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bnaropapuoctu

Ota paboTa NPOBOAMIACE B paMKax TECHONO0 HAYYHOTO COTPYAHMYECTBA MENIY
komnanuei COGEMA (Benusu, @panuus), kKoTopas MNMOJHOCTBIO (PMHAHCHpOBAJA JIAHHBIN
npoekT, Becepoccuiickum reonorudeckum HHCTUTYTOM (BCEI'EM, Caunxr-IlerepOypr, Poccus),
KOTOPBIH B TEYEHHE YK€ 7 JIeT YHCIHT MEHsl CBOMM COTPYAHMKOM (3a 4TO s eMy OECKOHEYHO
onaronapen) u odmectsom CREGU (Hancu, ®paniums), KoTopoe TPyAOYCTPOHIO MEHSI Ha 3TH
TPH, TAKMX HEMpOCTBIX Ans MeHs, roja. Hayuno-uccnenoBarensckoe obbeannenne (UMR
G2R), B cocras koroporo BxojaT CREGU u ynusepcurer Aupu Ilyankape — Hancwu I, nokropom
KOTOPOr0 MHE M MPEACTOMT cTaTh B Omvkaiimem OyayiieM, 00ecneyHao TMOMHBIA JOCTYI KO
BCEM HH(POPMAIMOHHBIM M AHAJUTHYECKHM pecypcaM. Sl GrarosapeH BCeM MIOAAM, TPHHSABILIUM
yyacTHE B peaJM3alMd 9ATOro IMPOEKTa, CIOCOOCTBOBABIIMX pPa3pelleHHIO HAy4YHbBIX,
TEXHUYECKHX, OIOPOKPATHYECKHX M MPOUYMX MpoOseM, MOMOTaBIIMX (MM HE MEIIABIIMX) MHE

3dHUMATHCA MOMM JIIOOMMBIM JIEJIOM — I€0JIOTHEH!

B nmepByio ouepeab S XO4y BBIPA3WTh CBOI0 OrPOMHYIO O1arofapHOCTh MOEMY
dpanitysckomy medy — pykooauteno aucceprauuu Mumeawo KIOHE, kotopeiii B Tedenue
TPeX JIeT BCAYECKH Pa3BUBAJl M YKPEIUIs/l MOM MO3HaHHs B 00JIaCTH META/UIONeHHH ypaHa, IToMOT
MOBEPUTh B BO3MOXHOCTb BBITIOJHEHHA 9TOH paboThl M crnocobCTBOBAN €€  YCMEHIHOMY
3aBepuIeHH10. S 6n1arogapen cyas0e 3a BO3MOKHOCTh paboTaTh ¢ TAKUM YEIOBEKOM, MPEAaHHBIM
JieTy TEOJIOTUU W TFOTOBBIM OTAATh 3TOMY Jleny Bcero ceds 6e3 ocratka. Mumeb H €ro xeHa
JInjamnau cranu nepBoi ceMbeit, mpuHsBLIeH MeHs BO @panuuu. braroaaps UM s Mo3HaKOMMICH
C ITOH MPeKpacHo# CTpaHoH, ¢ (paHIly3aMH, TaK OJM3KHMH PYCCKOMY CEp/lly, H MOJOOUI HX.

Mumeas u Jinanan, cnacu6o Bamemy tennomy gomy!

B paBHOi cTenenu, s 66CKOHEYHO MPU3HATENEH JIIOAAM, KOTOpPbIE NMPHUBEIN MEHS Ha 3TOT
nyte — IOpuw bopucopuuy MAPHUHY, pykoBoauTen0 MoeH MNepBOH KaHIHJAaTCKOH
auccepraumy B ['opHom umHcTuTyTe (alma mater), ¢ ero nerkoi pykd s M OKaszaics 3/eCh.
Baagumupy Muxaitiopuuy TEPEHTBEBY, koTopblii pyKOBOAHI MOMMH HCCIIEIOBAHUSAMH B

CAMOM Ha4alle H, K COKaJICHHIO, HC JOXKHJI 10 HX OKOHYaHH:.
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51 Xo4y BBIPa3UTh CBOIO MPH3HATENBHOCTH PYKOBOAUTENSM BCEX WMEIONIMNX OTHOIIEHHE K
moeill paGore HayuyHwX opranmszammii: rocnogam JKamy-Knony KAPHU3E (GmiBemy
pykoBoaMTENO oTiAena paspaborku mectopoxkiaenuii COGEMA), Kaky JIEPYA (/lupexropy
UMR G2R), Muwenw KATEJIUHO (aupextropy CREGU) 3a npenocraBieHHbIS

BO3MOMKHOCTH.

Sl Gnaronapio CBOMX ONNOHEHTOB — mpodeccopa ynuBepcutera XenbcuHkd Tanmanm
PAMO u npodeccopa yuusepcurera Opea — [Tapmxk XI Mopuca ITAYKEJISA 3a ux mobesHoe
COTJIaCHE€ Y4acTBOBaTb B pAacCMOTPEHHH MoeH auccepramuu. Kpome Toro, s Onaroaapen

npodeccopy PAMO 3a 3aMeyatenbHy0 Heemo nojieBsix pabor B CeBeprom [Ipunanoxse.

A xouy Tarxke nmobnarogaputh Becex corpyanukoB rpynnsl COGEMA, kotopsie npsmMo
HJIM KOCBEHHO YYacTBOBAJIM B peasu3allii MPoeKTa, H 0COOeHHO:

Knona KAMSI, xotopslii GyKBaIbHO BMECTE CO MHOH TNEPEKMBAN BCE TPOIECCHI
HAIMCaHUs TUCCEPTAIlMH, MPUHUMAJl YYaCcTHE BO BCEX HALIMX COBMECTHBIX MOJIeBLIX paboTax. 3a
ero OeckoHeuHyio mo060Bb K Poccuu M K HaM, pOCCHMHCKMM T€0JIOTaM, i BBIPAXKal CBOIO
MCKPEHHIOK MPH3HATENbHOCTD;

arpuca BPIOHETOHA, 3a ero mnorpscaionlyio Hay4YHyl SpYAMIMI0 KW CTPacTh K
KOJUIEKLIHOHHPOBAHHIO,

Kana MOH/IU, Pexxnca MATDBE, Benya MAI'PUHA, ®uiunna KUCTEPA

(BonbiHX TBOpYECKUX y/ay - Tenepb Thl Toske B KOXKEME!).

Mos cBsimieHHas 0043aHHOCTh — BbIpa3suTh OnaronapHoctu Tem cotpyanukam BCEI'EU,
KOTOpBIE BOJIEH WM HEBOJEH OKa3aaucCh BOBJEYEHbl B MO0 pabory. S| Onarogmapen ecem
compyonukam otaena reonorun joxemOpus BCEIEM M ero pykoBOAMTENIO AHBepy
MurxaroBuuy AXMEJ/IOBY 3a 10, 4TO OH COXpaHW/I HEU3MEHHBIM CBOE OTHOLIEHHE KO MHE H
Jlall MHE IIaHC NMOoMaTh HEYTO, TaK MOoXOoxee Ha yaady. S upe3BbIYaiiHO NMpHU3HATENEeH 8ceM
compyoHukam OTJIeNla TEOJIOTHH YPaHOBBIX MecTopokaeHuH n paauoskonorun BCEI'EM, u ero
OpiBiemy (Muxaun [DeoprueBny XAPJIAMOB) u uwnmemnemy (HOpmii bBopucoBuu
MHUPOHOB) pyKOBOJIHTENAM 33 BCEMEPHYIO MOMICPKKY H 100poe otHomeHue. Ocobast Mos

6narogapuocts  Buraamio  Anexceenuy MHUXAWJIOBY, Eaenme Huxonaesne
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A®AHACBEBOM, Jlwamuae Bacumiabeene BBIJIMHCKOM, Amnaroiamio BacuabeBuuy
MOJIYAHOBY, Pomany HIHUIIOBY 3a HMX HENocpeACTBEHHOE Yy4YacTHE B TMOJIEBBIX,
MHHEPAJIOTHYECKUX W TPOYMX HCCIEJOBAaHUAX, a Takke B O0OCYXKICHHH MOTYYCHHBIX

Pe3yJIbTaTOB.

Mos ocobas 6narogaprocts Came LIYPUJIOBY, oka3zaBiueMy OeCLEHHYIO MOUIEPKKY
NPH OPHEHTHPOBAHMM B HEM3BECTHBIX NMPOCTPAHCTBAX, KapTax, pa3pes3ax, Kyjayapax, KOpHIopax
n reonornyeckux 6azax HEBCKI'EO. C nmoenaHMsMH y/a4¥ B HEJIETKOM Ji€JIe HalMCaHMs

JAHCCEPTALIHH.

A 6naronapen Takke HOpuio CrenmanoBuuy [NOJIEXOBCKOMY (Mbatpy pyaHO#
muHepanorun  Cankr-IleTepOypreckoro rocyaapcTBEHHOrO YHHBEPCHTETa) 3a OKa3aHHYIO

MOMOIIb B MOHX MHHEPAIOTHYECKHX HCCIIEIOBAHUAX W OOIMX AMCKYCCHSX 3a YaIlKOH vasl.

OtnenbHblii npuBeT (GUHCKHM Kosleram w3 I'eonoruueckod CrayxObl OUHISAHAHH H
YVuusepcutera Xembscnuku: O AUKAC, Sipmo KOXOHEH, Apro JIATTUHEH, Buseka
JIMHAKBHUCT.

Pamku Hay4YHOro COTpYAHHYECTBA OKa3aJIMCh CTOJb IIHPOKH, 4YTO O4YE€Hb TPYAHO HE

3a0bITh BCEX TeX, KTO enie He ObUT HU pa3y yNOMSHYT:

BCEM OpiBiinM M HbiHemHuM cotpyanukaM G2R, CREGU, UHP (Service Commun)
(Hancu, ®paunnms), 1 ocobenno: bepuap ITOTU (cnacu6o Bam orpomHoe 3a Baie ydactue B
moer cyawsbe), Mr. IIYMAIIEP u xomanaa cekperapeii, Ilatpuxk JIAIPAHXK (cepaeunoe
cnacu6o 3a TBoe n06poe oTHomenue), Ponan MAMPE (Administrateur Magnifique), Mapk
BPYAH, Mapk JIECIITMHACC, Cenpuk JEMEPBE, Anan KEJIEP, Jlopan PUIIAP
(JlobpoBonbHoe oOmiecTBo mobuTenei nMBa M pyccko-Oenbruiickoi apyxoOsi), Ceapuk
KAPIIEHTBE, Jlopan AE3UHIEC, Pemu LLIEMUMSIK, ['per AHAPD, [lonateen JIEPOM u

BCE-BCE — Bbl MEHA 3/10POBO MOJUIEPKaIM B MOH MEPBLIH I'0Jl © MHOTOMY HaY4YWIH, criacubo!
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BCEI'EM: I'puropuit TEPEHTBEB (nacrosiuit ac - Boaurens), Anton AHTOHOB (tu
es trés gentil!), Auna CanrteikoBa (kode, He3abbiBaeMmble mois, cracubo tede, Ans!), Jlroamuna
Pummosna CEMEHOBA, IOpuit Bopucosnu BOI'ZJAHOB, Pumma Jlbsona BPOJICKAS
(umpkonsl — Bama crpacts), Buranuit Butansesuu LLIIATOB (3a 3aboty u yuactue), Hukonaii
IHATKOB wu Amngpeit XAPJIAILIMH (32 npusTHele COBMECTHBIE OO€abl W HayuHbIe
JUCKYCCHH)... €CIH KOro-HuOyap 3a0bl1 — mpock0a BIHCATh CBOE MMsi B CHH CKPHXKalIH

CaMOCTOATENBHO!

HEBCKI'EOJIOI'HA: Bnagumup KoncrantunoBuy KYIIHEPEHKO (Bbl — ocobas
Hcropua B Moei xu3uu), [lasen MBanouu ILIAPUKOB, HOpuii Bnagumuposuu ITETPOB,
HOpuit AngpeeBud 'POMOB u Bce-Bce-BCce, KOTO 51 MPOCTO 3a4acTyl0 HE 3Han WM 3abbul 1o
HMEHH-OTHECTBY.

HOBASI JIEXTA: Taresna IletpoBHa PEYC (3a ee no0pory, NOHMMaHWE U
CIIOCOOHOCTH BCErjia MPUXOAHTh Ha nomoiis), Anekcanap ®enoposuy [IMMEHOB wu Slpocnasa
KYIIMET.

UI'EM: Anexceii AJIEILIMH (sT0 6b110 3710p0OBO - paborathk ¢ ToOoM BMecte), Cnasa
I'OJIYBEB, Bacwmmii WBanoswu BEJIMUKWH, Tatesna KPBIJIOBA — 3a mnoaoTBopHOe
obmenue.

MI'Y: Ilera TUXOMMWPOB — g Ob11 oueHb pan yBuaeTh TeOA B HaHcH B mepBhii ke
JIeHb CBOEro npedbiBaHus 3/1ech, OONBIIMX TBOpUYECKUX yaau Tebe!

Konbekuit  nayunwlifi  uenrp (Anatutel) u  llentpansno-Kosnbckas — dKCneaunus
(Mownueropck): Tomuk CMOJIMH — wmrypMmylonii HEmpoXOJAHMBIE JOpPOrH, AHTOHHHA
Muxaiinosia PEMU30BA — onbITHBIH TPakTHK.

I'OPHBIM UHCTUTYT: I'anuna Koncrantunosna IIIHAW (cmacubo 3a mokasaHHbIE
Bamu myTh).

Sl xoren OB Takxke mobimarosaputh AJsekcanapa AnaroabeBuda BbICOLIKOI'O u
Jiuamio ®puuesny IITEMH 3a ux NOYTH pOJMTENLCKOE KO MHE OTHOIIEHHe. Moi
riy6ouaiinmii pecnekt UBany Hukonaesuuy BOPOHIIOBY — Bceobiemy nare u Jeaynike v
3aMeYaTeNIbHOMY  TeosIoTy-TpakTHKy. Moelt mnepBoi yuuTensHuue reonoruu — Jluaum

Buxkroposue UBUEHKO — orpomuoe criacu6o.
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3nech, Bo Mpanmmu, 6Gnaronaps caiity Hesast IBETOBOM www.infrance.ru, s oGpen
HOBBIX XOpOLIMX Apy3ei M 3HakoMbiX. Ocobas OnarogapHocts MaTpy bopucy KAPITOBY u
Tebe, Mapywma (6onbioit mpuset XKany)! Cnacubo orpomHoe 1 Bam, oburarenu Haucu, Poman

u TarbaHa, 51 paja HalIeMy, BO MHOT'OM HE CJ'Iy‘lBﬁHOMy, 3HAaKOMCTBY.

Jlns Bac ke, MOM cTapbie ¥ 00pbie (YK€ MOYTH BEYHBLIC) APY3bsl, Y MEHS €CTh CTOIBKO
CIOB, 4TO O0I0CH HE XBAaTHUT MecTa, YTOOBI BLIPa3uThL UX Ha Oymare: Cenbka 1 Haramka, Allexc
1 Upunka, Ceerka u ®oabkep CUMOHUCHI (xak 310poBO, 4TO BBl KHMBETE TAK PAAOM C
Hancn), /lennc, Ulypa u Jlema PEMHU3O0BBbI, Tarbsana ®POJIOBA, Okcanka, Upuuka u
Crac, Mumka & Tarbsna, N'oma u Jlena, EBrennii Pomanosuu I'YPEBHUY, Baauk u
Tarbana, Kocrs TPOLKHM, HOpux IBETKOB, I'pusammnii INABJIOB, Maiika
KAIMMHOC, KOabka KYPKOTOBA, Kupa BACHUJIBEB, cop IloasiukuH c cynpyroi
AHHOM (He joexan s J0 Bac, K coXaJleHHI0) — cnmacubo BaM 3a To, YTO Bbl ecTh! S Bcex Bac
mobmo u 6arosapeH BaMm 3a Bally ApPYyKOy C HallMM CEMEHCTBOM HIIH 32 MPOCTOE YYacTHE B ee

Jcax.

MAMA H IIAIIA — xanb, 4TO Bbl Tak jAajeko, Aaxe ot [Iutepa, HO g yBepeH, 4TO Bbl
ropAMTECh MHOIO, crmacubo Bam 3a Bcé! Beem poacrBenHHkam — crnacubo 3a TOLIEPXKKY,

npHe3kanTe K HaM, Mbl Bac JTo0um!

W, nakonen, Te, paau koro Bc€ 310 M Obln0 3aresHo: Anymkud u Hmeukun! S5 Bac
mobsio! Bel - camasi 3aBeTHas 4acTh MOeH xku3HH! S paj, 4TO 3TH TPH HEMPOCTLIX rojla B HAIIEH
’KM3HU 3aKaHuuBaloTcs! Bnepean Hac HaBepHsKa JKIYT HOBBIC MCITBITAHHA, Ky/a ke 0e3 HHX, HO
3TO yixke Apyras ucropus! Cnacubo Bam, MOM Xopoliue!

51 6naronapen coeit Cyanbe 3a BCE. ..

3bl: Mos ocobasa brazodapnocms panyysckum eunodenam, culposapam, OVIOYHUKaM,
DenbeulCKuUM nuUBO6ApPam U UMAIbSAHCKUM KOHOUmepam (3a UCKAIOYUMENbHbIN NO CBOUM

8KYCOBbIM Kayecmeam oecepm Tupamusy).
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Résumé étendu

Résume étendu

Dans la région du lac Ladoga (Carélie, Russe) un bassin volcano-sédimentaire
intracontinental clastique s'est formé durant le mésoprotérozoique. Le diamétre du bassin
Pasha - Ladoga est actuellement de 150 km. La forme du bassin coincide étroitement avec la
rive du lac Ladoga (Carélie, Russe). Un gisement d'uranium associé a la discordance entre ce
bassin et le socle archéen a paléoprotérozoique a été découvert dans la zone Salmi au Nord

Est du lac Ladoga.

Le socle cristallin de la partie Nord-Est du bassin Pasha - Ladoga est constituée de
domes granitiques-gneissiques archéens, renfermant déja des granitiques potassiques. Ces
domes sont entourés par des roches sédimentaires paléoprotérozoiques riches en carbonates,
matiere carbonée et sulfures, déposées en environnement de type de type plateforme
¢picontinentale et métamorphosées durant I’orogenése svécofénienne dans le faciés
amphibolite avec migmatisation naissante. Ces roches ont été transformées en gneiss a
plagioclase-biotite, marbres, amphibolites et schistes a quartz-biotite-plagioclase-graphite et

sulfures.

Au mésoprotérozoique (Riphéen), de trés grandes intrusions de granites rapakivi
potassiques riches en uranium et thorium se sont mises en place dans la partie Sud-Est du
bouclier fennoscandinave en liaison avec une phase d'extension. Le complexe granitique
rapakivi de Salmi s'est mis en place dans la partie Nord du bassin Pasha — Ladoga ou se
localise les minéralisations uraniferes. A la différence des roches du socle archéennes-
paléoprotérozoique, les granites rapakivi ne subissent pas de métamorphisme, mais des

processus hydrothermaux.

Apres la mise en place de ces granites et une phase d’érosion de ce socle, I’activation de
grandes structures orientées nord-ouest induit le développement d’une sédimentation rouge
clastique en milieu continental dans un rift. De puissantes éruptions de basaltes continentaux
alcalins (CFD) se mettent en place trés rapidement aprés le début du remplissage du bassin
sous forme de deux cycles principaux. La puissance du bassin a pu atteindre 3 a 4 km dans la
région de Karku et peut étre davantage si I’on tient compte des deux kilomeétres de sédiments

localisés sous le lac Ladoga.

La plupart des sédiments déposés sont riches en feldspath potassique, plagioclase, micas
et en minéraux accessoires détritiques et sont donc trés immatures. Cette caractéristique et la

nature trés anguleuse fréquente des grains de quartz et de feldspath détritiques indique une
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altération pédogénétique trés faible de I’arriere pays, un transport sur une distance
relativement courte des sédiments et donc des conditions tectoniques trés actives lors de la
sédimentation, surprenantes pour une période typiquement anorogénique (200 Ma aprées la fin
de I’orogenése svécofennienne) et trés différentes de celles ayant donné les grés trés purs
présentant une faible proportion de kaolinite et d’illite des bassins de 1’Athabasca et de

Kombolgie.

Comme dans le cas des districts fortement minéralisés de 1’Athabasca, Canada et de
Kombolgie, Australie, I'altération des zircons s'observe partout dans la zone Salmi aussi bien
dans les roches du socle que dans les formations clastiques du bassin et indique la circulation
de fluides diagénétiques suffisamment agressifs pour attaquer la structure des ces minéraux
habituellement extrémement réfractaires. Par contre la monazite est beaucoup moins altérées
que dans le cas des districts de I’Athabasca et de Kombolgie indiquent une moindre
agressivité des fluides. Les grains de zircon altérés s'observent aussi bien dans les échantillons
carottés a proximité de la discordance sous le bassin que dans les affleurements éloignés de
plusieurs dizaines de km de la limite d’extension présente du bassin. Les grains de zircons
altérés montrent des structures internes trés complexes, indiquant plusieurs cristallisations
magmatiques et/ou plusieurs phases d'altérations, en particulier dans les granites rapakivi.
L'altération se déroule par la substitution des éléments primaires de la structure des zircons
(Zr, Si, Hf) par une variété d'éléments (Al, P, Ca, Fe, Y, Th, U), dont les abondances relatives
varient d'un zircon a l'autre. Les zircons les moins altérés se trouvent dans les granites et les
gneiss archéens avec remplacement de seulement 0,5 atomes sur un total de 33 (Zr, Si, Hf) par
Al, P, Ca, Fe, Y et U. Les zircons altérés provenant des gneiss graphitiques et des schistes
protérozoiques sont caractérisés par des substitutions atteignant jusqu'a 4 atomes de Ca, Al,
Fe, Y, P, Th et U. Les zircons provenant des granites rapakivi présentent généralement des
substitutions plus importantes (jusqu'a 8 atomes de Th, Al, Ca, Fe, Y et U), mais leur zonation
primaire et leur idiomorphisme sont bien préservés a la différence des zircon primaires des
zones de schistes. Les halos d'altérations et les veines abondantes sont fortement enrichies et
uranium et thorium. La diminution de Zr+Si+Hf dans les parties altérées correspond
¢galement a une diminution dans la somme des oxydes, probablement causées par une
métamictisation et une hydratation en relation avec des teneurs en uranium et thorium plus
¢levées et l'incorporation d'alumino-phosphate. Les taux de substitution dans la structure des

zircons détritiques altérés provenant des grés de Pasha - Ladoga varient de 0,5 a 8 atomes sur
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un total de 33 pour un zircon sain, comme cela a été observé dans les granites-gneiss, les

schistes et les granites rapakivi.

Dans les roches altérées du socle du bassin d'Athabasca (Canada) le degré d'altération
des monazites est généralement important, et une altération naissante est méme observée dans
des roches relativement fraiches. A l'inverse, les monazites qui sont particulierement
abondantes dans les schistes graphitiques de la région de Salmi, ne présentent d'évidence
d'altération. Dans les granites rapakivi riphéens, la monazite n’existe pas et les phases
minérales magmatiques porteuses de terres rares, Th, U, Zr et Y sont l'uranothorite, les

carbonates de terres rares et l'allanite.

A la différence du bassin Athabasca, les grains de monazites ne sont pas uniquement
observés en inclusions dans les quartz dans les grés de Pasha - Ladoga. Des reliquats de
monazites (avec des évidences de figures de corrosion) sont abondants dans la matrice
argileuse, associés aux oxydes de titane. Cela signifie que les monazites des grés de Pasha -
Ladoga ont été légérement corrodées, probablement par des fluides diagénétiques. Ce
processus est courant dans les grés de I'Athabasca ou le P et les terres rares recristallisent
ensembles avec l'aluminium et des quantités variables de Ca et de Sr pour former des
alumino-phosphates-sulfates (APS) du groupe florencite-crandallite-goyazite. Dans les grés
de Pasha - Ladoga, l'altération des monazites apparait étre plus limitée et il n'y a pas beaucoup
de phases alumino-phosphatées. Le thorium, qui est un élément faiblement mobile,
initialement essentiellement contenu dans les monazites, cristallise sous la forme de rare
cristaux de thorite et/ou de microcristaux de silicates titaniféres avec de trés faibles
concentrations en uranium et terres rares légeres dans les greés de Pasha - Ladoga comme cela
avait ét¢ déja observé dans les grés protérozoiques du bassin de Franceville au Gabon

hébergeant les gisements d’Oklo.

L'étude détaillée de l'altération des minéraux accessoires des roches du socle cristallin
du bassin protérozoique de Pasha - Ladoga indique que les lithologies du socle, incluant les
granites rapakivi riphéens, ont été soumises a des altérations similaires a celles observées dans
le socle et les gres du bassin Athabasca et de Kombolgie ainsi que dans les gres du bassin de
Franceville au Gabon. Ces altérations sont en relation avec la percolation de fluides
diagénétiques riches en calcium associée au lessivage de l'uranium contenu dans les
lithologies sources et avec la formation des gisements d'uranium (Cuney et al., 2003). Par
conseéquent, l'altération observée dans la zone Pasha - Ladoga est probablement li¢e au méme

type d'événement.
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Si des fluides diagénétiques de composition et de température semblables a ceux des
bassins de 1’Athabasca et de Kombolgie ont pu circuler dans le bassin et le socle de la région
de Pasha Ladoga, cependant ceux-ci devaient avoir: (i) des pH plus alcalins du fait de
I’abondance des feldspath dans le bassin, de I’importance des coulées basaltiques a la base de
ce bassin et la cristallisation abondante de carbonates avec le minéralisation uranifére, (i) des
fO2 plus faibles du fait de la cristallisation de chlorites ferriféres dans les zones minéralisées
au lieu des chlorites et tourmalines magnésiennes du bassin de 1’ Athabasca et de I"abondance
de la pyrrhotite déposée avec les oxydes d’uranium, (iii) une sous saturation plus faible en
silice ne conduisant qu’a une corrosion trés limitée des grains de quartz détritiques des gres.
Tous ces facteurs avec la moindre corrosion de la monazite dans le socle et dans le bassin
représentent des conditions de libération de transport et de dépot moins favorables pour
’'uranium dans le bassin de Pasha Ladoga par rapport aux Bassin de I’ Athabasca au Canada et
celui de Kombolgie en Australie hébergeant les plus grands gisements d’uranium de type

discordance.
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PacumpenHoe pesiome

B mesonporeposoe Ha tepputopun Ilpunanoxes (Kapemus, Poccust), yHacinenoBas
N0JIOKEHHE naneonporeposoiickoro Jlagoxckoro pudra, copmupoBancs Ilamcko -
Jlanoxckuii nporu®, BHINOJIHEHHBIH BYJIKAHOICHHO-0CAJOYHBIMH OOJOMOYHBIMH [TOPOJAMH.
IIporn6 umeer GiM3KYI0 K M30METPHYHOH (GopMy aAuaMeTpom OKoio 150 KM U mpHMeEpHO
coBnajaer ¢ OeperoBoii JmHueH Jlagoxckoro o3epa. B ceBepo-BocTouHO# 4acTu nporuba, B
npegenax CanMmuHcko# momaau, oOHapy)keHO ypaHoBoe MmecropokiaeHue Kapky,
OTHOCHMOE 10 CBOMM TEOJIOTHYECKHMM XapaKTEpUCTHKaM K TaK Ha3bIBAEMbIM
MECTOPOXK/ICHHAM «THIIA HECOrjacHs», Haubosee SPKUMH [PEJCTABUTEISAMH KOTOPBIX
ABJIAIOTCA Sl MECTOpOXJIeHHH Me3onporepo3oickux OacceiiHoB Artabacka (Kanama) u
Kombommku (ABcTpanus).

Baxkny1o poiib B cTpoeHHH KpHcTa/uHueckoro pynnamenta Ceseproro Ilpunanoxss
UIpaloT apXeHCKUe rPaHUTO-THEHCOBBIE KYIOJa C MaJIBIMU TEIaMH KaJIMEBBIX IPAHUTOMIIOB.
Apxe#ickue Kynona oOpamiieHbl MaICONPOTEPO30OHCKHMH CYINIPAKPYCTAIbHBIMA CEPUSIMH:
NPEUMYIIECTBEHHO  BYJIKAHOICHHOM (C  XE€MOreHHO-KapOOHATHBIMH  OCaJIkKaMH) H
NPEHMYIIECTBEHHO TeppureHHoi. CynpakpycTaabHble [OPOJbI B 3HAYHUTE/IBHOH CTENEHH
oboramieHsl KaJdbLMEM, YIJIEPOAMCTHIM BeLIECTBOM M cyinbhuaamu. Ux d¢opmupoBanue
MPOMUCXOJIMJIO B YCJIOBHAX TUIATGOPMEHHOH 3MHKOHTHHEHTAJIBHOH CEIMMEHTAIIHH, B 3I0XY
CBEKO()EHHCKOr0 OpOreHe3a 3TH MOpOJibl MpeTepred CUIIbHBIH MeTaMopdu3M (BILIOTH J10
aM(uO0HTOBO# (hari) 1 MUIMaTHTH3ALHIO.

OrimuurenbHOR ocobeHHoCThIO 3anaqHoro [Ipunaioxkes ABISETCS OTCYTCTBHE MOPOT
apXeHCKOro BO3pacTa M IIMPOKOE pa3BMTHE TEPPUIE€HHBIX TOPOJ, TNPETEPNEBIIMX
3HAYUTEJILHO O0JIee CHIIbHBIN MeTaMOp(hHU3M I'paHyIMTOBOH (haruu.

WHTpY3UBHBIH NAIEONPOTEPO30HCKHH MarMaTu3mM Haubosiee HHTEHCHBHO TPOSIBICH B
3anagHom [lpuiajoxbe U B MEPEXOIHOH 30HE MEXIY AOMEeHaMu. PaHHe- ¥ CHHOPOIeHHBIE
HHTPY3HH HOPHT-3HAEpOMTOBOrO H rabOpo-IHOPHTOBOrO coOCTaBa IMPE/CTaBIEHBI, B
OCHOBHOM, HEOOJIBIIAMH 110 pazMepaM IUTyTOHaMH. [103/1HEOPOTeHHbBIE HHTPY3HH KalTMEBBIX
rPaHUTOB, OOpa3yIOIIMX KPYINHBIE I[UTYTOHBI M B 3HAYUTEILHOW CTENEHH OOOTalleHHBIE
YPaHOM M TOPMEM, HANPOTHB, UIPAIOT 3HAYUTEIBHYIO POJb B IE€O0JIOTHYECKOM CTPOCHHH
paiiona. IlocToporeHHbie MHTPY3HM TOBBIIICHHOH IMIETOYHOCTH XapaKTEpPH3YIOTCS BEChMa
MECTPBIM COCTAaBOM M HEPEIKO OOOTramieHbl TAKKE YPAHOM, TOPHEM H PEIKO3EeMEJIbHBIMH

3JICMCHTAMH.
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B me3onpotepozoe (panHeM pudee) cpasy nociie OKOHYaHHS MPOIIECCOB OpOreHesa B
YCJIOBUSIX aHOMAJIbHO MOIIHOW KOHTHMHEHTAJILHOM KOpPbl B IOr0-BOCTOYHOM 4YacTH
BanTHiicKOro mMTa NPOMCXOJUT CTAHOBJIEHHWE TI'POMAJHBIX 1O MacmTabam NpOsSBICHUS
AHOPTO3MT — paraKMBU TPAHUTHBIX KOMILIEKCOB. B ceBepo-BocTounoil wactu Jlamoxckoro
o3epa B 3T0 BpeMs (OPMHUPOBAIMCH IpaHuThl panakuBi CanMuHCKOro 0aTonura, NEPBHYHO
oforaileHHbIE YPAaHOM M PEIKUMH 3JIEMEHTaMH.

B OTJIMYHE OT  apXeHCKO-NajIeonpoTePO30HCKHX nopox  ¢yHaameHnra
Me301poTepo3oiickue (pudelckue) KOMIUIEKCH IPAaHHTOB panakuBH HE MeTaMop(H30BaHbI.
BMmecrte ¢ TeM, B HUX JIOBOJIbHO HHTEHCHBHO IPOSIBHJIMCH ITPOLIECCHI MOCTMArMaTH4ecKkoro
I'HJIPOTEPMAJILHOTO NTpeodpa3oBaHusl.

Cpa3sy mnociie CTaHOBJICHMS TPAaHWTOB palnakMBA M KPaTKOBPEMEHHOIO TNeEpHoia
JIEHYy1alluH ¢dynnamenTa NPOUCXOUT peaKTUBaLHs NaJeonpPOTEPO30HCKHX
pudroobpasyronmx pasziomo. Ha Mecte japeBnero Jlagoxckoro pudra HaduMHAETCs POLECC
sanokenus  Ilamcko-Jlagoxkckoro  mporuba,  CONMPOBOKIAIOMMICA ~ WHTECHCHUBHBIM
OTJIOKEHHEM KPACHOIBETHBIX OOJOMOYHBIX TMMOpoj M OIM3 OJXHOBPEMEHHBIMHM Hayalry
CeJIMMEHTALIMHM M3TMSHUSIMH KOHTHHEHTAIBHBIX 0a3aJIbTOB, TOT/Ia )Ke MPOMCXOAUT BHEIPEHHE
MOLIHOM MEKIUIACTOBOH MHTPY3UH rabOpo-CHeHMTOBOrO cocraBa — Bamaamckoro cuiuia. B
pesyjibTaTeé HMHTEHCHBHOIO HAKOIUIEHMs ocaakoB Obul  chopmupoBan mporud ¢
OPHEHTHPOBOYHON MOIIHOCTBIO B 3- 4 KWJIOMETpa, MOIIHOCTH COXPAHMBIIMXCH OCAJKOB B
akBaTopuu JIaz0KCKOro 03epa B HACTOAIIEE BPEMS MPEBBIINAET 2 KM.

bBosbiasi 4acTh KPacHOLBETHBIX OCAJKOB B 3HAYMTENbHOH cTeneHu oboraiieHa
NOJIEBLIMHU IIIITATAMM, TUIATHOKIIA30M, CIIIOJIAMH, aKIIECCOPHBIMM MHMHEpAJIaMH U MOKET ObITh
oxapakrtepu3oBaHa Kak Hespenas. CeMMEHTAlMs NMPOMCXOIMT B YCIIOBHSIX Ype3BbIYAHHOM
TEKTOHMYECKON aKTHBHOCTH, HE3PEIOCTh OCAJIKOB, a TAKXKE YIJIOBaThIH pa3mep 00JIOMKOB
KBaplia CBH/IETEILCTBYIOT O HEJOCTATOYHO MHTEHCHMBHOM IMPOIECCE HX NEPEOTIOKEHHUs, a
TaK¥Ke O NepeHoce Ha o4eHb HeOOJIbIIME pacCcTOSHUA B npejenax bacceitna. Bee 3t hakropst
1 00yCIIOBWIM 3HAYUTEIIbHBIE OTIIHYUA Mexay necuyanukamu [lanicko-JIagoxckoro nporuba
C MecyaHHKaMHM M3 aHAJOTHYHBIX Me3ompoTepo3oickux OaccelinoB Artabacku (Kananga) m
KomOommku (ABcTpaius), KOTOPhIE XapaKTEpPHU3YIOTCS CBOCH HMCKIIIOUHTEILHOH 3peocThbio
(MpeuMyIECTBEHHO KBAapLEBbIC apPEHUTHI, COAEPIKAIIME JIHIIL HE3HAYHTEIbHBIE KOJIMYECTBA
WUTMTA ¥ KaOJIMHUTA)

Ha teppuropun Canmuuckoit miomaan Ilamcko — Jlagoxkckoro mporunba kak B
nopojiax pynaamenTa, Tak ¥ B lleCHaHMKaX Hab/II01aeTCs MPOLECC MHTEHCHBHOTO M3MEHEHUs

JETPUTOBBIX 3epeH uMpkoHa. [lo awasorum ¢ palioHaMM KpPYNHEHIIMX YpPaHOBBIX
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MECTOPOKJIEHHI «THa Hecorjacus» OacceitHoB Atabacka wu  KomOommpxu, 3710
CBHUJIETEJILCTBYET 00 aKTHBHOH IMPKYJIALMH JHAreHETHYECKUX PACTBOPOB, MCKIIIOUMTEILHO
arpecCHBHBIX M0 OTHOLICHHIO K OOBIMHO Ype3BBIYAHHO YCTOHYMBOMY HMpKOHY. HampoTus,
aKIIeCCOPHBIH MOHAIIUT U3MEHEH B 3HAYHMTEJILHO MEHBIICH CTENCHH, YeM B BbIICYKa3aHHBIX
Oacceitnax. Ilpouecc n3meHeHus: HMPKOHOB HabI01aeTes Kak B oOpasiax KepHa CKBaXKHMH y
NOBEPXHOCTH PHGEHCKOro Hecorjacus, Tak U Ha 3HAYUTE/ILHOM PAaCCTOSHHUH OT HECOIJIacHs,
B OOHAKCHHAX, HAXOMAIIMXCA HA 3HAYMTC/ILHOM YyjaneHun o1 CaaMHHCKOro nporuoa.
CoxpaHHBIIHECA IMPKOHBI OOHAPY)KHBAIOT JOBOJLHO CIIOKHYIO CTPYKTYpY, KOTOpas, Mo-
BUJIUMOMY, SBJISCTCS CJIE/ICTBHEM HEOJAHOKPATHOW MarMaTHYeCKOW KpHCTa/UIM3alliH W/WIIH,
TaK)K€ HEOJIHOKPATHOIO THAPOTEPMAIbHOIO BO3JICHCTBHS, YTO OCOOEHHO CHIIBHO IPOSBIIEHO
B IMPKOHAX TpaHUTOB panakuBu. [lporecc H3MEHEHHs UHMPKOHA XapaKTEpHU3yeTcs
3aMEILEHHEM JIEMEHTOB, TIEPBOHAYAILHO (DOPMHDPYIOLIMX CTPYKTYpy MuHepana (Zr, Si, Hf),
apyrumn snementamu (Al, P, Ca, Fe, Y, Th, U), coaepxanre KOTOPBIX MOXET CYIIECTBEHHO
MEHSATBLCA B pa3iM4HbIX 3epHax. HauMmeHee W3MEHEHHbIC [IMPKOHBI YCTAHOBIIEHBI B apXEHCKHX
rPaHUTO-THEHCAaX, I/Ie OTHOIICHWE 3aMEIIaeMBIX 3JIEMEHTOB K 3aMelleHHBIM COCTaBIISET
32,5/0.5 (n3 pacueTa aTOMHOI0O KOJIMHECTBA) MM OKOJIO 1,5 %. B H3MEHEHHBIX IMPKOHAX M3
MPOTEPO30HCKUX TI'PAHHTO-THEHCOB M CIAHIIEB 3TO O/ 3aMEUIAIONIMX 3JIEMEHTOB MOMKET
jpocrurate 12 %. lIMpKOHBI W3 TIpaHWTOB pamakuBH OObIMHO OOHapykHBaroT Oonee
CylllecTBeHHbIC W3MeHeHus: nons atomMoB Th, Al, Ca, Fe, Y u U B HEKOTOpBIX KpHUCTaJUIaX
Bo3pactaer 10 25 %. Bmecte ¢ Tem, IMPKOHBI M3 I'PAaHUTOB paNakKUBH IIPEICTABIICHBI
HIMOMOP(HBIMH 3€pPHAMH C XOPOIIO COXPAHMBIIEHCA KPHCTA/LUIM3AlIMOHHONH 30HAIBHOCTBIO,
B NPOTHBOMOJIOKHOCTh LMPKOHAM W3  CJIAHLEB, [E€PBUYHAS KPHCTAIM3ALMOHHAS
30HAIBHOCTh KOTOPBIX COXPaHAETCS Ype3BblY4aiiHO peako. M3MeHEeHHbIE YHacTKH B IIHPKOHAX
(Dosiee TeMHBIE B OTPa)KEHHBIX 3JIEKTPOHAX), MHOTOYMCIICHHBIE MHKPONPOXHIKH 3aMETHO
oboramensi Th w U. C yMeHbIIEHHEM CyMMapHOTO COJIEpXaHHUsi TE€pPBOHAYAIbHO
(dbopMHpYIOLMX CTPYKTypy MuHepana snementoB (Zr, Si m Hf) u, coorsercrBeHHO,
YBEJIMYEHHEM JIOJH JIPYTHX JJIEMEHTOB Ha Y4YacTKaX W3MEHEHHs 3€pEeH, YMEHbIIAeTCs H
obmas cymma. 310, CKOpee BCero, CBA3aHO ¢ METaMHUKTH3alMeH W IHpaTaliMel IIMPKOHOB B
CBS3W C BBICOKHM cojaepkanueM B HuX Th u U, a TaKKe IPHCYTCTBHEM B HHX
mMukpoBKItoueHuid Al-pocdara. CymmapHas 1018 3aMENIAlONIUX 3JIEMEHTOB B JIETPUTOBBIX
3epHax uMpkoHa u3 necyanukoB [lamcko-Jlagoxkckoro nporuda oObIMHO BapeUpyeT OT 2 110
12 %, T. €. B TOM JHana3oHe W3MEHEHHH, OTMEYaeMbIM B NMOpojiax (yHJaMEHTa U IPaHUTax

panaKHuBH.
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B noponax ¢ynamenta 6acceitna Atabacka (Kanaja) creneHb H3MEHEHUsI MOHAIUTA
BappbMpyeT B INHPOKOM JuamnasoHe. Jlake B OTHOCHTE/IBHO CBEXHX I[I0poOJax OH
oOHapy)KMBaeT HEKOTOpbIC NMPU3HAKH M3MEHEeHHs. HanpoTus, MOHAUMTBI, OOHAPYIKEHHBIC B
JIOCTaTOYHOM KOJIMYECTBE B rpaMT-OMOTHTOBBIX rHeHcax v ciraHnax CaJlMHHCKOH IUIOMIaaH,
He HecyT B ce0e MpaKTHYeCKH HUKAKHUX CIIE[0B W3MEHEHHH. B rpaHuTax panakuBu MOHAIHT
BCTpeuaercs kpaitHe peako, oanako U, Th, Zr u REE coznepkarcst B ypaHOTOpHTE, allJIaHUTE
M peKo3eMeJIbHBIX KapOoHaTax.

B INamicko — Jlajgokckux recuyaHukax, B OTIHUHE OT NecyaHHKoB ATabacku, MOHAIIUT
COXpaHWJICS HE TOJIBLKO B BHJIE BKJIIIOYEHHWH KPHCTAJUIOB B JICTPUTOBOM KBapiie, HO M B
IJIMHHCTOM MaTpHIIE B aCCOIMAIIMH C OKCH/IaMU THTaHa, IJ1€ €r0 PEeJIMKTHI HECYT OTUET/IMBBIC
cie/ibl M3MEHEHHH. DTo o3Hadaer, 4To MoHauuT u3 [lamcko - JIaJloKCKMX NECYaHHKOB
NOJBEpPrayics BO3/ICHCTBUIO arpeCCHBHBIX PacTBOPOB B MpoIEcce JUareHesa. ITOT IPOLECe
IIMPOKO pa3BUT B necuaHukax Oacceiina Artabacka, Korjga B IPOLIECCE MEPEOTIOKCHHS
dochopa ¥ peakux 3eMeslb BMECTE C AIIOMHHHEM M Pa3IMYHBIMUA KOJIMYECTBAMH KaJIbLIUS H
CTPOHIIHS MNPOUCXOAMT oOpazoBaHME MHHEpPAJIOB TIpynmbl (IIOpPEHCHTa — TrOHs3UTa W
kpanaaumTa (amomodocdars: — cynbsdarst). B Iamcko — JIaoKCKHX necyaHUKax CTENeHb
M3MEHEHHS MOHAIIMTA 3HAYMTEIBHO MEHbINE, HE CTO/Ib IIMPOKO pa3BHUThl anmomodocharsl.
Topwuii, koTopsIit ABIAETCA c/1ab0 MOABUKHBIM 3JIEMEHTOM, KPHCTAJUIU3YETCS B BHJIE PEKUX
KPUCTAJIOB TOPHTA W/WIIH BMECTE C HEKOTOPbIM KOJIMYECTBOM YpaHa M PEIKHUX 3€MENlb B
MHKPOKPHCTA/UIAX OKCHIOB — CHJIMKAaTOB THUTaHa. AHAJIOIMYHBIH IPOIECC JIOCTATOYHO
XOpOIO TIPOSBJIEH B MPOTEPO30HCKUX mecyaHukax Oacceiina @panceswis (I'abon) Ha
Mmectopoxiennn OkIto.

JleranbHoe  M3ydyeHHe XapaKTepa HM3MEHEHHMH  aKIeCCOPHBIX MMHEPAJIOB B
KpUcTaLIndeckoM (yHaameHTte Mesonporeposoiickoro [lamcko-JIagoxkckoro mnporuba
MO3BOJIMJIO YCTAHOBHMTh, YTO BCE JIMTOJIOTMYECKHE PA3HOBHMIHOCTH (pyHIaMeHTa, BKIIHOYAs
pudelickue rpaHuThl panakuBu, ObUIM [MO/IBEPIKEHBI M3MEHEHHSAMH, AHAJOTHYHBIMH TEM,
KOTOpBIE yCTaHOBJICHBI B (pyHIameHTe M necyaHukax OacceitHoB Artabacka, KomOommkn u
necyanukax dacceiina ®OpaHceBuib. DTH U3MEHEHUS CBA3aHbI C (DMIIbTPAIMEH HACBHIIIEHHBIX
KaJIbLIMEM JIMAr€HETUYECKHX PAcTBOPOB, BBI3BIBAIOIIMX BbIIIEJIAYMBAHUE ypaHa M3 I0POJ
¢ynnamenTa ¥ (OpMHpPOBAHHE YPAaHOBBIX MecTOpoxieHMi. Cie/loBaTeIbHO, W3MEHEHMS,
Habmonaemeie B paiione [lama-Jlajora mMoryt ObITh BbI3BaHbI COOBITHSAMH AHAJIOTHYHOI'O
XapakTepa.

Takum 00pa3zoM, eciiM JMareHETHYECKHE PACTBOPBI, CXOJHBIE 110 CBOEMY COCTaBy M

Temneparype ¢ Oacceiinamun Atabacka u Kombommku, umpkymupoBanmu B Ilamicko —
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Pacmmpennoe pesiome

JlanoxckoM mnporube, TO B JaHHOM ClIy4ae OHM XapaKTepHu3yloTcs Oosiee MIEIOYHBIM
COCTaBOM pacTBOpa M3-3a OOWJIHMS IMOJIEBOro IINaTa B COCTaBE MECYAHMKOB. 3HAYMTEILHOE
KOJMYECTBO BYJKAHMYECKMX I[IOPOJ y OCHOBaHus mnporuba obyciasiuBaer  obwmine
kapboHaTa TNpPUYPOYEHHOIO0 K YPaHOBOPYAHOW crazguu. bonee HHM3KHE 3Ha4YeHUs
(YTrHTHBHOCTH KHCIIOpO/1a 00YCIaBIMBAIOT MOSBIECHHE KEJIE3UCTOrO XJIOPUTA U TUPPOTHHA B
30HAX MHWHEpAIM3allMHd, B OTIMYHE OT MarHMeBBIX XJIOpUTAa M TypMainuHa B OacceifHax
Atabacka 1 KoMOompku. 3Ha4MTEIbHO MEHBIIIC, YeM B YIOMSHYThIX OacceiiHax, MposBIICHEI
NpOLIECChl OKBApLEBaHUs, a TAKKE MOCIEAYIOIIEro pacTBOPEHHs KBapla B rnecyanukax. Bee
3TH (aKTopsl, a Takke ciraboe U3MEHEHHE JIETPUTOBOIO MOHAIIMTA B MOPOAax yHIaMEeHTa
NECYaHUKOB U 00YCIaBIMBAIOT, K COKAJICHHUIO, 3HAUUTEIbHO MEHEe OJIaronpuATHLIC YCIOBUS
Juis (OPMHMPOBAHUS KPYNHBIX MECTOPOXKJIEHHH ypaHa, AHAJIOTMYHBIX MECTOPOXKICHHUIM
bacceiinor Atabacku u KomOommpku. TemM He MeHee, HaJM4YME IIMPOKO MPOSBIECHHOIO
nporecca W3MEHEHHs LMPKOHOB MO3BONsET mpeanosarate oOHapy:keHue Oosee
3HAYUTEIBHBIX KOHLCHTPALIMH ypaHa B 0po/Jax (yH/IaMeHTa, aHAJIOTHYHO YPAHOBOPYIHOMY

paiiony Asumureiitop PuBeps B ABCTpaiu.
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Résumé - Abstract

Résumé

Une ¢tude minéralogique et géochimique du bassin volcano-sédimentaire clastique
intracontinental mésoprotérozoique (Ripheen) de Pasha — Ladoga (Carélie, Russie) ainsi que
des minéralisations uraniféres associées et des lithologies du socle sous-jacent a été réalisée.
Une comparaison avec d’autres districts fortement minéralises d’age et de lithologie
comparables indique qui les sediments clastiques du bassin de Pasha — Ladoga sont nettement
moins matures que ces de bassins fortement minéralises de 1’Athabasca (Canada) et de
Kombolgie (Australie). Toutefois, de circulations importantes de fluides ont été mises en
evidence dans les roches métamorphiques de I’Archéen et du Paléoprotérozoique et les
granites rapakivi, ainsi que dans les sediments clastiques sous-jacent de la région de Pasha —
Ladoga ou le gisement d’uranium de type discordance de Karku ont été découverts. Ces
circulations de fluides ont conduit a une alteration a I’échelle régional de zircon et, dans une
moins de mesure, de monazite, ainsi qu’a la formation de chlorites ferriféres et de carbonates
dans les zones minéralisées.

Mots clés : Uranium, Discordance, Grés, Bassin Mésoprotérozoique, Altérations

hydrothermales, Zircon, Monazite

Abstract

The mineralogy and the geochemistry of the Mesoproterozoic (Riphean) Pasha-Ladoga
volcanic - sedimentary intracontinental clastic basin (Russian Karelia), associated uranium
mineralization and underlying basement lithologies have been characterized and compared
with those of highly mineralized districts having similar age and lithologic associations. The
clastic sediments appear much more immature than highly mineralized basins of the
Athabasca (Canada) and Kombolgie (Northern Australia). However, large-scale fluid
circulation has been evidenced in the Archean to Paleoproterozoic metamorphic rocks and
Mesoproterozoic rapakivi granites of the basement and in the overlying clastic sediments of
the Pasha - Ladoga area, where the Karku unconformity related uranium deposit has been
discovered. These fluid circulations are related to zircon alteration and to a lesser degree to
monazite at the regional scale and essentially with a Fe-chlorite and carbonate alteration

assemblage produced in the mineralized districts.

Key words : Uranium, Unconformity related deposits, Sandstones, Mesoproterozoic basin,

Hydrothermal alteration, Zircon, Monazite.



General introduction

General introduction

Framework of thesis

Between 1971 and 1990 the contribution of nuclear energy to world electrical power
rose from 2 to 17 % (Mining Journal, 18.09.1998). In the leading industrial countries, notably
the European Union, United States and Japan, nuclear energy now accounts for 20 — 30 % of
total electrical requirements and up to 78 % in France. Of the world’s 438 commercial nuclear
reactors, 31 were completed in the past few years and 32 more are under construction. The
global share of nuclear-generated electricity could rise to 25 % by 2030 (National Post,
03.08.2004). In this case importance of the high-grade uranium deposits exploration and new
deposits searching are very high now.

Uranium deposits may appear at each step of the geological cycle: from magmatic and
fluid circulation in the deep continental crust to evapotranspiration at the ground surface
(Cuney et al., 2003). World uranium resources are contained in some fourteen different
deposit types, including the one giant Olympic Dam Mesoproterozoic breccia complex
deposit in Australia ( > 31 % of world resources), sandstone hosted (18 %, mostly in USA,
Kazakhstan and Niger), surficial deposits (4 % mainly in Australia), large tonnage but low
grade resources in Early Proterozoic conglomeratic deposits, and small percentages in
volcanic, metasomatic, metamorphic, granite-hosted and vein-type deposits (World Uranium
Mining; Nuclear Issues Briefing Paper 41, 2004). But only Mesoproterozoic unconformity-
associated deposits ( > 33 % of the world resources in Canada and Australia) represent the
most significant high grade, low cost uranium resource currently being exploited on a world-
wide basis (Jefferson et al., 2005; Thomas et al., 2000). Unconformity related uranium
deposits from the Athabasca basin (Saskatchewan, Canada) represent the world largest and
richest uranium ore bodies. With the development of the Sue, Midwest, McArthur and Cigar
Lake deposits, the production of Canadian deposits is reached about 18,000 metric tons
uranium by 2004 and will account for half of the world production by 2006.

The area of the Athabasca basin is more than 85, 000 square kilometers, yet 96 % of the
known uranium resources of unconformity-related type in it are concentrated in less than 20
% of the area along the eastern margin of the basin. This presents a metallogenic challenge for
any reasonable assessment of the potential of the remaining 80 % of the basin (Jefferson et al.,
2005).

Uranium metal resources of the Kombolgie Basin are slightly more than 50 % of those

in the Athabasca basin. Their ore tonnage is greater but their average grade is relatively low.
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These deposits are confined an area of about 7500 square kilometers, known as the Alligator
Rivers Uranium field. This field shows geological similarities with the eastern Athabasca
basin (Jefferson et al., 2005).

On the last 10 — 15 years data have changed for some well-known deposits and some
new deposits and perspective areas have come to light.

The area of the Mesoproterozoic Pasha — Ladoga volcanic-sedimentary basin (Baltic
shield, Russia) is more than 70, 000 square kilometers. But this area almost completely covers
by Ladoga Lake. The basin present only three extensions beyond the Ladoga Lake shore,
which are completely covered by Quaternary (the first one) or Vendian - Paleozoic sediments
(Kushnerenko & Pichugin, 2000; Novikov et al., 2001). There are also some similar
Mesoproterozoic sedimentary basins in the Baltic shield in Finland, Sweden and Russia.

The Karku uranium deposit (North-eastern slope of the Pasha — Ladoga basin), from its
geological characteristics can be also referred to unconformity-related uranium deposits. This
deposit was discovered in 1989 through drilling during mapping of the southwest contact of
the Salmi rapakivi granite pluton by Nevskgeology enterprise (Saint-Petersburg, Russia)
(Sharpilo, 1991). Recent studies (Bruneton, 2001; Kushnerenko, Pichugin, 2000;
Kushnerenko, Dolgushina, 2003; Ledeneva et al., 2000; Mikhailov, 2001, 2003; Novikov et
al., 2001; Pichugin, 2000; Polikarpov, Molchanov, 2000; Shurilov et al., 2003; Velichkin et
al., 2003) confirmed the first assumption about similarities with unconformity-related deposit

characteristics of the Karku deposit, but also revealed some differences.

Objects of the study

The major objectives of the present study are to define the lithological, structural and
metallogenic parameters controlling the genesis of the unconformity type uranium
mineralization from the Karku deposit and the Northern Ladoga Lake districts and the whole
Pasha — Ladoga basin. The data available on the two well-known districts with economic
uranium mineralization of this type (Athabasca and Kombolgie basins) will be taken as a
reference. The followings parameters, characteristic of the Athabasca and Kombolgie
mineralized districts, have to be especially evaluated :

1. Petrogeochemistry and mineralogy of the Archean - Paleoproterozoic basement
Jformations: importance of the Archean plutonic formations with respect to the
Paleoproterozoic metasedimentary and plutonic formations from the different areas of

the Pasha — Ladoga basin. Definition of their potentiality to represent an uranium
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source (such as leucogranites or high-K calc-alkaline plutons) and/or their role as a
trap (such as graphitic schist).

Petrogeochemistry and mineralogy of the Mesoproterozoic anorthosite — rapakivi
granite magmatism: importance of the Mesoproterozoic huge anorthosite — rapakivi
granite plutons intruded Archean — Paleoproterozoic basement with respect to their
potentiality to represent an uranium source.

Petrogeochemistry and mineralogy of the different parts of the Pasha — Ladoga
volcanic — sedimentary basin: degree of sandstone maturity, paragenetic succession
for the ore and alteration minerals, provenance history of the basin.

Occurrence of the regolith-type alteration in the Archean - Paleoproterozoic
basement rocks and the Mesoproterozoic rapakivi granites below unconformity
surface: its origin and its possible role in the genesis of the uranium mineralization.
Diagenesis and hydrothermal alteration in the Mesoproterozoic volcanic -
sedimentary sequences and in the basement formations : nature of the alterations in

the sandstones and in the basement, determination of clay minerals.

Methodology

For the best understanding of the different objects of the present study a bibliographic

synthesis of previous work (including geological maps in different scales) on the study area

was compiled. Then, basement and sandstone lithologies were selected and sampled

(regionally and in the vicinity of the uranium mineralization), from the unconformity

(regolith), fresh and altered equivalents from drillings (from the drill store house of the

Nevskgeology enterprise, Ulyanovka, Saint-Petersburg) and from outcrops. Surface samples

were selected during field seasons (in 2003 — 2004) in the Ladoga Lake area, which were
organized with financial support of COGEMA, CREGU (France) and University of Helsinki

(Finland). The total amount of the selected samples by different rock types is listed in the

Table 1.

Rock types Qutcrops samples Drill core samples
Archean plutonic formations 20 10
Paleoproterozoic metasedimentary and plutonic formations 40 120
Mesoproterozoic rapakivi granites 30 60
Mesoproterozoic sedimentary rocks 10 220
Mesoproterozoic volcanic rocks 16 30

Total 116 440

Table 1. Total amount of selected samples from the Ladoga Lake district
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The chemical composition of the Pasha — Ladoga sandstones, basalts and the basement
rocks was determined on 194 samples using ICP-AES for major elements and ICP-MS for
trace elements (CRPG, Nancy, France), following a procedure described by Govindaraju &
Mevelle (1987). Interpretation of the chemical rock composition with main geochemical
diagrams was acquired with “Lithogeochemistry” software - version 1.0 beta (COGEMA —
CREGU, 2001, developer: Patrick Fratczak) and for triangle diagrams plotting “Trixel” plug-
in version 1.0b for Windows™ Excel (University of Lausanne, Switzerland, developer: Julien
Ferrer) was used.

Petrographic and mineralogical analysis of the rocks (297 polished thin sections and 6
polish sections) were observed through optical observation (transmitted and reflected light).
Mineralogical and petrographical characteristics of accessory minerals (zircon, monazite), ore
mineralization and associated alteration phases (chlorite, carbonate, clays) were observed in
40 polished thin sections through optical observation (transmitted and reflected light) and
using Scanning Electron Microscopy (SEM) in Back-Scattered Electron Mode (BSEM).

BSEM images and semi-quantitative mineral analysis were performed with an Hitachi
S2500 Kevex SEM equipped with an energy-dispersive spectrometer (EDS) at the “Service
Commun d’analyse” of the Henri Poincaré University (Nancy, France) and with a CamScan
MX 2500S SEM equipped with an energy-dispersive spectrometer INCA Energy 200 at the
All-Russia Geological Research Institute (VSEGEI, Russia). The contrasts of grey on the
BSEM images reflect the average atomic number (Z) of the phase: light grey corresponds to
domains with high average atomic numbers, and darker grey to domains with low average
atomic number.

Quantitative chemical composition of the main accessory minerals, uranium
mineralization and alteration minerals from the Pasha — Ladoga sandstones, basalts and the
surrounding basement rocks has been determined with a CAMECA SX-100 electron
microprobe (EMP) at the “Service Commun d’analyse” of the Henri Poincaré University
(Nancy, France). An electron beam focused over a surface of approximately 6 um’ was used.
Analytical conditions for accessory minerals analysis were 20 nA, 20 kV for major elements
and 100 nA, 30 kV for trace elements.

Nature of the clay minerals in the sandstones and the basement rocks were determined
with XRD analysis and following normative calculation in 30 oriented thin sections and
disoriented powders. Observation of the clay minerals textures, their morphology have been
determined with a Jeol JSM5600 LV SEM with spectrometer RX in the University of Poitiers

(France) by Mr. Romain Brunet within the framework of his Master degree.
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The diffractograms of thin sections and disoriented powders were obtained with a
diffractometer Philips Xpert Pro MPD (40 kV; 40 mA; 1-1.54 A) and detector X ' Celerator
(RTMS technology) connected with a system of purchase X-Pert Data collector and
processing X-Pert High Score (University of Poitiers). Diagrams of X-rays of thin sections
were acquired between 2,5 and 30 °2 © (between 35A and 3A) and those of the powders
which have been brought down since a way between 5 and 65 °2 © (between 17,65 A and
1,5 A).

Determination of the ages of the Mesoproterozoic basalts of the Salmi suite and gabbro-
monzonites of the Valaam sill is in the process now in the University of Helsinki (Finland).
The volcanic rocks will be dated using the conventional TIMS technique at the Geological
Survey of Finland using baddeleyite fractions extracted from a considerable volume of rocks.
Zircons will also be extracted from clastic sedimentary rocks and they will be analyzed using

the NORDSIM ion microprobe in Stockholm for inheritance patterns.

Thesis structure

In Chapter I, presents a bibliographic synthesis of previous geological knowledge of the
Ladoga Lake area (part 1.2) and from the typical unconformity related uranium deposits of the
Athabasca basin (part 1.1). In part 1.3 used geochemical diagrams and definitions are
presented. In part 1.4. the maps of the area with selected samples positions are given.

Chapter II concerns the geological characteristics of the basement: Archean -
Paleoproterozoic rocks with the Mesoproterozoic anorthosite — rapakivi granites of the Salmi
pluton.

Chapter III considers the main geological, mineralogical and petrogeochemical
characteristics of the Pasha — Ladoga sedimentary basin (except the volcanics).

Chapter IV gives the characteristics of the Mesoproterozoic volcanic rocks of the Salmi
suite and the Valaam sill.

Chapter V provides a synthesis of the data and a genetic model of uranium deposition
for the Karku area uranium deposits. Comparison of favorable criteria for the occurrence of
uranium mineralization with those of the two major unconformity type uranium deposit
bearing districts are considered in the present work. Finally, conclusions and

recommendations are proposed for following surveying and exploration.
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Reviews and definitions







1.1. General characteristics of the typical unconformity-type deposit

1.1. General characteristics of the typical unconformity-type deposits

(on example of the Athabasca basin (Canada)

Unconformity-type uranium deposits are presently the most profitable uranium
resources due to their exceptionally high grade and large tonnage. At least 17 unconformity-
type uranium deposits were discovered in the Athabasca Basin (Northern Saskatchewan,
Canada) (Fig. 1.1) since the discovery of the Rabbit Lake deposit in 1968 (Heine, 1986).
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Fig. 1.1. Geological map of the Athabasca basin (after Ramaekers, 1990; Thomas et al., 2000; Card, 2001,
Card and Pana. 2002 and Ramaekers et al., 2001).
Legend: FP = Fair Point, MFa through MFd = Manitou Falls, LzL = Lazenby Lake, WPa,b = Wolverine Point,
LL = Locker Lake, OF = Otherside, WR = William River Subgroup (MF through OF), D = Douglas River, C =
Carswell; d = diabase; ML = Moore Lakes gabbro complex: P/E = undivided Peter River / Earl River gneisses in
the Carswell Structure; BBF = Black Bay Fault: BLSZ = Black Lake Shear Zone; GRF = Grease River Fault;
VRSZ = Virgin River Shear Zone.

The Athabasca basin unconformable overlies a basement complex of Archean and
Paleoproterozoic rocks. The basement rocks are separated into two distinct provinces by the
northeast trending Snowbird Tectonic Zone (Hoffman, 1990). Both the Rae Province, to the
West, and the Hearne Province, to the East, consist of Archean gneisses and Paleoproterozoic

metasedimentary rocks and basic to acid plutons (Thomas et al., 2000). However, basement
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1.1. General characteristics of the typical unconformity-type deposit

rocks of the Hearne Province underwent extensive thermotectonic reworking during the
Trans-Hudson Orogen (ca. 1820-1790 Ma.) (Thomas et al., 2000). Most of the unconformity-
type uranium deposits are located in the Eastern part of the Athabasca Basin, in the vicinity of
the graphite-rich Cable Bay shear zone that occur between the Mudjatik domain and the
Wollaston domain.

Ramacekers (1980) proposed that the Athabasca basin (Fig. 1.1) was formed at 1.75-1.70
Ga as a series of NE-SW-oriented sub-basins controlled by major Mesoproterozoic faults
rooted in underlying Paleoproterozoic metasedimentary rocks. The Mesoproterozoic thick
sedimentary sequences, polycyclic, fluvial to marine quartz sandstones deposited in a
continental margin environment.

Basal sandstones of the Manitou Falls formation, where most of the uranium deposits
are located, consist of coarse- to fine-grained hematite-rich conglomerates and sandstones,
overlying a deeply weathered lateritic surface (regolith) developed on Archean and
Paleoproterozoic metamorphosed rocks.

The Athabasca basin was intruded by several northwest trending mafic dykes at
ca.1227 Ma (Armstrong et al., 1988; Thomas et al., 2000) during post Athabasca tectonic
activity (Fayek & Kyser, 1997). Similar ages were obtained on the McKenzie diabase dyke
(Thomas et al., 2000) and thus they are believed to be linked to the same event (Cumming and
Krstic, 1992).

In the unconformity-type uranium deposits, the uranium is located close to the
intersection of the unconformity between Archean to Paleoproterozoic metamorphic rocks
and a Mesoproterozoic sandstone cover with graphite-rich reverse faults (Cuney et al, 2003).

The understanding of the mechanisms leading to formation of such high-grade uranium
ore at that time represents a major scientific problem. Numerous studies have been performed
in the vicinity of the deposits in attempt to point out the processes that have lead to the
formation of such uranium accumulations (Fayek and Kyser, 1997; Thomas et al., 2000).

Several processes, from supergene (Knipping, 1974) to hydrothermal (Little, 1974) have
been proposed to explain the genesis of unconformity-type deposits. However, the most
commonly accepted genetic model is diagenetic-hydrothermal. This model implies the mixing
between oxidizing basinal brines with basement derived reducing fluids (Pagel, 1975; Hoeve
and Sibbald, 1978; Pagel and Jaffrezic, 1977; Pagel et al., 1980; Wilson and Kyser, 1987;
Kotzer and Kyser, 1995; Fayek and Kyser, 1997).

The pH, controlled by the kaolinite-illite paragenesis, was slightly acidic (ca. 4.5 at

200 °C), because of the lack of feldspar in highly mature quartzose sandstones or from its
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alteration during diagenesis (Cuney et al., 2003). Early diagenetic brines from detrital quartz
overgrowths are NaCl-rich and after interaction with the basement Ca-rich lithologies they
became enriched in Ca (Derome et al., 2003). High Ca content in the mineralizing fluids is of
major importance for accessory mineral alteration and for uranium mobilization as shown by:
(1) incongruent dissolution of monazite with U-P-LREE leaching and new formation of a Th-
U silicate with lower Th/U ratio; (i1) new formation of U-poor Ca-Se-REE hydrated Al-
phosphates; (iii) Ca, REE, U, Al, P enrichment of zircon altered zones (Hecht & Cuney, 2000;
Cuney et al., 2000). Favorable mixing occurs at temperatures of approximately 200 °C and
results in precipitation of uranium at structural and physiochemical traps, developed near the
sandstones — basement unconformity (Thomas et al., 2000). Zones of fluid mixing are
characterized by well-developed alteration halos, containing illite, kaolinite, dravite, sudoite,
euhedral quartz, and, locally, Ni-Co-As-Cu sulphides (Kotzer & Kyser, 1995).

Age dating of the Athabasca sediments indicates a main hydrothermal ore-related event
occurred within the basin at 1500 Ma and was followed by further overprinting alteration and

uranium remobilization events at approximately 900 Ma and 300 Ma (Fayek & Kyser, 1997).

Generalized elements of simple and complex unconformity-associated uranium deposits
in the eastern part of the Paleoproterozoic Athabasca Basin.
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Fig 1.2. Generalized elements of unconformity-associated uranium deposits in the Paleoproterozoic Athabasca
Basin. After Thomas et al. (2000), McGill et al. (1993), Tourigny et al. (2001), Ruzicka (1996) and current sub-
project results in EXTECH IV, references listed in Jefferson et al. (2003).

These numerous studies have shown that two main types of deposits can be

distinguished (Fig. 1.2). The fracture-controlled or “simple-type™ deposits are frequently
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hosted deep in the basement (down to 400 meters below the unconformity). The metal
assemblage only consists of U and Cu. Simple type deposits present relatively low contents of
REE. In contrast, polymetallic, or “complex-type” deposits typically occur within 25 — 50
meters of the basement — unconformity and are characterized by anomalous concentration of
sulphides. They typically present a complex assemblage of Ni, Co, Cu, Pb, Zn, Mo and
locally Au, Ag, Se and Pt group elements (Fayek and Kyser, 1997; Thomas et al., 2000).
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1.2. Geology of the Riphean Pasha — Ladoga basin area (Baltic shield, Russia)

1.2.1. Geological setting of the Ladoga Lake area

The Ladoga Lake area is
located in the south-eastern part of
the Baltic shield in the north-
western  margin  of the East-
European platform.

The area includes two major
tectonic elements: the Karelian
megablock, cratonized in the Upper
Archean and a Paleoproterozoic
supracrustal belt formed during the
Svecofennian orogeny. The Raakhe-
mobile (Ladoga

Ladoga zone

mobile zone — its south-eastern part)

East-European
Platform

100 km

Fig. 1.3. Sketch geological map of the south-eastern part of the
Baltic shield (from the Geological map of uranium
mineralization of the Baltic shield (after Naumov et al, 2001)

represents the marginal part of the Paleoproterozoic Svecofennian belt adjoining the Karelian

megablock (Fig.1.3).
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Fig. 1.4. Geological time scale with the igneous activity and the supracrustal rocks. Major orogenic events are

also indicated (after Kohonen & Ramo, 2004)
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To avoid confusion, the IUGS (2000) recommendations have been employed in this
work. According to these recommendations, geological time scale for Baltic (Fennoscandian)
shield is presented by Archean (3200 — 2500 Ma), Proterozoic (2500 — 540 Ma) and
Phanerozoic (540 Ma — present time). The Proterozoic time was subdivided as follow:
Paleoproterozoic (2500 — 1600 Ma), Mesoproterozoic (1600-1000 Ma) and Neoproterozoic
(1000 — 540 Ma) (Fig. 1.4).
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Fig. 1.5. Geological map of the Ladoga Lake area — Archean - Proterozoic basement with the Mesoproterozoic
(Riphean) Pasha — Ladoga basin (from the Geological map of uranium mineralization of the Baltic shield, after
Naumov, Terentyev, Kharlamov, Carisey, 2001)

I — Mesoproterozoic (Riphean) intrusive basic complexes (Valaamo sill); 2 — Mesoproterozoic (Riphean)
volcanic — sedimentary rocks (Pasha — Ladoga basin); 3 — Early Proterozoic leucogranite complexes
(Kuznechensky, etc); 4 — Early Mesoproterozoic anorthosite - rapakivi granite complexes (Vyborg, Salmi
batholiths); 5 — Paleoproterozoic (Vepsian) intrusive basic complexes (Rop-ruchey gabbro - dolerite); 6 —
Paleoproterozoic (Vepsian) metavolcanics and metasediments; 7 - 8 — Archean granite-gneisses domes (7) and
Paleoproterozoic schists and gneisses of the Kitelya series (8), 9 — 10 — Paleoproterozoic (Jatulian)
metavolcanics and metasediments; 11 — 12 — Archean (Lopian) metavolcanics and metasediments (greenstone
belts); 13 — Archean TTG complexes of the Karelian block.
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L2 Geological features of the Riphean Pasha — Ladoga basin area

Archean Karelian Craton

The Karelian Craton is located to the north-east from the Ladoga Lake district. It is
composed of Middle Archean biotite, garnet-biotite, amphibole gneisses with amphibolite
interlayers, yielding U-Pb zircon ages of 3.14 — 3.13 Ga, and tonalites, trondhjemites,
granodiorites with U-Pb zircon ages of 3.17 — 3.14 Ga (Lobach-Zhuchenko et al, 1993). Late
Archean (Lopian) volcanogenic and sedimentary-volcanogenic formations (so called -
greenstone belts) metamorphosed into mica-quartz-feldspar schists and amphibolites (Fig.
1.5).

During the Paleoproterozoic (Fig. 1.6), the supracrustal formations of the Karelian
Craton were covered by gently dipping Jatulian metavolcanic and metasedimentary rocks
with insignificant degree of
metamorphism. The whole Karelian

MESOPROTEROZOIC(Riphean cover)
megablock is divided by faults of various
orders, which control the location of — =======---- ~1600 Ma - - - unconformity
greenstone  belts, linear fault-block KALEVIAN and SVECOFENNIAN
systems, superimposed basins and < ___._..... ~ 1950 Ma - - - unconformity
depressions (Tulomozero, Onega). LUDICOVIAN

Sariolian and Sumian rocks are not

---------- ~ 2080 Ma - - - unconformity
considered here because they are not

_ . . Upper

widespread in the Paleoproterozoic
: JATULIAN ---- ~2150 Ma - - - unconformity
sequence of this area.
The Tulomozero superimposed - o

structure is composed of volcanogenic-  ========-- ~2300 Ma - - - unconformity
carbonate shale and black shale sequences SARIOLIAN
of Early Proterozoic Jatulian and  _..._.....~ 2400 Ma - - - unconformity
Ludicovian ages (Fig. 1.5), which occurs SUMIAN
to th th- t i f th
0 e Sou wes em margln 0 e __________ — 2500 Ma e nonconfomily

Karelian Craton.
ARCHEAN BASEMENT

Eastward, the major Onega basin
Fig. 1.6. Simplified time scale of the Paleoproterozoic
supracrustal formations of the Baltic Shield (after

is characterized by a complete section of Ojakangas et al (2001), ages are given afler Heiskanen
(1991, 1992), Karhu (1993) and Melezhik et al (1997).

(Fig. 1.5) covers the Archean basement. It

Paleoproterozoic  formations in the

southeast Baltic Shield and by large amounts of carbonaceous sequences, including
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)2 Geological features of the Riphean Pasha — Ladoga basin area

schungites (Svetov et al, 1990). The Onega basin consists of Paleoproterozoic with the
Jatulian (terrigenous-volcanogenic and carbonate - shale sequences) and Ludicovian
(carbonate - black shale and ultrabasic and basic volcanogenic sequences) deposits. The
carbonate — black shale sequences enclose numerous sills of diabases and dolerites and
phyroclastic rocks, with an age of 2100-2000 Ma (Svetov et al, 1990).

The syncline-shaped Onega depression (Fig. 1.5) occurs to the south of the Onega
basin. It is filled with Paleoproterozoic Kalevian (carbonaceous sandstones and siltstones) and
Vepsian (sandstones, quartzite-sandstones and quartzites) sediments. Gabbros and gabbro-
diabases of the Rop-Ruchey sill were emplaced ca. 1850 — 1750 Ma ago into the Vepsian

quartzite-sandstones along the perimeter of the Onega depression (Svetov et al, 1990).

The Ladoga mobile zone

The Ladoga mobile zone

belongs to the 50 - 150 km wide
Finland

Raakhe-Ladoga zone located

between the Archean Karelian
Craton and the
Paleoproterozoic  Svecofennian
Belt (Domain) (Fig. 1.5).

The Ladoga mobile zone

has been divided into two

------

domains according to their

geological characteristics: the AR R W G i) e,

; z_9 F O
Northern Ladoga Domain and :
g Fig. 1.7. Tectonic sketch map of the Ladoga mobile
the Western (or Southern) zone district (after unpublished Aphanasov, 1999)

Ladoga domain (Shuldiner et
al., 1997). The two domains are separated by the Meijeri thrust zone (Fig. 1.7) (Baltybaev et
al., 1996).

The Northern Ladoga Domain represents a part of the Karelian Craton. Its structure is
controlled by Archean granite-gneiss domes rimmed by intensely dislocated Paleoproterozoic
supracrustal rocks including metapelites and metavolcanic rocks. This domain was intensively
folded, fractured, metamorphosed, migmatized and subjected to magmatic and hydrothermal

processes. Metamorphic grades are between greenschist — amphibolite facies.
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1.2, Geological features of the Riphean Pasha — Ladoga basin area

The Western (Southern) Ladoga Domain belongs to the Svecofennian Belt, which is
characterized by a strong metamorphism up to granulite facies. It is composed of an
assemblage of metapelitic rocks of the Lakhdenpokh metamorphic series.

In the Northern Ladoga Domain the Paleoproterozoic rocks series have a thickness of 1
to 1.5 km. Two main lithostratigraphic units have been distinguished (Negrutsa, 1984;
Koistinen et al, 1996): Pitkyaranta suite of the Ludikovian age and Impilakhti suite of the
Kalevian age. There are three subhorizons in each unit: lower — transgressive, middle —
transgressive — regressive and upper — regressive. Transgressive subhorizons comprise basal
quartz conglomerates and mature quartzitic metasediments. Regressive subhorizons are
dominantly presented by tuffs, tuffites and layered amphibolites. Both horizons have common
features: carbonaceous matter enrichment (up to 5 %) and abundant sulphides dissemination.

In summary, during the Svecofennian orogeny the Paleoproterozoic rocks series
underwent polyphase deformation and low- to intermediate-pressure, upper amphibolite
(Northern Ladoga Domain) and granulite (Western Ladoga Domain) facies metamorphism,
strong migmatization and intensive feldspar blastesis. Folding during this event produced
northwest-elongated domes and basins. Granulitic gneisses of the Western Ladoga domain
underwent also regional retrograde metamorphism to amphibolite and locally - epidote -
amphibolite facies metamorphism (Shuldiner et al., 1997).

Ages of granitic migmatization in the Western Ladoga domain and tonalitic
migmatization in the Northern Ladoga domain were recently studied by Baltybaev et al.
(2002) who reported similar monazite ages of 1872 - 1869 Ma for leucosomes and their host
gneisses in both the Western and the Northern domains. According to Baltybaev et al. (2002)
both domains were affected by the same 1880 Ma metamorphism and the compositional
variation observed in the migmatites resulted from compositional variation of their

supracrustal protoliths.

Intrusive Paleoproterozoic magmatism of the Ladoga mobile zone

Intrusive magmatic series in the Ladoga mobile zone comprise granitoids and gabbroid
complexes of various ages and represent up to 40% of the present surface (Fig. 1.8)
(Saranchina, 1972; Svetov & Sviridenko, 1991). The oldest complexes include synorogenic
norite-enderbite series and tonalite-granodiorite intrusions with associated gabbroic rocks.
Conventional U-Pb zircon dating has produced an age of 1881+7 Ma for enderbite at

Kurkijoki and 1878+4 Ma for diorite from the Lauvatsaari gabbro-diorite-tonalite intrusion
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12 Geological features of the Riphean Pasha — Ladoga basin area

(Glebovitsky et al., 2001). These ages define the metamorphic culmination in the Northern
domain and are in agreement with the ages of synorogenic tonalites and orthopyroxene-
bearing granitoids that postdate the regional deformation in the south-eastern and central
Finland (Huhma, 1986; Holtta, 1988; Ramo et al., 2001).

The transition to potassium-rich granites in the Northern domain is manifested by late-
to post-orogenic intrusions where microcline granite represents the dominant rock type. The
two major intrusions of this type in the Northern domain are the Tervus and the Puutsaari
complexes (Konopelko & Eklund, 2003). In the Puutsaari island, the microcline granite is
associated with significant amounts of potassium-rich mafic rocks and with rocks of tonalite -
granodiorite series. The intrusions crosscut migmatites and are less deformed compared to the
host rocks. Conventional U-Pb zircon dating of the Tervus microcline granite yielded an age
of 1859+3 Ma (Glebovitsky et al., 2001).

However, some of the microcline granites in the Ladoga Lake area (Konopelko, 1997)
were formed in a time interval between 1815 and 1790 Ma (Kuznechensky, Borodinsky,
Lazurnensky, Lesogorsky plutons). According to Eklund et al. (1998) and Vaisanen et al.
(2000), these young microcline granites were formed by anatectic melting of the crust
triggered by heat provided by the emplacement of post-collisional shoshonitic intrusions ca.
1800 Ma ago.

The mantle-derived post-collisional alkali gabbroid — syenite (shoshonitic - after Eklund
et al, 1998) intrusions (Elisenvaara, Oya-Yarvi, Vuoksa) represent the latest Svecofennian
magmatic event in the region (Ladner, 1983; Khazov et al., 1993; Eklund et al., 1998;
Konopelko et al., 1998). These rocks comprise a unique series extremely enriched in P, F, Ba,
Sr and LREE, also moderately enriched in Th, U. The source of this shoshonitic association is
considered to be a lithospheric mantle affected by carbonate metasomatism (Eklund et al.,
1998). In the NW Ladoga Lake area the emplacement and mid-crustal fractionation of the
shoshonitic lamprophyric melt was accompanied by crustal anatexis and produced significant
volumes of granitoid rocks with variable compositions from anatectic S-type microcline
granites to shoshonitic granites and syenites directly fractionated from the lamprophyric melt.
A number of single grain *“’Pb/*”°Pb zircon ages obtained by the evaporation method
(Ivannikov, unpubl.; Konopelko, 1997) as well as conventional U - Pb zircon data (Shuldiner
et al., 2000) and K-Ar amphibole ages (Konopelko, 1997) define an age interval of 1787 -
1809 Ma for the shoshonitic intrusions in this area. The intrusion at Elisenvaara, has been
recently dated by conventional U - Pb zircon method at 1800+6 Ma (Vaasjoki, 2001, personal

com.). However, a different range of 207pp/2%ph apatite ages for the Elisenvaara intrusions
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were given by Khazov et al (1993) at 1550 — 1430 Ma. This range of ages was also confirmed

by Aphanasov (personal com.).
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Fig. 1.8. Schematic geological map of the NW part of the Ladoga Lake region and south-eastern part of Finland
from Koistinen & Saltykova (1999) and Konopelko (1997), available U-Pb zircon ages of intrusive rocks of the
region are from Konopelko & Eklund (2003)
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Mesoproterozoic anorthosites - rapakivi granite complexes of the Ladoga Lake area

The emplacement of the 1.65 — 1.54 Ga rapakivi granites was the latest major crustal
increment to the Fennoscandian (Baltic) shield after the later Mesoproterozoic (Kohonen &
Ramo, 2004). The rapakivi granites and associated basic rocks are typical anorogenic rocks
and they sharply cut the surrounding Svecofennian and Archean orogenic formations. Most of
these plutons show evidence of multiple intrusions, some of which have formed satellite
stocks outside the main pluton (Laitakari et al, 1996).

Two main intrusions belong to the Ladoga Lake district: the Vyborg batholith with U-
Pb ages of 1.645 to 1.625 Ga (Vaasjoki et al., 1991) on the western part and the Salmi
batholith with Ulyalegi and Lodeinopolsky satellites with U-Pb ages of 1.547 to 1.530 Ga
(Amelin et al., 1997), which related these intrusions to major EW (or NE-SW) lithospheric
discontinuities implying incipient or aborted rifting. They will be described in detail below in

Chapter II in concerning to the basement of the Pasha — Ladoga basin.

1.2.2. Geological setting of the Pasha — Ladoga basin

Mesoproterozoic (Riphean or Jotnian) sedimentation

] sstmntay nis 02 The term *“Jotnian™ was

I #uscaehons Culedomien rods
%mma:::::n1«-12 introduced by Sederholm (1897)
[ ] Mleeep (ot 1ok )

BRI Moot g 145- 1.5 00 for unmetamorphosed
[ Copaltine bumnat (Puleoprotaromic)

sandstones  and  associated
igneous rocks in the Precambrian
of Fennoscandia, which
corresponds to Mesoproterozoic
age in the IUGS time scale
(Riphean — in Russia). The
Jotnian-type sediments, arkoses,
siltstones, shales and

conglomerates occur in several

Fig.1.9. Present-day Mesoproterozoic (Jotnian) sedimentary
basins and the rapakivi plutons on a simplified map of the Baltic
Shield highlighting the Mesoproterozoic to Phanerozoic rock (Fig. 1.9).
units (according to Koistinen et al., 2001 and Kohonen & Ramo,

2004)

localities of the Baltic shield
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12 Geological features of the Riphean Pasha — Ladoga basin area

These rocks occupy shallow basins, tectonic depressions or grabens bordered by
fractures or fault zones, most of which are oriented NW — SE (Kohonen et al, 1993).

Extensive diabase dykes and sills and, sometimes, coeval volcanic rocks may also occur.
Satakunta graben (Finland)

The Satakunta sandstones cover a northwest elongated, fault-bounded area covering
about 1500 km® (Kohonen, 1993: Kohonen & Ramo, 2004). The maximum thickness of the
Satakunta area may reach more than 1500 m. According to Winterhalter et al (1981), the
Satakunta sandstone continues into the Bothnian Sea and links together the Mesoproterozoic
sandstone areas of the Satakunta graben, Givle valley and the Nordingré area in Sweden (Fig.
1.9). The real extent of the submarine sandstones has been interpreted from seismic profiles.
That interpretation has been confirmed by the presence of red arkosic sandstone in drillings

(Winterhalter, 1972).
Muhos graben (Finland)

The Muhos sediments occupy a fault-bounded, SE-trending basin south of Oulu
(Finland), extending ~50 km inland from the coast (Fig. 1.9). They are very poorly exposed.
They have been correlated with the Muhos Formation, are were also observed in drillings at
Hailuoto Island near the town of Oulu (Kohonen &Ramo, 2004). According to seismic data, a
major part of the bottom of the Bothnian Bay is occupied by sedimentary rocks (Winterhalter
et al., 1981). The extension of the Mesoproterozoic sediments in the Bothnian Gulf area has

been summarized by Winterhalter (2000).
Pasha - Ladoga basin

The Pasha-Ladoga basin (Fig. 1.10) overlies Archean - Paleoproterozoic igneous and
metamorphic rocks and the Mesoproterozoic (Early Riphean) Salmi rapakivi granites. The
present extension of the Pasha — Ladoga basin is moderate (approximately 70 000 km?). The
Mesoproterozoic (Riphean) volcanic - sedimentary formations comprise graben-like basin
with a thickness, which may locally be over 2000 m. The shape of the basin roughly coincides

with the coastline of the Ladoga Lake (Amantov et al, 1991).
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1.2 Geological features of the Riphean Pasha — Ladoga basin area

The NW-SE fault zones determine the shape of the Mesoproterozoic elongated graben-
like structures. For example, the Ruskeala NW — SE master-fault is concordant with the
boundary of the Salmi rapakivi granite intrusion in the NE and the Priozersk — Khiytola NW —

SE shear-zone to the SW boundary of the Pasha — Ladoga graben-like basin (see Fig. 1.7).

—

L e 9 N kW

Fig.1.10. Geological map of the Ladoga Lake area (Mikhailov et al, 2002).

| — Mesoproterozoic sandstones, basalts in the 1 — North-eastern (Salmi) area: Il — Western (including
Yablonevka) area: III — South-eastern (Pasha) area: 2 — 5. Paleoproterozoic metamorphic complexes: 2 - Vepsian
conglomerates, shales; 3 - Kalevian-Ludicovian siltstones, schungite shales, diabases (a). biotite, biotite-
amphibole and aluminiferous graphitic gneisses and shales (b): 4 - Jatulian conglomerates, quartzites: 5 -
Sariolian polymictic conglomerates; 6 — Undivided Archean granites, gneisses, schists, amphibolites,
migmatites; 7-9 — Magmatic complex of the epoch of the Riphean activity: 7 — Gabbro, gabbro-diabases; 8 —
Rapakivi granites, anorthosites and associated rocks; 9 - Subvolcanic intrusions, sills and dykes of diabases,
basalts; 10-11 — Late Svecofennian intrusions: 10 - Plagiogranites, anatectite-granites; 11 - Gabbro, gabbro-
norites; 12 - Late Archean-Early Proterozoic gneiss granites; 13 - Late Archean plagiogranites; 14 — Areas of
distribution of graphite-bearing gneisses and schists.

Apart from the main basin, which is mostly covered by the Ladoga Lake, there are also
a few isolated occurrences of Mesoproterozoic (Riphean) rocks (Fig. 1.10), but also
completely overlain by Vendian - Paleozoic or Quaternary sediments:
(1) to the North-East of the lake, in the Sa/mi area,

(11) to the West, including the Yablonevka area, and

(111) to the South-East, in the Pasha area.
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1.2. Geological features of the Riphean Pasha — Ladoga basin area

The Pasha — Ladoga basin is filled with sedimentary and volcanic rocks, which are
undeformed and unmetamorphosed. Cross sections through the basin show the differences in
composition, structure and thickness of the lithologic units (Fig. 1.11). The stratigraphic
succession from the bottom to the top as followed (Polikarpov & Molchanov, 2000;

Kushnerenko & Pichugin, 2001; Mikhailov, 2001: Novikov et al., 2001) :

Salmi area Yablonevka area Pasha area
§ . 5'; . ; E 2 .
i .. 0 g ﬂ,'.,"*'h E ~ ¥
e, ] é A ] J RE
§ _TRE_T, : Orajp 0 7 [2
B i o
£|. M NS I e =T o
TR T T I—=""1. | e s
o= . e - S
SRR = gt ¥ I8
i s.g‘ K . % " . i ms‘l . -C'l
2 213|" . .Fapr. g N [ TR e e
z|& m| gl ey c|E
1 | T i [ E i, 3 3
] ey = = = : % e
= B8 . . - - m ] =
23' = R;“l . o 0 = - - . - f
= . - - . i I'lC{ ™ - - - E - - ‘.'
.g . . = f - = .
w - . .
- - RI'N'- 1E . - - -
4 . |e g |Oes, &1 1%
E - - - i :s 3 . - - 5
= . 1v 5 S -
L L] -
& ° e Rapr . £
. . L e - =
= g hieiin 5o
-5 % E - . - A
: g

Rops - Pasha sandstones and siltstones
R2?jb - Yablonevka sandstones

Roprl - Pre-Ladoga siltstones and clays
Rssal - Salmi polymictic sandstones with intercalated basalts
Ropr - Priozersk quartz - feldspar sandstones and conglomerates

Fig. 1.11. Correlation scheme of the sections of the different part of the Pasha — Ladoga volcanic — sedimentary
basin (adapted after Mikhailov et al, 2002).

I — Archean granite-gneisses; 2 — Paleoproterozoic schists and gneisses; 3 — Paleoproterozoic K granites; 4 —
Early Mesoproterozoic rapakivi granites; 5 — 11 - Mesoproterozoic sediments: 5 — Priozersk Suite (Rpr): coarse-
grained sandstones with gritstones and pebbled conglomerates; 6 — 7 — Pre-Ladoga Suite (Roprl): 6 — fine-
grained sandstones, siltstones and clays; 7 — lenses and interlayers of dolomites; 8 — Yablonevka Suite (R,jb?):
inequigranular sandstones with gravels and pebbles, tillite-like conglomerates; 9 — 10 — Salmi Suite (Rssal): 9 -
lavas of basalts, their lava breccias, mandelsteins; 10 — medium- fine-grained sandstones; 11 — Pasha Suite
(R,ps): sandstones, siltstones, tuff siltstones, carbonaceous clays; 12 — Late Mesoproterozoic (Vendian) (V)
clays, sandstones
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- the Priozersk Suite which represents the lower part of the succession, consists of a
sequence of red coarse-grained sandstones with layers and interlayers of quartz and
polymictic small-pebbled conglomerates:.

- the Salmi suite composed of sedimentary and volcanic rocks lies with a stratigraphic
and structural unconformity on the rocks of the Priozersk suite; clasts of the Priozersk suite
sandstones are observed in the basal layers of the Salminskaya suite;

- the Pasha Suite composed of sandstones and siltstones which only occur in the Salmi
and Pasha areas.

In the Yablonevka area (Western Ladoga), the stratigraphic succession is as followed:

- the Priozersk Suite, similar as above,

- the Pre-Ladoga Suite - a carbonate-terrigenous sequence, follows with an
unconformity above the previous suite and is the lateral stratigraphic equivalent of the Salmi
Suite of the North-Eastern Ladoga area,

- Yablonevka suite, composed of coarse-grained polymictic sandstones and gritstones, is
the lateral equivalent of the Pasha suite of the Western Ladoga area.

Average thickness of the Mesoproterozoic (Riphean) rocks is about 150 — 180 m in the
Salmi area and up to 250 — 300 m in the Yablonevka area. In the axial part of the Pasha area,
geophysical data show that the Mesoproterozoic rocks reaches more than 2000 m
(Kushnerenko & Pichugin, 2001).

1.2.3. Geological setting of the Karku deposit as example of an unconformity-type uranium

deposit in the Pasha — Ladoga basin

Salmi area

The Salmi area is situated on the eastern coast of Ladoga Lake, in the NE slope of the
Pasha-Ladoga basin. It hosts the Karku unconformity-type deposit, which structural position
is controlled by the Ruskeala deep fault zone and a north-eastern transformed fault. There are
numerous meridional contracted dome-folded structures and a series of north-western,
meridional and latitudinal faults. The deposit is confined to the Central Horst — uplifted zone
of the Archean - Paleoproterozoic basement (Fig. 1.12).

[n the area of the Karku deposit the basement occurs at a depth of 120 to 140 m and
corresponds to a dome - shaped Archean granite — gneisses. The flanks of the dome and

interdome synclines are filled with Paleoproterozoic migmatized and granitized amphibole-
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1.2, Geological features of the Riphean Pasha — Ladoga basin area

biotite and biotite schists of the Pitkyaranta and Impilakhti suites, which contain horizons and
lenses of graphite-bearing rocks. In the north-east, the dome-folded structures are cut by the

Salmi rapakivi granites batholith, whose surface gently inclines south-eastward (Fig. 1.13).

355 w2 371 3722373 374 375 376 377 78 3N

1000 m

Fig. 1.12. Geological schematic map and section of the north — eastern part of the Ladoga Lake (Salmi area)
(compiled by Mikhailov, 2002)

It has been proposed that supergene processes intensively altered the roof of the
basement before the deposition of the sediments of the Pasha — Ladoga basin (Novikov et al,
2001). The thickness of the regolithized zone is up to 20 meters. Then, the volcanic-
sedimentary Mesoproterozoic sequence forms a flat monocline dipping here to the southwest.
Gentle folding and later tectonic dislocations complicate the monocline. Within the limits of
the Salmi area the Mesoproterozoic volcanic-sedimentary sequence has a thickness of up to

800 m. However, within the limits of the Central Horst its section includes only the
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lowermost Priozersk Suite (up to 40 m thick) and the lower volcanic Salmi Subsuite (up to 90
m thick). The total Mesoproterozoic thickness varies from 110 m to complete disappearance

above some of the basement roof uplift.

Fig. 1.13. Map of the basement rocks of the Karku deposit area with schematic geological section (compiled by
Petrov, 2004)

Bedrock is everywhere covered by the Quaternary glacial moraine from 20 to 100

(and more) meters.
Structure of the Karku unconformity-type deposit
There are three main uranium ore bodies in the area (Fig. 1.13). All uranium ore

bodies are located in the sandstones and conglomerates of the basal horizon of the Priozersk

Suite. Besides some ore sections have been discovered within the weathering crust of the
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basement, close to the unconformity. Some rare anomalic concentrations occur in fractures in
the volcanic layers (Kushnerenko & Pichugin, 2000; Novikov et al., 2001; Shurilov et al.,
2003).

The ore bodies have a complicated phacoidal-bed form (Fig. 1.14). They are traced
along the strike for several hundred meters and have the width up to 80 meters. Thickness of

the ore bodies is up to 10 meters, with content of uranium more then 300 ppm.

Fig. 1.14. Simplified geological section through the Karku deposit uranium ore body (compiled by Shurilov,

2003)

Legend: Q — Quaternary glacial deposits; Rssal; — basalts of the lower volcanic subsuite of the Salmi suite; R,pr
— sandstones of the Priozersk suite; PRjim — Paleoproterozoic biotite — graphite gneisses and schists of the
Impilakhti suite; Pript — Paleoproterozoic amphibole — biotite - graphite gneisses and schists of the Pitkyaranta
suite; AR — PR, — undivided Archean — Paleoproterozoic rocks; in grey tones — different zones of alteration; in
red — high-grade uranium ores.

The third ore body contains more than | wt. % uranium and attain meter thickness.

The highest uranium content is over 19 wt%. The estimated total resources of all ore bodies is
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about 6 000 tons of uranium. The speculative resources are estimated to 40 - 50 kilotons of
uranium. High content of zinc, lead, silver, molybdenum and some others elements are
associated with the uranium ores (Kushnerenko et al., 2004).

The main characteristics of the Karku deposit are the following: the high-grade ore
bodies are surrounded by an alteration zone with intense sulphidization, chloritization and
carbonatization (Fig. 1.14). The altered zone has a heterogeneous constitution. The most
productive horizon is mostly carbonatized and also rich in sulphides in the vicinity of the ore
bodies. It occurs in the basal level of the Priozersk Suite and more rarely in the upper part of
the weathering crust in the basement. There are thick bands of black porous leached
microconglomerates and sandstones over the carbonatized rocks close to the high-grade ore
bodies. The most widespread type of alteration is chloritization. It overlaps the ore bodies for
a dozens meters like a specific “hat” and encloses top layers of weathering crust in the

basement (Shurilov et al., 2003).
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1.3.Tools for rock classification based on petrogeochemistry and mineralogy

This part deals with a review of classification diagrams chosen by the author as
interpretation tools (geotectonic, mineralogical, geochemical...).
A short review on magmatic rock classifications seems necessary because of the great

number of existing classifications and of their different objectives.

The TAS diagram (Total Alkali Silica; Le Bas et al., 1986)

K20+Na20

37 42 47 52 57 62 67 72 77
Sio2

Fig. 1.15. SiO2 vs. K,0 + Na,O (TAS) diagram with the fields of different magmatic rocks (Le Bas et al, 1986)

This diagram representing the content of SiO, as a function of the sum of alkalies
(Na,O+K,0) expressed as a percentage mass is the most usually used because it makes
possible to represent the majority of the over-saturated silicate magmatic rocks and to
apprehend their degree of evolution which generally follow the increase of content of SiO2
and alkalies (Fig. 1.15). This diagram can be subdivided in two fields characterizing the
tholeitic and calc-alkaline fields. It can be supplemented by the use of the K;0/SiO, diagram
to differentiate the magmatic series more specifically according to their enrichment in

potassium.
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1.3. Tools for classification of rocks based on petrogeochemistry and mineralogy

The QP, AB and derivative QA diagrams (Debon et Le Fort, 1983, 1988)

These diagrams are chemical-mineralogical diagrams, in which the major elements are
presented in millications. They make possible to specify the nomenclature of the rocks and to
plot it within an evolutionary trend. In addition to the primary characteristics of the magmas,
these diagrams also allow to determine quartz and feldspars fractionations and the various

types of postmagmatic alterations.

O-P diagram (Fig. 1.16)
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Fig. 1.16. QP mineralogical-chemical diagram of Debon & Le Fort (1983, 1988)
Each division of the grid corresponds to a rock type: ad — adamellite; dq — quartz diorite; gd — granodiorite; go —
gabbro, diorite, anorthosite; gr — granite; mz — monzonite; mzdq — quartz monzodiorite; mzgo — monzogabbro;
mzq — quartz monzonite; s — syenite; sq — quartz syenite; to — tonalite, trondhjemite. Typical trends of the
different magmatic associations types are shown: tholeitic, calcalkaline, high K alkaline

Q-P diagram is a binary diagram, with Q = Si/3 - (K+Na+2Ca/3) in ordinate which
represents the proportion quartz in the rock and P = K (Na + Ca) in abscissa which gives the
relative proportion of feldspars, with potassic feldspar to the right diagram (P = 380) and
plagioclase to the left (P = -380). The average compositions of the reference rocks defined a
composition grid as well as the principal magmatic trends: tholeitic, calc-alkaline, high K
alkaline and alkaline are represented. The effects of hydrothermal alterations (to clay

minerals, chlorite, carbonates, albite, adular) also can be identified.
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1.3; Tools for classification of rocks based on petrogeochemistry and mineralogy

AB diagram (Fig. 1.17)

In the AB diagram the ordinate A = Al - (K+ Na + 2Ca) corresponds to alumina not
incorporated into the feldspars (peraluminous index similar to normative corundum or
A/CNK) and the abscissa B = (Fe+Mg +Ti) represents the amount of mafic minerals and is
used as index of differentiation. This diagram makes possible to discriminate metaluminous

from peraluminous magmatic rock associations. The composition fields of the major sediment

groups are also reported

350 - - — —_—

leucogranite SHALE A
~ CLAY ALTERATION
250 I
. o~
Mu > Bi _—

150 m e 1 i
G g “Bi>Mu__— |
o ARKOSES S S e Bi 111
L oso " " GREYWACKES
% == ar .

e—g %, . i . i 4 A
0 50 es T w2150 200 250 300 350 400
A -50 iy o & mzug
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Fig. 1.17. AB mineralogical-chemical diagram (Debon and Le Fort, 1988)
Sectors, numbered from I to V, correspond to a specific mineralogical composition. I — III — sectors of
peraluminous rocks with, respectively: I — muscovite > biotite (by volume); 11 — biotite > muscovite; 111 — biotite
(usually alone, at times with a few amphibole); [V — V (without VI here) — sectors of metaluminous rocks with,
respectively, [V — biotite + amphibole + pyroxene; V — clinopyroxene + amphibole + biotite.
Each division of the grid corresponds to a rock type: see Fig. 1.16. Composition fields of sediments (shale and
greywackes) are also represented with the clay alteration vector.
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1.3. Tools for classification of rocks based on petrogeochemistry and mineralogy

QA diagram (Fig. 1.18)
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Fig. 1.18. QA mineralogical-chemical diagram (derived from Debon & Le Fort, 1983, 1988) with quartz, K
feldspar, plagioclase and main alteration minerals plots

Q-A diagram is a binary diagram using the Q and A parameters from Debon & Le Fort
(1983, 1988), where Q = Si/3 - (K+Na+2Ca/3) in ordinate which represents the proportion
quartz in the rock and A in abscissa corresponds to the peraluminosity index. This diagram is
useful to determine the relative proportion of minerals in clastic sedimentary rocks:

quartz/feldspars/clay minerals/carbonates.

Metasedimentary rock origin diagrams (Moine & de la Roche, 1968)

The diagram (Al + Fe + Ti)/3 - Na versus (Al + Fe + Ti)/3 - K (Moine & de la Roche,
1968) allow first to distinguish former sedimentary (mainly positive values of the
(Al + Fe + Ti)/3 - Na parameter) from magmatic rocks (mainly negative values of the
(Al + Fe + Ti1)/3 - Na parameter)(Fig. 1.19). To distinguish the greywackes and Ca-rich
lithologies from the basalts which may be confused in this diagram, the interpretation of the
data has to be coupled with the Al+ Fe+ Ti versus Ca+ Mg diagram (all parameters
calculated in millications, Moine & de la Roche, 1968) (Fig. 1.20).
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Fig. 1.19. (Al + Fe + Ti)/3 — Na vs. (Al + Fe + Ti)/3 - K diagram (Moine & de la Roche, 1968), it is useful for
identifications of the initial protoliths of metasediments
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Fig. 1.20. Ca + Mg vs. Al + Fe + Ti diagram (Moine & de la Roche, 1968), to differentiate Ca-Mg rich
greywackes from basalts

Trace elements spidergram

Trace element distribution can be represented in the is so-called spidergram or spider
diagram (Sun, 1980), which let to classify geochemical data and to compare them to a

reference composition generally the chondrites. There are a lot of different types of
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1.3. Tools for classification of rocks based on petrogeochemistry and mineralogy

spidergrams with different set of elements and order. In the present work Holm spidergram
type (Holm, 1979), which are between of two well-known spidergram types after Pearce
(1983) and Thompson (1988), was used with the following set of the trace elements

(Fig. 1.21).
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Fig. 1.21. Archean granite-gneiss in the spidergram type after Holm (1979) normalized to chondrite
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1.4. DDD and outcrops samples’ position in the maps of the Ladoga Lake area

1.4. DDH and sampled outcrop positions on maps of the Northern Ladoga Lake area
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Fig. 1.22. Northern Ladoga district from the GPS map details of the Garmin Corporation. Scale 15 km.
Field trip — 2003: routes and points, rectangle show following routs in detail below.
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Fig. 1.23. Simplified map of the Salmi area (Northern Ladoga district). scale 2.5 km.
Selected DDH and outcrops samples, which are described in the next chapters below
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Routes Ne 1, 9: / Name Pasitian Altitude
Contact between rapakivi granites and ot-01 RELIGI0LRILERIRS 1 D807
) P 01-03 M6141527 E3185873 4440 m
Salmi basalts /! 01-04 N6&140943 E3188695 290m
09-01 N61.40757 E31.89110 251m
09-02 MN6140257 E31 89347 -2758 m
mn-03 09-03 N61.40030 E31 89067 -20.302 m
09-04 N61.38585 E3189912 541 m
+ 09-05 N61.38147 E3189095 -4 681
09-06 MN6137936 E31 BB387 26,3/m
P’
iﬁ} Salmi rapakiyf pluton
s €

b Sobicglol
© Garmin Corporation 1995-1999
Fig. 1.24. Blue rectangle in the Fig. 1.22. Tulema river, Salmi village area, scale 1.5 km
The Pasha — Ladoga volcanics and sediments overlap the Salmi rapakivi granites
Selected GPS coordinates WGS-84 is listed in the table

= Name Position Alfitude
Routes Ne 2, 11, 14: 02-01 N6133414 £3172551 205m
Valaam sill 02-02 6132928 E3171677 301 m
02-03 N61.33973 E3170957 109 m

02-04 N6133885 E3174030  -23186m

11-01 N6136308 E3163435  -0835m

11-02 N6136124 E3163576  -18.379m

11-03 N61.35710 E3163361 273m

11-04 N61.34305 E3164528 830m

14-01 N6133206 3171814 205m

N
Riphean Pasha sandstones

Gabbro and gabbro-norites of the Valaam sill

© Garmin Corporation 1995-1999

Fig. 1.25. Violet rectangle in the Fig. 1.22. Lunkkulunsaari and Mantsinsaari islands, scale 1.5 km
Selected GPS coordinates WGS-84 is listed in the table
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- granite-gneisses

Archean g . :
’ Salmi rapakivi granites

Paleoproterozoic graphite-biotite
gneisses and schists

MName Posinon Alttude

03-01 | N6125601 E3211215 589 m

0302 N6125484 E32.11856 0847 m

DOH-625 M&1 31106 3193706 138m
DOH-627, | N&l31162 E3193696

DOH-628 N&131125 E3193695 1Bem
NEY31088 E3193542

N61 29876 E31 94316 225m

MN6129389E31 95775 239m

Salmi rapakivi{pluton

© Garmin Corporation 1995 1999

Fig. 1.27. Red rectangle in the Fig. 1.22. Karku deposit area. Scale 2 km
Selected GPS coordinates WGS-84 of some DDH are listed in the table
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Chapter 11 Ladoga Lake area basement formations

Part 2.1. Archean basement formations of the Northern Ladoga Domain

2.1.1. Geological setting

As shown by Trustedt (1907) and Eskola (1951) and confirmed by further investigations
(Shurkin, 1958; Khazov, 1973), the main geological feature of the Pitkyaranta area is the

occurrence of granite-gneiss domes, which are overlaid by biotite-amphibole schists,

limestones and skarns of the Pitkyaranta suite.

Fig. 2.1. Ladoga Lake shore near Pitkyaranta town Fig. 2.2. Ladoga Lake shore near Pitkyaranta town
(Ristiniemi cape). Archean granite-gneisses of the (Ristiniemi cape). The migmatitic granite-gneisses are
Ristiniemi dome characterized by their specific ptygmatic textures.

Physiographically the domes are remarkable by their greater elevation and ragged forms
(Fig. 2.1), whereas the schist areas correspond to lowlands, largely covered by Quaternary
sediments (Eskola, 1951). In the Northern Ladoga area there are about twenty domes covering
a surface from 0.5 to 120 — 150 km® (Khazov, 1973). The domes are characterized by their
inner structure (gneissic and migmatitic), whereas surrounding Paleoproterozoic rocks are
schistose with planar textures (Fig. 2.2). Domes contacts in the generally steep (60 — 90°),
sometimes showing a reverse dip (80 — 85°), rarely flat.

During the field studies of 2003, some of the dome structures (Uuksu, Hopunvaara -
Lupikko, Pitkyaranta, Ristiniemi, Hunttila - Koirinoya) were revisited and sampled for the

present study.
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Chapter 11 Ladoga Lake area basement formations

Grey and dark-grey oligoclase granite-gneisses are the most widespread rocks in the
domes. They mainly consist of oligoclase (50 — 60 %), quartz (20 — 35 %), biotite (9 — 12 %).
Alteration minerals are muscovite, sericite, chlorite, epidote and carbonate. Accessory

minerals are titanite, apatite, allanite, zircon, tourmaline and different ore minerals (Fig. 2.3).

-

-

Fig. 2.3. Archean oligoclase granite-gneiss with  Fig. 2.4, Lepidogranoblastic texture of the Archean granite-
pink microcline. Sample 10-01-01 (2003). Uuksu  gneisses in the Uuksu dome(sample 10-01-01, parallel
dome (Pitkyaranta area) nicols, Photomicrograph scale - 0.5 mm)

'~
> ‘ .
Fig. 2.5. Amphibolite from a small lense in the Fig. 2.6. Nematogranoblastic texture of the Archean
Archean granite-gneisses. Sample 10-01-03 amphibolites in the Uuksu dome (sample 10-01-03, parallel
(2003). Uuksu dome (Pitkyaranta area) nicols, Photomicrograph scale 0.5 mm)

Gabbro-diabases and diabases and their metamorphosed varieties (gabbro-amphibolites
and amphibolites) form bedded bodies in the granite-gneisses with sizes from 0.1 to 20 km’.

They are fine- to coarse-grained massive rocks (Fig. 2.5) and consist of hornblende (45 —
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Chapter 11 Ladoga Lake area basement formations

46 %), partially replacing pseudomorphically pyroxene, and albitic plagioclase (25 — 50 %).
Alteration minerals are chlorite, epidote, biotite and carbonate which occur in a minor

amounts. Accessories are represented by titanite, leucoxene, pyrite, chalcopyrite and 1lmenite.

» %, TP o Py

Fig. 2.7. Archean granite-gneiss migmatized in a contact  Fig. 2.8. Leucocratic migmatized granite-gneiss
with Paleoproterozoic schists. Sample 4-02-01 (2003). (sample 4-02-01, parallel nicols, photomicrograph
Ristiniemi dome (Pitkyaranta area) scale 0.5 mm)

Fig. 2.9. Plagioclase-microcline granite: clear contact Fig. 2.10. Muscovite in the plagioclase-microcline

between granite injection and substratum. Sample 10-01-  granite (sample 10-02-01, crossed nicols,
02 (2003). Uuksu dome (Pitkyaranta area) photomicrograph scale 0.5 mm)

Plagioclase — microcline granites occur both as large well-oriented bodies and small
bed-like and lenticular-like bodies with abundant apophyses in the oligoclase granite-gneisses
and amphibolites. These granites consist of oligoclase (30 — 50 %), microcline (20 — 45 wt.

“%). quartz (25 — 30 %) and biotite (5 — 10 %). Amphibole, pyroxene, garnet, epidote,
ilmenite, hematite, titanite, zircon, apatite, rutile, pyrite, topaz, tourmaline, rare anatase,
sporadically chalcopyrite, galena, molybdenite, allanite, scheelite and fergusonite have been

observed in the heavy mineral fraction of the these granites (Shurkin, 1958).
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Migmatites of plagioclase-microcline and microcline-plagioclase granites (Fig. 2.7) are
widespread in the domes. They exhibit various forms: arterites, spotted and shadows
migmatites. The thickness of the gneiss bands is up to 0.5 m and granite injections thickness
varies from some centimeters to tens of meters. Granite proportion in the migmatites is about
50 — 70 %, rare 90 %. Contacts between gneisses and granite injections vary from clear to
progressive (Fig. 2.9).

Petrographically shadows migmatites occur as fine-grained plagioclase-microcline
granite-gneisses. They are mainly composed of plagioclase (30 — 70 %), microcline (1 — 45
%); quartz (15 — 25 %), biotite (up to 5 %). Accessories are zircon, apatite, allanite. Textures

are mainly cataclastic, granoblastic and lepidogranoblastic.
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2.1.2. Detrital mineralogy features

Zircon nature and alteration have been particularly studied in some samples of the
Archean granite-gneisses (Table 2.1), to evaluate their potential role as an uranium source for

the Karku ore deposit. Monazite grains were not observed in the studied samples.

Sample | Location Rock type Zircon Monazite Other Zr, Th, U, ZREE,
number alteration alteration accessories | ppm ppm ppm ppm
phases phases
10-01- Surface Archean granite- zircon ?
01 Pitkyaranta gneisses

Table 2.1. Description, location, mineralogical occurrences and whole-rock composition of the Archean granite-

gneisses of the Northern Ladoga area
Whole-rock trace elements composition for the sample 10-01-01 is not available

Fig. 2.11. BSEM images of the zircons from the Archean granite-gneisses (sample 10-01-01, Uuksu dome,
Pitkyaranta area, photomicrograph scales: A — 50 pm; B — 30 pm; C — 40 pm

[diomorphic crystals, slightly elongated, with well-developed bipyramid faces are
observed in the Archean granite-gneisses (e.g.: sample 10-01-01). Primary zoning of crystals
is visible. Microprobe analyses of these grains were not realized. Alteration in the studied

zircon grains is not clearly visible. Some darker zones (in BSEM images) are observed at the

margin of the grains. Archean granite-gneisses are primarily poor in radiogenic elements.

2.1.3. Alteration processes

The alteration processes in the Archean granite-gneisses in the vicinity of the

unconformity surface within the limits of the Karku deposit has not been studied. New

investigations in this direction have to be completed.
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2.1.4. Petrogeochemistry of the Archean formations

Major and trace elements geochemistry has been studied both at the regional scale of the
Northern Ladoga area (sampling from outcropping parts of the basement from Pitkyaranta,
Impilakhti and Sortavala areas) and at the local drill hole scale in the Salmi and the Karku

deposit areas. DDH and outcrops samples location is presented in Part 1.4.

Major and trace elements distribution in the Early Archean formations (i.e. granite-gneisses

and amphibolites) of the Northern Ladoga area

Major and trace elements composition of the Early Archean rocks (mostly granite-
gneisses and amphibolites) is listed in Annex Archean granite-gneisses (3 samples). The
major element compositions of selected analyses are listed in the table 2.1.

The Early Archean granite-gneisses and

Archean formations

] ) 3 4 their migmatites, which form specific dome-like
Si0, 49.65 56.45 65.31 74.52 i x
ALO, 14.58 17.51 1504 | 13.70 structures in the Pitkyaranta and Sortavala areas
Fe,0, 13.63 10.67 5.63 234 -
a6 ool P 610 601 (Northern Ladoga district), are generally
MgO 7.16 4.75 0.91 0.35 weakly peraluminous: from granodiorite (A =

CaO 10.73 9.28 2.45 1.00

Na,O 2.20 4.06 3.49 4.40 30 for analysis 3) to granite (A = 6 for sample 4
K,O 0.49 1.27 3.02 4.00

TiO, 1.14 0.25 0.96 0.07 in the Table 2.2) composition.
Pf,?"' ggg ?'3{; g'gf g'?ﬁ The SiO, content of the granite-gneisses

Total 100.50 | 106.12 | 99.30 | 100.51
Table 2.2. Major elements composition of the

Archean rocks in the Northern Ladoga area: 1 — widely vary with an average value of about 1.
sample 5-07-01 — amphibolite; 2 — amphibolite —

sample 5 from Shurkin (1958); 3 — sample 10-04-01  In the SiO, versus Na,0 + K,O diagram (Fig.
— granite-gneiss from the Uuksu dome (Pitkyaranta

area); 4 — plagioclase-microcline granite — sample 2.12) most points plot into the granite field.
3732 from Khazov (1973)

and migmatites is generally high, K/Na ratios

Plagiogranites and granodiorites are rare and
associated with feldspathic amphibolites. Some samples corresponding to orthoamphibolites
(Shurkin, 1958), plot into the fields of picrobasalt, basalt (gabbro) and basaltic andesite.

The Archean gneisses correspond to a tonalite - granodiorite - adamellite — granite
association according to the Q-P nomenclature diagram of Debon — Le Fort (1988),
(Fig. 2.13), classical of the Archean Domains. Gabbro and syenite are also present. Most of
these rocks are slightly peraluminous in the A-B diagram of Debon — Le Fort (1988), in due to

the presence of minor amounts of muscovite (Fig. 2.14). In accordance with their biotite +
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amphibole + epidote mineralogy some of the Archean gneisses plot in the metaluminous field

(sector IV of the diagram, Fig. 2.17).

| # Archean granite-gneisses and amphibolites
2 # Archean granite-gneisses (Shurkin, 1958)
3 # Archean granite-gneisses (Eskola, 1951) y A o

4 # Archean granite-gneisses (Khazov. 1973)

N Phonotephrites s I v D i e hvdacit * *
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Fig. 2.12. Early Archean rocks from the dome structures of the Northern Ladoga area in the SiO; vs. K-O + Na,O
classification diagram.

| - 4: chemical analysis data of the Archean granite-gneisses and amphibolites after 1) present work, 2) Shurkin,
1958; 3) Eskola, 1951; 4) Khazov, 1973.
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]
«@ e # Archean granite-gneisses (Shurkin, 1958)
tﬁ} #* Archean granite-gneisses (Eskola, 1951)
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Fig. 2.13. The Early Archean rocks from the dome structures of the Northern Ladoga district in the Q-P diagram
according to Debon and Le Fort (1988).

Each division of the grid corresponds to a rock type: ad — adamellite: dq — quartz diorite; gd — granodiorite; go -
gabbro, diorite, anorthosite; gr — granite; mz — monzonite; mzdq — quartz monzodiorite; mzgo — monzogabbro;
mzq — quartz monzonite; s — syenite; sq — quartz syenite; to — tonalite, trondhjemite. Typical trends of the different
magmatic associations types are shown: tholeitic, calcalkaline, high K alkaline.

Symbols of legend: | - 4 as in Fig. 2.12
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Fig. 2.14. Early Archean rocks from the dome structures of the Northern Ladoga district in the A-B characteristic
mineral plot (Debon and Le Fort, 1988)

Sectors, numbered from | to V, correspond to a specific mineralogical composition. 1 - I11 - sectors of
peraluminous rocks with, respectively: I — muscovite > biotite (by volume): Il — biotite > muscovite; I11 — biotite
(usually alone, at times with a few amphibole); 1V — V (without VI here) — sectors of metaluminous rocks with,
respectively, IV — biotite + amphibole + pyroxene; V — clinopyroxene + amphibole + biotite.

Legend for the samples as in Fig. 2.12. Composition fields of sediments (shale and greywackes) are also
represented with the clay alteration vector.

Symbols | -4 as in Fig. 2.12.

Trace elements geochemistry of Archean rocks

The Archean rocks in the Salmi — Karku deposit and Pitkyaranta areas, have been
analysed. Their compositions have been represented in chondrite-normalized spidergram (Fig.
2.15) and chondrite-normalized REE patterns diagram (Fig. 2.16).

The amphibolite (5-07-01) from the Koirinoya dome (Pitkyaranta area in the western
contact of the Salmi batholith) is logically characterized by relatively low concentrations of
all incompatible trace elements in comparison with granite-gneiss samples from the Uuksu
dome and the Karku deposit (Central Horst). Th/U ratio is about 3.5. Its REE pattern i1s
weakly fractionated with a REE abundance of 20 to 30 times the chondrites, typical of a
former basalt.

Granite-gneiss from the Uuksu dome (10-04-01) are enriched in Ba, Th, Nb and Zr
relative to the regolithized granite-gneiss from the Karku deposit area (see Annexe: DDH-
615-109). U and Y contents are high and nearly the same (U = 5 ppm, Th/U ratio = 4.4). Rb

and Sr concentrations are low (70 - 30 times the chondrites respectively. The REE patterns of
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the two granite-gneisses exhibit some differences. The granite-gneiss from the Uuksu dome is

characterized by a moderately fractionated REE pattern with Ce,/Yb, = 16 and a small Eu

anomaly (Ew/Eu* = 0.74). On the contrary the Archean gneiss from the Karku deposit area

exhibit a practically non-fractionated REE pattern (Ce,/Yb,, = 2) with distinct Eu anomaly

(Eu/Eu* = 0.65).
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oY = DDH 615-109 - granite-gneiss Karku deposit area
0.1 = 10-04-01 - granite-gneiss Uuksu dome
—05-07-01 - amphibolite Koirinoya dome
D‘{}] + g + o -— .

Rb Ba Th U K Nb La Ce Sr P Zr Sm Ti Y Yb

Fig. 2.15. Chondrite-normalized trace element patterns of the Early Archean rocks from the dome structures of
the Pitkyaranta - Salmi - Karku deposit areas (Northern Ladoga district) (spidergram type after Holm (1979);
chondrite composition after E. Anders and N. Grevesse: http://earthref.org/ GERM/reservoirs/C1.htm)

=—=DDH 615-109 - granite-gneisses Karku deposit area
= 10-04-01 - granite-gneisses Uuksu dome

\—— = 5-07-01 - amphibolite Koirinoya dome
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Fig. 2.16. Chondrite-normalized REE distribution patterns of the Early Archean rocks from the dome structures

of the Pitkyaranta - Salmi - Karku deposit areas (Northern Ladoga district) (chondrite composition after Anders
& Grevesse: http://earthref.org/GERM/reservoirs/C | .htm)
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In conclusion the Archean rocks from the Northern Ladoga district appear globally rich
in potassium relatively to the classical Archean TTG suites. The most potassic rocks indicate
that a high-K magmatism probably enriched in U and Th already occurred during Archean in

the area.
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Part 2.2. Paleoproterozoic formations of the Northern Ladoga Domain

2.2.1. Geological setting

In the Sortavala and Pitkyaranta (and Salmi) districts, the Paleoproterozoic gneisses and
schists mantle the Archean domes. In the Northern Ladoga district they distinctly belong to
two formations: a lower one (with Ludikovian age), with predominantly amphibole-bearing
schists and amphibolites, named the Pitkyaranta suite and an upper one (with Kalevian age),
with predominantly biotite schists and gneisses, named the Impilakhti suite (Khazov, 1973;
Negroutsa, 1984; Saltykova & Koistinen, 1996; Shurkin, 1958). Both suites comprise lenses
of calc-silicate rocks (skarns), horizons of dolomitic rocks and schists. They are rich in

sulphides (mostly pyrite) and graphite.

Pitkyaranta Suite

The lower member of the Paleoproterozoic Pitkyaranta suite form a 200 — 500 m thick
zone around the Archean granite-gneisses dome. They comprise schistose fine to middle-
grained dark-green amphibolites (with interstratified amphibole — biotite schists and layers of
limestones and quartzites), which are frequently turned into skarns. The amphibolite rock

structure is characterized by a schistosity a lineation and a rough cleavage.

g 2.17. Dolomite marble from the contact Fig. 2.18. U-rich marble from the uranium occurrence Marble
with Ristiniemi granite-gneiss dome. Sample 4-  Mountain (Ruskeala area). Sample 7-03-02 (2003)
04-02 (2003). Pitkyaranta area

95



Chapter 11 Ladoga Lake arca basement formations

Amphibole-biotite schists, amphibolites, quartzites and quartz-biotite schists belong to
lower part of the Pitkyaranta sequence occurring in immediate contact with Archean granite-
gneisses.

Amphibole schists are fine-grained clearly schistose rocks, and consist of hornblende
(60 — 75 %), plagioclase (25 — 40 %), quartz (3 — 20 %), garnet and tremolite. Amphibolites
consist of hornblende (30 — 40 %), biotite (up to 20 %), plagioclase (up to 50 %). Quartzites
are fine- to middle-grained rocks. Quartz — biotite schists differ from quartzites by their high
biotite content and their schistosity.

Carbonate rocks layers are widespread, but not abundant. They correspond to marbles,
skarns (with amphibole, pyroxene, garnet) and limited layers of amphibolites and quartz-
biotite schists.

Two types of marbles are present: dolomite-bearing (mostly in the south-eastern part of
the Northern Ladoga area - Ristiniemi dome) (Fig. 2.17) and calcite-bearing (exclusively in
the western part of the Northern Ladoga area — Ruskeala and Marble Mountain occurrences)
(Fig. 2.18). Marble bed thickness varies from | to tens of meters. Non-altered marbles consist
0of 90 - 97 % of carbonate and minor amounts of tremolite (up to 40 %), phlogopite (up to 20
%), spinel. diopside (up to 15 %) and forsterite (generally serpentinized) (Khazov, 1973).

By their mineralogical composition and genesis the skarns are divided into magnesian
(pre-ore and ore) and lime (hypomagnesian — post ore) types. Magnesian skarns consist of
pyroxene (20 — 90 %), spinel (0 — 10 %), phlogopite (1 — 40 %), magnetite (0 — 80 %). Calcic
skarns consist of garnet (0 — 90 %), vesuvianite (0 — 50 %), diopside — hedenbergite (0 — 80
%), magnetite (0- 80 %), associated with sphalerite, cassiterite, chalcopyrite, scheelite, pyrite
etc. Most of the mineral deposits of the Pitkyaranta ore district are related to skarns horizons
of the Pitkyaranta suite.

Contacts between carbonate rocks and amphibolite, amphibole-biotite schists present

complex interbedding with abundant graphite impregnations.

Impilakhti Suite

The upper member of the Paleoproterozoic Kitelya series, the Impilakhti suite, is
widespread and occupies extensive areas in the Northern Ladoga Domain. It is separated from
the lower one by interbedded layers of amphibole-biotite and biotite schists. In the Kitelya
area the Impilakhti rocks are essentially represented by coarse-flake biotitic schists with

interlayers of quartz-biotite, garnet-biotite, quartz-sillimanite and graphite schists. In the
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Pitkyaranta area biotite-quartz and quartz-biotite schists sometimes with graphite are the most
common rocks. Interlayers of muscovite and sillimanite schists, quartzites and boudins of
amphibole-biotite schists are also present. All these rocks are intensively migmatized

(Shurkin, 1958).

818 - 128 m

A. Quartz-plagioclase-biotite schist with abundant b. Mesocratic quartz-graphite-biotite gneiss. DDH-
graphite. DDH-818-128 m 625-140 m (Karku deposit area, ore zone I1I)
(Karku deposit area, ore zone [11)

808 - 130 m g0 d

A

“ ; .: N ‘.":‘ S
C. Quartz-plagioclase-biotite schist with abundant D. Quartz-feldspar-biotite gneiss. DDH-389-194 m
veins and impregnation of sulphides and graphite. (Karku deposit area, ore zone 11)

DDH-808-130 m (Karku deposit area, ore zone III)
Fig. 2.19. Paleoproterozoic gneisses and schists of the Salmi and Karku deposit areas

Biotite-quartz gneisses and schists are dark-brown-grey rocks, which consist of varied
amounts of biotite (30 — 40 %) and quartz (25 — 30 %), plagioclase (5 — 15 %, in migmatized
varieties — up to 50 %) and muscovite (10 — 12 %) are also present. Pyrite and pyrrhotite (1 - 3
%). graphite (1 - 2 %) are also widespread in these schists. Horizons of essentially graphitic
schists are rare. Besides, different amounts of hornblende, microcline, garnet, magnetite,
titanite, zircon, apatite, tourmaline, monazite are often present (Fig. 2.19).

In the vicinity of the pre-Riphean unconformity surface specific pegmatoidal “augen™

gneisses are observed. They are generally altered in the regolith and composed of quartz,
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relicts of biotite, rare feldspar and abundant chlorite and some interstratified minerals, which

have replaced biotite (Fig. 2.20).

Fig. 2.20. Specific pegmatoidal “augen™ gneiss in the vicinity of the pre-Riphean unconformity surface.
A: sample DDH-843 — 150 m (Karku deposit area. ore zone II), Photomicrograph scales: B - 1000um, C
200pum
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2.2.2. Accessory mineralogy of the Paleoproterozoic basement formations

Sample DDH Rock type Zircon Monazite Other Zr, Th, U, ZREE,
number location alteration alteration accessories | ppm ppm ppm ppm
phases phases
4-03-01 Surface Graphitic schist zircon monazite sulphides 177 12 3 176
Pitkyaranta
627-149 DDH Graphitic schist zircon monazite sulphides n.a. n.a. n.a. n.a.
Karku 1 (pyrite)
843-150 DDH Regolithized zircon Th-monazite | Ti oxides, 162 205 8 537
Karku | graphitic schist (=20 wt. % of | sulphides
Th)

Table 2.3. Description, location, mineralogical occurrences and whole-rock composition of the Paleoproterozoic
gneisses and schists of the Northern Ladoga Domain. Whole-rock trace elements composition for the sample DDH-
627 — 149 is not available.

Zircon

Idiomorphic, slightly elongated, mainly prismatic grains with well-developed dipyramid
faces are typical features of the zircon grains from the Paleoproterozoic graphitic schists.

Primary zoning of crystals is generally invisible (Fig. 2.21).

500, ym BSE 2 50, yim BSE 2

Fig. 2.21. BSEM images of a zircon grain in the Paleoproterozoic graphite-biotite gneisses (sample DDH-627-
149, Karku deposit area). Photomicrograph scale: A — 500 um, B — 50 pm

Altered zircon domains occur everywhere and without well define selectivity (though
mainly developed at the margins of the grains). The altered zones have extremely different
shapes. In average zircon in schists contains 61.85 + 5.32 wt. % of ZrO,, 29.78 + 3.28 wt. %
of Si0; and 1.42 + 0.33 wt. % of HfO, (see Annex zircon). The brightest (in BSEM images)
non-altered zircon domains correspond to classical zircon composition. The most altered

zircon domain contains only 43.63 wt. % ZrO,, 18.03 wt. % SiO, 0.82 wt. % of HfO,. Hence,
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substituted elements reach up to 9.58 wt. %. The altered zircon domains (the darkest in BSEM

images) may contain up to 4.90 wt. % of ThO,, 3.71 wt. % of Al,0O3, 2.36 wt. % of CaO, 1.99

wt. % of Y,03, 1.18 wt. % of U,0O; and 1.20 wt. % XREE (with HREE predominance).

34
I Plutonic rocks

area

e L

Fresh
zircon

b
{ %7

Si+ Zr + Hf, atomic

30
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Fig. 2.22. Substitution of Zr + Hf + Siby Al + P + Ca + Fe + Y + U in zircons from the Paleoproterozoic schists
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., =
33 ’r: e
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= Paleoproterozoic gneisses and schists

Fig. 2.23. Substitution of Zr + Hf + Si by U in zircons from the Paleoproterozoic schists
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A maximum of 4 atoms among 33 in the zircon formula of graphitic schists are substituted
by Ca, Al, Fe, Y, P, Th, U (Fig.2.22). Maximum uranium substitution is about 0.2 atoms for
U content — 1.18 wt. % in this point (Fig. 2.23).

Monazite and associated monazite alteration

Monazite from graphitic schists is relatively abundant, typically isometric, well-rounded

with poorly developed natural faces (Fig. 2.24).

Fig. 2.24. BSEM images of detrital monazite grains from the Paleoproterozoic graphite-biotite gneisses (DDH-
627-149, Karku deposit area). Photomicrograph scales: A — 23.1um, B - 30pm, C — 17.6 pum

- A monazite;.;ﬁ' - graphite

Fig. 2.25. Abundant monazite in the Paleoproterozoic graphite-sulphide-biotite gneisses (DDH-627-149, Karku
deposit area) BSEM image photomicrograph scales: A —45 mm, B — 1.2 mm
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Fresh, non-altered grains have classical Ce-monazite composition, and in average
contain 32.24 + 5.52 wt. % of P,0s, 26.72 £ 3.37 wt. % of Ce;03, 12.03 £ 2.06 wt. % of
Lay03, 3.60 = 1.21 wt. % of ThO; (see Annex monazite). Mostly included in quartz grains,
quite often — close to graphite flakes within sulphide veins together with pyrite, zircon and
xenotime (Fig. 2.25). Alteration of monazite is quite rare. Monazite can be associated with
xenotime and pyrite (Fig. 2.24-C).

Maximum P — LREE substitution is only 3 atoms of Si, Ca and Y. There are no

substitution of Al, Fe, Th and U in these relatively fresh graphitic schists (Fig. 2.26).

35
B Pakeoproterozoic graphitic schists - DDH-627-149

O Pakeoproteroznic graphitic schist - 4-03-01

X Regoltheed graphitic schists - DDH-843-150
30

P + REE, atomic
[ ]

20

Si+Ca+ Y + Th+ U, atomic

Fig. 2.26. Substitution of P + REE by Si+ Ca + Y + Th + U in monazites from the Paleoproterozoic schists

Fig. 2.27. BSEM images of monazite grains from a pegmatoidal gneiss in the vicinity of the pre-Riphean
unconformity surface (DDH-843-150 m, Karku deposit area, ore zone II). Photomicrograph scales: A — 86 um, B
100 um, C — 60 pm
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Monazite from the “augen” pegmatoid in the vicinity of the Pre-Riphean unconformity
surface is very rich in Th (18.58 + 1.61 wt. % ThO,, Annex monazite). Phospohorus contents
vary from 32.24 to 24.61 wt. % P,0Os, whereas silica increases up to 3.39 wt. % (Fig. 2.27).
Maximum P — LREE substitution in these monazite grains is up to 7,5 atoms with Th (3.4
atoms), Si, Caand Y (Fig. 2.26).

We have no evidence of monazite alteration in the Paleoproterozoic graphite-biotite and
biotite gneisses and schists. In the vicinity of the regolith zone, the Th-rich monazite shows a
patchy distribution of the domains with varying Th contents, including «intergrowth-like»
pattern (as described by Zhu & O’Nions, 1999). The high Th content of the monazites from
the regolithized Paleoproterozoic gneisses and schists is a primary feature. Such high Th
contents are observed in monazite from high grade metamorphic rocks, because the average
Th-content in monazite increases with the temperature if Th is available in the rock
(Overstreet, 1967). This rock is particularly enriched in Th (205 ppm). Such Th-rich
pegmatoids, rich in monazite are also quite common in the basement of the Athabasca basin

(Brouand and Cuney, person. com.).
Whole-rock Zr, LREE and Th gneisses geochemistry concerning to mineralogical aspect

Zr in the Paleoproterozoic gneisses and schists is mainly contained in zircon. Y is
relatively enriched in the altered parts of zircon grains and in xenotime, which sometimes
occurs at the margin of monazite grains (Fig. 2.24c¢). Non-altered zircon contains less than 0.1
wt. % Y. The altered part may contain up to 3 - 4 wt.% Y (exchange Zr*' «&> Y*"). The Zr/Y
ratio is an indicator of the degree of zircon alteration in Proterozoic clastic basins: in fresh
zircons this ratio is higher than 100 (Fig. 2.28), while altered zircons are typically
characterized by Zr/Y ratios between 100 and 20 (Kister, 2003). The Paleoproterozoic
gneisses and schists of the Karku area present Zr/Y ratios ranging from 20 to 1, much lower
than the ones recorded in the Athabasca basin, indicating a stronger mobility of yttrium during
zircon alteration in the Karku area.

Average Th/U ratio of intrusive rocks is close to 4. The metasedimentary
Paleoproterozoic gneisses and schists of the Karku area (Fig. 2.29) have Th/U ratios mainly
ranging from 10 to 1, most of them present U-enrichment with Th/U lower than 2, some are
strongly enriched in U, with Th/U ratios down to 0.01 or more. Some of these samples rich in
uranium are however located away from the mineralized zones and thus indicate that the

Paleoproterozoic gneisses and schists of the Karku area were initially enriched in uranium.
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The sample the richest in Th, corresponding to the pegmatoid, have the highest Th/U

ratio (Th/U = 10), which may indicate an uranium loss.
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Fig. 2.28. Y vs. Zr diagram for the Paleoproterozoic gneisses and schists
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Fig. 2.29. Th vs. U diagram for the Paleoproterozoic gneisses and schists

Th is also well correlated with light rare-earth elements (LREE), because these elements
are mainly hosted in the same mineral, monazite. La can be chosen as an indicator of the
LREE behavior. Archean and Proterozoic quartzites and shales all over the world have similar

Th/La ratios between 0.2 and 0.4 (Cuney et al., 2000; Mathieu et al., 2001). In the Th/La
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diagram (Fig. 2.30) most Paleoproterozoic gneisses and schists from the Northern Ladoga
Domain have Th/La ratio series ranging from 0.4 to 0.2. About 20% of the samples have
Th/La higher than 0.4 indicating a depletion in LREE. Only one sample with Th/La lower
than 0.2 indicating a slight LREE enrichment.

10000 +
E © Pitkyaranta gneisses and schists
# [mpilakhti biotite gneisses and schists
B |mpilakhti graphite-biotite gneisses and schists
1000 - X Impilakhti altered graphitic gneisses _
X Impilakhti altered graphitic schi . AT
I Sleres ERpAc SCISE st | a depletion o2
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g .
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Fig. 2.30. Th vs. La diagram for the Paleoproterozoic gneisses and schists. The Th/La field represent the field for
the sediments
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2.2.3. Alteration processes in the Paleoproterozoic basement formations

On the basis of petrographic observations and mineral paragenesis, three main alteration
stages have been distinguished in the Paleoproterozoic basement formations in the vicinity of
the Riphean clastic sediments of the Pasha — Ladoga basin (Salmi area) (Bylinskaya et al.,
2004; Lobaev et al., 2003; Novikov et al., 2001; Shurilov et al., 2003; Velichkin et al., 2001):

(i) Retrograde metamorphic alteration, associated with the late stage of the
Svecofennian orogeny;

(ii) Regolithic alteration interpreted as representing of a pre — Pasha - Ladoga
paleoweathering profile;

(iii) Hydrothermal alteration, which is related to the uranium mineralization processes

and extends up into the Pasha — Ladoga sandstones.

(i) Retrograde metamorphic alteration

In the Kitelya — Pitkyaranta zone retrograde metamorphic alteration is widespread. The
rocks were first metamorphosed to the upper amphibolite facies at medium pressure, reaching
partial melting. Cordierite appears spatially associated with the development of potassium
feldspar (microclinization). Later, a staurolite-bearing paragenesis formed during epidote —
amphibolite facies metamorphism (Koistinen et al., 1996).

The typical paragenesis of the schists is plagioclase (An;s - »s) + biotite + muscovite +
quartz replaced by the low-temperature association of sericite + chlorite + rare carbonate.
Fresh cordierite is relatively rare and often replaced by finely crystalline flaky muscovite or
phlogopite or fibrolite — sillimanite. The plagioclase — biotite paragenesis is replaced by the
muscovite + garnet + quartz + fibrolite paragenesis. At the contacts with quartz grains, garnet
flattened along the schistosity, and staurolite cutting the schistosity appears.

Studies of garnet and biotite from the Paleoproterozoic schists (Baltybaev et al., 1996)
has indicated two-stages of metamorphism. The first stage (T = 600 — 650 °C; P = 5 kbar) was
in the conditions of the amphibolite facies, the second (T = 460 — 560 °C; T = 2.2 — 3.7 kbar)

was in the conditions of the epidote-amphibolite facies.
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(ii) “Regolithic” alteration stage

Just under the Athabasca sediments the basement, an alteration profile called “regolith”,
is developed in the uppermost basement rocks through the whole Athabasca basin and has
been attributed by some authors to “paleoweathering” (Hoeve & Sibbald, 1978; McDonald,
1980, 1985, Bruneton, 1993). However, Cuney (2003) from the similarity of the clay mineral
paragenesis observed in the basement and the absence of Ce-anomaly typical of laterites
proposed that the alteration profile may result from the alteration of the basement by the
diagenetic fluids. The regolith thickness may reach up to 40 — 50 m. Macroscopically, it
shows four zones characterized by different colours, which are from bottom to top: (1) green;
(2) transitional green — red; (3) red and (4) orange, ochre to white a “bleached zone™. The
thickness of the bleached zone (0.1 — 1 m) is larger near the uranium deposits.

In the first three zones the primary metamorphic or granitic textures of the rocks are
preserved. At the top, in the bleached zone rock textures are partially or totally destroyed. Fe-
and Mg-chlorite, sudoite and illite are present in the first two zones. In the third red zone,
kaolinite is the predominant mineral with hematite and illite (Pagel, 1991; Bruneton, 1993).
The transitional green-red zone is a basin-wide redox boundary separating oxidized Athabasca
red-bed sandstones above the unconformity from reduced basement rocks below (Hoeve &
Quirt, 1984). Differences in the thickness of the regolith are primarily due to variations in the
basement rock types (McDonald, 1985), i.e. quartz-feldspathic gneisses and calc-silicate rocks
are more deeply weathered than graphitic rocks.

In the Ladoga Lake area this phenomenon was also observed regionally. The alteration
profile in the graphite-biotite gneisses and schists is widespread and its thickness varies from
1 — 5 to 20 — 30 m. Along the faults, the thickness of the alteration profile may reach 40 — 90
m. Three alteration zones have been identified in the Ladoga Lake area profiles (Fig. 2.34)
which are from bottom to top: (1) slightly altered mostly green zone; (2) kaolinite — chlorite —
hydromica green zone and (3) kaolinite - hematite red zone (Novikov et al, 2001).

Alteration process begins with illitization of plagioclase and chloritization of biotite in
the green zone. In the upper part of the profile, the granite, gneisses and schists are partially to
totally replaced by kaolinite and illite. In basic rocks interstratified illite-chlorite and brownish
illite-smectite clay minerals appear. Bleached zone has not been distinctly observed, but only

some colour variations from whitish to brownish are described.
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751-74m AL

H 5 L L - |
A — red zone: hematized, partially disintegrated gneiss B — hematite developed on chlorite-carbonate matrix
DDH-751-74 m (DDH-751-74 m), parallel nicols, scale 200 um
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e mna ] - ¥ - 200 ym
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hematized gneiss DDH-751-75 m (DDH-751-75 m), parallel nicols, scale 200 um
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E — green zone: predominant chlorite alteration with F — Carbonate totally replaces plagioclase, chlorite
carbonate in sulphidic biotite gneiss DDH-751-85 m develops on biotite. different clay minerals are also

present (DDH-751-85), rossud nicols, scale 1000um
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G — relatively fresh graphite-biotite gneiss H — beginning of the alteration process with clay
DDH-751-87 m minerals - illite formation (DDH-751-87 m),

parallel nicols, scale - 200 pm
Fig. 2.31. Typical alteration profile in the graphite-biotite gneisses and schists (DDH-751, Karku deposit area)

As the type of clay minerals observed in the alteration profile at the top of the basement

below the Pasha — Ladoga basin scale are similar to those observed in the overlying
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sediments, it appear that the syn-diagenetic alteration processes have also strongly affected
the underlying basement formations, as observed in the Athabasca regolith profile. It is not
totally excluded that a paleoweathering may have existed, but it has been strongly overprinted
by the syn- and post-diagenetic alteration. Carbonates are frequently present in the green and
red zones (usually 0 — 5 wt. % of CaO, sometimes up to 26 wt. % in DDH-751-75 m), at

variance with what is observed in the Athabasca, but are typical of the ore stage at Karku.

(iii) Hydrothermal alteration stage

The syn-ore hydrothermal alteration Analysis 625-140 | 625-157 | 319-193
; number

stage may have locally totally obliterated S0, TRE 3564 X
earlier metamorphic retrograde and syn- [ALO; 2138 | 2300 ( 2147
MgO 17.87 16.30 13.04

diagenetic alteration in the Archean - [FeO 18.30 11.05 26.81
) ) TiO, 0.08 0.38 0.03
Paleoproterozoic formations of the basement. MnO 021 0.23 1.25
: CaO 0.12 0.36 0.04

The syn-ore hydrothermal alteration |N,.0 0.01 1.67 0.02

. : . K,O 0.39 0.04 0.01
event in the basement is accompanied by Total 37.67 38,66 38.08
partial  dissolution or  pseudomorphical |Si 3.02 3.13 2.6
Al"Y 0.98 0.87 1.39

replacement of the rock-forming minerals of |AIY 1.62 1.62 1.20
; s ; Mg 2.74 2.87 1.99

the Paleoproterozoic gneisses and schists |[ge 2 1.57 1.00 2.29
= - Ti 0.01 0.03 0.00
(plagioclase, K-feldspar, quartz, biotite) by |, 0.02 0.02 0.11
neoformed chlorite, interstratified clay minerals Total VI 5.96 5.54 5.60
Ca 0.01 0.04 0.00

and carbonates. Uranium mineralization |Na 0.00 0.33 0.00
. ) . K 0.05 0.01 0.00
(pitchblende and coffinite accompanying by Fe/(Fe+Mg) 0.36 0.26 0.54
Points number 22 10 18

different sulphides) is also observed in the Table 2.4. Chemical composition of chlorites
upper part of the basement formations in the from slightly mineralized basement formations
vicinity of the unconformity surface.

Chloritization of the Archean — Paleoproterozoic basement is a prolonged superimposed
process of alteration, which starts from the retrograde metamorphic stage, continues during
the diagenetic alteration of the Pasha — Ladoga clastic sediments and finally during the
hydrothermal ore stage.

Thus, the chloritization process is widespread and characterized by the formation of
different types of chlorites and interstratified chlorite-smectites (Bylinskaya et al, 2004).
Green to dark-green Mg-Fe chlorite (ripidolite) is typical of the graphitic gneisses in the

vicinity of the unconformity surface away from mineralized zones (DDH-319-193 m - Fig.

109



Chapter 11

Ladoga Lake area basement formations

2.32, Fig. 2.33). Dark-green Fe-Mg chlorite (chamosite - pycnochlorite) is observed in the

vicinity of the unconformity surface within the ore zone III of the Karku deposit (DDH-625-

140 m — Fig. 2.32, Fig. 2.35). Fe-Mg chlorite (pycnochlorite - delessite) is observed in the ore

zone 11 of the Karku deposit (about 20 m from the unconformity surface) (Fig. 2.32, 2.36).

Chemical compositions of chlorites from DDH-625 and DDH-319 (Karku deposit area) (for

DDH location see Fig. 1.26) were analyzed by electron microprobe at the Henri Poincaré

University (Table 2.4) and their structural formula were calculated (Table 2.5).

Sample Structural formula of chlorite Distance to unconformity
number surface

625-140 m (Mg 574 Fe 157 Mn g g0 Al 162) (Si 302 Al g9g) O 190 (OH) g - pycnochlorite 8m

625-157 m {Mg 287 Fe Mn 0.02 Al |.(,3) (Sl 3.13 Al 0.37) O 10 (OH) 8- delessite 25m

319-193 m {Mg 1.99 Fe 2.29 Mn 0.11 Al 1‘20) (Sl 2.61 Al |_39) (0] 10 (OH) g - l'lp!dOllte Graphlllc gﬂCiSS

Table 2.5. Structural formula of chlorites from the mineralized (Karku deposit area, ore zone III - DDH-625) and
slightly mineralized (Karku deposit area, ore zone 1 - DDH-319) Paleoproterozoic basement formations

Thuringite Chamosite Delessite
] -

(Fe/Fe+Mg)

(5]

Daphnite

/

%5 T 8=
Ripidolite
¥ .
#;r Pycnochlorite] °
+
H »
o
‘? & ool 0
___?_0}__9_2_0-—40—-0-"34
[ S
©
2.5 3 ) 3,5 4
Si

+ Chlorites from DDH-319-193 m

# Chlorites from DDH 625-140 m

*
/ o Chlorites from DDH-625-157 m
L4

4.5

Fig. 2.32. Chlorites from the Paleoproterozoic graphitic gneisses and schists of the Karku deposit area (present
work) in the classification chlorite composition diagram

Mg-Fe chlorite (ripidolite) in the weakly altered graphitic gneiss from the deepest part
of the drill hole (DDH-319-194 m) has the highest Fe/(Fe+Mg) ratio (0,54) and highest Al-
content in the tetrahedral sites (Aljy =1.4) (Fig. 2.34). High Al content in the tetrahedral sites
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of chlorite can correspond to high formation temperature: more than 300 °C (Nieva &

Cathelineau, 1985) and may correspond to retromorphic chlorite.

Fig. 2.33. Chlorite (ripidol

ite) and sericite (photo B) in the quartz-biotite gneiss with graphite and sulfides (DDH-
319 - 193 m, Karku deposit area, ore zone 1). Microphotograph scale : A - 0.25 mm ; B - 0.05 mm

4 e : ; . ;
® chlorite from Los-Azufres volcanics with approximate temperature i - %
+ chlorite from DDH-319-193 m Or 3
# chlorite from DDH-625-140 - D y
© chlorite from DDH-625-157 ) v 2
« W -T~ N
L O 5 W
- 1)) O =l
o * -2 L ','_".3
=2 ¢ o DB
2 R
< o * o lee o B 2 2
- A 3

- @ ﬁ" PO o
130°C 180°C & °¢:’u°°§°++ ) =2 3G
[ 200°C @%@, .. ¢ # A
260° C D

! 250°C bl

0
0 0,5 1 1.5 2
AllV

Fig. 2.34. Chlorites from the Paleoproterozoic gneisses and schists in the diagram Al vs. Aly (chlorite
formation geothermometer — after Cathelineau & Nieva, 1985)

The average chlorite from graphitic schists in the ore zone III of the Karku deposit area
(intermediate depth - DDH-625-157 m) and the average chlorite from the graphitic gneiss just
below the unconformity (DDH-625-140 m) have the lowest Fe/(Fe+Mg) ratios (0.26 and 0.36

correspondingly) and lower Al-content in the tetrahedral sites (Aljy = 0.87 and 0.98

111



Chapter 11 Ladoga Lake area basement formations

correspondingly) corresponding to low formation temperatures — from about 100°C to 200 -

240°C respectively (Fig. 2.34).

Fig. 2.35. Chlorite (pycnochlorite) and interstratified Fig. 2.36. Chlorite (delessite) in the leucocratic biotite
minerals neoformation, accompanied by quarlz gneiss (DDH-625-157 m, Karku deposit, ore zone II1)
dissolution and biotite alteration (DDH-625-140 m, Microphotograph scale - 0.1 mm

Karku deposit, ore zone I1I) Microphotograph scale -

0.25 mm
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2.2.4. Petrogeochemistry of the Paleoproterozoic basement formations

Major elements distribution

Major and trace elements composition of the Paleoproterozoic gneisses and schists
including amphibolitic, biotitic, graphitic and sulphidic varieties is listed in the Annex
Paleoproterozoic. The major element compositions of selected slightly altered samples are

listed in the table 2.6. DDH and outcrops samples location is presented in Part 1.4.

Reference group 1 2 3 4 5
Sample number 4-03-01 319-193 816-225 306-100 843-250
Si0;, 65.10 52.25 67.70 59.05 59.63
AlLO; 15.14 18.13 10.45 15.98 13.69
Fe,0; 6.53 10.00 6.37 7.24 6.27
MnO 0.07 0.08 0.12 0.09 0.06
MgO 2.16 544 2.60 4.99 5.60
CaO 1.67 241 1.49 2.82 2.62
Na,O 3.34 3.70 0.91 3.10 2.63
K,0 2.83 3.78 2.26 2.62 3.39
TiO, 0.64 0.85 0.39 0.75 0.68
P, 0.14 0.14 0.06 0.12 0.10
PF 1.76 2.76 5.88 3.26 4.12
Total 99.38 99.53 98.23 100.01 98.79

Table 2.6. Major elements composition of selected slightly altered analysis of the Paleoproterozoic rocks of the Northern
Ladoga Domain. Reference groups are correspond to: | - Pitkyaranta biotite-amphibole schist; 2 - 3 - Impilakhti biotite
gneisses and schists: 4 - 5 - Impilakhti graphite-biotite gneisses and schists

The Paleoproterozoic gneisses and schists have a composition with highly variable
quartz, feldspar, carbonate and calc-silicate contents. They are generally migmatized to
various extend. In the vicinity of the contact with the Salmi rapakivi batholith, skarns and
pegmatites are widespread. Close to the Riphean volcanic-terrigenous cover all these rocks

are strongly altered. The major element composition of selected fresh samples are listed in the

table 2.7.

Reference group 1 2 3 4 5
Sample number 306-90 835-245 843-150 654-151 751-80
SiO, 68.46 45.08 68.69 60.07 62.72
AlLO; 11.78 22.55 14.00 13.13 10.66
Fe,0; 9.94 15.33 8.49 8.73 10.82
MnO 0.06 0.08 0.05 0.08 0.08
MgO 1.89 2.89 1.26 3.22 6.13
CaO 0.66 1.41 0.00 1.41 0.17
Na-0 0.22 0.19 0.00 0.33 0.26
K,0 3.01 4.35 1.16 2.07 1.45
TiO, 0.12 1.12 0.48 047 0.56
P05 0.00 0.72 0.05 0.14 0.11
PF 4.10 6.19 4.85 10.82 7.40
Total 100.24 99.91 99.03 100.47 100.36

Table 2.7. Major elements composition of selected altered analysis of the Paleoproterozoic rocks of the Northern Ladoga
Domain in the Karku deposit area. Reference groups are correspond to: | - Impilakhti regolithized graphite-biotite gneiss (ore
zone 1); 2 - Impilakhti regolithized graphite-biotite gneiss: 3- Impilakhti regolithized “augen™ graphite-biotite gneiss (ore

zone I); 4 - Impilakhti regolithized graphite-biotite schist (ore zone II); 5

Impilakhti regolithized graphite-biotite schist
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Fig. 2.37. The Paleoproterozoic gneisses and schists in the (Al + Fe + Ti)/3 — Na vs. (Al + Fe + Ti)/3 - K
diagram (Moine & de la Roche, 1968). to identify the initial protoliths of metasediments
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Fig. 2.38. The Paleoproterozoic gneisses and schists in the Ca + Mg vs. Al + Fe + Ti diagram (Moine & de la
Roche, 1968), to differentiate Ca-Mg rich greywackes from basalts

Five main varieties of Paleoproterozoic rocks depending on their prevalent rock forming

minerals, schistosity and alteration degree have been distinguished:

(i) Four groups, belonging to the Impilakhti Suite subdivided into
- slightly altered graphite-biotite schists;
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- slightly altered mainly biotite gneisses;
- regolithized graphite-biotite schists;
- regolithized graphite-biotite gneisses;

(ii) One, belonging to the Pitkvaranta biotite-amphibole gneisses and schists.

The diagram (Al + Fe + Ti)/3 - Na versus (Al + Fe + T1)/3 - K (Moine & de la Roche,
1968) allow first to distinguish sedimentary (mainly positive values of the (Al + Fe + Ti)/3 -
Na parameter) from magmatic rocks (mainly negative values of the (Al + Fe + Ti)/3 - Na
parameter)(Fig. 2.37). To distinguish the greywackes and Ca-rich lithologies from the basalts

which may be confused in this diagram, the interpretation of the data has to be coupled with

the Al+ Fe + Ti versus Ca+ Mg diagram (all parameters calculated in millications, Moine

and de la Roche, 1968) (Fig. 2.38).

: il s B AR . 4,0 { “11cm

e Y || | | e— 2, e AT ) SO ) —

Fig. 2.39. Amphibolite of the Pitkyaranta suite — former Fig. 2.40. Quartz-feldspar gneiss with carbonates of
metavolcanic rock the Impilakhti suite — former arkose

Most of the samples are located in the sedimentary field in accordance with the
lithological characteristics of the samples in the field. The samples located the closest to the
origin correspond to the quartz richest samples (quartz is located at the origin in the diagram).
Three main group of samples can be distinguished in these diagrams:

- former greywackes (with Na > K) in the (Al + Fe + Ti)/3 - Na vs.
(Al + Fe + Ti)/3 - K diagram (Fig. 2.37), two of them (5-02-01 — Pitkyaranta suite
(Fig. 2.39) and DDH-605-140 — Impilakhti graphite-biotite gneiss) may eventually
correspond to former basalts in the Al + Fe + Ti vs. Ca + Mg diagram (Fig. 2.38),
but have element patterns have to be considered to control such an origin
(especially REE) because the two samples richer in Ca + Mg plot just at the limit
between the basalt and greywackes field. The other Ca + Mg rich samples

correspond to calcareous greywackes.
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- former shales and marls (K > Na) (the main part of the samples) representing a

mixture between quartz and clays (mainly kaolinite and/or chlorite).

- illite-rich shale plotting on the positive part of the (Al + Fe + Ti)/3 - Na axis.

The less altered Impilakhti graphitic gneisses present wide range of composition
spreading all over the different sedimentary field from relatively basic greywackes to very
potassic shales or even arkoses (one sample - DDH-625-154 (Fig. 2.40)), plotting in the lower
right part of the diagram, is very rich in K-feldspar (former meta-arkose).

The Pitkyaranta biotite-amphibole gneiss (sample 4-03-01) plots in the greywacke
field, the Pitkyaranta quartz-feldspar-biotite gneiss (DDH-389-194 — Fig. 2.19-D) in the illitic
shale field.

The Impilakhti regolithized gneisses and schists (DDH-654-146, 654-147) plot in the
shale field because alteration tend to remove preferentially sodium and thus create a relative

enrichment in alumina corresponding to the development of abundant clay minerals.

Trace elements distribution in the vicinity of a contact between Paleoproterozoic regolithized

and Riphean clastic sediments

In the petrochemical diagrams all selected samples of Paleoproterozoic schists and
gneisses are characterized by highly variable major element compositions. For the study of
the primary distribution of trace elements chondrite-normalized spidergrams are used for
slightly altered amphibole-biotite gneisses of the Pitkyaranta suite (Fig. 2.41) and for slightly
altered biotite gneisses of the Impilakhti suite (Fig. 2.42). Their spidergram patterns are
relatively similar, but in the biotite gneisses of the Impilakhti suite — are more constant.

They are characterized by U contents of about 3 — 5 ppm and not exceeding 9 ppm
(DDH-327-221), Th value is about 8 — 15 ppm (up to 25 ppm in DDH-614-100), Rb - 100
ppm (maximum 170 ppm), Ba — 50 — 80 ppm, in feldspars-rich lithologies — up to 1000 ppm ,
Sr values vary from 9 to 280 ppm, Nb - 2 - 14 ppm, Zr — 33 - 280 ppm, La - & - 54 ppm, Ce -
18-90 ppm, Sm-2-7ppm, Yb-1-3ppm and Y -7 - 28 ppm.
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Fig. 2.41. Chondrite-normalized trace element patterns of the slightly altered Pitkyaranta gneisses in the Karku
deposit and Salmi — Pitkyaranta areas (Northern Ladoga district) (spidergram type after Holm (1979); chondrite
composition after E. Anders and N. Grevesse: hitp://earthref.org/GERM/reservoirs/C1.htm)
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Fig. 2.42. Chondrite-normalized trace element patterns of the slightly altered Impilakhti gneisses in the Karku
deposit and Salmi — Pitkyaranta areas (Northern Ladoga district) (spidergram type after Holm (1979); chondrite
composition after E. Anders and N. Grevesse: http://earthref.org/GERM/reservoirs/C1.htm)

For a better interpretation all samples were divided into different groups according to
their origin: shales and greywackes the most abundant, basalts and arkoses more scarce.
To compared altered former shale lithologies (see Fig. 2.37 — 2.38) relatively fresh

former shale lithologies were selected from the Impilakhti biotite gneisses. A mean of the
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“former shale™ (816-185-1, 816-186, 816-196, 816-225, 319-142) was calculated (Table 2.8)

for normalization (spidergram type after Holm (1979)):

ppm [ Rb | Ba | Th U K Nb [ La | Ce | Sr P Zr | Sm | Ti Y Yb

shale | 80 | 234 10 - 1.8 11 37 67 37 [0.15] 145 6 0.6 23

(B

Table 2.8. Trace element values calculated for Mean of “former shale™ sample
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Fig. 2.43. Mean “former shale™-normalized trace element patterns of the Impilakhti graphite-biotite gneisses and
schists in the Karku deposit area (Northern Ladoga district) (spidergram type after Holm (1979):
| — slightly altered gneisses: 2 — regolithized gneisses: 3 — regolithized schists.

By comparison with the “average former shale™ (slightly altered biotite gneisses of the
Impilakhti suite), graphite-biotite gneisses are characterized by a similar distribution of trace
elements:

- a slight enrichment is observed for U (graphite-bearing lithologies in 1.5 - 2 times
richer in U than biotite gneisses), KO and Sr;

- a slight depletion is observed for Ba and Zr, Nb with 0.5 to 2 average “former shale;

- nearly the same distribution is observed for Rb, P,Os, TiO,, Th, Y and LREE and Yb
(Fig. 2.43-A).

Strong variations in the trace element distribution are observed in the regolithized
graphite-biotite gneisses (mostly in “augen” gneisses). In the vicinity of the unconformity
surface (ore zone I - DDH-843-150 m — red line in Fig. 2.43-B) in comparison to the gneiss,
which are in 4 meters below (DDH-843-154 m — rose line in Fig. 2.43-B) strong Th (200 ppm
to 45) and LREE (520 ppm to 130) enrichment is observed, but this is related to a local Th-
rich pegmatoid injection which can be really compared with the graphite-biotite gneiss. Also
for the “augen” gneisses, but in the ore zone III moderate U enrichment is observed.

In the regolithized graphite-biotite schists variations in the trace element distribution are
not significant. Th, LREE and Zr depletion in DDH-751 is observed in the vicinity of the
unconformity surface and U enrichment - in DDH-654-151 m (Fig. 2.43-C).
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For comparison with altered former greywacke lithologies (see Fig. 2.37 — 2.38) some
relatively fresh former greywacke lithologies were selected from the slightly altered
Impilakhti graphite-biotite gneisses. The average for a “former greywacke” sample (654-215,

654-310) was calculated (Table 2.9) for normalization (spidergram type after Holm (1979)):

ppm Rb | Ba | Th U K | Nb | La | Ce | Sr P Zr | Sm | Ti Y Yb

greywacke | 92 | 290 | 17 8 1.4 12 [ 43 | 88 | 121 | 0.1 | 119 8 0.2 | 40 .

Table 2.9. Trace element values calculated for Average “former greywacke” sample

In comparison to the “average former greywacke™ and slightly altered graphite-biotite
gneisses of the Impilakhti suite (DDH-654-215, 654-310), altered graphite-biotite gneisses are
characterized by no significant variations in the trace elements distribution which may result
from the initial heterogeneities of the metasediments (Fig. 2.44). Only U content in DDH-
654-151 reaches value of 10 “former greywackes”, all other elements are varied within the 0.2

— 5 values of “former greywackes”.

100 S— T
I —h54-147
p— Y
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— 530

—_— - 00
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—_—h.1e3

Rock/Mean “former greywacke"

FImpilakhti regolithized graphite-biotite gneisses (including "augen” gneisses)
0,01
Rb Ba Th U K Nb La Ce Sr P Lr Sm Ti Y Yh

Fig. 2.44. Average “former greywacke”-normalized trace element patterns of the Impilakhti gneisses and schists
of the Karku deposit area (Northern Ladoga district) (spidergram type after Holm (1979)

For a better understanding of the trace element distribution with depth and alteration
degree the geochemical information has been also examined according to the depth position
of the samples in the drill holes in the vicinity of the Pre-Riphean unconformity surface also
with mean “former shale”-normalized and “former greywacke”-normalized spidergrams (Fig.
2.45). DDH-654 (ore zone III), DDH-843 (ore zone 1) and DDH-751 (in the vicinity of the
Karku deposit) (For DDH location see Fig. 1.26).
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Fig. 2.45. Trace element distribution in the Paleoproterozoic gneisses and schists in concerning to the DDH
position and depth of the samples
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In DDH-654 (ore zone IIl) trace elements distribution was compared with Mean of
“former greywackes”. With depth it varies slightly: Rb is slightly depleted, Ba, Sr, Nb, LREE,
Y and Yb are slightly enriched, Th content varies very slightly. U content increases from the
unconformity surface (0.45 of former greywacke value) up to 5 meters from the
unconformity (10 times to former greywacke value) and then with depth its content decreases
up to | of former greywacke.

In DDH — 843 (ore zone 1) together with U, Th and LREE contents decrease with depth
significantly: at 1 meters from the unconformity surface a strong Th (about 200 ppm) and
moderate LREE enrichment is observed and in the fresh rocks with depth Th content is about
5 - 9 ppm. With depth Ba, Sr enrichment is observed.

In DDH-751 (within the limits of the Karku deposit area) former shale lithologies’ trace
element distribution with depth are studied: in the regolithized rocks strong depletion of Th
and moderate of all other elements within 2 meters from the unconformity are observed. With

depth Nb, Rb and Sr contents increase. In 6 meters from the unconformity maximum U (14

ppm) is observed.

Rare-Earth elements distribution

1000 1000
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Fig. 2.46 Chondrite-normalized REE patterns of the Pitkyaranta amphibole-biotite gneisses and amphibolites and
the Impilakhti slightly altered biotite gneisses of the Pitkyaranta - Salmi - Karku deposit areas (Northern Ladoga
district) (spidergram type after Holm (1979); chondrite composition after E. Anders and N. Grevesse:
http://earthref.org/ GERM/reservoirs/C1.htm)
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At first rare-earth elements (REE) distribution and total REE contents in the
Paleoproterozoic rocks are studied in the relatively fresh — slightly altered lithologies. Total
REE contents are similar in the slightly altered Impilakhti biotite gneisses and in the
Pitkyaranta amphibole-biotite gneisses (EREE = 140 — 160 ppm).

The Pitkyaranta amphibole-biotite gneisses (Fig. 2.46-A) have smoothly fractionated
REE patterns ((Ce/Yb)x = 7 — 10) with no significant Eu anomaly (Ew/Eu* = 0.75 - 0.80). The
slightly altered Impilakhti biotite gneisses (Fig. 2.46-B) have more variably fractionated REE

patterns ((Ce/Yb), = 3 - 12) and distinctly revealed Eu anomaly (Eu/Eu*= 0.7 on average).

Same as for trace elements distribution the Paleoproterozoic gneisses and schists were
divided in two groups by their former origin: shales and greywackes as the most
representative in the analyzed data set (see Fig. 2.37 — 2.38).

For comparison with altered former shale and greywacke lithologies some relatively
fresh former shale lithologies were selected from the Impilakhti biotite gneisses and some
slightly altered greywacke lithologies were selected from the Impilakhti graphite-biotite
gneisses. Mean of “former shale™ sample (816-185-1, 816-186, 816-196, 816-225, 319-142)
and mean of “former greywacke” sample (654-215, 654-310) were calculated (Table 2.9) for

normalization (spidergram type after Holm (1979)):

ppm La Ce Pr Nd | Sm | Eu | Gd | Tb Dy | Ho Er | Tm | Yb | Lu

shale 36.63 6743 | 8.08 [30.08]| 566 | 1.10 | 454 | 0.68 | 3.92 | 0.76 | 2.19 [ 033 | 2.27 | 0.36

| greywacke [ 43.12 | 88.08 | 10.46{ 38.36 | 7.69 | 0.84 | 6.54 | 1.09 | 6.62 | 1.31 | 3.77 | 0.60 | 4.02 | 0.61

Table 2.10. REE values calculated for Mean of “*former shale™ and “former greywacke™ samples

Compared to the non-altered rocks, the regolithized gneisses and schists (Fig. 2.47) are
depleted in total REE. Only one sample (843-150) in the vicinity of the unconformity surface

is characterized by a strong REE fractionation with enrichment in LREE ((Cea’\l’b)N = 75) and

strong Eu negative anomaly (Ew/Eu* = 0.2).
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Fig. 2.47. REE distribution in the Paleoproterozoic gneisses and schists in concerning to the DDH position and
depth of the samples
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Part 3. Paleoproterozoic basement formations of the Western Pasha — Ladoga

basin area (on example of the Yablonevka area drilling - DDH-103)

2.3.1. Geological setting

Crystalline basement of the
Western Pasha — Ladoga basin
area 1S represented by
Paleoproterozoic ~ metamorphic
and intrusive rocks (Chapter 1.2),
which are completely overlaid by
the Mesoproterozoic (Riphean)
and  Late  Mesoproterozoic
(Vendian) clastic sediments.

The Paleoproterozoic
(Kalevian  and  Ludikovian
undivided) rocks of the Priozersk
metamorphic  complex are
represented by biotite, biotite-
amphibole gneisses and schists
with  cordierite, garnet and
sillimanite strongly
metamorphosed in  granulite

facies, which are interpreted

orphyroblastic K granites
I 513 - Paleoproterozoic (Vepsian) Bt granites and granodiorites
I 514 - paleoproterozoic (Vepsian) diorites and granodiorites
[ 522 - Paleoproterozoic Bt, Bt-Amph gneisses and schists
523 - Paleoproterozoic Bt, Bt-Amph gneisses and schists
(under the Mesoproterozoic (Vendian) cover)

Fig. 2.48. Geological map of the basement of the Western Pasha
— Ladoga basin area (after Geological map of the pre-Middle
Riphean formations of the Pasha — Ladoga area (Petrov, Caillat,
Naumov, 2004)). DDH-103 position is shown in the map

usually as the high-temperature analogues of the Paleoproterozoic terrigenous series in the

Northern Ladoga Domain. The gneisses and schists of the Priozersk metamorphic complex

are usually potassic metapelites, strongly migmatized with potassium enrichment. (Baltybaev

et al., 2000). Retrograde metamorphism is very important for the Paleoproterozoic rocks of

the Priozersk zone.

The metamorphic rocks of this zone are various by their composition, but garnet is

presented in the most associations. Typical paragenesis are presented by:

(i) garnet + biotite + plagioclase + K feldspar + quartz;
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(i1) garnet £ cordierite + sillimanite + biotite + plagioclase + K feldspar + quartz (+

spinel);

(111) garnet + orthopyroxene + biotite + plagioclase + K feldspar £ quartz.

Intrusive magmatism of this zone is widespread and represented by early and syn-
orogenic [-type norite-enderbite and gabbro-diorite-tonalite complexes, late-orogenic S-type

potassium granite complexes and post-orogenic mixed-composition mostly alkaline

complexes (Shuldiner et al., 1995).

DDH-103 petrographic description

Fig. 2.49. A - Garnet-biotite coarse-grained gneiss (Yablonevka area, D 103-171 m); B — parallel nicols,
microphotograph scale — 0.5 m
. .;-;:."—-'- i 3 =

(Yablonevka area, DDH-103-175 m)

The fresh garnet-quartz-biotite gneisses in the DDH-103 (Fig. 2.49 — 2.50) is composed
of garnet (20 - 40 %), biotite (20 % in leucosomes and up to 40 % in mesosome), quartz (20 —
30 %) and plagioclase - oligoclase (15 — 25 %). Accessory minerals are rare, mostly ilmenite

or different sulphides. The “regolith™ profile is also observed in the DDH-103 (Fig. 2.51 —

125



Chapter 11 Ladoga Lake area basement formations

2.52) and 1s represented by moderate illitization and sericitization of feldspars and
hematization. In the vicinity of the unconformity more hematized and chloritized gneisses are
observed. At 6 meters from the unconformity there is a zone of intensive kaolinization and

sericitization.

Fig. 2.51. Regolithized quartz-biotite feldspar gneiss Fig. 2.52. S]ighlly- regolithized quartz-biotite feldspar
in the wvicinity of the unconformity surface gneiss at 5 meters from the unconformity surface
(Yablonevka area, DDH-103-157 m) (Yablonevka area, DDH-103-162 m)

1 !-5,} 4 N, %483 > '

" ' WL osmm o : '
Fig. 2.53. Kaolinization of K feldspar and Fig. 2.54. Chloritization of biotite and hematization in the
chloritization of biotite in the vicinity of the vicinity of the unconformity surface (sample DDH-103-
unconformity surface (sample DDH-103-157 m), 156 m), parallel nicols. microphotograph scale — 0.5 mm
parallel nicols, microphotograph scale — 0.5 mm
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2.3.2. Petrogeochemistry of the basement formations

The geochemistry of major and trace elements has been studied for the samples from
drill core DDH-103. Major and trace element composition of the Paleoproterozoic basement
rocks is listed in Annex Yablonevka basement rocks. The major element compositions of

these rocks are also listed in the Table 2.11.

Reference 1 2 3 4
DDH 103-156 m 103-157 m 103-171 ' m 103-176 m
Si0, 60.24 58.25 61.76 63.63
ALO; 15.83 17.22 17.35 16.87
Fe,O, 9.86 8.91 7.26 4.85
MnO 0.03 0.00 0.04 0.09
MgO 2,52 2.85 2.81 2.35
CaO 0.19 0.00 0.46 0.84
Na,O 0.00 0.24 0.20 0.00
K,0 4.88 7.29 3.36 5.32
TiO, 0.89 0.86 0.95 0.55
P05 0.16 0.08 0.26 0.20
PF 5.16 4.09 5.48 5.09
Total 99.76 99,79 99,93 99,79

Table 2.11. Major element composition of the Paleoproterozoic basement rocks of the Western (Yablonevka) Pasha
Ladoga basin area -~ DDH-103: 1 - 2 - slightly altered quartz - feldspar-biotite gneisses; 3 - 4 — quartz-garnet-
biotite gneiss. DDH number and depth of the samples are listed.

kaolinite
. chlorite
200 (Al4Fe+Ti)/3-K
B3
T Basalts Na K ,j
# DDH-103 .5:""“‘0 spilites S ra K>Na
Basals  _ — /'}
m_(.]-' -’/_-l;.;:_\;:ntku ‘J P
> = F AT
Ve 7o 103171 m
o™ _fyf! #;f/. "
o e L7 Mards and shales
lmmm.m 8~ . 103-156m 4 .
magmatic o 'r/ i "
rocks ’f, / B _.--‘]'fl.l-]'."l.‘- m
albite ” o illite
. —- 103-157 h
0 s R (Al+Fe+Ti)/3 - Na
-150 -100 -50 Q 7 A 100 150 200
felsic { \\
magmatic \ Arkoses \
ek 50 -\ '|
" J

K-feldspar
-100

Fig. 2.55. The Paleoproterozoic gneisses of the Western (Yablonevka) Pasha — Ladoga basin area in the (Al + Fe
+ Ti)/3 — Na vs. (Al + Fe + Ti)/3 - K diagram (Moine & de la Roche, 1968) - DDH-103

The Paleoproterozoic gneisses from the DDH-103 (Yablonevka area) are peraluminous

with relatively high SiO, and AlLO; contents. Fe,Os content is also high due to the intensive
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processes of hematization in the vicinity of the pre-Riphean unconformity surface. MgO is
about 2.5 — 3 wt % on average. They are also relatively rich in potassium. Loss on ignition
remains moderate in the slightly altered gneisses.

In the diagram (Al + Fe + Ti)/3 - Na versus (Al + Fe + Ti)/3 - K (Moine & de la Roche,
1968) these rocks plot between the shale field and illite (Fig. 2.55). Therefore they correspond
to allow to former illite-rich pelitic rocks.

Trace elements distribution of the Paleoproterozoic basement rocks of the Western
(Yablonevka — DDH-103) Pasha — Ladoga basin area have been represented in chondrite-
normalized spidergram (Fig. 2.56) and chondrite-normalized REE patterns diagram (Fig.
2.57),

The Paleoproterozoic gneisses from DDH-103 are characterized by a strong
enrichment in all incompatible elements and especially in U and Th near the vicinity of the
unconformity surface (7 and 42 ppm correspondingly), but also 16 meters below (6 and 45

ppm correspondingly).

10000

1000

100

10

Rock/Chondrite

— 176 m-(21 m)

0.1 L R m—, S |

Rb Ba Th U K Nb La Ce Sr P Zr Sm Ti Y Yb

Fig. 2.56. Chondrite-normalized trace element patterns of the Paleoproterozoic basement formations of the
Western (Yablonevka) Pasha — Ladoga basin area — DDH-103 (spidergram type after Holm (1979); chondrite
composition after E. Anders and N. Grevesse: http://earthref.org/GERM/reservoirs/C1.htm)

In the brackets — distances to the unconformity surface are listed
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The Paleoproterozoic gneisses (Fig. 2.57) of DDH-103 have highly fractionated REE
patterns ((Ce/Yb)x = 7.5 - 10) and distinct Eu anomaly in the vicinity of the unconformity and
16 meters below (Eu/Eu* = 0.26 - 0.28) but becoming weak for two other samples (Eu/Eu* =
0.5 — 0.7). A slight depletion of intermediate HREE is observed in samples DDH-103-156 m

and 171 m but id not clear for the two others.
({

10 =

10 -

Rock/Chondrite

! — 156 m- (1l m)
—157m-(2m)
— 17l m-(l6m)
— 176 m-(21 m)

0,1
La Ce Pr Nd Sm Eu Gd T Dy Ho Er Tm Yb Lu

Fig. 2.57. Chondrite-normalized REE distribution patterns of the Paleoproterozoic basement formations of the
Western (Yablonevka) Pasha — Ladoga basin area — DDH-103 (chondrite composition after Anders & Grevesse:
http://earthref.org/ GERM/reservoirs/C1.htm). In the brackets — distances to unconformity surface
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Part 4. Paleoproterozoic basement formations of the South-Eastern Pasha —

Ladoga basin area (on example of the drill cores — DDH-11, 14)

2.4.1. Geological setting

Crystalline basement of the
South-Eastern area of the Pasha —
Ladoga basin is represented by
Archean — Paleoproterozoic rocks
(Fig. 2.58). The Archean granite-
gneisses, granites, plagiogranites,
migmatites  belong to  dome
structures, which are overlaid by the
Paleoproterozoic  (Kalevian  —
Ludikovian) biotite, biotite-

amphibole gneisses and schists,

- 504 Mﬂeptomom rqnhn putu
515 Palesproteronie pnlxm rantes
Kalewnan- Ludik gnmsses and schusts

minor garnet-cordierite-biotite,

=== 524 Paleoproterozear Luddeovian duabases and gabbro-dubases
528 Archean - Paeoproterazon grantes, augmatites

) F ig. 2. 58 Geologlcal map of the basement of the South-Eastern

gneisses.  The  Paleoproterozoic  pasha — Ladoga basin area (after Geological map of the pre-
: . Middle Riphean formations of the Pasha — Ladoga area in a

gneisses and schists are usually  scje 1 : 500 000 (Petrov, Caillat, Naumov, 2004).

DDH-11 and DDH-14 positions are shown in the map

amphibole and biotite-amphibole

graphite-bearing. The Archean -
Paleoproterozoic rocks were metamorphosed to the amphibolite facies at medium pressure
and migmatized to a variable degree. In the south-eastern part of the area Late
Paleoproterozoic plagio-microcline porphyroblastic granites are widespread. In the northern
part of the area the Mesoproterozoic rapakivi granites (Ulyalegi and Lodeinopolsky satellites

of the Salmi batholith — see Part 5 of this Chapter) were emplaced, intruding all rock types.

130



Chapter 11 Ladoga Lake area basement formations

DDH-11 and DDH-14 petrographic description

Fig. 2.59. Quartz-K feldspar-biotite slightly altered gneiss Figl 2.60. Alh.rcd qu.mz-K Fc]dspdr bl()lll:—gm.—ha
(Pasha area — DDH-14-289 m) (sample DDH-14-289 m)
Parallel muols' hotomicrograph scale 0.1 mm

———
Fig. 2.61. Quartz-biotite gneiss with graphite Fig. 2.62. Quartz-feldspar-biotite gneiss with graphite
(Pasha area - sample DDH-14-312 m) (sample  DDH-11-283  m).  parallel  nicols,
pholom‘ icrograph scale 0.5 mm

Fig. 2.63. Quartz — garnet — biolile gneiss Fig. 2.64. Quartz — garnet — biotite gneiss (DDH-11-
(Pasha area - sample DDH-11-291 m) 291 m), parallel nicols, photomicrograph scale 0.5 mm
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Fig. 2.65. Plagioclase-microcline granite Fig. 2.66. Plagioclase-microcline granite (Pasha area -
(Pasha area — sample DDH-14-313 m) sample DDH-14-313 m)
Crossed nicols, photomicrograph scale 0.2 mm

Quartz-K feldspar-biotite and quartz-biotite gneisses sometimes with graphite (Fig. 2.59
— 2.62) are widespread rocks, which consist of quartz (40 %), K feldspar (10 — 20 %), biotite
(15 = 25 %), plagioclase (10 %). Accessory minerals are graphite, zircon and hematite.
Quartz-garnet-biotite gneisses are also present (Fig. 2.63 — 2.64). Alteration “regolith™ profile
1s also widespread and 1s mostly represented by 10 — 30 m thick hematized gneisses. Kaolinite
is also a typical alteration mineral. An alteration zone of intensive hematization (0.5 — 2 m
thick) is a characteristic feature of this area and is usually observed in the vicinity of the pre-
Riphean unconformity surface (Mikhailov et al., 2000; Pichugin, 2000).

The Late Paleoproterozoic plagioclase-microcline porphyroblastic granites represent
abundant small bodies within the Paleoproterozoic gneisses and schists (Fig. 2.65 - 2.66).
Red-rose granites consist of plagioclase (30 — 40 %), K feldspar (20 — 25 %), quartz (20 — 25
%) and biotite (5 %). Accessory minerals are zircon, allanite. They are usually enriched in U

(5 — 8 ppm) (Mikhailov et al., 2000).

2.4.2. Petrogeochemistry of the basement formations

The geochemistry of major and trace elements has been studied in two drill cores
(DDH-11, DDH-14). Major and trace element composition of the Paleoproterozoic basement

rocks is listed in Annex Pasha basement rocks. The major element composition of these rocks

is also listed in the Table 2.12.
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The Paleoproterozoic gneisses are generally peraluminous felsic rocks with high Si10;

and Al,O; contents. The analyzed Paleoproterozoic granite is extremely rich in silica (79.5 wt.

%) and sodium (6.7 wt. % - normative albite) and leucocratic (normative biotite is absent).

In

the diagram (Al + Fe + Ti)/3 - Na versus (Al + Fe + T1)/3 - K (Moine & de la Roche,

1968) which allow to distinguish sedimentary from magmatic rocks (Fig. 2.67) and in the

Al +Fe+Ti versus Ca+ Mg diagram (Fig. 2.68), most samples are located in the

sedimentary field (except one granite sample) and three main groups can be distinguished:

DDH-11: all samples plot in the field of former shales (with K > Na) in the

(Al + Fe + Ti)/3 - Na vs. (Al + Fe + Ti)/3 - K diagram (Fig. 2.67);

DDH-14 most samples correspond to former greywackes (with Na > K) in the
(Al + Fe + Ti)/3 - Na vs. (Al + Fe + T1)/3 - K diagram (Fig. 2.67), sample DDH-
14-289 (altered gneiss from the unconformity surface) also can correspond to the
former greywacke;

Plagioclase-microcline granite from the DDH-14 is an acidic magmatic rock.

Reference I 2 3 4 5 6 7 8 9 10
DDH 11-269-2 | 11-270 11-281 11-283 11-287 11-291 14-289 14-301 14-312 14-313
Si0, 61.55 62.46 64.93 61.00 75.06 58.76 70.19 67.08 69.93 79.41
AlLO; 16.21 17.13 8.01 15.03 14.11 16.84 17.22 14.90 15.19 12.63
Fe,0; 10.04 8.34 4.49 7.96 0.85 9.28 2.71 497 2.87 0.00
MnO 0.04 0.00 0.59 0.11 0.00 0.06 0.00 0.06 0.00 0.00
MgO 2.64 2,18 4.80 4.10 0.66 4.19 0.37 2.49 0.82 0.00
CaO 0.00 0.16 5.04 0.76 0.47 0.34 0.00 3.64 1.65 0.00
Na,O 0.00 0.00 0.00 0.26 0.15 0.18 0.16 1.92 3.49 6.66
K,O 4.10 2.34 1.99 5.69 1.18 442 4.04 2.05 4.60 0.80
TiO, 0.70 0.77 0.56 0.67 1.03 0.87 0.28 0.55 0.37 0.00
P,0s 0.10 0.18 0.06 0.10 0.31 0.11 0.2 0.22 0.15 0.06

PF 4.35 5.70 9.30 4.22 6.01 4.81 4.63 1.95 0.88 0.15
Total 99.73 99.25 99.77 99.90 99.83 99.86 99.8 99.83 99.95 99.71

Table 2.12. Major element composition of the Paleoproterozoic basement rocks of the South-Eastern Pasha - Ladoga basin

area: | - 5 - quartz - feldspar-biotite gneisses with graphite; 6 — quartz-gamet-biotite gneiss; 7 — 9 — quartz-feldspar-biotite

gneisses; 10 - plagioclase-microcline granite. DDH number and depth of the samples are listed.
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Fig. 2.67. The Paleoproterozoic gneisses of the Southern Pasha — Ladoga basin area in the (Al + Fe + Ti)/3 — Na

vs, (Al + Fe + Ti)/3 - K diagram (Moine & de la Roche, 1968)
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Fig. 2.68. The Paleoproterozoic gneisses of the Southern Pasha — Ladoga basin area in the (Ca + Mg) vs. (Al +

Fe + Ti) diagram (Moine & de la Roche, 1968)

Trace elements distribution of the Paleoproterozoic basement rocks of the South-Eastern

Pasha — Ladoga basin area have been represented in chondrite-normalized spidergrams (Fig.

2.69 — 2.70) and chondrite-normalized REE patterns diagram (Fig. 2.71).
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Trace elements composition of the Paleoproterozoic gneisses in DDH-11 and DDH-14
are characterized by an extreme enrichment in all incompatible elements with relatively high
U - 3 — 7 ppm, moderate Th - 4 — 20 ppm, high Rb (80 - 260 ppm), Ba (100 — 1300 ppm) and
Sr (20 - 200 ppm), accessory minerals are mostly represented by zircon and possibly

xenotime (Zr = 100 - 450 ppm, Y = 8 - 55 ppm, Nb =7 - 18 ppm).

1000 DDH‘ l 1

100

1 -

Rock/Chondrite

=—269.5 m- (0.5 m)
=—270m- (1 m)

1 —I28 1l m-(12m)
==283m-(14 m)
—28Tm-(18m)
— 291 m-(22m)

0.1
Rb Ba Th U K Nb La Ce Sr P Zr Sm Ti Y Yb

Fig. 2.69. Chondrite-normalized trace element patterns of the Paleoproterozoic basement formations of the
South-Eastern Pasha — Ladoga basin area — DDH-11 (spidergram type after Holm (1979); chondrite composition
after E. Anders and N. Grevesse: http:/earthref.org/GERM/reservoirs/C I.htm)
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Fig. 2.70. Chondrite-normalized trace element patterns of the Paleoproterozoic basement formations of the
South-Eastern Pasha — Ladoga basin area — DDH-14 (spidergram type after Holm (1979); chondrite composition
after E. Anders and N. Grevesse: htip:/earthref.org/GERM/reservoirs/C 1 .htm)

135



Chapter 11 Ladoga Lake area basement formations

DDH-11 ™ DDH-14
1 L]
= 2
= f=
2 3
g <]
£ =
=~ -
e - gramlc
] 7]
& (=]
= —269m- (0.5 m) x
— 1T -
270m-{1 m) —289 m- (1 m)
=281 m-(12m) !
et { 1] -{13
—283im-(14m) I m=3m)
—28Tm-(18m) 1 =—312m-(24 m)
=291 m-(22 m) | — 313 m-(25m)- granil::
[N}
La Ce Pr Nd Sm Fbu Gud T Iy Ho tr Tm Yb La La Ce Pr Nd Sm Fa GJ Th Dv Ho Br Tm Yb Lu

Fig. 2.71. Chondrite-normalized REE distribution patterns of the Paleoproterozoic basement formations of the
South-Eastern Pasha — Ladoga basin area — DDH-11 and DDH-14 (chondrite composition after Anders &
Grevesse: hitp://earthref.org/ GERM/reservoirs/C I.htm). In the brackets — distance to unconformity surface

The Paleoproterozoic plagioclase-microcline granite is surprisingly not rich in U (0.45
ppm) and Th (1.4 ppm) and in all other analyzed trace elements.

The Paleoproterozoic gneisses (Fig. 2.71-A) in the DDH-11 have distinctly fractionated
REE patterns ((Ce/Yb)x = 6-7) and distinct Eu anomaly (Euw/Eu* = 0.4 - 0.5) (except sample
11-287, which is characterized by no Eu anomaly).

The Paleoproterozoic gneisses (Fig. 2.71-B) in the DDH-14 have well-fractionated REE

patterns ((Cein)N =10 - 30). Eu anomaly is different in all samples : in the vicinity of the

unconformity surface and in the granite it has positive value (EwEu* = 1.5 — 1.7); in 13
meters from the unconformity surface it does not exist (Euw/Eu* = 1); at a depth of 24 meters
from the unconformity, immediately above the granite sample the Eu anomaly is distinctly
negative (Ew/Eu* = 0.6).

For a better understanding of the trace elements (Fig. 2.72) and rare-earth elements (Fig.
2.73) distribution with depth and their alteration degree the gneiss geochemistry was
examined according to their depth position in the drill holes in the vicinity of the Pre-Riphean
unconformity surface and compared with average “former shale™ (Table 2.8) — as done also
for the Paleoproterozoic gneisses and schists of the Salmi area.

In DDH-11 (Fig. 2.72-A) trace elements distribution was compared with the average of
“former shale”. In the vicinity of the unconformity surface we have enrichments in Rb, Ba,
Th, LREE. Y and Yb and depletion in Ba and Sr. Maximum U content is observed at 14
meters from the unconformity. With depth Rb is slightly depleted, whereas Ba, Sr, Nb are

slightly enriched.
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Fig. 2.72. Trace element distribution in the Paleoproterozoic gneisses of the South-Eastern Pasha — Ladoga basin
area according to the drill hole and their depth

In DDH-14 (Fig. 2.72-B), close to the unconformity surface Rb, Sr, Ba, are relatively
enriched, at a moderate depth they are depleted and at a distance of 23 meters from the
unconformity they have the same values or are slightly enriched. Th, LREE, Y and Yb are
have the same values as the average shale, but Ba and Sr are depleted. Near the unconformity
and at depth Th, LREE, Y and Yb are depleted and have their maximum at a moderate depth
(DDH-14-301 m). Maximum U content is observed at 23 meters from the unconformity.

REE distribution with depth is shown in Fig. 2.73. There is no significant variation in

REE distribution with depth for both analyzed drill holes.
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Fig. 2.73. REE distribution in the Paleoproterozoic gneisses of the South-Eastern Pasha — Ladoga basin area in
concerning to their DDH position and depth of the samples
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Part 5. Early Mesoproterozoic anorthosite — rapakivi granite magmatism: the

Salmi pluton

2.5.1. Geological setting

The emplacement of the classic 1.65 — 1.54 Ga rapakivi granites was the last major
crustal mcrement to the Fennoscandian (Baltic) shield during Mesoproterozoic (Kohonen &
Ramo, 2004) (Fig. 2.72). The rapakivi granites and associated basic rocks are typical
anorogenic rocks and they sharply cut the surrounding Svecokarelian and Archean orogenic
formations. Most of the plutons show multiple intrusions, some of which form satellite stocks

outside the main pluton (Laitakari et al, 1996).

0 100 200 km

[}
- Post-Jotnuan diabase

- Jotnian sedimentary basin

- Rapakivi granite complexes

Fig. 2.72. Map showing distribution of the 1.67-1.47 Ga rapakivi granite complexes, mid-Proterozoic (Jotnian or
Riphean; 1.4-1.3 Ga) sedimentary basins, and mafic (Post-Jotnian) dikes and sills in southern Finland and
adjacent Sweden and Russia. Thin green lines delineate different age groups of rapakivi granites (ages denoted in
Ga). Postjotnian mafic magmatism is dated at 1.27-1.26 Ga in south-western Finland (Suominen, 1991), but is
clearly older (circa 1.46 Ga) in the Lake Ladoga basin in Russian Karelia (after Rimé et al., 2001)
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Two main rapakivi intrusions belong to the Ladoga Lake district: the Vyborg batholith

with U-Pb ages of 1.645 to 1.625 Ga (Vaasjoki et al., 1991) on the western part and Salmi

batholith with Ulyalegi and Lodeinopolsky satellites with U-Pb ages of 1.547 to 1.530 Ga

(Neymark et al., 1994, Amelin et al., 1997).

For the first time P. Eskola described the Salmi batholith in 1930 (Eskola, 1930) and

later was the object of detailed studies by L. Sviridenko (1968).

Salmi batholith and enclosing Archean-Paleoproterozoic basement

C] I B VT .

- . [ =210 (=0
a ]

Fig. 2.73. Geological map of the Salmi rapakivi
batholith and Ulyalegi satellite area (after Sharkov,
1999)

1 - Mesoproterozoic Salmi volcanic-sedimentary
suite; 2 - rose even-grained biotite granites; 3 — rose
amphibole-biotite rapakivi granite of the main
phase; 4 - grey rapakivi granites and diorites; 5 -
monzonites and quartz monzonites; 6 - gabbro-
norites - anorthosites and norites; 7 - 8 - Late
Paleoproterozoic volcanic-sedimentary formations:
7 - Paleoproterozoic (Jatulian) formations of the
Karelian Craton, 8 - Svecofennian formations of the
Kitelya series; 9 - Archean tonalite-gneisses; 10 -
boundaries: a - traceable, b - probable.

Boundaries in the southern part of the batholith are
after geophysical and drilling investigations
(Bantova et al., 1975). Dotted line shows western
continuation of the batholith under water level of the
Ladoga Lake from geophysical investigations
(Berkovsky, pers com. 1975 to Sharkov)

In Russian Karelia, the Salmi rapakivi
granite — anorthosite batholith (and its
Ulyalegi and Lodeinopolsky satellites) is the
youngest rapakivi pluton in the Ladoga Lake
area (Fig. 2.73). The emplacement of the
Salmi batholith started about 1560 Ma with
intrusion of gabbro and anorthosite of the
early complex, which gives U - Pb ages about
1560 Ma (Neymark et al., 1994). Then, the
main intrusive phase of the Salmi batholith
has been dated by U-Pb ages at 1539 + 11 Ma
(Suominen, 1991) 1543 £ 8 Ma
(Neymark et al., 1994).

and

It was emplaced in an upthrust zone
between the Paleoproterozoic and Archean
crustal domains, intruding all rock types. In
contrast to the basement rocks, the Salmi
rapakivi granites did not undergo any
regional metamorphism.

The Salmi batholith is well exposed in
its northern part, but the Mesoproterozoic
(Riphean) volcanic-terrigenous rocks of the
Pasha - overlie its

Ladoga graben,

southwestern part. Also, all the southern part
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of the pluton with Lodeinopolsky satellite is overlaid by quaternary sediments and only
geophysical and rare drilling investigations gave some information about pluton structure.

The Salmi batholith is about 125 km long in NE-SW direction. According to gravity and
magnetic geophysical data, the Salmi batholith corresponds to a shallow sheet-like body with
a thickness of about 10 km in its central part (Velikoslavinsky, 1978). Geophysical
mvestigations (Berkovsky, pers. com. 1975 to Sharkov) indicate that the western part of the
batholith continues under the water level of the Ladoga Lake (Fig. 2.73).

The pluton is zoned. The
southern

non-exposed part

consists of anorthosites, gabbros,

and monzonites — syenites of the

The

early intrusive  phase.

northern exposed part consists of
different granite types intruded in
the following order:

(i) biotite — hornblende ovoidal

granite;

(11)  biotite-amphibole  ovoidal

granite with fine-grained matrix;

(111) even-grained biotite granite;

(iv) ovoidal porphyritic biotite

z;';‘: Volcanogenic-termigenous Jotnian
L3 rocks (Salmi suite)

Salmi Complex
Il Atbite-lithian siderophyliite granite

Gabbronorite, gabbro,
anorthosite, monzonite,

granite with fine-grained matrix wes -y quartz monzonite
o, EH;‘ me-orain:dgrougnmm“ Basement rocks
(Sviridenko, 1994). {73 Even-grained biotite granite Eary Proterazokc (Svecokarskan)
Porphyrilic bictite-amphibole granite gneiss and schist
The latest phase corresponds || E% win fre-graned groundmass e
P P F] R B @uwn::an (Lopian) m’
to lithium - fluorine topaz - | f3 S{encorsnie totteamohioe greensione corplex
bearing  leucocratic  granites Fig. 2.74. Simplified geological map of the northern part of the
s Salmi anorthosite — rapakivi granite complex (after Amelin et al,
emplaces as dikes and small 1997)
bodies. Globally the pluton

structure can be interpreted as rough layered zoning, where gabbros and anorthosites are the
lower member and inequigranular biotite and topaz-bearing granites are the upper members of
magmatic differentiation (Sharkov, 1999).

Among the variety of structural types of granites, two major ones were recognized:
ovoidal biotite — hornblende rapakivi granites (vyborgite, pyterlite and porphyritic) and non-

ovoidal essentially biotitic granite (equigranular or inequigranular), Sviridenko, (1994).
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2.5.2. Petrographic description of main rock types

Typical gabbro-norite of the early phase of the Salmi pluton is a medium-grained dark-
grey rock, which consists of plagioclase (Angy - 60) — 50 — 55 %, clinopyroxene and
orthopyroxene — 20 — 25 %, orthoclase - 10 %, biotite - 2 %, quartz — 1 — 2 %, apatite,
ilmenite and titanomagnetite. Plagioclase forms tabular crystals sometimes with orthoclase-
antiperthite. Orthoclase-microperthite is located in interstitial phase together with quartz.
Very small zircon grains (up to 0.05 mm) are included in plagioclase (after Amelin et al.,
1997).

Grey medium- to coarse-grained monzonite is composed of plagioclase (An 35.55) — 25 —
30 %, orthoclase-microperthite — 50 — 55 %, clinopyroxene + orthopyroxene — 8 — 10 %,
quartz — 3 — 5 %. Accessory minerals are apatite and zircon. Apatite is associated with
pyroxene. Elongated crystals of zircon (up to 0.4 mm) are interstitial and located between
feldspar grains. Myrmekites are located on the boundaries between plagioclase and orthoclase

(after Amelin et al., 1997).

Fig. 2.74. Ovoidal coarse-grained biotite-amphibole rapakivi granite of the main phase of the Salmi pluton
(south-western part of the pluton, Tulema river bank near hydroelectric power station). Sample 9-03-01 (2003)

Ovoidal biotite-amphibole rapakivi granite with plagioclase mantle on K-feldspar
ovoids (vyborgite — term after Sviridenko (1968)) presents main the most widespread
intrusive phase. Sample 9-03-01 (south-western part of the Salmi complex) was collected
from an outcrop on the bank of river Tulema about 10 km from the village of Salmi (Fig.
2.74). This is a porphyritic pink granite with K-feldspar ovoids ranging in size from 2 to 4 cm
with a medium-grained groundmass consisting of orthoclase, plagioclase Anjs,;, quartz,

biotite, amphibole. Accessory minerals are fluorite, zircon, apatite and ore minerals.
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Fig. 2.75. Non-ovoidal coarse-grained amphibole-biotite rapakivi granite of the main phase of the Salmi pluton
(southern part of the pluton, Ladoga Lake shore near Pogran-Kondushi village). Sample 3-01(2003)

Ovoidal biotite-amphibole rapakivi granite, but with rare or without plagioclase mantle
on K-feldspar ovoids (pyterlite — term after Sviridenko (1968)), was collected in the southern
part of the Salmi pluton (Ladoga Lake shore near Pogran-Kondushi village) (Fig. 2.75). Pink
porphyritic amphibole-biotite granites with coarse-grained groundmass consist of microcline-
perthite, plagioclase (Anj7.), quartz, biotite, amphibole. Accessory minerals are zircon,

apatite and fluorite.

Fig. 2.76. Even-grained biotite granite from the south-western part of the Salmi pluton (Satulinoya river near
Uuksu village) Sample 13-02-01 and 13-02-02 (more altered) (2003)

The light-rose to light-red even medium grained biotite granite, is a relatively
widespread rock in the south-western part of the Salmi pluton. They consist of orthoclase-
perthite, plagioclase An 5.3, quartz and biotite. Accessory minerals are zircon and fluorite

(Fig. 2.76).
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Fig. 2.77. Porphyritic pink biotite granites with K-feldspar ovoids and a fine-grained groundmass from the
western contact of the Salmi pluton with Archean domes (Lupikko dome). Sample 6-04-01 (2003)

Porphyritic pink biotite granites with K-feldspar ovoids and a fine-grained groundmass
are composed of orthoclase-perthite (about 40 %), plagioclase (Ans.jg) (about 30 %), quartz
(25-30 %) and biotite (1-3 %). Some of the ovoids have plagioclase rims (Fig. 2.77).
Accessories are mainly fluorite and rare zircon.

The lithium-fluorine topaz-bearing granites of the late intrusive phase are spatially
related to the porphyritic ovoidal biotite granites with fine-grained groundmass. They are
composed of 40 % of predominantly albitic plagioclase (Ans.;g), microcline (23-25 %), quartz
(32-34 %), lithian siderophyllite (2-4 %), topaz (1-2 %). Accessory minerals are xenotime,

columbite and rare monazite (after Amelin et al., 1997 and Poutiainen & Sherbakova, 1998).
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2.5.3. Alteration processes in the rapakivi granites of the Salmi pluton

During their emplacement the rapakivi granites of the Salmi pluton have produced
important transformation in surrounding Archean — Paleoproterozoic rocks. A contact
metamorphism halo (some meters to some ten meters) is well observed in the surrounding
rocks (Sviridenko, 1968). During the emplacement of the fluorine-lithium granite widespread
albitization and greisenization processes also take place.

But more important for the present work, are the alteration processes which may have
had an influence of the genesis of the uranium mineralization at Karku. These are:

(1) alteration, which takes place before Pasha — Ladoga basin sedimentation, when the
rapakivi granites were weathered which may correspond to the so-called regolith zone,

(11) diagenetic alteration, which takes place after the sedimentation of the Pasha —
Ladoga basin,

(111) hydrothermal alteration occurring during and after ore deposition.

Fig. 2.78. Salmi rapakivi granites along the Tulema river near a contact with the Mesoproterozoic Pasha —
Ladoga volcanic-sedimentary sequences. Sight from the hydroelectric power station dam on the Tulema river
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Unconformity
surface

Altered
rapakivi
granite

Altered
rapakivi
granite

Relatively
fresh
rapakivi
granite

Fig. 2.79. Regolithic poﬁles developed on a rapakivi granite in DDH-475 and DDH-484 (DDH location in Part
1.4). Fresh varieties in DDH-484 are absent, the closest freshest sample to DDH-484 sample 1051-379 m is used
for comparison along the section.
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The Mesoproterozoic Priozersk conglomerates and the Salmi basalts overlie the Salmi
rapakivi batholith over its western part along the northeastern shore of the Ladoga Lake.

In the vicinity of the Salmi village along the Tulema River it is possible to observe on
outcrops and boulders the contact between the Salmi biotite — amphibole rapakivi granites of

the main phase and the Salmi basalts (Fig. 2.78).

(i) Regolith alteration

The alteration, which may have taken place before the Pasha — Ladoga basin
sedimentation, is observed in the DDH-475 (Salmi area — see for DDH location Fig. 1.23). It
corresponds to the so-called regolith zone, analogues to that described for the
Paleoproterozoic gneisses and schists above in the Part 2.2.3.

The alteration mostly consist of intensive kaolinization and sericitization of the rapakivi
granites. In the vicinity of the unconformity surface (upper left part of the Fig. 2.79) sample
475-100 m in fact is a sedimentary rock (gritstone) with abundant detrital quartz and feldspar
grains, but macroscopically it looks like normal rapakivi granite. 10 meters below a very
similar rock, but corresponding to slightly altered (chlorite + kaolinite) rapakivi granite,
occurs (sample 475-110 m). The fresh coarse-grained amphibole-biotite rapakivi granite
(sample 475-116 m) appears 16 meters below the unconformity. This type of alteration can be
produced by intensive paleoweathering processes, when the granites were altered “in situ™ to

form eluvial deposits.

(ii) Diagenetic alteration

The alteration, which can take place during and immediately after the sedimentation of
the Pasha — Ladoga basin, is observed in the DDH-484 (right part of the Fig. 2.79). In the
Salmi area diagenetic alteration is revealed in partial obliteration of the granite textures.
Intensive hematization and kaolinization in these granites can be a result of the
paleoweathering processes, but the newly formed idiomorphic quartz, interstratified clay-
minerals neoformation (Fig. 2.80) can be related to the processes of the diagenetic alteration

occurring in the overlapping Pasha — Ladoga sandstones.
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Fig. 2.80. A: Newly formed quartz in clay minerals matrix, which replace K-feldspar in the Salmi rapakivi
granites (sample DDH-484-121 m), parallel nicols, photomicrograph scale — 0.5 mm;

B - Newly formed or fragment of quartz and biotite flakes in the clay matrix (sample DDH-484-103 m), parallel
nicols, photomicrograph scale — 0.5 mm

(iii) Hyvdrothermal alteration occurring during and after ore deposition

Fig. 2.81. Left microphoto: BSEM image of sulphidic veins with some U-mineralization in the regolithized
rapakivi granites (sample DDH-333-140 m), photomicrograph scale 60 pm;
Right microphoto: detail of the sulphidic vein with uranium minerals), microphotograph scale — 13.6 um

Wt. % Uo, PbO Si0, TiO, CaO P,0s SO, Y-,0, Total
Point

I 70.28 0.05 993 0.18 3.47 0.92 0.04 1.53 86.40

2 57.44 0.32 15.26 0.08 2.65 1.36 0.08 2.60 79.79

3 57.31 0.00 14.95 0.10 2.88 1.32 0.11 2.27 78.94

4 72.11 0.00 7.81 0.13 3.52 0.82 0.07 0.85 85.31

Table 2.13. Chemical composition of the uranium minerals in the altered rapakivi granites (points in
Fig. 2.81-B) (sample DDH-333-140 m — Karku deposit area) (CAMECA SX-100 electron
microprobe (EMP) analyses, Public Analysis Service of the Henri Poincaré University (Nancy,
France)
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Hydrothermal alteration processes, which take place during and after uranium
deposition in the sandstones, also affect the rapakivi granites. They appear as intensive
chloritization and carbonatization of the granites. Uranium mineralization in the regolithized
rapakivi granites occurs as Si-Ca-Y-rich pitchblende and Y-P-rich coffinite (Table 2.13),
which appears in sulphidic (pyrite, galena, sphalerite) veins, cutting rapakivi granites in the
vicinity of the mineralized zones of the sandstone (Fig. 2.81). The lead content of the uranium
minerals is extremely low suggesting either an open system with lead loss or a very recent

mineralization.
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2.5.4. Accessory mineralogy of the rapakivi granites

Sample’s DDH Rock type Zircon’s Monazites Other Zr, Th, U, |ZREE,
number location alteration alteration | accessories | ppm | ppm | ppm ppm
phases phases
3-01 Pogran- Rapakivi zircon - apatite 300 22 5 540
Kondushi granite
5-04-01 Kitelya Even-grained zircon - xenotime, | n.a n.a. n.a. n.a
biotite granite thorite,
other REE
minerals
6-04-01 | Pitkyaranta Porphyritic zircon - xenotime, n.a. n.a n.a. n.a.
ovoidal allanite
13-02 Satulinoya Even-grained zircon - 138 51 5 300
river biotite granite
2097 Uuksu river | Even-grained zircon - 206 33 6 315
biotite granite
484-97 DDH Regolithized | zircon with - - 480 25 < 840
m Salmi area rapakivi xenotime
granite overgrowths

Table 2.14. Description, location, mineralogical occurrences and whole-rock composition of the Mesoproterozoic
(Riphean) rapakivi granites of the Salmi batholith. Whole-rock trace elements composition for the samples 5-04-01
and 6-04-01 are not available.

Zircon and associated zircon alteration

Euhedral, prismatic, zircon grains have been observed in the Mesoproterozoic

(Riphean) Salmi rapakivi granites (Fig. 2.82). Sometimes poorly developed faces of the

dipyramid or strongly elongated crystals can be observed (Fig. 2.83). Primary crystal zoning
is well developed (Fig. 2.84).

biotite-amphibole granite (sample 3-01, Ladoga Lake ovoidal
shore near Pogran-Kondushi village)
Photomicrograph scale = 40 um

150

] 2
" apatite

biotite

coarse-grained

Fig. 2.82. BSEM image of the zircon from non-ovoidal Fig. 2.83. BSEM image of zircon grains from the
biotite-amphibole
(sample 9-03-01, Tulema river)

Photomicrograph scale = 100 um

rapakivi
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Zircon alteration is mainly developed from edges to core of the crystals. On average
zircons from the rapakivi granites are more altered, than zircon from the graphitic schists.
They contain 55.50 + 9.45 wt. % ZrO,, 27.46 + 4.92 wt. % SiO; and 1.49 + 0.44 wt. % HfO,,
in average. Other substituted elements reach up to 9.23 wt. % (Annex zircon).

The most altered zircon domain contains down to 29.70 wt. % ZrO, and 16.85 wt. %
Si10,, with substituted elements reaching up to 34.09 wt. % (Annex zircon), including up to
10.05 wt. % Y»03 and 5.52 wt. % P,0s, when neoformed xenotime develops in epitaxis at the
margin of altered zircon (Fig.2.85). The darker (in BSEM image) altered zircon domains may
also contain up to 4.14 wt. % ThO,, 3.52 wt. % Al,Os, 2.78 wt. % CaO, 2.28 wt. % FeO, 0.64
wt. % U;30g, 5.48 wt. % ZREE (with HREE predominance). Maximum water content in
particularly metamictized zircon grains may reach up to 18.42 wt. %.

Maximum 8 (without some anomalous points) from 33 atoms of zircon formula can be
substituted by Y, P, Th, Al, Ca, Fe, U (Fig. 2.87). Maximum 6.5 from 33 atoms is substituted
by Y + P (xenotime neoformation) (Fig. 2.86). U maximum substitution reaches only 0.1
atoms of Zr + Si + Hf (Fig. 2.88), and the substitution does not increase proportionally with

the increase of the other substituting elements.

xenotime

Fig. 2.84. BSEM image of a detrital zircon grain Fig. 2.85. BSEM image of a detrital zircon grain with
with well-developed primary crystal zoning neoformed xenotime (sample 6-04-01, Pitkyaranta area).
(sample 6-04-01, Pitkyaranta area) Photomicrograph scale — 40 um

Photomicrograph scale - 40um

Det BSC; Mag: 298 0, HV
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1 2 3

Comment 484-97-6 1484-97-6 484-97-6

Si02 33,62 25,83 8,82
ZrO2 68,16 49,90 11,11
HfO2 1,66 1,06 0,40
Al203 0,03 1,18 0,47
P205 0,04 2,20 21,26
CaO 0,01 1,84 2,03
PbO 0,00 0,01 0,00
FeO 0,15 1,21 0,85
Y203 0,00 7,45 29,26
Ce203 0,02 0,24 0,21
Nd203 0,04 0,16 0,51
SmO 0,00 0,20 0,59
Gd203 0,00 0,41 2,14
Yb203 0,02 0,88 1,88
ThO2 0,01 0,31 0,41
U203 0,05 0,09 0,10
Total 103,81 92,98 80,04

810894 20KV

Fig. 2.86. BSEM image and chemical composition of a zircon grain from regolithized rapakivi granites and
neoformed xenotime, which develops in epitaxis at the margin of the altered zircon (sample DDH-484-97, Salmi
area). Photomicrograph scale — 23.1um
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Fig. 2.87. Substitution of Zr + Hf + Si by Al + P + Ca + Fe + Y + U in zircons from the Salmi rapakivi granites
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Fig. 2.88. Substitution of Zr + Hf + Si by U in zircons from the Salmi rapakivi granites

Monazite and other REE minerals

Brownish-yellow tabular monazite is a very uncommon accessory mineral in the
rapakivi granites of the Salmi pluton. It was discovered only in non-ovoidal rapakivi granites

near the contact with Archean granite-gneisses domes (Sviridenko, 1968).

Er—— S S oo f m
Fig. 2.89. Abundant REE-bearing accessory minerals Fig. 2.90. Possible REE carbonate in the biotite
included in biotite in the even-grained biotite granite grain (sample 5-04-01, Pitkyaranta area). Grain 1 in
(sample 5-04-01, Pitkyaranta area). BSEM image, Fig. 2.89, BSEM image, photomicrograph scale
photomicrograph scale — 1 mm 100 pum
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SC: Man- 292.0 H

Fig. 2.91. BSEM image of a thorite-group mineral included Fig. 2.92. BSEM image of allanite twins in the
in biotite (sample 5-04-01, Pitkyaranta area). Grain4 in porphyritic rapakivi granite (sample 6-04-01,
Fig. 2.85. Photomicrograph scale = 20 um Pitkyaranta area). Photomicrograph scale = 100 um

biotite

Fig. 2.93. BSEM image of the altered zircon and zoned ig. 2.94. Zircon, xenotime, Ti-oxide in “the
apatite crystals in the porphyritic rapakivi granite (sample porphyritic rapakivi granite (sample 6-04-01,
6-04-01, Pitkyaranta area). Photomicrograph scale — 30 pm Pitkyaranta area).Photomicrograph scale — 90 pm

Other REE bearing accessory minerals were observed (Fig. 2.89) in some samples: REE
carbonates (Fig. 2.90), thorite-group minerals (Fig. 2.91) and Zr — Fe — Y — Th silicates.

Fluorite is the prevalent accessory mineral in the non-ovoidal rapakivi granites, but is
distributed extremely irregularly. It occurs between the rock-forming minerals and is enriched
in yttrium.

Long-prismatic and twinned crystals of allanite (orthite) are relatively common in all
varieties of granite (most common in the non-ovoidal rapakivi). Non-altered allanite is
characterized by brownish dark-green to bottle-green colour, but in the most of cases allanite

is metamict (Fig. 2.92).
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Accessory apatite, Ti-oxides (ilmenite, rutile) and magnetite are widespread in the

rapakivi granites, xenotime is less common (Fig. 2.93 —2.94).
Whole-rock Zr, LREE and Th granites geochemistry

Zr in the rapakivi granites is mainly contained in zircon, but also in some another REE-
Zr-Th-bearing minerals.

Y is mainly contained in fluorite (Sviridenko, 1968) but is also enriched in altered parts
of zircon grains and neoformed xenotime, which sometimes occurs at the margin of monazite
grains (Fig. 2.85 — 2.86).

Non-altered zircon contains less than 0.1 wt. % Y. The altered part may contain up to 29
wt.% Y,0;3 (exchange " o Y but representing more probably intergrowths with
xenotime. The Zr/Y ratio is an indicator of the degree of zircon alteration: in fresh zircons this
ratio exceeds 100 (Fig. 2.95), while altered zircons are typically characterized by Zr/Y ratios
between 100 and 20. In the Zr-Y diagram the Early Riphean rapakivi granites of the Salmi
pluton have Zr/Y ratios ranging from 20 to 1, according to the intensity of zircon alteration,
but this trend may be due also to the presence of other Y-rich phases in these granites (such as
Y-fluorite).
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Fig. 2.95. Mesoproterozoic Salmi rapakivi granite in the whole-rock chemical composition Y vs. Zr diagram

Average Th/U ratio of the main types of intrusive rocks is close to 4. On the diagram

(Fig. 2.96) most rapakivi granites analyzed in the present work have Th/U ratios ranging from
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4 to 1, most of them are strongly enriched in U have Th/U ratios lower than 1. Whole-rock Th

contents are high and frequently slightly exceeds 30 ppm.
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Fig. 2.96. Mesoproterozoic Salmi rapakivi granite in the U vs. Th diagram
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Fig. 2.97. Mesoproterozoic Salmi rapakivi granite in La vs. Th diagram

Th does not show any correlation with the light rare-earth elements (LREE) which

present a very large range of concentration variations. La has been chosen as an indicator of
the LREE behavior. On the diagram (Fig. 2.97) most of Salmi rapakivi granites have

relatively high Th/La ratio ranging from 10 to 0.2.
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2.5.5. Petrogeochemistry of the Salmi rapakivi granites

Major elements distribution

Major elements composition of the main types of the Salmi rapakivi granites is listed in
Table 2.15. Complete data of major and trace element composition of the Salmi rapakivi
granites from the Salmi area is listed in Annex rapakivi granite. DDH and outcrops samples
location is presented in Part 1.4.

The granites of the Salmi batholith are essentially leucogranites rich in potassium
feldspar and characterized by high contents of SiO,, K,O, Fe,O;, F and low abundances of
Ti0O,, Al,03, MgO, CaO and P,Os (Amelin et al., 1991, Ramo, 1991, Sviridenko, 1994).

The SiO; content is variable for the different intrusive phases of the Salmi pluton
(except early basic phase): from 64.08 in adamellite to 67.12 - 75.65 wt. % in non-ovoidal
rapakivi granites of the main phase, and finally from 74.04 to 75.86 wt. % in even-grained
and porphyritic biotite granites of the late phases (Velikoslavinsky, 1978).

Adamellite Ovoidal biotite- Ovoidal | Even-grained biotite Porphyritic biotite
amphibole granite biotite granite granite
granite

Si0, 64.08 67.12 71.15 75.65 74.04 75.86 74.13 75.68
AlLO; 14.94 14.66 13.28 11.57 12.35 11.75 11.73 11.98
Fe,05 7.03 5.18 3.75 29 2.87 2.44 2.6 2.35
MnO 0.07 0.05 0.05 0.05 0.04 0.04 0.09 0.06
MgO 0.6 0.49 0.28 0.22 0.18 0.14 0.21 0.15
CaO 3.36 1.52 1.06 0.62 0.86 0.77 0.73 0.33
Na,0O 2.76 2.89 2.94 2.82 3.26 3.15 3.76 4.01
K,O 4.59 5.85 5.62 4.99 5.12 491 5.22 4.9
TiO, 0.9 0.39 0.32 0.24 0.21 0.13 0.25 0.14
P,05 0.13 0.17 0.1 0.12 0.04 0.06 0.09 0.08
Total 98.46 98.32 98.55 99.18 98.97 99.25 98.81 99.68

Table 2.15. Average major element composition of the main rock types of the Salmi pluton (after
Velikoslavinsky, 1978)

In a SiO; versus Na,O + K,O diagram (Fig. 2.98) the average sample (Velikoslavinsky
data, 1978) from the early phase plot in the quartz monzonite field. Three samples of the main
plutonic phase plot between the quartz monzonite and the granite fields. They belong to the
biotite-amphibole rapakivi granites ovoidal and non-ovoidal. Samples corresponding to the
late phases of the pluton, which are even-grained and porphyritic biotite granites, plot only in
the granite field.

In general the Salmi rapakivi granites are characterized by high alkali contents (Na,O +

K,0 =7 to 9 wt. %). Characteristic features of the pluton are high K and K/Na for the granites
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of the main phase, and moderate enrichment of Na in the late phases in relation with higher

fluorine content of the melt.
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Fig. 2.98. The Salmi rapakivi granites in the SiO, vs. K;O + Na,O classification diagram

I - 4 - average composition of the different phases of the Salmi batholith after Velikoslavinsky (1978): 1 — early
phase | — adamellite (n = 7); 2 — main phase II — ovoidal rapakivi (three different samples with n =4, 51 and 13);
3 — late phase I1I — even-grained rapakivi (n= 20 and 13); 4 — late phase IV — porphyritic granites (n =3 and 4)
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Fig. 2.99. The Salmi rapakivi granites from the south-western part of the Salmi pluton (Pitkyaranta and Salmi

area) in the SiO; vs. K,0 + Na,O classification diagram.

| — DDH - 475 - ovoidal amphibole-biotite granites including regolithized varieties; 2 — DDH — 484 (and DDH -

1051) - regolithized ovoidal granites; 3 — ovoidal and even-grained granites from the outcrops in the Salmi area;

4 - 5 — late phases of the Salmi granites in a contact with Archean granite-gneisses (Sviridenko sampling):
4—-DDH-412;5-DDH - 139
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The rapakivi granites sampled in the drillings below the Mesoproterozoic volcanic-
sedimentary sequence or in the outcrops within the Salmi area were also plotted into the SiO;
versus Na,O + K,O diagram (Fig. 2.99):

(i) DDH-475 — drill samples from the eastern part of the Salmi area correspond to
compositions at the limit between fields of quartz monzonite and granodiorite for three
samples and for all other samples to granites.

(ii) DDH-484 — drill samples from the northern part of the Salmi area, in spite of the
fact that they correspond to ovoidal biotite-amphibole granites (quartz monzonite or
granodiorite fields I the diagram), because of their alteration (Fig. 2.79) plot in the granite
field.

(iii) Outcrops — the Salmi non-altered non-ovoidal biotite-amphibole (Fig. 2.75 —
sample 3-01) and even-grained biotite (Fig. 2.76 — samples 13-02 and 2097) rapakivi granites
sampled in the outcrops within the Salmi area plot into the granite field.

(iv) Sviridenko sampling — corresponding to even-grained granites from a drilling
located at the western contact of the Salmi pluton with Archean domes, correspond to average

even-grained granites in Fig. 2.98.
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Fig. 2.100. The Salmi rapakivi granites in the B vs. A diagram according to Debon and Le Fort (1983, 1988)

Symbols: Average composition of the different phases 1 - 4 as in Fig. 2.98, 5 — fresh rapakivi granite from the
Salmi and Pitkyaranta area; 6 — altered and regolithized rapakivi granite from the drilling in the Karku deposit
area; 7 — late phase granites from the drilling in a contact with Archean granite-gneisses domes (Sviridenko data)
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Fig. 2.101. The Salmi rapakivi granites in the A vs. Q diagram according to Debon and Le Fort (1983, 1988)
Symbols 1 - 5 as in Fig. 2.100.

Rb  Xrelatively fresh rapakivi granites from outcrops

+ altered and regolithized rapakivi granite from DDH
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Fig. 2.102. Salmi rapakivi granites in the Ba—Sr—Rb diagram (Kleeman & Twist, 1989).

Fields: | — granites with associated Sn, W, Mo mineralization; AGG — albitized and greisenized granites; DG —
differentiated granites; NG — normal granites; Il — anomalous granites; 111 - granodiorites; IV — quartz diorites; V —
diorites; LCa — low-calcium granite; HCa — high-calcium granite.
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Fig. 2.103. Major and trace element contents plot versus
silica content in the Salmi rapakivi granites

Salmi  rapakivi  granites  are
metaluminous to slightly peraluminous
granites as the Phanerozoic subalkaline A-
type granites (Ramo, 1991).

[n the A-B diagram of Debon — Le
Fort (1983, 1988) (Fig. 2.100) the average
compositions of the different phases
(Velikoslavinsky, 1978) lie close A = 0
line, but is metaluminous. Relatively fresh
rapakivi granites from the surface and two
from the drilling (DDH-475-116 and”
DDH-1051-379 — Fig. 2.79) are slightly
peraluminous. Altered and regolithized
drilling samples from the Salmi batholith
located below the Riphean basin are
distinctly peraluminous (high A values)
indicating clay alteration of feldspars (Fig.
2.101). The same evolution is observed in
the Q-A diagram, where the clay amounts
increase with increasing quartz content
(Fig. 2.101).

In the Rb-Ba-Sr diagram (Fig.
2.102) the Salmi rapakivi granites range
from ‘“normal granites” to ‘“‘strongly
differentiated  granites”. The Salmi
rapakivi granites present two types of
trends : (1) one representing a normal
fractionation trend with decreasing Ti, Fe,

Ca, K, Zr, Sr, Ba contents with increasing

silica content whereas incompatible trace elements content does not vary significantly, (ii) a

special evolution which for a relatively constant silica content presents a strong increase in

incompatible elements such as Be, Sn, Rb, Th, U, Rb, Ga, Zr, Hf, and REE, which may be

related to a fractionation from a fluid phase.
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As the similar Mesoproterozoic anorthosite-rapakivi granites of the Baltic shield
(Vyborg, Riga batholiths) the rapakivi granites of the Salmi batholith show chemical
characteristics of subalkaline A-type granites and within-plate granites (Ramo & Haapala,
1985). They show an evolutionary trend from fayalite-biotite-hornblende granite via biotite-

(hornblende) granite to topaz-bearing microcline-albite granite.
Trace elements distribution of the rapakivi below the Mesoproterozoic sequences

No geochemical investigations have been previously made on the rapakivi granites
located presently below by the Mesoproterozoic (Riphean) volcanic-sedimentary sequences in
the Salmi — Pitkyaranta area, or which are presently outcropping, but which may have been

covered before the erosion by the Mesoproterozoic sediments.
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Fig. 2.104. Chondrite-normalized trace element patterns of the relatively fresh granites of the Salmi batholith
from the outcrops and drilling in the Salmi area (spidergram type after Holm (1979); (chondrite composition after
E. Anders and N. Grevesse: http://earthref.org/GERM/reservoirs/C1.htm)

For the study of the primary distribution of trace elements and REE, chondrite-
normalized spidergrams are used for relatively fresh rapakivi granites of the Salmi batholith
from the outcrops and drilling in the Salmi area (Fig. 2.104). Trace elements composition of

the relatively fresh granites, located below the Mesoproterozoic sediments, is similar to that
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described above for average rapakivi granites of the different phases and small variations

depends from slightly variable differentiation degree of the different granites.
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Fig. 105. Chondrite-normalized REE distribution patterns of the relatively fresh granites of the Salmi batholith
from the outcrops and drillings in the Salmi area (chondrite composition after Supplemental data for chondrite
(Anders & Grevesse: http:/earthref.org/ GERM/reservoirs/C1.htm)

The rare-earth elements (REE) distribution of the Mesoproterozoic rapakivi granites
from the relatively fresh rocks from the outcrops and drillings in the Salmi area is presented in
Fig. 2.105. Total REE content in the granites is high and vary from 660 ppm in the slightly
altered drilling sample DDH-475-116 m, 500 - 530 ppm (in granites from outcrops), down to
300 ppm in the late phase granites (samples 13-02 and 2097).

The relatively fresh rapakivi granite (Fig. 2.105) are characterized by well-fractionated
REE patterns ((Ce/Yb)x = 5 — 10) with an important Eu anomaly (Eu/Eu* = 0.2) for the fresh
biotite-amphibole granite of the main phase (sample 3-01) and a very smooth anomaly
(Ew/Eu* = 0.7) in the slightly altered biotite-amphibole granite (sample DDH-475-116 m).
For the granite of the late phases an extremely strong Eu anomaly (Ew/Eu* = 0.02 — 0.25) 1s
typical.

For a better understanding of the some major, trace and rare-earth elements distribution
with depth and alteration degree the data are now examined according to their depth position

in the drill holes in the vicinity of the Pre-Riphean unconformity surface and were normalized
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to the average “fresh rapakivi”-granite (Fig. 2.106) for DDH-475 and DDH-484 (see Fig.

2.79) from the Salmi area.
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Fig. 2.106. Major, trace and rare-earth elements distribution in the Mesoproterozoic rapakivi granites located below
the Mesoproterozoic Pasha — Ladoga basin in concerning to their distance to the unconformity surface.

A - granites from DDH-475 to the fresh granite (DDH-475-116 m) normalization diagram; B — granites from DDH-
484 to the fresh granite spatially closed (DDH-1051-379 m) normalization
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In DDH-475 (Fig. 2.106-A) the variations of chemical composition along the profile do
not exceed about 30% for most elements relatively to the fresh rapakivi granite from the
deepest part of the drill hole. No systematic variation is observed along the profile. The
samples mainly present an enrichment in K and Rb , and to a lesser extend Ba corresponding
to the illitic alteration. Most other element are constant or moderately depleted. Y and HREE
are the most depleted elements. The two upper regolithized granites are depleted in U, but the
lowermost sample (the freshest one) is significantly enriched in uranium.

In the DDH-484 more significant variations in major and trace elements distribution are
observed (Fig. 2.106-B). The two upper regolithized granites are enriched in most elements
which may result from a volume loss due to the leaching of alkalies and Ca from the granite
or difference of composition between the real protolith and the chosen one. At the contrary
the lowermost sample is enriched in most elements excepted Ba, Sr and U. This probably
result from the appearance of an other less fractionated granite facies at depth as indicated by
the much lower contents in elements relatively immobile during most alteration processes
such as Th, Nb, Zr.

Uranium is strongly enriched in all the samples of DDH-484 and especially more
strongly at -103 m. Contrary to the observations along the preceding regolith profile Rb and to

a lesser extend K are depleted in the regolithized samples.
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Conclusions for chapter I1

The Ladoga mobile zone which represents a part of the Raahe — Ladoga fault-thrust
zone, is located at the margin of the Archean Karelian craton and belongs to the
Paleoproterozoic Svecofennian Domain. The petrological, mineralogical and geochemical
studies have led to the characterization of the following features:

(1) The Archean domes are mainly composed of gneissic orthoderived rocks, which
correspond to a tonalite - granodiorite - adamellite — granite association. The average U
content in tonalites is about 0.5 ppm, Th — 4 ppm, in potassium granites — U content is about 2
ppm, Th — 7 ppm.

(ii) The Paleoproterozoic formations correspond to strongly metamorphosed and
migmatized metavolcanic and metasedimentary sequences. The metasediments typically
correspond to epicontinental platform lithologies corresponding to former black shales,
carbonated and silicoclastic rocks. Graphite and sulfides resulting from the metamorphism of
these sediments have been remobilized during retrograde metamorphism and contact
metamorphism related to the emplacement of the rapakivi granites. The average U content in
these gneisses and schists is about 4 — 5 ppm, Th — 7 — 8 ppm.

(i11) Several generation of Paleoproterozoic syn-orogenic potassium-rich granite
complexes enriched in Th (up to 28 ppm in leucocratic porphyroblastic granites) and U (up to
6.4 ppm in two-mica leucogranites) have been emplaced in this zone, but are very abundant in
the Western Domain.

(iv) the emplacement of the Vyborg and Salmi huge rapakivi intrusions provide an
additional potential uranium rich source in the area (U content in the rapakivi granites vary
from 3.6 in the ovoidal biotite-amphibole granites to 7.6 ppm in the fine-grained
leucogranites, Th vary from 20 to 32 ppm correspondingly).

An regolithic profile occurs at the top of the basement developed in the schists and in
the granites just below the Mesoproterozoic sandstones. In the gneiss and schist lithologies it
presents by a red hematite - kaolinite zone followed by a green Fe-chlorite — kaolinite — illite
zone as in the Athabasca and Kombolgie basins. In the rapakivi granites the regolithic profile
presents especially by a red hematite — kaolinite quartz-rich zone.

It is still debatable if this alteration was related to a paleoweathering prior to the
Mesoproterozoic sedimentation or to an alteration of the basement by the basinal diagenetic
fluids. However, the present alteration paragenesis is very similar to the alteration observed in

the sandstone indicating a least a strong overprinting of a presumed paleoweathering profile.
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Monazite and zircon have been used as indicators of uranium leaching and uranium
mineralized fluid circulation correspondingly, were especially studied in the investigated
basement rock types. Monazite alteration of the basement was not discovered in the Ladoga
Lake area on the contrary to the well revealed alteration of monazite in the Athabasca and
Kombolgie basement rock lithologies.

Contrary to monazite, clear evidences of zircon alteration were observed in all basement
rocks of the Ladoga Lake area, even in outcropping domains up to 20 km outside the present
extension of the Pasha — Ladoga basin. The different types of zircon from the different
basement lithologies are characterized by moderate to strong enrichment of Al, P, Ca, Fe, Y,
U and sometime Th in the zircon formula. Compared to the Athabasca basin, zircon alteration
in the Pasha Ladoga basin area is characterized by larger amounts of Y and the presence of
significant Th substituted in the structure.

In the vicinity of the unconformity surface all basement rocks were strongly altered
during diagenesis and hydrothermal alteration of the Pasha — Ladoga volcanic-sedimentary
formations. They are characterized by the strong variations in their chemical composition,
especially within so-called paleoregolith profile. Some regolithized gneisses and schists in the
vicinity of the unconformity surface present a slightly negative Ce anomaly. This slightly
negative Ce anomaly may represent an indication of a paleolateritic alteration, which is highly
oxidizing enough to oxidized cerium from the trivalent to quadrivalent valence. In the
rapakivi granites, this Ce negative anomaly was not found, they are mostly richer in REE than
gneisses and schists. Eu anomaly is less important in the regolithized rocks than in the fresh
granites.

The most altered Paleoproterozoic rocks are moderately enriched in U and chalcophile
association elements and are usually depleted in Th and LREE, but in some profiles strong
enrichment in Th and LREE together with moderate enrichment in U and intermediate HREE

in the altered pegmatoidal graphitic gneisses have been observed.
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Chapter I11 Riphean sedimentary sequences of the Pasha — Ladoga basin

Part 3.1. Geology and petrography of the sandstones

3.1.1. Geological setting

In the Ladoga Lake region (Russian Karelia) during Mesoproterozoic the Pasha-Ladoga
complex volcanic - sedimentary basin was formed. Riphean volcanic — sedimentary
formations were deposited in graben-like basin. The maximum present thickness exceed 2000
m according to Amantov et al. (1996). The present extension of the Pasha — Ladoga basin is
moderate (approximately 70 000 km?), and its shape roughly coincides with the coastline of
the Ladoga Lake (Russian Karelia). The basin present three extensions beyond the Ladoga
Lake shore: (i) North-Eastern (Salmi), (ii) Western (including Yablonevka) and (ii1) South-
Eastern (Pasha) areas, which are completely covered by Quaternary (the first one) or Vendian
- Paleozoic sediments (Kushnerenko & Pichugin, 2000; Novikov et al., 2001).

The cross section through the Pasha — Ladoga basin and the stratigraphic succession for
each isolated area of the basin were given above (Chapter 1.2), detail lithological and
petrographical description will listed below. DDH and outcrops samples location is presented

in Part 1.4.
3.1.2. Composition and provenance of the Riphean Pasha — Ladoga basin succession

Lithology, petrography and mineralogy of the Pasha — Ladoga succession has been
described in unpublished reports of Sevzapgeology (Sharpilo et al, 1991) Nevskgeo
(Polikarpov, 1993), VSEGEI (Amantov, 1989; Mikhailov, 2001), VIMS (Ledeneva, 1990),
IGEM (Velichkin et al, 2001) and MGGA (Ignatov, 2000) as well as in published papers
(Kushnerenko and Pichugin, 2000; Ledeneva, 2000; Lobaev et al, 2003; Mikhailov, 2001,
2003; Novikov et al, 2001; Shurilov et al. 2003; Velichkin et al., 2003).

Priozersk Suite
The composition and the structure of the Priozersk suite are rather monotonous over the

territory of the Pasha-Ladoga Basin (Fig. 3.1). The thickness of the Priozersk suite varies

from 20 to 80 m in the Salmi area, may reach 265 m in the Yablonevka area and from 452 m
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at the margin and up to 1500 — 1600 m in the axial part of the Pasha area (Kushnerenko &
Pichugin, 2001). The Priozersk suite section is the most completely studied in the Pasha area
(southern part of the basin), where it is intersected by a deep drilling (DDH-2 see for location
Fig. 2.58) from - 457 to - 909 m. This drilling did not reach the base of the suite.

The sandstones of the suite lie gently on the Archean — Paleoproterozoic basement rocks
above a well-developed alteration profile. They are not affected by any metamorphic process
and have a massive structure, sometimes with cross-beds. Beds of coarse-grained sandstones
and small pebble-conglomerates occur at the base of the suite. Rare claystones intercalations

occur along with sandstones and gritstones horizons.

A - coarse-grained polymictic sandstone (gritstone) in B - quartz conglomerate layer in quartz-feldspar
the Salmi area (sample DDH-605- 85 m, Karku deposit. gritstone in the Pasha area (sample DDH-14-278 m)
ore zone [)

Fig. 3.1. Priozersk suite sediments in the different parts of the Pasha — Ladoga basin

Most of the Priozersk suite sandstones present highly immature mineralogical
characteristics and reflect correspondingly the composition of the subjacent basement rocks.
The sandstones consist of polymict quartz — feldspar (arkosic) conglomerates and coarse to
medium-grained sandstones with 70-90 % of clastic material. Rocks are mainly massive,
sometimes stratified horizontally or with crossbeddings, with various intensity of pink to red,
also grey and violet colours. Brown spots and banding sometimes occur (Fig. 3.2). The layers
are gently dipping (5 to 157 to SW direction).

Detrital minerals are represented predominantly by quartz (50-70 %), abundant K-
feldspar (10-30 %), minor plagioclase (up to 5 %), biotite and rare muscovite (2-5 %).
Basement rock clasts (up to 5 %) are also very common. The shape of the quartz grains varies
from angular and elongated to well rounded and isometric (Fig. 3.3). Grain size varies from
0.2-0.3 mm up to 3-5 mm in sandstones and gritstones (5-20 mm in basal conglomerates).

Roundness of the grains increases from the bottom to the top of the Priozersk suite.
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Fig. 3.2. Banded grey-brownish gritstone of the Fig. 3.3. Roughness of the detrital quartz grains in the
Priozersk suite (sample DDH-808-98 m) Priozersk sandstones (sample DDH-389-174 m),
parallel nicols, scale 0.2 mm

Detrital accessory minerals are predominantly represented by zircon, abundant Ti
oxides (mostly rutile) and rare monazite, apatite, garnet and xenotime.
The primary cement consists predominantly of kaolinite and smectite. The matrix

represents S to 10 vol. % of the rock (up to 15 — 20 vol. %).
Salmi Suite

In the Salmi and Pasha areas, the Priozersk suite is overlapped by the volcanic —
sedimentary association of the Salmi suite with a structural unconformity.

In the Salmi area, the Salmi suite, reaches a total thickness of 50 to 220 m and is
characterized by three subsuites (Mikhailov et al, 2001):

(i) The Lower volcanic subsuite (up to 140 m thick) represented by aphyric basalts with
lenses and interlayers of poikilophytic diabases;

(ii) The Intermediate clastic subsuite ((22 to 30 m thick) consisting of light grey to light
brown, middle to coarse grained quartz — feldspar and polymictic sandstones;

(iii) The Upper volcanic subsuite (7 to 76 m thick) composed of amygdaloidal basalts,
lava breccias and tuffs. The volcanic rocks are mostly aphyric or microporphyritic with a
hyaline to holocrystalline groundmass. The amygdales are filled with carbonate, chlorite,
quartz and sometimes iron hydroxides. The most dominant type is an olivine-plagioclase-
clinopyroxene basalt.

In other interpretation the Lower Volcanic Subsuite belongs to the top of the Priozersk

suite (Kushnerenko & Pichugin, 2001; Novikov et al., 2001), but in the present work I will
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remain consistent with the first interpretation of Mikhailov (2001). A more detailed
description of the volcanic subsuites will be given below in the Chapter V.

From the base to the top of the suite a sedimentation rhythm is well observed: coarse-
grained polymictic sandstones - greywackes change to medium-to small-grained arkoses and
finally to quartz-feldspar fine-grained sandstones. The Salmi suite sandstones detrital
minerals are mainly quartz and K-feldspar, abundant volcanic clasts, minor plagioclase. The

predominant cement composition is composed of carbonate and clays. The matrix represents

15 to 25 vol. % of the rock (exceptionally up to 30 to 40 vol. %) (Fig. 3.4).

e'f 'l ';:;'- ¥ ; -I 1000 ym

Fig. 3.4. Salmi coarse-grained quartz-feldspar and polymictic sandstones with conglomerate interlayers (DDH-816,
A — B: interval 65 — 68 m, Salmi area). Photomicrography of sample 816-68 m: C and D — parallel nicols, scale

1000 pm

~

Pre-Ladoga suite

In the Yablonevka area (Western Ladoga), the Pre-Ladoga suite stratigraphically
corresponds to the Salmi Suite in the Salmi and Pasha areas.

Sandstones and conglomerates of the Priozersk suite are overlapped by sandstones,
siltstones and clays, sometimes with a carbonate cement, limestones and dolomites of the Pre-

Ladoga suite. The thickness of the Pre-Ladoga suite varies from 40 to 60 m.
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The detrital material (40 — 50 vol. % of the rock) of the Pre-Ladoga sandstones (Fig. 3.5
— 3.7) are presented by quartz (up to 60 % of detrital material), K feldspar (15 — 25 %) and
plagioclase (15 — 20 %), biotite is also observed in biotite-rich layers and interlayers (up to 50
vol. %) The primary red-bed hematized sandstones are usually bleached (hematite is replaced
by interstratified illite-smectite minerals). The clay matrix represents 50 to 60 vol. % of the
rock. A carbonate cement is often recorded in the sandstones. Accessory minerals are usually
represented by zircon and Ti oxides.

Rare layers and lenses of dolomitic stromatolite-like nodulous and microcavernous
rocks with the presence of terrigenous material are also found (DDH-103-137 m — Fig. 3.8)

within an essentially siltstone-sandstone sequence .

Fig. 3.5. Red-bed sandstone of the Pre-Ladoga suite with Fig. 3.6. Pre-Ladoga fine-grained sandstone with
bleached parts (sample DDH-103-115 m, Yablonevka area) small pebbles of quartz and clays (sample DDH-
103-136 m, Yablonevka area)

R i A

Fig. 3.7. Pre-Ladoga fine-grained sandstone with small Fig. 3.8. Stromatolite-like dolomitic rocks within
pebbles of quartz and clays (sample DDH-103-136 m, the essentially clastic sequences (sample DDH-
Yablonevka area) 103-137 m. Yablonevka area)

Parallel nicols; photomicrograph scale — 0.5 mm
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Pasha suite

In the Salmi and Pasha areas, the Middle Riphean deposits section is covered by the
siltstone-sandstone-clays sequence of the Pasha suite. The composition of terrigenous
sediments of the suite differs in these areas.

In the Salmi area the Pasha suite is represented by fine-pebbled quartz conglomerates at
the bottom and polymictic siltstones, clays, fine-grained sandstones in the upper part of the

sequence. The thickness of the suite is over 250 meters (Fig. 3.9).

Fig. 3.9. The Pasha suite clastic sequence in the Salmi area from the top to the bottom: a — polymictic sandstone
(sample DDH-1051-103 m): b — fine-grained sandstone (sample DDH-356-160 m); ¢ — sandstone (sample DDH-
356-220 m)

The Pasha area suite, is mostly characterized by coarse-grained sediments: well-rounded
quartz — feldspar conglomerates, gritstones and sandstones (Fig. 3.10). The thickness of the
suite reaches up to 150 m. In this area, the Pasha suite is covered by the Vendian sedimentary

rocks of the Gdov horizon (not studied here).
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e N P 0,5 mm

; g s & : Remiiiil
Fig.  3.10.  Quartz-feldspar ~ small-pebbled Fig. 3.11. Coarse-grained inequigranular sandstone of the
conglomerate of the Pasha suite (sample DDH-11- Pasha suite (sample DDH-11-237 m, Pasha area), parallel
230 m, Pasha area) nicols, photomicrograph scale 0.5 mm

Yablonevka suite

The Yablonevka suite (5 to 55 m thick) is the final member of the Pasha — Ladoga
volcanic — sedimentary group in the Yablonevka area, which can be stratigraphically
correlated with the Pasha suite. It consists of coarse-grained polymictic sandstones, gravelites
and till-like sediments (red—brown clay sediments with coarse pebbles of quartzites, gneisses
and volcanic rocks). The Yablonevka sandstones correspond to very badly sorted rocks with a

very low degree of lithification and enrichment in iron oxides.

3.1.3. Lithogenetic types of the Pasha — Ladoga Mesoproterozoic (Riphean) sequence

The most stratigraphically complete Mesoproterozoic (Riphean) sections are observed
in the DDH-101, 103 and 104 in the Yablonevka area (Fig. 2.48) (Ignatov et al, 2000).

A series of lithologic associations, characteristic of continental deposits, are evidenced
by their petrographic characteristics with eluvial, deluvial-proluvial, polygenic subaerial,
deltaic (alluvial-proluvial) and lake deposit types.

Eluvial deposits are widely distributed directly on the basement rocks and include soft
and friable (regolithized) granite-gneisses, schists and granites, which is composed essentially
of hydromica with relicts of quartz and feldspars.

Deluvial-proluvial deposits correspond to two types of rocks:
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(1) Mostly red colour badly sorted polymictic conglomerates, breccias and gravelites,
cemented by fine- and medium angular to rounded pebbles and angular fragments of
quartz and metamorphic rocks.

(i1) Dark — cherry coloured mudstones and clay siltstones, interlayered with gravelites
and breccias. In mudstones impurity, non sorted quartz - feldspars grains may occur —

which is typical of basal Riphean strata.

The association of the alluvial-proluvial deposits is clearly observed in the studied
sections. It corresponds to red-coloured well sorted cross-bedded sandstones and gravelites.
They mostly consist of typical coarse - middle and fine-grained arkosic and quartz-feldspathic
sandstones with large diagonal, middle wedge-like, cross wave-like and fine cross wave-like
laminations. Laminations and flaminations are emphasized by the distribution of biotite and
frequently hematite. In coarse-grained sandstones large cross wave-like lamination is
frequently emphasized by the distribution of feldspar and quartz gravels.

The main common features of the Mesoproterozoic (Riphean) formations (Kayryak,
1979, Konopleva, 1979, Konopleva, Tikhomirova, 1979; Ignatov et al, 2000) are:

(1) The presence of large sedimentologic rhythms corresponding to terrigenous rocks
with coarse detrital fragments at the base and fine detrital fragments above. In
stratigraphically complete sections it goes up to true change of petrographic
composition of the rocks — from greywackes at the base progressively replaced by
arkosic rocks upwards, grading to quartz — feldspar and oligomictic quartzose
sandstones at the top.

(11) The presence of tuffs of the basic volcanics covers which occur in the median part

of the Riphean sequence and which are considered as marking horizons.

3.1.4. Stratigraphy of the Mesoproterozoic Formations below the Ladoga Lake

Lithology and stratigraphy of the Mesoproterozoic (Riphean) Formations below the
Ladoga Lake has been described in Amantov et al, (1989, 1990, 1991, 1992, 1993, 1996). The
rock units have been defined from their seismic properties and correlated with the geology of
the adjacent shore areas and outcrops from the bottom of the lake. Some lithological varieties
are also known from glacial boulders and a few drill cores performed on the lake (Amantov et

al, 1989).
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According to Amantov data (mainly based on seismic observations) the whole
Mesoproterozoic (Riphean or Jotnian) sequence can be divided into four main units (Fig.
3.12). The lowermost unit belongs to Lower — Middle Riphean; the two following units to
Middle Riphean mainly, while the youngest one is attributed to Middle Riphean mainly or

eventually Lower Vendian (Amantov, 1992, 1993).

The basal
songlom '
conglomerate of wnit | " .
. LWL SN 1 l d
covers the crystalline ot e SE

sub-Upper Vendian panepiain

basement. Layers of fine-
grained sandstones and
siltstones are subordinate.
The  maximum total
thickness of the unit is
about 1000 m.

Unit 2 has been

traced everywhere and  Fig 3.12. Cross section of the Lake Ladoga basin based on seismic
reflection studies as reported by Amantov et al (1996).
overlay unit | without Two major mafic sill sequences and 4 sedimentary units are discerned

evident unconformity but
with a distinct seismic boundary (Amantov, 1992; 1993). The unit is characterized by dark-
coloured laminated siltstones. The layer thickness increases downwards, where also sandstone
layers appear. The total thickness of the unit is about 500 m. This unit probably corresponds
to the upper part of the Salmi suite, but there are limited evidences for this conclusion.

Unit 3, about 400 m thick, is mostly a seismic subdivision. Lithological composition is
as yet unknown, but by its position may correspond to the sediments of the Pasha Suite.

Finally, wunit 4 does not correspond to any horizons known in the sub-surface
Mesoproterozoic (Riphean) sequences. This unit is connected with a new phase of tectonic
activity, starting with emplacement of magma of the same age as Valaam sill. The associated
sequence overlies older Mesoproterozoic (Riphean) sequences with obvious unconformity.
The upper part of the unit has probably Upper Riphean to Lower Vendian age. Unit 4
represents the youngest known infilling of the Pasha — Ladoga graben — syncline, with a total
thickness of about 600 — 700 m. After peneplation, the mature tableland was covered by

Upper Vendian sediments of the Valday series (Amantov, 1993).
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Part 3.2. Alteration processes in the Mesoproterozoic Pasha - Ladoga sandstones

during diagenesis and hydrothermal activity

On the basis of petrographic observations and mineral paragenesis, three main alteration
stages have been distinguished in the Mesoproterozoic (Riphean) clastic sediments of the
Pasha — Ladoga basin (Salmi area) (Bylinskaya et al., 2004; Lobaev et al., 2003; Novikov et
al.., 2001: Shurilov et al., 2003; Velichkin et al., 2001):

1) Regional diagenetic re-equilibration processes at the scale of the whole Pasha —
Ladoga basin. The regional diagenetic features are well expressed in selected samples from
the Salmi, Yablonevka and Pasha areas, which have not been significantly affected by
subsequent alterations. The diagenetic event is multistage and mainly consists in the quartz
overgrowths over detrital quartz crystals, hematization, recrystallization and transformation of
coarse-grained authigenic kaolinite to dickite and authigenic smectite by illite with

neoformation of interstratified illite-smectite;

2) Syn- to late-ore local hydrothermal alteration processes at the scale of the Salmi
area, where the Karku uranium deposit is located, close to the unconformity surface. The
hydrothermal alteration event is also multistage and is characterized by partial quartz

dissolution, chloritization, carbonatization, sulphidization and uranium mineralization;
3) Post-ore retrograde diagenetic processes occurring locally in the Karku deposit area.

Post-ore processes are represented by secondary hematization and sandstone bleaching with

secondary kaolinization, probably related to the infiltration of meteoric fluids.
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3.2.1. Regional diagenetic re-equilibrations processes
Quartz dissolution and silicification

The processes of quartz dissolution under pressure at the grain contacts led to the
development of epitaxic quartz overgrowths around the detrital grains and around which
hematite, chlorite crystals and clays are trapped. This process is particularly observed in the
middle and partly at the top of the Priozersk Suite, where variably hematized arkoses occur.
The primary contour of the quartz crystals is underlined by inclusions of cement minerals

difficult to identify and by chlorite and hematite (Fig. 3.14).

Fig. 3.13. Process of the partial dissolution of K Fig. 3.14. Detrital grains of quartz with diagenetic
feldspar in the Priozersk sandstones. overgrowths in the basal sandstones of the Priozersk
BSEM image: DDH-654-117 m, line scale 10 pm suite. Photomicrograph: DDH - 625 - 127 m.

Parallel nicols, line scale — 0,2 mm.

(photo from Brunet, 2004).

Fig. 3.15. Relics of the diagenetic hematization in the Priozersk sandstones - dark purple hematite bands (photo
1). overprinted by secondary hematization corresponding to bright red rose hematite (photo 2). DDH-861
(Salmi area).
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Diagenetic hematite has a red purple colour or appears as red grey bands parallel to the
stratification, contrary to the secondary alteration, which has a rose to light red colour

appearing in bands cutting the previous hematite banding (Fig. 3.15).

e - Quartz
Hlite - smectite

cemem

K Feldspar Kadfinite
(dickite)
.

“ cement

Fig. 3.16. Kaolinite (dickite) and illite — smectite cement Fig. 3.17. Vermicular kaolinite with intercalated

is in the sandstones from the upper part of the Priozersk pseudomorphs of dickite (thick booklets) in the

suite (Salmi area). Photomicrography: DDH- 625 - 113 sandstones of the Priozersk suite (Salmi area). BSEM

m, Crossed nicols, line scale — 0.2 mm image: DDH-816-179, line scale 2 um (photo from
Brunet (2004)

Kaolinite — dickite associations

In Figure 3.17 the pseudomorphic replacement of the coarse-grained booklets of
kaolinite by dickite is observed. Partial dissolution of kaolinite (locally on the margin of the
booklets) may occur locally. The relative proportions of kaolinite (vermicular and booklet
morphology) and dickite (subhedral to euhedral hexagonal morphology) polymorphs is about
40 - 30 % and 60 — 70 % respectively (Fig. 3.18, 3.19).

Detailed X-ray diffractometry (XRD) studies of disoriented powder samples by Brunet
(2004) allow the distinction of the different kaolinite polymorphs: peak at 2.34 A for kaolinite
and 2.32 A - for dickite. Kaolinite is also characterized by the presence of a double peak at
4.12 and 4.17 A and dickite — by single peak at 4.13 A. In most cases, kaolinite (or dickite)
infrared spectra display dominant free water 1900 nm absorption peak and/or minor
asymmetry in the 1400 nm absorption peak, which can not be explained by the presence of
intergranular water. These features may indicate the presence of minor amounts of smectite

clays in the kaolinite (dickite) structure.
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Fig. 3.18. Thin booklets of kaolinite with intercalated Fig. 3.19. Elongation and thickening of kaolin group
thick booklets of dickite in the sandstones of the minerals by ¢ axis during kaolinite — dickite transition
Priozeskaya Suite of the Pasha area. SEM image: in the Priozerskaya sandstones of the Pasha area. SEM
DDH-11-255, line scale 5 pum (photo from Brunet image: DDH-11-255, line scale 10 um (photo from
(2004) Brunet (2004)

Illite — smectite structure ordering

Ordering of the smectite structure is characterized by the formation of interstratified 1/S
minerals (Fig. 3.20, 3.21). Progressive conversion of smectite to illite is controlled by the
temperature evolution and burial depth. Absence of pure illite confirms that the temperature

or depth were not sufficient for the formation of this mineral.

Fig. 3.20. Fibrous elongated crystals of I/S minerals in Fig. 3.21. Appearance of fibrous I/S minerals on the

the Priozersk sandstones (Pasha area). BSEM image: margins of vermicular crystals of kaolinite in the

DDH-11-255, line scale 5 um (photo from Brunet Priozersk sandstones (Pasha area). BSEM image:

(2004) DDH-11-255, line scale 10 um (photo from Brunet
(2004)
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XRD investigations by Brunet (2004) show a single peak, varying from 10.2 A to
14.35 A, depending on the illite proportion, and provide evidences for the existence of two
distinct types of interstratified minerals: a first predominant one - with 60 — 65 % of illite and
a second minor one — with 80 % of illite.

The chemical composition of the I/S minerals was determined by subtracting the
theoretical formula of illite - [Si;_;Alnq]OmAl;_gRl‘ 02(OH):Kp9 (Meunier, 1989) to the I/S
composition assuming that the potassium was exclusively in the illite structure as:

[Si3.46Al0.7]010Al 81Feo.13Mgo.0s(OH):2Ko 6CagosNagg;  taking a proportion of illite
component of 67.6 % (Brunet, 2004).

Sandstone clay composition in the whole Pasha - Ladoga basin

The relative proportions of the detrital minerals in of the Pasha — Ladoga sandstones can
be also globally deduced from the geochemical data for 45 analyzed samples using the Q-A
(Debon and Le Fort, 1988 modified) and in the ternary classification diagram (Fig. 3.22 and
3.23).
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Fig. 3.22. Clay composition of the sandstones from the Pasha - Ladoga basin in the Q-A diagram (parameters Q
and A afier Debon and Le Fort,1988).

Legend: 1 — Salmi and Pasha sandstones (Salmi area); 2 — non-mineralized (U < 4 ppm) Priozersk sandstones
(Salmi area); 3 - slightly mineralized (4 < U < 15 ppm) Priozersk sandstones (Salmi area); 4 — non-mineralized
sandstones (Yablonevka area, Western Ladoga); 5 — non-mineralized sandstones (Pasha area, SE Ladoga).
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Fig. 3.23. Mineral composition of the Pasha — Ladoga basin sandstones in the ternary clay diagram.
Legend: as in Fig. 3.22.

The sandstones of the Salmi and Pasha suites from the Salmi area are essentially
composed of quartz and feldspar because they plot along the Q axis (with A = 0) (Fig. 3.22).
In the triangular diagram these sandstones appear rich in K-feldspar and/or plagioclase with
small amounts of illite/muscovite and/or kaolinite, and/or chlorite (Fig. 3.23).

Non-mineralized (U < 4 ppm) and slightly mineralized (4 < U < |5 ppm) Priozersk
sandstones and conglomerates of the Salmi area, in the Q-A diagram (Fig. 3.22) correspond to
a mixture of quartz and clay minerals with variable amounts of K-feldspar and/or plagioclase.
In the ternary clays diagram (Fig. 3.23) their composition plot between the kaolinite/illite —
feldspars side and the chlorite field. They are globally richer in clay minerals relative to
feldspars with kaolinite, illite, chlorite and possibly interstratified minerals (but cannot be
discriminated here), some of them are characterized by high proportions of chlorite.

Non-mineralized sandstones from the single DDH of the Yablonevka area present
highly variable proportions of feldspars and clay minerals (Fig. 3.22), mostly consisting of
interstratified minerals (illite-chlorite, illite-smectite mixtures) (Fig. 3.23).

On the contrary non-mineralized sandstones from two DDH of the Pasha area are
characterized by their maturity relative to other sandstones of the Pasha — Ladoga basin with a
large proportion of quartz relative to feldspars and clay minerals (Fig. 3.22). The proportion
of feldspar to clay is highly variable but most of the samples are clay-rich with I/S illite-

smectite — kaolinite mixtures (Fig. 3.23).
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3.2.2. Syn to late-ore alteration processes

The syn-ore hydrothermal alteration event is accompanied by significant dissolution of
the diagenetic minerals (kaolin minerals, hematite and quartz), neoformation of Fe-Mg
chlorite (chamosite) and Mn-enriched calcite and subsequent intensive sulphidization (pyrite,
pyrrhotite, Cd-sphalerite, galena, chalcopyrite etc). Uranium mineralization: pitchblende,

coffinite formed as a later alteration product of U oxides and U-Ti-Si oxides.

Fig. 3.24. Detrital corroded grains of quartz in the basal Fig. 3.25. Partial dissolution of quartz during

conglomerates of the Priozersk suite. chloritization process in the slightly mineralized

Photomicrograph: DDH - 356 - 475 m Crossed nicols, sandstones of the Priozersk suite. Photomicrograph:

line scale — 1 mm. DDH - 625 - 110 m, Parallel nicols, line scale - 0.25
mm,

This process begins with partial quartz dissolution creating open space for the
deposition of other minerals. The presence of corroded quartz grains wrapped by chlorite and
carbonate indicates filling of open spaces during and/or closely after the quartz removal

(Fig. 3.24, 3.25).
Svn-ore chloritization

Chloritization of the cement is the most prolonged process of alteration, which starts
already during the diagenetic stage and becomes very intensive and widespread during the

hydrothermal stage. Different chlorite generations were formed. At the diagenetic stage minor

amounts of chlorite (clinochlore) occur mostly between the detrital quartz grains.
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Karku deposit area Shea Creek area

Analysis number 625-110 625-128 625-134 sudoite Fe-chlorite 1 | Fe-chlorite 2 | Fe-chlorite 3
Si0, 27,23 24,65 29.80 36.77 23.34 29.00 34.77
AlLLO; 20,86 19,98 18,34 33.36 12.10 16.35 18.62
MgO 543 3,30 8.49 11.38 3.07 2.77 2.79
FeO 33.69 37.32 30,51 1.41 31.37 3242 28.66
TiO, 0,01 0,01 0,23 - - 0.11 -
MnO 0,43 0,44 1.01 - - - -
CaO 0,14 0,71 0,57 - 0.18 0.19 0.33
Na,O 0,16 0.04 0,09 - - - -
K,O 0,02 0,02 0,07 1.18 0.11 0.37 0.51
Total 87,97 86,47 89,09 84.19 70.52 81.81 85.69
Si 2.80 2,57 3,02 3.40 3.30 340 3.71
A" 1,20 1,43 0.98 0.60 0.70 0.60 0.29
ALY 1,32 1,04 1,21 3.00 1.31 1.66 2.05
Mg 0.83 0,51 1,28 1.57 0.64 0.48 0.44
Fe ™ 2.89 3,25 2.58 0.11 371 3.18 2.56
Ti 0,00 0,00 0,02 - B 0.01 -
Mn 0.04 0,04 0.09 - - - -
Total V! 5,08 4,84 5,18 4.68 5.66 5.43 5.05
Ca 0,02 0.08 0.06 - 0.03 0.02 0.04
Na 0,03 0,01 0,02 - - - -
K 0,00 0.00 0.01 0.14 0.02 0.06 0.07
Fe/(Fe+Mg) 0,78 0,86 0,67 0.07 0.85 0.87 0.85

Points number 23 22 7 SHE 66-675.5 | SHE 79-709.1 | SHE 16-696.8 | SHE 16-696.8

Table 3.1. Average chemical composition of chlorites from the mineralized Priozersk sandstones (DDH-625)
(third ore zone of the Karku deposit)(present work compared with average chlorites from the mineralized
Shea-Creek sandstones (Athabasca, Canada) (Lorilleux, 2001).

In the lower part of the Priozerskaya sandstones (mostly in the third ore zone of the

Karku deposit area) diagenetic Fe-chlorite (chamosite) is completely replaced as well as the

relicts of detrital mica. Dark-green to black-green spherical chlorite is neoformed and

widespread in non- to slightly-mineralized Priozerskaya sandstones and conglomerates. Dirty-

green to black Fe-(Mg) chlorite is typical for mineralized zones in the vicinity of the

unconformity surface (Fig. 3.26).

Sample number Structural formula of chlorite Distance to
unconformity

654-117 m (Fe 323 Mg 02 K oo1 Na g Al j40) [Si296 Al | 0s] Og (OH)g 28 m
625-110m {Fe 249 Mg 0.83 Mn 0.04 A] 1 _1.2} [Si 280 Al 1.](}] (@] 10 (OH] 8 24 m
625-128 m (Fe 325 Mg 050 Mn 04 Al 103 ) [Si 257 Al 1,4_‘.] 0 10 (OH) 6 m
625-134 m {FE 258 Mg 1.28 Mn 009 Al 1_3]) [Sl 3.02 Al n_qg] 0] |n(OH} 8 0Om
816-161 m (Fe 25 Mg 0.98 K 0.03 Ca 902 Mngg; Al 1.64) [Si 310 Al u.'m] O,y (OH)g 23 m
(dark zone)

816-161 m (Fe 335 Mg n.s0 K 0.01 Ca 0.02 Mﬂu.uz Al 1.52) [Si 2.96 Al uu] Om (OH)x 23 m
(light zone)

Table 3.2. Structural formula of chlorites from the mineralized 111 ore zone (DDH-625, DDH-654) and slightly
mineralized 11 ore zone (DDH-816) in the Priozersk sandstones
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Chemical composition of chlorites was also determined and given in Table 3.1.
Chemical chlorite formula was calculated on the data from DDH-625 (present work), DDH-
654, DDH-816 (Brunet, 2004) and are listed in Table 3.2.

They mostly correspond to trioctaedric ferriferous chlorites of the chamosite group
(Fig. 3.27, 3.28). Sometimes interstratified chlorite-smectite and nontronites varieties have
been also described (Velichkin, 2001). In contrast to the chlorites from mineralized
sandstones of the Shea-Creek area (as well as in the whole Athabasca basin) Mg-chlorite
(sudoite) is the prevalent clay mineral, which is associated to uranium mineralization and Fe-
chlorites are mostly formed during late mineralization events (Lorilleux, 2001) whereas in the

Karku deposit Fe-chlorites are associated with the main mineralization event (Fig. 3.28).

:?t.'—!.ome , F oot S o oot . KFsp
S i

relics

! m

Fig. 3.26. a: hght-green chlorite, which partially replace the clay cement, in non-mineralized gravelites of the
Priozersk suite (Salmi area, DDH-356-475 m), line scale = 0.1 mm, parallel nicols;
b: dark-green chlorite totally replacing the clay cement, in the slightly mineralized sandstones of the Priozersk
suite (111 ore zone of the Karku deposit, DDH-625-110 m). line scale = 0.25 mm, parallel nicols:
¢ dirty-green-black chlorite in the strongly mineralized Priozersk sandstones of the Karku deposit ore zone I,
(DDH-605-107), line scale = 0.2 mm, parallel nicols;
d: dirty-dark green chlorite in the strongly mineralized Priozersk sandstones of the Karku deposit ore zone 111
(DDH-671), scale = 1 euro coin.
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Fig.3.27. Composition of the chlorites from the Karku deposit (present work) compared to those of Shea Creek
(Lorilleux, 2001) in the classification diagram of chlorite composition.

# Fe-chlorites from the Pasha - Ladoga sandstones (DDH-6235)

Al VI

4 sudoites from Shea Creek

# Fe-chlorites from Shea Creek

Fi%_. 3.28. Composition of the chlorites from the Karku deposit (Salmi area) and Shea Creek chlorites represented in a
Al"'-Mg-Fe ternary diagram. Fe-rich chlorites are trioctahedral whereas Mg-rich chlorites (sudoites from Shea Creek
area, Athabasca basin) are close to the sudoite field (Lorilleux, 2001)
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2,50
* chlorites from the Priozersk sandstones

® chlorites from Los-Azufres andesites (Cathelineau, Nieva,
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Fig. 3.29 Chlorite from the Priozersk sandstones in the Al ™" — Al 7" diagram compared with chlorites from the

Los-Azufres andesites and approximate temperatures of the process according to Cathelineau and Nieva (19853)

Chlorites of the Los Azufres geothermal field were plotted in the Al Vvs AlY diagram
with their estimated temperatures (Cathelineau and Nieva, 1985). The isotherms defined by
Los Azufres data were used to estimate a temperature of crystallization of the chamosites

from the Karku deposit. Most of them are comprised between 180 and 220 °C (Fig. 3.29).

Syn-ore carbonatization

Fig. 3.30. Carbonatization stage in the Priozersk Fig. 3.31. Alteration processes in the mineralized
sandstones: developed in the clay cement and as Priozersk sandstones: chlorite - calcite cement around
calcite vein ( DDH-389-189 m). Crossed nicols, line detrital quartz with overgrowths. Sample DDH-654-143
scale — 1 mm m. Parallel nicols, line scale — | mm
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Carbonatization especially occurs in the lower part of the Priozersk sandstones in the
first ore zone of the Karku deposit. It corresponds to post-ore calcite veins up to several
centimetres thick (Fig. 3.30). Carbonates are Mn-calcite, occurring in the cement as poikilitic,

basal and porous textures, and siderite, occurring as lozenge-shaped crystals or rosette druses.

Chemical composition of calcites from DDH-625 is listed in Table 3.3.

DDH-625-

134m _ |CaO |FeO |MnO [MgO |BaO |[SiO, |ALO; [Na,0 |K,0 |TiO, |F,0 |Total
Point | 5862 | 0.16 | 0.61 | 0.13 | 0.00 | 038 | 0.14 | 0.02 | 0.02 | 0.44 | 0.20 | 60.71
Point 2 59.75 | 026 | 056 | 0.09 | 0.00 | 029 | 0.11 | 0.00 | 0.01 | 0.46 | 0.00 | 61.53
Point 14 5340 | 052 | 2.12 | 0.15 | 0.00 | 0.01 | 0.01 | 032 | 0.00 | 2.20 | 0.00 | 58.90
Point 15 5129 | 034 | 0.86 | 0.05 | 0.10 | 0.13 | 0.08 | 0.00 | 0.00 | 586 | 0.08 | 58.95
Point 21 56.54 | 029 | 094 | 0.08 | 0.04 | 000 | 0.01 | 0.01 | 0.01 | 1.25 | 0.02 | 59.22
Point 23 54371 043 | 1.18 | 0.03 | 0.07 | 006 | 0.00 | 0.16 | 0.00 | 4.07 | 0.06 | 60.4]

Table 3.3. Chemical composition of calcites from the mineralized Priozersk sandstones (DDH-625-134 m)

At the beginning carbonatization takes place only in the cement within the kaolinite-
hydromica matrix. Simultaneously dark-green-brown chlorite and pyrite are formed. At the
end of the main mineralization event calcite and chlorite totally replace the clay cement and
all feldspar crystals and lithoclasts, and crosscut the quartz grains (Fig. 3.31). Siderite is also
associated with U-minerals and form monomineralic aggregates and veins, also cutting U-

minerals.

Global sandstone composition in the Karku deposit (Salmi area)

The global mineral composition of the mineralized sandstones of the Karku deposit area
has been also determined using the Q-A diagram (after Debon and Le Fort, 1988) and the
ternary classification diagram.

Mineralized sandstones of the Karku deposit area appear relatively rich in quartz with a
relatively constant proportion of clay minerals. The trend developed into the metaluminous
field (A < 0), correspond to increasing proportions of calcite (Fig. 3.32). The most
mineralized samples have the most negative A value (the highest calcite content), which

confirm the previous petrographical and mineralogical observations.
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Fig. 3.32. Mineralized sandstones from the Karku deposit area plotted in the Q-A diagram (derived from
parameters Q and A of Debon and Le Fort (1988)).
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Fig. 3.33. Clay composition of the mineralized sandstones from the Karku deposit area plotted in the ternary
K+Na — Al-(Na+K)/2 — (Mg+Mn+Fe)/3 diagram.

In the triangular diagram (Fig. 3.33) the mineralized sandstones define a major trend
between a feldspar-illite-kaolinite pole and the chlorite field. Some samples (DDH-625:
interval 110 - 134 m) are largely dominated by chlorite. A smaller trend (DDH-822: interval

143 - 157 m) is directed towards I/S illite-chlorites, illite-smectites.
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Ore mineralization event

During the ore stage in the Karku deposit several types of mineral associations were
observed (Bylinskaya et al., 2004):

(1) chlorite-dominant uranium mineralization (ore zone III of the Karku deposit);

(i) carbonate-dominant uranium mineralization (ore zone I of the Karku deposit);

(iii) vein type uranium mineralization in the basement rock and in basalts (described in

the corresponding chapters Il and IV respectively).

These mineral associations may overlap each other in the same ore zone or may appear

independently (Novikov et al., 2001).
i) Chlorite-dominant association

The chlorite — uranium association is widespread in the third ore zone of the Karku

deposit (see Fig. 1.11 for ore zone position) and corresponds to the high-grade ores.

Pitchblende 1. s
Pitchblende’] - ",

L g
.‘.vb w Xy

& w/ ',"A ._‘-

" f’p&t@l‘ll‘j]c;f cllg

Fig. 3.34. BSEM image of corroded quartz Fig. 3.35. Relicts of the ;-)irchbfende 1 spherolites in
crystals in a cement composed of pitchblende I pitchblende 11. Sample DDH-680/125 (Karku deposit area,
and chlorite with sulphides. Sample DDH-671- ore zone III), photomicrograph in reflected light, scale = 20

132 m (Karku deposit area, ore zone III), um (Bylinskaya et al, 2004)
photomicrograph scale = 43 mm

The uranium mineralization is located in the Priozersk sandstones and is associated with

carbonate and chlorite in the cement. The detrital quartz grains are corroded (Fig. 3.34). The
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uranium mineralization is represented by two generations of pitchblende, individual crystals
of prismatic coffinite and different Ti-U-Si phases. Chemical composition of the uranium
minerals is listed in the Table 3.4.

Relicts of more reflective pitchblende I are observed as separated spherolites in
pitchblende Il (Fig. 3.35). The pitchblende II (less reflective) is the dominant mineral in the
high-grade ores.

Pitchblende I and II differ mainly by their SiO, and PbO contents (pitchblende I - 1.5 -
3.5 wt. % Si102, 9.7 wt% PbO, pitchblende II — 6 - 9 wt. % Si102, 5.2 wt% PbO). Besides

inclusions of sulfides - pyrrhotite, sphalerite, galena, molybdenite, loellingite only occur in

pitchblende I1.

Wt. % Si0, TiO, FeO MnO CaO U0, PbO SO;
Pitchblende I | 4.40+0.70 | 0.17+0.01 2.15+0.07 1.61+£0.20 | 2.91+0.18 | 77.91+4.60 | 9.67+5.25 | 1.82+0.07
(5 analysis)
Pitchblende IT | 7.98+1.15 | 0.49+0.02 1.92+0.02 1.42+0.60 | 2.32+0.08 | 78.72+4.10 | 5.24+4.80 | 1.08+0.68
(7 analysis)
Coffinite 14.77+4.80 | 2.37£0.01 1.20+0.80 0.50+0.06 | 4.11+1.44 | 53.27+3.50 | 1.10£0.65 | 0.87+2.50
(5 analysis)

Table 3.4. Chemical composition of the main uranium minerals of the Karku deposit area (unpublished data from
Polekhovsky)

O I T

Fig. 3.36. Abundant pyrite as a cement in slightly Fig. 3.37. Pyrite and Ti-U-oxides in a Ti-oxide cement
mineralized Priozersk sandstones — sample DDH-680- of the mineralized Priozersk sandstones — sample
125 m (Karku deposit area, ore zone III) DDH-680-125 m (Karku deposit area, ore zone III)
BSEM image photomicrograph, scale 75 mm BSEM image photomicrograph, scale 86 mm
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Pyrrhotite - the most widespread sulfide in the high-grade ores forms prismatic and
needle-like crystals and sometimes cement aggregate. It contains 57 wt. % Fe, 42 wt % S,
0.06 wt. % Co, 0.04 wt. %Ni.

Pyrite is rather widely distributed in the non-mineralized or slightly mineralized
Priozersk sandstones (Fig. 3.36). In rich ores (U > 3.0 wt. %) pyrite content is much less
abundant than pyrrhotite. In the ore bodies microcrystalline pyrite is characterized by tear-
shaped and globular forms. Its composition is following: 46.6 wt. % Fe, 53.3 wt. % S, 0.05
wt. % Co, 0.03 wt. % Ni, 0.02 wt. % Cu.

Mineralized zones in the sandstones sometimes contain porous melnikovite. This
mineral is enriched in Ni (2.25 wt. %), Co (0.2 wt. %), Cu (0.68 wt. %).

In the cement of the mineralized sandstones cryptocrystalline aggregates of [Ti, (Th, U,
Ca, Fe, Zr)] oxides (Fig. 3.37), which are also associated with rounded Ti-U oxides (detrital
brannerite?) (Fig. 3.38) and recrystallized Ti-oxides grains coated with a coffinite/carbonate
succession (Fig. 3.39) with UO, content up to 75 %, often occur. Locally. cryptocrystalline
aggregates may correspond zirkelite (Ti, Zr, Ca, Fe + Mg, U, Th + REE)30s according to an

unpublished report (Reyx, 2000).

Fig. 3.38. BSEM image of a Ti-U oxide (detrital Fig. 3.39. BSEM image of recrystallized Ti-oxide
brannerite ?) in the mineralized Priozersk sandstones — grain coated by layers of carbonate and coffinite
(DDH-680-125 m (Karku deposit area, ore zone I11). (DDH-680-125 m) (Karku deposit area. ore zone III).
Photomicrograph scale = 150 um Photomicrograph scale = 120 pm
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ii) Calcite-dominant association

The calcite — uranium association is widespread in the first ore zone of the Karku
deposit both in the basement rocks and in the sedimentary cover (see Fig. 1.11 for ore zone
position) and well developed in the second and third ore zones.

The degree of carbonatization varies from partial to complete replacement of the clay
cement. The carbonate is calcite. Uranium mineralization in the sandstones is represented by
pitchblende associated with calcite — coffinite. Sulphide mineralization is also widespread and
represented by pyrite, sphalerite, galena (Fig. 3.40), molybdenite, gersdorphite, ferrosilite, Ni-
Co arsenides (Fig. 3.42), Pb sulphoselenide. Stromeyrite — Cu-Ag sulphide was also found.
Rare inclusions of the solid bitumen are found in the carbonatized mineralized sandstones
(Bylinskaya et al., 2004). Needles of pyrrhotite in the carbonate — coffinite cement are also

observed (Fig. 3.41).

Coffinite
y
L 87

_* ok i'i'r‘hotitc

X y
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«

Fig. 3.40. Sulphides associated with coffinite Fig. 3.41. Pyrrhotite needles in the carbonate-coffinite cement
in the cement of the sandstones (DDH- (DDH-605-107, Karku deposit area, ore zone I)

680/125, Karku deposit, ore zone III). BSEM Parallel nicols, scale = 0.1 mm

image, photomicrograph scale = 100 um

Pyrite is replaced by coffinite from the outside and on the inside and characterized by
irregular corroded forms (Fig. 3.43.). Sphalerite crystals are often coated by coffinite and
pitchblende.

Coffinite forms thin microveinlets, spotty aggregates, coating on pitchblende.
Sometimes zoned coffinite form fine-grained prismatic crystals or nodular masses with
collomorph structure. Its colour is commonly brown and yellow — brown in transmitted light

and light - grey to dark-grey in reflected light.
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-----------

Fig. 3.42. BSEM image of skeletal crystal of Ni — Co Fig. 3.43. BSEM image of corroded pyrite grains

arsenides (DDH-384-144, Karku deposit area, ore zone coated by coffinite in a carbonate-chlorite cement of

1), photomicrograph scale = 30 um the Priozersk mineralized sandstones (DDH-680-125,
Karku deposit area, ore zone III), photomicrograph
scale = 150 pm

(iii)Post-mineralization retrograde diagenesis

The post ore retrograde diagenesis mainly consists of local low temperature
hematitization (hematite, limonite, leucoxene) along reactivated fractures and microfaults and
kaolinite developed on the chlorite cement of the sandstones as rather large fan-like crystal.
The hematization in the Mesoproterozoic (Riphean) time could be a multiple process
(Ignatov, 2000) (Fig. 3.15).

Late limonitization and leucoxene formation were accompanied by leaching and
redeposition of uranium with formation of the secondary uranium mineralization. These
processes may have taken place after the Neoproterozoic and during Mesozoic and Cenozoic,

to form an alteration halo around the mineralization zones (Ignatov, 2000).
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(iv) Sequence of events

Hydrothermal alteration processes

Di

genetic processes

Syn-ore al

Late-ore all

Post-ore al

Detrital quartz

Detrital K Fsp
Detrital plagioclase
Accessory minerals

Hematite
Quartz overgrowths
Smectite
Kaolinite

Dickite
Tllite
I/S minerals

Chlorite
Carbonates

Quartz dissolution

Sulphides
Ti-oxides
Pitchblende
Coffinite

Hydropitchblende
Leucoxene

=
—

The paragensis is a compilation of Petrov, Kushnerenko (Nevskgeology); Bylinskaya, Mikhailov (VSEGEI); Velichkin (IGEM, Moscow),

Polekhovsky, Shurilov (Saint-Petersburg University), Ignatov (MGGA, Moscow) conceptions

Fig. 3.44. Mineral paragenesis established in the Priozersk sandstones of the Karku deposit area. The diagram
represents successively sandstone deposition, diagenesis and hydrothermal stages of uranium mineralization.

Stage 1: Sedimentation of the quartz, quartz - feldspar and arkosic sandstones with

primary clay (kaolinite - smectite) cement and accessory zircon, Ti-oxides (with possible

brannerite) and rare monazite, first hematization;

Stage 2: Diagenetic alteration —quartz overgrowths, kaolinite-dickite and smectite-1/S

minerals-illite recristallizations;

Stage 3: Syn-ore hydrothermal alteration - development Mg-Fe chlorite and Mn calcite;

Stage 4: Sulphidization of cement and consequent formation of the pitchblende;

Stage 5: Coffinite and Ti-U-Si phase formation;

Stage 6: Supergene kaolinitization and late hematitization.
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Part 3.3. Detrital accessory mineralogy of the Priozersk sandstones (Salmi area)

Sample | Surface/DDH Rock type Zircon Monazite Other Zr, Th, U, IREE,
number | position (area) | (sandstones — alteration alteration accessories ppm ppm ppm ppm
distance to phases phases
unconformity
822-145 DDH Priozersk Zircon monazite - 183 6 3 83
Salmi sandstone + vein
(15 m)
822-155 DDH Priozersk Zircon monazite - n.a. n.a. n.a. n.a.
Salmi sandstone +
(5m)
605-92 DDH Priozersk Zircon relics of Ti oxides 753 26 12 285
Karku | sandstone + monazite
(15 m)
605-93 DDH Priozersk Zircon - - 405 39 18 230
Karku | sandstone +
(14 m)
605-107 DDH Priozersk Zircon - pitchblende, | 1097 1040 3615 467
Karku I sandstone + coffinite
(0 m)
389-163 DDH Priozersk Zircon - - 678 28 3 260
Karku I1 sandstone +
(26 m)
389-174 DDH Priozersk Zircon single grain B 1052 30 6 364
Karku I1 sandstone 1t of monazite
(15m)
615-99 DDH Priozersk Zircon monazite | coffinite (?) 954 47 215 351
Karku IT sandstone + with thorite
(10 m) phase
816-167 DDH Priozersk Zircon monazite Ti oxides 1482 67 11 483
Karku 11 sandstone +
(18 m)
625-128 DDH Priozersk Zircon - - 334 8 19 134
Karku I1I sandstone +
(12m)
627-127 DDH Priozersk Zircon - pyrite and n.a. n.a. n.a. n.a.
Karku IT1 sandstone + apatite in
(about 0 m) zircons
654-117 DDH Priozersk Zircon monazite - 799 30 2 224
Karku I11 sandstone + altered
(28 m)
654-145 DDH Priozersk Zircon monazite | pitchblende, | 554 15 1210 103
Karku II1 sandstone + coffinite
(Om)

Table 3.5. Description, location, mineralogical occurrences and whole-rock composition for selected trace elements
of the Priozersk sandstones from the Karku deposit (Salmi area). Whole-rock trace elements composition for the
samples DDH-822-155 and DDH-627-127 are not available

As described above typical accessory detrital minerals in the sandstones (here — the
Priozersk sandstones from the Karku deposit and Salmi areas) are zircon and Fe-Ti-oxides
(rutile, ilmenite, brannerite) and pyrite. Ta-Nb minerals, apatite, cassiterite, xenotime,
monazite are less common. During denudation processes detrital accessory minerals from the
different basement rocks were concentrated in the alluvial deposits in the form of natural
placer type layers. In the third ore zone of the Karku deposit, heavy mineral layers mainly

consist of zircon grains and Fe-Ti-U-oxides (Fig. 3.45).
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Fig. 3.45. Mineralized Priozersk sandstone with heavy mineral layer — enriched in detrital grains of Ti oxides
with U and zircons (sample DDH — 627 — 127 m). Photograph scale = 4.5 cm; BSEM image scale = 50 mm

3.3.1. Zircons and zircon alteration

Detrital zircon grains from the Priozersk sandstones can be divided into four groups

from their possible source rocks (Fig. 3.46):

(i) zircons derived from the Archean granite-gneisses, quite fresh grains without any
evidence of alteration, most likely primary poor in radiogenic elements;

(ii) zircons from the Paleoproterozoic gneisses and schists, which are mostly
idiomorphic, slightly elongated, mainly prismatic, with well developed dipyramid faces,
primary zoning is invisible;

(iii) zircons from the Early Riphean rapakivi granites, which are idiomorphic, mainly of
prismatic shape, poorly advanced faces of the dipyramid are also typical, primary crystal
zoning is well developed everywhere;

(iv) elongated zircons, which are not observed in the studied basement rocks samples,
idiomorphic elongated grains (200 - 800 pm) , without any evidence of alteration or very
slight alteration, primary zoning is well developed.

The chemical compositions of the zircon crystals are listed in the Annex zircon.
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Fig. 3.46. BSEM images of variably altered zircon grains from the Priozersk sandstones (Salmi area and Karku deposit)
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(i) Zircons derived from the Archean granite-gneisses

Non- or very slightly altered zircon detrital grains, possibly derived from the Archean
granite-gneisses, correspond to classical zircon composition. They usually contain 65 - 67 wt.
% Zr0y, 31 — 32 wt. % Si0; and 1 — 2 wt. % HfO,. Only slight enrichments in Y is observed
(photo 1) (up to 1.4 wt. % of Y,0; at the marginal part), in Fe, Ca, Al, Y and LREE in the
marginal part of a grain (photo 5) with about 1 — 1.4 wt. % of Al;O3, Fe;03, CaO up to a total
of about 6 wt. %. U and Th enrichments are moderate in spite of the fact that some of the
grains occur in strongly mineralized samples (photo 9, 13) with U content - up to 3615 ppm.
The Y, Fe, Ca and Al substitution to Zr — Hf — Si does not exceed 0.5 atoms over 33 (Fig.
3.52) with very small amounts of water in its structure (less than 2 wt. %).

(ii) Zircons from the Paleoproterozoic gneisses and schists

Fig. 3.51 Photo 2 Photo 6 Photo 10 Photo 14
ZrO, 53 47 58 53
Si0, 27 23 27 26
AlLO; 2 2 2 2
FC;O) | 1.5 0.5 2
CaO 2.5 3 4 3.5
P,0s 0.5 0.5 0.5 0.5
Y,0; 1 5 3 4

REE,04 1 3 3 3
ThO, 0.5 25 3 1
U0, 0.5 0.5 1.5 0.5
Total 90 89 94 90

Table 3.6. Average composition of the dark domains (wt. %) in the detrital zircon grains, which are possible
derived from the Paleoproterozoic gneisses and schists

Alteration similar to the one observed in the zircons from the Paleoproterozoic gneisses
and schists have been identified. Altered domains are common and occur without well-
defined selectivity (though mainly occurring on the margins of the grains). The altered zones
have extremely different shapes, but may also follow crystallographic features of zircon
(photo 10).

The lighter domains of zircon grains in BSEM images correspond to non-altered zircon
composition and contain 65 - 66 wt. % of ZrO,, 31 - 33 wt. % of SiO,, 1 - 2 wt. % of HfO,
and only up to 0.15 — 0.40 wt. % of Y03 (Fig. 3.46 - photo 10, 14). The altered darker
domains in BSEM images are characterized by strong and variable enrichments in Y, Ca, Al,

Fe, REE, P, Th and U (Table 3.6):
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Zircons from the Priozersk sandstones, possibly derived from the Paleoproterozoic
gneisses and schists are characterized by a substitution of up to 5 atoms of Al, Ca, Y, REE,
Fe, Th and U in the Zr — Hf — Si structure (Fig. 3.47). U contribution into the zircon structure
substitution varies from 0.2 and up to 0.8 atoms (contamination with U-minerals may locally

be possible for the highest values) (Fig. 3.48).

(iii) Zircons from the Early Riphean rapakivi granites

Alteration is also well developed in zircon grains attributed to the Rapakivi granites.
Altered dark domains occur mostly at the marginal part of the grains with alternating brighter
and darker domains and with a well-defined selectivity to the primary crystal zoning. Zircons
cores are usually preserved (except photo 3).

The brighter domains correspond to non-altered zircon composition and contain only 65
- 66 wt. % of ZrO,, 32 - 33 wt. % of SiO; and 1 - 2 wt. % of HfO, (Fig. 346 - photo 15). The
altered darker domains are also characterized by a strong and variable enrichment in Y, Ca,

Al, Fe and REE (Table 3.7):

Fig. 3.51 Photo 3 Photo 7 Photo 11 Photo 15
Zr0, 58 61 61 54
SiO, 29 25 29 27
Al O 1.5 0.5 0.5 1
FEIO3 0.5 0.5 1 1
CaO 2 1 1 2
P,0s 0.2 0.5 0.2 0.4
Y,0, 2 3 1.5 2

REE,O4 2 0.5 1 1%
ThO, 0.2 0.1 04 0.9
U0, 0.2 - 0.1 0.3
Total 97 95 97 90

Table 3.7. Average composition of the dark domains (wt. %) in the detrital zircon grains, which are
possible derived from the Salmi rapakivi granites

Zircons from the Priozersk sandstones possibly derived from the Salmi rapakivi
granites, are characterized by a substitution of up to 6 atoms of Ca, Y, Al, REE, Fe and P in
the Zr — Hf — Si structure (Fig. 3.47). U contribution into the zircon structure substitution is
about 0.1 atoms (Fig. 3.48).

203



Chapter 111 Riphean sedimentary sequences of the Pasha — Ladoga basin
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Fig. 3.47. Substitution of Zr + Hf + Si by Al + P + Ca+ Fe + Y + U in zircons from the Priozersk sandstones

resn

X # Priozersk sandstones
32
+*
B
= 605-107
2 137 _127
= 627-12 62'&[ 2
G128
o
e r
S
N
t Alteration trend for zircon from slightly
¥ mineralized and unmineralized sandstones 605-107 &
24 |
t
|
[
20 L e i i i i i L i i i
0,0 04 08 1.2

U, atomic

Fig. 3.48. Substitution of Zr + Hf + Si by only U in zircons from the Priozersk sandstones
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(iv) Elongated zircons

The characteristic feature of this type of zircons with well developed crystal zoning is
the absence of any alteration evidence. They contain 66 - 67 wt. % ZrO,, 32 — 33 wt. % SiO;
and about 1 wt. % HfO,. Only a slight enrichment in P (up to 0.2 wt. % P>Os) and in Y and Fe
(up to 0.15 wt. % Y,0; and Fe,0;) is observed in the darker domains. These zircons are

characterized by only 0.1 — 0.3 atoms of Zr — Hf — Si substituted by P, Y and Fe (Fig. 3.47).

Conclusions: The degree of substitution of the primary elements of the zircon structure (Zr,
Si, Hf) by a variety of elements (Al, P, Ca, Fe, Y, Th, U) in the detrital grains from the
Priozersk sandstones (Salmi area, Karku deposit) varies from 0.5 to 8 atoms, like in the
observed host granite-gneisses, schists and rapakivi granites (Fig. 3.47). Uranium contribution
in the substitution value (except for some contamination cases in strongly mineralized

sandstones) is no more than 0.2 atoms of the zircon structure (Fig. 3.48).

3.3.2. Monazite and associated monazite alteration

In the Priozersk sandstones (Salmi and Karku deposit areas) preserved detrital monazite
crystals are common unlike as in the Athabasca basin where it is only preserved when
included in detrital quartz grains (Hecht & Cuney, 2000). Detrital monazite crystals are
relatively widespread in the cement (chloritic and sulphidic) of the Priozersk sandstones (Fig.
3.49).

Single idiomorphic crystals with well developed natural faces, only partially dissolved
are observed in the chloritic cement of non-mineralized (U content = 2.5 ppm) Priozersk
sandstones (DDH-654-117 m - top of the sequence in the ore zone III of the Karku deposit
area) (Fig. 3.49-A). The brighter crystal core contains 26 - 28 wt. % P,0s, 24 - 25 wt. %
Ce;03, 12 - 14 wt. % Lay0s, 9 - 11 wt. % Nd»03, 4.4 — 4.7 wt. % ThO; and 0.3 — 0.5 wt. %
UQO,. Darker crystal margins are depleted in Th and U. It may correspond to monazite
domains recrystallized at lower temperature, because Th and U incorporation in the monazite
structure decease with the temperature (Overstreet, 1967). At the margin contribution of Th,
U, Ca, Si and Fe, which are substituted P — LREE in the monazite structure, reaches 5 atoms
(Fig. 3.54).
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A: Monazite grain in the chloritic cement DDH-654- B: Slightly corroded monazite crystal in a pyritic

117 m. Photomicrograph scales: 10 & 231 pum cement with relics of chloritic cement (DDH-654-
145 m). Photomicrograph scales: 38 and 136 pm

Fig. 3.49. BSEM images of preserved detrital monazite grains in the cement of the Priozersk sandstones

(DDH-654, ore zone I1I)

Rare corroded monazite crystals are observed in the sulphidic cement of strongly
mineralized Priozersk sandstones (U content = 1210 ppm) (at the bottom of the sequence in
the same drill hole (DDH-654-145 m) in the vicinity of the unconformity surface (Fig. 3.49-
B). These crystals contain 28 - 30 wt. % P,0s, 31 - 32 wt. % Ce,03;, 18 - 20 wt. % Lay0s3, 9 -
11 wt. % Nd,O3, 2.8 — 3.7 wt. % ThO, and a maximum of 0.07 wt. % UOQO,.

Rare Ce-monazite crystals occur with detrital zircons in the chlorite matrix of the non-
mineralized Priozersk sandstones (Fig. 3.50). Chemical composition of these monazites is

mostly similar to the monazite described above, and is given in Annex monazite.
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Gtk = ' s2gld6 caKY 4 26 LM
A: Monazite at the margin of zircon grain B: Detrital monazite and zircon grains in the chloritic
Photomicrograph scale =38 pm cement of the sandstones

Photomicrograph scales = 15 and 86 um
Fig. 3.50. BSEM images of monazite from non-mineralized Priozersk sandstones (DDH-822-155 m — Karku

deﬁosit area)

! A -+ . LIl
Fig. 3.51. Transmitted light and BSEM images of monazite grain relicts with possible Al phosphates (APS) of
crandallite-goyazite-florencite group in a chloritic cement of the non-mineralized sandstones (DDH-822-145 m
— Karku deposit area). Photomicrograph scales: 200, 250 and 15 pm
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Relicts of monazite (with corrosion figures) are abundant in the clay matrix associated

with chlorite (Fig. 3.51) and Ti-oxides (Fig. 3.52).
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Fig. 3.52. BSEM images of monazite grains relicts from non-mineralized Priozersk sandstones (605 — 92 m, ore

zone | of the Karku deposit). Photomicrograph scales: A —38 um; B — 3.8 um

In conclusion, monazite from the Priozersk sandstones in the Salmi area of the Pasha —
Ladoga basin has been slightly corroded probably by the diagenetic fluids. This process is
much more widespread in the Athabasca sandstones (Hecht & Cuney, 2000), where P and
LREE recrystallize together with Al and variable amounts of Ca and Sr to form Al-
phosphates-sulphates (APS) of the florencite-crandallite-goyazite group. Only single

observation of possible APS minerals is presented in the Priozersk sandstones (Fig. 3.51).

----- 191 ZBK) b, HBFK

A: Monazite from DDH-615-99 m (Karku, ore zone II) B: DDH-822-145 m (Karku deposit)
Photomicrograph scale - 20 pm Photomicrograph scale - 5 pm
Fig. 3.53. BSEM images of monazite (the brighter part of the crystals is enriched in Th)
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Fig. 3.54. Substitution of P + REE by Si + Ca + Th + U + Al + Fe + Y in detrital monazites from the Priozersk
sandstones

In the Priozersk sandstones, monazite alteration is limited and only minor amounts of
Al-phosphate are observed. Th is a weakly mobile element, initially essentially contained in
the monazite crystal. Locally, it crystallizes as rare newly formed thorite crystals (Fig. 3.53)
or microcrystalline phase with very low concentrations of U and LREE in the Priozersk

sandstones as already observed in the Lower Proterozoic sandstones of the Franceville basin

(Mathieu et al., 2001).
3.3.3. Whole-rock Zr, LREE and Th geochemistry

For a better understanding of the alteration processes of the accessory minerals at the
scale of the Pasha — Ladoga basin area and adjacent basement rocks, the behavior of Zr, REE
and Th has been studied from the whole-rock trace element analyses.

Zr in the Pasha — Ladoga sandstones (on the example of the Salmi and Karku deposit

areas) is mainly hosted by detrital zircons.
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Y is enriched both in the altered
parts of zircon grains and in xenotime,
which frequently occurs at the margin
of zircon grains (Fig. 3.55). Non-
altered zircon contains less than 0.1
wt. % Y. The altered part may contain
up to 3 - 6 wt.% Y (exchange e
Y*"). The Zr/Y ratio is an indicator of
the degree of zircon alteration: in
fresh zircons this ratio exceeds 100
(Fig. 3.56), while altered zircons are
typically characterized by Zr/Y ratios
between 100 and 20. In the Zr — Y
diagram the Pasha - Ladoga

sandstones show Zr/Y ratios ranging

from 70 to 1, according to the Fig. 3.55. BSEM image of the detrital zircon grain with
] ) . ) ] xenotime, which occurs at the margin of zircon (sample
intensity of their zircon alteration. It is  DDH- 822-155, Karku deposit) in the Priozersk sandstone
interesting to note, that some fresh Photamicrogphi soale 12 jum
zircon from the sandstones have relatively higher Zr/Y ratio (up to 70) than the ones from
Paleoproterozoic gneisses and schists and Salmi rapakivi granites. It means that contribution
of the Early Archean granite-gneisses as source for the Pasha — Ladoga basin sediments is
also important.

The average Th/U ratio of the main types of intrusive rocks is close to 4. On the
diagram (Fig. 3.57) only one sample is characterized by Th/U ratio more than 4 (with a Th
content of about 40 ppm). A number of Pasha — Ladoga sandstones have Th/U ratios ranging
from 4 to 1 and only two of them with Th content more than 30 ppm. Most sandstones are
strongly enriched in U and have a very low Th/U ratio, lower than 1. The lowest ratios
correspond to U enrichment during the mineralizing processes. The intermediate ratios may
correspond to a primary feature of such immature sandstones.

Th is generally well correlated with light rare-earth elements (LREE), because mainly
located in monazite, and La can be chosen as an indicator of the LREE behavior. The Archean

and Proterozoic quartzites and shales all over the world have similar Th/La ratios between 0.2

and 0.4 (Mathieu et al., 2001). On the diagram (Fig. 3.58) most Pasha — Ladoga sandstones
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have Th/La ratio series ranging from 1 to 0.2, with only a few higher than 1, indicating a

slight leaching of the LREE, but less important than in the Athabasca sandstone.
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Fig. 3.56. Priozersk and Salmi suites sandstones of the Pasha — Ladoga basin ina Y vs. Zr diagram

10000 | < Salmi area: Sakmi and Pasha sandstones . A e
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Fig. 3.57. Priozersk and Salmi suites sandstones of the Salmi, Yablonevka and Pasha areas of the Pasha — Ladoga
basin in a U vs. Th diagram
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Fig. 3.58. Priozersk and Salmi suites sandstones of the Pasha — Ladoga basin in the La vs. Th diagram
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Part 3.4. Petrogeochemistry of the Pasha — Ladoga Basin sedimentary sequences

The geochemistry of major and trace elements has been studied both at the scale of the
Riphean Pasha — Ladoga sandstones mostly within the Salmi (and Karku deposit) and also
within Yablonevka and Pasha areas. The similar geological situation of the Mesoproterozoic
Athabasca (Canada) and Pasha — Ladoga (Russian Karelia) basins (Polikarpov and
Molchanov, 2000; Novikov et al. 2001; Lobaev et al. 2002) allows us to formulate some
important questions and to try to answer them using available petrogeochemical data. The
main questions include:

1. What elements still reflect the detrital contribution in the sediments?

2. What elements are associated with the mineralizing processes?
3.4.1. Major element distribution

Major elements composition of the Pasha — Ladoga sandstones compared to the
Satakunta sandstones (Finland), Shea-Creek sandstones (Athabasca basin, Canada) and from
the Jabiluka decline (Australia) is listed in Table 3.8. Full chemical analysis data of major and
trace element composition of the Pasha — Ladoga sandstones are listed in the Annex

Sandstones. DDH and outcrops samples location is presented in Part 1.4.

Average composition Pasha — Ladoga Satakunta sandstones | Shea-Creek sandstones | Jabiluka sandstones
sandstones
SiO, 81.33 £ 10.53 81.74 £+9.22 96.95 +3.02 93.43 +£4.86
AlLO; 7.65+3.20 8.93 +3.80 1.31+£1.44 2.65+2.11
Fe,0; 2,19+ 1.79 1.32+1.77 0.46+1.03 0.51 £0.67
MnO 0.03 £0.07 0.10 £ 0.04 0.00 0.00
MgO 0.38 £0.53 0.79 £ 0.82 0.08 +£0.27 0.69+1.17
CaO 1.52+4.93 1.01+0.77 0.00£0.10 0.03£0.11
Na,O 0.41 £0.82 1.69 £ 1.38 0.00 0.00
K,O 2.57£1.04 3.26 = 0.63 0.21 £0.35 0.65 + 0.64
TiO, 0.34 £0.29 0.24 = 0.26 0.05 +0.07 0.03 £0.05
P,0s 0.07£0.11 0.11£0.07 0.01 £0.03 0.03 £0.07
PF 3.19+3.82 1.44+ 1.11 0.55 = 0.65 1.78 = 1.64
Total 99.68 + 0.36 99.70 + 0.41 99.71 +0.08 99.80 £ 0.12
n 29 13 155 37

Table 3.8. Major element data of the Pasha — Ladoga Basin (Russia), Satakunta (Finland), Shea-Creek zone
(Athabasca basin, Canada) and Jabiluka deposit (Australia) sandstones (Cuney & Brouand, unpublished data)
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The SiO; content (mainly reflecting the abundance of quartz) varies from 41.3 wt. %
(Pasha siltstones) to 95.2 wt. % (Pasha quartz arenites) with an average value of 81,33 wt. %
Si0,. The average Priozersk coarse-grained arkosic sandstone contains about 75 — 80 wt. % of
Si0;. It correlates with the Average Arkose of Pettijohn (1981) with 77.1 wt % of SiO,. The
samples with lower SiO; content (40 — 60 wt. %) correspond to the Pasha siltstones or to the
lower part of the Salmi sandstones immediately above the Salmi lower basalt layer. The Pasha
quartz arenites by their high SiO; contents are close to the mature sandstones from the Shea-
Creek zone (Athabasca basin, Canada) and the Jabiluka decline (Australia). The average
Shea-Creek zone quartzose sandstone contains 97 wt.% of SiO; (80 to 99.6 wt. %). The
average Jabiluka sandstone contains 93.4 wt.% of SiO; (81.1 to 99.3 wt. %).

The ALLO; (2.1 to 16.3 wt. %, average = 7.6 wt. %) and K,O (0.4 to 4.8 wt. %, average
2.6 wt. %) contents which mainly reflect total K-feldspar and clay mineral contents of the
sandstones present a wide scatter of the values. Clay composition diagrams of the Pasha —
Ladoga sandstones from the different parts of the basin were given above (Fig. 3.22, 3.23).
Slightly higher values of Al,O3 are observed in the Satakunta sandstones. It means that the
Satakunta sandstones on average are richer in feldspars and clay minerals. The Average
Arkose of Pettijohn (1981) shows a slightly higher value of Al,O3 (8.7 wt %) but the same
K,O (2.8 wt.%) content. For comparison, average Shea-Creek quartzose sandstone contains
only 2.3 wt. % of Al;O3 and 0.2 wt.% K5O reflecting its very high maturity. High maturity is
also typical of the Jabiluka sandstones with only 2.7 and 0.7 wt. % of ALO; and K,O
respectively.

The CaO and MnO values (normative Mn-—calcite) are generally quite low. CaO
contents of the Pasha Ladoga sandstones varies from traces to 3.7 wt. % and MnO contents
from traces to 0.2 wt. %. Only two samples (DDH-816-68 m and DDH-1051-134 m)
belonging to the basal part of the intermediate Salmi sandstones, which lies immediately
above the Salmi lower basalt layer and contains abundant volcanic clasts are strongly
enriched in CaO (up to 27 wt. %) and MnO. Most Ignition Loss values for the sandstones
vary from 0.4 to 5 % (average 2.3 wt.%), only the most Ca and Mn enriched samples have
I.L. values from 12 to 21 wt.% because of the carbonate ion. The lower amount of carbonate
is observed in the Satakunta sandstones. Carbonates are rare in the Shea-Creek and the
Jabiluka sandstones. Only traces of CaO and MnO are generally observed in these
occurrences with anomal content up to 1.3 wt.% of CaO, 0.06 wt. % of MnO, 0.5 wt.% of PF
in Shea Creek, and anomal content up to 0.5 wt.% of CaO, 1.8 wt. % of PF in Jabiluka.
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Ti0, and P,Os contents in the sandstones correspond to Ti oxides (rutile, anatase) and
phosphates (apatite, monazite, xenotime, Ca-Al-phosphates). Average TiO content in Pasha
Ladoga sandstones is 0.3 wt % and the average P,Os content is 0.1 wt %. Average TiO; (0.24
wt. %) in Satakunta sandstones is slightly lower than the Pasha — Ladoga, but average P,0s
(0.11 wt. %) is slightly higher. Average TiO; (0.05 wt. %) and P,Os (0.01 wt. %) contents in
the Shea Creek zone are also lower. Average TiO, content in Jabiluka sandstones is also low
with 0.03 wt % and average P,Os with 0.03 wt %.

Fe,0O; content (normative chlorite and Fe oxides) in the Pasha Ladoga sandstone varies
from 0.2 to 7.4 wt. % according to initial rock composition and intensity of chloritization
processes. Smaller values are observed in the Satakunta sandstones (0.2 — 2.5 wt. %) which
are only weakly chloritized (Ibrahim, 2004). The average Fe,O; value (2.2 wt. %)
corresponds to the Average Arkose of Pettijohn (1981). The average Fe,;O; value in the Shea-
Creek and the Jabiluka sandstones are much lower (0.5 wt %) accordingly to their more
mature character.

Major element composition analysis of the four sedimentary basins show that two types
of sediments can be distinguished: (i) the Pasha — Ladoga and the Satakunta sediments, both

very immature, and (ii) the highly mature Shea-Creek and Jabiluka sediments.
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3.4.2. Trace element distribution

Trace Earth crust Clarke | Pasha — Ladoga Satakunta Shea-Creek Jabiluka
elements concentration* sandstones, sandstones, sandstones, sandstones,
ppm ppm ppm ppm ppm
As 1 2 2 0.6 1
Ba x0 423 429 12 12
Be 0.x 1 3 0 0.5
Bi = 0.1 0.3 0.2 0
Cd 0.0x 0.5 0.4 0 0
Co 0.3 4 3 0.2 1
Cr 35 16 24 6 4
Cs 0.x 2 2.5 0 0.2
Cu X 8 31 1 1
Ga 12 11 11 2 5
Ge 0.8 1 1 1 1
Hf 3.9 8 3 3 2
In 0.0x 0 0.1 0 0
Mo 0.2 0.5 0 0.2 0
Nb 0.0x 17 6 1 1
Ni 2 8 17 1 3
Pb 7 27 16 3 2
Rb 60 83 126 2 10
Sb 0.0x 0.1 0.2 0.1 0.1
Sn 0.x 3 2 0.1 !
Sr 20 59 91 73 28
Ta 0.0x 1 1 0.1 0.2
Th 1.7 13 14 3 9
U 0.45 3 4 I i
\% 20 29 23 5 4
w 1.6 1 0.5 0.2 1
Y 40 17 15 6 3
Zn 16 71 27 0.6 0.5
Zr 220 311 130 123 87
La 30 38 28 11 20
Ce 92 70 57 23 39
Pr 8.8 8 7 2 4
Nd 37 26 24 8 14
Sm 10 4 3 I 2
Eu 1.6 1 0.6 0.2 0.4
Gd 10 3 4 1 I
Tb 1.6 0.5 0.5 0.2 0.1
Dy 7.2 3 3 ) )
Ho 2 0.5 0.5 0.2 0.1
Er 4 2 1 0.5 0.3
Tm 0.3 0.3 0.2 0.1 0.1
Yb 4 2 1.2 0.5 0.3
Lu 1.2 0.1 0.2 0.1 0.1

Table 3.9. Trace and Rare Earth element average contents in the Pasha — Ladoga (Russia), Shea-Creek
(Athabasca basin, Canada) and Jabiluka (Pine-Creek geosyncline, Australia) sandstones.

*Turekian K., Wedepohl K. Distribution of the elements in some major units of the Earth's crust. Bull. of the Geol. Soc. of
America. 196,. 72- 2 : 175 — 192; For some elements, only order of magnitude are given, indicated by the symbol x

Trace element average composition of the sandstones from Pasha — Ladoga and

Satakunta (Finland), Shea-Creek (Athabasca basin, Canada) and Jabiluka (Australia) are listed
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in Table 3.9. Clarke concentrations (Turekian & Wedepohl, 1961) are also listed in this table

for comparison.

Salm aren - Priozersk sune ¢ Yablonevka area - DIDIT-103 Pasha aren - DDU-1L DD 14

Rock Chondnte

Fig. 3.59. Chondrite-normalized trace element patterns of the non-mineralized sandstones of the whole Pasha -
Ladoga basin from Salmi, Western (exclusively Yablonevka) and Pasha areas (spidergram type after Holm
(1979); chondrite composition after E. Anders and N. Grevesse: http://earthref.org/GERM/reservoirs/C1.htm)

Trace element distributions in the non-mineralized sandstones of the different parts of
the Pasha — Ladoga basin are represented in the chondrite-normalized spidergrams (Fig. 3.59).
There only minor differences between the Priozersk non-mineralized sandstones from the
Salmi, Yablonevka and Pasha areas. In comparison with Clarke concentrations in the Earth
Crust they are strongly enriched in Ba, Sr, Nb, Ta, Th, U and moderately enriched in Rb, Zr,
Hf, Cd, Zn, Mo, Ni, Sn, Be, and Pb.

The characteristic feature of the non-mineralized sandstones from the different parts of
the basin is the high abundance of the lithophile element association: U - Th - Ti - Zr - Y -
LREE, which can be related to the detrital accessory minerals composition of the sandstones
inherited from the basement rocks.

Average sandstones from Satakunta (Finland), Shea-Creek (Athabasca basin, Canada)
and Jabiluka (Pine-Creek geosyncline, Australia) have been also reported in similar
spidergrams (Fig. 3.60). The clear-cut distinction is observed in the left part of the diagrams,
with strong Rb and Ba enrichments in the Pasha — Ladoga and Satakunta sandstones reflecting
the abundance of feldspars. Th, U, K and Nb are also enriched in the Pasha — Ladoga and
Satakunta sandstones. The non-mineralized sandstones from the Athabasca basin are depleted

in most elements including U compared to the two other basins.
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10000 | Average composition of the:=— Pasha - Ladoga sandstones
— Satakunta sandstones
= Shea-Creek sandstones

1000 |
— Jabiluka sandstones

100

10

Rock/Chondrite

0,1
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Rb Ba Th U K Nb La Ce Sr P Zr Sm Ti Y Yb

Fig. 3.60. Chondrite-normalized trace element patterns of the average non-mineralized sandstones from the
Pasha — Ladoga, Satakunta, Shea-Creek and Jabiluka basins (spidergram type after Holm (1979): chondrite
composition after E. Anders and N. Grevesse: http://earthref.org/GERM/reservoirs/C1.htm

Trace element distribution in the mineralized sandstones of the Salmi and the Karku
deposit area have some specific features. The chondrite-normalized spidergrams patterns of
the non-mineralized (less than 4 ppm of U), slightly mineralized (less than 9 ppm of U) and
mineralized (more than 9 ppm of U) are represented in Fig. 3.61. There is no major variation
between non-mineralized and slightly mineralized sandstones. But in the mineralized
sandstones, strong depletion in Rb, Ba and Sr is observed in relation with the alteration of the
detrital feldspars. Uranium is logically high in the mineralized sandstones, but Th is not
correlatively enriched. The characteristic feature of the mineralized sandstones from the
Karku deposit area is the development of a chalcophile association: U - Mo - Zn - Pb - Cu,

which has to be related to the chlorite - carbonate - sulphide hydrothermal alteration

Processes.
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Fig. 3.61. Chondrite-normalized trace element patterns of the Priozersk sandstones of Salmi and Karku deposit
areas: (i) non-mineralized < 4 ppm U: (ii) slightly mineralized 4 < U < 9 ppm: (iii) mineralized > 9 ppm U.
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For a better understanding of trace elements and REE distribution along the
stratigraphic succession and alteration degree the geochemical information has been also
examined according to the depth position of the samples in the drill holes with diagram
normalized to average “Pasha — Ladoga sandstone™- (Fig. 3.62). An average of the “Pasha —
Ladoga sandstone™ was calculated (Table 3.8 — 3.9). In the left part of the Figure 3.62 the
Pasha — Ladoga non-mineralized sandstones from the Salmi (DDH-1051), Pasha (DDH-11)
and Yablonevka (DDH-103) area are considered, in the right part of the Figure 3.62 -
mineralized and slightly mineralized sandstones from the Karku deposit area: DDH-605 — ore
zone [, DDH-625 and DDH-654 — ore zone I11.

Regionally, in the DDH-1051, DDH-11 and DDH-103 (left part of Fig. 3.62) the
variations of chemical composition along the profile do not exceed about 30% for most
elements relatively to the average Pasha-Ladoga sandstone. No systematic variation is
observed along the profiles with depth. In the Salmi area (DDH-1051) the samples mainly
present a Rb enrichment, and to a lesser extend in Ba corresponding to the illitic alteration in
the 3 samples closer to the unconformity. Most other element are constant or moderately
enriched with depth. The upper siltstone of the Pasha suite is depleted in most elements and
significantly depleted in U. The lowermost sample (in the vicinity of the unconformity
surface) is significantly enriched in uranium but also in thorium.

In the Pasha area (DDH-11) the samples are mainly depleted in all elements with depth
compared to average sandstone indicating a higher maturity of the sandstones. A slight Th
enrichment is observed only near the unconformity surface. Maximum U content is observed
in the upper part of the section in the siltstones of the Pasha suite. In the Yablonevka area
(DDH-103) the samples have compositions close to the average sandstone one.

In the Karku deposit area (DDH-605, DDH-625, DDH-654) significant variations in
major and trace elements distribution are observed (right part of Fig. 3.62). In the ore zone |
(DDH-605) the two upper sandstones near the contact with the Salmi basalts (interval - 92 —
92.5 meters) are similar to the average “Pasha — Ladoga sandstone™ for most elements but
with significant U enrichment. At the contrary, the sample at -93 m is strongly enriched in
most elements including Ba, Rb, Sr, Nb, Zr, Y, Th and U. Such a signature correspond to an
initially relatively immature sandstone rich in feldspars and accessory minerals. A depletion
in P2Os and surprisingly of TiO; is also characteristic of this sample. In the vicinity of the

unconformity surface only a strong enrichment in U and Th and moderate enrichments in
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most other elements excepted Rb, Ba and Sr are observed. The lower Rb, Sr and Ba content
relative to the preceding sample reflect the alteration of the feldspars.

The two drill cores (DDH-625 and 654) from the ore zone Il are characterized by
specific features. U is strongly enriched with depth in both drill core. In DDH-625, the middle
part of the sandstones sequence is strongly depleted in Rb, Ba, Sr, but when approaching the
unconformity surface these elements become less depleted up to the average values. In DDH-
654 there are no significant variation of Rb, Ba, Sr and other element contents, except U,
which is strongly enriched with depth. Significant phosphorus enrichments are sporadically

observed in some samples.

3.4.3. REE distribution

The rare-earth elements (REE) distribution of the Mesoproterozoic Pasha — Ladoga
sandstones from the different parts of the basin is presented in Fig. 2.105. Total REE content
in the non-mineralized sandstones from the Salmi area is strongly variable even within the
same drill core. For example, REE abundance varies from 330 ppm (DDH-822-143 m) to 27
ppm (DDH-822-147 m). Average ZREE in the Salmi area is about 150 ppm. In the
Yablonevka area within DDH-103, ZREE varies from 100 to 200 ppm, in the Pasha area
(DDH-11 and DDH-14) — from 40 to 230 ppm.

Salmy arca - Prnozersk suite
U <4 ppm - Yablonevka area - DDH-103 I Pasha arca - DDIT-11, 14

Rock/Chondrite

Fig. 3.63. Chondrite-normalized REE distribution patterns of the Pasha — Ladoga sandstones from the different

parts of the basin: Salmi, Yablonevka and Pasha areas (chondrite composition after Anders & Grevesse:
http://earthref.ore/GERM/reservoirs/C | .htm)
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REE distribution in the non-mineralized sandstones of the different parts of the Pasha —
Ladoga basin is presented in the chondrite-normalized spidergrams (Fig. 3.63). By
comparison with other Mesoproterozoic basins (Canada, Australia and Finland) (Fig. 3.64)
the REE distribution is quite similar. Most REE patterns are moderately fractionated with a
distinct Eu anomaly as classical sediments (shales or greywackes). Some of the Satakunta
sandstones present a stronger Eu anomaly. Average characteristics of the REE distribution for

all basins are given in Table 3.10.

Mesoproterozoic sedimentary basins, areas, suites (Ce/Yb)x EwEu* (Gd/Dy )y (Er/Yb)y
Pasha - Ladoga (Salmi area, Priozersk sandstones 12 0.8 1.4 0.95
Satakunta sandstones 12 0.6 1.6 1.05
Shea-Creek (average Erica [ - 1l sandstones) 17 0.5 1.8 1.02
Jabiluka decline sandstones 33 0.7 23 0.95

Table 3.10. Average characteristics of the REE distribution in the non-mineralized sandstones of the Pasha -
Ladoga (Russia), Satakunta (Finland), Shea-Creek (Canada) and Jabiluka (Australia)

100w = L
Pashe - Ladoga non-mineralized sandstones Ertca <1, <1l and -1 avernge sandstones (Shea-Creck, Athabasca)
and Jabiluka decline average sandstones

Satakunta sandstoncs

—Erica |
Erca ll
= Erica [l
= Jabiluka decline

Rock/Chondrnite

Ce P Nd Sm fe (& Th Dy e B Tm Yo La La Cc Pr N4 Sm Pu G Th Dy s Iz T Y Le L Ce P N4 Sm Fa Gl T Iy e B Tm Yy Lu

Fig. 3.64. Chondrite-normalized REE distribution patterns of the Pasha — Ladoga (Salmi area). Shea-Creek
(Erica) and Satakunta non-mineralized sandstones (chondrite composition after Supplemental data for chondrite
(Anders & Grevesse: http://earthref.org/GERM/reservoirs/C|.htm)
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O Non-altered Athabasca sandstones W Salm area and Karku deposit sandstones

. Altered Athubusco sandstones
" with high-grade ore samples 0 Yablonevka and Pasha area sandstones
after Kister (2003)
[ ] Average greywacke and shale by Condie (1993) U\ Schematic shape REE pattern
15 ¢
DDH B43-147

\N— U=3354 ppm
.

Erv/Ybn
Fig.3.65. Gdy/Dyy versus Ery/Yby diagram for Pasha — Ladoga and Athabasca sandstones (after Kister, 2003)

In the Gdn/Dyn versus Ern/Ybn diagram established by Kister (2003) to evaluate
intermediate HREE depletion or enrichment (Fig. 3.65), the representative points of the non-
mineralized sandstones from the Athabasca (Erica I-111) (Kister, 2003) and Pasha — Ladoga
(Salmi area) (present work) basins plot to the upper left of the average greywacke and shale
points. The Athabasca sandstones appear therefore strongly depleted in intermediate HREE
(Ho and Er) compared to average greywacke and shale (Condie, 1993). The Pasha — Ladoga
sandstones are less depleted and closer to average greywacke and shale compositions.

o0 | )
Karku deposit area - ore zone | t Karku deposit arca - ore zone I : Karky deposit area - ore zone (11
L =9 ppm P L! =9 ppm L = 9 ppmi

Rock/Chondrite
[

la Co ™ Nd Sm Fu Gd ™ I He Fr Tm Yo lu Lo Ce ™ Nd S fe Gd Th Dy Ho Fr Tm Y0 la Ls Ce Pr Nd Sm Fu G4 T Iy Ho Fr Tm Yb Lu

Fig. 3.66. Chondrite-normalized REE distribution patterns of the mineralized sandstones from the different ore
zones of the Karku deposit area (Pasha — Ladoga basin) (chondrite composition after Anders & Grevesse:
http://earthref.ore/ GERM/reservoirs/C | .htm)
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REE distribution in the mineralized sandstones of the different mineralized zones of the
Karku deposit area (Pasha — Ladoga basin) is presented in Fig. 3.66. Some of the REE
patterns present enrichments in the intermediate LREE (ore zone | of the Karku deposit).

Average characteristics of the REE distribution in the mineralized sandstones from the

different ore zones of the Karku deposit are listed in the Table 3.11.

Mesoproterozoic sedimentary basins, areas, suites (Ce/Yb)y EwEu* (Gd/Dy) (Er/Yb)y
Ore zone | 11.5 0.8 1.7 1.1
Ore zone 11 9.8 0.5 1.4 0.9
Ore zone 111 8.6 0.8 1.4 0.9
Outside of the ore zone in the Karku deposit area 10.2 0.7 1.4 1.1

Table 3.11. Average characteristics of the REE distribution in the mineralized sandstones of the different ore

zones of the Karku deposit area (Pasha — Ladoga basin, Russia)

For a better understanding of the REE distribution with depth and alteration degree the

geochemical data have been also examined according to the depth position of the samples

along the drill holes in the vicinity of the Pre-Riphean unconformity surface using diagrams

normalized to the average “Pasha — Ladoga sandstone™- (Fig. 3.67).
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In DDH-605 (ore zone I of the Karku deposit) strong HREE enrichment is observed in
the vicinity of the unconformity surface, LREE enrichment in the vicinity of the unconformity
surface is also observed, but less significant.

In DDH-816 (ore zone II with two sedimentary suites presented in the section) a strong
REE depletion occur in the vicinity of the unconformity, a strong REE enrichment at —167 m
(middle part of the Priozersk sandstones). Salmi sandstones are riche in REE in the vicinity of
the contact with the Salmi basalts. They are also richer in Th, that mean abundance of the
detrital monazite.

In DDH-625 (ore zone Il of the Karku deposit) a general depletion in REE with depth
is observed, but in the vicinity of the unconformity surface, a slight enrichment in HREE 1is
observed.

In DDH-822 (outside of the ore zones but within the Karku deposit area) strongly
variable REE distribution appears. In the middle of the section, all REE (especially HREE)
are strongly depleted and some meters below they are strongly enriched (especially HREE).

In the vicinity of the unconformity LREE depletion is again observed.
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Conclusions for chapter I11

The composition of the Pasha — Ladoga sediments from the different parts of the basin
varies widely: from subarkoses, arkoses, litharenites, sublitharenites to greywackes. In
contrast to the sandstones from the Shea Creek area (Athabasca basin, Canada), which are
nearly orthoquartzitic, no true quartz arenites exists in the Pasha — Ladoga basin.

The regional diagenetic features at the scale of the whole Pasha — Ladoga basin are well
expressed in selected samples from the Salmi, Yablonevka and Pasha areas, which have not
been significantly affected by subsequent alterations. The diagenetic event is multistage and
mainly consists of quartz overgrowths over detrital quartz crystals, hematization,
transformation of coarse-grained authigenic kaolinite to dickite and authigenic smectite by
illite with neoformation of interstratified illite-smectite and illite-chlorite. Quartz overgrowths
are generally less well develo;;ed than in the Athabasca and Kombolgie basin.

In the Pasha — Ladoga basin the presence of abundant K-feldspar and plagioclase and
their stability, except in the vicinity of the mineralized zones, has conferred more alkaline pH
conditions to the fluids during the diagenesis, less favourable for uranium solubility. The
crystallization of I/S illite-smectite and illite-chlorite and the presence of carbonates during
the main mineralization event in these basins is also in favour of relatively alkaline fluids.

Altered and mineralized sandstones from the Karku deposit area are richer in quartz
with a relatively constant proportion of clay minerals, feldspars if still present are in much
lower proportion. During the uranium mineralization stage the mineralogical assemblage is
mainly characterized by the development of Mg-Fe and Fe-rich chlorites and Mn carbonates.
Quartz dissolution is much less intense than in the Athabasca basin, providing less open space
for the deposition of massive uranium mineralization as in the Athabasca basin in particular.

The characteristic feature of the Pasha — Ladoga sandstones chemical composition is the
high abundance of the lithophile element association: U — Th — Ti — Zr — Y — LREE, which
can be related to the abundance of detrital accessory minerals composition of such immature
sandstones inherited from the basement rocks.

The mineralized sandstones from the Karku deposit area characterized by a chalcophile
association: U - Mo - Zn - Pb - Cu, which has to be related to the chlorite - carbonate -
sulphide hydrothermal alteration processes. Alteration of detrital monazite grains is

exceptional in the mineralized Pasha — Ladoga sandstones with weak neoformation of the
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APS minerals on the contrary to the Athabasca basin, where the monazite alteration is the
process is regionally developed. Zircon alteration in the Pasha — Ladoga sandstones is a
regional feature as the Athabasca basin, where strong alteration of zircon was evidenced.

The barren sandstones of the Pasha Ladoga basin are more enriched in LREE than the
barren sandstones of the Athabasca basin. The Pasha — Ladoga mineralized sandstones are
less depleted in intermediate HREE (Ho and Er) to the contrary to the Athabasca mineralized

sandstones, which are usually strongly depleted in these elements.
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Chapter 1V Mesoproterozoic basaltic magmatism of the Pasha — Ladoga basin

Part 4.1. Geological setting

Mesoproterozoic (Riphean or Postjotnian) continental flood basalt (CFB) - type
magmatism (1460 — 1265 Ma) on the Baltic Shield commonly accompanied the formation of
the Mesoproterozoic (Riphean or Jotnian) sedimentary basins made of continental sandstones
and siltstones successions within rift complex zones and faulted-bounded basins (Kohonen &
Ramo, 2004). It corresponds to crosscutting (occasionally also concordant) tholeitic dikes in
southwestern Finland and adjacent Sweden (Patchett et al, 1994; Amantov et al, 1996), and as
extensive alkali basaltic sills in Russian Karelia —~Ladoga Lake region (Amantov et al, 1996;
Golubev & Svetov, 1983; Kayryak & Khazov, 1967; Khazov & Popov, 1984; Ramo et al.,
2004; Tikhomirov & Yanovsky, 1970; Upton et al, 1998).

The = 1265 Ma hypabyssal mafic rocks are well-known in the Satakunta region
(southwestern Finland) and some other localities in Finland and Sweden (Kohonen, 1993:
Kohonen & Ramo, 2004).

In the Ladoga Lake region (Fig. 4.1)

similar dolerites and basaltic lavas outcrop

Salmi area
along the north-eastern and eastern shore of

Ladoga Lake (in the Tulema River bed near
Salmi village — Fig. 4.3) and differentiated

gabbro — monzonite — syenite Valaam sill

outcrops in the Valaam archipelago (Valaam,
Mantsinsaari, Lunkkulunsaari islands and
skerries in the north-eastern shore of the
Ladoga Lake). In the Karku deposit area the

Salmi basalts are mainly overlapped by the
Saiqt-Petersburg

Quaternary glacial deposits but have been

also intersected by exploration drillings

(Novikov et al, 2001).

Fig. 4.1. Sketch map of the Lake Ladoga region
showing the outlines of two major volcanic
sequences (in green) within the Pasha - Ladoga
sedimentary basin (in purple) (after Amantov et al.,

1996). been distinguished during Mesoproterozoic in

Four phases of magmatic activity have

the Northern Ladoga area. During the first

stage the large Salmi rapakivi granitoidic batholith was emplaced (1560-1540 Ma). Two
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stages of basaltic lava eruption occur during the sedimentation of the Pasha Ladoga clastic
basin corresponding to two main volcanic sheets. The lower sheet (Lower Salmi subsuite)
consists of 2 to 9 basalts flows. The most consistent and thick are the first flow (up to 40
meters thick) and the second (15 — 17 meters). The Upper Salmi subsuite consists of 1 to 6
basalts flows and “mandelsteins” rocks (Novikov et al, 2001).

These two eruption stages are separated by a layer of terrigenous sedimentary rocks
(Salmi sedimentary subsuite - up to 30 m thick — see in Chapter I1I), which indicates a pause
in the volcanic activities. The last stage of magmatic activity corresponds to the intrusion of

the differentiated gabbro — monzonite — syenite Valaam sill (Amantov et al, 1996).

NW
Valaam sill gabbros s

Valaam island Riphean volcam

wn

edimentary sequence

(1]

Fig. 4.2. Cross section of the Pasha - Ladoga basin based on seismic reflection studies (Amantov et al., 1996).
Two major volcanic sequences in the sedimentary sequence can be discerned.

Comprehensive U-Pb geochronologic data (Suominen, 1991) have defined the age of
the tholeitic magmatism in south-western Finland between 1270 and 1260 Ma. It thus also
represents a minimum age for the Satakunta sandstones intruded by the mafic dikes. The
mafic sills in the Pasha - Ladoga basin were until recently considered to be more or less
coeval with the mafic dikes in south-western Finland (Amantov et al, 1996). But two
baddeleyite fractions from the Valaam Island in northern part of the Ladoga Lake give a
concordia age of 1457.4 + 2.7 Ma (Ramo et al., 2001), indicating that the mafic magmatism in
the Ladoga Lake region is much older that hitherto believed.

According to Amantov et al (1996) and Ramo et al (2001), the Valaam sill consists of

two major sill horizons: a lower basic one and an upper potassium rich with intermediate
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composition. After joint field investigations of VSEGEI and Helsinki University (summer of
2004) it is possible to conclude, that on the cross section (Fig. 4.2) we can observe Salmi
dolerites and basalts intercalated in the Riphean sediments as the lower volcanic unit and the
differentiated Valaam sill crosscutting the sediments as the upper member of the Riphean
volcanic activity.

Preliminary Nd isotope data on the Salmi basalts cobbles on the coast of the Valaam
Island have given exg (at 1460 Ma) values of - 5.8 to - 4.1, whereas the Valaam sill present
more negative eng (at 1460 Ma) values of - 9. Therefore, the basalts may have been derived
from a different source than the (less radiogenic) subvolcanic mafic rocks of the Valaam sill

(Ramo et al., 2004).

ﬂibi_ik..’l.-._\,UJ. L
Rue du Jardin Botanigue - BP 11
84601 VILLFRS-LES'NANCY Cédeax
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Part 4.2. Salmi Suite basalts

4.2.1. Petrography and mineralogy of the Salmi basalts

The Salmi basalts are represented by
two main sheets — a Lower one (130 — 140
meters thick) and an Upper one (about 90
meters thick) volcanic Salmi Subsuites. They
are composed of a series of separate lava
flows. The basalts can be brecciated by
calcite veins (lava breccias) and some others
may be massive but with brecciated roofs.
Detail analysis of the inner structure of both

volcanic sheets has not confirmed the

625-109 m

Fig. 4.4. Sequence of basalts from the upper volcanic
Salmi subsuite from top to bottom (Karku deposit area,
ore zone 111, DDH - 623)

Tt S 7" o . g H
Fig. 4.3. Salmi basalts in the bed of the Tulema river
near the Salmi village

presence  of  porhyroclastic  layers
(Amantov et al, 1996).

The most common rock type is
slightly  altered (olivine)-plagioclase-
clinopyroxene basalt with doleritic and
poikilophytic textures. The volcanic rocks
are aphyric to microporphyritic with a
hyaline to holocrystalline (in the
subvolcanic bodies) groundmass texture
(Fig. 4.4).

The mineral assemblage, which
makes up the Salmi Suite basalts in the
Salmi area, includes olivine,
clinopyroxene, rare amphibole and
plagioclase (Angg - 40).

Olivine is predominantly ferriferous
in composition (Foss  46), clinopyroxene is
represented by a sequence of titanaugite —

Fe-titanaugite (Ensy 34Woyy  3sHdjo - 25)

and diopside — Fe augite (Ens; 3:7Wo3; 26Hds 37) (Amantov et al, 1996).
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[Imenite, titanomagnetite, titanite, apatite (up to 1 wt. %) are the main accessory

minerals.

4.2.2. Alteration processes in the Salmi basalts

The first alteration processes in the Salmi basalts start during lava eruption. The high

degree of hematization, the great abundance of amygdales in

475-64

the rocks suggest subaerial solidification of the lavas. oo e
Al <.

; : X : MgO 18.78

The main basalt-forming minerals (clinopyroxene, ¥oh 2241

o . . . TiO, 0.02
olivine and, partially, amphibole) are replaced by chlorite MnO 0.37

CaO 0.36

and chlorite-smectite interstratified clay minerals (nontronite Na:0 0.05

K0 0.029

and ferriferous saponite). Olivine phenocrysts are replaced T;‘_*" “"’ﬂf
1 3

. * . . a i v 3
with brown aggregate of iddingsite. Albitization processes - e
e Mg 2.83
are very common. Fe 1.89
- " " Ti 0.00

The amygdales are usually filled with chlorite, quartz, Mn 0.03

Total VI 5.82

and carbonate and, in places, hematite (Fig. 4.4, 4.5). Ca 0.04
Na 0.01

Amygdaloidal basalts and lava breccias from the roofs of c o s
lava flows are strongly altered. Quartz, chlorite, calcite are = 16

Table. 4.1. Average chlorite
main alteration minerals. composition from Salmi basalts.

The average chemical composition of the chlorites from amygdales of the Salmi basalts
is given in Table 4.1.
The structural formula of chlorite from the Salminskaya basalts (DDH — 475 — 64 m) :

(Mgz.s0Feq.00Mn 03A11.06)(Siz.10Al1p.81)O010(OH)s,

corresponds to a Mg chamosite.

The next alteration stage of the basalt is observed in the Karku deposit area in
connection with the formation of the uranium mineralization in the vicinity of the Riphean
unconformity surface. In the lower Salmi basalt subsuite, vertical quartz-carbonate veins with
pitchblende and sulphide mineralization (pyrite, galena) occur, mostly above the high-grade

mineralization zones in the sandstones (Fig. 4.6).

235



Chapter IV

Mesoproterozoic basaltic magmatism of the Pasha — Ladoga basin

oy

a. DDH - 502 — 177 m. Olivine-plagioclase-pyroxene
basalt with amygdales

78 m. Chalcedony in amygdaloidal

389
basalts. Crossed nicols, line scale 0.25 mm

c. DDH

e. DDH 475 64 m. ;lsall:

Amygdaloidal
amygdales are infilled by chlorite. Crossed nicols, line
scale — 0.1 mm

Fig. 4.5. Macro and microphotographs of the Salmi basalts

b. DDH — 502 — 177 m. Olivine-plagioclase-pyroxene

basalt with amygdales - details of the poikilophytic
0.25 mm

texture. Parallel nicols, line scale
8 &t B2 S "

A .‘p.'
d. DDH - 78 m. Carbonate in amygdaloidal
basalt. Crossed nicols, line scale -~ 1 mm

.

N 7

f. DDH 61 m. Amygdaloidal basalt: chlorite

502

amygdales and elongated plagioclase laths in volcanic

glass. Parallel nicols, line scale — 0.25 mm
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TR

Fig. 4.6. BSEM images of a quartz-carbonate vein with sulphides and pitchblende in the Lower Salmi basalts

(Karku deposit area, ore zone 111, sample DDH-327-146 m), microphotograph scales: A —27 mm, B — 30 um

4.2.3. Petrogeochemistry of the Salmi basalts

Major and trace elements composition of Salmi basalts is listed in the Annex Volcanic.

DDH and outcrops samples location is presented in Part 1.4,

Major elements distribution in the basalts

Fresh Salmi basalts

DDH, sample 356-310 m 356-441 m 625-50 m 822-66 m
Si0, 45.26 46.44 46.28 46.77
TiO, 4.38 3.53 3.79 3.89
ALO; 13.03 13.23 13.86 14.18
Fe,0, 16.70 16.43 16.06 14.91
MnO 0.18 0.20 0.22 0.22
MgO 3.54 4.53 4.07 4.48
CaO 7.11 7.62 7.93 7.81
Na,0 2.66 2.69 2.75 2.71
K,O L.71 1.56 1.57 1.43
P,0s 1.34 1.15 1.05 1.06

IL 273 1.18 2.42 2.84
Total 98.62 98.58 100.00 100.30

Table 4.2. Major element composition of the freshest Salmi basalts from the Salmi and Karku deposit areas
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Major element compositions of selected fresh varieties of Salmi basalts are listed in
table 4.2 and altered ones in table 4.3.

Si0; content of the fresh basalts varies from 45 to 47 wt. %. Alkali sum is between 4 —
4.5 wt. %. In the diagram SiO, versus Na,O + K0, fresh basalts (PF < 4 wt. %) plot in the
basalt field.

The fresh Salmi basalts are rich in potassium (1.4 — 1.7 wt. % of K,0). Sample DDH-
625-59 with K,O contents of 4.88 wt. % corresponds to a strongly illitized sample, leading
this sample to plot in the andesite field (Fig. 4.7).

Altered Salmi basalts
DDH, sample
625-55m 625-57m 625-109 m 822-76 m 822-122 m 822-1255m

Si0o, 43,86 45,80 40,27 21,68 30,96 44,50
TiO, 12,69 7,79 13,20 6,41 1,84 8,68
Al Oy 9,62 . 17,00 16,59 4,19 442 10,64
Fe,0; 0,28 0,18 0,34 0,26 0,76 0,48
MnO 4,75 2,65 2,97 1,42 1,60 4,10
MgO 9,69 10,00 10,03 33,72 32,90 12,93
CaO 4,14 1,30 2,18 1,52 0,08 1,51
Na,O 0.49 2.20 0.47 1.25 0.06 1.03
K,0 343 2,23 3,58 1,52 0,45 2,01
P,0s 1,00 0,66 0,96 0,36 0,00 0,59

IL 991 8.04 9.32 27.32 26.70 13.46
Total 99,86 97,85 99,91 99,65 99.77 99,93

Table 4.3. Major element composition of the altered Salmi basalts from the Salmi and Karku deposit areas

At the contrary, sample DDH-389-78 (a relatively fresh basalts, with IL = 3.4 wt. %)
has an alkali sum higher than 7 wt. %, including 5 wt.% Na,O. This sample plot into the
tephrite field. Such a composition corresponds to an albitization process in the basalt.

Moderately altered basalts (IL < 8) also range from substantially low-potassic varieties
(822 — 122 with K,0 < 1 wt. %) to highly potassic ones 625-59 with K,0 —4.9 wt. % (Annex
volcanic) according to their degree of illitization. In Fig. 4.7, all altered basalts varieties plot
into the low-silica field. I.LL. value for the strongly altered basalts reach up 27 wt. % and
correspond to the development of carbonates including possible magnesite.

Basaltic cobbles from the Valaam island (Ramo data, pers. communication) are
characterized by their very high alkali sum (high contents of both - sodium and potassium)
and plot in the diagram (Fig. 4.7) into the tephriphonolite field. They are very fresh, their I.L.
values does not exceed 1.1 wt.%. Therefore they may not correspond to the same flows as

those intersected in the drillings from the Karku area.
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Fig. 4.7. The Salmi basalts in the SiO, vs. K>O + Na,O classification diagram
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Fig. 4.8. The Salmi basalts in the diagram Na,O versus PF (loss on ignition)

Among the 34 analysed samples at least seven samples are extremely altered. Ignition

Loss (I.L.) varies from 9 to 27 wt. % and hence inhibits the use of many of the standard major
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elements plots. In the diagram Na,O versus PF (loss on ignition) increasing sodium leaching

is clearly evidenced with increasing alteration.

1,60

# Fresh Sabm basals (PF<4)

& Aliered Sal busaks (PF<8) L
1,40 L

& Strongly akered Salmi basahs (PF>8) ° 'Y

# Basaltc cobbles from Vakam stind (Ramo data)
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L]

0,60
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0,20

0,00 * v v = - - -
0,00 0,50 1,00 1,50 2,00 2,50 3,00 3.50 4,00 4,50 5,00

TiO2

Fig. 4.9. The Salmi basalts in the TiO; vs P,Os diagram. Petrotectonic fields of MORB, OIT and WPB are based
on Bass et al (1973). Only the freshest basalts have been with IL <4 wt% or less

The diagram based on TiO, and P,Os content, which appear reliable for altered rocks
(Volkova & Budanov, 1999), can be used for preliminary discrimination of the investigated
basalts. TiO, content in the Salmi basalts varies from 3.7 — 4.4 wt. % in fresh varieties and to
2 - 0.5 wt. % in strongly altered basalts. P-,Os content is between | — 1.3 wt. % in the fresh
varieties and less than 1 wt. % in the altered ones. (Fig. 4.9). The fresh Salmi basalts
characterized by high TiO, and P>Os contents belong to the alkali basalt composition trend,
which fall into within-plate basalt field. The basalts cobbles of the Valaam island are also
clearly distinguished in this diagram by their high phosphorous contents for intermediate
Ti02 values.

In the Q-P diagram of Debon — Le Fort (1983, 1988) different alteration trends can be
observed (Fig. 4.10). Fresh Salmi basalts plot near the monzogabbro reference composition,
except one point (DDH-389-78), which is extremely sodium-depleted, despite its relatively

low LLL. (3.42 wt. %) value. Samples plotting to the right of the monzogabbro reference
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composition correspond to samples in which sodium has been leached out and to illitization
which correspond to a gain of potassium during alteration, both acting in the same way on the
K-(Na + Ca) millication parameter. Samples plotting to the left part of the diagram
correspond to samples with albitization (rare) and mainly to carbonate alteration which may
led for the Ca-richest ones to their plotting silica undersaturated field (Ca is substracted to
silica in the calculation of the Q parameter). However, the fresh basalt cobbles from the

Valaam island plot in the silica undersaturated field.

# Fresh Salmi basalis (PF<4) ()ll‘dl‘l/
400
# Altered Salmi basalts (PF<$8)
@ Strongly altered Salmi basalts (PF=8)
# Basaltic cobbles from Valaam island (Ramo data)
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o
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= |
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R
—
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a 100
I o
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Fig. 4.10. The Salmi basalts in the A vs. Q diagram according to Debon and Le Fort (1983, 1988)
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Fig. 4.11. The Salmi basalts in the B vs. A diagram according to Debon and Le Fort (1983, 1988)

The A-B diagram (Fig. 4.11) shows that the freshest basalts (CaO content between 7 — 8
wt. % and lowest IL values) are slightly shifted from the average gabbro composition which
means that limited clay alteration occurs in these basalts. Some of the Salmi basalts are
dominated by the clay alteration (samples with slightly negative to positive peraluminosity A
parameter) with Fe (up to 21 wt. % Fe203) and Mg (up to 9 wt. % MgO) enrichment
(increasing B parameter with increasing A values), whereas some others are dominated by the
carbonate alteration (CaO content up to 34 wt. %) with the most negative A values and I.L.
values higher than 8 wt. % because of the CO2 of carbonates.

The basaltic cobbles from Valaam island are characterized by strongly different
chemical composition with very high sodium (6 — 7 wt % Na20) and magnesium (12 to 13

wt % MgO) contents.

Trace elements distribution in the basalts

Because the degree of alteration of some of these rocks is significant, the abundances of

all mobile elements are likely to have been strongly modified. Therefore, there is a need to
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use for interpretation only the more immobile elements (REE, P, Ti, Zr, Y, Nb, Th), whose
abundances in basalts are not to much affected by alteration.
Trace element compositions of the Salmi basalts have been represented in chondrite-

normalized spidergram (Fig. 4.12).

o o
Fresh Salmi basalis | PF<4) Miered Salmi basalts (PF<%) Strongly altercd Salmi basalis {PF32)
i

Rock Chondrine

B Me Th L K Nb La € S P B S= T Y Yo B B Th UK ONh L U Sr P OB e T Y Y B B Th UK Nk Li Ge S PO Sm TV R

Fig. 4.12. Chondrite-normalized trace element patterns of the Salmi basalts from the Salmi - Karku deposit areas
(Northern Ladoga district) (spidergram type after Holm (1979); chondrite composition after E. Anders and N.
Grevesse: http://earthref.org/GERM/reservoirs/C1.htm)

The Salmi basalts are plotted into the three spidergrams: fresh (PF<4), altered (PF<8) and strongly altered (PF>8)

In the Fig. 4.12. the Salmi basalts are compared according to their degree of alteration.
Some following features have been observed:

(1) fresh varieties present very homogeneous spidergram patterns (except one
anomal sample 625-59, which are strongly enriched in K>O and depleted in
Na,O and P,0s):

(11) strongly altered basalts which are not only occurring in the mineralized zones of
the Karku deposit, present more scattered distribution of the elements in the
spidergrams compared to the fresh one;

(111)  they are clearly depleted in Rb, Sr and K,O;

(iv)  altered basalts are also relatively enriched in Ba, U, La, Ce.
For a better understanding of the trace elements and REE distribution with depth and

alteration degree the geochemical data have been also examined according to the depth

position of the samples along the drill holes and normalized with average fresh “*Salmi basalt”
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(Fig. 4.13). The average fresh “Salmi basalt™ was calculated from samples 356-410, 356-440,
502-232, 389-78, 625-50, 625-85, 822-66 and 822-106 (Table 4.4) for normalization:

ppm Rb Ba Th u K. % Nb Sr Zr Ti. % Y

basalt 33 1266 3 1.4 1.6 36 417 405 4 51

Table 4.4. Trace element values calculated for Average fresh “Salmi basalt™ sample

In DDH-502 (Salmi area — 15 km to NW from the Karku deposit) (Fig. 4.13) trace
elements distribution™ varies significantly with depth, but mostly in relation with the
occurrence of fracture zones in the basalts. Surprisingly, the degree of alteration decrease with
depth. Rb, Ba, K and Sr are depleted except in the middle of the section. Other elements do
not show strong variations. U is significantly enriched in nearly all the samples despite the
location of this drilling away from a mineralized area. U enrichment also decreases from the
top (10 ppm) to the bottom (1.4 ppm) of the section in correlation with the decrease of the
degree of alteration of the samples. Within a fractured zone U content reaches 4.8 ppm. The
weak alteration of the basalts in the lower part of the section is in favour of weak diagenetic
and/or hydrothermal fluid circulations in the sandstone in this part of the Salmi area.

In DDH — 625 (Karku deposit area, ore zone I1I) all samples present important depletion
in most elements but with no significant variation in the trace element distribution with depth
except in two cases: at -57 meters strong Ba and K,O enrichments are observed and at -59
meters Rb, Th and KO are significantly enriched with the strongest Sr depletion. No uranium
enrichment 1s noticed n the basalts despite the location of this drilling in a mineralized area
(ore zone I1I).

In DDH-822 (Karku deposit area but outside of an ore zone), Rb, Ba and K enrichments
occur at different depth in relation with the degree of illitization of the samples. (Fig. 4.13).
However, the sample located at -122 meters is strongly depleted in all elements, indicating a
strong alteration. But, above (at -106m) the basalt is nearly non depleted. U content at the top
of the sequence is enriched to 2 ppm, then it is moderately depleted with depth, excepted at -
125 meters where U is enriched to 4 ppm, but immediately below at - 125.5 meters, U is

down to 0.7 ppm. K depletion is also a characteristic feature of this part of the section.
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Rock/Average fresh Salmi basalt DDH-502
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Fig. 4.13. Trace element variations in the Salmi basalts according to the depth of the samples
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In general, enrichment or depletion of any of the trace elements is not dependent of its
distance to the unconformity surface and mostly depend on the presence of specific tectonic

features (fault, fracture) allowing the more or less important development of the alteration.

Stromglv altered Salm basalts (PF<x)

Adiered Submi basalts (PF<X}

Fresh Salimi basalts (PF-4)

Rock/'Chondrite

Nd S B Gl TR Dy 1S 1 T YD Ia la Ce Pr Nd Smo Bu Gl oDy Ik Br T YR Ly be Ce A N Sm du GI Th Dy Ik B Tm YL

Fig. 4.14. Chondrite-normalized REE patterns of the Salmi basalts from the Karku deposit areas (Northern
Ladoga) (chondrite composition after Anders & Grevesse: http://earthref.org/GERM/reservoirs/C1.htm)
Salmi basalts are plotted into the three spidergrams: fresh (PF<4), altered (PF<8) and strongly altered (PF>8)

Salmi basalts are strongly enriched in REE: ZREE in the fresh varieties (PF<4) is about
313 ppm, and is similar (318 ppm) in moderately altered ones (PF<8). But, strongly altered
basalts (PF>8) are depleted in REE (230 ppm in average). They have similar strongly

fractionated REE patterns (Ce,/Yb y ratio ranging from 8 for fresh basalts, 8.6 for altered, 7.4

for strongly altered) with a weak europium anomaly ((Eu/Eu*)y = 0.89 in the fresh and
altered basalts, 0.83 in the strongly altered ones). Alteration has mainly an influence on the
global REE abundance without strong variation of the global fractionation (Fig. 4.14). Two
samples (one non altered : 625-59 and one altered : 822-125.5) show distinctly lower REE
abundances with different fractionation of their REE patterns. They probably initially
correspond to distinct basalt varieties which would be interesting to characterize more

thoroughly.
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Rock/average fresh Salmi basalt DDH-502
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Fig. 4.15. REE distribution in the Salmi basalts in concerning to the DDH position and depth of the samples
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An average of the fresh “Salmi basalt™ was calculated from samples 356-410, 356-440,
502-232, 389-78, 625-50, 625-85, 822-66 and 822-106 (Table 4.5) for REE normalization:

ppm La Ce PE Nd Sm Eu Gd Th Dy Ho Er Tm Yb Lu

basalt 65 139 17 71 13 4 12 2 9 2 5 | B 1

Table 4.5. REE values calculated for Average fresh “Salmi basalt™ sample

In DDH-502 (northern part of the Salmi area — see position in Fig. 1.23) REE
distribution varies very slightly (Fig. 4.15), except at -102 meters where a moderate LREE
enrichment is observed (La = 140 ppm, Ce = 250 ppm).

In DDH — 625 (Karku deposit area, ore zone III) there are also no any significant
variation in the REE distribution except two samples: at -57 meters a strong Eu and a
moderate LREE depletion are observed and at -59 meters strong LREE and moderate HREE
depletions are observed.

In DDH-822 (Karku deposit area — outside of the ore zones) moderate depletion of all
REE (mostly LREE) are observed in the interval -76 to - 80 meters and below a strong

depletion of all REE is observed in on sample at -122m (X REE = 40 ppm).
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Part 4.3. Valaam sill

4.3.1. Petrography and mineralogy of the Valaam sill rocks

The ~1460 Ma Valaam sill (Ramo et
al., 2001) 1s intruded along the bedding
surface of the Pasha Suite. The lower part
of the Valaam differentiated sill 1s
composed mainly of gabbro to monzonite
rocks (in the east — Lunkkulunsaari (Fig.

4.16) and Mantsinsaari islands) and the

upper part consist of monzonite to quartz

sycnite (il‘l the west — Valaam and Fig. 4.16. Lunkkulunsaari Island shore. Matfic
intrusive rocks of the Valaam sill.
Verkonsaari islands).

2cm

Fig. 4.17. Gabbro — monzonite from Mantsinsaari Island Fig. 4.18. Monzonite — syenite from Mantsinsaari
(Sample 2088, Mikhailov collection, VSEGEI, 2003) Island (sample 2090, Mikhailov collection,
VSEGEI, 2003)

The main rock-forming minerals of the gabbro and gabbro - monzonite rocks from
Lunkkulunsaari and Mantsinsaari islands are clinopyroxene (diopside — augite), plagioclase
(oligoclase — andesine) (Fig. 4.17). Ti amphibole, biotite, K — Na feldspar (orthoclase — albite)
are also very common. Quartz (idiomorphic grains) appears at the final stages of

crystallization. [lmenite, titanomagnetite and apatite are also present (Fig. 4.19 a, c, e).
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A. Gabbro from Lunkkulunsaari Island (Sample 2086)
Crossed nicols, line scale — 0.5 mm

3

;: Amphfl&qle

minerals: potassium
amphibole, biotite with Fe-Ti-oxides (sample 2088)
Parallel nicols, line scale — 0.2 mm.

E. Monzogabbro. Idiomorphic quartz is in between
hypidiomorphic grains of amphibole and biotite
(sample 2088). Crossed nicols, line scale 0.5 mm.

B. Quartz — orthoclase intergrowths in and between
plagioclase (sample 2085). Crossed nicols, line scale
0.5 mm.

s X
N8 p e

D. Monzosyenite. Main mafic minerals: orthopyroxene
and clinopyroxene (sample 2090). Parallel nicols, line
scale — 0.5 mm.

F. Monzosyenite. Quartz

orthoclase intergrowths in
plagioclase matrix (sample 2090). Parallel nicols. line

scale — 0.5 mm.

Fig. 4.19. Microphotography of the Valaam sill gabbros, gabbro — monzonites and monzosyenites
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The mineral assemblage, which make up the intermediate potassium-rich rocks from
Mantsinsaari and Valaam islands (syenites — monzosyenites) includes ferriferous
orthopyroxene, clinopyroxene, biotite, Ti-amphibole, plagioclase (oligoclase), K — Na
feldspar (albite — orthoclase). Quartz — orthoclase intergrowths appear in plagioclase as
symplectites. Myrmekitic and symplectitic textures are common, typical of subvolcanic rocks.
Granosyenites and potassium granites are the final members of the differentiation and consist

of K — Na feldspar (albite and orthoclase) with accessory ilmenite and titanomagnetite (Fig.
4.18,4.19. b, d, f).

4.3.2. Petrogeochemistry of the Valaam sill rocks

Major and trace elements data of 2 samples are listed in Annex gabbro (present work
data). The major element compositions of the Valaam complex rocks are listed in Table 4.6.
DDH and outcrops samples location is presented in Part 1.4.

In general the alteration degree of the Valaam sill rocks is very week with .L. values
from 0.50 to 2.91 wt%. The Valaam sill presents an extremely wide range of compositions
from gabbros to granites. In the SiO, vs. (Na;O + K,0) diagram, SiO contents vary from
44.24 up to 48.16 wt. % in the gabbros, from 50.79 to 51.99 wt. % in the monzogabbros, from

57.10 to 64.59 wt. % in the monzonites and quartz monzonites, from 72.83 to 75.85 wt. % in

the syenites and potassium granites (Fig. 4.20).

2

3 4 5 6 7 8 9 10 11 12 13 14 15 16
Sample | R4 RS R6 Al2 Al3 A20 [02-01] Al4 A2l A22 A23 AlS Al6é | 1103 | Al7 A24
Si02 | 44.24 [47.31 [47.71 | 48.16 | 50.79 | 50.88 | 51.99 | 57.10 | 5843 | 61.26 | 64.59 | 68.94 | 72.83 | 724 | 7428 | 75.85
Tio2 1.70 | 1.56 | 2.18 | 3.20 | 2.76 | 3.41 2.71 1.70 1.76 1.34 1.27 | 035 026 | 029 | 0.18 | 0.19
Al203 | 465 | 3.79 | 454 | 13.70 | 13.80 | 13.12 | 14.14 | 14.71 139 [ 13.90 | 14.69 | 12.50 | 11.49 | 11.98 | 12.00 | 11.57
Fe203 | 13521 13.53 | 13.60 | 14.02 | 13.85 [ 13.59 | 13.23 | 10.69 | 998 | 940 | 579 | 3.55 286 | 355 | 253 2.24
MnO 019 | 023 | 0.10 | 024 | 020 | 020 | 0.19 | 0.17 0.15 0.12 0.12 | 0.04 0.02 | 000 [ 0.07 | 0.00
MgO 16.55 [ 16.02 | 16.51 | 4.12 3.54 352 | 276 | 226 | 243 2.61 0.97 1.84 | 086 | 0.61 | 0.68 | 059
CaO 434 | 434 | 334 | 786 | 694 7.1 | 603 | 3.74 in 1.92 1.59 | 245 1.17 | 0.81 | 062 | 0.19
Na20 | 584 | 791 | 3.52 | 3.33 338 | 308 | 344 | 429 | 393 3.53 4.01 222 | 212 | 243 | 340 244
K20 4.20 | 2.80 | 402 | 1.85 2.15 1.92 | 2.28 | 2.87 3.48 3.68 | 552 6.86 | 7.17 | 5.77 | 5.70 | 6.42
P205 144 | 1.21 | 143 | 1.88 1.32 1.52 | 0.97 | 0.75 053 | 029 | 029 | 097 | 0.16 | 0.06 | 0.06 | 0.00
PF 275 | 1.00 | 247 | 291 2.49 1.76 | 1.85 | 2.71 1.79 1.98 1.47 1.56 144 | 1.41 1.28 0.57
Total | 99.43 |99.70 | 99.42 [ 101.27 | 101.22 | 100.21 | 99.59 | 100.99 | 100.09 | 100.03 | 100.31 | 101.28 | 100.38 | 99.31 | 100.80 | 100.06
n 15 2 2 3

Table 4.6. Major elements composition of the Valaam complex rocks
Sample prefix: R —Tapani Ramo data, A - Alexei Amantov data (1991), n - average on a number of samples is listed

Valaam sill rocks: 1 — 7 = gabbros and monzogabbros; 8 — 10 = monzonites; 11- 12 = monzosyenites; 13 — 16 =
syenogranites and potassium granites.
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K20 + Na20

37,00 42,00 47,00 52,00 57,00 62,00 67,00 72,00 77.00

Fig. 4.20. The Valaam complex rocks in the SiO; vs. K20 + Na;O diagram

TiO; content vary from 1.56 to 3.41 wt. % in the gabbros, from 1.70 to 1.27 wt. % in
the monzonites, from 0.35 to 0.18 wt. % in the syenites and potassium granites. Maximum
MgO content is 16.55 wt. % in the olivine gabbro.

On the spidergram normalized to primitive mantle (Fig. 4.21) the Valaam gabbro
(sample 2-01 — green line) is characterized by strong enrichment in Ba (1800 ppm). K;O (2.3
wt. %) and La (55 ppm), Ce (115 ppm), Rb (40 ppm), P,Os (1 wt. %), and U (0.9 ppm). All
these elements are enriched about 70 times with respect to the primitive mantle. Other
immobile elements are enriched to a lesser extend (Th = 3 ppm, 40 times; Nb = 20 ppm, 30
times; Zr = 240 ppm and Sr = 490 ppm, 25 times and Y = 40 ppm, 9 times).

The syenite (sample 11-03 — orange line) is relatively enriched in a series of
incompatible elements Rb (136 ppm), Th (12.6 ppm), U (2.5 ppm), K>0 (5.8 wt. %), Zr (900
ppm), La (85 ppm), Ce (165 ppm), Yb (52 ppm), typical of high-K calcalkaline granites, but
strongly depleted in Nb, Sr, P and Ti indicating titanomagnetite (Nb, Ti), plagioclase (Sr) and
apatite (P) fractionation.

The chondrite-normalized REE pattern (Fig. 4.22) of the Valaam gabbro is fractionated
(Ce,/Yb y ratio = 9.6), with a weak Eu anomaly ((Eu/Eu*)y = 1.23) and similar to the average
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LREE pattern of the Salmi basalts. The syenite (11-03) present the same global fractionation
of its REE pattern (CeN/’YbN = 8.7), but LREE are more fractionated, the Eu anomaly

((Ew/Eu*)y = 0.30) is more important, but HREE fractionation is weaker.

1000
11-03 — syenite

100

2-01 — gabbro

Rock/Primitive mantle

Rb Ba Th u K Nb La Ce Sr P Zr Sm Ti Y Yb

Fig. 4.21. Primitive mantle normalized trace element patterns of the Valaam sill rocks (spidergram type after
Holm (1979): primitive mantle composition after Wood et al (1980)

1000 7

1103 —syenite

8

201 - gabbro

Rock/Chondrite_

=

la G P N Sn Fu Gd T Dy b B Tm Yo ILu

Fig. 4.22. Chondrite-normalized REE distribution patterns of the Valaam sill rocks (chondrite composition after
Supplemental data for chondrite (Anders & Grevesse: hitp:/earthref.org/ GERM/reservoirs/C 1. htm)
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Conclusions of Chapter IV

Basaltic magmatism synchronous with the sedimentation is an important characteristic
of the Pasha — Ladoga basin. Basaltic magmatism is also present in the Kombolgie basin,
represented by the Nungbulgarri volcanics, but the thickness of the deposited sandstone
before the basalt emissions is larger. The Salmi intercalated basalts correspond to continental
flood basalts type (CFB) of magmatism, but have alkali basalt signature with stronger
enrichment in LREE, Th and U, than the typical representatives of this type of magmatism.

The an other episode of basic magmatism occur at least after the deposition of the first
clastic sequences preserved in the Pasha Ladoga rift, which is represented by the widely
differentiated (potassium-rich gabbro and monzonites in the west up to monzonite and quartz
syenites in the east characterized by relative enrichment in LREE, Th and U) Valaam sill (at
ca. 1.46 Ga). Basic magmatism occurring at the end of the sedimentation also occur in the
Kombolgie basin and is represented by the Oenpelli dolerite sill, but which is essentially
basaltic in composition. In the Finnish part of the Fennoscandian Shield basic magmatism
occur but as dykes and sill and is much younger (1265 to 1000 Ma) as in the Athabasca basin
with the McKenzie dykes at 1260 Ma.

Because of their percolation by the diagenetic and hydrothermal fluids the Salmi basalts
underwent strong alteration, mostly characterized by a strong Fe-chlorite development, and
redistribution of trace elements. Such an alteration in mostly relation with the occurrence
fracture zones in the basalts. Strong alteration of the basalts has been also observed in the
Salmi area at the distance more than 10 km to north from the main U mineralization zone of
the Karku deposit. This observation represents an interesting indication for the possible

development of mineralized processes in that area.
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Chapter V. Interpretation of the results and general discussion

In this chapter I will interpret the obtained results concerning to the Pasha — Ladoga
basin area and compare with the well-known unconformity-type uranium deposits of the
Athabasca Uranium Province (Canada) and East Alligator River Uranium Province

(Australia).

Part 5.1. Reconstruction of the petrogenetic evolution the basement

5.1.1. Tectonic framework

The Pasha — Ladoga basin is entirely located in the Ladoga mobile zone which
represents a part of the larger Raakhe — Ladoga zone (Fig. 1.7). The development of the
Ladoga mobile zone takes place in two main stages:

(1) At the beginning of the Paleoproterozoic, two major faults (Ruskeala and Priozersk)
control the formation of a rift structure, which have been filled by the Paleoproterozoic
metavolcanic and metasedimentary rocks. Then, these Paleoproterozoic rocks have been
subjected to high temperature regional metamorphism reaching anatexis and was
accompanied by the emplacement of basic plutonic rocks and several generations of potassic,
U and Th rich granites mainly in the Western part of the area.

(11) The Mesoproterozoic begins with the anorogenic emplacement of the huge rapakivi
granite batholiths (Vyborg and Salmi) along the main tectonic faults of the Ladoga Lake
region, between 1.67 and 1.62 for the Vyborg batholith and then between 1.55 and 1.53 Ga
for the Salmi complex, i.e. about 150 Ma after the cessation of the Svecofennian orogeny.
After a period of erosion, the Paleoproterozoic rift system was reactivated to lead to the
deposition of the Pasha — Ladoga basin Riphean clastic sediments. An important characteristic
of the Pasha — Ladoga basin formation is the occurrence of eruptive basaltic magmatism
synchronous with the sedimentation of the lower sedimentary units. The deposition of
Riphean clastic sediments is followed by the intrusive emplacement of the Valaam mafic sill
at ca. 1.46 Ga. Thus, the erosion of the basement leading the rapakivi granites to outcrop,
possible paleoweathering (regolith formation), paleovalleys formation and sedimentation of

the Riphean formations have to have occurred during a time period of less than 70 Ma.
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Therefore, the dating of the basalts interlayered in the Pasha - Ladoga basin sediments
will be of outmost importance to further constrain the duration of the sedimentation and the
timing between the last magmatic activity related to the emplacement of the Salmi granite
complex and the extrusion of the continental flood basalts in the lower clastic formations of

the Pasha-Ladoga basin.

5.1.2. Archean intrusive magmatism

The first characteristic feature of the Mesoproterozoic Pasha — Ladoga basin basement is
the presence of Archean gneissic orthoderived formations as in the strongly uranium
mineralized Athabasca (Canada) and Kombolgie (Australia) areas.

Archean rocks form a series of granite-gneiss oval domes, with size varying from 100 to
150 square kilometers. These domes occur exclusively in the north-eastern part of the Raakhe
— Ladoga mobile zone along the Ruskeala master fault (Fig. 1.7). They form a chain of dome
structures stretching over more than 100 kilometers in the NW — SE direction. The core of the
domes is always represented by Archean granite-gneisses and tonalitic-gneisses. They also
contain abundant pegmatites and potassium-rich leucocratic granites, which are
enriched in Th, U, P and REE (Skorospelkin, 1974). However, such Archean gneiss domes
do no exist in the basement to the West of the Ladoga Lake area.

A summary of the characteristics of the Archean lithologies of the Ladoga Lake district
i1s given in Table 5.1 and compared with the similar formations from the Athabasca and
Kombolgie basin.

A similar geological situation occurs in the eastern part of the Athabasca basin. The
Archean cores of the gneiss domes consist of migmatized granite-gneisses, which are
enveloped by Paleoproterozoic metasediments of the Wollaston Group. Most unconformity-
related deposits of the eastern part of the Athabasca basin are confined to Wollaston zone and
the Eastern part of the Mudjatik zone where these Archean gneiss domes occur (Fig. 1.1).

The Precambrian rocks in the Alligator Rivers Uranium Field comprise two large
domains with gneissic granites and migmatites: the Nanambu complex with Archean rocks in
the western part of the area and the Nimbuwah complex of Paleoproterozoic age to the East
and associated with more massive granitic bodies. There are a lot of different pegmatites
confined to the Archean Nanambu complex. The Nanambu complex form gneissic dome

structure surrounded by the graphitic and carbonate rocks of the Cahill Formation of
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Paleoproterozoic age where the most significant deposits of the area (Koongarra, Ranger,
Jabiluka) are localized.

Canada Australia Ladoga Lake district, Russia
Athabasca | Kombolgie Salmi Western Pasha
Rock types:
- tonalites (TTG)... o - = +
U content, ppm ? 0.5
Th content, ppm 4
- K granites. .. - + + - +
U content, ppm 10 2
Th content, ppm 32 7
Structure types:
- gneiss dome - - . = 0
- gneissic... + + + +
- migmatitic... + + + -
- pegmatite ... + + - +
Alteration:
- greisen... - + + +
- regolith. .. + + - +
- ore deposits related to Archean No Cu, Au Sn, Mo

Table 5.1. Geological and geochemical features of the Archean basement rocks

In the Archean basement of the Pasha - Ladoga basin potassic granitoids slightly
enriched in uranium already occurred at this age as observed in the Kombolgie basin area
whereas only tonalitic gneisses occur in the Athabasca province. These Archean potassic
granitoids may have represented a source for the uranium enrichment of the
Paleoproterozoic epicontinental sediments and an additional uranium source for the

unconformity related deposits.

5.1.3. Paleoproterozoic epicontinental sedimentation, Paleo- and Mesoproterozoic

intrusive magmatism

Epicontinental sedimentation during the Paleoproterozoic is also a characteristic feature
of the basement of the investigated basin. In the Northern Ladoga Domain the typical
sediments are organic matter rich black shales and carbonate rocks and silicoclastic
sediments (Table 5.2). They are metamorphosed to the upper amphibolite grade and

migmatized with formation of skarns and greisens at the contact with the Archean.
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Canada Australia Pasha — Ladoga, Russia
Athabasca | Kombolgie Salmi Western Pasha
Sediments types:
- metapelitic... + % + +
- quartzites... + +
- black shales... + s +
U content, ppm 5
Th content, ppm 8
- metavolcanics. .. =
- calc-silicate rocks + +
PR; magmatism:
- K granites... + + + +
U content, ppm 3-6
Th content, ppm 7-28
- pegmatites +
U content, ppm 20
Th content, ppm 110
- gabbro... + +
U content, ppm !
Th content, ppm 5
- alkaline rocks + +
U content, ppm 2
Th content, ppm -
Metamorphism:
- granulite ki
- amphibolite it + +
- retrograde. .. F + -+
Migmatization # + +
Tectonic
- faults orientation NE NW NW
- faults type reverse
Alteration:
- skarns... +
- regolith. .. 4
PR; magmatism :
- rapakivi granites + +
U content, ppm 0.5-8
Th content, ppm 13-35
- pegmatites. .. +
Alteration :
- greisens... +
«_rcgolith + + + + B

Table 5.2. Geological and geochemical features of the Paleoproterozoic basement rocks

The Paleoproterozoic rocks of the Impilakhti suite in the Northern Ladoga district are

also enriched in U and Th (Table 5.2).

The uranium mineralization are clearly at least spatially connected with the carbon-

bearing formations which may be the source of the reducing fluid in the fluid mixing model
(Kotzer & Kyser, 1995; Derome, 2003; Ledeneva et al.,, 2000) and of the metals for the

complex type (or polymetallic: Ni, As, Co, Cu ...) of uranium mineralization (sometimes also

with Au, Ag, Pt group elements).
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In the South-Western Ladoga area (so-called Southern Domain — Shuldiner et al., 1995)
the Paleoproterozoic metasediments belong to Lakhdenpokh and Priozersk zone, which have
undergone strong metamorphism up to granulite facies. The calco-sodic metagreywackes and
calc-alkaline metavolcanics of the Lakhdenpokh zone are mostly similar to the metamorphic
rocks of the Northern Domain (Kitelya or Ladoga series). On the contrary peraluminous
metapelites are the most typical rocks of the Priozersk zone. Both zones have undergone
retrograde metamorphism, which is stronger than in the Northern Ladoga Domain. Average
U content in the Paleoproterozoic rocks of the Southern Ladoga Domain does not
exceeded 2 ppm, Th — about 12 ppm (Petrov et al., 2004) and thus this area does not
appear very favorable for the occurrences of uranium mineralization.

On the contrary in the South-Western Ladoga Lake area syn-orogenic potassium-rich
Paleoproterozoic granite complexes are very abundant and enriched in Th, U and REE
(Konopelko & Eklund, 2003) and post-orogenic bimodal intrusions, which form shoshonitic
(from ultramafic, mafic potassium-rich lamprophyres to peraluminous granites) series, are
strongly enriched in P, F, U, Th and LREE (Eklund et al., 1998). The occurrence of such
rocks in the South-Western Ladoga district represents a favorable perspective for the
presence of uranium mineralization in the Western Ladoga despite the absence of
Archean granite-gneisses.

An other important event in the south-eastern part of the Baltic shield is the
emplacement of huge anorthosite - rapakivi granite batholiths of Vyborg and Salmi,
which are especially rich in U and other trace elements (Sn, Be, W, Mo, F, Li, Th, REE
etc). The most lithophile elements enriched facies are the lithian-fluorine topaz-bearing
granites emplaced in the north-western part of the Salmi pluton to the north-eastern part of the
Mesoproterozoic Pasha — Ladoga basin. They occur closely to the Ruskeala master fault. In
the exocontact of the Salmi pluton abundant Sn-polymetallic deposits in the Archean —
Paleoproterozoic rocks. A similar situation is observed in the western part of the Pasha —
Ladoga basin, where the Vyborg rapakivi granite batholith was emplaced.

After emplacement of the rapakivi granites and before the deposition of the Pasha
Ladoga volcanic-sedimentary sequences, a short period of denudation occurred possibly with
intensive weathering of the basement (Novikov et al, 2001). The same process has been
proposed for the basement of the Athabasca and Kombolgie basins, where a so-called
paleoregolith profile is observed (Hoeve & Sibbald, 1978).

The role of regolith alteration in formation of uranium mineralization is debated. Cuney

proposed (2003) that the alteration profile may result from the alteration of the basement by
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the percolation of the diagenetic fluids of the overlying basins. But in any case, intensively
weathered disintegrated basement rocks (eluvial and alluvial deposits) are characteristic
feature within all basins. The burial paleovalleys are very important because some of the
high-grade ore deposits are confined to these structures.

In the Athabasca and Kombolgie areas the same type of Paleoproterozoic epicontinental
platform sedimentation as in the Pasha - Ladoga basement is observed and respectively
correspond to the Wollaston Group sediments and the Cahill formation. The degree of
metamorphism of the Wollaston and Mudjatik zones reach upper amphibolite to lower
granulite facies conditions with migmatization as in the Pasha - Ladoga area. The degree of
metamorphism of the Cahill formation is lower than in the Pasha - Ladoga and Eastern
Athabasca basements and reaches only the lower amphibolite facies with no evidence of

migmatization.
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Part 5.2. Reconstruction of the evolution of the basins

5.2.1. Mineralogical composition of the sediments

In the Ladoga Lake region (Russian Karelia) the Pasha-Ladoga Mesoproterozoic
(Riphean) intracontinental clastic volcanic — sedimentary formations are presently preserved
in a graben-like basin (approximately 70 000 km?). Its former extension may have been much
larger. In the Athabasca, Canada (350 km West to East) and Northern Territory of Australia
(with its huge south-eastern prolongation as the McArthur basin) the clastic basins have
presently a much larger extension.

The Athabasca and Kombolgie basins, the clastic sediments are characterized by their
extremely mature characteristics (Table 5.3). They mainly consists of nearly orthoquartzitic
sandstones with well rounded detrital quartz crystals, a very small proportion of clay minerals
in the matrix. On the contrary in the Pasha — Ladoga basin and adjacent basins in Finland
(Satakunta and Muhos) the sediments are very immature sandstones, conglomerates
and arkoses with abundant detrital plagioclase, K-feldspar and accessory minerals.

They are frequently polymictic and with angular shaped detrital grains.

Canada Australia Pasha — Ladoga, Russia
Athabasca | Kombolgie Salmi Western Pasha
Sediments maturity: Mature Mature Highly Highly Highly
immature | immature | immature
- quartz arenites... -+ ot - + +
- arkoses... + - - R 4t
- Q-KFsp sandstones... et TN +++
- polymictic... - - +
- greywackes. .. +
- dolomites. .. +
Clays composition:
- KFsp... = = + + +
- plagioclase... - - + + +
- illite... - +
- kaolinite... - + + + n
- smectite. .. + + -
Accessory minerals
- Zircon... + - -
- monazite... + + +
Accompanying volcanic activity: -+ + + - -
Table 5.3. Composition of the sediments

The primary cement of the Pasha Ladoga clastic sediments is mostly composed of

smectite and kaolinite, contrary to the Athabasca and Kombolgie basins where kaolinite was
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the main phase together with detrital muscovite and biotite crystals. Small amounts of K-
feldspar may have been present but no more exist presently. Illite is rare in the cement of the
Pasha — Ladoga basin sandstones but interstratified minerals (illite-smectite varieties) are
widespread. The main types of accessory minerals in the different basins are mostly the same:
Fe-Ti oxides, zircon and minor amount of monazite, but they are more abundant in the Pasha
Ladoga basin sediments.

All these features indicate that the tectonic conditions which have prevailed during
the sedimentation in the Pasha - Ladoga basin as well as the Satakunta and Muhos basin
should have been much more active than for the Athabasca and Kombolgie basins, and
the pedogenetic alteration of the source rock must have been very weak to be able to
generate such immature sediments. This tectonic activity is also necessary to generate
the deep rift structures in which the Pasha - Ladoga, Muhos and Satakunta sediments
have accumulated which still presently reach up to 2 000 meters, but which were
probably much thicker, and which are associated with synsedimentary basaltic volcanic

activity in the Pasha - Ladoga basin.

264



Chapter V Interpretation of the results and discussion

Part 5.3. Geochemical remobilization during diagenesis

5.3.1. Diagenetic and hydrothermal alteration

Diagenesis in the Athabasca and Kombolgie basins occurred in similar conditions and
have been produced by highly saline, oxidizing fluids (basinal brines) to form formed basin-
wide assemblages of clay minerals at temperatures of ca. 200 °C (Kotzer & Kyser, 1995,
Derome, 2002). The main diagenetic mineral evolution in both basins corresponds to the
development of overgrowths on detrital quartz crystals, the transformation of kaolinite to
blocky dickite followed by illitization of the kaolin group minerals with variable intensity in
the different part of the basins. Monazite is altered to a variety of (Ca, REE, Sr)Al-phosphate-

sulfate minerals (APS) such as goyazite or florencite.

Canada Australia Pasha — Ladoga, Russia
Athabasca | Kombolgie Salmi Western Pasha
Regional alteration:

- dickite. .. ++ +++ +++ ++ b
- illite... ++ - + - +
- I/S minerals e ++ ATEIRAT
- quartz overgrowths.... it + + +
Ore related alteration:
- quartz dissolution.... -+ s - -
- chlorite:

- Mg-rich... ++ ++

- Fe-Mg... ++

- Fe-rich ++ A=
- tourmaline... ++ ++
Fluids® composition
Early diagene[ic_ .. NaCl NaCl, CH; NaCl, MgCl;
Mineralization... CaCl, CaCl,, CHy
Approximate temperature:
Early diagenetic... 160 - 220° 150 - 260 °
Mineralization. .. 140 — 160°
pH diagenetic 4.5 4-5
pH mineralization =7

Table 5.4. Alteration mineralogy in the different sedimentary basins

In the Pasha — Ladoga basin the presence of abundant K-feldspar and plagioclase
and their stability, except in the vicinity of the mineralized zones, have probably
conferred more alkaline pH conditions to the fluids during the diagenesis. Quartz
overgrowths are generally less well developed than in the Athabasca and Kombolgie basin.

Investigation of fluid inclusions in the ore zones of the Karku deposit (Velichkin et al., 2003)
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has shown, that the homogenization temperatures of inclusions in quartz and calcite range
from 260 to 150 °C and from 240 to 105 °C respectively. It has been shown that the fluids
were rich in Na-chloride with concentration of 13 to 0.2 wt. % of NaCl and Mg-chloride with
concentration of 19 — 2 wt. % of MgCl, and some fluids having more complex compositions
with predominance of Ca and concentration from 42 — 30 to 16 wt. % CaCl,. Salt
concentration in the solutions seems to grow with decrease temperature of mineral formation.
Bylinskaya et al (2004), during mineralization stage, is observed two types of inclusions in
the quartz overgrowths: (1) early CO,-bearing and highly saline (mainly chloride) brines with
the homogenization temperature 290 — 250 °C and (ii) later highly saline brines with
hydrocarbon with homogenization temperature 180 — 170 °C. In the inclusions of the early
stage, gypsum and a phosphate phase have been identified (fluelite — [Aly(F, OH)3;PO4] 7H,0,
which is an indicator of near-neutral pH.

Temperatures estimations for the hydrothermal chlorites from the Pasha — Ladoga basin
(Salmi area) were calculated using chlorite geothermometer (Cathelineau & Nieva, 1983) and
give the same range of values as fluid inclusions. Ripidolite deriving from biotite alteration in
the graphite-biotite gneisses away from the mineralized zones gives temperatures of more
than 270 °C which may correspond to retrograde stage of metamorphism in the basement.
Pycnochlorite is a newly formed chlorite, which developed in the basement close to 3" ore
zone, on biotite flakes, but also in the groundmass which gives temperatures of 270 to 130 °C.
This chlorite may correspond to syn-ore hydrothermal alteration in the basement rocks.
Chlorite from the Priozersk sandstones (chamosite, which is richer in iron compared to
pycnochlorite from the basement) is characterized by the temperature of 250 to 150 °C.

Thus, the early stage is characterized by higher temperatures and pressures with CO,,
H,O and Na', Ca', CI, PO4‘3, the late stage is characterized by lower temperature and
pressures, mostly water-bearing solutions with SO4> and CO;". The hydrocarbons may have
represented the reducing medium for the mineralization processes (Bylinskaya et al., 2004).

Most previous investigators (Novikov et al., 2001; Mikhailov, 2001; etc) estimate that
the possible total burial depth of the Pasha — Ladoga basin was about 3 — 4 kilometers
(Mikhailov, 2001). For a depth of 4 km a temperature of 200°C would mean a geothermal
gradient of 50°C/km which is quite elevated for a post-orogenic basin. The high temperatures
detected in the Karku area may correspond to the lateral migration of the diagenetic fluids
from the deeper part of the basin which may have reached nearly two 2 km more below the
Ladoga Lake. For a maximum thickness of 6 km the geothermal gradient would become more

normal at about 33°C/km. Another possibility is to connect the temperature peak to a regional
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transient thermal anomaly appearing during the intrusion of the Valaam gabbro sill. The
dating of the uranium mineralization and associated alteration minerals would be of major
interest to support this second hypothesis.

In the Athabasca and Kombolgie the main alteration minerals are Mg-chlorite (sudoite)
and Mg-tourmaline (dravite) accompanied by strong quartz dissolution in the immediate
vicinity of the mineralized zones. Mg-rich compositions of chlorite and tourmaline in the
Athabasca basin reflect the extremely oxidizing conditions prevailing in the Athabasca basin,
because trivalent iron is not soluble in hydrothermal solutions. Fe-chlorite only appeared
during a late stage after the main mineralization stage (Lorilleux, 2001). The crystallization of
illite and the absence of carbonates is in favor of relatively acidic fluids.

In the Pasha — Ladoga basin during the mineralization stage the mineralogical
assemblage is quite different: Mg-Fe and Fe-rich chlorites and carbonates is the most
widespread mineral assemblage and quartz dissolution is much less intense than in the
Athabasca basin. These mineralogical observations mean that the ore forming fluids were:

(1) more reducing to have the crystallization of Fe-rich chlorite, and thus uranium

solubility was probably lower,

(i1) more alkaline because of the abundance of carbonates, favored by the
occurrence of thick interlayered basalt flows in the sandstones, a factor which
also tend to reduce the uranium solubility in the ore forming fluids,

(111) only weakly silica undersaturated, inducing a much more limited silica
dissolution and thus a much smaller creation of open space for massive ore

deposition comparatively to the Athabasca uranium deposits.

Late alteration stage in the Athabasca and Pasha — Ladoga basins is characterized by
supergene processes with formation of kaolinite, iron oxides and hydroxides and secondary
uranium mineralization. Some differences in the bleaching degree are observed: late
kaolinization process in the Athabasca basin is more widespread, than in the Pasha — Ladoga

basin.

BiBLI iy s
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Interpretation of the results and discussion

Part 5.4. Nature of the uranium sources and evidence of their leaching

Three major types of uranium minerals have been identified as potential uranium

sources for unconformity related uranium deposits, either in the sandstone or in the basement:

(1) uranium oxides, (11) monazite and (ii1) zircon (Hecht et al, 2003). Other minerals (allanite,

apatite, titanium oxides) may also represent additional uranium sources, but generally for

more subordinate amounts. A summary of the uranium source characteristics is given below

in Table 5.5.
Canada Australia Pasha — Ladoga, Russia
Athabasca | Kombolgie Salmi Western Pasha
Monazite in : Not studied | Not studied
- Archean rocks... -
- Paleoproterozoic rocks. .. ++ +
- Mesoproterozoic rocks... -
- Regolith ++
- in sandstones + ++ Not studied Not studied
Monazite alteration in: Notstudied | Not studied
- Archean rocks... + + -
- Paleoproterozoic rocks... + ++ -
- Mesoproterozoic rocks. .. -
- Regolith +
- 1n sandstones s = + Not studied Not studied
Alteration minerals: Not studied | Not studied
- APS... -+t +
- thorite... +H +
Zircon alteration in: Not studied [ Not studied
- Archean rocks... ++ +
- Paleoproterozoic rocks... ++ -+
- Mesoproterozoic rocks... 5t
- regolith 4+t
- in sandstones ++ = ++ Not studied | Not studied

Table 5.5. Accessory minerals alteration in the different sedimentary basins

Uranium oxides have never been identified in the Mesoproterozoic sandstones, because

of the primary oxidized character of the red-bed sandstones in the absence of reducing traps

which have not permitted to uranium to occur as uranium oxide in the sandstones (Hecht et

al., 2003).
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Monazite, in the sandstone cover and in the altered sections of the basement of the
Athabasca area in Canada (Hecht & Cuney, 2000) and in the East Alligator River district in
Australia (Cuney et al., 2000) has been submitted to incongruent leaching by highly saline
Ca-Na oxidizing diagenetic fluids despite its well known refractory behavior in most
geological processes. LREE, P and large proportion of uranium have been leached out. Some
uranium was retained in-situ with thorium, which was nearly immobile, within the structure
of tiny thorite crystals, which locally still mimic the former monazite crystal shape. An other
part of the uranium liberated from monazite alteration has been adsorbed on iron and titanium
oxides and substituted in the altered part of zircon, and the residual undetermined part may
have been transported by the diagenetic fluid. P and LREE recrystallized together with Al,
Ca, LREE and Sr form Al-phosphates of the crandallite-goyazite-florencite group, which are
the characteristic feature of the Athabasca and Kombolgie sandstones and are observed
regionally (Hecht et al., 2003, Gaboreau et al., 2003).

In the Athabasca sandstones, preserved monazite crystals are exceptional and generally
are preserved only where included in detrital quartz grains. In the Priozersk sandstones in the
Salmi area of the Pasha — Ladoga basin, monazite alteration is limited and only minor
amounts of Al-phosphate are observed. Locally Th also crystallizes as rare newly formed
thorite crystals or microcrystalline phase with very low concentrations of U and LREE in the
Priozersk sandstones as already observed in the Paleoproterozoic sandstones of the
Franceville basin (Mathieu et al., 2001).

In the Athabasca and East-Alligator Rivers basement, the degree of monazite alteration
is highly variable according to the degree of alteration of the rocks, but incipient alteration is
observed also in the quite fresh rocks. Monazite in the Pasha — Ladoga area has been observed
mostly in the Paleoproterozoic graphite-biotite gneisses and schists of the basement. Monazite
is a very rare mineral in the Salmi rapakivi granites, but instead there is a lot of different Th-
Zr-REE minerals like REE carbonates, allanite etc. There is no evidence of monazite
alteration in the Paleoproterozoic graphite-biotite and biotite gneisses and schists of the Salmi
area (Pasha — Ladoga basin). In the vicinity of the regolith zone, the Th-rich monazite shows a
patchy distribution of domains with varying Th contents, including «intergrowth-like» pattern
(as described by Zhu & O’Nions, 1999), but which correspond to primary “high temperature”
characteristics of the crystals. The high Th content of the monazites from the regolithized
Paleoproterozoic gneisses and schists i1s a pre-regolithic feature. Such high Th contents are
observed in monazite from high grade metamorphic rocks, because the average Th-content in

monazite increases with the temperature if Th is available in the rock (Overstreet, 1967). This
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rock is particularly enriched in Th (205 ppm). Such Th-rich pegmatoids, rich in monazite are
also quite common in the basement of the Athabasca basin (Brouand and Cuney, person.
com.).

Zircon is the most common and abundant accessory mineral in the sandstones and in the
basement rocks of all investigated basins. In the basal sandstones of the Athabasca basin well
rounded zircons show very complex internal structures indicating several magmatic
crystallization or alteration stages. Rounded cores are common as one or two zoned rims. In
BSEM image, cores are usually bright-light and rims are frequently grey to dark-grey. The
grey parts correspond to altered zones with lower average atomic number, where Zr and Si
were substituted mainly by Ca, REE, Y, Sr, Al, P. The degree of substitutions may reach up
17 % of the cations (5.5 — 6 atoms of the zircon formula). These elements are characteristic of
the Al-phosphates and it means that this type of alteration of zircon should occur
synchronously with the monazite alteration and the neoformation of Al-phosphates-sulphates.
The uranium content in the zircon grains ranges from a few hundred ppm to several thousands
ppm (Hecht et al., 2003).

In the basal sandstones and conglomerates of the Priozersk suite (in the Salmi area)
mostly idiomorphic, slightly rounded and, sometimes, elongated were derived from all rock
types of the basement: Archean granite-gneisses, Paleoproterozoic gneisses and schists and
Salmi rapakivi granites. Most of them (except the ones possibly derived from the Archean
gneisses) also show very complex internal structures with strongly irregular or regular zoning.
Multiple brighter zones in BSEM images (sometimes it can be crystal core, but it is not
necessary) correspond to non-altered parts been of the zircon crystals. The same alteration as
been described in the Athabasca basin and altered basement. In the altered zones of the
zircons from the Pasha Ladoga area Zr and Si were substituted by the same variety of
elements (Al, P, Ca, Fe, Y, U), but distinctly in this area, Th is also enriched (up to 3.5 wt. %
ThO; and Y contents are generally much higher (up to 5 wt. % Y»0;3). The degree of
substitution in the detrital grains from the Priozersk sandstones (Salmi area, Karku deposit)
varies from 0.5 to 8 atoms of the zircon formula, like in the observed granite-gneisses, schists
and rapakivi granites (but only up to 5.5 atoms in the sandstones from the Shea-Creek area,
Hecht et al., 2003). Exceptionally, in strongly altered zircon grains the substitution may reach
up to 12 — 15 atoms of the zircon formula in the Pasha - Ladoga area. Uranium contribution in
the substitution is less than 0.2 atoms of the zircon structure, but at the margin of zircon

grains from mineralized zones U contents up to 0.2 — 1.2 wt. % of UOj3 (values of 6 — 9 wt %
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have been measured, but may be related to possible contamination of an adjacent uranium
phase).

The alterations observed in the detrital zircon grains of the sandstone are as well
observed in zircon crystals from the basement rocks close the unconformity surface below the
Pasha - Ladoga basin, but also in the basement rocks besides the basin presently outcropping.
The occurrence of similar zircon alteration below and outside of the basin demonstrates
that the Mesoproterozoic Pasha — Ladoga basin was extending over an area much larger
that the present one. Such alterations have been detected until 20 to 30 kilometers from
the Pasha — Ladoga basin margin, in the western part of the Salmi rapakivi granite

batholith and until 5 to 10 kilometers — in the Paleoproterozoic graphitic schists.
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Part 5.5. Model for the Karku unconformity-type uranium deposit

To summarize the previous observations a schematic model of unconformity-related

uranium deposit formation specific of the Pasha — Ladoga area is proposed in Fig. 5.1.

W Pasha — Ladoga volcanic-sedimentary basin — Salmi area IXE
3 - 3
24 Basinal fluids - 2

Possible
burial depth
3-4km

Present surface level

Ca-rich fluids

Pasha - Ladoga volcanic-sedimentary basin — Salmi arca Pasha - Ladoga volcanic-sedimentary basin - Salmi arca

Start of monazite alteration
with APS neaflormation

Zircan alieration

Pasha - Ladoga Northern Ladoga district
volcanic-sedimentary hasin
I ZLircon alteration — outside
Karku deposit the Pasha - Ladoga basin
Present surface level Present surface level
LA kol L SR g c % el bunedinadle Ao itunibol

Fig. 5.1. Model of unconformity-type uranium deposit formation in the Northern Ladoga district (Salmi area)
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We will now propose a specific model of unconformity related uranium deposits, for the
Pasha — Ladoga basin, taking into account the similarities and the differences with the models
existing for the unconformity type deposits of the Athabasca and Kombolgie basins (Cuney et
al., 2003). A regional section through the Salmi area (from the Lunkkulunsaari island of the
Ladoga Lake in the SW to the Salmi rapakivi batholith in the NE part of the section)
summarizes the main features of regional geological situation (Fig. 5.1A). The two middle
drawings present the evolution of the fluid circulation during the diagenetic-hydrothermal
event (Fig. 5.1B), final denudation of the area (5.1C). The last drawing speculates about the
possible existence of other uranium deposits in the basement of the Pasha Ladoga area outside
the limits of the present extension of the basin (Fig. 5.1D).

The basement appears to be dominantly constituted of Archean rocks in which
Paleoproterozoic epicontinental platform clastic and chemical sediments, enriched in uranium
and carbonaceous matter are infolded. During Mesoproterozoic the emplacement of the Salmi
rapakivi batholith induces the development of skarns and base metal deposits (red arrows) and
locally some uranium mineralization. Shortly after the emplacement of the Salmi granite,
erosion is rapidly followed by the deposition of up to 4 to 6 km of clastic sediments in
tectonically active conditions with synchronous eruption of continental flood basalts at the
beginning of basin filling.

The similarities of zircon alteration in the Pasha - Ladoga sediments and altered
basement sections comparatively to the Athabasca province suggest that the same types of
fluids have percolated in these formations. However, monazite is much less altered in the
Pasha - Ladoga basin and basement compared to the Athabasca and East Alligator River
Provinces, suggesting a slightly different composition of these fluids in the Pasha - Ladoga
area or their lower temperature. During the diagenesis the highly saline basinal Na brines
have percolated through the basin and downward below the unconformity surface, where they
have interacted with basement lithologies rich in Ca to produce the Ca-rich fluid by
comparison with the Athabasca model. The Ca-rich fluid have leached uranium mainly from
the Paleoproterozoic U-enriched metasediments and granitoids and deposited it mainly in the
most basal part of the sandstones where reducing conditions were created above graphite-
sulfide rich schist layers from the basement, a situation similar to that observed in the
mineralized Mesoproterozoic basins of Canada and Australia. Compared to Athabasca, the pH
conditions were more alkaline because of the abundance of K-feldspar in the basin and of
thick interlayered basalts flows near the base of the basin, resulting in calcite precipitation

with the uranium mineralization, the fO2 conditions were more reducing as indicated by the
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strong development of Fe-rich chlorite at the ore stage and the abundance of pyrrhotite
deposited with the uranium oxides, and silica undersaturation was less important as attested
by the limited quartz dissolution preventing the creation of large open space for massive ore
deposition. The circulation of the diagenetic-hydrothermal fluids may have been induced by
the emplacement of the Valaam sill.

The extension of the zircon and monazite alteration, up to 20 km from the present
margin of the Pasha - Ladoga basin, let us to propose another way to detection possible
uranium mineralization within the Salmi area and whole Pasha — Ladoga basement area
(Figure 5.1D) as those observed in the East Alligator field in Australia which may extend
down to more than 1000 m below the unconformity.

Moreover, the occurrence of many other clastic continental sediments all over the
Fennoscandian basement (Satakunta — Nordingrd — Muhos and many others), presently
preserved in small rift structures, may represent the relicts of a huge Mesoproterozoic clastic
basin including all these occurrences.

If the Pasha Ladoga area share many similarities with the Athabasca basin, the more
alkaline pH and lower fO2 conditions, the less silica undersaturated state of the fluids and the
more limited alteration of monazite are characteristics much less favorable for extreme

uranium solubility in the diagenetic-hydrothermal fluids and massive uranium deposition.
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Part 5.6. Perspectives: complementary work to be performed to improve the

knowledge for detection of further uranium mineralization in the Baltic shield

Very high-grade uranium mineralization as those observed in the Athabasca have not
been discovered in the Pasha — Ladoga basin. Further research have to be undertaken to
improve the geological knowledge of the Pasha — Ladoga area and the genetic and exploration
models specific for this area and more generally in the Baltic shield.

The proposed most important directions of research are the followings:

(1) Complementary work on whole rock geochemistry and alteration mineral
paragenesis on new drillings in the northern part of the Salmi area where
uranium anomalies have detected in the interlayered basalts indicating the
circulation of uranium bearing fluids.

(i1) More detailed fluid inclusion studies are necessary to better determine the P-T
conditions of the diagenesis and subsequent hydrothermal alteration and the
precise composition of the fluid and more especially their uranium content.
These determinations are of outmost importance to compare the efficiency of
the Pasha - Ladoga brines to transport uranium comparatively with the
Athabasca ones.

(111) More detailed geological and geophysical characterization of the Western and
South-Eastern parts of the Pasha — Ladoga basin and basement formations,
which already present some favorable characteristics for the detection of
unconformity related uranium mineralization. For example, the systematic
examination of basement rocks for the detection of the zircon and monazite
alterations typical of the large mineralized district of the world with
unconformity related uranium deposits has to be undertaken in the areas located
to the west and south of the Pasha - Ladoga area until the Finnish border.

(iv) Detailed geological investigation of the surrounding basement rocks in the
Northern and Western Ladoga Lake areas, where numerous small uranium
occurrences are known to recognized their possible similarities with
unconformity related mineralization.

(v) Detailed structural work from satellite images to precise the structural network

of the Northern and Western Ladoga Lake areas.
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General conclusions

Geological, mineralogical and geochemical studies of the Mesoproterozoic (Riphean)
volcanic-sedimentary rocks of the Pasha — Ladoga basin (Karelia, Russia) and its Archean —
Paleoproterozoic basement rocks have shown that the area share many similarities with the
classical the highly mineralized districts from the Athabasca in Canada and the East Alligator
Rivers in Australia hosting unconformity-related uranium deposits.

The Archean potassic granitic gneisses, the Paleoproterozoic epicontinental platform
sediments and the Mesoproterozoic Salmi rapakivi granitic complex basement rocks present a
primary enrichment in uranium and may have represented sources for the uranium deposits.
The alteration of zircon, similar to that observed in the Athabasca basin and basement
formations, which has been also observed in all basin and basement formations of the Pasha-
Ladoga area, indicates that they all have been percolated by the diagenetic fluids and therefore
may have represented uranium sources for the deposits. However, the weaker alteration of
monazite indicates that the composition of the diagenetic fluids was different or that their
temperature was lower and that the mobilization of uranium by these fluids was less efficient.
Such features may explain the lower average grade of the Karku uranium mineralization by
comparison with the ones related to the Athabasca basin in Canada.

The search for evidence of accessory mineral alteration (zircon and monazite alteration
with formation of Al-phosphates of the crandallite-goyazite-florencite group) in both
basement and basinal formations represent an efficient way for estimating the favourability of
an area for the presence of unconformity related uranium mineralization.

The clastic sediments of the Pasha Ladoga basin present a low degree of maturity with
abundant K-feldspar. The stability of this mineral in the major part of the basin indicate that
the fluids were more alkaline than in the Athabasca and Kombolgie Kaolinite-Illite
paragenesis of the clastic sediments. This may also have represented an other limiting factor
for uranium transport in the diagenetic fluids.

An important conclusion is the much larger extension of the Mesoproterozoic Pasha
Ladoga sedimentary basin than its present limits indicating the possible existence of basement
hosted unconformity related deposits as those observed in the Athabasca and especially in the

East Alligator River district.
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It would be interesting to perform further investigations in the Baltic shield to improve
our understanding the genesis of the uranium mineralization in such settings and to develop
additional criteria for the exploration of such deposits:

(1) geochemical and mineralogical study of the basement rocks especially in the

Western and Northern parts of the Pasha — Ladoga basin area;

(11) study of the geologic formations in the vicinity of the pre-Riphean
unconformity surface within other Mesoproterozoic sedimentary basins in
Russia (Tersky shore, Kola peninsula), in Finland and in Sweden;

(111) study of the geologic formations the vicinity of the pre-Jatulian unconformity
surface within Onega depression and Tulomozero superimposed structure,
where more mature sandstones are observed.

(1v) determination of the ore mineralization events ages in the Karku deposit area

and ages of the Salmi intercalated basalts and Valaam sill rocks.
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Annex | Archean formations

Annex I: Archean rocks
Major and trace element analysis of the Archean formations

DDH no.: 10-04-01 DDH-615 5-07-01

Depth (m): Uuksu dome 109 Koirinoya dome

Rock type: _ Granite-gneiss Altered rock Amphibolite
SiOs(wt. %) 65.31 36.42 49.65
AlLO; 15.04 6.06 14.58
Fey 0, 5.63 8.07 13.63
MnO 0.06 0.44 0.21
MgO 0.91 2.02 7.16
CaO 2.45 23.93 10.73
Na,O 3.49 0.07 2.20
K,O 3.02 54 o3 0.49
TiO, 0.96 0.24 1.14
P05 0.42 0.05 0.08
PF 2.01 21.39 0.63
Total 99.30 99.82 100.50
As  (ppm) 0.00 0.83 0.00
Ba 1434.00 110.00 94.56
Be 3.87 3.05 0.57
Bi 0.00 0.28 0.00
Cd 0.41 1.31 0.00
Co 8.07 12.20 50.88
Cr 12.48 60.00 96.40
Cs 3.05 3.95 0.37
Cu 68.63 47.40 10.73
Ga 24.26 10.00 18.81
Ge 1.47 1.15 1.80
Hf 11.26 228 2.07
In 0.00 0.00 0.00
Mo 4.03 0.00 0.00
Nb 45.73 3.97 4.69
Ni 6.42 68.70 66.10
Pb total 23.02 12.30 4.72
Rb 119.30 83.90 18.54
Sb 0.00 0.00 0.00
Sn 2.49 1.08 0.86
Sr 44420 74.30 140.30
Ta 1.50 0.34 0.35
Th 22.33 5.90 1.05
U 5.12 4.64 0.31
\' 52.78 248.00 297.80
W 0.39 1.37 0.00
Y 36.60 101.00 20.61
Zn 93.64 68.10 107.50
Zr 553.40 82.00 77.84
La 104.90 53.70 7.98
Ce 208.80 99.30 18.40
Pr 22.55 13.00 255
Nd 77.06 52.10 11.33
Sm 11.69 12.50 2.98
Eu 243 2.86 0.97
Gd 8.52 14.40 3.28
Tb 1.21 2.39 0.55
Dy 6.76 14.90 3.49
Ho 1.24 3.11 0.73
Er 342 9.09 2.04
Tm 0.51 1.48 0.31
Yb 342 11.60 2.09
Lu 0.54 2.07 0.33
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Annex II Paleoproterozoic formations

Annex II Paleoproterozoic formations
Major and trace element analysis of the Paleoproterozoic gneisses and schists

Bt - Amph - Pitkyaranta Suite Biotite gneisses and schists of the Impilakhti Suite
DDH no.: [DDH-389 4-03-01 5-02-01 327 319 319 614 816 816
Depth (m): 194 221 142 193 100 185 185.5
Position Il zone  Pitkyaranta Pitkyaranta 11 zone I zone I zone I zone 11 zone 11 zone
SiOy(wt. %) 62.37 65.10 46.16 56.07 66.69 52.25 64.16 68.78 8B.86
Al,O4 13.84 15.14 12.82 14.42 16.36 18.13 17.69 15.23 3.07
Fe,04 6.49 6.53 13.30 7.73 6.68 10.00 3.84 5.13 2.13
MnO 0.08 0.07 0.21 0.30 0.04 0.08 0.00 0.03 0.05
MgO 5.18 2.16 9.15 3.63 2.53 5.44 1.70 0.55 0.49
CaO 0.47 1.67 15.02 4.52 0.27 241 0.21 0.16 1.24
Na,O 0.32 3.34 1.03 0.14 0.07 3.70 0.35 0.19 0.00
K,0 6.73 2.83 0.40 2.86 0.86 3.78 6.94 1.85 0.27
TiO, 0.54 0.64 0.68 0.58 0.73 0.85 0.56 0.69 0.10
P,05 0.14 0.14 0.06 0.25 0.17 0.14 0.14 0.21 0.08
PF 3.74 1.76 0.60 7.84 6.43 2.76 4.27 5.99 2.44
Total 99.90 99.38 99.43 98.34 100.82 99.53 99.88 98.81 98.73
As  (ppm) 0.00 0.00 533 0.00 79.59 0.00 0.00 0.00 0.00
Ba 571.90 371.10 50.40 1020.00 55.15 1157.00 800.00 74.92 81.39
Be 0.00 1.45 0.00 1.52 8.15 1.61 4.65 2.24 0.59
Bi 0.22 0.00 0.00 151.70 0.12 0.47 0.06 3.34 0.77
Cd 0.00 0.00 0.00 97.96 1.62 0.36 0.00 0.42 0.82
Co 51.42 19.37 47.68 33.23 45.76 31.11 11.40 8.61 4.92
Cr 123.90 112.40 267.40 75.28 135.10 189.70 118.00 154.00 25.71
Cs 6.36 7.72 0.37 2.70 2.38 6.29 2.77 4.74 0.74
Cu 98.92 32.62 73.99 1860.00 79.29 83.42 31.00 23.47 11.55
Ga 27.47 19.36 16.12 22.69 40.23 35.21 29.60 23.24 5.39
Ge 1.88 1.55 1.78 1.05 345 1.79 2.06 0.97 0.56
Hf 243 4.67 1.15 7.37 5.90 4.14 3.57 4.33 0.90
In 0.00 0.00 0.11 0.36 0.00 0.12 0.00 0.34 0.13
Mo 0.00 0.91 0.00 14.24 142.80 421 0.57 0.68 1.64
Nb 11.63 9.48 1.61 11.16 11.02 11.62 13.50 9.44 2.12
Ni 96.87 54.63 109.50 93.49 73.11 100.30 39.90 33.19 22.02
Pb 281.37 17.26 6.76 4656.45 80.60 2553 54.10 48.79 27.72
Rb 225.20 153.30 9.75 148.30 40.90 168.90 167.00 88.78 14.14
Sb 0.00 0.00 0.00 0.15 0.10 0.00 0.00 0.00 0.00
Sn 0.87 1.86 372 3.18 1.44 2.21 0.91 5.32 0.96
Sr 87.56 171.10 69.54 108.40 14.20 278.30 93.60 38.66 9.19
Ta 0.89 0.83 0.13 1.40 0.94 1.25 0.96 0.89 0.21
Th 9.42 11.52 0.28 15.99 13.85 11.05 25.70 9.67 2.44
8] 2.14 2.99 0.23 8.97 423 4.77 6.38 3.89 1.11
Vv 185.90 108.60 252.50 272.40 138.90 224.60 76.60 93.80 34.14
W 2.50 0.58 0.52 4.22 5.46 1.53 0.81 4.25 0.58
Y 21.66 20.10 15.72 28.26 25.46 19.76 12.50 21.70 7.49
Zn 1038.00  102.80 128.80 21970.00 348.40 169.00 149.00 1405.00 503.90
Zr 82.73 177.40 40.52 280.70 226.90 140.40 109.00 157.90 33.10
La 26.49 38.04 3.06 19.97 39.37 32.68 25.20 54.23 8.87
Ce 52.13 75.14 6.75 40.68 86.73 70.10 51.70 81.18 18.25
Pr 6.48 8.80 1.00 5.66 10.27 8.35 5.97 8.97 2.06
Nd 23.71 3252 4.86 20.72 37.88 30.27 21.00 32.80 7.81
Sm 4.68 5.89 1.64 4.13 7.15 5.80 4.12 5.92 1.61
Eu 1.07 1.35 0.57 0.79 1.31 1.43 1.03 1.38 0.35
Gd 4.02 4.57 2.15 3.79 5.56 4.79 3.20 4.70 1.39
Tb 0.61 0.67 0.39 0.64 0.84 0.70 0.41 0.69 0.21
Dy 3.59 3.70 2.64 4.21 4.84 3.86 2.21 4.00 1.20
Ho 0.69 0.71 0.57 0.88 0.88 0.71 0.42 0.78 0.22
Er 1.98 1.92 1.64 2.79 2.37 1.93 1.18 233 0.61
Tm 0.29 0.29 0.26 0.45 0.34 0.27 0.15 0.35 0.09
Yb 2.01 1.93 175 3.27 2.24 1.76 1.12 2.46 0.63
Lu 0.30 0.30 0.28 0.55 0.35 0.27 0.17 0.38 0.10
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Annex 11 Paleoproterozoic formations

Annex II Paleoproterozoic formations (Suite)

| Biotite Impilakhti gneisses l GraEhite - biotite fresh Encisses and schists
DDH no.: 816 816 816 306 306 605 605 605 625
Depth (m): 186 196 225 90 100 107.5 109 140 140
Position 11 zone IT zone IT zone I zone I zone I zone I zone I zone 111 zone
Si0,(wt. %) 66.42 68.50 67.70 68.46 59.05 51.06 62.46 46.05 62.28
AlLO; 12.94 10.87 10.45 11.78 15.98 9.83 14.76 11.93 14.24
Fe,04 9.10 7.29 6.37 9.94 7.24 18.99 9.27 12.77 5.24
MnO 0.16 0.08 0.12 0.06 0.09 0.06 0.06 0.09 0.10
MgO 3.18 3.85 2.60 1.89 4.99 0.43 3.90 2.64 3.09
CaO 0.00 0.69 1.49 0.66 2.82 2.53 0.20 9.10 2.81
Na,O 0.00 0.00 0.91 0.22 3.10 0.09 0.00 3.58 0.29
K,O 1.29 2.52 2.26 3.01 2.62 1.15 2.13 1.03 5.97
TiO, 0.61 0.45 0.39 0.12 0.75 0.65 0.63 0.51 0.23
P,05 0.22 0.10 0.06 0.00 0.12 1.35 0.11 0.18 0.16
PF 5.76 4.94 5.88 4.10 3.26 13.77 6.62 11.52 5.80
Total 99.68 99.29 98.23 100.24 100.01 99.91 100.14 99.40 100.21
As  (ppm) 0.00 1.26 1.08 14.25 0.00 124.00 0.00 0.00 0.00
Ba 66.17 404.20 568.70 492.50 131.40 193.00 151.90 131.00 903.20
Be 2.64 1.84 0.94 2.73 2.08 4.58 4.57 1.43 1.53
Bi 3.45 0.71 2.20 0.11 0.19 0.21 0.36 0.23 0.20
Cd 0.68 6.98 15.98 0.00 0.50 16.00 0.52 0.00 0.00
Co 33.77 20.78 17.11 15.94 21.47 47.20 13.43 20.10 5.51
Cr 115.20 89.13 73.41 23.54 169.00 81.30 119.90 90.70 33.22
Cs 3.90 5.85 2.70 1.09 3.72 3.64 8.03 2.41 2.45
Cu 39.36 50.66 146.20 60.30 58.77 45.30 46.23 63.90 20.15
Ga 17.97 14.73 13.38 18.26 31.38 11.90 20.45 14.60 19.39
Ge 1.56 1.61 1.24 1.65 1.78 1.14 1.62 1.13 1.33
Hf 3.94 3.02 2.46 1.92 4.15 0.97 3.51 2.72 6.11
In 0.34 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mo 0.00 2.60 7.93 1.66 9.00 13.60 0.00 1.82 0.00
Nb 9.29 10.28 12.55 3.58 16.10 9.05 9.87 6.54 9.74
Ni 101.40 111.50 56.54 36.61 75.53 113.00 62.75 67.30 31.17
Pb 68.44 564.34 1471.60 24.02 20.70 181.00 23.79 25.60 52.11
Rb 62.51 115.70 92.04 79.96 202.70 55.60 118.00 52.60 149.50
Sb 0.00 0.00 0.00 0.00 0.00 0.44 0.00 0.14 0.24
Sn 3.38 221 2.21 0.00 1.15 2.04 2.14 2.24 1.87
Sr 23.05 36.34 71.54 56.36 110.40 22.10 33.04 66.40 84.86
Ta 0.85 0.77 1.42 0.50 1.56 0.74 0.89 0.66 0.96
Th 8.14 8.16 8.51 8.77 41.44 5.61 8.95 10.60 17.89
9] 2.717 6.26 4.23 241 8.00 212.00 3.71 11.90 5.19
V 90.59 208.00 127.90 66.46 264.50 112.00 130.00 137.00 70.60
W 3.11 1.80 3.49 0.38 0.50 478 1.63 1.58 0.85
Y 16.01 26.02 24.46 8.95 61.08 66.40 15.59 21.00 29.34
Zn 4446.00 3423.00 3392.00 94.65 214.40 994.00 231.90 112.00 65.27
Zr 146.70 108.80 86.48 59.31 148.30 35.00 125.90 96.50 204.70
La 34.85 28.58 26.14 15.30 71.77 15.00 25.96 19.00 73.91
Ce 67.58 54.20 47.48 29.05 158.20 30.80 45.35 37.70 146.50
Pr 8.55 6.76 5.85 3.64 18.52 5.75 5.26 4.53 16.92
Nd 32.59 2545 21.70 12.68 68.36 28.60 19.00 17.70 62.02
Sm 6.16 491 4.16 2.18 13.29 8.54 345 3.68 10.75
Eu 1.27 0.83 0.70 0.50 1.26 1.83 0.45 0.80 1.29
Gd 4.53 4.30 3.62 1.53 10.76 11.10 2.94 3.90 8.15
Tb 0.61 0.68 0.58 0.24 1.59 1.74 0.47 0.59 1.12
Dy 3.14 4.04 3.60 1.40 9.51 10.90 2.88 3.64 5.89
Ho 0.57 0.82 0.74 0.27 1.86 2.34 0.58 0.70 1.06
Er 1.64 2.35 2.24 0.81 5.36 6.14 1.72 1.98 2.88
Tm 0.25 0.35 0.35 0.12 0.82 0.86 0.28 0.26 0.43
Yb 1.82 2.40 242 0.90 5.55 5.62 2.04 1.89 3.02
Lu 0.30 0.39 0.38 0.14 0.84 0.83 0.33 26.00 0.50
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Annex I Paleoproterozoic formations

Annex II Paleoproterozoic formations (Suite)

| Graphite - biotite fresh gneisses and schists

DDH no.: 625 625 625 654 654 654 654 654 751
Depth (m): 144 154 157 146 147 151 215 310 74
Position 11 zone 111 zone 111 zone 111 zone 111 zone I zone I11 zone 111 zone  North from |
SiO,(wt. %) 59.84 63.70 60.85 64.26 62.60 60.07 76.65 65.66 56.16
Al,O4 11.89 15.31 932 14.34 13.81 13.13 12.52 14.80 11.30
Fe,04 2.31 1.76 5.66 7.50 6.38 8.73 2.06 5.83 14.68
MnO 0.16 0.03 0.08 0.16 0.12 0.08 0.00 0.04 0.05
MgO 1.64 0.99 2.75 1.05 1.10 3.22 1.11 2.34 7.59
CaO 9.52 4.04 7.77 2.53 3.36 1.41 2.25 2.37 0.92
Na,O 0.13 0.50 0.12 0.27 0.30 0.33 3.23 4.12 0.00
K,0 2.91 8.26 1.52 4.92 5.52 2.07 1.05 1.77 2.00
TiO, 0.10 0.10 0.32 0.00 0.00 0.47 0.14 0.34 0.68
P,04 0.05 0.17 0.10 0.06 0.00 0.14 0.05 0.05 0.13
PF 11.01 4.98 10.82 5.19 5.71 10.82 1.41 2.51 6.30
Total 99.56 99.84 99.31 100.28 98.90 100.47 100.47 99.83 99.81
As  (ppm) 11:23 1.77 3.40 4.11 15.23 13.26 0.00 1.90 0.00
Ba 106.10 732.10 63.53 202.10 180.30 272.50 137.80 442.20 121.00
Be 0.00 0.00 1.68 3.44 2.58 2.80 3.14 1.94 4.09
Bi 0.20 0.08 0.31 0.00 0.00 0.94 0.00 0.00 0.30
Cd 0.00 0.00 0.00 0.42 0.00 0.45 0.00 0.00 1.30
Co 7.51 2.89 12.93 0.83 1.74 36.57 1.51 11.51 56.45
Cr 22.85 25.05 54.34 9.51 0.00 91.40 7.28 67.48 390.00
Cs 5.14 5.17 4.82 2.97 6.84 7.06 3.06 4.61 14.81
Cu 17.39 9.05 24.70 9.02 0.00 59.58 10.59 24.51 49.57
Ga 14.67 14.94 11.44 21.44 20.89 18.17 20.88 21.42 16.50
Ge 0.80 1.52 0.98 1.70 1.57 0.82 1.63 1.86 1.98
Hf 1.45 1.90 2.11 1.35 1.93 2.81 4.73 2.68 2.87
In 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mo 5.69 1.51 6.25 3.00 6.83 16.75 1.70 4.21 0.00
Nb 1.41 3.05 7.27 7.15 2.46 7.79 10.10 13.54 10.80
Ni 25.89 17.74 48.51 6.13 10.62 120.30 0.00 42.54 368.70
Pb 20.00 64.91 15.09 69.16 57.05 32.11 21.30 24.39 5.95
Rb 147.60 224 .60 82.33 156.20 193.60 105.90 61.04 123.80 140.10
Sh 0.16 0.26 0.26 0.00 0.00 0.22 0.00 0.00 0.00
Sn 0.95 2.05 1.99 1.13 0.98 2.91 1.64 1.32 443
Sr 75.04 87.69 53.64 42.80 51.48 40.05 124.90 118.00 25.23
Ta 0.18 0.50 0.76 1.76 0.58 0.91 1.34 1.83 0.80
Th 7.07 3.80 7.60 9.52 14.20 8.58 21.43 13.18 5.64
U 7.45 10.87 5.91 3.63 31.62 76.30 7.89 8.67 1.73
v 39.65 39.01 81.01 24.70 11.49 168.00 8.72 131.40 109.90
W 0.43 0.81 1.16 0.34 0.00 1.89 0.88 0.86 1.42
Y 23.14 18.98 21.88 12.41 24.46 18.70 4992 30.64 13.12
Zn 30.37 30.73 84.43 58.61 85.41 73.72 50.71 117.30 259.10
Zr 40.30 48.46 69.06 28.34 41.81 103.40 151.70 87.13 105.50
La 14.20 9.48 27.73 10.64 9.30 17.02 61.62 24.61 21.03
Ce 28.71 18.73 57.36 18.56 18.33 32.20 128.40 47.75 38.67
Pr 3.34 2.36 6.75 1.90 2.02 4.09 14.99 5.94 5.56
Nd 12.77 9.50 25.12 5.94 6.74 15.25 54.71 22.01 21.11
Sm 2.62 2.53 4.98 1.22 1.65 3.15 10.74 4.65 3.68
Eu 0.52 0.73 0.69 0.33 0.29 0.47 0.81 0.88 0.82
Gd 2.65 2.82 4.29 1.17 1.84 2.93 8.86 422 2.69
Tb 0.49 0.51 0.66 0.24 0.42 0.47 1.43 0.75 0.40
Dy 3.34 3.26 3.79 1.77 3.20 2.96 8.51 4.73 2.37
Ho 0.73 0.67 0.72 0.39 0.72 0.59 1.65 0.97 0.46
Er 2.19 1.88 1.97 1.30 245 1.70 4.62 291 1.38
Tm 0.36 0.32 0.29 0.25 0.46 0.26 0.71 0.49 0.22
Yb 2.56 2.19 1.88 1.88 3.58 1.72 4.62 343 1.50
Lu 0.43 0.34 0.28 0.30 0.55 0.27 0.68 0.54 0.24
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Annex I1 Paleoproterozoic formations

Annex II Paleoproterozoic formations (Suite)

Graphite - biotite fresh gneisses and schists

DDH no.: 751-75 751-80 751-87 822-160 822-168 835-245 835-247 843-150 843-154
Depth (m): 75 80 87 160 168 245 247 150 154
Position To north from the ore zonc | To north from zone 1 Matala zone I zone I zone
SiO,(wt. %) 27.67 62.72 55.31 72.66 61.90 45.08 57.72 68.69 59.58
Al O, 6.84 10.66 16.88 8.55 10.73 22.55 16.20 14.00 11.89
Fe,0; 6.64 10.82 7.87 4.54 433 15.33 12.04 8.49 4.77
MnO 0.88 0.08 0.11 0.08 0.15 0.08 0.08 0.05 0.32
MgO 4.73 6.13 5.78 1.03 1.72 2.89 2.71 1.26 2.55
Ca0 26.33 0.17 1.38 3.99 5.47 1.41 1.56 0.00 7.46
Na,O 0.00 0.26 2.52 0.24 0.31 0.19 0.17 0.00 0.16
K0 1.17 1.45 2.73 3.32 4.58 4.35 2.05 1.16 247
TiO, 0.47 0.56 0.74 0.46 0.44 1.12 0.64 0.48 0.39
P>0s4 0.11 0.11 0.03 1.92 0.00 0.72 0.13 0.05 0.03
PF 23.95 7.40 6.76 2.91 9.24 6.19 6.55 4.85 10.32
Total 98.79 100.36 100.11 99.70 98.87 99.91 99.85 99.03 99.94
As  (ppm) 1.21 1.47 1.67 9.48 1.40 0.00 2422 30.11 36.30
Ba 60.89 144.10 214.20 616.10 1099.00 252.40 341.80 61.83 79.49
Be 3.75 4.51 6.17 3.50 0.00 5.35 3.12 442 1.53
Bi 0.45 0.55 0.35 0.34 0.44 0.42 0.52 0.00 0.00
Cd 10.28 0.00 0.00 2.58 0.61 0.00 0.00 0.00 0.97
Co 138.00 41.92 24.63 8.60 8.85 27.70 26.89 9.61 18.87
Cr 1270.00 116.60 149.20 3231 85.30 842.10 137.40 81.57 63.58
Cs 442 6.78 12.84 2.79 2.19 8.24 3.77 2.29 3.24
Cu 95.20 89.28 107.90 294.20 34.23 18.28 45.98 32.75 22.73
Ga 10.21 14.43 25.91 15.34 13.34 3348 23.07 23.73 16.08
Ge 1.69 2.34 1.80 2.05 1.20 242 1.93 1.63 0.84
Hf 0.84 3.29 4.18 4.63 2.56 3.62 3.20 5.26 3.65
In 0.00 0.00 0.00 0.30 0.00 0.10 0.00 0.00 0.00
Mo 0.00 3.70 5.92 1.03 5.34 1.19 3.03 4.17 9.49
Nb 6.46 7.53 58.15 14.21 6.90 17.87 6.42 10.56 9.72
Ni 594.70 171.70 95.95 21.76 22.83 271.80 131.70 30.22 73.06
Pb 8.34 11.55 18.99 75.49 39.98 47.97 39.72 21.51 13.74
Rb 7543 92.12 180.10 107.00 112.20 171.30 66.26 57.19 124.90
Sb 0.00 0.00 0.00 0.31 0.11 0.00 0.00 0.00 0.00
Sn 2.66 1.33 4.05 13.73 1.61 1.87 1.24 0.50 0.53
Sr 59.13 45.75 99.70 83.48 108.10 26.40 40.52 22.57 49.13
Ta 0.46 0.74 10.45 1.16 0.68 1.42 0.57 0.73 0.75
Th 0.45 7.82 9.96 29.82 6.97 10.67 8.06 204.70 45.66
u 2,02 13.48 4.55 29.79 10.00 48.97 10.92 7.92 3.89
A% 123.30 173.00 188.70 155.70 169.60 253.40 203.00 116.20 94.38
W 1.26 1.56 1.42 2.98 1.63 4.66 2.25 1.29 0.33
Y 22.19 13.89 19.15 72.51 20.64 41.94 20.66 15.49 18.38
Zn 120.70 178.20 188.30 321.70 112.30 209.10 187.70 57.02 185.30
Zr 31.10 123.50 153.10 170.20 89.17 122.00 117.70 162.70 111.10
La 22.06 5.30 34.74 64.80 33.12 34.10 25.78 126.30 30.02
Ce 40.56 11.19 68.69 136.70 67.95 68.09 50.30 243 .40 61.83
Pr 5.73 1.49 8.59 19.80 8.62 9.02 6.07 28.03 7.47
Nd 24.37 6.17 3243 86.47 31.79 36.50 22.88 103.50 29.09
Sm 5.03 1.85 6.45 18.96 6.31 7.44 4.41 16.33 6.06
Eu 1.44 0.47 0.64 3.64 1.03 2.53 1.07 0.84 1.01
Gd 4.75 2.12 4.87 17.37 4.79 7.28 3.92 9.77 4.71
Tb 0.69 0.35 0.71 2.20 0.74 1.19 0.61 1.06 0.63
Dy 3.7 2.16 3.78 11.06 4.15 7.25 3.55 4.30 3.29
Ho 0.68 0.45 0.66 2.02 0.78 1.45 0.69 0.59 0.58
Er 1.68 1.31 1.93 4.87 2.16 3.92 1.94 1.31 1.48
Tm 0.21 0.20 0.30 0.62 0.34 0.56 0.29 0.15 0.21
Yb 1.30 1.42 223 3.78 2.40 347 2.02 0.86 1.28
Lu 0.19 0.24 0.35 0.58 0.37 0.53 0.32 0.14 0.21
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Annex 11

Annex Il Paleoproterozoic formations (Suite)

GraEhite - biotite fresh Eeisses and schists |
DDH no.: 843 843
Depth (m): 217 250
Position 1 zone 1 zone
Si05(wt. %) 58.23 59.63
AlLO; 18.02 13.69
Fe,0, 5.35 6.27
MnO 0.04 0.06
MgO 1.83 5.60
CaO 3.36 2.62
Na,O 0.15 2.63
K,0 3.41 3.39
TiO, 0.89 0.68
P,05 0.16 0.10
PF 8.43 4,12
Total 99.87 98.79
As  (ppm) 0.00 0.00
Ba 225.10 726.50
Be 1.74 1.51
Bi 0.00 0.27
Cd 0.00 0.78
Co 21.12 21.79
Cr 129.00 131.20
Cs 4.49 5.03
Cu 205.00 41.69
Ga 25.95 17.11
Ge 0.72 1.29
Hf 6.27 4.13
In 0.00 0.00
Mo 5.08 5.86
Nb 19.11 7.48
Ni 69.41 81.84
Pb 19.48 17.93
Rb 178.30 115.10
Sb 0.00 0.00
Sn 5.10 1.10
Sr 46.85 166.60
Ta 1.16 0.61
Th 5.80 9.92
6] 4.67 4.40
\% 143.80 177.30
W 0.80 0.81
Y 10.70 12.36
Zn 260.50 137.40
Zr 211.90 148.20
La 17.17 29.93
Ce 27.71 47.93
Pr 3.12 5.19
Nd 11.17 18.07
Sm 2.21 2.98
Eu 0.86 0.88
Gd 2.11 2.54
Tb 0.31 0.36
Dy 1.76 2.10
Ho 0.34 0.41
Er 0.94 1.16
Tm 0.14 0.17
Yb 0.96 1.16
Lu 0.16 0.20
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Annex III Yablonevka (DDH-103)

Annex III Yablonevka area (DDH-103) — Western part of the Pasha — Ladoga basin
Major and trace element analysis of the Paleoproterozoic gneisses, schists and granites and the Mesoproterozoic

( Riehean ) sandstones

DDH no.: 103 103 103 103 103 103 103 103 103 103
Depth (m): 100 115 136 138 151 152 156 157 171 176
Rock type |sandstone sandstone sandstone sandstone sandstone sandstone gneiss __gneiss gﬂeiss gneiss
SiOy(wt. %)  80.98 82.50 74.37 70.84 69.96 75.11 60.24 58.25 61.76 63.63
AlLO; 7.72 6.61 9.02 13.33 15.32 11.08 15.83 17.22 17.35 16.87
Fe,0; 3.53 227 1.63 5.15 4.68 5.45 9.86 8.91 7.26 4.85
MnO 0.00 0.10 0.14 0.00 0.00 0.00 0.03 0.00 0.04 0.09
MgO 0.93 1.07 2.26 1.74 1.08 0.82 2.52 2.85 2.81 2.35
CaO 0.21 0.81 2.15 0.12 0.17 0.00 0.19 0.00 0.46 0.84
Na,O 0.00 0.00 0.00 0.16 0.00 0.00 0.00 0.24 0.20 0.00
K,O 313 2.90 3.53 3.87 4.13 3.68 488 7.29 3.36 5.32
TiO, 0.40 0.24 0.36 0.46 0.45 0.35 0.89 0.86 0.95 0.55
P05 0.21 0.07 0.12 0.15 0.13 0.08 0.16 0.08 0.26 0.20
PF 2.61 3.17 6.16 4.03 4.40 3.08 5.16 4.09 5.48 5.09
Total 99.72 99.74 99.74 99.85 100.32 99.65 99.76 99.79 99.93 99.79
As  (ppm) 1.38 0.00 0.00 3.46 295 343 1.87 1.07 0.00 0.00
Ba 572.60 516.90 561.40 626.90 613.20 510.40 585.80 841.60 781.60 874.60
Be 1.27 0.95 1.82 3.67 3.37 293 3.21 2.66 2.55 1.45
Bi 0.99 0.00 0.00 0.22 0.00 0.20 0.00 0.00 0.00 0.00
Cd 0.00 0.00 0.00 0.00 0.00 0.00 0.41 0.00 0.54 0.00
Co 12.55 3.37 517 7.02 5.17 4.26 9.81 14.84 11.25 7.01
Cr 23.55 19.56 3341 28.81 27.03 25.65 75.75 159.90 4488 50.07
Cs 1.46 1.28 1.86 6.14 5.32 4.36 9.54 8.57 3.83 5.89
Cu 6.91 13.03 13.81 15.36 23.57 9.72 10.99 6.21 14.91 15.96
Ga 9.72 8.28 12.17 18.04 19.78 15.59 29.73 29.89 25.88 21.05
Ge 1.20 1.08 1.12 1.25 1.17 1.22 2.02 1.78 1.84 1.80
Hf 4.36 331 5.91 5.95 7.48 5.57 11.55 6.20 17.86 4.47
In 0.00 0.00 0.00 0.00 0.00 0.00 0.15 0.14 0.10 0.00
Mo 0.00 0.00 0.00 0.00 0.74 0.00 0.94 0.00 0.52 0.58
Nb 6.83 5.28 8.40 11.64 11.13 9.63 36.38 18.26 2641 11.30
Ni 22.15 9.46 13.49 20.28 17.25 12.90 27.56 51.98 19.06 16.26
Pb 10.61 10.08 8.68 13.67 17.68 14.59 18.41 19.97 13.22 9.00
Rb 83.79 76.66 98.72 158.20 159.00 141.80 251.50 309.30 175.00 136.10
Sb 0.00 0.00 0.00 0.63 0.51 0.40 0.00 0.00 0.00 0.00
Sn 1.09 0.86 1.13 2.99 2.23 1.95 4.16 3.02 1.58 1.63
Sr 70.81 58.79 80.95 100.60 101.90 111.90 54.41 69.53 48.81 31.74
Ta 0.56 0.43 0.60 1.10 1.09 1.01 2.69 1.22 2.27 1.01
Th 6.66 4.28 6.07 13.42 15.53 13.72 41.88 17.37 44.56 11.94
0] 2.37 1.17 3.61 2.07 2.60 1.70 6.80 3.74 5.80 3.08
v 30.85 26.17 33.44 30.20 26.64 22.63 59.58 96.83 69.75 66.32
w 0.39 0.37 0.56 2.30 2.34 2.56 2.34 1.04 0.66 2.87
Y 15.56 11.51 18.22 26.63 29.45 19.79 57.96 38.33 85.10 33.94
Zn 35.53 20.46 28.71 73.43 57.03 42.85 195.40 199.80 111.00 123.30
Zr 171.50 135.10 253.00 220.00 280.30 199.00 469.40 230.80 721.50 161.20
La 20.34 14.79 23.07 37.77 46.81 4727 111.10 55.31 133.60 47.94
e 39.08 28.34 44 41 82.72 91.02 86.50 225.10 111.20 268.10 87.68
Pr 4.74 343 5.10 8.90 9.69 10.27 26.55 13.11 32.19 10.92
Nd 17.78 13.23 19.44 33.18 34.27 36.59 99.76 50.02 120.80 40.71
Sm 3.50 2.53 3.77 5.91 6.09 6.06 18.67 9.30 21.97 7.30
Eu 0.79 0.62 0.87 1.09 1.16 1.08 1.45 1.41 1.83 1.42
Gd 293 2.11 3.31 4.81 5.15 423 14.74 7.45 18.26 5.86
Tb 0.45 0.32 0.52 0.75 0.83 0.62 1.95 1.10 2.59 0.91
Dy 2.65 1.93 3.01 448 493 3.51 10.26 6.43 15.06 5.34
Ho 0.52 0.38 0.58 0.90 0.98 0.69 1.96 1.29 3.02 1.08
Er 1.45 1.11 1.69 2.69 2.90 2.04 5.72 3.84 9.09 3.12
Tm 0.22 0.18 0.27 0.42 0.46 0.32 0.87 0.59 1.39 0.46
Yb 1.48 1.22 1.72 295 3.18 2.18 6.08 3.99 9.62 3.12
Lu 0.24 0.19 0.27 0.46 0.50 0.34 0.98 0.64 1.54 0.49
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Annex IV Pasha (DDH-11, DDH-14)

Annex IV Pasha area (DDH-11, DDH-14) — South-Eastern part of the Pasha — Ladoga basin
Major and trace element analysis of the Paleoproterozoic gneisses, schists and granites and the Mesoproterozoic
Riphean) sandstones

DDH no.: 11 11 11 11 11 11 11 11 11

Depth (m): 180 229 230 237 255 260 269 270 281

Rock type |sandstone sandstone sandstone sandstone sandstone sandstone Eneiss gnciss Enciss
Si0,(wt. %) 91.94 58.49 93.37 91.17 89.77 90.85 61.55 62.46 64.93
Al,O4 4.08 16.26 2.13 5.32 6.49 431 16.21 17:13 8.01
Fe,04 042 6.26 0.47 0.25 0.41 2.08 10.04 8.34 4.49
MnO 0.00 0.04 0.14 0.00 0.00 0.00 0.04 0.00 0.59
MgO 0.00 1.39 0.44 0.00 0.00 0.00 2.64 2.18 4.80
CaO 0.00 0.16 0.70 0.00 0.00 0.00 0.00 0.16 5.04
Na,O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K,0 2.17 3.38 0.38 1.44 1.04 0.73 4.10 2.34 1.99
TiO, 0.18 0.85 0.03 0.03 0.07 0.36 0.70 0.77 0.56
P04 0.00 0.06 0.00 0.00 0.00 0.00 0.10 0.18 0.06
PF 0.89 12.91 2.10 1.45 1.98 1.44 4.35 5.70 9.30
Total 99.68 99.80 99.76 99.66 99.76 99.77 99.73 99.26 99,77
As  (ppm) 0.00 7.35 1.25 1.12 3.11 4.94 2.59 222 0.00
Ba 345.30 579.20 39.42 177.50 104.70 84.52 374.90 167.90 109.10
Be 0.00 1.72 0.00 0.59 0.74 1.19 295 4.19 0.93
Bi 0.00 0.29 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cd 0.00 1.70 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Co 1.50 9.27 1.22 1.18 1.31 1.54 17.13 20.10 10.01
Cr 15.91 79.17 13.27 8.10 11.45 25:12 136.20 130.20 80.20
Cs 0.86 3.38 0.42 0.60 0.93 0.66 9.16 6.84 2.05
Cu 0.00 4920 0.00 0.00 0.00 561 27.36 30.32 5.62
Ga 4.49 20.95 2.62 4.01 6.48 5.32 27.96 27.02 12.32
Ge 1.09 1.35 0.81 0.78 0.83 0.98 2.05 1.50 0.84
Hf 5.99 9,91 1.51 1.78 2.75 5.30 6.85 4.64 2.46
In 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mo 0.00 2.66 0.00 0.00 0.00 0.76 0.00 0.00 0.00
Nb 4.65 19.03 2.34 0.80 2.49 10.68 14.17 11.62 12.32
Ni 7.15 45.57 6.74 6.30 5.70 8.70 44 .89 62.77 37.75
Pb 8.19 165.67 6.37 6.10 4.56 9.01 15.16 7.70 6.94
Rb 56.14 112.40 13.24 41.46 39.11 26.84 258.70 156.50 91.64
Sb 0.00 0.39 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sn 0.65 272 0.43 0.65 0.74 26.21 1.05 0.60 0.00
Sr 35.94 77.57 15.06 32.36 27.24 69.09 56.90 17.78 23.78
Ta 042 1.64 0.72 0.09 0.35 2.52 1.03 1.22 0.73
Th 4.68 22.33 3.60 3.79 8.51 41.44 20.75 11.05 10.02
U 3.38 547 1.53 1.66 3.36 1.66 4.07 3.21 4.10
Vv 11.84 100.10 QLD 311 6.02 21.95 108.60 99.96 92.00
W 0.49 1.32 0.60 0.00 0.00 1.17 0.67 0.85 0.42
Y 13.31 38.48 8.03 5.86 942 17.92 55.18 22.43 17.56
Zn 12.48 308.00 10.53 8.51 10.75 12.44 139.00 116.00 94,92
Zr 237.30 360.70 50.86 58.17 95.10 209.00 251.20 174.70 98.86
La 12.07 71.95 9.92 9.06 17.16 57.03 62.08 30.83 32.46
Ce 23.39 142.70 16.47 18.77 34.10 95.23 130.20 64.86 62.55
Pr 2.71 17.38 2.31 2.07 3.97 12.49 14.75 7.66 7.43
Nd 9.85 64.27 8.46 1773 14.44 42 .88 54.61 29.05 26.85
Sm 2.01 11.61 1.66 1.46 2.72 7.12 10.13 5.84 4.85
Eu 0.46 1.87 0.29 0.29 0.37 0.60 1.14 0.75 0.77
Gd 1.91 8.90 1.42 1.17 2.14 5.02 8.49 5.07 3.90
Th 0.34 1.31 0.24 0.17 0.32 0.75 1.35 0.75 0.56
Dy 222 7.30 1.40 0.96 1.75 3.77 8.69 4.20 3.09
Ho 0.45 1.39 0.27 0.19 0.32 0.66 1.86 0.77 0.57
Er 1.35 3.87 0.77 0.55 0.92 1.80 5.51 2.20 1.60
Tm 0.22 0.57 0.12 0.08 0.14 0.26 0.84 0.32 0.23
Yb 1.47 3.82 0.80 0.56 0.90 1.71 5.83 229 1.54
Lu 0.24 0.59 0.13 0.09 0.15 0.27 0.91 0.37 0.25
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Annex 1V

Pasha (DDH-11, DDH-14)

Annex IV (Suite)

DDH no.: 11 11 11 14 14 14 14 14 14

Depth (m): 283 287 291 259 276 289 301 312 313

Rock type gneiss gneiss gneiss sandstone  sandstone gneiss schist Eneiss granite
Si0,(wt. %) 61.00 75.06 58.76 88.88 91.55 70.19 67.08 69.93 79.41
Al O, 15.03 14.11 16.84 5.98 5.02 17.22 14.90 15.19 12.63
Fe,04 7.96 0.85 9.28 0.74 0.59 2.71 497 2.87 0.00
MnO 0.11 0.00 0.06 0.00 0.00 0.00 0.06 0.00 0.00
MgO 4.10 0.66 4.19 0.00 0.00 0.37 2.49 0.82 0.00
CaO 0.76 0.47 0.34 0.00 0.00 0.00 3.64 1.65 0.00
Na,O 0.26 0.15 0.18 0.00 0.00 0.16 1.92 3.49 6.66
K,O 5.69 1.18 442 242 1.83 4.04 2.05 4.60 0.80
TiO, 0.67 1.03 0.87 0.13 0.04 0.28 0.55 0.37 0.00
P,04 0.10 0.31 0.11 0.04 0.06 0.20 0.22 0.15 0.06
PF 4.22 6.01 4.81 1.45 1.11 4.63 1.95 0.88 0.15
Total 99.90 99.83 99.86 99.64 100.20 99.80 99.83 99.95 99,71
As  (ppm) 0.00 0.00 0.00 B | 2.54 0.00 0.00 0.00 0.00
Ba 1012.00 52.30 1100.00 266.10 208.90 1270.00 300.40 1438.00 113.80
Be 1.56 1.60 1.92 0.93 0.00 1.62 2.12 1.14 0.00
Bi 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cd 0.00 0.77 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Co 17.08 12.11 21.35 1.51 0.54 4,13 14.18 4.46 0.00
Cr 130.10 157.50 145.40 6.21 4.02 9.95 80.67 23.69 0.00
Cs 247 0.71 2.60 1.32 0.97 2.79 1.51 2.24 0.00
Cu 21.32 34.61 0.00 7.32 10.76 8.15 49.10 7.94 0.00
Ga 21.92 14.77 25.98 6.56 4.54 20.38 18.12 18.76 13.50
Ge 1.69 1.61 1.46 0.86 0.88 0.92 1.46 1.26 1.14
Hf 4.49 10.14 6.91 3.63 1.40 498 4.63 4.21 0.67
In 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mo 1.03 0.00 0.00 0.00 0.00 0.00 0.00 1.99 0.00
Nb 16.60 16.03 17.58 3.2 2.3 6.63 9.31 9.50 1.34
Ni 49.20 32.81 70.68 0.00 0.00 6.00 3449 5.66 0.00
Pb 42.35 35.67 16.91 8.14 8.39 11.05 15.26 20.37 4.06
Rb 183.50 33.64 138.10 72.13 52.26 104.70 81.96 97.42 7.28
Sb 0.00 0.00 0.00 0.00 0.21 0.00 0.00 0.00 0.00
Sn 0.57 0.79 0.62 1.33 2.76 0.52 0.46 1.03 1.42
Sr 96.03 33.15 64.09 64.76 45.78 114.00 203.20 346.20 26.29
Ta 1.24 1.34 1.27 0.38 0.81 0.39 0.95 0.71 0.23
Th 16.70 13.69 18.21 7.80 7.98 3.76 1143 5.57 1.40
U 7.49 5.08 2.91 1.23 0.95 1.23 2.65 5.72 0.50
V 146.80 133.80 138.60 8.24 487 18.13 85.42 34.37 0.00
W 0.21 2.73 0.20 0.32 0.32 0.35 0.53 0.86 0.00
Y 45.27 20.63 36.23 13.32 6.26 7.39 18.60 8.61 13.30
Zn 139.60 68.69 155.20 10.20 0.00 5091 80.06 52.09 0.00
Zr 156.30 444,50 249.70 139.20 48.60 202.50 174.80 167.80 26.76
La 41.87 11.26 52.61 21.07 12.93 23.08 32.76 28.57 21.02
Ce 84.85 23.14 107.00 36.98 27.48 42.25 69.61 52.47 40.69
Pr 10.05 2.96 12.57 4.82 2.84 4.27 8.05 557 4.39
Nd 37.06 12.58 47.05 18.19 10.01 15.22 30.05 19.69 14.94
Sm 7.11 311 8.51 3.33 1.91 2.56 5.53 3.40 3.06
Eu 1.37 1.03 1.18 0.66 0.26 1.08 0.87 0.99 1.50
Gd 5.90 2.98 6.76 2.37 1.35 1.93 4.14 2.46 247
Tb 0.99 0.48 1.03 0.36 0.20 0.24 0.62 0.37 0.41
Dy 6.79 3.05 6.34 2.10 1.15 1.22 343 1.78 2.30
Ho 1.51 0.67 1.26 0.42 0.21 0.22 0.66 0.26 0.43
Er 4.67 2.02 3.76 1.25 0.61 0.58 1.89 0.59 1.22
Tm 0.72 0.31 0.57 0.19 0.09 0.08 0.27 0.08 0.18
Yb 5.05 2.09 4.01 1.32 0.62 0.49 1.83 0.47 1.13
Lu 0.79 0.35 0.63 0.22 0.10 0.08 0.29 0.08 0.17
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Annex V Salmi rapakivi granites

Annex V Salmi Rapakivi Granites
Major and trace element analysis of the Salmi rapakivi granites

DDH no.: 475 475 475 475 389 327 484 484 484

Depth (m): 110 110.5 113 116 189 191 97 103 121

Rock type: granite  granite  granite granite granite granite granite granite granite
SiO;(wt. %)  65.80 66.48 71.42 65.60 70.02 48.78 73.30 76.66 79.27
Al O, 15.08 15.30 16.22 14.32 12.79 13.86 15.12 12.49 11.27
Fe,0;4 7.04 7.20 1.25 6.64 0.55 6.59 1.15 2.20 0.91
MnO 0.00 0.04 0.00 0.12 0.07 0.22 0.00 0.00 0.00
MgO 0.22 0.21 0.22 0.48 0.26 4.42 0.30 0.24 0.17
Ca0 0.15 0.16 0.21 2.74 4.22 8.06 0.15 0.26 0.47
Na,O 0.37 0.41 0.43 2.67 0.30 0.32 0.28 0.33 2.33
K,O 6.90 7.43 6.97 5.26 5.50 6.59 5.58 6.13 5.09
TiO, 0.52 0.55 0.54 0.55 0.00 0.56 0.20 0.15 0.10
P,0s 0.12 0.12 0.12 0.11 0.05 0.13 0.11 0.00 0.00
PF 2.97 2.87 3.04 0.80 6.04 9.66 3.48 2.43 0.74
Total 99.16 100.77 100.43 99.30 99.80 99.20 99.66 100.88 100.34
As (ppm) 1.85 2.64 0.84 3.11 0.00 0.00 1.23 0.00 1.09
Ba 2718.00  3027.00  2963.00 2457.00 719.80 1744.00 302.00 706.30 750.80
Be 2.88 1.81 1.67 2.89 0.00 1.84 0.00 3.05 2.60
Bi 0.11 0.09 0.14 0.10 0.00 0.47 0.00 0.08 0.00
Cd 0.40 0.41 0.51 1.01 0.57 2.45 0.00 0.00 0.00
Co 2.57 2.33 3.48 3.32 0.83 37.73 1.29 2.12 0.35
Cr 24.09 10.83 15.07 23.87 0.00 122.50 0.00 0.00 0.00
Cs 4.85 4.88 2.46 3.18 8.91 13.02 3.20 5.05 2.40
Cu 6.76 6.47 7.15 12.59 0.00 20.61 5.51 0.00 0.00
Ga 34.23 35.37 37.78 36.91 11.72 23.06 34.69 35.73 28.62
Ge 2.76 2.14 1.44 1.97 1.11 1.70 1.32 1.34 1.60
Hf 26.89 33.93 26.52 26.52 1.23 2.46 13.90 13.37 6.61
In 0.18 0.19 0.11 0.19 0.00 0.00 0.13 0.10 0.00
Mo 0.98 0.81 3.24 3.71 0.00 0.50 0.87 0.47 1.25
Nb 53.39 56.96 55.92 61.69 0.56 9.04 31.55 31.53 17.24
Ni 31.50 0.00 0.00 0.00 0.00 75.41 5.03 0.00 0.00
Pb 29.57 33.01 31.83 29.98 93.91 72.78 15.77 22.38 22.22
Rb 210.90 201.90 175.80 151.50 158.80 243.30 213.70 274.00 225.50
Sb 0.12 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sn 2.54 2.50 2.31 2.66 0.00 1.98 299 3.28 235
Sr 109.70 118.80 108.60 162.60 100.90 143.00 39.58 42.05 56.19
Ta 3.00 3.52 3.00 2.99 0.05 0.97 246 3.11 1.50
Th 15.53 11.41 19.99 14.55 12.43 7.39 24.52 37.69 9.55
U 2.45 2.81 6.66 3.32 0.80 4.56 438 36.77 8.25
v 44.21 13.56 18.75 20.18 17.87 140.30 5.99 14.93 0.00
w 2.16 2.44 1.93 1.17 0.12 0.98 0.78 1.63 0.43
Y 58.51 65.80 55.63 85.66 11.27 22.59 101.90 84.64 40.40
Zn 128.50 138.10 191.70 309.80 21.43 943.30 65.01 74.54 67.96
Zr 1256.00  1453.00  1226.00 1276.00 35.10 91.83 479.90 460.70 206.40
La 135.80 109.60 161.80 130.20 17.65 22.34 172.60 203.60 49.61
Ce 267.40 233.40 324.30 273.40 34.73 38.05 375.90 423.00 102.40
Pr 32.56 28.12 37.62 33.47 3.95 5.50 43.36 50.70 11.83
Nd 124.80 110.60 146.50 134.50 12.94 20.41 152.00 175.20 43.53
Sm 21.77 20.46 24.58 23.58 2.22 3.98 26.62 31.24 8.33
Eu 5.19 5.38 5.89 5.02 1.08 1.39 1.06 1.13 1.01
Gd 16.73 16.38 18.08 19.90 1.90 3.79 18.26 21.78 7.06
Tb 2.20 2.23 2.37 2.70 0.28 0.60 3.08 3.14 1.13
Dy 11.73 13.06 11.79 15.82 1.50 3.55 18.85 16.47 6.82
Ho 2.13 2.40 1.99 2.92 0.29 0.64 3.65 297 1.33
Er 5.99 6.95 5.47 8.06 0.71 1.98 10.71 8.40 391
Tm 0.88 1.03 0.75 1.13 0.10 0.29 1.60 1.19 0.60
Yb 5.95 6.78 5.27 7.50 0.57 2.15 11.13 8.06 427
Lu 0.96 1.14 0.88 1.26 0.09 0.33 1.67 1.19 0.64
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Annex V Salmi rapakivi granites

Annex V Rapakivi granite (Suite)

DDH no., 822 751
sample: 3-01 13-02 2097 412 412 412 412

Depth (m): 165 69 460.2 4279 424.6 420.25

Rock type: granite _g[anite granite granite granite granite granite _grauite granile
Si0y(wt. %) 62.66 75.01 76.33 74.35 87.21 79.48 74.20 76.54 75.85
AlLO; 18.12 12.30 12.73 13.45 6.42 12.53 17.15 13.09 12.83
Fe,04 1.37 233 1.13 2.16 0.70 1.13 1.04 1.30 1.29
MnO 0.07 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CaO 2.65 0.50 0.35 0.34 0.00 0.57 0.00 0.81 0.66
Na,O 491 2.56 3.76 3.46 0.00 0.00 0.00 3.44 3.66
K,;O 7.57 5.18 432 4,72 2.44 3.40 4.71 2,98 4.71
TiO, 0.00 0.20 0.04 0.15 0.33 0.06 0.00 0.06 0.03
P,05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03
PF 2.37 0.68 0.62 0.79 1.68 2.55 2.66 1.57 0.74
Total 99.72 98.76 99.28 99.42 98.78 99.72 99.76 99.79 99.80
As (ppm) 0.00 3.02 1.07 1.33 2.77 0.00 0.00 1.04 1.50
Ba 966.60 661.40 23.60 517.00 438.30 13.86 26.40 31.32 36.15
Be 0.00 338 8.43 6.94 0.84 5.77 13.15 7.55 991
Bi 0.00 0.23 0.00 0.00 0.00 0.00 0.26 0.00 0.00
Cd 0.33 0.00 0.00 0.00 0.41 0.00 0.00 0.00 0.00
Co 177 1.16 0.48 1.11 2.49 0.64 0.51 0.64 0.47
Cr 0.00 7:35 4.14 5.02 7.07 152.50 171.30 94 43 147.00
Cs 1.54 4.59 10.03 242 0.79 2.38 3.54 3.19 7.68
Cu 0.00 0.00 0.00 0.00 13.84 0.00 0.00 0.00 5.56
Ga 18.50 27.52 47.51 28.97 8.27 40.53 55.57 45.29 46.28
Ge 0.98 2.04 2.85 1.73 0.98 2.04 242 2.34 2.54
Hf 5.22 8.17 11.61 6.88 7.62 8.98 13.30 10.32 9.95
In 0.76 0.13 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mo 0.83 2.89 0.00 0.50 0.67 0.00 2.44 0.00 5.41
Nb 1.50 26.03 74.77 28.33 14.61 122.60 17.32 100.30 89.96
Ni 0.00 0.00 0.00 0.00 7.05 6.74 5.34 5.01 7.56
Pb 38.80 32.65 19.08 27.91 15.99 5.64 5.66 16.74 43.33
Rb 197.10 223.10 535.30 318.20 70.02 352.90 498.90 296.50 483.10
Sh 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sn 11.97 2.59 4.67 4.65 2.18 12.35 13.62 14.46 13.67
Sr 117.00 65.64 6.96 56.21 36.47 11.32 8.40 9.66 7.67
Ta 0.23 1.96 19.05 4.01 1.34 13.15 3.26 10.85 12.27
Th 33.13 22.20 50.61 33.11 12.55 33.52 67.17 40.83 47.05
U 8.16 5.14 4.82 5.92 21.04 15.56 15.97 10.34 16.43
Vv 17.39 5.86 2.00 6.63 16.50 0.00 1.60 2.31 0.00
w 0.13 1.36 3.25 0.67 1.44 2.58 1.10 2.73 2.36
Y 11.00 66.77 112.60 55.83 13.30 96.80 114.70 144.40 129.40
Zn 95.13 91.51 62.72 50.75 12.01 29.55 19.53 44 87 39.14
Zr 121.00 300.90 137.60 205.80 296.30 140.40 184.70 151.20 141.50
La 13.77 114.20 42.20 70.37 26.64 54.54 33.44 38.15 33.83
Ce 26.16 233.70 104,10 136.80 49.75 127.60 84.39 95.96 86.29
Pr 2.91 27.33 14.39 14.84 5.37 18.47 11.37 13.05 11.31
Nd 10.19 99 47 55.49 50.42 18.19 68.88 45.37 52.78 45.75
Sm 2.14 18.31 15.03 9.18 291 15.47 11.44 14.84 12.82
Eu 0.92 1.07 0.14 0.71 0.70 0.22 0.16 0.27 0.21
Gd 2.00 14.23 12.96 7.66 2.17 11.59 10.21 15.07 12.90
Th 0.30 2.18 2.40 1.29 0.36 2.55 1.85 313 2.56
Dy 1.66 12.50 1591 8.11 2.27 18.47 12.11 21.67 17.69
Ho 0.31 2.31 3.24 1.67 0.46 4.04 232 4.69 3.82
Er 0.82 6.27 10.88 5.16 1.37 13.34 9.55 14.76 12.43
Tm 0.11 0.92 2.19 0.87 0.22 2.38 1.86 2.53 2.11
Yb 0.76 5.90 18.28 6.41 1.48 16.98 15.09 17.77 15.34
Lu 0.14 0.88 2.92 1.02 0.23 2.48 243 2.56 2.34
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Annex V Salmi rapakivi granites

Annex V Rapakivi Granites (Suite)

DDH no..
sample: 412 412 1051 139 139 139 139 139 139

Depth (m): 398.2 2254 379 Sample9 Sample8 Sample5 Sample7 Sample3 Sample2

Rock type: granite  granite granite granite granite granite granite granite granite
Si0,(wt. %) 75.74 76.54 76.03 76.20 75.64 75.88 76.83 75.81 75.95
Al,O4 13.52 13.09 12.31 13.34 13.57 13.53 12.56 13.47 13.77
Fe,04 0.96 1.14 1.75 0.97 1.16 0.97 1.16 1.16 1.01
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CaO 2.69 0.28 0.18 0.00 0.00 0.00 0.00 0.00 0.00
Na,O 1.21 3.64 2.46 4.32 439 432 4.14 4.70 4.86
K,0 3.16 416 5.95 4.61 4,72 4.72 4.39 4.30 4.25
TiO, 0.03 0.00 0.08 0.00 0.00 0.00 0.00 0.00 0.00
P,0s 0.03 0.00 0.00 0.00 0.00 0.04 0.05 0.03 0.00
PF 2.66 0.92 1.02 0.34 0.31 0.29 0.33 0.33 0.33
Total 100.00 99.77 99.78 99.78 99.79 99.75 99.46 99.80 100.17
As (ppm) 3.20 0.00 0.00 1.93 1.77 1.85 2.28 3.99 4.14
Ba 577.90 74.96 291.70 7.19 10.05 7.58 8.32 11.34 13.52
Be 7.51 7.99 6.54 9.76 7.76 9.32 6.62 7.91 8.01
Bi 0.37 0.00 0.00 0.00 0.00 0.49 0.00 0.00 0.00
Cd 4.54 0.00 0.00 0.00 0.00 0.00 0.41 0.00 0.00
Co 0.74 0.61 0.28 0.34 0.46 0.21 0.42 0.32 0.48
Cr 235.70 111.50 0.00 94.34 89.16 70.83 96.78 84.86 142.20
Cs 1.75 7.23 4.71 6.89 5.87 6.32 3.70 4.58 4.71
Cu 31.96 0.00 0.00 0.00 0.00 6.03 410.60 0.00 0.00
Ga 38.85 9323 31.83 53.03 54.83 53.17 49.15 54.98 55.20
Ge 1.74 3.04 2.04 3.37 3.10 3.20 3.04 3.51 3.55
Hf 10.64 10.46 8.72 10.54 12.27 8.84 10.20 10.45 8.77
In 1.17 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mo 1.14 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Nb 61.60 42.40 34.08 51.52 50.83 40.72 36.94 64.40 70.58
Ni 11.84 0.00 0.00 6.43 0.00 0.00 5.39 0.00 7.64
Pb 12.56 28.11 21.82 56.29 42.68 61.51 54.96 42.86 42.03
Rb 277.90 621.30 326.70 714.90 685.10 695.30 605.40 605.50 552.60
Sb 245 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sn 236.10 16.05 2.97 6.24 4.57 8.09 4.68 2.97 1.77
Sr 5.92 9.83 19.89 0.00 5.74 0.00 1.52 0.00 4.66
Ta 10.17 14.28 2.70 22.55 16.07 18.22 12.31 19.62 24.15
Th 50.38 37.21 22.88 43.53 36.35 26.55 32.99 35.90 27.86
U 10.96 4.59 3.37 6.10 1.92 1.55 233 3.74 1.74
v 0.00 1.81 1.70 0.00 0.00 0.00 0.00 0.00 0.00
w 3.57 1.64 1.69 2.05 2.21 1.79 1.61 2.7 291
Y 90.64 184.40 87.26 49.09 38.53 32.78 40.83 78.22 60.18
Zn 1630.00 52.19 55.50 38.31 41.89 41.57 332.90 33.65 25.71
Zr 150.00 113.10 242.70 96.90 112.70 79.43 93.02 98.19 78.46
La 12.60 40.57 109.90 16.38 6.87 7.69 11.88 34.06 30.02
Ce 29.13 102.30 222.50 62.35 44.06 32.01 46.27 89.39 79.92
Pr 3.93 14.35 26.34 6.17 2.15 231 4.40 13.13 9.73
Nd 16.28 59.25 95.06 22.06 7.52 7.58 16.02 48.78 3243
Sm 5.18 17.38 19.34 5.94 242 2.15 445 13.83 8.42
Eu 0.09 0.07 0.45 0.02 0.03 0.01 0.02 0.04 0.03
Gd 5.89 18.41 15.97 4.20 2.19 1.65 3.17 10.14 5.25
Tb 1.37 3.46 2.59 0.95 0.69 0.44 0.74 2.10 1.11
Dy 10.62 22.38 1542 7.78 7.07 4.30 6.24 13.73 8.12
Ho 2.57 4.49 2.95 1.92 1.92 1.25 1.62 2.85 1.92
Er 9.21 13.79 845 8.64 9.16 6.42 7.78 10.48 8.31
Tm 1.72 2.50 1.23 2.23 2.39 1.76 2.03 235 2.13
Yb 12.93 19.85 8.06 21.04 22.07 17.02 18.56 21.04 20.38
Lu 2.00 3.10 1.17 3.52 3.56 2.82 3.01 3.39 3.39
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Annex VI Mesoproterozoic sandstones of the Salmi and Karku deposit area

Annex VI Mesoproterozoic sandstones of the Salmi and Karku deposit areas
Major and trace element analysis of the mostly arkosic sandstones and conglomerates
Pasha sandstones Salmi sandstones

Priozersk

DDH no.: 1051 1051 356 1051 816 816 816
Depth (m): 81 134 160 220 199 62 67 68 475
Position Salmi Salmi Salmi Salmi Salmi 11 zone 11 zone 11 zone Salmi
Si0,(wt. %) 91.56 50.72 95.20 86.30 74.14 80.71 71.81 41.25 84.09
AlLO; 4.63 5.12 2.96 6.62 9.41 8.77 11.96 4.63 7.92
Fe,04 0.27 1.28 0.39 0.78 2.80 1.37 3.92 1.84 3.06
MnO 0.00 0.18 0.00 0.00 0.04 0.00 0.04 0.45 0.00
MgO 0.00 0.42 0.14 0.12 1.46 0.00 1.12 0.57 0.19
CaO 0.00 21.79 0.00 0.75 1.99 0.89 0.54 27.44 0.10
Na,O 1.58 1.23 0.94 2.50 1.92 237 1.31 0.88 0.17
K,0 1.22 2.22 0.73 1:37 297 2.61 4.16 1.65 2.68
TiO, 0.04 0.26 0.06 0.00 0.68 0.19 0.59 0.47 0.25
P,0s 0.00 0.00 0.00 0.00 0.17 0.05 0.21 0.10 0.00
PF 0.43 16.60 0.41 1.55 4.51 1.64 3.61 21.00 1.94
Total 99.73 99.82 100.83 99.99 99.89 98.60 99.27 100.28 100.39
As  (ppm) 0.00 2.54 091 43.99 0.00 1.50 1.27 0.00 0.00
Ba 176.20 423.40 170.20 808.20 945.20 431.20 594.10 307.10 271.20
Be 0.65 0.51 0.00 0.00 0.91 1.33 3.69 1.08 0.00
Bi 0.00 0.00 0.00 0.00 0.00 0.00 0.25 0.00 0.00
Cd 0.00 2.29 0.00 0.00 0.00 0.00 0.00 2.20 0.00
Co 0.78 3.56 0.88 2.11 6.58 3.99 9.54 5.16 2.00
Cr 8.53 5.67 7.32 0.00 23,22 17.56 4493 23.99 0.00
Cs 0.28 0.60 0.00 0.25 18.89 0.74 3.04 0.83 2.27
Cu 6.08 14.72 0.00 10.34 28.99 5.85 9.52 7.54 0.00
Ga 5.35 8.39 3.45 6.54 11.61 12.85 20.86 8.00 11.29
Ge 0.73 0.73 0.75 0.96 0.79 0.96 1.41 0.71 1.10
Hf 2.01 393 1.70 1.77 4.38 5.83 7.26 5.93 5.85
In 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mo 0.00 0.00 0.00 1.96 0.00 0.00 0.00 0.51 0.00
Nb 3.45 7.89 2.06 1.36 16.05 10.26 18.22 12.94 10.27
Ni 0.00 0.00 0.00 0.00 9.40 8.42 21.87 11.87 0.00
Pb 4.64 8.82 3.16 22.61 8.17 13.39 11.20 9.20 8.03
Rb 35.84 62.71 22.38 55.86 61.11 74.47 150.70 54.38 80.67
Sb 0.00 0.00 0.00 0.39 0.00 0.00 0.27 0.00 0.00
Sn 0.44 1.83 0.00 0.00 4.16 2.61 4.35 341 0.74
Sr 48.37 145.00 33.21 98.36 53.14 70.50 79.82 238.40 25.24
Ta 0.25 0.67 0.17 0.16 1.22 0.80 1.37 0.89 0.80
Th 2.67 5.93 1.94 2.23 8.34 7.57 12.53 8.71 9.85
U 0.59 2.7 0.84 1.09 2.28 3.56 1.77 2.59 2.02
Vv 6.76 70.82 8.04 4.89 36.91 28.17 58.42 56.27 23.40
W 0.00 0.49 0.13 0.00 0.39 0.56 1.64 0.86 242
Y 4.60 20.51 475 6.95 14.97 17.76 26.38 24.66 7.90
Zn 0.00 20.46 0.00 0.00 73.25 40.49 75.81 37.49 16.48
Zr 66.86 154.60 62.35 60.51 155.70 195.20 252.80 210.80 231.60
La 14.44 29.03 18.27 26.92 32.84 25.92 47.16 39.71 34.59
Ce 29.09 4934 33.72 54.47 62.80 49.60 96.11 73.02 72.08
Pr 3.07 6.28 3.85 6.19 6.97 5.68 10.92 8.63 7.68
Nd 10.38 22,78 11.97 19.24 24.25 21.08 39.05 30.81 23.89
Sm 1.60 3.86 1.47 2.61 4.07 3.85 6.88 5.03 343
Eu 0.34 0.99 0.27 0.53 0.77 0.92 1.24 0.83 0.73
Gd 1.10 3.12 0.75 1.36 2.98 3.21 5.26 4.05 1.86
Tb 0.15 0.51 0.14 0.22 0.47 0.50 0.81 0.63 0.30
Dy 0.83 3.12 0.78 1.16 2.86 3.05 4.70 3.94 1.56
Ho 0.16 0.67 0.16 0.19 0.56 0.61 0.92 0.81 0.27
Er 0.45 1.96 0.47 0.56 1.70 1.79 2.75 246 0.79
Tm 0.07 0.30 0.07 0.08 0.27 0.27 0.42 0.37 0.12
Yb 0.51 2.06 0.49 0.52 1.98 1.79 2.96 2.55 0.90
Lu 0.08 0.31 0.08 0.08 0.30 0.28 047 0.41 0.14
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Annex VI Mesoproterozoic sandstones of the Salmi and Karku deposit area

Annex VI (Suite)

Priozersk sandstones

DDH no.: 389 389 475 475 502 502 605 605 605
Depth (m): 163 174 94 100 252 294 85 92 92.5
Position I1 zone II zone Salmi Salmi Salmi Salmi I zone I zone I zone
Si0,(wt. %) 84.22 86.67 84.19 88.26 83.99 81.39 85.53 87.75 83.75
Al O, 7.74 7.28 10.10 7.53 8.77 7.72 7.62 5.45 7.51
Fe,04 233 0.83 0.40 0.23 0.76 3.02 1.10 222 2.26
MnO 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00
MgO 0.23 0.00 0.13 0.00 0.26 0.56 0.00 0.12 0.00
CaO 0.15 0.21 0.00 0.00 0.10 0.18 0.00 0.00 0.00
Na,O 0.07 0.09 0.09 0.10 0.12 0.19 0.23 0.09 0.00
K,O 2.29 2.11 2.10 247 3.14 3.62 3.68 2.26 2.64
TiO, 0.65 0.76 0.27 0.18 0.14 0.87 0.42 0.33 0.56
P05 0.09 0.09 0.07 0.09 0.05 0.07 0.04 0.05 0.10
PF 2.06 223 2.78 1.86 2.47 2.73 1.47 1.:52 2.09
Total 99.83 100.27 100.14 100.71 99.80 100.38 100.09 99 83 98.91
As  (ppm) 0.92 1.23 0.00 1.14 2.85 0.89 0.00 1.19 0.00
Ba 393.60 328.30 470.40 522.80 224.10 545.70 671.70 364.00 401.90
Be 1.67 0.00 0.00 0.00 3.20 1.55 1.27 0.00 1.26
Bi 0.09 0.00 0.00 0.00 0.00 0.00 0.00 0.11 0.00
Cd 0.34 0.40 0.00 0.00 0.00 0.48 0.46 0.00 0.00
Co 233 1.78 1.14 0.67 1.51 2.81 1.56 0.89 2.19
Cr 11.18 10.46 13.11 6.84 7.16 15.71 9.28 0.00 9.81
Cs 0.85 0.64 0.44 0.51 4.13 8.51 1.38 0.86 1.13
Cu 0.00 20.63 5.69 5.26 0.00 0.00 5.27 7.10 5.70
Ga 14.93 13.06 13.69 10.03 17.89 13.62 9.96 9.24 12:51
Ge 1.47 1.20 0.90 1.34 1.28 1.31 1.08 1.28 1.27
Hf 16.68 2447 5.68 11.97 9.47 32.21 10.03 13.30 18.04
In 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mo 0.44 0.78 0.00 0.00 0.00 0.61 0.00 0.38 0.00
Nb 38.18 51.53 18.06 22.87 23.98 57.36 14.62 25.50 37.72
Ni 0.00 0.00 16.34 20.05 0.00 0.00 5.23 0.00 6.25
Pb 10.19 15.51 7.07 13.41 12.22 16.46 181.06 11.00 13.36
Rb 82.00 64.10 57.16 87.49 160.20 165.40 100.00 61.10 76.71
Sb 0.00 0.21 0.00 0.00 0.00 0.10 0.00 0.24 0.00
Sn 2.40 2.19 3.65 2.31 1.94 5.16 2.04 3.12 3.80
Sr 49.00 44.08 58.41 76.69 31.16 56.16 54.70 37.40 45.19
Ta 2.88 3.83 1.31 2.16 1.92 5.34 1.14 243 2.82
Th 27.76 29.66 9.05 27.02 14.13 27.23 14.56 19.80 25.54
U 3.44 5.63 2.12 6.21 2.17 3.84 9.82 13.80 12.15
\% 17.51 18.30 22.01 8.25 6.03 23.45 15.84 13.80 18.59
W 3.01 4.94 0.77 1.03 1.50 246 2.62 6.10 5.97
Y 22.56 34.60 13.38 31.46 36.23 42.69 12.63 17.50 23.08
Zn 36.46 16.88 10.94 9.77 32.39 29.61 22.40 12.90 20.01
Zr 678.40 1052.00 216.60 451.70 328.00 1425.00 437.20 519.00 752.50
La 62.56 86.04 49,93 81.92 48.38 75.73 27.53 56.30 71.52
Ce 120.30 168.30 91.09 155.80 104.30 149.40 51.81 99.70 129.10
Pr 12.46 17.80 8.35 15.92 11.82 16.27 5.66 10.90 13.60
Nd 41.26 58.52 23.71 49.53 40.57 56.62 19.04 38.00 4585
Sm 6.45 9.28 3.09 727 7.30 9.64 3.03 5.39 727
Eu 0.96 1.36 0.75 0.91 0.91 1.98 0.84 0.89 1.07
Gd 4.50 6.11 2.25 5.02 5.44 7.60 2.27 421 5.38
Tb 0.71 1.01 0.38 0.84 0.90 1.20 0.36 0.64 0.76
Dy 4.15 5.59 2.30 4.80 5.39 7.15 2.19 3.51 4.13
Ho 0.83 1.15 0.44 0.95 1.09 1.42 0.46 0.70 0.81
Er 2.43 3.44 1.25 2.88 3.33 442 1.40 2.02 242
Tm 0.39 0.56 0.21 0.44 0.52 0.69 0.22 0.32 0.38
Yb 2.71 3.86 1.42 2.92 3.50 4.83 1.55 2.14 2.73
Lu 0.45 0.63 0.21 0.46 0.54 0.80 0.25 0.34 0.43

308



Annex VI Mesoproterozoic sandstones of the Salmi and Karku deposit area
Annex VI (Suite)
Priozersk sandstones
DDH no.: 605 605 605 614 615 615 625 625 625
Depth (m): 93 105 107 92 99 99.5 110 113 127
Position I zone I zone I zone I zone | zone I zone 111 zone I11 zone 111 zone

Si0,(wt. %) 81.35 81.75 72.00 94.50 88.21 70.92 70.82 82.89 72.48
Al,O4 10.01 8.79 4.60 2.73 6.07 18.78 7.54 7.60 5.37
Fe,0; 1.82 2.38 1.62 0.22 0.62 0.91 7.42 2.70 12.36
MnO 0.00 0.03 0.15 0.00 0.00 0.00 0.09 0.03 0.15
MgO 0.22 0.00 0.52 0.00 0.00 0.16 1.12 0.35 1.02
CaO 0.00 0.00 8.88 0.00 0.00 0.10 4.44 0.74 3.92
Na,O 0.11 0.00 0.13 0.00 0.08 0.14 0.15 0.15 0.00
K,O 2.71 2.90 2.07 1.56 2.05 1.50 2.78 3.14 0.00
TiO, 0.55 0.11 1.18 0.12 0.98 0.28 0.57 0.33 0.24
P,Os 0.06 0.00 0.11 0.06 0.06 0.08 0.07 0.00 0.14
PF 2.92 2.46 8.68 0.51 1.69 6.93 4,98 2.25 4.26
Total 99.83 98.42 99.94 99.79 99.88 99.80 99,98 100.18 99.94
As  (ppm) 0.94 1.41 19.50 10.60 0.94 6.10 3.15 0.00 10.13
Ba 489.00 579.00 577.00 349.00 419.00 317.00 560.60 452.00 5.49
Be 1.56 1.45 548 0.00 1.65 5.66 1.72 0.00 1.83
Bi 0.00 0.00 0.00 0.00 0.00 0.07 0.00 0.00 0.00
Cd 0.00 0.00 0.95 1.40 0.00 0.00 0.00 0.00 29.95
Co 1.80 9.00 18.00 2.08 1.72 5.12 11.07 1.38 2.83
Cr 11.70 13.79 6.80 0.00 7.40 8.70 6.53 0.00 0.00
Cs 1.34 1.01 0.93 0.33 0.97 1.42 0.56 1.03 0.00
Cu 8.50 7.30 120.00 8.60 5.00 5.60 0.00 0.00 5.65
Ga 15.60 12.65 8.68 3.47 8.60 28.90 13.26 10.69 10.96
Ge 1.05 1.13 2.59 1.32 1.21 1.28 1.63 0.91 1.41
Hf 10.30 425 29.40 4.70 23.20 12.30 10.09 6.98 4.90
In 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mo 0.35 0.00 4.88 0.27 0.40 17.70 0.62 0.41 7.88
Nb 28.00 8.06 150.00 7.85 45.40 54.30 20.83 17.03 9.47
Ni 0.00 10.62 18.30 0.00 0.00 9.70 9.51 9.73 0.00
Pb 13.30 16.44 2616.00 10.70 25.30 48.20 20.26 9.65 60.08
Rb 74.50 82.53 53.40 45.10 60.00 53.60 73.32 89.30 0.95
Sh 0.00 0.00 0.58 0.00 0.00 0.17 0.14 0.24 0.21
Sn 8.44 5.07 739.00 1.12 2.64 7.50 1.60 1.30 0.60
Sr 51.60 54.30 64.30 32.40 37.20 42.30 47.39 40.15 5.71
Ta 2.50 0.74 25.50 0.64 3.57 5.04 1.72 1.31 0.75
Th 38.70 6.40 1040.00 7.59 46.80 32.70 15.80 7.51 3.15
U 17.50 8.45 3615.00 31.20 64.60 215.00 2.28 3.66 20.50
\Y 23.70 11.43 40.40 4.60 17.40 24,90 20.99 17.23 103.00
W 1.83 1.07 15.80 0.97 7.85 222 2.07 1.91 1.65
Y 15.90 7.28 109.00 7.14 24.20 22.90 12.06 9.09 6.47
Zn 25.80 28.80 79.10 30.40 21.80 19.10 52.10 22.40 1814.00
Zr 405.00 147.20 1097.00 181.00 954.00 365.00 425.10 281.60 196.20
La 58.90 52.90 58.10 19.00 25.50 93.70 31.34 31.53 16.50
Ce 105.00 72.84 178.00 37.70 50.50 174.00 62.24 63.13 30.40
Pr 10.70 6.64 29.80 4.02 5.49 15.00 6.26 6.52 2.98
Nd 35.50 20.90 122.00 14.30 20.40 43.50 20.62 21.91 9,92
Sm 5.26 2.65 19.50 1.91 5.36 7.16 3.07 345 1.41
Eu 0.95 0.74 6.72 0.45 0.86 0.92 0.91 0.66 0.34
Gd 4.05 1.79 18.60 1.56 4.20 5.08 2.30 2.19 1.19
Tb 0.61 0.24 2.64 0.22 0.72 0.71 0.38 0.34 0.19
Dy 3.68 1.36 13.20 1.28 4.29 4.11 2.26 1.93 1.15
Ho 0.69 0.26 2.68 0.25 0.88 0.77 0.44 0.35 0.25
Er 2.07 0.80 713 0.80 2.54 2.31 1.31 1.09 0.76
Tm 0.32 0.13 0.98 0.13 0.43 0.44 0.20 0.18 0.12
Yb 2.25 0.98 6.43 0.95 2.85 3.24 1.36 1.22 0.80
Lu 0.35 0.15 0.91 0.14 0.45 0.47 0.22 0.20 0.13
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Annex VI Mesoproterozoic sandstones of the Salmi and Karku deposit area

Annex VI (Suite)

Priozersk sandstones

DDH no.: 625 625 625 654 654 654 654 654 751
Depth (m): 128 131 134 117 132 143 144 145 50
Position I1I zone 111 zone [11 zone I11 zone 111 zone I11 zone I1I zone [T zone N to | zone

Si0;(wt. %) 71.46 61.72 72.73 79.29 82.87 73.32 66.52 58.74 81.67
AlLO, 4.56 491 3.72 6.50 6.23 4.56 3.79 3.68 7.21
Fe 04 10.71 8.43 457 3.63 4.47 8.90 4.29 7.49 3.63
MnO 0.13 0.42 0.21 0.05 0.04 0.10 0.47 0.44 0.00
MgO 0.95 2.89 1.03 0.31 0.28 0.39 0.42 1.10 0.00
CaO 5.50 10.81 7.89 2.04 1.25 537 12.41 13.61 0.00
Na,O 0.00 0.09 0.05 0.17 0.00 0.00 0.00 0.00 0.25
K,O 0.00 0.34 1.11 3.07 2.82 0.53 1.39 1.02 3.29
TiO, 0.38 0.00 0.43 1.29 0.25 0.27 0.12 0.42 0.82
P,0s 1.70 0.00 0.00 0.07 0.72 0.06 0.00 0.13 0.08
PF 3.67 10.50 7.29 2.54 1.02 5.52 10.47 11.82 1.52
Total 99.06 100.11 99.03 98.96 99.95 99.02 99.88 98.45 98.47
As  (ppm) 1.51 81.72 35.85 0.00 0.00 1.49 20.57 96.96 0.00
Ba 11.23 178.20 240.10 689.10 473.70 96.60 260.80 212.80 648.50
Be 2,04 547 2.12 1.02 1.39 2.51 2.61 4.16 1.16
Bi 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cd 1.87 19.97 5.37 0.42 0.00 10.64 7.83 21.24 0.81
Co 3.29 5.95 4.13 4.22 2.09 1.79 2.19 6.10 2.73
Cr 0.00 0.00 0.00 10.51 8.96 12.99 5.45 7.45 7.72
Cs 0.00 0.28 0.57 0.72 0.50 0.00 0.37 0.29 1.16
Cu 5.53 11.19 11.53 0.00 37.44 0.00 541 0.00 0.00
Ga 12.27 8.44 5.76 10.96 9.97 11.23 6.66 7.27 11.81
Ge 1.47 2.12 1.29 1.38 1.11 1.51 1.44 2.10 1.59
Hf 7.97 241 6.57 18.37 5.04 5.63 5.04 13.34 25.04
In 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mo 1.47 125.10 28.41 0.58 0.79 1.32 103.50 314.10 0.65
Nb 10.91 2.61 13.60 43.22 11.31 10.39 6.99 21.30 33.54
Ni 7.29 13.22 14.09 5.73 5.90 6.52 6.21 10.45 0.00
Pb 70.94 1627.20 353.19 12.28 14.90 138.97 93.29 385.72 14.54
Rb 1.14 8.70 29.59 87.24 83.37 15.21 37.91 29.54 93.57
Sh 0.17 0.17 0.15 0.00 0.00 0.00 0.00 0.00 0.00
Sn 0.63 0.57 6.27 1.91 1.05 0.78 0.75 2.23 1.80
Sr 17.79 40.27 31.14 55.82 45.42 15.89 78.58 83.16 57.05
Ta 0.94 041 1.95 313 0.77 0.82 0.70 1.96 2.53
Th 8.00 443 21.14 29.83 7.19 6.63 5.90 14.16 23.39
U 18.51 115.90 79.71 2.40 3.97 20.16 92.99 1210.00 4.82
v 227.00 19.47 23.01 36.51 26.06 25.24 15.06 35.96 18.68
W 2.86 0.49 3.09 3.38 1.46 1.85 1.40 443 3.25
Y 14.58 3.53 10.88 16.19 14.39 7.41 4.73 10.55 2342
Zn 215.50 67.45 296.60 26.10 41.08 528.70 127.40 326.10 27.76
Zr 334.10 75.21 252.50 798.60 193.30 213.10 182.80 553.90 1058.00
La 30.37 2.69 5.76 56.21 18.81 27.94 10.85 24.68 49.08
Ce 61.05 6.45 12.65 102.40 34.50 42.58 21.87 45.79 92.91
Pr 6.67 0.90 1.66 10.80 4.21 422 2.40 4.68 10.29
Nd 22.99 3.81 6.81 35.64 15.79 13.48 8.44 16.49 36.21
Sm 3.17 0.84 1.82 5.08 3.11 1.52 1.37 3.12 6.03
Eu 0.68 0.17 0.18 1.25 0.82 043 043 0.63 1.57
Gd 2.50 0.67 1.61 3.56 2.76 1.27 1.10 231 4.80
Tb 0.40 0.11 0.34 0.56 0.44 0.17 0.15 0.34 0.70
Dy 2.28 0.64 2.13 3.37 2.53 0.97 0.85 1.86 4.06
Ho 0.46 0.13 0.44 0.68 0.50 0.20 0.17 0.37 0.81
Er 1.41 041 1.32 2.01 1.41 0.62 0.52 1.16 2.44
Tm 0.22 0.07 0.19 0.32 0.21 0.11 0.09 0.19 0.37
Yb 1.48 0.47 1.22 2.20 1.38 0.82 0.63 1.39 2.61
Lu 0.25 0.08 0.19 0.36 0.21 0.13 0.11 0.23 0.44
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Annex VI Mesoproterozoic sandstones of the Salmi and Karku deposit area

Annex VI (Suite)
Priozersk sandstones

DDH no.: 751 816 816 816 822 822 822 822 822

Depth (m): 67 161 167 179 138 143 145 147 148
Position Ntolzone Il zone Il zone IT zone Nito Il zone Ntolll zone NtoIll zone N to Il zone N to Il zone

Si0,(wt. %) 87.71 78.20 79.48 88.15 89.95 76.95 89.91 91.51 77.29
Al O, 6.14 7.49 10.03 7.18 4.32 13.06 5.01 333 7.05
Fe.04 0.71 5.30 2.54 0.22 1.97 245 0.51 1.50 9.61
MnO 0.00 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MgO 0.00 042 0.00 0.00 0.00 0.00 0.00 0.10 0.31
CaO 0.42 1.49 0.00 0.00 0.00 0.14 0.00 0.14 0.24
Na,O 0.00 0.19 0.00 0.00 0.08 0.18 0.11 0.07 0.16
K,O 2.59 2.18 2.50 1.21 1.88 4.09 1.99 1.48 2.45
TiO, 0.06 0.33 1.56 0.23 0.31 0.18 0.19 0.00 0.61
P,05 0.00 0.09 0.11 0.05 0.00 0.00 0.00 0.00 0.06
PF 1.67 3.49 2.89 2.29 1.16 3.02 1.25 0.82 2.05
Total 99.30 99.24 99.11 99.33 99.67 100.07 98.97 98.95 99.83
As  (ppm) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ba 442 .50 350.10 209.10 154.60 275.60 289.90 225.10 189.90 312.80
Be 0.70 2.74 2.29 0.67 0.00 1.92 0.00 0.00 2.09
Bi 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cd 0.00 0.00 0.92 0.00 0.00 0.00 0.00 0.00 0.00
Co 4.73 17.25 2.34 0.47 0.94 0.93 0.38 0.43 2.57
Cr 7.58 12.08 17.06 8.07 5.09 5.16 0.00 0.00 8.63
Cs 0.42 1.16 3.93 0.73 2.31 245 0.97 0.55 2.23
Cu 0.00 0.00 0.00 543 5.28 0.00 0.00 0.00 0.00
Ga 8.09 15.12 16.44 7.96 6.74 17.92 595 3.81 10.54
Ge 1.00 1.97 1.41 0.97 1.10 1.26 0.93 0.98 1.80
Hf 295 8.23 41.85 5.86 9.03 7.47 4.75 248 12.42
In 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mo 0.00 0.00 0.78 1.09 0.42 0.55 0.00 1.11 4.56
Nb 4.07 13.95 80.79 10.76 23.09 30.16 9.29 2.15 22.61
Ni 9.62 20.81 7.91 0.00 0.00 0.00 0.00 0.00 6.54
Pb 8.61 10.10 28.88 7.48 6.22 7.47 4,15 345 16.56
Rb 74.28 72.14 96.61 40.39 57.88 110.70 56.55 4275 75.71
Sb 0.00 0.00 0.00 0.00 0.13 0.18 0.11 0.21 0.29
Sn 1.13 1.71 4.07 1.30 6.53 2.88 0.66 0.00 1.07
Sr 35.27 4593 48.53 19.84 22.61 40.42 20.70 15.65 31.56
Ta 0.47 1.21 6.17 0.85 1.47 242 0.68 0.25 1.68
Th 422 14.67 66.62 11.19 2291 12.08 5.68 1.77 11.14
U 8.58 4.60 10.73 3.76 1.81 2.99 2.73 3.24 11.92
\Y% 15.10 36.59 29.11 12.68 10.96 11.15 9.05 18.74 60.13
W 0.40 0.83 2.76 1.43 2.24 1.30 0.53 3.67 6.34
Y 6.86 16.83 45.27 9.40 13.28 23.71 8.80 4.55 19.83
Zn 17.63 178.20 56.02 26.16 12.41 16.45 6.02 8.56 37.60
Zr 102.70 343.40 1482.00 230.90 354.20 258.30 183.10 83.44 502.80
La 11.46 33.21 110.70 25.04 38.21 79.98 19.00 6.03 43.50
Ce 19.16 61.71 221.50 48.23 68.49 142.10 38.60 11.75 88.20
Pr 2.11 6.72 2348 5.29 7.82 16.93 3.94 1.19 8.98
Nd 7.44 23.65 78.94 18.18 26.66 58.66 13.30 4.07 29.10
Sm 1.36 3.70 12.73 2.89 4.42 10.57 2.02 0.73 4.38
Eu 0.48 0.91 1.67 0.63 0.80 1.66 0.52 0.21 1.32
Gd 1.14 2.88 9.32 2.00 3.09 7.28 1.45 0.60 3.34
Tb 0.18 0.45 1.47 0.30 0.47 1.02 0.23 0.10 0.60
Dy 1.10 2.76 8.69 1.70 2.69 5.12 1.37 0.69 3.73
Ho 0.22 0.57 1,72 0.33 0.53 0.92 0.29 0.15 0.74
Er 0.65 1.72 527 0.98 1.65 2.70 0.89 0.43 2.17
Tm 0.10 0.25 0.83 0.15 0.27 0.44 0.14 0.07 0.33
Yb 0.66 1.71 5.92 1.03 1.87 3.18 0.90 0.47 2.13
Lu 0.10 0.27 0.95 0.17 0.30 0.48 0.14 0.07 0.34
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Annex VI Mesoproterozoic sandstones of the Salmi and Karku deposit area
Annex VI (Suite)
Priozersk sandstones

DDH no.: 822 822 822 822 822 835 835 835 835

Depth (m): 151 152 157 158 159 218 230 243 244
Position Ntolllzone Ntolllzone Ntolllzone Ntolllzone Ntolllzone Matalazone  Matala zone  Matala zone  Matala zone

Si0,(wt. %) 80.77 73.12 80.43 73.88 81.46 69.92 90.73 82.56 79.89
Al O, 493 8.99 9.64 11.51 N 14.80 5.00 8.60 6.58
Fe,04 8.07 3.33 2.95 6.32 3.14 3.68 0.64 2.52 3.97
MnO 0.00 0.03 0.00 0.04 0.03 0.00 0.00 0.03 0.05
MgO 0.15 0.40 0.47 0.73 0.49 0.60 0.00 0.00 0.25
CaO 0.91 4,53 0.19 0.26 0.56 0.50 0.00 0.47 2.80
Na,O 0.12 0.20 0.18 0.18 0.17 0.26 0.00 0.15 0.00
K,O 1.93 3.25 3.18 3.36 2.70 4.78 1.92 3.29 2.55
TiO, 0.26 0.61 0.22 0.41 0.53 1.18 0.15 0.28 0.23
P,05 0.35 2.58 0.05 0.10 0.29 0.20 0.00 0.05 0.04
PF 1.58 2.78 2.34 3.08 2.07 3.99 1.10 2.25 3.37
Total 99.07 99,82 99.65 99.87 99.15 99.91 99.54 100.20 99.73
As  (ppm) 0.00 0.00 2.20 0.00 1.42 2.16 0.00 0.00 0.00
Ba 275.10 353.90 534.20 606.30 534.20 460.40 209.10 449.50 473.00
Be 1.52 435 1.67 2.85 217 428 0.60 1.40 1.07
Bi 0.00 0.00 0.14 0.11 0.20 0.21 0.00 0.00 0.00
Cd 0.00 0.00 0.00 0.57 0.41 0.50 0.00 0.00 0.00
Co 1.93 2.26 3.82 4.56 3.74 443 0.80 2.30 7.50
Cr 6.28 71.14 13.71 22.51 18.42 60.68 9.65 13.04 10.86
Cs 1.95 3.69 1.37 2.64 2.76 5.94 0.87 3.34 1.80
Cu 0.00 0.00 6.39 12.55 8.24 21.22 0.00 12.57 0.00
Ga 7.02 17.80 15.01 19.80 12.99 37.44 7.38 12.68 9.44
Ge 1.49 1.68 1.31 1.76 1.49 1.82 1.06 1.35 1.30
Hf 5.79 923 545 14.06 16.66 24.97 5.00 9.81 6.05
In 0.00 0.00 0.00 0.00 0.15 0.00 0.00 0.00 0.00
Mo 3.86 1.16 2.95 12.98 0.49 0.80 0.00 0.66 5.29
Nb 9.78 30.72 14.51 28.53 31.38 74.68 8.90 32.00 19.63
Ni 0.00 0.00 6.55 10.53 6.32 14.12 0.00 13.27 31.71
Pb 12.55 12.38 19.41 29.30 22.19 15.10 3.91 10.31 81.05
Rb 57.00 118.40 100.90 99.06 80.67 169.40 58.96 105.60 67.07
Sb 0.25 0.17 0.11 0.30 0.18 0.31 0.00 0.00 0.00
Sn 0.73 2.46 1.84 4,74 8.40 10.34 0.76 1.98 1.51
Sr 27.52 68.50 64.92 72.42 64.64 78.93 19.04 49.37 58.33
Ta 1.07 2.69 1.02 2.57 3.17 4.76 0.70 1.74 1.06
Th 7.57 22.29 9.10 25.95 46.77 57.88 5.10 21.49 30.74
U 9.89 11.13 3.22 16.56 23.01 7.96 3.64 2.94 17.05
v 4525 33.53 36.10 68.71 37.34 297.00 30.33 23.99 5497
w 481 481 1.07 312 2.12 3.30 0.37 2.62 1.34
Y 19.62 79.51 12.90 28.25 26.55 43.40 8.10 16.25 16.54
Zn 24.34 37.31 4348 97.58 57.24 76.14 11.25 32.68 53.64
Zr 233.60 335.80 185.70 488.00 583.20 1034.00 198.20 34930 198.70
La 25.90 57.17 35.44 81.10 58.47 151.40 22.38 34.42 42.21
Ce 53.42 131.10 66.76 156.90 114.80 202.00 43.65 60.31 82.98
Pr 5.90 16.13 6.83 16.95 12.83 20.79 4.64 6.33 8.99
Nd 21.11 68.74 23.12 58.45 45.17 66.81 16.03 21.70 31.12
Sm 4.32 16.12 3.88 9.40 7.77 10.38 2.60 3.70 5.05
Eu 1.35 4.10 0.75 1.20 0.96 1.56 0.62 0.48 0.62
Gd 393 16.58 2.69 6.64 5.92 8.02 1.80 3.07 3.70
Tb 0.65 2.44 0.41 0.98 0.87 1.29 0.26 0.48 0.53
Dy 3.72 13.70 231 5.36 4.99 8.09 1.51 291 3.06
Ho 0.69 257 0.47 1.06 0.97 1.65 0.29 0.58 0.58
Er 1.87 6.66 1.48 3.21 2.78 5.13 0.89 1.72 1.64
Tm 0.27 0.90 0.26 0.53 0.40 0.84 0.14 0.27 0.24
Yb 1.71 5.90 1.91 3.84 2.80 5.93 1.01 1.88 1.52
Lu 0.24 0.89 0.30 0.61 0.46 0.90 0.16 0.29 0.25
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Annex VI Mesoproterozoic sandstones of the Salmi and Karku deposit area

Annex VI (Suite)
Priozersk sandstones
DDH no.: 843 843 843 843 1051 1051
Depth (m): 141 146 147 148 327 368
Position I zone I zone I zone I zone Salmi Salmi
Si0,(wt. %) 89.12 84.15 80.09 66.24 81.60 79.78
Al,O4 4.54 4.70 6.48 5.01 10.42 6.52
Fe,0; 1.98 0.74 2.62 4.78 0.62 1.86
MnO 0.00 0.07 0.05 0.32 0.00 0.10
MgO 0.00 0.00 0.40 0.73 0.27 0.27
CaO 0.00 347 2.07 9.61 0.10 3.32
Na,O 0.00 0.00 0.19 0.21 0.20 0.00
K,O 212 2.57 3.09 2.64 4.10 3.73
TiO, 0.09 0.34 0.17 0.21 0.24 0.58
P,Os 0.00 0.03 0.31 0.04 0.05 0.08
PF 0.88 3.45 4.67 9.20 2.25 3.50
Total 98.73 99.52 100.14 98.99 99,85 99.74
As  (ppm) 0.00 8.12 24.09 52,93 1.20 342
Ba 385.40 599.20 722.50 819.40 578.90 622.70
Be 1.03 0.00 2.77 2.7 2.84 2.64
Bi 0.00 0.00 0.00 0.00 0.00 0.00
Cd 0.00 0.00 732 10.37 0.00 0.00
Co 1.87 0.95 9.26 8.13 2.09 3.42
Cr 5.86 5.38 8.96 18.43 11.13 6.73
Cs 0.33 0.39 4.24 1.75 3.18 2.97
Cu 0.00 0.00 13.91 11.00 6.56 29.22
Ga 9.57 6.31 11.90 8.53 20.95 12.54
Ge 1.04 0.82 1.72 0.95 0.84 1.00
Hf 3.66 6.62 451 6.54 8.77 752
In 0.00 0.00 0.00 0.00 0.00 0.00
Mo 0.00 0.85 81.67 240.70 0.00 3.87
Nb 6.81 21 9.57 13.98 14.55 35.44
Ni 0.00 0.00 8.40 22.14 6.29 0.00
Pb 8.62 101.81 1378.83 44253 9.53 16.28
Rb 59.11 69.23 89.70 73.51 141.60 165.60
Sb 0.00 0.00 0.40 0.00 0.00 0.00
Sn 1.28 8.62 0.93 3.83 2.04 11.52
Sr 31.51 48.59 69.00 113.60 68.77 46.08
Ta 0.47 2.24 0.80 1.44 1.08 2.50
Th 5.60 31.02 7.07 18.57 8.83 38.29
U 6.34 2.65 3354.00 1259.00 1.54 11.78
\Y 22.05 15.46 46.36 2431 19.19 20.25
W 0.81 2.24 3.10 443 0.61 331
Y 5.61 757 107.20 9.04 15.76 25.01
Zn 17.65 9.52 684.00 1050.00 23.73 38.65
Zr 142.50 247.20 159.40 238.50 381.50 293.00
La 18.87 36.90 24.56 21.61 42.50 51.39
Ce 33.86 57.28 97.56 4341 70.39 87.83
Pr 3.54 5.73 15.99 4.86 7.25 8.74
Nd 11.78 18.67 68.89 17.14 23.98 29.32
Sm 1.64 2.76 13.82 3.05 3.66 5.28
Eu 0.45 0.58 6.81 0.63 1.07 0.66
Gd 1.15 1.91 14.55 2.15 2.89 441
Th 0.18 0.27 1.39 0.32 0.47 0.72
Dy 1.06 1.50 6.12 1.81 2.85 4.31
Ho 0.21 0.28 1.20 0.35 0.56 0.85
Er 0.64 0.84 271 1.01 1.61 2.47
Tm 0.11 0.14 0.28 0.16 0.25 0.38
Yb 0.72 0.99 1.57 1.14 1.74 2.64
Lu 0.11 0.16 0.25 0.18 0.27 0.40
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Annex VII Salmi basalts

Annex VII Salmi basalts
Major and trace element analysis of the Salmi basalts

DDH no.: 356 356 475 502 502 502 502 389 389
Depth (m): 310 441 64 61 102 177 232 78 159
Rock type: volcanic volcanic  volcanic  volcanic  volcanic  volcanic  volcanic  volcanic  volcanic

Si0y(wt. %)  45.26 46.44 47.05 38.35 46.96 47.33 47.13 47.05 44.36
AlO, 13.03 13.23 13.30 13.70 11.80 13.12 13.59 14.33 15.78
Fe,05 16.70 16.43 15.72 16.29 18.67 14.03 15.34 17.03 9.18
MnO 0.18 0.20 0.18 0.18 0.16 0.18 022 0.15 0.23
MgO 3.54 4.53 6.30 6.74 5.51 5.92 3.79 2.06 1.41
CaO 7.11 7.62 3.68 543 2.26 4.67 8.57 3.84 9.49
Na,0 2.66 2.69 343 4.64 0.33 3.54 2.52 5.00 1.44
K,0 1.71 1.56 1.75 0.18 4.77 0.70 1.49 222 1.59
TiO, 438 3.53 3.53 4.50 3.48 3.69 3.72 3.90 4.26
P,05 1.34 1.15 1.02 1.44 1.19 1.18 1.06 1.10 1.14
PF 2,73 1.18 4.09 7.19 4.39 5.23 2.53 3.42 10.96
Total 98.62 98.58 100.03 98.63 99.51 99.60 99.96 100.10 99.84
As  (ppm) 2.34 0.00 0.00 6.18 6.05 2.65 0.00 3.72 11.11
Ba 1157.00  1390.00 686.70 245.70 866.10 1437.00 1236.00 2303.00 291.00
Be 3.02 0.00 0.00 2.58 2.15 1.82 1.84 2.08 3.87
Bi 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cd 0.00 0.38 0.00 0.34 0.00 0.00 0.00 0.00 0.45
Co 29.37 45.12 44.70 30.99 43.05 42.32 48.53 42.13 39.10
Cr 59.48 54.48 48.12 55.87 63.99 53.42 62.69 62.76 72.00
Cs 0.22 0.98 *0.00 0.28 2.30 0.86 0.73 0.76 3.36
Cu 38.63 38.07 87.54 25.25 21.99 49.99 54.04 19.00 48.78
Ga 2543 25.79 25.82 25.83 29.11 24.82 29.23 26.68 25.01
Ge 1.71 1.57 1.26 1.37 1.53 1.47 1.97 1.38 1.61
Hf 10.29 9.09 8.83 10.90 9.57 8.69 9.22 9.41 10.48
In 0.12 0.11 0.14 0.13 0.18 0.12 0.12 0.14 0.14
Mo 3.66 2.64 1.38 5.23 2.12 1.53 3.05 3.00 4.48
Nb 4592 37.21 35.12 44.61 39.15 34.43 39.18 39.43 43.77
Ni 20.71 25.57 28.60 51.96 68.29 61.74 30.36 26.65 29.12
Pb total 11.76 8.91 11.98 14.72 11.67 9.82 10.89 18.23 43.87
Rb 42.52 34.27 29.24 7.30 147.70 12.20 37.46 42.78 59.78
Sb 0.00 0.00 0.00 0.29 0.14 0.11 0.00 0.12 0.11
Sn 1.60 1.38 2.09 2.11 4.05 1.51 1.40 1.43 1.60
Sr 421.40 425.40 201.30 126.70 49.00 330.40 446.10 520.10 88.49
Ta 2.99 2.46 246 3.04 2.70 2.39 2.39 2.46 2.72
Th 3.91 297 3.00 4.16 37 2.86 335 341 3.72
U 1.60 1.71 1.54 10.16 4.81 1.40 1.35 2.90 1.67
Vv 170.40 264.80 244.20 139.60 193.20 22590 296.70 299.80 326.30
w 0.81 0.51 0.60 0.84 1.72 0.55 0.61 0.69 331
Y 66.15 54.18 51.89 55.93 65.52 47.25 57.71 57.41 62.98
Zn 215.70 237.80 222.00 197.40 286.10 215.70 275.40 240.70 339.90
Zr 509.80 436.50 430.30 524.50 472,70 416.90 433.90 437.70 497.30
La 85.30 61.24 59.83 73.92 138.30 55.88 72.98 73.98 76.42
Ce 180.50 139.30 138.60 162.00 251.10 128.40 154.10 159.90 166.70
Pr 22.39 17.42 17.62 20.04 29.06 16.37 19.27 19.83 20.90
Nd 91.53 72.22 72.18 83.58 109.80 67.61 78.76 79.34 84.51
Sm 16.75 13.15 13.54 15.58 16.87 12.38 14.63 14.56 15.77
Eu 4.02 3.72 3.98 3.69 4.27 322 4.08 3.69 398
Gd 14.99 12.37 12.26 13.63 14.15 10.87 12.76 12.84 13.96
Tb 2.02 1.66 1.67 1.82 2.06 1.49 1.79 1.77 1.91
Dy 11.76 9.42 9.25 9.96 11.46 8.42 9.92 9.98 10.49
Ho 2,18 1.75 1.72 1.79 2.12 1.58 1.86 1.87 1.99
Er 5.96 4.90 4.71 5.14 6.01 4.47 5.11 5.20 5.50
Tm 0.84 0.71 0.69 0.75 0.87 0.66 0.73 0.76 0.79
Yb 5.46 4.61 4.39 4.89 5.56 4.26 4.83 491 5.15
Lu 0.83 0.69 0.67 0.76 0.85 0.66 0.76 0.78 0.81
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Annex VII

Salmi basalts

Annex VII Volcanic (Suite)

DDH no.: 625 625 625 625 625 625 625 625 625 625

Depth (m): 50 54 54,5 55 56 57 59 73 85 109

Rock type: volcanic volcanic volcanic volcanic volcanic volcanic volcanic volcanic volcanic  volcanic
Si0,(wt. %) 46.28 37.37 42.63 43 86 39.71 45.80 53.94 43.24 46.16 40.27
AlLO, 13.86 13.33 11.89 12.69 12.94 7.79 14.05 13.09 12.65 13.20
Fe,04 16.06 15.79 17.68 9.62 21.45 17.00 17.73 17.52 17.60 16.59
MnO 0.22 0.22 0.20 0.28 0.17 0.18 0.04 0.29 0.15 0.34
MgO 4.07 543 3.36 4.75 5.07 2.65 297 5.39 4.28 2.97
CaO 7.93 8.96 7.81 9.69 5.76 10.00 0.13 6.98 7.10 10.03
Na,O 2.75 3.59 4.01 4,14 422 1.30 0.00 2.59 247 2.18
K,O 1.57 1.06 0.80 0.49 0.36 2.20 4.88 1.32 1.37 0.47
TiO, 3.79 3.54 3.17 343 3.56 2.23 1.97 3.56 348 3.58
P,05 1.05 0.98 0.83 1.00 0.95 0.66 0.10 0.99 0.96 0.96
PF 2.42 9.61 7.48 991 5.90 8.04 3.88 5.00 3.65 9.32
Total 100.00 99.88 99.86 99.86 100.09 97.85 99.69 99.97 99.87 99.91
As  (ppm) 0.91 0.00 0.83 0.00 1.22 1.82 0.00 1.67 0.00 1.67
Ba 1099.00 304.60 173.90 125.80 366.50 11010.00 972.40 804.00 886.20 576.50
Be 1.50 0.00 0.00 0.00 1.70 0.00 1.51 1.51 0.00 293
Bi 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cd 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.35 0.00
Co 42.63 47.19 30.36 52.79 37.33 2598 33.23 39.63 29.44 40.59
Cr 50.46 49 88 42.29 46.16 44 81 29.51 260.40 47.35 45.08 49.76
Cs 0.35 0.31 0.36 0.48 0.25 0.27 1.04 0.00 0.24 0.40
Cu 35.83 35.89 37.19 51.07 48.28 44.19 31.37 37.52 33.09 38.41
Ga 23.96 21.48 16.68 18.87 23.60 13.74 16.75 22.83 20.87 22.64
Ge 1.46 0.81 0.99 0.74 2.72 1.51 2.34 1.34 1.54 1.51
Hf 7.81 7.42 6.52 7.15 7.41 5.33 3:17 6.95 6.46 6.62
In 0.12 0.11 0.10 0.12 0.13 0.12 0.00 0.11 0.00 0.12
Mo 2.27 1.19 1.54 0.62 247 0.95 0.00 2.07 1.92 1.80
Nb 31.57 29.83 25.98 28.70 29.39 20.51 13.59 28.79 27.64 28.89
Ni 28.26 36.50 21.94 32.58 26.42 23.14 120.70 26.65 27.12 30.90
Pb total 941 6.49 9.36 4.54 9.83 6.45 217 6.16 7.42 6.06
Rb 26.77 20.51 16.67 8.38 7.24 28.99 70.93 24.03 23.70 4.57
Sb 0.14 0.14 0.17 0.15 0.13 0.16 0.28 0.12 0.15 0.17
Sn 217 1.40 1.27 1.46 1.70 1.33 2.20 123 1.19 1.38
Sr 391.40 182.50 316.90 237.10 246.90 131.00 11.38 307.90 325.00 236.30
Ta 2.14 2.03 1.80 2.00 2.07 1.40 1.08 1.91 1.81 1.86
Th 2.68 2.56 2.27 2.52 2.61 295 5.25 2.40 2.30 2.44
U 0.89 0.79 0.54 0.84 0.58 0.71 0.65 0.85 0.82 0.81
Vv 245.10 197.80 203.40 197.00 243.90 135.00 200.30 236.20 223.80 235.60
W 0.54 0.75 1.15 177 1.82 0.77 0.34 0.55 0.57 0.59
4 42.76 41.79 35.56 40.00 39.58 25.84 22.20 38.50 38.71 41.51
Zn 218.70 154.40 143.40 160.40 142.30 105.70 129.70 337.60 184.20 94.49
Zr 359.80 336.40 295.20 326.70 333.50 247.10 133.60 330.30 309.70 325.10
La 54.67 45.80 55.94 47.06 59.32 37.37 9.95 52.79 50.57 52.44
Ce 119.40 106.20 105.80 106.90 124.10 77.55 25.00 113.80 107.80 111.70
Pr 15.11 13.45 12.79 13.52 15.51 9.68 3.14 14,22 13.35 13.90
Nd 61.30 55.04 51.37 56.20 61.60 38.73 13.80 57.20 53.35 56.23
Sm 11.67 10.68 9.55 10.98 11.15 691 3.67 10.86 10.18 10.54
Eu 3.34 292 2.60 3.13 3.14 097 1.11 3.05 2.90 3.18
Gd 10.12 9.50 8.42 9.67 9.75 5.94 4.16 9.13 8.78 8.85
Tb 1.44 1.36 1.16 1.32 1.33 0.85 0.75 1.33 1.25 1.30
Dy 8.03 7.64 6.60 7.48 7.37 4.63 4,65 137 6.99 T17
Ho 1.55 1.51 1.24 1.48 1.42 0.89 0.91 1.26 1.25 1.27
Er 4.27 4.21 3.40 3.92 3.89 2.52 2.45 3.63 3.60 3.64
Tm 0.61 0.59 047 0.55 0.55 0.36 0.33 0.52 0.52 0.52
Yb 4.01 3.97 3.04 3.67 3.64 2.60 2.08 3.55 3.48 3.49
Lu 0.64 0.63 0.47 0.57 0.58 0.40 0.30 0.53 0.54 0.55
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Annex VII

Salmi basalts

Annex VII Volcanic (Suite)

DDH no.: 822 822 822 822 822 822 822
Depth (m): 50 60 66 76 80 84 106
Rock type: volcanic volcanic volcanic volcanic volcanic volcanic  volcanic

Si05(wt. %) 41.01 38.08 46.77 21.68 60.01 39.15 46.57
AlLO4 13.79 13.83 14.18 6.41 9.98 14.18 13.57
Fe,0; 17.75 18.81 14.91 4.19 12.99 18.35 16.03
MnO 0.26 0.25 0.22 0.26 0.12 0.21 0.23
MgO 9.38 9.19 4.48 1.42 3.00 4.74 431
CaO 3.18 3.95 7.81 33.72 1.47 5.11 7.88
Na,O 1.03 2.68 2.71 1.52 0.87 2.54 2.73
K,O 3.51 1.92 143 1.25 1.94 2.33 1.56
TiO, 3.01 3.35 3.89 1.52 2.08 3.98 3.7
P,05 0.87 0.97 1.06 0.36 0.57 1.04 1.00
PF 6.20 6.92 2.84 27.32 6.81 7.70 2.58
Total 99.99 99.95 100.30 99.65 99.84 99.33 100.17
As  (ppm) 1.53 1.30 0.00 0.00 1.40 0.85 0.00
Ba 1528.00 849.50 989.60  322.00  352.00  624.00  1065.00
Be 2.08 1.63 0.00 0.00 0.00 1.88 1.63
Bi 0.08 0.00 0.00 0.00 0.00 0.00 0.00
Cd 0.00 0.00 0.00 0.53 0.00 0.00 0.00
Co 45.58 51.55 37.35 13.33 29.32 50.42 43.03
Cr 43.31 46.52 55.00 22.60 29.49 55.28 51.94
Cs 0.46 0.00 0.00 0.56 220 1.49 0.25
Cu 30.26 10.92 30.16 82.77 18.56 26.10 36.87
Ga 27.95 27.87 24.37 9.66 16.86 25.57 24.38
Ge 1.56 1.00 1.52 0.37 1.14 1.19 1.60
Hf 7.59 7.02 822 3.37 5.12 8.50 7.92
In 0.13 0.12 0.13 0.00 0.00 0.12 0.12
Mo 0.94 1.49 2.36 0.69 1.22 1.55 241
Nb 28.42 29.79 33.78 14.27 19.77 34.71 33.18
Ni 30.98 31.97 25.08 7.57 19.54 27.52 24.65
Pb total 9.09 11.08 8.01 4.50 8.77 9.92 7.66
Rb 38.14 19.47 26.72 29.28 69.24 86.60 29.73
Sh 0.13 0.15 0.11 0.12 0.15 0.00 0.10
Sn 2.30 1.38 1.59 0.62 0.95 1.63 1.32
Sr 58.91 124.80  404.40 115.70 99.37 181.30 398.50
Ta 2.07 1.97 225 0.93 1.33 2.36 2.17
Th 7.09 2.52 2.84 1.19 3.12 3.10 2.80
U 1.87 0.79 0.86 0.47 0.41 0.63 0.88
A% 200.20 213.70  259.80 92.77 128.90 234.20 254.60
w 0.41 0.43 0.58 0.27 0.38 0.36 0.56
Y 40.75 42.47 44.43 23.59 27.77 39.02 45.19
Zn 24570 248.30  238.90 4444 182.30 279.10 214.00
Zr 324.60 33330  376.50 157.60 23530  386.30  371.80
La 44.16 54.40 59.49 31.50 36.46 53.68 58.73
Ce 104.60 114.70 128.00 65.24 73.03 121.10 125.60
Pr 13.52 14.11 16.03 7.45 9.47 14.63 15.88
Nd 55.93 57.20 65.95 29.54 38.22 61.21 64.86
Sm 10.71 11.15 12.13 5.24 6.79 11.75 12.07
Eu 2.70 3.19 3.56 1.29 1.84 341 341
Gd 9.37 9.72 10.32 4.54 5.90 9.86 10.36
Tb 1.33 1.40 1.49 0.66 0.85 1.39 1.51
Dy 7.70 7.94 8.22 3.86 4.89 7.54 8.39
Ho 1.51 1.51 1.57 0.79 0.96 1.42 1.61
Er 4.17 431 423 235 2.62 3.70 435
Tm 0.63 0.63 0.61 0.37 0.39 0.53 0.63
Yb 4.41 4.29 3.93 2.51 2.58 3.38 4.05
Lu 0.72 0.67 0.61 041 0.40 0.50 0.65
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Annex VII

Salmi basalts

Annex VII Volcanic (Suite)

DDH no.: 822 822 822 822 1-01 Y1 V2 V3
Depth (m): 122 124 125 125.5 Valaam - Ramo, Upton data
Rock type: volcanic volcanic volcanic volcanic  volcanic  volcanic  volcanic  volcanic

SiOy(wt. %) 3096  44.87 42.26 44.50 45.22 50.62 51.95 50.91

Al,O4 1.84 14.36 12.05 8.68 13.78 2.85 2.67 294
Fe,0, 4.42 15.75 17.00 10.64 18.15 13.55 14.24 13.59
MnO 0.76 0.18 0.21 0.48 0.14 13.78 12.79 13.49
MgO 1.60 5.96 4.88 4.10 4.62 0.18 0.16 0.18
CaO 32.90 452 6.99 12.93 6.51 324 2.94 3.17
Na,O 0.08 3.04 1.45 1.51 2.38 712 6.74 6.89
KO 0.06 0.49 1.41 1.03 0.62 3.71 3.90 3.87
TiO, 0.45 3.97 3.15 2.01 3.66 1.94 2.09 2.07
P,0s 0.00 1.10 0.87 0.59 1.02 1.30 1.20 1.40
PF 26.70 5.70 9.92 13.46 432 1.10 1.09 1.02
Total 99.77 99.94 100.19 99.93 100.42 99.40 99.77 99.53
As  (ppm) 0.00 0.80 0.00 0.00 0.00

Ba 171.60  764.80 1738.00  977.60 801.30 169590 176490 1716.50
Be 0.00 1.52 1.86 0.00 1.78

Bi 0.00 0.00 0.00 0.00 0.00

Cd 0.00 0.00 0.00 0.00 0.00

Co 5.34 45.05 24.59 17.85 43.69

Cr 7.59 53.91 4941 28.47 50.52 39 5.4 35
Cs 0.00 1.04 2.84 0.82 2.10

Cu 0.00 40.43 26.08 20.81 12.00 18.6 12.4 214
Ga 4.88 26.01 20.77 14.87 24.13

Ge 0.70 2.08 1.62 1.14 1.90

Hf 1.02 8.62 6.87 5.04 7.93

In 0.00 0.11 0.10 0.00 0.12

Mo 1.76 1.31 1.34 0.76 1.56

Nb 4.47 34.71 2791 19.19 34.17 20.3 20.6 21.1
Ni 0.00 34.16 26.96 10.81 29.85 29 3 54
Pb total 1.28 13.68 5.99 427 12.67 9.6 10.9 8.2
Rb 5.76 11.60 87.95 39.47 17.44 33.1 34.7 35.1
Sb 0.00 0.22 0.22 0.11 0.00

Sn 0.00 1.49 1.33 1.09 1.51

Sr 86.10  291.10  259.90 122.10 341.90 521.2 535.8 516.4
Ta 0.29 2.39 1.88 131 2.14

Th 0.45 3.00 2.70 2.79 2.77 3.2 3.1 3
U 0.70 0.92 3.65 0.71 0.92

\'% 1543 25240  167.60 148.40 241.90 98.2 91 115.8
w 0.20 0.40 0.50 0.29 0.53

Y 6.56 45.90 4241 33.12 45.78 45.7 44 474
Zn 22.81  207.80  143.70 101.40 167.00 152.3 150.6 149
Zr 46.11  389.80 311.30 220.60 388.20 230.2 240.9 242.5
La 7.65 55.82 51.26 44.61 53.53 49.2 46.5 49.2
Ce 15.84 12530  104.30 86.97 121.60 112.3 110.7 115.2
Pr 1.47 15.81 13.51 10.07 15.59

Nd 5.57 65.79 55.83 40.09 63.54 62.5 59.2 63.8
Sm 1.03 12.57 11.04 7.57 12.02

Eu 0.30 3.67 3.05 1.98 332 230.2 240.9 2425
Gd 0.98 10.86 9.98 6.87 10.20 5.04 5.48 512
Tb 0.16 1.61 1.43 1.03 1.46

Dy 0.96 8.75 7.57 5.85 8.29

Ho 0.20 1.65 1.51 1.14 1.57

Er 0.65 4.49 4.16 3.27 4.30

Tm 0.12 0.65 0.63 0.49 0.62

Yb 0.87 4.27 4.10 3.28 4.11

Lu 0.15 0.66 0.66 0.53 0.65
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Annex VIII Valaam sill

Annex VIII: Valaam sill rocks
Major and trace element analysis of the Valaam sill rocks

Sample no.: 2-01 11-03
Rock type: Gabbro Syenite-granite
Position Lunkkulunsaari Mantsinsaari

Si0,(wt. %) 51.99 72.40
Al O 14.14 11.98
Fe,O; 13.23 3.55
MnO 0.19 0.00
MgO 2.76 0.61
CaO 6.03 0.81
Na,O 3.44 243
K,O 2.28 5.77
TiO, 2.71 0.29
P,0s 0.97 0.06
PE 1.85 1.41
Total 99.59 99.31
As  (ppm) 0.00 0.00
Ba 1786.00 615.50
Be 1.51 4.21
Bi 0.00 0.00
Cd 0.00 0.58
Co 2295 324
Cr 0.00 5.12
Cs 0.44 0.63
Cu 14.30 0.00
Ga 2531 27.56
Ge 1.48 1.47
Hf 5.87 19.97
In 0.11 0.00
Mo 1.70 1.11
Nb 18.90 9.87
Ni 5.07 0.00
Pb total 9.24 14.70
Rb 39.81 135.70
Sb 0.00 0.00
Sn 1.67 3.09
Sr 486.60 49.01
Ta 1.29 1.28
Th 2.99 12.60
U 0.91 249
Vv 103.40 6.27
W 0.27 0.33
Y 39.56 51.81
Zn 160.20 23.23
Zr 242.70 889.30
La 52.05 84.62
Ce 114.00 163.70
Pr 15.00 18.14
Nd 63.02 62.83
Sm 12.57 10.96
Eu 4.64 0.98
Gd 10.37 9.14
Tb 1.43 1.44
Dy 7.82 8.63
Ho 1.40 1.73
Er 3.61 5.04
Tm 0.50 0.76
Yb 3.21 5.07
Lu 0.48 0.75
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Résumé

Une étude minéralogique et géochimique du bassin volcano-sédimentaire clastique
intracontinental mésoprotérozoique (Ripheen) de Pasha — Ladoga (Carélie, Russie) ainsi que
des minéralisations uraniféres associées et des lithologies du socle sous-jacent a été réalisée.
Une comparaison avec d’autres districts fortement minéralises d’age et de lithologie
comparables indique qui les sediments clastiques du bassin de Pasha — Ladoga sont nettement
moins matures que ces de bassins fortement minéralises de I'Athabasca (Canada) et de
Kombolgie (Australie). Toutefois, de circulations importantes de fluides ont été mises en
evidence dans les roches métamorphiques de I'Archéen et du Paléoprotérozoique et les
granites rapakivi, ainsi que dans les sediments clastiques sous-jacent de la région de Pasha —
Ladoga ou le gisement d’uranium de type discordance de Karku ont été découverts. Ces
circulations de fluides ont conduit a une alteration a 1’échelle régional de zircon et, dans une
moins de mesure, de monazite, ainsi qu’a la formation de chlorites ferriféres et de carbonates
dans les zones minéralisées.

Mots clés : Uranium, Discordance, Greés, Bassin Mésoprotérozoique, Altérations

hydrothermales, Zircon, Monazite

Abstract

The mineralogy and the geochemistry of the Mesoproterozoic (Riphean) Pasha-Ladoga
volcanic - sedimentary intracontinental clastic basin (Russian Karelia), associated uranium
mineralization and underlying basement lithologies have been characterized and compared
with those of highly mineralized districts having similar age and lithologic associations. The
clastic sediments appear much more immature than highly mineralized basins of the
Athabasca (Canada) and Kombolgie -(Northem Australia). However, large-scale fluid
circulation has been evidenced in the Archean to Paleoproterozoic metamorphic rocks and
Mesoproterozoic rapakivi granites of the basement and in the overlying clastic sediments of
the Pasha - Ladoga area, where the Karku unconformity related uranium deposit has been
discovered. These fluid circulations are related to zircon alteration and to a lesser degree to
monazite at the regional scale and essentially with a Fe-chlorite and carbonate alteration

assemblage produced in the mineralized districts.

Key words : Uranium, Unconformity related deposits, Sandstones, Mesoproterozoic basin,

Hydrothermal alteration, Zircon, Monazite.
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