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RESUME

Les gisements polymétalliques a Oxyde de Fer—Cuivre—Or (IOCG) ainsi que les gisements
affiliés au sein de systémes hydrothermaux régionaux a oxydes de fer et altération en éléments
alcalins représentent des cibles d’exploration prometteuses dans plusieurs provinces
géologiques canadiennes ainsi qu’a travers le monde. Toutefois, les territoires ciblés ont été
jusqu’a présent faiblement explorés et dans plusieurs cas, les connaissances géologiques y
sont fragmentaires et/ou acquises avant l'identification des gisements IOCG. Les districts IOCG
se caractérisent aussi par de nombreux indices minéralisés d’associations métalliferes diverses
qui généralement ne sont pas intégrés au sein d’'un modéle métallogénique unifié. Cette
situation réduit les probabilités de reconnaitre le potentiel IOCG de certaines provinces
geéologiques. Cette thése de doctorat propose de nouvelles approches d’exploration pour les
gites IOCG qui découlent de recherches dans une région d’étude canadienne. Les méthodes
proposées aident a cibler, a 'échelle d’'une région ou d’'un gisement, les zones d’'un systéme
hydrothermal a oxydes de fer et altération en éléments alcalins (IOAA) ayant le plus haut
potentiel de découverte de gites IOCG ou affiliés. Cette approche aide aussi a prédire les types
de minéralisations qui peuvent s’y retrouver en fonction des altérations observées. Sont ainsi
étudiés les gites a oxyde de fer apatite, les gites d’'uranium encaissé dans des albitites, certains
skarns et les gites IOCG a magnétite et a hématite.

Les contributions de cette thése sont basées sur les systemes IOAA de la zone magmatique du
Grand lac de I'Ours (GBMZ), située aux Territoires du Nord-Ouest (Canada), et des études
comparatives avec des systémes IOAA retrouvés a travers le monde. La GBMZ comporte des
édifices volcano-plutoniques et des batholites d’affinité calco-alcaline a shoshonitique et est
interprétée comme un arc continental paléoprotérozoique. Elle s’est formée entre 1,87 et 1,84
Ga sur les roches volcano-plutoniques et méta-sédimentaires du terrane d’Hottah accrétées au
Craton de I'Esclave lors de I'orogenése caldérienne a 1882 Ma. De nombreux systémes |IOAA,
dont plusieurs contiennent des indices ou des gisements IOCG et affiliés, se sont formés le long
de la GBMZ, principalement entre 1873 et 1866 Ma.

L’altération hydrothermale dans les systemes IOAA évolue systématiquement d’altération
sodique d’extension plurikilométrique vers des altérations de haute température (HT) calcique—
fer, HT potassique—fer, de faible température (LT) potassique—fer et LT calcique—fer. Ces stades
d’'altérations sont typiquement suivis d’altérations épithermales et de veines de quartz
communément minéralisées. Chaque altération |IOAA documentée dans la GBMZ est
caractérisée par une signature chimique et des enrichissements en métaux distincts. Les zones
d’'altérations sodiques sont principalement distribuées en marge des zones minéralisées, car
elles sont formées plus prés des centres thermiques du systéme et le long de plusieurs failles
majeures de la région. L'altération sodique forme généralement des zones de lessivage pour
plusieurs éléments. L’altération HT calcique—fer est caractérisée par d’importants
enrichissements en Fe et dans certains secteurs en éléments du groupe des terres rares (ETR)
et en vanadium, pouvant mener a la formation de gites de fer riches en ETR et/ou vanadium.
Les métaux tel que le cobalt, le cuivre et le nickel peuvent aussi étre faiblement a modérément
enrichis a ce stade, mais en quantité insuffisante pour former des zones minéralisées
d'importance. Les altérations calcique—fer—potassique, HT potassique—fer et LT potassique—fer,
lorsqu’intenses et avec une étendue spatiale hectométrique a kilométrique, sont principalement
associées a la formation de minéralisations I0CG et de gites d’uranium encaissés dans des
albitites.

L’intensité de l'altération hydrothermale dans les systemes IOAA de la GBMZ combinée a la
formation de gites IOCG, d'uranium encaissé dans des albitites, d'oxyde de fer—apatite
potentiellement riches en ETR et vanadium et de minéralisations polymétalliques épithermales



tardives calquent le portrait métallogénique des systemes IOAA contenant des gites IOCG de
classe mondiale. La GBMZ, avec ses nombreux systémes IOAA potentiellement fertiles en
divers styles de minéralisations polymétalliques, devient une cible attrayante pour I'exploration
pour les gites IOCG, d’uranium encaissés dans des albitites et de fertETR-vanadium.
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ABSTRACT

Iron oxide copper—gold (IOCG) and affiliated deposits are promising targets for geological
exploration in many Canadian geological provinces, but also across the world. However,
because metallogenic models for IOCG exploration were only recently developed, exploration
and discoveries of IOCG and affiliated deposits have been hampered in under-explored
territories and terrains where the geological knowledge is incomplete and/or where the main
exploration and mapping campaigns took place before the recognition of the IOCG deposit clan.
The formation of polymetallic showings with diversified metal associations characterizes many
IOCG districts. However the relations between the showings are generally not integrated in a
unified metallogenic model, minimizing the chances to recognize the IOCG potential of certain
geological provinces. This thesis proposes new geological and geochemical methods for IOCG
exploration in iron oxide alkali altered (IOAA) hydrothermal systems based on recent research in
the Canadian IOAA province of the Great Bear magmatic zone (GBMZ; Northwest Territories).
The methods developed in this thesis facilitates the recognition of the prospective sectors of an
IOAA system at regional to deposit scales and the prediction of the metal assemblages likely to
be found in potential ore zones. This thesis particularly focuses on iron oxide—apatite, albitite-
hosted uranium deposit, some Zn—Pb—(Cu) skarns and magnetite to hematite group I0CG
deposits.

The results and interpretations presented in this thesis are drawn from the IOAA systems of the
GBMZ and comparative studies with other IOCG deposits around the world. The GBMZ is a
volcano-plutonic belt of calc-alkaline to shoshonitic affinity interpreted as a paleoproterozoic
continental volcanic arc. It was formed between 1.87 and 1.84 Ga on the volcano-plutonic and
metasedimentary rocks of the Hottah terrane, accreted to the Slave Craton at 1882 Ma during
the Calderian orogeny. Many IOAA systems comprising IOCG and affiliated mineralization and
deposits were formed in the GBMZ mostly between 1873 and 1866 Ma.

Hydrothermal alteration in the GBMZ IOAA systems follows a systematic evolution sequence
from regional-scale sodic alteration in the early stages to high temperature (HT) calcic—iron, HT
potassic—iron and then to low temperature (LT) potassic—iron and LT calcic—iron alteration.
Epithermal alteration and quartz veins typically followed the main IOAA alteration stages to form
additional zones of mineralization in which the metal associations typically reflect the metal
associations documented in their host IOAA alteration. Each hydrothermal alteration formed in
an IOAA system has a specific chemical signature and distinct metal assemblages. Sodic
alteration is formed close to the thermal centers and along regional structures of an IOAA district
and is generally a leaching stage. It is characteristically external to the I0OCG mineralization
zones, either because of differential exhumation or its far larger spatial distribution. HT calcic—
iron alteration is characterized by important iron enrichment and can be associated with
substantial rare earth elements (REE) and vanadium enrichments that may lead to the formation
of iron oxide—apatite (IOA) deposits enriched in vanadium and/or REE. Cobalt, copper and
nickel can also be incipiently to moderately enriched at the HT calcic—iron alteration stage, but
not to the extent of forming significant mineralized zones. Calcic—iron—potassic, HT potassic—iron
and LT potassic—iron alteration stages are, where intense and hectometer to kilometer in scale,
associated with IOCG and albitite-hosted uranium mineralization.

The intensity of hydrothermal alteration in the GBMZ IOAA systems combined with the formation
of I0CG, albitite-hosted uranium, IOA potentially endowed in vanadium and REE, and
polymetallic epithermal mineral deposits mimic the metallogenic portray of the IOAA districts
elsewhere in the world that comprise world class IOCG or affiliated deposits. This makes the
GBMZ an attractive target for mineral exploration.
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CHAPITRE 1 : Synthése

«a new interest was arising in the exploration and
development of the northern parts of the Dominion of
Canada. This was perhaps most evident among men of
the mining industry, whose interest has always been
aroused by the stories told by returning explorers and
travellers of the evidences of mineral wealth that occur

here and here throughout that vast northern region.»

Charles Camsell (1916)

«out of a total area of continental Canada of about
3,209,000 square miles, about 900,000 square miles

must still be considered as unexplored»

Charles Camsell (1918)

Et pourtant encore d’actualité un siécle plus tard

1.1 Introduction

Les gisements a oxyde de Fer—Cuivre-Or (IOCG) représentent des cibles d’exploration
prometteuses dans plusieurs provinces geéologiques canadiennes, dont certaines demeurent
faiblement explorées ainsi que dans certains districts métallogéniques trés bien définis tant au
Canada qu’a travers le monde (Hitzman et al., 1992; Williams et al., 2005; Corriveau, 2007;
Corriveau et al., 2010a; Porter, 2010). Les gisements IOCG sont polymétalliques (Cu, Au, U,
éléments du groupe des terres rares légéres, F, Ag, Bi, Co, W, Mo, etc.), géologiquement
complexes et associés a I'échelle régionale a des indices aux associations métalliferes
communément inusitées et a des zones décamétriques d’altérations hydrothermales trés
diversifiées. L’absence de modéles métallogéniques régionaux unifiant les diverses
minéralisations formées dans un district I0CG aux stades daltérations hydrothermales

caractéristiques au développement d’un district IOCG ont grandement contribué a la faible
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représentation de ces gisements dans le portfolio métallogénique canadien (Corriveau et
Mumin, 2010; chapitre 3).

Les gisements IOCG sont définis comme étant le péle minéralisé en Cu et Au d’un groupe plus
général de gites hydrothermaux, les gites a oxyde de fer et altération en éléments alcalins (iron
oxide alkali-altered de Porter, 2010), une terminologie abréviée par IOAA et utilisée ici pour les
systemes hydrothermaux qui les encaissent et dont ils sont une conséquence. Cette
classification a I'avantage de réconcilier les nombreuses différences entre les signatures
métalliferes retrouvées dans les gisements I0CG sensu stricto (Groves et al., 2010; Williams,
2010a) et les gisements couramment affiliés aux IOCG sensu stricto (Mumin et al., 2010;
Williams, 2010a) en utilisant laltération hydrothermale a éléments alcalins (sodique et
potassique), couramment riche en oxyde de fer, comme dénominateur commun pour identifier et
discriminer ces systémes. Temporellement et spatialement, [I'évolution de [laltération
hydrothermale et de certaines associations métalliféeres sont généralement reproductibles et
spécifiques entre différents systémes IOAA. Ces relations spatio-temporelles sont bien
démontrées dans les systémes IOAA de la Zone magmatique du Grand lac de I'Ours (GBMZ),
sujet de la présente thése, et les analogues mondiaux (Hitzman et al., 1992; Barton et Johnson,
2000; Williams et al., 2005; Porter, 2010; Skirrow, 2010; Williams, 2010a, b),

Les altérations hydrothermales, communes entre les différents systémes IOAA, reflétent les

processus physico-chimiques qui régissent les interactions fluides aqueux—roches tels que:
1. Tlinfluence de la composition du protolite,
2. la mobilité différentielle des éléments lors des différents stades d’altération,
3. les structures perméables préexistantes ou syngénétiques,
4. les sources des fluides,
5. les sources des métaux,
6. latempérature et gradients géothermiques,
7. la nature des ligands, etc.

L’étude des altérations et des minéralisations associées a chaque stade d’altération permet
donc de quantifier ou qualifier l'influence des principales variables qui régulent la signature

métallique des gisements formés au sein d’'un systéme IOAA.

Pour tracer le portrait complet d’'un systeme I0OAA, le systéme étudié doit préserver et exposer

les relations entre les divers types d’altérations hydrothermales et les divers types de
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minéralisations. Comme ces systemes sont de dimensions décakilométriques et que la
distribution régionale des faciés d’altérations et des zones de minéralisations est généralement
hétérogéne a I'échelle du district, les affleurements de qualité doivent étre abondants pour
couvrir 'ensemble d'un systéme IOAA. La GBMZ (Figs. 1-1 et 1-2), située aux Territoires du
Nord-Ouest (Canada), est la province géologique ayant le plus grand nombre de systémes IOAA
et de minéralisations IOCG connus au Canada (Hildebrand, 1986; Gandhi, 1989, 1992a, 1992b,
1994; Gandhi et Lentz, 1990; Readron 1992; Gandhi et Prasad, 1995, 1997; Goad et al., 20003,
b; Mumin et al., 2007, 2010; Corriveau et al., 2010a, 2010b).

Cette ceinture volcanoplutonique, interprétée comme un arc magmatique continental, et formée
entre 1,87 et 1,84 Ga (Hildebrand et al., 1987, 2010a; Gandhi et al., 2001), s’étend selon un axe
nord-sud sur plus de 1200 km et affleure sur une longueur de 450 km, principalement entre le
Grand lac de I'Esclave et le Grand lac de I'Ours (Hildebrand et Bowring, 1984; Cook et al.,
1999). Le faciés métamorphique inférieur a celui des schistes verts (Hildebrand et al., 2010a),
un couvert végétal restreint et une épaisseur minime de météorisation de surface (quelques
millimétres a quelques centimétres), offrent des affleurements d’'une qualité exceptionnelle,
faisant de la GBMZ un environnement idéal pour documenter les processus physico-chimiques
reliés au développement régional d’'un systéme IOAA (Fig. 1-3). La fenétre temporelle au cours
de laquelle se sont formés les principaux systémes IOAA de la GBMZ s’échelonne entre 1873
Ma et 1866 Ma (Gandhi et al., 2001; Davis et al., 2011; Montreuil et al.,, 2016). Combinée a
I'absence de remobilisation majeure des zones d’altérations et minéralisations formées dans les
systémes IOAA de la GBMZ apres leur formation (outre certaines remobilisations locales) par
une orogénie majeure ou une intense activité métasomatique, cette fenétre temporelle restreinte
de 7 Ma simplifie la compréhension des associations spatiales et temporelles entre les

différentes phases d’altération et les épisodes de minéralisation.

En se basant sur I'étude des altérations propres aux systéemes IOAA de la GBMZ, ce projet de
doctorat vise a définir la mobilité des éléments durant la formation d’'un systéme |IOAA et a
contraindre les implications métallogéniques sous-jacentes. Les résultats de cette étude
amelioreront le modeéle de zonation de I'altération pour les systémes IOAA présenté initialement
par Corriveau et al. (2010b). Cette thése démontrera les liens existants entre une grande variété
d’associations métalliféres et I'évolution d’'un systéme IOAA, les liens entre la formation de
gisements d’uranium encaissés dans des albitites et la formation de gisements I0CG et

détaillera la mobilité des éléments a divers stades d’altération clés du développement d’un



systeme IOAA. Des indices d’altération identifiant les altérations IOAA a partir d’analyses

chimiques de roches totales seront aussi développés.

Cette thése est présentée par articles et est subdivisée en trois parties. La présente synthése

met en contexte les articles en présentant la problématique, la méthodologie et la contribution

de l'auteur pour chaque article de méme que les conclusions finales reliées a la problématique

initiale de la thése. Cette premiére partie comprend un seul chapitre. La deuxiéme partie

comprend les articles scientifiques qui forment le corps principal de la thése et est subdivisée en

six chapitres distincts:

« Tectono-magmatic evolution of the southern Great Bear magmatic zone (Northwest
Territories, Canada) — Implications on the formation of iron oxide alkali-altered
hydrothermal systems par Montreuil, J.-F. et Corriveau, L., Soumis a Economic Geology
(chapitre 2);

«Linkages amongst IOCG, IOA and affiliated deposits: from the Great Bear magmatic
zone records to an iron oxide alkali-alteration-facies ore deposit model», par Corriveau,
L. et Montreuil, J.-F., Soumis a Economic Geology (chapitre 3);

«On the relation between alteration signature and metal endowment of iron oxide alkali
altered systems, southern Great Bear magmatic zone (Canada)», par Montreuil, J.-F. et
Corriveau, L., Soumis a Economic Geology (chapitre 4);

«Compositional data analysis of hydrothermal alteration in IOCG systems, Great Bear
magmatic zone, Canada: to each alteration type its own geochemical signature», par
Montreuil, J.-F., Corriveau, L. et Grunsky, E.C., Publié dans la revue «Geochemistry:
Exploration, Environment, Analysis» (chapitre 5);

«Formation of albitite-hosted uranium within IOCG systems: the Southern Breccia, Great
Beat magmatic zone, Northwest Territories, Canada», par Montreuil, J.-F., Corriveau, L.
et Potter, E.G., Publié par «Mineralium Deposita» (chapitre 6);

«Element mobility and hydrothermal alteration distribution during the development of the
magnetite-group Fab IOCG system, Northwest Territories, Canada», par Montreuil, J.-
F., Potter, E.G., Corriveau, L. et Davis, W.J., Publié par Ore Geology Reviews (chapitre
7);

La troisieme partie comprend les annexes documentant les échantillons utilisés pour la

réalisation de cette thése.



Le reste du présent chapitre est organisé comme suit. D’abord, les caractéristiques générales
des gisements IOCG et des systemes IOAA sont décrites tout comme les principales altérations
hydrothermales retrouvées dans ces systémes. Cette description met en contexte les
distinctions entre les gisements IOCG et les gites affiliés au sein des systemes IOAA, pierre
angulaire des études subséquentes sur la mobilité des éléments et la formation de
minéralisations polymétalliques dans les systémes IOAA de la GBMZ. Cette section est suivie
par une bréve présentation du contexte géologique et des principaux systémes IOAA de la Zone
magmatique du Grand lac de I'Ours suivi de la problématique, des objectifs, de la méthodologie

et des avancées scientifiques réalisées par cette thése.

1.2 Caractéristiques générales des gisements IOCG

1.2.1 Définition des gisements IOCG

Les gisements IOCG ont été initialement définis par Hitzman et al. (1992) comme des gisements
a oxydes de fer protérozoiques & Cu—U—-Au—éléments du groupe des terres rares (ETR) formés
dans un environnement intracratonique. Cette définition est basée sur des observations faites
aux gites d’Olympic Dam (Australie) et de Kiirunavaara (Suéde), dans la zone magmatique du
Grand lac de I'Ours (Canada) et parmi les minéralisations ferriféres au Missouri dans le terrane

des St. Frangois Mountains (Pea Ridge et Pilot Knob; Etats-Unis).

Actuellement selon Groves et al. (2010) et Williams (2010a), les gisements I0CG sensu stricto

sont définis comme étant :

1. des minéralisations magmatiques-hydrothermales cupriféres épigénétiques (cuivre
économique) avec ou sans or économique (Williams, 2010a) ou avec or économique
(Groves et al., 2010);
des gisements dont la localisation est contrdlée par la structure;
pauvres en sulfures (pas de pyrite abondante);
caractérisés par une forte concentration d’oxydes de fer (>20 % magnétite et/ou
hématite) pauvres en titane et riches en silicates de fer (p.ex. actinolite, biotite,
grunérite);

5. localement enrichis en ETR légéres;



6. associés a des zones d’altération régionales (jusqu’a 30 km d’extension) sodiques et
Na—CazFe antérieures a la minéralisation et dont la composition minéralogique refléte
d’'importants enrichissements en fer et/ou en éléments alcalins;

7. associés a des zones de bréchification tectonique, tectono-hydrothermale et
hydrothermale d’échelle régionale; et

8. temporellement associés a un évenement magmatique majeur sans étre nécessairement

spatialement directement associés a une intrusion spécifique.

Suivant ces critéres pour discriminer les IOCG sensu stricto, Williams (2010a) a défini deux
grands groupes dans les gisements IOCG : les IOCG du groupe a magnétite (p. ex. Ernest
Henry en Australie, Salobo au Brésil, Candelaria au Chili) et ceux du groupe a hématite
(Olympic Dam en Australie, Mantoverde au Chili). Ces groupes correspondent aux subdivisions
en gites de type Cloncurry et de type Olympic Dam de Corriveau (2007) basés sur Gandhi
(2004). Certains gisements |IOCG, avec des caractéristiques propres aux |IOCG des groupes a
magnétite et a hématite (groupe a magnétite—hématite; p. ex. Raul Condestable au Pérou),

forment une catégorie transitionnelle de gisements IOCG du groupe a magnétite—hématite.
1.2.2 Description sommaire des gisements IOCG

Les IOCG du groupe a magnétite forment des gisements de forts tonnages a teneurs faibles a
intermédiaires dans lesquels la magnétite prédomine comme oxyde de fer (voir tableau 1-1).
Des gisements IOCG importants de ce groupe sont par exemple : Salobo dans la province
métallogénique de Carajas au Brésil (Souza et Vieira, 2000), Ernest Henry dans le district de
Cloncurry en Australie et La Candelaria au Chili. Ces gites se forment surtout a des profondeurs
intermédiaires dans la crolte, les altérations a magnétite de haute température K-Fe
prédominent et 'uranium n’est généralement pas un sous-produit (Williams, 2010b). Les IOCG
du groupe a magnétite sont souvent spatialement associés a des gites du type oxydes de fer
avec ou sans apatite (I0OxA) et ces minéralisations (IO+A et IOCG) sont interprétées comme
pouvant, dans certaines provinces géologiques, former un continuum (Corriveau et al., 2010b;
Mumin et al., 2010; Williams, 2010b).

Dans les gisements du groupe a hématite, 'hnématite est I'oxyde de fer prédominant, I'uranium
peut étre économique et ce sont les altérations a hématite de basse température K—Fe qui
prédominent (voir tableau 1-1). L’exemple type des IOCG du groupe a hématite,
quoiqu’exceptionnel en termes de tonnage, est le gisement d’'Olympic Dam qui se trouve dans le

Craton de Gawler en Australie. Le gisement d’'Olympic Dam est le quatriéme producteur de



cuivre, le cinquieme d’or et le premier d’'uranium dans le monde (BHP Billiton, 2009). D’autres
gisements typiques du groupe a hématite sont les gisements de Mantoverde au Chili et
Prominent Hill en Australie. Au Canada, le gisement se rapprochant le plus d’un IOCGzU du
groupe a hématite est Sue-Dianne dans la GBMZ, avec un tonnage de 8,4 Mt @ 0,8 % Cu et 3
g/t Ag pour les ressources indiquées et 1,6 Mt @ 0,8 % Cu et 2 g/t Ag pour les ressources

inférées (Hennessey et Puritch, 2008).

Tableau 1-1 Teneurs et tonnages de gisements IOCG a travers le monde

Gisement Pays District Groupe Mt Teneur Source
0,
Ernest Henry  Australie Cloncurry Magnétite 226 XJOA’ Cu, 0.51 gt Porter, 2010
0,
Mount Elliot Australie Cloncurry Magnétite 570 234 % Cu, 0.26 gt Porter, 2010
. - Ceinture - 0.95% Cu, 0.22 g/t  Marschik et
Candelaria  Chil férrifere Magnétite 470 A\"3 1 g/t Ag Fontboté, 2001a
0,
Cristalino Brésil Carajas Magnétite +500 1A1?A) Cu, 0.3 gt Huhn et al., 1999
lgarapé - . . 1.4% Cu, 0.86 g/t Tallarico et al.,
Bahia/Alem3o Brésil Carajas Magnétite 219 Au 2005
0,
Salobo Brésil Carajés Magnstite 986 poo S 0499 porer 2010
Sossego Brésil Carajas Magnétite 245 1Au1% Cu, 0.28 gt Porter, 2010
0,
Guelb Mauritanie Magnétite ~ 33.4  12%RCU 1419t oo 2010
Moghrein Au
- 1.02 g/t Au, 0.11%  Puritch et al.,
NICO Canada Great Bear  Magnétite 33 Co. 0.14% Bi 2012
i Magnétite o Hennessy et
Sue-Dianne Canada Great Bear /Hématite 8.4 0.8% Cu, 3g/t Ag Putrich, 2008
0.8 % Cu, 0.3 g/t 0Oz Minerals
Carrapateena  Australia Gawler Hématite 800 Au, 0.155 Kg/t U, ’
2014
3.3 g/tAg
. . R 0.87% Cu, 0.32 g/t
Olympic Dam  Australia Gawler Hématite 9090 Au, 0.27 Kg/t UsOs BHP 2009
Prominent . R 0.89% Cu, 0.81 g/t
Hill Australia Gawler Hématite 283 Au, 2.48 git Ag Porter, 2010
o . .
Hillside Australia Gawler Hématite 337 0.6% Cu, 0.14 gl Rex Mineral, Juin
Au 2013
Mantoverde - Ceinture P 0.52% Cu, 0.1 g/t Benavides et al.,
(supergéne) Chili férrifére Hématite 400 Au 2008a
Mantoverde Chili Ceinture Hématite/ 440 0.56% Cu, 0.12 g/t  Reiger et al.,
(hypogeéne) férrifére magnétite Au 2010

L’age des gisements IOCG est trés variable et s’étend de I'Archéen avec le district de Carajas
au Brésil (Requia et al., 2003) jusqu’au Phanérozoique avec les gisements de la cordillere des
Andes dans la ceinture ferriféere du Chili et au Pérou (Sillitoe, 2003 et les références qui y sont
citées; Fig. 1-4). Pour les IOCG du groupe a magnétite, les terrains archéens du district de
Carajas et les terrains protérozoiques semblent étre présentement les plus fertiles. Pour les

IOCG du groupe a hématite, ce sont les périodes Paléoprotérozoique, Mésoprotérozoique et
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Mésozoique qui sont les plus fertiles (p. ex. Craton de Gawler, district de Cloncurry, Tenant
Creek Inlier, cordillere des Andes). Ces gites sont distribués sur tous les continents mais
I'Australie et ’Amérique du Sud sont hoétes des principaux districts actuellement connus (Fig. 1-
5). Les districts IOCG majeurs de 'Amérique du Sud sont le district de Carajas au Brésil qui
comprend la plus importante concentration d'lOCG du groupe a magnétite a fort tonnages
(Monteiro et al., 2008a, b) et la Ceinture ferriféere du Chili, qui comprend les gisements de
Candelaria et Mantoverde (Sillitoe, 2003). Les districts majeurs australiens sont la province
d’Olympic Dam (Skirrow et al., 2007) et le district de Cloncurry (Williams et al., 2005; Williams,
2010b). La Scandinavie et plus particulierement la Suéde, avec par exemple le gisement d’Aitik
(Wanhainen, 2005), malgré qu’il soit un hybride porphyre Cu—Au/IOCG et le gisement IOA de
Kirunavaara qui comprend également des régions fertiles pour les minéralisations IOCG a
magnétite (Wanhainen et al., 2003; Gleeson et al., 2009; Billstrdm, 2010; Smith et al., 2013).

1.2.3 Gites affiliés aux gisements IOCG et définition des systémes IOAA

Plusieurs sous-groupes de gites qui ne sont pas des gisements IOCG au sens strict, soit par
insuffisance d’'oxydes de fer ou de minéralisation de cuivre, se retrouvent souvent spatialement
et temporellement associés aux gisements I0OCG, étant formés en continuum avec les
minéralisations IOCG au sein du méme systéme hydrothermal (Williams et al., 2005; Corriveau
et al., 2010a; Mumin et al., 2010).

Les exemples types des gisements affiliés aux minéralisations I0CG selon Williams (2010a) et

les chapitres 3, 4 et 6 sont :

1. les gisements a oxydes de fer—apatitexV+ETR légéres (IOA; p. ex. Kirunavaara en
Suéde, Pea Ridge aux Etats-Unis) et ceux & oxyde de fer (p. ex. Lightning Creek en
Australie; Marcona au Pérou)
les gisements a cuivre—or pauvres en oxydes de fer (p. ex Khetri copper belt en Inde)
les gisements a oxydes de fer—uranium pauvres en cuivre (p. ex. Southern Breccia dans
la GBMZ au Canada, Valhalla en Australie)

4. les gisements a oxydes de fer—Co—AszNixW+Au+xAg+U+ETR#Bi et généralement

pauvres en cuivre (/daho cobalt belt aux Etats-Unis)

Les différents types de minéralisations énumérés ci-dessus, incluant les gisements |IOCG,

deviennent ainsi les composantes fertiles d’'un systéme |OAA.
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En considérant les nouveaux types de minéralisations retrouvées dans certains districts IOCG
tel que le gisement Mo—Re de Merlin dans le district de Cloncurry (Australie; Inova Resources)
et le continuum proposé par Mumin et al. (2010), Kreiner et Barton (2011) et Richard et Mumin
(2013) entre les gisements IOCG et les gites du type porphyres ou épithermaux, I'importance

métallogénique des systéemes IOAA ne cesse de croitre.

1.3 Distribution spatio-temporelle des altérations

hydrothermales dans les systémes IOAA

La distribution spatio-temporelle des altérations hydrothermales, telle que caractérisée par
Hitzman et al. (1992), Williams (2010b), Corriveau et al. (2010b) ainsi qu’au chapitre 3, suit une
séquence relativement réguliére des zones distales a proximales de la minéralisation et de
précoce a contemporaine par rapport a la minéralisation. Cette évolution séquentielle des
altérations hydrothermales est intimement liée a la décroissance de la température des fluides
hydrothermaux et de la profondeur du systéme avec le temps. Pour les précurseurs silicatés la

séquence va comme suit :
1. altération sodique typiquement de haute température (Na);
2. altération de haute température (HT) calcique—fer (HT Ca—Fe);
3. altération HT potassique—fer (HT K-Fe);
4. skarn potassique ou altération potassique; et
5. altération de basse température (LT) hydrolytique potassique—fer (LT K-Fe).

Les principaux minéraux formés a chacun des stades d’altérations sont présentés au tableau 1-
2.

1.3.1 Altération sodique de haute température

L’altération sodique (£Ca—Fe) a une étendue régionale a I'échelle des districts IOCG (Figs. 1-6 a
1-10; Marschik et Fontboté, 2001a, b; Marschik et al., 2003; Oliver et al., 2004; Mark et al.,
2006; Benavides et al., 2007; Monteiro et al., 2008a, b; Corriveau et al., 2010b, b; Porter, 2010)
et se retrouve typiquement dans I'ensemble d’un district IOAA le long des structures majeures,
prés des intrusions et dans les unités perméables (Hildebrand, 1986; Oliver et al., 2004; Mark et
al., 2006; Monteiro et al., 2008a, b; Corriveau et al., 2010b; Rubenach, 2013; Figs. 1-6 a 1-10).
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L’altération sodique est généralement distale relativement aux gisements IOCG mais certains
processus comme un soulévement différentiel ou la bréchification préférentielle des albitites
peuvent contribuer a spatialement superposer les zones d’altération sodique et les

minéralisations |IOCG.

Tableau 1-2 Liste des principaux minéraux retrouvés dans les altérations IOAA

A - . Principaux minéraux Principaux minéraux formant

Altération Minéraux principaux . X AT
accéssoires et traces les minéralisations

Sodique Ab, Qz, Scp Amp (Act), Mag, Ru, Ttn, Zrn

HT Ca-Fe Amp (Act, Cum, Hbl), Ap, Mag Aln, Cb, Ccp, Cpx, Ep, FI, Grt, Ap, Mag
Mzn, Py, Sch, Thr, Ttn, Urn

HT K-Fe Amp (Act), Bt, Kfs, Mag Ap, Grt, llm, Po, Py, Qz, Sp, Ttn,  Apy, Bis, Bn, Ccp, Cob, Mol, Mir,
Tur, Xtm Urn

Skarn potassique/ Kfs, Cpx (Di), Grt (Adr) Ep, Ves, Tlc Ccp, Gn, Sp

potassique

LT K-Fe Cb, Chl, Hem, Kfs, Msc, Qz Ab, Aln, Brt, Ep FI, IIit, Mnz, Py, Bn, Ccp, Cct, Hem, Pitch, Urn
Ru, Tur

LT Ca—Fe Ep, Aln, Kfs, Qz Bis, Bn, Ccp, Cct, Mol, Sp

Abréviations des minéraux selon Whitney et Evans (2010), Bis=Bismuthunite, Cob=Cobaltite

Temporellement, certains stades daltération sodique peuvent précéder la formation du
gisement de plusieurs millions d’années comme dans le cas du district de Cloncurry (Oliver et
al., 2008) ou y étre temporellement associée comme dans le cas du secteur de Contact Lake
dans le district de Port Radium—Echo Bay dans la GBMZ (Fig. 1-10; Hildebrand, 1986; Corriveau
et al., 2010a). Plusieurs sources peuvent générer les fluides associés a l'altération sodique : un
fluide magmatique-hydrothermal (Pollard, 2001; Oliver et al., 2004; Somarin et Mumin, 2014) ou
encore les eaux météoriques ou de bassin réchauffées par I'activité magmatique ou un gradient
thermique élevé dans la région ou ils circulent (Barton et Johnson, 1996; Kendrick et al., 2008;
Seedorff et al., 2008). Dans ces fluides de bassins, une composante magmatique peut s’ajouter
lors de leur évolution (Kendrick et al., 2008). La température de formation de I'altération sodique
conduisant a des albitites peut atteindre plus de 450-500°C (Oliver et al., 2004; Davidson et al.,
2007; Monteiro et al., 2008a; Perring et al., 2008; Somarin et Mumin, 2014) bien que
communément les températures répertoriées (préservées par les inclusions fluides) sont de
l'ordre de 350 a 500°C (Bardina et Popov, 1992; Kish et Cuney, 1981). Cette altération est
généralement non minéralisée (a moins d’étre subséquemment bréchifiée par des altérations
fertiles; p. ex. Southern Breccia dans la GBMZ) et est principalement considérée comme une
zone de lessivage ou plusieurs éléments sont partitionnés dans le fluide aqueux (Oliver et al.,
2004).
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1.3.2 Altérations HT Ca—Fe

Les altérations a HT Ca—Fe sont généralement juxtaposées ou recoupent les zones d’altération
sodique, ou encore dans certains systémes y sont intimement liées. Elles sont précoces
relativement aux gisements IOCG et forment le coeur des gisements du type |0+A tel que ceux
du district de Kiruna en Suéde ou ceux du Missouri dans le terrane des St. Frangois Mountains
(Pea Ridge et Pilot Knob; Etats-Unis; Figs 1-6 et 1-10; Corriveau et al., 2010b; Mumin et al.,
2010; Williams, 2010a). Dans les zones d’altération sodique, 'augmentation de la proportion de
veines d’amphiboletmagnétite signale la proximité d’altération intense HT Ca—Fe (Figs 1-6 a 1-
10). Cette zone d’altération transitionnelle entre les zones d’altération sodique et HT Ca—Fe est
communément appelée altération Na—Ca (Figs 1-6 a 1-9) ou encore Na-Ca—Fe (Fig. 1-10).
Lorsque trés intense, l'altération HT Ca-Fe forme des roches qui ressemblent a des
«ironstones» fortement magnétiques ou des roches mafiques métamorphisées au faciés des

amphibolites (e.g., formation d'actinolitite a Sequeirinho, Fig. 1-6).

Des fluides magmatiques-hydrothermaux de haute température (400-800°C) sont généralement
associées a la formation de ces zones d’altération (Hildebrand, 1986; Perring et al., 2000;
Porter, 2010; Williams, 2010b; Chen et al., 2011; Smith et al., 2013; Somarin et Mumin, 2014).
Baker et al. (2008) démontrent dans le district de Cloncurry (Australie) que les fluides impliqués
dans les altérations régionales Na—Ca ont un contenu faible en K mais élevé en Ca avec une
salinité variable. Le contenu en Cu dans les principaux fluides impliqués au stade HT Ca—Fe est
généralement faible mais peut étre élevé dans certains fluides similaires a ceux associés aux
gisements IOCG qui se retrouvent dans certains gisements |IOA (e.g., Lightning Creek, Cu >
10000 ppm; Perring et al., 2000; Baker et al., 2008). Ces études sur les inclusions de fluides
associés au stade HT Ca-Fe indiquent que le Cu est présent dans certains fluides actifs a ce

stade, mais qu'il n'a pas précipité dans des sulfures.
1.3.3 Altérations HT K-Fe

Les zones d’altérations sodiques et HT Ca—Fe sont généralement recoupées par les altérations
HT K-Fe associées a la formation de gisements IOCG du groupe a magnétite (Figs 1-6 a 1-8, 1-
10 et 1-11). La minéralisation cuprifére est principalement composée de chalcopyrite associée a
de la pyrite, de la magnétite, du feldspath potassique et/ou de la biotite. Les zones minéralisées
forment des zones de bréches polyphasées, des réseaux de veines ou encore des zones de

remplacement concordantes de type mantos'. Dans certains gisements comme Salobo, la
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bornite et la chalcocite peuvent aussi se former (Requia et al., 2003). A I'échelle régionale
autour de certains gisements |IOCG, une altération précoce HT K-Fe peut aussi se former (Mark
et al., 2006; Benavides et al., 2008a; de Haller et Fontboté, 2009). Ces zones d’altérations sont
géneéralement pré-minéralisation et peuvent étre contemporaines ou précoces relativement a

I'albitisation.

Les fluides impliqués au stade HT K—Fe associé a la minéralisation IOCG sont diversifiés et de
haute température (400-600°C; Ulrich et Clark, 1997; Marschik et Fontboté, 2001a; Requia et
al., 2003; Rieger et al., 2010; Rusk et al., 2010; Williams, 2010b). lls ont une forte composante
magmatique-hydrothermale, mais peuvent aussi avoir une composante météorique ou de bassin
(Baker et al., 2008; Rusk et al., 2010; Williams, 2010b). Baker et al. (2008) démontrent que les
fluides impliqués au stade HT K-Fe lors de la minéralisation dans le district de Cloncurry
(Australie) ont un contenu élevé en Ca, Cu, Fe, K et Mn et sont trés salins. Lors de la formation
des gisements IOCG, plusieurs épisodes d’altération HT K—Fe peuvent étre impliqués. Par
exemple en profondeur dans les bréches tectono-hydrothermales minéralisées formant le
gisement d'Ernest Henry se retrouvent des fragments composées de magnétite et de
chalcopyrite plus grossiérement grenues qui sont corrodés/remplacés par I'altération HT K-Fe
qui cimente les bréches minéralisées (Rusk et al., 2010). Rusk et al. (2010) interprétent ces
fragments comme étant des indicateurs potentiels d’'une zone de minéralisation précoce de plus
haut grade se retrouvant sous le gisement d’Ernest Henry actuellement exploité et partiellement

remontée vers la surface par un soulevement différentiel.
1.3.4 Altération potassique et skarn potassique

A la transition entre les stade HT K—Fe et LT K—Fe, des skarns potassiques ou des altérations a
feldspaths potassiques trés intenses et communément bréchifiées peuvent se former (Marschik
et Fontboté, 2001a; Corriveau et al.,, 2010b). Les skarns potassiques se forment lorsque les
roches sont riches en carbonates (précurseur ou altération carbonatés) et cette altération est
communément minéralisée en cuivre. L’altération potassique est transitionnelle aux stades HT
K-Fe et LT-Fe et forme typiquement des zones de remplacement trés intenses s’étendant sur
une dizaine de métres, qualifiées comme formant un «mur d’altération potassique» entre les
zones d’altération HT K—Fe et LT K-Fe. Cette altération potassique ne doit pas étre confondue
a l'altération potassique régionale qui accompagne plusieurs gisement IOCG (Hitzman et al.,
1992; Corriveau et al., 2010b). L’altération potassique régionale a feldspath potassique ou a

biotite peut avoir une extension kilométrique et forme des zones aisément détectables en
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surface des méthodes indirectes comme les levés radiométriques lorsque le couvert végétal ou
aquatique est restreint (p. ex. NICO au Canada, Shives et al., 1997; Ernest Henry en Australie,
Mark et al., 2000, 2006; Corriveau et al., 2010b; Rusk et al., 2010.

1.3.5 Altération LT K-Fe

L’altération LT K—Fe forme les zones minéralisées des gisements IOCG du groupe a hématite.
Cette altération est soit surimposée sur les zones d’altération HT K-Fe a magnétite lors du
refroidissement progressif du systéme hydrothermal, de I'exhumation différentielle des zones
d’altération de haute température dans un environnement tectonique actif, ou encore se forme
dans les sections de plus faibles profondeurs formant les parties sommitales des systémes
IOAA a des températures autour de 350-150°C (Figs 1-6, 1-9, 1-11 a 1-14; Fig. 1-14 montre les
différents scénarios; Marschik et Fontboté, 2001a; Benavides et al., 2007; Monteiro et al.,
2008a; Hayward et Skirrow, 2010; Mumin et al., 2010; Skirrow, 2010; Xavier et al., 2010;
Williams, 2010b; Somarin et Mumin, 2014). Les fluides magmatiques-hydrothermaux impliqués
aux stades d’altération antérieurs ayant progressivement refroidis et changés de composition,
des fluides météoriques ou des saumures provenant de la surface et percolant dans les zones
d’'altération de plus haute température formées antérieurement sont tous potentiellement
impliqués au stade LT K-Fe (Fig. 1-14) et la source des fluides est fortement influencée par
I'environnement de formation du systéme |IOAA. Dans les zones profondes de certains
gisements IOCG a hématite ou juxtaposées a ceux-ci (p. ex Mantoverde au Chili), on retrouve
donc des altérations similaires a celles observées dans les IOCG du groupe a magnétite (Figs 1-
6, 1-11 et 1-14).

Dans plusieurs districts IOAA Tlaltération LT K-Fe est communément appelée altération
hydrolytique. Cette altération hydrolytique est principalement composée d’hématite terreuse ou
spéculaire et/ou de chlorite (Fig. 1-6; p. ex. Hitzman et al., 1992; Davidson et al., 2007; Monteiro
et al., 2008a, b). Les sulfures de cuivre associés a l'altération LT K-Fe sont généralement plus
diversifiés que dans les gisements IOCG du groupe a magnétite, comprenant régulierement la
bornite et la chalcocite en plus de la chalcopyrite. Les sulfures de cuivre sont également zonés,
la chalcopyrite se retrouvant dans les sections profondes et la bornite/chalcocite dans les
sections peu profondes des gisements (p. ex. gisements de Prominent Hill, Carrapateena et
Olympic Dam en Australie; Fig. 1-13). Lorsque les gisements IOCG du groupe a hématite sont
uraniferes comme Olympic Dam ou Carrapateena, l'uraninite, la coffinite et la pitchblende

constituent les principaux minéraux uraniféres (Davidson et al., 2007; Freeman and Tomkinson,
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2010; Skirrow, 2010). Dans les gisements 10zA, l'altération LT K—Fe est communément formée
dans les sections les moins profondes du systéme hydrothermal, mais ces zones d’altération ne
contiennent généralement pas de quantités significatives de sulfures de cuivre et sont

généralement pauvres en métaux (e.g., Mag Hill et Port Radium, GBMZ, Mumin et al., 2010).

1.3.6 Autres altérations

Souvent tardive et représentant soit les fluides les plus évolués des systémes IOCG ou des
remobilisations subséquentes, une silicification intense et des veines a la minéralogie complexe
ou le quartz prédomine de méme que des altérations épithermales acides peuvent se
superposer et localement recouper les zones d’altérations IOCG. La formation d’altérations
épithermales (e.g., argillique) indique une acidification marquée des fluides hydrothermaux
passé le stade d’altération LT K-Fe (Fig. 1-10; Mumin et al., 2010; Kreiner et Barton, 2011;
Somarin et Mumin, 2014). La formation dans certains cas extrémes de systémes de veines de
quartz de plusieurs dizaines de kilométres de longueur atteignant jusqu'a un kilométre en
largeur indique aussi une saturation du quartz dans les fluides tardifs, le quartz étant faiblement
précipité dans les gites IOCG (Gandhi et al., 2000; Lobo-Guerrero, 2010; Williams et al., 2010).
Dans la GBMZ, ces altérations tardives peuvent remobiliser les métaux déja concentrés dans
les altérations IOCG ou encore amener de nouveaux métaux pour former de nouvelles zones de
minéralisation polymétallique contenues dans les veines (Mumin et al., 2007, 2010; Somarin et
Mumin, 2012, 2014). Ces altérations épithermales sont généralement de faible température,
évaluée autour de 224°C dans le district de Port Radium—Echo Bay (Somarin et Mumin, 2014)
et autour de 200°C dans la Ceinture ferrifere du Chili (Kreiner, 2011).

1.4 Contexte géologique et systéemes IOAA de la zone

magmatique du Grand lac de I’Ours

Pour définir la mobilité des éléments dans les systéemes IOAA de la zone magmatique du Grand
lac de I'Ours (GBMZ), il faut aussi en cadrer le contexte géologique et tectonique. Cette section
présente les principales caractéristiques géologiques et tectoniques de la GBMZ, développées

plus en détails au chapitre 2.
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1.4.1 Contexte tectonique de formation de la GBMZ

La GBMZ est interprétée comme un arc continental paléoprotérozoique développé entre 1,87 et
1,84 Ga dans la zone de suture entre le craton archéen de I'Esclave et le terrane d’Hottah (pré
1,88 Ga; Hildebrand et al., 1987, 2010a; Gandhi et van Breemen, 2005). La formation de la
GBMZ suit 'orogenése caldérienne, qui résulte de la collision entre le craton de I'Esclave et I'arc
d’'Hottah a 1882,50 + 0,91 Ma (Hoffmann et al., 2011). Précédant la collision, une séquence
sédimentaire de marge passive s’est accumulée sur la marge ouest du craton de I'Esclave
(Coronation margin) et une subduction a pendage vers I'ouest en milieu océanique est associée
a la formation du terrane d’Hottah pour s’inverser par la suite et former la GBMZ (Hildebrand et
al.,, 2010a). Alternativement selon Ootes et al. (2015), le terrane d’Hottah se serait accolé au
craton de I'Esclave le long d’'une grande faille transformante. Ce modéle tectonique n’implique
pas une subduction a pendage vers I'ouest et son inversion subséquente suivant la collision
mais simplement la formation d’'une zone de subduction vers I'est sous le craton de I'Esclave
pendant 'orogenése caldérienne. A la marge du terrane d’Hottah se développe le Groupe de
Treasure Lake d’age maximal de 1886 + 8 Ma (Gandhi et van Breemen, 2005) ou 1884 + 6 Ma

(Bennett et Rivers, 2006), également déformé lors de 'orogenése caldérienne.

La GBMZ est limitée a I'est par la zone de faille Wopmay, qui a une extension verticale jusqu’a
la croGte moyenne (Spratt et al., 2009) dans le sud de la GBMZ (pour le nord de la GBMZ se
référer a la description de la zone médiale de Hildebrand et al., 2010a), et a I'ouest par le
terrane d’Hottah. La limite ouest de la GBMZ est presqu’entierement recouverte par des
séquences sédimentaires phanérozoiques, étant seulement exposée autour du lac d’Hottah. A
l'est de la GBMZ, la zone de faille Wopmay (et zone médiale) marque la limite en surface des
séquences archéennes du craton de I'Esclave. Aucun affleurement de roche archéenne et
aucun zircon hérité archéen n’ont été documentés dans les roches magmatiques de la GBMZ a
I'ouest de cette faille. Ceci indique I'absence de roches archéennes au sein de la zone de fusion
de la GBMZ (Housh et al., 1989; Gandhi et al., 2001; Gandhi et van 2005; Bennett et Rivers,
2006; Bennett et al., 2012). En revanche, des zircons, paléoprotérozoiques, dont I'dge
correspond a certaines composantes du terrane d’'Hottah, se retrouvent sporadiquement dans
certaines intrusions de la GBMZ (exemple au chapitre 7; Bennett et al.,, 2012). Ces zircons
hérités indiquent que certaines séquences du terrane d'Hottah sous la GBMZ ont fort
probablement interagi et été assimilées par les magmas de la GBMZ. Plus en profondeur, une
composante lithosphérique archéenne du craton de I'Esclave est interprétée comme s’étendant

sous la GBMZ jusque sous l'expression en surface du terrane d’Hottah, qui lui aussi a une
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racine cratonique profonde située a plus de 200 km sous la surface (Spratt et al., 2009). Cette
architecture crustale dans laquelle s’est formée la GBMZ est fortement similaire a celle ou s’est
formé le gisement d’Olympic Dam dans le craton de Gawler en Australie, dans la zone de suture
entre le noyau archéen du Gawler craton et le craton Nord-Australien (Heinson et al., 2006;
Skirrow, 2010). Ces zones de sutures sont interprétées comme des structures clés pour la
formation de gisements IOCG de fort tonnage, car elles forment un lien direct et perméable
entre la crolte supérieure et le manteau (Drummond et al., 2006; Corriveau et Mumin, 2010;
Skirrow, 2010). Quant aux prismes formés par les racines lithosphériques archéennes, ils
focalisent la convection mantellique de méme que l'activité magmatique et hydrothermale au-

dessus de la zone de suture.

La GBMZ s’est ainsi formée sur les séquences accrétées et érodées du terrane d’Hottah,
incluant le Groupe de Treasure Lake et deux phases d’activité magmatique la caractérisent. La
premiére phase s’échelonne principalement entre 1873 et 1860 Ma et est constituée par du
magmatisme shoshonitique intrusif a extrusif ou se forment principalement des roches
intermédiaires dans le nord et felsiques a intermédiaires dans le sud (chapitre 2). L’activité
volcanique lors de la premiére phase est associée a de I'exhumation différentielle et a du
basculement des séquences volcaniques (Mumin, 1997; Enkin et al., 2012). La deuxiéme phase
d’'activité magmatique de la GBMZ se déroule entre 1858 et 1843 Ma et se caractérise par du
magmatisme intrusif principalement felsique (Hildebrand et al., 1987, 2010b; Gandhi et al.,
2001; Bennett et Rivers, 2006; Bennett et al., 2012). Cependant, la présence de zircons
magmatiques hérités dans les roches volcaniques et intrusives de la GBMZ, donc les ages vont
de ~1879 a 1874 Ma (Bennett et al., 2012) et la mise en place de plutons dioritiques a 1877 Ma
(Bennett et Rivers, 2006; Jackson et al., 2013) suivi de métamorphisme orogénique a ca. 1876
Ma, indiquent que l'activité magmatique associée a la formation de la GBMZ a fort probablement
débutée dans les stades tardifs de I'orogenése caldérienne (chapitre 2 et Jackson et al. 2013
pour une discussion de cette orogenése et les complications observées dans le sud de la
GBM2Z).

Quatre grands groupes de roches volcaniques sont formés pendant la premiére phase
magmatique de la GBMZ et sont regroupés dans le Supergroupe de McTavish.
Chronologiquement les groupes mafiques a felsiques de LaBine et Dumas au nord et le Groupe
felsique a intermédiaire de Faber au sud sont suivis par le Groupe intermédiaire a felsique de
Sloan au nord et 'assemblage Bea du Groupe de Faber au sud. Ces séquences volcaniques

représentent 35 % des roches exposées en surface dans la GBMZ (Gandhi et al., 2001). Les

18



descriptions plus détaillées des unités composant les groupes de Treasure Lake et de Faber se

retrouvent aux chapitres 2-7.
1.4.2 Systéemes IOAA de la GBMZ

Plusieurs systémes IOAA sont distribués sur I'ensemble de la longueur de la GBMZ et nombre
d’entre eux sont actuellement reconnus comme étant potentiellement fertiles en minéralisations
IOCG et affiliées (Fig. 1-2; Hildebrand, 1986; Gandhi, 1994; Mumin et al., 2007, 2010; Corriveau
et al., 2010a, b; chapitres 2, 3). Parmi les plus importants il y a: les systéemes hotes des
gisements de NICO et Sue-Dianne (systemes de Lou et Mazenod, respectivement; Fig. 1-15;
chapitres 1, 4 et 5) au sud, au centre-sud les systémes de Fab (chapitre 7) et de DeVries, au
nord les systémes du secteur de Camsell River (Terra Mine/Norrex, Grouard), de Port Radium—
Echo Bay (Corriveau et al.,, 2010a; Mumin et al., 2007, 2010; chapitre 2) et d’East Hottah.
Cependant, seulement les systéemes de Port Radium—Echo Bay et Lou/Mazenod ont été étudiés
récemment en détail et représentent les systéemes IOAA les mieux documentés de la GBMZ
(Goad et al.,, 2000a, b; Camier, 2002; Mumin et al., 2007, 2010; Corriveau et al., 2010a, b;
Potter et al., 20133, b).

Le systéme IOAA de Port Radium—Echo Bay s’est formé dans un complexe de stratovolcans
appartenant au Groupe de LaBine (Hildebrand, 1981, 1983; Hildebrand et al., 1987, 2010b).
Suivant sa formation, un épisode de plissement postdatant la formation de la GBMZ ou la
déformation progressive et I'effondrement asymétrique de I'édifice volcanique ont mené au
basculement et a 'exhumation différentielle des altérations IOAA, produisant une section en
trois dimensions du systéme (Mumin et al., 2007, 2010, 2013). La séquence volcanique est
composée principalement d’andésites porphyriques et est complétée par des unités
volcanoclastiques, volcano-sédimentaires et plusieurs intrusions dioritiques sub-volcaniques.
Les altérations de haute température du systeme IOAA sont centrées sur les intrusions
dioritiques, interprétées par certains comme étant la principale source des fluides magmatiques-
hydrothermaux associés a ces zones d'altérations (Hildebrand, 1986; Mumin et al., 2007, 2010;
Somarin et Mumin, 2014). Ces intrusions sont également interprétées comme une source de
chaleur qui énergise les cellules hydrothermales déja en place et véhiculent les fluides
magmatiques-hydrothermaux issus des chambres magmatiques sous—jacentes. Certains fluides
de plus faible température documentés dans le systéme de Port Radium—Echo Bay peuvent
également provenir de lacs salins intra-caldeira (Somarin et Mumin, 2014). Ces différentes

hypothéses seront présentées plus en détails au chapitre 3.
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L’altération sodique, Na—Ca—Fe et HT Ca-Fe prédomine prés des intrusions dioritiques dans le
systeme IOAA de Port Radium—Echo Bay et évolue vers des altérations potassiques HT K-Fe et
LT K—Fe en s’éloignant des intrusions (voir figure 1 de Somarin et Mumin, 2014; Mumin et al.,
2007, 2010; Corriveau et al., 2010a, b). Dans les zones externes du systeme se forment
également des zones d’altérations épithermales ou de faibles températures (veines de quartz,
altération phyllique et propylitique). Comme les séquences d’orientation NO-SE sont basculées
inégalement vers le nord-est, la zonation de l'altération suit une coupe transversale par rapport
aux intrusions dans la région de Contact Lake et une coupe plus longitudinale entre les secteurs
de lindice K2 et de Mag Hill, illustrant parfaitement I'évolution spatio-temporelle de l'altération.
De plus, la zonation verticale des altérations a l'indice K2 est discordante avec la zonation de
l'altération dans les séquences basculées, suggérant que le systéme IOAA de Port Radium—
Echo Bay s’est développé avant et pendant le basculement des séquences volcaniques. Ce
basculement des séquences volcaniques et l'altération qui y est contemporaine précéde de
plusieurs millions d’années I'épisode de plissement inféré par Hildebrand et al. (1987) entre
1860 et 1858 Ma (Corriveau et al., 2010a). Ces altérations se sont donc formées dans un
contexte tectonique actif (Mumin et al. 2014) ou plusieurs blocs s’effondraient en partie par la
formation de caldeiras ou se soulevaient lors de l'altération, ce qui est typique d’'un arc
volcanique actif. Un tel contexte est aussi décrit pour le systéme de Lou, héte du gite de NICO,

au chapitre 6.

Au sud de la GBMZ, les systémes IOAA de Lou et de Mazenod associés aux gisements de
NICO et Sue-Dianne comprennent plusieurs systémes satellites hétes de minéralisations IOCG
et affiliées (Fig. 1-15). Cependant le contexte géologique et structural de formation des
gisements de NICO et de Sue-Dianne difféere fortement. Dans le systéme de Lou, le gisement de
NICO et les indices uraniféres polymétalliques de la Southern Breccia sont principalement
développés dans les roches sédimentaires du Groupe de Treasure Lake immédiatement sous
sa discordance avec le Groupe de Faber (séquence volcanique sus-jacente). Au-dessus de
NICO et de la Southern Breccia se trouve une séquence rhyolitique fortement altérée qui forme
la plus forte anomalie radiométrique potassique au Canada (Charbonneau et al., 1988). Le
gisement de NICO et les indices uraniféres polymétalliques de la Southern Breccia sont
recoupés par plusieurs générations d’essaims de dykes porphyriques sub-volcaniques (Gandhi
et al., 2001; chapitres 2, 6).

Le gisement de Sue-Dianne, dans le systeme de Mazenod, s’est développé dans une zone de

breche tectono-hydrothermale hébergée dans les séquences volcaniques du Groupe de Faber
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(Gandhi, 1989; Camier, 2002). Plusieurs zones de bréchification structurale, analogues a celles
décrites par Oliver et al. (2006) dans le district de Cloncurry, ont été identifiées dans les
systemes IOAA du sud de la GBMZ. Les contacts lithologiques entre les séquences volcaniques
du Groupe de Faber et les séquences métasédimentaires du Groupe de Treasure Lake ou
encore entre le Groupe de Faber et les intrusions granitiques du batholite de Marian River
semblent étre particulierement favorables a la formation de ces zones de breches (e.g.,

corridors de déformation de Marian River, de Peanut et de Southern sur la figure 1-15).

1.5 Problématique

L’étude des systemes IOAA est un sujet complexe qui requiert une approche multidisciplinaire.
Cette thése aborde ainsi plusieurs sujets complémentaires reliées a la géologie régionale du
sud de la GBMZ (le point de départ), au contexte tectono-magmatique de formation des gites
IOCG (les moteurs de mobilité des éléments), a la distribution des altérations dans les systemes
IOAA de la GBMZ (les résultantes stériles), aux relations entre gites IOCG et gites d’'uranium
encaissés dans des albitites (les résultantes fertiles), a la signature chimique de ces altérations

(les vecteurs) et a la formation de zones minéralisées a différents stades d’altération.

1.5.1 Contexte tectono-magmatique de formation des gites IOCG du sud de

la GBMZ
(chapitre 2)

Le contexte tectono-magmatique de formation de la GBMZ demeurait incertain au vu des
nouvelles contraintes géochronologiques établies par Gandhi et al. (2001), Gandhi et van
Breemen (2005), Bennett et Rivers (2006), Davis et al. (2011) et Bennett et al. (2012). Les liens
entre les divers épisodes magmatiques et la formation des systemes IOAA restaient a définir,
plus particulierement dans le sud de la GBMZ ou la stratigraphie demeurait plus incertaine que
dans le nord par manque de données géochronologiques publiées. Une question primordiale qui
n'avait pas été étudiée en détail est celle touchant a I'évolution géochimique et au contexte
tectonique des séquences volcaniques et intrusives du sud de la GBMZ. Les analyses
géochimiques de roches totales par fusion et «inductively coupled plasma-mass spectrometry»
(ICP-MS) et «inductively coupled plasma-atomic emission spectrometry» (ICP-AES) offrent une
grande précision sur des éléments diagnostiques tels que ETR, Nb, Ta, Th, Y, Yb et Zr, et de

telles données pourraient permettre de mieux cerner la signature magmatique et le contexte
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tectonique le plus probable des roches volcano-plutoniques de la GBMZ. Une meilleure
compréhension de I'évolution tectono-magmatique du sud de la GBMZ contraindrait aussi les
fenétres temporelles, magmatiques et tectoniques les plus favorables a la formation de

minéralisations IOCG et affiliées polymétalliques dans les systemes IOAA du sud de la GBMZ.

1.5.2 Nomenclature et définition de faciés d’altération dans les systémes

IOAA
(chapitres 3 et 4)

Il'y a actuellement deux principaux systemes de nomenclature utilisés dans la littérature pour
nommer les altérations IOAA : ceux basés sur une notation chimique et ceux basés sur une
notation minéralogique. Plus communément, diverses combinaisons plus ou moins
systématiques de ces deux systémes de nomenclature sont utilisées et dans certains cas
seulement un minéral (généralement le principal ou un oxyde de fer) sert a nommer un stade
complet d’altération (p. ex. Barton et Johnson, 2000; Davidson et al., 2007). Dans les systémes
de nomenclature basés sur une notation chimique, les altérations sont nommées en fonction
des principaux cations qui caractérisent leur paragenése minéralogique ou encore un élément
qui définit le trait caractéristique du stade d’altération (Figs 1-6 a 1-13). Par-exemple, une zone
d’albitisation est appelée altération sodique (p. ex. Marschik et Fontboté, 2001b; Mark et al.,
2006; Monteiro et al., 2008a, b) selon cette nomenclature tandis qu’elle serait appelée altération
a albite selon une nomenclature minéralogique (p. ex. Nirranen et al., 2007; Skirrow et al., 2007;
de Haller et Fontboté, 2009). D’autres systémes plus marginaux de nomenclature des
altérations IOAA divergent considérablement de la nomenclature couramment utilisée en
introduisant des termes comme désamphibolitisation pour nommer une albitisation/altération
sodique (p. ex. Strauss, 2003) ou encore dénotent les stades principaux d’altération principaux
en stades de bréchification (p. ex. Hunt et al., 2005; Bernard, 2006).

Les différents systémes de nomenclature utilisés pour décrire les altérations IOAA dans la
littérature compliquent la définition de faciés d’altération propres aux systemes IOAA (tableau
3.1 au chapitre 3 et références présentées). Suivant Schmid et al. (2007) et Zharikov et al.
(2007), un facies d’altération se définit comme une suite d’assemblages minéralogiques qui sont
systématiquement associés dans le temps et I'espace et qui montrent une relation étroite entre
leur assemblage minéralogique et leur composition chimique. Ainsi les paragenéses
minéralogiques de deux faciés d’altération distincts reflétent des conditions physico-chimiques

distinctes de formation. Bardina et Popov (1992) soulignent également que ['évolution du
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meétamorphisme orogénique est contraint par les cheminements P-T (pression—température)
alors que ceux des faciés métasomatiques sont contraints par I'évolution des fluides en fonction

de leur température et de leur pH.

Les facies d’altération sont donc analogues pour contraindre I'évolution physico-chimique d’un
systeme hydrothermal aux faciés métamorphiques utilisés pour contraindre ['évolution
tectonique d’'une orogenése. L'utilisation de faciés d’altération facilite I'harmonisation et la
production de cartes d’altération et la segmentation d’'un systéme hydrothermal en différents
domaines d’altération, ce qui devient trés utile lorsque le systéme est polyphasé et comprend
plusieurs types et générations d’altération hydrothermale qui se recoupent, se surimposent et se
confondent. Cette approche facilite aussi la comparaison de l'altération hydrothermale entre
différents systémes IOCG et IOAA, ce qui peut étre une tdche complexe avec les systémes de
nomenclature actuels (voir les différences dans la notation des altérations dans les figures 1-6 a
1-13).

1.5.3 Signature chimique des altérations
(chapitres 4 a 7)

L’évolution et la distribution reproductible des altérations dans les systémes IOAA ont été
démontrées par Hitzman et al. (1992), Barton et Johnson (2000), Williams et al. (2005),
Corriveau et al. (2010b) et Mumin et al. (2010). Cependant, I'’évolution géochimique des
altérations et la mobilité des éléments entre chaque stade d’altération, qui appuieraient ces
modéles d’évolution, ne sont pas systématiquement documentées dans les systémes IOAA.
Plusieurs questions restent aussi en suspens quant a la composition géochimique
caractéristique de chaque altération, l'influence de la composition originale du protolite sur la
composition finale de la roche altérée et le couplage/découplage entre des éléments
généralement isovalents (ex : Sr—Ca, Nb—Ta). Les implications du lessivage intense et de la
redistribution des éléments chimiques sur plusieurs dizaines de kilométres résultant de la
construction d’un systéme IOAA restaient ainsi encore a contraindre pour offrir des cas

d’exemples représentatifs.

Des travaux non publiés d’Ewan Pelleter ont délimité certains traits géochimiques des
altérations IOAA dans la région de Contact Lake du district de Port Radium—Echo Bay prés du
Grand Lac de I'Ours. Oliver et al. (2004) ont proposé une modélisation détaillée et exhaustive du
rble de l'altération sodique dans les systémes IOAA du district de Cloncurry en Australie. En

s’appuyant sur le comportement des éléments majeurs et des isotopes de I'oxygéne dans les
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systemes IOCG de Mantoverde, Benavides et al. (2008a) ont commencé a élaborer des
vecteurs géochimiques basés sur un indice d’altération corrélant les variations des rapports
molaires entre les éléments majeurs dans les altérations et la fertilité du systéeme hydrothermal

héte.

1.5.4 Relation entre altération et minéralisation dans les systéemes IOAA de

la GBMZ
(chapitres 3 a 7)

Le potentiel en minéralisations IOCG et affiliées des systemes IOAA de la GBMZ reste encore a
définir pour plusieurs d’entre eux. En effet, excepté pour les systémes IOAA de Port Radium—
Echo Bay, Sue-Dianne et NICO qui ont été réexaminés en détail pendant les années 2000
(Goad et al., 2000a, b; Camier, 2002; Mumin et al., 2007, 2010; Corriveau et al., 2010a, b), les
travaux les plus récents sur la majorité des systémes IOAA de la GBMZ datent de la fin des
années 1990 et méme des années 1980 pour certains, au moment ou le concept de gisements
du type I0CG n’existait pratiquement pas ou encore que les connaissances sur les gites IOCG
restaient trés fragmentaires. En effet, c’est Gandhi (1994), dans sa synthése sur les styles de
minéralisations du centre et sud de la GBMZ, qui a associé certains des indices aux systémes
IOCG. Dans le nord de la GBMZ, Hildebrand (1986) reliait déja les composantes sodiques et HT
Ca—Fe aux systémes du style Kiruna. Cette documentation n’allait toutefois pas jusqu’a
l'identification des zones d’altérations HT et LT K-Fe a magnétite et hématite des districts de
Port Radium—Echo Bay et de Camsell River ce qui implicitement restreignait largement le
potentiel minéral au fer. Ces altérations n’ont pas été rapportées avant les travaux de Webb
(2001) puis par Mumin et al. (2007, 2010) et Corriveau et al. (2010a, b) ou un réexamen détaillé
a permis d’élargir le potentiel minéral de la région comme le présent projet le fait avec la
découverte de la Southern Breccia, 1 km au sud du gisement de NICO (chapitre 4). Cette zone
d’albitites uraniféeres avait été initialement cartographiée comme des cornéennes associées a
I'emplacement des batholithes (Goad et al., 2000a, b), appellation qui perdure d’ailleurs jusqu’a
Mumin et al. (2010). La distribution des zones d’altération HT et LT K-Fe fertiles en
minéralisations IOCG sont aussi a définir dans la majorité des systemes IOAA de la GBMZ.
Méme dans le district de Port Radium—Echo Bay ces zones n’ont pas été clairement définies
malgré tous les travaux effectués dans les années 2000, ce qui a mené au forage de plusieurs
kilométres de carottes dans des zones d’altérations Na—-Ca—-Fe et HT Ca—Fe qui se sont

avérées peu fertiles en minéralisations polymétalliques cupriféres mais fortement minéralisées
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en vanadium et ETR (chapitre 3). Cette connaissance fragmentaire de la distribution régionale
des altérations et des associations minéralisation—altération est aussi valide pour le sud de la
GBMZ dans le systéme de Nod (chapitre 4), ou quelques centaines de métres de forages ont
ciblé les zones d’altération sodique et HT Ca—FetK, généralement peu fertiles en métaux autres
que le Fe (voir MacKay et Eveleigh, 1997). Dans le systéme de Grouard, les zones d’altération
intense HT Ca-Fe cartographiées lors de la campagne de terrain de 2010 avaient été
étiquetées du terme «rat shit» sur les photos aériennes utilisées pour les campagnes de
cartographie dans les années 1980. Cette anecdote résume bien la difficulté d’alors a décrire les
altérations IOAA lors de campagnes de géocartographie régionale. Une meilleure connaissance
de la distribution régionale des altérations et des relations altération/minéralisation améliorerait
grandement les modeles métallogéniques et I'évaluation du potentiel minéral et énergétique
(uranium) des systémes IOAA de la GBMZ en gisements IOCG et affiliés. L’approche
préconisée est basée sur la signature métallifere des différentes altérations associées aux
indices minéralisés formés. Elle est applicable tant dans un contexte d’exploration préliminaire
que dans la définition de zones minéralisées au Canada et ailleurs dans le monde. L’objectif est
donc d’établir les relations entre altération et minéralisation dans les systemes I0AA de la
GBMZ.

1.5.5 Relation entre gites IOCG et gites d’uranium encaissés dans des

albitites
(chapitres 3 et 6)

Les gites d’'uranium encaissés dans les albitites sont caractérisés par une série de zones
enrichies en uranium a faible teneur (< 1% U3Og) dispersées sur plusieurs kilométres dans des
roches préalablement fortement albitisées. Collectivement ces gites contiennent autant
d’'uranium que les gites d’'uranium associés a une discordance, ce qui en fait une source
significative d’'uranium. Malgré leur fort potentiel, ces gites uraniféeres demeurent parmi les plus
mal compris (Wilde, 2013). Individuellement, les zones minéralisées en uranium s’étendent sur
plusieurs métres en largeur et potentiellement plusieurs centaines de meétres en longueur
formant des lentilles relativement étroites dans des corridors de déformation. Les altérations
hydrothermales principales sont Na, Na+Ca+Mg et K polyphasées (Cuney et Kyser, 2008; Polito
et al.,, 2009; Cuney et al.,, 2012; Wilde et al.,, 2013). Des exemples clés de ce type de
minéralisation sont : Valhalla en Australie (Polito et al., 2009; 34.7 Mt @ 830 ppm U;0g, Paladin
Energy LTD, 2013), Lagoa Real au Brésil (Porto da Silveira et al., 1991), le gisement de
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Michelin au Labrador (Gandhi, 1977; Corriveau et al., 2010a) et les gisements uraniféres du
bouclier ukrainien (Cuney et al., 2012). Les gites d’'uranium encaissés dans des albitites ont été
reconnus comme étant potentiellement associés aux gites IOCG, mais aucune association
directe n’a été documentée (Hitzman et Valenta, 2005; Williams, 2010a; Wilde, 2013). Les
relations entre les oxydes fer et la minéralisation uranifére dans plusieurs de ces gites sont
également mal comprises, et certains associent la formation d’oxydes de fer au métamorphisme
régional (Wilde, 2013). Un des objectifs du chapitre 6 est de démontrer les relations temporelles
et génétiques entre la formation de gites IOCG et de gites d’'uranium encaissés dans des

albitites en contextes non affectés par du métamorphisme orogénique régional.

1.6 Objectifs

L’objectif principal de cette thése est de définir la mobilité des éléments dans les systemes IOAA
de la GBMZ pour établir les relations entre la mobilité et 'immobilité de ces éléments et les
altérations hydrothermales et minéralisations qui en résultent. Plusieurs aspects, définis dans la
section précédente, doivent étre répondues pour bien cadrer la mobilité des éléments dans les

systemes I0OAA.
Les objectifs de cette thése sont donc :

1. Définir le contexte tectono-magmatique et les relations spatio-temporelles entre les

nombreux indices, gites, gisements et zones minéralisées du sud de la GBMZ;

2. Définir un systéme de nomenclature systématique pour laltération hydrothermale
formées dans les systémes IOAA de la GBMZ et cadrer I'évolution de l'altération au sein

de ces systemes;

3. Etablir la signature chimique et métallifére des différents types d’altération

hydrothermale identifiés dans les systémes IOAA de la GBMZ;

4. Définir la mobilité des éléments entre chacun des stades d’évolution d’un systéme
IOAA;

5. Etablir des indices daltération pour les systtmes IOAA afin de faciliter la

reconnaissance de roches altérées par des données géochimiques; et

6. Contraindre les relations entre altération et minéralisation.
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1.7 Méthodologie

1.7.1 Cadre logistique et scientifique

Les systémes IOAA sont trés complexes et nécessitent une approche multidisciplinaire pour
bien les contraindre (Corriveau, 2007; Corriveau et Mumin, 2010). Ce projet de doctorat s’inscrit
donc au sein du projet MGMO010 intitulé «/ron-oxide Copper—gold (IOCG) / Multiple Metals —
Great Bear Region» du programme de Géocartographie de I'énergie et des minéraux (GEM) de
la Commission géologique du Canada (CGC; responsables Louise Corriveau et Kathleen
Lauziere) et est réalisé en partenariat avec le Northwest Territories Geoscience Office (NTGO;
responsable Valerie Jackson). Ce doctorat est aussi réalisé parallélement avec celui de Pedro
Acosta-Géngora de I'Université de I'Alberta sous la supervision de Sarah Gleeson et lain
Samson. Le projet de M. Acosta-Gdngora porte sur la nature des minéralisations méme en
s’appuyant sur la composition des éléments en trace des magnétites, des isotopes stables (S,
O, Cu) et des inclusions de fluides dans les principaux indices IOCG de la GBMZ, une approche
qui complémente bien le portrait plus régional de ces systémes défini dans cette thése (Acosta,
2014; Acosta-Gongora et al., 2011, 2013, 2014, 2015a, b). En paralléle, 'étude a bénéficié des
avanceées sur la pétrographie des altérations d’Anthony Franco De Toni (étudiant a la maitrise a
I'INRS-ETE sous la supervision de Louise Corriveau et Pierre-Simon Ross) et de la chimie
minérale par Philippe Normandeau (doctorant a l'université McGill sous la supervision de
Jeanne Paquette et Isabelle McMartin) et Philippe Lypazewski (étudiant au baccalauréat a
l'université McGill) (Lypaczewski et al., 2013; Normandeau et McMartin, 2013; De Toni, 2016).

Les travaux de terrain nécessaires a ce projet de doctorat ont été parrainés par le projet
MGMO010 de la CGC avec un soutien logistique du South Wopmay Bedrock Mapping project du
NTGO, des compagnies Fortune Minerals Limited et Diamonds North ainsi que des Premiéres
Nations Thcho, plus spécifiquement la communauté de Gameéti. Tous les arrangements
administratifs (p. ex. permis de recherche pour les travaux de terrain, autorisation de voyage,
ententes avec les Premieres Nations, ententes avec les compagnies miniéres et d’exploration
minérales), financiers (obtention et gestion des fonds) de méme que les formations nécessaires
(premiers soins, armes a feu, etc.) ont été pris en charge par I'équipe de la CGC ou par les
partenaires du NTGO. Les études réalisées au cours de ce projet ont grandement bénéficiées
de l'expertise de plusieurs chercheurs de la CGC, de I'INRS, du Bureau de recherche
geologiques et miniéres de France et des universités Laval, Brandon, McGill et d’Alberta affiliées

au projet. Entre autres Georges Beaudoin, Louise Corriveau, Bill Davis, Randy Enkin, Eric
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Grunsky, Nathan Hayward, Simon Jackson, Bernard Long, Hamid Mumin, Ewan Pelleter, Eric

Potter et Pierre-Simon Ross.

1.7.2 Levés de terrain et échantillonnage

Les levés de terrain pour ce doctorat ont ciblé plusieurs systémes IOAA de la GBMZ en se
basant sur 'ensemble des travaux de Sunil Gandhi, la prospection faite dans les années 1960 a
1990 ainsi que les travaux dirigés par Hamid Mumin et Robert Hildebrand. Dans le sud de la
GBMZ, les systemes IOAA étudiés sont ceux associés aux gisements de NICO et Sue-Dianne;
dans le centre, la région autour des indices de Fab Lake (nom informel) de méme que les
indices de Ham/Hailstone et JLD prés de la zone de faille de Wopmay; au nord les systémes de
Camsell River, East Hottah, Grouard et Port Radium—Echo Bay (Fig. 1-2). Lors des traverses,
une attention particuliere a été accordée aux altérations et aux bréches, aux relations entre
celles-ci et leur relation avec les minéralisations lorsque présentes. Sur chaque affleurement, la
séquence d’altération a été décrite en détail, le protolite décrit lorsque reconnaissable et le tout
appuyé par une documentation photographique systémique. Les échantillons témoins

représentent les altérations décrites et leurs relations avec les autres types d’altérations.

Les échantillons pour la géochimie ont été cassés en fragments de quelques centimétres sur le
terrain pour garantir leur homogénéité, 'absence de veines et d’altération météorique et
s’assurer d’avoir un volume suffisant pour obtenir des analyses représentatives de la phase
d’altération sélectionnée et décrite. Ainsi, les échantillons de géochimie sont donc homogénes
et ciblés sur l'unité décrite et identifiée par le numéro alors que les échantillons témoins avec les
numéros de la méme unité ont été sélectionnés avec le plus de relations possibles avec les
autres unités et sont donc souvent trés hétérogénes et variés. La quantité de matériel récolté
pour la géochimie a été estimée en fonction de la granulométrie de la roche et de son
homogeénéité intrinséque (Ilgnamells et Switzer, 1973). Typiquement pour les roches finement
grenues un volume de 250 cm? a été échantillonné tandis que pour les roches moyennement a
grossierement grenues c'est plutét des volumes de l'ordre de 1000 cm?® qui ont été
échantillonnés. Sur tous les affleurements décrits entre 2009 et 2011, des mesures ont été
prises avec un spectrométre a rayons gammas portable (Radiation Solutions RS—230) équipé
d'un détecteur au germanate de bismuth pour mesurer les concentrations en potassium et les
concentrations équivalentes en thorium et uranium. La susceptibilité magnétique des altérations

a aussi été systématiquement quantifiée avec un appareil de mesure de la susceptibilité
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magnétique (Heritage Geophysics SM-20 et SM-30 ou Terraplus KT-10) (cf. Lee et Morris,
2013).

1.7.3 Pétrographie et colorations au cobaltnitrate des tranches de roche

La coloration des tranches de roche au cobaltnitrate est critique pour évaluer l'intensité de
I'altération potassique et établir les relations entre l'altération potassique et les autres types
d’altérations. Elle s’est aussi avérée trés performante pour attaquer et colorer difféeremment
plusieurs types d’altération IOAA notamment celles en séricite et en biotite. Cette méthode,
établie par Gabriel et Cox (1929), débute par l'attaque de la tranche de roche a l'acide
fluorhydrique concentré qui est suivie du ringage a I'eau, du séchage a 100 ‘C puis du trempage
de I'échantillon dans une solution de cobaltnitrate. Aprés ce traitement, tous les feldspaths
potassiques sont colorés en jaune, la biotite en vert et les micas blancs en vert jaunatre ou
jaune blanchéatre. L’attaque a I'acide fluorhydrique donne a l'albite une couleur blanchatre assez
crayeuse lorsque la concentration modale de quartz avec l'albite est faible, les carbonates
(calcite) deviennent eux aussi blanchatres alors que les minéraux ferromagnésiens tout comme
le quartz et les oxydes de fer autres que la biotite ne sont pas vraiment attaqués et gardent leur
apparence originale. Les colorations ont été faites a 'INRS-ETE principalement par Philippe
Girard sous la supervision de Stéphane Prémont. La description systématique des altérations
présentes dans les tranches de roches a ensuite été utilisée pour guider linterprétation des
données géochimiques et la cartographie des altérations dans les systémes IOAA de la GBMZ.
L’histoire de I'évolution des systémes hydrothermaux étudiés et leur séquence d’altération ont
été définies par la caractérisation précise des relations de recoupement entre les altérations. La
description et l'identification des altérations et de leurs paragenéses minéralogiques ont été
complémentées pour les échantillons a grains fins par de la microscopie optique et le
microscope électronique a balayage (MEB). La majeure partie de la microscopie optique a été
faite par Anthony Franco De Toni pour son mémoire de maitrise et par Eric Potter en
complémentarité avec les descriptions macroscopiques faites pour cette thése de doctorat. Les
analyses au microscope a balayage électronique (MEB) ont été faites a 'INRS-ETE avec la
collaboration d’Arnaud de Koninck et aux laboratoires de la CGC-Ottawa avec la collaboration

de Patricia Hunt (information complémentaires sur les MEB aux chapitres 6 et 7).
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1.7.4 Analyses des éléments majeurs et traces sur roche totale

Deux types de méthodes (destructives et non-destructives) ont été employés pour les analyses
géochimiques des échantillons de roches utilisés dans cette thése de doctorat (voir Corriveau et
al., 2015 pour la compilation des analyses et les procédures de validation des données). Dans
les méthodes destructives avec analyses par ICP-MS (Linge, 2007; Beauchemin, 2008) et ICP-
AES, la poudre obtenue aprés concassage et broyage a été fusionnée puis mise en solution
dans des acides ou directement mise en solution dans des acides sans fusion. Les analyses par
activation neutronique non-destructives (poudre analysée directement sans mise en solution ou
fusion) ont été utilisées afin d’investiguer si les mises en solutions des minéraux étaient totales
ou laissaient des résidus non analysés. La minéralogie complexe des altérations des systémes
a oxydes de fer et altération en éléments alcalins ou les quantités extrémes d’'un seul minéral
dans la roche peuvent compliquer la mise en solution ou la fusion compléte de toutes les
phases minéralogiques lors des analyses destructives. La diversité des éléments dans les
altérations et minéralisations peuvent aussi étre a la source de nombreuses interférences
absentes lors de I'analyse d’échantillons plus «normaux». Excepté pour certains échantillons de
la Southern Breccia et de Fab riches en Th et U, tous les échantillons ont été concassés, cartés
et pulvérisés a I'INRS—ETE. La pulvérisation est principalement faite avec des creusets en agate
mais certains échantillons de la série 09CQA ont également été pulvérisés avec des creusets en
fer et pauvres en chrome. Les échantillons potentiellement riches en Th et U de Fab et de la
Southern Breccia ont été concassés et pulvérisés aux laboratoires d'ALS par creusets de fer

pauvre en chrome.

Les analyses géochimiques a I'lCP-MS et ICP-AES avec fusion préalable pour les éléments
majeurs et traces ont été faites a I'INRS (échantillons de 2005-2011) sous la supervision de
Stéphane Prémont tandis que les analyses par solution acide ont été faites par I'lCP-MS aux
laboratoires certifiés d’AcmelLabs (méthode 1EX, 4 acides — ICP-MS; échantillons de 2005-
2009) et d’'ALS (méthodes ME-MS81U, fusion — ICP-MS; ME-MS61U, 4 acides — ICP-MS;
échantillons de 2010-2011) a Vancouver. Plusieurs ré-analyses ont été faites par le laboratoire
de 'INRS-ETE quand des résultats analytiques ou des dissolutions semblaient inhabituelles afin
de confirmer les résultats reportés. Un suivi était fait selon le type de roches impliquées pour
ajuster la procédure analytique et de mise en solution des échantillons selon leurs composantes
atypiques (e.g., échantillons composés de barite a > 90% modal). Les analyses pour les
halogénes (chlore et fluor) ont été réalisées, entre 2005 et 2008, par chromatographie liquide a

la CGC-Ottawa. Entre 2009 et 2011, les analyses pour le fluor ont été faites avec une électrode
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sélective d’ions précédée d'une fusion aux laboratoires d'AcmelLabs (méthode 2A F;
échantillons 2005-2009) et d'ALS (méthode F-ELE81a; échantillons 2010-2011) et le chlore par
activation neutronique au laboratoire certifié Becquerel (méthode CL-NAAO6; Toronto). Toutes
les analyses multi-éléments non-destructives par activation neutronique ont été faites au

laboratoire Becquerel (protocole BQ-NAA-1).
1.7.5 Quelques considérations sur les méthodes analytiques

Une étude comparative de la qualité des résultats analytiques en fonction de la méthode
d'analyses a été faite en utilisant les analyses faites par le protocole 1EX d'’AcmeLabs (digestion
par 4 acides+ICP-MS), le protocole analytique de I'INRS (fusion+ICP-AES, ICP-MS) et celui de
Becquerel (activation neutronique). Cette comparaison visait a cerner les méthodes analytiques
optimales en fonction des éléments ciblés dans les altérations IOAA et d'évaluer la qualité des
analyses généralement faites par l'industrie. Cette étude comparative montre que certaines
analyses faites aprés une digestion par 4 acides suivant le protocole 1EX d'AcmelLabs tendent a
sous-estimer de fagon variable le contenu en Al et K de certains échantillons, surtout lorsque les
concentrations en Al et K sont supérieures a 6 et 3% respectivement (Fig. 1-16). Pour de faibles
concentrations en Ca et P, la digestion par 4 acides donne de meilleurs résultats (Fig. 1-16).
Pour les métaux et plus particulierement pour le Bi, Cd et Pb, les analyses par 4 acides sont
généralement plus précises lorsque les métaux sont en faibles concentrations mais a plus haute
concentration les méthodes de dissolution par 4 acides et par fusion donnent des résultats

comparables (1-17).

Pour les ETR, cette analyse démontre que les analyses par fusion sont celles qui donnent les

meilleurs résultats, particuliérement pour les ETR lourdes et moyennes (Figs. 1-18 et 1-19).

Les relations précédemment décrites sont applicables uniquement a la comparaison des
protocoles d'analyses 1EX d'Acmelabs, BQ-NAA-1 de Becqurel et aux analyses de I'INRS
faites entre 2005 et 2009, mais ne s'applique pas aux analyses de I'INRS faites de 2010 a 2012
de méme qu'aux analyses faites par ALS en 2010 et 2011. L'INRS, avec le temps, a fortement
amélioré son protocole d'analyse des métaux en abaissant les limites de détection. Le protocole
ME-MS61u d'ALS donne des résultats comparables a ceux obtenus par fusion pour la majorité
des élément excepté Rb et Ta qui donnent de meilleurs résultats par fusion a I'INRS-ETE et Zn

qui donne de meilleurs résultats par la méthode ME-MS61u d'ALS (voir Tableau 1-3).
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Tableau 1-3 Coefficients de corrélation pour les analyses faites a I'INRS—ETE (fusion) et celles faites ALS
avec le protocole ME-MS61u

Elément Corrélation Elément Corrélation

Al 0.952 P 0.995
Ba 0.977 Pb 0.735
Ca 0.999 Rb 0.624
Ce 0.992 Sn 0.888
Cr 0.917 Sr 0.984
Cu 1.000 Ta 0.651
Fe 0.996 Th 0.956
Hf 0.942 Ti 0.998
K 0.896 U 0.988
La 0.993 \ 1.000
Mg 0.999 W 0.998
Mn 0.992 Y 0.966
Na 1.000 Zn 0.776
Nb 0.972 Zr 0.943

Cette étude comparative montre que chaque protocole et laboratoire a ses forces et faiblesses
et que la qualité des résultats en est fortement influencée. Ces constats ont guidé le choix des
différentes méthodes et laboratoires utilisés pour analyser les échantillons reliés au projet (voir
la description des méthodes utilisées pour chaque cas d’études dans les chapitres suivants).
Par contre les échantillons de la Southern Breccia et certains indices de la GBMZ (Cole U, Fab)
ont été envoyé a un laboratoire spécialisé dans les analyses d’échantillons a concentrations

elevées en U pour des raisons de santé et sécurité en laboratoire.

1.8 Articles composants la thése et description de la

contribution de chacun des auteurs

Cette section liste les articles qui forment la deuxieme partie et le corps central de la thése et
défini la contribution de chacun des auteurs pour chaque article. La deuxiéme partie de la thése
comprenant les articles est suivie en troisieme partie par la description de I'avancement des
connaissances résultant de cette thése et les conclusions sur les réponses apportées a la
problématique centrale de cette thése sur les relations entre la mobilité des éléments et la

formation de différents gites dans les systémes IOAA.
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1.8.1 Chapitre 2

Ce chapitre représente l'article suivant:

Montreuil, J.-F., Corriveau, L., Tectono-magmatic evolution of the southern Great Bear
magmatic zone (Northwest Territories, Canada) — Implications on the formation of iron

oxide alkali-altered hydrothermal systems, Soumis a «Economic Geology».

L’auteur de cette thése en est le premier auteur. Il a défini les unités géologiques associées aux
échantillons collectés dans le sud de la GBMZ en se basant sur la carte géologique de Gandhi
et al. (2014) et I'observation des échantillons collectés dans chacune des unités, a défini
I'affinité chimique des différentes roches plutoniques et volcaniques du sud de la GBMZ, a
produit les cartes d’altération et créé la méthode de présentation des altérations IOAA en
utilisant les concentrations molaires de Na, Ca, Fe, K et Mg et a proposé les principales
interprétations reliées a ce chapitre. Louise Corriveau, qui est seconde auteure, a collecté et
décrit plusieurs échantillons et zones d’altération présentés dans cette contribution, a validé et
approfondi les descriptions et interprétations proposées dans l'article et amélioré la clarté

générale du message qui y est véhiculé.

1.8.2 Chapitre 3

Ce chapitre contient l'article suivant:

Corriveau, Montreuil, J.-F., L., Potter, E.G., Linkages amongst IOCG, |IOA and affiliated
deposits: From the Great Bear magmatic zone records to an Iron Oxide Alkali-Alteration

facies ore deposit model, Soumis a «Economic Geology».

Louise Corriveau est la premiére auteure du chapitre 3 et a élaboré le concept et défini la
thématique principale de I'article, fait la majeure partie de la rédaction initiale, des travaux de
terrain et de la collecte d’échantillons, a défini les principaux faciés d’altération et établi les
lignes directrices de l'interprétation. L'auteur de cette thése, second auteur sur cet article, a
quantifier l'intensité des faciés d’altération avec un systéme novateur de code-barres utilisant la
proportion molaire entre Na, Ca, K, Fe et Mg, a produit les cartes montrant la distribution de
l'altération pour certains systémes de la GBMZ, a défini par le profilage compositionnel des
zones minéralisées le long de carottes de forage les relations entre enrichissement en métaux
et altération, a interprété les faciés d’altération des gites IOCG utilisés comme références pour
l'article, a contribué significativement a la rédaction des sections décrivant les zones d’altération

de la GBMZ, a contribué a la description des faciés altérations sur le terrain et a la collecte
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d’échantillons, a contribué a définir les principaux faciés d’altération de la GBMZ, a contribué a
clarifier le message véhiculé par l'article et a activement contribué a la production des figures de
ce chapitre. Eric Potter, qui est le troisieme auteur, a contribué a clarifier le message véhiculé
par la publication et mieux cadrer les descriptions des différentes zones minéralisées de la
GBMZ.

1.8.3 Chapitre 4

Ce chapitre contient l'article suivant:

Montreuil, J.-F., Corriveau, L., Potter, E.G., On the relation between alteration signature
and metal endowment of iron oxide alkali altered systems, southern Great Bear magmatic

zone (Canada), Soumis a «Economic Geology».

Dans cette contribution, l'auteur de cette thése est premier auteur. Il a réalisé conjointement
avec Louise Corriveau et Eric Potter, la description des altérations et la collecte d’échantillons
des principaux indices minéralisés du sud de la GBMZ. Il a aussi compilé les données
géochimiques dans les rapports d’exploration et produit 'ensemble des sections chimiques
associant altération et minéralisation pour chacun des indices. Par la suite, il a confirmé les
altérations identifiées lors des travaux de terrain dans les principales zones minéralisées avec
les tranches de roche colorées et les lames minces et a confirmé les stades d’altérations
auxquels certains métaux ont été concentrés par la description de lames minces avec le
microscope électronique a balayage (MEB). Louise Corriveau a contribué en validant et
resserrant les descriptions des altérations pour chaque indice et les points abordés dans la
discussion et en identifiant et décrivant les zones d’altérations principales sur le terrain. Eric
Potter, qui est le troisieme auteur, a contribué a clarifier le message véhiculé par I'article et
mieux cadrer les descriptions des différentes zones minéralisées de la GBMZ. Il a aussi
contribué a l'acquisition des images au MEB décrivant la minéralogie de l'indice uranifére de

Cole et des indices de la Southern Breccia.

Cette contribution utilise également des descriptions de terrain de John Kerswill de la
Commission géologique du Canada, quelques photos de lames minces prises par Anthony De
Toni et des images acquises par MEB prises par Philippe Normandeau (Brooke) pour illustrer le
propos discuté dans ce chapitre; leur contribution est soulignée dans les remerciements.
L’auteur de cette thése a cependant interprété l'information contenue dans les images utilisées
relativement a la distribution des métaux a chacun des stades d’altération et intégré cette

information dans l'article.
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1.8.4 Chapitre 5

Ce chapitre contient l'article suivant:

Montreuil, J.-F., Corriveau, Grunsky, E.C., 2013, Compositional data analysis of
hydrothermal alteration in IOCG systems, Great Bear magmatic zone, Canada: to each
alteration type its own geochemical signature; Publié par «Geochemistry: Exploration,

Environment, Analysis», v. 13, p. 229-247.

L’auteur de cette thése est le premier auteur pour cette contribution. Il a identifié les roches
altérées par hydrothermalisme utilisées pour faire la modélisation géochimique; a fait 'analyse
statistique des compositions d’altération; a posé les lignes directrices des interprétations
présentées dans larticle; et a mis sur pied et construit les diagrammes discriminant les
altérations IOAA. Louise Corriveau a fait les travaux de terrain, échantillonné et décrit la plupart
des altérations utilisées dans cette contribution; a contribué a linterprétation des tendances
observées dans les variations chimiques des altérations; et a revu et amélioré le contenu
général de l'article. Eric Grunsky a fourni le script dans R pour faire I'analyse en composantes
principales; a validé les résultats de I'analyse compositionnelle; et a validé [l'utilisation de

concentrations molaires pour les indices discriminant I'altération.

1.8.5 Chapitre 6

Ce chapitre contient l'article suivant:

Montreuil, J.-F., Corriveau, L., Potter, E.G., 2015, Formation of albitite-hosted uranium
within I0CG systems: The Southern Breccia, Great Bear magmatic zone, Northwest

Territories, Canada; Publié par «Mineralium Deposita», v. 50, p. 293-325.

L’auteur de cette these a fait la cartographie et I'échantillonnage initial des indices uraniféres de
la Southern Breccia sur le terrain aprés leur découverte et contraint les principaux types
d’altération associés aux minéralisations uraniféres. Louise Corriveau a par la suite poursuivi et
affiné la cartographie et la description des types d’altération formés dans la Southern Breccia et
collecté plusieurs échantillons de la minéralisation uranifére. Eric Potter, Anthony De Toni et
l'auteur ont ensuite complété la cartographie et I'échantillonnage des zones uraniféres de la
Southern Breccia. L’auteur, en collaboration avec Louise Corriveau et Eric Potter, a fait les

principales interprétations reliées a cette contribution ainsi que la description des principaux
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faciés d’altération et des unités géologiques de la Southern Breccia. Eric Potter a contribué a
établir la minéralogie de la minéralisation uranifére et a retracer I'association spatio-temporelle
des gites d’'uranium encaissés dans des albitites avec les gites IOCG. Louise Corriveau a
également proposé I'hypothése de I'exhumation différentielle syn-volcanique et syn-altération

pour expliquer la zonation de I'altération dans le systéme de Lou.

1.8.6 Chapitre 7

Ce chapitre contient l'article suivant:

Montreuil, J.-F., Potter, E.G., Corriveau, L., Davis, W.J., 2016, Element mobility
patterns in magnetite-group I0CG systems: The Fab IOCG system, Northwest Territories,
Canada; Publié par «Ore Geology Reviewsy», v. 72, p. 562-584.

Dans cette publication sur le systétme de Fab, I'auteur de cette thése a participé, avec Anthony
De Toni, Eric Potter, Louise Corriveau et Pierre-Simon Ross, a la cartographie des altérations et
la collecte des échantillons; a contribué a la compilation et l'interprétation des données de
terrain, des analyses chimiques et des échantillons pour produire la carte des altérations et de la
géologie publiée dans Potter et al. (2013b); a traité et interprété les données géochimiques et a
pose les lignes directrices principales de la discussion et des conclusions proposées dans cette
publication. Eric Potter et Louise Corriveau, qui sont respectivement deuxiéme et troisieme
auteur, ont approfondi et validé les interprétations proposées dans la discussion et recentré et
resserré certaines sections de la publication sur la thématique de la mobilité des éléments dans
ce systéme. William Davis a daté les échantillons pour géochronologie collectés par l'auteur et
Eric Potter et contraint 'age du systéme hydrothermal. Lors des travaux de terrain, Pierre-Simon
Ross a contribué a clarifier la nature des roches affleurantes et démontré que la grande majorité
de ces roches sont des intrusions subvolcaniques porphyriques. Enfin Christopher Lawley de la
Commission géologique du Canada, avec ses commentaires détaillés et constructifs lors de sa
révision de la publication, a grandement contribué a orienter la thématique de la discussion et a

améliorer la qualité et la portée des interprétations.
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Figure 1-1 Localisation de la GBMZ au Canada
(Tirée et modifiée de Google maps, 2014)
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Figure 1-2 Carte géologique simplifiée de la GBMZ et localisation des principaux systémes IOAA
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Figure 1-3 Photos de terrain témoignant de la qualité des affleurements dans la GBMZ

(a) Front d’altération potassique dans une roche volcanique felsique a l'indice de Brooke; (b) Remplacement lit-par-lit
des roches sédimentaires du Groupe de Treasure Lake a I'indice de Hump; (c) Remplacement polyphasé de haute
température Ca—Fe des roches sédimentaires du Groupe de Treasure Lake a I'indice LP’s partiellement remplacé par
I'altération de faible température K—Fe a chlorite; (d) Rides de plage préservées dans un lit de siltstone du Groupe de
Treasure Lake prés de l'indice LP’s.
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Figure 1-4 Age des principaux gisements IOCG a travers le monde.
L’age de Kwijibo vient d’'une veine minéralisée recoupant les altérations a magnétite métamorphisées
Modifié de Corriveau (2007)
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Modifiée de Corriveau (2007).
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Figure 1-6 Zonation et températures de formation des altérations hydrothermales dans les gisements IOCG
de Sequeirinho (groupe a magnétite) et de Sossego (groupe a hématite) dans le district de Carajas au Brésil

Les sections sont faites a partir de Monteiro et al. (2008a, b) et de Xavier et al. (2010).
Abréviations des minéraux selon Whitney et Evans (2010) sauf : Qtz = Quartz, Sieg = Siegenite, Th = Thorianite.
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Figure 1-7 Zonation et températures de formation des altérations hydrothermales et distribution du cuivre et
du fer dans le gisement IOCG du groupe a magnétite d’Ernest Henry dans le district de Cloncurry en Australie

Les cartes sont faites a partir de Mark et al. (2006); Les températures sont tirées de Oliver et al. (2004). Le systéme
de coordonnée est en métres et provient de la grille superposée sur la propriété.
Abréviations des minéraux selon Whitney et Evans (2010) excepté : Cof = Coffinite.

43



Distribution spatiale des altérations IOAA dans

Altération 3 e
le secteur Candelaria-Punta del Cobre, Chili
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Figure 1-8 Distribution et températures de formation des altérations hydrothermales dans le district de Punta
del Cobre au Chili, héte du gisement IOCG du groupe a magnétite de Candelaria

La carte est tirée de Marschik et al. (2003). Les températures sont tirées de Marschik et Fontboté (2001a).
FeOx = Altération & magnétite, Sf = Formation des sulfures de cuivre (Ccp).
Abréviations des minéraux selon Whitney et Evans (2010) sauf: Qtz = Quartz.
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Figure 1-9 Distribution des altérations hydrothermales dans le gisement IOCG du groupe a magnétite de
Candelaria, Ceinture ferrifére du Chili

La section et les altérations sont tirées et interprétées a partir de Marschik et Fontboté (2001a). Asl = Au-dessus du
niveau de la mer.
Abréviations des minéraux selon Whitney et Evans (2010) sauf: Qtz = Quartz.
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Figure 1-10 Zonation et températures de formation des altérations hydrothermales associées a I'indice IOA de
Mag Hill dans le district de Port Radium —Echo Bay au nord de la GBMZ

La carte est modifiée et les températures sont tirées de Somarin et Mumin (2014).
Abréviations des minéraux selon Whitney et Evans (2010) excepté: Cob = cobaltite, Pitch = Pitchblende, Qtz =
Quartz, Sku = Skuttérudite, Thd = Tetrahédrite.
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Distribution des altérations Unités géologiques
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Figure 1-11 Zonation et températures de formation des altérations hydrothermales dans le gisement IOCG du
groupe a magnétite de Salobo dans le district de Carajas au Brésil

La carte et les températures sont modifiées de Requia et al. (2003).
Abréviations des minéraux selon Whitney et Evans (2010) sauf: Qtz = Quartz.
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Figure 1-12 Sections montrant la zonation et températures de formation des altérations hydrothermales dans
les deux zones principales du gisement IOCG du groupe a hématite de Mantoverde au Chili

La distance séparant les deux sections est de 2,5 km et la carte montrant la localisation des sections est disponible
dans Rieger et al. (2010).
Les sections et les températures sont tirées de Benavides et al. (2007) ainsi que de Rieger et al. (2010);
ZFM = Zone de faille de Mantoverde; Ox = Zone supergéne a oxydes, Sf = Zone hypogéne a sulfures

Abréviations des minéraux selon Whitney et Evans (2010) sauf: Qtz = Quartz.
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D’aprés Reynolds (2000)

Section schématique du gisement d’Olympic Dam (craton de Gawler, Australie)
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Figure 1-13 Section schématique du gisement IOCG du groupe a hématite d’Olympic Dam (craton de Gawler
en Australie) montrant la zonation des sulfures, de la bréchification et de I'altération dans le gisement

La section est modifiée de Reynolds (2000).
Abréviations des minéraux selon Whitney et Evans (2010).
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Figure 1-14 Modéle d’évolution de I'altération a magnétite vers les altérations a hématite dans les systémes
IOAA ainsi que sources et compositions probables des fluides hydrothermaux impliqués

Modifiée de Skirrow (2010).
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Figure 1-15 Carte géologique et distribution des systémes IOAA et IOCG dans le sud de la GBMZ
Géologie d’aprés Gandhi et al. (2014); Coordonnées UTM en NAD83 pour la zone 11.
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Figure 1-16 Comparaison entre les analyses d'éléments majeurs par ICP-MS suivant une digestion par fusion

et 4 acides
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Figure 1-17 Comparaison entre les analyses de métaux par ICP-MS suivant une digestion par fusion et 4
acides

Les effets des limites de détection élevées pour les métaux (Bi, Cd, Cu et Pb) pour les analyses par ICP-AES de
I'INRS faite entre 2005 et 2008 sont bien visibles
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Abstract: This study demonstrates the intricate relationships between shoshonitic

magmatism in the Paleoproterozoic Great Bear magmatic zone (GBMZ; Northwest Territories,
Canada) and the development of regional scale Iron Oxide—Alkali-Altered (IOAA) systems fertile
in Iron Oxide—Copper-Gold (IOCG) deposits (NICO and Sue-Dianne), Iron OxidexApatite (I0£A,;
e.g., Ron and Hump) showings and polymetallic albitite-hosted uranium mineralization (e.g.,
Southern Breccia). The GBMZ is interpreted as a continental volcanic arc formed above the
collision zone between the Paleoproterozoic Hottah terrane and the Archean Slave craton during
the Calderian orogeny. The resulting crustal geometry and high temperature magmatism is
associated with IOAA activity within a short time frame of 7 m.y., from 1873 Ma to 1866 Ma,
during shoshonitic to high-K calc-alkaline magmatism. Early magmatism in the southern GBMZ,
between 1873-1870 Ma, resulted in predominantly rhyolitic volcanism and preferential
emplacement of rhyolitic dikes in WNW- to W-oriented deformation corridors formed along pre-
existing zones of weakness in the Treasure Lake Group metasedimentary rocks (e.g., bedding,
intrusive contacts). During this early GBMZ magmatism, tectono-hydrothermal brecciation and
intense IOAA hydrothermal alteration are also focused in the WNW- to W-oriented deformation
corridors. Around 1870-1869 Ma, the emplacement of volcanic and intrusive rocks,
predominantly andesitic to rhyolitic and locally mafic, is best explained by an increased magma
production rate at the subduction zone with positive feedback between magmatism and the
formation of crustal-scale conduits favoring faster ascension rates for the parent magmas. Some
volcanic and many plutonic rocks generated at this stage have high F contents and A-type
granite chemistry. The initial ascent of F-rich magma is associated with the formation of the
NICO deposit and the Southern Breccia uranium showings, favored by a major input — in
spatially constrained deformation zones — of a large volume of halogen- and CO,-rich magmatic-

hydrothermal fluids.

Résumé: Cette étude démontre les relations étroites entre magmatisme shoshonitique

paléoprotérozoique dans la Zone magmatique du Grand lac de I'Ours (GBMZ, Canada) et la
formation de systémes hydrothermaux a oxydes de fer et altération en éléments alcalins (IOAA)
hétes de gisements a oxydes de fer—cuivre—or (IOCG; NICO et Sue-Dianne) de méme que des
gites a oxydes de fertapatite (I0OxA; p. ex., Ron et Hump) et d’'uranium encaissés dans des
albitites (p. ex., Southern Breccia). La GBMZ est interprétée comme un arc volcanique
continental formé au-dessus de la zone de collision entre le terrane paléoprotérozoique d’Hottah

et le craton archéen de I'Esclave résultant de 'orogenése Caldérienne. La géométrie crustale
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résultante de la GBMZ et I'activité magmatique shoshonitique a calco-alcaline riche en K de
haute température sont associées a la formation de plusieurs systémes IOAA dans une courte
fenétre temporelle de 7 m.a., entre 1873 et 1866 Ma. Le magmatisme précoce dans le sud de la
GBMZ entre 1873 et 1870 Ma est principalement rhyolitique et résulte en la formation de
rhyolites, de roches volcanoclastiques rhyoliques ainsi que de dykes rhyolitiques
préférentiellement mis en place dans des corridors de déformation orientés ouest a ouest-nord-
ouest formés dans des zones de faiblesses préférentielles dans les roches sédimentaires du
Groupe de Treasure Lake. Pendant ce magmatisme précoce, plusieurs épisodes de
bréchification tectono-hydrothermale accompagnés d’altération IOAA intense ont été canalisés
eux aussi dans les corridors de déformation orientés ouest a ouest-nord-ouest. Autour de 1870—
1869 Ma, la mise en place de roches volcaniques et intrusives, principalement de composition
rhyolitique a andésitique et localement basaltique, peut s’expliquer par une augmentation du
taux de production de magmas dans la zone de subduction et la rétroaction positive entre
'augmentation du taux de production de magmas et la vitesse d’ascension des magmas dans la
crolte. Certaines roches volcaniques et plusieurs roches intrusives formées durant et aprés ce
stade de transition ont une concentration élevée en F et une chimie de granites de type A.
L’ascension initiale de ces magmas enrichis en F est associée a la formation du gisement de
NICO et des indices polymétalliques uraniféeres de la Southern Breccia, favorisée par la
circulation d’un large volume de fluides magmatiques-hydrothermaux enrichis en CO, et en

halogénes dans des corridors de déformation d’'une extension spatiale restreinte.
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2.1 Introduction

The southern Great Bear magmatic zone (GBMZ) hosts the two Iron Oxide—Copper—Gold
(I0CG) deposits currently known in Canada, the Au—Co—Bi—Cu NICO and the Cu—-Ag—(Au) Sue-
Dianne deposits. Both deposits were formed in regional (~10 km by 5 km) Iron Oxide
Alkali—Altered (IOAA) hydrothermal systems (IOAA system as per definition of IOAA deposit type
by Porter, 2010). Throughout the southern GBMZ, IOAA systems are predominantly developed
in the supracrustal rocks (volcanic and sedimentary) and early intrusive suites of the GBMZ
(Hildebrand, 1986; Gandhi, 1994; Goad et al., 2000a, b; Mumin et al., 2007, 2010; Corriveau et
al., 20104, b, 2011; Ootes et al., 2010; Acosta Goéngora et al., 2011; Potter et al., 2013b; Fig. 1-
15). This magmatism has a high-K calc-alkaline magmatism to shoshonitic composition and is
interpreted as part of a continental magmatic arc formed between 1.87-1.84 Ga at the western
edge of the Wopmay Orogen. The area is extremely well exposed across 450 by about 100 km
(Fig. 1-2; Hildebrand et al., 1987; Gandhi et al., 2001). It was dissected by North-East-trending
transcurrent faults at the end of its development. Nevertheless, once the belt is reconstructed,
IOAA systems of the GBMZ are distributed along a pair of sub-parallel North-trending corridors:
one located at the western margin of the GBMZ that straddles the easternmost components of
the exhumed composite pre-1.90 Ga Hottah terrane (Hildebrand et al., 1987, 2010a; Gandhi et
al., 2001) and the other along the eastern margin of the GBMZ that straddles the westernmost
exposures of reworked components of the Archean Slave Craton (Fig. 1-2; Hayward et al.,
2013). A compilation of existing U-Pb ages on zircon constrains the main IOAA hydrothermal
event(s) across the GBMZ at ca. 1.87 Ga (Gandhi et al., 2001; Gandhi and van Breemen, 2005;
Bennett and Rivers, 2006; Montreuil et al., 2009; Davis et al., 2011; Bennett et al., 2012; Potter
et al., 2013b).

Previous work shows that the GBMZ IOAA systems encompass a wide variety of mono to
polymetallic mineralization styles that form a continuum and evolve to an epithermal style of

mineralization including (Corriveau et al., 2010b; Mumin et al., 2010):

1)  magnetite- to hematite-group I0CG deposits, prospects and showings (e.g., NICO,
Sue-Dianne; Gandhi, 1989; Goad et al., 2000a, b; Camier, 2002; Mumin et al., 2010);

2)  albitite-hosted uranium mineralization (e.g., Southern Breccia; chapitre 6),

3)  polymetallic vein-type deposits (e.g., Camsell River and Port Radium—Echo Bay district;
Shegelski, 1973; Badham, 1978; Reardon, 1992; Ruzicka and Thorpe, 1996; Mumin et
al., 2007, 2010);
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4) Iron Oxide zApatite (IOtA) deposits potentially endowed in vanadiumtrare earth
elements (e.g., Camsell River and Port Radium—Echo Bay district; Badham and Morton,
1976; Hildebrand, 1986; Mumin et al., 2010); and

5)  mineralized giant quartz veins and epithermal styles of mineralization (e.g., Rayrock
mine; Gandhi et al., 2000; Byron, 2010; Mumin et al., 2010).

U—Pb ages on zircon constrain the main IOAA hydrothermal events across the GBMZ at ca. 1.87
Ga within a 7 m.y. period (Gandhi et al., 2001; Gandhi and van Breemen, 2005; Bennett and
Rivers, 2006; Bennett et al., 2012; Potter et al., 2013b; chapitre 7). This short temporal window
is ideal to define the relation between a large-scale continental magmatic flare and the formation

of IOAA systems and associated mineralization.

This paper reports the results of renewed mapping and lithogeochemistry across the well-
exposed supracrustal sequences of the southern GBMZ I0AA systems. This updated record of
the magmatic, metasomatic and structural attributes of the area furthers the understanding of the
tectonomagmatic environment and the space—time evolution of IOAA hydrothermal activity in the
GBMZ. It also provides the required framework to re-examine GBMZ tectonic models and
magmatic evolution (Davis et al., 2011; Ootes et al., 2015). Ultimately this contribution impacts a
fundamental aspect of the genesis of IOAA deposits: their geodynamic setting of formation and
association with shoshonitic to high-potassium calc-alkaline magmatism (Williams et al., 2005;
Groves et al., 2010; Porter, 2010). Shoshonitic magmatism is used in this contribution for
potassic magmatic rocks with K > Na, low TiO,, and high contents of large ion lithophile
elements (e.g., K, Rb, Ba) that plot in the fields for shoshonitic rocks as defined in the Peccerillo
and Taylor (1976), Pearce (1982) and Hastie et al. (2007) discrimination diagrams. Such
magmatic rocks form in tectonic settings related to the evolution of a continental volcanic arc
(Joplin, 1968; Peccerillo and Taylor, 1976; Mieller et al., 1992; Mieller and Groves, 1993).

2.2 Geological framework

Magmatism in the GBMZ began at ca. 1.878 Ga following the short-lived ~ 1.90-1.88 Ga
Calderian orogeny during which the Paleoproterozoic Hottah terrane was accreted to the
Archean Slave craton. The geometry of the Slave—Hottah collision is currently debated and two
distinct hypotheses are proposed: an oblique arc—continent collision model similar to the Luzon

arc—Taiwan collision involving a pre-collisional ocean-verging subduction and a post-collisional
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continent-verging subduction (cf. Hildebrand et al., 2010a) or an oblique collage of the Hottah
terrane to the Slave craton along a major N-oriented transform fault without the involvement of a

pre-collisional ocean-verging subduction zone attached to the Slave Craton (Ootes et al., 2015).

The Calderian orogeny affected a passive margin sequence deposited on the western edge of
the Slave Craton (Coronation margin), Archean rocks of the Slave Craton and the composite
Hottah terrane. Major members of the Hottah terrane deformed during the Calderian orogeny
include the 1.90 Ga Bloom Basalt and Fishtrap gabbros, the Conjuror Bay Formation and its
uppermost sedimentary basin, the 1.885 Ga Treasure Lake Group (TLG; Hildebrand, 2011). The
TLG now forms a series of discontinuous supracrustal windows imbedded in the volcanic and
plutonic rocks of the GBMZ (Hildebrand et al., 1987, 2010a, b; Gandhi et al., 2001; Bennett et
al., 2012). During the Calderian deformation and lower greenschist to locally amphibolite facies
metamorphism, onset of GBMZ formation led to syn-deformation emplacement of granitic dikes
in a compressional deformation regime and to early hydrothermal alteration at 1878 Ma (Bennett
and Rivers, 2006; Jackson et al., 2013). These early magmatic and IOAA alteration events are
studied in more detail in the DeVries Lake area located 80 km north of the Sue-Dianne deposit
(Fig. 1-2; Corriveau et al., 2007, 2010b; Ootes et al., 2010). Calderian orogenic metamorphism,
dated using U-Pb on metamorphic zircons at 1876 £3.5 Ma, accompanied the emplacement of
early GBMZ intrusions (Jackson et al., 2013).

The main volcano-plutonic events in the GBMZ extend from 1873 to 1860 Ma and formed the
McTavish Supergroup, subdivided into four distinct units: the early mafic to felsic LaBine and
Dumas groups in the north, the Faber Group in the south, and in the north the younger and
overlying Sloan Group (Hildebrand et al., 1987, 2010b; Gandhi et al., 2001; Bennett et al.,
2012). The McTavish Supergroup formation was associated with repetitive emplacement of high-
level intermediate-to-felsic intrusions within the volcanic pile as well as within the underlying
metasedimentary rocks. Those dynamic magmatic environments were ideal to sustain regional
IOAA hydrothermal cells across the GBMZ supracrustal sequences as they fostered the
circulation and redistribution of important amounts of heat and fluids (Mumin et al., 2010;
Richards and Mumin, 2013). Cover sequences such as the Sloan Group over the LaBine Group
in the north and the Faber Group over the TLG in the south have also created stratigraphic traps
for hydrothermal fluids. Detailed work in the Port Radium—Echo Bay |IOCG district and the
vicinity of the Sue-Dianne deposit (Fig. 1-2) also indicated that the shallow epithermal settings in
the Faber and LaBine groups are generally preserved from erosion (Mumin et al., 2007, 2010;
Corriveau et al., 2010b; Hildebrand et al., 2010b).
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The northern GBMZ I0AA systems (e.g., Port Radium—Echo Bay, Camsell River and Grouard)
are mostly hosted by the LaBine Group (Corriveau et al., 2010a, b; Mumin et al., 2010). In the
central and southern GBMZ, they are mostly hosted by the Faber Group (e.g., southern GBMZ,
Fab, DeVries) and the TLG (southern GBMZ, DeVries; Gandhi, 1994; Goad et al., 2000a, b;
Mumin et al., 2010; Acosta Gongora et al., 2011; Potter et al., 2013b).

According to Hildebrand et al. (2010b), magmatism in the northern GBMZ began with small-
scale local eruptions of basalt and volumetrically minor intermediate/felsic volcanism. Magma
input gradually increased in volume and transitioned to predominantly intermediate composition
until the formation of the Sloan Group and the final stage of the Great Bear batholith
emplacement around 1862 Ma (Hildebrand et al.,, 2010b). Mafic magmatism is also apparent
from localized intrusions and evidences of magma mixing in the voluminous Great Bear batholith
(Hildebrand et al., 2010b), but remains scarce at the current surface exposure. Cogenetic
plutons to the volcanic sequences of the McTavish Supergroup typically have high aspect ratios
(10-20) and the volume of individual plutons increased with time (cf. Fig. 13 in Hildebrand et al.,
2010b). Around 1860 Ma, volcanism and plutonic activity paused throughout the GBMZ and
plutonic activity resumed at ca. 1858 Ma to form the intrusions of the biotite-granite suite
(Gandhi et al., 2001; Hildebrand et al., 2010b). The intrusions of the biotite-granite suite show no
evidence of IOAA-related hydrothermal alteration, but played an important role to bring new
metals and to locally remobilize in late stage veins the metals and elements previously

concentrated during the earlier IOAA event (Somarin and Mumin, 2012).

Tectonic deformation in the GBMZ intrusions decreases with time between 1877-1862 Ma.
Tectonic foliations formed locally in plutons emplaced between 1877-1867, but tectonic fabrics
in the ca. 1862 Ma intrusions were only developed near the Wopmay fault zone (Jackson et al.,
2013). Plutons of the biotite-granite suite emplaced between 1858—-1850 Ma are post-kinematic

and generally undeformed (Jackson et al., 2013).

The eastern limit of the GBMZ and its known I0AA systems is the Wopmay fault zone (Jackson
and Ootes, 2012), which marks the western limit of exposed Archean rocks of the Slave craton
and was an important deformation corridor during the Calderian orogeny and during GBMZ
magmatism (Hildebrand et al., 2010a; Jackson et al., 2013). The inversion of a magnetotelluric
survey data shows that the fault zone has a mid-crustal vertical extension (+ 20 km) and
listrically merges westward with the highly resistive Slave craton lithosphere, and that the Slave
craton lithosphere tapers out westward at depth below the GBMZ as far west as the outcropping

exposures of Hottah terrane (Spratt et al., 2009). Cook (2011) interprets the wedged shape of
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the Slave Craton lithospheric mantle as the product of the aborted subduction of the Slave

continental margin during the Calderian orogeny.

The two-dimensional inversion of magnetotelluric data by Spratt et al. (2009) combined with the
distribution of the known I0AA systems at surface (this work, Corriveau et al., 2010b) and of
IOAA geophysical signatures (Hayward et al., 2013) shows that most of the largest I0AA
systems and |IOCG deposits (e.g., NICO, Sue-Dianne and the Port Radium—Echo Bay) of the
GBMZ are aligned west of the Wopmay fault zone along the margin of the resistive Archean
mantle and the Hottah terrane. The resulting crustal geometry of the GBMZ (cf. Figs. 9, 10 and
11 in Spratt et al., 2009) is similar to the crustal geometry of the Gawler Craton that hosts the
Olympic Dam hematite-group IOCG deposit (cf. Fig. 2 in Heinson et al., 2006; Skirrow, 2010).
The western and northwestern limits of the GBMZ are concealed under Proterozoic and
Paleozoic sedimentary rocks but remain within reach of modern exploration drilling and

geophysical modeling (Villeneuve et al., 1993; Aspler et al., 2003; Hayward et al. 2013).

2.3 Geological setting of the IOAA systems

The southern GBMZ comprises two northwesterly oriented supracrustal sections (herein referred
to as the Western and Eastern section) composed of metasedimentary rocks of the TLG,
volcanic rocks of the Faber Group as well as series of dikes swarms, sub-volcanic intrusions and
batholiths (Fig. 1-15). The supracrustal sections are imbedded in the intrusions of the Great Bear
batholith, entitled the Marian River batholith between the Eastern and Western sections (Gandhi
et al., 2001). In this contribution, the name Marian River batholith is extended to encompass the

undivided intrusive rocks located south of the Western section (Fig. 1-15).

The Western section is subdivided in three main sectors: Mazenod (Sue-Dianne deposit, and
Brooke and Nod prospects, Mar showing), Lou (e.g., NICO deposit, Southern Breccia
polymetallic uranium showings) and South Lou (e.g., Duke, Peanut and Sunil zone showings).
The Eastern section is divided in two main sectors: Eastern Treasure Lake, hosting the Hump
and Ron iron oxide showings (Gandhi, 1992a; Mumin et al., 2000), and Cole. The classification
of deposits, prospects and showings follows those of the NORMIN database (Northwest

Territories Geological Survey, 2015) and their main characteristics are summarized in Chapter 4.

67



2.4 Methods

2.4.1 Geochemical analysis

To constrain the magmatic evolution of the southern GBMZ volcano-plutonic rocks, 283
representative samples of the various volcanic units and intrusive suites were selected among a
database of 1236 samples analyzed in the southern GBMZ for whole-rock geochemistry (see

appendix 2 for representative analyses; Table 2-1).

Table 2-1 Number of samples per geological units of the southern GBMZ

Geological unit (volcanic rocks) # Samples
Lou assemblage/Rhyolite dikes 56
Undivided rhyolite/Rhyolite dike — South Lou sector 7
Dianne subassemblage 23
Cole assemblage 13
Hump assemblage 9
Mazenod assemblage 22
Bea assemblage 15
Geological unit (intrusive rocks)

Early granite 7
Sodic-altered granitic dikes 1
Bt—Fp/Fp—Bt-phyric dikes 19
Bt-phyric dikes 12
Fp-phyric dikes 22
Undivided porphyritic intrusions — Eastern Treasure Lk. 8
Diorite suite 2
Quartz monzonite—monzodiorite suite 26
Marian River batholith/Late-stage granitic dikes 28
U—Th-rich monzonitic dikes 13

Mineral abbreviations after Whitney and Evans (2010)

Rock chip preparation was done in the field and chips were carefully selected to avoid
weathered and oxidized surface (normally less than a few mm thick), enclaves, crosscutting
veins or superimposition of unwanted alteration. All the geochemical samples were crushed in a
steel-plated jaw crusher and powdered using an agate ball mill. Major and trace elements where
then analyzed by ICP-AES and ICP-MS following lithium borate fusion at INRS—-ETE. F analyses
were done at the Geological Survey of Canada in Ottawa by Dionex ion chromatography.
Additional F analyses were done using fusion—Specific lon Electrode at ALS (method F-ELE81a)
and ACME (method 2A04—F) laboratories in Vancouver (Canada).
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Petrographic observations using cobaltnitrate stained rocks slabs and thin sections were made
to further support the field identification of alteration. For cobaltnitrate staining, polished slabs
are immersed in hot and concentrated hydrofluoric acid (HF; 10 molar) for one minute, washed
and dried, and then immersed in the saturated cobaltnitrate solution. A one minute dipping time
in HF is used as this duration is long enough to etch hydrothermal K-feldspar but too short to
allow the acid to sufficiently attack the igneous K-feldspars. All the plagioclase and albite are
completely transformed into white to whitish yellow (after staining) clay minerals and biotite takes

on a greenish hue.

The database of 1236 samples collected in the southern GBMZ also comprises analyses of
IOAA alteration, including breccias and veins. Plotting of the molar ratios of Na, Ca, Fe, K and
Mg of those samples in a selection of the southern GBMZ I0AA systems allows the chemical
mapping of the spatial distribution of IOAA alteration (chapitre 5). Chemical alteration maps are
also based on geochemical analyses compiled from Gandhi (1989), Gandhi and Lentz (1990),
Gandhi (1992a), Gandhi and Prasad (1993), North (1995) and Camier (2002; Fig. 2-1).

2.4.2 Alteration nomenclature

To simplify the nomenclature of hydrothermal alteration described in the following sections, each
alteration type is defined using the cations that best reflect the commonalities in the mineral
assemblages formed during the alteration event. This nomenclature is used here as it takes into
account that in IOAA systems, notable relative enrichments in some elements can also be
induced through severe leaching of other elements across laterally extensive zones. It is also in
line with the IOAA nomenclature systems used by Hitzman et al. (1992) and Williams (1999).

Following this terminology and the Corriveau et al. (2010a, b) subdivision of IOAA alteration,
1) sodic alteration refers to mineral assemblages dominated by albitetquartz with
accessory rutile, titanite and zircon;

2) sodic—calcic-iron alteration refers to mineral parageneses dominated by

albite—amphibole/clinopyroxenetmagnetite;

3) high temperature (HT) calcic—-irontmagnesium alteration refers to mineral parageneses
dominated by amphibole—-magnetite, amphibole, clinopyroxene—amphiboletmagnetite

(see 8) and amphibole—magnetite—apatite;
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4) potassic alteration refers to mineral assemblages dominated by K-feldspar and/or

sericite;

5) high temperature (HT) potassium—iron alteration refers to mineral assemblages mostly

composed of K-feldspar-magnetite, K-feldspar—biotite, biotite and biotite—magnetite;

6) low temperature (LT) potassic—irontmagnesium refers to mineral parageneses
composed of  hematitextK-feldspar, sericite—hematite, chlorite—hematitexK-
feldspartsericite, chlorite—K-feldspar and chlorite (see hydrolytic alteration of Hitzman
et al., 1992);

7) low temperature (LT) calcic—irontpotassium alteration refers to mineral parageneses
predominantly composed of epidote and can also comprise variable modal content of K-

feldspar and allanite; and

8) skarn-type alteration refers to metasomatic rocks composed by
calcium—magnesium—-iron—-manganese silicates which are free or poor in water,
resulting in mineral parageneses with high modal contents of clinopyroxene, garnet

and/or carbonates.

To identify the skarn-type alteration we have followed the nomenclature scheme of Einaudi et al.
(1981), Einaudi and Burt (1982), Meinert (1992) and Zharikov et al. (2007) as we identified
skarn-type alteration on the basis of the mineral paragenesis of the altered rock without
assuming any genetic implications. In most cases, the main minerals of the paragenesis

composing the described alteration types for each hydrothermal system will be specified.

2.5 Geological units

2.5.1 Treasure Lake Group

The TLG is a platform-type sedimentary sequence, which was metamorphosed, deformed and
tilted to a generally steep dip before extrusion of the Faber Group volcanic sequence. The TLG
is subdivided into four units (Gandhi et al., 2014; Fig. 2-2):

1)  a basal siltstone unit evolving upward to

2)  carbonaceous rocks;
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3) quartz arenite interbedded with a few siltstone beds with primary sedimentary

structures such as cross-bedding and ripple marks; and
4)  an upper siltstone interbedded with sandstones.

Detrital zircons in a TLG metaquartzite constrain its maximum age at 1886 + 8 Ma in the
southern GBMZ (Gandhi and van Breemen, 2005) or at 1884 + 6 Ma in the DeVries Lake sector
(Bennett and Rivers, 2006). The age of 1.88 Ga Ma is thus taken as the absolute maximum age
for the onset of IOAA hydrothermal activity in the southern GBMZ (Corriveau et al., 2010a). The
minimum age of the TLG is given in the DeVries area at 18784 Ma by a syn-deformation
granitic dike (Fig. 1-2; Bennett and Rivers, 2006).

Regional metamorphism is generally low grade (greenschist facies) in the TLG, but tectonic
deformation increases towards the Wopmay fault zone. Gandhi et al. (2001) also reported
increasing orogenic metamorphism near the Wopmay fault zone based on the presence of
garnet-bearing amphibolite layers. Notwithstanding a general increase in both metamorphic
grade and intensity of deformation prior to and at 1.87 Ga (cf. Jackson et al., 2013), care is
required to relate the garnet-bearing amphibolites to amphibolite facies Calderian orogenic
metamorphism. Away from the Wopmay fault zone in the greenschist facies metamorphosed
TLG units of the South Lou sector, intense HT calcic—iron alteration, preferentially developed in
deformation zones, is associated with the formation of garnet- and amphibole-rich hydrothermal
mineral assemblages not related to Calderian orogenic metamorphism. The garnet amphibolites
near the Wopmay fault zone can thus be of metasomatic origin and related to HT calcic—iron
alteration that abounds near the Wopmay fault zone. Contact metamorphism in the Treasure
Lake Group locally led to the formation of cordierite porphyroblasts proximal to certain intrusions
of the Marian River batholith.

Northwestward from the South Lou to the Lou IOAA sectors, the carbonaceous unit of the TLG
completely disappears along its expected extension where the NICO deposit is located (Fig. 1-
15). In the Eastern section, the prevailing units of the TLG are the quartz arenite interlayered
with siltstones beds and the upper siltstone interlayered with sandstone beds with localized
occurrences of the carbonaceous unit (Gandhi et al., 2014; Fig. 1-15). In the Mazenod sector,
elongate lenses of the basal siltstone unit occur along the eastern contact between of Faber
Group volcanic rocks with the Marian River batholith and interpreted undivided metasedimentary
rocks were noted in the vicinities of the Nod showings (North, 1995). In both the Western and
Eastern sections in the TLG, there are localized occurrences of undivided volcanic rocks of the

Faber Group, sub-volcanic porphyritic intrusions, intrusions of the dioritic and quartz
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monzonite—monzodiorite suites, and intrusions of the Marian River batholith (Gandhi et al.,
2014).

In the Western section, the typical dip and dip direction of the bedding in the TLG average
50-70° to the northeast and younging is typically oriented N-NE. In the Eastern section, bedding
typically dips sub-vertically to vertically towards NNE to NE and is parallel to the regional
foliation. Localized inversions of the younging directions in the Eastern Treasure Lake sector are

indicative of localized folding.
2.5.2 Faber Group and sub-volcanic porphyritic intrusions

The Faber Group uncomfortably overlies the TLG, and is subdivided in five assemblages that
are in stratigraphic order Lou, Cole, Hump, Mazenod and Bea (Gandhi et al., 2001, 2014; Fig. 2-

2). Regional metamorphism is weak in the Faber Group, reaching only sub-greenschist facies.

IOAA metasomatism is pervasive and intense in most of the Faber Group volcanic rocks and
significantly modifies the relative proportions of major elements including the SiO2 and/or alkali
contents which are commonly used in discriminant diagrams to define volcanic rock types. The
composition of the southern GBMZ volcanic rocks and porphyritic intrusions is herein based on
the Pearce (1996a) chemical discrimination diagram for volcanic rocks that considers ratios of
typically immobile elements (Nb, Ti, Y, Zr). Potential caveats to this protocol in IOAA settings are
localized Zr and Ti enrichments combined with Nb and Y depletion in intensely sodic-altered
rocks, and localized Ti and Nb enrichments in HT calcic-iron and some specific HT
potassic—iron alteration zones (Oliver et al., 2004; chapitre 6, unpublished data). Samples
representative of each of the characterized units were thus also constrained macroscopically
and only least to weakly altered or potassic altered volcanic samples were chosen based on
outcrop and stained rock slabs attributes. The immobility of Nb, Y, Ti and Zr is demonstrated in
most of the selected samples by the clustering of samples from the same geological assemblage
on bivariate diagrams of Zr/Nb vs Zr and Zr/Y vs Zr (Fig. 2-3a—b). This is illustrating weak
variations of the Zr/Nb and Zr/Y ratios for increasing Zr content and preservation of the ratios in

rocks of the same geological unit.

2.5.3 Lou assemblage in the Lou IOAA sector

In the Lou IOAA sector, the lowermost units of the Lou assemblage are predominantly

composed of massive to flow-banded rhyolites intercalated with rhyolitic volcaniclastic rocks.
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Volcaniclastic rocks increase in abundance towards the top of the Lou assemblage and rhyolitic
ignimbrites were observed in its uppermost units (Gandhi et al., 2001, 2014). The Lou
assemblage lowermost felsic volcanic rocks are locally cut by aphanitic to biotite-phyric andesite
dikes. The Pearce (1996a) diagram illustrates that subalkaline dacite/rhyolite and alkali rhyolite
predominate in the vicinity of the NICO deposit with andesite and trachyte remaining minor in
abundance (Fig. 2-3c—d). In contrast, the northernmost sequences of the Lou assemblage at the
northern margin of the Lou IOAA sector have an andesitic to predominantly dacitic/rhyolitic

composition.

At the unconformity with the TLG, rhyolite fills small depressions in the tilted sedimentary beds
that are not paleoweathered. At some localities, the originally vertical cracks are subsequently
gently tilted towards the SW (Fig. 2-4a; this work; Enkin et al., 2012). Consequently tilting of the
Treasure Lake Group and exhumation largely predates Faber Group extrusion, with local
renewed tilting post extrusion. In the vicinity of the NICO deposit and Southern Breccia zone, the
lower sequences of the Lou assemblage are shallowly dipping to the N—NE (sub-horizontal to
35°). Dip is then gradually increasing toward the top of the sequence (70°) with dip direction

remaining the same.

The rhyolites/dacites in the Lou IOAA sector are aphanitic or feldspar, biotite—feldspar or locally
quartz—feldsparzbiotite phyric, typically with a low crystal content (<15% phenocrysts; this work;
Mulligan, 1995; Gandhi et al., 2001). Ghosts of amphibole phenocrysts were identified in felsic

volcanic rocks of the basal unit (Mulligan, 1995).

Potassic and locally sodic alteration is very intense in the lowermost units of the Lou
assemblage in the vicinity of the NICO deposit and the Southern Breccia (Robinson, 2013;
chapitre 6). Both alteration types typically destroyed most of the primary volcanic textures
including the phenocrysts complicating the recognition of the different generations of felsic
volcanic rocks based on the primary composition of their phenocrysts. This intense potassic
alteration is centered on the NICO deposit, and generates a 3 by 4 km potassium anomaly in
airborne radiometric surveys, in which potassium concentration reaches 7 wt. % K (Shives et al.,
2000). It particularly affects tuff layers within the volcanic pile, TLG metasedimentary rocks along
breccias underlying the interface between the volcanic and metasedimentary rocks and the

immediate wall rocks of some porphyry dikes (Gandhi et al., 1996; Robinson, 2013).
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2.5.4 Lou assemblage in the Mazenod sector (Dianne subassemblage)

In the Mazenod sector, the volcanic and volcaniclastic rocks pertaining to the Lou assemblage
have been grouped into the Dianne subassemblage that stratigraphically overlies the Lou
assemblage units in the Lou IOAA sector (Gandhi et al., 2014; Figs. 1-15 and 2-2).

The Dianne subassemblage is compositionally heterogeneous and varies from andesitic to
dacitic/rhyolitic throughout its entire extent (Fig. 2-3c; Gandhi, 1989; Gandhi and Prasad, 1993;
North, 1995). Rhyolites/dacites are feldspar and feldspar—quartz phyric, generally crystal-rich
and are the main host of the Nod and Brooke prospects. The andesites are typically two
feldspars- (plagioclase and K-feldspar) or feldspar—amphibole-phyric and crystal-rich to crystal
poor (between 10% and 40% phenocrysts) although aphanitic andesites occur north of the
Brooke prospect. In some cases, the absence of phenocrysts is related to their destruction by

intensifying IOAA alteration.

The overall stratigraphic sequence of the Lou assemblage shows that it is spatially and
temporally evolving from a predominantly rhyolitic composition in its basal sequences in the Lou
IOAA sector close to the NICO deposit to an andesitic to dacitic/rhyolitic composition in its upper

sequences in the Mazenod sector (Fig. 2-2).
2.5.5 Cole assemblage

The Cole assemblage, stratigraphically above the Dianne subassemblage (Gandhi et al., 2014;
Fig. 2-2), predominantly consists of porphyritic andesitic to rhyolitic/dacitic volcanic rocks with
localized occurrences of tuff and tuff breccia (Fig. 2-3c). The volcanic pile is intruded by many
stocks and plutons of the quartz monzonite—monzodiorite suite and undivided uranium-thorium-
rich monzonitic dikes. Plagioclase—amphibole-phyric andesites with few K-feldspar phenocrysts
predominate. Their matrix is typically very fine-grained and proportion of crystals vary (<10%
phenocrysts to >15% phenocrysts) as observed in andesites of the Dianne subassemblage.
Rhyolites/dacites are subordinate and two feldspars-phyric (plagioclase and K-feldspar) with a

K-feldspar-rich groundmass.
2.5.6 Hump assemblage

The Hump assemblage forms a large body of undivided mafic and intermediate to locally felsic
volcanic and volcaniclastic rocks located west of Hump Lake (Figs 1-15, 2-3c). The volcanic

rocks are aphanitic to plagioclase—biotite and biotitetplagioclase phyric and crystal-rich (up to
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40% phenocrysts), have a fine-grained matrix and exhibit weak to strong, penetrative and
southeasterly oriented tectonic foliations. Mafic to intermediate laminated tuffs were also

observed in the sequence.

2.5.7 Mazenod assemblage

The 2-3 km thick Mazenod assemblage formed circa 1868 Ma, hosts the Sue-Dianne deposit,
and consists of 12 distinct units dipping north to northeast, up to 70° and younging northward
(Gandhi, 1989; Gandhi et al., 2001; Camier, 2002). Each individual unit of the Mazenod
assemblage usually comprises tuffs rich in feldspartquartz crystals (sodic plagioclase and minor
K-feldspar; possibly indicative of variable sodic and potassic metasomatic imprint), welded tuffs,
lapilli tuffs and volcaniclastic breccias in variable proportions (Camier, 2002). Aphanitic to
feldspar- and two feldspartquartz-phyric and crystal-rich volcanic rocks, and porphyritic
intrusions are also composing some of the Mazenod assemblages units. Except for its
lowermost unit that is predominantly andesitic, the volcanic and volcaniclastic rocks of the
Mazenod assemblage are dacitic/rhyolitic to locally andesitic (Figs. 2-2, 2-3c). Some volcanic
rocks and most of the sub-volcanic porphyritic intrusions emplaced in the Mazenod assemblage
units have a trachy-andesitic, trachytic and andesitic composition and the uppermost unit that

hosts the Sue-Dianne deposit is trachy-andesitic.
2.5.8 Bea assemblage

The Bea assemblage rests uncomformably on the Lou assemblage and is in transgressive
contact with the Mazenod assemblage (Gandhi et al., 2001). A basal volcanosedimentary unit is
overlaid by sub-volcanic intrusive to volcanic porphyritic rocks. In its lower section north of the
Lou IOAA sector and in the southern part of the Mazenod sector south of Brooke, the Bea
assemblage has a predominantly andesitic composition (Figs. 2-2, 2-3c). The Bea assemblage
then becomes predominantly rhyolitic/dacitic in its uppermost section that circles the Mazenod
assemblage in the Mazenod sector. The andesitic rocks are biotite—feldspar phyric, typically
crystal-rich (up to 75% phenocrysts) and the groundmass is composed of biotite and K-feldspar
whereas the rhyolite/dacite are feldspartbiotite phyric and crystal-rich (up to 60% phenocrysts),
and their groundmass is typically composed of very fine-grained K-feldspar. Except for localized
to widespread weak to moderate potassic alteration, no evidence of intense IOAA alteration has

been so far observed in the Bea assemblage.
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2.5.9 Undivided volcanic rocks

Many aphanitic to porphyritic and massive to foliated volcanic rocks are isolated into the
metasedimentary rocks of the TLG. Near the Esther zone, volcanic rocks form scattered lenses,
but the destruction of their primary textures and complete modification of their chemistry as a
result of intense sodic alteration complicate their association to a specific assemblage of the

Faber Group.

In the South Lou sector, localized occurrences of potassic-altered, aphanitic and massive
rhyolite and alkali rhyolite dikes were observed in the Sunil zone whereas flow-banded and
locally foliated rhyolites were observed southeast of Peanut Lake (informal name) in the Peanut

Zone.

2.5.10 Subvolcanic porphyritic dikes and sills

Many generations of subvolcanic porphyritic intrusions systematically cut the TLG
metasedimentary rocks and depending of their timing of emplacement, may cut through certain
assemblages of the Faber Group (Goad et al., 2000a; Camier, 2002; this work). Based on field-
cross-cutting relationships and U-Pb age on zircon from the oldest to the youngest, the main
types of subvolcanic porphyritic intrusions observed in the southern GBMZ consist of fine-
grained feldspar-phyric to aphanitic rhyolite dikes, fine-grained biotite—feldspartquartz-phyric
dikes, biotite-phyric dikes, feldspar—biotite-phyric dikes and intrusions, feldspar-phyric intrusions
and dikes, and quartz—feldsparzbiotite-phyric dikes and sills (D’Oria, 1998; Gandhi et al., 2001;
Camier, 2002; this work; Fig. 2-2). On the Pearce (1996a) diagram, most of the porphyritic dikes
emplaced after the rhyolitic dikes and pertaining to the suites dated at 1869+1.3 Ma and 1868 +
0.74 Ma (Davis et al., 2011) have an andesitic composition with some having a dacitic/rhyolitic

composition (Fig. 2-3d).

Plagioclase-phyric to aphanitic rhyolite dikes were only observed in the Lou IOAA and South Lou
sectors and their distribution appears restricted to west-northwest-oriented deformation corridors
such as the Southern Breccia albitite breccia corridor where they were studied in most details.
These dikes extend for several meters, are distinct from all younger generation of dikes in
having non parallel and non linear dike margins, and have highly variable widths where sudden
changes in widths occur at dike offset perpendicular to the main foliation orientation. Dikes taper

off to form boudins and fragments within tectonohydrothermal breccia zones (Fig. 2-4b—c). Some
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of the dikes were folded in a magmatic state forming elaborate irregular contacts. They are
interpreted as emplaced between 1873 and 1871 Ma as they cross-cut an intrusion of the early
granite suite dated at 1873+2 Ma, but occur as enclaves in albitized and porphyritic granitic
dikes with a preliminary U-Pb age on zircon of 1871+£0.8 Ma (Davis et al., 2011; Figs. 2-2, 2-4d).
A sample from such dikes was processed for U-Pb dating of zircon but did not yield a date.

The biotite—feldspartquartz-phyric dikes are massive to weakly WNW-foliated and andesitic. The
dikes are linear, with fairly constant widths and abound in the Lou IOAA sector where they cut
the calcic—iron and calcic—iron—potassic metasomatites hosting the ore zone of the NICO
deposit. They are themselves locally cut by veins comprised of coarse-grained actinolite with K-
feldspar selvages, which either record a weak stage of renewed high temperature calcic—iron
alteration subsequent to their intense potassic alteration or Ilate-stage veins. One
biotite—feldspar-phyric dike located near the NICO deposit that cuts calcic—iron alteration typical
of the NICO ore zone yielded an U-Pb age on zircon of 1869 + 1.3 Ma (Davis et al., 2011).

The biotite-phyric dikes were mostly observed in the Southern Breccia, but also in the Peanut
zone of the South Lou sector. In both sectors, they occur along the west-trending deformation
corridors and in the Southern Breccia they host fragments of the rhyolite dikes and of the
albitized porphyritic granitic dikes. Weak to moderate west-northwest trending tectonic foliations

are developed in some of those dikes.

The feldspar—biotite-phyric dikes abound in the Lou IOAA sector where they cut the NICO ore
zone and the Southern Breccia uranium showings. In the NICO deposit they are typically
associated with intense potassic and more locally tourmaline alteration haloes, and are locally
cross-cut by late-stage amphibole veins with K-feldspar selvages. They are generally massive
without any west-northwest- to west-trending tectonic foliation and are emplaced at high to
shallow angles to the west-northwest- and west-oriented deformation corridors and Treasure
Lake Group metasedimentary rocks bedding that they cross-cut (Fig. 2-4e). A feldspar—biotite-
phyric porphyritic dike cutting the Southern Breccia uranium mineralization was dated at 1868 +
0.74 Ma (Davis et al., 2011), contemporaneous to the formation of the Mazenod assemblage

and of the biotite—feldspartquartz-phyric dikes within error.

In the Mazenod sector, feldspartquartz-phyric rocks form a km wide intrusion that envelops the
volcanic rocks of the Bea and Mazenod assemblages (Fig. 1-15). North of the Sue-Dianne
deposit, this feldspar-phyric intrusion yielded an U-Pb age on zircon of 1867.9 +2.9/-2.4 Ma
(Gandhi et al., 2001). Feldspar-phyric porphyritic rocks also form numerous dikes in the Cole

sector and localized dikes in the Lou IOAA sector. They are generally massive and have a
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dacitic/rhyolitic to andesitic composition (Fig. 2-3d). The feldspar phenocrysts are either
oligoclase or andesine with minor potassic feldspar phenocrysts (Gandhi, 1989). In both the
Cole and Mazenod sectors the feldspartquartz-phyric rocks display evidences of IOAA

alteration.

No U-Pb age on zircon has been obtained yet on the feldspar—quartz-phyric dikes but field
relationships in the NICO assemblage indicate that they cut most of the IOAA alteration and the
biotitetfeldspar-phyric dikes dated at 1869 and 1868 Ma. This places their emplacement timing

contemporaneous, slightly earlier or later than the 1867.9 Ma plagioclase-phyric dikes.

2.6 Intrusive rocks of the southern Great Bear magmatic zone

2.6.1 Early granite suite

Leucocratic granitic intrusions, dated at 1873 + 2 Ma, are the oldest known intrusions of the
southern GBMZ and are interpreted by Gandhi et al. (2001) to be the first manifestation of
widespread magmatic activity in the southern GBMZ. In the southernmost part of the Lou IOAA
sector, the early granite suite forms a km-scale, ovoid and compositionally heterogeneous
intrusion. Its contact with the TLG coincides with a W-oriented deformation corridor with
extensive IOAA alteration (Fig. 1-15; Southern deformation corridor). This intrusion also contains
relicts of partially digested TLG metasedimentary rocks, suggesting assimilation of sedimentary
rocks during magma emplacement (Fig. 2-4f). In the Eastern section, the early granite suite

occurs as a crescent-shaped intrusion adjacent to the Carbonate Mountain showing.

In their least altered zones, intrusions of the early granite suite have a fine-grained, but
phaneritic groundmass of mafic (hornblende and biotite; Gandhi, 1989, unpublished field
descriptions) and felsic minerals with coarse- to medium-grained quartz and feldspar
phenocrysts. Intense IOAA alteration is however ubiquitous in the intrusions of the early granite
suite and preserved least altered zones are very rare. Sodic alteration predominates and is
locally overprinted by potassic alteration fronts. Most of the primary magmatic textures are
destroyed and the magmatic mafic minerals are typically entirely replaced by albite or K-
feldspar, giving a leucocratic aspect to the altered granites. WNW-oriented and intensely
potassic-altered shear zones and rhyolite dikes cross cut the early granite intrusion south of the

Lou system (chapitre 6).
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2.6.2 Sodic-altered granite dikes

A sodic-altered granite dike containing enclaves of a rhyolite dikes locally occurs in a
deformation corridor located at the contact between the Treasure Lake Group and an intrusion
of the early granite suite. The dike is thus postdating the swarm of rhyolite dikes. A preliminary
U-Pb age on zircon places their emplacement timing to 1871 +0.8 Ma (Davis et al., 2011; Figs.
2-2, 2-4d). The dikes are little deformed to locally foliated, and are partially fragmented and
incorporated as fragments in the tectono-hydrothermal breccia. This is compatible with a syn- to

late-deformation emplacement.

As all the observed dikes of this intrusive suite are overprinted by intense sodic and also
potassic alteration, they have a leucocratic composition dominated by albite or K-feldspar and
quartz that may not reflect their primary magmatic composition. This makes those granitic dikes

compositionally and texturally similar to the albitized intrusions of the early granite suite.
2.6.3 Diorite suite

The diorite suite occurs as hectometer- to kilometer-scale biotite—feldspar-phyric intrusions and
dikes of uncertain relative age in the Lou IOAA, South Lou, Sue-Dianne and Eastern Treasure
Lake sectors (Gandhi et al., 2014; Fig. 1-15). Diorites typically contain feldspar and
biotite/amphibole phenocrysts hosted in a fine to medium-grained groundmass that differentiates
them from the biotite—feldspar and biotite-phyric dikes and intrusions that have a finer-grained
groundmass. The larger intrusions of the dioritic suite are compositionally zoned from dioritic to
granitic, interpreted internal differentiation (Gandhi et al., 2001). Intense IOAA alteration was
locally observed in their immediate vicinity in the Eastern Treasure Lake sector. According to
Gandhi et al. (2001), there are many generations of dioritic suites emplaced in the GBMZ, one
which was dated at 1865.08+0.73 Ma by Bennett et al. (2012) in the DeVries area.

2.6.4 Quartz monzonite-monzodiorite suite

The quartz monzonite—monzodiorite suite forms massive ovoid to elongate plutons and stocks,
one of which was dated at 1867 +1.6/-1.5 Ma (Gandhi et al., 2001; Figs. 1-15 and 2-2).
Intrusions of the quartz monzonite—monzodiorite suite occur in all the sectors of the Southern
GBMZ I0AA systems except for South Lou and form the prevalent intrusion type cutting the
volcanic pile of the Cole assemblage (Fig. 1-15). Individual intrusions of the quartz

monzonite—monzodiorite suite are porphyritic to equigranular and composed of euhedral to
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subhedral plagioclase set in fine- to medium-grained matrix predominantly composed of
amphibole with K-feldspar and minor quartz (Gandhi et al., 2001; this work). In the Cole sector,
intrusions of the quartz monzonite—monzodiorite suite are typically associated with plagioclase-
phyric porphyritic intrusions with a very fine-grained groundmass that likely represent their

border facies.

In the Lou IOAA sector, the mineralized IOAA alteration zones are cut by the quartz
monzonite—monzodiorite intrusive suite (Gandhi et al.,, 2001), providing a minimum age
constraint of 1867 Ma for IOAA alteration in the Lou IOAA sector. In the Cole sector, IOAA
alteration (sodic and HT calcic—iron) is extensive and intense in the intrusions of the quartz

monzonite—monzodiorite suite.

On the Pearce (1996a) diagram, intrusions of the quartz monzonite—monzodiorite suite and their
associated porphyritic intrusions form two clusters: one with an intermediate composition and the

other with a transitional intermediate to felsic composition (Fig. 2-3d).

2.6.5 Marian River batholith

The Marian River batholith is formed by numerous monzonitic to granitic/granodioritic plutons.
These plutons are assigned in the northern GBMZ to the biotite—hornblende
monzogranite/granodiorite suite (Hildebrand et al., 2010b). Grain size varies between each
intrusion from fine- to very coarse-grained and textures range from porphyritic to equigranular.
One intrusion of the Marian River batholith, located between the two sections of the TLG,
yielded an U-Pb age on zircon of 186612 Ma (Gandhi et al., 2001; Fig. 2-2). Older plutons are
likely present in the Marian River batholith considering the large compositional variations
observed within the various individual plutons and the studies of Hildebrand et al. (2010b),
Bennett et al. (2012) and Jackson et al. (2013) that demonstrate intrusions of different ages and
composition in the GBMZ batholith (1870 to 1862 Ma). The ca. 1866 Ma intrusions are generally
devoid of any typical IOAA alteration (sodic, HT calcic—iron, HT potassic—iron; Fig. 2-4g), but
localized potassic, chlorite and epidote alteration is common inside and around the 1866 Ma
granitic intrusions of the Marian River batholith. Their emplacement is interpreted to postdate the
main IOAA hydrothermal event in the southern GBMZ.

Many undivided and typically fine to medium-grained monzonitic dikes and stocks with elevated
uranium and thorium content (thorium > 50 ppm) were also observed in the Cole sector, the
Peanut zone of the South Lou sector, the Esther zone of the Eastern Treasure Lake sector and

into the undivided intrusions of the Marian River batholith (Fig. 2-4h). Their respective uranium
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and thorium content is up to 12.1 and 51.9 ppm in the Cole sector and up to 50 and ~100 ppm in

the Peanut zone of the South Lou sector.

In the Cole sector and Peanut zone, these intrusions cut all the IOAA alteration, but locally
exhibit evidences of potassic alteration and form potassic alteration halos in their host rocks. U-
Pb ages on zircons of 1866.4 + 1.3 and 1865.9 + 0.9 Ma were obtained for uranium- and
thorium-rich monzonitic dikes that cut IOAA alteration in the Cole sector. These ages are
contemporaneous with the ages obtained from some of the Marian River batholith intrusions and
further constrain 1866 Ma as the most likely minimum age of IOAA activity in the southern
GBMZ (Davis et al., 2011).

2.6.6 Mafic dikes

Fine-grained, equigranular to porphyritic and variably altered mafic dikes were observed in both
supracrustal sections of the southern GBMZ. In the Mazenod and Cole sectors, the mafic dikes
cut IOAA alteration and the host volcanic units. In the Lou IOAA sector, some mafic dikes are
emplaced in WNW- to E-oriented deformation corridors and also in the early granite. Although
some mafic dikes exhibit evidences of chloritization and epidote alteration (e.g., near the Brooke

prospect), their emplacement timing relative to IOAA alteration remains unconstrained.

2.7 Major structures

2.7.1 Western section

West to WNW striking deformation corridors are well developed in the Lou IOAA and South Lou
sectors (Fig. 1-15). In the larger deformation zones predominantly located within the Treasure
Lake Group metasedimentary rocks (e.g., Peanut, Southern, Duke), polyphase alteration and
tectono-hydrothermal brecciation are intense and parasitic folds are locally formed (Fig. 2-5a—d).
Tectonic foliations in the deformation zones, mostly defined by the preferred orientation of ferro-
magnesian hydrothermal minerals like biotite and amphibole, typically strike W to WNW and are
predominantly steeply dipping (80° to vertical) to the northeast, generally parallel to the TLG

sedimentary rock bedding.

Strain is preferentially partitioned in the pervasively altered basal siltstone and carbonaceous

units in the basal siltstone and carbonaceous units of the TLG and remains weaker in the more
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competent and less altered sandstone unit of the TLG (Fig. 2-5c). The rhyolite dikes, the
intrusions of the early granite suite and the albitized granitic dikes are spatially associated to
most of the WNW- and W-oriented deformation corridors. These intrusions are deformed and
included as fragments in the tectono-hydrothermal breccias zones (Fig. 2-4c). In the overlying,
massive and competent volcanic units of the Lou assemblage, ductile deformation is not
extensive. Some biotite and biotite—feldspar-phyric porphyritic dikes exhibit local weak WNW-
striking tectonic foliations. Strain related to WNW deformation event is also very intense along a
section of the unconformity between the Faber Group and the TLG north of the surface
extension of the NICO deposit (Fig. 2-5e). At this locale, the unconformity is an extensive zone
of tectono-hydrothermal brecciation in which the hydrothermal minerals (predominantly

amphibole) of the breccia matrix are defining a WNW-striking tectonic foliation.

Individual tectono-hydrothermal breccia zones formed in the WNW-oriented deformation
corridors characteristically range from 10 m to at least 100 m in width, hundreds of meters to
kilometers in length (all remain open at their observed limits capped by the rhyolite) and most of
the breccias are polymict. In most of the observed breccia zones, fragments from the Treasure
Lake Group and rhyolite dikes predominate over fragments of the early granite suite, albitized
granitic dikes and strongly altered rocks of uncertain origin. Fragment size varies from a few
millimeters to meters, with the most common size ranging from centimeters to decimeters.
Fragments have a high aspect ratio with their long axis parallel to the tectonic foliation and
locally defining a stretching lineation (Fig. 2-5a). The systematic formation of intense and
extensive alteration (sodic, HT calcic—iron and HT potassic—iron alteration; Fig. 2-5b—e) in all the
documented WNW-oriented deformation corridors, the presence of dikes with syn-tectonic
attributes and the abundance of intrusive rock fragments in the tectono-hydrothermal breccias
indicate that they were major hydrothermal fluid and magma conduits during the main IOAA
event in the Lou IOAA (NICO, Southern Breccia) and South Lou (Duke, Sunil, Peanut) sectors.

The N-oriented deformation corridors cut the WNW deformation corridors. The most important
ones identified to date in the Western section are located in the Mazenod sector (N-trending Mar
and Marian River deformation corridors; Figs. 1-15, 2-5b, 2-5f—h). The Mar deformation zone is
interpreted as the main controlling structure for the formation of the Sue-Dianne deposit as well
as the Nod prospect and Mar showing (Gandhi, 1989; Camier, 2002). The Brooke prospect is
also located along a N-oriented lineament (Fig. 1-15). Hydrothermally altered and copper-
mineralized mylonites in the Sue-Dianne deposit provide further indications of active deformation

during IOAA activity in the Mazenod sector (Camier, 2002). The Marian River deformation
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corridor is located east of the Sue-Dianne deposit at the contact between slivers of TLG
metasiltstone, the Faber Group and the Marian River batholith. Strain is strongly partitioned into
the TLG slivers; in contrast the volcanic rocks of the Dianne subassemblage are locally
brecciated (Fig. 2-5f—g). Undeformed granitic dikes of the Marian River batholith cut the N-
oriented tectonic foliation. Sodic and HT calcic-iron alteration, as well as zones of tectono-
hydrothermal brecciation, similar in appearance to those hosted in the WNW-oriented

deformation corridors, are well developed in the Marian River deformation corridor (Fig. 2-5f—g).

In the Lou IOAA and South Lou sectors, northerly oriented faults host HT calcic—iron and HT
potassic—iron veins and some of the uranium-bearing veins of the Southern Breccia. At outcrop
scale, intense hydrothermal alteration and tectonic brecciation is associated to N-oriented
faulting (Fig. 2-5b, h). This indicates that N-oriented structures may have played a role in the

formation of some of the Lou IOAA sector mineralized zones.

2.7.2 Eastern section

In the Eastern Treasure Lake sector, located closer to the Wopmay fault zone, tectonic
deformation is penetrative in the TLG metasedimentary rocks and forms WNW-oriented and
steeply NE-dipping tectonic foliation generally parallel to the sedimentary rock bedding. Weak to
well developed and penetrative WNW-oriented tectonic foliations are also formed in the
biotite—feldspar and biotitetfeldspar-phyric volcanic rocks of the Hump assemblage (Gandhi,
1992a; this work).

Most of the intense IOAA alteration zones in the Eastern Treasure Lake sector (Ron, Hump,
Carbonate Mountain and Dennis) are structurally controlled by WNW- and N-oriented faults or
deformation corridors (Goad et al., 1996; Mumin et al., 2000; Figs. 1-15, 2-6a—b). Similar
structural control is observed in the Cole sector where intensity of IOAA alteration and
brecciation increases near N- to NW-oriented (0° to 330°) deformation corridors that led to the
formation of an approximately 450 m-wide zone of tectono-hydrothermal brecciation (herein

referred to as the Cole Breccia).

The Cole Breccia is formed by the coalescence of numerous small breccia zones in a NNW- to
N-oriented deformation zone (Fig. 1-15). In the outer margins of the Cole Breccia, jigsaw-fit
breccia cemented by HT calcic—iron (amphiboletmagnetite—clinopyroxene) records the in situ
fragmentation of a previously albitized plagioclase—amphibole-phyric andesite (Fig. 2-6¢—f). The
vicinities of the deformation zones are characterized by well-developed tectonic foliations,

fragments with high aspect-ratios and increasing fragmentation and comminution of the host
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rock with increasing strain (Fig. 2-6g). This indicates the role of tectonic activity in the
fragmentation process. Numerous zoned fragments, in which the early sodic alteration is rimmed
by HT calcic—iron alteration and/or incipient potassic alteration, indicate polyphase hydrothermal
activity (Fig. 2-6h—i). Lobate and cuspate borders for many of those zoned fragments are
interpreted as indicators of increasing chemical dissolution following the initial tectonic
fragmentation. In the marginal zones of the Cole Breccia, the fragment fraction predominates
and the cement/matrix content generally increases towards the center of the breccia zone where
chemical dissolution of the fragments increases. This indicates that the maturity of the Cole
Breccia, using the Jébrak (2010) breccia maturity criterion for IOAA systems, generally
increases towards the center of the breccia complex. However zones of mature breccia, in which
the fraction of hydrothermal cement strongly predominates over the fragment fraction, are rare in
the Cole breccia. The cement-matrix/fragment ratio in the breccia rarely exceeds 1 and
moderately mature to immature breccias, in which the fraction of hydrothermal cement/fragment

range between 0 (immature) and 1 (moderately mature), predominate in the Cole Breccia.
2.7.3 NE-oriented faults

NE-oriented faults (x35° to 45°) are associated with a late dextral strike slip that bisected the
IOAA alteration zones in the Western and Eastern sections, but host and are the controlling
structure for most of the quartz veins-related mineralization (e.g., Rayrock mine; Gandhi et al.,
2000; Byron, 2010). Important faults of this class include the Lou Lake, Dianne and Rayrock
faults (Fig. 1-15).

In the Lou IOAA sector, the Lou assemblage significantly thickens northwest of the Lou Lake
fault (e.g., 175 m below surface in Fortune Minerals Limited drill hole DDH NW-00-001;
Robinson, 2013). The localized formation of IOAA alteration into NE-oriented veins (HT
calcic—iron alteration) also indicates that some of these structures were active during the main
IOAA event. U-Pb dating of pitchblende at Rayrock mine by Miller (1982) in the Rayrock fault
yielded a late Ordovician age, indicating that periodic activity occurs along the NE-oriented from

the Paleoproterozoic to at least the late Ordovician.
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2.8 Distribution of IOAA alteration among supracrustal and

intrusive units

As they represent diagnostic elements specific to the main IOAA alteration types observed in the
southern GBMZ (chapitre 5), molar concentrations of Na, Ca, Fe, K and Mg are plotted on
regional geological maps to illustrate the distribution of IOAA alteration in the main sectors of the
southern GBMZ IOAA system (Figs. 2-7 to 2-11). Molar concentrations are used because they
represent the best proxies for the rock mineralogy. The spatial distribution and relative
proportions of these elements mimic and provide an efficient graphic representation of alteration

distribution within the studied hydrothermal systems (Table 2-2; Fig. 2-1).
2.8.1 Sodic and sodic—calcic—iron alteration

At the current exposure level, sodic and sodic—calcic—iron alteration occurs in most units of the
southern GBMZ (Figs. 2-7 to 2-11). The most notable exceptions are the 1866 Ma intrusions of
the Marian River batholith, the quartz—feldspar porphyritic dikes and the uranium—thorium-rich
monzonitic dikes that cut the iron oxide and alkali alteration in the Cole sector and the Peanut

Zone.

Weak to moderate sodic alteration preferentially replaces the feldspar phenocrysts in the Faber
Group porphyritic rocks, the mafic groundmass in the early granite and some quartzofeldspathic
beds in the Treasure Lake Group. Intense and pervasive albitization destroys the rock primary
textures and replace all the original minerals by an assemblage primarily composed of fine-
grained white to creamy albite with or without quartz and accessory titanium oxide, titanite and

zircon as observed in the Southern Breccia, Nod, Dennis and Esther zones.

Many sodic and sodic—calcic—iron alteration zones are overprinted, cross-cut and/or brecciated
by HT calcic-iron (e.g., NICO, Nod, Ron, Cole), HT potassic-iron (e.g., Brooke, Southern
Breccia, Hump, Duke, NICO), LT potassic—iron (e.g., Esther, Southern Breccia, Sue-Dianne),
potassic and skarn (Duke, Carbonate Mountain) alteration. The breccia are focused along west-
northwest-oriented (Lou IOAA and South Lou sectors) and north-oriented deformation corridors
(Sue-Dianne and Cole sectors) are superimposed over sodic alteration zones. The breccias are
cemented by subsequent generations of HT calcic—iron alteration (e.g., Cole, Nod, NICO), HT
potassic—iron (Southern Breccia) and LT potassic—iron alteration (e.g., Southern Breccia; further

description in chapitre 6).
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2.8.2 HT calcic—iron alteration

At the current level of exposure, HT calcic—iron alteration occurs in all sectors of the southern
GBMZ IOAA system and occurs in all the rock units except the 1866 Ma intrusions of the Marian
River batholith and the uranium-thorium-rich monzonitic dikes (Figs. 2-7 to 2-11). HT calcic—iron
alteration characteristically follows sodic and sodic—calcic—iron alteration and is especially well-
developed in the Duke, Sunil, NICO and Nod zones in the Western section and in the Hump,

Ron, Cole and Carbonate Mountain zones in the Eastern Section.

Intense HT calcic—iron alteration is well developed in the reactive rocks units of the TLG
(argillite, siltstone and carbonate) where it forms penetrative and selective to pervasive
replacement zones extending discontinuously to continuously over hundreds of meters (e.g.,
NICO deposit, Duke and Sunil zones) as well as veins more locally. Within the least-altered
section of the TLG, carbonate units are observed to initially form clinopyroxene- or garnet-rich
skarns superimposed over sodic alteration. The skarn in the carbonate rocks are coeval with
amphibole-rich HT calcic—iron in silicate rocks and can also be overprinted by amphibole-rich
assemblages more typical of the calcic—iron stage. In the NICO deposit, early clinopyroxene-rich
skarn is locally observed and almost entirely replaced by HT calcic—iron alteration zones (Sidor,
2000; Robinson, 2013).

In the less reactive and more competent quartz arenite beds of the TLG and into the volcanic
rocks of the Faber Group, HT calcic—iron alteration typically occurs as veins although pervasive
replacement of the quartz arenite and of the very fine-grained to aphanitic groundmass of the
volcanic rocks is common. Pervasive and penetrative HT calcic—iron impregnation of the
volcanic rock groundmass is particularly extensive in the Cole assemblage porphyritic andesite

and in the vicinity of the Nod zone.
2.8.3 HT potassic—iron alteration

Zones of intense HT potassic—iron alteration zones are less extensive than the sodic and HT
calcic—iron alteration zones (Figs. 2-7 to 2-11). They are spatially associated to polymetallic
mineralization zones forming pervasive biotitetmagnetite—K-feldspar replacement of earlier HT
calcic—iron alteration in NICO and South Lou or magnetite-cemented and K-feldspar-rich
hydrothermal breccias in the Southern Breccia zone and Mazenod sector (Brooke, Sue-Dianne).
Pervasive HT potassic—iron replacement of the Lou assemblage felsic volcanic rocks aphanitic

groundmass (K-feldspar—-magnetite) is also observed between the NICO deposit and the
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Southern Breccia, north of Lou Lake and south of Chalco Lake (cf. detailed descriptions at
Chalco Lake in Robinson, 2013). In the Eastern section, HT potassic—iron alteration is only well
developed in the Hump iron oxide showings, incipient within the Esther zone, and conspicuously
absent from the Cole sector except for a weak calcic—iron—potassic alteration with the uranium

mineralization.

Table 2-2 Major element composition of the samples used to make the typical bloc diagrams for each
alteration type and least altered precursors

Sample 0029C01 0043F03  0055G02 1009B04 1038A02 1041A02 1059H04 1074D02
System Brooke Hump Duke Sue-Dianne SDVC SDVC Esther Cole
Precursor Rhy Sed Silt Ignim Ignim Ignim Gr Mf
Alteration HT K-Fe HT Ca—-Fe LT K-Fe HT-LT K-Fe weak weak Na weak
CaO (wt. %) 0.11 19.81 10.32 0.75 5.73 2.08 0.55 7.31
Fe,O3 80.27 26.77 14.87 14.38 5.64 5.42 0.94 10.99
K,0O 2.82 0.07 0.09 10.52 3.62 4.23 0.93 2.65
MgO 0.41 5.56 19.64 0.46 1.56 2.28 0.49 4.54
Na,O 0.02 0.3 0.09 0.21 3.18 2.56 10.03 2.09
Camol 0.002 0.353 0.184 0.013 0.102 0.037 0.01 0.13
Femol 1.005 0.335 0.186 0.18 0.071 0.068 0.012 0.138
Kmol 0.06 0.002 0.002 0.223 0.077 0.09 0.02 0.056
Mg mol 0.01 0.138 0.488 0.011 0.039 0.057 0.012 0.113
Namol 0.001 0.01 0.003 0.007 0.10 0.083 0.32 0.068
Sample 1086A02 1117B02  0163C03 0168A02 0514B02 0546E03 0049B03
System Duke ETLG Cole Cole Cole Cole WTLG
Precursor Silt Silt Por Gr Por Por Silt

Na-Ca—
Alteration HT Ca-Fe weak weak weak Fe K weak
CaO (wt. %) 4.94 2.00 4.02 2.31 5.23 0.27 0.52
Fe,O3 64.59 8.05 5.16 4.77 5.32 1.85 7.07
K20 0.96 4.09 5.00 5.22 1.09 12.96 5.42
MgO 4.48 2.73 2.3 1.59 3.37 0.41 2.45
Na,O 0.73 3.32 3.1 2.84 6.19 1.83 0.96
Camol 0.088 0.036 0.072 0.041 0.093 0.005 0.009
Femol 0.809 0.10 0.065 0.06 0.067 0.023 0.089
Kmol 0.02 0.087 0.11 0.111 0.023 0.275 0.12
Mg mol 0.11 0.068 0.057 0.039 0.084 0.01 0.061
Namol 0.024 0.11 0.10 0.092 0.2 0.059 0.031

Rhy = Rhyolite, Sed= Sedimentary rock, Ignim = Ignimbrite, Gr = Granite, Mf = Mafic dike, Silt= Siltstone,
Por Porphyry

2.8.4 LT potassic—iron alteration

LT potassic—iron alteration is incipient to strong in all the sectors and all rock units of southern
GBMZ I0OAA system, and forms systematically after the sodic, HT calcic-iron and HT

potassic—iron alteration. In the Lou IOAA and South Lou sectors, LT potassic—iron alteration
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typically occurs as partial but common chloritethematitetmuscovitetK-feldspar replacement of
the earlier HT calcic—iron and HT potassic—iron alteration and of the local to regional K-feldspar
metasomatism of the volcanic rocks and the breccias underlying them (this work; Robinson,
2013). It also locally forms hematite-cemented hydrothermal breccias in the albitites of the
Southern Breccia zone and in the Lou assemblage basal rhyolite near the Summit Peak showing
and north of Lou Lake. Such alteration is associated with uranium mineralization in the Southern
Breccia and with chalcopyrite at the Summit Peak prospect structurally above the NICO deposit.
In the Mazenod sector, LT potassic—iron alteration primarily occurs as a pervasive hematite—K-
feldspartmuscovite replacement of the HT potassic—iron alteration zones of the Sue-Dianne
deposit and the Brooke prospect, but also forms new zones of hydrothermal brecciation with
renewed copper mineralization, with either chalcopyrite or bornite—chalcocite as the main copper

minerals.

In the Eastern section, LT potassic—iron alteration occurs as K-feldspar-hematite, K-
feldspar—hematite—chlorite, sericite—hematite—chlorite and chlorite—hematite veins and
impregnation and is particularly well developed in the surroundings of the Esther zone showings.
In the Hump and Ron zones, specular hematite systematically rims the magnetite crystals

formed during the calcic—iron and HT potassic—iron alteration stages.

2.8.5 LT calcic—iron alteration

A late-stage, and commonly allanite-bearing LT calcic—iron (epidote, epidote—K-feldspar,
epidote—quartz) alteration, coeval or postdating the LT potassic—iron alteration, is present in all
the sectors of the southern GBMZ IOAA system. In the Eastern Treasure Lake sector, LT
calcic—iron alteration is particularly intense in the Dennis, Esther, Hump and Ron zones where it
overprints all the previous IOAA alteration. Low temperature potassic—iron alteration zones can
substantially change the mineralogy and chemistry of the altered rocks (Fig. 2-1). Low
temperature Ca—Fe alteration overprint over HT Ca—Fe alteration can lead to the formation of
epidote-rich ironstones (up to 40% modal epidote) in which epidote replaces actinolite and REE-
rich allanite is formed at the expense of apatite (chapitre 4). In the South Lou and Mazenod
sectors, such alteration is intense but systematically superimposed on the low temperature
potassic—iron alteration zones. It is also abundant across the Sue-Dianne deposit and the
Brooke prospect in the Mazenod sector. In the Cole and Lou IOAA sectors, LT calcic—iron

alteration is not as intense and spatially extensive than in the other sectors of the GBMZ I0OAA
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2.9 Geochemistry of volcanic and intrusive rocks

Although designed for volcanogenic massive sulfide systems, the alteration box-plot of Large et
al. (2001) is also used to better define the possible hydrothermal alteration imprints on the
selected samples of the southern GBMZ. On these diagrams, the samples selected as
representative of the volcanic and intrusive rocks plot largely within or close to the fields defined
for least-altered samples except for the Lou assemblage felsic volcanic rocks (Fig. 2-12a, b).
This confirms that the selected samples are devoid of any intense IOAA alteration that can
substantially remobilize the high field strength elements (HFSE) and the rare earth elements
(REE) such as observed in both HT calcic—iron and HT potassic—iron alteration (chapitre 5).
Both diagrams however show a weak to strong potassic alteration imprint on the felsic volcanic
rocks of the Lou assemblage, as well as on some rhyolite/dacite and andesite of the Dianne
subassemblage, some porphyritic dikes and some uranium-thorium-rich monzonite dikes. In
addition both diagrams show the moderate to mild sodic alteration imprint in samples from the
Cole assemblage andesite, the Mazenod assemblage, some intrusions of the quartz monzonite—
monzodiorite suite and some intrusions of the Marian River batholith. It also shows the intense
sodic alteration imprint in the intrusions of the early granite suite and the sodic-altered granite
dike.

In the following bivariate diagrams of major elements, Al is used as the dividing element in the
molar ratios as it is not extensively mobile in IOAA alteration (Marschik and Fontboté, 2001b;
chapitre 7) and enters in the chemical structure of most minerals formed in IOAA alteration
zones except for the iron oxides. Plotting Zr/Ti versus (K/Na+K). illustrates that most of the
biotite—feldspar-, biotite- and feldspar—biotite-phyric dikes emplaced in the Lou IOAA sector,
including the least-altered ones, most of the biotite—feldspar-phyric felsic volcanic rocks of the
Lou assemblage and many samples from the Dianne subassemblage have higher K contents
than other rocks with similar Zr/Ti ratios (Fig. 2-13a). The felsic volcanic rocks of the Lou
assemblage, irrespective of their Zr/Ti ratios, exhibit the highest (K/Na+K)..- ratios that
highlight the predominance of K-feldspar in the mineral assemblage. This is primarily related to
the pervasive potassic alteration overprint (K-feldspar) throughout the Lou assemblage.
Conversely, most samples of the Cole assemblage, intrusions of the quartz
monzonite—monzodiorite suite and feldspar-phyric porphyritic intrusions are less potassic and
more sodic than their counterparts with similar Zr/Ti ratios. (K/Na+K).ar ratios below 0.2 reflect
the sodic (albite) alteration overprints, visible in samples from the Cole and Mazenod

assemblages, from the early granite and quartz monzonite—monzodiorite suites, some samples
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from the Marian River batholith and some samples from undivided porphyritic intrusions in the
Eastern Treasure Lake sector. No distinct pattern is observed in the granitic intrusions of the
Marian River batholith and the uranium—thorium-rich monzonitic dikes and intrusions cutting
IOAA alteration.

Plotting Zr/Ti versus (Ca/Al)moiar, (Mg/A)mear and (Fe/Al)mqar shows that the Ca, Mg and Fe
content of the volcanic and intrusive rock decreases with increasing Zr/Ti (i.e., increasing
differentiation; Fig. 2-13b—d). It also shows that the porphyritic dikes of the Lou IOAA sector and
of the uppermost unit of the Mazenod assemblage have much lower Ca content than the other
rocks with similar Zr/Ti ratios for higher K content. Conversely most of the rocks of the Dianne

subassemblage have lower (Mg/Almqar ratios than the other rocks with the same Zr/Ti ratios.

2.9.1 High field strength elements, Ti, Al and REE

To illustrate the behavior of less mobile elements in IOAA alteration and highlight the
geochemical signature of the intrusive and volcanic rocks of the southern GBMZ, various ratios

of high field strength elements, Ti, Al and REE are used.

Plotting Th/Yb versus Zr/Ti shows that the scattering of the Th/Yb ratios increases with
increasing Zr/Ti ratios and is especially strong in the felsic volcanic rocks of the Lou assemblage
in the Lou IOAA sector and for the intrusions of the Marian River batholith and the
uranium-thorium-rich monzonitic dikes (Fig. 2-14a). In the other geological units of the southern
GBMZ for similar Zr/Ti ratios, the Th/Yb ratios generally remain tightly clustered. For similar Zr/Ti
ratios, samples of the Cole assemblage andesite, some porphyritic intrusions of the Eastern
Treasure Lake sector and many intrusions of the Marian River batholith have low Th/Yb ratios.
Conversely samples of the uppermost unit of the Mazenod assemblage hosting the Sue-Dianne
deposit and most of the dacite/rhyolite of the Dianne assemblage have high Th/Yb ratios
compared to other samples with similar Zr/Ti ratios. The Th/Yb ratios of the biotite-phyric dikes in
the Lou IOAA sector, of least differentiated intrusions of the quartz monzonite—monzodiorite
suite and of the feldspar—amphibole-phyric andesite of the Dianne subassemblage are similar to
each other and close to those of the feldspar—-amphibole-phyric andesite of the Cole

assemblage.

Plotting Al/Ti versus Zr/Ti shows that the volcanic rocks of the Lou assemblage in the Lou IOAA
sector, the rhyolite dikes, the undivided rhyolitic rocks in the South Lou sector and the intrusions
of the early granite suite have higher Zr/Ti and Al/Ti ratios compared to all the other geological

units of the southern GBMZ (Fig. 2-14b). Samples of these units also define a distinctive
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differentiation trend that parallels the trend formed by the other volcanic and intrusive rocks of
the southern GBMZ. Some of the uranium—thorium-rich monzonitic dikes plot in the trend formed
by the Lou assemblage felsic volcanic rocks and rhyolite dikes whereas other samples of the
Marian River batholith and uranium—thorium-rich monzonitic dikes form their own differentiation
trend. This diagram shows that the samples from the Bea, Cole, Hump and Mazenod
assemblage, the Dianne subassemblage, the porphyritic intrusions and the quartz monzonite—
monzodiorite suite plot among the same fractionation trend. Plotting La/Yb versus Zr/Ti shows
that, without considering the volcanic rocks of the Lou assemblage in the Lou IOAA sector,
La/Yb typically increases with increasing Zr/Ti (differentiation; Fig. 2-14c). With La/Yb ratios
above 30, some felsic volcanic rocks of the Lou assemblage, the porphyritic dikes and of the
Marian River batholith exhibit considerable La/Yb fractionation. This diagram also shows that
most of the andesites of the Cole assemblages and many feldspar-biotite/biotite—feldspar-,
biotite- and feldspar-phyric dikes in the Lou sector have lower La/Yb ratios than the other rocks

with similar Zr/Ti ratios, indicating their more primitive composition.

Plotting Zr/Hf versus Nb/Ta indicates that many felsic volcanic rocks of the Lou assemblage in
the Lou IOAA sector and the undivided felsic volcanic rocks of the South Lou sector, some
intrusions of the early granite suite and some biotite—feldspar/feldspar—biotite-phyric porphyritic
dikes in the Lou IOAA sector have sub-chondritic Zr/Hf (below 30) and Nb/Ta ratios (between 8
and 2.4), well below the typical Zr/Hf (36.4) and Nb/Ta (13.3) ratios of the upper crust (Rudnick
and Gao, 2007; Fig. 2-14d). Most of the volcanic and intrusive rocks of the southern GBMZ have
higher, but still sub-chondritic Nb/Ta ratios between 8 and 13 that are more typical of the upper
crust Nb/Ta ratio (13.3). It also shows that Nb/Ta generally increases with Zr/Hf and that the
geological units of the southern GBMZ, except for the Lou assemblage felsic volcanic rocks, the
Marian River Batholith and the uranium—thorium-rich monzonite, typically defines tight clusters

with some outliers.

The observations made using HFSE and REE indicate only a weak mobility for elements that
reflect the primary composition of the volcanic and intrusive precursor rocks. This conservative
behavior of HFSE and HREE in regional IOAA alteration was also observed in the Punta del
Cobre 10CG district in Chile (Marschik and Fontboté, 2001a).This justifies the use of HFSE and
HREE for the Pearce (1996a) diagram to classify the southern GBMZ volcanic rocks and to
assess the magmatic affinity and tectonic environment signature of the southern GBMZ igneous

rocks.
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2.9.2 Fluorine content of the volcanic and intrusive rocks

Most of the volcanic rocks of the Hump assemblage and some volcanic rocks of the Cole
assemblage, some intrusions of the quartz monzonite—monzodiorite suite and of the Marian
River batholith, most of the biotite-phyric andesite dikes, and some of the biotite—feldspar phyric
dikes of the Lou IOAA sector and of the feldspar-phyric intrusion north of the Sue-Dianne
deposit have high F content, above 750 ppm (Fig. 2-15a). This is in the lower range of typical A-
type granites (Whalen et al., 1987; Eby, 1990) and volcanic and intrusive rocks of the

shoshonitic clan (Corriveau and Gorton, 1993; Muller et al., 1994).

Plotting (K/ADmoiar, @nd (Mg/Al)neiar Versus F indicates that the F content of the GBMZ volcanic
rocks and intrusions slightly increases with decreasing (K/Al)moer cOntent in the rock (Spearman
rank correlation of -0.30) whereas the content of F increases with (Mg/Al)moar (Spearman rank
correlation of 0.58; Fig. 2-15b—c). Considering the mild to strong potassic alteration overprint in
the felsic volcanic rocks of the Lou assemblage that may have destroyed most of their mafic
minerals, their low F content may relate to the superimposed potassic alteration and not be a
primary feature of these rocks. However, the maximal F content below 500 ppm in the least
altered biotite—feldspar-phyric rhyolites of the Lou assemblage is indicative of generally low
primary F content in most of the Lou assemblage felsic volcanic rocks and probably F-poor

magmatism throughout the early stages of the GBMZ formation.

2.10 Tectono-magmatic evolution of the southern GBMZ

2.10.1 Tectonic setting and magmatic sources of volcanic and intrusive

rocks

The Pearce (1982) Th/Yb versus Ta/Yb diagram and a revised version of the Peccerillo and
Taylor (1976) diagram by Hastie et al. (2007) using Th and Co (less mobile) instead of K,O and
SiO, indicate that the volcanic and intrusive rocks of the southern GBMZ relate to potassic
magmatism belonging to the shoshonitic series and to high-K calc-alkaline series (Fig. 2-
16a—b). Although Co is potentially mobile and enriched in some zones of the southern GBMZ
IOAA systems and was remobilized and enriched in some porphyritic dikes cutting the NICO
deposit, the high Th content of all the volcanic and intrusive rocks of the southern GBMZ also

indicates affiliation to the shoshonitic series. Similar observations are made on the Peccerillo
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and Taylor (1976) diagram (not shown), but as it uses mobile elements the results are not as
robust as those obtained with the thorium content. A-type and F-rich porphyritic intrusions of the
shoshonitic series associated with extensive IOAA alteration and IOCG mineralization have also
been identified in the Fab Lake area, located 45 km north of the Sue-Dianne deposit, in a
porphyritic intrusive complex formed between 1870 and 1866 Ma (Azar, 2007, Potter et al.,
2013b; chapitre 7).

The Miller et al. (1992) Zr/Al,O3 vs TiO,/Al,O3 and Ce/P,0s5 vs Zr/TiO, diagrams employed to
identify the tectonic setting of potassic magmatic rocks containing between 41.4 and 62.1 wt. %
SiO, (i.e., andesites and basalts) show that the potassic andesites and basalts of the southern
GBMZ have a chemistry compatible with those a continental volcanic arc, in agreement with the
previous interpretations of Hildebrand et al. (1987) and Gandhi et al. (2001; Fig. 2-16¢c—d).

The Pearce et al. (1984) Ta vs Yb discrimination diagram for granites is used to identify the
potential tectonic environments of formation of the granites and with further caution of the
felsic/intermediate volcanic rocks of the southern GBMZ (Fig. 2-12a—b). Hydrothermal alteration
can modify the absolute concentrations of Ta and Yb in altered rocks. The clusters formed by
the least altered rocks of each unit are most likely representative of their primary composition.
That the sample distribution patterns match the observations made with ratios of immobile

elements also supports Ta and Yb immobility.

Most of the Marian River batholith intrusions, which are generally devoid of iron oxide and alkali
alteration, have a signature typical of volcanic arcs, but some of the 1866 Ma intrusions and the
uranium-thorium-rich monzonitic dikes have a transitional to within plate affinity (Fig. 2-16e). As
the tectonic settings highlighted on the Pearce et al. (1984) diagram reflect the tectonic
environment of the magma sources (Pearce, 1996b), the diversified tectonic environments of
formation of the intrusions forming the Marian River batholith indicate diverse magma sources

and support polyphase intrusive events to form this batholith (Fig. 2-16e).

According to the Pearce et al. (1984) diagram (Fig. 2-16f), many felsic volcanic rocks of the Lou
assemblage have a syn-collisional to volcanic arc affinity, corresponding to their low Nb/Ta
ratios, whereas most of the remaining volcanic rocks of the Faber Group, the porphyritic dikes
and intrusions of the quartz monzonite—monzodiorite suite have a volcanic arc affinity. Some
samples of the feldspar-phyric porphyritic intrusions also plot into the within plate and transitional
fields (Fig. 2-16f).

The compositional variations with time of each geological unit, beginning with the Lou

assemblage and ending with the 1866 Ma intrusions of the Marian River batholith, highlights a
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progression from syn-collisional and volcanic arc magma sources in the early stages of GBMZ
magmatism to volcanic arc and then predominantly transitional to within-plate magma sources in

the later stages (Fig. 2-2).

211 Ground preparation for the southern Great Bear

magmatic zone IOAA systems

Tectono-hydrothermal events associated with the Calderian orogeny can have influenced the

subsequent GBMZ formation. These include:

1) pre-collisional and extensive mafic magmatism in the Slave Craton western margin shown to
be active at 1882.5 + 0.9 Ma (Morel sills and mafic dikes of the Ghost swarm; see Buchan et al.,

2010 for their spatial extension; Hoffman et al., 2011);

2) pre- to syn-collision and extensive felsic to mafic magmatism at ca. 1880 Ma to form the
Hepburn plutonic suite in the northern GBMZ (Hildebrand et al., 2010a);

3) granitic magmatism at ca. 1877 Ma contemporaneous with Calderian orogenic metamorphism
in the central GBMZ (Jackson et al., 2013);

4) formation of a generally low-standing and/or rapidly collapsing orogen (Hildebrand et al.,
2010a);

5) post-collisional formation of an Andean-type active continental margin (Hildebrand et al.,
2010a; Cook et al., 2011); and

6) a very short time interval between the beginning of the Calderian orogeny at 1882.5 + 0.9 Ma
(age of the foredeep sequence of the Calderian orogeny; Hoffman et al., 2011) and the
beginning of extensive GBMZ continental magmatism coeval within error throughout the GBMZ,
at ca. 1875 Ma in the north and at ca. 1873 Ma in the south (early granite suite; Gandhi et al.,
2001).

The mafic magmatism that occurred on the Slave Craton margin before and during the early
stages of the Calderian orogeny, demonstrated by the emplacement of the 1.882 Ga Morel Sill
in the foredeep sequence, indicates a pre-GBMZ thermal anomaly in the mantle and a potential
mantle to upper crust connection along most of the western margin of the Slave Craton. The
emplacement of the Morel sills also signaled episodic extensional events in the Slave Craton

prior to and during the early stages of the Hottah—Slave collision. In tectonic models proposed
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for the Calderian orogeny and the pre-GBMZ Slave Craton continental margin evolution
(Hildebrand et al., 2010a; Ootes et al., 2015), the mantle underlying the GBMZ was the site of a
long-live subduction zone that favored the incorporation of crustal material. A further
incorporation of crustal material may have occurred during the interpreted partial subduction of
the Slave continental crust during the Hottah—Slave collision (Hildebrand et al., 2010a; Cook,
2011).

Incorporation of crustal material can have a substantial influence on the composition of the
magmas subsequently formed above a collision zone (e.g., Australia and Sunda-Banda arc
collision; Elburg et al., 2002, 2004; Tibetan shoshonitic rocks: Gao et al., 2010; shoshonitic
volcanism in Sardinia; Beccaluva et al., 2013) as it can further enrich the overlying and already
metasomatized mantle in alkali (K and Na), radioactive (U and Th) and large ion lithophile
elements (Ba, Rb, Sr). This can be a key factor to explain the potassic magmatism in the
southern GBMZ that extends at least to the Fab Lake area. Additionally, the GBMZ magmas
may have incorporated crustal material of the Hottah terrane during their emplacement. This is
also supported by the presence of inherited zircons of Hottah terrane age (chapitre 7; Bennett et
al., 2012) in the GBMZ intrusions and the lead isotope work of Housh et al. (1989).

2.12 Tectono-magmatic evolution— late Calderian to 1866 Ma

The oldest magmatic rocks interpreted as related to GBMZ magmatism are syn-deformational
granitic dikes emplaced in TLG metasedimentary rocks at 1878+4 Ma in the DeVries area
(Bennett and Rivers, 2006). Inherited magmatic zircons yielding U-Pb ages between 1879 to
1875 Ma were also found in intrusive rocks of the GBMZ south of the DeVries area (Bennett and
Rivers, 2006; Bennett et al., 2012) and syn-deformational intrusions in the central GBMZ yielded
U—Pb ages on zircon of 187712 Ma (Jackson et al., 2013).

Early GBMZ magmatism, which was predominantly intrusive, exhibits many features of syn-
deformation emplacement accompanied by orogenic metamorphism (Corriveau et al., 2007;
Jackson et al., 2013), likely occurred in a compressive setting related to the on-going Calderian
orogeny. The persistence of compressive deformation at 1877 Ma, Calderian orogenic
metamorphism at ca. 1876 Ma in the central GBMZ, 5 m.y. after the initial collision between the
Hottah arc and the Slave, and the widespread formation of ductile tectonic foliations in the
GBMZ intrusions dated at ca. 1867 Ma near the Wopmay fault are good evidences that a

compressive deformation persisted until the formation of the Lou assemblage.
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Ongoing compression in the early stage of the Lou assemblage formation also accounts for:

1) thrusting of the Southern Breccia brecciated albitites against the calcic—iron alteration
envelope of the NICO deposit (itself developed on mildly to moderately albitized Treasure

Lake Group);

2) localized tilting of the Lou assemblage basal rhyolite during and after its deposition

(Enkin et al., 2012) and would account for the felsic);

3) development of scattered breccias, least-altered or with local magnetite infill, within the

Treasure Lake Group at the unconformity with volcanic rocks with ;

4) tilting of erosional troughs infilled with volcanic material within Treasure Lake Group;

and
5) the syn-collisional compositional affinities of the Lou assemblage.

A compressive setting during the early stages of the GBMZ formation may have been favored by
shallow dipping and east-verging subduction at the western margin of the Hottah arc. Evidences
for a shallowly dipping subduction plane during the GBMZ formation have been documented by
near-vertical and wide-angle seismic reflection data ~150 km south of the southern GBMZ
(Oueity and Clowes, 2010).

The highly variable trace element signatures (e.g., Th/Yb, Nb/Ta, Al/Ti ratios) for most felsic
volcanic rocks of the Lou assemblage in the Lou IOAA sector, which is relatively typical of
rhyolites, and the fact that they plot in the volcanic arc and syn-collisional fields of the Pearce et
al. (1984) diagram indicate a magma source strongly influenced by magma-crust interactions
and/or assimilation/melting of crustal rocks (Pearce et al., 1982; Hastie et al., 2007; Pearce,
2008). Their highly evolved nature also likely indicates extended differentiation of the parent
magmas in the crust. In addition, partial digestion of TLG enclaves is observed in the intrusions
of the early granite suite. Combined with potential heterogeneities in the magma sources, partial
assimilation and melting of a biotite-rich source (e.g., metasedimentary rocks of the TLG) can
explain the low and variable Nb/Ta ratios observed in some intrusions of the early granite suite
and many of the Lou assemblage felsic volcanic rocks as partition coefficients favor the retention

of Nb in the biotite over Ta (Stepanov and Hermann, 2012).

Many factors indicate less extensive differentiation/assimilation and a weaker crustal component

in the parent magmas following the Lou assemblage formation:
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1) increasing chemical homogeneity of rocks with similar Zr/Ti ratios in the Bea,
Dianne, Cole and Mazenod assemblage, the porphyritic dikes and intrusions and the
quartz monzonite—monzodiorite intrusions, and their more primitive composition than

the Lou assemblage rhyolites;

2) lower Th/Yb ratios in the rocks of the Cole assemblage, the biotite-phyric dikes as
well as some intrusions of the Marian River batholith and quartz monzonite—

monzodiorite suite; and
3)  mafic volcanism in the Hump assemblage.

A gradual increase in the magma emplacement rate is also evidenced by the roughly coeval
extrusion of the Dianne subassemblage and the Cole/Hump assemblage of the Faber Group as
well as the regional emplacement of porphyritic intrusions around 1869-1868 Ma culminating

with emplacement of the extensive Marian River batholith at 1866 Ma.

The increasing proportions of intrusive and volcanic rocks with a transitional to within-plate
chemical signature, the more primitive andesite of the Cole and Dianne assemblages, the
formation of F-rich volcanic and intrusive rocks, and mafic volcanism of the Hump assemblage
signal a stronger input of mantle-derived magmas (Pearce et al., 1984; Pearce, 1996b; Mark,
1999; Frost and Frost, 2013; Pankhurst et al., 2013). This is indicative of a relaxation of the
predominantly compressive stress regime active during the formation of the Lou assemblage.
Higher magma input from the subduction zone, possibly related to asthenospheric upwelling,
has a positive feedback relationship with strike-slip faulting that facilitates magma ascension and
may have favored this transition to an extensional stress regime (Saint Blanquat et al., 1998;
Cembrano and Lara, 2009). Higher rates of magma production are also demonstrated in the
northern GBMZ during the progressive formation of the LaBine and then Sloan Groups and the
accompanying intrusions that formed the Great Bear batholith (Hildebrand et al., 2010b).
Transition to a less compressive tectonic regime as GBMZ magmatism evolved is also indicated
by decreasing intensity of compressive deformation in the GBMZ intrusions in the vicinity of the
Wopmay fault, from 1867 Ma to 1862 Ma (Jackson et al., 2013), and the absence of orogenic
metamorphism in the GBMZ volcanic rocks and intrusions. An extensional regime during the
main magmatic stage of the GBMZ formation associated with the IOAA systems of the Port

Radium—Echo Bay and Camsell River districts has also been proposed by Mumin et al. (2014).

Enhanced crustal weakening because of increasing heat advection that facilitates transcurrent
faulting may have also established a regional deformation-dominated strain regime (Saint

Blanquat et al., 1998). This can explain the transition from predominantly WNW- to W-oriented
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deformation in the early stage of GBMZ magmatism (magma-dominated strain regime) to N-
oriented faulting during the subsequent stages of the Faber Group formation (regional
deformation-dominated strain regime). Such changes in the main orientation of the deformations
zones were observed during the formation of Sierra Nevada Cretaceous batholith in which early
transcurrent faults formed in a magma emplacement-dominated strain are formed at high angle
to the orientation of the subduction zone and the later fault zones formed in a regional
deformation-dominated strain regime parallel the subduction zone (Tikoff and Saint Blanquat,
1997; Saint Blanquat et al., 1998).

2.13 Timing of the main IOAA alteration events

In the Lou IOAA sector, most of the intense sodic, HT calcic—iron and HT potassic—iron alteration
types observed in the NICO deposit and the Southern Breccia are cut by the 1868 Ma
feldspar—biotite-phyric dikes but have altered the 1873 Ma granitic intrusions of the early granite
suite and the 1871 Ma sodic-altered granite dikes (Fig. 2-2). The late-stage LT potassic—iron
alteration zones of the Southern Breccia are also cut by the feldspar—biotite-phyric dikes and
were not observed in the 1867 Ma intrusion of the quartz monzonite—monzodiorite suite. This is
indicating that most of the IOAA hydrothermal activity in the Lou IOAA sector occurred between
1871 and 1868 Ma to form the NICO deposit and the Southern Breccia. For South Lou, the
predominance of HT calcic—iron alteration variably overprinted by biotite—rich HT potassic—iron
alteration, the structural control of WNW-oriented deformation on IOAA alteration and formation
of Co, Bi, Ni and W-rich mineralization zones mimics the observations in the Lou IOAA sector.
The South Lou IOAA systems are thus interpreted as contemporaneous with the Lou IOAA

system.

In the Sue-Dianne and Cole sectors sodic, HT calcic—iron and HT to LT potassic—iron alteration
types are all developed after the 1868 Ma (and potentially younger) volcanic rocks of the
Mazenod assemblage (Sue-Dianne) and intrusions of the 1867 Ma quartz
monzonite/monzodiorite suite (Cole; Fig. 2-2). In the Cole sector all the IOAA alteration zones
are cut by uranium-thorium enriched monzonitic dikes younger than the 1867 Ma intrusion of
the quartz monzonite—monzodiorite suite. This is indicating that IOAA alteration in the Sue-
Dianne and Cole sectors predominantly occurred between 1868 and 1866 Ma. These
conclusions cannot be extended to the Brooke and Nod prospects with current knowledge as

they are formed in undated rocks of the Lou assemblage. However, given the stratigraphic
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location of the Dianne subassemblage in the Faber Group and the similarities between the
Brooke prospect and the Sue-Dianne deposit in terms of alteration and metallic signature, we

interpret that the Brooke prospect was also formed between 1868 and 1866 Ma.

In Eastern Treasure Lake, the maximum age of IOAA alteration is presumably 1873 Ma as
intrusions of the early granite suite, as observed in the Lou IOAA sector, are extensively albitized
and then overprinted by HT calcic-iron alteration. The minimum age of IOAA alteration is
estimated at 1866 Ma as all the observed IOAA alteration zones are cut by granitic dikes similar
to the 1866 Ma intrusions of the Marian River batholith. IOAA alteration in the Eastern Treasure
Lake sector is thus contemporaneous with the IOAA events in the other sectors of the southern
GBMZ |IOAA system.

2.14 Implications on the development of a regional IOAA

system

The southern GBMZ IOAA system demonstrates a direct temporal and spatial relationship
between potassic magmatism (high-K calc-alkaline to shoshonitic) and the formation of I0CG-
endowed |IOAA systems in a magmatic belt with a continental arc signature. This association
between potassic magmatism and IOAA hydrothermal activity has already been proposed for the
Australian I0CG districts (Pollard, 2006), for the Candelaria area in Chile (Marschik and Sdller,
2006), for the Marcona Fe deposit in Peru (Chen et al., 2010a, b), and for the Carajas Province
in Brazil (Chiaradia et al., 2005; Dreher et al., 2008). The results obtained in this study further
support a genetic association between potassic magmatism and the formation of IOCG deposits
as I0CG hydrothermal activity and potassic magmatism are demonstrably contemporaneous in
a 7 m.y. time interval. This is also supported by the observation of F-rich, A-type and shoshonitic
porphyritic intrusions in the Fab Lake area located 45 km north of the Sue-Dianne deposit,
formed between 1870 and 1866 Ma and associated with IOAA alteration and IOCG
mineralization (Azar, 2007; Potter et al., 2013b; chapitre 7). A clear association is also
established between the development of a Paleoproterozoic magmatic belt with a continental arc
signature and the formation of IOCG deposits in an environment where many magma sources,
including an important mantle component and a transition from a compressive to extensional

stress regime, were involved.
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In the early stages of IOAA activity in the southern GBMZ, the limited availability of permeable
crustal-scale structures in a predominantly compressional stress regime likely focused early
IOAA alteration and brecciation in WNW- and W- oriented deformation corridors interpreted as
genetically related to early dike emplacement. Extensive and polyphase |IOAA was sustained by
the positive feedback relation between focused diking in the deformation zones, alteration and
deformation. The transition to a more extensional stress environment is associated with
increasing magma production, and a stronger mantle signature in the resulting magmatic rocks.
This change favored the formation of within-plate to transitional magmas enriched in F and
possibly Cl- and CO, (Eby, 1990 and Pankhurst et al., 2013; chapitre 7). The temporal and
spatial association of F-rich magmatism with within-plate magmatic affinities and the formation of
IOAA systems was also documented in the Gawler Craton (Agangi et al., 2010, 2011). In the
early stage of their crustal ascent, these F-rich magmas of the GBMZ are interpreted to have
exsolved large volume of magmatic-hydrothermal fluids focused in the limited permeable
pathways associated with the main WNW-oriented deformation zones. Channeling of
hydrothermal fluids into discrete fluid pathways is likely a critical factor for the formation of the
NICO deposit and the Southern Breccia uranium showings, both formed around 1871-1868 Ma
at the inferred transition from the compressive to the more extensional stress regime. The highly
differentiated felsic volcanism of the Faber Group basal volcanic sequence (pre- to syn-IOAA
activity), volumetrically significant in the NICO area, may also have contributed to the Bi content
of the NICO deposit.

Subsequently during the formation of the Mazenod assemblage, IOAA activity became focused
along the N-oriented deformation corridors during a progressive relaxation of the compressive
stress in the arc. Localized zones of higher crustal permeability have favored focused discharge
of hydrothermal fluids and are interpreted to have resulted in the formation of the Sue-Dianne
deposit as well as the Brooke and Nod prospects and the Mar showing along the N-oriented Mar

fault.

The distribution of the fertile and mature IOAA hydrothermal systems within the southern GBMZ,
from the past-producing Ray Rock uranium mine (Byron, 2010) to the Sue-Dianne 10CG
deposit, is focused into the Western section. The Eastern section sectors (Cole and Eastern
Treasure Lake), more distal to this boundary, are characterized by a less mature alteration
signature. The higher metamorphic grade in the Treasure Lake Group eastern section and the
prevalence of sodic and HT calcic—iron alteration in both the Cole IOAA system and Treasure

Lake Group eastern section IOAA systems is also indicative of differential uplift between the
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eastern and western |IOAA systems during the main IOAA event. The shallower systems in the
west were more likely to reach the fertile HT and LT potassic—iron alteration window and
accompanying mineralizing fluids whereas the more deeply buried systems of the east remained

in the base metal-poor sodic and HT calcic—iron alteration window for most of the IOAA event.

2.15 Conclusions

The tectono-magmatic evolution of the southern GBMZ and emplacement of shoshonitic to high-
K calc-alkaline magmas favored the formation of multiple IOAA hydrothermal systems within a
short time frame of 7 m.y., extending from 1873 Ma to 1866 Ma. The initial rhyolitic magmatism
that formed the basal sequence of the Lou assemblage occurred in a predominantly
compressive tectonic regime and the resulting rhyolites are now one of the most intensely
potassic altered volcanic units of the GBMZ. Around 1870-1869 Ma, a substantial increase in
the magma emplacement rate is associated with a marked change of composition for the
volcanic and plutonic rocks, from rhyolite to intermediate/felsic and locally mafic. This increase of
magma emplacement rate and the compositional homogeneity of the intrusive and volcanic
rocks of the Mazenod and Bea assemblages are interpreted to reflect a change in the regional

stress regime, from compressional to extensional/transtensional.

The emplacement of F-rich volcanic and plutonic rocks during this shift in the regional stress
regime and magma sources resulted in the development of many IOAA systems coeval with this
predominantly shoshonitic magmatic event formed in an interpreted continental arc. Discharge of
large volume of halogen- and CO,-rich magmatic-hydrothermal fluids in spatially constrained
deformation zones led to the formation of IOCG deposits (NICO and Sue-Dianne) as well as
IO£A (Ron and Hump) and polymetallic albitite-hosted uranium mineralization (e.g., Southern
Breccia). The resulting distribution of IOAA alteration zones in the southern GBMZ combined
with the formation of large-scale metal-deficient iron oxide replacement and multiple IOCG-
related mineralized occurrences mimic what has been observed in other major IOCG districts

around the world.
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Figure 2-1 Geochemical symbology based on molar proportion of major elements used to portray I0AA
alteration distribution in the studied areas of the southern GBMZ

Disproportions in Ca, Fe, K, Na and Mg molar concentration as exemplified in the figure highlight the alteration type.
The amplitude of the disproportions provides a semi-quantitative measure of the alteration intensity.
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Figure 2-2 Stratigraphic column of the supracrustal sequences and intrusive events in the southern GBMZ
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Figure 2-3 Bivariate diagrams of immobile elements and Pearce (1996a) discrimination diagram for volcanic

and intrusive rocks

(a) ZrINb vs Zr; (b) Zr/Y vs Zr; (c) Pearce (1996a) Zr/Ti vs Nb/Y discrimination diagram for the southern GBMZ
volcanic rocks; (d) Pearce (1996a) Zr/Ti vs Nb/Y discrimination diagram for the southern GBMZ intrusive rocks.
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Breccia

Figure 2-4 Photographs of typical rock types and relative timing relationships between intrusive rocks and
tectono-hydrothermal events in the southern GBMZ

(a) Photograph of the sharp and unconformable contact between the Faber and Treasure Lake groups. The rhyolite
filling the crack in the unconformity is slightly tilted to the SW (10CQA-1241); (b) Syn-deformation rhyolite dike
emplaced in the Southern deformation corridor delimited by the white line on the photograph (10CQA-1242); (c)
Partially fragmented rhyolite dike in the tectono-hydrothermal breccia of the Southern deformation corridor (10CQA-
1242); (d) Rhyolite dike enclave in the sodic-altered porphyritic granite dike emplaced in the Southern deformation
corridor (10CQA-1242);
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L

Fig. 2-4 suite — (e) Color-enhanced porphyritic dike swarm (feldspar—biotite-phyric and biotite—feldspar-phyric
porphyritic dikes) cutting at high angle the TLG sedimentary rock bedding (southeastern Lou IOAA sector); (f) Partially
assimilated TLG siltstone in an intrusion of the early granite suite south of the Lou IOAA sector (10CQA-1620); (g)
granite of the Marian River batholith dated at 1866 Ma without any evidence of IOAA alteration (09CQA-1011); (h)
Uranium—thorium-rich monzonitic dike cutting IOAA alteration in the Cole Breccia

Rhy = rhyolite
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Figure 2-5 Photographs of the main deformation zones in the Western section

(a) Foliated tectono-hydrothermal breccia with many albitized TLG siltstone and potassic-altered rhyolite dike
fragments formed in a WNW-oriented deformation zone (10CQA-1644); (b) Peanut deformation corridor where WNW-
oriented deformation, associated parasitic folding, and accompanying concordant magnetite and amphibole-magnetite
alteration are cut but a N-oriented fault zone filled by magnetite veins (11PUA-028); (c) Parasitic folding in the
Treasure Lake Group quartz arenite unit with siltstone beds. Strain is partitioned in the siltstone (tectonic foliations);
(d) Syn-deformation magnetite alteration in the Southern deformation corridor. This magnetite alteration overprints the
rhyolite dike and the sodic-altered granite dike (10CQA-1615);
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Fig. 2-5 suite — (e) Tectono-hydrothermal brecciation at the unconformity between the Faber Group and the TLG
north of the NICO deposit (10CQA-1236). The hydrothermal cement predominantly composed of amphibole is
foliated; (f) Tectono-hydrothermal brecciation in the Marian River deformation corridor formed in an andesite of the
Dianne subassemblage; (g) Intense deformation and tectono-hydrothermal brecciation in the Marian River
deformation zone east of Sue-Dianne formed after the metasedimentary rocks of the TLG (10CQA-1012); (h) N-
oriented fault zone cutting the WNW-oriented fabric in the Southern deformation zone (10CQA-1619).

Mineral abbreviations after Whitney and Evan (2010).
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Figure 2-6 Photographs and microphotographs of the main deformation and breccia zones of the Eastern
section

(a) Concordant deformation zone in the Hump showing where extensional jogs in the deformation zones are filled by
coarse-grained amphibolextmagnetite and albite. The initial fabric is slightly crenulated and cut by amphibole veins
(09CQA-1020); (b) Concordant and early magnetite alteration of the TLG in the Hump showing cut by high-angle fault
with a right-lateral movement and associated with a potassic alteration overprint (09CQA-0041); (c) Cole assemblage
porphyritic andesite overprinted by sodic alteration that is incipiently brecciated and filled by a calcic-iron alteration
cement (09CQA-1070); (d) Intense sodic alteration incipiently brecciated by calcic-iron alteration in the external
margin of the Cole Breccia (10CQA-0550); (e) Intensification of the sodic alteration brecciation by calcic-iron alteration
in the external margin of the Cole Breccia (10CQA-550);.
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Fig. 2-6 suite — (f) Microphotograph taken in the marginal zone of the Cole Breccia showing the progressive
hydrothermal fragmentation of the albitite (09CQA-1075, Microphotograph courtesy of Anthony De Toni);
(9) Microphotograph illustrating the syn-deformation fragmentation in the Cole Breccia marginal zone showing the
intricate relationships between deformation and brecciation in the Cole hydrothermal system (10CQA-0546);

(h) Potassic alteration overprint in the Cole Breccia (09CQA-0102); (i) Stained slab to better illustrate the extent of the
pervasive potassic alteration.

Mineral abbreviations after Whitney and Evans (2010).
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Figure 2-7 Geological map of the South Lou sector and distribution of hydrothermal alteration, mineral
occurrences and showings in the Duke and Sunil zones

The geology is after Gandhi et al. (2014) and the UTM coordinates are in NAD83 for zone 11.
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Figure 2-8 Geological map of the Eastern Treasure Lake sector and distribution of hydrothermal alteration,
mineral occurrences and showings in the Carbonate Mountain, Dennis, Esther, Hump and Ron zones

The geology is after Gandhi et al. (2014) and the UTM coordinates are in NAD83 for zone 11.
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Figure 2-9 Geological map of the Cole sector and distribution of hydrothermal alteration, mineral occurrences
and showings

The geology is after Gandhi et al. (2014) and the UTM coordinates are in NAD83 for zone 11.
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Figure 2-10 Geological map of the Mazenod sector and distribution of hydrothermal alteration, mineral
occurrences and showings in the Brooke/Sue-Dianne zones

[

The geology is after Gandhi et al. (2014) and the UTM coordinates are in NAD83 for zone 11.
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Figure 2-11 Geological map of the Mazenod sector and distribution of hydrothermal alteration, mineral
occurrences and showings in the Nod zone
The geology is after Gandhi et al. (2014) and the UTM coordinates are in NAD83 for zone 11.
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Figure 2-12 Southern GBMZ intrusive and volcanic rocks plotted on alteration discrimination diagrams

(a) Volcanic and intrusive rocks of the southern GBMZ plotted on the IOCG alteration discrimination diagram of

chapitre 5; (b) Volcanic and intrusive rocks of the southern GBMZ plotted on the alteration box-plot diagram of Large
et al. (2001).

Al = Ishikawa alteration index (K2O+MgO)/(K20+MgO+Na,O0+CaO) (Ishikawa et al., 1976).
CCPI = Chlorite—carbonate—pyrite alteration index (FeO+MgQO)/(FeO+MgO+K;0+Na;0).
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Figure 2-13 Bivariate diagrams to illustrate major elements variations in the southern GBMZ intrusive and
volcanic rocks

(a) Zr/Ti vs K/(K+Na)(molar); (b) Zr/Ti vs (Ca/Al)(molar) diagram; (c) Zr/Ti vs (Mg/Al)(molar); (d) Zr/Ti vs
(Fe/Al)(molar).

Symbols are the same than in Fig. 2-12.

Three samples of the early granite suite with Zr/Ti > 1 have not been included to improve the clarity of the diagrams.
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Figure 2-14 Bivariate diagrams to illustrate HFSE, Al and Ti variations in the southern GBMZ intrusive and
volcanic rocks

(a) Zr/Ti vs Th/Yb; (b) Zr/Ti vs AlTi; (c) Zr/Ti vs La/Yb; (d) Nb/Ta vs Zr/Hf. Symbols are the same than in Fig. 2-12.

Three samples of the early granite suite with Zr/Ti > 1 have not been included to improve the clarity of the diagrams.
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Figure 2-15 Fluorine variations in the southern GBMZ intrusive and volcanic rocks

(a) Zr/Ti vs F; (b) (K/Al)(molar) vs F; (c) (Mg/Al)(molar) vs F. Legend of symbols in Fig. 2-12.
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Figure 2-16 Samples of the southern GBMZ intrusive and volcanic rocks plotted on tectonic environments
discrimination diagrams

(a) Volcanic and intrusive rocks of the southern GBMZ plotted on Pearce (1982) Th/Yb vs Ta/Yb diagram for the
identification of the magmatic series; (b) Volcanic and intrusive rocks of the southern GBMZ plotted on the Hastie et
al. (2007) modified version of the Peccerillo and Taylor (1976) diagram for the identification of the magmatic series
using Th vs Co; (c) Andesitic and basaltic volcanic rocks of the southern GBMZ plotted on the Mueller et al. (1992)
Zr/AI203 vs TiO2/AI203 tectonic setting discrimination diagram for rocks of the shoshonitic magmatic series; (d)
Andesitic and basaltic volcanic rocks of the southern GBMZ plotted on the Mueller et al. (1992) Ce/P205 vs Zr/TiO2
tectonic setting discrimination diagram; (e) Intrusive rocks of the southern GBMZ plotted on the Pearce et al. (1984)
Yb vs Ta magma source discrimination diagram; (f) Volcanic rocks of the southern GBMZ plotted on the Pearce et al.
(1984) Yb vs Ta magma source discrimination diagram.

Symbols are the same than in Fig. 2-12.
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CHAPITRE 3 : LINKAGES AMONGST IOCG, IOA AND
AFFILIATED DEPOSITS: FROM THE GREAT BEAR
MAGMATIC ZONE RECORDS TO AN IRON OXIDE ALKALI-
ALTERATION-FACIES ORE DEPOSIT MODEL

Sur les relations entre les gites IOCG, I0A et affilié — De la Zone magmatique du Grand lac de
I'Ours a un modéle facies d'altération établissant les liens entre les gites formés dans un
systeme IOAA

'Corriveau, L., 2Montreuil, J.-F., *Potter, E.G.
'Ressources naturelles Canada, Commission Géologique du Canada, division Québec
?|nstitut National de la Recherche Scientifique — Eau-Terre-Environnement
*Ressources naturelles Canada, Commission Géologique du Canada, division Ottawa

Soumis a «Economic Geology»
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Abstract: The Great Bear magmatic zone (Canada) constitutes one of the case examples of

polymetallic hydrothermal iron oxide and alkali-alteration (IOAA) systems used in 1992 by
Hitzman and colleagues to elaborate the classic zoning model for what was to become the iron
oxide copper—gold (I0OCG) deposit type. In this paper, we synthesise the alteration and breccias
attributes of the prograde development of iron oxide and alkali-alteration facies that link the
IOCG, iron oxide—apatite, albitite-hosted uranium and polymetallic skarn mineralisation of the
Great Bear magmatic zones from the deeper roots of their host mineral systems to their
paleosurface epithermal caps. Albitite corridors several kilometres in length form early and
record the products of reaction between highly saline fluids and precursors at depth and
preferentially along fault zones. Pervasive and intense leaching of precursor rocks recharges
fluids in metals as sodium is discharged and leaves behind porous albitites which are
mechanically susceptible to brecciation unless they are pervasively recrystallized to medium-to-
coarse grain. Outgoing fluids rise along more focussed zones and react with precursors.
Calcium, iron and specialised metals (vanadium, heavy rare-earth) are preferentially discharged
to form high-temperature calcic—iron parageneses and iron oxide—apatite deposits. In the
process, the outgoing fluids are recharged in sodium, potassium, and base and precious metals.
As temperatures decline, fluid-rock reaction leads to high-temperature potassic—iron alteration
parageneses with concomitant brecciation and precipitation of sulfides to form magnetite-group
IOCG deposits. Fluids interaction with precursors towards surface leads to the development of
lower temperature hydrolytic potassic—iron alteration parageneses, their breccias and their
hematite-group IOCG deposits. Fine-grained and porous albitites uplifted within the potassic—
iron alteration stability fields of the evolving regional-scale systems become preferential host to
albitite-hosted uranium mineralisation. As all alteration facies and associated mineralisation are
either undersaturated or barely saturated in silica, fluids evolving from and rising above IOAA
systems leads to silicified epithermal caps including acid alteration and associated
mineralisation. Diverse permutations of these facies can arise from differential uplift and cyclical
build-up of alteration. In all cases, inferences can be drawn on the evolution of IOAA systems by
mapping their metasomatic facies. Such empirical interpretation provides efficient vectors to
potential undiscovered mineral resources within the iron oxide—apatite, IOCG, skarns and
albitite-hosted uranium deposit continuum. Framed through the |IOAA-facies model, commonly
disparate mineral showings as well as prospects and deposits are shown to play a pivotal role to
prognosticate the mineral potential of each sector of an IOAA system both at district to deposit

scale, as well as providing significant insights into the composition of the evolving fluids.
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Résumeé: Les systémes hydrothermaux polymétalliques & oxydes de fer et altération en

éléments alcalins de la zone magmatique du Grand lac de I'Ours (Canada) ont été parmi les
trois exemples utilisés pour définir en 1992 ce qui allait devenir les gites a oxyde de fer cuivre—
or (I0CG). Ces systémes minéralisés sont demeurés a la verticale, ou ont été soit basculés, soit
Iégérement plissés, ou encore soulevés et exhumés différentiellement ou repris par des failles
en décrochement. lls ont échappé a du métamorphisme orogénique ultérieur et leurs
affleurements glaciaires polis, presque continus et avec altération de surface minime exposent
en 3D l'évolution des faciés d'altération hydrothermale des systémes a oxydes de fer et
altération en éléments alcalins et leurs continua extraordinaire en termes de types de gites
formés. Cet article documente comment les altérations a oxyde de fer et éléments alcalins
forment des ensembles paragénétiques distincts et systémiques qui transforment intensément
minéralogiquement et chimiquement tous les types de roches précurseurs la ou l'altération est
intense et généralisée. Chaque ensemble de paragenéses minérales correspond a un faciés
métasomatique distinct avec une signature géochimique et des associations métalliferes
diagnostiques. De la racine des systémes a leurs toits épithermaux encore préservés, en
s'éloignant des sources de chaleur, et & mesure que s'abaisse les températures (et le Ph), les
facieés d’altération évoluent de 1) sodique, 2) calcique—fer a haute température, 3) potassique—
fer a haute température, 4) transitionnelle potassique (felsites bréchifiées) ou a skarns
potassiques, et 5) hydrolytique a potassique—fer de plus faible température. Cette séquence
prograde et les diverses permutations d’altération liées a leur transitions, juxtapositions,
superpositions, télescopages, cyclicités et régressions fournissent des vecteurs d’exploration
vers des gites a oxyde de fer—apatite (I0OA), gites a métaux spécialisés et oxydes de fer, gites
IOCG des groupes a magnétite, magnétite—hématite et hématite, certains gites d’uranium
encaissés dans des albitites et certains gites de skarns. Disparates et communément mineurs
en apparence, les indices minéralisés de la zone magmatique du Grand lac de I'Ours procurent
une assise solide pour un nouveau cycle d’exploration ou les faciés d’altération jouent un réle
clé pour pronostiquer les types de gites potentiels et la nature des fluides pré et post altération

pour chaque secteur exploré tant a I'échelle des districts que des gites.
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3.1 Introduction

The extraordinary range of iron oxide copper—gold (IOCG) and affiliated deposits have recently
been re-examined under the umbrella of the iron oxide alkali-altered (IOAA) deposit type as
defined by Porter (2010), a term we adopt for the regional-scale metasomatic alteration, breccia
and ore systems that include IOCG deposits and the penecontemporaneous multiple metal
deposits that occur within their districts. IOCG deposits sensu stricto are the polymetallic, base-
and precious-metal endowed deposits with economic copper (£ gold), low-titanium iron oxide
gangue and consanguineous alkali alteration (Williams et al., 2005). They are classified into
magnetite-, magnetite—hematite- and hematite-group I0CG deposits to highlight distinctiveness
in geological and geophysical attributes relevant to mineral exploration (Williams, 2010a).
Mineral districts where precursors are anomalously high in uranium contents can host uranium-
rich IOCG deposits (Hitzman and Valenta, 2005). Other deposit types documented within IOAA
districts include iron oxidetapatite deposits, alkaline intrusion-associated hydrothermal iron
oxide deposits, some skarns and some albitite-hosted uranium deposits (Williams et al., 2005;
Corriveau, 2007; Groves et al., 2010; Porter, 2010; Williams, 2010a, b; Barton, 2014; chapitre 6).

Alteration footprints hosting these deposits have been characterised at kilometre scale through
mapping and drilling around known deposits (Marschik and Fontboté, 2001a; Mark et al., 2006;
Monteiro et al., 2008a). The evolution of their alteration types is depicted from depth to surface
through a series of zoning models modified from the original model of Hitzman et al. (1992)
(Barton and Johnson, 1996; Williams et al., 2005, 2010; Xavier et al., 2010; Richards and
Mumin, 2013; Barton, 2014). In most IOCG and iron oxide—apatite (IOA) districts, the linkage
between the family of deposits formed in IOAA systems remains difficult to constrain because of
limited field exposures, regional-scale sedimentary covers or distributions of drill cores largely
focussed on single deposits. In addition, orogenic reworking is common and may further
complicate pattern recognition at the scale of an IOCG district. Collectively, these issues conceal
possible relationships among the vast range of deposit types observed in IOCG districts and the
diversified metal associations observed (Hitzman, 2000; Corriveau, 2007; Corriveau and Mumin,
2010; Porter, 2010; Barton, 2014). This can lead to the proposition that iron oxidetapatite and
IOCG deposits are not genetically related and do not form penecontemporaneously due to

secular variations and distinct tectonic settings (Groves et al., 2010).

The Great Bear magmatic zone (GBMZ; Fig. 3-1) from the North-west Canadian Shield escaped

pervasive orogenic reworking and its former Proterozoic and Phanerozoic sedimentary covers
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have been eroded likely since Mesozoic time except at its western and north-western margins
where the GBMZ remains covered (Aspler et al., 2003). In addition, the broad folding of the
GBMZ at amplitudes of about 10 km in the Proterozoic and the Quaternary glaciation have
resulted in semi-continuous exposures of IOAA systems in three dimensions from their
metamorphic basement roots to their non-metamorphosed and non-penetratively deformed sub-
volcanic intrusions, volcanic rocks and paleosurface epithermal caps (Hildebrand, 1986; Gandhi,
1994; Mumin et al., 2007, 2010, 2014).

The Sue-Dianne magnetite—hematite group I0CG deposit discovered in the 1970s (Gandhi,
1989), and the iron oxidetapatite mineralisation and magnetite-hosted prospects of the Port
Radium and Camsell River districts studied by Hildebrand (1986) have led Hitzman et al. (1992)
to base their classical zoning model for iron oxide (Cu—U-Au) deposits on the GBMZ in addition
to Olympic Dam (Australia) and Kiruna (Sweden) among others. Since 1992, several geoscience
mapping and research programs have re-examined the IOAA systems of the GBMZ. This paper
summarises the alteration and breccia footprints and the metal associations of their
mineralization to further elucidate the linkages among deposit types within IOAA systems. The
IOAA metasomatic rocks that host GBMZ IOA, IOCG and affiliated deposits and prospects were
mapped using the facies approach and timing relationships were constrained through field
relationships and U-Pb geochronology. Though discussing the regional geology and the
deposit-scale metasomatic processes in detail is beyond the scope of this paper, we summarise
the various types and styles of alteration and their magmatic and tectonic triggers to reconcile
the prograde, retrograde, telescoped and cyclical development of alteration, brecciation,
mineralisation and metal association observed in the case examples presented. Comparison of
GBMZ data with worldwide IOAA systems are integrated within a holistic IOAA-alteration facies
model that refines the zoning model of Hitzman et al. (1992) and the alteration vector to deposit
model of Corriveau et al. (2010b). The implication of the alteration zoning model for the
detection of deeply buried resources are discussed using the Mag Hill sector of the Port
Radium—Echo Bay district (Mumin et al., 2010) and the NICO deposit and Southern Breccia
prospect of the Lou IOAA system (Hayward, 2013; Craven et al., 2013; chapitre 6; Fig. 3-1)
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3.2 Great Bear magmatic zone IOAA systems

3.2.1 Geological environments

The GBMZ is interpreted as an Andean-type continental magmatic arc formed at the end of a
short-lived orogeny (1.89-1.88 Ga) during which the accretion of the composite Hottah terrane
to the western margin of the Archaean Slave craton led to the development of the Wopmay
Orogen (Hildebrand et al., 2010b and citations therein). The GBMZ is delimited by the surface
exposure of the Hottah terrane to the west and the Wopmay fault zone to the east (Fig. 3-1a).
Crustal-scale fault zones and discontinuities, and lithospheric wedge that may have acted as
fluid and magma pathways have been imaged by Spratt et al. (2009) and Craven et al. (2013).
These available lithospheric models and those for the Gawler craton suggests that the
lithospheric architecture of the GBMZ resembles the architecture of the Gawler craton.
Basement rocks are characterised by the series of volcano-sedimentary basins of the Hottah
terrane (Hildebrand, 2014; Hildebrand et al., 2014) with windows of its upper sedimentary basin
(ca. 1.88 Ga Treasure Lake Group) outcropping within the central and southern GBMZ (Fig. 3-
1a).

Treasure Lake Group sedimentary units are variably tilted; thinly- and medium-bedded wacke,
siltstone, arenite and turbidite prevail (Gandhi and van Breemen, 2005). Among them is the
largest carbonate unit exposed in the GBMZ (100 m thick and 10 km long; Gandhi et al., 2014).
Treasure Lake Group rocks are metamorphosed to greenschist to lower-amphibolite facies;
carbonate rocks are locally transformed into marble and skarn. Prior to the onset of ca. 1.87 Ga
volcanism, the basement hosted several major stratigraphic and structural discontinuities,
unconformities and chemically reactive units. In addition, the largely coeval volcano-sedimentary
basins in the East Arm of Great Slave Lake at the south-eastern end of the GBMZ hosted
evaporites (Stanworth and Badham, 1984; Pope et al., 2000; Potter et al., 2013c). Differential
subsidence and uplift of basement and volcanic units are inferred based on detailed structural
studies both in the northern and southern GBMZ (Enkin et al., 2012; chapitre 6; Mumin et al.,
2014). These include potential exhumation of the Treasure Lake Group during GBMZ volcanism

and tilting of the volcanic piles during the development of the IOAA systems.

Across the GBMZ IOAA systems, deposit-scale hydrothermal alteration zones contain
combinations of ore and gangue minerals typical of IOCG, IOA and albitite-hosted uranium
deposits (Table 3-1; Figs. 3-1b, 3-2; Gandhi et al., 1996; Goad et al., 2000b; Corriveau et al.,
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2010b; Mumin et al., 2010; Acosta-Gongora et al., 2014; chapitre 6). They are coeval with the
first pan-GBMZ volcanic event at 1.87 Ga (Hildebrand, 1986; Gandhi et al., 2001; Corriveau et
al., 2007; Dauvis et al., 2011; Acosta-Gongora et al., 2015b) and hosted within volcanic centres
formed close to sea level (Hildebrand and Bowring, 1984) in extensional basins (Mumin et al.,
2014) that locally exhumed and further tilted basement rocks (Enkin et al., 2012). The volcanic
centres and associated IOAA systems were largely distributed along two major north-south
trending volcanic belts respectively at the eastern and western margin of the GBMZ prior to
dissection by NE-trending transcurrent faults (Hayward and Corriveau, 2014). The 1.87 Ga
andesitic to rhyolitic volcanic rocks and local basalts have been mapped in detail and their
stratigraphy are well established (cf. LaBine, Dumas and Faber groups, Ellington Lake Complex,
and Nadin succession; Hildebrand et al., 1987, 2010b, 2014; Reichenbach, 1991; Gandhi et al.,
2001, 2014; Jackson, 2008; Hildebrand, 2011, 2014, in press; Jackson and Ootes, 2012;
Jackson et al., 2013; Ootes et al., 2013, Potter et al., 2013b). Their distribution is summarised in
Figure 3-1.

Pre-1.87 Ga large-scale volcanism comprises pillow lavas that attest to marine settings
(Hildebrand et al., 2014). In contrast, 1.87 Ga volcanism was largely sub aerial and formed
porphyritic to amygdaloidal volcanic flows and volcaniclastic units, both intracaldera and outflow
sheets, as well as subordinate debris flow breccia and lacustrine-fluvial sediments (Hildebrand et
al., 1987, 2010b; Gandhi et al., 2001). Composition is predominantly calc-alkaline (Hildebrand et
al., 1987; Gandhi et al., 2001) to shoshonitic (Azar, 2010). The abundance of fragmental
volcaniclastic rocks and carbonate units at the base of the LaBine Group and within the Dumas
Group attest to the presence of highly permeable units and possible access to saline waters
during IOAA metasomatism, respectively (Hildebrand and Bowring, 1988; Hildebrand, 2011; this
work). In addition, fluid interaction with carbonate-rich precursors may have periodically liberated
CO, during the evolution of the IOAA systems (Acosta-Gongora et al., 2014). The volcanic units
were fed and intruded by syngenetic, sub-volcanic sheet-like intrusions, sills and laccoliths of
mafic to felsic composition with a variety of phenocryst assemblages and compositions similar to
those of their volcanic ejecta. All these units have widespread and intense iron oxide and alkali

alteration footprints.

Emplacement of 1.87—1.86 Ga granodiorite to monzogranite batholiths followed deposition of the
LaBine, Dumas and the lower sequences of the Faber Group and their IODAA metasomatism.
This large-scale plutonism was accompanied by a large volume of intermediate-to-felsic

ignimbrite, forming in the North the Sloan Group and in the South the uppermost assemblage of
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Faber Group (Bea assemblage). Both volcanic assemblages rest above an unconformity with
precursor volcanic and intrusive rocks (Hildebrand et al., 2010b; Gandhi et al., 2014). Dioritic to
gabbroic intrusions are associated with this plutonic event and some of the granodiorite plutons
include zones of magma mingling that record coevality with mafic magmas (Hildebrand et al.
2010b). Some dioritic bodies are dated as early as 1.878 Ga (Bennett et al., 2012). Their
collective distribution as grouped in Figure 3-1 may locate preferential pathways for trans-crustal
heat transfer which may have played a role in the development of the IOAA systems. Between
1.86 and 1.84 Ga volcanic activity stopped and gave way to extensive and predominantly A-type
granitic plutonism to form the biotite-granite suite (Gandhi et al., 2001; Hildebrand et al., 2010b).
Late-stage NW-oriented broad open folding contributed to provision of cross-sections of the
GBMZ supracrustal rocks and IOAA systems, subsequently dissected by right-lateral NE-
trending transcurrent faults (Hildebrand and Bowring, 1988; Hildebrand et al., 2010b).

3.2.2 Mineralisation types and distribution

Nearly 600 mineral occurrences have been described across the GBMZ (Fig. 3-1b—c; NWT
Geoscience Office 2014; Bretzlaff et al. being submitted). They are subdivided into 1) showings
where commodities are above NORMIN cut-off grade, 2) prospects where advanced exploration
has included drilling, 3) deposits where mineral resources have been calculated and 4) past-
producing mines (cf. NWT Geoscience Office, 2014). Most of the mineralisation occurs among
ca. 1.87 Ga volcanic rocks or hypabyssal intrusions of the LaBine Group (e.g., Port Radium—
Echo Bay, Camsell River and Grouard systems) and Faber Group (e.g., Sue-Dianne deposit),
and the underlying Treasure Lake Group metasedimentary rocks (e.g., NICO deposit); some
mineral occurrences and showings are hosted within Dumas Group or Hottah terrane units (Fig.
3-1; Table 3-1). Among the mineralisation zones, more than half consist of uranium, copper or
polymetallic quartz-bearing veins (Bretzlaff et al., being submitted). These include the vast array
of multiple metals and epithermal-style U-Ra—Ag, Fe +Bi tAu, Cu-Ag U, Mn—-Co and Ag—Cu-
U-Ni—Pb—Zn—Co showings, prospects, and past-producing mines of the Port Radium—Echo Bay
and Camsell River districts (Badham, 1975; Mumin et al., 2010). Most polymetallic vein systems
are hosted within extensive IOAA envelopes (Mumin et al., 2007, 2010; Corriveau et al., 2010a,
b) for which we provide an overview of alteration types and metal associations (Fig. 3-2; Table 3-
2).

129



Table 3-1 Summary of IOAA occurrences and alteration types in the GBMZ.

Alteration types
= .
% Showing/Pros Metals Prevailing precursor rock | Model deposit- | 1 2 3 4 5 6
& | pect/Deposit types types N HT HT | K- | LT | Si/Ph
a Ca-Fe | K-Fe Sk | K-Fe
| Fe,V,REEznpp | |87 GaLaBine Gp 10CG-Magx | * | ¥ x x X
Port Radium volcaniclastic and
,Ag,Cu,Co, . e . Hem)
sedimentary (siliciclastic)
Cu,Zn,Pb,Ag,U, . X
Camelback V.Co.Au Epithermal
K2 Cu,Ag,Au,Co,As IOCG to IOA at X X X X
g ,Zn;V-Fe depth
A ) IOCG—Mag to | X X X X
% Mag Hill Fe,V.REE Hem
=] . .
é Skinny Lake ]/:%eg,Zn,Pb,Cu,Co, 1.87 Ga LaBine Gp andesite 10CG — Hem X X X X
E
g Contact Lake I0A X
« | End
£ Hook Island Au,Ag,U,Cu I0CG — Mag to X X X
a~ Hem
I0CG — Mag to X X X
E. Boundary Hem
Hov Ba 1.87 Ga LaBine Gp IOCG—-Mag to | X X X X X
ybay volcaniclastic (1m of Hem
Mile Cu,Zn,Pb,Ag, carbonate rocks of uncertain | I0OCG — Mag to X X X X X
Mo, W origin at Mile) Hem, skarn
X X X X X
Terra, Ag,Cu.Fe,Pb, 1.87 Ga LaBine Gp 10CG — Mag to
Norrex, REE,Zn,Bi,Co, .
R . volcano-sedimentary host, Hem
Silver Bear Ni,U,Au,F X
5 Gronard W seldlmslantary rocks largely 3 3
2 siliciclastic _
Z | Clutt, Bar, Au,Ag,Cu,Pb 10CG — Mag
Té gg’“ard Nto 1.87 Ga LaBine Gp 10CG X X
3 Grouard S 1.87 Ga LaBine Gp X X X X
(Ness Zn,Pb,Ag,Bi,W, volcano-sedimentary host, 10CG — Mag,
Hillsizie) Cd,Cu includes carbonates with skarn
stromatolites
Cu,U,Co,Ni,Fe, .. 1I0CG — Hem X X
N | Damp Ag,Au,V,Bi,Zn, 1 '8.7 (ia.rhyodacmc breccia/Albitite-
E Mo,Pb 1gnimorite hosted U
Q . Au,Ag,Co,Cu,As,
;TS Devil Fe.Pb
= Hottah terrane, Zebulon Fm X X X X
o] Hottah East REE volcano-sedimentary, IOCG — Hem
. breccia
breccias
= | Jackpot, U,Cu,Fe,REE.T . 10A, I0CG - X X
S | McPhoo h, 1.87 Ga porphyritic Mag
“; Co,Bi,Au,Mo intrusions and Dumas Gp
E Ham U,Fe,Cu,REE volcano-sedimentary rocks 10CG — Mag X X
el JLD U,Cu,Fe,REE 10CG X
2z | De Vries, U,Mo,Fe,Cu,Co, Treasure Lake Gp 10CG — Ma X X X X
NORI Ag,REE siliciclastic rocks &
E Fab U,Cu,Fe,V,F Faber Gp porphyry 10CG - Mag X X X X X
intrusions
o Faber Gp porphyry Albitite-hosted
S | Cole U,Fe,Cu intrusions + GBMZ U IOCG — Mag X X X X
© intrusions ?
Sue-Dianne Cu,Ag,U,Au,RE I0CG — Mag to X X X X
= E Faber G Hem
g aber Gp 10A, 10CG —
é Nod Cu,Ag,Fe,Au,U rhyodacite/andesite Mag X X X
=
= Cu,Ag,Fe,Bi,M. 10CG - M
»Ag, ke, bl, Mo, ag to
Brooke REE Hem X X X X
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Duke Co,Bi,Au,Cu,Fe, I0CG — Mag to
o REE Treasure Lake Gp Hem
= siliciclastic + carbonate(?)
A | LP's W.Fe,Cu rocks I0CG — Mag
LILVS Co,Ni,U,Cu,Fe 10CG — Mag
Treasure Lake Gp
Ron Fe,REE siliciclastic + GBMZ 10A
intrusions
Q Fe,V,REE,UF, Treasure Lake Gp
ﬁ Hump Cu,Fe,Ag siliciclastic rocks 10A
£ Treasure Lake Gp
< | Esther U,Ta,Ag,Cu siliciclastic + GBMZ Other
ﬁ intrusions
Carbonate T.réa.sure Lake Gp
. Zn,Pb,Cu siliciclastic + carbonate I0A, skarn
Mountain
rocks
Southern U,Cu,Mo,Th,Au, | Treasure Lake Gp Albitite-hosted U,
= Breccia Bi siliciclastic rocks 10CG — Mag
< . Treasure Lake Gp
= NICO Co, Au, Bj, Cu, siliciclastic + carbonate(?) 1I0CG — Mag
W, Fe, As, Ag rocks

Alteration paragenetic sets: (1) Na = albite, albitite; (2) HT Ca—Fe = amphibole—-magnetite + apatite; (3) HT K-Fe =
magnetite—biotite/K-feldspartsulfides; (4) K-Sk = Skarn (clinopyroxene—K-feldspartgarnettsulfides); (5) LT K-Fe =
hematite—K-feldspar/sericite—carbonate—chloritetsulfides; (6) Si = silicification, quartz veins and epidote-bearing
alteration, Ph = phyllic alteration. REE= rare earth elements. X = intense to very intense alteration. x = mild to
moderate intensity of alteration.

A few showings comprise Pb—Zn—-Ag *Cu skarns or porphyry-type mineralisation (Table 3-1;
Neale et al., 1997; Knox, 1998). Approximately 25 showings and prospects consist of I0OA
(commonly described as Kiruna-type) mineralisation with or without rare-earth elements (REE),
Th, W and V (Fig. 3-2a—b; Badham and Morton, 1976; Hildebrand, 1986; Mumin et al., 2007,
2010; Bretzlaff et al., being submitted). For example, the iron oxide alkali-altered waste rocks at
the historic vein-type Echo Bay mine have up to 0.2 wt.% Yb and 2 wt.% Y (Ruzicka and Thorpe,
1995). The two known IOCG deposits and most of the other prospects are part of IOAA mineral
systems. The Sue-Dianne deposit is a typical magnetite-to-hematite group IOCG deposit with
chalcopyrite as the main ore mineral (Goad et al., 2000a). It contains National Instrument 43-101
compliant indicated resources of 8.4 Mt @ 0.8 % Cu, 0.07 g/t Au, 3.2 g/t Ag (Hennessey and
Puritch, 2008). The NICO deposit is an atypical magnetite-group IOCG deposit in that cobaltian
arsenopyrite prevails over chalcopyrite as the main ore mineral with cobaltite, bismuthinite, pyrite
and pyrrhotite forming a 5 vol. % sulfide fraction in addition to native gold and bismuth. The ore
is hosted within stratabound lenses of brecciated ironstones up to 70 m in thickness and
followed for up to 1.3 km in length. National Instrument 43-101 compliant reserves comprise
33.08 Mt at 1.03 g/t Au, 0.11% Co, 0.14% Bi and 0.04% Cu (Burgess et al., 2014). The other
prospects/showings of the GBMZ have attributes of magnetite-, magnetite-to-hematite and

hematite-group 10CG deposits (cf. Williams, 2010a, b for classification attributes), skarns or
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albitite-hosted uranium deposits (Table 3-1). Currently, the Port Radium—Echo Bay district
including the Contact Lake belt (e.g., K2 to Skinny area) and the Lou system (from NICO to
Burke) are most thoroughly mapped at regional scale (Mumin, 1997; Mumin et al., 2007, 2010,
2014, unpublished data; chapitre 6).

3.2.3 Geological attributes of the GBMZ that conform to geological

environments hosting world-class IOCG deposits

The tectono-magmatic evolution and the metasomatic attributes of the GBMZ iron oxide
alkali-altered systems satisfy the geological criteria of terranes with potential for world-class
uranium-rich polymetallic I0CG deposits proposed by Skirrow (2010). Magmatism was
voluminous, and led to repeated ascent and emplacement of mafic-to-felsic magmas of
continental calc-alkaline, shoshonitic and I- to A-type affinities in the upper crust (Williams et al.,
2005; Mumin et al., 2010; Ootes et al., 2013). U-rich sub-aerial felsic volcanic rocks formed and
were intruded by high-level felsic intrusions of A-type composition in the form of small porphyritic
sub-volcanic intrusions or series of extensive dike swarms (e.g., Faber Group; Ootes et al.,
2013; chapitre 6). This important magmatic flare with diversified magmatic activity suggests the
presence of large, dynamic magma chambers in the mid to basal upper crust (Reardon, 1992;
see Fig. 13 of Hildebrand et al. 2010b). This regionally important magmatic event could have
sustained the extreme thermal gradient required to drive the regional-scale coalescing I0AA
hydrothermal cells depicted by Mumin et al. (2007, 2010) and documented in fertile I0AA
districts worldwide (Williams et al., 2005; Porter, 2010; Williams, 2010a; Agangi et al., 2011).
Most of the mineralization and alteration zones throughout the GBMZ show a strong spatial
association with major structures, stratigraphic discontinuities and permeable units. For example
in some setting the ascending fluids were preferentially channeled and their metal precipitated
along series of aquitards (unconformities between basement basins such as East Hottah; Table
2; Reichenbach, 1991), between basement and volcanic sequences (NICO deposit; Goad et al.,

2000a, b) or along unconformity within the volcanic sequence (Sue Dianne; Gandhi et al., 2014).

The dynamic tectono-magmatic setting of the GBMZ led to variable disturbances of the
physico-chemical IOAA environment including by caldera collapse, extensive brecciation,
differential uplift, exhumation, tilting and broad folding, and regional to local faulting (Mumin et
al., 2010, 2014; Enkin et al., 2012; Hayward et al., 2013 and reference therein). The resulting
hydrological settings permitted highly saline fluids and oxidized brines to percolate through

metal-endowed host rocks (Mumin et al., 2010; Ootes et al., 2013; Somarin and Mumin, 2014;
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Acosta-Géngora et al., 2015a, b). This dynamic tectonic setting induced permutation,
telescoping or cyclical build-up of alteration types as observed in other IOAA districts (Haynes et
al., 1995; Skirrow, 2010). Nevertheless, it is worth stating again here that despite high-
temperature metasomatism, weak to no regional tectonic metamorphism is superimposed on the
metasomatites except for slivers of amphibole- or biotite-rich metasomatites, m to tens of m thick
along the Wopmay fault zone and SW-trending splays within Treasure Lake Group sequences
as described by Jackson et al. (2013), Acosta-Goéngora et al. (2015b), De Toni (2016) and
Corriveau and others (unpublished data, 2015).

These attributes of the GBMZ I0AA systems indicates that, as in other IOAA districts (e.g.,
Marshall and Oliver, 2008; Kreiner and Barton, 2011), both magmatic and tectonic triggers drove
the fluid flow during an interpreted switch from compressive orogenic deformation to extension
(Mumin et al., 2014; chapitre 2).

3.3 Alteration overview and summary of mineralization style

This section summarizes the key attributes of alteration types observed in the GBMZ. The
description sequence flows from the early alteration assemblages in the root of the systems
outward to the late, shallow and low-temperature assemblages. Observations were made on
outcrops at regional scale across selected metasomatic systems hosting historic prospects,
along trenches and along the NICO deposit decline. Georeferenced muck piles across the NICO
ore zone, each with a volume of 9 x 9 x 3 m, were studied in detail and selected drill cores were
re-examined for the Sue Dianne and NICO deposits. Detailed deposit-scale descriptions were
tailored to provide ample illustrations of IOAA alteration from the GBMZ (e.g., Ootes et al., 2006,
2008, 2013; Corriveau et al., 2010a, b; Mumin et al., 2007, 2010; Acosta-Gdngora et al., 2014,
2015a, b; chapitre 6). Complementary to our descriptions and illustrations, we use those of
Corriveau et al. (2010b) and Mumin et al. (2010) by referring to their figures as Fig. numbercq

and numbery;o respectively.
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Table 3-2 Prograde alteration and brecciation evolution and associated mineralisation of selected IOAA systems of the GBMZ

System/ Sodict Calcic—iront potassium . Potassic Lo
alteration calcic—iron (and skarn) Potassic-iron (HT) or Kskarn | Potassium—iron (LT)
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COe Lk [  BVAODAATON el Rimme S Vi o O ..
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Co, Ni, Cu, LREE, Fe, Au Co, Ni, Cu, LREE, Fe, Au
Ri1,1) m-i(Ab) R2,1) mi(Amp-Mag#Ap) R-Bis 1) m-i(Kfs-Mag) R-Branmoitkts) Ris,1) m-i(Chi-Hem)
Terra V (4.1) momolKfs)
V, Cu, REE Pb, Ag Cu
R1,5) moi(Ab) R-V(1,5) m-i(Skarn) E'Vtz-t.d} m-i(Amp- R-Bg,05) m-mo(Kfs-Hem)
Via.1) mors(Ab-Amp- | Ri2,0) moi(Amp-Mag) ag) R-V1) i m(Kfs-Mag) Ry mos(Kfs)  [Rig 1) mos(Chl)
Grouard | mag) V 5,0y moi(Amp-Mag) R-Bys ;) m-i(Skarn) R-V7.1) mos(Ser)
Cu, Pb, Zn Cu Cu, Pb

Alteration type (V: Veins, R: Replacement, B: Breccia), evolution (T: Unidirectional, J: Cyclical), intensity (Su: Subtle, m: Mild, mo: Moderate, s: Strong, i: Intense), sequence 1(earlier) to 7(later]
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3.3.1 Paragenetic subdivisions and chemical footprints of alteration

In IOAA systems, the same alteration stage can be recorded in many different ways across
diverse rock types: variations in mineral parageneses, variations in modal compositions and
variations in textures. As mapping progressed across the GBMZ, it became clear that each
alteration stage shared similar mineral parageneses and that, where alteration was intense to
complete, each alteration started also sharing similar variability in modal compositions of
minerals and similar hydrothermal textures irrespective of the precursor rock types. These
commonalities can be expressed in terms of the principal major elements that govern the
paragenetic sets formed and their respective alteration facies named after them except in cases
where metasomatites have already a name entrenched in the (English) literature (i.e., albitites
and skarns). Figure 3-3 summarises the variety of parageneses for each end-member of the
paragenetic sets as well as their transitional sets based on Corriveau et al. (2010b) and modified
from Hitzman et al. (1992), Hitzman (2000) and Skirrow (2010).

The systemic alteration types and associated paragenetic sets documented across the various
systems (Fig. 3-3) and their distinct and diagnostic chemical signatures have enabled the
definition of lithogeochemical I0OCG alteration indices (chapitre 5). The combination of these
alteration indices on an I0OCGe-alteration box plot allows discrimination of alteration types and
their portrayal on maps where rock sequences are dominantly silicic at regional scale such as in
the GBMZ (Fig. 3-2a). The proposed lithogeochemical alteration box plot cannot be used in
sedimentary basins where carbonates prevail with the current indices. The IOAA alteration types
can also be highlighted through major element cations and metals contouring (Fig. 3-2b; Mark et
al., 2006; Benavides et al., 2008a). Such contours do not account for precursor alteration

leaching and should be used with caution.

In addition, block diagrams derived from the molar proportion of sodium, calcium, potassium,
iron and magnesium provide highly visual bar codes of alteration evolution, intensity and types
on geological maps and along drill cores; a similar caveat apply as that for metal contouring
(Figs. 3-4, 3-5). The order of elements and their colour chosen for the molar bar codes consist,
from bottom to top or from left to right, of Na in a pink colour as albitites are early, deeper and
commonly light pink, then Ca (dark green) for the diagnostic dark green amphibole followed by
Fe (black) as representative of iron oxides followed by K in red as per the brick red K-feldspar
and then Mg because it is commonly precipitated in chlorite, abundant in some LT potassic—iron

alteration zones. However in many systems, iron oxide—alkali alteration and their metal
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associations need to be discriminated from those associated with their epithermal caps
(described in detail in Mumin et al., 2010). Another bar code system uses the cationic proportion
of silica instead of magnesium to discriminate silica-rich epithermal alteration from the silica
under saturated or barely saturated iron oxide—alkali alteration as illustrated in Figure 3-4a. From
south (deep) to north (shallow), the map in Figure 3-4a depicts a tilted 3 km depth profile of an
IOAA system from its albitite root to its epithermal cap. At surface, the profile transects a 1.87
Ga diorite to monzodiorite intrusion and its albitite halo that evolves to a transitional sodic—
calcic—iron alteration. Moving away from the intrusion, this alteration is then mildly overprinted by
HT potassic—iron alteration, and evolves to a zone of LT potassic—iron alteration (hematitite
surrounded by a K-feldspar halo) and then to argillic alteration typical of epithermal caps as
described by Mumin et al. (2010).

Drilling in the sodic—calcic—iron alteration and localized HT calcic—iron alteration zones
intersected iron oxide—apatite mineralisation enriched in REE and vanadium over length up to
200 m (Fig. 3-5). In the Echo Bay mine area, zones of potassic felsite breccias at the magnetite
to hematite transition are enriched in REE. In contrast no such zones was observed at Port
Radium and the iron oxide—apatite mineralisation remain poor in REE (Fig. 3-5). Finally, the K2
prospect consists of LT potassic—iron (hematite-bearing) alteration at surface that overly a
copper-mineralised HT potassic—iron (magnetite-bearing) alteration as well as an iron oxide—
apatite prospect locally enriched in REE (Mumin et al., 2010). Figure 3-5 illustrates that at depth

the system did not evolved to alteration typical of epithermal systems.

3.3.2 Sodic and sodic—calcic—-iron alteration (Facies 1 Na, Facies 1-2 HT
Na-Ca-Fe)

Sodic alteration. In the GBMZ, albite rather than scapolite prevails in the regional sodic
alteration, and calcium contents are commonly fairly low in the range of 0.5 to 2 wt.% CaO
largely irrespective of precursor rock types (Fig. 3-2; Annexe 3; Corriveau et al., 2015). In 1.87
Ga bedded volcaniclastic and sedimentary rocks as well as in 1.88 Ga Treasure Lake Group
metasedimentary rocks, albitisation starts as selective and stratabound alteration and if coeval
with fracturation of host rocks, albitisation can be intense along fracture haloes. As intensity of
albitisation increases, haloes along fractures coalesce into isotropic albitites prior to brecciation
(Fig. 3-6a—d). In contrast, in 1.87 Ga volcanic rocks (Faber and LaBine groups) and high-level

intrusions, incipient to intense albitisation forms variegated replacement ‘veins’ or amoeboid and
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burgeoning alteration fronts that broaden or coalesce into pervasive replacement zones (Fig. 3-
6e). In all precursors, intensification of albitisation leads to fairly homogeneous and commonly
isotropic white to pink albitites including in carbonate rocks such as those at Grouard (Figs. 3-4c,
3-6¢,e).

Prior to albitite development, albitized rocks can be both fractured and folded (Fig. 3-6b,d) but
once formed, albitites are commonly brecciated forming crackle to clast- and matrix-supported
breccias with angular fragments of albitite (Fig. 3-6d). Albitisation is particularly intense and
pervasive along regional faults within Treasure Lake Group rocks and along the Wopmay fault
(e.g., DeVries, Southern Breccia, Mazenod; Figs. 3-1, 3-2, 3-6d). The albitites are also common
along the margins of the 1.87 Ga intrusions within coeval volcanic, volcaniclastic and sub-
volcanic intrusions as well as within metasedimentary host rocks (Fig. 3-4a; e.g., Port Radium-—
Echo Bay, Camsell River, Fab, Cole, Southern Breccia; Shegelski and Murphy, 1973;
Hildebrand, 1984, 1986; Gandhi, 1992a, b, 1994; Reardon, 1992; chapitre 6). Lateral extent of
albitites can reach several kilometres near the intrusions, in particular in the Port Radium—Echo
Bay and Camsell River districts (Fig. 3-4a; Hildebrand, 1986; Reardon, 1992; Mumin et al.,
2007, 2010). Precursor stratigraphy remains locally identifiable such as within layered albitites
that replace a 1.87 Ga volcaniclastic unit or Treasure Lake Group units (Figs. 3-6a, 3-7a-b,
16c10). Where intense, albitisation also creates significant microporosity that remains preserved
in fine-grained albitites (Fig. 3-6a; Engvik et al., 2008, 2009; Putnis, 2009; Montreuil et al.,
2012). Such porosity is obliterated by recrystallization into medium- to coarse-grained albitites
(Figs. 3-4c, 3-6b—c; Pelleter et al., unpublished data).

Alteration of albitites. Albitisation is the earliest alteration formed. Pervasive and complete
replacement of albitites by other alteration types is atypical where the albitites have
recrystallized to medium-to-coarse grained such as in the Port Radium—Echo Bay district (Fig. 3-
4c). In such cases, the superimposed alteration rarely extends beyond a few metres and
consists of K-feldspar and phyllic alteration and locally of amphibole (e.g., Terra, Fab, Port
Radium—Echo Bay district). Conversely, the fine-grained albitites which were systematically
brecciated were also commonly replaced by amphibole and magnetite assemblages or
magnetite with and without biotite or K-feldspar (e.g., Cole, DeVries, Mar, Southern Breccia in
Fig. 3-1; Fig. 3-6d; Table 3-2). Locally albitites were intensely replaced by tourmaline including
fragments and matrix within an albitite breccia (e.g., Southern Breccia). In addition, relicts of
fine-grained albitites are observed under the microscope within zones of transitional and intense

amphibole—magnetite, amphibole, magnetite, or K-feldspar replacement stemming from arrays
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of veins or within breccia matrices (DeToni, 2016). Late-stage albitisation was rarely observed in
outcrops except as a local overprint on mineralised HT potassic—iron alteration at Fab and very
locally in the ore zone at NICO. A metre-long albitisation front also cuts a pervasive K-feldspar

alteration below and laterally away from mineralised iron oxide breccias at Sue-Dianne.

Relations between albitisation and albitite-hosted uranium mineralisation. The albitisation
process itself was not observed to form potentially economic mineralisation as albite does not
crystallise with sulfides and other metals within breccia matrices or veins. In contrast, albitite-
hosted uranium mineralisation is common in the GBMZ where albitites are replaced by HT and
LT potassic—iron alteration (e.g., Cole, Damp, Southern Breccia). As albitites are spatially
associated to fault zones and fine-grained albitites generally develop a pervasive microporosity,
brittle fracturing is preferentially partitioned in albitites and leads to the development of fractures
network and breccias (Fig. 3-6¢—d). This process creates zones of enhanced permeability that
become preferential locations for the entrapment of metals to form polymetallic, uranium and
uranium—thorium mineralisation as observed along the Southern Breccia. In such zones, a brick-
red HT potassic—iron overprint on albitites over tens of metres proved to be proximal to
mineralisation (e.g., along microscopic mesh textures; chapitre 6). With increasing brecciation,
the albitites become the preferential site for the crystallisation of uranium-bearing specular
hematite and/or magnetite with K-feldspar or biotite alteration (e.g., samples 10CQA-1665B04
and 11PUA-012E01 in Corriveau et al., 2015; e.g., Damp, Breccia Island, Mar, Nod and
Southern Breccia; Tables 3-1, 3-2). Conversely, corridors of hypidiomorphic-granular albitites
are largely non-brecciated and massive (e.g., Port Radium—Echo Bay) except within a 10 m-

wide zone west of Mag Hill and at Terra where local brecciation is observed.

Transition from sodic to calcic—iron alteration. Variations in mineral parageneses, in modal
compositions and in textures are significant at the transition from sodic to calcic—iron alteration
but both end-members remain fairly similar whether the precursors are sedimentary in origin as
displayed in Figure 3-7 or volcanic and intrusive in origin as displayed in Figure 3-8. Sodic—
calcic—iron parageneses develop locally as transitional zones between the sodic and HT calcic—
iron alteration zones and are most extensive among volcanic and hypabyssal intrusions (Fig. 3-
4a; Potter et al.,, 2013b). Albite contents decrease and amphibole and magnetite contents
increase within the replacement-type alteration assemblages and this leads to variations in the
sodium, calcium and iron molar proportions in whole-rock composition (Fig. 3-7a-b; e.g., sample
CQA-05-124C in appendix 3; Corriveau et al., 2015). An alternative or coeval transition consists

in a gradual increase in the density of amphibole—-magnetitetapatite veins within albitites and the
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development of spatially extensive replacement zones to form amphibole, amphibole-magnetite,
amphibole—magnetite—apatite and magnetite alteration (Table 3-1; Figs. 3-7a—e, 3-8a-c).
Individual veins vary in width from millimetres to metres and increase in density from widely
spaced veins (tens of metres to metres) to stockworks (Fig. 3-8a—b). These zones of dense
amphibole-rich veining can evolve, typically along fault zones or at fault intersection(s), into
zones of extensive tectono-hydrothermal breccias hundreds of metres in width; the host is most
commonly albitites (e.g., Cole, Grouard, DeVries). Amphibole-bearing matrices have a medium-
to-dark green colour and a highly variable grain size, ranging from fine grained to locally medium
grained. Veins or breccias with very coarse grained HT calcic—iron parageneses occur locally
(Fig. 3-4c).

3.3.3 HT calcic—-iron alteration and calcic—iron—potassium alteration (Facies
2 HT Ca—Fe and facies 2-3 Ca—Fe—K)

HT calcic—iron alteration. Where intense, the HT calcic—iron alteration is commonly texture-
destructive and forms irregular to pervasive, homogeneous to highly heterogeneous alteration
fronts. Precursor bedding structure is commonly preserved (Fig. 3-7e—f, h—j). Mineral
assemblages consist of calcic amphiboles (actinolite and hornblende) with and without
magnetite and apatite. Megascopic apatite is either uncommon or a minor component in larger
amphibole-magnetite and magnetite alteration zones, but distinctive apatite-rich veins and
apatite-dominant breccia matrices occur at Mile, Fab, Dennis, Duke and Cole. Through their
association with magnetite, the key discriminating cations of this alteration facies are calcium
and iron (e.g., samples 09CQA-0055E03 and 86E73135 in appendix 3; Corriveau et al., 2015).
Grain size varies from fine grained to locally very coarse grained or pegmatitic where HT calcic—
iron alteration reaches its peak intensity. Such replacement occurs within the LaBine, Faber and
Treasure Lake groups and laterally extends for several tens to hundreds of metres as observed
at Fab, Terra, the LJLVS showing and in drill cores below Mag Hill, K2 and Port Radium where it

forms iron oxide—apatite prospects (Figs. 3-4a,c, 3-8k—l).

Ductile deformation is most common in the HT calcic—iron and transitional calcic—iron—potassium
alteration zones and strain leads to asymmetrically folded stratabound alteration or veins, local
foliation and shear zones that can be traced to up to a few tens of centimetres in width and
metres in length (Figs. 3-7e—f). Deformation was either coeval with the development of the
alteration itself or superimposed on it. As the HT calcic—iron alteration evolves towards HT

potassic—iron alteration, extensive hydrothermal brecciation can occur over tens to hundreds of
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metres with K-feldspar-altered fragments hosted into a magnetite—amphibole matrix or biotite—

magnetite—amphibole-altered breccias (Figs. 3-8f, 12y10; Table 3-2).

HT calcic—iron alteration in carbonate-rich precursors. In carbonate-rich precursors, skarns
rich in clinopyroxene (diopside) and locally in garnet (andradite, grossular) are associated with
variable modal contents of amphibole, epidote, calcite, apatite and magnetite. Such skarns are
commonly intertwined with, or superimposed on, earlier white albitites forming veins or local
replacement zones. In extreme cases, a complete conversion of the carbonate-rich sequences
of the GBMZ supracrustal sequence is observed at the sodic and HT calcic—-iron stages and
leads to the disappearance of carbonates from the stratigraphic sequences (e.g., Grouard,
Carbonate Mountain and South Duke; Figs. 3-7, 3-9e—g). Zones of skarns can extend over
hundreds of metres to a kilometre. Adjacent siliciclastic or volcanic units bear amphibole- or

magnetite-rich assemblages typical of the HT calcic—iron alteration.
3.3.4 Mineralisation at the HT calcic—iron alteration stage

Iron oxidexapatite (IOA) mineralisation associated with HT calcic—iron alteration. Zones of
iron oxide and iron oxide—apatite (IOA) mineralisation form where the modal concentration of the
main iron ore mineral, magnetite, exceeds 20 vol. % within HT calcic—iron alteration zones; such
zones remain poor in base and precious metals unless they evolve to more potassic alteration
types or are crosscut by late stage veins (Table 3-1; Figs. 3-5, 3-8k, 19¢10, 20¢10, 28¢10; Fig. 45
in Hildebrand, 1984; Gandhi, 1992a; Mumin et al., 2010). Magnetite is typically crystalline, fine to
medium grained and has a metallic grey colour with a dull aspect. Texture-destructive pervasive
replacement fronts or magnetite-cemented breccias form most of the IOA mineralisation (Figs. 3-
8k—l, 18m10). Megascopically, magnetite modal composition can reach 100 vol. % and its
crystallisation leads to very homogeneous or well layered or laminated magnetite-rich
ironstones. In some of the GBMZ IOAA systems, magnetite precipitated during the transitional
sodic—calcic—iron alteration and HT calcic—iron alteration can be substantially enriched in
vanadium to yield vanadium-rich IOA mineralisation (e.g., samples CQA-05-0152C and CQA-
060435C in Corriveau et al., 2015; Fig. 3-5; Port Radium—Echo Bay, Camsell River, DVF, Fab).
Chemical analyses of vanadium-rich magnetite are available in Gandhi (1992a) and Acosta-
Gongora et al. (2014). Some of the apatite-rich HT calcic-iron zones can also form IOA
mineralisation substantially enriched in REE with or without anomalous uranium (e.g., samples
86E73135, 86E731335 09CQA-1170D02 and 09CQA-1173B in appendix 3; e.g., Ham, Terra,

Hailstone). In most of those alteration zones, apatite is the main REE-bearing mineral with
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subsidiary REE minerals like monzonite, britholite, allanite and some REE-rich fluorocarbonate
(e.g., parisite; Lypaczewski et al., 2013; chapitre 7). The formation of the subsidiary minerals
mostly relate to the intensity of the superimposed alteration types over the apatite-rich HT
calcic—iron zones. Traces of pyrite and chalcopyrite occur in many HT calcic—iron alteration
zones but are not a regular attribute. Sulfide precipitation is common where HT calcic—iron
alteration zones transition to HT potassic—iron (Jackpot), or to HT calcic—potassic—iron alteration
and LT potassic—iron or calcic—iron alteration (Port-Radium and East Hottah; Fig. 3-2; Table 3-2;
échantillon 10CQA-0780B02 a I'annexe 3).

Skarn hosted Zn—Pb+Cu or tungsten mineralization is observed within zones of HT calcic—iron
alteration formed at the expense of carbonate-rich precursor sequences. In such showings, the
main ore minerals are galena and sphalerite with variable amounts of chalcopyrite within a
gangue of magnetite, amphibole, garnet, clinopyroxene and talc (e.g., sample 10CQA-0204F02
in appendix 3; sample KZ-09-CM-01 in Corriveau et al., 2015; e.g., Carbonate Mountain
showing; Neale and Camier, 1997). Where observed south of the NICO deposit in the Duke
system, tungsten mineralization relates to crystallization of scheelite coeval with amphibole,

magnetite and minor chalcopyrite in veins.

Transitional calcic—iron—potassium alteration. The transition zones between sulfide-depleted
HT calcic—-iron alteration zones and copper sulfide-rich HT potassic—iron mineralisation zones
starts with the presence of K-feldspar selvages along amphibole—-magnetite (with or without
apatite) veins (Fig. 3-8c). The initial selvages gradually widen from millimetres to tens of
centimetres. As stockworks evolve to breccias, haloes coalesce to form a pervasive K-feldspar
alteration of the host rocks and their fragments (Figs. 3-8d-h, 23¢10). This alteration stage needs
to be characterised taking into account the selvages to the infills to represent correctly the

paragenesis.

3.3.5 High- to Ilow-temperature potassic-iron alteration and I0CG
mineralisation (Facies 3 HT K-Fe and 5 LT K-Fe)

High- to low-temperature potassic—iron alteration parageneses in siliceous precursors.
Paragenetic sets of HT potassic—iron alteration forms selective to pervasive replacement zones,
veins, haloes and breccias in the LaBine, Faber and Treasure Lake groups (Figs. 3-7g, 3-8m-o0
and 3-9a-f). Potassium-feldspar-magnetite,  biotite—magnetite = and/or  K-feldspar—
biotitetmagnetite comprise the most common parageneses (Fig. 3-3). Hydrothermal minerals

are fine-to-medium grained and their modal composition can reach nearly 80 volume%. K-
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feldspar-stable HT potassic—iron alteration predominates in felsic rocks and leucocratic alteration
zones (Faber Group above NICO, Fab, Brooke, Sue-Dianne) whereas biotite-rich HT potassic—
iron alteration commonly occurs in HT calcic—iron altered or least-altered meta-siltstone (NICO)
and mafic volcanic rocks. In many of the GBMZ IOAA systems, the LT potassic—iron stage is
superimposed over the magnetite-rich mineral assemblages of the HT potassic—iron stage. For
example, the magnetite-bearing breccias at Sue-Dianne, Hoy and Brooke are crosscut by
networks of hematite veinlets and evolve to hematite-bearing breccias (Fig. 3-9c—f, g—v, 33c¢1o).
Other minerals composing the LT potassic—iron alteration are K-feldspar, white mica (sericite),

chlorite, carbonate and/or quartz.

Mineralisation formed at the HT and LT potassic—iron stage in siliceous precursors.
Copper-sulfide mineralisation formed at the HT potassic—iron stage in the GBMZ is typically
comprised of chalcopyrite and pyrite hosted within magnetite-cemented breccias in which the
fragments are pervasively potassically altered (e.g., samples 09CQA-0026G03 and 09CQA-
0109F07 in appendix 3; samples KZ-09-SD-03 in Corriveau et al., 2015; e.g., Sue-Dianne,
Brooke, Fab; Fig. 3-9). As breccias are mapped from their most incipient form to the mineralised
breccias (Fig. 3-8m-0), K-feldspar alteration commonly intensifies and chalcopyrite crystallises
within the breccia matrix or within veins that crosscut the breccias. Outside of the HT potassic—
iron alteration zones, copper sulfide veins were not observed to crosscut earlier alteration types.
For example at Fab, the transitional calcic—iron—potassic alteration forms a halo separating the
copper-sulfide mineralised HT potassic—iron alteration zones from the larger and external HT
calcic—iron alteration zones devoid of base and precious metal mineralisation (Fig. 3-8f; Potter et
al., 2013b). At Sue-Dianne, the Cu—Au—Ag ore-bearing breccias stand upright (Fig. 1110) with
the deeper magnetite—K-feldspar—pyrite assemblages evolving upward to copper-sulfide
mineralised magnetite—hematite K-feldspar and then to hematite—K-feldspar breccias locally
bearing uranium towards surface (Fig. 3-9a—f; Table 4 in Mumin et al., 2010). As demonstrated
by Southern Breccia albitite-hosted uranium showings, the mineralisation formed at the HT
potassic—iron stage can also be predominantly uraniferous and mainly comprised of uraninite
and brannerite with accessory chalcopyrite, molybdenite and pyrite (e.g., samples 10CQA-
1665D03 and 10CQA-1690-N249998 in Corriveau et al., 2015; chapitre 6).

At the LT potassic—iron alteration stage, chalcopyrite, bornite and chalcocite are the observed
copper sulfides and typically precipitate in that order (e.g., Sue-Dianne, Brooke). They are
typically associated with pyrite and occur in hematite-cemented breccia zones in which the

fragments are strongly potassically altered. Uraninite, pitchblende, monazite and allanite are
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other accessory minerals that were commonly observed in the mineralised zones formed at the
LT potassic—iron stage (e.g., Southern Breccia, Sue-Dianne). Where HT and LT potassic—iron
alteration zones are minor in extent, they are not systemically host to copper-sulfide
mineralisation (e.g., samples 09CQA-0039B03 and 09CQA-1020102 in appendix 3; e.g., Hump).

HT and LT potassic—iron alteration in calcium-rich precursors. Geological environments
with abundant calcium- and/or magnesium-rich precursors such as carbonate or overprinted HT
calcic—iron alteration does not totally see these elements leached out as fluids react with them to
form HT potassic—iron alteration in contrast to neighbouring zones with more usual precursor
rocks. A high modal content of amphibole and biotite accompanies the magnetite. As such,
timing relationships of the dominant calcium-rich potassic—iron alteration that host the Au—Co-Bi
mineralisation at NICO is interpreted as time equivalent to the HT potassic—iron alteration
formed above it within the kilometre-scale potassic (K-feldspar stable) alteration halo in the
overlying volcanic rocks. A detailed study of 80 cubic metres of ore zone at NICO highlights that
the Au—-Bi—Co—Cu mineralisation is hosted within veins, their stratabound haloes and breccias
that are part of up to 30 generations of HT calcic—iron, calcic—iron—potassic and HT potassic—
iron replacement-type alteration, veins, vein selvages and breccias documented to crosscut and
overprint each other (Table 3-2; Figs. 3-7h—m, 1-2¢4o, 26—28¢10).

Where the LT potassic—iron stage occurs in calcium- and/or magnesium-rich precursor rocks
(e.g., Duke, NICO, Carbonate Mountain, Hillside), chlorite is the predominant mineral whereas
K-feldspar, specular hematite and white micas are generally relegated to accessory phases.
Stratabound to pervasive chloritic alteration fronts, veins and veinlets are typically observed
within both the Treasure Lake, LaBine and Faber groups. Incipient chlorite replacements
generally preserve the precursor rock textures; conversely, intense chloritization destroys them.
Chlorite-rich alteration is locally accompanied by K-feldspar and is commonly spatially
associated with copper-sulfide mineralised zones (LJLVS). Intense chloritetK-feldsparttalc
replacements of skarns is common (e.g., South Duke, Carbonate Mountain), and talc alteration
replaces skarnified volcanic rocks in the SE Echo Bay area. At NICO, the latest stage of
mineralisation consists of a retrograde assemblage of chalcopyrite—bismuthinite—hematite—
chlorite with hastingsite with and without emplectite and whittichenite (Acosta-Gongora et al.,
2013, 2014). The GBMZ magnesium-rich chlorite—K-feldspar assemblages were observed in
spatial association with LT potassic—iron alteration and were mapped under the LT hydrolytic

potassic—iron alteration umbrella. This allows their distinction from other hydrogen ion-related
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hydrothermal alteration types observed across the GBMZ, some of which are not directly linked

to the IOAA systems development as described in Mumin et al. (2010).

Mineralisation formed at the HT potassic—iron stage in calcium-rich precursors. The metal
assemblages observed in the HT potassic—iron zones formed in calcium-rich precursor rock
sequences slightly differ from those observed in siliceous precursors. At the NICO deposit,
arsenopyrite predominates over pyrite and chalcopyrite in the ore zones. At NICO, the
mineralisation stages start with sulfarsenides- and arsenides-rich mineralisation comprised of
cobalt-rich arsenopyrite, cobaltite, cobalt-rich loellingite, pyrite and locally scheelite (e.g.,
samples CQA-07-0465A02, CQA-07-0466C01 and CQA-07-0467A in appendix 3; Fig. 3-7k—m).
The gangue minerals (magnetite, amphibole, biotite, quartz and K-feldspar) define an
assemblage typical of HT potassium—iron replacing and remaining in part stable with calcium-
rich precursor alteration. In this assemblage, sulfarsenides and arsenides contain up to 81 ppm
gold (Fig. 3-7h—m; Acosta-Gongora et al., 2015a). Cobalt-rich sulfarsenides and arsenides are
replaced by arsenopyrite in association with marcasite—pyrite—magnetite—hastingsite
intergrowths, gold and native bismuth with or without bismuthinite (Acosta-Géngora et al., 2013,
2014). The presence of solidified native bismuth droplets interpreted as having crystallised from
bismuth melts, combined with other observation led Acosta-Géngora et al. (2015a) to suggest a
temperature range between 270 and <400°C for the genesis of Bi—Au inclusions within
arsenopyrite and high-grading of the gold concentrations at NICO from precursor predominantly
cobaltian mineralisation. A gold-rich zone has been delimited with a total underground reserve of
0.577 Mt at 4.96 g/t Au, 0.10% Co, 0.17% Bi and 0.02% Cu (Burgess et al., 2014).

3.3.6 Alteration types typical of the magnetite-to-hematite transition (Facies
4 K-Felsite and K-Skarn)

In some of the GBMZ IOAA systems, diagnostic hydrothermal alteration assemblages are
formed at the magnetite to hematite transition. In silica-rich precursor rocks, this transitional
stage typically occurs as microbrecciated to crackle brecciated K-feldspar felsite composed
megascopically of more than 75 vol.% K-feldspar with modal contents of magnetite and hematite
under 1-2 vol.%. The felsite breccias form proximal to copper sulfide mineralisation associated
with HT and LT potassic—iron alteration (Fig. 3-9r; e.g., Sue-Dianne, Mile, Echo Bay, Summit
Peak, Birchtree, Terra; Figs. 3-9b,r, 23—25¢4¢, 29¢10). Relicts of precursor albitites are common
in such zones (Fig. 3-9r). Potassium-feldspar felsite breccia occurs among magnetite—K-

feldspar-altered breccias near areas where they are overprinted by strong specular hematite
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alteration (Fig. 3-9m-v). These felsite breccias should not be confused with the non-brecciated
brick-red and generally barren K-feldspar alteration haloes pluri-kilometre in extent that are
common in IOAA systems of the GBMZ both at regional to local scale. Potassic alteration is also
very common along wall rocks of intrusive bodies and within the intrusive body themselves. In
the GBMZ, such haloes mildly overprint albitized andesites and sub-volcanic diorite intrusions of
the Port Radium—Echo Bay district (Mumin et al., 2007, 2010) and form an intense K-feldspar
envelope that overlies the NICO deposit (Shives et al., 2000).

In carbonate-rich or carbonate-altered precursor rocks, this transitional stage typically forms
skarn assemblages with a high modal content of K-feldspar that discriminates them from the
skarn assemblages formed at the HT calcic—iron stage (Fig. 3-9g-1). Garnets (e.g., andradite,
almandine), diopside, epidote and vesuvianite, in variable modal proportions, typically complete
the skarn-type mineral assemblages. For example, at the magnetite-to-hematite transition
across the Mile breccia from Mile to Hoy (Fig. 3-1), albitized and amphibole-altered volcaniclastic
units as well as albitite breccias are replaced or crosscut by skarns that become significantly
mineralised in chalcopyrite (Figs. 3-9g-I; 30-31¢10; e.g., échantillon CQA-05-0220A01 a
I'annexe 3; sample CQA-07-0289 in Corriveau et al., 2015; May, 2007; Mumin et al., 2010). The
skarn assemblages are crosscut by hematite veins and occur in close spatial association with a
K-feldspar felsite breccia. The mineralisation is principally comprised of chalcopyrite, bornite,
chalcocite, sphalerite and galena with accessory molybdenite. Tungsten enrichments were also

documented in the mineralised zones of the Mile Lake breccia (Mumin et al., 2010).

Similar alteration evolution from albitisation to amphibole—magnetite alteration, magnetite—K-
feldspar breccias, felsite breccias, hematite—K-feldspar breccias and copper mineralisation is
observed in the IOAA system that hosts the past-producing Terra mine in the Camsell River
district. As such four distinct types of K-feldspar-stable alteration are recognised across the
GBMZ I0AA systems. Both the high- and low-temperature potassic—iron alteration types are
spatially associated with base and precious metal mineralisation (see complementary discussion
in Barton, 2014). Hence it is the association of K-feldspar with magnetite or hematite that vectors
to mineralisation. Whether iron oxide is part of a mineralisation or not, it has to be included within
alteration parageneses to highlight which alteration zones may vector to IOCG mineralisation
(Figs. 3-8n—0 and 3-9a—f, m-v). Conversely, potassic alteration without iron oxide only vectors to
mineralisation where it is intensely brecciated and formed at the prograde magnetite to hematite
transition. Other zones of potassic alteration are interpreted as orthomagmatic and spatially

related to emplacement of porphyritic dikes or as part of the large-scale K-feldspar envelope in
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the model of Hitzman et al. (1992). In both cases, the presence of such potassic alteration even
if extensive is not a field evidence of the presence of an IOAA system and does not vector to

mineralisation.
3.3.7 Other types of alteration

Epithermal alteration and mineralisation, including vein-type deposits, developed peripheral to or
structurally above the HT and LT potassic—iron alteration (Figs. 3-4a, 4—5m10, 24 m10; Mumin et
al., 2010). This is exemplified by the tilted crustal section of the Port Radium—Echo Bay district
that records the development of an IOAA system from its sub-volcanic intrusions and albitites
roots to an epithermal cap within less than 3 km depth (cf. Fig. 3-4a). Tourmaline-rich alteration
and breccias also occur locally in some cases at an early stage in alteration development but in
most cases it forms at or after the magnetite to hematite transition (e.g., Southern Breccia, Nori
and K2; Mumin et al., 2010; Ootes et al., 2010). Tourmaline is also common within the matrix of
breccias with sharp, linear dike-like aspect that crosscut volcanic rocks, as well as infill in veins
across porphyritic intrusions. Epidote alteration (Grouard) and barite veins (Hottah, NICO) occur
at a late stage most commonly within veins but epidote alteration leading to epidosite is fairly
common. At NICO, late-stage veins of quartz, amphibole, K-feldspar, calcite or dolomite with

local sulfides crosscut the ore assemblages.
3.3.8 Breccia development as a function of alteration types

Mapping of the GBMZ IOAA systems documents regular spatial and temporal associations
between breccia development and the appearance and increasing intensity of some alteration
types and mineralisation (Table 3-2). Albitites are the most regularly brecciated alteration type.
Conversely, no brecciation occurs with intensifying albitisation nor was albite observed as a
breccia filling mineral in the GBMZ breccia zones (Fig. 3-6a,e). Consequently, sodic alteration is
not a breccia-forming event in itself. Albitite breccias where mineralised in base and precious
metals only where overprinted by intense HT or LT potassic—iron alteration, otherwise
mineralisation remains minor such as in the drilling results of the Nod prospect in MacKay and
Eveleigh (1997). With their common pink colour, albitite breccias may however look significantly
potassic or iron altered even if they are not. Hydrothermal breccias are not systematically
developed at the HT calcic—iron alteration stage and where developed, they remain relatively
immature (as per maturity criteria in Jébrak, 2010) and poorly mineralised in base and precious

metals (e.g., Cole; Table 3-2).
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Within replacement-type HT potassic—iron alteration, hydrothermal breccias regularly develop as
soon as the modal concentration of K-feldspar becomes high (Fig. 3-8m-o0). Brecciation
continues during the formation of the K-feldspar felsite or potassic skarns at the transition from
magnetite to hematite and during the LT potassic—iron alteration stage (Table 3-3; e.g., Fab,
Mile, Birchtree; Figs. 23—-25¢10). In K-feldspar felsites, crackle breccias prevail, are rarely
mineralised and are regularly developed among outcrops that expose magnetite-bearing
alteration zones evolving to hematite-bearing alteration zones (Fig. 3-9r). In contrast to
brecciated albitites, the brecciated K-felsites are not systematically formed along a fault zone or
deformation corridor. Volume gain is interpreted to lead to brecciation whereas tectonic activity
appears to be relegated to a secondary role. Permissive evidence for a volume gain if K-feldspar
replace albitites is provided by Norberg et al. (2011) which document molar volume loss during
albitisation of K-rich alkali feldspar. In parallel, Jamtveit et al. (2009) have illustrated that volume
gain in rocks initiates fracturing, an observation compatible with the systematic brecciation in K-
feldspar dominant felsite at the magnetite to hematite transition. As magnetite or hematite-
bearing HT and LT potassic—iron alteration intensifies, the formation of hydrothermal breccias
hosting polymetallic mineralisation is systemic across zones tens to hundreds of metres in
diameter (Figs. 3-1, 3-2; Corriveau et al., 2010b; Potter et al., 2013b). Sulfides (commonly pyrite
and chalcopyrite in siliceous precursors and arsenopyrite in carbonate-rich sequences)
crystallise either in breccia cements, in replacement zones or within veins (Fig. 3-9o-p, v). For
example, incremental intensity of breccia development is locally observed at the Sue-Dianne
deposit where the margin of the breccia system is exposed along the eastern flank of a hill that
reaches the main ore zone to the top. In the marginal zones of the deposit and going up-section,
localised crackle breccias predominate with copper-sulfide mineralised magnetite matrices and
K-feldspar-altered fragments (Fig. 3-9a). This zone grades to a hectometre zone of felsite
crackle breccias (Fig. 3-9b) and then progressively evolves towards the summit to mosaic and
chaotic breccias with dilation ratios increasing from low to high. The breccia cement is
comprised of copper-sulfides with magnetite and/or hematite (Figs. 3-9c—f; 10u10). Here, as in
other IOCG mineralisation in the GBMZ, mineralised breccias associated with HT potassic—iron
alteration prevails over those with LT potassic—iron alteration though significant hematite-bearing
alteration occur at Esther, Brooke, Southern Breccia, Hoy, K2 and Sue-Dianne (Tables 3-1, 3-2).
Clast shape in the breccia zones formed at the HT and LT potassic—iron alteration stages
ranges from having small to very high aspect (length to width) ratios (Fig. 3-9d, f-g, m—o, r—v).

Roundness of fragments varies greatly and so does the complexity of the fragment contours with
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many breccias having reached the stages of significant dissolution/chemical corrosion, indicative

of a mature breccia zone as observed at East Hottah (cf. Jébrak, 2010).

3.4 Timing of IOAA system development in the GBMZ

The onset of IOAA hydrothermal activity at the waning stages of the Calderian orogeny is
recorded by stratabound albitisation as well as stratabound amphibole and magnetite alteration
within the Treasure Lake Group at DeVries. Here, the meta-siltstone and -wacke layers and their
stratabound alteration are locally folded and cut by axial plane-parallel syn-deformation granitic
dikes dated at 1878 + 4 Ma (Bennett and Rivers, 2006; Corriveau et al., 2007). Further to the
southwest, a small non-altered diorite plug with no tectonic fabric is dated at 1865.1 + 0.7 Ma
whereas a dike of hornblende granite that crosscuts veins of amphibole and magnetite gives an
age of 1866.4 + 0.6 Ma. South of the NICO deposit, a granite intrusion ca. 1.873 Ga in age is
pervasively albitized along the Southern Breccia albitite corridor (Fig. 3-4b; Gandhi et al., 2001;
chapitre 6). Syn-tectonic 1.87 Ga aphyric-to-porphyritic felsic dikes locally intruded the Southern
Breccia and were subsequently themselves brecciated and potassically altered (Davis et al.,
2011; chapitre 6). Enclaves of layered albitites occur within sodic-altered 1.87 Ga intrusions
(Corriveau et al., 2010b). Collectively, these observations and age determinations record that
the regional-scale albitisation started prior to the final emplacement of the early sub-volcanic
plutons and continued during and/or after their emplacement as volcanic rocks were deposited.
In addition to these timing constraints, mapping of the Sloan Group did not record the presence
of IOAA alteration beyond quartz—hematite veins which may be very late stage such as the ca.
1854 Ma quartz—carbonate—chalcopyrite—titanite veins at NICO (Davis et al., 2011) possibly
coeval with the emplacement of 1856 Ma rapakivi granite (Gandhi et al., 2001). Their
emplacement suggests minor remobilisation or renewed hydrothermal activity associated with
the later magmatic events (see also Somarin and Mumin, 2012). Field relationships and
available U-Pb zircon ages circumscribe the development of the GBMZ I0AA systems and their
IOCG deposits to a lesser than ca. 7 m.y. time window at 1.87 Ga (Bowring, 1984; Hildebrand,
1986; Gandhi et al., 2001; Davis et al., 2011).
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3.5 Deposit types as a function of alteration facies

development: an IOAA-facies model

3.5.1 Controlling factors on the formation of the IOAA alteration facies

The regularity of the space—time relationships, types of mineral assemblages and overall
chemical signature of the IOAA alteration across the GBMZ and other IOAA districts highlights
commonalities in the metasomatic processes and physico-chemical conditions under which
these systems form (Williams, 2010a; Skirrow, 2010). In contrast, the variable sources of fluids
and precursors rock sequences in which they were formed (Hunt et al., 2007; Nirranen et al.,
2007; Baker et al.,, 2008; Williams et al.,, 2010; Somarin and Mumin, 2014) provide good
indications that fluid sources and precursor composition are not the main controlling factors on
the prograde development of the IOAA alteration facies. The main criterion regarding fluid
composition is that the initial fluids must be highly saline. Such salinity is most easily achieved
through reactions between magmatic fluids and evaporites (Li et al.,, 2015a). Nevertheless,
based on research worldwide and mappable attributes of IOAA systems (e.g., Oliver et al., 2004;
Williams et al., 2010; Rusk et al., 2015), fluids in IOAA systems can be ultimately derived from

multiple sources that include:

1) mantle and mafic magmas pooling at the base of the crust,

2) large intermediate to felsic magma chambers which are episodically replenished in mafic

magmas and heat,

3) saline brines that form evaporite-bearing basins and fluids derived from their regional

metamorphism or their metasomatism,
4) seawaters and meteoric waters,
5) carbonate fluids derived from metasomatism of carbonate rocks or carbonate alteration,

6) fluids derived from metasomatism of precursor hydrous minerals as per albitisation of

precursor biotite-bearing metasedimentary rocks (Fig. 3-6a—b).

In addition, the entire redistribution of elements within IOAA systems to form IOCG deposits can
take place within a few million year time frame from depths of about 3 to 12 km depth to surface

as observed in the Andes and in the GBMZ which have not been overprinted by subsequent
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high-temperature orogenic events (Fig. 3-4a—b; De Haller et al., 2006; Davis et al., 2011;
Hayward, 2013). Current work in the GBMZ highlights that early fluids were largely magmatic-
hydrothermal in origin (Acosta-Gongora et al., 2015b). A distinct attribute of the GBMZ IOAA
systems is the scarcity of scapolite formed at the sodic and sodic—calcic—iron alteration stages.
This attribute may provide a mean to prognosticate during field work which systems may have
had multiple fluid sources with evaporite-derived fluids (albite—scapolite parageneses) and which
ones are magmatic-hydrothermal end-members (largely albite). Nevertheless, scapolite has
been observed locally among lesser-altered carbonate-rich precursors near the type section of
the Treasure Lake Group and interpreted as potentially preserving evidence for evaporite-

sourced fluids (Acosta-Goéngora et al., 2015b).

Based on the fieldwork in the GBMZ and its regional geological contexts, the critical aspect for
the development of an IOAA system is the ability of the upper crust 1) to become charged in
hyper-saline fluids (from one or many sources) where albitites form, and 2) to sustain both a high
volume of fluid flow and a very high geothermal gradient at regional scale. The physico-chemical
properties of precursor saline fluids (major and trace element composition, metal budget,
pressure, temperature, pH, etc.) tremendously evolve in space and time through continuous
chemical exchanges with host rocks as the fluids progress away from its source(s).This
evolution is schematically portrayed in Figure 3-10 by the sequence of alteration and the
chemical changes undergone at each alteration facies. Fluid-rock metasomatic reactions and
mineral stability of products control ultimately the chemistry of the fluids. Mixing fluids of variable
origins and contrasting physico-chemical properties and percolation of the fluids in a wide variety
of precursor rocks can influence the final metal and elemental budget/signature of each
alteration facies. Figure 3-10 portrays a prograde evolution as the fluid column rises from depth
to surface and reacts with precursor rocks. At each stages though new fluids may reach the fluid

column and recharge fluids in cations and metals.
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Table 3-3 Overview of alteration types for selected IOCG deposits worldwide and IOAA systems of the GBMZ.

group |IOCG
(Williams 2010a)

. i . L ic-i + i -
Deposit Deposit type| 5o gictcalcic-iron Calcic-iron (HT): Potassic-iron (HT) Potassic/ Potassium-iron (LT)
(Williams 2010) potassium Skarn
10CG AbtScp-Amp-Cpx MagtAp Skarn with Hem-Sf-REE-
(Barton and (1, DIR) (1, DIR) gggmtﬁa . hydrolitic minerals
Johnson 1996) o Amamen | @O
Cloncurry-type NatCa silicate Magnetite 1KtFe silicate Hematite
magnetite-group (1, 3, DIR, 400-500°C) (2, R+P) (4-6, P-+0, =400°C) 6, 0)
Magnetite Py-Ccp
I0CG
(Williams 2010a) (46, P+0) (56, O, 450- >250°C,)
i Magnetite Ser-Chl-Qz—+Cb—+Hem
Olympic Dam- 1,0 (24, 0)
type hematite Sulfides Sulfides
(1,0, 450°C; Py) (2-4, 0, Ce - 200°C; Cep—+Bn-+Ce)

Uranium oxide/silicate
(2-4,0)

Hematite-group
I0CG
(Skirrow 2010)

Na-Ca-Fe
{1, DVR; Ap-Cpx-Mag-Tin-Scp)

Fe™-K (1) (potassic)

(2, DIR; Bt-MagtPy-Cep-Po-Ttn-Ap)
Fe™ -K (2) (potassic)

(3, DIR; Mag-Kfs-ActtCep-Py)

Fe**-K-H,0-CO: (2) (hydrolitic)
{4, O; Hem-Ser-Chi-Ch)

Fontboté 2001)

{1317, 370-440°C; 13-Cep-Au-Po-
Amp-Bt-Qz—+14-Cep-Au-Amp-Mo-
Bt-Oz-Ep—+15-Ccp-Qz-Ep-Anh-+
16-Cep-Sp-Kfs-Chl-Tur—+17-Mag-
Kfs-Chl)

AbiScp Cpx-Mag-AmpzCal- Kfs-BttMag-Cpx-Ab
Laurinoja . (1, DIR) Ab-Bt-Kfs-Scp (2, DIR)
(Niiranen et al. 2007) | Iron oxide &P
Mag-Cpx-Amp
(4, 0)
Sodic Mag-Ap Bt-Qz-Py Potassic Silicic
. . (1, D; Ab-Act-Mag-Ttn) 2,0) (4, 0) (3, 0; Kfs-SertHem) (5, O;5er-Qz)
Kiruna Iron oxide- H
X emQz-Ba-Fl
(Hitzman et al. 1992) apatite (6, 02)
Skarn-like assemblage Magnetite stage Hematite stage 1 Chlorite
(1, D=+P, 450°C; Ab-CSiMag) (3, O; Mag-Qz-AptAct-Chl) (2, O; Hem-Gth) (6, P; Chi-Gth-
Oak Dam Iron oxide Hematite stage 2 ©°-S!
4, 0, 170-190°C;
(Davidson et al. 2007) (Mag-Hem em-Gth-Ced-Py-Chl-Tur)
group 10CG) Cu-U-{Au) mineralization
{85, Cop-eh-Mnz-Urn-
t-Ms-Flo-Car)
Early Na (albitization) Albite-poor calcic Pre-ore K Syn-ore Sericitization
{1, DIR; Ab-Ttn-Qz) (6, D-P; Mag-Act-Ap-Qz-Py) (2, D-F; Bt-MagzKfs) K-feldspar (8, P; Ser)
Na-Ca (1 Pre-ore K(-Mn-Ba)-rich (9, 0-D;
Ernest Henry Mag-group o { ) (7, D=P; Grt-Kfs-Bt-Mag- Kfs-Gz-Ru-Ch)
(Mark et al. 2006) 10CG (3, D=P; Ab-Mag-Amp-Qz-Py) Amp-Scp-Qz-Py-Ttn-CI-Fl)
Na-Ca (2) Cu-Au mineralization/breccia
(4, D—+P; Ab-Scp-Cpx-Mag-Ep- (9, O; Bt-Mag-Py-Cb-Kfs-Cep-Fl-
Qz-Py-Tin-Ch-Ap) Ap-Hem-Mo-BrttSp-Apy-Grt-Amp)
Iron oxide stage Sulfide stage Iron oxide stage Sulfide stage Late stage
(1; Ab) (9; Amp) (3-+7, 500-600°C; 3-Bt-Qz+4-Cum- (10; Kfs-Qz) (18, 175-235°C; Cep-Hem-Py
1 Kfs-Bt-0z—+5-Hem-Mag-Crd-Grt- -Qz-Cal)
I;.a:box'de stage Sulfide stage Tur?-B1.Gz-+6.Mag LGtz +7Kis-
Candelaria Mag-grou (8; Ab) {11-12; Amp-Po+Py-Po-Amp-Ep) b
(Marschik and % s Sulfide stage
10CG 9
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Alteration/ System type . .. Calcic-iron (HT)x . Potassic/ . .
+ - 4 - =
System (Williams 2010) Sodicxcalcic-iron potassium Potassic-iron (HT) Skarn Potassium-iron (LT)
Sodic Actinolitite Massive magnetite| Potassic Ep-Cal-Hem-Qz
(1, DIR; Ab2Tur-Scp) (3, D=P; Act) (3, D—=P; Mag-Ap) (5; Kfs-Bt-Qz-Mag+Ain- (4, DIR)
Tho-Cep) Chloritization grading to Cal-
Sodic-calcic Pre-ore Bt-Hast-Tur-Scp Ep haloes
(2. DIR; Act-AbtMag-Cal-Ep-Qz-Ttn- (7, 0; Act-Ap-Mag-Py) (5) (6, O; ChI2Ttn-Ru-Ap-Ab-Ccp)
Sequeirinho Mag-Hem [T Calcic Syn-ore
Monteiro et al. 2008 roup IOCG  Act-Mag-Ep-Ap-Cal- (8, 0; Chl-Ep-Hem-Ru-
( )| group (10, 0; Act-Mag-Ep-Ap-Cal-Po) s bhom REE Ep)
Syn-ore
(9, O; Ccp-Sieg-Mil)
Hydrolitic
(11; Msc-Chi-Cal-Qz-Hem-Ccp)
Sodic Potassic with silicification Chlorite
(1, DIR; Ab-Scp) and FeOx (3, P~0; Chi)
(2, P; Kfs-Bt-Mag-Qz) Cu-Au mineralization/breccia
Alvo-118 Mag-Hem Kfs-Bt-Qz-Mag-Ep-Act e g
(Torresi et al. 2012) | group IOCG (6.P) Carbonate-Quartz
(5, P; Qz-Cal-Ap-Bt-Ccp-Hem)
Hydrolitic
(7, P; Qz-Ser-Cal-Fl)
Bt-Mag Act-Hem-Scp-Qtz-Ttn-lim-
1.P Aln-Kfs
(2,P=0)
Act-Mag-Qz-Ttn-lim-Aln-Kfs- Ser-Chl
Raul-Condestable| Mag-Hem Ap-Msc-Mo-Sp 2, P=0)
(De Haller et al. 2006)| group IOCG (3.P-0) Hem-Chl-AbtEp-Cal
(4,D=P)
Cre zone
(5, D—=P; Py-8p-Gn-Chl—=Chl-Ccp-
Py-Au)
Albitization K and Fe Hydrolysis (1)
(1, D/R} (3, D~P; Mag-Ap-Bt-Ttn- (2, DIR; lit-Ms-Chi)
M - H Tur-Kfs-Act) Hydrolysis (2)
a_ntover e em group Scapolitization Ore stage (1) (5, P; Ms-Hem-Py)
Benavides et al. 2008, 10CG (4, DIR; Scp) (7, ©; Mag-Cal-Sid-Ccp-Py) Hydrolysis (3)
(6, P; Chl-Hem-Sid-Ccp-Py)
Ore stage (2-3)
(8-9, 0; B:Hem-Py—)Q:Cgp_!
Wernecke Sodic Early stage brecciation Potassic Main brecciation
Breccia Hem group |1, orr: Abssep) (2, 0; MagtHem) (1, DIR; KistSer) (3, 0 Hem-Py=Mag—>Ccp)
10CG Carbonate alteration/breccia

(Hunt et al. 2007)

(4:Cal or Ank/Dol £ Py-Ccp-Hem-
Mag-Brt)

Alteration distribution and relation to ore R =Regional

D = Distal P = Proximal
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3.56.2 System evolution leading to specialised-metal iron oxidetapatite

deposits

Throughout this section, incoming fluids are numbered according to the IOAA alteration facies
they form as per Figure 3-10. The discharge and recharge of cations with respect to the
evolution of the fluid are empirically constrained based on the extreme metasomatism
undergone by precursors as mapped in GBMZ. Plan maps and schematic sections of known
magnetite-group (Ernest Henry, Australia; Candelaria, Chile; Sequeirinho and Sossego, Brazil)
and hematite-group (Mantoverde, Chile) IOCG deposits of different age and districts are also
presented. For each of the deposits, the alteration nomenclature used in the source reference
was modified to the alteration facies nomenclature presented in this contribution to better

highlight the similarities in the alteration type and their zonation.

Sodic alteration is the earliest, deepest and most regionally intense alteration across the GBMZ,
but also in most of the IOAA districts worldwide (Figs. 3-10 — 3-13). In the GBMZ, albitisation
and transitional sodic—calcic alteration preferentially takes place along fault zones within
basement prior to and during 1.87 Ga volcanism. Pluri-kilometre long corridors of sodic alteration
form at the expense of any type of volcanic rocks including basalt, intrusions including diorite,
and sedimentary rocks including marble (e.g., Southern Breccia, Ham, JLD, DeVries; Fig. 3-2).
That albitisation started prior to final emplacement of magmas within such intrusions and the
presence of syntectonic to post-tectonic intermediate to felsic dikes within albitite corridors
suggest that magmas and fluids were both channelled along the same structural discontinuities

in a positive feedback relationship.

The resulting fluid-rock interactions must have been extremely efficient under high fluid/rock
ratios. The high salinity of the fluids at the sodic alteration stage provides abundant ligands to
efficiently carry leached metals, but also a wide variety of other elements. Where carbonates or
evaporites (if present) occurred along such pathways, the metasomatic fluid-rock reactions
typically devolatilised most of the carbonates and dissolved most of the halides and sulfates to
incorporate large amount of CO, and/or CI+SO, in locations such as Grouard, NICO and South
Duke system. The starting depth of IOAA systems to form albitites can be as little as 3 km based
on the Mag Hill cross section (Fig. 3-4a) and the exhumation of Treasure Lake Group units
during the formation of the Southern Breccia near the NICO deposit. This is not without

similarities to the depth documented by Reed et al. (2013) for porphyry systems.
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Dissolution-reprecipitation processes during albitisation created porosity that can preferentially
partition subsequent brecciation and fracturation in the albitite corridors during recurrent
deformation and faulting under high or lower temperature regimes. For example, brecciated
albitites are cemented by HT calcic—iron alteration at DeVries, LT potassic—iron alteration at
Damp and uranium-rich HT potassic—iron alteration in the Southern Breccia (Table 3-1;
Corriveau et al., 2007; Acosta-Gongora et al., 2014; chapitre 6). Brecciation and alteration of
albitites have not been recorded where they have been pervasively recrystallized to or where
they have crystallised with a medium-to-coarse grain size within the contact aureole of intrusive
bodies (e.g., Mag Hill; Fig. 3-4a).

As the fluids percolate through the crust, continuous fluid-rock reactions, fluid mixing and
changes in P-T progressively modify the physico-chemical properties of the initial fluid(s)
involved at the sodic alteration stage. These interactions trigger a sequential precipitation of
elements and metals in the following alteration stages (Fig. 3-10). As the incoming highly saline
Fluid(1) reacts with Precursors(1) to form the Facies 1 albitites, the outgoing Fluid(2) carries with
it Fluid(1) metal budget as well as the precursor metal budget leached from Precursors(a) during
albitisation. The highly charged Fluid(2) then reacts with Precursors(2) or Facies 1 fine-grained
albitites to form the highly diagnostic Facies 2 HT calcic—iron alteration mineral parageneses.
Such alteration crystallises across zones of tens to a few hundred metres in diameter (Fig. 3-12).
Though minerals suitable for fluid inclusions are rare within Facies 2 HT calcic—iron alteration
and veins (cf. Acosta-Gongora et al.,, 2015a), the amphibole—-magnetite paragenesis and the
modal composition of this alteration facies provide conclusive evidence that the fluids had high
contents of calcium and iron, with and without phosphorus. Vanadium (in magnetite), rare earth
elements (primarily in apatite) and locally thorium precipitate leading to specialised-metal iron
oxidetapatite (IOA) prospects among Facies 2 HT calcic—iron alteration zones (Fig. 3-4c). The
physico-chemical properties of the fluids that lead to such alteration and associated
mineralisation have been studied in most details in the Mag Hill area (Somarin and Mumin,
2014).

Hitzman et al. (1992) modelled sodic (calcic) alteration as 1) deep, 2) regional in scale, 3)
adjacent to intrusions or along major fault zones, and 4) lateral to zones of upward fluid flow that
lead to IOCG deposits at higher levels. They include within their sodic (calcic) alteration sporadic
zones of magnetite mineralisation (+Cu, +Au, * U) typical of Kiruna-type deposits (see also
Barton and Johnson, 1996; Williams, 2010b; Williams et al., 2010; Barton, 2014). Their sodic

(calcic) alteration paragenesis consists of albite with and without magnetite, amphibole and
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clinopyroxene. However, GBMZ mapping highlights that Facies 1 albitisation destroy magnetite
instead of producing it and should be distinguished from Facies 2 HT calcic—iron alteration to
better guide exploration towards iron oxidetapatite and subsequent deposit types (Fig. 3-3;

Annexe 3; see also Chen et al., 2010a).

For the purposes of vectoring to mineralisation, Corriveau et al. (2010b) distinguished alteration
stages that are associated with polymetallic copper-sulfide mineralisation from those that served
as ground preparation (albitisation) or were considered as only fertile in iron (IOA). Current
research worldwide highlights that Facies 2 HT calcic—iron and associated IOA mineralisation
play a major role in the genesis of specialised metal associations and that albitite within IOAA
systems can become preferential hosts for uranium mineralisation (Fig. 3-10; Corriveau et al.,
2011; Fadda et al.,, 2012; Nold et al., 2013, 2014; Wilde, 2013; chapitre 6). Facies 1 is
associated with all GBMZ I0AA systems irrespective of whether they include all subsequent
alteration facies or not. This also applies to most of the IOAA systems observed worldwide (cf.
compilation work of Williams et al., 2005 and Porter, 2010; Figs. 3-11 — 3-13). Facies 1 without
laterally extensive transitional Facies -2 HT sodic—calcic—iron alteration does not evolve to
polymetallic mineralisation that includes base and precious metals (Fig. 3-2). In IOAA systems
fertile in IOA or IOCG mineralisation, the Facies 17-2 HT sodic—calcic—iron typically forms a
transitional zone between zones of strong albitisation and zones of strong HT calcic—iron
alteration (Figs. 3-2, 3-4 and 3-11; Port Radium—Echo Bay and Camsell River districts) or HT

potassic—iron alteration (Figs. 3-11, 3-13).

Where well developed and rich in magnetite, the HT sodic—calcic—iron and HT calcic—iron
alteration zones can yield vanadium-rich IOA mineralisation (Fig. 3-5); the HT calcic—iron
alteration zones that transition to Facies 2—3 HT calcic—iron—potassic or Facies 3 HT potassic—
iron alteration can have IOA mineralisation rich in vanadium and/or REE with or without uranium
(Fig. 3-5). Among the GBMZ alteration types, such mineralisation has the highest heavy to light
REE ratios (e.g., samples 09CQA-1173B and 09CQA1170D02 in appendix 3; Corriveau et al.,
2015). This is also observed in other IOA deposits such as the Kwyjibo deposit in the eastern
Grenville Province (Clark et al., 2010). Base and precious metals can also locally precipitate in
HT calcic—iron zone where there is a Facies 3 HT potassic—iron and Facies 5 LT potassic—iron
alteration overprint. Based on the work in the GBMZ and global analogues, progressive
intensification of HT calcic—iron alteration vectors to iron deposits potentially endowed in
specialised metals, in particular vanadium and/or heavy REE elements. The diagnostic mineral

assemblages of this alteration are relatively simple to map and to discriminate
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lithogeochemically, and typically predates IOCG mineralisation where present (see also Kiruna,
Cloncurry, Missouri, Bafq, Kwyjibo; Hitzman et al., 1992; Clark et al., 2010; Daliran et al., 2010;
Xavier et al., 2010; Nold et al., 2013, 2014; Barton, 2014). The apatite content of the HT calcic—
iron alteration zones provides a first order indication of the REE potential of the associated IOA

deposits.

3.5.3 From IOA to polymetallic IOCG deposits

The Fluid(3) released after Facies 2 alteration reacts with a Precursors(3) or Facies 1 or Facies
2 alteration zones if they were brought tectonically within the stability field of the ascending
Fluid(3) to form Facies 3 HT potassic—iron alteration and concomitant brecciation (Fig. 3-10).
Copper-sulfides precipitate within such breccias either as disseminations within Facies 3 veins
and breccia infills or form distinct quartz—sulfides veins that crosscut Facies 3 alteration. The
appearance of copper-sulfide is regular where Facies 3 alteration becomes intense, penetrative
and associated with brecciation. The commonalities in timing and spatial distribution with respect
to other alteration types again is interpreted as a consanguineous development between Facies
3 and the precipitation of copper-sulfides and highlights the importance of framing alteration
linkages to mineralisation over the scale of alteration development (commonly hundreds of
metres for the HT potassic—iron alteration) and not simply at the microscopic scale (Figs. 3-90—
p, v, 28¢10; Sue-Dianne, Southern Breccia, Brooke, Fab, Hoy, Mile, K2). Where Facies 1 and
Facies 2 form at the expense of carbonate units, large amount of CO,, calcium and magnesium
are released into Fluid(2) and Fluid(3). This may significantly increase the stability field of
amphibole which can then remain stable during Facies 3 development (Fig. 3-11a). In such
cases, biotite commonly prevails over K-feldspar and arsenopyrite prevails over chalcopyrite
within the resulting iron oxide-rich mineralised zones. In the GBMZ, this has resulted in Au—Co—

Bi—Cu mineralisation at the NICO deposit and South Duke system.

At the magnetite-to-hematite transition, where carbonates occur as precursors or where
carbonates are precipitated as alteration products prior to progression of isotherms through fluid
influx, polymetallic skarns form and are systematically potassic altered (cf. paths in Fig. 3-3; Fig.
3-10). In silicic precursors, local zones of brecciated K-feldspar-rich (modal content of K-feldspar
in the alteration > 75 %) felsite are formed (Fig. 3-10). Collectively, these alteration types form
striking megascopic markers for the magnetite-to-hematite transition zones and potential base
and precious metal IOCG mineralisation (Fig. 3-11b). These develop within veins, breccias and

as disseminations as described in detail in Mumin et al. (2010) for the Sue-Dianne and NICO
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deposits and IOCG prospects across the belt (Table 3-2). Such relationships are also observed
at Ernest Henry, Candelaria and Mantoverde (Figs. 3-11, 3-13, 4¢4; Marschik and Fontboté,
2001a; Mark et al., 2006; Reiger et al., 2012).

Sericitic/hydrolithic (H*) alteration as per Hitzman et al. (1992) comprises hematite with white
mica (sericite), carbonate and/or chlorite with or without quartz, barite and fluorite. This alteration
typically forms a few hundred metres below the paleosurface along zones of upward flow (Figs.
3-11b, 3-12). Such zones that can be shown to evolve from higher-temperature |IOAA alteration
form the immediate host to polymetallic hematite-group IOCG mineralisation with and without
uranium and light REE as observed at the Olympic Dam, Prominent Hill, Sossego and
Mantoverde deposits (Figs. 3-10, 3-11b, 3-12; Fig. 6 in Hitzman et al., 1992; Fig. 23 in Mumin et
al., 2010; Fig. 18 in Williams et al., 2005; Fig. 1 in Williams et al., 2010; Skirrow, 2010). The
occurrence of alteration assemblages constituted only of white mica and/or K-feldspar and/or
chlorite does not vector to mineralisation nor does it constitute a diagnostic evidence of an IOAA
system. The addition of specular hematite with these minerals marks the paragenesis that
delimits the components of IOAA systems prospective for polymetallic hematite-group 10CG
mineralisation (Figs. 43—44¢o; Corriveau et al., 2010b). Light REE-bearing minerals can be
abundant in such mineralisation but largely occur as aphanitic minerals that cannot be mapped
in the field without analytical equipment. Recent and properly configured portable XRF expands
REE exploration effectiveness. In addition, uranium and thorium, where associated with this
alteration, are easily detectable with a gamma-ray spectrometer, a rugged instrument that can
be carried in any fieldwork conditions. Substantial changes in the eU/eTh ratios in IOAA
alteration zones are typically diagnostic of underlying REE enrichments or depletions and may

lead to the discovery of REE mineralisation.

During retrogression, alteration minerals of the high-temperature alteration (K-feldspar,
amphibole or biotite for example) are predominantly replaced by hydrous minerals or carbonates
(sericite, chlorite, calcite, siderite). As more oxidised conditions prevail, hematite instead of
magnetite typically forms with these minerals such as observed at NICO (Acosta-Géngora et al.,
2014). Where retrogression relates to the ingress of external lower temperature fluids, the
precursor alteration zones are typically retrogressed at greater intensity then simple cooling of in
situ fluids and new metals can be brought in by the incoming fluids. In cases where fluids
associated with retrogression expand beyond the footprint of the earlier prograde alteration
through recurrent faulting or highly permeable units for example, or that retrograde fluids are

reheated by renewed higher temperature fluid influx, distinguishing the prograde from the
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retrograde sequence can be difficult as discussed in Mumin et al. (2010). A practical empirical
tool is to assess the degree of obliteration of precursor textures by specular hematite and the
spatial extent of hematite breccias. For example, the complete replacement of precursors by
specular hematite in the Port Radium—Echo Bay and East Hottah systems is prograde (Fig. 3-
4a; Mumin et al. 2010). Where amphibole—-magnetite alteration is overprinted by K-feldspar—
chlorite—hematite such as at NICO and in the South Duke system then the K-feldspar—chlorite—

hematite assemblage is interpreted as retrograde (Acosta-Géngora et al., 2015b).
3.5.4 Epithermal and polymetallic vein-type deposits

Many alteration types in IOCG systems are under saturated in silica and commonly dissolve
quartz even though microcrystalline quartz may remain in quartz-rich precursors in many
alteration facies (DeToni, 2016; Jeanne Percival et al., unpublished data). In contrast, the very
last gasp of IOAA system development can lead to significant quartz precipitation associated
with basic to acidic fluids and derived alteration types (phyllic, argillic, advanced argillic
alteration; Fig. 3-10). The formation of veins of barite is interpreted to mark the transition to
epithermal systems (Mumin et al., 2010; Pelleter et al., 2010; Kreiner and Barton, 2011). Silica
flooding leads to decametre- and hectometre-wide quartz stockworks (e.g., Sue-Dianne deposit),
to kilometre-long quartz veins with or without Ag and U vein-type mineralisation (GBMZ;
Badham, 1975; Gandhi et al., 2000; Byron, 2010; Mumin et al.,, 2010) and to fairly massive
silicification zones that can reach hundreds of metres in diameter (e.g., Greater Lufilian Arc;
Lobo-Guerrero, 2010).

In many cases, metal associations of the lower temperature and/or peripheral mineralised veins
reflect a local source of metals derived from their host IOAA systems and their higher
temperature iron oxide and alkali-rich alteration envelope. For example, the metal association in
the vein-type mineralisation of the historical Eldorado mine in the Port Radium district consists of
Ag, As, Au, Bi, Co, Cu, Mn, Mo, Ni, Pb, Ra, Sb, U, V, Zn (Mumin et al., 2010; Bretzlaff et al.,
being submitted). In the sulfide- and magnetite-rich IOAA alteration zones hosting the
polymetallic veins of the Eldorado deposit, the metal association consists of Ag, As, Co, Cu, Fe,
Mn, Ni, Pb and Zn whereas that of the magnetite—apatite-rich IOAA alteration zones without
sulfides consists of iron and vanadium. At NICO, the metal assemblage in the main ore zone
consists of As, Au, Bi, Co, Cu and Fe whereas the metal association in the peripheral vein-type
mineralisation of the NICO deposit (NICO zones 1 to 3 and Summit Peak) consists of Ag, As,

Au, Bi, Co, Cu, Fe and W. Accordingly metal associations from known prospects including vein-
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type mineralisation can be used to portray potential metal associations of their IOAA systems
across the belt in Figure 3-1b. Their association with IOAA geological and geophysical
signatures is highlighted by their spatial associations with the geophysical footprints of the IOAA
systems as modelled by Hayward et al. (2013; Fig. 3-1c) and with the IOAA alteration types (Fig.
2) across the GBMZ. This has wide implications as a vector to potential IOCG and IOA
mineralisation in historic uranium districts as gold and uranium rich veins have been discovered

worldwide during decades of uranium exploration (Kish and Cuney, 1981).

3.6 A predictive exploration tool with case examples

The systematic space—time relationships between the various alteration and mineralisation types
formed in IOAA districts with or without IOCG mineralisation can be framed within an I0AA
deposit model (Fig. 3-10). The IOAA deposit model predicts that deposit types prograde from
IOA at the HT calcic—iron alteration facies, to magnetite-group and hematite-group 1I0CG
respectively at the HT potassic—iron and LT hydrolytic potassic—iron alteration facies. Albitites in
IOAA systems is a common ground preparation stage for polymetallic albitite-hosted uranium
mineralisation (Fig. 3-10) as observed worldwide including in the Romanet Horst of the Labrador
Trough, Québec (Corriveau et al., 2014). In calcium-rich systems, a LT calcic—iron hydrolytic
alteration can form at the end of the IOAA system development prior to, or coevally with, quartz
flooding. Epithermal alteration develops subsequently and at a higher structural level than the
IOAA systems per se or can be superimposed on it. The LT potassic—iron alteration facies is
retrograde where the system has collapsed on itself through cooling of fluids or where the
alteration is formed through ingress of low-temperature fluids where higher temperature

alteration facies are telescoped to higher levels as in the two stage model of Skirrow (2010).

3.6.1 Immature sodic and HT calcic—iron alteration systems

The alteration facies model illustrates that sodic and HT calcic—iron alteration zones, even where
mildly overprinted by fertile alteration types, do not correspond to facies that form significant
base and precious metal-endowed polymetallic IOCG deposits. In contrast HT calcic—iron
alteration facies can lead to magnetite—apatite and magnetite—apatite—specialised-metal
deposits. In the GBMZ, drilling of conductors in positive magnetic anomalies in areas of
ubiquitous sodic to HT calcic—iron alteration (Mag Hill, Port Radium) or where these alteration

types are common in the area (K2) led to the discovery of vanadiferous magnetite—apatite
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mineralisation at depth (Mumin et al., 2010) and of rare earth elements within the magnetite-rich
HT calcic—iron—potassic alteration host to the historic Echo Bay mine (Fig. 5). At Nod,
geochemical analyses along historic drilling (MacKay and Eveleigh, 1997) indicate systematic
sodium enrichment (<8 wt. % Na,O) and low K contents in weakly mineralised HT calcic—iron—
potassic alteration overprinting pink to red albitites. Nevertheless, these rocks were described as
K-feldspar—iron oxide breccias, likely due to the colour of the albitites. In both the Mag Hill/Port
Radium and Nod systems, the absence of intense HT and LT potassium—iron alteration is
compatible with the low Cu-Au—-Ag—Co-Bi contents of the intersected mineralised zones and
highlights the need of distinguishing pink albitites from the potassic—iron alteration and the K-
feldspar felsite breccias that are proximal to copper-sulfide mineralisation. Conversely, the lack
of significant retrograde alteration suggests that remaining fluids and their metals (if present)
have escaped the sector drilled and may have continued their evolution to form fertile alteration.
Discrimination of sodic and potassic alteration from the fertile HT and LT potassic—iron alteration
types also discriminates zones of intense alkali alteration that remove metals from those where
iron oxide and metals are being precipitated. Near-offset geophysical high density but lower
magnetic susceptibility anomalies can point out to magnetite-to-hematite transition and to base-
and precious-metal mineralisation as observed in deposits worldwide (Smith, 2002; Belperio,
2007; Clark, 2014).

3.6.2 Property-scale implications of the cyclical development of fertile HT
Ca-Fe—K and HT K-Fe alteration in an IOAA system

Many IOAA systems evolve through repetitive cycles of differential burial and exhumation,
transtensional to transpressional faulting, and telescoping and translation of alteration types.
Several pulses of stratabound to discordant alteration fronts, veins and breccias host the Au—Bi—
Co—Cu ore zones at NICO and record cyclical development of HT calcic—iron and HT potassic—
iron alteration in Treasure Lake Group metasedimentary rocks. Prior to renewed mapping of the
NICO alteration envelope during the current project, laterally extensive zones of sodic alteration
were conspicuously absent in maps and drill core description (Mumin, 1997; Goad et al., 2000a,
b; Sidor, 2000) although sodium-rich and leucocratic granitic intrusions had been reported to the
South (Gandhi et al., 2001). The only found record of potential albitisation was observed in the
metasiltstone unit forming the footwall of the deposit (K. Neale description of drill hole 96-19;
Mumin, 1997).
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Considering the documented evolution and interpreted interdependence of alteration facies
across the GBMZ illustrated in the alteration facies model of Figure 3-10, a re-examination of the
NICO deposit area was undertaken to find the inferred missing intense and large-scale
albitisation zones. In addition, the lack of very intense hematization in the deposit prompted a
broadened search for HT potassic-iron (K-feldspar—-magnetite), K-feldspar felsites and LT
potassic—iron (K-feldspar/sericite—hematitetchloritetcarbonate) alteration zones that may have
formed from the fluids potentially expelled from the NICO deposit HT calcic—iron alteration zone.
Renewed alteration mapping led to the discovery of a NW-SE-trending, 3 km-long albitisation
corridor that hosts a series of albitite-hosted U-Th+Cu—Mo showings related to ilmenite-, rutile-
and titanite-rich HT to LT potassic—iron alteration (chapitre 6). Intense chloritization or K-feldspar

alteration occurs locally over tens of metres.

In contrast to NICO, the Southern Breccia zone has nearly no HT calcic—iron alteration (except
in its north-eastern sector where it developed locally). Albitites formed as the Treasure Lake
Group was deformed, brecciated and locally folded along a deformation corridor regionally
parallel to Treasure Lake Group bedding. At NICO, the prograde mineralisation is coeval with
magnetite—biotite alteration superimposed over earlier HT calcic—iron alteration (Acosta-Géngora
et al., 2014, 2015a) whereas in the Southern Breccia the mineralised HT potassic—iron alteration
is directly superimposed over the albitites. Both the Southern Breccia and NICO are
subsequently affected by hematite alteration but their mineralisation types are distinct with
prevailing arsenopyrite at NICO and uraninite in the Southern Breccia (Goad et al., 2000a, b;
chapitre 6). Differential exhumation, collapse and tilting of the Faber volcanic and underlying
Treasure Lake Group sedimentary sequences as well as the alteration signatures of both
sectors indicate differential exhumation of the NICO and Southern Breccia components during
the formation of their host IOAA system (Mumin, 1997; Enkin et al., 2012; chapitre 6). The
overall architecture of the host IOAA system (Fig. 4b) is interpreted as related to progressive
thrusting of the Southern Breccia albitites to the crustal level of the NICO deposit ore zone.
Precursor fluids formed albitites at depth and outflowing fluids reacted with the carbonate unit of
the Treasure Lake Group and thoroughly replaced it and the underlying metasiltstone unit to
form the pervasive, extensive and intense HT calcic—iron alteration which then evolved to HT
calcic—iron—potassic alteration and precipitated metals in NICO. In contrast, the uplift of the early
and previously deeper sodic alteration brought the Southern Breccia albitites to the crustal level
where fluids had reached the stability field for HT potassic—iron alteration (see also Potter et al.,

2013b; chapitre 6). Both NICO and Southern Breccia then evolved to LT potassic—iron alteration.
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This case study illustrates that development of high temperature (e.g., HT calcic—iron and
potassic—iron) or low temperature (e.g., LT potassic—iron) alteration in a section of a system can
be indicative of complementary lower and higher temperature fluids in the shallower and deeper
sections of the system. If preserved, these zones are prospective for polymetallic mineralisation.
The observation of low temperature IOAA alteration at interpreted shallower crustal levels may
indicate that higher temperature IOAA alteration types with IOCG mineralised zones can be
present in the deeper part of the system. For example, Mina Carola shares alteration attributes
and deposit size with NICO transitional calcic—iron—potassic alteration. This deposit is a satellite
to the Candelaria magnetite-group IOCG deposit (Marschik and Fontboté, 2001a). The spatial
relationship between these two deposits is compatible with their overall development within a
single IOAA system and in line with the IOAA deposit model described in Fig. 10. This case
example is of great significance for exploring the Great Bear magmatic zone and other

prospective but under explored districts.

The NICO case example also illustrates the importance to revisit the genesis of Co—Cu—Au
deposits hosted within metasedimentary rocks as done by Slack (2013) in the Blackbird—Idaho
Cobalt Belt in the USA. To this effect, government surveys are currently re-examining the
Missouri iron oxide—apatite district and the albite-hosted polymetallic mineralisation of the
Romanet Horst in the Labrador Trough both well studied in the 1990s (e.g., Kish and Cuney,
1981; Day and Lane, 1992). Potter et al. (2013a) illustrate how historic mineral districts with
IOAA attributes can be strategically re-examined and explored using current knowledge and
exploration models. Application of this alteration facies model to under-explored or poorly
exposed prospective terrains, districts and deposits provides a mean to target their fertile areas
and enlarge the realm of deposit types to explore for. It also provides a structured framework to
map the otherwise complex alteration zones of IOAA systems, comprehend their holistic
interconnections and explore the extraordinary range of deposits efficiently at all scales. The
distinctive geochemical footprints of the IOAA alteration facies and their vectoring potential to
IOCG mineralisation that is independent of the intricacies of the complex interplay among
sources for fluids and metals can also be applied to optimise alteration mapping while exploring

for metamorphosed ore deposits (Corriveau and Spry, 2014).
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3.7 Conclusions

In the GBMZ, the lateral and vertical bulk chemical transformation of precursor rocks and orderly
spatial and temporal mass transfer of elements from sodic to HT calcic—iron, HT potassic—iron,
K-feldspar-stable felsite breccias and skarns, and LT potassic—iron alteration facies led to a
large spectrum of IOCG and affiliated mineralisation and deposits. As alteration facies prograded
from the roots of the IOAA systems to their epithermal caps, precursor mineral assemblages of
supracrustal and hypabyssal intrusive rocks were thoroughly destabilised at centimetre, metre
and kilometre scales coevally with volcanism, emplacement of sub-volcanic intrusions and dikes
swarms, build-up of magma chambers, and highly partitioned brittle and brittle-ductile

deformation (e.g., Mile, Terra, NICO, Southern Breccia, South Duke).

Fluid-rock interactions resulted in a regular sequence of initial recharge of metals/elements
during the sodic and sodic—calcic alteration stages and then progressive and selective
metal/element discharge in the following alteration stages. Diagnostic mineral assemblages
define each stage of the evolution of the IOAA system. Iron starts precipitating at the HT calcic—
iron alteration facies followed by specialised metals to form specialised-metal IOA deposits as
this alteration facies evolves towards the HT potassic—iron alteration facies. Base and precious-
metals sulfide mineralisation is an intrinsic consequence of the development of the latter
alteration facies and associated brecciation. Subsequently, K-feldspar-dominant felsite breccias
and skarns form where magnetite crystallisation, within the HT potassic—iron alteration facies,
wanes and gives way to precipitation of hematite within the LT potassic—iron alteration. The
presence of carbonate alteration subsequently skarnified at the magnetite-to-hematite transition
at the Mile breccia provides evidence that IOAA system fluids can generate their own skarn
facies without being directly in contact with an intrusion. Sustained and iterative fluid ingress and
induced heat advection are viewed as key elements in the development of the giant alteration
systems of the GBMZ. Processes that favoured telescoping of alteration and fluid mixing appear
to have enhanced the potential of IOAA systems to host significant polymetallic mineralisation, a
condition also described for the most fertile districts worldwide. The alteration facies defined in
this contribution, when systematically mapped across under explored and virgin territories of the
GBMZ as well as in its most explored district, become key exploration vectors to IOCG
mineralisation regardless of how the IOAA system evolved through time and space. This
approach also provides a powerful tool to re-examine historic data and reassess the mineral

prospectivity of their host IOAA system or to identify previously unrecognised IOAA systems.
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Figure 3-1 Geology and mineral occurrences of the Great Bear magmatic zone

(a) Synthesis geological map; inset locates the Great Bear magmatic zone in Canada. (b) Metal associations of
deposits, mineral prospects and showings from NORMIN database (www.nwtgeoscience.ca/normin) and Bretzlaff et
al. (being submitted). (c) Location of representative showings, prospects and deposits, and geophysical footprints of
IOAA systems and potential systems after Hayward et al. (2013). Lithological units in grey shade refer to units in (a).
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Figure 3-2 Alteration, metal and iron distribution in the IOAA systems of the Great Bear magmatic zone

(a) Alteration types based on the lithogeochemical signatures of the studied IOAA systems (geochemical data from
2015); alteration indexes used to estimate alteration after chapitre 5. (b) Distribution of anomalous
metal concentrations (above the NORMIN threshold) based on geochemical data from Corriveau et al. (2015). (c)
Fe>O3 concentrations measured throughout the GBMZ based on geochemical data from Corriveau et al. (2015). Such
enrichments and depletion highlights location of IOAA systems and contrast potential discharges zones from leaching

Corriveau et al.,

zones.
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Figure 3-3 IOAA alteration mineral parageneses and prograde succession of alteration facies at the expense
of silicic and carbonate units labelled by their discriminating major-element cations

This sequence is derived and expanded from the initial work of Corriveau et al. (2010b).

HT = high temperature; LT = lower temperature; mineral abbreviations in this and subsequent figures after Whitney
and Evans (2010).
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Figure 3-4 Alteration distribution and evolution across the eastern margin of the Port Radium-Echo Bay IOAA
system and geological map of the NICO and Southern Breccia host sequences

(a) Structural depth profile across the eastern margin of the Port Radium—Echo Bay IOAA system. The system is tilted
exposing the complete set of metasomatic facies as described in Fig. 3-4c. Alteration development is illustrated by the
molar proportion of discriminating cations; geochemical data from Corriveau et al. (2015). (b) Geology of the precursor
units of the NICO deposit and Southern Breccia corridor within the Lou IOAA system and location of prospects after
Gandhi and Lentz (1990), Goad et al. (2000a, b) and chapitre 6. (c) Evolution of alteration leading to the development
of the Mag Hill iron oxide—apatite prospect at depth (Mumin et al. 2010), (1) albitites, (1-2) Facies 1-2 HT sodic—
calcic-iron alteration where the stained slab highlights the mild K-feldspar-magnetite-stable HT potassic—iron
overprint (CQA-05-105), (2) Facies 2 HT Ca—Fe Mag Hill drill core with composition shown in Fig. 3-5, (2-3)
transitional HT calcic—potassic—iron alteration observed at surface, and (5) Facies 5 LT potassic-iron hematitite
(CQA-05-273). All metasomatites shown have replaced a porphyritic andesite of the LaBine Group mapped by
Hildebrand (1981, 1983).
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Figure 3-5 Alteration of porphyritic andesite portrayed by molar proportion of Na, Ca, Fe, K and Si along drill
holes across IOA mineralisation at the Mag Hill, Echo Bay and Port Radium prospects and 10CG
mineralisation at the K2 prospect of the Port Radium-Echo Bay district

Metal associations typical of IOA include vanadium and rare earths such as Ce. At Echo Bay, the imprint of potassic—
iron alteration is significant and at K2, IOA mineralisation at depth transitions to IOCG mineralisation towards surface.
Copper mineralisation is associated with coeval enrichment in iron and potassium (see also geochemical study of
chapitre 5).

The mineralized zones are described in Mumin et al. 2010. The geochemical analyses are a courtesy of Alberta Star
from their proprietary geochemical dataset of the Port Radium—Echo Bay district.
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Figure 3-6 Sodic alteration textures in the Great Bear magmatic IOAA systems

(a) Selective stratabound magnetite—biotite (Bto—Mag) and sodic (Ab1) alteration of Treasure Lake Group
metasedimentary rocks locally overprinted by a pervasive sodic alteration (Ab2) at Southern Breccia (11PUA-0517);
(b) Concordant sodic alteration (Ab1) partially overprinted by a stronger sodic alteration (Ab2) front in the Treasure
Lake Group at the Southern Breccia (10CQA-1636); (c) Intensification of the Ab2 sodic alteration front that destroys
the primary sedimentary textures of the siltstone (10CQA-1637); (d) Complete brecciation and selective magnetite
replacement of the intensely sodic-altered (Ab2) metasiltstone of the Treasure Lake Group at Southern Breccia
(10CQA-1644); (e) Texture-destructive sodic alteration front of feldspar porphyry at Cole (09CQA-1122).
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Figure 3-7 Development of IOAA alteration at the expense of precursor siltstone, carbonate (with calc-
silicates, siltstones and wackes) and quartz-arenite members of the Treasure Lake Group

Alteration sequence starts from lesser-altered precursors adjacent to the type section as described in Gandhi and van
Breemen (2005) and Acosta-Géngora et al. (2014) (area west of the Sunil showing in Fig. 1c) to culmination of
alteration intensity and pervasiveness northwards at the NICO deposit and southwards to the South Duke system and
its various showings (Fig. 1c; Gandhi et al. 2014).

(a—b) Very thin bedded metasandstone unit replaced by selective, incipient to locally intense, stratabound amphibole
and/or magnetite alteration (HT calcic—iron) and albite (sodic) alteration. Such coeval replacement and presence of
crosscutting amphibole veins with extensive albite haloes highlight diagnostic attributes of transitional HT sodic—
calcic—iron alteration. Local overprints of albitized areas by K-feldspar (potassic) alteration take on a darker brown
orangey colour. Precursor remains in a grey tone and consist largely of quartz, feldspar and biotite; (c—d) Stratabound
skarn and host marbles are crosscut by amphibole—magnetite (HT calcic—iron) veins with magnetite haloes (09CQA-
0053); (e—g) Pervasive, stratabound to discordant, HT calcic—iron alteration within metasedimentary rocks (09CQA-
0054) where in (e) the upper section with pervasive stratabound alteration of laminated precursor resemble an iron
formation;
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as .

Fig. 3.7 suite — (f) Close-up of the upper section with pervasive stratabound alteration of laminated precursor
that resembles an iron formation shown in (e). In (g) the magnetite replacement fronts are sharp and are associated
with potassic selvages that replace albitized precursor; (h) Complete HT calcic—iron (amphibole—magnetite)
replacement of the Treasure Lake Group quartz arenite cut by a subsequent generation of amphibole veins in the
NICO deposit. The sample also contains relicts of potassic-altered albitized siltstone layers; (i) HT calcic—iron
(amphibolexmagnetite) replacement of a quartz arenite in the vicinity of the NICO deposit. Some of the arenite
bed relicts are strongly K-feldspar altered (CQA-07-447);
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Fig. 3.7 suite — (j-m) Intense and pervasive magnetite—biotite—K-feldspar alteration at NICO cross-cut by
arsenopyrite veins or disseminations along layering; k and m are stained slabs, magnetite stain black,
amphibole dark green, amphibole—biotite light green and with K-feldspar the alteration take a yellowish green colour,
K-feldspar stains yellow even if not abundant (j: CQA-07-480z, k: CQA-07-443, I: NICO Zone 1, m: CQA-07-465C).

Mineral abbreviations after Whitney and Evan (2010.
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Figure 3-8 Typical examples of HT calcic—iron alteration and veins

(a) Amphibole veins in sharp contact with slightly albitized dacitic porphyritic intrusions at Fab (10CQA-0554); (b)
Magnetite—amphibole—apatite stockwork cross-cutting strongly albitized porphyritic andesite (CQA-05-100); this zone
is laterally proximal to drilled iron—vanadium mineralisation below the Mag Hill prospect; (c) Sodic-altered porphyritic
andesite cut by amphibole veins with K-feldspar selvages at the transition between the calcic—iron and magnetite-
bearing HT potassic—iron alteration stage in the Port Radium—Echo Bay district (CQA-05-201); (d-e) Transitional
calcic—iron—potassic alteration comprised of an amphibole—magnetite vein with a K-feldspar selvage superimposed on
a previously albitized porphyritic andesite (CQA-05-206). The cobaltnitrate staining of rock slabs in this and other
figures follows the method of Gabriel and Cox (1929);
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Fig. 3.8 suite — (f) Hydrothermal breccia formed at the calcic-iron—potassic alteration stage showing the
partitioning between the ferromagnesian and felsic minerals as amphibole cements the breccia and K-
feldspar alters the fragments, Fab system (CQA-06-392); (g-h) Selective in situ magnetite and K-feldspar
replacement of the matrix of a sub-volcanic intrusion and prior albitisation of its plagioclase phenocrysts along
haloes of a magnetite veins at the CAT showing (copper * gold). Where the HT potassic—iron alteration is incipient
(g), magnetite replaces preferentially the matrix but where most intense (h), magnetite replaces also the phenocrysts;
(i-j) Drill core section of the Mag Hill vanadium-rich iron oxide prospect and associated HT calcic—iron alteration;
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Fig. 3.8 suite — (k) Drill core section of the Mag Hill vanadium-rich iron oxide prospect and associated HT calcic—iron
alteration; (I Chalcopyrite among magnetite and pyrite gangue within HT potassic—iron alteration at Ham (09CQA-
1193; (m Magnetite breccia with K-feldspar alteration of fragments forming a HT potassic—iron alteration that
replaces a previously albitized Faber Group volcanic unit at Mar in the Mazenod system (CQA-05-238; (n Magnetite-
cemented breccia with strong K-feldspar alteration of the fragments at Brooke in the Mazenod system (09CQA-0026;
(o Stained slab showing a REE-enriched magnetite-cemented breccia formed at the HT potassic—iron alteration
stage in the East Hottah system (10CQA-0601.

Mineral abbreviations after Whitney and Evans (2010.
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Figure 3-9 Typical alteration and mineralised zones of the HT potassic—iron, transitional K-felsite and K-skarn,
and LT potassic—iron stages

(a—f) Transect across the margin of the Sue-Dianne ore zone as described in text; in e malachite forms on trench
material of copper-sulfide mineralisation, otherwise malachite staining is extremely rare in natural outcrop of
mineralisation in the GBMZ; in (f) the rock slab is stained and hematite veins remains a brilliant grey whereas
magnetite and magnetite replaced by hematite are a dull dark grey-to-black colour (a: 09CQA-1024, b: CQA-05-234,
c—f: CQA-05-235);
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Fig. 3.9 suite — (g-1) K-feldspar-rich alteration and associated brecciation formed at the transition between the
HT potassic-iron and LT potassic—iron alteration stages within albitized precursor fragmental or relatively
equigranular volcaniclastic rocks at Mile in the Port Radium—Echo Bay district. Clinopyroxene-rich alteration is
developed in a zone where intense K-feldspar and more localised amphibole, epidote or hematite alteration zones
are also prominent, in (g—j) the K-feldspar alteration is observed to replace clasts along margins, internal fractures
or pervasively whereas the extent of K-feldspar overprinting within matrix is best observed in (k) and (/) where
feldspar is stained yellow by cobaltnitrate; clinopyroxene stains green, andradite garnet remains dark brown
(CQA-06-289);

177



Fig. 3.9 suite — (m-0) Breccias with K-feldspar altered fragments and chalcopyrite-bearing magnetite and
hematite fills at Sue-Dianne (KZ-09-SD-9, SD-10, drill hole SD-92-06 at 198.4 feet depth); (p) Chalcopyrite
and gold mineralisation in intensely and pervasively K-feldspar-altered and mildly magnetite-altered Faber Group
rhyolite at Summit Peak adjacent to the NICO deposit (10CQA-1647); (g—u) Hydrothermal iron oxide breccias
with K-feldspar alteration of fragments associated with HT potassic—iron alteration of a previously albitized volcanic
unit at Hoy Bay in the Port Radium—Echo Bay district. The HT potassic—iron alteration becomes overprinted
by LT potassic—iron alteration and local potassic felsite developed at this magnetite to hematite transition (q-r:
CQA-07-527, s: CQA-07-528h);
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Fig 3.9 suite — (t) Cu-sulfide mineralisation at K2 prospect (drill hole CLK2, 255.75-255.95 feet depth)
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Figure 3-10 IOAA alteration facies model and observed metal associations as a framework for the
development of the range of deposit types within IOAA systems

Modified from Corriveau et al. (2010b).
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Figure 3-11 Schematic sections of the alteration facies of the Candelaria (Chile) magnetite-group and of the
Mantoverde (Chile) hematite-group IOCG deposits

The sections are modified from Marschik and Fontboté (2001a), Benavides et al. (2007) and Reiger et al. (2010).
Mineral abbreviations after Whitney and Evans (2010).
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Figure 3-12 Schematic sections of alteration facies for the Sequeirinho and Sossego magnetite-group I0CG
deposits of the Carajas district (Brazil)

The sections are modified from Monteiro et al. (2008a) and Xavier et al. (2010).

Mineral abbreviations after Whitney and Evans (2010) except Sieg for siegenite and Th for thorianite
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Figure 3-13 Schematic plan map of alteration facies for the Ernest Henry magnetite-group I0CG deposit of the
Cloncurry district (Australia)

Plan map modified from Oliver et al. (2004) and Mark et al. (2006).

Mineral abbreviations after Whitney and Evans (2010) except Cof for coffinite.
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Abstract: This paper documents the relationships between alteration types and metal

associations in the lron Oxide—Alkali—Alteration (IOAA) systems of the southern Great Bear
magmatic zone (GBMZ), Canada. The southern GBMZ IOAA systems host the Au—Co-Bi—Cu
NICO and the Cu-Ag—(U—Au) Sue-Dianne Iron Oxide Copper—Gold deposits. All the southern
GBMZ IOAA systems were formed within a 7 m.y. time window (from 1873 Ma to 1866 Ma) and
IOAA alteration spans with variable intensity the entire extent of the southern GBMZ
supracrustal sequences distributed along two distinct sections (Western and Eastern section).
The younger intrusions of the Marian River batholith, formed at 1866 Ma, are devoid of IOAA
alteration. High temperature (HT) magnetite-bearing and low temperature (LT) hematite/chlorite-
bearing potassic—iron alteration zones are extensively developed in the western sectors of the
southern GBMZ IOAA system where most of the polymetallic mineralization zones comprise a
wide variety of base, precious and high technology metals (Ag, Au, Bi, Co, Cu, Mo, Ni, REE, U,
W, Zn). In contrast, the alteration zones of the eastern sectors, characterized by widespread
sodic and HT calcic—iron alteration with a generally weak and spatially restricted HT potassic—
iron alteration overprint, exhibit peculiar metallic signatures with varied associations of Ag, Cu,
Nb, REE, Ta, Th, U and V. This is combined with marginal endowments in base metals although
local enrichments in Bi, Co, Cu, Pb and Zn were observed. The distinct relationship between
base metal-enriched and specialized metal-enriched mineralization and hydrothermal alteration
types in IOAA systems provides a new exploration tool to reinterpret apparently unrelated
mineralization types in IOAA districts and to predict the potential metallic signature of

prospective deposits formed among this IOAA system.

Résumé: Cet article documente les relations entre les types d’altérations hydrothermale et

les associations métalliferes dans les zones minéralisées des systémes a oxydes de fer et
altération en éléments alcalins (IOAA) de la Zone magmatique du Grand lac de I'Ours (GBMZ),
Canada. Les systémes IOAA du sud de la GBMZ sont hbtes des gisements a oxydes de fer—
cuivre—or (IOCG) a Au—Co-Bi—-Cu de NICO (systéme de Lou) et a Cu-Ag—(U—-Au) de Sue-
Dianne (systéme de Mazenod). Tous les systémes IOAA du sud de la GBMZ se sont formés
dans une fenétre temporelle de 7 m.a. (entre 1873 et 1866 Ma) et laltération IOAA se
surimpose avec intensité variable sur 'ensemble des roches supracrustales du sud de la GBMZ
distribuées dans deux sections distinctes (Western et Eastern sections). Les intrusions du
batholite de Marian River, datées a 1866 Ma, ne montrent pas d’évidences d’altérations IOAA.
Les systemes IOAA de la Western section, ou les altérations du stade de haute température

(HT) potassique—fer a magnétite et de faible température (LT) potassique—fer a hématite/chlorite
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sont fortement développées, sont les principaux hétes de minéralisations polymétalliques
enrichies d’une grande diversité de métaux de base, précieux et spécialisés (Ag, Au, Bi, Co, Cu,
Mo, Ni, REE, U, W, Zn). Cette signature métallique des zones minéralisées des systémes |IOAA
du sud de la GBMZ contraste avec les assemblages métalliferes dans les zones minéralisées de
la Eastern section ou les altérations sodiques et HT calcique—fer prédominent, principalement
enrichies en Ag, Cu, Nb, REE, Ta, Th, U et V. Des enrichissements faibles a modérés en Bi, Co,
Cu, Pb et Zn se retrouvent aussi dans certains systémes IOAA du sud de la Eastern section.
Les relations distinctes entre types d’altérations hydrothermales et enrichissements en métaux
dans les systémes IOAA fournissent un nouvel outil d’exploration pour réinterpréter les zones
minéralisées des systémes IOAA, ce qui permet de prédire la signature métallifere potentielle

des gisements potentiellement formés au sein de ces systémes.
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4.1. Introduction

Temporal and spatial evolution of Iron Oxide Copper—Gold (IOCG) and affiliated mineralization
in hydrothermal Iron Oxide—Alkali—Alteration (IOAA) systems (cf. Porter, 2010) result in the
formation of diagnostic alteration facies (Corriveau et al., 2010b). Depending mainly upon the
exposed crustal level and the size of the system, the surface footprints of an IOAA system can
exceed tens of kilometers in lateral and longitudinal extent and kilometers in vertical extent
(Oliver et al., 2008; Mumin et al., 2010; Porter, 2010). The regional development of an IOAA
system is associated with influx of external metals and local to regional redistribution of available
metals and major/trace elements as a consequence of protracted compositional reorganization
in the crust itself (Oliver et al., 2008; Porter, 2010). This results in the superimposition of multiple
alteration to brecciation and mineralization zones typically associated with pulsating and large-
scale magmatic events causing periodic resetting of the hydrothermal system (Hitzman et al.,
1992; Williams et al., 2005; Corriveau et al., 2010a, b; Williams, 2010a; Porter, 2010). Ultimately

an extraordinary range of deposits form in a mature IOAA district (Mumin et al., 2010).

Fault zones, permeable units and major discontinuities (e.g., unconformities) serve as the main
fluid conduits at regional to local scales during the development of IOAA systems and control the
spatial location of metal discharge where the IOCG deposits can be formed (Oliver et al., 2006).
Such preferential fluid pathways have been observed in association with zones of preferential
sites for magma emplacement, extensive and polyphase tectono—hydrothermal brecciation,
intense hydrothermal alteration or with deposits themselves (Oliver et al., 2006; Marshall and
Oliver, 2008; Bertelli and Baker, 2010; Groves et al., 2010). Lithospheric discontinuities also play
a critical role in ore distribution by providing a direct connection between shallow crustal levels
and the mantle, enhancing the variety of magma and fluid sources tapped during the evolution of
an IOAA system (e.g., Gawler Craton, Skirrow, 2010; Ossa-Morena zone in Spain, Tornos et al.,
2005; Chilean Iron belt in Chile, Sillitoe, 2003; Cloncurry district in Australia, Oliver et al., 2006
and Austin and Blenkinsop, 2008).

Studies of the Sue-Dianne magnetite to hematite-group deposit (8.4 Mt @ 0.8 % copper, 0.07 g/t
gold, 3.2 g/t silver; Hennessey and Puritch, 2008) and the numerous mineralized prospects,
showings and occurrences of the southern and central Great Bear magmatic zone (GBMZ) in
the Northwest Territories, Canada (Fig. 1-2; Gandhi, 1989, 1992a, 1992b; Gandhi and Lentz,
1990; Gandhi and Halliday, 1993; Gandhi and Prasad, 1995, 1997) contributed to an early
recognition of the IOCG potential of the GBMZ and to the development of the first genetic model
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for this deposit class by Hitzman et al. (1992). Subsequently the documentation of uranium and
potassium anomalies several kilometers in widths (Hétu et al., 1994; Shives et al., 2000) in the
Lou Lake area led to the discovery of the NICO Au-Co-Bi-Cu deposit (Fig. 1-2; Goad et al.,
2000a, b; Mumin et al., 2010) currently with NI 43-101 compliant proven and probable reserves
of 33 Mt @ 1.02 g/t gold, 0.112% cobalt, 0.14% bismuth, 0.04 % copper (Fortune Minerals Ltd.
press release, July 5, 2012). The NICO deposit is a magnetite-group IOCG deposit variant
based on Williams (2010a) classification, as the copper content is currently lesser than gold,
cobalt and bismuth and in that sulfarsenides are the main sulfides instead of chalcopyrite
(Corriveau et al., 2010a, b, 2011). Recent studies by Acosta-Géngora et al. (2014, 2015a, b)

provide additional details on the ore and genesis of the NICO deposit.

Recent work on both deposits and previous work on the iron oxidetapatite (I0xA; Williams,
2010a classification scheme) mineralization in the northern GBMZ (Shegelski, 1973; Badham
and Morton, 1976; Hildebrand, 1986; Reardon, 1992) have shown that the GBMZ IOAA systems
encompass magnetite-to-hematite IOCG deposits and showings (Goad et al., 2000a, b; Mumin
et al., 2007, 2010; Corriveau et al., 2010a, b, 2011; Ootes et al., 2010; Acosta Gdngora et al.,
2011; Hayward et al., 2013; Potter et al., 2013b). In this paper, we examine the relationship
between the alteration footprints and metallic signatures of IOCG deposits and their associated
mineral showings and occurrences in the southern GBMZ I0AA systems. Many of the studied
prospects and showings were formerly attributed to a variety of deposit types such as
sedimentary/diagenetic iron formation, felsic volcanic-hosted stratiform magnetite—pyrite—
chalcopyrite concentrations and volcanic-associated uranium occurrences (Gandhi et al., 1996;
Mumin and Camier, 2000; Skanderberg, 2001; Gandhi, 2004). This study relies on extensive
alteration mapping based on the IOAA facies subdivision of Corriveau et al. (2010b),
complemented by lithogeochemical studies described in detail in chapters 5, 6 and 7. The paper
also builds upon recent knowledge acquired in the Port Radium—Echo Bay and Camsell River
districts (Mumin et al., 2010; Acosta-Gongora et al., 2011, 2014), the Fab magnetite-group IOAA
system hosting numerous copper—uranium showings, some within magnetite-cemented breccias
(Gandhi, 1988; Acosta Gdngora et al., 2011; Potter et al., 2013a, b), and the DeVries system to
the east (Corriveau et al., 2007; Jackson, 2008; Ootes et al., 2010; Figs. 1-2, 1-15). The
nomenclature of hydrothermal alteration described in this paper is based on the diagnostic
elements in the mineral parageneses and is listed in Table 4-1. The new constraints placed on
the spatial and temporal evolution of mineralization in regional IOAA systems frame the wide

variety of deposits that can be formed in IOAA systems worldwide.
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Table 4-1 Paragenetic sets in the main alteration facies of the southern GBMZ IOAA systems (modified from
Corriveau et al., 2010b); mineral abbreviations from Whitney and Evans (2010)

Alteration type Mineral parageneses

Sodic Ab+Qiz

Sodic—calcic—iron Ab—-AmpxzMag

HT calcic-iron Amp—Mag, Amp—Mag-Ap, Amp

Skarn-type HT calcic—ron CpxzGrt+Mag

Calcic—iron—potassic Amp—Mag—Kfs, Amp—Kfs, Amp—Bt—MagtKfstAp, Amp—Bt
HT potassic—iron Kfs—Mag, Kfs—Bt—Mag, Bt—Mag

LT potassic—ron Hem—-Chl, Hem-Ms—Chl, Hem—Kfs+Chl, Tlc—Chl, Hem
LT calcic—iron EptKfstAln

4.2 Regional Geology

The Great Bear magmatic zone (GBMZ) is a post-collisional 1.87-1.85 Ga continental magmatic
belt formed at the western edge of the Wopmay Orogen following the accretion of the Hottah
terrane to the Archean Slave craton during the short-lived Calderian orogeny for which a
Andean-type continental arc model prevails among the different tectonic scenarios proposed
(Fig. 1-2; cf. Hildebrand et al., 2010a; Cook, 2011; Mumin et al., 2014; Ootes et al., 2015). Local
intrusive activity at ca. 1.878 Ga records the onset of GBMZ magmatism and incipient IOAA
hydrothermal activity. Such metasomatism reached its peak intensity in association with 1.87 Ga
deposition and intrusion of shoshonitic to high-K calc-alkaline magmas across the Hottah terrane
basement and overlying 1.88 Ga Treasure Lake Group sedimentary basin (Gandhi and van
Breemen, 2005; Azar, 2007; Hildebrand et al., 2010b; Montreuil and Corriveau, chapitre 2). The
1.87 Ga volcanic centers are formed of stratovolcanoes, calderas and coeval sub- and intra-
volcanic porphyritic intrusions that were rapidly capped by a second episode of volcanism at ca.
1.868 Ga and intruded by coeval to younger resurgent plutons, sub-volcanic porphyritic
intrusions and voluminous granodiorite—monzogranite batholiths (Hildebrand et al., 1987,
2010b). At 1.86 Ga the GBMZ volcanic-plutonic sequences were broadly folded along a NW-
oriented axis and then intruded between 1.86 Ga and 1.85 Ga by the biotite-granite suite
(Hildebrand et al., 1987, 2010b; Gandhi et al., 2001). Subsequently, the geometry of the Great
Bear magmatic zone was disrupted by dextral strike slip along NE-oriented (£35° to 45°) faults
(see tectonic reconstruction by Hayward and Corriveau, 2014). Most of the GBMZ IOAA systems
and their mineralized zones were segmented during this brittle faulting event genetically

associated with many mineralized quartz veins such as the Lou Lake, Dianne and Rayrock faults
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in the southern GBMZ (Gandhi et al., 2000, 2014; Byron, 2010). Uraninite U-Pb analysis of
some grains from the Rayrock mine yielded late Ordovician ages (Miller, 1982), indicating that
some of the northeast-trending faults have remained periodically active from the

Paleoproterozoic to at least the late Ordovician.

The Treasure Lake Group is a ca. 1.885 Ga platform-type sedimentary sequence (Gandhi and
van Breemen, 2005; Bennett and Rivers, 2006). This group is subdivided into: 1) a basal
siltstone unit evolving upward to 2) carbonaceous rocks, 3) massive quartz arenite interbedded
with few siltstone beds with primary sedimentary structures such as cross-bedding and ripple
marks, and 4) an upper siltstone interbedded with sandstones (Gandhi et al., 2014). The
Treasure Lake Group sedimentary rocks were predominantly metamorphosed to the greenschist

facies, deformed and tilted to a generally steep dip during the Calderian orogeny.

In the southern GBMZ, the shoshonitic to high—K calc—alkaline andesitic to rhyolitic volcanic and
volcaniclastic rocks of the Faber Group unconformably overlie the Treasure Lake Group (Gandhi
et al., 2014; chapitre 2). Their angular unconformity is well exposed in the vicinity of the NICO
deposit and the Southern Breccia showings, where rhyolite is the basal unit of the Faber Group.

Gandhi et al. (2014) divided, in stratigraphic order, the Faber Group into five assemblages:
1) the predominantly rhyolitic to andesitic Lou;
2) the predominantly andesitic Cole;
3) the mafic to felsic Hump;
4) the rhyolitic to andesitic Mazenod; and
5) the predominantly andesitic to rhyolitic Bea assemblages.

Many generations of andesitic to rhyolitic porphyritic dikes related to the build-up of the Faber
Group occur in the Treasure Lake Group, some of them also cut the Faber Group. The presence
and absence of IOAA assemblages support field observations indicating intrusion of dikes
before, contemporaneous with and after the main stages of IOAA, deformation and
mineralization events. Zircon U-Pb crystallization ages of these porphyritic dikes between 1870—
1867 provide minimum age constraints on the Lou IOAA and Mazenod sectors of the southern
GBMZ (Gandhi et al., 2001; Davis et al., 2011). In terms of regional metamorphism and without
considering extensive metasomatism, the dominant metamorphic facies in the Faber Group is

sub-greenschist.
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The southern GBMZ also comprises many generations of felsic to intermediate intrusive suites.
The oldest one consists of 1873 Ma leucocratic granitic bodies, referred to as the early granite
suite (Gandhi et al., 2001, 2014). Their leucocratic nature typically results from extensive and
intense sodic and a more localized and later potassic alteration (chapitre 6; this work). A suite of
dioritic to felsic intrusions (diorite suite) and of 1867 Ma quartz monzonite to monzodiorite
intrusions (quartz monzonite—monzodiorite suite) follow the formation of the early granite suite
(Gandhi et al., 2001). The supracrustal rocks of the southern GBMZ occur as rafts in the Marian
River batholith, a composite intrusive body composed of many undivided plutons with an arc,
syn-collisional, transitional and within-plate character (chapitre 2). Some plutons of the Marian
River batholith yield zircon U-Pb ages of 1866 Ma and are devoid of any IOAA-related
assemblages; they postdate the main IOAA hydrothermal event in the southern GBMZ. As the
1873 Ma intrusions of the early granite suite are extensively IOAA-altered and predate most of
the intense I0AA event in the Lou IOAA sector (chapitre 6), they provide the maximum age
constraints to the main IOAA hydrothermal event in the southern GBMZ. Through these age

constraints, the IOAA systems are bracketed to a 7 m.y. time window from 1873 to 1866 Ma.

The eastern limit of the southern GBMZ and its known IOAA and the western limit of reworked
Archean rocks of the Slave craton are defined by the Wopmay fault zone, an important
deformation corridor related to the Calderian orogeny that was reactivated at 1.87 Ga (Jackson
et al., 2013). The fault zone has a mid-crustal vertical extension (~20 km) and listrically merges
with the highly resistive Slave craton lithosphere and is interpreted to taper out at depth further
west below the GBMZ as far west as the outcropping exposures of the Hottah terrane (Spratt et
al., 2009). The western and northwestern limits of the GBMZ are concealed under Proterozoic
and Paleozoic sedimentary rocks, but remain within reach of modern exploration drilling and

geophysical modeling (Villeneuve et al., 1993; Aspler et al., 2003; Hayward et al., 2013).

4.3 Geological setting of the IOAA system

Supracrustal rocks in the southern GBMZ are distributed into two northwesterly oriented sections
referred to as the Western and Eastern sections. Both sections consist predominantly of
metasedimentary rocks of the Treasure Lake Group and volcanic rocks of the Faber Group, but
also include intrusions associated with all intrusive suites of the southern GBMZ. Most of the

recognized IOAA hydrothermal activity is focused within the supracrustal sections.
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The Western section encompasses the Lou IOAA, South Lou and the Mazenod sectors (Fig. 1-
15). The Lou IOAA sector includes the NICO deposit and the Southern Breccia albitite-hosted
uranium showings whereas the Mazenod sector hosts the Sue-Dianne deposit. The Eastern
section is subdivided into the Eastern Treasure Lake and the Cole sectors (Fig. 1-15). No major
base metal-endowed mineralized zones are known in the Eastern section, but the Eastern
Treasure Lake sector hosts significant iron oxide showings in the Ron and Hump zones. A two-
dimensional inversion of a magnetotelluric survey by Spratt et al. (2009) indicates that the
Western section is located along the margin of the resistive Archean mantle and the Hottah
terrane, providing a lithospheric connection between the upper crust and the mantle and
resulting in an overall crustal geometry similar to that of the Gawler Craton, which hosts the
Olympic Dam IOCG deposit (cf. Heinson et al., 2006; Skirrow, 2010). A potential discontinuity
from surface to the upper mantle has also been imaged through a new regional magnetotelluric

survey centered on the NICO deposit (Craven et al., 2013).

4.3.1 Western section

IOAA assemblages in the Lou IOAA and South Lou sectors are largely developed in the
Treasure Lake Group metasedimentary rocks yet extend into the volcanic rocks of the Lou
assemblage in the Lou IOAA sector and undivided rhyolitic rocks of the Faber Group in the
South Lou sector. In the South Lou sector, IOAA facies are sporadic to continuous over
hundreds of meters whereas the major IOAA zones in the Lou IOAA sector are associated with
the NICO deposit and the Southern Breccia and extend over many kilometers at surface.
Tectonic deformation in the Treasure Lake and Faber groups in the Lou IOAA and South Lou
sectors is focused in meter to hundred meters wide and W- to WNW-oriented deformation
corridors (e.g., Duke, Peanut, Southern; Fig. 1-15). Tectonic foliations in the deformation
corridors typically strike W to WNW, are dominantly steeply dipping (80° to vertical) to the
northeast and are concordant to slightly discordant with the bedding of the Treasure Lake Group
metasedimentary rocks. The extent and intensity of IOAA in those deformation corridors indicate
that they acted as important permeable pathways and focused hydrothermal fluid flow during
IOAA activity in the Lou IOAA and South Lou sectors. Internal folding, several generations of
porphyritic dike emplacement and extensive tectono-hydrothermal brecciation are also

characteristic of these deformation corridors (chapitre 2).

The Mazenod sector hosts the Brooke, Mar and Nod polymetallic IOCG prospects and showings

as well as the Sue-Dianne I0CG deposit. IOAA in this sector is developed in the Sue-Dianne

194



volcanic complex that encompasses volcanic and volcaniclastic rocks of the Lou, Mazenod and
Bea assemblages of the Faber Group, feldspar-phyric intrusions, and scattered lenses and fault-
bounded blocks of Treasure Lake Group metasedimentary rocks (Camier, 2002). Volcanic units
of the Faber Group in the Sue-Dianne volcanic complex are faulted and gently folded as a result
of asymmetric collapse of the volcanic edifice (Camier, 2002). Major faults include the N-trending
Mar fault zone that has been dissected and displaced by the younger NE-trending Dianne fault
and the Marian River deformation corridor (Fig. 1-15). The Mar fault zone is interpreted as the
controlling structure for the formation of the Sue-Dianne deposit as well as the Brooke, Nod and
the Mar prospects and showings (Gandhi, 1989; Camier, 2002). Localized faulting provides
additional control over the distribution of the mineralization zones in the Sue-Dianne deposit
where chalcopyrite-bearing mylonites with IOAA have been observed along some of these local
faults, indicating that they were active before and likely during the formation of the Sue-Dianne
deposit (Camier, 2002). Another important deformation zone in the Mazenod sector is the N-
oriented Marian River deformation corridor that is located at the contact between the volcanic
sequences and the Marian River batholith. Deformation is strongly partitioned into a thin sliver of
the Treasure Lake Group metasedimentary rocks and extensive IOAA throughout the
deformation zone indicates that it focused hydrothermal fluid flow and resulted in numerous

zones of tectono-hydrothermal brecciation (Fig. 1-15).

4.3.2 Eastern section

IOAA in the Cole sector is developed in the Cole volcanic complex which includes volcanic and
volcaniclastic rocks of the Cole assemblage of the Faber Group, feldspar-phyric intrusions and
dikes, and intrusions of the quartz monzonite—monzodiorite suite. The Cole assemblage consists
primarily of feldspar—amphibole-phyric andesite and locally rhyolite and volcaniclastic units.
Late-stage granitic dikes with elevated uranium and thorium contents (up to 12.1 and 51.9 ppm,
respectively) are devoid of any IOAA and cut IOAA in the Cole sector. The 1866 Ma plutons of
the Marian River batholith nearly surround entirely the Cole volcanic complex and are devoid of
IOAA facies in the Cole sector. They provide a minimum age of 1866 Ma for the IOAA event that
matches the timing of the main IOAA events in the other sectors of the southern GBMZ. Major
deformation zones in the Cole sector where intensity of IOAA and brecciation significantly
increases include an important and N- to NW-oriented (0° to 330°) deformation corridor that led
to the formation of an approximately 450 m-wide tectono-hydrothermal breccia zone referred to
as the Cole Breccia (Fig. 1-15).
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IOAA in the Eastern Treasure Lake sector mainly developed in a unit of metasiltstone
interlayered with metaquartzite beds of the Treasure Lake Group, but also locally after the
metacarbonaceous unit of the Treasure Lake Group, undivided volcanic rocks of the Faber
Group and the Hump assemblage of the Faber Group. Intrusions of the early granite, some
intrusions of the dioritic suites and some intrusions of the quartz monzonite—monzodiorite suites
exhibit IOAA-assemblages. IOAA facies (sodic, sodic—calcic—iron and HT calcic—iron) in the
quartz monzonite—monzodiorite suites are especially well-developed in the southern part of the
Cole sector (Fig. 2-9 au chapitre 2). IOAA in the Eastern Treasure Lake sector is focused along
WNW- and N-oriented faults or deformation corridors (Goad et al., 1996; Mumin et al., 2000).
Weak to well developed, NE-dipping and penetrative WNW-oriented tectonic foliations are
ubiquitous in the Eastern Treasure Lake sector and are roughly parallel to the Treasure Lake
Group bedding. No direct timing constraints are available for the IOAA activity in the Eastern
Treasure Lake sector. Considering that the 1873 Ma early granite intrusions exhibit extensive
IOAA and that granitic dikes mineralogically similar to the 1866 Ma intrusions of the Marian River
batholith that cut IOAA facies are not altered, most of the IOAA activity in the Eastern Treasure

Lake sector likely occurred between 1873 and 1866 Ma.

4.4 Methods

4.4.1 Rock description and mineral identification

The mineralogy of IOAA facies and mineralization zones in the studied prospects and showings
of the southern GBMZ were established using polished slabs, cobaltnitrate stained slabs, optical
microscopy and scanning electron microscopy (SEM). A Zeiss EVO® 50 SEM equipped with
INCAXx-sight (Oxford instrument) energy dispersive spectrometry (EDS) located at INRS-ETE in
Quebec City and the Geological Survey of Canada facilities in Ottawa were used. SEM
operating conditions were set using a working distance of 8.5 mm, the high voltage (EHT) was

set at 20 kV and the probe current was set at 1.5 nA.
4.4.2. Geochemical analysis

In situ measurements of %K, eTh (ppm) and eU (ppm) in IOAA facies were made during
fieldwork using a portable gamma-ray spectrometer (Radiation Solution RS-230 unit). Each

measurement lasted 120 seconds and was obtained on flat surfaces with sufficient volumes for
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the analysis. The prefix “e” (eTh or eU) denotes that U and Th concentrations were determined
indirectly from their daughter products (*'*Bi and ?°*Tl respectively) assumed to be in equilibrium

with their parent isotopes.

Samples for whole rock geochemistry were carefully selected and chipped in the field to avoid
unwanted veins or overprinting alteration and to collect a sufficient volume of megascopically
uniform and non-weathered rock material. This sampling protocol optimized the compositional
characterization of each alteration type as all other alteration types detectable at megascopic
scale were avoided during sampling. Geochemical interpretation of element mobility patterns
discussed in this paper thus rest on ample examples of each alteration types (cf. Corriveau et
al., 2015 for the geochemical dataset and the QA/QC protocols; representative analyses are
presented in Appendix 4). The samples were crushed in a steel-plated jaw crusher and
powdered using an agate ball mill. Major and trace elements for most of the samples were
analyzed by ICP-AES and ICP-MS following lithium borate fusion at INRS-ETE. Some metals
(Bi, Co, Li, Mo, Ni, Pb and Sn) were analyzed by ICP-MS following 4-acid digestion at Acme
Laboratories in Vancouver (Canada; method 1EX). Some highly volatile elements (As, Cs, Rb,
Sb) were analyzed by instrumental neutron activation at Becquerel Laboratories in Toronto
(Canada; Appendix 4). Sample with elevated uranium contents determined by gamma-ray
spectrometry (e.g., Southern Breccia and Cole Uranium showings) were analyzed by ICP-AES
and ICP-MS following an aggressive 4-acid digestion to dissolve all the potentially
resistate/refractory minerals (e.g., zircon, rutile, Nb-bearing minerals, titanite; method ME-
MS61U of ALS in Vancouver). A selection of samples from the Southern 