOpasua BbI3BaHA HATMUUEM TIOJIOC C TIEPEHO-
com 3apsiia Fe*”/Fe’* B JTHHHOBOJIHOBOM YacTH CIEK-
tpa 1 nonoc Fe/Ti, Mn/Ti B KOpOTKOBOJIHOBOM 00J1a-
CTH CHeKTpa. TeM He MeHee, CIIOKHO CAeNaTh OJHO-
3HAYHBIN BBIBOJ O MPUPOJIE 3€ICHOBATON OKPAacKH 00-
pasua ¢pankamenura 3. [lo-Buanmomy, Ha 1IBET CH-
peHeBO-ceporo (hpaHKaMEHHTa BIIUSIOT TAKKE BKIIFO-
YECHUSl WIOJBbYATHIX KPUCTAIIOB YapoUTa, MPHIAI0-
LIUX CUPEHEBBINA OTTEHOK MuHepaity (Pamomckas u ap.,
2023a, 0).

3AKJIIOYUEHUE

B nanHO#1 paboTe npoBeieHbl CpaBHUTEIBHBIE MOP-
(horeHeTHUECKUE MCCIIETOBAHUS 0COOEHHOCTEH 00pa3-
LIOB TIOPOJ] ¥ MapareHeTHYSCKUX acColManuil panka-
MEHUTA CUPEHEBO-CEPOT'0 U 3€JICHOTO I[BETA U3 IIEJI0Y-
HBIX 10POJ MypyHCKOro Maccuaa.

O06¢e pa3sHOBHUIHOCTH OTIWYAIOTCS TIO0 ACCOIMAIINH
COTYTCTBYIOIUX MuHEpasoB. st 3emeHoro ¢hpanka-
MEHHTA XapaKTepHa HIUOMOpGHAS W THITHIHOMOPH-
(hast hopMa KpHUCTAIIIOB M aCCOLUAIUS C JTHHHOIIPHU3-
MaTHUYECKUM U JICWCTOBBIM 4apOUTOM, UAHOMOP(HBI-
MU KpUCTAJJIAMH 3TUPUHA, JMH30BUJHBIMU arpera-
TaMU MUKPOKJIMHA M 3epHaMu kBapua. CHpeHeBo-ce-
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Puc. 4. Cnextps! nornomenns 3@ (kpusas /), CCO (Kaneva et al., 2023) (kpuBas 2) ¥ CIIEKTp JIIOMHUHECIICHIIUN 00-

pasia 3O npu Bo30yxaeHuu 430 HM.

Ha BcraBke TMPUBEACHBI IBETOBLIE KOOPJAUHATBL 06pa3u013 Q)paHKaMeHI/ITa.

Fig. 4. Absorption spectra of green (curve /), lilac-gray (Kaneva et al., 2023) (curve 2) frankamenite samples and the
luminescence spectrum of the green sample under excitation at 430 nm.

The inset shows the color coordinates of the frankamenite samples.

pBIf  MEHAPUTOBUIHBIA ()paHKAMEHHT AaCCOIMHPYET
CO CJIaHLIEBATO-TNIOWYATBIM YaPOUTOM, JINH30BHUIHbI-
MU arperaramu am¢puooIa u KBapua, BAHOMOPGHBIMA
U TUOUAMOMOPGHBIMH 3€pHAMU CTHCHUHTA U araTHTA.
3epHa cHpeHeBO-ceporo (paHKaMEeHHWTa ObUTM KaTa-
KJa3upoBaHbl. bonee mo3nHue ruapoTepMalbHbIE MPO-
LeCChl PUBEITN K BHEJIPESHUIO M0 TPEUIMHAM KaTaKiia-
3a )KMJIBHOTO KBapIa, a 3aTeM 1 KapooHaTa B 000X 00-
pasmax ¢paHKaMEHHUTA.

XUMHMYECKHE COCTaBbl M3YUYEHHBIX 00pa3LoB pas-
JUYAIOTCS, W yCPEIHEHHbIE KPHUCTAJIOXMMHUYE-
ckue (GopMyJbl BRINIAAT ciemyromuMm obpaszom: K,
07Bag.01Nas 74Cas osMng sStg 03F€0.01[S111.00A10.01030]
(F3(OH))-0.64H,0 nmns  cupeHeBO-cepbIX 00pasloB
(Kaneva et al., 2023) u K, ¢sNa, ¢Cay 04Sr, 0sMny osF e,

LITHOSPHERE (RUSSIA) volume 25 No.2 2025

0s[S112030](F3.06(OH)0.04):0.83H,0 ny1st 3enenoro ¢pan-
KaMEHHTA.

Pa3zmep momnocteil cTpyKTypsl (paHKaMEeHHUTa TIO-
3BOJIICT C/AENATh BHIBOA O TOM, YTO MHHEpAJ CIIOCO-
O€H BKJIIOYAThH JOMOJHHUTENIbHBIE (TOCTEBBIE) aTOMBI U
MOJIEKYJIbI (aHATIOTUYHBIE 110 pa3Mepy, HapuMmep, aTo-
MaM KaJHs ¥ MOJIEKYJIaM BOJIbI), KOTOPbIE MOTYT Hepe-
MeIAaThCsl BHYTPU KaHAJIOB NIPU HAIPEBAHWU MaTepH-
anma. CorylaCHO KPHCTAJUNIOXMMHYECKUM JaHHBIM, pe-
synpratam OIIP u amamu3y criektpoB (oTomromMuHec-
LEHIIH, MOXKHO 3aKJIIOYUTh, YTO 3eJICHOBATasi OKpacka
(paHkaMeHnTa, BEpOATHO 00YCIIOBIICHA IEPEXOAAMU C
nepenocoM 3apsina Fe/Tiu Fe*'/Fe', oqnako TpeOyroT-
csl JalbHeWIe UcciaeI0BaHus Ul POSCHEHHS TIPH-
POIbI 3€JIEHON OKpacKu (paHKaMEHHUTA.
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Puc. 5. OIIP criektp obpasmna 3P (1) B cpaBHeHnu ¢ obpasiom CCD (Kaneva et al., 2023) (2).

Fig. 5. EPR spectrum of green (1) and lilac-gray (Kaneva et al., 2023) (2) frankamenites.
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Obvexm uccaedosanus. Manomenucteiii 6opaut CeBepo-3amagHoro ydactka BomkoBckoro mecropoxaenust (Cpenanit
Ypan). Mamepuanvt u memoowt. O0pa3ipl MeIHBIX Py ¢ OOPHUTOM OTOOPAHBI U3 MPOMBIIUIEHHBIX COPTOB MEIHBIX PYI
B CeBepo-3anagHoM Kapbepe Bomkosckoro Mectoposkaenus. M3ydeHs! cBoiicTBa MaJTOMeANCTOr0 OOPHHUTA B ANHAMHUKE C
UCIIOJIb30BaHUEM ONTHYECKOH MHUKPOCKOIIMU B OTPAKEHHOM CBETE, CKAHUPYIOIIEH AJIEKTPOHHON MUKPOCKOIUH, YHEPro-
JIMCTICPCUOHHOM CHEKTPOCKOITHH, CIIEKTPOCKOITMU KOMOMHAIIMOHHOTO PACCESHUS CBETA; ONTHYECKHE CBOWCTBA aHAIN3H-
POBAIIHCH C TIOMOIIBIO CIIEKTpOCKonHy Auddy3Horo orpakenus. Pezyrvmamet. [lokazano oTcyrcTBue qupGY3HBIX TPO-
[IECCOB B MOBEPXHOCTHBII CII0if 13 00beMa OOPHHUTA C TEUSHHEM BPEMEHH IOCIEe MEXaHHYECKOTO BO3ACHCTBHS, IPH H3-
MEHEHHH MMOBEPXHOCTHU BBISBICHO, YTO COJCPKAHUE HJIEMEHTOB B IPHIIOBEPXHOCTHOM CJI0¢ OOpPHHTA COXpaHsETCs B pe-
Jie7Iax MOTPENIHOCTH U3MEPEHHH METOIOM JHEepProJHCIepPCHOHHON CIeKTPOCKONHU. C MOMOIIBIO CHEKTPOCKOINH AN(-
(y3HOro OTpakeHHs YCTaHOBJICHA NMHAMMKA W3MEHEHMS CBOMCTB IMOBEPXHOCTH MAJOMEIHMCTOrO0 PO30BOro GOpHHMTA.
Bb1600b1. Ha 0CHOBaHNH BBITIOJTHEHHBIX HCCIICIOBAHMIT TPEI0KEH METOANYESCKHIH TOIXO/ ISt pa3pabOTKH KOJTMYECTBEH-
HOT0 TapameTpa JUlsl BbIJIeJICHHs pa3HOBUAHOCTEI OOPHUTA IIPU MUHEPAJIOTr0-TEXHOJIOTHYECKOM KapTHPOBAHUH U IIPOTHO-
3UPOBAHUH MTOKa3aTeNeH epepaboTKH MEAHBIX PY/I.

KuroueBble ci10Ba: cynohuovt meou, 6opHum, onmuyeckue i d1eKmpuiecKue ceotucmed, OUHAMUKA USMEHEHUs. C8OUCTNS,
cynbhuoHbIe MECmOpPOACOeHUs MeOu
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Research subject. Cu-poor bornite from copper ores of Volkovskoye deposit (Middle Urals). Materials and methods.
Specimens with bornite have been sampled from the industrial copper ores at the North-West quarry of the Volkovskoye
deposit. Properties of the bornite have been studied in dynamics with optical microscopy in reflected light, energy dispersive
spectroscopy, Raman spectroscopy; optical properties have been analyzed using diffusion reflectance spectroscopy.
Results. Absence of elements diffusive processes into the subsurface layer from bulk bornite during mechanical treatment
has been demonstrated, at the surface changing the bornite composition stays be saved in the limits of the measurements
accuracy by energy dispersive spectroscopy. The dynamics of surface properties changes for the Cu-poor pink bornite using
diffusion reflectance spectroscopy has been established. Conclusions. On the basis of the study results a new approach to
develop a quantitative criterion for bornite varieties determination for mineralogical-technological mapping and prediction
of processing indicators of copper ores has been proposed.
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deposits
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BBEJIEHUE

[TapareneTnueckue acconuanuyl MUHEPAJIOB Mean
cucreM Cu-Fe-S u Cu-S mmpoko pacnpocTpaHeHbl B
Pa3IMUYHBIX TUTIAX MECTOPOXKIeHWH Menu. Drortanus
SIBJIIETCS. OCHOBHBIM TMPOMBIIIJICHHBIM METOJIOM H3-
BJICUYCHUS CYJIb(HUIOB MM, JJIsi KOTOPOMl TIEPBOCTE-
[IEHHOE 3HAYCHUE UMEET CTCIICHb OKUCIICHUS MUHEPa-
JIOB, B XOJIC KOTOPOI'O M3MEHSIOTCS CBOMCTBA MX IIO-
BEPXHOCTH, BIUstoIUe Ha 3G dekTHBHOCTD (uioTaium
(Tanaka et al., 2021; Tafirenyika et al., 2022; Anekce-
eB | 1p., 2023). Taxke, BecbMa HHTCHCHBHO pa3BUBa-
FOTCS TEXHOJOTHH OaKTePHaLHOTO BBIIIEIIAYMBAHHUSA,
JUTISE KOTOPBIX CTETICHh OKUCIICHUS PYJl TAKKE SBISIET-
Csl BeCbMa 3HAUMMOW. B CBs3M C 3THM aKTHUBHO W3-
YaroTCsl MIOBEPXHOCTHBIC CBOMCTBA CYJIb(DUIHBIX MH-
uepasios (Fullston et al., 1999; Bicak, Ekmekei, 2012;
Chimonyo et al., 2017; Long et al., 2018; Moimane et
al., 2020; Varotsis et al., 2020).

B umeromuxcs crpaBouHBIX Marepuanax (Mwume-
paisl..., 1960; Pamnop, 1962; CnpaBouHuk..., 1988;
Handbook of Mineralogy, 2023) yxka3biBaeTcs, 4TO
CTEeXMOMETPHUYECKUH OOpHUT XapakTepusyercs (op-
mynoi CusFeS,. Onnako, B JEHCTBUTEIBHOCTH, MU-
HepanooOpa3yrolye JIeMEHTh B HEM 4acTO XapakTe-
PHU3YIOTCS CYIIECTBEHHBIMU BapHALUAMHU COJCPIKAHHM
(mac. %): Cu—ot 52 mo 65, Fe —ot 8 mo 18, S — ot 20
mo 27. CornacHo 6oitee panHuUM padoTtam (CaTnaesa u
ap., 1974; Ciobanu et al., 2011, 2017) 3HauuTensHBIC
KoJIe0aHUs COCTaBa MOTYT OBITh O0YCIIOBICHBI MUKPO-
CKONMYECKUMU BKIIFOYCHUSMU JAPYTUX CYJIb()HIOB Me-
1. Jlnana3oHsl Bapualuii BO3MOXKHBIX COCTABOB 0Op-
HUTA OOBSICHSIIOTCS TAK)KE JOBOJIBHO IIIUPOKHUM I1OJIEM
BO3MOJKHBIX COCTaBOB TBEPJbIX PACTBOPOB, MOKa3aH-
HBIX Ha auarpamme Cu-Fe-S (puc. 1), uro O6b110 ycTa-
HOBJIeHO 3KcmepuMeHTanbHO (Yund, Kullerud 1966;
Carbi, 1973; Sugaki et al., 1975). Bapuarun ucxomno
Pa3HOTO0 XMMHYECKOTO COcTaBa OOpHHUTA, IO BCEH BU-
JUMOCTH, U ONPEACISIOT Pa3HBIN XapaKTep OKPaCKu
MIPY U3MEHEHUU IOBEPXHOCTH M 00pa30BaHKUE XOPOIIIO
M3BECTHBIX ITUIEHOK C TaK Ha3bIBAEMOH ‘‘pajly’KHOMU IO-
0exanocTpio”.

B nuteparype ommchIBaroTCs pa3HOBHIHOCTH OOp-
HUTA, IPU OMKUCAHUU KOTOPBIX UCHOJIB3YIOTCA “LIBETO-
BbI€” XapaKTEPUCTUKU. /{151 METHBIX MECTOPOXKICHUI
KpacHOIBETHBIX (hopMaIuii B 30He OOPHUTOBOBBIX Pyl
pasnuuarT po3oBble (¢ m30bITKOM Cu), OpaHKEBbIC
(c nedumurom Cu) U KOpUUHEBBIE OOPHUTHI, 00pa3y-
IOIUE YCTOWYMBBIC MMaparcHETHUECKUE acCOIMAIUU

¢ cynbbunamu Meau. KopuuHeBble OOPHUTHI TIO JIaH-
HBIM OJIHUX HCCIe/loBaTeNiell OJIM3KN K CTEXUOMETPH-
geckomy coctaBy (JIypee, ['abnuna, 1976), npyrue xe
YKa3bIBaIOT HA OYEHBb CYNIECTBEHHBIN AePUINT Mean
(Large et al., 1995).

OpanxeBblid OOpHUT, MM “aHOMaJbHBIN OOPHUT”,
OMKCAaHHBIA B psijic pabOT MO MEAHMCTHIM IECYAHH-
kam (Brett, Yand, 1964; Gehlen, 1964; Sillitoe, Clark,
1969; CarmaeBa, 1985), cumraercs MpU3HAKOM HK30-
ICHHBIX Py, B TOM YHCJIC 30H OKHCJICHHS W BTOPHUY-
HOTO cCymnbduaHoro oboramenus (I'adbmuua, 2008).
B pynnom paiione Kynepmmdep (Ilonpma) ommcan
AHOMAJBHBI OOPHHUT C MPOMEKYTOYHBIM COCTAaBOM
Mexay crexuomerpudeckum Oopautom (CusFeS,) u
nnautoMm (Cu;FeS,). B 3aBucumocTn oT cocrasa B 1o-
PSIKE YBEJIMYEHUS COJCpIKaHUs MEITU Pa3InyaroT 6op-

Wpanut Xanbkonuput

CuFeS,;
@

70

30
10 20 30 40

Puc. 1. ITonoxxeHue coctaBa BOJKOBCKOTO PO30BOTO
6opuuta Ha quarpamme Cu-Fe-S B cpaBHeHHH C py-
TUMHA OOPHUTAMHU.

CuHHII — CBEKETIOIMPOBAHHBIN BOJIKOBCKHI OOpPHHT; 3¢-
JICHBIH — JpKe3KkasraHckuil “x-0opuut” (Carmaepa, 1985);
rony6oit — npupoanblit “anomanbubiii 6opuut” (Sillitoe,
Clark, 1969); kpacHbIi — CHHTE3HPOBAHHbIH “‘@HOMATBHBIH
6opuut” (Brett, Yand, 1964); ¢uoneroBslii — “anomais-
seiid 6opHUT” (Gehlen, 1964); kopu4HEBHIH — “aHOMaITB-
ue1it 6opaut” (Large et al., 1995).

Fig. 1. Position of volkovsky pink bornite composi-
tion on the Cu-Fe-S diagram in comparison with oth-
er bornites.

Blue — freshly polished volkovsky bornite; green —
Dzhezkazgan “x-bornite” (Satpaeva, 1985); light blue —
natural “anomalous bornite” (Sillitoe, Clark, 1969); red
is synthesized “anomalous bornite” (Brett, Yand, 1964);
purple is “anomalous bornite” (Gehlen, 1964); brown —
“anomalous bornite” (Large et al., 1995).

JIMTOCDEPA TomM 25 Ne2 2025



Tlosepxnocmuule c80UCMEA MATOMEOUCTO20 DOPHUMA 8 OUHAMUKE

Surface properties of Cu-poor bornite in dynamics

HUTHI OPaHXEBOH M PO30BOM, BIUIOTH 10 (PHOJETOBOM,
OKpacKkd. BOopHHUTHI ¢ 0oJjiee BBHICOKUM COJAEpKAHHUEM
MEIM XapaKTepHU3yIoTCs OBICTPON OKHCISEMOCTHIO,
MajoMeancThie — MemienHo m3Mmensiorcs (Large et
al., 1995). B pabore (Kocsik, 1981) mpuBoasTcst naH-
HbI€ DJKCIIEPUMEHTAJIBHOTO HW3YYCHUS ‘‘aHOMAaIbHO-
ro Oopaurta” u3 pya Jxe3kasraHa, TpeAroNaraeTcs,
YTO XaJbKOIMUPHUT BBIICISACTCS HE B PE3yJIbTATE pacia-
Jla TBEPJIBIX PACTBOPOB OOPHUTA U XaJBKOIUPUTA MPH
HArpeBaHUM, a SIBISICTCS CIEJCTBUEM BO3JICHCTBHSI BO-
THBIX PACTBOPOB Ha “HOpManbHBIN 60opHUT. Ha Bomn-
KOBCKOM MECTOPOXKIICHUH, TIPUYPOUYCHHOM K TabOpo
MarmMaTu4eckoro KOMIUIEKCa, BCTpEYaroTcs 3 aHo-
MaJbHBIE PA3HOBHUIHOCTH OOPHUTA, UMEIOIIHNE PA3HYIO
OKpacKy — OpaHXeBbIii, po30BbIi 1 GroneToBslii (U30-
utko, 1997; lllymunosa u ap., 2014), Hazpanue K0TO-
PBIX CBSI3BIBAIOT C PA3HOM CKOPOCTBIO U3MEHEHHUU U
KOHEUYHOU oKpackoit moBepxHoctu (Illymumosa u ap.,
2014). Ilpu 3TOM, yKa3bIBaJIOCh, YTO OPAH)KEBEII OOp-
HUT XapaKkTepru3yeTcss HAanOOIbIINM Je(UIIITOM MeIn
(cootHOmIeHNE GopmyIbHBIX equauI — Cu/Fe = 4.65),
B TO BpeMsl KakK (PMOJIETOBBIA U PO30BBIN OOPHUT XOTS
U SIBJISIIOTCSI TOKE MeAb-Ae(UIUTHBIMHU, HO UMEIOT 00-
jee BBICOKOE cooTHoueHue Mean u xkenesa (Cu/Fe =
=4.76). IlonoxxeHne JaHHBIX Pa3HOBUIHOCTEH OOPHU-
Ta OTHOCHUTENILHO YPOBHEW 30HBI OKHCIICHUSI TIOKa SIB-
JISIETCSl HEJIOCTATOYHO TIOHSTHBIM, J1a ¥ B LIEJIOM, 30Ha
OKHCJICHHS METHBIX Py “‘BOJKOBCKOTO’’ THIIA B TaOOpO
SIBIIACTCS CIIa00 U3yUEeHHOM.

BopHHT OTHOCHTCS K OJHOMY W3 Ba)KHBIX IIPO-
MBIIUICHHBIX MUHEPAJIOB MEJH, ISl Psiia MECTOPOXK-
JCHUH OH SIBIISICTCS OJHUM W3 BEAYIIMX KOHLIEHTPATO-
poB Melu, BKJIIOYas KpynHeiee B Poccun Y aokan-
ckoe u BoikoBckoe MecTopokieHus, a Takke Jxes-
kasranckoe B Kazaxcrane (CarmaeBa, 1985; U3outko,
1997; Anekcees u ap., 2023) u apyrue. [Tomumo mpo-
MBIIUIEHHOTO 3HaUYeHUs, OOPHUT HUCIIOIB3YeTCs B Psijie
BBICOKOTEXHOJIOTHYHBIX MaTepHalioB, Ojaromapst 0co-
OBIM TIOJYTIPOBOJHUKOBEIM M MarHUTHBIM CBOWCTBaM
(Qiu et al., 2014; Borgheresi et al., 2018). [IpoBenen-
Hble panee wuccienoBanus (Buckley, Woods 1983;
Vaughan et al., 1987; Harmer et al., 2005; Yang et al.,
2018; Varotsis et al., 2020) ObuTH HaNpPaBJICHbI HA U3Y-
YEHHUE TPOIIECCOB M3MEHEHUS (OKUCIICHHSI) TIOBEPXHO-
CTH OOpHHUTA W €ro BIHMsSHHE Ha 3P(HEKTHBHOCTH Tepe-
paboOTKN MUHEPATBHOTO CHIpbsA. BBLIO MoKazaHO, YTO
OOPHUTY CBOWCTBEHHO OBICTPOE OKHUCIICHUE TIOBEPXHO-
CTH B aTMocdepe BO3[yXa ¢ U3MEHEHUEM €ro OKpac-
KH OT KOPUYHEBO-OPAHKEBOTO IO TEMHO-CHHETO I[Be-
ta. Hanpumep, B padotax (Vaughan et al., 1987; Yang
et al., 2018) ¢ mpumenennem ox»-, MeccOayspoBCKoit
W PEHTTEHOBCKOH (POTOIIEKTPOHHONW CIEKTPOCKO-
1, OBUIO MTOKA3aHO, YTO B XOZ€ OKHCIEHHs Ha IO-
BEPXHOCTH OOpHHUTA OJIM3KOTO K CTEXHOMETPHUYECKO-
My coctaBy (CuyeFe, S,) oOpasyercs mieHka okcu-
THIPOKCHIA JKelle3a 3a cueT OoJiee aKTUBHOT'O OKHUCIIe-
HUS JKelle3a B CTPYKType OopHuUTa. Takxke 0TMedanoch
0 BO3MOYKHOCTH TpeoOpa3oBaHusi OOpHHUTa B Xallb-
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KonupuT W MuHepanbl psga Cu,S-CuS (Yang et al.,
2018).

HecMmoTpsi Ha BCeM U3BECTHYIO CHIIBHYIO OKHCIISIC-
MOCTh OOpHHTa Jaxke B aTMocdepe KHCIopoaa BO3-
nyxa (Yang et al., 2018), ciieqyeT oTMETHUTh HEKOTO-
pBIE€ pe3yNbTaThl SKCIIEPUMEHTOB, KOTOPhIE yKa3bIBa-
FOT Ha HEOIHO3HAYHOCTh ITOHMMAaHUS XapaKTepa OKHC-
nsiemoctd Oopuuta. Tak, Hanpumep, B. Credanosa ¢
coaBTopamu (Stefanova et al., 2004) mpoBenu cpas-
HUTEJIbHBIM aHaIN3 WHTCHCUBHOCTH OKHCJCHHS pa3-
HBIX CYJb(HI0B B 3aBUCUMOCTH OT TEMIIEPATYPHOIO
BO31eKcTBUsA B auana3oHe oT 733 no 1473 K, B nan-
HOM paboTe OBLIO IMOKa3aHo, YTO OOPHUTY TIO CpaBHE-
HUIO C XaJIbKOITUPUTOM CBOHCTBEHHO MEHEE aKTHBHOE
okuclieHue. B To jxe BpeMsi, Mpu HOpMaJIbHBIX YCIOBH-
sIX OOPHUT, HA00OPOT, XaPaAKTEPU3YETCs CYIIIECTBEHHO
00JIee aKTUBHOM OKUCIISIEMOCTBIO.

B nenom, ananus coBpeMeHHOTO COCTOSIHHUSA TPOO-
JIEMBI TTOKa3bIBACT, YTO HECMOTPS Ha CYIIECTBEHHYIO
BaXHOCTh XapakTepa W3MEHEHHs TOBEPXHOCTHBIX
CBOWCTB OOpHHTA, HA TAHHBII MOMEHT HET (PyHIaMeH-
TaJBHOTO MTOHUMAaHUS 3aKOHOMEPHOCTEH TTOBEPXHOCT-
HOTO OKHCJICHUs OOpHHTA IJIs1 U3BECTHBIX €0 Pa3Ho-
BujHOCTeH. bonbmias yacte paboT, MOCBSIICHHBIX
CBOICTBaM OOpHHUTA BBIMIOJHEHA HA OCHOBE MU3yuYCHUS
crexuomerpuueckoro munepaia (Mikhlin et al., 2005).
B 10 e Bpemsi, IIMPOKO U3BECTHO 00 “OpaHkKeBOM”
WU, TaK Ha3bIBAEMOM, ‘X-OOpHHUTE”, KOTOPBIA NUMEeT
aHOMaJBbHO HH3KOE cojiepxanue menu. Hecrexmome-
TpudecKuii OOpHUT BcTpedaeTcs B J[Ke3kasraHCKOM,
VnokanckoM, CyxapuxuHCKOM, BOJIKOBCKOM MeCTO-
pOXIeHUsIX, pyaHoM nojie Peiin6oy u ap. (M3outko,
1997; T'abnuna, 2008; lymunosa u ap., 2014). Ilo-
BEPXHOCTHBIC CBOWCTBA aHOMAaJIbHOTO OOPHUTA OCTa-
FOTCSI HESICHBIMH, MPH M3YYCHHH 3TOI0 MUHEpaia BCe
WICCIIEIOBATENH CTAIIKMBAIOTCS C €r0 CHIIBHON M3MEH-
YUBOCTHIO, UTO 3aTPYIHSET TaXKe caM MPOIECC ero U3-
YYeHUSs C MPUMEHEHHUEM Pa3HBIX METOIOB.

B cBs3u ¢ BBINIEO003HAYCHHON MPOOIIEMOit B JaH-
HOW paboTe MBI BIIEPBBIC PUBOJUM PE3YJIBTATHI U3Y-
YECHHMSI IOBEPXHOCTHBIX M3MEHEHUI aHOMaJIbHOTO (Ma-
JIOMEJTUCTOr0) OOpPHUTA HA MPUMEPE TaK Ha3bIBAEMO-
ro “po30BOro OopHUTA” — OHON M3 HAMOOJIEe pacIpo-
CTpaHEHHBIX Pa3HOBUAHOCTEN Ha BoJKOBCKOM MecTO-
poxxnennn (Cpemgauit Ypan, Poccus). Llenpio manHOM
paboThl SBISETCS aHAM3 TOBEPXHOCTHBIX CBOMCTB
MaJOMEANCTOr0 OOPHUTA AJIsl BBIACHEHUS BPEMEHHOTO
WHTEpBajia U3MEHEHHIA C MCIIOJIb30BAHUEM KOMILIEKCa
COBPEMEHHBIX CIEKTPOCKOIUYECKUX M MHKPOCKOIIH-
YECKHUX UCCJIEIOBAHUM.

METO/IbI UCCJIEJJOBAHUI

Jus uccnemoBaHuii o0pasisl ¢ BUANMON OOpHH-
TOBOH MUHepanu3aluell B pyJOHOCHOM rab0po ObLIH
oTo0OpaHBbI B IeiicTBYIOIEM Kapbepe Ha CeBepo-3amnaj-
HOM yuacTke BosikoBckoro Mectoposkaenus (Cpeanuit
VYpan). s uzydeHus: xapakrepa U TUHAMUKHA HU3Me-
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HEHHS TIOBEPXHOCTH M3 ITY(HBIX 00pa3oB ObLTH 13-
TOTOBJICHBI IOJINPOBAHHBIC ITACTHHBI (aHILTH (BT, KO-
TOpbIE OBUIH U3YUYEHBI C IPUMEHEHNEM KOMILIEKCa Me-
TOJIOB.

[lepBuyHas MOIMPOBKA TOBEPXHOCTH MPOBOIUIIACH
B TeyeHrne | MuH ¢ momomibio abpasuBa Al,O; kpyrm-
HocThio yacTull 0.3 MKM, 3aTeM 00pasel MoMelacs
B yJIbTPa3BYKOBYIO BaHHY JJISl OYUCTKH MOBEPXHOCTH
OT OCTAaTKOB a0pa3uBa M MHHEPAJIbHOM KPOLIKH (Bpe-
Msi 00pabotku 15 ¢). [anee, npu NpOBEJICHUN aHAIIH-
TUYECKUX HCCIICJOBAHUN B IMHAMUKE MTPOU3BO/IMIIACH
3a9UCTKA MOBEPXHOCTHOTO CIJIOSI TOJIMPOBAHHOW TIO-
BEPXHOCTH BCYXYIO HETIOCPEICTBEHHO Tepes] CTapTo-
BBIMH M3MEPEHUSIMH ITyTeM PYYHOH TOJIHPOBKHU B Te-
yerne | MuH ¢ momMokio abpazuBa Al,O; KpyImTHOCTBIO
0.3 mxm. M3yuenue cBOWCTB OOpHUTA TPOU3BOIUIOCH
B JJMHAMHKE, BEIOOp BPEMEHHOTO MHTEpBAJIa aHAIUTH-
YECKHX MHCTPYMEHTAIBHBIX HCCICAOBAHUN OBbLT Clie-
JIaH C YYETOM pe3yJbTaTOB IPEJBAPUTEIbHBIX BHU3Y-
ANBbHBIX HAOMIOZACHUN M3MEHEHHs XapaKTepa OKpacKu
CBEKETIOINPOBAHHOW MOBEPXHOCTH OOPHHTA C ITOCTE-
MIEHHBIM YBEIMYCHUEM HHTEPBAIIOB H3MepeHU. Mex-
Iy U3MEPEHUSIMH COOIOAATNCh CTAOUIIBHBIE YCIOBHS
TEMIIEPATYPhI U BJIAXHOCTH (CTaHIIAPTHBIC YCIOBHS —
arMocdepHoe namieHue, Temiepatypa 20°C, Biax-
HOCTH Bo3ayxa 20-25%).

CTpyKTypHBIE OCOOCHHOCTH aHAJIN3MPYEMbIX 00-
pasloB HW3y4YeHBl C NPUMEHEHHEeM pPEeHTTeHO()a30Bo-
ro aHajgn3a MOHOMHHEPAIbHBIX (QpakIuii OOpHUTA Ha
mudpakromerpe Schimadzu 6000 (Snonus) Ha men-
HoM u3nydyernu npu 20°C B auamnazone 2—70° (mar —
0.05°, Bpems skcro3uiuu — 5 ¢), (ananutuk b.A. Ma-
keeB). s omnpejenieHUs] CTPYKTYPHBIX OCOOEHHO-
creil bopHUTa 00pPabOTKA PEHTTEHOTPaMM IPOBEICHA
o Metoxy PuTBenb/ia ¢ MOMOIIBIO MaKeTa MporpamMmm
FullProf (Rodriguez-Carvajal, 1993).

DJIeMEHTHBI COCTaB OOpHWTA ONpEIeseH C WC-
MOJIb30BAaHUEM DHEPrOJUCIEPCHOHHOTO CIIEKTPOME-
tpa VEGA 3LMN, INCAENERGY 450, coBmenieH-
HOTO CO CKaHUPYIOUIUM SJIEKTPOHHBIM MUKPOCKOIIOM
VEGA 3 TESCAN (Tescan, Uexus). Y cnoBusi 2HEpro-
JUCTIEPCUOHHOTO MUKPOAHAIN3a: YCKOPSIOIee Halps-
xenne — 20 kB, cuna Toka — 0.25 HA, UHTEHCUBHOCTD
mydka — 16, pabouee paccrostHue — 15 MM, Torpernr-
HOCTB OTIPEJIENIEHUsI COCTaBa 2G cOCTaBIsieT (Mac. %):
Fe—-0.16, Cu—0.39, S—0.17. Mcnnonp30BaHHEIC CTaH-
napTel — camopoHble MeTayutel Cu u Fe, B xauecTBe
CTaHAapTa S HUCHONb30BaH cynbhua xenesa FeS,.
MuxkpoaHanu3 NPOBOJWICA Ha CBEKEMOJUPOBAHHON
W U3MEHEHHOH TMOBEPXHOCTH OOpHUTA B TOW e TOY-
Ke aHan3a. YTIIepOAHOE HaIbIJICHHE HAHOCHIIOCH Cpa-
3y TOCTIe TIOJMPOBKHU TPU aHAIIM3E CBEXETOIMPOBAH-
HOW TMOBEPXHOCTH, MPU HCCIIECTIOBAHUU H3MEHEHHOU
MTOBEPXHOCTH — Ha N3MEHEHHYIO MTOBEPXHOCTb.

Ananu3 (a30BOro COCTOSHHS CBEKEIOJUPOBAH-
HOW M M3MEHEHHOH MOBEPXHOCTH OOPHUTA H3YydaJCs
C NPUMEHEHHEM CIEKTPOCKONMNH KOMOWHAIIMOHHOTO
paccesinust cBeta Ha criekrpoMerpe LabRam HR 800

Mopoxun u op.
Morokhin et al.

(Horiba Jobin Yvon). MoiiHOCTb BO30YkIAIOIIETO W3-
nmyaennss He-Ne mazepa (633 uM) Ha oOpasliie cocTaB-
nsuta 0.15 MBT, pemmerka MoHOXpoMaTopa — 600 /M,
CreKTpanbHbIHi auamna3on — 100-1000 cm!, ciekTpaiis-
HOE pasperreHne — okoio 1 cM', KoH}OKaIbHOE OT-
Bepctue — 500 mxM, mens — 100 MKkM, BpeMs 3KcHo-
3unun — 20 ¢, KOJIMYECTBO LUKJIOB HAKOIUICHUS] CHT-
Hana — 30 (cymMMapHOe BpeMs HAKOIUIEHHS CHUTHa-
na — 5 muH). [Ipu 00paboTke paMaHOBCKHUX CIIEKTPOB
(onpezesneHue MOJIOKEHUSI MAKCUMYMOB, TIPUBEJICHHE
K 0a30BOil JTMHHMH, HOPMAJIM3AIMsI) HCIIOJIb30BAIACH
crangaptHas mporpamma LabSpec 5.36.

[IpenBapurenbHas XapakTepUCTUKA IIJIGHOK U3-
MEHEHHUS! OOPHHUTA BBHINOJIHEHA C MOMOIIBIO OITHYE-
CKOW MHUKPOCKOITMH B OTPaKEHHOM CBETE (MUKPOCKOI
[MOJIAM-215, JIOMO, r. Cankr-Ilerepoypr, Poccus).
Jlyis  neTanbHBIX UCCIIEAOBAaHUN TIOBEPXHOCTH ObI-
JM BHIOPAHBI aHIUTH(BI TUIOIAIbI0 0KOJIO 1 cM? (pa3-
Mep miacTuH okoso 10 mm X 10 mMm), cocrosimue U3
CIUIOLIHBIX (MAaCCHUBHbBIX) MOHOMHUHEPAIbHBIX BbIJEIIE-
HAN OOpHUTA “pO30BOI” pa3HOBHIHOCTH. ONITHICCKHE
CBOHCTBa OOpHUTa MCCIENOBAIMCH Ha CHEKTPO(OTO-
metpe Schimadzu UV 2600i, ocHameHHOM HHTErpH-
pyroteii chepoii ISR-2600, chemka npou3BOAUIACH
MIpY HOPMAJIbHBIX YCJIOBUSAX (IIPU KOMHATHOM TemIie-
paType, BIaxXHOCTb Bo3ayxa 20-25%), criekTpsl CHU-
MaJIMCh CIyCTAd SaI[aHHLIﬁ nepruo ] BpEMEHH, OTCUET
BPEMEHH IPOMU3BOAMIICS C MOMEHTAa IOJIMPOBKH IIO-
BEPXHOCTH, MEXKJLy CbeMKaMU COOIOAATUCh CTa0MIIb-
HBIE YCIIOBUs XpaHeHus o0pa3noB. CrexTpbl auddys-
HOTO OTPa)KEHHUSI CHUMAJIMCh B JUAara3oHe JJIHH BOJH
200-900 uM c marom 0.5 HM.

PE3VYJIbTATBI UCCJIEJJOBAHU A

PentrenodgazoBbliii anaau3. MeTo1oM MOPOIIKO-
BOH PEHTIC€HOBCKON IH(PPAKTOMETPHUH yCTAHOBIEHO,
4TO0 “p0O30Bas” Pa3HOBHIHOCTH OOpPHHTA Ipe/ICTaBIIe-
Ha HU3KOTEMIIEpaTypHOI opTopoMOnYeckoii Moanuu-
Kanued. DKcleprUMeHTalbHas peHTTeHorpaMMa OIH-
CBIBAETCSl MPOCTPAHCTBEHHOM Tpynmoil Phca. CTpyk-
TypHBIE ITapaMeTphI OIpeIeIeHbl MeToA0M PutBenbaa,
TIpe/ICTaBICHbI Ha pHUC. 2.

Buaumble uM3MeHeHHs] NOBEPXHOCTH OOPHUTA.
B xone nccienoBanmii 00HAPYKEHO, YTO TTOJIHPOBAH-
Hasi IOBEPXHOCTb OOPHUTA B HOPMAJIbHBIX YCIOBHSX
JOCTaTOYHO OBICTPO U3MEHSITCS OT OPAHKEBOIO J10 PO-
30Boro ngera. Cpa3y mocie MOJIMPOBKH MOBEPXHOCTh
B OTPaKEHHOM CBETE€ HMEET OpaHKEBYIO OKpacKy
(puc. 3a), koTopas B T€YeHHE CYTOK HAuYMHAET TYCK-
HETb, a CITyCTA 3 CYTOK U3MEHEHHE OKPAcKH Mpruoope-
TaeT HanboJIee HHTEHCUBHbIE U3MEHEHHUS, IIPOSIBIIACT-
CsT 3aMETHO PO30BEIH IIBET OBepXHOCTH (pHC. 30).

Onrtuyeckue cBoiicTBa. AHANKU3 BIMSIHUS IOBEPX-
HOCTHBIX M3MEHEHHH OOpHUTa HAa ONTHYECKHE CBOK-
CTBa B JIMHAMHUKE MPOU3BENEH C IMOMOIIBIO CIIEKTPO-
ckonuu U dy3HOro oTpaxkenus. JlJisi BEISICHEHUS OII-
TUMAJIBHOTO TIE€PHO/A BBISIBIICHUS Hayalla OIIyTHMOTO

JIMTOCDEPA TomM 25 Ne2 2025
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Puc. 2. DkcnepyMeHTaNbHast U TEOPETHYECKash PEHTIEHOTPaMMbl OOPHUTA M PE3yJIbTUPYIONIasl KpUBasi UX CpaBHe-

nust (o6pazer; C3K-17).

Fig. 2. Experimental and calculated X-ray diffraction patterns and their difference profile for Cu-poor bornite (sam-

ple SZK-17).

Puc. 3. Mukpodororpadun monupoBaHHOH TOBEpXHOCTH OopHHTA (Oe3 aHanmn3aropa), odpazer; C3K-17.

a — CBEXKETIOIMPOBAHHAS TIOBEPXHOCTH CPa3y MOCTIe MOINPOBKH (OpaHKeBasi OKpacKa); O — M3MEeHEeHHast HOBEPXHOCTh, CIYCTs 3 Cy-
TOK TIOCJIE TIOJTMPOBKH (po30Basi okpacka). OTpaxeHHBIH CBET. Bn — GOpHHT, Ap — amaTHT.

Fig. 3. Microphotographs of the polished surface of bornite (without analyzer), sample SZK-17.

a — freshly polished surface immediately after polishing (orange coloring); 6 — modified surface, 3 days after polishing (pink colo-

ring). Reflected light. Bn — bornite, Ap — apatite.

OKHCJICHUS! OOpHHTA aHAIN3 MOBEPXHOCTH MPOBOIHII-
CSl C TIOCTETICHHBIM YBEJMYEHHEM BPEMEHHOTO MHTEp-
Baya mociie noiauposanus. [lo cnekrpam nuddys3Horo
OTPaXXEHUsI BUJHO, YTO MaJIOMEIUCTbIH OOPHUT MOTJIO0-
IIaeT BO BCell 00JIacTH uccaeayeMbIX UTHH BOTH 200—
900 u™m (puc. 4a). MUHIMYM OTpa)X€HHsI, COOTBET-
CTBYIOIIMH MakCHMAJbHOMY IOTJIOMICHHIO, Ul CBeE-
KETIOJIMPOBAHHOTO OOpHUTA HaxoAUTCs TpH 450 HM H
MOCTENIEHHO CMEUIAeTCsl B JJIMHHOBOJIHOBYIO 00JIaCTh
1o 465 um no ucreyenuu 3 cytok. Cryers 1 rox cme-
[IeHHNEe TIPONCXOIUT CYIIECTBEHHO MeieHHee 10 S00—
510 am (puc. 40).

CocTaB NpUIIOBEPXHOCTHOIO ¢J10s1 OopHuUTAa. Pa-
HEe CUHUTAJIOCh, YTO MPH MOJIUPOBKE NPOUCXOAUT BbI-
HOC Meau u ee nocneayromas Audys3ust K HTOBEPXHO-

LITHOSPHERE (RUSSIA) volume 25 No.2 2025

CTH W3 TIyOWHBI 00pa3iia K HapyIIEHHOW MMOBEPXHO-
CTH, YTO JJOJIKHO OTPAXKaThCS HA U3MEPSICMOM COCTABE
(JIeun, 1986; Jlepun, Kotensuukos, 1986).
CornacHO TMONydYeHHBIM HaMH JaHHBIM HHEpro-
JTUCTIEPCHOHHON CIEKTPOCKOTIMH BOJIKOBCKHN 0OOp-
HUT XapaKTEepPHU3yeTCsl CYIIECTBEHHBIM JIe(MUIIUTOM
Mermn Cuyg 4s3F€1 0010354 (cTexuomerpuueckuii co-
craB orBeuaetr Gopmyine CusFeS,) u cmabo 3ameTHbI-
MU BapHaIUsIMU JAHHBIX aHaJu3a JIEMEHTHOTO CO-
CTaBa B XOJI¢ M3MEHEHUS IPHUIIOBEPXHOCTHOTO CIIOS
O6opuuTta (Tabm. 1). CBeXemoMMpoBaHHBI OOPHUT CO-
JEP’)KAT HEMHOTO MEHbIIe Meau (B cpemueM a0 62.09
Mac. %) 0 CpaBHEHHIO C M3MEHEHHBIM — B CPEIHEM
62.57 mac. %. Habnronaercst HeOONBIIIOM, HO YCTORYH-
BBIH, M30BITOK KeJie3a BO BCEX MPOBEACHHBIX aHAIH3aX
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Puc. 4. Cnextpsl auddy3Horo orpaxkeHus 1Jisi Mmaiomeauctoro dopuuta (oopaszen; C3K-17) B 3aBucuMocTH 0T Bpe-
MEHH I10CJIC MTOJIUPOBAHHUS ¢ (@), 3aBUCUMOCTH [UIMHBI BOJHBI P MUHUMYME nud(y3HOTO oTpaxeHus (R,,;,) s 00-

pasmoB C3K-16 u C3K-17 nocie nonupoBanusi (0).

Fig. 4. Experimental diffusion reflectance spectra for Cu-poor bornite (sample SZK-17) as a function of time ¢ after
polishing (a), Wavelength at minimum diffusion reflectance (R,,;,) as a function of time after polishing for SZK-16

and SZK-17 (0).

Tabauna 1. XapakrepucTtuka coctaBa OOpHHUTA O JaHHBIM 3HEProJUCIIEPCHOHHOTO MUKPOAaHAIN3a

Table 1. Characterization of bornite composition according to energy dispersive microanalysis data

[ToBepxHOCTH 0Opa3ua XuMHYecKuii cocTaB bopHHTA, Mac. % DMnupudeckas
OopHHTA (KOJINIECTBO Cu Fe S o} Cymma bopmymna
AHAJTM30B)
CeexenonupoBanHast (8) | 61.71-62.81 | 11.42—11.58 | 25.64-26.26 0.27-0.46 |99.47-100.45 | Cuyyg Fe, S,
62.09 11.54 26.05 0.36 100.05

V3meHeHHas moBepx- 62.28-62.95 | 11.45-12.03 | 25.55-26.04 | 0.25-0.45 |100.10-100.64| Cu,gsFe 3S,
HOCTB, CITycTs 72 yaca 62.57 11.64 25.85 0.34 100.41
TOCTIC TTOTUPOBKH (8)

V3meHeHHas moBepx- 62.27-63.38 | 11.20-11.72 | 25.86-26.07 0.45-0.72 |100.20-101.39| Cu,gFe, Sy
HOCTB, criycTs 1 roj (8) 62.70 11.47 25.94 0.55 100.67

[Ipumeuanue. B uncnurene ykazaHsl pesienbl COACPKaHUMN, B 3HAMEHATEIIE — CpPE/JHEE 3HAUCHUE.

Note. In the numerator are the content limits, in the denominator — the average value.

6opuuta — 0.3-0.5 mac. %. Ilpu npoBeaeHur MUKpO-
aHajaM3a Ha M3MEHEHHOH MOBEPXHOCTU ciycTs | rox
He ObUIO0 OOHApyKEHO CYLIECTBEHHBIX M3MEHEHHH B
H3MEPSIEMOM COCTaBe, B CPEAHEM COJEPKAHHUE MEIH
cocrasisier 62.70 mac. %, pu 3TOM, U30BITOK Kee-
3a Haxomutcs B ipeaenax 0.1-0.6 mac. %. Taxxe B xu-
MHYECKOM COCTaBe OOPHHTA IMTOCTOSTHHO OOHAPYIKHBA-
€TCs PUCYTCTBUE HEOOIBIIOTO KOTUIECTBA KHCIOPO-
Jia, cpa3y Irociie NoaupoBKU — B cpenHeM 0.36 mac. %.
[Ipu n3MeHeHnn NOBEPXHOCTH CITyCTs 72 yaca coaep-
YKaHUe KUCIOPOAa MPAKTUIECKH HEe MeHsIeTcs (B cpel-
HeMm 0.34 mac. %), Tem He MeHee, crycTs | rog G0pHUT
XapaKkTepu3yeTcss HECKOIBKO OOJBIIUM COJIEpKAHUEM
kuciaopoaa — B cpeaneM 0.55 mac. %. Takum oOpaszom,
HCXOJ M3 TOJMYyYEHHBIX MaHHBIX MeTomoM DJIC, He-
CKOJIBKO 3aMETHBIMU BapHalMSIMH B IPUTIOBEPXHOCT-

HOM cJIoe OOpHHUTA OTIMYAETCS COAEepKaHUe MEIH, HO
OHO TPaKTHYECKH YKJIaJbIBa€TCS B MOIPEIIHOCTb H3-
MEpPEHHI1; OTHOCUTENBHBIE COACPKaHUs KeJe3a U ce-
PBI OCTAIOTCS MPAKTHYECKH HEM3MEHHBIMH.

CrenoBaTenbHO, HA OCHOBE SHEPTOAUCIIEPCHOHHO-
ro0 MUKpPOaHAJIN3a, UMEIOIIEro TIyOHHY MPOHUKHOBE-
HUS N3Iy4eHus 1 cOopa CUrHaja Mopsiika S5 MKM, C Te-
YEHUEM BPEMEHH B XOJl¢ MIOBEPXHOCTHBIX N3MEHEHUH
MaJIOMEJMCTOr0 OOPHUTA MHUTPALIUM MEIU HIIH XKelle-
3a He HaOogaeTcs. BeposiTHO, 3TO CBSI3aHO € TE€M, 4TO
B Oosiee paHHHX paboTax, B KOTOPBIX OMHCHIBAJICS MU-
rpauuonsblid d¢dext (JleBun, 1986; Jlesun, Korenb-
HUKOB, 1986) Hcmonb30Baioch CYIIECTBEHHO Oolee
MOIITHOE 00JTy4eHrne 00pa3oB IEKTPOHHBIM ITYYKOM,
Ha 2 NOpsIKAa HHTEHCUBHEE 110 CPABHEHUIO C MCIIOJIb-
30BaHHBIM B HaIlel padore.
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®a30BbIii aHAJIU3 IPHUIIOBEPXHOCTHOIO CJIOH.
B cnekTpe cBexenoarMpoBaHHOH MOBEPXHOCTH Oop-
Huta (puc. 5) HabOmromaroTCA TIaBHBIE MOABI 294 un
342 cM!, KOTOpBIE TaK YKe XOPOIIIO COTTIACYIOTCS C M3~
MEHEHHOH MOBEPXHOCThIO criycTs 3 cyTok. [lomyuen-
Hbelii KP-cniekTp M3MEHEHHOH MOBEPXHOCTH OOpHH-
Ta cnycTs | rox xapakrepusyetcs nonocamu 294 (ca-
Mast HHTeHCHBHast), 266, 322, 353 u 476 cm . Koneba-
Hust ipu 476 cM!' 1 HeOoubIas nosoca npu 266 cm !
COOTBETCTBYIOT KojebarenbHoil Mome mojockl Cu-S
koBesutiHa. [Tomocer 294, 322 u 353 cm ! npunuceiBa-

o1 xanpkonupury (Mernagh, Trudu, 1993; Parker et
al., 2008, 6a3a qanupix RRUFF), B uactHOCTH KOJIEOa-
tenbHOM Moze Fe-S xanpkonupura (White, 2009).
Juia BeIsiBIEeHUs1 ()a30BOTO COCTOSIHHSI N3MEHEHHO-
T'O MMOBEPXHOCTHOTO CJIOS HAMHU IPOBEIEHO CPaBHEHHE
KP-cnekrpos okcunoB meau CuO, Cu,O, OKCHI0B Ke-
ne3a Fe;O,, Fe,0; u rugpookucios xeneza FeO(OH),
FeOOH co cnextpom Oopuura. [lomydyeHnHble crek-
Tpbl KP-criekTpa OOpHUTA MBI COMOCTABUIIM CO CIICK-
Tpamu okcujoB Meau. Kak BuaHo Ha puc. 5, Haubo-
Jiee MHTEHCUBHAS 110J10Ca B CIIeKTpe TeHopuTa 294 cMm !
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Puc. 5. PamMaHOBCKHIA CIIEKTP CBEXKETIOTUPOBAHHOTO (OPAaHKEBBIN) U U3MEHEHHOTO (PO30BBIi, (HOJIETOBBIN) OOPHHU-

ta (oopazer; C3K-17).

Fig. 5. Raman spectra of freshly polished (orange) and altered (pink, purple) bornite (samples SZK-17).
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10 TOJIO’KEHUIO COBMAaeT ¢ OAHOM M3 OCHOBHBIX ITO-
JIOC B CTIEKTPE CBEKEMOIMPOBaHHOTO OopHUTa. M3 Ue-
T'0 HeJb3sI UCKIIFOYNTH, YTO B IIPUIIOBEPXHOCTHOM CJI0€
MaJIOMEIUCTOr0 OOpHUTAa MOXKET HPUCYTCTBOBAThH
CuO, omgHako, TOYHAS AUATHOCTHKA (Pa30BOTO COCTOS-
HUSI IOBEPXHOCTHOT'O CJIOS HE IPEICTaBISIETCS] BO3-
MOKHOM ¢ mpuMmeHeHuem KP crnekTtpockonuu BBUIY
OUY€Hb TOHKOM MJIEHKH U3MEHEHUSI.

OBCYXJAEHUE PE3VYJIbTATOB

HN3menenue moBepxHocTu 6opHuTa. [Ipunosepx-
HOCTHBIE TIPOLIECCHI M3MEHEHHMsS OOpHHTa CBS3bIBA-
IOT C Pa3HbIMH BO3MOXXKHBIMHM IPUYMHAMU — OKHUCIIE-
HUEM IOBEPXHOCTH, MEXaHHYECKOW IEe3MHTETpaLuei
npu MpoOOMmoAroToBKe M TUdQy3ueil B mMpUIoBepx-
HoctHOM cioe (Buckley, Woods, 1983; Jlesun, 1986;
Vaughan et al., 1987).

[Ipeamnomnaraercs, 910 OMHUM U3 (PAKTOPOB, BIIHSIO-
LIMX Ha CKOPOCTb OKUCJICHUsI OOPHMTA, ABISIETCS €TO
xummdeckuii coctaB (Vaughan et al., 1987), B wact-
HOCTH, OBUIO OTMEYEHO, YTO OBICTPHIA d(hdekT n3me-
HEHMS TIOBEPXHOCTU OOpHHMTA HAOIIOAancs NpU He-
00JIBIIOM U30BITKE KATHOHOB, YeM TIPU UX JICPUIIHUTE.
OpankeBblli [BET MOBEPXHOCTH ‘‘@HOMAaJBHOTO OOp-
HUTA” SBIISIETCS PE3YJIbTATOM 3aMEIJICHHOTO d(dek-
Ta W3MEHEHHs (OKHCIICHHsI) MOBEPXHOCTH IO CpPaB-
HEHHIO CO CcTeXHoMeTrpudeckuM OopHUTOM (Vaughan
et al., 1987). OT0oT 2ddeKkT Takke oTMEHaAICS Yy BOJ-
KOBCKOTO “‘opamkeBoro” Oopuuta (LllymumoBa u mp.,
2014). Cornacuo nannbsiM (Large et al., 1995), addext
OBICTPOrO M3MEHEHHsI OKpPAcKH MOBEPXHOCTH OOpHU-
Ta 710 (hUOJETOBOTO I[BETa 0OYCIOBICH U30BITKOM Me-
I, B TO BpeMsl Kak OOpPHHUT C NepUIIUTOM MEIN U3Me-
HSIETCS MeJJICHHEee, PAKTUUYECKH COXPaHSET MepBHY-
HbIA opaHkeBbIi 11BeT. Kpome Toro, npenmnonaraioch
(Vaughan et al., 1987), uTo BbICOKasi CKOPOCTh U3MeE-
HeHUs (OKUCIIEHUS) OOPHUTA MOXKET OBITh CIIEACTBHEM
ObIcTpolt T dy3uu xKenesa K mopepxHocTH. B padorte
(Buckley, Woods, 1983) yka3biBaeTcs, 4TO HpOsiBIie-
HUE TUICHKH M3MEHEeHHs 00yCIIOBJICHO MPHUCYTCTBUEM
Cu?", a pa3HHIla B [IBETE 3aBHCUT OT TOJIIUHBI OKHC-
JICHHOTO CJIOSL.

Panee B.JI. JleunapiM (1986) Ha mpuMepe MuHEpa-
JIOB Psiia XalbKO3WH-aHWIUT, ObUIa IIOKa3aHa M3MEH-
YUBOCTb COCTaBa MPHUIIOBEPXHOCTHOI'O CJIOSL U CIIOXK-
HOCTb KOPPEKTHOTO ONpeAeiICHUs] MUHEpanbHOU (a-
3B MUKPO30HJOBBIM aHAJIM30M, ObUIN MPUBEICHBI HKC-
MepUMEHTAIbHBIC JITAaHHbIC, YKa3bIBAIOIUE HA BEPOSIT-
Hytwo auddysuto meau B cyiabduaax B pe3yabraTe pas-
JIUYHBIX BO3JICHCTBUH, B TOM YHCIIE IPH NTH(OBaHUH.
[TomMumo 3TOTO, OBUIM HMPOBENCHBI AHATOTUYHBIE IKC-
TIEPUMEHTHI ¢ “pO30BBIM™ OOpHHUTOM JIKe3Ka3raHCcKo-
IO MECTOPOXKACHHUS, I7Ie YKa3bIBACTCS, YTO U3MEHEHHE
OKpacku OOpHHUTa OOYCIIOBICHO MHUTpaLUEH MeIu u3
xanbko3uHa (Jlesun, Korenbaukos, 1986). E.A. Ko-
csik (1981) coobrraet, 4To B pe3ysabTaTe BO3ACHCTBUS
BI&KHOCTH aTtMoc(epbl BO3[yXa B HNOBEPXHOCTHOM

Mopoxun u op.
Morokhin et al.

CIIOE COZIepKaHNe MEJIU U XKeJie3a CTAaHOBUTCS B 5 pa3
BhIIIE, YeM B OopHUTE. Takum 0O6pa3zoM, MOXKHO OBLIO
OBl MPENOI0KHUTE, YTO B XOJIe TIPOBEJICHHBIX JKCIIe-
PUMEHTOB TIPH U3MEHEHHWH TTOBEPXHOCTH MOTYT TPO-
ncxoautb nuddy3nonnasie nporecchl. OmMHAKO, B XO-
JIe TIPOBEJICHHBIX HAMU U3MEPEHUH, UCXOIS U3 YPOBHS
YyBCTBHUTEIBHOCTH UCIIOJIB30BaHHBIX METOAOB, BUAHO,
YTO JKeJIe30 U cepa B MAIOMEANCTOM OOPHHUTE JIEMOH-
CTPUPYIOT JOCTaTOYHO CTaOWIbHOE TOBeAeHue (Ipu
rryoune D/1C ananuza nopsiiaka 5 Mkm) (cM. Tabm. 1).
[loBenenne Menu MOXKET MOKa3aThCsl HE OYCHb CTa-
OWIBHBIM, HO €€ COZIep)KaHWe MEHsSeTCS B Ipeenax
MOTPENTHOCTH W3MEPEeHHUH, MOITOMY, Ha OCHOBAHHUU
SHEPrOUCIIEPCHOHHOTO MHKpPOAaHalN3a HENb3s CHe-
naTh BbIBOA O AM((Y3Ur MEAM B HAPYILEHHBIH CION
n3 o0beMa o0pasia ¢ Te4eHHEM BPpEeMEHH Mociie Hapy-
LICHUS IOBEPXHOCTHOTO CIIOSI.

Habnronaemblii B Hamiell pabore 3dQexT n3mene-
HUS (OKHUCIIEHHS) TIOBEPXHOCTH MaJOMEANCTOro 0op-
HHUTa OT OPAHXKEBOM /10 PO30BOM OKpaCKH, MPOUCXO-
JSUMI B TeUYeHHe 3 CYTOK, MOKAa3bIBAET IOCTEIEH-
HOE CMEIIIeHUE B JUIMHHOBOIHOBYO 001acTh oT 450 10
465 um.

da3oBasi IMATHOCTHKA MJIeHOK n3MeHeHus1. Cor-
JIACHO MPOBEJICHHBIM paHee UCCIeJOBAHMUSIM C UCTIOJb-
30BaHUEM PEHTICHOBCKOHN (hoTosnekTponHoi (XPS),
032 anekTporHoi (AES) m Mecbay»poBcKoii CTIEKTPO-
ckoruu (Vaughan et al., 1987) 6put0 MoOKa3aHo, 4TO B
X0JIe OKHCJIeHNs OOpHHTA B TeueHne 198 cyTok Ha 1mo-
BepxHocTU Bo3HUKaeT meHka FeOOH. bouio nokaza-
HO, 4TO pa3Hble OOPHUTHI (C1ab0 Menb-AePUIUTHBINA
u ciabo Melb-u30bITOYHBII) JOCTHTAIOT OJAWHAKOBOH
OKpacKu TOJBKO YE€pe3 HECKOJbKO JeT. Takol nmu-
TENLHBIA MEPUOJI CBHUJCTENBCTBYET 00 OYEeHb OOIb-
IIOM pa3InYuy OBEPXHOCTHBIX CBOMCTB JaHHBIX pa3-
HOBHUIHOCTEH OOpHWUTOB. OINHCAaHHBIE TEXHUYICCKUE
tpyaaoctu (Vaughan et al., 1987) BeI3pIBatoT OombImme
CIIO)KHOCTH B HM3ydeHHH ()a30BOTO COCTaBa TOBEPX-
HOCTHOHM IJICHKH W3MEHEHUH OOpHHWTA BBUAY CIIHIL-
KOM MaJIoil TOJIIMHBI H3MEHEHHOTO ciosi. Kpome To-
ro, paHee HM3y4ajlCh Pa3HOOKPALICHHBIC Pa3HOBH/I-
HOCTH €O CJa0bIMU OTKJIOHEHUSIMH COCTaBOB JAaHHBIX
OOPHHUTOB OT CTEXHOMETPHUYECKOTO, YTO HE ITO3BOJIH-
JI0 KOPPEKTHO COOTHECTH OCOOEHHOCTH COCTaBa M II0-
BEPXHOCTHBIE N3MEHEHUS /ISl aHOMAIIbHBIX OOPHHUTOB.
[Ipu atom, BeIIBIIeHHBIE (Vaughan et al., 1987) Ten-
JCHLUUHU MO KUHETUKE M3MEHEHHWH B 3aBUCHMOCTH OT
coctaBa OOpHHTA HYXHO MPUHSATH BO BHUMaHHE MPU
JanpHeWmMX uccienoBanusx. OaHako, HEOOXOAMMO
OTMETHTB, YTO CHJIBHO aHOMaibHble OOpHHTHI Boi-
KOBCKOT'O MECTOPOXJIEHHS, BCE, OyIydd CyIIeCTBEH-
HO OoJtee Meab-Te(OUIIUTHBIMU, XapaKTePU3YIOTCS pa3-
HOM KuHeTnkoi n3MeneHui (ILlymumosa u ap., 2014),
YTO HE COOTBETCTBYET BBINICYITOMSIHYTHIM PE3yiIbTa-
taMm JI. Borana c coaBTopamu.

B pabore (Mikhlin et al., 2005) Ha ocHOBe BBICO-
KOpa3pemaroneil peHTTeHOBCKOW CIIEKTPOCKOIHH T10-
TIIOIIeHHUs U3TydeHust BOm3u kpaeBoii 30HbI (XANES)
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MoKa3aHo o0pa30BaHME Ha IOBEPXHOCTH CTEXHOMeE-
Tpuueckoro 6opHuta okcupoB meau CuO u Cu,O u
COpOMPOBAHHON BOBI.

W3ydyeHne OKHCIEHHBIX IUICHOK aHOMAaJbHO-
ro O0opHHTa BOIKOBCKOTO MECTOPOXICHHS B IHHA-
MUKE C TPUMEHEHHEM CIIEKTPOCKOIMUN KOMOWHAIIH-
OHHOTO pacCesiHHs Ha JJaHHBIH MOMEHT HE ITO3BOJIH-
JI0 TIOJYYHTh YOeIUTENbHbBIC JaHHbIE O ()a30BOM CO-
CTOSTHMM M3MEHEHHOTO MOBEpXHOCTHOTO cios. [loka-
3aTh OJJHO3HAYHO HAXOXKICHUE Ha MOBEPXHOCTH OOp-
auta FeOOH, CuO u Cu,O ¢ moMoIisio paMaHOBCKOH
CIIEKTPOCKOIIMY HE TIPEICTABISETCS BO3MOKHBIM BBH-
Iy TIEPEKPBITHS MX HanOOJIee MHTEHCHUBHBIX paMaHOB-
CKHUX IOJIOC TIoJIocaMu OopHUTA. BO3MOXKHO, 3TO CBA-
3aHO C OYCHb TOHKUM CJIOEM OKHCIICHHS U cIa00il HH-
TEHCUBHOCTBIO Kojebanuid. Takum oOpaszom, dhazoBast
JUardHoCTHKa IJICHOK OKHCJICHUA JJIA pa3HOBHIIHOCTCI>'I
BOJIKOBCKOTO OOpHHTA TMOKa OCTAeTCS HEBBIICHECHHOU
1 TpeOyeT MPEenn3uOHHBIX CCIET0BAHUH C TTOMOIIBIO
BBICOKOpa3pelIaoned peHTTeHOBCKOW CIEKTPOCKO-
run. [Ipy 3ToM Hanbolree MepCIIeKTHBHBIMEA 00BEKTa-
MU JJIs1 PeIeHHS TPOOJIEMBI IIJICHOK U3MEHEHHUS SIBIIS-
FOTCSI CHJIBHO aHOMAJIbHBIE TI0 COCTaBY OOpPHUTHI.

Tem He MeHee, pe3yIbTaThl IPOBEIEHHBIX UCCIIEN0-
BaHUH Ha JAaHHOM 3Tari€ MO3BOJIMJIN BIIEPBLIC YCTAHO-
BUTH ONTHYECKHE CBOMCTBA MAJIOMEMCTOrO OOPHHUTA.
HOJ’Iy‘IeHHBIe JAHHBIC ITOKa3aJIi, YTO JUHAMHKa U3MC-
HEHUS CIIEKTPOB MU(PPY3HOTO OTPAKEHUS OT MTOBEPX-
HOCTH OOpHHTA MOKET OBITh HCIIOJIL30BaHA IS pas-
pabOTKM HE3aBHUCHMOTO KOJHMYECTBEHHOTO KPHUTEPHS
Y METOJIa OIICHKH M3MEHYHUBOCTU OOPHHUTA Ha OCHOBE
HCTIONB30BaHMs CIEKTPOPOTOMETPUU B KOMILIEKCE C
MHUKPO30HJOBBIM aHanmu3oM. llociennee mMeeT Baxk-
HOE TIPaKTHYECKOE 3HAYCHHE IOCKOJIBKY CTENeHb M
CKOPOCTh U3MEHEHMsI (OKUCIICHIS) TIOBEPXHOCTH OOp-
HUTa SBIAETCS BAXHBIM (aKTOPOM Ui BBISBICHUS
pPa3HOBHIHOCTEH OOpHHTA, TpOBEIEHUs 1adoparop-
HBIX UCTIBITAHHA, TPOrHO3UPOBAHUS TIOKa3aTelNei 1me-
pepaboTKu MEAHBIX Py, BBIICICHHUS U OKOHTYpHBA-
HUSl TEXHOJIOTUYECKHX COPTOB MEIHBIX DY, YYUTHI-
Basd, 4TO CTCIICHb OKUCJICHHA MTOBEPXHOCTHU MUHEPATIOB
MeJI CYIIECTBEHHO MOBBIIIACTCS B MpOIecce ompooo-
BaHUs, JJaOOPATOPHOI MPOOOTIOATOTOBKH, a TAKKE B
X0Je JOOBIYM, CKIaTUPOBAHUS, TPAHCIOPTHPOBKH WU
TEXHOJIOTHYECKUX MPOIECCOB.

3AKJIIOYEHUE

AHanu3 IMOBEpPXHOCTHBIX W3MEHEHUil OOpHHUTa B
JUHAMHKE C KOJIMYSCTBCHHOHW OLEHKON (hU3MYECKUX
CBOMCTB OOpHHTA Ha TPUMEPE MATOMEAUCTON pa3zHO-
BUAHOCTU OOpHUTA BOJIKOBCKOIO MECTOPOXKAEHUS Jie-
MOHCTPHPYET BAKHOCTH INPHUMEHEHUS KOJIHYECTBEH-
HBIX HM3MEpeHHH (U3NYECKUMH METOJaMHM, CHOCO0-
CTBYIOILIMMHU BBIICHEHUIO MUHEPAJIOrO-TEXHOJIOTNYe-
CKUX 0COOCHHOCTEH OOPHUTOBOM MUHEpATU3AIHU.

B pesynbraTe mpoBeeHHBIX HCCIEIOBaHUN HaMu
YCTaHOBJIEHA TUHAMMKA WU3MEHEHHsI TTOBEPXHOCTHBIX
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CBOWCTB MasioMeaucToro OopHuTa coctaBa Cuyg 4
Fe| 1035, Hambomee MHTEHCHBHBIC M3MEHEHHS OII-
TUYECKUX XapaKTEPUCTUK HAOIIOAIOTCS B TEUYCHHE
72 4yacoB, MPOUCXOIUT CMEINIEHNEe MaKCUMyMa ITOTII0-
menust ot 450 1o 510 HM, gaee MOBEepXHOCTHBIE CBOM-
CTBa MEHSAIOTCSA HE3HAYHTEIHHO.

[o cpaBHeHUIO ¢ paHee Oy OJIMKOBAaHHBIMU JaHHbBI-
MU MUTPalMOHHBIN 3(deKT Meau u xenesa B OOpHU-
T TIpU BO30Y>KACHUH JICKTPOHHBIM ITYYKOM B JMaria-
3one ycioBmid 17-21 kB (0.315-0.160 HA) HE HabmIIO-
naercsi. Takum 00pazom, aHanu3 cekTpoB Aupdy3Ho-
T0 OTpaKEHHUS MOYKET MCIIOB30BaThCS IS pa3padoT-
KM HE3aBUCHUMOTO KPUTEPHS NPU OleHKE TUHAMHYIHO-
CTH W WHTEHCHBHOCTH WM3MEHEHHH TOBEPXHOCTHOTO
ci10st OOpHHTA C LIETBbIO BBIACICHUS €r0 Pa3HOBUIHO-
CTel, MPOrHO3a TEXHOJOTMYECKHX CBOWCTB M, B MEp-
CIEKTHUBE, JUIsl COBEPILIEHCTBOBAHUS TEXHOJIOT UM U pe-
KHUMOB 000TaIICHHUS] MEAHBIX PY/I.

BrlsicHenne MHHEpaTOro-TeXHOJIOTUYECKHX OCO-
OcHHOCTE OOpHHUTA C HCIIOIH30BAHUEM IPEIIIOKCH-
HOTO TO/IXOJ]a UMEET aKTyaJbHOe 3HadeHHe JUIA I0-
BBIICHUST Y(PPEKTUBHOCTH OTPaOOTKH CYIb(GUITHBIX
MECTOPOXKAECHNUN Menu, BKJItoYas KpymnHeiiee B Poc-
cum YJokaHckoe mectopoxkaeHue. s BonkoBckoro
MECTOPOKACHUSI YTOYHEHHE OCOOEHHOCTEH NOBEpX-
HOCTHBIX CBOHCTB Pa3HOBH/IHOCTEI OOPHHUTA U HX MPO-
CTPaHCTBEHHOTO PACIPOCTPAHEHUS] HA MECTOPOXKIE-
HUHU UMEET 0C000€e 3HAYSHHE B CBSI3H C TUTAHUPYIOIIAM-
Cs B TIEPCTIEKTHBE MIEPEXO0JIOM Ha MOA3EMHYIO JOOBITY.
[IpenoxeHHbIi MOAX0/] ¢ IPUMEHEHHEM CIIEKTPOCKO-
i JuQQy3HOro OTpaKEHUSI K U3YUYEHHIO CBOMCTB U
JUHAMHUKY U3MEHEHUH MOBEPXHOCTH Ha puMepe 0op-
HUTa MOXKET OBITh PAcIpOCTPaHEH U Ha IPyTue CyJib-
buap Menu.

Jna amanuza ¢a3oBOro cocraBa IMOBEPXHOCTHO-
T0 CJOS aHOMaJTbHOTO OOpHWTAa HambOOJee IepCIeK-
TUBHBIM METOJOM HCCJIEIOBAHHUN SBISIETCS BBICOKO-
paspemaromiasi pEHTTEHOBCKas CIIEKTPOCKOIHUS, KOTO-
pasi TakKe MO3BOJMT YCTAHOBUTH OCOOGHHOCTH 3JIEK-
TPOHHOTO COCTOSIHMSI KATHOHOB B OOpHUTE, YTO JaeT
BO3MOYXHOCTb BBISICHUTBH XapaKTep HE TOJBKO KOHEY-
HBIX TIPOJyKTOB OKHCJICHUS, HO U YCTAaHOBUTH NPHYU-
Hy pa3HOi OKUCIIIEMOCTH Pa3HOBUAHOCTEH MUHEpaa.

YuuTtbBas SBHO BBIPAKEHHBIA BBICOKHHN MEQHUITUT
Mean, 00pHUT BOKOBCKOTO MECTOPOKACHUS TIPEICTAB-
JsieT co00i BechMa MEPCIIEKTUBHBIN OOBEKT IS alTh-
HEUIIMX HCCIEAOBAHUN C LENbI0O H3YyYCHHs] CBOWCTB
AQHOMAJIbHBIX OOPHUTOB, YTO MOXKET OBITh UCIIOIB30BA-
HO HE TOJIBKO JUIsl MOBBILIEHHS d()(EKTUBHOCTH OCBOE-
HUSI IPUPOJHBIX METHBIX PYA, HO ¥ IPU pa3paboOTKe Co-
BPEMEHHBIX TIOJTYITPOBOAHUKOBBIX MaTEpHAJIOB.

BbaaropapHoctu

ABTOpBI BBIp@XAIOT OJaroJapHOCTh PYKOBOACTBY AO
“Cesrorop”, T.H. INomukammuuoit u H.H. Iypsirunoi,
M.A. A3buioBY 3a cojeiicTBre B oTOope mpod Ha Boskos-
CKOM MecTopoxkaeHuu, E.A. TponHUKOBY 3a OMOILb B TIPO-
BEJICHUU HCCIIEOBAaHUM C NPUMEHEHUEM CKaHUPYIOLIEH
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AIEKTPOHHON MUKPOCKOIHUH U HEPTOJUCIIEPCHOHHOTO aHa-
m3a, A.E. lIIMbIpoBy 32 TOMOIIb B TPOOOITIOTOTOBKE.
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Obvexm uccrnedosanus u menoosl. [IpescTaBIeHE JTaHHBIE 0 IPIMECHOM COCTaBe, CIIEKTPaX KOMOWHAIIOHHOTO pacces-
HHS CBETa M (POTOTIOMUHECIICHIINY OJ1aropoHON LIMUHENN U3 MPaMOpPOB BOCTOYHOTO ckioHa FOxuoro u Cpenuero Ypa-
na — Kyunackoro u Anabamckoro nposinernit (Koukapckuii 1 Myp3uHCKO-ADyHCKHI aHTUKITHHOPHIA), @ TaK)Ke MECTO-
poxxnenuit Kyx-u-Jlan u I'opon (FOro-3anannsrit [lamup). Pezyremamut. st mmuHean KydHHCKOTO MPOSIBICHUS yCTa-
HoBiieHo Bbicokoe (10 #Cr = Cr/(Cr + Al) ~ 0.2) comeprxanue mpuMecH XpoMa MpH HU3KOM COACPKAHHUH JKelle3a, a TaKKe
OTKJIOHCHHE COOTHOIICHHS ABYX- M TPEXBAJICHTHBIX KATHOHOB OT CTEXHOMETPHIECKOT0. [10 TaHHBIM CIIEKTPOCKOIINH KOM-
OMHAIIMOHHOTO PAcCEesTHUSI CBETa MOKA3aHO JIBYXMOJIOBOE ITOBEAECHHE YacTOT BO BCEi 00JIaCTH COCTAaBOB, COOTBETCTBYIO-
IIMX TBEPJBIM PacTBOpaM HIMHHEIb-Marae3noxpoMut. Hanbosee BEICOKOIT KOHIIEHTPAIMOHHON 1yBCTBUTEIBHOCTBIO Xa-
paKTepu3yIoTCs KOJIeOaHusI TeTPadApUIECKOi ITOJPEIIeTKH IITHHETH — 3HaYeHIe YHEPIHU MOJIBI IBIXaTeNbHBIX U ITUPHHA
MOoibI AeopManMOHHBIX Konebanuii rpymnn MgO,. Peakuust TeTpa-moApenieTky MIMHHEeIN Ka4eCTBEHHO aHAIOTHYHA ITPU
pasymopsI0YeHIH CTPYKTYPBI Kak 3a cueT nzomodusma V'Cr’" — VIAIPY, tak u paaunanuonHoro aepekroodpa3oBaHus 1 00-
palleHus ee CTPYKTYpPbI BClieACTBUE TepMoobpaboTku (tipu 3amernenusx YMg? — VAP u VAP — YMg?"). Ilnst ananu-
3a BKJIaJIa MIEPEUHCICHHBIX TUIOB Pa3yMopsI0YeH s MPeAToKeHa AUCKPUMHUHAIIMOHHAS AUarpaMMa “IMpuHa MOJbI Jie-
(opmanmoHHEIX Konebanuit MgO, vs. sHeprus pemerounoit Mmoasr T(Mg)”. ITo maHHEIM HU3KOTEMIEpaTypHOI (GoTOIIO-
MHHECLICHIMH OTIPE/ICIICHbI BAPHALIMK CTPYKTYPhI U CBOWCTB IieHTpa cBeueHust Cr’* mpH pasinyHbIX THIIAX Pa3yrnopsiio-
yenust. Buigoowl. KonebarenbHbie cBoiicTBa U poTomomuHecieHnus Cr* ormpeensoTest psaoM B3anMOCB3aHHBIX (pakTo-
poB: (1) mpumecHBIM cocTaBoM; (2) HecTexrnoMeTpHeil; (3) oOparieHneM CTpyKTypsl; (4) BaKaHCHOHHBIM Ae(eKTo00pa3o-
BaHueM. [1oyokeHre U OTHOCHUTEIbHAS MHTCHCUBHOCTh 6eC(bOHOHHl>IX N—J'[I/IHI/II\/'I, BO3HUKAIOIIUX IIPHU UCKAXKCHUAX LICHTPA
ceueHust Cr**, mpeu10)KeHB! 7151 HCIIOJIb30BAaHUS B KAYECTBE BBICOKOUYBCTBUTENIBHBIX CTPYKTYPHBIX 30H/IOB, B YaCTHOCTH,
JUISL OIIEHKH NIETPOT€HETHUECKUX OCOOCHHOCTEH M TeéMMOJIOTNUECKOH IIEHHOCTH 0J1aropo/{HOMH INHHEIH. BrIsBiIeHs! 0co-
OEHHOCTH COCTaBa, CTPYKTYPBI M IIOMUHECIIEHTHBIX CBOWMCTB IImMuHen KydnHckoro nposBiaeHus, 00pa30BaHHBIX Ha MPO-
TPECCHBHOM 3Talle PETHOHAIBHOTO MeTaMOp(H3Ma B YCIOBUIX POCTa TEMIEPaTyphl U JaBJICHHSI.

KunroueBsble cioBa: wnunens, npumecs Cr, opazoyennvie KamHuu, cmexuomempus, oopawenue cmpykmypbl, KOMOUHayu-
oHHOe paccestue ceema, QomonoMuHecyeHyus
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L]anosa u op.
Shchapova et al.

Research subject and Methods. New data on the impurity composition, Raman spectra and photoluminescence of noble
spinel from marbles of the Eastern Slope of the Southern and Middle Urals — the Kuchinsky occurrence (Kochkarsky
anticlinorium) and the Alabash occurrence (Murzinsky-Aduysky anticlinorium), as well as the Kukh-i-Lal and Goron
deposits (Southwestern Pamir) are presented. Results. Energy dispersion microanalysis of the chemical composition shows
a high chromium content up to #Cr = Cr/(Cr + Al) ~ 0.2 and a low iron content, as well as a deviation in the ratio of divalent
and trivalent cations from the stoichiometric in spinel from the Kuchinsky occurrence. The two-mode frequency behavior
has been established by Raman spectroscopy in the entire range of compositions corresponding to spinel-magnesiochromite
solid solutions. The tetrahedral sublattice vibration parameters — the frequency of the breathing mode and the width of
the bending mode of the MgO, groups — are characterized by the highest concentration sensitivity. The reaction of the
spinel tetrahedral sublattice is qualitatively similar when the structure is disordered due to (1) the isomorphous substitution
VICr™ — VIAP, (2) the thermally induced inversion YMg> — VA, VIAP® — VMg*, (3) the radiation defects; for the
analysis of quantitative differences, a diagram "width of the mode of deformation vibrations MgO, vs. frequency of the
lattice mode T(Mg)" is proposed. Variations in the structure and properties of the Cr*" emission center under disordering
have been determined by low-temperature photoluminescence spectroscopy. Conclusions. The vibrational properties
and photoluminescence of chromium ions are determined by several interrelated factors: (1) impurity composition,
(2) nonstoichiometry, (3) structure inversion, (4) vacancy defects. The position and relative intensity of zero-phonon N-lines
resulting from the Cr’* emission center distortions are proposed for use as highly sensitive structural probes, in particular,
to assess the gemological value of the spinel. The features of the composition, structure, and luminescent properties of
the samples of the Kuchinsky occurrence formed at the progressive stage of regional metamorphism under conditions of

increasing temperature and pressure are revealed.

Keywords: spinel, Cr impurity, gems, stoichiometry, structure inversion, Raman spectroscopy, photoluminescence
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BBEJIEHHNE

B Poccum wm3BecTHBI TPOSIBICHUS OJIaropoHON
mrnuHenu B [lpubaiikanbe n Ha Ypaie, B 4aCTHOCTH,
Ha lOxnoMm Ypane B KoukapckoM aHTUKIMHOPUH 00-
HapykeHo KyurHckoe nmposiBiieHHe pyOruHa U po30BOi
mMnuHean B Mpamopax; Ha Cpennem Ypaine B Myp-
3MHCKO-ATyHCKOM aHTHUKIMHOPHH BBISBICHBI PyOHH-
MITTHHETb-COACPIKAIIIEe MpaMophl (AJradarickoe mpo-
siBIIeHHE). 1'e00rus 3TuX MpamMopoB W MHUHEpann3a-
nuu onucana B pabdorax (Kucun, 1991; Kucun u np.,
2015, 2020).

HInuuens BeTpedeHa B Mg-KaIbLUTOBBIX M Kallb-
LUT-I0JOMHUTOBBIX MpamMopax, B KOTOPBIX OHa 00pasy-
eT paccesHHYI0 BKpaIlIeHHOCTh U rHe3fa. Ha Kyunn-
CKOM TMposiBJieHNH B KodKkapckoM aHTHKIMHOPHUU BBI-
JeJieHbl Tpu reHernueckux tuna mmnuHenu (Kucuw,
1991; Kucur u ap., 2016): mepBbIii THIT 00pa3oBaH Ha
IIPOTPECCUBHOM 3TaIle PETHOHAILHOTO MeTaMophu3Ma
B YCJIOBHSIX pOCTa TEMIIEPATYpPHI U JaBJICHUS, U CBSA3aH
C paHHUM JoMeTaMoppuuecKuM Mg-MeTacoMaTo30M;
BTOpOH THIT CHOPMHUPOBAH Ha PaHHEM PETPECCHBHOM
sTare Meramop(dusMa, Mocie CHATUS CTPECCOBBIX Ha-
HNpsDKEHUH, B yclnoBusX Mg-meracoMaro3a M BBICO-
kot aktuBHOCTH CO,; TpeTnii Timm oOpa3oBaH HA THI-
pOTEepMaJIbHO-ITHEBMATOJIMTOBOM CTaAuU, B YCIIOBHU-
SIX CHIDKCHMS TEMIepaTypbl, IPH BBICOKOH aKTUBHO-
cti F u H,O. llInunens nepBoro Tuma mpeacTaBieHa
OYEeHb TEMHBIMHU KPaCHBIMU HEMIPO3PAaYHbIMU KPUCTATI-
JIAMH OKTadAPHUYECKOT0 00JIMKA pazMEpoM 10 5—6 MM.
[InmuHens BTOPOTo THMA — PO3OBBIMH JI0 OUYEHb CBET-

JIO-PO30BBIX IPO3PAYHBIX KPUCTAIUIOB PA3MEPOM IO
8—10 mMMm; BcTpedaeTcsl TakKe B BUJE pagualIbHO-IIYy-
YHCTBIX arperaToB, 3aMeniasi pyOuH; BCera ConpoBo-
xmaercs rpadutom. llInuHens TpeThero THia — mpo-
3pavyHbIe KPUCTAILIBI OKTAdPUYECKOro OOJHMKa pas-
MEpOM 0 5 MM, TUOO MEJIKO3EPHUCTHIC arperatsl 1o
pyOMHaM; I[BET ayblii, KPACHBIH, OKpacka CBETJIas 110
CJIeTKa TEMHOM; CONPOBOKAAETCS (DIIOOPUTOM.

Ha nposiBiennn Hwkasis Anabamka B Myp3uHCKO-
Anytickom aHTUKITUHOpHH Ha CpenHeM Ypane pyOuH-
LINUHENeBasi MUHEpaIu3alus B MpPaMoOpax HECKOIIb-
KO OTJIMYAeTCsl OT BhieonucanHou. [llnunens mpen-
CTaBJICHA KPHUCTALIAMH OKTadJIPUUECKOTO O0JIMKa, JI0
5—6 MM B monepeuHuke, B cpocTkax — 10 10 mm. Let
BapbUpYeT OT OJIEZIHO-PO30BOTO 10 OOpIOBO-PHOIIE-
TOBOTO, peliko — roiryboro. ['padut Hepenko Hapacra-
€T Ha IPAaHM PO30BOM LIMMUHENHU U BCTPEYaeTCs B BU-
Jie BKJIFOUEHUH, YTO MO3BOJISIET OTHECTU €€ KO BTOPO-
My THUITy; O0pIOBO-(proIeTOBAs MINTMHETh OTHECEHA K
TpPEThEMY THUILY.

B Koukapckom antuknunopuun Ha HOxknom VYpa-
Jie YCTaHOBIICHO MPOsIBJICHUE OJIaropoaHON LIMUHETN
Kocapesckuit-II Ha turomanu CBETIWHCKOTO MECTO-
POKIEHNS TOPHOTO XPYCTals, P OTCYTCTBUU KapOo-
HaTHBIX TIopof. llImuHens oOHapyXeHa B KepHE CKBa-
KUHBI ¢ TIyOouHs! 47.2 M (Kucun u np., 2016) u npen-
CTaBJIEHA IByMs 00JIOMKaMH KPUCTAJUIOB OKTadApruyie-
CKOTro 00JHKa 10 4 cM 10 HauOOJbIIEMY H3MEPEHHIO.
IIBeT TeMHBIM KOPUYHEBATO-IIYPIlypHBI. XapaKkTepHa
OTJEJIBHOCTb, KOTOPYIO MOKHO IPUHSATH 32 CTIAfHOCTb.
ITo Tpemmuam HAOTIOJAIOTCS TEMHO-KOPUIHEBBIE HE-
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MIpO3payvHble TIEHKN (BO3MOYKHO, FéMAaTUT) U KPYITHO-
yemyiuaTelid TalibK. B accounaliim oTMe4eHbl CUIIBHO
CEpIIEHTUHU3NPOBAHHBIN (OPCTEPUT, TpauT, Marae-
3WT, XJIOPUT, MOHAUT. [1o THoMopHBIM Mpu3HaAKaM
W accolanuy ¢ Tpad)uTOM OTHECEHa KO BTOPOMY TH-
my. MuHepasibHasl accolManys ¥ BHEUTHHIA BUJ IITTH-
Henr CBETIMHCKOTO MECTOPOXKICHUS OJM3KU K TaKo-
BBIM LIMMHENN MecTopoxaeHus Kyx-u-Jlan (FOro-3a-
nagueil [lamup), npuypodeHHON K MarHe3uajbHbIM
ckapuaM (Konecuuxona, 1980; Jlutsunenko, 2003).
W3 BBIIIEIPUBEACHHOTO KPaTKOro 0030pa ypanb-
CKHX TIPOSBIICHUH OJaropodHOW HIMTHHEIH CIEAyeT,
YTO OHa 00pa3yercss B Pa3HBIX I'€OJOTHYECKUX YCIIO-
BHSX, 00J1a/1aeT pa3HBIMH T€MMOJIOTHYECKUMH Xapak-
TepuctukaMu. Kpome Toro, B HacTosiiee BpeMsi CTano
aKTyaJbHBIM yCTAaHOBJIEHUE reorpaguuecKoi mpuHa-
JIEKHOCTH CaMOLIBETOB. AHAJIN3 NPHUMECHOI'0 COCTaBa,
CTPYKTYPHBIX OCOOCHHOCTEW, CIEKTPOCKOMUYECKHUX
CBOMCTB IINMHWHENN BaXXEH JUIA PEUICHHs KaK MeTpore-
HEeTUYECKUX, TaK W reMMoJIoTHYeckux 3amad (Malsy
et al., 2012; Widmer et al., 2014). OtmeTum psig my0-
JIMKAIMH, TTOCBSIICHHBIX JeTaJbHBIM HCCIEOBAHUSIM
OJIarOpOAHOMN HIMTMHETN U3BECTHBIX MHUPOBBIX MECTO-
POKIEHUHA METOJaMM JIEKTPOHHO-30HAOBOTO MHUKPO-
aHaJIn3a, CIIEKTPOCKOMUN KOMOMHALMOHHOTO pacces-
aust ceera (KPC) u ¢poromomunecnennuu (OJI) (My-
pomrieBa u ap., 2019; Liu et al., 2022; Wu et al., 2023).
st 06pasioB ypanbCKUX MECTOPOKICHUHA TIPEICTaB-
JICHBI TOJBKO JTAHHBIE UX XMUMHUYECKOro coctaBa (Kmu-
CUH u 1p., 2015, 2016, 2020). Bnusaue ocodbenHoCcTE

MIPUMECHOT'0 COCTaBa YPAJIbCKUX IIMHUHENEH, B YaCTHO-
CTH, IIMPOKHUX BapUaIMil coslepKaHus Xpoma IpH OT-
HOCHUTEIBHO HU3KOM COJIEp’KaHUM JKeJe3a, Ha JIFOMH-
HECLIEHTHbIE 1 KoJieOaTeIbHbIe CBONCTBA ILITMHENHN pa-
Hee He u3ydanuch. CIEeKTPOCKONNYECKue THIOMOpPd-
HBIE MIPU3HAKN yPAJIbCKOW LIIMHENN HE pa3padaTbiBa-
auck. OTMETHM, YTO UCCIIEAOBAHUS BIUSHUSA KPUCTAI-
JIOXMMHH Ha CIEKTPOCKOMUYECKUE CBOMCTBA IIMTUHENIN
coctaBa MgAl,O, BaXHBI TaKkke A pa3padOTKH MU-
HEepaJIONoI00HBIX KEPAMUK U TOHKOIUIEHOYHBIX ITOK-
PBITHI [UIsl ONTO3JEKTPOHUKU U JIA3€pPHOM TEXHUKU
(Coll et al., 2019), MOCKONTBKY ATOT AUIIEKTPUICCKUI
MaTepHai 00J1agaeT yHUKAIbHBIM KOMIUIEKCOM TEPMHU-
YECKUX, XUMHUECKUX, PaJUallMOHHBIX U ONTHYECKUX
XapaKTEePUCTHUK.

Lenw pabomsi — MONy4YEHNE JAHHBIX O COCTaBE, KO-
ne0aTe’bHbIX U JIIOMUHECHEHTHBIX CBOMCTBaxX OJaro-
pPOJIHOM IIMHMHEIN W3 MPaMOPOB BOCTOYHOTO CKJIOHA
VYpana, aHanu3 BIUSHHS PUMECHOTO COCTaBa M Tep-
MHYECKOH MCTOPUU HAa CTPYKTYpHOE KaTHOHHOE Pasy-
nopsigoueHue u OJI mmnuHenu.

OBBEKTBI U METO/J1bI UICCIIEAOBAHUMA

UccnenoBanbl 3epHa 01aropoJiHON WIMUHEIH U3
MpamopoB KyuduHCkOro mposiBiieHus: pyouHa (mpo-
o661 11IKY1-4) (puc. 1), uz npossienns Hwkuas Ana-
Oamka, Myp3uHCKO-ATYHCKUH aHTUKIUHOPHUU (TIPO-
o051 HAJI2,3), n3 CBETIIMHCKOTO MECTOPOXKIACHUS (TIPO-
06a KOC-II). Cornacao (Kucun, 1991; Kucur u np.,

Puc. 1. BSE-n3z00paxenus (a—T) u kaptbl pacupenenenus Cr (1) u Mg (e) Bo ¢pparMeHTax MINuHEsH.
a— [IKY1; 6 — [IKY2; B — 1LIKY4; r—e — [IIKY3.

Fig. 1. BSE images (a—T) and mapping of Cr (1) u Mg (e) content in spinel grains.

a— ShKChl; 6 — ShKCh2; B — ShKCh4; r—e — ShKCh3.
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2015) o6pasusr [HIKY1-3 oTHeceHbl K MEpBOMY-Tpe-
ThbeMy THIAM IIMUHEIH, cooTBeTcTBeHHO; LIIKY4 —
Ko BTOpomy Tumy, HAJI2-3 — KO BTOpOMY M TpeTbe-
My THmaM, cootBetcTBeHHO; KOC-II — K0 BTOpOMY TH-
my. B cpaBHUTENBHBIX LENSIX MCCIEIOBaHa OIaropoi-
Hasl IINIHEIh U3 MecTopokaeHuit [ opoH (mpoba ['H) n
Kyx-u-Jlan (npoosr KXJI12-3) (IOro-3amamubiii Ila-
MHD), @ TaKKe Mpo3padHasi CHHTETHYECKasi KepaMHuKa
cocraBa MgAl,O,, nosyueHHasi METOJIOM OJHOOCHOTO
ropsiaero npeccoanud (35 Mlla, 1550°C, 1 gac) B uc-
XOJTHOM COCTOSHUHM M TIOCJIe OOJy4eHUs NOHAMH Me-
mu (10"°-10"7 mon/cm?) (Zatsepin et al., 2020). ITpoOsr
KXJI2-3 mpencrasinensl 1Byms reuepanusamu: KXJI2 —
pO30Bas MIMHWHETh C JWIOBBIM OTTEHKOM, KpyITHas,
CHJIBHO TPEILMHOBATas, B CPACTaHUM C (POPCTEPUTOM,
KIIMHOTYMHUTOM, TUPPOTHHOM, IpaduTOM, MO accouua-
UMM MHUHEPAJIOB OTBEYalolias BropoMy tuny KyunH-
ckoro nposisienusi; KXJI3 — kpacHast IIMUHENb C KO-
pUYHEBATHIM OTTEHKOM, MPO3pavyHast, OBEITUPHOTO Ka-
YeCTBa, MPEJICTaBICHA KPUCTAIUIAMH U UX 00JIOMKaMHU
B arperate rujaportanbka n maHacceuTa (KomecHuko-
Ba, 1980), cooTBeTCTBYIOIIAs INTHHETN TPETHETO TH-
na Kyunnckoro nposisnenus. [1po6a KXJI2 npexacras-
JIeHa KaK B MCXOJHOM COCTOSHHHM, TaK M Iocje 1a0o-
pPaTOPHOTO OTXKHUra Ha BO3/1yX€e MPOJAOKUTENEHOCTBIO
3 9 mpu temmeparypax 700-760°C c mociemyronmm
OBICTPBIM OXJAKICHUEM B BOJIE JUISI CO3aHUS YaCTHY-
HO OOpaIieHHO! CTPYKTYPHI.

XHWMHUYECKHA COCTaB MO0 OINpeiesiecH Ha CKaHH-
pYIOIIEM 3JIEKTPOHHOM MHKpockore Jeol-6390LV
C MPHUCTaBKOW ISl PHEPrOJUCIIEPCUOHHOIO aHaIH3a
Oxford Instruments EDS X-max80. Cnexrpst KPC
u OJI npu Bo3Oyx)aeHun nuHUAMHA 514 u 488 HM OT
Ar nazepa nonyuensl B 180-rpanycHol reoMeTpun Ha
cnekrpomerpe Horiba LabRam HR800 Evolution ¢
koH(pokabHBEIM MuKpockoriom Olympus BX-FM (065-
ektnB 50x/NA = 0.7) u xoH(pOKaTLHOW AuadparMoit
200 mxM. COeKTpOMETp OCHAILEH MHOTOKaHAJIbHBIM
CCD-petexTopoM 1 MoHOXpoMaTopoM YUepnu-Tepue-
pac mudpakiuonHbiMU perietkamu 600 u 1800 trr/MM;
paspemienue criektpoB KPC cocTaBmsiio ajst pemeTok
600 u 1800 tt/MM mopsiaka 3 U 6 ¢M!; IS CIIEKTPOB
®JI B obnactu R-muuuit Cr’* — 0.1 u 0.25 uM, cooT-
BeTcTBeHHO. M3mepenus @JI Bemomnasamucsk mpu 80 K
C HCIIONTh30BaHNeM TepMocToauka Linkam THMS 600.
3epHa IIMWHENH TMPOU3BOIBHON KpucTamtorpadu-
YEeCKOIl OpHEeHTAalM MOHTHUPOBAJIHMCH B STOKCHAHYIO
CMOJIY U MIOJIMPOBAJINCH; JTOKATbHbBIE U3MEPEHUS UX CO-
ctasa, criekTpoB KPC u ®JI BEIMOMHSAIUCH TSI OJTHUX
u Tex xe 3—10 Todek Ha 3epHe C MPOCTPAHCTBEHHBIM
pazpenieHueM ~1 MkMm.

PE3VIJIbTATEI

1. Xumuueckuii cocmag u 30HarbHocmy. B o0pas-
nax mmnuHenn ¢pukcupyores npumecu Cr, Fe, Zn, V.
Conepxxkanne Cr B 00pasiiax MEHSETCS B INUPOKUX
mpenenax u JiMHeHHo koppenupyer ¢ Al (tabm. 1,
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puc. 2a). Bce uzydenHbie mpoObl YCIOBHO pa3/Ie/iCHbI
Ha rpynnsl [-III: I — ¢ HU3KUM copepxaHueM Xpoma
(Cr,05 < 0.1 mac. %; nmpobosr KOC-II, I'H, KXJI2-3);
II — co cpemuum (0.4-3.0 mac. %; HAJI2-3; 11IKY2,4);
III — ¢ aHOMaaBLHO BBICOKHM I OJIarOpOTHOM IIITH-
Hemn (4-20 mac. %; HIKY1,3). Bo Bcex oOpasmax
COOTHOIICHWE TpeX- W JIBYXBAJICHTHBIX KAaTHOHOB
n = (Al + Cr)/(Mg + Zn) HECKOIBKO MPEBHIILAET CTe-
XHUOMETPUYECKOE 3HAYCHHE 1 = 2, THIUYHOE IS
MgAl,O,: B mpobax KXJI2-3 u IIKY 2, 4 u3 rpynn
I-II ¢ HU3KUM CcOAEp)KaHUEM Keje3a IapaMmeTp
N ~ 2.02; B mpo6ax rpynm [ u Il ¢ conepkanmem Fe mo
~0.6 at. % (KOC, I'H, HAJI2-3) 3naguenne 1 ~ 2.12
(puc. 26). IIpu aToM onieHKH Mg, = (Al + Cr)/(Mg+Zn +
+ Fe) ¢ yuetom BxoxkeHuUs xene3a B hopme Fe?* B mo-
suruio Mg?* (De Souz et al., 2001; Pluthametwisute et
al., 2022) naet 6M3KOEe K CTEXHMOMETPHUYECKOMY 3Ha-
4yeHue Mp. = 1.99-2.04. B npobax rpynmsl 111, xapak-
tepusyeMbix HU3KuM (B LLIKY1 — Hike npenena ompe-
JeJIeHus) cofiepkanreM Fe mpr BRICOKOM cofiepKaHuN
XpoMa, HECTEXHOMETPHSI YBEIIMYMBACTCS C POCTOM CO-
Jep>KaHusg XpoMa, U 1 = Mg, = 2.03-2.06. OtmeTnM, 4To
paHee B IuTepaType MIMHHETH XUMUYECKOTO COCTaBa,
nogo6Horo obpaszuam rpymisl I1I, onucaner He ObLIH;
B IIMUHENSIX C BBICOKUM COJICPIKAHUEM XpOMa CO00-
manock o conepkannu FeO u Fe,0O; ~ 12 u 2 mac. %
(Malezieux et al., 1983); ~10 u 0.15 mac. % (Garnier et
al., 2008); ~9 u 2 mac. % (Lenaz, Lughi, 2017). Hecre-
xuometpus wnuHene rpynnsl [ npennonaraer no-
SIBIICHUE OCOOCHHOCTEH B PACIIpPENIeIeHNH 10 CTPYK-
TYpPHBIM TO3UIUSM HU30BITOYHBIX TPEXBAJICHTHBIX Ka-
tuonoB Al, Cr (Murphy et al., 2010; Erukhimovitch et
al., 2015).

YCcTaHOBJICHO, YTO 3epHA IIIMHHEIN rpymmbl [ 10-
CTaTOYHO OJIHOPOJHBI, HAIPOTHUB, 3€PHA TPy
II-IIT 30HaBHBI KaK M0 UHTEHCUBHOCTH OKPACKHU, TaK
u 1o BSE-m306paxkenusm (cM. puc. 1r—e). s mpod
HAJI2-3 u IIIKY3 30HaNbHOCTh UMEET KOHLEHTPHYE-
CKMH XapaKTep C MOBBIIICHHEM CPEIHEro aTOMHOTO
HOMEpa U COJICPKAHHS XPOMa B IIEHTPE MO0 CPABHEHUIO
¢ nepudepueii.

2. Cnexmpol KPC 00pa3loB IIMUHEIN HpPEACcTaB-
neHsl Ha puc. 3, 4. B mmuuenn rpynm [ u 11 Habiro-
TAIOTCS YeThIpe y3KuX nmuka B obmactu 309-314, 406—
408, 664-666, 764—768 cm! (cm. puc. 3a, 4a); crek-
TpBI OJIM3KU K TaKOBBIM, IpencTaBieHHbIM B (Fraas et
al., 1973; O’Horo et al., 1973; Malezieux et al., 1983;
Chopelas, Hofmeister, 1991; Slotznick, Shim, 2008;
D’Ippolito et al., 2015) u cOOTBETCTBYIOT HEIPHUBO-
JUMOMY TIPEJCTABICHHIO ONTHYECKUX MO KyOude-
ckoil mmuHenu (np. ep. Fd3m, 8 dhopmynbHBIX enu-
nutt AB,O, B arneMeHTapHOU suciike) HOpMalbHON
ctpyktypsl I' = 1A, + 2A,, + IE, + 2E, + 1F,, + 4F, +
+ 3F,, + 2F,,, cpein KOTOPBIX NATh AKTHBHBI B CIIEK-
tpax KPC —1A,, + IE, + 3F,, (White, DeAngelis, 1967,
Fraas et al., 1973). CoriracHO IUTHPOBAaHHBIM padboTaM
muku ~311, ~408, ~ 665 u ~770 cm! cooTBEeTCTBY-
10T KoneOanusaM cummerpun Fou(1), E,, Fpu(3) u Ay,
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Tadaunua 1. Xumuyeckuii cocra mmnunenu Kyuunckoro mposieienus (mpoost ILIKY), nposiiennst Anabdamika (HAJD), Cer-
JIMHCKOTO MecTopoxieHnst ropHoro xpyctaist (KOC) u mecroposkaenus Kyx-u-Jlan (KXJI) o qanHbIM 3HEproancrepcuoH-

HOTO MHUKpOaHaJIn3a

Table 1. Chemical composition of spinel from the Kuchinsky occurrence (ShKCh samples), the Nijnyaya Alabashka (NAL),

the Svetlinsky deposit (KOS) and the Kukh-i-Lal deposit (KHL) according to energy dispersion microanalysis

IIpo6a, user, T Touka Conepsxkanue*, mac. % #Cr**
MgO Al O, V,0; Cr,04 FeO ZnO
LIKY1 36 25.22 55.9 H.O. 17.06 H.O. 1.81 0.170
TemHO-KpacHbIH 37 24.95 55.69 H.O. 17.57 H.O. 1.79 0.175
1 Tum 38 24.63 52.07 H.O. 21.48 H.O. 1.82 0.217
39 25.05 55.6 H.O. 17.54 H.O. 1.8 0.175
40 2491 54.7 H.O. 18.52 H.O. 1.88 0.185
41 25.08 55.98 H.O. 17.15 H.O. 1.79 0.171
42 25.11 55.43 0.19 17.61 H.O. 1.67 0.176
43 25.84 60.9 0.24 11.34 H.O. 1.68 0.111
44 24.97 54.53 H.O. 18.76 H.O. 1.74 0.188
K42 9 26.56 69.75 H.O. 1.35 0.15 2.2 0.013
Po3zoBsiit 10 26.68 70.37 H.O. 0.85 H.O. 2.1 0.008
2 tun 11 26.52 70.45 H.O. 0.85 H.O. 2.17 0.008
12 26.3 70.3 H.O. 1.05 H.O. 2.34 0.010
13 24.89 68.12 H.O. 0.95 0.23 2.18 0.009
14 25.96 69.97 H.O. 0.81 0.13 2.01 0.008
K43 15 26.22 65.94 H.O. 5.74 0.21 1.89 0.055
Kpacusrii 16 25.62 61.34 H.O. 10.73 0.27 2.04 0.105
3 T 17 25.15 57.36 H.O. 15.49 H.O. 2.00 0.153
18 25.13 57.33 H.O. 15.45 0.23 1.87 0.153
19 25.67 62.14 H.O. 10.15 0.19 1.85 0.099
20 26.24 66.41 H.O. 5.31 0.18 1.87 0.051
21 26.2 66.47 H.O. 5.54 H.O. 1.79 0.053
22 25.5 60.95 0.23 11.21 0.23 1.88 0.110
23 25.81 63.61 H.O. 8.56 0.19 1.83 0.083
24 25.63 62.06 H.O. 10.22 0.19 1.9 0.100
25 26.27 66.33 0.17 5.21 0.17 1.86 0.050
26 26.43 66.67 0.16 4.68 0.13 1.94 0.045
HIKY4 28 27.47 69.88 H.O. 2.14 H.O. 0.51 0.020
Po30BbIit 31 27.59 70.45 H.O. 1.56 H.O. 0.39 0.015
2 Tun 32 27.39 70.39 H.O. 1.75 H.O. 0.47 0.016
33 27.46 70.43 H.O. 1.66 H.O. 0.45 0.016
34 27.53 70.7 H.O. 1.4 H.O. 0.36 0.013
HAJI188 188 27.15 70.53 0.06 0.19 1.42 0.65 0.002
Brieano-po3oBblit
2 Tun
HAJI218 218 27.68 70.85 0.02 0.36 0.91 0.18 0.003
CBeT10-po30BbIit
2 Tun
HAJI221 221 27.16 68.62 2.44 0.36 1.32 0.29 0.023
Po3zoBaro-kpacHblit
3 Tun
HAJI210 210 26.8 65.22 0.1 6.2 1.21 0.47 0.06
TemHO-KpacHbII
3 Tun
KOC-1I 68 28.07 70.56 0.08 0 1.1 0.19 0
brenno-po3oBbIit 69 27.42 70.73 0.04 0.03 1.61 0.17 0
2 tun 70 2791 70.69 0.07 0.06 1.14 0.13 0.001
KXJI1 1 27.49 71.42 0.02 0.01 0.91 0.15 0
baenHo-po3oBbIit 2 27.43 71.26 0.06 0 1.15 0.1 0
2 Tun 3 27.21 71.03 0.11 0.05 1.54 0.06 0
4 27.63 71.27 0.05 0.02 0.88 0.15 0
5 27.48 71.1 0.03 0.02 1.22 0.15 0
KXJI3 1-1 28.05 71.49 0.02 0.04 0.37 0.03 0.0003
Po3zoBerit 1-2 28.27 71.27 0.07 0.04 0.33 0.02 0.0003
3 Tun 1-3 27.84 71.75 0.04 0.06 0.3 0.01 0.0003
1-4 28.2 71.27 0.02 0.07 0.37 0.07 0.001
2-1 28.01 71.54 0.03 0.09 0.33 0 0.001

ITpumeuanne. *nopmuposka Ha 100%; **#Cr = Cr/(Al + Cr), tae Al, Cr — cogepkaHue >JIEMEHTOB B at. %.

Note. *normalized to 100%; **#Cr = Cr/(Al + Cr), where Al, Cr — content of elements in at. %.

LITHOSPHERE (RUSSIA) volume 25 No.2 2025
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Puc. 3. Crexkrper KPC mmwunenu rpymsr 1.

a— KOCII (1 — 6e3 ananu3a mnojspusaiuy; 2 — B MapajulelibHbIX; 3 — B CKPELICHHBIX HAMPABJICHUIX MOJISIPU3ALUH [aJAI0LIET0 1
paccessHHOTO U3IyudeHus); 6 — pparmentsl criekTpa KXJI2 (1 — B ucxomHOM cocTosiHUH, 2—5 TOciie 0TKUTa B TeueHnu 3 1 ipu 700,
720, 740, 760°C, cOOTBETCTBEHHO) U CHHTETHYECKOH Kepamuku (6). Ha Bpeske — anmpokcumanys criektpa 6 GpyHkuusimMu [ayc-

ca—Jlopenua.

Fig. 3. Raman spectra of spinel from I group.

a—sample COSII (1 — without polarization analysis; 2 — VV; 3 — VH polarization); 6 — KHL2 (1 — in the initial state, 2—5 after an-
nealing for 3 hours at 700, 720, 740, 760°C, respectively) and synthetic ceramics (6). The inset shows Gauss—Lorentz approxima-

tion of the spectrum 6.

B 6onbmuHcTBE paboT Mozia Fo,(2) He hukcupoBanacs;
B (D’Ippolito et al., 2015) oHa cooTHECEHA ¢ MaJIOMH-
TeHCUBHOM muHuel 562 cm™'. Mony F,,(1) mpu 311 cm™
WHTEPIIPETUPYIOT KaK pemeToynsle konedanus T(Mg),
B KOTOPBIX ydacTByIOT TeTpasapel MgO, E, npu
408 cm! — Kkak gedopMalMOHHbIC KOJICOAHUS KHCIIO-
POIHBIX aTOMOB TeTpa3apoB MgO,, B KOTOpbIE BOBIIE-
YEeHbl aTOMBI KHCJIOPOJA COCEAHUX OKTadIPUUCCKHUX
nosunuii; Fy(3) mpu 665 cM™' — Kak BaJeHTHbIE KO-
neOaHus KUCIOPOIHBIX aTOMOB OKTa’ipoB AlOg (mbI-
XaTeNIbHBIE MOJIBI OKTA3APOB); A, ipu 770 cM ™' — Kak
CUMMETpPUYHBIC BAaJCHTHBIC KOJICOAHUSI TETPadipoB
MgO, (mprxarempHble MOABI TeTpadapos) (O’Horo et
al., 1973; Chopelas, Hofmeister, 1991; Cynn et al.,
1992; Lazzeri, Thibaudeau, 2006; Caracas, Banigan,
2009; D’Ippolito et al., 2015). B uccnenoBanHbIxX mpo-
0ax MIMMHENTH MUpHUHA Ha ojoBuHE BeicoThl (FWHM)
Mmozb1 408 cm ! BapbupyeT oT 5 10 9 cM!; mpuyeM Hau-
MEHbIIIee 3HaUeHne XapakTepHo i mmuHean KXJI.
B mmunenu rpynmnsl III, kpoMe yka3aHHBIX BbILIE
YeThlpeX MOJ, (UKCHPYIOTCS [ONOJHUTEIbHBIE IIH-
ku 223, ~285 (mn.), ~356 (1), 487, 550, ~600 (11.),
622, 698 cm! (cm. puc. 40). Haubonee ueTko BbIpa-
JKCHHBIMU SIBIISTIOTCS MakcUMyMbI 550, 622 1 698 cm !,
ONU3KUE [0 PHEPTUM K KOJIeOaHUSIM MarHe3noXpoMHu-
Ta Fyu(2), F5,(3) 1 A, coorBeTcTBeHHO (D’Ippolito et
al., 2015). ITpu sTom konebanus E, npu ~450 cm ', xa-
pakrepubie g MgCr,O,4, HamMu He BbIABIIEHBI. Husko-
WHTEHCHUBHBIC MMHPOKUE MAaKCUMYMBI 223, ~285 (111.),

LITHOSPHERE (RUSSIA) volume 25 No.2 2025

~356 (mn.), 487, 600 (rn.), cm! (m1.) panee ObLaM 3a-
(UKCHpPOBaHBI B CUHTETHYECKHX TBEPABIX pacTBOpax
Mg(Cr,Al, ,)O, (Malezieux et al., 1983; D’Ippolito,
2013) m mpupomusix xpomurtax c¢ #Cr=0.08-0.14
(Lenaz, Lughi, 2017); ux mpupoma He OIpeaciicHa.
Taxum 00pa3oM, 0COOEHHOCTBIO CIEKTPOB INTHHETH
rpynmsl I no cpaBuenuto ¢ I u Il siBnsiercs ogHOBpE-
MEHHO€ NIPUCYTCTBUE JABYX HAOOPOB Kosebanmii 1A, +
+1E, + 3F,,, xapakrepHsIx 14 (1) 6naropoHoii mmu-
HEJIM C HU3KUM COJIepKaHHeM Xpoma U (2) Juid IIu-
HEJIW COCTaBa, OJU3KOT0 K MarHe3noxpomury. OTHO-
CUTENbHAs MHTEHCHBHOCTH KOJEOaHWH BTOPOTO Ha-
0opa CyIIECTBEHHO HMJKE IIEPBOIO M YBEIMYMBACTCS
¢ pocroM #Cr. IlomoskeHrne MbIXaTeTbHBIX MOJ OKTa-
51poB F1,(3) ¥ AbIXaTeNbHBIX MOJL TETPAdAPOB A, KaK
LINMAHENIEBON, TaK U MarHE3MOXPOMHUTOBOM MPUPOIBI C
poctoMm #Cr cMemiaeTcss B HUI3KOIHEPreTHIECKYI0 00-
nacTh (cM. puc. 40). B TO ke BpeMsi, IOJI0KESHUE MO/IbI
E, negopmalnoHHbIX KoseOaHUH KHUCIOPOJHBIX aTo-
MOB TeTpadapoB MgO, mpakTHYecku HEe MU3MEHSETCS
B muanazone #Cr = 0.05-0.217, a ee mmpuaa FWHM
yBenuunBaetcs ot ~12 10 40 cm '

TepmooOpaboTka oOpasioB rpynmnsl [ mpu 700—
760°C BBI3BIBAET YIIMPEHUE U HE3HAUUTENBHBINA CABUT
pemieToyHblx Moz Fa,(1) m nedopmanmoHHbIX KoJe-
Oanuil TeTpaspos E, cm. (puc. 36). Annpokcumarus
CIIEKTPOB BBISBIISIET B HUX HAJIMYHE HU3KOIHEPTEeTHYE-
CKHUX ITUKOB, OTHOCHUTEIIbHASI HHTCHCUBHOCTH ¥ IIIHUPH-
Ha KOTOPBIX YBEIMYMBAETCS C POCTOM TEMIIEPAaTyphl
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Puc. 4. Cnextpsl KPC mmmaenu rpymms 1 (a, o6pasust [IIKY 2 u 4, 1 —#Cr=10.016,2 —0.013, 3 — 0.008) u III (0,
obpazen; 1KY 3, 1 —#Cr = 0.050, 2 - 0.051, 3 — 0.083,4 - 0.100, 5 - 0.110, 6 — 0.153).

OpaH)KeBLIfI WTPUX-IIYHKTHP U '-IepHI:IfI IIYHKTHP — IOJIO)KECHUE OCHOBHBIX (HIHI/IHCJ'[CHO}Z[O6HLIX) W JOIOJIHUTECIIBHBIX MO, COOT-

BETCTBEHHO; * — apTe(axT.

Fig. 4. Raman spectra of spinel ShKCh2,4 from II group (a, 1 —#Cr=0.016,2—0.013, 3 —0.008) and ShKCh1,3 from
I group (6, 1 —#Cr=0.050, 2 - 0.051, 3 - 0.083,4 —0.100, 5—0.110, 6 — 0.153).

The position of the main (spinel-like) modes is shown by an orange dotted line, the additional ones by a black dotted line; * — is

an artifact.

o0pabotku. [IpyruMm ee ciieZICTBHEM SBISETCS TOSB-
JICHUE B CIIEKTPaxX JOMOJHHUTEIHLHOrO MHKa ~720 cm !
cummetpuu A, (Cynn et al., 1993), koTopslit ObLI OT-
HECEH K BaJICHTHBIM KOJIEOAHHMSAM (IbIXaTeIbHBIM MO-
nam) tetpasapos AlO, (De Wijs et al., 2002; Lazzeri,
Thibaudeau, 2006; Widmer et al., 2015). Yumupenue
KosebaTenbHOH Moabl E, M MOsIBIIEHHE [OTIOJHUTENb-
HOHM MOZBI A, OBLIO MHTEPIPETUPOBAHO KaK 4acTHY-
HOe OOpallleHHe CTPYKTYpbl LINHUHEIN — HapylIeHUe
YIOPSZI0UEHHOTO pacrpeesieHus KaTHOHOB A% u B3*
1o TeTpa- ¥ okTadapudeckum nosunusm VAV'B,0, —
— V(A Bs) YI(AsB, )0y, e 6 — cTenens odparieHus
(O’Neill, Navrotsky, 1984; Nell et al., 1989).

3. Cnexmpuor @JI ipu BO30YKIeHUM JIMHUSAMU 514 1
488 uam npu 80 K, TUnHMYHBIE [T IITIMHETHN C pa3inud-
HBIM COJEpP)KaHHUEM XpOMa, IPEJCTABIEHbI HA PUC. 5.
Vcnonb3oBaHHbIE JTUHAN BO30YKICHUS COOTBETCTBY-
10T BBICOKO3HEPIeTUYECKOM 4acTH CHEKTpa IOTJIOLIe-
Hust Cr¥* B OKTadApUUECKUX MO3UIUSIX, UMEIOIICH BUJT
JBYX HIMPOKKX MakcumyMoB 1ipu 18 600 u 25 000 cm ',
00YCIIOBJIEHHBIX pa3pelieHHbIMU 10 criuHy d-d mepe-

xomamu “A,, — *Ty(F), = *T (F) (Wood et al., 1968;
Schmetzer et al., 1989).

Coextpsl npo0 mmnuHenw rpymmsl [ ¢ comepxka-
nueM #Cr < 0.001 (KOC-II, HAJI, KXJI) cocTosT u3
y3koi OechoHOHHOU ayOneTHOl R-munum (684.7 u
684.5 HM) ¢ POHOHHBIMHU TOBTOPEHUSIMHU B HU3KOIHEP-
reruueckoit oonactu (R-PSB, “phonon side band”), a
Takke Habopa OechoHOHHBIX N-ITHHHHA, Cpend KOTO-
PBIX HanboJee YeTKO MPOSIBIIEHBI JIMHUU N,, N3 H N,
oTcTosme oT R-nmuauu Ha 27, 37, 54, 83 1 95 cMm !, co-
OTBETCTBEHHO (pHC. 6, Bpe3Ka). ITH JIMHUH, HE UMEIO-
LIMe aHTHUCTOKCOBBIX aHAJOI0B, IPUIHMCHIBAIOTCS CBE-
4yeHno noHOB Cr’’ B OKTa’pax, MCKAKEHHBIX 32 CYET
Pa3IMYHOr0 KATHOHHOTO OKPYXKEHHUSI BO BTOPOH KOOp-
JTMHAIMOHHOM cepe B 4acTUYHO OOpaIleHHOH CTPYK-
type mmuHean (Mikenda, 1981). Hamwmume ciaOpix
N-nuHuil B cekTpax WIUHENH rpymmsl I cBugerens-
CTBYET O HM3KOM, HO HE HYJIEBOW CTEIIEHN OOpaIIeHNSI.

B cnekrpax npo6 rpynmst Il ¢ conepxanuem xpo-
Ma 0.008 < #Cr < 0.025, kpoMme yka3aHHBIX, (PUKCH-
pyercst 6ecpononnas muuust N, (703.9 Hm), npunucel-

JIMTOCDEPA TomM 25 Ne2 2025
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Puc. 5. Crexktper @JI mmuHeNU ¢ pa3IuvHbIM coaepkanuem #Cr.

1 —#Cr <~0.001 (mpo6a KXJI); 2 —0.008 < #Cr < 0.05 (ILIKY4); 3 — 0.05 <#Cr < 0.08 (IHKY3); 4 — 0.08 <#Cr < 0.10 (IIKY1);
5-0.10 <#Cr < 0.20 (LIKY1). Temmnepatypa 80 K, Bo30yxnenue 488 Hm. CrieKTpbl HOPMHPOBAHBI HA HHTCHCUBHOCTh MaKCHMY-
Ma; A, B, C — uentpsl cBeuenust Cr* B minmuHes M ¢ BeICOKHM cozieprkanueM #Cr. Ha Bpeske — o6uacts R 1 N inHuii ¢ pasnoxeHu-

€M CIICKTpa Ha KOMIIOHEHTBI.

Fig. 5. PL spectra of spinel with different Cr content.

1 - Cr<~0.001 (KHL sample); 2 — 0.008 < Cr < 0.05 (ShKCh4); 3 — 0.05 < Cr < 0.08 (ShKCh3); 4 —0.08 < Cr < 0.10 (ShKCh1);
5—0.10 <#Cr < 0.20 (ShKCh1). The temperature is 80 K, the excitation is 488 nm. The spectra are normalized to the maximum
intensity; A, B, and C are the Cr** luminescence centers in spinel with a high #Cr content. The inset shows the spectrum region of

R and N lines with its Lorentz approximation.

BaeMas cBeueHHo HOoHOB Cr’* B OKTa’apax npH B3au-
mozeiictBuu Cr-Cr-nap. C pocToM cofepKaHusi Xpo-
Ma OTHOCHUTEJIbHAsE HHTCHCUBHOCTD JTUHUU N, U Ha0o-
pa 6econonHbIX N-muHHN Ny, N, 3 B ng (CM. puc. 6a)
YBEITUYMBACTCSI.

B cnextpax mpo6 rpymmer III ¢ comepxanuem
#Cr > 0.05 nuaus N, npeobOnagaer Hajg R-nuHuel;
TaK)XX€ PETUCTPUPYIOTCS €€ (DOHOHHBIE IMOBTOPEHUS
(N4-PSB); ipu conepsxanmu #Cr > 0.08 R-muHIS Tpak-
THUYECKH Hcue3aeT. OTMevaercsi nepepacnpeseneHue

LITHOSPHERE (RUSSIA) volume 25 No.2 2025

WHTEHCUBHOCTH O€C(POHOHHBIX N-JIMHHHA, B YaCTHO-
ctu poct otHomenus N,/Ns. [Ipu #Cr > ~0.01 B criek-
Tpax ®JI NOABIAIOTCS MIUPOKUE MOJIOCHl CBEUCHUS A,
B, C ipu ~750, ~800 u ~910 um. Panee (Garapon et al.,
1991, 1998) npenmnosaranach CBSI3b MOCIEAHUX C HE-
CTEXMOMETPHUEH IIITUHEIN.

TepmooOpaboTka npo6 rpymmsl [, kKak U pocT co-
JepXKaHusT XpoMa, MPUBOANT K M3MEHEHHWIO CIEKTpa
CBEYEHHS — POCTY OTHOCHTEIHHONH HHTEHCHUBHOCTH
N-1vHAA ¥ U3MEHEHHI0O MX COOTHOIIEHUS C IPeod-
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Puc. 6. ®parmentsl ciektpoB OJI mmuuenn rpynmsl 11 (a, mpoos! IIKY 2, 4) ¢ pa3nudHbIM COJepKaHUEM XpoMa
(uncna — 3Hayenust #Cr) u mmuHenu rpymnmsl 1 (6, npoda KXJI 2) o (1) u nocne (2-5) omxura npu 700, 720, 740 u

760°C, COOTBETCTBEHHO, U CHHTETHYECKOH KepaMHKH (6).

Temneparypa 80 K, Bo30yxaenue 488 HMm. CrieKTpbsl HOpMHPOBAHbEI HA HHTEHCHBHOCTh R-JIMHMML.

Fig. 6. Fragments of the PL spectra of spinel from II group (a, samples ShKCh2, 4) with different chromium contents
(numbers — values of #Cr) and spinel from I group (6, sample KHL 2) before (1) and after (2-5) annealing at 700, 720,

740 and 760°C, respectively, and synthetic ceramics (6).

Temperature 80 K, excitation 488 nm. The spectra are normalized to the intensity of the R-line.

nananueM N, nuHUH (cM. pHc .60). IToT dakT oTpa-
JKaeT yBeJIMYeHHe KOHIIEHTPAllUU IIEHTPOB JIOMHUHEC-
LIEHUHN XpoMa C MCKaXEHHOH CTPYKTYpOil 3a cyeT u3-
MEHEHHs KOJMYECTBEHHOTO COOTHOIIEHHUS HEIKBHBA-
JeHTHBIX CTPYKTYp. Lllupoxkas nosnoca, 61u3Kast 1o mo-
noxeHuto K N, nomunupyert B criektpe ®JI nocine oT-
xwura npu 760°C; aHaJOTMYHBINA CIIEKTP HAOIIOAACT-
Csl B CHHTETHYECKOI BBICOKOTEMIIEPATYpHOU KepaMH-
ke MgAlLO,.

OBCYXJAEHUE

Konyenmpayuonnvie 3asucumocmu napamempos
KPC wanboliee MHTEHCUBHBIX ‘‘IIMTAHENCIIONOOHBIX’
konebaTenbHbIX MO Ay, Fau(3), Fau(l), E, (puc. 7)
HMEIOT JTUHECHHBIA BUJ;

Van(A,) = 764.2 — 88.5-(#Cr), (1)
Van(F24(3)) = 665.3 — 46.6+(#Cr), )
Van(Foo(1)) = 313.0 — 19.4+(#Cr), 3)

e UHAEKC “mr’ 03HayaeT COOTBETCTBHE MO OCHOB-
HBIM KoseOaHusiM mmuHend. [lomoxkenne Monsl Ie-
(dopmanMoHHbIX Kosebanuii Terpasapos MgO, (E,)
MIPU 5TOM OCTaeTCs MPaKTHYECKH HEH3MEHHBIM, a ec
LIMpUHA JTUHEHHO yBennunBaeTcs ¢ poctoM #Cr:

FWHM(E,) = 3.3 + 179.3-(#Cr). 4)

AHaNornyHoe KOHIIEHTPALlMOHHOE MOBEICHUE Je-
MOHCTPHPYIOT JOTOJIHUTENIbHBIE MOJIBI “MarHe3nox-

POMHTOBOW” MPUPOJIbI, HAOIIOJaEMbIe B IIMUHEIH
rpynusr III:
V(A = 706.4 — 78.3-(#Cr), %)
Vip(F2e(3)) = 630.6 — 49.4(#Cr), (6)
Vip(Fag(1)) = 223.8 — 21.7-(#Cr), 7

rJIe WHACKC “Xp” 03HAYaeT COOTBETCTBHE MO JOIOJI-
HUTEIBHBIM KOJeOaHUSIM.

OOpamiarot Ha cedst BHUMaHUE OJM3KHE 3HAUCHUS
KO3 UITUESHTOB JUIT MOJ, OJJUHAKOBOH CUMMETPUU B
cootHomeHusix (1-3) u (5-7), 4To MOATBEPKIACT UX
onu3kyto npupoay. CoxpaHeHue JBOWHOTO Habopa Ko-
nebaHnit BO Bceil 00JacTH COCTaBOB IMO3BOJISET Cle-
JIaTh BBIBOJ] O JBYXMOJIOBOM ITOBEJICHUHU YaCcTOT U Ha-
JITIUN BO BCEX TBEPABIX pacTBopax rpymsl 11 dpar-
MEHTOB OJIFDKHETO TOpPS/IKa, XapaKTepHBIX IS Kpaii-
HUX wieHoB psna. OtmeTnM, uto panee B (D’Ippolito,
2013) coobmanoch 06 OAHOMOJOBOM IMOBEJICHUU KO-
nebanuit 3a uckmouenneM E, Bo BceM nana3oHe CUH-
TETUYECKUX TBEPJBIX PACTBOPOB; BO3MOXHO, JIOTIOJ-
HUTEJIbHBIC TTUKU HE ObUIH 3a()MKCUPOBAHBI U3-3a (-
(hexTOB OOpareHns CTPyKTYphl WIH 0oJiee HHU3KOTO,
4YeM B JaHHOH padoTe, CIIeKTPAIbHOTO pa3perieHHs.

CootHomrenus (1-7) cBHIETENBCTBYIOT O TOM, YTO
HanOoJee BBICOKOW KOHIIEHTPAIIMOHHOW YYBCTBH-
TEIBHOCTHIO K COJICPKAHUIO XpOMa B OKTa-TIO[PEIICT-
Ke 00JIaJat0T KOJICOaHHs TETPA-MOIPEIICTKH IITTHHE-
JM, & UMEHHO IOJIOKEHHE MOJBI A, JbIXaTelbHbIX
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konebanuit MgO, u mmpuna FWHM(E,) moxsl ne-
(dhopManmoHHbIX Koyiebanuit MgO,. ITa 0COOCHHOCTh
CBf3aHA CO CTPYKTYPOW OJIMIKHETO TOpsAKa aTOMOB
KHCIIOPO/Ia, KOOPIWHUPOBAHHBIX TPEMS OKTadJApuye-
ckuMd M U oHUM TeTpadapudeckuMm T KaTHOHAMHU
O("™WT,"M,Y'M,VIM). DHeprusi apIxaTeibHbIX Kojeba-
Huil rpynn MgO, — IBHUXKEHHI aTOMOB KUCJIOpOJa B
HanpasieHusx (111) or katnona T k Tpem KaTHOHaM
M — onpenensiercst He TOJABKO TUIIOM KaThoHa T, HO U
IEKTPOHHON CTPYKTYpOH aTOMOB KHCJIOPOJA, B3au-
MOJICUCTBYIOIIMX C KaTHOHaMu M, MU MeKaTOMHbI-
MH paccTossHUIMA M—O, 9TO U SIBISETCS TPHIUHON
YMeHBIIIeHHS dHeprun Konebanus ¢ poctom #Cr. I[lo-
JI03KE€HUE MOJBI V(A ,) pPaHee ObLIO NPEIIOKEHO HC-
MOJIL30BATh AJIS1 IKCIIPECC OLICHKH COJePKAHUS XpoMa
meronom KPC (Malezieux et al., 1983; Lenaz, Lughi,
2017). OTMeTuM, 4TO MOTYYEHHOE HAMHU COOTHOIIIE-
Hue (1) coBmamaeT ¢ TPEHOOM MJisi CHHTETUYECKHUX
TBepabIx pactBopoB MgAl, Cr,O, (Malezieux et al.,
1983), oqHako CyIIECTBEHHO OTIWYAETCS OT TaKOBO-
T'0 U TPUPOIHEIX mrHenel (Malezieux et al., 1983;
Lenaz, Lughi, 2017) (cm. cM. puc. 7). DTOT daxT, oue-
BUIHO, 00YCIIOBJICH HAIMYMEM 3HAUYUTEIBHOTO COAEP-
KaHHUs Kelle3a B IPUPOJHBIX 00pa3iax, H3yuyeHHbIX B
LUUTHPOBAHHBIX padorax. s ypanbCKuX IIMUHENeH
MPeIIOYTUTENIbHEE UCTIOIb30BaTh B KAYECTBE KaIno-
POBOYHBIX COOTHOIICHHS, ITOJyYCHHbIE B HACTOSIICH
pabore.

Bapuanunu mmpunsl moasl FWHM(E,) B 3aBucnmo-
CTH OT KOHIIEHTpAIIMH XpOMa paHee He aHaJIM3HpOBa-
JHMCh. YKa3aHHAsl 3aBUCUMOCTD SIBJISIETCSI SKCTPEMallb-
HO 3HauuMMoM: npu yBenuueHuu #Cr Ha ~0.2 3HaueHHe
FWHM(E,) Bo3pacraer Ha ~35 cm™' (cM. puc. 7r). B cu-
JIy TEOMETPHUHU aTOMHBIX JIBUKEHHH, SHEPTHst e opma-
LMOHHBIX KOJIeOaHUIl TeTPasApOB MEHEE TyBCTBHUTEb-
Ha K MEKaTOMHBIM PacCTOSHHAM; MOJNOKEHHE MmuKa E,
npaktudecku HeusmeHHo mpu #Cr < 0.2. OnHako je-
(hopmaroHHbIE KOJIeOaHUS TPUBOIAT K CMEHICHUSM
KHCJIOPOAHBIX aTOMOB COCEIHHMX OKTa’ApOB, 3aBHCH-
OIMM OT THIIA OKTa3JPUYECKOr0 KaTHOHA. Y IIMpEHHUE
Mmozbl E, ¢ poctom #Cr Ipy COXpaHEHNH €€ MOJI0KEHUS
yKa3bIBae€T Ha PACTyIIUH pa30dpOC 3HAYCHUH SHEPruu
KoJIe0aHNU TIPU COXPAHEHUH CPETHET0 3HAYESHUS SHEP-
THH, 9TO SBJISETCS MIPU3HAKOM pa3zHOO0pa3us KOHDUTY-
panuii katroHoB VM B OJrKalIieM OKPYKEHHUH TeTpa-
9POB, T. €. KATHOHHOTO Pa3yIoPsI04CHUsI.

BrusiHue npuMecu xpoma Ha JHHAMUKY OKTa-TIOJI-
pELIETKH TMpOSBISAETCS B CHUXKEHMH C pocToM #Cr
SHEPIuM JbIXaTelbHbIX MOJ Fa,(3) okTtasapos AlOs.
C yuerom Oouibmioi pasuuiiel Macc Al u Cr u Mex-
atroMHbIX paccrossiuii AI-O u Cr—O stu 1Ba Qakro-
pa MO’XKHO CYUTATh JOMUHHpYIomnMu. [losiBienne no-
MTOJTHUTENFHOM MOJIBI IBIXaTeIbHBIX KOJIEOaHN TeTpa-
5poB 626 cM ' B CrieKTpax MPU HU3KOW KOHIICHTPAIUH
#Cr ~ 0.015, He moctaTouHOM 111 0Opa3oBaHUs pery-
nspHbIX pparmentoB O(Mg,Cr,Cr,Al), mo3BosnsieT cae-
JIaTh MPEATOJIOKEHNE O HECTATHUCTUYECKOM pacipee-
JIEHUH aTOMOB XpOMa B IIMHHEINH.

L]anosa u op.
Shchapova et al.

KoHueHTpanuonnas: 3aBUCHMOCTb SHEPIHU pelie-
TounblXx T(Mg) konebanuii Fy,(1) (cm. puc. 46) mox-
TBEPXKJIAET M3MEHEHHE KPUCTALIOXUMHUYECKUX XapaK-
TEPUCTUK TETPA-MIOJIPENIETKH: B IINMUHENH rpynmbl 111
MOJIa CMEIAeTCs B HU3DHEPTeTHIECKYI0 00J1acTh C po-
ctoM #Cr, U y Hee TIOSBIISIETCS TOTIOJIHUTEIBHOE TITe-
40 CO CTOPOHBI HU3KUX dHeprui. [[pumedarenbHo, 4TO
AHAJIOTUYHBIC W3MEHEHUS PEIICTOYHBIX KoJeOaHui
(UKCHPYIOTCS B HU3KOXPOMHUCTOM LIMUHENN TPYIIIbI |
MPU OT)KUTE U YaCTHYHOM OOpalIeHUH CTPYKTYPBI, &
TaKK€ B CHHTETHMYECKON BBICOKOTEMIIEpATYpPHOU Ke-
pamuke MgAl,O, (cMm. puc. 36). Ha ocHoBaHumM 3TO-
T'0 MOYXHO 3aKJIFOYUTh, YTO PEAKINs TETpa-ToaperieT-
KW IIMTAHETH Ha HapYUICHWE HIICATbHON CTPYKTYPHI B
OOIIMX YepTax OJMHAKOBA I PA3JIMYHBIX THUIIOB Ka-
THOHHOTO Pa3ynopsagodeHusi. OTOT (PakT WLIIOCTPU-
pyer puc. §, Ha KOTOPOM IIpeJICTaBlIeHa Juarpamma,
CBA3BIBAIONIAs I10JIOKEHHE PEMIETOYHOH MOJIbI Fyu(1)
U IHUPHHY MOJBI B, JbIXaTeNbHbIX KONeOaHui TeTpa-
aapoB MgO,. Tpern 1 Ha muarpamMMe oTpaskaeT M30-
Mousm V'ICr?* — VIAPY (#Cr < 0.2); Tpenna 2 — obpa-
mmeHne cTpykTypsl YMg?t — VIAP i VIAPY — VMg?,
B YaCTHOCTH, IPU OTKHUTE IIMMHHEIH C 3aKaIKOH B BO-
ny; TpeHJ 3 — paguanroHHoe nedeKTooOpa3oBaHue, B
TOM YHCIIE TIPH O0JyYSCHUH CUHTETHYECKON KEPaMUKU
MgAl,O, nonamu meau (Zatsepin et al., 2020).

BaxxHy1o posib B KATHOHHOM pa3yropsI0ueHIH BbI-
COKOXPOMHUCTHIX 00pa3IoB, OYCBUIHO, UTPACT OOHAPY-
’keHHasi HectexuomeTpus 1 = 2.03-2.06. OTkIoHeHU
OT CTEXHOMETPHYECKOTO cocTaBa ¢ M30BITKOM Al,O;
oTHOCcHTEIHbHO MgO B0OOIIE CBOWCTBEHHBI IIHHE-
mu (Ball et al., 2008; Murphy et al., 2010). KntoueByto
pOJIb B KOMIIEHCALIMU 3apsiia HECTEXHOMETPUUYECKOM
HIMTUHENN UTPAOT aHTUCANT-IedekTh 'YMg* — VIAP*
u VIAPY — YMg?* (obparieHne CTpyKTyphI), 00pa3oBa-
HHE KOTOPBIX B CTPYKTYpE dHEPTeTHUECKH Ooyiee BBI-
TOJTHO, YeM Kakux-1u0o npyrux nedexros (Ball et al.,
2008). JlokabHBIA AIEKTPUIECKHUNA 3apsij aHTHUCAKT-
ne(eKTOB CBSI3aH C HECOOTBETCTBUEM 3apsiIOB KaTHO-
Ha ¥ aTOMOB KHCcJI0poaa Onnkaiiiiero okpysxenus. Co-
riacHo (Kroger, 1974), peakuus ux oOpa3oBaHus UMe-
eT BUI Mgy, + Aly" <> Aly, + Mgy, rie cumBoOI TOY-
Ka 0003HauaeT N30BITOK MOJIOKUTEIBHOTO, a IITPHX —
OTPHUIIATEIHHOTO 3apsaa. ITH AePEKTHl KOMIICHCHPY-
I0TCS APYTUMH JieeKTaMH ITPOTHUBOIIONOKHOTO 3aps-
na. IToxazano (Sickafus et al., 1996; Hinklin, Laine,
2008), yto mns mmuHenu ¢ u3dbiTkoM AlLO; xapak-
TEpHO MpUcyTcTBUE e(PeKToB Aly,’, MEKIOY3EIBHBIX
aTOMOB KHCJIOPOJa M BaKaHCUH HMOHOB KHCJIOPOAA,
MarHusi Wik IIOMUHHS. MOXXHO TIpeAroiaraTb, 4ro
MOBBIIIEHHBIE KoHIeHTparmu Cr**, 06ragaromniero BbI-
COKOM PHEPrueu mpearnouTeHusi OKTa’ApUuecKoi Mo-
3WINAH, SBISIOTCS JOTIOJTHHUTEIBHBIM (DaKTOpOM, CITO-
COOCTBYIOIIUM BBITECHEHUIO KaTHOHOB Al** B TeTpa-
3pBl 1 OOPALLEHUIO CTPYKTYPBHI.

Takum 00pa3oM, 0COOEHHOCTH CTPYKTYpPbI ypalib-
ckoi wmmuHenu rpynmnsl III onpenensrores cnenyro-
UMM YETHIPbMSI B3aUMOCBSI3aHHBIMH (DaKTOpaMHU:

JIMTOCDEPA TomM 25 Ne2 2025
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Puc. 8. luarpamma v(Fp(1)) vs FWHM (E,) f1s mnuHenu ¢ pasinyHbeiM coaepxkanneM #Cr (Tpena 1), nocie oTxura
NPH pa3IHyHbIX Temrepatypax T, (Tpera 2) u mocie obayuenus nonamu Cu B quanasone 103 D~10"-10"7 non/cm?

(Tpenn 3).

1 — KXJI2 B ucxonnom cocrosinuy; 2 — 'H; 3 — KOCII; 4 — KXJI3; 5 — KXJI2 nocne orxura npu 700-760°C; 6 — HAJI2; 7—HAJI3;
8 —IIIKY2,4; 9 — IIKY3; 10 — IHKY1; 11-12 — cunTeTHYecKast KepaMuKa B HCXOJHOM COCTOSIHUM U 11OciIe 00IyueHHs.

Fig. 8. Diagram v(F,,(1)) vs FWHM(E,) for spinel with different #Cr content (trend 1), after annealing at different tem-
peratures T,,,(trend 2) and after irradiation with Cu ions in the dose range D~10'"-10'" ion/cm? (trend 3).

1 — KHL2 in the initial state; 2 — GH; 3 — COSII; 4 — KHL3; 5 — KHL2 after annealing at 700-760°C; 6 — NAL2; 7 — NAL3; § —
ShKCh2,4; 9 — ShKCh3; 10 — ShKCh1; 11-12 — synthetic ceramics in the initial state and after irradiation.

(1) mpumecHbM coctaBoM (#Cr); (2) HECTEXHOMETPH-
eif; (3) oOpameHnneM CTPYKTYpbl; (4) BaKaHCHOHHBIM
nedexkroobpa3zoBanueM. B kadecTBe THIOMOP(HBIX
MPU3HAKOB IITHHENN, 00pa30BaHHON Ha MPOTPECCUB-
HOM 3Tare PeruoHalbHOTO MeTaMop(du3mMa B yCIOBU-
X pOCTa TeMIepaTyphl W AAaBIICHUS, NEPCIEKTUBHBI-
MH TIpeACTaBISIIOTCS caexytomue: (1) BeIcokoe (1o
#Cr ~ 0.2) conmepkaHue Xpoma IpU HU3KOM COZAEpIKa-
HUU Kene3a U Hectexuomerpus (m = 2.03-2.06); (2)
oOpalieHue CTPYKTYpbl U HECTATUCTHYECKOE pacipe-
JieJICHHE HOHOB XpoMa.

@omoniomunecyenyus  xpoma.  JIroMHHECIEH-
st oHoB Cr’* B HIMUHENM JETabHO MCCIICI0BaHa;
CHEeKTp CBeYeHHs (OPMHUpPYETCS 3a CUET 3amperieH-
HBIX TI0 CIIMHY M3]IyYaTelbHbIX TepexooB ‘E, — *A,,
W COCTOUT W3 y3KO# ayoOnerHor R-muamm (R, = 684.7
u R, =684.5 Hm) u ee POHOHHBIX TOBTOpeHUH. JIromu-
HECICHIIUS TIPUMEHSIIACH PaHee JJIs U3YYCHUS CTPYK-
TypHBIX ocoOeHHocTei mmunenu (Lenaz, Lughi, 2013,
2017; D’Ippolito et al., 2015; Widmer et al., 2015;
Kharbish, 2017; Mali¢kova et al., 2021); B npupo-
HBIX 00pasIiax MHTEHCUBHOCTE CBeYeHnst HOHOB Cr’* B
3HAYUTEIFHOW CTETIEHN KOHTPOJIUPYETCS COJEepPKAHH-
€M MPUMECHBIX HOHOB-TYIIUTENCH, B yacTHOCTH, Fe?',
Co?" u Ni*" (Gaft et al., 2015). B remmonoruu Ha Ka-

LITHOSPHERE (RUSSIA) volume 25 No.2 2025

YECTBEHHOM YPOBHE HCIIONIL3YETCSI JIFOMHUHECIICHT-
Hasl IMarHOCTHKA TePMOOOpPabOTKH MPUPOAHBIX IOBE-
JUPHBIX Pa3HOCTEH, IUCKPUMHUHALUS MPUPOTHOTO
WIA CHHTETHYECKOTO IeHe3nca odpasia Mo CrekTpam
Cr** (Smith, 2012). Biusinue cocraBa U CTENEHH 00-
pamenus cTpyKTyphl Ha crektpsl OJI Cr3* metampHO
WCCIIEIOBAHO ISl CHHTETHYECKUX W MPUPOIHBIX 00-
pastoB ¢ HU3KUM cojepkanuem xpoma (Cr,O; < 0.5
mac. %) (Mikenda, 1981; Deren et al., 1996; Widmer
et al., 2015; Wang et al., 2020). OgHaKo JTIOMUHECIICH-
s 00pa3oB C THIHYHBIM JUISl yPAIBCKUX HINMUHENCH
conepxanuem 0.5 < Cr,0; <5 + 10 ar. % panee B 1u-
TepaType He ONHCaHa.

Crextpst @JI ipo6 rpymmsl | — Turmaasie 1u1st O1a-
TOPOJTHOMN IITIMHEIH CO CJIEIOBBIM COIEPIKaHUEM XPO-
Ma; OHU CBHUJETEIhCTBYET O HU3KOH, HO HE HYJIEBOU
CTEIeHN OOpallleHHsI CTPYKTypbl MHUHepana. B crek-
Tpax npod rpynmnsl I1 ¢ cogepsxkanuem #Cr > 0.008 pux-
cupyercst Oecononnast aunus Ny (703.9 HM), cBsizaH-
Hast co cBeyeHneM HoHOB Cr’" B OKTasapax, BOZHUKATO-
mast mpu B3anmoencTeun nap nonos Cr-Cr. Konnen-
TPalMOHHAA 3aBICHMOCTh OTHOCUTEIHFHOW WHTEHCHB-
HOCTU N,-uHUM B mmuHenu rpymisl I npeacraBiena
Ha puc. 9a. HaGmronenue ceedenus nap Cr-Cr B criek-
Tpax mpod rpynmsl Il ¢ 1ocTaTOYHO HU3KUM cofepiKa-
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Puc. 9. Coornomenne narencusHoctei auanii ®JI Ny/R (a) u N3/N, (6) B 3aBucumoctu ot #Cr B mnuHeny rpyii |
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1 - IKY2,4; 2 — HAJI2,3; 3 — KXJI2 no omxkura; 4-6 — nociie orxura npu 720, 740, 760°C; 7 — cuHTeTHYECKAsI KEpaMHKa.

Fig. 9. N,/R (a) and N3/N, (6) ratios vs. #Cr in the spinels of II group.
1 — ShKCh2.,4; 2 — NAL2,3; 3 — KHL2 before annealing; 4-6 — KHL2 after annealing at 720, 740, 760°C; 7 — synthetic ceramics.

aueM #Cr ~ 0.008 coryracyeTcsi ¢ BEIBOJIOM O HECTATH-
CTHYECKOM pacrpenenieHuu xpoma 1mo gaaasiM KPC.

TepmooOpaboTka mmuaenu rpym | u Il Be3piBaeT
poct N-TiHHIA, CBSI3aHHBIX C 0OpaIIeHNEM CTPYKTYPHI,
OTHOCHUTENBHO R-mHuu. ¥Ycranosneno npeobnananue
CHJIBHO YIIMPEHHOM MoJiockl N B CIIEKTpax oOpalieH-
HOU IIMUHENIN U CUHTETUYEeCKOi Kepamuku. COrtacHO
(Mikenda, 1981) aToT daxT oTpakaeT BEICOKYIO OTHO-
CUTENFHYIO KOHIICHTPAIIMIO [IEHTPOB CBEYECHHS C HCKa-
JKEHHOU CTPYKTYpPOM 3a CUET pazylnops0ueHUs] KaTh-
OHOB B OmmxkaiinieM okpyxenun Cr**, 4yTo cornacyer-
Csl U C MOJIyYeHHBIMU NaHHbIMU criekTpockonuu KPC.
[lepepacnpeneneHie OTHOCHTENBHBIX HHTEHCHUBHO-
creid N-nuHuit U pocT cootHomenus: Ny/N,; HaOmona-
I0TCSl KaK B Tpoliecce TepMooOpabOTKH, Tak U B PsLy
po0 MpH yBEIUYCHUH COJIEpKaHUs xpoma (puc. 90).
Tpenn pocra cTeneHn oOpaIIeHus CTPYKTYPHI IIITTHHE-
i ¢ yBenmueHueM #Cr, BBIABICHHBIHN 110 JaHHBIM DJI,
COTJIaCyeTCs C TAKOBBIM H IO JAHHBIM CIIEKTPOCKOITHHU
KPC. HebomnbIiasi cucremMarnyeckasl pa3HHIA 3HAYE-
nuit Ny/N, B mmmuenu n3 Kyunnckoro u Anabarnicko-
IO MPOSIBJIIEHUI MPU OJJUHAKOBON KOHIEHTPAIH XPO-
Ma (cM. puc. 96), mo-BUAMMOMY, 00YCIOBJICHBI HX pa3-
JINYHOU TEPMHUYECKON UCTOPUEH.

[upokue monock! ceedenus ~750 u ~910 um, 00-
HapyxeHHble B crnektpax PJI mmuuenu rpynmsl 111,
TPaJUIIIOHHO CBSI3BIBAIOTCS C HAJIMYUEM KaTHOH-
HBIX BaKaHCUH B ONMIKalIieM OKPYKEHHU OKTad[pOB
Cr3*Og (Garapon et al., 1991, 1998). ITpucyrcTBue Ta-
KHMX BaKaHCHUIl COOTBETCTBYET MHTEPIPETAIMH CTPYK-
TYypbl BBICOKOXPOMHUCTBIX IIMHHENIEH KaK YacTUYHO

obpamennasiX. [lo cnekrpam ®JI MOKHO ONpEneITUThH
KOHIIEHTPAL[MOHHYIO IPAHMILY Hayasla BHITECHEHUS U3-
ObITouHOrO0 AP XpOMOM W3 OKTadJpUYECKUX IMO3U-
Ui oHa Haxogures B obsactu #Cr ~ 0.08. Dmuccu-
onnble monocel GJI ~750 u ~910 HM MOTYT UCIIOJIB30-
BaThCsI B KAYECTBE THIIOMOP(HOTO MPHU3HAKA BBICOKO-
XPOMHUCTOH HITUHENH, 00pa30BaHHON Ha MPOTPECCUB-
HOM 3Tarle pernoHaIbHOr0 MeTaMop(hr3Ma B yCIOBHIX
pocTa TeMIeparypsl U JaBICHHUS.

Taxkum obpazom, pe3ynbratel OJI MOATBEPKIAIOT
BIUSHUE TIpUMecHOro coctaBa (#Cr), HecTexmome-
TpuH, o0paIleHusi CTPYKTYphl U BaKaHCHOHHOTO Jie-
(exT0o00pa3oBaHus HA CTPYKTYPY BBICOKOXPOMHUCTBIX
ypasbckux mnuHeneil. @JI crneKkTpockonus sBIsET-
Csl CYIIECTBEHHO OoJiee KOHICHTPAIIMOHHO YYBCTBU-
TeJIHHBIM METOJIOM OTIpeAeNIeHUs] KaTHOHHOTO OJIIK-
HEro mnopsaka. BrwimosHeHHsle B HacTosmed pabo-
T€ OLEHKHM YyBCTBUTEJIIBHOCTU MapaMETPOB CIEKTPOB
@JI k Bapmarusm conepxkanus #Cr u creneHu oOpa-
IICHUS O CTPYKTYphI mmuHEIn coctaBa V(Mg 5,Als)
Vi(Mg;s,Al,5)0,:Cr (#Cr = 0.0001-0.10) mo3BOASIOT
WCIIOJIb30BaTh JIIOMUHECLEHTHBIE XapaKTepUCTUKU
LIMUHEIN B Ka4eCTBE CTPYKTYPHOTO 30H/1a JUIs peltie-
HUS MUHEpPAJOTHYECKUX 3ajad. B wacTHOCTH, mpesn-
JIO’KEH CTIOC00 OTpe/eNie s TeMMOJIOTHIeCKON TeH-
HOCTH FOBEJUPHOU OJIarOPOJHON IIMTHHETN Ha OCHO-
BE IOJIYKOJUYECTBEHHOI'O OIpPEICICHUS COAEepKa-
Hust Cr’* W creneHu oOpamieHust & CTPYKTYPhI IIIMH-
HEJIN METOAOM criekTpockonuu PJI 11t TnarHocTuku
(akTa obnaropaxusaroiero orxura kamus (LLamosa
u ap., 2023).
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3AKJIFOUEHUE

BeImosHeHbI TOKaTbHbBIE UCCIIEIOBAHMUS TIPUMECHO-
ro COCTaBa, KOJEOATEeNbHBIX U JIIOMUHECLEHTHBIX Xa-
PaKTEepUCTUK OJIAarOpPOJHON IIIUHEIN M3 MPamMOpoB
BocTouHOro ckiaoHa HOxuoro u Cpeanero Ypaia —
Kyunnckoro m Anabamickoro mposisienuii, Koukap-
ckuil 1 Myp3nHCKO-ATyHCKMI aHTUKIMHOPHMN; yCTa-
HOBJICHBI 3aKOHOMEPHOCTH BIIMSHUS COJIEPIKAHUS XPO-
Ma (Cr,0; = 0.1-10 mac. %) Ha CTPYKTypy U JIOMU-
HECIICHTHBIC CBOMCTBA; BBIIIOJHEHO COIOCTABJICHUE C
JAHHBIMU 17151 OJaropoAHOM IIIMMHENIN U3 MECTOPOXK-
nennii ['opon u Kyx-u-Jlan (FOro-3anannsiii [lamup)
Y CHHTETHYECKOH Kepamuku coctaBa MgAl,O,. Ycra-
HOBJICHO, YTO JJIsl ypaJlbCKUX ILIIHHENEH XapakTep-
HO BBICOKOE COZAEp)KaHHE XpOMa IPH HU3KOM COZIEp-
JKaHUM JKeJe3a, a TakKe OTKIOHEHHE COOTHOIIEHHUS
JIBYX- M TPEXBAJICHTHBIX KATHOHOB OT CTEXUOMETpHYE-
ckoro. B HanbGounbmiel crenenn 3tv 3G ekt mposis-
neHbl B mmnuHenu KydmHckoro mposiBieHust, oopaso-
BaHHOHM Ha MPOI'PECCHBHOM 3Talle PErHOHAIBHOIO Me-
tamop(dr3Ma B YCIOBHUSIX POCTa TEMIIEPAaTYphl U JaB-
nenusi. Ha ocHOBe aHann3a 3aBUCUMOCTEN MapaMeTpoB
kosebarenbHbIX Mo B criekTpax KPC ot cogeprkanust
#Cr = Cr/(Cr + Al) noka3aHo JByXMOJIOBOE IOBEJIEC-
HHUE YacTOT BO BCEH 00JAcTH COCTABOB IIMUHENH, OT-
BEYAIOIIHX TBEPABIM PACTBOPAM IIMUHETb-MarHE3U0X-
POMHUT, YTO UHTEPIPETUPOBAHO HAIUYHUEM B CTPYKTY-
pe BBICOKOXPOMUCTBIX IIMTHHENEH PparMeHTOB OJIHK-
HETO MOPsAKA, XapaKTEPHbIX AJISI KpaHUX YJICHOB psi-
na. Haubonee BbICOKOH KOHLIEHTPALIMOHHOW YyBCTBU-
TEJNILHOCTBIO K COAEPIKAHUIO XpOMa, BXOJSLIETO B OK-
TadIPUUECKYI0 TOJAPEIICTKY, 00JaNaT KoJecOaHus
TETPadJPUIECKON MOJPEIICTKH IIITHHENIN — 3HAYCHHS
SHEPTUU MOJIbl JBIXaTEeIbHBIX W MIMPUHBI MOJBI Jie-
dhopmarmonHbIX Konebanuii Tpymm MgO,. DTa oco-
OCHHOCTH CBSI3aHA CO CTPYKTYpPOW OJMKHErO TOpSI-
Ka aTOMOB KHCJIOPOJa, KOOPIUHUPOBAHHBIX TPEMS OK-
Ta’ApUUYEeCKUMU M U OJHHUM TeTpadapuueckuM T Ka-
tuonamu O(VT,VIM,VIM,VIM). TToka3zaHo, 4TO peaKIfust
TETpa-MoPEHICTKH IHHEIN B O0IINX YepTax OAnHa-
KOBa TIPH Pa3IMYHBIX TUMAX KATHOHHOTO pa3yIops-
nodeHust — npu uzomopusme xpoma VICr** — VIAP" u
€ro HeCTAaTUCTUYECKOM PAaCIPENeSICHUH MO MO3ULIUSM,
a TakKe MPH paauanroHHOM Ie(eKToo0pa3oBaHNN U
npu oOpallleHUH CTPYKTYpPbl BCIEACTBHUE 3aMEIICHUH
VMg? — VIAP* u VIAIF — VMg>* npu TepmooGpa-
OoTkax. Jlist aHanM3a BKJIaJa MEPEUHCICHHBIX THUIIOB
pa3ymnopsiioueHusl MpeiokKeHa AUCKPUMUHAIIMOHHAS
quarpamMma “OIMprHa MOJbl Je(opMaIlMOHHBIX KoJie-
6annit MgO, vs. sHeprus pemetodnoit Moasl T(Mg)”.
Brinonsen ananu3 BinusiHUS Ha ciekTpbl OJI mnunenu
CoJIepyKaHMs XpoMa U TeMIIepaTypbl TepMOOOpabOTKH;
MIOKa3aHO, YTO OCOOCHHOCTH CIIEKTPa CBEYCHUS XpoMa
OTIPEIEIISIOTCS PSIIOM B3aUMOCBSI3aHHBIX (DAKTOPOB —
MPUMECHBIM COCTaBOM, HECTEXMOMETpHeH, oOpaiie-
HUEM CTPYKTYpBI M BAKAHCHOHHBIM Jie(heKTo00pa3oBa-
HueM. [lonoxxeHne U OTHOCHTENbHAST MHTCHCUBHOCTD
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6echoHOHHBIX N-ITMHHN, BO3ZHUKAIOIIUX MPH UCKaXKe-
HUSIX [IEHTPa CBEUCHHS XPOMa, MOTYT OBITh UCIIOJIB30-
BaHbl B KAYECTBE BHICOKOYYBCTBHUTEIBHBIX CTPYKTYp-
HBIX 30HJIOB IIPU PEIICHWH MHHEPAIOTHYECKUX, TeM-
MOJIOTHYECKHX W TETPOreHETHYECKHX 3a/1ad. BrIsiB-
JIEHBI OCOOEHHOCTH COCTaBa, CTPYKTYPHI U JIFOMHHEC-
LIEHTHBIX CBOMCTB IIMHHEIN Ky4nHCKOTO pOsiBIeHUS,
00pa30BaHHBIX Ha MPOTPECCHBHOM dTare peruoHalb-
HOro MeTaMop(u3Ma B yCIOBUSIX POCTa TeMIEPaTyphI
U JIaBJICHUSL.
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Obvexm uccredosanus u Mmenmoosl. MeTo0M UMIIETAHCHONW BBICOKOTEMIEPATYPHOI CHEKTPOCKOIUH B PEXUME Harpe-
Ba-oxnaxaeHus npu temreparypax 200-900°C u gacrorax 1-10° T'1f ¢ HCIOIB30BaHHEM AIIEKTPOJIOB U3 TUIATHHBI M KO-
OanbTHTA JAHTAHA-CTPOHIIMS U3YYCHBI MICKTPUIECKHE XapaKTEPUCTUKH JeMaHTOHIa N3 KINHOMMpPOoKceHnToB (ITomaHes-
ckoe mectopoxkaeHue, Cpenunit Ypan) u qByx obpasioB anapaanta (mpodsi 1-2) u3 ckapHoB (Bepxuuii Y daneit, Cpen-
nuit Ypar; CokonoBckui pyaauk, . Pynusii, Kasaxcran). [IpeactaBieHs! TepMOrpaBUMETPUYECKHE U PEHTTEHOCTPYK-
TYpHBIE Pe3yJIbTATHI, a TaKKe JaHHble TU(Qy3HOHHOTO cBeTopaccesHus. Pezyasmamul. KpuctamioxuMuueckue Gpopmy-
ne1 anapanuta 1-2 n pemantonaa (Mgg24Cas 1sMngos)(Fey 63ALo33)Siz05Ti0.05O012.145 (CasaoMngos)(Fe;70Al51)Sin04Ti0.0601297,
(Caz 5;:Mny ) (Fe, 40Aly05Cr.0038)Si3.00013.34, COOTBeTCTBeHHO. B annpamute 1 gukcupyercs 1o ~20% mpuMecH KIMHOXIIO-
pa M He3HaYHUTEIbHOE COAepIKAaHHUE TpuMecH GpeppodycTamuTa; B aHapaauTe 2 — He 6oiee ~8% H30CTPYKTYPHOU MIPUMECH
THAPOAHPAINTa; AEMAHTOH (ha30BBIX IPUMECEeH He COAEPIKUT, IPH STOM ITHKH IPAHATOBON (ha3bl aCCHMETPUIHBI BCIIE -
CTBHE IIPUCYTCTBUS JABYX (a3 CO CTPYKTypoi rpanata. B onrtuuecknx cnekrpax anapaanta 1-2 ¢pukcupyercst mmpokas
nosoca B OnmxHeidl Y ®-001acTH ¥ 3HAUUTEIBHOE YHCIO0 JOCTATOYHO IIMPOKUX MOJIOC B BUAUMON 00JIACTH, CBSI3aHHBIX C
nornommennem nouoB Fe?’, Fe*™ u Ti*'; 3HaunmMoro nameHenus criekrpa mocie omkura 10 750°C He MpOUCXOUT; Ui Jie-
MaHTOMa QUKCHPYeTCs MIMPOKast ToJioca noriomeHns 860 HM, KoTopas mociie oTxura cmemmaercst 10 700 HM; npenro-
JIOKEeHO, uTo mojtoca 860 M cBsizana ¢ noHamu Cr’’, KOTOpBIE IIPU OTIKUTE UCTIBITHIBAIOT JOOKUCICHHE. APPEHIYCOBCKHE
3aBUCHMOCTH HJICKTPOIIPOBOAHOCTH aHAPAANTA | IIPH HATrpeBe U OXJIAKACHUN OTIIMYHBI IPYT OT JpyTa 3a CUeT HAJIWIMS B
o0Opasiie npuMecHbIX (a3 (MPerMyIIeCTBEHHO KIIMHOXJIOPA); aHAIOTMYHbIE 3aBUCHMOCTH JUTSl aHIPaANTa 2 U IeMaHTONa
ONM3KM IPYT K APYTY, TIPH 3TOM SJIEKTPOIPOBOAHOCTH aHAPAUTa 2 BBIIIE TaKOBOI st anapaauta 1. [Ipn TemnepaTtypax
750-775°C nemanTouI 001agaeT HAMOOBIICH MPOBOUMOCTBIO; ITPU 3TOM IpuMech Cr He JaeT 3HAUUTEIBHOTO BKIIaja
B €r0 MPOBOJUMOCTb. Bb1600bl. BriepBbie MONyUYeHBI JNEKTPUIECKHE XaPAKTEPHCTUKU JIEMAHTOH/A; TTPOAHATN3HPOBAHBI
AppeHnyCOBCKHE 3aBUCUMOCTH JIBYX aHIPaJUTOB PA3INYHOIO XMMHUYECKOTO U (Da30BOTO COCTaBa; MOKAa3aHO, YTO COCTAB
OKa3bIBaeT 3HAUUMOE BIIMSHHE Ha 3JIEKTPOIIPOBOIMMOCTD; ITOJY4YEHHBIE JaHHBIE MOTYT OBITh HCIIOJIB30BAHBI IS TOCTPOE-
HUSI TEOAIEKTPUIECKUX MOZIENeH (hparMeHTOB 36MHON KOPBI C COOTBETCTBYIOIIMMU MUHEPAIaMU.

KuiroueBble cj10Ba: demanmouo, aHopaoum, UMneoancHas CneKmpoCcKonus, d1eKmpuiecKue Xapakmepucmuxu
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Object of the study and methods. Electrical characteristics of demantoid from clinopyroxenites (Poldnevskoye deposit,
Middle Urals) and two samples of andradite 1-2 from skarns (Verkhniy Ufaley, Middle Urals; Sokolovsky mine, Rudny,
Kazakhstan) were studied by impedance high-temperature spectroscopy in the heating-cooling mode at temperatures of 200—
900°C and frequencies of 1-10° Hz using of platinum and lanthanum-strontium cobaltite electrodes. Thermogravimetric,
X-ray diffraction and diffuse light scattering data are presented. Results. Experimental chemical formulas of andradite 1-2
and demantoid are (Mg,,,Ca; 1sMngos)(Fe; 63Aly33)Si505Tip 0501214, (CasaoMngoq)(Fe 79Alys1)S1504Tip 0601297, (CassiMng ;)
(Fe,.40Al0,05Cr.0038)Si3.00013 34, respectively. Andradite 1 contains up to ~20% clinochlore impurity and an insignificant content
of ferrobustamite impurity; in andradite 2 — no more than ~8% of isostructural impurity of hydroandradite; demantoid does
not contain phase impurities, while the peaks of the garnet phase are asymmetric due to the presence of two phases with
the garnet structure. In the optical spectra of andradite 1-2, a wide band is observed in the near UV region and a significant
number of sufficiently wide bands in the visible region associated with the absorption of Fe?*, Fe** u Ti** ions; Spectra
of annealed samples of andradites at 750°C are similar. For demantoid, a wide absorption band of 860 nm is observed, it
shifts to 700 nm after annealing; it is assumed that the 860 nm band is associated with Cr** ions, which undergo additional
oxidation during annealing. The Arrhenius dependences of the electrical conductivity of andradite 1 during heating and
cooling differ from each other due to the presence of impurity phases (mainly clinochlore) in the sample. Dependencies for
andradite 2 and demantoid in heating-cooling mode are close to each other, while the electrical conductivity of andradite
2 is higher than that of andradite 1. At temperatures of 750—775 °C, demantoid has the highest conductivity; while the Cr
impurity does not make a significant contribution to its conductivity. Conclusions. Electrical characteristics of demantoid
were obtained for the first time; Arrhenius dependences of two andradites of different chemical and phase composition were
analyzed; it was shown that the composition has a significant effect on electrical conductivity. The obtained data can be

used to construct geoelectric models of fragments of the earth's crust with the corresponding minerals.

Keywords: demantoid, andradite, impedance spectroscopy, electrical characteristics
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BBEJIEHHNE

DNeKTpUYecKue CBOWCTBA MHUHEpAIOB, TOPOJ U
Pyl — OOBEKT JETANIBHOTO HCCICIOBAHMS B OOJIACTH
¢usuku 3emnu (cMm. Hampumep ([Tapxomenko, 1965,
1984; Glover, 2015; Dai et al., 2020)). MuTepec k mo-
JOOHBIM HCCIICAOBAHUSIM CTUMYJIUpPYETCs Kak (pyHma-
MEHTAJbHBIMA, TaK W TPAKTHYECKUMHU 3a7adaMi HC-
MTOJIE30BaHUS TIOJTy4aeMbIX JTaHHBIX, B TOM YHCJIE B
reo(u3nUecKuX paboTax Mpy 30HIUPOBAHUH JIUTOC(DE-
PBI ¥ MAaHTHH, TIPU DIEKTPOPA3BEIIKE MECTOPOIKICHHIMI
noJsie3HbIX uckomaeMbix u jp. (Fullea, 2017; Zhang,
2017; Yoshino, 2019; Naif et al., 2021). B pa6orax
(ITapxomenko, 1984) Ha ocHOBE JaHHBIX MO JIEKTPU-
YECKHUM CBOWCTBAM MHUHEPAJIOB U TOPHBIX MOPOJ ObI-
JIU CKOHCTPYHPOBAHBI T€0AJIEKTPHYECKHE MOJIEIH TIPO-
BOAMMOCTH 36MHOUH KOPBI U MHTEPIPETUPOBAHBI aHO-
MaJIMHi CBOWCTB HEKOTOPHIX MUHEPAIOB U TOPHBIX TTO-
pon. B mocneaHue roibl Ha ypaabCKOM MaTepuaie Obl-
JIO TTOKA3aHO, 4TO JICKTPOPU3NICCKHE JaHHBIC T03BO-
JISIFOT Pa3JIeNiITh TOPHBIE TOPO/IbI, OTHOCSIIUECS K Pa3-
HBIM (popManmsM, a AIEKTPOPHU3NUECKIE XapaKTepH-

CTHKHU PyJ MOTYT OBITh OCHOBOW WX KJIacCH(PHKAIHAH,
B YaCTHOCTH, CJIY>)KHTh HHIUKATOPOM XPOMHUTOBBIX Me-
cropoxkaenuii (baxrepes, 2004-2021). B ocnoBe mo-
JMOOHOW MHTEPIpETAllMd JaHHBIX JIeXKAT JIaboparop-
HBIE UCCIICAOBAHUS M0 OMPEACTICHUIO 3HAYCHUN dJICK-
TPOIPOBOJIHOCTU MPHUPOJHBIX O0BEKTOB (MUHEPAJIOB,
PyA W TIOPOM) Pa3IUIHOIO COCTaBa M TEHE3HWca IpH
Pa3IMYHBIX Ta00PaTOpHBIX pT-yCI0BHAX.
MuHepanbHBI 00BEKT UCCIICIOBAHUSI MOKET OBITh
0XapaKTEepPU30BaH KaK C TOYKH 3PEHHS €T0 AIEKTPOIIPO-
BOJSIIIUX CBOKMCTB (YIEIBHOTO COMPOTHBIICHUS/DIICK-
TPOIIPOBOJHOCTH), TAK M C TOYKU 3PECHUS €TO JHUIIICK-
TPUUYECKUX XaPAKTEPUCTUK (JIMIIEKTPUICCKON TIPOHH-
LIAEMOCTH U 3JICKTprUYeckoro moyJisi). Haubosee npo-
CTOH CIOCO0 U3YUYCHHUS JICKTPHUUSCKUX CBOMCTB MUHE-
paJIoB OCHOBAH Ha TOCTOSTHHOTOKOBBIX METOIMKAX, IT0-
3BOJIAIONINX OIPENEIATh 00IIee conmpoTuBieHue (00-
IIYI0 JURIIEKTPUYECKYIO TPOHHUIIAEMOCTh) JJIEKTPO-
XUMHYECKOW CHCTEMBI “‘o0Opaser-anekTponsr”’. OmaHa-
KO JIaHHAas METOJIMKA HE YYUTHIBAET BKJIA]] COMPOTUB-
JICHUSI AJICKTPOI-3JIEKTPOIMTHBIX TPAHULI, HE TIO3BOJIS-
€T BBIIC/ATh BKJIAJ TPAaHUI] U 00beMa 3epeH B COMpPO-

JIMTOCDEPA TomM 25 Ne2 2025



Ocobennocmu 21ekmpou3UUecKux C8OUCME SPAHAMO8 0eMaHmoudd u anopaouma 283
Electrophysical properties of demantoid and andradite garnets

THUBJICHHE, TIOJTy4aTh 3HAYCHHUS DIICKTPUIECKUX Xapak-
TEPUCTHUK B KOMIUIEKCHOH (popMme, Hecymux nHpopma-
U0 O PEJaKCAlMOHHBIX XapaKTEPUCTHKAX IHIIOINb-
HBIX €QUHHII BHYTPH oOpas3ma. MeTon, MOTOIHSIO-
U U3MEPEHHUsT Ha TIOCTOSHHOM TOKE, — CIIEKTPOCKO-
s (hapaaeeBCKOTO MMITeanca (J1anee uMITeaHCHas
CIIEKTPOCKOIHS) MCIIONB3YET MEPEMEHHBIA TOK Maslon
AMILUTUTY Ibl, U3MEHSIOIIUICS [0 TAPMOHUYECKOMY 3a-
KOHY B OINPEJEIEHHOM YacTOTHOM JAMariazoHe (B 00-
meM ciaydae ot 107 go 10® I'n) (Huebner, Dillenburg,
1995; Karato, Duojun, 2013; Sun et al., 2019). Ananu3
JMAHHBIX WMIIETAaHCHOW CIIEKTPOCKOTHNH JaeT WH(pOp-
MaIiio O AMAJIEKTPUYECKHX W TPAHCIIOPTHBIX CBOM-
CTBaX MaTepHalioB, MEXaHU3MeE JJIEKTPOXUMUIECKHX
peakuui, mporeccax Ha rpaHHLE 3JEKTPO] — SJIEKTPO-
JIUT U T. 1.

HmnenancHas CIEKTPOCKONUST JOCTATOYHO LIMPO-
KO UCIOJIB3YeTCsl B MUHEpaJIoTuu (cM. Harpumep (Zhu
et al., 2001; Jones et al., 2010; Schlechter et al., 2012;
Dai et al., 2020)); B tUTHPOBaHHBIX pabOTaxX JACTallb-
HO W3YYEHBl 3aBHCHMOCTH DJIEKTPUYECKUX CBOWCTB
MUHEPAJIHHBIX 00BEKTOB KaK OT psijia BHEIIHUX J1a00-
PaTOPHBIX YCIIOBHM, TaK M MAPaMETPOB HCCIEAYEMOT0
obpasua: (1) remmneparypsl, 4To JaeT HHYOPMALHIO O
3HAYCHUSIX TeMIIEPaTypPHOH SHEPIUU aKTHBALMH IPO-
Hecca MpoBOAUMOCTH; (2) AaBleHuss U (GYTHTUBHOCTH
(mapuuansHOTO MaBIICHUS) KUCIOpoa; (3) 9acTOThl U
aMIUTATYIHI BO3MYIIIAIOIIETO CHUTHAJA, YTO TTO3BOJIA-
€T OIIEHUTh KOHCTAHTHI PENTAKCAITMOHHBIX MTPOLIECCOB U
o0xacTh uHEHHOCTH 3aKoHa OMa; (4) comepkaHus B
oOpasue Boasl; (5) pazmepa u MOp(HOJIOrHH 3epeH 00-
pasua. Ilokazano, 4To B pe3ynbpTare aHajiM3a 4acTOT-
HBIX 3aBHCHUMOCTEH KOMIUIEKCHOTO 3HAY€HHs COIpPO-
TUBJICHUSI MHHEPAIbHBIX 00pa3lloB MOXHO COOTHe-
CTH YacCTOTHBIC JAMANa30HbI C 00JIACTSIMH TIPOSIBIICHUS
00BEMHOH, 3EepHOTPAHWYHON TPOBOAMMOCTH W TIPO-
BOJIUMOCTH Ha paszeie djiekTpoa-oopaserr (Roberts,
Tuburczy, 1993). Psimom aBTOpOB OBIJIO OTMEYEHO, UTO
HAJIMYME STHX KOMIIOHEHT B MHHEPAJbHBIX 00paslax,
B TOM 4HcJe “TIapa3UTHON’ KOMIIOHEHTBHI CONPOTHB-
JICHHsI Ha TpaHule o0pa3eL-3JeKTPo]] CTABHUT IO/ CO-
MHEHHE JJOCTOBEPHOCTh JAHHBIX, TIOTYYCHHBIX HA I10-
CTOSTHHOM TOKE WJIM Ha TIEPEeMEHHOM TOKe NMpH (hPUKCH-
poBanHoit gactore (Huebner, Dillenburg, 1995). Ilo-
9TOMY, Aa)Ke NP HAIMYHHA UHPOPMAIHA 00 IIEKTPO-
MTPOBOJISIIIIUX CBOMCTBaX MHHEPAIIOB, MTOyYEHHBIX Ha
MOCTOSIHHOM TOKe€, 11eJIeCO00pa3HO MCIOIb30BaTh UM-
MEIaHCHYIO CIIEKTPOCKOIUIO AJIs TIOJyYeHHsT JaHHBIX
0 TPUPOJE HOCHTENEH 3apsija, BKIAAE JIEKTPOJHBIX
MPOIIECCOB B COINPOTHBICHHE CHCTEMBI, EMKOCTHBIX
XapaKkTepUCTUKAX | T. JI. DTH IaHHbBIE IO3BOJISIIOT HAU-
0oJiee TIOJTHO OMMCATh MPUPOTY MHHEPATEHOTO 00pa3-
I1a W/WIA SJIEKTPOPU3NISCKUE MPOIECCHI, TPOUCXOIS-
e B HeM TP 3aJaHHbIX ycioBusix. C apyro cro-
POHBI, HAJIMYME BOJBI U MPUMECHBIX (hAa30BBIX BKIIIO-
YEHUH MOXKET BIHUATH Ha 3JEKTPONPOBOISIINE CBOK-
CTBa MHUHEpabHBIX 00pa3loB, IMO3TOMY Ba)KHO HC-
MOJIb30BaTh KOMIUJICKCHBIM MOAXOA K UX HM3YYCHHIO,
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T. €. UX MCCIIEIOBaHUE JIOJKHO OBITh OCHOBAHO Ha KC-
0JIb30BaHUH KaK 3JCKTPOPUINICCKUX, TaK U JIPYTUX
MaTepUaIOBEIUECKUX METOAUK. KoMIIeKkcHbIN 1oj-
XOJl K M3YYEHHIO0 (U3NKO-XUMHUYECKHUX, B TOM YHUCIIC
3IEKTPUUECKUX XaPAKTEPUCTUK MUHEPAJIOB PACIIMPS-
€T MOHUMAHUE U UHTEPIPETALUIO I'€O3IEKTPUUECKUX
Mozeneil 3eMHON Kopbl. HauaneHbli 3Tan gpopmupo-
BaHUs KaKOH-TMO0 MOICTTH UM KOMIUIEKCHOTO aHAJIH-
3a TIOBEACHHS TOPHBIX MOPOJ U PYA COCTOUT B aHAIIU-
3¢ JJIEKTPONPOBOIHOCTH CIATAIOIINX WX MHUHEPAIOB.
B cuy mepMaHeHTHOTO COBEPITICHCTBOBAHUS METOIUK
M3YyYeHHE NEKTPOPU3NIECKUX CBOWCTB MUHEPAJIOB, a
TaK)K€ PA3BUTUE MOJIEJCH, OCHOBBIBAIOIIMXCS HA aKTY-
albHBIX JAHHBIX, OPOAOKACTCS M B HACTOSILEE BpE-
mst. [IpogomxeHne KOMIJIEKCHBIX UCCIEIOBAHUHN dJIEK-
TPUUYECKUX M JPYTUX (U3UKO-XUMHUYECKUX CBOWCTB
MHUHEPAJIIOB OCTAETCS aKTyaJdbHOM 3ajadeil; IJsi MHO-
TUX MHHEPAJIOB HE M3Y4YEHBI 3aKOHOMEPHOCTH BIIHS-
HUAS XMUMHYECKOTO COCTaBa M CTPYKTYPHBIX OCOOCH-
HOCTEW Ha MX AJIEKTPONPOBOJISIIINE CBOMCTBA; OTKPHI-
THIMH OCTAlOTCSI BONPOCHI BIUSHUSL OTACIbHBIX MUHE-
pajbHBIX COCTABJSIOUIMX U BXOISAIIUX B HUX BKJIHOYE-
HUW HAa TPOBOAUMOCTD 3€MHOM KOPBI U BEPXHEU 30HbI
manTuu (Yang, 2011; Naif et al., 2021).

I'pynma rPaHATOB Pa3IUYHOTO cocTaBa
R*;R¥,(Si0,); (R** = Mg, Fe, Mn, Ca; R* = Al, Fe,
Cr), BKITIOUAIOMasi THUPOI, AJIbMAHIWH, CIECCApTHH,
rpoCCyJip, aHAPAIUT, JEMAHTOMJ, MEJIAHUT, yBapo-
BHT — WHTEPECHBI M aKTyaJbHBIN OOBEKT MCCIIeI0BA-
HUA B CBSI3U C UX IIMPOKOH pacnpoCTpaHEHHOCTHIO B
3emHoi1 kope (Dai et al., 2020; Naif et al., 2021). 3ame-
THM, YTO SJICKTPUUECKUE CBOMCTBA aHAPAAUTA B JIUTE-
paType OmucaHbl OTPAHUYCHHO; paHee O JAHHBIX HM-
MEJIAHCHOM CIIEKTPOCKOIUHK Il 00pa3IoB aHIpaIuTa
HE COO00IIAaIoCh; U3BECTHBI JIUIL PE3yIbTATHI, IMOTY-
YEHHBIE NPU UCIOJb30BAHUU ITOCTOSIHHOTOKOBBIX Me€-
TOAWK, B 4acTHOCTH, B padore (ITapxomenko, 1984)
MPEACTABIECHBl APPEHUYCOBCKUE 3aBUCUMOCTH IPO-
BOJUMOCTH aHJIPAJNTA HA BO3/IyX€ MPHU TEMIEPATypax
ot 200 no 1000°C. Insa aemaHTOUa, IO XUMHYECKO-
My COCTaBY OJIM3KOMY K aHJIPaJIUTY, HO COACPIKALIEMY
npumech Cr, onucaHue 3MEeKTPOPHU3NUESCKUX CBOWCTB
OTCYTCTBYET; TPH DTOM CPaBHCHHE XapaKTEPHUCTHUK
JIBYX YKa3aHHBIX PAa3HOBUJHOCTEH IpaHaTa UHTEpec-
HO B CBSI3U aHAJU30M BIIMSIHUS Pa3IuuMid UX XUMHUYE-
CKOTO COCTaBa Ha ayekTpodu3nueckre cBoiicTa. Ta-
KHM 00pa3oM H3Y4YEeHHE DIEKTPONPOBOJSAIINX XapaK-
TEPUCTHUK AEMAHTOUA, a TAK)KE KOMIUIEKCHOE CpaBHE-
HUE AJIEKTPOPU3UIESCKUX CBOMCTB B IIUPOKOM JHara-
30HE TeMIIepaTyp OJU3KHUX €My 0 COCTaBy 00pasiioB
aHJIpaJuTa SABJISIETCS aKTyaJlbHOM 3ajlauel MeToJihye-
CKOM HampaBJIE€HHOCTH.

Hacrosmas paboTa 9acTHIHO BOCTIONHSIET 3TH TIPO-
OeIbl, OHa MPOOJIKAST U JIETAIM3UPYET BOMPOCHI HC-
MOJIb30BAaHUSl UMIICJAHCHOM BBICOKOTEMIEPATYPHOU
CIIEKTPOCKOMMUM KaK METOAa MCCIEeNOBaHUs TeMIlepa-
TYpHOW JMHAMHUKH H3MEHEHUS 3JIEKTPOPU3NYSCKUX
CBOICTB MHUHEpAJIOB W3 TPYIIHI rpaHaToB. B pabote
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MPeICTaBICHBl TEPMOTPABUMETPUUECKUE U PEHTTEHO-
CTPYKTYpHBIE JIJaHHbIC U3y4YeHHUsl (a30BbIX MpeBparle-
HUI 00pa3loB aH/ApaIuTa ¥ JEMaHTOUIA IIPH OTXKUTE
U UX COIIOCTaBHUTEIbHBIA aHAIHM3 C Pe3yIbTaTaMU UM-
MEJAHCHOM BBICOKOTEMIEPATYPHON CHEKTPOCKONHUH U
T Gy3NOHHOTO CBETOPACCESHHSL.

OBBEKTBI U METO/J1bI UCCIIEAOBAHUMA

B pabote npoaHanuzupoBaHbl KPUCTAIIIBI JIEMaH-
TOWJIA JKENTO-3€JICHOW OKPAacKH pa3MepoM IOpsaKa
2*2*] mm® u3 kmuHOIHpokceHuToB (ITomaHeBCKOE Me-
cropoknenne, Cpeqauii Ypai), a Takke KpHUCTaJUIbI
pasmepoM mopsiaka 4*3*2 mm® aByX npoO aHapaanuTa
(nanee 1-2) u3 ckapuoB (Bepxuuit Y aneit, Cpegauit
VYpan u COKOJOBCKOE MECTOPOXKIEHHE, T. PynHBbIM,
Kazaxcran), umeronue KOpUIHEBYIO U YEPHYIO OKpac-
KY, COOTBETCTBEHHO.

PentrenoBckue TuQpaKTOrpaMMbl MOTYYESHBI IS
TTOJIMKPUCTAINTHIECKIX P00 Ha mudpakTomerpe XRD-
7000 Shimadzu; CuKa nznydenue, 6/0 reomeTpusi.

XWUMUYECKHA COCTAaB TPAHATOB M3Y4YEH C HCIIONb-
30BaHMEM PEHTTeHO(IyOPECLEHTHOTO SHEPTrOANCIIEp-
cuonHoro crekrpomerpa EDX-8000. Tepmorpasume-
TpHYecKHe AaHHble nmony4yensl Ha npubope NETZSCH
STA 449 FS5 Jupiter (oneparop B.I'. Ilerpumiesa) B
uaTepBaie temmeparyp 20—-1000°C B cpenme Bo3myxa,
CKOpOCTh HarpeBa/oxnaxaeHus — 10°C/muH.

Crextpsl 1 Ppy3noHHOTO paccessHHsI B JHaraso-
He 250—-1100 HM MOTMKPHUCTAILTUIECKUX MPOO TpaHa-
TOB mOjdydeHbl Ha crnekrpomerpe Thermo Scientific
Evolution 300 (20°C; cranmapt — cynbdar Oapusi).
Crnektpel  0oOpaboTansl MetonoM KyOenku-MyHka
(Kubelka, Munk, 1931) ¢ ucrnosb30BaHUEM METOMIH-
KM “TIPOM3BOJHON CIEKTPOCKOMHH COTIACHO padoTe
(Torrent, Vidal, 2002). [Iponemypa crirakxnuBaHusI TO-
JMydeHHBIX (YHKIHUNA JUISI COSAMHEHWH, COIep Kallnx
JKEJIe30 B Pa3NIMYHbIX CTEMEHSIX OKHCICHHS, OCYIIEeCT-
BJSUIACh 10 METOJMKE, ONMUCAHHOW B LUTHPOBAHHOM
pabore.

HmnenancHple CIEKTPHI MONYYSHBI I TeMIlepa-
typ 200-900°C m yacrorHoro muamazona 1-10° T'x
¢ ucnois3oBanueM moTeHuocrara P-45X (Elins) ¢
Moxaynem wmmnemanca FRA-24M Ha nBYyX3JeKTpo.-
HOH siYelKe C 3JIEKTPOAAMM U3 IUIATUHBI WIA OKCH]I-
HOTO MaTepuana — KoOalbTUTa JAHTAaHA-CTPOHIIUS
(LaysSry5sCo0s, manee — LSCO5), mposIBIISIONIETO CBOM-
CTBa CMEIIAHHOTO (MOHHO-3JIEKTPOHHOTO) MPOBOJHU-
Ka. B 3aBUCHMOCTH OT 3JIEKTPOJOB Ha MOBEPXHOCTD
oOpa3ioB Hanocwin Jn6o cycrnensuro (NH,),[PtClg]
¢ mocienyromuM oTxkurom Ha 600°C mms ocaxne-
HUS TUTaTUHEL, b0 cycrnensuto LSCO5 (6e3 oTxku-
ra). Takum oOpa3om, mcronp3oBanue LSCOS mo3Bo-
JIIeT JOOWUTHCSA TUIOTHOTO HAHECEHUs AJIEKTPOJHOTO
MaTepuaia 0e3 mpeaBapUTEIbHBIX OTXKUIOB 00pasua,
YTO B JAajJbHEHIEM MO3BOJSIET 3aUKCUPOBATh HEOO-
paTtuMble M3MEHEHHS DJIEKTPOMPOBOJSIINX XapaKTe-
PHUCTHK HCCIIEAyeMOl MPOObI TP OTHOCHUTEIHLHO HU3-

Kenynuyvin u op.
Zhelunitsyn et al.

kux Temmneparypax Hmke 600°C. CrnekTpsl UMIIeaH-
ca CHUMAIIUCh B PEXHUME OXJIQKICHUS C TUIATHHOBHI-
MU 3JIEKTPOJIaMH; B PeKUME HarpeBa M Mocieayole-
T'0 OXJIAXKICHUS C KOOATBTUTOBBIMHE AJIeKTpogamu. W3-
MEepeHusl NPOBOAWINCH Ha Bo3ayxe. s m3amepeHuit
W3 KPHUCTAIJIOB TPAHATOB BBHIPE3AIHCH IMPSMOYTOJb-
HbIE Mapaieienunenbl TONUHON nmopsanka 2—3 MM.
TounocTe mognep:kanus TemnepaTypsl +2°C; Tou-
HOCTh onpejeneHus: yactorbl 0.1%. [lns oOpaboTku
CIEKTPOB MMIIeJaHCa MCIOJIB30BAJICS METOJ JKBHUBA-
JICHTHBIX cXeM. [lo Mojy4eHHbIM JaHHBIM OBLIH I10-
CTpOEHBI KpuBbIe AppeHuyca B koopauHaTax (¢ T) vs.
(1000/T)). 13 remmnepatypHoro ko3 duiimeHTa mpoBo-
JTUMOCTH Ha MIPSIMOJIMHEHHBIX Y9acTKax ObLTH paccdu-
TaHbI 3HAYCHUsS SHEPruu akTuBanuu F,, 5B ¢ ucnomib-
E

30BaHUEM COOTHoOmeHUs — ¢-T=0(-e T, tne o —
ANIEKTPONPOBOAHOCTE, CM/M; k — KOHCTaHTa Boibuma-
Ha. Tounocts onpenenenus £, cocrasisa +£0.03 5B.

PE3VIJIBTATBI UCCIIEJJOBAHUS

Xumuueckuit u hazoewtii cocmaes. Jlauubie 110 Xu-
MHUYECKOMY COCTaBy HCCIIEIOBaHHBIX TpO0 TpaHa-
TOB U UX 3KCIICPUMEHTAIbHBIC (DOPMYIIBI TIPEACTABIIC-
HbI B Ta0J1. 1; BUJIHO, YTO COJICPIKAHUE IIPUMECEH B Jie-
MaHTOHUJIC MUHHUMAJIBHO, B YaCTHOCTH, KOHIICHTPALIUS
Cr,0; me mpessrmaetr 0.05 mac. %; B anapaguTtax 1-2
tduxcupyrores nmpumecu Al,O;, TiO, 1 MnO,, a B aH-
npanure 1 — gononnurensHo MgO.

Ha puc. 1 mpencrasiensl nudpakTorpaMMbl rpa-
HAaTOB B UCXOJHOM COCTOSHHUM U TIOCJI€ OTXKUTa TpU
900°C; BUIIHO, UTO B UCXOJHOM COCTOSTHUU aHIPAIUT 1
KpoMe OCHOBHOHU (ha3bl conepkut a0 ~20% mpume-
cu knuHOXJI0pa (Mg,Al)y(S1,Al),0,i0OHg, a Takke He-
3HAUMUTEIRHOE KOIM4decTBO ¢eppodycramura (Ca,Fe)
Si,04. [Tocme oxura mpu 900°C npumecHas dhaza KiTu-
HOXJIOpa pasiiaraercsi, pudeM coriacHo nanHsM (Han
et al., 2024) B nBa stana — npu 500-650 u 850°C. Ped-
JICKCHI MTPOYKTOB Pa3JIOKEHUS, B YUCIIE KOTOPBIX pa3-
HOOOpa3HbIC ATFOMOCWIHKATEI Mg, TPaKTHYECKU HE
BBIJICJISIIOTCS. HA YPOBHE (JOHA M HE MOTYT OBITh OJI-
HO3HAYHO TMPHUIKMCAHbI KOHKPETHBIM (pa3aM; TaKKe B
OTOXOKECHOM aHJIPaJuTe MO-TNPSKHEMY (DUKCUPYETCS
HE3HAYHUTEIHHOE KOTUIecTBO (Da3wl (heppodycTammTa.

AHpaguT 2 MOMHMO OCHOBHOW (Da3bl CONEPKUT
He3HaunTelnbHOe (He Oonee ~8%) KOIMYECTBO H30-
CTPYKTYPHOU MPUMECH; TIOCIICTHSIS OTIIMYACTCS 3HAYEC-
HUSMU KOHCTAHT KPUCTAJUTMYECKOM PEIICTKH U UMEET
XapaxkTepHbIi MUK npu 26~43.89°, cienuuyHbIi 1Ist
Bojocoaepkamux rpanaros (# 00-075-0553), T. e. oTa
MPUMECh MOKET OBbITh ONHKCAHA KaK THAPOAHPAJIHT.
[Tocne omxura obpasiia oH He PUKCUPYETCS, U COCTaB
OTBEUaeT YUCTOH (haze aHAPAJNTA, YTO TOATBEPKIALT
TUIPOAHAPAAUTOBYIO TPUPOAY MPUMECH B MCXOTHOM
oOpasiie (cM. puc. 10).

Jyis nemaHTOMIa B UCXOJHOM COCTOSIHUU TIO JaH-
HbIM PEHTI'CHOBCKOM IU(PPAKIUN KaKUX-THO0 MpH-
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Tadanua 1. Copeprxanue okcuaoB (Mac. %) B 0Opa3uax rpaHatoB 1o gaHHbiM POA u ux smnupuyeckue Gopmysl B iepe-
cuere Ha oOuIyto hopmyity rapaHatoB (Me?");(Me**),(Me*);0,,

Table 1. XRF data of garnets (wt %) and their empirical formulas in terms of the general formula of garnets:

(Me*");(Me*),(Me*),0,

O6pazer SiO, | Fe,0; | CaO | ALO; | MgO | TiO, | MnO | Cr,0, Dopmyna
Annpamur 1| 35.44 | 26.01 | 31.88 | 3.32 1.96 0.74 0.54 - (Mgy24Cas 1sMny o4)s3.20(Fe; 63AL) 33)5-1 06
(Si2,95TiO.05)E:3.OO12.14
Angpanut 2| 32.20 | 26.01 | 35.64 | 4.73 - 0.84 0.55 - (Caz 40Mny o4)s-3.53(Fe; 70Aly51)s- 30
(Si2A94Ti0.06)Z:3.OO12,97
Hemantonn | 31.01 | 34.27 | 33.94 | 043 - 0.07 0.07 0.05 |(Ca;y5;Mnyg g )s-352(Fes40Al005Cr0.0038)5-2.54
(Si3.00)2=3.0013.34

MECHBIX (a3 He OOHAPY)KEHO, OJTHAKO IMHKH T'PAHATO-
BOH (ha3bl HECKOJIBKO aCCUMETPUYHBI (PacIleILICHBI)
(cM. puc. 1B), 4TO CBUAETENBCTBYET O HAIWYHMHU JABYX
COCYIIECTBYIOIMX (ha3 cO CTPYKTypOl IpaHaTta C He-
CKOJIbKO pPa3IMYHBIMH TapaMeTpaMy PelIeTKH, BEpo-
STHO, BCJICJICTBHE PA3IMYHON 3aCEIEHHOCTH MO3UIUHI
aTOMOB B MX CTpyKTypax. Ilocie BricokoTeMIIEpaTyp-
HOTO OT)KMTa aCHMMETPHYHOCTh MTMKOB (WX pacieriie-
HUE) ucye3aeT (CM. BCTaBKy pucC. 1B), U Bce pedeKch
Ha PEHTICHOrpaMMe OTBEYAaIoT (ha3e NeMaHTOUAA.
Tepmozpasumempuueckui ananu3z. Jns Bcex 00-
pa3loB M3YyYEHHBIX I'PAaHATOB XapaKTEpHBI TEpPMHUYC-
ckue 3¢dextrr 1pu Temiepatypax a0 300°C (puc. 2),
CBSI3aHHBIC C BBIJICJICHHEM aICOPOIIMOHHON B KPUCTAI-
Jryueckoil Boabl. JlanbHelilee TepMUUecKoe MOoBee-
HUe 00pa3IoB IEMaHTOWAA U aHJPAIUTA 2 BO MHOTOM
noo6Ho: ipu Harpese oT 300 mo 1000°C kakux-1mu6o
peaxiuii uiau (pa30BBIX MPEBpaIlEHU HE HAOII01aeT-
cs1, uTo coryacyetcs ¢ padoroii (Palke, 2017). Hampo-
TUB, JJIs 00pa3ia aHjapaauTa | HaOJII0IaeTCsl UK TPU
858°C, 00yCNOBICHHBIH, TO-BUAUMOMY, Pa3I0KEHHEM
(ha3pl KIMHOXJIOPA, YTO COTJIACYETCSl C MpECTaBIICH-
HBIMH BBIIIIE€ JAHHBIMHA PEHTTe€HO(A30BOTO aHAIH3A.
JHugpghyznoe ceemopacceanue. Ha puc. 3 npen-
CTaBJICHBI CTIEKTPHI AU Py3HOTO CBETOpACcCESTHUS M
00pasLoB aHApaauTa U JAEMAHTOMJA KaK B HCXOIHOM
COCTOSIHUHM, TaK M MOCJE BBICOKOTEMIIEPATYPHOTO OT-
xwura. CrnekTpsl 00padotansl MeTogoM Kybenku-MyH-
ka (Kubelka, Munk, 1931) ¢ ucnonbp3oBaHuEM METO-
JUKA “TIPOM3BOJHOM CTIEKTPOCKOIINN , CAeays paboTe
(Torrent, Vidal, 2002); mocTpoeHne BTOPO TPOU3BOI-
Hoit (pynkumu KyOenxu-MyHKa HCIIONB30BaHO HAMU
IUTst 60Jiee KOPPEKTHOTO BBIACIICHHS TTOJIOKEHUS MaK-
CUMYMOB JIMHHUH TOTJIOIEHUS; MOcIeHue 0003Haue-
HBI CTpEJIKaMH Ha pHc. 3. B 1enoM crekTpsl coriacy-
IOTCSI ¢ JaHHBIMH, TIOTy4YeHHbIMU paHee (Burns, 1993;
Isawa et al., 2018; Ahadnejad et al., 2022); onu TH-
nu4Hbl Ui anapanuta (Izawa et al., 2018): ¢ukcupy-
eTCsl MHPOKas Tmojioca B OmmwkHerd Yd-o0mactu, mo-
BHJIUMOMY, OTBEYAIOIAsl IOTJIOMICHUIO Je(EeKTHBIX
CWIIMKATHBIX TeTpadapoB (Qian et al., 2024), a taxxke
3HAYUTEJIFHOE YHUCIIO JOCTATOYHO LIMPOKHX MOJOC B
BUAMMOM 00J1aCTH, CBSI3aHHBIX C IMOTJIOMICHUEM HOHOB
Fe?*, Fe*" u Ti*" (nmosio)xeHne MakKCUMyMOB TI0JIOC U UX
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MIPUPOJIA COTIIACHO JIUTEPATYPHBIM JTAaHHBIM TIPECTaB-
neHa B Tabn. 2). Ilojockl morniomieHus aHapaauTa B
KpacHOU 00JIACTH CIIEKTPa MaJOMHTCHCHBHBI U Pa3MbI-
ThI. 3HAYMMOT'0 M3MECHEHUSI CIICKTPA IOCJIC OTKUra aH-
JIPAJIUTOB HE TIPOUCXOUT; (UKCUPYETCS JIMIIb He3HA-
YUTEJIbHBIN CIBUT I10JIOC ITOTJIOIICHUS, KOTOPBII MOX-
HO COOTHECTH C N3MEHEHUEM KPUCTAJUINIECKOTO OKPY-
JKEHUS BCIICIICTBHC OOC3BOKUBAHUS 00pa3Iia W/Wiu C
YaCTUYHBIM OKHUCJIEHHEM HOHOB Fe?'.

Jus nemanTtonma (UKCHPYETCS MIUPOKas IIOJIO-
ca morjoienus npu ~860 HM, KOTOpasi MOCIE OTKU-
ra o0pasiia CMeIaeTcs B BEICOKOIHEPIEeTHIECKY0 00-
nacth 10 ~700 HM ¢ U3MEHEHHEM OKPACKU KPHUCTAII-
na. JlaHHas mosioca THMHMYHA JUIS IEMaHTOM/IOB JKEJI-
TO-3€JICHOM OKpacKkh C HHU3KUM copepxanuem Cr
(Ahadnejad et al., 2022). OgHako BOmpoc 0 MPUIHHAX
W3MEHEHUS OKPACKH JeMaHTOWA MPH OTXKUTE OCTa-
etcs oTkphiThiM. M3BectHO (Palke, 2017), uto mocne
OTXKUTA MOAOOHBIX JKEITHIX WM KOPUYHEBBIX 00pa3-
LIOB OKpacKa TpaHCHOPMHUPYETCS B 3€JICHYIO, YTO HC-
[OJIB3YETCS ISl YBEJIIMYCHUS FOBEJIUPHON IEHHOCTHU
KPUCTAJJIOB, B YaCTHOCTH, YPAJIbCKHX JIEMaHTOUIOB.
B nutupoBanHOit paboTe moKa3aHo, UTO TaHHOE H3Me-
HEHHUE He CBS3aHO C M3MEHEHHEM CTEIIEHH OKUCIICHUS
noHoB Fe. B pa6ore (Hassan et al., 2018) 6p110 0T™Me-
YeHO, 4TO Hanmnyue noHoB Cr B BbICHIeH (+6) min cMe-
[IaHHOW MPOMEKYTOYHON CTEIICHU OKUCIICHHUS TPUBO-
JIAIO0 OBl K HAIMUKIO 00Jiee KOPOTKOBOJIHOBBIX I0OJIOC
IOTJIONICHUS B CIIEKTpE JeMaHTouza. B Toxe Bpems
u3BecTHO, uTo noH Cr?* B moapenieTke AByX3apsaaHo-
ro MeTajlla B CHJIMKATHBIX MaTpPHUIaxX JaeT XapakTep-
Hble UPOKHKeE 1o10chl Ipu ~850 u 1500 HM, ucuesaro-
e npu okucienun g0 Cr** (Scheetz, White, 1972).
[Ipu omxkure aemMaHTOMIAa MOXET MPOUCXOIUTH IIO-
no6Hoe nookuciienue Cr*', mo3ToMy B HaCTOSIIEH pa-
00Te TPeAINoNIoKeHO, YTO Tojoca ~860 HM B CIIEKTpe
JIEMaHTOHU/Ia B UCXOJTHOM COCTOSIHUU CBsI3aHa C MOHA-
mu Cr** (cm. Tabu. 2).

Hmneoancnaa cnexkmpockonus. llonyueHHble
CIIEKTPBI UMITeZIaHCa 00pasmoB, 0OpaboTaHHBIE C HC-
MIOJIb30BAHUEM METOJ[a DKBUBAJCHTHBIX CXEM, HMe-
FOT CYIIECTBEHHO Pa3JIMYHbIN BUJ (puc. 4); BbIIEISICT-
csl 1Ba BHUJA cuekTpoB. [lepBblii xapakTepeH IUist jae-
MaHTOW/Ia; OH BKJIFOYACT JIBE IMOJYOKPYKHOCTH (CM.
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Puc. 1. ludpakrorpammsl 00pa3noB anapaaura 1-2
(a, 6) 1 nemaHTOM 1A (B) B UCXOIHOM COCTOSIHHH U I10-
ciie oxura npu 900°C (uepHble U KpacHbIC JIMHUH,
COOTBETCTBCHHO).
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Bpeska — ¢parment audpaxrorpaMmsl B obmactu 20 =
=32-38°.

Fig. 1. XRD data for andradite 1-2 (a, 6) and de-
mantoid (B) before calcination and after calcination at
900°C (black and red lines, respectively).

Insets denote fragment of the diffractogram in the range
20 =32-38°.

puc. 4a), mprueM TepBasi U3 HUX ¢ eMKOCThi0 10712 @
CBsi3aHa C 00OBEMHON MPOBOAMMOCTHIO 00pasla; BTO-
past ¢ eMkocThio 107 @ 00ycIOBICHA MEKIIECKTPOI-
HBIM BKJIaJIOM M HE OTpakaeT CBOWCTBA UCCIEayeMo-
ro muHepana (Irvine et al, 1990). ITo Bugy crnektpa
paccurTaHbl IIEKTPUIECKUE XapAKTEPUCTHKH dKBHBA-
JIeHTHOH cxeMbI Ry-(R; | CPE))-(R, | CPE,), B koTOpOIA
TJIaBHBIM aHAITM3UPYEMBIM CUTHAJIOM sBIIsieTcs Ry + R
comporuBienus (R, u R, — BHyTpHu3epenHoe (00beM-
HOE) ¥ 3epHOTPaHUYHOE COMPOTHUBIICHHS 00pasia, co-
OTBETCTBEHHO). OnrcaHHas SKBUBAJICHTHAsI CXeMa UC-
M0JIb30BaJIaCh HaMU JUIsS pacdera JJIEKTPHYECKHUX Xa-
PaKTEpPUCTUK JEMAaHTOW/Ia BO BCEM JHMAara3oHe TeMIIe-
patyp 200-900°C.

Bropo#i BuJ cniekTpa uMmIielaHca XapakTepeH s
00pa3IoB aHApaJnuTa; JJs MpuMepa Ha puc. 40 mpej-
CTaBJIEH CHEeKTp aHApaauTta 2. [lns pacuera snexTpu-
YEeCKHX MapaMeTpPOB HCIOIb30BaIach 3KBHBAJICHTHAS
cxeMma (R, [ CPE()-(R, | CPE))-(R, | CPE,) co crenyto-
IIUMHU 3HAYEHUSIMU €MKOCTHBIX mapameTpoB CPE; =
= 10", CPE, = 10° — 10" u CPE, = 10%-107 @
(3mecy CPE, — mOTIOTHUTEBHBIN €MKOCTHOM 3JIEMEHT,
ITYHTHPYIONTNH 00BEMHOE COINPOTHBIICHHE oOpasia
Ry). Takum oOpazom, COMPOTHBICHUIO 00pasia OTBe-
gaet cymma R + R,. Ilpu 3TOM OT/IeTIhHBIE KOMITOHEH-
THI Ry + R, He Bceraa BBIAETSAIOTCS TOCTOBEPHO: 110 OT-
JeTbHOCTH KOMIIOHEHTBI HAMH HE paccMaTpHBaJiCh B
CUJIy OIPAaHMYEHUN SKCIEPUMEHTAJIbHOM YCTAHOBKHU
MpH U3MepeHUH OONBIINX CONpOTUBICHUH. llpn oT-
HOCHUTEIIPHO HU3KHX TeMIleparypax B auamazone 200—
350°C 3HaueHUS COMPOTHUBJICHUS 00pa3IoB aHIPaIN-
Ta OYCHb BBICOKHE, YTO XapaKTEPHO TSI CHITMKATHBIX
MUHEPAJIOB, KaK THMIUYHBIX Au31eKTpukoB (Naif et al.,
2021), BCIENCTBUE YErO CIEKTPBI MMITCAaHCa aHpa-
QAT YAAIOCh TOIYyYUTh, TOJILKO HAYUHAS C TeMIlepa-
Typ B 350°C.

OBCYXJAEHUE PE3VYJIbTATOB

CriekTpsl UMITeZIaHCca U3YYSHHBIX 00pa3IoB rpaHa-
Ta UCIOJIL30BAHBI JUTSI TIOCTPOCHHS KPUBBIX AppEeHNY-
ca (puc. 5). Buano, uto mist anapagura 1 Habmoxaert-
Csl pa3IMYue COOTBETCTBYIOUINX KPUBBIX, TOJyYEHHBIX
B pPEeXHME NEPBOrO IUKIJIA HarpeBa MpoObl U B PEKU-
Me ee TMocienyromero oxuaxaenus. [Ipeacrasusercs,
YTO BCJICACTBHUE HATHIHS B 00pasiie (Ga30BbIX BKIIIOUE-
HAW KIMHOXJIOpa, coxeprkamiero OH-rpynmupoBkw, 10
temrepatyp 550-575° npoBoIMMOCTh B IEPBOM LHU-
KJIe Harpesa o0Opasia COJEPKUT BKIAJ M TPOTOHHOU

JIMTOCDEPA TomM 25 Ne2 2025
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Puc. 2. TT-ATA nannsie s anapanutoB 1-2 (a, 6) u nemanTonna (B).

Fig. 2. TG-DTA data for andradite 1-2 (a, 6) and demantoid (B).
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Puc. 3. Cexkrpsl qudy3HOro OTpaXKeHUs MOPOMIKOB aHapaauTa 1-2 (a, 0) u gemManTonaa (B) B HCXOIHOM COCTOSI-
Huu (uHuM 1), nocne omkura npu 750°C (JinHuM 2) ¥ OTHOPMHUPOBAHHbIE BTOPbIE MPOU3BOHbIe QyHKIuKN Kyoen-
ku-MyHKa.

CTpenky — IMoJI0KEHHE MAaKCHMYMOB I10JI0C TIOTJIONIEHHST; BPE3KH — ()parMeHTHI BTOPBIX IIPOM3BOAHBIX B o0sacta 200-500 HM.
Fig. 3. Diffuse scatering spectra of andradite 1-2 (a, 6) and demantoid (B) powders before (1 line) and after calcination
at 750°C (2 line) and the normalized second derivatives of the Kubelka-Munk function.

Arrows indicate the position of absorption band maxima; insets denote fragments of second derivatives in the 200—500 nm region.

Tadauua 2. [Tosiock! norsouieHus (HM) U UX IPUpoia B criekTpax auddy3HOro orpakeHust mopoIikoB 00pa3ioB aHIpaIn-
Ta 1-2 1 1eMaHTOu/1a B UICXOHOM COCTOSIHMM U Tociie oTxura mpu 750°C

Table 2. Absorption bands (nm) and their nature in the diffuse reflection spectra of andradite 1-2 and demantoid powders
before and after calcination at 750°C

Anppanut 1 Anpnpaaurt 2 Jemanrton [Ipuposaa momock cormacHo
Ucx. coct. |ITocne omxura| Mcx. coct. |ITocne omkura| Mcx. coct. |Ilocae oTkura JIMTCPATYyPHBIM TaHHBIM

257,316 254,329 253,324 248,321 254,324 255,326 | MJIII3 (I); mepexos! B nedekt-
HbIX Si0, Terpadapax (I1);

384 382 383 377 384 384 Fe* C3II (III)

439 439 439 434 438 437 Fe** C3II (IV)

630 (cmab.) | 620 (cmab.) | 620 (cmab.) | 620 (cmab.) | 620 (cmad.) Fe* C3I1 (IV)

Fe**—-Ti* UBII3 (V)

877 882 Fe** C3II (IV)
(~790-960) | (~790-970)

(cmab.) 847(cnab.) Fe** C3II (IV)

Fe* C3II (IV)

860 Cr** (VII)
(~770-970)
700 Cr** C3II (VL VII)
(~620-780)

[Ipumeuanne. C3I1 — cnuH-3anperieHHbIi nepexo (¢ n3MeHeHHueM nojaHoro cnuHa); MJII3 — Metamt-nmuranaHele mepexo/ibl ¢ IepeHOCOM
3apsna k nony O; [ — (Mizuno et al., 2021); II — (Qian et al., 2024); III — (Burns, 1993); IV — (Izawa, et al., 2018); V — (Stockton, Manson,
1983); VI — (Andrut, Wildner, 2001); VII — (Ahadnejad et al., 2022); VIII — (Scheetz, White, 1972).

Note. C3II — spin-forbidden transition (with a change in the total spin); MJIII3 — metal-ligand (O) charge transfer transitions; [ — (Mizuno

etal., 2021); I — (Qian et al., 2024); 11l — (Burns, 1993); IV — (Izawa, et al., 2018); V — (Stockton, Manson, 1983); VI — (Andrut, Wildner,
2001); VII — (Ahadnejad et al., 2022); VIII — (Scheetz, White, 1972).
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Puc. 4. TunudHble CIEKTPHI IMITEIaHCa B KoopAuHaTax HalikBucTa oOpa3ios AemanTtouaa (a) u anapaauta 2 (0) mpu

temmeparype 500°C.

Bpe31<1/1 — [IPUMEPDBI DKBUBAJICHTHBIX CXEM; KPACHBIC JIMHUU — CXEMATUYECKOC I/I306pa)KeHI/Ie OCHOBHBIX BKJIaZIOB B IIPOBOAUMOCTD

00pasIoB.

Fig. 4. Typical impedance spectra in Nyquist plot of demantoid (a) and andradite 2 (6) at 500°C.

Insets denote examples of equivalent circuits; red lines are schematic representations of the main contributions to the sample

conductivity.

cocrapistomiet (Dai et al., 2020). U3 puc. 5a BugHO,
YTO MpHU HajpHermeMm HarpeBe a0 575-600°C 3Ha-
YEHHE CONPOTHUBIEHHE PE3KO YBEJINYMBAETCA, IIO-
BUAMMOMY, BCIEACTBUE Jeruaparanuu odpasua. Co-
rinacHo ganHeiM TT-JATA u penTreHoa3zoBoro aHamu-
3a TIPOIIeCC pa3ioKeHN BKIFOUESHN KIIMHOXJIOPA MPO-
nomkaercs BrtoTh 10 800-900°C, uto oTpakaeTcs u
Ha (popme TemIiepaTypHO 3aBUCHMOCTH AJIEKTPOTIPO-
BOJHOCTH. 3aMETUM, YTO JIEKTPOTPOBOTHOCTH aH Ipa-
auta 1 cnabo MeHsiercs B iuanas3oHe Temmnepatyp 700—
800°C, a mo ganueiM TI'-[ITA nHauano mpouecca pas-
JIO’)KEHUs KIIMHOXJIopa HaunHaeTcd okojo 800°C. Ilo-
CKOJIbKY OKCIIEPUMEHT 0 M3MEPEHHIO UMITeJaHCca ITPO-
BOJMJICS 10 COCTOSIHMS JMHAMHYECKOTO PAaBHOBECHS
cuTHaia (COBIMAJACHNE CTIEKTPOB UMIIEIaHCa ITPH CHEM-
K€ C BRICOKHMX YaCTOT Ha HU3KHE U HAa000pOT), TIpoIiecc
MTOJTHOTO PA3JIOKEHHsI KIIMHOXJIOPA MPH JaHHBIX yCIIO-
BHSIX W3MEPEHHU MOXKET MPOU30UTH MPU TEMIEepaTy-
pax oxosio 800°C. BeIie ykazaHHOH TeMIiepaTypsl 3a-
BHCHUMOCTb NMPHOOpETaeT JIMHEHHBIN XapakTep. TakuMm
00pa3zom, Ha KpUBOW AppeHHyca B IIEPBOM IIHKIIE Ha-
rpeBa aHapaanTa 1 J0CTaTOYHO HATJISIIHO OTpa)kaeTcs
n3MeHeHue ero (pasoBoro cocraBa. B pexxnme oximax-
JCHVS Ha KPUBOW HE (PUKCUPYETCS KaKMUX-IH00 SBHBIX
AHOMAaJIMA: OHA UMEeT MPaKTUYECKH JTHHEeHHYI0 (op-
My, YTO TTO3BOJISIET OI[CHUTh SHEPTUIO aKTUBAIUu £, B
1.53 »B. IlonyueHHOE 3HAYEHUE TUIIUYHO JII CUCTEM
C MOHHBIM WJIM CMEIIaHHBIM THUIIOM IPOBOJIUMOCTH.
OO0pasell aHApaauT 2 HE UCIIBITHIBACT OTMEUYCHHBIX
BBIIIE AHOMAJIbHBIX U3MEHEHUH 3JIEKTPOIPOBOTHOCTH

LITHOSPHERE (RUSSIA) volume 25 No.2 2025

B IIMKJIE TIEPBOTO Harpera (cM. puc. 50); puxcupyrot-
Csl JIWIIb HE3HAYUTEIbHBIE OTKIOHEHHS 3aBUCUMOCTH
OT JINHEHHOM, BEPOATHO CBSI3aHHBIE C MOTepel (u3m-
YEeCKH/XUMUYECKU CBsI3aHHOM Boabl. [1o 31Ol mpuun-
HE 3HaYCHHUE AJIEKTPOIPOBOJHOCTH B OOJIACTH TEMIIe-
patyp 350-475°C, mosydeHHOE IS peKUMA OXJIAXKIC-
HUSI MEHBIIIe TAaKOBOTO JJIsl peknMa Harpesa. B oOma-
cti 450-475°C B pexxuMe OXJIAKICHUS Ha 3aBHCHMO-
CTH (UKCHUPYETCS W3JIOM, COMPOBOXKIAIOIIUICS yBe-
JUYeHHEeM sHepruu aktuBauuu E, ot 0.84 no 1.16 3B
(cm. Tabu. 2). Panee B padore (Ilapxomenko, 1984) nns
JaHHOW 00J1acTH TeMIeparyp ¢ UCMOJb30BAHUEM I10-
CTOSSHHOTOKOBOW METOAMKH TakKyKe OBIIM BBISBIECHbI
TOYKH, BBINAJAIOMIKE U3 001l JIMHEHHON 3aBUCHMO-
CTH; OJTHAKO JIETAIbHOTO aHaJM3a TOTO SBJICHUS TPO-
BeJIeHO He ObLI0. BeposiTHO, 3Ta aHOManus cBsizaHa ¢
HEKOTOPBIMHU JIOKAJIbHBIMH U3MEHEHHSIMH CTPYKTYPBHI
rpaHaTa MMpu U3MEHEHUU TeMIIepaTypbl B JaHHOU 00-
nactu. Tak B padore (Wang et al., 2019) npu paccmo-
TPEHUH CHUCTEMBI aHAPAIUT-TPOCCYIISIp OBUIO MOKa3a-
HO, YTO YaCTUYHOE 3amelieHne nonos Fe Ha Al nmpuso-
JUT K NCKaKEHHIO JI0/IEKadJPUUIECKUX KIIACTEPOB KHC-
JIOPOJI-KaBIINEBOM TO/ApENmeTKA. B mccienoBaHHBIX
HaM# o0pa3iax aHapaguTa 2 Takke QUKCHPYeTCs MpH-
Mech Al, 4TO MOXKET MPUBOIUTH K UCKAKEHUIO JI0/IeKa-
AIPUYECKUX Ki1acTepoB Me?'Og, KOTOpBIE NPH MOBBI-
LIEHUH TEMIIEPATYPBI CKIOHHBI U3MEHSTH CBOIO T'€OMe-
Tputo. Takoro poga U3MEHEHHs OMMCHIBAIOTCS B PaM-
Kax OJIHOW CTPYKTYpHOH MOAM(UKAIMK M 3a4acTyio
CIIO)KHO (PHKCHPYIOTCS, HO OHH MOTYT CYIIECTBEHHO
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Puc. 5. AppeHnycoBcKre 3aBUCIMOCTH 3JIEKTPOIIPOBOTHOCTH 00pa3ioB aHapanuta 1-2 (a, 6) u nemantousaa (B) B
pexxume Harpesa (1) u oxnaxxaenus (2) ¢ LSCOS snexTpogamu; cpaBHEHHE KPUBBIX 3JIEKTPOIPOBOHOCTH B PEIKH-
Me oxnaxaeHus anapagura 1 (3 u 4 —anexrpoast LSCOS u Pt, coorBercTBeHHO), anpaanTa 2 u qemanronja (5 u 6,

LSCO05 anextponsr) (T).

Fig. 5. Arrhenius plot of the electrical conductivity of andradite 1-2 (a, 6) and demantoid (8) in heating (1) and cooling
(2) mode with LSCO5 electrodes; comparison of electrical conductivity curves in the cooling mode of andradite 1
(3 and 4 — LSCO5 and Pt electrodes, respectively), andradite 2 and demantoid (5 and 6, LSCO5 electrodes) (T).

CKa3bIBAThCSI HAa TeHEPAIlMU MOHHBIX HOCUTENEH 3apsi-
na (Yue et al., 2022), uro u oTpaxaercs Ha popme TeM-
HepaTypHOH 3aBUCHMOCTH BJIEKTPONPOBOJHOCTH. OT-
MeTHuM, 4To paHee B pabore (Kuganathan et al., 2020)
OBLIM PacCMOTPEHBI MOJICTbHBIC MEXaHU3MbI HOHHOTO
TpaHCIIOpPTa B aHJPAAUTE ¢ ydacTHeM noHoB Ca’, of-
HAKO PAaCYeTHBIC YHEPIHU aKTHBAIIMU MPOBOJAUMOCTH
TAKOTO POJa MPHU CaMBIX pa3HbIX BapHaHTax 3aMellie-
HUs mojapenieTok Me?* u Me** B 2-3 pasa Gosblie Ha-
OJIF0TaeMBIX, BCICICTBUE Y€TO HOHHBIM BKJIAJIOM TIPO-
BOJMMOCTH MOKHO, TIO-BHANMOMY, IpeHeOpeub. [lo-

JIYYCHHBIC HaMW 3HAYCHHUSA SHEPTHUU aKTUBALIUU JJIA
aHapamnTa 2 BBINIE MPUBEIEHHBIX B padore (ITapxo-
MeHKo, 1984), uTo oTpakaeT pa3audHs MPUMECHOTO
cocraBa ¥ JIe()eKTHOCTH U3ydEeHHBIX 00pa3IoB.

[Ipu conocraBieHUN HKCIIEPUMEHTATBHBIX JaHHBIX
JUTSL IBYX Pa3lIMYHBIX 00pa3IloB aHAPAAUTa YCTAHOBIIE-
HO, YTO aHJPaJIUT | XapakTepu3yeTcss MEHBIICH IIeK-
TPOIIPOBOAHOCTHIO (CM. pHC. 5T), YTO, MO-BUIUMOMY,
CBSI3aHO C HU3KOI MPOBOAMMOCTHIO MPHUMECHBIX allfo-
MOCHJTUKATHBIX (pa3, MPUCYTCTBYIONIMX B 3TOM 00pa3-
mre. Takum 006pazoM, aOCOTIOTHEIC 3HAUCHHE IPOBOIH-
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MOCTH MOTYT CIY)KUTh WHIUKATOPOM HAJIMYUs/OTCYT-
CTBUS MPUMECHBIX (Da3 B aHIPATUTE B YCIOBUSIX HE-
JIOCTYITHOCTH IPYTHUX METOJOB aTTeCTAIln MUHEpaIa.

Ha TemmepaTypHBIX 3aBHCHMOCTSIX JJIEKTPOIIPO-
BOJHOCTH J€MAaHTOH/IA KaKWX-THOO aHOMallnui, CBA-
3aHHBIX C (Da30BBIMH TIPEBpAIICHUSMHU, HE OOHApY-
JKEHO (CM. pUC. 5B), UTO COTIACYETCS KaK C JIaHHBIMU
TI-AATA, Tak u penrrenodaszoBoro ananmza. Temre-
paTypHbIE KpUBBIC TIPU HATPEBE U OXJIAKICHUU MPaK-
TUYECKH COBIIAJAIOT; HA 00CHX 3aBUCHUMOCTSIX (DUKCH-
pyeTCsl BOCTIPOM3BOANMBINA U3JIOM B 00JIACTH TEMIIEpa-
Typ 750-775°C, KOTOPBIH, BEPOSITHO, CBSA3aH C M3Me-
HEHUEM THUIIA MPOBOJMMOCTH C COOCTBEHHOHN Ha IMPH-
MECHYI0; MpU 3TOM 3HauyeHue E, uzmensercs ot 1.08
1o 1.34 3B (tabmn. 3).

OOpazenr gemanrowga 00JaaeT OTHOCHUTEIBHO
0O0JIBIIUM 3HAUEHUEM AJICKTPOIIPOBOAHOCTH B 00JIACTH
BBICOKUX TEMIIEPATyp MO CPABHEHUIO C TAKOBBIMU JIJISI
obpasmoB anapaauTa. HecMoTps Ha TO, YTO B aHIpAIU-
TE U JICMAHTOHU/IE IOMHHUPYIOT HOHBI Fe**, B aTHX rpa-
HaTax Takke MpUcyTcTBYIOT HOoHbI Fe?* (ITapxomeHko,
1984), a ans nemanTomaa u uoHbl Cr, KOTOpBIE TaK-
)K€ MOTYT y4acTBOBAaTb B IIPOLIECCE ANEKTPOIEPEHO-
ca. OTMeYeHHBIC MOHBI 00ECIICUNBAIOT OTHOCUTEIBHO
BBICOKYIO MTPOBOJUMOCTH JKEJIE30COACpKAIINX T'paHa-
TOB. 3aMEeTUM, UTO Isl 00pasia aHapanuTa 2 mo dKc-
MIePUMEHTATBHBIM JAaHHBIM OTHOIIIEHUE aTOMHOTO CO-
nepskanus Me? /Me**~1.5, 1. e. GIM3KO K TeOpeTHUe-
CKOMY 3HAueHHIO 1.5, B TO Bpems Kak AJid JE€MaHTOU-
na 970 3HaueHHe (~1.38) 3aHMKEHO, YTO MOXKET CBHJIC-
TEILCTBOBATh O MPUCYTCTBHHU B HeM HOHOB Fe?*. Hamu-
yrie HoHOB Fe?" obecneunBaeT reHeparnio JIeKTPOHOB
mo cxeme Fe?" — Fe¥* + e~ u yBennumBaeT BKIIaJ 3JeK-
TPOHHON KOMIIOHEHTHI MPOBOJUMOCTH, OOECIeUNBAas
OoJiee BBICOKYIO OOIIYI0 MPOBOIMMOCTH JCMaHTOU-
J1a TI0 CpaBHEHUIO ¢ aHapaauToM. Kpome Toro, BUIHO,
YTO DHEPrusl aKTHBAIMK TPOBOJUMOCTH JIEMAHTOHU/IA
B 00JIACTH HU3KUX TeMIieparyp OJiu3Ka K TAKOBOH s
oOpa3sia anpaauTa 2, 0JJHaKO 00JIaCTh COOTBETCTBYIO-
LIEr0 TEMIIEpaTypHOro AWarna3oHa y JIeMaHTOUAA Cy-
IIECTBEHHO LIUPE, YTO KOPPEIUPYET ¢ 00JIEE BHICOKUM
cofepskanreM B HeM noHOB Fe?'. TIpu 9TOM HEJIB3s Hc-

Ta6auna 3. 3HaueHUs] SHEPTUU aKTUBAIIMU MpoIlecca Mpo-
BoauMoctu E, (3B) 1 rpaHaToOB B Pa3MUYHBIX TEMIIEpa-
TYPHBIX 00JIACTSX, PACCYMTAHHBIC B PEXKUMAX HATPEBA U OX-
JTKICHHS

Table 3. Values of the activation energy of the conductivity
process E, (eV) for garnets in different temperature ranges,
calculated in heating and cooling modes

Pexum Obpaser,
oOmacth Temnepatyp, °C
Angpanut 2 Jemanrou
350450 | 475-900 | 350-750 | 775-900
Harpes 0.81 0.96 0.99 1.42
OxuaxxaeHme 1.16 0.84 1.08 1.33
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KJIIOYUTh, YTO PA3M4Me 3HAYEHWH SHEpruM aKTHBaA-
LMY TIPOBOIUMOCTH Y aHApPAANTA 2 U JEMaHTOHIa MO-
JKET OBITh 00YCIIOBIICHO U 00Jiee BEICOKUM (TIpaKTHYe-
CKH B 2 pa3a) coaep’kaHueM mpuMecH Ti; TOCIeTHss,
KaK TIPaBHJIO, U3MEHSET MIPOBOIMMOCTD JKEIE30COIEP-
xamux muHepanoB (Ilapxomenko, 1984). Ilpu sTom
Hanuuue B JgemaHtouzae npumecu Cr, MO-BUANMOMY,
HE3HAYUTEIbHO CKa3bIBAETCS HA €r0 AJIEKTPOIIPOBOS-
LIMX CBOMCTBAX BCJEIACTBHUE HA MOPSJIOK MEHBIIEH MO
cpaBHEHHIO ¢ Fe KOHIEHTpaluu MOHa, ¢ OAHOM CTO-
POHBI, ¥ OONBIINX 3HAUEHUH >Heprun noHmzarmuu Cr
pH 1iepexoyie B Ooyiee BHICOKHE CTETIEHH OKWCIICHUS
o cpaBHeHuto ¢ noHamu Fe, ¢ npyroil. M3smenenus
TPAHCIIOPTHBIX XapaKTepucTuk B obmactu 450—475°C
JUISL IEMAHTOMIa He (PUKCUPYETCS, YTO TAKKE CBUJEC-
TEJIBCTBYET B MOJIb3Yy BIUSHUS JIOKAIBHBIX CTPYKTYP-
HBIX UCKa)XCHHI, BEI3BAHHBIX HAJIM4YKMeM B oOpasie Al
(B memaHTOMIE €ro coj/iep)KaHue Ha MOPSIIOK MEHbBIIIE,
geM B o0pasiie auapaanTta 2). DIeKTPUICCKHE XapaK-
TEPUCTUKH JIEMAHTOUIa paHee He OBLIHN PECTaBIeHBI
B JINTEpAType; MOIyIeHHBIE JTaHHBIC JIJISI STOTO MHUHE-
paJia ¢ y9eToM MaJIoTo CO/IeP KaHUsI B HEM IIPUMECHBIX
(a3 MOTyT OBITH UCTIOJIB30BaHbI ISl pacyeTa reodJieK-
TPUYECKUX MOJeNel (pparMeHToB 3eMHOU KOPBI C CO-
OTBETCTBYIOIIIUM MUHEPAJIOM.

Bnusinue npupoas! 31eKTpoAoB (TUIaTHHA UITH KO-
OaNbTUT JIAHTAHA-CTPOHIIMS) HA TMOJy9aeMBId CIIEKTP
MMIIeTaHca M3ydeHO HaMH Ha TpuUMepe obOpasia aH-
npaauta 1. U3 puc. 5T BUJHO COBIAICHUE KPUBBIX MPU
W3MEPEHNH KaK C OJTHUM, TaK U JIPYTHM THUIIOM DIIEK-
TPOJOB, T. €. UX IPUPOJIA HA CIIEKTPBI UMIIEIaHCa Ipa-
HaTOB U PacCUUTAHHBIC YPHEPTUU aKTUBALIMU MPOBOIU-
MOCTH CYIIIECTBEHHOTO BJIMSIHUS HE OKa3bIBaeT. Taxxke
OTMETHM, 4YTO (PUKCHUPYyeETCsl BOCTIPOU3BOAUMOCTE KpH-
BBIX JJIEKTPONIPOBOAHOCTH TSI Pa3iIMYHBIX KPHUCTAI-
JIOB OJTHOM U TOM e MPOOBI, YTO WILTIOCTPUPYET €€ TO-
MOTEHHOCTH (OTHOPOIHOCTB ).

BBIBO/IbI

1. BrnepBbie METOIOM HMIICJAHCHON BBICOKOTEM-
MepaTypHON CIEKTPOCKONUN B PEXKUME HarpeBa-ox-
naxnaenus npu Ttemmeparypax 200-900°C u gactoTtax
1-10° T'1r ¢ UCITOMB30BAHUEM DIIEKTPOIOB M3 TIATHHBI
1 KOOaJbhTUTA JIAHTAHA-CTPOHIINS W3yUEHBI AIIEKTpHUYe-
CKHE XapaKTePUCTHKH JAEMaHTOU/Ia U3 KIMHOMUPOKCE-
uuToB (IlonmHeBckoe MecTopoxkaenue, Cpeaauii Ypai)
U IBYX 00pasnoB aHapagurta (mpoObl 1-2) pasmuyHo-
0 XUMHUECKOTO COCTaBa U C Pa3IMYHBIM COJICPIKAHH-
eM (ha3oBbIX npuMecel u3 ckapHoB (Bepxuuii YV danei,
Cpennmii Ypai; COKOJIOBCKOE MECTOPOXKICHUE, T. Py-
vbeI, Ka3zaxcrtan). Pe3ynmbTaTel MHTEpPHpPETHPOBAHBI B
COTIOCTaBJIGHUH C TEPMOTPABHUMETPUIECKUMHU U PEHT-
TeHOCTPYKTYpPHBIMU JTAHHBIMH, a TAKKe TAaHHBIMU JH]-
(hy3MOHHOTO CBETOpacCesHHUs MOPOIIKOB T'PaHATOB B
HCXOJHOM COCTOSTHUM U Tociie oTxura mpu 750°C.

2. Tlony4yeHbl SKCHEPUMEHTAIBHBIC (POPMYJIbI
auapamuta 1-2 u gemantouma (Mgg,,Cas Mng )
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(Fey63Alo33)S1505 T 0501214, (Cas49Mnyg0)(Fe; 79Alys)
Si5.04T19.06012.97, (Caz 5Mny )(Fe, 49Alp,05Cro 0035)
Si30001334. AuApamut 1 Kpome OCHOBHOUW (a3wl co-
nepxut 10 ~20% mnpumecH KIMHOXIIOpa, a TaKKe He-
3HaYUTENFHOE KONMM4YecTBO (heppolOycTamuTa; aHapa-
IUT 2 — He3HaUnTeNbHOe (He Oonee ~8%) KOIMMuecTBO
M30CTPYKTYPHOH MPUMECH THUIPOAHIPaINTA; JIeMaH-
Toua (ha30BBIX MPUMECEH HE COACPIKUT, OJHAKO ITH-
KM TpaHaToBOW (ha3bl aCCUMETPHUYHBI, YTO BEPOSITHO
00YCIIOBJICHO HAJMYUEM JBYX COCYILECTBYIOIINX (a3
CO CTPYKTYypoOH TpaHara. B onTmueckux cnekTpax 00-
pasnoB aHApaauTa (QUKCHpYyeTcs IMIUpOKas Ioyioca
B OmmwkHel Y®-001acTi M 3HAYUTEIHHOE YUCIIO TI0-
JI0OC B BUJIUMOM 007acTH, CBSI3aHHBIX C MOTJIONEHHEM
nonos Fe?', Fe** u Ti*"; 3HaunMoro u3mMeHeHus CIeK-
Tpa TOCJE OTXKHra He MPOUCXOAUT. [l neMaHTOu-
na (uKcUpyercsl MMPOKas T0JI0ca MOTJIOUICHUS TPH
860 HM, KOTOpas MOCJIe OTXKUTa 00pa3iia CMEIACTCS B
BBICOKODHEpreTndeckyto oomacts 1o 700 HM; mpeamno-
JIO’KEHO, 4To mojioca 860 HM cBsa3aHa ¢ noHamu Cr?',
KOTOPBIE TIPYA OTIKUTE UCTIBITHIBAIOT JOOKUCIICHHE.

3. DIEKTpUYECKUE XaPAKTEPUCTUKHU aHIPAIUTOB |
Y 2 pa3IU4YHbI: HAJTMYUE MTPUMECHBIX TEPMHUUECKU He-
cTaOuibHbBIX (ha3 B aHApaanuTe | BHI3BIBACT 3HAUUTEIb-
HBIC Pa3IMYus Ha 3aBUCHMOCTH ITPOBOJUMOCTH B IIUK-
JIe TIEpPBOTO HArpeBa W OXJakIeHus oOpasia; 00e3Bo-
JKUBaHWE 00pasla aHapaguTa 2 MPUBOIUT K U3MEHE-
HUSM DJIEKTPOIIPOBOISIINX XapaKTEPUCTHK B 001acTh
temrepatyp A0 500°C. Dnekrpuyeckue XxapaxkTepu-
CTHKH aHJpaauTa 2 U IeMaHTOUAA OJM3KH APYT K APY-
Ty, IIPH ATOM AJIEKTPOIPOBOIHOCTh aHAPAJINUTA 2 BHIIIIC
TakoBOH i anapaauTa 1. [Ipu Beicokux (750-775°C)
TeMmIeparypax JIeMaHToua o0naaaeT OobIIed TPoBO-
JIUMOCTBIO 110 CPABHEHHUIO C APYTUMH IpaHATaMHU, YTO
OTpaXkaeT pazjiniure XMMUIECKOTo 1 ()a30BOTO COCTaBa
obpasnos. [Ipumecs Cr He JaeT 3HAYUTEITHHOTO BKJIA-
J1a B IPOBOAMMOCTbH JIEMAHTOH/IA.

4. DNEeKTPONPOBOAIINE XapaKTEPUCTUKN U3YUCH-
HBIX 00pa3lloB MHHEPAJIOB BOCIPOU3BOAUMEI, TOT/IA
KaK 3JEeKTPONPOBOAHOCTH 00Pa3LoOB, UMEIOIINX pas-
HBIM TeHe3uc (XMMUYECKHH COCTaB) MOXET 3HaYMMO
pa3nu4aTthCs, B YaCTHOCTH, JJIsi aHApaauTa | 3Hade-
HUS 3JICKTPOIIPOBOIHOCTH B PEXKUME OXJIAKACHUS TPU
800 u 550°C paBubI 5.99:10* 1 6.86°-10°° Cm/M, cOOT-
BETCTBEHHO, TOTa KaK Jjs anapaanta 2 —2.94-102 u
2.70-102 Cm/m, cootBeTcTBeHHO. [lonydeHHbIE B pa-
00Te XapaKTEePUCTUKN MUHEPAJIOB MOTYT OBITh ITOJIE3-
HBI JIJIsl pacueTa reohu3ndecKux Moiesicii (hparMeHToB
3eMHOH KOPBI C COOTBETCTBYIOIIMMHU MUHEPAIAMHU.
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Ob6vexm uccrneoosanust u memodsl. MeToI0M UMITETAaHCHOH BRICOKOTEMITEpaTypPHOU CIIEKTPOCKOINH B PeXKHUME HarpeBa-
oxnaxaenus npu Temmeparypax 200-900°C u gactor 1-10° T’y ¢ HCIIOTBb30BaHMEM DIEKTPOIOB U3 IUIATHHBI U KOOAb-
THUTA JJAHTaHA-CTPOHIS N3yYEHBI IEKTPHUECKNE XapaKTePUCTHKHU IIPUPOJTHOTO 0Opasia aabMaHuHa 13 BepxonoBckoii
rpanaroBoii konu (Cpenuuit Ypain, Poccus). [lomydeHnHble pe3ynbTaThl HHTEPIPETUPOBAHbI B COIOCTABIECHHH C TEPMOTpa-
BUMETPHUUECKUMHI U PEHTT€HOCTPYKTYPHBIMH JaHHBIMH, & TaKKe JaHHBIMH AU (HY3HOHHOTO CBETOPACCESIHUS TIOPOIIKOB
aJIbMaH/IMHA B UCXOJHOM COCTOSIHMHM, TIocie oTkura npu 750°C 1 MO/IEIBHOTO CHHTETHYECKOTo oKcuaa xeinesa Fe,Os.
Pesynomamer. B pexnme oxmaxaeHuss HaOIOAAeTCsT MPSMOIHHEHHAS 3aBUCUMOCTh C M3JI0MOM B 00J7aCTH TeMIeparyp
600-625°C ¢ xapakrepHbiMu 3HeprusiMu aktuBanusmu E; 0.58 u 0.81 5B st nuzkoremneparypuoii (200-625°C) u BbI-
cokoremnepatypHoit (625-900°C) obiacTeil, COOTBETCTBEHHO. B 1mkie HarpeBa-oXJIax/JIeHUs] Ha 3aBUCHMOCTH (DHKCH-
pyercst anomanus ripu 750°C, B pe3ysbTare KOTOPOW ¢ POCTOM TEMIEpaTyphl COMPOTHBICHUE 00pa3ia He MEHIETCS JIn-
00 MeHsIeTCs He3HAYNTEIbHO. AHAIIN3 IAHHBIX UMITEIaHCHO CIIEKTPOCKOIINH TT03BOJIMII 3a()MKCHPOBATH HAYaJIo0 PasjioikKe-
HUsL 00pasia anpMaHauHa yxe npu 750°C; panee 06 n3MeHeHHHN (pa3oBOro coctaBa MpH JaHHON TeMIIepaType He coo0Ia-
nock. HavanpHas cTaans AeCTPyKIUH aTbMaHANHA COMPOBOXKIAETCS BBIJIETICHIEM Ha er0 MOBEPXHOCTH HAHOPA3MEPHBIX
yacTHI okcua xxenesa Fe,0s, uTo moaTBeprkaeHo faHHbIME Auddy3HOro paccesHus cBera. TpaaniiMOHHbIe METOIbI (PUK-
canuu nu3MeHenus azosoro coctasa (TI'-ITA u peHTreHO(a30BbII aHAN3) YKa3bIBAIOT HA TOsiBIIeHHE (a3bl Fe,0; Tomb-
KO IpH Temnepatypax Boire 750°C, 4To MOXKeT OBITh CBSI3aHO C X HEAOCTATOYHON UyBCTBUTEIHFHOCTBIO M/HIHN creludu-
Jyeckoit Mopdomorueii Beiaestomneiics daser Fe,0;. Boisoovl. BiusHue Maibix n3MeHEHHH (a30BOr0 COCTaBa COCTHHEHHIMA
(HavanpHBIX cTagui (a30BBIX MPEBPAIICHHI) OTKPHIBACT MEPCIIEKTHBBI HCIONB30BAHMS UMIICJAHCHOW CIEKTPOCKOIHHN
JUIst QUKCAIUY M U3YYeHHUS HadaJbHBIX CTAUH TEMIIEPATypHOTO Pa3JIOKEHHs MUHEPAIOB U CHHTETHUECKNX MaTepPHaJIOB.

KiroueBble ciioBa: ansManouH, umMneoancHas CNeKmpoCKOnus, meMnepamypHas yCmouuueocmy, mepmoepasumempus,
ougghysnoe paccesnue
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Research subject and Methods. The electrical characteristics of an almandine sample from the Verkholovskaya garnet mine
(Middle Urals, Russia) were studied using high-temperature impedance spectroscopy in both heating and cooling modes,
over a temperature range of 200-900°C and a frequency range of 1-10° Hz. For this method, electrodes made of platinum
and lanthanum-strontium cobaltite were employed. The results were interpreted in combination with thermogravimetric
data, X-ray diffraction XRD analyses and diffuse light scattering measurements for almandine powders in their initial state,
after annealing at 750°C and for model synthetic iron oxide Fe,0;. Results. In the cooling mode, a linear dependence was
observed with a break in the temperature range of 600-625°C with characteristic activation energies E; 0.58 u 0.81 ¢V
in the low-temperature (200-625°C) and high-temperature (625-900°C) regions, respectively. During the heating-cooling
cycle an anomaly was noted at 750°C, where the sample’s resistance remained constant or changed insignificantly with
increasing temperature. Analysis of impedance spectroscopy data revealed the onset of decomposition of the almandine
sample already at 750°C. Previously, no changes in phase composition had been reported at this temperature. The initial
stage of almandine destruction is accompanied by the formation of nanosized particles of iron oxide Fe,O; on its surface,
which was confirmed by diffuse light scattering data. Traditional methods of detecting changes in phase composition
(TG-DTA and X-ray phase analysis) indicate the appearance of the Fe,O; phase only at temperatures above 750°C.
This may be associated with their insufficient sensitivity and/or the specific morphology of the released Fe,O; phase.
Conclusions. The impact of minor changes in the phase composition of compounds (initial stages of phase transformations)
highlights the potential of impedance spectroscopy as a valuable tool for recording and investigating the early stages of

thermal decomposition of both minerals and synthetic materials.

Keywords: almandine, impedance spectroscopy, temperature resistance, thermogravimetry, diffuse light scattering
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BBEJIEHHNE

BakHbIli acnekT W3ydYeHHs MHHEPAIbHBIX paB-
HOBECHII W PEKOHCTPYKIIMHM YCIOBHI KPUCTAJUIA3a-
WA U DBOJIOLNMHA MHUHEPATIOB M CHUHTETHMYECKHX Ma-
TEpUAJOB — aHaIu3 WX (Pa30BBIX MPEBPAIICHUN; 3TO
HalpaBjCHUE WCCICAOBAHUNA JII TPHPOJHBIX Tpa-
HAaTOB OCTAaeTCS aKTyaJbHBIM H CETOJHS, MOCKOJIBKY
JAaHHBIE MUHEpabl CTAOMIBHBI B IIMPOKOM JTHAIa30-
He pT-yciioBuii, 4TO mMpenmoiaraeT WX pacripocTpa-
HEHHOCTh B O0JIACTH OT HIDKHEH 4acTH 36MHOM KOpPBI
no mantuu. Kak mpaBuiio, TEOpeTUYECKUE TPECcTaB-
JICHUSI O TEMIIEPATypPHBIX, OAPUUYECKUX U KOHIICHTpa-
LIMOHHBIX JHMAIa30HaX YCTOMYMBOCTH Pa3JIMYHBIX (a3
OTIMCHIBAIOTCSI METOJIaMU (PU3UKO-XUMUYIECKOTO MOJIe-
nmupoBanus (CamuxoB u 1p., 2001; Omenkosa u mp.,
2020). Jlist momy4eHns SKCIepUMEHTAIBHBIX JaHHBIX
o ¢$a30BOMY COCTaBy MHHEPAIbHBIX 00pa30BaHUN U
CUHTETUYECHUKX COCIUHEHUN TPaAULIMOHHO UCIOJb3Y-
FOTCS JU(PPAKIIMOHHBIE METOJBI in Situ WK U3 “3aKa-
JICHHBIX cocTosiHuM. J{nst dukcanuu Gpa3oBbix H3Me-
HEHUU MUHEPAJIOB M MaTEPUAJIOB TAKKE IIUPOKO TPHU-
MEHSETCS] TEPMOTPABUMETPHS, KOJJIOPUMETPHSI, TEPMH-
YeCKUH aHan3, MeccOayapoBcKkasi, pamanoBckas, K-
CIEKTPOCKOIHA, a TaKXKe Pa3sHOOOpa3Hbleé MHKPOCKO-
nuyeckue meronsl (MBanoBa u np., 1974; Barcova et
al., 2001; Aparicio et al., 2012). B marepuanoBexue-
CKHX HCCIEAOBAHUSIX JOCTATOYHO LIMPOKO PaCIpo-
CTPAHEHO HCIIOJIb30BAaHUE MATHUTHBIX, TETUIO- U DJICK-
TPOTIPOBOIAIINX XAPAKTEPUCTUK KaK MapKEepOB pas-

noxkeHus (a3. Cpenu yKazaHHBIX “HETPaJUIIMOHHBIX
HanOoJee JOCTYITHBIM METO/IOM SIBIIIETCS] aTTeCTaIlns
AIEKTPONPOBOISIINX CBOWCTB 00pa3lOB B BapHaHTE
HMMIIEIAHCHOW BBICOKOTEMIIEPATYPHOH CIEKTPOCKO-
UK, KaKk HanOosee MHOOPMATUBHOW METOJIUKH, yUH-
THIBAIOILCH PA3JIMYHBIC BKJIAJbl B MPOBOJISIINAC U M-
aNeKTpudeckue cBoiicTBa marepuanoB (Roberts, Tu-
burczy, 1993; Huebner, Dillenburg, 1995).

B pabotax 1970-1980 rr. (cMm. Hampumep, (I1apxo-
MeHKO, 1984)) BBITIOHEH IeTabHbII aHAIN3 JIEKTPO-
MIPOBOJISIIUX XapaKTEPUCTUK TMPHUPOJHBIX TI'PaHATOB,
B TOM YHCJIE JKEIe30COACPKAIINX; YCTAHOBIICHO, YTO
MIPOBOJIMMOCTH TOCJICJHUX TJIABHBIM 00pa3oM CBsi3a-
Ha ¢ karnonamu Fe*" u Fe*'. C ucnons3oBannem 1o-
CTOSIHHOTOKOBOW METOJIMKHA B PEXHMMax HarpeBa-ox-
naxuaerwst oT 200 mo 1000°C oOpa3iel TUpOIIa | alb-
MaHAnHA U3y4deHbl B padote (Lastovickova, 1982); mo-
Ka3aHo, YTO KpUBBIE AppeHnyca IUIsl TUPOTa OJ1HA-
KOBBEI B 000MX peKUMax; HApPOTHB, JJIs aIbMaHIHHA
OHU CYIECTBECHHO PA3JIMYHbI, IPUYEM JIAXKE MMPHU BbI-
COKUX TeMIlepaTypax CTalMoHapHOE (PaBHOBECHOE)
3Ha4YeHUE MPOBOAMMOCTH JOCTHIAETCSI TOJIBKO IOCTE
JUTATENTbHON (HEe MeHee 4 4acoB) BBIACPKKH 00Opas-
1oB. [Ipy MHOTOKpaTHBIX IMKJIAaX HarpeBa-OXJIaxIe-
HUS TeMIIepaTypHbIE 3aBUCUMOCTH JIEKTPOIPOBOTHO-
CTH TIPU OXJIAXKJICHUU TPAKTUYECKH COBIAIAIOT, B TO
BpeMs KakK MMPU HarpeBe OHU Pa3IMYHBI 10 Qopme, U
3HAYCHUsSI JICKTPONPOBOJHOCTH TIPU HArpeBe CHUCTE-
MaTUYeCKH 00Jiee BBICOKHE. 3aMETHM, YTO 3HAYMMBIX
CTPYKTYPHBIX TpeoOpa3oBaHuil MUHEpaja 10 JaHHBIM
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pentreHodaszoBoro ananmuza a0 temmeparyp B 800°C
HE TPOHMCXOJUT; OHM BO3MOXKHBI TOJIbKO Tipu 800—
1000°C; mo TepMOrpaBUMETPUYECKUM JaHHBIM pa3-
JIOKEHNE MUHEpajla ¢ 00pa30BaHWEM MarHeTuTa u re-
MartuTa npoucxoaut mpu 900-980°C (IMsanosa u ap.,
1974). Takum 00pa3oM BOTIPOC O MPUYMHAX PA3THUUS
KPHUBBIX 3JIEKTPOIPOBOJHOCTHU IIPH HArpeBe-OXJIaxKe-
HUU B obnactu 70 Temmeparyp B 900°C ocraercs ot-
KPBITBIM; HEJb3sl UCKIFOUUTH MPOLIECC OKUCIICHHS JKe-
Jie3a Mpy STHX 1 0oJiee HU3KUX TeMIlepaTypax U BIIHs-
HUSI U3MEHEeHHs1 cooTHomenus: Fe*/Fe*" na npoBoau-
MOCTh aJIbMaHIMHA.

HccnenoBanusi  3JIEKTPONPOBOAHOCTH  IPUPOI-
HBIX U CHHTETHYECKHUX OOpa3LoB NMUPONa U ajlbMaH-
JMHA TPOJIOJDKAIOTCS B mocienHue rogsl (Romano et
al., 2006; Dai et al., 2013, 2020); u3y4eHo BIIMsSHUE
Ha DJIEKTPUYECKUN CUTHAII JTABJICHHsI, TEMIICPaTyphl 1
CoJIepKaHMs BOJIbI; YCTAHOBIIEHO, YTO MPOBOJUMOCTH
CHUHTETHYECKHX W TMPHPOJHBIX aTbMaHIMH-CO/epKa-
LIMX MUHEPAJIOB BBIIIE 10 CPABHEHUIO C MUPOIIOBBIMU
rpaHaTaMy; IOKa3aHo, YTO HAPSILy C NAaBIEHUEM U TEM-
nepaTypoil Ha 3HaUE€HHUE 3JIEKTPOIPOBOAHOCTH BIHSET
W aKTHBHOCTBH KHcJIOpoaa. TeM He MeHee BOIPOC WH-
TepIpeTaLNH “aHOMAJIbHBIX’ U3MEHEHUH 3JIeKTPOIpo-
BOJHOCTH ajJbMaHJIUHA B PEKMME HarpeBa-OXJIaxie-
Hus B obmactu 600—1000°C, moaHSTHINH B IIUTUPOBAH-
HBIX BbIIIE paHHUX myOmukanuax 1970-1980 rr., mox-
POOHO HE U3yHaJCsl U OCTAETCS] OTKPBITHIM.

Llenv pabomwvr — m3ydeHue ¢Ha3oBBHIX IpeBpalle-
HUI MMHepana ajJbMaHAMHA MO JaHHBIM BBICOKOTEM-
NepaTypHOH MMIEJAaHCHOW CIIEKTPOCKOIINH, COIMOCTa-
BUTENBHBIN aHAJIN3 C TEPMOTPAaBUMETPHUYECKHMHU H
PEHTTCHOCTPYKTYPHBIMU JaHHBIMH, a TAKXKE JaHHBIMU
g dy3noHHOTO cBeTOpaccesHus (Ha mpuMepe MmpoOk
3 BepxoioBckoit rpanaToBoit komu, Cpexamii Ypan).
Vcnonb30BaHHbIE aHATTUTUYECKUE METOAUKH OIHCAHBI
B paboTe aBTOpOB B HacTosmIeM crienBhimycke (JKemy-
HUIBIH U 1p., 2025). MccnenoBaHbl KPUCTAUTBI allb-
MaHJMHa pa3MepoM mopsizika 10 x 8 X 6 M.

PE3VYJIbTATBI UCCJIEJJOBAHU A

Xumuueckuit u pazoswtit cocmas. OCHOBHBIE TIPU-
MECH B HCCIeIOBaHHOM aimbMaHauHe — Ca, Mg, Mn: o
JAHHBIM PEHTTEHO-(IIFOOPECIICHTHOTO aHamm3a (CIeK-
tpomeTp EDX-8000), ycpenHeHHBIM JIJIsl CEpHUU IKCTIE-
PHMEHTAIIBHBIX TOYEK B 00iacTu 1 X 1 MM? KpUCTaa,
KpHUCTAIJIOXUMHUIEcKas (popMyia MUHepasia UMeeT BUJ
Fe, 51Cag3Mgo2sAl, 158150601, (pacuer ¢ yuerom crermne-
HU OKUCHeHus xeneza +2 u O = 12).

Ha puc. 1 npencraBieHbl NOPOIIKOBBIE THPPAKTO-
rpaMMbl 00pa3LoB aJbMaHIMHA B MCXOAHOM COCTOSI-
HuM U nociie omkura npu 750 u 900°C. Bugno, yto
OCHOBHOM (ha30il sIBIsieTCS TpaHaT, IpU 3TOM (DUKCH-
pyercst mpuMech kBapua (10 ~25%); B MCXOTHOM aJib-
MaHIWHE HaONIONAIOTCS CIIEAbl KeJIe30aTIOMUHIEBO-
ro cunukara-runpokcoruapara (PDF #00-053-0844),
a B oOpasie nocie omkura npu 750°C — 10cTaTovuHo
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ciabbie peIeKChl, KOTOPhIE MOT'YT ObITh OTHECEHBI K
¢daze Fe,0;. B anbmanaune nocie omkura mpu 900°C
(ukcupyercs mpucyTcTBUE (Pa3 reMaTHTa U AIIFOMOCH-
JIUKATOB MYJIJTUTA ¥ CHJIbMaHHTA.
3ametuM, uro panee (Barkova et al., 2001) o man-
HBIM MeccOay’pOBCKOW CHEKTPOCKONHH ObLIO 3a(hHK-
CHPOBAHO Pa3JIoKEeHNE albMaHauHa B 0bnactu 750°C;
BBIJICJISIIOLIMICS TIPH 3TOM OKCHJ JKeje3a MpeacTaB-
JsUT U3 cebs HAHOYACTHIBI PAa3NWYHBIX KPHCTAIUIN-
4eckux (QOpM, pacrlpesieieHHbIX 10 MOBEPXHOCTH 3e-
pen. [Ipencrapnsiercsi, 4To Maliblii pa3Mep 3epeH U UX
paBHOMEpHOE pachpeesieHue 1Mo 00pasily aTbMaHIH-
Ha Ha HaYaJIBHBIX CTAIUAX (Ha30BBIX MpeoOpa3oBaHUi
3aTpyaHsaeT oOHapyx)eHHe (hazbl OKCHIa JKene3a MeTo-
JIOM PEHTTeHO(a30BOro aHAIN3a.
Tepmozpasumempuueckuii ananuz. TU-JIATA u3-
MepeHust nonydensl B Tpex (I-III) mmkmax narpes-
oxnaxzaenue. Ha puc. 2a npexacrasnens! ganueie TI-
ATA nns nukna [ Harpesa n oxnaxaenns. Oo6imee nz-
MeHeHHe Macchl oOpasna He npesbimaeT 0.5%. Huzko-
temnepaTtypHbiii muk Ha KpuBoi T B o6macti 200°C
BEpOSATHO CBSI3aH C MOTepeil aicopOnpOBaHHON BOJIBI.
[ocnenyromiee CHUKEHHE MACChl MPOUCXOAMUT BIUIOTh
1o temreparypsl nopsijika 810°C, u MOkeT OBITh CBS-
3aHO C MOTEPel KPUCTAIIMUECKON BOJIBI U/ Pa3iio-
XeHueM (a3 ¢ BbIICTICHUEM JIETKOJIETYYUX KOMITOHEH-
TOB. 3aTeM HaOmronaeTcsi HeOOJBIIONH POCT, BEpPOSIT-
HO BBI3BAHHBIM YaCTUYHBIM OKHCJICHHEM allbMaHIAMHA
B pe3yJbTare ero pasioxenus. [Ipu oxmaxmeHun 00-
pasta He HaOMIOAAaeTcs KaKUX-INOO M3MEHEHWH Mac-
cbl. Dddext pocta Macchl Boie 810°C BocnponsBo-
MM BO BCEX TpeX IMKJax (Ha puc. 20 MpeacTaBIeHbI
JaHHBIC TI0 K3MEHEHHIO MAcChl B Ka)KJIOM U3 HHX).
Kak orTmewanock BbIllE MO JaHHBIM MeccOayd-
POBCKOH CIEKTPOCKOTHH OBLIO 3aUKCHPOBAHO pa3-
nokeHne anpbMaHauHa B obmactu 750°C (Barkova et
al., 2001). Hamporus, mo mamueiM TI-JITA cormac-
Ho (MBanoBa u np., 1974) pasnoxeHne albMaHIMHA
C BBIJICJICHHEM OKCHJIOB jKejie3a HaOJII0JaeTcsl TOIBKO
npu Temneparypax B 900-920°C, a orxur npu 750°C
HE BBI3bIBACT 3HAYMMOTO YBEIUYEHHsI Macchl oOpas-
11a BCIIE/ICTBHE €r0 OKHUCIIEHHE ¢ 00pa30BaHUEM reMa-
tuta. MccnenoBanue TepMuueckux 3((HEKTOB METO-
moMm JICK taxke He 3aUKCHPOBANIO KaKUX-THOO A(h-
(hekTOB, CBSI3aHHBIX C (H)a30BBIMH IPEBPAIICHUSIMH B
TemnepaTtypHoi obiactu mipu 750°C (Aparicio et al.,
2012). Manoe conepxaHue MpUMecHOH (a3bl OKCHII0B
KeJe3a M He3HAYMTEIbHBIH TeMIIepaTypHbIH P dexT
ee 00pa3oBaHMs, MO-BUAMMOMY, HE O3BOJISIOT 3a(HK-
cupoBaTh ee oopazoBanue merogamu JJCK u JITA.
Jugpgpysnoe paccesanue. Ha puc. 3 nmpencraBieHbl
CIIeKTPBI TU(DPY3UOHHOTO pacCcesTHUSI TTOPOIIKOB allb-
MaHJMHA B UCXOJHOM COCTOSTHHH, a TaKKe TOCIe OT-
skura npu 750°C B TeueHue 8 4 U1 CUHTETUYECKOIO OK-
cupga xene3a Fe,O; (u.m.a., “Peaxum™); mociemqnuii —
C LIETbIO COMOCTABUTENBLHOIO aHanu3a. MccnenoBanue
BIIUSTHUSI OTXKUTA ITpH Temiieparype B 750°C ObL10 mpo-
BEJICHO Hamu, cieays padote (Barkova et al., 2001),
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Puc. 1. PerrrenoBckue au)pakTorpaMMbl 00pasiioB ajilbMaHIMHA B HCXOAHOM COCTOSIHHH U ITOCJIC OTKUra mpu 750

n 900°C.

Fig. 1. XPRD data for almandine samples (before calcination, after calcination at 750 and 900°C).

C ICJIBIO IIPOBEPKU I'MIIOTE3bI, YTO YK€ HAUMHAA C JaH-
HOM TeMmepaTypsl BO3MOKHO BBIZICTICHHE Ha MOBEPX-
HOCTH 3€pEH aJbMaHIHAa HAHOPa3MEPHBIX YaCTHUI] OK-
cuoB kene3a. OrmernmM, 9to Mmeron nuddysHoro pac-
CesTHUs TI03BOJISIET (PUKCHpPOBATh Ha 3€pHAX OCHOB-
HO# (pa3bl B TOM YHCIIe M HAHOPA3MEPHbBIE TTOKPBITUS
(Morales et al., 2007; Lassoued et al., 2017).
ITonyyeHHbId HaMU CHEKTpP MOPOIIKA CHHTETH-
9ecKoro okcmma skenesa Fe,O; (cm. puc. 3) cornacy-
ercsi ¢ auTeparypHbeIMuA naHHBIME (Townsend et al.,
2011; Muzino, Yao, 2021); mpu 3TOM Ha CIIEKTPE PHU-
CYTCTBYIOT OYEHb cjalble JMHUH, XapaKTepHbIE IS
noHOB Fe?', uTo MOKeT ObITh CBSI3aHO C MCXOIHOM Y-
CTOTOM HE OTOXOKEHHOTO Ha BO31yXxe peaktuBa. Criek-
Tpbl @&JIbMaHJAWHA OO U MOCJIC OTKHUI'a TAKKE TUIINY-
HBI JUIA TPAaHATOB TPYIIBI MUpona-aabManuHa (Izawa
et al., 2018): Ha HUX (PUKCUPYETCS PsJ ILUIOXO paspe-
IIEHHBIX TIOJIOC TOTJIONICHUS, CBSI3aHHBIX C MOHAMU
Fe?* u Fe*'. 3amerumM, uto, cornacHo teopun Kyoer-
ku-MyHKa, MPOCTOE CYMMHPOBAHHE CIIEKTPOB OTpa-
JKEHHsI/pacCesTHUS OTACTBHBIX (a3 s MHOTO(ha3HbBIX

oOpa3ioB He jomyckaercs. [locimemanee 0OCTOSATENb-
CTBO HE TIO3BOJISET JENaTh BHIBOJBI O TOYHOM IIOJIO-
YKEHHH MaKCHMYMOB TT0JIOC TIOTJIOIIEHUS Ha TOTyYeH-
HBIX CIEKTPax OTOXIKEHHOTO aJbMaHIMHA, BO3MOX-
HO COZepKaIlero u npumecHsle Qaswl. [Ipu sTOM n3-
BectHo (Torrent, Vidal, 2002), yTo mist aHamu3a cMe-
ceif, BKIIIOYAIONIMX pa3HOOOpa3HbIe OKCHIIBI XKeliesa,
3G PEKTHBHO HCIIOIB30BaHUE “TIPOM3BOJHON CIIEKTPO-
CKOIUW’, OCHOBAaHHOW Ha CPAaBHCHHH BTOPBIX TPOMU3-
BoaHbIX (yHKIMH Kybenkn-MyHKa s paccMaTpuBa-
eMbIx cmecel. [Ipu 3ToM MoI0Chl MOTJIOIEHUs cMecen
MIPUXOJIATCS Ha JTOKAJIbHBIE MUHIMYMBI BEIYHACICHHBIX
BTOPBIX MTPOU3BOHBIX, & COOTBETCTBYIOIIUE (PYHKIIUU
MHOTO(a3HbIX CMECEH yJIOBICTBOPUTEIIBHO OTBEYAIOT
YCIIOBHSIM aJ|JINTUBHOCTH.

Ha puc. 4 mpencraBieHbl BTOpbIE NPOU3BOIHBIC
¢yukun KyOeinku-MyHKa Ui TOPOIIKOB ajlbMaHIH-
Ha B MICXOJIHOM COCTOSIHHH, a TAK)Ke ITOCIIe OTKUTA TIPU
750°C u cuHTeTHYECKOro okcuia xeiesa Fe,O,, rue
CTpenKamMu 0003Ha4Y€HBI OCHOBHBIE MOJIOCHI MTOTIIOIIE-
HUSl COeAMHEHWH. MaKCUMYyMBI I0JIOC, B IIEJIOM, CO-
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Puc. 2. TT-ITA nannbie nns nukia [ HarpeBa — oxnakaeHus: oOpasiia anbMaHInHa (a); I3MEHeHHe MacChl oOpasia

asbMaHMHa B Kax0M u3 Tpex (I-11I) mukios (0).

Fig. 2. TG-DTA curves for first cycle of heating-cooling of almandine sample (a); TG curves for three cycles of hea-

ting-cooling of almandine sample (0).

———— AIBMaHIuH
OTOXEHHBI aTbMaHIWH
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0.0
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A, HM

Puc. 3. Criexps! 1udhy3HOr0 OTpakeHHs TOPOIIKOB
aIbMaH/MHA B UCXOIHOM COCTOSHHH, MOCIIE OTXKHIa
npu 750°C u cuHTEeTHUECKOTO OKchaa xenesa Fe,0;.

Fig. 3. Diffuse scatering spectra of almandine, calci-
nated at 750°C almandine and Fe,O; powders.

[JIACYFOTCS C IUTEPATYPHBIMU JaHHBIMU (Tabi. 1); npu
9TOM WX OJIHO3HAYHOE COTOCTABJICHUE C DJICKTPOH-
HBIMH IIEPEX0JaMU 3aTPyIHUTEIBHO BCIEICTBUE 3HA-
YUMOIO BJIMSIHUA JIOKAJIbBHOW CTPYKTYpBI, B pe3yJibTa-
T€ 4C€ro BO3MOXXHBI 3HAYUTCJIIBHBIC (,ZIO JCCATKOB HM)
CIOBUTH TIOJIOKeHHS nX MakcumymoB (Torrent, Vidal,
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Puc. 4. Broprsie mpousBonnsie GyHKIun Kyodemku-
MyHKa, OTHOPMHPOBAHHBIE U CABUHYTHIE TI0 ocu OV,
JUTA TIOPOIIKOB aJIbMaH/IMHA B UICXOJJHOM COCTOSIHUU,
nociie oTkura npu 750°C U CHHTETHYECKOr0 OKCUAA
xkenesa Fe,0;.

CTpenKy — HOJIOCHI TIOTJIOIICHHS; BCTABKA — YBEINYECHHBIN
(parmeHT criekTpa B ruanasone 650-1050 HM.

Fig. 4. The second derivatives of the Kubelka-Munch
function (normalized, shifted along the ordinate) for
almandine powders, calcinated almandine, and syn-
thetic Fe,0;.

The arrows show the absorption bands, and the inset shows an
enlarged fragment of the spectrum in the 650-1050 nm range.
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Ta6aumna 1. [Toockl mormomieHus (HM) B CIICKTpax TUPPY3HOTO OTPAKESHUS OPOIIKOB ajbMaHMHA B UCXOJIHOM COCTOSI-
HuM, nocie omkura npu 750°C u cuHTeTHYecKoro okcuja xxenesa Fe,O,

Table 1. Absorption bands (nm) in the diffuse reflection spectra of almandine powders in the initial state, after annealing at

750°C and synthetic iron oxide Fe,O;

AnbMaHINH, UCXOAHOE COCTOSHUE AnpManauH nocsie orxkura mpu 750°C Cunrernyeckuii okcu xenesa Fe,O;
Ionoca Ipupoaa mosocel IMonoca IIpupona nonocer [onoca [Ipupoaa nosocel
MOTJIOIECHHS TTOTJIOIIECHUSI TOTJIOIICHUS
287,322 MJIII3 [I] 307 MJIII3 [I]
346 Fe*ty; C-3 [1] 346 Fe*'y C-3 [1]
372 Fe*ry, C-3 [11] 372 Fey, C-3 [11]
428 Fe?'yy C-3 [1II] 417 Fe?'yy C-3 [1I1] 417 (cnabbrif) Fe?'yy C-3 [1II]
468 Fe*ry, C-3 [1V] 459 Fe?yy + Fe*y — 506 (cmaberii) | Fe*y, C-3[VI]
Fe**yy + Fe?'y, UBII3 [V]
502, 539,573 | Fe*yy,; C-3[VI] | 493,532,566 Fe*'yy; C-3 [1] 544 Fe¥y, C-3 1]
622 Fe*y, C-3 [1V] 780, 813 Fe*ry C-3 [1V] 670, 811 Fe*y, C-3 [1V]
669, 700 Fe*'yy; C-3 [11T] 850 Fe*'yy; C-3 [1] 856, 895 Fe*'yy; C-3 [11T]
(cnabbie)
1070 Fe?y; C-3 [VI] | 1041 (cnabbie) Fe?'y; C-3 [VI]

[Tpumeuanue. C-3 — ciuH-3aIpeIeHHbIH epexo (¢ U3MeHeHneM nojHoro cruHa); UBII3 — uHTpoBaIeHTHBIN nepexo] ¢ IEPeHOoCcoM 3a-
psima; MJII3 — meramn (Fe)-nmuranansie (O) mepexoasl ¢ mepeHocoM 3apsina; I — cormacuo (Mizuno, Yao, 2021), I — (Burns, 1993), III —
(Izawa et al., 2018), IV — (Manning, 1967), V — (Taran et al., 2007), VI — (Keppler, McCammon, 1996).

Note. C-3 — spin-forbidden transition (with a change in the total spin); UBII3 — intravalence transition with charge transfer; MJII13 — metal
(Fe)-ligand (O) charge transfer transitions; [ — according to (Mizuno, Yao, 2021), Il — (Burns, 1993), 11l — (Izawa et al., 2018), IV — (Man-
ning, 1967), V — (Taran et al., 2007), VI — (Keppler, McCammon, 1996).

2002). YcTaHOBIEHO, YTO TIOCJE OTXKHUra UCCIIEI0BaH-
HOTO aJIbMaH/IWHA, C OJJHOW CTOPOHBI, TPOUCXOIUT 00-
WA CABUT JIMHWAW TOTJIOIIEHUS ¥ U3MEHEHUE WX HH-
TEHCUBHOCTEH, YTO MOXKET OBITH CBSI3aHO C YIOMS-
HYTBIMH JIOKQJILHBIMUA CTPYKTYPHBIMH II€pPECTPOUKa-
MU, BEPOSTHO, MPOUCXOMASIIUMHU BOJIU3H TOYKH pa3-
JIO’KeHUs BemlecTBa (cM. TaOiu. 1, puc. 4), a Takxke ¢
HW3MEHEHHEM OOIIEro BaJICHTHOTO COCTOSIHUS JKelle-
3a (cootHomrenust noHoB Fe?* u Fe*'). C apyroii cro-
POHBI, B CHEKTPE OTOXOKEHHOTO 00pa3Iia MOSBISAETCS
JOBOJIBHO WHTEHCHBHAS JIMHUS TOTJIOMICHUS C Mak-
CUMYMOM B oOjactu ~346 HM, XapakTepHas HMEH-
HO Juts okcuja xkene3a Fe,O;. Takum oOpasom, criek-
Tpbl TU(G(GY3UOHHOTO PACCESHUS CBUICTEIBCTBYIOT
00 sIBHOM HM3MEHEHUHU (Da30BOro cocTaBa Ha MOBEPX-
HOCTU 3epeH Huxke Temreparypbl B 900°C, obo3Ha-
yeHHOH B nuteparype (MBanosa u ap., 1974), a tak-
ke Hke Temneparypsl B 810°C, ycTaHOBIEHHOH Ha-
mu 110 TI'-JITA nanubiM. Daza, BEIISIAIONIANCS B Ma-
TeIX KoiumdectBax mpu 750°C B MCCIeIOBaHHOM Ha-
MU alTbMaH/INHE, TT0-BUUMOMY, TIPEACTABIISET U3 ceOs
OKCHJI XKelle3a.

HUmneoancnaa cnekmpockonua. CIEKTpbl UMIe-
JaHCa aJdbMaHAWHA, MOJYy4YeHHBIE B Auama3zoHe 200—
900°C u yacrorax 1-10° I'f mpu UCTIOIB30BaHUY T1a-
TUHOBBIX U CJIO)KHOOKCHIHBIX 3JICKTPOJIOB, B 3HAYH-
TEBHOM CTETIeHHW TOJJ00HBI TI0 BHIY: BO BCEM TeMIIE-
paTypHOM JAWamna3zoHe rojorpadbl MpeacTaBiIsIoT COo-
0ol coderaHue ABYX AeQOPMHPOBAHHBIX ITOIYKPY-
roB. B o0yiacTi HU3KUX TeMIleparyp, Ipy BBICOKUX Ya-

CTOTax MOKHO 3a()MKCHPOBATH MEPBBII MOIYKPYT, OT-
CEKalollUi HEeHYJIEeBOE 3HAYEHHE Ha JIEUCTBUTEIHLHOM
OCH KOMIUICKCHBIX KoopauHaT (puc. 5a). B obmactu
BBICOKHX TEMIIEpPaTyp COOTBETCTBYIOIIAs OTCEYKa JIO-
Kaliu3yeTcs BOJM3W HYIIEBOTO 3Ha4YeHHs. B HU3KOYa-
CTOTHOH 00JIacTH BO BCEM TEMIIEpaTypPHOM JHAaraso-
HE MPUCYTCTBYET BTOPOH 1e(OPMHPOBAHHBIN TOIY-
KpPYI, COOTBETCTBYIOLIHMH AJIEKTPOAHOMY IIpOLECCY.
Kaxnplii MoMyKpyr COOTBETCTBYET MapalieIbHOMY
COeJIMHEHHIO pe3ucTopa U KoujeHcatopa (Huebher,
Dillenburg, 1995), B KOTOpOM €MKOCTHAsI COCTaBJISIO-
mast mopsiaka 101! @ a1t mepBOro BHICOKOYaCTOTHOIO
nonykpyra, u 1076 @ st HU3KO4aCTOTHOTO TOTYKPYTa.
O0001IeHHas SKBUBAJICHTHAS CXeMa IPEJICTaBIeHa Ha
puc. 50, Tae s yuera UCKaKEHUH MOJTyKpPYyroB BMe-
CTO KOHICHCATOPOB MCIOJIb30BaHBI JIEMEHTHI TOCTO-
ssuHol (pasel (CPE), umeromiye aHaloruyHble eMKOCT-
HBIC XapakTepucTuku. [IpencraBienHas cxema cojep-
*uT n1Ba R-CPE xommoneHTa (mapayuieTbHoe COeTUHe-
HHUE) U pe3ncTop R, oTpaskaromimii 3HaYCHUE JICBOH OT-
CEYKH IEePBOTO IMOIyKpyra (B 00JacTh BBHICOKHX TEM-
neparyp 0 < Ry< R1, TouHoe 3HaueHne onpeaeanuTs He
BCerja BO3MOXKHA U3-3a YaCTOTHBIX OTPaHUYCHUH TpH-
0opa). EMkocTHbIe coctaBmstorniue nementoB CPE, u
CPE, (cM. puc. 50, B) TOKa3bIBAIOT, YTO COOTBETCTBY-
IOlIME HEeHYJIEBbIe cCONpOoTUBiIeHUs: Ry 1 R, oTHOCATCA
K BHYTPHU3EPEHHOMY U 3€pHOTPAHUYHOMY COIPOTHB-
JIEHWT0 (B 00JIACTH BBICOKHX TEMIIEpATyp pa3ciiCHHE
BHYTPE3EPEHHON M 3€pHOTPAHUYHON MPOBOIUMOCTHU
HEBO3MOJXKHO), @ R, — K COIIPOTHBIICHHUIO 3JIE€KTPOAHOTO
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mpoliecca, YTO XapakTEPHO ISl CMEIIAHHBIX MPOBOJI-
HukoB (Irvine et al., 1990). O01iee conpoTuBIeHKE 00-
pasua Mpu 3TOM paccuuThIBaeTcs Kak cymma Ry u R,
SKBUBAJIEHTHONW CXEMBbI U COOTBETCTBYET MPABOH OT-
CEYKEe HHU3KOYACTOTHOrO IMOJIYKpyra Ha JEUCTBUTEIb-
HOM OCH KOMITJIEKCHOH TuIocKocTH. 1o 3HaueHnsM 00-
LIEr0 CONPOTUBIIEHUS C YUYETOM I'€OMETPUUECKHUX Pa3-
MepOB 00pasiia ObLTH PACCYUTAHBI 3HAYCHHUS YACTbHON
AIEKTPOIPOBOIHOCTH U MOCTPOCHBI APPEHUYCOBCKUE
3aBUCUMOCTH (pHC. 6).

OBCYXJAEHUWE PE3VYJIbTATOB

Ha puc. 6a npeacraBiena AppeHUyCcOBCKasi 3aBU-
CUMOCTH TPOBOAMMOCTH aJbMaHJMHA, TTOJTy4YeHHAs B
pexumMe oxnaxaeHus ¢ Pt snextpomamu. Crienudu-
Ka MOCJIeTHUX, a TaKXKe YCIOBHS SKCIIEPUMEHTa B pe-
KUME OXJIOKICHUS MPUBOIAT K TOMY, YTO TE€pPMHUUE-
cKast “‘mctopusi’ 00pas3IOB JOCTATOYHO YCIOXKHEHA:
pu HaHeceHHH Pt smexTpomoB oOpaser OTKUTaeTcs
pu 600°C, a mepen caMuM U3MEPEHUEM DIIEKTPOIIPO-
BOJSIINX XapaKTEPUCTUK JOBOJIIEHO OBICTPO HArpeBa-
€TCsl OT KOMHATHOW TeMITepaTyphl 0 HaYaJIbHOU TOY-
ku n3mepernii B 900°C. Takum o0pa3oM, H3MepeHHe ¢
Pt anekTpogaMu oTpaskaeT CBOHCTBa OCHOBHOH (hasbl —
albMaHJMHA B MPUCYTCTBUM HE3HAUMTEIHHOIO KOJIH-
YeCcTBa TOJILKO CTAaOMJIBHBIX MPUMECHBIX (Da3 KBapiia,
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Puc. 5. TunuyHble CeKTpbl UMIIE/IaHCA AJIbMAH-
JIMHA TPU Pa3INYHbIX TeMIlepaTypax C UCIOJb-
30BaHHEM Pt 3JEKTPOIOB B pekMME OXIaKIe-
Hus (a); romorpad UMIEIaHCa aTbMaHINHA TIPH
500°C (0) u 600°C (B), CHITOTO B PSIKUME OX-
JXKJIEHUsl, U COOTBETCTBYIOLIAsl HKBUBAJICHTHAs
cXeMa: 4epHBIC TOYKH — IKCIIEPHMEHT, KpacHas
JIMHAS — MOJICJIbHAS 3aBUCHMOCTb.

Fig. 5. Typical impedance spectra of almandine
at different temperatures with Pt electrodes
in cooling mode (a); impedance spectrum of
almandine at 500°C (6) and 600°C (B) performed
in cooling mode, and corresponding equivalent
circuit (black points are experimental points, red
line is the model dependence).
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reMaTuTa U aJFOMOCHIIMKATOB — MYJIIUTAa U CHUJIbMa-
HuTa. 13 puc. 6a BUIHO, YTO IPOBOJIUMOCTB C POCTOM
TeMIepaTyphl yBEINYUBAETCS; 3aBUCUMOCTH YAOBJIET-
BOPUTEIHHO alNPOKCUMHUPYIOCTCS JIMHEHHBIMU (DYHK-
IUSMH, TIPUYEM HaOJII0AaeTcss U3J0M B 00JIaCTH TeM-
nepatyp 600-625°C. HaknoH npsMbIX MO3BOJISET OLE-
HUTb DHEPTHUU aKTUBAIIUU TPOIIECcCa AIEKTPOIIPOBOIH-
MocTH E,: 171t Hu3kotemneparypaoii (200-625°C) 06-
JIacTH Ejoo“’zs =0.583B, a juia BeICOKOTEMIIEPATY]-
HOM (625-900°C) — ES#% = .815B. Panee uccneso-
BaHHE IMPOBOJAMMOCTH aJIbMaHINH-COACPIKAIIUX T'pa-
HATOB MTPOBOIMIINCH B O0JIee y3KOM Hana3oHe TeMIIe-
patyp (Romano et al., 2006; Dai et al., 2013), Bcuen-
CTBHE 4ero 3a(hpMKCUPOBAHHBIM HAMHU WU3JIOM aBTOpaMHU
IUTHUPOBaHHBIX pa0boT He HaOmonancs. [Ipuanna ycra-
HOBJICHHOTO HAaMH W3JI0Ma Ha 3aBUCUMOCTH MPOBOJIH-
MOCTH aJlbMaHJMHa MOKET OBITh CBSi3aHA CO CMEHOM
MEeXaHH3Ma MPOBOAMMOCTH, B YaCTHOCTH, C M3MEHe-
HHMEM COOTHOLIEHHUS BKJIAJJOB MOHHOM M 3JIEKTPOHHOU
koMrioHeHT. Tak, mpu Temmneparypax 200-625°C anek-
TPOHHBIN BKJIA] MOXET OBITh 3HAYHM 32 CUET BBICOKOM
koHuenTparmn nonos Fe?”, Cormacuo o pabore (ITap-
XOMeHKO, 1984) xene3o0 urpaer BakHYIO pOIlb B IPO-
BOJMMOCTH I'PaHATOB U U3MEHEHHE COOTHOIeHus Fe?'/
Fe**MoxeT cyniecTBeHHO BIMATh HA KOHEYHOE 3HAaye-
HUe conpoTuBieHus oOpasua. Kpome Toro, npu noxu-
JKEHUM TEeMIIePaTyphl A NOHHOTO MPOBOJHUKA BO3-
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Puc. 6. AppeHI/IYCOBCKI/Ie 3aBUCUMOCTH JJICKTPOIIPOBOJHOCTH 06pa31103 aJIbMaH/IuHa, CHATBIC IIPU PA3JIMYHBIX YCJIO-
BUAX.

a — Pt 91IeKTPOIBI, PEXKUM OXJIXKACHUS (KpacHbIC JIMHUU — allPOKCUMAIIUK JIHHEHHBIX YYaCTKOB I ONPE/ICICHUS SHEPTUH aK-
TUBaLUH MPoBoaAUMOCTH); 6 — LSCOS 3:1eKTpobl, pesKuM HarpeB-oXJIaKACHUS, UK 1 (depHbIe ¥ KpacHBIE TOYKH, COOTBETCTBEH-
HO; Bpeska — o0macTb Temnepatyp 680-900°C ¢ “marom™ 5-10°C); B — LSCO5 31eKTpopl, peKUM HAarpeB-OXJIaXICHUs, IIUKI 2
(depHBIE ¥ KPAaCHBIC TOUKH, COOTBETCTBEHHO); T — CPABHEHNE KPUBBIX OXJIAXJCHUS, CHATHIX ¢ Pt anexTpomaMu (YepHBIE TOUKH),
¢ LSCOS anexrponamu B 1 (kpacHbIe TOUYKH) U 2 IUKJIE (CHHHUE TOYKH).

Fig. 6. Arrhenius plot of the electrical conductivity of almandine samples taken under different conditions.

a—with Pt electrodes in cooling mode (red lines are approximations of linear sections of dependencies in order to determine the ac-
tivation energy of conductivity); 6 — with LSCOS5 electrodes in heating-cooling mode, first cycle (black and red points, respectively;
inset denotes temperature range 680-900°C with a “step” of 5-10°C); B — with LSCO05 electrodes in heating-cooling mode, second
cycle (black and red points, respectively); comparison of cooling curves taken with Pt electrodes (black points), r — with LSC05

electrodes in first (red points) and second cycles (blue points).

MOJKHa CMEHa MEXaHHW3Ma 00pa30BaHUsI MOHHBIX Jie-
(eKTOB ¢ COOCTBEHHOH Ha MPUMECHYIO, UTO TAKKE BbI-
3bIBAET IMOBBILIEHUE YHEPTUN aKTUBAIMU £, ¢ POCTOM
temneparyps (Gellings et al., 2019; Yoshino, 2019).
Ha puc. 66 npeacraBiena AppeHHYCOBCKasl 3aBU-
CHUMOCTb IIPOBOAMMOCTH aJIbMAaHMHA, CHATAS B PEKU-
Me Harpe-oxjaxaeHue ¢ LSCOS5 snektpogamu. Kax
noka3aHo panee meronamu TI'-/ITA, npu HarpeBe 00-
pasua 1o reMieparypsl nopsaka 610°C B Hem mpouc-
XOAAT HeoOpaTuMble MPOLECCHl ACTHApaTallud U pa3-
JIOKECHUSI HECTAOMJIBHBIX HHU3KOTEMIICpaTypHBIX (a3

(B TOM ymcie Bojmocoaepkanux). B oObiaHOM pexu-
M€ Harpesa, Mpu KOTOPOM PaBHOBECHE B KAXKION TOU-
Ke, KaK mpaBwio, gocturaetcs B TeueHue 30—40 muH,
Ha TIOJyYCHHONH ApPPEHUYCOBCKOM 3aBUCUMOCTH HE
HaOMIOAAIOCh OYEBHIHBIX TEHACHIMA K paBHOBE-
CHIO C yBEJIMUEHUEM TeMITepaTyphl (cM. puc. 60, 00-
nacTb I11), a mpu yBenn4eHnr BpeMeHH BBIICPIKKH MTPH
HEKOTOPOH TeMIiepaType 3HAUCHHE JIEKTPOIPOBOIHO-
CTH MOTJIO CHJIBHO MEHSTBCS. YUHUTBIBAsI, UTO B JIaH-
HOU 00J1aCTH MOTYT MPOUCXOJUTh KUHETUYCCKU 3a-
TPYIHEHHBIC TPOIECCHl U HA YCTAHOBJICHUE PaBHOBE-
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CHSl U CTa0WIIN3aIMIO ()a30BOT0 COCTaBa B IAHHOW TOY-
Ke MOXKET MOTpeOOBaThCs TOBOJIBHO JIJIUTENBHOE Bpe-
Ms, SKCIIEPHMEHT LeIeCO00pa3HoO MPOBOANUTH WIIH B
TUHAMHYECKUX YCIIOBHSIX, 0€3 yCTAaHOBJIEHHUS pPaBHO-
BeCHs, YTO YacTO MpakTUKoBaioch panee (baxrepes,
Kysnenos, 2012), niau Bce-Taku MbITaThCS TOCTHTHYTh
paBHOBECHS, UCTIOJB3YsI IUTUTEIbHbBIE BhIIEPKKA. Ha-
MU TPEIIPUHATA TIOMBITKA JOCTUKCHUS PaBHOBECHUS
pu Temnepatype 400°C nipu BeiiepiKke 00pasiia B Te-
yeHnu 12 4. B pe3ynbrare ycTaHOBIEHO, YTO MPOUC-
XOJIUT W3MCHECHHE 3HAYCHHUM MPOBOJAUMOCTH MIPUMEpP-
HO Ha TOJITOpa MopsaKa (CM. puc. 60, TpaHUIIA MEXKITY
obxactsmu 11 u I11). [lpn manpHeimem HarpeBe cyrie-
CTBEHHBIX W3MEHEHHUH MPOBOJAUMOCTH B 3aBUCUMOCTH
OT BPEMEHH BBIJIEPIKKM HE BBISBICHO, T. €. TIPU JIH-
TenbHOH Bblepkke yxke nmpu 400°C npoucxoaur pasz-
JIO)KEHUE BCEX HECTAOWJIBHBIX HU3KOTEMIIEPATYPHBIX
(da3 u crabmnuzanus (Ha3oBOro cocraBa. TakuM 00-
paszoM, 10 Temmeparypsl mopsaka 750°C obpaserr xa-
pakTepusyercs NpAMOJIMHENHOM 3aBUCUMOCTBIO ¢ E, =
= 0.79 3B (cm. puc. 66, obmacts II). IIpu 750-900°C
HaOmoaeTes 00IacTh miaTo (M. puc. 66, o0macts I).
[Ipu noctmwkennu 900°C Hamu ObLIa BBHIMOJHEHA Ya-
COBasl BBIICPIKKA C IMOCIEIYIOUIEH CheMKOW B PEKU-
Me oxnaxaeHus. [Ipu aTom Ha AppeHUYyCOBCKOM KpH-
BOW HE HAOIIOAATIOCh KaKUX-THOO 3HAYMMBIX H3Me-
HeHui. TemneparypHsle 3aBUCUMOCTH, IOJyYECHHbIE
kak Ha LSCO5, Tak 1 Ha Pt aiexTpomax B pexxuMe 0X-
JAKIEHUS, XapaKTePU3yIOTCsl HaJTMIHUeM JIBYX JINHEH-
HBIX YYaCTKOB U TaK)XKe MPeTeprieBaeT U3JI0M; SHEPTUU
axtuaumn E2%%0 =077 u EP% = 0.509B, no-
Jay4yeHHble B dkcnepuMeHTax Ha LSCOS5 snekrponax,
OJIM3KKM K TakoBbIM Ha Pt anekrponax. binuzocts 3Ha-
YEHUI SHEPTUH aKTUBAITMH B DKCTIEPUMEHTAX C pa3HbI-
MH DJIEKTPOJIaMH YKa3bIBaeT Ha WIACHTHYHYIO IPUPO-
ny (UKCHpYyeMBIX M3MeHeHUH. Paznmmuue temrepary-
pbl cMeHbI dHepruu akTuBanuu ot 450°C mpu UCob-
3oBanuu LSCO5 snektponos no 600°C nns Pt moxer
OBITh UHTEPIIPETUPOBAHO B PaMKaX HEOTHOPOTHOCTH
M3YYCHHBIX MPHUPOJHBIX 00pa3IoB (pa3jiHyusIMH HX
XMUMHUYECKOro u (pa3oBOro cocraBa) W/WIIM Pa3IUuus-
Mu cooTHoreHust nonos Fe?" u Fe** Benencreue pas-
HOH TepMHUUIECKON UCTOPUHU 00PA3IIOB.

Hawnbonpmmii wHTEpEC NMPEACTABISICT aHAIH3 II0-
BeJIeHHe KpUBOH AppeHmyca Ipu HarpeBe B o0iactu
750°C, xorna Ha HEH MOSBIISICTCS IUIATO. B HECKOIIb-
KHX [UKJIaX W3MEPEHHsI TUIATO HAOJF0aIoCh HAMU B
KQKIOM IMKJIC HarpeBa ¢ KOOATbTHUTOBBIMU U ILIATH-
HOBBIMH JJIEKTPOJAMHU, B TO BpeMsI KaK MPH OXJIaxKe-
HUU OHO OTCYTCTBOBa0. Ha puc. 6B my1s mpumepa npu-
BEJIEH BTOPOM IIMKJI HarpeBa-oxXJaxaeHus. BuaHo, 4to
B OTJIMYWE OT MEPBOTO IMKJIA, 3aBUCUMOCTH TPH HU3-
KHX TeMIlepaTypax MOHOTOHHA W JIMHEWHA, 9TO O0XKH-
JaeMo JUTSL OTOXOKEHHOTO 00pasiia, He COJepIKaIlero
JIETKOYAaJsieMble TIPH HU3KUX TeMIIepaTypax KOMIIO-
HEHTBI, HO B 00JIACTH BBICOKUX TEMIICPATYP IMOBEACHUE
COBEpIIIEHHO aHAJIOTUYHO. PaHee Ha OCHOBaHWU JaH-
HBIX 110 TP PYy3HOMY pacCessHHI0 HaMH OBLIO MTPEIITo-
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nokeHo, 9To npu 750°C BBIACHISIONIAsICS B MAJIbIX KO-
nruecTBax (aza mpeicTaBiseT U3 cedsi HaHopazMep-
HBIW OKCHJL JKee3a. TakuM 00pazoM, pa3ioKeHHe allb-
MaHJWHA BEPOSATHO HAYMHAETCS paHee 3asBICHHBIX B
JUTEpaType TeMIepaTyp, HO 3aUKCHPOBAHO OHO MO-
JKeT OBITh Jalleko He BceMu meronamu. Ecim paccma-
TPHUBATh MPOBOISIIINE XaPAKTEPUCTHUKU CaAMOCTOS-
TenbHOU (a3el Fe,0;, To Ha TeMIepaTypHBIX KPUBBIX
ee 2JIEKTPONPOBOJHOCTH MOYKHO OOHAPYKHUTH TUIATO B
naHHOM nuana3one Temnepatyp (Gardner et al., 1963).
Ecmu Ob1 nByxdasznas cucrema (anpmanauH + Fe,Os)
OBIIa MPOCTOH OHOPOTHON CMECHIO, TO IPH YUETE Ma-
noit nomu Fe,O; 3aBucuMocTh OblTa ObI OJTM3KA B KPH-
BBIM HEPA3JIOKUBIIETOCS allbMaHAMHA HE3aBHCUMO OT
peXHMa CheMKH — HarpeBa Win oxJjaxiaeHus. OHaKo
B BBITIOJTHEHHBIX HAMU 3KCIIEPUMEHTAX aHOMAJIUH BO3-
HUKAKOT TOJIBKO IPU HArpeBe, MIprUYCM BBIIIIC TEMIIEpa-
TYp pas3lioKeHHs BOJO- M TUAPOKCOCOACPKAIINX (a3.
ToHKOE OKPBITHE U3 TIOTYIPOBOJHNKA HA OCHOBE OK-
cuma jkerne3a, oOpasyromieecss Ha 3epHaxX albMaHAH-
Ha, MOYKET 00pa30BBIBATh OTHOCUTEIHHO OOJIBIION 1O
MPOTSHKEHHOCTH (32 CYET MajlOW TOJIIIUHBI) AJIEKTPO-
MIPOBOJISIIIIUE KJIacTep, YTO B UTOTE MOKET IPUBOIUTH
K CyIIECTBEHHBIM H3MEHECHUSM APPEHUYCOBCKON KPH-
BOH (B HallIeM cCily4ae — K MOSIBJICHHUIO TUIaTO Ha TeMIIe-
paTypHOi#l 3aBUCHUMOCTH). B TO ke BpeMs HEeOoXuaaH-
HOE TIpOsIBIIEHNE XxapakTtepuctuk ¢asel Fe,0; Ha ¢o-
He ¢a3bl aTbMaHINHA MOXKET OBITh OOBSICHEHO B paM-
KaxX TEepKOJSIIIMOHHOTO TOIX0a, COTIACHO KOTOPOMY
npuMecHasi Qasza rmpu 00pa30oBaHUU CILIONIHOTO Kia-
CTepa MOXET KapJUHAILHO MEHSThH DIIEKTPOIIPOBOJIS-
1€ CBOMCTBA KOMIIO3ULIMOHHOM CUCTEMBI, U JIOMUHH-
poBatb Ha ¢one ¢a3el Marpuilbl (Gavarri 1999; Nan
et al., 2010). [Tpu >TOM A1 HAHOPA3MEPHBIX BKJIFOUE-
HUW NEPKOJLIMOHHBIM [TOPOI COCTAaBJSET JIOJIM IPO-
LIEHTA, YTO BIIOJIHE COTJIACYETCS C KOHIICHTPAIHel BbI-
nemsitouterocst Fe,O;. [Ipu pocte Temneparypsl Bblle
750°C momxHO HaOOIATHCS YBEITUYEHUE 3€PEH BBI-
nenuBIieics (aspl, ee peKpUCTALTU3AIMS, JIOKAIN3a-
LS 3€peH OKCUAOB Kejie3a (OTHOCHUTEIBHO KPYIHbIC
3epHa OyIyT YCIEIIHO JeTEKTUPOBATHCS TPAJAUIMOH-
HBIMH METOJIaMH), Pa3pylIeHHE CILIONIHOTO AJIEKTPO-
MIPOBO/ISIIETO KJIACTEPa KeNe30-KUCIOPOTHOH (a3bl 1
HMCUYE3HOBEHUs TMepKosInonaoro 3¢ dexra. Heobdxo-
MO OTMETHTB, YTO 00pa3el] aJbMaHIuHa UMEET MH-
HUMAaJIbHbIE 3HAYEHUS TUIOMAAN YACTbHONW MTOBEPXHO-
CTH, BCJICJCTBHE ITOTO OKHCICHHE BHYTPEHHHUX 00-
nacTei OyJeT JTUMUTHPOBAHO HE TOJBKO HEOOIBIIOH
CKOpOCThIO U (Dy3Un MOHOB KUCIIOPOJA, HO U Orpa-
HUYCHHOM aicopOIIKel ra3000pa3HOro KUCI0po/ia, He-
00X0IMMOTO JIJIsl peaklliu OKHCiIeHus. B utore mpo-
mecc 00pa3oBaHUS HOBBIX 3€PEH JKEJIe30-KHUCIOPOJI-
HO# ¢a3bl ¢ pocToMm Temreparypsl Bbime 750°C mo-
JKET OKAa3aThCS MEHEe MHTEHCHBHBIM, YEM IIPOLIECCHI
PEKPHUCTAIIN3AINN YIKE UMEIOIIUXCS 3epeH 3TOoi da-
3bl. Takoe COOTHOIIEHHE CKOPOCTEH mpolecca U Mo-
JKET IPUBECTU K Pa3pyLICHUIO YIIOMSIHYTOIO JJIEKTPO-
MPOBOJISAIIETO KiacTepa. BenencTBre 3Toro anekrpo-
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MPOBOJHOCTD NPH U3MEPEHHU B PEKUME OXJIAXKICHHS
MIPU MaJIOM BPEMEHH BBLICPKKH 00pa3iia Mpy BHICOKUX
TemMIepaTypax OyAeT onpenensiTbes Ipexie Bcero da-
30i ajdbMaHIWHA, & He TIPUMECHBIX OKCHJIOB JKelle3a,
TaK KakK KeJE300KCUJIHBIM AIEKTPONPOBOSIINKN Kila-
ctep Oyzer wim emie He CHOPMHUPOBAH, WIH yiKE pa3-
pymeH. Takum 00Opa3oM, UMIIETaHCHBIC U3MEPECHUS B
peXKHUME OXJIaXICHUS, TPOBEJICHHBIC 03 ITUTEIbHBIX
BBIJIEPXKEK Ha BBICOKHX TeMIlepaTypax, OyIyT aJleKBaT-
HO OTMCHIBATh CBOMCTBA (pa3bl ajbMaHANHA KaK B CITy-
Yyae TUIATHHOBBIX, TaK M CIOKHOOKCHIIHBIX AJIEKTPO-
JIOB, YTO TIOATBEPKAAET OJIM30CTh MOTYUEHHBIX KPH-
BBIX (CM. pHC. 6T).

HanpoTus, npu [yuTenbHON BBIAEPIKKE 0Opasia B
BepxHe# Touke uzmepenuit mpu 900°C Oyzet mpoucxo-
JUTh y)KE€ 3aMETHOE pa3joKeHUEe aabMaHauHa. Hamu
OBbUT BBITIOJHEH JKCIEPUMEHT, KOTAa Tepes CIeaylo-
LIMM U3MEPEHHEM B PeXKHME OXJIXKICHUS 00pasers ObLt
Boiiepykad npu 900°C B Teuennn 12 9; mpu 3TOM ycTa-
HOBJICHO, YTO HAOIIOMACTCsI CABUT ApPpEHUYCOBCKOM
kpuBoi Ha 0.5—1.0 nopsiika BBEpX BO BCEM paccMaTpH-
BaeMOM TEMITEPAaTypHOM JIHATIa30HE U CHIDKEHHE dHEP-
UM aKTUBAIMU (CM. puc. 6r). JlaHHas kpuBast oTBe4YaeT
AJIEKTPOITPOBOISIINM XapaKTEPUCTUKAM KOMITO3UTA U3
MeHee MPOBO/IsIIeH (a3bl aTbMaHIuHA U 00JIee TPOBO-
Jsiied (pa3bl FeMaTUTa, B HE MOXKET ObITh HCIIOJIb30Ba-
Ha JUIsl XapakTepu3anun (assl TpaHaTta.

Jua yTouHeHns TemmepaTypsl (hazoBOTO M3MeHe-
HUS abMaHJMHA OBLT BBITOJHEH AKCIEPUMEHT C Ma-
1eiM (5—10°C) marom o Temmeparype B obiactu 680—
900°C (cm. puc. 60, Bpeska). BuaHO, 4TO BBISBICH-
Has HAMH aHOMAaJIHsI TIPOSBIISICTCS MTOBTOPHO; MPUYEM
MpU MAJIOM TEMIIEPaTypHOM Iare (UKCHPYETCs yBe-
JINYCHUE COMPOTHURIICHHUS B 001acTu Temmeparyp 730—
735°C. Ha 3aBucMMOCTH HaOIIOJaeTcs HEKOTOPBIN
“mpoBai”’, ociie KOTOPOTO C IMOBHIIICHHEM TeMIIepa-
TYPHBI AJIEKTPOTIPOBOAHOCTH OMSTH HAYMHAET PACTH.

Kak wror, omucaHHble HaOJIOACHUS TO3BOJSIOT
cllenaTh BBIBOJBI O TOM, YTO MMIIEJAHCHASI CIIEKTPO-
CKOIIUSI MOXKET OBITh 00Jiee YyBCTBUTENBHOW K OTHO-
CUTEIBHO MalibiM ()a30BBIM H3MEHEHUSIM BEILECTBA
no cpaBuenuto ¢ TI-JITA u peHtreHoda3oBsM aHa-
nu30M. MiMriefaHCHBIA METO n3y4eHus (a30BbIX Mpe-
BpareHui 3G GeKTUBEH IS ONpeIeICHUs TeMITepaTyp
Havana (a3oBBIX M3MEHEHHNH B CiIydae, KOTJa TeruIo-
BoH 3(p(PexT peakuy HE3HAYUTEICH WIH KOJIHMYECTBO
poaykTa Maio. Takol moaxoa K H3yYSHHIO TeMIlepa-
TYpPHBIX BO3JICHCTBHII Ha oOpa3sel ObUI pealin30BaH B
psaae padot nocieanux et (Copokun, 2009; Makapo-
Ba u Jp., 2013; Kcenodonror u ap., 2018; HoBukosa
u ap., 2018), u npeacrasiser coboi JOCTyIHYIO, HEe-
CIIOXHYIO B MPUOOPHOM OOCCTIICUCHUN aNbTEPHATHBY
WHBIM BBICOKOTEXHOJIOTHYHBIM METOJIMKaM. B To ke
BpeMs TIOKa3aHO, YTO METOINKA U3MEPEHHUIH UMITeaH-
ca MPUPOJIHBIX 00PA3IOB HE MOXKET OBITh YHU(PHUIIUPO-
BaHa JIJIsl pa3HBIX KJIACCOB OOBEKTOB U TPEOYeT “WHIH-
BHUIYAJIBHOTO MOAXO0Aa” U ONTHUMH3AIUN yCIOBUN U3-
MEpEeHHUsI JUIsl pa3IMYHBIX CEMEHCTB MUHEPAJIOB.

Kenynuyvin u op.
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BBIBO/IbI

HonyquH CHEKTpBI HMMII€AaHCa Jid IIPUPOJHO-
ro obpasma anbMaHAWHA W3 BepxoloBCKOH TpaHaTO-
Boit xomu (Cpenuuii Ypan, Poccus) B obiacTu TeM-
nepatyp 200-900°C u uwactotr 1-10° I't ¢ ucmons3o-
BaHUEM DJIEKTPOJIOB W3 TUIATHHBI U KOOAIBTUTA JIaH-
TaHA-CTPOHIIUS, TMPOSIBIISIONIETO CBOWCTBA CMEIIAH-
HOTO HOHHO-3JICKTPOHHOTO TPOBOAHUKA. THUIHYHBIE
3HAYEHUS 3HAUYEHHE DJIEKTPONPOBOIHOCTH G MPH TEM-
neparypax 300 u 800°C cocrapistor 8.51 x 107 u
2.87 x 102 Cm/M, COOTBETCTBEHHO. TeMIrepaTypHbIe
3aBHCHMOCTH IIPOBOJIMMOCTH 00pa3IloB M3yUdeHbI B HE-
CKOJIBKHX IMKJIaX HarpeB-OXJaXKAeHHe; (PUKCUPYeTCs
BIIUSTHUE TEPMUYECKOHN 1Ta00PaTOPHOI UCTOPHUU 00pa3-
L[a Ha €ro 3JeKTPoIpoBogHOCTb. [lokazaHo, 4To BOC-
MIPOU3BOUMBIE SJIEKTPOIIPOBOISIINE XaPAKTEPUCTHKH
AJIbMaHJMHAa MOTYT 6I>IJ'I ITOJIYy4YC€HBI KaK € UCII0JIb30Ba-
HUEM IUNIATUHOBBIX, TaK U 3JICKTPO0B U3 KoOambpTHUTa
JIaHTaHA-CTPOHIINS TP YCIOBUU KOPOTKUX TI0 Bpeme-
HHU BBIZIEp)KEK 00pasma B 00JacTH BBICOKHUX TeMIIepa-
Typ. s anpMaHIuHA BHepBhle HA ApPPEHHYCOBCKHX
3aBUCHMOCTSIX, TIOJYYCHHBIX B PEKHUME OXJIAXKICHUS
HE3aBHCHMO OT THIIa JICKTPOIOB, HAOIIOAAIICS U3JIOM
B 0o0nactu 450-600°C, cBsI3aHHBIN ¢ ©3MEHEHUEM THUIIA
MPOBOJMMOCTH W/WIIM U3MEHEHHUEM PaBHOBECHOTO Oa-
nanca nonoB Fe?/Fe**. DHeprust akTHBaIMy TPOBOTH-
MocTH E, mis Hu3kotemieparypHoi (200-625°C) 00-
nmactu coctarigeT 0.52-0.58 »B, a s BEICOKOTEMIIE-
patypsoit (625-900°C) — 0.77-0.8 3B. YcraHoBieHo,
YTO MPU U3MEPEHHSIX B PEKUME HATPEBAHUS HA TEMIIE-
paTypHOi 3aBUCHMOCTH 3JIEKTPOIPOBOAHOCTH HAOIIO-
JIaeTcsl MJ1aTo, BEPOSTHO CBSI3aHHOE C BBIACIICHUEM Ha-
HOpa3MepHBIX OKCUJIOB Jkene3a. Hannune okcuoB xe-
ne3a nocie orxura npu 750°C moaTBepKIeHO JaHHbI-
MH aHaJNHW3a CIEeKTpoB muddys3HOro paccesHust (Me-
TONUKA “‘TIPOM3BOJHON CHEKTPOCKONHH ), TOIyYeH-
HBIX Ul QJIbMaHAWHA B UCXOJHOM COCTOSHHH M TIO-
CJie OT)KWTA TP yKa3aHHOU Temrieparype. [lomoOHas
HavalpHas cTaausi ()a30BOTO PasIOKEHUS albMaH/IH-
Ha merogamu TI'-JITA u peHTreHoda3oBoro aHaimsa
JIOCTOBEPHO HE (DUKCUPYETCsI; paHee OHa Obljia OOHA-
pYyXXEeHa HMCKIIOYUTEILHO METOJOM MeccOaydpOBCKOH
cnexTpockonud. Takum o0pa3om, UMITeJaHCHAS CIIEK-
TPOCKOMHSI TIPA YCJIIOBUU TIPEIBAPUTEIHHON ONTHMH-
3aliu yCIIOBUHA M3MEpPEHUS MOXET ObITh PEKOMEHI0-
BaHa B Ka4ecTBE MeToja (pUKcaruu Havana (pa3oBbIX
M3MEHCHUI B MUHEPAIbHBIX 00pa3lax v SBISICTCS J10-
CTYHHOI>'I aHLTepHaTHBOﬁ BBICOKOTCXHOJIOTUYHBIM MC-
TOJIUKAM.

Baaronapuoctu

ABTops! npusHaTensHsl B.I'. [leTpuineBoil 3a BeITOTHEHNE
TI'-ATA skciepumeHTOB U UX uHTEepnperauuto, T.5. yns-
eBoit u O.B. ['aaxoBoii 3a OMy4yeHUE PEHTTEHOCTPYKTYP-
HBIX JJaHHBIX U UX UHTEPIPETAIHIO.
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JAudpakuus oTpaKeHHbIX JJIEKTPOHOB B UCCJIEI0BAHNM MUKpoaedopmanuit
B 3€pHAaX MUPKOHA U3 METEOPUTHBIX KPAaTepPOB: METOANYECKHE ACTIEKTHI
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IIpeomem uccrnedosanus. ONUCaHUE METOIMYECKHUX ACTIEKTOB IIPOOOIIOATOTOBKU U AU(PPAKIMU OTPAXKEHHBIX JIEKTPOHOB
B HCCIIEZIOBAaHUN MHUKpOoAeOpMaIiii B 3epHaX MUPKOHA. OO0bekmbl ucciedosanus u menoowl. [1pu MoMoIu CKaHUPYIO-
1ieit anekTpoHHoi Mukpockoru (SEM) u merosa audpaxuny otpaxkeHHbIX s1ekTpoHoB (EBSD) nccienosans! ¢pparmen-
Tl UIMIIAKTUTOB U3 YAapHO-TIpeoOpa3oBaHHON Mopo sl KpaTtepoB Bpenepdopt (FOAP) u Kapa (xp. Iaii-Xoii, m-oB FOrop-
ckuit, Pocenst). Pezynomamul. T1onck UpKOHA ¢ ONPEAEIeHHBIME MUKpOoAeopMamsaMu TpedyeT AeTaIbHOTro 00cieno-
BaHUS 3HAYMTENBHBIX IUIOIIAJICH MOJMPOBAHHBIX (PPAarMEHTOB MOPOJBI C BHICOKHM HPOCTPAHCTBEHHBIM pa3pelieHueM
(mecaTkr HM), 94TO TpeOyeT 3HAUUTENBHBIX 3aTpaT MPUOOPHOTO BpeMeHH. [l OnepaTUBHOTO M HAIEKHOTO BBISBICHHS
MHKpoaehopManuii B IUPKOHE HEOOXOIMMO pelIeHNe psija METOANYSCKUX BOIPOCOB: (1) aHaIM3 3HAUMMOCTH BIIMSHHS
ycioBuil peructpauny qudpakiuuonHbix kaptuH (EBSP-u300pakennit) npu pasHOM yCKOPSIOIIEM HANpPSDKSHUH MydKa
(10, 20, 29 xB) Ha COOTHOLICHUS CUTHAI/IITYM, IPOCTPAHCTBEHHOE pa3pellieHne W MHUpHHY mojoc Kukydu, (2) cpaBHe-
HUe KapT 3epHa [IUPKOHa, noixydeHHbIX npu 10, 20 u 29 kB, (3) pa3paboTka anropurma NOHCKa MUHEPAJIOB U JJHATHOCTHU-
KU fedopmanuii B MUHepaiax, (4) anpobarusi METOAMKH Ha 3epHAX LMPKOHA M3 METEOPUTHBIX KpaTtepoB Bpenepdopt n
Kapa. Boisoowi. OTpaborana merouka npodomnoarorokn mumdos ais EBSD-meTona, paceMoTpeHs! MeToasl 00paboT-
ku EBSD-aHHBIX, TO3BOJISIOIINX MTOBBICHTH KAU€CTBO MHISKCHPOBaHUS TU(PPpaKIOHHBIX H300pakennit Kukyuu. [ToBbI-
meHa 3 QeKTUBHOCTh OOHAPY>KEHHS M aHAIIN3a yIapHO-TIPE0Opa30BaHHbIX 3ePEH IUPKOHA C HCIOIb30BAHUEM CKAaHUPYIO-
IIETro IEKTPOHHOTO MHUKPOCKOIIA, ONTUMH3UPOBAHEI YCIIOBUSI PETUCTPAIINH AIEKTPOHHBIX n3o0paxkennit 1 EBSD-kaprt;
pa3paboTaH aIropuT™M MOKMCKa MUHEpAIoB B IuH(ax (cpe3sl mopoxa). Meroanka ampobupoBana Ha cepun n3 S50 nutrdos
UMTIaKTHBIX opoJ Kapa u BpenedopTa, B pesynbrare yero o0Hapyx)eHo 436 3epeH MUPKOHA, CPEAN KOTOPBIX BBISIBICHBI
BCE N3BECTHBIE TUIIBI MUKPOAe(hOpManHii 3epeH IINPKOHA.

KunroueBble cioBa: yupkon, Mukpooeghopmayuu, CKAHUpyowdas 1eKmpoHHAs. MUKPOCKONUS, Memoo ougpaxyuu ompa-
JHCEHHBIX DNEKMPOHO8

Hcrounuk ¢puHaHCHPOBAHUS

Paboma evinonnena 6 pamxax eocyoapcmeennoco sadanusi UIT YpO PAH, memwr Ne 123011800012-9 u
Ne 124020300057-6 ¢ ucnonvzosanuem obopyoosanus LIKII “I'eoananumux” UI'T YpO PAH

Electron backscatter diffraction in the study of microdeformations in zircon
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Subject of Research. Methodological aspects of sample preparation and electron backscatter diffraction (EBSD) in the
study of microdeformations in zircon grains. Objects and Methods. Fragments of impactites from shock-metamorphosed
rocks of the Vredefort (South Africa) and Kara (Pay-Khoy Ridge, Yugorsky Peninsula, Russia) impact craters were
investigated using scanning electron microscopy (SEM) and electron backscatter diffraction. Results. The identification
of zircon grains with specific microdeformations requires high-spatial-resolution (tens of nanometers) examination of
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large polished rock surfaces, which demands significant instrument time. To reliably detect microdeformations in zircon,
the following methodological challenges were addressed: (1) analyzing the influence of Electron Backscatter Diffraction
Pattern (EBSP) imaging conditions at different beam accelerating voltages (10, 20, and 29 kV) on the signal-to-noise ratio,
spatial resolution, and Kikuchi band width; (2) comparing zircon grain orientation maps obtained at different voltages;
(3) developing an algorithm for mineral identification and microdeformation finding; and (4) validating the methodology
on zircon grains from the Vredefort and Kara impact craters. Conclusions. The sample preparation methodology for EBSD
analysis was refined, and methods for processing EBSD data to improve Kikuchi diffraction pattern indexing were explored.
The efficiency of detecting and analyzing shock-metamorphosed zircon grains using scanning electron microscopy was
enhanced through optimized electron imaging and EBSD mapping conditions. An algorithm for mineral identification
in thin sections (rock slices) was developed. The methodology was validated on a series of 50 thin sections from the
Kara and Vredefort impactites, resulting in the identification of 436 zircon grains, including all known types of zircon

microdeformations.

Keywords: zircon, microdeformations, scanning electron microscopy, electron backscatter diffraction
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BBEJEHHNE

WNwmnaktHeie (ynapHble) mporecchl mpu o0pa3o-
BAaHUHM METEOPUTHBIX KpaTepoOB HOCIT JKCTPEMallb-
HBI ¥ JWHAMHYHBINA XapakTep: ApoOJeHue, IUIaBlie-
HUE W WCIIapeHHE BEUIeCTBA, IMOCJE Yero WAyT KOH-
NeHcanus Mapa, KPUCTAJUTM3alHs pacluiaBa, 4acTH4-
Hasl TIePEeKPUCTAIUIM3AINS, TTePEeMEeIIeHIHEe W OTI0XKe-
HUE TMPOTYKTOB ApoOIeHus (B KOHTAKTHOHN 30HE MTHO-
BEeHHO nocturarorcs gasienue A0 1500 ['Tla u temme-
parypa 1o 10 000°C) (denpaman, 2018). Hedhopmanu-
OHHBIC MUKPOCTPYKTYPBI U BHYTPEHHEE CTPOCHUE MU-
HEPAJIOB U3 UMIIAKTUTOB SIBIISIOTCS WHINKATOPAMHU J0-
CTUTHYTBHIX yIapHBIX NaBIIeHUN W Temrepatyp. Llup-
KOH — Ba)KHEUIIINNA aKIIECCOPHBIM MUHEPAJI-T€OXPOHO-
METp, OTJIMYAECTCSI BBICOKOM CTOMKOCTBbIO K BHELIHUM
naBieHusM BIUIOTh 10 80 I'Tla, mpu KOTOpBIX IPOUCXO-
JUT TIPAKTUYECKH TTOJTHOE TUIABIICHHUE ITOPO MHIIICHH.
HupkoH OTHOCHUTCS K MOATPYIIIIE OCTPOBHBIX CHUIIUKA-
TOB, KPHUCTAJUIU3YETCS] B TETParoHaIbHOW CHUHTOHUU
C mpocTpaHCTBeHHOH rpynmoit 141/amd, umeer nu-
TeTParoHATbHO-AUMHUPAMHUIATHHBIA BUJ CHMMETPUHU
L441L25PC (Finch, Hanchar, 2003). CTpykTypHYyIO OC-
HOBY IIMPKOHA COCTABISIOT TeTpasapuueckue [Si0,]*
u poxekasapuyeckue [ZrOg]'>” aHUOHHbBIE TPYTIIbL; Te-
Tpasapsl Si0, yepenyrorcs Baonb L4 ¢ nonamu Zr. J{ns
3epeH IUPKOHA U3 UMIIAKTUTOB XapaKTepHO 00pa3oBa-
HUE TIOCKuX TpeuuH (planar fractures = PFs), mmockux
nosioc Aedopmanuii (planar deformation bands = PD-
Bs), “IllaxmatHoii mocku” (checkerboard patterns),
MHKPOIBOMHHUKOB (Mmicrotwins), TpaHyJSIPHOTO CTPOe-
Hus (granular zircon), mop (micro-porosity), peiaura
(reidite) m mpocThIx okcumoB (silica and zirconia SiO,
u 7Z10,).

Hudpaxums otpaxkeHHsix snextponoB (EBSD) B
peain3alii Ha CKaHUPYIOIIEM JJIEKTPOHHOM MHMK-
pockone (SEM) mpumeHsieTcsi Kak OCHOBHOH METOJ

MUArHOCTUKA M TIOMCKa MHUKPOCTPYKTYp Aedopma-
UMl B UMIAKTHBIX MuHepanax. Meroa EBSD no3Bo-
JIIeT ONpeeNaTh B TOUKe pasmMepoM a0 20 HM mpo-
CTPAaHCTBEHHYIO TPYIIITy M OPHUEHTAIMIO 3JIEeMEeHTap-
HOI stueliku ¢ orperHocThio 70 0.1° (Britton, Hickey,
2018). Meton EBSD kpaiine 4yBCTBHTEJEH K HECO-
BEPIIEHCTBY TOBEPXHOCTH, ITOCKOIBKY (popmmpoBa-
Hue 1osioc KUKy4Yu mporucXoanuT B TPUITOBEPXHOCTHOM
cioe. YciaoBueM moiydeHHs] KauecTBeHHbIX EBSD-
KapT sBJIIETCS KauecTBeHHasi mpoOomoxaroToBka. He-
JOCTaTOYHO KayeCTBEHHAs MOArOTOBKA 00pa3IoB C UC-
MOJIb30BaHUEM a0pa3UBOB MOJKET MPUBECTH K BO3HHK-
HOBCHMIO HaBEJCHHBIX Je(PEeKTOB M aedopMaiuii mo-
BEPXHOCTH, B TOM YHUCJIE IIJIACTUYECKON HEYNPYTOil Je-
(hopmarmm, KoTopass MOKET HHAYIIHPOBATh 00pa3oBa-
HUE TI0JIOC CKOJILKEHUA. B cBs3M ¢ 3TUM mmociie Mexa-
HUYECKOH NUTN(HOBKU U MOIUPOBKH HEOOXOIUMO yaa-
JIEHHE TOBPEKACHHOTO CJIOSI METOI0M XHMHUKO-MEXa-
HUYECKOTO MOJIMPOBAHMS, JTUO0 XMMHYECKOTO, 3JIeK-
TPOXUMHUYECKOTO HJIM HOHHOTO TPaBJIECHUS 10 0Tpado-
TaHHBIM METOAMKaM JUIsl IHPKOHA.
MuKpoCKONMUYecKne MCCIIEIOBaHUS 3€pPeH LUPKO-
Ha HOCAT INAarHOCTHYECKU-TIONCKOBBIN XapaKkTep B yc-
JIOBHSIX MaJIOTO KOJIMYECTBA 3€PEH, 4TO TpeOyeT Tiia-
TENBHOCTH W CTaJIUAHOCTU HCCIECIOBAHUS IS BBISB-
JICHUSI PEOKUX U HMHIUKATOPHBIX OCOOCHHOCTEH 3e-
PEH, MOCKOJIbKY Kak[Iash MHIUKATOpHas HaxoJKa Mo-
KET O3HAuaTh OIpEJeSICHHbIC YCIOBHS 00pa30BaHUSI.
[ouck mupKoHa € Oomnpene’IeHHbIMH MUKpoaedopMma-
HUAMH TpeOyeT JeTaJbHOro OO0CCIOBAHUS 3HAYH-
TENBHBIX IJIONIA/Iel TTOTUPOBAHHBIX (PPAarMEHTOB IO-
poast merogoMm SEM-EBSD c BbicokuM mnpocTpaH-
CTBEHHBIM pa3penieHreM (JIeCATKH HM), 9TO TpedyeT
3HAYUTENIFHBIX 3aTpaT MPUOOPHOTO BPEMEHHU U UCCIIe-
JOBaHMsI B IIMPOKOM JHAara3oHe MaciiTaboB OT ellu-
HUI[ CaHTHMETPOB 10 HaHOMeTpoB. lIpu mepBuyHOM
ESBD-kapTupoBaHuy HaCTPOMKH perucTpanuu JOMK-
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Electron backscatter diffraction in the study of microdeformations in zircon grains

HBI OBITh YHU(QHUIUPOBAHBI U TIO3BOJISITH JHATHOCTUPO-
BaTh BCE M3BECTHBIC TUITBI MUKpOehopMaluii B Iup-
KOHE Pa3HOW CTeleHn KpucTaumdHocTu. [Jist onepa-
TUBHOI'O M HAJEXKHOTO BBIIBIECHUS MHUKpoaedopma-
LU B LUPKOHE HEOOXOIMMO pEIIEHHE psiia METOIH-
YECKUX BOIPOCOB MOATOTOBKH 00PAa3LOB, HACTPOHKH
npubopa, oTpabOTKU MpOLENyp BBISABICHUS 3€PEH C
MUKpoaehopManrsIMi 1 PETHCTPALlMH OPUEHTAOH-
weix EBSD-kapr.

1]env pabomwvl — onTumMu3anysi, oTpaboTKa U anpo-
Oanusi METOJIMKM BBISIBIICHHUSI M MCCIICIOBAHUS MHUK-
ponedopmManuii B 3epHaxX LUPKOHA U3 IOPOJ METEO-
PUTHBIX KPaTepOB METOJIOM IU(PAKLUN OTPAKEHHBIX
AJIEKTPOHOB ¢ ucnoib3oBanneM SEM Tescan Mira ¢
nerektopoM EBSD Oxfrod Nordlys Nano.

OBOPYIOBAHUE, OBPA3IIbI
N IMTPOBOITIOAT'OTOBKA

Perucrparnms n3o0pakeHni B 00paTHO PACCESTHHBIX
anekTpoHax (BSE), BropuuHbIX siekTpoHax (SE), mpsi-
Mo paccessHHBIX AnnekTpoHax (FSE) u EBSD-kapt BbI-
nonnena Ha SEM Tescan MIRA LMS c¢ katonom Ilot-
TKH, ocHalleHHoOM npuctaBkamu Oxford Instruments
EDS X-max80 u EBSD Nordlys Nano (marpuia pa3s-
Mepom 1344 x 1024 nukceneit). EBSD-nannbie Obln
nony4eHsl B Aztec v3.1 n oOpabaTbIBaich B IPOrpaM-
me Channel5. Hampurenne oOpa3IioB BBITIOJIHEHO Ha
HanpunTeabHoU ycranoBke Quorum Q150TE. B kaue-
CTBE 00pa3IoB MCCIIEIOBAHUS HCIIONB30BAINCH (ppar-
MEHTbI UIMIIAKTUTOB U3 YAapHO-IIPe0Opa30BaHHOM I1O-
poasl kpatepoB Bpeaepdopt (FOAP) u Kapa (xp. Iaii-
Xoi, n-oB FOropckuit, Poccus).

[lepBryHas MOAroTOBKA 00PA3IIOB BBHITIOIHEHA C HC-
T0JIb30BAaHUEM OTPE3HOTO CTaHKA U aIMA3HBIX ITOPOIII-
KOB C pa3zMepom abpazusa 9, 6 u 3 MkM, (pUHUIITHAS T10-
JIUPOBKA — C UCTIOIH30BAHUEM IIITHU(POBATHEHO-TIOIUPO-
BanmpHOTrO craHka Struers LaboPol-20, cykHa mns xu-
MHUKO-MeXaHnyeckod noiaupoBkn MD-Chem, kosmio-

+.

Puc. 1. Cxema noJroToBKM 00pa3ioB (CHHUI IIBET — 0Opa3ell; 3eJIeHbIN IIBET — AMOKCUAHAs cMmoda) (a), SE-u3o-
Opakenust oopasna 110 (0) u rmocie (B) MPOIMUTKU SIOKCHIHON CMOJIOH.

WJTHOM CYCHIEH3UH OKCHA KPEMHHUSI CO LIIEI0UHOM cpe-
moit (pH = 9.8) u pasmepom gactuir 0.04 MKM; OKCHI-
HO€ MOJIMPOBaHue MpoBoAuiIoch mpu 300 00/MuH B Te-
geHue 5—15 MUHYT. DTammHasi HOATOTOBKA C YMEHbIIIE-
HUEM pa3Mepa abpa3uBOB ITO3BOJINIA CBECTH K MUHH-
MyMy ‘“‘HaBeIeHHBIN IIaCTUYECKUH AeQOpMHpPOBaH-
HBIH B pe3yJIbTaTe MEXaHNUECKOH 00pabOTKH CIIOM.

Chimyuune ¥ nopucThie 00pa3ibl 3I0BUTOB JIOMOIHU-
TEJIHHO MPOMUTHIBATUCH MOKCUIHON cMoJoi (puc. 1).
st obecrieyeHuns cToKa 3apsiia C IOBEPXHOCTH 00pas-
[IOB Ha TOBEPXHOCTh HAHOCWIJIOCH TOKOIIPOBOISIIEE
TOHKOE TIOKPBITHE YTIAEPOAOM TONMUHONH 7—10 HM.
[IpoBepka kadecTBa MOIUPOBKH MTOBEPXHOCTH JHUATHO-
CTHpOBAJIaCh Ha ONTHYeCKOM Mukpockore Olympus
BXS51, oobexktussl x20, x50 u x100.

MeneHHOE OTKJIOHEHHS ITy4YKa BJIEKTPOHOB BO
BpeMs KapTHpoBaHHs (CKopocTh MeHee 2% B dac)
KOMITEHCHPOBAJIOCh TIPOTPaMMHO B IIporpamme Aztec.
Jliis cHkeHus 3 eKTa HAKOIUICHHUS 3apsiia TIOHMKa-
JIUCH TOK ITyYKa U YCKOPSIOIee HaNpsHKEHHE A0 MPH-
eMJIEMBIX OTHOUICHWH CHTHAI/IIyM: pexuM depth,
yckopsitouiee Hanpspkenue — 10-20 kB, Tok — 1-10 HA,
mar 0.5-0.05 mxMm u pabouee paccrosue 18-20 mwm,
YBEITUYMBAIOCH BPEMsl DKCIO3UIMHA W MPOBOAUIOCH
yCpeaHEeHNEe HECKOJIBKUX KaJIPOB.

PE3VYIJIbTATBI 1 OBCYXXJIEHUE

3asucumocmov kauecmea EBSD-kapm om napa-
Mempog INeKMpPonHo20 nyuka. Pa3nuunbie ycnoBus
peructpaunu EBSP-nzo0paxkennii (andpakunoHHBIX
n300paxkeHni) (Bpemsi, TOK U yCKOPSIOIIee HarpsbKe-
HUE ITy4YKa 3JIeKTPOHOB) ONPEENsAIOT BapHallH COOT-
HOIIICHUSI CUT'HAJ/IIYM, MPOCTPAHCTBEHHOE paspeliie-
HMe U wupuHy nojoc Kukyuu. Jlnsg ananuza 3Ha4u-
MOCTH BIUSHUS 3TOT0 3P dekTa Ha KaueCTBO WHISKCA-
oud JUQPPAKITHOHHBIX H300paKeHU B 3epHE ITHMPKO-
Ha C XOPOIINM CTOKOM 3apsia Obuty morydens EBSP-
n300paXKeHus IPH TPEX Pa3HBIX YCKOPSIOLUIMX Hampsi-

Fig. 1. Sample preparation scheme (blue — sample; green — epoxy resin) (a), SE images of the sample before (6) and

after (B) epoxy resin impregnation.

LITHOSPHERE (RUSSIA) volume 25 No.2 2025
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Puc. 2. DniekpoHHO-1MBPaKIIMOHHbIE H300paXKeHus! (a—B) U COOTBETCTBYIOIME H300paXkeHHs B MpocTpaHcTBe Xada
(r—e) uMpKoOHa M3 MMITAKTUTOB KpaTtepa Kapa rmpu pasnuyHbIX 3HaUSHUsIX ycKopsitoiiero Hanpsbxenusst COM U = 10

(a, 1), 20 (0, ) u 29 kB (8, €).

Fig. 2. Electron diffraction patterns (a—B) and corresponding Hough space images (r—e) of zircon from Kara crater im-
pactites at different SEM accelerating voltages: U = 10 (a, r), 20 (6, ), and 29 kV (8, ¢e).

XKEHUsX (pUc. 2a—B), U3 KOTOPBIX CIECAYET, UYTO CHIKE-
HUE HaTpsHKEHUS] U TOKA MPUBOAMT K YHIMPEHUIO T10-
moc Kukyun W yBENWYEHHUIO IIYMOBOM COCTAaBIISIO-
meit. B mpoctpancTee Xada (puc. 2r—), KOTopoe Hc-
HoJIb3yeTcst Ui 00HapyxeHus noyoc Kukyuu, HecMmo-
Tpsl HA HU3KOE COOTHOLICHHWE CUTHAJI-IIYM, aJITOPHT-
MBI ITOMCKA SKCTPEMYMOB JOBOJILHO TOYHO OINIPEEIH-
JIM TIOJIOKEHHUE ITUKOB (CM. pUC. 2r—e, XKENThIe TOUKH, ),
Onaronapsi 4emy C JOCTaTOYHOM TOUYHOCTBIO MPOBEIe-
HBI MOJIENbHBIC MToNI0ockl Kukyun (cM. puc. 2a—B, xe-
TBIM MyHKTHP).

PaccmatpuBas EBSD-kapThl mpu pa3HbIX HACTPOMA-
Kax HaIpsDKEHUs! U TOKA IydKa CTOUT yUUThIBATh U3-
MEHEHHUSI MHTEHCUBHOCTU curHasia. CpaBHEHHE KapT
3epHa LUPKOHA, noiayyeHHslx npu 10, 20 u 29 kB no-
kaspiBaeT (puc. 3), uto npu 10 kB Hmwke mons unen-
TU(QUIMPOBAaHHBIX MUKcenen (44.36%, tadm. 1), xyxe
koHTpacT noJioc (58.92%, cm. Tabm. 1) u Tpedyercs mo-
BBIIIICHUE HACTPOCK OMHHUHTA J10 8 X8 (HacTpoKu je-
TEKTOpa, IPU KOTOPBIX MO KAXKJIOW CTOPOHE MOHMKa-
eTCsl KOJIMYECTBO TOYEK AU(PPAKIIMOHHOTO M300paxe-
HUSl B BOCEMb Pa3, HO MPOIOPLHMOHAIBHO yBEINUNBa-
eTcs MX SPKOCTh) ISl ONTHUMU3ALUKN BPEMEHH ChEM-
ku (cM. puc. 3a). [Ipu 20 kB ynyumaercst cooTHomIE-
HHUE CUTHAI/IIYM, YTO MO3BOJISIET OJIy4aTh KAPTUHBI C
MEHBIINM OMHHUHTOM (4X4), a Tak)Ke YBEIUIMBACTCS
MPOIICHT PelICHUH TUPpaKMOHHBIX KapTuH (57.33%,
cM. TaOJ. 1) 3a cyeT yBeNMYCHHUs] KOIHYecTBa Judpa-

THPYIOLIMX 3JIEKTPOHOB (CM. pHc. 3B). Hampspkenue B
29 xB yny4maer naeHTH(QUKALIUIO HKCENEH Ha Trpa-
HUIIC 3¢pEeH B TOPU30HTAJIHLHOM HAIPABICHUH 32 CUET
MOBBIIICHHS JIATEPANBHOTO pPa3pelleHus, HO IMPHBO-
IUT K YXYALIEHUIO IPOCTPAHCTBEHHOI'O Pa3peLlIeHus B
BEPTUKAIBHOM HAIIPABJICHUH, TOPU3aHTAIBHOE pa3pe-
LICHUE MMEET JIydlIne 3HaYCHHUs, 3a CYeT MMUHUMAIIb-
HOTO AMaMeTpa MydKa, HO pacpocTpaHseTcs: Ha 00Jb-
LIME PACTOSHUS B BEPTHKAJIbHOM HANpaBiIeHUH. Tak-
K€ BBICOKHI TOK COKpAIlaeT BpeMs CbeMKHU U MOXKET
MIPUBECTH K HAKOIJICHUIO 3apsiia. Kpome Toro, Habmro-
naercs cy)keHue rnonoc Knkyuu, Kak cliecTBHE ylyd-
IIAETCSl COBMAICHUS DKCIIEPUMEHTA C IIa0JIOHOM (CM.
puc. 3B). CHIWKEHNE HaNpsOKEHUS TMPUBOANT K YXYI-
IICHUIO OTHOIIEHUS CUTHA/IITYM, HO TIPOsIBICHHE (-
¢dexra Ha EBSD-kaprax HaOmomaercst TONBKO JUIs
YYacTKOB C HU3KOW CTENEHbIO KPUCTAUIMYHOCTHU (CM.
Tabn. 1, neHTpaigbHas 4acTh 3epHa Ha puc. 3). Takoi
3 pexT 00bsIcHsIeTCs Ooiee BBICOKMM IMPOCTPAHCTBEH-
HBIM pa3pelieHneM W yMEHbIIeHHEeM 00beMa TeHepa-
LMY CUTHAJIA.

Anzopumm noucka MuHepaioe u OUAZHOCHIU-
Ku oeghopmayuit ¢ munepanax. MeToauka Noncka u
BBISIBIICHHS YIAPHBIX MUKPOCTPYKTYp Ae(opManiy B
3epHax 1upkona MmerogoM SEM-EBSD, Bkitouaer Hu-
JKETIPUBEJICHHBIC 3TaIbl (pHC. 4).

Oo3opnaa BSE-nanopama winugha. Ilanopa-
Ma TpPEJCTaBIsAET CO00M u3o0pakeHue numda, mo-
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Puc. 3. EBSD-kapTsl BHyTPEHHET0 y4acTKa MOJIUKPUCTAIUTMYECKOTO 3epHa IUpKoHa U3 Kparepa Kapa mpu paznnd-
HbIxX 3HaueHusix U = 10 (a, 1), 20 (06, 1) u 29 kB (B, €) c amophn30BaHHOIl IEHTPAIBLHON YacThIO; a—B — KOHTPACT MO-
noc n3o0pakeHnit Knkydu B OTTEHKax Ceporo; r—e — OPUEHTAIOHHBIE KapThl C I[BETOBBIM KOJUPOBAHHEM 00paT-

HOM TOJIIOCHOH (HUTYPHI.

Fig. 3. EBSD maps of the internal region of a polycrystalline zircon grain from Kara crater at different accelerating
voltages: U = 10 (a, 1), 20 (0, 1), and 29 kV (B, ¢), with an amorphized central part; a—8 — Kikuchi band contrast in
grayscale; T—e — orientation maps with inverse pole figure color coding.

Taoauna 1. KonmnuectBeHHast orneHka kadectBa EBSD-kapT npu pasubix yckopsitomux Hanpspkenusx U (kB): konTpacra
niosoc u3odpakennit (KII); cpeanero yrimosoro orkinonenus pemenust or EBSP (CYO); nonu Toyek kKapThl, sl KOTOPBIX
HaWJeHBI perIeHus (OTpe/eNICHbl OPHEHTANH KPUCTAIUTHUECKOHN penIeTKH) (KOJI-BO PEIICHNH )

Table 1. Quantitative assessment of EBSD map quality at different accelerating voltages U (kV): band contrast (KIT), mean
angular deviation (COY) from EBSP, and fraction of indexed points (k0i1-Bo pereHwit)

No U Cpennnii KI1 Kon-Bo pemennii, % Cpeanee CYO
1 10 58.92 44.36 0.75

2 20 78.84 57.33 0.73

3 29 77.89 57.56 0.64

Jy4eHHOEe IocpeAcTBOM cOopku (cmmBku) BSE-
n300paKeHUH €ro OTAEIBbHBIX Y4YacTKOB, Pa3MEpoOM
1500 x 1500 mxm (cm. puc. 4a—B). OnTUMaNbHBIE Ma-
paMeTphl perucTpaluy MpUBeIeHsl B Tal0d. 2; pa3Mep
MUKCENsl TPH PETHCTPAllM TTaHOPaMbl COCTABIISIET
2—5 MKM, 9TO TTO3BOJISIET BBIABIATH 110 BSE-spkoctn
1 MOpP(OJIOrHH MPAKTUYECKH BCE 3epHA LIUPKOHA pas-
MepoM Oosee 15 MM (cM. puc. 4B); 0OHAPYKHUTD ITUP-
KOH 1o sipkoctd BSE MoxHO, nmpeaBapUTenbHO olle-
HUB COOTBETCTBYIOILYIO IIUPKOHY SIPKOCTH B JHArHO-
CTHpOBaHHBIX 3epHax nmo EDS-cnexktpy nmau CL-u30-

LITHOSPHERE (RUSSIA) volume 25 No.2 2025

OpaXeHHUsM — UPKOH OTJIMYAETCs OT JAPYTUX aKIlec-
COpPHBIX MHUHEpAJIOB COYETAaHHEM BBICOKOM SIPKOCTH
BSE u CL npu ycnoBuM HU3KON CTENEHH METAMUKT-
HocTu. CorocTaBlieHHe ONTHYECKUX (CM. pHUC. 4T) U
JJIEKTPOHHBIX HM300pakeHni (CM. puc. 4a) Mo3BoIIA-
€T YCTaHOBHUTh MHHEpAIbHOE OKPYXKEHHs, B KOTO-
POM HaXOIHUTCS 3epHO ITUPKOH Oe3 mpumeHeHuss EDS-
JIETEKTOpa.

Inexkmponnvie (BSE u SE) u xamoousie u3o-
opascenusn (CL) 3epen uuprona. Ilocne BoiOOpa 3e-
pEeH IPOU3BOAUTCS AeTaln3upoBanHas cheMka BSE- u
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Si

Peunaut
LinpkoH

Puc. 4. EBSD-nannbie nuinda ¢ upKOHaMHU U3 HMIIAKTUTOB Kpatepa Kapa.

a— BSE-nanopama numda, 6 — yBennueHHbIH (parMeHT puc. a, OTMEUCHHBII KPAaCHBIM; B — YBEJIMUCHHBIH GparMeHT puc. 0 ¢ 3ep-
HOM LIUPKOHA, OTMEUCHHBIH KPaCHBIM; T' — ONITHYECKOE n300paxkenue numda; 1, ¢ — BSE- u CL-u300pakeHus 3epHa IUPKOHA C
peiinntom u ZrO,; X, 3 — pacupejenenue cogepxanus Si n Zr no ganaeiM EDS-kapTupoBanus nupkoHa; K — (ha3oBast KapTa 110
nanubiM EBSD-kapTupoBanust; 1, M — OpUEHTALMOHHBIE KapThl PeiiiuTa U [IUPKOHA, H—H — COOTBETCTBYIOIIUE MOIIOCHBIE (UTY-
P dassl peiiinTa U TUPKOHA.

Fig. 4. EBSD data of a thin section with zircons from Kara crater impactites.

a — BSE panorama of the thin section; 6 — enlarged fragment marked in red in a; B — enlarged fragment in 6 with a zircon grain
marked in red; T — optical image of the thin section; 1, e — BSE and CL images of a zircon grain with reidite and ZrO-; x, 3 — Si and
Zr distribution from EDS mapping of zircon; x — phase map from EBSD mapping; 11, M — orientation maps of reidite and zircon;
u—H — corresponding pole figures for reidite and zircon phases.
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Taoauna 2. [Tapamerpsl SEM, ontumusupoBanssie 1 peructpanun EBSD-kapt (yckopsitomee HanpspkeHue U, TOK 30H-
na I, mar A, Bpemst Ha 1 mUKceNnb T) pa3IMyHBIX MUKPOCTPYKTYp Aedopmannii B IUPKOHE M3 UMIIAKTUTOB KpaTepoB Kapa n

Bpenedopt

Table 2. Optimized SEM parameters for EBSD mapping (accelerating voltage U, probe current I, step size A, dwell time per
pixel 1) of different deformation microstructures in zircon from Kara and Vredefort crater impactites

MUuKpOCTPYKTYPbI U (xB)/I (HA)/A (am)/T (MKC)
pedopmaryii [Manopama mmnda |BSE- n CL-n300pakenus DNeMeHTHOE EBSD-xaptsr
3epeH KapTUPOBAHHE
ITnockue muxpocmpykmypbl 0eopmayuti, KOHMPOIUPYyembie KPUCIMALIUYECKOU CIMPYKMYpPOUl
MHUKpPOIBOHHHUKH 20/0.8/2000/3.2 20/0.8/>7/10 20/0.8/3000-4000/3000 | 25/5/50-500/T10
[Tmockue TpenHb 20/0.8/>17/3.2 H.n. 25/5/50-500/T1O
[1nockue noockl 20/0.8>7/10 H.n. 25/5/50-500/T10
nedopmanmii
“IMaxmarHas 1ocka” 20/0.8>7/3.2 H.n. 20/10/500/T10
I'panynsproe u/unu nopucmoe cmpoenue
I'payJisl 20/0.8/2000/3.2 20/0.8 > 7/3.2 20/0.8/2000-3000/3000 | 20/10/500/TIO
IMopsr 20/0.8>7/3.2 H.m 20/10/500/T10
Honumopghnas moougpurayus
Peiiut | 20/0.8/20003.2 |  20/08>7/32 | 20/0.8/2000-3000/6000 |  20/5/50/T10
IIpooykmel pacnada
Tpoctsie okemmst | 20/0.8/2000/3.2 | 20/0.8>7/10 | 20/0.8/1000-2000/6000 |  20/5/50/110

[Mpumeuanne: H.u. — nccnenoBanne HEMHGOPMATUBHO IS TaHHBIX MHKPOCTPYKTYp Aedopmarmii; [10 — 3HaUeHHE aBTOMATHYECKH IO

OupaeTcs MPOrpaMMHBIM 00ECIICUCHHEM.

Note. H.u. — non-informative for the given deformation microstructures; I10 — software-adjusted value.

SE-n300pakeHnii 3epeH C BBICOKUM pa3pelieHUeM;
ONITUMAJIbHBIC TTAPAMETPhl PETUCTPALIMY IIPUBEICHBI B
tabn. 2. Hactpolika SpKoCTH U KOHTpacTa ONTHMHU3H-
pyIOTCs U1 KaX/10T0 U3 3epHa LIUPKOHA JJIs IOCTHXKE-
HUS MaKCHMAaJIbHOTO TPOSIBICHUS JeTajieil BHYTpEH-
Hero cTpoeHud. Ilo mosydyeHHBIM JaHHBIM NPOU3BO-
TUTCS KJIACCU(HKAIHS 3epeH 10 MOP(OJIOTHH U BHY-
TpeHHeMy ctpoeHmio. [To BSE-u300paxkenusM MoryT
ObITb OOHApY’)KEHBI IUIAHAPHBIC TPELIMHBI, IPaHYIIpP-
HOE cTpoeHue, mpu3Haku pacnana (ZrO,, Si0,), mo-
auMopdBl LUpPKOHA (PEHIUT), pasopueHTALUs LHp-
KoHa Ha Oonpliue yriel; SE-n300paxxeHus: mo3Bods-
10T ¢ OOJIBIIMM pa3pelieHreM UCCIeIoBaTh MOPQOIIo-
rudeckue ocobeHHoctu nonudasHoro mupkoHa. CL-
M300paKeHUsT HUCIIONB3YIOTCS I HAOMIOJCHHSI KOH-
TpacTa IO CTEIIEHH METAaMMKTHOCTH M, KaK IPaBUIIO,
MPOSIBJIIIOT POCTOBYIO 30HAJBHOCTh M YYAaCTKH BTO-
PUYHBIX W3MEHEHHUI, HO TAaKKe 110 HUM MOTYT OBITh
BBISIBIICHO 00pa3oBaHUE PEHANTA MO BapHaluH SPKO-
CTH (CM. puc. 4€) UK KOHTYPHI 3€pHA JI0 €ro y1apHOi
nedopmaryu (puc. 50).

EDS-kapmuposanue u moueunvie CHeKmpol.
B 3epHax nmpkoHa MOTYT NMPHCYTCTBOBaTh Ooiee sip-
kue mo BSE Brmouenus U-Th-munepanoB, pednurt,
Z10O,, HaOeKHO AWATHOCTUPOBATH KOTOPBIE MOXKHO
no EDS-cnektpam. B ¢Bs3u ¢ 3TUM nocnie aeTanbHOU
BSE-cvemku mpousBoautcs EDS-kaptupoBanue 3e-
PEH WK TOYeUHbIE N3MEPEHHsI B 3epHAX C MPU3HAKAMHU
MPUCYTCTBHS JIOTIONHUTENBHBIX (a3 (ZrO,, pedaur).
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Hampumep, kapTel pacrpeaeneHusl KOHIEHTpamid Si
1 Zr MO3BOJSIOT MO COOTHOLICHHIO 3JEMEHTOB yCTa-
HOBUTH oOpaszoBanue (aszpl ZrO,, MposBIAIOLICHCS B
BUJC APKUX OKPYIIbIX oOpazoBanus (cM. puc. 41-3).
Ecnmu ¢aszpl Mo XMMHUYECKOMY COCTaBy HE OTJIMYAIOT-
Csl OT BMEIIAIOIIETr0 3€pHa, HO UMEIOT OTiInuHy10 BSE-
SAPKOCTb, TO MPEANOIOKUTEIHHO TPUCYTCTBYET BBICO-
KoOapudeckas ¢aza mupKoHa (peianT).

Opuenmavyuonnvie EBSD-cunepkapmut. 1lpensa-
putenbHblid ananu3 BSE-, CL-uzo00paxenuii 1 EDS-
JAHHBIX TO3BOJISIFOT CAENaTh MEPBUYHBIE MPEINOIIO-
KEHHUSI MEKpOIe(OpMaliii B TUPKOHE U BBIOpATh 3€p-
Ha s EBSD-kaptupoBanus. Pexum perucrpanun
EBSD-kapT BbIOMpaeTcsi B COOTBETCTBUU C BHYTpPECH-
HAM CTPOCHHEM 3€pHA W MHKPOACHOPMAIHISIMH (CM.
Tab. 2); B Ka4eCTBE MOTEHITHAIBHBIX (a3 HeoOX0I1-
MO BKITIOYHUTH IUPKOH, pedant u Oanmenent. EBSD-
KapThl MO3BOJISIOT M3BJICUb OOLIMPHBIC JaHHBIC: Kap-
TBI OpHeHTauui (cM. puc. 41, M), KoHTpacTa nojoc Ku-
Ky4H, pacnpeaeneHus ¢as (cM. puc. 4K), pazopueHTa-
LU0 OTHOCHUTEIBHO KPUCTAIIIOTPaUuIecKoro Harpas-
JICHUsI, MEK3EPHOBBIX T'PAaHUI], TIOCTPOUTD IOJIFOCHBIE
¢urypsr (cMm. puc. 4u, H) u ap. C HCIOIB30BaHUEM
EBSD-xapT yTouHseTCS THIT MUKpOAe(hOpMAInii, BBI-
SIBIISIIOTCSL OCOOCHHOCTH OPHEHTAllMOHHBIX JaHHBIX U
MIPEIOIAraloTCsl COOTBETCTBYIOIINE YCIOBHS (popMu-
poBaHus JeOpMaLHid.

Jns mpuMepa Ha pHC. 5 NpeACTaBIEHbI JaHHbIE
uccie0Banus 3epHa nupkoHa Zrn_32 nutuda Les04b
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Puc. 5. [Tupkon Zrn_32 u3 mmuda Les04b nmmaktuToB Kparepa Bpenedopt.

a— BSE-uzo6paxenue; 6 — CL-uzo0paxenue; B — FSE-n300paskenus; r — kapTa OTKIOHEHHS] OPUEHTALMH BO BMEIIAIOIIEM LIUPKO-
HE OTHOCHTEJIFHO TOUKH (KpacHast 3B€3/104Ka), Iie OT CHHEro 0 KpacHoro 30°; 1 — kapTa OpUCHTALMI IUPKOHA, LIBETOBAsK KOJH-
poBKa 3a1aHa 00paTHOM MOJIIOCHON (QUrypOii; € — MOJIFOCHBIE (PUTYpBI, TOKa3bIBAIOLINE OPUCHTALUK Oceil 3epHa nupkoHa <100>,

<001>, <110>, uBeToBasi KOAUPOBKA COOTBETCTBYET PHUC. 1.

Fig. 5. Zircon grain Zrn 32 from thin section Les04b of Vredefort crater impactites.

a— BSE image; 6 — CL image; B — FSE image; r — orientation deviation map relative to the reference point (red star), with blue to
red representing 0-30°; 1 — orientation map of zircon with inverse pole figure color coding; e — pole figures showing zircon grain

orientations <100>, <001>, <110>, color-coded as in 1.

u3 kparepa Bpeaedopr. Ha BSE-u3zo0paxkenusix npo-
SIBIIIETCSI MUKPOCTPYKTYpa € OJIOYHBIM CTPOCHHUEM,
3epHO pazOUTO JByMs HAO0OpaMHU IJIOCKHX TPEHIUH
B HampaBieHmsXx <110> m <100>, 9yTo XapakTepHO
JUIs yJIapHbIX Bo3aehcTBUi. [lepBuunas pocrtoBas 30-
HaJlbHOCTH nposiBiisiercss Ha CL-u3o00paxkenuu u mo-
Ka3blBAaeT €€ CIBUI'OBOC NPEpPhIBAHUE HA TPELIMHAX,
noHmwxkeHHas BSE-apkocTh y4acTKoOB B sape yKasbl-
BaeT Ha MPOM3OLIEAIINE BTOPUYHBIC H3MEHEHUS B pe-
3yabTaTe U (Oy3MOHHO-PEAKIIMOHHBIX MPOIECCOB C
ydacTHEeM BOJHOTO (oM, KOTOPhIA MOT TPOHHK-
HyTb IO TpemuHaM. PazopueHTtauus OJ0KOB HE CH-
cTeMarudeckass W [OCTUraeT 3HaueHud Ooinee 30°
(puc. 5t). B mpaBom kpaitHem yriy GuKcUpyroTcs 60-
Jiee 3Ha4YMTENbHbIE pazopueHTanuu 1o 90°; pacmope-
JieJIeHUS] TOUEK Ha MOJIOCHBIX Gurypax (puc. Se) ro-
BOPAT O TOM, YTO OHU HE HOCAT CUCTEMHBIH XapakTep
W JIOJDKHBI OBITH 00YCIIOBIICHBI 3HAYUTEIBHBIM Kpae-
BBIM JAPOOJICHUEM.

Anpobayus memoouKu Ha 3epHAX YUPKOHA U3 Me-
MeopUMHBIX KPAMepPoE ¢ NPOAGIAEHHBIMU YOAPHLIMU
MuKpoodegopmayuamu. JIeTabHO Hccae1oBaHo 7 00-

pasuoB u3 kparepa Bpenedopt u 43 obOpasia u3 kpa-
tepoB Kapckoro u Yers-Kapckoro B Buzie moinponan-
HbIX UG oB 25 % 45 mm. Usydeno 50 uniudos, 3a-
peructpupoBano 50 marnopam, oOHapyx)eHO 436 3epeH
IUPKOHA, IeTaabHO paccMoTpeHbl BSE-u3zo0paxenus
B 102 3epHax UpKOHA, CPeIN KOTOPHIX BBISIBICHBI BCE
OCHOBHBIE TUITBI MUKpOeopmanuii, B 39 3epHax 1up-
KOHa 3aperucTpupoBanbl U 006padoransl EBSD-kapThL
Hwxe npuBoasTCs npuMepsl TUPKOHOB OCHOBHBIX TH-
OB MHKpOiehopMaIiuii.

(1) Ilmockme MHUKPOCTPYKTYpHI nedopmaruii B
yaapHoM 1tupkoHe (planar features), KOHTPOIHPYIOTCS
KPUCTAJNIMYECKON CTPYKTYpPOM:

a) IJIOCKHE TPEIIMHEI, TPEJICTaBIISIONINE COO0H OT-
KPBITBIE 3aKOHOMEPHO OPHEHTUPOBAHHBIC TPEIIUHBI B
KPUCTAIJIMYECKON pEIIeTKE HHUPKOHA C IOMEPEYHbIM
pa3MepoM OT HaHOpa3MEpPHBIX TUCIOKAIUM A0 eau-
HUII MKM (CM. pHC. 5, puc. 6a—B); IPOAOILHBIN pazMep
OOBIYHO OTPaHUYECH IPAHHUIIAMHU 3€PHA, 30H WU IPYTHU-
mu nedekramu; oopaszyrotcs nmpu 5—25 ['Tla (Leroux et
al., 1999; Corfu et al., 2003; Erickson et al., 2013), 00-
HapyKeHo 14 3epeH;
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a—B — ruockue Tperunbl (a — BSE-uzobpaxkenue; 6 — CL-u300pakenue; B — FSE-u3o0pakeHue); r—e — II0CKue mojaockl aehopma-
nuii (r — BSE-m3o6paxenue; 1 — FSE-n300paxenue; e — kapTa OTKIOHEHHUS] OPUCHTAINN B IIUPKOHE OTHOCHTEIIFHO TOYKH (Kpac-
Has 3B€3/104Ka), TJie OT CHHETO JI0 KpacHOTo 25°); sk—1 — MEUKpoABOHHHKHN (3k — BSE-m300paxkenue; 3 — kapTa OTKJIOHEHHS OpHEH-
TaIM BO BMEIIAIONIEM [IUPKOHE OTHOCUTENIFHO TOUKHU (KpacHas 3Be3/104Ka), TJe OT CUHETO 10 KpacHoro 15°; u — kapTa opueHra-
LU IIPKOHA, I[BETOBAsI KOANPOBKA 3aaHa 00paTHON MOMIOCHON (DUTYpOit); K—M — rpaHysl (k — BSE-m300paxkenne; 1 — kapTa oT-
KJIOHEHHsI OPHEHTALMH OTHOCHTEIBHO TOUKH (KpacHasl 3Be3/I09Ka), TIe OT CHHEro JI0 KpacHoro 90°; M — KapTa OpHeHTaluii mup-
KOHa, [[BETOBasA KOAUPOBKA 3aJaHa 00PATHOH MOIIOCHOM (HUrypoit); H—p — peiauT ¢ uupkoHoM (H — BSE-u3o0pakenue; o — kap-
Ta (a3, rie KpacHBIA — pelIuT, 3eJIeHBII — UPKOH; IT — KapTa OPUEHTALUH [IUPKOHA, I/I¢ IIBETOBAsl KOAUPOBKA 3a/1aHa 0OpaTHOH
TIOJTIOCHOM GUTYpOIt; p — KapTa OpUSHTAIMH PeiInTa, T1e [IBETOBask KOJMPOBKa 3a/1aHa 00paTHOM NOIOCHON QUTypoif; ¢, T — mpo-
cteie okcunsl (¢ — BSE-u3zo0paxenue, T — yBenmdeHHbie GpparmenTsl BSE-n3zo0paxenus pazmepom 10 x 10 Mxwm).

Fig. 6. Zircon grains from Vredefort and Kara crater impactites with deformation types.

a—B — planar fractures (a— BSE; 6 — CL; B — FSE); r—e — planar deformation bands (r — BSE; 1 — FSE; ¢ — orientation deviation map
relative to a reference point (red star), with blue to red representing 0-25°); sx—u — microtwins (3 — BSE; 3 — orientation deviation
map relative to a reference point (red star), with blue to red representing 0—15°; u — orientation map with inverse pole figure color
coding); k—M — granular structures (k — BSE; i1 — orientation deviation map relative to a reference point (red star), with blue to red
representing 0-90°; m — orientation map with inverse pole figure color coding); 5—p — reidite with zircon (1 — BSE; o — phase map,
red — reidite, green — zircon; I — zircon orientation map with inverse pole figure color coding; p — reidite orientation map with in-

verse pole figure color coding); ¢, T — simple oxides (c — BSE; T — magnified 10 x 10 pm BSE fragments).

0) TwIocKMe TOJOoChl JedopMalii B BHIE CTY-
MEHYAThIX M3MCHEHUI OPUCHTHPOBOK, 00pa3yroliue
KJIMHbBSI, BBISIBJISIFOTCSI Y3KUMH T10JI0CAaMHU Pa30pUEHTA-
nui (puc. 6r—e); oopasyrorcs mpu 5—10 Ila (Moser et
al., 2011; Cavosie et al., 2015), odrapysxeno 1 3epHo;

B) “‘mraxmarHas J0cka’ BO3HUKAaeT, MPHU pasJiene-
HUU 3€pHa JABYMs NEpIEHAUKYJSPHBIMA HabopaMu
TICEBI0NAPAUICTBHBIX MJIOCKOCTEH Ha OJIOKU C MaJlo-
YTJIOBBIMH pazopueHTarusmu; oopaszyercs ot 0.4 ['Tla
(Kovaleva, Zamyatin, 2021), o6HapysxeHo | 3epHO;

I') MHKPOJBOWHUKH — 3aKOHOMEPHBIC IIOCKOCTH,
OpPUEHTHPOBAHHBIE BJIOJb TuIOCKoCcTH {112} xpucran-
na, GopMHpPYIOIIHECS TyTEM TTOBOPOTA KPUCTAIIIHYE-
CKOH CTPYKTYpBHI Ha yron 65° Bokpyr Bektopa {110}
KpUCTaJUTa LUpKOHA (puc. 6X—M); 00pa3yroTcs Tpu
20-35 I'Tla (Cavosie et al., 2010; Moser et al., 2011;
Erickson et al., 2013), obHapyxeHo 1 3epHO.

(2) K rpanyssipHBIM W/WIIH TOPUCTHIM MUKPOCTPYK-
TypaM OTHOCSTCS:

J1) TPaHyJISIPHBIN [IUPKOH MPEJCTABIICH TPaHyIaMu
OKPYTIIBIX WJIHM BBITSHYTBHIX (POPM pa3smep OT JeCATHIX
JIOTIEH MKM JI0 IECATKOB MKM (pHC. 6K—M); 00pa3yroTcs
ot 1000°C (Bohor et al., 1993; French, 1998; Timms et
al., 2012; Cavosie et al., 2018), ooHapy»xkeHO 26 3epeH;

€) MOpbl HAONIOMAIOTCS B BHJE MHOXECTBO TIOP
WM MUHEPAJILHBIX BKIIOYCHUN Pa3MeEpOM OT JECSThIX
noJeit HM 1o necsatkoB MM (Wittmann et al., 20006;
Martell et al., 2021), o6Hapyx)eHO 3 3epHA.

(3) lomumopdusie Mogudukanmuu ZrSiO,:

K) permuT — BBICOKOOapmdeckas MOIU(pUKAIUs
IMPKOHA B BHJIE JIaMEJel WM TPaHyIl, C ONpeIecH-
HOM OpPHUEHTHUPOBKOM OTHOCUTEIHHO BMEIIAIOIIETO
3epHA: {001} e’/ {110} wupcons 11107 peiimn// {1107 wpicon
n {OOI}UMPKOI-U {loo}pemlm//{llz}uupmm {112}peﬁum //
{112}UMPKOH u {loo}uupKOH (pHC 6H_p), HMECT pa3sMep
OT €IUHHI] HAHOMETPOB JI0 JCCITKOB MKM; 00pa3yroT-
cs mpu P > 30 I'Tla u ot 900°C (Cavosie et al., 2015;
Erickson et al., 2017a), oOHapyxeHo 9 3epeH;

3) mpocTele okcuasl (SiO, u ZrO,) mpencrasie-
Hbl B BHUJIC TPaHyJI WM MHHEPAIHHBIX BKIFOUCHUHA B

IUPKOHE pa3MepoOM OT €IMHHMI] HM JO JIECATKOB MKM
(puc. 6¢—y); obpasyrorcst npu T > 1673°C (Timms
et al.,, 2017; Chinchalkar et al., 2024), oO6HapyxeHO
14 3epem.

3AKJIIOYEHUE

B nacrosmeit padore MmpoaeMOHCTPUPOBAHO, YTO
metonr EBSD kpaiine TpeOoBareneH K KayecTBY IIO-
TupoBKH o0pasnoB. OTpaborana Meroauka mpobo-
noaroToBku twrudoB mis EBSD-meTona, paccMoTpe-
HbI MeToabl 00paboTku EBSD-maHHBIX, MO3BOIISIO-
IIMX TOBBICUTh KaueCTBO HMHISKCUPOBAHUS IH(paK-
LUUOHHBIX M300pakeHui. [loBbimena 3¢dekTuBHOCTD
OOHapyXXeHUsI M aHalu3a YIapHO-PeoOpa3oBaHHBIX
3epeH IHPKOHA C HCIOJb30BAaHHEM CKaHUPYIOLIETO
anekTpoHHoro mukpockona SEM Tescan MIRA LMS,
Oxford Instruments EDS X-max80 u EBSD Nordlys
Nano, onTHMHU3UPOBAHEI YCIIOBUS peructparun BSE-,
SE-, FSE-, CL-u300paxennii u EBSD-kapT; pa3pabo-
TaH aJrOPUTM MTOMCKa MUHEPAJIOB B TN (aX, H3rOTOB-
JICHHBIX U3 OTOOpaHHBIX 00pa31oB KpaTepoB. MeToau-
Ka arpoOupoBaHa Ha cepuu 13 50 MIM(OB UMITAKTHBIX
nopox Kapa u Bpenedopra, B pe3yibrare uero ooHa-
pykeHo 436 3epeH UPKOHA, CPEIN KOTOPHIX BBISBIIE-
HBI BCE HM3BECTHBIC THUIBI MHUKpozedopmaruii 3epeH
MPKOHA.
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IIpyuMeHeHre METOI0B MALIMHHOIO 00y4YeHU I KIaccu(PpuKanuu
KBapUMTOB 10 XUMHYECKOMY COCTABY: BJIMSHUE MUKPOIJIEMEHTOB
U reOXUMHYecKasi HICHTH(PUKALUS

A. C. MsacHukoBa, P. 1O. lllenapuxk, U. A. Eaucees, O. . Yauanarosa,
A. M. ®enopoB, A. U. Hemomusmx
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[octynuna B pegaxkuuio 30.12.2024 r., npunsrta x neyatu 04.04.2025 r.

Obvexm uccnedosanus. KBapuThl U3 pa3inUHbIX y4acTKOB BocTouHO-CastHCKOTo KBapIieHOCHOTO paiioHa. [[ens. Llenbio
JTAHHOTO UCCIICZIOBAHUS SIBJISAETCS IPHMEHEHHE METOI0B MAIIHHHOTO 00y4eHust 111 2QheKTuBHOM Knaccupukaumn oopas-
[IOB KBapIIUTOB 110 HX XUMHUYECKOMY COCTaBY, BKIIFOUas HACHTH()UKAIIMIO KIFOUEBBIX MUKPOIJIEMEHTOB, TAKHX KaK Mapra-
Hell, U BBISIBJICHHE FEOXMMHUUECKUX Pa3Inuuil Mex 1y odpasuamu. Mamepuanet u memoosi. B uccienoBaHun HCIIOIb30Ba-
JMCh JaHHBIE XUMUYECKOT0 aHanmu3a 776 o0pa3ioB KBapIHTa, KOTOPbIE OBUIM MOABEPTHYTH HHTEPIIPETALINH C TOMOIIBIO
METOJIOB MallIMHHOTO 00yueHHs. B kauecTBe METOI0B OBUTH MPUMEHEHBI CTaHIaPTHBIC TEXHUKH MPEIBAPUTEIBHON 00pa-
OOTKH JaHHBIX, TAKHE KaK HOPMAJIM3ALH, a TAKXKE ayTMEHTaLus JaHHbIX ¢ ucnosib3oBanueM SMOTE nms perenus npo6-
nemMsbl nucbanadca kiaccoB. B urore 0611 BeIOpan anroputM CatBoost, KoTopslii oka3a BEICOKYIO TOYHOCTh Kitaccupuka-
H. Pesynomamei. Pe3ynbTaTel Kpocc-BaInAaIMu 1mokasany, 4ro anroputM CatBoost qoctur TouHOCTH KilaccHUKanum
10 97%. BakHOCTh PU3HAKOB YKa3bIBACT HA TO, YTO MapraHell sIBISETCS KIIOUEBBIM JIEMEHTOM B Kilaccu(UKauu 00-
pas1oB, B TO BpeMs Kak TaKue IIEMEHTHI, KaK aTFOMAHHI U KallHii, OKa3bIBAIOT BCIIOMOTaTeNIbHOE BIMsSHIE. TaKke ycren-
HO TIPOBEJICH aHAJIN3 KJIACCH(UKAIIMH IO [[BETY KBAPIIMUTOB C TOYHOCTHIO 110 0.94. Buisoowi. ViccnenoBanne 1eMOHCTPUPY-
eT 3¢ (HeKTUBHOCTh TPUMEHEHHS METOI0B MAIIMHHOTO O0YYEHHS [T aHAJM3a XUMUYECKOT0 COCTaBa KBapIUTOB, MPEI0-
CTaBJIsIsl HOBBIC BO3MOXKHOCTH JIJISl TCOXUMHUUYECKIX M apXEOJIOTHYCCKAX UCCIICIOBAHMIMA.

KittoueBble CIIOBA: KGaApyumvl, MAuUHHOE 00VUeHUe, KIaccuurayus 2opHblx nopoo, RobustScaler, cmamucmuueckuil
ananus

Hcrounuk ¢puHaHCHPOBAHUS
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Application of machine learning methods to classify quartzites by chemical
composition: the influence of trace elements and geochemical identification

Alexandra S. Myasnikova, Roman Yu. Shendrik, Igor A. Eliseev, Olga I. Chachanagova,
Alexander M. Fedorov, Alexander 1. Nepomniyschikh

A.P. Vinogradov Institute of Geochemistry, SB RAS, 14 Favorsky st., Irkutsk 664033, Russia, e-mail: sasham@jigc.irk.ru
Received 30.12.2024, accepted 04.04.2025

Research subject. Quartzites from Different Sites of the East Sayan Quartz-Bearing Region. Aim. The aim of this study
is to apply machine learning methods to effectively classify quartzite samples by their chemical composition, including
the identification of key trace elements such as manganese and the detection of geochemical differences between samples.
Materials and methods. The study used chemical analysis data from 776 quartzite samples, which were interpreted using
machine learning methods. Standard data preprocessing techniques such as normalization were applied as well as data
augmentation using SMOTE to solve the class imbalance problem. As a result, the CatBoost algorithm was selected,
which showed high classification accuracy. Results. Cross-validation results showed that the CatBoost algorithm
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achieved classification accuracy of up to 97%. The importance of features indicates that manganese is a key element
in the classification of samples, while elements such as aluminum and potassium have a supporting effect. The analysis
of the classification by color of quartzites with an accuracy of 0.94 was also successfully carried out. Conclusions. The
study demonstrates the effectiveness of applying machine learning methods to the analysis of the chemical composition of
quartzites, providing new opportunities for geochemical and archaeological research.

Keywords: quartzites, machine learning, rock classification, RobustScaler, statistical analysis
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BBEJEHUNE

B nocnemaue rojibl METO/IbI MAIIMHHOTO O0YYCHUS
CTaHOBATCS Bce O0Jiee BOCTPEOOBAHHBIMU B F€OXHMH-
YECKUX WCCIICIOBAHUAX, Tpeaiarasi HOBBIE BO3MOXK-
HOCTH ISl aHaJu3a MHOTOMEPHBIX JaHHBIX. OcoObIi
WHTEpEeC MpPENCTaBIsAeT 3ajjaya KIacCUPUKAIUN TOp-
HBIX TIOPOJI TI0O XMMHYECKOMY COCTaBy, KOTOpasi MMe-
€T 3HAaYCeHHE KaK 111 (PyHAaMEHTAIBHOMN T'e0JIOTHH, TaK
U JIJISL IPUKJIATHBIX apXEOJIOTUYECKUX HCCIICTOBAHUM.
B T0 Bpems kak TpaauIIMOHHBIC CTATUCTUYCCKUE METO-
JIbl 4aCTO OKa3bIBAKOTCS HEJI0CTATOYHO 3(P(EKTUBHBI-
MU JiJIs1 00paOOTKH CIIOKHBIX T€OXUMHUYECKUX JaHHbIX,
ANTOPUTMBI MAIIMHHOTO OOy4YeHHS AEMOHCTPUPYIOT
BITEUATIISIONINE PE3YIIbTATHI B TOJOOHBIX 3a/1a4ax, 4TO
noaTBepkaaeTcs padboramu nocneqaux (Wang, 2021;
Zhu, 2023; Hnila, 2025).

Oco0yr aKTyaJIbHOCTh MPHOOpETaeT HU3yYeHUE
KBapIUTOB — METaMOP(PHUUYECKUX TMOpPOJ, IIMPOKO
pacmpoCTpaHEHHBIX, HO CIOXKHBIX JUISI JTUATHOCTHUKH
n3-3a BapHaOETBPHOCTH WX XHUMHUYECKOTO COCTaBa.
B reomornueckoMm acrekte TO4Has KiaccH(pUKanus
KBapIUTOB TIO3BOJSET YTOYHUTH YCIOBUS HX (hop-
MHUPOBaHUS W BBISIBUTh 3aKOHOMEPHOCTH pacrpee-
JeHUsT B TpeiesiaX MECTOPOXIeHM (AropKaHaeBa,
2020). s apXeoyioTuu K€ ONpe/esieHUe UCTOYHH-
KOB KAMEHHOTO CHIPbsI UMEET IMPUHIIUITUATBLHOE 3HAUe-
HUE MPH PEKOHCTPYKILIUHU IPEBHUX ITPOU3BOICTBEHHBIX
LIETIOYEK, TOPrOBBIX IYyTEH M MUIpaluii HACEIEHUs
(Pitblado, 2008; Pitblado, 2013). Oxgnako, B oTIn4Ine
OT XOPOIIIO M3yYeHHBIX B ATOM OTHOIIEHUH OOCHIMA-
HOB M KpEMHEH, KBapIUTHI 10 CUX IIOpP OCTAIOTCS He-
JIOCTATOYHO UCCIIE0BAHHBIMU, OCOOEHHO Ha TEPPUTO-
puu Poccuu.

JlaHHoe mccieqoBaHUE HampaBlieHO Ha pa3paboT-
Ky Metoauku auddepeHnranun kBapuutoB Bocrou-
HO-CasiHCKOTO palioHa C MCIOJIB30BAHHEM COBPEMEH-
HBIX METOJIOB MAallIMHHOTO 00y4deHus. B pabore perra-
€TCsl KOMITJIEKC B3aWMOCBSI3aHHBIX 3a/1a4: BO-TIEPBHIX,
OIIEHWBAETCS BO3MOXKHOCTh TOYHOW KiIacCHU(UKAIIUU
00pa3IoB C pa3HBIX YYaCTKOB OIHOTO MECTOPOIKIE-
HUS Ha OCHOBE MX TCOXMMHUYECKUX XapaKTEPHUCTHUK;
BO-BTOPBIX, MPOBOJUTCS CPAaBHUTEIIbHBIN aHaIU3 (-
(DeKTUBHOCTU pa3IMUYHBIX AJITOPUTMOB ISl pellie-
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HUS 3TOW 3aj]auy; B-TPETHUX, ONPEIEISIFOTCS KIIF0Ye-
BbIC XUMUYECKHE MapKepbl, Han0ojee 3HAYUMbIC IS
pasnuueHus: kBapuToB. Oco0oe BHUMaHHE YCIsACT-
Csl MHTEPIPETUPYESMOCTH MOJICJICH ¢ TOMOIIBIO COBpPE-
MeHHBIX MeTojI0B explainable Al (Lundberg, 2017),
YTO BAYKHO KaK JJIs T€0JIOTOB, TaK U IS apXE0JI0TOB.

[TorydeHHbIe pe3yNbTaThl UMEIOT MEKIAUCIIUTIIH-
HapHOe 3HadeHne. C TEOJIOTMYECKOW TOYKH 3PEHHS,
OHH TIO3BOJISIFOT YTOYHUTH OCOOCHHOCTH XMMHUYECKO-
ro COCTaBa KBapIMTOB M3y4yacMOIr0 PErHOHA M pa3pa-
0oTaTh HOBBIC MOAXOJIbI K MX Kiaccuukanuu. B ap-
XCOJIOTUIECKOM aCIIEKTE UCCIIEIOBAaHNE CO31aeT OCHO-
BY JUIsl OyAymIuX paboT Mo aTpuOyIMKi KaMEeHHbBIX ap-
Te(aKTOB U PEKOHCTPYKITUH APEBHUX XO3SHCTBEHHBIX
cucteMm OxnOM Cubupn. Metoauka, mpemioKeHHas
B paboTe, MOXKET OBITh aJaNTHPOBAaHA JJIS W3YYCHUS
JIPYTHUX TUTIOB TOPHBIX TIOPO] ¥ IPUMEHEHA TIPHU pellie-
HUU IIUPOKOTO Kpyra 3ajad B 0071aCTH TEOXUMHUH U ap-
XCOMETPHHU.

B uccnenoBanuu Hapsiay ¢ ONPEACICHHEM MECTO-
pokaeHHs Oblia MpoBejeHa Kiaccu(uKalus KBapiu-
TOB TIO IBETY JUIsI OIEHKH BO3MOKHOCTEH MAaIlInHHO-
ro oOydeHUs B pelIeHUN MOJO0OHBIX 3a7ad U BEISBIIE-
HUS CBS3M MEXy XUMHUYECKHM COCTaBOM U OKPAaCKOU
OpOoJI. DTOT acMeKT pabOThl UMEET BAXXHOE TIPAKTHYE-
CKOC 3HAYCHHUE, MOCKOJIBbKY IIBET SIBJISICTCS OIHHM W3
KJIFOUYEBBIX JIMArHOCTHYECKUX MPHU3HAKOB, UCIIOJIb3Ye-
MBIX KaK B apX€OJIOTUYE€CKON MPAaKTHKE HpU aTpuody-
uuu apre(h)akToB, TAK U B MIPOMBILILICHHOCTH [IPH COP-
TUPOBKE MHHEPAITHHOTO ChIpbsi. OIHAKO aBTOMATH3a-
WSl I[BETOBOM KITAaCCU(UKAIMN CTAIKUBAETCSI C pPA-
JIOM METOJIOJIOTUYECKUX CIOKHOCTEH, BKIIIOYast CyOb-
€KTUBHOCTh BH3YaJbHOTO OTHMCAHUs, HEIMHEHHBIN Xa-
pakTep 3aBUCUMOCTH MEXJY COJICPKAHUEM JIIEMEH-
TOB-XpOMO(OPOB M HAOJIIOAEMbIM IIBETOM, a TAKXKE
BJIMSIHME TEKCTYPHBIX OCOOCHHOCTEH MOpPOIbl Ha ee
ONTHUYECKUE CBOMCTBA.

NCXOIHBIE TAHHBIE

[IposiBnenus: kBapueBoro ceipbsi Boctouno-Casiu-
CKOT'0 KBapIIEHOCHOT'O pailoHa MPOCTPAHCTBEHHO MpHU-
YpOUYEHbl K KapOOHATHO-KPEMHHUCTOW TOJIIIE CPEJ-
Hepudeiickoro Bo3pacra B oOpamiieHHH [ apranckoit
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ibI0ObI. MorHOCTh TONIU gocturaet 1000 m, mpots-
xeHHOCTh — 100—120 kM ¢ mepepsIBaMu, OT BEpXOBHEB
p. Oka o p. Onot. KBapuuroBas TOJIIIIa ©UMEET MOIII-
HOCTh He Oormee 300 M. KapOoHATHO-KpEMHHUCTAS TOJI-
Ia TPOPBIBAETCS KPYIMHBIMHA TENaMU TPAaHUTOUIOB
(TIpeuMyIIecTBeHHO TPaHOIUOPUTAMH) CYMCYHYPCKO-
ro KoMIuieKca Bo3pactoM 790 MIIH JeT.

KBapuuTh! TONIM OTHOCUTCS K METaMOP(H30BaH-
HBIM XeMOT€HHO-0CaJ0YHbIM 00pa3oBanusM. KBapuu-
TBI MPEJICTABISIFOT COOOM B Pa3IMUHON CTETEHU Tepe-
KPUCTAJUTM30BAHHBIE MAaCCHUBHBIE U TISITHUCTO-TIOJIOC-
YaThle YepHbIe, TEMHO-CEphIe 0 OeNbIX, METKO- ¥ TOH-
KO3EpHHCThIE KBapPIUThI, TEMHO-CEPBIE U CEPHIE CIINB-
HBIE KBapIUTHI, OEJbIe, )KEeNTOBAThIe, CBETIIO-CEPhIe U
cepble OpPUPOOIACTUIECKUE CYNEPKBAPLUUTHI U HX
aHaJIOTH.

[Ipo6b1 anst uccnepoBanuii oTOupanuch Ha Oka-
Ypuxckom u Ypaa-I'apranckom yudactkax (Pemgopos,
2021) pacronoKeHHBIX Ha PACCTOSHUU 15 KM IpyT OT
IpyTa U pa3/ieleHHbIX [ 'apraHcKuM TTyTOHOM CyMCY-
Hypckoro komiiekca. Oka-Ypukckuil u Ypaa-I'apran-
CKUH y3JIBI TIPEJICTABIISIOT COOON TPYIITBI HECKOIBKO
M30JIMPOBAHHBIX APYr OT APYyTa BBIXOJOB Ha MOBEPX-
HOCTbh KBapIIUTOB, Pa3[CICHHBIX MEKTOPHBIMU JOJIU-
Hamu. OKa-YpUKCKUN U Y paarapranckuil y3ibl Xapak-
TEPU3YIOTCS OJHOTHITHBIM HAOOPOM pa3HOBHIHOCTEH
KBapIHUTOB, HO C HECKOJBKO OTIMYHBIMHA COOTHOIIIE-
HUSMH X 00BHEMOB.

Otnuuatorcsi Oka-YpUKCKUE W YpaarapraHcKui
y3Jbl CTPYKTYPHBIMA OCOOEHHOCTSIMH CTPOCHHUS TOJI-
M ¥, 00beMaMu M COCTAaBOM HPOPBIBAIOIIMX TOJI-
LIy MEJIKUX MUHTPY3UBHBIX TeJl. DTUM y4acTKaM CBOM-
CTBEHHBI OTKPBITBbIE aCUMMETPHUYHBIE CKIAAKH, IJI0C-
KOCTh CKJIQAYaTOCTH KOTOPBIX IIOJIOTO MOTPYyXKaeTcs
B CeBepO-3alaJHOM HallpaBlieHUH. Bo3HUKHOBEHHE
CKJIATYaTOCTH CBSI3aHO C MEXCIIOWHBIMH HAJBUTAaMHU U
00yCIIOBIIEHO TIPOJIOTIBHBIM CKaTHEM TI0 JINHUHM CEBe-
po-3araj] — I0ro-BOCTOK U HAJTMYHEM OJIM3KO PacIiolio-
KEHHOTO (yHIamMeHTa ['apranckoii ripIOb!.

Jia Oka-YpHKCKOro ysia XapakTepHbI peiKHe U
MeJKue (10 3 M B MONepevyHrKe) JalKK1 ceBepo-3amai-
HOTO, CyOIIMPOTHOTO M CyOMEpHAMOHAIBHOTO MpPO-
CTHpAHUS U MITOKH, HE TIPEBBIIIAIONINE TIEPBBIX JECST-
KOB METPOB B TIoniepeyHuKe. IHTpy3nBHBIE Tena mpej-
CTaBJIEHBI TPAHOIMOPUTAMH, IIJIATHOTPAHUTAMH, KBap-
LEBBIMH JHOPUTOBBIMU MOP(GUPUTAMU M TOHKO3EPHH-
CTBIM Ta00pO.

B mpenemax VYpparapranckoro ysiga KapTHpPYeT-
csl KpyIlHas CKJIaJiKa, pacCUMTaHHBIM HAKJIOH IApHU-
pa KOTOpOW MMEeT MajJieHne B I0ro-3arajHoM HaIlpas-
JIGHUW TIOA yTJIoM oKosio 17°. B amukanmbHOW dacTw
CKJIQJIKK OTMEUaeTCsl CepHsi KPYIHBIX MHTPY3UH pHO-
JIUTOB, PUOJAIMTOB, JANUTOB, TPAHOCHEHHUTOB, JHO-
pUTOB, TaOOPO-TUOPUTOB, TaOOpO ¢ mopdupamu. Kpo-
M€ TOr0, OTMEUAIOTCsl €JUHUYHbIE MAJIOMOIIIHBIE Ter-
MaTUTOBBIC KWIBL. MOp(]OJIOTHs HHTPY3UBHBIX TE B
IJIaHe BapbHpYyeT OT OTAENbHBIX JIMH3 Pa3HON MOIIl-
HOCTU JO BETBSIIMXCS Y/UIMHEHHBIX naek. [Ipord-
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KEHHOCTh MHTPY3UBHBIX TeJNl OT MEePBbIX JECATKOB 0
200 M, MOIIIHOCTEH OT MepBBIX MeTpoB 10 30 M. IIpo-
CTHpaHHUE TeJl MPEUMYIIECTBEHHO CEBEPO-BOCTOYHOE,
B PEIIKHX CITydasx CeBEepO-3ama Hoe.

KoHTakTOBOE BO3EHCTBHE MHTPY3HUM BBIpAXKAECTCS
B OKBapIIeBaHUH, MyCKOBHTH3AIINH, KATHIITIATH3IIHH,
TPEMOJIUTU3AIIMU, METACOMATU3ME M CKapHHPOBAHUU
KapOOHATHBIX, KPEMHHUCTO-KapOOHATHBIX M KPEMHE-
BBIX MOPO/I Ha 1yOuny 110 10 M.

[IpoObI KBapuUTOB aHaTM3UpOBaIHCh B MHCTUTY-
te reoxumun uM. A.Il. Bunorpagosa CO PAH meto-
JaMH MacC-CIIEKTPOMETPUHN ¢ MHIYKTHBHO CBSI3aHHOU
miazmoit (ICP-MS), mmamennoit ¢oromerpun (I1D)
U aTOMHOTO AMHCCHOHHO-CIIEKTPAIBHOTO aHalln3a
(ADCA). Mertoauka mpeaBapUTEIBHON MPOOOIIOATo-
TOBKU TIOJpoOHO onucaHa B pabotax (Fedorov, 2019;
Henomusux, 2023), mo3ToMy B JaHHOM CTaThe MBI
Ha 3TOM OCTaHaBIMBATLCS He OyaeM. B pesynbrare nc-
CIIeIOBAaHMN OBLIO MpOaHAIM3UPOBAHO 254 mpoOBI C
Oxka-Ypukckoro ydactka u 522 mpoOsr ¢ Ypma-I'ap-
raHcKoro y3na. Jlanasie ObuM 00BeTMHEHBI U TTepeMe-
IISHBI JUIS TeNlel U3ydeHUs] BO3MOXKHOCTH OIpejiene-
HUSI MECTOPOKICHHUS TI0 IAHHBIM XUMUYECKOT'O aHAIIH-
3a (manee — cBojHas Tabmuia). Kpome Toro, 0w mpo-
BEJICH aHaJM3 JIaHHBIX 10 OTAEIBHOCTH JJIS Pa3HbIX
y4acTkoB. IIpumMecHsIii cOCTaB MCCIENyEMbIX KBapLU-
TOB TpuBeneH Ha puc. 1. Kak BUAHO U3 3TOrO pUCYyH-
Ka, IPUMECHBIN COCTAaB ATHX YYaCTKOB B CPETHEM OT-
JTIUYAeTCs, OTHAKO OTHECTH CITyYailHO HalIeHHBINA 00-
paszer; KBapiuTa K KakoMy-Tu0O y4acTKy 3aTpy/IHH-
TEJILHO B CBSI3U € OOJBIIUM Pa3dpOCcCOM MPUMECHOTO
cocTasa.

B nuteparype ecTb naHHBIE 00 ONpeeieHHH Me-
CTOPOX/IEHUH M TeHe3Mca KBapLUTOB HAa OCHOBE HX
xumuueckoro cocraBa (Gotze, 2012; Miiller, 2012;
Pitblado, 2013; Shah, 2022), ogrnako, B oOpasiiax, B3s-
ThIX ¢ Oka-Ypukckoro u Ypzaa-I'apraHckoro y3ioB He
HaOII0JaeTCA YETKOTO pacipeiesieHus IPUMeECe, 4To
XOpOUIO BUAHO Ha pHC. 2.

Ha puc. 3 npexacraBieHsl KOppeNsALUOHHBIE 3aBU-
CHUMOCTH MPUMECHOr0 cocTaBa kBapuuToB Oka-Ypuk-
CKOro u Ypjaa-I'apranckoro y4acTkoB, paCCUMTaHHBIE
¢ nomonipto kodpdunuenra Phi K. Phi K — st1o ko-
3 PUIHEHT KOPPENSIIH, KOTOPBIN MOCICIOBATEIIHFHO
MIPUMEHSETCS K KaTeropHaIbHBIM, TOPSAKOBBIM U HH-
TepBaAIBLHBIM TIepeMeHHbIM. OH OCHOBaH Ha YTOYHEHH-
SIX TecTa runore3sl [InpcoHa o HE3aBUCUMOCTH Iepe-
MEHHBIX ¥ UHTEPIPETUPYETCs KaK HAKJIIOH B ITOBEPHY-
TOM JIByMEpPHOM HOpPMaJbHOM pacmpenesneHuu. [lpe-
nmyniectBa Phi K BrimrouaroT coriacoBanHoe mpuMme-
HEHHUE K PAa3IINYHBIM THUIIAM MEPEMEHHBIX, yUeT HelH-
HEWHON 3aBHCHMOCTH, a TaK)K€ BOCCTaHOBJIEHHUE KO-
a¢pdunmenta koppemsuun [lupcona st nBymepHO-
0 HOPMAJBHOTO pacIpeleNieHns. JTO JenaeT IaH-
HBI KOA(PGUIUESHT TOJIE3HBIM IS aHAJIM3a KOPPEIs-
LMOHHBIX MATPUI] C MEPEMEHHBIMU CMEIIAHHOTO TH-
na. [TogpoOHOCTH O METOJOJOTMU W OLIEHKE CTaTH-
CTUYECKOM 3HAYMMOCTH KOPpEISLUUH MOXKHO HalTH

JIMTOCDEPA TomM 25 Ne2 2025
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Puc. 1. Kapta conepxanus >nmemMeHToB B kBapiurax Oka-Ypukckoro y3mna (OY) u Ypaa-I'apranckoro y3na (YT).

BricoTa IBETHBIX CTOJOMKOB OTpakaeT JHUara3oH KBapTuiel. UepHble rpaHuIlbl IPEACTaBISIIOT cO00# cpeHne 3HaYCHHs, B TO
BpeMsI KaKk TOPU30HTAIbHASI YePHast IMHUS BHYTPU KaXJOT0 [[BETHOTO CTOJIOMKA 0003HAaYaeT MeuaHy. “Ycbl” KaKI0H OOKCOBOM
JMarpaMMbl yKa3blBalOT Ha 3KCTpEMallbHblC 3HAUEHUsI, KOTOPbIE HAXOAATCS B Ipeenax 1.5 pa3 MeKKBapTUIIBHOIO pa3maxa 3a
npenenaMu KpaeB cToja0uka. bemble TOUKM COOTBETCTBYIOT “BBIOpOCaM”.

Fig. 1. Elemental content map of quartzites from the Oka-Urik cluster (OY) and Urda-Gargan cluster (YT').

The height of the colored bars reflects the quartile range. The black borders represent the mean values, while the horizontal black
line inside each colored bar denotes the median. The whiskers of each box plot indicate extreme values that are within 1.5 times the
interquartile range outside the bar edges. White dots correspond to outliers.
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Puc. 2. JIBymepHbie rpadukn KOHIEHTPALMI 3JIEMEHTOB B 00pa3nax KBapLUTOB: KOHIICHTPAIUU KaJIbIUs U MarHus
(a); cBO/THBIC KOHLICHTPALIMK TUTaHA, KAJIHS M XKeJe3a B 3aBUCUMOCTH OT KOHIEHTPAINN amfoMUHUSA (0).

JlaHHBIC TTpUBEACHBI T Bcex 00pa3noB kBapuuToB. Y — kBapuutsl Ypaa-I'apranckoro ygactka, OY — kBapuutsl Oka-YpHK-
CKOI'0 y4JacTKa.

Fig. 2. Two-dimensional plots of elemental concentrations in quartzite samples: calcium and magnesium concentra-
tions (a); combined titanium, potassium, and iron concentrations versus aluminum concentrations (0).

Data are presented for all quartzite samples. YI" — quartzites of the Urda-Gargan area, OY — quartzites of the Oka-Urik area.
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Puc. 3. Kaptei koppessituu o Phi_ K mesxay anementamu juist kBapiutos Oka-Ypukckoro y3ina (a) u Ypaa-I'apran-
ckoro y3ia (0).

Yem TeMHEe UBET — TEM CUJIBHEEC KOPPEJIALIMOHHAA 3aBUCUMOCTD.

Fig. 3. Phi_K correlation maps between elements for quartzites of the Oka-Urik cluster (a) and the Urda-Gargan clus-

ter (0).

The darker the color, the stronger the correlation.

B cooTBeTCTBYIOMEH myonmukanuu (Baak, 2020). Onen-
Ka KapT M03BOJISIET ClIeJIaTh HEKOTOPhIE BBIBOBI O B3a-
HMMHOM paclpeielIeHUH IPUMEeCe:

— nnst Oka-YpHUKCKOro y37a XapaKTepHBbI CHIIbHBIC
KOppEISIMOHHBIE 3aBUCUMOCTH Mexay Al u K, a Tak-
xe mexay Cau B;

— mis Ypaa-I'apranckoro y3ia HaOJIFoIaeTCsl CUTh-
Has Koppeanrsa MEXIY TaKUMHA 3JICMCHTAMHU KakK Alnu
Ti, Alu K, Fe, Mn u Mg.

Heo0x01mumMo 0TMETUTD, YTO MAaTPHULbI KOPPEIIALIUH
(1axe yuuTHIBAIOIIME HEJIMHEHHBIC 3aBUCHMOCTH) HE
Jal0T TIOJIHOW KapTHHBI O B3aMMOCBS3H 3JIEMEHTOB B
KBapLUTaX, TaK KaK YYUTHIBAIOT TOJBKO UX MOMAPHOE
pacnpezeneHue. Jlanee Mbl OKaXXeM, YTO METOBI Ma-
HIMHHOTO OOyYeHHsI MOTYT YJIaBIUBaTh Oojiee TOHKHUE
3aBHCHMOCTH pacIipe/ie]IeHNs DIIEMEHTOB.

B xone wuccrnenoBaHus 1BeTOBas Kiaccuuka-
LUl KBapLUTOB MPOBOAMIACH BU3YaJIbHBIM METOAOM
0e3 HCHONb30BaHMUA CTaHIAPTH3MPOBAHHBIX IBETO-
BBIX IIKal. Bce o0pasiel ObUTH pas3zeneHsl Ha [BETO-
BBIE TPYMIIBI HA OCHOBE HETIOCPECTBEHHOTO BHU3Yyallb-
HOTO OCMOTpa, YTO COOTBETCTBYET NMPAKTHKE MHOTHX
MOJIEBBIX U JJAOOPATOPHBIX UCCIEOBAHUN B T€0JIOTUN
U apxeosiorud. Takoi MoaxoJl, HECMOTps Ha Ompejie-

JIEHHYIO0 CYOBEKTUBHOCTB, OIIPaBIaH B paMKax JaHHO-
T'0 UCCIIEZIOBAHMUS TI0 HECKOIBKUM MTPUIMHAM.

1. OCHOBHOH MENbI0 IBETOBOH KiIacCU(pUKAITIU
ObLTa TIPOBEpKa MPUHIMITAATBHON BO3MOKHOCTH CBS-
3W MaKpOCKOITUYECKHX BU3YaJbHBIX XapaKTEPUCTUK C
XUMUYECKUM COCTABOM, a HE CO3JJaHUC ITATIOHHOU CU-
CTEMBI IIBETOBBIX CTaHJaPTOB.

2. BusyasibHast OIICHKa 0CTaeTCsl HanboJIee pacipo-
CTPAaHCHHBIM W IMPAKTHUYCCKH 3HAYUMBIM METOJIOM B
apXeoJIOTHYECKOH TpaKTUKe MpH padoTe ¢ KaMEHHBI-
MU apredakTaMu.

3. Bce 00pasIibl OlleHUBaIMCh OJTHUM HCCIIeIOBaTe-
JIEM B CXOJIHBIX YCJIOBHUSX OCBEIEHHS, YTO 00CCIIeUu-
BaJI0 OTHOCUTEIBHYIO OTHOPOHOCTH OIICHOK.

OHako y TaHHOTO METOJIa OCTAIUCH OTPAaHUYCHHUS,
CBSI3aHHASI C HEKOTOPOI YCIOBHOCTBHIO TPAHUIl MEXKTY
LBETOBBIMHU rpynrnaMu. Takke HE YUUTHIBAJINCH BO3-
MOJKHBIE ONITHYecKHe d(PPEKTHI, CBI3aHHBIE C TEKCTY-
poii o6pasmnoB. Kpome Toro, TOHKHE IIBETOBBIC HIOAH-
CBI MOTJIH OCTaThCSl HE3aMEUECHHBIMHU.

Tem He MeHee, Aake Takas YIPOIICHHAs KJIacCH-
(uKanus MO3BOJIMIIA BBISIBUTH CTATUCTUYCCKU 3HAYH-
MBIC CBSI3M MEKIY BU3yaJbHBIMU XapaKTEPHUCTUKAMU
U XUMHYECKUM COCTABOM, YTO MOJTBEPIKIAACT MIPAKTH-

JIMTOCDEPA TomM 25 Ne2 2025
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YeCcKYI0 IIEHHOCTh MPOBEJeHHOro aHanu3a. [lomxyden-
HBIE€ pe3yJIbTaThl CIeyeT paccMaTpUBaTh KakK MepBbIN
mar B U3y4eHUH 3TON TMPoOIeMbl, OTKPBIBAIOIIHHA Mep-
CIIEKTHUBHI [Tt 00JIee TOUHBIX M3MEPEHUH C UCTIOIB30-
BaHHEM CIIEKTPO(OTOMETPUIECKIX METO/OB B Oy.Iy-
IIMX UCCIIETOBAHUSIX.

METOAbI MCCITEAOBAHUA

Jig  cTaTUCTHYECKOTo aHajin3a T€OXHMHUYECKHX
pasnuauidi MexIy oOpa3laMHu KBapIUTOB U3 Pa3HBIX
Y4acTKOB ObLIX [10CIIEI0BATENILHO IPUMEHEHBI J1BA Me-
tona. Tect MaHHa-YUTHH, KaKk HemapamMeTpUYECKUN
aHaJIOT t-KpUTEPHsL, TO3BOJIMII BBISIBUTH 3HAUUMBIE Pa3-
JWYMsl B PacrpesieieHUsIX KOHLEHTPALUH 3JIEMEHTOB
Mexny Oxa-YpukckuM u Yppaa-I'apraHckum ydact-
KaMH, HECMOTPs Ha HAINYHE BBIOPOCOB M OTKJIOHEHHSI
OT HOPMAIILHOTO pacIpe/ieNieHns B JaHHbIX. Kputepuii
Jumniepa TOTOHWII 3TOT aHAJIN3, 00OHAPYKUB BHYTPEH-
HIOI0 HEOJHOPOIHOCTh B PACIPEAEICHUSIX HEKOTOPBIX
3JIEMEHTOB, YTO MPOSBIUIOCH B MYJbTHMOIAIBHOCTH
WX KOHIIGHTPAIMOHHBIX Mpoduieil. ATIOMUHUI TTOKa-
3aJ1 CTATUCTUYECKHU 3HAUUMBIE PA3THYMSI MEXKLY Y4acT-
kamu (p = 0.042), 4To MOXKET OBITH CBS3aHO C pa3IHy-
HBIM COJep)KaHUEM CJIOJ B KBapuuTax. bop u TuTan
JMEMOHCTPUPYIOT TEHACHITNIO K paznuausM (p = 0.090
u p = 0.087 cCOOTBETCTBEHHO), OJTHAKO ATU PE3yJIbTa-
Thl HE JJOCTUIAl0T CTAHJAPTHOI'O YPOBHS 3HAYMMOCTH.
OctanbHble 3JIEMEHTHl MPOSIBISAIOT HCKIIOYUTEIBEHO
cwibHbIe pazmuns (p < 0.001), monTBepkaast UX poib
KaK HaJEXKHbIX T€OXUMHYECKUX Mapkepos. llomyden-
HBIE€ CTATUCTUYECKHE BBIBOJBI CTAIM OCHOBOH IS TO-
CJICAYIOIIETO MTPUMEHEHHUSI METOJIOB MAalIMHHOT'O 00Y-
YeHUs!, IOJTBEPANB KaK 3HAUNMBIC Pa3IdUHs MEXITY
YyYacTKaMH, TaK M CIIOKHYIO BHYTPEHHIOIO CTPYKTYpPY
JaHHBIX, TPEOYIOIIYO yueTa IIPY IOCTPOESHUH KJIacCH-
(hMKAITMOHHBIX MOJICIICH.

[lepBonayanbHO ObLIA HCCIEIOBaHA BO3MOKHOCTD
paszzesneHust 00pas3oB M0 XUMHYECKOMY COCTaBY € IO-
MOILBIO MTPOCTBIX KJIAcCHUecKux MeTosioB. K coxarne-
HUIO, METO/] TJTABHBIX KOMITOHEHT (aHTI. principal com-
ponent analysis, PCA) B 1aHHOM Cily4ae OKa3ajicsi He-
croco0eH OTOOPa3uTh MPUHIMMNHAIBHBIE PAa3INyuns B
XMMHYECKOM COCTaBe 00pa3LoB ¢ ABYX PA3HbIX ydacT-
koB. Omaako, moxoxwuit ¢ PCA meron t-SNE mocra-
TOYHO XOPOIIIO CIIPABUIICS C JaHHOU 3amayeit (puc. 4),
YTO JaJIo MIAHC Ha TO, YTO OoJiee MOIIHBIE METOAbI Ma-
LIMHHOTO O0YYeHHs TaKXKe CHpaBsITCS C ONpeACIeHH-
€M MECTOPOXKACHUS M0 XUMHUUECKOMY cocTaBy. t-SNE
(t-distributed Stochastic Neighbor Embedding) — ato
ANTOPUTM MAIIMHHOTO OOydYeHHUs ISl HEeIMHEHHO-
IO CHIDKEHMS Pa3MEpPHOCTH, pa3pabOTaHHBIN AJIs BU-
3yaJIn3aly BBICOKOPa3MEPHBIX JAHHBIX B JBYX- MJIH
TPEXMEPHOM TPOCTPAHCTBE, MOJICIHUPYS IOXOKHUE
00BEKTHI KaK OJNM3KHE TOUKH, & HEMOX0XKHE — KaK OT-
nanenubie (Maaten, 2014). Meton t-SNE cniocoben
O0OHapYXHUTh HEIWHEHHBIE 3aBUCUMOCTH, YTO 3P deK-
TUBHO JUIS1 BBISIBJIICHHSI CIIOYKHBIX MTATTEPHOB, KOTA JIU-
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HeWHbIe METO/bl HE JAal0T pe3yibTaroB. Kpome Toro,
3TO METO/I COXPaHAET JIOKANBbHYIO CTPYKTYPY JaHHBIX,
YTO yA00HO U aHAIM3a KIACTEPOB W BU3yalIH3allud
00BEKTOB, HAXOAAIIHUXCS BOJM3U IPYT OT Ipyra B HC-
XOAHOM TIPOCTPAHCTBE. DTOT METOA OCOOECHHO IoJie-
3€H /7151 HAXOKICHUS CKPBITHIX MATTEPHOB B JAHHBIX.
Cam mpolecc MalIMHHOTO OOYYEHHs! COCTOSUI M3
HECKOJIBKHMX JTaloB, TaK Kak MpeaBapuTenbHas oopa-
0OTKa JAaHHBIX UTPaeT KIIUYEBYIO POJb B ONTHMH3A-
UM UX KauecTBa. lIpomecchl, Takue Kak HOpMaln3a-
1usl, mpeoOpa3oBaHne U paclIipeHne Habopa JaHHbIX,
3HAYUTEJIBHO MOBBIIAIOT TOYHOCTH U 3(h(heKTUBHOCTD
nocneAyroned knaccuurkanui. IT0 0COOEHHO BaXK-
HO B KOHTEKCTE MAILIMHHOT'O 00Yy4eHHsI, TOCKOJIbKY Ka-
YEeCTBO BXOJHBIX JaHHBIX OKa3bIBAET MPSAMOE BIHSHUE
Ha MPOAYKTUBHOCTH MoJienu. Bo-mepBbiX, Oblia BbI-
MOJIHEHA CTaHAApTU3alUs M HOpMaIu3alus JaHHBIX.
B pabote a1t HopMalu3ay TeOXUMAYECKAX JaHHBIX
o1 mpuMeneH meton RobustScaler, oOecneunBaro-
LMK yCTOMYMBOCTD K BBIOpPOCAM U 3HAUHUTENIbHBIM Ba-
pHanusaM B KOHLEHTPALMSIX XMMHUYECKUX 3JIEMEHTOB.
B ornmume oT craHAapTHBIX METOIOB HOPMAaJIM3aLuy,
HCIOJIB3YIOIINX CpEAHEE 3HAUEHNE U CTAaHJapTHOE OT-
kinoHnenue, RobustScaler ocHoBaH Ha MeaMaHe M MEX-
kBapTHiIbHOM pasmaxe (IQR), uto genaer ero ocoden-
HO TIOJXOSIINM JIJIsl aHaIu3a JaHHBIX C AaHOMAaJIbHBI-
MU 3HAYeHWSIMH U HECTAHJAPTHBIMU paclpe/ieieHHs-
mu. [IpeobpazoBaHne MaHHBIX BBITOTHICTCS O (GoOp-
MyJie, IZle U3 KaKIO0ro 3HaUYCHMs BBIUMTACTCS Meana-
Ha COOTBETCTBYIOILETO NPU3HAKA, [10CTIE YETO Pe3yJib-
TaT JENUTCS Ha MEKKBAapTWIBHBIA pa3Max (pa3HOCTb
Mexay 75-M u 25-m nepueHtwiaMu). Taxol moaxon
COXpaHsIeT CTPYKTYPY HCXOAHBIX JaHHBIX U 00ecreyn-
BAeT COMOCTABHUMOCTH DPA3JIMYHBIX XUMHUYECKHX 3JIe-
MEHTOB, KOHIIEHTPALMH KOTOPBIX MOTYT OTJINYATh-
Cs1 Ha HECKOJIbKO TIopsnkoB. Beroop RobustScaler 06-
YCIIOBJIEH cHeun(UKOH reOXUMHUYECKUX JAHHbIX, JUIS
KOTOPBIX XapaKTEePHbl IIMPOKUH IHMana3oH KOHILEH-
Tpauui (OT CJICAOBBIX KOJMYECTB A0 MPOLEHTOB), Ha-
JAUYhe BBIOPOCOB M HEMapaMEeTPHUECKHe pacrmperie-
aeHus. Meros NeMOHCTPUPYET yCTOMYUBOCTb K aHO-
MaJIbHBIM 3HAUEHHSM, HE HCKa)xkas OOILIYI0 KapTUHY
pacnpezienieHus TaHHBIX, YTO KPUTUYECKH BAYKHO IS
[OCJIEIYIOUIEr0 NPUMEHEHHS aJrOPUTMOB MAIMHHO-
ro oOy4yeHus, HYyBCTBUTEIIbHBIX K MaclITaly Hpu3Ha-
koB. B wactHocTH, RobustScaler mo3BomnsieT koppekt-
HO CpaBHHMBATH BKJIAJI PA3IMYHBIX 3JIEMEHTOB, KOHIICH-
TPalUK KOTOPBIX W3HAYAIBHO M3MEPSUINCh B Pa3HBIX
eAMHULAX WIH HMMEeNIH CYIIECTBEHHO OTIMYalolIHe-
Csl Maras3oHbl 3HauYeHui. [IpakThueckas peannsanus
HOpMaJIM3alluy BKJIIOYaia CIEAYIOUINe OJTallbl: CHa-
yaja Ui KaXKI0I0 XUMHUYECKOI'O 3JI€MEHTa BBIUUCIIS-
JMCh MeIMaHa ¥ MEXKBapTHIbHBIN pa3Max Ha OCHOBE
oOyyaromeil BIOOPKH, 3aTeM 3TH NapaMeTpbl UCIIOJb-
30BJINCH I IPeoOpa3oBaHMsl BCEX AaHHBIX. BakHo
OTMETHUTh, YTO MapaMeTpbl HOPMAIU3ALUHN ONpPEaeIIs-
JIMCh TOJIBKO Ha 00ydarolieil BHIOOPKE, a 3aTeM MpuMe-
HSUTUCHh K TECTOBBIM JIaHHBIM, YTO UCKJIIOYaeT HHPOP-
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Busyanusauusa t-SNE (2 KOMNOHEHTbI)

60
40 &v

20 A

[NnaBHas KOMNOHEHTa 2

OKka-Ypukckui ysen
® Ypaa-lapraHckui ysen

= Lt 3 AZars
’ \,0. 0% & o
j S, »
—40
-60 -40 -20 20 40 60

[naBHas KoMNoHeHTa 1

Puc 4. 2-x xomnonentHoe pacnpenenerue t SNE o cBogHoit Tabnuiie.

Busyanu3zauust merogom t-SNE BeinonHeHa ¢ mapameTpaMu: pasMepHocTh mpoekiun — 2D, Perplexity — 10 (onTumMu3npoBaHo 1o

metpuke silhouette score), random state — 12345 (1t BOCIIpOU3BOAUMOCTH).

Fig. 4. 2-component t SNE distribution for the summary table.

Visualization using the t-SNE method was performed with the following parameters: projection dimension — 2D, Perplexity —

10 (optimized by the silhouette score metric), random state — 12345 (for reproducibility).

MaI[MOHHYI0 YTEYKYy U O0ecledrBaeT KOPPEKTHOCTh
BaMUgauu Mojeneld. BusyanbHbld aHanu3 pacmpe-
JICJICHUH JI0 W TIOCJIe HOPMAJIM3alluu MOATBEPAMI (-
(exTuBHOCTH MeTO/Ia: RobustScaler ycnemHo yMeHb-
M BJIMSHUE BBIOPOCOB, COXPAHWB IPH 3TOM OC-
HOBHBIC OCOOCHHOCTH MCXOJHBIX MaHHBIX. [loydeH-
HBIE PE3yNbTaThl CBUACTEIHCTBYIOT O IIeIeco00pa3Ho-
cTH ucnonb3oBaHust RobustScaler mist mpemoOpaboT-
KM TE€OXHMUYECKHUX JIaHHBIX TIepe]l MPUMEHEHUEM Me-
TOJIOB MAIIMHHOTO O0y4YeHHs. DTO OCOOEHHO MoJie3-
HO JIJIsl QJITOPUTMOB MAIIMHHOTO OOYYCHHSI, KOTOPBIC

YyBCTBUTENBHBI K MacTady, TAKUM KaK TpaJMeHTHBINA
CITYCK MJIM aJITOPUTMBI HA OCHOBE PACCTOSHUMN (HaNpH-
Mmep, K-Ommkaimmx coceeit).

CrenyonM IIarom craja ayrMeHTalus JAaHHBIX
JUIL paclIMpeHHs MpoOsieMbl JucOanaHca JaHHBIX.
B kauecTBe Meroja peanu3an ayrMEHTAIlUH JIaH-
HBIX 061 BEIOpaH anroput™ SMOTE (Chawla, 2002).
Ha puc. 5 npencraiaeHs! pe3yabTaThl AECITUKPATHON
MEPEeKPECTHON TMPOBEPKU JJIS IATH METOJOB U pas-
HBIX LIEJNEBBIX IEPEMEHHBIX, TPUYEM JIaHHbIC WILIIO-
CTPUPYIOT KaK Pe3yJbTaThl 10, TaK U MOCcJe MpUMEHe-
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Hue (a) u et (0).

Fig. 5. Cross-validation curves with n-fold splitting for different target variables: deposit (a) and color ().
Hust SMOTE k HaOopy nanHbIX. Mcnonib30BaHue Jecsi-  JICHHOCTh B MPOLIECCEe BHIOOpA TECTOBOTO Habopa JjaH-

TUKPATHOHN TEepeKpPEeCcTHON MpOBEpKH MMeeT mupokoe  HbiX. OxHako npuMmenenue SMOTE He npuBeno k cra-
[IPUMEHEHHUE, TaK KaK I103BOJISICT CHU3UTHh HEONpelne- TUCTUYECKU 3HAUMMOMY YJIYUIICHHUIO KJIacCH(UKauu
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1o MectopoxacHuto (Aaccuracy = +2.3%). D10 MoxeT
OOBSICHSITCS HECKOJIBKMMU TPUYMHAMHU: BO-TIEPBBIX,
HCXOIIHBIN MucOamaHc KIaccoB HE TPeOOBal KOPPEK-
[INH, BO-BTOPBIX, PEIIaroIiee 3HaYeHNE NMEeIT DJIEMEHT,
pacmpeziefieHle KOTOpOTo yke OBLIO cOalaHCHpOBa-
HO, U, B-TPEThUX, CHHTETHYECKHE 00pa3Ilbl NCKaKAIIN
KOPPEISIMKA MEXIy BTOPOCTEIICHHBIMU 3JEMEHTaMHU.
Takum oOpazom, AjIsl JAHHOTO THIIA TEOXMMHYECKUX
JaHHBIX C yMEpeHHBIM naucOanaHcoM mpenoOpadoT-
ka SMOTE mosxeTt 0bITh n30bITOYHOM. OHAKO, TIPHU-
menenne SMOTE mnpu pemennn 3amaun kiaccuduka-
LMW TI0 [IBETY MPUBOJAUT K 3HAYUTEIHHOMY yBeIHYe-
HUIO pabOTOCTIOCOOHOCTH MOJIETH 1 YBEITHUEHHUIO TOY-
HOCTH KJIacCH(DHUKAIIHH.

3nech HEOOXOAMMO OTMETUTb, TO METOIBI, OC-
HOBaHHBIE Ha rpagueHTHOM OyctuHre (CatBoost,
LightGBM, XGBoost), 1eMOHCTPUPYIOT BBICOKYIO
YCTOMYMBOCTh K HEOJHOPOAHOCTH JaHHBIX, pa30Opo-
Cy 3Ha4YeHUH U aucbanmaHcy kiaccoB. TeM HEe MeHee, B
COOTBETCTBHH C OOIICTIPUHATON MPAKTUKOW, MBI TaK-
K€ BKITIOUWIIM B aHAJIN3 0a30BYI0 MOJENH (Hampumep,
Naive Bayes u Logistic Regression) B xauecTBe KOH-
TPOJBHOTO AITOPUTMA JJIsl BAUAINH PE3YIbTaTOB.

OnHUM 13 BaXKHBIX MOMEHTOB B MaIlIMHHOM 00yue-
HUU SIBJISIETCsl BBIOOp Kiaccudukaropa. B Hamem wc-
CJICZIOBAaHUU MBI HCIIONB30BaM CIEAYIOUIHE KIacCH-
(buKaTopsl.

1. Random Forest (Breiman, 2001). AHcaMOIeBBIiA
METO/I, KOTOPBI HCIIOIB3YET MHOXKECTBO JIEPEBHEB Pe-
meHni utst Kiaccudukanuu. Kaxmoe nepeBo o0yqaer-
Csl Ha CJIy4ailHOM MOBBIOOPKE NaHHBIX, YTO TOMOTAeT
YMEHBIINTH PUCK NEpEOOyUEHHUS U MOBBIIIAET OOILYIO
TOYHOCTH MOJIEITH.

2. Naive Bayes (Manning, 2008). BeposTHOCTHBIN
Kiaccu(uKaTop, OCHOBaHHBII Ha Teopeme baiieca,
KOTOPBIA TIpeNIoiaraeT HE3aBUCUMOCTh TMPHU3HAKOB.
OH umeanpHO TOIXOAWT JJIS 3a1ad, TJe pa3sHooOpa-
3We€ TAHHBIX U KIACCU(PHUKAIMS TI0 KATETOPHUSIM HMEIOT
Ba)XHOE 3HAYCHHUE, HAIIPUMED, B ClIaM-(PUIIbTPaXx.

3. Logistic Regression (Yu, 2011). Otot meron uc-
MOJIB3yeTCsl sl OMHAPHON KiacCU(HKALWKU, TPOTHO-
3UPYsl BEPOSTHOCTh MPUHAIUICKHOCTH K Kiaccy. He-
CMOTpsI Ha Ha3BaHME, ITO HA CAMOM JIeJie METOJ JIU-
HEWHOM MOJIENIH, KOTOPBIM TPUMEHSET JTOTUCTUYECKYIO
(GhyHKIMIO JUTA TipeoOpa3oBaHus TWHEHHONH KOMOWHA-
MU BXO/IHBIX IPU3HAKOB B BEPOSTHOCTb.

4. K-Nearest Neighbors (KNN). Metoj, ocHOBaH-
HBI{ Ha MPHUHLUIE OJIM30CTH, KOTOPBIH Kiaccudpuiu-
pyeT HOBBIC JJaHHBIE, OCHOBBIBAsICh Ha Kilaccax k Omu-
XKalmux cocefeif. ITOT METOJ MPOCT B pealln3alnu U
s¢dhexTrBeH I HEOOBIINX HAOOPOB JaHHBIX, HO MO-
KET OBITh MEIITUTENHHBIM ISl KPYITHBIX BHIOOPOK.

5. CatBoost (Prokhorenkova, 2017) u LightGBM
(Ke, 2017). I'panuentHeie OycTHUHTH, pa3paOOTaHHBIE
JUTsE pabOTHI ¢ KATErOPHAILHBIMU MTPU3HAKaMK 0e3 He-
00XOIMMOCTH UX NpeaBapUTeNbHON 00paboTku. OHK
UJICATILHO TMOAXOJIAT Uil 00pabOTKU CMEIIAHHBIX TH-
MOB JIaHHBIX M MOTYT 3(QQEKTUBHO YIPaBISITh 0OIb-
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mHUMH o0beMaMH HWH(pOpMaLuK, oOecreyrnBas BbICO-
KYIO TOYHOCThH MOJICJIH.

B kauecTBe METPUKH OIICHKH KIacCH(PUKATOPOB
OblTa WCTOJh30BaHA TOYHOCTH (accuracy), KoTopas
MIPEACTABIIIET COOOM MOJIF0 MPaBUIBLHO KIIACCH(UIIN-
POBaHHBIX MPUMEPOB K OOIIEMY YHCIYy MPUMEPOB B
TECTOBOM Habope. DTa METPHKa IO3BOJISICT MOIYUYNUTh
o01ee MpeacTaBiIeHUue O MPOU3BOAUTEILHOCTH MOJIe-
JIU, HO MOXET OBbITh HE0CTATOYHO MH(OpPMATHUBHA B
cllyyae CHJIBHO HecOaJaHCUPOBAHHBIX JaHHBIX. OnHa-
KO, TaK KaK Mbl UCIOJIb3yeM OalaHCHPOBKY JaHHBIX,
TO CUUTAEM ITY METPUKY JOCTATOYHOM JUIS HAIIKX IIe-
JIeH.

Hactpoiika anropuTMOB MAIIMHHOTO OOyYCHHUS
MIPOBOIMIIACH C UCTIONB30BaHueM (ppeiimBopka Optuna
v3.0.0 (https://optuna.org), no3BoJsitoiiero 3hhHeKTuB-
HO TIOJIOMPaTh ONTUMAJIbHBIC KOMOWHAIIMY TUTIepIIapa-
MeTpoB. B xo/e riccie1oBaHusI POBOIUIICS TTOUCK TIO
ceTKe ¢ 0alleCOBCKOM ONTUMU3AINEH, YTO CYIIECTBEH-
HO COKpalaeT BpeMsl BBIYMCICHHH 10 CPaBHEHUIO C
MTOJTHBIM TiepebopoM. i Kakaoro KiacchupHUKaTo-
pa ObLT ompejielicH YHUKAJbHBIH HabOp HacTpauBae-
MBIX MIAPAMETPOB U TUAMA30HBI UX 3HAUCHHUU, YUUTHI-
BalolIMe CrenuuKy anroputMoB. B coydae Random
Forest onTUMU3UpOBaNCch KOJTHMYECTBO ACPEBHEB, IITY-
OvHa, MHUHUMAJbHOE YHUCIO O0pa3IoB Ui pasjere-
HUS U APYTHe KIF0UeBbIe TapaMeTphl. J{Jst moructuye-
CKOH perpeccuul MoAOUPaINCh KOIPPHUITHEHT peryJis-
pH3alyi, TAT HOPMBI U MeToJ onTumMu3zarmu. ['paau-
€HTHBII OYCTHHT TpeOOBall HACTPONKH CKOPOCTH 00Y-
YCHUS, TTyOUHBI IEPEBBEB U MAPAMETPOB PEryJIsipU3a-
ITUH.

[IpoBeneHHass ONTUMH3ALUS THUIIEPIAPAMETPOB
BBISIBHJIA HECKOJBKO XapaKTepPHBIX 3aKOHOMEPHO-
creir. Jlns ancamOiieBbix MeToz0B (Random Forest,
CatBoost, LightGBM) nabmaromaeTcs ycToauBas TeH-
JICHITUSI K WCIIOJIb30BAHUIO OTHOCHUTEIBHO OOJBIIOrO
KoJmdecTBa 0a30BbIX estimators (300-500), uro coot-
BETCTBYET COBPEMEHHBIM PEKOMEHIAIIMSM 110 IOCTPOE-
HUIO KOMIO3UTHBIX Mojeneid. [Ipu sTom riybuna ne-
PEBBEB CO3HATENHHO OrpaHuunBaeTcs (5—9 ypoBHEN),
YTO CBHJIETEIBCTBYET O HANPaBICHHOCTH Ha IMPEJOT-
BpallleHre epeo0yUueHHs Yepe3 peryssipu3alimio.

OcoObIli WHTEpEC MPEACTABISIET COTIACOBAHHOCTD
napamMeTpoB, KOHTPOJIHPYIOIIHX CIOKHOCTh JICPEBHEB:

— MHHUMAJIbHOE YUCIIO 00PAa3IoB JUIsl pa3jieieHus
(min_samples_split = 3 B Random Forest)

— MHHUMAaJIbHOE YMCIIO O0pasnoB B JUCTE (min_
samples_leaf=1)

— OrpaHMYCHHE MaKCHUMaJbHOTO KOJMYECTBA IMpPHU-
3HakoB (max_features = 'log2")

OTH 3HAYCHUS YKa3bIBAIOT Ha OajlaHC MEXTY CO-
XpaHEHHWEM JIOCTATOYHOM BBIPA3UTEILHONH MOIIIHO-
CTH MOJICTICH M KOHTPOJIEM MX CKJIIOHHOCTH K Tiepeo0y-
YeHHI0. B anroputMmax, OCHOBAaHHBIX Ha TPATHCHT-
Hom Oyctunre (CatBoost, LGBM, XGBoost) momo-
HUTEIIHO IPOCIICKUBACTCS €AMHOOOpa3re B BhIOOpE
ckopoctu o0yuenus (learning_rate 0.1-0.14), uTo co-
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OTBETCTBYET OOIICTIPUHATOMY ‘30JI0TOMY JHANa30HYy”
JUT JAHHOTO Kjacca MeTojioB. JIjisi MTUHEHHBIX Mojie-
neit (Logistic Regression) u merona k-Oimxaimx co-
cezeil mapameTpsl MOA0OpaHbl B COOTBETCTBUU C HX
TEOPETUUECKUMH OrpaHndeHusiMU. OCOOEHHO IOKa-
3aresieH KpaiiHe Masiblii KO3()(UIHMEHT CriIaKUBaHUS
(var_smoothing = 2.21e-11) B HauBHOM 0aiieCOBCKOM
KJaccu(uKaTope, 4YTo TOBOPUT O PaboOTe C JAaHHBIMH
BbICOKOH pa3mepHocTu. OOIelt uepToii Bcex Mojenei
CTaJI0 UCIIOJIb30BAHNE YMEPEHHBIX 3HAUCHUH peryJs-
pu3aMoHHBIX mapamerpoB (reg_alpha, reg lambda),
YTO TIOATBEPKIAET COATAHCHPOBAHHOCTH O0yUaromei
BBIOOPKH W OTCYTCTBHE HEOOXOJWMOCTH B YKECTKHX
OTPaHUUYCHHUSX.

OCHOBBIBASICH Ha JNAHHBIX KPOCC-BaTHIALMU (CM.
puc. 5) s nanpHelniel paboThl ObUT BEIOpaH anro-
put™m CatBoost moka3aBHIMil XOpOIIyI0 TOYHOCTH B
00ouX cirydasx.

AHanm3 BaXKHOCTH MTPU3HAKOB, BIUSIONINX HA I1eJIe-
BYIO METPHUKY, IPOM3BOJUIICS, KaK C IIOMOLIbIO BCTPO-
€HHBIX METOJIOB, TaK M C TOMOIIBI0 O0nbnnoTreku SHAP
(Lundberg, 2017). Ananu3 Ba)XHOCTH TIPU3HAKOB T103-
BOJISICT YIIyOUTh IOHMMAaHHUE paclpeaesieHus JaHHBIX
U TIOBBICUTH HMHTEPIPETHPYEMOCTb MOJENH KJacCH-
¢ukanmu. B 3TOM HcciienoBaHUU AN aHATH3a BaXKHO-
CTH MPU3HAKOB ObLI UCMONBb30BaH MeTo 1 SHAP, koTo-
PBIii OCHOBBIBAETCS HA TEOPHUU MIP ¥ BEIYUCIISICT BIIHS-
HHUE OTAEIbHBIX IPU3HAKOB HA LIE€JIEBYI0 IEPEMEHHYIO
C Y4YeTOM IOJIHOTO Habopa mpu3HakoB. Cpennee ad-
COJIIOTHOE 3HAYCHME BIUSHMS NPU3HAKOB MOXKET CIIy-
KHUTb HHAUKATOPOM UX 3HAYMMOCTH, TIPH 3TOM Pe3yJib-
TaThl HE 3aBUCAT OT HCHOJIb3YEMON MOJIEIH.

PE3VYJIbTATBI 1 OBCYXXJIEHUE

Kak Obuto yka3aHo paHee, METOIbl MAaIlIWHHO-
ro oOy4deHHsl HA OCHOBE TpaaueHTHoro cmycka (Cat-
Boost n LightGBM) mokasanu nydmryro METpUKy Ha
Kpocc-Banuaanuu, pasHyro 0.97. OnHako Takyroo ke
METPHUKY MOKa3aja W APEBOBUAHAS MOJENb CIIydaid-
Horo seca (Random Forest), yTo roBoput o ToM, 4TO
JMaHHBIE YYacTKH JIOCTaTOYHO XOPOILIO Pa3IesioT-
sl IO XMMHUYECKOMY COCTaBY, HECMOTPS Ha UX JIOCTa-
TOYHO OJIM3KOE PACIIONOKEHNUE U MBI MOXKEM C TOYHO-
cTbIO 10 97% oTHecTH 000 HccaexyemMblil 0Opasew
K TOM wiu uHOM rpynne. Ecau mocMoTpeTh Ha nua-
rpaMMbl Ba)KHOCTH TPH3HAKOB, TO ONPEACISIOLIIM
9JIEMEHTOM B HAlllMX HMCCIEIOBAHHUAX SBISETCS Map-
ratell, IpU4YeM €ro BIMSHHE Ha 3TOT MPOLECC J0CTa-
TOYHO BEJIMKO (pHC. 6). 371eCh HEOOXOAUMO OTMETHTb,
YTO JIaHHBIE Y HAC HOPMHPOBAHBI U METOJbI MAIIWH-
HOTO OOyYeHHs HCCIACAYIOT HE aOCOIOTHBIC 3HAde-
HUS BEJIMUMH IpUMEcell, a NIMEHHO MX B3aUMHOE CO-
otHouieHue. CreoBaTenbHO, CYLIECTBYET 3HAUNTENb-
Hasl pa3HHLIA B pacrnpeneneHur Mn B KBapuuTe uccle-
IOyeMbIX JBYX y4acTKoB. lHTepecHO, 4To BIHMSHHUE CO-
Jep KaHUsl OCTAIBHBIX DJIEMEHTOB MPAKTHYECKH OJU-
HakoBo. Ha amarpamme SHAP MOXHO BBIIETUTH Ta-
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Kyt 0c00eHHOCTh, uTo s B, Al u K noka3zana oOpart-
Hasl 3aBUCUMOCTb — UX HauOOJIbIIINE 3HAUCHUS YKa3bl-
BalOT Ha MPHHAUICKHOCTh K OKa-YPUKCKOMY ydacT-
Ky, TOT/1a KaK BeICOKHE 3HaueHus Mn, Li, Ca u P ompe-
JeJSII0T NPUHAIEKHOCTh K Ypaa-I'apranckomy y3-
my. Takoe pacnpeneneHue ckopee BCero CBI3aHo ¢ MU-
HepallaMH, KOTOPbIe OKPY)KarOT 3epHa KBapIia B KBap-
nutax. Kak 0but0 mokasano panee aiist Oka-Y puKCKO-
ro y3J1a XxapakTepHa Bbicokas koppesiius Al u K, uto
MOTJIO ObI TOBOPHUTH O BXOXJICHUU MOHOB QJIFOMUHUS
B 3€pHA KBaplla C HOHAMH KaJiUusl B KAYECTBE KOMIICH-
caTopoB 3apsaa. Ogaako nmposeneHusie DIIP nccneno-
BaHUS HE TIOKAa3bIBAIOT HUKAKUX CUTHAJIOB, CBOMCTBEH-
HBIX MOHAM aJIOMHUHHS, TO3TOMY MOKHO TOBOPHUTH O
toMm, uTo Al 1 K HaxozsTcs B cocTaBe CIFOJIbI, CKOpee
Bcero myckosuta. g Yppa-I'apranckoMy yuacTka
JKe XapaKTepHa CBsI3b KablUs U Gocdhopa, 4To Xxapak-
TepHO uis hocopuToB, a Takxke Koppensus Mn-Fe-
Mg, 9TO CKOpee BCETO TOBOPUT O HATUIUH POJOHHTA.
OtMmeTruM, 9T0 U (HOCHOPUTHI, U POTOHUT MOTIIH 00pa-
30BaThCS B pe3yNbTaTe METaMOp(u3Ma 0CaJOUHBIX TT0-
POIl, KaKk W KBAapIUTHI UCCIEAYEMBIX Y4aCTKOB, OJTHA-
KO HHKEM He ObUIH 00HApyKEHBI B KBapuuTax Boctou-
Horo CasHa. Oxnako oOHapyxeH anmatut Cas((PO,);
KaK CBSI3YIOIIIEee 3BEHO MEX/1y KaybliieM U pochopom.
JlanHblii acriekt TpeOyeT 0oJiee Tiy0OKOro U3yueHusl.

OpHaKo MpPU BHUMATEIILHOM PAaCCMOTPCHHM JHa-
rpaMM Ba)KHOCTH TPU3HAKOB Ha PHC.0 MOYKHO YBH-
JIETh pa3HOE B3aMMHOE PACIOJIOKEHHE DJIEMEHTOB TI0
BayKHOCTH. CpaBHUTENBHBIA aHAIN3 BaXKHOCTU TPHU3-
HakoB ¢ ucnoiab3oBanueM SHAP-3Hauenuilt u merona
feature_importances B CatBoost TpeOyeT moHUMaHUs
WX MPUHIMNHANBHBIX paznuuuil. SHAP-3navuenns, oc-
HOBaHHbBIC HA TEOPUHU KOOIEPATUBHBIX U, OI[CHUBA-
FOT BKJIQJ] KOKIIOTO MPU3HAKA C YIETOM BCEX BO3MOXK-
HBIX B3aUMOJCHCTBHI MEXIYy HHMH, IPEIOCTABISASA
rH(MOPMAIUIO KaK O BEIWYMHE, TaK U O HAIPaBICHUU
BIIUSTHUS Ha NporHO3. B oTnmmume ot atoro, feature
importances_ B CatBoost oTpakaeT yacToTy HCIIOIb-
30BaHUs IPU3HAKOB MPU TOCTPOSHUH JICPEBHEB U CTE-
[IEHb YJIYYIICHHUS KA4eCTBa pa3JIe/ICHUs, HE YUYUThIBas
HaIpaBJICHHOCTh BO3/eHcTBIs. Ha mpakTuke coriaco-
BaHHBIC PE3yJIbTaThl 00OUX METOJOB JJIsl ONPEICIICH-
HBIX TIPHU3HAKOB (HAIMpUMEp, comepykaHus Mn) mon-
TBEP)KIAIOT MX KIFOYEBYIO POJIb B MOAENH. Pacxoxme-
HUS )K€ MOTYT YKa3bIBaTh HA pa3HbIC aCIEKTHI BIIHA-
Hus: Bbicokasi SHAP-BaXHOCTb IpU HU3KOM MOKa3aTe-
ne feature importances  xapakTepHa JJis PU3HAKOB,
JICHCTBYIOIIMX Yepe3 CIIOKHBIC B3aUMOJICHCTBHSI, TOT-
Jla KaK 00paTHasi CUTyaIUsl CBUJICTEIBCTBYET O 4aCTOM
WCIIOJIb30BaHUKM TPU3HAKA JUIS PacCIICIUICHUH mpu
€ro MajJiOM HEeTOCPEICTBEHHOM BKJIaJ€ B WTOTOBBII
MIPOTHO3.

Ha pwuc. 5 6b110 MOKa3aHO, YTO METO/IBI MAIIMHHO-
ro 00y4YeHHs ¢ HeTUIOX0i TOYHOCTHIO (110 0.94) MOXKHO
TAK)KEe UCIOJIB30BATh JUIsl HCCICIOBAHUS IIBETa KBap-
LIUTOB. 31€Ch HEOOXOAUMO OTMETHUTE, YTO HU3KASL TOY-
HOCTb METOJIOB MOYET OBbITh CBSI3aHa €IIIC ¥ OMTUCAHUEM
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LBeTa KBapIUTOB (Pa3METKOW JAaHHBIX), TaK KaK 3TO
BCJIMYMHA, KOTOpas 3aBUCUT OT MHOTHUX (baKTOpOB, Ta-
KHX KaK OCBEIIEHHOCTh, BPEMS CYTOK, OCaJIKh U T. .
[Ipumenenne MeTOMOB MpenoOpabOTKH JaHHBIX, Ta-
kux kKak RobustScaler, xors n obecnieunsio ycToium-
BOCTbH K BBIOpOCAM, MOTJIO HETIpeTHAMEPEHHO HUBEIIH-
poBath ciadble, HO MOTCHIMAIHHO 3HAYUMBIC TECOXU-
MUYECKHE CUTHAJbI, OCOOECHHO ISl JIEMEHTOB C HU3-
KUMH KOHIIEHTpanusiMu. Tem He MeHee Ha pacIIupeH-
HOM Ha0OoOpe JaHHBIX OBUIM PACCUUTAHBI BAXKHOCTU
MIpU3HAKOB C TomoInsio Metoma SHAP. Pesynbrarsl
MpeJcTaBlIeHbl HA puc. 7. I3 nuarpaMm BUHO, YTO Ha
WICHTU(UKAIIAIO TIBETa KBAPIIUTOB IMPUMECH BIIHSIOT
no-pasHomy. Tak, uaeHTH(]UKaLUs OeNbIX KBAPLHUTOB
cBsi3aHa ¢ OoJbImMMU 3HaYeHusMU Li u Ca U HU3KH-
MU 3HaueHussMu Mn. [{iist cBeTIio-ceporo kBapuura 0y-
JIET XapaKTepHO NOBbIIIIeHHOE coepxkanue Na, K u Ti.
JI1s1 4epHBIX U TEMHO CEpBIX KBapLMTOB OIPEIEISAIO-
LIUM SIBJISIETCSL BBICOKOE conepkanue Mn u Fe, uto B
MIPUHIIATIE COTIIACYETCS C MPEATIONI0KEHNEM, UTO TEM-
HYI0 OKPacKy KBapIUTaM Jal0T COeIWHEHHs MapraH-

dneMeHT

na. OTMeTHM, YTO KOppeNsILIMOHHBIE KapThl Ul KBap-
IUTOB, Pa3ACJICHHLIX IO LBETY, NPAKTUYCCKHU OJHUHA-
KOBBI M HE JIal0OT BO3MOYKHOCTH CJIeJIaTh Kakue-ioo
BBIBO/IBL.

Ermte oqamM mpuMepoM TOTo, YTO aHaJIN3 BaXKHOCTH
(hakTOpPOB B METOAAX MALIMHHOIO 00y4YeHHs: padoTaeT
JIydIlle KOPPENsLNY, SBISIETCS aHaJIn3 KOHLEHTpaIH
kanpius. Ha puc. 8 mokaszansl quarpaMMbl Ba)KHOCTH
MIPU3HAKOB JUISl 33/1a4ll PErpeccuM IO OMpPEAeIICHUI0
KOHUOCHTpallMW KajJblWsd Ha OCHOBEC KOHUCHTpAIUU
OpYTUX TpUMecei Uil KBapLUWUTOB C Pa3HBIX ydyacT-
KoB. Iy pemieHust 3a1aud perpeccun TakkKe MpHMe-
wsicst meton CatBoost. BugHo, 9T0 BRICOKHE cofep-
xaHus KanbLus B Oka-YPUKCKOM y3J1€ CBSI3aHbI C BbI-
COKHM coJiepXaHrueM Hatpus U ¢pochopa, Toraa Kak Ha
KapTax KOppessiuuu (CM. puc. 3) B3aUMOCBSI3b MEXILY
STUMH DJIEMEHTaMM NpPaKTHUYeCKH OTCyTcTByeT. Jlis
VYpaa-I'apranckoro yudacTka BBICOKHE COJEpKaHUsA
KaJIbIUsI CBA3AHBI C BBICOKUMH CONEpKaHUSAMH Mg,
Mn u Fe, uto noaTBepx’aaeT NPUCYTCTBUE CUIIUKATOB
Maprasiia.

1 (Class 0)
2 (Class 1)
3 (Class 4)
4 (Class 3)
5 (Class 2)

0.0 0.5 1.0

1.5 2.0 2.5

BennynHa SHAP

Puc. 7. SHAP nuarpammbl Ba)KHOCTH IIPH3HAKOB, pacCUUTaHHBIE I MeTtona CatBoost.

LlemeBas mepeMeHHas — IBET KBAPIUTOB: | — O€JIbIi, 2 — CBETIO-CEPHIid, 3 — YepHBIH, 4 — TEMHO-CEPBIH, 5 — CEpPBIH.

Fig. 7. SHAP feature importance diagrams calculated for the CatBoost method.

The target variable is the color of quartzites: 1 — white, 2 — light gray, 3 — black, 4 — dark gray, 5 — gray.
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Puc. 8. SHAP nuarpaMMbl BaKHOCTH NPU3HAKOB, paccuuTaHHble 11 MeToga CatBoost o conepxanuto Ca B kBap-
murax ¢ Oka-Ypukckoro (a) n Ypaa-I'apranckoro (6) y4acTkos.

Fig. 8. SHAP diagrams of feature importance calculated for the CatBoost method for the Ca content in quartzites from
the Oka-Uriksky (a) and Urda-Gargansky (0) sites.
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IIpoBenennsblil aHaIU3 BBISABWJ, YTO COJIEPKAHUE
Maprasuia CJ1y’KMT OCHOBHBIM JTUATrHOCTUYCCKUM IPU3-
HaKOM /I paznudeHus kBapuutoB Oka-YpUKCKOTO U
Vpnaa-I'apranckoro y4acTkoB. BbIsiBIeHHAsI T€OXUMHU-
YyecKasi 0COOCHHOCTD — CYIIECTBEHHOE PAa3JINIHe B CO-
JIepXKaHWHM MapraHIla MPH COITOCTaBUMBIX KOHIIEHTpPA-
LUSAX JPYTUX AJIEMEHTOB — MPEJCTABISET OCOOBIA Ha-
yuHBIi uHTepec. M3BecTHO, 4TO MapraHer CKJIOHEH K
00pa30BaHMI0 KOMIUIEKCHBIX COCIMHEHH M COOCaXk-
ACHUIO C APYTUMU 3JIEMCHTAMU B T'MIICPIEHHBIX YCJIO-
Busax (FOmosuuy, 2013). B Hamem ciyyae MOXKHO TIpeji-
TTOJIO’KUTH HECKOJIBKO BO3MOYKHBIX MEXaHU3MOB TaKOU
muddepeHuanii: ONOTeHHYI0 aKKyMYJSIHAIO (YTO
COTJIacyeTCs C TIOBBIIIEHHBIM CO/IEPIKaHUEM yTIIepoJia
B Ypna-I'apranckux KBapuurTax), 0COOCHHOCTH CEIH-
MEHTOI'€HE3a WM TOCTCEAUMEHTAIIMOHHBIE MUTPAIIH-
OHHBIE TIPOLIECCHI.

Oco0oro BHUMaHMA 3aCIIy’)KMBaeT OTCYTCTBHE 3Ha-
YUMBIX KOppEJSILMA MapraHia ¢ JpyruMH JIEMEHTa-
MH. DTOT (EHOMEH MOXKET OOBICHITHCS KaK HU3KUMU
AOCOJTIOTHBIMH KOHIIEHTpanusaMu Mn (3ddekr “mac-
KHPOBKHK), TaK W YHUKaJHHOCTHIO MEXaHH3Ma €ro
KOHIIEHTpAIMKM B W3y4aeMbIX Moponax. JJomuHUpYyIO-
asi poJib Mapranua B audQepeHipmanum MecTopokKiae-
HUH, BbISIBIICHHAS 000MMHU METO/IaMU MAIIIMHHOTO 00Y-
YeHusi, TpeOyeT YTOYHEHUsS] ero MUHEpalbHbBIX (HopMm,
KOTOPBIE MOTYT BapbUpPOBATLCS OT POJOHHTA JO Map-
TaHeIICOAePIKAIINX TIMHUCTHIX MHHEPAJIOB WM THJI-
poTepManbHBIX 0Opa3oBanuii. [lomHas HHTEpIpETAIHS
BBISIBJICHHOHM T€OXMMHUYECKON CIIEIUPUKU TPEOYET 10-
MTOJIHUTEILHBIX UCCIICIOBAHNH C IPUBJICUCHIEM MUHE-
PATOTMYECKUX M U30TOMHBIX METOJIOB, YTO BBIXOJIUT 32
paMKH HacTosIIeH padoThl, HO OyJeT NpeaAMEeTOM Ha-
MINUX JaJbHEHUIINX UCCIIEIOBAHUN.

3AKJIIOYEHUE

[IpoBeneHHOE WCCIENOBaHUE TPOIEMOHCTPHUPO-
BaJo 3PPEKTUBHOCTh KOMILIEKCHOTO MOAX0/a, coue-
TAIOUIET0 TPATUIMOHHBIE CTATUCTHYECKNE METOMBbI U
COBpPEMEHHBIE AITOPUTMBI MAITMHHOTO OO0YYEHUS IS
aHaJln3a TEOXMMHUYECKHX OCOOEHHOCTEH KBapIUTOB.
[Ipumenenne HemapaMeTPUUECKUX CTATHCTUYECKUX
TECTOB BBIBHJIO 3HAYMMBIE Pa3iIUuWs B paclipenere-
HUU 3JeMeHTOB Mexny Oxa-Ypuxkckum u Ypaa-I'ap-
TaHCKUM y4YacTKaMU, MOJITBEPIUB IIeecO00pa3HOCTh
MOCJEAYIOUIEr0 UCHOIb30BaHUS METOJOB MAIINHHO-
ro O0y4eHHusl.

MeToibl MAaIIMHHOTO 00YYEHHSs], B YaCTHOCTH aJIro-
putMmel LightGBM, CatBoost 1 Random Forest, noka-
3aJId BBICOKYIO 3 (EKTUBHOCT (TOYHOCTH 10 97%) B
3a/1a4e KIACCH(HKAINA KBAPIIUTOB MO MECTOPOXKIE-
HusiM. KOMOMHMPOBAaHHBIN aHAIN3 BA)KHOCTH TIPU3HA-
KOB ¢ ucnojbp3oBanueM SHAP-3HaueHuii u BCTpoeH-
HBIX MeTpUK feature importances M0O3BOJIMI HE TOJb-
KO BBISIBUTH KIIIOYEBBIC JUArHOCTHUECKHE SIEMEHTEHI
(Mapranerr), Ho U yCTAaHOBHUTH CJIOXKHBIC B3aUMOCBSI-
3U MEXKIY PaziMyHBIMA XHUMHUYECKUMH KOMIIOHEHTa-
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Mu. OcoOblil MHTEpeC MpelCcTaBsieT OOHapyKeHHast
IIPOTUBOIIOJIOKHAA HAIIPABJICHHOCTD BJIMUAHUSA aJIFOMU-
HUs/KaJusl ¥ Mapranuna/kanbius/docdopa, 4To Halio
00BSICHEHHE B pa3IMYNU MHUHEPAIFHOTO COCTaBa KBap-
[IMTOB Pa3HBIX YYaCTKOB.

WHTEpecHBIM SBISIETCSA W TO, YTO MPUMEHEHHE Me-
TOJIOB MAallIMHHOTO OOYYeHUs JUIsl KIacCH(DHUKAIIMH TI0
LBETY KBapIIUTOB JIAJI0 PE3yJbTaThl C TOYHOCTHIO 0
0.94. OnHako BIUSIHHE Pa3MYHBIX (PAKTOPOB Ha OIU-
caHue IBeTa TpeOyeT NaNbHEUIIUX WCCIIEeIOBAHUM,
VUIUTHIBAIOIINX JOTIOTHUTENbHBIE MapameTpbl. Cpas-
HUTENbHBIA aHAJIN3 BAKHOCTH IIPU3HAKOB MTOKA3aJl, 4TO
METOJIbI MAaITMHHOTO O0y4YeHMs o0ecreunBaroT Ooee
rIy0OKOe TOHUMaHUE B3aMOCBS3eH U 3aBHCUMOCTEN
MEXy XUMUYECKHMHU DJIEMEHTAMH IO CPaBHEHHIO C
TPaJUIIUOHHBIMUA KOPPEISIIMOHHBIMU METOJAMH. ITO
MO3BOJIAICT YTOYHUTHL W AOIMOJHUTH CYHICCTBYIOLIUE
MMpeaACTaBJICHNUA O T€COXMMUUYCCKUX IPOoUECCax BXOIA-
[IMX B COCTaB M3BIIEKAEMbIX 00pa3IOB.

PazpaboTanHblii METOMWYECKUN TIOIXOM, BKIIIO-
garomui npuMeHeHne RobustScaler mrs HOpmaim-
3anuu JaHHbIX U t-SNE nis Bu3yanusanuu, mokasan
cBOIO 3()(heKTUBHOCTD ATl PabOTHl ¢ TEOXUMHUYECKH-
MU JTAaHHBIMH, XapaKTePU3YIOIIMMUCS HEITHMHEHHBIMU
3aBUCUMOCTAMHU U HAJITMYUEM BI)I6pOCOB. HOquCHHI)Ie
pe3yabTaThl HE TOJBKO IMOJITBEPXKIAIOT CYIIECTBYIO-
[IHMe MPEJICTABICHUS] O MUHEPAIOTHUECKIX 0COOEHHO-
CTSIX M3y4aeMbIX KBApPIIUTOB, HO M OTKPBHIBAIOT HOBBHIE
MIEPCTIEKTUBEI JUTsl TOHUMaHUS TPOIIECCOB UX (POpMH-
poBanus. JlanpHele ucciaenoBaHus JOJDKHBI OBITh
HaIpaBlieHbl Ha MUHEPAJIOTHUYECKYI0 BEpU(DUKAIIUIO
YCTaHOBJICHHBIX JIEMEHTHBIX ACCOLMAIUI U U3YUYCHUE
MCXAaHMU3MOB KOHIICHTPAIUH KIHOYEBLIX 3JICMCHTOB, B
MIEpBYIO Ouepe/ib MapraHia.

TakuM 00pa3oM, HCIOIB30BAHUE COBPEMEHHOTO
MalIMHHOTO OOyYEHHUS! OTKPHIBAaeT HOBBIE TOPHU30HTHI
JUTS aHATTN3a XUMUYECKOTO COCTaBa M TI03BOJIsIET Ooee
TOYHO WHTEPIPETHPOBATH JIaHHBIE, YTO OCOOCHHO aK-
TyaJIbHO IS TEOXUMUYECKUX UCCIIEIOBaHUI
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Obvexm UCC1e008anus. Cepus MHUHEPAJIONOA0OHBIX ¢a3 co CTPYKTypoOi CTPOHIIMOBUTIOKUTA
(1-x)SreIn(PO,)xCaLn(PO,); Ln = Eu**, Yb*. [erw. TpoananuszupoBats (hazoo0Opa3oBaHHe W IaTh KPUCTAJUIOXHU-
MHYECKHe acIlieKThl ()OPMHUPOBAHUS MUHEPAIONOAOOHBIX (a3 B cucreme. Memoow:. JIjisi TOCTKEHUS LENU ITPUMEHSLI-
Csl CJICAYIOIINI KOMIUIEKC METOJIOB: PEHTI€HOBCKasl u(paKius, reHepanus BTopoid ontudeckoit rapmonuku (I'BI), nu-
IEKTPHIECKAst CIIEKTPOCKONHS, (DOTOITIOMHHECIICHTHAS! CIIEKTPOCKOMHS. Pe3yibmamst. BeIcOkoTeMIIepaTypHBIM TBEPIO-
(a3HBIM METO/I0M OBLIH MOJYYEHbI CI0XKHBIE pochaThl CO CTPYKTYPOH CTPOHLHMOBUTIOKHUTA, YTO TOJTBEPIKICHO PEHTIe-
HOBCKOI1 audpakuueii. JudpakTorpaMMbl CHHTE3UPOBAHHBIX (a3 COOTHOCATCS ¢ paHee u3y4eHHbIM Stoln(PO,),. st Bcex
obpasuos curnan I'BI" He oOHapykeH B Ipejenax 4yBCTBUTEILHOCTH JIA3EPHOM YCTAaHOBKHM, YTO yKa3bIBAaeT Ha HAINYUE
LIEHTPa CUMMETPUH B HCCIeyeMbIX cucteMax. Ha TemnepaTypHOil 3aBUCUMOCTH AUAIEKTPUUECKON MPOHUIIAEMOCTH pe-
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HHKaKUX aHOMAJIMH He ObUIO 3aperucTpupoBaHo. CXojKee MOBEJICHUE B TUAICKTPHUYCCKUX BEIMYMHAX MOXKET yKa3bIBaTh
Ha U30CTPYKTYPHOCTh PACCMATPUBAEMBIX COEAMHEHMH, a TakKe Ha KPUCTAJUTU3ALHUIO B HEMOISAPHON MPOCTPAHCTBEHHOM
rpynme. IToka3ano, 9to 00pasis! 00s1afaroT cTaOMIBHON (HOTOMIOMHHECICHIINEH B KPAaCHO-OPAHKEBOH 00IacTH 3a ceT
u3yueHus KaTHoHOB Eu’™, B TO Bpemst kak 00passl, copepikaiiue Yb®™ obnamator dporomromunecueniueii B UK obnacru.
Buioowi. B cepun (1-x)SroIn(PO,);~xCa,Ln(PO,),; BemecTBa OyayT KpUCTAIITH30BaThCs B CTpyKType Stoln(PO,),, Tae mo-
sunmn Sr** ¢ KU = 8 6y ayTt 3amernarbest karnonamu Ca®* u Eu®*, kotopsle He OyayT 3amenats In®" B MaJIeHbKO# OKTasipH-
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Dopmuposanue murnepanonodoonvix gas 6 cucmeme Srodn(PO,)~CasLn(PO,),
Formation of mineral-like phases in the system Srn(PO,)—~CasLn(PO,),

Research subject. A series of mineral-like phases with strontiowhitlockite structure (1-x)SroIn(PO,),—xCasLn(PO,),
Ln = Euv*, Yb*. Aim: An analysis of phase formation patterns and crystal-chemical characteristics influencing the
crystallization of mineral-like phases within the studied series. To achieve the aim, the following set of Materials and
Methods is used: the powder X-ray diffraction (PXRD), the second harmonic generation (SHG), dielectric spectroscopy,
the photoluminescence spectroscopy. Results. Doped phosphates with strontiowhitlockite structure were synthesized by a
high temperature solid-state method. The structure was confirmed through X-ray diffraction method. The PXRD patterns
of all samples were compared with strontiowhitlockite-type phosphate SryIn(PO,);. There was an absence of SHG signals,
conforming the non-polar structure. The A-maximum is observed in the temperature dependence of the dielectric constant
for all sensitized samples, while no anomalies were recorded on the loss tangent. The similar behaviour in dielectric curves
may indicate isostructurality of studied samples, and crystallisation in non-polar space group. It was shown that samples
demonstrate stable photoluminescence in red-orange region for Eu*"-doped phosphates, while Yb*-doped ones shown
IR-photoluminescence properties. Conclusions. A series (1-x)SroIn(PO,),—xCa,Ln(PO,); was crystallised in Sr,In(PO,),
structure, where Sr** sites, with coordination number equals to 8, were substituted by Ca** and Eu*". Such ions cannot
occupy In®" site, which is presented by small octahedral, due to high ionic radius difference between ions. However
smallest ion as Yb*" can occupy small octahedral site. Dielectric and photoluminescence properties were studied in
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(1-x)SreIn(PO4);—xCayLn(PO,),.

Keywords: strontiowhitlockite, f-Ca;(PO,),, Yb**, Eu**, mineral-like compounds, whitlockite
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BBEJIEHHNE

®octarer  Kampiusa ¢ obmiet  popmyoit
Ca,Ln*(PO,); (Z = 6, Ln*" = TpexBaJCHTHbBII KaTu-
OH) M30CTPYKTYpHBI MHHEpPalTy BHUTIOKUTY WU €ro
CHUHTETHYECKOMY aHaiory — Tpukansiuiidocdary
B-Casz(PO,),, 1 mMpoOKO MpelncTaBIeHbl B JIUTEpAType
(Du et al., 2011; Asmaa et al., 2017) O6naromapsi 60J1b-
o m3oMopdHOU emkocTu. B To ke Bpems docda-
THI CTpOHIUS ¢ o0mmeir Gpopmynoit SroR(PO,); nzyde-
HBI HE TaK MOJIPOOHO, X UX CTOUT OTHOCHUTH K CTPYKTY-
pe cTpoHIMOBUTIOKUTA S1o0Mg(PO;OH)(PO,), (Brit-
vin et al., 1991). Menbmas u3ydeHHocTh SroR(PO,),
CBSI3aHa CO CTPYKTYpHBIMH OTpaHUuYEHHSIMHU Ui (a-
3000pa30BaHus: ISl CTAOMIM3AINN KPUCTAIUTNIECKOM
CTPYKTYpBI CTPOHIIMOBHUTIIOKUTA HE00Xomumo ¢op-
MHPOBaHUE OKTAdAPUYECKON TMO3UITNH, TOTAA KaKk 0e3
ee Hamu4aus Oyzner GopMupoBathcs daza co CTPYKTY-
poii mamemueputa (Huxudopos u ap., 2024). Takum
obpas3om, katnoH R*" momkeH oOnamath HEOONBIIMM
MOHHBIM paarycom, Harnpumep Ln** = Ga’* (Ma et al.,
2019), In**, Lu** (Yu et al., 2020), S¢**, Y** (Kim et al.,
2020), Mo cpaBHEHHIO CO CTPOHLIMEM.

Hus cepuit Ca; Sr(PO,), (0 < x < 16/7) (Be-
lik et al., 2002) 6puTO TTOKa3aHO, YTO (HOPMUPOBAHUE
(haz, M30CTPYKTYPHBIX BUTIOKUTY, HAOMIOJAEeTCSA TPU
x <12/7, npu 5TOM pOCTpaHCTBEHHas rpynmna (Ip. rp.)
ObLTa ompezeneHa kak R3¢c. B MHOro4YrcIeHHBIX cepH-
SIX TBEPABIX PACTBOPOB, B KOTOPBIX NPEACTABUTEIN Ha-
Yajna psiJi KpUCTAUTU3YIOTCS B IIp. Ip. R3¢, a coCTaBhl
u3 koHua psaa — R3¢, Cay, Mg, Eu(PO,),; (Deyneko et
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al., 2019), Ca, Zn,Eu(PO,), (Deyneko et al., 2020),
Cay s 5,MgEu,(PO,); (Deyneko et al., 2019) 6pu10 TI0-
Ka3aHO, 4TO OMpPENeNICHUE M. TP. ABJISICTCS HETPUBU-
ANBHOM 3a7aueli, BBUAY MPAKTHYECKU IOJIHOTO COOT-
BETCTBUSl PEHTICHOTPAMM, TOTJAa KakK IPOSBIsSEMbIC
CBOMCTBA MOTYT OTJIMYATHLCS 3HAUUTEIIBHO.

B To ke Bpems docdatel ¢ oOuieir popmyson
SryR3*(PO,),; B 3aBUCMOCTH OT THITa KaTnoHa R*" Mo-
I'YT KPUCTAJUIM30BATLCS B PA3IHMYHBIX Tp. TP. WIH, 00-
Jiee TOro, CTPYKTYpHbBIX TUnax. J[7si HOHOB peako3se-
MEJBHBIX JJIEMEHTOB KPHCTAIUTMYECKAs CTPYKTypa
CTPOHIIMOBUTIIOKUTA 00pa3yercsi TOJBKO IS TPEJ-
craButeneit konna psaaa: Yb*', Lu** (Yu et al., 2020).
docpar ¢ HoMuHaNBHOU Gopmyoit SroEu(PO,); dop-
MHUPYET CTPYKTYPY MNajJbMHEpUTa C OOJBIIAM KOJIH-
yectBoM Tpumecn ¢asbl oBiutuHa (Nikiforov et al.,
2024). CTpOHIIMOBHUTIOKUTHI C KaTHOHAMH HadJalia
psaga P332 mMoryT OBITh MONTYYEHBI TOJBKO TIPU BBEIE-
HUM B KPUCTAUTHYECKYIO CTPYKTYPY KATHOHOB MEHbB-
1IEero pagumyca, 0o cpaBHeHHIO co Sr¥* (ry; = 1.18 A),
Takux Kak Zn>* (ry; = 0.74 A), Mg* (ry; = 0.72 A)
w Mn?* (ry; = 0.83 A), To ectb ¢ 06meit Gpopmynoii
SrsMLn(PO,),, 4To OBLIO YCHENIHO MOKa3aHO B CEpUU
TBEPABIX pacTBOpoB Srg(Zn,_ Mn,)La(PO,); (mp. rp.
R 3 m) (Huxkudopos u np., 2024).

B mamHo# paboTe mpoaHAIM3UPOBAHBI KPHCTAJI-
JIOXVUMHUYECKHE aCMeKThl (HOPMUPOBAHUS MHHEPATIO-
nonoOHbIX a3 B cucremax SroIn(PO,),—Ca,Ln(PO,),
npu Ln = Eu*, Yb*". Beibop kaTtroHOB 00yCIIOBICH
TeM, uto Eu*" MOKeT ObITh HCITOIB30BaH KaK 30HT JUIs
OMpeJICTCHHS JIOKAJIbHOTO OKPYKEHHsI KAaTHOHA B KPH-
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CTaJUIMYECKOH CTPYKTYPBI, 4TO OBLIO cAETaHo B pado-
te (Deyneko et al., 2019), a Takxe HaxXoAUTCS B cepe-
nuHe psaga P3D m mMeer moctaToyHO OOJNBIION MOH-
HBIA paguyc, a KaTHOH Yb*" — mpeacTaBuTe s KOHIA
psana P39, u umeeT CKIIOHHOCTh K pa3MEIleHHUIO B OK-
Ta’IpUUecKoil mo3unuu. Mcmonp3oBaHne KOMILIEKca
METOJIOB: PEHTTEHOBCKON NU(MPAKIUK, AUIICKTPUYEC-
CKOW CHEKTPOCKOMHUH, (POTONIOMUHECLIEHTHOW CIeK-
TPOCKOIMMU U aHaIU3 HEIUMHEWHO-ONTUYECKOW aKTHUB-
HOCTU CHUHTE3MPOBAHHBIX (pa3 — MO3BOJIMJIO H3YYHUTh
CBOWCTBa HOBBIX MHUHEPaJIONo00HBIX (ochaToB B
CTPYKTYpE CTPOHIIMOBHUTIOKHTA.

OKCIIEPUMEHTAJIBHA S YACTD

Cepun cnoxubix  ¢ocdaroB  (1-x)SrIn(PO,)—
xCa,Ln(PO,); Ln = Eu*, Yb*, (x = 0.1, 0.2) momyue-
Hbl METOJIOM BBICOKOTEMIIEPATYPHBIX TBEPAO(pa3HBIX
peakiuii. CHHTE3 IPOBOIUIICS U3 CTEXUOMETPHUCCKUX
cMeceit KOHeUHBIX cocTaBoB StyIn(PO,); 1 Ca,Ln(PO,),
(Ln = Eu, Yb) mpu 1100°C B Teuennu 48 qacoB 110 pe-
AKIHSIM:

0.9S1,In(PO,), + 0.1Ca,Eu(PO,), = Sry,CagoIny,Euy,(PO,),
0.9S1,In(PO,), + 0.1CasYb(PO,); = Sty ,Cag sIng s Yy (PO,),
0.8S1,In(PO,), + 0.2Ca,Eu(PO,), = St;,Ca, sIny Bty »(PO,),
0.8S1,In(PO,), + 0.2Ca,Yb(PO,), = St,,Ca, sIngs Yby»(PO,);

[IpenBapurensHO ucxoanble BemecTBa Styln(PO,),
(mp. rp. 12/a) u CagR(PO,), (ip. rp. R3¢) roTOBHIN Me-
TOJOM TBEepA0(a3HOrO CHHTE3a M3 CTEXHOMETpUYe-
ckux kosmdectB SrCO; (99.9%), CaCO; (99.9%), R,0;
(99.99%, R =1In, Eu, Yb) u (NH,),HPO, (99.9%). Cun-
Te3 TMPOBOJIMWIN Ha BO3AYXE B alyHJIOBBIX TUTJISX TPU
temnepatype 1100°C B Teuenne 100 4 ¢ Tpemst mpome-
KYTOYHBIMHU NepeTupaHusiMu. Bee ncxonnsle peaktu-
BBl IIpoBepeHbl MeTogoM PDA u He coneprkanu npu-
MECHBIX (a3.

Pentrenogaszossiii ananus (POA) monukpucran-
JUYECKUX 00pa3oB MPOBOANIH IPU KOMHATHON TEM-
neparype Ha MOpOmKOBOM audpakTtomerpe Termo
ARL X’TRA (CuKal, A =1.5406 A, reomeTpus Ha
OTpaXX€HHE) W TPOTIOPIUOHAIBHBIM JETEKTOPOM.
CbeMKy TPOBOIMIN B MHTEpBaiax yrioB 20 = 10—
70° marom 0.02°. I3MepeHUst IPOBOAWIUCH IPU KOM-
HAaTHOH TemmepaType. PeHTreHorpamMmel o0padarbl-
BaJl METOAOM MNPO(UIBHOrO aHajiu3a C MOMOIIBIO
nakera nporpamm WinX-powder. ®a30Bblii aHaNU3
MPOBOAMIN C UCTIONb30BaHUEeM 0a3bl nanHbx JCPDS
PDF —4.

N3mepenne HeNMMHEHHO-ONTHYECKUX CBOHCTB 00-
Pa310B NPOBOAMIN METOJJOM IeHEPAaLlui BTOPOH ONTH-
yeckoil rapmonuku (I'BI’) Ha monmmkpucrammaeckinx
o0pasuax M BBIIOJIHSUIM Ha JJaOOPaTOPHOH yCTaHOBKE
¢ ucrtoynukoM m3nydenus: Y AG:Nd-nazep Minilite-1
(A = 1064 um) npu KoMHaTHOU TemmepaTtype. Peruc-
Tpalys CUTHaja MPOBOJMIIACH B T€OMETPUHU Ha OTpa-
keHue. HenmmHeltHO-onTHUYECKash aKTHBHOCTH 00pas-
[IOB OIICHWBAJIACh IO OTHOIICHUIO K KBApIIEBOMY 1ITa-
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noHy (nonukpucraumieckui a-Si0, ¢ pasmMepoM va-
ctuil 3—5 MkM), 1,,/1,,(S10,).

CrieKTpbl BO30YXJIEHHUS M H3ITy4eHUs: (HOTOIOMU-
HECIeHIIN OB 3aperruCTPUPOBAHBI MPH TOMOIIN
(hayopecnienTHoro ciektpomerpa Agilent Cary Eclipse
¢ 75 kB Xe mamrioif B kauecTBe HCTOYHUKA BO30YXkKIe-
HUs (IPOJOJDKUTEIBHOCTD MyJibca T = 2 |IC, 4acTOTa
nynbsca v = 80 ['m; PMT Hamamatsu R298). Criexpsr
(OTOMOMHUHECIICHITUH 7151 BceX 00pa31ioB U3MEPSIIH B
OJIMHAKOBBIX YCJIOBUSIX ITPH KOMHATHOH TeMIleparype.

Jia mpoBeieHust UCCIeIOBaHUi METOAOM JTUAIIEK-
TPUUYECKON CHEKTPOCKOIMH UCTIONH30BAH KepaMude-
CKHe TaOJETKN TuaMeTpoM 4—5 MM, BBICOTOH 1-2 MM,
cneuennsbie pu 1470 K. CepeOpsiHyro macTy HaHOCH-
JIU Ha TOPIEBBIC TIOBEPXHOCTH TAOJIETKH U BIKUTAIH
JUTSL TTOJTyYEHUS] METANIMYECKHX JIEKTPoA0B. M3mepe-
HUS AUAJIEKTPUIECKOM POHUIIAEMOCTH ¥ TAHT'€HCa YT~
JIa IMDIIEKTPUYECKUX MOTEPh MPOBOJIWIN B HHTEpBAJIE
temriepatyp ot 293 mo 1373 K mpu gacrotax 10 kI,
100 kI'm u 1 MI'TT Ha TUDIIEKTPUIECKOM CTICKTPOMETPE
Novocontrol (®PI'). Xopormmas BOCIPOU3BOAUMOCTD
KPUBBIX B ITUKJIE HArpeB-OXJIAXKIIEHUE TMOJTBEPKIAET
KBa3UPaBHOBECHBIE YCIOBUS U3MEPECHUN.

PE3VIJIBTATHI 1 UX OBCYXXJIEHUE
Pentrenogasosnblii anaans

Ha (puc. 1) mpuBeaeHs! OuQpPaKTOTpaMMBbl CEpHit
CHHTEe3UpOBaHHBIX Gocdaros. KonnuecTBo u nmososxe-
Hue pediekcoB Ha AU(paKTOrpaMmax Jist BCeX CHHTe-
3MPOBAHHBIX COCTABOB OJIM3KO K MPUBEICHHBIM HMEH-
HO 11 StoIn(PO,), (1p. rp. 12/a, PDF — 4 04-009-5452),
B otinunu ot CagEu(POy,), (p. rp. R3¢, PDF — 4 00-
070-0126). Takum oOpa3oM cHHTE3UpOBaHHEIE (hocda-
Thl KPUCTAJUIN3YIOTCS B CTPYKTYPHOM THIIE€ CTPOHIIMO-
BUTJIOKHUTA C M. Tp. [2/a, SIBISAIOTCS H30CTPYKTYPHbI-
mu StyIn(PO,); 1 popMupyOT HETTpepHIBHBIE TBEP/IbIC
PacTBOpBHI.

Pesynbrarel pacueToB a, ¢ mapameTpoB M 00be-
Ma V aieMeHTapHBIX sSYeeK MpeaCTaBICHbI B Ta0u. 1.
[TapaMeTpbl 2EMEHTAPHBIX SYEEK YMEHBIIAIOTCS MO
Mepe BBeJECHHS B CTPYKTypy Stoln(PO,); xaTHoHOB
KaJbLUsl U €BPONMS, MMEIOIIUX MEHbIIUI HOHHBIN
paamyc, 0 cpaBHEHHIO co cTpoHuueM. I[IpocTtpan-
CTBEHHAs Ipylma JJIsl BEIIECTB, KPUCTAU3YIOINX-
Csl B CTPYKTYPHOM THUIIE CTPOHIIMOBUTIIOKUTA, ObLIA
omnpenesneHa Kak HenossipHas [2/a (Belik et al., 2002).
[ToaTBepkKaeHNEM HEMOSIPHOTO CTPOEHUS CIYKHUT
orcyrcTBUe curHanoB I'BI' mpu koMHaTHOU Temie-
patype st Bcex ¢ochatoB B cepuu SroIn(PO,)—
CaoLn(PO,),. Ilpu uccrenoBanmu meroaom ['BI' B
temneparypHoM uHTepBaie 293—-1073 K curnan He
oOHapy>XeH B peeax YyBCTBUTEIBHOCTH JIa3epHON
ycranoBku (~0.01 curHana ot 3TaJOHHOroO Ipenapa-
Ta kBapua). Takoe moBenenue curnana ['BI' cBune-
TEIBCTBYET O TOM, UTO KpHCTaJIIM4ecKasi CTPyKTypa
CUHTE3MPOBaHHBIX (ochaToB COXpaHsSeT LEHTP CUM-
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Puc. 1. Tudpaxrorpammsl mist (1-x)SroIn(PO,),—xCagEu(PO,),, x =0.1 (1), 0.2 (2) u (1-x)S1,In(PO,);—xCa Yb(PO,),
x=0.1(3), 0.2 (4) u Bperosckue pediekcs st Sroln(PO,),; (PDF —4 04-009-5452) u Ca,Eu(PO,), (PDF — 4 00-070-

0126).

Fig. 1. The PXRD patterns of (1—x)Sr,In(PO,),~xCaEu(PO,),,x =0.1 (1), 0.2 (2) and (1—x)SrsIn(PO,),~xCa, Yb(PO,),
x=0.1(3), 0.2 (4) and Bragg reflections of Sr,In(PO,), (PDF — 4 04-009-5452) and Ca,Eu(PO,); (PDF — 4 00-070-

0126).

Taoauua 1. ITapamerpsl sieMeHTapHbIX stueek Stoln(PO,); u (1-x)SreIn(PO,),—xCa,Ln(PO,),, x = 0.1, 0.2; Ln = Eu?, Yb**
Table 1. Unit cell parameters of SryIn(PO,),; and (1-x)SroIn(PO,),—xCa,Ln(PO,),;, x = 0.1, 0.2; Ln = Eu**, Yb**

CocraB a, A c, A v, A
Sr,In(PO,), 10.686(1) 19.926(4) 1970.4(3)
S, {CagIngsEu, (PO,), 10.593(6) 19.702(9) 1914.6(2)
St 4CatgsIngsYby,(PO,)s 10.595(7) 19.703(1) 1915.3(2)
St,,Ca, sIny sEuy ,(PO,); 10.583(9) 19.607(6) 1901.8(3)
St;,Ca, sy sYbyo(PO,)s 10.585(9) 19.643(4) 1906.1(9)

METPHUH BO BCEM M3YUYEHHOM TEMIIEpPaTypHOM WHTEP-
Bale.

U3zBectHO, uTo StoIn(PO,),, a TAKKE CHHTETHYECKUE
AHAJIOTH, KPUCTAJUIN3YIOTCS B CTPYKTYpPE BUTIIOKUTO-
mo1I00HbIX coenuHeHuid. CTOUTh OTMETHTh, YTO (OC-
(atel Kanblusa ¢ obmieit popmynoit CagIn(PO,); Tak-
e KPUCTATU3YIOTCS B CTPYKTYPHOM THII€ BHTIIOKH-
Ta, OJIHAKO Mp. TP. TAKUX COEAUHEHUN moIsipHas R3c.
Panee Obwia oTMeueHa HEKOTOpas CTPYKTypHas CXO-
xecthb pocharoB Casln(PO,); (Morozov et al., 2002)
u StoIn(PO,); (Belik et al., 2002). Cama kpucraminye-
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ckas ctpykrypa Sroln(PO,), Obua onmicana B (Belik et
al., 2002) (mp. rp. I2/a) u conepX UT NATh HEIKBUBA-
JICHTHBIX MCKa)KEHHBIX BOCHBMUBEPLIMHHUKOB IS Ka-
TtroHa Sr*": Sr1-Sr5, u 01HON OKTa’PUIECKOM TO3H-
11, 3auaToit In** (puc. 2).

Hnst oObsicHenus (azopopMupoBaHHsS B JIAHHOM
CepUM CTOUT OOPATUTHCS K '€OMETPUUECKOMY aHaJIH-
3y KOOPJAMHALMOHHBIX HOJIM3APOB U BBOJUMBIX HOHOB
(tabm. 2). Tak, cornacHo npaBwity ['onbammMuaTa 00-
pa3oBaHUe HENPEPBIBHOW CEpUH TBEPABIX PACTBOPOB
BO3MOYKHO TIPH pa3HUIIE HOHHBIX paanycos (D,) 3ame-
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Puc. 2. (a) ac npoexuus SroIn(PO,); (rip. rp. 12/a) u (6) nonudapst Sr1-SrS u In B crpykType Sroln(PO,).

Fig. 2. (a) ac projection of SryIn(PO,), (sp.gr. 2/a) and (6) the polyhedra Sr1—Sr5 and In in SryIn(PO,); structure.

Ta6aumna 2. 3uauenus D, (%) st nonupyemoro katuona B (1-x)SryIn(PO,),~xCa,Ln(PO,),
Table 2. The value D, (%) for doped ions in (1-x)SreIn(PO,);~xCay,Ln(PO,),

3ameniaeMble Panuyc, Jonupyemble KaTHOHBI
kaTHOHbI B StoIn(PO,), A/KY Ca* B Yb*+
1.12A/8 | 1.00 A/6 1.07A/8 | 0.95A/6 | 0.98A/8 | 0.87 A/6
Sr?* 1.18/6 - 15.2 - 19.5 - 26.3
1.26/8 11.1 — 15.1 — 22.2 —
In* 0.8/6 - 25.0 - 18.8 - 8.8
0.92/8 21.7 - 16.3 - 5.4 -

[IaeMbIX U BBOAMMBIX aTOMOB, He IpeBblmaromei 10—
15%, u paccuuThiBaeTcs M0 hopmyIie:
p ="

r

x100,
T

TJie 1, ¥ 'y — 9TO MOHHBIE PaJIYChI, 3aMEIIaeMOro HOHa
1 KaTHOHA-J0NaHTa, COOTBETCTBEHHO, C OJIMHAKOBBIM
koopauHaMoHHEIM yuciioMm (KY), D, — 3HaueHune ot-
HOCHUTEJIBHON pa3HUIBl HOHHBIX PajyCOB, BBIPAXKEH-
HOE B ITPOIEHTAX.

Takum 00pa3zoM, COTIACHO pacCYMTAaHHBIM 3HaUe-
HusM D, B cepur, B cTpykType StoIn(PO,), mo3utmn
ctpormua ¢ KU = 8 OyayT 3amemarscsi KaTHOHAMHU
KaJIBITUS ¥ €BPOMHUS B mo3uiusax Srl1—Sr5, 6onee Toro,
KaK OTMEYaJIOCh BBIIIE MMO3UIUH s Sr*° ¢ OKpYKEHH-
€M M3 IIECTH aTOMOB KHCIOPOAa — HE HaOII0AaeTCs.
Crout oT™MeTHTh, uTo Katuonsl Ca** u Eu*" He OynyT
3amMernath In*" B MaJIeHbKOM OKTAdIPUIECKOM TO3UITHH

B BUJY CIMIIKOM Ooibiioro 3Hauenus D, (D(Ca*') =
=25.0% u D,(Eu*") = 18.8%), B OTJMYHH OT MEHBIIIETO
no paauycy karuona Yb** (D, = 5.43%).

I[I/lf).l'leKTpH'leCKaﬂ CIIEKTPOCKOIIUSA

Uccnenosanns StyIn(PO,); MeTogom ausnexTpude-
CKOW CIEKTPOCKONHUH BBISIBWIN aHOMAJIMIO HA TEMIIe-
paTypHOH 3aBUCUMOCTH JURJICKTPUUECKON NPOHUIIAe-
moctH &(7) pu T, = 780 K (puc. 3a). [lonoxxenue nau-
HOW aHOMaJWW HE 3aBUCHT OT YacTOTBI U3MEPUTEIb-
HOTO moJisi. B 1uKIiie HarpeB-oxJaJaeHne Ha KPUBOH
¢(7T) remneparypHbli rucTepesuc He Habmoaancs. On-
HAKO 3HAYCHUE IUBJICKTPUUECKONW IPOHUIAEMOCTH €
BOM3M TeMmepaTypsl Ga3zoBoro nepexoaa 7, 3aBUCHT
OT YaCTOTHI, CBI3aHHOMN ¢ HATMYUEM 3aMETHON HOHHOM
poBOAUMOCTU. TeM He MeHee, OTCYTCTBHE MaKCHUMY-
Ma IpU TOU e TeMIepaType Ha TeMIlepaTypHOH 3a-
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Puc. 3. TemmepaTypHble 3aBUCHMOCTH KOHCTaH-
TBI JAWAIIEKTPUUYECKON IMPOHMIAEMOCTH (€, CIUIOMNI-
Hasl JIMHUS) U TaHTeHca yrila JU3JIeKTPUYECcKUX I10-
Tepp (tand, MyHKTHpHAas JIMHUS) TPH 4YacToTax
10 k', 80 k' u 1 MI'n nust (a) SroIn(PO,), u (6)
Sr7,Ca; sIng sEug2(PO,),.

Fig. 3. Temperature dependences of dielectric con-
stant (g, solid line) and loss tangent (tand, dot line)
under 10 kHz, 80 kHz and 1 MHz for (a) SryIn(PO,),
and (0) Sr;,Ca, sIn, sEuy,(PO,).

BHCUMOCTH TaHTEHCA yIJa TUAJICKTPHUUECKUX MOTEPh
tand(7) siBIsieTCss apryMEHTOM B CTOPOHY HMHTEpIpe-
TallMY JJaHHOW aHOMAJIMU KaK aHTHCETHETOdJICKTpHYe-
ckoro ¢aszoBoro mepexomna. J[isg caoxHBIX docdaToB
Sr,,Ca, sIngsEuy,(PO,); (x = 0.2) Ha TemmeparypHOi
3aBUCUMOCTH JAUAJIEKTpUuecKoil nponunaemoctu £(7)
npu T, = 760 K perucrpupyercs anomanus, 1 Ha TaH-
TeHCE yria AUIIEKTPUIECKUX MOTEPh HUKAKUX aHOMa-
sl He ObLI1o 3aperucTpupoBaHo (puc. 30). Cxoxee 1o-
BEJICHUE B JUDIICKTPUYECKUX BEIMYMHAX MOXKET yKa-
3bIBaTh Ha U30CTPYKYTPHOCTh PacCMaTpHBaEMBbIX COe-
nuHeHUH. bomee HU3KME TeMIiepaTypsl (pa3oBBIX Tepe-
XOZ0B MOTY ObITb O0BSICHEHBI BIUSIHUEM SHTPOIIUITHO-
ro (hakropa npu Kpuctauu3anuu GochaTos.

DoTOoNIOMHHECIIEHTHBIE CBOIiCTBA

Ha puc. 4 mpuBeneHbl CHEKTphl BO30YXKIECHUS —
B®JI (cMm. puc. 4a), u uzinydeHus (OTOIIOMHHEC-
neanun — OJI (ecm. puc. 46) miga (1-x)SrIn(POy4)—
xCayEu(PO,); (x = 0.1, 0.2). Ha cnekrpax BDJI Ha-
OJII0A0TCS: IMPOKas M0JI0ca, COOTHOCSIIAsICA C I10-
nocoit nepenoca 3apsina (CTB, ¢ yposreit O* Ha Eu’"),
U CTaHJApTHBIE MEPEXO0/Ibl, OTBEYAIOIINE MEepeEXoaaM
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Puc. 4. Cnexrpsr BOJI (a) A,,, = 615 am u ®JI (6)
Asoss = 395 um mast Sty Cagolng oEuy (PO,), (uaums 1,
x=0.1) u Sr,,Ca, 3InysEuy,(PO,), (uauMs 2, x = 0.2).

Fig. 4. PLE spectra (a) A., = 615 nm and PL (6) A, =
= 395 nm for Sry,Ca,lngoEu, (PO,); (curve 1, x =
=0.1) and Sr;,Ca, gIny3Eu,y,(PO,); (curve 2, x = 0.2).

U3 OCHOBHOTO ypoBHs 'F; Ha BO30Y)KICHHBIC YPOB-
uu karnona Eu*. Dtu muaun wHaxomstes mpu 319 Hm
("F, — °H;), 360 am ("F, — °D,), 375 um ('F, — 3Gy)),
382 um ('Fy — °L;), 395 um ('Fy, — °Ly), 415 um
(’Fy — °D;) u 464 uam ('F, — °D,). Obnacts ¢ nepe-
HOCOM 3apsifia IMEET COTIOCTAaBUMYIO MHTEHCHUBHOCTH
C OCHOBHBIMU TiepexoiaMi. CTOUT OTMETUTbH, YTO JIJIS
coctaBa ¢ x = 0.1 (Srg,Ca,olnyyEu, ,(PO,),) Habmona-
€TCsl MHTCHCUBHAS OJIoca B 00J1aCTH MeHbIIe 250 HM,
KOTOpasi MOXET OBbITh COOTHECEHA C TMOTJIOICHH-
€M Ha YpOBHSX camoil MaTpuipl BuTiokuTa (host ab-
sorption). Ha cmextpax @JI HabaromaroTcss cTaHaapT-
HbIC WHTCHCHUBHBIC f-f MEepeXonsl B KpacHO-OpaHKe-
BO# 00JIaCTH BUIMMOTO CHieKTpa kaTnoHa Eu* ¢ Hik-
HEro BO30YKJCHHOTO ypoBHs °D, Ha YPOBHH OCHOB-
HOro coctostHus. [1oyockl TIepexo10B HaOIF0Iat0TCs
mpu 579 um (°Dy — F), 593 um (°Dy — F)), 615 um
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Puc. 5. Cnexrper BOJI (a) A,,, = 980 aM 1 DJI (0) Ayys =
Sr;,Ca, 4IngsYb,,(PO,),; (muaus 2, x = 0.2).

320 am mst Sty Cagolng o Yby (PO,), (muams 1, x = 0.1) u

Fig. 5. PLE spectra (a) A.,, = 980 nm and PL (6) A., = 320 nm for Sry,Ca,oln,oYb,,(PO,); (curve 1, x = 0.1) and

Sr,,Ca, 4IngsYby,(PO,); (curve 2, x =0.2).

(°Dy — F,), 649 um (°Dy — "F5) 1 696 um (°Dy — 'F,).
[IpucyrcTBue Ha criekTpax (OTOIOMHHECLICHIIMH BCE
3THX MEPEeXO00B yKa3bIBaeT Ha TO, yTo Eu*" mMeer He-
CUMMETPUYHOE OKPY)KEHHE, a MMEHHO MOXET 3aHH-
Math no3unmu Srl-Sr5 B SrIn(PO,), (Zhang et al.,
2020). Panee moo0HBIC 3aKOHOMEPHOCTU OBLTH 3a-
pPEruCTPUPOBAaHbl Ul HM30CTPYKTYPHBIX BaHaJlaTOB
SryIn(VO,), (Kong et al., 2024). Yucno, monoxeHue
JUHUHA ¥ TPOQHIIH CIIEKTPOB HAa CHEKTPax, HE 3aBUCUT
or coxepxkanus Eu’’. HaGomblyl0 HWHTEHCHBHOCTH
nMeer nepexon npu 615 um. Tak ke, 3aperucTpupo-
BaHbl KOPOTKOBOJIHOBBIC NIEPEXOJbl B CHHEW 001acTH
¢ BO30Y)KICHHOTO ypoBHS °D; Ha YpOBHH OCHOBHOT'O
cocTostHMs. Takue mepexoabl PelKo pPerucTpUpyroT-
cst s Eu¥* coneprkamux Matpuil, MOCKOJIBKY CHIIb-
HO TI0/IBEP’KEHbI KOHIEHTPAIMOHHOMY TyIIeHH o (Yu
et al., 2005), omHako MOTYT OBITH 3aperHCTPHPOBAHBI
pu HU3KHUX Temmeparypax (Du et al., 2011). Hammune
JAHHBIX IIEPEX0J0B yKa3bIBaeT Ha (POPMUPOBAHUE HC-
KaKCHHBIX KHCJIOPOAHBIX OKPYKEHUH JIFOMHHECIICHT-
HBIX IIEHTPOB, KaK CJIEJICTBUE Ha IepepaclpeieleHne
katuoHa Eu’* mo mosunmsam Srl1-Sr5. CTOUT OTMETUTD,
9to nipoduiib criekTpoB kak Ha BDJI, tak u OJI sBns-
FOTCS CXOXKHMHM, YTO TOBOPUT O IKBUBAJIEHTHOM OKPY-
YKEHUH JJIOMUHECIIEHTHBIX IEHTPOB B MAaTPHIIE.
[Moareepxxnennem Hammans uand CTB u host ab-
sorption SBISIETCSI aHAJM3 CHEKTPOB KaTtnoHa Yb*',
nmoka3aHHbld Ha puc. 5. Ha crekrpe BOJI nipu A,,, =
= 980 HM pErucTpupyroTcsi TOJIBKO KOPOTKOBOJHO-
Bble mepexopl B obmactu 200-350 um. Jlannas o6-
JIaCTh MOKET OBITh Pa3JI0KEeHa Ha JIBE COCTABIISIONINE:
200-250 1M, sBisIomIeics 0oee HHTEHCUBHOM, U, TI0-
BHIUMOMY, COOTHOCSINIEHCS ¢ mepexomamu host ab-

sorption Ha KaTHoH Yb**; 250-350 uM, uMeromnast MeHb-
ITY10 MHTEHCHBHOCTD, TaHHAS IIIUPOKast T0JI0CA MOYKET
OBITH COOTHECEHAa ¢ TOJ0coil mepeHoca 3apsga CTB,
c ypoBHeit O’ Ha Yb**. Ha cnekrpe ®JI peructpupy-
eTCs OJTMH MHTEHCHBHBIN TIEPEeXo/] T KaTHoHa Yb*",
neatpupoBanubiii Ha 980 um ('Fs, — ")), Aexaniuit
B UK o6nactu. llupoxas nmomnoca va ®JI 750-900 um
MOET OBITh COOTHECCHA C M3TyUYCHHUEM CaMOi BUTIIO-
KUTOIIOAOOHOW MAaTPHIIBI, SBIISIOMIEHCS CHIIBHO MCKa-
skeHHOM. CTOUT OTMETUTB, YTO Kak s Bu®’, Tak u s
Yb**-conepxkamuit pochatos npoduip crekrpoB DJI
HE W3MEHSETCS — MEHSETCS TOJIbKO WHTCHCHBHOCTD.
DTO MOXET YKa3bIBaTh HA HEU3MEHHOCTb KUCIOPOIHO-
r0 OKPY>KEHUsI KaTHOHOB-aKTUBATOPOB. [lokazaHo, 4To
JUISE BCEX COCTaBoB ¢ x = (.2 perucTpupyercsi HauboJIb-
11asi ”HTEHCUBHOCTD JIIOMUHECIICHIIUH, TO €CTh 3 (hek-
TOB KOHIICHTPAIIMOHHOTO TYIICHHUS HE HAOJII01aeTCsI.

3AKJIIOYEHUE

B nacrosielt padore uccnegosano ¢azodopmupo-
Banue B cucreme Styln(PO,),—Ca,Ln(PO,); npu Ln =
= Eu*, Yb*". Cepun ocdaroB ObUTH MOTYUSHBI METO-
oM TBepaodazHoro cuHre3a. CUHTE3npOBaHHbIC (a-
3Bl KPUCTAJLTU3YIOTCS] B CTPYKTYPHOM THITE CTPOHITHO-
BHUTIIOKUTA, @ UMeHHO (1-x)SryIn(PO,);—xCa,Ln(PO,),
(x=0.1, 0.2) ssBAsIFOTCSt KI3OCTPYKTYpHBIMHA SToIn(PO,);,
YTO MOATBEP)KIAETCS] C MOMOLIBIO METOIOB PEHTTe-
HoBckoll audpakunu u ['BI'. Ha ocHOBaHMM pa3HUILIBI
HWOHHBIX PaJNyCOB, a TAK)KE aHAJIN3a CIIEKTPOB (oTo-
JIOMHHECIICHIIUN OBUIO BBIJIOKEHO MPEATOIOKEHNUE O
ToM, uto mo3uttuu Sr>* ¢ KU = 8 Oy yT 3aMernarsest Ka-
tronamu Ca*" u Eu**, kotopeie He OyayT 3amerath In**
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B MAJIEHBKOW OKTa’ApUYECKOHN MO3ULUU B BUAY CIIMIL-
KOM O0JIbIIOro 3HaYeHHs D,, B OTIIMYUHU OT Oojiee Ma-
JIeHBpKOTO KatuoHa Yb*". ®ocdatsl, cogepxarune Eu®,
JIEMOHCTPUPYIOT CTAaOUILHOE KPacHO-OPAaHKEBOE W3-
JydeHHe; Takke ObUIN 3aperruCTPUPOBAHBI ITEPEXOIBI
katuoHa Eu’’, mexaiue B KOPOTKOBOJIHOBOUM 001acTH
BuauMoro crektpa. ®ocdatsl, cogepxariue Yb*', ne-
MoHcTpupytoT MK-doTomomMuneceHuto.
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Cunre3 mxeppumepura KgFe,,sS,Cl MeTomom n3006apHo-n3orepMuuecKoi
BbiaepkkH npu 7 =500°C u P =500 atm
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Obvexm uccnedosanus. IIpoBeqieHa ceprs 5KCIEPHIMEHTOB MO CHHTE3Y JKEJIE3UCTOro JUKep(HUIIepuTa METOI0M H300apHO-
M30TEPMHUUECKOI BBIICPIKKH. B KauecTBe COCYI0B BEICOKOTO AaBJICHHS HCIIONB30BAINCH CTaH/IapTHBIC aBTOKJIABBI U3 JIETH-
poBanHO# ctanu, 0osemom 200 cm*. VicxoJHBIM MaTepHaIoM Ul CHHTe3a mocityskiia cMech FeS, (mupur) + Fe,0;+ K,CO; +
+ KCl, neperepras B mypy; MeTaUTHIECKUH QIIOMIHHN 1 (IIION]T (BoJa + 3TAHOI ), HCIOJIB30BAIUCE JJIsI CO3J[aHHS BOCCTa-
HOBHTEJILHOW BHELITHEH cpe/ibl. []esb. Y CTaHOBUTD ONITHMAIIbHBIC TapaMeTphl CHHTE3a IpKepduIepyrTa U Oy YHUTh IIpe/icTa-
BUTEIBEHOE KOJIMUECTBO JUKepHUIIepHTA TS TATbHEHIINX NCCIIe0BAHNHN €T0 YCTOWINBOCTH B KOHTPOIHPYEMBIX YCIOBHSIX
(T, P, fO,u np.). Memoowi. C nienbro neHTH(GUKAINY TOJTydeHHBIX (a3 cHavyasa OblI POBE/ICH PEHTI€HOCTPYKTYPHBIN aHa-
713, 3aTeM MPHMEHEeHa CEKTPOCKOIHs KOMOMHAIIMOHHOTO PACCESHUS CBETA; M CKAHUPYIOIIAs SIEKTPOHHAS MUKPOCKOITHS
C 9HEProANCTICPCHOHHBIM MHKPOAHAIII30M HCIIOTB30BAIACh IS OTIPE/ICNICHUSI XHMIIECKOT0 COCTaBa BCEX HOBOOOPA30BaH-
HBIX (a3. Pezyrbmamer. bein cuaTe3npoBaH pKepduieput cocraBa K Fe,, sS,,Cl COBMECTHO ¢ TPOUIUTOM + CHIBBUHOM.
INomyxonuuecTBEeHHBIE COOTHOIIEHUSI HOBOOOPa30BaHHBIX (Da3 yKa3bIBAIOT HAa MPHCYTCTBHE KEPQUIIEPUTA B KOIHYE-
crBax ot 30 1o 80 mac. %. KPC-cneKkTpbl CHHTETHYECKOTO JDKep(HUIIepHTa COOTBETCTBYIOT HPEIBLIYIIIMM HCCIIEJOBAHUSIM.
Bbvi600bl. briaronpusTHBIC TapaMeTphl T CHHTe3a KepduiepuTa coctaisitoT: 7= 500°C, P =500 atm, t = 168 yacos.
B pesymibTare SKCTIEpHMEHTOB YAAIOCh CHHTE3UPOBATh pKepduiepurt (72 mac. %), coBMecTHO ¢ TpommuToM (21 mac. %)
u cunbBHHOM (7 Mac. %), ob1eit maccoii okouo 15 r.

KuaroueBrble ciioBa: doicephpuiwepum, cunmes, SKCnepumenm, aemoxias, memnepamypa, 0asieHue
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Synthesis of djerfisherite K Fe,,sS,,Cl by isobaric-isothermal holding method
at 7=500°C u P =500 atm
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Research subject. A series of experiments on the synthesis of ferrous djerfisherite by the isobaric-isothermal holding method
were carried out. We used standard autoclaves made of alloy steel with a volume of 200 cm?® as high-pressure vessels. The
starting material for the synthesis was a mixture of FeS, (pyrite) + Fe,O; + K,CO; + KCl, ground into powder, metallic
aluminum and fluid (water + ethanol) were used to maintain reducing conditions. 4im. To establish the optimal parameters
for the synthesis of djerfisherite and to obtain a representative amount of djerfisherite for further studies of its stability
under controlled conditions (T, P, fO,, etc.). Methods. In order to identify the obtained phases, we first carried out X-ray

Jas mutupoBanus: [loranos C.B., llapeirun U.C., Mensenes B.S1., Meanosa JI.A., Pamenko C.B., lllep6akos 10./1. (2025) Cunres
mxeppumeputa KgFe,, sS,cCl meTonom uzobapHo-nzotepmudeckoii Beraepxkku npu 7 = 500°C u P = 500 at™m. Jlumocghepa, 25(2), 344-
354. https://doi.org/10.24930/2500-302X-2025-25-2-344-354. EDN: WCJFEF

For citation: Potapov S.V., Sharygin I.S., Medvedev V.Ya., Ivanova L.A., Rashchenko S.V., Shcherbakov Yu.D. (2025) Synthesis of
djerfisherite K¢Fe,,sS,cCl by isobaric-isothermal holding method at 7'= 500°C u P = 500 atm. Lithosphere (Russia), 25(2), 344-354.
(In Russ.) https://doi.org/10.24930/2500-302X-2025-25-2-344-354. EDN: WCJFEF

© C.B. Iloranos, 1.C. Illapsirun, B.SI. Mensenes, JI.A. VBanosa, C.B. Pamenko, 10./1. lllep6axos, 2025

344



Cunmes doceppumepuma KyFe,, sS,,Cl memooom uz00apHo-uzomepmuieckoll 8bLOepIHCKU

345

Synthesis of djerfisherite K Fe,, sS,,CIl by isobaric-isothermal holding method

diffraction analysis and then Raman spectroscopy; scanning electron microscopy with energy-dispersive spectrometry
were used to determine the chemical composition of all newly formed phases. Results. Djerfisherite of the composition
K¢Fe,, 5S56Cl was synthesized together with troilite + sylvite. Semi-quantitative ratios of newly formed phases indicate
the presence of djerfisherite in amounts from 30 to 80 wt %. The Raman spectra of synthetic djerfisherite correspond
to previous studies. Conclusions. Favorable parameters for the synthesis of djerfisherite are: 7 = 500°C, P = 500 atm,
t =168 hours. As a result of experiments we synthesized djerfisherite (72 wt %), together with troilite (21 wt %) and sylvite

(7 wt %), with a total mass of about 15 g.

Keywords: djerfisherite, synthesis, experiment, autoclave, temperature, pressure
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BBEJEHUE

Ixepoumepur K(Fe,Ni,Cu),sS,,Cl, xyOnudeckoi
CHUHTOHHH C ITPOCTPAHCTBEHHON Tpynmoil Pm—23m, sB-
JISETCS PEeAKUM CYIb(QUIHBIM MHUHEPAJIOM, COIepIKa-
M K u Cl, koTopslil BiepBbie ObUT 00HAPYKEH B Me-
teoputax (Fuchs, 1966). B HacTosmuii MOMEHT JKep-
¢umepuT ObUI 3aJOKYMEHTUPOBAH B Pa3IMYHBIX Ke-
JIE3UCTBIX METEOPUTAaX — DJHCTATHUTOBBIX XOHAPHUTAX
u obopurax (Fuchs, 1966; El Goresy et al., 1988; Lin,
El Goresy, 2002; Clay et al., 2014), a Takke B 3eM-
HBIX Cpeiax: B Cylb(UAHBIX MecTopoxaeHusx Cu u
Ni; MIeT0YHBIX MarMaTU4ecKuX KOMITIEKCax W Kap-
OoHaTHTax; B KUMOEpINTaX, MAaHTHHHBIX KCEHOJIUTAX
1 KCEHOKpHCTaNIaX M3 KUMOEPIUTOB; B KOHTAKTHBIX
Mpamopax u ckapHax (ILlapsirun u np., 2012; Clay et
al., 2014; Golovin et al., 2017; Abersteiner et al., 2019;
[Manuna, Mcakosa, 2019; Sokol et al., 2021). Xumu-
YeCKHi COCTaB HKepPUILIEPUTa XapaKTepU3yeTcs IIu-
poxumu Bapuanusamu mo cootHomenuio Fe, Ni u Cu
(puc. 1) ¢ mpeobnaganmem >xene3a. CaMbIM JKeIe3U-
CTBIM TIO COCTaBy SIBJIACTCS JpKepdHIepuT, oOHApY-
JKeHHBIN B MeTeopurax (cm. puc. 1). Hambomee pasz-
HOOOPAa3HBIM 0 COCTaBY SIBISIETCS IKEPHUILEPUT U3
MaHTHIHBIX KCEHOJIMTaX U Kumbepiurax (cm. puc. 1).

HecmoTpst Ha peaxocTs mxeppuiepuTa, aKTyalb-
HOCTb €r0 UCCIIEIOBAaHUM HE BbI3bIBAET COMHEHUI BBU-
JIy TOT'0, YTO OH MOYKET OBITh HHANKATOPOM IIETPOTeHe-
3uca paznuuHbix nopox (Clay et al., 2014). B gactHO-
CTH, 3TOT CYJIb(HI BCTPEUAETCS B MAHTUHHBIX KCEHO-
JIUTaX U3 KUMOEPIUTOB U, TAKUM 00Pa30M, 4acTO pac-
cmarpuBaetcs kak uctouHuk K u Cl B kpaToHHO# -
toctepnoit mantuu (Clay et al., 2014). Oanako B pa-
oorax (ILlapeirun u np., 2012; Abersteiner et al., 2019)
npearoaraeTcs, 4ro oopa3oBaHue JKepuiiepura B
MaHTHUHHBIX KCEHOJIUTAX CBSI3aHHO ¢ MH(UIbTpaluei
TPAHCIIOPTUPYIOIMIETO KUMOEPINTOBOTO paciuiaBa. Ta-
KUM 00pa3oM, perieHne mpoOaeMbl TeHe3nca mxephu-
[epuTa B MAHTHIHBIX KCEHOJIUTaX TpeOyeT N3y4eHus
ero cTaOMWIBHOCTH MpHU BBICOKUX Temmepartypax (7) u
naBneHusx (P).

CrabunbHOoCTh JKephuIIepuTa Ipu Pa3IuuHbIX 1 1
P, a taxxe pyrutuBaoctu kucnopona (fO,), Ha ceroa-
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HSIIHUH 1eHb IeTaldbHO He n3ydeHa. Kpome Toro, Het
nHpOpPMALUK O MPOAYKTaX pacnana mkepduiiepura,
YTO SBJISIETCS aKTyaJlbHOM 3a/iaueil COBPEMEHHOM Iie-
Tpostoruu. J{jst TOro, 4TOOBI MPOBECTH HCCIICOBAHUS
110 OTIPEICTICHHUIO OIS CTAOMITLHOCTH JKEPHUIIIepH-
Ta, HEOOXOIMMO CHHTE3UPOBATh HCXOTHBIA MaTepHall,
B KOTOPOM 3TOT CyJIb(HI OYIET SBIATHCS Mpeodiaaa-
rfouieii ¢a3oii, B 1a00paTOpHBIX yCIOBUSX.
CymiecTByeT HECKOJIIBKO JKCIEPUMEHTAIBHBIX HC-
CIIeZIOBaHUH 1O cuHTE3y Jkepduiepura. xepuie-
PHT, COBMECTHO C IMUPPOTHHOM W MEHTIAAUTOM, OBbLI
CHHTE3MPOBaH B CYJIb()UIHO-XIOPUJIHON CHCTEME MPU
temmieparypax 350-650°C u maBnmenum 1 at™ (B ka-
YecTBE CTapTOBOTO Mareprajia ObUTH HCIIONB30BaHbI:
KFeS, + FeS + NiS + KCI (Clarke, 1979)). >xepdure-
PHT, COBMECTHO C TUPPOTUHOM, MHJUIEPUTOM, KyOaHHU-
TOM U PacByMHUTOM, ObIJI CHHTE3UPOBaH NP TeMIlepa-
type 470°C u gaBnenuun okono 1000 at™ B repmeTHy-
HBIX 30710ThIX ammynax Ha YBJI-5000; B coctaBe crap-

Ni
Ni
0.50 0,50

MaHTuiiHbIe
KCeHOnMUTHLI 13
KMMOepnmToB

Cu

OcHoBHas
025  macca
KMMOepnmToB

Mopoap!
LLEMOYHbIX
KOMMJ1eKCOB

Puc. 1. [IlnarpaMma BapHanii COCTaBa DKepQHIIe-
pHuTa U3 HanboJee YacTO BCTPEUAIOUIUXCS TPOSBIIC-
HUH.

Fig. 1. Diagram of compositional variations of djer-
fisherite from the most common occurrences.
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TOBOM MIKXTHI ObLTH Hcnoab30BaHel: FeS, NiS, CuFeS,,
H,C,0,, 2H,0, KHCO; u NH,CI (I'op6aues, Hekpacos,
1980). CunteTnueckuit pKepOUILIEPUT, B ACCOIUAIIMN
¢ FeS u KCIl, 6pu1 Takke TOydeH MpH TeMIlepaType
950°C, B pesynbrate crutapnenust KFeS,, KCI, Fe u S
B MOJISIpHBIX oTHomeHusx 5:1:20:16, u ganpHelem
octeiBarnu (Golovin et al., 2017).

Lenpro naHHOW pabOTHI SBISUIOCK: 1) CHUHTE3 JIKEp-
¢umepuTa ¢ TPUMEHEHHEM H300apHO-H30TepMHYe-
CKO BBIIEPIKKH; 2) MOUCK HanboJjee 0JaronpusTHIX
IapaMeTpOB JJIsI CHHTE3a MPEICTaBUTEIHFHOTO KOJTHYIe-
CTBa JpKepUIIePHUTa, IS CEPUN NaTbHEUIITNX dKCIIe-
PUMEHTOB IO BOCIIPOU3BEAECHUIO YCIOBUN YCTONYUBO-
CTH JpKepduIepruTa pU KOHTPOIHPYEMBIX Iapame-

tpax (7, P, fO, u ap.).
MATEPUAIJIBI U METO/bI
JKcnepUMeHTAbHbIE YCJIOBHS

s moucka onTUMasbHBIX YCIOBUM CUHTE3A JKEp-
(umepuTa poBeeHa ceprsi SKCIIEPIMEHTOB Ha yCTa-
noske YBJI-10000 B o6nactu Temnepatyp 650-800°C
n pasieHuit 500-1000 atM B peakTope ¢ HapyKHBIM
HarpeBoM (nuametp peaktopa —40 MM, ka"an — 10 MM,
pabounii 06bem — 25 cm?®). Illuxra (1, 2), mpuUroToB-
JIeHa U3 CMECH MCXOAHBIX KOMITOHeHTOB: 1) FeS, (mm-
purt), Fe,O;, KOH, K,CO;, KCI — mnsa mxepdumepu-
ta; 2) FeS,, NiO, KOH, K,CO;, KCI — gns Ni-anasora.
OTH COCTaBHI B TUTJISIX M3 OKUCH ATFOMHHHS WIIN Tpa-
¢uta, momMemanTuch B IUVIATHHOBYIO aMITyJly, BCTaBIIs-
eMyI0 B peakTop. PacueTHoe KOIMYECTBO BOJBI H/WIH
9TaHoMNA Ul CO3JaHus NaBieHus (urona (B HEKOTO-
PBIX DKCIIEPUMEHTAX ), 3aJIMBAJIOCh B PEaKTOp Mpe/iBa-
puTensHO. B 60IBIIMHCTBO SKCIIEPHUMEHTOB AOOABIISI-
Cs1 MeTalTHIecKuid amroMuHuit (10 20 T), B OTIEITEHOM
TUTIIE, JJI1 CO3JaHMS BOCCTAaHOBUTEIHHBIX YCIIOBHM.
[locre repmeTH3ai CHCTEMBI SKCIIEPUMEHTHI TIPO-
BOJWINCH JJIUTENBHOCTBIO OT 6 10 45 vacoB. Beixon
Ha pabounii pexum 60 MuHyT. OcThiBanne oT 40 110
70 munyT. B yKazaHHOM HMHTEpBaje MapaMeTPOB HKC-
nepuMenTsl ipoBoaminch B cucteme ¢ C—O-H ¢aro-
WUJOM C Pas3iIMYHbIM COOTHOIIEHHEM KOMITOHEHTOB.
B YBJI-10000 65u10 mpoBeaeHo 10 3KCTIEpUMEHTOB B
teMiiepatypHoM uHtepBaie 650-800°C paszHoi miu-
TENBHOCTH. B MpOAyKTax SKCIIEPIMEHTOB B HEKOTO-
PBIX ONBITAX METOIOM PEHTI€HOCTPYKTYPHOT'O aHANH-
3a (PCA) ObuiM MACHTUQUUMPOBAHBI (a3bl, CXOIHbIC
0 CTPYKTYpE C IKEPHUIICPHTOM.

Pesynbrater skcepumentoB Ha YBJI-10000 ObI-
JIU Jajiee MCITOIBb30BAHbI IS MO00pa YCIOBUN CHH-
Te3a mxepdumeputa nmpu Temmneparype 500°C u maB-
nmeann 500 atM MeTomoM H300apHO-H30TEPMHUIECKOM
BBJIEP)KKH B KOHTPOJIUPYEMBIX YCIOBHSX (aBTOKIJIAB-
Hasl MEeTOMKa). B KkauecTBe cOCy0B BHICOKOTO JaBiie-
HUS IPUMEHSUINCH CTaHJApTHBIE aBTOKJIABBL. JTO IO-
3BOJIMJIO TOYHO PEryJUpOBaTh cocTaB (harouaHol da-
361 ¥ MPOBOJIUTH KCIEPUMEHTBI OOJBINCH UINTEIh-

Ilomanos u op.
Potapov et al.

HOCTU U YBEJIMYUTH KOJMUYECTBA TMOJYYCHHOTO BEIlle-
cTBa. ABTOKIIaBbl 00beMOM 200 cM?, M3rOTOBJIEHHEIE
13 JISTHPOBAHHBIX HU3KOYTJIEPOIUCTHIX CTAJCH MapKu
12X18H9T, mpencTaBisioT co0o# eIpHOMETaITIYIe-
CKHE COCYHbl C YIUIOTHEHHEM HEKOMIIEHCHPOBAHHOMN
ionaau. XUMAYECKH COCTaB MaTepuaia aBTOKIa-
Ba ciexyromuii (%): C <0.12, Si<0.8, Mn<2.0, Cr —
17.0-19.0, Ni — 8.0-9.5, Ti g0 0.8, Mo < 0.5, Fe oxo-
10 70, S<0.2, P <0.035, Cu<0.30. Bcero BbIIIOJIHEHO
8 skcrnepuMeHTOB. Hike MPUBOIUTCS ONMKUCAaHUE JABYX
MPEICTABUTEIbHBIX SKCIICPUMEHTOB 110 CUHTE3Y JIKEP-
(bumepuTa B aBTOKJIaBaX.

AHaJIHTHYECKHE METO/IbI HCCJIeI0BAHUS

Pentrenoctpykrypusiii ananusz (PCA) g oske-
MPECCHON XapaKTEPUCTHKH MPOIYKTOB IKCIIEPHMEH-
Ta BBINOJNHEH B LleHTpe KOJUIEKTHBHOTO IOJIb30Ba-
mus (LKIID) “T'eommunamuka u reoxpononorus” M3K
CO PAH. IIpoOb1 OBITM WUCTEPTHI B araTOBOW CTYII-
K€ CO CIHPTOM U MCCIEJOBAaHbl METOJOM IOPOIIKO-
BOM IU(pakuuy HAa PEHTTEHOBCKOM IH(parToMeTpe
JPOH-3.0. VYcnoBust cbemku: uznyuenue — CuKa,
Ni — ¢unbtp, V =30 kB, [ = 20 MA, mar ckaHupoBa-
Hus — 0.05°, nquana3on ckaHupoBaHus — 5-55°, Bpe-
Mst Habopa — 50 M. PeHTreHOrpaMMBbl HACHTUPHUIUPO-
BaHBI C TMOMOIIBIO MPOrpaMMbl noncka ¢as. [lomyko-
JIMYECTBEHHBIC COOTHOIIEHHUSI MUHEPAJIOB PACCUUTaHbI
METOAOM MOJHONPO(UIBHOTO aHajlM3a B IPOrpamMme
Jana2020 (Petiicek et al., 2023).

Hnst Gosee neTanbHOM XapaKTEPUCTHKH pKepdu-
LepuTa U MpOJYKTOB 3KcrepuMmeHTa omnbita Ne 3650
MeTosoM PCA ObL1 MCHOIB30BaH MOPOLIKOBBIN TU}-
paktomerp Tongda D3700 (Kuraii) 8 UI'M CO PAH.
VYenosust chemkn: nznydenue — CuKa, Ni — Guibtp,
V =30 kB, I = 20 MA, mrar ckaaupoBanus — 0.0095°,
UaTia30H CKaHWpoBaHUS — 5-55°, BpeMs HaOopa —
40 m. [lomyuennas audpakrorpamMma ObIa HCIIONb-
30BaHa Uil YTOUYHEHHS CTPYKTYpbl mxKepduieputa
METOAOM MOJHONPO(UIBHOTO aHajlh3a B MpOrpamme
Jana2020 (Petricek et al., 2023).

Jiist dKCTpeccHOW HMICHTU(UKAINU TOTYYEHHBIX
MUHEpaIbHBIX (a3 Takke HCIOJIb30BaICS METO] KOH-
(hoKaTBEHOM CIEKTPOCKOMUH KOMOWHAIIMOHHOTO pac-
cestaus ceeta (KPC-cnexrpockormst) B LIKIT 3K CO
PAH. Ilony4yeHHslil arperar BemiecTBa MOHTUPOBAJICS
B LIAMIKY U3 TMIOKCUIHON CMOJIBI TUAMETPOM 25 MM, HO-
JUPOBAJICS U HCCIeoBaNcs ¢ ucnonb3oBanueM KPC-
cnektpomerpa WITec alpha 300R, obGopymoBanHOTO
Nd:YAG-nazepom ¢ 1yuHHOM BOJHBI 532 HM. DOKYy-
CHPOBKa JIa3epHOTO Jy4a Ha 00pasell OCylIeCTRIsIaCh
gepe3 obvekTHB “Zeiss” 100x/NA0.90, obecrneunBa-
FOIIMI NPOCTPAHCTBEHHOE pa3pellieHrue MeHee | MKM.
CriekTpanbHoe paspenienue coctabisuio ~1.6 cm !, Ka-
TOpOBKa CIEKTPOB NMPOBOAMIIACH C HCIIOJIb30BaHU-
€M H3BECTHBIX CIEKTPAJIbHBIX JUHUN PTYTHO-HEOHO-
BOH jammbl. B mporecce chemMku apeiid criekrpome-
Tpa KOHTPOJIHPOBANICA u3MepeHnem muka 520.7 cm!
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KPUCTAITIMYECKOT0 KpeMHUsl. MOLIHOCTh Ja3epa co-
craeisia <1 MBt (Golovin et al., 2017). @unbtp st
OTCeueHHsI BO30YXKIAIONIET0 H3IY4YEeHUS] OrpaHhyu-
BaJl JOCTYIHYIO CIEKTPajbHYI O0JIACTb 3HAYCHUSIMU
>90 cm!. [Tonyuennsie KPC-criekTpbl cpaBHUBAIUCH
c 6azoii manubix RRUFF (http://rruff.info/) u nurepa-
TYPHBIMH UCTOUYHUKAMH. J{J1s1 cpaBHEHHSI TOJTYYCHHBIX
Pe3yABTATOB C JKEP(HUILEPUTOM, CHHTE3UPOBAHHBIM B
(Golovin et al., 2017), KPC-criektps! ociieiHero Obi-
JI1 U3MEpEeHbI B HACTOSIICH padoTe MpU TeX ke yclo-
BsiX. AHanu3 criektpoB KPC mpoBoamiics ux pasio-
KEHHEM Ha JIOPEHLIEBbl KOHTYPBHI C IIOMOILIbIO IIPO-
rpammer Fityk 1.3.1 (Wojdyr, 2010).

Ckanupyromas 31eKTpoHHas MuUKpockorus (COM)
nposoauiacsk B LHKII “HM30TonHo-reoXuMuyeckux uc-
cnenoBanuil” UI'X CO PAH. [TonupoBaHHbIe MIAIIKU
HANBUISLIMCH TOHKUM CJIOEM yriiepoja. AHaaIu3 OCHOB-
HBIX DJIEMEHTOB M M300paKeHHS B OTPaKCHHBIX JJICK-
TPOHAX OBUIM TIOJYYEHBI C TIOMOIIBIO CKAHUPYOIIETO
anexTponHoro mukpockoma TESCAN MIRA 3 LMH,
OCHAILEHHOTO 3HEProJUCIIEPCHOHHBIM CIIEKTPOME-
tpoM (D/IC) ¢ cucremoit Mukpoananmsa ¢ 6€3a30THBIM
nerekropoM Ultim Max 40 (Oxford Instruments Ana-
lytical Ltd., Aarnus). ¥YcioBus pabOThI: PEKUM BBICO-
KOro BakyyMa IIpH ycKopsitoreM HanpsbkeHnun 20 kB n
pabouuM paccTossHEEeM 15 MM.

PE3VYJIbTATDI
IxkcnepumeHT Ne 3646

Ha aHo cranmapTHOro aBTOKJIaBa MOMEIIAJICS MMy-
CTOM TUTEJIb U3 OKHCH amtoMuHMUs, 20 I METAITINYECKO-
ro Al u cmech Boabl (15 cM?®) u atanona (5 cm?) ms
CO3JIaHMsI BOCCTaHOBWTENbHOU artMochepbl. CBepxy
TTOMEIIAINCh 2 TUTIA (puc. 2) W3 OKUCU ATIOMUHUS
pasmepoM 35 MM (BepxHHH muameTp — 20 MM, HIX-
HUHK — 18 MM) BCTaBIEHHBIX JIPYT B APYyTra, B KAKIOM
U3 KOTOPBIX ObLI YCTAHOBJECH MAaJeHbKHU THUTeNb W3
OKHCH aJIOMHHHUS pa3mepoM 18 MM (BepxHMid aua-
MeTp — 10 MM, HIDKHUH — 8 MM) 3alIOJTHEHHBIN IINX-
Tol. B BepxHeil nape — Fe conepkamiunii coctaB IIUXThI
(FeS, =1000 mr, Fe,0; =614.7 mr, K,CO; = 141.7 mr,
KCl = 47.32 mr) — 1), B HmxkHelt — Ni comepkamunii
(FeS, = 1000 mr, NiO = 573.8 mr, KCI = 47.32 wr,
K,CO; = 141.7 mr) — 2). B kadecTBe KpBIIIKA CBEPXY
HCIONB30BAJICA €Ille OAMH MycTod Turens. [lapame-
Tpbl 3kcniepuMenTa: 7 — 500 °C, P — 500 at™, [uyiirens-
HOCcTh — 168 yacoB. O000IIEHHAsT cXeMaTHYecKast MO-
JIeJTb 3arpy3KH aBTOKJIaBa MOKa3aHa Ha puc. 2.

B pesynprare sKcriepuMeHTOB OBUIO OTYyYEHO Yep-
HOE€ PBIXJIOE KOMKOBATOE BELIECTBO C CYIb(UIHBIMU
MUHEpalaMH.

Pesynbrarer PCA mis sxcriepumenta 3646 (Taba. 1)
YKa3bIBAIOT Ha MPHUCYTCTBUE TpouauTta (66 mac. %) u
mxepdumepura (34 mac. %) cpeaum HOBOoOpa3oBaH-
HBIX (pa3 B jkene3ocoaepikalieM cocrtaBe muxThl. [la-
paMeTpbl  dIIEMEHTapHOW siueHKku KepduiepuTa
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Turenb-Kpbilwka

Turenb 13 oKUCK anntoMUHKUSA

ManeHbKUin TUrenb C LUMXTOWN
Fe-coctaBa

ManeHbKknin TUrenb C LUMXTON
Ni-cocTaBa

MMycTon Turens

Cwmecb Boga + ataHon
Metannuyeckun Al

Puc. 2. CxemaTnyHoe M300paXKeHUE SKCIEPUMEHTA
Ne 3646 B aBTOKIIaBE.

Fig. 2. Schematic image of experiment No. 3646 in
autoclave.

a =10.3122 (3) A. B Ni conepsalem cocTaBe MIHXThI
aHasor Jpkepduiiepura He CHHTE3UPOBaH.

KPC-criekTphl mKepduiepura U3 3KCIEPUMEHTA
3646 mo GopMe WACHTUYHBI CIIEKTpaM KepPHIIepH-
ta K¢Fe,sS,Cl, curTesnpoBannoro B padore (Golovin
et al., 2017) (puc. 3a).

COM-DJIC wuccnenoBaHus TakKe IOKa3alaH, 4TO
tpowut (otHomeHue Fe/S = 1.01-1.02) siByisiercst mpe-
oOsanmaromieit azoi Hax mpxepduinepurom (puc. 4a).
Ixepdumrepur dopmupyer otopouku (puc. 40) Bo-
KpYr' TPOWJIMTA M 3alOJIHSAET MPOCTPAHCTBO MEXITY
HuM (puc. 4B). CHIIBBUH M COCIMHECHHS HEBBIICHCH-
HOTO COCTaBa BCTPEYAIOTCs peako. B cocrtaBe mxep-
¢umepura Hadmozgaercs npumeck Ni u Co, 10 0.24 n
0.32 mac. % COOTBETCTBEHHO, YTO BEPOSITHO O0YCIIOB-
JICHO TPUCYTCTBUEM 3THX KOMIIOHEHTOB B PEaKIIMOH-
HOM 0o0ObeMe (MaTepual aBToKjIaBa U Ni-cojepiKalien
mmxThl). Kpucramnoxumudeckass gopmyna mkephu-
IIepUTa, PACCUYMTAHHAS U3 XUMHUYECKOI'O COCTaBa Ha
OCHOBE 26 aToMoB cepbl, cienyromas — Ks s(Fey s
Nio.mCOo.14)224.91826C10.90-

IkcnepuMenT Ne 3650

Crnenyromasi cepusi SKCIEPUMEHTOB B aBTOKJA-
BaxX TPOBOAWIACHE C HCIOJb30BaHWEeM Ti-V KOHTEM-
Hepa u Fe-mmXThI, 3arpy»aeMoil B OOJBIIIEM 00beMe.
Ha nHo aBTOKIIaBa MOMEIIAJICS ITyCTON TUTEIb U3 OKU-
cu amroMuHus ¢ 20 r Mmetaiunueckoro Al U cmech Bo-
abl (15 cM®) u atanona (5 cm®) a7 co3aanust Boccra-
HOBUTEIbHOU aTMocdeprl. Ha Turens cBepxy ycTaHaB-
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Table 1. Results of the study using the X-ray diffraction method

Ne T,°C |P,atm | t, 4 YacTb peakuMOHHOI'O da3zml ITonykonuuecTBeHHbIE
obbeMa cooTHoIIeHus, Mac. %
3646 500 500 168 Turens ¢ muxToM xepdumepur 34+3
Fe-coctaBa Tpounut 66+3
Turens ¢ mmxron He uccnenosamuce He uccnenosanuce
Ni-cocraBa
3650 500 500 168 BepxHsis gacTb bxepdumeput 29+3
Tpounut 67+3
KCl 4+3
Cpennss 9acTsb 1 Jxepoumepur 80+3
Tpounut 16+3
KCl 4+3
CpenHsis 4acThb 2 Jxepoumepur 51+3
Tpounut 38+3
KCl 11£5
Huxusis yacte xepdumepur 76+3
Tpommut 9+3
KCl 15+3

Ipumeuanne. Ne — Homep skcrepumenta; 7, °C — tremmneparypa B rpagycax Lenbcus; P, at™ — 1aBienue B atMmocdepax; t, 4 — Bpems B da-
cax. KCI — cunpBuH.

Note. Ne — experiment number; 7, °C — temperature in degrees Celsius; P, atm — pressure in atmospheres; t, 4 — time in hours. KCI — sylvite.

MHTEeHCUBHOCTb

a (Golovin et al., 2017)

100

T
200
OTHOCUTENbHOE BOSTHOBOE YMCIIO, CM ™

300

400

Puc. 3. KPC-criekTpbl CHHTETHYECKOTO DKepQHIIIe-

pura.

a — u3 (Golovin et al., 2017), 6 — u3 sxcnepumenTa 3646;

B — U3 3KcriepuMenTa 3650.

Fig. 3. Raman spectra of synthetic djerfisherite.

a — from (Golovin et al., 2017), 6 — from experiment 3646,
B — from experiment 3650.

JIBAJICSI HETEPMETUYHO 3aKpyueHHbIH koHTelHep (Ti-
V) (BT2, BT4) (pazmepom 100 mm, auametp — 40 Mm),
MacCUBUPOBaHHBI B azorHoil kucinore (HNO;), ¢
HIMXTOM B THUIJIE W3 OKHCH ATIOMHHUS (pa3zMepom
35 mm, Bepxuuii auamerp 20 MM, HIDKHUN — 18 MM
(puc. 5). llluxta mpeacTaBmsuia cOOOH TMEPETEPTYIO B
yZIpy cMech, cocrosimyto u3: FeS, + Fe,O; + KCI +
+K,CO; (28.60 + 17.50 + 1.28 + 6.00 B rpamMmmax cooT-
BETCTBEHHO), COOTBETCTBYIOLIMX COCTABY JKepQuiie-
puta. BpeMsi BbIIEPKKM dKCIIEPUMEHTa (OT MOMEHTa
YCTaHOBKHM aBTOKJIaBa B I€4b, 10 €0 U3BJICUCHHUS) CO-
ctaBysno 168 yacos. Bpems BrIBOga aBTOKIaBa Ha pe-
KUM 6 9acoB. TOYHOCTH TIOJIEPKAHUST TEMIIEPATYPhI
TIPU U30TEPMHUYECKON BBIIEpKKe cocraBisseT +10°C.
O06o001menHas cxemMaTndecKkasi MOJIeNlb 3arpy3KHd aBTO-
KJIaBa IOKa3aHa Ha puc. 5. 3aTeM MpouCcXoaui pazoop
9KCIEPUMEHTa U MPOLIECC UCCIECIOBAHUS OIYyUYEHHO-
IO BEIEeCTBA.

[Tony4yennoe BemecTBO dKcnepumenTta 3650 Obl-
JI0 BH3YQJILHO pa3/ielieHO Ha 4 4acTH, U KaX/ias 4acTh
HCClieIoBallach OTACTBHO. Pe3ynbTaTsl vccie0BaHus
merogoM PCA skcrepumenta 3650 (cm. tabn. 1) mo-
Ka3ajH, 9TO B COCTaBe HOBOOOPa30BaHHBIX (a3 MpH-
CYTCTBYIOT JKep(QUILEPUT, TPOWINUT U cuibBUH. [lo-
JYKOJINYECTBEHHBIE OTHOLICHHUSI MUHEPAJIOB TOBOPAT O
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Puc. 4. 300pakeHns B 00paTHO-PACCESTHHBIX 3JICKTPOHAX.

a—B — pe3yJbTaTHl IKCIIEpUMeHTa 3646, T—e — pe3yabTaTsl skcrepumenta 3650. Dj — mxepdumepur, 7ro — TpounuT, Syl — cuib-

BuH, X — He onpeseieHHas (asa.

Fig. 4. Images in backscattered electron.

a—B — results of experiment 3646, r—e — results of experiment 3650. Dj — djerfisherite, 770 — troilite, Sy/ — sylvite, X — unidentified

phase.

MpUCYTCTBHUH JKepduieputa B kosmdectse ot 30 10
80 mac. %, Tpounuta — ot 9 no 67 mac. %, CUIbBUHA —
ot 4 o 15 mac. %.

COM-3/I1C uccnenoBanus mokasaiu, 4To Jukephu-
HIePUT SBISIETCS peodiaaaronieii HOBOOOpa3oBaHHON
(ha30ii, ero KOJINYECTBO 3HAUUTEIILHO IPEBAINPYET 110
cpaBHEHHUIO ¢ TpomnuToM (otHomenne Fe/S = 0.96—
1.00) 1 CUIBBUHOM, UYTO HOATBEPKIAETCS PE3yIbTaTa-
mu PCA. Kpome Toro, B 1aHHOM 3KCIIEpUMEHTE Obl-
71 0OHAPYKEHbI COEANHEHHSI HEBBISICHEHHOTO COCTaBa
(puc. 41) 1 B pelKUX CIydasx HaOII01aeTcsi CUACPUT U
kopyHa. [Lxepdumieput popmMupyet KpymHbIe CKOILIE-
HUsI/000COOICHHSI, KOTOPBIE MOTYT JOCTHTATh pa3Me-
pa 6omee 100 mxMm (puc. 4r, o). CoctaB KephHUIIepU-
Ta 3kcnepuMenTta 3650 mouTu He U3MEHSETCs IO BCe-
My PEaKLIMOHHOMY O0OBEMY M XapaKTepU3yeTcsl He3Ha-
YUTENFHBIMU BapHaLUSMH CICIYIOUIMX 3JIEMEHTOB!
K = 9.55-9.60; Fe = 54.75-54.95; S = 33.43-33.69;
Cl = 1.33-1.36. B nanHOM ciy4yae He HaO0JIIOJIANIOCh
npumecHu Ni u Co (tabm. 2). Takum 0b6pazom Kpucran-
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noxummueckas Qgopmyna prepduinepura, paccyu-
TaHHAas U3 XMMHYECKOTO0 COCTaBa Ha OCHOBE 26 aTo-
MOB cepbl, creayromas — K oqe11F€5431.2454826Cl 03.0.05.
Kak BumHO 13 Tabu. 2, XUMHYECKHE COCTaBHI JKephu-
[IepUTa, MOJYYCHHBIC B X0/€ JaHHOI'O HCCIICIOBAHMUS,
ONM3KY KepPUIIEPUTY, CHHTE3HPOBAHHOMY B padboTe
(Golovin et al., 2017).

PCA uccinexopanus

CrpykTypHas Gpopmyiia JpkeppuIeprTa HMeeT BU
ABCL,S,6X, tne katnonsl A (K, Na), B (Fe, Ni, Cu,
Co) u C (Fe, Ni, Cu, Co) 3aHUMAaIOT IeBATUKOOPINHU-
POBaHHYIO, OKTadAPUYECKYIO B TETPadIPHUECKYIO TT0-
3ULMI0 cooTBeTCTBEHHO, Cl 1 S 3aHuMaroT mo3umuo X
(Golovin et al., 2017). B ocHOBe KpHCTaLTU4ECKOH
CTPYKTYpHI kepdumiepura sexat [FegS, ]-kmacteps
13 BOCBMEPOK TETPad/pOB, MPUIETAIIUX K MIyCTOMY
OKTadaApy 1o o01ei rpanu (pedpy) (Amurpuena, Umio-
xuH, 1975; Sharygin et al., 2007). Kybuueckas siaciika
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Ti-V koHTenHep

Turenb 3anonNHEHHbIN LLUMXTON

MMycTon Turens

Cwmecb Boga + aTtaHon

Metannuyeckun Al

Puc. 5. CxematnuHoe n300pakeHUE IKCIIEPUMEHTA
Ne 3650 B aBTOKIIaBE.

Fig. 5. Schematic image of experiment No. 3650 in
autoclave.
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MPUMUTHBHAS, ¢ TpeMs (6*1/2) xnactepamu B LEHTpE
Kaxoii rpanu. Kitactepbl He UMEIOT KyOHUEeCKOW CUM-
MeTpuH, o0sagasi ToueuHou rpymmnoit 4/mmm. B Bep-
muHaX stueiikn momerniaercs atoM Cl, OKpy>KeHHBIH 110
okTadapy mecThio aromamu K (bemos u mp., 1982).

[Ipenpinymue wucCIeNOBaHUS CTPYKTYpPHI JDKEp-
¢umepnTa TPUBOIAT CIEAYIOLIME IapaMeTphl diie-
MeHTapHO# sueitku: a = 10.34(1) A (Fuchs, 1966);
a = 10.465(1) A (IdAmurpuesa, Wmoxun, 1975);
a=10.297 u 10.285 A (Clarke, 1979); a = 10.385 A
(Zaccarini et al., 2007). JKene3ucTplii KpalHUE WicH
coctaBa K¢Fe,sS,,Cl, cuaTesnpoBanusii B padorte (Go-
lovin et al., 2017), uMeeT mapamMeTpbl dIeMEHTapHOM
sueiiku a = 10.3168(3) A.

bruskue k mxephUILIEpUTY MO COCTaBy CYJIb(UIBI
cepurt 6apToHHUT-XI0pOapTOHUT K Fe,,S(S,Cl) npu-
HaJAJIe)KaT JPYyroMy CTPYKTYpPHOMY Tumy (TeTparo-
HAJILHOMY), B KOTOPOM OTCYTCTBYET OKTad/IpHuecKast
no3unust B (Golovin et al., 2017).

BemectBo skcniepumenTa 3650, Obuto 00BeaUHE-
HO B ofiHy mpoOy (Macca Bceil mpoOsl ~15 1), mepe-
TEPTO B araToOBOW CTYIKE U MMOBTOPHO, OoJiee JieTalb-
HO, uccieaoBano Meronom PCA (Tongda D3700).
[TomHOMpOWIBEHBIN aHANN3, BBHIIOJIHEHHBIA C MOMO-
b0 nporpammbl “Jana2020” (Petficek et al., 2023),

Tadamnua 2. CpenHuii XMMHYECKUI COCTaB CHHTETUYECKOTO JuKepdumepuTa, Mac. %

Table 2. Mean chemical compositions of synthetic djerfisherite, wt %

DJeMeHThI O06p. 3646 O06p. 3650-1 O06p. 3650-2 006p. 3650-3 O06p. 3650-4 Syntl
Turens ¢ mwuxToit| Bepxusis yacts | Cpeansist yacts 1 | Cpenusist yactb 2 | Hwmknsist wactes | (Golovin et al.,
Fe-cocraBa 2017)
n=12 n=45 n=24 n=>56 n=235 n=14
K 9.05 9.58 9.59 9.55 9.60 9.16
Na 0.00 0.00 0.00 0.00 0.00 <0.20
Fe 55.36 54.95 54.84 54.75 54.85 55.59
Ni 0.24 0.00 0.00 0.00 0.00 <0.20
Co 0.32 0.00 0.00 0.00 0.00 <0.20
Cu 0.00 0.00 0.00 0.00 0.00 <0.20
S 33.51 33.43 33.69 33.61 33.65 33.60
Cl 1.28 1.34 1.36 1.33 1.35 1.42
Cymma 99.77 99.30 99.49 99.25 99.45 99.77
®dopmyna paccuuTaHa Ha 26S
O.E.
K 5.76 6.11 6.07 6.06 6.09 5.81
Na 0.00 0.00 0.00 0.00 0.00 0.00
Fe 24.67 24.54 24.31 24.34 24.37 24.69
Ni 0.10 0.00 0.00 0.00 0.00 0.00
Co 0.14 0.00 0.00 0.00 0.00 0.00
Cu 0.00 0.00 0.00 0.00 0.00 0.00
S 26.00 26.00 26.00 26.00 26.00 26.00
Cl 0.90 0.94 0.95 0.93 0.94 1.00
Fe* 24.90 24.54 2431 24.34 24.37 24.69
Ni* 0.24 0.00 0.00 0.00 0.00 0.00
Fe** 0.99 1.00 1.00 1.00 1.00 1.00

[Ipumeuanne. Fe* = Fe + Ni + Cu + Co, Ni* = Ni + Cu + Co, Fe** = Fe/(Fe + Ni + Cu + Co); ®.E. — ¢popMyabHbIE €IUHHILIBL; N — KOJI-BO

HU3MEPEHUH.

Note. ®@.E. — formula units; n — number of measurements.
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ObUI HCIIONIB30BaH AJISl MOJyKOJMYECTBEHHOW OLICH-
KM COOTHOLICHHUS] CHHTE3WPOBAHHBIX (a3 W orpene-
JIEHUS 3aCEJICHHOCTH IMO3WIMu B B mxepdumepure.
JudpakrioHHBIE TaHHBIE OIHUCHIBAIOTCS TpeMs ¢a-
3aMU — JDKepUIIEPUTOM, TPOMIHTOM (TroymmThi-2H
FeS) u cunsBuaoM (KCl), B konmaectBe (Mac. %) 72,
21 u 7 coorBercTBeHHO. [XKepduIIepuT ¢ mpocTpaH-
CTBEHHOW Tpynmnoil Pm—3m, UMeeT MmapameTpsl dJie-
MeHTapHOil sueiiku a = 10.3345(4) A; 3acenennocts
okTa’ipuueckoit nozuuuu Fe cocrasnser 50(2)%, uro
cootBeTcTBYeT crexuomerpun K Fe,,sS,,Cl. I'padu-
YeCKOe MPeACTAaBIEHUE YTOYHEHUS MOJETH METOIOM
PutBenbaa npusegeHo Ha puc. 6. Kpucramoxumuue-
ckas (hopMyIia, IoJydeHHas IPU YTOYHEHUH CTPYKTY-
pBI, cornacyetcst ¢ (GOpMyJIOi, pacCUUTaHHOW U3 XU-
MHYECKOr0 COCTaBa.

KPC uccaenopanus

WccnenoBarmst mxepdumeputa Merogom KPC-
CTIEKTPOCKOTINH JIETATHHO BHITIONHEHHI B padore (Go-
lovin et al., 2017). CormacHo mpoBeIeHHOMY B 3TOH
CTaThe MOJEIUPOBAHUIO NUHAMUKHU peweTku, KPC-
CIIEKT] JKEJIE3UCTOTO JDKePPUIICPUTA XapaKTePU3YET-
Csl IPUCYTCTBHEM MUKOB B obsactu 90-160 cm!, co-
OTBETCTBYIOIIUX Je(OpMAIIMOHHBIM KOJIeOATEIbHBIM
monam S-Fe-S B terparapax FeS, u okrtasmpax FeSq,
u 250-370 cm!, 0OYCITOBIEHHBIX BAIEHTHBIMU KOJIE-
Ooanusmu Fe-S B Tex ke mommdapax. TeopeTudeckue

CHEKTPbl UMEIOT OJMH MUK CUJIbHOW HMHTEHCUBHOCTH
B paiione 250-270 cMm !, a TakKe TpU M JBE MaJOHH-
TEHCHBHBIE CIIEKTpajibHbIe TUHUH B obmactu 100-160
1 290-370 cM™' COOTBETCTBEHHO, KOTOPHIE OTHECEHEI
K KoJieOaTeabHBIM MOaM A, (onncaHue KojedaTenb-
HBIX MOJ cM. B pabote (Golovin et al., 2017)). Kpome
TOTO, TMKH C1a00H MHTEHCHBHOCTH, OTBEYAIOILIUE MO-
nam F,, Haxonarea B auanaszone ot 30 1o 160 cm .

B skcnepumentaneupix KPC-crnekrpax cunTe3u-
poBanHoOro JKepduiieputa cocraBa K Fe,sS,,Cl (Go-
lovin et al., 2017) BbLACIWIN Ba HHTCHCUBHBIX ITHKa
Ha 270 1 323 cM™' ¥ YeThIpe MAJIOMHTEHCUBHBIX MTHKa
Ha 96, 121, 137, 179 cm!. B Hactosiei padore KPC-
cnexTpsl pkepdumiepura u3 (Golovin et al., 2017) ObI-
JI1 U3MEPEHBI Ha TOM e MPUOOpPEe U IPU TeX Ke mapa-
MeTpax, YTO [UKEPPUIIEPHUT U3 IKCIEPUMEHTOB 3646 1
3650 (cm. puc. 3).

JlexoHBoOTIOLIHS SKCIEPUMEHTAIIBHBIX KPC-
cnektpoB kepdumieputa u3 (Golovin et al., 2017) u
dKCTIepuMeHTOB 3646 u 3650 mokazana, 9TO OHU XO-
POIIIO OMUCHIBAIOTCS JEBSATHIO KOJIEOATENFHBIMUA MO-
JaMH, TIOJIOKEHHE KOTOPBIX BO BCEX CHEKTpax OJn3-
ko (puc. 7). [lomumo Mo, BeieneHHbX B (Golovin et
al., 2017), moga Ha 225-230 cm! omuchIBaeT miedyo
y UHTEHCUBHOTO TIHKa 267-269 cM™', u munun Ha 300—
307 n 356-358 cM ! myieun y MHTEHCHBHOTO THKa 319—
323 em! (em. puc. 7).

B nieimom KPC-ciekTpbl CHHTETHIECKOTO KEPPH-
meputa K¢Fe,, $S,Cl(a = 10.3345(4) A), nonyuennoro
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Puc. 6. PesynpraT nonHonpodmibHOro aHanu3 audpakrorpaMmbl oopasiia u3 sxcrnepumenta Ne 3650.

BepTI/IKaJ'II)HBIe 3€JICHBIC, KPACHBIC U CUHHUE TTOJIOCHI YKa3bIBarOT IMOJIOKECHUE ITUKOB I[)Kep(bPII.HepI/ITa, TPpOWJINTa U CWJIbBUHA COOT-

BETCTBCHHO.

Fig. 6. The result of a full-profile analysis of the diffraction pattern of sample experiment No. 3650.

The vertical green, red and blue bars indicate the position of the peaks of djerfisherite, troilite and sylvite respectively.
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267
a (Golovin et al., 2017)

93
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ﬁ 269

MNHTEeHCcMBHOCTbL

6 (3650)
93

100 150 200 250 300 350 400 450 500

OTHOCKTENBHOE BOSTHOBOE YMCIIO0, cm™

Puc. 7. Dxcniepumenrtanbabie KPC-ciektpsl (kpyrn) mxepduiiepura, cuHTe3npoBanHoro B padore (Golovin et al.,
2017) (a) u B axcriepumenTe 3650 (6), 1 UX JEKOHBOIIOLNSA Ha KOMIIOHCHTHI JIOPEHIIEBOH (OPMEI (CEphIe THHUH).

Kpacnas nuHNS — CyMMapHBIA pacUeTHBINH CIEKT.

Fig. 7. Experimental Raman spectra (circles) of djerfisherite synthesized in (Golovin et al., 2017) (a) and in experi-
ment 3650 (6) and their deconvolution into Lorentzian components (grey lines).

The red line is the calculated spectrum.
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B XOJIe JaHHOTO Hcclie/oBanus (CM. puc. 70) coot-
BETCTBYIOT TIOJIOXKCHHUIO ITUKOB CIEKTPAJIbHBIX JIH-
auii xepbumepura KcFe,sS,cCl (a = 10.3168(3) A),
norydenHoro B pabore (Golovin et al., 2017) (cm.
puc. 7a). KPC-ciekTpsl mpHpOIHOTO KEPPHUIIEPH-
ta (Golovin et al., 2017; Abersteiner et al., 2019) mo
(hopMe ONHM3KH CHHTETUYECKOMY KEIIE3HUCTOMY JIKEP-
¢umeputy. OIHAKO MOJIOKEHUE TTUKOB MOXET U3Me-
HATCS B BUJY 0OJI€€ CIIOKHOTO COCTaBa MPUPOIHOTO
JokepuIepuTa, B KOTOPOM BapbUPYIOT COJICPIKAHUS
Fe, Ni, Cu u Co.

3AKJIIOYEHUE

B pamkax 3kcriepuMEHTaIbHBIX HCCIEIOBAHUHI Me-
TOIOM HW300apHO-M30TEPMHUYECKON BBIICPIKKA Ha-
MU OBIT CHHTE3UPOBaH KEPPUILEPUT B CTaHIAPT-
HBIX aBTOKJIAaBaX W3 JISTUPOBAHHOMW CTAJH C UCIIOJIB30-
BaHHWEM TUTJIEH U3 okucu amoMuuus mpu 7' = 500°C,
P =500 at™m, t = 168 wacoB. B pe3ynprare sKcrme-
PUMEHTOB YAaJOCh CHHTE3UPOBATH JKEPHUILIECPUT
(KgFeay 5S,6Cl), COBMECTHO ¢ TPOMIUTOM U CHIILBUHOM,
oOmeit maccoii okoio 15 r. [loxydenHsiit mxepdue-
put (72 mac. %) (+ Tpowmut (21 mac. %) + CUIBBUH
(7 mac. %)) MoxkeT ObITh UCIOJIL30BAH JIJIS JaIbHEMH-
mux skcrnepuMeHToB B cucreme K-Cl-Fe-S mpu pas-
JINYHBIX KOHTPOJIUPYEMBIX mapameTpax. CHILBUH MO-
JKeT OBITh yAaJIeH U3 00pasiia IMMyTeM eTro PacTBOPEHUS
B BOJIC.

Baaronapuoctu

ABTOpBI BeIpaxaroT Oxarogapnocts M.H. Pybnosoii (M3K
CO PAH) u K.A. Koxy (MI'M CO PAH) 3a mpoBeaenue mc-
cnenoBanuii merogoM PCA. ABTOpEI O61aroaapsT AByX aHO-
HUMHBIX PEIIEH3EHTOB 32 [IPE/I0CTaBJICHHBIE OT3bIBBI M 3aMe-
YaHUsl, KOTOPbIE TOMOTJIN YJIY4IIUTh paldoTy.
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Obvexm uccneoosanus. Kanpumii-maranii gocaTHble MOPOIIKK W IIEMEHTHBIE MaTepHAaNbl, a TAKXKe [[EMEHTHas KUJI-
KOCTb, COJIepKalias HaTpuil kapookcui Metuinestronody (KMLI). [fers. Co3naHue HHKEKTUPYEMbIX KOCTHBIX IIEMEHTOB
Ha OCHOBE PAcTBOPUMBIX (a3 GpocdaToB Kanblus U MarHuUs ISt TOTEHIHAIBHOTO IPUMEHEHHUS B MAJIONHBA3UBHBIX XUPYP-
THYECKUX BMeEIIaTeNIbeTBaxX. Memoowl. [t XapaKTepHCTHKN MaTE€PUaIOB HCIIOIL30BAIIH JIA3CPHEIH aHAM3aTOP YaCTHIL
Fritsch Analysis 22, nudpakromerp Shimadzu XRD-6000, pacTpoBblii 3nekTpoHHbIil MuKkpockon Tescan Vega II ¢ ycra-
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3umetp Brookfield DV2T, ynuBepcanbHbIe HenbITaTenbHble MamuHb! Instron 5581 u Instron 3382. Pesyasmamer. bnaro-
napst BeesieHnio KMI] 6bUT JOCTUIHYT POCT BSI3BKOCTH M TIOBEPXHOCTHOT'O HATSKEHMS LIEMEHTHOI )KHKOCTH, 4TO obecre-
YUIIO yJTyUIICHHE XapaKTePUCTHK HHKEKTUPYEMOCTH M KOT€3MH B BOJHOI cpeJie MOJTy4YeHHBIX [IEMEHTHBIX MaTEPHAIIOB.
Bb110 ycTaHOBIICHO BIMSIHHE MEXaHOAKTHBAIIMH [IEMEHTHBIX TIOPOIIKOB, a Takke BBeAeHHs KML B IeMEHTHYO JKHKOCTh
Ha (a30BbIi COCTAB, BPEMsl CXBATHIBAHMS 1IEMEHTOB, UX MUKPOCTPYKTYDY, KOT€3HI0, HHKEKTUPYEMOCTh M MPOYHOCTHBIC
CcBOIfcTBa.

KuroueBrble cJI0Ba: Kocmuble yemenmol, pocam kanvyus, hocgam macHus, KapooKCUMEeMUTYELTI0NI03A, UHICEKMUupye-
MOCMb, KO2€3Usl, MACHUTI-3AMEUEHHbLI UMLOKUN, 2UOPOKCUANATUM

Hcrounuk ¢puHaHCHpPOBAHUS
Paboma evinonnena ¢ pamxax eocyoapcmeennoeo saoanus UMET PAH Ne 075-00319-25-00

Injected bone cements based on magnesium-substituted whitlockite,
containing sodium carboxymethyl cellulose

Margarita A. Goldberg', Polina A. Krokhicheva'!, Dinara R. Khayrutdinova!, Aleksander S. Fomin!,
Aleksander V. Leonov?, Aleksander S. Baikin', Olga S. Antonova', Anita M. Sentsova',
Nadezhda O. Donskaya', Sergey M. Barinov', Vladimir S. Komlev'

'A.A. Baikov Institute of Metallurgy and Materials Science, RAS, 49 Leninsky av., Moscow 119334, Russia,
e-mail: mgoldberg@imet.ac.ru
’M.V. Lomonosov Moscow State University, 14 Lenin Hills, Moscow 119991, Russia

Received 26.12.2024, accepted 04.04.2025

Research subject. Calcium-magnesium phosphate powder and cement materials and cement fluid containing sodium
carboxymethylcellulose (CMC). Aim. To develop injectable bone cements based on soluble phases of calcium and
magnesium phosphates for possible use in minimally invasive surgery. Methods. Fritsch Analysis 22 laser particle analyser,
Shimadzu XRD-6000 diffractometer, Tescan Vega II scanning electron microscope with an Oxford Instruments Inca X-Act
energy dispersive analyser, Tristar 3000 particle analyser, Brookfield DV2T viscometer, Instron 5581 and Instron 3382

Jas nurupoanusi: [ompnoepr M.A., Kpoxuuesa I1.A., Xaiipyrnunosa J[.P., ®omun A.C., JleonoB A.B., baukun A.C., AHTOHOBa
0.C., Cennosa A.M., [lonckas H.O., bapunos C.M., Komnes B.C. (2025) UmxekTupyemble KOCTHBIE IIEMEHTHI HA OCHOBE MarHuii-3a-
MEIIEHHOTO BUTJIOKHTA, COIepIKaIie HATPUH KapOOKHCMETHILIIEIUIIoN03y. Jlumocgepa, 25(2), 355-364. https://doi.org/10.24930/2500-
302X-2025-25-2-355-364. EDN: WIOQME

For citation: Goldberg M. A., KrokhichevaP.A., KhayrutdinovaD.R.,Fomin A.S., Leonov A.V.,Baikin A.S., Antonova O.S., Sentsova A.M.,
Donskaya N.O., Barinov S.M., Komlev V.S. (2025) Injected bone cements based on magnesium-substituted whitlockite, containing sodium
carboxymethyl cellulose. Lithosphere (Russia), 25(2), 355-364. (In Russ.) https://doi.org/10.24930/2500-302X-2025-25-2-355-364.
EDN: WIOQME

© M.A. Tompu6epr, I1.A. Kpoxnuesa, /I.P. Xaiipyrnuaosa, A.C. ®omun, A.B. Jleonos, A.C. baukun, O.C. ArTOHOBa, A.M. CeHiosa,
H.O. Jouckas, C.M. bapunos, B.C. Komues, 2025

355



356

Tonvobepe u op.
Goldberg et al.

universal testing machines were used to characterise the materials. Results. The introduction of CMC resulted in an increase
in the viscosity and surface tension of the cement fluid, which resulted in an increase in the injectability and cohesion in
aqueous media of the resulting cement materials. The effects of CMC introduction and mechanochemical activation on
the phase composition, setting time, microstructure, cohesion, injectability and strength properties of the cement materials

were determined.

Keywords: bone cements, calcium phosphate, magnesium phosphate, carboxymethylcellulose, injectability, cohesion,

magnesium-substituted whitlockite, hydroxyapatite
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BBEJEHHUE

Co3aHne HHKEKTUPYEMbIX KOCTHBIX [IEMEHTOB SIB-
JISIeTCs aKTyaJIbHOM 3a7jadeil COBpeMEHHOTO OrmoMare-
puanosenenus (Demir-Oguz et al., 2023). UmkekTu-
pyeMble IIeMEHTHI CIOCOOHBI BBIJABINBATHCS Yepe3
HITIPUI, 9TO 00ECIeUunBaeT UX IUPOKOE MPUMEHEHHE
B MaJIOMHBA3WBHBIX O0JIACTSIX XUPYPTUH, B TOM YHUCIIC
B BEpTEOPOILIACTHKE, KH(DOIUIACTUKE, CTOMATOJIOTUH U
ap. (Wang et al., 2020).

OpnHuM 13 HauboJIee PaCPOCTPAHEHHBIX MTOAX0I0B
K TOJYYeHHI0O HEOPTaHMYECKUX KalbLUWi (hochaTHBIX
(Cahyanto et al., 2017) u maramii ¢pochaTHBIX HHKEK-
TUPYEMBIX IleMeHTHBIX MaTepuanoB (Li et al., 2017),
XapaKTEePU3YIONMUXCS CITIOCOOHOCTHIO BBIJIABIMBATH-
Csl uepe3 IIMPHUI], SBISETCS BBEJCHHUE TIOJIMMeEpa B CO-
CTaB IIEMEHTHOM JKUJIKOCTH, YTO MIPUBONT K yBEINYEC-
HUIO BPEMCHH CXBATHIBAHUS U YCTOWYMBOCTH I[EMECH-
TOB K BBIMBIBAHHIO, TO €CTh K IOBBIIICHUIO KOTE3HH,
a TaKKe CIIOCOOHOCTH K HHXKEKTHpyemocTd. OnHUM
W3 TIEPCIIEKTUBHBIX OMOTIOIMMEPOB IS JOCTH)KEHUS
TaKAX CBOWCTB SBISAETCSH KapOOKCHII METHIIIIEILIIONO-
3a (KMLI). KMI] sBrsieTcsi MpOW3BOIAHBIM IIEJLIFOIIO-
3bI, OJIHOTO U3 HAWOOJIee YacTO BCTPEUAIOIIUXCS IIO-
JIUCaXapHJIOB, U XapaKTePU3YEeTCS OTCYTCTBHEM TOK-
CUYHOCTH U OMOCOBMECTUMOCThIO, UTO 00ECIeUnBacT
ero MIMPOKOE MPUMEHEHHE B OMOMenInHe U (apMa-
nestuke (Rahman et al., 2021). OnHolt u3 cnenudu-
YECKUX XapaKTEPUCTHK 3TOTO MOJIMCaXapHia SBISIETCS
CITOCOOHOCTH 00Pa30BHIBATE BA3KUE PACTBOPHI, UTO JIe-
JIAET ATOT KOMIIOHEHT MEPCIIEKTHBHBIM ISl CO3IaHUS
BSI3KOM LIEMEHTHOM XUAKOCTH. BbLIO mokaszaHo, 4To
BoaHbI pacTtBop KMI] cBsi3bIBam yacTHIIbl KamblUN
(dochaTHBIX IEMEHTOB, YTO MPUBOAMIO K YBEIHYCHUIO
o0beMa BbIIaBIMBaeMOM ieMeHTHOH mactel (Cahyanto
etal., 2017).

B macrosmee BpeMsi 0OJbITIOE YHCIO PabOT IIo-
CBAIICHO PAa3BUTHIO M COBEPIICHCTBOBAHHIO CIIOCO-
00B cozmaHus KajblWii-Maranii GochaTHBIX IeMeH-
toB (KM®ILI) (Wei et al., 2010; Wu et al., 2008). 3Ha-
YUTEIbHBIC YCUJIMSI HANPABJICHbI HAa WU3YYCHHUE KOCT-
HBIX [IEMEHTOB Ha OCHOBE MUHepanoB Qocgara mar-
Hus, Takux Kak cTpyBuT (MgNH,PO,-6H,0) niu Hbto-

oepuut (MgHPO,-3H,0) myist npumMeHeHus B KauecTBe
MaTEepUaIOB JIJIi BOCCTAHOBJICHUS KOCTHBIX JIe(DeKTOB
(Krokhicheva et al., 2023). KMI]| noka3biBana cBOIO
NEPCIEKTUBHOCTD IPU BBEACHNWU B BUAC MUKPOUYACTHI]
(Jacquart et al., 2022) u ipu UCIIOJIE30BAaHUH €€ B CO-
CTaBe MEMCHTHOM JKHIKOCTH Kamblni (pochaTHBIX IIe-
meHnToB (Kobayashi et al., 2009).

Lenpro paOOTHI SBISIETCS M3YYCHHE BIIUSHUS BBE-
nennst KMI Ha BSA3KOCTh M MMOBEPXHOCTHOE HATSIKE-
HHME [IEMEHTHOM KUJKOCTU Ha ocHOBe coju NaH,PO,,
a Takxke Ha cBoiictBa KMO®II,

MATEPUAIJIBI U METOAUKA
OKCIIEPEMEHTA

CuHTe3 IeMEeHTHBIX MOPOIIKOB

Cunte3 kanpiuii-Marauid GocdaTHbIX HEMEHTHBIX
nopomkoB (KM®II) mpoBoauian METOIOM XHMHUYE-
CKOTO OCQXJEHHS M3 BOJHBIX PAacTBOPOB B COOTBET-
CTBUU C OMUCAHHBIM paHee B Hareit ctathe (Goldberg
et al., 2020). beutn BEIOpaHBI IIEMEHTHBIC TTOPOITKH Ha
ocHOBe (pa3bl MarHMi-3aMeIIEHHOT0 BHUTJIOKWTA, Xa-
pakTepusytomumecs: cootHomenneM (Ca + Mg)/P =
= 1.67 u 3aMeleHreM KaJlbIUs Ha MarHU{ B KOJIHYe-
ctBe 20 mo. %. CuHTEe3 IPOBOAMIA METOIOM OCAXKIEe-
HUS U3 BOAHBIX PACTBOPOB COJICH COTJIACHO PeaKIuy 1:

8Ca(NO,), + 2Mg(NO,), + 8NH,0H + 6(NH,),HPO, —
— CagMg,(PO,)(OH), + 20NH,NO, + 6H,0, (1)

W3 nomyyeHHOro ocazka ynaisiad BOAY MyTEM BbI-
MapuBaHMs, MOCJIE Yero MOPOLIKH MOIBEPraji TEPMO-
obpabotke mipu 300°C B TeueHre 6 4 U MPOKATHBAIU
npu 1300°C Ha Bo3tyxe B TeueHue 2 4. MHOrocTyneH-
yaTas TepMOOOpaboTKa TpeboBaach s MOTYyUYCHHUS
3aJjaHHOTO (PAa30BOr0 cocTaBa MOPOIIKA MarHUi-3aMe-
LIEHHOI'0 BUTJIOKUTA 10 Pa3pabOTaHHON paHee cxeme
norryaenus (Goldberg et al., 2020). ITockonbky menbio
HCCIIEIOBAHNUS SIBJISUIOCH MTOJYYCHNE MHKEKTHPYEMBIX
KaJbUuid-Maraui gocdarueix nementos KMOII, cro-
COOHBIX ITPOXOAUTH Yepe3 IIPHUI] K COXPAHATH CILIOLI-
HOCTB (pHIIaMEHTa, HE0OXOIUMO JOOUTHCS OHOPOIHO-
CTU LIEMEHTHON IACThl, UCKJIIOYAIOLIEH MPUCYTCTBUE
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KPYITHBIX yacTull (001agarox CHIKEHHON peaku-
OHHOM CIIOCOOHOCTBIO B OTHOIIEHUH LIEMEHTHOM KHJI-
KOCTHU BO BpEMS CMCUICHHS, a TAKKE IIPCIATCTBYIOIINX
IBIDKEHUIO TUTYHIKEepa Immpuia). Takum oopa3om, o1-
HOW M3 3a/1a4 ObLJIO MOJYYEeHUE IIEMEHTHOrO MOPOIII-
Ka ¢ KOHTPOJHPYEMBIM I'PAaHYJIOMETPHYECKHM COCTa-
BOM. B CBSI3M ¢ 3THM, CHHTE3MPOBAaHHBIC MOPOIIKU
rmociie TepMOOOPaOOTKH TMOABEPrajid HU3MEIbUYCHUIO
B araToBOHM CTYIIKe, KJIACCU(UKAIMU HA KAalPOHOBOM
cure 300 MKM, a 3aTeM — MEXaHOAKTHUBALIMU B IJIaHe-
TapHOW MeJbHUIE B Te(IOHOBBIX OapabaHax ¢ mapa-
MU U3 JTMOKCHJIAa [IUPKOHHSI, MACCOBOE COOTHOIICHUE
ITOPOIIOK/TIOMOJIBHBIE TEJIa/cpesia TTOMOJIa COCTAaBIIS-
mo 1/10/10. B kadecTBe cpepl moMona ObLT UCTIOh-
30BaH JTWIOBBIH CIHPT, BPeMsl MOMOJA BapbUPOBa-
noch B auanasone ot 0.5 mo 4.0 yacoB mpu CKOpPOCTH
180 006/muH.

Cunres HEMEHTHBIX MaTE€pHUuaJI0oB

KM®I] rotoBuiin CMEIIEHHEM HCXOIHBIX KOMIIO-
HEHTOB (IIEeMEHTHBIA TIOPOIIOK, IIEMEHTHAS )KUIKOCTH)
B CTEPWJIbHBIX YCIOBUSIX HA MIPEAMETHOM CTEKJIE C TO-
MOIIBIO IIMATES.

B kaudecTBe 11eMeHTHOM KUAKOCTH (A), KOTOpas xa-
pakrepusyetcs ypoBHeM pH = 3.3, ucnons3osanu 50%
BOJHBINA pacTBOp Ha ocHOBe comu NaH,PO,. B xwun-
kKocTh A BBOmMAM pomoiaHuTenbHO 0.75% BOIHBIN
pactBop KMII (A-KMII). KMLI pacTBOpsuIH B TUCTHII-
JINPOBAHHOW BOJE C MOMOIIBIO MATHUTHOW MEIIAJIKU
npu Temnepatype 60°C, BBenenne KMLI e Bnusiio Ha
ypoBeHb pH LIEeMEHTHOM KUAKOCTH.

IlemeHnTHBIC MaTEPHAIIBI, TOTYUYECHHBIE C HCTIOIB30-
BaHHEM IIEMEHTHOTO TIOPOIIKA MOCIEe MEXaHOAKTHUBA-
MU B TeyeHHe 1.5 4acoB, ¥ LIEMEHTHOM JKUIKOCTH A,
cooTBeTcTBOBaNM Ha3zBaHWio KM®II-1, meMeHTHI, IMo-
JIyYEHHBIE C HCIOJIb30BAHUEM LIEMEHTHOU KUAKOCTU
A-KMII nonyunnu nazBanue — KMOII-2.

DuU3MKO-XUMHUYECKHE CBOIICTBA MATEPHAJIOB

['panynomerpudeckuii cocTaB 0 ¥ TIOCIIE MEXaHO-
XUMHUYCCKON AKTHUBAIlMU LIEMEHTHBIX IOPOIIKOB HC-
cJeIoBaIu Ha JazepHoM aHanm3aTope dacTtull (Fritsch
Analysis 22). ®a30BbIii COCTaB MaTEPHAJIOB OTpeEe-
JISUTA ¢ TIOMOMIBEO METOa PEHTTeHO(a30BOTO aHaIN3a
(P®A) (Shimadzu XRD-6000 ¢ ucnonap3oBaHHEeM H3-
nyuyennst CuKa, B auanaszone 20 ot 10 mo 70° ¢ marom
0.02°) mo 6a3e nmanubix ICDD, PDF2. KonuuectBeH-
HBIH (a30BbIi aHATN3 TPOBOAMIICS TMOCIE YTOUHEHHUS
CTPYKTYpPhI Ha OCHOBE MeTO/ia PUTBebAa ¢ TOMOIIBIO
nporpammHoro obecneueHuss PHAN% (Shelekhov,
Sviridova, 2000). C moMompi0 METoIa pacTpOBOI
anekTpoHHO Mukpockormuu (POM) (Tescan Vega II)
C YCTAaHOBKOW JJIsi DHEPrOAMCIICPCHOHHOTO aHAJIH-
3a (DJ1A) (Inca X-Act Oxford Instruments) ¢ ucmosnb-
30BaHMEM IporpaMMHoro obecneuenus Inca Energy,
NPOBOAMIIMCH UCCIeoBaHusT Mopdosiorun u pa3Mepa

LITHOSPHERE (RUSSIA) volume 25 No.2 2025

YacTHIl IIEMEHTHBIX MMOPOIIKOB M ONpeAeTICHUE XHUMU-
YECKOT'0 COCTaBa METOJ0OM MUKPOPEHTI€HOCTIEKTPaIb-
svoro ananmm3a (MPCA), a Takke MEKPOCTPYKTYPHI I1e-
MEHTHBIX MaTepuaioB. M300pakeHus MoTydand Tpu
yckopsitorieMm Hanpsbkerann 20 kB, B pexxume oOpart-
HO-paccesHbIX 1ekTpoHoB (BSE), ans npenorsparie-
HUS HAKOTUICHUS 3apsifa 3JEKTPOHOB Ha MOBEPXHOCTH
HETNPOBOASALIMX LIEMEHTOB Ha 00pa3Ibl MpeIBapUTEIb-
HO HAHOCHJIM 30JI0TO€ TOKOIPOBOJAIIEE MOKPBITHE
MeToJ oM MarHerpoHHoro pacoeiierus (Q150R ES
QUORUM TECHNOLGIES). UccnenoBanue yemnb-
HOM TMOBEPXHOCTH TTOPOIIKOBBIX MaTepHaNOB TPOBO-
i MeTozioM bpynayapa, Ovmmera u Temmnepa (BOT).
Juis wccnemoBaHusl MPUMEHSIICS aHanm3atop Tristar
3000 (CLIA).

Bpemst cxBaTbIBaHHSI LIEMEHTHBIX MaTEpHAlIOB
OTIpEIeIIsUIN ITyTeM NOTrpyKeHusl Uribl Buka ¢ quame-
tpom uHaeHTOpa 1.0 MM (400 ) B 0Opazerr f0 Tex mop,
[IOKa WIJIa HE TIePeCcTaHeT 00pa30BhIBATh OJTHOE KPYT-
Joe yrioyOJieHHe Ha IIEeMEHTHOM oOpasiie B COOTBET-
ctBun ¢ ISO 9917 (2007). 3navenus pH sxcTpakToB
onpenensuiu pH-metpom Testo 206-pH1 B nuctumiu-
pOBaHHOM BOJE.

Wzmepenne BS3KOCTH  PacTBOPOB  IEMEHTHOM
JKUJIKOCTH TPOBOJMIIM Ha BHckosumerpe Brookfield
DV2T (MSA Altair) mpu ckopocTu BpamieHus 25 u
100 06/muH.

Ornenka cnocoOHOCTH IIEMEHTHBIX MAaTEPHAaJIOB CO-
MIPOTHUBIISITECA Pa3MBIBAHUIO, TO €CTh XapaKTEPUCTH-
Ky MX KOT€3WH, ONpeersiiach M0 METOAWKE, MPHUBE-
nenHolt B crathe (Lee et al., 2019). [loarorosnennyo
CMEIICHNEM Ha TPEJAMETHOM CTEKJe LEeMEHTHYIO Ma-
CTy TIOMeIIaay B mmpui oobemoM 2 mil. LleMeHTHBIN
MaTepHan BBIIABIMBAIN Yepe3 HINPHLl C JHAMETPOM
orBepcTHst 0.8 MM C ILIEIbIO OLICHKH CILIOMIHOCTH (hu-
JIAMEHTa, MOCJIe Yero B eMKOCTh BBOAMIN 10 Mut mwc-
THJUTHPOBAHHOW BOMBI W TMPOM3BOAWIN (poTodukca-
o (puTaMeHTa depes 3 MUH U depe3 24 u.

MexaHuyeckue HCCIEIOBaHUsS TPH  OJHOOCHOM
cxatuu npooauau cornacHo ASTM D695-91 na uc-
neiTatensHoi MammHe (Instron 5581) co ckopocThio
HarpyxeHust | MM/MUH (TIOTPEIIHOCTh HM3MEpEHHUs
ckopoctr 0.2%, TOTPEIHOCTh M3MEpPEHUs] Harpy3Ku
0.5%), okoHYaTehbHBIE CTATUCTUYECKUE PACUETHI TPO-
BOJMIIUCH 110 5 00pa3iiaM IeMEHTHBIX MaTepHaIOB.

HccnenoBanne HHKEKTUPYEMOCTH IIEMEHTHBIX 00-
pa3noB NPOBOAMIM METOAOM HM3MEPEHHUS] MacChl BBI-
JaBJICHHOTO MaTepHaja 4epe3 IINpHI] IIPH MOCTOSH-
HOM JaBlieHUd. J{aHHBIA MeToJ] ObLT ONTHMHU3HUPOBAH
JUIS TIPOBEJIEHUS] HCCIeOBaHUN Ha 00O0pYyIOBaHHUU
HUMET PAH (ucnwitatensnas mamuHa Instron 3382).
[mpwur ¢ muamerpoM otBepetrs 0.8 MM ¢ IIEMEHTHBIM
MaTepraioM TOTPY)Kall B MATPHUIy YCTaHOBKH, J1aB-
JICHWE TPUKIAIBIBATIOCH TIPU TIOCTOSTHHOM IIepeMe-
LICHUU TPaBEPChl CO CKOPOCTHIO 1 MM/C K MyaHCOHY
LIMPHILIA C MAKCUMaIbHBIM POHICHHBIM PACCTOSHUEM
15 MM (morpemrHocTs n3Mepenus ckopoctu 0.2%, mo-
TPEIHOCTh u3MepeHus Harpy3ku 0.5%).
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PE3VJIbTATHI UCJIEJIOBAHUN
N NX OBCYXXJIEHUE

XapaKTepl/lCTl/IKa HEMEHTHBIX MOPOIIKOB

CornacHo jaHHbIM PO A, IeMEHTHBII TOPOIIOK MO-
CJIe CHHTE3a XapaKTepU30BaJICs MPUCYTCTBHEM OCHOB-
HOM (pa3bl MAarHUK-3aMEIICHHOTO BUTIOKUTA U OKCHJIA
Maraus (tabin. 1). ®a3zoo0pazoBaHue MPOUCXOTUT IO
HUKETPUBEACHHBIM PEaKIUSIM:

2.586Ca(NOs), + 0.411Mg(NOs), + 2NH,OH +
+ 2(NH,)H,PO, = Ca, 5454Mgo4,(PO,), + (2
+ 6NH,NO; + 2H,0
Mg(NO;), + 2NH,OH = MgO + 2NH,NO; + 2H,0 (3)

Hanee mpoucxoauia MEXaHOAKTUBALMS IOJTYyYeH-
HOTO IEMEHTHOT0 nopomika. CorilacHO JaHHBIM Ja3ep-
HoOW nudpaximu, Marepuanbl 0e3 u3MeNbYeHUs B Tia-
HETAPHON MEJBHUIIC XapaKTePU30BAIHCh IMUPOKUM
pacrpe/ieliecHHeM YacTHII 110 pa3Mepy, KOTOPBIH Haxo-
JUJICS B 1uarnas3oHe oT MeHee | MkM 10 Oosnee 170 MM
(Tabm. 2).

[Ipu nccrnepoBaHNM HEMEHTHBIX MOPOLIKOB IOCTE
MEXaHOAKTUBALIMHK, OBUIO YCTAaHOBJIEHO, YTO MpPU H3-
MEJIbYCHUH MaTepuaia B IUIAHETapHOH MeNbHHIE B

Tao6auna 1. Pazossiii cocraB KMOIT
Table 1. Compositions of CMPP

Tonvobepe u op.
Goldberg et al.

TedeHune 0.5 yacoB HaOMOAAETCS] 3HAYUTEIHHOE CHU-
JKCHHE Pa3MepOB YacTHUI] U CyKEHHE MX 00JIacTH pac-
npenenenns. B mMaTepuanax mMc4e3aroT 4acTHIBI pas-
MepoMm Oozee 50 MM, 90% MOPOMIKOB HE MPEBHIIIA-
10T 10 pasmepy BenmduHBI B 30 MM (Dy). ITo mepe
YBEJIMYSHHUS BPEMEHH U3MeNbueHus 0 1.5 yacos, paz-
MepbI YaCTHII IIOCTETICHHO CHIKAIOTCS, YBEININBACT-
cst 00beM (hpakiuu pazmepom menee 1 Mxm. JlanbHeii-
LM pOCT BpeMEHH MomoJa 0 2-X U 4-X 4acoB MpH-
BOJMT K HEKOTOPOMY POCTY pa3MepOB YacTHI], COoriac-
HO JIaHHBIM J1a3epHOM AU(PAKIUHU TOPOIIKOB, YTO CBSI-
3aHO C WX arJoMepaIrueil, a TaKkke CyIecTBeHHBIM Ha-
MOJIOM JMOKCHA ITUPKOHUS B XO/€ M3MENbUSHHS T10-
MOJIbHBIX T€Jl, UTO NOATBEpKAaeTcs JaHHbIMU PDA.

HccnenoBanne ynenbHOW MOBEPXHOCTH TOJTBEP-
JUJIO CYLIECTBEHHBIH POCT TUCIIEPCHOCTH LIEMEHTOTO
MOpOIIKA MPH U3MesbyeHuH B Teuenue 1.5 u 4.0 va-
coB (Ta0u. 3).

UccnenoBanne ¢$pa3zoBoro cocraBa IEMEHTHBIX TO-
POIIIKOB TTOKAa3ajJ0, YTO B PE3yIbTaTe MEXaHOAKTHBA-
MY B STHJIOBOM CIHpTE Habmomaercs GopMupoBaHUe
¢azer runpokcuanatuta (I'A) (JCPDS 000-09-0432),
ITOMHMO OCHOBHBIX (a3 MarHui-coiepkamiero BUTIo-
kuta (JCPDS 000-70-2064) u okcuaa maruus (JCPDS
000-77-2364) (puc. la). KomuuectBo ['A BO3pacTtaer

Hazpanue (Ca+Mg)/P | (Ca+ Mg)/P coorHolIeHHE, ®as30BbIil cocTas, Mac., %
COCTaBa IEMEHTHO- | OTHOILICHHE | COTJIACHO JJAHHBIM SHEPTro- BUTIOKHT Crandurmr Ca;Mg; | MgO
0 IOPOIIKa pacdeTHOE JCTIEPCHOHHOTO aHAIM3a | (Ca, s4sMgy41,)(PO,,2 (PO,),
KM®IT 1.67 1.7 90 0 10

Tadanna 2. Dddexrusnsie quamerpsl yactuy KM®II nocie u3Menb4eHust B CTyNKE 1 MEXaHOAKTUBALIUY B ATUIIOBOM CITUP-

Te ¢ mocneayomuel TepMmoodpadoTkoi mpu 700°C

Table 2. Effective diameters of CMPP particles after grinding in a mortar and mechanical activation in ethyl alcohol, fol-

lowed by heat treatment at 700°C

Bpems MexanoakTuauuu D¢ dexTUBHBII [UaMeTp YacTHL, MKM
LIEMEHTHOI0 IIOPOLIKA, Yac Dy Dy, Do
0 1.0 7.8 177.0
0.5 0.8 5.8 18.6
1.0 0.8 5.8 12.5
1.5 0.8 4.8 10.3
2.0 0.8 4.5 10.1
4.0 0.9 6.1 12.4

Tabuauna 3. Y nensHas miaomaas nosepxaoctu KMOII
Table 3. Specific surface area of CMPP

Bpemst MexaHOaKTHBALIMKA LEMEHTHOIO VY ienbHast MOBEPXHOCTh, M/T A, %
MIOPOIIKa, Yac
0 0.9 -
1.5 1.62 444
4.0 2.04 20.6

JIMTOCDEPA TomM 25 Ne2 2025
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Puc. 1. CrpykrypHo-tazossie cBoiictBa KM®II mocie MexaHOAKTHBAITUH.

a — 1udpaKkTorpaMmbl IEMEHTHBIX MOPOIIKOB: 1 — okcug Maraus MgO, 2 — ZrO,; 6 — MUKPOCTPYKTypa M0CiIe MEXaHo00paboTku

B Teuenue 1.5 4acoB; B — I/IK-CHSKTPLI LIEMCEHTHBIX ITOPOLIKOB.

Fig. 1. Structure-phase properties of CMPP after mechanical activation.

a — diffractograms of cement powders: 1 — magnesium oxide MgO, 2 — ZrO,; 6 — microstructure after mechanical treatment for

1.5 hours; B — IR spectra of cement powders.

[0 Mepe POCTa MPOAOIKUTEIBHOCTH 00paboTKU. DTO
CBSI3aHO C BBICOKOIHEPTEeTHYECKHM B3aWMOJICHCTBU-
eM (a3bl BUTIIOKUTA C BOJIOH, KOTOpasi MPUCYTCTBYET
B IIPUMECHBIX KOIMYECTBAX B 3THUIIOBOM criupre. Dop-
MHpoOBaHHEe ['’A TIPOMCXOIUT MyTeM THUApATalldH BUT-
JIOKUTONIOTOOHOM (pa3bl MPH BO3MOXKHOM yJacTHH (a-
3bI OKCHJIa MarHus, B cpe/ie, CoAeprKalield BOLy, O HH-
KETIPUBEJIEHHON cXeMe:

(Ca, 536Mgo411)(POy), + MgO + H,O — 4)
— Ca,o(PO,)s(OH), + MgH(PO,)

Heo0x0aumMo OTMETUTh, YTO HPSIMOE TMOIYYCHUE
I'A B cucreme CaO-MgO-P,0s, cormacHo muarpam-
Mme coctostHus (Barth, Verbeeck, 1984), mpu 3amanHOM
cootHomennu (Ca + Mg)/P = 1.67 myrem ocaxneHus
13 BOJIHBIX PacTBOPOB HE JNOCTIXUMO. Takke, HE Ha-
omoanochk opmupoBanust ['A mpu B3auMoieicTBUU
LIEMEHTHOT'O TIOPOIIKA ¥ IIEMEHTHOW XHUJKOCTH B Ha-

LITHOSPHERE (RUSSIA) volume 25 No.2 2025

mmx npensiaymux padorax (Goldberg et al., 2020).
B o e Bpems npucytctBue I'A B MaTepuaie crnocoo-
HO YJIy4YIIHUTh ero Ouonorndeckue cBoiictsa (Liu et al.,
2019), a Taxke MOKET TTOBBICHTH MEXaHUIECKUE CBOM-
CTBa LIEMEHTOB, TJi€ YacTULIbI OyIyT SBIATHCS LIEHTpa-
MH KPUCTAJUIM3ALUK AaNaTUTOBOM (haspl mpu cmelie-
HUU € UEMEHTHOM XuakocThio. @opmupoBanue ['A B
KM®II npu mMexaHOAaKTHBAllMU HE OBLIO MPOJIEMOH-
CTPUPOBAHO, 10 HAIIMM CBEJEHUSIM, Ha CETOJHAIIHUI
neHb. [Ipu yBennueHun BpeMeHHU MoMoJia B CTPYKTY-
pe Habmonaercst mpucyrcTBre Gaszsl ZrO,, 4To cBsiza-
HO C HaMOJIOM OT TIOMOJIBHBIX TENI TPU JTOCTHKEHUU
BpeMeHH 4.0 4 MEeXaHOAaKTHBAallMM B KOJIMYECTBE IO
2 mac. %.

HccnenoBanne MHKpPOCTPYKTYpsl MeTonom POM
MOJTy4YEHHBIX TOCJE M3MEJIBYEHHUsS B araToBOW CTYTI-
K€ [IEeMEHTHBIX TIOPOIIKOB MPOAEMOHCTPUPOBaAIIO (op-
MHpPOBaHUE KPYIHBIX arJoMepaToB pazMepoM a0 50—
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100 MxM, 00pa3oBaHHBIX MOTUPPAKIHOHHBIMH YaCTH-
namu pazmepom 1-2 MxM. [[71st TOpOIIKOB, OABEPTHY-
THIX MeXaHoakTuBaIuu B Teuenue 0.5—1.5 gacos pas-
Mep ariioMepaToB cocTaBisul 1o 10 mxMm (puc. 16). [lpu
9TOM, KPYITHBIX YacTHII pa3Mepom Ooiee 20 MKM B TI0-
Jie 3peHust He HaOmromaercs. B To ke Bpems mopomi-
KH, u3MenbyaeMble B TeueHue 4.0 yacoB, mpoJIeMOH-
CTPUPOBAJIM TPUCYTCTBUE KPYIHBIX ILIACTUHYATHIX
KPHUCTAIJIOB, COXPAaHUBIINXCS HECMOTPS Ha YBEIH-
YEHHOE BpeMs U3MelbueHUs. Takke MOXKHO OTMETUTh
YBEIIMYEHUE YUCIIAa CBETIBIX KPUCTAIUIOB, 0TOOpaxkae-
MBIX B 00paTHOOTpaKeHHBIX dJ1ekTpoHax (BSE metek-
TOp), KOTOPBIE MOYKHO OTHECTH K YaCTHIIAM U3 IHOK-
CHU/Ia IMPKOHUSA, 0Opa30BaHHBIM B pe3yJbTaTe HaMola
MEJTIOLIHX Tel.

CornacHo ®ypre MK-cnexTpockonuu, B MOpoII-
kax mpucytctBytoT (PO,)*, (OH) -rpynmsi (puc. 1B).
Heo0XxomuMo OTMETHTB, YTO TOJNOCH CTPYKTYPHBIX
(OH) -rpymnm, xapakrepusix s ['A (mpu 3570-3540

Tonvobepe u op.
Goldberg et al.

u 620-630 cM '), HAUMHAIOT AETEKTUPOBATHCS B MaTe-
puanax yxe nocie 0.5 yaca MeXaHOAKTHUBAIMH B ITHU-
JIOBOM CITHPTE.

Ha ocHOBe TONy4eHHBIX JaHHBIX B KadeCTBE HC-
XOJIHOTO IIEMEHTHOTO TOpOINKa OBUT BBHIOpAH Mare-
pHall, TIOJIBEPTHYTHI MEXaHOAKTHBAIIMU B IUIAHETap-
HOW MENBHMLE B Cpelie 3TUIOBOTO CIIUPTa B TEUCHHUE
1.5 gacos.

XapaKTepnchca HEMEHTHBIX HCH}IKOCTeﬁ

Bs3KOCTh IEMEHTHBIX >KMJIKOCTEH B 3aBUCHMOCTH
0T cocTaBa mpuBeneHa B Tabm. 4. [lokazano, 4ro g0-
Oasnenne KMIL] 3HaYMTENHHO YBEIHYUBAET BS3KOCTh
XKHUJIKOCTH (IIPU CKOPOCTH BpaleHus 25 00/MHUH MOYTH
B 10 pa3, mpu 100 06/Mun — B 2 paza). [loBepxHOCTHOE
HaTspbKkeHue ymeHsbinaercs. [losenenue A-KMI, npu-
BEJIEHHOE Ha (pHC. 2), XapaKTepu3yeTcs CTPyKTypHOH
Bs3kocThio (Miehle et al., 2021).

Ta6auuna 4. Bs3kocTh, MOBEPXHOCTHOE HATSDKEHUE M pH IIEeMEHTHBIX KUAKOCTEH

Table 4. Viscosity, surface tension and pH of cements fluids

Ha3Banue BszkocTs (ckopocTh Bpamienus | Bsiskocts (ckopocTs BpaieHus | [ToBepxHOCTHOE pH
25 06/muH), mITa*c 100 06/mun), mITa*c HaTsDKeHue, MH/M
A 7.5+£0.5 20.2 81.2 3.5+0.1
A-KMI] 91.5+0.5 52.6 76.4 39+0.1
95
90
O
*m 85 -
=
= 4
4
g 80
5 -
x®
m
75
70
65 T v T " T v T v T '
20 40 60 80 100

CkopocTb BpalleHusi, 06/MuH

Puc. 2. smenenwne Bsa3kocta A-KMII B 3aBUCHMOCTH OT CKOPOCTH BpAIICHUS.

Fig. 2. Change in viscosity of A-CMC depending on the rotation speed.
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brino ycraHOBIEHO, YTO BBEJACHUE B PACTBOP JKU/I-
kocti A monumepa KMIL] He Bimsier Ha ypoBeHs pH
LIEMEHTHON KUJKOCTH, OJIHaKo, npucyrcreue KMII
MPUBOANUT K HE3HAUUTEIBLHOMY BO3JIEHCTBHIO HA CMa-
YHUBAaeMOCTh TOBEPXHOCTEW cTekia W TeduioHa, He-
CKOJIbKO YMEHbIIAsl KPAa€BOUM YroJl CMauMBaHUSI MEXITY
LIEMEHTHBIMH KHUJIKOCTIMH U 000MMH TUTIAMH TIOBEPX-
HocTel (Tadum. 5).

XapaKTepl/ICTHKa HEMEHTHBIX MaTE€pUuajIoB
HccnenoBanue (1)330B01"O cocTtaBa ICMCHTHBIX Ma-

TEpPHUAJIOB, NMONy4YeHHbIX Ha ocHOBe KM®II n nemeHt-

Taouuna S. KpaeBoil yron cMaunBaHus

Table 5. Contact wetting angle

HbIX xuakocred A u A-KMI, noka3zano popmupoa-
Hue amopdHoii ¢asel HpOOepuuTr — MgHPO,-3H,0
(JCPDS  000-75-1714)  opTOroHamBbHON  CHHTO-
HUM ¢ mapamerpamu pemetkn a = 10.2048(4) A, b =
=20.6849(3) A, ¢ =10.0135(7) A (puc. 3a). I1pu B3an-
MOJICHCTBUHM UCXOTHOTO IIEMEHTHOTO TIOPOIIKA C KHC-
JIOW NIEMEHTHOH JKUAKOCTHIO TPOUCXOIAT PEAKIIUH Tie-
pexpecrammsanuu, Haxonsmmiics B n30bITKE MarHuii
¢dopmupyeT ciensl Kucioro ¢ocdar MarHus, KOTO-
pblii B JanbHENIIEM MPU B3aUMOAECHCTBUM C LIEMEHT-
HOHM JKHIKOCTBIO MOXKET 00pa3oBBIBaTh (pa3zy HbIOOE-
puutr MgHPO,4-3H,0. B ieMeHTHBIX MaTepHaiax Tak-
JKe HaOIII0/TaeTCsl MPUCYTCTBHE MCXOIHBIX (a3 MOPOIII-

[onnoxka CocraB Kpaesoii yron cmauuBanus, °
CrneBa Crpasa
Tednon A 119.6 116.6
A-KMIT 115.6 114.2
Crexno A 54.4 51.8
A-KMIJ 53.4 49.4
a o (OHY (POL* (PO
\\.4
& ™.
. KMoLI-2
T
-
(o) PR I (TR U ST I S I ST ET—
s [ MgHPO,-3H,0 m KMaLI-1
g L ]
e I b Cc-O0
@
s
o - B
o [ Caz 589Mg(.411(P04)2
= i -
= B ] 3800 3600 3400 1200 1000 800 600 400
L ] BonHoBoe uncno, cm™’
- Cag(PO,);(OH) |
il ‘|.| ITErTmE
5 10 15 20 25 30 35 40 45 50 55 60

20, rpag

Puc. 3. CrpykrypHo-da3zoBoe cocrosaue KM®DII.

a — mudpakrorpammsel KMOILL: 1 — MgO, 2 — Hpro6epuurt; 6 — MK-crnekTphl IEeMEHTHBIX MaTepHaIoB.

Fig. 3. Phase composition of CMPC.

a — diffraction patterns of CMPC: 1 — MgO, 2 — newberyite; 6 — IR — spectra of cements materials.
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koB — ['A, Maruuii-3aMenieHHOro BUTIOKUTA U CJICJIOB
okcua Maraus. beuto otMeueHo, uto BBeaeHrne KMI]
MPaKTHYECKU HE BIUsACT Ha ()a30BbIi COCTaB 00Pa3I0OB,
OJTHAKO TIPUCYTCTBUE TOJMMepa odecrieunBaeT Oosee
[IOJIHOE PACTBOPEHUE YACTHUL] OKCUAA MarHus, YbHU IMU-
KM CTAQHOBSTCS MPAKTUYECKA HE Pa3IWYMMbl Ha aud-
pakTorpaMMax, a COrJIaCHO KOJIMYECTBEHHOMY pacue-
Ty, MaccoBast 1o MgO He npesbliaet 2%.
UK-cnextpsr KM®IL] xapakTrepu3oBaanch HaTU4U-
em (OH) -rpymm, a takxe (PO,)* -rpymi, XapaKTepHbIX

Ta6auna 6. Coiictea KMOI]
Table 6. Properties of CMPC

Tonvobepe u op.
Goldberg et al.

st pasel ['A (puc. 36). Y nementop KM®II-2, conep-
xamx KMIT, Habmogancs nuk mpu 894 cm!, oTHO-
csmuiics k xonebanusam C-O. Takue xonmebaHus ObLITH
MIPOIEMOHCTPHUPOBAHBI PAHEE U MMOATBEPKIAIOT HAIIH-
gue KML] B KM®I] (Wei et al., 2016).

Bpewmsi cxBaThIBaHUSI IEMEHTHBIX MaTE€PHAJIOB CO-
craBiasuio 14.0-16.0 MUHYT, a BBITSKKH IIEMEHTHBIX
MaTEPUAIOB TOCIE BBIACPKKU B AUCTUILTUPOBAHHOU
BOJIE XapaKTepU30BaJIUCh ypoBHeM pH B nuamnazone
6.0-6.3 (tabn. 6), npu 3Tom BBenenue KMI] He oka-

HasBanue |Bpewms cxBatel-| pH uepes | pH yepe3 | CootHomenue nopowok +|  MccnenoBanue Mexanuueckast
BaHus, MuH | 30 MmuH | 7 nHEH + JKUJKOCTb, T HHXEKTUPYEMOCTH | IpouHOCTh, MIla
KM®II-1 15+1 6.0 6.2 He BbinaBnuBaercs 1.2+0.5
KM®II-2 15+1 6.3 6.3 0.3+0.2 BrinaBnuBaetcst 32+0.5
XOpOIIO

Puc. 4. 300pakeHus IEMEHTOB, I/Ie IPHUBEACHA MUKPOCTpyKTypa: a — KM®II-1, 6 — KM®II-2; dpoTonzodbpaskeHus
(uITaMEHTOB, BBIICP)KAHHBIX B AUCTHIUITMPOBAHHON Boje yepe3 24 yaca: B — KM®II-1, r — KM®II-2.

Fig. 4. Images of cements showing the microstructure: a — KMPC-1, 6 — KMPC-2; photographs of filaments kept in

distilled water: 8 — CMPC-1, r — CMPC-2.

JIMTOCDEPA TomM 25 Ne2 2025
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Puc. 5. HccnenoBanye HHKEKTUPYEMOCTH LIEMEHTHBIX MATEPUAJIOB.

a— KM®ILI-1, 6 - KM®ILI-2.

Fig. 5. Study of the injectability of cement materials.
a— CMPC-1, 6 - CMPC-2.

3BIBAJIO CYIIECTBEHHOT'O BIIMSHUS HAa BPEMS CXBaThI-
Banusi. Beenenue KMI] B 11eMeHT yBeIMUYMBAET MpoOU-
HocTh 00pasuoB 10 3.2 Mlla, yto cornacyercst ¢ pe-
3yJlbTaTaMu JIpyrux Onuskux pabot (Jacquart et al.,
2016).

CormacHo nanHeiM POM, meMeHTHBIE MaTepUabl
KM®II-1 u KM®II-2 xapakrepusyercs (popmupona-
HHAEM TIOPHUCTON MHUKPOCTPYKTYpPHI. YacTHIlsl, hopMu-
pyrolye IeMeHTHBIE MaTephalbl, UMEIOT OKpPYTIYIO
Y TUIACTHHYATYI0O MOP(OJIOTHIO, UX pa3Mep JIeKHT B
nuanazone ot 1 1o 10 mxm. Ilpu sTOM pasnuuus B xa-
pakrepe MUKkpocTpykTypbl y KM®II-2 He cymecTBeH-
HBI, BU3YaJIbHO HAOJIIONAeTCs HEKOTOPOE YBEJIMYCHUE
IJIOTHOCTH IIEMEHTOB (puc. 4a, 0).

HccnenoBanne Kore3nu 1mMokasajio, 4TO MPU BBEAE-
ann KMI (miementsl coctaa KM®II-2) Habmomaet-
Csl YIIy4IlIEHHE COITPOTUBIICHUS Pa3MBITHIO (DUITaMEHTa
B JUCTHJUIMPOBAHHOW BOJIE, TIPOUCXOUT COXpaHEHHE
ero ¢opmsl (puc. 48, r). Beenenne KMLI B ieMeHTHY10
KHJKOCTh TaKKe CIIOCOOCTBYET COXpaHEeHHIO (op-
MBI BBIIABJICHHOHN IIEMEHTHOM MAaCThI IPH BBIICPIKKE B
JTUCTULTMPOBAHHOU Bozie B TeueHue 3.0 MUHYT, TaK U
rocie 24 4acoB BRIIEPHKKH (CM. Ta0. 6).

bruto mpoBeneHo wWccienoBaHWE HHXKEKTHPYEMO-
CTH IIEMEHTHBIX MaTepuaiioB (puc. 5). briio mokasa-

LITHOSPHERE (RUSSIA) volume 25 No.2 2025

HO, 4TO leMeHTHbIH maTepuan KMO®II-1 He BblaaB-
JIUBAETCS TIPHU TPUIOKESHUNA HATPY3KH CO CKOPOCTBHIO
1 MM/CeK, MPOUCXOIUT €ro MPECCOBAHUE B TEIIC IIITPH-
na, B To Bpemsi kak KM®I[-2 nemoHcTpupyer cro-
COOHOCTH BBIJABIUBATHCS uepe3 INNpul, (HopMHUPYs
cruiomHbli (puameHnt. B skcnepumente ¢ KM®II-2
YCTaHOBJICHA €r0 CIIOCOOHOCTH BBIJABIUBATHCS Yepes3
mmpui, ¢ (GOPMHPOBAHUEM CIUIONIHOTO (BHIIAMEHTA.
D10 meMoHCTpUpyeT cmocodbHocTs KMI] 3a cuer mo-
BBIIICHUS BA3KOCTH LIEMEHTHOM KHUIKOCTH B CPOPMH-
POBaHHOI IIEMEHTHOM MACThl 00ECIIEYNBATh CHIKEHHE
TPEHUS MEX]Ty YACTHIIAMU [IEMEHTHOTO ITOPOIIIKA, YTO
NPUBOIAUT K YJIYYIICHUIO HHKEKTUPYEMOCTH LIEMEHT-
HBIX MaTepPHAJIOB.

BbIBO/IbI

bpun nosydeHbl MHXKEKTUPYEMblEe KajbLUK-Mar-
HUW (ocdaTHBIE IIEMEHTHBIE MaTEepPHAJIbI, Ybsl KOTe-
3USl U UHKEKTUPYEMOCTh BO3PACTali 3a CUET BBEJE-
uust nmonumepa KML. Beegenne KMI B nemeHTs
CIOCOOCTBYET MOBBIIMICHUIO TMPOYHOCTH MPHU CKATHU
mouTH B 3 pasa. [Ipu B3auMoaeiicTBUM KaJIbIIHIi-Mar-
HHMEBOI'O BUTJIOKHUTA U OKCHJIa MarHus, cojaepKaiimx-
Cs B IEMEHTHOM TOPOIIKE, C IEMEHTHON >KUJIKOCThIO
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Ha ocHOBe (ochaTa HATpPUs MPOUCXOIUT OOpa3oBa-
Hue (a3pl HBEOOCPUUT, KOTOPask PABHOMEPHO pacipe-
JeNseTcs 1Mo BceMy o0beMy oOpasiia BO BpeMsi cMe-
LIEHUS] KOMIIOHEHTOB M LIEMEHTHPYET 3aKpHCTaJlIu-
30BaHHBIE YaCTHIIBI MEXIy c000i. Bpems cxBaThiBa-
HUS [IEMEHTOB COCTAaBJISIET OKOJO 15 MHH, 4TO OTBe-
4yaeT TpeOOBaHMSIM LIEMEHTOB, UCIIOIb3YEMBIX B MEIU-
uuHe (Wang et al., 2022). Takue MaTepualibl Hepcrek-
TUBHBI JUJIsl IPUMEHEHHUSI B PEKOHCTPYKTHBHO-BOCCTA-
HOBUTEJIBHON XMPYpruM (BepTeOpOIUIacTHKE), a Tak-
e B CTOMATOJIOTHH.
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