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BBEJIEHUE

AKTYyalnbHOCTb HCCIeJ0BAHUI

Teppuropusi Erunrta OTHOCHTCS K ypaHOBOW TE€OXMMHYECKOH NPOBUHIIMM, B Mperienax
KOTOpOI\/‘I U3BCCTHBI MECTOPOKACHHUS U PYAOIIPOSABIICHUA YpaHa Pa3INYHbIX TCHETUYCCKUX THUITOB.
HaubGonee mnepcrnexkTuBHbIE O0BEKTHI Erunra OTHOCATCS K JKHJIBHOMY THIy W CBS3aHBI C
uHTpy3uBHbIME nopogamu (Ibrahim et al., 2005; Gaafar et al., 2014; Abdel Gawad et al., 2015;
Shahin, 2014; Ghoneim, Abdel Gawad, 2018).

Ilo nanubiM MesxayHapogHoe areHTcTBO 110 atroMHo# 3Heprun (MAT'ATE) u Opranunzanus
Oo6benunennbix Haruit (OOH) ypaH mo-npexHeMy OCTpO BOCTpeOOBaH BBHJY €ro HIMPOKOTO
HCIIONIb30BAaHMsI B SHepreTuke Bcex cTpaH. COriacHO NaHHBIM 3THX OpraHM3allUi CHIPHEBOM
MoTeHIMaN ypaHa ErunTa 10 cux mop He oleHeH B JOCTATOYHOM CTEICHH.

B roxwnoii wactu Bocrounoii mycteiHm ErunTa Ha TOBEpPXHOCTH BBIXOJUT TEJO
JBYCIIONSHBIX TPAHHTOB, UMEHOIIee TUiomans Gomee 100 kM>. DTa 061ACTh XapaKTEPU3YETCs
MIOBBINIEHHOH paJinOaKTUBHOCTEIO. B ee 1oro-3anaHoil 4acTH U3BECTHBI YPAHOBBIC MPOSBICHUS
(obmacte Kam Awmep), a ceBepo-BocTOYHas 4acTh OaTonuTa — ob6nacte Onb Cena, u3yueHa
HEJOCTaTOYHO.

Leab padoTbl COCTOUT B BBISBICHHH F€OXUMUYCCKUX U MHHEPAIOTHYECKUX OCOOCHHOCTEH
UHTPY3UMBHBIX oOpasoBanui paiiona Onp Cenma Uit  ONpeNeNeHusl IEPCIeKTUB  HX
YPaHOHOCHOCTH.

B 3amauu uccnenoBaHus BXOIHT:

1) ompeneneHue conuep)KaHUH PaJMOAKTUBHBIX DJIEMEHTOB M HX CIyTHHKOB B HOpPOAAX
HUHTPY3MBHOI'O KOMILIEKCa;

2) BbIsiBIICHHE (POPM HAXOXKJCHUS ypaHa U 3JICMCHTOB-CITy THUKOB,

3) omeHKa NEpCIEKTHB HHTPY3MBHOIO KOMIUIEKCAa MOPOA B KadeCTBE KOMILIEKCHOTO
HCTOYHHKA CBHIPBSL.

O0beKT wuccaeOBaHUN — BYCHIONSHBIE TPAHUTB, MHUKPOTPAHHUTHI, JIOJEPUTHl U
OOCTOHHUTBHI.

dakTHYeCKHil MaTepuaJ H MeTOAbI HccileA0BaHus. B OCHOBY auccepTainoHHON padoThI
MOJIOXKEH MaTepHall, COOpaHHBIH aBTOPOM BO BpeMsl IOJIEBBIX paboT B BocTouyHO# mycThiHE
Erunra B nepron monesbix ce30u0B 20162018 1 (6oxee 100 mpob).

Kaprorpaguyeckuit matepuan usyuancs B ¢GoHmax reosormdeckor ciyxOel Erunra m B

YnpapieHuu AAEpHBIX MaTEpUAJIOB.



Makpockonuyeckue W nerporpaduyecKue  HUCCIENOBAaHUS — IPOM3BOJMINCH  TOJ
OMHOKYIsIpoM M B uumipax Ha ONTHYECKOM MHKpockore Leica microsystems DL MP mmst
9TaJIOHHOW BBIOOPKH (55 mpo0). DieKTpoHHAss MUKPOCKOIHS U MHKPOPEHTI€HOCIEKTPaIbHBII
aHanu3 BbIIONHEeH B pecypcHoM uentpe CIIOIY «l'eomozmens» ¢ HCHONIB30BaHHEM
CKaHHPYIONIETO  3IEKIpoHHOro  Mukpockoma  Hitachi ~ S-3400N,  oGopynoBaHHOro
sHeproaucrepcuontbiM criektpomerpom Oxford Instruments X-Max 20. AHamu3bl OCHOBHBIX
OKCHJIOB IPOBOJMJIUCH C IIOMOIIbIO PEHTIeHOMIyOPECIEHTHOrO CHJIMKATHOTO aHall3a B
pecypcHoM 1eHTpe «Meroabl XHMHUYECKOrO aHalu3a COCTaBa  BEILECTBA» CaHkT-
IMerepOyprekoro ynuBepceutera, Poccust. XuMHUYECKHH aHAIN3 MHKPOIJIEMEHTOB ONPEIeSUTH B
HentpansHoii maboparopun Bceepoccuiickoro (enepaibHOr0 rocyAapCTBEHHOTO OOIKETHOTO
yupexaenuss «BCEIEN» wmeromom ICP-MS na mpubopax Agilent-7700. CyOMukpoHHast
¢pakius (CM®) BelAensiIach METOAOM BOIHOI SKCTPAKUUHM C HCIOJIb30BaHHWEM (MIIBTPOB
Sartoris ¢ pasmepamu nop 1 MxM, a ee aHanu3 BbinosnHeH merogom MCIT MC na mpubope
Agilent-7700 (86 mpo6). Onpenenenne pa3MepHOCTH HAHOYACTHI[ BBINOJIHEHO Ha HaHOCai3epe
«Nanosight». Craructudeckas o0pabOTKa aHATMTHYECKUX JAHHBIX OCYIIECTBISIACH MPH
nomouiu nporpamm Excel (Microsoft), Statistica (Statsoft).

Crpyktypa u o0beM padorTbl. Pabora cocrour u3 BBelCHUs, 4 INIaB U 3aKIIOYEHUS.
Cognepxut 113 crpanui, Biouas 46 puCyHKOB, 38 TaOnuI M CIHCOK JUTEpaTypbl u3 172
HaNMEHOBAaHUM.

Bo BBemennu o0003HaUYeHAa AaKTyadbHOCTh pPabOTHI, CHOPMYIHUPOBaHBI LETH W 3ada4yd
ucciieoBanus. B nepeoil rnaBe npuBeieHb! JaHHbIE O TEOJOTMM paiOHAa M UCTOPHU YPaHOBBIX
Mectopoxaenuit Erunta. Bo emopoii 2rage paccMOTpeHBI I'€OXMMHYECKHE OCOOEHHOCTH
HHTPY3HUBHBIX IOpOA o6nacTu Db Cea, BBIABICHBI TCHETHYECKUE OCOOCHHOCTH MOPOA. Ipemubs
271a6a OCBSIIIEHA TEOXUMHUUYECKIM OCOOCHHOCTSIM NMEPBUYHBIX U BTOPUYHBIX MUHEPAJIOB ypaHa,
a TaKXKe akKIeCCOPHBIX MHHEpaloB. B uemeepmoii TnaBe pacCMOTPEHBI MOJABIKHBIC (HOPMBI
XMMHMYECKHX OJJIEMEHTOB MHTPY3MBHBIX mopojgax obmactu Onp Cema M OLEHEH MX
TEOXMMHYCCKHH IOTEHIHMAI. B 3aKIOYeHHM IpPHUBEIEHBI OCHOBHBIC HAyYHbBIE PE3yJbTaThl
PpaboThI ¥ IPAKTHYECKHUE PEKOMEH IALIUH.

3amumaemMble MOJI0KeHUs

1.Ha ocHOBe KJ1apKOBOTO aHAJIN3a BBISBJICHbI TEOXUMUUECKHUE PSJIbI XUMHYECKHUX
3JIEMEHTOB JUIsl HHTPY3UBHBIX 1opoJ obsnactu Dipb Cena:
JBycmonsHo# rpaHuT: Ni 39- Mo 73- U 273
Mukporpasut: U ss- Ni z9- Co 73- Mo 54-Zn 36-W 31- Cu 245
Honeput: U 37- Mo 18- Cs 11- Nb g1 - Sn 73-W 43- Th30-Y 36- Zr 29-Ni23;



Bocronwut: Ni 54 = Mo 14 - Rb 9.8~ Ta 53~ Nb 44- Cu 3.3~ Y 2.4~ U 23.

Hab6nronaercs oruernuBoe cxoacteo B cogepkanusax U u Th B ABycmoasHbIX TpaHuTax b
Cena u Ipyrux paifoHOB.

JIBycimozisiHple TPAaHWTBI MHKPOTPAHHTBI W OOCTOHHTHI NpPUHAIIEKAT  HU3BECTKOBO-
LIEJIOYHOM Cepuu, a  JIOJEPUTHl OTHOCATCS K TOJEUTOBOH cepuu. l3ydeHHble NPOOBI
JIBYCIIOJSIHBIX TPaHUTOB, MHKDOTPAaHHUTOB W JOJEPUTOB HAXOAATCS B IIOJE MeTa- W/WIN
HEePriIMHO3EMHUCTBIX MOpPOA, a OOCTOHMTHI OKa3bIBAIOTCS B MOJIC MEPIICNIOYHBIX MOPOJ.
V3yueHHBIC IBYCIIOISHBIC TPAHUTHI 1 MUKPOTPAHUTHI HAXOAATCS B IOJIE MOCT-KOJUTM3HOHHBIX
TPaHMTOB a JIOJICPUTHI K OOCTOHUTHI OMAAIOT B MOJI€ BHY TPUILUIUTHOTO PEKHIMA.

Temmneparypa KpUCTaLTH3AIUA JBYCIIOAIHOTO rpaHuTa nocturaet 750°C, MuKporpaHuTa -
800°C, noneputa - 900°C, 6ocronuTta - 1020°C.

2. Wnrpy3uBHble nopoasl oonacti Oiab Cena COmepKUT IEPBUYHbIE MMHEPANbl TOPUS U
ypaHa (TOpHUT, YPaHOTOPHUT, OPOKHT, ayepiuT, KOQGUHUT, YPAaHUHUT, HACTYPaH) U BTOPUYHBIC
MHHepaJbl ypaHa (ayTeHHT, Ka30iuT, ypanotan). BeisiBiena accormanus cyabGuIoB (MUPHT,
XaIbKOIHMPUT, apCEHOIMPUT, Chaneput, MOIUOSTHUT U TaJCHUT) U CaMOPOIHBIX MHHEPAJIOB
(Au cas Ag camts N1 can> F€ cavs CU can, Ni caM)~

Bnepsble nuarnoctupoBaHo 18 muHepana. OOHapy>KeHbI CIEIYyIOIIHE MHHEpajbl: B
JIBYCIIOJSIHBIX TPaHUTaX - ayepiuT, OPOKHT M CaMOpPOJHOE cepedpo; B MHUKPOTpaHHTax -
ko((HHHHUT, KA30JIUT, CAMOPOIHOE 30J10TO, NicaM CaMOpO/HBII HHUKEIb, CAMOPOIHOE JKEIe30 U
caMOpO/IHasi ME/ib; B JOJIEPUTE BBISBICHBI KOPPUHHUT U yPAaHUHUT; B OOCTOHHUTE 3a(hPUKCHPOBAHBI
KOGGUHUT, LUPKOH, MOHALMT, OACTHE3UT W PYTHI; B SIIMOWAAX OOHApPYXKEHbl HACTYpaH M
ko duHuT.

3. Ha ocHOBe m3y4eHHs COCTaBa CyOMHUKPOHHOH (KOJUIOMIHO-CONEBOI) (paxmuu mopox
BBISIBJICHBI TTO/IBHKHBIC (DOPMBI XMMUUECKHX d1ieMeHTOB. ot cyomukporHoi dpakimu (CM®D)
HMHTPY3UBHBIX Mopoa jpocturaer 1,78 Bec %, a pa3Mep uyacTHil MeHseTcss oT 566 mo 679 Hwm.
HaunGonee BbicOkas nonist xumuueckux sneMeHtoB B CM® xapakrepua st Zn, Cu, Ni.
IMoxsmwxkHocTh Rb, Sr 1 Ba Haubonee BbIcOka y MUKPOrpaHUTA; HaUMeHee 1oABHxKHbI - Pb, REE,
Y, Uu Th.

JlocToBepHOCTHL PadOThI ONPEENIeTCs MPEICTABUTEIBHOCTBIO (PAKTHYECKOTr0 MaTepuala,
MIPUMEHEHUEM IIMPOKOTO CIEKTPa COBPEMEHHBIX METO/0B M3yUEHHUS BEIECTBA. DTO MO3BOJIMIO
JIOCTOBEPHO BBISIBUTH IOBBIIICHHbIE COIEPXKAHUS PAJUOAKTHBHBIX JIEMEHTOB M OINPEASIUTH
(hopMBI X HaXOXJICHNS HA COBPEMEHHOM ypOBHE. METpOJIOrH4ecKie XapaKTepPUCTHKH XHUMHKO-

AHATIUTHYCCKUX onpeaeneﬂnﬁ COOTBETCTBYIOT HOPMAaTHUBHBIM Tpe60BaHI/I}IM.



Anpobauusi padora. OCHOBHBIC MaTEPHANbI, PE3yIbTAaThl H TOJOKEHUS TUCCEPTAUOHHON
paboThI 06CYkKTATUCH Ha KOH(PEPCHIUAX U COBEIIAHUSX:

- Bcepoccuiickas koHpepeHuust ¢ MexayHaponHbiM  ywactuem (TexkroHuueckue,
MarmaTuueckue, Meramopduueckue (GpakTopsl HOPMUPOBAHUS U Pa3MEILECHUS MECTOPOXKIECHUI
PYZAHBIX M HEPYJIHBIX IIOJIE3HBIX UCKOMAeMBIX - 4 okT0ps 2017 r., ExatepunOypr); (2-4 okrs0ps
2017 r., ExatepunoOypr);

- 200-netue Poccuiickoro munepanorudeckoro cobpanust «Caukr-IlerepOypr, Poccus, 10-
13 okrs16ps 2017 rona;

- XIII Bceepoccuiickass HayuHash KOH(epeHLHs «YpalbcKas MHHEpaloruyeckas MIKOJIa
2017», ExarepunOypr. YpaibCkuii rocy1apCTBEHHBIN TOPHBIN yHHBEpcUTeT B Poccuu, co 2 mo 4
Hos10ps1 2017 rona, ExarepunOypr 2017 », ExatepunOypr.

-CenpMasi poccuiickasi MOJIOICKHAST HAydHO-NIpaKTHYecKas 1kona, Mocksa, 13-17 Hos0ps
2017 rona, «Hosble 3HaHus B pynoo6pasoBanun», UMI'EM PAH, Mocksa, 2017.

- MexnaynaponHas — Hay4yHO-TIpakTHueckass koH(pepeHuust «Crparerus  pa3BHTHS
TeOIOrMYEeCKON pa3BelKH HeAp: Hactosimee u Oyaymee» (k 100-neturo MIPU-PITPY) 4-6
ampenst 2018 r. Mocksa, MI'PU-PITPYVY.

- XXV MexnayHaponHass HaydHass KOH(EpEHLHs CTYIEHTOB, acCIHPaHTOB M MOJOBIX
yueHbIxX «JlomorOCOB-2018» 9 - 13 anpens 2018 r., MI'Y, Mocksa, Poccus

- VI MexnyHapoaHblil cuMIo3nyM «bHoreHHo-aOnoTeHHbIe B3aUMOACUCTBHS B IPUPOIHBIX
U aHTPOMOTEHHBIX CHUCTeMax», mocBsmieHHbI 150-netuto Cankr-IlerepOyprekoro obiectBa
ecrecTBoucHbITaTeNen, 2018 r.

- VII ureHuii namsary 4iaeHa-koppecnonjenTa. Poccuiickas akagemus nHayk C.H. VBanosa,
Bcepoccuiickass HayyHas KOH(epeHIUs, MOCBAIIeHHas 70-IE€THI0O CO JIHS OCHOBAaHHSA
VYpasbckoro otneneHus: Poccuiickoro MUHEpaIorHIecKoro o0IecTsa.

Ilo Teme nuccepranun omyOnukoBaHo 13 pabot, U3 HUX 4 cTaThs B KypHaJie U3 HEPEYHs
BAK P® u 1 crates us nepeunss PUHIL u 8 Te3ucos n1oknanos.

Hayunasi HoBHM3HA. BriepBble BBIIOJIHEHO KOJIMYECTBEHHOE ONpEJEIeHHE IMEeTPOreHHBIX
OKCHIOB ¥ MHKDOAJICMEHTOB pAJAMOAKTHBHBIX 3JIEMEHTOB MU JJIEMEHTOB-CIIyTHUKOB B
HWHTPY3UBHBIX mopoaax obmactu b Cena.

OmpezeneHsl MUHEpalbHble (OPMbI NEPBUYHBIX W BTOPUYHBIX MHHEPAIOB YypaHa H
aKIECCOPHBIX MUHEPAJIOB B MHTPY3HBHBIX ropojax Jub Cena.

Brepsble BblielieHa CyOMUKpOHHAs (Dpakius HHTPY3UBHBIX OOpa3oBaHMIl M OLIEHEHO
coziepkaHue B Hell paguoakTuBHbIX d7eMeHToB (U u Th) ¥ 31eMeHTOB-CITy THUKOB.

IpakTHYeckasi 3HAYMMOCTL PaboThI.



Paccunran reoxummdeckuii MoTeHIMaN ypana u snemenToB cnytaukoB (REE, Ni, Mo) B
UHTPY3MBHBIX TOPOJAX (ABYCIIOASHOM TIpPAaHUTE, MHMKPOTPAHHUTE, NOJIEpUTe U OOCTOHHUTE)
obnactu Onb Cena.

JInunblii BKJIaa aBTOpa. ABTOp Y4acTBOBAI B IOJIEBBIX paborax Ha Teppurtopuu Ermnra
(otbop mpoO, MOKYMEHTalust OOBEKTOB W IEPBHYHOTO MaTepHaia, IOATOTOBKA K
AQHAJMTUYECKUM HCCIECJOBAaHMAM). ABTOp BBINOJHSI W HEMOCPEJICTBEHHO YYacTBOBAl B
11a00paTOPHBIX HCCIIEAOBaHUsIX (MeTporpapUyecKuil aHaiu3, 3JEKTPOHHO-MHKPOCKOIHYECKUE
HCCIIEIOBaHNS, B BBIJICJICHUHN CYOMUKPOHHON (DpaKkiMy U ee aHaIu3e). ABTOP BBIIIOJIHII OLICHKY
TEOXMMUYECKOTO TOTEHIIMANIA YpaHa M JIEMEHTOB-CIIyTHUKOB B MHTPY3UBHBIX IOpPOJ 00JIacTH
Onp Cena.

BaaronapHocTH. ABTOp BBIpaXKaeT INIyOOKyH0 OlaroapHOCTh HayYHOMY PYKOBOAUTEIIO,
JIOKTOPY Te0Joro-MuHepanorndeckux Hayk [laHoBoid Enene I'eHHagheBHE 3a pyKOBOJACTBO B
IIPOBEJICHUM HCCICAOBAHUI ¥ IOMOLIb IPU PEUICHHH 33/1a4, HEOOXOIMMBIX AJIsI HAIMCAHUS
JIUCCEPTAMOHHOM paboThl. ABrop mpusHareneH Axmen Oiab Caun AGmens [aBana, moueHTta
re0JIOTHH ¥ TEOXMMHH 32 00CY)KACHUE MaTepHANIOB, IICHHBIE COBETHI MOMOIIb MPU MPOBEACHUI
OJIEBBIX PaboT.

ABTOp Oyarogapur COTPYAHUKOB Cankr-IlerepOyprckoro rocyJ1apCTBEHHOTO
yHuBepcurera: Bmacos Jmutpuit FOpbeBuu, 3eneHckas Mapuna CraHuciaaBoBHa, SIHCOH
Cgetnana lOpeeBna U Brnacenko Haranbst CepreeBna, LllnnoBckux Bmagumup 3a momomis npu
NPOBEJICHUH aHAJIMTHYECKUX HcchenoBaHuii S xoren Obl  BBIPAa3UTh MO0  DIIYOOKYIO
OJlaroJapHOCTh MOHMM  POJUTENISIM, MOl BEpHOW JKeHe, KOTOpas OKa3zala MHE BCHO
[IOTCHIMAIBHYIO MOJICPKKY B IPOBEJICHUM STOTO HCCIEOBAHMS, ¥ MOUM JIIOOMMBIM JETSIM
Ocedy u JIuHe 3a ux TepneHUe U MOAEPKKY BO BpeMs 3TOH paboThl. AHaJIMTHYECKHE PabOTHI
BHIMOJHEHB! B pecypcHbix meHtpax CIIOLY: «[eomomensy, «MeToasl MHKPOCKONHH H

MHUKpOaHaJIUu3a», «MeTOoIpI XUMHYECKOT'0 aHAJIM3ay.



I'nasa 1. 'eosntornyeckast xapakrepucruka Bocrounoii mycrbinu Erunra

1.1. PernonanbHas reoJiorus paiiona Bocrounoii nycreinn Ernnra

B permonansHoM miaHe Tepputopust ErunTta OTHOCHTCS K CeBepo-3amaJHOW YacTH
Hy6wuiicko-Apasuiickoro mura (HALLL), koTopsiii 3amumaer okono 100 000 km? B Bocrouroii
mycThiHe Baosib KpacHoro Mops ¥ B FoXHOM 4acTh CHHAHCKOTrO IOJIyOCTpOBa, 00pasys
TPEYroJbHHUK OrpaHHYCHHBIN 3a1uBoM Akaba n CuHailickuM 3anuBoM. Kpome Toro, 3Ti mopost
00OHaXKArOTCsI B paliloHax, pa30pOCaHHBIX MO 3amagHOil MyCThIHE, OCOOCHHO B paiioHe YBEHHaT,
pacrionoxxeHHoM Baonb rpanull Erunra, Cynana u Jlueum (Schandelmeir et al., 1983), u
SBJIAIIOTCSL 4acThblo NaHadpukaHckoro koHTuHeHTa (Kennedy, 1964). Bocrounast mycTbIHS
ErunTa ciio)keHa MarMaTHYeCKMMH U METaMOP(GHYECKMMH MOPOJaMH, BO3HUKIINMH BO BpeMsI
Bocrouno-Adpukanckoil oporeHur m0pu Kowmsuk Bocrounoit u 3amagnoit ['ogBaHel U
3akpbITHH Mo3amOukckoro okeana okosio 600 miH. net (Stern, 2002; Kusky et al., 2003).

HyOuiicko-ApaBUIICKUI IIUT SIBISETCS YacTblO MaHA(QPUKAHCKOIO OPOTCHHOrO Mosica,
KoTOpbIit Ob1T akTHBeH Mexay 1200-450 Ma (Kennedy, 1964; Gass 1977; Dixon 1979 and Stern
1979; Kroner, 1985; Hamimi et al., 2019). IIlut kpaTOHU3UPOBAJICS HAUYUHAs C JOKEMOpUS U
HaXOAWICS IIOJ BIMSHUEM pUQTOreHe3a WIM [BWKCHUH, CBSA3aHHBIX C LHUKIOM YHICOHA
(Kroner, 1979). O6pa3oBanre KpacHOro Mopsi M CONPSDKEHHBIX C HHUM CTPYKTYp SIBISETCS
Ppe3yJIbTaToM IocIeIHero nporecca pudprorenesa Ha Hybuiicko-ApasuiickoM mure. BozmosxHo,
3TOT TIpoIiecC Iepemren B a3y CHpeIuHra ¢ oOpa3oBaHHEM HOBOWH OKeaHMYeCKOW Kopsl. Ilpm
TaKOM JBW)KCHUH ApPaBHICKHUI MOIyOCTPOB MOT apel(oBaTh OT APPHKAHCKOrO KOHTHHEHTa B
HaTpaBJIeHUH OPOTHB YacoBoii crpenku (Hamimi et al., 2019).

OporeHHass MCTOPHSI €THNETCKOTro (yHIaMeHTa, MpPEeACTaBISIONIEr0 CeBEepo-3alajiHyIo
yacth  HyOwiicko-ApaBuiickoro  mura, ObUla  HHTEpHPETHpPOBaHA B TEPMHUHAX
I'eocunkmunanbHoi Teopun (El- Ramly, Akkad, 1960; El- Shazly, 1980; El-Ramly 1972; Akaad,
Noweir, 1980).

[locnennue wuccrnemoBanus B BOCTOYHOH  MyCThIHE MpeAsaraloT  HECKOJIBKO
TEKTOHMYECKUX MOJIENICH 3BOJIIOLMY ITUX TOPOJ C TOYKH 3peHus TeKToHukH T (Gass 1977,
Church 1979; Hashad, Hassan, 1979; Engel et al., 1980; Ries et al., 1983; and Abdel Khalek et
al., 1992, Ghoneim et al., 2018). Tepmun "nanadppukanckuit" 6su1 npeuioxeH Kennenu B 1964
r. Ha ocHOBe oneHkn uMmerommxcs Rb-Sr u K-Ar Bospacros. IlanadprkaHckas OproreHus
TpPaKTyeTcs Kak 3M0Xa TeKTOHO-MarMaTHYecKod aKTHUBH3alMU, okoio 500 MIH. JeT, BO BpeMs
KOTOpOW Cc(OpPMHUpOBAICS PsJ HMOABMXHBIX IIOSICOB, OKPY’XKAarOUIMX Oojiee NPEBHHE KPAaTOHBI.

Tlo3anee OBLIO IIPU3HAHO, YTO OTO COOBITHE SIBJISICTCS 3aKJIFOUUTCIIBHON YacThbiO OpPOIr'€HHOI'0O



LKA, NPUBOSIIEr0 K TIIOSBICHUIO OPOTCHHBIX IIOSCOB, KOTOPbIE B HACTOSIIEE BpEMs
HHTEPIPETHPYIOTCS KaK Pe3yNbTaT CIMSHHUA KOHTHHEHTAJIBHBIX TOMEHOB B nepuof ~870 - ~550
MIH. JIeT. B Hacrosiiee Bpems, TepMHMH NaHapPUKAHCKUH HCIONB3YeTCs Ul OMHCAaHHs
TEeKTOHMYECKOH, MarMaTH4eckod M MeTaMop(pUYecKod aKTUBHOCTH OT HEONPOTEpO30s 10
paHHero mnaneo3o0si, 0COOCHHO JUIs TOH 4acTH 3eMHOW KOpBI, KOTOpask Korjaa-to obuia ['oHaBaHon
(Kroner et al, 2005). TexktoHun4eckas 53BOJIONMS MaHAPPUKAHCKUX [OPOJ BhI3BaIa
peMOOMIIN3AIMIO TIOPOJL ApXEHCKOro W IPOTEPO30HCKOro Bo3pacra, MX JedopManuio u
MeramopdusM Oosee BBICOKOH CTYNEHH, a TaKKe MUIMaTH3alUIO, aHATEKCHC U IIHPOKOe
BHEJIPEHHE TPaHUTOB.

CoracHO TEKTOHHYECKOH 3BOIOLHH, JOKeMOpHiickue mopoasl BoCTOYHO# mycCThIHK
ObLIM Pa3OUTHI ABYMSI KPYHHBIMHM CTPYKTYPHBIMH pa3pblBAMH Ha TPH TEKTOHMYECKHMX IOMEHA.
Mepsoiii - HOro-Bocrounas mycrtsinsg (FOBII) pacnonoxena k tory ot mupotsl 24° 30' C;
CeBepo-Bocrounas mycteins (CBII) nexur k cesepy or mumporsl 26° 30" C; LleHTpanbHas
Bocrounas mycteasa (LIBII) pacmonmoxena mexnay Humu. I'panmna mexmy L[BIT u FOBIT
mpeAcTaBisieT co0oit Gonblryto 300y casura. C apyroii ctopoHsl, rpanuna mexay CBIT u [BIT
SIBJISIETCS MHTPY3UBHBIM KOHTakTOM (Stern, Hedge, 1985) (puc. 1.1).

JIutonornuecku CBII u teppuropust CUHAHCKOro MOJNYyOCTPOBA XapaKTEPU3YIOTCS Kak
IPaHUTHBIA TeppedH, TIJe IOMHMMO THEHCOBBIX pa3sHOBHAHOCTEH u Oolee MOJIOABIX
BHYTPHKPATOHHBIX BYJIKAaHHYECKUX IOpoJ Tuna JloXaH W CBS3aHHBIX C HHMH OCaJ0YHBIX
MOJIACCOBBIX MOPOJ XaMMaMar, BCTPEYAIOTCsl HEMHOTOYHCIICHHBIE BBIXObI YJIbTPaMahHIECKHX
nopox ( El Ramly, 1972; El Ramly and Hermina, 1978; Abdel-Meguid, 1992). IIBII Bxitouaer B
ce0sl 3HAUUTENIbHOE KOJIMYECTBO YyIbTpaMa(uTOB, OG(GUOIUTOB M MENAaHKeH, a Takoke
OTHOCUTEJIHO OobIIie 00beMbl [IYroBbIX BYJIKAHUTOB M BYJIKAHOT€HHBIX OTJIOKEHHH,
CBSI3AHHBIX C  JKENE30PYAHBIMU  OOpa3OBaHUSAMH, KOTOPBIE HHTEPIPETHPYIOTCS  Kak
chopMupoBaHHbIe B 3aayroBoii obcraHoBke (Sims, James, 1984). IOBII — 3t0, B OCHOBHOM,
THEICOBBIM TEppeiiH € OrpOMHBIM KOJIMYECTBOM JYTOBBIX BYJKAHUTOB, MO3[HE- M IOCT-
TEeKTOHUYECKUM TI'PaHHTOMIOB, Ty(OreHHO-BYJIKAHOTEHHBIX U IMHPOKIACTUYECKUX OTIOKEHHH.
Kpome Toro, 3aech BCTpEHaroTCst Apyrue BHYTPUKPATOHHbIE aCCOLMAIMK TOPHBIX MOPOJ, TaKHUe
KaKk BYJIKaHUTHl JIOXaHCKOTO THHA C HE3HAYUTEIbHBIMH IPOSBICHUSMH OCAJ0YHBIX MOPOJI

Xammawmara ( El Ramly, Hermina, 1978; Abdel-Meguid, 1992).
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Puc. 1.1. VYnpomienHas reosorudeckas KapTa HEOINpPOTepo30iickoro ocHoBaHus BoctouHoii
nycteiay Erunta. Ha Bpeske moka3aHO COOTHOLIEHHE OCHOBHBIX THIIOB MOPOJ TPEX NPOBHHIIMI
Bocrounoii mycteinu Erunra, Stern and Hedge, 1985.

VI3BeCTHO, YTO TPAaHUTHI, OCOOEHHO KMCIIbIE Pa3HOBUIHOCTH, OOOralieHbl ypaHoMm. B
CBSI3M C OTUM MOBEIECHHE PAJIMOAKTUBHBIX DJIEMEHTOB B pA3JIMYHBIX THUIAX T'PAHUTOMIOB
SIBJIETCS IPEIMETOM MHOTOUUCIIEHHBIX UCCIIE0BAHUI.

I'panuTtonnst CuHas 1 BocTo4HO# MycTHIHM B OCHOBHOM MaHa(pUKaHCKOTO BO3pacta U
BHEJPWIINCH B IPOMEXYTKe BpeMeHH OT 417 1o 780 MiH 5ieT. DTH MOpOAbl MOAPa3AEISIIOTCS Ha
JpeBHUE (CHHOPOTECHHbIE) W Moyojble (OT mo3zae- 1o mocroporeHHbix) rpanuTbl (El Shazly,
1964; and El Ramly, 1972). CuHoporeHHble JpeBHUE OPO/BI TpanuTHOro psina () mo cocrary
OTHOCSITCS K JUOPUTAM, TOHAJINTAM U T'PaHOIMOPUTAM, HAIIOMUHAFOIIMM HU3BECTKOBO-IIIEIOYHOMN
I-tun. Ux Bospact 610 — 711 Ma (Dixon et al., 1979; Stern, Hedge, 1985). Bonee momospie
rpanutonapl (M)  wmnm  «po30BBIE  TPaHUTBI» OTHOCAT K  3aBEpLIAIONICH  CTaguu
naHapuKaHCKOro MarmMatu3Ma u copMupoBaauch B koHue pokemOpus 550 Ma (El Shazly et
al., 1980). Bozpact maytonoB MI" onenuBaercs B 549 — 597 Ma, X0Ts BCTpEUYaroTCsl HEKOTOPbIE

IeJI0YHbIe TUTyTOHBI ¢ Bo3pacTtoM 417 Ma (Stern, Hedge, 1985).
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Jns rpanutoB Bocrounoit IlycTelHM XapakTepHO 00pa3oBaHHE JOMHUHHPYIOIIUX
BBICOKMX TOPHBIX Liemeil YCTOMYMBBIX K 3po3uu. OHU 00pa3yroT CEepHI0 H30JIMPOBAHHBIX,
OMU30HAJIBHBIX IIJIYTOHOB, KOTOPBIE CEKYT BCC THUIIBI KPUCTAJUIMYCCKUX IOPOA B Bocrounoit
MYCTBIHE ¥ UMEIOT Pe3KHE KOHTAKThl CO BCEMH BMEIIAIONIMMH TOPHBIMU TOpoaaMu. J{iist 3THX
MOJIOJIBIX TPaHUTOB Erunra XapakTepHO MPUCYTCTBHE NEIMAaTOMIHBIX TEJ U KBApLEBBIX KU,
0COOEHHO B KPaeBBIX YaCTSAX Tel. B HEKOTOpBIX paiioHax Ha rore BOCTOYHOW MyCTHIHU B 3THX
MouobIX rpanuTax Berpedaercs U, Sn, W, Mo, Be, Nb u Ta munepanu3zanusi.

DKOHOMUYECKH 3HAYHUMBIC PYAOINPOSBICHNS, OCOOCHHO ypaHa, TeHETHYECKU CBSI3aHBI C
IPaHUTOUIAMH, NPUYPOUYCHHBIMH, B OCHOBHOM, K aHATEKTHYECKHM pacIlaBaM WM CHIBHO
[ePECHIIICHHBIM TTTMHO3EMOM IBYCITIOASHBIX jeiikorpanuTam (Cuney et al, 1984; and Poty et al.,
1986).

1.2. I'eonornyeckue ocobenHnoctTu b Cena 0djaacTu

HW3yuaemslii paiion Db Cena pacnosnoxken B FOBIT Erunta Brons nodepexbs Kpachoro
Mopsi. B o0mux ueprax, pailoH Xxapakrepu3yeTcs HepOBHOU Tonorpaduei ¢ yMepeHHbIM J10
BBICOKOT'O Peibe()OM U CIIOKEH PA3IHYHBIMH TTOPOIAMHU JOKEMOPHICKOT0 OCHOBAHUS U BalH-
orioxeHusamMu. JlokemOpuiickue ypaH-coepKaliyue rpaHuThl BEIXOAAT Ha MOBEPXHOCTh B CAMOM
10KHOW yactu Bocrounoii mycteinu (puc. 1.2).

Hccnenoanus B capuroBoit 3oHe Oib Cena (puc. 1.3, 1.4) npoBoIuInuch pa3inuHbIMU
METOaMU: TEeOJIOTHYECKUMH, CTPYKTYPHBIMH, CIIEKTPOMETPUYECKHUMH, T'€OXUMUYECKUMU,
MuHepanoruueckumu u reodpusudeckumu (Abdel-Meguid et al., 2003; Ibrahim et al., 2005;
Ibrahim et al., 2007; Abd El-Naby, Dawood, 2008; Ali, 2013; Ali, Lentz, 2011; Abouelnaga et
al., 2013; Ramadan et al., 2013; Gaafar et al., 2014; Abdel Gawad et al., 2015; Shahin, 2014,
Abdel Gawad et al., 2016, Ghoneim, Abdel Gawad, 2017).
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Puc. 1.2. T'eonoruyeckast kapra paiiona Jib Cena, Bocrounas [Tycteins, Eruner (Abdel-Meguid
et al., 2003; Ibrahim et al., 2007; Ali, 2013; Abdel Gawad et al., 2015).

Ha ocHoBaHuM 1OJIEBBIX HCCICIOBAHMIT TOPOBI B U3y4aeMoil 00J1acTH pachoiaraioTes B
clieyIonel BO3PAacTHOM MOC/IE0BaTeIbHOCTH: OMOTHTOBBIE M JIBYCIIOJSHBIE TPAHUTHI, MOCT-
IPaHUTHBIC JalKM (MUKPOTPAHUTHI, JIOJIEPUTHI U OOCTOHMTHI), KBapLEBbIE U PKACIEPOUIHbIE
XKUJIBI U (paHEPO3OMCKUI YeX0Jl BaJIH-OTIIOKCHUM.

JIBycCirtoisiHBIC TPAaHUTHI 3aHUMAIOT OOJIBIIYIO YaCTh UCCIEAYEMOH IUIOMAAN, HA KOTOPOH
BCTPEUYAROTCSI OCTATKH OKPYIJIBIX U (WIM) AyrooOpasHbIX T'PAHUTHBIX IUIyTOHOB (3X5 kM), B
nHanpasienu B-CB — 3-103 u C-C3 — F0-IOB napaniensHo 30HaM CABHTa.

OOBIYHO, 3TH  TPaHUTBl  CPEAHE-KPYNHO3EPHHUCTBIC,  TPEIIMHOBATBIE,  CHIILHO
BEIBETPCHHBIC, KAaBEPHO3HBIE C THUNUANOMOP(HONH TpaHUTHOH cTpykTypoir (pmc. 1.5).
I'paHHUTHBIC TIUTyTOHBI pA3/ENCHBl «IECYAHBIMH KOPHUAOPAMH» HAa HECKOIBKO Tell, C
MaKCUMalbHBIMU BepinHamMu 10 560 M Hajg ypoBHeM Mops. [IByclroAsHOW TI'paHHT HUMeeT

OKpPAacKy OT PO30BOTO 10 PO30BATO-CEPOro LBETa M COCTOMT IJIaBHBIM 00pasoM u3 kBapua, K-
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MOJICBOTO IIMATa, IUIArMOKJIa3a, OMOTHTA M MYCKOBHTA. JIBYCIIOISHBIC TPAaHUTHBIE ILTYyTOHBI
[OJIBEPIIINCh BIMSHHUIO dnucueHuTu3aunu (puc. 1.6). B pesynpTare mpoieccoB H3MEHEHHs.
IPOUCXOAUT 060FaLLleHVle BTOPHUYHBIMH BUJUMBIMH MUHEpaJIaMH ypaHa.

JBycmonsHbie TpaHuTbl ik Cella MepeceKaroTcst AByMs MEePIeHIUKYIPHBIMU 30HAMU
CABUrOBBIX Aedopmanuii. [lepBas 30Ha CABUTOBBIX Ae(OPMAIMIl IPOCTUPACTCS B HAIPABICHUH
B-CB - 3-I03 mmHO#i oxono 1.5 kM um mmpuHOil oT 5 mo 40 M. DTa 30Ha CABHIOBBIX
nedopmanmii nepecexaercsi C3-I0OB npaBocroponanmu cisuramu u CC3-10IOB, CCB-10103
neBocTopoHHUMH capuramu  (cM. puc. 1.2). 3oma BCB-3l03 caBurosbix aedopmaruit
XapaKTepU3yeTCss YMEPEHHBIMH pelibe()OM, CHIIBHO TEKTOHM3UpOBaHA W M3MeHeHa. J{is 3Toit
30HBI CIIBUTOBBIX JAe(opMaliuili XapaKTepHO BHEJIPEHHE MUKPOTPAHUTOBBIX, JAOJIEPUTOBBIX JACK

1 KBapUEBbIX U KACIICPOUIHBIX KU,

Puc. 1.3. 3ona m3menenuit B-CB — 3-103 npoctupanus, Db Cena 061acTb.

Puc. 1.4.3ona casura B Hanpasnerun BCB — 3103, Onp Cena o61acTs.
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Puc. 1.5. JIsycntoasusie rpanuTsl obnactu Db Cena.

Puc. 1.6. [IBycironsiHbple TpaHUTHBIE, IOBEPIIINECS SIUCUCHUTU3AIIH.

Jlaliku MHKpOIpaHMTOB BHEAPSIETCS B JBYCIHIOJsAHbIE rpaHUThl BAoiab BCB — 3103 30HbI
CIABUTOBBIX Aedopmaruii u umeeT nagenne 72°— 83° 0. Jlaliku CIIOKEHBI METKO-3ePHHUCTOM
MOPOJOH, UMEIOT MHUPHUHY OT 3 10 20 M U MPOCISKUBAIOTCSA HA 6 KM OT CEBEpHOM TpaHHIIBI

Onp Cena mrytoHoB (puc. 1.7 — 1.9).
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Puc.1.7. Jlaiika MUKpOTpaHHTOB cedeT ABYyCosHbIe rpaHuThl B BCB — 3103 HanpaieHun.

Puc. 1.8. laiixa MuxporpanuTos, tsaymiasicsa B B-CB — 3-103 nanpasnenun.
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Puc. 1.9. Jlaiika MUKpPOTpaHUTOB pa30UTa CHCTEMON TPELIKH.

Puc.1.10. Honeputsl BCB — 3103 nanpasienus mapajuienabHbl IEPBOil 30HE CBUTOBBIX
nedopmanuii.
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Puc.1.11. [aiika 101€pUTOB ceUeT ABYCIIOSHbIC IPAHUTEHL.

Puc.1.12. Bunnmast ypaHoBast MHHEpanu3anus ()KeJIToe) B I3MEHEHHOM Jaifike JOIepUTOB.

Jlaiiku OGOCTOHMTOB BHEApAIOTCS B rpaHuTHble IuyToHsl 1mo C-IO u CCB-I0IO3
TEKTOHHYECKHM HampaBieHHsM. OOBIMHO OHU MEJKO3EPHHUCTbIE, KPacCHOBATO-KOPUYHEBBIE,
MacCHBHEBIE, IIacTO0Opa3Hble, MOMHOCTEIO 0T 0.5 mo 2 M (puc. 1.13 u 1.14). BoctoHuTOBBIE

JaiiKy UMEIOT 00JIee HU3KUI yPOBEHb PAaANOAaKTHBHOCTH.
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Puc. 1.13. 3ona C3 — OB ciBura paccekaeT qaiiky 60CTOHOTOB.

Puc. 1.14. Cnoucras TekcTypa Jaiiku 60CTOHUTOB.

B paiioHe BcTpedaroTcst JKMIIBI KBaplia, KOTOPBIE CEKYT JBYCIIOASHON TPaHUT BIOJb B-
CB-3-103 30mBl cnuBuroBeix naedopmanuii (puc. 1.15). Dra xunma He paanoaKTHBHA,
OpeKunpoBaHa, ee MOUIHOCTh KoneOiercs or | mo 4 m. JKwisl Momo4yHO-6€moro Ksapia
MePEeCceKaeTCsi KPaCHBIMK U CEePBIMH, 10 Y€PHOrO0, /PKAcepouaHbIME xuidamu (puc. 1.16, 1.17,

1.18). Kpachble u cepble-uepHbIe SIIIMOBBIC JKHJIbI CHIIBHO TPELIMHOBATHI, ()parMEHTHPOBAHbI,



19

6p€K'~II/Ip0BaHLI 1 UMCHOT MOIIHOCTH OT 0,5 0 1 M, COACPKAT BUAUMBIC METAKPUCTHI ITUPUTA U

YPaHOBbBIE MUHEPAIBI.

Puc.1.15. Xuna momouno-6enoro kBapia.

Puc. 1.16. KpaprieBas >xuia pa3dura TpeliMHaMU ¢ OKCUAAMU U THAPOKCHUAAMU XKee3a.
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Puc.1.17. B3auMoOTHOILIEHHE IBYCITIOSIHBIX TpaHuToB (S6B), Mukporpanutos (S6D) u
SIIMouIoB (S6A).

Puc.1.18. KonTakTht MEXAY ABYCIIOASIHBIM I'PAHUTOM, MUKPOTI'PAHUTOM U ALIMOUIOM.
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CTpyKTypHBIH aHanu3 IUIACTHYHBIX JedopManuii yKkas3blBaeT Ha MPHCYTCTBHE Tpex
renepanuii  ckmagok (Ali, 2013). Hanpasnenns B-CB-3-103 u C-C3-10-IOB wmoryT
paccMaTpuBaThCs Kak MPEALIECTBYIOLUE Pa3pblBaM B MOCIEAYIOLUX CTPYKTYPHBIX 2IM307aX, B
TO BpeMs Kak XpyIKue Ne(opMaliil yKa3blBAalOT Ha BaXHOCTb TEX HAIPABIICHHIL, KOTOpHIC
KOHTPOJIUPYIOT HHBEKLHOHHBIE MPOLECCHl U MPOLECCHl H3MCHEHHUsI Ha TEPPUTOPHU U3Y4aeMOro
paiioHa.

Takum 00pa3soM, CTPYKTYypHBIH KOHTPOJb YPAaHOBOIO OpPYACHCHUS ONpPEeCisAeTCs
B3aMMOOTHOIICHUSAMI MEX]Y YHACICIOBAHHBIMY IUIACTUYHBIMU CTPYKTYPAaMH M HaJIOXKCHHBIMU
XPYIKHMH ~ CTpPYyKTypamMH. Bo Bpemsi peakTHBald TPOCTOH  CABUT  MapaulelbHBII
YHACJIEZI0BAaHHOM IIACTUYHOM CTPYKTYype OTBEYasl 3a Pa3BUTHE MHHEPAIM30BAHHBIX CTPYKTYpP
Brons B-CB — 3-103 u C-C3 — IO-IOB nHanpaBnenui, Tak 4TO UX MOXXHO pacCMaTpHUBaTh Kak
IaJIeOKaHaNBl TIYOHHHBIX CTPYKTYpP ¥ JIOBYIUKH U YPAHOBBHIX Py[. BOJBIIMHCTBO ypaHOBBIX
aHOMaJIMii OKOHTYPUBAETCS BIOJIb 30H CABUroBbIX aedopmanuii B-CB — 3-103 n C-C3 — HO-10OB
HAIPaBJICHHUH, I/I¢ KBapIIEBbIC KMIbI OTPAaHUYMBAIN MUKPOTPAHUTHBIC U JIOJICPUTOBBIC TAHKU U
CEeKJIM MX II0 OTHOLICHHIO K MOCJIEIYIOMEH TPeIMHOBATOCTH ¥ OPEKYMPOBAHHIO, COOTBETCTBYS

HEOZHOKPATHOMY OMOJIOKEHHUIO CTPYKTYD.

1.3. MecTtoposxkaenust ypana Erunra
Tepputopuss Erunta OTHOCHTCS K YPaHOBOW I€OXMMHYECKOW HPOBHHIIMH, B Hpenesax
KOTOPOW IIMPOKO PACIpPOCTPAHEHBI MECTOPOXICHHS YPaHA Pa3IMYHBIX FCHETHYECKHX THIIOB.
Han60nee IEPCIICKTUBHBIC ITPOMBILITICHHBIC O6’beKTbI OTHOCATCA K )XUJIBHOMY THITY U CBA3aHBI C
rparnTamu (Ibrahim et al., 2005; Ghoneim, Abdel Gawad, 2018).

VYpanosuvie mecmopodicoenus scunvrno2o muna

YpaHOBBIE MECTOPOXKICHHUS JKHIBHOTO THINA — JTO Te, B KOTOPHIX YPAaHOBBIC MHHEPAJbI
3aOJIHAIOT  pPa3IMYHbIE IOJIOCTH, TaKHe KaK TPEHIMHbI, JKWIbI, ILITOKBEPKH, MOPOBBIE
IPOCTPAaHCTBA, 30HBI CABUTIA, 6pe|<lu/m B MarMaTH4€CKuX, METa0CaJ04YHbIX U MeTaMOp(bl/IL{eCKl/IX
nopoxpax (Campbell, 1957; Ruzicka, 1971; 1993; Cuney and Kyser, 2008).

VpaHOBBIE JKHIbHBIE MECTOPOXKICHHSI MOTYT OBITh WACHTH(HIHPOBAHBI MO JIEMEHTHOMY
MHUHEpanbHOMY coctaBy Ha aa moxartuma (Ruzicka, 1993): (1) MoHomeramunueckuii, rae
MHHEpajbl ypaHa BCTPEYAIOTCS KaK EIMHCTBEHHbIE COCTABIAIOIINE B OIHOM MHHEpaIbHOI
acconyanui. TUIMYHBIM MPUMEPOM TAKHX MECTOPOXKICHHN SIBIISIOTCS YPAHOBBIC PYAHHKH W3
3onbl Ooii-OicBepna B Kanane.

(2) Tomumeramnueckuii, TA€ MUHEpalbl ypaHa acCOUUMPYIOT C MHHEpaJaMH TaKHX

anemenToB kak Ni, Co, As, Zn, Bi, Cu, Pb, Mn, Se, V, Mo, Fe u Ag.
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Ionumeramnnueckue ypaHOBBIC JKWIIBI XapaKTepHbl Uil pynHukoB [lopr-Pammyma B
ceBepo-3anaaHoi yactu Kananel, aist MectopoxaeHuin SIxumoB B Pyaneix ropax (Yexwust) u
IIunkono6se (Jemoxparuyeckas pecryOnuka Kownro). 3amachl BceX 3THX OOBEKTOB Yike
ucromiensl. Hampumep, okcuzbl ypaHa (HacTypaH), apceHUIBI M CyJIb(OAPCEHUIB HUKENS U
kobasbra, CynbGHUIbl MEAU, CaMOPOAHOE cepedpo, ObUIM OCHOBHBIMH KOMIIOHEHTAMH pYIbI
mectopoxaennii B [lopt-Pangnyme.

I'paHuTbl  CBA3aHHBIE C  ypaHOBBIMU  MECTOPOXKAEHMSAMM  COJCPKAT  yPAHOBYIO
MHUHEPaIN3alHI0 B BHJIE BKPAIUICHHOCTH W IPOXKUIIKOB, KOTOPHIE CEKyT KaK I'DaHHTHI, TaK
BMematonye moposl. Kiaccudukarms ypaHOoBbIX )KUIBHBIX MECTOPOXKICHUH 0a3upyeTcs Ha UX
re0JIOrHYeCKOl MO3ULMHU, CTPYKTYPHOM H JIMTOJOTHYECKOM KOHTPOJIE UX JIOKAJIU3ALUH.

VYpaHOBbIE KWIBHBIE MECTOPOXICHHMS COJEpXKATCs B TpPaHUTaxX WM CHEHHTAX
(BHYTpUIpaHUTHBIC OKHJIBI), B JIIOOBIX IOpPOAaX OOpaMIISIIONIMX TPAHUTHBIC IUIyTOHBI
(nmepurpaHUTHBIC WIM TNEPHOATONUTOBBIC JKHIIBI), @ TaKKe B PAacCIAHIOBAHHBIX WM
Pa3apoOIIeHHBIX MeTaMOP(UUYECKUX, OCAJTOYHBIX HJIM MAarMaTHYeCKUX KOMIUIEKCax (Kbl B
MUJIOHHUTAX).

(1) OHO0 (MMM BHYTpPH-) TPaHUTHBIC XHJIbHBIE MecTOpokaeHus (Tun Limousin-Vendée)
OOBIYHO BCTPEHYAIOTCS B BBICOKO JAUGQEPEHIMPOBAHHBIX TI'PAaHUTHBIX IOPOJax, OOBIYHO B
JBYCIIOASHBIX JICHKOKPATOBBIX TPAHHTaX, KOTOPbIe OBUIM IOJBEPTHYTHI IMOCIEAYIONMM
HW3MEHEHHSIM B BUJIC aIbOUTU3ALMU U JECHIMKALUK (SIUCUCHUTH3ALMS ).

B MecropoxaeHHsX, CBA3aHHBIX C PETHOHAIBHBIMHM PAa3jOMaMH, DPYAOH SBISIOTCS
MHHepaJibl ypaHa (HacTypaH v KOQ(GHUHHT), KOTOPbIE aCCOLMUPYIOT C CYJIb(GUAAMU H KUIbHBIMU
MHHEpaJaMH, TAKUMHU KaK KBapll, XaJIe10H, (III0OPHUT, KapOOHATHI U GApHUT.

OTH MECTOPOXKICHHS JIeIsITCs Ha 1Ba noaruna: (a) [IpepbIBUCThIC, IMHEHHbBIE PYIHBIC TENa
TaKHe, KaK JKHIbl WM IITOKBEPKH, JIOKATH3YIOUIMECS B TPCLIMHHBIX TPAHUTaX, HapHMep, B
MectopoxaeHusx paiiona Jla Kpysuis (Lenrpanbhsriit Maccus, ®@panrms) (Leroy, 1978);

(6) xuibHBIe TPYOKM M CTONOBI SMUCHEHUTA, KaK, HaNpUMep, B pyaHHMKax padoHa Jla
Mapmu (Ilenrpansasiit maccus, ®panmms) (Guiollard and Milville 2003; Leroy and Cathelineau,
1982). B sToM THmE XWIBI CEKyT TPAaHHTHOE TENO M BBIXOAIT BO BMENIAIOIINE IIOPOJIBI,
HanpuMep, B pyaHoMm mnose Jlekanpuep (paiion Benan, @pannus) (Chapot et al., 1996).

OK30TPaHUTHBIE JKHJIbHBIE MECTOPOXKACHUS THUMNUYHBI Ul METa-OCaJOYHBIX U
MeTaMOp(UUECKHX MOpOJ Ha KOHTaKTe € MacCHMBaMu IpaHUTOB. OHU TaKkKe CTPYKTYpHO
KOHTPOJIUPYIOTCSI PETHOHAIBHBIME pa3iioMaMiu. ['paHUThI 4aCTO pacce4eHbl JIaMIPO(GHPOBBIMH U

AIUIUTOBBIMHM  TaKaMU. MCCTOpO)KIIBHI/I}I XapaKTCPU3YIOTCA Cy6—BepTI/IKaJ'II>HLIMI/I JKHUJIaMHU,
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30HaMU OpEKYMpPOBAHUS M ILITOKBEPKAMH, KOTOPbIE MPOCTPAHCTBEHHO CBS3aHBI C TJIABHBIMHU
pas3nomMamu.

Kuner B METAa0CaJOYHBIX IOpOAAX MOTYT 6bITb MOHOMETAJNIMYECCKUMHU (B OCHOBHOM
HactypaH) wim nonuMetaummdeckumu (U, Co, Ni, Bi, Ag u ap.). XXunpHsle MuHepaist
BKJIIOYAIOT KapOOHAThl (KaJbLHUT, IOJOMHT) M KBapl. Bmemiaroiue mopoasl M SKHUIbHBIC
MHHepaJbl BOJIU3H YPaHOBBIX MUHEPAJIOB OOBIYHO FeMaTHTH3UPOBAHEL.

Kunel B MeramoppHUUYECKMX IOPOJAaX OrpaHHYEHbl KOHTAKTOBO-METaMOp(uueckum
OpEoJIOM TIPAHUTHOM HHTPY3WH, SIBIISIOTCS MOHOMETAUIMYECKUMH M CJAraioT MPOXKHIKH B
CHJIBHO pa3IpOOJCHHBIX POTOBHKAaX, ISATHHCTBIX aHIATy3UT-KOPIHEPUTOBBIX CIIAHIAX U
MOA0OHBIX TIOPO/IaX, B opeaiie 10 2 KM BOKPYT IPAHUTHOTO TeJIa.

CaMu TpaHUTOH/BI OOBIYHO CHJIBHO M3MEHEHBl. B KawyecTBe mpumep MOXKHO NpPUBECTH
paition Huca/Aneto Anenremxo (Mb6epuiickoe miaro, ITopryramms) (Basham and Matos Dias,
1986).

B Espomnetickom I'eprunckom mosice (EI'TT) Gounbliasi 4acTh ypaHOBBIX MECTOPOXKIACHHUIH
MIPOCTPAHCTBEHHO CBsI3aHa c MO3/1HE-KaMeHHOYTOJIbHBIMU NepaTIOMUHUEBBIMU
JIEHKOTPaHUTaMH, PeXe MOHIOrpaHuTamMH. JKUNbHBIA TUO U AMMCUCHUTOBBIA THII YPAHOBBIX
MECTOPOXKICHUH, a TAK)KE OPEKYMPOBAHHBIC WIIN pa3pbIBHBIC 30HBI C YPAaHOBOH MUHEpalIn3auei
CBSI3aHBI C 9TUMH TPAaHUTOMAAMH U MOTYT OBITh JIHOO BHYTpH-, JIHOO B IK30KOHTAKTE. IDTO
MOxHO HabmonaTh B M6epuiickom maccuse (Pérez del Villar and Moro, 1991), B LienTpansaom
u ApmopukanckoM maccuBax (Cathelineau et al., 1990), B llIBapuBansae B 'epmanuu (Hofmann
and Eikenberg, 1991) u B Boremckom maccuBe B Yexuu (Dill, 1983; Barsukov et al., 2006;
Velichkin and Vlasov, 2011; Dolnicek et al., 2013).

Bo Bcex 3THX 00BEKTax BO3pACT YpaHOBOW MHHEpalu3aluu oleHuBaercs mMexay 300 u
260 mun. met (Wendt et al., 1979; Carl et al., 1983; Eikenberg, 1988; Cathelineau et al., 1990;
Hofmann and Eikenberg, 1991; Kiibek et al., 2009; Velichkin and Vlasov, 2011).

OpyzneHeHHe TNPEICTAaBICHO: MOLIHBIMU >kMinaMu HactypaHa [lpmmoOpama (Yexus),
IInema-Ansbepona (I'epmanus) u IllnHkono6Be ([lemoxpartnueckast pecrmybnuka Kownro);
IITOKBEPKAMHU U SIMCHEHUTOBBIMHU cTonOamm beprapnana (®pannms) u 'yarapa (Kananma);
30HAMU TPEIIMHOBAaTOCTH B TPAHUTAX HIM METaMOPGHUUYECKHX IOpPOJaX, 3arOJIHEHHBIX
HacTypaHoM, Takue kak, Muna ®e (Ucnanus) u Cunrxoxyma (Uunust). B ABctpanuu u3BecTHO
MHOTO MEJKHX MECTOPOXKACHHH JKHJIBHOTO THIIA, KOTOPBIE BCTPEYAIOTCS B Pa3IMYHBIX
TeOJIOTMYECKNX OOCTaHOBKax, BKJIOYas IpoTepo3oiickue Meramopdursl Bozie Iloprt-

JlunkonbHa, B MoyHT Jlodtn Penxec, Tuke u Jlenucon Pemxec (Bce B FOxHOi#t ABcTpanun), u
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naneo3oiickue rpaHuThl B Jlawrane m B HoBoit Anrmmm (mwrater Hosbrit HOxHEBI Yambe,
Buxropus n Tacmanus).

Cornacno obuenpunstoi knaccupukanuu (Ruzicka, 1993), B Mupe U3BeCTHBI ypaHOBBIC
MecTopoxaeHust skuiabHoro tuma: (1) wmecropoxnenue Ilopr-Pammyc, Cesepo-3amainsie
teppuropuy, Kanana; (2) 3ona ®sii-OiicBepna, CackaueBan, Kanana; (3) paiion Bennu,
Opannust; (4) paiton Jla Kpysuns, Opannust; (5) Butkos 11, Uexus; (6) [pubpam, Yexus; (7)
SxumoB, Yexuss u paiion Ays, Bocrounas I'epmanus; (8) paiion Poxna, Yexus; (9)
Iunkono6se, [emokparuueckas pecrnyOnauka Konro; (10) mecropoxnenue Yaniumus,
nposuHims ['yanxu, Kuraif; (11) paiton Kenaoxuanr, nposunnus ['yanmxoy, Kuraid.

MHorue ypaHOBBIE MECTOPOXAEHHUS JXUIBHOTO THIIA TECHO CBA3aHBI C HECOINIACHAMH.
Hanpumep, HbiHe BbIpaboTaHHas ypaHoBas cuctema Doii-Diic-BepHa B paiione busepiomxa,
CackaueBan (Kanama), koTopas cuuTasach THIIOBBIM MPEJICTABUTENEM MECTOPOXKACHUI
KUJIBHOIO THIIA, ObLIA aCCOLMMPOBAHA CO CPEAHENPOTEPO30ICKUM HecornacueM cy0-MapTuH.
Mecropoxaenue [Ipumbpam B Yexun accoupoBaHo ¢ Cy0-KeMOPHICKUM HECOTIacHeM.

Hao6opor, pyauuk Urn-Iloiiar B CackauyeBane (Kanazma), KoTopblii Kiaccuuuupyercst
KaK MECTOPOXKAEHHE, CBA3aHHOE C HecornacueM cy0-ATabacky, COIEP)KMT HAcTypaH
BBIMOJIHSIOIMH MOJIOCTH U TPEIMHBI B AJBIMHCKUX METaMOP(UUECKUX MOPOJax.

Pynuuku HabGapnek, Peiinmxep I n III, Konrappa B ceBepHoif uwactu ABcTpanu,
aCCOLUUPYIOT CO CPEIHENPOTEPO30HCKUM HecornacueM cyo-Kombommku u 0611agaroT MHOTHMA
OCOOCHHOCTSIMH, XapaKTePHBIMH Ul YPAHOBBIX JKHJIBHBIX MECTOPOXKICHHH, TAKHUMH Kak
M]’IHepaJ'lebll‘/‘I COCTaB PYAHBIX TE€JI, BMEIIAOIIHUE MTOPOAbI U U3MEHEHUS TOPHBIX ITOPOA.

VYpanosas munepanuzayus scunvnozo muna ¢ Bocmounoii nycmoine Ecunma

B pynnukax Onbp Openust, Onb Muccukar ypaHoBas MUHEpalu3alus OOHapyKeHa B
MOJIOZBIX TPaHUTHBIX IUIyTOHaX B Bocrouno#f mycteiHe Ermnra. Tpu miyToHa sBIArOTCS
XOPOUIMMH NPUMEPaMU HIO-TPAHUTHOH ypaHOBOH MUHEpaNU3alluy >KHIBHOTO Tuma. B obonx
HPOSIBICHHUAX Dib-Opeand u ib-MHUCCHKAT, MHUHEpalu3alys CTPYKTYPHO KOHTPOJIUPYETCS
pasioMaMH U ONEPSIOMMMHU TPELUIMHAMM, KOTOPbIE CBS3aHBI CO CABUIOBBIMU 30HAMHU C
npoctupanueM CB-1O3 u B-CB-3-103. 3oHbl caBura OOBIYHO 3allOJHEHBl KPEMHHCTBHIMHU
KHJIAMHU M TPOXKAIIKAMH 0enoro (MOJIOYHBIH KBapil), YepPHOTo (IBIMYATBIA KBapI[) U KPacHOTO
(kpacHast sIIMa) 1BeTa C aHOMAJbHOW pAaJHOAKTUBHOCTBIO W BHAWMOH  ypaHOBOW
MHHepaiu3anuei. JxacnepouiHble U KBapLEBbIe MKMIIbI PACIPEASNICHbl HEPaBHOMEPHO, OHU
IUIOTHEE U OJIM>KE PACIIONOKEHbI B CEBEPHON 4acTH I'PaHUTHOTO MaccHBa I. Dib-MHUCCHUKAT, YeM
B FO)KHOW YacTH MaccHBa I. Dib-Dpuauu. B 30HaX cIBHra KOHTaKTOBBIC 30HBI OKPAIICHBI B

KpaCHOBAaTO-KOPUYHEBBIE IBETA H3-3a T€MaTUTHU3allMH, B CEPOBATO-3CJIICHBIC OO 0enoBaroro
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LBEeTa M3-32 KAOJMHHU3ALMUH W CEPHLHUTH3ALMHA U OT CBETIO- 1O TEMHO-3CJICHOH OKpAacKH
BeileACTBHE dnuaoTU3anuu u xiaoputusaiuu (Hussein et al., 1986; Abd El-Naby, 2008; Elsaid et
al., 2014). OcoOblii MHTEpeC BBI3BIBAIOT JHKACIICPOMIHBIC MKWIBI COJEPIKAIINE HECKOJIBKO
PaAMOAaKTUBHBIX aHOMAJIUI ¢ BUJUMOMH JKENTOM rHIepreHHol ypaHoBOM MUHepanu3alyel BIoib
CEBEPHOI IPaHHUIIBI IUTYTOHA T'. DJ1b-MHCCHKAT U F0XKHON OKPAaUHBI IUTyTOHA T. DIb-DpHAnu. DTH
aHOMAQJIMM CBA3aHBl C CHJIBHO OpEKYHMPOBAHHBIMH CEPOBATO-YEPHBIMH UM  KPACHBIMHU
JOKACTICPOUIAHBIMU IIPOXKUIIKAMHU U pa3pbIBHBIMU 30HAMU.

Hussein et al., 1986 npeanonoxuiy, 4T0 MUHEpPAIM30BaHHBIC (IIOUABI MPOU30LLIN H3
caMOi I'PaHUTHOW MarMbl ¢ BO3MOXKHBIM yYaCTHEM METCOPHBIX BOA. YpaH ObLI W3BJICYCH W3
AKIIECCOPHBIX YPAHCOACPIKALMX MUHEPAJIOB IIPU BO3IEHCTBUHM MAHTHHHBIX U THAPOTEPMANbHBIX
¢ronnoB. OOpa3oBaHHE BTOPUYHOW YpaHOBOM MHHEpAIM3allid B paioHe Jib-Dpuanu
MIPOMCXOJIMIIO B pe3yJbTaTe 3aMellleHns HacTypaHa (Attawiya, 1983; Abu-Deif, 1992; Hussein et
al., 1986; Hussein et al., 1992; Osmond et al., 1999; Abu-Deif, El-Tahir, 2008).

VYpaHOBBIE MHHEPAJIBI B JKACTIEPOMIHBIX HKUJIAX MPEICTABICHBI B OCHOBHOM PacCEessHHBIM
YPaHHHUTOM U 00pa30BaBILIMMCS 10 HEMY ypaHodaHOM. BropuuHas ypaHoBas MUHEpATH3aLMsI
B OCHOBHOM MpeJCTaBieHa ypaHo(haHOM, ypaHO(paHOM-OeTa, COIIUUTOM M JICBHHIMTOM.
Cynbduasl, (GIIOOPUT M KENE30-MapraHlEBble OKCHABI SBISIOTCS IJIABHOM accoluanmei
ypaHoBo# MuHepanm3aun (Attawiya, 1983; Hussein et al., 1986; Bakhit, 1987; El-Mansi, 1993;
Abd El-Naby, 2008). Cynbbuasl B OCHOBHOM IPEICTABICHBI MHPHUTOM, XAIbKOIHPHTOM,
TaJICHATOM U c(anepuToM. Y PaHOBbIE MECTOPOXKACHUS B IPAHUTHBIX ILTyTOHAX Diib-MuUCCHKAT
U Dib-Dpuns NpeICTaBIAIOT co00i ciyyail sxupHOro Mectopoxxaenus (Hussein et al., 1986)
1 OTHOCATCS K IOJMMETAIIMYECKOMY XmibHoMY Tuny (Abu-Deif et al., 1997).

Paiion Onp Cena OoTHOCHTCS K ypaHOBOW NpoBHHIMUM B BocrouHoil mycrteie Erunra.
DOKOHOMMYECKHM 3HAuMMble pYIONpPOSBICHUS ypaHa MMEIOT TeHETHYECKYI0 CBS3b C
JIBYCITIOJISIHBIMH TPaHUTaMH, BO3pacT KOTOpbIX cocrtaBimser 560 mun. et (Ali, Lentz, 2011).
I'paHUTBl CEKyTCS MHMKPOTPaHHTaMHM, AOJIEPUTAMH, AailKaMd OOCTOHHUTOB M KBAapLEBBIMH H
SINIMOMTHBIMH JKHJIaMH, TIPHYPOYCHHBIMH K 30HaM C/BUra TeKTOHHUYecKux HapymieHuii C-CB —
10-103 u C-C3 - 10-10B namnpasnenuit.

Jpyras GmaromnpusiTHasi T€0JIOTHYECKast cpeia st JOPMHUPOBAHUS MECTOPOXKIACHUN ypaHa
N3BECTHA B LEHTPAIBLHONW 4acTH BOCTOYHOH MyCTBIHM, Ile W3BECTHBI IIEJIOYHBIE MOPOIBI U
naiiku 6octonuToB. Hanbonee 3HaunMbIM 00BbeKTOM siBisieTcst Atshan, riie BropuyHas ypaHoBas
MHUHEpaIN3alys Ha IOBEPXHOCTH CIIOCOOCTBOBaja IPOBEICHUIO AETAJbHBIX T'E€OJOTHYECKHUX

paboT, anMa3HOro OypeHus: U TOPHBIX padoT.
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Bynkauet Um Safi B Llentpamsro-Bocrounoii mycteine Erwmnra o6pa3oBambl
MOCJIEJOBATEIbHBIMU U3BEPKEHUSIMU PUONUTOBBIX JiaB. OHU pa3inuuHbIMU Tydamu, 301amy,
JIANIWICBBIEMBIMH M OpeKYHeBBIMBIMU Ty(amu. PuoianToBbIE NMOPOJBI 00JAIAIOT BBICOKOH
pamuoakTHBHOCTEIO. Psim aBropoB (Abdalla, 2001; Ibrahim et al 2002), mpoBoauBmHe
MHHEpaJOTHYEeCKHEe HCCIICAOBaHUs BYJIKaHUTOB 30HbI Um Safi, BbISIBMIM HajaMyue Ka3onuTa,
TOpHUTA, ypaHOTOpHTa, Oeradura, CepHaHHUT, MOHAIWTA, KceHoTHMa. Kpome Toro, Obutn
0OHapyKeHbl CaMOpOJHOEe cepedpo U cyab(uabl (rajleHUT, MOJHOACHHUT, XaJbKONHPHUT H
apCEeHONMPUT).

Jpyras 30Ha BynkaHmdeckux mopon - El Ghorfa 8 Wadi Natash (tor 3anmanzoit ITycTeiau
ErunTa), mpeacraBneHa TpaxubazalbTaMu, TPaxWaHAE3UTaMH, HOPMAJIbHBIMU TPAaXHTaMH M
LIEJIOYHBIMH TpaxuTamu, Ty(ddamu. B mopoaax Obuti 0OHapyKeHbI MUHEpaIbl ypaHa (ayTeHUT
U Ka30IMT), BOMb(PAMUT, MOIMOJEHHT M LEPYCCHUT, a aKLECCOPHbIC MHHEpabl (MOHALNT,
KCEHOTHM, aJUTaHUT ¥ IumoMborymmur ( Ibrahim et al., 2012).

B ocamounsix mnopoxax ErunTa BBISBICHBI IOBBILICHHBIE COJACPXKAHHS ypaHa B
crenyronmx TAnax: 1) depHslii mecok (ceBepHbiit Oeper ot Rasheed mo Rafah ropomos); 2)
cossiHble MecTopoxieHusi (Sitra, Nuweirnicya, Bahrein u d El Arag lakes B 3ananHoit mycTbine);
3) B ¢dochopurax (Abu Tartour, Hamarwain, Mahamid); 4) B cmaHmax ¥ KapOOHaTHBIX
omnoxeHusax (Um Bogma, Um Kharit Qattrani, Bahariya) 5) B aneBponurax MecTOpOKAEHUS

Hammamat (Um Tawat, Wadi EI-Kareim).
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I'naBa 2. l'eoxumuyeckue 0c00€HHOCTH HHTPY3MBHBIX Opoj 06.1actu b Cena
2.1. Knaccudukanusi 4 IMATHOCTUKA MHTPY3UBHBIX MOPOJ
XUMHYECKHI ~ aHANM3 ~ METPOrCHHBIX  OKCHUIOB  ObUI  BBIIOJNHEH  METOJOM
PEeHTreHO(IIyOPECIIEHTHOTO CHJIMKATHOTO aHanm3a B Jsaboparopusx Cakr-IletepOyprckoro
yHuBepcrera, Poccusi. UyBCTBUTENIBHOCTD METO/Ia 3aBUCUT OT HOPSIKOBOIO HOMEPA HJIEMEHTA U

Bapsupyer or n x 10 to n x 107 mac.% (ra6m. 2.1).

Ta6nuia 2.1. YyBCTBUTENBHOCTH PEHTIEHO(IYOPECIIEHTHOTO aHAIN3a Ha IETPOr€HHbBIC OKCHUIBI,

Mmacc.%.
S Y— UyBCTBUTEIBHOCTD
aHaJIN3a
SiO, 0.1
TiO, 0.03
AL O3 0.1
Fe203 0.1
FeO 0.2
MnO 0.03
MgO 0.1
CaO 0.03
NaZO 0.2
K,0 0.03
P,0s 0.05
L.O.I 0.2

Jlnst Hamero MccnenoBaHusl Mbl OTOOpa JABaALATh YEThIPE MPEICTaBUTEIbHBIE POOHI.
Cpennre, MHUHHMalbHbIC, MAaKCHMalbHblC ¥ CTaHIAAPTHBIC OTKJIOHEHHS COJEpKaHUi
METPOreHHBIX OKUCIIOB JUISl MHTPY3HUBHBIX ITOPOJ] H3y4aeMoro paiioHa mpejacraBieHsl B Tabuuie
2.2. SiO, sBUsIeTCS OJHMM U3 OCHOBHBIX KOMIIOHEHTOB C HAHOOJIBINCH BapHalieil CoaepKanus
BO BpeMmsi nuddepenimanun MarmMel. Hanbonee Bbicokue copepxanus SiO; XapakTepHbI ATt
rpanutoB. B nosnepurax Hakammusaiotcs Al,Os, TiO,, FeyOs;, CaO and P,Os. Bocronuts!

oboraieHsl menouHbIMU temenTaMu Na,O u K,0.
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CylIecTBYIOT ~XMMHYECKHE KIACCH(DUKAIMM MarMaTHYeCKHX IOpOJ  CleNaHHbIe
HCCIEe0BATEIIMH  HAa OCHOBaHMM pa3IMYHBIX reoxumudeckux mnapamerpoB (Barker, 1979;
Streckeisen, 1976; Debon, Le Fort, 1983, AGymkesuu, Cripurio, 2007).

Erunerckue TpaHUTOMIBI TMPUBJICKATH BHUMAHHE MHOTHX TI€O0JIOTOB, KOTOpbIE
KJIaCCU(UIMPOBAIN UX PA3IMYHBIM 00pa3oM: Ha OoJiee ApeBHUE U OOJIee MOJIObIC TPAHUTOMIBI
(El-Ramly and Akaad 1960); ux oueBuaHYyO CBsI3b ¢ Oporenueit Syn-, Late- and Post-Orogenic,
El-Shazly 1964), a Ttaxxke, B 3aBHCHMOCTH OT HX TIC€OXMMHYECKHX XapaKTEPUCTHK  Ha
M3BECTKOBO-IIETIOYHbIC, INeNIoYHble 10 armanToBelx rpaHutel (El-Gaby, 1975; El-Sokkary,
1970). [pyrue xiaccuUKAIMH OCHOBBIBAINCH HAa MHWHEPAJIOTMYECKHX, CTPYKTYPHBIX H
xuMuueckux xapakrtepuctukax (Greenberg, 1981), ma oporenmu (Hussein et al.,1982), ua
Bospacte u oporeHnn (El-Shatoury et al., 1984), Ha NpPOUCXOXKICHHHM W TEKTOHHYECKOM
nonoxennu (Kabesh et al., 1987), paznnunu B munepansHom coctae (El-Gaby et al., 1990),
METPOJIOTMYECKHX U reoxumuueckux kpurepusx (Noweir et al., 1990).

TAS-munarpammer (Cox et al.,, 1979; Middlemost, 1985) B koopmunatax SiO, wu
(Na,0+K,0) moctpoeHHble it OPOJ U3y4aeMoro paitona (puc. 2.1, 2.2), moka3bIBalOT, 4TO
JBYCIIOASHBIE TPaHUThI Db Cella 1 MUKPOTPAHUTBI HAXOJATCS B MOJIE IPAHUTOB, A JOJIEPUTHI U

OOCTOHUTBI nomnagaroT B IIOJIA ra66po 1 CUCHUTOB COOTBETCTBCHHO.

Puc. 2.1. TAS-guarpammsl (Cox et al., 1979) unTpy3uBHbIX nopoj paiiona Oip Cena. (1-
IByXcirostHbid Tpanut ik Cena, 2- rpanut [atrap (Mahdy et al., 2015), mukporpanut Db
Cena, 4- mukporpanut Pac A6ma (Abdel Hamid et al., 2018), 5- noneput Dnb Cena, 6- Joneput
Bac [Ipaa (El Bahat et al., 2013), 7- 6octonut Onp Cena, 8- bocronut Artman (Zakaria 2010).
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Puc. 2.2. TAS-anarpammsr (Middlemost, 1985) untpy3uBHsix mopoa paitona Db Cena.
0O603Ha4eHust cM. Ha puc. 2.1.

I'panuts! I'atrap u Mukporpanutsl Pac AGma He momajaiT B MOJE IPAHUTOB H3-3a
BbICOKOro cofepxanus SiO, (76.63 u 75.05 wt%, cOOTBETCTBEHHO), B TO BPEMsI KaK, TOJIEPUTHI
Beictyna bac Jlpaa (Bas Draa Inlier) momamaror B mose rab6po, a 6ocronutsl Atmian ¢ 68.03
wt% HaxomsaTcss B moae rpaHutoB (puc. 2.1). C npyroil CTOpoHBI, TpaHuThl [attap u
MHKpOrpaHuthl Pac AGaa nonaznaior B mojie rpaHUTOB, JOJICPUTHI BbicTyna bac Jlpaa nmonanaor
Ha TPaHUIy MEXAY MOHLO-ra00po ¥ MOHLO-IHOPHTAMHU, @ OOCTOHUTHI ATIIAH OKa3bIBAIOTCS B

I10JI€ KBapIEBbIX MOHIIOHUTOB (pHuc. 2.2).

2.2. DiIeMeHTBI-NPUMeCcH
CoaepxaHHsi PACCESHHBIX W PEAKO3EMENbHBIX AJIEMEHTOB OIPEIEIsIUCh METOIO0M
HUHIYKTUBHO-CBS3aHHOI m1a3MeHHoi Macc-cniekrpomerpun (ICP-MS) na npudope ELAN-DRC-
6100 B Llenrpanbhoit mabopatopun BCEI'EM mocne cnimaBieHus ¢ MeTabopaToM JIMTHSA H
pacTBOpPEHHH IUIaBHS B CMECH IUIABUKOBOW U a30THOM KHCHOTBL. — J{1s KanuOpoBKM
UCTIONb30BAJIMCh  YHCTBIE  PAacTBOPHl ~ BHEHIHMX  CTAaHAApTOB.  TOYHOCTH  aHamu3a
KOHTpOJIMpOBanach 1o reojorudeckum cranpapram (USGS). JlanHble O 4yBCTBUTENBHOCTH

aHaJIu3a IpeICTaBJICHbI B TaGJ’II/II_IC 2.3.
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Ta6mnuua 2.3. YyscreurensHocts ananuza UCITI MC, v/ 1

OnemeHT | UyBCTBUTEIHHOCTD DnemeHT UyBCTBUTEIBHOCTD
U 0.1 Ge 0.03
Th 0.1 Au 0.005
Co 0.1 Y 0.1
Ni 0.05 La 0.01
Cu 0.05 Ce 0.01
Zn 0.1 Pr 0.01
Pb 0.3 Nd 0.01
Rb 0.1 Sm 0.005
Sr 0.1 Eu 0.005
Ba 0.1 Gd 0.01
Cs 0.01 Tb 0.005
Zr 0.1 Dy 0.01
Hf 0.05 Ho 0.005
Nb 0.1 Er 0.01
Ta 0.1 Tm 0.005
Sn 0.2 Yb 0.01
\ 0.15 Lu 0.005
Ga 0.1

HaHHBIC O Cp€AHUX, MHUHUMAJIbHBIX, MAaKCHUMAJIbHbIX W CTAHAAPTHBIX OTKJIIOHCHUAX
Z[H}ICO)ICp)KaHI/Iﬁ PacCCeAHHBIX JJIECMEHTOB B Pa3JIMYHBIX THUNAX HWHTPY3UBHBIX IIOPOJ

MpencTaBleHs! B Tabmume 2.4.
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Camoe BBICOKOE COJIepXKaHHe U CTaHIapTHOE OTKJIOHEHHE CO/IepIKaHUi HaOMoHaeTCs Uist
ypaHa B MukporpaHute. Cample BBICOKHE COJEPXKAHHMS TOPHS BBISBICHBI B JBYCIIOASHOM
rpaHuTe, J0JIepPUTE U OOCTOHUTE.

JlonepuThl BBIACISIOTCS TIOBBIMICHHBIM COJEPXKAaHWEM HHKeINs, KoOajbTa, IHMHKA WU
MonubaeHa. LIMHK XxapakTepeH Uit MUKPOTPAaHUTOB H OOCTOHHUTOB.

BocTonuts! oboraeHs! upkoHueM u radpHueM. Camoe BBICOKOE CPEIHEKBAAPATHIHOE
OTKJIOHCHHE COICPKaHMs LIMPKOHMUS U radHust HabIIomaeTcst B G0OCTOHUTE, 3aTeM — B J0JICPUTE,
W, HaKOHElNl, - MHKporpanure. HamMmeHblWe 3HA4YEeHHs DTOro Inapamerpa HaOJIOIACIOTCS B
IBYCIIOASHOM rpaHuTe. HamOospluee 3HAUCHHE CTAHIAPTHOTO OTKJIOHEHHS COACPIKAHUS
HUOOUS ompeeneHo B fAosepute. Huobuit xapakrepeH i 10aeputoB U 60CTOHUTOB. TaHTai,
0JIOBO U BOJb(paM BCTPEUAIOTCS B HEOOJNBIIMX KOJIMYECTBAX BO BCEX THMAx Mopoi. Jloneputst
oboraieHsl cTpoHIueM. bapuil HakarMBaeTcs B JOJepUTaX M OOCTOHHTAaxX. B momepurax u
0OCTOHHMTAX OTMEUYAETCs MOBBIILICHHOE COJCPIKAHHE 30JI0Ta.

CpenHue coIep)KaHHs PAacCesIHHBIX 3JIEMEHTOB B MHTPY3UBHBIX MOPOJAX H3y4aeMOro
paiioHa OBbUTH CpPaBHEHBI CO CPEIHHUMH COJCpP)KaHHAMH STHX SJIEMEHTOB B TaKHMX K€ IOpOJax
3emHoit kopbl (Kiapk). KnapkoBeie conepikanus npezactasieHsl B tabnuie 2.5. [To CkusipoBy
(CxutsipoB, 2001) kyapk KOHLEHTPALMU — 3TO OTHOLICHHE CPEIHEr0 COJCpPKaHHs 3JIEMEHTHI B
HHTPY3UBHOW TOpPOJIE M3y4aeMOro paiioHa K CpeIHEMY COIEpKaHHIO 3TOTO HJIEMEHTa B TaKOi
K€ MHTPY3HUBHOM mopoje B 3eMHOU kope. [locTpoeHa rucrorpamMmbl oboramieHus: 1 o0eJHEeHUS
MHKPO3JIEMEHTaMHU HHTPY3UBHBIX OpoJ paitona Db Cena (puc. 2.3).

KnapK KOHLEHTpAaluu ypaHa UMECT HAUBBICIINEC 3HAYCHUS B MUKPOTI'PAHUTE U JOJICPUTE.
VYV Hukens 5TOT KOI(GQUIMEHT BbIlIe B JBYCIHIOASHOM TIpaHHTe U OocroHuTe. Jlpyrue
XaIbKO(QHUIbHBIC SJIEMEHTBI HIMEIOT JOBOJIHO BHICOKHE 3HAUCHHS KJIapKa KOHLICHTPALHH BO BCEX
HHTPY3UBHBIX MOpojax. Y MonuOAeHa JOBOJBHO BBICOKMII KIapk KoHUeHTpauuu. HuoOuit

XapakTepeH IS JOJIepuTa, a 00CTOHUT 00OTaIleH TAHTATIOM U HUOOUEM.



Tabmuma 2.5. KiapkoBbie cofepikaHusi XMMHUYECKAX 3JIEMEHTOB B TOPHBIX TMOpPOJAx, T/T

(CxusipoB u 1p., 2001).

Onementsl | I'panut | Joneput | Bocronur

Co 1 48 3
Ni 3.5 140 4
Cu 10 92 5
Zn 39 110 130
Ga 18 16 0.3
Ge 4.4 1.4 1
Rb 180 37 11
Sr 150 460 200
Y 50 23 17
Zr 180 130 500
Nb 21 19 35
Mo 1.5 1.4 1.1
Sn 3 0.5 -
Cs 5 0.1 0.6
Ba 750 290 1600
La 48 17 45
Ce 72 48 95
Pr 7.4 5 7.4
Nd 31 22 42
Sm 7.5 5.3 10
Eu 1.4 1.3 1.8
Gd 6.8 52 10
Tb 1.1 0.83 1.6
Dy 5 2.5 7
Ho 1.3 0.99 2
Er 3.1 2.2 4.4
Tm 0.3 0.25 0.4
Yb 4 2 4.3
Lu 0.9 0.5 1.2
Hf 3.9 2.6 11
Ta 3.6 7.4 2.1
w 2.2 0.8 1.3
Pb 19 6 12
Th 18 3.2 13
U 3 0.8 3
Au 0.0027 0.006 0.002

HpuMeqal—me: - HCT JaHHBIX.
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Puc. 2.3. 'eoxumuueckue crieKTpbl MUKPOAJIEMEHTOB HHTPY3UBHBIX ITOpo/ paiioHa Dib Cena.

a-JIBycnonsiHol rpaHuT; 6-Mukporpanur; B-Jlonepur; r-bocToHuT.

KHapK KOHICHTPpAUH CaAMbIX SHAYUMBIX 3HAYEHUH MOXKHO BBIPA3UThH CJ'Ie,HyIOH.[eﬁ d)OpMyHOfI:
I[ByCJI}OZ[}IHOﬁ TpaHuT: Ni 358- Mo 78- U 27- Co 24. Cu 1 g-Th 3.
Mm(porpaﬂmz U 54.9- Ni 19.7- Co 73~ Mo 54- Zn 3_5-W 3.1- Cu 2.4.
Honepurt: U 3720- Mo 175- Cs 1096 Nb 9.1 - Sn 73-W 43- Th39-Y 36- Zr29-Ni 23-Rb 22- Hf 1 6-

/n 16~ Ba 1.2.
boctonnT: Ni 54- Mo 13.6- Rb 9g- Ta 53- Nb 44- Cu3s- Y 24- U ps- Hf 1 7- Zr 14- Th 3.
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Teoxumus ypaHa v TOpYs B UHTPY3HUBHBIX MTOPOAAX

V3yuenue noBeneHusi ypaHa U TOPHUs OUY€Hb BAXKHO JUISl IOHMMAHUs T€OXHMMHHU MOPOJ B
LCJIOM. 3Tl/l OJIEMEHTBI IPUCYTCTBYIOT B IOPOJAaX B Pa3HBIX KOJIHMYECTBAX U UMCIOT PA3JINYHOC
pactpenenenue. Jns ypaHa B H3ydaeMOH 0OJacTH XapaKTEpHO JIOBOJBHO 3HAYUTEIBHOE
YBEJIMYCHUE COACPIKAHUS, 10 MOTCHUMAIHLHOIO Ipejelia KOHLUCHTPALHH, OT BMEIIAIOIIHX
JBYCJIOASHBIX TPAaHUTOB B HAIPABICHUH K JAHKOBOMY KoMIiuieky. [ToBbllIeHHOE conepkaHue
TOpuUs HaGJ’l}O}laeTCﬂ B JIBYCIIOASHBIX I'paHUTaxX, B TO BpEMA KaK, B MHUKPOI'paHUTaxX BBILIC
cojlepKaHue ypaHa.

HUssectHo (Clarke et al., 1966), uto Th/U cocrasuser 3.5 unm 4:1. Taxke U3BECTHO, YTO
TOpUil SBISETCS Majo IMOABMKHBIM O3JIEMEHTOM, IOITOMY 3TO OTHOLICHHE OIPEASNSieTCS B
OCHOBHOM COZIEP)KQHMEM ypaHa, Kak IOJBH)KHOTO DJeMeHTa. B 3aBHCHMOCTH OT 3TOrO
OTHOUICHHS BBLICISAIOTCS 00JacTH OOOTallleHWs] ypaHOM, HPUTOIHBIC I JOOBIYM 3TOTO
3JIeMEHTa. B TpaHWTax ypaH BBIIEIAYUBAETCS U 3TO COOTBETCTBYET OOCIHEHHBIM YpPaHOM
mopogam ¢ BeicokuM Th/U  orHomenumem (>3.5), mopomsl OOOramieHHBIC YpaHOM,
MEpCIEeKTHBHBIE HA ypaHOBOEe oOpyAeHeHue, wumeroT Huskoe Th/U otHomrenue (<3.5).
JBycmtosinbie TpaHuThl paiioHa Jnp Cena (mpoOst 3, 8 u 9) umeror Th/U oTHoumeHne Hinke
Knapka, 4To yka3eiBaeT Ha o0OoraiieHue ypaHoMm (MarMaTu4eckoe odoraieHue), B To BpeMs Kak,
B JIPyTHX IBYCIIONSHBIX TI'PaHUTAaX 3TO OTHOIICHWE BHIIIE, M, COOTBETCTBCHHO, CBS3aHO C
obenuenneM ypanoM. Camoe Huzkoe Th/U oTHolIeHHE omnpeneneHo uisi Npod MUKPOrPaHUTOB
U SILIMBI, YTO YKa3bIBAa€T HA TMAPOTEpMaNbHOE 00oralieHne ypaHoM. B msatu npobax 101epuToB
u3 naek Th/U oTHoOIIEHNE HMKE KIIAPKOBOTO, YTO TOBOPUT 00 00OTaIlleHHH 3THX TTOPOJ] YPAHOM.
B npobax 22 u 24 u3 60cToHNTOBBIX jack Th/U oTHOLIEHUE BHIIIE 10 CPAaBHEHUIO C IPOOAMH

20, 21 1 23, cOOTBETCTBEHHO 3TH IPOOBI 00eJHEHBI YpaHOM (pHcC. 2.4).

1000

10 "‘_:’H“—rﬂ( m;:—‘—tﬂ/
e A T e
\o

1 23 45 6 7 8 9101112131415 1617 18 1920 21 22 23 24 25 26 27 28 29

Puc. 2.4. Pacnpenenenne U, Th u Th/U orHomeHHne BO BMEIIAIOIIUX JABYCIIOISIHBIX
rpaauTax (oT 1 1o 9) mo cpaBHeHUro ¢ Mukporpanutamu (ot 10 nol4), nonepuramu (ot 15 1o

19), 6ocToruToBeIME Haiikamu (0T 20 10 24) u stmoungom (ot 25 10 29).
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Cpenuue comepxanus U, Th u 3nauenust Th/U oTHOIIEHHS ST WHTPY3UBHBIX MOPOL
M3y4aeMoro pailoHa CPaBHUBAIKCH C OMyOJMKOBAHHBIMH JaHHBIMHU AJisi Bocrounoit Ilycteinu
Erunta u npyrux crpas (1admn. 2.6 u puc. 2.5).

Tabmuna 2.6. Cpennue conepskanus U, Th 1u1st ”HTpY3MBHBIX OPOJ] U3y4aeMOro paioHa

1 oIy OJINKOBaHHBIC JaHHBIE s opox Bocrounoii [Tycreiau Erumnta u apyrux crpas, I/T.

WHuTpy3uBHBIE NOPOABI Th U
1 JIBycimoisiHbIe TPaHUTHI paiiona ik Cena, Eruner (Hactosiias paboTa), 25 719
n=9 )
2 MukporpanuTHbie naiiku, b Cena, Eruner (Hacrosinias padora), n=5 3.07 164
3 Jonepurossie naiiku, Onpb Cena, Eruner (Hacrosiuas pabota), n=>5 12.7 29.7
4 Bocronurossle naiiku, O Cena , Eruner (Hacrosimas pabora), n=>5 16.2 6.75
5 Sluivounn, Dnb Cena, Eruner (Hactosias pabora), n=5 2.52 123
6 JIByciroisiHble TpaHUThI paiiona ik Cena, Eruner (Abdel-Meguid et al.,
18 9.44
2003), n=15
7 JBycitosiHble TpaHuTh paiiona AGy Xamp Eruner, (Dessouky, 2018),
=13 13.7 12.2
8 I'pannt A-Tuna, paitona Arasu, Eruner (Fawzy, 2017), n=9 18.6 8.4
9 JIBycirosisiHbIe rpaHuThI pailoHa D Dibp Manaxa, Eruner (Esmail and
16.4 5.8
Tawfiq, 2015), n=8
10 Munanmmii rpanur, Tatrap, Eruner (Mahdy et al., 2015), n=11 18.2 7.5
11 JIBycntonisiHble TpaHUThI paifona YM Cueiimar , Eruner (El-Arabi et al.,
42 6.2
2007), n=10.
12 I'pannt Bagau-Dnpe-I'emans, Eruner (Abbady et al., 2006), n=10 11.8 32
13 T'panur, Typuust (Orgun et al., 2005), n=30 24.8 4.7
14 I'panut A-tumna, no Bcemy mupy (Whalen, 1987), n=148 23 5
15 T'panur, FOxnast Appuka (Cerrnak et al., 1982), n=10 21.6 6.5
16 I'panut, no scemy mupy (Sklyarov et al., 2001), n=200 18 3
17 JTonepur, no Bcemy mupy (Voitkevich et al., 1997), n=20 3 0.5
18 Jlonepur, no Bcemy mupy (Sklyarov et al., 2001), n=200 3.2 0.8
19 Bocronur, o Bcemy mupy (Grigorev, 2002), n=15 13 3
20 bocronut, no Bcemy mupy (Sklyarov et al., 2001), n=200 13 3
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Puc. 2.5. I'nctorpamMma nokasblBaeT CpaBHUTENbHOE U3yUeHHE cpefHel koHuenTpanuu U

u Th Mexx1y HHTPY3UBHBIMH OpOJaMH B paiione Dnb-Cela U Opyrue, Kak MOKa3aHO B TabuIe
2.6.

Habmonaercst orueriuBoe cxoacTBo B conepikanusx U u Th B ABYCIIOASHBIX TpaHUTAX
Onp Cena u 1pyrux paiioHoB. ObOoraieHne ypaHOM M3yUEHHbIX MUKPOIPAHUTHBIX JA€K U SIIIM
Omp Cenma yka3blBaeT Ha 3HAUMTENBHYI0 MOOWIIM3AIMIO ypaHa (X0 IEPCIEKTHBHBIX
KOHLIGHTpAllMi ypaHa) NpH HH3KOM comepskaHMH Topus. C Apyroi CTOPOHBI, IBYCIIOISHBIC
rpanuThl u3 paiiona YMm Creiimar, Erumer (El-Arabi et al., 2007) u goneputst Worldwide
(Voitkevich et al., 1997; Sklyarov et al., 2001) umeror cambie Hu3kue koHuenrpaiuu U u Th.
Ou4eBHIHO, YTO caMble BBICOKHE KOHIeHTpamuu U perucrpupyrorcs B paiione Dib-Cena, rae
ornomenue Th/U cocrasnser 0,02, 4To CBA3aHO C IPUCYTCTBUEM IIEPBUYHBIX U BTOPUYHBIX U-
MHHEpAJIOB B OKHCIIHTEIbHO-BOCCTAHOBUTEIBHBIX YCIOBHAX.

VpaHOBble H/MAM  OOOTAllleHHBIE YPAaHOM TPAaHUTHl BBUICTSUINCH M JPYTHMH
uccienoareaamMu. [HCTOrpaMMBbl [IOKAa3bIBAIOT CPAHUTEIBHOE H3y4CHUE CPEAHUX coaepkanuit U
u Th B MHTPY3UBHBIX nopozax paiiona Db Cena. YpaHOBBIC IPaHUTHI BhIAestoTcs 10 Darnley
(1982) xak rpaHUTHBIE MacCHBBI C cofep:kaHueM U, IpeBbINIAIONMM KJIapKoBOe 3HaueHue (4
ppm), Kak MUHUMYM B JIBa pa3a, HECABUCHMO OT TOTO, CBsi3aHbI OHU ¢ U-MHUHEpanu3anuen uiu
Het. Hopmanbhoe cogepkanne U u Th B rpanuTHbIX mopoaax 4 1/t u 11 r/T cooTBETCTBEHHO
(Rogers and Adams, 1969), nosromy, ABYCIIOASHBIE I'DAaHUTBI, MUKPOI'DAHHTBI, IOJEPUTHI,

GOCTOHUTOBBIE ,HaﬁKPI U AIIMBI paﬁOHa Onp Cenna MOXHO CYMTATh YpaHOHOCHBIMH ITOPOJAAMH.

PenkozeMelbHbIC 2IEMEHTbI B UHTPY3UBHBIX IIOPOAAX
MakcumasbHble, MHHUMAaJIbHBIC CPEJAHUE 3HAYCHUS KOHLEHTPALMd M CTaHIapTHOE
OTKJIOHCHHE KOHLEHTPAIMH pPEAKO3eMENbHBIX 3IeMeHTOB (P3D) B HHTpPY3MBHBIX ITOpOAAxX
paitona Omp Cena mnpeacraBieHsl B tabmume 2.7. Cogepxkanusi P3D  BapeupyroT oOT

ABYCIIIOASHBIX T'PAHUTOB M IOCT-TPAHUTHBIX OA€K, YTO MOXKET OOBSICHATHCS HECPaBHOMEPHBIM
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pacnopeacieHueM aKIECCOPHBIX MHHEPAJIOB — KOHLEHTPATOPOB P39, TaKuX KakK, MOHAaIWUT,

OactHesuTr u amwiaHut. Mcmonp3ys amarpammbl  pacnpexaenchus REE, MoxHO pemmnth

KOppessilMsl U onpejereHue MHTPy3uBHbIX nopoxa. Conepxanus P30 B m3ywyaembix oOpasiax

MIpEeACTaBIICHBI Ha PUCYHKE 2.0.
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Puc. 2.6. HopmanuzoBaHHBIE XOHIPUTOM CHEKTpbl P30  MHTPY3MBHBIX  MOpOI,
HOpMaJIM30BaHHbIe 3Ha4eHUs 110 boiiHToRy (1984). a) MBYXCIIOQUCTHIN TPaHUT, 0) MUKPOTPaHUT, B)

JIOJIEPUT U T') OOCTOHHT.

B menom, peako3eMeNnbHbIE 3JEMEHTHI OTPAXKAIOT CTEHCHb CHIDKEHHS (DPaKIHOHMPOBAHHUS
pacrutaBa. HanGonbime 3HaueHust cymMMel cosepxannii REE XapakTepHBI JUisi TOCTTPAaHUTHBIX JaeK
(momeputsl, cpennee — 594.20 ppm; 60cTOHUTEI, cpeaHee — 388.84 ppm U MHUKPOTPAHUTHL, CpEIHEE —
99.63 ppm). Hanmensiie xonuentpanuu P33 ompeneneHsl B ABYCHIOASHBIX T'PAaHHUTaX: CpeiHEe —
44.84 ppm.

Bce o0pasiupl oboramieHs! JerkuMu peakosemensHpiMu dsiemeHTamu (LREE) otHocuTensHO
Tsoxensix (HREE).

CpenHekBaapatuuHoe OTKIOHEHHHE coaepkanuit La, Ce u Nd Bo Bcex THMax WHTPY3UBHBIX
mopoj umeeT Oosiee Bbicokue 3HadeHus. OcoOeHHO BakHO pacmpeaeneHue espornus (Eu), T.k. aToT
JJICMCHT MOXET 6blTb JABYXBAJICHTHBIM W TPEXBAJICHTHBIM B 3aBUCHUMOCTH OT q)yFI/ITI/lBHOCTI/l
kuciopona. Ilpu okucnuTenbHBIX ycloBHSX Eu — TpexBaleHTEH M €ro INOBEJCHHE aHAJIOTHYHO
OCTAJIBHBIM PEIKO3EMEIIbHBIM JJIEMEHTaM, HO MPH BOCCTAHOBHUTENBHBIX YCIOBHsAX Eu craHoBUTCS
JIByXBaJCHTHBIM C OTHOCHUTENBHO OOJIBIIMM HOHHBIM DaJHycoM M 3amellaeT, B ocHOBHOM, Ca B

MJIaruokjas3ax u, peako, B K-monesom mmare.
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Otnomenne Eu/Eu* sBisiercs mMepoit eBpommeBoil aHoMannu. 3HAYCHHE STOTO MapameTpa
Oonee 1 yka3plBaeT Ha MOJIOKUTEIbHYIO aHOMAJMIO, a 3HaYeHHEe MeHee | — Ha OTpHUATenbHY. B
HaleM ciydae, ABYCIIOASHBIC T'PAaHUTBI, OOJICPUTBI U 6OCTOHI/ITbI UMCIOT OTPULATEIIBHYIO Eu

1/2] MeHbIIe 1. DTO MOXET OTpaxaTh HEKOTOpOe

aHomaiuto, rae (Euw/Eu*)y = [Eu/(Smy + Gdy)
pazmmune B ux npomcxoxieHuu (Cullers, Graf, 1984), Bb3BaHHOE MO0 yIAJICHHEM IIOJEBBIX
LINATOB M3 KHMCIIOTO paciulaBa B Pe3ysbTaTe (PaKkUPOHUPOBAHHS MM B PE3yJbTaTe YaCTUYHOTO
IJIaBJICHUA IIOPpOJAbI, B KOTOpOﬁ IIOJIEBBIC IIMATBI COXPAHAKTCA B HCTOYHHUKE, YTO SABJISICTCA
NIPUYMHON BO3HUKHOBEHUs OTpUIaTeabHOW Eu aHoMmManmum B pacruiaBe wim imbo Onaromaps Goree
CHJIBHOMY 3((EKTy OT IOBBINICHHONH AaKTHBHOCTH KHCIOpOJa B paciuiaBe, 4YTO TPUBOAUT K
HACBIILICHUIO JIETYYUMU KOMIIOHEHTaMH (Oojiee BBICOKas CTENEeHb OKUCICHMs) B Cllydae, eCIH
pacniaB ObUT IPAaHUTHBIM.

AKTUBHOCTb KHCIJIOPOJIa B PACIIJIaBE MOXET OBbITh JOBOJBHO BBICOKOMH, YTOOBI MOICPKUBATH
Eu B TpexBaJICHTHOM COCTOSIHUM, U TaKUM 00pa3oM CIIOCOOCTBYsI €r0 BXOXJICHHIO B CTPYKTYPY
iarnokiaaza (Grenne and Roberts, 1998). C npyroii croponsi, 3nauenus (Eu/Eu*)y TUTSt
MUKPOTPaHUTOB HaxonsaTcs B mperenax or 0.92 mo 1.09. [lostomy, pacmpenenenue REE B
MHUKpPOTPaHHTaX HMeEET IUIOCKUH XapakTep 0e3 ocoOeHHO BblpakeHHOHW Eu anomanuu Omaromaps
BTOPUYHBIM U3MEHEHHSIM B ITOPOJIE.

TaxuMm 00pa3oM, Ha OCHOBE aHAJIM3a METPOTCHHBIX OKCHJIOB, SJIEMEHTOB IPHUMECEH, BKITFOUast
peaKo3eMeNbHbIC HIEMEHTbI, BHISIBJICHBI TEOXMMHYECKHE 0COOCHHOCTH MHTPY3UBHBIX IIOPOJ 001aCTH
Onp Cena.

Ha ocnoBanun JAaHHBIX O COACPKAHUU XUMHYECKHUX JJIEMCHTOB B HMHTPY3HMBHBIX IOpOAAX
Boctounoit mycteiHu Erunra npoBesieH KinapkoBblif aHanm3. Kiapk KOHIEHTpalMu ypaHa HMeeT
HAWBBICIINE 3HAYCHUS B MHUKPOTPAaHHTE M JOJIepuTe. Y HHUKENs 3TOT KOA()(GHIHMEHT BhIIIC B
JIBYCIIFOJISIHOM rpaHuTe U 6octonute. [pyrue xampkoduiabhse mementsl (Mo, Cu, Co, Zn) umeror
BBICOKHE 3HAUCHUS KJIapKa KOHLEHTPAILMN BO BCEX MHTPY3HUBHBIX nopojax. Huobuit xapakrepen ais
JloepuTa, a 00CTOHUT 00OTallleH TAHTAJIOM U HUOOUEM.

HaGmonaercs otyerimBoe cxoncTBo B conepkanusx U n Th B IByCIIOQsMHBIX TpaHuTaxX Dilb
Cena u apyrux paifonos Erunra.

HawuGonbiime 3HaueHuss cymmbl coxepkanuit REE xapakTepHbl Uit MOCTIPAHUTHBIX JacK.
Haumenslire koHLeHTpalu P32 onpeneneHsl B IBYCIIOSHBIX rpaHUTaX. Bee 00pasisl oboraiieHsl

JerkuMH peakoseMenbHbiMu eMenTamu (LREE) otnocurensho Tsoxensix (HREE).



2.3. 'eneTH4YecKHe 0COOEHHOCTH MHTPY3HBHBIX MOPO/

B METPOJIOTUUCCKUX UCCIENOBAHUAX UCIIOJIB3YIOTCA TAKKE JUarpaMMbl, KOTOPBIE CIIY>KaT A1
METPOreHETHYECKUX MOCTPOCHNUH, MPEXXIE BCETO IS aHAJIM3a YBOIOLMH MarMaTHYeCKOro paciuiaBa.
Jlnsi TOHUMaHUSL M XapaKTePUCTUKH IETPOXHMMHYECKHX IIPOLIECCOB HCIONB3YIOT —pa3iHYHbIC
nuarpammbl. Hanbosee yacTo mpUMEeHsIeMBbIMH SIBISIOTCS] OMHapHbBIE
JuarpaMMbl XapKepa, Ha KOTOPBIX COJEpKaHHs METPOTEHHBIX OKCHUAOB MM MajbIX 3JEMEHTOB
CpaBHHBAIOTCS ¢ coziepkanueM SiO,.

Kak mpaBuio, eIuHBIC XOPOIIO BBIPOKCHHBIC TPEHIBI HA BapUALOHHBIX HarpamMMax
HOATBEPXKIAIOT MPOUCXOXKACHUE IOPOJ MarMaTHYeCKOrO0 KOMIUIEKCa B PE3yJbTaTe 3BOJIIOLUH
OJIHOTO POJIOHAYAIBLHOIO paciulaBa. TpeH/bl OTPaXKaroT INIABHBIM 00Pa30M HPOLECCHl YaCTHYHOTO
TUIABJICHHS IPOTOJINTA WIN KPUCTALIM3ALHMOHHOTO (DPaKIIMOHUPOBAHUS, KOTOPBIC SBJISIIOTCS OJHUMU
U3 OCHOBHBIX IIPOLIECCOB B JBOJIOLMH MarMaTHYeCKUX paciuiaBoB. IleperuObl, H3MEHEHHUE
HampaBJIeHHs, Pa3BETBICHHE TPEHIOB MOTYT CBUJCTENILCTBOBATH O PE3KOM H3MEHEHHHU YCIIOBHI
(pu3nKo-xuMHUECKUX, (IIOUAHOTO PEKMMa M Jp.) CTAHOBJICHMS KOMIUIEKCAa, O CMEHE MOAENei
BEJYIIUX WM HPOSBICHUU IONOJIHUTEIBHBIX IPOLECCOB B XOAE HBOJIIOLMM MarMbl WIH IpH
(hOpMHUPOBAaHHH TMOPOJ KOMIUIEKCA. 3HAYMTEIbHBIM pPa3pblB  BAPUALMOHHBIX KPHBBIX MOXET
yKa3blBaTh Ha (YHKIHOHHPOBAHHE MArMaTHYECKHX HMCTOYHHKOB Pa3HOTO COCTaBa, pasjeiieHHe
TPEHJOB - Ha MPOSBICHHE IPOLECCOB JHUKBAIMU. YacTo TPeHIbl MOTYT OTPaXKaTh SBICHUS
KOHTaMMHAIIMM - CMELIEHHMs MarM pasHOro cocraBa (TMOpMAM3MAa) WIIM AaCCUMWISILUM MaTtepuana
BMELIAIOIINX TOPOJ U T. [I.

BapuanmonHsle auarpaMmbl Xapkepa HCIONB3YIOT cojepikanne SiO; IO OTHOLIEHHIO K
OCHOBHBIM OKHCJIaM H3YYCHHBIX MHTPY3UBHBIX IMOPOJ B KadyecTBe MokaszaTens auddepeHimannu
(puc. 2.7). CocraBel WHTPY3WBHBIX IOPOA H3y4aeMOro pailoHa CpPaBHHUBAJIHNCH CO CPEIHUMHU
XMMHYECKHMH COCTaBaMH (I10 OCHOBHBIM M MaJIbIM 3JIEMEHTaM) aHaJOTHYHBIX WHTPY3UBHBIX MOPOI:
¢ rpanuramu I'arrap, Eruner (Mahdy et al., 2015), mukporpanuramu Pac A0Gna, Eruner (Abdel
Hamid et al., 2018), nonepuramu Boictyna bac JIpaa, Mapokko (El Bahat et al., 2013), 6octoHuTamn
Arman, Eruner (Zakaria, 2010).

Conepxanue SiO; (Mac.%) yBenuuuBaercs oT noseputoB (44.4 — 47.9 mac.%; cpennee - 46.3
Mac.%), k 6ocronuram (65.1 — 66.8 mac.%; cpennee - 66.3 mac.%), Mmukporpanutam (69.3 — 73.8
Mmac.%; cpennee - 70.94 mac.%) u nBycirosHbIM TpanuTam (71.5— 74.8 mac. %; cpenHee - 73.4 mac.

%).



20

[
o | ¥ o tﬁ ¥y
2 3 =
o] * % * & Sox
= a
°
g = ¥a - g 1 a 2
=4 o (= =
o =" B g
- <
E 2
) ° og-ie: ©, oe‘%g
@© T T T T T T T g T T T T T T I-
45 50 55 60 65 70 75 45 50 55 60 65 70 75 45 50 55 60 65 70 75
sio, sio, sio,
S ~ o
o
- % ° - 8
o o
© A o ’ ] °
Q ~ [e]
8 ¥ 3 -« M2 =8,
- #@
o
o
*
o8 k9N H L <
o % | %
* E S5
< - T T T T T T T T T T T T T T
45 50 55 60 65 70 75 45 50 55 60 65 70 75 45 50 55 60 65 70 75
sio, sio, sio,
* S
©
S o %
=
* % e
< * - A
g ° QU e
< e
o~ =
s ] © <
L] o L
<
ST CIQ-;* ™ ot rT—T T T T ™
45 50 55 60 65 70 75 45 50 55 60 65 70 75
Si0, SiO,
Puc. 2.7. Jlmarpammbl Xapkepa OCHOBHBIX OkcuaoB (Mac.%) u SiO, (mac.%) s

UHTPY3UBHBIX 1opoz obnactu Dib Cena. O0o3HayeHHs cM. Ha puc. 2.1

Ha BapuanmoHHbIX aumarpammax Xapkepa HaOnomaercs oOliee CHMKCHHE COICpKaHHS
AL O3, TiO;, MgO, MnO, CaO, P,Os u Fe,O; mpu ysemuuenuu conepxkanusi SiO,. BoctoHut
OTJIMYACTCS BBICOKUM COACPIKAHUEM LL[CJ'[O‘{CI\/’I 110 CPpaBHEHUIO C APYTUMH UHTPY3UBHBIMU IIOPOJAAMU.
B nonepurax CONEPKUTCS 3HAYUTEIBHO MEHBIIE INENIO4eif, HO OCHOBHBIX OKCHJIOB OOJbIIE, IO
CPaBHEHHIO C IPYTHMH HHTPY3HUBHBIMHU [TOPOIAMH.

JlnarpaMMBbl TJIaBHBIX OKCHJIOB IMOKA3bIBAIOT, YTO MHTPY3HUBHBIE MOPOABI paiioHa Dnp Cema
OueHb OJM3KHU MO cOCcTaBy K Mukporpanutam Pac A6xaa (kpome TiO,), a B monepurax Bbictyna bac
Jpaa coaepxaHue ITHX OKCUIIOB HUXE, 4eM B foieputax Oib Cena.

TToBeneHuEe pacCesiHHBIX 3JIEMEHTOB B IPOIIECCE MArMAaTHYECKOH IuddepeHuaniy MOXHO

HPOCIIEUTD 10 BapHALMAM HX COZICp)KaHUi IIpU yBenuueHuu coaepxanus SiO; (puc.2.8).
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Puc. 2.8. Jluarpammbl Xapkepa HEKOTOpbIX MuKposiaemeHtoB (r/t) u SiO, (mac. %)

UHTPY3UBHBIX Iopox obnacti Db Cena. O603HaueHus cM. Ha puc. 2.1.

Bce npoObr oboramieHbl TUTOPUIBHBIME XUMUYECKUMHU SJIEMEHTaMHU ¢ OOJIBIIMM HOHHBIM
pamuycom (LILE, ocobenno Ba u Rb), Ho comepkanue Ni, Sr, Y yMeHbIIaeTcs C yBEIHYCHHUEM
conepskanus Si0,. Coneprxanue Beicoko3apsiiHbix katnoHoB (HFSE, B wactHocti Y u Zr) 10BOJNIBHO
BBEICOKO B JI0JIEpPUTAX M OOCTOHUTAX.

Bapunannonnsle quarpaMmsl Xapkepa A pacCessHHbBIX 3JIEMEHTOB, IIOCTOPEHHBIE IS IPYTHX
pailoHOB O4YeHb TMOXO0XXH Ha IWarpaMMbl Ui MHTPY3WBHBIX mopon Omb Cenma, kpome Y u Zr,
coJiep’kaHne KOTOPBIX BhINIE B MHKporpaHutax Pac A6ma mo cpaBaenuto ¢ Dnb Cena. J{omaeputst
BeicTynia bac [Ipaa comepxar Oosnbuie Ba u Rb, Ho menbmie Ni, Sr, Y u Zr, ueM aHaJIoruuHbie
nopoel Db Cena (puc. 2.8).

Tekronnueckass oOcraHoBka Bocrounoit mycteiin Erunrta sBisercss KIO4eBOil B
pacumpoBKe HEOMPOTEPO30OHUCKONH TEKTOHWYECKOW 3BOMIOUMH Apabo HyOWHCKHN IIUT W,
cleioBaTelibHO, Bcero BocrouHo-adpukanckoro Oporena. B 3aBHCHMOCTH OT BUIMMBIX Pa3invuii B
JIUTOJIOTMYECKOM CTPOCHHMH M KOHTpacTa (usnko-reorpapuueckux yciosuii (Abdel Khalek, 1979;
Stern and Hedge, 1985; El-Gaby et al., 1988) Bocrounyto nmycrtsiHio Erunra (Apasuiickast myCTIHS)
TOJIpa3eNsaeTcsl Ha Tpu OcHOBHbIe poBUHIUU: CeBepo-Bocrounas mycteias (NED), IlenTpanbnas

Bocrounas nycrsiast (CED) u FOro-Bocrounas nycrsiast (SED). Takoe moapa3szeneHue Ha TP 4acTu
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ABIIETCS ONHOM M3 HEMHOTMX IIMPOKO INPUHATHIX KOHLENIUH B TEKTOHHYECKOM aHAIH3e
erumnerckoro Heompoteposoiickoro gynnamenra (Fowler and Osman, 2009). ['panuibl mpoBHHIMN
IPOXOAAT 110 JIBYM OCHOBHBIM CTPYKTYPHBIM JIEMEHTAaM: 30Ha Iulactudeckux nedopmanuii Kena-
Cagara (Qena-Safaga Shear Zone) pazgensier NED ot CED, u 30Ha mmactuueckux aedopmaruii
Undy-Mepca Anam (Idfu-Mersa Alam Shear Zone).

Jns ompeneneHHs MAarMaTHYECKMX THIOB HHTPY3HBHBIX IOPOA OBUIO IPEMLIOKEHO U
HCITI0JIb30BAaHO HECKOJIBKO JAUCKPUMUHAIITUOHHBIX AuarpamMm. Tun MarmMbl UCCIICNYEMBIX
JIBYCIIOJISIHBIX TPAHUTOB MOKET OBITh BBIBE/ICH U3 ClIeyIomuX auarpamm. Irvine and Baragar (1971)
U HEKOTOpble Jpyrue NCCIeNOBaTeNH HUcHonb3oBadu juarpaMmMmy AFM s paspeneHus
CyOIIETOYHBIX TOPO]] Ha H3BECTKOBO—IIEIOYHBIC H TOJIEHTOBBIC CEPUH HA OCHOBE COJEPXKAHUS B HUX
xene3a. A= Na,O + K,0, F= o0mmee Fe BeipaxkenHoe kak Fe,O3, 1 M= MgO (Bce B wt%). ['padux
MOKA3bIBACT JBYCIIOASHBIC I'PAHUTHI MHKPOTPAHHMTHI U OOCTOHHUTHI NMPHHAIIC)KAT H3BECTKOBO-

IIEJIOYHOI Cepuy, a JOJIEPUTBI OTHOCATCS K TOJIEUTOBOMH cepuu (puc. 2.9 a).

F

(b)

Tholeiite Series

pozexd

A

Calc-alkaline Series

A M

Puc. 2.9. JluarpamMMbl JUCKPUMHHAILMK IO THIy Marmbl IJis HMHTPY3UBHBIX mopoxa. a) AFM -
nuarpamMa Ui MHTPY3uBHBIX mopon (Irvine and Baragar, 1971). 6) Tpoiinas muarpamma c
ucnonb3oBanueM Mosspaoro Na,O — ALL,O3 — K,0. O603HaueHust cM. Ha puc. 2.1.

Tpoiinas pmarpamma Na,O-Al,0O3—K;O wucnomedyercs minst paslefeHusT MeTa- H/WIi
HEePrIIMHO3EMUCTBIX [OPOJ OT MEpIICTOYHBIX IMOPOJ, @ TaKkKe KalUeBble, HATPOBBIE H
yIbTpakaiueBble cepud. Ha pUCyHKe BHAHO, YTO H3YYCHHbIC NPOOBI IBYCIIOASHBIX TPAHUTOB,
MHKPOTPaHUTOB U JIOJICPUTOB HAXOIATCS B II0J€ MeTa- W/WIM NEePriIMHO3EMUCTBIX TOpOA, a
OOCTOHMTBI OKa3bIBAIOTCA B TMOJ€ MepIiesoyHblx nopon (puc. 2.9 6). I'panuter ['attap,
MuKporpanutsl Pac AGja, moneputsl BeicTyna bac JIpaa U OOCTOHUTBHI ATIIAH MONAJIAIOT B IOJIE
M3BECTKOBO-IIENOYHBIX HOpoA. Mukporpanutsl Pac AGxa u GOCTOHHMTBI ATIIAH pPacrojiararoTcs

BIOJIb IMHUU Pa3aCIICHUA ToJie TICPIICTIOYHBIX, METAITTMHO3EMHUCTBIX U MEPTIIMHO3EMUCTHIX ITOPOI.
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TekToHHUYECKas] TOJOXKEHHE H3YyYSHHBIX IOPOJ MOXET OBITh OMHpeleieH0 C MOMOIIBIO
Oounapubix gumarpamm. (Pearce et al., 1984) wucnomezoBaim Rb— (Y+Nb) u Nb-Y
JMUCKPHUMHUHALMOHHBIC JAWAarpaMMbl U BBIJCICHUS YETHIPEX TEKTOHHYECKHX PEKHUMOB JUIs
TPAHWUTHBIX TOPOA: TpaHUTHl ByiakaHWdeckux Ayr (VAG), CHH-KOJUIM3HOHHBIC TIpaHHUTH (Syn—
COLG), rpanutsl okeanndeckux xpe6ToB (ORG) u BHyTpuiumTHble Tpanutel (WPG). Pearce (1996)
BBEI B OTy J[darpaMMy Tmojie nocT-Koutn3uoHHbIXx rpaHutoB (PCG), 4robsl pa3genuts
BHYTpUInTHbIe rpaHuThl(WPG) , rpanutsl Bynkanudeckux Ayr (VAG) M CHH-KOJUIM3HOHHBIE

rpanutsl (Syn—-COLG).

o o
21 g7 ©
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- T T T -
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Puc. 2.10. JmarpaMMbl AUCKPHMHHAIIMM TEKTOHMYECKAs IIOJIOXKCHHE H3YyYEHHBIX IIOPOJ
(Pearce et al., 1984) Rb— (Y + Nb) u Nb. O603Hauenus cMm. Ha puc.2.1.

W3yueHHble [BYCNIOAAHbIE TPAHUTHI M MUKDOTPAHHTHI HAXOJATCA B II0J€ TIPaHHTOB
Bynkanndeckux Ayr (VAG) u cuH-kowmm3noHHBIX rpaHuToB (Syn—-COLG), a nmoneputsl u
6OCTOHUTHI IONAAAIOT B M0JIE BHYTPUILIMTHOTrO pexuma. I'panntsl ['arTap, Mukporpanutsl Pac A6na
U joneputsl BelcTyna bac Jlpaa HaXxoasATcs B IOJE BHYTPHIUIUTHOTO pexuMa. boCcTOHUTBHI ATmian
OKa3bIBAlOTCS B MOJE BHYTPH IUIUTHBIX I'PAaHUTOB W/MJIM I'PAHUTOB OKEaHMYECKUX XpeOTOB (pHC.
2.10).

CozepxaHue M paccessHHBIX 2yeMeHToB, Rb, Sr, u Ba nauGonee unpopmMaTtHBHO B OLEHKE
HEeTPOreHeTHYeCKUX IPOLECCOB, BKIIOYAsl IPOMCXOXKIEGHHE TIPAaHUTHBIX IOPOJ B pe3yibTaTe
YaCTHYHOTO IUIABICHHA WIM (PAaKIUOHHOM KpucTammusanuy. IloBeneHHe 3THX 3IEMEHTOB B
TPAaHUTHBIX CHCTEeMaX KOHTpoiupyercs K-moneBbIMM INmaTaMy, IUIarHOKIA3aMUd M CIIOAAMHU
(Csipuro, 2002).

JlpyruMm BaxKHbIM OTHoLIeHHMeM sBisercss Rb/Sr (puc. 2.11 a). Ha nmarpamme BuAHO, 4TO

MHKpPOTPaHUTBI, ABYCIIOSHbIE IPAaHUTBI U 60CcTOHUTEI Db Cena 00pa3yroT BapHallMOHHbIE TPEHbI



CO IEIOYHBIM ITOJIEBBIM HIMATOM. JTO COINACYETCS C MX THIEPCOIbBYCHBIM XapaKTePOM M BBICOKOH
JIoJIeH mepTuTa.

C npyroil CTOpPOHBI, JIOJIEPUTHI OKa3bIBAIOTCS HA IPAaHMIE MEXKIY TPEHAAMM IHMPOKCEHa U
6uorura. I'panutsl ['arrap, Mukporpanutel Pac AGna u 60CTOHUTBI ATIIAH OKa3bIBAIOTCS B TPEHIE
(paKIMOHNPOBAHNKS IEIIOYHOrO MOJIEBOrO MINaTa, a JOJICPUTH! BeicTyna bac Jlpaa — B mepexoaHOi
007acTH MeXIy TPEHIAMH MIEIOYHOTO IIOJIEBOrO IIMaTa i OHOTHTA.

Mason (1966) yka3bIBaeT Ha TO, YTO JIMHUS CpeHEro cooTHouieHus Ba/Rb niist 3eMHON KOpBI
paBHa 4.4. Ha pucynke 2.116 BUIHO, 4TO HCCIeayeMble NIPOObl 10aepuTa U OOCTOHHTA JIEXKAT BIOIb

nuHUH oTHomeHus Ba/Rb okono 4.4, 9o yka3siBaeT Ha npeobnananue Ba Hag Rb.

1 T T T T ITTT T T T TTTTT T T T 11717
o0 AL | E

Alkali feldspar

100

Rb (ppm)

1000

10

100
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1000
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Ba(ppm) |

100

Rb (ppm) 100

Puc. 2.11. Cxembl netporetesa n3y4eHHbIX HHTPY3UBHBIX TTOPOJL:
a) nmuarpamMa Sr — Rb juig nccnenoBanHbBIX 00pa3noB. 0) muarpamma Ba-Rb  (Mason, 1966).

O6o3HaveHus cM. Ha puc. 2.1.
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ITpo6kl MUKPOTPaHUTOB, B OCHOBHOM, PAacIOJIOKEHBI OJNM3KO K JMHUM 1, B TO BpeMs Kak
poOBbl ABYCIIOISHBIX TPaHUTOB pacmonioxensl Mexay 0.4 u 1, uto ykassiBaeT Ha oboramieHue Ba
u/mn obeanenue Rb. I'panutsl [attap u 6ocToHMTHI ATiian pacnonaraiorces Mexay 0.4 u 0.44, a
MHKporpanutsl Pac A61a u noneputst Beictyna bac Jlpaa oxoino 1 u 0.44 Ba/Rb, cooTBeTCTBEHHO.

Temmneparypbl KpHUCTAJUIM3ALUU HUCCIELYEeMbIX OOpa3loB MOXKHO IIOIYYUThb H3 OLEHOK
naceimienust (Watson and Harrison, 1983). Drta omeHka OCHOBaHa Ha MOJEIH TEMIICPATyPBhI
HACBILIEHHS LIMPKOHA C MCIIOJIb30BaHUEM KOHLEHTpaluu Zr B rpanutax (puc. 2.12). Temnepartypsl,

BEPOSATHO, IPEACTABIIAIOT HAYaJIbHYIO TEMIICpATYpPYy paciuiaBa.

Puc. 2.12. bunapnas mumarpamma Zr (ppm) - M = (Na+K+2Ca)/(Al x Si) (Watson and Harrison,
1983). 1-aBycnroASHO# TPaHUT; 2-MUKPOTPAHUT; 3-10JEPUT; 4- OOCTOHHT.

Temmneparypa KpUCTAJUIM3ALMU JBYCIIOASHOrO rpanurta kojieodiaercs or 700 no 750 ° C. mns
MHKpoOrpaHura temineparypa konebuaercs or 750 no 800 ° C. Temnepatypa nonepur kouaebiaercs oT

800 1o 900 ° C. Temmneparypa 6ocronuta Konebdnercs ot 950 no 1020 ° C.

BousiBnieHBl crieAyrolMe T'€HETHYECKHE OCOOCHHOCTH HMHTPY3HMBHBIX IIOPOJ HCCIEAYEMOro
paiioHa.

JIByCIIOISIHBIE TPAHUTHI MUKPOTPAHUTHI M OOCTOHHTHI IPUHAIIEKAT H3BECTKOBO-LICIOYHOM
CepHH, a JIOJIEPUTHI OTHOCSATCS K TOJEHTOBOIl cepuu. M3ydeHHbIe MpOObI ABYCIIOASHBIX TPAHUTOB,

MHUKPOTPAHUTOB MW JOJIEPUTOB HAXOHATCA B IIOJIE METa- W/nnu TNEPrIIMHO3EMUCTBIX 1OPOa, a
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OOCTOHUTHI OKA3BIBAIOTCS B TI0JI€ MEPIETOTHBIX TOPOT
W3yueHHble OBYCNIOASHBIC TPAHUTBI W MHKPOTPAaHWUTHI HAXOJATCI B TOJNE IOCT-
KOJUTU3HOHHBIX TPAHUTOB a JIOJIEPUTHI U OOCTOHHTHI MOMAAAIOT B MOJIC BHYTPUILTUTHOTO PEIKMMA.
JIBycimozsiHbIe TPaHUTHI, MUKPOTpaHUTHl 1 O00ocToHHUTH Db Cena 00pa3yloT BapHalMOHHEIE
TPEH/IBI CO INEJIOYHBIM NOJIEBEIM mmaToM. C Apyroi CTOPOHBL, JOJIEPUTHI OKA3bIBAIOTCS HA I'PAHUIIE
MEXAy TpeHAaMH HMHpOKCeHa M OmoruTa. TemmepaTypa KpUCTAIUIM3AIMU JBYCIIOJSIHOTO TPAHUTA

nocturaet 750°C, muxporpanuta - 800°C, nonepura - 900°C, 6ocronuta - 1020°C.



WntpysusHble
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T'naBa 3. 'eoxumMuuecKue 0COOEHHOCTH MHHEpaJ10B

TIOPOJIBI

colepxar

IIMPOKUH

CIIEKTP

AKILECCOPHBIX

MUHEPAJIOB,

FEOXMMHYECKHE OCOOEHHOCTH KOTOPBIX HECYT BaXHYIO I/IHCIIOpMaHI/IIO 0 TICHEe3uce Iopoa u

BO3MOKHOU PyIOHOCHOCTH.

XUMHUYECKUI COCTaB MUHEpAJIOB HccienoBaics B pecypcHoM 1eHTpe “I'eomonens” CaHKT-

HeTep6ypr0K0ro YHUBEPCUTETA C HCIIOJIB30BAHUEM CKaHUPYIOLICIO J3JICKTPOHHOI'O MUKPOCKOIIa

Hitachi S-3400N, ocHarieHHOTO 3HeproauciepcHoHHbM criekrpomerpoM Oxford Instruments X-Max

20. Yckopsromee HampsDKEHHE 3JIEKTPOHHOTO Myyka coctaBmsuio 20 kB, a Tok-1 Ha. Bpems

MOTy4EHUs] PEHTTEHOBCKOTO CHUMKa cocTaBuiao 20 cexyHa. MuHepansl ypaHa, TOpust U Apyrue

AKIECCOPHBIC MUHEPAJIbl Pa3JINYHbIX HHTPY3UBHBIX IIOPOJ ITIPUBEIACHLI B Tabmuie 3.1.

Tabnuma 3.1. Munepaisl ypaHa, TOPHUS U APYTHE aKIECCOPHBIE MHHEPAJIBI Pa3THIHBIX
MHTPY3HUBHBIX 1opoj obnactu Db Cena.

Musnepains HApycmionHoii Muxkporpanut Honeput Bocronur Slivon
TPaHUT
IlepBuunble ypZ}OI(I:?gI;HT Ko¢ppunur Ko punur Ko punur Ig) zgéii:ia:T
MHHEPAJIBI Ypauuuut
aHa 1 TOpUs Bpotcur
P Ayepant
Bropuunsie Ayrennt Ayreur VYpanodan
MHHEpPab - - AyTeHur
Kazoaur
ypaHa
Hupkon Hupkon upxon Hnpkon TI'ematut
Momnauur Momnanur Momnanut Mounauurt Maruetutr
bacTtresur bapur baput BacTtHe3ut Iupur
Kcenotum [upur ITupur Pyrua
bapur Xanpkormuput | XaabKOIHPHUT
Jipyrue Coen ApceHonuput | ApCeHOTUPUT
Py Pytun Coanepur Coaneput
AKIIECCOPHBIE
MHHCDAIEL IMuput lanenut Tanenut
P Ccanepur Aoy
Tanenur Nican
AgcaM FecaM
Nicam C“caM

Ipumeuanue: XXupHbIM pHQTOM BbIIEIEHBI MUHEPAIIbI, OOHAPYKEHHBIE BIIEPBBIE.
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Kak Bumro u3 (tab. 3.1), B MHTPY3MBHBIX MOPOJAX WMEIOTCS IEPBUYHBIC MHHEpAIBl ypaHa U
TOpHUS, a TAaKKe BTOPUYHBIE MHUHEpanbl ypaHa. Hannuue MMHEpasoB TOpHS XapaKTepHO JUIS
JIBYCIIOJSIHBIX I'PaHUTOB, HauOoJyiee pacnpoCTPAHEHHBIM CPEAU KOTOPBIX SIBJIAETCS TOPUT. Jlpyrue
THUIBI HHTPY3HUBHBIX OPOJ XapaKTePH3yIOTCs HATMYHeM KopduHHUTA.

Kpome TOro, Bo Bcex THUIAxX WHTPY3MBHBIX MOPOJ BBISBICH MIUPOKHH CHEKTP APYTUX aKIECCOPHBIX
MHHEPAJIOB.

B pamkax wuccienoBaHUsL BIEpBble ObUTH OOHapy>KEHbl CIEIYyIOLIME MHHEpansl. B
JIBYCIIOJSIHBIX TPaHUTaX BIEPBbIE OOHapykeH ayepyuT, bpokutm camopomHoe cepebpo. B
MHKPOTpaHuTax - KOQOUHHUT, KA30JIUT, CaMOPOIHOE 30JI0TO, CAMOPOIHBIA HUKENb, CaMOPOIHOE
JKeJIe30 M caMopoiHas Menb. B jmonepute BbIsiBIeHbl KOGGUHUT U ypaHMHHUT. B OocronuTe
3a()MKCHPOBaHbl BIEpBbie KOMDGHUHUT, LUPKOH, MOHAIMT, OAacTHE3UT M pyTWI. B smmomnmax

0OHapy»KeHbl HACTYpaH U KOYHUHUT.

3.1. XumMu3M MHHEPAJIOB ypaHa U TOPHUS
Munepainsl, KOTOpble KPHCTAJUIM3YIOTCA U3 MarMbl, Ha3bIBAaIOTCS IEPBUYHBIMU. BTopnuHbIe
MUHepanabl 00pa3yloTCs B pe3yldbTaTe MOCTEAYIONIMX TEOJOrHYeCKUX MPOLECCOB, TAKUX Kak
THAPOTEpMalIbHbIE M3MEHEHUs] M IPOLECChl BHIBETpUBAHMSA. BTOpHUHBIE MHHEpasbl ypaHa MOTYT
HOPUCYTCTBOBATh MHTEPCTHLHAX, HA TPAHUIAX 3€PEH M B MMKPOTpPELIMHAX WM HAKaIUIMBAaTbCS B

HOBOO6paSOBaHHHX MUHEpaIax.

3.1.1. IlepBuyHbIe MHHEPAJIBI YPAHA U TOPHUS

CylecTByeT yeThlpe MHHepaja TOpHs, KOTOpble OOHApyXKEHbI B JABYCIIOISIHBIX I'DAaHHUTAX:

TOPUT, YPAHOTOPHT, OPOKUT U ayepiIuT.
Topur

TopuT oIMH M3 CaMBIX PACIPOCTPAHEHHBIX MHHEPAJIOB, OTHOCUTCSA K CHJIMKAaTaM TOpHS U
IIMPOKO pACIpOCTPaHEH B JBYCIHIOJSIHBIX rpaHuTax. OH IPUCYTCTBYeT B BHAE KPUCTAIIIOB
HENPaBUILHOI (OPMBI, OTAENBHBIX 3epeH pa3MepoM 10 50 MkMm. OH 00pa3yeT CPOCTKU C MUPKOHOM
n oOHapyXXMBaeTcsi B BUJE BKIIOYEHUH B LUpPKOHE. MOIIHO BCTPETUTh 3TOT MHHEpal B BHIE
HeOOJBIINX, MPU3MATHYECKUX KPHCTAJUIOB C MHUPaMUJAIBHBIMU (hopMaMH BeeaeHUi. Topur taxke
MOXeT OBITh OKpYyXeH okcumamu >xene3a (puc. 3.1, 3.2). Xwumudeckuii coctaB TOpHUTa U3

JIBYCJTFOJISIHOTO TPAaHKUTA MOKa3aH B Tabmwmie 3.2.
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Puc. 3.1. COM u3o6paxkeHHe TOPUTA, OKPY>KEHHOTO FEMATHTOM B JIBYCIIOASHOM IPaHUTE.

Tabauna 3.2. XuMuueckuii cocTaB TOpUTa U3 IBYCIIOJSHOTO I'PaHUTa, BecYo.

Okest Howmepa Touek ananmza
2400 2401 2403 2404
ThO, 71 67.3 73.1 66.7
SiO, 14.7 12.2 16.6 12.6
Uo, 5.4 1.03 2.72 2.76
Y,05 2.3 3.83 1.06 3.63
Cex03 0.35 - 0.45 -
Nd,03 - 0.17 - 0.17
Sm203 - 0.26 - -
Gd,0;3 - 0.15 - -
Dy203 - 0.27 - -
P,0s 1.9 6.41 1.03 6.45
CaO 1.8 2.99 1.06 2.32
Fe 03 1.59 4.1 1.53 241
PbO - - 1.47 0.92
AlLO3 0.18 0.41 0.47 0.65
710, 0.65 1.1 0.85 1.2
Total 100 100 100 99.8
Xumuueckas Gpopmyia 6a3upyercst Ha 4-X aTOMax KUCIOpoaa
Th 0.86 0.75 0.88 0.75
Si 0.79 0.59 0.87 0.62
8] 0.06 0.01 0.03 0.03
Y 0.06 0.1 0.03 0.1
Ce 0.01 - 0.01 -
P 0.09 0.26 0.05 0.27
Ca 0.1 0.16 0.06 0.12
Fe 0.06 0.15 0.06 0.09
Pb - - 0.02 0.01
Al 0.01 0.02 0.03 0.04
Zr 0.02 0.03 0.02 0.03
Cymma 2.06 2.07 2.06 2.06

[Tpumeuanue: - HiKe 1Opora OOHAPYKEHUSL.



XUMHUYECKHI COCTaB TOPUTA MOKa3bIBaeT, uTo copepxkanre ThO, mensiercst ot 66.7 o 73.17
wt%; UO; - ot 1.03 1o 5.44 wt%.; SiO; - ot 12.19 no 16.59 wt%; Y,03 B cpennem coctasmuset 2.71
wt. %). B Topute npucyrctByeT Hebonbiias npumech CaO, P,0s, REE, Al,O5 and Fe,0;. B Topute
He 00Hapy’>KeHbI MUKPOBKJIFOUCHHUSI MHHEPAJIOB ypaHa, HA OCHOBAaHUM YEro JEIaeTcs 3aKJII0UYCHHE O
€ro BXOXICHHU B BHAE M30MOp(dHOIl mpumecn. Xumudeckas (popMylia TOPUTa UMEET CICHYOLINi
BHA: (Th 081 U 0,03 Y 0.07Ce 0.01 Ca 0.11 Fe 0.00 Pb 0.01 Zr 002 ) (Si0.7P 0.16 Al 0.02) Os. Anst kpucTannos
TOpHUTa XapaKTepPHA 30HAJIBHOCTb, YTO HJUIIOCTPUPYETCS Ha PUCYHKE 3.2, a COCTaB 30HAIBHBIX

KPCTaJIOB IpUBEJIeH B Tabmuie 3.3.

Puc. 3.2. COM wu300paxeHre 30HATBHOTO KPUCTAIIIA [IUPKHA U3 JABYCIIOIIHOTO TPAHUTA.

Ta6n1/111a 3.3. XuMHUECKHIi COCTaB 30HAJLHOTO TOpUTA U3 ABYCJIIOASIHOI'O I'PaHUTA, BecYo.

Ilepedepus IleHnTp
Oxceuyper 2496 2497 2493 2499
ThO, 713 70.1 65.9 64.7
Si0, 14.9 14.4 16.3 16.9
U0, 34 41 4.9 59
Y,0, 2.63 2.83 438 3.94
P,0; 2.15 2.93 415 39
Ca0 277 3.01 2.64 271
Fe,0, 21 15 0.87 1.04
PbO, 0.48 0.5 0.6 0.74
Cymma 997 993 997 99 8
Xumugeckas popMyiia 6a3upyercs Ha 4-X aToMax KUCIOpoJa
Th 0.86 0.84 0.74 0.74
Si 0.79 0.76 0.8 0.8
U 0.04 0.05 0.05 0.05
Y 0.07 0.08 0.12 0.12
P 0.1 0.13 0.17 0.17
Ca 0.16 0.17 0.14 0.14
Fe 0.08 0.06 0.03 0.03
Pb 0.01 0.01 0.01 0.01
Cymma 21 2.09 2.07 2.07

IIpumeuanmue: - HIKe IOpora OOHAPYKEHUSL.
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Kak BugHO M3 TabmuIel B ieHTpe KpucTaiuia HakamuBaotest Si0,, UO,, P,0s, Y203, PbO,,

a nepudepuyeckas 301a odoramena ThO,, CaO and Fe,0s.

Bpokur

Bpoxur siBisiercst MuHepanoM docdara Kaublus 1 TOPHsl, KOTOPBIH ObUT 0OHAapyKEH TOJIBKO B
JIByCoAsHOM TrpaHuTe. OH MpEACTaBIeH KpUCTAUIaMH HEMpaBMiIbHOM (opMbl pazmepom oT 10 1o
30 MKM.

Xumudeckuil coctaB OpoKuTa MokaszaH B Tabumie 3.4, U3 KOTOPO cIeayeT, YT0 KOJTUYECTBO
ThO, menstiercs ot 44.3 no 51.17 Bec%, P,Os - ot 22.05 mo 25.09 Bec%, CaO - ot 11.12 mo 12.9
BecY%, SiO> - ot 3.32 1o 6.05 ppm. Kpome Toro B 3ToM MuHepane oOHapyxeHsl npumecu NaO,
Al O3, PbO, ZrO; and Nd,O3. Xumnueckast popmyna 6pokuta umeer ciaenyromuit Bua [(Th g4s Ca
0.52 Zr 0,03 Pb 0.02 Nd 0.02) (Si02 P 0.52 Al 0.02) O4].

Ayepaum TIpUCYTCTBYeT KaK aKIECCOPHBII MHHEpal B ABYCIIOAIHOM rpanute. COM
M300paKeHUE TOKAa3bIBACT, YTO AyepiHUT NPUCYTCTBYET COBMECTHO C KPHCTAUIAMH IHMPKOHA H

kceHotuma (puc. 3.3). XuMHUYecKuii cCocTaB ayepiuTa npezcraBieH B Tadnuue 3.4.

Puc. 3.3. COM wuszobpakeHne ayepinTa B aCCOLMALNYU C KCEHOTUMOM U LIUPKOHOM B JIBYCIIOJISTHOM

TpaHuTe.
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Tabnuua 3.4. Xumuueckui coctaB OpOKUTa U ayepinTa JBYCIIOASHOTO TpaHUTa, BecYo.

S — Bpokur Ayepiut
2506 | 2507 | 2508 | 2511 | 2298 | 2306 | 2814 | 2820
ThO, 48.9 | 51.2 1 459 | 443 | 58.2 [59.2 | 58.6 | 57.3 [ 58.6
Si0, 43 1332605509 [107]102|11.2]11.5]10.5
Y>03 0.98 - - - [3.45]13.53[2.95]3.77]13.33
Ce 03 - 0.63 - - - - 1039 - -
Nd,O;3 | 1.69 | 1.66 | 1.59 | 1.26 [ 091 [1.07[1.62| - -
P,0s 22.1 1240 (251 (228 [109]109[10.5] 9.8 | 104
CaO 11.5 [ 119 [ 129 | 11.1 | 7.6 | 8.56|7.07[6.17 | 7.04
PbO - - 326 | 287 - - - - -
ALO; - - 1.47 - - - 0.6 - 1053
710, 146 | 1.5 | 1.85 ] 1.36 | 434 [2.86]3.07|3.88 [4.42
Cymma | 90.9 | 94.2 | 98.2 | 88.8 [ 96.1 | 96.3 [ 96.0 | 92.5]|94.8
Xumudeckas Gopmyina 6a3upyercst Ha 4-x aromax kuciaopona (apfu)
Th 048 1 048 1 039 | 0.43 | 0.61 [ 0.63]0.62]0.63 [ 0.63
Si 0.19 1 0.14 | 0.23 | 0.22 { 0.49 | 0.48 [ 0.52 ] 0.55 | 0.49
Y 0.02 - - - [0.08]0.09[0.07] 0.1 |0.08
Ce - 0.01 - - - - 1001 - -
Nd 0.03 1 0.02 ] 0.020.02]0.02[0.02{0.03] - -
P 0.8 | 0.85]| 0.8 | 0.83]0.43[043]041( 0.4 |0.41
Ca 0.5310.53]10.52]0.51]0.38[043]0.35]0.32{0.35
Pb - - 0.03 1003 | - - - - -
Al - - 0.07 - - - 10.03] - ]0.03
Zr 0.03 1 0.03 1003 ]0.03 | 0.1 [0.07[0.07]0.09] 0.1
Cymma | 2.08 | 2.06 | 2.1 | 2.07 [2.11 [2.13]2.11]2.08| 2.1

HpI/IMe‘IaHI/ICZ - HWXKE TIpeacia 06Hapy)K€HI/I$I.

Xumudeckas ¢popmyna umeer cnexyromuii BuI [(Th o6 Ca 037 Zr 009 Y 0.08 Nd 0.01) (Si 008 P
042 Al 901) O4]. Ayepnut xapakTepusyercst BRICOKHM coaepskannem ThO, ot 57.33 no 59.17 Bec% u
SiO; - or 10.2 mo 11.53 Bec%. Conepxanue P,Os mensiercs ot 9.83 o 10.93. KonugectBo CaO

coctaisgeT oT 6.17 no 8.56 Bec% u Nd,Os - ot 0.91 mo 1.62 Bec%. Conepxanue ZrO, MeHsieTcs

Bripeznenax ot 2.86 no 4.42 Bec%, a Y,03 - ot 2.95 no 3.77 Bec%.

kpucrauiaMi. OH BCTpeYaeTcs B BUJIE OTACIBbHBIX MEJIKHX KPUCTA/UIOB, & TAKXKE YacTO KPHCTAJUIBI
HNPUMBIKAIOT K Hepudepud KpUCTaUIoB LUpKOHA. YacTo OH 00pas3yeT CpOCTKU ¢ KpUCTaLUIaMH

6uotuta M ansbura. VM300paxkeHus: KPUCTAIOB NpUBEAEHbl Ha pucyHkax 3.4 u 3.5. Xumuueckuii

CcOCTaB IIOKa3aH B Tabiuie 3.5 .

YpaHotopur

VYpaHOTOPUT Tpe/CTaBiIeH B BHAE 3epeH pasMepoM a0 20 MKM, HO yamie Oosiee MEIKUMH
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Puc. 3.4. COM uzo0pakeHrne ypaHOTOPUTA U IIUPKOHA U3 IBYCIIOASHOTO TPaHHUTA.

Puc. 3.5. COM uszobpakeHue TOpUTa U APYTHX aKIECCOPHBIX MUHEPAIOB JIBYCIIIO/SIHOTO TPaHHTA.
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Tabmuma 3.5. XuMudecknii cocTaB ypaHOTOPHTA U3 IBYCIIOSTHOTO TpaHHTa, BecYo.

YpaHOTOPHUT, TOUKU aHAIHU3A

Oxcujipl 2526 1] 2309 | 2311 | 2312 | 2720 | 2725
ThO, 61.5| 612] 599 | 63.5| 626 | 63.5| 62.6
Si0, 172 144 | 141 ] 14.0] 142 | 18.6| 18.6
Uo, 829 | 9.03| 833 | 9.63| 796 | 104 | 9.49
CaO 0.71 - 1.37 - 1.23 - -
PbO 2.08 | 0.78 0.4 - -] 349 2381
V4,8)) 220 145| 1.25] 2.12| 1.76 | 1.65| 1.85

Cymma 919 ] 869 | 854 | 893 | 87.8| 97.6| 953
Xumnyeckas popmyiia 6a3upyercst Ha 4 aTomMa KHCIopoa

Th 080 0.89| 0.88] 091 | 090]| 0.79| 0.79
Si 099| 093] 091 ] 0.89| 0.90| 1.01 | 1.03
U 0.11| 0.13| 0.12| 0.14| 0.11| 0.13| 0.12
Ca 0.04 -1 0.09 -1 0.08 - -
Pb 0.03| 0.01| 0.01 - -1 0.05] 0.04
Zr 0.06| 0.05]| 0.04] 0.07| 0.05]| 0.04| 0.05

Cymma 204 | 2.01] 2.05] 2.00| 2.04] 2.03] 2.02

[Ipumeuanue: - HIDKe Opora 0OHAPY KEHHUS.

XuMHUYeCKHe aHalM3bl YpPaHOTOPHUTA TIIOKas3aind, 4Tro cojaepxkanue ThO, Haxomurcs B
unTepBase oT 59.97 no 63.54 Bec% ; UO, - ot 7.96 no 10.43 Bec%. Conepxanue SiO, MeHseTcs OT
14.01 no 18.59 Bec%. KomnuectBa CaO u PbO B cocraBe ypaHOTOpHTa HEBBICOKH. XHMHYECKas
thopmyna cpenrero cotaa cieayromast (Th oss U 12 Ca .07 Zr .05 Pb 0,03)(Si 0.95 O4) .

XHUMHYECKHH COCTaB TOPUTA MIIH YPAHOTOPUTA JABYCIIOISHOTO IPAHUTA UCCIEAYyEeMOM
oGJiacTu OBLIT CPAaBHEH COCTABOM TOPHUTA U3 APYTHX ypaHOBOPYAHBIX paiioHoB Erunra u Poccun

(Ta61.3.6).
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Tabnuua 3.6. Xumudeckuii coctaB TopuTa u3 rpanutoB Erunra u Poccun.

Oxcunel | Hacrosmas El Ghadir Rei El Garrah Tynbsp,
pabora obmacts, Eruner obmacTs, Poccust
Eruner n=3
_ (n=1) (n=1) Ep(oxm)l "
(n=77) Raslan and El El Mezaven ot 2013
Feky, 2012 4 Ap--»
’ al., 2017
ThO, 69.5 51.2 68 64.6
Si0, 14 28.6 9.1 18.4
U0, 3 7.6 10.7 12.4
Y203 2.7 5 2.7 1.9
Cey03 0.4 5.6 - 0.16
Nd,O3 0.2 - - 0.07
Sm203 0.3 - - -
Gd,0; 0.2 - - -
Dy,03 0.3 - - -
Yb203 - - 0.4 -
P,0s 3.9 - 0.5
CaO 2 2.2 1.6
Fe 03 2.4 3.0 3.7 -
PbO 1.2 - - -
ALO; 0.4 - - -
710, 1 - - -
Total 100 100 100 99.6

ITpuMeuanue: - HUXKe Opora OOHAPYKEHUSL.

Haunb6onee Bricokue conepxkanust ThO,, P,Os o6Hapy»KeHbI B TOpUTE UCClIeLyeMOoi 00IacTH.
Copnepxanus Y,03 Haubonee Boicoku B obnactu El Ghadir, a 3HaueHHs 3TOr0 OKCHIa HMEIOT CXOXKEe
3naueHue B obnactu Rei El Garrah u uccneayemoii obnactu. SmyOs, Gdy03, Dy»03, PbO, Al,Os,
ZrO; oOHapyKEHbI TOJILKO B TOPUTE HCCIeayeMoit 00aacTu. YbyOs MpUCyTCTBYET B TOpUTE 00IACTH
Rei El Garrah

Kodduaur

Ko ¢unur_npucyrcTByer B Aaiikax MHKpPOTPaHUTA, TOJIEPHTA, OOCTOHHUTA U SIIMOUAA U ObLI
0o0OHapyeH B 3THX Hopojax Brepsbie. OObIYHO KOGPHUHUT MPUCYTCTBYET B MOPOJAaX COBMECTHO C
XJIOPUTOM U HHUPHUTOM.

MUKPOPEHTTCHOCTICKTPAIBHBIH aHAIN3 IOKA3bIBAaeT YTO XUMHYECKUH cocTaB KodhHHHTA 1O
conepxannto UO, cnemyrommuit: 71.4, 70.1, 72.7 u 71,6 macc.%, COOTBETCTBEHHO, B MHKPOTPaHUTE,
nonepute, 6ocronure u smmounnae. Coxepxanue SiO» BappHpyeT B cieayrommx mpeaeiax (22.1,
20.2, 18.2 macc.%) B MHKpOrpaHuTe, HoJepuTe M OOCTOHUTE, COOTBETCTBEHHO. Hamboibluee

conepxanne SiO; 3apukcuposaHo B smmounze (26,8 macc%). Cpenu npyrux npuMeceil OTMEYEHBI
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Y,03, P,0s, Al,O3 u CaO (tabn 3.7). B 6ocTonnTe KOQPUHUT COAEPKUT MUHUMAITBHOE KOJIHUYECTBO
SiO; u Beicokue 3Hauenust CaO, P,Os u Y,03 1Mo cpaBHEHHIO C APYTHMH OPOJAMHU.

Ta6muua 3.7. Xumuueckuii cocta kodduuura obnactu Dab Cena, Bec%.

MukporpasuT | Joneput | bocronur | Smmonn
Oxcun Touku aHanusa
1673 | 1683 [ 1242 [ 1796 | 1267 | 1269 | 1235 | 1277
U0, 71.6| 712 70.0| 70.2 | 72.8| 72.7] 72.4] 70.8
SiO, 21.9] 223] 2032020 182 182 263 | 274
Al O3 1.10| 040] 2.40| 2.35] 1.30| 1.25 - -
CaO 0.50( 0.50] 0.60] 0.62| 0.90| 1.00| 0.40 | 0.40
P,0s 1.40 - [ 3.60[ 3.45]| 2.50 | 2.60 | 0.90 | 0.70
Fe 03 - 2.10 - - - - - [ 0.70
Y,03 335] 345[3.00] 292 450 4.35 - -
Cymma 99.9 100 ) 9991 99.7[ 100 100 | 100 ) 100
Xummueckas popmyia 6asupyercst Ha 4 aroma kuciopozna (apfu).

U 076 0.77] 0.72| 0.73] 0.80| 0.80| 0.74] 0.71
Si 1.05( 1.08] 0.94] 094 090| 090 | 1.21| 1.23
Al 0.06| 0.02| 0.13] 0.13| 0.08] 0.07 - -
Ca 0.03| 0.03] 0.03] 0.03| 0.05]| 0.05] 0.02] 0.02
P 0.06 - 1014 0.14] 0.10] 0.11] 0.03] 0.03
Fe - 0.11 - - - - -1 .0.04
Y 0.09] 0.09] 0.07| 0.07| 0.12| 0.11 - -

Cymma 2.04| 2.10) 2.03| 2.03] 2.05] 2.05] 2.00 | 2.02

[MpuMeuanwue: - HIXKe Opora OOHAPYKEHUSL.

YpauuHut

VpaHUHHUT SBISETCS IIMPOKO PACHPOCTPAHEHHBIM MEHepanoM nojieputoB. OH obpasyer
HUIHOMOP(HBIE KPHCTAIUIBI U CPOCTKY, BOJOKHHCTBIC W TOHKOIUIACTHHYATBIC KPUCTAILIBI pasMepoM
10 20 MKM B M3MEHEHHBIX JlojepuTax (puc. 3.6).

XUMHYECKHI COCTaB BOJOKHHCTBIX M IUIACTHHYATHIX KPHCTA/UIOB HPEACTaBICH B TaOmHIe
3.8. IlepBuuHBIC ypaHOBBIE MHHEpAJIbl, TAKHE KaK yPAHUHHUT, MOTYT OBITh XOPOIIHM UCTOYHUKOM JIJIs
oOoramieHust ypaHa ¥ o0Opa3oBaHusi BTOPUYHBIX U-X MECTOPOXJIEHUI. DTH NMEPBUYHBIE MHHEPAJIbI
comepxar ypan B Buae U™, koTopsiii cTaGuiieH B BOCCTAHOBHTE/LHOM Cpee.

B OKHCITHTENBHBIX YCIOBHAX, OH Oyzer mpeobpasosan B U'® koToperit craGmimsmposan B
OKHCIICHHOH Cpefie M JIeTKO MHIPHPYET B JTHX YCIOBHAX. YPAaHUHHT OOBIYHO H3MEHAETCS B
TUNEPTeHHBIX YCIOBHAX, IPe00pas3ysch B ayTEHHT.

XUMUUYECKHil COCTaB ypaHHHHTA NpeicTaBieH B Tabuuie 3.9. Kak cimemyeT M3 JaHHBIX
tabuusr UO, mensercst ot 75.3 no 80.8 Bec%. ThO, He 3aduKcupoBaH B COCTaBE ypaHUHUTA, B TO

Bpems kak CaO u P,Os mpHCyTCTBYIOT B €r0 coCTaBe. Psin uccienoBareneil CYMTarOT, 9YTO YPAaHUHHUT
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AMeeT THIPOTepMAalbHBIN TeHe3uc. PacTBOPEI MOTTTH IUPKYIUPOBATh 1O 30HaM pazinomoB C-C3 —1O-

OB (Mann, Deutscher, 1980).

Puc. 3.6. CoM u3zo0paskeHHe IIACTHHYATBIX U (UOPOMAHBIX KPUCTAIUIOB YPaHMHHUTA B JIOJNEPHUTE

obnactu Db Cena.

Tabmuna 3.8. XuMHYECKHIl COCTAB INIACTUHYATHIX U (PHOPOUIHBIX KPUCTAIIOB yPAHUHUTA B

nosnepute obnactu Db Cena, Bec%.

OKcmbr Touxa %061 Touxa u2062
IUIACTUHYATHIA KpUCTAIUT | (UOPOUAHBIN KPHCTAILT
U0, 86.2 81.3
SiO, 33 4
ALO; 0.9 1.5
CaO 2 3.9
P,0s 2.9 1.7
F 6203 - 0.5
SrO - 1.8
CymmMma 95.3 94.6
Xwumuueckas popMyita 6asupyercs Ha 4-xX aTromax kuciopona (apfu)
U 0.70 0.64
Si 0.12 0.14
Al 0.04 0.06
Ca 0.08 0.15
P 0.09 0.05
Fe - 0.01
Sr - 0.04
Cymma 1.03 1.10

IIpumeuanue: - HIKe IOpora OOHAPYKEHUSL.

CoryacHo naHHbIM Tabmuuel 3.8, comepxanne UO, m P,Os B miacTHHYATBHIX KpHCTaUlax
yYpaHMHUTA BbIIE, 4eM B (GubpomnHbix. B Toxe Bpems coxepxanus SiO,, CaO, ALO; Bbime B

(hUOpOMIHBIX KpUCTAILIAX 3TOTO MUHEpAJa.



62

Hacrypan

Hacrypan BcTpewaercst 0OBIMHO B BHJE HEOONBLIMX KOJUIOMOP(GHBIX M MEIKO3EPHHCTHIX

BBIJICJICHUH B sIIMOUIaX. XUMUUECKUH COCTaB ypaHHHUTA Noka3aH B Tabnuue 3.9. Conepxanue UO,

MeHsiercs B uHTepBane or 79.5 no 82.9 Bec%, SiO

- or 5.6 mo 11.1 Bec%. B HeOombIux

konyeckrBax npucyrerByer CaO (mo 1.10 Bec%), Y20s (1o 0.90 Bec%), PbO (mo 2.7 Bec%), P,Os

(mo 1.3 Bec%). Ilpucyrcrue Fe,Os 3adukcupoBano B HekoTopbIx obOpasuax B konuyectse ot 0.70 1o

0.90 Bec%.

Tabmuna 3.9. Xumudeckui cocTaB ypaHUHUTA U HACTYpPaH B JOJIEPUTE U SIIMOUJE 001acTu Db

Cena, Bec.%

YpaHuHUT Hactypan

OKCHIBI Joneput Slimmon
2700 [ 2701 | 2812 | 2813 | 2820 [ 2825 [ 5607 [ 5613 [ 5652 | 2660 | 2703 | 2710
UO, 80.8 753 | 78.0 | 783 1793 1789|829 |81.5]79.5|823 [8l.6 [ 798
Si0, 2.20 2.00 | 2.10 | 1.50 { 2.30 | 3.00 [ 5.60 [ 8.90 | 6.40 | 10.5 ] 9.20 | 11.1
ALO; 1.40 0.80 | 1.00 | 0.5 | 0.90 | 1.50 | 0.50 - - - - 0.60
CaO 2.30 1.30 [ 2.00 [ 2.5 | 2.00 [ 3.50 | 0.90 | 0.80 | 0.80 [ 0.60 [ 0.70 | 1.10
P,0s 2.50 5.50 1 4.00 | 4.10 | 430 ] 1.70 | 0.40 | 0.80 | 0.50 | 0.60 - 1.30

Fe 03 2.30 0.40 - - - 0.50 - 0.90 [ 0.70 | 0.90 - -

Y,03 - - - - - - - - - - - 0.90
PbO 2.15 2.551230] 220 [ 1.30 [ 1.60 [ 2.70 - - - - 2.10
Cymma 93.7 87.9 [ 89.4 | 89.1 ] 90.1 1 90.7 193.0 1929 | 879 (949 [ 915|969

Xumuyeckas Gpopmyia 6asupyercst Ha 2-X aToMax kuciopoza (apfu)
U 0.67 0.63 1 0.67 | 0.69 | 0.66 | 0.67 | 0.72 ] 0.63 | 0.7 | 0.6 | 0.65 | 0.55
Si 0.08 0.08 |1 0.08 | 0.06 | 0.09 | 0.12 | 0.22 ] 0.31 | 0.25 ] 0.35 ] 0.33 | 0.35
Al 0.06 0.04 1 0.05 | 0.02 | 0.04 | 0.07 | 0.02 - - - - 0.02
Pb - 0.1 | 0.1 0.1 - - 0.06 - - - - 0.04
Cymma 1.9 1 1.1 1.1 1 1.1 [1.06 [ 1.01 ] 1.02 ] 1.01 | 1.01 | 1.06

[Ipumeuanue: - HIKe opora 0OHAPY>KEHHUS.

Copnepxanne SiO, u UO, B ypaHOBOW CMOJIKE BBIIIC, YeM Y YPaHHHUTA, & YPAHHHUT MMEET

6ouee Beicokue 3HaueHus npumeceii Al,O3, CaO, P,0s, Fe,O3 o cpaBHEHHIO ¢ HACTYpaH.

CpeHuil cocTaB HacTypaH OBLI CpaBHEH C COCTABOM 3TOro MHHepaia u3 paiiona El Missikat

B Erunre xak nokaszano B Tadymie 3.10.




Tabmuma 3.10. Xumudeckuit COCTaB HACTypaHa W3 SIIMOUAOB M3ydeHHOW obmactu u obmactu El

Missikat (Erumner), Bec.%.

63

O6uactp Dab Cena El MlSSikat area
Oxcuppl (n=20) (n=3)
El Kammar, 1997
U0, 81.2 81.1
SiO, 8.62 5.2
ALOs 0.55 -
CaO 0.82 2
P,0s 0.72 -
Fe,0; 0.83 34
Y,03 0.9 -
PbO 2.4 1.5
La203 0.04 -
Ce,05 0.05 -

[IpuMeuanwue: - HUXKe Opora OOHAPYKEHUSL.

SiO; u PbO B HacTypaHn ucciexyeMoii ob6acTH BhIlIe, 4eM B simmonnax oonactu El Missikat,
HO comepxanusi CaO u Fe O3 - mmxe. [Ipumecn P,Os u Y,03 BcTpedaroTcsi TOJIBKO B HACTypaHe
SILIMBI UCCIIELyeMOH 00JIacTH.

Janeczek and Ewing (1992) orMeTuin, 4To ypaHHHHUT M HACTYPaH MOTYT OBITh U3MEHEHBI 1
ObITh 3amelleHs! kKopduaurom. CoBMeCTHO ¢ KOYHUHUTOM MOXKET HAOIIIOJAThCS ACCOLHALIMS
CyNb(HIOB, TAKUX KaK MUPUT, XaJIbKOIHPUT, APCCHONMPUT, FAJICHUT, CHaepuT, A TaKKe
MPHCYTCTBOBATH CaMOPOIHBIE (POPMBI 30J10Ta, cepedpa, HUKEIs U Kenesa.

Takum oOpa3om, B Halieil 00JacTH Mbl YCTAHOBWJIM M HCCIICAOBAIM XMMHUYECKHH COCTaB
IEPBUYHBIX MHHEPAIOB TOPHUS M ypaHa: TOPHUT, YPAaHOTOPHUT, ayepiuT, OPOKUT M ypPaHUHHUT. DTH

MUHEPAJIbl MOT'YT OBITh HCTOYHUKOM BTOPHUYHBIX YPAHOBbIX MUHEPAJIOB.

3.1.2. BropuuHble MHHepaJIbl ypaHa

[TosiBnenne BTOPHUUYHON YpaHOBON MUHEpATU3aLlUi KOHTPOJIHpYeTcs 30Hamu casura B-CB —
3-103 u C-CB - 1O-IOB, B kotopbix (ukcupyercs BiIMsHUE (IIOUIOB Ha TOpHbIC HOpoxbl. Bee
aBTOPbl €IMHOAYLIHO CXOJSATCS BO MHEHHM O Ba)KHOM pPOJNM CABUIOBBIX 30H B (JOPMUPOBAHUH
BTOPHYHON ypaHOBOIl MuHepanu3aiuu. OIHAKO JeTaIbHBIX MHHEPAJOTHYECKHX HCCICHOBaHUIT 10
cuX 1op He ObUTo cienano. [losiBIeHHe BTOPHYHOM yPaHOBOI MUHEPATIHU3aI[MU CBSI3aHO C AaHKOBBIM
KOMILJIEKCOM TOPOJI, TAKMX KaK MUKPOI'DaHHUTBI, JOJIEPUTHI, OOCTOHUTBI U SIIMOMAIBI, KOTOPBIE CEKYT
JIBYCIIOJIsIHBIE IpaHUThI.VIccnenoBaHus oKa3aiy, 4To Haubosee pacnpocTpaHeHHBIMU BTOPUYHBIMU

MHHEpalaMu ypaHa SBIISIIOTCS ayTEeHUT, ypaHO(paH U Ka30JIuT.
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Aytenur
AYTEHNT TIpeACTaBIICH B MHUKpOTpaHWTe, Jojepute u smmouzae. OH IpeacTaBiIeH B

OCHOBHOM B BHJIEC PaCCESIHHBIX 3¢PEH, 3aMOIHAOINX MOIOCTH, HEOAHOPOAHOCTH U TPEIIUHBI TIOPO/I.
JIOMUHHDYIOMIAME ~ KPUCTAUIMYECKAMH  (OpPMaMu  SIBISIFOTCS  IUTACTHHYATBIE W HIOJbYATHIC
KpHCTaJUTBl BeepooOpa3Hoil ¢opmel (puc. 3.7). XMMHUYECKHH COCTaB ayTEeHHWTA IOKa3aH B TabiHLe

3.11.

Puc. 3.7. COM wu300paxkeHue IIaCTUHYATHIX KPUCTAJUIOB ayTEHUTa B Josepute obnactu Db Cena.
Tabmuma 3.11. Xumudeckuil cocTaB ayTeHHTa U3 MUKPOTPAHHTA, OJIEPUTA U SIIMOHUIA

obnactu Onb Cena, Bec%. [Ipumedanue: - HIKe Opora 0OHaApy KEHHSI.

OKCHJIBI/TOUKH MHukporpanut Jonepur Smounn
anammsa 5574 | 5577 | 5589 | 2060 | 2033 | 2040 | 22 64 70
U0, 66.3 65 66.7 68.5 67.3 68.2 66.5 65.7 66.2
SiO, 32 2.3 29 3.1 32 3.8 43 4.4 5.21
CaO 5.5 43 4.7 5.4 5.9 6.8 7.5 83 7.78
P,0s 16.4 16.6 16.9 17.5 18.7 18.8 15.4 17.3 16.2
Na,O 0.15 0.16 0.25 0.27 0.3 0.17 - - -
K,O 32 4 2.1 1.8 3 2.1 - - -
Cymma 94.7 923 93.5 96.5 98.4 99.9 93.7 95.7 95.4
Xumudeckas popMyiia 6asupyercs Ha 12-Tu aToMax KHCIopoJa
U 1.84 1.86 1.86 1.84 1.75 1.73 1.84 1.73 1.76
Si 0.42 0.31 0.39 0.4 0.4 0.46 0.57 0.55 0.66
Ca 0.78 0.63 0.67 0.74 0.78 0.88 1.06 1.11 1.05
P 1.83 1.92 1.9 1.9 1.96 1.93 1.72 1.84 1.74
Na 0.04 0.04 0.06 0.07 0.07 0.04 - - -
K 0.54 0.7 0.36 0.29 0.47 0.32 - - -
Cymma 5.45 5.46 5.24 5.25 5.44 5.37 52 5.2 5.2

HWccnenoBanns nokasany, 4to koaudectBo UO; B ayTeHHTE MUKpOrpaHuTa MeHseTcs oT 65.0
110 66.7 Bec% ; P2Os - ot 16.4 no 16.9 Bec%; SiO; - or 2.3 1o 3.2 Bec% u CaO - ot 4.30 go 5.50

Bec%.
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Aytenut B gonepure cogepxut UO; ot 67.3 mo 68.4 Bec%; P,Os - ot 17.5 mo 18.8 Bec%;
Ca0O — ot 5.4 mo 6.8 Bec% u SiO; - ot 3.1 g0 3.8 Bec%. K,O u Na,O npucyTcTByIOT B BUjE
npuMeceid. XUMHYECKME aHaNIu3bl ayTeHUTa W3 SIIMOMIA XapaKTepu3yloTcsi Oosiee BBICOKMMHM
3nauenusamMu SiO; n CaO, yem B mukporpanure u jponepure. Na;O u K,O He oOHapyxkeHbI B
ayrtenure smmounna. Coxeprkanus UO3 CXOIHBI B MUKPOTPAHUTE, TOJICPUTE U SIIME.

Ypanodan

VYpaHodaH oxapakTepu3yeTcsi JIUMOHHO- JKEJITHIM IIBETOM B SIIMOHJE M XOPOILO BHJICH Ha
MakpoypoBHe. OH 3aIoJIHET TPEIIMHbI U 1eeKThI ITOPObl U cocTaBisieT 10 1 06 % smmMownna.

XuMuuecKuii cocTaB ypaHogaHa mpejcTasieH B Tabnune 3.12. Ypanodan cocrour u3z UOs -
ot 72.7 no 73.7 Bec% , SiO, - ot 15.1 1o 18. 8 Bec% u CaO - or 6.16 0o 7.62 Bec% 1 HEOONBIIOTO
konnuectBa Pr0s. Al,O3 u NayO npucyTcTBYIOT B HEOOIBLINX KOJTMYESCTBAX B BUJIE IPUMECEH.

Abdel-Meguid ¢ coaBropamu (2003) orTmeTHs, 4YTO MOSBJICHHE YypaHO(paHa B IOpOAE
MPUYpPOYEHO K 30HAM CJABHIa M €ro CBSI3b C THAPOTEPMAJHHBIMH H3MEHCHHSIMH MOTYT
CBHJICTEIIBCTBOBATh O €ro T'HAPOTEPMAIBHOM MPOMCXOXKACHUH. [10 MHEHHIO aBTOPOB OTCYTCTBHUE
YeTKMX TpaHell KPUCTAJUIOB M3YyYEHHOro ypaHo(daHa yKa3blBaeT Ha TO, YTO OH HE OCAKAAICA M3
LHUPKYIUPYOIUX noa3eMHbIX Bog (Osmond et al., 1999).

Bropoit Tun ypaHodana oOHapy)XeH B SIIMOMJE M OTJIMYACTCS OT IEPBOTO TUIA BBHICOKHM
conepkaHue xenesa. B ero cocrase npucyrcteyer UO; B koimmaectse ot 29.4 o 51.4 Bec%, Fe, 03 -
ot 19.2 1o 40.0 Bec%, SiO; - ot 8.6 m0 11.6 Bec%, P,Os - ot 1.2 1o 5.3 Bec% u CaO - or 2.3 mo 4.1

BecY%o.
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Tabmuia 3.12. Xumudeckuii cocTaB ypaHodaHa 1 jKele3UCTOro ypanodana u3 siMouI0B

obmactu Db Cena, Bec%.

Ypanodau Fe-ypanodan
Touku aHanusa
Oxcuabl
5631 5651 5654 5601 5603 5598
UOs 72.7 73.5 73.7 45 514 29.4
SiO, 15.1 18.8 17.1 11.6 11.2 8.6
ALLOs - - 0.74 0.5 0.9 1.8
CaO 6.16 7.62 6.23 3.6 4.1 2.3
P,0s 0.89 0.57 - 53 53 1.2
Na,O - 0.15 - - - -
Fe 03 - - - 23.1 19.2 40
Cymma 94.8 101 97.8 89.1 92.1 83.3
Xumun4eckas popmyia 6azupyercs Ha 6-Tu aTromax kuciopoza (apfu)
U 1.27 1.16 1.22 0.71 0.81 0.49
Si 1.25 1.41 1.35 0.87 0.84 0.68
Al - - 0.07 0.04 0.08 0.17
Ca 0.55 0.61 0.53 0.29 0.33 0.19
P 0.06 0.04 - 0.34 0.34 0.08
Na - 0.02 - 0 0 0
Fe - - - 1.11 0.93 2.03
Cymma 3.12 3.23 3.17 3.36 3.31 3.63

[Ipumeuanue: - HIDKe Opora 0OHApY KEHHS.
IMomocTn M myCTOTBI, OCTaBIIMECS IIOCIE PACTBOPEHMS CYIbGHUIOB 3aTOIHSIIOTCS

BTOPHYHBIMU MHHEPAJIAMH ayTEHUTOM U ypaHO(haHOM.

Kaszonur
Kazonut npucyTcTByeT TOJIBKO TOJBKO B MHUKpoOrpaHutax. OH OOBIYHO 0Opasyer »KeNThIX
UIJIOBUJIHBIE KPUCTAUIBI, KOTOPBIE 3alOJIHASIOT MMKPO TpPELIMHOBATOCTh M MEXK3EPHOBOE

npocTpaHcTBO. Pasmep kpucramioB man M konebaercs or 2 jno 25 MkM. MHorzma KpucTamibl
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MPOSIBIIAIOT 30HATBHOCTh. XUMHYECKHH COCTaB Ka30/IUTa U3 MHKPOTPaHHMTA IOKa3aH B TaOIHIAX
3.13u3.14.
Tabauua 3.13. Xumuueckui cocTaB TOHKMX KPHCTAJUIOB Ka30JIMTa U3 MUKPOIPAaHUTOB 00JacTH

One Cena, Bec%

Touku ananM30B

Oxcupt 2216 2027 2333
U0, 40.2 422 44.8
Si0, 9.47 15.6 15.6

ALO; 342 2.14 -
P,0s 0.87 124 -
PbO 358 32.1 353
Na;0 0.18 0.18 0.17
K,0 127 122 12
Fe,0; 31 4.69 -
Cymma 94.4 99.4 97.1

Xumunueckast Gpopmyiia 6asupyercs Ha 4-X aToMax
kuciopona (apfu)

U 0.76 0.67 0.81
Si 0.86 1.18 1.34
Al 0.36 0.19 -
P 0.07 0.08 -
Pb 0.87 0.66 0.82
Na 0.03 0.03 0.03
K 0.15 0.12 0.13
Fe 0.21 0.27

Cymma 3.32 3.2 3.12
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Tabnuma 3.14 Xumuyeckuil COCTaB 30HABHBIX KPHUCTAJUIOB KA30JIUTa

u3 MUKporpanuta obnactu Onb Cena, Bec%

Okerr Iepedepus | Ilentp | Iepedepus | Llentp | Ilepedepus | ILleHtp
2224 2221 2225 2222 2226 2220
UOs 43.5 45.9 42.5 41.7 41 42.1
SiO, 16 8.3 9.52 8.1 15.6 10.1
ALOs 1.85 1.3 2.42 1.38 1.95 1.1
P,0s 1.42 241 1.19 2.6 1.28 2.7
PbO 33.4 39.4 38.5 39.7 32.8 38.9
Na,O 0.15 0.13 0.17 0.12 - 0.2
K,0 - 0.34 1.23 0.44 1.14 0.9
Fe,0; 2.93 1.27 4.62 3.42 5.76 1.3
Cymma 99.3 99.1 100 97.5 99.5 97.3
Xumunueckas hopmysa 6asupyercs Ha 4-x aromax kucaopoaa (apfu)
U 0.7 0.89 0.77 0.8 0.65 0.7
Si 1.23 0.76 0.83 0.74 1.18 0.9
Al 0.17 0.14 0.25 0.15 0.17 0.1
P 0.09 0.19 0.09 0.2 0.08 0.2
Pb 0.69 0.97 0.9 0.98 0.67 0.9
Na 0.02 0.02 0.03 0.02 - 0.04
K - 0.04 0.14 0.05 0.11 0.1
Fe 0.17 0.09 0.3 0.24 0.33 0.09
Cymma 3.07 3.1 33 3.19 3.2 3.03

IIpumeuanue: - HUXKe HOpora oOHApPyKEHUS.

XUMUYECKUI COCTaB Ka30JHTa CBUAETENLCTBYET O TOM, uTo cozaepkanue UO; MeHsieTcs OT
40.2 o 45.9 Bec%,; PbO - ot 32.80 mo 39.4 Bec %; SiO; - or 8.10 mo 16.00 Bec %. B kazonute
obHapyxeHsl HeOospmue npumecu P,Os, Fe,03, ALO3, K,O 1 NayO. Uto kacaercst 30HAIBHBIX

KkpucTamios, To coaepxkanust UO3, PbO u P,Os Bilie B ieHTpe, YeM Ha nepudepun 3epeH.

3.2. AkneccopHble MHHEPAJIbl HHTPY3HBHBIX MOPOJ
3.2.1. llnpkon

I{upkoH gBIsSETCS OJHUM M3 HIMPOKO PAcIpPOCTPAHEHHBIX M Ba)KHBIX aKI[ECCOPHBIX
MHUHEpAJIOB, HMPUCYTCTBYIOIMM BO BCEX THINAX HHTPY3WBHBIX IMOPOJ. DTO OAWH W3 BaKHBIX
MHHEPAJIOTUYECKHX HHIMKATOPOB M MOXET OBbITh XOPOLIMM HCTOYHMKOM HHGpOpMaluu 00
ycinoBusix  opmupoBanusi nopox. OH Takke MOXET ObITh HCIOJNB30BAaH B KauyecTBe
reoTepMoMeTpa.

Mopdonorndecku BbACIACTCS HECKOJIBKO PAa3HOBUAHOCTEH IMPKOHA B Pa3lIMUHBIX THUIIAX
nopoA. B IBycHIOASHOM — rpaHUTE  MPUCYTCTBYIOT — IPEUMYLICCTBEHHO  HAMOMOP(QHBIC

KPYIHO3EPHUCTHIE KPUCTAIIIBI C XOPOLIO MPOSIBICHHOM 30HAIBHOCTBIO (pHC. 3.8) ¥ MEIKO3epHUCTHIC
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BBIZICJICHUSI €3 IPU3HAKOB 30HANBHOCTH. L[UPKOH MUKPOIPaHUTOB HMEET HeNpaBUIIbHBIE HOpMBI Oe3
30H pocta. HeperymspHeie (opMbl HEKOTOPBIX 3€pEH IMPKOHA MOXKHO OOBSICHUTH MX POCTOM,
COIPOBOXKIAIOMINMCS KOPPO3UEH M B3aMMOJICHCTBUEM C OCTaTOYHBIMH paciuiaBamu. VanomopdHsie
(OpMBI [IUPKOHA YKA3bIBAIOT Ha KPHCTAUTU3ALMIO MPU OJArONMpPHUSITHBIX M CTAOMJIBHBIX YCIOBHSIX.
Bospinoe cXOACTBO Kak B MOP(OJOTUH, TAK M B CTPYKTYPHBIX 3JIEMEHTaX OOJBLIMHCTBA 3EpeH
LIMPKOHA yKa3blBaeT Ha KPHCTAJUIM3ALMIO M3 OJHOH M TOH e Marmbl. HekoTopele mccienoBaHus
(Pupin, 1980; Vavra, 1990; Alekseev et al., 2014; Skublov, 2016) cBs3bIBaIOT KPUCTAJUINYECKYIO
(hopMy LIMpKOHA ¢ XUMUYECKHM COCTaBOM Marmbl, U3 KOTOPOW OH KPHCTaJUTM30BAJICS.

HW3y4eHHbIe IIMPKOHBI JBYCITIOASHBIX IPAHMTOB HMEIOT BKIIFOUCHHSI, KOTOPbIC B OCHOBHOM
SIBISIFOTCSL TOPHUTOM, BCTPEYAIOTCS B BHAE MENKHX BbyaeneHuid (puc. 3.8) DTu BKIOYEHHS
0eccucTeMHO OpUEHTHPOBaHbl. HeKOoTOpble KPHUCTA/UIBI LMPKOHA CBOOOIHBI OT BKIIOYEHHMIL.
TpemuHbl, HaOMOZaeMble B HEKOTOPHIX 3€pHAX IMPKOHA, MOTJH OBITh PE3yJbTaTOM JEHCTBHUS
BHEIIHUX CHJI BO BpPeMsl WM HOCJIe MeTaMOp(du3Ma, MOJOMKH IPH MOATOTOBKE TOHKOIO CEUCHHS,
HAJIMYHsI MHOTUX BKIIFOueHHM. OIHAKO TPEUMHbI BO BHEIHeM o6ome (puc. 3.8.c) BO3MOXKHO, ObUIH
BBI3BaHBl Pa3iMYMeM B XMMHYECKOM COCTaBE LICHTPA M KPAaeBOH 30HBI KPHCTAILUIOB, B YAaCTHOCTH
coaepkanuem U, Th, Y u Hf.

V3MeHeHHe HauMHAIOTCS IO TPELIMHAM, 3aTPardBaOMIUM CIeNU(UYECKHe y3KHE 30HBI
KPUCTAJUIOB. B KpalHMX Ciydasx HM3MEHEHHs 3aTpParuBalOT LIEHTPAIbHBIC 30HBI, M3MEHSS BECh
KPHCTAJLIL.

W300paxkeHne LUPKOHA IBYXCIIOASHOTO TpaHUTa B OOPATHO PACCESHHBIX JJIEKTPOHAX
(BSE) nemoHcTpHpyeT XapaKTepHYIO 30HAJIBHOCTb JUIS HCCJISOBAHHBIX KpHCTamioB (puc. 3.8)
30HAIBHOCTD ABISETCS XapaKTEPHOI 0COOCHHOCTHIO IMPKOHOB M3 KHUCIIBIX MarMaTH4ECKHUX ITOPO H,
Kak I0JaraloT, ChOpMHUPOBATIOCH B TEUCHUE UTUTEIBHBIX EPUOL0B KPUCTALIU3ALMU. DTO CBOMCTBO
CBHIETENBCTBYET O TOM, YTO OOJBIIMHCTBO LIUPKOHOB M3 JBYX-CIIIOJIAa TPAHUT KPUCTAJUIU3YETCS B
IIyOMHHBIX MarMaTHYECKHX Kamepax. B psze ciiydaeB IMPKOH XapaKTEpU3yeTCs HaIUYMEM JBYX
LCHTPAJIBHBIX siAE€p, IPUCYTCTBYIOIIMX B OAHOM 3epHe (puc. 3.8). Slapa unupkoHa WMEKOT
MarMaTHYecKylo 30HAIBHOCTh W OKPYIJIbIC ()OPMBI, CBHIETEILCTBYIOUINE O JUINTEIBHOM IIpoLecce
pacTBOpeHHsT M KpPHCTALIM3AlUM. 30HAJIBHOCTh IIMPKOHA OINpEesieTcss ABOJIOLHMEH cocTaBa
paciuiaBa-pacTBopa B IMEPUOJ POCcTa M Pa3aM4YHbIM coctaBoMm 3nemeHToB-tipumecein (U, Th, Pb)

(Pidgeon, 1992).
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@ ,

Puc. 3.8. Mukpodororpadun KpucTaUIOB HUPKOHA B 00PATHOPACCESHHBIX AJICKTPOHAX U3
JBYCIIIOASHBIX TPaHUTOB obstactu Db Cena.
(a) 3oHanbHbIN KpucTawt; (b) BKIOYeHHs TOpUTa (Oeble TOUYKH); (C) TOHKO 30HaIbHBIN KPUCTAILT,
(d) 30HaNBHBIA KPUCTAILI C ABYMSI IAPAMU.

CymectByer Mopgoiornueckas kinaccupuxanus mupkoHoB I[lymmua (1980). Kpucrammst
LUPKOHA JEMOHCTPHPYIOT NpEUMYyIIeCTBEHHOE pa3Butue nupamuasl {101} u, B wacTHOCTH,
BO3HHMKHOBeHHE nupamupl {211} ¢ momunnposanuem npusms {100} . [Tnockas - {101} nupamua S
v P-tunoB oObryHO Oonbine, ueM kpytas -{211} nupamupa. IlynuH npeamnonokui, 4To LUPKOH,
KPUCTAJUTM3YIOIIMICA M3 MIEJIOYHOM Cpelbl, MMEET XOpouio pas3Burylo nupamuay {101}. B
JIBYCIIOASTHOM TpaHute obmactw Onp Cena TPHCYTCTBYIOT, B OCHOBHOM, JBa pa3IMYHBIX
mopdomorndeckux tuma (puc. 3.9). OHM NpeACTaBICHBI KPHUCTAUIAMH pa3MepoM a0 125 MM u
cootBetctByeT P2 (70 %) u S10 (30 %) TvnM. B OCHOBHOM OHHM PacIOJIOKEHBI BJOJb LIEHTPATbHON
IpaBoi 4aCTH THIIOJIOTHYECKOH JUarpaMMbl ¢ BBICOKMM A-MHIIEKCOM M yMepeHHbIM T-nHaekcom. P-
THII [JIABHBIA THUII ¢ OTHOCUTENbHON yacToToi 70 %. Ilynun (1980) npeamnonoxmun, uro tHnsl S U P
HPOSIBIISIFOT OTYETIIMBYIO CKIIOHHOCTD K PACIPOCTPAHEHHUIO B OOraToi KajiueM IIeNOvHOi cpene. Jta
Pa3HOBHJHOCTb LMPKOHA ITTOYTH AHAIOTWYHA TOMYJSALMHU IIeNo4HOro rpanuta I-ro tuma (Pupin

1980).



71

Puc. 3.9. Mopdonoruueckas knaccubpuranus mupkoroB (Ilymun, 1980). Mopdorunsr nupkoHa
JIBYCIIOZSIHOTO rpaHuTa obnactu Dib Cena BbIIeNeHb! [[BeTOM. VHIEKC A OTpakaeT COOTHOIICHHE
Al/menoyb, KOHTpONMpys pa3BuTHE mnupamu] B Kpuctawiax. Wugekc T orpaxkaer BnusHuE

TEMIIEPATYphbl HA Pa3BUTUEC ITPU3M.

Hupkon cootBercTByeT 06miel dopmyne ABO4, rae monmoxeHne A mpeacTaBisieT co0oit
OTHOCHUTEJILHO 0O0JIbLION HOH LIMPKOHUS B BOCBMEPHOH koopauHauuu ¢ O, u nonoxxexHue B 3anumaer
HOH KpeMHUsl B TeTpadipuueckoi koopauHanuu ¢ O. B nmo3unuu A 1upkoHU MOXET ObITh 3aMEHEH
YETBIPEXBAJICHTHBIE (M4+ = Hf, Th, U), TpexBaneHTHbIC (M3+ = P33, Y, Fe) u nByxBaneHTHbIC
karnonsl (M>" = Ca, Fe, Mg, Mn) (Hoskin and Schaltegger, 2003). XuMmudeckuii coCTaB LHHPKOHA

HMHTPY3UBHBIX [TOPOJ TIpecTaBlieH B Tabauuax 3.15 - 3.17.
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Tabmmma 3.15. XuMudecknii cOCTaB 30HANBHBIX IUPKOHOB ABYCIIOISHOTO TPaHHTa OOJNACTH DIb
Cena, Bec%.

Ientp — Iepedepust
Oxcuabl Touku aHaIU30B
4428 | 4429 [ 4430 | 4437 | 4438 | 4435 | 4440 | 4441
Si0, 33.3 [31.42(31.83[31.17 | 31.1 | 27.7 | 30.9 | 30.0
ZrO, 65.0 | 62.5 | 62.5 | 629 | 62.8 | 57.4 | 61.9 | 58.2
HfO, 2.1 [ 215235 | 1.85 | 191 [ 348 [ 2.06 | 2.9
U0, - 1.6 [ 1.51 | 0.88 | 1.01 | 449 | 1.99 | 2.72
ThO, - - - - - 0.65 - -
Y203 - - - - - 1.21 - -
Fe 03 - 1.27 [ 1.49 - 1.34 | 2.07 [ 1.89 [ 3.27
CaO - 0.43 - 1.27 [ 0.88 | 2.49 | 0.76 | 1.78
MnO, - 0.59 | 0.6 1 1.01 | 0.52 | 0.73 | 0.87
Cymma 100 | 99.9 | 100 [ 99.2 | 100 | 100 | 100 | 99.8
Xumuyeckas Gopmyia 6aupyercst Ha 4-X aTOMax KUCIOpoJa
Si 1.02 | 0.98 [ 0.99 [ 0.97 | 0.97 | 091 | 0.96 | 0.95
Zr 0.97 1 095 | 0.94 [ 0.96 | 095 | 092 | 094 | 0.9
Hf 0.02 | 0.02 | 0.02 [ 0.02 | 0.02 | 0.03 | 0.02 | 0.03
U - 0.01 | 0.01 | 0.01 | 0.01 | 0.03 | 0.01 | 0.02
Th - - - - - 0 - -
Y - - - - - 0.02 - -
Fe - 0.03 | 0.03 - 0.03 | 0.05 | 0.04 | 0.08
Ca - 0.01 0 0.04 [ 0.03 | 0.09 | 0.03 [ 0.06
Mn - 0.01 [ 0.01 | 0.02 [ 0.02 ] 0.01 | 0.02 [ 0.02
Cymma 2 2.01 | 2.01 | 2.02 | 2.02 ] 2.06 | 2.02 | 2.05

HpI/IMC'-IaHI/IeZ - HWKE T10pora O6Hapy)KCHI/I$I.

W3 Tabnuuel crienyeT, 4To B LEHTPalIbHOM 4YacTH HupKoHa coaepxkutcs ZrO, (ot 62.5 mo
65.01 Bec%), SiO; (ot 31.1 go 32.4 Bec%), HfO; (ot1.8 1o 2.1 Bec%) u UO; (010.8 no 1.6 Bec%). B
nepudepuueckoit 3oue copepxkanust ZrO, konedmotes (o1 50.4 no 57.1 Bec %), SiO, (ot 30 mo 31
Bec %), HfO, (ot 2.8 mo 4.5 Bec %), UO; (ot 2.9 no 4.4 Bec %). ZrO, umeet HanOOIbITHE 3HAYCHUS B
[EHTPe KPHCTAIUIOB, B TO BpeMs kKak kopka HakarumBaeT UO,, ThO, u HfO,. Comepxanust Y,03
00HAPYKUBAIOTCSI TOJIBKO B IIEHTPE KpUCTAIUIOB. MccnenoBanus He BbIsBIIM conepkanuil P,Os nin
JIPYTUX MUKPOBKIIIOUEHUH B IIUPKOHE.

Pe3ynbTaThl HCCIEIOBAHHS OTACIBHBIX HE30HAJIBHBIX 3€PEH HUPKOHA MPUBEICHBI B TabIIHIe

3.16.
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Tabmuia 3.16. XumMudeckuit COCTaB HE30HAIBHBIX 3¢PCH [IUPKOHA M3 JBYCIIOASHOTO TPAHUTA

obactu Db Cena, Bec%

Touku aHaTU30B

ORenml [T 1773 | 1870 | 1880 | 1889 556 | Cpennee
Si0, | 323 | 308 29 31 30.1 29.9 30.5
70, | 618 | 617 | 598 | 594 60 60.5 60.5
HfO, | 1.86 1.53 .69 | 2.19 2 221 191
CaO | 139 | 2.8 | 3.89 112 1.96 1.61 2.02
Fe,0;, | 067 | 094 149 | 089 2 2.13 1.35
TiO, - - - - - - -
ALO; | 009 | 094 127 L13 | 072 | 064 0.8
Y,0; - 0.48 1.57 - - - 0.34
SCzOg - - - - - -

ThO, 0.39 0.57 - 2.99 1.72 1.09 1.13
UO, 1.46 0.81 1.26 1.29 1.49 1.99 1.38

Cymma 99.9 99.9 99.9 100 99.9 100 99.9
Xumudeckas Gopmyia 6a3upyercsi Ha 4-x aToMax KUCIOpoa

Si 1 0.96 091 0.97 0.95 0.94 0.96
Zr 0.93 0.93 0.92 0.91 0.92 0.93 0.92
Hf 0.02 0.01 0.02 0.02 0.02 0.02 0.02
Ca 0.05 0.07 0.13 0.04 0.07 0.05 0.07
Fe 0.02 0.02 0.04 0.02 0.05 0.05 0.03
Ti - - - - - - -
Al - 0.03 0.05 0.04 0.03 0.02 0.03
Y - 0.01 0.03 - - - 0.01
Sc - - - - - - -
Th - - - 0.02 0.01 0.01 0.01
U 0.01 0.01 0.01 0.01 0.01 0.01 0.01

Cymma 2.03 2.05 2.09 2.03 2.05 2.05 2.05
IIpumeuanue: - HIDKe TIOpora OOHAPYKEHUSL.

IlupxoH U3 APYruX MHTPY3UBHBIX IOPOJ MPEICTABIEH OTAEIBHBIMA MENKUMH 3epHaMu. Ero

cocTaB npuBe/ieH B Tabnuie 3.17.
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Ta6muia 3.17. Xumudeckuii COCTaB IIMPKOHA 3 MUKPOTPAHUTA, TOJEPUTA U OOCTOHUTA

obactu Db Cena, Bec%.

Oxerer MuKporpaHut Joneput Bocronut
406 | 1667 | 2100 | Cpennee | 1566 [ 1789 1799 Cpennee [ 1250 [ 1253 | 1620 | Cpennee
SiO, 349 [ 31.6 [ 31.2 32.6 30.2 [ 30.1 30.9 30.4 31.4 ] 308 | 31.6 313
710, 62.2 [ 63.5 | 64.2 63.3 59.2 [ 594 60.2 59.6 60.3 | 61.3 | 60.9 60.8
HfO, - - 1.14 0.38 - - - - 0.8 1.5 [ 1.76 1.35
CaO 0.1 1077 09 0.59 0.63 | 043 0.39 0.49 1.76 1 0.77 ] 0.3 0.94
Fe,05 0.5 ] 0.6 | 0.67 0.59 3.26 [ 1.52 1.84 2.21 123 ] 14 | 09 1.18
TiO, - 1.82 - 0.61 - - 3.07 1.02 - - - -
ALO; 1.23 [ 0.87 [ 1.25 1.11 2.02 3.5 1.7 2.41 2441 18 1.1 1.78
Y,0; - - - - 2.57 | 249 1.14 2.07 1 1.19 | 2.96 1.72
Sc,0; 095 [ 0.1 0.2 0.42 0.67 | 0.67 0.31 0.55 1.18 | 1.23 | 04 0.94
ThO, - - - - - - - - - - - -
U0, - - - - - - - - - - - -
Cymma | 99.8 [ 99.2 [ 99.5 99.6 98.5 | 98.1 99.5 98.7 100 | 99.9 | 99.9 100
Xumuyeckasi popMyi1a 6asupyercs Ha 4-X aToMax KHCIOopoja
Si 1.1 1 0.98 1.02 095 | 095 0.97 0.96 0.95 1095 ] 097 0.96
Zr 0.95 [ 0.97 | 0.98 0.97 091 | 091 0.92 0.91 0.89 ] 0.92 | 0.92 0.91
Hf - - 0.01 0 - - - - 0.01 | 0.01 | 0.02 0.01
Ca 0 0.03 | 0.03 0.02 0.02 | 0.01 0.01 0.02 0.06 | 0.03 | 0.01 0.03
Fe 0.01 [ 0.01 [ 0.02 0.01 0.08 [ 0.04 0.04 0.05 0.03 [ 0.03 | 0.02 0.03
Ti - 0.04 - 0.01 - - 0.07 0.02 - - - -
Al 0.05 [ 0.03 | 0.05 0.04 0.07 | 0.13 0.06 0.09 0.09 | 0.07 | 0.04 0.06
Y - - - - 0.04 | 0.04 0.02 0.03 0.02 ] 0.02 | 0.05 0.03
Sc 0.03 0 0.01 0.01 0.02 [ 0.02 0.01 0.02 0.03 ] 0.03 | 0.01 0.02
Th - - - - - - - - - - -
U - - R - - N R - - R - -
Cymma | 2.14 | 2.09 | 2.07 2.1 2.09 2.1 2.11 2.1 2.07 ] 2.05 ] 2.03 2.05

[Ipumeuanue: - HUXE OPOra OOHAPYKEHUSL.

B nByci0sIHOM rpaHHTe LHUPKOH COAEPKUT Haubosee Beicokue 3HaueHus: HfO,, UO,, ThO,

n CaO, Ho Hamnboree HU3KKME KOHLEHTpamu Scy03. B nonepurax He obHapysxena npumecs HfO, , a

B MHKporpanutax - Y,03;. Cogepxanue TiO, B LUpKOHE U3 ABYCIIOISIHOrO TPaHUTA U OOCTOHHTA

HIKE ITOpora 0OHapYKEHHS.

Tpoiinas guarpamma Hf - (U+Th) - (Y+REE) cocraBa nunpkoHOB C HAHECEHHBIMH COCTaBaAMHU

HCCIIeyeMbIX OPOJ TpHUBeeHa Ha pucyHke 3.10.
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Puc. 3.10. Hf — (U+Th) — (Y+REE) Tpoiinas nuarpamma cocraBa UMPKOHA HHTPY3UBHBIX OPOJI.
1 — 4 - HacTosmas pabota, obmacte- Onb Cena: 1-mBycmioasHO# rpaHuT (n=11); 2 — MUKpOTPaHUT
(n= 6); 3 - pomepur (n=2); 4 - Oocronur (n=2); 5 - cuenorpanut Nikeiba, Eruner
(neomyOuMKOBaHHBIE JaHHBIEe, N=4); 6 - rpaHuT CalMHHCKOro MaccuBa panakusy, Py6, 1994 (n=4);
7 — aBycntonsHble rpaHuThl obnactu Db Cena, Ali and Lentz 2011 (8 oOpasuos); 8 - B cpeanem apa-
cmopa, rpaHut, ['amup, Ermmer, Ali and Lentz, 2011 (n=5); 9- peaxomeraulbHBIE T'PaHHUTHI
IIpumopss, Rub, 1994 (n=12);10 — rpanutsl panakueu FO.Ilpunagoxse, Larin, 2011(n=12),11 —
IPaHUTHI panakuBy 1epBoit (a3sl CanMuHCKOro Maccusa, Rub, 1994 (n=8).
BbI10 1poBeseHO CpaBHEHHE COCTaBa LIMPKOHA MHTPY3UBHBIX mopoj obnactu Onb Cena ¢
UPKOHAMH 3 Apyrux peruonoB Erumnra, [Tpunanoxss u [pumopss. LIMpKOHBI H3yYEHHBIX TOPOJT
HEe OOHApY)KMBAIOT SIBHOTO CXOJACTBA C ILMPKOHAMU IMOAOOHBIX HMHTPY3HBHBIX IMOPOJ IPYTHX

PETHOHOB.

3.2.2. Ipyrue aneccopHble MHHEepPaJIbl HHTPY3HBHBIX OPOJ

Momnanurt

MoHauuT BCTpeyaeTcss B BUJE BBbIICICHHN OKpyrioi ¢opwmsl (puc. 3.11). Ha moBepxHOCTH
OKPYTJIBIX 3pEeH MOHAIHUTa HaOIoIal0TCs 1eeKThl B BH/E IMOK U KAHABOK. XHMHUYECKHH COCTaB

MOHAIIUTa HHTPY3UBHBIX IIOPOJ IIpeAcTaBieH B Tabnuie 3.18.
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Puc. 3.11. COM wu300paxeHre MOHAIMTA U3 ABYCIIOSIHOTO TpaHuTa obiactu Db Cena.

Tabauua 3.18. Xumuueckuii coctaB MOHALMTa HHTPY3UBHBIX opoJ obiactu Db Cena, BecYo

JBycmonsHoi MukporpasuT Honeput bocronur
Oxcusl TPaHUT

Touku aHanu3a
1 2 3 4 5 6 7 8 9 10 11 12
AL Os - - - 0.28 1.8 2 - - 123 1.3 1
SiO, 1.85(4.58 1543 1.16 | 391 222435 1.1 |2.16]| 0.8 | 0.8 | 0.6
P,0s 343129.830.1 | 29.1 | 26.1 |[29.3|24.5]25.1| 25 |24.2]23.1[22.3
Fe,O; | 1.93 - 1.69 - 2.1 | 134 1 0.9 - 1.95( 1.2 | 2.1
La,O; [254|142|174| 245 | 223 (243]23.3(22.2]25.1(19.2]26.2|20.1
Ce,O3 [22.6129.6(20.2) 229 | 28.1 |21.9]31.3]33.7130.3|31.6]|31.4]33.5
Pr,0; - 3.51(335] 2.5 - - 359(3341346| 02 | 22 | 3.5
Nd,O; [4.33[153|17.4] 193 | 158 | 183 (123 [11.6]12.4| 153 7.4 | 10.1
ThO, |6.94| 2.1 | 1.5 - - - - 1.2 | 1.8 53 ]62] 6.7
U0, 3.1 051277 - - - - - - - - -
RE;O3; |52362.6|584| 69.2 | 66.2 |64.5[70.5]70.8|71.3]66.3|67.2]67.2
Cymma | 100 [99.6 199.8 | 99.7 100 [99.4] 100 | 99.1 [ 100 | 99.8 | 99.8 | 99.9
Al - - - 0.05 | 0.32 [0.35 - - - 0.24 (026 ] 0.2
Si 0.26 10.68 [ 0.78 | 0.18 | 0.59 |0.33]0.69|0.18 [ 0.35]0.13]0.14| 0.1
P 4.1313.7213.68 | 3.83 | 3.35 [ 3.7 |3.28(3.52]13.46(3.39| 3.3 |3.23
Fe 0.21 - 0.18 - 0.24 10.15[0.12 [ 0.11 - 0.24 1 0.15 [ 0.27
La 1.33(0.771093 | 14 1.25 (1341136 (1.35]1.51 [1.17]1.63|1.27
Ce 1.2311.67|1.12| 1.37 [ 1.63 | 1.25| 1.9 |2.14| 1.9 |2.01 [2.03] 2.2

Pr - 0.2 ]10.18 [ 0.15 - - 102210.21)0.22(0.01]0.14]0.23
Nd 022{0.81] 09 | 1.07 | 0.86 10.97]0.69[0.69]10.72| 0.9 [0.45]0.62
Th 0.22 1 0.07 | 0.05 - - - - [0.05{0.07| 0.2 [0.24 [0.26

U 0.1 {0.02{0.09 - - - - - - - -
Cymma | 7.721793 791 | 8.05 [ 824 |8.09[8.25]825]|822| 83 |8.34]8.39
Ipumeuanue: - HIKe Topora oOHapykeHus. XuMuueckas Gpopmyna Oasupyercs Ha 16-TH aTomax
KHCIJIOpOJa.

Xumuyeckas GpopMysia MOHALIUTA MOXKET OBITH IIPE/ICTABICHA B CIICAYIOIIEM BUIC

JeycmoasHoi rpanut (REE;  Thy Uy, )(P35Sip6)sOs6.
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Mukporpaaut (REE;g)(P36Sig3Alo2 Fe 01)4O016.
Joneput (REE4 3Tho 06)(P3.4Si0.4F€0.1)4O016.
Bocronut (REE42Thg2)(P33Sip1Fe2)4O016.

Haubonee Breicokme 3HaueHns cymmbl (REE;Os) xapakrepus s nonepura (70.8-71.3
Bec%). 3HaueHus nepus Menstorcsa ot 20.2 1o 33.5 Bec % Ce,0;. Comepxanust La - (14.2-26.2) Bec
% La,0s, B mopsake ymeHbieHus 3uaueHnii cneayrot Nd (4.3-19.3) Bec % Nd,Os, Pr mo 3.6 Bec %

Pr,0;. Coneprxanust UO; 3apMKCHPOBaHBI TOJIBKO B MOHALIUTE JIBYCIIOSHBIX TPAHUTOB.

bactae3ut

BactHe3uT 0OHapysKeH B ABYCIIIOISHBIX TPAHUTHBIX U OOCTOHUTHBIX UCCIIELYEMOT0 y4acTKa B
BUJIE MEJKO3EPHUCTBIX MIJI, a TAKKe BbIACNCHUI OKpYIJod (GOpMbl, a HMHOTAA INPEACTABICH
TaOaM4HBIMU 3epHaMH. OH OOBIYHO HAXOJWTCS B acCOLUMALMM C LUPKOHOM, MOHAIMTOM H
(iroopuToM M MMeeT pazmep okoio 20 MKkM. XMMHUUECKHI cocTaB 0aCTHE3UT MHTPY3HUBHBIX IIOPOJaxX

npeacTasieH B Tabmme 3.19.

Ta6muua 3.19. Xumudeckuii coctaB 6acTHE3UTa HHTPY3UBHBIX Opo. obiactu Db Cena, BecY.

JIByCIIOASIHOM TpaHHT [ BocTtonut
OKCHIbI Touku aHanusa
1 2 3 4 5 6 7 8 9 10 | 11 12 | 13 14
ALOs; [ 12 109 |31 04 ]02]50(|12]17 - - 63 103021
Si0, 3715711 ]11(03 )32 ]16[18]12]09]07]01]17]09
CaO 47 |83 | 11423 |11.3] 71 (43 |81 |18 [ 1211120 - 1.2

La)O; |27.6|24.2|24.8]30.7]253|21.8]39.0]24.9|29.6|359]30.0)29.6|394]39.0

CexO3 [35.1[29.4129.9]23.7|29.2]23.4]269|27.2]252(27.920.1]23.5]|33.0)|22.7

ProO; |26 |21 | 18 (32|12 |25 | 18|22 |38 - 3.1 [ 43 - 2.3
Nd,O3 | 53 | 89 | 73 |14.1] 62 |125] 69 | 94 |163| 88 | 105|17.1| 5.8 | 11.7
Smy03 - - - 1.4 ] 1.0 - - 03 | 3.1 - 24 | 3.7 - 1.8
Y,05 1.3 ] 1.1 | 3.0 - 13 14110 ] 17 - - - - - -

ThO, - 0.7 - 1.5 - 0.6 - 04 23|25 |17 - - 1.3
Fe;O3 | 0.8 | 2.4 | 0.7 - 2.6 - - 09 116 |12 ] 1220 - 1.2

F 5411471 | 5.8 | 3.9 5 |417]63 |45 |33 |517]439] 46 1299|349

Cymma | 87.7]84.1 | 88.9 | 82.3 | 83.5|84.5|89.0|83.1|88.2|83.5|81.6|87.9]|859]87.6

IIpumeuanue: - HIKe TIOpora OOHAPYKEHUSL.

PesynbTaThl aHanmM3a IOKa3auM, 4YTO OAcTHE3UT JBYCIIOASHBIX TI'PAaHUTOB COJEPKHT
HanOounbme koHneHTpanun La,03 (27.3 Bec%), Ce 03 (28.1 Bec%), Nd,O; (8.8 Bec%), F (5 Bec%).
Ilo conepxannto REE GactHe3ut 6ocToHHTOB 3aHMMaeT Bropoe Mecto La,Os (33.9 Bec%), Ce,0;

(25.4 Bec%), Nd»O5 (11.7 Bec%), F (4 Bec%).
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Kcenotum
Kcenotum siBisiercss omumM w3 muHepanoB Oorateix HREE. On  mpucytctByer B
JIBYCIIOJISIHBIX TPaHUTaX B BUJE KPHUCTAUIOB HENPaBWIBLHON (GopMmbl pazmepoMm or 2 mo 10 pm.

XMMHYECKHH cocTaB KCEHOTHMa IpesicTaBieH B Tabumie 3.20.

Tabnuua 3.20. XuMHYeCKHi COCTaB KCEHOTHMA U3 JIBYCIIIOSIHOTO TpaHuTa obnactu Dib Cena, Bec%

Touku aHanm3a
1 2 3 4
Y203 493 473 48 45.1
P,0s 35.8 36.9 37.2 359

OKcHIb

CaO 0.3 0.2 0.3 0.07
Gd05 1.9 2.6 2.7 4
Dy,0; | 438 5.4 1.9 6.3
Er,0; 3.5 3.9 45 2.9
Yb0y | 27 2.5 5.1 47
AlLO; 0.8 - - R

8i0, 0.5 0.8 0.2 0.9

Cymma 99.6 99.6 99.9 99.87

Xumnueckast popmyia 6azupyercst Ha 4-X
aToMax kucnopozna (apfu)

Y 0.85 0.81 0.82 0.78
P 0.98 1.00 1.01 0.99
Ca 0.01 0.01 0.01 0
Gd 0.02 0.03 0.03 0.04
Dy 0.05 0.06 0.02 0.07
Er 0.04 0.04 0.05 0.03
Yb 0.03 0.02 0.05 0.05
Al 0.03 0.00 - -
Si 0.02 0.03 0.01 0.03
Cymma 2.01 1.99 1.99 2

HpI/IMe‘IaHI/IGZ - HUXKE 11opora 06Hapy>1<el-m5{.

Cpennue 3HaueHns coaepxkanus Y,0s, P,Os u RE>O; cnenyromme (47.4, 36.5 u 14.9 Bec%,
COOTBETCTBEHHO). AHAIU3bI TOKA3aIIH, YTO KCeHOTUM conepxut Dy,0; (1.9 — 6.3 Bec%), ErOs (2.9

—4.5 Bec%) and Yb,03(2.7-5.1 Bec%).
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Cden
Cden pacmpocTpaHeH Kak aKIECCOPHBIH MHHEpall, MPHCYTCTBYIOIIMHA B BYCIIOASHBIX

IpaHUTaxX U Jaikax joneputoB. Ero xuMuueckuii coctaB npeacrasieH B Tabmune 3.21.

Tabmuma 3. 21. XuMudeckuii coctas cheHa U3 ABYCIIOISIHOTO TPAHUTA U I0JICPUTa
obsactu Db Cena, Bec%

JIBycnroasiHOM Joneput
Oxcunipl TPaHUuT

Touku aHamM3a
1 2 3 4 5
TiO, 33.6 32.7 33.9 34.0 45.1
SiO, 30.2 31.2 27.9 30.8 26.9
CaO 26.0 26.4 23.1 26.2 23.1

AlLO3 43 4.0 24 1.9 0.7
Fe 03 1.3 1.7 7.8 2.4 5.6
F 1.9 1.7 - - -

TIpumeuanue: - HIDKe opora OOHAPYKEHHUSI.

Ilo cocraBy cden u3 pasHsix nopox ommmyatorcsi. Conepskanus TiO, u Fe;O3 Bbimie B 3ToM
MHHepajie U3 JoJiepuTa, B To Bpems kak SiO,, CaO u Al,O3; HakammMBaroTcs B cheHe IBYCIIOISTHOTO
rpaHMTA.

PyTun

PyTun sBiseTcs TMIMYHBIM aKIECCOPHBIM MUHEPAJIOM HMHTPY3UBHBIX IOpOJ 00iacTH b
Cena. OH mpeAcTaBiICH NPABHIBHBIMH KPUCTALIAMH M MEJIKHMH BBIICJICHUAMH HEIPaBHIBHON
(OpMBI ¥ HaXOIUTCS B aCCOLMAIUK C LUPKOHOM, MOHALIUTOM, YPaHOPOPUTOM M YpaHUHUTOM. Ero
XHUMHYECKHI COCTaB Mpe/CTaBieH B Tabmuie 3.22.

Tabnuua 3.22. XuMu4ecKuil COCTaB pyTHIa U3 MHTPY3UBHBIX nopox obnactu Dib Cena, Bec%

Oxcunsl | JIBycmonsHoi Mukporpanur Jonepur Bocronur
TPaHUT

TiO, 89.7 73.4 88.9 84.3
Fe O3 3.5 3.0 6.2 7.5
Nb,Os 1.4 0.0 0.0 0.0
SiO, 0.0 10.6 4.5 1.8
ALO; 0.0 3.7 0.5 0.0
uo, 0.0 0.2 0.0 0.0
Cymma 100 98.7 99.9 99.2

Iprmeyanue: - HIDKE MOpora OOHAPYKCHUS.
AHaNu3bI MoKa3alk, 4To Haubosiee HU3kue 3HaueHUs TiO, XapakTepHbI Uil MUKPOIpaHHTa

(73.4 Bec %), a Haubomee BBICOKME — I JBycmoisHoro rpanuta (89.7 Bec %). B Hem
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npucytctBytor mpumecn Fe)Os, SiO, u AlLO;.  Ilpumecs Nb,Os xapakTepHa TOJIBKO IS

nBycoasHoro rpanuta (1.4 Bec %), a UO, obHapyxeH Toibko B Mukporpanute (0.2 Bec %).

Bapur

Kpucramis! 6apura npecraBieHbl INIAaCTHHYATBIME, BeepooOpa3HeIMu popMamu. OH

MIPUCYTCTBYET BO BCEX THIIAX MHTPY3MBHBIX Mopo (Tadm. 3.23).

Tabauua 3.23. Xumuueckuii cocraB 0apura HHTPY3UBHBIX nopoj obnactu Db Cena, BecYo

JBycmronsaoit | Mukporpanut | Jlonepur Bocronut
DneMeHTHl I'PaHUT
Touku ananusa

2385 111 159 206

Ba 60.1 59.8 53.4 52.7

S 13.5 13.9 13.7 10.8

(0] 243 24.9 24.1 20.9

Al - - 0.36 0.41

Si - 0.31 1.1 0.24

Ca - - 1.37 0.43
Fe - 0.66 0.73 -

Cymma 100 100 99.1 99.2

[TpumeyaHue: - HIKE IOpOra OOHAPYKEHUSL.

Haubonee Bbicokue coaepxanus 6apusi XapakTepHbI Julsl OapuTa U3 IBYCIIOASHBIX TPAHUTOB

U MUKPOTPaHHUTOB.

Cynbhust
Cynbuapl IIHPOKO MpENCTaBICHbl B HHTPY3UWBHBIX TNopoaax obmactu Onp Cema. B
JIBYCIIOZSTHOM TPaHMTE OOHAPY)KEHBI NMUPHT, TAICHUT M cdaneputr. B Mukporpanute u nonepure
Cynb(UABl NPeICTaBICHbI MUPUTOM, XAJIBKOIHUPUTOM, apCEHOIMPUTOM, c(hajJepUTOM U TaJeHUTOM.
Cynb(uipl BCTpedaroTcss B BHJEC BKPAIUIEHMH M BBINOJHEHUH TPELIMH U MyCTOT B MHTPY3UBHBIX

TIopofax.
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[Muput sBAsIeTcss Hauboee pacpoOCTPAaHSHHBIM CYIb(HUIHBIM MUHEPAIOM, BCTPEUAOIIMMCS
B MHTPY3HUBHBIX nopozax obnactu Jnp Cena. [TupuT mprcyTCTBYET COBMECTHO ¢ MUHEpAJIaMH ypaHa
- YPaHUHHUTOM, HACTypaHoM M Ko(penutoM. ITMpHUT 4acTo OKaliMiIeH OKCHIAMH U THIPOKCHIAMH
xkenesa. IlocnenHue 4acTo accOLMUPYIOT C BTOPHYHBIMM MHHEpaJlaMH ypaHa - ypaHO(paHOM U

AyTCHHUTOM.

CaMopOoaHBIE METAILIBI

B nopopax oGHapy»KeHbI CAMOPOHBIE MHHEPAJIbI, TAKUE KaK 30J0TO, Cepedpo, HUKEIb, ME/lb

¥ kene3o (puc. 3.12). Xumuueckue aHaIu3Bbl IPUBEICHBI B Tabnuue 3.24).

Puc. 3.12. COM u3obpaxeHne caMopoHOro Ag 3 IByCIIOASHOrO rpaHuTa obnactu Db Cena.

Tabauna 3.24. XUMHUYECKHH COCTaB CAMOPOJIHBIX METAIIOB

U3 HHTPY3UBHBIX TTopoa obnacu Dib Cena, Bec%o

JBYCIIOASHOW TpaHUT Muxkporpanur

Elements | Ag | Ag Ag | Ni [Au | Au | Ni Ni Fe |Fe Iilll_
Au - - - - 96.8 | 97.1 - - - - -
Ag 97.5 1 99.1 | 98.2 - 1 1.4 - - - - -
Ni - - - 96.1 - - 95.3 97.7 - - 18.7
Fe - - - 05103 | 075 0.71 959 | 97.7 1.4
Cu - - - - - - - - - - 74.2
(6] 0.8 0.3 1 1.6 09 (| 1.1 | 2.12 1.58 3.1 1.5 1.8
Al 0.5 0.1 0.5 1 - - - - - -
Si 1.2 0.5 0.3 1.3 0.7 { 0.1 | 0.74 - 1 0.7 1.7
Ca - - - - - - - - - - 0.9

Sum 100 100 100 100 | 99.9 [ 100 | 98.91 | 99.99 | 100 99.9 98.7

IIpumeuanwue: - HIXKe IOpOra OOHAPYKEHUSL.
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30J10TO TPEUMYIIECTBEHHO CBSI3aHO C KBapIEBBIMU JXMJIAMH B MHKPOTPAHUTaX. AHaJH3bI
MOKa3ajy, 4To coaepkanue Au mensiercs ot 96.8 1o 97.1 Bec%. CamopoznHoe cepedpo 0OHapYKEHO
B JIBYCIIFOJISTHBIX TPaHUTaX B BUE BBIJCICHUI 10 5 um U B accouuanuu ¢ cyiabpuaamu. [To coctaBy
Ag conmepxur 98.2 Bec% sToro snemeHra. CaMOpOIHBIH HUKEIb OOHApYyXKeH B JIBYCIIOASHBIX
TpaHUTax U MUKPOTPAHHUTAX B BUJE MEJIKHX BblaeleHUH. CaMOpO/IHAst Me/Ib U JKEJIe30 IPUCYTCTBYIOT
B Mukporpanutax. CoctBa camopozHoi meau cnenyronmii: Cu (74.2 Bec%) u Ni (18.7 Bec%).

Takum 00pa3oM, MHPOBEICHO CHUCTEMATHYECKOE HCCICAOBAHME MHHEPAIBHOTO COCTaBa
PYIHBIX M AaKIECCOPHBIX MUHEPAIOB W3 PA3IMYHBIX HMHTPY3HBHEIX Hopox obmactu Oub Cena.
OmpezienieH XMMHYECKMH COCTaB MEPBUYHBIX MHHEPAJIOB TOPHS M YpaHa, IMAarHOCTHPOBAHEI
BTOPHYHBIC MHHEPAJIBl ypaHa. BrisiBiaeHa acconunarys cyab(HI0B U CAMOPOJHBIX MUHEPAJIOB.

BriepBble auarHocTHpoBaHO 18 MuHepayia. B ABYCIIOASHBIX MPaHUTaX BIEPBbIE OOHAPYKEH
ayepiuT, OPOKHUT M CaMOPOJHOE cepebpo; B MHUKPOrpaHHUTaX - KOQGHUHUT, KA30JIHUT, CAMOPOIHOE
30JI0TO, CAMOPOJHBI HHKEIb, CAMOPOJIHOE JKENe30 M CaMOPOJHAs ME[b; B JOJCPUTE BBHIIBICHEI
KOQGHUHHUT U ypaHUHHT; B OOCTOHUTE 3a()UKCHPOBAHBI KOPOUHUT, LIUPKOH, MOHALHUT, OACTHE3UT H

PYTHIL; B SIIMOU/IAX OOHAPYKEHbI HACTYPaH U KOQHHUHHUT.
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I'nasa 4. [IpuknajaHble acCHeKThl FTeOXUMHH HHTPY3UBHBIX MOpoj odsactu iab Cena

4.1. loaBu:KkHBIE (POPMBI XUHMHYECKHX 3J1eMEHTOB B HHTPY3MBHBIX MOPOIaX

B »sK30reHHbIX mponeccax oO0mue OCOOSHHOCTH IOBEJEHHS ypaHa OIPEeNelsIoTCS €ero
CIOCOOHOCTBIO MUTPHUPOBATh B BUJE ypPaHWI-KapOOHATHBIX KOMIUIEKCOB (C PE3KO HMOAYMHEHHBIM
KOJIMYECTBOM THAPOKCHKOMIUIEKCOB YpaHHJIA) ¥ BHIAAaTh B OCAJOK IMOJ BO3AEiCTBHEM
BOCCTAQHOBHTENICH, COpOEHTOB W (WJIHM) OCaJguTeNeil, a Takke BCJIEJACTBUEC HCIAPUTEIBHOM
KOHIIGHTpPALUH.

VYpaH HHTEHCHBHO BBIIIEIAYNBACTCS U3 MOPOJ OKHCINTEIBHBIMI CyOHEHTpaIbHBIMU BOJJaMU
B NPHCYTCTBHH IIMPOKO PACIPOCTPAHEHHOTO I'HAPOKapOoHaT-uoHa. [Ipu 3TOM B pacTBOp MEPexXoanuT
«CBOOOJHBIN» ypaH MOPOA, a TAKXKe ypaH MHHEpaJIoB, HEYCTOHYMBBIX B KHUCIOPOAHOH aTMocdepe.
VYpaH, CBsI3aHHBII B KPUCTAUIMYECKUX PEUIETKAX YCTOWYMBBIX aKIECCOPHBIX MHHEPAJOB (MOHALUT,
TOPHUT, TOPUAHUT, allaTHT ¥ Jp.) NPAKTUYECKH HE BBINIEIAYMBACTCS M MOXXET BMECTE C HUMH
HaKaIIMBaThCS B POCCHIIIX.

HcTounnkom ypaHa B MOBEPXHOCTHBIX M TIOA3EMHBIX BOJAX pailOHa MOTYT CIIy’KHTb MOPOJBI
C TIOBBIIICHHBIM €TI0 KJIAPKOM: I'PAHUTHI, YPAHOBBIE MPOSBICHUS PA3INYHBIX TUIIOB MOPOJ, MPOLYKTHI
KOp BBIBETPHBAHUS, PA3BUTHIC B 00IACTSIX MUTAHUS M TPAH3UTA.

CoBpeMeHHBIE T€OXMMHYECKME METOIbl IIOMCKOB IIOCTOSIHHO ~COBEpIUEHCTBYIOTCS H
pa3pabaThIBAlOTCSI HOBBIC TEXHOJOIMH T'€OXHMHYECKOro IMpOrHo3upoBaHus. OCHOBY MeETOJ0B
COCTaBISIIOT TNPHEMbI BBIACICHUS M AHAIM3a IMOJBWXKHBIX (DOPM XHMMHYECKHMX 3JEMEHTOB, YTO
yCHUIIMBaeT MOJIE3HBIN CUTHAI IIPU BBISIBJICHUN I'€OXUMHUYCCKUX aHOMAJIHH.

DopMUPOBAHUIO HAJIOXKEHHBIX COPOLIMOHHO-CONEBBIX BTOPHUYHBIX JIMTOXUMUUECKUX OPEOJIOB
aKTUBHO CIIOCOOCTBYIOT SIBICHHS (PU3MKO-XUMHUYECKONH MHIPALMU DJIEMEHTOB: COJIEBasl IJICHOYHO-
KalmWusIpHasE MHIpalys XUMHYECKHX OJISMEHTOB, BOCXoIsmias (CcTpyiiHas) W JaTepaibHas
KOHBEKTHBHAs MUTpPAlUsl DJIEMEHTOB B MOABIKHBIX (OpMax HaXOXKICHHS € KOHIEHTpAIHeH
VHAUKATOPHBIX IEMEHTOB Ha Pa3JIMYHOTO POJIa TEOXUMUUECKUX Oapbepax.

I'maBHBIC Oapbepbl, BTOPUYHO 3aKpEIUISIONIME PYAHBIC AJIEMEHTHI 3TO TOHKAas HIIMCTO-
TIIMHUCTAsT PpaKIysl JOHHBIX 0CAIKOB, OPraHMYECKOE BELIECTBO, KEJIE3HCThIC KOPKH M HAJICTHI.

IIpu npoBeneHUN MOUCKOBBIX PabOT B MOCIIETHUE TO/bI IIUPOKO IPUMEHSIOTCS TOMCKU
[0 HAaJOKEHHBIM BTOPUYHBIM oOpeonaM paccesHus. K HUM OTHOCATCA: METOA 4YacTUYHOTO
n3BneyeHuss merawwioB  (UUM), wmeron nuddysnonHoro wuspiedeHust osnementos (M/JIN),
TEepMOMarHuTHbIA reoxumudeckuit merox (TMI'M), MeTo ] METAIIIOOPraHUYECKUX ITOYBEHHBIX (OPM

(MII®) u meror MACD.



Metonq MAC® - meron aHanm3a CBEpPXTOHKOW (pakumu, pazpadorad B 2005r. CymHOCT
MACO® 3akmodaercss B BBIICICHHM H3 MPOO PBIXJIBIX OTIOXKEHHH CBEPXTOHKOH (pakuuu, ¢
HOCJIEAYIOIUM TI€PEBOJIOM B PACTBOP COPOLIMOHHO-CONEBBIX (DOPM HAXOXKACHUS DIEMEHTOB U UX
aHaimn3oM konmdectBeHHbIME MeTonamu (ICP OES, ICP MS) (Cokounos u ap., 2005).

Tlo3xe, B 2010 r. ObuT pa3paboTaH METOJ| aHAIM3a CBEPXTOHKOW (pakuuu (KOJUIOMIHO-
coseBoit (ppakuun). OCHOBBI METO/A W3JIOKCHBI B psje myOnukauuii u mateHToB (OneiHuKOBa,
[Tanosa 2011),(OnelinukoBa, [TanoBa 2007) (Oneiinukosa u ap., 2009).

PaccmoTpuM BO3MOXKHOCTH HCHOJIB30BAHHSI COBPEMEHHBIX T'€OXUMUUECKUX METOJ0B MOMCKa
0 NOABMKHBIM popmam B paifone Db Cena.

B mpouecce ¢pu3nueckoro M XMMHUYECKOIO BBIBETPUBAHMS MOPOIBI Pa3pyLIAOTCs, oOpasyst
MECKH MyCThIHU. [IOCKONBKY CMeHa JHEBHBIX M HOYHBIX TEMIIEpATyp JOCTATOYHO 3HAUHMTEIbHA, B
MOPOBOM IPOCTPAHCTBE MOPOJ] CKAIIUBASTCS BJIara, KOTopasi CHOCOOCTBYET MEepexoy XMMHUYECKHUX
3JIEMEHTOB B IOJBHKHOE COCTOSHHE M MUIpallUM Ha OKpY>Kalollue TeppuTopuu. B ceszoH noxnmeit
MPOUCXOUT HHTCHCHBHOE BHIMBIBAHUE XUMHYECKHX SJIEMEHTOB M3 PA3JIUYHBIX TUIIOB HOPOJ.

Bompoc 0 popmax HaX0XkIEHHS HJIEMEHTOB B TOPHBIX ITOPOJIaX MMEET Ba)KHOE 3HAUCHUE MPU
U3YYEHHUH NPOLIECCOB BBIBETPHBAHMS MOPOJ U JUISl BBIABICHUS apeajoB MOBBIIIEHHBIX COACPKAHUM
ypaHa U 3JIE€MEHTOB-CITyTHHKOB IPH F€OXUMHYECKOM KapTHPOBAaHUH, B TOM YHUCIE IO MOJBIIKHBIM
(hopMaM XMMHYECKHUX 3JICMEHTOB.

W3BecTHO, YTO 3HAUUTENbHAS YaCTh XUMHYECKHX JIEMEHTOB BXOJUT B MUHEPAJIbl B KAYECTBE
M30MOpQHBIX MPUMeECEii, 3aMelas MaKpPOKOMIIOHEHThI B KPUCTAIUTMYECKOH penieTke. HekoTopsie u3
HUX HAKAIUIMBAKOTCA B Ia30BO-)KUAKHX BKJIIIOUYCHHUAX, 4 4aCTh HAXOJAHUTCA B KOHﬂOM}lHO-}lMCHepCHOﬁ
(dopMe B NMOPOBOM IIPOCTPAHCTBE MOPOJLI. MI3BECTHO Takke, YTO 4eM HUXKE CPEIHEe COfep)KaHue
XHMUYECKOTO 3JIEMEHTa B 3EMHOH Kope, TeM Ooibllie ero nois B aucnepcHoi Qopme. Ilpu
NpoIeccaX BBIBETPUBAHMS MPOUCXOJHUT JAE3HMHTErpalysi IMOPOAbI, XUMHUYECKHE DIIEMEHTBI MOTYT
BBIMBIBATbCSl M3 MOPOBOTO MPOCTPAHCTBA, B PE3yJIbTAaTe YEro yCTaHABIMBAIOTCS HOBBIE (M3HKO-
XUMUYECKUE YCIIOBHS, CIIOCOOCTBYIOLINE AalbHEHIIEMY Pa3pyLIEHUIO HOPOIbIL.

3arpsi3HEeHHE OKPYKAIOIEeH Cpe/ibl TECHO CBA3aHO C MOABIXKHOCTBIO 2JIEMEHTOB B IPHPOIHBIX
cucteMax. Tspkenble METAIBI W PaIMOHYKIHIBI MOTYT OBITh BOBJEYEHBI B PsIIl CIOMKHBIX
XHUMHYECKHX M OHOJOTHYECKHX B3aMMOJICHCTBUIL. BaxkHeimmmu (Gakropamu, BIHSIOMIAMH Ha
MOZIBIDKHOCTb DJIEMEHTOB, sBIIsiIoTCS pH, copOums, Hannuue OpraHMYecKMX W HEOPraHMYeCKHX
JIMTaHJIOB, B TOM YUCJIE€ TYMHHOBBIX, X ()YJIBBOKHCIIOT. OKHCIUTEIbHO-BOCCTAHOBUTEIILHBIC PEAKIIMU
uMeloT OonblIoe 3HAYEHHE IPH XUMHUYECKOM BBIBETPUBAHMM IIOPOJ, B COCTaBE KOTOPBIX
HPHUCYTCTBYIOT 3JIEMEHTHI C IIEPEMEHHOI BaJICHTHOCTBIO M XaJIbKOMUIBHBIE 2JIeMEHThI, Takue Kak U,

Th, REE, Cu, Ni, Zn, Pb.
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Jlnst ycTaHOBIIGHUSI PHMCKa 3arps3HEHHs OKpYJKalolled cpelpl oco0oe 3HAueHHE HMeeT
oIpesiesieHHe MOJABIKHOCTH ypaHa M 3JIEMEHTOB-CIYTHHKOB, COACPKAIIMXCS B HHTPY3UBHBIX
HopoJiax ypaHOBOW NMpoBUHLIMK. HecMOTps Ha pa3paboTaHHBIC OOLIHE IPEICTABICHHS O MOABHKHBIX
U TPOYHOCBA3aHHBIX (OpMax »3IICMEHTOB B TOPHBIX MOPOJAX W METoJaxX MX M3BJICUCHHSA, K
HACTOSILIEMY BPEMEHH €Ile HEJOCTATOYHO IKCIIEPHUMEHTAIBHBIX KOJIMYECTBEHHBIX HaHHBIX, KOTOPHIC
MO3BOJIMIIH OBl OLICHUTD TIOBEICHUE TOJIBIKHBIX (POPM MUKPOIJIEMEHTOB B FOPHBIX MOPOJIAX.

B pamkax skcriepuMeHTa ObLIO HPOBEJCHO BBIAEIEHUE IOPOBOTO PacTBOpa (KOJIOMIHO-
COJIeBOH ()paKkMM) HWHTPY3UBHBIX IIOPOJ, OIpPEAEICHHE COACPNKAHUS MHKpPOIJIEMEHTOB B HEH N
CpaBHEHHE C COCTABOM MHTPY3UBHBIX TIOPOJI.

Xumudeckuit cocTaB mpo0 Mmopox ObUT OIMpEAeNieH IO CTAHAAPTHOH CXeMe IOJIHOTO
pa3IoKeHHs ¢ IPUMEHEHHEM KOHLEHTPHPOBAHHBIX a30THOM, (PTOPOBOLOPOIHOM U XJIOPHOH KHUCIIOT.
Anaimus pactopoB nposoamics meronom HCIT MC na npubdope «ELAN-6100 DRC» ¢dupmsl
PERKIN ELMER.

Jlnst m3ydeHus MOPOBOTO pacTBOpa HCIONB30BAACh METOJMKA M3BJICUCHUS W aHaju3a
KOJUIOMIHO-COJIEBON (CyOMHMKPOHHO#) (pakiMy MOPOJbI, KOTOpasl 3aKiIueHa B e¢ TOPOBOM M
MEX3epPHOBOM NPOCTPAHCTBE. B HEM XMMHMYECKHE IEMEHThl HaXOAATCS B HOHHOM, MOJIEKYJISIDHON U
KoJutonHOH (opmax. OCHOBBI METO/Ia U3JIOKEHBI B psjae MmyOnukanuii u nateHToB (OneiHHUKOBa,
[Manosa, 2007; 2011; OneiinukoBa u np., 2009, 2010, 2014).

W3Bnekaemoe  BOJOW  BELIECTBO  paccMarpHBaeTcs HE Kak  BOAHAs  BBITSKKA,
XapaKTepu3ylolasi HCKIIOUYUTEIBHO «HUCTHMHHO PpacTBOPUMBIE» (OPMBI JJIEMEHTOB, a Kak
caMOCTOsATENbHAs (hPaKIlysl, HMEIOIIAsk BECOBYIO JIONIO M ONPEAENICHHbIH pazmep yacTull (10 1 MKM).
Uro0bl OTVIMYUTH €€ OT JAPYTMX TOHKUX (pakiMii, B COOTBETCTBUH C pa3MEpPOM YacCTHIl, OHa ObLia
Ha3BaHa CyOMHUKpOHHOH (pakunueii (CM®). Pasmep uactuil MeHee 1 MKM B KOJUIOWIHOW XUMHHU
SIBJIICTCSl YCIIOBHOW TPAaHMIEH KOJIOMAHOTO COCTOSIHHS, BBIIIE KOTOPOTO BEIIECTBO BBIACIACTCS B
oTJebHY0 TBepayto ¢asy (Dpuapuxcoepr, 2010)

Meroauka Beipenenuss CM® Bkirovana apobieHHe U UCTHpaHHe Npod 10 pa3Mepa YacTHI
<74 MkM. B ciyyae sKcnepHMEHTa C TOPHBIMH IOPOJAaMH HX IIpEBapUTEIFHOE H3MEIbYCHUE
HEOOXOAUMO IJIsi BCKPBHITHS TOP M MHKPOTpPEIIMH C LEbl0 OOecHedeHHs: JOCTyIa SKCTparcHTa
(Bozmbl) K CBOOOMHBIM M aJCOPOMPOBAHHBIM HA MHHEPAJIbHOI OCHOBE COMSIM M KOJUIOMAHBIM
yactuuam. (I[Tanosa u ap., 2009).

HaBecky npenBapuTesbHO UCTEPTOH MPOOBI 3aNMMBAIM HArPEeTOll JE€MOHM30BAaHHON BOMIOH,
NEePUOJNYECKH MEePEeMEUINBAIA B TEYEHHE 54 M BBIICPKHMBAIM CYTKH Ui CTaOHIM3AlUH
MOJIyYEHHOTO KOJUIOMJHO-COJIeBOro pactBopa. Illmpumem oTOHpanu pacTBOp M IPOIYCKald €ero

4yepe3 MeMOpaHHBIH (GuiIbTp GHPMBI «Sartoriusy, rapaHTHPYIOIIKI MPOMyCKaHHE YaCTUI] MeHee
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1 mxm. ITomydeHHbIH TakuM 00pa3oM pacTBOp OECIBETEH, MPO3paueH U SBISIETCS KOJUIOMIHBIM,
TIPOSIBIISISL TOJIOKHUTENbHBINA TecT Tunmams.

AnHanu3z pacTBopoB Ha HaHocaiizepe «Nanosight» mokaszan, 4To MoJa pa3Mepa YacTHIL
IIOPOBOTO KOJUIOH/IA JBYCIIFOISTHOTO I'PAaHNTA COCTaBIsIeT 679 HM, MUKpOrpaHuTa — 566 HM, HoJiepuTa
— 571 um u 60octonnTa — 580 HM. YacTh pacTBOpa MOMEIIAIH B IIPEIBAPUTEIHHO B3BEIICHHYIO YaILIKy
IMerpu Uit BHIMAPUBAHMS C LIENBIO ONpPEACNICHHUS JOJIM CyOMHUKPOHHOH (pakiuu B npobe. [pyras
4acTh PacTBOpA aHAIM3UPOBAIACh METOJJOM MACCIIEKTOMETPHH C MHIYKTHUBHO CBSI3aHHOM ILTa3MOH.

CoOmofieHrie  BBIOPAaHHBIX ~ YCJIOBMH  OJKCIIEPUMEHTa  OOECIIEYMBAET  BBICOKYIO
BOCIIPOM3BOJJMMOCTh pE3yJbTATOB AaHAlM3a M BO3MOXXHOCTb OINpPENCNCHHS IIHPOKOTO Kpyra
XUMHYECKHX DIIEMEHTOB (0 75 371eMEeHTOB). DTO OOYCIIOBIIEHO OTCYTCTBHEM B PacTBOPE BBICOKHX
COCP)KAHUH TIETPOTeHHBIX OKCHIOB. AHAIN3 BOJHBIX PAcCTBOPOB IMO3BOJISET B MAaKCHMAJbHOMH
cTerneHn peann3oBath BosMoxxHocTd Metona MCIT MC. OtcyTcTBUE BBOAMMBIX KHCIOT MM JIPYTUX
pacTBOpHTENIEH NPEIOTBPAIACT BO3MOKHOCTh HEKOHTPOJIMPYEMbIX H300apUUECKUX HAIOKCHUH, YTO
NPUBOJUT K CHIDKCHHMIO IIPENeNIOB OOHApY)KCHUsI DJIEMEHTOB Ha 2-3 TOpsaKa IpU aHalu3e
CYOMHKPOHHO# ()paKkiiH, 10 CPAaBHEHUIO C BAJIOBBIM QHAIU30M, OCOOCHHO IJIS PEIKHX DJIEMEHTOB,
NPHUCYTCTBYIOLIMX B IOPOJIE B CJIEJOBBIX KOJIMYECTBAX.

B cocraBe MHTPY3WBHBIX IIOpPOJ| NMPHCYTCTBYET IIMPOKUN CIIEKTP MHKPOJIEMEHTOB (Talu.
4.1). Haubonee BbICOKHE COJEpXKaHUS ypaHa XapaKTepHBI I MUKPOTPaHHUTA U Jojeputa. TopueM
oboraleHbl ABYCIIOIHbIC TPAaHUTBI. MHUKPOIJIEeMEHThI HAKAIIMBAIOTCS B Pa3IM4HbIX HWHTPY3UBHBIX
MOpo/iaX MO-Pa3HOMY: JBYCIIO[SIHOW TPaHHUT COAEPKUT 3HAYWTENbHble KonuuectBa Th u Rb;
MHKporpaHut HakarneaeT Zn, Pb, Cu, REE, Y; noneput u 6ocronut — Ni, Zn, REE, Y (I'xoneunm,
ITanoBa, 2018).

13 3THX jKe ITalOHHBIX Npo0O ObLIa BblACNCHA CyOMUKpOHHAs (pakuus ¢ (HPUKCHPOBAHHBIM
pa3mepom uactuil (Meree 1000 HM) U TONy4YeHHBIH pacTBOp npoaHamusuposan merogom MCIT MC.
PesynbraThl aHanu3za mpuBeneHbl B (Tabn. 4.2.) DKCHEPUMEHTHI MO BBIACICHUIO CYOMHUKPOHHON
(pakuuy nokasany, 4To €e J0JIsl B MHTPY3UBHBIX mopojaax mensercs ot 1,31 mo 1,78 Bec % (Tabm.
4.2). Hanbonee BBICOKOE 3HAYCHUE XapaKTEPHO I JBYCIIOASHOTO I'paHNTA, MMEIONIETo Hanboiee

KPYTHO3EPHUCTYIO CTPYKTYpY.
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Tabmuua 4.1. ConeprkaHre MUKPO3JICMEHTOB B HHTPY3UBHBIX ITOpojax paifona Dip Cena, MI/Kr

Topona U | Th |REE| Y Ni Cu Zn Pb | Rb Sr Ba
Hsycmonsnoit | 1y 3| 553 | 435 | 558 | 86,0 | 132 | 290 | 13,1 | 212 | 89,0 | 329
TPaHUT
Mukporpanur | 224 | 3,93 | 202 | 21,7 | 554 | 22,6 | 209 | 19,3 | 129 | 126 | 157
Tlonepur | 31,1 | 13,1 | 530 | 64,8 | 285 | 23,4 | 1754 | 4,87 | 543 | 567 | 355
Bocromnt | 422 | 17,4 | 379 | 453 | 179 | 17,5 | 106 | 4,38 | 89,9 | 52,1 | 345

Tabmuma 4.2. Jlonss cyOMHUKpOHHOH (pakiu HHTPY3WBHBIX TMOpoj (Bec

MHKPO3JIEMEHTOB B Hel (Mr/71)

%) m coxepkaHue

Jonst
[Topona CM®, | U | Th |[REE| Y | Ni |[Cu| Zn | Pb Rb Sr Ba
oTH %
Asycmonsnoit |y g0 |y | 1y | 162 | 14 | 256 | 45 | 164 | 05 | 113 | 77 | 304
TPaHUT
Mukporparur | 1,42 | 68 | 0,82 | 11,1 | 2,5 | 187 | 39 | 201 | 0.61 | 305 | 305 | 398
Jlosepur 131 | 13| 1,3 | 17,32 2,6 | 206 | 29 | 223 | 03 | 102 | 103 | 402
BocTonut 16 |52 1,9 |1733] 38 | 113 13 | 112|031 | 110 | 25 | 205

Beicokue conepxkanust MukposnemenTos B CM® pacnipezenens! cienyromum obpazom: Ni

06OFaIIIeHI>I JABYCJIIOJASTHBIC T'PAHUTDI; U, Rb u Sr HakammBaroTcs B MUKpOTrpaHuTax.

JInst OLISHKH CTENeHHM HAKOIUICHHs XMMHUYECKHX SJIEMEHTOB B CyOMHUKPOHHOW (pakiuu ObLI

paccunTaH KO3(p(UIMEHT KOHLEHTpAlMd KaK OTHOILICHHE cojepxaHus 3iaeMeHnta B CM® k ero

coeprkaHuio B nopoze (puc. 4.1).
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Puc. 4.1. Ko duumeHTsl KOHIEHTPALMHA XUMUYECKHX IIEMEHTOB B CYOMHUKPOHHOH (ppakuuu
UHTPY3UBHBIX IIOpOA paioHa Db Cena. a) IBYCIIOASHOM IpaHUT; 0) MUKPOTPAHUT; B) JOJICPUT;
r) OOCTOHHT.

T'eoxumunueckue GOpMyIIBI IJIsl HHTPY3UBHBIX ITOPOJ UMEIOT CIICAYIOMINIA BUJ: IBYCIIFOISTHOM
TpaHuT - Zn5,7 — CU3,47 Niz)s;

MHUKPOTPaHHUT - Ni3,4 - Bazys - Srl,g - Rblwg - CU1,7;
nonepurt - Rby g — Zn; 3 — Cuy 3;
6ocToHUT - Rb 5.

Kak BHIHO W3 TpUBEICHHBIX [AaHHBIX HauOoJiee BBHICOKHME 3HAYCHUS KOIPDHUIHEHTOB
HAKOIUICHHS! XMMMYECKHX OJJIEMCHTOB XapakTepHbl Ul JBYCHIOASHOro rpanura. HauOonee
MHUTPALHOHHO-CIIOCOOHBIMU OKa3aJIUCh LIMHK, ME/lb, HUKEIIb, B MEHbIICH cTeneHu Oapuii, pyOuaui n
CTpOHIUII.

Vpan 3apuKCUpOBaH B CYyOMHUKPOHHOH (hpakiu MHKpPOTrpaHHTa B KOIMYECTBE 68 MI/N, HO
KOO (UIMEHT HAKOIJIGHHMS JTOrO SJIEMEHTa MeHbIle eAuHMIbL. [lo-BUIMMOMY, 5TO MOYHO
OOBSICHUTh HAJIMYMEM BTOPUYHBIX MHHEPAIOB ypaHa B HHTPY3MBHBIX IOpOJax, KOTOpble He
PacTBOPHJINUCH B YCJIOBHUAX DKCIIEPUMEHTA ITPU UCIIOJIB30BAHUU BOJIbI B KAUYCCTBE OKCTPAreHTa.

PenkozeMenbHbIE 2IEMEHTBI, UTTPHIA, TOPUH U CBUHEL IIPAKTHYECKH HE IIEPEXOAAT B PACTBOP
CyOMHMKPOHHOH (ppaKnu.

Cymma REE B pa3muuHbIX THUIAaX HHTPY3UBHBIX MOPOJ TpeacTaBieHa B Tabmuie 4.1.

Hawubornee BbICOKHE 3HAUCHHUS] CyMMBI XapaKTEePHBI IS TAKOBOTro KoMIuiekca (goneput — 530 mr/kr,
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6ocrornt — 379 mr/kr, mukporpanut — 203 mr/kr). Conepxanne REE B nBycmiomsHOM rpaHuTe
HEBBICOKO — 43,5 Mr/KT.

Beutn noctpoensl criektpsl REE, koTopsle npencTasieHsl Ha pucyHke 4.2. Bo Bcex cimydasx
CozlepKaHUe JIETKUX PEAKO3EMENbHBIX JJIEMEHTOB BBIIIE, ueM TshkesblX. HemzmeHeHHble u cnabo
U3MEHEHHBIE UHTPY3UBHBIE IIOPOJIbI UMEIOT €BPONUEBbIl MUHUMYM; Ha CIIEKTpe MHUKporpanura Eu-
MHMHHMYM OTCYTCTBYET, 10-BUJAUMOMY, BBHLY IIPOSIBIICHUs] BTOPMYHBIX H3MEHEHHI.

Conepxanne cymmpl REE u uTTpust B CyOMHMKPOHHOH (hpakiMu HOpOA NpPEACTaBICHO B
tabumnue 4.3. 3HaueHHs HEBBICOKM, UYTO IOKa3bIBAaeT ClIA0YI0 IOABMXKHOCTH JTHX JJIEMEHTOB B

BOJHBIX pacTBOpax.

Puc. 4.2. Xonapur-HopmanuzoanHoe coaepkanue REE uHTpy3uBHBIX HIopo] paiioHa Db Cena
(HopmupoBaHo Ha Boynton, 1984).

Ha pucynke 4.3. nokaszan crnekTp REE cyOMHKpoHHOH ¢(pakuumy HHTPY3MBHBIX IOPOJ.
MoskHo mpocieanTts cxoacTBo U u3MeHeHne criekTpoB REE B CM® mno cpaBHEHHIO CO CIIEKTpaMu
uHTpy3uBHBIX mopoa. Crektpsl REE mukporpannTa u 60CTOHHTA MPAaKTHYECKH HE M3MEHHIHCh. Y

J0JIepUTa U ABYCIIIOASIHOI'O rpaHuTa MCY€3J1a €BPONUEBAS aHOMAJIUS.
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Puc. 4.3. Xouapur-nHopmannzoBanHoe coznepxxanue REE B cyOMUKpOHHOI (pakimy MHTPY3UBHBIX

nopon paiiona Ons Cena (HopmupoBaHo Ha Boynton, 1984).

3Has copepKaHue XMMUUECKHuX 371eMeHToB B CM® u 1010 3T0i (hpakiiu B MOpoje, MOXKHO
OLCHUTb JOJII0 XMMHMYECKHX DJIEMEHTOB, HAXOASAIIMXCS B CyOMHKPOHHOH ()pakuuu HMHTPY3UBHBIX

nopon (tabm. 4.3).

Tabnuua 4.3. Jlons XUMAYECKHX 3JIEMEHTOB B CYOMHUKPOHHON (DpakiMy MHTPY3UBHBIX MOPOX (OTH

%)

ITopona U Th |REE|Y |[Ni |Cu |Zn Pb Rb | Sr Ba

Asycmonsuoit | 03 (0,1 |07 |04 |43 |61 |10,1 [0,1 |09 [1,5 |1,6
TPaHUT

Mukporpasut | 0,4 (0,3 (0,07 0,2 |48 |25 |14 0,1 33 |34 3,6

Jonepur 0,1 {01 |004 |01 {09 |16 |17 |0, 2,5 10,2 1,5

bocronut L5 102 0,07 01 |10 |1,2 1,7 |0, 2,0 10,8 0,9

JlanHple TaOMMIBI IMOKA3bIBAIOT OTHOCHUTEIBHYIO [IOJI0 3JIEMCHTOB, HAXOMSAIIUXCS B
MOJIBIDKHOM COCTOSIHWH B Topoje. Hanbonee Bricokue 3HaueHus: xapaktepust aist Zn, Cu, Ni. [{ns
BCEX THIIOB MHTPY3UBHBIX IOPOJ OSTH 3HaueHHs Ooubine enuHuibl (puc. 4.4.a). IloamxHOCTH
pyOuus, crpoHIMs U 6apusi Haubojee BHICOKA Y MUKPOIPaHUTA, KOTOPBIN B HAMOOJIbIIEH CTEIIEHH
TIOJIBEP)KEH BTOPUYHBIM M3MEHEHHM (puc. 4.4.6). HexoTopoe konm4ecTBO ypaHa HaKalUIMBAaeTCs B
CM® 6ocronnta. B menom, Hanmeree moaBmwkHbl - Pb, REE u Y; U u Th 061agaroT OTHOCHTEIBHO

HEBBICOKOM MOJABM)KHOCTBIO.
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Puc. 4.4. Jlons XUMUUYECKUX DIIEMEHTOB B CyOMUKPOHHOH ()pakuuM OT OOLIEro colepikaHus B
nopoze a) Ni, Cu, Zn; 6) Rb,Sr, Ba. (110 manusimM tabmnuisr 4.3).

Takum obpa3oM, B pe3ynbTaTe IMPOBEACHHOTO JKCIEPHMEHTa OBLIO OLEHEHO COMAEepKAaHUE
XUMHUYCCKUX OJICMCHTOB OTAJIOHHBIX l'lp06 UHTPY3HUBHBIX nopoa u HXx Cy6Ml/IKpOHHOI\/’I
(BomopactBopuMoit) ¢pakuun. Ppaknus H3BIEKaeTcs BOJOH U3 MOPOAbI IPH  CIELHAIBHO
MOZ0OpaHHEIX ycIOBHAX. [Ipoba moponkl u ee CyOMUKpOHHAs (DpaKmisl aHAIH3HPYIOTCS METOLOM
HCITI MC.

XuMuuecKas XapaKTepHCTHKA BBIICICHHON (pakIUM OTPaKaeT MOOHIBHYIO, MOABIKHYIO
YacTb XUMHUYECKUX OJIEMEHTOB I0pojbl. CpaBHEHHE IIOJYyYCHHBIX IaHHBIX O COIEPKaHUU
XMMHYECKHMX 3JIEMEHTOB B UHTPY3UBHBIX IIOPOJAX M MX CYOMMKPOHHBIX (paKkuUUsX I03BOJSET

OLCHUTH OOJIIO MI/IFpaHI/IOHHO—CHOCOGHHX W TPYAHO NOABHXHBIX d)OpM XUMHUYECKHUX DJIEMEHTOB.
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Takum 00pa3oM, 10511 CYOMHUKPOHHOH (KOJUTOMIHO-CONICBO#) (ppakini HHTPY3UBHBIX OPO.T
mensiercs ot 1,31 mo 1,78 Bec %. Pasmep wactuyy CM® mensiercs ot 566 no 679 um. Haubomnbmumii
pasMep YacTUll U BBICOKas I0JIA (bpalcm/m XapakTCpHbl JId ABYCIIOAAHOIO IpaHUTa, UMCIOLIECTO
HaunOoJee KPYITHO3EPHUCTYIO CTPYKTYDY.

VYcTaHOBIICHBI coJiep)kaHusl MUKpoteMeHToB B CM® nHTpy3uBHBEIX nopon: Ni oboramena
CM® neycmoasiaeix rpanToB; U, Rb u Sr HakamuBaroTcss B CM® MUKPOTPaHHTOB.

PaccunTanbsl OTHOCUTEIBHBIC J0JIM XUMHUYCCKUX DJICMCHTOB, HAXOJAIIMUXCSA B Cy6MI/le0HHOI\/’I
(hpakuy ¢ y4eToM BeCOBOH 0NN (paKIMy JUI KaXI0ro Thra nopox. Hanbonee BrIcokMe 3HAUCHUS
xapaktepubl st Zn, Cu, Ni. IlogBmwkHOCTh pyOMIausi, CTpOHIMS W Oapusi Hauboiee BBICOKA y
MHKPOTPaHUTA, KOTOPbIH B HAaMOOJbLIEH CTENICHU MOBEPIKEH BTOPUUHBIM M3MEeHeHHsM. HekoTopoe
KOJINUeCTBO ypaHa HakaruinBaercsi B CM® 6ocronura. B nienom, HanMenee noaemwxkHsl - Pb, REE n
Y; U u Th 061a1ar0T OTHOCHTEIHHO HEBBICOKOU IMOIBHIKHOCTBIO.

IIpy XMMHYECKOM BBIBETPHBAHMM MHTPY3UBHBIX MOpox psx smeMeHToB (Zn, Cu, Ni)
HEePeXOsT B MOJBIKHOE COCTOSHUE M MOTYT MUTPUPOBATh Ha OKPYIXKAIOIIME TEPPUTOPHHU. YpaH,
TOpHUil M CBHHEL 00pa3yl0T BTOPUYHBIE MHHEPAIBl U B O'PAHMYEHHBIX KOJMYECTBAX HAKATUIUBAIOTCS
B cyOMukponHo#t ¢pakuuu. REE u Y Haxomsrcst B MHTPY3MBHBIX MOPOAAX, MPEUMYIIECTBEHHO B

MHHGpaJ’[BHOﬁ (bopMe U ABJIAIOTCA HAUMCHCC ITOABHXKHBIMMU.

4.2. F'eoxumMH4ecKHii NOTEHIMAT HHTPY3UBHBIX Mopoa o61actu Jiab Cella

IIpornosupoBanue, MOMCKM, OLIEHKa M pa3BeJKa MECTOPOKAEHUH ypaHa, Kak M APYTux
TMOJIE3HBIX HCKOMAeMbIX, 3aK/II0YaloTCs B IPOBEICHUM IOMCKOBBIX pPaboT, obecrneynBaromux
BBISIBJICHHE MECTOPOXKACHUH M TONydeHHe MCXOAHOH wuHQopMammu st onpejeseHus
9KOHOMHUECKOT0 3HAYEHUSI 00BEKTOB KaK IPOMBILITIEHHBIX HCTOUHUKOB CBIPBSL.

IonsATHE «mOMCKU» MMeeT 0000IIEHHOe 3HAYEHUE, TOCKOIbKY 3Ta CTa[usd OXBAThIBAeT KaK
TIOKMCKOBBIE, TAK H CHEIUATN3UPOBAHHBIC TIPOTHO3HO-TIOMCKOBBIE PAbOTEI.

IlepBast cTamusi UMEHyeTcs «IIpeJBapUTENbHOM OLICHKOI», a Mocieayloulas «IeTalbHOM
oueHkoi». biuskue Tepmunbl «Pre-feasilibility studies» u «Feasil- ibility studies», u4ro
COOTBETCTBYET «IIPEIBAPUTENLHOMY» U (IIOJHOMY U3YUEHHUIO», HCIIOIB3YIOTCA U 33 PyOexKoM.

IIporaosHsie mcciaeqOBaHUS WMEIOT TJIABHOW IIETbIO BBIICICHHE PAOHOB M IUIOIIAACH C
BO3MOKHOH PYZIOHOCHOCTBIO IO KOMIIEKCY €€ NPHU3HAKOB, YCTAHOBJICHHBIX HAa XOPOIIO M3y4YEHHBIX
STAJIOHHBIX O00BbeKTaX. Pasnamume B ypOBHAX H3YUYEHHOCTH M3BECTHBIX M HOBBIX ILIOLIAei
ompenesieT BEPOATHOCTHBIM XapaKTep IPOTrHO3HBIX HocTpoeHuil. PaboTel compoBokaaroTcs

KOJIMYECTBEHHOM OIIEHKOM TIPOTHO3HBIX PECYPCOB ypaHa 10 KaTeropusM JOCTOBECPHOCTH.
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Crennanu3upoBaHHbIC MOMCKOBBIE PaOOTHI HPOBOIATCS B ONPEACIUBIINXCS MEPCIIEKTHBHBIX
paifoHax, BBIIETICHHBIX IO Pe3yIbTaTaM IPOTHO3HBIX HCCIIEIOBaHUM. VX 1IeIbI0 ABIISIETCS BBIABICHHE
¥ OKOHTYPHBAaHHE MOTEHLHMAIbHBIX YPAHOBBIX MECTOPOXKICHUH (PYIOHOCHBIX  yYacTKOB,
COIIOCTaBUMBIX I10 MaCIITa0aM C H3BECTHBIMH MCCTOPOXKICHUSIMH YpaHa).

K oCHOBHBIM 3ajayaM 3TOH CTAJUU OTHOCATCS: H3ydeHHE OOIIHMX TIe0IOro-CTPYKTYPHBIX
0COOEHHOCTEH MPOTHO3UPYEMBIX IUIOMAAeH U MPOSBICHHOCTH MOMCKOBBIX KPHTEPHEB U IPU3HAKOB
YPAHOBOTO  OpYICHCHHS; BBUIABICHHE 3aKOHOMEPHOCTEH IMPOCTPAHCTBEHHOIO  Pa3MCLICHHUS
OpyJEHEHUs B CTPYKTypaX M METaCOMAaTHYCCKHX OpEONaX; IpPOBEpPKa BCEX BBIABICHHEIX
pPamHOMETPHYECKUX aHOMAlWif, aHOMAIBHBIX 30H, IIPOSABICHHI pyIHONH MHUHEpAIM3alUH U
PYIONpPOSBICHUH A ONpEeleNeHHs HX IPUPOIBI, pYAHO-(OPMALMOHHOH NPHUHAICKHOCTH,
CTPYKTYPHBIX M MHHEPAIOro-reOXMMHYECKUX OCOOCHHOCTEH; OIleHKa BEPOSATHHIX 3aIlacoB
HOTCHIUAIBHBIX MECTOPOXKACHUH € MOCYETOM IPOTHO3HBIX PECYPCOB.

OneHKa MECTOPOXACHUH BBINONHACTCS C LENBI0  ONPEICNCHHS HPHHIMIHATBHON
BO3MOXHOCTH HCIIOJB30BAaHUS U3y4aeMOro 00BbEKTa B Ka4eCTBE MCTOYHHKA CHIPbS B COBPEMEHHBIX
OKOHOMUYECKHX YCIOoBUAX. Ee OCHOBHBIMH 3ajadaMu SBJIAIOTCA OMNpEAENCeHHE MAacIITaboB
MECTOPOXKAEHHsA, KayecTBAa M TEXHOJNOTMYECKMX CBOMCTB pyJd I7Id peIIeHHs BOIpoca o
Le1ecO00Pa3HOCTH ¥ OYEPEAHOCTHU €ro MPOMBIIUICHHOIO OCBOCHHSI.

Ilo xnaccudpuxaumm MAIATD  passegannele  3amacel  (Identifiend  Resources)
HOIpa3IeNAI0TCs Ha JOCTOBEpPHO ycraHoBleHHble (Reasonably Assured Recourses), oTBewaromue
poccuiickum  kateropusiMm  A+B+C u mnpensapurensHo oueHenHolie (Inferred Recourses),
cooTBeTcTBYOIIME Kateropuu C2.

ITporHozusie pecypesl ypana (Undiscovered Resources) nemstcs Ha NpeaBapUTENbLHO
oneHennble (Prognosticate Resources), oTBewaromue poccuiickoil kareropuu Pl u mporHosssie
(Speculative Resources) - P2+P3.

Ha mepBoM »3Tame OLEHKM DPErHOHa BO3MOXKHO PACCUUTAaTh T'COXUMHYECKUH MOTEHIManN
HOPO/I.

Ilpu pacdere reOXMMHYECKOrO IOTCHIMANA B KAauyeCTBE HCXOMHOW ObLIa B3fiTa CIEHYIONIas
dopmyna: Q = q x Wxk (1) (Bykhover, Konnov, 1989):

Q — TeOXUMHYECKHI TOTEHIIHAT;

( — COZIePKAHNE XUMUUCCKOTO HIEMEHTA B 06BEME TOPObI (T/KM’);

W — 0GbeM ropHOIi Macchl (kM°);

k - koa¢p¢punuent nocroseprocru (k=0,5).
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B nocnegnane ronst MATATD yunThIBaeT H3BIIeKaeMble 3aI1achkl ypaHa. 3amnacskl B HeIpax MmMpHu
9TOM YMHOXKAIOTCSl HA CTENEHb W3BJCUEHHMS Ul NPUMEHSEMbIX CIIOCOOOB NOOBIYM M MEepepadoTKH
PyZ, KOTOpasi, B 3aBUCUMOCTH OT 3THX CIIOCO00B, KonebeTces B mpeaenax 0,66-0,81.

B pamkax naHHO#M paboThl ObUIO B3TO HauMeHbLIee 3HaueHue — 0,5.

3Hauenue (q) Beraucisercs no popmyne: q =d x Cgp,
d — mrotHOCTB MIOpOBI (2.403 T/M’);
Cep — CpesiHMe coJiepKaHie XUMUYECKOTo dieMeHTa B nopoje. Tabmuna 4.4.
O6beM roproit Maccsl (W) Beruucisercst no gopmyne: W =S x h,
S - momans (KMZ),
h — rmy6uHa pactpocTpaHeHHs TIOPO/IBI.
Takum 00pazom, Gpopmyia i paccyera reOXUMHUYECKOTO MOTEHIHANA HMEET CIIEAYIOINNA BUA:
Q=S xhxdxCq xk (beixoBep, Konnos, 1989).
[110THOCTb ABYCIOSHOTO TPAHATA - 2.6 T/M®
[InoTHOCTE MUKpOTpanuTa - 2.5 /v
[TnotHOCTH HONEpHTa - 2.8 /™
[lnoTHOCTH GocTonuTa - 2.5 T/M®
I10ma b PacpOCTPaHEHH s ABYCIIOAAHOrO rpanuTa - 7000 M
[loMmas pacpoCTpaHeH s MIKPOrpanuTa - 150 M
[Tnomans pacnpocTpaHeHus goiepura - 66 M
[Tnomans pacopocTpaneHus 6ocToHuTa - 25 M

I'my6Guna pasBuths nopon npuxsaTa 3a 100 m.

DTO MUHUMAJIBHOE 3HA4YCHHUEC, XOTA I‘J'Iy6I/IHbI HOHOﬁHLIX 00BEKTOB OLIEHMBAIOTCS B TICPBBIC

KHAJIOMETPBHI.
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Ta6J'II/IHa 4.4. CpCZ[HI/IC COACpKAaHUA XUMHUYCCKUX DJIEMCHTOB B PA3JIMIHBIX TUIIAX ITOPO, T/T.

Onement | JBycmiomsaoit | Mukporpanut | omeput | Bocronut
rpasut (n=9) (n=5) (n=5) (n=5)
6] 7.2 164 29.7 6.7
REE 44.8 99.6 594 388
Ni 122 69.2 328 194
Mo 11.8 8.12 25 15.3

Ta6nuia 4.5. ['eoxuMuuecKuil MOTEHIHAT HHTPY3UBHBIX mopoa ik Cena 00s1acTH, TOHH.

DneMeHT HBY$;§;HOFI Muxkporpanur | Honepur | Bocronut
U 6.5 3.1 0.3 0.02
REE 40.7 1.9 5.5 1.3
Ni 111 1.3 3.0 0.6
Mo 10.7 0.2 0.2 0.05

Takum 06pa3oMm, ObLT OLICHEH F'€OXUMUYESCKUH MOTEHIIHAI HHTPY3UBHBIX NOPOA obsact Db
Cena B otnourennn U, REE, Ni u Mo. B AByXcito[ssHOM IpaHHTe T€OXHMHUYECKHI MMOTEHIIHAI
cocraeisier 6,51 U; 40,7t REE; 111t Ni u 10,71 Mo. B Mukporpanute reOXuMH4eCKUi TOTECHIHAI
cocramatr 3,1t U; 1,91 REE; 1,3t Ni u 0,2r Mo. B nonepure reoXxuMH4YecKuil HOTEHIMAI
cocrapisiror 0,3t U; 5,57 REE; 31 Ni u 0,21 Mo. B 0OCTOHHTE TI'€OXHMHYECKHH IMOTEHIIHAT
cocrasistror 0,021 U; 1,31 REE; 0,61 Ni 1 0,051 Mo.

JIByXCtOAsiHOW TpaHUT 3aHAMAeT HAMOONBIIYIO IUIOH[AAh W 00JagaeT HauOOJIBLIINM

IF€OXUMHUYECCKUM MMOTCHUHUAJIOM YpaHa, pEAKO3EMEJIbHBIX DJIEMEHTOB, HUKEIIA U MOJ'IHG)leHa.
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5. 3aki0uenne

Ha ocHoBe 00001eHHsI JIUTEPATYPHBIX AAHHBIX 0003HAYEHBI CIEAYIOLINE TPOOIEMBI.

BrIsIBJIEHBI OCHOBHBIE THITBI UHTPY3UBHBIX U XWJIBHBIX ITOPOJ EFI/IHTa, KOTOPBIC 06na11a}0T
HOBBIILIEHHbIM MOTEHLHANIOM YypaHa. OHHM COOTHECEHBI C OOLIENPUHATON KiIaccuUKaLUei
MECTOPOXKACHUH ypaHa MHUpa.

Paiton Dnp Cema oTHOCHTCS K ypaHOBOH mpoBuHIMHH BocTtounoit mycteram Erumra.
DKOHOMMYECKH 3HAYUMBIE PYIONPOSBICHUS ypaHa MMEIOT FeHETHYECKYIO CBSI3b C JABYCIIOISHBIMU
I'paHUTaMU. rpaHl/lTbl CEKYTCS MUKPOTpaHUTaMH, NOJICPUTAMU, ):[aﬁKaMVl GOCTOHHTOB, KBapLUCBBIMHU U
SIIIMOMIHBIMH JKHMJIaMH, IIPUYPOYCHHBIMH K 30HaM CIBHTra TeKTOHHMYeckux HapymeHuir C-CB — lO-
103 u C-C3 - 10-1OB namnpasnenuit.

Ha ocnoBe nurepaTypHOro 0030pa MOKHO CIIeNaTh 3aKII0YEHHE O BBICOKOH MEPCIEKTHBHOCTH
Tepputopun Boctounoit mycteiny ErunTa B OTHOLIEHHH ypaHa M DJIEMEHTOB CITy THUKOB.
I'eoxuMmnyeckne 0cOO0EHHOCTH HHTPY3UBHBIX MOPOJ

OCHOBHBIE TEOXUMHUYECKHE XapaKTEPUCTHKN MHTPY3UBHBIX 1MOpoA paiioHa Dib-Cena MOXXHO
caenath U3 Tabmmisr (5.1).

Ha ocHOBaHMM IaHHBIX O COAEPKAHUM XMMHYECKUX 3JIEMEHTOB B MHTPY3HMBHBIX MOPOJAX
Boctounoif mycteiHu Erunrta mpoBeseH kiapkoBbll aHanu3. Kimapk KOHIEHTpauuu ypaHa HUMeEeT
HAMBBICIINE 3HAYEHUS B MHUKPOTPAaHHUTE M JojepuTe. Y HHUKeNs 5TOT Kod()(GHIHMEHT BhIIE B
JIBYCIIOJSIHOM TpaHuTe U 6ocToHuTe. Jpyrue xanbkoduiabHbie 2nemeHTsl (Mo, Cu, Co, Zn) umeor
BBICOKHE 3HaUCHHUSI KJIapKa KOHLEHTPALMU BO BCEX MHTPY3HUBHbIX moponax. Huobuit xapakrepen mis
JoepuTa, a 00CTOHUT 00OTAIlleH TAHTAJIOM U HUOOUEM.

HaGumonaercst oruernuBoe cxonactBo B copepxkanusx U n Th B aBycimonsHbIX rpanurax b
Cena u apyrux paiionos Erunra.

BeIsiBIIeHBI ClEyIONIME T'CHETHYECKHE OCOOCHHOCTH HHTPY3HUBHBIX IIOPOJ HCCIETYeMOTro
paiioHa.

JIByCiIOAsHbIE TPAHUTBI MUKPOTPAHUTBI M OOCTOHMTBI NPUHAAJIEKAT H3BECTKOBO-IIEIOUYHOM
CEepHH, @ JIOJICPUTHI OTHOCATCS K TOJICUTOBOM CEpHH.

M3y4eHHble IPOOBI IBYCIIOJSHBIX TPAHUTOB, MUKPOTPAHUTOB U J0JIEPUTOB HAXO/SATCS B MOJIE
MeTa- W/UJIM MePIIIMHO3EMHCTBIX TIOPOJI, @ OOCTOHHUTHI OKA3BbIBAIOTCS B T10JIE MEPIIETOYHBIX TOPOT

W3ydeHHble ABYCIIONSAHBIE TPAaHUTBI M MHUKPOTPAaHHMTHI HAXOIATCS B IOJ€ IOCT-
KOJUIM3UOHHBIX I'PAHUTOB a JOJIEPUTHI U 6OCTOHI/ITbI onajaaroT B I0JIE BHYTPUILIMTHOI'O pEXKUMa.

JIBycCIntoisiHbIC TPaHUTBI, MUKPOTPaHUTBl ¥ 00ocToHUTH Db Centa 00pa3yoT BapHalMOHHbIE

TpEHABI CO IICJIOYHBIM IOJIEBBIM IITIATOM. 210 COIIaCyeTCs ¢ UX I'UIICPCOJILBYCHBIM XapaKTEPOM U
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BBICOKO#1 foseit neptuta. C Ipyroi CTOPOHBI, JOJEPUTHI OKAa3bIBAIOTCS HA TPAHUIIE MEXITy TPEHIaMU

MUPOKCEHA 1 OHOTHUTA.

Tabauupt (5.1). OCHOBHbBIE T€OXMMHUYECKHE XapaKTEPUCTUKH MHTPY3UBHBIX IOPOJ paioHa

Onp-Cena.
JBycaroasaHoi Mukporpanut Hosepur BocTronunr
TPAHHUT
Knaccudukanus I'panur I'panur T"a66po Cuenur
Kaapxk Ni 358- Mo 78- U7 | Usag-Nig7-Co73 | Usga-Moyzs- | Nisg- Mo j3.6-Rb
KOHUIEHTPpauun Co 24, -Mos54-Zn s Cs 1096~ Nb g1 - 98- Tas3- Nbgy-
(KK) Sn 73-W 43- Th Cuss-Y 24-Uos-
39°Y 36- 2T 29-
REE Jlerkux P32 LREE >HREE LREE >HREE LREE >HREE
(LREE) > BesorpunatensHoit | oTpuuarenbHoi | oTpuuaTensHoit Eu
TsoKenbix P30 Eu anomanueit Eu anomanueit aHomauen
(HREE)
. OTpHIIATENHHOM
Eu anomanueit
(La/Yb)N 11.1 10.8 14.9 133
> REEs 44.8 99.6 594 388
Tun Mmarmsel N3BecTkoBO- M3BecTroBO- ToneuroBas M3BecTroBO-
[e0YHas menoyHas MarMatideckas LIeT0YHast
MarMaTuyeckas MarMaTH4eckas cepust MarMaTH4eckas
cepus cepust cepust
Ilepraunosemucteie | Ileprinunoszemucteie Mera Ilepmenounsie
TPaHUTHI TPaHUTHI TJIMHO3EMUCTHIC
TexTonn4eckas TTocr- TocT- Buyrtpunnuthele | BHyTpurmTtHbsle
MOJI0KEHU e KOJUTH3HOHHBIX KOJUTU3UOHHBIX
Ilerporene3nc Oka3pIBaroTCs B OKa3bIBalOTCS B OKa3pIBaroTCS Oka3pIBaroTCS B
TpeHe TpeHje Ha IpaHuLe TpeHje
(bpakupoHupoBanus | GpaKLHOHUPOBAHUS MEXKILY (hpaKLHOHUPOBAHUS
LIEJI0YHOTO LIEJI0YHOTO TpeH1aMU MIEIOYHOTO
M0JICBOTO IIITIaTa, 0JIEBOT'O MIMATA, MHPOKCEHA U IOJIEBOT'O LITIATA,
OouoTuTa.
Temnepartypa 700-750 C° 750-800 C° 800-950 C° 950-1020 C°
KPHCTALIN3aIHH

Temneparypa KpUCTAIM3ALMK ABYCIIOIIHOrO0 rpaHuta Konebmercs or 700 mo 750°C,
Mukporpanura - oT 750 1o 800°C, temmneparypa goneput mensercs ot 800 go 950°C, temneparypa

OocToHnTa OlleHnBaeTcs B uHTEepBaie ot 950 xo 1020°C.
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I'eoxumuyeckue 0cOOEHHOCTH MHHEPAJIOB

IIpoBeaeHo cucTeMaTHYECKOE HCCIIEI0BAaHUE MUHEPATIBHOTO COCTaBa PYIHBIX U aKIIECCOPHBIX
MHHEpPAJIOB U3 Pa3IM4HBIX HHTPY3UBHBIX Iopox obnactu Db Cena. HTpy3uBHBIE OPOABI 00JIaCTH
Onp Cena colepXUT NepBUYHbIE (TOPHUT, YPAHOTOPUT, OPOKMT, ayepiaut, KOQGUHUT, ypaHUHHUT,
HACTypaH) MHHEpaibl TOpHsS U ypaHa, U BropuuHble (Ayrenut, Kasomur, Ypanoban) muHepaisl
ypaHa. BpbisBnena accouuarms cyiabGHIOB (IUPHUT, XaJIBKOMUPHUT, apCEHOIHUPHT, Chanepur,
MOJIMOCIHUT ¥ TaJICHUT) U CaMOPOIHBIX MUHEPATIOB (AU cav, AE cavs N1 cams F€ cants CU can N1 can)-

Briepsble nuarHocTHpoBaHO 18 HOBBIX MHMHEpANOB B MHTPY3HMBHBIX Iopojax oOnactu. B
JIBYCIIOISIHBIX TPAaHUTaX BIEPBBIE OOHAPY)KEH ayepiuT, OpOKHT M caMoponxHoe cepedpo. B
MHKPOTpaHuTax - KOGOHUHHUT, KA30JIUT, CaMOPOJIHOE 30JI0TO, CAMOPOIHBI HUKENb, CaMOPOIHOE
KENe30 M caMopoiHas Meab. B nonepure BbIsBICHBI KOQOUHUT U ypaHMHHMT. B OGocroHHTe
3aMKCUPOBaHbl BIEpPBble KOQQUHUT, HUPKOH, MOHAUMT, OACTHE3WT M pyTWI. B smmoumax
0OHapy»KeHbl HACTYpaH U KOYHUHUT.

IIpukiagnHbie aCNeKTH TeOXHMUH HHTPY3MBHBIX MOPOJX

B pesynbraTe mpoBeneHHBIX HCCIENOBAHUN OIEHEHO COICPKAaHHE XUMHUYECKHX JIEMEHTOB
3TaJOHHBIX P00 MHTPY3UBHBIX MOPOA U UX CYOMUKPOHHOI! (BOAOPACTBOPUMON) (hpaKIyu.

Jlosnst cyOMHKPOHHOH (KOJUIOUIHO-COJIEBOMH) (hpakLUK MHTPY3UBHBIX 10OpoJ MeHsiercs ot 1,31
1o 1,78 Bec %. Pa3zmep wactur cyomukponnoil ¢ppakmmu (CM®) mensiercs o 566 10 679 HM.

YcraHoBIeHBI cofiepkanust MUKpoaaeMentoB B CM® unTpy3uBHBIX mopoxa: Ni oborarieHa
CM® neycmoasiabix rpanuToB; U, Rb u Sr HakamuBatoTcss B CM® MUKPOTpaHHUTOB.

HauGonee BBICOKHE OTHOCHUTENBHBIE JOJIM XUMUYECKUX JJIEMEHTOB, HaXOJIALIUXCA B
CyOMHMKpPOHHOW (pakmuu C y4eToM BecOoBOH monu (pakuuu, xapaktepHel it Zn, Cu, Ni.
IMonsmwxkHOCTs Rb, Sr, Ba Hambonee BbICOKa Yy MHKPOTpPaHUTA, KOTOPBIH B HAHOOIbIICH CTEICHH
MOJIBEP)KEH BTOPUYHBIM H3MEHEHHsIM. Y paH HakarunBaetrcss B CM® GocronuTa. B menom, Haumenee
noasmwxkHbel. Pb, REE u Y; U u Th o06nagaroT OTHOCHTENBHO HEBBICOKOH MOABMXHOCTBIO. [Ipm
XUMHYECKOM BBIBETPHBAHUHM MHTPY3UBHBIX 1opoa Zn, Cu, Ni nepexoasT B MOJABMKHOE COCTOSHUE U
MOTYT MHUIPHpOBaTh Ha okpyxkatouue teppuropu. U, Th, Pb o0pasyioT BTOpHUHBIE MHHEPAbL;
REE u Y HaxoIsiTcs B HHTPY3MBHBIX MNOpOAAaX, NMPEHUMYIIECTBEHHO B MHHepaJbHOI (opme u
SIBIISTFOTCS] HAIMEHEE ITOIBIKHBIMH.

Boun oneHeH reoXWMHUYECKUil MOTEHIMAI MHTPY3UBHBIX Mopoj paiioHa Oab Cena. OH

coctasiseT (TonH) (Tabnuma 5.2.).
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Tabmuia 5.2. ['eoxuMuYecKnil MOTEHIINAT HHTPY3UBHBIX Oopoa ik Cena 001acTH, TOHH.

BycmosHOH | Mukporpanut | Honepur | boctonut
Orevent Hl“pZHI/IT ?n:9) (I;FFSP) H(nig) (n=5)
U 6.5 3.1 0.3 0.02
REE 40.7 1.9 5.5 1.3
Ni+Mo 121.7 1.5 3.2 0.65

JIByXCIIOJSIHOW TpaHUT 3aHUMAeT HAWOOJBILIYIO IUIOMAAs M 00JafaeT HanOONIBIINM
FeOXUMUYECKUM IIOTEHIMAIOM YpPaHa, PEJKO3eMENIbHBIX JJIEMEHTOB, HUKeNs M MonubOaeHa. OHu

PECKOMCHAYIOTCS B KAUECTBE KOMIUJICKCHOI'O UCTOYHHKA ChIPbS.
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Introduction

Relevance of research.

The territory of Egypt belongs to the uranium geochemical province, within which uranium
deposits of various genetic types are widely distributed. The most promising industrial facilities are
vein type and are associated with granites and other intrusive rocks (Ibrahim et al., 2005; Gaafar et
al., 2014; Abdel Gawad et al., 2015; Shahin, 2014; Ghoneim, Abdel Gawad, 2018).

According to the International Atomic Energy Agency (IAEA) and the United Nations (UN),
uranium is still in great demand because of its widespread use in the energy sector of all countries.
According to the data of these organizations, the raw material potential of Egypt's uranium is still not
sufficiently estimated.

In the southern part of the Eastern Desert of Egypt, the body of two mica granites, which has
an area of more than 100 km?, emerges. This area is characterized by increased radioactivity. In its
southwestern part, uranium manifestations are known (Kash Amer region), and the northeastern part
of the batholith, the El Sela region, has not been yet extensively studied.

The purpose of the work is to identify the mineralogical and geochemical features of the
intrusive formations of the El Sela region to determine the prospects for their uranium-bearing nature.
The objectives of the study include:

1) determination of the contents of radioactive elements and their associations in the rocks of the
intrusive complex;

2) identification of mineral and non-mineral forms of finding uranium and associated elements;

3) assessment of the prospects for the intrusive complex of rocks as a comprehensive source of raw
materials.

The object of research is two-mica granites, micro granite, dolerite, bostonite and jasper.

The actual material and research methods. The basis for the thesis is the material collected by the
author during field work in the Eastern desert of Egypt during the field seasons 2016-2018 (more than
100 samples). Cartographic material was studied in the foundations of the Geological Survey of
Egypt and in the Nuclear Materials Authority of Egypt. Macroscopic and petrographic studies were
carried out under a binocular and in thin sections on a Leica microsystems DL MP optical microscope
for reference sampling (55 samples). The chemical composition of minerals were performed at the
resource center “Geomodel”, Saint Petersburg University, Russia, using a Hitachi S-3400N Scanning
Electron Microscope equipped with an Oxford Instruments Energy Dispersive Spectrometer X-Max

20. The electron beam accelerating voltage was 20 kV and the current 1 n A were used. X-ray
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acquisition time was 20 seconds. The analyses of major oxides were performed by using X-ray
fluorescence silicate analysis in laboratories of Saint Petersburg University, Russia. The chemical
analysis of microelements was determined in the Central Laboratory of the All-Russian Federal State
Budgetary Institution “VSEGEI” using the ICP-MS method on Agilent-7700 instruments. The
submicron fraction (SMF) was separated by water extraction using Sartoris filters with a pore size of
1 pum, and its analysis was performed by ICP MS using an Agilent-7700 instrument (86 samples). The
dimensioning of nanoparticles was carried out on the nanosight nanosizer. Statistical processing of
analytical data was carried out using Excel (Microsoft), Statistica (Statsoft).

Structure and scope of work. The work consists of introduction, 4 chapters and conclusion. It
contains 113 pages, including 46 figures, 38 tables and a list of references from 172 items.

In the introduction indicates the relevance of the work, formulated the goals and objectives of the
study. The first chapter provides data on the geology of the area and the history of the uranium
deposits of Egypt. In the second chapter, the geochemical features of the intrusive rocks of the El
Sela region are considered, the genetic features of the rocks are revealed. The third chapter is devoted
to geochemical features of primary and secondary uranium minerals, as well as accessory minerals.
The fourth chapter deals with the mobile forms of the chemical elements of the intrusive rocks of the
El Sela region. In conclusion, the main scientific results of the work and practical recommendations
are given.

Key results of the research submitted for oral defence

1- On the basis of Clarke analysis, geochemical series of chemical elements for intrusive rocks of the

El Sela region are identified:

two-mica granite: Ni 36- Mo 75- U 27- Co 24- Cu 13-Th ; 3; microgranite: U ss- Ni 29- Co 73- Mo 54
-Zn36-W 31- Cu24; dolerite: U37-Mo 13- Cs11-Nbogi-Snq3-Wy43-Ths9-Y 36-Zrz9-Nios-
Rb22-Hf 16-Zn 16-Ba12;

and bostonite: Ni s4- Mo 14- Rbgg-Tas3-Nb44-Cus3-Y 24-Uo3-Hf 1 7-Zr14-Th 3.

There is a clear similarity in the contents of U and Th in the two-mica granite of El Sela and other

areas of Egypt.

The genetic features of the intrusive rocks of the studied area revealed that microgranite and two-
mica granite and bostonite belong to the calc-alkaline series, while dolerite belongs to the tholeitic
series. Studied samples of two-mica granite, microgranite and dolerite are in the field of meta- and/or
peraluminous rocks, wheareas bostonite samples are plotted in the field of peralkaline rocks. Studied

two-mica granite and microgranite are located in the field of volcanic arc to syn-collision granites,
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while dolerite and bostonite fall into the within plate field. The temperature of crystallization of two-
mica granite ranges from 700 to 750 °C. For micro-granite, the temperature ranges from 750 to 800
°C. Regarding to dolerite temperature ranges from 800 to 900 °C. The temperature of bostonite

ranges from 950 to 1020 °C.

2. The intrusive rocks of the El Sela region contain primary minerals of thorium and uranium (thorite,
uranothorite, brockite, auerlite, coffinite, uraninite, pitchblende) and secondary minerals of uranium
(autunite, kasolite, uranophane. An association of sulphides (pyrite, chalcopyrite, arsenopyrite,
sphalerite, molybedite and galena) and native minerals (native Au, native Ag, native Ni, native Fe,
native Cu) were recorded. 18 minerals were diagnosed for the first time. The following minerals have
been discovered: in two-mica granites, auerlite, brockite, and native Ag; in micro granite - coffinite,
kasolite, native gold, native Ni, native Fe and native Cu, coffinite and uraninite are detected;
Coffinite, zircon, monazite, bastnesite and rutile are recorded in bostonite; Pichblende and coffinite

are found in the jasper.

3- The content of chemical elements in reference samples of intrusive rocks and in their water-soluble
(colloid-salt) fraction were estimated. This fraction is water-extracted from the rock under certain
conditions. The rock sample and its colloid-salt fraction were analyzed. The chemical characteristic
of the isolated fraction reflects the mobile, mobile part of the chemical elements of the rock.
Comparison of the obtained data allows to estimate the share of migratory-capable and difficultly
mobile forms of chemical elements.

The largest particle size and the high fraction fraction are characteristic of the two-mica granite. The
highest values are characteristic for Zn, Cu, Ni. The mobility of Rb,Sr and Ba are highest in
microgranite. U accumulates in the bostonite SMF. The least movable are U, Th, Pb, REE and Y.
During the chemical weathering of intrusive rocks, a number of elements (Zn, Cu, Ni) become mobile
and can migrate to the surrounding areas. U, Th and Pb form secondary minerals and do not
accumulate in the colloidal-salt fraction. REE and Y are in mineral form and are the least mobile.
4-The geochemical potentials of the intrusive rocks of the El Sela region were evaluated. Two-mica
granite occupies the largest area and has the highest geochemical potential of uranium, rare earth

elements, nickel and molybdenum. It is recommended as a comprehensive source of raw materials.

The reliability of the work is determined by the representativeness of the actual material, the use of
a wide range of modern methods of studying substances. This made it possible to reliably identify

elevated levels of radioactive elements and to determine the forms of their presence at the present
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level. Metrological characteristics of chemical and analytical definitions comply with regulatory
requirements.

Approbation work. The main materials, results and provisions of the dissertation were discussed at
conferences and meetings:

= The main provisions of the dissertation research were presented at the leading Russian and

international scientific conferences:
= All-Russian conference with international participation (Tectonic, igneous, metamorphic
factors of formation and location of deposits of ore and non-metallic minerals-October 4,
2017, Yekaterinburg); (October 2-4, 2017, Yekaterinburg);

= 200th Anniversary Meeting of the Russian Mineralogical Society «Saint Petersburg, Russia,
10-13 October 2017;

= XIII All-Russian Scientific Conference "Ural Mineralogical School 2017", Yekaterinburg.
Ural State Mining University in, from 2 to 4 November 2017, Yekaterinburg.2017»,
Yekaterinburg.

= The Seventh Russian Youth Scientific and Practical School, Moscow, November 13 - 17,
2017, New in the Knowledge of Ore Formation ", IGEM RAS, Moscow, 2017.

= International Scientific and Practical Conference Strategy for the Development of Geological
Exploration of the Subsoil: Present and Future (the 100th anniversary of MGRI-RGGRU)
April 4-6, 2018 Moscow, MGRI-RGGRU.

= XXV International scientific conference of students, graduate students and young scientists
"Lomonosov-2018" 9 - 13 April 2018, MSU, Moscow, Russia

= VI International Symposium "Biogenic- abiogenic interactions in natural and anthropogenic
systems" devoted to the 150th anniversary of the St. Petersburg Society of Naturalists, 2018

= VII Readings memory Corresponding Member. Russian Academy of Sciences S.N. Ivanov,
All-Russian Scientific Conference dedicated to the 70th anniversary of the founding of the
Ural Branch of the Russian Mineralogical Society.

On the topic of the dissertation, 13 papers were published, including 4 articles are indexed in the
journal from the list of the Higher Attestation Commission of the Russian Federation, one article is
indexed by (Russian Science Citation Index) and 8 abstracts of reports.

Scientific novelty. For the first time, the number of definitions of petrogenic oxides and trace
elements of radioactive elements and their associated elements in the intrusive rocks of the El Sela
region was carried out.

The mineral forms of the primary and secondary minerals of uranium and accessory minerals in the

El Sela intrusive rocks are determined.
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For the first time, a submicron fraction of intrusive formations was isolated and the content of

radioactive elements and associated elements in it was estimated.

The practical significance of the work.

The geochemical potential of radioactive elements and associated elements in the intrusive rocks of
the El Sela region is calculated.

Personal contribution of the author. The author participated in fieldwork in Egypt (sampling,
documentation of objects and primary material, preparation for analytical studies). The author carried
out and directly participated in laboratory studies (petrographic analysis, electron microscopic
studies, in the selection of the submicron fraction and its analysis). The author carried out an
assessment of the geochemical potential of uranium and associated elements in the intrusive rocks of
the El Sela region.
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Chapter 1. Geological characteristics of the Eastern Desert of Egypt

1.1. Regional Geology of the Eastern Desert of Egypt

The Egyptian basement rocks represent the northwestern part of the Arabian-Nubian Shield (ANS)
that cover about 100,000 km?2 in the Eastern Desert parallel to the Red Sea and the southern part of
Sinai Peninsula as a triangle bounded by Gulf of Aqapa and Gulf of Suez. In addition, these rocks
crop out as small-scattered areas in the south Western Desert especially at Oweinat area, which is
located along the borders of Egypt, Sudan and Libya (Schandelmeir et al., 1983) as a part of the Pan-
African (Kennedy, 1964) ANS. The Eastern Desert of Egypt is occupied by igneous and metamorphic
rocks which were created through the East African Orogeny during the collision between East and
West Gondwana and the closure of Mozambique Ocean 600 Ma (Kusky et al., 2003; Stern, 1994).
Arabo-Nubian shield is a part of Pan African orogenic belt which was active between 1200-450 Ma
(Kennedy1964; Gass 1977; Kroner 1979; Dixon 1979 and Stern 1979). The shield has been
cratonized since Precambrian or early Paleozoic and was affected by rift movements or (Wilson
cycle) movements (Kroner, 1979). The latest rift movement in the Arabo-Nubian shield is the
formation of the Red sea and related structures. This movement seems to be developed into a phase of
spreading with production of new oceanic crust. In the movement, the Arabian Peninsula seems to be
drifted away from Africa in an anticlockwise rational movement (Hamimi , 2019).

The orogenic history of Egyptian basement which represents the northwestern part of Arabo-Nubian
Shield was interpreted in terms of Geosynclinal theory (ElI-Ramly and Akkad, 1960; El- Shazly 1964,
1974, 1977, 1980; El- Ramly 1972 and Akaad, Noweir 1980).

Recent studies in the Eastern Desert propose several plate tectonic models for the evolution of these
rocks (e.g. Gass 1977; Church 1979; Hashad and Hassan, 1979; Engel et al. 1980; Ries et al. 1983;
Stern et al. 1984; El Bayoumi and Greiling, 1984; Ragab, 1987 and Abdel Khalek et al., 1992). The
term 'Pan-African' was coined by Kennedy, 1964 on the basis of an assessment of available Rb-Sr
and K-Ar ages in Africa. The Pan-African was interpreted as a tectono-thermal event, some 500 Ma
ago, during which a number of mobile belts formed, surrounding older cratons. This thermal event
was later recognized to constitute the final part of an orogenic cycle, leading to orogenic belts which

are currently interpreted to have resulted from the amalgamation of continental domains
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during the period ~870 to ~550 Ma. The term Pan-African is now used to describe tectonic,
magmatic, and metamorphic activity of Neoproterozoic to earliest Paleozoic age, especially for
crust that was once part of Gondwana (Kroner et al., 2005). The tectonic evolution of the Pan-
African caused a remobilization of Archean and Proterozoic rocks, their deformation and
metamorphism to higher grades as well as migmatization, anatexis and wide scale intrusion of
granites.

According to tectonic evolution, the Precambrian rocks of the Eastern Desert have been
divided by two major structural discontinuities that separate it into three tectonic domains; the
first is South Eastern Desert (SED) lies south of latitude 24° 30" N, North Eastern Desert (NED)
lies north of latitude 26° 30'N and Central Eastern Desert (CED) that lies between them. The
border between the CED and the SED represents a major shear zone. On the other hand, the
border between the NED and CED is an intrusive contact (Stern and Hedge, 1985) (Fig. 1).

Lithologically, the NED and Sinai are characterized by granitic terrane, besides gneissic
varieties and a sequence of younger intracratonic rocks of the Dokhan-type volcanic and their
related Hammamat-molasse sedimentary rocks, in addition to few outcrops of ultramafic rocks
(Abdel-Meguid, 1992; El Ramly, 1972; El Ramly, Hermina, 1978). The CED includes fair
amounts of ultramafites and considerable portions of ophiolitic sequences and mélanges, besides
relatively larger volumes of arc-type volcanics and volcanogenic sediments associated with some
iron formations that interpreted as been formed in back-arc environment (Sims, James, 1984).
The SED is primarily gneissic terrane with huge amounts of arc-type volcanic, as well as
tuffaceous volcanogenic sediments and pyroclastics. This is in addition to the late- to post-
tectonic granitoids. In addition, it comprises frequent amounts of the other intracratonic rock
associations like the Dokhan-type volcanic with scarce occurrences of the Hammamat

sedimentary rocks (Abdel-Meguid, 1992; El Ramly, Hermina, 1978).
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Fig. 1.1. Simplified geologic map of the Neoproterozoic basement exposed in the Eastern
Desert of Egypt. Inset shows relative abundances in the three major basement provinces of
the Eastern Desert Egypt, Stern, Hedge, 1985.

It has long been observed that granites, and particularly the more acidic ones, are
diagnostically enriched in uranium. Accordingly, numerous studies have tackled the
behaviour of the radioactive elements during the set up of the granitic rocks. The young
granitoid rocks of Sinai and Eastern Desert massif are mainly of Pan-African age emplaced
at a time span between 417 and 780 Ma. They are classified into older (synorogenic) and
younger (late to post orogenic) granites (El Shazly, 1964; and El Ramly, 1972). The
synorogenic older granites (OG) are of dioritic, tonalitic to granodioritic in composition,
resembling the calc-alkaline I-type and range in age between 610 and 711 Ma (Dixon et al.,
1979; Stern and Hedge, 1985). The younger granitoides or the “pink granites” (YG) are
considered as the final stage of the Pan African magmatism ceased at the end of the Pre-
Cambrian at 550 Ma (El Shazly et al., 1980). The YG plutons range in age between 549-597
Ma, while some alkali plutons are as young as 417 Ma (Stern and Hedge, 1985). Most of the
Post-tectonic YG is K- and LRRE-enriched, calc-alkaline to mildly alkaline rocks with I-type
affinity. A part of the YG has recently been classified as A-type granitoide (Eby, 1992).
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Eastern Desert granites are characterized by forming predominant high mountain
ranges being resistant to erosion. They form a suite of isolated, epizonal, and unfoliated
plutons cross cutting, virtually, all the crystalline rock types in the Eastern Desert and have
sharp contacts with all surrounding rock types. These younger granites of Egypt are
characterized by the presence of pegmatitic bodies, and quartz veins present specially at their
marginal zones. The younger granites are often highly mineralized where U, Sn, W, Mo, Be,
Nb and Ta mineralizations occur at several localities in the south Eastern Desert.

The economic mineralizations especially that of uranium are, genetically related to
granitoides, mostly located in anatectic melts or in strongly peraluminous two mica
leucogranites (Cuney et al, 1984; and Poty et al., 1986).

1.2. Geological characteristic of El Sela area

El Sela area lies in the SED of Egypt along the Red Sea coast. Generally, the area is
characterized by rugged topography with moderate to high relief and comprises different
rock types of the basement complex of Precambrian age and wadi sediments. The Pre-
Cambrian uraniferous granitic rocks are exposed in the extreme southern part of the Eastern
Desert, e.g., in El Sela area (Fig. 1.2).

Numerous studies were carried out in El Sela shear zone (Figs. 1.3 and 1.4), which
covered various aspects including: detailed geological, structural, spectrometric survey,
geochemical, mineralogical, geophysical methods for uranium exploration (Abdel-Meguid et al.,
2003; Ibrahim et al., 2005; Ibrahim et al., 2007; Abd El-Naby and Dawood, 2008; Ali, 2011; Ali
and Lentz, 2011; Abouelnaga et al., 2013; Ramadan et al., 2013; Gaafar et al., 2014; Abdel
Gawad et al., 2015; Shahin, 2014; Abdel Gawad et al., 2016, Ghoneim and Abdel Gawad, 2017).



126

Fig.1. 2. Geologic map of El Sela area, Eastern Desert, Egypt after (Abdel-Meguid et al., 2003;
Ibrahim et al., 2007; Ali, 2013; Abdel Gawad et al., 2015).

El Sela area is characterized by rugged topography with low to high relief and
comprises different rock types of the basement complex of the Pre-Cambrian age. Based on
the field studies, the rock types in the studied area arranged chronologically by
two—mica granite, post granitic dikes (microgranite, dolerite and bostonite dikes), quartz and
jasperoid veins and Phanerozoic cover of wadi sediments.

Two-mica granite occupy the major part of the studied area which displays the
remnants of circular and/or arc-shaped granitic plutons (3*5 km) trending ENE-WSW and
NNW-SSE parallel to shear zones (Fig.1.2). This granite is usually medium- to coarse-
grained, highly weathered, cavernous, jointed (Fig.1.5) and characterized by the
hypidiomorphic granitic textures. Granite plutons are divided into several bodies separated
by sandy corridors with highest peaks rise to as high as 557 m (above sea level). Two-mica
granite is pink to pinkish grey colors, composed essentially of quartz, K-feldspar,

plagioclase, biotite and muscovite. Episyenitization (Fig 1.6), albitization, silicification and
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ferrugination affected two-mica granitic plutons. El Sela two-mica granite is dissected by
two perpendicular shear zones. First shear zone is extending ENE-WSW with about 1.5 km
in length and ranges between 5—40 m in width which extends to 6 km in the eastern part with
narrow width varies between 3—5 m. From the structural point of view, shear zone is
dissected by the NW-SE dextral strike-slip faults, NNW—-SSE, NNE-SSW and N-S sinstral
strike-slip faults (Fig.1. 2). The ENE-WSW shear zone is characterized by moderate relief,
highly tectonized, altered and alteration processes are enriched in secondary visible U-
mineralization and pyrite megacrysts. This shear zone is characterized by invading of
microgranite, dolerite dikes, and quartz and

jasperoid veins.

Fig. 1.3. Shear zone affected El Sela area along ENE-WSW trend.

Fig. 1.4. El Sela shear zone trending ENE-WSW.
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Fig.1.5. Highly weathered, cavernous and jointed two-mica granite.

Fig. 1.6. Episyenite (quartz dissolution of granite leaving cavities).

Microgranite dike is injected into the two-mica granite along the ENE-WSW shear
zone (Figs. 1.7 and 1.8) and dipping 72°-83° S. This dike is very fine-grained, ranging in
width between 3 and 20 m and extends 6 km SW from the northern margin of El Sela
plutons. Microgranite is sheared, jointed (V-shape), stained by iron oxides (Fig. 1.9) and
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affected by acidic and/or alkaline fluids such as phyllic, pyritization and desulphidation.
(Fig. 1.7 -1.9).

Fig. 1.7. ENE-WSW microgranite dike invades two-mica granite.

Fig. 1.8. Sheared altered microgranite trending ENE-WSW.



130

Fig. 1.9. Joints in microgranite stained by iron oxides.

Dolerite dikes having ENE-WSW and NNW-SSE trends. The first trend in which
dolerite is parallel to the first shear zone (Figs 1.10 and 1.11), strikes N-75° and dipping
68°— 81° S, adjacent and/or parallel to microgranite dike in the main shear zone of the
mapped area. These dikes are highly altered and having cavities that filled with visible U-
mineralization. Second shear zone extends NNW-SSE for a short distance (100 m). Also
dolerite dike (chemical trap for U-mineralization) (Fig. 1.12) ranges between 1 and 1.5 m
thick, invades in perpendicular trend the first shear zone. The second mineralized trend of
dolerite strikes N-112° and dipping 58° W (Fig. 1.2). The intensity of radioactivity and
mineralization in the second shear zone are very strong and more pronounced than the first
one. Their U-contents reached 6147 ppm and Th-content is 13.8 ppm (Abdel Gawad and
Ibrahim 2016). Visible U-mineralization and fluorite are recorded in the second sheared

altered dolerite dike.
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Fig.1.10. ENE-WSW dolerite dike dissects hosting two-mica granite.

Fig.1.11. Dolerite dike trending ENE-WSW invades two-mica granite.
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Fig.1.12. Visible U-mineralization in altered mineralized dolerite dike.

Bostonite dikes invade granitic plutons along the N—S and NNE-SSW tectonic trends.
They are usually fine-grained, reddish brown, massive, sheeted, and range in thickness from 0.5
to 2 m (Figs. 1.13 and 1.14). The bostonite dikes have a lower radioactivity level without any

sign to form U-mineralization.

Fig. 1.13. NW-SE strike slip fault (right lateral) cross cut N-S bostonite dike.
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Fig.1. 14 Close up view shows sheets of bostonite dike.

Milky quartz vein dissected two-mica granite along the ENE-WSW shear zone (Fig.
15). This vein is non-radioactive, brecciated and ranges in thickness from 1 to 4 m. The
milky quartz vein is dissected by red and grey to black jasperoid veins (Figs. 16, 17 and 18).
Red and grey to black jasper veins (mineralized) are strongly jointed, fragmented, brecciated

and range between 0.5 and 1 m thick, contain visible pyrite megacrysts and uranium

minerals.

Fig.1.15 Sheared quartz vein (white color barren).
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Fig. 1.16. Different colors of white and black quartz vein.

Fig. 1.17 Open cut illustrate two-mica granite (S6B), altered micrograniteS6D, jasperoid vein
S6A.
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Fig. 1.18. Contacts between two-mica granite, jasperoid vein and microgranite.

Structure analysis of the ductile deformation reveals the presence of three generations of
folds (Ali, 2013). ENE-WSW and NNW-SSE trends can be considered as preexisting
discontinuities and mechanical anisotropy of the crust in the following structure episodes, while
the brittle deformation reveals the importance of those trends which control the multi-injections
and many alteration features in the study area. Thus, the structural controls of the uranium
mineralization appear related to the interaction between inherited ductile fabrics and overprinting
brittle structures. During reactivation, a simple shear parallel to the inherited ductile fabrics was
responsible for the development of mineralized structures along the ENE-WSW and NNW-SSE
trends so they can be considered as paleochannel trends for deep-seated structures and can act as
a good trap for uranium mineral resources. Most of the uranium anomalies are delineated along
ENE-WSW and NNW-SSE shear zones (Fig. 1.2) where quartz-bearing veins bounded the
microgranite and dolerite dikes and dissected them in relation to the successive fracture
formation and brecciation corresponding to the repeated rejuvenation of the structures.

1.3. Uranium deposits in Egypt

The territory of Egypt belongs to the uranium geochemical province, within which
uranium deposits of various genetic types are widespread. The most promising industrial
facilities are vein type and are associated with granites (Ibrahim et al., 2005; Ghoneim, Abdel

Gawad, 2018).
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Vein-type uranium deposits are considered as one of the most U-resources in the World. They
have been the source of uranium since its discovery by Martin Klaproth in 1789. The vein-type
deposits constitute 7% of the global reserves and about 10% of uranium has been produced from
deposits of this type.

Vein-type uranium deposits are those in which uranium minerals fill cavities such as cracks,
veins, fractures, fissures, pore spaces, shear zone, breccia and stockworks in igneous, meta-
sediments and metamorphic rocks (Campbell, 1957; Ruzicka, 1971; 1993; Cuney and Kyser,
2008).

Two subtypes of uranium vein deposits can be identified according to their metallic mineral
composition:

(1) Monometallic, where uranium minerals occur as the sole metallic constituents in a simple
mineral assemblage. Typical example of monometallic uranium vein-type deposits is the Fay-
Ace-Verna zone in Canada (2) Polymetallic, where uranium minerals are accompanied by other
metallic elements, such as nickel, cobalt, arsenic, zinc, bismuth, copper, lead, manganese,
selenium, vanadium, molybdenum, iron and silver. The metallic minerals are commonly
associated with gangue, typically carbonate, quartz or clay minerals. Polymetallic veins-type
deposits are represented by the deposit at Port Radium in Northwest Territories, Canada; the
Jachymov deposits in the Erzgebirge region, Czechoslovakia; and the Shinkolobwe deposit in the
Shaba province of Zaire. Uranium reserves of all these deposits have been depleted. Uranium
oxides (pitchblende), arsenides and sulpharsenides of nickel and cobalt, copper sulphides, native
silver, were principal ore constituents of the deposit at Port Radium Granite-related U deposits
uranium mineralization occurs as disseminations or veins composed of ore and gangue minerals
in granite or adjacent (meta-) sediments and resources are small to large and grades low to high.
Classification of the uranium vein-type uranium deposits, based on their geological setting,
structural and lithological controls in their localization. The granitic or syenitic rocks host vein
deposits (intragranitic veins), by whatever rocks surround the granitic plutons (perigranitic or
peribatholithic veins) or by sheared or comminuted metamorphic, sedimentary or igneous
complexes (veins in shear mylonite).

(1) Endo (or intra-) granitic vein deposits (Limousin-Vendée Type) are typically developed
in highly differentiated granitic rocks, e.g., in two-mica leucocratic granites that were subjected
to preceding alteration, such as albitization and desilicification (episyenitization). The deposits
are spatially related to regional faults. The principal uranium minerals,pitchblende and coffinite,
are commonly associated with sulphides and gangue minerals, such as carbonates, quartz,

chalcedony, fluorite and barite. These deposits comprising two sub-types:
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1) Mostly discontinuous, linear ore bodies as veins or stockworks localized in fractured
granite example endogranitic vein deposits: Fanay-Les Sagnes/La Crouzille District, Massif
Central, France (Leroy, 1978).
(i)  Disseminations in pipes or columns of episyenite as Bernardan/La Marche District;
Massif Central, France (Guiollard and Milville 2003; Leroy and Cathelineau, 1982).
Contact granitic veins persist from inside the granite across and beyond the granite contact but
also exist only in enclosing rocks in vicinity of the contact. Type example contact-granitic
deposits: L’Ecarpiére ore field/Vendée District, France (Chapot et al., 1996).
2) Perigranitic vein deposits are typically developed in in meta-sediments and metamorphic
rocks at their contacts with intrusive granitic plutons. They are also structurally controlled by
regional faults. The host rocks are often cut by lamprophyre and aplite dikes. The deposits
consist of subvertical veins, breccia zones, stockworks and irregular bodies spatially associated
with major faults.
(1) Perigranitic veins in meta-sediments can be monometallic (essentially pitchblende and
gangue minerals) or polymetallic (U, Co, Ni, Bi, Ag or other metals in economic quantities). The
gangue minerals include carbonates (calcite, dolomite) and quartz. The wall rocks and the
gangue near the uranium minerals are commonly hematitized. The U and other elements are not
genetically related.
(i1) Perigranitic deposits in metamorphosed rocks confined to the cont act-metamorphic
aureole of a granitic intrusion are monometallic and mineralization occur in the form of veinlets
and disseminations in intensely fractured hornfels, speckled andalusite-cordierite schist, and
similar rocks up to approximately 2 km wide around the granite. Host rocks are severely altered.
Example: Nisa/Alto Alentejo District, Iberian Meseta, Portugal (Basham and Matos Dias, 1986).
Vein-type uranium deposit mines in the world

In the European Hercynian belt (EHB), a large proportion of the uraniferous deposits are
spatially associated with Late-Carboniferous peraluminous leucogranites or, less frequently,
monzogranites. The vein-type, episyenite-type, breccia-hosted or shear zone-hosted U deposits
related to these granites can be either intra- or perigranitic. This spatial relationship can be
observed in the Iberian Massif (e.g. Pérez del Villar and Moro, 1991), in the French part of the
EHB (Armorican Massif and Massif Central; Cathelineau et al., 1990; Cuney et al., 1990), in the
Black Forest (e.g. Hofmann and Eikenberg, 1991) and in the Bohemian Massif (e.g. Dill, 1983;
Barsukov et al., 2006; Velichkin and Vlasov, 2011; Dolnicek et al., 2013). In the Bohemian
Massif, Black Forest, Massif Central and Armorican Massif, most of the U mineralization was

emplaced between 300 and 260 Ma (e.g. Wendt et al., 1979; Carl et al., 1983; Eikenberg, 1988;
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Cathelineau et al., 1990; Hofmann and Eikenberg, 1991; Kfibek et al., 2009; Velichkin and
Vlasov, 2011).

Typical examples range from the thick and massive pitchblende veins of Pribram (Czech
Republic), Schlema-Alberoda (Germany) and Shinkolobwe (Democratic Republic of the Congo),
to the stockworks and episyenite columns of Bernardan (France) and Gunnar (Canada), to the
narrow cracks in granite or metamorphic rocks, also filled with pitchblende of Mina Fe (Spain)
and Singhbhum (India). In Australia, many small vein deposits occur in various geological
settings, including Proterozoic metamorphics near Port Lincoln, in the Mount Lofty Ranges, and
in the Peake and Denison Ranges (all in SA), and Palacozoic granites in the Lachlan and New
England Fold Belts (NSW, Victoria and Tasmania).

Some other mines of vein-type uranium deposits in the world (Ruzicka, 1993).

1) Great Bear Lake area, Northwest Territories, Canada (Port Radium deposit);

2) Beaverlodge area, Saskatchewan, Canada (Fay-Ace-Verna zone);

(3)  Vendo6e area, France (la Commanderie, Chardon and Escarpiere deposits);

4) La Crouzille area, France (Fanay, Margnac and Bellezane deposits);

) Vitkov II deposit, Czechoslovakia;

6) Pribram deposit, Czechoslovakia;

(@) Jachymov area, Czechoslovakia (Jachymov deposit), and Aue area, East Germany
(Niederschlema, Obserschlema and Johanngeorgenstadt deposits);

®) Rozna area, Czechoslovakia (Rozna, Olsi and Slavkovice deposits);

) Shinkolobwe deposit, Shaba Province, Zaire;

(10)  Chanzipin deposit, Guanxi Province, China;

(11) Xiazhuang area, Guandong Province, China (Zhushanxia, Shijiaowei and Xiwang
deposits).

Many vein-type uranium deposits are closely associated with unconformities and resemble, to a
certain degree, unconformity-related deposits. For example, the now depleted Fay-Ace-Verna
uranium system in the Beaverlodge area, Saskatchewan, Canada, which was considered a typical
representative of the vein-type deposits, was associated with the Middle Proterozoic sub-Martin
unconformity. The Pribram deposit in Czechoslovakia was associated with the sub-Cambrian
unconformity.

Conversely the Eagle Point deposit in Saskatchewan, Canada, which is classified as a deposit
associated with the sub-Athabasca unconformity, contains pitchblende that fills cavities and
fractures in Aphebian metamorphic rocks. The Nabarlek, Ranger I and III, and Koongarra
deposits in Northern Territory, Australia, which are associated with the Middle Proterozoic sub-

Kombolgie unconformity, also exhibit many features like those that are characteristic for
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uranium vein deposits, such as mineral composition of the ore bodies, host rocks and the wall
rock alterations.
Vein-type uranium mineralization in the Eastern Desert of Egypt

El-Erediya, El-Missikat and El Sela uranium mineralization occur in younger granite
plutons in the Eastern Desert of Egypt. The three plutons are considered as good examples of
intra-granitic vein-type uranium mineralization. In both El-Erediya and El-Missikat occurrences,
the mineralization is structurally controlled by faults and their feather joints which are associated
with NE-SW to ENE-WSW shear zones. The shear zones are usually filled with siliceous veins
and veinlets of white (milky quartz), black (smoky quartz) and red (red jasper) colors of
abnormal radioactivity with visible uranium mineralization. Both the jasper and quartz veins are
not equally distributed, so they are denser and closely spaced in the northern granitic mass of G.
El-Missikat than those at the southern mass of G. El-Eridiya. Along shear zones, the walls are
stained with reddish brown colors due to hematitization, faint greyish green to whitish buff color
due to kaolinization and sericitization and yellowish to dark green coloration due to epidotization
and chloritization (Hussein et al., 1986; Abd El-Naby, 2008; Elsaid et al., 2014). There is a
special interest with jasper veins after the discovery of several radioactive anomalies with visible
yellow secondary uranium mineralization along the northern fringe of G. El-Missikat and the
southern fringe of G. El-Eridiya plutons. These anomalies are associated with highly brecciated
grayish black and red jasper filling fractures and shear zones.
Hussein et al., 1986 suggest that the mineralizing fluids have their source in the granitic magma
itself with possible contributions from meteoric waters. Uranium was leached out from the
accessory U-bearing minerals, with possible addition from the mantle carried up by the
hydrothermal fluids. The origin of secondary uranium mineralization in El Erediya area has been
previously related to the alteration of pitchblende (Attawiya, 1983; Abu-Deif, 1992; Hussein et
al., 1986; Hussein et al., 1992; Osmond et al., 1999; Abu-Deif and El-Tahir, 2008).
The U-minerals in the jasperoid veins are represented essentially by disseminated uraninite and
uranphane as its main secondary alteration product. The secondary U-minerals are mainly
uranophane, beta-uranophane, soddyite and renardite. Subordinate amounts of sulphides as well
as fluorite and gangue minerals are the main associates of the mineralization (Attawiya, 1983;
Hussein et al., 1986; Bakhit, 1987; El-Mansi, 1993; Abd El-Naby, 2008). The sulphides are
mainly represented by pyrite, chalcopyrite, galena and sphalerite.The gangue minerals are
mainly represented by fluorite, iron and manganese oxides. The uranium deposit at El-Missikat
and El-Eridiya plutons represent a case of siliceous vein-type deposit (Hussein et al., 1986), and
is related to polymetallic vein-type, probably formed in a reducing condition (Abu-Deif et al.,

1997).
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Another favorable geological environment for the formation of uranium deposits is known in the
central part of the Eastern Desert, where alkaline rocks and dyes of bostonites are known. The
most significant object is Atshan, where secondary uranium mineralization on the surface
facilitated detailed geological work, diamond drilling and mining.

Um Safi volcanoes in the Central-Eastern desert of Egypt areformed by successive eruptions of
rhyolite lavas. They are various tuffs, ashes, Lapilli tuffs and breccia tuffs. Rhyolite rocks are
highly radioactive. A number of authors (Abdalla, 2001; Ibrahim et al 2002), who conducted
mineralogical studies of volcanic rocks of the Um Safi zone, revealed the presence of kasolite,
thorite, uranotorite, betafite, serianite, monazite, xenotime. In addition, native silver and sulfides
(galena, molybdenite, chalcopyrite, and arsenopyrite) were found.

Another zone of volcanic rocks - El Ghorfa in Wadi Natash (south of the Western Desert of
Egypt), is represented by trachybasalts, trachyandesites, normal trachytes and alkaline trachytes,
tuffs. The rocks contained uranium minerals (autenite and casolite), wolframite, molybdenite,
and cerussite, and accessory minerals (monazite, xenotime, allanite, and plumbogummit
(Ibrahim et al., 2012).

The sedimentary rocks of Egypt revealed elevated uranium contents in the following types: 1)
black sand (northern coast from Rasheed to Rafah cities); 2) salt deposits (Sitra, Nuweirnicya,
Bahrein and d El Arag lakes in the Western Desert); 3) in phosphate rock (Abu Tartour,
Hamarwain, Mahamid); 4) in shale and carbonate sediments (Um Bogma, Um Kharit Qattrani,

Bahariya) 5) in aleurolites of the Hammamat deposit (Um Tawat, Wadi EI-Kareim).
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Chapter II Geochemical features of intrusive rocks

2.1. Classification and diagnosis of intrusive rocks

The analyses of major oxides were performed by using X-ray fluorescence silicate
analysis in laboratories of Saint Petersburg University, Russia. The sensitivity of the method
depends on the serial number of the element and varies from n x 10 to n x 107 wt% (Table
2.1).

SiO; is one of the major constituents that show a large variability during the magma
differentiation. The granites show the highest SiO, content. Dolerites accumulate Al,Os, TiO,

Fe,03, CaO and P,0s. Bostonites are enriched in alkaline components Na,O and K,O.

Table 2.1. Sensitivity of X-ray fluorescence analysis of major oxides, wt%.

Oxides Sensitivity of analysis
SiO, 0.1
TiO; 0.03
AlLO; 0.1
Fe,0;3 0.1
FeO 0.2
MnO 0.03
MgO 0.1
CaO 0.03
Na,O 0.2
K>,0O 0.03
P,0;s 0.05
LO.L 0.2

For our study, we selected twenty-four representative samples. The mean, minimum,
maximum, and standard deviations of the contents of petrogenic oxides for the intrusive rocks of
the studied area are presented in Table 2.2. SiO2 is one of the main components with the greatest
variation in content during magma differentiation. The highest SiO, contents are characteristic of
granites. In dolerites, Al,O;, TiO,, Fe,O;, CaO and P,Os are accumulated. Bostonites are

enriched with alkaline elements Na,O and K,O.
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Many chemical classifications of igneous rocks were presented by many authors using different
geochemical parameters (Barker, 1979; Segerstrom and Young, 1972; Streckeisen, 1976; Debon
and Le Fort, 1983, Abushkevich, Syritso, 2007etc.).

The Egyptian granitoids attracted the attention of many workers who classified them in
different ways into older and younger granitoids (EI-Ramly and Akaad 1960); their apparent
relation to Orogeny (Syn-, Late- and Post-Orogenic, El-Shazly 1964) and also according to their
geochemical characteristics (Calc-alkaline, alkaline to per-alkaline granites, ElI-Gaby 1975 and
El-Sokkary 1970). Other -classifications based on mineralogical, textural and chemical
characteristics (Greenberg 1981), Orogeny (Hussein et al.,1982), age and Orogeny (El-Shatoury
et al., 1984), originand tectonic setting (Kabesh et al., 1987), the difference in mineralogical
composition (El-Gaby et al., 1990), petrological and geochemical criteria (Noweir et al., 1990).

The SiO, versus (Na,O+K,0) TAS-classification diagrams of Cox et al., (1979) and
Middlemost (1985) (Fig. 2.1, 2.2).

The intrusive rocks of the study area have been compared with the average chemical
composition of major and trace elements of similar intrusive rocks (Gattar granite, Egypt after
Mahdy et al., 2015; average microgranite of Ras Abda, Egypt (Abdel Hamid et al., 2018),
average dolerite of Bas Draa Inlier, Morocco (El Bahat et al., 2013), average bostonite of

Atshan, Egypt (Zakaria 2010). (Fig. 2.1).

Fig. 2.1. TAS diagrams (Cox et al., 1979) of the intrusive rocks of the El Sela area. (1-
two mica granite El Sela, 2- granite Gattar (Mahdy et al., 2015), micro granite El Sela, 4- micro
granite Ras Abda (Abdel Hamid et al., 2018), 5- dolerite El Sela, 6- Dolerit Bas Draa (El Bahat
et al., 2013), 7- Bostonite El Sela, 8- Bostonit Atshan (Zakaria, 2010).
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Fig. 2.2. TAS diagrams (Middlemost, 1985) of the intrusive rocks of the El Sela area.

The studied El Sela two mica granite and microgranite samples plot in granite field
whereas dolerite and bostonite samples plot in gabbro and syenite fields, respectively. Gattar
granite and Ras Abda microgranite plot out granite field related to high SiO, (76.6 and 75.05
wt%), respectively whereas Bas Draa Inlier dolerite plot in gabbro field and Atshan bostonite has
68.03 wt% plot in granite field (Fig. 2.6). On the other hand, Gattar granite and Ras Abda
microgranite plot in granite field, Bas Draa Inlier dolerite plot in straddle line of monzo-gabbro

and monzo-diorite whereas Atshan bostonite plot in quartz monzonite fields.

2.2.Trace elements

Trace and REE were carried out by ELAN-DRC-6100 Inductively Coupled Plasma-Mass
Spectrometry (ICP-MS) at the Central Laboratory of (All Russian Geological Institute VSEGEI
after digestion of the fused beads with HF+HNOs. Pure solution external standards were used for
calibration, and geological (USGS) standards were used to monitor the analytical accuracy. The

sensitivity of analysis is documented in the (Table 2.2).
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Table 2.3. The sensitivity of the ICP-MS analysis, ppm.

Elements | Sensitivity Elements Sensitivity
U 0.1 Ge 0.03
Th 0.1 Au 0.005
Co 0.1 Y 0.1
Ni 0.05 La 0.01
Cu 0.05 Ce 0.01
Zn 0.1 Pr 0.01
Pb 0.3 Nd 0.01
Rb 0.1 Sm 0.005
Sr 0.1 Eu 0.005
Ba 0.1 Gd 0.01
Cs 0.01 Tb 0.005
Zr 0.1 Dy 0.01
Hf 0.05 Ho 0.005
Nb 0.1 Er 0.01
Ta 0.1 Tm 0.005
Sn 0.2 Yb 0.01
W 0.15 Lu 0.005
Ga 0.1

In this study twenty four representative samples were selected. The average, minimum,
maximum and standard deviation of the intrusive rocks of major oxides of the area under

investigations are represented in (Table 2.4).
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The highest consentration and standard deviation of uranium is in microgranite. The
highest value of thorium occurs in two-mica granite, dolerite and bostonite.

Among the group of chalcophilic elements, dolerites are distinguished by increased
values of nickel, cobalt, zinc and molybdenum. Zinc is characteristic of microgranites and
bostonite.

Zirconium and hafnium are enriched in bostonite. The highest standard deviation of
zirconium and hafnium is in bostonite then dolerite after that microgranite and the lowest value
is in two-mica granite. The highest niobium value of standard deviation is in dolerite.

Niobium is characteristic of dolerites and bostonite. Tantalum, tin and tangesten are present in all
types of rocks in small quantities. Strontium enriched dolerites, barium accumulates in dolerites
and bostonite. In dolerites and bostonite recorded elevated gold contents.

The average contents of trace elements of intrusive rocks of the studied area were
compared with the average of trace element of the same rocks in the earth crust (Clarke). Clarke
concentration are shown in Table 2.5. Clarke Coefficient is the ratio between the average
contents of trace elements of intrusive rocks of the studied area to the average of trace element of

the same rocks in the earth’s crust (Clarke) according to Sklyarov (2001).
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Table 2.5. Clark concentration of chemical elements in rocks, ppm (Sklyarov et al., 2001)

Elements | Granite | Dolerite | Bostonite
Co 1 48 3
Ni 3.5 140 4
Cu 10 92 5
Zn 39 110 130
Ga 18 16 0.3
Ge 4.4 1.4 1
Rb 180 37 11
Sr 150 460 200
Y 50 23 17
Zr 180 130 500
Nb 21 19 35
Mo 1.5 1.4 1.1
Sn 3 0.5 -
Cs 5 0.1 0.6
Ba 750 290 1600
La 48 17 45
Ce 72 48 95
Pr 7.4 5 7.4
Nd 31 22 42
Sm 7.5 53 10
Eu 1.4 1.3 1.8
Gd 6.8 5.2 10
Tb 1.1 0.83 1.6
Dy 5 2.5 7
Ho 1.3 0.99 2
Er 3.1 2.2 4.4
Tm 0.3 0.25 0.44
Yb 4 2 4.3
Lu 0.9 0.5 1.2
Hf 3.9 2.6 11
Ta 3.6 7.4 2.1
W 2.2 0.8 1.3
Pb 19 6 12
Th 18 3.2 13
U 3 0.8 3
Au 0.003 0.006 0.002

The histogram of enrichment and depletion of micro elements in intrusive rocks in El Sela was

also established (Figs. 2.1).
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Fig. 2.3. The histograms of the enrichment and depletion of trace elements of intrusive rocks of
the El Sela region (Sklyarov, 2001). (a) Two-mica granite;(b)Microgranite; (c) Dolerite; (d)

Bostonite.

The Clark Coefficient of the most significant values can be expressed by the following formula:

Two-mica granite: Ni 353- Mo 75- U 27- Co 24. Cu 1 3-Th 3.

Microgranite: U s49- Ni 197- Co 73- Mo 54-Zn 36-W 31- Cu 2.4.

Dolerite: U 37.22- Mo 17.5- Cs 10.96- Nb 9.1 = Sn 73-W 43- Th 39-Y 36- Zr 29-Ni23-Rb 22 - Hf 1 6- Zn

16-Ba 1.

Bostonite: Ni s4- Mo 13.6- Rb 98- Ta 531- Nb 430- Cu 330~ Y 2.40- U 225- Hf 173- Zr 1.41- Th 1 5.
Uranium has the highest value in microgranite and dolerite. Nickel is higher in two mica

granite and bostonite. Other chalcophile elements have relatively the higher values in all
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intrusive rocks. Mo has the big value of Clark Concentration. Nb is tipycal for dolerite, bostonite
are rich by Ta and Nb.

Geochemistry of uranium and thorium of intrusive rocks

The most important to investigate the behavior of U and Th. The mutual abundance and
distribution of uranium and thorium for different intrusive rocks show variations in their contents
in different rock types. Uranium in the study area display serious mobilization of uranium up to a
potential concentration limit from the host two-mica granite into altered shear zones. Two-mica
granite contains higher thorium content whereas, microgranite have higher uranium contents.

As reported from Clarke et al. (1966), Th/U ratio is about 3.5 or 4:1. It is known that
thorium is immobile element, so that this ratio depends mainly on uranium content as mobile
element. U-rich areas depending on this ratio as indicator for uranium exploration. In granitic
rocks, uranium leach out or uranium poor source rocks depends on high Th/U ratio (>3.5), while
uranium enrichment source rocks (uraniferous or fertile sources) depends on low Th/U ratio
(<3.9).

El Sela two-mica granite samples 3, 8 and 9 have lower Th/U ratio than Clark values
indicate U-enrichment granite (magmatic enrichment) while other two-mica granite samples has
higher Th/U related to U-depletion. Microgranite and jasper samples show the lowest Th/U ratio
indicating hydrothermal U-enrichments. Five samples of dolerite dikes have lower Th/U ratio
than Clark values indicating U-enrichment. Samples 22 and 24 of bostonite dikes have higher
Th/U ratio indicating U-depletion rather than samples 20, 21 and 23 which have lower content of
Th/U ratio due to U-enrichment. (Fig. 2.4).

1000
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Fig. 2.4. Mutual distribution of U, Th and Th/U in the hosting two-mica granite (1 to 9)
compared with microgranite (10 to 14), dolerite (15 to 19), bostonite dikes (20 to 24) and
jasperoid vein (25 to 29).

The mean concentrations of U, Th and Th/U for intrusive rocks were compared with

other published data in the Egyptian Eastern Desert and other countries Table 2.6. and Fig. (2.5).
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Table 2.6 Comparison between average U, Th contents for intrusive rocks of the study

area with published data for the Eastern Desert of Egypt and other countries

serial Rock-type Th U
1 Two-mica granite, El Sela, Egypt (present work), n=9 25 7.19
2 Microgranite dikes, El Sela, Egypt (present work), n=5 3.07 164
3 Dolerite dikes, El Sela, Egypt (present work), n=5 12.7 29.7
4 Bostonite dykes, El Sela, Egypt (present work), n =5 16.2 6.75
5 Jasper, El Sela, Egypt (present work), n=5 2.52 123
6 Two-mica granite, El Sela, Egypt (Abdel-Meguid et al., 2003),

0=15 18 9.44
7 Two-mica granite, Abu Hamr, Egypt (Dessouky, 2018), n=13 13.7 12.2
8 A-type granite, Atawi area, Egypt (Fawzy, 2017), n=9 18.6 8.4
9 Two-mica granite, Esh El Malaha, Egypt (Esmail and Tawfiq,
_ 16.4 5.8
2015), n=8
10 Younger granite, Gattar, Egypt (Mahdy et al., 2015), n=11 18.2 7.5
11 Two-mica granite , Um Sleimat area, Egypt (El-Arabi et al., 2007), 49 6.2
n=10 ) )
12 Granite Wadi El-Gemal, Egypt (Abbady et al., 2006), n=10 11.8 3.2
13 Granite, Turkey (Orgun et al., 2005), n=30 24.8 4.7
14 A-type granite, Worldwide (Whalen, 1987), n=148 23 5
15 Granite, South Africa (Cerrnak et al., 1982), n=10 21.6 6.5
16 Granite, worldwide (Sklyarov et al., 2001), n =200 18 3
17 Dolerite, Worldwide (Voitkevich et al., 1997), n=20 3 0.5
18 Dolerite, Worldwide (Sklyarov et al., 2001), n=200 3.2 0.8
19 Bostonite, Worldwide (Grigorev, 2002), n=15 13 3
20 Bostonite, Worldwide (Sklyarov et al., 2001), n=200 13 3
180
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Fig. 2.5. The histogram shows a comparative study of the average concentration of U and

Th between intrusive rocks in the area of El Sela and others, as shown in Table 2.6.

There is a distinguished similarity in U and Th contents of the two-mica granite in El Sela
area when compared with others. The mutual abundance of uranium in the studied microgranite

dikes and jasper of El Sela display a marked serious mobilization of U contents up to a potential
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concentration limit with low Th content. on the contrary, the two-mica granite of Um Sleimat
area, Egypt (El-Arabi et al., 2007) and dolerite worldwide (Voitkevich et al., 1997 and (Sklyarov
et al., 2001) have the lowest U and Th contents. Evidently, the highest U concentrations are
recorded in the El Sela, with Th/U ratio of 0.02 related to the presence of primary and secondary
U-minerals under reduction-oxidation (Redox) conditions. The uraniferous and/or fertile granites
are defined by different authors.

Histogram shows the comparative study of mean concentration of U and Th between
intrusive rocks in El Sela area. Uraniferous granites are defined according to Darnley (1982) as
granitic massiv containing U at least twice the Clarke value (4 ppm) whether or not they are
associated with U mineralization. Rogers and Adams (1969) stated that the normal contents of U
and Th in granitic rocks are 4 ppm and 11 ppm, respectively. So, the two-mica granite,
microgranite, dolerite and bostonite dikes and jasper of El Sela area are considered to be fertile
or uraniferous.

REEs in intrusive rocks

The average, maximum, minimum concentration and deviation of REE in intrusive rocks
El Sela area are in Table 2.7. The concentrations of REE are relatively variable from the host
two-mica granite and post-granitic dikes, could be excepted on irregular distribution of accessory
minerals as monazite, bastnasite and allanite bearing REE.

Using the REE distribution diagrams, the following tasks can be solved: 1. Correlation of
igneous rocks, phases and complexes; 2. Evaluation of the composition of the magmatic source
based on the comparison distribution spectra of elements with standard for certain geodynamic
settings and reference objects; 3. Establishing features of magmatic evolution.

In general, rare earth elements reflect the degree of depletion melt fractionation.

The highest values of the sum are typical for the post-granitic dikes (dolerite, mean—594.2 ppm;
bostonite, mean—388.8 ppm and microgranite, mean—99.6 ppm). Two-mica granite has the
lowest REEs contents, mean—44.84 ppm.

REEs spectra are presented in Fig. (2.6.) All the samples are enriched in light rare earth
elements (LREE) relative to heavy ones (HREE).
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Fig. 2.6. Normalized chondrite structure of REE of intrusive rocks, normalized values
according to Boynton (1984). a) two-micaceous granite, b) micro granite, c) dolerite and d)

bostonite. Intrusive rocks have been investigated in comparison with Clark by Sklyarov (2001).

The standard deviation has higher values of La, Ce and Nd in all types of intrusive rocks.
The distribution of europium (Eu) is particularly important because it can occur in two oxidation
states, divalent and trivalent depending on oxygen fugacity. Under oxidizing conditions, Eu is
trivalent and behaves as the other rare earth elements, while under reducing conditions, it occurs
as divalent Eu, which has relatively large ionic radius and replace mainly Ca in plagioclases and
rarely in K-feldspar. The Eu/Eu* ratio is a measure of the europium anomalies and a value of
greater than 1.0 indicates a positive anomaly, while a value of less than 1.0 is a negative
anomaly. It is concluded that two-mica granite, dolerite and bostonite have negative Eu anomaly
in which (Ew/Eu*)y = [Eu/(Smy . Gdn)"] is lower than 1. This may reflect the slight difference
in their origin (Cullers and Graf, 1984) which may be due to the removal of feldspars from a
felsic melt by crystal fractionation or by partial melting of a rock in which feldspars is retained in
the source that will give rise to a negative Eu anomaly in the melt or due to the greater effect and
higher oxygen activity of the melt, which is relating to the volatile saturation (higher oxidation

state) in case of the melt that formed the granitic melt.
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The oxygen activity of the melt would be sufficiently high to keep Eu at the trivalent state
and thus keep its incorporation into accumulating plagioclase (Grenne and Roberts, 1998). On
the other hand, (Ew/Eu*)y ranges between (0.92 to 1.09) for microgranite samples. So, the
spectrum of microgranite REE patterns are almost flat with more or less absences of any
significant negative Eu-anomalies due to the manifestation of secondary changes in the rock.

Thus, based on the analysis of major oxides, trace and rare earth elements, the
geochemical features of the intrusive rocks of the El Sela region are revealed.

Based on the data on the content of chemical elements in the intrusive rocks of the
eastern desert of Egypt, a clarke analysis was performed. Clark concentration of uranium has the
highest values in the microgranite and dolerate. In nickel, this coefficient is higher in two- mica
granite and bostonite. Other chalcophilic elements (Mo, Cu, Co, Zn) have high values of clarke
concentrations in all intrusive rocks. Nb is characteristic of dolerite. Bostonite is enriched with
Ta and Nb.

There is a similarity in the contents of U and Th in the two mica granites of El Sela and
other areas of Egypt. The highest values of the sum REE are in the post-granitic dikes Two-mica
granite has the lowest REEs contents. All the samples are enriched in light rare earth elements

(LREE) relative to heavy ones (HREE).

2.3. Genetic features of intrusive rocks

Petrological studies require the diagrams for petrogenetic investigations first of all to
analyse the evolution of a magmatic melt. Different diagrams are used for understanding and
characterizing petrochemical processes. The most common are the Harker binary diagrams
where the content of petrogenic oxides or trace elements is compared with SiO, content.

As a rule, the common distinct trends in the variation diagrams confirm the origin of the
rocks of a magmatic complex as a result of the evolution of one initial melt. Trends mainly
reflect the processes of partial melting of protolite or crystallization fractionation, which are the
main processes in the evolution of magmatic melts. Bends, changes in direction, branching of the
trends may indicate a sharp change in the conditions (physico-chemical, fluid regime, etc.) of the
complex formation, a change in the models of the main processes or the occurrence of additional
ones in the course of magma evolution or the rocks formation. A significant gap in the variation
curves may indicate the functioning of magmatic sources of different composition, trends
splitting points out the processes of liquation. Frequently trends can reflect the phenomenon of

contamination - mixing of magmas of different composition (hybridism) or assimilation of the
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material of the host rocks, etc..Harker variation diagrams use SiO, as a differentiation index

versus major oxides of the studied intrusive rock samples (Fig. 2.7).
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Fig. 2.7. Harker variation diagrams of major oxides (wt%) versus SiO, (wt%) for intrusive
rocks. Symbols are as in (Fig. 2.5).

The SiO, (wt%) content increases from dolerite (44.44 — 47.99 wt%; average 46.31 wt%),
through bostonite (65.1 — 66.8 wt%; average 66.3 wt%) to microgranite (69.3 — 73.8 wt%;
average 70.94 wt%) and two-mica granite (71.5— 74.8 wt%; average 73.4 wt%).

Harker variation diagrams reveal that, there is a general decrease in Al;O3, TiO,, MgO, MnO,
Ca0, P,Os and Fe,0;, contents with increasing SiO,. Bostonite shows high alkalis content
compared to other intrusive rocks. On the other hand, dolerite shows a marked low content of

alkalis but contains higher values in other major oxides rather than intrusive rocks.
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Harker variation diagrams of major oxides are nearly very close to that of El Sela intrusive rocks
except TiO; of microgranite of Ras Abda and dolerite of Bas Draa Inlier have lower contents
than those of El Sela.

The distribution behaviour of trace elements during magmatic differentiation can be traced by

their variations with increasing SiO, (Fig. 2.8).
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Fig. 2.8. Harker variation diagrams of some trace elements (ppm) versus SiO,, wt. %

All samples are enriched in most large ion lithophile elements (LILE; especially Ba and
Rb), but decrease in Ni, Sr, Y with increasing SiO,. High field strength elements (HFSE;
especially Y and Zr) are relatively high in dolerite and bostonite.

Harker variation diagrams of trace elements of other areas are nearly very close to that of
El Sela intrusive rocks except Y and Zr of microgranite of Ras Abda has higher content than El
Sela and dolerite of Bas Draa Inlier has higher Ba and Rb contents and lower in Ni, Sr, Y and Zr
than those of El Sela (Fig. 2.8).

The tectonic setting of the Egyptian Eastern Desert is a key to deciphering the
Neoproterozoic tectonic evolution of the ANS and consequently the entire East African Orogen
(EAO). Depending upon outstanding differences in exposed lithologies and remarkable contrast

in physiographic features, Abdel Khalek (1979), Stern and Hedge (1985) and El-Gaby et al.
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(1988) subdivided the Egyptian Eastern Desert into three main provinces; Northern Eastern
Desert (NED), Central Eastern Desert (CED) and Southern Eastern Desert (SED). Such threefold
division has been one of the few broadly accepted concepts in the tectonic analysis of the
Egyptian Neoproterozoic basement (Fowler and Osman 2009). The provinces juxtapose along
two major structural elements; Qena-Safaga Shear Zone separates NED from CED, and Idfu-
Mersa Alam Shear Zone splits.

Several discrimination diagrams were proposed and used to elucidate the magma types of
the igneous rocks. The magma type of the studied two-mica granite can be deduced from the
following diagrams. Irvine and Baragar (1971) and several workers have used the AFM diagram
to divide the subalkaline rocks into calc—alkaline and tholeiitic series on the basis of their iron
contents. Where A= Na,O + K,0, F= total Fe expressed as Fe,03;, and M= MgO (all in wt%).
The graph shows two-mica granite, microgranite and bostonite are calc-alkaline whereas dolerite
belong to tholeiitic series (Fig. 2.9 a). The ternary diagram using molar Na,0-A1,05—K,0 plot to
distinguish meta- and/or peraluminous from peralkaline rocks as well as potassic, sodic and
ultrapotassic suites. The figure reveals that the studied samples of two-mica granite, microgranite
and dolerite plot in meta- and/or peraluminous field, whereas bostonite samples plot in
peralkaine field (Fig. 2.9 b). Gattar granite, Ras Abda microgranite, Bas Draa Inlier dolerite and
Atshan bostonite plot calc-alkaline field. Gattar granite and dolerite fall in field metaluminous to
peraluminous field. Ras Abda microgranite and Atshan bostonite plot along straddle line

between peralkaline to metaluminous and peraluminous field.
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Fig. 2.9. Magma type discrimination diagrams for intrusive rocks. a) AFM diagram for intrusive
rocks of the studied area (Irvine and Baragar, 1971). b) Ternary diagram using molar Na,O—
ALO;-K>0.

The tectonic setting of the studied rocks can be inferred using binary diagrams. Pearce et
al., (1984) used the Rb— (Y+Nb) and Nb—Y discrimination diagrams to distinguish between the
four tectonic regimes including Volcanic Arc Granites (VAG), Syn—Collision Granites (Syn—
COLG), Ocean Ridge Granites (ORG) and Within—Plate Granites (WPG) for the granite rocks.
In this diagram Pearce (1996) introduced a field nominated as Post—Collision Granite (PCG) to
discriminate between the WPG (Within—Plate Granites), VAG and Syn—COLG fields. The
studied two-mica granite and microgranite samples plot in the Volcanic Arc Syn-Collision
Granites field whereas dolerite and bostonite samples fall in Within—Plate regime. Gattar granite,
Ras Abda microgranite and Bas Draa Inlier dolerite plot in within plate environment whereas

Atshan bostonite plot in within plate environment and/or ocean ridge granites (Fig. 2.10).
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Fig. 2.10. Tectonic setting discrimination diagrams for intrusive after (Pearce et al., 1984) for
the studied intrusive rocks: Rb—(Y + Nb) and Nb-Y.

Petrogenesis of intrusive rocks

The trace elements Rb, Sr, and Ba are the most helpful ones to use in evaluating the
petrogenetic processes included in the origin of granite rocks either from partial melting or
fractional crystallization. Their behavior in the granitic systems is strongly controlled by K-
feldspars, plagioclases and micas minerals (Syritso, 2002).

Other helpful relation is the Rb versus Sr (Fig. 2.11 a), in which samples plot point to
variation trends principally with alkali feldspar fractionation to develop EI Sela microgranite,
two-mica granite and bostonite. This result agrees with their hypersolvus character and the high
proportion of perthite.

On the other hand, dolerite samples plot in straddle zone between pyroxene and biotite
trends. Gattar granite, Ras Abda microgranite and Atshan bostonite plot in alkali feldspar
fractionation trend whereas Bas Draa Inlier dolerite plot in plot in straddle zone between alkali
feldspar and biotite trends.

Mason (1966) indicates the line of the average Ba/Rb ratio for the crust is 4.4; it is clear
from the (Fig. 2.11 b) that the studied dolerite and bostonite samples plot along the Ba/Rb ratio

line of about 4.4, which indicates an enrichment of Ba over Rb.
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Fig. 2.11. Petrogenesis diagrams of the studied intrusive rocks:
a) Sr—Rb diagram for the studied samples. b) Ba-Rb diagram after (Mason, 1966).

Microgranite samples mostly adjacent to line 1 whereas the two-mica granite samples
plot between 0.4 and 1, which indicates an enrichment of Ba and/or depletion of Rb. Gattar
granite and Atshan bostonite plot between 0.4 and 0.044 whereas Ras Abda microgranite and
Bas Draa Inlier dolerite adjacent to 1 and 4.4 of Ba/Rb ratios, respectively.

Magmatic temperatures of the studied samples can be obtained from zircon saturation
estimates (Watson and Harrison, 1983). This estimate is based on model of the temperature of
zircon saturation using Zr concentration in the granites (Fig. 2.12). The temperatures of the

zircon model probably represent the initial temperature of the melt.

The temperature of crystallization of two-mica granite ranges from 700-750 C°, microgranite

750-800 C°, dolerite 800-950 C°, bostonite, 950-1020 C°.
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Fig. 2.12 Binary diagram of Zr (ppm) vs. M = (Na+K+2Ca)/(Al x Si) showing the proportion of
zircon that can be dissolved in melts of various composition at different temperatures (Watson

and Harrison, 1983).1-Two-mica granite, 2-Microgranite, 3-Dolerite, 4- Bostonite.

The genetic features of the intrusive rocks of the studied area revealed that microgranit ,
two- mica granites and bostonites belong to the calc-alkaline series, while dolerite belongs to the
tholeitic series.

Studied samples of two-mica granite, microgranite and dolerite are in the field of meta-
and / or peraluminous rocks, and bostonites are in the field of peralkaline rocks. Studied two-
mica granite and microgranite are located in the field of post-collisional granites, while dolerite
and bostonite fall into the within plate field .

The temperature of crystallization of two-mica granite ranges from 700 to 750 ° C. For
micro-granite, the temperature ranges from 750 to 800 ° C. Regarding to dolerite temperature

ranges from 800 to 900 ° C. The temperature of bostonite ranges from 950 to 1020 ° C.
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CHAPTER III GEOCHEMICAL FEATURES OF MINERALS

Intrusive rocks contain a wide range of accessory minerals, the geochemical features of

which carry important information about the genesis of the rocks and possible mineralization.

The chemical composition of minerals were performed at the resource center
“Geomodel”, Saint Petersburg University, Russia, using a Hitachi S-3400N Scanning Electron
Microscope equipped with an Oxford Instruments Energy Dispersive Spectrometer X-Max 20.
The electron beam accelerating voltage was 20 kV and the current 1 n A were used. X-ray

acquisition time was 20 seconds. The uranium, thorium and other accessory minerals different

intrusive rocks are shown in Table 3.1.

Table 3.1. The uranium, thorium and other accessory minerals in different rocks, El Sela area.

Minerals Twojmlca Microgranite | Dolerite Bostonite Jasper
granite
Pr1mgry Thorite, . Coffinite Coffinite Coffinite Pitchblende
uranium — | Uranothorite .. .
. . Uraninite Coffinite
thorium Brockite
minerals Auerlite
lefefr(l)irtll(rjr?fy ) Autunite, Autunite ) Uranophane
. Kasolite Autunite
minerals
Zircon
Zircon Monazite
Monazite Native Ni Zircon
Bastnasite Native Fe . Zircon .
. . Monazite . Hematite
Native Ag Native Cu . Monazite .
. . Barite . Magnetite
Xenotime Native Au . Bastnasite -
Other . . Pyrite . Pyrite
Barite Barite . Rutile
accessory | oo Pyrite Chalcopyrite
minerals . Y .| Arsenopyrite
Rutile Chalcopyrite .
. .| Sphalerite
Pyrite Arsenopyrite Galena
Sphalerite Galena
Galena Sphalerite

Note: Minerals written in bold are firstly recorded.

As can be seen from the (Table 3.1) in the intrusive rocks there are primary minerals of
uranium and thorium, as well as secondary minerals of uranium. The presence of thorium

minerals is characteristic of two mica granites, the most common among which is thorite. Other

types of intrusive rocks are characterized by the presence of coffinite.

In addition, a wide range of other accessory minerals have been identified in all types of

intrusive rocks.
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As part of the research, the following minerals were discovered for the first time:

In two-mica granite, the first recorded minerals are Auerlite and native Ag. In
microgranite, the first recorded minerals are: coffinite, kasolite , native Ni, native Fe, native Cu,
native Au. In dolerite, they are coffinite, uraninite, autunite. In bostonite, they are coffinite,

zircon, monazite, bastnasite, rutile. In jasper, pitchblende coffinite are first recorded.

3.1. Geochemical features of uranium and thorium minerals in intrusive rocks

Minerals that crystallize from cooling magma are called primary. Secondary minerals
formed through all geological processes such as hydrothermal alteration and weathering
processes. The secondary uranium can be interstitial uranium at the grain boundaries and in
micro-fractures or absorbed uranium in altered minerals. Whether the mineral is primary or

secondary depends on the mode of formation and not on the mineral composition.

3.1.1. Primary minerals

There are four group of thorite minerals could be distinguished; thorite, brockite, auerlite
and uranothorite of El Sela two-mica granite.

Thorite

Thorite is one of the most common thorium silicate minerals present as accessory mineral
in two-mica granite. It occurs as subhedral to anhedral crystals, individual grains up to 50 pm in
size, intergrowths with zircon, and inclusions in zircon. It somewhat resembles zircon, but
brighter occurring as small, oval, square prismatic crystals with pyramidal points and has been
found around the zircon crystals in the peripheries. Thorite also may be surrounded by iron
oxides. (Fig. 3.1 and 3.2). Chemical composition of thorite of two-mica granite is shown in
(Table 3.2).

Fig. 3.1. Back scattered images of thorite surrounded by hematite in two-mica granite.
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Table 3.2. Chemical composition of thorite of two-mica granite, El Sela area, wt%.

. Spots numbers

Oxides 2400 | 2401 ] 2403 2404
ThO, 71 67.3 73.1 66.7
SiO, 14.7 12.2 16.6 12.6
U0, 5.4 1.03 2.72 2.76
Y05 2.3 3.83 1.06 3.63
Ce,0; 0.35 - 0.45 -
Nd,O5 - 0.17 - 0.17
Sm203 - 0.26 - -
Gd,0; - 0.15 - -
Dy203 - 0.27 - -
P,0s 1.9 6.41 1.03 6.45
CaO 1.8 2.99 1.06 2.32
Fe,05 1.59 4.1 1.53 2.41
PbO - - 1.47 0.92
ALO; 0.18 0.41 0.47 0.65
710, 0.65 1.1 0.85 1.2
Total 100 100 100 99.8

Chemical formula based on 4 oxygen atoms (apfu)
Th 0.86 0.75 0.88 0.75
Si 0.79 0.59 0.87 0.62
U 0.06 0.01 0.03 0.03
Y 0.06 0.1 0.03 0.1
Ce 0.01 - 0.01 -
P 0.09 0.26 0.05 0.27
Ca 0.1 0.16 0.06 0.12
Fe 0.06 0.15 0.06 0.09
Pb - - 0.02 0.01
Al 0.01 0.02 0.03 0.04
Zr 0.02 0.03 0.02 0.03
Sum 2.06 2.07 2.06 2.06

The chemical composition of thorite shows that ThO, ranges from 66.7 to 73.17 wt%;
UO; from 1.03 to 5.44 wt%.; SiO, from 12.19 to 16.59 wt%; Y,03 (mean 2.71 wt. %). Small
amounts of CaO, P,Os and REE, Al,O; and Fe,O3; were reported as substitutions in thorite. No
microminerals of uranium were found in thorite. The chemical formula can be expressed as (Th
081 U 003 Y 007Ce 0.01 Cao.11 Fe .00 Pb 0.01 Zr 0.02) (Si07P 016 Al g.02) Os. Zoned thorite crystals
have been encountered (Fig. 3.2) and (Table 3.3).
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Fig. 3.2. Zoning thorite crystal in two-mica granite in back scattered images.

Table 3.3. Chemical composition of zoned thorite of two-mica granite, El Sela area, wt%.
Rim Core
2496 2497 2498 2499
ThO, 71.3 70.1 65.9 64.7
SiO, 14.9 14.4 16.3 16.9
U0, 34 4.1 4.9 5.9
Y,0; 2.63 2.83 4.38 3.94
P,05 2.15 2.93 4.15 3.9
Ca0O 2.77 3.01 2.64 2.71
Fe,0; 2.1 1.5 0.87 1.04
PbO, 0.48 0.5 0.6 0.74
Total 99.7 99.3 99.7 99.8
Chemical formula based on 4 oxygen atoms

(apfu)
Th 0.86 0.84 0.74 0.74
Si 0.79 0.76 0.8 0.8
U 0.04 0.05 0.05 0.05
Y 0.07 0.08 0.12 0.12
P 0.1 0.13 0.17 0.17
Ca 0.16 0.17 0.14 0.14
Fe 0.08 0.06 0.03 0.03

Pb 0.01 0.01 0.01 0.01
Sum 2.1 2.09 2.07 2.07

The central parts are enriched in SiO,, UO,, P,0s, Y>0s3, PbO, but the marginal zones are
enriched in ThO,, CaO and Fe,0s3.
Brockite
Brockite is a calcium thorium phosphate mineral, recorded only in two-mica granite. It
occurs as anhedral to subhedral crystals from 10 to 30 um in size.
The chemical composition of brockite is shown in (Table 3.4) in which ThO; ranges from 44.3

to 51.17 wt%, P»Os ranges from 22.05 to 25.09 wt%, CaO ranges from 11.12 to 12.9 wt%, SiO,
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ranges from 3.32 to 6.05 ppm. Na,O, Al,O3, PbO, ZrO, and Nd,Os are reported in brockite. The
chemical formula of brockite is [(Th 45 Ca o052 Zr 9.03 Pb 0.02 Nd 0.02) (Si 92 P 082 Al 0.02) O4]
Auerlite
Auverlite present as accessory calcium thorium phospho-silicate mineral in the host rock
of two-mica granite. The BSC image shows that auerlite is associated with zircon and xenotime

crystals (Fig. 3.3). The chemical composition of auerlite is shown in (Table 3.4).

Fig. 3.3. Back scattered images showing auerlite associated with xenotime and zircon

two-mica granite, El Sela area.
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Table 3.4. Chemical composition of brockite and auerlite of two-mica granite, El Sela area,
wt%.

Brockite Auerlite

2506 | 2507 | 2508 | 2511 | 2298 | 2306 | 2814 | 2820
ThO, 48.9 [ 51.2 | 459 | 44.3 | 58.2 |1 59.2 | 58.6 [ 57.3 | 58.6
SiO, 43 1332]605]|509 (107 (102]11.2]11.5[10.5
Y,03 0.98 - - - | 345]13.53]12.95(3.77]3.33
Cey0;3 - 0.63 - - - - 1039 - -
Nd,O; | 1.69 [ 1.66 [ 1.59 | 1.26 | 0.91 | 1.07 [ 1.62| - -
P,0s 22.1 124.0]25.1]228(109[109]10.5] 9.8 [104
CaO 115 | 119 [ 129 [ 11.1 | 7.6 |8.56 [7.07 | 6.17 | 7.04
PbO - - 326 | 287 | - - - - -

AL Os - - 1.47 - - - 0.6 - 1053
710, 1.46 | 1.5 [ 1.85 ] 1.36 | 434 |2.86[3.07|3.88 |4.42
Total 90.9 | 942 | 98.2 [ 88.8 | 96.1 | 96.3 [96.0 ] 92.5|94.8
Chemical formula based on 4 oxygen atoms (apfu)
Th 0.48 1 0.48 | 0.39 [ 0.43 | 0.61 | 0.63 [ 0.62 ] 0.63 | 0.63
Si 0.19 ] 0.14 | 0.23 [ 0.22 | 0.49 | 0.48 [ 0.52 | 0.55 | 0.49

Oxides

Y 0.02 - - - 0.08 {0.09 [{0.07] 0.1 |0.08
Ce - 0.01 - - - - 1001 - -
Nd 0.03 {1 0.02 { 0.02 [ 0.02 { 0.02]0.02[0.03] - -
P 0.8 [0.85| 0.8 |]0.83]043]043]|041( 0.4 10.41
Ca 0.53 1053 ]0.52[0.51 [038)043[0.35]0.32|0.35
Pb - - 0.03 ] 0.03 - - - - -
Al 0.07 - 0.03 0.03

Zr 0.03 [ 0.03 ] 0.03 [ 0.03 | 0.1 [0.07]0.07[0.09] 0.1
sum 2.08 206 | 2.1 |2.07[211]213]2.11]2.08] 2.1
Note: - under detection limits.

The chemical formula of aurlite can be expressed by [(Th 62 Ca 037 Zr 009 Y 0.0s Nd 0.01)
(Si 08 P 042 Al 901) Os]. Auerlite has higher ThO, ranges from 57.33 to 59.17 wt% and SiO»
ranges from 10.2 to 11.53 wt% than brockite. P,Os ranges from 9.83 to 10.93. CaO ranges from
6.17 to 8.56 wt% and Nd,Os ranges from 0.91 to 1.62 wt%. ZrO, ranges from 2.86 to 4.42 wt%
while Y,0; ranges from 2.95 to 3.77 wt%.

Uranothorite

Uranothorite is euhedral to subhedral grains up to 20 pm size and others are very fine
grained. It occurs in the form of individual small crystals while other grains adjacent to the
periphery of zircon crystals. It is poikilitically enclosed in biotite and/or albite crystals. It is
reported in two-mica granite of the investigated area (Fig. 3.4 and Fig. 3.5). Chemical

composition uranothorite of two-mica granite is shown in (Table 3.5).
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Fig. 3.4. Back scattered images of uranothorite and zircon in two-mica granite El Sela

area.

Fig. 3.5. Back scattered image of uraothorite and other accessory minerals in two-mica

granite of El Sela area.



170

Table 3.5. Chemical composition uranothorite of two-mica granite, El Sela area , wt.%.

Uranothorite
Oxides 2526 1| 2309 | 2311 | 2312 | 2720 | 2725
ThO, 615 612 599 | 63.5| 62.6| 63.5| 62.6
SiO; 172 144 14.1| 140 142 | 18.6| 18.6
U0, 829 | 9.03| 833 9.63| 7.96| 104 | 9.49
CaO 0.71 - 137 -] 1.23 - -
PbO 2.08 | 0.78 0.4 - -] 349 281
Zr0, 220 145] 1.25] 2.12| 1.76| 1.65| 1.85
Total 919 | 869 | 854 | 893 | 87.8] 97.6] 953
Chemical formula based on 4 oxygen atoms (apfu)

Th 0.80| 0.89| 0.88| 091 | 090| 0.79 | 0.79
Si 099 093] 091 | 0.89| 090 | 1.01 | 1.03
U 0.11] 0.13] 0.12] 0.14] 0.11] 0.13] 0.12
Ca 0.04 -1 0.09 - 0.08 - -
Pb 0.03 | 0.01 | 0.01 - -] 0.05] 0.04
Zr 0.06 | 0.05| 0.04| 0.07| 0.05| 0.04| 0.05
Sum 2.04] 2.01] 2.05] 2.00] 2.04| 2.03] 2.02

Note: - under detection limits.

Chemical analysis of uranothorite reveals ThO, ranges from 59.97 to 63.54 wt% ; UO; from
7.96 to 10.43 wt%. In addition to appreciable amounts of silica ranges from 14.01 to 18.59 wt%
Si0,. CaO and PbO were reported in small amounts in uranothorite. The average of chemical
formula of uranothorite is (Th ¢85 U ¢.12 Ca .07 Zr 0.05 Pb 0.03)(Si 0.95 O4) .

The average contents of thorite chemical composition of two-mica granite of the
studied area have been compared with that of different areas of Egypt and in Russia as

shown in (Table 3.6).
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Table 3.6. Comparison between thorite chemical composition in two-mica granite of the

present work and others in Egypt and Russia.

El
Present .
Ghadir, .
work Eavpt Rei El Tynvar
EYP Garrah area, ynyar
(n=1) area, Russia
Egypt -
Oxides (n=1) (n=3)
Raslan Erokhin et
(n=77) El Mezayen
and El al., 2013
etal., 2017
Feky,
2012
ThO, 69.5 51.2 68 64.6
SiO, 14 28.6 9.1 18.4
U0, 3 7.6 10.7 12.4
Y,05 2.7 5 2.7 1.9
Cey0; 0.4 5.6 - 0.16
Nd,O3 0.2 - - 0.07
Sm203 0.3 - - -
Gd,0; 0.2 - - -
Dy203 0.3 - - -
Yb203 - - 0.4 -
P,05 3.9 - 0.5
CaO 2 2.2 1.6
Fe 04 2.4 3.1 3.7 -
PbO 1.2 - - -
Al,O4 0.4 - - -
ZI'OQ 1 - - -
Total 100 101 100 99.6

ThO,, P,Os are the highest in thorite of the studied area, Y,0s3 is the highest in El Ghadir
area and have the same value in Rei El Garrah area and the studied area. Sm;03, Gd,03, Dy,03,
PbO, AL,Os, ZrO; are only recorded in thorite. Yb,O3 only occurs in thorite of Rei El Garrah
area.

Coffinite

Coffinite is recorded in microgranite, dolerite and bostonite and jasper for the first time.
The coffinite occurs as distinctly heterogeneous aggregates or rims around chlorite flakes and
pyrite grains. SEM-EDS analyses show coffinite chemical composition shows the average UO,
contents are nearly similar. They are (71.4, 70.1, 72.7 and 71.6 wt%) in microgranite, dolerite,
bostonite and jasper, respectively. The composition of SiO, varies from (22.1, 20.2, 18.2 wt%) in
microgranite, dolerite and bostonite, respectively. The highest SiO, content is recorded in jasper

.8 wth). ther impurities are recorded as an al aple 3.7). n
(26.8 wi%). Other impuriti ded as Y,0s, P,0s, Al,Os and CaO (Table 3.7). I
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bostonite, coffinite has lowestr SiO, content but highest CaO, P,Os and Y,03 compared with

other rock contents.

Table 3.7. Chemical composition of coffinite of intrusive rocks, El Sela area, wt.%.

Mineral Coffinite

Rocks Microgranite Dolerite | Bostonite Jasper
Oxides 1673 | 1683 | 1242 | 1796 | 1267 | 1269 | 1235 | 1277
U0, 71.6 | 71.2| 70.0| 70.2 | 72.8| 72.7| 72.4| 70.8
SiO, 219 223] 20.3(20.20| 182 | 182 | 263 | 27.4
Al O3 1.10| 040 240 | 2.35] 1.30| 1.25 - -
CaO 0.50] 050 0.60| 0.62| 090 1.00| 0.40| 0.40
P,05 1.40 -1 3.60| 3.45| 2.50| 2.60| 0.90 | 0.70
Fe,05 -1 210 - - - - -1 0.70
Y,0; 335] 345 3.00| 2.92| 4.50| 4.35 - -
Total 99.9| 100] 99.9| 99.7| 100| 100 | 100| 100
Structure formula of coffinite is based on 4 oxygen atoms (apfu).
U 0.76 | 0.77] 0.72| 0.73| 0.80| 0.80 [ 0.74 | 0.71
Si 1.05] 1.08 [ 094 0.94( 090 090 ] 1.21 | 1.23
Al 0.06 | 0.02] 0.13| 0.13 | 0.08 | 0.07 - -
Ca 0.03| 0.03] 0.03| 0.03| 0.05] 0.05| 0.02] 0.02
P 0.06 -1 0.14( 0.14| 0.10] 0.11 | 0.03] 0.03
Fe -1 0.11 - - - - - | 0.04
Y 0.09| 0.09| 0.07| 0.07] 0.12] 0.11 - -
Sum 2.04| 2.10| 2.03| 2.03| 2.05| 2.05| 2.00 | 2.02

Notes- under detection limit.
Uraninite

Uraninite is an abundant mineral and it forms euhedral crystals and aggregates, fibrous
and platy crystals of uraninite in altered dolerite typically up to 20 pm in size (Fig. 3.6). The
chemical composition of fibrous and platy crystals are shown in (Table 3.8). Primary uranium
minerals such as uraninite may be a good source for uranium enrichment and formation of
secondary U-deposits. These primary minerals contain uranium in the form of U™ which is
immobile and stable under the reducing environment.

Under oxidizing conditions, it will be converted to U™® which is stable in the oxidizing
medium and easily mobile with fluids. Uraninite is often altered to supergene minerals,
especially autunite to meta-autunite. The chemical composition of uraninite is shown in (Table
3.9). It shows that UO, ranges from 75.3 to 80.8 wt%. ThO, is not detected while the CaO and
P,0Os are high, indicating the substitution of PbO in the uraninite by CaO and P,0Os during the
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hydrothermal solution affecting dolerite along NNW-SSE shear zone and/or lead may be migrate
from internal structure of U-minerals outside to form galena as referenced by Mann and

Deutscher (1980).

Fig. 3.6. Back scattered images showing platy crystals of uraninite in dolerite El Sela area.
Table 3.8. Chemical composition of platy and fiberous crystal forms of uraninite

2061 2062
Oxides | platy | fibrous
crystal | crystals
U0, 86.2 81.3

Si0, 3.3 4
Al O3 0.9 1.5
CaO 2 3.9
P,0s 2.9 1.7
F€203 - 0.5

SrO - 1.8

Sum 95.3 94.6
Chemical formula based on
2 oxygen atoms (apfu)

U 0.70 0.64
Si 0.12 0.14
Al 0.04 0.06
Ca 0.08 0.15

P 0.09 0.05
Fe - 0.01
Sr - 0.04

Sum 1.03 1.10

As can be noticed from (Table 3.8) UO, and P,Os in the platy crystals of uraninite are higher
than that of fibrous form. SiO,, CaO, Al,O3 are higher in the fibrous form of uraninite crystals.
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Pitchblende as occurs usually as small colloform and fine grained in jasper. The chemical
composition of pitchblende is shown in (Table 3.9.) UO, contents range from 79.5 to 82.9 wt.%,
SiO, 5.6 to 11.1 wt%. The appreciable content includes, CaO (up to 1.10 wt.%), Y,Os (0.90
wt.%), PbO (up to 2.7 wt.%), P,Os (up to 1.3 wt.%). Fe,Oj3 is reported in some samples ranges
from 0.70 to 0.90 wt%. Trace elements may be represented in pitchblende as amorphous
mixtures of Ca®* and Pb** having similar ionic size of U*". Pitchblende aggregates were replaced
by coffinite due to degree coffinitization, as reported by higher SiO, contents up to 34.2 wt % in
coffinite.

Table 3.9. Chemical composition of uraninite and pitchblende in dolerite and jasper, El Sela
area, wt.%

. Uraninite Pitchblende
Oxides -
Dolerite Jasper

Oxides 2700 [ 2701|2812 | 2813 | 2820 | 2825 [ 5607 | 5613 | 5652 [ 2660 | 2703 | 2710
U0, 80.8 753 | 78.0 | 783 | 79.3 | 78.9 | 82.9 | 81.5| 79.5 | 82.3 | 81.6 | 79.8
SiO, 2.20 2.00 [ 2.10 | 1.50 [ 2.30 | 3.00 | 5.60 [ 890 | 6.40 | 10.5 [ 9.20 | 11.1
Al O; 1.40 0.80 [ 1.00 | 0.5 [ 0.90 | 1.50 | 0.50 - - - - 0.60
CaO 2.30 1.30 | 2.00 [ 2.5 [2.00 | 3.50 | 0.90 | 0.80 | 0.80 | 0.60 | 0.70 | 1.10
P,05 2.50 5.50 | 4.00 | 4.10 | 4.30 | 1.70 [ 0.40 | 0.80 | 0.50 | 0.60 - 1.30
Fe,0; 2.30 0.40 - - - 0.50 - 0.90 [ 0.70 | 0.90 - -
Y,0; - - - - - - - - - - - 0.90
PbO 2.15 2.55 (230|220 [ 1.30 | 1.60 | 2.70 - - - - 2.10

Total 93.7 87.9 [ 89.4 [ 89.1 1 90.1 | 90.7 193.0 1929 [ 879 [94.9 [ 915 | 96.9

Chemical formula based on 2 oxygen atoms (apfu)

U 0.67 0.63 |1 0.67 |1 0.69 | 0.66 | 0.67 | 0.72 ] 0.63 | 0.7 | 0.6 | 0.65 | 0.55
Si 0.08 0.08 |1 0.08 | 0.06 | 0.09 | 0.12 ] 0.22 ] 0.31 | 0.25 ] 0.35 | 0.33 | 0.35
Al 0.06 0.04 |1 0.05 ] 0.02 | 0.04 | 0.07 | 0.02 - - - - 0.02
Pb - 0.1 | 0.1 0.1 - - 0.06 - - - - 0.04
Sum 1.9 1 1.1 1.1 1 1.1 [{1.06 [ 1.01 | 1.02 | 1.01 | 1.01 | 1.06

- Under detection limits.

SiO; and UO; contents in pitchblende are higher than those of uraninite whereas uraninite
has higher values of impurities of Al,O3, CaO, P,0s, Fe,O3; compared with pitchblende.

The average compoition of pitchblend has been compared with that of El Missikat area

in Egypt as shown in (Table 3.10).




175

Table 3.10. Comparison between chemical composition of jasper of the studied area and

that of El Missikat, Egypt wt.%.

El Missikat area, Egypt,
Oxides Studied area (n=20) n=3
El Kammar, 1997.

U0, 81.2 81.1

SiO, 8.62 5.2

AlLOs 0.55 0

CaO 0.82 2

P,0s 0.72 0

Fe 03 0.83 3.4

Y>03 0.9 0

PbO 2.4 1.5

La203 0.04 -

Ce203 0.05 -

Note:- under detection limits

Si0, and PbO in the pitchblende of the studied area is higher than that of El Missikat
jasper but lower contents of CaO and Fe,O3. Impurities of P,Os and Y,O; occurs only in
pitchblend of jasper of the studied area

Janeczek and Ewing (1992) mentioned that uraninite and pitchblende under reducing
conditions may be altered to coffinite by the processes coffinitization with radiogenic Pb loss
and HREEs with Y. The poly-metallic mineralization as pyrite, chalcopyrite, arsenopyrite,
galena, sphalerite, gold, silver, native nickel and iron occur as cavity and micro-fracture fillings
control the reduced conditions that are suitable for the deposition of uraninite and coffinite
minerals along shear zones.

Thus, in our area we have investigated thorite, uranothorite, aurelite, brockite and
uraninite primary minerals. These minerals may be the source of secondary uranium minerals.

3.1.2 Secondary uranium minerals

This type of U-mineralization is controlled by ENE-WSW and NNW-SSE shear zones in
which the effect of rock interaction fluids were extensively high and acidic and/or alkaline
solution are affected U-deposits in the study area. Shear zones played most important roles in
secondary U-mineralization (autunite, uranophane and kasolite) to precipitate within the altered
microgranite, dolerite and jasper dissected El Sela two-mica granite.

Autunit
Autunite presented in microgranite and dolerite and jasper having ENE-WSW and NNW-

SSE trends. It occurs mainly as disseminated grains filling cavities, vugs, fractures and joints.
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The dominant crystal forms are platy and acicular crystals and fan-shaped forms (Fig. 3.7). The

chemical composition of autunite is shown in (Table 3.11).

Fig. 3.7. Back scattered images showing platy crystals of autunite in dolerite of El Sela area.

Table 3.11.  Chemical composition of autunite in microgranite, dolerite and jasper, El Sela area,

wt.%.

Rocks Microgranite Dolerite Jasper

Spot numbers

Oxides | 5574 | 5577 | 5589 | 2060 | 2033 | 2040 22 64 70
UO; 66.3 65 66.7 | 685 | 673 682 | 66.5 | 657 | 66.2
SiO, 32 2.3 2.9 3.1 3.2 3.8 43 44 5.21
CaO 5.5 43 4.7 5.4 5.9 6.8 7.5 8.3 7.78
P,0s 16.4 16.6 16.9 17.5 18.7 18.8 15.4 17.3 16.2
Na,O 0.15 | 0.16 | 025 | 0.27 0.3 0.17 - - -
K,0 32 4 2.1 1.8 3 2.1 - - -
Total 947 | 923 93.5 96.5 | 984 | 999 | 93.7 | 957 | 954

Chemical formula based on 12 oxygen atoms (apfu)

U 1.84 1.86 1.86 1.84 1.75 1.73 1.84 1.73 1.76
Si 0.42 0.31 0.39 0.4 0.4 0.46 0.57 0.55 0.66
Ca 0.78 0.63 0.67 0.74 0.78 0.88 1.06 1.11 1.05
P 1.83 1.92 1.9 1.9 1.96 1.93 1.72 1.84 1.74
Na 0.04 0.04 0.06 0.07 0.07 0.04 - - -
K 0.54 0.7 0.36 0.29 0.47 0.32 - - -

Sum 5.45 5.46 5.24 5.25 5.44 5.37 52 52 52




177

Investigations show, that autunite in microgranite composed of UO; ranges from 65.0 to
66.7 wt% ; P,Os from 16.4 to 16.9 wt%; SiO, from 2.3 to 3.2 wt% and CaO from 4.30 to 5.50
wt%.

Autunite from dolerite shows that UOs ranges from 67.3 to 68.4 wt%; P,Os from 17.5 to
18.8 wt%; CaO from 5.4 to 6.8 wt%; and SiO, from 3.1 to 3.8 wt%. K,O and Na,O were also
reported as impurities. The chemical analyses of autunite recorded in jasper characterized by
higher values of SiO, and CaO than those reported in microgranite and dolerite. Na,O and K,O
are not represented in autunite of jasper. UO;3 are nearly similar in microgranite, dolerite and
jasper.

Uranophane is characterized by its lemon yellow shades to yellow colors in uraniferous
jasper especially in the two perpendicular shear zones trending ENE-WSW and NNW-SSE. It
occurs either as disseminated clusters or as micro-fracture infilling and coating joints surface.

The chemical composition of uranophane is shown in (Table 3.12). Uranophane
composed of UOs that ranges from 72.7 to 73.7 wt% (mean 73.2 wt%), SiO, from 15.1 to 18. 8
wt% (mean 16.9 wt%) and the consistent detection of CaO from 6.16 to 7.62 wt% (mean 6.67
wt%) whereas P,Os recorded as low values. Al,Os; and Na,O were reported as impurities of
small amounts.

Abdel-Meguid et al., (2003) mentioned that the restriction of the uranophane in
microgranite and dolerite along the shear zones and its association with hydrothermal alteration
features may suggest direct formation from primary source. The absence of distinct crystal faces
of studied uranophane indicates that it was not deposited from the circulating groundwater
(Osmond et al., 1999).

The second type is recorded only in jasper and could be different from the first one Fe-
rich uranophane. UO; ranges from 29.4 to 51.4 wt%, Fe,O; ranges from 19.2 to 40.0 wt%, SiO,
ranges from 8.6 to 11.6 wt%, P,Os ranges from 1.2 to 5.3 wt% and CaO from 2.3 to 4.1 wt%.
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Table 3.12. Chemical composition of uranophane and Fe-rich uranophane in jasper, El Sela are,

wt.%.

Uranophane Fe-rich uranophane

Spot number

Oxides 5631 5651 5654 5601 5603 5598

UO3 72.7 73.5 73.7 45 51.4 29.4
Si0, 15.1 18.8 17.1 11.6 11.2 8.6
AlLO3 - - 0.74 0.5 0.9 1.8
CaO 6.16 7.62 6.23 3.6 4.1 23
P,0s 0.89 0.57 - 5.3 53 1.2
Na,O - 0.15 - - - -

Fe 03 - - - 23.1 19.2 40
Total 94.8 101 97.8 89.1 92.1 83.3

Chemical formula based on 6 oxygen atoms (apfu)

U 1.27 1.16 1.22 0.71 0.81 0.49
Si 1.25 1.41 1.35 0.87 0.84 0.68
Al - - 0.07 0.04 0.08 0.17
Ca 0.55 0.61 0.53 0.29 0.33 0.19

P 0.06 0.04 - 0.34 0.34 0.08
Na - 0.02 - 0 0 0
Fe - - - 1.11 0.93 2.03
Sum 3.12 3.23 3.17 3.36 3.31 3.63

The cavities or voids left after sulfide dissolution are filled with secondary visible
autunite and uranophane.
Kasolite
Kasolite reported as a main uranyl mineral only recorded in the mineralized microgranite.
It is usually forming clusters of yellow acicular crystals that filling micro-fractures and voids.
The crystal size are very small and range in size from 2 pm up to 25 pm. Sometimes crystals are
massive and others are zoned. The chemical composition of kasolite in microgranite is shown in

( Table 3.13) and (Table 3.14).
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Table 3.13. Chemical composition of kasolite in microgranite, El Sela area, wt.%.

Oxides Rim Core Rim Core Rim Core
2224 2221 2225 2222 2226 2220
U0; 43.5 45.9 42.5 41.7 41 42.1
Si0, 16 8.3 9.52 8.1 15.6 10.1
AlLOs 1.85 1.3 242 1.38 1.95 1.1
P,0s 1.42 241 1.19 2.6 1.28 2.7
PbO 334 394 38.5 39.7 32.8 389
Na,O 0.15 0.13 0.17 0.12 - 0.2
K;0 - 0.34 1.23 0.44 1.14 0.9
Fe 05 2.93 1.27 4.62 3.42 5.76 1.3
Total 99.3 99.1 100 97.5 99.5 973
Chemical formula of coffinite is based on 4 oxygen atoms (apfu)
U 0.7 0.89 0.77 0.8 0.65 0.7
Si 1.23 0.76 0.83 0.74 1.18 0.9
Al 0.17 0.14 0.25 0.15 0.17 0.1
P 0.09 0.19 0.09 0.2 0.08 0.2
Pb 0.69 0.97 0.9 0.98 0.67 0.9
Na 0.02 0.02 0.03 0.02 - 0.04
K - 0.04 0.14 0.05 0.11 0.1
Fe 0.17 0.09 0.3 0.24 0.33 0.09
Sum 3.07 3.1 3.3 3.19 32 3.03

Note:- under detection limits

Table 3.14. Chemical composition fine grained kasolite in microgranite, wt %.

Spot numbers

Oxides 2216 2227 2333
U0; 40.2 42.2 44.8
SiO, 9.47 15.6 15.6
AlLOs 3.42 2.14 -
P,0s 0.87 1.24 -
PbO 35.8 32.1 353
Na,O 0.18 0.18 0.17
K,0 1.27 1.22 1.2
Fe 03 3.1 4.69 -
Total 94.4 99.4 97.1

Chemical formula of coffinite is based on 4 oxygen atoms
(apfu)

U 0.76 0.67 0.81
Si 0.86 1.18 1.34
Al 0.36 0.19 -
P 0.07 0.08 -
Pb 0.87 0.66 0.82
Na 0.03 0.03 0.03
K 0.15 0.12 0.13
Fe 0.21 0.27 -

Sum 3.32 3.2 3.12
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The chemical composition of kasolite shows that UOs ranges from 40.2 to 45.9 wt%; PbO
from 32.80 to 39.4 wt%; SiO, from 8.10 to 16.00 wt%. Small amounts of P,0Os, Fe;Os, AlLO3,
K,0 and Na,O were reported as impurities. UO3, PbO and P,Os are higher in the centers than in

peripheries.

3.2. Accessory minerals
Zircon

Zircon is one of widely distributed and important accessory mineral. It is one of
important petrogenic indicator, It goes through all types of the studied intrusive rocks. It can
be good source of information about acidity and alkalinity of rocks. It is also can be used in

geothermometer or geochronometer.

Morphologically, zircon in two-mica granite is euhedral coarse grained with zonation
(Fig. 3.8. a, b and d) and the other type is fine grained (is attributed to sudden cooling) massive
without zonation whereas, zircon in post-granitic dikes exhibits irregular forms with no zonation.
The irregular forms of some zircon grains might be attributed to their growth concomitant with
corrosion and interaction with the residual melts. The euhedral zircon forms indicate
crystallization under favorable and stable conditions. The great similarities in both morphology
and internal structures of most zircon grains indicate crystallization from the same magma. Some
studies (Pupin, 1980; Vavra, 1990; Alekseev et al., 2014; Skublov, 2016 Skublov and Li, 2016)
are related the crystal shape of zircon to the chemical composition of the magma from which it
crystallized.

The studied zircons have some inclusions which are mainly thorite occur as white spots,
zircon, opaques and dust (Fig. 3.8. b). These inclusions are haphazardly oriented. Some zircon
crystals are free of inclusions. Cracks observed in some zircon grains may have resulted from the
action of external forces during or after metamorphism, breakage during thin section preparation,
presence of many inclusions. However, the cracks in the outer rim (Fig. 3.8.c) may have been
produced by the difference in the chemical composition between core and rim, particularly U,
Th, Y and Hf contents. Alteration starts along cracks affect specific narrow crystallographic
zones. If the net of cracks becomes denser, more alteration occurs. In extreme cases alteration
also affects previously unaltered zones changing finally the entire crystal with some remaining
unaltered islands.

The Back Scattered image (BSE) of zircon of two-mica granite show a distinctive

oscillatory zonation for some investigated crystals (Fig. 3.8.a). Oscillatory zoning is a common



181

feature in zircons from acid igneous rocks and is believed t o have formed during long periods of
crystallization. This feature supports the hypothesis that the majority of zircons from two-mica
granite crystallized in the deep-seated magma chambers, and is further supported by the presence
of two zircon nuclei centers present in one grain (Fig. 3.8.d). The zircon nuclei display
magmatic  oscillatory zonation, and have rounded forms indicating a complex
crystallization/resorption process had taken place over a long period of time. It seems likely that
such a complex crystal growth history could only be achieved from the zircon residing for long
periods of time in different magma batches. The oscillatory zoning of zircons is locally
overprinted, probably by changes in fluid composition and perhaps by loss of U, Th, Pb, that
accompanied this process (Pidgeon 1992).

Zircon conforms to the general formula ABO,, where the position A represents the
relatively large zirconium ion in eight-fold coordination with O, and position B represents the
silicon ion in tetrahedral coordination with O. In position A, Zr can be replaced by tetravalent
(M* = Hf, Th, U), trivalent (M>" = REE, Y, Fe), and divalent cations (M>" = Ca, Fe, Mg, Mn).
As summarized by Hoskin and Schaltegger (2003), there are multiple mechanisms of
substitution, including simple isovalent replacement of Zr by other tetravalent cations, and

coupled substitutions where divalent and trivalent cations may be incorporated.

(a)

Fig. 3.8. Backscattered electron photomicrographs of zircon crystals of two mica granite, El
Sela, Egypt. (a) Oscillatory zoning, and (b) inclusions of thorite (white points), (c) concentric
zoning is very weak and cracks in outer rim of zircon crystal, (d) zoned zircon with two cores.
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Suitable crystals are separated for the zircon typological classification after Pupin (1980).
The zircon crystals demonstrate preferential development of {101} pyramid and notably the
occurrence of the {211} pyramid with the dominance of the {100} prism. The flat -{101}
pyramid of the S and P-types are commonly larger than the steep -{211} pyramid. Pupin (1980)
suggested that zircon originating in a hyperalkaline or hypoaluminous medium have well
developed {101} pyramid. Most typically, the two-mica granite of El Sela area shows minor
typological distribution forming mainly two distinct morphological types (Fig. 3.9). It is
represented by crystals up to 125 um and corresponds to P2 (70 %) and S10 (30 %). Mainly,
they are located along the central right hand-side part of the typology diagram with high A-index
and moderate T-index. The P-type is the major type with relative frequency of 70 %. Pupin
(1980) suggested that the S and P types show a distinct spreading propensity in potassium-rich
alkaline medium. This zircon population is nearly similar to population of I-type alkaline series

granite (Pupin 1980).

Fig. 3.9. Zircon typological classification proposed by Pupin (1980). Index A reflects the
Al/alkali ratio, controlling the development of pyramids in the crystals. Index T reflects the
effects of temperature on the development of prisms, zircon of two-mica granite of El Sela area,
Eastern Desert, Egypt.

The chemical composition of zircon of intrusive rocks is represented in (Table 3.15), (Table

3.16) and (Table 3.17).
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Table 3.15. Chemical composition of zoned zircon of two-mica granite, El Sela area, wt.%.

core — rim
Spot 4428 | 4429 | 4430 | 4437 | 4438 | 4435 [ 4440 | 4441
SiO, 333 | 3142 | 31.83 | 31.17 | 31.1 27.7 30.9 30.0
710, 65.0 62.5 62.5 62.9 62.8 574 61.9 58.2
HfO, 2.1 2.15 2.35 1.85 1.91 3.48 2.06 2.9
U0, - 1.6 1.51 0.88 1.01 4.49 1.99 2.72
ThO, - - - - - 0.65 - -
Y,0; - - - - - 1.21 - -
Fe 05 - 1.27 1.49 - 1.34 2.07 1.89 3.27
CaO - 0.43 - 1.27 0.88 2.49 0.76 1.78
MnO, - 0.59 0.6 1 1.01 0.52 0.73 0.87
Total 100 99.9 100 99.2 100 100 100 99.8
Chemical formula of zircon based on 4 oxygen atoms (apfu).
Si 1.02 0.98 0.99 0.97 0.97 091 0.96 0.95
Zr 0.97 0.95 0.94 0.96 0.95 0.92 0.94 0.9
Hf 0.02 0.02 0.02 0.02 0.02 0.03 0.02 0.03
U - 0.01 0.01 0.01 0.01 0.03 0.01 0.02
Th - - - - - 0 - -
Y - - - - - 0.02 - -
Fe - 0.03 0.03 - 0.03 0.05 0.04 0.08
Ca - 0.01 0 0.04 0.03 0.09 0.03 0.06
Mn - 0.01 0.01 0.02 0.02 0.01 0.02 0.02
Sum 2 2.01 2.01 2.02 2.02 2.06 2.02 2.05

The major oxides in the core of zircon of two-mica granite are ZrO, (62.5 to 65.01 wt%),
Si0; (31.1 to 32.4 wt%), HfO, (1.8 to 2.1 wt%), and UO, (0.8 to 1.6 wt%), In the rim of zircon,
contents of major oxides are mainly ZrO, (50.4 to 57.1 wt. %), SiO, (30 to 31 wt. %), HfO, (2.8
to 4.5 wt. %), UO; (2.9 to 4.4 wt. %), in (Table 3.15). ZrO, have higher values in the core
whereas UO,, ThO, and HfO, increase at the peripheries of crystals. Y,O3; may occur only at the
crystal rim. Analyses of zircon showed that P,Os was absent so, no xenotime overgrowths was

observed.
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Table 3.16. The chemical composition of zircon of two-mica granite, El Sela area, wt%.

Oxides Two-mica granite
1761 1773 1870 1880 1889 556 | Average
SiO, 323 30.8 29 31 30.1 29.9 30.5
Zr0, 61.8 61.7 59.8 59.4 60 60.5 60.5
HfO, 1.86 1.53 1.69 2.19 2 2.21 1.91
CaO 1.39 2.18 3.89 1.12 1.96 1.61 2.02
Fe,03 0.67 0.94 1.49 0.89 2 2.13 1.35
TiO, - - - - - - -
ALO; 0.09 0.94 1.27 1.13 0.72 0.64 0.8
Y,03 - 0.48 1.57 - - - 0.34
Sc,03 - - - - - - -
ThO, 0.39 0.57 - 2.99 1.72 1.09 1.13
U0, 1.46 0.81 1.26 1.29 1.49 1.99 1.38
Sum 99.9 99.9 99.9 100 99.9 100 99.9
Chemical formula based on 4 oxygen atoms, atom per formula (apfu)
Si 1 0.96 0.91 0.97 0.95 0.94 0.96
Zr 0.93 0.93 0.92 0.91 0.92 0.93 0.92
Hf 0.02 0.01 0.02 0.02 0.02 0.02 0.02
Ca 0.05 0.07 0.13 0.04 0.07 0.05 0.07
Fe 0.02 0.02 0.04 0.02 0.05 0.05 0.03
Ti - - - - - - -
Al - 0.03 0.05 0.04 0.03 0.02 0.03
Y - 0.01 0.03 - - - 0.01
Sc - - - - - - -
Th - - - 0.02 0.01 0.01 0.01
U 0.01 0.01 0.01 0.01 0.01 0.01 0.01
sum 2.03 2.05 2.09 2.03 2.05 2.05 2.05

Notes: - under detection limits.
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Table 3.17. The chemical composition of zircon of microgranite, dolerite, bostonite El Sela area,

wt.%.
Rocks Microgranite Dolerite Bostonite
Spot 406 | 1667 | 2100 | Average | 1566 [ 1789 1799 | Average | 1250 [ 1253 | 1620 | Average
number
SiO, 3491 31.6 | 312 32.6 | 302 30.1 30.9 304 314 ] 308 [ 316 313
71O, 622 | 63.5[ 64.2 63.3 | 59.2 59.4 60.2 59.6 60.3 | 61.3 | 60.9 60.8
HfO, - - 114 0.38 - - - - 0.8 1.5 [ 1.76 1.35
CaO 0.1] 077 09 0.59 | 0.63 0.43 0.39 0.49 1.76 1 0.77 [ 0.3 0.94
Fe 05 0.5 0.6 [ 0.67 0.59 | 3.26 1.52 1.84 2.21 1231 14 ] 09 1.18
TiO, - 1.82 - 0.61 - - 3.07 1.02 - - - -
ALO; 1.23 ] 0.87 [ 1.25 1.11 ] 2.02 3.5 1.7 2.41 244 | 1.8 1.1 1.78
Y50, - - - - 257 2.49 1.14 2.07 1 1.19 | 2.96 1.72
Sc,03 0.95 0.1 0.2 0.42 | 0.67 0.67 0.31 0.55 1.18 1 1.23 [ 04 0.94
ThO, - - - - - - - - - - - -
Uo, - - - - - - - - - - - -
Chemical formula based on 4 oxygen atoms, atom per formula (apfu)
Si 1.1 1] 098 1.02 ] 0.95 0.95 0.97 0.96 0.95 1 095 [ 0.97 0.96
Zr 0.95 1 0.97 | 0.98 0.97 | 091 0.91 0.92 091 0.89 1 0.92 | 0.92 0.91
Hf - -1.0.01 0 - - - - 0.01 [ 0.01 | 0.02 0.01
Ca 0] 0.03 [ 0.03 0.02 | 0.02 0.01 0.01 0.02 0.06 | 0.03 [ 0.01 0.03
Fe 0.01 | 0.01 ] 0.02 0.01 | 0.08 0.04 0.04 0.05 0.03 ] 0.03 [ 0.02 0.03
Ti - [ 0.04 - 0.01 - - 0.07 0.02 - - - -
Al 0.05 | 0.03 | 0.05 0.04 | 0.07 0.13 0.06 0.09 0.09 | 0.07 | 0.04 0.06
Y - - - - 0.04 0.04 0.02 0.03 0.02 | 0.02 [ 0.05 0.03
Sc 0.03 0] 0.01 0.01 | 0.02 0.02 0.01 0.02 0.03 ] 0.03 [ 0.01 0.02
Th - - - - - - - - - - - -
U - - - - - - - - - - - -
sum 2.14] 2.09 [ 2.07 2.1] 2.09 2.1 2.11 2.1 2.07 | 2.05 | 2.03 2.05

lowest value of Sc,03. No detected HfO, or Y,0j3 in zircon of dolerite dikes or microgranite

Under detection limits

In two-mica granite zircon has the highest HfO,, UO,, ThO; and CaO contents, but the

respectively. TiO, in zircon of two- mica granite and bostonite is under detection limits.

Hf - (U+Th) - (Y+REE) ternary diagram of zircon compositions of different intrusive
rocks has been established (Fig. 3.10).
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Fig. 3.10. Hf — (U+Th) — (Y+REE) ternary diagram of zircon compositions in intrusive rocks, 1-
Two-mica granite El Sela (present work, 11 samples), 2- Microgranite El Sela (present work, 6
samples), 3- Dolerite El Sela (present work, 2 samples), 4- Bostonite El Sela (present work, 2
samples), 5- Syenogranite Nikeiba, Egypt (unpublished data, 4 samples), 6- Granite with black
quartz first phase, Salminski massive, Russia, Rub et al., 1994 (4 samples), 7- Average El Sela
two-mica granite, Ali and Lentz 2011 (8 samples), 8- Average of two-mica granite, Ghadir,
Egypt, Ali and Lentz 2011 (5 samples), 9- Rare metal granites, Primoria, Russia, Rub et al. 1994
(12 samples),10- Precambrian granites, South Priladaja, Russia, Larin 2011(12 samples),11-
Rapakivi granites first phase, Salminski massive, Russia, Rub et al., 1994 (8 samples).

Zircon of two-mica granite of the present work, previous work of zircon of two-mica
granite of the same area, Egypt (Ali and Lentz, 2011), zircon of two-mica granite of El Ghadir
area, Egypt (Ali and Lentz, 2011) and zircon of syenogranite of El Nikeiba area, Egypt are
located in nearby area in the center, where as zircon of rapakivi granites first phase Salminski
massive, Russia (Rub et al., 1994), zircon of granite with black quartz first phase Salminski
massive (Rub et al., 1994), Russia, zircon of rare metal granites Primoria, Russia (Rub et al.,
1994), zircon of Precambrian granites south Priladaja, Russia (Larin, 2011), zircon of
microgranite, dolerite and bostonite dikes of the present work are located in the Hf, Y and REEs

axis with no uranium and thorium contents in (Fig.3.11). No recorded REEs in the intrusive

rocks at El Sela area.



Most of the monazite grains are subhedral to anhedral equant to round or elongated. (Fig.

3.11). The pitts and groves are common features on the surface of rounded monazite grains.
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Monazite

The chemical composition of monazite of intrusive rocks is shown in (Table 3.18).

Fig. 3.11. Backscattered electron image of monazite of two mica granite, El Sela.

Table 3.18. The chemical composition of monazite of intrusive rocks El Sela area, wt%.

Two-mica
granite Microgranite Dolerite bostonite

1 2 3 4 5 6 7 8 9 10 | 11 | 12

Al O3 - - - 028 | 1.8 2 - - - | 123[13 1
SiO, [1.85]14.58 543 [ 1.16 | 3.91 [222|435] 1.1 [2.16|/ 0.8 | 0.8 | 0.6
P,Os [343]129.8(30.1| 29.1 | 26.1 [29.3|24.5[25.1| 25 |24.2[23.1[223
Fe O3 (193] - |1.69 - 2.1 [134] 1 0.9 - 119512 ] 21
LayO3 (254142174 245 [ 223 [243[23.3]22.2(25.1[19.2]26.2]20.1
CeyO; 122.6(29.6 /202 229 | 28.1 |21.9(31.3[33.7]|303|31.6[31.4]335
Pr,0;3 - |351(335] 25 - - [359(334]346] 02 | 22 ] 35
Nd,O; 433|153 [174] 193 | 158 [183 123 |11.6[12.4[153| 7.4 [10.1
ThO, |694] 21 [ 15 - - - - 12 | 1.8 [ 53] 62 | 6.7

UoO, 3.1 [ 05 277 - - - - - - - - -
RE,O3; [52.3[62.6]|584 ] 69.2 | 662 |[64.5[70.5]|70.8|71.3[663]|672]67.2
Total | 100 [99.6 1 99.8 | 99.7 | 100 |99.4| 100 [99.1 | 100 |99.8 [99.8 | 99.9
Al - - - 0.05 | 032 035 - - - 1024[026] 0.2
Si 0.2610.68 | 0.78 [ 0.18 [ 0.59 [0.33]0.69 | 0.18 [0.35|0.13]0.14 [ 0.1
P 41313.72|3.68| 3.83 [ 3.35 [ 3.7 |3.2813.52[3.46(3.39] 3.3 [3.23
Fe 021] - ]0.18 - 024 [0.15{0.12]0.11| - [0.24]0.15]0.27
La 1.33 /0771093 | 14 | 1.25 |1.34[1.36|135]1.51[1.17]1.63|1.27
Ce 123 11.671.12| 1.37 | 1.63 [1.25] 1.9 [2.14| 1.9 |2.01 |2.03 | 2.2
Pr - 0.2 |0.18 [ 0.15 - - 10.22]0.21)0.22(0.01]0.14]0.23
Nd 0221081109 [ 1.07 [ 0.86 [0.97]0.69]0.69[0.72]| 0.9 |0.45[0.62
Th 0.221 0.07 | 0.05 - - - - 10.05[0.07] 0.2 ]10.24 [0.26

U 0.1 {0.02]0.09 - - - - - - - - -
Sum | 7.7217.93[791] 8.05 | 824 |8.09|8.25[825]|822| 83 [8.34]8.39
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Notes: - under detection limits. Chemical formula of monazite based on 16 oxygen atoms (apfu).

The highest total of rare earth elements (REE;O3) occurs in dolerite (70.8-71.3 wt%). Cerium, in
all cases, is the most abundant REE varying between 20.2 -33.5 wt % Ce,03. The second most
abundant REE is La (14.2-26.2) wt % La,Os followed by Nd (4.3-19.3) wt % Nd,Os, Pr up to
3.6 wt % Pr,Os. UO; only occurs in monazite of two-mica granite. The chemical formula of

monazite can be expressed as the following (REE, ;5Thg U ) (P4 .13S126A100)4O1s.

Bastnasite

Bastnasite is found in in two mica granite and bostonite dikes of the study area as
fracture and vug fillings as mass of fine-grained needles subrounded to rounded, oval and
sometimes tabular grains usually associated with zircon, monazite and fluorite with size about
20 pm. The chemical composition of bastnasite of intrusive rocks is represented in (Table 3.19).

Table 3.19. The chemical composition of bastnasite of intrusive rocks, El Sela area, wt%.

Rocks Two-mica granite Bostonite
Spots | 1 2 3 4 5 6 7 8 9 10 | 11 | 12 | 13 | 14
ALO; [ 12 109 31|04 02|50 |12 |17 - - 6311030721

SiO, |37 15|11 )11 03|32 |16 |18 12109 |07]01]17] 09

CaO | 47 | 83 |114 |23 |113] 7.1 | 43 | 81 | 1.8 |12 | 1.1 |20 1.2

La)O3 | 27.6 | 24.2 |1 24.8 | 30.7 | 25.3 | 21.8 | 39.0 | 24.9 | 29.6 | 35.9 | 30.0 | 29.6 | 39.4 | 39.0

CexO3 [35.1129.4|29.9123.7]29.2 234|269 |27.2|252]279]20.1|23.5]|33.0)|22.7

Pr;O; | 26 | 2.1 | 1.8 |32 | 12|25 |18 | 22| 38 3.1 | 43 2.3

Nd,O3 | 53 | 89 | 7.3 |14.1] 62 |125] 69 | 94 | 163 | 88 |105|17.1| 58 |11.7

SmyOs3 | - - - 14 | 1.0 - - 03 | 3.1 - 24 | 3.7 - 1.8
Y03 | 1.3 | 1.1 | 3.0 - 1.3 14110 ] 17 - - - - - -

ThO, - 0.7 - 1.5 - 0.6 - 04 |23 125 |17 - - 1.3
FeO3 | 0.8 | 24 | 0.7 - 2.6 - - 09 116 |12 12120 - 1.2

F 541471 | 5.8 | 3.9 5 |417] 63 | 45 | 33 |517]439] 4.6 |2.99|3.49

Total | 87.7 | 84.1 | 88.9 | 82.3 | 83.5 | 84.5|89.0 | 83.1 | 88.2 | 83.5 | 81.6 | 87.9 | 85.9 | 87.6

Note: - Under detection limits.
Analyses show that the bastnisite of two-mica granite has average of La,03 (27.3 wt.%),
Ce,03 (28.1), Nd»O3 (8.8 wt.%), F ( 5 wt.%) bastnisite of bostonite has average of La,O3 (33.9
wt.%), Ce,0j; average of (25.4), Nd,O3 (11.7 wt.%.), F (4 wt.%.).
Xenotime
Xenotime is one of the most enriched in HREE. It occurs two mica granite as anhedral
crystals range in size from 2 to 10 pm. The chemical composition of xenotime is shown in

(Table 3.20).
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Table 3.20 Chemical composition of xenotime in two mica granit of El Sela area, wt.%.

Oxides 1 2 3 4
Y,0; 49.3 47.3 48 45.1
P,0s 35.8 36.9 37.2 35.9

CaO 0.3 0.2 0.3 0.07
Gd,0; 1.9 2.6 2.7 4
Dy,0; 4.8 5.4 1.9 6.3
En0; 3.5 3.9 4.5 2.9
Yb,03 2.7 2.5 5.1 4.7
AlLO; 0.8 - - -

Si0; 0.5 0.8 0.2 0.9

Total 99.6 99.6 99.9 99.87
Chemical formula based on 4 oxygen atoms

(apfu)
Y 0.85 0.81 0.82 | 0.78
P 0.98 1.00 1.01 0.99
Ca 0.01 0.01 0.01 0

Gd 0.02 0.03 0.03 0.04
Dy 0.05 0.06 0.02 0.07

Er 0.04 0.04 0.05 0.03
Yb 0.03 0.02 0.05 0.05
Al 0.03 0.00 - -
Si 0.02 0.03 0.01 0.03
Sum 2.01 1.99 1.99 2

The average of Y,0s3, P,Os and RE;O; are (47.4, 36.5 and 14.9 wt.%) respectively.
Analyses indicate that the obtained xenotime has Dy,03 (1.9 — 6.3 wt.%), Er;03 (2.9 — 4.5 wt.%)
and Yb,03 (2.7-5.1 wt.%).

Titanite

It is widespread as an accessory mineral occurring in the studied two-mica granite and

dolerite dikes. Chemical composition of titanite in two mica granit and in dolerite of El Sela

area is shown in (Table 3.21).
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Table 3. 21. Chemical composition of titanaite in two mica granit of El Sela area, wt.%.

Two-mica granite Dolerite
Oxides 1 2 3 4 5
TiO, 33.6 32.7 33.9 34.0 45.1
SiO, 30.2 31.2 27.9 30.8 26.9
CaO 26.0 26.4 23.1 26.2 23.1

ALO; 43 4.0 2.4 1.9 0.7
Fe 03 1.3 1.7 7.8 24 5.6
F 1.99 1.7 - - -

Note: - under detection limits.
TiO; and Fe,0s5 is higher in titanite of dolerite where as SiO,, CaO and Al,Os are higher
in two-mica granite. F only occurs in titanite of two-mica granite.
Rutile
Rutile is common mineral in the two-mica granite. It occurs as angular to subangular,
elongated, cylinder and rod-like grains with zircon, monazite, uranothorite, and uraninite. It is
recorded in all types of intrusive rocks. (Table 3.22).

Table 3.22. The chemical composition of rutile of intrusive rocks, El Sela area, wt%.

Two-mica granite Microgranite | Dolerite | Bostonite
TiO, 89.7 73.4 88.9 84.3
Fe,03 3.5 3.0 6.2 7.5
Nb,Os 1.4 0.0 0.0 0.0
SiO, 0.0 10.6 4.5 1.8
ALOs 0.0 3.7 0.5 0.0
U0, 0.0 0.2 0.0 0.0
Sum 100 98.7 99.9 99.2

Analyses indicates that the obtained rutile has the lowest value of TiO; in microgranite
(73.4 wt. %) and the highest one is in (two-mica granite 89.7 wt. %). Impurities of Fe;03, SiO,
and Al,O; are recorded. Inclusions of Nb,Os occurs only in rutile of two-mica granite (1.4 wt.
%). UO; is recorded only in rutile of microgranite (0.2 wt. %).
Barite
Barite crystals are plates, granular, fan shaped, massive (Fig. 3.12). It is recorded in all

types of intrusive rocks (Table 3.23).
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Fig. 3.12. Backscattered electron image of barite of two mica granite, El Sela area.

Table 3.23. The chemical composition of barite of intrusive rocks, El Sela area, wt%.

Rocks Two-mica | Microgranite | Dolerite | Bostonite
granite
Elements Spot number

2385 111 159 206
Ba 60.1 59.8 53.4 32.7
S 13.5 13.9 13.7 12.8
243 249 24.1 31.9
S 13.5 13.9 13.7 12.8
Al - - 0.36 0.91
Si - 0.31 1.1 6.74
Ca - - 1.37 0.43

Fe - 0.66 0.73 -
Sum 100 100 99.1 99.2

The highest barium contents of barite are in two-mica granite and the lowest in bostonite

with substitution in Sr.
Sulfides

The recorded sulphides in two-mica granite are pyrite, galena and sphlerite. In
microgranite and dolerite, sulphides are represented by pyrite, chalcopyrite, arsenopyrite,
spalerite and galena. Pyrite also is recorded in jasper. Sulphides occur as disseminations and
fracture-fillings in intrusive rocks. Magnetite, hematite, illmenite, rutile and apatite are
associated with the sulfide mineralization. Pyrite is the most common sulfide mineral
encountered in El Sela intrusive rocks. It occurs as well developed cubic octahedron crystals

with a pale-brass yellow color and a metallic luster. It is either disseminated in the mineralized
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shear zone or partially or entirely oxidized to oxy-hydroxides such as hematite and goethite. This
process can be classified as pseudomorphic desulfitization under oxidizing conditions.
Desulfitization of pyrite precursor creates cavities that can be refilled by secondary uranophane
and autunite near the surface.

Native minerals

Some native minerals of gold, silver and nickel are recorded in two-mica granite and

microgranite. As shown in (Table 3.24) and (Fig. 3.13).

Fig. 3.13. Backscattered electron image of Ag of two mica granite, El Sela area.
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Table 3.24. Chemical composition of native minerals from intrusive rocks El Sela area, wt%.

Two-mica granite Microgranite
Elements | Ag | Ag Ag | Ni | Au | Au | Ni Ni Fe |Fe Sll_
Au - - - - 96.8 [ 97.1 - - - - -
Ag | 975|901 |82 | - | 1 [14] - } ; ; }
Ni ; ; o1 | - | - o3 [o17| - - | 187
Fe - o503 ]075 071 [959 [977 | 14
Cu ; R - A U A B ; - | 742
(0] 0.8 0.3 1 1.6 09 | 1.1 | 2.12 1.58 3.1 1.5 1.8
Al 0.5 0.1 0.5 1 - - - - - -
Si 1.2 0.5 0.3 1.3 0.7 [ 0.1 | 0.74 - 1 0.7 1.7
Ca - - - - - - - - - - 0.9
Sum 100 100 100 100 [ 99.9 | 100 | 98.91 [ 99.99 | 100 99.9 | 98.7

Gold is predominantly associated with quartz veins in micro-granite. Analyzes
showed that the Au content varies from 96.8 to 97.1 wt%. Native silver is found in two mica
granites in the form of precipitates up to 5 um and in association with sulfides. Composition
Ag contains 98.2% by weight of this element. Native nickel was found in two- mica granites
and micro granite in the form of fine precipitates. Native copper and iron are present in

microgranite. The state of native copper is as follows: Cu (74.2 wt%) and Ni (18.7 wt%).

The intrusive rocks of the EIl Sela region contain primary minerals of thorium and
uranium (thorite, uranothorite, brockite, auerlite, coffinite, uraninite, pitchblende) and secondary
minerals of uranium (autunite, kasolite, uranophane. An association of sulphides (pyrite,
chalcopyrite, arsenopyrite, sphalerite, molybedite and galena) and native minerals (native Au,
native Ag, native Ni, native Fe, native Cu) were recorded. 18 minerals were diagnosed for the
first time. The following minerals have been discovered: in two-mica granites, auerlite, brockite,
and native Ag; in micro granite - coffinite, kasolite, native gold, native Ni, native Fe and native
Cu, coffinite and uraninite are detected; Coffinite, zircon, monazite, bastnesite and rutile are

recorded in bostonite; Pichblende and coffinite are found in the jasper.
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CHAPTER 1V APPLIED GEOCHEMISTRY

4.1. Migration forms of chemical elements of intrusive rocks

In exogenous processes, the general features of the behavior of uranium are determined
by its ability to migrate as uranyl carbonate complexes (with a sharply subordinate number of
uranyl hydroxy complexes) and precipitate under the influence of reducing agents, sorbents and
(or) precipitants, and also due to evaporative concentration.
Uranium is intensively leached from rocks by oxidizing sub-neutral waters in the presence of a
widespread bicarbonate ion. At the same time, “free” uranium rocks, as well as uranium minerals
that are unstable in an oxygen atmosphere, go into solution. Uranium bound in crystal lattices of
stable accessory minerals (monazite, thorite, torianite, apatite, etc.) is practically not leached and
can accumulate with them in placers.
The source of uranium in the surface and underground waters of the region can serve as rocks
with an elevated clarke: granites, uranium manifestations of various types of rocks, weathering
products developed in the areas of feeding and transit.
Modern geochemical methods of search are constantly being improved and new geochemical
forecasting technologies are being developed. The methods are based on methods for isolating
and analyzing mobile forms of chemical elements, which reinforces the useful signal when
geochemical anomalies are detected.
The formation of superimposed sorption-salt secondary lithochemical halos is actively promoted
by the phenomena of physicochemical migration of elements: salt film-capillary migration of
chemical elements, ascending (jet) and lateral convective migration of elements in mobile forms
of finding with concentration of indicator elements on various geochemical barriers.
The main barriers that fix the ore elements for the second time are a thin silty-clay fraction of
bottom sediments, organic matter, ferrous crusts and deposits.
When conducting searches in recent years, searches are widely used.overlaid secondary haloes of
scattering. These include: the method of partial extraction of metals (PEM), the method of
diffusion extraction of elements, the thermomagnetic geochemical method, the method of metal-
organic soil forms and the method for analyzing the ultrafine fraction,.
The method for analyzing the ultrafine fraction was developed in 2005. The essence is to isolate
the ultrafine fraction from the loose sediment, followed by transferring the sorption-salt forms of
the elements to the solution and analyzing them by quantitative methods (ICP OES, ICP MS)
(Sokolov et al., 2005).
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Later, in 2010, a method was developed for the analysis of the ultrafine fraction (colloid-salt
fraction). The fundamentals of the method are described in a number of publications and patents
(Oleinikova, Panova 2011), (Oleinikova, Panova 2007) (Oleinikova et al., 2009).

Consider the possibility of using modern geochemical methods of searching for mobile forms in
the area of El Sela.

In the process of physical and chemical weathering rocks are destroyed, forming sand of

the desert. While the change in daytime and night time temperatures is quite significant, moisture
accumulates in the pore space of the rocks, which facilitates the transfer of chemical elements to
the mobile state and migration to surrounding areas.
The question of the forms of finding elements in rocks is of great importance for studying the
processes of weathering of rocks. It is known that a significant part of the chemical elements
enters the minerals as isomorphic impurities, replacing the macro components in the crystal
lattice. Some of them accumulate in gas-liquid inclusions, and some are in a colloidal-dispersed
form in the pore space of the rock. It is known that the lower the average content of a chemical
element in the earth's crust, the greater its fraction in the dispersed form. During the weathering
processes, the rock disintegrates, the chemical elements can be washed out of the pore space, as a
result of which new physico-chemical conditions are established that contribute to the further
destruction of the rock.

The pollution of the environment is closely related to the mobility of elements in natural
systems. Heavy metals and radionuclides can be involved in a number of complex chemical and
biological interactions. The most important factors affecting the mobility of elements are pH,
sorption, the presence of organic and inorganic ligands, including humic and fulvic acids.
Oxidation-reduction reactions are of great importance in the chemical weathering of rocks, in
which elements with variable valency and chalcophile elements such as U, Th, REE, Cu, Ni, Zn,
Pb are present.

To determine the risk of environmental pollution, it is particularly important to determine
the mobility of uranium and satellite elements contained in intrusive rocks of the uranium-rare
earth province. In spite of the developed general ideas about mobile and firmly-connected forms
of elements in rocks and methods of their extraction, there are still not enough experimental
quantitative data that would allow to evaluate the behavior of mobile forms of trace elements in

rocks.
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The aim of the study was to isolate the pore solution (colloidal salt fraction) of intrusive rocks, to
determine the content of microelements in it and to compare it with the composition of the
intrusive rocks.

The chemical composition of the rock samples was determined according to the standard
scheme of complete decomposition using concentrated nitrogen, hydrogen fluoride and
perchloric acid. The solutions were analyzed on the ELAN-6100 DRC device from PERKIN
ELMER.

To study the water-soluble component of the pore solution, a technique was used to extract and
analyze the submicron fraction of the rock, which is enclosed in the pore and intergranular space
of the rock, in which the chemical elements are in ionic, molecular and colloidal forms. The
basis of the method is described in a number of publications and patents (Oleinikova, Panova,
2007; 2011; Oleinikova et al., 2009, 2010, 2014).

The substance recovered by water is not considered as an aqueous extract, which characterizes
exclusively "truly soluble" forms of elements, but as an independent fraction with a weight (a
weight fraction) and a specific particle size (up to 1 pm). To distinguish it from other fine
fractions, according to the particle size, it was called the submicron fraction (SMF). The particle
size of less than 1 pm in colloid chemistry is the conditional boundary of the colloidal state,
above which the substance is released into a separate solid phase (Friedrichsberg, 2010).

The procedure for isolating SMF included crushing and abrading of samples to particle size <74
um. In the case of an experiment with rocks, their preliminary crushing is necessary for opening
pores and microcracks in order to provide access of the extractant (water) to free and adsorbed
on mineral basis salts and colloidal particles (Panova et al., 2009).

A sample of previously worn out sample was poured with heated de-ionized water, periodically
stirred for 5 hours and kept for a day to stabilize the resulting colloidal salt solution. The syringe
was taken out of the solution and passed through a membrane filter of the firm "Sartorius",
guaranteeing the transmission of particles less than 1 pkm. The solution thus obtained is
colorless, transparent and colloidal, exhibiting a positive Tyndall test.

Analysis of the solutions on the NanoSight nano-sizer showed that the modal value of the pore
colloid particle size is 679 nm in two-mica granite, 566 nm in microgranite, 571 nm in dolerite,
and 580 nm in bostonite. A part of the solution was evaporated in a pre-weighed Petri dish in
order to determine the proportion of the submicron fraction in the sample. Another part of the
solution was analyzed by ICP-MS. Compliance with the chosen experimental conditions ensures

a high reproducibility of the analysis results and the possibility of determining a wide range of
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chemical elements (up to 75 elements). Analysis of aqueous solutions allows maximizing the
potential of the ICP-MS method. The absence of injected acids or other solvents prevents the
possibility of uncontrolled isobaric overlays. This fact leads to elements detection limits decrease
by 2-3 orders of magnitude in submicron fraction analysis, compared to the bulk analysis,
especially in case of the rare elements. The intrusive rocks contain a wide range of trace

elements (Table 4.1).

Table 4.1. The content of trace elements in the intrusive rocks of El Sela region, mg / kg

Proportion
Rocks SMF, rel U Th |REE| Y [ Ni| Cu |Zn| Pb [Rb| Sr | Ba
%
Two-mica 1.8 1.8 [1.10] 163 | 1,40 | 256 | 45,0 | 164 | 0,50 | 113 | 77,0 | 304
granite
M“’r"egran“ 1,42 68,0082 | 11,1 2,50 187 39,0 [201| 0.6 |305| 305 | 398
Dolerite 1,31 1,30 | 1,30 [ 17,32 2,60 [ 206 [ 29,0 | 223 | 0.3 [ 102 103 | 402
Bostonite 1,60 [520] 1,9 | 173 [3.80[ 113 ] 13,0 [ 112] 03 [110] 25,0 | 205

The highest uranium contents are characteristic of microgranite and dolerite. Two-mica
granites are enriched with thorium. Chalcophile elements accumulate in various intrusive rocks
in different ways: two-mica granite contains minimal amounts; microgranite accumulates Zn, Pb,
Cu, REE, and Y; dolerite and bostonite are enriched in Ni, Zn, REE, and Y (Ghoneim, Panova,
2018).

Experiments on the submicron fraction extraction shows that its content in intrusive rocks
varies from 1.31 to 1.78 wt% . The results of the SMF analysis of intrusive rocks are shown in
(Table 4.2).
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Table 4.2. The share of submicron fraction of intrusive rocks (relative%) and the content of trace

elements in it (mg / 1)

Part of
Mopoxa | SMF, U Th |REE| Y Ni | Cu|2Zn | Pb | Rb | Sr | Ba
Rel. %
Two-mica | g 1.8 1.1 [ 162 | 14 | 25 | 45 [ 164 | 05 | 113 | 77 | 304
granite
Microgranite | 1.42 68 | 082 |11.1] 25 187 | 39 | 201 | 0.61 | 305 | 305 | 398
Dolerite 1.31 13 13 [ 173 2,6 | 206 | 29 | 223 | 03 | 102 | 103 | 402
Bostonite 1.6 52 1.9 | 173 | 3.8 113 13 | 112 | 031 | 110 | 25 | 205

The highest value is characteristic of two-mica granite, which has the most coarse-grained

structure. High contents of trace elements in the SMF are as follows: uranium is characteristic of

microgranite, chalcophile elements, as well as Rb, Sr, and Ba accumulate in all types of intrusive

rocks.

To assess the degree of elements accumulation in the submicron fraction, we have calculated

accumulation coefficient as the ratio of the content in the SMF to the content in the rock

(Fig.4.1).

Fig. 4.1. The concentration ratios of chemical elements in the colloid-salt fraction of intrusive

rocks of the El Sela region: a — two-mica granite; b — microgranite; ¢ — dolerite; d — bostonite.
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Geochemical formulas are as follows: two-mica granite (Zns; — Cusz4 — Niys); microgranite
(Ni3z4— Bays— Srj9— Rb; s— Cu, 7); dolerite (Rb; 9— Zn; 3 — Cu, 3); bostonite (Rb; ). The highest
values of elements accumulation coefficient are specific to two-mica granite. Zinc, copper,
nickel, to a lesser extent barium, rubidium and strontium have shown the highest migration
capacity. The uranium concentration in the microgranites submicron fraction is 68 ppm, but the
accumulation coefficient of this element is less than one. Apparently, this can be explained by
the presence of secondary uranium minerals in the intrusive rocks, which do not convert into
solution during the SMF extraction. The REE content in various intrusive rocks is presented in
(Table 4.1) The highest values are characteristic of the dike complex (dolerite — 530 ppm,
bostonite — 379 ppm, microgranite — 203 ppm). The REE content in two-mica granite is low 43.5

ppm. The REE spectra are shown in (Figure 4.2).

Fig.4.2. Chondrite-normalized REE content in the intrusive rocks of the El Sela region
(normalized by Boynton, 1984).

In all cases, the content of light rare earth elements (LREE) is higher than that of heavy
ones (HREE). Unaltered and slightly altered intrusive rocks have a Eu-minimum. The
microgranite spectrum is characterized by the absence of Eu-minimum due to the rock secondary
alterations.

The ZREE and yttrium contents in the rocks submicron fraction are presented in (Table
4.2). The values are low, which indicates the weak mobility of these elements.

REE spectrums are shown in (Fig. 4.3) in a submicron fraction of intrusive rocks.
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Fig. 4.3. Chondrite normalized REE content of the submicron fraction of the intrusive rocks of

the El Sela region (normalized to Boynton, 1984).

It is possible to trace the similarity and differences in the REE spectra of SMF and intrusive
rocks (Fig.4.2 and 4.3). The REE spectra of microgranite and bostonite have not changed much.
The europium anomaly disappeared from dolerite and two-mica granite spectra.

We have calculated the relative fraction of chemical elements contained in the
submicron fraction, taking into account the weight fraction for each rock type (Table 4.3) show

the relative fraction of elements that are in a mobile state in the rock.

Table 4.3. The share of chemical elements in the submicron fraction of intrusive rocks (relative
%)

Rocks 18] Th | REE| Y Ni | Cu Zn Pb Rb Sr Ba

Two-mica
) 0.30 | 0.10 | 0.70 | 0.40 [ 4.30 | 6.10 | 10.1 | 0.10 | 0.90 | 1.50 | 1.60
granite

Microgranite | 0.40 | 0.30 | 0.07 | 0.20 | 4.80 | 2.50 | 1.40 | 0.10 | 3.30 | 3.40 | 3.60

Dolerite 0.10 | 0.10 | 0.04 [ 0.10|0.90 | 1.60 | 1.70 | 0.10 | 2.50 | 0.20 | 1.50

Bostonite | 1.50 [ 0.20 | 0.07 | 0.10 | 100 | 1.20 | 1.70 | 0.10 | 2.00 | 0.80 | 0.90

The highest values are characteristic of Zn, Cu, and Ni. These values are greater than one
in all types of intrusive rocks (Fig.4.4a). The mobility of rubidium, strontium, and barium is
highest in microgranite, which is most susceptible to secondary alterations (Fig. 4.4 b). Uranium

is accumulated in the SMF of bostonite. The least mobile elements are U, Th, Pb, REE, and Y.



201

Fig. 4.4.a The proportion of chemical elements in the submicron fraction from the total content

in the rock (according to Table 4.3).

Fig. 4.4.b The proportion of chemical elements in the submicron fraction from the total
content in the rock (according to Table 4.3).

Thus, as a result of the experiment, the content of chemical elements of reference samples
of intrusive rocks and their submicron (water soluble) fraction was estimated. The fraction is
extracted by water from the rock under specially selected conditions. The rock sample and its
submicron fraction are analyzed by ICP MS.

The chemical characteristic of the isolated fraction reflects the mobile, mobile part of the

chemical elements of the rock. Comparison of the obtained data on the content of chemical
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elements in intrusive rocks and their submicron fractions allows us to estimate the proportion of
migration-capable and difficultly mobile forms of chemical elements.

Thus, we can draw the following brief conclusions.

1. The share of submicron (colloid-salt) fraction of intrusive rocks varies from 1.31 to 1.78% by
weight. The particle size of the SMF varies from 566 to 679 nm. The largest particle size and a
high fraction of the fraction are characteristic of two-mica granite, which has the most coarse-
grained structure.

2. The content of microelements in the SMF of intrusive rocks has been established: Ni is
enriched with SMF of two-mica granites; U, Rb, and Sr are accumulated in the SMF micro
granite.

The relative fractions of chemical elements in the submicron fraction are calculated taking into
account the weight fraction of the fraction for each type of rocks. The highest values are
characteristic for Zn, Cu, Ni. The mobility of rubidium, strontium and barium is highest in
microgranite, which is most susceptible to secondary changes. A certain amount of uranium
accumulates in the SMF of Bostonite. In general, the least mobile are Pb, REE and Y; U and Th
have relatively low mobility.

3. During the chemical weathering of intrusive rocks, a number of elements (Zn, Cu, Ni) become
mobile and can migrate to the surrounding areas. Uranium, thorium and lead form secondary
minerals and in limited quantities accumulate in the submicron fraction. REE and Y are found in

intrusive rocks, mostly in mineral form and are the least mobile.

4.2. Geochemical potential of the intrusive rocks of the El Sela region

Forecasting, prospecting, evaluation and exploration of uranium deposits, as well as other
minerals, consist in carrying out prospecting works, which provide for the identification of
deposits and obtaining initial information for determining the economic value of objects as
industrial sources of raw materials.

The concept of “searches” has a generalized meaning, since this stage covers both search and
specialized forecasting-search work.

The first stage is called the “preliminary assessment”, and the subsequent “detailed assessment”.
Related terms “Pre-feasilibility studies” and “Feasilability studies”, which corresponds to
“preliminary” and “full study”, are also used abroad.

Predictive studies have the main purpose of identifying areas and areas with possible ore-bearing

properties of the complex of its features, installed on well-studied reference objects. The
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difference in the levels of knowledge of known and new areas determines the probabilistic nature
of the predicted constructions. Work is accompanied by a quantitative assessment of the
predicted resources of uranium by categories of reliability.

Specialized prospecting work is carried out in the identified promising areas, selected according
to the results of predictive research. Their goal is to identify and delineate potential uranium
deposits (ore-bearing areas comparable in scale to known uranium deposits).

The main objectives of this stage include: the study of the general geological and structural
features of the projected areas and the manifestation of exploratory criteria and signs of uranium
mineralization; identification of patterns of spatial distribution of mineralization in structures and
metasomatic haloes; checking all identified radiometric anomalies, anomalous zones,
manifestations of ore mineralization and ore manifestations to determine their nature, ore-
formational affiliation, structural and mineralogical and geochemical features; Estimation of
probable reserves of potential deposits with calculation of forecast resources.

The assessment of deposits is carried out in order to determine the principal possibility of using
the object under study as a source of raw materials in modern economic conditions. Its main
tasks are to determine the scale of the deposit, the quality and technological properties of the ores
in order to decide the feasibility and priority of its industrial development.

According to the IAEA classification, the proven reserves (Identifiend Resources) are divided
into reliably established (Reasonably Assured Recourses), corresponding to the Russian
categories A + B + C and previously estimated (Inferred Recourses), corresponding to category
C2.

Predictable uranium resources (Undiscovered Resources) are divided into pre-estimated
(Prognosticate Resources), corresponding to the Russian category P1 and forecast (Speculative
Resources) - P2 + P3.

At the first stage of the region assessment, it is possible to calculate the geochemical potential of
rocks.

When calculating the geochemical potential, the following formula was taken as the source: Q =
q x W x k (1) (Bykhover, Konnov, 1989):

Q - geochemical potential;

q is the content of the chemical element in the rock volume (t / km®);

W is the volume of rock mass (km®);

k - coefficient of reliability (k = 0.5).
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In recent years, the IAEA has taken into account recoverable uranium reserves. At the same
time, the reserves in the subsoil are multiplied by the degree of extraction for the applied
methods of ore mining and processing, which, depending on these methods, ranges from 0.66-
0.81.

In the framework of this work, the lowest value was taken - 0.5.

The value of (q) is calculated by the formula: q =d x Ccp,

d - rock density (2.403 t/ m®);

SSR - the average content of the chemical element in the rock. Table 4.4.

The volume of rock mass (W) is calculated by the formula: W =S x h,

S is the area (kmz),

h - the depth of distribution of the rock.

Thus, the formula for calculating the geochemical potential is as follows:

Q=S xhxdx Cep x k (Bykhover, Konnov, 1989).

Density of double mica granite - 2.6 t / m’

Density of micro granite - 2.5 t / m’

Dolerite density - 2.8 t / m’

Bostonite Density - 2.5 t / m’

The area of distribution of two mica granite - 7000 m*

Microgranite distribution area - 150 m’

Dolerite distribution area - 66 m’

Area of distribution of Bostonite - 25 m?

The depth of development of rocks is taken as 100 m.

This is the minimum value, although the depths of such objects are estimated in the first
kilometers.

Table 4.4. The average content of chemical elements in various types of rocks, ppm.

Elements Two-mica Microgranite Dolerite Bostonite
granite (n=9) (n=5) (n=5) (n=5)
U 7.2 164 29.7 6.7
REE 44.8 99.6 594 388
Ni 122 69.2 328 194
Mo 11.8 8.12 25 15.3
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Table 4.5. Geochemical potential of the intrusive rocks of the El Sela region, tons.

Elements Two-mica Microgranite | Elements | Two-mica
granite (n=9) granite
(0=9)
u 6.5 3.1 0.3 0.02
REE 40.7 1.9 5.5 1.3
Ni 111 1.3 3.0 0.6
Mo 10.7 0.2 0.2 0.05

Thus, the geochemical potential of the intrusive rocks of the El Sela region with respect
to U, REE, Ni and Mo was estimated. In double mica granite, the geochemical potential is 6.5 t
U; 40.7 t REE; 111 t Ni and 10.7 t Mo. In microgranite, the geochemical potential is 3.1 t U; 1.9
m REE; 1,3 t Ni and 0,2 t Mo. In the dolerate geochemical potential is 0,3 t U; 5.5 t REE; 3t Ni
and 0.2t Mo. In Bostonite, the geochemical potential is 0.02 t U; 1,3 t REE; 0.6 t Ni and 0.05 t
Mo.
Two-mica granite occupies the largest area and has the greatest geochemical potential of

uranium, rare earth elements, nickel and molybdenum.
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5. CONCLUSIONS

On the basis of generalization of literature data, the following conclusions are indicated:
The main types of intrusive and vein rocks of Egypt, which have an increased potential of
uranium, are revealed. They are correlated with of uranium deposits in the world.
The area of El Sela belongs to the uranium province of the Eastern Desert of Egypt.
Economically significant uranium ore occurrences are genetically related to the two mica
granites. Two-mica granite is intruded by microgranite, dolerite, bostonite dykes, quartz and
jasper veins confined to zones of tectonic disturbance shift of the N-NE-S-SW and N-NW-S-SE
directions.
Based on the literature review, it can be concluded that the territory of the Eastern Desert of
Egypt is highly promising in terms of uranium and associated elements.
Geochemical features of intrusive rocks
The main geochemical characteristics of the intrusive rocks of the El Sela region can be made
from (Table 5.1).
Based on the data on the content of chemical elements in the intrusive rocks of the Eastern
Desert of Egypt, a clarke analysis was performed. Clark concentration of uranium has the highest
values in the microgranite and dolerate. Ni coefficient is higher in two- mica granite and
bostonite. Other chalcophilic elements (Mo, Cu, Co, Zn) have high values of clarke
concentrations in all intrusive rocks. Nb is high in dolerite, and bostonite is enriched with Ta and
Nb.
There is a clear similarity in the contents of U and Th in the two mica granites of El Sela and
other areas of Egypt.
The following genetic features of the intrusive rocks of the studied area were identified.
Microgranite,two- mica granites and bostonites belong to the calc-alkaline series, while dolerites
belong to the tholeitic series.
Studied samples of two-mica granites, microgranits and dolerites are located in the field of meta-
and / or peraluminous rocks, and bostonites are in the field of peralkaline rocks
Studied two-mica granites and microgranits are in the field of post-collisional granites, while
dolerites and bostonites fall into within plate field.
Two mica granites, micro granite and El Sela bostonites form variational trends with alkaline
feldspar. This is consistent with their hypersolvus character and a high proportion of perthite. On

the other hand, dolerites are on the border between the trends of pyroxene and biotite.
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Two-mica granite Microgranite Dolerite Bostonite
Classification Granite Granite Gabbro Syenite
Clarke Ni 358- Mo 75~ U 2.7~ U 549- Ni 197- Co | U 37.22- Mo 173- Ni 54- Mo
concentration Co 2.4. 73 Mo 54" Zn 3.6 Cs 10.96 Nb 91" 1346~ Rb 9.8~
Sn 73-W 43- Th Ta s3- Nb
39°Y 36 Zr 29- | 44-Cujz;-
Ni 23 Y 24-Uss-
REE LREE <HREE LREE >HREE LREE >HREE LREE
With negative Eu Without negative | With negative >HREE
anomaly Eu anomaly Eu anomaly With
negative Eu
anomaly
(La/Yb)N 11.1 10.8 14.9 13.3
>REEs 44.8 99.6 594 388
Magma type | Calc-alkaline magma Calc-alkaline Tholeitic Calc-
magma alkaline
magma
Peraluminous Peraluminous Metaluminous | Peralkaline
Tectonic Post collosion Post collosion Within plates Within
settinng plates
Petrogenesis | developed with alkali | developed with Developed developed
feldspar fractionation alkali feldspar | between borders | with alkali
trend. fractionation of pyroxene and feldspar
trend. biotite fractionation
trend.
Temprature 700-750 C° 750-800 C° 800-950 C° 950-1020
co

The crystallization temperature of two-mica granite ranges from 700 to 750 ° C, micro
granite - from 750 to 800 ° C, the dolerite temperature varies from 800 to 950 ° C, the
temperature of bostonite is estimated in the interval from 950 to 1020 ° C.

Geochemical features of minerals

A systematic study of the mineral composition of ore and accessory minerals from
various intrusive rocks of the El Sela region has been carried out. The intrusive rocks of the El
Sela region contain primary (thorite, uranothorite, brockit, auerlite, coffinite, uraninite,

pitchblende) thorium and uranium minerals, and secondary (autenite, kasolite, uranophane)
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minerals of uranium. An association of sulphides (pyrite, chalcopyrite, arsenopyrite, sphalerite,
molybedite and galena) and native minerals (Au native, Ag native, Ni native , Fe native, Cu
native) were revealed.

For the first time, 18 new minerals were diagnosed in the region's intrusive rocks.
Auerlite, brockite and native silver were first discovered in two mica granites. In micro granite -
coffinite, kasolite, native gold, native nickel, native iron and native copper. In Dolerit revealed
coffinite and uraninite. Coffinite, zircon, monazite, bastnesite and rutile were recorded for the
first time in bostonite. Pitchblende and coffinite are found in the jasper.

Applied aspects of the geochemistry of intrusive rocks

As a result of the conducted research, the content of chemical elements of reference
samples of intrusive rocks and their submicron (water soluble) fraction was estimated.

The proportion of the submicron (colloid-salt) fraction of intrusive rocks varies from 1.31
to 1.78% by weight. The particle size of the submicron fraction (SMF) varies from 566 to 679
nm.

The content of trace elements in the SMF of intrusive rocks has been established: Ni is
enriched with CMF of two-mica granites; U, Rb, and Sr are accumulated in the SMF micro
granite.

The highest relative proportions of chemical elements found in the submicron fraction,
taking into account the weight fraction of the fraction, are characteristic of Zn, Cu, Ni. The
mobility of Rb, Sr, Ba is highest in microgranite, which is most susceptible to secondary
changes. Uranium is accumulated in the bostonite SMF. In general, the least mobile. Pb, REE
and Y; U and Th have relatively low mobility. During chemical weathering, intrusive rocks of
Zn, Cu, Ni become mobile and can migrate to the surrounding territories. U, Th, Pb form
secondary minerals; REE and Y are found in intrusive rocks, mostly in mineral form and are the
least mobile.

The geochemical potential of the intrusive rocks of the El Sela region was evaluated. It is
(tons) (Table 5.2.).

Table 5.2. Geochemical potential of the intrusive rocks of the El Sela region, tons.

Elements Twp-mica Microgranite Dolerite Bostonite
granite (n=9) (n=5) (n=5) (n=5)
U 6.5 3.1 0.3 0.02
REE 40.7 1.9 5.5 1.3
Ni+Mo 121.7 1.5 32 0.65
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Two-mica granite occupies the largest area and has the greatest geochemical potential of
uranium, rare earth elements, nickel and molybdenum. They are recommended as a

comprehensive source of raw materials.
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