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OtneneHne MarMaTHdecKuX (IIIOMIOB OT TPAHUTHBIX MAarM MPW WX MOJBEME K MOBEPXHOCTH U
KPUCTAJUIN3ALUU OJUH W3 BAXKHBIX (PAKTOPOB MPEOOpa30BaHMs OKPYKAIOIIUX MOPOJ JTUTOCHEPHl H
(hopmupoBaHus pyA000pa3yrIIUX THAPOTEPMAILHBIX CHCTEM, TEeHETHUECKH CBSI3aHHBIX C TPAHTOM/I-
HBIM MarmMatu3MoM. CIIOCOOHOCTH XJIOpa CO3/1aBaTh B BOIAHBIX PACTBOPAX YCTOWYHMBBIE KOMITIEKCHI C
Zn, Pb, Cu, Sn ¥ HEKOTOPBIMHU JAPYTUMH PYIHBIMUA U PSIKAMU 3JIEMEHTAMHU ONIPEACIISIET €ro UCKITFOUH-
TEJBHO BRXXHYIO POJb B WU3BJICUYCHUHU ITHX DJIEMEHTOB M3 MAarMaTHYECKOTO pacIliaBa U MEPEHOCE UX
BBICOKOTEMITEpPAaTypPHBIMH (urroniaMi. B 1aHHOM cOOOIIEHN TIPeCTaBIeHbl PE3yIbTaThl YACICHHOTO
MOJICITMPOBaHUs MoBeaeHUsT Zn u Pb ripu nerazanmu rpaHUTHBIX Marm, coaepxkammx H,O u Cl, xoTto-
phI€ TIO3BOJISIOT KOJUYECTBEHHO OIEHUTHh BO3MOXKHBIC MacmTaObl BeIHOCA Zn U Pb B mpomecce nera-
3alUy MarM B 3aBUCHUMOCTH OT (1) maBieHUs, MIpH KOTOPOM JOCTHTaeTCsl HACHIIICHUE PacILUIaBoOB Jie-
TYYHMH KOMITOHEHTaMH, (2) CTETeHN KPUCTaUIM3AINK paciuiaBa, a Takke (3) IUHAMUKH yaaJieHUS
¢dronHOM a3kl U3 MarMaTHYECKOH cUcTeMbl . Mcmonb3yeMasi KOMIIBIOTEpHAs MOJIEb OCHOBaHa Ha
0000IIeHNH UMEIOIIUXCS SKCIIEPUMEHTAIBHBIX JAHHBIX M YYUTHIBAET: () 3aBUCHMOCTh K03 duimeH-
ToB pacupenenceaus Cl, Zn u Pb mexnay dmronmnoit ¢a3oit u paciuraBoM OT JaBIICHUS W KOHIICHTpa-
uu Cl B cucreme, (0) BO3MOXKHOCTh reTeporeHu3anuu GIrouaHoi (as3bl ¢ 00pa3oBaHHEM CYIIECT-
BEHHO BOJHOU (prronmaHol (a3l (aq) ¥ XJIOpUAHOHN coneBol xuakoctd (Iq) B mMpokoMm auanazoHe
PTX ycnoswuit [1-3]. Pacuets! mo pacmpenenenuto Cl, H,O, a takxke Zn u Pb Mexnmy pacriaBHOH,
KPUCTAIUTMIECKON M (DITIONTHON (hazaMu B TpoIiecce Jera3allii MPOBOIMINCH TSI CHCTEM C pa3HOM
CTEIICHBIO OTKPBITOCTH B OTHOIICHUU (IFOMIHOMN (ha3bl, BELICISIONICHCS U3 pacIuiaBa.

Wsmenenue cocraBa (aroumHO# (a3bl IpH MOABEME MarMaTH4ecKOrO paciuiaBa B XOIE OeKoM-
NpeccUoHHOU de2azayuy B YCIOBUAX OIMM3KUX K N30TEPMHUYIECKIM MIMEET OOIIYI0 TeH/ICHIIHIO HE3aBH-
CUMO OT TNIyOWMHBI HayaJla Jera3allid U CTCICHU OTKPBITOCTH CHUCTEeMbI. [lepBbie cambie TTyOMHHBIC
nopIuyu odpasyroleics: GprronHON a3kl UMEIOT HanboJIee BHICOKME KOHIICHTPAIIUHN XJIOPa, a TAKXKe
Zn u Pb. Hampumep, nmpu nogpeMe pacruraBoB ¢ ucxoanbivu cofepxanmsivu 0,2 mac.% Cl, 5,5-7,5
mac.% H,O 1 mo 100 ppm Zn u Pb, nerazanus KOTOpbIX HAYMHACTCS HA TITyOWHAX, COOTBETCTBYIOLIHX
2-3 k0ap, KOHIICHTPAIIMK XJIOPA B MEPBBIX MOPHUAX (IIFOMIA JOCTUralOT 4-6 m, a KOHIIEHTpauu Zn u
Pb cootBerctBenHo 1200-1500 1 400-900 ppm. C noHmxenneM nasieHus kornentpanus Cl u meran-
7I0B BO (hmrone yMeHbInaroTcs. KOHIIEHTpalny ATHX 3IIEMEHTOB CHIDKAIOTCS 3HAYUTEIHHO Oosee pes-
KO, €CJIM JIera3anus NpOTeKaeT B OTKPBITOH cHcTeMe, Korna (UIFOH] yIAISIeTCs U3 CHCTEMBI IO Mepe
CBOETO 00pa3zoBaHMs. balaHCOBBIX pacueThl MOKA3bIBAIOT, YTO B YCIOBUSX OTKPHITOW CHUCTEMBI Ha
MEPBBIX TIyOWHHBIX 3Tarax JeKOMIIPECCHOHHOW Aera3alliyl U3 Marmbl M3BJIEKaeTcs HanOoIbInee Ko-
JIMYECTBO PYAHBIX AIEMEHTOB. MIumrocTpanueil MOXET CILyXUTh Clly4daill JEeKOMIIPECCHOHHOM Jerasa-

LMY, MOKa3aHHBIA Ha puc.l, Korjga jaerasanust pac-

6000 3 IJIaBa BO BpeMs IIObeMa HaunHAeTCs Ipu 3 KOap.
B Puc.1. KosmmuectBa Zn (a) u Pb (6), u3Bnexaemsie Quoun-
HOH (hazoii mpy 1EeKOMIPECCHOHHOH Aera3aliy rpaHuTHO-
4000 rO paciiaBa B OTKPBITBHIX YCIOBUSX. [IpuBeneHBI pe3yiib-

TaTBHl MOJEIMPOBAHUS JUIS paciuiaBa Maccoi 2,3 x10°ToHn
(06BeM 10° M3), C HUCXONHBIMH KoOHIeHTpanusmu: 0,2
mac.% Cl, 7,5 mac.% H,O u mo 100 ppm Zn u Pb. 3anutsie
CTOJIOMKH - KOJIMYECTBO METAJIJIA, BBIACIUBIIETOCS BMECTE
¢ ¢GuIrouI0M B TAaHHOM HHTEpBaJie AaBjeHUM, paBHOM ~ 0,5
kOap. [lycThie cTOMOMKH - CyMMapHOE KOJIMYECTBO METall-
Jla, BBIJICMBILIETOCS HA JAHHOM JTarle MoJabeMa paciijiaBa.
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2000 — N3 puc.la ciaenyer, 4To KOJMYECTBO Zn, KC-
b TparupyemMoro (JIOUI0OM M3 paciuiaBa Ha Iep-

i BBIX 3Tamax Jerasaiyy MPU CHIDKESHUH JIaBJic-

1500 HUA OT 3 mo 2,5 xbap, cocraBiseT > 45 % ot

BCEH Macchl LIMHKA, KOTOpas MOXKET OBITh H3-
BieyeHa (IrougHON (a3zoi mpu Jerasanuu
Marmel TIpH €€ TOJbeMe B HHTEpBaje OT 3 10
0,5 xbap. AHanOTHYHBIE pacdeThl IS CBHHIIA
(puc.1b) mokasbpIBatoT, 4TO OIS U3BIeueHus Pb
Ha MEepBBIX ATanax Jerasanuu B uHTeppaie 3-2,5
kOap eme BoIIe M gocturaer 6oxee 70%. s
pacIuIaBoB, UMEIOMINX U3HAYAIBHO OJMHAKOBBIC
KOHLIEHTPAllud BOIBl W PYAHBIX JIIEMEHTOB,
CTETIeHb W3BIICYCHUS METAIIOB TE€M BHIIIE, YeM
0 1 2 3 BhIIIe B HUX KOHIeHTpaus Cl 1 cOOTBETCTBEH-
Pressure, kbar Ho cootHomenue ClI/H,0.
XapakTep m3MeHeHus1 koHIeHTpauii Cl, Zn
u Pb Bo ¢umronze B Xole kpucmaniuzayuorHol de2azayuu B N300apUIECKUX YCIOBHSIX CYIIECTBEHHO
3aBUCHT OT JABJICHUSI, IPH KOTOPOM HJIET KPUCTAJUIN3AIMs, BaJIOBOTO KO QHIIMEHTa pacTpeieIeHUs
METAJUIOB MEX]y KpUCTaJIaMH U paciuiaBoM D(Me)s/m, cTeneHn OTKPBITOCTH CHCTEMBI. Jlerazamnus
HACBHIIEHHOr0 ()IIOMIOM pacijlaBa B MPOLECCe KPUCTALIM3AaLMHU MPH BBICOKMX NaBICHMSX (=1,5-2
kOap ) compoBoxknaeTcsi cHIkeHneM koHneHTpanuii Cl, Zn u Pb. OcobeHHO pe3koe CHIKEHHE Tpo-
HUCXOJUT B OTKPHITHIX ycioBusax. Yem Beime D(Me)s/m, TeM OBICTpEl B Iporecce aera3arii YMEHb-
nraeTcss KOHIIGHTpAaWs pyIHBIX dJIeMeHTa Bo ¢uionzae. Kak u B ciyuae IEKOMITPECCHOHHOH Jierasa-
IIUH, OOJBINAS YaCTh PYJHOTO KOMIIOHEHTa, BRITHOCUMOTO M3 CHCTeMBbI (UIFOMIHON (ha3oit B mporiecce
KpUCTAITM3AIMOHHON Jera3aliy, U3BJIeKaeTCsl Ha MEepBhIX ee dTanax. Puc.2 neMoHCTpUpyeT ciiyuan
Jiera3aiuy rnpu 2 kdap pacriaBa TPaHUTHOTO COCTaBa C UCXOMHbIMU KoHIeHTpauusmu 0,2 mac.% Cl,
5,8% H,O u 100 ppm pyaHoro snemeHTa. Bmecte ¢ ¢uironHON (a3oii, BEICISAIONICHCS U3 MarMbl
npu obpazoBaHuu nepBbix 20 % kpucramno, BeiHOCHTCS ~ 50% Zn u Oonee 75% Pb ot Toro cywm-
MapHOT'O KOJIMYECTBAa MeTaila, KOTopoe (IIFOH]] CIIOCOOEH M3BJIeYb U3 MarMbl MPH MPAKTHYECKH TOJI-
HOH ee packpuctaumzanuu (>90%).
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Puc.2. Kommuectsa Zn (a) u Pb (6), u3Bnexaembie QuionHON (Ga3oil Mpyu KpUCTANIM3aLMOHHON Jlera3annu
TPAaHUTHOTO paclajBa B OTKPBITHIX YCIOBHSX IpHU JaBiieHHH 2 kOap. [IpuBeneHs! pe3ysbTaThl MOACINPOBAHUS
ju1s pacrnaBa Maccoit 2,3 x10°Tonn (o6bem 10° M°) ¢ mexoaubiMu koHmenTpamusamu: 0,2 Mac.% Cl, 5.8 mac.%
H,O u mo 100 ppm Zn u Pb. KoaddumenTsl pacmpeneneHusi METALIOB KPUCTAJUIBI/PACIIaB MOCTOSHHBI
D(Zn)s/m = 0,6 u D(Pb)s/m = 0,7. 3anurbie CTONOMKH - KOJUYECTBO METallla, BBIICIMBIIEIOCS BMECTE C
(GIIoMI0M B JTaHHOM MHTEpBaJe KpUCTAIUTU3aLKH, paBHOM ~ 10 %. [lycTbie cToNOHKH - CyMMapHOe KOJIHYECTBO
MeTajula, BBISIUBIIErocs Ha JAHHOM 3Tale KPHUCTAJUIN3aLUH.

Ecnu xpucTtannmm3anroHHas era3anus HaCHIIEHHBIX (QIIFOUIOM PacIIaBOB MPOMCXOIUT Ha OTHO-
CUTENFHO MAallbIX TIIyOWHAaX MpH AaBieHusX < 1 kOap, xapakTep MOBEACHUS PyAHBIX KOMIIOHEHTOB B
mporiecce Jera3aliy CyIeCTBEHHO MEHSIETCS TI0 CPAaBHEHHUIO C BBICOKMMHU NaBieHUsAMU. KoHIleHTpa-
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IIUM XJIOPa U PYAHBIX 3JIEMEHTOB BO (UIOMAE B XOA€ KPUCTAJUIM3ALMK BO3PACTAIOT, KaK B 3aKPbITHIX,
TaK U OTKPBITHIX YCIOBHUSX. B CBA3M ¢ 3THM M CTENeHb M3BJICUYEHHUS PYAHBIX 3JIEMEHTOB B MPOIIECCE
KPHCTAJUTM3allMH BO3PACTaeT ¢ KaKAOH mocieyioueld mopuuei Guonaa, oTISNMIOMENHCs 0T MarMbl.
[loBbIIeHNE KOHIIEHTpAMK XJiopa BO (rounHOH (haze MOXKET IIPUBECTH HA ONPEIENICHHOM cTaauu
KPUCTA/UIN3alMU K 00pa3oBaHuio rereporenHoro duouna (aq+lq). Koadduimentsr pacnpenencuus
Zn u Pb Mexay xinopuaHo# xuakoctso (1q) n KucasiM cuiaukaTHeIM paciasoM D(Me)lg/m moutu Ha
HOPSIIOK BBIIIE, YeM KO3()(hUIIMEHTH! pacipeneNeH s 3THX 3JIEMEHTOB MEXIy BOAHBIM (uronaioM (aq),
paBHOBECHBIM ¢ 1q, 1 pacmiaBoM Toro ke coctBa D(Me)ag/m. [TosToMy TipH mera3zanuy B yCIOBUAX
OTKPBITOH CHCTEMEI C MOSIBIICHHEM 1q KOHIIGHTPAIMS dTHX DJIEMEHTOB BO (QIIIOMIHOMN (hase U, COOTBET-
CTBEHHO, CTENEHb MX JKCTPAKLHH pe3Ko Bo3pacTaioT. OOHAKO MpU JajdbHEHIIeH KpUCTaUIM3aliy B
OTKPBITBIX YCJIOBHMSAX KOHLIEHTpalUWs PYIHBIX JIEMEHTOB BO (hIroune yke He pacTeT, a Hao0OpoT
clerka ymMeHbaercs. [Ipu 3ToM 3KCTpakius MeTalJIOB Ha KaXKIOM IOCIeIyIOIIeM 3Tane KpucTaliu-
3alliM TAKXKe OCTAaeTCsl MPUMEPHO Ha NOCTOSSHHOM YPOBHE MJIM JaXke clierka yMeHbliaercs. B xauecrt-
BE TIpUMEpa, Ha pUC 3 TIOKA3aHO KaK MEHIETCS] KOJIMYECTBO SKCTPAarupyeMoro Ha pa3HBIX 3Tamnax Kpu-
CTaJUTU3AIMU TPaHUTHOTO paciiaBa npH 0,6 K0ap B OTKPHITHIX yCIOBUSX, T.€. Kornaa (iaronaHas ¢asza
MOJTHOCTBIO YAAJSIETCS] U3 CUCTEMBI [0 Mepe cBoero obpaszoBanms. [locie kpucTanan3auny TpuMepHO
50% pacmiaBa rongHas ¢asa CTaHOBUTHCS TeTeporeHHOW. [Ipy mosBiIeHNH BBICOKOXJIOPUIHOM (a-
3bI CTEIICHb M3BJICUECHUS IIMHKA CKauyK0o0oOpa3HO Bo3pacTaeT. Ho B naynpHeHIIeM CTENEeHb €ro u3Biede-
HUsI QIIIOWAHON (a30i Ha KaXKIOM IMOCIEAYIOUIEM Iare KPUCTAIUIM3aI[H OCTAaeTCs IPUMEPHO MOCTO-
SIHHOH.

10000 — open ]
8000 — Puc.3. KomuuectBo Zn, u3BiekaeMoro (Giroui-
HOW (ha30d MpH KPHUCTAIUIM3ANHMOHHON Jera3amuu
c = — TPaHUTHOTO pPacIliaBa B OTKpI)ITLI)g YCIIOBHSIX TIPH
o) 6000 — 0,6 x0ap. Pacmmas maccoit 2,3 x10° TOHH ¢ UCXOA-
- HeIMU KOHTeHTpanusmu 0,15 mac.% Cl, 2,9 mac.%
(- - H,O um 100 ppm Zn. I[lpu pacderax HpHUHATO
N D(Zn)s/m = 0,6 u D(Zn)lg/aq = 10. OcTanbHble
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0003HaUEHUS Te JKe, UTO U Ha PHC.2.
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Jera3alii TPaHUTHBIX MarM, MOYKHO BBIJEIUTDH JIBE HanOosee OaaronpuaTHble 00CTaHOBKU 1is (hop-
MHUPOBaHUSI MarMaTu4eckux (pIroMI0B C BHICOKUMH KOHUCHTPALMSIMH XJIOpA M PYIHBIX 3JEMEHTOB,
KOTOpBIE CIIOCOOHBI M3BJIEKATh M3 TPAaHUTHBIX MarM 3HAYMTENbHBIE KOJMYECTBa METaioB. Bo-
MEPBHIX, 3TO HAYaJIbHBIE 3Tallbl JIera3allid pacljaBoB NPU UX MOAbEME WIM KPUCTAIIH3ALUU Ha
Oonpmux rayouHax (=1,5-2 k6ap). Bo-BTOpbIX, KpHUCTaIM3aMs MarM B IIPUIIOBEPXHOCTHBIX Marma-
THYeCKUX Kamepax (< 1 kbap), KoTopas MOXKET CONMPOBOKIATHCS 00pa30BAHUEM BBICOKO-XJIOPHIHBIX
COJIEBBIX JKUAKOCTEH. Pe3ynbTaTel 4HCIEHHOTO MOJEIMPOBAHHS JEMOHCTPHUPYIOT MaKCHUMallbHbIE
KOJIMYECTBA PYIHBIX JIEMEHTOB, KOTOPbIE MOTYT OBITh M3BJICUECHBI U3 MarM B IPOLIECCE HUX Jlerasa-
. OHU NOATBEPXKIAIOT CAEIAHHOE paHee o0Iee 3aKIYEeHHE O TOM, YTO KOJIMYECTBAa METAlIOB,
BBIHOCUMBIX (IIIOWAHON (pa30i U3 IPaHUTHBIX MHTPY3UH, HMEIOMINX KIapKOBbIe KOHIICHTpaH Zn U
Pb, MoryT ObITH BIOJTHE JOCTAaTOYHBIMH JUIA 00pa30BaHMS B MOCIEAYIOIIEM KPYIHBIX MECTOPOXKIe-
Huit [4, 5 u ap.]. BMecTe ¢ TeM HEOOXOIUMO OTMETHTH, YTO KOJIMYECTBO BHIHOCHMBIX PYIHBIX dJe-
MEHTOB CYIIIECTBEHHBIM 00Pa30M 3aBUCHUT OT JBYX (PaKTOPOB: BO-TIEPBBIX, OT KOHLIEHTPAIIUH JIETYUUX
KOMITOHEHTOB (I TAaKUX 3JIEMEHTOB Kak Zn U Pb B mepByto ouepenp 0T KOHLEHTpALUH XJI0pa) U, BO-
BTOPBIX, OT KOHKPETHOTO MEXaHW3Ma OTAeIeHUs QUIIoMAHON (a3bl OT MarMpl Ha pa3HBIX dTamax ee
Jera3alyu. B 1eaomM MOXXHO cenaTh BBIBOJ, YTO «T€OXMMHYECKAs CIIELHAIM3aLUs» MarM, crocoo-
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HOCTP WX OBITh UCTOYHHKOM PYIHBIX KOMIIOHEHTOB IPU 00pa30BaHNWU KPYIHBIX MECTOPOKACHUHN OTI-
penensercs He CTOJIBKO MCXOTHON KOHIICHTPAIMEH PYAHBIX 3JIEMEHTOB, CKOJIBKO MCXOIHBIM COACP-
JKAaHHEM JICTYYHX KOMIIOHEHTOB, a TAK)KE TUHAMHUKOW BhIICICHUS (DIIOUAHON (ha3bl B XO/€ Jera3aiun
Marm IMpH UX MOJAbEME K TIOBEPXHOCTH M KPUCTAIUTH3AIINN.

Paboma evinonnena npu gpunarcosoii noodepsicke PODU (npoexm Ne 00-05-64639), a makorce

OH3 PAH (npoexm Ne 10-5, 2003 2.).
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