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MOH 6JIarO.n;apHOCTH BeeM

DJIaro.n;apHOCTH

3Ta pa60Ta rrpOBO,JJ;HJIaCb B paMKaX TeCHOrO HayqHOrO COTpy.n;HH'leCTBa Me)l()J;)'

KOMIIaHHeH COGEMA (BeJIH3H, <l>paHIIIDI), KOTOpaH rrOJIHOCTblO <pHHaHCHpOBarra .n;aHHbIH

rrpOeKT, BCepOCCHHCKHM reOJIorH'leCKHM HHCTHryTOM (BCErEII, CaHKT-IleTep6ypr, POCCIDI),

KOTOpbIH B TeqeHHe y)l(e 7 JIeT ~CJIHT MeHH CBOHM COTpy,JJ;HHKOM (3a qTO H eMY 6eCKOHeqHO

6JIaro.n;apeH) H 06mecTBoM CREGU (HaHcH, <l>paHIIIDI), KOTopoe Tpy.n;0ycTpOHJIO MeHH Ha 3TH

TpH, TaKHX HerrpOCTbIX .n;JIH MeHH, ro.n;a. Ha~HO-HCCJIe.n;OBaTeJIbCKOe 06'be.n;HHeHHe (UMR

G2R), B COCTaB KOToporo BXO,JJ;HT CREGU H YHHBepCHTeT AHpH IlyaHKape - HaHCH J, .n;OKTOpOM

KOToporo MHe H rrpe.n;CTOHT CTaTb B 6JIH)1(afuneM 6y.n;ymeM, 06ecrreqHJIo rrOJIHbIH .n;ocryrr KO

BceM HH<popMaIIHOHHbIM H aHaJIHTH'leCKHM pecypCaM. 51 6JIaro.n;apeH BceM JIIO.n;HM, rrpHJUIBIIIHM

~aCTHe B pearrH3aIIHH noro rrpoeKTa, crroc06CTBOBaBIIIHX pa3perneHHIO Ha~HbIX,

TeXHWIecKHX, 6IOpOKpaTH'leCKHX H rrpo~ rrp06JIeM, rrOMoraBIIIHX (HJIH He MernaBIIIHX) MHe

3aHHMaTbCH MOHM JIlO6HMbIM .n;eJIOM - reOJIOrneH!

B rrepBYIO Oqepe.n;b H xoqy BbIpa3HTb CBOIO OrpOMHYlü 6JIaro.n;apHOCTb MoeMY

<ppaHIJY3CKOMY rne<py - PYKOBo.n;HTeJIIO .n;HccepTaIIHH MHmemo KIOHE, KOTOpbIH B TeqeHHe

Tpex JIeT BC}lqeCKH pa3BHBarr H YKpeIIJIHJI MOH rr03HaHIDI B 06JIacTH MeTarrJIOreHHH ypaHa, rrOMor

rrOBepHTb B B03MO)I(HOCTb BbITIOJIHeHIDI 3TOH pa60TbI H crroc06CTBOBarr ee ycrreIIIHOMY

3aBeprneHHIO. 516JIaro.n;apeH cy.n;b6e 3a B03MO)I(HOCTb pa60TaTb C TaKHM qeJIOBeKOM, rrpe.n;aHHbIM

.n;erry reOJIonm H rOTOBbIM OT.n;aTb 3TOMY .n;erry Beero ce6H 6e3 OCTaTKa. MUmeJIb H ero )l(eHa

JIHJIUaH CTarrH rrepBOH eeMbeH, rrpHJUIBrneH MeHH BO <l>paHIIHH. DJIaro.n;apH HM H rr03HaKOMHJICH

C 3TOH rrpeKpaCHOH CTpaHOH, C <ppaHIJY3aMH, TaK 6JIH3KHMH PYCCKOMY eep,JJ;IJy, H rrOJIlO6HJI MX.

MHmeJIb H JIHJIHaH, crracH60 BarneMY TerrJIOMY .n;0MY!

B paBHOH CTeneHH, H 6eCKOHetIHO npH3HaTeJIeH JIIO.n;HM, KOTopbIe rrpHBeJIH MeHH Ha 3TOT

rryTb - IOpHIO liOPUCOBH'IY MAPIIHY, PYKOBo.n;HTeJIlO MoeH nepBOH KaH.n;H.n;aTCKoH

.n;HccepTaIJHH B rOpHOM HHcTHryTe (alma mater), C ero JIerKOH PYKH H H OKa3arrCH 3.n;eCb.

BJIa.n;HMuPY MHXaHJIOBH'IY TEPEHThEBY, KOTOpbIH PYKOBO.n;HJI MOHMH HCCJIe.n;OBaHIDIMH B

caMOM Haqarre H, K CO)l(arreHHlO, He .n;0)I(HJI .n;o MX OKo~aHIDl.
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51 xoqy BbIpa3HTb CBOIO rrpH3HaTenbHOCTb PYKOBO.ll:HTellilM BeeX HMelOIUMX OTHOIIIeHMe K

MOeH pa60Te Ha~IX OpraHM3arurn: rOCnO,n:aM )KaHy-KJIo~y KAP.D3E (6bmIIIeMj'

PYKOBO,n:HTenlO OT,n:ena pa3pa60TKH MeCTOp0)l(,[{eHliH COGEMA), )KaKy JIEPYA (,lI,lipeKToPY

UMR G2R), MuweJIlo KATEJIlIHO (,n:HpeKTopy CREGU) 3a rrpe,n:ocTaBneHHbIe

B03Mo:>KHOCTH.

51 6naro,n:aplO CBOMX onnOHeHTOB - npo<l>eccopa YHHBepcHTeTa XenbcHHKH TanaHu

PAMO H np0<l>eccopa YHHBepcHTeTa OpC3 - IlapH:>K XI Mopuca llA:IKEJUI 3a MX nlO6e3Hoe

cornaCHe yqacTBoBaTb B paccMoTpemm: MoeH ,n:HceepTal(HM. KpOMe Toro, R 6naro,n:apeH

npo<l>eccoPY PAMO 3a 3aMeqaTenbHYIO He,n:enro noneBbIX pa60T B CeBepHOM IlpHna,n:o)l(be.

51 xoqy TaIOKe no6naro,n:apHTb Bcex COTpy,n:HMKOB rpynnbI COGEMA, KOTOpbIe rrpRMO

HnH KOCBeHHO yqacTBOBanH B peanH3al(HH rrpoeKTa, H oco6eHHO:

KJIo~a KAiUl, KOTopbrn 6YKBanbHO BMeCTe co MHOH nepe)J(JIBan Bee rrpOl(eCCb!

HallHCaHJIjJ .ll:HCCepTal(HH, npHlIHMan yqacTHe BO Beex HaIIIHX COBMeCTHbIX noneBbIX pa60Tax. 3a

ero 6eCKOHe~1O nlO6oBb K POCCHH H K HaM, pOCCHHCKHM reonoraM, R Bblpa:>I<a1O CBOIO

HCKpeHHlO1O npH3HaTenbHOCTb;

llaTpuca IiPIOHETOHA, 3a ero nOTpRcalOmyIO HaytIHYIO 3py,n:Hl(HIO H cTpacTh K

KOnneKl(HOHlipOBaHHIü;

)KaHa MOIl,l.(l:l, Pe)KHca MAThE, lieHya MArPHBA, (1)uJIunna KHCTEPA

(6onbIIIHX TBOpqeCKHX y,n:aq - Tenepb Tb! TO:>Ke B KO)I{EME!).

MOR CBjJJUeHHaR o6R3aHHocTb - BbIpa3HTb 6naro,n:apHocTH TeM cOTpY.lJ:HHKaM BCErEH,

KOTOpb!e BoneH HnH HeBoneH OKa3anHCb BOBneqeHbI B MOIO pa6ory. 51 6naro,n:apeH BCeM

compyôHUKQM oT,n:ena reonorHM ,n:oKeM6pJljJ BCErEH H ero PYKoBo,n:HTenlO AHBepy

MHTxaTOBU'lY AXME,l.I.OBY 3a TO, qTO OH CoxpaHMn HeH3MeHHbIM CBoe OTHOIIIeHMe KO MHe H

,n:an MHe IIIaHC noiiMaTb HeqTO, TaK nOXO:>Kee Ha y,n:aqy. 51 qpe3Bb:[qaHlio rrpH3HaTeneH BCeM

compYôHUKQM OT,n:ena reonorHM ypaHOBbIX MeCTOpO:>K,n:eHHH H pa,n:H03KOnOrHM BCErEH, H ero

6bIBIIIeMj' (MuxauJI reoprUeBU'l XAPJIAMOB) H HbIHeIIIHeMj' (lOpuii IiOPUCOBU'l

MOPOHOB) PYKOBO.ll:HTellilM 3a BeeMepHYIO nOMep:>KKY H ,n:06poe OTHOIIIeHMe. Oco6aR MOR

6naro,n:apHOCTb BUT3JIUIO AJIeKCeeBU'lY MlIXA.ÜJIOBY, EJIeHe HuKOJIaeBHe
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A«I>AHAChEBOÜ, JIIOAMHJle BaCHJlbeBHe IihIJIHBCKOH, AnaTOJlHIO BaCHJlbeBHqy

MOJIqAHOBY, POMaHY IIIDDOBY 3a RX HerrOCpe,n;CTBeHHOe yqacTHe B rrOJIeBbIX,

MHHepaJIOr~eCKHX H rrpo'lllX HCCJIe,n;OBaHIDlX, a TaIOKe B 06CY)I()J;eHHH rronyqeHHbIX

pe3YJIbTaTOB.

Mo~ oco6~ 6JIaro,n;apHOCTb Came IIIYP.DJIOBY, OKa3aBIIIeMY 6ec~eHH)'lO rrOMep)l(J(Y

rrpH opHeHTRpOBaHIDI B HeH3BeCTHblx rrpOCTPaHCTBax, KapTax, pa3pe3aX, KYJIYapax, KopH,n;opax

H reOJIOrHqeCKHX 6a3ax HEBCKTEO. C rrO:>KeJIaH~H y,n;aqH B HeJIerKOM ,n;eJIe HarrHcaH~

,n;HccepTa~IDI .

.51 6JIaro,n;apeH TaIOKe IOpHIO CTenaHOBHqy nOJIEXOBCKOMY (M3TPY PY,D;HOH

MHHepaJIOrIDI CaHKT-IIeTep6yprcKoro rocy,n;apCTBeHHOrO YHHBepCHTeTa) 3a OKa3aHHYJO

rrOMOmb B MORX MHHepaJIOr~eCKHX HCCJIe,n;OBaH~ H 06mRX .n;HCKYCC~ 3a qalIIKOH qa~.

OT,n;eJIbHbrn rrpHBeT <pHHCKHM KOJIJIeraM H3 f'eOJIOr~eCKOH CJIY:>K6bI <l>HH~H,D;HH H

YHHBepCHTeTa XeJIbCHHKH: OJlJlH AÜKAC, RpMO KOXOHEH, ApTO JIATTHHEH, BHBeKa

JI.DH,lUŒ.DCT.

PaMKH HayqHoro cOTPy,n;~eCTBa OKa3aJIHCb CTOJIb IIIRpOKH, qTO OqeHb TPY,D;HO He

3a6bITb Bcex Tex, KTO eme He 6bIJI HH pa3Y yrro~:

BCEM 6bIBIIIHM H HbIHeIIIHHM COTPy,n;HHKaM G2R, CREGV, VRP (Service Commun)

(HaHcM, <l>pa~), H oco6eHHO: BepHap IIOTI1 (crracH60 BaM orpOMHoe 3a BaIIIe yqacTHe B

MoeH cy,n;b6e), Mr. lllYMAIllEP H KOMaH,n;a CeKpeTapeH, IIaTPHK .JIArPAlDK (cep,n;e~oe

crracH60 3a TBoe ,n;o6poe OTHOIIIeHHe), POJIaH MAfipE (Administrateur Magnifique), MapK

BPYAH, MapK JIECIIl1HACC, Ce,n;pHK ~MEPbE, AnaH KEJIEP, nOpaH Pl1lllAP

(,[(06pOBOJIbHOe 06mecTBo JIJ06HTeJIeH IlHBa H PyccKo-6eJIbrHHCKOH .n;pY:>K6bI), Ce,n;pHK

KAPIIEHTbE, nOpaH ~311~C, PeMH lllE.Ml1M.5IK, f'per AH)];P3, )];oHaTbeH ~POM H

Bce-Bce - BbI Me~ 3,n;OpOBO rrOMep:>KaJIH B MOH rrepBbIH ro,n; H MHoroMY HayqHJIH, crracH6o!
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BCErEH: rpHrOpIDI: TEPEHTbEB (HaCTOIDUIDI: ac - BO.ZJ;HTenh), AHTOH AHTOHOB (tu

es très gentil!), AHHa CanThIKoBa (Ko<l>e, He3a6hIBaeMbIe rrOllil, crracH60 Te6e, AHh!), nIO.ZJ;MHna

PHMMoBHa CEMËHOBA, IOpHH EOpHCOBlflI EOr,aAHOB, PHMMa nhBOBHa EPO,Z:(CKAJI

(~HPKOHbI - Barna cTPacTh), BHTanIDI: BHTaITheBlflI ll1ATOB (3a 3a6oTY H ytIacrne), Hm<onaH

illATKOB H AH.ZJ;peH XAPJIA1l.llllI (3a rrpIDITHbIe COBMeCTHbIe o6e.ZJ;hI H HaytIHbIe

.ZJ;HCKYCCHH) ... ecnH Koro-HH6Y.ZJ;h 3a6hIIT - rrpoch6a BrrHcaTh CBoe HW! B CHH CKpIDKanH

caMOCTOHTeITbHO!

HEBCKrEOJIOr:n.g: Bna.ZJ;HMHp KOHCTaHTHHOBlflI KYIlIHEPEHKO (BhI - oco6aH

HCTOpIDI B MoeH )J(}I3HH), IlaBen llBaHoBlflI IlIAPllKOB, IOpIDI: Bna.ZJ;HMlipOBlflI IlETPOB,

lOpIDI: AH.npeeBlflI rpOMOB H Bce-Bce-Bce, Koro H rrpOCTO 3aqacTYIO He 3Han HITH 3a6hIIT rro

HMeHH-OrqeCTBY·

HOBAR JIEXTA: TaTMIHa IleTPoBHa PEYC (3a ee .ZJ;o6pory, rrOHHMaHHe H

crroco6HOCTh Bcer.ZJ;a rrpHXO.ZJ;HTh Ha rrOMO~), AneKcaH.np <I>e.ZJ;opOBlflI IllIMEHOB H .5IpocnaBa

KYIlIMET.

BrEM: AneKceH AnEilllIH (3TO 6hIITO 3.ZJ;OpOBO - pa60TaTh C T060H BMecTe), CnaBa

rOnYEEB, BacHITIDI: llBaHoBlflI BE.JIl1qJ(lfH, TaThHHa KPblnOBA - 3a rrno.ZJ;oTBopHoe

06rn;eHHe.

MrY: IleTH TMXOMHPOB - H 6hIIT OqeHb pa.ZJ; YBH.ZJ;eTh Te6H B HaHcH B rrepBhrn >Ke

.ZJ;eHb CBoero rrpe6hIBaHliH 3.ZJ;eCh, 60ITbllIHX TBOpqeCKHX Y.ZJ;aq Te6e!

KOITbCKHH HaytIHbIH ~eHTP (AnaTHThI) H I.J;eHTPanhHO-KonhcKaH 3Kcrre.ZJ;H~IDI

(Mo~eropcK): TonHK CMOnlfH - rnTYPMYIOrn;HH Herrpoxo.ZJ;HMhIe .ZJ;opom, AHTOHHHa

MHXaHnoBHa PEMH30BA - OIIhITHbrn rrpaKTI1K.

rOPHhm HHCTHTYT: ranHHa KOHcTaHTHHoBHa IlIHAll (crracH60 3a rrOKa3aHHbIe

BaMH rryTH).

.5I XOTen 6hI TaK>Ke rro6naro.ZJ;apHTh AJIeKcaH.ZJ;pa AHaTOJILeBHqa BhICO:U:KOrO H

JIH.ZJ;HIO <I>pHlJ,eBuy IIITEiî.H 3a HX rrOqTH pO.ZJ;HTenhcKoe KO MHe OTHorneHHe. MOH

rny6oqaHrnIDI: pecrreKT HBauy HHKoJIaeBHqy BOPOHll,OBY - Bceo6rn;eMY rrarre H .ZJ;e)JJ'llIKe H

3aMeqaTenhHoMY reonory-rrpaKTHKY. MoeH rrepBoH ytIHTenh~e reonorHli - JIH.ZJ;HH

BHKTopoBue HBlIEHKO - orpoMHoe crracH60.
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3)];eCb, BO <1>paHIJ;HH, 6JlarO)];apH CaRT)' HeJ1J1bl IJ,BETOBOÜ www.infrance.ru. H 06peJl

HOBbIX XOpOIIIHX .npY3eR H 3HaKOMbIX. Oc06a» 6JlarO)];apHOCTb M3TpY liopucy KAPIIOBY H

Te6e, Mapywa (60JlbIIIOR npHBeT )l(auy)! CnacH60 orpoMHoe H BaM, 06HTaTeJlH HaHcH, POMau

H TaTbHua, H pa)]; HaIIIeMY, BO MHorOM He C~aHHOMY, 3HaKOMCTBY.

,l],JlH Bac )l(e, MOH CTapble H )];06pble (Y)I(e nOqTH BeqHbIe) ,lJ.PY3bH, Y MeR» eCTb CTOJlbKO

CJlOB, qTO 60lOCb He XBaTHT MeCTa, qT06bI BbIpa3HTb MX Ha 6YMare: CeubKa H HaTalllKa, AJ1eKC

H IIpuuKa, CBeTKa H <DOJ1bKep ClIMOHllChI (KaK 3)];OPOBO, qTO BbI )l(HBeTe TaK P»)];OM C

HaHCH), ,l.I,eHuc, lllypa H JIellla PEMlI30BhI, TaTbHHa <DPOJIOBA, OKcaHKa, IIpuHKa H

CTac, MuIllKa & TaTbHua, rowa H JIeua, EBreuuu POMaUOBUq rYPEBlI'I, Ba,lJ.UK H

TaTbHHa, KOCTH TPO.QKlIiI, IOpuK ~ETKOB, rpUBa,lJ.uu IIABJIOB, MaUKJ1

KAIIlIHOC, lOJ1bKa KYPKOTOBA, Kupa BACIIJIhEB, C3p IIOJ1H"KuH C CynpyrOR

AHHOU (He )];oeXaJI H )];0 Bac, K CO)l(aJIeHHlO) - cnacH60 BaM 3a TO, qTO BbI eCTb! ..sI Bcex Bac

Jl106JllO H 6JlarO)];apeH BaM 3a BRUI)' )];pY)l(6y C HaIIIHM ceMeRCTBOM HJlH 3a npOCToe yqacTHe B ee

)];eJlax.

MAMA Il IIAllA - )l(am" qTO BbI TaK )];aJIeKO, )];a)l(e OT I1HTepa, HO H YBepeH, qTO BbI

rOp)];HTeCb MHOIO, cnacH60 BaM 3a Bcë! BceM pO,lJ.CTBeHHUKaM - cnacH60 3a no)];)];ep~,

npHe3)1(aRTe K HaM, MbI Bac Jl106HM!

11, HaKOHeu;, Te, pa)];H Koro Bcë 3TO H 6bIJlO 3aTemo: RUYWKHH U RmeqKHH! ..sI Bac

Jl106JllO! BbI - caMaH 3aBeTHaH qaCTb MoeR )l(H3HH! ..sI PM, qTO 3TH TpH HenpOCTbIX ro)];a B HaIIIeR

)l(H3HH 3aKaH'IHBaIOTCH! Bnepe)];H Hac HaBepRHRa )l()];yT HOBble HCITbITaHH», KY)];a)l(e 6e3 HHX, HO

3TO y)l(e .npyra» HCTOpH»! CnacH60 BaM, MOH xopOIIIHe!

..sI 6JlarO)];apeH cBoeR CY)];b6e 3a Bcë...

3bI: M05l oco6aJl 6Jlazodaplwcmb ppall11Y3cKUM 6UllodeJlaM, cblp06apaM, 6YJlOllllUKaM,

6eJlbZUUCKUM nU606apaM U UmQJlb5lllCKUM KOlldumepaM (3a UCKJll011UmeJlbllblU no C60UM

6KJlC06bLM KalleCm6aM decepm TUpaMU3Y).
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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 mésoprotérozoïque. Le diamètre du bassin

Pasha - Ladoga est actuellement de 150 km. La forme du bassin coïncide étroitement avec la

rive du lac Ladoga (Carélie, Russe). Un gisement d'uranium associé à la discordance entre ce

bassin et le socle archéen à paléoprotérozoïque 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

dômes granitiques-gneissiques archéens, renfermant déjà des granitiques potassiques. Ces

domes sont entourés par des roches sédimentaires paléoprotérozoïques riches en carbonates,

matière carbonée et sulfures, déposées en environnement de type de type plateforme

épicontinentale et métamorphosées durant l'orogenèse svécofénienne dans le faciès

amphibolite avec migmatisation naissante. Ces roches ont été transformées en gneiss à

plagioclase-biotite, marbres, amphibolites et schistes à quartz-biotite-plagioclase-graphite et

sulfures.

Au mésoprotérozoïque (Riphéen), de très 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 uranifères. A la différence des roches du socle archéennes­

paléoprotérozoïque, les granites rapakivi ne subissent pas de métamorphisme, mais des

processus hydrothermaux.

Après la mise en place de ces granites et une phase d'érosion de ce socle, l'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 très rapidement après le début du remplissage du bassin

sous forme de deux cycles principaux. La puissance du bassin a pu atteindre 3 à 4 km dans la

région de Karku et peut être davantage si l'on tient compte des deux kilomètres 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 très immatures. Cette caractéristique et la

nature très anguleuse fréquente des grains de quartz et de feldspath détritiques indique une
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altération pédogénétique très faible de l'arrière pays, un transport sur une distance

relativement courte des sédiments et donc des conditions tectoniques très actives lors de la

sédimentation, surprenantes pour une période typiquement anorogénique (200 Ma après la [m

de l'orogenèse svécofennienne) et très différentes de celles ayant donné les grès très purs

présentant une faible proportion de kaolinite et d'illite des bassins de l'Athabasca et de

Kombolgie.

Comme dans le cas des districts fortement minéralisés de l'Athabasca, Canada et de

Kombolgie, Australie, l'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 extrêmement réfractaires. Par contre la monazite est beaucoup moins altérées

que dans le cas des districts de l'Athabasca et de Kombolgie indiquent une moindre

agressivité des fluides. Les grains de zircon altérés s'observent aussi bien dans les échantillons

carottés à 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 très 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 à 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

protérozoïques sont caractérisés par des substitutions atteignant jusqu'à 4 atomes de Ca, Al,

Fe, Y, P, Th et U. Les zircons provenant des granites rapakivi présentent généralement des

substitutions plus importantes (jusqu'à 8 atomes de Th, Al, Ca, Fe, Y et U), mais leur zonation

primaire et leur idiomorphisme sont bien préservés à 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

également à 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

élevées et l'incorporation d'alumino-phosphate. Les taux de substitution dans la structure des

zircons détritiques altérés provenant des grès de Pasha - Ladoga varient de 0,5 à 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 même observée dans

des roches relativement fraîches. A l'inverse, les monazites qui sont particulièrement

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 grès 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 grès de Pasha ­

Ladoga ont été légèrement corrodées, probablement par des fluides diagénétiques. Ce

processus est courant dans les grès de l'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 grès

de Pasha - Ladoga, l'altération des monazites apparaît être 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 titanifères avec de très faibles

concentrations en uranium et terres rares légères dans les grès de Pasha - Ladoga comme cela

avait été déjà observé dans les grès protérozoïques du bassin de Franceville au Gabon

hébergeant les gisements d'üklo.

L'étude détaillée de l'altération des minéraux accessoires des roches du socle cristallin

du bassin protérozoïque de Pasha - Ladoga indique que les lithologies du socle, incluant les

granites rapakivi riphéens, ont été soumises à des altérations similaires à celles observées dans

le socle et les grès du bassin Athabasca et de Kombolgie ainsi que dans les grès 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

conséquent, l'altération observée dans la zone Pasha - Ladoga est probablement liée au même

type d'événement.
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Résumé étendu

Si des fluides diagénétiques de composition et de température semblables à ceux des

bassins de l'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

l'abondance des feldspath dans le bassin, de l'importance des coulées basaltiques à la base de

ce bassin et la cristallisation abondante de carbonates avec le minéralisation uranifère, (ii) des

f02 plus faibles du fait de la cristallisation de chlorites ferrifères dans les zones minéralisées

au lieu des chIorites et tourmalines magnésiennes du bassin de l'Athabasca et de l'abondance

de la pyrrhotite déposée avec les oxydes d'uranium, (iii) une sous saturation plus faible en

silice ne conduisant qu'à une corrosion très limitée des grains de quartz détritiques des grès.

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 dépôt moins favorables pour

l'uranium dans le bassin de Pasha Ladoga par rapport aux Bassin de l'Athabasca au Canada et

celui de Kombolgie en Australie hébergeant les plus grands gisements d'uranium de type

discordance.
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PaCIIIJI:peHHoe pe3lOMe

PaCIIIJIpeHHOe pe3lOMe

B Me30npOTep030e Ha TeppHTopHH IIpHJIaJl:O:>KMI (KapeJIIDI, POCCIDI), YHaCJIeJl:OBaB

IIOJIO)l(eHHe naJIeonpOTep030HCKoro JIaJl:O)l(CKOrO pH<pTa, C<pOPMHPOBaJIC5I IIamcKo ­

JIaJl:O)l(CIŒH nporH6, BhillOJIHeHHhIH BYJIKaHOreHHO-OCaJl:OqHhIMH 06JIOMO~hIMH nopoJl:aMH.

IIpom6 HMecr 6JIH3KYIO K H30MeTpMHOH <poPMY Jl:HaMeTpoM OKOJIO 150 KM H npHMepHo

COBnaJl:aeT C 6eperoBoH JIHHHeH JIaJl:O)l(CKOrO 03epa. B ceBepo-BOCTOqHOH qaCTH nporH6a, B

npeJl:eJIax CaJIMHHCKOH nJIOII~aJl:H, o6HapY)I(eHO ypaHoBoe MeCTOpO)l(Jl:eHlIe KapKY,

OTHOCHMOe no CBOHM reOJIOrMeCKHM xapaKTepHcTHI<aM K TaK Ha3hlBaeMbIM

MeCTOpO)l(Jl:eHH5IM «THna HeCOrJIaCIDI», HaH60JIee 5IpIŒMH npeJl:CTaBHTe.JUIMH KOTOphIX

5IBIDI1OTC5I p5IJl: MeCTOpO)l(Jl:eHHH Me30npoTepo30HcKHX 6acceHHoB ATa6acKa (KaHaJl:a) H

KOM6oJIJl:)I(H (ABCTpaJIIDI).

Ba)I(HYIO pOJIh B CTpoeHHH KpHCTaJIJIHqeCKOrO <PYHJl:aMeHTa CeBepHoro IIpHJIaJl:o)l(h5I

HrpalOT apXeHCIŒe rpaHHTo-rHeHcoBhIe KynOJIa C MaJIhIMH TeJIaMH KaJIHeBhIX rpaHHTOHJl:OB.

ApXeHCIŒe KYnoJIa 06paMJIeHbI naJIeonpoTep030HCIŒMH cynpaKpycTaJIhHhIMH cepIDIMH:

npeHMYIIIecTBeHHo BYJIKaHOreHHoH (c xeMoreHHo-Kap6oHaTHhIMH ocaMaMH) H

npeHMYIIIecTBeHHo TeppHreHHoH. CynpaKpycTaJIhHhIe nOpOJl:hI B 3HaqHTeJIhHOH CTeneHH

o60rameHbI KaJIh~eM, ymepOJl:HCThIM BemeCTBOM H cYJIh<pHJl:aMH. llx <popMRpOBaHHe

npOHCXOJl:HJIO B YCJIOBH5IX nJIaT<popMeHHoH 3llHKoHTHHeHTaJIhHOH CeJl:HMeHTaQHH, B 3noxy

cBeKo<peHHcKoro oporeHe3a 3TH nOpOJl:hI npeTepneJIH CHJIhHbIH MeTaMop<pH3M (BnJIOTh Jl:O

aM<pH6oJIHTOBOH <PaQHH) H MHrMaTHTH3aQHIO.

OTJIH~TeJIhHOH oco6eHHOCThlO 3anaJl:HOrO IIpHJIaJl:o)l(h5I 5IBJI5IeTC5I OTCYTCTBHe nopOJl:

apxeHCKoro B03paCTa H IIIHpOKoe pa3BHTHe TeppHreHHhIX nopoJl:, npeTepneBillHX

3HaqHTeJIhHO 60JIee CHJIhHbrn MeTaMop<pH3M rpaHYJIHTOBOH <PaQHH.

MHTpY3HBHbIH naJIeOnpOTep030HCKHÜ MarMaTH3M HaH60JIee HHTeHCHBHO np05IBJIeH B

3anaJl:HOM IIpHJIaJl:o)l(he H B nepeXOJl:HOH 30He Me)l(Jl:y Jl:OMeHaMH. PaHHe- H CHHopOreHHhIe

HHTpY3HH HOpHT-3HJl:ep6HTOBoro H ra66po-Jl:HOpHTOBoro COCTaBa npeJl:CTaBJIeHbI, B

OCHOBHOM, He60JIhIIIHMH no pa3MepaM nJIYTOHaMH. II03Jl:HeOpOreHHhIe HHTpY3HH KaJIHeBhIX

rpaHHTOB, 06Pa3YIOInHX KpynHhIe l1JI)'TOHbI H B 3HaQHTeJIhHOH CTeneHH 060rameHHhIe

ypaHOM H TopHeM, HarrpOTHB, HrpalOT 3Ha~TeJIhHYIO pOJIh B reOJIOrHQeCKOM CTpoeHHH

paHOHa. IIocToporeHHhIe HHTpY3HH nOBhImeHHoH meJIOQHOCTH xapaKTepH3YIOTC5I BeChMa

neCTphIM COCTaBOM H HepeMO 060rameHhI TaK)l(e ypaHoM, TopHeM H peM03eMeJIhHbIMH

3JIeMeHTaMH.
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PacrrrnpeHHoe pe3JOMe

B Me30npOTep030e (paHHeM pH<pee) Cpa3Y nOCJIe OKOHqamUl npO:u;eCCOB OpOreHe3a B

YCJIOBlliIX aHOMa.JThHO MOI:QHOR KOHTHHeHTa.JThHOR KOpbI B JOrO-BOCTO~OR qaCTH

barrTHH:CKOrO I:QHTa npOHCXO)UlT CTaHOBJIeHHe rpOMa)UlbIX no MaCIIITa6aM np05IBJIemur

aHopT03HT - panaKHBH rpaHHTHbIX KOMIIJIeKCOB. B ceBepo-BOCTorrnOR qaCTH JIa,l(O)KCKOrO

03epa B 3TO BpeWI <pOpMlipOBaJIHCb rpaHHTbI panaKliBH CarrMHHCKoro 6aTOJIliTa, nepBHqHO

060raI:QeHHble ypaHoM H pe,l(KliMli 3JIeMeHTaMH.

B OTJIRqHe OT apxeRCKo-narreonpOTep030RCKliX nopo,l( <PYH,l(aMeHTa

Me30npOTep030RCKlie (pH<peRCKlie) KOMIIJIeKCbI rpaHliTOB panaKHBH He MeTaMop<pH30BaHbI.

BMeCTe C TeM, B HHX ,l(OBOJIbHO HHTeHCHBHO np05IBHJIliCb npo:u;eCCbI nOCTMarMaTHqeCKOrO

rH.npOTepMarrbHoro rrpeo6pa30BaHlUl.

Cpa3Y nOCJIe CTaHOBJIeHlUl rpaHHTOB panaKHBH H KpaTKOBpeMeHHoro nepHO,l(a

,l(eHY,l(a:QRH <PYH,l(aMeHTa rrpOHCXO)UlT peaKTHBa:U;HH narreorrpOTep030RCKliX

pH<pTOo6pa3YJOI:QliX pa3JIOMOB. Ha MeCTe ,l(peBHero JIa,l(O)KCKOrO pli<pTa HaqHHaeTCX npo:u;ecc

3arrO)KeHHH IIaIIIcKo-JIa,l(O)KCKOrO rrpom6a, cOnpOBO)K,l(aJOI:QHRCX liHTeHCHBHbIM

OTJIO)KeHHeM KpacHO:QBeTHbIX 06JIOMOrrnbIX nopo,l( H 6JIli3 O,l(HOBpeMeHHbIMli Haqarry

Ce,l(liMeHTa:QRH H3JIliXmUIMli KOHTHHeHTa.JThHbIX 6a3a.JThTOB, TOr,l(a )Ke rrpOHCXO,l(liT BHe.npeHHe

MOI:QHOR Me)KIJJIaCTOBOR HHTPY3HH ra66po-cHeHliToBoro COCTaBa - BarraaMcKoro CHJIJIa. B

pe3YJIbTaTe HHTeHCHBHoro HaKOnJIeHliX OCa,l(KOB 6bIJI C<pOpMHpoBaH rrporH6 C

opHeHTHpoBorrnoR MOI:QHOCTbJO B 3- 4 KliJIOMeTPa, MOI:QHOCTb coxpallllBIIIHXcx OCa,l(KOB B

aKBaTopHli JIa,l(O)KCKOrO 03epa B HaCToxru:ee BpeWI npeBbIIIIaeT 2 KM.

bOJIbIIIaX qaCTb KpacHo:U;BeTHbIX OCa,l(KOB B 3HaqliTeJIbHOR CTeneHli o60raI:QeHa

nOJIeBbIMli IIIIlaTaMH, nJIarHOKJIa30M, CJIJO,l(aMli, ameccopHbIMH MHHeparraMH H MO)KeT 6bITb

oxapaKTepH30BaHa KaK He3peJIax. Ce,l(liMeHTa:U;HH rrpOHCXO)UlT B YCJIOBlliIX qpe3BblqaRHOR

TeKTOHHqeCKOR aKTliBHOCTH, He3peJIOCTb OCa,l(KOB, a TaK)Ke yrJIOBaTbIR pa3Mep 06JIOMKOB

KBap:u;a CBH,l(eTeJIbCTBYJOT 0 He,l(OCTaTOqHO HHTeHCHBHOM npo:u;ecce HX nepeOTJIO)KeHHH, a

TaK)Ke 0 nepeHoce Ha OqeHb He60JIbnrne paCCTOXHliX B rrpe,l(eJIax 6acceRHa. Bce 3TH <paKTOpbI

H 06YCJIOBHJIli 3HaqlfTeJIbHbIe OTJIliqHH Me)K,l(y necqamn<:aMli IIaIIIcKo-JIa,l(O)KCKOrO rrporH6a

C neCqaHHKaMli H3 aHarrOrlfqHbIX Me30npOTep030RCKliX 6acceRHOB ATa6aCKli (KaHa,l(a) H

KOM60JI,l()KJi (ABCTPaJIliX), KOTOpbIe xapaKTepH3YJOTCX CBoeR HCKJIJOqHTeJIbHOR 3peJIOCTbJO

(rrpeHM)'III:eCTBeHHO KBap:u;eBbIe apeHliTbI, CO,l(ep)KaI:QHe JIliIIIb He3HaqlfTeJIbHbIe KOJIliqeCTBa

HJIJIliTa H KaOJIliHHTa)

Ha TeppHTopHH CaJIMliHCKOR nJIOI:Qa)UI IIaIIIcKo - JIa,l(O)KCKOrO rrpom6a KaK B

nopo,l(ax <PYH,l(aMeHTa, TaK H B neCqaHHKaX Ha6JIJO,l(aeTCX npo:u;ecc HHTeHCHBHoro H3MeHeHliX

,l(eTPHToBbIX 3epeH :QRpKoHa. IIo aHarrorHli C paROHaMli KpynHeHnrnX ypaHoBbIX
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PacrrrnpeHHoe pe3lOMe

MeCTOpmK,Zl,eIDrH «uma HeCOrrraCIDI» 6aCCeHHOB ATa6acKa H KOM60Jl)J.:>KH, 3TO

CBH,Zl,eTerrDCTByeT 06 aKTHBHOH ~HPKYrrH~HH ,Zl,HareHeTHqeCKHX paCTBopOB, HC~qHTerrhHO

arpeCCHBHhIX no OTHOmeHHIO K 06hPIHO qpe3BhIqaHRO YCTOiftnmOMY ~pKOHY. HanpoTHB,

a~eccopHhIHMOHa~HT H3MeHeH B 3HaqHTerrDHO MeHhmeH CTeneHH, qeM B BhIIIIeYKa3aHHhIX

6acceHHax. Ilpo~ecc H3MeHeHIDI ~HPKOHOB Ha6ITlO,Zl,aeTcj{ KaK B 06pa3~ax KepHa CKBa:>KHH y

nOBepXHOCTH pHq,eHcKoro HecorrraCIDI, TaK H Ha 3HaQHTerrhHOM paCCTOj{HHH OT HecorrraCHj{,

B 06Ha)l(effHjJX, HaXO,LVII.lU{XCj{ Ha 3HaqHTerrDHOM Y,Zl,arreHHH OT CaJIMl1.HCKOrO nporH6a.

CoxpaHHBrrrneCj{ ~pKOHhI 06HapY)l(HBa1OT ,Zl,OBOrrDHO crro)l(Hj'IO CTPYKTYPY, KOTopaj{, no­

BH,Zl,HMOMY, jJBrrHeTCj{ crre)J.cTBHeM HeO,Zl,HOKpaTHOH MarMaTHQeCKOH KpHCTarrrrH3a~HHH/HITH,

TaK)l(e HeO,Zl,HOKpaTHoro rH,Zl,pOTepMarrhHoro B03,Zl,eHCTBIDI, QTO oc06eHHO CHrrDHO npOjJBrreHO

B ~HPKOHax rpaHHTOB panaKHBH. Ilpo~ecc H3MeHeHIDI ~pKOHa xapaKTepH3yeTCj{

3aMemeHHeM 3rreMeHToB, nepBOHaQarrDHO q,0PMHpyIOmHX CTPYKTYPY MHHeparra (Zr, Si, Hf),

,Zl,pyrHMH 3rreMeHTaMH (Al, P, Ca, Fe, Y, Th, U), cO)J.ep)l(aHHe KOTOphIX MO)l(eT cymecTBeHHo

MeHjJThCj{ B Pa3ITHqffhIX 3epHax. HaHMeHee H3MeHeHHhIe ~HPKOHhIYCTaHOBrreHhI B apxeHcKHX

rpaHHTo-rHeHcax, r,Zl,e OTHomeHHe 3aMemaeMhIX 3rreMeHTOB K 3aMemeHHhIM COCTaBrrHeT

32,5/0.5 (H3 paCQeTa aTOMHOrO KOITHQeCTBa) HITH OKorro 1,5 %. B H3MeHeHHhIX ~pKoHax H3

npoTep03oHcKHX rpaHHTO-rHeHcoB H crraH~eB 3TO ,Zl,OrrH 3aMemalOmHX 3rreMeHTOB MO)l(eT

,Zl,OCTHraTh 12 %. ll,HpKOHhI H3 rpaHHTOB panaKHBH 06hIQHO 06HapY)l(HBa1OT 60rree

cymecTBeHHhIe H3MeHeHIDI: )J.OrrH aTOMOB Th, Al, Ca, Fe, Y H U B HeKOTophIX KpHcTarrrrax

B03paCTaeT ,Zl,0 25 %. BMeCTe C TeM, ~HPKOHhI H3 rpaHHTOB panaKHBH npe)J.CTaBrreHhI

H,Zl,HOMOpq,HhIMH 3epHaMH C xopomo coxpaHHBmeHcj{ KpHCTarrITH3a~OHHOH30HarrhHOCThIO,

B npOTHBOnOrrO)l(HOCTh ~HpKOHaM H3 crra~eB, nepBHqffaj{ KpHcTarrITH3a~HoHHaj{

30HarrDHOCTh KOTOphIX COXpaHjJeTCj{ Qpe3BhIQaHRO pe,Zl,Ko. 113MeHeHHhle YQaCTKH B ~HPKOHax

(60rree TeMHhle B 0TPa)l(eHHhIX 3rreKTPOHax), MHorOqHCrreHHhIe MHKponpO:>KHJIKll 3aMeTHO

060rameHhI Th HU. C yMeHhmeHHeM CYMMapHoro CO,Zl,ep)l(aHIDI nepBOHaQarrDHO

q,0PMHPYlOmHX CTPYKTYPY MHHeparra 3rreMeHTOB (Zr, Si H Hf) H, COOTBeTCTBeHHO,

YBeITHQeHHeM ,Zl,OJIH ,Zl,pyrHX 3rreMeHTOB Ha YQaCTKaX H3MeHeHIDI 3epeH, YMeHhmaeTCj{ H

06mM cYMMa. 3TO, cKopee Bcero, CBj{3aHO C MeTaMHKTH3a~HeH H rH)J.paTa~eH ~pKOHOB B

CBj{3H C BhICOKHM cO)J.ep)l(aHHeM B HHX Th HU, a TaK)l(e npHCYTCTBHeM B HHX

MHKpOB~QeHHHAI-q,ocq,aTa. CYMMapHaj{ ,Zl,OrrH 3aMemalOmHX 3rreMeHTOB B ,Zl,eTPHToBhIX

3epHax ~HPKoHa H3 neCQaHHKOB IlamcKo-JIa,Zl,o)l(cKoro nporH6a 06hPIHO BaphHpYeT OT 2 )J.O

12 %, T. e. B TOM ,Zl,Hana30He H3MeHeHHH, OTMeQaeMhIM B nopO,Zl,ax q,YH,Zl,aMeHTa H rpaHHTax

panaKHBH.
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PaCI.IIHpeHHOe pe310Me

B nopo)J,ax <PYH)J,aMeHTa 6aCCellHa ATa6acKa (KaHa)J,a) CTeneHb H3MeHeHJUI MOHa:U;HTa

BapbHpyeT B müpOKOM )J,Hana30He. ,ZJ;a)l(e B OTHOCHTeJIbHO CBe)l(HX nopo)J,ax OH

06HapY:>KHBaeT HeKOTophIe npH3HaKH H3MeHeHIDl. HanpOTHB, MOHa:QHTbI, 06HapY)l(eHHhIe B

)J,OCTaTO'IHOM KO.JIH<IeCTBe B rpa<pHT-6HOTHTOBbIX rHellcax H CJIaH:u;ax CaJIMmICKOll nJIOma)J,H,

He HeCYT B ce6e npaKTWIeCKH HHIŒIŒX CJIe)J,OB H3MeHeIIHii. B rpaHHTax panaKHBH MOHa:U;HT

BCTpeqaeTCjJ KpaiiHe pe)J,KO, O)J,HaKO U, Th, Zr H REE cO)J,ep)l(aTcjJ B ypaHoTopHTe, aJIJIaHHTe

H pe)J,Ko3eMeJIhHbIX Kap6oHaTax.

B IlamcKo - JIa)J,O)l(CKHX neCqaHHKaX, B OTJIHqHe OT neCqaHHKOB ATa6acKH, MOHa:U;HT

COXpaHHJICjJ He TOJIhKO B BH)J,e BKJIJOqeHHH: KpHCTaJIJIOB B )J,eTpHTOBOM KBap:u;e, HO H B

rJlllHHCTOH MaTpH:u;e B aCCO:QHa:QHH C OKCH)J,aMH THTaHa, r)J,e ero peJlllKTbI HeCYT OTqeTJllIBhIe

CJIe)J,hI H3MeHeHHH:. 3TO 03HaqaeT, qTO MOHa:QHT H3 IlamcKo - JIa)J,O)l(CKlIX neCqaHHKOB

nO)J,BepraJIcjJ B03)J,eHCTBHIO arpeCCHBHbIX paCTBopOB B npo:u;ecce )J,HareHe3a. 3TOT npo:u;ecc

IilllpOKO pa3BHT B neCqaHHKaX 6acceHHa ATa6aCKa, Kor)J,a B npo:u;ecce nepeOTJIO)l(eHlfjJ

<poc<popa H pe)J,KHX 3eMeJIh BMeCTe C aJIlOMHHHeM H Pa3Jll1qHbIMH KOJlllqeCTBaMH KaJIh:U;lfjJ H

CTpOH:Q}[jJ npOHCXO)J,HT 06pa30BaHHe MHHepaJIOB rpYIIIThI <pJIOpeHCHTa - rO~3HTa H

KpaH)J,aJIJllITa (aJIIOMo<poc<paTbI - CYJIh<paTbI). B IlamcKo - JIa)J,O)l(CKlIX neCqaHHKaX CTeneHb

H3MeHeHIDI MOHa:U;HTa 3HaqHTeJIhHO MeHbme, He CTOJIh I.IIHpOKO pa3BHTbI aJIIOMo<poc<paTbI.

TopHH, KOTopbrn jJBlliIeTCjJ cJIa60 nO)J,B}[)l(HhIM 3JIeMeHTOM, KpHCTaJIJllI3yeTCjJ B BH)J,e pe)J,KHX

KpHCTaJIJIOB TopHTa WHJm BMeCTe C HeKOTopbIM KOJlllqeCTBOM ypaHa H pe)J,KHX 3eMeJIh B

MHKpOKpHCTaJIJIaX OKCH)J,OB - CHJllIKaTOB THTaHa. AHaJIOrlflIHbIll npo:u;ecc )J,OCTaTOqHO

xopomo npOjJBJIeH B npOTep030HCKlIX neCqaHHKaX 6acceiiHa <I>paHCeBHJIh (ra60H) Ha

MeCTOpO)l()J,eHHH OKJIO.

,ZJ;eTaJIhHOe H3yqeHHe xapaKTepa H3MeHeHHH: ameccopHbIX MHHepaJIOB B

KpHCTaJIJIHqeCKOM <PYH)J,aMeHTe Me30npOTep030llCKoro IlamcKo-JIa)J,o)l(cKoro nporH6a

n03BOJlllJIO YCTaHOBHTb, qTO Bce JllITOJIOrWIeCKHe pa3HOBH)J,HOCTH <PYH)J,aMeHTa, BKJIlOqajJ

pH<pellcKHe rpaHHThI panaKHBH, 6bIJllI nO)J,Bep)l(eHbI H3MeHeH}[jJMlf, aHaJIOrlflIHbIMH TeM,

KOTopble YCTaHOBJIeHbI B <PYH)J,aMeHTe H neCqaHHKaX 6acceiiHoB ATa6acKa, KOM6oJI)J,)l(}[ H

neCqaHHKaX 6accellHa <I>paHCeBHJIh. 3TH H3MeHeHIDI CBjJ3aHbI C <pHJIhTpa:QHeH HaCbI.IIJ;eHHbIX

KaJIh:QHeM )J,HareHeTHqeCKlIX pacTBopoB, BbI3bIBalO~ BbI.IIJ;eJIarnmaHHe ypaHa H3 nopo)J,

<pYH)J,aMeHTa H <pOpMHpOBaHHe ypaHoBbIX MeCTOpO)l()J,eHHH. CJIe)J,OBaTeJIbHO, H3MeHeHlfjJ,

Ha6JIIO)J,aeMbIe B pallOHe Ilama-JIa)J,ora MorYT 6hITh BhI3BaHbI C06bITlfjJMH aHaJIOrHqHOrO

xapaKTepa.

TaKHM 06pa30M, eCJllI )J,HareHeTHqeCKHe pacTBopbI, CXO)J,Hble no CBoeMY cocTaBY H

TeMlleparype C 6acceiiHaMH ATa6acKa H KOM6oJI)J,)l(}[, :QHPKYJllIpOBaJIH B IlamcKo -
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PaCIIDIpeHHoe pe3lOMe

JIaJJ:mKCKOM rrponl6e, TO B JJ:aHHOM c.rryqae OHH XapaKTepH3YlOTCSI 60nee IIJ;enOqm,IM

COCTaBOM paCTBOpa H3-3a 06HnlfjJ nOneBOrO rnnaTa B COCTaBe neCqaHHKOB. 3HaqlfTeJThHOe

KOnlfqeCTBO BYnKaHlfqeCKlIX nopoJJ: y OCHOBaHlfjJ nporH6a o6ycnaBnHBaeT o6HnHe

Kap60HaTa npHYpOqeHHOrO K ypaHOBOpYJJ:HOH CTaJJ:HH. Eonee HH3Kl1e 3HaqeHM

<pyrHTHBHoCTH KlIcnopoJJ:a o6ycnaBnHBalOT nOSlBneHHe )l(ene3HCTOrO xnopHTa H nHppOTlIHa B

30HaX MlIHepanH3al(Hlf, B OTnHqlfe OT MarHHeBbIX xnopHTa H rypMa.mrna B 6aCCeHHaX

ATa6acKa H KOM6onJJ:)l(lf. 3HaqlfTeJThHO Mem,me, qeM B ynOMSIHYTbIX 6acceiiHax, npOSIBneHbI

npOl(eCCbI OKBapl(eBaHM, a TaK)l(e nocneJJ:YlOIIJ;erO paCTBOpeHlfjJ KBapl(a B necqaHllKax. Bce

3TH <paKTOpbI, a TaK)l(e cna60e H3MeHeHHe JJ:erpHTOBoro MOHal(HTa B nopoJJ:ax <pYHJJ:aMeHTa H

neCqaHllKOB H o6ycnaBnHBalOT, K CO)l(aneHHIO, 3HaqHTeJThHO MeHee 6naronpMTHble ycnoBM

JJ:nSI <pOpMHpOBaHM KpYTIHbIX MeCTOpO)l(JJ:eHHH ypaHa, aHanOrHqHbIX MeCTOp0)l(JJ:eHMM

6acceHHOB ATa6acKlI H KOM60M)l(lf. TeM He MeHee, HanHqlfe IIDIpOKO npOSIBneHHoro

npOl(eCca H3MeHeHM l(HpKOHOB n03BOnSIeT npeJJ:nonaraTb 06HapY)l(eHHe 60nee

3HaqHTeJThHbIX KOHl(eHrpal(lIH ypaHa B nopoJJ:ax <pYHJJ:aMeHTa, aHanOrHqHO ypaHOBopYJJ:HOMY

paHOHy AnnHreHTop PHBep3 B ABcrpanHH.
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Résumé - Abstract

Résumé

Une étude minéralogique et géochimique du bassin volcano-sédimentaire clastique

intracontinental mésoprotérozoique (Ripheen) de Pasha - Ladoga (Carélie, Russie) ainsi que

des minéralisations uranifères 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 l'Athabasca (Canada) et de

Kombolgie (Australie). Toutefois, de circulations importantes de fluides ont été mises en

evidence dans les roches métamorphiques de l'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 Karkn ont été découverts. Ces

circulations de fluides ont conduit a une alteration a l'échelle régional de zircon et, dans une

moins de mesure, de monazite, ainsi qu'a la formation de chlorites ferrifères et de carbonates

dans les zones minéralisées.

Mots clés : Uranium, Discordance, Grès, 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 Karkn 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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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 sorne 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 Briefmg 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 eastem 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 eastem Athabasca

basin (Jefferson et al., 2005).

On the last 10 - 15 years data have changed for sorne well-known deposits and sorne

new deposits and perspective areas have come to light.

The area of the Mesoproterozoic Pasha - Ladoga vo1canic-sedimentary basin (Baltic

shield, Russia) is more than 70,000 square kilometers. But this area almost completely covers

by Ladoga Lake. The basin present oruy three extensions beyond the Ladoga Lake shore,

which are completely covered by Quatemary (the first one) or Vendian - Paleozoic sediments

(Kushnerenko & Pichugin, 2000; Novikov et al., 2001). There are also sorne similar

Mesoproterozoic sedimentary basins in the Baltic shield in Finland, Sweden and Russia.

The Karku uranium deposit (North-eastem 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) confmned the first assumption about similarities with unconformity-related deposit

characteristics of the Karku deposit, but also revealed sorne 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 Northem 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 minera/ogy of the Archean - Pa/eoproterozoic basement

formations: 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).

2. 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.

3. 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 mineraIs, provenance history of the basin.

4. 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.

5. 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 mineraIs.

Methodology

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

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 Outcrops 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 distnct
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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, Switzer1and, 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 ref1ected light).

Mineralogical and petrographical characteristics of accessory mineraIs (zircon, monazite), ore

mineralization and associated alteration phases (chlorite, carbonate, clays) were observed in

40 polished thin sections through optical observation (transmitted and ref1ected light) and

using Scanning Electron Microscopy (SEM) in Back-Scattered Electron Mode (BSEM).

BSEM images and semi-quantitative mineraI 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 ref1ect 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 mam accessory mineraIs, uramum

mineralization and alteration mineraIs from the Pasha - Ladoga sandstones, basalts and the

surrounding basement rocks has been determined with a CAMECA SX-I00 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 Ilm2 was used.

Analytical conditions for accessory mineraIs analysis were 20 nA, 20 kV for major elements

and 100 nA, 30 kV for trace elements.

Nature of the clay mineraIs 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 mineraIs 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 ofhis 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 8 (between 35A and 3A) and those of the powders

which have been brought down since a way between 5 and 65 °2 8 (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 NüRDSIM ion microprobe in Stockholm for inheritance patterns.

Thesis structure

In Chapter L 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 mam 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

uramum 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 uralllum

resources due to their exceptionally high grade and large tonnage. At least 17 unconforrnity­

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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~
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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; PIE = 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 unconforrnable 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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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.

Ramaekers (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 ln 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).

ln the unconformity-type uranIUm deposits, the uramum 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 mecbanisms leading to formation of such high-grade uranium

ore at that time represents a major scientific problem. Numerous studies have been perfornled

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 sligbtly acidic (ca. 4.5 at

200 OC), 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 NaCI-rich and after interaction with the basemellt 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 minerai alteration and for uranium mobilization as shown by:

(i) incongruent dissolution of monazite with V-P-LREE leaching and new formation of a Th­

V silicate with lower Th/V ratio; (ii) new formation of V-poor Ca-Se-REE hydrated AI­

phosphates; (iii) Ca, REE, V, Al, P enrichment of zircon altered zones (Hecht & Cuney, 2000;

Cuney et al., 2000). Favorable mixing occurs at temperatures of approximately 200 oC 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, local1y, 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 fol1owed 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 eastem part of the Paleoproterozoic Athabasca Basin.

Silicified

\

Simple -Iower total REE
- HREEIlREE >1

Type: _basement hosted
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__ Complex -high total REE
~ - HREElLREE -1

Type: _U, Ni, Co, Cu, As
- sandstone hosted

Drumlins & drift

Paleoproterozoic «1750 Ma)
Athabasca Group:
quartzarenite, mudstone
and conglomerate
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Paleo-weathering
&Jor alteration

Archean to
Paleoproterozoic (>1750 ma)
metasedimentary, meta·
volcanic and rneta-granitic
gneisses and schists

-100m 1

After Thomas et al., McGiII et al., Tourigny et al., and Ruzicka

Fig 1.2. Generalized elements of unconformity-associated uranium deposits in the Paleoproterozoic Athabasca
Basin. Af'ter 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. ln 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 ofthe Ladoga Lake area

100 km

East-European
Platform

Fig. 1.3. Sketch geologieal map of the south-eastern part of the
Baltic shield (from the Geological map of uranium
minera1ization of the Baltie shield (after aumov et al, 2001)

The Ladoga Lake area is

located in the south-eastern part of

the Baltic shield ID the north­

western margm 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 forrned during the

Svecofennian orogeny. The Raakhe­

Ladoga mobile zone (Ladoga

mobile zone - its south-eastern part)

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

megablock (Fig. 1.3).
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Fig. lA. Geological time seale with the igneous aetivity 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 (FetIDoscandian)

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 eoproterozoic

(1000 - 540 Ma) (Fig. 1.4).
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1 1 2

- 3
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1 6
Ladoga

1 1 7
Lake

0 8

1 1
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1 1 10
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25 0 50 100 km 0 13

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 Saltic shield, after
Naumov, Terentyev, Kharlamov, Carisey, 2001)
1 - Mesoproterozoic (Riphean) intTusive basic complexes (Valaamo sill); 2 - Mesoproterozoic (Riphean)
volcanic - sedimentary rocks (Pasha - Ladoga basin); 3 - Early Proterozoic leucogranite complexes
(Kuznechen ky, 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 KÜelya series (8), 9 - 10 - Paleoproterozoic (Jatulian)
metavolcanics and metasediments; II - 12 - Archean (Lopian) metavolcanics and metasediments (greenstone
belts); 13 - Archean TTG complexes of the Karelian block.
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1.2. Geological features of the Riphean Pasha - Ladoga basin area

Archean Karefian Craton

The Karelian Craton is located to the north-east from the Ladoga Lake district. It is

composed of Middle Archean biotite, gamet-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 of3.17 - 3.14 Ga (Lobach-Zhuchenko et al, 1993). Late

Archean (Lopian) volcanogenic and sedimentary-volcanogenic fOffilations (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

Lower

Upper

ARCHEAN BASEMENT

:MESOPROTEROZOIC(Riphean coyer)

KALEVIAN and SVECOFENNIAN

- _••• _•• _.- 2400 Ma - _. unconformity

- •••••• - •• - 2080 Ma • - - unconformity

SARIOLIAN

SUMIAN

• •• - ••• - - • - 2300 Ma - - • unconformity

LUDICOVIAN

- - - - - - - •• - - 2500 Ma ••• nonconformity

JATULIAN _•• - - 2150 Ma • _. unconformity

• •• - - - - - •• - 1600 Ma - •• unconformity

• •• - - - - - • - - 1950 Ma - • - unconformity

Fig. 1.6. SimpLified time scale of the Paleoproterozoic
sllpracrllstal fonnations of the Baltic Shield (after
Ojakangas et al (2001), ages are given after Heiskanen
(1991,1992), Karhll (1993) and Melezhik et al (1997).

degree of

whole Karelian

with insignificant

metamorphism. The

considered here because they are not

widespread III the Paleoproterozoic

sequence of this area.

The Tulomozero superimposed

structure is composed of volcanogenic­

carbonate shale and black shale sequences

of Early Proterozoic Jatuhan and

Ludicovian ages (Fig. 1.5), which occurs

to the south-western margin of the

Karelian Craton.

Eastward, the major Onega basin

(Fig. 1.5) covers the Archean basement. It

is characterized by a complete section of

Paleoproterozoic formations III the

southeast Baltic Shield and by large amounts of carbonaceous sequences, including

megablock is divided by faults of various

orders, which control the location of

greenstone belts, linear fault-block

systems, superimposed basins and

depressions (Tulomozero, Onega).

Sariolian and Sumian rocks are not
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1.2. Geological features of the Riphean Pasha - Ladoga basin area

schungites (Svetov et al, J990). 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 21 00-2000 Ma (Svetov et al, 1990).

The syncline-shaped Onega depression (Fig. 1.5) occurs to the south of the Onega

basin. lt 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

Finland

2;S 9 ?;5 !jO

Fig. 1.7. Tectonic sketch map of the Ladoga mobile
zone district (after llnpllblished Aphanasov, 1999)

theand

Paleoproterozoic Svecofennian

Craton

The Ladoga mobile zone

belongs to the 50 - 150 km wide

Raakhe-Ladoga zone 10cated

between the Archean Karelian

domains according to their

geological characteristics: the

Northern Ladoga Domain and

the Western (or Southern)

Ladoga domain (Shuldiner et

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

al., 1996).

Belt (Domain) (Fig. 1.5).

The Ladoga mobile zone

has been divided into two

The Northern Ladoga Domain represents a part of the Karel1an 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 Ofogeny 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 10cally - 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 Ba1tybaev 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 ofthe 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 inc1ude synorogenic

norite-enderbite series and tonalite-granodiorite intrusions with associated gabbroic rocks.

Conventional V-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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1.2. Geological features of the Riphean Pasha - Ladoga basin area

(Glebovitsky et al., 2001). These ages defme the metamorphic culmination in the Northem

domain and are in agreement with the ages of synorogenic tonalites and orthopyroxene­

bearing granitoids that postdate the regional deformation in the south-eastem and central

Finland (Huhma, 1986; Holtta, 1988; Ramo et al., 2001).

The transition to potassium-rich granites in the Northem 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 Northem 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 V-Pb zircon dating of the Tervus microcline granite yielded an age

of 1859±3 Ma (Glebovitsky et al., 2001).

However, sorne of the microcline granites in the Ladoga Lake area (Konopelko, 1997)

were formed in a time interval between 1815 and 1790 Ma (Kuznechensky, Borodinsky,

Lazumensky, 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-collisionai shoshonitic intrusions ca.

1800 Ma ago.

The mantle-derived post-collisionai 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, V. The source ofthis 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 207Pbp06Pb zircon ages obtained by the evaporation method

(Ivannikov, unpubl.; Konopelko, 1997) as weIl as conventional V - 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 V - Pb zircon method at 1800±6 Ma (Vaasjoki, 2001, personal

corn.). However, a different range of 207Pbp06Pb apatite ages for the Elisenvaara intrusions
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1.2. Geological features of the Riphean Pasha - Ladoga basin area

were given by Khazov et al (1993) at 1550 - 1430 Ma. This range of ages was also confirmed

by Aphanasov (personal corn.).

Lake
Ladoga

10 km

Vyborg
1646 - 1615 M.

i

Fig. 1.8. Schematic geological map of the W part of the Ladoga Lake region and sOllth-eastem part of Finland
from Koistinen & Saltykova (1999) and Konopeiko (1997), available U-Pb zircon ages of intrllsive rocks of the
region are from KonopeLko & Eklund (2003)
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1.2. Geological features of the Riphean Pasha - Ladoga basin area

Mesoproterozoic anorthosites - rapakivi granite complexes ofthe 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 eut the surrounding Svecofennian and Archean orogenie formations. Most of

these plutons show evidence of multiple intrusions, sorne of which have fornled 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 ofthe Pasha - Ladoga basin

Mesoproterozoic (Riphean or Jotnian) sedimentation

The term "Jotnian" was

Jotnian-type sediments, arkoses,

(Fig. 1.9).

and

which

shales

unmetamorphosed

and associated

Fennoscandia,

igneous rocks in the Precambrian

conglomerates occur 111 several

localities of the Baltic shield

siltstones,

for

corresponds to Mesoproterozoic

age in the lUGS time scale

(Riphean - in Russia). The

of

introduced by Sederholrn (1897)

sandstones
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Fig.1.9. Present-day Mesoproterozoic (Jotnian) sedimentary
basins and the rapaki i plutons on a simplified map of the Baltic
Shield highlighting the Mesoproterozoic to Phanerozoic rock
units (according to Koi linen et al., 2001 and Kohonen & Ramo,
2004)
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1.2. 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 (Fin/and)

The Satakunta sandstones coyer a northwest elongated, fault-bounded area covering

about 1500 km2 (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, Œivle valley and the Nordingra area in Sweden (Fig.

1.9). The real extent of the submarine sandstones has been interpreted from seisrnic profiles.

That interpretation has been confirmed by the presence of red arkosic sandstone in drillings

(Winterhalter, 1972).

Muhos graben (Fin/and)

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 70000 krn2
). 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).
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Fig.l.lO. Geological map of the Ladoga Lake area (Mikhailov et al, 2002).
1 - Mesoproterozoic sandstone , basalts in the 1 - ortb-eastern (SaLmi) area; Il - Western (including
Yablonevka) area; lll- 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; Il - Gabbro, gabbro­
norites; 12 - Late AJchean-Early Proterozoic gneiss granites; 13 - Late AJchean 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 Quatemary sediments:

(i) to the North-East of the lake, in the Sa/mi area,

(ii) to the West, including the Yab/onevka area, and

(iii) 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 witb sedimentary and volcanic rocks, which are

undeforrned 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) :
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Salmi area

R2ps - Pasha sandstones and siltstones
R2?jb - Yablonevka sandstones
R2prl - Pre-Ladoga siltstones and clays
R2sal - Salmi polymictic sandstones with intercalated basalts
R2pr - 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).
1 - Archean granite-gneisses; 2 - Paleoproterozoic schists and gneisses; 3 - Paleoproterozoic K granites; 4 ­
Early Mesoproterozoic rapakivi granites; 5 - Il - Mesoproterozoic sediments: 5 - Priozersk Suite (R2pr): coarse­
grained sandstones with gritstones and pebbled conglomerates; 6 - 7 - Pre-Ladoga Suite (R2prl): 6 - fine­
grained sandstones, siltstones and c1ays; 7 - lenses and interlayers of dolomites; 8 - Yablonevka Suite (R1.Ïb?):
inequigranular sandstones with gravels and pebbles, tillite-Iike conglomerates; 9 - 10 - Salmj Suite (R2sal): 9 ­
lavas of basalts, their lava breccias, mandelsteins; 10 - medium- fine-grained sandstones; II - Pasha Suite
(R2ps): sandstones, siltstones, tuff siltstones, carbonaceous c1ays; 12 - Late Mesoproterozoic (Vendian) (V)
c1ays, sandstones
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1.2. Geological features of the Riphean Pasha - Ladoga basin area

- 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 stratigraphie

and structural unconformity on the rocks of the Priozersk suite; clasts of the Priozersk suite

sandstones are observed in the basallayers of the Salminskaya suite;

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

and Pasha areas.

ln the Yablonevka area (Western Ladoga), the stratigraphie 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 stratigraphie equivalent of the Salmi

Suite of the orth-Eastem 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

(Ku hnerenko & Pichugin, 2001).

1.2.3. Geological setting ofthe Karkll deposit as example ofan 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. lt 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).

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

lt 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 forrns a flat monocline dipping here to the southwest.

Gentle folding and later tectonic dislocations complicate the monocline. Within the Iimits 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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1.2. Geological features of the Riphean Pasha - Ladoga basin area

lowerrnost Priozer k Suite (up to 40 111 thick) and the lower volcanic Salmi Subsuite (up to 90

m thick). The total Mesoproterozoic thickness varies from 110 m to complete disappearance

above sorne of the basement roof uplift.

1 km

fig. \.13. Map of the basement rocks of the Karku deposit area with schematic geological section (compi\ed by
Petrov, 2004)

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

(and more) meters.

Structure ofthe Karku unconformity-type deposit

There are three mam uranIUm ore bodies in the area (Fig. 1.13). Ali ural1lum ore

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

Suite. Besides sorne ore sections have been discovered within the weathering crust of the
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1.2. Geological features of the Riphean Pasha - Ladoga basin area

basement, close to the unconformity. Sorne rare anomalie 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.

R2pr
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!
50

PR1im
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100 0 <;:, 0 Q
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v v v v v v v v
v v v V v V v V

V V V V V V V V V

V V V V V V V V
50 V V VV V V V V

V V V V V V V V ~sall

Fig. 1.14. Simplified geological section through the Karku depo it uranium ore body (compiled by Shurilov,
2003)
Legend: Q - Quatemary glacial deposits; R2sa11 - basalts of the lower volcanic subsuite of the Salmi suite; R2pr
- sandstones of the Priozersk suite; PR1irn - Paleoproterozoic biotite - graphite gneisses and schists of the
lmpilakhti suite; Prlpt - Paleoproterozoic amphibole - biotite - graphite gneisses and schists of the Pitkyaranta
suite; AR - PR 1 - undivided Archean - Paleoproterozoic rocks; in grey tones - different zones of alteration; in
red - high-grade uranium ores.

The third ore body contains more than 1 wL % uranium and attain meter thickness.

The highest uranium content is over 19 wt%. The estimated total resources of al! ore bodies is
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1.2. Geological features of the Riphean Pasha - Ladoga basin area

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 sorne others elements are

associated with the uranium ores (Kushnerenko et al., 2004).

The main characteristics of the Karku deposit are the foUowing: 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. 1t 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. 1t 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 reVleW 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)

16

Rhyolite
(gram!.')

nr

Trachyte

('iyenik)

Ph(lllO,ite

nK'lilitite

]\;ephdini~

Basalr Ba;,altic DacIe
(gabbro) anJcsite

Ande.ile
tgranodioritel2

'i.::robasal

0

37 42 47 52 57 62 67 72 77

Si02

4

6

14

10

12

Fig. 1.15. Si02 vs. K20 + Na20 (TAS) diagram with the fields of different magmatic rocks (Le Bas et al, 1986)

This diagram representing the content of Si02 as a function of the sum of alkalies

(Na20+K20) 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 Si02

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 K20/Si02diagram

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.

Q-P diagram (Fig. 1.16)
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Fig. 1.16. QP minera10gica1-chemica1 djagram ofDebon & 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; rnzgo - monzogabbro;
rnzq - quartz monzonite; s - syenite; sq - quartz syenite; to - tona1ite, trondhjemite. Typica1 trends of the
different magmatic associations types are shown: th01eitic, calcalkaline, high K alkaline

Q-P diagram is a binary diagram, with Q = Sil3 - (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 weIl as the principal magmatic trends: tholeitic, calc-alkaline, high K

alkaline and alkaline are represented. The effects of hydrothermal alterations (to clay

mineraIs, 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 simi1ar to normative corundum or

A/CNK) and the abscissa B = (Fe+Mg +Ti) represents the amount of mafic mineraIs 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
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Fig. 1.17. AB mineralogical-chemical diagram (Debon and Le Fort, 1988)
Sectors, numbered from 1 to V, correspond to a specifie mineralogical composition. 1 - III - sectors of
peraluminous rocks with, respectively: 1- muscovite> biotite (by volume); ll- biotite> muscovite; lll- biotite
(usually alone, at times with a few amphibole); IV - V (without VI here) - sectors ofmetaluminous rocks with,
respectively, IV - 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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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 minerais 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 mineraIs 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) aUow frrst 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 + Ti)/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 (aU parameters

calculated in miUications, 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 (HoIm, 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) norma1ized to chondrite
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lA. DDH and sampled outcrop positions on maps of the Northern Ladoga Lake area

o Germln Cor1x>r8Iion 199$01999

Fig. 1.22. Northern Ladoga district from the GPS map details of tbe Garmin Corporation. Scale 15 km.
Field trip - 2003: routes and points, rectangle show following routs in detail below.

Salmi area

• DDH sampling

o Outcrops sampling

Ladoga Lake

o 2.5 km
l:::I:::z:::J::

Fig. 1.23. Simplified map of the SaLmi area (Nortbern Ladoga district), scaLe 2.5 km.
Selected DDH and outcrops sampLes, wbich are described in tbe next chapters below
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Salmi rapaki . pluton

Routes N~ 1,9:
Contact between rapakivi

almi ba alts

+

CGarmln Corporatlon 1995-1999

+

Name
01-01

01-03

01-04

09-01

09-02 =1
09-03

09-04

09-05

09-06

Position

N61.38101 E31.88983

N61.41527 E31.85873

N61.40943 E31.8869~

N61.40757 E31.89110

N61.40257 E31.89347

N61.40030 E31.89067

N61.38585 E31.89912

N61.38147 E31.89095

N61.37936 E31.88387

+

Altitude

-5.402 m

-4.440 m

29.0 m

25.1 m

-2.758 m

1-20.302;
5.4lm

-4.681

26 m

+

1.5 km

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

Routes N~ 2, Il, 14:
Valaam sill

Position

N61.33414 E31.72551

N61.32928 E31.71677

N61.33973 E31.70957

N61.33885 E31.74030

N61.36308 E31.63435

N61.36124 E31.63576

~571O E31.63361

t- ~:.:4305 E31.64528
N61.33206 E31.71814

Altitude

j
2.05 m

3.01 m

10.9 m

-23.186 m

CGomWI~ 19115-1999

Fig. 1.25. Violet rectangle in the Fig. 1.22. Lunk1culunsaari and Mantsinsaari islands, scale I.S km
Selected GPS coordinates WGS-84 is listed in the table
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Archean

Fig. 1.26. Sketch map of the Karku deposit with the location of the DDH, selected for the present investigations.

POSltlon AltiTUde

5.89 m

0.847 m

13.8 m

18.6m

22.5 m
23.9 m

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 II 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; Kbazov, 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
(Ristiniemi cape). Archean granite-gneisses of the
Ristiniemi dome

Fig. 2.2. Ladoga Lake shore near Pitkyaranta town
(Ristiniemi cape). The migmatitic granite-gneisses are
characterized by their specifie 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 krn2 (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). Dornes contacts in the generally steep (60 - 90°),

sometirnes showing a reverse dip (80 - 85°), rarely flat.

During the field studies of 2003, sorne 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 mineraIs are muscovite, sericite, chlorite, epidote and carbonate. Accessory

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

10-01-01

Fig. 2.3. Archean oligoclase granite-gneiss with
pink microcLine. Sample 10-01-01 (2003). Uuksu
dome (Pitkyaranta area)

Fig. 2.5. Ampbibolite from a smalliense in the
Archean granite-gneisses. Sample 10-01-03
(2003). Uuksu dome (Pitkyaranta area)

Fig. 2.4. Lepidogranoblastic texture of tbe Arcbean granite­
gneisses in the Uuksu dome(sample 10-01-01, parallel
nicols, Pbotomicro ra b scale - 0.5 mm

Fig. 2.6. Nematogranoblastic texture oftbe Arcbean
amphibolites in the Uuksu dome (sample 10-01-03, parallel
nicols, Photomicrograpb 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 km2
.

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

46 %), partially replacing pseudomorphically pyroxene, and albitic plagioclase (25 - 50 %).

Alteration minerais are chlorite, epidote, biotite and carbonate which occur in a minor

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

4-02-01

Fig. 2.7. Archean granite-gneiss migmatized in a contact
with Paleoproterozoic schists. Sample 4-02-01 (2003).
Ristiniemi dome Pitkyaranta area)

2cm

Fig. 2.8. Leucocratic migmatized granite-gneiss
(sample 4-02-0 l, parallel nicols, photomicrograph
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 10-02-0 l, 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-Iike 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, gamet, 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 mineraI fraction of the these granites (Shurkin, 1958).
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Chapter U Ladoga Lake area basement formations

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 tbickness of the gneiss bands is up to 0.5 m and granite injections thickness

varies from sorne 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 sorne 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.

Table 2.1. DescnptIon, locatIOn, mmeralogIcal occurrences and whole-rock composItion of the Archean grarute­
gneisses of the Northern Ladoga area
Whole-rock trace elements composition for the sample 10-01-01 is not available

Sample Location Rock type Zircon Monazite Other Zr, Th, D, LREE,
number alteration alteration accessories ppm ppm ppm ppm

phases phases
10-0\- Surface Archean granite- zircon ? - - - - -

01 Pitkyaranta gneisses
..

Fig. 2.11. BSEM images of the zircons from the Archean granite-gneisses (sample 10-01-01, Uuksu dome,
Pitkyaranta area, photomicrograph sca1es: A-50 /lm; B - 30 /lm; C - 40 /lm

Idiomorphic 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 c1early visible. Sorne 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 III 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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Table 2.2. Major elements composition of the
Archean rocks in the orthern Ladoga area: 1 ­
sample 5-07-01 - amphibolite; 2 - amphibolite­
sample 5 from Shurkin (1958); 3 - samp1e 10-04-01
- granite-gneiss from the Uuksu dome (pitkyaranta
area); 4 - p1agioclase-microcline granite - sample
3732 from Khazov (1973)

Archean fonnations
1 2 3 4

Si02 49.65 56.45 65.31 74.52
Ah0 3 14.58 17.51 15.04 13.70
F~03 13.63 10.67 5.63 2.34
MnO 0.21 0.00 0.06 0.01
MgO 7.16 4.75 0.91 0.35
CaO 10.73 9.28 2.45 1.00
Na20 2.20 4.06 3.49 4.40
K20 0.49 1.27 3.02 4.00
Ti02 1.14 0.25 0.96 0.07
P20 S 0.08 0.00 0.42 0.02
PF 0.63 1.88 2.01 0.10

Total 100.50 106.12 99.30 100.51

2.1.4. Petrogeochemistry ofthe 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 Pitk:yaranta,

Irnpilakhti 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 Archeanformations (i.e. granite-gneisses

and amphibolites) ofthe 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

their migmatites, which form specific dome-like

structures in the Pitk:yaranta and Sortavala areas

(Northern Ladoga district), are generally

weakly peraluminous: from granodiorite (A =

30 for analysis 3) to granite (A = 6 for sample 4

in the Table 2.2) composition.

The Si02 content of the granite-gneisses

and migmatites is generally high, KINa ratios

widely vary with an average value of about 1.

In the Si02 versus Na
2
0 + ~O diagram (Fig.

2.12) most points plot into the granite field.

Plagiogranites and granodiorites are rare and

associated with feldspathic amphibolites. Sorne samples corresponding to orthoamphibolites

(Shurkin, 1958), plot into the fields ofpicrobasalt, basaIt (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 sorne of the Archean gneisses plot in the metaluminous field

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

1 • Archean granite-gneisses and amphibolites

2 • Archean granite-gneisses ( hurkin. 195 )
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Fig. 2.12. Early Archean rocks from the dome structures of the orthem Ladoga area in the Si02 vs. K20 + a20
classification diagram.
1 - 4: chemical analysis data of the Archean granÜe-gneisses and amphibolites after 1) present work, 2) Shurkin,
1958; 3) Eskola, 1951; 4) Khazov, 1973.
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Symbols of legend: 1 - 4 as in Fig. 2.12
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Sectors, numbered from 1 to V, correspond to a specific mineralogical composition. I-Ill- sectors of
peraluminous rocks with, respectively: 1- muscovite> biotite (by volume); ll- biotite> muscovite; Ill- biotite
(usually alone, at times witb a few amphibole); IV - V (without VI bere) - sectors of metaluminous rocks with,
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Legend for the samples as in Fig. 2.12. Composition fields of sediments (shale and greywackes) are also
represented witb the clay alteration vector.
Symbols 1 - 4 as in Fig. 2.12.

Trace elements geochemistry ofArchean 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

ail incompatible trace elements in comparison witb granite-gneiss samples from the Uuksu

dome and the Karku deposit (Central Horst). Th/U ratio is about 3.5. lts REE pattern is

weakly fractionated with a REE abundance of 20 to 30 times the chondrites, typical of a

former basaIt.

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 CeN/YbN= 16 and a small Eu

anomaly (EulEu* = 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).

10000

- DDH 615-109 - granite-gneiss Karku deposit area

- 10-04-01 - granite-gneiss Uuksu dome

- 05-07-0 1 - amphibolite Koirinoya dome
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Fig. 2.15. Chondrite-normalized trace elernent patterns of the Early Archean rocks from the dome structures of
the Pitkyaranta - Salmi - Karku deposit areas ( orthern Ladoga district) (spidergram type after HoLm (1979);
chondrite composition after E. Anders and N. Grevesse: http://earthref.org/GERM/reservoirs/Cl.htm)

- DDH 615-109 - granite-gneisses Karkll deposit area

- 10-04-01 - granite-gneisses UukSlI 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/Cl.htm)
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Ln 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 Northem Ladoga Domain

2.2.1. Geological setting

ln the Sortavala and Pitkyaranta (and Salmi) districts, the Paleoproterozoic gneisses and

schists mantle the Archean domes. ln the Northem 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 (skams), horizons of dolomitic rocks and schists. They are rich in

sulphides (mostly pyrite) and graphite.

Pith.yaranta 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 tumed into skams. The amphibolite rock

structure is characterized by a schistosity a Iineation and a rough c1eavage.

Fig. 2.17. Dolomite marble from the contact
with Ristiniemi granite-gneiss dome. Sample 4­
04-02 (2003). Pitkyaranta area

7-03-02

Fig. 2.18. U-rich marble from the uranium occurrence Marble
Mountain (Ruskeala area). Sample 7-03-02 (2003)
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Amphibole-biotite schists, amphibolites, quartzites and quartz-biotite schists belong to

lower part of the Pitkyaranta sequence occurring in immediate contact with Archean granite­

gnelsses.

Amphibole schists are fine-grained c1early schistose rocks, and consist of hornblende

(60 - 75 %), plagioclase (25 - 40 %), quartz (3 - 20 %), gamet 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,

kams (with amphibole, pyroxene, gamet) and limited layers of amphibolites and quartz­

biotite schists.

Two types of marbles are present: dolomite-bearing (mostly in the south-eastem part of

the orthem Ladoga area - Ristiniemi dome) (Fig. 2.17) and calcite-bearing (exclusively in

the western part of the Northem Ladoga area - Ruskeala and Marble Mountain occurrences)

(Fig. 2.18). Marble bed thickness varies from 1 to tens of meters. on-altered marbles consist

of 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 skams are divided into magnesian

(pre-ore and ore) and lime (hypomagnesian - post ore) types. Magnesian skams consist of

pyroxene (20 - 90 %), spinel (0 - 10 %), phlogopite (1 - 40 %), magnetite (0 - 80 %). Calcic

skams consist of gamet (0 - 90 %), vesuvianite (0 - 50 %), diopside - hedenbergite (0 - 80

%), magnetite (0- 80 %), associated with sphalerite, cassiterite, chalcopyrite, scheelite, pyrite

etc. Most of the minerai deposits of the Pitkyaranta ore district are related to skams 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 senes, the lmpilakhti suite, \s

widespread and occupies extensive areas in the Northem Ladoga Domain. lt is separated from

the lower one by interbedded layers of amphibole-biotite and biotite schists. ln the Kitelya

area the lmpilakhti rocks are essentially represented by coarse-flake biotitic schists with

interlayers of quartz-biotite, gamet-biotite, quartz-sillimanite and graphite schists. ln the
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Pitkyaranta area biotite-quartz and quartz-biotite schists sometimes with graphite are the most

cornrnon rocks. lnterlayers of muscovite and sillimanite schists, quartzites and boudins of

amphibole-biotite schists are also present. Ali these rocks are intensively migmatized

(Shurkin, 1958).

625 -140m

D. QlIartz-feldspar-biotite gneiss. DDH-389-194 m
(Karkll deposit area, ore zone 11)

A. Quartz-plagioclase-biotite schist with abundant
graphite. DDH-818-128 m
(Karku de osit area, ore zone III

C. Quartz-plagioclase-biotite schist with abundant
veins and impregnation of slilphides and graphite.
DDH-808-130 m (Karkll deposit area, ore zone lJI)
Fig. 2.19. Paleoproterozoic gneisses and schists of the Salmi and Karkll 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, gamet, magnetite,

titanite, zircon, apatite, tourmaline, monazite are often present (Fig. 2.19).

ln the vicinÜy of the pre-Riphean unconforrnity surface specifie pegmatoidal "augen"

gneisses are observed. They are generally altered in the regolith and composed of quartz,
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relict of biotite, rare feldspar and abundant chlorite and sorne interstratified minerais, which

have replaced biotite (Fig. 2.20).

Fig. 2.20. Specifie pegmatoidal "augen" gneiss in the vicinity of the pre-Riphean unconformity surface.
A: sample DDH-843 - 150 m (Karku deposit area, ore zone Il), Photomicrograph scales: B - 10001lm, C ­
200pm
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2.2.2. Accessory mineralogy ofthe Paleoproterozoic basement formations

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

Sample DDH Rock type Zircon Monazite Other Zr, Th, U, LREE,
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 m (pyrite)
843-150 DDH Regolithized zircon Th-monazite Ti oxides, 162 205 8 537

Karku 1 graphitic scbist (0::20 wt. % of sulpbides
Th)

..

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).

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 /lm, B - 50 /lm

Altered zircon domains occur everywhere and without weIl define selectivity (though

mainiy 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 ZrOz, 29.78 ± 3.28 wt. %

of SiOz and 1.42 ± 0.33 wt. % of HfDz (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. % zrOz, 18.03 wt. % SiOz, 0.82 wt. % ofHfDz. 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 Th02, 3.71 wt. % of Ab03, 2.36 wt. % of CaO, 1.99

wt' % OfY203, 1.18 wt. % OfU20 3 and 1.20 wt. % LREE (with HREE predominance).
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Fig. 2.22. Substitution of Zr + Hf + Si by Al + P + Ca + Fe + Y + U in zircons from the Paleoproterozoic schists
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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). Photornicrograph scales: A- 23. 1!-Lm, B - 30!-Lm, C -17.6!-Lm

quartz

li • • t $ • • 1Il Il: • ~

32( 11:: 2 2 (1 ~ \' -.: El (' • Ci • 45 fil rl

Fig. 2.25. Abundant monazite in the Paleoproterozoic graphite-sulphide-biotite gneisses (DDH-627-149, Karku
deposit area) BSEM image photornicrograph scales: A - 45 mm, B - 1.2 mm
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Fresh, non-altered grams have classical Ce-monazite composition, and in average

contain 32.24 ± 5.52 wt. % of P205, 26.72 ± 3.37 wt. % of Ce203, 12.03 ± 2.06 wt. % of

La203, 3.60 ± 1.21 wt. % of Th02 (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).

• Paleoprotero7Jlic grapbiric scMts· DDH·627·149

o Paleoprotero7Jlic grapbiric SCM!' 4·03·01

X RegoIihi2l:d grapbtic SCMts • DDH·843·150

12\08642

15
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35

• •
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u
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B
'"u:f 25
~
+
p...

20

Si + Ca + y + Th + U, atomic

Fig. 2.26. Substitution ofP + 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-l50 m, Karku deposit area, ore zone II). Photomicrograph scales: A - 86 J..lm, B
-100 J..lIll, C- 60 J..lm
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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. % Th02, Annex monazite). Phospohorus contents

vary from 32.24 to 24.61 wt. % P20S, 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, Ca and 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. corn.).

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 Zr4
+~ y 3l. The ZrlY

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 ZrlY ratios between 100 and 20 (Kister, 2003). The Paleoproterozoic

gneisses and schists of the Karku area present ZrN 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, sorne are

strongly enriched in U, with Th/U ratios down to 0.01 or more. Sorne ofthese 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 ThIU

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

Th is aiso well correlated with light rare-earth elements (LREE), because these elements

are mainly hosted in the same mineraI, 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 Northem 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

1000

S 100
0..
0..

..l:f
E-<

10

<> pitkyaranta gnei<;ses and schists

• Impilakhti biotite gneisses and scbists

• Impilakhti graphite-biotite gnei<;ses and schists

;( lrnpilakhti ahered graphitic gnei<;ses

X lrnpilakhti ahered graphitic schists III 1 La depletion] )K

x

0,1 -+'--__----'---_---'-----'------'--L--'---'---'--+'--__--'--_-L------'---L-----'-----'---.L..L-f--__-L-_---"--------'-------'-----'----'-L-L.j

10 La,ppm 100 1000

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 basementformations

On the basis of petrographic observations and mineraI 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;

(U) 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 (AnIS - 2S) + biotite + muscovite +

quartz replaced by the low-temperature association of sericite + chlorite + rare carbonate.

Fresh cordierite is relatively rare and often replaced by fmely crystalline flaky muscovite or

phlogopite or fibrolite - sillimanite. The plagioclase - biotite paragenesis is replaced by the

muscovite + gamet + quartz + fibrolite paragenesis. At the contacts with quartz grains, gamet

flattened along the schistosity, and staurolite cutting the schistosity appears.

Studies of gamet and biotite from the Paleoproterozoic schists (Baltybaev et al., 1996)

has indicated two-stages of metamorphism. The frrst stage (T = 600 - 650 oC; P = 5 kbar) was

in the conditions of the amphibolite facies, the second (T = 460 - 560 oC; T = 2.2 - 3.7 kbar)

was in the conditions of the epidote-amphibolite facies.
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(li) "Regolithic" alteration stage

Ladoga Lake area basement formations

Just under the Athabasca sediments the basement, an alteration profile called "regolith",

is developed in the uppemlost basement rocks through the whole Athabasca basin and has

been attributed by sorne authors to "paleoweathering" (Hoeve & Sibbald, 1978; McDonald,

1980, 1985, Bruneton, 1993). However, Cuney (2003) from the similarity of the clay minerai

paragenesis observed in the basement and the absence of Ce-anoma1y typica1 of 1aterites

proposed that the alteration profile may result from the a1teration 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) transitiona1 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 minerai 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 unconforrnity from reduced basement rocks below (Hoeve &

Quirt, 1984). Differences in the thickness of the regolitb 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 a1teration 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) kao1inite - 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 minerais appear. Bleached zone has not been distinctly observed, but only

sorne colour variations from whitish to brownish are described.
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D - Chlorite replaces biotite, carbonate in the mat ri x
DDH-75 1-75 m), arallel nicols, scale 200 111

F - Carbonate totally replaces plagioclase, chlorite
develops on biotite, different clay minerais are also

present (DDH-75 1-85 , crossed nicols, scale 1000~lm
~

2em

2em751 - 87 m

751 - 85 m
E - green zone: predominant chlorite alteration with
carbonate in sulphidic biotite gneiss DDH-751-85 m

A - red zone: hematized, partially disintegrated gneiss
DDH-75 1-74 m

751 -74 m

751 -75 m
C - red-green transition zone: intensively chloritized and

hematized gneiss DDH-75 1-75 m

G - relatively fresh graphite-biotite gneiss
DDH-75 1-87 m

H - beginning of the alteration process with clay
minerais - illite fonnation (DDH-75 1-87 m),

parallel nicols, scale - 200 ~lln

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

As the type of clay minerais 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

Table 2.4. Chemica1 composItIon of ch10ntes
from slightly mineralized basement formations

Analysis 625-140 625-157 319-193
number

Si02 29.33 35.64 25.42
Alz03 21.38 23.00 21.47
MgO 17.87 16.30 13.04
FeO 18.30 11.05 26.81
Ti02 0.08 0.38 0.03
MnO 0.21 0.23 1.25
CaO 0.12 0.36 0.04
Na20 0.01 1.67 0.02
K20 0.39 0.04 0.01
Total 87.67 88.66 88.08
Si 3.02 3.13 2.61
AllY 0.98 0.87 1.39
Al VI 1.62 1.62 1.20
Mg 2.74 2.87 1.99
Fe 2+ 1.57 1.00 2.29
Ti 0.01 0.03 0.00
Mn 0.02 0.02 0.11
Total VI 5.96 5.54 5.60
Ca 0.01 0.04 0.00
Na 0.00 0.33 0.00
K 0.05 0.01 0.00
Fe/(Fe+Mf) 0.36 0.26 0.54
Points number 22 10 18

..

upper part of the basement formations in the

vicinity of the unconformity surface.

Chloritization of the Archean - Paleoproterozoic basement is a prolonged superimposed

The syn-ore hydrothermal alteration

stage may have locally totally obliterated

eariier metamorphic retrograde and syn­

diagenetic alteration ID the Archean

Paleoproterozoic formations of the basement.

The syn-ore hydrothermal alteration

event in the basement is accompanied by

partial dissolution or pseudomorphicai

replacement of the rock-forming mineraIs of

the Paleoproterozoic gneisses and schists

(plagioclase, K-feldspar, quartz, biotite) by

neoformed chlorite, interstratified clay mineraIs

and carbonates. Uranium mineralization

(pitchblende and coffmite accompanying by

different sulphides) is also observed in the

process of alteration, which starts from the retrograde metamorphic stage, continues during

the diagenetic aiteration of the Pasha - Ladoga clastic sediments and finally during the

hydrothermal ore stage.

Thus, the chioritization 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.
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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 III 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 ca1culated (Table 2.5).

Sample Structural formula of cWorite Distance to unconfonnity
number surface

625-140 m (Mg 2.74 Fe 1.57 Mn 0.02 Al 1.62)(Si 3.02 Al 0.98) 0 10 (OH) 8 - pycnochlorite 8m

625-157 m (Mg 2.87 Fe Mn 0.02 AI 1.62) (Si 3.13 Al 0.87) 0 10 (OH) 8 - delessite 25m

319-193 m (Mg 1.99 Fe 2.29 Mn 0.11 AI1.2o)(Si 2.61 AI 1.39) 0 10 (OH) 8 - ripidolite Graphitic gneiss

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

Thuringite Chamosite Delessite

Daphnite
+Chlorites from DDH-319-193 m

• Chlorites from DDH 625-140 m

+
'pidolite

*.f!f:
+ Pycnochlorite

•
-t+- •...' t. o. 0•••

•
•

o

o Chlorites frorn DDH-625-157 m

<>

4,543,52,5
O'-----~~~~-L-"'-~----LL~~-"'--L-~~~--'-----~~~~~-'-----~~~~'-'

2

Si

Fig. 2.32. CWorites 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 AI­

content in the tetrahedral sites (Alrv = 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 oC (Nieva &

Cathelineau, 1985) and may con'espond to retromorphic chlorite.

Fig. 2.33. Chlorite (ripido1ite) 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

• chlorite from Los-Azufres volcanics with approximate temperature

+ chlorite from DDH-319-193 m

• chlorite from DDH-625-140

<> chlorite from DDH-625-157

4

3 -

>? ~
4:-

1 -

o
o

•

130 a C

•

0,5

•
<>

<>

180 a C

1
AllY

1,5 2

Fig. 2.34. Chlorites from the Paleoproterozoic gneisses and schists ln the diagram AllY vs. AIY1 (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 AI-content in the tetrahedral sites (Al lv = 0.87 and 0.98
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COITespondingly) corresponding to low formation temperatures - from about lOODC to 200 ­

240DC respectively (Fig. 2.34).

Fig. 2.35. Chlorite (pycnocblorite) and interstratified Fig. 2.36. Cblorite (delessite) in the leucocratic biotite
minerais neofonnation, accompanied by quartz gneiss (DDH-625-157 m, Karku deposit, ore zone lll)
di solution and biotite alteration (DDH-625-140 m, Microphotograph scale - O.l mm
Karku deposit, ore zone Ill) Micropbotograph scale -
0.25 mm
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2.2.4. Petrogeochemistry ofthe Paleoproterozoic basementformations

Major elements distribution

Major and trace elements composition of the Paleoproterozoic gnelsses 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 sampIes location is presented in Part 1.4.

Table 2.6. Major elements compositIOn of selected slIghtly altered analysis of the Paleoproterozolc rocks of the Nonhem
Ladoga Domain. Reference groups are correspond to: 1 - Pitkyaranta biotite-amphibole schist; 2 - 3 - rmpilakhti biotite
gneisses and schists; 4 - 5 - Impilakhti graphite-biotite gneisses and schists

Reference group 1 2 3 4 5
Sampie number 4-03-01 319-193 816-225 306-100 843-250

Si02 65.10 52.25 67.70 59.05 59.63
AI2O) 15.14 18.13 10.45 15.98 13.69
Fel0} 6.53 10.00 6.37 7.24 6.27
MnO 0.07 0.08 0.12 0.09 0.06
MgO 2.16 5.44 2.60 4.99 5.60
CaO 1.67 2.41 1.49 2.82 2.62
Na20 3.34 3.70 0.91 3.10 2.63
K20 2.83 3.78 2.26 2.62 3.39
Ti02 0.64 0.85 0.39 0.75 0.68
P20 5 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
..

The Paleoproterozoic gnelsses and schists have a composition with highly variable

quartz, feldspar, carbonate and cale-silicate contents. They are generally migmatized to

various extend. In the vicinity of the contact with the Salmi rapakivi batholith, skams and

pegmatites are widespread. Close to the Riphean voleanic-terrigenous coyer all these rocks

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

table 2.7.

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: 1 - Impilakhti regolithized graphite-biotite gneiss (ore
zone 1); 2 - rmpilakhti regolithized graphite-biotite gneiss; 3- lmpilakhti regolithized "augen" graphite-biotite gneiss (ore
zone 1); 4 - Impilakhti regolithized graphite-biotite schist (ore zone rTT); 5 - Impilakhti regolithized graphite-biotite schist

Reference group 1 2 3 4 5
Sample number 306-90 835-245 843-150 654-151 751-80

SiOl 68.46 45.08 68.69 60.07 62.72
AI2O} 11.78 22.55 14.00 13.13 10.66
Fe20} 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

a20 0.22 0.19 0.00 0.33 0.26
K20 3.01 4.35 1.16 2.07 1.45
Ti02 0.12 1.12 0.48 0.47 0.56
Pl 0 5 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
..
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Fig, 2.37. The Paleoproterozoic gneisses and schists in the (Al + Fe + Ti)/3 - Na vs. (AI + 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 ri ch greywackes from basalts

o 200 400 600

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

minerais, schistosity and alteration degree have been distinguished:

(i) Four groups, belonging to the Impilakhti Suite subdivided into

slightly altered graphite-biotite schists;

114



Chapter Il Ladoga Lake area basement formations

slightly altered mainly biotite gneisses;

regolithized graphite-biotite schists;

regolithized graphite-biotite gneisses;

(li) One, belonging to the Pitkyaranta biotite-amphibole gneisses and schists.

The diagram (Al + Fe + Ti)/3 - Na versus (Al + Fe + Ti)/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).

Fig. 2.39. Amphibolite of the Pitkyaranta suite - former Fig. 2.40. Quartz-feldspar gneiss with carbonates of
metavolcanic rock the lmpilakhti 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 (AI + Fe + Ti)/3 - Na vs.

(Al + Fe + Ti)/3 - K diagram (Fig. 2.37), two ofthem (5-02-01 - Pitkyaranta suite

(Fig. 2.39) and DDH-60S-140 -lmpilakhti graphite-biotite gneiss) may eventually

correspond to former basalts in the AI + 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 basait and greywackes field. The other Ca + Mg rich samples

correspond to calcareous greywackes.
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former shales and marIs (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 (AI + Fe + Ti)/3 - a aXI .

The le s altered lmpilakhti graphitic gneisses present wide range of composition

spreading ail 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 lmpilakhti 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 mineraIs.

Trace elements distribution in the vicinity ofa contact between Paleoproterozoic regolithized

and Riphean clastic sediments

ln 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 chondrüe-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 lmpilakhti suite (Fig. 2.42). Their spidergram patterns are

relatively simi lar, but in the biotite gneisses of the lmpilakhti suite - are more constant.

They are characterized by U contents of about 3 - 5 ppm and not exceeding 9 ppm

(DDH-327-22 1), 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, b - 2 - 14 ppm, Zr - 33 - 280 ppm, La - 8 - 54 ppm, Ce ­

18 - 90 ppm, Sm - 2 - 7 ppm, Yb - 1 - 3 ppm and Y - 7 - 28 ppm.
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Fig. 2.41. Chondrite-nonnalized 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 . Grevesse: http://earthref.org/GERM/reservoirs/Cl.htm)
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Fig. 2.42. Chondrite-nonnalized trace element patterns of the slightly altered Impilakhti gneisses in the Karku
deposit and Salmi - Pitkyaranta areas (Northem Ladoga district) (spidergram type after Holm (1979); chondrite
composition after E. Anders and N. Grevesse: http://eat1href.org/GERM/reservoirs/Cl.hlm)

For a better interpretation ail 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) relativeJy fresh

former shale lithologies were selected from the lmpilakhti biotite gneisses. A mean of the
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"former hale" (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 4 1.8 Il 37 67 37 0.15 145 6 0.6 23 2

Table 2.8. Trace elemenl values calculated for Mean of "fanner shale" sample

. 'QUl<S

001 • tlOl-~-~-~-~-~--Q<lI-'

Ibllllh U KN>L,Cè9- P à5nli Y\b Ibllllh U KN>laCè9- P à5nli Y\blbllllh K laG:9- P à5nli Y\b

Fig. 2.43. Mean "former sbale"-nonnalized trace element patterns of tbe lmpilakhti graphite-biotite gneisses and
schists in the Karku deposit area (Northern Ladoga district) (spidergram type after Holm (1979):
1 - ligblly altered gneisses; 2 - regolithized gneisses; 3 - regolithized schislS.

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), K20 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, P20S, Ti02, Th, y and LREE and Yb

(Fig. 2.43-A).

Strong variations III 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 1 - 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 lU 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 fonner greywacke lithologies (see Fig. 2.37 - 2.38) sorne

relatively fresh fonner greywacke lithologies were selected from the slightly altered

lrnpilakhti graphite-biotite gneisses. The average for a "former greywacke" sample (654-215,

654-310) was calculated (Table 2.9) for nonnalization (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 4

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

In cornparison to the "average former greywacke" and slightly altered graphite-biotite

gneisses of the lrnpilakhti suite (DDH-654-215, 654-310), altered graphite-biotite gneisses are

characterized by no significant variations in the trace elernents 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 "fonner greywackes", all other elements are varied within the 0.2

- 5 values of "former greywackes".

100

0,01

Impilakhti regolithized graphite-biotite gneisses (incillding "allgen" gneisses)

-654-146

-654-141

-654-151

-654-115

-654-310

-306-100

-4--03--01

-319-193

Rb Ba Th U K Nb La Ce Sr p Zr S111 Ti y Yb

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 geochernical information has been also exarnined 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"-nonnalized and "fonner greywacke"-nonnalized spidergrams (Fig.

2.45). DDH-654 (ore zone Ill), DDH-843 (ore zone 1) and DDH-751 (in the vicinity of the

Karku deposit) (For DDH location see Fig. 1.26).

119



Chapter Il

0,01 0.1

Rock/Mean "former greywacke"
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Fig. 2.45. Trace element distribution in the Paleoproterozoic gneisses and schists in concel11ing to the DDH
position and depth of the samples
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ln DDH-654 (ore zone Ill) 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 fomler greywacke value) and then with depth its content decreases

up to 1 of former greywacke.

ln 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.

ln 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 ail 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

Pitkyaranta amphibole-biotite gneisses and amphibolite Impilakhti slightly altered biotite gneisses

Q)......-H
"'0
Co

...c: 10
U
~
u

~

0.1

- DDH - 389 - 174 - altered rock

- 4-03-0 1 - amphibole-biotite gneiss

5-02-01 - amphibolite

- average world greywacke

- average world shale

La Cc Pr Nd Sm Eu Gd Tb Dy 110 Er Tm Yb Lu

- Karku deposit ore zone 1

- Karku deposit ore zone Il

- average world greywacke

- average world shale

Ln Cc Pr Nd Sm Eu Gd Tb Dy 110 Er Tm Yb Lu

Fig. 2.46 Chondrite-normalized REE patterns of the Pitkyaranta amphibole-biotite gneisses and amphibolites and
the lmpilakhti 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 . Grevesse:
http://earthref.org/GERMJreservoirs/C I.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 gnelsses and in the

Pitkyaranta amphibole-biotite gneisses (LREE = 140 - 160 ppm).

The Pitkyaranta amphibole-biotite gneisses (Fig. 2.46-A) have smoothly fractionated

REE patterns ((CelYb) = 7 - 10) with no significant Eu anomaly (EulEu* = 0.75 - 0.80). The

slightly altered lrnpilakhti biotite gneisses (Fig. 2.46-B) have more variably fractionated REE

patterns ((Ce/Yb)N = 3 - 12) and distinctly revealed Eu anornaly (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

repre entative in the analyzed data set (see Fig. 2.37 - 2.38).

For comparison with altered former shale and greywacke lithologies sorne relatively

fresh former shale lithologies were selected from the lrnpilakhti biotite gneisses and sorne

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 67.43 8.08 30.08 5.66 1.10 4.54 0.68 3.92 0.76 2.19 0.33 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 unconforrnity surface

is characterized by a strong REE fractionation with enrichment in LREE ((Ce/Yb) = 75) and

strong Eu negative anornaly (EulEu* = 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-lü3)

2.3.1. Geological setting

IDIan

-'-'-'-._._._._._._.- _._._. .-'-'-'-'-'-'-'-'-"

_ 512 - Paleoproterozoic (Vepsian) porphyroblastic K granites

513 - Paleoproterozoic (Vepsian) Bt granites and granodiorites

514 - Paleoproterozoic (Vepsian) diorites and granodioriles

522 - Paleoproterozoic Bt, Bt-Amph gneisses and schists

523 - Paleoproterozoic Bt, Bt-Amph gneisses and schists
(under the Mesoproterozoic (Venclian) caver)

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 (Petro , CaillaI,

aumov, 2004)). DDH-L03 position is shown in the map

by

Ludikovian

Mesoproterozoic

represented

and

IS

Late

Crystalline basement of the

Western Pasha - Ladoga basin

(Kalevian

(Vendian) c1astic sediments.

The Paleoproterozoic

area

undivided) rocks of the Priozersk

metamorphic complex are

repre ented by biotite, biotite­

amphibole gneisses and schists

with cordierite, gamet and

sillimanite strongly

metamorphosed 10 granulite

facies, which are interpreted

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

and

Paleoproterozoic metamorphic

and intrusive rocks (Chapter 1.2),

which are completely overlaid by

the Mesoproterozoic (Riphean)

orthem 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 gamet \S

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

(i) gamet + biotite + plagioclase ± K feldspar ± quartz;
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(ii) gamet ± cordierite + sillimanite + biotite + plagioclase ± K feldspar ± quartz (±

spinel);

(iii) gamet + orthopyroxene + biotite + plagioclase ± K feldspar ± quartz.

Intrusive magmatism of this zone is widespread and represented by early and syn­

orogenie I-type norite-enderbite and gabbro-diorite-tonalite complexes, late-orogenic S-type

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

complexes (Shuldiner et al., 1995).

DDH-103 petrographie description

103-175 m 2cm

Fig. 2.50. Transition between garnet-quartz-biotite coarse-grained gneiss and quartz-biotite banded gneiss
(Yablonevka area, DDH-103-175 m)

The fresh gamet-quartz-biotite gneisses in the DDH-I 03 (Fig. 2.49 - 2.50) is composed

of gamet (20 - 40 %), biotite (20 % in leucosomes and up to 40 % in mesosome), quartz (20­

30 %) and plagioclase - oligoclase (15 - 25 %). Accessory minerais are rare, mostly ilmenite

or different sulphides. The "regolith" profile is also observed in the DDH-\ 03 (Fig. 2.51 -
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2em

2.52) and IS represented by moderate illitization and sericitization of feldspars and

hematization. ln 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
in the vicinily of the unconformily surface
(Yablonevka area, DDH-103-157 m)

,. -.(./"
Fig. 2.53. Kaolinization of K feldspar and
chloritization of biotite in the vicinily of the
unconformity surface (sample DDH-I03-157 m),
parallel nicols, microphotograph scale - 0.5 mm

Fig. 2.52. Slightly regolitbjzed quartz-biotite feldspar
gneiss at 5 meters from the unconfonnily surface
(Yablonevka area, DDH-I03-162 111

~

Fig. 2.54. Chloritization of biotite and hematization in the
viciruty of the LLDconfonruty surface (sample DDH-I03­
156 m), parallel nicols, microphotograph scale - 0.5 mm
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2.3.2. Petrogeochemistry ofthe basementformations

The geochemistry of major and trace elements has been studied for the samples from

drill core DDH-I03. 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
SiOl 60.24 58.25 61.76 63.63
AllO] 15.83 17.22 17.35 16.87
FelO] 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
NalO 0.00 0.24 0.20 0.00
KlO 4.88 7.29 3.36 5.32
TiOl 0.89 0.86 0.95 0.55
PlO5 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 Westem (Yablonevka) Pasha
- Ladoga basin area - DDH-I 03: 1 - 2 - slightly altered quartz - feldspar-biotite gneisses; 3 - 4 - quartz-gamet­
biotite gneiss. DDH number and depth of the samples are listed.

knolinite
chlonte

• DDH-103

\00 - greywackes

• 10]-171 ln

~ ~ (Al+Fe+Ti)/3-Na
200

1aois and shales

150

103-156111 •

100

)

o

-50 L

intemlewate

magma tic
rocks

alhit.

<:===J
-150 -100 -50

felsic

magmatic
rocks

nK-r.ldspar

-IOO~

Fig. 2.55. The Paleoproterozoic gneisses of the Western (Yablonevka) Pasha - Ladoga basin area in the (AI + Fe
+ Ti)/3 - a vs. (AI + Fe + Ti)/3 - K diagram (Moine & de la Roche, 1968) - DDH-L03

The Paleoproterozoic gneisses from the DDH-l 03 (Yablonevka area) are peraluminous

with relatively high Si02 and Ah03 contents. Fe203 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.

ln the diagram (AI + 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-I03) 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 gnelsses from DDH-I03 are characterized by a strong

enrichment in ail 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 l

1000

100 -

10

-156m-(1 m)

-157 m-(2 m)

- 171 III - ( 16 m)

- 176 III - (21 Ill)

0,1 ----'-_---"l- ---'----_----'---_-----'--_----'_------'

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-Iü3 (spidergram type after Hohn (1979); chondrite
composition after E. Anders and N. Grevesse: http://earthref.org/GERM/reservoirs/Cl.htm)
ln 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)N = 7.5 - 10) and distinct Eu anomaly in the vicinity of the unconformity and

16 meters below (EulEu* = 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-l 03-156 m

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

1000 -

100 -

E
.....

-0
C
o

...c 10-
U
---~u
~

-156111-(1111)

-157111- (2 Ill)

-171111-(16111)

-176111- (21 Ill)

0.1

La Cc Pr Nd Sm Eu Gd Th 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 ba in area - DDH-lü3 (chondrite composition after Anders & Grevesse:
http://earthref.org/GERMJreservoirs/Cl.htm). ln 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

10 km

Fig. 2.58. Geological map of tbe basement of the South-Eastern
Pasba - Ladoga basin area (after Geological map of tbe pre­
Middle Ripbean formations of the Pasba - Ladoga area in a
scale 1 : 500000 (Petrov, Caillai, aumov, 2004).
DDH-II and DDH-14 positions are shown in the map

_ S04 boûsoproceroJ:otC rapakÎvl granttes

~
~~~r:~r;~-515Paleoprol:e:rozotC potassrumgrandes523 PaJeoproterolOlc KaleVlaJl-LudikoVSMl gnetsses and seNses

524 Paleoproterozoic LudikOVW1 daabues and gabbro·chabases
528 Atc.bcan • PalCoprOletOzOtC ararutes. augmatIlcs

dome

biotite-

to

(Kalevian

biotite,

belong

Ludikovian)

migmatite

Paleoproterozoic

amphibole gneisses and schists,

mmor gamet-cordierite-biotite,

amphibole and biotite-amphibole

gnelsses. The Paleoproterozoic

gnelsses and schists are usually

graphite-bearing. The Archean ­

Paleoproterozoic rocks were metamorphosed to the amphibolite facies at medium pressure

Crystalline basement of the

South-Ea tern area of the Pasha ­

Ladoga basin is represented by

Archean - Paleoproterozoic rocks

(Fig. 2.58). The Archean granite­

gnei ses, granites, plagiogranites,

structures, which are overlaid by the

and migmatized to a varlable degree. ln the south-eastem part of the area Late

Paleoproterozoic plagio-microcline porphyroblastic granites are widespread. ln the northem

part of the area the Mesoproterozoic rapakivi granites (Ulyalegi and Lodeinopolsky atellites

of the Salmi batholith - see Part 5 ofthis Chapter) were emplaced, intruding ail rock types.
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DDH-ll and DDH-14 petrographie description

Fig. 2.62. Quartz-feldspar-biotite gneiss witb graphite
(sample DDH-II-283 m), parallel nicols,
photomicrogra h scale 0.5 mm

2cm11 - 291 m

Fig. 2.61. Quartz-biotite gneiss with graphite
(Pasha area - sample DDH-14-312 m)

Fig. 2.59. Quartz-K feldspar-biotite slightly altered gneiss
(Pasha area - DDH-14-289 m)

Fig. 2.63. Quartz - gamet - biotite gneiss
(Pasha area - sample DDH-II-291 m)

Fig. 2.64. Quartz - garnet - biotite gneiss (DDH-II­
291 m), parallel nicols, photomicrograph scale 0.5 mm
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Fig. 2.65. Plagioclase-microcline granite
(Pasha area - sample DDH-14-3l3 m)

Chapter Il

14 - 313 m 2cm

Ladoga Lake area basement formations

0,2 mm

Fig. 2.66. Plagioclase-microcline granite (Pasha area ­
sample DDH-l4-3l3 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 %), bioti te

(15 - 25 %), plagioclase (10 %). Accessory minerais are graphite, zircon and hematite.

Quartz-gamet-biotite gneisses are also present (Fig. 2.63 - 2.64). Alteration "regolith" profile

is also widespread and is mostly represented by 10 - 30 m thick hematized gneisses. Kaolinite

is also a typical alteration mineraI. An alteration zone of intensive hematization (0.5 - 2 m

thick) is a characteristic feature of this area and is usualty 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 smalt 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 minerais are zircon, altanite. They are usually enriched in U

(5 - 8 ppm) (Mikhailov et al., 2000).

2.4.2. Petrogeochemistry ofthe hasementformations

The geochemistry of major and trace elements has been studied in two driU cores

(DDH-ll, 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 Si02

and Ah03 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).

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

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

AI + 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-Il: al! samples plot in the field of former shales (with K > Na) in the

(AI + Fe + Ti)/3 - Na vs. (AI + 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 - a vs. (Al + Fe + Ti)/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.

Table 2.12. Major element composition of the Paleoproterozolc basement rocks of the South-Eastern Pasha - Ladoga baSin
area: 1 - 5 - quartz - feldspar-biotite gneisses with graphite; 6 - quartz-garnet-biotite gneiss; 7 - 9 - quartz-feldspar-biotite
gneisses; 10 - plagioclase-microcline granite. DDH number and depth of the sample are Iisted.

Reference 1 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
Si02 61.55 62.46 64.93 61.00 75.06 58.76 70.19 67.08 69.93 79.41

AI2O] 16.21 17.13 8.01 15.03 14.11 16.84 17.22 14.90 15.19 12.63
Fe20] 10.04 8.34 4.49 7.96 0.85 9.28 2.71 4.97 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
Na20 0.00 0.00 0.00 0.26 0.15 0.18 0.16 1.92 3.49 6.66
K20 4.10 2.34 1.99 5.69 1.18 4.42 4.04 2.05 4.60 0.80
Ti02 0.70 0.77 0.56 0.67 1.03 0.87 0.28 0.55 0.37 0.00
P20 S 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
..
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Fig. 2.67. The Paleoproterozoic gneisses of the Southem Pasha - Ladoga basin area in the (AI + Fe + Ti)!3 - Na
vs. (AI + Fe + Ti)/3 - K diagram (Moine & de la Roche, 1968)
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Fig. 2.68. The Paleoproterozoic gneisses of the Southem Pasha - Ladoga basin area in the (Ca + Mg) vs. (AI +
Fe + Ti) diagram (Moine & de la Roche, 1968)

Trace elements distribution ofthe Paleoproterozoic basernent rocks of the South-Eastern

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

2.69 - 2.70) and chondrite-norrnalized 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 aIl 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 minerais are mostly represented by zircon and possibly

xenotime (Zr = 1O0 - 450 ppm, Y = 8 - 55 ppm, Nb = 7 - 18 ppm).

1000 DDH-ll

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
Soutb-Eastern Pasba - Ladoga basin area - DDH-ll (spidergram type after HoLm (1979); cbondrite composition
after E. Anders and N. Grevesse: bttp://eartbref.org/GERM/reservoirs/C l.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 Hohn (1979); chondrite composition
after E. Anders and . Grevesse: http://eartbref.org/GERM/reservoirs/Cl.htm)
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Fig. 2.71. Chondrite-normalized REE di tribution patterns of the Paleoproterozoic basement formations of the
outh-Eastern Pasha - Ladoga basin area - DDH-ll and DDH-14 (cbondrite composition after Anders &

Greve se: http://earthref.org/GERM/reservoirs/Cl.htm). ln the brackets - distance to unconformity surface

The Paleoproterozoic plagioclase-microcline granite is surprisingly not rich in U (OA5

ppm) and Th (lA ppm) and in ail other analyzed trace elements.

The Paleoproterozoic gneisses (Fig. 2.71-A) in the DDH-ll have distinctly fractionated

REE patterns ((CeNb) = 6-7) and distinct Eu anomaly (EulEu* = OA - 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 ((Ce/Yb) = 10 - 30). Eu anomaly is different in ail samples : in the vicinity of the

unconformity surface and in the granite it has positive value (Eu/Eu* = 1.5 - 1.7); in 13

meters from the unconformity surface it does not exist (Eu/Eu* = 1); at a depth of 24 meters

from the unconfonnity, immediately above the granite sample the Eu anomaly is distinctly

negative (Eu/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

unconfonnity surface and compared with average "former shale" (Table 2.8) - as done also

for the Paleoproterozoic gneisses and schists of the Salmi area.

ln DDH-ll (Fig. 2.72-A) trace elements distribution was compared with the average of

"former shale". ln 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_72-8), dose to the unconfonnity 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-I4-3üI 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

138



Chapter Il Ladoga Lake area basement formations

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 increment 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, sorne of which form satellite stocks

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

200 km100

1.87-1.82
Estonia

o

•
• Post-Jotruan diabase

Jotruan sedimentary basin

• Rapakivi granite complexes
Baltic
Sea

N •

t
•

•
•~.. ,f

~ ~.

• l~~'\ ~

"
' ~

Finland, \

•
Sweden

1.53-1A7

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 matic (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 matie 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 Rama 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

( eymark 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).

Sa/mi batholith and enclosing Archean-Paleoproterozoic basement

Ladoga
Lake

ln 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 comp1ex, 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 ± II Ma

southwestern part. AIso, ail the southern part

(Neymark et al., 1994).

lt was emplaced In an upthrust zone

between the Paleoproterozoic and Archean

crustal domains, intruding ail rock types. ln

contrast to the basement rocks, the Salmi

rapakivi granites did not undergo any

regional metamorphism.

The Salmi batholith is weil exposed in

its northern part, but the Mesoproterozoic

(Riphean) vo1canic-terrigenous rocks of the

Ladoga graben, overlie its

L:::.::.:::.)1 _2 3 ~4 _ 5_6 _7 1=-=-=-181-_--:.:-1 9 1.........1_-1 10
• 6

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 e en-grained biotite granites; 3 - rose
amphibole-biotite rapakivi granite of the main
phase; 4 - grey rapakivi granites and diorites; 5 ­
monzonites and quat1z monzonites; 6 - gabbro­
norites - anorthosites and norites; 7 - 8 - Late
Paleoproterozoic volcanic-sedimentary fonnations:
7 - Paleoproterozoic (Jatlllian) formations of the
Karelian Craton, 8 - Svecofennian formations of the
Kitelya series; 9 - Archean tonalite-gneisses; 10 ­
boundaries: a - traceable, b - probable.
BOllndaries in the sOllthem part of the batholith are
after geophysical and drilling investigations
(Bantova et al., 1975). Dotted line shows western
continuation of the batholith under water Jevel of the
Ladoga Lake from geophysical investigations
(Berkovsky, pers corn. 1975 to Sharkov)

(Suominen,

Pasha

1991) and 1543 ± 8 Ma
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Fig. 2.74. Simplified geological map of the northem part of the
Salmi anorthosite - rapakivi granite complex (after Amelin et al,
1997).

part

Thephase.

non-exposed

intrusive

granite;

(ii) biotite-amphibole ovoidal

granite with fine-grained matrix;

(iii) even-grained biotite granite;

(iv) ovoidal porphyritic biotite

granite with fine-grained matrix

(Sviridenko, 1994).

The latest phase corresponds

to lithium - fluorine topaz ­

bearing leucocratic granites

emplaces as dikes and small

bodies. Globally the pluton

structure can be interpreted as rough layered zoning, where gabbros and anorthosites are the

of the pluton with Lodeinopolsky satellite is overlaid by quaternary sediments and only

geophysical and rare drilling investigations gave sorne 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

investigations (Berkovsky, pers. corn. 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

consists of anorthosites, gabbros,

and monzonites - syenites of the

northern exposed part consists of

different granite types intruded in

the following order:

(i) biotite - hornblende ovoidal

early

southern

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. Petrographie description ofmain rock types

Typical gabbro-norite of the early phase of the Salmi pluton is a medium-grained dark­

grey rock, which consists of plagioclase (An40 _ 60) - 50 - 55 %, clinopyroxene and

orthopyroxene - 20 - 25 %, orthoclase - 10 %, biotite - 2 %, quartz - 1 - 2 %, apatite,

ilmenite and titanomagnetite. Plagioclase forrns 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 minerais 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 bydroelectric 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 AnI5-27, quartz,

biotite, amphibole. Accessory minerais are fluorite, zircon, apatite and ore mineraIs.
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Fig. 2.75. on-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 witb rare or witbout plagioclase mantle

on K-feldspar ovoids (pyterlite - tem1 after Sviridenko (1968)), was collected in the soutbem

part of the Salmi pluton (Ladoga Lake shore near Pogran-Kondushi village) (Fig. 2.75). Pink

porphyrttic amphibole-biotite granites with coarse-grained groundmass consist of microcline­

perthite, plagioclase (An 17-20), quartz, biotite, amphibole. Accessory minerais are zircon,

apatite and fluortte.

13-02-01

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, tS a relatively

widespread rock in the south-western part of the Salmi pluton. They consist of orthoclase­

perthite, plagioclase An 18-23, quartz and biotite. Accessory minerais are zircon and fluorite

(Fig. 2.76).
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6-04-01

Fig. 2.77. Porphyritic pink biotite granites with K-feldspar ovoids and a fine-grained groundrnass 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-18) (about 30 %), quartz

(25-30 %) and biotite (1-3 %). Sorne 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-18), microcline (23-25 %), quartz

(32-34 %), lithian siderophyllite (2-4 %), topaz (1-2 %). Accessory minerais 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 ofthe Sa/mi pluton

During their emplacement the rapakivi granites of the Salmi pluton have produced

important transformation in surrounding Archean - Paleoproterozoic rocks. A contact

metamorphism halo (sorne meters to sorne ten meters) is weil 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:

(i) a1teration, which takes place before Pasha - Ladoga basin sedimentation, when the

rapakivi granites were weathered which may correspond to the so-called regolith zone,

(ii) diagenetic alteration, which takes place after the sedimentation of the Pasha ­

Ladoga basin,

(iii) hydrothermal a1teration 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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Fig. 2.79. Regolithic profiles developed on a rapakivi granite in DDH-475 and DDH-484 (DDH location in Part
lA). Fresh varieties in DDH-484 are absent, the closest freshest sample to DDH-484 sample 1051-379111 is llsed
for cornparison 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.

ln 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 (SaImi 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. ln 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 unconfoffi1ity. This type ofalteration can be

produced by intensive paleoweathering processes, when the granites were altered "in situ" to

form eluvial deposits.

(il) 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). ln 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

mineraIs 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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• 0,5 mm 0,5 mm

Fig. 2.80. A: ewly fonned quartz in clay minerais matrix, which replace K-feldspar in tbe Salmi rapakivi
granites (sample DDH-484-121 m), parallel nicols, photomicrograpb scale - 0.5 mm;
B - ewly formed or fragment of quartz and biotite flakes in the clay matrix (sample DDH-484-1 03 111), parallel
nicol , photol11icrograph scale - 0.5 mm

(iii) Hydrothermaf alteration occurring during and after ore deposition

Fig. 2.81. Left microphoto: BSEM image of sulphidic veins with sorne U-l11ineralization in the regolithized
rapakivi granites ( ample DDH-333-140 m), photomicrograph scale 60 /lm;
Right micropboto: detail of the sulphidic vein with uranium minerais), microphotograph scale - 13.6 /l111

Table 2.13. Chemlcal compositIon of the uralllum mlOerals Ln the altered rapaklvl gramtes (POlOtS 10

Fig. 2.81-B) (sample DDH-333-140 m - Karku deposit area) (CAMECA SX-IOO electron
microprobe (EMP) analyses, Public Analysis Service of the Henri Poincaré University ( ancy,
France)

~
V02 PbO Si02 Ti02 CaO P20 S SOJ Y20 J Total

Point
1 70.28 0.05 9.93 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 nll 0.00 7.81 0.13 3.52 0.82 0.07 0.85 85.31

..
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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 coffmite (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

mineraIs is extremely low suggesting either an open system with lead loss or a very recent

mineralization.

149



Chapter II Ladoga Lake area basement formations

2.5.4. Accessory minera/ogy ofthe rapakivi granites

Table 2.14. DescnptIon, locatlOn, mmeralogIcal 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.

Sample's DDH Rock type Zircon's Monazites üther Zr, Th, U, LREE,
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,

otherREE
mineraIs

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
nver biotite granite

2097 Uuksu river Even-grained zircon - 206 33 6 315
biotite granite

484-97 DDH Regolithized zircon with - - 480 25 4 840
m Salmi area rapakivi xenotime

granite overgrowths ..

Zircon and associated zircon alteration

Euhedral, prismatic, Zlfcon grams have been observed in the Mesoproterozoic

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

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

is weIl developed (Fig. 2.84).

Fig. 2.82. BSEM image of the zircon from non-ovoidal
biotite-amphibole granite (sample 3-01, Ladoga Lake
shore near Pogran-Kondushi village)
Photomicrograph scale = 40 J..lIIl

Fig. 2.83. BSEM image of zircon grains
ovoidal biotite-amphibole coarse-grained
(sample 9-03-01, Tulema river)
Photomicrograph scale = 100 /lm

from the
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. % zr02, 27.46 ± 4.92 wt. % Si02 and 1.49 ± 0.44 wt. % Hf02,

in average. Other substituted elements reach up to 9.23 wt. % (Annex zircon).

The most altered zircon domain contains down to 29.70 wt. % Zr02 and 16.85 wt. %

Si02, with substituted elements reaching up to 34.09 wt. % (Annex zircon), including up to

10.05 wt. % Y203 and 5.52 wt. % P20S, 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. % Th02, 3.52 wt. % Ah03, 2.78 wt. % CaO, 2.28 wt. % FeO, 0.64

wt. % U30S, 5.48 wt. % LREE (with HREE predominance). Maximum water content in

particularly metamictized zircon grains may reach up to 18.42 wt. %.

Maximum 8 (without sorne 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 oruy 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.

Fig. 2.84. BSEM image of a detrital zircon grain
with well-developed prirnary crystal zoning
(sample 6-04-01, Pitkyaranta area)
Photomicrograph scale - 40lJlIl

Fig. 2.85. BSEM image of a detrital zircon grain with
neoformed xenotime (sample 6-04-01, Pitkyaranta area).
Photomicrograph scale - 40 J.lm
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1 2 3
1Comment 484-97-6 484-97-6 484-97-6
Si02 33,62 25,83 8,82
Zr02 68,16 49,90 11,11
Hf02 1,66 1,06 0,40
AI203 0,03 1,18 0,47
P205 0,04 2,20 21,26
CaO 0,01 1,84 2,03

j

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
lh02 0,01 0,31 0,41
U203 0,05 0,09 0,10
Total 103,81 92,98 80,04

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 - 23.1l!m
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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 mineraIs

Brownish-yellow tabular monazite lS a very uncommon accessory mineraI 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).

Fig. 2.89. Abundant REE-bearing accessory mineraIs
included in biotite in the even-grained biotite granite
(sample 5-04-01, Pitkyaranta area). BSEM image,
photomicrograph scale - 1 mm

Fig. 2.90. Possible REE carbonate in the biotite
grain (sample 5-04-01, Pitkyaranta area). Grain 1 in
Fig. 2.89, BSEM image, photomicrograph scale ­
100/lm

153



Chapter II

Fig. 2.91. BSEM image of a thorite-group mineraI included
in biotite (sample 5-04-01, Pitkyaranta area). Grain 4 in
Fi . 2.85. Photomicro a h scale = 20 m

Ladoga Lake area basement formations

Fig. 2.93. BSEM image of the altered zircon and zoned Fig. 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 /-lm Pitkyaranta area).Photomicrograph scale - 90 /-lm

Other REE bearing accessory mineraIs were observed (Fig. 2.89) in sorne samples: REE

carbonates (Fig. 2.90), thorite-group mineraIs (Fig. 2.91) and Zr - Fe - Y - Th silicates.

Fluorite is the prevalent accessory mineraI in the non-ovoidal rapakivi granites, but is

distributed extremely irregularly. It occurs between the rock-forming mineraIs 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 sorne another REE­

Zr-Th-bearing mineraIs.

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 a1tered part may contain up to 29

wt.% Y Z0 3 (exchange Zr4
+ ~ y 4l but representing more probab1y 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 ThIU 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 ThIU ratios ranging from
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4 to 1, most ofthem are strongly enriched in U have ThIU 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 lOto 0.2.
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2.5.5. Petrogeochemistry ofthe Sa/mi 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 Si02, K20, Fe203, F and low abundances of

Ti02, Ah03, MgO, CaO and P20 S (Amelin et al., 1991, Ramo, 1991, Sviridenko, 1994).

The Si02 content is variable for the different intrusive phases of the Sa1mi 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).

Table 2.15. Average major element composItIOn of the marn rock types of the Salml pluton (after
Velikoslavinsky, 1978)

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

granite
SiOz 64.08 67.12 71.15 75.65 74.04 75.86 74.13 75.68

Alz03 14.94 14.66 13.28 11.57 12.35 11.75 11.73 11.98

FeZ03 7.03 5.18 3.75 2.9 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

NazO 2.76 2.89 2.94 2.82 3.26 3.15 3.76 4.01

KzO 4.59 5.85 5.62 4.99 5.12 4.91 5.22 4.9

TiOz 0.9 0.39 0.32 0.24 0.21 0.13 0.25 0.14

PzOs 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
..

In a Si02 versus Na20 + K20 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 Sa1mi rapakivi granites are characterized by high alkali contents (Na20 +

~O = 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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phase 1- adamel1ite (n = 7); 2 - main phase ll- ovoidal rapakivi (three different samples with n = 4,51 and 13);
3 -late phase lll- even-grained rapakivi (n = 20 and 13); 4 -late phase IV - porphyritic granites (n = 3 and 4)

80,0075,00

Rhyüllt(;
(graniwl

X

70,00

Si02

x X
X

65,00

Trachyte
(syemte-)

Dacite
~gralWdi()rit(')

or

Tradlvd,Kirc

(quartz rnou?.ùIllte)

16,00
XI

14,00
+2

:1<3

12,00 04

.5

10,00

~
:;.

8,00+
0
Q

6,00

4,00
AnJ-:~ltl'

2,00

0,00

60,00
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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 Sa1mi area were also plotted into the Si02

versus Na20 + K20 diagram (Fig. 2.99):

(i) DDH-475 - drill samples from the eastern part of the Sa1mi 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 l the diagram), because of their alteration (Fig. 2.79) plot in the granite

field.

(iii) Outcrops - the Sa1mi 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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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)

159



Chapter II Ladoga Lake area basement formations

x 1 ••..Quartz

+2

~.. .... Kaolinite
Mo111mOliol]onites

Chloritès- ..
lllites-.

....f;>
O'···.

".
+

400

·100 TI Biolite 100 200 300 400 590-200-300

Calcite

·400

x 3

04

-5DO

,-...
M

~
U
N X5 ~ ~o +
t ~ +~

~ +6 I~OJ~
';K 07 1 X + ~
-.... : :

f 1 --,_-Hill1iliJ:~lL_ ___.,_---___,_~_l_ti__::.:;-ra_an~i~e-s___iI:""L____.---___.,_---___,_---.;:~~~'-' 1- Muscovite;.

A=Al-(Na+K+2Ca)

Fig. 2.101. The Salmi rapakivi granites in the A vs. Q ctiagram accorcting to Debon and Le Fort (1983, 1988)
Symbols 1 - 5 as in Fig. 2.100.

Rb X relatively fresh rapakivi granites from outcrops
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Fig. 2.102. Salmi rapakivi granites in the Ba-Sr-Rb diagram (Kleeman & Twist, 1989).
Fields: 1 - granites with associated Sn, W, Mo mineralization; AGG - albitized and greisenized granites; DG ­
ctifferentiated granites; NG - normal granites; 11- anomalous granites; ID - granoctiorites; IV - quartz diorites; V ­
diorites; LCa - low-caleium granite; RCa - high-calcium granite.
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aregranitesrapakiviSalmi

from "normal granites" to "strongly

(Fig. 2.101).

ln the Rb-Ba-Sr diagram (Fig.

2.102) the Salmi rapakivi granites range

metaluminous to slightly peraluminous

granites as the Phanerozoic subalkaline A­

type granites (Ramo, 1991).

In 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.

2.10 1). The same evolution is observed in

the Q-A diagram, where the clay amounts

increase with increasing quartz content

differentiated granites". The Salmi

rapakivi granites present two types of

trends : (i) 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

o geochemical investigations have been previollsly 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.L04. Chondrite-normalized trace element patterns of the relatively fresb granites of the Salmi batbolitb
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/Cl.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 SaImi batholith

from the outcrops and drilling in the Salmi area (Fig. 2.\ 04). 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 SaImi batholith
from the outcrops and drillings in the SaLmi area (chondrite composition after Supplemental data for chondrite
(Anders & Grevesse: http://earthreforg/GERM/reservoirs/Cl.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- II6 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. 2.1 05) are characterized by well-fractionated

REE patterns ((Ce/Yb)N = 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

(Eu/Eu* = 0.7) in the sIightly altered biotite-amphibole granite (sample DDH-475-116 m).

For the granite of the late phases an extremely strong Eu anomaly (Eu/Eu* = 0.02 - 0.25) is

typical.

For a better understanding of the sorne 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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ta 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 Jocated below
the Mesoproterozoic Pasha - Ladoga basin in concerning to thei!' 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 c10sed (DDH-I 051-379 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 II

The Ladoga mobile zone which represents a part of the Raahe - Ladoga fault-tbrust

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:

(i) The Archean domes are mainly composed of gneissic orthoderived rocks, which

correspond to a tonalite - granodiorite - adamellite - granite association. The average V

content in tonalites is about 0.5 ppm, Th - 4 ppm, in potassium granites - V content is about 2

ppm, Th - 7 ppm.

(ii) The Paleoproterozoic formations correspond to strongly metamorphosed and

migmatized metavo1canic 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 V content in

these gneisses and schists is about 4 - 5 ppm, Th - 7 - 8 ppm.

(iii) Several generation of Paleoproterozoic syn-orogenic potassium-rich granite

complexes enriched in Th (up to 28 ppm in leucocratic porphyroblastic granites) and V (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 (V content in the rapakivi granites vary

from 3.6 in the ovoidal biotite-amphibole granites to 7.6 ppm in the fme-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-chIorite - 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.

166



Chapter II Ladoga Lake area basement formations

Monazite and zircon have been used as indicators of uranium leaching and uranium

mineralized fluid circulation correspondingly, were especiaUy 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 weU revealed alteration of monazite in the Athabasca and

Kombolgie basement rock lithologies.

Contrary to monazite, clear evidences of zircon alteration were observed in aU 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 aU 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,

especiaUy within so-caUed paleoregolith profile. Sorne 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 rnoderately enriched in U and chalcophile

association elernents and are usuaUy depleted in Th and LREE, but in sorne profiles strong

enrichment in Th and LREE together with rnoderate enrichment in U and intermediate HREE

in the altered pegmatoidal graphitic gneisses have been observed.
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Chapter 1lI Riphean sedimentary sequences of the Pasha - Ladoga basin

Part 3.1. Geology and petrography of the sandstones

3.1.1. Geological setting

ln the Ladoga Lake region (Russian Karelia) during Mesoproterozoic the Pasha-Ladoga

comp1ex volcanic - sedimentary basin was formed. Riphean vo1canic - 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 70000 krn2
), 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 (inc1uding Yablonevka) and (iii) 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 stratigraphie succession for

each iso1ated area of the basin were given above (Chapter 1.2), detail lithological and

petrographical description will listed below. DDH and outcrops sampies location is presented

in Part lA.

3.1.2. Composition and provenance ofthe 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 weil as in published papers

(Kushnerenko and Pichugin, 2000; Ledeneva, 2000; Lobaev et al, 2003; Mikhailov, 200 l,

2003; Novikov et al, 2001; Shurilov et al. 2003; Ve1ichkin et al., 2003).

Priozersk Suite

The composition and the structure of the Priozersk suite are rather rnonotonous 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 Sa1mi 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 8 - 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 1)
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 ref1ect 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 15° to SW direction).

Detrital mineraIs 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 weIl 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 minerais are predominantly represented by ZIrcon, abundant Ti

oxides (mostly rutile) and rare monazite, apatite, gamet and xenotime.

The primary cement consists predominantly of kaolinite and smectite. The matrix

represents 5 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;

(il) 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 basaIt.

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 1 will
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remam consistent with the first interpretation of Mikhailov (2001). A more detailed

description of the volcanic subsuites will be given below in the Chapter IV.

From the base to the top of the suite a sedimentation rhythm is weil 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

minerais 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).

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
1000llm

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 detri tal 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 minerais). The clay matrix represents 50 to 60 vol. % of the

rock. A carbonate cement is often recorded in the sandstones. Accessory minerais 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-I03-137 m - Fig. 3.8)

within an essentially siltstone-sandstone sequence .

103 -115 m 2cm

2 cm103 -137m

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-l 03-115 m, Yablonevka area) small pebbles of quartz and clays (sample DDH­

103-136 m, Yablonevka area

Fig. 3.7. Pre-Ladoga fme-grained sandstone with small
pebbles of quartz and clays (sample DDH-103-136 m,
Yablonevka area)
Parallel nicols; photomicrograph scale - 0.5 mm

Fig. 3.8. Stromatolite-like dolomitic rocks within
the essentially clastic sequences (sample DDH­
103-137 m, Yablonevka area)
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Pasha suite

Riphean sedimentary sequences of the Pasha - Ladoga basin

ln 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 10 the bollom: a - polymiclic sandstone
(salllple DDH-l05l-103 Ill); b - fine-grained sandstone (sample DDH-356-160 m); c - sandstone (sample DDH­
356-220 m)

The Pasha area suite, is mostly characterized by coarse-grained sediments: well-rounded

quartz - feldspar conglomerates, grltstones 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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Fig. 3.10. Quartz-feldspar small-pebbled
conglomerate of the Pasha suite (sample DDH-ll­
230 m, Pasha area)

Yablonevka suite

0,5 mm
Fig. 3.1 1. Coarse-grained inequigranular sandstone of the
Pasha suite (sample DDH-II-237 m, Pasha area), para Ile1
nicols, photomicrograph scale 0.5 mm

The Yablonevka suite (5 to 55 m thick) is the final memberof the Pasha - Ladoga

vo1canic - 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 voicanic 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 ofthe Pasha - Ladoga Mesoproterozoic (Riphean) sequence

The most stratigraphically complete Mesoproterozoic (Riphean) sections are observed

in the DDH-I01, 103 and 104 in the Yablonevka area (Fig. 2.48) (lgnatov et al, 2000).

A series of lithologie associations, characteristic of continental deposits, are evidenced

by their petrographie characteristics with eluvial, deluvial-proluvial, polygenic subaerial,

deltaic (ailuviai-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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(i) 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.

(ii) Dark - cherry coloured mudstones and clay siltstones, interlayered with gravelites

and breccias. ln 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. lt corresponds to red-coloured weIl sorted cross-bedded sandstones and gravelites.

They mostly consist of typical coarse - middle and fine-grained arkosic and quartz-feldspathic

andstones 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. ln 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; 19natov et al, 2000) are:

(i) The presence of large sedimentologic rhythms corresponding to terrigenous rocks

with coarse detrital fragments at the base and fine detrital fragments above. ln

stratigraphically complete sections it goes up to true change of petrographie

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.

(ii) 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 ofthe 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. Sorne lithological varieties

are also known from glacial boulders and a few drill cores perf0l111ed on the lake (Amantov et

al, 1989).

178



Chapter 111 Riphean sedimentary sequences of the Pasha - Ladoga basin

According to Amantov data (mainly based on selsmlC 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

thickness of the unit is

about 1000 m.

conglomerate of unit 1

SE

Valaamo
island

Valaamo sill
o
1

NE
Lunlo..hllsaari

NW oslflrd

total

crystallinethe

maxImum

basement. Layers of fine­

grained sandstones and

siltstones are subordinate.

covers

The

Unit 2 has been

Fig. 3.12. Cross section of the Lake Ladoga basin based on seismic
reflection studies as reported by Amantov et al (1996).
Two major matic sill sequences and 4 sedimentary units are discemed

andeverywheretraced

overlay unit without

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 tofal thickl1ess 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, unit 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 sil!. 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 petrographie observations and minerai 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; ovikov 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 weil expressed in selected samples from

the Safmi, 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 focal hydrothermal afteration 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 gram contacts led to the

development of epitaxic quartz overgrowths around the detrital grains and around which

hematite, chlorite crystals and clal's are trapped. This process is particularll' observed in the

middle and partll' at the top of the Priozersk Suite, where variabll' hematized arkoses occur.

The primary contour of the quartz crystals is underlined bl' inclusions of cement mineraIs

difficult to identify and bl' chlorite and hematite (Fig. 3.14).

Fig. 3.13. Process of the partial dissolution of K
feldspar in the Priozersk sandstones.

BSEM image: DDH-654-117 m, line scale 10 Ilm
hoto from Brunet, 2004 .

Fig. 3.14. Detrital grains of quartz with diagenetic
overgrowths in the basal sandstones of the Priozersk

suite. Photomicrograph: DDH - 625 - 127 m.
Parallel nicols, line scale - 0,2 mm.

Fig. 3.15. Relies 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
(Sai mi 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).

Fig. 3.16. Kaolinite (dickite) and illite - smectite cement
is in the sandstones from the upper part of the Priozersk
suite (Salmi area). Photomicrography: DDH- 625 - 113
m, Crossed nicol , line scale - 0.2 mm

Kaolinite - dickite associations

Fig. 3.17. Vemlicular kaolinite with intercalated
pseudomorphs of dickite (thick booklets) in the
sandstones of the Priozersk suite (Salmi area). BSEM
image: DDH-816-179, line scale 2 Ilm (photo from
Brunet (2004)

ln 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 % respective1y (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 Â for kaolinite

and 2.32 Â - 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
thick book lets of dickite in the sandstones of the
Priozeskaya Suite of the Pasha area. SEM Image:
DDH-II-255, li ne scale 5 ).lm (photo from Brunet
(2004)

l/lite - smectite structure ordering

Fig. 3.19. Elongation and thickening of kaolin group
minerais by c axis during kaolinite - dickite transition
in the Priozerskaya sandstones of the Pasha area. SEM
image: DDH-11-255, line scale 10 ).lm (photo from
Brunet (2004)

Ordering of the smectite structure is characterized by the fom1ation of interstratified liS

minerais (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 mineraI.

Fig. 3.20. Fibrous elongated crystals of US minerais in
the Priozersk sandstones (Pasha area). BSEM image:
DDH-II-255, line scale 5 ).lm (photo from Brunet
(2004)

Fig. 3.21. Appearance of fibrous liS minerais on the
margins of vermjcular crystals of kaolinite in the
Priozersk sandstones (Pasha area). BSEM image:
DDH-II-255, line scale 10 pm (photo from Brunet
(2004)
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XRD investigations by Brunet (2004) show a single peak, varying from 10.2 Â to

14.35 Â, depending on the illite proportion, and provide evidences for the existence of two

distinct types of interstratified mineraIs: a first predominant one - with 60 - 65 % of illite and

a econd minor one - with 80 % of illite.

The chemical composition of the liS mineraIs was detemlined by subtracting the

theoretical formula of illite - (Si3.3Alo.7)ÜIOAI1.8R2+ o.2(OH)2KO.9 (Meunier, 1989) to the liS

composition assuming that the potassium was exclusively in the illite structure as:

(Si3.46Alo.7)OloAI1.8IFeo.I3Mgo.08(OH)2Ko.6CaO.osNao.ol taking a proportion of illite

component of 67.6 % (Brunet, 2004).

Sandstone clay composition in the who/e Pasha - Ladoga basin

The relative proportions of the detrital minerais 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 temary 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 after Debon and Le Fort, 1988).
Legend: 1 - Salmi and Pasba sandstones (Salmi area); 2 - non-mineralized (U < 4 ppm) Priozersk sandstones
(Salmi area); 3 - sligbtly mineralized (4 < U < 15 ppm) Priozersk sandstones (Sai mi area); 4 - nOll-lllineralized
sandstones (Yablonevka area, Western Ladoga); 5 - non-mineralized sandstones (Pasba area, SE Ladoga).
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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).

ln the triangular diagram these sandstones appear rich in K-feldspar and/or plagioclase with

small amounts ofillite/muscovite and/or kaolinite, and/or chlorite (Fig. 3.23).

on-mineralized (U < 4 ppm) and slightly mineralized (4 < U < 15 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 minerais with variable amounts of K-feldspar and/or plagioclase.

ln the ternary clays diagram (Fig. 3.23) their composition plot between the kaolinitelillite ­

feldspars side and the chlorite field. They are globally richer in clay minerais relative to

feldspars with kaolinite, illite, chlorite and possibly interstratified mineraIs (but cannot be

discriminated here), sorne 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 minerais (Fig. 3.22), mostly consisting of

interstratified minerais (illite-chlorite, illite-smectite mixtures) (Fig. 3.23).

On the contrary non-mjneralized 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 minerais (Fig. 3.22). The proportion

of feldspar to clay is highly variable but most of the samples are clay-rich with liS 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 mineraIs (kaolin mineraIs, 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 cOIToded grains of quartz in the basal
conglomerates of the Priozersk suite.
Photomicrograph: DDH - 356 - 475 m Crossed nicols,
line scale - 1 mm.

fig. 3.25. Partial dissolution of quartz during
chloritization process in the slightly mineralized
sandstones of the Priozersk suite. Photomicrograph:
DDH - 625 - 110 m, Parallel nicols, 1ine scale - 0.25
mm.

This process begins with partial quartz dissolution creating open space for the

deposition of other mineraIs. The presence of corroded quartz grains wrapped by chlorite and

carbonate indicates filling of open spaces during and/or c10sely after the quartz removal

(Fig. 3.24, 3.25).

Syn-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

hydrotherrnal stage. Different chlorite generations were fom1ed. At the diagenetic stage minor

amounts of chlorite (clinochlore) occur mostly between the detrital quartz grains.
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Table 3.1. Average chenucal composItIOn of chlontes from the mmeraLized Pnozersk sandstones (DDH-625)
(third ore zone of the Karku deposit)(present work compared witb average cblorites from the mineralized
Sbea-Creek sandstones (Athabasca, Canada) (Lori lieux, 2001).

Karku deposit area Shea Creek area
Analysis nllmber 625-110 625-128 625-134 slldoite Fe-chlorite 1 Fe-chlorite 2 Fe-chlorite 3
Si02 27,23 24,65 29,80 36.77 23.34 29.00 34.77
AI2O] 20,86 19,98 18,34 33.36 12.10 16.35 18.62
MgO 5,43 3,30 8,49 11.38 3.07 2.77 2.79
FeO 33,69 37,32 30,51 1.41 31.37 32.42 28.66
Ti02 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
Na20 0,16 0,04 0,09 - - - -
K20 0,02 0,02 0,07 1.18 0.1\ 0.37 0.51
Total 87,97 86,47 89,09 84.19 70.52 81.81 85.69

i 2,80 2,57 3,02 3.40 3.30 3.40 3.71
AI IV 1,20 1,43 0,98 0.60 0.70 0.60 0.29
AI VI 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+ 2,89 3,25 2,58 0.11 3.71 3.18 2.56
Ti 0,00 0,00 0,02 - - 0.01 -
Mn 0,04 0,04 0,09 - - - -

Total VI 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
la 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 nllmber 23 22 7 SHE 66-675.5 SHE 79-709.1 SHE 16-696.8 SHE 16-696.8
..

ln 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 weil as the

relicts of detrital mica. Dark-green to black-green spherical chlorite is neoforrned 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

unconforrnity surface (Fig. 3.26).

Sample number Structural formula of cblorite Distance to
unconformity

654-117 m (Fe 3.23 Mg 102 K 001 Na 0.01 Al 149) [Si 2.96 Al 104] 0 10 (OH)8 28 m

625-110 m (Fe 289 Mg 0.83 Mn 0.04 AI 132) [Si 2.80 AI 120] 0 10 (OH) 8 24m

625-128 m (Fe 3.25 Mg 0.50 Mn 0.04 AI 103 ) [Si 2.57 AI Id 0 10 (OH) 8 6111

625-134 111 (Fe 2.58 Mg 128 Mn 0.09 AI 121) [Si 3.02 AI 098] 0 10(OH) 8 0111

816-161 m (Fe 2.95 Mg 0.9 K 0.03 Ca 0.02 MnO.02 Al 164) [Si 310 AI 090] 0 10 (OH)8 23 m
(dark zone)
816-161 m (Fe 338 Mg 0.80K 001 Ca 002 MnO.02 AI 152) [Si 2.96 AI 104] 0 10 (OH)8 23 m
(light zone)

Table 3.2. Structural formula of cblorites from the mineralized III ore zone (DDH-625, DDH-654) and slightly
mineralized Il ore zone (DDH-816) in the Priozersk sandstones
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Chemical composition of chlorites was also detennined and glven ll1 Table 3.1.

Chemical chlorite fonnula 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). ln contrast to the chlorites from mineralized

sandstones of the Shea-Creek area (as weil as in the whole Athabasca basin) Mg-chlorite

(sudoite) is the prevalent clay mineraI, which is associated to uranium mineralization and Fe­

chlorites are mostly fom1ed during late mineralization events (Lori lieux, 2001) whereas in the

Karku deposit Fe-chlorites are associated with the main mineralization event (Fig. 3.28).

Fig. 3.26. a: light-green chlorite, whicb partially replace tbe clay cement, in non-mineralized gravelite of the
Priozersk suite (Sairni 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 (III ore zone of the Karku deposit, DDH-625-1 10 m), line scale = 0.25 mm, parallel nicol ;

c: dirty-green-black chlorite in the strongly mineralized Priozersk sandstones of the Karku deposit ore zone 1,
(DDH-605-107), line scale = 0.2 nml, parallel nicols;

d: dirty-dark green chlorite in the strongly mineralized Priozersk sandstones of the Karku deposit ore zone III
(DDH-671), scale = 1 euro coin.
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Fig.3.27. Composition of the chlorites from the Karku deposit (presenl work) compared 10 those of Shea Creek
(LOI'illeux, 2001) in the classification diagram of chlorite composition.

• Fe-chlorites From the Pasha - Ladoga sandstones (DDH-625)

.. sudoites From Shea Creek
AI VI

• Fe-chlorites From Shea Creek
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Fig. 3.28. Composition of the chlorites [rom the Karktl deposit (Salmi area) and Shea Creek chlorites represented in a
AIV1-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 (Lori lieux, 2001)
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Fig. 3.29 Chlorite [rom the Priozersk sandstones in the AI IV
- AI VI diagram compared with chlorites from the

Los-Azufres andesites and approximate temperatl.lres of the process according to Cathelineau and Nieva (1985)

Chlorite of the Los Azufres geothermal field were plotted in the AI IV vs Alv1 diagram

with their estimated temperatures (Cathelineau and ieva, 1985). The isotherms defined by

Los Azufres data were u ed to estimate a temperature of crystallization of the chamosites

from the Karku deposit. Most ofthem are comprised between 180 and 220 oC (Fig. 3.29).

Syn-ore carbonatization

Fig. 3.30. Carbonatization stage in the Priozersk
sandstones: developed in the clay cement and as
calcite vein ( DDH-389-189 m). Crossed nicols, line
cale-l mm

Fig. 3.31. Alteration processes in the mineralized
Priozersk sandstones: chlorite - calcite cement around
detrital quartz with overgrowths. Sample DDH-654-143
m. Parallel nicols, line scale - 1 mm
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Carbonatization especial1y 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 RaO Si02 Al20 3 Na20 K20 Ti02 F20 Total

Point 1 58.62 0.16 0.61 0.13 0.00 0.38 0.14 0.02 0.02 0.44 0.20 60.71
Point 2 59.75 0.26 0.56 0.09 0.00 0.29 0.11 0.00 0.01 0.46 0.00 61.53
Point 14 53.40 0.52 2.12 0.15 0.00 0.01 0.01 0.32 0.00 2.20 0.00 58.90
Point 15 51.29 0.34 0.86 0.05 0.10 0.13 0.08 0.00 0.00 5.86 0.08 58.95
Point 21 56.54 0.29 0.94 0.08 0.04 0.00 0.01 0.01 0.01 1.25 0.02 59.22
Point 23 54.37 0.13 1.18 0.03 0.07 0.06 0.00 0.16 0.00 4.07 0.06 60.41

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 Iithoclasts, and crosscut the quartz grains (Fig. 3.31). Siderite is also

associated with V-mineraIs and form monomineralic aggregates and veins, also cutting V­

mineraIs.

Global sandstone composition in the Karku deposit (Salmi area)

The global mineraI 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

temary classification diagram.

Mineralized sandstones of the Karku deposit area appear relatively rich in quartz with a

relatively constant proportion of clay mineraIs. 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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• Mineralized sandstones of the Priozersk suite (Kark:u deposit area)
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Fig. 3.32. Mineralized sandstones from the Kark:u deposit area plotted in the Q-A diagram (derived from
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Fig. 3.33. Clay composition of the mineralized sandstones from the Kark:u deposit area plotted in the temary
K+ a- 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. Sorne samples (DDH-625:

interval 110 - 134 m) are largely dominated by chlorite. A smaller trend (DDH-822: interval

143 - 157 m) is directed towards VS illite-chlorites, illite-smectites.
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Ore mineralization event

Riphean sedimentary sequences of the Pasha - Ladoga basin

During the ore stage in the Karku deposit several types of mineraI associations were

observed (Bylinskaya et al., 2004):

(i) chlorite-dominant uranium mineralization (ore zone III of the Karku deposit);

(ii) carbonate-dominant uranium mineralization (ore zone 1of the Karku deposit);

(iii) vein type uranium mineralization in the basement rock and in basalts (described in

the corresponding chapters II and IV respectively).

These mineraI associations may overlap each other in the same ore zone or may appear

independently (Novikov et al., 2001).

i) Ch/orite-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.

Fig. 3.34. BSEM image of corroded quartz Fig. 3.35. Relicts of the pitchblende 1 spherolites in
crysta1s in a cement composed of pitchblende Il pitchblende Il. Sample DDH-680/125 (Karku deposit area,
and ch10rite with sulphides. Samp1e DDH-671- ore zone III), photomicrograph in reflected light, scale = 20
132 m (Karku deposit area, ore zone III), /lm (Bylinskaya et al, 2004)
photomicrograph sca1e = 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 coffmite and different Ti-V-Si phases. Chemical composition of the uranium

mineraIs is listed in the Table 3.4.

Relicts of more reflective pitchblende 1 are observed as separated spherolites in

pitchblende II (Fig. 3.35). The pitchblende II (less reflective) is the dominant mineraI in the

high-grade ores.

Pitchblende 1 and II differ mainly by their SiOz and PbO contents (pitchblende 1 - 1.5 ­

3.5 wt. % Si02, 9.7 wt% PbO, pitchblende II - 6 - 9 wt. % Si02, 5.2 wt% PbO). Besides

inclusions of sulfides - pyrrhotite, sphalerite, galena, molybdenite, loellingite on1y occur in

pitchblende II.

Wt.% Si02 Ti02 FeO MnO CaO U02 PbO S03

Pitchblende J 4.4O±O.70 O.17±O.OI 2.15±O.07 1.61±O.20 2.91±O.IS 77.91±4.60 9.67±5.25 I.S2±O.07
(5 analysis)

Pitchblende JI 7.9S±1.15 O.49±O.O2 1.92±O.O2 1.42±O.60 2.32±O.OS 7S.72±4.10 5.24±4.S0 1.OS±O.6S
(7 analysis)

Coffinite 14.77±4.S0 2.37±O.OI 1.20±O.SO O.50±0.O6 4.11±1.44 53.27±3.50 1.I0±O.65 O.S7±2.50
(5 analysis)

Table 3.4. Cbemical composition of the main uranium mineraIs of the Karku deposit area (unpublisbed data from
Polekhovsky)

Fig. 3.36. Abundant pyrite as a cement in sligbtly
mineralized Priozersk sandstones - sample DDH-680­
125 m (Karku deposit area, ore zone III)
BSEM image pbotomicrograpb, scale 75 mm

Fig. 3.37. Pyrite and Ti-U-oxides in a Ti-oxide cement
of the mineralized Priozersk sandstones - sample
DDH-680-125 m (Karku deposit area, ore zone III)
BSEM image pbotomicrograpb, 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. lt contains 57 wL % Fe, 42 wt % S,

0.06 wL % Co, 0.04 wL %Ni.

Pyrite is rather widely distributed in the non-mineralized or slightly mineralized

Priozersk sandstones (Fig. 3.36). ln rich ores (U > 3.0 wL %) pyrite content is much less

abundant than pyrrhotite. Ln the ore bodies microcrystalline pyrite is characterized by tear­

shaped and globular forms. Us composition is following: 46.6 wL % Fe, 53.3 wL % S, 0.05

wL % Co, 0.03 wL % Ni, 0.02 wL % Cu.

Mineralized zones in the sandstones sometimes contain porous melnikovite. This

minerai is enriched in Ni (2.25 wL %), Co (0.2 wL %), Cu (0.68 wL %).

ln 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 U02 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
brannerite ?) in the mineralized Priozersk sandstones ­
(DDH-680-125 m (Karku deposit area, ore zone III).
Photomicrograph scale = 150 ,..lIn

Fig. 3.39. BSEM image of recrystallized Ti-oxide
grain coated by layers of carbonate and coffinite
(DDH-680-125 m) (Karku deposit area, ore zone III).
Photomicrograph scale = 120 /lm
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if) Calcite-dominant association

The calcite - uranIum association is widespread in the first ore zone of the Karku

depo it both in the basement rocks and in the sedimentary cover (see Fig. 1.1 1 for ore zone

position) and weil 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 sand tones

(Bylinskaya et al., 2004). eedles of pyrrhotite in the carbonate - coffinite cement are also

observed (Fig. 3.41).

Fig. 3.40. Sulphides associated with coffmite Fig. 3.41. Pyrrhotite needles in the carbonate-coffmite cement
in the cement of the sandstones (DDH- (DDH-605-107, Karku deposit area, ore zone 1)
680/125, Karku deposit, ore zone III). BSEM Parallel nicols, cale = 0.1 mm
image, photomicrograph scale = 100 ~m

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. [ts 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
arsenides (DDH-384-144, Karku deposit area, ore zone
1), photomicrograph scale = 30 flm

(iii)Post-mineralization retrograde diagenesis

Fig. 3.43. BSEM image of corroded pyrite grains
coated by coffmite in a carbonate-cWorite cement of
the Priozersk mîneralized sandstones (DDH-680-125,
Karku deposit area, ore zone ID), photomicrograph
scale = ISO flm

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 ofevents

Riphean sedimentary sequences of the Pasha - Ladoga basin

Hydrothcnnal al1eralion procc••c.

Sedimentation Diagenctic processes

Syn-orc altcration proccsses Latc-orc altcration processcs Post-ore alteration proccsses

Detrital quartz
Detrital K Fsp
Detrital plagioclase -----.J
Accessory mineraIs

~Hematite
Quartz overgrowths
Smectite
Kaolinite

Dickite 1

mite
IfS minerais 1

Chlorite C b r-"---J
c=Carbonates

Quartz dissolution -- ===. S;:::>

Sulphides 1 1

Ti-oxides
1

Pitchblende c:::::::J

Coffinite 1 1

Hydropitchblende

Leucoxene

The paragensis is a compilation ofPetrov, 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 hydrothennal stages of uranium rnineralization.

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, fust hematization;

Stage 2: Diagenetic alteration -quartz overgrowths, kaolinite-dickite and smectite-US

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-V-Si phase formation;

Stage 6: Supergene kaolinitization and late hematitization.
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Part 3.3. Detritai accessory mineraiogy of the Priozersk sandstones (Saimi area)

Table 3.5. DeScriptIOn, locatIon, mmeralogIcal 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

Sample Surface/DDH Rock type Zircon Monazite Other Zr, Th, D, LREE,
number position (area) (sandstones - alteration a1teration 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 +
(5 m)

605-92 DDH Priozersk Zircon relics of Ti modes 753 26 12 285
Karku l sandstone + monazite

(15 m)
605-93 DDH Priozersk Zircon - - 405 39 18 230

Karku l sandstone +
(14 m)

605-107 DDH Priozersk Zircon - pitchblende, 1097 1040 3615 467
Karku l sandstone + coffinite

(0 m)
389-163 DDH Priozersk Zircon - - 678 28 3 260

Karku II sandstone +
(26 m)

389-174 DDH Priozersk Zircon single grain - 1052 30 6 364
Karku II sandstone + of monazite

(15 m)
615-99 DDH Priozersk Zircon monazite coffinite (?) 954 47 215 351

Karku II sandstone + with thorite
(10 m) phase

816-167 DDH Priozersk Zircon monazite Ti oxides 1482 67 Il 483
Karku II sandstone +

(18 m)
625-128 DDH Priozersk Zircon - - 334 8 19 134

Karku III sandstone +
(12 m)

627-127 DDH Priozersk Zircon - pyrite and n.a. n.a. n.a. n.a.
Karku III sandstone + apatite in

(about 0 m) zircons
654-117 DDH Priozersk Zircon monazite - 799 30 2 224

Karku III sandstone + altered
(28 m)

654-145 DDH Priozersk Zircon monazite pitchblende, 554 15 1210 103
Karku III sandstone + coffinite

(0 m)
..

As described above typical accessory detrital mineraIs 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 mineraIs, apatite, cassiterite, xenotime,

monazite are less common. During denudation processes detrital accessory mineraIs 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 mineraI layers mainly

consist of zircon grains and Fe-Ti-U-oxides (Fig. 3.45).
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Fig. 3.45. Mineralized Priozersk sandstone witb beavy mineraI layer - enricbed in detritaI grains of Ti oxides
witb U and zircons (sample DDH - 627 - 127 m). Pbotograpb 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 ~m) , 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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l II III IV

12 - Sample DDH- 615-99
Ore zone II, scale - 60 /lm

16 - Samp1e DDH- 389-174
Ore zone n, scale 43 /lm

8 - Samp1e DDH- 615-99
Ore zone II, scale - 200 /lm

3 - Samp1e DDH- 389-174
Ore zone II, scale - 20 m

15 - Samp1e DDH- 615-99
Ore zone n, sca1e - 60 /lm

Il - Samp1e DDH- 389-163
Ore zone n, sca1e - 50 m

7 - Sample DDH- 484-97
Salmi area, sca1e - 60 /lm

2 - Sample DDH- 625-128-01
Ore zone li, sca1e - 75 m

10 - Sample DDH- 615-99
Ore zone n, scale - 100 m

6 - Sample DDH- 389-174
Ore zone n, sca1e - 50 m

14 - Samp1e DDH- 615-99
Ore zone n, sca1e - 12 /lm

5 - Sample DDH- 605-107
Ore zone I, scale - 60 /lm

13 - Samp1e DDH- 605-107
Ore zone I, scale - 38 /lm

9 - Sample DDH- 605-107
Ore zone I, scale - 75 /lm

Fig. 3.46. BSEM images ofvariab1y altered zircon grains from the Priozersk sandstones (Salmi area and Karku deposit)
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(i) Zircons derivedfrom 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.

% zr02, 31 - 32 wt. % Si02 and 1 - 2 wt. % Hf02. Only slight enrichments in Y is observed

(photo 1) (up to 1.4 wt. % of Y20 3 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 Ah03, Fe203, CaO up to a total

of about 6 wt. %. U and Th enrichments are moderate in spite of the fact that sorne 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 ofwater 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
zr02 53 47 58 53
Si02 27 23 27 26

A120 3 2 2 2 2
Fe203 1 1.5 0.5 2
CaO 2.5 3 4 3.5
P20S 0.5 0.5 0.5 0.5
Y20 3 1 5 3 4

REE20 3 1 3 3 3
Th02 0.5 2.5 3 1
U02 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 schjsts

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

defmed 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 Zr02, 31 - 33 wt. % of Si02, 1 - 2 wt. % of HfO2

and oruy up to 0.15 - 0.40 wt. % of Y20 3 (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 V in the Zr - Hf - Si structure (Fig. 3.47). V contribution into the zircon structure

substitution varies from 0.2 and up to 0.8 atoms (contamination with V-mineraIs may locally

be possible for the highest values) (Fig. 3.48).

(in) Zircons from the Early Riphean rapakivi granites

Alteration is also weIl developed in zircon grains attributed to the Rapakivi granites.

Altered dark domains occur mostly at the marginal part of the grains with altemating 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 oruy 65

- 66 wt. % of zr02, 32 - 33 wt. % of Si02 and 1 - 2 wt. % of HfO2 (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):

Table 3.7. Average composItIon of the dark domams (wt. %) m the detntal ZIrcon grams, whIch are
possible derived from the Salmi rapakivi granites

Fig. 3.51 Photo 3 Photo 7 Photo Il Photo 15
zr02 58 61 61 54
Si02 29 25 29 27

Al20 3 1.5 0.5 0.5 1
Fe203 0.5 0.5 1 1
CaO 2 1 1 2
P20 S 0.2 0.5 0.2 0.4
Y20 3 2 3 1.5 2

REE20 3 2 0.5 1 1.5
Th02 0.2 0.1 0.4 0.9
U02 0.2 - 0.1 0.3
Total 97 95 97 90

..

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). V contribution into the zircon structure substitution is

about 0.1 atoms (Fig. 3.48).
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• Priozersk sandstones

627-127

•

605-107

•605-107

32

Plutonk rocks area
Fresh t
nrcon t--"'~"""

161412

20 -j---------.-------.-----~---_____;~---~----__,_----~---~

o 6 8 10

Al + P + Ca + Fe + Y + U, atomic

Fig. 3.47. Substitution of Zr + Hf + Si by Al + P + Ca + Fe + Y + U in zircons from the Priozersk sandstones

Frcsh
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Fig. 3.48. Substitution of Zr + Hf + Si by only U in zircons from the Priozersk sandstones
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(iv) Elongated zircons
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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. % zr02, 32 - 33 wt. % Si02

and about 1 wt. % HfO2. Only a slight enrichment in P (up to 0.2 wt. % P20 S) and in Y and Fe

(up to 0.15 wt. % Y20 3 and Fe203) 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 sorne 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 CU content = 2.5 ppm) Priozersk

sandstones (DDH-654-117 rn-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. % P20 S, 24 - 25 wt. %

Ce203, 12 - 14 wt. % La203, 9 - Il wt. % Nd20 3, 4.4 - 4.7 wt. % Th02 and 0.3 - 0.5 wt. %

D02. 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,

D, 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 !lm cement with relies of chloritic cement (DDH-654­

145 m). Photomicrograph scales: 38 and 136 !lm
Fig. 3.49. BSEM images of preserved detrital monazite grains in the cement of the Priozersk sandstones
(DDH-654, ore zone ID)

Rare corroded monazite crystals are observed in the sulphidic cement of strongly

mineralized Priozersk sandstones (U content = 1210 ppm) (at the bortom of the sequence in

the same drill hole (DDH-654-145 m) in the vicinity ofthe unconformity surface (Fig. 3.49­

B). These crystals contain 28 - 30 wt. % PzOs, 31 - 32 wt. % CeZ03, 18 - 20 wt. % Laz03, 9 ­

Il wt. % Ndz0 3, 2.8 - 3.7 wt. % ThOz and a maximum of 0.07 wt. % DOz.

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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200 UfQ

A: Monazite at the margin of zircon grain
Photomicrograph scale = 38 ).lm

. ~-
quartz

B: Detrital monazite and zircon grains in the cWoritic
cement of the sandstones

Photomicrograph scales = 15 and 86 ).lm
Fig. 3.50. BSEM images of monazite from non-mineralized Priozersk sandstones (DDH-822-155 m - Karku
~area) ~

....... J.l

1

l ".
Fig. 3.51. Transmitted light and BSEM images of monazite grain relicts with possible Al phosphates (APS) of
crandallite-goyazite-florencite group in a cWoritic cement of the non-mineralized sandstones (DDH-822-145 m
- Karku deposit area). Photomicrograph scales: 200,250 and 15 ).lm
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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).

Fig. 3.52. BSEM images of monazite grains relicts from non-mineralized Priozersk sandstones (605 - 92 m, ore
zone l of the Karku deposit). Photomicrograph scales: A - 38 l!m; B - 3.8 l!m

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 (Recht & Cuney, 2000), where P and

LREE recrystallize together with Al and variable amounts of Ca and Sr to form AI­

phosphates-sulphates (APS) of the florencite-crandallite-goyazite group. Only single

observation of possible APS mineraIs is presented in the Priozersk sandstones (Fig. 3.51).

A: Monazite from DDH-615-99 m (Karku, ore zone II) B: DDH-822-145 m (Karku deposit)
Photornicrograph scale - 20 l!m Photornicrograph scale - 5 l!m

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 + AI + Fe + Y in detrital monazites frorn 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 minerais 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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Fig. 3.55. BSEM image of the detrital zircon grain with
xenotime, wbicb occurs at the margin of zircon (sample
DDH- 822-155, Karku deposit) in the Priozer k sandstone
Photomicrograph scale 12 pm

Ladoga

parts of zircon grains and in xenotime,

which frequently occurs at the margin

of zircon grains (Fig. 3.55). on­

altered zircon contains less than 0.1

wt. % Y. The altered part mal' contain

up to 3 - 6 wt.% Y (exchange Zr4
+~

y 4+). The Zr/Y ratio is an indicator of

the degree of zircon alteration: in

fresh zircons this ratio exceeds 100

y is ellriched both in the altered

diagram the Pasha

(Fig. 3.56) while altered zircons are

typically characterized by ZrlY ratios

between 100 and 20. ln the Zr - Y

sandstones show Zr/Y ratios rangmg

from 70 to l, according to the

intensity of their zircon alteration. lt is

interesting to note, that sorne fresh

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. lt 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 mam 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 on11' 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 intemlediate ratios mal'

correspond to a primary feature of such immature sandstones.

Th is generally weil 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 ail 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 oruy a few higher than 1, indicating a

slight leaching of the LREE, but less important than in the Athabasca sandstone.

• Priozersk sandstones

o Salmi sandstones

, , 1

•
•

••
~ ~o• •

1000

10000

10 Y,ppm 100 1000

Fig. 3.56. Priozersk and Salmi suites sandstones of the Pasha - Ladoga basin in a Yvs. Zr diagram

/j. Pasha area: DDH-II arxI DDH-14 sarosloœs

•

•
••

•••
•••

• •• •·-.-t-·_·_·_·_·_·
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• ••
•

o Sam area: Sami arxI Pasha sandsloœs

o YabJoœvka area: DDH-I03 sandsloœs
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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 sorne

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 lA.

Average composition Pasha - Ladoga Satak:unta sandstones Shea-Creek sandstones Jabiluka sandstones
sandstones

Si02 81.33 ± 10.53 81.74±9.22 96.95 ± 3.02 93.43 ± 4.86
Al2O) 7.65 ± 3.20 8.93 ± 3.80 1.31 ± 1.44 2.65 ± 2.11
Fe203 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.\0 0.03 ± 0.11
Na20 0.41 ± 0.82 1.69 ± 1.38 0.00 0.00
K20 2.57 ± 1.04 3.26 ± 0.63 0.21 ± 0.35 0.65 ± 0.64
Ti02 0.34 ±0.29 0.24 ± 0.26 0.05 ± 0.07 0.03 ± 0.05
P20 S 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 ±O.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 Si02 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. %

Si02. The average Priozersk coarse-grained arkosic sandstone contains about 75 - 80 wt. % of

Si02. It correlates with the Average Arkose ofPettijohn (1981) with 77.1 wt % of Si02. The

samples with lower Si02 content (40 - 60 wt. %) correspond to the Pasha siItstones or to the

lower part of the Salmi sandstones immediately above the Sa1mi lower basaIt layer. The Pasha

quartz arenites by their high Si02 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 Si02 (80 to 99.6 wt. %). The

average Jabiluka sandstone contains 93.4 wt.% ofSi02 (81.1 to 99.3 wt. %).

The Ah03 (2.1 to 16.3 wt. %, average = 7.6 wt. %) and K20 (0.4 to 4.8 wt. %, average

2.6 wt. %) contents which mainly reflect total K-feldspar and clay mineraI 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 Ah03 are observed in the Satakunta sandstones. It means that the

Satakunta sandstones on average are richer in feldspars and clay mineraIs. The Average

Arkose of Pettijohn (1981) shows a slightly higher value of Ah03 (8.7 wt %) but the same

K20 (2.8 wt.%) content. For comparison, average Shea-Creek quartzose sandstone contains

only 2.3 wt. % of Ah03 and 0.2 wt.% K20 reflecting its very high maturity. High maturity is

also typical of the Jabiluka sandstones with only 2.7 and 0.7 wt. % of Ah03 and K20

respectively.

The CaO and MnO values (normative Mn-ealcite) 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 Sa1mi sandstones, which lies immediately

above the Salmi lower basait 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

LL. 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. % ofMnO, 0.5 wt.% ofPF

in Shea Creek, and anomal content up to 0.5 wt.% of CaO, 1.8 wt. % ofPF in Jabiluka.
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Ti02 and P20S contents in the sandstones correspond to Ti oxides (rutile, anatase) and

phosphates (apatite, monazite, xenotime, Ca-AI-phosphates). Average Ti02 content in Pasha

Ladoga sandstones is 0.3 wt % and the average P20 Scontent is 0.1 wt %. Average Ti02 (0.24

wt. %) in Satakunta sandstones is slightly lower than the Pasha - Ladoga, but average P20 S

(0.11 wt. %) is slightly higher. Average Ti02 (0.05 wt. %) and P20 S (0.01 wt. %) contents in

the Shea Creek zone are also lower. Average Ti02 content in Jabiluka sandstones is also low

with 0.03 wt % and average P20 Swith 0.03 wt %.

Fe203 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 Fe203 value (2.2 wt. %)

corresponds to the Average Arkose ofPettijohn (1981). The average Fe203 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 Jabilu.ka
elements concentration* sandstones, sandstones, sandstones, sandstones,

ppm ppm ppm ppm ppm
As 1 2 2 0.6 1
Ba xO 423 429 12 12
Be O.x 1 3 0 0.5
Bi - 0.1 0.3 0.2 0
Cd O.Ox 0.5 0.4 0 0
Co 0.3 4 3 0.2 1
Cr 35 16 24 6 4
Cs O.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 O.Ox 0 0.1 0 0

Mo 0.2 0.5 0 0.2 0
Nb O.Ox 17 6 1 1
Ni 2 8 17 1 3
Pb 7 27 16 3 2
Rb 60 83 126 2 10
Sb O.Ox 0.1 0.2 0.1 0.1
Sn O.x 3 2 0.1 1
Sr 20 59 91 73 28
Ta O.Ox 1 1 0.1 0.2
Th 1.7 13 14 3 9
U 0.45 3 4 1 1
V 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

d 37 26 24 8 14
Sm 10 4 5 1 2
Eu 1.6 1 0.6 0.2 0.4
Gd 10 3 4 1 1
Tb 1.6 0.5 0.5 0.2 0.1
Dy 7.2 3 3 1 1
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 Eartb element average contents m the Pasha - Ladoga (Russla), Shea-Creek
(Athabasca basin, Canada) and Jabiluka (Pine-Creek geosyncline, Australia) sandstones.
*Turekian K., Wedepohl K. Distribution of the elements in sorne major units of the Earth 's crust. Bull. of the Geai. Soc. of
America. 196,. 72- 2: 175 -192; For sorne elements, only arder ofmagnitude 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.

100)0-
Salmi ar~a· Prîoz~rsk suite ''''''' Ynblon.:vka an~a - DDlI-103 Pasha arC'a - DDll-11. ODII-14
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Kb Ba Th li K Nb La C.: Sr l' Zr Sm 11 Y Yb Rb Ba Th li K Nb Ll4 Ce Sr r I..r Sm "II Y Yb Rb Ba Th U K Nb La Co: Sr r b Sm Il Y Yb

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/Cl.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 mineral.s composition of the sandstones

inberited 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, D, 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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Fig. 3.60. Chondrite-normalized trace element patterns of the average non-mioeralized sandstooes from the
Pa ha - Ladoga, Satakunta, Shea-Creek and Jabiluka basins (spidergram type after Holm (1979); chondrite
composition after E. Anders and . Grevesse: http://earthref.org/GERM/reservoirs/Cl.htm

Trace element distribution in the mineralized sandstones of the Salmi and the Karku

deposit area have sorne specifie features. The chondrite-normalized spidergrams patterns of

the non-mineralized (Iess than 4 ppm of U), slightly mineralized (Jess 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 sand tones from the

Karku depo it 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

processe .
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Fig. 3.61. Chondrite-nonnalized 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_
Spidergram type after Hohn (1979); chondrite composition after E. Anders and N. Grevesse:
http://earthref.org/GERM/reservoirs/C I.htm)

DDH-625

lloPDH-60S

l!IICtlnfomlnY5url'JeC

00H·654,..

Karku deposit
Ore zone 1II

Karku deposit
Ore zone 1II

Karku deposit
Ore zone 1

Rock A\eragc Pasba-la.iuga sandswnc

"Rb

"'""Tb
SL
.~"b

cs•
• P!O~

"7r
• Tio!

OY

"Rb

"'""Th
"'L
""Cs<
ep!O'i

"7r
.T,OZ

"V

"Rb
"'""Tb
BL

"'b
cs.
.P10~

"7,
"T,
OY

0011-1051

,~pDlI-ll

l nconfom'lll) ~urfa('c

lliWODII-I03

L;ncontomlÎlysurfal"l."

lnconfomlll) surfilee

Pasha area

Salmi area

Yablonevka area

Rock.A~CTage Pasba.ladoga sand.roll':,

Ub

"'"8n.

"'li
"'"cs.
.1"10;<;

""
81101

",

"Rb

"'""""""Nb
Cl"r
...!n~
"Ir
er.o1
",

Unconf,mrut)' wrfaœ

Fig. 3.62. Trace element distribution in the Pasha - Ladoga sandstones in conceming to the DDH position and depth
of the samples

219



Chapter III Riphean sedimentary sequences of the Pasha - Ladoga ba in

For a better understanding of trace elements and REE distribution along the

tratigraphic uccession 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 "Pa ha ­

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-l 051), Pasha (DDH-I 1)

and Yablonevka (DDH-l03) 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 l, DDH-625 and DDH-654 - ore zone III.

Regionally, in the DDH-l051, DDH-ll 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-l05l) the samples mainly

present a Rb enrichment, and to a lesser extend in Ba corresponding to the illitic alteration in

the 3 samples doser to the unconfonnity. 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 enricbed in uranium but also in thorium.

ln the Pasha area (DDH-ll) the samples are mainly depleted in ail elements with depth

compared to average sandstone indicating a higher maturity of the sandstones. A slight Th

enrichment i 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. ln the Yablonevka area

(DDH-l03) the samples have compositions close to the average sandstone one.

ln 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). ln the ore zone 1

(DDH-605) the two upper sandstones near the contact with the Salmi basalts (interval - 92 ­

92.5 meter ) 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 element 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 minerais. A depletion

in P20S and surprisingly of Ti02 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 ref1ect the alteration of the feldspars.

The two drill cores (DDH-625 and 654) from the ore zone III are characterized by

specific features. U is strongly enriched with depth in both drill core. ln 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. ln DDH­

654 there are LlO 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 sorne 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 01). Average IREE in the Salmi area is about 150 ppm. ln the

Yablonevka area within DDH-I03, IREE varies from 100 to 200 ppm, in the Pasha area

(DDH-11 and DDH-14) - from 40 to 230 ppm.
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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.org/GERM/reservoirs/CI.htm)
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Mesoproterozoic sedimentary basins, areas, suites (CelYb)N EuJEu* (GdJDY)N

Pasha - Ladoga (Salmi area, Priozersk sandstones 12 0.8 lA

Satakunta sandstones 12 0.6 1.6

hea-Creek (average Erica 1- III sandstones) 17 0.5 1.8

labiluka decline andstone 33 0.7 2.3

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 di tribution 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

aIl basins are given in Table 3.10.

(ErlYb)N

0.95

1.05

1.02

0.95

Table 3.10. Average characteristics of the REE distribution in the non-mineralized sandstone of tbe Pasha ­
Ladoga (Russia), Satakunta (Finland), Shea-Creek (Canada) and labiluka (Australia)
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Fig. 3.64. Chondrite-nonnalized REE distribution patterns of the Pasha - Ladoga (Salmi area), Shea-Creek
(Erica) and Satakunta non-mineralized sandstones (cbondrite composition after Supplemental data for chondrite
(Anders & Grevesse: http://earthref.org/GERMJreservoirs/CI.htm)
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chematic shape RH, pattelll

~ Salmi area and Karku deposil sandstones

o Yablonevka and Pasha area sandstones

after KI ter (2003)

Average greywacke and shale by Condie (1993)•
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Fig.3.65. Gd /Dy versus Er /Yb diagram for Pasba - Ladoga and Athabasca sandstones (after Kister, 2003)

ln the GdN/DYN versus ErNNbN diagram established by Kister (2003) to evaluate

interrnediate HREE depletion or enrichment (Fig. 3.65), the representative points of the non­

mineralized sandstones from the Athabasca (Erica 1-1Il) (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 interrnediate 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.
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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://earthreforg/GERM/reservoirs/Cl.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 l 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 ba ins, areas, suites (CelYb) Eu/Eu* (GdlDY)N (ErlYb)N

Ore zone 1 11.5 0.8 1.7 1.1

Ore zone Il 9.8 0.5 lA 0.9

Ore zone III 8.6 0.8 lA 0.9

Outside of the ore zone in the Karku deposit area 10.2 0.7 lA 1.1

Table 3.11. Average charactenstlcs of the REE dlstnbutlOn In the rruneralJzed sandstones of the dlfferent ore
zones of the Karku deposit area (Pa ha - Ladoga basin, Ru sia)

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

nonnalized to the average "Pasha - Ladoga sandstone"- (Fig. 3.67).
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Fig. 3.67. REE distribution in the Pasha - Ladoga sandstones in concerning to the DDH position and depth of the
amples
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In DDH-60S (ore zone 1 of the Karlcu 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 III 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 is

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 sorne 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 III

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 se1ected 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 developed 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 Ils 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 mineraIs, 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 ofmassive 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 mineraIs 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 mineraIs 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

regionai 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 IV Mesoproterozoic basaltic magmatism of the Pasha - Ladoga basin

Part 4.1. Geological setting

Mesoproterozoic (Riphean or Postjotnian) continental flood basait (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). lt 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 reglOn

(southwestern Finland) and some other localities in Finland and Sweden (Kohonen, 1993;

Kohonen & Ramo, 2004).

ln the Ladoga Lake regton (Fig. 4.1)

similar dolerites and basal tic lavas outcrop

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

Fig. 4.1. Sketch map of the Lake Ladoga region
showing the outlines of Iwo major volcanic
sequences (in green) within the Pasha - Ladoga
sedimentary basin (in purple) (after Amantov et al.,
1996).

Ladoga Lake). ln the Karku deposit area the

Salmi basalts are mainly overlapped by the

Quatemary glacial deposits but have been

also intersected by exploration drillings

(Novikov et al, 2001).

Four phases of magmatic activity have

been distinguished during Mesoproterozoic in

the Northem Ladoga area. During the first

stage the large Salmi rapakivi granitoidic batholith was emplaced (1560-1540 Ma). Two
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stages of basal tic 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 flow and "mandelsteins" rocks (Novikov et al, 2001).

These two eruption stages are separated by a layer of terrigenous sedimentary rocks

(Saimi sedimentary subsuite - up to 30 m thick - see in Chapter Ill), 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

Valaam island Riphean volcanic-sedimentary sequence

SE

Intercalated Sahni basalts

o
1

25 km
1 +

+

Fig. 4.2. Cro s section of the Pasba - Ladoga ba in based on eismic reflection studies (Amantov et al., 1996).
Two major volcanic sequence 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. lt 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 sil! 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 sil! 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 ENd (at 1460 Ma) values of - 5.8 to - 4.1, whereas the Valaam sill present

more negative ENd (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 sil!

(Ramo et al., 2004).

b 1 -f U LJL.~ c..
Aue du Jardin Botanique - BP 11

1VillERS-lES-NANCY~
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Part 4.2. Salmi Suite basalts

4.2.1. Petrography and mineralogy ofthe 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 sorne others

may be massive but with brecciated roofs.

Detail analysis of the inner structure of both

volcanic sheets has not confirmed the

Fig. 4.3. Saimi basalts in the bed of the Tulema river
near the Salmi village

layers

olivine,includes

of porhyroclastic

area,

presence

The minerai assemblage, which

makes up the Salmi Suite basalts in the

(Fig. 4.4).

Salmi

(Amantov et al, 1996).

The most common rock type is

slightly altered (olivine)-plagioclase­

clinopyroxene basait with doleritic and

poikilophytic textures. The volcanic rocks

are aphyric to microporphyritic with a

hyaline to holocrystalline (in the

subvolcanic bodies) groundmass texture

625-109 m

Fig. 4.4. Sequence of basalts From the upper volcanic
Salmi subsuite from top to botlom (Karku deposit area,
ore zone Ill, DDH - 625)

clinopyroxene, rare amphibole and

plagioclase (An60 -40).

Olivine is predominantly ferriferous

in composition (F04o- 46), clinopyroxene is

represented by a sequence of titanaugite ­

Fe-titanaugite (E1142 34W041 - 38Hd 19 - 28)

and diopside - Fe augite (EnS4-37W031-26HdlS-37) (Amantov et al, 1996).
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lImenite, titanomagnetite, titanite, apatite (up to 1 wL %) are the main accessory

mineraIs.

4.2.2. Alteration processes in the Salmi basalts

475-64
SiO~ 31.60
AI,O] 15.73
MgO 18.78
FeO 22.41
Ti02 0.02
MnO 0.37
CaO 0.36
Na20 0.05
K20 0.029
Total 89.37

Si 3.19
AI 'V 0.81
AI VI 1.07
Mg 2.83

Fe 2- 1.89
Ti 0.00
Mn 0.03

Total VI 5.82
Ca 0.04

a 0.01
K 0.00

Fe/(Fe + Mg) 0.40
n 16

Table. 4.1. Average chlonte
composition from 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

the rocks suggest subaerial solidification of the lavas.

The main basalt-forming mineraIs (c1inopyroxene,

olivine and, partially, amphibole) are replaced by chlorite

and ch1orite-smectite interstratified clay minerais (nontronite

and fen-iferous saponite). Olivine phenocrysts are replaced

with brown aggregate of iddingsite. Albitization processes

are very common.

The amygdales are usually filled with chlorite, quartz,

and carbonate and, in places, hematite (Fig. 4.4, 4.5).

Amygdaloidal basalts and lava breccias from the roofs of

lava f10ws are strongly altered. Quartz, chlorite, calcite are

main alteration mineraIs.

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) :

(Mg2.80Fel.90Mn 0.03AI I.06)(Sb.19A10.81)Olo(OH)8,

corresponds to a Mg chamosite.

The next alteration stage of the basaIt 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 basaIt subsuite, vertical quartz-carbonate veins with

pitchblende and sulphide mineralization (pyrite, galena) occur, mostly above the high-grade

mineralizatioll zones in the sandstones (Fig. 4.6).
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a. DDH - 502 - 177 m. Olivine-plagioclase-pyroxene
basait with amygdales

c. DDH - 389 - 78 rn. Chalcedony in amygdaloidal
basalts. Crossed nicols, line scale 0.25 mm

.'--,,-.-
d. DDH - 389 - 78 m. Carbonate in amygdaloidal
basait. Crossed nicols, line scale - 1 mm

~-

e. DDH - 475 - 64 m. Amygdaloidal basait: f. DDH - 502 - 61 m. Amygdaloidal basait: chlorite
amygdales are infilled by chlorite. Crossed nicols, line amygdales and elongated plagioclase laths in volcanic
scale - 0.1 mm glass. Parai lei nicols, line scale - 0.25 mm
Fig. 4.5. Macro and microphotographs of the Saimi basalts
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Fig. 4.6. BSEM images of a quartz-carbonate vein with sulphides and pitchblende in the Lower Salmi basalts
(Karku deposit area, ore zone ID, sample DDH-327-146 m), microphotograph scales: A - 27 mm, B - 30 l!m

4.2.3. Petrogeochemistry ofthe Salmi basalts

Major and trace elements composition of Salmi basalts is listed in the Annex Vo1canic.

DDH and outcrops samples location is presented in Part 1.4.

Major elements distribution in the basalts

Table 4.2. Major element composItIon of the freshest Salmi basalts from the Salmi and Karku deposlt areas

Fresh Salmi basalts
DDH, sample 356-310 m 356-441 m 625-50 m 822-66 m

Si02 45.26 46.44 46.28 46.77
Ti02 4.38 3.53 3.79 3.89

A120 3 13.03 13.23 13.86 14.18
F~03 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

Na20 2.66 2.69 2.75 2.71
K20 1.71 1.56 1.57 1.43
P20S 1.34 1.15 1.05 1.06

IL 2.73 1.18 2.42 2.84
Total 98.62 98.58 100.00 100.30

..
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Major element compositions of selected fresh varieties of Sa1mi basalts are listed in

table 4.2 and altered ones in table 4.3.

Si02 content of the fresh basalts varies from 45 to 47 wt. %. Alkali sum is between 4 ­

4.5 wt. %. In the diagram Si02versus Na20 + K20, fresh basalts (PF < 4 wt. %) plot in the

basaIt field.

The fresh Salmi basalts are rich in potassium (1.4 - 1.7 wt. % ofK20). Sample DDH­

625-59 with K20 contents of 4.88 wt. % corresponds to a strongly illitized sample, leading

this sample to plot in the andesite field (Fig. 4.7).

Table 4.3. Major element composItIon of the altered SalmI basalts from the Salmi and Karku deposlt areas

Altered Salmi basalts

DDH, sarnple
625-55 m 625-57 m 625-109 m 822-76 m 822-122 m 822-125.5 ID

Si02 43,86 45,80 40,27 21,68 30,96 44,50
Ti02 12,69 7,79 13,20 6,41 1,84 8,68
AI20 3 9,62 17,00 16,59 4,19 4,42 10,64
Fe203 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

a20 0.49 2.20 0.47 1.25 0.06 1.03
K20 3,43 2,23 3,58 1,52 0,45 2,01
P20S 1,00 0,66 0,96 0,36 0,00 0,59

IL 9.91 8.04 9.32 27.32 26.70 13.46
Total 99,86 97,85 99,91 99,65 99,77 99,93

..

At the contrary, sample DDH-389-78 (a relative1y fresh basalts, with IL = 3.4 wt. %)

has an alkali sum higher than 7 wt. %, inc1uding 5 wt.% Na20. This sample plot into the

tephrite field. Such a composition corresponds to an albitization process in the basaIt.

Moderately altered basalts (IL < 8) also range from substantially low-potassic varieties

(822 - 122 with K20 < 1 wt. %) to highly potassic ones 625-59 with K20 - 4.9 wt. % (Annex

volcanic) according to their degree of illitization. In Fig. 4.7, aU altered basalts varieties plot

into the low-silica field. LL. value for the strongly altered basalts reach up 27 wt. % and

correspond to the development of carbonates inc1uding 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 LL.

values does not exceed 1.1 wt.%. Therefore they may not correspond to the same flows as

those intersected in the driUings from the Karku area.
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Fig. 4.7. The Salmi basalts in the Si02 vs. K20 + Na20 classification diagram
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Fig. 4.8. The Salmj basalts in the diagram Na20 versus PF (Joss on ignition)

Among the 34 analysed samples at least seven sampIes are extremely altered. Ignition

Loss (LL.) varies from 9 to 27 wt. % and hence inhibits the use of many of the standard major
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elements plots. Ln the diagram a20 versus PF (loss on ignition) increa ing sodium leaching

is c1early evidenced with increasing alteration.

1,60

• Frcsh Sahni basalts (PF<4)

• Ahcrcd SaIlli basak.s (PF<8) • •1,40 -

• StrongJy ahcrcd Sall11i basahs (PF>8) • •
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Fig. 4.9. The Salmi basalts in the Ti02 vs P20, diagram. Petrotectonic fields of MORE, OLT and WPB are based
on Bass et al (1973). Only the freshest basait bave been witb il < 4 wt% or Less

The diagram based on Ti02 and P20 S content, which appear reliable for altered rocks

(Volkova & Budanov, 1999), can be used for preliminary discrimination of the investigated

basalts. Ti02 content in the Salmi basalts varies from 3.7 - 4.4 wL % in fresh varieties and to

2 - 0.5 wL % in strongly altered basalts. P"20S content is between 1 - 1.3 wL % in the fresh

varieties and Jess than 1 wt. % in the altered ones. (Fig. 4.9). The fresh Salmi basalts

characterized by high Ti02 and P20 S contents belong to the alkali basaIt composition trend,

which fall into within-plate basaIt field. The basalts cobbles of the Valaam island are also

c1early distinguished in this diagram by their high phosphorous contents for intermediate

Ti02 values.

ln the Q-P diagram of Debon - Le Fort (l983, 1988) different alteration trends can be

ob erved (Fig. 4.10). Fresh Salmi basalts plot near the rnonzogabbro reference composition,

except one point (DDH-389-78), which is extremely sodium-depleted, despite its relatively

low I.L. (3.42 wL %) value. Samples plotting to the right of the monzogabbro reference
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composition con-espond 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 w~y 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 basaIt cobbles from the

Valaam island plot in the silica undersaturated field.

• Fresh Salmi basalts (PF<4)

• Altered Salmi basalts (pF<8)

• Strangly altered Salmi basalts (PF>8)

• Basaltic cabbles tram Valaam island (Rama data)
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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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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 sorne others are dominated by the

carbonate alteration (CaO content up to 34 wt. %) with the most negative A values and LL.

values higher than 8 wt. % because of the C02 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

ail 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).

Frcsh Salmi hasalts (PF<4)
lifOl ~

A1tl."n.-.(j Salml basahs (PF<RI
ltM.o)O.

• Suonglyaltcn..--d Salmi b:balts (PF>S)

.,
"

.,

10

0.1

Rh Ri Th l K 'b LI «( Sr P 7z Sin Ti , Yb

Fig. 4.12. Chondrite-normalized trace element patterns of the Salmi basalts from the Salmi - Karku deposit areas
( orthern Ladoga district) (spidergram type after Holm (1979); cbondrite composition after E. Anders and
Grevesse: http://earthref.org/GERM/reservoirs/Cl.htm)
The Salmi basalts are plotted into the three spidergrams: fresh (PF<4), altered (PF<8) and strongly allered (PF>8)

ln the Fig. 4.12. the Salmi basalts are compared according to their degree of alteration.

Sorne following features have been observed:

(i) fresh varieties present very homogeneous spidergram patterns (except one

anomal sampie 625-59, which are strongly enriched in K20 and depleted in

a20 and P20 S);

(ii) strongly altered basalts which are not only occun-ing in the mineralized zones of

the Karku deposit, present more scattered distribution of the elements in the

spidergrams compared to the fresh one;

(iii) they are clearly depleted in Rb, Sr and K20;

(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 basait"
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(Fig. 4.13). The average fresh "Salmi basaIt" 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:

Table 4.4. Trace element values calculated for Average fre h "Salmi basait" sample

ln DDH-502 (Saimi 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 trong variations. U is significantly enriched in nearly ail the sample despite the

location of this drilling away from a mineralized area. U enrichment also decreases from the

top (l°ppm) to the bottom (l.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.

ln DDH - 625 (Karku deposit area, ore zone Ill) ail samples present important depletion

in mo t elements but with no significant variation in the trace element distribution with depth

except in two cases: at -57 meters strong Ba and K20 enrichments are observed and at -59

meter Rb, Th and K20 are significantly enriched with the strongest Sr depletion. No uranium

enrichment is noticed in the basalts despite the location of this drilling in a mineralized area

(ore zone [lI).

ln 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 ail elements, indicating a

strong alteration. But, above (at -106m) the basait 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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Fig. 4.13. Trace element variations in the Salmi basalts according to the depth of the samples
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ln 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

feature (fault, fracture) allowing the more or less important development of the alteration.
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Fig. 4.14. Cbondrite-normalized REE patterns of the Salmi basalts from the Karku deposit areas ( orthern
Ladoga) (chondrite composition after Anders & Grevesse: http://earthref.org/GERM/reservoirs/Cl.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: LREE 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 (CeN/Yb Nratio ranging from 8 for fresh basalts, 8.6 for altered, 7.4

for strongly altered) with a weak europium anomaly ((Eu/Eu*) = 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 basaIt varieties which would be interesting to characterize more

thorough1y.
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An average of the fresh "Salmi basait" was calculated from samples 356-410, 356-440,

502-232, 389-78, 625-50, 625-85, 822-66 and 822- I06 (Table 4.5) for REE nonnalization:

pg

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

ba ait 65 139 17 71 13 4 12 2 9 2 5 1 4 1

Table 4.5. REE values calculated for Avera e fresh "Salmi basait" sam le

Ln DDH-502 (northem part of the Saimi area - see position m 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 ail

REE (mostly LREE) are observed in the interval -76 to - 80 meters and below a strong

depletion ofall REE is observed in on sample at -I22m (I REE = 40 ppm).
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Chapter [V

Part 4.3. Valaam siU

Mesoproterozoic basaltic magmatism of the Pasha - Ladoga basin

4.3.1. Petrography and mineralogy ofthe Valaam sill rocks

The ~1460 Ma Valaam sill (Ramo et

al., 2001) is intruded aiong the bedding

surface of the Pasha Suite. The Iower part

of the Valaam differentiated sill \s

composed main1y of gabbro to monzonite

rocks (in the east - Lunkku1unsaari (Fig.

4.16) and Mantsinsaari islands) and the

upper part consist of monzonite to quartz

syenite (in the west - Valaam and

Verkonsaari is1ands).

Fig. 4.16. Lunkkulunsaari Island shore. Matic
intrusive rocks of the Valaam sil!.

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,

VSEGEl,2003)

The main rock-forming mineraIs of the gabbro and gabbro - monzonite rocks from

Lunkkulunsaari and Mantsinsaari is1ands are clinopyroxene (diopside - augite), plagioclase

(oligociase - andesine) (Fig. 4.17). Ti amphibole, biotite, K - Na feldspar (orthociase - albite)

are a1so very common. Quartz (idiomorphic grains) appears at the final stages of

crystallization. llmenite, titanomagnetite and apatite are a1so present (Fig. 4.19 a, c, e).
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, -

A. Gabbro from Luillulunsaari Island (Sample 2086)
Crossed nicols, line scale - 0.5 mm

B. Quartz - orthoclase intergrowths in and between
plagioclase (sample 2085). Crossed nicols, line scale ­
0.5 mm.

,:.ft.:1iII!IIIIIIiiIIi
D. Monzosyenite. Main matic minerais: orthopyroxene
and clinopyroxene (sample 2090). Parallel nicols, line
scale - 0.5 mm.

C. Monzogabbro. Main mafic minerais: potassilun
amphibole, biotite with Fe-Ti-oxides (sample 2088)
Parallel nicols, line scale - 0.2 mm.

E. Monzogabbro. Idiomorphic quartz is in between F. Monzosyenite. Quartz - orthoclase intergrowths in
hypidiomorphic grains of amphibole and biotite plagioclase matrix (sample 2090). Parallel nicols, line
(sample 2088). Crossed nicols, line scale 0.5 mm. scale - 0.5 mm.
Fig. 4.19. Microphotography of the Valaam sill gabbros, gabbro - monzonites and monzosyenites
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The mineraI 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, t).

4.3.2. Petrogeochemistry ofthe 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 LL. values

from 0.50 to 2.91 wfllo. The Valaam sill presents an extremely wide range of compositions

from gabbros to granites. In the Si02 vs. (Na20 + K20) diagram, Si02 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).

Table 4.6. Major elements compOSItIon of the Valaam complex rocks
Sample preftx: R-Tapani Ramo data, A - Alexei Amantov data (1991), n - average on a number ofsamples is listed
Valaam siU rocks: 1 - 7 = gabbros and monzogabbros; 8 - 10 = monzonites; 11- 12 = monzosyenites; 13 - 16 =
syenogranites and potassium granites.

1 2 3 4 5 6 7 8 9 10 Il 12 13 14 15 16

Sample R4 R5 R6 AI2 AI3 A20 02-01 AI4 A21 A22 A23 A15 AI6 11-03 A17 A24
Si02 44.24 47.31 47.71 48.16 50.79 50.88 51.99 57.10 58.43 61.26 64.59 68.94 72.83 72.4 74.28 75.85
Ti02 1.70 1.56 2.18 3.20 2.76 3.41 2.71 1.70 1.76 1.34 1.27 0.35 0.26 0.29 0.18 0.19
Al203 4.65 3.79 4.54 13.70 13.80 13.12 14.14 14.71 13,9 13.90 14.69 12.50 Il.49 11.98 12.00 Il.57
Fe203 13.52 13.53 13.60 14.02 13.85 13.59 13.23 10.69 9.98 9.40 5.79 3.55 2.86 3.55 2.53 2.24
MnO 0.19 0.23 0.10 0.24 0.20 0.20 0.19 0.17 0.15 0.12 0.12 0.04 0.02 0.00 0.07 0.00
MgO 16.55 16.02 16.51 4.12 3.54 3.52 2.76 2.26 2.43 2.61 0.97 1.84 0.86 0.61 0.68 0.59
CaO 4.34 4.34 3.34 7.86 6.94 7.11 6.03 3.74 3.71 1.92 1.59 2.45 1.17 0.81 0.62 0.19
Na20 5.84 7.91 3.52 3.33 3.38 3.18 3.44 4.29 3.93 3.53 4.01 2.22 2.12 2.43 3.40 2.44
K20 4.20 2.80 4.02 1.85 2.15 1.92 2.28 2.87 3.48 3.68 5.52 6.86 7.17 5.77 5.70 6.42
P205 1.44 1.21 1.43 1.88 1.32 1.52 0.97 0.75 0.53 0.29 0.29 0.97 0.16 0.06 0.06 0.00
PF 2.75 1.00 2.47 2.91 2.49 1.76 1.85 2.71 1.79 1.98 1.47 1.56 1.44 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..
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Fig. 4.20. The Valaam complex rocks in the Si02 vs. K20 + Na20 diagram

Ti02 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). K20 (2.3

wt. %) and La (55 ppm), Ce (115 ppm), Rb (40 ppm), P20 S (1 wt. %), and U (0.9 ppm). AlI

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 re1atively enriched ID a senes of

incompatible elements Rb (136 ppm), Th (12.6 ppm), U (2.5 ppm), K20 (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

(CeNNb Nratio = 9.6), with a weak Eu anomaly ((Eu/Eu*)N = 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 (Ce/Yb N = 8.7), but LREE are more fractionated, the Eu anomaly

((Eu/Eu*) = 0.30) is more important, but HREE fractionation is weaker.
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Fig. 4.21. Primitive mantle normalized trace element patterns of the Valaam sill rocks (spidergram type after
Hohn (1979); primitive mantle composition after Wood et al (1980)

100) -r------------------.----------,

100
~

::::
"c:
o
..c
~
-'"u
o
~

la

~ Q ~ ~ ~ fu ru Th ~ ~ & ~ ~ ~

Fig. 4.22. Chondrite-normalized REE distribution patterns of the Valaam sill rocks (chondrite composition after
Supplemental data for chondrite (Anders & Grevesse: http://earthref.org/GERM/reservoirs/CI.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 ungbulgarri vo1canics, but the thickness of the deposited sandstone

before the basait emissions is larger. The Salmi intercalated basalts correspond to continental

flood basalts type (CFB) of magmatism, but have alkali basaIt 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

c1astic 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. ln the Finnisb part of the Fennoscandian Shield basic magmatism

occur but a dykes and sill and is much younger (1265 to JOOO 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-cblorite 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 ofthe 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:

(i) 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.

(ii) 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 c1astic 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 c1astic 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 frrst 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 surnmary of the characteristics of the Archean lithologies of the Ladoga Lake district

is 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 confmed 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

confmed 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) ... + + - +

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 + + + - +
- ...
- gneissic... + + + +
- migmatitic... + + + +
- pegmatite ... + + + +
Alteration:
- greisen... - + + +
- regolith ... + + + +
- ore deposits related to Archean No CU,Au Sn,Mo

Table 5.1. Geologlcal and geocheIIDcal 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 skams and greisens at the contact with the Archean.

259



Chapter V Interpretation of the results and discussion

Canada Australia Pasha - Ladoga, Russia
Athabasca Kombolgie Salmi Western Pasha

Sediments types:
- metapelitic ... + + + +
- quartzites ... + +
- black shales ... + + +

U content, ppm 5
Th content, ppm 8

- metavolcanics ... +
- cale-silicate rocks + +
PR1 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 1
Th content, ppm 5

- alkaline rocks + +
U content, ppm 2

Th content, ppm -
Metamorphism:
- granulite +
- amphibolite + + +
- retrograde ... + + +++
Migmatization + + +
Tectonic
- faults orientation NE NW NW
- faults type reverse
Alteration:
- skarns ... +
- regolith ... +
PR2 magmatism :
- rapakivi granites + +

U content, ppm 0.5 - 8
Th content, ppm 13 - 35

- pegmatites ... +
Alteration:
- grelsens ... +
- regolith + + + + +

Table 5.2. Geologlcal and geocbellllcai features of the PaleoproterozOlc basement rocks

The Paleoproterozoic rocks of the Impilakhti suite in the Northem 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 III the south-eastern part of the Baltic shield is the

emplacement of huge anorthosite - rapakivi granite batholiths of Vyborg and Salmi,

which are especiaUy 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 c10sely 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 aU basins. The burial paleovalleys are very important because sorne of the

high-grade ore deposits are confmed 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 ofthe sediments

In the Ladoga Lake reglOn (Russian Karelia) the Pasha-Ladoga Mesoproterozoic

(Riphean) intracontinental clastic volcanic - sedimentary formations are presently preserved

in a graben-like basin (approximately 70 000 km2
). Its former extension may have been much

larger. In the Athabasca, Canada (350 km West to East) and Northem Territory of Australia

(with its huge south-eastem 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 weIl rounded detrital quartz crystals, a very small proportion of clay mineraIs

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 mineraIs.

They are frequently polymictic and with angular shaped detrital grains.

Canada Australia Pasha - Ladoga, Russia
Athabasca Kombolgie Salmi Western Pasha

Sediments maturity: Mature Mature HigWy HigWy Highly
immature immature immature

- quartz arenites ... +++ +++ + + +
- arkoses ... + + ++ ++ ++
- Q-KFsp sandstones ... +++ +++ +++
- polyrnictic ... + + +
- greywackes ... +
- dolomites ... +
Clays composition:
- KFsp ... - - + + +
- plagioclase... - - + + +
- illite... + +
- kaoiinite ... + + + + +
- smectite ... + + +

Accessorv minerais
- 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 mineraIs (illite-smectite varieties) are

widespread. The main types of accessory mineraIs 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.

AlI these features indicate that the tectonic conditions which have prevailed during

the sedimentation in the Pasha - Ladoga basin as weIl 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.
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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 mineraIs at temperatures of ca. 200 oC (Kotzer & Kyser, 1995,

Derome, 2002). The main diagenetic mineraI 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 mineraIs with variable intensity in

the different part of the basins. Monazite is altered to a variety of (Ca, REE, Sr)AI-phosphate­

sulfate mineraIs (APS) such as goyazite or florencite.

Canada Australia Pasha - Ladoga, Russia
Athabasca Kombolgie Salmi Western Pasha

Regional alteration:
- dickite ... +++ +++ +++ +++ +++
- illite... +++ +++ + + +
-Ils mineraIs +++ +++ +++
- quartz overgrowths.... +++ + + +
Ore related alteration:
- quartz dissolution.... +++ ++ + +
- cWorite:

- Mg-rich... ++ ++
- Fe-Mg... ++
- Fe-rich ++ ++

- tourmaline ... ++ ++

Fluids' composition
Early diagenetic ... NaCl NaCl,C~ NaCl,MgCh

Mineralization ... CaCh CaCh,C~

Approximate temperature:
Early diagenetic ... 160 - 2200 150 - 260 0

Mineralization ... 140 - 1600

pH diagenetic 4.5 4-5
pH mineralization ';:j7

Table 5.4. AlteratIon mmeralogy rn the dlfferent sedimentary basrns

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 ISO oC and from 240 to lOS oC respective1y. It has been shown that the fluids

were rich in Na-chloride with concentration of 13 to 0.2 wt. % ofNaCI and Mg-chloride with

concentration of 19 - 2 wt. % of MgClz and sorne fluids having more complex compositions

with predominance of Ca and concentration from 42 - 30 to 16 wt. % CaCh. Salt

concentration in the solutions seems to grow with decrease temperature of mineraI formation.

Bylinskaya et al (2004), during mineralization stage, is observed two types of inclusions in

the quartz overgrowths: (i) ear1y C02-bearing and highly saline (mainly chloride) brines with

the homogenization temperature 290 - 2S0 oC and (ii) 1ater highly saline brines with

hydrocarbon with homogenization temperature 180 - 170 oc. In the inclusions of the ear1y

stage, gypsum and a phosphate phase have been identified (fluelite - [Alz(F, OH)3P04] 7H20,

which is an indicator of near-neutral pH.

Temperatures estimations for the hydrothermal chlorites from the Pasha - Ladoga basin

(Salmi area) were ca1culated 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 oC which may correspond to retrograde stage of metamorphism in the basement.

Pycnochlorite is a newly formed chlorite, which developed in the basement close to 3rd ore

zone, on biotite flakes, but also in the groundmass which gives temperatures of 270 to 130 oC.

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 2S0 to ISO oC.

Thus, the early stage is characterized by higher temperatures and pressures with CO2,

H20 and Na+, Ca+, cr, P04-3, the late stage is characterized by lower temperature and

pressures, mostly water-bearing solutions with S04-2 and C03-. 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 wouId mean a geothermal

gradient of SO°C/km which is quite elevated for a post-orogenie 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 mineraIs would be of major

interest to support this second hypothesis.

In the Athabasca and Kombolgie the main alteration mineraIs 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 mineraI assemblage and quartz dissolution is much less intense than in the

Athabasca basin. These mineralogical observations mean that the ore forming fluids were:

(i) more reducing to have the crystallization of Fe-rich chlorite, and thus uranium

solubility was probably lower,

(ii) more alkaline because of the abundance of carbonates, favored by the

occurrence of thick interlayered basaIt flows in the sandstones, a factor which

also tend to reduce the uranium solubility in the ore forming fluids,

(iii) 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. Sorne differences in the bleaching degree are observed: late

kaolinization process in the Athabasca basin is more widespread, than in the Pasha - Ladoga

basin.

• • .. 1
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Part 5.4. Nature of the uranium sources and evidence oftheir leaching

Three major types of uranium mineraIs have been identified as potential uramum

sources for unconformity related uranium deposits, either in the sandstone or in the basement:

(i) uranium oxides, (ii) monazite and (iii) zircon (Hecht et al, 2003). Other mineraIs (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: Not studied Not studied

- Archean rocks ... + + -

- Paleoproterozoic rocks ... ++ ++ -

- Mesoproterozoic rocks ... -
- Regolith +

- in sandstones +++ - + ot studied ot studied

Alteration mineraIs: Not studied Not studied

-APS ... +++ +
- thorite ... +++ +

Zircon alteration in: Not studied Not studied

- Archean rocks ... ++ +
- Paleoproterozoic rocks ... ++ +++
- Mesoproterozoic rocks ... +++

- regolith ++

- in sandstones ++ - ++ Not studied Not studied

Table 5.5. Accessory mmerals alteratlOn ID the dlfferent sedirnentary baslDs

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 (Recht & 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. Sorne

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 (Recht 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 mineraI in the Salmi rapakivi granites, but instead there is a lot of different Th­

Zr-REE mineraIs 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 is 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.

corn.).

Zircon is the most common and abundant accessory mineraI 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 internaI 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, e10ngated 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 internaI 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. %

Th02 and Y contents are generally much higher (up to 5 wt. % Y203). 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. % ofU20 3 (values of6 - 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 grams of the sandstone are as weil

observed in zircon crystals from the basement rocks close the unconfomlity 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 untiJ 20 to 30 kilometers from

the Pasha - Ladoga basin margin, in the western part of the Salmi rapakivi granite

batholith and untH 5 to 10 kilometers - in the Paleoproterozoic graphitic schists.
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Part 5.5. Madel for the Karku unconfonnity-type uranium deposit

To ummanze the preVIOUS observations a schematic model of unconformity-related

uranium deposit formation specifie of the Pasha - Ladoga area is proposed in Fig. 5.1.
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We will now propose a specific model ofunconformity 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.lA). The two middle

drawings present the evolution of the fluid circulation during the diagenetic-hydrothermal

event (Fig. 5.lB), [mal denudation of the area (5.1 C). 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.lD).

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 skams and base metal deposits (red arrows) and

locally sorne 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 ofbasin 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 f02 conditions were more reducing as indicated by the
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strong development of Fe-rich cWorite 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 sil!.

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 c1astic continental sediments a11 over the

Fennoscandian basement (Satakunta - Nordingra - Muhos and many others), presently

preserved in sma11 rift structures, may represent the relicts of a huge Mesoproterozoic c1astic

basin inc1uding a11 these occurrences.

If the Pasha Ladoga area share many similarities with the Athabasca basin, the more

a1kaline pH and lower f02 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 offurther 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:

(i) Complementary work on whole rock geochemistry and alteration mineraI

paragenesis on new drillings in the northem part of the Salmi area where

uranium anomalies have detected in the interlayered basalts indicating the

circulation of uranium bearing fluids.

(ii) 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.

(iii) More detailed geological and geophysical characterization of the Western and

South-Eastern parts of the Pasha - Ladoga basin and basement formations,

which a1ready present sorne 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

Northem 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)

vo1canic-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 mineraI 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 ofunconformity 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 mineraI 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 ofbasement

hosted unconformity related deposits as those observed in the Athabasca and especially in the

East Alligator River district.
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It wouId 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:

(i) geochemical and mineralogical study of the basement rocks especially in the

Western and Northern parts of the Pasha - Ladoga basin area;

(ii) 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;

(iii) 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.

(iv) 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 l

Annex 1: Archean rocks
Major and trace element analysis of the Archean formations

Archean formations

DDHno.:
Depth (m):
Rock type:

Si02(wt. %)
AI20 3

Fe203
MnO
MgO
CaO
Na20
K 20
Ti02

P20 S

PF
Total
As (ppm)
Ba
Be
Bi
Cd
Co
Cr
Cs
Cu
Ga
Ge
Hf
In
Mo
Nb
Ni
Pb total
Rb
Sb
Sn
Sr
Ta
Th
U
V
W
y

Zn
Zr

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

10-04-01
Uuksu dome

Granite-gneiss

65.31
15.04
5.63
0.06
0.91
2.45
3.49
3.02
0.96
0.42
2.01

99.30

0.00
1434.00

3.87
0.00
0.41
8.07
12.48
3.05

68.63
24.26
1.47

11.26
0.00
4.03

45.73
6.42

23.02
119.30
0.00
2.49

444.20
1.50

22.33
5.12

52.78
0.39

36.60
93.64

553.40

104.90
208.80
22.55
77.06
11.69
2.43
8.52
1.21
6.76
1.24
3.42
0.51
3.42
0.54

DDH-615
109

Altered rock

36.42
6.06
8.07
0.44
2.02

23.93
0.07
1.13
0.24
0.05

21.39

99.82

0.83
110.00
3.05
0.28
1.31

12.20
60.00
3.95

47.40
10.00
1.15
2.28
0.00
0.00
3.97

68.70
12.30
83.90
0.00
1.08

74.30
0.34
5.90
4.64

248.00
1.37

101.00
68.10
82.00

53.70
99.30
13.00
52.10
12.50
2.86
14.40
2.39
14.90
3.11
9.09
1.48

11.60
2.07

5-07-01
Koirinoya dome

Amphibolite

49.65
14.58
13.63
0.21
7.16
10.73
2.20
0.49
1.14
0.08
0.63

100.50

0.00
94.56
0.57
0.00
0.00

50.88
96.40
0.37
10.73
18.81
1.80
2.07
0.00
0.00
4.69
66.10
4.72
18.54
0.00
0.86

140.30
0.35
1.05
0.31

297.80
0.00

20.61
107.50
77.84

7.98
18.40
2.55
11.33
2.98
0.97
3.28
0.55
3.49
0.73
2.04
0.31
2.09
0.33
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Annex II Paleoproterozoic formations

d h'
Annex II Paleoproterozoic formations
M' d 1 1 . fh Pla]or an trace e ement analysis 0 t e a eoproterozOlc gnelsses an sc IStS

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 II zone Pitkyaranta Pi tkyaranta II zone l zone l zone 1 zone II zone fi zone

SI02(wt. %)
AI20 3

Fe203
MnO
MgO
CaO
Na20
K20
Ti02
P20 5

PF

62.37
13.84
6.49
0.08
5.18
0.47
0.32
6.73
0.54
0.14
3.74

65.10
15.14
6.53
0.07
2.16
1.67
3.34
2.83
0.64
0.14
1.76

46.16
12.82
13.30
0.21
9.15
15.02
1.03
0.40
0.68
0.06
0.60

56.07
14.42
7.73
0.30
3.63
4.52
0.14
2.86
0.58
0.25
7.84

66.69
16.36
6.68
0.04
2.53
0.27
0.07
0.86
0.73
0.17
6.43

52.25
18.13
10.00
0.08
5.44
2.41
3.70
3.78
0.85
0.14
2.76

64.16
17.69
3.84
0.00
1.70
0.21
0.35
6.94
0.56
0.14
4.27

68.78
15.23
5.13
0.03
0.55
0.16
0.19
1.85
0.69
0.21
5.99

88.86
3.07
2.13
0.05
0.49
1.24
0.00
0.27
0.10
0.08
2.44

Total 99.90 99.38 99.43 98.34 100.82 99.53 99.88 98.81 98.73
As (ppm)
Ba
Be
Bi
Cd
Co
Cr
Cs
Cu
Ga
Ge
Hf
In
Mo
Nb
Ni
Pb
Rb
Sb
Sn
Sr
Ta
Th
U
V
W
y

Zn
Zr

0.00
571.90

0.00
0.22
0.00

51.42
123.90
6.36

98.92
27.47
1.88
2.43
0.00
0.00
11.63
96.87

281.37
225.20

0.00
0.87

87.56
0.89
9.42
2.14

185.90
2.50

21.66
1038.00
82.73

0.00
371.10

1.45
0.00
0.00
19.37

112.40
7.72

32.62
19.36
1.55
4.67
0.00
0.91
9.48

54.63
17.26

153.30
0.00
1.86

171.10
0.83
Il.52
2.99

108.60
0.58

20.10
102.80
177.40

5.33
50.40
0.00
0.00
0.00

47.68
267.40
'0.37
73.99
16.12
1.78
1.15
0.11
0.00
1.61

109.50
6.76
9.75
0.00
3.72

69.54
0.13
0.28
0.23

252.50
0.52
15.72

128.80
40.52

0.00
1020.00

1.52
151.70
97.96
33.23
75.28
2.70

1860.00
22.69
1.05
7.37
0.36
14.24
11.16
93.49

4656.45
148.30
0.15
3.18

108.40
1.40

15.99
8.97

272.40
4.22
28.26

21970.00
280.70

79.59
55.15
8.15
0.12
1.62

45.76
135.10
2.38

79.29
40.23
3.45
5.90
0.00

142.80
11.02
73.11
80.60
40.90
0.10
1.44

14.20
0.94
13.85
4.23

138.90
5.46

25.46
348.40
226.90

0.00
1157.00

1.61
0.47
0.36

31.11
189.70
6.29
83.42
35.21
1.79
4.14
0.12
4.21
11.62

100.30
25.53
168.90
0.00
2.21

278.30
1.25

11.05
4.77

224.60
1.53

19.76
169.00
140.40

0.00
800.00

4.65
0.06
0.00
Il.40

118.00
2.77
31.00
29.60
2.06
3.57
0.00
0.57
13.50
39.90
54.10
167.00
0.00
0.91

93.60
0.96

25.70
6.38

76.60
0.81
12.50

149.00
109.00

0.00
74.92
2.24
3.34
0.42
8.61

154.00
4.74

23.47
23.24
0.97
4.33
0.34
0.68
9.44

33.19
48.79
88.78
0.00
5.32

38.66
0.89
9.67
3.89

93.80
4.25

21.70
1405.00
157.90

0.00
81.39
0.59
0.77
0.82
4.92

25.71
0.74
Il.55
5.39
0.56
0.90
0.13
1.64
2.12

22.02
27.72
14.14
0.00
0.96
9.19
0.21
2.44
1.11

34.14
0.58
7.49

503.90
33.10

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

26.49
52.13
6.48

23.71
4.68
1.07
4.02
0.61
3.59
0.69
1.98
0.29
2.01
0.30

38.04
75.14
8.80

32.52
5.89
1.35
4.57
0.67
3.70
0.71
1.92
0.29
1.93
0.30

3.06
6.75
1.00
4.86
1.64
0.57
2.15
0.39
2.64
0.57
1.64
0.26
1.75
0.28

19.97
40.68
5.66

20.72
4.13
0.79
3.79
0.64
4.21
0.88
2.79
0.45
3.27
0.55

39.37
86.73
10.27
37.88
7.15
1.31
5.56
0.84
4.84
0.88
2.37
0.34
2.24
0.35

32.68
70.10
8.35

30.27
5.80
1.43
4.79
0.70
3.86
0.71
1.93
0.27
1.76
0.27

25.20
51.70
5.97

21.00
4.12
1.03
3.20
0.41
2.21
0.42
1.18
0.15
1.12
0.17

54.23
81.18
8.97

32.80
5.92
1.38
4.70
0.69
4.00
0.78
2.33
0.35
2.46
0.38

8.87
18.25
2.06
7.81
1.61
0.35
1.39
0.21
1.20
0.22
0.61
0.09
0.63
0.10

296



Annex II

Annex II Paleoproterozoic formations (Suite)

Paleoproterozoic fonnations

Biotite Impilakhti gneisses Graphite - biotite fresh gneisses and schists

DDHno.: 816 816 816 306 306 605 605 605 625
Depth (m): 186 196 225 90 100 107.5 109 140 140

Position II zone II zone II zone 1zone ( zone 1zone l zone (zone III zone

SI02(wt. %)
A120 3

Fe203
MnO
MgO
CaO
Na20
K 20
Ti02

P20 S

PF
Total
As (ppm)
Ba
Be
Bi
Cd
Co
Cr
Cs
Cu
Ga
Ge
Hf
ln
Mo
Nb
Ni
Pb
Rb
Sb
Sn
Sr
Ta
Th
U
V
W
y
Zn
Zr
La
Ce
Pr
Nd
Sm
Eu
Gd
Th
Dy
Ho
Er
Tm
Yb
Lu

66.42
12.94
9.10
0.16
3.18
0.00
0.00
1.29
0.61
0.22
5.76

99.68
0.00

66.17
2.64
3.45
0.68

33.77
115.20
3.90

39.36
17.97
1.56
3.94
0.34
0.00
9.29

101.40
68.44
62.51
0.00
3.38

23.05
0.85
8.14
2.77

90.59
3.11
16.01

4446.00
146.70
34.85
67.58
8.55

32.59
6.16
1.27
4.53
0.61
3.14
0.57
1.64
0.25
1.82
0.30

68.50
10.87
7.29
0.08
3.85
0.69
0.00
2.52
0.45
0.10
4.94

99.29
1.26

404.20
1.84
0.71
6.98

20.78
89.13
5.85

50.66
14.73
1.61
3.02
0.00
2.60
10.28

111.50
564.34
115.70
0.00
2.21

36.34
0.77
8.16
6.26

208.00
1.80

26.02
3423.00
108.80
28.58
54.20
6.76

25.45
4.91
0.83
4.30
0.68
4.04
0.82
2.35
0.35
2.40
0.39

67.70
10.45
6.37
0.12
2.60
1.49
0.91
2.26
0.39
0.06
5.88

98.23
1.08

568.70
0.94
2.20
15.98
17.11
73.41
2.70

146.20
13.38
1.24
2.46
0.00
7.93
12.55
56.54

1471.60
92.04
0.00
2.21

71.54
1.42
8.51
4.23

127.90
3.49

24.46
3392.00

86.48
26.14
47.48
5.85

21.70
4.16
0.70
3.62
0.58
3.60
0.74
2.24
0.35
2.42
0.38

68.46
lU8
9.94
0.06
1.89
0.66
0.22
3.01
0.12
0.00
4.10

100.24
14.25

492.50
2.73
0.11
0.00
15.94
23.54
1.09

60.30
18.26
1.65
1.92
0.00
1.66
3.58

36.61
24.02
79.96
0.00
0.00
56.36
0.50
8.77
2.41

66.46
0.38
8.95

94.65
59.31
15.30
29.05
3.64
12.68
2.18
0.50
1.53
0.24
1.40
0.27
0.81
0.12
0.90
0.14

59.05
15.98
7.24
0.09
4.99
2.82
3.10
2.62
0.75
0.12
3.26

100.01
0.00

131.40
2.08
0.19
0.50

21.47
169.00
3.72

58.77
31.38
1.78
4.15
0.00
9.00
16.10
75.53
20.70

202.70
0.00
1.15

110.40
1.56

41.44
8.00

264.50
0.50

61.08
214.40
148.30
77.77
158.20
18.52
68.36
13.29
1.26

10.76
1.59
9.51
1.86
5.36
0.82
5.55
0.84

297

51.06
9.83
18.99
0.06
0.43
2.53
0.09
1.15
0.65
1.35

13.77
99.91
124.00
193.00
4.58
0.21
16.00
47.20
81.30
3.64

45.30
11.90
1.14
0.97
0.00
13.60
9.05

113.00
181.00
55.60
0.44
2.04

22.10
0.74
5.61

212.00
112.00
4.78
66.40

994.00
35.00
15.00
30.80
5.75

28.60
8.54
1.83

11.10
1.74

10.90
2.34
6.14
0.86
5.62
0.83

62.46
14.76
9.27
0.06
3.90
0.20
0.00
2.13
0.63
0.11
6.62

100.14
0.00

151.90
4.57
0.36
0.52
13.43
119.90
8.03

46.23
20.45
1.62
3.51
0.00
0.00
9.87

62.75
23.79
118.00
0.00
2.14

33.04
0.89
8.95
3.71

130.00
1.63
15.59

231.90
125.90
25.96
45.35
5.26
19.00
3.45
0.45
2.94
0.47
2.88
0.58
1.72
0.28
2.04
0.33

46.05
Il.93
12.77
0.09
2.64
9.10
3.58
1.03
0.51
0.18
Il.52
99.40
0.00

131.00
1.43
0.23
0.00

20.10
90.70
2.41

63.90
14.60
1.13
2.72
0.00
1.82
6.54

67.30
25.60
52.60
0.14
2.24

66.40
0.66
10.60
11.90

137.00
1.58

21.00
112.00
96.50
19.00
37.70
4.53
17.70
3.68
0.80
3.90
0.59
3.64
0.70
1.98
0.26
1.89

26.00

62.28
14.24
5.24
0.10
3.09
2.81
0.29
5.97
0.23
0.16
5.80

100.21
0.00

903.20
1.53
0.20
0.00
5.51

33.22
2.45

20.15
19.39
1.33
6.11
0.00
0.00
9.74

31.17
52.11
149.50
0.24
1.87

84.86
0.96
17.89
5.19

70.60
0.85

29.34
65.27

204.70
73.91
146.50
16.92
62.02
10.75
1.29
8.15
1.12
5.89
1.06
2.88
0.43
3.02
0.50



Annex II

Annex Il Paleoproterozoic formations (Suite)

Paleoproterozoic formations

Graphite - biotite fresh gneisses and schists

DDHno.: 625 625 625 654 654 654 654 654 751
Depth (m): 144 154 157 146 147 151 215 310 74

Position )][ zone In zone ITIzone III zone ru zone III zone ru zone III zone North from 1

SI02(wt. %)
Al20 3

Fe203
MnO
MgO
CaO

a20
K 20
Ti02
P20 S

PF
Total
As (ppm)
Ba
Be
Bi
Cd
Co
Cr
Cs
Cu
Ga
Ge
Hf
In
Mo
Nb

Pb
Rb
Sb
Sn
Sr
Ta
Th
U
V
W
y
Zn
Zr
La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu

59.84
Il.89
2.31
0.16
1.64
9.52
0.13
2.91
0.10
0.05
11.01
99.56
Il.23

106.10
0.00
0.20
0.00
7.51

22.85
5.14
17.39
14.67
0.80
1.45
0.00
5.69
1.41

25.89
20.00
147.60
0.16
0.95

75.04
0.18
7.07
7.45

39.65
0.43

23.14
30.37
40.30
14.20
28.71
3.34
12.77
2.62
0.52
2.65
0.49
3.34
0.73
2.19
0.36
2.56
0.43

63.70
15.31
1.76
0.03
0.99
4.04
0.50
8.26
0.10
0.17
4.98
99.84
1.77

732.10
0.00
0.08
0.00
2.89

25.05
5.17
9.05
14.94
1.52
1.90
0.00
1.51
3.05
17.74
64.91

224.60
0.26
2.05
87.69
0.50
3.80
10.87
39.01
0.81
18.98
30.73
48.46
9.48
18.73
2.36
9.50
2.53
0.73
2.82
0.51
3.26
0.67
1.88
0.32
2.19
0.34

60.85
9.32
5.66
0.08
2.75
7.77
0.12
1.52
0.32
0.10
10.82
99.31
3.40

63.53
1.68
0.31
0.00
12.93
54.34
4.82

24.70
Il.44
0.98
2.11
0.00
6.25
7.27

48.51
15.09
82.33
0.26
1.99

53.64
0.76
7.60
5.91

81.01
1.16

21.88
84.43
69.06
27.73
57.36
6.75

25.12
4.98
0.69
4.29
0.66
3.79
0.72
1.97
0.29
1.88
0.28

64.26
14.34
7.50
0.16
1.05
2.53
0.27
4.92
0.00
0.06
5.19

100.28
4.11

202.10
3.44
0.00
0.42
0.83
9.51
2.97
9.02

21.44
1.70
1.35
0.00
3.00
7.15
6.13

69.16
156.20
0.00
1.13

42.80
1.76
9.52
3.63

24.70
0.34
12.41
58.61
28.34
10.64
18.56
1.90
5.94
1.22
0.33
1.17
0.24
1.77
0.39
1.30
0.25
1.88
0.30

62.60
13.81
6.38
0.12
1.10
3.36
0.30
5.52
0.00
0.00
5.71

98.90
15.23

180.30
2.58
0.00
0.00
1.74
0.00
6.84
0.00

20.89
1.57
1.93
0.00
6.83
2.46
10.62
57.05
193.60
0.00
0.98

51.48
0.58
14.20
31.62
Il.49
0.00

24.46
85.41
41.81
9.30
18.33
2.02
6.74
1.65
0.29
1.84
0.42
3.20
0.72
2.45
0.46
3.58
0.55

298

60.07
13.13
8.73
0.08
3.22
1.41
0.33
2.07
0.47
0.14
10.82

100.47
13.26

272.50
2.80
0.94
0.45

36.57
91.40
7.06

59.58
18.17
0.82
2.81
0.00
16.75
7.79

120.30
32.11
105.90
0.22
2.91

40.05
0.91
8.58

76.30
168.00

1.89
18.70
73.72
103.40
17.02
32.20
4.09
15.25
3.15
0.47
2.93
0.47
2.96
0.59
1.70
0.26
1.72
0.27

76.65
12.52
2.06
0.00
1.11
2.25
3.23
1.05
0.14
0.05
1.41

100.47
0.00

137.80
3.14
0.00
0.00
1.51
7.28
3.06
10.59
20.88
1.63
4.73
0.00
1.70

10.10
0.00
21.30
61.04
0.00
1.64

124.90
1.34

21.43
7.89
8.72
0.88

49.92
50.71
151.70
61.62
128.40
14.99
54.71
10.74
0.81
8.86
1.43
8.51
1.65
4.62
0.71
4.62
0.68

65.66
14.80
5.83
0.04
2.34
2.37
4.12
1.77
0.34
0.05
2.51
99.83
1.90

442.20
1.94
0.00
0.00
11.51
67.48
4.61

24.51
21.42
1.86
2.68
0.00
4.21
13.54
42.54
24.39
123.80
0.00
1.32

118.00
1.83

13.18
8.67

131.40
0.86

30.64
117.30
87.13
24.61
47.75
5.94

22.01
4.65
0.88
4.22
0.75
4.73
0.97
2.91
0.49
3.43
0.54

56.16
11.30
14.68
0.05
7.59
0.92
0.00
2.00
0.68
0.13
6.30

99.81
0.00

121.00
4.09
0.30
1.30

56.45
390.00
14.81
49.57
16.50
1.98
2.87
0.00
0.00
10.80

368.70
5.95

140.10
0.00
4.43
25.23
0.80
5.64
1.73

109.90
1.42

13.12
259.10
105.50
21.03
38.67
5.56

21.11
3.68
0.82
2.69
0.40
2.37
0.46
1.38
0.22
1.50
0.24



Annex Il

Annex II Paleoproterozoic formations (Suite)

Paleoproterozoic formations

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 frOID the ore zone 1 To north frOID zone III Matala zone 1zone 1zone

SIOZ(wt. %)
Alz03

FeZ03
MnO
MgO
CaO
NazO
KzO
TiOz
PzOs
PF
Total
As (ppm)
Ba
Be
Bi
Cd
Co
Cr
Cs
Cu
Ga
Ge
Hf
In
Mo
Nb
Ni
Pb
Rb
Sb
Sn
Sr
Ta
Th
U
V
W
y

Zn
Zr
La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu

27.67
6.84
6.64
0.88
4.73

26.33
0.00
1.17
0.47
0.11

23.95
98.79
1.21

60.89
3.75
0.45
10.28

138.00
1270.00

4.42
95.20
10.21
1.69
0.84
0.00
0.00
6.46

594.70
8.34

75.43
0.00
2.66
59.13
0.46
0.45
2.02

123.30
1.26

22.19
120.70
31.10
22.06
40.56
5.73

24.37
5.03
1.44
4.75
0.69
3.71
0.68
1.68
0.21
1.30
0.19

62.72
10.66
10.82
0.08
6.13
0.17
0.26
1.45
0.56
0.11
7.40

100.36
1.47

144.10
4.51
0.55
0.00

41.92
116.60
6.78

89.28
14.43
2.34
3.29
0.00
3.70
7.53

171.70
11.55
92.12
0.00
1.33

45.75
0.74
7.82
13.48
173.00

1.56
13.89
178.20
123.50
5.30
11.19
1.49
6.17
1.85
0.47
2.12
0.35
2.16
0.45
1.31
0.20
1.42
0.24

55.31
16.88
7.87
0.11
5.78
1.38
2.52
2.73
0.74
0.03
6.76

100.11
1.67

214.20
6.17
0.35
0.00

24.63
149.20
12.84

107.90
25.91
1.80
4.18
0.00
5.92
58.15
95.95
18.99
180.10
0.00
4.05
99.70
10.45
9.96
4.55

188.70
1.42

19.15
188.30
153.10
34.74
68.69
8.59

32.43
6.45
0.64
4.87
0.71
3.78
0.66
1.93
0.30
2.23
0.35

72.66
8.55
4.54
0.08
1.03
3.99
0.24
3.32
0.46
1.92
2.91

99.70
9.48

616.10
3.50
0.34
2.58
8.60

32.31
2.79

294.20
15.34
2.05
4.63
0.30
1.03

14.21
21.76
75.49
107.00
0.31
13.73
83.48
1.16

29.82
29.79
155.70
2.98

72.51
321.70
170.20
64.80
136.70
19.80
86.47
18.96
3.64
17.37
2.20
11.06
2.02
4.87
0.62
3.78
0.58

61.90
10.73
4.33
0.15
1.72
5.47
0.31
4.58
0.44
0.00
9.24

98.87
1.40

1099.00
0.00
0.44
0.61
8.85

85.30
2.19

34.23
13.34
1.20
2.56
0.00
5.34
6.90

22.83
39.98
112.20
0.11
1.61

108.10
0.68
6.97
10.00

169.60
1.63

20.64
112.30
89.17
33.12
67.95
8.62

31.79
6.31
1.03
4.79
0.74
4.15
0.78
2.16
0.34
2.40
0.37

299

45.08
22.55
15.33
0.08
2.89
1.41
0.19
4.35
1.12
0.72
6.19

99.91
0.00

252.40
5.35
0.42
0.00

27.70
842.10

8.24
18.28
33.48
2.42
3.62
0.10
1.19

17.87
271.80
47.97
171.30
0.00
1.87

26.40
1.42

10.67
48.97
253.40
4.66

41.94
209.10
122.00
34.10
68.09
9.02

36.50
7.44
2.53
7.28
1.19
7.25
1.45
3.92
0.56
3.47
0.53

57.72
16.20
12.04
0.08
2.71
1.56
0.17
2.05
0.64
0.13
6.55

99.85
24.22

341.80
3.12
0.52
0.00

26.89
137.40
3.77

45.98
23.07
1.93
3.20
0.00
3.03
6.42

131.70
39.72
66.26
0.00
1.24

40.52
0.57
8.06
10.92

203.00
2.25

20.66
187.70
117.70
25.78
50.30
6.07

22.88
4.41
1.07
3.92
0.61
3.55
0.69
1.94
0.29
2.02
0.32

68.69
14.00
8.49
0.05
1.26
0.00
0.00
1.16
0.48
0.05
4.85

99.03
30.11
61.83
4.42
0.00
0.00
9.61

81.57
2.29

32.75
23.73
1.63
5.26
0.00
4.17
10.56
30.22
21.51
57.19
0.00
0.50

22.57
0.73

204.70
7.92

116.20
1.29

15.49
57.02
162.70
126.30
243.40
28.03
103.50
16.33
0.84
9.77
1.06
4.30
0.59
1.31
0.15
0.86
0.14

59.58
11.89
4.77
0.32
2.55
7.46
0.16
2.47
0.39
0.03
10.32
99.94
36.30
79.49
1.53
0.00
0.97
18.87
63.58
3.24

22.73
16.08
0.84
3.65
0.00
9.49
9.72

73.06
13.74

124.90
0.00
0.53

49.13
0.75

45.66
3.89

94.38
0.33
18.38

185.30
111.10
30.02
61.83
7.47

29.09
6.06
1.01
4.71
0.63
3.29
0.58
1.48
0.21
1.28
0.21



Annex II

Annex II Paleoproterozoic formations (Suite)

Graphite - biotite fresh gneisses and schists

DDH no.: 843 843
Depth (m): 217 250

Position 1 zone 1 zone

Si02(wt. %) 58.23 59.63
AI20 3 18.02 13.69
Fe203 5.35 6.27
MnO 0.04 0.06
MgO 1.83 5.60
CaO 3.36 2.62
Na20 0.15 2.63
K20 3.41 3.39
Ti02 0.89 0.68
P20 S 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
U 4.67 4.40
V 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 Yab10nevka (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
(Riphean) sandstones

DDHno.: 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 gneiss gneiss

Si02(wt. %) 80.98 82.50 74.37 70.84 69.96 75.11 60.24 58.25 61.76 63.63
Ah0 3 7.72 6.61 9.02 13.33 15.32 11.08 15.83 17.22 17.35 16.87
Fe203 3.53 2.27 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
Na20 0.00 0.00 0.00 0.16 0.00 0.00 0.00 0.24 0.20 0.00
K20 3.13 2.90 3.53 3.87 4.13 3.68 4.88 7.29 3.36 5.32
Ti02 0.40 0.24 0.36 0.46 0.45 0.35 0.89 0.86 0.95 0.55
P20 S 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 2.95 3.43 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 2.93 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 5.17 7.02 5.17 4.26 9.81 14.84 11.25 7.01
Cr 23.55 19.56 33.41 28.81 27.03 25.65 75.75 159.90 44.88 50.Q7
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 3.31 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 26.41 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
U 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 47.27 111.10 55.31 133.60 47.94
Ce 39.08 28.34 44.41 82.72 91.02 86.50 225.10 111.20 268.10 87.68
Pr 4.74 3.43 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 2.93 2.11 3.31 4.81 5.15 4.23 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 4.48 4.93 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 2.95 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-ll, DDH-14)

Annex IV Pasha area (DDH-ll, 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 gneiss gneiss gneiss

Si02(wt. %) 91.94 58.49 93.37 91.17 89.77 90.85 61.55 62.46 64.93
AI20 3 4.08 16.26 2.13 5.32 6.49 4.31 16.21 17.13 8.01
Fe203 0.42 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

a20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K20 2.17 3.38 0.38 1.44 1.04 0.73 4.10 2.34 1.99
Ti02 0.18 0.85 0.03 0.03 0.07 0.36 0.70 0.77 0.56
P20 S 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 2.22 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 2.95 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 Il.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 49.20 0.00 0.00 0.00 5.61 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
ln 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 2.72 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 0.42 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 5.47 1.53 1.66 3.36 1.66 4.07 3.21 4.10
V 11.84 100.10 5.25 3.11 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 9.42 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 7.73 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
Tb 0.34 1.31 0.24 0.17 0.32 0.75 1.35 0.75 0.56
Dy 2.22 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 2.29 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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AnnexIV Pasha (DDH-ll, DDH-14)

Annex IV (Suite)

DDHno.: 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 scbist gneiss granite

SiOiwt. %) 61.00 75.06 58.76 88.88 91.55 70.19 67.08 69.93 79.41
A120 3 15.03 14.11 16.84 5.98 5.02 17.22 14.90 15.19 12.63
Fe203 7.96 0.85 9.28 0.74 0.59 2.71 4.97 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
Na20 0.26 0.15 0.18 0.00 0.00 0.16 1.92 3.49 6.66
K20 5.69 1.18 4.42 2.42 1.83 4.04 2.05 4.60 0.80
Ti02 0.67 1.03 0.87 0.13 0.04 0.28 0.55 0.37 0.00
P20 S 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 1.71 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 2.47 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 4.98 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 3.72 2.37 6.63 9.31 9.50 1.34
Ni 49.20 32.81 70.68 0.00 0.00 6.00 34.49 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 Il.43 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 4.87 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 50.91 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 Il.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 5.57 4.39
Nd 37.06 12.58 47.05 18.19 10.01 15.22 30.05 19.69 14.94
Sm 7.11 3.11 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 2.47
Th 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 3.43 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

Si02(wt. %) 65.80 66.48 71.42 65.60 70.02 48.78 73.30 76.66 79.27
AI20 3 15.08 15.30 16.22 14.32 12.79 13.86 15.12 12.49 Il.27
Fe203 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
CaO 0.15 0.16 0.21 2.74 4.22 8.06 0.15 0.26 0.47

a20 0.37 0.41 0.43 2.67 0.30 0.32 0.28 0.33 2.33
K20 6.90 7.43 6.97 5.26 5.50 6.59 5.58 6.13 5.09
Ti02 0.52 0.55 0.54 0.55 0.00 0.56 0.20 0.15 0.10
P20 S 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
ln 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

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 2.99 3.28 2.35
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 2.46 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 4.38 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 2.97 1.33
Er 5.99 6.95 5.47 8.06 0.71 1.98 10.71 8.40 3.91
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 4.27
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 69 460.2 427.9 424.6 420.25
Rock type: granite granite granite granite granite granite granite granite granite

Si02Cwt. %) 62.66 75.01 76.33 74.35 87.21 79.48 74.20 76.54 75.85
AI20 3 18.12 12.30 12.73 13.45 6.42 12.53 17.15 13.09 12.83
Fe203 1.37 2.33 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
Na20 4.91 2.56 3.76 3.46 0.00 0.00 0.00 3.44 3.66
K20 7.57 5.18 4.32 4.72 2.44 3.40 4.71 2.98 4.71
Ti02 0.00 0.20 0.04 0.15 0.33 0.06 0.00 0.06 0.03
P20 S 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 3.38 8.43 6.94 0.84 5.77 13.15 7.55 9.91
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 1.77 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 2.42 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 2.42 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
Sb 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
V 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 Il.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 Il.31

d 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 2.91 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
Tb 0.30 2.18 2.40 1.29 0.36 2.55 1.85 3.13 2.56
Dy 1.66 12.50 15.91 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 2.72 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 2.43 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): 398.2 225.4 379 Sample9 Sample 8 Sample 5 Sample 7 Sample3 Sample 2
Rock type: granite granite granite granite granite granite granite granite granite

SiOz(wt. %) 75.74 76.54 76.03 76.20 75.64 75.88 76.83 75.81 75.95
Alz0 3 13.52 13.09 12.31 13.34 13.57 13.53 12.56 13.47 13.77
FeZ03 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
NazO 1.21 3.64 2.46 4.32 4.39 4.32 4.14 4.70 4.86
KzO 3.16 4.16 5.95 4.61 4.72 4.72 4.39 4.30 4.25
TiOz 0.03 0.00 0.08 0.00 0.00 0.00 0.00 0.00 0.00
PzOs 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 53.23 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 Il.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 2.45 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 2.33 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 2.77 2.91
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 2.31 4.40 13.13 9.73

d 16.28 59.25 95.06 22.06 7.52 7.58 16.02 48.78 32.43
Sm 5.18 17.38 19.34 5.94 2.42 2.15 4.45 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 15.42 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 8.45 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 2.35 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
M' d 1 l' fh 1 k' d d 1aJOr an trace e ement analYSlS 0 t e mosUy ar OSlC san stones an congJomerates

Pasha sandstones Salmi sandstones Priozersk

DDHno.: 1051 1051 356 356 1051 816 816 816 356
Depth (m): 81 134 160 220 199 62 67 68 475

Position Salmi Salmi Salmi Salmi Salmi Il zone Il zone Il zone Salmi

SI02(wt. %)
AI20 3

Fe203
MnO
MgO
CaO
Na20
K 20
Ti02

P20 S

PF

91.56
4.63
0.27
0.00
0.00
0.00
1.58
1.22
0.04
0.00
0.43

50.72
5.12
1.28
0.18
0.42

21.79
1.23
2.22
0.26
0.00
16.60

95.20
2.96
0.39
0.00
0.14
0.00
0.94
0.73
0.06
0.00
0.41

86.30
6.62
0.78
0.00
0.12
0.75
2.50
1.37
0.00
0.00
1.55

74.14
9.41
2.80
0.04
1.46
1.99
1.92
2.77
0.68
0.17
4.51

80.71
8.77
1.37
0.00
0.00
0.89
2.37
2.61
0.19
0.05
1.64

71.81
11.96
3.92
0.04
1.12
0.54
1.31
4.16
0.59
0.21
3.61

41.25
4.63
1.84
0.45
0.57

27.44
0.88
1.65
0.47
0.10

21.00

84.09
7.92
3.06
0.00
0.19
0.10
0.17
2.68
0.25
0.00
1.94

Total 99.73 99.82 100.83 99.99 99.89 98.60 99.27 100.28 100.39
As (ppm)
Ba
Be
Bi
Cd
Co
Cr
Cs
Cu
Ga
Ge
Hf
ln
Mo
Nb
Ni
Pb
Rb
Sb
Sn
Sr
Ta
Th
U
V
W
y

Zn
Zr

0.00
176.20
0.65
0.00
0.00
0.78
8.53
0.28
6.08
5.35
0.73
2.01
0.00
0.00
3.45
0.00
4.64
35.84
0.00
0.44

48.37
0.25
2.67
0.59
6.76
0.00
4.60
0.00

66.86

2.54
423.40

0.51
0.00
2.29
3.56
5.67
0.60
14.72
8.39
0.73
3.93
0.00
0.00
7.89
0.00
8.82

62.71
0.00
1.83

145.00
0.67
5.93
2.71

70.82
0.49

20.51
20.46
154.60

0.91
170.20
0.00
0.00
0.00
0.88
7.32
0.00
0.00
3.45
0.75
1.70
0.00
0.00
2.06
0.00
3.16

22.38
0.00
0.00

33.21
0.17
1.94
0.84
8.04
0.13
4.75
0.00

62.35

43.99
808.20
0.00
0.00
0.00
2.11
0.00
0.25
10.34
6.54
0.96
1.77
0.00
1.96
1.36
0.00

22.61
55.86
0.39
0.00

98.36
0.16
2.23
1.09
4.89
0.00
6.95
0.00

60.51

0.00
945.20

0.91
0.00
0.00
6.58

23.22
18.89
28.99
11.61
0.79
4.38
0.00
0.00
16.05
9.40
8.17

61.11
0.00
4.16
53.14
1.22
8.34
2.28

36.91
0.39
14.97
73.25
155.70

1.50
431.20

1.33
0.00
0.00
3.99
17.56
0.74
5.85
12.85
0.96
5.83
0.00
0.00
10.26
8.42
13.39
74.47
0.00
2.61

70.50
0.80
7.57
3.56

28.17
0.56
17.76
40.49
195.20

1.27
594.10

3.69
0.25
0.00
9.54

44.93
3.04
9.52

20.86
1.41
7.26
0.00
0.00
18.22
21.87
11.20

150.70
0.27
4.35
79.82
1.37

12.53
1.77

58.42
1.64

26.38
75.81

252.80

0.00
307.10

1.08
0.00
2.20
5.16

23.99
0.83
7.54
8.00
0.71
5.93
0.00
0.51
12.94
11.87
9.20
54.38
0.00
3.41

238.40
0.89
8.71
2.59

56.27
0.86

24.66
37.49

210.80

0.00
271.20

0.00
0.00
0.00
2.00
0.00
2.27
0.00
11.29
1.10
5.85
0.00
0.00
10.27
0.00
8.03

80.67
0.00
0.74

25.24
0.80
9.85
2.02

23.40
2.42
7.90
16.48

231.60
La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu

14.44
29.09
3.07
10.38
1.60
0.34
1.10
0.15
0.83
0.16
0.45
0.07
0.51
0.08

29.03
49.34
6.28

22.78
3.86
0.99
3.12
0.51
3.12
0.67
1.96
0.30
2.06
0.31

18.27
33.72
3.85
11.97
1.47
0.27
0.75
0.14
0.78
0.16
0.47
0.07
0.49
0.08

26.92
54.47
6.19
19.24
2.61
0.53
1.36
0.22
1.16
0.19
0.56
0.08
0.52
0.08

32.84
62.80
6.97

24.25
4.07
0.77
2.98
0.47
2.86
0.56
1.70
0.27
1.98
0.30

25.92
49.60
5.68

21.08
3.85
0.92
3.21
0.50
3.05
0.61
1.79
0.27
1.79
0.28

47.16
96.11
10.92
39.05
6.88
1.24
5.26
0.81
4.70
0.92
2.75
0.42
2.96
0.47

39.71
73.02
8.63

30.81
5.03
0.83
4.05
0.63
3.94
0.81
2.46
0.37
2.55
0.41

34.59
72.08
7.68

23.89
3.43
0.73
1.86
0.30
1.56
0.27
0.79
0.12
0.90
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 II zone II zone SaLmi Salmi Salmi Salmi 1 zone 1 zone 1 zone

Si02(wt. %) 84.22 86.67 84.19 88.26 83.99 81.39 85.53 87.75 83.75
AI20 3 7.74 7.28 10.10 7.53 8.77 7.72 7.62 5.45 7.51
Fe203 2.33 0.83 0.40 0.23 0.76 3.02 1.10 2.22 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
Na20 0.07 0.09 0.09 0.10 0.12 0.19 0.23 0.09 0.00
K20 2.29 2.11 2.10 2.47 3.14 3.62 3.68 2.26 2.64
Ti02 0.65 0.76 0.27 0.18 0.14 0.87 0.42 0.33 0.56
P20 S 0.09 0.09 0.07 0.09 0.05 0.07 0.04 0.05 0.10
PF 2.06 2.23 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 2.33 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 24.47 5.68 11.97 9.47 32.21 10.03 13.30 18.04
ln 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

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 2.43 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
V 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 2.46 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

d 41.26 58.52 23.71 49.53 40.57 56.62 19.04 38.00 45.85
Sm 6.45 9.28 3.09 7.27 7.30 9.64 3.03 5.39 7.27
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 4.21 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 4.42 1.40 2.02 2.42
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
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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 1zone 1 zone 1 zone 1zone 1 zone 1zone III zone III zone III zone

Si02(wt. %) 81.35 81.75 72.00 94.50 88.21 70.92 70.82 82.89 72.48
AI20 3 10.01 8.79 4.60 2.73 6.07 18.78 7.54 7.60 5.37
Fe203 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
Na20 0.11 0.00 0.13 0.00 0.08 0.14 0.15 0.15 0.00
K20 2.71 2.90 2.07 1.56 2.05 1.50 2.78 3.14 0.00
Ti02 0.55 0.11 1.18 0.12 0.98 0.28 0.57 0.33 0.24
P20 S 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 5.48 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 4.25 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
Sb 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
V 23.70 Il.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 2.22 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

d 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 3.45 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 7.13 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 Saimi and Karku deposit area

Annex VI (Suite)

Priozersk sandstones
DDR no.: 625 625 625 654 654 654 654 654 751

Depth (m): 128 131 134 117 132 143 144 145 50
Position !TI zone III zone !TI zone nI zone m zone mzone III zone !TI zone N to 1zone

Si02(wt. %) 71.46 61.72 72.73 79.29 82.87 73.32 66.52 58.74 81.67
Ah0 3 4.56 4.91 3.72 6.50 6.23 4.56 3.79 3.68 7.21
Fe203 10.71 8.43 4.57 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 5.37 12.41 13.61 0.00
Na20 0.00 0.09 0.05 0.17 0.00 0.00 0.00 0.00 0.25
K20 0.00 0.34 1.11 3.07 2.82 0.53 1.39 1.02 3.29
Ti02 0.38 0.00 0.43 1.29 0.25 0.27 0.12 0.42 0.82
P20 5 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 Il.23 178.20 240.10 689.10 473.70 96.60 260.80 212.80 648.50
Be 2.04 5.47 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 5.41 0.00 0.00
Ga 12.27 8.44 5.76 10.96 9.97 Il.23 6.66 7.27 1l.81
Ge 1.47 2.12 1.29 1.38 1.11 1.51 1.44 2.10 1.59
Hf 7.97 2.41 6.57 18.37 5.04 5.63 5.04 13.34 25.04
ln 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 Il.31 10.39 6.99 21.30 33.54

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
Sb 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 0.41 1.95 3.13 0.77 0.82 0.70 1.96 2.53
Th 8.00 4.43 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 4.43 3.25
Y 14.58 3.53 10.88 16.19 14.39 7.41 4.73 10.55 23.42
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 4.22 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 0.43 0.43 0.63 1.57
Gd 2.50 0.67 1.61 3.56 2.76 1.27 1.10 2.31 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 0.41 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 N to 1zone II zone II zone II zone N to III zone N to III zone N to III zone N to [JI zone N to III zone

Si02(wt. %) 87.71 78.20 79.48 88.15 89.95 76.95 89.91 91.51 77.29
A120 3 6.14 7.49 10.03 7.18 4.32 13.06 5.01 3.33 7.05
Fe203 0.71 5.30 2.54 0.22 1.97 2.45 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 0.42 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
Na20 0.00 0.19 0.00 0.00 0.08 0.18 0.11 0.07 0.16
K20 2.59 2.18 2.50 1.21 1.88 4.09 1.99 1.48 2.45
Ti02 0.06 0.33 1.56 0.23 0.31 0.18 0.19 0.00 0.61
P20 S 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 2.45 0.97 0.55 2.23
Cu 0.00 0.00 0.00 5.43 5.28 0.00 0.00 0.00 0.00
Ga 8.09 15.12 16.44 7.96 6.74 17.92 5.95 3.81 10.54
Ge 1.00 1.97 1.41 0.97 1.10 1.26 0.93 0.98 1.80
Hf 2.95 8.23 41.85 5.86 9.03 7.47 4.75 2.48 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 3.45 16.56
Rb 74.28 72.14 96.61 40.39 57.88 110.70 56.55 42.75 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 45.93 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 2.42 0.68 0.25 1.68
Th 4.22 14.67 66.62 11.19 22.91 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
V 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 23.48 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 5.27 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 N to III zone N to ru zone N to III zone N to III zone N to 1Il zone Matala zone MataJa zone MataJa zone MataJa zone

SiOlwt. %) 80.77 73.12 80.43 73.88 81.46 69.92 90.73 82.56 79.89
Ah03 4.93 8.99 9.64 11.51 7.71 14.80 5.00 8.60 6.58
Fe203 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

a20 0.12 0.20 0.18 0.18 0.17 0.26 0.00 0.15 0.00
K20 1.93 3.25 3.18 3.36 2.70 4.78 1.92 3.29 2.55
Ti02 0.26 0.61 0.22 0.41 0.53 1.18 0.15 0.28 0.23
P20 S 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 (pprn) 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 4.35 1.67 2.85 2.17 4.28 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 4.43 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 9.23 5.45 14.06 16.66 24.97 5.00 9.81 6.05
ln 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

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
Tb 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 45.25 33.53 36.10 68.71 37.34 297.00 30.33 23.99 54.97
W 4.81 4.81 1.07 3.12 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 43.48 97.58 57.24 76.14 Il.25 32.68 53.64
Zr 233.60 335.80 185.70 488.00 583.20 1034.00 198.20 349.30 198.70
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 3.93 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 2.31 5.36 4.99 8.09 1.51 2.91 3.06
Ho 0.69 2.57 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 1 zone 1 zone 1zone 1 zone Salmi Salmi

Si02(wt. %) 89.12 84.15 80.09 66.24 81.60 79.78
Al20 3 4.54 4.70 6.48 5.01 10.42 6.52
Fe203 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 3.47 2.07 9.61 0.10 3.32
Na20 0.00 0.00 0.19 0.21 0.20 0.00
K20 2.12 2.57 3.09 2.64 4.10 3.73
Ti02 0.09 0.34 0.17 0.21 0.24 0.58
P20 S 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 3.42
Ba 385.40 599.20 722.50 819.40 578.90 622.70
Be 1.03 0.00 2.77 2.71 2.84 2.64
Bi 0.00 0.00 0.00 0.00 0.00 0.00
Cd 0.00 0.00 7.72 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 4.51 6.54 8.77 7.52
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 21.21 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 1378.83 442.53 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
V 22.05 15.46 46.36 24.31 19.19 20.25
W 0.81 2.24 3.10 4.43 0.61 3.31
Y 5.61 7.57 107.20 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 43.41 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 4.41
Tb 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 2.71 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 Salrni 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

Si02Cwt. %) 45.26 46.44 47.05 38.35 46.96 47.33 47.13 47.05 44.36
AI2O] 13.03 13.23 13.30 13.70 11.80 13.12 13.59 14.33 15.78
Ftl20] 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 0.22 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 5.43 2.26 4.67 8.57 3.84 9.49
Na20 2.66 2.69 3.43 4.64 0.33 3.54 2.52 5.00 1.44
K20 1.71 1.56 1.75 0.18 4.77 0.70 1.49 2.22 1.59
Ti02 4.38 3.53 3.53 4.50 3.48 3.69 3.72 3.90 4.26
P20 S 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 25.43 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
ln 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 45.92 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 2.46 3.04 2.70 2.39 2.39 2.46 2.72
Th 3.91 2.97 3.00 4.16 3.71 2.86 3.35 3.41 3.72
U 1.60 1.71 1.54 10.16 4.81 1.40 1.35 2.90 1.67
V 170.40 264.80 244.20 139.60 193.20 225.90 296.70 299.80 326.30
W 0.81 0.51 0.60 0.84 1.72 0.55 0.61 0.69 3.31
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 3.22 4.08 3.69 3.98
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 Il.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 4.91 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 vn 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

Si02(wt. %) 46.28 37.37 42.63 43.86 39.71 45.80 53.94 43.24 46.16 40.27
AI2O) 13.86 13.33 11.89 12.69 12.94 7.79 14.05 13.09 12.65 13.20
F~O) 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 5.43 3.36 4.75 5.07 2.65 2.97 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
Na20 2.75 3.59 4.01 4.14 4.22 1.30 0.00 2.59 2.47 2.18
K20 1.57 1.06 0.80 0.49 0.36 2.20 4.88 1.32 1.37 0.47
Ti02 3.79 3.54 3.17 3.43 3.56 2.23 1.97 3.56 3.48 3.58
P20 S 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 9.91 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 2.93
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 25.98 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 2.47 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 9.41 6.49 9.36 4.54 9.83 6.45 2.17 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 2.17 1.40 1.27 1.46 1.70 1.33 2.20 1.23 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
Tb 2.68 2.56 2.27 2.52 2.61 2.95 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
V 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 1.77 1.82 0.77 0.34 0.55 0.57 0.59
Y 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 6.91 3.67 10.86 10.18 10.54
Eu 3.34 2.92 2.60 3.13 3.14 0.97 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 7.37 6.99 7.17
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 0.47 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 Volcarnc (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

SiOiwt. %) 41.01 38.08 46.77 21.68 60.01 39.15 46.57
Ah0 3 13.79 13.83 14.18 6.41 9.98 14.18 13.57
Fe203 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 4.31
CaO 3.18 3.95 7.81 33.72 1.47 5.11 7.88

a20 1.03 2.68 2.71 1.52 0.87 2.54 2.73
K20 3.51 1.92 1.43 1.25 1.94 2.33 1.56
Ti02 3.01 3.35 3.89 1.52 2.08 3.98 3.71
P20 S 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 5Q.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 2.20 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 8.22 3.37 5.12 8.50 7.92
ln 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 2.41
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 Il.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
Sb 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 2.25 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
V 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 245.70 248.30 238.90 44.44 182.30 279.10 214.00
Zr 324.60 333.30 376.50 157.60 235.30 386.30 371.80
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

d 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 3.41 3.41
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 4.31 4.23 2.35 2.62 3.70 4.35
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 0.41 0.40 0.50 0.65
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Annex Vil Volcanic (Suite)

DDH no.: 822 822 822 822 1-01 VI V2 V3
Depth (m): 122 124 125 125.5 Valaam - Ramo, Upton data
Rock type: volcanic volcanic volcanic volcanic volcanic volcanic volcanic volcanic

Si02Cwt. %) 30.96 44.87 42.26 44.50 45.22 50.62 51.95 50.91

Ah0 3 1.84 14.36 12.05 8.68 13.78 2.85 2.67 2.94
Fe203 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 4.52 6.99 12.93 6.51 3.24 2.94 3.17
Na20 0.08 3.04 1.45 1.51 2.38 7.12 6.74 6.89
K20 0.06 0.49 1.41 1.03 0.62 3.71 3.90 3.87
Ti02 0.45 3.97 3.15 2.01 3.66 1.94 2.09 2.07
P20 S 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 4.32 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 1695.90 1764.90 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 49.41 28.47 50.52 3.9 5.4 3.5
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 21.4
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 27.91 19.19 34.17 20.3 20.6 21.1
Ni 0.00 34.16 26.96 10.81 29.85 2.9 3 5.4
Pb total 1.28 13.68 5.99 4.27 12.67 9.6 10.9 8.2
Rb 5.76 Il.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 1.31 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
V 15.43 252.40 167.60 148.40 241.90 98.2 91 115.8
W 0.20 0.40 0.50 0.29 0.53
Y 6.56 45.90 42.41 33.12 45.78 45.7 44 47.4
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 15.84 125.30 104.30 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 Il.04 7.57 12.02
Eu 0.30 3.67 3.05 1.98 3.32 230.2 240.9 242.5
Gd 0.98 10.86 9.98 6.87 10.20 5.04 5.48 5.12
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 rocks
Major and trace element analysis orthe Valaam sill rocks

Sample no.:
Rock type:

Position

Valaam sill

Si02(wt. %)
A120 3

Fe203
MnO
MgO
CaO
Na20
K 20
Ti02

P20 S

PF
Total
As (ppm)
Ba
Be
Bi
Cd
Co
Cr
Cs
Cu
Ga
Ge
Hf
In
Mo
Nb

1

Pb total
Rb
Sb
Sn
Sr
Ta
Th
U
V
W
y

Zn
Zr

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

51.99
14.14
13.23
0.19
2.76
6.03
3.44
2.28
2.71
0.97
1.85

99.59

0.00
1786.00

1.51
0.00
0.00

22.95
0.00
0.44
14.30
25.31
1.48
5.87
0.11
1.70

18.90
5.07
9.24

39.81
0.00
1.67

486.60
1.29
2.99
0.91

103.40
0.27

39.56
160.20
242.70

52.05
114.00
15.00
63.02
12.57
4.64
10.37
1.43
7.82
1.40
3.61
0.50
3.21
0.48

72.40
11.98
3.55
0.00
0.61
0.81
2.43
5.77
0.29
0.06
1.41

99.31

0.00
615.50
4.21
0.00
0.58
3.24
5.12
0.63
0.00

27.56
1.47

19.97
0.00
1.11
9.87
0.00
14.70

135.70
0.00
3.09

49.01
1.28

12.60
2.49
6.27
0.33

51.81
23.23
889.30

84.62
163.70
18.14
62.83
10.96
0.98
9.14
1.44
8.63
1.73
5.04
0.76
5.07
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 uranifères 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 l'Athabasca (Canada) et de

Kombolgie (Australie). Toutefois, de circulations importantes de fluides ont été mises en

evidence dans les roches métamorphiques de l'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 al' échelle régional de zircon et, dans une

moins de mesure, de monazite, ainsi qu'a la fomlation de chlorites felTifères et de carbonates

dans les zones minéralisées.

Mots clés Uranium, Discordance, Grès, 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 lithologie 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 essentiaUy 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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