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IMpuBeneHa xapakrepuctuka Ca-Pb ¢ocdaTtoB (mupomopduta u pochorenrdana) us 30-
HBI OKMCJICHUsI 0apUT-CBUHIIOBBIX (KaJIbLMT-0apUT-TaJIEHUTOBBIX) PYI MECTOPOXICHMS
VmkareiH-111 B LlentpansHoM Ka3zaxcrane. [TokazaHo, 4to hocdaThl, COOTBETCTBYIOIINE
0 XUMMUYECKOMY cocTaBy ¢ochorenrdany u nupoMopduTy, Ha JaAHHOM MECTOPOXKICHUU
BCTpeUaloTcsi oiMHaKoBO yacto. Mocdarsl CBUHLIA COCYILIECTBYIOT KaK C MMHEpajaMU Mo-
YTH HE 3aTPOHYTBHIMU MPUMOBEPXHOCTHBIMU M3MEHEHUSIMU PyI (TaJJeHUTOM, IMUPUTOM,
0apuUTOM, KaJbLIMTOM, POJOXPO3UTOM, LIEPYCCUTOM, LLIAMO3UTOM U APYTUMU), TaK U C MU-
HepajlaMu CWIbHO OKHCJIEHHBIX pyn (LEPYCCUTOM, MOHTMOPWLIOHUTOM, KAOJTWHUTOM,
rérutoM u npyrumu). [1o Mepe pa3BUTUSI TPOLIECCOB TUIIEPTEHHBIX MPOLIECCOB (ITpHU Tepe-
XoJie OT ¢J1abo K CUJIbHO OKMCJIEHHBIM pyJdaM) COCTaBbl HOBOOOpPa3oBaHHBIX ¢ochaToB 3a-
KOHOMEPHO M3MEHSIIOTCSI B TTOCJIENOBATEIbHOCTH: (hocdorendaH — pUTMUIHO-30HAb-
He1i1 Ca-Pb ¢pocdhar — nupomopdur. OgHOBpeMEeHHO MPOUCXOAUT U3MEHEHHME TabuTyca
(1 0011Ka) KpUCTALIOB (hochaToB OT AUNUPAMUIATBLHO-ITPU3ZMATUYECKOTO Yepe3 YIIU-
HEHHO TIpU3MaTU4YeCKuii (00YOHKOBUIHBIN) K MUHAKOUIAIBHO-TIPU3MaTUIECKOMY (KO-
potkocronaouaromy). Kpucraumszauust mupomopduta (1 pochorenrdanHa) Bo3MOXKHA YXKe
OpU OYeHb HU3KHMX KOHILIEHTpAlLMsIX CBUHIIA, (pochopa u xjopa B pactBope. [J1aBHBIMU
VICTOYHUKAMM XJIOpa SIBJISIIOTCSI TPYHTOBBIE BOIBI, a (pochopa — opraHNYECKOe BEIIECTBO
MepPeKPHhIBAIOIIETO PYJAOHOCHBIE OTJIOKEHUSI TTOUBEHHOTO MOKpoBa. OCOGEHHOCTH XUMU-
YEeCKOIo CocTaBa, KpucTainyeckoil ctpykTypbl Ca-Pb docdaroB, a Takke xapakTep MX
MUWHEpPaJIbHBIX aCCOLMAIINIA TTO3BOJISIET MIPEATIOJIaraTh HAIMIMe pa3pbiBa M30MOP(HHBIX CMECH-
MocTeit B psimax mupodmopdut — dpochorenndan u pochoreamdan — xJopanaTur.
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BBEAEHUME

®ocdaTel cBUHLIA U3 HAATPYHIH amatuta — nupomopdut Pbs(PO,);Cl u docdorenu-
dan Ca,Pb;(P0O,);Cl — TMmYHBIE MUHEpATBI 30H OKUCJIEHUS! CBUHLIOBBIX pya. [Tnpomop-

¢uT 6BIT OTKPHIT elie B 1813 1. Ha MecTopoxneHusx B paiioHe r. Yonay B PynHbeix ITopax,
I'epmanus (Hausmann, 1813; Pasero et al., 2010), 1 ¢ Tex ITop OH YCTaHOBJIEH Ha MHOTHMX
IPYTUX PyIHBIX 00beKTax. PochorenndaH xXe KaK HOBBIM MUHepa ObUT YTBEPKIEH TOJIBKO
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B 2006 r. MuHepas ObUT HaliieH B OKMCJIEHHBIX METHO-CBUHLIOBO-CEPEOPIHHBIX pydax Me-
cropoxaenust Karmnrana (Capitana) B mycteiHe Arakama, Yum (Kampf et al., 2006). TTpu-
YyeM, CaMU aBTOPBI 3TOM HAXOIKU OTMedasin, 4To hocdarsl CBUHIIA, XMUMUYECKUIA COCTAaB KO-
TOPBIX COOTBETCTBYET (pocorenudany, 6bUIM U3BeCTHBI 3a10jr0 10 2006 r. [IpoBeneHHass MU
peBU3UST OOJBIIIOTO KOJIUYECTBA OITyOJIMKOBAHHBIX K TOMY MOMEHTY TaHHBIX MOKa3aja, 4To
npuMepHo B 20% cirydaeB “TiMpoMopdUT” U “KalblIMeBbIii TUPOMOPGOUT” C MO3UIIUU CO-
BpPEMEHHBIX IMPEICTaBJIEHUI JOJKHBI Ha3bIBaThesl pocdorenrdanom. Takum obpa3om, cpa-
3y ObUIO OYEBUIHO, UTO (pocdorenudaH, Takxke KaK U MIPOMOPMUT, He SIBJIICTCS PEIKUM MU-
HepasioM. [Tocneaytolye uccienoBaHUsI MOATBEPANIIN 3TOT hakT (cM., Harpumep, Birch, Mills,
2007, Jirasek et. al., 2020; Ondrejka et al., 2020; 1 ccbUIKA B 3THX padoTax).

OnHako, HECMOTpS Ha MpoKoe pacnpoctpaHeHue Ca-Pb docdaTos, kaxnas ux HoBas
HaxolKa 3acjy>kMBaeT BHUMAaHMSI, TIOCKOJIbKY MO3BOJISIET YTOUHUTh MUHEPAJIOTHUIO U YCJIO-
BUST GOPMUPOBAHUST TUTIEPTEHHBIX PyJ CBUHIIA. B 3TOM OTHOIIIEHUU HE UCKITIOYEHUEM SIB-
JIIETCSl U IIUPOKO M3BECTHOE MecTopoxaeHue YikateiH-1II B Atacyiickom paitone LleH-
TpasibHOro Kazaxcrana, 00beAMHSIOIIEE 3a1€KM KEJIE3HBIX, MAPTaHLIEBbIX M 0apUT-CBUHLIOBBIX
DPYIL ¥ TIPOAYKTOB UX OKUCJIEHUSI. DTOMY MECTOPOXKICHUIO TTOCBSIIEHO OOMbIIOE KOTUYECTBO
nyonukanuii (cM. padotel ByamakoB u ap., 1975; PoxxHos, 1982; KatornoBa, 1974; Murtpsie-
Ba, 1979; Kanunun, 1985; CxkpunueHko, 1989; Bapenuos u ap., 1993; bpycHuubiH u ap.,
2021a, 20216, 2022a; v ccbuiku B HUX). [1pn 3TOM cBeleHUSI 0 MUHEPAJIOTHU 30HEI €T0 OKHC-
JICHUSI 10 HeTaBHETO BPEMEHM OCTaBAJIMCh KpaiiHe orpaHMYeHHBIMU. TeM HU MeHee TTUpOo-
MOp®UT, KaK OMWH U3 IJIABHBIX PYIHBIX MUHEPAJIOB CBUHIIA, 3€Ch OTMEUaI MPaKTUIeCKU
BC€ MpeabIayle ucciaeaoBaresn. YnoMuHaucsa u pochorequdan (M.B. IlekoB, ycTHOE co-
obmeHue). Ho, kakoii-m1b6o KOHKpeTHOU MH(pOopMaliMK 00 3TUX MUHEpajaX He MPUBOAY-
Jioch. Hailim paGoThl HarnpaB/ieHbl Ha BOCIIOJHEHME 3TUX MTpobesoB. B xone BcecTopoHHEro
U3yYeHUST MeCTOpOXIeHUsT YKaThiH-111 GbUtM MoJTlydeHbl HOBBbIE TaHHBIE O MUHEPAJIOTUHN
30HBI OKMCJICHUSI 0apUT-CBUHIIOBBIX PYI, M B TOM 4mclie 0 mmpomMopdure u pocdorenuda-
He: 0COOEHHOCTSIX UX MOPGOJIOTUM, MUHEPATBHBIX aCCOLIMAIINI, XUMUYECKOTO COCTaBa, IMo-
CJIeOBaTEeIbHOCTU W YCJIOBUSX KpucTamausauu. O0630p MUHEPAJIOTUM OKUCIEHHBIX PYII
IlaH HaMu B nipenpiayiieii myonukauuu (BpycHuublH u np., 20226). Hacrosiiast craThbs 1mo-
cBsleHa dhocdaTaM CBUHLIA.

TEOJIOTUYECKAA XAPAKTEPUCTUKA MECTOPOXIEHUA

Mecropoxnenue YmkarelH-111 HaxomuTcs B 300 kM 1oro-3amanneii r. Kaparanga, B 15 kM K
CeBEPO-BOCTOKY OT Tocenka ZKaiipem. OHO ObUIO OTKPHITO B 1962 T., a pazpabaThiBaeTcs ¢
1982 r. MecTtopoxeHre KOMIUIEKCHOE — B Pa3/IMUHbIX YACTSAX MaYKU KapOOHATHBIX TTOPO]
MPUCYTCTBYIOT TMAPOTEPMaJibHbIe O0apUT-CBUHIIOBBIE PYIbI U claboMmeTamMopdu3oBaHHbIE
TUAPOTEPMAIbLHO-0CAI0YHBIE PYIbl MapraHiia 1 XxeJesa.

MecTopoxneHre MPUypodYeHo K MajieopudTOreHHON CTPYKTYpe, BBITIOJIHEHHON Teppu-
T€HHO-KPEMHMCTO-KapOOHATHBIMU OCAalOYHBIMU TOPOAAMU BEPXHETO IeBOHA—HUXKHETO
kapOoHa. Ha yyacTke MecTOpOXIeHMsI C ceBepa-BOCTOKa Ha 10ro-3araj MpoucXoauT CMeHa
KPAaCHOIIBETHBIX MECYaHUKOB M aJIeBPOJUTOB PUGOBBIMU OPraHOre€HHO-BOJOPOCIEBBIMU
MU3BECTHIKAMM M MPOIYKTAMU MX pa3pylleHUs (M13BECTKOBBIMHM aJIeBpOJUTAMU, TIeCUaHUKA-
MU U CEIMMEHTOTEHHBIMU OPEKYMSIMU) U J1ajiee CIIOUCTBIMU OPTraHOTEHHO-IETPUTOBBIMU
M3BECTHSKaMU. B proBbIX U3BECTHAKAX JTOKAJIM30BAHO THE3MOBUIHO-CETYATOE U TTPOKIJII -
KOBO-BKpaIlJIECHHOE 0apUT-CBUHIIOBOE (0apUT-TaJIeHUTOBOE) OpyAeHEeHUE, SIBHO HAJIOXEH-
HOE Ha BMelllalole U3BeCTHIKU. OpraHOreHHO-AETPUTOBBIE XK€ U3BECTHSIKM COEpPKaT ce-
pMIO TUIACTOB (B pa3IMYHBIX pa3pe3ax Mayku oT 5 1o 14) Kejie3HbIX (reMaTUTOBBIX) U Map-
raHIEeBbIX (TayCMAaHHUTOBBIX U OPAayHUTOBBIX) PyH, CUHTEHETUYHBIX C BMEIIAIOIIUMU WX
KapOOHATHBIMU OTJIOKEHUSIMU.

Ha MecTopoxxaeHuM pa3BUTa JIATepUTHAs KOpa BbIBETPUMBAHUS JIMHEWHO-TLIOIIAIHOIO TUIIA
Me3030i1-KaiiHo30kickoro Bo3pacra (Kammuun, 1985; Atlas..., 2004; XKaitpemckuii TOK, 2015).
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Ee cpennsist MmormiHocTh cocTanisieT oT 30 1o 50 M, HO B 30HaX TEKTOHMYECKUX HapyLIeHUM
nocturaet 100—120 M, a B enmHUYHBIX ciaydasix U 220 m. [TpoayKThl BIBETpUBaHUS TPE/-
CTaBJISIIOT COOOM PBIXITYIO MAcCy IPECBSTHO-TICIUTOBOM pa3MEPHOCTH KPEMHUCTO-TJIMHUCTOTO
COCTaBa C XapaKTEepHOU Oypo-KelToil oKpacKoil. JIMTolIornyeckrue 0COOEHHOCTU TTePBUIHBIX
DPYIOBMENIAIONINX M3BECTHSIKOB 3MIECh MPAKTUYECKH TTOJTHOCTBIO YTPAuMBAIOTCS, JIUIIL OYeHb
PEIKO COXPaHSIIOTCSl “TeHeBble” PENUKThl MCXOMHOIO CJIOMCTO-II0I0CYAaTOro CTpoeHus. Map-
raHLEBBIE 1 XeJe3Hble PYIbl B 30HE OKMCIeHHsT 3ameruaiotest okcrmamu Fed™ u Mn?t/Mn*t —
I€TUTOM, MUPOJIO3UTOM, BEPHAAUTOM, MAHTAHUTOM, KOPOHAIUTOM, JIMTUOGOPUTOM U KPUII-
TOMeJIaHOM. B OKMCIeHHBIX 0apuUT-CBHMHIIOBBIX pyldax oOpa3syloTcsl liepyccut, docdarsl
CBUHIIA Y IPYTUE€ MUHEPAJIbI.

MATEPUAJIBI U METOAbI UCCIIEJOBAHUA

Marepuansl A ucciaenoBanmii. OGpasiibl JU1st paboThl GbUTM 0TOOpaHbI aBTOpamMu B 2016—
2019 rr. Onpo6oBaHKe MPOU3BOAWIOCH B CEBEPO-BOCTOYHOM YacTu Kapbepa YiukaTbiH-111,
MaKCHUMaJIbHO TOJTHO BCKPBIBAIOIIEH 3aJIeXKb MCXOMHBIX TUAPOTEPMAIIBHBIX PYI U pa3BUBa-
IOIIYIOCSI TT0 HUMM 30HY oKucaeHus1. KpoMe Toro, yactb 00pa3ioB Oblia OTOOpaHa Ha pyTHOM
cknage AO “XKaiipemckuit TOK”. MuHepanornyeckue ucciaeIoBaHus U TEpPMOIUHAMMUYE-
CKMe pacueThl MpoBeleHbl Ha Kadenpe MUHEPAJIOTMM U B pecypcHbIX HeHTpax CaHkT-Ile-
TepOyprckoro rocymapctBeHHoro yHusepcurtera (CII6I'Y). Beero usydeno 6omee 10 oopa3s-
1IOB OKMCJICHHBIX Py, cofepxKaimx docdaTHy0 MUHEpaIU3aluio.

MpuHepajiornueckoe usydyeHne oopasnoB. Vcrioab30BaH KOMIUIEKC TPATUIIMOHHBIX METO-
OB MCCIeIOBAHUsI BEIIECTBA: ONTUYECKash MUKPOCKOIIHSI B MPOXOISIIEM M OTpakeHHOM
CBeTe, peHTreHOo(Ma3oBbIil aHAIN3, JEKTPOHHASI MMKPOCKOMMs, COMPSIKEHHAasi ¢ DHEPro-
JIUCIIEPCUOHHBIM CIIEKTPAJIbHBIM aHAIU30M.

[TepBuyHasi TMAarHOCTMKA MUHEPaJIOB MpoBeneHa Ha Kadenpe muHepanoruu CIIOIY ¢
KCIIOJIb30BaHHUEM ONTUYeCcKOro Mukpockora Leica DM2500P. MzyyeHue aHumudoB MeTo-
JIOM 3JICKTPOHHOII MUKPOCKOITMM OCYIIECTBIICHO B IBYX pecypcHbIX ieHTpax (P1l) CIIoI'Y:
“Muxkpockonuu u Mukpoanasusa” n “I'eomonens”. B PLI “Mukpockonmmu 1 MUKpOaHaIN-
3a” Ha pacTpOBOM 3JieKTpoHHOM MUKpockore (POM) HITACHI TM 3000, ocHailieHHOTO IIpu-
CTaBKOI [JIs1 SHepro-nucnepcuoHHoro mukpoaHaiauiza OXFORD, npoBeneHa nuarHocTuka
MmuHepasioB, Ha POM QUANTA 200 3D (FIA, HunepnaHasr) ocyiectBiaeHo dpororpadupona-
H1e 00beMHBIX MUKpooOpa3LoB. B P1I “I'eomonens” nmpoBeneH KOMMYECTBEHHBII XUMITIeCKIIA
aHaJIM3 MUHEpaJIoB. AHaIM3bI BhIoHeHB Ha POM Hitachi S-3400N, o60opynoBaHHOM IIpH-
CTaBKO1 151 3Hepro-aucnepcroHHoro aHaiam3a (Oxford Instruments AzIec Energy X-Max 20).
CneKkTpsl ITOJIy9eHEbI IIpU ycKopsitolneM HanpsikeHuu 20 KB, Toke 2 HA, BpeMsI 9KCIIO3ULINU
60 c. B kayecTBe CTaHIAPTOB MCITOJIb30BaHbI MPUPOIHBIC U CUHTETUYCCKUE COCAMHEHMS.
Ananuruku: A.W. bpycauusiH, E.C. Jlorunos, C.10. fIucon, H.C. BnaceHko.

PenrreHodazoBbie aHanu3bl BeinojHeHbI B PLL CTI6ITY “PeHtreHonnpakIiMOHHbIE METOIBI
KCCIeoBaHus” TIOPOIIKOBBIM MeTonoM. McciienoBaHMsT TpOBOAMIIMCH 10 IBYyM HallpaBJIeHU-
sM. [TepBoe — 3TO MMarHOCTUKA MUHEPAIOB. AHAJIM3BI BBITIOJTHEHBI C TTOMOIIBIO PEHTTEHOBCKO-
ro nudpakromerpa Rigaku Mini Flex I ¢ Cuy, nznyyennem. CbeMka oOpa3LioB NPOBOAWIACH B
HHTepBaJje yrios 20 ot 5° no 60°, mpu ckopoctu 1 rpan. 20/mMuH. AHanuTuku A.U. bpycHu-
ubiH, E.C. Jlorunos, H.B. I1naronosa, JI.A. ITanoBa. Bropoe HamnpaBiaeHne — UCITOIbL30Ba-
HUe MeTona PUTBenbaa s OleHKU pacIipenesieHns KaTHOHOB CBUHIIA Y KaJIBITWSI TTO pa3-
JIMYHBIM TIO3ULIMSIM B KPUCTAUIMYECKOM CTPYKType docdaToB. st aToro onuH u3 odpas-
1oB (Yi-403) 66Ut cHAT Ha audpaxkromeTrpe Ultima IV ¢ CuK,, usnyyeHueM B Auara3oHe
yrioB 260 ot 5° no 125°, ckopocThb cheMku 0.125 °20/muH. [TonydeHHBIEe TaHHBIE 0O0pabaThI-
BaJIMCh ¢ TmoMoIbio nmporpaMmmbl Topas 5.0 (Bruker AXS (2014) Topas 5.0: General profile
and structure analysis software for powder diffraction data. Karlsruhe, Germany). B kauecTBe
CTapTOBBIX CTPYKTYPHBIX MoOejei ISl YTOUHEHUS] MeTonoM PurtBeibaa MCHONb30BaJIU
cTpyKTypHbie 1aHHbie 13 6a3bl ICSD (Inorganic Crystal Structure Database 2021) mist Ca-
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nmupomopdura (ICSD 201724, Miyake et. al., 1986) u misa dochoremupana (ICSD 156171,
Kampfet al., 2006). Anaautuk H.B. ITnatoHoBa.

PacyeTbl MUHEPAIBHBIX paBHOBecHi. PDU3MKO-XUMUYECKHE TUAarpaMMbl IOCTPOEHBI C MC-
MoJIb30BaHWeM mporpaMMmHoro mnakera Geochemist's Warkbench Essentials (GWB) 6.0,
BKJIIOUAIOIIETO BCTPOEHHYIO 0a3y TepMoAMHaMUJYecKuX gaHHbIX thermo.dat (Bethke, 1999;
https://www.gwb.com/essentials.php). PacueTsl mpoBoguiauchk mist 7 = 25°C, P = 1 6ap u
mmpokoro nuarna3zona Eh, pH 1 KoHIIeHTpaluit pacTBOpEHHBIX KOMIIOHEHTOB. McroHUTE -
mu E.H. IlepoBa u A.M. BpycHULIBIH.

ITOJIVYEHHDBIE PE3VJIBTATHI 1 UX OBCYKAEHUE

Accommanusi, MopdoJIorius 1 aHATOMHUS BbleJiennii ¢ocdaroB. VcxomHele rumpoTepMab-
HbIe 6apUT-CBUHIIOBBIE PYAbI CJI0XKEHBI MPEUMYIIECTBEHHO KJIBIIUTOM, 6APUTOM 1 TaJIeHU -
toM (BpycHunbiH u ap., 2022a). ImaBHbIMU MUHEpajdaMy OKWUCJIEHHBIX PYI SIBJSIOTCS Oa-
pUT, LIEPYCCUT, MUHEpPaJIBI psina pochorenecaH—nrpomMopduUr, KBapil, MOHTMOPUJIJIOHUT U
KaOJIMHUT, BTOPOCTENIEHHBIMU — TE€TUT, FTEMAaTUT, WUIMT, MAHTAHUT U APYTUe OKCUIbI Map-
ratua (MpearnoJoXUTeIbHO BEPHAIUT M KOPOHAIUT), aKIIECCOPHBIMU — aKaHTHUT, HayMaH-
HUT, MOJAPTUPUT, KWNHOBaph, MaJIaXUT U anaTuT. Jlaxe B CMJIbHO MU3BMEHEHHBIX pyJdaX coxXpa-
HSIeTCSl PEJTUKTOBBIN rajieHuT. KpoMe Toro, B ¢1a60 OKMCIEHHBIX pydaX MPUCYTCTBYIOT pe-
JINKTOBBIE KaJIBIIUT, POAOXPO3UT, MUPUT U HAMHOTO pexe — IIepsl, KaJueBbIi IMOoJeBOit
1LI1aT, aJILOUT, IIAMO3UT, KIIMHOXJIOp U pyTWJI (bpycHuibH u ap. 20226).

IIpeoGpazoBaHue pyaI B 30HEe OKUCACHUS HAUMHAETCSI C paCTBOPEHUSI KaJIblIUTa 1 00pa3o-
BaHUs Ha ero Mecre KBapiia (MecTaMM, BO3MOXHO, onajia?) v MPOAyKTOB OKUCICHUS Tajie-
HUTa — LiepyccuTa u docdorenedana. Ha 3Toii cranum ocHOBHasi Macca pyJl OCTaeTCsl MO-
HoyuTHOM. [Ipy jmanpHeieM HapalllMBaHWM TUIEPTEHHBIX MPOIECCOB BHIIICTauNBaHUE
KaJIblIuTa yXKe He KOMIIEHCUpYeTCss 0Opa3oBaHUEM HOBBIX MUHEpaJIOB. B pesynbrare Iie-
JIOCTHOCTb TIOPONIBl HApylIaeTcsl, B HEM MOSIBISIIOTCSI MHOTOYMCIEHHbIE MUKPO- U MaKpO-
KapcToBble 00pa3oBaHUs — MOPbl, MUKPOKABEPHBI U OoJjiee KPYIMHbIE MTyCTOThI, OTYACTH 3a-
MOJIHIEMbIE Ipy3aMM KPUCTaJUIOB liepyccuTa, dpochoreaudanHa, nupomopdura, 6apura u
réTura. DTH e MUHEPaJIbl KPUCTALIU3YIOTCS U B 00111eii Macce mopozbl. B koHeuHOM cuerte,
MIPOMCXOIINT TOJTHOE PACTBOPEHUE KAIBbIIUTA U IE3UHTETpAIvs Pyl ¢ 00pa3oBaHUEM TUITTUY-
HBIX U151 30H OKMCJICHUS PBIXJIBIX TTeCYaHO-TTMHUCTBIX OTJIOKEHMIA.

®dochaThl CBUHIIA YCTAHOBJICHBI B pyaX pa3HOl cTeleHn n3MeHeHYsl. OHU TIpecTaBIe-
HbI HECKOJILKUMM TIOCJIEIOBATEIbHO 00pa3yIolIuMICSI MIUHEepaJlaMy, pa3InJalomMMUCS MO
MOpPGOJIOTMM U aHATOMUM KPUCTAJIIOB, a TAKXKe XMMUYecKoMy coctaBy (puc. 1—3). Ha ca-
MBbIX PAaHHMX CTaIMsIX OKUCIEHUS B pynax KpucTtaaausyercs dochorenrdan. s Hero xa-
pakTepHbI OMHOPOIHBIE IO COCTABY KPUCTAJUIbI TUITUPAMUIATBHO-TIPU3MATUYECKOTO rabu-
Tyca pa3MepoM oKoJjio 30 MKM I1o yajimHeHuIo 1 10 MKM B moniepeyHuke (puc. 1, a u 3, a).
KonnuecTBo KpucTamioB paHHero ¢gocdorenndana He npessbiinaetr 1—3% ot o6beMa mopo-
IIBI, GOJIBIIIAST UX YaCTh COCPENOTOYeHA B KBaplie, IIEeMEHTUPYIOIIEM He TTOJTHOCTBIO pacTBO-
peHHbIe 3epHa KaJbliMTa. B 9Toi1 ke accolmaly yCTaHOBJIEHBI LIEPYCCUT C BKITIOUSHUSIMU
TJIeHUTa, MUPUT B BUJAE UIUOMOPDOHBIX WIM YACTUIHO KOPPOIUPOBAHHBIX C TIOBEPXHOCTHU
KPUCTAJUIOB, PEXE BCTPEUYAIOTCS POJOXPO3UT, IIIAMO3UT U HEKOTOPBIE IPYTre MUHEPAJIBI.

B oOpasyroiuxcst mo3aHee MoJA0CTSIX BhllleJauyBaHUs KajabluTa pocdaThl CBUHLIA P -
cTaBjieHbl HamHOTO 1upe. CoaepXaHue UX B OPOJIE 3AECh JOCTUTAET YPOBHS IIaBHBIX MU-
HepaJioB (Gosiee 5 06. %), a Gaarogapsi CBOEH SIpKOIi canaTHO-3€eJIEHOI OKpacke OHU XOPOIIIO
Y3HAIOTCs y3Ke B MOJICBBIX ycaoBUsix. IMeHHO Takue dhocdaThl CBUHIIA U3 KABEPH pacTBOpPE-
HUSI KaJTbIIUTA IIIMPOKO U3BECTHBI MUHEpAJIOraM M KOJUTEKIIMOHepaM KaK TUTTMYHBIE “TIMPO-
MopduThl” MectopoxaeHusa YmkareiH-I11. OgHako, Ha caMoOM aelie COCTaB 3TUX MUHEpa-
JI0B Oousiee cioxHbIi. Ha aToit ctanuu ¢popMupoBaHUsI 30HbBI OKUCICHUST ITPOUCXOIUT POCT
PUTMMYHO-30HAIBHBIX 10 paclpeaeeHUIO Kaablivs U cBUHLIA (hochaToB, XMMUYECKUIA CO-
CTaB KOTOPBIX BapbupyeT oT pocdoreaudana 1o nupomopdura. 3oHanbHbIN hocdat dop-
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3onanbHblil Ca-Pb dochar-I1
psama pocdorenndpaH—TmpoMopPUT

Ddochorenudan-I TIMupomopdput-I11
0001 0001

1011

- 1.0.1.10
1011 - _
) ) 1.0.1.20 1011 0001
1010 1010
a o 8 2 0 e

Puc. 1. MneanuzupoBaHHast MopdoJiorust KpuctauioB docdatoB cBuHIA. [a6uTyc (M 00JIMK) KPUCTALIOB: a4 —
NUMYpaMUAATbHO-TIPU3MATUYECKUIA, 6 — YIIMHEHHO-MPU3MAaTUYECKUI, 6 — MUHOKOMIATbHO-MUPaMUIaTIbHbII
(60YOHKOBMIIHBIN), ¢ — KOPOTKO-CTOJIOUAThIil (MMHOKOUIATBHO-TTPU3MATUYECKUI), 0 U e — CKUIIETPOBUIHBIC
KPUCTAJLIBI C KOPOTKO-CTOJOYATBIMU HAPACTAHUSIMU MUPOMOpPGdUTa Ha GOYOHKOBUAHBIE (0) U YITUHEHHO-TIPU3-
Matudeckue (e) ocHoBaHUs 30HaIbHOTrO Ca-Pb docdara. CepblM LIBETOM MOKa3aHbl TPaHU MMHAKOWIA, UMEIOIINE
HEPOBHYIO MMOBEPXHOCTb, 00Pa30BaHHYIO0 MHOTOUMCIIEHHBIMU OYTOPKaMU pOCTa.

Fig. 1. Idealized morphology of crystals of lead phosphate minerals.

MUPYET MOYKOBUIHBIC CKOTUICHUS paTUaIbHO-JIyYUCTBIX C(PEPOTMTOB pa3MepoM 10 2—3 MM
B MTOMEePEYHNKE, a TAKXKe HeTTPaBWILHBIX CPOCTKOB (MUKPOAPY3) XOPOIIIO OTPAHEHHBIX KPH-
cTajuioB, pa3mep KoTtophsix nocturaet 50—300 Mxm 1o ymimHeHu1o u 10—80 MKM B morepeu-
HUKe (puc. 2, a—e, 3, 6 v ¢). [NTaBHBIMM TIPOCTHIMU (hOPMaMU TAKUX KPUCTAIJIOB SIBJISTIOTCS

rekcaroHanbHast npusma {1010}, cepusi reKCaroHaJIbHBIX IUMUPAMUI C MHACKCAMHU OT

{1011} mo {1.0.1.20} m muHakoun {1010}. CoueTaHUsI STUX NPOCTHIX (HOPM OIPEIEITIOT
YIJIMHEHHO-TTPU3MaTUUECKUI MM OOYOHKOBUIHBIN OOJIMK KpUCTALIOB (pUc. 1, a—6), uTo B
1IeJIOM TUITUYHO Kak it pocdaToB CBUHIIA, TaK U JJIs1 IPYTUX MUHEPAJIOB HAATPYMIIbI ara-
TATa. [paHu MPU3MBI U TUNVPAMUI, KaK MpaBWJIO, IaAKue, WHOIIA Ha HUX IMpOsBIeHa
GJIOYHOCTH C HEOOJBITUM CMEIleHUEM CyOMHIWBUIOB APYT OTHOCUTENIBHO Apyra. Bmecre ¢
TeM, CKYJIBIITypa IpaHell TMHAKOUIAa BCeTna HepoBHasl, CO3MaHHasi MHOTOYHCIIEHHBIMU OY-
ropkaMu pocta. Mectamu M3-3a HECOIIACOBAaHHBIX CKOPOCTEM pocTa MpU3M, TUMTUPAMUI U
MUHAKOUJA KPUCTAJUTBI TPUOOPETAIOT (DYTISIPOBUAHBINA OOIMK, MMesl BHEIIHUE TPaHU, HO
YaCTUYHO IoJible BHyTpeHHME YyacTu. C 30HaIbHBIMU (hocharaMu acCOMUPYIOT LIEPYCCUT U
6GapuT, BCe 3TU MUHEPAJIbl CBEPXY YaCTO MTOKPHITHI KOPKAMU TETUTA.

B Tex e mosocTsaX BhIEJIaYynBaHMS KaJblMTa Ha MO3IHUX CTaIUsIX MUHepaaoopa3oBa-
HUST KPUCTAJIU3YETCSI OTHOPOMHLINA Mo cocTaBy mupoMopdutr. OH ¢opMHUpyeT KOPOTKO-
CTOJIOYATHIE KPUCTAJLIBI, B KOTOPBIX 110 TUIOIIAAN JOMUHUPYIOT TPAaHU T€KCArOHAIBHOM ITPU3MBbI

{1010} 1 muHakouna {1010}, a CyLIECTBEHHO MEHBIIE Pa3BUTHI TpaHu murmpamurn {1011} u
{1.02.1}. Takue KpUCTAIIBI MOTYT BCTPEYATbCS B BUIE CAMOCTOSTENbHBIX WHIUBUIOB, HO
yaiie BCero OHMW oOpa3yloT CKUITETPOBUIHBIE HApacTaHUs Ha OGojiee paHHUE YIJTUHEHHO-
MIpU3MaTHIeCKHEe KpUCTAJUIBI 30HaIbHOTO Ca-Pb docdarta (puc. 1, e—e, 2, 0u e, 3, o).

Takum o6pa3zom, B c1ab0 OKMCIEHHBIX pydax, €llle COXPaHSIOIIMX MOHOJUTHOCTb, Ha-
GiroaeTcs CAenyIONUIMi psia mocaeaoBaTe)ibHOro oopazoBaHusi pocdaToB cBUHLA: 1) OMHO-
POMHBIN MO XMMUYECKOMY cocTaBy pocdorenndaH, mpeacTaBIeHHbIA TUITMPaMUIATBHO-TIPU3-
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Puc. 2. Mopdosorust Beiaesnenusi hocharon cBuHia. Dotorpacdun 06pasLoB: a U 6 — B OTPAKEHHOM CBETE, 86— —
BO BTOPMYHBIX JIEKTPOHAX. d U 6 — CHEPOTUTHI U APY3bl MUKPOCKOITMYECKUX KPUCTAILTOB (hochaToB CBUHLIA, OOD.
Yu-409: a — o61uuii BUa obpasua, 6 — IeTajb; 6 U ¢ — HE3AaKOHOMEPHbBIE cpacTaHUsi (MUKPOIPY3bl) YIUIMHEHHBIX
KpucTajuioB 3oHaibHOTO Ca-Pb dochara 60490HKOBUIHOTO (8) M YIJTMHEHHO-TIPU3MaTHYeCKOTO 061uKa (2), oop.
Yi-409 (BUAHO, YTO rpaHy MPU3MbI U IUMTUPAMUJL POBHBIE, & MMHAKOMIA — OYTPUCTbIE); 0 U € — CKUIIETPOBUIHBIE
KPUCTAJLIBI ¢ KOPOTKO-CTOJIOYATBIMU HapacTaHUSIMU MUPOMOPGUTA Ha YIUIMHEHHO-TIPU3MAaTUYECKNE OCHOBAHUS
3oHaibHOrO Ca-Pb docdara, o6p. Yui-403 (BUAHO, YTO KPUCTALUIbI MUpPOMOpdUTa 00a1al0T COBEPIICHHBIMU
POBHBIMM TpaHsIMU, Torna Kak rpaHu Ca-Pb docdara — “mMukpostuencTsiM”, 6JJOYHBIM cTpoeHueM). [TopucTtbie
CKOIUIEHUS B LIEHTPE Kajapa Ha puc. e — rétut. ['a — raseHurt, ba — 6apur.

Fig. 2. Morphology of segregations of lead phosphate minerals. Photographs of specimens: a—6 — in reflected light,
6—e — in secondary electrons; a — general view of specimen, 6 — detail; ¢ and ¢ — irregular intergrowths (microdruses)
of zonal barrel-shaped (¢) and elongated-prismatic (¢) Ca-Pb phosphates (it is visible that faces of prism and dipyramid are
even, but pinacoid ones — with tuberoses); 0 and e — septer-like crystals with short-columnar pyromorphite overgrowing
the elongated-prismatic Ca-Pb phosphate (perfectly even faces of pyromorphite, and “micro-cellular”, block-struc-
tured faces of the Ca-Pb phosphate). Porous segregation in center of Fig. e — goethite; I'a — galena, ba — barite.
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Taomna 1. Xumuueckuii cocta (Mac. %) docdarton
Table 1. Chemical composition (wt %) of phosphates

Howmepa o6pa3uios

Komrio-
HEHT | Yiu-
151

Vui-409 Yui-403

1 2 3 4 5 6 7 8 9 1 2 3 4 5

P,04 19.50 | 16.54 | 17.24(19.20 | 18.97 | 16.23 | 19.14 | 16.60 | 19.81 | 16.11 | 19.43 | 18.80 |20.06| 18.42 | 15.90

CaO 8.40| 146 | 4.05| 741 | 6.62| 0.56| 7.26 | 1.38| 8.43| 0.63| 7.61 | 6.51 | 9.70{ 5.81 | 0.00
PbO 69.15 [ 80.17 |76.36 | 71.30 | 71.71 | 81.49 | 71.49 | 79.87 | 70.08 | 82.13 | 70.54 | 71.94 | 66.90| 73.34 [82.23
Cl 296 | 245 | 2.48| 2.80| 2.76 | 2.42| 2.78 | 2.27| 2.97| 2.33| 2.65| 3.07 | 3.31| 2.85| 2.59

Cymma {100.01|100.62{100.13{100.71|100.06|100.70{100.67{100.12101.29 {101.20 {100.23(100.32| 99.97{100.43|100.72
0=Cl, 0.68 | 0.56 | 0.57| 0.64| 0.63 | 0.56| 0.64| 0.52| 0.68 | 0.54| 0.61 | 0.71 | 0.76] 0.66 | 0.60
Cymma |99.33 |100.06{99.56 {100.07|99.43 |100.14 {100.03| 99.60 {100.61(100.66(99.62 [99.61 |99.21|99.77 |100.12

KoadduimenTsr B hopmynax paccuntaHsl Ha 25 3apsiioB

P 298| 3.01 | 2.97| 3.00| 3.01 | 3.02| 3.00| 3.02| 3.00| 3.00 | 3.01| 3.01| 299 3.00 | 3.01
Pb 3.04( 298 | 3.07| 3.01| 2.96| 2.95| 3.00| 2.95( 3.00| 3.01 | 2.97| 3.66 | 3.02| 3.00| 2.96
\(,:13{;4;243 3.04( 298| 3.07| 3.01| 2.96| 2.95| 3.00| 2.95( 3.00| 3.01 | 2.97| 2.98| 3.02| 3.00| 2.96
Pb 0.35| 1.66 | 1.12| 0.53| 0.67 | 1.87| 0.56| 1.68| 0.38| 1.85| 0.51 | 0.68 | 0.16| 0.80 | 2.00
Ca 1.65] 0.34 | 0.88| 1.47| 1.33| 0.13 | 1.44| 0.32| 1.62| 0.15| 1.49| 1.32| 1.84| 1.20 | 0.00
Cymma

Xy 2.00 [ 2.00 | 2.00| 2.00| 2.00 | 2.00| 2.00| 2.00( 2.00| 2.00| 2.00| 2.00| 2.00{ 2.00| 2.00
Cl 1.01] 090 | 0.87| 0.89| 0.89| 091 | 0.88| 0.84| 0.91| 0.88| 0.83| 1.00 | 1.00] 0.94 | 1.00

(OH)™™| 0.00| 0.10 | 0.13| 0.11 | 0.11 | 0.09 | 0.12 | 0.16| 0.09| 0.12| 0.17 | 0.00 | 0.00| 0.06 | 0.00
Cymma X| 1.01| 1.00 | 1.00| 1.00| 1.00| 1.00| 1.00| 1.00| 1.00( 1.00 | 1.00 | 1.00| 1.00{ 1.00 | 1.00

ITpumeuanue. [TpencraBieHsl aHAIM3bI MUHEPAJIOB U3 ¢1a00 OKMCIEHHBIX Py: 00p. Yiu-151 — maccuBHast mopona,
docdorenudan 3 KBapiia, 3aMeIIaIIero KarbuT; oop. Yir-409 u Yur-403 — kaBepHO3HbIE TOPOJIbI: 30HATbHbBIE
Ca-Pb docdatsl u3 nmonocreit pacTBopeHust Kaibuuta (00p. Yir-409 — puTMUYHO-30HATbHbBIE KPUCTAJLIBI C MAKCH -
MaJIbHO-KOHTPACTHBIM paclpeie/ieHUeM KalblUsl U CBUHLA 110 30HaM pocTa, oop. Yii-403 — 3oHanbHBII hocdo-
renucdaH ¢ KaeMKO# (CKUITETPOBUAHBIM HapacTaHueM) nmupomopduta). Homepa aHanuzoB 1—9 u 1—5 cooTBeTCTBY-
10T TOYKaM Ha puc. 3,8 U e.

MaTUYECKMMU KPUCTa/LTaMM —> 2) 30HAJIbHBII 110 COOTHOIIIEHWIO CBUHILIA U KaJibLivsl pocdar,
TIPEACTaBIEHHBIN YIUTMHEHHBIMUA MPU3MATUYECKUMU ¥ OOUOHKOBUIHBIMU KpYICTA/TIaMU —> 3) Ofl-
HOPOIHBIN MO XMMUYECKOMY COCTaBy MUPOMOPMUT, MPEICTaBIeHHBI KOPOTKOCTOIOUATBIMUA
KpUcTauiaMy. B mepBoM MpuOIKeHUH 3TOT PsII OTPaskKaeT YMEHBIIIEHNE KOHIIEHTPAIIMY KaJlb-
LIUST B MMHEpaJIooOpasyloleii cpere.

B cMJIBHO OKMCIIEHHBIX PBIXJIBIX PyIax ONMPENeTUThb MOCIeN0BaTeIbHOCTbh KPUCTAIN3a-
LIMM MUHEPAJIOB Ype3BbIYaiiHO TpynHO. [TomykoinuecTBEHHbIE MUKpOaHanu3bl (Gocharos
MoKas3ajii MPUCYTCTBUE Cpelu HUX Kak nupomopdura, Tak u docdorenudana. OgHako,
HEJIb3s1 C YBEPEHHOCTBIO CYIUTh O TOM, 00pa3yloTCsl JIU OHM Ha MO3MHUX CTaAUSIX pa3BUTUSI
30HBI OKMCJIEHUSI, WJIM YHACJIEA0BaHbI OT O00Jiee paHHUX CTaMiA.

Xumuyeckuii coctaB ocdaroB. MzyueHHble hochaTbl UMEIOT MPOCTOM XUMUYECKUIA CO-
craB (Tabs. 1). B MuHepanax ycTaHOBJIEHO TIPUCYTCTBUE TOJIBKO TSITH TJIABHBIX 3JIeMeHTOB — O,
P, Ca, Pb, Cl, a KOHIIEHTpallu1 BCEX OCTAIBLHBIX HAXOMSTCS HIDKE IIpeaciaa oOHapysKeHMs
SHEPTO-TUCTIEPCUOHHBIM AETEKTOPOM. JIMIIb B eMMHUYHBIX aHAIU3aX ONpeAesIeHbl CleI0-
Bble pHUMecH MblbsKa (As < 0.10 mac. %).

IMepecyeT aHAIM30B HA TUTIOBYIO KPUCTAJUIOXMMHUYIECKYIO (DOPMYITY MUHEPAJIOB HaITPYTI-

1X 5 o4 VII
MBI aaTUTa ( M1, M 23) (WTO4)3X IMOKa3bIBAET, YTO conepxkaHue ocdopa B mo3uuu
=5
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Ca, k..
~2.0
—41.5

IMupomopdut

<« 1.0
—40.5
L9 40
89
Kaitma

VT mpakTidyecKkyt COOTBETCTBYET TEOPETHIECKUM CoepKaHusIM P = 2.97—3.02 k.¢. (k.. —
KO3(PUIIMEHT B KPpUCTANIOXMMHUYECKOU (hopmyJsie), B aHUOHHOM MO3ULIMU X pe3KO TOMU-
Hupyet xjop Cl = 0.83—1.01 k.d., octaBnsast (OH)-rpynnam He 6oee 0.17 K.¢., KAaTHOHHbBIE
nosuumu XM1 uV" M2 B pazHbIX IponopLMsIX 3aceIeHbl KalblieM U cBUHLIOM. COOTHOLLIe-
HUSI MEXAY KaTMOHAaMM H3MEHSIIOTCS B IIMPOKOM aMana3zoHe OT (CajgsPbsg)s — 500 O
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(Cag gyPb4 g6)s = 4.96 (PHcC. 4). [TOKa3aTeNBHO, UTO CONEPXKAHMS KTBLIMS HE TTPEBBIIIAOT 2 K.(., a
CBMHIIA HE OITycKaloTcs Huke 3 K.¢d. BeposiTHee Bcero, Tak ke Kak M B IPYTUX MUHepajax
HaATPYIIbI araTuTa, 3TO CBSI3aHO C OCOOEHHOCTAMU pachpeneseHuss KaTUOHOB MO ABYM
cTpyKTypHbIM no3uumsim XM1 uY'M2, xorna nepsast U3 HUX 3acensieTcs MIOHAMU U Kalb-
LIMsI, ¥ CBMHIIA, a BTOpasi — UCKITIOYUTEIbHO noHamu cBuHIa (Kampf et al., 2006; Pasero et al.,
2010). B takom cityuae docdarsl cBuHLa ¢ Ca > 1 K.(. JOJKHBI OBITH OTHECEHBI B (pocore-
mudany, a ¢ Ca < 1 k.¢. — K mupomopdury. Ha mecropoxnenun YmkarteiH-111 o6a muHe-
pajia BCTpevyaroTcs ITOYTH OOMHAKOBO YacTo. COOTHOIIIEHHE KaJIbIIUSI U CBUHIIA B TUPOMOP-
¢ure vame Beero (78% ananmzos) HaxonsTcst B mHTepBae (Cag 9_o.40Pb4.60-5.00)x = 5.00» @ B
docdorenudane (69% ananuzon) — (Cay 40_; 70Pb330-3.60)x = 5.00» LDYTHE COCTABHI BCTpeva-
10TCsI HaMHOTO peske. C y4eTOM BEPOSITHOTO pacripeiesIeHUs KaabLMs U CBUHIIA O MO3UIM~
s XM1 u VM2 MenmaHHBIN cOCTaB KATMOHOB B MMHEpalaX TAaKOB: MUPOMOPHUT —
[(Cag2,Pby 78)5 = 2.00PD2.99]5 = 4.99, Pochorenndban — [(Cay 43Pbg 52)5 = 2.00PD2.99]5 = 4.99-

Haunbonee panHuii mo BpeMeHu oo6pa3zoBaHus pochorenudaH U3 MaCCUBHBIX KaJlb-
LIUT-KBaplEeBbIX CKOTUIEHU I OMHOPOAEH MO XUMUYECKOMY COCTaBY U XapaKTepU3yeTcs
OIHUM M3 CaMbIX BBICOKMX CpeIM M3y4eHHBIX (pocthaToB coaepkaHueM Kaablus (Tabi. 1,
aHanu3 o6p. Ym-151). Kpucrannoxumuyeckass ¢opmysia MUHepada HMMeEEeT BUI:
[(Cay65Pbg35)5 = 2.00PP3.04]5 = 5.04(P2.98012) Cly g1

VIIMHEHHO-TTPU3MAaTUYECKEe KPUCTAUIbl (DochaToB M3 IOJOCTE BbIlETaYBAHUS
KaJbIIUTa BCeTaa 30HAJbHBI MO paclpenecHUIO Kalblivs U cBUHIA (Tabi. 1, aHaIu3bl
00p. Ym-409 u Yim-403). 30HanbHOCTh POCTOBASI TOHKO-PUTMUYHASI OCUMLUISILIMOHHOTO
THTIA C YACThIM YepeTOBaHMEM KOHTPACTHBIX IO COCTaBYy 30H (TOMIUHON 3—10 MKM, penko
Gosbliie), pe3ko oboralleHHbIX 6o cBuHLIOM (Pb > 4 k.., Ca < 1K.d.), 1100 KajablyeM
(Ca>1k.0., Pb<4Kk.d.) (cM. puc. 3, 6 u ). B ripenenax oTaelIbHBIX 30H YaCTO HAOIIOOACT -
cs1 6oJiee TOHKAsi 30HAIbHOCTb BTOPOTO MpSIAKa. YCTAHOBJIEHBI TAKXKE M CITydau, KOTa KoJje-
0aHue KOHLIEHTpAlIMil CBUHIIA U KAJIbLIUS MO 30HAaM POCTa MPOUCXOAUT MEHee Pe3Ko, a Co-
cTaB MUHepasia B lieJioM oTBevaeT nupoMopduty (Ca < 1 k.d.) wim dochorenudany (Ca > 1
K.(.) (cM. puc. 3, 2). HacTHBIX BapMaHTOB 30HAJIbHOCTU, pa3JIMYAIOIIMUXCS TIO TONIIUHE 30H
pocTa, UX KOJWYECTBY, KOJIEOAHUSIM COCTaBa M T.M. JOCTATOYHO MHOTO. DTO MOXET OBbITh
00YCJIOBJICHO HECKOJILKMMHM TTpUIMHaMK. HammpuMep, pa3HBIMU YPOBHSAMU cpe3a 00BEMHO-
ro o0Opasiia B IUIOCKOM IIpenapare, pa3HOM IMPOCTPAaHCTBEHHOM OPUEHTUPOBKOII KpHUCTaI-

Puc. 3. Anaromust kpuctamioB ocharos ceunia. Potorpadumn aHILTHGOB B 00PAaTHO-OTPAKEHHBIX JIEKTPOHAX.
a — CKOIUIGHUS] OMHOPOIHBIX 10 XUMUYECKOMY COCTaBy OUMUPAMUIATBHO-TTPU3MATUYECKUX KpUCTAIUIOB (hocdo-
reardaHa B KBaplie, 3aMeLIAIOIIEeM KaJlbLUUT, 00p. Yii-151; 6 — npoaoibHOe ceyeHue paaraabHO-JIYYUCThIX cpac-
TaHUi TOHKO-PUTMUYHO-30HaABbHBIX KprcTauioB Ca-Pb docdara, 06p. Yi1-409; 6 1 e — monepeyHbie ceUeHUs 30-
HanbHbIX KpucTauioB Ca-Pb d¢ocdata 06p. Yi-409 (6) u dpocdorenudana c kaemkamu (CKUNEeTpaMu) MO3IHETO
nupoMopduta () o6p. Yir-403 (cieBa dororpacduu o6pasiioB, cripaBa — rpadukKy pacrnpenejeHus Kaablius 1
CBMHIIA 110 30HaM POCTa KPUCTAIOB, 1iMbpbl 1—9 Ha rpadrkax COOTBETCTBYIOT TOUKaM Ha dororpadusix 1 HoMe-
pam aHanu3oB B Tabia. 1). Ha ¢oTorpadusax 6—e rpagaunu ceporo 11BeTa COOTBETCTBYIOT MEPEXOAY OT 30H, 00ora-
LIEHHBIX CBUHIIOM (CBETJIO-CEPbIE) K 30HaM, OOOTallleHHbIM KaJlbLIeM (TEMHO-CephIe); YUePHbIE YYaCTKU — I10-
noctu. KB — kBapi, Kin — xanbiut, @r — dochorenudan. k.. — k03hbULMEHTH B KPUCTATNIOXUMUYECKUX
dopmynax.

Fig. 3. Anatomy of lead phosphate crystals. Photographs of polished sections in back-scattered electrons: a — segrega-
tions of chemically homogenous dipyramidal-prismatic crystals of phosphohedyphane in quartz replacing calcite; 6 —
lengthwise section of radial-columnar intergrowths of thinly-rhythmic-zonal Ca-Pb phosphate crystals; ¢ and ¢ —
cross-sections of zonal Ca-Pb phosphate crystals (¢) and of phosphohedyphane with rims of the later pyromorphite (e). At
left — photographs of specimens, at right — plots of Ca and Pb distribution by zones of crystal growth. Numbers 1—9
on plots correspond to points on photographs and to numbers of analyses in Table 1. Grades of gray color on photo-
graphs 6—e correspond to transition from zones enriched in Pb (light-gray) to zones enriched in Ca (dark-gray); black
spots — cavities. KB — quartz, Ki — calcite, ®@r — phosphohedyphane. k.¢. — coefficients in crystal-chemical for-
mulas.
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Puc. 4. CooTHoIlIIeHHE COIEPXKAHUI KaIbIIUs Y CBUHIIA (@) M THCTOTpaMMa pacrpeneieHusT Kaablius (6) B docda-
Tax CBUHILIA. # — YUCJIO aHaJIn30B, Me — MenuaHa. Llndpsl Hal CTONIOMKAMU Ha PUCYHKE 6 — YKMCIIO aHAJIU30B.

Fig. 4. Distribution of calcium and lead contents (a) and histogram of calcium contents () in lead phosphates miner-
als. n — number of analyses, Me — median. Numbers over columns at Fig. 6 — number of analyses.

JIOB, HEOAWHAKOBBIMU CKOPOCTSIMU POCTA COCEMHUX KPUCTAILJIOB WJIN IaKe MX OTIEIbHBIX Tpa-
Heil, JOKaJIbHBIMU BapualMsIMU (U3UKO-XUMUYECKUX YCIOBUI 1 T.1. TeM He MeHee, CTaTUCTH -
YecKU TIPOCJICXKMBAETCSl BIOJIHE OIpenesieHHass TEeHISHLUsS K TIOCTEIIEHHOMY pPOCTY
colepKaHWsl CBUHIIA BO BHEIIHUX YaCTSIX 30HAJbHBIX KPUCTAIOB. [JOMOJHUTEIBHBIM MO/ -
TBEPKIACHUEM €€ CIY>KUT 00pa3oBaHUE CKUIIETPOBUIHBIX CPOCTKOB, OCHOBAHUE KOTOPBIX
COCTAaBJISIIOT 30HAJIbHbIE KPUCTAJIJIbI, a BHEIIIHEE 3aBepllIeHWe — OINHOPOIHBIN MO COCTaBY
MUPOMOPDUT.

Cawmpblit mo3gHuit n3 pocdartoB — nupoMopdUT, 00pa3yIOIINii KOPOTKOCTOJIOUYATEIC
KPHMCTAJUIBI B TIOJIOCTSIX BBHINIEJTAaYMBAHUSI KaJIbIIMTA, UMEET OMHOPOIHBIN XUMUYCCKUI
COCTaB, MPAKTUYECKHN UICHTUYHBIN TEOPETUUECKOMY COCTaBy 3TOro MUHepasa (tabu. 1,
aHanmus 5 o6p. Ymr-403).

Pentrenorpacduyeckne xapakrepuctuku. JIrdpakrorpaMMbl BceX M3yYeHHBIX 00Pa3110B 10
MOJIOXKEHUI0 U WHTEHCUBHOCTU TMHWKOB OJIM3KM K STAIOHHBIM HaHHBIM I TUpoMopduTa,
“kaspiiieBoro nmupomopdura” u docdoreaudana (PDF-2 ICDD-2020 Ne 01-075-8296, 01-
084-0815, 01-083-3040). I'maBHBIMM TMATHOCTUYECKUMU JUHUSIMU sIBJIsTIOTCS (00p. Yin-403,
d(A)/D): 8.51/6, 4/27/18, 4.07/52, 3.61/17, 3.33/16, 3.12/22, 2.95/100, 2.92/57, 2.85/25,
2.41/4,2.16/11, 2.14/6, 2.04/11, 1.98/7, 1.93/15, 1.89/10, 1.84/10 u 1.81/5.
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Puc. 5. Pentrenorpamma 3oHaibHoro Ca-Pb docdara. [Tokazansl gaHHbIe 11 o6pa3siia Yii-403, ocCHOBHOI 00beM
KPUCTAJUIOB KOTOPOTO 10 XUMUYECKOMY COCTaBy COOTBETCTBYeET (hocoreHnubaHy, a TOHKast BHELIHSS KaiiMa — MUpo-
Mopbuty. IpoGHbIMM LIM(paMK OTMEYEHBI 3HAYEHUSI MEXTIOCKOCTHBIX PACCTOSTHUIT OTPaKEHUit B aHTCTpEeMax.

Fig. 5. X-ray diffraction pattern of a zonal Ca-Pb phosphate. Data for the specimen Y1r-403 where the principal vol-
ume of crystals corresponds to phosphohedyphane, and thin outer rim — to pyromorphite. Fraction numbers mark
values of inter-planar distances of reflections, angstroms.
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Ha 6onbiimHcTBe nudpakTorpaMm pUKCUpPYETCs YIIMPEHUE, a YaCTO U paclllelIeHHe pe-
¢aekcoB, 0COGEHHO OTYETIMBO TPOSIBJICHHOE HauMHas ¢ yrioB 20 = 37° (puc. 5). OueBu-
HO, YTO 3TO CBSI3aHO C HEOAHOPOTHOCThIO XUMUUYECKOTO COCTaBa MPOaHaTU3UPOBAHHBIX 00-
pAa3IoB, BapralsIMU COAEPKaHWIA KaIbIMsI M CBUHIIA TTO 30HaM pOCTa KPUCTAJIIIOB, 00yCIIaB-
JIMBAIOIIMMU U3MEHEHUS TTapaMeTpPOB 3JIEMEHTApPHOM sIYEiKM, U COOTBETCTBEHHO CMeEIeHHe
DPEHTIeHOBCKMX OTPaXKeHU I OT OMHUX U TeX e CETOK KPUCTANTUUECKOM peleTKy (C oquHa-
KOBBIMU cUMBoJaMu hkl). OTcioga BOZHUMKAeT BO3MOXHOCTb OLIEHUTh METOIOM PuTBenbaa
KOJIMYECTBEHHBIE COOTHOIIIEHUSI Pa3HbIX MO XUMUYECKOMY COCTaBY Y4aCTKOB OTHOTO U TOTO
e 00pa3lia, a TAKKe 3aCeIeHHOCTb CTPYKTYpHBIX nosuumii XM1 uV'M2 B dpocdarax katno-
HaMmu Kanblius u cBuHLA. [TocnenHee ocobeHHO BaxkHO Wis1 (hocorenudana, 1jisi KOTOPOTO
MPEVMYILIECTBEHHOE KOHIIEHTPUPOBAHNE KaTbLIUS B TTO3MLUK XM (a He IPUHLUITHAIBHO
BO3MOXHOE€ paBHOMEPHOE pacripeieicHre KaTHOHOB TaHHOTO 3JIeMEeHTa MEXKIy 00eMU MO~
summsimu XM1 uY'M2) siBnsieTcst OMHUM M3 KPUTEPHEB, OMPEISIISIONINX BIIOBYIO TPUHAI -
JIEXXHOCTh MUHEpaJia. B cBsI3u ¢ 3TuM 1715 McciaeqoBaHuii ObLT BRIOpaH obpasen Yii-403, roe
OCHOBHOM 00beM KpHcTaiutoB (TpuMepHO 80—90%) Mo XUMUUIECKOMY COCTaBY COOTBETCTBY-
eT pocdorequdany, a TOHKasI BHELIHS KaliMma — mupomMopdury. CoaepkaHus KaIblIs BO
BHYTPEHHMX YaCTSIX TAKMX KPUCTAJIOB Pa3IMuaioTCs 10 30HaM pocTa, HO BCeraa MpeBblia-
0T EIMHUILY B pacueTe Ha KPUCTATIOXMMUYECKYIO (DOPMYJTy, KOHIIEHTPALIMU K€ KaJablIUs BO
BHEIITHUX 30HAaX HUXE TIpelesia OOHapyKeHUsI 9HEePTOo-IUCIIEPCUOHHBIM JIETEKTOPOM (CM.
Taba. 1 u puc. 3, 2).

PesynbTaThl 00pabOTKM peHTreHOrpaMMbl 10 MeToay PuTBenbaa rmokasanv, 4To B COCTaBe
M3Yy4eHHOTo 00paslia MPUMEPHO B PaBHOM KOJIMUECTBE MPUCYTCTBYIOT IBE OCHOBHBIE KPUCTaI-
Jmyeckue asbl ¢ TapameTpaMiy JIEMEHTApHOI SIYeKN COOTBETCTBEHHO: “(daza-1" a = 9.877(1),
c=7214(1) u “daza-2” a=9.907(1), ¢ = 7.255(1) A. B obenx “dazax” oxHa N3 KATHOHHBIX TI0-
sunmit ((XM1) 3acensieTcst MOoHaMM CBUHLIA U KabLsl B poriopuusix: “dasa-17 Pb2t — 33%,
Ca?t — 67%, “daza-2” — Pb2t — 56%, Ca’" — 44%, a Bropas karuoHHast nozuuys (Y1IM2)
IIEJIMKOM 3aHsATa MoHaMu cBUHIA. C y4eTOM cTeXxuoMeTpuu ¢docdaToB paccuuTaHHOE
pacnpenelicHrue KaTUOHOB 110 KPUCTAIOXMMHUYECKUM MO3UIIMSIM TaKoBo: “¢asza-1" —
[(Cay 34Pbg 66)5 = 2.00Pb3 005 = 5.00, “Daza-2" — [(Cag ggPby 12)5 = 2.00Pb3.00l5 = 5.00-

IMonyyeHHBIE JaHHBIE HE TTOJTHOCTHIO COOTBETCTBYIOT Pe3yJbTaTaM XMMUYECKUX aHaIU-
30B. B nepecuere Ha KpUCTATIOXMMUYECKYIO (hOPMYJTy MUHEPAJIOB, YCPEMHEHHbIE XUMUYEC-
CKHE COCTaBbl LICHTPAJIbHBIX (IOMUHUPYIOIIMX TTI0 00bEMY) YacTeil KpUCTa/NIOB XOPOIIIO COTMO-
CTaBUMBI C cocTaBoM “a3bl-1”. OgHaKo, COCcTaBhl, OTBevaromue “dase-2”, B IIpoaHaIU3UPO-
BaHHBIX KpUCTAJIaX He YCTAaHOBJIEHBI. [IpUYMHBI TOTOGHOTO PACXOXKICHUS BIIOJTHE TTOHSITHBI,
MPYHUMas BO BHUMaHKE TOHKOE PUTMUYHO-30HATBHOE CTPOCHUE KpUCTaUIoB. MX Xxumuye-
CKM€ aHaJIM3bI BHITIOJIHEHBI “TOYE€YHO”, MO OTIEJbHBIM 30HaM pocTa. B To ke BpeMs1 peHTre-
HOBCKHWE MCCJIENOBaHMS MTPOBOIUINCH HA 0OBEMHOI MOPOIIKOBOM MPO0Oe, BaJIOBbIM COCTaB
KOTOPOIi HE B MOJIHOM Mepe OTBEYAET COBOKYITHOCTH €IMHUYHBIX MUKpoaHaiu3oB. Ckopee
BCET0, UMEHHO IO3TOMY PACCUYMTAHHBIN cOcTaB “@a3bl-2” 3aMETHO OTKJIOHSIETCSI OT peajlb-
HOM CTEeXMOMETPUU M3y4eHHBIX hocdaToB. Bunumo npurmmceiBaeMmble “dasze-2” pediaeKChl
B peaJIbHOCTH XapaKTepu3yIoT TOHKHE cpacTaHus ¢pochorenrudaHa u mupomMopduTa, pa3Bu-
BalOIIMECs] HAa TpaHUIlEe BHEITHUX U BHYTPEHHMX 30H KPUCTALIOB. YTOUYHEHNE PEHTTEHOB-
CKUX MapaMeTpoB “da3bl-2” TpeOyeT JOIOJMHUTEIbHBIX MCCIeI0BaHUI, TPYIHO peau3ye-
MbIX Ha UMEIOIIEMCsI MaTepuaie.

ImaBHBII Ke pe3yabTaT pacyeToB Mo MeTony PuTBenbaa 3akiodaeTcsl B TTOATBEPXKICHUN
3aKOHOMEpPHOTO pacnpeneneHust katnoHoB Ca?™ u Pb*™ mo nBYM KpHUCTAJLIOXMMUYECKUM
nozutusamMu XM1 uYM2. Tem cambIM, HE3aBUCUMBIM CITOCOGOM JOMOIHUTENIBHO 0GOCHO-
BaHBI MPEATIONOXEHNs, CeJJaHHbIe paHee Ha OCHOBE MHTEPIIPETALIMU JAHHBIX XUMUYECKUX
aHaJIM30B 1 OOIIMX TpencTaBieHUid 0 Kpuctauinueckoi ctpykrype Ca-Pb docdaros. Ta-
KM o6pa3oM, oTHeceHue muHepasioB ¢ Ca > 1 k.. 1 Ca < 1 k.., COOTBETCTBEHHO, K (pOC-
doreaudany u nupoMopbUTy 1JIs1 MecTOpoKIeHUsT YiukaTeiH-111 BosHe mpaBomMepHo.
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T’EHETUYECKAA MHTEPITPETALIMUA PE3YJIBTATOB

YcnoBusi 06pa3oBaHNs MUHEPAJIOB CBUHIIA B TIPUTIOBEPXHOCTHBIX OOCTAHOBKAX aKTUBHO
U3y4YaloTCsl SKCMEPUMEHTAIbHBIMU U PACYETHBIMU METOAAMU B CBSI3U C PeLIEHUEM Kak reo-
JIOTMYECKUX, TaK U 3KoJiornyeckux Borpocos (Iappenc, Kpaiict, 1968; Nriagu, 1974, 1984;
Manecki et al., 2000, 2020; Miretzky, Fernandez-Cirelli, 2008; Brookins, 2011; Burmann et al.,
2013; Markl et al., 2014; Keim, Markl, 2015; Ondrejka et al., 2020; Li et al., 2021, 2022). Pe-
3yJIbTAThl 3TUX PabOT, B COBOKYITHOCTU C OPUTMHAIBHBIMU pacueTaMu (pa3oBbIX paBHOBE-
CUi, TIOMOTalOT KOPPEKTHEE MPOUHTEPIPETUPOBATH MOJyYeHHbIE MUHEPAIOrHYecKue Ha-
omoneHus. [1pu a3ToM B oTHOIIEHUU (hOochaTOB NPUXOIUTCS OPUEHTUPOBATHCS Ha JAHHBIE O
nupoMopduTe, Tak Kak 3KCepuMeEHTaTIbHbIE UCCIAEA0BaHUSI YCTOUYMBOCTU dochorenuda-
Ha IToKa He TPOBOAWJIMCH, U COOTBETCTBEHHO LISl 3TOr0 MUHEpaJia He OTpeieJIeHHbI 3Haye-
HUS TEPMOIUHAMUUYECKUX KOHCTAHT.

Ha Mectopoxnenun YmkateiH-111 kitouyeBbie MUHeEpaiorMueckKue npeoopa3oBaHus 1C-
XOIHO TMAPOTEPMAaNIbHBIX 0aPUT-CBUHIIOBBIX PY/I MPU BO3IEUCTBUN HA HUX ITPUTTIOBEPXHOCTHBIX
METEOPHBIX BOJl CBOASTCS K PACTBOPEHUIO KaJIbIIMTA, 3aMEIICHUIO TaJleHUTa LIEPYCCUTOM U
docdaramu cBUHIIA, OAPUT TPU ITOM OCTAETCS YCTONUMBBIM. PaccCMOTpUM 3T Mpo1IeCcChI C
TOYKU 3PEHUS MMPOTEKAHUS XUMUYECKUX PEAKIIUMA.

O06pa3zoBaHue LiepyccuTa Ha MECTe aCCOLIMALIMY KATbLUTA C TAJICHUTOM YIOOHO MpeacTa-
BUTbH B BuIe cxeMaTUuHoit peakuuu (bpycHuU1bH u 1p., 20226)

nCaCO; + PbS + (n — 1) H" + 20, = PbCO; + nCa’* + SO, + (n — 1)HCOj3.

ComracHO 3TOMY ypaBHEHUIO, BHICBOOOXIAIONIASICS MTPU PACTBOPEHUN KaJIbIIUTA YIJie-
KHCJIOTa OTYACTU KOHLIEHTPUPYETCS B COCTaBe KapOoOHATa CBUHIIA, OTYACTU MOCTYIAeT B
pactBop. Kanbiuit u cynbdar-uoH Takke MocTyIamT B paCTBOP, CBUHEIL Xe He BBIHOCUTCS
U3 CUCTEMBI, a GPUKCUPYETCS B BUIE TPYAHO PACTBOPUMOTO Hepyccuta. OU3NKO-XUMUIe-
CKHe pacyueThl MTOKa3bIBAIOT, YTO B OKUCIUTEIbHON 0OCTAHOBKE NP OTHOCHUTEBHO BBICO-
KHUX KOHILIEHTPAIUSIX YTIEKUCIOTHI B PACTBOPE LIEPYCCUT MOXKET KPUCTAJNTM30BATLCS B 1M -
pokowm auanasone pH ycinosuii. Hanpumep, py akTUBHOCTH pacTBOPEHHOTo cBuHLa 1070,
a yrnekuciotsl 1072 nepyceurt ycroitums rpu pH oT 5.5 10 9.5, T.e. B MHTepBaJe, OXBAaThIBA-
IOIIEM COCTaBbl ITPAKTUYECKMU JIIOOBIX TPYHTOBBIX Box (puc. 6, a). Llepyccut ctabuiieH Kak B
accouuyalmu ¢ KaiapuuroM (ripu pH = 8), Tak u B 6oJiee KMCBIX Cpenax, KOraa KalbLUT yXKe
MOJTHOCTHIO PACTBOPEH.

Kpucrannuzanus pocharoB cBUHIIA POUCXOIUT MPAKTUYECKU B TEX XK€ YCIOBUSIX, UTO U
obpazoBaHue 1iepyccurta. [Ipu Haauuum B pacTBope hochopa u Xxaopa TUpoMoOpGUT YCTOM -
YUB B OYCHb OOJIBILIOM MHTEPBaJIE OKUCIUTEIbHO-BOCCTAHOBUTEIBHBIX U KUCJIOTHO-IIIEI0Y -
HbIx ycnoBuii (Nriagu, 1974, 1984). Ha Eh—pH auarpammax rojie cTabuaIbHOCTA MTUPOMOP-
(uta pacronaraeTcst B ieHTpaJIbHOM YacTu. JIeBast rpaHUIIA MOJISI €70 YCTOMYMBOCTH CO CTO-
ponsl Kucibix cpen (pH = 5) onpenensiercs peaknueit

Pbs (PO, ), Cl + 6H"= 5Pb>"+ 3H,PO; + CI .

CHUXeHUe KUCJIOTHOCTU (HampuMep, 3a CYET pacTBOPEHUS KajbLiMTa) OyIeT cMmellaTh
3TO paBHOBECHE BJIEBO, B CTOPOHY oOpa3oBaHus ¢ocdara. [IpaBast rpaHuLIa CO CTOPOHBI
IEJIOYHBIX Cpel KOHTPOJIMPYETCs peakiueit

Pbs (PO, ), Cl +15H,0 = 5Pb(OH); + 3HPO; +CI~ +12H".

OpnHako, peayin3alivs ee B IpUpojie KpaiiHe MaJOBEPOsITHA, TIOCKOJbKY B TPYHTOBBIX BO-
lax, TeM 0ojiee KOHTAaKTHUPYIOIIUX C KapOoOHaTaMu, BCeraa MPUCYTCTBYET yIJEKUCIoTa. 3a
CUYET 3TOTO B LIEJIOUYHBIX YCIOBUSIX TPOUCXOIUT HE pacTBOpeHHe TupoMopduTa, a 3aMelle-
HUE ero KapboHaTaMu CBUHIIA: TIPY HU3KOM aKTUBHOCTH YIJICKUCIOThHI — TUAPOLIEPYCCUTOM,
pu 6oJiee BBICOKOI — 1iepyccuToM. UMEHHO 3TUM U omnpeaessieTCsi BO3MOKHOCTh COCyIle-
CTBOBaHUs TUPOMOPGUTA C LIEPYCCUTOM
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Puc. 6. Eh—pH auarpamMmbl ycTORYMBOCTH MUHEpaioB B Boae nipu 25°C u 1 6ap: a — 1is rajieHuTa, Liepyccura, 6a-
puTa, Kaipiura u nupoMopdura (bpycHuibiH 1 ap. 20226 ¢ TOMOJHEHUSIMU), 6 — JUISI MAHepajoB cBuHIAa. Ha
nuarpamme a apabCcKuMu LrdpaMu OTMEYeHbI IMHUK, OTPAaHUYMBAIOLIUE TTOJIsT yCTOMYMBOCTH rajieHuTa (/), 6apu-
Ta (2), uepyccura (3) u Kanpuura (4). Pumckumu nmdpamu 0603HaueHbI MOJIST YCTOMUYMBOCTA MUHEPAITBHBIX aCCO-
ALV TepBUYHBIX TUAPOTepManbHbIX pya (I): Kampuut + raneHut + 6aput; cnado okucieHHbIx pyn (I1): kanbiur +
+ nepyccur + 6apuT; cuiibHO okuciaeHHbIX pya (I11): uepyccut + 6aput. CBeT/io-cephiM TOJIeM MoKa3aHa 00J1IacTh
YCTORYMBOCTH NTUpoMopduTa (MAaKCUMAIbHO OOJIbILIOE TT0JIe HA AUarpaMme 6), TEeMHO-CePbIMU MPSIMOYTOJIbHUKA-
MM rokasaHbl nosisi Eh—pH napamerpoB s goxneBbix u rpyHToBbIX Boa (Iappesnc, Kpaiict, 1968). Iuarpamma
MOCTPOEHA JIJIsl YCIIOBUIA: aKTUBHOCTb PACTBOPEHHBIX CBMHIIA M Oapust — 1076, KaJbLusl — 1074, o0l1eil aKTUBHO-
CTH PACTBOPEHHbIX COEAMHEHMI Cepbl M yrjiepoaa — 1072. Ha nuarpamme 6 cepbIM LIBETOM 3aKpalleHbl IOJIst
YCTOMYMBOCTH TBEPAbIX (a3, TOJICTHIMU CIIOLIHBIMU JIMHUSIMU (@) TTIOKa3aHbI TPAHUIIBI YCTOMYMBOCTA MUHEPAJIOB
TPU YCIOBUAX MOKa3aHHBIX Ha PUCYHKE, TOHKUMU MyHKTUPHBIMU — TIPU YCJIOBUSIX: (6) OOIIel aKTUBHOCTH pac-
TBOPEHHBIX coennHeHuit dochopa — 1077, xjopa — 1074, (8) 0oOIIIel aKTUBHOCTH PACTBOPEHHBIX COCAMHEHMI
docdhopa — 1076, xjo0pa — 1076. Bo Bcex ciydasix 06111asi akTUBHOCTb PACTBOPEHHBIX COSIMHEHUI cepbl — 1072.
PbS — ranenur, PbO, — miartHeput, PbCO3 — nepyccur, Pb3(CO3),(OH), — runpouepyccut, CaCO3 — Kanbuwur,
BaSO,4 — 6apurt, Pb5(PO4)3Cl — nupomopdurt.

Fig. 6. Eh—pH diagrams of stability of minerals in water at 25°C and 1 bar: a — for galena, cerussite, baryte, calcite
and pyromorphite (Brusnitsyn et al. 20226, with additions), 6 — for lead minerals. Numbers mark boundaries delin-
eating stability fields for galena ([7), barite (2), cerussite (3) and calcite (4). Roman numbers mark stability fields for
mineral associations of primary hydrothermal ores (I): calcite + galena + barite; weakly oxidized ores (I1): calcite +

+ cerussite + barite; strongly oxidized ores (I11): cerussite + barite. Light-gray area — the field of pyromorphite stabil-
ity (the largest field on diagram (6); dark-grey rectangles show fields of En—pH parameters of rain and ground waters.

Diagram is composed for the following conditions: activity of dissolved Pb and Ba — 10_6, Ca— 10_4, general activity

of dissolved S and C compounds — 1072. On the diagram 6 grey color shows fields of stability of solid phases, tyick
continuous lines (@) delineate boundaries of stability fot minerals under conditions shown on the figure, thin dotted

lines — under following conditions: (6) general activity of dissolved phosphorus compounds — 10_7, chlorine — 10_4,
(8) general activity of dissolved phosphorus compounds — 1076, chlorine — 1076. In all cases general activity of dis-
solved sulfur compounds — 1072, Pbs — galena, PbO, — plattnerite, PbCO3 — cerussite, Pb3(CO3),(OH), — hydro-
cerussite, CaCOj3 — calcite, BaSO4 — barite, Pb5(PO4)3Cl — pyromorphite.
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Pbs (PO,), Cl + SHCO;3 = 5PbCO; + 3HPO; +CI™ +2H".

[MonoxeHue TMHUM paBHOBECUSI TUPOMOPGUT—IIEPYCCUT 3aBUCUT OT COCTaBa pacTBopa.
Poct koHLieHTpauuii ¢pocdar-noHa u/Win Xjaopa yBeIUUMBACT MOJe CTAOUJIBHOCTU MTUPO-
Mop(duTa U CABUTAET €ro rpaHuIly BIpPaBO B CTOPOHY OobIIMX 3HaueHUl pH, cokpaiias
TEM CaMbIM T10JIe YCTOMYMBOCTHU liepyccuTa. HanmpoTuB, yBeanueHUe KOHLUEHTPAIUU YIJie-
KUCJIOTHI CykaeT IMoJie YCTOMUYMBOCTU NMupoMopduTa, HO paciupsieT — 1epyccura. Coot-
BETCTBEHHO TpaHUIIA MoJieii CTaOUIbHOCTU 3TUX MUHEPAJIOB CMEIIAETCS BIEBO B CTOPOHY
MeHbinX 3HaueHuit pH. Ha puc. 6, 6 npuBenen BapuanT Eh—pH nuarpaMmel, roe rpaHuia
MoJIell yCTOMYMBOCTY NTUpoMopduTa U liepyccuTa pacrnoJjaraercs Boauszu pH = 8—8.5, ipu
KOTOPOM TTPOUCXOASAT MPOLIECCH PACTBOPEHM S /OCaXKICHUS KaJbLIMTA B TPUIOBEPXHOCTHBIX
obcraHoBKax. [1o Bceil BUIUMOCTH, UMEHHO TaKUe YCIO0BUSI KOHTPOJIMPYIOT COCYIIIECTBOBA-
HYe MUpoMop(dUTa U LIepyCcCUTa B UBYYEHHBIX PyAaXx.

YeroiumBoCcTh mUpoMopdUTa B IIMPOKOM OMANAa30HE KMUCIOTHO-IIETOYHBIX U OKUCIIM-
TeJIbHO-BOCCTAaHOBUTEJIBHBIX YCIIOBUI 00YCIaBIMBAIOT BO3MOXHOCTD €T0 COCYIIIECTBOBAHMS
KaK ¢ MUHEpajaMM IOYTH He 3aTPOHYTHIMU MPUITIOBEPXHOCTHHIMU M3MEHEHUSIMU pyn (Ha
MecTopoxaeHUuM YukateiH-I11 — ¢ rajjeHuTOM, MUPUTOM, OAPUTOM, KATBLIMTOM, POAOXPO-
3UTOM, LIEPYCCUTOM, LLIAMO3UTOM M APYIrMMM), TaK U C MUHEpaJaMU CUJIIBHO OKUCJIEHHBIX
pyz (IepycCUTOM, MOHTMOPMJIOHUTOM, KAOJIMHUTOM, TETUTOM U IPYTUMM ).

O6pas3oBanue pocdaToB CBUHIIA He TpeOyeT OOJIbIINX KOHILIEHTpanuii hocdopa u xjaopa
B pactBope. [IpousBeneHNsI paCTBOPUMOCTH MUHEPAIOB CEpUM MTUPOMOPGUTA OLIEHUBAIOT-
Csl KCTPEMAJIBHO HU3KUMU 3HaUYEHUSIMU: U151 tuapokcuianupomopdura Pbs(PO,);(OH) uud-

pamu riopsinka [1P = n % 1077, a st coBCTBEHHO MTpoMopduTa Pbs(PO,4);Cl1—TIP =n X 10-84
(Nriagu, 1984; Miretzky, Fernandez-Cirelli, 2008: JIypbe, 2012; Li et al., 2022). IToaTomy na-
K€ HUYTOXKHO HU3KKE KOHIIEHTpalMM CBUHIIA, ¢ocdopa 1 Xjopa B pacTBOpPE CIOCOOHDI
MPUBECTU K KpUCTAJLTU3aluu nupomMopduTa. [IpudyeM 1o ncueprnaHusi pacCTBOpeHHOTo oc-
dopa u xyopa cBUHEIl OyIeT KOHIIEHTPUPOBATLCS B COCTaBe UMEHHO MUpoMopduTa, a He,
HarnpuMep, LepyccuTa, MPOU3BENeHNE PACTBOPUMOCTH KOTOPOTO Ha ceMb TopsinkoB ()

Gombure (ITPpyco, = 8 X 10~'* (Nriagu, 1984; JIypse, 2012; Li et al., 2022)).

XJ10p gBisIeTCS OMHUM U3 HanboJiee TUITMYHBIX aHUOHOB I'PYHTOBBIX BOJI pa3HOTO COCTaBa
u nipoucxoxnenus: (Bpaynnoy, 1984; Jlunnep, 1986; 3BepeB, 2007). MICTOYHUKOB ke (HOC-
¢dopa Moro GbITh HECKOJIBKO: 1) KCEHOTeHHBIN “HeopraHWYeCcKuil” arnaTuT, MPUCYTCTBYIO-
LU B UCXOMHBIX Py/Iax U BMEIIAIOIINX UX U3BECTHSIKAX B COCTaBe 0OOJIOMOUYHOTO MaTepuaia u3
OKPY>KaIOIIMX PaiOH MECTOPOXACHUSI METaMOP(MUUECKNX U MarMaTU4ecKux Mopom; 2) ayTu-
TeHHBI “OpraHuYecKuii” amaTuT, 00pa30BaBIIMICS B XOAe IuareHe3a OMOreHHoro goc-
¢arHoro BeuecTra, akKyMyJIMPOBaHHOTO B (hOpME OTMEPILINX MUKPOOPTaHU3MOB TMPU Ha-
KOIJIEHMU KapOOHATHBIX OTJI0XeHUI; 3) hochaT-noH, paCTBOPUMBII METEOPHBIMU BOJAMU

M3 OPraHNY€CKOro B€IeCTBa MIOYBEHHOI'O ITOKPOBA, NMEPEKPLIBAIOIICTO PYAHBIC 3aJICKU.

IMocnenHuii BapuaHT TIpeacTaBisieTcsl Haubosee BEpOSITHBIM. B HEOKHCIEHHBIX OapuT-
CBUHILIOBBIX PyAaxX M BMEIIAIOIIMX UX U3BECTHIKAX arlaTUT SIBJISIETCS aKLIECCOPHBIM MUHEpa-
soM. Ero KoimaecTBo cyliecTBeHHO MeHbIIe 1% oT o0beMa mopoasl. DTOTO SIBHO HEAOCTa-
TOUYHO /U151 00pa30oBaHUsI HAOJI0JaeMbIX B OKUCIEHHBIX pyaax KojJnyecTB ¢ocdorenudaHa u
nupoMopduTa, coaepKaHusi KOTOPbIX MECTaMM JOCTUTAET YPOBHS MOPOA00OPa3yIOIINX MU~
HepasnoB. Kpome Toro, mo nanueiMm OAO “XKaitpemckuiit TOK” (2015) cpenHue conepxxaHust
docdopa B okUCIEeHHBIX pyfdax Moyt B 20 pa3 NMpeBHIIIAIOT €ro KOHIEHTPAIMU B UCXOTHBIX
pynax (bpycHunbeiH n gp., 20226). Ctoiab 0ONBIIONH MPUPOCT TPYOIHO OOBSICHUTH TOJIHKO
JINIIb PE3YJIbTAaTOM MOJIHOTO PACTBOPEHUS KaJbLIMTA, U COOTBETCTBEHHO, YBEJINUECHUST KOH-
LIEHTPAlLlMM B OKMCJIEHHBIX PYIax BCEX OCTAIbHBIX KOMIIOHEHTOB. Tak, Hanmpumep, 1o cpas-
HEHMIO C MCXOIHON pyHdoi, coaepKaHUsl CBUHILIA, Oapusl U KPEeMHHUSI B OKUCJIEHHOM pyne
YBEJIMYMBACTCS B CpEHEM TIPUMEPHO B 2 pa3a, a TUTaHa, aJlloOMUHUS U Xejie3a — COOTBET-
CTBEHHO MpUMeEPHO B 3, 5 u 6 pa3. Ha dboHe 3TnX 3HaYeHMIT pOCT KOHLIEHTpaluii ochopa
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NpeacTaBJasAC€TCd aHOMaJIBHO BBICOKHM. Pa3yMHee BCEro CBs3aTb €ro ¢ AOIOJHUTEIbHbBIM
noctyruieHueM dochopa U3 BHEIITHUX UCTOUHUKOB.

Tem HU MeHee, oOpa3oBaHKe HeOOIbIIOI YacTu pocdaToB CBMHIIA 3a CUET coAepKalle-
rocsl B MCXOIHBIX PyJax araTuTa Hellb3sl UCKJII0YaTh MOJTHOCThIO. [IpousBeneHust pacTBopu-
Moctu ruapokernanaruta IMPe, (po,) om) =1 % 107 u dropanarura [Pc, po,)r =n X 1072
Ha MHOTO ITOPSIIKOB Ooblire, yeM y nupoMmopdura (Miretzky, Fernandez-Cirelli, 2008; JIy-
pwe, 2012). CnenoBaTeabHO, B IIPUCYTCTBUU B PaCTBOPE MOHOB CBMHIIA (ITOSIBUBIIINUXCS B pe-
3y/IbTaTe PAaCTBOPEHUS TaJIeHUTA) allaTUT CTAHOBUTCSI HEYCTOMYUBBIM, U OyIEeT 3aMeIaThCs
MUPOMOP(PUTOM:

Cas (PO,), (OH) + 5Pb™" + CI” + H" = Pbs (PO,), Cl + 5Ca’" + H,0.

OnHako, KpucTajlin3alus OCHOBHOM Macchl (pochaToB CBUHIIA, BEPOSITHEE BCETO, MPO-
UCXOAUT 3a cueT buoreHHoro docdar-uoHa, MPUBHOCUMOTO B PYIbl TPOCOUYUBIIMMUCS Ye-
pe€3 MOYBEHHbBII MOKPOB METEOPHLIMU BoJgaMMu. JIJ1sT GOIBIIOro Yrcja MECTOPOXKAECHUI 3TO J10-
Ka3aHO aHaJM3aMu M30TOIMTHOTO cocTaBa Kuciaopojaa nupomopdura (Burmann et al., 2013). B
5TOM cllydae MUPOMOPMUT MOXKET OCaXIaThbCs KaK HEIMOCPEACTBEHHO M3 pacTBopa, TakK U
006pa3oBbIBAThCS TTyTEM 3aMeIlleHUs] paHee oOpa3oBaHHOTO Iiepyccuta. COOTBETCTBYIOIINE
peaxkiy ObUTH TTPUBENECHBI BBIIIIE.

IMpucyrcTBue B cpene MUHEepaIooOpa3oBaHUs KaJIbILIMSI 3aMETHO CKa3aJloCh Ha XUMUJeE-
CKHX cocTaBax (hochaToB, KOTOPHIC 3BOJIOLIMOHUPYIOT BO BpeMEeHU OT MaKCUMaJIbHO 00ora-
LIeHHOoro KasbuueM dochoreaudaHa yepes npomexyrounbsie Ca-Pb MuHepansl psaa doc-
dorenupaH—npoMopdUT 10 MouTU Oe3KaiableBoro nupomopduta. ITomoOHBIN reHe-
PaJIbHBIN TPEH]I OTPpaXKaeT MOCTEIIeHHOe CHUXXEHNE KOHIIEHTPALIM Kablisl B paCTBOPE T10
Mepe Pa3BUTHSI MPOIECCOB BBIBETPUBAHUS, COMPOBOXIABIINXCS MCUEPITAHUEM KaJlbIIUTa
(TTaBHOTO MCTOYHMKA KaJIbIIUS) U pa3daBiIecHUEM MTOPOBBIX PACTBOPOB HOBBIMU MTOPIIUSMU
MeTeOpHHBIX Boa. OMHAKO, U3MEHEHNE COCTaBa pacTBOpa ObUIO He TMHEMHBIM: Ha O0IIeM pe-
rpecCUBHOM (DOHE MEPUOANYECKU TTPOUCXOIUIN TOHKUE (DIYKTYyalluM KOHIIEHTPALUii KaJlb-
1M1, U IO TeX TOop, MoKa 3TOT 3JIEMEHT OCTaBaJICsI B paCTBOPE, OH “KOHKYpPUPOBa” CO CBUH-
1IOM 32 MECTO B KPUCTANINYECKOI CTpyKType docdara. B pesynbrare KpucTaim3oBaInuch
30HAJIbHBIE TT0 cocTaBy docdaTsl. [TpudyeM, MosIBJIeHUE 30HATBHOCTH MOXET OBbITh 00YCIIOB-
JICHO pa3HBIMY TTPUYMHAMU, KaK BHEIITHUMH 110 OTHOIIIEHUIO K yJacTKaM 0Opa3oBaHUs MU-
HepaJIOB, TaK M BHYTPEHHUMH, CBSI3aHHBIMU C MEXaHU3MOM POCTa KPUCTAJUIOB ITPH OTHOCH -
TETbHO CTAOWILHBIX BHEITHUX yCIOBUSIX. K IEpBBIM OTHOCATCS, HaITpUMep, CE30HHBIE Ba-
puanmm cocCraBa TI'PYHTOBBLIX BOJ, YTO B LCJIOM XapaKTCpHO Jisd ITPUITOBECPXHOCTHbIX
o6¢ctaHoBOK. Ko BTOpbIM — “TysibcUpylolliee” U3MEHEHNE MePEChIEHUs OTICIAbHBIMU 3J1e-
MEHTaMM (B TaHHOM cJlyJyae KaJIbIIUeM U/VJIM CBUHIIOM) Ha ()pOHTE poCTa rpaHeil KpucTai-
JIOB M3 HETOMOTEHHBIX IO XMMUYECKOMY COCTaBy pPacTBOpOB. PerynsipHoe “cHaTHE” TT0M00-
HOTO JIOKQJIbHOTO TIEPECHIIIIEHMS 3a CUET 3aXBaTa MUHEPAJIOM COOTBETCTBYIOIIMX 2JIEMEHTOB
MPUBOAUT K BOBHUKHOBEHUIO OCUMWUISILMOHHON 30HanbHOCTU (I'puropees, 2KadbuH, 1975;
KpacHosa, ITeTpos, 1997).

WHTepecHO MOMYEpKHYTH €llle OIBe 0COOEHHOCTU. Bo-MepBhIX, IIMPOKOE pa3BUTHUE 30-
HaJIbHBIX KPUCTALIOB (hocdarta ¢ KOHTPACTHBIM pas3ejieHUEM 2JIEMEHTOB M0 30HaM POCTa 1
SIPKO BBIPAXXEHHOI TPYNITMPOBKOI XMMUUECKUX COCTABOB BOKPYT JBYX 9KCTPEMYMOB C CO-
IepXKaHUSIMU KaJIbLYsI, COOTBETCTBEHHO, 0.22 1 1.48 X.¢., MOTYT OTpakaTh HEIIOJIHYIO CME-
CHMOCTb CBUHIIA U KaJIBLIUSA U B n3oMopdHOM pany docdorequdan Ca,Pb;(PO,);Cl — mu-
pomopdut Pb,Pb;(PO,);Cl. Bo-BTOophIX, conepxkaHue KanbLus B ¢pochorenudaHe MECTOPOX-
nenust YikateiH-111 He mpeBbiiaeT 2 K.¢., 1axke eclv 3TOT MUHEpaJl TECHO aCCOLIMMPYET C
KaJbLIUTOM, HECYIIMM OTYETJIMBBIC Clieibl pacTBOpeHMs1. OUeBUIHO, B JAHHOM Cilydyae CO-
CTaB MUHEpaJia ONpeaesIsICsl He TOJbKO COCTaBOM MAaTEePUHCKOTO pacTBOpa, HACHIIIIEHHOTO
KaK KaJIbIIMeM, TaK U CBUHIIOM, HO TaKXe W KPUCTATIOXUMUIECKUMU (haKTOpaMu, TOITyC-

KarolmnMn BXOXICHNUEC KATUOHOB KaJbLUA TOJIBKO B IMO3ULINIO lXMl (bOC(baTOB. KocBeHHO
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5TO MOOTBEPKAAET MPEAITOIOKEHNE NPeAbIIyIInX ucciaenoBateneit (Kampfet al., 2006) o cyiie-
cTBOBaHMM paspbiBa cMecumocT Ca?t <> Pb?* B psany docdoremudan Ca,Pby(PO,),Cl — xio-
panatut Ca,Ca;(P0O,4);Cl npu Hu3kux tremneparypax. OqHaKo, Heb3s1 HE OTMETUTh, UTO B
MPUPOJE BCE XKe U3BECTHHI (pocoreardaH ¢ coaepkaHrueM KaabLis 10 2.46 K.@. u ero 060-
rameHHas (OH)-rpymmaMu pa3sHOBUIHOCTh (OTEHIUAIbHO HOBBIA MUHEpPAJbHBIA BUI C
(OH) > CI) ¢ conepxanuem Kanbuus 0o 2.74 k.d. (Ondrejka et al., 2020).

SAKJIIOYEHUE

[1aBHBIE pe3ynbTaThl MTPOBEASHHbBIX UCCIEIOBAHUIA:

1) B 30He okuciieHusT 0apuT-CBUHIOBBIX pyd MecTopoxaeHust YmkatblH-11I Ca—Pb
docdaTbl, COOTBETCTBYIONINE TTO XMMUYECKOMY cocTaBy (ochorenndaHy 1 nupomopdury,
BCTPEYAIOTCS OAMHAKOBO 4acTo.

2) Io mepe pa3BUTHS MPOLIECCOB OKUCIEHUS Pyl COCTaBbl HOBOOOpPa3oBaHHbBIX hocdaTos
3aKOHOMEPHO U3MEHSIIOTCS B MOCJIeI0BaTeIbHOCTU: (hocdorenrdaH — pUTMUUYHO-30HATBHBII
Ca-Pb dochar — mupomopput. OmHOBpeMEHHO IIPOUCXOIUT N3MEHEeHNEe rabuTyca (1 00/I1Ka)
KpUCTaLIOB (pochaToB OT AMNUpPaMUIATbHO-MIPU3MATUYECKOTO YePe3 YIVIMHEHHO MTpU3MaTuye-
cKMii (0OYOHKOBUIHBIN) K ITMHAKOUIATEHO-TIPU3MATHIECKOMY (KOPOTKOCTOJI0YATOMY).

3) INupomopdur (1, BeposTtHee Bcero, pochorenndaH) YyCTOMYMBLI B IIMPOKOM AUAalia-
30HE KUCJIOTHO-IIEJOYHBIX U OKMCIMTEIbHO-BOCCTAHOBUTEIbHBIX yciaoBuii. DocdaTs
CBUHIIA MOTYT COCYIIECTBOBAaTb KaK C MUHEpaJlaMM MOYTU HE 3aTPOHYTHIMU TIPUITOBEPX-
HOCTHBIMM U3MEHEHUSIMU pyJ (TaJIEeHUTOM, TTUPUTOM, 0APUTOM, KaJIbIIUTOM, POIOXPO3U-
TOM, LIEPYCCUTOM, 1IAMO3UTOM U JPYTMMU), TaK U C MUHEPAJIAMU CUJIBHO OKUCJIEHHBIX Py
(LIepycCUTOM, MOHTMOPUJIJIOHUTOM, KAOJTMHUTOM, TETUTOM U IPYTUMHA).

4) Kpucrammuzanys nmupoMopduTa BO3MOXHA yXe MPU OYeHb HU3KUX KOHIIEHTPALIUsIX
cBUHIIA, ocdopa u xjopa B pacTBope. [TTaBHBIMU UCTOUHMUKAMMU XJI0pa SIBJISIIOTCS TPYHTO-
BbI€ BOJIBI, a (pochopa — OpraHUUECKOE BEIIECCTBO MEPEKPHIBAIOIIETO PYAOHOCHbBIE OTJIOXKE-
HYS TIOYBEHHOTO MOKPOBA.

5) OcobGeHHOCTY XMMIYECKOTO COCTaBa, KpUCTAJUIMIecKoii cTpykTyphl Ca-Pb ¢pocdaros,
a TaK>Ke XapaKTep UX MUHEPaIbHbBIX aCCOLIMALIMI MO3BOJISIET MPEAToaraTh HAIMYMe pa3phl-
Ba M30MOPGHBIX CMecUMOCTeil B psimax nupodmopdur—dochoreaudan u dochoream-
daH—XJTOpaIIaTuT.

ABTOpPBI BBIpaKaloT 0J1arogapHOCTh Ipencenatesro npasieHus AO “XKaiipemckuit TOK”
(nmocenok XKaiipem, Pecniy6iarka Kazaxcran) A.FO. BypkoBcKoMy U reojioraMm 3TOro Ipej-
npusatus B.A. Bonkosy, O.A. MypatoBy, A.H. A6nensmanoBoii, 2K.2K. AkumeeBy, K.A. Ak-
manoBoii, A.C. bypxanony, P.b. UBakoBoii, I.K. TypibiHOBOI1 3a comeiicTBUe B peaan3a-
LIMU TI0JIeBbIX paboT. MccienoBaHus BBITIOJHEHBI ¢ MCTIOJIb30BaHMEM aHAJTUTUYECKUX BO3-
MOXHOCTeM pecypcHbIX IeHTpoB CaHKT-[leTepOyprckoro rocyiapcTBEHHOTO YHUBEPCUTETA
“PenTreHonupaKIiMOHHbIE METOIBI MCClIenOoBaHUs”’, “MUKPOCKONNY 1 MUKpPOaHalIu3a” 1
“T'eomonennb”.
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Lead Phosphates (Pyromorphite and Phosphohedyphane) from the Oxidation Zone
of Baryte-Lead Ores in the Ushkatyn-III Deposit, Central Kazakhstan
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The paper describes Ca-Pb phosphates—pyromorphite and phosphohediphane from the ox-
idation zone of barite-lead (calcite-barite-galena) ores of the Ushkatyn-III deposit in Cen-
tral Kazakhstan. Both minerals occur equally frequently within the deposit. Lead phos-
phates coexist with minerals as almost unaffected by surface changes in ores (galena, pyrite,
barite, calcite, rhodochrosite, chamosite, and others), so with minerals of highly oxidized
ores (cerussite, montmorillonite, kaolinite, goethite, and others). As the processes of super-
gene processes develop (during the transition from weakly to strongly oxidized ores), the
compositions of newly formed phosphates change regularly in the following consequence:
phosphohedifane — rhythmically zonal Ca-Pb phosphate — pyromorphite. At the same time,
the habit (and appearance) of mineral crystals changes from dipyramidal-prismatic through
elongated prismatic (barrel-shaped) to pinacoidal-prismatic (short-columnar). Crystallization
of pyromorphite is possible already at very low concentrations of lead, phosphorus and chlo-
rine in solution. The main source of chlorine is groundwater, and phosphorus is coming
from the organic matter of the soil cover overlying ore-bearing deposits. Peculiarities of the
chemical composition and crystal structure of Ca-Pb phosphates, as well as the nature of
their mineral associations, suggest the presence of a discontinuity in isomorphic miscibility
in the series pyrofmorphite—phosphohedifane and phosphohedifane—chlorapatite.

Keywords: lead phosphates, pyromorphite, phosphohedyphane, oxidation zone, barite-lead
ores, Ushkatyn-III deposit, Central Kazakhstan
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