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AHHOTauunA
MpeacraBneHbl gaHHbIE MO MOMCKY ha3-KOHLEHTPaTOPOB PeAKO3EMENbHbIX 3NIEMEHTOB,
OTBETCTBEHHbIX 3@ UX BbIHOC Npy 06pa3oBaHnn NOpoabl 1 NposaBreHne TeTpaa-adpdekra
B HuUX. TeTpapg-achhekT — 9TO HapyleHWe HopManbHOro pacnpegeneHus
pefKko3eMeribHbIX 3fIEMEHTOB MPUY HOPMUPOBAHUW Ha XOHAPWT, NPOSIBIEHHOE B BuAe
UCKaXXEHMS crnekTpa Ha uJeTblpe 4actu (TeTpagpl). OOGBbEKT wuccrnegoBaHus —
BblcokoanddepeHUMpoBaHHbIe Tonascogepxawme rpaHuTel CanmuHckoro 6aTtonuTa,
KOxHasa Kapenus.
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PHASES-CONCENTRATORS OF RARE EARTH ELEMENTS FROM HIGHLY
DIFFERENTIATED GRANITES OF THE SALMI BATHOLITH

Abstract
The paper presents data on the search for concentrator phases of rare earth elements
responsible for their removal in the formation of rocks and the manifestation of the tetrad effect.
The tetrad effect is a violation of the normal distribution of rare earth elements when normalized
to chondrite, manifested as a distortion of the spectrum into four parts (tetrads). The object of
study is highly differentiated topaz-bearing granite of Salmi batholith, South Karelia.
Keywords:
topaz-bearing granite, A-type granite, tetrad effect, anorthosite-rapakivigranite complexes.

Beenenue

B npuponnbix o0bekTax Terpag-3¢ ek Ha0mo1aeTcs Kak HapyeHue HopMbl
HOPMHPOBAaHHOTO HAa XOHAPHUT CIEKTpa PEAKO3eMeNbHBIX dneMentoB (P33),
BBIpKEHHOE B €T0 pasfeleHnd Ha deThipe yacTu (terpamasl): La—Nd, Sm-Gd, Gd-Ho
n Er-Lu (Fidelis, Siekierski, 1966). Brimykibie H3ruObl MEXAy KOHEYHBIMH
aNIEeMEHTaMHM TeTpaJl Ha3bIBatoTCst M-Tuil, a BorHyThie n3ruos — W-tum (Masuda et al.,
1987; Masuda, Ikeuchi, 1979). BosuukHOBeHHME 3TOr0 3(QeKTa CBAZBIBAIOT
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C KOMIUIEKCOOOpa30BaHUEM B BOJHOW Cpelie C y4acTHeM He JI0 KOHIIA 3alOJHEeHHON
snektponrHoit f-o6omouku (Kawabe, 1992).

Ha xapakrep crektpoB P332 MOryT BiHATH pa3iUuHBIC JIETYYHE, BOJHBIE
u conesble KomnoHeHTH! (IlonoBa u np. 2017; berukos u ap., 2012; Jlykanus, JlepHOB-
ITerapes, 2010), comepxarmmecs Bo (mronmHON (a3e, CBA3aHHOW C TPAHUTHBIM
marmMatu3MoM. llosiBinerne criekTpoB P33 ¢ BRIpa)KeHHBIMH TETpagHBIMH 3 eKTaMu
B ITPaHUTOMIAX HEPEKO CBS3BIBACTCS C BIHMSIHAEM (UIIOUI0B, COACPIKAIINX KOMILUICKCHI
P33 ¢ ¢ropom (Irber, 1999). O6pasoBanue komiiekcoB P3D B pacTBopax mobaBiseT
KOBQJICHTHBIH BKJIA]] B HIOHHYIO XUMHUECKYIO CBSI3b B TAKHE KOMIUICKCHBIE COSTMHCHUS
P33 u Bnusier Ha Popmy Terpaa-addekra (Haas, 1995). OObuHO naHHOE MPOSBICHUC
TeTpana ctpemurcs Kk W-THiy, a Ha MarMaTHYeCcKOl cTauu MposiBiIeH M-Tuil.

Panee B pesympraTe M3ydeHHs CHEKTpoB pacmupeaenerus P30 B obpasmax
BBICOKOAM(PEpEeHITNPOBAHHBIX TpaHUTOB CanMHHCKOTO OaroimTa OBT OOHApyXKeH
tetpaa-3dpdexr M-tuna (Kousies, 2017).

Lenp paborel — oOHapyxeHHE (a3-KOHIEHTPaTopoB P33, OTBETCTBEHHBIX
3a obpazoBaHue TeTpan-dddekra B moponax, u3ydeHne pacupenencHus P35 mexmy
(dhazamu.

I'eosioruyeckuii ouepk

CanMUHCKHI ~ 0aToMUT OTHOCHUTCS K  aHOPTO3UT-PAaKMBUTPAHUTHOMY
koMmiuiekcy mopoi (API'K), Gosblas 4acTh KOTOPOro B COBPEMEHHOM 3PO3MOHHOM
cpe3e cioxeHa IpaHuTaMmu-panakuBh. OH pacnonoxedn B HOxnoit Kapenun, nHa
BoCcTOUHOM Gepery Jlamoxckoro ozepa. [lnomans 6aTonauta 3anuMaeT okoio 4500 km?,
a amuHa — 125 kM. [Topoasl 6aTtonuTa MmpeacTaBiIeHbl IUPOKUM MIEPEYHEM MOPOJ OT
rab0Opo 1 aHopTo3uToB 10 Li—F rpanuros, oOpasoBasmmxcs B nepuox 1,53—1,547 mupn
net Hasax (Amelin et al., 1997).

MaTtepuana U MeTOIMKA UCCIeTOBAHU

B IutksipanTckoM pyaHOM paiioHe ObUIM 0TOOpaHbl 00pa3Lbl TPAHUTHOMN cepruu
HOpO/I, B TOM YHCIIe BBICOKOAN((EpeHIHpOBaHHbIE pasHOCTH: Li-cuaepoduiintoBbie
TOIAa3CcoIepKalie TPAHUTHI U PEIKOMETAIIbHBIEC TOIA3-IIMHHBAIBIUTOBBIC TPAHUTHI
(Li-F rpanwuter). B pesynbrate moseBsix padot 2017 r. CTaTHCTHYECKUI Marepha
[0 TETPOXMMHUM NOPOA OB 3HAYMTENBHO pacUIMpeH M NpeAcTaBieH B paldorax
(Konyshev et al., 2018; Konbites u jp., 2020). B nanHoii padoTe ObLIM paccMOTPEHBI
MUHEpaabl U3 TpEéx oOpasio mnopoxa: 230617-3 — Tonascouepikaiieid Jaiku
Li-cunepouiiiuTOBBIX TPAaHUTOB, OOHAXKEHHOW B FOKHOM OOpPTY MICOCHOYHOTO
Kapbepa B Kymoje raeficorpanntoB JIronmukko; u 260617-2 u Sal4 — naikoBeIX Te
Li-F rpaHuTOB, CeKylMX THEHCOrpaHUTHI YKCHHCKOTO KyIoja THEHCOrPaHUTOB.
O6paszen 260617-2 o konnerTpanmu P30 sBisercs Hanboiee 6oraThIM M0 CPAaBHEHHIO
¢ octanbHbIMU oOpasuamu Li—F rpanuros (Kownsimes u ap., 2020). O6paser; 230617-3
MPOCTPAHCTBEHHO CBS3aH C MACCHBHBIME Li-CHIEPOGHIMTOBBIMU FPaHUTAMH.

Hns u3ydeHuss MUHEpaNbHBIX (a3-KoHIeHTpaTopoB P33 wu3roraBmmBanuch
MPO3PaYHO-TIONUPOBaHHBIE [UIMGB TOPOX s PadOT METOAaMH ONTHYECKOH
MUKPOCKOITUH, TAK)KE JUISl 3THX IeJIed BBIIENsIach MOHO(QPAKIIKS TOTAa3a P MOMOIITH
pacTBOpeHHsT TIOpOJAbl B KOHIEHTpHpoBaHHON HF wmm nppoGnenus mopoas!
C TOCJIEAYIOIIMM OTJECIICHHEM MUHEPAJIOB BHICOKOH TNIOTHOCTH B TSDKEJBIX KHIKOCTSIX.
MuHepanbHble 3€pHAa MOHTHPOBAJIMCH Ha [BYCTOPOHHMH CKOTY U 3aJMBaJIMCh
STIOKCHTHOM CMOJIOH, TIOCJIE YeTo MOTyYeHHAs TAKHM ITyTEM IIAIIKa TOJIMPOBAaJIach MPH
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MOMOIIM AJIMa3HBIX TOPOIIKOB C KOHTPOJEM TIyOWHBI IOJUPOBKH METOIOM
onTtuyeckod MuKpockonuw. [lomydeHHass mamka B JanbHEWIIeM, BO H30exaHHeE
WCKKEHUSI COCTaBa M3-32 MHUKPOBKIIOYCHHA, W3ydallaCh TOYCYHBIMH METOJIAMH:
pEeHTreHOCTIeKTpanbHbiM MuKpoaHanu3zoM (RSMA — HMOM PAH, TEOXU PAH),
nasepron admsamueit (LA-ICP-MS — I'EOXU PAH), a Takke BTOPUYHON HOHHOMH
Mmacc-ciektpomerpuein  (SIMS — SI® OTUAH PAH). Bce pesymbrarthl 1o
cogepkanuio P3O0  HopmupoBansl Ha XoHaputr mo (Anders, Grevesse, 1989),
pe3ysIbTaThI TIPeICTaBIeHBI Ha (puc. 1-3).
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100000 —e— |nterstitial fluorite
A Zinnwaldite
10000 - e g
g '/'\./ * ./.\./'/'
J '/ o
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Puc. 1. HopmupoBaHHbIE Ha XOHAPUT clieKTpsl P39
u3 MuHepasoB oopasua Li—F rpanuros Sal4

Fig. 1. REE spectra from minerals of the sample of Li—F granites Sal 4,
normalized to chondrite

Pe3yabTaThl 1 HX 00CYy:KIeHUE

Panee namu 66110 yeranosieHo (Konyshev et al., 2018; Koubimes u jp., 2020),
4TO B psjly TpaHUTHBIX IuddepeHnmatoB Bt-Amp rpanutet — Bt rpanuter —
BeIcOKOAU(depeHIpoBanHbie rpaHuThl (Li-cnaepohuuiuToBbIe U peAKOMETAIIbHbIC
Li—F nuMHHBaJIBANTOBBIC TPAHUTHI) MOBBINIACTCS OTHOIICHHE KOJMYECTBA TSKEIBIX
REE k nmerkum (HREE/LREE). C pocrom crenenu auddepeHianuy TrpaHUuTOB
MPOMCXOAUT MX oOmee obeaneHne mo P30, HeGosiplioe yBenMUEHHE COACPKAHMS
ormedeHo Tosbko miast Er, Tm, Yb u Lu B Li-cunepodmmimuroBeix rpanurax. Li—F
IIUHHBAJIBIUTOBBIE TPaHUTHI 3aMeTHO 0o0OenHeHbl BceMd REE oTHocuTensHO npyrux
nopoa. O6mias TeHaeHnus yBenndeHus coaepxkanuiit HREE ¢ Bo3pactanuem crereHu
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mu¢depeHIManu MOXKET OBITh CBsA3aHa C (PAKIIMOHUPOBAHHEM TOJICBBIX IIITATOB
B mporiecce quddepennuanym, a Takke ¢ mpusHocoM HREE B cucremy.

W3 nopo10000pa3yronx MUHEPAIOB Obliia MpoaHaIn3upoBaHa cioaa u3 Sal4.
E€ HOopMUpOBaHHBIN CHEKTpP B IIEJIOM MOBTOPSIET CIIEKTP MOPOJBI, XOTS COJACPIKaHUE
P33 B Heit HeckobKO HIDKE (pHC. 1).

[lo mureparypusim nmanHbIM (ScHbIrMHA, Pacckaszos, 2008), B cmektpax P30
MOPOI000Pa3YIONINX MHHEPAJIOB PEIKOMETAIUIBHBIX IPaHUTOB TAK)KE BBISBIICH TETPAJI-
3¢ ek, mpuYeM B CITFO/IaX OH BBIIIC, YEM B MOJICBBIX IITATAX.

WurepcTuiionanbheii Gurrooput u3 Sal4 mmeer yparannsie 3HaueHus P3D.
B nienom B TpeThel M 4eTBEPTOH TETpajax MOBTOPSET CIEKTP MOPOABI, XOTS TETPaJ-
a¢ ekt Heckonbko Bhime: TE; = 1,22 u 1,07; TE4 = 1,48 u 1,2 COOTBETCTBEHHO, 3/1€Ch
u gamee Tterpam-3pdexr paccumran mo (lrber, 1999). HabGmromaercs BeiHoc La
M IPUBHOC SM.

B 6acrHesurononobnoM xapbonare P32 u3 obpasna 260617-2 terpan-sd ekt
BEIpaXkeH cnabo, cabee yem B mopoze (puc. 2).

Sample 260617-2
—&— Fluorite from topaz
—O— Th-carbonate from fluorite

1000000 D\D\ inclusion in topaz
—@— Amorphous silicate phase (AC®
—O— Th-carbonate from AC®
100000 —0O— REE-carbonate

—w— Hydrozircon from AC®

100004 T~ .o
1000
100

10

REE/chondrite

1=

LU EUE RS I L B L B FELE P ELE B EELTE U EL s |
La Ce Pr NdSmEu Gd Tb Dy Ho Er TmYb Lu

Puc. 2. HopmupoBanHbIe Ha XOHAPUT crieKTpsl P30
u3 MUHEpaIoB obpasiia Li—F rparuros 260617-2

Fig. 2. REE spectra from minerals of the sample of Li—F granites 260617-2,
normalized to chondrite

Bo ¢umoopure u3 BritoueHus B Tomaze u3 260617-2 Habnromaercs Takas ke
yparanHasi KoHueHTpauus P33, uro u st diroopura u3 obpasua Sal4, 3a uckimouyeHnem
oTcyTcTBHA TpuBHOca SM. Terpag-3dpdexT mposiBIeH Takxke, KaKk U B MOpPOJE,
3a UCKITIOYCHUEM TPEThEel TeTpaibl — HECKOJIBKO BhIme: TE3 = 1,35, B mopone 1,26.

Th-kapOonatel ObUTM OOHapY)XEHBI BO BKJIIOYEHHSX aMOP(HOW CHIMKaTHOU
¢a3sl (nanee ACD) B ronaze u3 260617-2 u 8 ACD ¢ drooputoM, Takke HaxosIencs
B Tomase u3 260617-2. HopmuposauHsie criektpsl P33 B atux Th-kapOoHaTax B 1esiom
CXOKH, XOTS HaOmomaercss sBHO Oojbmias koureHtparus P3D u3 Th-kapbonara,
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acconuupytoniero ¢ F-cogepxameii dazoii (droopurom). Terpan-3pdexT B HuUX
B MEPBO TeTpajie HIKe, YeM i mopoasl TE; = 1,26 (y o0omx), B TO Bpems Kak B
mopoje oH cocrasisger 1,38. B Tperseit Terpame B Th-kapOomare 3 ACD Terpan-
3¢ deKT 3HAUUTENIFHO MEHBIIE, YeM B MOPOJE, a B JApyroM TNh-kapOoHaTe OH paBeH
3HadeHHIo B mopoae TEs= 1,06 u 1,26 cooTBeTcTBeHHO. B UeTBepTOii TeTpame TeTpan-
s¢dexTsl B Th-kapboHaTax U IOpoIe MpaKTHIeCKu paBubl: TE4= 1,28, 1,27, 1,3.

Crout 00paTuTh BHUMaHHE Ha TO, YTO, OyAydn KapOoOHAaTaMH, TaK K€ Kak H
OacTHe3uTonomo0Has pa3HOCTh, Th-comepaniie kapooHatel umeror cnektp HREE,
MPAaKTUYECKH UJICHTUYHBIH HA0II0JaeMOMY B ITOPOJIE.

Cnextp ruapouupkona u3 sxmoyerus ¢ ACO uz 260617-2 B obuiem U 1esiom
XapakTepeH Al LMPKOHOB — cuibHO npunoguaroe HREE-kpeuio HopMupoBaHHOTO
criektpa. B cpaBHennu co crektpoM mopoxasl, HREE Breme, a LREE Hmxe, a Taxoke
HaOmrogaeTcs TeTpan-3hQexT, XapaKTepHBIA I TOPOIBI, B TIEPBOM TETpaIe TETPa-
a¢ ekt HeckobKO OoJiee BrIpakeH TE1= 1,5, a B mopoze 1,38.

ACO®, Ha cocTaB KOTOPOH M3HAYAILHO BO3JATANMCH OOJBIINE OKUIAHUS KaKk Ha
BKITIOYEHHE MHHEPaIo00pa3yromel Cpeapl, CIIOCOOHOW BBIHOCHTH HEKOTOphie P30,
MPUBOJIS K 00pa30BaHUIO TeTpaA-3pQeKTa B MOPOAE, MmoKa3ajia CHEKTP, XapaKTEePHBIN
B 11e70M Juis nopoabl. Terpaa-agdext B ACD, mo cpaBHEHHIO C TOPOAOH B TEPBOU
TETpajJe, HUXKE, B TPETbEH — BBIILE, a B YETBEPTOU M3-32 TEXHUUYECKUX OFPAHUYCHHA,
CBSI3aHHBIX C U3MEpEeHUEM cojiepskannii Tm metonom SIMS, onpenenuts TeTpan-3¢ppext
HE MpeJICTaBseTcst BO3MOXKHBIM: TE1= 1,14 1 1,38; TEz= 1,4 u 1,26 COOTBETCTBEHHO.

Jia BimroueHU 0acTHE3UTONOJOOHBIX KapOOHATOB BO (pirroopute M3 oOpasia
230617-3 B pacnpeneneHIH HOPMHUPOBAaHHBIX CHEKTpoB P30 B obmiem HaOmromaeTcs
CXOKas KapTHHA, KaK U JyId Tofo0HbIX P3D-kapOoHnaToB u3 oopasua 260617-2 (puc. 3).

[Toxokas kapTuHa HaAOJIIOAAETCA U JUIS MOHAIUTA. 3HAUYUMBIA TeTpaa-3pQekT
B HUX MPOSIBJICH TOJBKO B IIEPBOil TETpajie y MOHAIUTA U OJHOTO U3 KapOOHATOB.

—&— Sample 230617-3
1000000 —o0— REE-carbonate
—0o0— REE-carbonate
D\B—D\D —e— Fluorite
O0—U—n.
100000 ~og —v— Monazite
B
~HNg
10000 /G 8
V=V~ H \Z‘D\D\D
\D—D‘g
e .
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o -
®
- t=0<0::
~% ——&
& ’—‘jxo/,/o
£ W\v
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S 10 =5
= @
E
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La Ce Pr NdSmEuGd Tb DyHo Er TmYb Lu

Puc. 3. HopmupoBaHHbIE Ha XOHAPUT clieKTpsl P390
13 MUHepajoB oopasua Li-cunepodmmuroseix rpanuros 230617-3

Fig. 3. REE spectra from minerals of the sample of Li-siderophyllite granites
230617-2, normalized to chondrite
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Kpaiine nHTepecHBIM BBINISITUT HOPMUPOBAHHBIHN CIIEKTp (pirroopuTa U3 oOpasia
230617-3, B kotopoM P33-kapOonatbl ObutH  OOHapyxeHbl. HopMmaibHoe
pacnpenenenue P30, xapakrepHoe ans MOpOAsl, B HEM HapylieHO, HabOIomaeTcs
npuBHOc Pr, Sm, Er u tennennus k oooramenuto HREE B cpaBHennu co cnexkrpom P35
B IIOpOJIE, YTO HE IOXOKE Ha CHEKTpHl (aroopuroB m3 260617-2 u Sald. Obmiee
conepxanmne P33 Bo dmoopure u3 230617-3 Ha oAMH MOPSIOK MEHBIIIE 3HAYCHUHN 13
(hIFOOPUTOB U3 ABYX IPYTHX TOPOJL.

BriBoabI

PestoMupyst monmydeHHBIE pPe3yNabTaThl, MOXHO 3aKIIOYHTh, YTO OOCIHEHHUE
BeIcOKOaU(QepennnpoBannbix mopox no LREE u otHocutensHoe nx oborameHue
HREE cBs3aH0 ¢ KpHCTAUIM3AIIMOHHON OTCAIKON MOJIEBBIX IITaToB, P33-kapOoHaToB
M MOHAITUTa B TIpollecce KpUcTaun3anuu paciiaBa. dazoit-konmentpatopom P33,
BHOCSIIECH OCHOBHOH BKJIaJl B MX COJIEPYKAHKE B IIOPOJIaX KaK KOT€PEHTHBIX 3JIEMEHTOB,
CyAs TO BceMy, sBisercs (IIOOpUT, TaKk Kak OH sBIAeTCS HamOoiee
pacnpocTpaHEHHBIM M3 TPEACTABICHHBIX MUHEPAJOB, CIIOCOOHBIM COJIEpKaTh JI0
12500 ppm XP3D. K coxainenuto, da3-KoHICHTpaTopoB P33, OTBETCTBEHHBIX 3a UX
BHIHOC W (opMHpoBaHUE TeTpaa-dp¢dekTa B HOPMHUPOBAHHBIX CIIEKTpPax MOPO,
oOHapyxeHo He Ob110. [[oBBIIIIEHHBIE KOHIIEHTPAINUH IO HEKOTOphIM P33 Bo hmroopuTe
W OTIIMYAIOIIUICS CIIEKTP HOPMHPOBAaHHBIX P30 0T TakoBOro B Mopoie ObU1 00HApYKEH
Bo ¢utroopute u3 oopasia 230617-3, uro TpeOyeT qabHEHIIETO NCCIICOBAHNS.

Paboma svinonnena npu ¢punarcogoti noodepocke PODU, epanm 18-05-01101.
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