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Résumé :

Les gisements uraniféres Protérozoiques du batholite du Kurupung (2041 + 29 Ma) situés au
Nord-Ouest du Guyana et du district de Kirovograd - Novoukrainsk (granite de Novoukrainsk daté a
2047 + 19 Ma) situés en Ukraine sont des occurrences ou la minéralisation (présente sous la forme
d’uraninite, pechblende, oxyde de U-Ti) est associée a une métasomatose sodique. Elles semblent
appartenir a un événement métallogénique Paléoprotérozoique majeur nouvellement caractérisé dans
le cadre de ce travail, et auquel appartiendraient aussi des minéralisations similaires du Sud marocain
et de Lagoa Real au Brésil. Le gisement d’Espinharas situé au Brésil, associé aussi a une
métasomatose sodique, présente une minéralisation uranifere principalement visible sous la forme de
cristaux de coffinite, d’oxyde d’uranium et d’uranothorite. Cette altération hydrothermale se
développe selon différents stades : (i) une albitisation avec remplacement isomorphique de I’orthose et
du plagioclase par de I’albite puis une dissolution compléte du quartz de la roche; (ii) une
cristallisation d’albite automorphe dans les cavités laissées par le quartz suivie par (iii) une
cristallisation de minéraux calciques (calcite, épidote, pyroxéne), de minéraux d’uranium (uraninite
et/ou pechblende et/ou brannérite et/ou oxyde de U-Ti selon les gisements), de zircons hydrothermaux,
de chlorite, et parfois de quartz secondaire. Les études isotopiques (Blgoamite compris entre 2,2 et 2,9
%o pour les albitites d’Ukraine et 8®Oypite et 8**Ocacite cCOMpris entre 2,8 et 5,3 %o pour des albitites du
Guyana) et microthermométriques (Th > 350°C) ont permis de montrer que le fluide hydrothermal
responsable de cette altération hydrothermale et de la minéralisation est peu salé et d’origine
superficielle. Le fluide hydrothermal est de plus sous-saturé en silice mais sursaturé en Na, U et Zr.

Abstract:

The Proterozoic uranium ore deposits of Kurupung batholith (2041 + 29 Ma, North-West of
Guyana) and of Kirovograd - Novoukrainsk (granite dated at 2047 + 19 Ma, Ukraine) are two
occurrences where the mineralization (occurring as uraninite, pitchblende, U-Ti oxide) is associated
to sodium metasomatism. These occurrences and also the similar mineralizations of South Morocco
and of Lagoa Real (Brazil) seem to belong to a major Paleoproterozoic metallogenic event
characterized in this study. The uranium ore deposit of Espinharas (Brazil) is also associated to a
sodium mineralization and presents a uranium mineralization mainly occurring as coffinite crystals,
uranium oxide and uranothorite.

This hydrothermal alteration has different stages: (i) albitization with an isomorphic replacement
of orthoclase and plagioclase by albite, following by a complete dissolution of the quartz; (ii)
crystallization of euhedral albite in cavities left by quartz leaching, following by (iii) the
crystallization of calcic minerals (calcite, epidote, pyroxene), uranium minerals (uraninite and/or
pitchblende and/or brannerite and/or U-Ti oxide according the ore deposits), hydrothermal zircons,
chlorite, and sometimes secondary quartz. The isotopic study (6**O.pie between 2.2 and 2.9 %o for
Ukraine albitites; 6**O.pire and 6*Ocaire are between 2.8 and 5.3 %o for Guyana albitites) and the
microthermometric study (Th > 350°C) have permit to show that the hydrothermal fluid responsible of
this hydrothermal alteration and the mineralization is a surface derived fluid with a less salinity. The
hydrothermal fluid is silica under-saturated but over-saturated in Na, U and Zr.
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Introduction

Introduction générale

Cette thése s’inscrit dans le cadre d’une collaboration entre le laboratoire G2R-CREGU et la
société AREVA dans la continuité des études des concepts de mise en place des gisements uraniferes.
Elle concerne spécifiquement les processus de métasomatose sodique affectant des ensembles
métamorphiques et plutoniques le long de structures pouvant atteindre une extension de plusieurs
dizaines de kilomeétres et associés a des minéralisations uraniféres. Ce type de minéralisation peut
représenter des ressources en uranium tres importantes. 1l est donc intéressant de définir les paramétres
controlant la genése de ce type de gisement afin de proposer un modéle général de mise en place d’une
minéralisation uranifére associée a la métasomatose sodique.

Par définition, la « métasomatose » est un processus de transformation chimique d’une roche a
I’état solide (« processus de modification de la composition chimique globale des roches originelles »
(Foucault et Raoult, 2001)). Cette transformation est associée a la circulation d’un fluide qui interagit
avec la roche et qui permet le transfert d’éléments (apport et départ) dans le systeme. Les roches
transformées par cette altération hydrothermale sont nommées «métasomatites ».

La « métasomatose sodique », processus étudié dans cette these, est donc un processus

d’altération hydrothermale qui permet I’introduction de sodium par le fluide dans des conditions T - P
- X (température, pression, composition) variables selon le contexte géologique.
« L’albitisation » est une métasomatose sodique conduisant a la formation « d’albitites» par
introduction de sodium dans la roche initiale. 1l ne faut pas confondre ces roches hydrothermales,
résultant d’une réaction entre un fluide et une roche, avec les roches magmatiques, appelées par
certains auteurs « albitites », qui sont issues d’un fractionnement extréme d’un magma métalumineux
ou peralcalin riche en fluor, élément dont la présence élargit le domaine de stabilité du quartz et
déplace I’eutectique du systeme vers le pble albite dans le systeme Quartz - Feldspath potassique -
Albite (Manning, 1981).

1.1. La métasomatose sodique et ses caractéristiques

La métasomatose sodique a été définie comme étant [I’expression de deux
phénomenes (Cathelineau, 1986) :
(i) la transformation chimique des feldspaths K et Na - Ca en albite par simple échange entre K* - Ca?*
et Na*, sans modification de la structure interne du minéral tel que :

KAISi305 icrocliney + Na* = NaAlSi;Og (amitey + K

CaAlLSi,Og (anorite) + 4 Si0; + 2 Na* = 2 NaAlSi;Og (amiyy + Ca**

(i) la néoformation de cristaux d’albite pure dans les cavités laissées par la dissolution du quartz.
Lorsque les cavités ne sont pas totalement colmatées par I’albite, d’autres minéraux peuvent s’y
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déposer ensuite. La précipitation de minéraux calciques (tels que les carbonates, pyroxeénes, grenats,
épidotes...) est souvent observée.

Remarque : Lorsque qu’il y a dissolution du quartz, les roches formées sont appelées
« épisyénites ». Le terme « épisyénite » définit alors une roche résultant du métasomatisme d’un
granite par des solutions aqueuses de hautes températures (Leroy, 1978). Dans ces roches, le quartz est
dissout, les feldspaths et biotites sont partiellement transformés.

Les différentes études faites sur la métasomatose sodique montrent un gain ou une perte pour de
nombreux éléments lors de cette altération :
- Baker (1985), lors de I’étude du granite Protérozoique de Svecokarelian Bastfallshdjden (W.
Bergslagen, Suéde), a montré que les teneurs en Na, Si, Mg, Ni, Zn et Ga augmentent dans les roches
albitisées. Cependant, il existe une perte en certains éléments tels que : Fe, Mn, K, Sc, Rb, Cs, Ba, Pb,
U, P, F alors que d’autres sont immaobiles (Ti, Al, P et Y).
- Maruéjol (1989), pour les albitites de Lagoa Real, montre un gain en Na, Ca, Fe, Sr, U, Zr et Nb mais
une perte en Si, Ba et Rb. Th, Y et REE sont constants. Ces variations seraient dues a I’albitisation des
feldspaths, la néoformation d’albite, I’altération d’amphibole en pyroxéne et grenat, et a la
néoformation de phases calciques lors de la métasomatose sodique et calcique des granites de Lagoa
Real.
- Petersson et Eliasson (1997), pour le granite de Bohus (Suede), montrent que la teneur en Si des
roches ayant subi la métasomatose sodique diminue alors que celles en Na, HREE £ VY, Li, Rb et Sr
augmentent. Ti, Zr, Ba, LREE, Th, U sont immobiles.
- Hecht et al. (1999) proposent pour les albitites du Massif de Hercynien de Bohéme (Tchéquie) un
gain en Na (par albitisation des feldspaths) et en HREE, Y, Sr, U, Eu; pour une perte en Si (par
dissolution du quartz) et en Ca, K, Ba, Cs, Pb et Rb (par albitisation des feldspaths), et en LREE, Pb,
Mo, As, Cu ; associées a une immobilité en Zr, Hf, Th, Ti.
- Polito et al. (2007) pour les albitites de Valhalla (Australie), montrent une augmentation des teneurs
en Na, Ca, U, V, Zr, P, Sr, F et Y et pour une perte en K, Ba, Rb et Si. Ces variations sont dues a la
« destruction » du feldspath K et de la muscovite, et a la formation d’albite et de riebeckite.

D’aprés ces exemples, la métasomatose sodique est donc associée a une perte en Si, K, LREE et a
un gain en Na, Ca, HREE.

1.2. La métasomatose sodique et les minéralisations uraniféres

La métasomatose sodique opére dans un grand nombre d’environnements géologiques a travers le
monde, depuis les domaines sédimentaires jusqu’aux complexes plutoniques (Smellie and Laurikko,
1984), en passant par les domaines métamorphiques (Mistamisk (Kish and Cuney, 1981), Monts Otish
(Ruhlmann et al., 1986 ; Smirnov, 1977 ; Polito et al., 2007). Dans certains cas, ce processus
d’altération hydrothermale est associé aux processus de formation des gisements métalliques et plus
particulierement a la mise en place de minéralisations uraniferes.
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Les quelgues exemples développés ci-aprés présentent cette association entre métasomatose
sodique et minéralisation uranifére.

a. Les grandes occurrences : exemple du district de Lagoa Real

Le district de Lagoa Real au Brésil (Lobato et al., 1983a et b ; Maruégjol et al., 1987 ; Maruégjol,
1989 ; Turpin et al., 1988 ; Lobato et Fyfe, 1990) et de Krivol Rog en Ukraine (Smirnov, 1977)
représentent les plus grands districts uraniféres associés a la métasomatose sodique. Dans ces
occurrences, la métasomatose sodique affecte de larges volumes de roches granitiques et
métamorphiques le long de structures s’étendant sur plusieurs dizaines de kilometres. Le district de
Lagoa Real présente des ressources de plus de 100 000 tonnes d’uranium a moins de 80 USD/kg et
celui de Krivoi Rog plus de 100 000 tonnes d’uranium dont 25 500 tonnes pour le gisement de
Vatutinskoye, 27 000 tonnes pour celui de Michurinskoye, et 50 000 tonnes pour celui de
Severinskoye (estimations par Reasonably Assured Resources (RAR) et Estimated Additional
Resources)

Situé a I’Est du Brésil, dans le craton de Sao Francisco, le complexe granito-gneissique de Lagoa
Real est localisé au sein des blocs de gneiss migmatitiques a granulitiques, d’age Archéen a
Paléoprotérozoique de Paramirim et Gaviao (Inda et Barbosa, 1996).

Dans le district de Lagoa Real, la métasomatose sodique se développe selon les deux étapes
principales déja présentées plus haut (voir paragraphe 1.1) (Maruéjol, 1989):

- (1) une albitisation a quartz constant ou les albitites formées sont a albite, quartz, amphibole et
biotite (avec * pyroxéne et grenat)

- (2) une déquartzification avec néoformation d’albite, puis de minéraux calciques.

Les roches qui en résultent ont une paragenése a albite, pyroxéne et grenat calcique, et magnétite,
gu’elles soient ou non minéralisées en uranium.

La minéralisation uranifére est localisée dans des corps albitiques de forme sigmoidale encaissées
dans des orthogneiss dérivant d’un granitoide calcoalcalin fortement potassique a pyroxene relictuel,
amphibole, biotite et titanite. La minéralisation est présente sous forme de cristaux d’uraninite
dépourvue de thorium dispersés dans une matrice principalement constituée d’albite avec plus ou
moins de pyroxéne et de grenat mais dépourvues de quartz. L’uranium est aussi présent sous forme
d’uranophane disséminé dans le granite albitisé a proximité de la surface.

Apres I’hypothese de Sobrinho et al. (1980) qui évoquait une origine tardi-magmatique pour les
minéralisations uraniféres de Lagoa Real, difficile a démontrer pour des roches ayant subi des
transformations minéralogiques aussi importantes, deux principaux modeles génétiques ont été
proposés :

(i) Dans le premier modele (Lobato et al., 1983a et b ; Lobato et Fyfe, 1990), les fluides
responsables de la métasomatose sodique et de la minéralisation uranifére dériveraient de la
déshydratation des formations sédimentaires et volcaniques d’Espinhago lors de leur métamorphisme
provoqué par le chevauchement de I’Est vers I’Ouest de la nappe renfermant les orthogneiss de Lagoa
Real lors de I’orogenese Braziliano (~ 500 Ma).
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(ii) Dans le deuxieme modéle (Maruéjol et al., 1987 ; Maruéjol, 1989 ; Turpin et al., 1988),
I’'uranium serait issu des granites de Lagoa Real (granites Paléoprotérozoiques (1730 Ma) calco-
alcalins fortement potassiques, riches en U et Th) et serait remobilisé et concentré lors de circulations
de fluides dérivant d’eaux de formation provenant du bassin Espinhaco qui recouvrait la région de
Lagoa Real vers 1500 Ma. Les gisements auraient été ensuite trés fortement déformés lors des
chevauchements liés a I’orogenese Braziliano. Les zones minéralisées correspondraient alors a
d’anciennes zones épisyeénitisées (granites déquartzifiés et albitisés) qui ont été ensuite déformées. Les
corps minéralisés en uranium sont confinés aux zones qui ont été déquartzifiées et présentant une perte
en volume. La minéralisation se serait alors mise en place initialement dans une roche qui présentait
une porosité. Cependant, le métamorphisme Braziliano a fait disparaitre les textures initiales et a
conduit a la formation de textures granoblastiques polygonales affectant aussi bien le quartz que les
feldspaths et donc, est un métamorphisme de trés hautes températures (500 - 600°C).

b. Les occurrences de moyenne importance : I’exemple d’Espinharas

Les occurrences uraniféres associées a la métasomatose sodique peuvent étre représentées par des
gisements de taille beaucoup moins importante que celles de Lagoa Real telles que les albites
épisyénitisées et uraniféres d’Espinharas au Brésil (Porto da Silveira et al. 1991) et celle de Kitongo
au Cameroun (Oesterlen and Vetter, 1986).

Le gisement de Rio Espinharas se situe au Nord - Est du Brésil dans la province de Borborema.
Le pluton du Rio Espinharas est principalement composé de syénogranite et de monzonite a quartz ;
mais aussi de diorite, monzodiorite a quartz, syénite quartzeuse et micro-syénogranite (Campos et al.,
2002). A Espinharas, la minéralisation uranifére est associée a la métasomatose sodique et a
I’épisyénitisation de gneiss a amphibole et de microgranites intrusifs. Les zones albitisées et
épisyénitisées sont discordantes a la foliation des gneiss (Porto da Silveira et al., 1991). Ces zones
résultent du cisaillement et de la fracturation qui contrélent les intrusions de microgranite ainsi que la
percolation tardive du fluide minéralisateur (Porto da Silveira et al., 1991).
La métasomatose sodique est associée aux transformations minéralogiques suivantes : (i) une compléte
dissolution du quartz, (ii) une albitisation des plagioclase et microcline, (iii) une chloritisation et
dissolution partielle de la biotite, (iv) une précipitation de coffinite, pyrite, chlorite, albite, carbonates
et xénotime.

c. Les occurrences liées au métamorphisme de trés faible degré et confinées a des
fractures: exemple de Mistamisk

L albitisation peut aussi étre liée a un métamorphisme de trés faible degré (anchizonal) et
confinée a des fractures telles que les veines a albite et uraninite de Mistamisk (Canada) développées
dans des siltites (Kish et Cuney, 1981) et ceux des Monts Otish développées dans des grés au
voisinage de filons de gabbros (Ruhlmann et al., 1986).
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Les filons a albite et uraninite de Mistamisk recoupent les argilites de la formation de Dunphy
(Labrador Through). Ces filons se sont formés a partir des fluides produits lors du métamorphisme
régional d’une série sédimentaire de type plateforme épicontinentale composée de greés, siltites,
carbonates dolomitiques et schistes noirs (Kish et Cuney, 1981).

Quatre étapes ont pu étre mises en évidence pour la mise en place des veines de Mistamisk :

(i) déformation et fracturation de la roche encaissante au cours du métamorphisme (albite cristallisant
en flamme renfermant de I’hématite et des billes de matiére organique et uraninite a texture bréchique)
(ii) cristallisation de chlorite trés magnésienne, dolomite et quartz dans des conditions plus stables
tectoniquement.

(iif) remobilisation partielle de la minéralisation uranifere & basse température (mise en place de
tellurures, or, chalcopyrite, sulfures)

(iv) formation de minéraux d’uranium hexavalent (« produits jaunes »), de goethite et d’hydroxyde de
fer.

La mise en place de ces veines a albite et uraninite se ferait au cours de I’orogenése hudsonienne.
Les fluides hydrothermaux, contenant du NaCl, N, et du CO,, seraient des saumures oxydantes (avec
un maximum de 40 % poids équivalent NaCl, une température autour de 300 - 350°C et une pression
de 2,5 kbar) provenant de niveaux évaporitiques qui auraient été présents dans la partie supérieure de
la série. Ces fluides auraient alors transporté I’'uranium et se seraient mélangés avec des fluides
réducteurs qui dériveraient du métamorphisme des schistes noirs (présence de N, dans les inclusions
fluides et de boulettes de matiére organique dans les albites). Ces fluides seraient donc responsables de
la mobilité des certains éléments tels que Na, Mg, U, Y, Te, Ni, Pb, Cu, et Au. (Kish et Cuney, 1981)

Figure 1. Carte géologique du monde présentant différentes occurrences uraniféres
associées a la métasomatose sodique (& partir de Commission for the geological map of the world, 2005)

i -
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1.3. Obijectifs de la these

La revue de différentes occurrences de métasomatose sodique dans le monde a montré la diversité
des contextes géologiques dans lesquels celles-ci peuvent se développer. Cependant, le ou les
contextes géodynamiques propices au développement de tels processus et les conditions particuliéres
conduisant au dép6t de minéralisations uraniféres sont encore mal connus. Si dans certains cas, une
origine évaporitique des saumures sodiques peut étre proposée (Mistamisk au Canada, Kish et Cuney,
1981 ; Kuusamo area Nord de la Finlande, Pankka et Vanhanen, 1992), pour certains exemples non
minéralisés (tel que Agly, Pascal, 1979), il semblerait par contre que la métasomatose sodique puisse
étre produite par des fluides trés peu salés dans les districts d’amplitude régionale et fortement
minéralisés en uranium tel que ceux de Lagoa Real au Brésil et ceux d’Ukraine centrale dont la source
des fluides reste inconnue.

L’objectif de cette thése a donc été d’établir un modele de genése des minéralisations
uraniféres associées a la métasomatose sodique d’amplitude régionale, en incluant :
e la définition des contextes géotectoniques favorables a ces processus ;
e la caractérisation pétrographique et géochimique des ensembles lithologiques, encaissant les
gisements d’uranium favorables, ayant pu avoir un rble de source et/ou de contréle pour la
précipitation de I’uranium.
e la caractérisation de la ou des source(s) des fluides associés a la métasomatose sodique et aux
minéralisations, et des conditions P - T - X du développement de ces processus.
e |’établissement d’une chronologie précise de I’évolution tectono-métamorphique des lithologies
encaissantes et des processus d’altération métasomatique et de minéralisation.

Le district fortement minéralisé de Lagoa Real ayant subi un métamorphisme et une déformation
a haute température aprés la formation des minéralisations (Turpin et al., 1988), il ne permet pas
I’établissement d’une succession des dépbts de minéraux précise et I’étude des inclusions fluides liées
aux processus metasomatiques et aux minéralisations uraniferes. Nous avons donc sélectionné des
cibles ayant préservé leurs caractéristiques initiales afin de mener de telles études.

La premiere cible appartient au district uranifére Paléoprotérozoique de Kirovograd (Ukraine)
associé a la métasomatose sodique. Il présente les ressources en uranium les plus importantes du
monde (plusieurs centaines de milliers de tonnes) et exploitées depuis les années 70 jusqu’a I’heure
actuelle. Les minéralisations de la mine de Michurinka, localisée a Kirovograd, ou la métasomatose
sodique se développe aux dépends de granitoides et de roches métamorphiques Paléoprotérozoiques
seront plus particulierement étudiées.

La seconde cible appartient a un district uranifére de méme age que le précédent mais localisé
dans le bouclier guyanais découvert par COGEMA dans les années 80, et dont I’exploration a été
reprise ces dernieres années par la compagnie « U3Og Corp », mais dont le caractére économique n’a
pas encore été démontré. La métasomatose sodique et la mineéralisation sont développées ici
uniquement au sein du massif granitique de Kurupung situé au Nord-Ouest du Guyana. La
minéralisation uraniféere y est particuliérement riche en zirconium.

Enfin, une troisieme cible, beaucoup plus jeune (appartenant au cycle Braziliano ~ 500 Ma), est
représentée par les minéralisations d’Espinharas (Paraiba, Brésil), localisées au Nord-Est du Brésil,
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dont le caractére économique n’a également pas encore été démontré, fera I’objet d’une étude plus
succincte.

A la suite de cette introduction générale, cette these comprend une premiere partie Méthodologie
dans laquelle les principaux outils et procédures analytiques sont présentées. Le corps de cette thése
s’articule autour de trois articles rédigés en anglais. Le premier, « Sodium metasomatism in the
Michurinka uranium ore deposit of the Kirovograd - Novoukrainsk district », présente I’étude de la
métasomatose sodique associée aux minéralisations uraniferes de la mine de Michurinka. Le
deuxiéme, « “Charnockitization” of Novoukrainsk granitoidic complex », est basé sur I’étude des
granites de Novoukrainsk. Le troisieme, « Exceptional Zr — U mineralization in albitized rocks of the
Kurupung batholith (Guyana) », présente I’étude du gisement uranifére du batholite du Kurupung. La
minéralisation uranifére associée a la métasomatose sodique d’Espinharas constitue la quatrieme
partie. Enfin, dans la derniére partie Discussions et conclusions, un modéle de genése des
minéralisations uraniféres associées a la métasomatose sodique est propose.
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Méthodologie

Dans cette partie, sont décrites les différentes méthodes d’analyse et la stratégie d’étude
appliquées aux échantillons traités dans cette thése. La procédure classique consiste en une étude
pétrographique en lames minces suivie d’une analyse chimique des phases minérales et
éventuellement des inclusions fluides.

1. Etudes pétrographiques des échantillons

1.1. Microscopie optique

Aprés une description macroscopique, les échantillons préparés sous forme de lames minces
polies (Laboratoire de litho-préparation du département des Sciences de la Terre, Vandceuvre-lés-
Nancy) sont étudiés a I’aide d’un microscope optique en lumiere transmise polarisée (LTP) et analysee
(LTPA), et en lumiére réfléchie polarisée (LRP) et analysée (LRPA), microscope couplé a une caméra
numérique.

1.2. Microscope électronique a balayage (M.E.B)

Le microscope électronique a balayage (M.E.B HITACHI S-2500 et S-4800, Service Commun de
microscopies électroniques et de microanalyses X, UHP - Nancy |, Vandceuvre-lés-Nancy) permet
aprés la métallisation au carbone de la lame mince :

- une imagerie en électrons secondaires de basse énergie qui sont sensibles a la topographie de
I’échantillon et donnent ainsi des informations sur la morphologie de la surface de ce dernier.

- en mode électrons rétrodiffusés, de procurer des images du poids atomique moyen des phases
minérales associées.

- en imagerie de photons X, de révéler au sein des phases observées la distribution des éléments
pour mettre en évidence des variations de composition élémentaire des relations texturales complexes
entre ces phases.

- couplé a un spectromeétre a dispersion d’énergie (EDS), permet la réalisation d’analyses
chimiques semi-quantitatives.

Les observations ont été réalisées avec une tension de travail allant de 10 a 20 kV.

1.3. Microsonde électronique

Les microsondes électroniqgues CAMECA SX 100 et CAMECA SX 50 (Service Commun de
Microscopies Electroniques et de Microanalyses X, UHP - Nancy |, Vandeeuvre-lés-Nancy) sont
équipées de respectivement 5 et 4 spectrométres. Les détecteurs d’électrons secondaires et
rétrodiffusés permettent de visualiser les zonages et les inter-croissances complexes des phases
minérales, les spectromeétres a sélection de longueur d’onde des rayons X permettent une étude
quantitative élémentaire de ces phases.

Le principe repose sur le comptage des photons X émis par les éléments de I’échantillon aprés
bombardement par un faisceau d’électrons incidents. Les dimensions du faisceau incident limitent
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I’analyse & quelques pm®. Une concentration de premiére approximation est obtenue aprés
comparaison avec un standard, et est ensuite corrigée des phénomeénes de numéro atomique,
d’absorption et de fluorescence a I’aide du programme X-Phi.

La microsonde électronique a ainsi permis I’acquisition d’analyses chimiques ponctuelles faites
sur différents minéraux tels que feldspaths, amphiboles, pyroxénes, chlorites, zircon, monazite, apatite,
pyrite et minéraux d’uranium.

Les standards utilisés pour la calibration de la microsonde lors des différentes études sont données
en Annexe (Annexe 1).

1.4. Spectrométrie de masse a source de plasma inductif (ICP-MS) et I'ICP-AES
(spectrométrie d’émission atomique)

Le spectrometre de masse a source plasma inductif ou Inductively Coupled Plasma — Mass
Spectrometry (ICP-MS) du Centre de Recherches Pétrographiques et Geéochimiques (CRPG,
Vandceuvre-lés-Nancy) a été utilisé pour I’analyse en concentration des éléments en trace, associé a
I’ICP-optique ou I’ICP-AES (Inductively Coupled Plasma — Atomic Emission Spectrometry) pour
I’analyse des éléments majeurs des roches totales.

Remarque : Dans cette thése, des données analytiques obtenues antérieurement par la société
COGEMA pour le batholite du Kurupung ont également été utilisées. Ces données ne concernent que
les éléments majeurs et quelques éléments en trace (U, Th) de 54 échantillons.

Deux échelles ont été prises en considération lors de cette étude pétrographique :

- I’échelle de la lame pour la détermination des structures, des textures et de la nature des principales
phases minérales.

- I’échelle du minéral pour I’homogénéité de composition, zonage, détermination des compositions
chimiques quantitatives.

1.5. Etude géochimique et les principaux diagrammes utilisés

A partir des analyses chimiques obtenues par ICP-MS et ICP-AES, des diagrammes
géochimiques ont pu étre tracés.

Le principal diagramme utilisé est le diagramme Q vs P (avec Q = Si/3 - (K + Na + 2Ca/3) et P
= K - (Na + Ca); Debon et Le Fort, 1983 et 1988). Ce diagramme (Figure | - 1), présentant les
différentes lignées d’évolution magmatique (tholéitique, calco-alcaline, sub-alcaline), est basé sur le
calcul des parametres cationiques a partir de la composition chimique de la roche totale. Ce
diagramme permet d’une part de présenter les proportions relatives en quartz, albite, orthose
comparées aux compositions moyennes des principales roches plutoniques, et d’autre part de
distinguer I’impact chimique des différentes altérations telles que I’albitisation, la déquartzification et
la carbonatation.

D’autres diagrammes sont présentés dans ce mémoire, tels que Zr vs. U, spectres des éléments
terres rares (REE), U vs. Th, entre autres.
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Tous ces diagrammes permettent la caractérisation de I’'impact chimique des altérations en
relation avec les transformations minérales déduites de la comparaison de I’analyse pétrographique et
texturale des différentes roches étudiées.

Quartz
e r Index points :

g ead gr : granite
O] " ien ad : adamellite
[sN) L 4 150 d . diorit
b oto gd : granodiorite
z to : tonalite
f; mzq : quartz monzonite
) dq : quartz diorite
Q 100 go : gabbro
U’ mzq mzgo : monzogabbro
I . ®/ esq . i
o mzdq mz : monzonite

NG S : syenite

>

°§l’ 50
./)o
mzgo emz
Albite ®s Orthose
400 300 200 100 0 100 200

Calcite

/ P =K - (Na+Ca)

Figure I - 1. Diagramme Q vs P (Debon et Le Fort, 1983 et 1988)

2. Etudes des inclusions fluides

Les inclusions fluides sont les témoins d’un fluide ayant circulé au sein de la roche. Le fluide
piégé posséde ainsi soit les caractéristiques du fluide contemporain de la cristallisation du minéral, soit
celles du fluide ayant percolé dans les fractures du minéral.

Deux types d’inclusion peuvent étre distingués :

- des inclusions primaires : formées au cours de la croissance du minéral hote, souvent a la faveur de
défauts cristallins.

- des inclusions secondaires : formées apres la cristallisation du minéral dans des microfractures
formées sous une contrainte mécanique ou thermique.

2.1. Etude microthermométrique

L’étude microthermométrique consiste a observer a I’aide d’un microscope optique les
températures des différentes transitions de phases au sein d’une inclusion fluide et d’en déduire les
caractéristiques physiques et chimiques du fluide.
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Le microscope optique a transmission utilisé lors de ces études microthermométriques est équipé
d’une platine microthermométrique CHAIX-MECA (Poty et al., 1976 ; UMR-G2R, Vandceuvre-lés-
Nancy). Cette platine permet de refroidir grace a de I’azote liquide jusqu’a -190 °C et de chauffer a
I’aide d’une résistance électrique jusqu’a +600°C. Les mesures de ces changements de phase
spermettent d'estimer les conditions de piégeage des fluides en se référant a des systémes connus, a la
seule condition que la cavité soit restée un systeme clos ; c'est-a-dire que ni son volume, ni sa densiteé,
ni sa composition n’ont changé depuis le piégeage du micro-volume de fluide (échantillons du Guyana
et d’Ukraine).

Un deuxiéme microscope optique a été utilisé pour les échantillons d’Ukraine. Il s’agit du
microscope optique de marque Olympus équipé d’une platine microthermométrique Linkam MDS600
ayant une gamme de températures observées allant de -193°C a +600°C.

Des inclusions fluides synthétiques sont utilisées afin de calibrer les thermocouples et ainsi définir
les erreurs des mesures des températures.

L’ observation des températures de changement de phases nous renseigne sur les différentes
propriétés thermiques des inclusions :
- la température d’eutectique (Te) du systéeme eau-sel (début de fusion de la glace) qui est
caractéristique d’un systeme donné et donc renseigne sur la nature des sels dissous dans la phase
aqueuse.
- la température de fin de fusion de la glace (Tfg), correspondant a la disparition du dernier cristal de
glace, donne la salinité de I’inclusion en équivalent poids NaCl, dans le cas ou la température de
premiére fusion est celle de I’eutectique du systéme H,O-NaCl (-21,1°C).
- la température d’homogénéisation (Th) donne la température minimale de piégeage ou, dans le cas
d’une ébullition, la température de piégeage du fluide.
- la température de fusion du CO, (Tfco,) donne des indications sur le degré de pureté du CO,. Ainsi,
si la température observée est inférieure a la température du point triple du CO,, -56,6°C, cela indique
la présence d’autres gaz dans la phase gazeuse.
- la température d’homogénéisation du CO, (Tfco,) correspond a I’homogénéisation des phases
carbonées liquide et vapeur en une phase unique et donne ainsi des indications sur la densité du fluide.

Les inclusions fluides étudiées sont celles situées dans des minéraux transparents tels que le
quartz (échantillons du Guyana), mais aussi albite et grenat (échantillons d’Ukraine).

2.2. La spectrométrie Raman

La spectrométrie Raman est une technique analytique non destructrice permettant d’analyser les
espéces moléculaires (phases gazeuses, liquides ou dissoutes), d’identifier la nature des solides non
ioniques, et de déterminer la chlorinité de la phase liquide a partir de la déformation des bandes de
I’eau.

Le principe consiste a envoyer une lumiére monochromatique (un laser) sur I'échantillon et a
analyser la lumiére diffusée. Le processus mis en jeu est alors le suivant : les photons interagissent
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avec la matiére qui absorbe (ou céde) de I’énergie aux photons incidents produisant ainsi des
radiations Stockes (ou anti-Stockes). Les photons incidents induisent ainsi un effet Raman (effet
traduit par une modification de fréquence d’une partie de la lumiére diffusée) par interaction avec les
liaisons moléculaires des espéeces analysées ce qui permet de les caractériser (nature moléculaire ou
structurale) ; chague changement de fréquence étant caractéristique d’une espéce moléculaire donnée
et I’intensité du signal étant proportionnelle a I’abondance de I’espece dans le cas d’un mélange.

Pour réaliser une expérience de diffusion Raman, il faut donc focaliser un laser sur I'échantillon a
I'aide d'une lentille. Ensuite, la lumiére diffusée est recueillie a l'aide d'une autre lentille et est envoyée
dans un monochromateur puis, son intensité est mesurée par un photo-multiplicateur.

Le spectrométre Raman utilisé au laboratoire UMR-G2R est de type Labram (Horyba-Jobin-
Yvon) équipé d'un filtre Edge. Deux réseaux a 600 et 1800 traits peuvent étre utilisés. Le détecteur
CCD est refroidi a I’azote (-30°C). La longueur d’onde du laser incident est de 514,5 nm (laser vert a
Argon ionisé). Un microscope Olympus focalise le laser sur I'échantillon (objectif x 80 pour les
analyses). Nous avons utilisé cette configuration pour les analyses suivantes :

- une analyse quantitative des gaz dans les inclusions fluides (CO,, CO, O,, CHg, H,S, Hz, N»...)

- une analyse quantitative du méthane dissous dans la phase agqueuse

- une mesure quantitative de la chlorinité des solutions liquides aqueuses

- une détermination de certaines espéces minérales

3. Etude isotopique

Afin de faire des études isotopiques sur différentes phases minérales pures telles que albite,
feldspath potassique, carbonate, zircon..., les échantillons sélectionnés ont tout d’abord été broyés a
I’aide d’un broyeur & méchoires, puis de rouleaux. Les différents résidus de broyage ont ensuite été
tamisés afin de récolter tous les minéraux de taille inférieure a 400 um qui sont ensuite séparés en
fonction de leur densité a I’aide de liqueurs denses : bromoforme (Figure | - 2) et diodométhane.

Le bromoforme pur permet une séparation des minéraux en deux classes, ceux ayant une densité

supérieure a lui (2,89) tels que amphibole, biotite... (étape 1) et ceux ayant une densité inférieure (tels
que quartz, feldspath...) (étape 2).
L’étape suivante consiste en une séparation en deux nouveaux groupes de minéraux a partir du
mélange bromoforme + éthanol fixé a une densité de 2,63 (densité maximale de I’albite) : groupe des
minéraux ayant une densité comprise entre 2,63 et 2,9 tels que quartz, plagioclase... (étape 3) et
groupe des minéraux ayant une densité inférieure a 2,63 (tels que les argiles, microcline, orthose,
feldspathoides...) (étape 4).

A I’aide du diodométhane (iodure de méthylene ayant une densité de 3,3), le méme protocole
expéerimental peut étre suivi pour obtenir deux classes densimétriques : celle des minéraux ayant une
densité supérieure a 3,3 (zircon, magnétite...) et celle des minéraux ayant une densité inférieure a 3,3
(carbonates, hornblendes, apatites...).

Enfin, a I’aide d’une loupe binoculaire, la séparation finale, « & la main », des différents minéraux
d’intérét se fait a partir de leurs caractéristiques pétrographiques.
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Etape 1 Etape 2

Bromoforme
(densité 2,91)
+ Echantillon (<400zm)
Bromoforme
+ Echantillon (<400um)

Minéraux de
densité<2,9

Minéraux de
densité > 2,9

Bromoforme pur Bromoforme pur

Etape 3

Bromoforme + alcool
(densité 2,63)
+ Minéraux de densité < 2,9

Minéraux de
densité comprise
entre 2,63 et 2,9

Bromoforme + alcool

Etape 4

Figure | - 2. Protocole de séparation des minéraux au bromoforme

3.1. Datation par la méthode K-Ar

Bromoforme + alcool
(densité 2,63)
+ Minéraux de densité <2,9

Minéraux de
densité < 2,63

Bromoforme + alcool

La datation par la méthode K-Ar a été utilisée pour les échantillons du batholite du Kurupung
aprés séparation de feldspaths potassiques. Ces échantillons ont été analysés par Paul Alexandre au
Service d'Isotope d'Argon au Centre Environnemental de Recherches des Universités Ecossaises, Est-

Kilbride, Royaume-Uni.

Le potassium a 3 isotopes : ¥K, “°K et *'K. Seul le “°K est radioactif. La désintégration du *°K suit
plusieurs voies qui sont schématisées dans la Figure | - 3. Le “°K donne du “°Ca & 88,8 % par émission

B~ & partir du noyau, ce qui a pour résultat de le transformer en proton, et donne du “°Ar & 11,2 % par
création d’un neutron ou par capture électronique sans émission gamma. (Roth et al., 1985) (Figure | -

4).

“A (Etat excité

E = 1,46 MeV
11 %
Y

E=1,51 MeV
0,16 %

c.c.

YA (Etat fondamental)

E = 0,49 MeV
0,001 %

E=1,32MeV
88,8 %
B

40Ca (Etat fondamental)
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Figure I - 3. Schéma de désintégration du “°K en “°Ar et en “°Ca. c.e = capture électronique
(Harrison et McDougall, 1982 ; Roth et al., 1985)
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La datation par la méthode K-Ar repose sur plusieurs hypothéses (Roth et al., 1985):
- la composition isotopique du potassium est identique quelque soit le systéme considéré,
- I’argon dans le systéme a deux origines : radiogénique ou atmosphérigue,
- le systéme est resté clos vis-a-vis du potassium et de I’argon depuis I’évenement géologique qu’on
veut dater,
- aucun exces d’argon n’a été introduit dans le minéral, soit au moment de sa formation, soit au
moment d’un évenement métamorphique subséquent ; donc I’argon initial est négligeable.

Remarque : Si la roche subit une altération hydrothermale, le lessivage peut provoquer une perte de
potassium qui implique I'obtention d'un &ge plus vieux que I'age réel de la roche. Si le minéral subit un
réchauffement au dessus d’une certaine température pendant une certaine durée (température de
fermeture), il peut perdre une partie ou la totalité de I’argon radiogénique formé.

Le protocole expérimental permettant I’acquisition de la composition isotopique en Ar de chacun
des échantillons est décrit ci-apres. La méthode ainsi utilisée est celle de la dilution isotopique, avec
comme traceur *®Ar et des mesures qui sont faites grace a un spectrométre de masse modifi¢ MAP
215-50.

Chaque échantillon est divisé en 3 lots de poudre qui sont pesés et enveloppés dans des feuilles de

cuivre ultra-pur a 99,999 %. Chaque lot est ensuite chargé dans un tube en verre contenant un standard
(HDB1, Berne 4m et GLO). Ce standard est aussi utilisé pour le calibrage du spectromeétre.
Les tubes contenant les poudres sont ensuite chauffés sous vide dans un four a environ 1530°C
pendant 10 minutes afin de réaliser une fusion totale des poudres et une homogénéisation avec le
traceur. La fusion de chaque échantillon libére un gaz, gaz qui est épuré de I’eau et des hydrocarbures
grace a la combinaison de Zr-Al GP50 (250 - 300°C) et de zéolite refroidi a -78°C, associée a un piege
d’acétone sec.

Le traceur *®Ar est alors représenté par un systéme calibré ou une quantité connue de **Ar peut se
mélanger au gaz témoin.

Une purification complémentaire de I’échantillon est ensuite réalisée permettant d’enlever tous les
derniers gaz actifs. Aprés nettoyage, I’échantillon est analysé dans le spectrométre de masse MAP-215
ou chacun des cing isotopes d’argon est mesuré.

Une discrimination de masse instrumentale a été vérifiée par analyse de I’air avant chaque échantillon.
De plus, les niveaux de bruit de fond de I’argon sont surveillés par analyses concourantes des blancs
du spectromeétre de masse.

Les ages K-Ar sont alors calculés en utilisant les constantes de désintégration de Steiger et de Jager
(2977) (Figure | - 4) aprés avoir corrigé les biais analytiques dus a la présence d’argon atmosphérique.
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Nouvelles constantes Anciennes constantes
(STEIGER et JAEGER, 1977) (WETHERILL, 1966)
h 0,581 x 10" an"™ 0,585x 10" an”
AP 4,962 x 10" an” 4,72x 10" an"
YK 93,2581 % 93,08 %
YK 0,01167 % 0,0119 %
K 6,7302 % 6,91 %
YA 99,600 %
/A 0,063 % [ argon atmosphérique
A 0,337 %
40A
( 5 6Aatm0sph, ) 295,5

Figure | - 4. Constantes utilisées pour le calcul des ges K-Ar. (Roth et al., 1985)

3.2. Datation par la méthode U-Pb

Les géochronometres U-Th-Pb sont probablement les plus précis pour la datation d’échantillons
d’age vieux (c’est-a-dire supérieur a 30 millions d’années). Trois couples chronométriques peuvent
étre considérés : 22U/2%Pb, 2°U/*"Pb et #*Th/**Pb.

La datation par la méthode U-Pb est utilisée principalement dans le cas de systéme contenant
initialement peu ou pas de plomb (plomb initial ou plomb dit commun), tel que les zircons. La
méthode de la Concordia est alors utilisée.

L’uranium (U*") et le thorium (Th*") quittent trés difficilement le réseau cristallin du zircon,

cependant le minéral héte est trés riche en radioéléments et sa métamictisation permet le lessivage de
I’uranium. Le plomb (Pb®") quitte lui plus facilement le réseau cristallin du zircon du fait de son rayon
ionique beaucoup plus élevé que celui de Zr*". L’importance de cette perte dépend de la taille du
minéral, de son degré de métamictisation, de son &ge, de la nature des fluides lors de I’événement
thermique.
Le zircon est I’'un des minéraux les plus résistants aux processus géologiques. L’altération météorique
peut parfois étre une cause d’une discordance (Stern et al., 1966). L’analyse de zircons néoformés
dans les systémes hydrothermaux peut permettre de dater les événements hydrothermaux. Dans le cas
des zircons du Guyana et d’Ukraine, la datation par la méthode U-Pb a permis de déterminer I’age du
batholite du Kurupung (zircon magmatique), I’dge des granites du district de Kirovograd -
Novoukrainsk. La datation des pechblendes du batholite du Kurupung a permis la datation de la
minéralisation uranifeére.

Afin de pouvoir dater les systtmes magmatiques et hydrothermaux des sites du Guyana et
d’Ukraine, les analyses ont été faites, au CRPG, par les microsondes ioniques CAMECA IMS 1270
(analyses sur les zircons magmatiques et hydrothermaux des échantillons du Guyana et d’Ukraine) et
3F (analyses U-Pb et REE sur la pechblende des échantillons du Guyana).
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- La microsonde ionique CAMECA IMS 1270 utilise alors un faisceau d’ion primaire d’O,"
accéléré a 13 kV avec une intensité de 10 nA (Deloule et al., 2002). La taille du spot est de 25 pm. Les
détections se font en monocollection sur un multiplicateur d’électrons et les mesures sont faites sur 15
cycles (environ 35 minutes) avec une résolution de masse de ~ 4000. L’intensité du signal sur *°Pb
des échantillons est de I’ordre de 9880 (en moyenne) pour une intensité de 2177 (en moyenne) pour le
standard. Les données analytiques seront corrigées du fractionnement instrumental a I’aide d’un
standard, «zircon 91500 », daté a 1062,4 + 0,4 Ma (Wiedenbeck et al., 1995) ; et les corrections faites
sur le Pb commun utiliseront les teneurs de “**Pb mesurées, en prenant compte de I’évolution du Pb de
Stacey and Kramers (1975).

- La microsonde ionique 3F détecte en monocollection a I’aide d’un multiplicateur d’électrons,
utilise un faisceau d’ion primaire d’O" et un filtrage en énergie « off-set » de -80 V.
Pour les analyses U-Pb, I’intensité du courant primaire varie entre 1,5 et 2 nA, avec une taille de spot
de 30 um environ. Les mesures sont faites sur 60 cycles (environ 55 minutes).
Pour les analyses REE, I’intensité du courant primaire est d’environ 20 nA. Les mesures sont faites sur
15 cycles (environ 2h15min). Les spectres seront ensuite déconvolués afin de déterminer les
concentrations des différentes terres-rares (Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb,
Lu).

3.3. Les isotopes stables de I’oxygene et du carbone

Les éléments O et C (ainsi que H, N et S) sont souvent les principaux éléments constituant les
fluides géologiques importants. lls permettent ainsi I’étude directe des fluides et des effets des
interactions fluide-roche. Ces éléments sont ainsi utilisés comme traceurs pour déterminer la source
d’un élément, comme paléothermometres, ou comme moyens d’étude des mécanismes de diffusion ou
de réaction dans les processus géologiques.

Dans le cas de I’étude des échantillons du Guyana et d’Ukraine, les analyses de I’oxygéne et du
carbone, ont permis de tracer la source du fluide hydrothermal et/ou minéralisateur (météorique,
métamorphique, marin...). Les analyses d’échantillons du Guyana ont porté sur le CO, des carbonates
et 1’0, des silicates, celles d’Ukraine uniquement sur I’O, des silicates. Les analyses d’isotope stable
ont été faites a I’Université de Rennes | en collaboration de Philippe Boulvais.

a. La ligne des silicates

La pesée des échantillons est alors la premiere étape. Pour les analyses des silicates (roches
totales, albites, feldspaths potassiques), il faut peser entre 6,70 et 7,70 mg de poudre, quantité délivrant
environ 100 umoles d’O,.

L’eau absorbée sur les échantillons est enlevée en enfermant les échantillons dans un dessiccateur
P,Os pendant 3 a 4 jours.
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Tube en
Nickel

/%zote liquide
(Poubelle)

Figure I - 5. Ligne des silicates

Les fours de cette ligne des silicates vont étre mis en marche pendant environ une nuit pour étre
stabilisés a une température approximative de 680°C. Ce temps de chauffe va permettre aux réactions
chimiques non terminées des manipulations anciennes de se terminer et ainsi une vidange des gaz
résultants pourra étre faite. Aprés vérification des températures, une vidange des circuits en fer
(clarinettes et tubes en nickel inclus) et en verre est effectuée en circuit primaire puis en circuit
secondaire ou la pression du vide est préconisée.

Une fois les fours éteints, les échantillons seront introduits dans leurs tubes respectifs. Avant leur
introduction, de I’azote est introduit dans la ligne de fagon a avoir une pression plus forte que celle de
I’air atmosphérique, il n’y aura ainsi pas d’appel d’air lors de la remise des tubes sur la clarinette et par
conséquent les poudres des échantillons ne seront pas aspirés dans la ligne.

Les échantillons introduits, les tubes remis sur la clarinette, du BrFs est introduit dans chacun des
tubes et réagit avec les poudres (attaque chimique des poudres par le BrFs) a environ 680°C. Une fois
celle-ci finie, les tubes sont refroidis pour piéger les gaz émis.

L’ouverture d’un tube permet alors la détente d’O, dans la ligne jusqu’a sa mise en contact avec
du graphite chaud dans une enceinte specifique (Figure I - 5). La réaction Cgaphite + O — CO, opére
alors et une fois terminée, on mesure la quantité de CO, grace & un manomeétre de mercure (Figure | -
5) et on le récupére dans un tube porte-échantillon. L analyse isotopique se fait sur un spectrométre de
masse triple collection VG Sira 10.

= 1,009306 (facteur de Swart et al.

(1991)). Les incertitudes ont été estimées par duplication des analyses du standard NBS 28 (quartz).
Elles sont de +0,2 pour I’oxygéne dans les silicates.

Le facteur de fractionnement & 50°C utilisé est de &™©__
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La ligne des carbonates :

Pour les analyses des carbonates, il faut qu’il y ait dans la poudre pesée 8 a 10 % de carbonate (la
pesée est donc fonction de la teneur en calcite de la roche totale).

Dans un tube a deux embouts, I’échantillon est introduit et mis en contact avec du HsPO, sous
forme de liquide déshydraté. Une fois que chaque tube a été replacé sur la ligne ou le vide a
préalablement été fait, la ligne (tubes inclus) est mise sous vide en pompage secondaire.

Chaque tube est ensuite placé dans un bain marie a une température de 50°C activant la réaction
chimique suivante : 3 CaCO; + 2 HsPO, — Cag(PO,), + 3CO, + 3 H,0

Une fois la réaction chimique terminée, les échantillons sont replacés sur la ligne. Le CO, est ensuite
récupéré dans un tube en verre et analysé par le spectrométre de masse triple collection VG Sira 10.

Les incertitudes ont été estimées par duplication des analyses du standard NBS 19 (calcaire). Elles
sont de £ 0,15 pour I’oxygéne dans les carbonates et + 0,1 pour le carbone dans les carbonates.
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Abstract: Situated in the Ukraine (East European Shield), the Kirovograd - Novoukrainsk district
is the host of large Paleoproterozoic uranium mineralization associated with sodium metasomatism
developed at a regional scale. This district, constituted by an Archaean to Paleoproterozoic basement,
is characterized by migmatitic paragneisses and intrusive granitic plutons comprising the Kirovograd
metaluminous porphyric biotite-amphibole granites and peraluminous biotite-garnet granites, and the
Novoukrainsk biotite-garnet highly potassic granite dated at 2047 + 19 Ma by U-Pb on zircon.

Textural analysis of these granites reveals the relative chronology of the alteration paragenesis
associated with sodium metasomatism. At first, quartz dissolution is following by K-feldspar and
plagioclase replaced by albite (albitization) owing to exchange between K* and Na*, and Ca*" and 2
Na®. It continues with the crystallization of albite, pyroxene (diopside and hedenbergite), epidote and
calcite in the cavities let by quartz leaching. The uranium mineralization associated with this
hydrothermal alteration comprises uranium oxides (uraninite) and titanium - uranium oxides
(brannerite) crystallized in the quartz dissolution cavities as well as in microfractures. This process is
moreover associated with Zr mobility characterized by hydrothermal zircon or Zr solid solution
crystallized around magmatic zircon, monazite and in microfractures. The 5'°0 value calculated for a
fluid equilibrium with albite ranges from 2.2 to 2.9 %o at 350°C, and 3.1 and 3.8 %o at 400°C and
suggests a surface-derived water partially equilibrated with the crust during its circulation.

To account for these observations, we propose a model implying the percolation of a
hydrothermal fluid (with a low salinity (0 to 1.9 wt % equiv. NaCl) and a homogeneization
temperature superior to 357°C). These fluids percolate from the surface to the granitic pluton guided
by shear zone and then fractures affecting the granitic and metamorphic rocks. The fluid temperature
increases during its infiltration into the crust. These hydrothermal fluids transport U and Zr leached
from an easily soluble source represented by the Paleoproterozoic uranium rich peraluminous granites,
then dequartzify and albitize the host rocks.

Albitization, quartz dissolution and Zr transport suggest that alkaline fluids are responsible for the
metasomatic alteration and that the fluids had elevated Na'/K* and Na'/H*, relatively high fo,
(hematization of the feldspars). Mass balance calculations indicate that alteration involved addition of
large amounts of sodium, and the removal of SiO, and K,0

Keywords: uranium, mineralization, dequartzification, albitization, high-K granite, Kirovograd
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1. Introduction

Sodium metasomatism is a hydrothermal alteration process leading to the replacement of K-
feldspar (orthoclase) or plagioclase by albite through simple cationic exchange between K* and Na* or
between Ca** and 2 Na*, and a new formation of albite in vugs left by quartz dissolution (Cathelineau,
1986).

This hydrothermal alteration process is found in a large number of geological environments
(sedimentary (Polito, 2007), metamorphic (Smirnov, 1977) to plutonic (Boulvais et al., 2007)) but also
in uranium ore deposits and more particularly in large uranium Proterozoic districts where sodium
metasomatism affects large volumes of granitic or metamorphic rocks such as at Lagoa Real in Brazil
(Neoproterozoic, Sao Francisco craton, Maruéjol, 1989), Xihuashan in China (Jurassic, South Jiangxi,
Maruéjol et al., 1990), Krivoi Rog in Ukraine (Paleoproterozoic, Ukrainian Shield, Smirnov, 1977), or
small volume such as Espinharas in Brazil (Proterozoic, Paraiba, Porto da Silveira et al. 1991) and of
Kitongo in Cameroun (Proterozoic, Benue district, Oesterlen and Vetter, 1986).

Sodium metasomatism is also confined to fractures as the albite-uraninite veins developed in
sediments metamorphosed in very low grade at Mistamisk (Proterozoic, Labrador Trough, Kish and
Cuney, 1981) and the Otish Mountains (Proterozoic, Otish basin, Ruhlmann et al., 1986).

The aim of this study is to characterize sodium metasomatism in the uranium ore deposit of the
Kirovograd-Novoukrainsk (Ukraine) based on (i) petrologic and geochemical studies, associated to (ii)
a characterization of the hydrothermal mineralizing fluids responsible for this alteration process. These
data lead to the elaboration of a metallogenic model for U mineralization.

2. Geological context

The sodic metasomatism uraniferous province of Ukraine is localized in the Sarmatia craton,
assembled to the Fennoscandia and the Volgo-Uralia cratons to form the East European shield (Figure
Il - 1) (Bogdanova et al., 1996; 2005). The Sarmatia craton (3.7 - 1.7 Ga) comprises Archaean
granulite-greenstone belts and Paleoproterozoic domains (mobile belts) (Claesson et al., 2006). The
Sarmatia craton is subdivided into N-S trending domains separated by suture zones marked by steeply
dipping shear zones (Claesson et al., 2006). These domains have distinct tectonic-metamorphic
histories until the Paleoproterozoic. The Sarmatia craton is cut by Rapakivi granites aged of 1.8 Ga.
This region formed a stable craton after the Proterozoic except for the formation of a 6 km deep rift,
the E-W trending the Devonian - Cenozoic Dniepr - Donetsk basin.

The uranium ore-deposit associated with the sodium metasomatism in Ukraine is localised,
according to the nomenclature of Claesson et al. (2006) in the Kirovograd Archaean - Paleoproterozoic
domain (Figure Il - 2) situated in between two major suture zones: the Bol’shoi - Krivoi Rog suture
zone to the East and the Golovanevsk suture zone (Odessa) to the West. The contacts between the
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Kirovograd domain and the suture zones are marked by the Krivorozhsk fault to the East and Bug-
Mironovsk fault to the West (Figure 1l - 2a).
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Figure Il - 1. The position of the cratonic Sarmatia craton in relation to the Fennoscandia and Volgo-Uralia
cratons. Inserted in, the detailed map of crustal domains composing Sarmatia. The ages of the main geological

domains are: Sevsk-Ingulets (2.1 Gy), Sumy-Dniepr, Oskol-Azov (3.3 - 2.6 Gy) and Voronezh (2.1 - 2.0 Gy).
The rapakivis granites are in black.
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Figure Il - 2a. The Sevsk-Ingulets block and the major suture zones: Bol’shoi - Krivoi Rog (at the East)
and Odessa (at the West), delimited by the Krivorozhsk fault and the Bug-Mironovsk fault respectively
(modified from Tarasov, 2004)
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KIROVOGRAD GEOLOGICAL MAP
(modified after Kirovograd geological map at scale : 1:50 000)
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Figure Il - 2b. Kirovograd geological map (modified from the Kirovograd geological map at scale 1: 50 000)
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The Kirovograd Archaean - Paleoproterozoic domain comprises flyschoid metasediments of the
Ingulo-Ingulesk formatiom (granulite to amphibolite facies) (Claesson et al., 2006), calc-alkaline
metavolcanic rocks, monzonitic rocks, biotite gneiss and migmatites. In the Central Ukrainian uranium
ore district the uranium deposits are located along deeply rooted North-South trending tectonic
contacts having polyphased history, and extending over several tens of Kkilometres. Sodium
metasomatism is developed sporadically along and in the vicinity of these structures along sections
reactivated from ductile to brittle conditions. (Figure Il - 2b)

The uranium ore deposits of the Central Ukrainian uranium ore district are localized along the
following major tectonic contacts:

(i) The Krivorozhsk lineament occurs at the eastern border of the Kirovograd domain. The Krivoi
Rog city is located on this structure. The first uranium ore deposits associated to the sodium
metasomatism, Zheltorechenskoe and Pervomaiskoe, were discovered at the end of 1940s (Tarasov,
2004) in the Krivoi Rog metasedimentary formations (quartzites, quartzites with magnetite,
amphibolites, schists with magnetite - amphibole, metapelites, talc-schists, marbles). These
metasedimentary formations host large iron-rich ores of banded iron formation type.

(i) The Kirovograd lineament is developed at the margin between a metamorphic and migmatitic
rock package intruded by elongated discontinuous bodies of the Kirovograd - Zhitomirsky granites,
rich in restitic inclusions and the nearly circular Kirovograd plutonic complex (Figure Il - 2) dated by
U-Pb on zircon at 2042 = 31 Ma by Emetz et al. (2007).

(iii) The Novokonstantinovk lineament has contiguous faults dips to the East at angles of 40° -
55° with a general submeridional strike in plan with a changement of N-NW (340° - 350°) in the
South and N-NE (10° - 15°) in the North (Tarasov, 2004). Along these faults, granites undergo a
greenschist facies alteration and haloes of sodic metasomatites are developed. The Lesnoye and
Dokuchayevka ore deposits are localised along this structure. The zoned metasomatic alteration affects
the biotite-garnet granites and garnet-biotite gneisses of Novoukrainsk (Figure Il - 3 and Figure 1l -
4). Metasomatic zones grade from an external syenite zone to an internal albitite zone. The
mineralizations are distributed unevenly in these zones but are predominantly concentrated in the
albitite zone.
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Figure Il - 3. Geological map of Michurinka ore deposit (modified form Shcherbak and Bobrov (2005))

Legend

Bt gneiss

Med. - gr. granite

Granite albitisé

Gneiss albitisé

Albitite

Ore bodies

P Tectonics
Deformations

Metasomatite limits

n |

Figure Il - 4. A-B cross section of Michurinka map (form Shcherbak and Bobrov (2005))
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3. Analytical techniques

This study is based on 26 samples of the Kirovograd-Novoukrainsk district (Table 11 - 1).
Petrographic and mineralogical observations have been performed by transmitted and reflected light
optical microscopy, associated with a Scanning Electron Microscope (S.E.M HITACHI) coupled with
a Dispersion of Energy Spectrometer (EDS) (SCMEM, Vandoeuvre-lés-Nancy, France), and
electronic microprobe CAMECA SX 100 (equipped with 5 spectrometers, using the scanning electron
microscope to visualize complex zonings and mineral phases, and coupled with the analysis by
dispersion of X-ray wavelength). Specific chemical analyses were made on feldspar, epidote,
pyroxene, chlorite, zircon and U-minerals.

Trace elements concentration have been obtained using the Inductively Coupled Plasma - Mass
Spectrometry (ICP-MS) of SARM laboratory (CRPG-CNRS, Nancy, France), which is associated with
ICP-AES (Inductively Coupled Plasma - Atomic Emission Spectrometry) for major elements of the
whole rock.

Fluid inclusions in neofomed crystals of albite (sample KVG-07-06) have been studied by
microthermometry using the R-CHAIX M.E.C.A coupled with Raman spectroscopy in order to
characterize the gas phases (G2R laboratory, Nancy, France). The fluid salinity is calculated from
table of Bodnar (1993).

Stable isotope analyses have been performed at the University of Rennes 1 by Philippe Boulvais.
Silicates minerals and whole rocks have been analysed by conventional fluorination with BrFs.
Uncertainties, estimated by replicate analysis of reference standard NBS 28 (quartz) are about + 0.2
for oxygen in silicates

The ion microprobe CAMECA IMS 1270 at CRPG in Nancy has been used for dating magmatic
and hydrothermal zircon grains of the Kirovograd-Novoukrainsk district. Magmatic zircons
homogenous zones have been determined with the SEM, as well as the best zones of hydrothermal
zircons. The ion microprobe uses an O, primary ion beam accelerated at 13 kV with an intensity of 10
nA (Deloule et al., 2002). The ion microprobe has a spot of 15 um. Analytical data were corrected for
instrumental fractionation using the 91500 zircon standard which dated at 1062.4 +0.4 Ma
(Wiedenbeck et al., 1995). Corrections for common lead use the measured “*Pb content and take into
account the Stacey and Kramers (1975) lead evolution.
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Samples Location Rock type
KVG-07-01 Michurinka underground mine Foliated mineralized Albitite
KVG-07-02 Granite/gneiss Contact
KVG-07-04 Albitized migmatite/gneiss contact: gneiss:
KVG-07-05 Albitized migmatite/gneiss contact : migmatite
KVG-07-06 Albitized pegmatite
KVG-07-07 Calcsilicate
KVG-07-08 Biotite gneiss
KVG-07-09 Mine dumps Red potassic syenite
KVG-07-10 Layered migmatitic biotite gneiss
KVG-07-11 Red potassic syenite
KVG-07-12 Gray Kirovograd Granite
KVG-07-13 Purple syenite
KVG-07-14 Ingul River bridge Foliated porphyritic biotite granite
KVG-07-15 Kapustjanka open pit Granite/greenish Novoukrainsk rock contact
KVG-07-16 Greenish Novoukrainsk granite
KVG-07-17 Greenish Novoukrainsk rock/granite contact
KVG-07-18a Greenish Novoukrainsk granite
KVG-07-18b Greenish Novoukrainsk granite
KVG-07-19 Potassic granite Novoukrainsk
KVG-07-20 Voinovka open pit Greenish Novoukrainsk rock/granite contact
KVG-07-21 Greenish Novoukrainsk rock
KVG-07-22 Potassic granite
KVG-07-23 Subotsi open pit Biotite-sulphide gneiss + Pegmatite
KVG 07-24a Biotite-sulphide gneiss + Apatite
KVG 07-24b Biotite-sulphide gneiss + Apatite
KVG-07-25 Bobrinets road Biotite-garnetgranite with restite
KVG-07-26 Biotite-garnet granite with restite

Table Il - 1. Location of Kirovograd - Novoukrainsk samples

For more facilities, the sample names are shortened in diagrams; then, for example, the KVG-07-
01 is “01” in the Q vs. P diagram.
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4. Petrography and geochemistry of the Kirovograd - Novoukrainsk granite -
gneiss complex

The Kirovograd - Novoukrainsk granite-gneiss complex corresponds to the Kirovograd plutonic
complex and the Novoukrainsk plutonic complex.

4.1. The Kirovograd granites

The Kirovograd pluton (Figure 1l - 6a) form elongated discontinuous bodies intrusive in
migmatitic gneisses and are locally intensively deformed. They are represented by biotite + amphibole
porphyric granite corresponding to metaluminous midly potassic calc-alkaline granites and by biotite +
garnet granite richer in biotite and enclosing abundant restitic inclusions corresponding to
peraluminous granodiorites (Figure Il - 6b).

The Kirovograd calc-alkaline granites are composed of biotite - amphibole - quartz -feldspar
matrix, enclosing subeuhedral potassic feldspars phenocryts (microcline, microperthite, orthoclase,
about 1 cm). Subeuhedral plagioclase and K-feldspar crystals are locally altered in sericite or
damouritized. Quartz forms xenomorphic to subeuhedral about 1cm large crystals and present a strong
granoblastic polygonal texture in KVG-07-12 (without amphibole crystal). Biotite xenomorphic
crystals (about 400 um) are characterized by intracristalline deformation and are partly transformed
into chlorite. They contain zircon crystals with a halo of disintegration. Amphibole occurs as euhedral
to subeuhedral crystals of 400 pm (KVG-07-14).

Accessory minerals are represented by zircon, monazite, pyrite and chalcopyrite.

The peraluminous granodiorite comprises a biotite - grenat - quartz - feldspars matrix enclosing
subeuhedral to xenomorphic potassic feldspar phenocrysts with Carlsbad twinning (microcline, about
1 cm). These phenocrysts are altered in sericite. Quartz occurs as corroded xenomorphic crystals
(about 3 mm) with a rolling extinction. Myrmekites are visible in these rocks. Biotite occurs as large
subeuhedral crystals (about 3 mm) partly transformed into chlorite and encloses zircon crystals with a
halo of disintegration. Xenomorphic garnet (in KVG-07-25) occurs as fractured crystals of 1 mm.
Apatite and zircon are present in these rocks.

The average chemical composition of these granites is: 68 wt % of SiO, content, for 3.3 wt % of
Na,O content, and 4.5 wt % of K,O content, 1.8 wt % of CaO content, and an ignition loss of 0.73 wt
%. The U, Th, Zr average contents are: 5.5 ppm for U, 28 ppm for Th and 240 ppm for Zr. (Table Il -
2)

In the A vs B diagram (Figure Il - 5), Kirovograd granites have B parameter value up to 100
excepted the KVG-07-12 with a value of 40 (comparatively lower Fe and Mg and Ti content), and A
parameter value around 30 except for the KVG-07-14 with a negative value (comparatively higher Ca
content). The Kirovograd granites are ferromagnesian and peraluminous rocks.

In the Q vs. P diagram (Figure Il - 7) these granites have Q value ranges from 140 to 200 and P
value ranges from 20 to -40. These values approach those of the reference granite.
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Figure 1l - 6e. Feldspar acculumation in Novoukrainsk granite

Figure Il - 6. Photographs of Kirovograd - Novoukrainsk granites
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Facies Kirovograd granite Novoukrainsk granite Episyenite Albitite

Sample 12 25 8 14 21 20 22 15 18B 19 9 11 1 6 13

Si0, 7240 6810 6820 6353 i 7253 7175 7230 69.96 70.65 69.39 i 66.38 65.26 ; 56.12 65.83 60.13
AlL,O; 1388 1473 1336 1690 | 1369 13.90 1393 1524 1397 14.08 { 1668 17.32 | 17.29 1857 17.06
Fe,0; 178 474 5.48 4.96 2.59 2.88 3.24 3.56 4.42 4.54 1.86 2.03 497 1.30 431
MnO  0.02 0.03 0.05 0.07 0.03 0.03 0.05 0.05 0.06 0.05 0.02 0.02 0.05 0.03 0.03
MgO 045 1.14 2.28 1.56 0.27 0.36 0.35 0.38 0.41 0.49 0.47 0.50 2.07 0.92 0.37
CaO 1.04 1.84 1.29 3.12 1.40 1.54 1.22 1.55 1.63 1.70 1.44 161 421 1.13 4.01
Na,0O  3.10 3.06 3.19 3.96 2.78 2.84 2.79 3.03 2.78 2.89 4.64 4.84 8.10 9.79 9.58
K,0 5.07 4.79 3.69 454 6.16 5.79 5.68 6.01 5.14 5.29 6.28 6.39 0.35 0.18 0.07
TiO, 0.23 0.77 0.42 0.61 0.36 0.38 0.36 0.32 0.45 0.48 0.19 0.21 0.52 0.04 0.21
P,05 0.14 0.37 0.12 0.19 0.20 0.22 0.23 0.25 0.31 0.37 0.15 0.15 0.06 0.00 2.70
LOI 0.56 0.75 0.89 0.73 0.75 0.59 0.37 0.26 0.42 0.19 0.82 0.82 4.44 0.97 0.70
Total 98.66 100.32 98.97 100.17 ; 100.76 100.26 100.51 100.61 100.23 99.45 i 98.91 99.15 | 98.19 98.76  99.15
Na/K 0.61 0.64 0.87 0.87 0.45 0.49 0.49 0.50 0.54 0.55 0.74 0.76 | 2342 5322 13299

P -108  -296 -476 -87.0 16.2 4.0 8.9 2.3 -9.5 -11.2 ¢ -419  -492 |-329.2 -332.1 -378.8

Q 181.6 1555 1817 911 165.3 1650 176.0 1443 1737 159.1 | 68.1 50.9 -7.6 31.9 -24.5

La 3343 7054 4182 46.17 i 663 7283 8114 7097 92,67 8002 ! 2651 2944 ! 56.25 9.86 5.11
Ce 65.41 1486 7042 94.68 i 1404 1539 1841 1501 2124 186.1 { 51.39 57.36 | 99.57 20.17 10.43
Pr 8.47 17.34  8.48 10.89 i 1652 1838 2277 17.69 23.64 2331 | 6.77 7.49 1253 295 1.30
Nd 3049 6275 2971 4092 { 60.81 67.04 7533 6493 8658 788 241 2711 ; 4453 1209 517
Sm 5.95 1053  5.24 8.11 1112 1266 1428 1228 16.24 1534 | 481 5.22 7.81 4.32 2.34
Eu 0.5 1.2 1.2 15 11 1.2 1.2 11 1.0 11 0.4 0.4 13 0.4 0.5
Gd 4.19 7.02 3.97 6.66 8.17 9.49 11.03 945 1224 1203 | 3.28 3.48 5.81 424 3.80
Tb 0.61 0.87 0.57 1.03 113 1.37 171 1.53 1.97 1.82 0.48 0.48 0.83 0.83 1.02
Dy 3.22 3.83 3.05 5.84 6.01 7.79 1036  9.61 1243 1051 { 2.38 2.29 4.48 5.23 7.50
Ho 0.58 0.54 0.55 1.09 115 1.59 2.22 1.92 2.69 2.04 0.39 0.35 0.82 1.06 151
Er 1.64 1.15 1.54 3.05 3.41 4.84 6.99 5.56 7.97 5.52 1.03 0.87 2.35 3.36 433
m 0.25 0.12 0.22 0.45 0.53 0.74 1.16 0.85 1.22 0.79 0.15 0.12 0.35 0.62 0.68
Yb 1.62 0.67 1.45 2.95 3.76 4.85 8.36 5.42 7.85 5.02 1.01 0.81 2.41 471 4.14
Lu 0.24 0.10 0.22 0.43 0.61 0.69 1.28 0.77 112 0.76 0.15 0.13 0.38 0.74 0.55
Rb 2555 2044 1377 211 2169 22555 2312 1845 1748 2462 ; 2846 2893 : 2468 6.81 2.31
Cs 3.34 431 9.53 8.01 0.52 0.51 0.66 0.53 0.51 1.22 2.03 2.12 2.68 0.64 0.23
Ba 3795 1035 9827 988.2 767 803 789.8 720 662.7 668 397 4004 i 250.4 1796 20.71
Pb 3236  28.06 21.74 2545 3403 3463 3530 3658 3424 3137 { 31.26 30.66 ; 197.61 138.31 104.60
Sr 103.9 1909 2108 3235 1104 1181 1127 1232 1163 110.2 i 1528 1614 ; 1843 7309 686.1
Zn 3491 89.28 5946 7418 i 57.01 66.36 59.22 36.25 57.04 8501 { 23.15 26.47 | 5585 12.21 125
Co 2.25 7.12 1189 1051 | 233 2.57 2.86 3.04 3.86 4.13 1.69 1.68 1110 272 1.07
Cu nd 14.02 1869 19.65 i 1146 1435 1384 1207 11.95 17.2 3.21 n.d 5.03 1352  4.60
Cr 11.96  29.45 110 40.01 | 8.95 1054 1749 1218 1181 1357 i 9.62 9.63 | 8161 991 9.39
Ni 491 13.27 443 17.15 | 417 4.47 6.44 4.37 4.89 4.36 4.00 6.80 { 3584 9.64 5.10
\ 854 3761 6129 5738 6.99 8.55 8.86 9.64 1242 1214 : 2419 276 : 3845 460 2315
Ge 1.29 1.36 1.54 1.59 1.34 1.47 1.63 1.53 1.70 1.67 1.95 2.01 0.64 0.85 0.33
Ga 19.25 2291 1778 2358 | 21.65 2294 2353 2234 2103 2494 2025 2091 ; 1383 2139 2112
Nb 1049 1806  6.92 11.92 16.7 175 16.21 1358 20.04 2416 ; 9.452 10.87 i 13.04 1365 1577
Ta 0.72 1.37 0.69 1.41 0.81 0.77 0.71 0.84 1.18 1.40 1.06 1.17 1.27 0.56 1.75
Zr 136 432 1524 2406 | 3501 3544 3306 262.6 5117 465.7 i 129.7 1498 { 750.1 722 3594
Hf 4.0 9.5 3.9 6.4 9.3 9.6 8.8 7.1 12.1 10.6 3.8 43 9.7 0.7 5.8
w 0.63 0.24 0.78 0.85 0.19 0.2 0.18 0.16 0.19 0.16 0.32 0.33 0.28 0.28 0.31
Sn 2.06 1.03 2.46 3.10 0.29 0.28 0.33 0.42 0.35 0.62 4.50 5.38 2.84 0.85  56.75
U 12.88  2.79 3.20 3.26 1.76 1.94 2.12 2.39 3.22 2.46 121 1166 { 621.5 2554 576
Th 3323 3535 2104 21.09 : 3535 3826 4535 4229 5656 4192 : 26.01 29.14 { 21.29 1383 10.24
Y 17.97 146 16.64 31.74 | 31.64 4358 60.65 5449 7521 57.22 i 1221 10.77 i 2455 3491 56.01
Th/iu 2.58 12.67  6.57 6.46 { 2011 1971 2135 1766 1759 17.05 { 215 2.50 0.03 0.05 0.02

Table Il - 2. Chemical analyses of whole rocks and trace elements of Kirovograd-Novoukrainsk district
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Figure Il - 7. Q vs P diagram of Kirovograd - Novoukrainsk granitoids (Debon and Le Fort, 1983, 1988)

4.2. The Novoukrainsk plutonic complex

The Novoukrainsk pluton has a nearly circular shape covers an area of 3500 km? (Tarasov, 2004).
The Novoukrainsk granites have been studied and sampled in the large Kapustjanka and Voinovka
quarries exploited for decorative stone (Figure Il - 8). The dominant facies of the Novoukrainsk pluton
is a garnet - biotite - pyroxene granites with red K-feldspar phenocrysts (Figure Il - 6¢, d and e). This
granite is associated with plutonic facies encompassing gabbro-norites, gabbro-monzonites, garnet-
biotite and aplite-pegmatitic granites (Esipchuk et al., 1990; Golub, 1992; Emetz et al., 2007).

The Novoukrainsk pluton contains also smaler bodies of dark greenish plutonic rocks which were
defined sometimes as monzonites in previous rock. The elongated potassic feldspars (size of 5-7 cm
long/ 1-2 cm large) are locally concentrated in layers (Figure Il - 6e), and define a shallow dipping
magmatic foliation (Figure 11 - 6d).
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Le district de Kjrovograd - NovouRrainsk,

The red Novoukrainsk granites (as KVG-07-19 sample), defined as biotite-garnet potassic granite,
are mainly constituted by elongated (around 1.5 cm), euhedral, pink-red, K-feldspar (sometimes
Carlsbad twinned crystal, perthites), euhedral to xenomorphic quartz (up to 1 cm large), large
xenomorphic plagioclase crystals, poecilitic euhedral garnet (red-brown, 5 mm large, almandine),
subeuhedral chloritized biotite, metamict zircon, monazite (~ 100 um) and iron oxides (magnetite,
ilmenite), titanium dioxides and rare pyrite. Some myrmeckitic textures are locally developed between
quartz and orthoclase. (see “Charnockitization” of Novoukrainsk granitoidic complex )

The greenish Novoukrainsk “monzonite”, presents globally the same mineralogy except for the K-
feldspars rims developed around garnet (samples KVG-07-18A and KVG-07-15), the abundance of
myrmekite structures forming sometimes a matrix, the biotite alteration into hypersthene and the
change of coloration of the feldspar from red to dark green colour owing to the reduction of iron. (see
“Charnockitization’ of Novoukrainsk granitoidic complex ).

The average chemical composition of the Novoukrainsk granites is: 71 wt % of SiO, content, for
2.90 wt % of Na,O content, and 5.7 wt % of K,O content, 1.5 wt % of CaO content, and an ignition
loss of 0.4 wt %. The U, Th, Zr contents are: 2.3 ppm for U, 43.3 ppm for Th and 379.2 ppm for Zr
with an unchanging Th/U ratio with the charnockitization. (Table Il - 2)

These granites have the same ranging of Q and P values of the Kirovograd granites (Figure Il - 7).
In the A vs. B diagram (Figure Il - 5), these granite are less ferromagnesian than Kirovograd granites
and have B parameter values ranges from 48 and 81, and an A parameter value from -1 to 20. These
rocks are also peraluminous rocks.

5. Petrography and geochemistry of altered - mineralized rocks

Altered mineralized plutonic rocks were sampled in the Michurinka mine at 300 m of depth
(Figure 11 - 9). The Michurinka ore deposit is composed by 3 underground mines (under the
Kirovograd town and its suburbs) connected by a rail system of 6 km for transporting the ore. The
metasomatized alteration and uranium mineralization are aligned along a N170 trend. This alteration is
developed to the expense of granites and migmatites of the Kirovograd plutonic complex. Rocks
having undergone the sodium metasomatism have a red colour.
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Figure Il - 9. Geological map of the Michurinka ore deposit at depth of 280 m (scale 1 : 1000)
(by A.l. Vaciliev , Geological Service of Ingulskaya mine) Albitites in pink




Le district de Kjrovograd - NovouRrainsk,

5.1. The non albitized episyenites

The term “Episyenite” was coined by Leroy in 1978. This term defines a vuggy rock resulting
from hydrothermal alteration process (metasomatism) of granite by hot aqueous fluids. In this rock,
the quartz is dissolved; feldspar and biotite minerals are partially transformed.

In the Kirovograd - Novoukrainsk district, the episyenites present euhedral to xenomorphic

feldspar (1cm) locally altered in sericite. The feldspar crystals are fractured and some have corroded
rims. There are orthoclase (main feldspar) with Carlsbad twinned crystal, plagioclase, microcline and
microperthite. Quartz occurs as sub-euhedral to xenomorphic crystals (1 mm) which have a rolling
extinction, are corroded and microfractured. Some sub-euhedral to xenomorphic chloritized biotites
(500 um) are visible in these rocks. Neoformed albite (around 350 um) crystals are locally developed
in some feldspars rims (in KVG-07-11 thin section).
These episyenites presents also some minerals occurring as neoformed euhedral epidote (500 um) in
the fractures or situated in cavity (inter-grain filling). Epidote crystals are associated to neoformed
chlorite, microcrystals and calcite into xenomorphic area. They are associated to oxi-hydroxides in
fracture. Euhedral to xenomorphic hematite (300 um) and iron oxi-hydroxides are present. In theses
rocks, the euhedral pyrite (1 mm) is altered into epidote (in KVG-07-09 thin section). Zircon
(magmatic and hydrothermal) and altered monazite (presenting a rim of iron oxide and some
inclusions of uranothorite and thorite, in KVG-07-11 thin section) are visible.

Chemically, the episyenites are differentiated from the granites by an average chemical
composition with: 65.82 wt % of SiO, content, for 4.74 wt % of Na,O content, and 6.33 wt % of K,O
content, 1.52 wt % of CaO content, and an ignition loss of 0.82 wt % (see Q vs. P diagram, Figure Il -
7). The U, Th, Zr contents are: 11.88 ppm, 27.58 ppm and 139.75 ppm respectively. (Table I1 - 2)

The episyenites of Kirovograd - Novoukrainsk district have REE content inferior to 58 ppm
(maximum content for Ce (in KVG-07-11 sample)). The REE contents of episyenites are lower than
Kirovograd - Novoukrainsk granites. The episyenites are less enriched in REE than the granites
compared to Chondrites CI, however, the form of these REE spectra is very similarly (Figure Il - 10c)
and shows a negative Eu anomaly.
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5.2. The albitized episyenites

Albitites present a red colour (Figure 1l - 11) and the texture and structure of the albitized rocks
are those of the initial rock (eg. albitized granite has a granular texture).

Albitite +
vein

Figure Il - 11a. Albitite vein in Kirovograd gneiss

Figure Il - 11d. Contact between albitized migmatite
and gneiss (KVG-07-05)

Figure Il - 11e. Albitized pegmatite (KVG-07-06)

Figure Il - 11. Photos of Kirovograd albitites
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These albitites are mainly constituted by albite. Three generations of albite are present in these
rocks:
1 - Magmatic albite, forming crystals of 1 to 3 cm. (Figure Il - 12a)
2 - Albite formed after albitization of feldspars. For these crystals, the initial morphology and Carlsbad
twinning of K-feldspar former crystals is preserved. These feldspar crystals locally show a rolling
extinction attesting for intra-crystalline plastic deformation (Figure Il - 12h). Chessboard texture
typical of albitized K-feldspars is visible also. (Figure Il - 12b, ¢ and d)
3 - Neoformed euhedral albite crystals in the vugs left by quartz dissolution (Figure Il - 12e and f).
These crystals locally are affected by intra-crystalline deformation as attested by rolling extinctions
and a polygonal texture marked by a smaller grain size compared to the magmatic texture (Figure 11 -
129).
Fluids inclusions, trapped in albite crystals from the vugs, have been studied to characterize the
hydrothermal fluid.

The albitites also contain some residual xenomorphic quartz with corroded morphologies. Epidote
(Table Il - 4a) and pyroxene (diopside and hedenbergite, Table Il - 4b) are the last crystals filling of
the cavities left by quartz leaching after albite (Figure Il - 12e and f, Figure Il - 13e). They also
replace pyrite crystals (Figure Il - 13a, b, ¢ and f) and form in microfractures affecting feldspars
(Figure Il - 13g, hand i).

Chlorite and calcite crystals are present in microfractures or in cavities (Figure Il - 13j and k).

In albitites, the accessory minerals are: monazite, subeuhedral fractured metamict magmatic
zircon crystals (50 um) (Figure Il - 13m, n and o) rich in U (up to 0.7 wt % UO,, Table Il - 4c), altered
crystals of ilmenite (40 um) (Figure Il - 13m and n), hematite disseminated in the rock, crystallized in
microfracture with chlorite and ilmenite, or in microfractures affecting feldspar crystals (Figure Il -
13l and p), some micrometric xenomorphic crystals of chalcopyrite and cupper sulphur (Figure Il -
13n). An uranothorite crystal has been found in sample KVG-07-05 with hematite pigmentation
(Figure 11 - 13p). This euhedral crystal of 400 pum presents a radial fracturation and a metamict haloe.

Cathodoluminescence imaging of the albite crystals (Figure Il - 14) (voltage ranging from 12 to
15 kV and amperage between 400 and 500 pA) allows to distinguish the neoformed albite crystals and
rims from the primary magmatic feldspar crystals (albite and albitized K-feldspar). In particular, the
albite neoformed crystals and rims are underlined by a pink border (Figure 1l - 14a)

This cathodoluminescence study not give a difference between primary albites and albites resulting

from the replacement between K* or Ca** and Na*. Just albite growth and albite neoformed crystals are
differentiable.
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Figure Il - 12c. Chessboard microtexture of feldspar
crystals and vug coated by epidote (KVVG-07-06)

Figure Il - 12e. Neoformed albite in vugs left by quartz
dissolution. The first albite generation is deformed and
the second one is euhedral towards the centre of the

vug and coated by epidote (KVG-07-06) (LTPA)

Figure Il - 12b. Albite replacing K-feldspars with
chessboard microstructure (KVG-07-06)

250 pm

Figure Il - 12d. Chess board texture of feldspars
(KVG-07-06) (LTPA)

500 pum

Figure Il - 12f. Neoformed albite crystallized in vug
left by quartz leaching; vug coated by epidote.
(KVG-07-06) (LTPA)
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S 4 g

Figure Il - 12g. Albite microcrystals Figure Il - 12h. Albite crystals with a rolling extinction
(KVG-07-06) (LTPA) (KVG-07-06) (LTPA)

Figure Il - 12. Microphotographs of Kirovograd albites

[E—— ! = : i
250 pm ! it > 5 £ . 500 pm

Figure Il - 13a. Pyrite with epidote in rims (LTPA) Figure Il - 13b. Pyrite ghost (with fragments of pyrite)
(KVG-07-05) (LTP) (KVG-07-05)
— . _

250 pm 500 pm

Figure Il - 13c. Pyrite with epidote rims (LTP) Figure Il - 13d. Pyrite ghost (with fragments of pyrite)
(KVG-07-04) (LTP) (KVG-07-06)
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500 pm

Figure Il - 13f. Pyroxene and epidote replacing pyrite
(LTP) (KVG-07-04)

500 pm

Figure Il - 13i. Epidote crystals in microfractured feldspar (LTPA) (KVG-07-05)

74



Le district de Kjrovograd - NovouRrainsk,

100 pm = i - 4 o I 1,5mm

g

Figure Il - 13j. Chlorite in microfracture (LTP)
(KVG-07-01)
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Figure Il - 13I. Zircon crystal (LTP) (KVG-07-01)
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Figure Il - 13n. Cu sulphur mineral and chalcopyrite

Figure Il - 130. Zircon crystals (LRP) (KVG-07-05
(LRP) (KVG-07-05) g 4 ( ) ( )
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B

. Feldspar X (18

100um

Figure 1l - 14a. Vugs filled by neoformed crystals of albite and epidote. (First line : LTP, Second line : CL)

Figure Il - 14b. Albite (Third line : LTP photos, Fourth line : CL photos)

Figure Il - 14. Albite crystals of KVG-07-06 sample (CL and LTP photos)
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Chlorite crystals (Table Il - 3) are determined as clinochlore crystals (Figure Il - 15). A
temperature range between 236° and 313°C is calculated for chlorite formation using the
geothermometer (defined by Cathelineau and Nieva (1985), and Cathelineau (1988): T° = -61.92 +
321.98 (Al 1V)). These temperatures are correlated with aluminium Tschermak substitution in chlorite
(Figure 1l - 16) which gives a temperature around 300°C.

01-C-15 01-C-16 01-D-17 02-B-1  02-B-2  02-B-3  02-B-4 03-A-5 03-A-6 03-B-12
SiO, 26.00 28.43 27.63 27.70 27.22 27.75 26.68 26.44 25.76 25.95
FeO 26.57 25.06 26.76 23.59 24.84 25.26 24.84 28.51 27.75 28.21
Al,O4 18.03 15.38 17.20 16.14 16.90 16.60 17.56 18.64 18.49 19.07
MgO 13.89 16.01 14.79 17.17 16.46 16.60 16.48 12.91 12.68 12.43

CaO 0.09 0.17 <dl 0.12 <dl <dl <dl <dl <dl <d.l
K,O <dl 0.16 0.84 <dl <dl <dl <dl <d.l <d.l <d.l
P,05 0.15 <dl <dl <dl <dl <dl <dl <dl <dl <dl
Cr,04 <dl <dl <dl 0.11 <dl 0.08 0.09 <dl <dl <dl
MnO <dl <dl <dl 0.20 <dl <dl 0.34 0.28 0.34 <dl

Total 84.74 85.21 87.21 85.03 85.41 86.29 85.97 86.79 85.01 85.67

Table Il - 3. Geochemical analyses of chlorite crystals from altered samples of the Kirovograd albitites
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Figure Il - 15. Nomenclatures of chlorite crystals from the Kirovograd albitites (Hey, 1954)
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Figure Il - 16. Al (IV) vs. Al (V1) diagram of chlorite from Kirovograd albitites
(with the representation of aluminium Tschermak substitution)

Albitites appear nearly totally depleted in quartz in the Q vs. P diagram (Figure Il - 7). Two of the
samples have a Q parameter lower than zero reflecting the addition of calcium in the rock (about 4 wt
% CaO against only) corresponding to the new formation of Ca-minerals. They also plot close to the
pure albite pole (P parameter value of the samples of about -380) in conformity with their mineralogy.

In the A vs. B diagram (Figure Il - 5), two albitites have a negative peraluminosity indice (A
parameter is 4.4 for KVG-07-06 but -79.8 from KVG-07-01 and -118.5 from KVVG-07-13) caused by a
high content in Ca (1.30 at 4.97 wt % CaO) content and Na (average of 9.16 wt % Na,O). The
ferromagnesian charge of these samples varies form 40 to 126.6 for the albitites.

The REE patterns of albitites (Figure 11 - 10d) show a loss in low rare-earth elements (content

inferior to 50 ppm) with an increase in high rare-earth elements relatively to the one of KVG-07-12
granite.
These albitites show an increase in some elements such as Al,Os, Fe,03, MnO, MgO, CaO, Na,0, U
(until 621.5 ppm), Zr (until 750.1 ppm), Pb, Sr and for samples KVG-07-13 and KVG-07-01 an
increase in Nb, Ta, Zr and Hf contents. Some elements have loss contents such as Th (21.29 ppm), W,
Ge, Rb, Cs and Ba. A low loss in SiO, and KO is also visible.
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Le district de Kjrovograd - NovouRrainsk,

5.3. Fluid inclusions

Fluid inclusions microthermometric studies have been performed in neoformed albite crystals
from sample K\VVG-07-06 (Figure Il - 17). These fluid inclusions are primary inclusions trapped during
the crystallization of albite crystals. The fluid inclusions have a maximal size of about 10 pm and
contain two phases (vapour and liquid). The homogenization temperature is higher than 357°C and the
ice melting temperatures are between -1.1 to 0 °C. Thus, the calculated fluid salinity is between 0 to
1.9 wt % equiv. NaCl.

Figure Il - 17. Fluid inclusions in albite neoformed crystals (KVG-07-06 sample)

5.4. Stable isotopes

Oxygen isotopic composition determined on whole rock and albite crystals from the granites and
the albitites are presented in the Table Il - 5. 80 values decrease from the granites (around 11 %o) to
the albitites (5.5 to 6.7 %o). The 5'°0 values of the whole rock and separated albite crystal are nearly
the same in the albitites due to the overwhelming presence of albite in those rocks.

Considering temperature of 350°C and 400°C for the hydrothermal alteration according to the
results of the fluid inclusion study, the calculated §'%0 value for the fluid in equilibrium with albite
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Le district de Kjrovograd - NovouRrainsk,

ranges from 2.2 to 2.9 %o at 350°C and 3.1 to 3.8 %o at 400°C (using the fractionation factors of Zheng
(1993) and Xu and Zheng (1999)).

Facies Sample 5"°0 (%o) total rock 50 (%o) albites 50 (%o) Fds
Albitite KVG 07-01 5.5 6.2
Albitite KVG 07-06 6.7 6.8
Granite Novoukrainsk KVG 07-19 10.9 10.7
Granite Novoukrainsk KVG 07-22 11.0 11.0

Table Il - 5. Stable isotope analyses of Kirovograd - Novoukrainsk samples (by Philippe Boulvais)

5.5. The uranium mineralization

The maximal U-content of the albitites is 621.5 ppm. The main uranium mineral observed in the
albitites is brannerite (UTi,0¢) which occur as xenomorphic crystals (50 um) containing frequently
small uraninite inclusions. Brannerite occurs disseminated in albite non deformed crystals and also
occur in rocks microfractures or in through corroded (by epidote) pyrite microfractures (Figure Il -
18a and b).

- Uraninite occurs as smaller crystal with a maximum size of 5 um.
Uraninite occurs in the same sites as brannerite (Figure Il - 18a, b and c,
Table Il - 4d). The only uraninite analysis presents high content in Zr
(6.95 wt % ZrQO,), Si (9.32 wt % SiO,) and Ca (6.42 wt % CaO). These
contents are partly caused by the small size of the uraninite (as the same of
the microprobe spot size) and by the presence of a hydrothermal zircon
near the uraninite.

- High uranium contents also occur in hydrothermal zircons, substituted to Zr*". The zircons can
contain up to 8.3 wt % of UO,. Hydrothermal zircons or Zr solid solution crystallized around
magmatic zircons, in rock fractures, or around monazite crystals (Figure Il - 18d and e). (Table 11 - 4d)
A more detailed study would be necessary to demonstrated if these high values of U content are
related to uraninite inclusions or really within the structure of the mineral.

The maximal U-content of the albitites is 621.5 ppm. In the U vs. Th diagram (Figure 1l - 19), the
garnet-biotite granite of Novoukrainsk and the one of Kirovograd (KVVG-07-25) present a group with a
Th content superior to 30 ppm and with Th/U superior to 10. The Kirovograd granites have a Th/U of
6.5 (samples KVG-07-08 and 14) but a Th/U of 2.5 for the sample KVG-07-12 with a most high U
content (12.9 ppm) than the other Kirovograd granites. The episyenite rocks have similar U and Th
contents that KVG-07-12 sample and give also a Th/U ratio of 2.2 for KVG-07-09 and 2.5 for KVG-
07-11. The albitites coming from the albitization of Kirovograd granite present less Th/U value
(around 0.3) due to a increase content in U (until 621.5 ppm) but a decrease in Th content from 33.23
ppm (KVG-07-12) to 10.24 ppm (KVG-07-13).

The La vs. Th diagram (Figure Il - 20) shows a decrease of La and Th associated to the
albitization. Then, the albitite rocks (KVG-07-03 and 06) have the low content in La and Th. The Zr
vs. Th diagram (Figure 1l - 21) proposes an increase Zr content in albitites (excepted for KVG-07-06).

Uraninite
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The La and Zr contents do not differ between the Kirovograd granites and episyenites.

Then, during the episyenite formation by the quartz dissolution, Rare Earth Elements, U and Zr
are immobile. However, during the albitization the Rare Earth Elements contents decrease but U and
Zr increase.

Brannerite pa ﬂ .{:
- .’ﬂ Uraninite
7 -‘ .

Uraninite Galena

15.0kV 11.9mm x5.00k YAGBSE
Figure Il - 18a. Uraninite Figure Il - 18b. Brannerite with tiny uraninite
(SEM - BSE mode ; KVG-07-05) inclusions (SEM - BSE mode ; KVG-07-01)

Uraninite
+ brannerite
+ gale

15.0kV 11.9mm x150 YAGBSE

Figure Il - 18c. Corroded pyrite by epidote along microfractures. In these, brannerite and uraninite are visible.
(SEM - BSE mode for left photo and Transmitted Light with crossed Nichols for right photo; KVG-07-05)

i e ; >

. . % Hydrothermal
=10 Hydrothermal zircon

zircon

) ] '
30.0um 15.0kV 10.1mm x1.20k YAGBSE

Figure Il - 18d. Hydrothermal zircon (SEM - BSE mode, KVG-07-01 sample)
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' Zr solid

200um

Figure Il - 18e. Hydrothermal zircon (SEM - BSE mode, KVG-07-01 sample)

Th (ppm)

Figure Il - 18. Different forms of uranium mineralization
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Figure Il - 19. U vs. Th diagram of Kirovograd - Novoukrainsk rocks

88




Le district de Kjrovograd - NovouRrainsk,
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5.6. U-Pb geochronology of zircon from the Novoukrainsk granites

Novoukrainsk magmatic zircons (10 crystals) of granites of Kapustjanka quarry and hydrothermal
zircons (1 crystal) of albitites of Michurinka mine have been analysed with the ion microprobe
CAMECA IMS 1270 (CRPG) for dating the Novoukrainsk granites and the U mineralization (Figure
Il - 22). These limpid zircons, without impurity, have been studied by BSE mode (SEM) to see their
internal texture. Some of them are heterogeneous (for example Figure 1l - 22a, d and g) and present
altered parts.

The Novoukrainsk granite has given an upper intercept at 2047 + 19 Ma with a MSWD of 6.9 and
a lower intercept close to around 100 Ma in a Concordia diagram (Figure Il - 23 and Figure Il - 24).
This age is similar to the Kirovograd granite age obtained by Emetz et al. (2007) at 2042 + 31 Ma
within the error margins.

U-Pb isotopic analyses of hydrothermal zircon have not been successful because of either their
too high U or Pb content (sometimes due to the presence of inframicroscopic uraninite inclusions), or
to abnormally low Zr content due to the metamictization of crystals.

a. Magmatic zircon Novo 1-3 b. Magmatic zircon Novo 1-4 ¢. Magmatic zircon Novo 1-5

f. Magmatic zircon Novo 2-32 g. Magmatic zircon Novo 2-33
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k. Hydrothermal zircon KVG-07-06-8

Figure Il - 22. SEM microphotographs (BSE mode) of magmatic (Novo 1, 2 et 4 samples) and hydrothermal
(KVG-07-06 sample) zircon crystals analyzed with the ion microprobe. Analytical spots are well visible.
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Figure 11 - 23. ®Pb/*®U vs. "Pb/?U diagram of Novoukrainsk magmatic zircons.
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Analyses 207 235 + 20651 /238 + Co'gﬁl::ion
1-3a 6.112 0.161 0.350 0.009 0.998
1-3b 4.968 0.259 0.292 0.015 0.997
1-4a 6.844 0.182 0.396 0.010 0.998
1-4b 6.114 0.161 0.352 0.009 0.997
1-5a 6.368 0.246 0.357 0.013 0.962
2-29a 6.630 0.174 0.384 0.010 0.990
2-29b 3.962 0.204 0.260 0.013 0.974
2-29c 6.940 0.183 0.396 0.010 0.996
2-30a 6.770 0.181 0.388 0.010 0.991
2-30b 6.890 0.180 0.393 0.010 0.996
2-32a 6.841 0.179 0.395 0.010 0.995
2-32b 6.938 0.189 0.399 0.011 0.991
2-33a 7.392 0.223 0.422 0.013 0.996
2-33b 7.095 0.185 0.402 0.010 0.996
2-33c 6.944 0.186 0.393 0.010 0.993
4-24a 4.087 0.233 0.232 0.013 0.972
4-24b 6.497 0.197 0.370 0.011 0.995
4-26a 6.784 0.224 0.391 0.013 0.998
4-26¢ 6.525 0.179 0.376 0.010 0.994

Figure Il - 24. U-Pb isotopic compositions of zircons from ion microprobe analyses used in the Concordia
diagram for Novoukrainsk magmatic zircons (Figure 11 - 23)

6. Discussion

6.1. Geodynamic context of sodium mineralization and uranium mineralization

The sodium metasomatic zones and associated uranium mineralization of the Kirovograd -
Novoukrainsk district are localized into steeply-dipping shear zones within the Kirovograd granite
(Figure 1l - 4). These shear zones represent in fact lineaments, because they are relatively large
(around 100 m), extend over several tens of kilometres, they seems to be deeply rooted and have
registered multiple episodes of deformation and hydrothermal fluid circulation. The geodynamic
context of the development of the hydrothermal alteration is discussed on the light of the tectonic-
metamorphic evolution of the Kirovograd domain (Claesson et al., 2006). The Kirovograd domain
comprises remnants of Archaean granite-greenstone belts as attested by U-Pb ages obtained on zircon
of ¢. 3.1 - 3.0 Ga. This Archaean basement is affected by high-temperature metamorphism leading to
the formation of migmatites and peraluminous granites. The steep dip of the high-temperature foliation
is consistent with intense horizontal shortening at the time of the presence of melt. The intrusion of
calc-alkaline granitoids such as the Novoukrainsk granite dated at 2047 + 19 Ma and Kirovograd
granite dated at 2042 + 31 Ma by U-Pb on zircon (Emetz et al., 2007), is synchronous to the
development of this high-grade fabric as attested by the presence of migmatitic enclaves into the
granite and by the local transformation of the granites into orthogneisses. The migmatites and the
granites are then intruded by highly potassic calc-alkaline Rapakivi granites (Korsun’-Novomirgorod
pluton) with contacts discordant to the high-grade foliation and dated at c. 1.720 - 1.760 Ga
(Shcherbak and Bartnitsky, 1995; Shcherbak et al., 2002).

92



Le district de Kjrovograd - NovouRrainsk,

©Ar-**Ar dating of muscovite crystals from two metasedimentary gneisses and one granitic gneiss
hosting the uranium mineralization of the Krivoi Rog district, located around 100 km to the East of the
Kirovograd area, yield plateau ages of around 1940 Ma (1931.3 + 0.8 Ma, 1942.4 + 3.0 Ma and 1937.7
+ 5.0 Ma, Figure Il - 25). This records cooling of the muscovite gneisses below about 300°C at this
age.
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Figure 11 - 25. “Ar-*Ar datation of muscovite of host rocks of Krivoi Rog mineralization (by Paul Alexander)

The geodynamic context of the tectonic-metamorphic evolution central Ukraine is disputed. High-
temperature metamorphism is potentially associated with the combined effects of radioactive heat
production of a thickened crust and heat advection owing to magma transfer. The association of calc-
alkaline and peraluminous granites call for a combination of sources for the magmas.

Calc-alkaline magmas imply melting of composite crustal and mantle sources at high-pressure
generally indicative of a subduction environment (Martin, 1993). Remark: No metaluminous samples
have been studied here and we can not give the characteristics of this metaluminous magmatism.
Peraluminous magmas are generated by partial melting of a dominantly sedimentary continental crust
(Thompson, 1982; Thompson and Connolly, 1995). These apparently contradictory indications could
be reconciled inferring magma genesis from multiple sources at a convergent plate boundary with
magmatic and tectonic accretion to an Archaean plate margin associated with asthenospheric
upwelling. It is noticeable that similar magmatic intrusions and tectonic-metamorphic events are
recorded synchronously around 2.1 - 2.0 Ga at the scale of the Sarmatia craton which represents

93



Le district de Kjrovograd - NovouRrainsk,

currently a width of about 800 km (Claesson et al., 2006). This suggests that the whole Sarmatia
craton was affected by crustal thickening and magmatic accretion in between 2.1 and 2.0 Ga.

Albitite bodies are wrapped into the granite foliation which localizes the hydrothermal alteration
and the mineralization. Sodium metasomatism and uranium mineralization begin in ductile conditions
as attested by their association with albite crystal-plastic deformation (Figure Il - 12e and h).
Experimental data indicate that crystal-plastic deformation of plagioclase occurs at high-temperature
(> 500°C) (Wang et al., 1996). Hydrothermal alteration continues at lower temperature conditions (ca.
350°C) as constrained by the P-T trapping conditions of fluid inclusions, biotite retrogression into
chlorite and chlorite neoformation (around 300°C). The upper age of this hydrothermal alteration is
constrained by the emplacement age of the host granite at 2047 £ 19 Ma and its lower limit may
correspond to the Ar-Ar age obtained on muscovite of ca. 1935 Ma, if the thermal regime, at this time
is similar in the mineralized Krivoi Rog and Kirovograd area.

Korsun’-Novomirgorod pluton (ca. 1720 - 1760 Ma) cuts Novoukrainsk granites (ca. 2042 + 31
Ma). The Novokonstantinovska tectonic zone is the main uranium ore bearing structure cutting
Novoukrainsk granites and Korsun’-Novomirgorod pluton. Accordingly, the U mineralization should
have an age younger than the 1720 Ma Korsun’-Novomirgorod Rapakivi granites. However, the
uranium mineralization has been dated at around 1800 Ma. U-Pb on Novokonstantinovka Ti-U oxides
give an age of 1800 + 60 Ma (Shcherbak and Yeliseyeva, 1979). In Zhovtarichka, uranium ore deposit
situated in the Kirovograd block southern part, the mineralization has dated at 1795 + 50 Ma by U-Pb
on Malacon and 1785 + 20 Ma by U-Pb on nasturan (pitchblende) (Belevtsev et al., 1995). In Partizan
uranium ore deposit (in Novokonstantinovka massif), U mineralization has dated at 1810 + 5 Ma by
U-Pb on uraninite (Belevtsev et al., 1995). A discordant elevated age of 1926 + 310 Ma has given by
U-Pb on Zheltorechensk pitchblende (Bonhoure, 2007) despite of a chemical calculated age of 1599 +
90 Ma. Moreover, the Korsun’-Novomirgorod pluton and its Rapakivi granites does not mineralized.
Then, there is a problem with the age of these Rapakivi granites because the mineralization age is
older than their host rock.

6.2. Uranium source

The Novoukrainsk and Kirovograd granites (excepted KVG-07-12 sample) present a low U-
content (maximum 3.3 ppm) and high Th/U ratios ranging from 12.7 to 21.3 for biotite - garnet
granites and around 6.5 for biotite - amphibole granites. This high ratio can either reflects an initial
low U-content of the magma due to partial melting of granulitic rocks typically depleted in uranium;
or a leaching of uranium in the metamorphic fluids during the development of granulitization for
Novoukrainsk granites. However, this last process is not favoured for uranium dissolution in the
metamorphic fluids due to the apparently reducing conditions attested by the reduction of hematite.

The KVG-07-12 sample has a Th/U ratio of 2.5 as it has a high U content 12.9 ppm which is
around 4 times higher than the granite Clarke values. The presence of U-rich metamict zircons (up to
0.7 wt % UQO,), U-rich monazite (up to 1.13 wt % UO,) and uranothorite reflects the U wealth of these
granites. This granite type may represent a major source of uranium for the deposits. During the
episyenite formation by the quartz dissolution, Rare Earth Elements, U and Zr are immobile and the
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episyenite rocks have similar Th/U ratio than these Kirovograd granites. During the albitization, Rare
Earth Elements contents decrease but U and Zr increase and the albitites have a lower Th/U ratio
(around 0.3) due to an increase in U and a decrease in Th.

6.3. P-T-X conditions of sodium metasomatism

a. Reconstitution of the metasomatic event succession

Several stages of metasomatism are distinguished in the Kirovograd - Novoukrainsk uranium
district.
- The first stage of metasomatism starts with the dissolution of quartz crystal (dequartzification or
simple “episyenitization”). These episyenitized rocks present a similar chemical composition
compared to the granite (REE, U and Th contents) but with a decrease of quartz content (low Q
parameter value). The dissolution of quartz is followed by the alteration of K-feldspar and plagioclase
by albite through the replacement of K* and Ca®* by Na* with preservation of the initial texture of the
minerals. The feldspar crystals undergo albite crystal-plastic deformation (as attested by the rolling
extinction).
- The second stage corresponds to the crystallization of euhedral albite crystals in vugs left by quartz
leaching or in the rock matrix as microcrystalline albite. Two generations of albite neocrystals
crystallizing in vugs are distinguished, the first one is affected by intracrystalline deformation, the
second is not.
- The third stage corresponds to the crystallization of a paragenesis of calcic minerals formation such
as epidote, pyroxene, calcite and then by chlorite. This stage is associated to crystallization of U
minerals (uraninite, brannerite) and Zr minerals.

Ductil deformation
+

Dequartzification Albitization
ALBITIZED MINERALIZED
GRANITE l EPISYENITE l EPISYENITE ALBITITE

Biotite

Plagioclase =~ ——————— Ca?* > 2 Na' o
Albitization
K-Feldspar  IEEE——— Koo Ner
Quartz dissolution
Quartz ——————— =
Pyrite

Magmatic zircon

Monazite

2 albite generations :
- one in vugs left by
quartz dissolution
-one by K+ - Ca2+
substitution by Na+

Ti - magnetite
Albite

U - Ti oxide + uraninite

Hydrothermal zircon
liménite

Epidote Crystalization in vugs left

Pyroxene by quartz dissolution

Galena
Hematite
Carbonate
Chlorite
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b. Temperature — pressure conditions

As discussed above the highest temperature are indicated by the plastic deformation of plagioclase

crystals which occurs at temperatures higher than 500°C (Wang et al., 1996) and which has been
observed until the early stages of albite new crystallization in the vugs left after quartz dissolution.
The microthermometric studies of fluid inclusions in the non deformed albitite crystallized in the vugs
give a homogenization temperature for the fluid of at least 357°C, in, accordance with a temperature
decrease related to the transition from the ductile to the brittle deformation regime. These temperatures
are comparable to the one estimated in various environment for similar processes such as
Zheltorechensk (110° - 350°C Ukraine; Maruéjol, 1989), Chhuling Khola (250 - 400°C, Nepal;
Maruéjol, 1989), Margeride massif and Mont Lozére massif (French Massif Central, France: 250 -
450°C, 0.3 to 1.5 kbar; Cathelineau, 1986, 1987), Saint Sylvestre massif (French Massif Central,
France: 370° £ 25°C, 200 + 50 bars; El Jarray et al., 1994) and for Tamazeght complex (Morocco: +
300°C; Salvi et al, 2000), Valhalla (Australia: 340 - 380°C; Polito et al., 2007)

c. Fluid chemistry and origin

The decrease in 5'®0 values from the granites (around 11 %o) to the albitites (5.5 to 6.7 %o)
reflects an interaction with a low 820 fluid which may correspond to low 50 metamorphic water or
to surface-derived water. The &'%0 value calculated for a fluid equilibrium with albite ranges from 2.2
t0 2.9 %o at 350°C, and 3.1 and 3.8 %o at 400°C using the fractionation factors of Zheng (1993, 1999)).
Such values may correspond to surface-derived water partially equilibrated with the crust during its
circulation.

Melting temperatures of the fluid inclusions indicate that the albitizing fluid had a low salinity in
the order of 0 to 1.9 wt % equiv. NaCl. The low salinity of the hydrothermal fluid and the absence of
fluorine in ore paragenesis further support a surface-derived origin as suggested by the low §'%0 value
calculated for the fluid in equilibrium with albite.

Albitization, quartz dissolution and Zr transport suggest that alkaline fluids are responsible for the
metasomatic alteration and that the fluids had elevated Na'/K* and Na*/H" ratios. The stability of
albite during alteration indicated a basic pH. Alkaline pH (8 to 10) is also favourable for the U
solubility (Stumm and Morgan, 1970; Rimstidt, 1979).

From the equation: KAISi;Og + Na" = NaAlSi;Og + K", the stability of K-Feldspars and albite are
calculated for different pressure (Figure Il - 26). The precipitation of albite is associated with an
increase in temperature or for a stable temperature with an increase in the Na" activity. The solubility
of quartz rises with an increase in temperature (Figure Il - 27).

96



Le district de Kjrovograd - NovouRrainsk,

'07 ) ) L) L) L) 0.0 T T T ) )
K-Feldspar Quartz
(KA|SI308) _ /;—:.":;::é:_; 05 F (Sioz) _
L~ B ]
~ - T T T — - - -

E 5 - =
< Albite s L0f gt 7
~ . @) - — /_,/ -

;Y (NaAISi,0p) i 5 - T
S o] // /_./’,/ - i e——
= D A5f T T -
o —— 05kb —= o
- -——— 1kb ’//./' — 05kb

—_——= 2kb 1 = -—— 1kb
—— 3kb 20 Aqueous ———= 2kb 7
— — - 5kb solution —— 3kb
——- 5kb
_1.1 1 1 1 1 1 _2.5 1 1 1 1 1
300 350 400 450 500 550 600 300 350 400 450 500 550 600

Temperature, °C

Temperature, °C

Figure Il - 26. Log (ax+ / ana*) vs. T (°C) (from
Johnson et al., 1992; SUPCRT92) (by Richard L.)

Figure 11 - 27. Diag 1. Log (asio, (aq)) vs. T (°C) (from
Johnson et al., 1992; SUPCRT92) (by Richard L.)

6.4. Ore deposit model

The ore deposit model proposed here builds on the structural, petrographic, geochemical, fluid
inclusion, oxygen isotope and geochronologic data provided above in the framework of the tectonic
evolution of the Kirovograd domain. Metasomatic fluids responsible for the hydrothermal alteration
have a surface-derived origin and an alkaline pH as defined on the basis of their chemical and isotopic
signatures. These fluids percolate from the surface to the granitic pluton guided by shear zone of
lineaments and then fractures affecting the granitic and metamorphic rocks. The fluid temperature
increases during its infiltration into the crust. These hydrothermal fluids transport U and Zr leached
from an easily soluble source represented by the Paleoproterozoic uranium rich peraluminous granites.
After a first albitization stage corresponding to a simple exchange between K* and Ca?* from the
feldspar with Na* from the solution when the temperature of the fluids start to warm up and continue
with quartz dissolution and crystallization of albite with brannerite and uraninite in the vugs left by
quartz dissolution and then by the crystallization of Ca-rich minerals (epidote, pyroxene and
carbonates).

Silicium has a strong affinity with Zr (Pearson, 1963). Increasing silica activity in the fluid
resulting from quartz dissolution favours the precipitation of hydrothermal zircon.

The fluids were very oxidizing as attested by the development of hematite in the mineralized
albitites, but we have no information about the nature of the uranium complexes and the mechanisms
favouring uranium deposition in the form of low Th and Zr bearing uraninite and brannerite. Without
more extensive dating of the mineralization event and a regional thermochronologic study of the
cooling of the basement, it is difficult to constrain the thermal regime of the crust that is associated
with the infiltration of the fluids responsible of the metasomatic alteration and uranium mineralization
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7. Conclusion

The Kirovograd - Novoukrainsk ore district is an occurrence where the uranium mineralization,
represented by brannerite and subordinated uraninite, is associated to sodium metasomatism. This
alteration process is subdivided into two stages. The first stage is defined by total quartz dissolution
followed by albitization characterized by isomorphic replacement of orthoclase and plagioclase by
albite associated with quartz dissolution. It is followed by the crystallization and newformation of
albite crystals, calcic minerals (pyroxene (diopside and hedenbergite), epidote and calcite) and chlorite
in the cavities left by quartz leaching. Structural, microthermometric and oxygen isotope data on
newlyformed albite crystals indicate that the fluid responsible for the metasomatic alteration and the
uranium mineralization are surface-derived fluids circulating at temperature above 500°C down to less
than 300°C.

In the Kirovograd - Novoukrainsk district, uranium mineralization is associated with albitite
bodies wrapped in the high-grade regional foliation affected by deformation from the crystal-plastic
conditions down to brittle conditions indicative of a decreasing temperature. The granitic pluton is
intruded in migmatites and is associated with amphibolite - facies ductile deformation suggesting an
emplacement within a high temperature environment. Thus, deformation under decreasing temperature
conditions represents colling owing to exhumation of these rocks. These data suggest that the
hydrothermal fluids responsible for the sodium metasomatism and the U mineralization circulated into
the host granite first guided by shear zones and then by fracturation of the more competent newly-
formed albitite bodies as they lost their quartz crystals by leaching.

In the East European Craton, other U mineralizations have been described at Zheltorechenskoe
and Pervomaiskoe uranium ore deposits (in the Krivol Rog district), and all are associated with this
alkali hydrothermal process affecting granitoids but also metasediments as the quartz banded iron
formations. U ore deposits are situated along the large lineaments in the Kirovograd block
(Kirovogradsk, Novokonstantinovka, Zvenigorod-Annovsk, and Subbotsk-Moshorinsk), such as
Zhovtarichka and Partizan in Novokonstantinovka massif. These occurrences present the same
characteristics than Michurinka ore deposit where sodium metasomatism is developed associated to U
mineralization.

It is possible that other mineralized zones may exist along these lineaments but also in other part
of the East European Craton.
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Abstract: The Novoukrainsk plutonic complex belongs to the Kirovograd - Novoukrainsk
domain part of the VVolgo-Uralia Proterozoic craton. The Novoukrainsk plutonic complex is dominated
by a highly potassic granite associated with gabbro-norites, gabbro-monzonites, and biotite-garnet
granites.

This paper documents the solid-state transformation of the main granite into granulite facies by
metamorphism without deformation and presents a characterization of the two facies composing the
main granite. The main granite comprises two facies distinguished a red and dark greenish facies.
These granites have a very high Th/U (about 17). They are the same texture and are composed by large
euhedral K-feldspar, xenomorphic quartz, poecilitic garnet, chloritized biotite, iron oxides, titanium
dioxides and sulphurs, monazite and metamict zircon developing some radial fissures in enclosing
minerals.

The greenish rock present newly formed K-feldspars as rims around garnet crystal, abundant
myrmekite structures, the most typical feature is the biotite alteration into hypersthene and the change
of coloration of the feldspar from red to dark green colour. Geochemical data give a slight increase in
Heavy Rare Earth Elements and Y in the greenish rock, and a decreasing of Rb and Cs contents. No K
is losing because it is incorporated into newly formed K-feldspars.

This rock is therefore a granulite resulting from the alteration of the Novoukrainsk granite with a
charnockitic mineral assemblage. However, trace elements compositions are also very similar between
granite and granulite of Novoukrainsk. Then, the alteration system should be a closed system with
elements redistribution in different minerals.

Micrometric study gives carbonic fluid inclusions trapped in garnet and nitrogenous fluid
inclusions trapped in quartz. (i) The carbonic fluid inclusions (CO, - N, composition with 95.5 mol %
of CO, minimum) have a melting temperature of CO, (Tmco,) ranged between -56.5 and -55.9°C and
a lowest homogeneous temperature of CO, (Thco,) of 20.8°C. (ii) Nitrogen-rich fluid inclusions
contain until up to 8 mol % of CO,, up to 100 mol % of N,, sometimes H, detected (up to 3 mol %)
with or without O, (up to 10 % mol).

Keywords: Novoukrainsk, charnockite, granite, CO,-rich metasomatic fluids, East European shield.
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1. Introduction

“Charnockite” is the name proposed by Holland (1900) for hypersthene-bearing granitic rock
from the Madras area (India), which may also more rarely contain fayalite. Charnockites range from
rocks with an igneous composition and magmatic texture, defined as orthopyroxene-granite
(Kleinefeld, 2002) (Streickeisen, 1976; Le Maitre et al., 1989), to granuilte-facies rocks with a
tectonic-metamorphic foliation (Isachsen, 1968; Shelley, 1993).

Accordingly, three processes are proposed to attest for the formation of charnockites:

(i) Crystallization of a granitic magma in granulite facies conditions (Le Maitre, 1989),

(if) Metamorphism of granitic rocks in granulite facies conditions (Newton et al., 1980),

(iii) Metasomatism of a granitic rock resulting from infiltration of CO,-rich and H,O-poor fluid
(Pichamuthu, 1960 ; Jarnardhan et al., 1979 ; Harley and Santosh, 1995 ; Satish-Kumar and Santosh,
1998 ; Santosh and Tsunogae, 2003 ; Cuney et al., 2006).

Metasomatic charnockites have been demonstrated on the basis of “incipient” or “arrested”
charnockite described by Pichamuthu (1960) from Kabbaldurga (South India) and characterized by
partial or complete breakdown of hornblende, biotite and garnet, leading to the crystallization of
orthopyroxene (hypersthene) and K-feldspar rims. The question of whether a granitic rock crystallizes
to a charnockitic assemblage is determined by the principal equilibrium (Frost and Frost, 2008):

® K(Mg’Fe)3A|S|3OlO(OH)2biotite +3 SIquuartz =3 (Fe’Mg)SIO3orthopyr0xene * KAISI308K—feIdspar + Hzoquid

®2 K(Mg,Fe)3A|Si3010(OH)2biotite+ 3 SiOunartZ =3 (Fe,Mg)QSiO40”Vine + 2 KA|S|303 +2 H,O

K-feldspar fluid

Macroscopically, “incipient” charnockite has a dark grey green colour. Howie (1967) notes that
this colour is due to an abundance of chlorite veinlets formed during late stage alteration of
orthopyroxene.

The source of the CO,-rich fluids and the conditions of their circulation remain controversial
(Kerkhof and Grantham, 1999). They have been attributed to a mantle source (Dunai et al., 1995) but
recent papers invoke the role of carbonates recycled in the mantle in subduction zones.

The aim of this paper is to characterize the transition from granite to charnockite in rocks from the
Novoukrainsk plutonic complex (Ukraine) based on petrologic and geochemical data and on a fluid
inclusion study. These data constrain the P, T conditions of the granite-charnockite transformation and
document the chemical composition of the fluids responsible for the metasomatic alteration.
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2. Geological setting

Novoukrainsk plutonic complex, located in the central part of Sarmatia craton, belongs to the
Archaean to Paleoproterozoic Kirovograd-Novoukrainsk domain (Orovetsky, 1983; Tarasov, 2004)
(Figure Il - 28). This domain is situated between the Bol’shoi - Krivoi Rog (to the East) and the
Odessa (to the West) structure zones.

The uranium ore deposits are distributed along three major tectonic zones:

(i) The Krivorozhsk lineament occurs at the eastern border of the Kirovograd domain. The Krivoi Rog
city is located on this structure. The first uranium ore deposits associated to the sodium metasomatism,
Zheltorechenskoe and Pervomaiskoe, were discovered at the end of 1940s (Tarasov, 2004) in the
Krivoi Rog metasedimentary formations (quartzites, quartzites with magnetite, amphibolites, schist
with magnetite - amphibole, metapelites, talc-schists, marbles). These metasedimentary formations
host large iron-rich ores of banded iron formation type.

(ii) The Kirovograd lineament is developed at the margin between a metamorphic and migmatitic rock
package intruded by elongated discontinuous bodies of the Kirovograd - Zhitomirsky granites, rich in
restitic inclusions and the nearly circular Kirovograd plutonic complex dated by U-Pb on zircon at
2042 + 31 Ma by Emetz et al. (2007).

(iii) The Novokonstantinovka lineament has contiguous faults. Along these faults, granites
undergo a greenschist facies alteration and haloes of sodic metasomatites are developed. The Lesnoye
and Dokuchayevka ore deposits are localised along this structure.

eu'ﬁos’ﬁmnm
P :
{/’ ’t‘//'é%]\
g ym/-‘;/ VoLGo-URALA |7

ARMATIA

©  Uranium deposits

s % G - Monz o-gabbros-diorites
RN @ Korsun-Novo mirgorodsk granite
IE
L ﬁf ._ Eﬂsﬂ% 7 @ Novounkrainska granite

A
5

Voukrain i Krivoi
sk  Bol'shoi- Krivoi
biock Rog suture zone

Figure Il - 28. The Sevsk-Ingulets block and the major suture zones: Bol’shoi - Krivoi Rog (at the East)
and Odessa (at the West), delimited by the Krivorozhsk fault and the Bug-Mironovsk fault respectively
(modified from Tarasov, 2004)
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The magmatic rocks of Novoukrainsk massif are from basic gabbro-norites and gabbro-
monzonites to acid garnet-biotite, biotite and aplite-pegmatitic granites, but the garnet-biotite-
pyroxene granites are predominant (Esipchuk et al., 1990; Golub, 1992; Emetz et al., 2007). In the
Novokonstantinovka deposit a well developed metasomatism zonation is observed around the ore
bodies from the host biotite-garnet granites - gneisses of Novoukrainsk to the mineralized albitites
localized in the core of tectonic structures.

3. Analytical techniques

The different samples of Novoukrainsk granites (Table Il - 6) have been studied in transmitted
and reflected light optical microscopy, Scanning Electron Microscopy (S.E.M HITACHI) coupled
with a Dispersion of Energy Spectrometer (EDS) (SCMEM, Vandceuvre-lés-Nancy, France), to
visualize complex zonings and mineral phases, and electronic microprobe CAMECA SX 100,
equipped with 5 spectrometers (SCMEM, Vandceuvre-les-Nancy, France).

Trace elements concentration have been obtained using the Inductively Coupled Plasma - Mass
Spectrometry (ICP-MS) of SARM laboratory (CRPG-CNRS, Nancy, France), which is associated with
ICP-AES (Inductively Coupled Plasma — Atomic Emission Spectrometry) for major elements of the
whole rock.

Fluid inclusions have been studied by microthermometry using the R-CHAIX M.E.C.A coupled
with Raman spectroscopy in order to characterize the gas phases (G2R laboratory, Nancy, France)

Samples Location Rock type
KVG-07-15 Kapustjanka open pit Granite/greenish Novoukrainsk rock contact
KVG-07-16 Greenish Novoukrainsk granite
KVG-07-17 Greenish Novoukrainsk rock/granite contact
KVG-07-18a Greenish Novoukrainsk granite
KVG-07-18b Greenish Novoukrainsk granite
KVG-07-19 Potassic granite Novoukrainsk
KVG-07-20 Voinovka open pit Greenish Novoukrainsk rock/granite contact
KVG-07-21 Greenish Novoukrainsk rock
KVG-07-22 Potassic granite

Table Il - 6. Location of Kirovograd - Novoukrainsk samples
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4. Field relations and petrographic features of Novoukrainsk granites

4.1. Map scale geometry of the Novoukrainsk plutonic complex

The Novoukrainsk plutonic complex occupies an area of 3000 km? and includes small bodies of
monzonites, hypersthene - granites (charnockite), interpreted as products of an initial phase of the
granite formation (Tarasov, 2004). The dominant igneous facies of the Novoukrainsk plutonic
complex is garnet - biotite - pyroxene granites with K-feldspar phenocrysts (size of 5-7 cm long/ 1-2
cm large) which are locally accumulated, defining a shallow-dipping magmatic foliation. The plutonic
complex also comprises gabbro-norites, gabbro-monzonites, garnet-biotite, biotite and aplite-
pegmatitic granites (Esipchuk et al., 1990; Golub, 1992; Emetz et al., 2007). The dominant granitic
facies is in transitional contact with dark-green plutonic rock named monzonite. These monzonites
were interpreted as representing distinct plutons intrusive into the granite.

However, the contact between the red granites and the so called monzonites observed in the
quarries does not appear to be a magmatic contact. In fact, the two types of rocks present the same
grain size, texture and structure on each side of the contact. The K-feldspar megacrysts have the same
size and orientation and underline a subhorizontal magmatic fabric. Garnet minerals have the same
size on each side of the contact. The main macroscopic variation between these two rock types is the
change of colour. (Figure Il - 29a)

Rocks from the Novoukrainsk plutonic complex have been sampled from the large Kapustjanka
and Voinovka quarries exploited as decorative stone.

4.2. Petrographic features of Novoukrainsk granites

The red Novoukrainsk granites, defined as biotite-garnet potassic granite, are mainly constituted
by elongated (around 1.5 cm), euhedral, pink-red, K-feldspar (sometimes Carlsbad twinned crystal),
euhedral to xenomorphic quartz (up to 1 cm large), large xenomorphic plagioclase crystals, poecilitic
garnet (red-brown, 5 mm large, almandine), subeuhedral chloritized biotite, metamict zircon, monazite
with radial fissures and iron oxides (magnetite, ilmenite), titanium dioxides and rare pyrite. Some
myrmeckitic textures are locally developed between quartz and orthoclase.

The greenish Novoukrainsk “monzonite”, presents globally the same mineralogy: large euhedral
K-feldspar, xenomorphic quartz, poecilitic garnet, chloritized biotite (less than in the red granites),
iron oxides, titanium dioxide and sulphur, monazite and metamict zircon developing some radial
fissures in enclosing minerals (Figure Il - 29b). Nevertheless, there are some differences between
these two types of granites. The Novoukrainsk “monzonite” presents K-feldspars rims developed
around garnet (Figure Il - 29c), myrmekite structures are much more abundant forming sometimes a
matrix, and the most typical feature is the biotite alteration into hypersthene (Figure Il - 29d) and the
change of coloration of the feldspar from red to dark green colour corresponding to the reduction of
iron.
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Figure Il - 29a. Contact between the red Novoukrainsk
granite and the so called monzonites observed in the
Voinovka quarry

Figure Il - 29b. Monazite with some radial fissures and
a radioactive decay rim

Garnet

Figure Il - 29c. K-feldspars rims developed around the garnet (KVG-07-18 sample): a) in analyzed transmitted
polarized light, b) in reflected polarized light.
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Figure Il - 29d.Bioatite alteration into hypersthene (KVVG-07-18 sample). Photo a: in analyzed transmitted
polarized light. Photo b: in transmitted polarized light. Photo c¢: zoom in retro-diffused electron mode (MEB).

Figure Il - 29. Photos of Novoukrainsk granites (to the field into the microscope)
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Samples F Na,O SiO, Al,O4 MgO K,0 CaO TiO, Cr,03 MnO FeO NiO Total

19-c1 1.66 0.14 34.96 13.87 5.62 9.26 <ld 5.03 <ld <ld 25.92 <ld 96.46
19-c2 <ld 8.69 62.85 24.04 <ld 0.31 5.17 <ld <ld <ld <l.d <ld 101.06
19-b3 1.73 <ld 35.28 14.01 5.67 9.15 <ld 4.82 <ld <ld 25.77 <ld 96.44
19-b6 1.72 <ld 34.42 14.03 5.53 9.24 <Ld 491 <ld <ld 26.23 <ld 96.07
19-a9 1.63 <ld 34.60 13.75 5.30 9.31 <ld 4.95 <ld <ld 26.73 <ld 96.28
19-all 1.66 <ld 34.64 1355 5.55 8.78 <ld 4.62 <ld <ld 27.82 <ld 96.62
19-al2 111 0.13 32.09 15.19 5.61 6.54 <lLd 4.04 <ld <ld 30.54 <ld 95.26
19-al4 1.54 <ld 34.88 13.84 5.60 9.15 <ld 4.75 <ld <ld 27.54 <ld 97.30

18b-al 0.56 <ld 35.13 14.76 7.19 9.07 0.08 4.68 <ld <ld 25.54 <ld 97.00
18b-a2 0.71 <ld 3464 1431 7.21 9.23 <lLd 4.72 <ld <ld 24.33 <ld 95.14
18b-b15 1.40 0.12 3450 13.67 9.84 8.88 0.14 4.71 <ld <ld 19.52 <ld 92.76
18b-b16 1.36 <ld 34.58 13.64 9.93 9.00 0.09 4.80 <ld <ld 20.51 <ld 93.91
18b-b17 1.16 <ld 36.50 14.13 10.59 9.15 <ld 4.94 <ld <ld 19.91 <ld 96.39
18b-c24 0.46 <ld 34.58 15.37 6.52 8.92 <lLd 5.04 <ld <ld 25.13 <ld 96.01
18b-c28 0.88 <ld 3594 1550 8.60 9.12 <ld 3.39 <ld <ld 23.78 <ld 97.22

15-c11 0.65 <ld 35.26 14.16 7.27 9.16 <ld 4.94 <ld <ld 24.64 <ld 96.07
15-c20 0.60 <ld 3499 13.89 7.07 8.94 <lLd 4.96 <ld <ld 24.30 0.19 94.92

16-al <ld <ld 38.32 13.90 5.22 0.13 1.36 <l.d <ld <ld 29.08 <ld 88.02
16-a2 0.93 <ld 35.75 14.47 8.36 9.18 <ld 4.47 0.25 <ld 24.05 <ld 97.45
16-a4 0.98 <l.d 34.91 14.10 8.08 9.00 <ld 4.43 <ld <ld 23.98 <ld 95.47
16-a6 1.14 <ld 35.41 14.08 9.26 9.32 <ld 4.55 <ld <ld 23.34 <ld 97.10
16-b8 1.10 <ld 36.23 14.41 9.73 9.17 <ld 4.92 <ld <ld 21.09 <ld 96.63
16-b9 1.10 0.10 37.19 15.28 10.77 8.83 <ld 4.76 <ld <ld 22.10 <ld 100.10
16-c11 161 <ld 36.71 13.99 11.57 9.53 <ld 4.16 <ld <ld 19.51 <l.d 97.08

18a-a3 0.77 0.09 36.05 15.61 11.48 9.32 <ld 4.67 <ld <ld 17.46 <ld 95.46
18a-b11 0.84 0.13 31.43 16.25 14.35 4.05 <ld 3.09 <ld <ld 19.74 <l.d 89.89
18a-c13 161 <l.d 39.38 13.00 14.23 8.39 <ld 0.68 <ld <ld 18.25 <l.d 95.54
18a-c15 0.78 <ld 37.12 18.21 12.05 9.05 <Ld 0.18 <ld <ld 18.88 <ld 96.26
18a-c16 0.66 <ld 35.43 18.46 10.44 9.10 <ld 0.25 <l.d <ld 21.23 <ld 95.57
18a-c21 0.72 <ld 36.24 14.62 9.64 9.41 <ld 4.74 <ld <ld 20.51 <ld 95.87
18a-c22 0.64 <l.d 35.70 15.45 10.65 8.18 0.08 4.19 0.23 <l.d 20.73 <l.d 95.84

Table Il - 7a. Chemical analyses of biotites of Novoukrainsk granites (microprobe SX 100)

Samples F Na,O SiO, Al,O4 MgO K,O CaO TiO, Cry,03 MnO FeO NiO Total
18b-a3 <l.d <ld 1.21 0.22 0.52 0.08 5.53 <ld <ld 1.39 50.54 <ld 59.47
18b-a4 1.90 <ld 39.37 13.98 11.92 8.33 <l.d 0.78 <l.d <ld 20.42 <ld 96.70
18b-a5 <ld 0.16 43.79 5.36 3.81 0.28 2.48 <l.d <l.d <l.d 29.92 <l.d 85.81
18b-a6 <ld 0.18 42.05 5.18 4.60 0.22 1.78 0.09 <ld <l.d 30.44 <ld 84.52
18b-a7 <l.d <ld 41.45 4.95 3.57 0.18 2.56 0.09 <l.d <l.d 28.46 <l.d 81.26
18b-a8 <l.d <ld 42.27 5.18 3.64 0.22 2.52 0.10 <l.d 0.22 29.63 <l.d 83.79
18b-a9 <l.d <ld 44,53 6.78 5.78 0.28 2.25 <ld <l.d <l.d 30.05 <l.d 89.67

18b-al0 <ld <ld 42.04 5.30 4.57 0.24 1.65 0.10 <ld <ld 30.70 <ld 84.60

15-al <ld <ld 44.42 6.06 4.05 0.19 241 0.09 <ld <ld 30.24 <ld 87.47
15-a2 <ld <ld 36.72 4.29 2.19 0.35 178 0.08 <ld <ld 25.06 <ld 70.47
15-a3 <ld <ld 41.00 4.86 2.50 0.37 2.18 0.08 0.24 0.29 28.82 <l.d 80.33
15-a4 <ld <ld 43.29 4.75 3.86 0.21 191 0.13 <ld 0.27 30.86 <ld 85.28
15-c12 <ld 0.12 44.41 5.28 3.562 0.22 2.58 0.15 <ld <ld 30.96 <ld 87.24
15-c13 <ld 0.12 40.07 7.55 6.59 0.16 2.00 0.20 <ld 0.25 31.17 <ld 88.11
15-c14 <ld 0.13 44,94 5.72 4.23 0.27 2.19 0.15 <ld <ld 30.28 <ld 87.91
15-c16 <ld 0.12 43.21 5.30 3.62 0.19 2.47 0.13 <ld <ld 28.90 <ld 83.93
15-c17 <ld 8.96 77.00 1.08 4.18 0.53 9.50 <ld <ld <ld <ld <ld 101.26
15-c18 <ld <ld 43.41 6.36 4.82 0.17 2.07 0.12 <ld <ld 28.37 <ld 85.32
15-c22 <ld 0.14 43.66 5.64 3.71 0.28 2.22 0.14 <ld <lLd 28.37 <ld 84.16
16-a3 <ld 0.10 47.34 15.22 231 <ld 1.00 <ld <l.d <lLd 17.20 <lLd 83.16

18a-c12 <ld 0.11 41.92 5.12 4.15 0.21 1.92 0.08 <ld <ld 29.44 <ld 82.95
18a-c14 <l.d <l.d 44.55 6.53 3.69 0.41 241 0.15 <l.d <l.d 30.77 <l.d 88.51

Table Il — 7b. Chemical analyses of pyroxenes of Novoukrainsk granites (microprobe SX 100)

109



Le district de Kjrovograd - NovouRrainsk,

Samples F Na,O SiO, Al,O4 MgO K,0 CaO TiO, Cr,03 MnO FeO NiO Total
19-a19 <ld <l.d 33.85 18.55 1.30 <ld 1.81 <ld <ld 0.80 37.05 <ld 93.35
19-a20 <ld <ld 37.15 20.70 1.65 <ld 1.56 <ld <l.d 0.91 38.49 <ld 100.45
19-a21 <ld <ld 36.49 21.17 1.60 <ld 1.45 <ld <l.d 0.75 39.20 <ld 100.66
19-a24 <ld <ld 36.71  20.87 1.75 <ld 171 <ld <l.d 0.70 37.49 <ld 99.23
19-a25 <ld <l.d 36.49  20.90 1.81 <ld 1.61 <ld <ld 0.87 37.35 <ld 99.03
19-a26 <ld <ld 37.00 20.58 1.86 <ld 1.69 <ld <ld 0.81 36.57 <ld 98.50
19-a31 <l.d <ld 37.14 20.95 1.49 <ld 2.06 <ld <l.d 1.19 38.51 <ld 101.34

18b-b14 <ld <ld 37.12  20.86 3.12 <ld 1.69 <ld <lLd 0.61 36.40 <ld 99.80
18b-b18 <ld <ld 3718 2121 3.36 <ld 1.24 <lLd <ld 0.68 36.36 <ld 100.03
18b-b19 <ld <ld 37.26  21.19 3.03 <ld 173 <lLd <ld 0.59 36.42 <ld 100.23
18b-b20 <ld <ld 39.68  22.88 3.49 <ld 1.60 <ld <ld 0.80 36.57 <l.d 105.00

15-d24 <ld <ld 37.34  20.93 3.24 <ld 1.69 <lLd <ld 0.84 36.64 <ld 100.67
15-d25 <ld <ld 37.08  21.05 3.22 <ld 1.65 <lLd <ld 0.85 36.88 <ld 100.72
16-b7 <ld <ld 37.43  21.40 2.90 <ld 1.65 <ld <ld 0.80 37.13 <l.d 101.30
16-c12 <ld <ld 37.44  21.08 3.15 <ld 1.34 <lLd <ld 0.67 37.34 <ld 101.01
18a-al <ld <ld 37.90 21.00 3.63 <ld 1.36 <lLd <ld 0.66 36.60 <ld 101.15
18a-a4 <ld <ld 37.61  21.09 3.48 <ld 1.56 <ld <ld 0.77 35.32 <ld 99.82

18a-b10 <ld <ld 37.33 2140 3.49 <ld 1.47 <lLd <ld 0.67 35.74 <ld 100.09
18a-c17 <ld <ld 37.27 2103 3.01 <ld 1.62 <lLd <ld 0.84 36.78 <ld 100.55
18a-c20 <ld <ld 37.33 2118 3.36 <ld 155 <lLd <ld 0.61 37.25 <ld 101.28
18a-c24 <l.d <l.d 37.27 21.02 3.08 <l.d 1.62 <lLd <ld 0.73 37.46 <l.d 101.17

Table 1l — 7c. Chemical analyses of garnets of Novoukrainsk granites (microprobe SX 100)

Samples F Na,O SiO, Al,O3 MgO K,0 CaO TiO, Cr,05 MnO FeO NiO Total
19-b4 <ld 8.52 62.81  23.69 <l.d 0.34 5.25 <l.d <l.d <ld <l.d <ld 100.61
19-a7 bis <l.d 1.53 64.41 18.41 <l.d 14.51 <l.d <ld <ld <l.d <l.d <l.d 98.87
19-al10 <l.d 7.70 58.88 22.22 <l.d 0.40 5.10 <ld <l.d <ld <ld <ld 94.30
19-a13 <ld 0.61 64.42 18.41 <ld 15.73 <l.d <l.d <l.d <l.d <l.d <ld 99.17
19-a15 <ld 1.22 65.05 18.26 <ld 14.47 <l.d <l.d <l.d <l.d <l.d <l.d 99.00
19-a27 <l.d 1.30 64.51 18.63 <ld 14.50 0.12 <l.d <ld <ld <ld <ld 99.06

18b-all <ld 8.16 61.95 23.86 <ld 0.34 5.54 <ld <ld <l.d <ld <ld 99.85
18b-al2 <ld 8.43 61.84  24.05 <ld 0.34 5.36 <ld <ld <ld <ld <ld 100.03
18b-al3 <ld 8.34 62.12  24.07 <ld 0.46 5.65 <ld <ld <ld <ld <ld 100.63
18b-b21 <ld 8.77 62.81  23.32 <ld 0.13 4.63 <ld <ld <ld <ld <ld 99.67
18b-b22 <ld 1.06 64.56  18.06 <ld 15.20 <ld <ld <ld <ld <ld <ld 98.87
18b-b23 <ld 5.30 66.21  19.87 <ld 8.11 1.24 <ld <ld <ld <ld <l.d 100.73
18b-c25 <ld 7.26 60.15  25.35 <l.d 0.24 7.06 <ld <ld <ld <ld <l.d 100.05
18b-c26 <ld 7.82 61.13 2541 <ld 0.30 6.89 <ld <ld <ld <ld <ld 101.54
18b-c27 <ld 8.11 61.91  23.60 <ld 0.34 5.52 <ld <ld <ld <ld <ld 99.48

15-b5 <l.d 8.29 61.73  23.83 <ld 0.27 5.53 <l.d <l.d <l.d <l.d <l.d 99.65
15-b6 <l.d 8.45 62.32 23.71 <l.d 0.29 5.33 <ld <l.d <ld <l.d <l.d 100.11
15-b8 <ld 1.08 64.70 17.98 <ld 15.03 <l.d <ld <ld <ld <ld <ld 98.79
15-b9 <ld 1.58 64.92 18.02 <ld 14.29 <l.d <l.d <l.d <l.d <l.d <l.d 98.80
15-b10 <l.d 2.50 64.92 18.40 <ld 13.12 <l.d <l.d <l.d <l.d <l.d <l.d 98.94
15-c15 <ld 0.75 64.55 18.26 <ld 15.53 <l.d <l.d <l.d <l.d <l.d <l.d 99.09
15-c19 <ld 8.22 62.23  24.08 <ld 0.26 5.68 <ld <ld <ld <l.d <ld 100.46
16-a5 <l.d 7.86 60.78 24.58 <l.d 0.34 6.35 <ld <l.d <ld <l.d <ld 99.90
16-b10 <l.d 9.04 63.45 23.29 <l.d <l.d 4.52 <l.d <l.d <l.d <l.d <l.d 100.30
18a-a2 <ld 10.37 66.80 21.29 <l.d <ld 1.78 <ld <ld <ld 0.37 <l.d 100.61
18a-a5 <ld 0.87 65.05 18.29 <ld 15.08 <l.d <l.d <l.d <l.d <l.d <l.d 99.29
18a-a7 <l.d 1.70 65.18 18.40 <ld 14.28 <l.d <l.d <l.d <l.d <l.d <l.d 99.55
18a-b8 <ld 0.94 64.99 18.56 <ld 15.28 <l.d <l.d <l.d <l.d <l.d <l.d 99.78
18a-b9 <ld 1.46 59.73 17.56 1.00 12.35 0.08 <ld <ld <ld 4.43 <ld 96.62

18a-c19 <ld 0.92 64.55 17.87 <ld 15.05 <l.d <l.d <l.d <l.d <l.d <l.d 98.39
18a-c23 <l.d 0.76 64.50 17.99 <|.d 16.15 <l.d <l.d <l.d <l.d <l.d <ld 99.39

Table Il — 7d. Chemical analyses of feldspars of Novoukrainsk granites (microprobe SX 100)

Table Il - 7. Chemical analyses of main minerals constituting Novoukrainsk granites

110



Le district de Kjrovograd - NovouRrainsk,

4.3. Geochemistry of Novoukrainsk granites

The composition of the granites and the so-called “monzonites” of the Novoukrainsk plutonic
complex show a very similar whole rock major element composition (Table Il - 8). The small
variations are probably due to the heterogeneity of the samples owing to the very coarse grained
texture of the granites.

The trace elements composition of the “monzonite” compared to the one of the red granite are
very similar (Figure Il - 30). Only Rb and Cs contents are lower in the “monzonite” (Table Il - 8)
because biotite, which is the main host for Rb and Cs in the granites, is altered into hypersthene. The
Ti and F content in the biotite of granite are lower than those not totally transformed in hypersthene in
“monzonite”: 4.68 wt % of TiO, and 1.58 wt % of F in granite for 0.37 wt % of TiO, and 1.02 wt % of
F in “monzonite”.

There is also a slight increase in Heavy Rare Earth Elements and Y in the “monzonite”.

All Novoukrainsk plutonic rocks present very high Th/U (around 17) compared to the average
crustal ratio (~ 4).

These data indicate that the granite of the Novoukrainsk plutonic complex was transformed into a

charnockite without major chemical transformation and without a modification of the magmatic
texture. This is consistent with a metasomatic alteration of the Novoukrainsk granite into a charnockite

1000 T

S —@—KVG-07-19 Novoukrainsk
—A—KVG-07-22 granites
—A—KVG-07-15
S—KVG-07-18 B Novoukrainsk
—k—KVG-07-20 charnockites
—B—KVG-07-21

100 -

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

Figure Il - 30. REE spectra of Novoukrainsk granitoids (Chondrites C.I normalization)
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Sample KVG-07-21  KVG-07-20 KVG-07-22 i KVG-07-15 KVG-07-18B KVG-07-19
SiO, 72.53 71.75 72.30 69.96 70.65 69.39
Al,O, 13.69 13.90 13.93 15.24 13.97 14.08
Fe,O; 2.59 2.88 3.24 3.56 4.42 454
MnO 0.03 0.03 0.05 0.05 0.06 0.05
MgO 0.27 0.36 0.35 0.38 0.41 0.49
CaO 1.40 1.54 1.22 1.55 1.63 1.70
Na,O 2.78 2.84 2.79 3.03 2.78 2.89
K,O 6.16 5.79 5.68 6.01 5.14 5.29
TiO, 0.36 0.38 0.36 0.32 0.45 0.48
P,Os 0.20 0.22 0.23 0.25 0.31 0.37
LOI 0.75 0.59 0.37 0.26 0.42 0.19
Total 100.76 100.26 100.51 100.61 100.23 99.45
Na/K 0.45 0.49 0.49 0.50 0.54 0.55
P 16.2 4.0 8.9 2.3 -9.5 -11.2
Q 165.3 165.0 176.0 144.3 173.7 159.1
La 66.3 72.83 81.14 70.97 92.67 80.02
Ce 140.4 153.9 184.1 150.1 212.4 186.1
Pr 16.52 18.38 22.77 17.69 23.64 2331
Nd 60.81 67.04 75.33 64.93 86.58 78.8
Sm 11.12 12.66 14.28 12.28 16.24 15.34
Eu 11 1.2 1.2 11 1.0 11
Gd 8.17 9.49 11.03 9.45 12.24 12.03
Tb 1.13 1.37 1.71 1.53 1.97 1.82
Dy 6.01 7.79 10.36 9.61 12.43 10.51
Ho 1.15 1.59 2.22 1.92 2.69 2.04
Er 3.41 4.84 6.99 5.56 7.97 5.52
Tm 0.53 0.74 1.16 0.85 1.22 0.79
Yb 3.76 4.85 8.36 5.42 7.85 5.02
Lu 0.61 0.69 1.28 0.77 112 0.76
Rb 216.9 2255 231.2 184.5 174.8 246.2
Cs 0.52 0.51 0.66 0.53 0.51 1.22
Ba 767 803 789.8 720 662.7 668
Pb 34.03 34.63 35.30 36.58 34.24 31.37
Sr 110.4 118.1 112.7 123.2 116.3 110.2
Zn 57.01 66.36 59.22 36.25 57.04 85.01
Co 2.33 2.57 2.86 3.04 3.86 4.13
Cu 11.46 14.35 13.84 12.07 11.95 17.2
Cr 8.95 10.54 17.49 12.18 11.81 13.57
Ni 4.17 4.47 6.44 4.37 4.89 4.36
\% 6.99 8.55 8.86 9.64 12.42 12.14
Ge 1.34 1.47 1.63 1.53 1.70 1.67
Ga 21.65 22.94 23.53 22.34 21.03 24.94
Nb 16.7 17.5 16.21 13.58 20.04 24.16
Ta 0.81 0.77 0.71 0.84 1.18 1.40
Zr 350.1 354.4 330.6 262.6 511.7 465.7
Hf 9.3 9.6 8.8 7.1 12.1 10.6
W 0.19 0.2 0.18 0.16 0.19 0.16
Sn 0.29 0.28 0.33 0.42 0.35 0.62
U 1.76 1.94 2.12 2.39 3.22 2.46
Th 35.35 38.26 45.35 42.29 56.56 41.92
Y 31.64 43.58 60.65 54.49 75.21 57.22
Th/U 20.11 19.71 21.35 17.66 17.59 17.05

Table Il - 8. Chemical analyses of whole rocks and trace elements of Novoukrainsk plutonic complex
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5. Hydrothermal fluid

The transformation of the granite is not associated with any visible deformation. Therefore it is
presumed that this transformation results from the infiltration of a fluid. The fluid responsible of this
transformation is trapped as fluid inclusions in garnet and quartz (KVG-07-18A and KVG-07-19
samples). These fluid inclusions have been studied by microthermometry.

In the transformed Novoukrainsk granite, two types of fluid inclusions have been observed:
carbonic fluid inclusions and nitrogenous fluid inclusions. (Figure Il - 31)

(i) Carbonic-rich fluid inclusions are situated in garnet (Figure Il - 31 a and b). Melting
temperature of CO, (Tmco,) is comprised between -56.5 and -55.9°C. The lowest homogenization
temperature of CO, (Theo.) is 20.8°C. These fluid inclusions have a CO, - N, composition. The
minimum CO, proportion in these inclusions is of 95.5 mol %.

(ii) Nitrogen-rich fluid inclusions are situated in quartz (Figure Il - 31 ¢ and d). They contain up
to 8 mol % of CO,, and up to 100 mol % of N,. In these inclusions, H, is locally detected (up to 3 mol
%) with or without O, (up to 10 % mol).

Elusid

¥ nciusions

200 pm

Figure 1l - 31. Two types of fluid inclusions: (i) carbonic fluid inclusions in garnet (photos a and b: KVG-07-18
sample) and (ii) nitrogenous fluid inclusions in quartz (photos ¢: KVG-07-18 sample and d: KVG-07-19 sample)
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The isochors of fluid inclusions, traced from Raman and microthermometry data and from Thierry
et al. (1994), Soave (1972), Holloway (1997), and Flowers (1979) data, give a maximum pressure at 3
kbar for a temperature of 800°C.

The geothermobarometers biotite-garnet and orthopyroxene-garnet, traced from winTWQ
software (2.3 version, Berman, 2007), give a temperature of minerals stability (association of biotite,
garnet, orthopyroxene and plagioclase) at a temperature of 630°C for a pressure ranges from 1.3 and
2.4 kbar (function of plagioclase composition). (Figure Il - 31)

Moreover, these two studies coupled are concordant.
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Figure Il - 32. Geothermobarometry data (from winTWQ 2.3 version (Berman, 2007)) coupled with trends of
fluid inclusions isochors (from Thierry et al., 1994 ; Soave, 1972 ; Holloway, 1997 ; Flowers, 1979)

6. Discussion and conclusion

6.1. Mass transfert during granulitization

The granite and the charnockite of Novoukrainsk plutonic complex (Kapustjanka and Voinovka
quarries), share the same texture, structure and mineralogical and chemical composition. The
charnockite results from the transformation of the feldspar crystals from red to dark green and the
reaction of biotite into hypersthene. The change in colour results most probably from the reduction of
trivalent iron into divalent iron in the feldspar. This suggests that the fluid responsible for the
tranformation was reducing.
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The decrease in Rb and Cs in the charnockite results from redistribution of these elements
associated with biotite breakdown into hypersthene. These two elements are largely hosted by biotite
as they have a similar ionic radius to K (0.149, 0.167 and 0.133 respectively), the same valence (+1),
and are thus localized in the same crystallographic sites. The breakdown of biotite into hypersthene is
associated with the crystallization of K-feldspar rims around garnet crystals or as perthites with quartz
forming myrmekites. Kerkhof (Kerkhof et al., 1999) summarizing the study of Grantham et al. (1996)
proposes that the metasomatic feldspars formation is likely to have small and is not reflected in the
difference in K,O contents between the granite and the charnockite.

The breakdown of biotite into hypersthene, by dehydration of biotite can be written as follows and
represents the major reaction responsible of the transformation of the granite into a charnockite:

K1.99(M1.43F€370)(Ti0.62)(Sis.07Al2.80020) (OH3 08F0.92) biotite  + 3 Si0,
—  HO0 + KoygsNag11Al1Siz 0108 k-fetaspar + 3 Nao,01Cao.16K0.02(MJo.42F€1.73Al0.51)Si3.0608 orthopyroxene

(structural formulas calculated from electronic microprobe analysis (Table Il - 7))

In the literature, it is argued that LREE, Rb, Th, Nb and Y are depleted from granite during the
transformation into a charnockite. This lower content of LREE, Rb, Th and Nb can be related to the
breakdown of biotite during the orthopyroxene-forming reaction (Grantham, 1996). The Eu content is
enriched or unchanged in charnockite due to the Eu stabilization in plagioclase (Kerkhof and
Grantham, 1999).

For Rajesh (2004), there are Sr, Ba, Nb, P, Ti negative anomalies reflecting feldspar, apatite,
titanite and Fe-Ti oxide fractionation.

However, trace elements compositions of granite and charnockite of the Novoukrainsk plutnoic
complex are similar indicating that the transformation of granite into charnockite occurred in a
chemically closed system, to the exception of the introduction of CO,-rich fluids. In that sense, this
transformation corresponds to a metamorphic reaction potentially triggered by the introduction of
COy-rich fluids. Alternatively, one could consider that the introduction of CO,-rich fluids corresponds
to metasomatism. This peculiar transformation thus corresponds to fluid-induced metamorphism or to
metasomatism in a chemically-closed system

6.2. Conditions of the granulitization process

In rocks from the Novoukrainsk plutonic complex, this metasomatism is related with the
percolation of carbonic-nitrogenous fluids, which are one of the characteristics of charnockite rocks
(Janardhan et al., 1979; Frost and Touret, 1989; Frost et al., 2000; Santosh et al., 2006; Cuney et al.,
2006).

Some hypotheses have been proposed in the literature for the origin of the carbonic fluids
responsible to the granulitization such as CO, fluids localized fluids circulation in networks and
originated from deep-seated sources (Pichamuthu, 1960; Janardan et al., 1979; Newton et al., 1980).
Some author have suggested a mantle-derived CO, fluids wave propagating into the deep crust
(Newton et al.,1980; Janardan et al., 1982; Friend, 1981, 1983) and a transport of CO, by felsic melts
which are a part of a crustal-scale fluid system that linked heat and CO, input with upward migration
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of crustally derived felsic melts (Rajesh, 2004). Kerkhof and Grantham (1999) propose a fluid taking
place along shear zones away from the intrusive body of Nicholson’s Point Granite.

Other hypotheses have been proposed such as: a CO, enrichment of the metamorphic fluid by the
partionning of H,O into an anatectic melts or by the trapping of water in hydrous minerals during
retrogradation (Hansen et al., 1984); or CO, enriched at the inclusion-scale by selective loss of other
elements like H,O (Roedder, 1981; Sterner and Bodnar, 1986); or CO, coming from the
decarbonation reactions (Cuney et al., 2006).

6.3. Granulitization and U leaching

Granulite-facies metamorphism is generally related to an important uranium loss marked by an
increase of the whole rock Th/U ratios from about 4 to values higher than 10 (Barbey and Cuney,
1982). The red and the dark green Novoukrainsk granites present both high Th/U ratios (around 17).
This high ratio may results from two processes:

(i) It reflects an initial low U-content of the magma originating from a granulitic rock which are
typically depleted in uranium,

(ii) It results from the leaching of uranium in the metamorphic fluids during the granulite-facies
metamorphism. However, the reducing conditions attested by K-feldspar and hematite reduction, are
not favourable for uranium dissolution in the metamorphic fluids.

Accordingly, granulite-facies metamorphism should not be the motor for U leaching

6.4. Conclusion

The Novoukrainsk plutonic complex is dominated by a garnet-biotite highly potassic granite in a
transitional contact with a charnockite (hypersthene-granite). The two rock types share the same
textural and chemical composition, both in major and trace elements, which is not in favour of a
magmatic contact but rather suggests a metamorphic front. These two rock types are macroscopically
distinguished on the basis of their colour (red granite and dark-green charnockite). At the microscopic
scale, the granite-charnockite transformation is characterized by K-feldspar rims around garnet crystal
and by the breakdown of biotite into hypersthene.

Situated in the Kirovograd-Novoukrainsk block, the Novoukrainsk granites belongs to one of the
3 big structures where uranium ore deposits are distributed (Lesnoye and Dokuchayevka ore deposits).
The granites of Novoukrainsk are the host rock of a metasomatism zonation associated with this U
mineralization. The question of uranium source can be asked here, because Novoukrainsk granites
have U depletion and ore deposits associated to these granites enrichment. However, it is important to
have more analyses of all Novoukrainsk granites at regional scale, to compare and advance the
hypothesis of Novoukrainsk granite as U host rock source.
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Abstract: The Paleoproterozoic Kurupung batholith (Guyana) is characterized by sodium
metasomatism associated with zirconium and uranium mineralizations. This batholith consists of a
high-K calc-alkaline magmatic association constituted by monzogabbros, monzonites, monzogranites
and quartz-rich leucogranites. The hydrothermal alteration responsible for sodium metasomatism is
characterized by (1) a first albitization stage characterized by the isomorphic replacement of K in the
potassic feldspars and Ca in plagioclase by Na, followed by (2) dequartzification associated with
second albitization stage corresponding to the neoformation of albite crystals in the vugs left after
quartz leaching, and (3) a carbonation locally followed by silicification. The mineralized zones are
associated with these “episyenitized” and carbonated albitites. Mineralization consists in the
deposition of hydrothermal U-rich zircons (up to 7 wt % of UO;) and of uraninite, pitchblende and U-
Ti-Pb complexes phases in microfractures or in zircon microcraks. U-Pb geochronology on magmatic
zircons from a monzogranite and a leucomonzonite samples yield an age of 2041 + 29 Ma interpreted
as the age of emplacement, cooling and crystallization of the magma.

We propose a model whereby mineralization involves leaching of U and Zr by hydrothermal
alkaline fluids from the glassy matrix of acidic pyroclastic rocks which may have been present above
the granite complex or from the solubilisation of Zr together with U because of the high alkalinity of
the fluids. The fluids responsible for sodium metasomatism and mineralization had temperatures of
about 350°C, were silica undersaturated, and of probable marine origin (*3C values of calcite between
0.1 and 1.4%o) and with strong Zr/Hf enrichment.

Keywords: zirconium, uranium, mineralization, dequartzification, albitization, high-K granite
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1. Introduction

Major uranium ore deposits can be associated with sodium metasomatism as in the large districts
Krivoi Rog in Ukraine (Paleoproterozoic, Ukrainian Shield, Smirnov, 1977) and Lagoa Real in Brazil
(Neoproterozoic, Sao Francisco craton, Maruéjol, 1989) where sodium metasomatism affects large
volumes of granitic or metamorphic rocks over several tens of km. Sodium metasomatism is also
associated with less concentrated occurrences such as the uraniferous albitized episyenites of
Espinharas in Brazil (Porto da Silveira et al. 1991) and of Kitongo in Cameroun (Oesterlen and
Vetter, 1986). Albitization is also confined to fractures as the albite-uraninite veins of Mistamisk
developed in very low grade metamorphosed sediments (Labrador Trough, Kish and Cuney, 1981) and
of the Otish Mountains (Canada, Ruhlmann et al., 1986).

Sodium metasomatism is a hydrothermal alteration process leading to the replacement of K in
potassic feldspar and Ca in plagioclase by Na. Thus, albite is formed through simple K-Na and Ca-Na
exchanges and by albite new formation in vugs left by quartz leaching (Cathelineau, 1986).

KAISi30g (icrocting) + Na" = NaAlSi;Os (Abite) T K"
CaAl,»Si,0g (Anorthite) t 4Si0, + 2 Na* = 2 NaAlSi;Og (Albite) T Ca2+

This alteration process is observed in a large number of geological environments, from sedimentary
(Polito, 2007), metamorphic (Smirnov, 1977) to plutonic (Smellie and Laurikko, 1984; Boulvais et al.,
2007). Albite new formation requires alkaline fluids, conditions which are also favourable for Zr
mobility.

Here, we present an exceptional Zr - U mineralization in albitized rocks of the Guiana shield. The
aim of the present study is to identify the record of sodium metasomatism in the Kurupung batholith
(Guyana) based on petrologic and geochemical data and to characterize the mineralogical and textural
position of U-Zr mineralizations. Moreover, we determine the physical-chemical characteristics
(temperature, composition, nature, and source) of fluids responsible for the hydrothermal and
mineralization process, and determine U-Zr mineralization source and deposit conditions.

These data serve as a basis to discuss the genetic link among fluid circulations, Na-K exchange, Si
and Ca transfer, and Zr-U mineralization in the context of the Paleoproterozoic Transamazonian
orogeny.

2. Geological context

During Paleoproterozoic (2.11 to 2.08 Ga), the convergence between the Guiana shield and the
West African Craton leds to the formation of pull-apart basins (Vanderhaeghe et al., 1998; Delor et
al., 2003) as a result of an oblique convergence accommodated by subduction of the oceanic crust
(Delor et al. 2003). These pull-apart basins control the emplacement of high-K calc-alkaline plutons
(aged between 2.09 - 2.08 Ga according to Vanderhaeghe et al., 1998). (Figure 11 - 1)
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Convergence beginning to 2.2 Ga

Oceanic crust Oceanic crust 4 ,,,,,
\ v

o.c. : Oceanic crust
c.c : Continental crust

Transamazonian magmatism :
syn-late orogenic pulses :
©2.22102.18 Ga-2.15Ga-2.05t0 2.03 Ga

TTG magmatism :
©2.20-2.15Ga
©2.18-2.13Ga

+ volcano-sedimentary deposit

Calc-alkaline magmatism :
©2.19102.18 Ga
©2.15t02.14 Ga

Greenstone belt formation :
2.14t02.11 Ga-2.18t02.13 Ga

TTG greenstone sequence :
©2.11102.08 Ga

Pull-apart : 2.11 to 2.08 Ga
+ Closure of arc island basin
+ Oblique convergence

+ Central TTG complex

High-K granite : 2.07 - 2.06 Ga

Proterozoic supercontinent formed to 1.8 Ga

Figure 111 - 1. Geodynamic history reconstitution of the Proterozoic supercontinent
(Guiana Shield - West African craton) with the Kurupung batholith formation

The Kurupung batholith (North-West of Guyana) is part of the Paleoproterozoic Guiana shield

(Choubert, 1974; Montgomery and Hurley, 1978; Teixeira et al., 1989; Gibbs and Barron, 1993)
which is constituted by: a mobile belt developed between 2.3 and 1.9 Ga, a series of granitoids
emplaced during the Trans-Amazonian orogeny associated with volcanic effusions, and a cover of
Mesoproterozoic sandstone belonging to the Roraima basin which deposition started at 1.65 Ga.
The Kurupung batholith (Figure 1l - 2) is elongated in a NW-SE direction parallel to shear zones
developed during the Trans-Amazonian orogeny which has been well described in the French Guiana
(Ledru et al., 1991; Milesi et al., 1995; Vanderhaeghe et al., 1998). The batholith is intersected to the
South of Rock Point by the Supename lineament crossing all Guyana. This lineament is injected by
large dolerite dykes. The Kurupung batholith is intrusive in low-grade metasedimentary formations of
the Mazaruni Group, indicating a relatively shallow level of emplacement. In its northern part, this
group consists of jasper, basic metavolcanites, and pelitic shale. In its southern part, it is made of
sericitic shales and micaschists. The presence of granitic, aplitic and quartz veins suggests the
presence of intrusive plutons at depth. The south-western boundary is covered by basic rocks of the
Iwokrama Group. The Down and Aroka Mountains correspond to doleritic sills which lay above the
massive the granitoid plutons (Bruneton, 1982). No age of the Kurupung batholith is available to date.

The U-Zr mineralization of the Kurupung area has been discovered during an uranium exploration
program undertaken in the 80’s by COGEMA. The initial exploration model was directed toward the
discovery of unconformity related deposits which may have been associated with the huge
Mesoproterozoic silicoclastic intracontinental Roraima basin. But during the course of exploration,
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uranium anomalies have been discovered in the basement spatially associated with the Kurupung

batholith.
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Figure 111 - 2. Geological maps of Western Guyana (above) (extracted from the 1:3,500,000 map of the Guyana
Geology and Mines Commission 1982-2001) and of the Kurupung batholith (below) with the indication of the

main mineralized zones.
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3. Analytical techniques

70 rocks have been selected from the collections of the AREVA NC Company. Petrographic and
mineralogical observations have been performed by transmitted and reflected light optical microscopy.
Complex minerals have been identified and their zoning revealed using semi-quantitative chemical
analysis on a scanning electron microscope (S.E.M HITACH]I) coupled with a dispersion of energy
spectrometer (EDS).

The electronic microprobe CAMECA SX 100, equipped with 5 spectrometers, and using the
scanning electron microscope to visualize complex zonings and mineral phases, coupled with the
analysis by dispersion of X-ray wavelength is used for the qualitative and semi-quantitative
elementary study of these phases. An electron beam focused over a surface of approximately 6 um2
was used (running primary: 10 nA, tension: 15 kV, diameter of beam: 1.5 pm, time of counting: 10 s
(peak), 5 s (background noise). Analytical conditions for accessory minerals analysis were 20 nA, 10
kV. Specific chemical analyses were made on feldspars, amphiboles, chlorites, zircons and U-
minerals.

Trace elements concentrations in whole rocks have been obtained using the Inductively Coupled
Plasma - Mass Spectrometry (ICP-MS) of SARM laboratory (CRPG-CNRS, Nancy, France), and for
major elements concentrations by ICP-AES (Inductively Coupled Plasma — Atomic Emission
Spectrometry).

The trace and major elements concentration of samples of this study (normal type in tables 1 and 3)
have been done by COGEMA and are not full; the samples in bold type (with all elements) have been
done in SARM (16 samples).

Fluid inclusions in quartz crystals (sample Guya-5) have been studied by microthermometry using
the R-CHAIX M.E.C.A coupled with Raman spectroscopy in order to characterize the gas phases
(G2R laboratory, Nancy, France).

Stable isotope analyses have been performed at the University of Rennes 1. Silicates minerals and
whole rocks have been analysed by conventional fluorination with BrFs and carbonates by analysis of
CO;, released during reaction with anhydrous HzPO,, at 50°C. The fractionation factor at 50°C is from

. 180
Swart et al. (1991): o~ .,

standards NBS 28 (quartz) and NBS 19 (limestone), is about + 0.2 %o for oxygen in silicates, £ 0.15 %o
for oxygen in carbonates and + 0.1 %o for carbon in carbonates.

The ion microprobe CAMECA IMS 1270 at CRPG in Nancy has been used for dating magmatic
and hydrothermal zircons of the Kurupung batholith. Magmatic zircons homogenous zones have been
determined with the SEM, as well as the best zones of hydrothermal zircons (without uraninite points).
The ion microprobe uses an O, primary ion beam accelerated at 13 kV with an intensity of 10 nA
(Deloule et al., 2002). The ion microprobe has a spot of 15um. Analytical data were corrected for
instrumental fractionation using the 91500 zircon standard which dated at 1062.4 +0.4 Ma
(Wiedenbeck et al., 1995). Corrections for common lead use the measured “**Pb content and take into
account the Stacey and Kramers (1975) lead evolution.

= 1.009306. Uncertainty, estimated by replicate analysis of reference
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4. Petrological and geochemical characteristics of the Kurupung batholith

The spatial relationships and the relative emplacement of the different plutonic units deduced
from the available geologic map are the following: (1) emplacement of monzodiorites (situated at the
batholith North-West and South-East extremities), (2) emplacement of monzogranites (visible in the
batholith centre) and ductile deformation of monzonite (placed around the monzogranites), and (3)
emplacement of porphyric leucocratic granites (leucogranites, visible at the batholith South). (Figure
111 - 2) The monzogranites and the leucogranites constitute the major part of the Kurupung batholith.

The plutonic rocks of Kurupung batholith present a petrologic evolution from monzodiorites into
hyperquartzitic granites, without notable variation of plagioclase/potassic-feldspars ratio, but with a
strong enrichment in quartz. Such a trend in a Q vs. P diagram is characteristic of the highly potassic
calc-alkaline series (Debon and Le Fort, 1983; Le Maitre et al., 1989; Rickwood, 1989). These rocks
present a moderate alteration which will be described below.

Four groups of rocks have been distinguished in the Kurupung batholith:

(i) The most mafic group (monzodiorites) corresponds to coarse grained melanocratic to
mesocratic rocks with subeuhedral clinopyroxenes of the augite type, altered to amphibole and
magnetite. Hypersthene occurs in relic areas within euhedral crystals of amphiboles. Amphibole is
abundant and occurs as large subeuhedral green crystals which are rich in microinclusions either of
biotite and opaque minerals or of opague minerals only with the margins of the amphibole crystals
altered into a new type of green amphibole. The xenomorphic biotite appears either around opaque
minerals (ilmenite and magnetite), or in small inclusions within altered clinopyroxene. Plagioclase of
andesine type forms slightly zoned euhedral crystals with a red hematitic micropigmentation and
acicular apatite inclusions. It is locally altered to epidote, calcite and sericite. The interstitial phase of
the rock is constituted by myrmekites, euhedral and limpid albites, xenomorphic potassic feldspars
(orthoclase) and quartz.

Accessory minerals are euhedral apatite included in biotite, subeuhedral to xenomorphic zircon,
tourmaline, and some xenomorphic crystals of titanite. Microfissures and vugs can be filled by calcite,
epidote, albite, adularia, fibrous actinolite and quartz.

Whole rock chemical composition corresponds to those of monzodiorite with 55.1 wt % of SiO,,
15.31 wt % of Al,O3, 7 wt % of Fe,0s, 5.86 wt % de MgO, 6.24 wt % of CaO, 2.76 wt % of K,O and
with relatively high incompatible elements contents (5.5 ppm U, 6.63 ppm Th). (Table 111 - 1)

(ii) The intermediate group corresponds to quartz leucomonzonites and to quartzic monzonites
with biotite and amphibole (as 6681-5 sample). Green subeuhedral crystals of hornblende have
inclusions of quartz and acicular biotite along the cleavages. In one sample, textures of
syncrystallization between amphiboles and opaque minerals were observed. Biotite, in subeuhedral to
xenomorphic crystals, is always associated to amphiboles and frequently altered into chlorite with
rutile needles and epidote grains along their cleavages. Plagioclase, of oligoclase to andesine
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composition, forms euhedral crystals mainly altered into kaolonite, sericite and epidote in the core of
the mineral. Crystals edges are generally limpid and albitic with development of myrmekites. Most
potassic feldspars are subeuhedral to xenomorphic, with Carlsbad twinning, poecilitic, sometimes
perthitic, some crystals areas being interstitial. Quartz occurs as xenomorphic polycrystalline
assemblage.

Accessory minerals are subeuhedral to xenomorphic magnetite, xenomorphic ilmenite, euhedral
and totally altered titanite, titanium dioxides, limpid carbonates, prismatic apatite and zoned zircon
included in biotite and amphibole. Epidote fills microfractures where it can be associated with
carbonates, albite and quartz. Tourmaline in xenomorphic or skeletal crystals, monazite and rare
xenotime, allanite are also present in these samples.

These rocks have intermediate contents in SiO; (65.24 wt %), Fe,O3 (3.20 wt %), MgO (2.05 wt
%), CaO (3.01 wt %) and in K,0 (3.99 wt %). Their incompatible elements contents like U (9.83 ppm)
and Th (17.73 ppm) are high and characteristic of the strongly potassic calc-alkaline magmatism.
(Table 111 - 1)

(iii) The more fractionated samples are composed of leucomonzogranites and monzogranites.

The monzogranites present green amphibole. Biotite occurs as xenomorphic to subeuhedral
crystals sometimes altered into chlorite and epidote. Euhedral to subeuhedral and sometimes zoned
oligoclase - andesine plagioclase with myrmekitic edges are irregularly altered especially in their core
into sericite and carbonates. Potassic feldspar forms euhedral poecilitic crystals with as string or
patchy perthites. These crystals also present small plagioclase inclusions along their growth zone
stained by hematite. Quartz is included small polycrystalline plagioclases with polygonal tendency.
Muscovite occurs as large subeuhedral crystals, or as small acicular crystals, or associated with biotite.

Accessory minerals are ilmenite, magnetite, rare sulphides, titanium minerals, euhedral or acicular
apatite sometimes included in quartz, altered euhedral allanite, zircon, monazite, titanium dioxides,
neoformed chlorite, and epidote developed with allanite. Titanite and fluorite are included in feldspars
as well as xenotime, thorite type. Calcite occurs as veinlets.

The leucomonzogranites present subeuhedral plagioclase (with altered core to sericite, epidote
and carbonate; and often with limpid albitic edges), chloritized biotite and leucoxene. They also are
composed by xenomorphic potassic feldspar occurred as large poekilitic or perthitic subeuhedral or
interstitial crystals. Some limpid albite crystals are present in these rocks. Quartz is in polycrystalline
clusters or in inclusion in potassic feldspar. Muscovite is dominantly related to the alteration of
plagioclase and biotite, but also occurs as subeuhedral crystals. The accessory minerals are acicular
apatite and zircon often included in biotite, monazite, magnetite and ilmenite in subeuhedral to
xenomorphic crystals rimming titanite crystals. Epidote and sericite are placed in fractures.

The leucomonzogranites have an average chemical composition with 69.63 wt % of SiO,, 4.13 wt

% of K,O and 1.92 wt % of Fe,03, 0.86 wt % of MgO, and 1.36 wt % of CaO. Their incompatible
elements contents are 8.92 ppm for U, 10.39 ppm for Th. (Table Il - 1)
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(iv) The quartz-rich leucocratic granites have a petrography and a geochemistry similar to the
quartzic leucomonzonites of the intermediate group. These samples are different only by a higher
ignition loss (9.90 wt % against 5.50 wt %), visible by an advanced sericitisation of plagioclase,
chloritization of biotite and alteration of amphibole. (Table 111 - 1)

The petrographic and geochemical data on unaltered samples of the Kurupung batholith indicate
an evolution which goes from the monzodiorite field to quartz-rich granites and suggest a magmatic
evolution trend. The magmatic trend defined in the Q vs. P diagram (Figure Il - 3) corresponds to a
highly potassic calc-alkaline association.

These rocks are also enriched in U (8.9 ppm U in average) and but not in Th (12.8 ppm Th in
average) compared to an average granite with 3 - 4 ppm U and 10 - 12 ppm Th (Rogers and Adams,
1978) and thus tend to have a low Th/U ratio compared to the average crustal values (3.5 to 4
according to Rogers and Adams, 1978).

The REE patterns (Figure 111 - 4) of the granites present a continuous fractionation from the Low
Rare Earth Elements to High Rare Earth Elements with small Europium anomalies.
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Figure 111 - 3. Q vs. P diagram of Kurupung plutonic rocks (Debon and Le Fort, 1983, 1988)

Figure 111 - 4. REE spectra patterns of Kurupung plutonic rocks (Chondrites CI normalization)
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Le batholite du Kurupung

5. Petrographic characteristics of the altered granites

5.1. Types and distribution of the alteration

The intensively altered and mineralized zones are mainly located at the margin of the Kurupung
plutonic complex in the monzonitic to monzogranitic facies which also exhibits the highest
radioactivity (Figure 11l - 5). The altered zones are related to ductile to brittle structures dominantly
oriented N60°E with the development of an echelon structures oriented N20°E.

The altered zones are dominantly characterized by reddening, albitization and dequartzification.
Different zones of alteration have been identified relatively to the center of the structure: (i) external
albitized granite, (ii) dequartzified albitized central zone, locally (iii) carbonated and silicified. The
alteration is similar to the “episyenite” alteration, as defined by Leroy (1978) and Cathelineau (1986)
in Variscan leucogranites as a vuggy rock resulting from a hydrothermal alteration process
(metasomatism process) of granite by hot (350 - 400°C), low saline, aqueous solutions. In this rock,
the quartz is dissolved and feldspar and biotite crystals are partially transformed.
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Figure 111 - 5. Geological map of Kurupung plutonic complex superposed to the radioactivity map
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Le batholite du Kurupung

(i) In the albitized episyenites, potassic feldspars with preserved Carlsbad twinning present
typical chess-board structures indicating the albitization of the crystals. Plagioclase crystals are also
replaced by albite. Some of the crystals are also partially argilized. Biotite and amphibole crystals are
totally altered into polycrystalline aggregates of chlorite - quartz - opaque mineral. Some quartz
crystallized with epidote or crystals of albite in fractures. Accessory minerals are hematite, magnetite,
ilmenite and their products of alteration, altered titanite, and muscovite. Calcite and xenomorphic
tourmaline are filling vugs and occur in altered amphibole crystals. Apatite prisms are included in
quartz crystals and in chlorite clusters.

(it) In the albitites, magmatic quartz has been totally dissolved and the rock is mainly composed
of albite which occurs under various crystal habits as subeuhedral twinned crystals, as interstitial
xenomorphic crystals showing the chess-board twinning, as small subeuhedral twinned Carlsbad
and/or polysynthetic areas, as geodic limpid crystals of albite associated with some quartz
microcrystals.

(iii) The carbonated and/or silicified albitites have also albite as principal mineral with the same
textures as the simple albitites, but the crystals are more or less corroded, poecilitic crystals, slightly
altered to sericite, muscovite, calcite and sometimes quartz. Quartz mainly occurs as a microcrystalline
matrix and in microfractures. Calcite is observed in the microfractures as xenomorphic crystals or stick
minerals.

Chlorite is also present in these rocks (Table Il - 2 ;

Figure 11l - 8a and b). It crystallizes in the matrix between minerals (interstitial chlorite) or in
microfractures filled after by calcite. The chlorite crystals can form also a matrix. These chlorites are
determined as clinochlore and peninite crystals (Figure Il - 6). A temperature ranged between 210°
and 270°C is calculated for chlorite formation using the geothermometer (defined by Cathelineau and
Nieva (1985), and Cathelineau (1988): T° = -61.92 + 321.98 (Al 1V)) and correlated with aluminium
Tschermak substitution in chlorite (Figure 111 - 7) which gives a temperature around 280°C.

The principal stages of the hydrothermal alteration are:
(i) simple sodium metasomatism characterized by the isomorphic replacement of potassic feldspar and
the anorthite component of plagioclase by albite, by simple cationic exchange between K* and Na* and
Ca”" and 2 Na" without any modification in the texture of crystals (Figure 111 - 8c)
(ii) a progressive quartz dissolution;
(iii) crystallization of euhedral albite in vugs left by quartz dissolution (Figure 111 - 8d)
(iv) crystallization of calcite in microfractures (Figure 11l - 8a and e). All carbonated samples are also
albitized; nevertheless the reciprocal is not true because the most carbonated samples are inevitably
not the most albitized.
(v) coeval with the carbonation, a secondary silicification is attested by subeuhedral quartz
crystallizing in fractures before than carbonates or by microcrystalline quartz. (Figure 111 - 8f)
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