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SOMMAIRE

Cette étude se rapporte à la modélisation conceptuelle métallogénique de la

ceinture de roches vertes de l'Abitibi au niveau du camp minier de Val d'Or, dans les

cantons de Bouriamaque et de Louvicourt. Les objectifs visés sont l) de fournir une

vision globale sur le développement et révolution tectonostratigraphique de cette région

et 2) d'expliquer l'origine des gisements de sulfures massifs volcanogènes (SMV) et des

gisements d'or filonien mésothermaux (OFM) en faisant appel d'une part, aux

interprétations géologiques connues pour ce secteur et d'autre part, aux modèles

génétiques les plus plausibles pour la formation de tels gisements à l'Archéen.

Le modèle lithotectonique proposé par Desrochers et al. (1993) pour le

développement géologique de la région de Val d'Or-Malartic suggère que le groupe de

Malartic résulte d'une accrétion de fragments de plateau océanique (les domaines Nord,

Vassan, Centre et Sud) sur lesquels est venu se superposer un volcanisme calco-alcalin

relié à une distension intraplaque (domaine de Val d'Or). Les roches du domaine de Val

d'Or ont subi une altération hydrothermale intense (associée aux SMV), visible par la

présence d'une signature peralumineuse dans les roches calco-alcalines affectées. Les

domaines représentant les fragments océaniques ont une affinité tholéiitique à

komatiitique. Les roches volcaniques mafiques des domaines Central et Sud exhibent

deux types de patrons des éléments des terres rares (ETR), ce qui suggère l'existence

d'au moins deux sources mantelliques distinctes pour ces roches.



Le modèle de cellule de convection hydrothermale (CCH) est préconisé pour

expliquer la formation des gisements SMV anciens et actuels. Ce modèle suppose

l'existence d'une intrusion sub-volcanique à une profondeur relativement faible (2-3 km

de profondeur) pour chauffer l'eau de mer et ainsi engendrer un mouvement de

convection au sein d'une dorsale océanique. L'étude des gisements SMV de la région

démontre qu'ils appartiennent au groupe Cu-Zn et au sous-type Mattabi. Ces gisements

sont caractérisés par l) des quantités relativement abondantes de fragments de roches

volcaniques, 2) des cheminées d'altération relativement larges aux contacts mal définis,

3) des grandes zones d'altération bien développées et en semi-conformité, et 4) la

présence de carbonates de fer et/ou de chloritoïdes dans les cheminées et/ou les zones

d'altération.

Parmi les principaux modèles génétiques pour les gisements OFM (modèle eau

météorique, modèle orthomagmatique, modèle métamorphogénique et le modèle de

dégazage mantellique-granulitisation), le modèle de dégazage mantellique-granulitisation

(DMG) offre l'explication la plus complète pour la formation de la majorité de la

minéralisation OFM de la région d'intérêt. Suivant ce modèle, les gisements OFM

archéens sont intimement liés à la cratonisation de la province du Supérieur. En

fournissant magma, chaleur et éléments volatiles à la croûte inférieure, le diapirisme

mantellique aurait contribué à la formation d'un résidu granulitique déshydraté et d'un

fluide hydrothermal riche en éléments incompatibles (Li, Rb, B, Cs, U, Th, K), H^O,

CÛ2 et or. Ce fluide, dérivant soit de l'exsolution des magmas silicatés ascendants, soit
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directement de la source déshydratée, aurait ensuite été canalisé dans les structures

profondes de la déformation régionale. Les fluides métamorphiques, générés lors du

métamorphisme de faciès schistes verts-amphibolite inférieur, ou les fluides d'eau

météoriques provenant de la surface peuvent avoir jouer un rôle, au même titre que les

fluides riches en COz émanant des SMV, dans le lessivage, le transport et la déposition

de l'or et des éléments associés, dans l'est du secteur de Val d'Or.

L'examen du secteur des cantons Bouriamaque-Louvicourt montre que plusieurs

caractéristiques géologiques de cette région et de sa minéralisation OFM sont en accord

avec les principaux éléments du modèle DMG: l) la minéralisation aurifère est

généralement associée à la zone tectonique de Larder Lake-Cadillac (ZTLLC) et se

rencontre essentiellement dans les zones de cisaillement subsidiaires aux failles

régionales; 2) des quantités importantes de carbonates sont associées aux zones de

cisaillement et aux veines de quartz, ce qui témoigne d'une teneur élevée en CO^ dans

le fluide hydrothermal; 3) des enrichissements en K, Rb, U, B, CÛ2 sont observés dans

les zones d'altération adjacentes aux veines; et 4) la minéralisation aurifère dans la région

étudiée semble plus jeune de 80-100 Ma par rapport au magmatisme syn- à post-

tectonique et au métamorphisme régional, celle-ci pouvant être reliée aux processus

magmatiques et métamorphiques en opération dans la croûte inférieure.

La modélisation lithotectonique suggère premièrement, que la croûte abitibienne

a évolué par accrétion du nord vers le sud sur une période s'étendant de 2,750-2,700 Ma
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et deuxièmement, que le secteur de Val d'Or-Malartic est constitué de quatre domaines

distincts qui se sont amalgamés du coté sud du protocontinent abitibien avant 2,705 Ma,

âge qui correspond au volcanisme calco-alcalin dans le domaine de Val d'Or. Ce

domaine et le pluton comagmatique de Bourlamaque se sont formés dans un régime

d'extension au sein des 4 domaines amalgamés. Etant à l'intérieur d'une marge

continentale, deux situations tectoniques sont possibles: l) un bassin marginal

intracontinental et 2) une dorsale océanique subductée. Le pluton de Bourlamaque aurait

agit comme source de chaleur pour faire circuler l'eau de mer minéralisée à Porigine des

gisements SMV dans la région étudiée. Suite à l'événement de formation des gisements

SMV, l'Abitibi-Sud aurait subi un événement de déformation N-S entre 2,700-2,688 Ma,

probablement relié à la fermeture de l'océan entre les sous-provinces de l'Abitibi et du

Pontiac. La zone de suture de cette collision serait représentée par la ZTLLC et ses

failles subsidiaires de deuxième et troisième ordre. Les fluides aurifères produits en

profondeur par DMG (et possiblement par le métamorphisme de faciès schistes verts-

amphibolite) pourraient avoir été canalisés pour ensuite remonter vers la surface à travers

un système hydrothermal constitué de failles. En se basant sur cette modélisation, il nous

est possible de bien cerner le développement (temporel, tectonique, lithologique et

géochimique) et révolution crustale de la ceinture verte de l'Abitibi-Sud à laquelle sont

associés les deux principaux types de minéralisation archéenne.



ABSTRACT

This study concems conceptual metallogenic modelling for the Abitibi terrane of

the Val d'Or-east mining camp located in the Bourlamaque and Louvicourt townships.

Its intent is l) to provide a global review of the development and évolution of the strata

and structures of this district and 2) to explain the base-metal and gold mineralization in

this district, based on the best-known geological interprétations for the district and on the

most plausible crustal-to-local-scale models for Archean base-metal volcanogenic massive

sulphide (VMS) deposits and mesothermal lode-gold (MLG) deposits.

The lithotectonic model of Desrochers et al. (1993) for the geological

development of the Val d'Or-Malartic district suggests that the Malartic Group consists

of an amalgamation of fragments of oceanic plateau (the Northern, Vassan, Central and

Southem domains) upon which was superimposed extension-related calc-alkalic volcanism

(the Val d'Or domain). The rocks of the Val d'Or demain have experienced intense

VMS-related hydrothermal altération, resulting in a peraluminous overprint on calc-

alkalic rocks. The oceanic plateau domains have tholeiitic to komatiitic affinities.

Contrasting rare-earth élément (REE) profiles (flat REE profiles versus LREE-

depleted/HREE-enriched profiles) suggest that the mafic flow rocks of both the Central

and Southem domains come from two distinct mantle sources.

The most favourable explanation for modem and ancient VMS mineralization is
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given by the hydrothermal convection-cell (HCC) model. This model requires a

relatively shallow (2-3 km below seafloor) subvolcanic intrusion to heat and convect

seawater in an oceanic rift environment. Evaluation of the known VMS deposits in the

study area suggests that they belong to the Cu-Zn group and to the Mattabi-subtype.

Thèse deposits are characterized by l) relatively abundant felsic fragmental volcanic

rocks, 2) relatively broad, poorly-defined altération pipes, 3) large, well-developed,

semi-conformable altération zones, and 4) iron carbonate and/or chloritoid in the

altération pipes and/or zones.

Of the current four MLG models (meteoric water, orthomagmatic, metamorphic

dehydration, and mantle degassing-granulitization), the mantle degassing-granulitization

(MDG) concept appears to be the most comprehensive explanation of most Archean MLG

mineralization in the study area. In this model, Archean MLG mineralization is

proposed to be an intégral part of the cratonizadon of the Superior Province. Briefly,

mantle diapirism supplies magma, heat and volatiles to the lower crust, resulting in the

formation of a dehydrated granulitic residue and a hydrothermal fluid containing CO;,

HîO, incompatible éléments (Li, Rb, B, Cs, U, Th, K) and gold. This fluid, which

comes either from exsolution of ascending silicate magmas or direcdy from the

dehydrating source, is channelled into deep régional déformation structures.

Metamorphic fluids generated at the upper greenschist-lower amphibolite transition or

meteoric water descending from surface recharge areas may also have played a rôle,

along with abundant COz-rich fluids from MDG, in the leaching, transport and deposition



of gold and associated éléments in the Val d'Or-east district.

Several characteristics of the study area and its MLG deposits agrée with the

central éléments of the MDG model: l) gold mineralization is associated regionally with

the crustal-scale Larder Lake-Cadillac Tectonic Zone (LLCTZ), and is hosted essentially

by shear zones subsidiary to the régional fault; 2) abundant carbonate is associated with

all scales of shearing and quartz veining, and COz is in fact recognized as an important

hydrothermal fluid component; 3) enrichments in K, Rb, U, B, COz and Au are noted

in altération zones adjacent to quartz veins; and 4) gold mineralization in the study area

is apparently ça 80-100 Ma younger than syn- to post-tectonic magmatism and régional

metamorphism, and may be correlated with lower crustal magmatism and metamorphism.

Lithotectonic modelling suggests that the Abitibi crust evolved by accretion from

north to south over a period extending from ça 2,750-2,700 Ma, and that the Val d'Or-

Malartic district consists of four discrète terranes that were accreted to the southern side

of the Abitibi protocontinent before ça 2,705 Ma, the âge of volcanism for the

superimposed Val d'Or domain. The Val d'Or demain and its apparently comagmatic

Bourlamaque pluton formed in an extensional régime within the four accreted terranes.

Being within a continental margin, two tectonic situations are possible: l) an intra-

continental back-arc, and 2) a subducted oceanic ridge. The Bourlamaque pluton would

have acted as the heat engine to circulate mineralized modified seawater that generated

the VMS deposits of the study area. Subsequent to the VMS environment, the Southern
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Abitibi underwent a north-south deformational event lasting from ça 2,700 to at least

2,688 Ma, probably tied to the closure of the oceanic crust between the Abitibi and

Pontiac subprovinces. The suture zone of this collision is characterized by the LLCTZ

and its subsidiary second- and third-order faults. Auriferous fluids produced at depth by

MDG (and possibly greenstone-amphibolite-type metamorphism) could be tapped and rise

through a fault-valve-type hydrothermal System. Based on this modelling, we see a fairly

well-constrained (temporal, tectonic, lithologic and geochemical) development and

évolution of the southern Abitibi greenstone belt geology, within which two very major

types of Archean mineralization formed as normal products of this crustal évolution.



RÉSUMÉ

Cette étude se rapporte à la modélisation conceptuelle métallogénique de la

ceinture de roches vertes de l'Abitibi au niveau du camp minier de Val d'Or, dans les

cantons de Bourlamaque et de Louvicourt. Ce camp minier est connu pour ses gisements

d'or filonien mésothermaux (OFM) archéens depuis leur découverte au début des années

1900. Cette région recèle également de nombreux gisements de sulfures massifs

volcanogènes (SMV) de dimensions moyennes qui furent exploités de 1942 à 1981,avant

la découverte en 1989 de l'important gisement de Louvicourt. Plusieurs études

régionales ont été réalisées pour comprendre la stratigraphie, la stmcture et révolution

tectonique de la ceinture de roches vertes de l'Abitibi-Sud où se situent ces deux types

de gisements. Les objectifs visés dans la présente étude sont l) de fournir une vision

globale sur le développement et révolution tectonostratigraphique de cette région et 2)

d'expliquer l'origine des gisements de SMV et des gisements d'OFM, dans les cantons

de Bourlamaque et de Louvicourt, en faisant appel d'une part aux interprétations

géologiques connues pour ce secteur, et d'autre part, aux modèles génétiques les plus

plausibles pour la formation de tels gisements à l'Archéen.

Une recherche bibliographique a révélé la rareté des données géochimiques se

rapportant aux lithologies du secteur de Val d'Or. Les nouvelles analyses présentées ici

des éléments majeurs indiquent que les roches volcaniques des domaines Vassan, Centre

et Sud ont une affinité tholéiitique à komatiitique. La majorité de ces échantillons ont
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des rapports Y/Zr chondritiques à l'exception d'un petit groupe de basaltes, provenant

des domaines Centre et Sud qui ont des teneurs élevées en Y. Ces teneurs peuvent être

attribuées à une certaine mobilité de l'Y ou plutôt à une accumulation de clinopyroxène,

minéral au sein duquel l'Y est compatible. Toutes les roches tholéiitiques exhibent des

anomalies positives en Nb et Zr et semblent comagmatiques d'après les diagrammes Ni-

Y, Co-Y, V-Y et Sc-Y. Cependant, les patrons des terres rares [patrons plats versus

patrons inclinés où les terres rares légères fTRLé) sont appauvries par rapport aux terres

rares lourdes fTRLo)] suggèrent que les roches volcaniques des domaines Centre et Sud

proviennent de deux sources mantelliques distinctes: une source mantellique tholéiitique

appauvrie et une source mantellique tholéiitique également appauvrie en TRLé.

La majorité des roches extrusives et intrusives du domaine de Val d'Or sont

altérées, comme en témoigne la présence de corindon normatif dans leur norme CIPW.

Cependant, les roches avec ou sans corindon dans leur norme se comportent de façon

similaire sur les diagrammes Y versas Zr, indiquant que malgré une altération intense

les éléments incompatibles tels que Y et Zr retiennent leur caractère immobile pour la

plupart des échantillons.

Malgré l'importance de l'altération, les tendances magmatiques, basées sur le

comportement des éléments majeurs, demeurent évidentes. Pour leur part, les éléments

traces et les terres rares (anomalies négatives en Nb et Ti et positive en Zr,

enrichissement en TRLé) sont en accord avec une affinité calco-alcaline pour les roches
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du domaine de Val d'Or. Aussi, les roches intrusives et extrusives de ce domaine ont

des caractérisdques géochimiques similaires impliquant un lien cogénétique.

Les gisements de SMV du camp minier de Val d'Or-Est appartiennent au groupe

Cu-Zn et s'apparentent aux gisements du sous-type Mattabi. Ils sont caractérisés par une

minéralisation Cu-Zn qui apparaît sous forme de lentilles stratiformes ou de stockworks.

Les roches encaissantes sont felsiques et volcanoclastiques et ont des compositions

peralumineuses suite à un lessivage intense du Ça et du Na. Plusieurs types d'altération

sont visibles au sein de ces roches: l) une chloritisation à proximité des systèmes de

stockwork; 2) une séricitisation semi-concordante à l'extérieur de la zone de

chloritisation; et 3) une altération en carbonates +/- chloritoïdes +/- grenat.

Le modèle de la cellule de convection hydrothermale (CCH) est préconisé pour

expliquer la formation des gisements de SMV anciens et actuels. Ce modèle requiert la

présence d'une intrusion sub-volcanique à une profondeur de 2 à 3 km pour chauffer

l'eau de mer et ainsi engendrer un mouvement de convection au niveau d'une zone

d'expansion océanique. Suivant ce modèle, l'eau de mer percole à travers la croûte

océanique et réagit avec les roches basaltiques chaudes pour former des précipités

minéraux et une solution hydrothermale chaude et minéralisée. Cette solution

hydrothermale remonte ensuite vers le plancher océanique et précipite des sulfures

métalliques lorsqu'elle entre en contact avec l'eau de mer froide. Il est à noter qu'une

faible proportion du fluide minéralisé pourrait provenir de l'intrusion sub-volcanique.
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La grande majorité des systèmes de SMV sont recouverts d'une couverture de

sédiments ou d'une couche de silice et/ou carbonates entre le plancher océanique et le

gisement. Il est également possible que ces systèmes soient formés d'une certaine

épaisseur de roches volcaniques non fracturées lorsque les sédiments sont absents. Dans

tous ces cas, la source de chaleur et les fluides hydrothermaux se trouvent isolés, ce qui

empêche une incursion trop rapide de l'eau de mer froide. La fracturation locale de la

couverture sédimentaire ou volcanique prévient également une percolation des fluides à

travers la croûte. En effet, les fluides hydrothermaux auraient plutôt tendance à remonter

vers le plancher océanique, le long des failles et des fractures synvolcaniques, ces

dernières étant le résultat d'une distension crustale ou d'explosions bréchiques.

Les analogues modernes les plus représentatifs de la minéralisation de SMV

archéenne ont été décrits pour l) la fosse d'Okinawa qui correspond à un bassin marginal

intracontinental au sein duquel on rencontre des gisements de SMV de type Kuroko; 2)

le bassin marginal de Lau dont les gisements de métaux de base sont intermédiaires entre

la minéralisation typique associée aux dorsales océaniques et à celle de type Kuroko; 3)

l'est du bassin de Manus qui représente un bassin marginal en extension auquel sont

associés des gisements de sulfures polymétalliques; et 4) le guyot de Franklin, localisé

près de la terminaison ouest de la dorsale, dans le bassin de Woodlark, où l'activité

hydrothermale est associée à une marge continentale.

Les principaux modèles génétiques pour les gisements d'OFM (modèles eau
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météorique, orthomagmatique, métamorphogénique et le modèle de dégazage

mantellique-granulitisation (DMG)), proposent plusieurs sources variées de fluides et de

solutés, et différentes hypothèses pour expliquer cette minéralisation. Le modèle eau

météorique, basé principalement sur les gisements d'or filonien épithermaux et

mésothermaux rencontrés dans la Cordillère canadienne, propose que les gisements

d'OFM archéens se sont formés par la convection profonde des eaux météoriques

descendantes. De son côté le modèle orthomagmatique suggère que, lors de la

cristallisation d'une intrusion, il y a exsolution de fluides hydrothermaux chargés de

métaux, soufre et minéraux de gangue pour éventuellement former des gisements

d'OFM. Pour sa part le modèle métamorphogénique envisage l'écoulement de fluides

de faibles densité et salinité, mais riches en CO; et HzO à travers les failles crustales.

Ces fluides proviendraient de la dévolatilisation des roches volcaniques mafiques lors du

métamorphisme au faciès amphibolite-schistes verts, phénomène à peu près synchrone

à la déformation et au plutonisme tardifs. Suivant le modèle DMG, le diapirisme

mantellique, en fournissant magma, chaleur et éléments volatiles à la croûte inférieure,

aurait contribué à la formation d'un résidu granulitique déshydraté et d'un fluide

hydrothermal riche en éléments incompatibles (Li, Rb, B, Cs, U, Th, K), îîzO, COz et

or. Ce fluide dont l'origine est reliée soit à l'exsolution des magmas silicatés ascendants,

soit directement à la source déshydratée, aurait ensuite été canalisé dans les structures

profondes de la déformation régionale. De petits corps intrusifs seraient aussi piégés

dans ces zones de déformation. Notre évaluation de ces principaux modèles favorise le

modèle DMG qui offre l'explication la plus complète pour la minéralisation d'OFM
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archéenne, dans le contexte de révolution des ceintures de roches vertes. Selon Colvine

et al. (1988), les gisements d'OFM archéens sont intimement liés à la cratonisation de

la province du Supérieur. D'ailleurs, la présente étude suggère que les fluides

métamorphiques, générés lors du métamorphisme de faciès schistes verts-amphibolite

inférieur, ou possiblement les fluides d'eau météoriques provenant de la surface peuvent

avoir joué un rôle, au même titre que les fluides riches en CO; provenant du DMG, dans

le lessivage, le transport et la déposition de l'or et des éléments associés, dans le secteur

aurifère à l'est de Val d'Or.

Probablement, les analogues les plus représentatifs de la minéralisation d'OFM

archéenne sont les gisements d'OFM retrouvés sur la côte ouest du continent nord-

américain. Cette région est formée d'une série de terrains allochtones qui se sont

agglomérés à la marge continentale pour ensuite être subductés sous celle-ci. Les

gisements d'OFM des Cordillères sont l) retrouvés seulement dans des terrains

allochtones, 2) associés à des failles régionales crustales et post-métamorphiques qui

pourraient représenter des zones de suture entre les différents terrains et 3) souvent

associés à des failles inverses subverticales, subsidiaires aux zones de failles majeures.

Certains domaines phanérozoïques (ex. : les Monte Rosa Lodes dans les Alpes italiennes

ou la ceinture de schistes de Ballarat en Australie) renferment des gisements d'OFM qui

partagent des emplacements géodynamiques similaires.

L'examen du secteur des cantons Bourlamaque-Louvicourt montre que plusieurs
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caractérisdques géologiques de cette région et de sa minéralisation d'OFM sont en accord

avec les principaux éléments du modèle de DMG: l) la minéralisation aurifère est

généralement associée à la zone tectonique de Larder Lake-Cadillac (ZTLLC) et se

rencontre essentiellement dans les zones de cisaillement subsidiaires aux failles

régionales, à Pintérieur de veines non déformées de quartz-tourmaline-carbonates-pyrite;

2) des quantités importantes de carbonates sont associées aux zones de cisaillement et aux

veines de quartz, ce qui témoigne d'une teneur élevée en CÛ2 dans le fluide

hydrothermal; 3) des enrichissements en K, Rb, U, B, COz et Au ont été observés dans

les zones d'altération adjacentes aux veines de quartz; et 4) les gisements d'OFM de la

région étudiée sont spatialement reliés à, ou sont à l'intérieur des intmsions de

compositions intermédiaires à felsiques; et 5) la minéralisation aurifère dans la région

étudiée semble plus jeune de 80-100 Ma par rapport au magmatisme syn- à post-

tectonique et au métamorphisme régional et peut être reliée aux processus magmatiques

et métamorphiques en opération dans la croûte inférieure, comme en témoigne l'histoire

tectonique de la zone structurale de Kapuskasing.

Finalement, la présente étude s'intéresse à la métallogénie du secteur est de Val

d'Or. Dimroth et al. (1983a,b), Ludden et Hubert (1986) et Jackson et Fyon (1991)

proposent que la croûte abitibienne a évolué par un processus d'accrétion du nord vers

le sud sur une période s'étendant de 2,750-2,700 Ma. En considérant le secteur de Val

d'Or-Malartic, il semble que même à l'intérieur d'une petite portion de la ceinture verte

de l'Abitibi-Sud, ici représentée par le bloc composite de Malartic (BCM), il y a eu des
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phénomènes d'accrétion. Effectivement, Desrochers et al. (1993) stipulent que le BCM

est formé de quatre domaines distincts qui se seraient agglomérés du côté sud du

protocontinent abitibien, un par un ou par une combinaison de regroupements. Chaque

domaine a enregistré une déformation D, bien marquée, ce qui indique probablement

différents événements obliques. Cette accrétion devait être nécessairement complétée à

2,705 Ma, l'âge qui correspond au volcanisme calco-alcalin du domaine de Val d'Or.

Présentement, nous ignorons si certains, ou tous les domaines du BCM, se retrouvent à

l'est de Val d'Or. Si tel n'est pas le cas, nous pouvons supposer que des domaines

similaires se sont agglomérés plus à l'est. Le domaine Sud semble se prolonger au sud

du domaine de Val d'Or, quoique cet empilement volcanique de roches tholéiitiques

pourrait représenter un tout autre domaine.

Dans tous ces cas, la possibilité que le domaine calco-alcalin de Val d'Or repose

en discordance sur les domaines accrétés D, du BCM représente une situation anormale

en soi. Nous devons faire appel à un régime en extension à l'intérieur d'une marge

continentale formée des quatre domaines Di déformés et nouvellement agglomérés.

L'extension crustale, dans un tel environnement, est consistante avec la composition

calco-alcaline du domaine de Val d'Or et aussi avec la formation de la minéralisation de

SMV associée. Étant à l'intérieur d'une marge continentale, nous pouvons envisager

deux scénarios tectoniques possibles: l) extension au sein d'un bassin marginal intra-

continental; et 2) subduction d'une dorsale océanique. Afin d'expliquer le phénomène

d'extension et les affmités calco-alcalines, Desrochers et al. (1993) ont fait appel au
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deuxième scénario, où la subduction de la nde océanique sous le BCM s'accompagne

d'une montée de magma (plume) qui serait à l'origine du volcanisme calco-alcalin et du

plutonisme sub-volcanique recoupant le BCM. Cependant, dans le cadre de cette étude,

nous favorisons le premier scénario où l'extension crustale survient dans un bassin

marginal surmontant une plaque océanique subductée (ex.: la mer du Japon).

Le pluton de Bourlamaque, qui est probablement comagmatique avec le domaine

de Val d'Or, s'est mis en place dans le BCM, autour de 2,705 Ma et a agit comme

source de chaleur pour modifier et faire circuler l'eau de mer. Etant donné les

dimensions importantes de ce pluton, on peut supposer, si son volume entier était

contemporain au volcanisme, qu'il aurait été suffisamment grand pour générer les

gisements de SMV équivalents à plusieurs camps de SMV de Rouyn-Noranda.

Suite à l'événement de formation des gisements de SMV, l'Abitibi-Sud aurait subi

une déformation N-S entre 2,700 et 2,688 Ma. Cette déformation est visible par un

métamorphisme régional kénoréen de faciès schistes verts et par une déformation D; est-

ouest. Cet événement pourrait être relié à la fermeture de l'océan entre les sous-

provinces de l'Abitibi et du Pontiac par la subduction d'une plaque océanique vers le

nord, pour former la grande suite plutonique syn-tectonique. La collision de la croûte

océanique avec la croûte continentale serait aujourd'hui visible par la présence d'une

zone de suture, représentée par la ZTLLC et par un réseau de failles subsidiaires de

deuxième et troisième ordre.
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Durant les derniers stades de la déformation D^, les gisements d'OFM de type

Sigma se sont formés au-dessus de la ZTLLC. Les fluides aurifères générés en

profondeur par DMG (et possiblement par le métamorphisme de faciès schistes verts-

amphibolite) pourraient avoir été canalisés pour ensuite remonter vers la surface à partir

d'un système de pompage sismique. Selon Robert (1990), le système de veines se serait

étendu à l'échelle de la zone de déformation (jusqu'à 15 km au nord de la principale zone

de suture) et peut-être à plus de 40 km le long de la faille. La nature des veines et de

l'altération de la roche encaissante sont remarquablement similaires pour les gisements

d'OFM du secteur est de Val d'Or. Toutefois, il y a des indices sur les roches-source en

profondeur, comme par exemple, la présence de tourmaline dans les veines, dont le bore

pourrait provenir des sédiments du Pontiac chevauchés par le BCM. La minéralisation

d'OFM semble être le dernier événement géologique archéen d'importance.

En étudiant les différentes facettes de la géologie de l'Abitibi, il nous a été

possible de bien cerner le développement (temporel, tectonique, lithologique et

géochimique) et révolution de la ceinture de roches vertes de l'Abitibi-Sud, au sein de

laquelle on retrouve les deux principaux types de minéralisation associés à son histoire

crustale. Si, dans le futur, il y a des changements significatifs dans les modèles

génétiques des gisements et dans nos conceptions du développement crustal, ces nouveaux

modèles ou interprétations fourniront sans nul doute une meilleure compréhension de

l'Abitibi et de sa métallogénie.
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INTRODUCTION

This study concems conceptual metallogenic modelling for the Abitibi terrane of

the Val d'Or-east mining camp located in Bourlamaque and Louvicourt townships. The

study area lies along the southem margin of the Abitibi greenstone belt and the northem

margin of the Pontiac metasedimentary Subprovince.

The Abitibi subprovince is known for its abundant Archean volcanogenic and

lode-gold mineralization. As shown by Spooner and Barne (1993) for the Abitibi,

volcanogenic massive sulphide production and réserves to 1989-1990 total approximately

424 million tonnes (at 4.4% Zn, 2.1% Cu, 0.1% Pb, 46 g/t Ag, " 1.3 g/t Au) and gold

production and réserves for Abitibi gold deposits (as of January, 1990) totalled to be

approximately 600 million tonnes at an average gold grade of approximately 8 g/t. For

the Val d'Or district, volcanogenic massive sulphide production and réserves total

approximately 44 million tonnes (» 740 000 metric tons of Cu and "780 000 tonnes of

Zn) (author's compilation from Couture, 1991, M.E.R.Q. microfiche deposit ff 32C/4-77

and The Northem Miner, 1994). Gold production from 1941 to 1991 for the Val d'Or

district is estimated to be approximately 195 million tonnes resulting in approximately

630 tonnes of gold (Dussault, 1992).

Located in the Abitibi greenstone belt, the Val d'Or mining distnct of Québec has

been known for its Archean mesothermal lode-gold deposits since their discovery in the



early 1900s (Lulin, 1990), and for its volcanogenic massive sulphide (VMS) deposits

exemplified by several modest deposits mined from 1942 to 1981 and most recently by

the major Louvicourt deposit discovered in 1989 (Bubar et al., 1989). Regional-scale

studies by Norman (1941, 1942, 1943a, 1943b) and Gunning and Ambrose (1940) and

more recendy by Imreh (1976, 1984), Dimroth et al. (1982, 1983a, 1983b), Babineau

(1985) and Desrochers et al. (1993) have examinée closely the stratigraphic and

structural évolution of sectors of the southeastem Abitibi greenstone belt which we find

favourable for thèse types of deposits. The présent study comprises a synthesis of thèse

studies, complemented by additional geochemical analyses, with the intent to provide a

global review of the development and evoludon of thèse strata and structures, and to

relate VMS and lode-gold mineralization to this géologie history.

Stimulated by high gold priées in the 1970s and 1980s, gold mining experienced

a rebirth that continues to this day, and subsequently, a wealth of mine-scale studies has

been published. During this same period, two VMS deposits in this mining camp have

been documented (Spitz and Darling, 1973, 1975, 1978; Robert, 1980). Concurrently,

research on detailed- to large-scale modelling of both VMS and mesothermal lode-gold

deposits has made substantial advances. Thus, the principal purpose of this thesis has

been to explain the occurrence ofbase-metal and gold mineralization in Bouriamaque and

Louvicourt townships east of Val d'Or, based on the best-known géologie interprétations

for the district and on the widely-accepted, large-scale models for Archean, VMS and

mesothermal lode-gold deposits. The potential for other less important deposit types is



also discussed. The following is a brief outline of the thesis.

The section entitled "Régional Geology" contains a summary ofAbitibi greenstone

belt characteristics intended to provide the reader with the overall geological context of

the study area. The section entitled "Local Geology" covers in détail the various

explanations of the geological development of this area so that the reader bas a clear

understanding of the evolving lithotectonic interprétations of the study area. New

geochemical data are présentée! and discussed for rocks from the study area and from the

Val d'Or-west sector. VMS deposit mineralization follows, in which the known VMS

deposits of the study area are discussed and the required "éléments" of VMS formation

are examined. Subsequendy, possible modem analogues are discussed, followed by

modelling of VMS formation for this camp.

With regard to the formation of lode-gold deposits, epithermal deposit

mineralization is briefly addressed whereas a more lengthy description of the various

mesothermal deposit models is given because ofthe mesothermal lode-gold mineralization

well-known in the study area. From thèse models, processes are identified that best

explain fluid formation, migration and gold deposition. In conclusion, the metallogenic

évolution of the Bouriamaque and Louvicourt townships area is discussed as well as

additional, recommended studies that may clarify spécifie problems and therefore, better

explain the occurrence of Archean VMS and mesothermal lode-gold deposit types.



CHAFTER l

REGIONAL AND LOCAL GEOLOGY

l. l REGIONAL GEOLOGY

The following section présents descriptions of the two subprovinces the Abitibi

and Pontiac terranes that comprise the study area.

The Abitibi Subprovince, composed mainly of volcanic and plutonic rocks with

minor sedimentary units, (Fig. l) (Gard and Ciesielski, 1986; Gard, 1990) is the largest

(«700 km x » 200 km) volcano-plutonic belt of the Archean Superior Province. It is

bound to the north by the predominantly metasedimentary River Nemiscau and River

Opinaca subprovinces, to the south by the predominantly metasedimentary Pontiac

Subprovince, and to the southwest it is unconformably overiain by Early Proterozoic

sediments of the Huronian Supergroup and by Middle Proterozoic (Keweenawan)

volcanics and sediments. The Abidbi belt is truncated to the east by the Proterozoic

Grenville Front, to the west by the Kapuskasing Structural Zone (Percival, 1989; Geis

et al., 1990), and to the northwest by metasedimentary schists and gneisses of the

Opatica Subprovince.

The Larder Lake Cadillac Tectonic Zone (LLCTZ; Robert, 1989), a 200-750 m-

wide zone of high strain, marks the southem boundary of Abitibi greenstone belt with
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the Pontiac Subprovince. The LLCTZ is well known for gold camps on its northem

margin, Le., within rocks on the Abidbi side of the tectonic zone, and it passes through

the study area.

The Abitibi greenstone belt is characterized by an altemation of lozenge-shaped

blocks (> 100 km E-W length, commonly 30-40 km N-S width; Hubert, 1990) of mafic

to felsic volcanic rocks with intervening narrow linear belts of clastic sedimentary rocks

generally striking northwest-southeast to east-west (Fig. 2). Whereas ultramafic flows

are rare in the north, they are widespread and voluminous in the south. Intrusions vary

from intermediate synvolcanic plutons and intermediate to mafic synvolcanic sills to syn-

to post-tectonic felsic to mafic, commonly porphyritic stocks and dikes. More than 40

percent of the northem sector of the belt is underlain by large tonalite-trondhjemite-

granodiorite plutons whereas less than 20 percent of the southem zone is underiain by

such plutons (Dimroth et al., 1982).

The bedding and tectonic fabric of rocks in the southem Abitibi are generally

moderately to steeply dipping (45° to 90°); shallow-dipping fabrics do occur, such as in

the core of the Blake River Group in the Rouyn-Noranda distdct (Hubert et al., 1984).

Poids are generally east/west-trending and upright. In the northem sector of the Abitibi

belt, a major folding event formed a séries of east/west-trending synclinoria in the

supracrustal rocks between linear domes of synvolcanic plutons (Chown et al., 1992).

The régional penetrative déformation of the Abitibi Subprovince is considered to have



85' 80'

50'

48'

46'

75-

OPATICA^^^^^^^^M^KChibougamau-
^'y^^

100km

POST
ARCHEAN

a.
^TEPCRTO°NNTIC

ARCHEAN -1

GRANITOID HOCKS

MAFIC INTRUSIONS

ULTRAMAFIC LAVAS

SEDIMENTS
MAFIC-FELSIC
LAVAS

MASSIVE-GNEISSIC
TONALITE

[SSSI PAHAGNEISS- _)
MIGMATITE

50*

48*

46'

80" 75*

Figure 2. Général map of the Abitibi Subprovince divided into lozenge-shaped
blocks. CBZ = Casa Berardi Tectonic Zone, LWZ = Lac Waswanipi
Tectonic Zone, CLZ = Chicobi Lake Tectonic Zone, DZ = Dumagami
Tectonic Zone, LCZ = Larder Lake-Cadillac Tectonic Zone (from Hubert,
1990 as modified from Ludden and Hubert, 1986).



resulted from a north-south compressional event (Hubert, 1990).

Neighbouring "groups" (oldestterminology), "domains" or "assemblages" (current

terminology) generally have mutual fault contacts or the contact relationship is unknown.

Tectonic fabrics and mesoscopic features are increasingly recognized as domainal in

distribution and type, and therefore, rigorous stratigraphic models are difficult to

establish between domains (Jackson and Fyon, 1991; Desrochers et al., 1993).

The Abitibi Subprovince was subjected to a régional dynamic metamorphic event,

except for late post-metamorphic granitic intmsions (Jolly, 1978). The majority of the

subprovince rocks were metamorphosed to the greenschist facies, with local zones of

prehnite-pumpellyite facies and lower amphibolite facies (Gunning and Ambrose, 1940;

Jolly, 1978). Aureoles of amphibolite-grade contact metamorphism, commonly wider

than l kilomètre, are observée around late-tectonic granitic batholiths (Jolly, 1978;

Imreh, 1984).

With the addition of précision age-dating in récent years, considérable

improvement has been made to our understanding of Abitibi geology. Volcanic units and

associated sedimentary assemblages in the northem Abitibi have âges ranging from

approximately 2,730 to 2,711 Ma, with syntectonic plutons emplaced from approximately

2,703 to 2,690 Ma (Chown et al., 1992). In the southem part of the Abitibi, volcanic

and associated sedimentary units and synvolcanic peridotitic to granodioritic intrusions



formed between approximately 2,750 and 2,700 Ma, with most assemblages being

younger than 2,720 Ma (Corfu et al., 1989). North of the Porcupine-Destor déformation

zone in Ontario, assemblages range in âge from approximately less than 2,730 to 2,700

Ma whereas south of this déformation zone, many of the dated assemblages are younger

than approximately 2,705 Ma (Jackson and Fyon, 1991). Régional folding in the

southem Abitibi is estimated to have occurred from approximately 2,700 Ma to at least

2,686 Ma (Pilote et al., 1993), whereas régional greenschist metamorphism is estimated

to have been active from 2,693 ±11 to 2,684 ±7 Ma (Wong et al., 1989, 1991; Hanes

et al., 1989, 1992). Northeast-trending, Eariy Proterozoic tholeiitic dikes crosscut all

lithologies and the dike swarm in the Senneterre district is dated at 2,214.3 ±12.4 Ma

(U-Pb, baddeleyite; Buchan et al., 1993).

Jackson and Fyon (1991) suggest from metamorphic, structural and

geochronological data, that régional metamorphism of the southem Abitibi in Ontario

pre-dated or shortly followed 2,690 Ma pre-Timiskaming déformation and emplacement

of large granitoid complexes. Timiskaming assemblage rocks are, in part, younger than

2,680 Ma (Corfu et al., 1991) and are metamorphosed to the greenschist facies.

Therefore, a second metamorphic event younger than 2,680 Ma is envisaged and is

probably associated with post-Timiskaming déformation. Robert (1990a) notes also that

for the Val d'Or district small syn- to late-tectonic porphyry intrusions which post-date

régional tectonic and metamorphic events have greenschist-facies assemblages.

Furthermore, a second metamorphism is observed to increase with depth in deep mines
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such as in the Sigma mine of the Val d'Or mining camp (Robert and Brown, 1986a).

The locally-exposed, basai séquence of the Pontiac Subprovince is composed of

komatiitic to basaltic volcanic rocks (Dimroth et al., 1982). A thick séquence (estimated

to range from 2,200 mètres (Holubec, 1972) to 1,000 mètres (Dimroth et al., 1982) in

thickness) of essentially greywacke and argillite, with rare occurrences of conglomerate

and iron formation was deposited on the basai séquence. Dimroth et al. (1982) suggest

that thèse sediments are distal submarine-fan deposits composée! of Bouma-cycle

séquences. The central to southem portion of the subprovince is characterized by late-

to post-kinematic intmsions of granodiorite, monzonite and granite with carapaces of

tonalite-granodiorite gneisses injected into the metasediments and/or ultramafic/mafic

rocks (Hubert, 1990; Feng and Kerrich, 1992; Benn et al., 1992b). Deposition of

sediments is bracketed between 2,695 and 2,686 Ma (Davis, 1991) whereas magmadsm

generally spanned 2,694 Ma to 2,645 Ma, with the youngest magmatic event in the

Pontiac Subprovince dated at 2,632 ± 3 Ma (Machado et al., 1991; Feng and Kerrich,

1992).

The Pontiac rocks have been affected by two metamorphic events: l) a

greenschist-grade dynamic metamorphic event, and 2) a subsequent static metamorphic

event. The effect of this second event is rapidly increasing metamorphic grade

(greenschist- to amphibolite-facies) southward from the LLCTZ (Jolly, 1978; Imreh,

1984). The late- to post-kinematic intrusions did not create contact metamorphic
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aureoles, probably because they intruded rocks that had already been metamorphosed to

the amphibolite facies (Larouche, 1979).

1.2 LOCAL GEOLOGY

This section concems the geology between the towns of Cadillac and Louvicourt.

However, emphasis is given to the geology of the Val d'Or mining camp.

1.2.1 Historical Development

The Val d'Or mining camp is located in the southeast part of the Abidbi

greenstone belt. The first stratigraphic nomenclature and structural interprétation

encompassing this area was made by Gunning and Ambrose (1940) (Fig. 3). Based on

field observations, they interpreted the stratigraphic séquence to form a synclinal fold,

named the Malartic syncline, that was the major régional structure of the district.

Despite questions raised by Norman (1941, 1942, 1943a, 1943b) on the validity of this

régional structure as well as the stratigraphic corrélations made by Gunning and Ambrose

(1940), this original interprétation and nomenclature persisted without modification until

the 1970s.

Only slight modifications were introduced to this first interprétation by Latulippe

(1966, 1976). Although the régional synclinal structure was maintained, Latulippe

(1976) demonstrated that the synclinal fold was not symmetrical and suggested a new
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corrélation of stratigraphic units between the northem and southem limbs of the fold.

The changes included the corrélation of the Malartic Group instead of the Blake River

Group with the Piché Group and the division of the Malartic Group of Gunning and

Ambrose (1940) into upper and lower sub-groups (Fig. 3).

A new interprétation of the lithostratigraphy and structure of the Val d'Or-

Malartic area was made by Imreh (1976). By this time, it was recognized that a

systematic révision was needed for the Val d'Or district because l) the early maps were

based on reconnaissance mapping, and 2) extrusive ultramafic rocks, an important rock

type in this area, had been improperiy mapped as intmsive bodies before the early 1970s.

Imreh (1984) provides a new régional lithostratigraphic and structural interpretadon

which includes the Val d'Or district (Fig. 4). This report invokes an east/west-trending

anticline, the La Motte-Vassan anticline, as the major régional structure whose southem

flank is composed of the main lithologies defîned by Gunning and Ambrose (1940) for

the Malartic-Val d'Or districts. Imreh also divides the Malartic Group into five

formations, based on geochemical and physiological characteristics of the rocks: the La

Motte-Vassan, Dubuisson, Jacola, Val d'Or, and Héva formations. This synthesis of

lithology, structure, and geochemistry enabled Imreh (1976, 1984) and co-workers (see

Dimroth et al., 1982, 1983a, 1983b) to put forth a model for the geotectonic évolution

of this area. In its simplest form, this model suggests that the rocks of the Val d'Or

district were formed by deep-water, fissural-type volcanism upon which a central

volcanic complex was formed as a product of crustal subduction.
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The structural and stratigraphic interpretadons of this model have been debated

extensively since their introduction to the géologie community. Structural analyses by

Babineau (1985) show that the Malartic-La Motte district (west-northwest of Val d'Or)

had a complicated structural story. This work shows that stratigraphic corrélations are

impossible between structural domains in the Lower Malartic Group, and questions the

existence of a régional andclinal structure where the stratigraphic section is composed

of simple homoclinal séquences.

As field work progressed eastward from the town of Malartic to Val d'Or

(Desrochers et al., 1993), the stratigraphic and structural interprétations oflmreh (1976,

1984) continued to be questioned. Babineau (1985) and Desrochers et al. (1993) identify

distinctly new lithotectonic domains in the Malartic—Val d'Or district (Fig. 5), and

Desrochers et al. (1993) suggest that the Malartic Group as used by Gunning and

Ambrose (1940) and Latulippe (1966, 1976) consists of an amalgamation of fragments

ofoceanic plateau upon which was superimposed extension-related calc-alkalic volcanism

ÇFigs. 6a and 6b).

In order to explain the various hypothèses of geodynamic évolution for the Val

d'Or district used in this work, the stratigraphic units introduced by Gunning and

Ambrose (1940) and their contemporaries are described below so that the various

lithologies may be identified and geographically located. However, descripdons and

discussions are also presented of the subsequent modifications made to unit divisions and
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Figure 6a. Model for the formation of a Malartic Composite Block (shaded == MCB).
Top: Progressive collage of oceanic plateaux (N = Northem, V = Vassan,
C = Central, S = Southern demain) prior to 2,705 Ma on the Superior
protocontinent. Bottom: Back-stepping of the subducdon zone and ridge
subduction resulting in calc-alkalic volcanism (Black = Val d'Or demain)
on top of accreted plateaux at 2,705 Ma (modified after Desrochers et al.,
1993).
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Figure 6b. Block diagram of assembled Malartic Composite Block. Thick lines
represent fault zones bounding domains, dotted lines represent
unconformities, and thin Unes indicate bedding attitudes (from Desrochers
et al., 1993).
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of the consequential interprétations.

1.2.2 Group Descriptions (Figs. 3 and 4)

The Lac Caste Group is a lenticular unit of argillite and grcywacke (Dimroth et

al., 1982) transformed locally into staurolite-biotite schist and amphibolite indicative of

amphibolite-facies metamorphism (Jolly, 1978). To the northwest of the study area, in

Vassan Township, the group is composed essentially of greywacke. The primary

bedding is strongly transposed, but where a few fold hinges are still identifiable,

measured polarities indicate that stratigraphic tops are to the east (Desrochers and

Hubert, 1991). It is possible that this group and the Garden Island Group (see below)

to the east constitute a single sedimentary séquence that was truncated by the Lacome

batholith (Bell and Bell, 1931; Dimroth et al., 1982). 207Pb/208Pb minimum âges on

detrital zircons from thèse sediments give an upper limit of 2691 ± 8 Ma for their

deposition (Peng and Kerrich, 1991).

The Garden Island Group (Bell and Bell, 1931), located between the volcanic

Malartic and Kinojevis groups, is composed of well-bedded greywacke, slaty schist,

tuffaceous beds, local lenses of conglomerate and a few discrète beds of magnetite-facies

iron formation (Sharpe, 1968; Marquis and Goulet, 1987). Thèse sediments are thought

to represent flysch-type sedimentation near an active volcanic centre (Marquis and

Goulet, 1987). In Louvicourt Township, graded bedding in this unit indicates

stratigraphic tops to the south (Sharpe, 1968), whereas in Pascalis Township (just north
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of Louvicourt Township), south-southeast-trending beddings face northeast (Robert,

1990a). The important increase in exposed width of the Garden Island Group to the east

from 750 mètres to 6 kilomètres is thought to be due to the répétition of lithologies in

the hinge zone of a major andform associated with Kenoran déformation (Marquis and

Goulet, 1987). Because the contacts with the northem and southem volcanic units are

sheared, the exact relationship of the sediments with the neighbouring volcanic rocks is

unknown and the inferred antiform requires confirmation. Metamorphism increases to

the south and east such that the greywacke becomes staurolite- and/or gamet-bearing

micaschist (Marquis and Goulet, 1987). Thèse sediments may be post-volcanic because

the conglomerate lenses contain volcanic clasts in addition to granitic clasts. No

geochronology has been done on thèse sediments to détermine their absolute âge.

The Trivio Group is composed of tuffaceous sediments, greywacke, arkose,

graphitic phyllite, conglomerate, tuff, chert and lava (Sharpe, 1968). Marquis and

Goulet (1987) identifiée! magnetite-facies iron formation in the eastem part of the group,

and correlated the Trivio and Garden Island groups, based on detailed structural and

geophysical studies of the iron formadon présent in the two groups. To the west, the

group is correlated to the Cadillac Group, based on similanes in composition and nature

of sedimentary units from the Malartic and Louvicourt areas (Robert, 1989).

In the westem half of Louvicourt Township, the LLCTZ marks the contact

between the Trivio and Pontiac Groups (Sharpe, 1968; Robert, 1990a). This fault zone
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is extended east to the south side of Lake Trivio located in the southeast quarter of

Louvicourt Township, based on discontinuities in stratigraphy, metamorphism and

structural style (Norman, 1945, 1947; Sharpe, 1968).

Gaudreau et al. (1986) and Marquis and Goulet (1987) observed several changes

in facing directions and interpreted tight folds in the Trivio Group east of Louvicourt

Township. Vogel (1972) also interpreted an important synclinal fold in this sedimentary

unit in Villebon Township. Although no geochronology has been done on thèse

sediments, sedimentation was probably partially contemporaneous with volcanism, as

suggested by thin horizons of crystal and lapilli tuff (Gaudreau et al., 1986) with locally

intercalated lava flows (Sharpe, 1968). If this group may be correlated with the Garden

Island Group, the Garden Island Group may also be partially synchronous with

volcanism, despite the lack of intercalated volcanic material.

The Cadillac Group, a thin unit east of Val d'Or, is nevertheless a regionally

important sedimentary unit. It is composée! essentially of greywacke and argillite with

lenticular intercalations of polymictic conglomerate, tuff, volcaniclastic sandstone and

iron formation (Gunning, 1937; Gunning and Ambrose, 1940). In the Bousquet région

40 kilomètres west of Val d'Or, the group is composed of arkosic sandstone, mudstone,

pebbly sandstone, immature volcanic-pebble conglomerate in a dark biodte matrix,

polymictic conglomerate with feldspar porphyry and fuchsite-bearing pebbles, magnedte-

facies iron formation, and rare beds of rhyolitic tuff (Gorman, 1986). Tuff intercalated
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with Cadillac sediments probably indicates a distal volcanic event, presumably

synchronous with the erosional event thatproduced Cadillac clastic units (Landry, 1991).

Sandstone, siltstone, and mudstone together with minor amounts of conglomerate lenses

and felsic dikes are the dominant Cadillac Group lithologies east of Val d'Or (Robert,

1989). The youngest detntal zircons from thèse sediments in the Val d'Or area indicate

that the upper âge limit on deposition is 2,688±3 Ma (Davis, 1991).

On a local scale, zones of répétition of Cadillac and Piché lithologies have been

recognized in drill core. However, contacts are generally sharp, range in dip from

vertical to steeply dipping to the north. Gorman (1986) and Landry (1991) determined

that the Cadillac Group overiies the Piché Group in the Bousquet région (see below).

The Kewagama Group is composed chiefly of greywacke, minor tuffaceous

greywacke, and schist with minor amounts of conglomerate (Gunning and Ambrose,

1940). Despite generally sheared contacts between the Kewagama and Malartic groups

(Babineau, 1985), a basai conglomerate, containing volcanic and intrusive clasts suggests

that the Kewagama Group overlies the Malartic Group (Norman, 1942). East of

Malartic, the Cadillac and Kewagama groups converge, and the nature of the contact

between thèse two groups is unknown because of a lack of outcrop. However, U-Pb

dating of detntal zircons indicate that the upper limit of deposition for both Kewagama

and Cadillac sediments was approximately 2,688 Ma ago (Davis, 1991). Although

Robert (1989) correlates the Cadillac Group sediments with Trivio Group sediments, it
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is possible that Trivio sediments may be correlated with Kewagama sediments because

of the uncertain relationship between the Cadillac and Kewagama groups and because

both the Trivio and Kewagama groups border the southem edge of the Malartic Group.

The upper âge limit on deposidon for the Kewagama sediments is 2,688 ±3 Ma, i.e.,

équivalent to the âge for Cadillac sediments.

The Fiché Group, a long, narrow unit rarely measuring more than one kilomètre

in thickness, extends from Bousquet Township to Louvicourt Township over a distance

of more than 70 kilomètres. West of the town of Malartic, the group consists essentially

of silicified maiïc and intermediate volcanic rocks and of volcaniclastic rocks. East of

Malartic, mafic and ultramafic lavas dominate with numerous intrusions of dioritic and

syenitic dikes, sills, and plutons (Latulippe, 1976; Gorman, 1986; Sansfaçon, 1986).

East of Val d'Or, the group is composed of a northem schistose unit derived from

intermediate to felsic volcaniclastic rocks and a southem schistose unit derived in part

from ultramafic flows, as indicated by locally preserved spinifex textures (Robert, 1989).

The Piché Group is older than the overlying Cadillac sediments, as indicated by north-

facing younging directions (Gorman, 1986; Landry, 1991). Some interflow sediments

are preserved, suggesting that volcanism and sedimentation were in part contemporaneous

(Gorman, 1986; Landry, 1991). Landry (1991) suggests that the Piché Group may

overiie the Pontiac Group because l) the younging directions in both groups are to the

north, and 2) the sedimentary Pontiac and volcanic Piché rocks are interdigitated locally

(Comline, 1979). Robert (1989) also observed répétitions ofPiché and Pontiac rocks in
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drill core from the Orenada mine area in Bourlamaque Township.

The Piché Group may be traced into the dominantly volcanic Villebon Group (see

below) to the east, based on the composition and nature of the units and on additional

information from a vertical gradient magnetic map (Geological Survey of Canada, 1981)

and from drill cores (Robert, 1989).

For a good part of its length, the Piché Group hosts the LLCTZ. Déformation

in the unit generally decreases westward. The heterogeneous nature of the déformation

is exemplified by local domains of low strain. Two main foliations, Si and S^, are found

within the LLCTZ (Robert, 1989). Si is the most penetrative, strikes east-west, dips

steeply to the north, and is folded locally by asymmetric Fz folds. 82 is a spaced

crenulation foliation of Si. Robert (1989) interprets the LLCTZ as a zone of dextral

transpression composée! ofa significant shortening component and a transcurrent shearing

component.

The Villebon Group outcrops largely in Villebon Township southeast of

Louvicourt Township. The mafic and minor ultramafic volcanic flows which

characterize this unit are locally strongly epidotized and serpentinized and/or

amphibolitized. A large anticlinal structure, in which the Villebon Group occupies the

centre, suggests that the Villebon Group is older than the Pontiac Group (Vogel, 1972).

However, contacts with the Trivio and Pontiac groups are strongly sheared such that the
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true stratigraphic relation between thèse units is uncertain.

The Pontiac Group consists mainly of metamorphosed greywacke and mudstone

(transformed to quartz-biotite schist) and isolated lenticular horizons of conglomerate

(Sharpe, 1968; Rocheleau et al., 1990). Mafic tuff and black shale containing trace

amounts of sphalerite, chalcopyrite and pyrrhotite are intercalated locally with the

terrigenous sediments (Sansfaçon, 1986). Sedimentary structures and bed thicknesses

suggest that the greywacke and mudstone are turbidites (Lajoie and Ludden, 1984;

Sansfaçon, 1986). Thin units of ultramafic and mafic rocks (mostly extrusive flow rocks)

outcrop locally and are the basement rocks for the sediments. Sedimentary and stmctural

measurements indicate that stratigraphic tops are to the north (Robert, 1990a). An Fi

folding event formed a System of south-verging recumbent folds in thèse metasedimentary

rocks (Dimroth et al., 1983b) and an Fz folding event formed north/south-oriented

recumbent folds that are west-verging (Hubert, 1990). In the Val d'Or area, the

youngest detrital zircons from Pontiac sediments show that the upper âge limit on

deposition for thèse sediments is 2,686±3 Ma (Davis, 1991).

The BIake River Group west of the study area apparently represents the eastem

attenuation of an extensive, volcanic unit of the Rouyn-Noranda région to the west

(Péloquin et al., 1990). Corrélation of this narrow belt of rocks with the voluminous

unit to the west is historical and may not be factual. In the Val cTOr-west area, the

group is composée! of mafic to felsic volcanic and volcaniclastic rocks with associated
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diorite dikes. Minor amounts of greywacke and conglomerate are also présent.

The Malartic Group (Gunning and Ambrose, 1940) is a regionally important

lithological unit consisting of a wide variety of volcanic and plutonic rocks. The

lozenge-shaped group is bounded on all sides by relatively narrow, metasedimentary

groups (Lac Caste, Garden Island, Trivio, and Kewagama) interpreted to have been

deposited as turbidity-current sediments (Lajoie and Ludden, 1984). The présence of

interdigitated tuffs with the sedimentary rocks suggests that volcanism persisted during

collisions between sub-province terranes, resuldng in periodically émergent régions

subject to erosion.

Latulippe (1966, 1976) divided the Malartic Group into upper and lower sub-

groups, based on the predominant rock types characterizing each sub-group, and

supported by disdnctive petrological and geochemical différences (Alsac, 1977; Alsac and

Latulippe, 1979). The Lower Malartic Group is composed dominantly of komatiitic

and basaltic volcanic rocks and their intrusive counterparts. Rocks of this sub-group

have komatiitic and tholeiitic geochemical signatures and have a tendancy to be depleted

in potassium. In contrast, the Upper Malartic Group is composed of relatively

abundant intermediate volcaniclastic rocks, intercalated with mafic to felsic volcanic

rocks and intruded by synvolcanic mafic to intermediate sills. Two rhyolitic units,

representing the last major volcanic event of the Upper Malartic Group, have been dated

at 2,705±1 and 2,706±3 Ma (U-Pb analyses ofzircon; Wong et al., 1991; Pilote et al.,
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1993). A portion of the Upper Malartic Group characterized by relatively abundant

volcaniclastic material was named "the Central Pyroclastic Belt" by Sharpe (1968). The

rocks of this sub-group have calc-alkalic and tholeiitic signatures, and they too have low

potassium contents.

1.2.3 Structure

Lithological contacts in the Malartic Group are generally subvertical and strike

northwest-southeast to east-west. Most rocks exhibit a weak to moderate foliation

running parallel to lithological units. Younging directions are dominantly to the south,

and the group has long been considered a south-facing homoclinal séquence. East of Val

d'Or, the structural trend runs east-west to eastnortheast-westnorthwest, whereas west of

Val d'Or, the structural grain is northwest-southeast and two superimposed générations

of folds have been identified in the Malartic Group, as in the Kewagama and Cadillac

groups (Bouchard, 1979, 1980; Babineau, 1985; Tourigny, 1984). Abundant shear

zones of various dimensions are characteristic of the district. The strikes of shears

generally lie parallel to the local structural trend and their dips are generally steep. The

most prominent example is the LLCTZ (Robert, 1989).

1.2.4 Metamorphism

The metamorphic history of the rocks in the Val d'Or area is complex. Whereas

most rocks are metamorphosed to the greenschist facies due to a régional dynamic

metamorphic event, there are small syn- to late-tectonic feldspar poryphyritic intrusions
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post-dating régional déformation and régional dynamic metamorphism. Thèse intrusions

have also been metamorphosed to the greenschist facies (Robert, 1990a), suggesting a

second metamorphic event. This metamorphic overprint increases in grade with depth

(Robert and Brown, 1986a; Grant, 1986; Morasse et al., 1993). Although attempts have

been made to date régional greenschist metamorphism, the âge of this metamorphism is

not well constrained; âges vary from 2,684 ± 7 Ma (U/Pb technique on metamorphic

rutile; Wong et al., 1991) to 2,693 ± 10 Ma (Ar/Ar technique on metamorphic

magnesio-homblende; Hanes et al., 1992). Robert (1991a) interprets the older âge to

represent greenschist-facies dynamic metamorphism which accompanied déformation, and

the younger âge to represent a possible thermal, middle greenschist-facies metamorphism.

1.2.5 Major Intrusions

The Bouriamaque pluton is an aerially extensive ( » 170 km2) body which intruded

the Malartic Group (Campiglio and Darling, 1976; Campiglio, 1977). The pluton is

dioritic in composition, has a calc-alkalic signature like some rocks of the Upper Malartic

Group, and is considérée! to be a pre-tectonic intrusion, lacking a contact metamorphic

aureole and displaying a weakly developed régional foliation. Geochronology places its

âge at 2,699.8 ± 1.0 Ma (U-Pb/zircon) (Wong et al., 1991), and therefore, régional

déformation has an upper âge limit of approximately 2,700 Ma. Post-folding intmsions

range in âge from 2,694 ± 2 Ma (U-Pb/zircon) for feldspar porphyry dikes at the Sigma

mine (Wong et al., 1991) to 2,685 ±3 Ma (U-Pb/zircon) for a Lamaque plug (Jemielita

et al., 1989), and 2,680-2,685 Ma (U-Pb/zircon and titanite) for the Camflo stock
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(Zweng and Mortensen, 1989; Jemielita et al., 1989; Zweng et al., 1993). Thèse âges

bracket régional déformation between 2,700 and 2,694 Ma. However, it should be noted

that the Kewagama and Cadillac sediments which have an upper âge limit of deposidon

of approximately 2,688 Ma are also deformed, indicating that either the régional Dz

déformation actually lasted to at least 2,688 Ma or a later second puise of régional

déformation occurred.

The other significant intmsions of the district are the granodioritic Bevcon pluton

(considered to be pré- to syn-tectonic; Sauvé et al., 1993) and the monzonitic East

Sullivan stock fTaner, 1986) and the reversely graded, gabbro to leucomonzogranite

Lacome batholith (Boume and Danis, 1987), both characterized by a contact

metamorphic aureole and considered to be post-tectonic. The Lacome batholith has a

2a7Pb/206Pb minimum âge of 2,675 ± 24 Ma (Feng and Kerrich, 1991).

1.2.6 Interprétations of Local Geology

Several authors have contributed to the understanding of the local geology, and

the following is a summary of the évolution of their interprétations.

As noted above, Gunning and Ambrose (1940) interpreted a régional isoclinal

syncline, called the Malartic syncline, passing through the centre of the Cadillac Group

in Cadillac and Malartic townships and continuing along the contact between the Piché
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and Cadillac/Kewagama groups in Foumière and Dubuisson townships west of Val d'Or

(Fig. 3). On the north limb of the fold, the Cadillac sediments overiie successively the

Blake River, Kewagama and Malartic groups. On the south limb of the fold, the

Cadillac Group overlies successively highly-faulted volcanics assumed to be part of the

Blake River Group and the sedimentary rocks of the Pontiac Group. The Blake River

Group was correlated with intensely-deformed volcanic strata now known as the Fiché

Group (Latulippe, 1976), and the Kewagama Group was correlated with the Pontiac

Group.

However, Norman (1941, 1942, 1943a, 1943b) argued against the existence of

this régional synclinal structure. Norman doubted that the groups were conformable,

noting, for example, that the contacts between the Blake River and Kewagama groups

were sheared, perhaps as a result of faulting. He recognized the lack of symmetry of the

fold, and questioned whether sufflcient évidence was available to support the corrélation

of the highly-faulted Piché Group with the Blake River Group.

Despite objections to the existence of this régional fold, the stratigraphic and

structural interprétations by Gunning and Ambrose (1940) persisted until the 1970s when

Latulippe (1976) divided the Malartic Group into lower and upper subgroups, based on

predominant rock types and petrological and geochemical characteristics. Like Norman,

Latulippe also recognized that the Malartic syncline was asymmetric but he supported the

existence of a régional fold. Unlike Gunning and Ambrose (1940), Latulippe correlated
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the Fiché Group with the Malartic Group.

Imreh (1976, 1984) brought forth a new model, envisaging a major régional

structure, the La Motte-Vassan anticline (Fig. 4) which diminished the importance of the

Malartic syncline as a régional feature. According to Imreh, the fold axis of the La

Motte-Vassan anticline runs in a more or less east-west direction through the lowermost

part of the Lower Malartic Group. The southem limb of the anticline is regarded as a

south-facing, homoclinal séquence. Imreh (1976, 1984) also divided the Malartic Group

into five lithostratigraphic formations based on physical and geochemical characteristics.

The divisions, from north to south are, the La Motte-Vassan, Dubuisson, Jacola, Val

d'Or and Héva formations (Fig. 4).

The La Motte-Vassan Formation is composed essentially of ultramafic,

komatiitic flows with rare intercalations of tholeiitic basait. In contrast, the Dubuisson

Formation is composed mostly of tholeiitic basait flows with minor komatiitic

intercalations.

The Jacola Formation is characterized by an assemblage of, from bottom to top,

komatiite, basait, and various types of basaltic breccia. Where the séquence is

incomplète, it is commonly the ultramafic section which is missing. The upper one-third

of the formation is considered the latéral équivalent of the Val d'Or Formation in and

east of the town of Val d'Or.
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The Val d'Or Formation is composed of basaltic flows and flow breccias with

important intercalations of andesitic volcaniclastic rocks. The rocks of this formation are

characterized by a calc-alkalic nature.

The Héva Formation overiies both the Jacola and Val d'Or formations. Imreh

(1984) informally subdivides the Héva Formation into lower and upper units. Between

Lake Malartic and Val d'Or, the lower Héva Formation is composed of a basai basait

covered by vesicular pillow basait and latéral and vertical facies of volcaniclastic

material. A strong iron-ennchment trend on an AFM diagram characterizes the pillowed

basalts of this unit (Imreh, 1984). West of Val d'Or, the lower Héva Formation is

principally andesitic with basaltic facies. Flow breccia is by far the most prominent

facies. A few pyroclastic lenses of decametre to kilomètre scales are also présent. East

of Val d'Or, mafic volcanics continue and are grouped with the upper Héva Formation.

Brecciated facies are more common than massive flows, and pillowed flows are

subordinate. Primary magnetite characterizes the brecciated and massive flows. Minor,

local intercalations of andesitic volcaniclastics are also présent; this volcanism has a

predominantly calc-alkalic signature.

Based on the physical and chemical characteristics of the five formations, Imreh

(1984) and others (see, for example, Dimroth et al., 1982, 1983a, 1983b) modelled the

paleovolcanic évolution of this area in terms of modem volcanism as follows:
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The La Motte-Vassan and Dubuisson formations, having komatiitic and tholeiidc

signatures, were the products of fissural-type volcanism. This abyssal-plain,

deep-water volcanism was characterized by a lack of vesicularity and interpillow

hyaloclastic material and by the absence of cracked or broken pillows.

After abyssal plain volcanism, transitional fissure-type volcanism of the Val d'Or

central volcanic complex produced the Jacola Formation with its mafic and

ultramafic volcanics. The limited régional dimensions of this formation, the

tendancy toward bifurcating units, and the limited latéral extension of the Jacola

flows suggest that the paleoenvironment was that of an island arc.

The transitional-type volcanism of the Jacola Formation evolved laterally to the

east (Val d'Or Formation) and to the south (Héva Formation) to volcanism typical

of central complexes. The Val d'Or and Héva formations, typical of this

volcanism, are composed of volcaniclastic rocks and felsic- to intermediate-type

vesicular flows. The lithogeochemical évolution is seen to mature from west to

east as the magmatism changes from tholeiitic, to tholeiitic and calc-alkalic, to

calc-alkalic compositions. This chemical évolution is thought to confirm and

complète the physical évolution of an island arc.

The structural interprétation of this régional anticline was not widely accepted.

The most convincing évidence against such a structure, as well as the stratigraphic
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continuity of the formations is the structural analysis in the La Motte région (northwest

of Val d'Or) by Babineau (1985) in which three distinct structural domains were

identified without the possiblity of stratigraphic corrélations between domains.

The major-element AFM subdivisions (Irvine and Baragar, 1971) used by Imreh

are probably insufficient alone to classify the volcanic stratigraphy, given the intense

altérations (i.e., seawater altération, hydrothermal altération, metamorphism(s),

metasomatism) that have affected most rocks in the Val d'Or distnct. Trace and rare-

earth élément data may be helpful to more reliably characterize rock units because of

their relative immobilities during altération (Condie, 1976; Ludden et al., 1982). See

Chapter 2 for geochemical data and interprétations of rocks in the study area.

Despite the dubious existence of the La Motte-Vassan anticline, the formadonal

divisions of Imreh (1984) continue to be used albeit with certain inconsistencies. For

example, Gaudreau et al. (1986), who mapped and geochemically analyzed (for major

and selected trace éléments) rocks in the eastem half of Louvicourt Township and in the

neighbouring Vauquelin Township, continue to use Imreh's subunits, but the widths of

the Val d'Or and Héva Formations do not match the formational limits defmed by Imreh

(1990) for the westem sector of Louvicourt Township.

Desrochers et al. (1993) have recently proposed a new geotectonic model for the

Val d'Or-Malartic district. Their interprétations of the terrane between the towns of
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Malartic and Val d'Or also identify other structural domains besides those defined by

Babineau (1985) in the La Mette région. In brief, the rocks belonging to the Malartic

Group have been divided into five tectonostradgraphic domains (the Northem, Vassan,

Central, Southem and Val d'Or domains; Fig. 5) which constitute a Malartic Composite

Block (MCB) (Desrochers et al., 1993). According to thèse authors, the Northem,

Vassan, Central and Southem domains represent the amalgamation of allochthonous

oceanic fragments between which no stratigraphic relationships may be established due

to faulting along demain boundaries (Figs. 6a and 6b). The Val d'Or demain would

represent autochthonously superimposed extension-related calc-alkalic volcanism resulting

from the subduction of an oceanic ridge. This scénario is analogous to Phanerozoic

models (Skulski et al., 1991; Babcock et al., 1992) applied to parts of the west coast of

North America where extension-related volcanic centers are interprétée! to overlie

accreted exotic terranes. The following domain descriptions and interprétations are taken

from Desrochers et al. (1993).

The Northern domain consists of subvertical east/west- to north/south-striking

komatiitic flows and minor basalts with younging directions to the north and to the east,

respectively. Two subparallel east^west-trending penetrative foliations are developed

here, one dipping moderately to steeply to the south (Si) and one inclined vertically (S;).

The Vassan domain is also a steeply dipping east-west homoclinal séquence, but

its younging directions are to the south. It is composed of extensive komatiitic flows
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with some intercalations of basait and komatiitic basait, overiain by basaltic flows with

minor komatiitic intercaladons. This domain displays tectonic features similar to those

of the Northem demain, and due to their lithologcal simlarities, both domains may have

been part of one stratigraphic succession which was disrupted during the tectonic

assembly of the MCB.

The Central domain consists of basaltic, komatiidc, and thin terrigenous

sedimentary layers. Thèse rocks are folded about northwest/southeast-trending Di fold

traces and are refolded by east/west-trending D^ folds (Babineau, 1985). The Di axial

planes are inclined variably to the northeast or to the southwest, whereas the Dz folds are

upright. A penetrative schistosity developed during Di and was reoriented by an east-

west crenulation cleavage associated with Dz. The resulting superimposed fold pattem

is truncated by the fault contacts with the adjacent Northem, Vassan and Southem

domains. Since northwesfsoutheast-trending Di folds are restricted to this domain and

are truncated at its boundaries, the D, event must have taken place prier to the

amalgamation of the Central domain with the neighbouring Northem, Vassan and

Southem domains.

The Southem demain is a south-facing homoclinal séquence composed of

overtumed, steeply north-dipping, east/west- to northwest/southeast-trending strata. The

demain consists ofbasaltic flows and intermediate volcaniclastic intercalations with minor

komatiitic flows, deformed into a séries of asymmetric Z-shaped folds plunging steeply
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to the east. The Di event overtumed the strata which were subsequenûy overprinted by

an east-west cleavage (S^ axial to the Z-shaped folds.

The Val d'Or demain is composed of basaltic to dacidc flows and volcaniclasdc

séquences trending northeast-southwest in the westem part (Desrochers et al., 1991)and

northwest-southeast in the eastem part (Chartrand, 1991). The main schistosity vanes

from N250° to N280° and transposes the lithological contacts into a séries of S-shaped

folds in the west and into Z-shaped folds in the east. The Bouriamaque pluton and the

volcanic rocks of the Val d'Or demain clearly truncate D, structures of the Central and

Southem domains. Therefore, the rocks of the Val d'Or domain must have been

emplaced after the Di event recorded in the other four domains.

According to Desrochers et al. (1993), the Northem, Vassan, Central and

Southem domains form an amalgamated terrane that have each been affected by a Di

déformation event recorded in each domain. This observation would suggest that the

domains were once separate undeformed entities, and that during theirjuxtaposition, they

developed Di fabrics which are variably oriented for each domain as a result of the

direction of collision of each domain. Di déformation is not recognized in the Val d'Or

demain. A predominant east-west foliation is présent in the rocks of all five domains,

and represents a Dz deformational event post-dating the amalgamation of the MCB, and

the calc-alkalic volcanism represented by the Val d'Or domain. Thus, the Val d'Or

demain volcanic rocks and the contemporaneous Bourlamaque pluton (see sections 2.2
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and 2.3.3.2) are thought to have been emplaced after the Di tectonic assembling event,

and presumably to have been erupted through the accreted mafic-ultramafic domains

creating an unconformity. The composition of the calc-alkalic volcanics suggests an

origin as a result ofarift subducted beneath the amalgamated (Northem, Vassan, Central

and Southem domains) terrane (Figs. 6a and 6b).

The geotectonic model of Desrochers et al. (1993) for the Malartic-Val d'Or

district offers a plausible. and attractive explanation of the stratigraphic and structural

évolution of this région. However, it is not yet clear that the Southem and Val d'Or

domains can be extrapolated east of Val d'Or, i.e., into the Bourlamaque and Louvicourt

townships covered in the présent study. For example, the terrane east of the town of Val

d'Or defined by Desrochers et al. (1993) as Southem demain équivalent may be

composed of another domain or even several domains. Another example of the fine

tuning that needs to be made to this model concems the interprétation of the Val d'Or

demain boundary between the Bouriamaque pluton and the metasedimentary Garden

Island Group. Field maps of Imreh (1990), Sharpe (1968), Gaudreau et al.(1986) and

a M.E.R.Q. compilation map (Gaucher and associâtes, 1982) do not indicate abundant

pyroclastic material, the criterion used by Desrochers (pers. commun., 1993) to define

this portion of the Val d'Or demain.

Thirdly, the southem limit of the Val d'Or demain follows in part the limit

between the Val d'Or and Héva formations as defined by Imreh (1990) and in part a Val
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d'Or—Héva limit at a higher stratigraphic position as defined by Gaudreau et al. (1986).

Also, the structural différences suggested by Desrochers et al. (1993) between Val d'Or

demain rocks and Southem demain rocks have not been confirmed south of the

Bouriamaque pluton. The southem boundary of the Val d'Or domain will be better

defined when those structural criteria applied west of Val d'Or are also extended

eastward.

Fourthly, another example of fine tuning is underlined by a geochemical study by

Hébert et al. (1991). This study shows that the Vicour sill is differentiated and of

tholeiitic affinity within the Val d'Or Formation (itself calc-alkalic, and therefore

considérée! to be Val d'Or demain équivalent), and may be comagmatic with the tholeiitic

volcanic rocks of the overiying Héva Formation. If the eastem extension of the Southem

domain is essentially équivalent to the Héva Formation as defined by Imreh (1984) and

Gaudreau et al. (1986), it is difficult to explain the chemical affinity between two rock

suites proposed to have had différent geotectonic origins.

The présent author also suggests that subduction of an oceanic ridge may not be

necessary to explain the Val d'Or domain volcanism. Normal subduction of young, hot

oceanic crust under the amalgamated fragments ofoceanic plateau accreted to a Superior

protcontinent could also have caused melting of the mantle wedge and the amalgamated

domains and formation ofoverlying calc-alkalic volcanic complexes. This simpler (hence

possibly more plausible) scénario may be similar to the modem geotectonic settings of
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the Indonesian région (Fig. 7) where numerous microplate interactions are taldng place

(Karig, 1970, 1971, 1972, 1974; Hamilton, 1979, 1988; Honza, 1991).

Despite the need for fine-tuning, the Desrochers et al. (1993) model clearly

provides an attractive alternative to previous models invoking a régional syncline

(Gunning and Ambrose, 1940; Latulippe, 1976) or a régional anticline (Imreh, 1976,

1984). In addition to its explanation of discordant structural styles, it incorporâtes many

modem ideas on oceanic plate accretion found along the west coast of North America as

well as in present-day situations (such as in the Indonesian région). Also, it offers a

good working hypothesis for the formation of other major tracts of the Abitibi greenstone

belt, including the field area of the présent study.

The emplacement of the MCB is consistent with an evolutionary model suggested

for the southem Abitibi greenstone belt by Jackson and Fyon (1991). Their compiladon

of information on environments of formation for assemblages in the westem Abitibi

suggest (l) that similar tectonic processes operated at différent times, based on the

répétition of assemblages with similar rock associations at différent times, and (2) that

différent tectonic processes operated at the same time, based on the juxtaposition of

coeval assemblages that are différent in terms of lithologic associations. Jackson and

Fyon (1991; page 470) note that in the Indonesian région (Fig. 7), "island-arc

assemblages are being produced above subduction zones while oceanic crust is being

generated at spreading centres. Some volcanism is being superimposed on both older



40

90-E 100'E IIO'E 120'E ISO'E KO'a

^ 10-N

t- o'

— Spraoding canlta

•HTtWSutur»

-^•Strlk—li? f<«ll

C3 Conlin«nt«l (roiminli

<Z2 R*(ion ol ocliv» ors volcanllin

Indien - Australion Plgte

NBP •• North Bltmorck Pl«l»

5BP • Soulh Blimnrck Plala

ws

20-N

ÎO'S

90-E 120" E ISO'E

Figure 7. Schematic diagram of the tectonic interplay in the Indonesian région (from
Jackson and Pyon, 1991 as modified from Hamilton, 1988).



4l

continental fragments and on previously collided (sutured) island-arc complexes." They

consider that this région, displaying numerous diverse microplate interactions, is a

potential analogue for the southem Abitibi greenstone belt. They propose that the

southem Abitibi microplate interaction occurred between two large converging bodies,

the 2.8-3.5 Ga Minnesota River Valley gneiss terrane to the south (Sims et al., 1980) and

the Uchi Subprovince (Stott and Corfù, 1991; Corfu and Stott, 1993) and previously

accreted material to the north.

Applied to the MCB, microplate collision would have been responsible for the

uplift of this composite terrane and the résultant fault-bounded sedimentary basins

surrounding the MCB. With this microplate collision model in mind, it is possible that

the Piché Group and the laterally-equivalent Villebon Group are part of the Pontiac

Subprovince that was accreted to the south side of the sedimentary basins. Conversely,

thèse groups may represent attenuated remnants of oceanic crust caught between the

colliding Pontiac Subprovince and the MCB with the bordering sedimentary basins.

Jackson and Fyon (1991) suggest that the Pontiac metasedimentary belt represents an

approximately 2,600-2,700 Ma remnant of a rapidly formed, major early collisional

accrctionary wedge of turbiditic sediments. As collision continued, the MCB and

surrounding lithologic units were deformed. It is hypothesized, based on structural and

geophysical interprétations (Dimroth et al. , 1983b; Green et al. , 1990; Jackson et al. ,

1991) and by analogy with the Wawa Subprovince (Langford and Marin, 1976; Devaney

and Williams, 1989) that the southem Abitibi greenstone belt was thrust over the Pontiac
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Subprovince. The LLCTZ would then be a crustal-scale shear zone generally marking

the suture between the Pontiac Subprovince and the MCB.

1.3 PECULIARTTIES 0F THE BOURLAMAQUE AND LOUVICOURT

TOWNSHIPS GEOLOGY.

The majority of the rock units described in section 1.2.2 are présent in

Bouriamaque and Louvicourt townships. Although each rock unit is important to the

understanding of the district géologie évolution, the Val d'Or demain and the

Bouriamaque pluton hold spécial significance to the Archean VMS mineralization found

in thèse two townships. Of spécifie interest in the Val d'Or demain is "the Central

Pyroclastic Belt" (CPB), a band of abundant volcaniclastic rocks that was first defined

by Sharpe (1968) in Louvicourt Township and that has been further defined in

neighbouring townships by Chartrand (1991) (Fig. 8). The CPB is of particular

metallogenic interest because it hosts the VMS deposits of this area (see Chapter 3). The

following description of the CPB is taken largely from the compilation and field work

done by Chartrand (1991), Chartrand and Moorhead (1992) and Moorhead and Chartrand

(1993).

The CPB is composed of three volcaniclastic bands intercalated with flow rocks

and essentially mafic sills. Strata generally trend east-west to eastnortheast-

westsouthwest; however, bedding with northeast-southwest trends has been observed
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immediately east of Val d'Or (Desrochers, 1992, pers. commun.) and north-south

oriented bedding has been noted east (Lacroix, 1986; Hubert, 1993, pers. comm.) and

southeast of the Bourlamaque pluton. The majority of the poladty déterminations

indicate a south-facing séquence slightly overtumed to the north. So generally parallels

the régional, penetrative schistosity, 82, which formed during the main phase of

déformation. $2 is oriented east-west to eastnortheast-westnorthwest, dips subvertically,

and overprints Si. Kink bands oriented northeast or northnorthwest are évidence ofa still

later phase of déformation. Rare occurrences of So oriented at an oblique angle to 82

suggest the possibility of juxtaposed mesoscopic structural panels. Altematively, the

Bouriamaque pluton may have caused local rotation of strata during its intmsion into the

Val d'Or domain volcanic pile.

The compositions of flow rocks vary from basaltic to rhyolitic (Girault, 1986);

andesitic compositions are the most common. Basaltic and andesitic lavas are generally

massive or pillowed, and are commonly overlain by flow breccia. Massive lava is

commonly fine- to medium-grained with local amygdule-rich horizons, whereas highly

vesicular (up to 50 %) pillows and pillow fragments characterize pillowed and brecciated

flows. Plagioclase-phyric horizons are also présent locally. Contacts between pillow

lavas and flow breccias are gradational. Flow contacts may be identified by the présence

of l) thin, highly amygdaloidal zones, 2) finely brecciated lava, or 3) rare, thin horizons

of finely laminated tuff. Pillow lava is commonly formed of bun-and-mattress-shaped

pillows less than 2 m long. Flow breccia is composed of isolated pillows and lobate
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pillow fragments in a hyaloclastic matrix.

Dacitic to rhyolitic lavas tend to form small (a few hundred mètres long by

several dekametres wide), lenticular masses composed of 5 to 40 metre-thick flows.

Thèse felsic lavas have homogeneous textures, and consist of aphanitic to fine-grained,

massive aphyric rock. Quartz and feldspar phenocrysts and quartz-feldspar spherulites

are abundant locally. Individual flows and masses may be mantled by aprons of

hyaloclastite and lobe breccia.

Lenses and layers of pyroclastic rock are interstratified with effusive rocks. In

général, the proportion ofpyroclastic to effusive rocks increases as compositions change

from mafic to felsic. Polygenic tuffbreccia, lapilli tuff, and crystal (feldspar and quartz)

tuff are the most common pyroclastic rocks. Bed thicknesses range from several

decimetres to several mètres, and beds may be ungraded, normal, or reversely graded.

Pyroclasts are composed of pumice, scoria, aphyric, spherulitic and porphyritic felsic-

intermediate lava, amygdaloidal and porphyritic mafic lava, whole and fragmented

crystals, and chert. The angularity of fragments is commonly high, although fragments

are variably flattened and stretched parallel to the régional déformation. Less commonly,

ash tuff and cherty pyritic tuff are interbedded with the lava and coarser-grained

pyroclastic rocks, generally marking the end of volcanic épisodes. Most massive

sulphide bodies occur along thèse cherty, tuffaceous "marker" horizons which are

interprétée to be exhalites. AU marker beds are confmed to the CPB.
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In the following chapter, a literature review is given of prior geochemical data

for Val d'Or district rocks. Also, new geochemical data on rocks from the CPB and

surrounding lithotectonic units are presented and discussed in order to further

characterize thèse rocks using trace and rare-earth élément analyses in addition to major

élément data.



CHAFTER 2

GEOCHEMICAL DATA FOR ROCKS 0F THE VAL D'OR DISTRICT

2.1 INTRODUCTION

Archean volcanic rocks are variably metamorphosed and altered, and as a

conséquence, their major-element oxide compositions have been affected to some degree

by additions and/or subtractions of various éléments. On the other hand, some trace

éléments, such as high-field-strength éléments (HFSE: Zr, Y, Ti, Hf, Nb, Ta) and rare-

earth éléments (REE), are relatively immobile and altération résistant and therefore, they

are more reliable indicators of geochemical affinity and may aid in modelling volcanic

paleo-environments.

Research of the literature has revealed a paucity of published geochemical data,

especially HFSE and REE data, for rocks from the Val d'Or distnct. Thus, modelling

of the paleo-environment for the Val d'Or district (e.g., Imreh, 1984; Rocheleau et al.,

1990) has been based mainly on major-element oxide data plotted on AFM (Irvine and

Baragar, 1971) and/or AFTiM (Jensen, 1976) diagrams. Also, interprétations are

commonly impeded by the lack of sample locations and sample descriptions. Thus,

more reliable information was gathered for the présent study by sampling least-altered

rocks for trace éléments and REEs as well as for major-element oxide analyses. As part

of this metallogenic study, a number of geochemical samples were taken in the Val d'Or
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région so that l) the geochemical nature of the various stratigraphic units of the région

could be confidently identified and 2) paleo-volcanic models for the district could be

supported or modified.

In this chapter, a review is given ofprior geochemical data available for Val d'Or

district rocks and of paleo-volcanic models based on thèse data. Following this review,

new major-element, trace-element and REE data from the Val d'Or district are presented,

and comparisons are drawn wherc possible, with prior data from the sector.

2.2 LITERATURE REVIEW 0F THE GEOCHEMISTRY 0F ROCKS IN THE VAL

D'OR REGION.

The first published pebrological and geochemical studies of the volcanic rocks of

the Malartic Group in the Val d'Or district (Alsac et al., 1971, Alsac, 1977; Alsac and

Latulippe, 1979) supported the first division of this stratigraphic unit into lower and

upper groups, established on the predominant rock types characterizing each sub-group

ÇLatulippe, 1966). Based on the major-element geochemistry plotted on AFM diagrams,

the rocks of the Lower Malartic Group are characterized by tholeiitic and komatiitic

signatures whereas rocks from the Upper Malartic Group are characterized by calc-

alkalic and tholeiitic signatures.

However, several problems were encountered while examining the geochemical
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data found in the report of Alsac (1977). For example, not all samples identified on the

location map have corresponding analyses in the table, and samples in the table are not

fully described (e. g., pillowed or massive, amygdaloidal or not, porphyritic or aphyric).

In addition, only major-element oxide analyses were systematically done, and Yb and Y

are the only relatively alteration-resistant éléments given.

Spitz and Darling (1975) used major-element oxide analyses to study the

petrochemical nature of altered volcanic rocks surrounding the Louvem VMS copper

deposit (see Fig. 26 for deposit location). Their work identified the calc-alkalic nature

of the volcanic rocks using olivine-nepheline-quartz and AFM diagrams, despite the

présence of corundum in all norm calculations (refer to section 2.3.2 for further

discussion on the relevance of corundum). Their investigations revealed that the

peraluminous character of thèse rocks was due not to a gain in Al but rather to a

depletion of alkali éléments. This depletion around the VMS deposit may be explained

by local hydrothermal altération. Spitz and Darling (1975) also examined the analyses

of Alsac et al. (1970) and Descarreaux (1972) for Louvicourt Township volcanic rocks

and for Upper Malartic rocks, respectively, and they concluded that 60-70% of thèse

volcanic mafic to felsic rocks have a peraluminous character. They suggested that the

entire Upper Malartic Group was affected by widespread hydrothermal altération and that

this altération is more intense locally around mineralized sites.

Subsequently, a paleo-volcanic évolution model for the Val d'Or distnct was
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proposed by Imreh (1984), based on his extensive field work and geochemical sampling.

Although a great number of geochemical analyses were done (available on computer

diskette in 1992 from the M.E.R.Q), lithological descriptions are lacking, and no trace-

élément or REE analyses were done on rocks from the Val d'Or-east sector.

In this synthesis, Imreh illustrated the chemical characteristics of the différent

stradgraphic formations by plotting major-element oxide data on AFM diagrams. In

summary, the La Motte-Vassan Formation is characterized by komatiitic rocks and minor

tholeiitic basaltic rocks; the Dubuisson Formation is characterized by tholeiitic basaltic

rocks and minor komatiitic rocks; the Jacola Formation is characterized by both

komatiitic and tholeiidc rocks, the least evolved basalts falling between the tholeiitic and

calc-alkalic domains; the Val d'Or Formation has a calc-alkalic nature; and the Héva

Formation is tholeiitic west of Val d'Or and calc-alkalic east of Val d'Or. According to

Imreh's model, the La Motte-Vassan and Dubuisson formations are products of abyssal

plain volcanism whereas the Val d'Or and Héva formations are products of central

volcanic complexes that formed upon the abyssal plain volcanic rocks. The Jacola

Formation represents volcanism transitional between the abyssal plain and central

complex volcanism.

Gaudreau et al. (1986) provides COz, loss on ignition (LOI), major-element and

selected trace-element data, including Zr and Y of samples from the eastem half of

Louvicourt Township and the neighbouring Vauquelin Township to the east. Lava and
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fragmental rocks were sampled and their analyses were plotted on AFTiM diagrams to

categorize the rocks according to Imreh's geochemical and stratigraphic formation

divisions. Some data have been chosen by the author according to rejection criteria

described in section 2.3.2, and thèse analyses are discussed in secdon 2.3.2.1 in

conjunction with the author's data and other data from Girault (1986) (see below) who

sampled various lithologies in Bouriamaque and Louvicourt townships for geochemical

analyses.

Based on Gaudreau et al.'s work and an M.E.R.Q. intérim report by Rocheleau

et al. (1987) on the district extending east of Louvicourt Township to the Grenville

Front, Rocheleau et al. (1990) elaborated a paleo-environment model similar to thât of

Imreh (1984). In Rocheleau et al. (1990), AFTiM diagrams are used to détermine the

geochemical affinity of the rocks from the vanous stratigraphic formations and

environment-of-formation hypothèses are drawn from extended trace-element abundance

diagrams. Unfortunately, représentative analyses for examination are lacking as well as

extended trace-element abundance diagrams.

According to Rocheleau and co-workers, océan floor basalts were generated in

an extensional zone (resulting in the Dubuisson Formation), upon which island arc-type

volcanism occurred (resulting in the Jacola, Val d'Or, and Héva Formations). The Héva

Formation at the top of the volcanic séquence represents an extensional phase

characterized by the emplacement of tholeiitic magma. According to Rocheleau et al.
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(1990), this géologie séquence is comparable to the model proposed by Crawford et al.

(1981) for the Mariana arc in the southwest Pacific Océan.

Girault (1986) deals with the petrography and geochemistry of the volcanic rocks

in Bouriamaque and Louvicourt townships, and followed Imreh's geochemical and

stratigraphic formation divisions. Interprétations of the geochemistry of thèse Archean

rocks are based on diagrams constructed according to Winchester and Floyd (1976,1977)

and Pearce and Cann (1973) for Phanerozoic and Récent rocks. In addition, fractionadon

vectors from Pearce and Norry (1979) diagrams are used to suggest sources and

fractionation types for rocks in this sector. COz and LOI data are unfortunately absent,

making it difficult to evaluate the degree of carbonatization or hydration, and althàugh

REE data are also lacking, useful trace éléments such as Zr, Y, and Nb are provided.

However, Nb concentrations may be questionable because of the difficulties in analyzing

accurately this élément at low concentrations (Girault, 1986). Data from Girault (1986)

have been chosen by the author according to rejection criteria described in section 2.3.2.,

and are discussed in section 2.3.3.1 in conjunction with the author's data and pertinent

data from Gaudreau et al. (1986).

Rare-earth élément and trace-element data for the Bourlamaque intrusion and

volcanic rocks from the Val d'Or and Dubuisson formations have been published by

Tessier et al. (1990). A tholeiitic affmity was assigned to the Dubuisson Formation

rocks, whereas a calc-alkalic affinity and cogenetic relationship was given to Val d'Or
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Formation and Bouriamaque intrusive rocks. Thèse geochemical affinides are based on

composite sample profiles rather than individual profiles on REE diagrams. Examination

of Tessier (1986) on which Tessier et al. (1990) is based reveals that REE analyses

could not be unambiguously corrclated with major-element oxide data due to sample

number répétitions, that individual REE profiles for each rock type had anomalous spikes

crossing one another, suggesting mobilization due to altération of certain REEs, that

samples were not described and, therefore, fragmental rocks from the Val d'Or

Formation may have been analyzed (for petrogenetic analysis, it is préférable to sample

flow rocks than a mixture of matrix and clasts from fragmental rocks), and that no map

locates samples of Bouriamaque intmsive and Val d'Or Formation rocks. (Consultation

with the authors of Tessier et al. (1990) confirmed the nonexistence of a sampling

location map).

Additional REE data of the Bouriamaque intrusion have also been published by

Taner and Trudel (1989). Unfortunately, major-element oxide analyses do not have

complementary REE analyses. Also, the published REE data are averaged results for

various déformation facies, and there is no sampling location map. Therefore, thèse data

also have little comparative value.

Desrochers et al. (1993) review geochemical analyses for ultramafic to felsic

rocks in the Malartic Group west of Val d'Or (Parent, 1985) and show that the komatiites

and tholeiites of the Northem, Vassan, and Central domains are characterized by light
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REE depletion, and that the komatiites, Fe-ennched tholeiites and rhyodacites of the

Southem demain were fractionated from a depleted tholeiite parent. Desrochers et al.

(1993) compare thèse data to those of Phanerozoic tholeiitic and komatiitic assemblages

formed in oceanic plateau environments (cf., Storey et al., 1991), and they also suggest

that the Galapagos oceanic spreading centres (cf., Perfit and Fomari, 1983) have

tholeiitic to rhyodacitic fractionadon trends that are équivalent to those of the Southem

domain rocks. They conclude that thèse geochemical data are consistent with lavas

extruded in an oceanic environment where thick crust may have formed as a result of a

high thermal flux in the mantle and crust.

Desrochers et al. (1993) also examined geochemical data (light REE-enriched

pattems of Tessier (1986) and Tessier et al. (1990)) of Val d'Or domain rocks and the

Bourlamaque pluton east of Val d'Or. Desrochers et al. suggest that thèse calc-alkalic

rocks were derived from a light REE-enriched source that underwent high-pressure

fractionation at the base of a mafic crust thickened and stabilized by abundant tonalitic

injections during subduction of oceanic lithosphere (cf., Laflèche et al., 1992).

The combination of structural and geochemical data lead Desrochers et al. to

suggest that the Northem, Vassan, Central and Southem mafic domains represent

accreted oceanic plateau material and that the younger, calc-alkalic Val d'Or domain

represents extension-related volcanism that erupted through the accreted mafic domains

(Figs. 6a and 6b). Their suggestion that extension may have been the result of ridge
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subduction in a régime of oblique convergence is based on Phanerozoic models (e. g.,

Skulski et al, 1991; Babcock et al., 1992) applied to régions of the west coast of North

America where extensional volcanic centers are interpreted to overiie accreted exotic

fragments.

In summary, most petrogenetic and paleo-volcanic environment modelling for the

Val d'Or district rock units have been based on AFM and/or AFTiM: diagrams, and litde

HFSE and REE data exist for thèse rock units. Référencée! trace-element data are

commonly unpublished or not located on a base map, and samples are commonly not

described. Thus, subsequent to this literature review, the author felt it was important to

obtain for the rocks in the study area new geochemical data including pertinent trace-

élément and REE data that would be complementary to the prior geochemical data.

Thèse new data are presented in the next section.

2.3 NEW GEOCHEMICAL DATA FOR VAL D'OR DISTRICT ROCKS

2.3.1 Introduction

Sampling of rocks in the field, and in drill core when necessary, was done during

the 1991 and 1992 summer field seasons in order to analyze various flow and intrusive

rocks for major, trace and rare-earth éléments. Sampling was focussed on mafic to felsic

flow rocks in the Val d'Or and Southem domains in Bouriamaque and Louvicourt

townships and on mafic flow rocks in the Central and Vassan domains in neighbouring
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townships. In addition, sill-like intrusions in the Val d'Or and Southem domains and the

Bourlamaque and Bevcon intrusions were sampled to characterize their possible

relationships to extmsive magmatism, and relatively late-tectonic feldspar±quartz

porphyries in both domains were sampled for comparison to similar porphyries discussed

in the literature. Mafic and ultramafic rocks of the Central and Vassan domains are

relatively scarce in the northem part of Bourlamaque and Louvicourt townships;

therefore, samples were collected in Dubuisson and Vassan townships where thèse

lithologic units are relatively more abundant and accessible. Few samples of komatiific

rocks were taken because of their low trace-element contents and hence difficulties in

detecting accurate trace-element concentrations.

2.3.2 Characterization of Least-Altered Samples.

Gélinas et al. (1977), Gélinas et al. (1982) and Ludden et al. (1982) evaluate the

major, trace and rare-earth élément geochemistnes of mafic and intermediate flow rocks,

and give guidelines to selecting least-altered samples. Rocks having the following

characteristics are classified as least altered, and are presumed to give reliable

information about major-element behaviour: (l) no abnormal normative minerais such

as corundum in the calculated norm, (2) a cut-off value of 3.8 wt. % for Brfl and COz

combined, (3) no limpid albite (an indicator of spilitization) in mafic rocks, and (4)

chlorite-epidote-actinolite assemblages.

For the évaluation of trace-element and REE behaviours in mafic flows, Ludden
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et al. (1982) examinée! least-altered, chlorite-epidote-actinolite-bearing samples and rarely

chlorite-epidote-bearing samples, and although they used broader volatile cut-off limits

(Le., COz < 2.5 wt.%; HîO < 4 wt.%; COz + îlzO < 5 wt.%) than Gélinas et al.

(1977), the intent was the same, i.e., to eliminate highly hydrated or carbonated samples.

For least-altered samples, Ludden et al. (1982) concluded that HFSEs (Zr, Y, Ti) and

REEs are immobile. Highly altered samples were also examined for comparison, and

Ludden and co-workers found that HFSE ratios remained unchanged whereas REEs may

be leached and redeposited by carbonate-rich and K-rich metasomatic ûuids.

The CIPW norm was calculated for each analysis using the program NEWPET,

and the volatile content of the analyses was examined to evaluate the degrees of

altération. Except for one mafic flow rock, all extrusive volcanic rocks from the Val

d'Or demain contain corundum in the normative calculation. Normative corundum in

sub-alkalic rocks indicates extensive altération resulting in peraluminous compositions due

to depletion in CaO, NâzO and KyO.

It is not uncommon to have small quantities of corundum in the norms of

Phanerozoic andesites (Chayes, 1970; Gill, 1982). Thèse rocks commonly contain

aluminum-rich micas or gamet. Compilation work by Chayes (1970) on the incidence

of normative corundum in some common volcanic rocks (rhyolites to basalts) illustrâtes

an inverse relationship between the relative frequency of corundum and CaO, a direct

relationship with SiOz and an insignificant relationship with A1203. Its présence has
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generally been taken as évidence of the assimilation of aluminous sediments or

metamorphic rocks in the formation of andesites in orogenic environments (Chayes,

1970). In comparison, a laboratory experiment by Kushiro and Yoder (1972) suggests

that andesites and dacites with excess alumina may be formed from direct partial melting

of mantle pendotite under hydrous conditions at a minimum of 10 kilobars and from

subsequent fractional crystallizadon involving the removal of clinopyroxene. The

importance of hydrous conditions and pressures around 10 kilobars is corroborated by

work done by Ujike (1975).

The peraluminous character of Val d'Or demain rocks has already been noted by

other workers (see section 2.2). Figure 9 reaffirms the observation by Robert (1980)

conceming the rocks surrounding the Manitou-Barvue deposit (see Fig. 26 for deposit

location) that there is no obvious corrélation between the quantities of normative

corundum and alumina. Descarreaux (1973), Spitz and Darling (1973, 1975, 1978)and

Robert (1980) recognize that the study area has been affected by a major hydrothermal

altération event associated with volcanogenic massive sulphide formation as well as

greenschist-facies metamorphism. The Val d'Or demain rocks could have been onginally

rich in alumina and were subsequently ennched in alumina by alkali depletion as a result

of intense hydrothermal altération. Without unequivocal évidence to the contrary, the

peraluminous nature of thèse rocks is assumed to be the result of important hydrothermal

altération.
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A1203 (votatile-free wt. %)
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Figure 9. Blnary diagram of normative corundum versus A1203 for
flow and in+rusive rocks of the Val d'Or domain. Solid boxes = flow
rocks (au+hor's da+a); triangles = in+rusive rocks (au+hor's data);
open boxes = flow rocks (data from Girault, 1986 and Gaudreau
et al., 1986).
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Despite the apparent intense altération of Val d'Or domain rocks, trace-element

and REE analyses were done on thèse rocks with low volatile contents, presuming that

typically immobile, alteration-resistant éléments would still indicate geochemical

affinities. Samples from the other domains did not have corundum in the normative

calculations, and samples were selected based on low volatile contents.

AU analyses were done at the Centre de Recherches minérales in Ste.-Foy,

Québec, and the sampling methods and the analytical techniques and their précision are

explained in Appendix l. Major-element oxide, trace-element and REE analyses and the

norms for all samples are given in Appendix 2, and Figure A2.1 gives the sample

locations of the analyzed rocks presented here. Brief macroscopic and microscopic

descriptions of all analyzed rocks are found in Appendix 3.

In the following section, the geochemical characteristics ofthe new flow-rock data

and of a group of data on Val d'Or domain flow rocks from Girault (1986) and Gaudreau

et al. (1986) are discussed. The previously published data are included to increase the

quantity of trace-element data on rocks from the study area. Also, geochemical data

representing Southem, Central and Vassan domain rocks were selected from Desrochers

(1994) to compensate for the lack of outcrops of thèse units in the study area. Finally,

the geochemical data of intrusive rocks from the Val d'Or and Southem domains are

discussed and compared to the flow data to establish their possible relationship to

extrusive magmatism.
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2.3.3 Evaluation of Geochemical Data

2.3.3. l Geochemical Data of Flow Rocks

Flow rocks from the Vassan, Central and Southem domains (see Tables A2. l and

A4 in the Appendices) show that thèse rocks have reasonably low ïlfl and COz contents

and that their normative compositions are corundum-free. Rocks from the Val d'Or

demain (see Table A2.3) shows that all samples except one (sample No. 3867-91, a drill

core sample) have corundum in their normative compositions, suggesting that thèse rocks

were subjected to extensive altération. Although the CO^ contents of Val d'Or demain

rocks are higher than those for samples from the Vassan, Central and Southem domains,

all COz values except two are less than 2.5 wt. % (cf. section 2.3.2). LOI values for Val

d'Or demain rocks are relatively high indicating significant HzO contents: four of the 16

analyses have LOI values greater than 4 wt. %, and only nine of the 16 samples have

combined îï-P and COz contents less than 5 wt.% (cf. section 2.3.2).

Microscopic observations of samples collected by the author (see Appendix 3)

déterminée! that actinolite is présent in all except one sample from the accreted Southem,

Central and Vassan domains, whereas actinolite is not observed in any samples from the

Val d'Or demain. The lack of actinolite in the mafic to intermediate flow rocks and the

présence of albite in several rocks are additional évidence of the intense altération of the

Val d'Or domain rocks. Therefore, the rock names given in Tables A2.1, A2.2, A2.3

and A2.4 are considérée appropriate field names, rather than names based solely on SiOz

contents.
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Figure 10 shows that all of the flow rocks are subalkalic. The AFTiM plot

(Jensen, 1976) (Fig. lia) indicates that rocks from the Southem, Central and Vassan

domains have tholeiidc to komatiitic affinities, and on the AFM plot (Irvine and Baragar,

1971) (Fig. llb), the transitional evoludon from komatiitic to tholeiitic affinities is

underlined by the iron enrichment. Although a few samples from thèse domains fall in

the calc-alkalic fields, indicating relatively high potassium or aluminum contents (boxes:

samples 91-3647-N, 91-3707-N, 91-3708-S, 90-33640-S, 90-33670-S), other diagrams

(presented below) confirm their tholeiitic nature. As for the Val d'Or demain rocks, the

majority of the analyses have calc-alkalic affinities, lacking any significant iron

ennchment on the AFM diagram (exceptions are 5671-92, 5657-92, and 3867-91).

However, REE profiles (presented below) confirm the calc-alkalic nature of the first two

samples; no REE analyses were done for sample 3867-91, and the geochemical affinity

of this sample is not clear from trace-element diagrams.

In summary, thèse AFTiM and AFM plots identify the tholeiitic and komatiitic

nature of rocks from the Southem, Central and Vassan domains and the calc-alkalic

nature of Val d'Or domain rocks, as already established by previous workers (e.g.,

Latulippe, 1976; Imreh, 1984). However, for some samples falling in zones atypical of

their domainal characteristic on such diagrams, trace-element and REE data must be

employée! to confirm their true geochemical affinities.

Major-element oxide binary diagrams (Fig. 12) also confirm the geochemical
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distinction (calc-alkalic versus tholeiitic and komatiitic) between the Val d'Or demain

rocks and the Southem, Central and Vassan demain rocks. In Fig. 12a (MgO vs FeO*),

komatiites have high MgO values which are interpreted to have decreased progressively

as olivine crystallized and FeO accumulated until magnetite began to crystallize, at

which point FeO' tends toward zéro. This geochemical évolution is characterisdc of a

tholeiitic trend. The calc-alkalic trend is lacking among relatively high MgO samples,

but it is évident in the characteristic decrease toward zéro Mgo without any FeO'

ennchment.

In Figure 12b (Al^ vs SiOz), komatiites evolve to tholeiites with increasing

A12Û3 and SiOz contents. Two samples (circles: 3834-91, 3865-91) with high Al-tO,

contents are somewhat distinct from the main group of tholeiites and are called high-

alumina magnesian basait. (This type of basait is common in the Jacola Formation; some

of thèse basalts even contain calcic plagioclase phenocrysts which accôunt for the high

aluminum and calcium contents (Pers. commun., Sauvé, 1994)). Three other samples

(boxes: 91-3684-S, 91-3691-S, 91-3674-S) are separated slightly from the main group of

tholeiites; they correspond to those boxes in Figures 12d and 12e with the highest A12Û3

and TiOz contents, respectively. They also correspond to those samples identified by

boxes in the calc-alkalic zone of the AFTiM plot (Fig. lia). Thèse samples may have

been slighûy enriched in aluminum.

In Figure 12c (A12Û3 vs FeO*), komatiites evolve to tholeiites, with FeO*
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increasing with A12Û3 apparenûy due to olivine ± clinopyroxene crystallization. The

tholeiitic trend is marked by decreasing FeO contents (probably due to magnetite

crystallization) and increasing A12Û3 contents. The calc-alkalic trend is characterized by

decreasing A12Û3 contents with decreasing FeO' contents, probably as a result of

plagioclase crystallization.

In Figure 12d (rTiOî vs SiOz), komatiites evolve to tholeiites as TiOz increases

with increasing SiO;. Sample 5668-92, lying so far off the tholeiitic trend, must be rich

in ilmenite or magnetite. The dog-leg trend (Le., TiOz increasing with increasing SiOz,

then TiOz decreasing with increasing SiO^ of the Val d'Or demain rocks is

représentative of a calc-alkalic trend, with the onset of crystallization of Ti-bearing

minerais such as ilmenite occumng at approximately 64 wt. % SiOz. A similar trend is

also observée in Fig. 12e (Pz05 vs SiOz), although P205 starts to decrease due to apatite

crystallization at approximately 68 wt. % SiOz. TiOz and P205 do not start to decrease

at the same SiO; content; this behaviour could be an argument against dilution due to

silica (or magnesium) addition, suggesting that thèse three Val d'Or demain samples are

related by crystallization. From the P205 - SiOz plot (Fig. 12e), the Val d'Or domain

samples were classified into low-SiO^, medium-SiOz and high-SiOz groups, and the REE

data from thèse groups are plotted in Figures 13a,b,c, respectively. The REE profiles

of thèse rocks are similar to those of calc-alkalic island-arc type rocks (Jakes and White,

1972). There is a général, small transition of increasing REE contents from the low-SiO^

group (Fig. 13a) through the medium-SiOz group (Fig. 13b) to the high-SiOî group (Fig.
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Figure 13. Rare-earth élément profiles for Val d'Or demain flow rocks.
(a) = lqw-Si02, (b) = medium^Si02. (e) = high-Si02 samples grouped
according +o their position in Figure 12e (P205 vs Si02). Eléments
normalized +o the CI chondrite (Sun and McDonough, 1989).
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13c), suggesting that thèse groups are related by crystallization and that the "second

stage" of SiO; increase is not due to silicification. Interestingly, the REE profile of

sample 5684-92 (low-SiOz group) is similar to that of sample 3841-92 (high-SiOz group);

also analysis 3856-91 is that of a pillowed flow which has a REE profile comparable to

those of the high-SiO; group, implying that 3841-91 and 3856-91 are silicified.

The same transition is also observée in the extended trace-element abundance

diagrams (Fig. 14). AU samples exhibit a strong, négative niobium anomaly with respect

to thorium and lanthanum, a characteristic typical of calc-alkalic rocks (Fig. 15). Thèse

rocks also have variably négative titanium and positive zirconium anomalies. Calc-

alkalic rocks commonly have positive strontium anomalies but thèse samples exhibit

variably négative strontium anomalies. Given that strontium is a mobile LILE known,

thèse négative anomalies underline the high degree of altération that affected the Val d'Or

demain rocks.

Because HFSE are considered more résistant to altération than major élément

oxides, a yttrium versus zirconium plot was constructed in order to further characterize

the tholeiitic and calc-alkalic suites (Fig. 16). With regard to the steep positive trend

formed by the komatiitic and tholeiitic samples of the Southem, Central and Vassan

domains, two groups of basalts (low-Y (15-30 ppm) and high-Y (30-50 ppm)) and one

group of komatiites (Y = 5-15 ppm) are recognized. Note that in the komatiite group,

two samples (circles: 3865-91 and 3834-91) have MgO contents ofless than 12 wt.%
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Figure 14, Ex+ended trgçe-element abundonce profiles for Val d'Or demain
flow rocks, (a) = low-Si02, (b) = mediunn-Si02, (e) = high-Si02 samples
grouped according+o their position in Figure 12e (P205 vs Si02). Éléments,
normalized +o +he CI chpndrite (Sun and McDonough, 1989), exhibit
decreasing incompa+ibili+ies from left +o right,
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MgO. Thèse magnesian basait samples also have high A^ values (see Figs. 12b and

12c and p. 66) and low Y values (» 6 and 11 ppm) compared to komatiitic basalts (15-

20 ppm) and basalts (20-30 ppm) (J.N. Ludden, pers. commun., 1994), indicating that

their Y contents have been modified.

Basalts typically have Y values varying from 15-30 ppm and a significant number

of samples plot in this range (Fig. 16a). However, there is also a non-negligible number

of samples with Y values, between 30 and 50 ppm. Thèse high-Y basalts plot distinctly

to the left of the Une representing the Y/Zr chondritic ratio, and it is difficult to explain

firstly this non-chondntic behaviour and secondly, their high yttrium contents. One

possible explanation is the accumulation of clinopyroxene in which yttrium is compatible.

Figure 16b (Zr/Y vs Zr) shows that the Southem, Central and Vassan demain

flow rocks plot in a restricted part of the diagram, suggesting that thèse samples are not

highly fractionated and that they may be genetically related. The average Zr/Y value for

tholeiitic rocks of the Vassan, Central and Southem domain rocks is 2.3 which is

comparable to the 2.9 average value for mafic flow rocks of tholeiitic units in the Rouyn-

Noranda district (Gélinas et al., 1984).

Figures 17a (Ni vs Y) and 17b (Co vs Y) (where Ni and Co are compatible

ferromagnesian éléments controlled by olivine during fractional crystallization and Y is

an incompatible HFSE) offer more substantial évidence that samples from the Southem,
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Central and Vassan domains (boxes and circles) are related by olivine fractionation and

not by mixing of two magma sources or by contamination. This suggestion is reinforced

in Figures 17c (V vs Y) and 17d (Se vs Y) (where V and Se are ferromagnesian éléments

controlled by clinopyroxene during fractional crystallization) where the same samples

exhibit singular trends, implying a common source for the Southem, Central and Vassan

demain rocks.

Contrary to the idea of a common source, Figures 18a and 18b show interesting

and contrasting REE profiles for mafic and ultramafic rocks from the Southem, Central

and Vassan domains. In Figure 18a, there are two, essentially flat REE profiles

(average[La/Sm]N = 0.7; average[La/Yb]N = 0.8; average[Sm/Yb]N =1.1) which are

approximately ten times chondnte level typical of tholeiitic mafic flow rocks. Although

thèse two samples come from a restricted area in Louvicourt Township known to be

dominated by tholeiitic rocks (in the vicinity of the Akasaba gold deposit; Lebel, 1987),

flattish REE profiles have been also documented by Babineau (1982) and Parent (1985)

in the Val d'Or-west/Malartic area. The other profile (3864-91) represents a komatiite

sample from the Central domain. In Figure 18b, the REE profiles of other mafic and

probably ultramafic samples 3834-91 and 3865-91 are characterized by depleted, flat

LREEs (average[La/Sm]N = 1.0) and unusually endched HREEs (average[La/Yb]N =

0.5; average[Sm/Yb]N = 0.5). Although there are possible analytical problems in

analyzing low concentrations of neodymium, the apparent enrichment of HREE is not

considered to be an analytical problem at the Centre de Recherches Minérales (Sainte-
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Figure 18. (a) Rela+ively fiât rare-earth élément profiles and
(b) heavy rare-ear+h élément enriched profiles for flow rocks from
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McDonough, 1989).
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Foy, Québec) because similar profiles for mafic flow rocks from the same area have been

noted by Roy (1983) based on analyses done at l'École Polytechnique, Montréal.

Although altération, resulting in leached LREEs and/or enriched HREEs, cannot

be totally ruled out, thèse two REE pattems could indicate that the mafic flows were

derived from two différent source régions. Because no common mande minerais (e.g.,

olivine, orthopyroxene, clinopyroxene, gamet, spinel) preferentially concentrate LREEs

relative to HREEs (Hanson, 1980), the rocks with LREE-depleted pattems (Fig. 18b)

may be derived from a mande source that is itself depleted in LREEs. HREE-

enriched/LREE-depleted profiles were also noted by Roy (1983), not only in the

mineralized zone of the Kiena mine (just west of Val d'Or), but adso in a relatively fresh

basait 300 mètres from the mine. This sample, exhibiting undeformed cooling textures,

is composed of epidote, actinolite and chlorite and has less than 2 % LOI (COz =0.2

%). Roy (1983) acknowledged the possibility that altération is related to mineralization

and contributed to a local redistribution of REEs without involving an enrichment or

sélective altération of the REEs. In addition, Roy did not observe redeposition of LREEs

elsewhere in the mine. Finally, Roy found no corrélation between COz and sélective

altération ofLREEs and he suggested a primary magmatic origin for the HREE-enriched

profiles, supportée! l) by small différences in the absolute values of the REEs caused by

magmatic differentiation (observable on a La versus Yb diagram); and 2) by relatively

fresh, undeformed and unmineralized basalts with HREE-enriched profiles similar to

those of mineralized rocks from the Kiena mine.
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Extended trace-element abundance profiles (Figs. 19a and 19b) support the

tholeiitic affinity of the Southem, Central and Vassan demain rocks which share the

characteristic of having positive niobium anomalies with respect to thorium and

lanthanum, a trait common to mid-Atlantic ridge basalts (MORB) (Sun et al., 1979).

Thèse rocks also have positive zirconium anomalies and variable titanium anomalies. As

in the calc-alkalic rocks of the Val d'Or demain, strontium has been mobilized, creadng

positive anomalies atypical of MORB.

In Figure 16a (Y vs Zr), the Val d'Or demain ûow rocks have a positive, gently

sloping trend, originating in the Y range of normal basalts (» 20 ppm). The range of

Zr values indicates the degree of fractionation of thèse calc-alkalic rocks. There does

not appear to be any corrélation between the P205-SiÛ2 groupings and the Y-Zr values

of thèse samples. For example, although samples 3856-91, 5655-92, 5671-92 and 5686-

92 are all "medium-SiO;" samples on the P205-SiÛ2 diagram (Fig. 12e), they plot in

disparate zones in Figure 16a, suggesting either that Y and Zr have been mobilized in

some samples or that altération truly accounts for the "second stage" of SiOz increase

with decreasing îyps. AU geochemical data from Girault (1986) for flow, pyroclastic

and intrusive rocks in Bourlamaque and Louvicourt townships are plotted on a PzOs-SiOz

diagram (Fig. 20a) showing P205 decreasing at 68 wt.% SiOz, similar to the trend

observed in Figure 12e for data from this study. Unfortunately, TiO; data from Girault

(1986) do not define a clear trend on a TiOz-SiO; diagram (Fig. 20b) so as to détermine

at what SiOî wt. % titanium decreases.
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Figure 19. Extended trace-element abundance profiles for flow
rocks grouped accqrding +o (a) relatively fiât REE'and (b) HREE-
enriched profiles in Figure 18. Samples are from +he Vassan
(sample 3864-91), Central (3833-92,3834-91 , 3837-91) and Sou+hem
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+o the CI chondri+e (Sun and MçDonough, 1989), exhibit decreasing
incompa+ibili+ies from left +o right.



80

88'

,5

.45

.4

.35

,3

l25
l .^

.15

.1

,05

0

a

0

0

a

œ

9

ià

B/

â
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On the Zr/Y versus Zr diagram (Fig. 16b), all Val d'Or domain samples (except

5655-91, 3840-91 and 3841-91) form a trend suggesting a fractional crystallization

relationship between thèse samples. In comparison, on a Zr/Nb versus Zr plot (Fig.

16c), all Val d'Or domain points fall along the zirconium fractionation trend. Thèse

observations suggest that the Y values of samples 5655-92, 3840-91 and 3841-91 have

been modified so that the Zr/Y values of thèse samples do not fall along the zirconium

fractionation trend. In addition, Finlow-Bates and Stumpfl (1981) state that as a result

of several successive hydrothermal altérations related to volcanogenic massive sulphide

formation, éléments such as Y, Nb and Se may become extremely mobile. The Val d'Or

demain is host to several volcanogenic massive sulphide deposits (see Chapter 3) and has

undoubtedly been affected by several hydrothermal events. Therefore, it is possible that

Y contents in some samples have been significantly modified.

The most mafic samples from the Val d'Or demain have an average Zr/Y value

of 5.9 which is comparable to the 5.4 average value for mafic effusive rocks of calc-

alkalic units in the Rouyn-Noranda distnct (Gélinas et al., 1984). The central eight

samples (Fig. 16b) representing intermediate to felsic samples (Table A2.4) have an

average Zr/Y value of 8.1 which falls in the range of 6 to 11 for Fil felsic rocks

associated with Archean volcanogenic massive sulphide deposits (Lesher et al., 1986).

Least-altered geochemical analyses of flow rocks from Bourlamaque and

Louvicourt townships were chosen from Girault (1986) and Gaudreau et al. (1986) based
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on their volatile contents and normative minéral compositions. Thèse analyses (see

Appendix 5, with sample locations given in Figures A5.1 and A5.2) are used in

conjunction with data from this study to characterize the Val d'Or domain rocks.

Samples taken by Girault (1986) in Bouriamaque and Louvicourt townships were

analyzed for major-element oxides and selected trace-elements such as Zr and Y. COz

and LOI information is not available, and the CIPW norms were calculated to evaluate

the degree of altération of the samples. Analyses with no normative corundum were

chosen, as well as three mafic flow analyses with less than 2.5 % normative corundum

for comparison (Appendix 5).

Five of the nine analyses for Val d'Or Formation flow rocks in Gaudreau et al.

(1986) have acceptable LOI and COz values (LOI ^ 3.8 % and COz ^ 0.5 %) and are

retained. Of thèse five samples, two do not have normative corundum, and the most

felsic sample has only 0.4% normative corundum (Appendix 5).

On a Y versus Zr diagram (Fig. 21), a cluster of Girault's (1986) data,

representing samples from a relatively restricted géographie location in the Val d'Or

demain (see Fig. A5.1), falls close to the Y/Zr chondntic ratio trend. Three analyses

from Gaudreau et al. (1986), representing samples from another geographically restricted

location (see Fig. A5.2), also plot in this Y-Zr space. The other points fall far right of

this Une. Comparison of thèse data to those of this study (Fig. 16a) suggests: l) a
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tholeiitic character for the cluster of points near the Y/Zr chondritic ratio line, 2) a calc-

alkalic character for the data points right of the chondntic ratio Une, and 3) a relatively

immobile character for Zr and Y in thèse samples because of the coincidence of

corundum- and non-corundum-bearing analyses for rocks of tholeiitic and calc-alkalic

affinity. Girault's and Gaudreau et al.'s data from restricted géographie areas may

suggest l) that tholeiitic and calc-alkalic rocks are interstratified in the Val d'Or demain,

2) that there are isolated areas of tholeiitic rocks in the Val d'Or demain as Windows of

underlying Southem demain rocks, following the geotectonic model of Desrochers et al.

(1993), or 3) that the current boundaries of the Val d'Or domain need to be better

defined.

2.3.3.2 Geochemical Data of Intrusive Rocks

A limited number of intrusive rock samples (6 from the Bouriamaque intrusion;

l from the Bevcon pluton; 4 from feldspar±quartz porphyritic rocks; and 11 from mafic

intrusions) were taken for comparison from the Val d'Or and Southem domains in

Bourlamaque and Louvicourt townships. Twenty-two samples were analyzed for major-

élément oxides and trace éléments and 12 of thèse samples were analyzed for REE

(Tables A2.5 and A2.6). Macroscopic and microscopic descriptions of thèse rocks are

found in Appendix 3. The COz, LOI, and corundum data indicate that the majority of

thèse samples have been affected by extensive altération. However, a greater number

of intrusive samples (8 out of 22 or 36 % of the samples), in comparison to the flow

rocks (l out of 16 or only 6 % of the samples), do not have corundum in the norm.
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Note that only two of the eight samples without corundum come from the Val d'Or

demain, underlining again the widespread altération of Val d'Or domain rocks.

Excluding the porphyritic rocks, the différence between intrusions from the

Southem and Val d'Or domains is highlighted by their distinct trends on a Y versus Zr

diagram (Fig. 22). The Southem demain intrusions plot in the same area as the tholeiïtic

extrusive rocks of the Southem, Central and Vassan domains near the Y/Zr chondritic

ratio Une (Fig. 16a). Conversely, the Val d'Or demain intmsive rocks plot in the same

area as the flow rocks of the same demain. Three of the four porphyritic rocks have

relatively low Y values, similar to the quartz-feldspar porphyries from the Lamaque mine

(Daigneault et al, 1983) (Fig. 23), and consequenûy, they do not plot with either the Val

d'Or or Southem demain rocks. The other porphyritic sample plots near the calc-alkalic

trend, similar to the feldspar porphyries of Daigneault et al. (1983)(Fig. 23).

The REE pattems in Figure 24a for the Bouriamaque intrusion, the Bevcon pluton

and the Dunraine sill (a large, mafic sill in Louvicourt Township east of the Dunraine

VMS deposit — see Figure 26) suggest a calc-alkalic character for thèse rocks. They

have ennched LREEs (average(La/Sm)N = 2.1; average(La/Yb)N = 4.3), weak to

negligible europium anomalies, and flat HREE profiles (average (Sm/Yb)N = 2.2).

Thèse pattems are similar to those of Val d'Or demain rocks (Fig. 13), despite the

slightly more fractionated LREEs for the intrusions. The profiles for thèse rocks in the

extended trace-element abundance diagrams (Fig. 25) are similar to those for flow rocks
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from the Val d'Or demain (Fig. 14). The similanty of the REE and extended trace-

élément abundance pattems suggests a cogenetic relationship between thèse introsions and

Val d'Or demain flow rocks.

Thèse data are comparable to rocks belonging to Group l as defined by Burrows

and Spooner (1989). Group l is composed of Bourlamaque intrusion samples and

porphyry samples from the Sigma and Lamaque mines (ff 5 and # 8 in Fig. 34).

According to Burrows and Spooner, thèse rocks have calc-alkalic characteristics typical

of modem island-arc calc-alkalic suites, such as lack of Fe enrichment, Nb and Ti

troughs, relatively flat HREE pattems and low Ni and Cr contents. They explain thèse

geochemical characteristics by partial melting of the mande overlying a subducted slab

with high-level fractionation leaving gabbroic cumulâtes. They judge that their

Bouriamaque intrusive data resemble that of récent volcanics in Deception and Bridgeman

Islands located on a back-arc spreading axis in the Bransfield Strait, Antarctic peninsula

fTamey et al., 1982). The geochemical characteristics of thèse récent volcanics are

transitional between oceanic basalts and calc-alkalic rocks.

The three mafic intrusions (no corundum in the norm) from the Southem demain

have relatively fiât REE pattems (Fig. 24b). The pattems of two samples (5663-92 and

3847-91) in the extended trace-element abundance diagram (Fig. 25b) are similar in

shape with positive Nb anomalies and negligible Ti anomalies, whereas sample 5651-92

Grosses the profile of sample 5663-92 and has a pronounced positive Ti anomaly in
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addition to a positive Nb anomaly. Thèse REE and extended trace-element abundance

pattems are similar to those for tholeiitic flow rocks from the same région of the

Southem demain (Figs. 18a and 19a).

Figure 24c shows REE pattems for one mafic intrusion and two feldspar±quartz

porphyritic rocks. The mafic intmsion (sample 3860-91) and one of the porphyritic rocks

(3857-91) come from the same outcrop zone in the Val d'Or demain, whereas the other

porphyritic rock comes from the Southem demain. Thèse REE pattems are more

fractionated than those for the calc-alkalic rocks, with (La/Sm)^ varying from 2.8 to 3.2,

(La/Yb)N varying from 9.1 to 20, and (Sm/Yb)N varying from 3.2 to 4.8. The extended

trace-element abundance diagram pattems (Fig. 25c) for thèse rocks, having variably

négative Nb and weakly négative Ti anomalies, are generally steep between Nb and Ti

and flat between Ti and Lu. Thèse REE and extended-trace élément abundance profiles

are similar to those of both Groups II and III as determined by Burrows and Spooner

(1989). Group II rocks consists of feldspar±quartz porphyries and albitite dikes from

the Hollinger-McIntyre mines (Timmins région, Ontario), which are considered to be

post-tectonic but pre-metamorphic (Robert et al., 1983). Group II rocks have enriched

LREE abundances, fractionated middle to heavy REEs associated with increased Sr

contents, and loss of Eu anomalies relative to Group I. Bun-ows and Spooner suggest

that thèse rocks were derived from a relatively deep source with plagioclase on the

liquidas and probably gamet stable in the residue which resulted in depletion of heavy

REEs and relatively high (La/Yb)N ratios. They equate their geochemical data with those
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of typical Archean tonalite-trondhjemite-granodiorite magmas studied by Bickle et al.

(1983) and Martin (1986).

Group III rocks of Burrows and Spooner (1989) is composed of rocks from the

main, east and west plugs at the former Lamaque mine (see Fig. 34 for location). Thèse

intrusions show fractionated LREEs but relatively high and unfractionated HREEs and

no Eu anomaly. To explain thèse trends, Burrows and Spooner suggest a simple

fractional crystallization process (homblende-orthopyroxene-plagioclase), with later

perturbations in the REE pattems caused by apatite and titanite crystallization. Thèse

rocks have Nb and Ti negadve anomalies typical of subduction-related magmas

CThompsonetal., 1984).

2.4 SUMMARY AND CONCLUSION

Normative corundum is présent in almost all CIPW norm calculations for

extrusive and intmsive rocks of the Val d'Or demain, indicating widespread and intense

altération. However, corundum-absent and corundum-bearing rocks behave similariy on

a Y versus Zr plot (Fig. 21), suggesting that despite altération, HFSEs such as Y, Zr,

and Nb retain their immobile character in the majority of the rocks sampled.

It bas been shown that AFM and AFTiM diagrams for the extrusive flow rocks

of the Val d'Or district reliably identify the affinities of thèse rocks. However, for
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altered rocks, such as those in the study area, trace élément and REE data can offer more

précise information about the geochemical nature of the rocks because thèse éléments

commonly retain their immobile character in altered rocks.

Major élément oxide diagrams indicate that the flow rocks of the Vassan, Central

and Southem domains have komatiidc to tholeiitic affinities. Although the majority of

thèse samples have chonddtic Y/Zr ratios, a small group ofbasalts have high Y contents,

suggesting either a slight mobility of Y or, more likely, a control of Y by clinopyroxene

in thèse samples. AU of thèse rocks share common positive Nb and Zr anomalies. Ni-

Y, Co-Y, V-Y and Sc-Y plots suggest that flow rocks from thèse domains are

magmadcally related. However, contrasting REE profiles, i.e., fiât REEs versus LREE-

depleted/HREE-enriched profiles, suggest that the mafic flow rocks of the Central and

Southem domains come from two distinct mande sources: a depleted tholeiitic manûe

source, and a depleted tholeiitic mantle source which is also LREE-depleted. Although

thèse data are consistent with an oceanic plateau environment (Desrochers et al., 1993),

the author suggests that further characterization is needed of HREE-enriched rocks, as

well as mapping of their extent in the field and their physical relationship to those rocks

with more typical flat-REE tholeiitic profiles.

Regardless of the ubiquitous and intense altération that affected Val d'Or domain

rocks, magmatic trends, based on major-element behaviour, are still évident, and trace-

élément and REE data (négative Nb and Ti and positive Zr anomalies, LREE-enriched)
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are suggestive of a calc-alkalic affinity for thèse rocks. Intrusive and extrusive rocks of

this demain have similar geochemical characteristics suggesting a cogenetic relationship.

Also, given that the geochemical data of intrusive and extrusive rocks of the Val d'Or

demain are similar to those of Group l as defined by Burrows and Spooner (1989), the

geochemical and geotectonic interprétation of Group l rocks may apply to all Val d'Or

demain rocks. The implications of this calc-alkalic affinity to the interprétation of a

geotectonic environment suitable for VMS-type mineralization is commented upon in

Chapter 3.



CHAPTER 3

VOLCANOGENIC MASSIVE SULPHIDE MODELLING

FOR THE BOURLAMAOUE AND LOUVICOURT TOWNSHIPS

3.1 VOLCANOGENIC MASSIVE SULPHIDE MINERALIZATION IN THE

STUDY AREA.

In this chapter, a summary is presented of the characteristics at the mine scale of

the known VMS deposits and prospects located in the Central Pyroclastic Belt (refer to

section 1.3) and a discussion covers the Mattabi-subtype classification (Morton and

Franklin, 1987) of thèse deposits. This examination is followed by a review of the

mechanics of the heat-driven convection-cell model for the genesis of VMS deposits.

Then, modem analogues to the Archean VMS deposits are presented. Finally, the

Bourlamaque and Louvicourt townships are taken as a test area in which an attempt is

made to identify the required éléments for VMS formation.

Figure 26 shows the location of the major and minor base-metal sulphide deposits

in the Central Pyroclastic Belt, and Table l summarizes their characteristics, emphasizing

the importance of felsic fragmental rocks as host lithologies for thèse deposits.

Mineralization occurs as stratiform lenses, and at the Louvicourt, Louvem and Manitou-

Barvue deposits, stockwork zones have also been identifiée!. Broad conformable

altération zones extending laterally in the footwall of the massive sulphide mineralization
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Table l. Summary of characteristics of major and minor base métal sulphide deposits in
the Val d'Or district (modified after Chartrand (1991) and the author's
compilation) (See following page for superscript explanations).

NAME

Status

Symbol in Fig. 26.

Size (Mt)'

Cu2(t x 1000)

Zn2(t x 1000)

Au2 (kg)

Ag2 (kg)

Host Rocks

Morphology

Ore Mineralogy and
Zonation4

Altération

Références

LOUVICOURT

to open in 1994

l

15.73

5343

3453

14,1303

486,700'

Felsic lapilli and ash
tuff, cherty exhalite,
felsic hyaloclastite and
breccia.

Several tabular lenses

of massive and semi-

massive sulphide;
underlying Cu-
stockwork zones.

Py-Cp-Sp dominant,
Cu/Zn decreases up-

ward & outward; Au-

rich.

Intense Mg-chloritiz-
associated with stock-

work sulphides;
sericitization, Fe
carbonatization, and

silicification; some
chloritoid and gamet.

Bubar et al. (1989);
Mannard and Bubar
(1991); The Northem
Mmer (1994).

LOUVEM

Past Producer

2

1.599

18

60

1,170

31,375

Coarse- to fine-

gramed volcaniclastic
rock.

Several tabular lenses

of massive and semi-

massive sulphide; a
few Cu-stockwork

zones.

Py-Po-Sp-Cp

dominant; deposit as a
whole is Cu/Zn zoned.

Cu-stockwork zones

are Mg-chloritized;
sericitization,

carbonatization and
silicification; minor
chloritoid in ash tuff.

Raymond (1983);
Spitz & Dariing
(1973).

Manitou-

Barvue

Past Producer

3

11.222

33

300

9,265

1,104

Rhyolitic tuff.

Cylindrical Cu-stock-
work zone, rotated

parallel to

stratigraphy;
stratiform Zn zone
hosting several
massive sulphide
lenses.

Py-Sp-Cp dominant,

some Gn; deposit as a
whole is zoned.

Cu-stockwork zone is

Mg-chloritized;
sericitizatioa and
silicification

associated with Zn

mineralization; Fe
carbonatization noted.

Robert (1980).
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Table 1. Summary of characteristics of major and minor base metal sulphide deposits in 
the Val d'Or district (modified after Chartrand (1991) and the author's 
compilation) (continued). 

NAME EAST SULLIVAN DUNRAINE QUEBEC-MANITOU 

Status Past Producer Past Producer Deposit 

Symbol in Figure 26. 4 5 6 

Size (Mt)1 14.952 0.255 0.487 

Cu2 (t x 1000) 141 4 6.4 

'Zn2 (t X 1000) 73 0 N.A. 

Au2 (kg) 3,683 46 N.A. 

Ag2 (kg) 119,000 887 N.A. 

Host Rocks Felsic lapilli tuff and Felsic tuff, tuff Tuff. 
tuff. breccia and flow 

breccia. 

Morphology 16 massive and semi- Severa! semi-massive En echelon stratiform 
massive lenses and and veinlet zones. masses over a 
accumulations of distance of 550 m. 
veinlet sulphides. 

Ore Mineralogy and Cp-Po dominant in Py-Cp dominant. Disseminations and 
Zonation4 central area of ore veinlets of Cp-Sp-Au-

zone; Py-Sp dominant Ag-Py. 
in peripheral ore zone. 

Alteration4 Cp-Po orebodies Chloritization Sericitization and 
associated with chlor- dominant. chloritization. 
itization, Sp-Py 
orebodies associated 
with sericitization; 
silification, chloritoid 
common; some gamet. 

References Assad (1958). Latulippe (1976). M.E.R.Q. microfiche
deposit # 32C/4-77.

1
- Mt: million metric tonnes; values compiled from Couture (1991) except for the Louvicourt and Quebec-

Manitou (from the M.E.R.Q. microfiche #32C/4-77) deposits.
2
- Values compiled from Couture (1991).
3
- Values from The Northem Miner (1994).

4
- Py: pyrite; Cp: chalcopyrite; Sp: sphalerite; Po: pyrrhotite; Gn: galena; Mn: magnetite.
N.A.- Not applicable.
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Table l. Summary of characteristics of major and minor base métal sulphide deposits in
the Val d'Or district (modified after Chartrand, 1991 and the author's
compilation) (end).

NAME

Status

Symbol in Figure 26.

Host Rocks

Morphology

Ore Mmeralogy and
Zonation'

Altération

Références

ABITIBI COPPER

Deposit

7

Felsic volcanic rocks.

Stratiform, lensoid
deposit; 105-120 m
long, 18.28 m wide,

up to 244 m deep.

Cp-Sp-Au-Mn-Py-Po

disseminated.

Unknown.

M.E.R.Q. microfiche

deposit # 32C/3-29.

BRITT

Prospect

8

Volcaniclastic rocks.

Stratiform mass

measuring a few tens

of meters long and up
to 6 m wide.

Cp-Au-Sp-Py.

Chloritization noted in
the area.

M.E.R.Q. microfiche

deposit ff 32C/3-36.

LAVALIE

Prospect

9

Shearedtuffandtuff
breccia.

Stratiform mass.

Dissenùnated Py-Sp-

Ag-Au.

Sericitization noted in
the area.

M.E.R.Q. microfiche

deposit if 32C/4-70.

NAME

Status

Symbol in Figure 26.

Host Rocks

Morphology

Ore Mineralogy and
Zonation'

Altération

Référence

ANNAMAQUE

Prospect

10

Tuff.

Unknown.

Massive and dissem-

inated Py-Po-Cp-Sp.

Unknown.

M.E.R.Q. microfiche

deposit ff 32C/4-71.

VANKIRK

Prospect

11

Tuff between andesitic
flows.

Stratiform mass.

Disseminated Cp-Au-

Ag-Py.

Unknown.

M.E.R.Q. microfiche

deposit ff 32C/4-72.

KENCOURT

Prospect

12

Volcaniclastic rocks.

Stratabound.

Disséminations of Cp-
Sp-Mn.

Unknown.

M.E.R.Q. microfiche

deposit # 32C/3-26.

'- Py: pyrite; Cp: chalcopyrite; Sp: sphalerite; Po: pyrrhotite; Gn: galena; Mn: magnetite.
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are recognized at the Louvem and Louvicourt deposits. Chloritization and sericitization

are typical altérations associated with all deposits. In addition, iron carbonate is noted

at the Louvicourt, Louvem and Manitou-Barvue deposits, and chloritoid (iron

aluminosilicate) is found at the Louvicourt, Louvem and East Sullivan deposits.

Chalcopyrite and sphalerite are the common, abundant ore minerais, accompanied mainly

by pyrite with or without pyrrhotite. Silver, gold and galena may be présent in minor

amounts.

Several geochemical studies on rocks in the study area (see section 2.2) suggest

that the rocks of the Central Pyroclastic Belt were affected by intense, hydrothermal

altération which résultée! in widespread alkali depletion and peraluminous signatures for

thèse rocks. New geochemical data presented in section 2.3 are in accord with this

suggestion.

Spitz and Darling (1978) observed at the Louvem mine that the longitudinal

orebody and the associated, symmetrical altération at the Louvem mine are generally

conformable with the enclosing, fragmental strata. Altération changes from dominandy

chloritic to the west to dominantly pyritic toward the east. Noting a zinc deposit in the

same fragmental layer east of the copper deposit (i.e., further downstream in the

subsurface hydrothermal System), Spitz and Darling (1978) suggested, by analogy with

chloritic altération pipes underlying pyritic volcanogenic deposits, that fluid flowed from

west to east longitudinally along the fragmental layer.
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3.2 VOLCANOGENIC MASSIVE SULPHIDE CLASSIFICATION

As described below, the VMS deposits of the Val d'Or mining camp may be

classified with the copper-zinc compositional group as defined by Franklin et al. (1981),

and they are similar to the Mattabi-subtype deposits, following the two-fold classification

of Archean VMS deposits proposed by Morton and Franklin (1987).

Mattabi-subtype deposits (see Noranda-subtype, following page) are

characterized by l) relatively abundant felsic fragmental volcanic rocks, 2) relatively

broad, poorly-defined altération pipes, 3) large, well-developed, semi-conformable

altération zones, and 4) iron carbonate and/or chloritoid in the altération pipes and/or

altération zones. Although not a cited characteristic of Mattabi-subtype mineralization,

Franklin (1986) also noted that several deposits of this class had relatively high Pb/Zn

ratios in comparison to other Cu-Zn deposits.

Based on the trace-element geochemistry of ore-associated versus barrcn felsic

metavolcanic rocks from the Superior Province, Lesher et al. (1986) classify felsic

samples from the Mattabi mine and surrounding Sturgeon Lake area as Fil rhyodacites

and rhyolites characterized by gently sloping REE pattems ([La/Yb]N = 2-6), with

variable Eu anomalies (Eu/Eu' = 0.35-1.4), moderate Zr/Y values (6-11) and

intermediate abundances of high field strength éléments (HFSE) and Sr. Preliminary

investigations into ore-associated felsic metavolcanic rocks outside of the Superior
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Province suggest that the majority of thèse rocks are Fil type (Lesher et al., 1986).

It was first thought that the volcanic rocks of Mattabi-subtype deposits were

emplaced at relatively shallow water depths, i.e., less than 500 mètres (D.A. Graves,

1984; D.A. Graves et al., 1984). In this Mattabi-subtype environment, low hydrostatic

pressures would have allowed more widespread hydrofracturing ofthe rocks by ascending

fluids, perhaps also explaining the relatively diffuse nature of their altération pipes

(Morton and Pranklin, 1987). In addition, the abundance of fragmental rocks expected

to have good permeabilities would tend to favour the formation of a broad, gradational

altération zone (Franklin, 1986). Thus, initial detailed studies ofseveral Mattabi-subtype

deposits have suggested that the volcaniclastic rocks formed in relatively shallow

subaqueous and/or subaerial environments as a result ofhydrovolcanic eruptions (Morton

and Franklin (1987) and références therein). However, further studies by Morton et al.

(1991) show that the bedded ash-flow tuff hosting the Mattabi massive sulphide deposit

was erupted and deposited at water depths of 500 to 800 mètres, as explained below.

Conversely, the Noranda-subtype of VMS deposits are characterized by l)

relatively high abundances of mafic and felsic flows and hyaloclastite, 2) well-developed

altération pipes, and 3) poorly defined semi-conformable altération zones cpnsisting of

patches and lenses of highly altered rocks. Contrary to Mattabi-subtype deposits,

Noranda-subtype deposits contain little to no carbonate, and Gibson et al.(1986)suggest

that the volcanic rocks were formed at water depths greater than 500 mètres.
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3.2.1 Significance of Water Depth

It is apparent that a particulariy crucial factor in the two-fold classification of

VMS deposits by Morton and Franklin (1987) is the relative depth of watei- at which the

deposits formed, which may play a major rôle in determining l) the morphologies of the

massive deposits and their stockworks, 2) the altérations associated with deposits, and

3) the host-rock lithologies to some extent.

Although Morton and Franklin's classification is widely accepted, the nature of

the fragmental rocks of Mattabi-subtype deposits and the estimation of water depth are

disputed. Eruption and deposition of the bedded Mattabi ash-flow tuff are considered to

have occurred in submarine caldera complexes at water depths of 500 to 800 mètres

(Morton et al., 1991), based on the présence of well-vesiculated and variably-quenched

pumice and on the need for ambient water pressures significantly lower than the critical

pressure of water in order that subaqueous pyroclastic eruptions may occur (McBimey,

1963).

The strongest supporting arguments given by Morton et al. (1991) for the

subaqueous eruption and emplacement of the Mattabi ash-flow tuff are l) the latéral and

vertical homogeneity of the tuff units, 2) the lack of interbedded epiclastic material, 3)

the small percentage of lithic fragments présent, and 4) the pronounced geochemical

zonation exhibited by individual flow units, a characteristic inherited from the magma

and not from the flow movement. However, Yamada (1984) states that some subaqueous
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pyroclastic flow deposits are exogenous in that they formed elsewhere and were

subsequently transported to the présent environment (e.g., they may have erupted on land

or in shallow water and may have flowed into a deep-water environment). As an

example, Car and Ayres (1991) have interpreted a thick, dacitic Precambrian debris flow

from the Lake of the Woods area in Ontario as a subaqueous debris flow deposit. For

many researchers (e.g., Cas, 1992; Fisher, 1984; Yamada, 1984), the recognition of

subaqueously-erupted pyroclastic flow deposits is debatable. Cas (1992) concludes that

much of the volcaniclastic material hosting VMS deposits are in fact autobreccias and

hyaloclastites which may represent huge volumes of debris.

Furthermore, work by Chartrand (1991) in the Central Pyroclastic Belt east of Val

d'Or suggests that the amount of pyroclastic material has been over-estimated and that

flow breccia and quench-fragmented hyaloclastite are at least locally important.

Chartrand also suggests that massive sulphide bodies in the Val d'Or camp are associated

with felsic cryptodomes, their associated autobreccia and hyaloclastite. Thèse

observations, in addition to the fact that mapping in this area is frustrated by

déformation, suggest that subaqueously-erupted pyroclastic flow deposits in the Val d'Or

camp are difficult to confirm. Therefore, the pyroclastic units in the Mattabi mine area

could also be re-interpreted as subaerial pyroclastic flows that were deposited

subaqueously. In either case, the VMS mineralization was deposited in a subaqueous

environment.
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The Scuddles VMS deposit in the Golden Grave belt of the westem Yilgam

craton, Australia (Fig. 27), is an Archean deposit having many similarities to Mattabi

mineralization except for the interpreted water depth (Barley, 1992; Whitford and

Ashley, 1992). Mineralization occurs as two massive Zn-Cu sulphide lenses underlain

by a stratabound stockwork of pyrite-chalcopyrite mineralization. Host rocks in the

stockwork zone are intensely altered to iron-nch chlorite and carbonates, and overiie a

morewidespread zoneofpervasive stratabound quartz-chlorite-sericite-carbonate-sulphide

altération. Mineralization occurs in calc-alkalic pyroclastic and epiclastic sedimentary

rocks interpreted to have been deposited in a deep (> 1,000 m) submarine environment,

based on a detailed reconstruction of the mineralized volcano-sedimentary séquence

(Clifford, 1987). Despite the many geochemical and physical similarities between the

Scuddles and Mattabi deposits, the interpreted water depth for the Scuddles deposit

exceeds that expected for the Mattabi classificadon of Morton and Franklin (1987),

suggesting that water depth is perhaps not as crucial as initially proposed.

Additional constraints on the depth of VMS emplacement may be gathered from

the mechanisms of sulphide précipitation. Boiling, commonly causing ore-fluid

températures to decrease, is thought to be an important cause of sulphide précipitation

in stockwork deposits below the seafloor (Franklin et al., 1981; Henley and Ellis, 1983;

Dmmmond and Ohmoto, 1985). Figure 28 shows the relationship between température

and water column depth for boiling aqueous liquids. In addition, for a given

température, increasing salinity decreases the depth of boiling. To prevent boiling and
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Figure 27. Général géologie map of the Yilgam Craton, Australia
with location of the Scuddles VMS deposit in the Golden
Grove greenstone belt (modified after Swager et al.,
1992).
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Figure 28. Boiling point curves for îl-fi liquid (0 wt. percent salts) and for
brines of constant composition given in wt. percent NaCl. The
insert expands the relations between 100 *C and 150 *C. The
température at 0 mètres for each curve is the boiling point for the
liquid at 1.013 bars (1.0 atm) load pressure which is équivalent
to atmospheric pressure at sea level. The uncertainty is
contained within the width of the Unes (original curves from
Haas, 1971).
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promote massive sulphide accumulation on the seafloor, a sufficient hydrostatic pressure

must be présent, requiring a minimum water column of approximately 500 mètres

(Drummond and Ohmoto, 1985). This water depth matches the général water depth

below which explosive volcanism is not thought to occur and hence massive ores may

form direcdy above the exhalative vent.

It is also noteworthy that the degree of vesicularity of flow rocks may be used

erroneously to interpret and estimate the depth ofextrusion (Moore, 1965, 1979; Moore

and Schilling, 1973). Although some studies (e.g., Dimroth et al., 1978; Staudigel and

Schmincke, 1984) have attributed upward-increasing vesicularity in pillow piles to the

growth of the lava pile in increasingly shallower, lower-pressure water conditions, highly

vesicular textures have been noted in deep abyssal basalts such as in the Hokuroku

district, in the Mariana trench, in the East Scotia Sea and in the Shikoku basin (Dudâs,

1983). The water content of the extruded magma may need to be taken into

considération. Calculations indicate, for example, that vesiculated Kuroko basalts could

have formed at water depths up to 4,000 mètres at total 11,0 contents of 2.3 wt. %

(Dudâs, 1983). For comparison, vesiculated Kuroko basalts erupted at water depths of

1,000 and 500 mètres would have needed total ïlyO contents of only 0.81 wt. % and

0.38 wt. %, respectively.

Irrespective of this considération, there are basic factors such as subvolcanic

intrusions and tensional rift-type environments, and secondary aspects such as deep,
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penetrating faults, "caps" to the hydrothermal réaction zones, implied sources of fluids

and metals, chemical réactions causing altération, and mechanisms for precipitating

sulphides which are common to both the Noranda-subtype and Mattabi-subtype deposits

as well as to modem seafloor VMS deposits. Thèse features are discussed further in the

following section.

3.3 HYDROTHERMAL CONVECTION-CELL MODEL

3.3.1 Introduction

Current ideas on ancient VMS formation are influenced greatly by studies of

modem seafloor hydrothermal emanations which have greatly advanced our

understanding of hydrothermal sulphide accumulation and geochemistry. Supported

largely by thèse studies, and by geochemical and isotopic studies on fossil VMS deposits,

the hydrothermal convection-cell model is the most widely accepted explanation for both

modem and ancient massive sulphide deposition. Other models, such as magmatic

hydrothermal (Urabe and Sato, 1978; Henley and Thomley, 1979; Sawkins, 1982;1986;

Stanton, 1991; Urabe and Marumo, 1991) and the stratal aquifer (Lydon, 1988) model

have their own merits and may better describe and explain certain VMS deposits, as

described below.

In brief, the magmatic hydrothermal model suggests that metal-bearing fluids

are degassed from a crystallizing magma chamber and mix with abundant convecting
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seawater (Henley and Thomley, 1979; Sawkins, 1982, 1986; Stanton, 1991).

Metalliferous fluids are thought to be released during a particular stage of crystallization

and differentiation in a subvolcanic magma chamber. Stanton (1991) has examined the

incorporation of base metals as well as Ba and Sr into various silicate minerais and

suggests that progressive crystallization and magmatic differentiation are important

processes that supply metals to ore-forming environments. The contribution of some base

metals from country rocks, due to leaching by convecting modified seawater, is

acknowledged, but is not considered the major source of metals.

As described by Lydon (1988), the stratal aquifer model suggests that ore fluids

originale from pore fluids in porous rock units (Le., aquifers) and they are prevented

from rising to the seafloor surface by impervious units (i.e., caprocks). The low water-

rock ratio of the aquifer results in high métal concentrations in the hydrothermal solution

caused by leaching of the aquifer rocks. Progressive burial of the aquifer results in pore-

fluid températures rising along the geothermal gradient which may be abnormal due to

extensional tectonics and pressures rising above hydrostatic or possibly exceeding

lithostatic pressures. Large quantities of over-pressured fluids rise quickly to the surface

via fracture zones, possibly created by tectonic activity.

Lydon (1988) reminds us that it may be erroneous to explain all VMS deposits

with one model. By the same token, it may be difficult or impossible to classify all Cu-

Zn deposits as Noranda-subtype or Mattabi-subtype deposits. Nevertheless, the
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convection-cell model explains most characteristics of VMS deposits. The following

discussion is a summary of the required éléments of the convection-cell model for VMS

formation (Fig. 29): an oceanic environment, a heat source, an extensional fracture

System, a cap to the hydrothermal réaction zone, a source of fluids and metals, chemical

réactions causing altération, and mechanisms for precipitating and accumulating

sulphides. Thèse éléments are readily formed in a rifting oceanic cmst environment.

3.3.2 Oceanic Environment

A tensional crustal régime is a favourable environment in which isolated rift

basins may form and VMS accumulation may occur. More specifically, an island arc,

a back arc, a propagating rift or a subducting rift scénario are all possible environments

in which such rifting may occur and where VMS mineralization may be preserved.

3.3.3 Heat Source

A large focussed heat source is needed to supply sufficient heat to generate

buoyant, convecting fluids. Thèse fluids must be sufficiently hot to cause altération

réactions leading to acidic conditions favourable to the leaching of base metals,

particularly copper and zinc, from the country rocks. The heat source is generally

considered to be that of primitive magmas and their derivatives which rise along the axes

of rifting oceanic crust. The high-level intmsions which directly circulate the ore-

forming fluids are considered to be sill-like subvolcanic bodies.



112

tllill
G

: 0
 .£

 e
u

 -i

s0•
oœU
)

A
?

1a
.

s<BT
?0
 
.

15"O
î

0^

(0-N
Ç

 '•
«

0
 g0

Il§ s£ s
'CTi îo
-
?
. .N

n>
*
-Q

-
x
: s

-

s. +
1

"5
-9

.
C

 (0
.o

:S
's

 *
=

s
 -^

S
 w

w
 _

2
 .S

8-S
'- C

T
S

•
^

 E
"sE

.O

11'S
 12

en
 "s

01CM20
}



113

Franklin (1990) has summarized the prévalent characteristics of subvolcanic

intrusions associated with VMS deposits; in addition to their sill-like configurations, they

occur 2 to 3 kilomètres stratigraphically below the base-metal deposits, they have minor

metamorphic halos, some felsic intrusions have minor porphyry copper-type occurrences,

and their REE pattems, including characteristic négative Eu anomalies, are similar to

those of their coeval felsic volcanic rocks.

Studies of modem seafloor-spreading centres have been imaged by geophysical

(gravity) techniques revealing relatively shallow intrusive heat sources beneath the ridges.

Intermediate- to fast-spreading ridges are thought to be underiain by relatively shallow

magma chambers, whereas slow-spreading ridges are thought to be underiaid by

relatively deep-seated magma chambers (Rona, 1984). Periodic replenishment of the

magma chamber may explain episodic spreading and volcanic activity and the résultant

hydrothermal activity at ridge centres. Cathles (1983) suggests that cooling by

convection of multiple small magmatic puises resulted in the formation of individual ore

lenses in the Hokoroku basin, Japan. In that case, mineralization is thought to have

formed in less than 5,000 years and probably in less than approximately 100 years

(Cathles, 1981). However, récent work on the worid-class Kidd Creek VMS deposit in

Ontario suggests that it may have taken as much as five million years to form this deposit

(Hannington et al., 1994).

According to Cathles (1981), there are three sources ofheat to drive hydrothermal
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circulation. The principal source is thermal conduction from the intrusion, first to the

country rock and later to fluids circulating through the intrusion at températures less than

approximately 350-400°C. Also, venting magmadc volatiles may contnbute heat, and

the heat of radioactive decay within the intmsion is acknowledged, although it would be

a minor source of heat in the time frame of a VMS System.

3.3.4 Extensional Fracture System

Whereas downward-moving fluids would readily percolate throughout the

fractured country rock towards the subvolcanic intrusive heat source, upward-moving

hydrothermal fluids are focussed along principal, marginal rift faults (Kappel and

Franklin, 1989). Fault and fracture zones are important to enable hot (approximate

maximum température of 350-4CK)°C; Cathles, 1991) aqueous fluids to be released by

more or less continuous flow by buoyant rise to the surface. According to Mottl (1983),

adiabatic cooling by movement up rift fault structures would result in only a 10°C drop

in the température of the hydrothermal fluid.

3.3.5 "Cap" on the Hydrothermal Réaction Zone

A cap on the hydrothermal réaction zone is an important feature of the VMS

convection-cell model. It inhibits cooling of the heat source by rapid inflow of seawater,

holds fluids at depth, and allows convecting fluids to attain elevated températures

necessary for the solubility of base metals (approximately > 300°C for Cu, and lower

températures for Pb-Zn; Lydon, 1988). As documented by Kappel and Franklin (1989)
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for sulphide deposit-bearing ridge crests in the northeast Pacific Océan, a thick layer of

sediment or ash-flow material may provide the necessary impermeability layer and

thermal insulation. Lower semi-conformable altération zones have been recognized under

several fossil VMS deposits and are thought to have acted as barriers between cold,

down-welling seawater and metalliferous fluids rising from réservoir zones (Le., the

source of metals and sulphur for the ore-bearing fluids) (Franklin et al., 1975;

MacGeehan, 1978; MacGeehan and Maclean, 1980; Cathles, 1983; Gibson et al, 1983;

Galley and Franklin, 1991). Thèse widespread altération zones, characterized by

abundant silicification ± epidotization in Noranda-subtype deposits and by

carbonatization in Mattabi-subtype deposits, are thought to be the products of early-

forming altération, subsequendy crosscut by chloritic altération limited around actual

vent-stockwork sites (Franklin et al, 1975; Gibson et al., 1983). Because thèse altération

zones may be metal-depleted (MacGeehan and MacLean, 1980; Gibson et al., 1983),

they may have been a part of the métal source zone. Focussed discharges of

metalliferous fluids would occur where the rising fluids breached thèse altération zones

along rift-related fault zones.

3.3.6 Source of Fluids and Metals

Based on l) oxygen and hydrogen isotope data for hydrothermal minerais and

water from fluid inclusions in minerais associated with fossil VMS deposits and 2) the

discovery and characterization of hydrothermal fluids venting at actively spreading mid-

océan ridges, the consensus is that the main source offluids for hydrothermal emanations
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on the seafloor is seawater that has circulated by heat convection and has reacted with

the country rock (for reviews see Large, 1977; Franklin et al., 1981; Cathles, 1981,

1983; Lydon, 1988; Franklin, 1990). Metals are considered to be leached from the

country rocks by the convecting hydrothermal fluids. Some contribution of fluids from

a magmatic source is suggested by studies of the Galapagos VMS deposits (Perfit and

Fomari, 1983; Perfit et al., 1983) and isotopic studies of the Kuroko deposits (Ohmoto

and Rye, 1974; Hattori and Muehlenbachs, 1980; Pisutha-Amond and Ohmoto, 1983).

According to Elder's rule (1977) as used by Cathles (1981), the total mass ofconvecting

hydrothermal fluid would approximately equal the mass of the heat source.

Leaching of metals from rocks is achieved essentially by the Mg, Ça, or Na

metasomatism (resulting in a decrease in pH) of primary minerais containing trace

amounts of metals in their crystalline structure and, to a lesser degree, by scavenging

metals loosely bound to minéral surfaces or held to minéral surfaces by coatings with

high adsorption capacities (Lydon, 1988). Based on measurements of seafloor fluid

emanations and expérimental data, modified seawater in basaltic terranes must reach

températures of at least 385°C, and in a few cases, at least a few degrees above 400°C,

to become significantly cupriferous (Franklin, 1986 and références therein). Increased

salinities may enhance the ability of a solution to leach metals and the réactive capacity

of a pore solution (meaning a solution is not in chemical equilibnum with a rock and is

therefore able to alter the rock surface with which it has contact; Lydon, 1988). Low

water/rock ratios favour high métal concentrations in pore fluids by means of simple rock
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hydration (see Lydon, 1988).

Magmatic fluids may also be a significant source of metals. By analogy to

porphyry copper deposits, Henley and Thomley (1979) suggest that, whereas some ore

metals may be derived by leaching of country rocks, magmatic fluids may be a source

of base metals, sulphur and carbon dioxide. They propose a hybrid model in which thèse

components may be transported by a buoyant magmatic plume which then mixes with

convecting seawater-derived fluids. Sawkins (1982; 1986), Stanton (1991) and Urabe

and Marumo (1991) also propose hybrid models similar to the Henley and Thomley

model.

Both Sawkins (1982, 1986) and Stanton (1991) suggest that leaching of oceanic

basait cannot be the principal mechanism to generate metalliferous fluids for VMS

deposits. Firsdy, Sawkins questions the ability of hydrothermal convecdon cells to

maintain optimum effective water/rock ratios and températures to leach base metals from

the altered rocks. Secondly, Sawkins suggests that fluids circulating through faults and

fractures would create altered selvages that would not allow subsequent fluids to interact

with unaltered rocks, unless thèse rocks were repeatedly fractured. In this case, Sawkins

would expect more repetitive altération pattems in the paragenesis of Kuroko-type

deposits. Thirdly, Sawkins argues that the uniformity of Pb isotope data for Kuroko ores

(Sato, 1975), similar to Pb isotopic data for coeval igneous rocks, could not be

maintained by fluids leaching diverse basement formations within the Kuroko région.
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However, Campbell et al. (1981) suggest, based on an évaluation of strontium and lead

isotope data of the Kuroko ores, that little circulation of hydrothermal fluids affected the

basement rocks in the Kuroko région.

Stanton notes the clustering of VMS deposits in time, and associâtes thèse

groupings to a brief, clearly-defined event (magmatic crystallization and differentiation)

rather than a prolonged process such as altération by modified seawater and métal

leaching. Secondly, Stanton stresses that basalts contain comparable or more abundant

amounts of zinc than andesites, dacites and rhyolites and that the zinc in basalts may be

leached fairly readily from olivine. However, zinc-rich deposits are not commonly found

in Cyprus-type basaltic environments, but they are prominent in andesite-rhyolite, calc-

alkalic séquences. Also, Stanton notes that basalts contain trace amounts of lead, and

following the leaching model, basalt-associated orebodies should contain lead, whereas

they are essentially devoid of lead. Finally, Stanton notes that basalts contain nickel and

cobalt in the same order ofabundance as copper and zinc, and that nickel and cobalt, like

zinc, are located in olivine, an easily altered minéral. Based on the leaching hypothesis,

Stanton would expect basalt-associated Cyprus-type deposits to contain nickel and cobalt

sulphides as major constituents, which is not the case.

3.3.7 Ore-Metal Transport

Laboratory experiments on ore and gangue minéral solubilities (see Bames (1979)

and Franklin et al. (1981) for summaries) and direct analyses of modem seafloor
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emanations (see Franklin, 1986 and références therein) have recognized that the dominant

characteristics of base metal-bearing fluids, such as températures, pressures ("...at

températures approaching the two-phase boundary of seawater..., pressure can have an

important effect on minéral solubility and correspondingly H+ production...": Seyfried

and Janecky, 1985), salinides, fluid densities, water/rock ratios, fugacity ofoxygen, and

fugacity of sulphur, play important rôles in modifying the fluid and the environment in

which it circulâtes.

Under the chemical and physical conditions expected for base-metal transport and

deposition for ancient Cu-Zn-type deposits, optimal conditions for Cu-Zn transport

require that the ore metals be transported as sulphide (HS' and possibly HyS) complexes

in alkaline solutions with pH greater than 6, or possibly as chloride complexes in acidic

solutions (Franklin et al, 1981; Lydon, 1988). Whether the metals are transported as bi-

sulphide or chloride complexes dépends largely on such factors as pH and the Cl: S ratio.

Based on actively-venting fluids on the modem seafloor (see Rona (1988) for review) and

fluid-inclusions studies of certain fossil deposits (Spooner and Bray, 1977; Pisutha-

Amond and Ohmoto, 1983), ore-forming solutions have températures up to

approximately 400°C, salinities up to two to three times that of modem seawater (i.e.,

7-10 equiv. wt. % NaCl), and are reduced such that the activity of HzS is much greater

than the activity of S042'.
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3.3.8 Chemical Réactions Causing Altération

Experiments examining the réactions between basait and low température

(approximately <. 150°C) seawater-derived soludons (see Seyfried (1987) for review and

références) show that Mg2+ is removed from seawater and deposited as Mg-rich

altération minerais, according to réactions of the type:

Talc

3Mg2+ + 4Si02^ + 4H2Û = Mg3Si40io(OH)2 + 6H+ (Seyfried, 1987)

At températures of 150-350°C and seawater/rock mass ratios less than 50, the acidic

character ofthe fluid is short lived due to the replacement ofaqueous Mg2+ by Ca2+, and

at very-low seawater/rock mass ratios by Na+ and K+ as a result of the dissolution of

primary silicate phases. In moderate- to high-temperature fluids (250-450°C), Mg2+ may

still be removed from soludon and create acidic conditions according to réactions of the

followmg type:

Anorthite Clinochlore Clinozoisite

Mg2+ + O.SCaAl^SiA + O^SiO, + 2.0Hp = 0.2Mg,Al2Si30io(OH)8 + 0.40^^30,2(0^ + 2H+
(Seyfried, 1987)

However, at high-temperatures (approximately ^350°C), Ca2+ and Na+ are lost from

solution and become fixed in hydrous altération phases, resulting in acidic fluid

conditions. Calcium-fixation réactions in relatively SiOî-poor Systems and sodium-

fixation réactions (spilitization) in relatively SiOz-rich Systems, rather than Mg-fixation

réactions, provide the most likely mechanisms of forming acidic solutions, according to

réactions of the following types:
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Anorthite Chlinozoisite

SCaAl^SiîOg + Ca2+ + 2H2Û = 2Ca2Al3Si30i2(OH) + 2H+ (Seyfried, 1987)

Anorthite Albite Clinozoisite

Na+ + 2CaAl2Si20g ISiOz + ïlzO = NaA^Og + Ca2Âl3Si30i2(OH) + H+
(Seyfried, 1987)

Generally, VMS-forming hydrothermal fluids are oversaturated in silica in

comparison to cold seawater. Mixing of cold seawater with venting hydrothermal fluids

(± boiling) will result in rapidly falling températures and silica précipitation (Franklin,

1990). Pronounced silicification is commonly found in zones below Noranda-subtype

VMS deposits, forming semi-conformable footwall altération zones (MacGeehan and

Maclean, 1980; Gibson et al., 1983).

Carbonate altération in Mattabi-subtype VMS deposits is thought to have formed

prior to métal deposition (Franklin et al., 1975; 1977). An early low-density C02-rich

aqueous hydrothermal phase may have risen quickly because of its low density, altering

the rocks in its path, and leaving behind a dense, residual metal-rich brine that would

have subsequently risen slowly through the footwall rocks (Franklin, 1986).

3.3.9 Altération Pipes

Various altération assemblages found in altération pipes are summarized in Figure

30 (from Lydon, 1988). Generally, thèse pipes have chloritic cores and sericitic or illitic

margins (or chloritic cores and sericitic tops just undemeath the sulphide mound).

Magnesium enrichment of cores is commonly observed. The chlorite to sericite
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transition in altération pipes is interpreted to represent a decreasing geothermal gradient,

as does the Cu/Zn zonation (Riverin and Hodgson, 1980; Lydon and Galley, 1986).

Potassium is added to the altération pipe rock in the form of sericite. It is derived

either from seawater and the ore fluid, or was released during chloritization of the core

of the altération pipe. Magnesium in the uppermost parts of the altération pipe and

peripheral zones is most likely contributed by entrained seawater, whereas magnesium

in Mg-rich cores and in sulphide vein selvages comes from ore fluids, implying either

a minor addition by entrainment originally from seawater or by leaching of feldspar-free

lithologies (e.g., completely chloritized/epidotized basait, argillaceous sediments or

ultramafic rocks). Siliceous, aluminous, carbonaceous, talcose or ferruginous oxide

assemblages may occur in footwall rocks immediately below the exhalite massive

sulphide accumulations.

3.3.10 Mechanisms for Precipitating and Accumulating Sulphides

The most important mechanism for causing base-metal sulphide précipitation is

the abrupt température decrease resulting from l) mixing of the hot hydrothermal fluids

with cold seawater, or 2) subsurface boiling of hydrothermal fluids (Henley and Ellis,

1983; Drummond and Ohmoto, 1985).

The most important requirement for initiating sulphide accumulation is a porous

barrier over a hydrothermal discharge site (Franklin, 1986; Lydon, 1988). This barrier
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defocuses the discharge of hydrothermal fluids and provides a site for the meeting and

mixing of cold seawater and hot venting fluids, which results in rapid cooling of the

fluids and initiâtes near-vent sulphide accumulation. Study of modem seafloor VMS

accumulations reveals that anhydrite (CaS04) commonly acts as the porous bamer, which

l) impedes direct venting of hydrothermal fluids onto the seafloor, 2) provides a surface

upon which hydrothermal précipitation may occur, and 3) filters sulphide particles

suspended in the hydrothermal fluid. Although calcium is leached from oceanic

lithologies by convecting hydrothermal fluids, sulphur isotope studies show that the

sulphate in anhydrite related to VMS deposits comes from the seawater (Styrt et al.,

1981). Thus, anhydrite précipitâtes from seawater at the sharp thermal gradient between

hot, venting hydrothermal fluids and cold, ambient seawater. This minéral is absent or

rare in ancient VMS deposits, and is thought to have been dissolved by later ore fluids

(Lydon, 1988). Ifanhydrite was not présent in the Archean (i.e., pre-oxyatmoversion

time; Roscoe, 1973), then alayer offragmental rocks ("millrock"; Sangster, 1972) over

the discharge vent probably acted as a porous bamer in ancient VMS deposits. The

fragmental rocks were either of magmatic, phreatic, or hydrothermal explosive origin or

were talus accumulations, and promoted advective, convecdve or adiabatic cooling of the

hydrothermal fluids in the seafloor mound. Repeated épisodes of hydraulic fracturing

beneath the seafloor surface created hydrothermal breccia pipes, a porous medium in

which fresh seawater could circulate and sulphide minerais could accumulate as a

stockwork body.
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3.4 MODERN ANALOGUES

Ourunderstanding ofpolymetallic massive sulphide précipitation and accumuladon

and related hydrothermal fluid chemistry has advanced greatly since the discovery of this

type of deposit at many seafloor spreading sites, especially along the East Pacific Rise

(see Rona (1984, 1988) for a review). However, sulphide deposits along the East Pacific

Rise or the Mid-Atlantic Ridge are associated with mafic, oceanic-spreading centres, and

much of the modelling of ancient VMS deposits suggests that thèse deposits formed

instead in island arc/back-arc environments. Therefore, the East Pacific Rise and the

Mid-Adantic Ridge deposits are not the most appropriate modem analogues for ancient

VMS deposits. Fouquet et al. (1991) underiine this distinction (p.780): "Although the

basic ore-forming processes in back-arc environments are similar to those described at

MOR spreading centres, spécifie properties of the fluids and deposits are largely

controlled by the physicochemical properties of the crust which in tum reflects the

tectonic setting. Both mineralogical and geochemical compositions of sulphides and

fluids indicate the différences between back-arc and ocean-ridge environments."

Complex interactions between island arcs, back arcs, ridges and trenches in the southwest

Pacific Océan have been described by Karig (1970, 1971, 1972, 1974) and Hamilton

(1988), and deep exploration by bathyspheres since the late 1980s have proven successful

in finding examples of sulphide accumulations on the seafloor in back-arc environments

in this région. Four modem examples analogous to Archean VMS deposits are discussed

below.
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The Okinawa Trough is an active intracontinental back-arc basin located between

the Ryukyu Island chain and the east coast of China (Fig. 31). It hosts the Jade deposit

considered to be a modem analogue of Kuroko-type VMS deposits (Halbach et al., 1989,

1993). The area is characterized by valleys and ridges composed of rocks with calc-

alkalic island-arc affinides. The extending oceanic crust is eut by normal faults which

act as conduits for fluid circulation and for rising volcanic intrusions. The Jade

hydrothermal field is located in a caldera-like structure where four types of sulphide

mineralization have been identified: l) massive sulphides composed of sphalerite,

argentiferous galena and pyrite with minor amounts ofchalcopyrite; 2) massive sulphides

composée! of sphalerite, chalcopyrite and pyrite; 3) stockwork mineralization composed

of sphalerite, Ag- and Sb-bearing tennandte, galena, enargite and lesser amounts of

pyrite and chalcopyrite; and 4) sulphide-bearing sediments composed of sphalerite, pyrite

and barite with quartz, calcite, illite and chlorite as detrital components. ô34S values

from pyrite (+4.3 to +10.7) are similar to those ofKuroko sulphides (+5 to +8), and

based on thèse isotopic résulta and chemical métal analyses, Halbach et al. (1989, 1993)

suggest that the Jade hydrothermal field of the Okinawa Trough is similar, in its nascent

state, to Au-poor, high-temperature black ores and stockwork mineralization of Kuroko-

type deposits.

Similarly, the Lau back-arc basin, located between a remnant (Lau ridge) and an

active volcanic arc CTofua volcanic arc) east of Fiji, hosts active hydrothermal activity

along the felsic to mafic Valu Fa Ridge (Fig. 32). Fouquet et al. (1991, 1993) suggest
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that the Lau back-arc basin deposits are intermediate between typical mid-ocean-ridge

mineralization and Kuroko-type massive sulphide mineralizadon. The substrata consist

of highly vesicular and highly brecciated basaltic andesites to dacites, favouring good

fluid circulation and seafloor and subsurface mineralization. Analyses of emanating

hydrothermal fluids show l) that the fluids are acid (pH as low as 2); 2) that thèse fluids

have températures up to 400 °C; 3) that the fluids contain high concentrations of trace

metals; and 4) that primary gold is présent in the accompanying minéral deposits. The

sulphide deposits consist ofchimneys, sulphide mounds and stockworks. A cross-section

from top to bottom of a massive sulphide deposit in the Vai Lili hydrothermal field

shows broken copper/zinc chimneys, immature porous zinc sulphides (with minor

amounts of galena), massive zinc-rich chimneys, massive copper-rich sulphides, and

stockwork mineralization consisting of centimetre-thick chalcopyrite veins with veins of

silica, barite and sphalerite. This cross-section is similar to the normal séquence of

mineralization in typical Kuroko-type deposits where the outer portion of the deposit is

"black ore" (barite, sphalerite, pyrite, galena) and the core is "yellow ore" (pyrite,

chalcopyrite). Given that the Okinawa Basin is a nascent back arc presently forming

within continental crust, Fouquet et al. (1991, 1993) conclude, based on sulphide

compositions and the présence of a differentiated séries with island-arc affinities, that the

Lau Basin is intermediate between oceanic and continental back-arc environments.

The eastem Manus basin is a back-arc extensional structure located north of the

New Britain subduction trench and volcanic arc east of Papua New Guinea where
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polymetallic sulphide deposits are actively forming (Fig. 33) (Binns et Scott, 1993). This

area is noted for the oblique intersection of its spreading segments and transform faults

and for its hydrothermal activity and extensive sulphide deposits associated with dacidc

to rhyodacitic volcanism. Andesitic to rhyodacitic lavas defme a calcic fractionation

lineage, and relatively shallow-level fractionation is implied by the calcic nature of

plagioclase phenocrysts. Elevated Sr and Ba contents and depleted Nb abundances

suggest affinities with arc magmatism. A sample of altered dacite is enriched in K, Ba,

Mg and Cr (relative to immobile Al), depleted in Si, Fe, Na, and Ça (relative to Al) and

is extremely depleted in Mn and Li. Ferruginous oxide deposits and altered lavas with

disseminated pyrite and native sulphur were noted by Sakai (1991) in a basaltic andesite

caldera. Binns and Scott (1993) observed blue-grey cnists, interpreted to be Fe-Mn-Si

oxides in the PACMANUS hydrothermal field (Fig. 33). Although dredging of

hydrothermal deposits was unsuccessful during their studies, small chips recovered from

caméra equipment were found to be composed of crystalline anhydrite, disseminated

sulphides and friable massive sulphides, chalcopyrite being the dominant sulphide

minéral. Binns and Scott (1993) conclude that the PACMANUS site in the eastem

Manus back-arc basin may be analogous to ancient VMS-hosting environments.

The Franklin Seamount is a basaltic andesite volcano with rare occurrences of

sodic rhyolite located near the westem propagating tip of a seafloor spreading axis in the

Woodlark basin, located between the Solomon Islands and the southeast tip of Papua New

Guinea (Fig. 33) (Binns et al., 1993). Major faults associated with the Woodlark
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spreading axis are présent on both sides of the Franklin volcanic ridge, providing

conduits for deep seawater circulation in the volcanic pile. Fe-Mn-Si oxide mounds and

spines are found on and near the Franklin Seamount, and inactive gold-rich and silver-

rich barite-silica chimneys with sparsely disseminated sulphides are also seen and may

underiie the Fe-Mn-Si accumulations. Although no massive sulphide accumulations were

found, geochemical analysis ofvendng fluids suggests that sulphide stockworks probably

occur within the underlying pile. Binns et al. (1993) suggest that this propagating

seaûoor spreading axis, where seafloor hydrothermal activity is associated with

volcanism in a continental margin environment, probably represents a more realistic

environment for ancient VMS accumulation than mid-ocean ridges and mature back-arc

basins.

Many other sites of massive sulphide deposition in oceanic-ridge environments

have been documented (see Rona and Scott, 1993), but only a small number of sites,

characterized by the above four sites of récent sulphide accumulation in back-arc or

propagating rift environments, have mineralization associated with felsic volcanism.

Despite this small number of modem analogues to ancient VMS deposits, thèse modem

examples are very helpful in establishing the probable environments of Archean VMS

deposition. Firsdy, they underline the complexities of crustal tectonics m creating a

favourable environment for sulphide accumulation. Secondly, as Binns and Scott (1993)

point out for the eastem Manus back-arc basin environment, there may be less deep fluid

circulation in this type of environment than in mid-oceanic ridge environments,
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decreasing the opportunity for increasing fluid températures and leaching metals from the

surrounding rocks. With this in mind, Binns and Scott intend that future research at this

site will address the importance of magmatic devolatilization and basement fluid-rock

interaction inferred for some ancient VMS deposits (e.g., Sawkins, 1982, 1986; Stanton,

1991; Urabe and Marumo, 1991).

3.5 CASE STUDY: BOURLAMAQUE AND LOUVICOURT TOWNSHIPS

In this following section, the required and secondary éléments of VMS formadon

in Bourlamaque and Louvicourt Townships of the east Val d'Or mining district are

discussed in order to apply the général VMS model (above) to the actual field area.

The first question to answer is whether an adéquate subvolcanic heat source

existed in the district. The obvious choice is the apparently synvolcanic Bourlamaque

pluton (Fig. 26), a large (170 km2; Campiglio and Darling, 1976) dioritic introsion with

no metamorphic halo. The calc-alkalic character of this intrusion and of the Val d'Or

domain rocks suggest that they are comagmatic CTessier et al. , 1990; Chapter 2 of this

report). However, their reported âges do not concord well (2,699.8 ±1.0 Ma for the

Bouriamaque intrusion; 2,704.9 ± 1.1 Ma and 2,706 ± 3 Ma for the Val d'Or demain;

Wong et al., 1991 and Pilote et al., 1993); Le., their âges do not agrée within the

précision of zircon âge dating of » 2.7 Ga old rocks.
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Unfortunately, there is some uncertainty over the sampling for age-dating of the

Bourlamaque pluton. Moreover, récent mapping and precision-age dating of the Flavrian

pluton in the Noranda distnct has demonstrated that synvolcanic intrusions are typically

compositionally heterogeneous and probably composed of multiple injections of

subvolcanic magma over many millions of years. The Bourlamaque-Val d'Or System

may also have had a prolonged subvolcanic and volcanic history. Based on major

élément and selected trace élément (Li V, Cr, Co, Ni, Cu, Zn, Rb, Sr) geochemistry,

Campiglio and Darling (1976) and Campiglio (1977) suggested that two, possibly three

sill-like injections formed the Bouriamaque pluton. The shape of the intrusion also

suggests that it is composée! of more than one intrusive phase. Campiglio and Darling

(1976) and Campiglio (1977) propose that the central portion of the intmsion was the

first intrusive puise, followed by the more differentiated northem portion of the intrusion.

The southem border of the central portion is the most mafic and may represent a separate

intrusion or a zone of contamination of the central intmsion. The most pertinent, précise

geochronology sample comes from the most westem extremity of the northem (i.e., late)

portion of the intrusion (Wong et al., 1991) and may represent a late phase of the

Bouriamaque intmsion.

A synvolcanic pluton of the size of the Bourlamaque pluton would cleariy have

been an adéquate heat source to générale a convection-cell System, based on simple

calculations of the type made by Cathles (1981). Thèse calculations suggest that an

intrusion approximately ten times smaller than the Bourlamaque intrusion could have
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generated hydrothermal convecdon cells capable of depositing the Cu and Zn tonnage in

all of the known VMS deposits of the Val d'Or-east camp. This différence in intrusion

size implies that the Bouriamaque pluton had the potential of forming many more VMS

deposits than those presendy known in this district.

The geotectonic model for the Val d'Or mining district ofDesrochers et al. (1993)

envisages the emplacement ofthe calc-alkalic Bourlamaque intrusion and comagmatic Val

d'Or demain rocks in an extensional régime due to the subduction of an oceanic ridge

beneath the Malartic Composite Block (MCB; see Chapter l and Figs. 6a and 6b)

accreted to a Superior protocontinent. In this scénario, the ridge retains it oceanic

extensional characteristic, resulting in l) the meldng of mantle-wedge material and MCB

material and 2) the unconformable emplacement of the Bouriamaque intrusion and Val

d'Or demain rocks. On the contrary, as mentioned in section 1.2.6, if the Val d'Or

domain rocks formed as a result of subduction of simply oceanic crust undemeath the

MCB accreted to a Superior protocontinent, local tensional environments would still exist

even though the overall force is compressional. This scénario is similar to the aborted

rift model for Kuroko massive sulphide deposits of the Green Tuff Belt (Cathles et al.,

1983). It is also akin to the preliminary stage of an intracontinental back-arc basin

(Halbach et al., 1989, 1993). Furthermore, a simple back-arc spreading axis

environment has been suggested for the formation of the Bouriamaque intmsion and its

overlying coeval volcanic units, the Val d'Or domain (see section 2.3.3.2; Burrows and

Spooner, 1989), in agreement with the général model for the formation ofVMS deposits.
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Concrète évidence supporting a rift environment, such as basin-bounding faults and the

préservation of talus-type sediments, has not yet been recognized probably due in large

part to the déformation of the CPB. Compilation maps of the district do identify

abundant, major and minor shear zones parallel to the more or less east-west tectonic

grain of the district; however, they are apparently overprinted syntectonic features, not

synvolcanic. Nevertheless, certain characteristics of the Val d'Or domain may be used

as support for a rift environment: l) the recognition by Desrochers et al. (1993) of a

distinct calc-alkalic Val d'Or domain and its unconformable relationship to the accreted

tholeiitic-komatiitic domains, which implies from its character, a rifting event of the type

suitable for VMS deposits; 2) the restnction of known VMS deposits in the Val d'Or-

east mining camp to the Val d'Or demain; and 3) the peraluminous nature restncted to

Val d'Or domain rocks commonly associated with Archean VMS deposits, suggesting

that thèse rocks and their VMS deposits formed in an isolated environment.

So far, the number of discovered VMS deposits in the Val d'Or-east area is

significant, although relatively limited compared to the Rouyn-Noranda camp.

Documentation of thèse deposits is also limited, and the most-recently discovered and

largest deposit, the Louvicourt deposit, is yet to be studied and described. However,

Mg-chlonte-rich altération pipes at the Louvicourt, Louvem and Manitou-Barvue deposits

are évidence, by analogy to modem settings, that focussed discharge did occur along

local fracture zones, but the présence of cross-cutting feeder dikes or faults remains

unknown (again due largely to later déformation).
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Also largely due to the limited information on thèse deposits, the type of

subvolcanic caprock expected above the hydrothermal reacdon zones and heat source

remains speculative. AU descriptions note the type of altération associated with the kinds

of mineralization; however, no systematic structural or geochemical work has been done

to characterize latéral changes in altération. Consequendy, it is not known if thèse

deposits formed their own caps of silica or carbonate altération, or if their volcanic piles

acted as caprocks.

The général lack of detailed expérimental studies on thèse deposits leaves us with

litde solid évidence to suggest the actual sources of ore fluids and metals, nor the

characteristics of the hydrothermal fluids that circulated. It may only be repeated that,

according to the most favourable hypothesis for VMS formation, seawater was the major

source of fluids and that modified seawater leached metals from the rocks through which

it convected. A small amount of ore-bearing fluids may also have come from the

Bourlamaque magmatic source.

As for fluid characteristics, their compositions were probably similar to the

optimal conditions defined in section 3.3.7 for leaching, transporting, and precipitating

base-metal sulphides (< 400°C, saline, reduced, alkaline, sulphide- and chloride-bearing,

aqueous solutions). The hydrothermal fluids that convected through the Val d'Or domain

rocks are known to have formed chlorite altération associated with copper mineralization,

and sericite + silica altération associated with zinc mineralization. Carbonate +
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chloritoid ± gamet provide supporting évidence for a Mattabi-subtype classificadon.

Although four mines are closed, the Louvicourt mine, the most récent and largest

VMS deposit of the camp, is to start production in 1994 and should operate for at least

12 years (The Northem Miner, 1994). Over the life time of this mine, it will hopefully

be possible to undertake studies to characterize the hydrothermal fluids responsible for

the mineralization and related altération, and to better define the characterization of this

deposit and the other apparent Mattabi-subtype deposits in the district.

3.6 CONCLUSION

The hydrothermal convection-cell model is the most widely accepted explanation

for modem and ancient volcanogenic massive sulphide accumulations, although some

researchers continue to suggest that magmatic devolatilization was the major source of

metals (see Secdon 3.3). Evaluation of the Val d'Or-east terrane and its known VMS

deposits suggests that the deposits are similar to Mattabi-subtype deposits. However, the

author suggests that the Mattabi-subtype/Noranda-subtype classification of ancient VMS

deposits may need further définition with respect to depth of water, host-rock association

and type of sulphide accumulation (massive sulphides ± stockwork zones). With the

relatively récent discovery of modem analogues in the southwest Pacific and the

recognition of the tectonic complexities surrounding thèse sites, the author foresees

further characterization of tectonic environments favourable to hosting VMS
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accumulations and the application of this classification to ancient VMS deposits.



CHAFTER 4

ARCHEAN MESOTHERMAL LODE-GOLD MODELLING

4.1 INTRODUCTION

In the broadest sense, gold mineralization in Archean greenstone belts may exist

in synvolcanic and/or syn- to late-tectonic settings. Synvolcanic gold mineralization may

be found in porphyry copper, skam, epithermal, volcanogenic massive sulphide (VMS)

and/or banded iron-formation environments. Only a few Precambrian deposits have

characteristics similar to Phanerozoic porphyry copper (Kirkham, 1972; Griffis, 1979;

Gaàl and Isohanni, 1979; Goldie et al., 1979; Guha, 1984; Guha et al., 1988; Symons

et al., 1988; Hodgson, 1990; Tessier, 1990; Fraser, 1993), skam (Mueller, 1988) and

epithermal (Guha, 1984 and Guha et al., 1988) deposits. Some VMS deposits, such as

the Home mine in the Rouyn-Noranda camp (Kerr and Mason, 1990), may host

appreciable quantides of gold. As for banded iron-formation, although they may host

important quantities ofgold mineralization, it is still debated whether gold deposition was

contemporaneous with iron-formation précipitation or was added later, such as during

déformation. The pertinence of thèse types of synvolcanic gold mineralization to the

Bourlamaque-Louvicourt townships study area is addressed in section 4.2.

Syn- to late-tectonic gold mineralization, the most abundant type of gold

mineralization in Archean greenstone belts, includes the quartz vein deposits (e.g., Sigma
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mine; Robert et al., 1983; Robert and Brown, 1984, 1986a, b) and the pyritic deposits

(e.g., Bousquet district; Marquis et al., 1990a,b). The timing of the introduction of gold

to the pyritic deposits may be in part synvolcanic fTourigny et al., 1989, 1993).

A compilation of the major gold deposits in Bouriamaque and Louvicourt

townships is given in Table 2 with locations in Figure 34. In addition to thèse 21 gold

deposits, there are 28 significant gold showings which do not figure in this table

(Bellemare and Germain, 1987). This compilation illustrâtes the dominance of syn-to

late-tectonic quartz-vein gold deposits and the lack of known pyritic gold deposits in the

study area.

The principal characteristics of thèse two deposit types are described in section

4.3. Following thèse descriptions, current mesothermal models used to explain Archean

lode-gold mineralization (meteoric, orthomagmatic, metamorphic, manûe degassing-

granulitization fluids) are characterized and compared, and Phanerozoic examples of

mesothermal lode-gold mineralization are also briefly discussed because several

characteristics of thèse young deposits appear to be analogous with Archean mesothermal

lode-gold deposits. The current mesothermal models are then applied to the study area

in order to evaluate what processes best explain the formation of auriferous fluids,

migration and gold deposition in this area.
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Table 2. Summary of characteristics of gold deposits in Bouriamaque and Louvicourt
townships, Val d'Or-east district.

NAME

Status

Symbol in Figure 34.

Size (Mt x 1,000)'

Au (kg)2

Host Rocks

Morphology3

Ore Mmeralogy3

Altération

Référence

SIGMA-2

Active Mine

l

165

516

Granophyric part of a
differentiated gabbroic
sill.

Subhorizontal quartz
lenses and bleaching
of surrounding
wallrock.

Qz-Tm±Cb-Py-

Po±Cp-Au in lenses.

Asp in bleached
wallrock. Au

associated with Py and
Asp, occurs as

inclusions and veinlets
cross-cutting sulphide

grains.

Sericitizaticm,
albitization,
silicification, and
minor carbonatization.

Hébert et al. (1991);
Couture (1991).

BRAS D'OR

Closed Mine

2

862

5,446

Bourlamaque diorite-

quartz diorite
mtrusion.

Discontinuous gold-

bearing Qz-Tm-Cb-

phyllosilicates veins in
a shear zone.

Py-Cp-Au. Gold

closely associated with
Py, and concentration

increases when Cp is

présent too.

Silicificatioa and
carbonatizatioa.

Belkabir (1990);
Couture (1991).

FERDERBER

Closed Mine

3

866

5,699

Bourlamaque diorite-
quartz diorite
mtrusion.

Qz-Tm-Py-mica

lenses m a E-W shear

zone.

Py-Cp-Au. Gold is

more common within

Py when Cp is
abondant and Au is
geaerally in contact
with both Py and Cp
at "triple phase" grain
junctions.

Sericitization,
chloritization,
carbonatization, and

low red hematite
altération.

Vu (1990); Couture
(1991).

'-Metric tonnes; values compilée! from Couhire (1991).
2- Values compiled from Couture (1991).
3.- Qz: quartz; Tm: tourmaline; Cb: carbonate; Py: pyrite; Po: pyrrhotite; Cp: chalcopyrite; Au: gold; Ag:

silver; Asp: arsenopyrite; Sh: scheelite; Gn: galena; Bi: bismuthinite; Te: tellurides; Mn: magnetite; Ep:

epidote.
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Table 2. Summary of characteristics of gold deposits in Bouriamaque and Louvicourt
townships, Val d'Or-east district (continued).

NAME

Status

Symbol in Figure 34.

Size(Mtx 1,000)'

Au (kg)2

Host Rocks

Moqihology3

Ore Mineralogy3

Altération

Référence

L. C. BÉLIVEAU

Closed Mine

4

35

120

Diorite dikes

A séries of en échelon
Qz-Tm-Py-Au veins.

Py-Cp-Po-Au-Te; Au

is closely associated
with Py and Cp.

Carbonatization.

Lacroix (1986);
Couture (1991).

SIGMA

Active Mine

5

19,786

112,793

Andesitic flows,
porphyritic diorite,
feldspar porphyry
dikes.

Subhorizontal and
vertical Qz-Tm-Cb-Ch

veins; dike stringers.

Py-Po-Sh-Au.

Cryptic:white mica,
calcite, apatite added
and epidote destroyed;
Visible: paragonite,
quartz, calcite, apatite,

tourmaline added.

Robert and Brown
(1984); Robert and
Brown (1986b);
Couture (1991).

BEVCON

Closed Mine

6

3,170

12,671

Bevcon granodioritic
pluton and one
mineralized lens in
volcanic rocks.

Numerous, narrow,

lenticular Qz-Cb-Tm

vems.

Au-Ag-Py-Cp-Sh

disseminated in quartz
vems.

Carbonatization,

albitization,
tourmalùuzation,

sencitization.

MERQ microfiche
deposit ff 32C/3-32;
Sauvé et al. (1986);
Couture (1991).

'- Metric tonnes; values compiled from Couture (1991).
2- Values compiled from Couture (1991).

3- Qz: quartz; Tm: tourmaline; Cb: carbonate; Py: pyrite; Po: pyrrhotite; Cp: chalcopyrite; Au: gold; Ag:
silver; Asp: arsenopyrite; Sh: scheelite; Gn: galena; Bi: bismuthimte; Te: tellurides; Mn: magnetite; Ep:
epidote.
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Table 2. Summary of characteristics of gold deposits in Bouriamaque and Louvicourt
townships. Val d'Or-east district (continuée!).

NAME

Status

Symbol in Figure 34.

Size (Mt x 1,000)'

Au (kg)2

Host Rocks

Moiphology3

Ore Mmeralogy3

Altération

Référence

BUSSIERES

Closed Mine

7

225

1,296

Bourlamaque

granodioritic intrusion.

Two-metre-wide

quartz vein.

Py-Cp-Au-Ag

disseminated in Qz
vem.

Carbonatization,

sencitization,

albitization.

M.E.R.Q. microfiche

deposit ff 32C/4-36;
Couture (1991).

LAMAQUE

Closed Mine

8

23,803

141,389

Granodiorite and
diorite plugs and
volcanic rocks.

Qz-Tm-Cb veins aad

vemlets.

Py-Au-Sh-Cp-Gn-Sp-

Bi disseminated in
veins and veinlets.

Carbonatizatioa,

albitization,
silification.

M.E.R.Q. microfiche

deposit ff 32C/4-57;
Daigneault et al.
(1983) Couture
(1991).

SIMKAR

Closed Mine

9

3084

1.6054

Diorite dike crosscut
by several poqïhyritic
dikes.

Discontinuous zone of

Qz-Tm veins, 488 m

long following a
shear zone.

Au-Cp-Sp-Sh-Py-Po

disseminated in Qz
vems.

Silicification,

pyntization.

M.E.R.Q. microfiche

deposit ff 32C/4-81;
Dussault (1993).

- Metric toimes; values compiled from Couture (1991).
2- Values compiled from Couture (1991) except for the Simkar mine (Dussault, 1993).
3- Qz: quartz; Tm: tourmaline; Cb: carbonate; Py: pyrite; Po: pyrrhotite; Cp: chalcopyrite; Au: gold; Ag:

silver; Asp: arsenopyrite; Sh: scheelite; Gn: galena; Bi: bismuthùute; Te: tellurides; Mn: magnetite; Ep:
epidote.

4- Values taken from Dussault (1993).
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Table 2. Summary of characteristics of gold deposits in Bourlamaque and Louvicourt
townships. Val d'Or-east district (continued).

NAME

Status

Symbol in Figure 34.

Size(MtXl,000)'

Au (kg)2

Host Rocks

Morphology3

Ore Mineralogy3

Altération

Référence

D'OR VAL

Closed mine

10

132

320

Bourlamaque

granodiorite intniion

Several Qz-Tm veins.

Au-Ag-Cp-Py-Te

disseminated u qz
vems.

Not mentioned.

M.E.R.Q. microfiche

deposit H 32C/4-82.

MID-CANADA
(& Oreaada ff4)

Closed mine

11

75 (19)

345 (25)

Brecciated and
fractured basic lava,

chlorite schist,
fractured diorite,
siliceous and basic
volcanic rocks.

Deposit composed of
several zones;

disseminated and vein-

type mineralization.

Au-Asp-Cp-Ag-Py-

Mn-Po. Au closely

associated with Asp.

Carbonatization,

albitization,
tourmaluùzation, As

mineralization.

M.E.R.Q. microfiche

deposit ff 32C/4-89;
Robert et al. (1990);
Couture (1991)

AKASABA

Closed mine

12

263

1,236

Mafic lapilli tuff.

Au and Po
disseminated m lower
part of tuff, forming
two large lenses; a

few auriferous Qz-Ep
veinlets crosscut the

deposit and the
underlying basait
unit.

Au-Po-Py-Cp-Mn.

Epidotization,
biotitization,
magnetite, pyrrhotite.

Sauvé (1985);
Couture (1991).

'- Metric tonnes; values compiled from Couture (1991).
2- Values compiled from Couture (1991).

3- Qz: quartz; Tm: tourmaline; Cb: carbonate; Py: pyrite; Po: pyrrhotite; Cp: chalcopyrite; Au: gold; Ag:
silver; Asp: arsenopyrite; Sh: scheelite; Gn: galena; Bi: bismuthinite; Te: tellurides; Mn: magnetite; Ep:
epidote.
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Table 2. Summary of characteristics of gold deposits in Bourlamaque and Louvicourt
townships, Val d'Or-east district (continued).

NAME

Status

Symbol in Figure 34.

Size

Host Rocks

Morphology

Ore Mmeralogy'

Altération

Référence

NEW HARRICANA

Deposit

13

In 1981, réserves

defmed by drilling
were 60,000 t grading
5.48 g/t Au.

Volcanic rocks

underlymg a grano-

dioritic poqAyry
dyke.

Quartz veins.

Au-Py-Cp

disseminated in Qz
vems.

Chloritization

M.E.R.Q. nùcrofiche

deposit ff 32C/4-56.

AUMAQUE

Deposit

14

In 1984, probable
réserves were 172,000

t grading 8.57 g/t Au.

Sheared tuff and
agglomerate.

Quartz veins.

Au-Ag-Cp-Sp-Py

disseminated in Qz
vems.

Chloritization,
cabonatization,

sencitization.

M.E.R.Q. microfiche

deposit ff 32C/4-63.

BIDLAMAQUE

Deposit

15

Erratic Au aad Cu
values; 36,288 t
grading7.89 g/t Au.

Sheared felsic
volcanic rocks.

Quartz veins.

Au-Cp-Ni-Sh-Py-Po-

Tm disseuunated in
Qz veins.

Not mentioned.

M.E.R.Q. microfiche

deposit ff 32C/4-66.

'- Qz: quartz; Tm: tounnaline; Cb: carbonate; Py: pyrite; Po: pyrrhotite; Cp: chalcopyrite; Au: gold; Ag:
silver; Asp: arsenopyrite; Sh: scheelite; Gn: galena; Bi: bismuthinite; Te: tellurides; Ma: magnetite; Ep:
epidote.
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Table 2. Summary of characteristics of gold deposits in Bouriamaque and Louvicourt
townships, Val d'Or-east district (continued).

NAME

Status

Symbol in Figure 34.

Size

Host Rocks

Moqîhology'

Ore Mineralogy'

Altération

Référence

EL SOL

Deposit

16

In 1983, possible
réserves of 45,000 t

gradmg 11.32 g/t Au.

Diorite sill.

Qz veins.

Au-Py disseminated in
vems.

Not mentioaed.

M.E.R.Q. microfiche

deposit H 32C/4-91.

BUFFADISON

Deposit

17

In 1986, réserves of
530,5811 grading
4.11g/tAu.

Bevcon granodiorite
pluton.

Multiple Qz-Tm-Cb
vems.

Au-Ag-Py-Cp-Sh

disseminated in veins.

Not mentioned.

M.E.R.Q. microfiche

deposit #320/3-31.

ADELMONT

Deposit

18

In 1987, possible
réserves before

dilution of 500,000 t
grading 5.14 g/t Au.

Sheared diorite.

Qz-Cb vems.

Au-Py in veins.

Silicification.

M.E.R.Q. microfiche

deposit ff 32C/3-34.

'- Qz: quartz; Tm: tourmaline; Cb: carbonate; Py: pyrite; Po: pyrrhotite; Cp: chalcopyrite; Au: gold; Ag:
silver; Asp: arsenopyrite; Sh: scheelite; Gn: galena; Bi: bismuthuùte; Te: tellurides; Mn: magnetite; Ep:
epidote.
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Table 2. Summary of characteristics of gold deposits in Bouriamaque and Louvicourt
townships. Val d'Or-east district (end).

NAME

Status

Symbol in Figure 34.

Size

Host Rocks

Morphology

Ore Mineralogy'

Altération

Référence

NORCOURT

Deposit

19

In 1987, 467,205 t
grading 6.17 g/t Au.

Diorite.

Quartz veins.

Au disseminated in
quartz vems.

Not mentioned.

M.E.R.Q. microfiche

deposit H 32C/3-35.

MONIQUE

Deposit

20

In 1986, probable and
possible réserves of

728,000 t grading
6.10 g/t Au.

Veins crosscutting
mtrusions.

Quartz veins.

Au-Py.

Not mentioned.

M.E.R.Q. microfiche

deposit H 32C/3-58.

WRIGHTBAR
ZONE D.

Deposit

21

In 1988, potfflatial
réserves of more than

300,0001 grading
7.89 g/t Au.

Shear zone in
Bourlamaque

granodiorite mtrusion.

Qz-Tm-Ch-Cb veins.

Au-Cp-Py.

Not mentioned.

M.E.R.Q. microfiche

deposit ff 32C/4-98.

'- Qz: quartz; Tm: tourmaline; Cb: carbonate; Py: pyrite; Po: pyrrhotite; Cp: chalcopyrite; Au: gold; Ag:
silver; Asp: arsenopyrite; Sh: scheelite; Gn: galena; Bi: bismuthmite; Te: tellurides; Mn: magnetite; Ep:
epidote; Ch: chlorite.
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4.2 ENVIRONMENTS 0F SYNVOLCANIC GOLD MINERALIZATION

4.2.1 Porphyry Copper Deposits

Although technically plutonic, porphyry copper deposits are listed among

synvolcanic deposits because of their high crustal (subvolcanic) position and timing. In

général, porphyry copper deposits are large and low-grade (at least 20 million tonnes

containing a minimum of 0.1 % Cu, according to Lowell, 1974), intmsion-related

deposits that can be mined using mass mining techniques. The intrusions are generally

felsic and differentiated, were emplaced at less than approximately four kilomètres from

the surface, and are almost invariably porphyritic. Local portions of the intrusions are

suggested to be the source of heat causing circulation of hydrothermal fluids from both

magmatic and groundwater sources.

Large-scale pattems of altération and mineralization resulted from hydrothermal

circulation. The complète séquence is rarely developed or preserved. However, a

completely developed altération and mineralization pattem would include potassic

altération (intense hydrolysis) which coincides with low-grade ore in the core of the

deposit centred on the intmsion, mantled by a higher-grade ore shell (disséminations,

fracture fillings, and quartz vein fillings of chalcopyrite, bomite, molybdenite, pyrite)

associated with pyrite-phyllic altération which is in tum manded by a less intensely

altered argillic-propylitic zone containing veins of Au, Ag, Cu, Zn, and Pb (Lowell and

Guilbert, 1970; Guilbert and Lowell, 1974).
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Porphyry copper deposits are found mainly in island arc and continental margin

settings, emphasizing the relationship between subduction, magmatism, and porphyry

copper deposits. According to their setting, thèse deposits may be characterized as

plutonic, volcanic or "classic" (Cenozoic deposits in the southwest United States)

(McMillan and Panteleyev, 1980). Plutonic porphyry copper deposits occur in batholithic

settings with mineralization principally occurring in one or more phases of plutonic

hostrock. Volcanic types occur in the roots ofvolcanoes, with mineralization overprinted

on both the volcanic rocks and associated co-magmatic plutons. Classic types occur in

and around high-level, post-orogenic stocks that intrude unrelated host rocks.

Mineralization may occur entirely within the intrusive rock, entirely in the country rock,

or in both.

As already stated in the Introduction of this chapter, only a few Precambrian

deposits with characteristics similar to porphyry copper deposits have been described

(Kirkham, 1972; Griffis, 1979; Gaàl and Isohanni, 1979; Goldie et al., 1979; Guha,

1984; Symons et al., 1988; Guha et al., 1988; Hodgson, 1990; Tessier, 1990; Fraser,

1993). Primary features may be obscured by déformation and metamorphism (Kirkham,

1972; Griffis, 1979), and any sulphide and métal zonation that might have been présent

is at least affected by later déformation and metamorphism (Kirkham, 1972). Kirkham

(1972) also suggests that classic porphyry copper deposits associated with post-orogenic

stocks have probably been eroded away to a large extent due to their emplacement at

high levels in the crust.
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As for the suitability of the Bourlamaque-Louvicourt townships study area for

porphyry mineralization, we first note that there are three types of porphyry copper

deposits according to métal concentradons: l) copper-bearing, 2) copper-molybdenum-

bearing, and copper-gold-bearing (McMillan and Panteleyev, 1980; Titley and Beane,

1981). In the Bourlamaque-Louvicourt townships study area proper, there is only one

copper-molybdenum occurrence (the Savard-2 showing; microfiche deposit ft 32C/4-29;

Bellemare and Germain, 1987) associated with a quartz porphyry crosscutting the

Bourlamaque intrusion (Campiglio, 1977). However, in Pascalis Township, just north

ofLouvicourt Township, porphyry copper-type mineralization has been recognized in the

Perron mine located along the eastem border of the Bouriamaque intrusion (Tessier,

1990). This occurrence is similar to porphyry copper-type Cu-Au mineralization in the

Mclntyre mine in Ontario (Hodgson, 1990). Molybdenum and tungsten analyses of the

Bouriamaque pluton by Campiglio (1977) gave values at or below the l ppm détection

limit for both éléments; thèse are "normal" values for diorites (Vinogradov, 1962). In

spite of certain characteristics of the Bourlamaque intrusion common to plutons associated

with plutonic porphyry copper deposits (batholithic size, inferred depth of emplacement

between 2 and 4 kilomètres (see Section 3.3.3), calc-alkalic composition and co-

magmatic with surrounding rocks (see sections 2.2 and 2.3.3.2), expected breccias are

absent and more importanûy, there is no apparent altération and/or métal zonation

associated with this intmsion.
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Small (0.2 to 10 km2), calc-alkalic intmsions co-magmatic with surrounding

volcanic rocks are commonly found associated with volcanic-type porphyry copper

deposits. In the study area, similar intrusive bodies may have generated porphyry-type

mineralization; however, Cu±Mo±Au mineralization and zoned altération are unknown

in association with thèse relatively small intrusions. Furthermore, as suggested above

by Kirkham (1972) for classic porphyry copper deposits, volcanic-type if not also pluton-

type porphyry copper deposits in our study area may have been eroded away. Solomon

(1990) suggests that porphyry copper-gold deposits of island arc Systems form in

émergent, essentially compressional island arc régimes, a tectonic setting incompatible

with Kuroko-type, volcanic-hosted massive sulphide deposits which typically develop in

extensional back-arc basins. Based on this suggestion and the known occurrences of

synvolcanic massive sulphide deposit in the study area (Chapter 3), island-arc porphyry

copper-gold Systems are not likely to have formed during synvolcanic time in our study

area.

4.2.2 Gold Skam Deposits

The following summary on skams and gold skam deposits is taken mainly from

Meinert (1992). A rock may be defined as a skam by the présence of a wide variety of

calc-silicate and associated minerais, usually including gamet and pyroxene. The

majority of skams are found in lithologies containing some carbonate, but they may

occur in shale, sandstone, granite, basait, and komatiite. Skams form during régional
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and contact metamorphism and typically comprise a variety of metasomatic processes

involving fluids of magmatic, metamorphic and evolved meteoric and/or marine origin.

Most high-grade gold-bearing skam deposits are associated with reduced

(ilmenite-bearing) diorite-granodiorite plutons and dike/sill complexes. Such skams are

dominated by iron-rich pyroxene. Most gold is présent as electrum and is strongly

associated with bismuth- and tellunde-bearing minerais. Gold is considered to have been

transported by hot (> 700 °C), highly saline (up to 30 wt.% NaCl équivalent) fluids.

The vast majority of skam deposits are associated with magmatic arcs related to

subduction beneath continental crust. Some économie gold skams appear to have formed

in back-arc basins associated with oceanic volcanic arcs (Ray et al., 1988). Thèse

deposits are characterized by their association with gabbroic and dioridc plutons,

abundant endoskams, widespread sodium metasomatism, and the absence of Sn and Pb,

reflecting the primitive, oceanic nature of the crust, wallrocks and plutons.

Several Archean gold-silver deposits in the Southem Cross greenstone belt of

westem Australia have prominent calc-silicate altération and are classified as skam

deposits (Mueller, 1988). Replacement of mafic or ultramafic amphibolites and silicate-

facies banded iron formation during the retrograde phase of contact metamorphism

résultée in the formation of strongly Ça- and K-metasomatized skam deposits.
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Given that the majority of skams are associated with lithologies having some

carbonate, it is unlikely that skams and gold-bearing skam deposits formed in the

Bouriamaque-Louvicourt townships study area which lacks carbonates. Secondly, the

indicator minerais, gamet and pyroxene, are non-existent or présent in only trace

amounts in this région. Therefore, the présence of skam deposits in the Bourlamaque-

Louvicourt townships study area is improbable.

4.2.3 Epithermal Precious Métal Deposits

The analogy bas been drawn between active geothermal Systems and epithermal

precious métal (EPM) deposits (Henley and Ellis, 1983; Henley, 1985). Epithermal

mineralization occurs from surface to a maximum depth of approximately 1,000 mètres.

Low-grade, and local high-grade ("Bonanza-type"; Romberger, 1992), finely-

disseminated gold (± silver) mineralization commonly characterizes EPM deposits and

occurs in both volcanic and sedimentary rocks.

Romberger (1986a) has summarized the principal characterisdcs of epithermal

precious métal deposits. The simplest model involves heat supplied by a subvolcanic

intrusion whose emplacement was guided by local fault zones and fracture Systems.

Meteoric water heated by a magmatic source leaches metals from all material through

which the solutions pass. The mineralized ûuids rise by open subvertical fracture

Systems, precipitating metals as a result of physicochemical changes (e.g., boiling,

cooling, oxidation) occurring at high levels in the System.
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The host rocks commonly serve as "chemical sinks" for materials dissolved in the

hydrothermal solutions. Chemical exchange between the host rocks and convecting

mineralized fluids is évident because of the various altérations associated with

mineralization. Silicification is the most important type of altération; other types include

decalcification and argillization.

In général, disseminated gold deposits have little or no obvious crustal-scale

structural control. However, at the deposit scale, the style of fracturing and hence

mineralization varies according to the hostrock. For example, argillaceous sedimentary

rocks will yield as well as fracture at depth due to direct stresses, and they commonly

host disseminated precious métal deposits. In contrast, volcanic rocks emplaced at or

near the surface may develop well-developed open fractures as a result of brittle failure.

Therefore, precious métal deposits in volcanic rocks commonly show a strong structural

control, where veins acted as feeder Systems for disseminated mineralization.

On a régional scale, faults and fracture Systems localize igneous activity. In tum,

on a local scale, this igneous activity créâtes smaller-scale fracturing, thus fumishing the

permeability necessary for the circulation of ore solutions and the filling of open spaces

with minéral constituents.

Gold (± silver) mineralization in EPM deposits shows a close association with

pyrite. Realgar (AsS), orpiment (AS2S3), cinnabar (HgS) and arsenopyrite (FeAsS) are



157

also common. Gold is thought to have been transported as bisulphide complexes (e. g.,

Àu(HS)2'; Seward, 1973; Shenberger and Bames, 1989) in solutions with salinities of 3

wt.% NaCl équivalent on average, and at températures in the 200 to 300°C range

(Romberger, 1986b).

Gold précipitation may occur principally as a result of a decrease in température,

boiling, oxidation, or HzS activity. Boiling of a gold-bearing hydrothermal fluid results

in a loss of volatiles (COz, CIÎ4, ïlyS, îly) to the gas component of the fluid which

increases the fugacity of oxygen and decreases the activity of HS' of the remaining liquid,

and consequently, destabilizes Au-transporting thiocomplexes such as Au(HS)2'. Boiling

also decreases the fluid température, accelerating gold précipitation. Mixing of

hydrothermal fluids with cool, oxidized near-surface fluids has similar effects as boiling:

heat is lost, decreasing sulphide complex activities, oxidizing thèse sulphide complexes,

and hence favouring gold précipitation. Hydrothermal fluids may also be oxidized ifthey

circulate through an oxide-bearing rock, again causing a decrease in sulphide complex

activities. Drummond and Ohmoto (1985) show that a decrease in HzS activity is more

efficient than oxidation for précipitation of gold in a boiling hydrothermal System.

Because of the shallow environment of deposition for EPM mineralization, this

type of ore deposit has probably been eroded away, if it ever formed in the study area

during Archean times. However, there is a possibility that, during folding and faulting,

a section of upper crust with EPM mineralization may have been isolated and preserved
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at depth. Nevertheless, minerais characterisdc of shallow environments of deposition,

such as realgar, cinnabar, and orpiment, have not been detected in the study area.

4.2.4 Volcanogenic Massive Sulphide Deposits

Volcanogenic massive sulphide (VMS) deposits are typically mined for their

copper, zinc and/or lead contents. However, some VM5 deposits contain non-negligible

amounts of gold ± silver in addition to their base-metal contents (Chartrand and

Cattalani, 1990; Large, 1992). And in some cases, gold is a major économie métal, as

in the case of the Home mine in Rouyn-Noranda (Kerr and Mason, 1990).

Huston and Large (1989) and Large et al. (1989) studied the présence of gold in

several Australian VMS deposits, whereas Hannington et al. (1986) and Hannington and

Scott (1989) examinée gold mineralization in VMS deposits from active hydrothermal

vents on the seafloor. Thèse studies discuss the important geochemical parameters of

fluid chemistry affecting the transport and précipitation of gold in VMS environments.

The following is a brief summary of the comparison between Huston and Large (1989)

and Large et al. (1989) and Hannington et al. (1986) and Hannington and Scott (1989).

VMS formation has been discussed in Chapter 3, and the reader is referred to that section

for a summary of this topic.

Huston and Large (1989) and Large et al. (1989) identified two distinct spadal

and mineralogical associations of gold and base metals in VMS deposits, based mainly
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on their study ofAustralian gold-bearing VMS deposits: l) a gold-zinc(-lead-silver-barite)

association, typically of zinc-lead-rich deposits, with gold concentrated at the top of the

massive sulphide bodies; and 2) a gold-copper association in which gold is concentrated

in the central and lower portions of the massive sulphide bodies and in the cores of

stringer zones. Although some deposits may exhibit both associations, one commonly

dominâtes over the other.

Huston and Large (1989) and Large et al. (1989) reviewed thèse métal

associations elsewherc. For example, the Millenbach deposit (Knuckey et al. , 1982)in

Abitibi has a gold-copper association and the Corbet deposit (Knuckey and Watkins,

1982) exhibits a gold-zinc association. In the Kuroko district of Japan, the majority of

the deposits has a gold-zinc association, although the Nurukawa deposit, Akita préfecture

(Yamada et al., 1987) in the Hokuroko district is a good example of a gold-copper

association. Also, récent sulphide chimneys at seafloor spreading centres exhibit gold-

zinc associations and lack the gold-copper association (Hannington et al. , 1986). Huston

and Large (1989) and Large et al. (1989) suggest that the gold-copper association has not

been detected in modem sulphide deposits because of the small sample population and

possibly because of a lack of samples from the deeper chimney portion of thèse deposits

where the gold-copper association would be expected to occur.

The transport of gold in VMS-forming Systems may be constrained in part from

our understanding of gold transport in other hydrothermal Systems. For example, several
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studies have suggested that the thiocomplex Au(HS)2' is the most important species for

gold transport in epithermal gold and Archean lode-gold environments (Seward, 1973,

1984; Phillips and Graves, 1983; Henley, 1984, 1985; Cathles, 1986; Shenberger and

Bames, 1989), although chlorocomplexes, thioarsenates, thioantimonates, and tellunum

species are also recognized as possible gold complexes (Seward, 1984; Romberger,

1986b).

However, Huston and Large (1989) and Large et al. (1989) suggest that

chlorocomplexes may be especially important in massive sulphide environments whose

higher salinities and lower pHs, in comparison to Archean lode-gold and epithermal gold

conditions, would faveur chlorocomplexes. Based on thermodynamic data for gold,

copper, and zinc, geochemical calculations by Huston and Large (1989) and Large et al.

(1989) suggest that the gold-copper and gold-zinc associations may be explained by two

différent complexing species. For the gold-copper association, they suggest that gold is

transported as a AuC^' complex in relatively high-temperature fluids ( > 300°C) with low

pH (< 4.5), low HzS concentrations (< 10~2'5 m), high salinities (> seawater), and

moderate to high oxygen fugacities (pyrite or magnetite ± hematite stable). Conversely,

for the gold-zinc association, they suggest that gold is transported as the Au(HS)2'

complex in relatively low-temperature fluids (150-300°C) with moderate to alkaline pH

(> 4,5), high Hy? concentrations (> 10'2' m), low salinities (< seawater), and

moderate oxygen fugacities (pyrite field only).
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Hannington et al. (1986) and Hannington and Scott (1989) observed in sulphide

chimneys from various, modem seafloor sites the gold-zinc but not the gold-copper

association. They suggest, based on geochemical data from several sulphide chimney

settings, that gold mineralization from fluids with high concentrations of H^S,

températures greater than 350°C, and pH S: 3,6 indicates gold transported as bisulphide

complexes. Hannington et al. (1986) and Hannington and Scott (1989) acknowledge that

gold may be removed from source rocks as AuClz' species, but that more gold would

precipitate from the Au(HS)2' species than from the AuClz' species. Hannington and

Scott (1989) accept the two-fold gold association of Huston and Large (1989) and Large

et al. (1989), but, they state that (p.503) "the ennchment of gold in pyrite-chalcopyrite

assemblages at some HzS-rich vent sites (e.g., TAG field) cautions us not to exclude the

possibility of gold mineralization from Au(HS)2' in the Cu-rich, pyrite-chalcopyrite ores

of some ancient deposits (e. g., HW mine, British Columbià). In général, a Cu-Au

association by itself is insufficient proof for chloride complexing of gold. " (Italicized

words added by the author).

In conclusion, gold mineralization may be présent in the stockwork or massive

sulphide body of VMS deposits and may be associated with either lead-zinc or copper

mineralization. Although the transport and précipitation mechanisms for gold in base-

métal environments are not yet clear, bisulphide complexes are generally accepted as

important species for transporting gold in geological situations pertinent to VMS

envlronments.
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Although gold and silver accompany base-metal mineralization of the VMS type

in the study area (see Table l, pages 97-99), little information exists on the association

ofprecious metals with base metals. Assad (1958) mentions that gold is a minor metallic

minéral at the East Sullivan deposit, occurring in native form as small particles in pyrite

associated with other metallic minerais. At the Manitou-Barvue Zn-Cu-Ag deposit, silver

and minor gold are found in a séries of stratiform lenses of massive pyrite and sphalerite,

and minor amounts of gold and silver are found in the cupriferous stockwork zone

(Popov, 1976). For the Louvem mine, Raymond (1983) brieïïy mentions the présence

of minor amounts of gold, silver and galena with zinc mineralization, and at the recently

discovered Louvicourt deposit, gold mineralization is associated with Zn mineralization

(I. Rougerie, 1993, pers. commun.).

The Akasaba gold deposit located in the south-central part of Louvicourt

Township (deposit ^12 of Fig. 34) exhibits features akin to a synvolcanic environment.

It consists of disseminated gold in a lapilli tuff accompanied by pyrrhotite, chalcopynte,

magnetite, and pyrite (Sauvé, 1985). The deposit is also characterized by abundant

epidote altération and relatively rare carbonate altération. Sauvé (1985) hypothesizes that

the emplacement of this deposit is fundamentally synvolcanic. Its mineralogy,

configuration and emplacement near the top of the volcanic pile, if the paleoenvironment

of Imrch (1984) is followed, suggest that the Akasaba deposit is in fact synvolcanic.
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4.2.5 Banded Iron-Formation-Hosted Gold Deposits

It is widely agreed that Archean banded iron-formation is a chemical or possibly

biochemical submarine precipitate attributed to a volcanic exhalative source (Goodwin,

1973). The classic oxide, carbonate and sulphide facies of iron formation rcpresent

deposition in progressively deeper water, respectively. Although oxide-facies iron-

formation is the most readily recognized type, gold mineralization is typically associated

with sulphide-facies iron-formation (Phillips et al., 1984; Groves et al., 1987), and some

gold is associated with sulphidization of oxide and/or carbonate facies iron formadon

(Macdonald and Fyon, 1986).

There is poor agreement on the timing and source of gold mineralization in iron-

formation. Three genetic models (syngenetic, multistage or remobilization, and

epigenetic) are commonly used to explain iron-formation-hosted gold deposits. The

syngenetic model states that gold is concentrated during the deposition of iron formadon

on the seafloor (Ridler, 1970; Hutchinson et al., 1971; Fripp (1976a,b); Franklin and

Thorpe, 1982; Kerswill, 1986). Fripp (1976a,b) suggests that convecting heated

seawater leached gold from country rocks and deposited the métal contemporaneously

with the banded iron-formation on the seafloor. The multistage model invokes syngenetic

concentrations of gold in iron formation followed by remobilization and further

concentration of that gold during later metamorphic and/or tectonic events (Rye and Rye,

1974; Anhaeusser, 1976; Saager et al., 1987; Oberthûr et al., 1990; Ladeira, 1991). For

example, Saager et al. (1987) and Oberthûr et al. (1990) note an increase in metamorphic
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grade from greenschist facies in the Bar 20 mine to amphibolite facies in the Vubachikwe

mine, both hosted by iron formations in the Gwanda greenstone belt, Zimbabwe. This

trend is also accompanied by increased grain sizes for quartz, arsenopyrite and gold

"which unquestionably points to ore emplacement prior to the peak of régional

metamorphism" (page S 133; Oberthùr et al., 1990). The epigenetic model proposes that

gold emplacement took place at some time after the deposition of the iron-formadon

(Fyon et al., 1983; Macdonald, 1983; Macdonald and Fyon, 1986; Phillips et al., 1984;

Graves et al., 1987; Fisher and Poster, 1991). Fyon et al. (1983) and Macdonald (1983)

stress the strong structural control on gold mineralization in banded iron- formation and

présent évidence of sélective replacement (Le., sulphidation) of oxide and/or carbonate

minerais in banded iron-formation by later, gold-beanng sulphides. For example, the

Carshaw and Malga iron-formations of the Timmins area clearly have anomalous gold

contents (up to 6 ppm) where sulphidized along cross-cutting fractures (Fyon et al.,

1983), whereas unaltered, undeformed and non-sulphidized banded iron-formation have

normal background levels of gold ( < 10 ppb) (Macdonald and Fyon, 1986). In addition,

several characteristics suggest that Archean banded iron-formation-hosted gold deposits

were formed by processes similar to those involved in lode-gold deposition (Groves et

al., 1987).

In conclusion, although the epigenetic model seems presenûy to be the favoured

model to explain gold mineralization in iron-formation, there seems to be some évidence
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of syngenetic gold being remobilized by later events, and hence the multistage model

may also locally apply.

Although two units of magnetite-facies iron-formation occur in the Garden Island

and Trivio groups in the neighbouring Vauquelin and Pershing townships (Marquis and

Goulet, 1987), no iron-formation has been noted in thèse géologie groups in the study

area. In addition, there is no mention by Marquis and Goulet (1987) of gold

mineralization associated with the banded iron-formations east of the Bouriamaque-

Louvicourt townships study area.

4.3 SYN- TO LATE-TECTONIC GOLD MINERALIZATION ENVIRONMENTS

4.3.1 Quartz-Vein Gold Deposits

Classic quartz-vein gold deposits are considered syn- to late-tectonic as opposed

to synvolcanic deposits. They occur mostly as mesothermal quartz-carbonate veins,

disséminations, and replacements in shear zones, and less commonly as veins in

extensional fractures, stockwork zones, and breccias. They are associated spatially with

régional first-order fault zones (Eisenlohr et al., 1989; Poulsen and Robert, 1989;

Robert, 1990a) known traditionally as major east-west-trending "breaks" in the Abitibi.

In the case of the régional Larder Lake-Cadillac "break" or tectonic zone (LLCTZ), gold

deposits occur along and up to 15 kilomètres north of this first-order crustal-scale

structure. The lode-gold deposits themselves are more closely related to more local
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second-order structures. Within the deposits, the mineralizadon typically occurs in third-

order stmctures (Poulsen and Robert, 1989; Robert, 1990a), and is frequently hosted by

or spatially associated with small felsic porphyry intrusions. Third-order structures may

attain a few hundred to a few thousand mètres in length, and they include individual

shear zones, extensional fractures, and discrète fault Systems. Shear zones may exhibit

a mix of britde-ductile behaviour, indicating either différences in host rock competency

or variations in the more or less mesothermal depth of gold mineralization.

Mineralized veins are composed mainly ofquartz with variable amounts ofpyrite,

arsenopyrite, chalcopyrite, carbonate, tourmaline, albite, chlorite, scheelite, tellurides,

and native gold. Val d'Or-east gold veins are commonly characterized by abundant

tourmaline, forming a distinctive "vein field" ofmineralized quartz-carbonate-tourmaline-

pyrite veins (Robert and Boullier, in press). The abundant tourmaline may indicate a

plumbing System intersecting marine sediments (Pontiac sediments?) at depth (Robert,

1993, pers. commun.). Arsenopyrite is also commonly présent in gold deposits located

in or near sedimentary séquences.

Considérable information on the nature and timing of the mesothermal vein

mineralization has been gained from studies of the vein genesis and minéral paragenesis.

Wallrocks surrounding quartz veins are hydrothermally altered, and in the case of the

Sigma mine, this altération is both visible and cryptic (Figs. 35a and 35b; Robert and

Brown, 1984, 1986b). The strongest and most common wallrock altérations in initially
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greenschist-facies hostrocks include carbonatization, potassium metasomatism and

pyritization, indicating additions of COz, K, and S. Pre-ore metamorphic minerais, such

as chlorite, biotite, and epidote, are commonly destroyed in the wallrocks, with the most

intense destruction adjacent to the veins where hydrothermal fluids circulated. Buff to

beige visible altération next to the veins is characterized by a carbonate-white mica outer

subzone and a carbonate-albite inner subzone (Fig. 35a), whereas cryptic alteradon is

characterized by a greenish chlorite-carbonate-white mica assemblage.

Fluid-inclusion and light-stable isotope studies have aided in understanding the

geochemical characteristics of the fluids responsible for Archean lode-gold

mineralization. The following summary of the results of many fluid-inclusion and stable-

isotope studies is based on an overview by Colvine et al. (1988; p.61-69).

Studies of fluids interpreted to have been trapped during gold précipitation

indicate that the gold-bearing fluids l) had low salinities (< 6 wt. % NaCl équivalent);

2) were aqueous with moderate- to high-COz densities (0,7 to > 1,0 g/cm3) and possibly

contained minor amounts of CHt; 3) were neutral to slightly acid where sericite is stable;

4) had minimum fluid-inclusion trapping températures between 200 and 400 °C and

cluster around 350 °C (actual trapping températures may have been higher); and 5) had

trapping pressures between 1.5 and 4.5 kilobars, con-esponding to depths of

approximately 4 to 12 kilomètres if lithostatic pressures are assumed.
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Similarities between Canadian and Australian Archean gold deposits for carbon,

sulphur, oxygen, and hydrogen isotopic data suggest that l) a compositionally uniform

fluid was involved in gold mineralization and its associated hydrothermal altération; 2)

a common fluid generadon process occurred for most deposits; and 3) fluids were

derived from a large réservoir extemal to the immédiate depositional site. Under the

optimal geochemical conditions, total dissolved carbon in auriferous hydrothermal fluids

would have an approximate ôl3C value of -7 to 0 per mil; the médian value of -3,5 per

mil may be a more realistic estimate of the carbon isotope value for the ore-fluid, given

the ô C variations at deposit sites. For the ô S content of total dissolved sulphur in the

auriferous hydrothermal ïïuid, a général value of 0 per mil is suggested. ôl80 values for

Abitibi vein quartz vary from +5 to +10 per mil (no matter what the host rock is) and

Australian 8 0 values for vein quartz vary between +11 to +14 per mil. ôl80 values

for hydrothermal fluids from which vein quartz precipitated range from +5 to +10 per

mil (Abitibi and Australian data combined). There are few hydrogen isotopic data, in

comparison to carbon, sulphur, and oxygen data, and the data are variable and difficult

to interpret because of hydrogen's inhérent mobile nature such that there is no général

value or range for hydrogen isotopic data.

Because of the destruction of metamorphic minerais, the relative timing of fluid

circulation and vein formation for most lode-gold deposits is considered to be post-peak

metamorphism, although the Norseman lode-gold deposits in the Norseman-Wiluna Belt

of the Eastem Goldfields Province in Australia developed prior to the peak of
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metamorphism (Golding and Wilson, 1987). Geochronological studies on metamorphic

minerais and minerais from mineralized veins associated with altération envelopes from

deposits in the Val d'Or district estimate peak metamorphism at ça 2,680 Ma (from

homblende using the 40Ar/39Ar method; Hanes, et al., 1992) and the majority of vein

formation and gold mineralization at ça 2,580 to 2,630 Ma, based on various techniques

(e.g., U-Pb, K-Ar, 40Ar/39Ar, Rb-Sr, Sm-Nd, 2()f7Pb/20<>Pb analyses) on various minerais

(zircon, micas, scheelite, rutile, titanite, monazite) (Jemielita et al., 1989; Zweng and

Mortensen, 1989; Wong et al., 1991; Hanes et al., 1992; Zweng et al., 1993; Corfu,

1993). However, récent geochronological work on gold deposits west of Val d'Or

indicate that some gold mineralization is older and may have formed prior to peak-

metamorphic conditions (minimum âge — 2,686±2 Ma: Morasse et al., 1993 and

minimum âge — 2,692±2 Ma: Pilote et al., 1993) (see sections 4.4.4 and 4.6 for further

discussions of thèse older âges).

4.3.2 Pyritic Gold Deposits

In addition to classic mesothermal quartz veins, gold in the Abitibi occurs in

pyritic deposits (Robert, 1990b). Archean pyritic gold mineralization in the Abitibi is

especially well-known in the Bousquet camp of the Cadillac area, including the

Dumagami, Bousquet No. l and No.2, Ellison, and Doyon deposits. They have been

extensively studied (e.g., Vaillant and Hutchinson, 1982; Valliant et al., 1982; Tourigny

et al., 1989a,b; Marquis et al., 1990a,b) and their principal characteristics have been
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summarized in Robert (1990b). The following description of pyritic gold deposits is

based on a summary by Robert (1990b).

Archean pyritic gold deposits are characterized by high sulphide contents and are

composed of lenses of disseminated to massive sulphides and zones of pyrite-rich

veinlets. Several âges of disseminated pyrite are identified: synvolcanic, syntectonic, and

late tectonic as altération fringes around late-tectonic Fe-dolomitic veins. Regionally,

they are located in or near major déformation zones within volcanic units known for

VMS deposits (e. g., the Blake River Group in the southem Abitibi). On a local scale,

the deposits are found dominantly in sericitized, felsic volcanic rocks, but they may also

be found in mafic volcanic rocks. Contrary to quartz-vein deposits, they lack an

association with small felsic porphyry intrusions.

Pyrite, the principal sulphide, is accompanied by variable amounts of

chalcopyrite, pyrrhotite, sphalerite, arsenopyrite, galena, and magnetite. Quartz and

carbonate constitute the main non-sulphide gangue minerais. Gold is typically intimately

associated with pyrite±chalcopyrite, and is commonly accompanied by tellurides.

Metamorphic minerais such as andalusite, kyanite, chloritoid, and manganiferous

gamet reflect a highly aluminous composition for the host rocks, caused either by

seafloor hydrothermal altération or by VMS-type hydrothermal altération of footwall
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rocks. A post-peak metamorphism altération event, concordant with gold mineralization,

is recognized in the transformation of andalusite to kaolinite, pyrophyllite, and diaspore.

It is generally agreed that the sulphide bodies of thèse pyritic gold deposits have

a synvolcanic origin of the VMS-type. However, there is no clear consensus of the

timing of gold emplacement. Valliant and Hutchinson (1982) and Valliant et al. (1982)

proposée that the gold mineralization was purcly synvolcanic (exhalative), Toungny et

al. (1989b, 1993) interpreted it to be entirely syntectonic in its final distribution, with a

possibly initial synvolcanic emplacement in VMS-type mineralization, and Marquis et al.

(1990a,b) regard it as syn- to late-tectonic in timing. The possibility of syntectonic

remobilization of early synvolcanic gold has not been fully examined, and this question

is being addressed by N. Teasdale, Ph.D. candidate at l'Ecole Polytechnique, in his study

of the Bousquet ftî deposit where primary volcanic features seem to have survived

through syntectonic déformation.

4.4 MODELS FOR ARCHEAN MESOTHERMAL LODE-GOLD MINERALIZATION

4.4.1 Introduction

Genetic models for Archean mesothermal lode-gold mineralization have been

debated extensively over the last ten years, and as a result, our understanding has

advanced considerably on such topics as fluid chemistry, hostrock altération, and vein

formation involved in the genesis of this deposit type. Concurrent with thèse advances,
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our knowledge of tectonic and petrogenetic processes has broadened considerably,

enabling a better understand of the development of greenstone-belts and craton formation.

The principal mesothermal lode-gold geneùc models (the meteoric water,

orthomagmatic, metamorphic dehydration, and manûe degassing-granulitization models)

propose various fluid and solute sources and numerous reasons for gold deposition. The

following section is a brief summary of thèse four genetic models and of the several

characteristics of Bouriamaque and Louvicourt townships (Val d'Or-east sector) that are

concordant with the principal éléments of the manûe degassing-granulitization model.

The évaluation of thèse models suggests that the mantle degassing-granulitization model,

although not completely satisfactory, best explains Archean mesothermal lode-gold

mineralization in the context of the greenstone-belt évolution of the study area.

4.4.2 Meteoric Water Model

In this model, it is hypothesized that epithermal and mesothermal gold deposits

in the Canadian Cordillera were formed by the convection of descending meteoric waters

(Fig. 36). Because of chemical and geological similarities between mesothermal gold

deposits of the Canadian Cordillera (Late Jurassic to Late Tertiary) and Archean lode-

gold deposits (Hodgson et al., 1982), proponents of the meteoric water model (Nesbitt

et al., 1986, 1987, 1989; Nesbitt, 1988; Nesbitt and Muehlenbachs 1989a, b) suggest that

deep circulating meteoric fluids were a major component of Archean mineralizing fluids.
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Mesothermal gold (± Sb±As±W) deposits ofthe Canadian Cordillera commonly

have a spatial association with deep-reaching strike-slip faults. Antimony and mercury

deposits in the Cordillera also seem to be spatially related to régional strike-slip faults.

Nesbitt et al. (1986) suggest that the vertical zonation of Au, Sb, and Hg mineralization

(Fig. 36) is spatially and genetically related to the upward circulation of meteoric fluids

along thèse strike-slip faults. In this case, gold mineralization could be deposited in the

vicinity of the brittle-ductile transition (8-12 km depth; 300°-350°C), antimony at

shallower depths under lower fluid pressures, and mercury ± antimony deposits near

surface at 150°-200 °C. The depth of gold deposition would correspond to pressures of

l ±0.2 kilobars for a hydrostatic pressure gradient needed to convect meteoric waters.

ôD data are used principally to support the model. Nesbitt et al. (1986) note

lower ÔD values (more négative) for Canadian Cordillera mesothermal deposits in

comparison to Califomia Mother Lode deposits, suggesting a trend toward decreasing ôD

values with increasing latitudes. They conclude that the change in ôD values with

latitude for thèse mesothermal deposits indicates that meteoric waters were responsible

for the formation of the mesothermal deposits of the North American Cordillera.

This model has been criticized mainly because of the interprétations (Pickthom

et al., 1987; Kyser and Kerrich, 1990) of the fluid inclusion SD data. Pickthom et al.'s

évaluation of the ïïuid inclusion ôD data led them to conclude that secondary rather than

primary fluid inclusions were sampled by Nesbitt et al. (1986). Also, an extensive
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hydrogen isotope study of Cordilleran mesothermal lode-gold deposits (Taylor et al.,

1991) reveals that gold-depositing fluids werc not of distinguishable meteoric origin and

that secondary fluid inclusions of meteoric water origin dominate in quartz veins. In

brief, the ôD data of Nesbitt and coworkers appear to represent secondary meteoric and

not primary mineralizing fluids. However, an isotopic study of a few lode-gold deposits

from the Yilgam block in Australia indicates tendencies for gold-bearing ore fluids

toward isotopically heavy (positive) ÔD values and isotopically light (négative) ôl80

values, suggesting that a seawater or low-ladtude meteoric component was involved in

the formation of some Archean lode-gold deposits (Golding and Wilsoh, 1987; Groves

et al., 1992; McNaughton et al., 1992).

Kyser and Kerrich (1990) also give several criticisms of the meteoric water

model. The most important problem concems the need for hydrostatic pressures for

meteoric water circulation to the depths of mesothermal mineralizadon. Although Nesbitt

(1988) and Nesbitt and Muehlenbachs (1989b) refer to several examples of meteoric and

seawater circulation to depths of 10 to 15 kilomètres, fluid inclusion and minéral

barometer studies indicate that mesothermal gold-vein Systems formed at pressures of 1.5

to 3 kilobars, corresponding to depths of 8 to 12 kilomètres assuming lithostatic

pressures, or to depths of 15 to 30 kilomètres under hydrostatic pressures (Weir and

Kemck, 1984; Ho, 1987; Walshe et al., 1988). At thèse depths, the formation ofveins

in tensile fractures would require suprahydrostatic pressures, and flat veins would require

supralithostatic pressures, notjust the hydrostatic pressurcs available in a meteoric water
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model (Kemch and Allison, 1978). Also, Sibson et al. (1988) have shown that near-

lithostatic pressures are needed for the reactivadon of high-angle normal faults in which

mesothermal lode-gold deposits commonly occur. Therefore, it is improbable that

meteoric water convection, limited to hydrostatic fluid pressures, could account for

quartz-gold vein deposits formed under mesothermal condidons. It should be noted,

however, that significant pressure fluctuadons between supralithostatic and hydrostatic

conditions may occur ifthe System is altemately capped and breached (Robert, 199 Ib),

explaining possibly breccia pipes and seawater or meteoric water signatures in some

Archean lode-gold deposits.

4.4.3 Orthomagmatic Model

This model for Archean lode-gold deposits suggests that, as a magmatic body

crystallizes, il exsolves hydrothermal fluids carrying metals, sulphur and gangue minéral

constituents which may ultimately form quartz-gold vein deposits (Fig. 37). Geochemical

and isotopic data are used to support this hypothesis (Burrows et al., 1986; Hatton,

1987; Cameron and Carrigan, 1987; Cameron and Hattori, 1987; Burrows and Spooner,

1987, 1989).

Hattori (1987), Cameron and Camgan (1987) and Cameron and Hattori (1987)

investigated several small felsic intmsions spatially related to quartz-gold vein

mineralization, and they suggest, knowing that gold ore-forming fluids are COz-bearing

and oxidizing (Kerrich, 1983; Roedder, 1984), that magmatic-hydrothermal fluids were
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the source of gold mineralization. They use the présence of sulphate minerais, hematite,

and sulphides of various isotopic composidons in zones of intrusions lacking obvious

altération as évidence of intrinsically oxidizing conditions, and state that some small

felsic stocks hosting lode-gold deposits are analogous of I-type granites which typically

have higher oxygen fugacides than S-type granites (Ishihara, 1975, 1981).

Burrows and Spooner (1989) studied intrusions hosting lode-gold deposits in the

Val d'Or and Timmins areas. Their geochemical analyses suggest that the dioritic

intrusions of the Lamaque mine are the result of extensive fractional crystallization and

that thèse intmsions have anomalous gold concentrations (7 ppb [range 0 to 31] géométrie

mean, in comparison to background gold levels of 1-2 ppb for barren intrusions: Kwong

and Crocket, 1978; Saager and Meyer, 1984). Burrows and Spooner (1989) hypothesize

that the Lamaque mine intrusions were derived periodically from a deep parental dioritic

magma in which gold was progressively enriched through fractional crystallization into

the most evolved late melt and possibly into a coexisting magmatic hydrothermal fluid.

Kyser and Kerrich (1990) give several reasons why the orthomagmatic model does

not explain Archean lode-gold deposits; four of their more persuasive arguments are

given here. Firstly, the common présence ofpyrite+arsenopyrite±pyrrhotite±graphite

in quartz-gold veins "constrains the fluid Eh to conditions at or below the QFM buffer

such that the model of Cameron and Hattori (1987) is not général". Secondly, most

compositionally uniform magmas differ from quartz-gold veins in that the magmas have
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uniform initial Sr, Pb, and Nd isotope ratios, whereas the mineralized veins have variable

initial Pb- (Franklin et al., 1983; Dahl et al., 1987) and Sr-isotope ratios (Kemch et al.,

1987). Thirdly, the spatial relationship between lode-gold mineralization and small

intrusive bodies is aptly explained by rheological arguments: the intrusions are considered

to have been relatively brittle in comparison to surrounding volcano-sedimentary

séquences, and they therefore acted as anisotropic bodies, localizing hydraulic fracturing

dunng post-magmatic syntectonic fluid flow and mineralization. Fourthly, the purely

orthomagmatic origin for Archean lode-gold mineralization is disputed with

geochronological data. For example, various intrusions and their spatially associated

lode-gold mineralization and altération in the Timmins and Val d'Or mining camps have

been dated (Corfu et al., 1989; Zweng and Mortensen, 1989; Jemielita et al., 1990;

Wong et al., 1991; Hanes et al., 1992; Zweng et al., 1993), showing that gold

mineralization post-dates by approximately 60 to 100 million years the host intrusion,

régional magmatism, and régional metamorphism, such that a direct genetic link between

magmatism and lode-gold mineralization seems highly unlikely.

Nevertheless, Morasse et al. (1993) have recently proposed a hydrothermal

magmatic origin for the gold mineralization at the Kiena mine west of Val d'Or. Their

model is based on the dating of an intermineralization granodiorite dike at 2,686 ±2 Ma

(U-Pb method on zircon). The présent author concurs that this date reflects the minimum

âge of auriferous mineralization at Kiena indicating an earlier gold event than for the

majority of lode-gold mineralization so far dated. However, no supporting évidence has
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yet been provided to show that magmadc fluids formed the gold mineralization at this

mine. Secondly, Morasse et al. (1993) state that this gold mineralization is older than

the régional tectonic and metamorphic effects of the Kenoran orogeny which they

bracketed between 2,677 Ma and 2,645 Ma based on data and interprétations presented

in various références (e.g., Stockwell, 1982; Dimroth et al., 1983a,b; Corfu et al., 1989;

Card, 1990; Machado et al., 1991; Feng and Kerrich, 1991; W.G. Powell et al., 1992,

1993; Poulsen et al., 1992), and therefore they conclude that the metamorphic model for

gold mineralization cannot be applied to the Kiena mineralization. However, important

metamorphic dates (2,693 ±11 Ma from an 40Ar/39Ar âge of magnesio-homblende from

the Sigma mine, Hanes et al., 1989, 1992; and 2,684±7 Ma from a U-Pb âge ofrutile

from a Colombière rhyolite, Wong et al., 1989, 1991) from the Val d'Or-east sector are

omitted from Morasse et al.'s compilation. Thèse dates overiap the minimum âge of

gold mineralization at Kiena, and therefore, Morasse et al. (1993) should not rule out the

metamorphic model for gold mineralization.

In addition to Kyser and Kemch's arguments, Perring et al. (1987) note certain

problems with the strictly orthomagmatic model for Archean lode-gold mineralization.

Firstly, ifgold-bearing fluids originated from spatially-related porphyritic intrusions, the

ore-fluid compositions should be varied and reflect variations in intrusive compositions,

whereas Archean lode-gold fluids are noted for their narrow range in composition.

Secondly, if intrusions spatially related to lode-gold mineralization were the source of

mineralizing fluids, it would be difficult to reconcile the relatively small size of the
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intrusions with the relatively massive amounts of lode-gold ore, unless batholithic

équivalents are présent at depth. Finally, there is no corrélation between the volume of

the porphyry bodies and deposit size. For example, porphyries are abundant at the >2

tonne Au Victory gold deposit in Australia, but they are scarce at the > 50 tonne Au

Golden Mile gold deposits.

4.4.4 Metamorphic Dehydration Model

This model envisages the focussed discharge along crustal-scale faults of low-

salinity, low-density COz-HzO-rich fluids derived by devolatilization of greenstone

volcanic rocks during amphibolite-greenschist-facies metamorphism, synchronous with

late-stage déformation and granitoid emplacement (Kerrich and Fryer, 1979; Groves and

Phillips, 1987; Wyman and Kerrich, 1988; Kyser and Kerrich, 1990). Seismic pumping

(Sibson, 1990) or crack-and-seal processes (Ramsay, 1980; Etheridge et al. , 1984) may

have helped to channel fluids into major fault zones, producing high fluid/rock ratios

along the principal fluid channelways. Complex, large-scale convective cells (Etheridge

et al., 1983) may have been important in maintaining thèse high fluid-rock ratios. It is

postulated that metamorphic fluids, while being drawn into crustal-scale fault Systems,

scavenged gold from greenstone terranes (Fig. 38). The positive aspects and weaknesses

ofthe metamorphic dehydration model are reviewed by Perring et al. (1987) and Kernch

(1989b); only key points are summarized here.



183

IUIiii
SSêSSwS
iilill
IBSI
g
isêii

5KN
I

a§IN!i111111
ir

Mfc-i0ffl>—
4

Ka
<

u
l

>
n

im11111
>

n

sw0Q
.

<u
•

ô

•
oQ0
)

_a?
-0ôai(Dos
-00Eçô'?•
p>
>

^
}

T30^
.

0El0)E<u
^

-rf

0e0%.*
-*

0)wa)c
i

20COE0s
.

^50
)

0
0

n£30
)

0
)

isÔ
)<B

L̂LT
?(Ô£
:

.0I—<p
^<u
'%-00)

•
pôE
.



184

The metamorphic model is capable of explaining the widespread occurrence of

gold deposits (D.I. Graves et al., 1984) because régional metamorphism is widespread

and the resulting fluids are an expected intégral part of greenstone belt development

(Groves and Phillips, 1987). Consequently, lode-gold deposits occurring at some

distance from major fault zones are explained by this model as well as the mesothermal

gold deposits commonly related spadally to large-scale fault zones.

Metamorphic dehydration réactions (e.g., dehydration accompanying the passage

from the greenschist to the amphibolite facies) are pervasive, and the fluid/rock ratio

remains low because of the proportionately greater volume of rock compared to the

volume of fluid produced. Thèse characteristics, as well as the predictably low salinity,

COz-rich nature of the fluids, would result in effective scavenging of gold from

greenstone belt rocks (Ho, 1987). Calculations by Phillips et al. (1987) show that the

giant Golden Mile lode-gold district of Kalgooriie, Australia, could have formed from

metamorphic fluids by the extraction of 1-2 ppb gold from a greenstone slab 8x8

kilomètres in area and 5 kilomètres thick. No spécial gold-enriched source rock is

needed to produce giant gold deposits, nor are unreasonably large volumes ofgreenstone

rocks involved. Moreover, Hodgson and MacGeehan (1982), Keays (1984) and Hodgson

(1990) propose that metamorphic fluids could scavenge more gold from komatiitic and/or

mafic rocks because of their relatively high gold contents compared to intermediate and

felsic igneous rocks. The pronounced coincidence between the largest gold deposits and

high gold productivity in greenstone belts and the présence of abundant komatiites in
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thèse greenstone terranes suggests that this mafic to ultramafic rock type was a

favourable gold source.

The général lack of vertical zonation of minéral assemblages, moderate fluid

températures and reladvely heavy (positive) ôl80 values in deposits is also consistent with

large-scale, fluid-rock thermal equilibrium of the type inhérent in prograde

metamorphism (Graves and Phillips, 1987; Kerrich, 1989b). Furthermore, for large-

scale fluid circulation along high-angle faults in greenstone belts, near lithostatic fluid

pressures characteristic of lode-gold deposits would be consistent with metamorphic

dehydration processes (Kerrich, 1989b).

However, this model has been disputed because hydrothermal altération generally

overprints régional metamorphic facies assemblages (Robert and Brown, 1986a,b) and

précise geochronological data indicate that the majority of lode-gold mineralization

significandy postdates metamorphism (Jemielita et al., 1990; Wong et al., 1991; Hanes

et al., 1992). Nevertheless, Kerrich (1989b) and Kyser and Kerrich (1990) argue that

in collisional environments where crustal thickening is essentially instantaneous in

comparison to thermal rclaxation, peak metamorphism at deep crustal levels postdates

peak metamorphism at shallower depths by up to 40 Ma. This thermal relaxation could

explain how late, metamorphic fluids formed at deep levels could overprint peak

metamorphic assemblages formed earlier at shallow crustal levels. Also, R. Powell et

al. (1991) argue that greenstone metamorphism did not entail major crustal thickening
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because of the préservation of very shallow levels of greenstone belts, and that if crustal

déformation is accompanied by mande thinning (e.g., a low-pressure, high-temperature

scénario), then peak metamorphic fluids at mid-crustal levels should have been released

in prograde time into shallow crustal levels that had attained peak metamorphism and

were in fact already retrograde.

Récent geochronological work on two intmsions crosscutting two examples of

gold mineralization west of Val d'Or indicates that gold mineralization has a minimum

âge of 2,686±2 Ma at the Kiena mine (U-Pb method on zircon: Morasse et al., 1993)

and 2,692±2 Ma at the Noriartic mine (U-Pb method on zircon: Pilote et al., 1993).

Thèse âges are similar to metamorphic âges determined for metamorphic minerais east

of Val d'Or (2,693 ±11 Ma, from the40Ar/39Ar method on magnesio-homblende: Hanes

et al., 1989, 1992 and 2,684±7 Ma, from the U-Pb method on rutile: Wong et al.,

1989, 1991). The similarity of âges may suggest a metamorphic relationship between

mineralizing fluids and thèse gold deposits; however, the âge of régional metamorphism

has not been tightly constrained and therefore, the significance of thèse older âges for

gold mineralization is sdll unclear.

Some deposits found in upper amphibolite facies rocks question the plausibility

of metamorphic dehydration as the source of mineralized fluids formed under the

greenschist to amphibolite transition. However, crustal thickening by thrust stacking,

whereby high-grade rocks are superimposed on low grade rocks, may explain the
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présence of lode-gold mineralization in high-grade rocks (Jaupart and Provost, 1985;

Connolly and Thompson, 1989). As noted above, amphibolite-grade rocks could be

thrusted onto lower-grade rocks, inverting geothermal gradients, and therefore source

régions do not necessarily have metamorphic grades higher than upper amphibolite facies

(Kerrich, 1989a; Kyser and Kerrich, 1990).

Because of the spatial and temporal association between carbonate altération and

lode-gold mineralization, researchers have studied carbon isotopes of carbonate in an

attempt to identify the source of gold and associated carbon. If carbon was leached from

the crust by circulating metamorphic fluids, the Ô"C values of carbonate from the largest

lode-gold deposits, formed probably by unusually extensive "plumbing" Systems, should

represent more closely average ô"C crustal values (ôl3Ccm,t » -5 per mil and ôl3C se in

caifamate ss -4 PCT mil; Kemch, 1989b). However, ôl3C values of carbonate from thèse

deposits converge around -3 per mil, a value représentative of magmatic or mande

origins (Ohmoto and Rye, 1979). Therefore, carbon isotope data may not be used to

distinguish between thèse two sources and do not point unequivocally to a metamorphic

source.

4.4.5 Mantle Degassing-Granulitization Model

Proponents ofthis model (e.g., Colvine et al., 1988; Cameron, 1988) suggest that

the driving force behind the formation of Archean lode-gold deposits is the advection of

mande CO^ through lower crustal rocks, resulting in the formation of a dehydrated,
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granulitic residue, based on the granulite formadon model of Newton et al. (1980).

Colvine et al. (1988) link Archean gold metallogeny to the late magmatic-tectonic-thermal

history of the Kenoran orogeny. Some granulitization models invoke a source of heat

or fluid extemal to the crust CTouret and Dietvorst, 1983; Bohlen, 1987; Frost and Frost,

1987); therefore, it is proposed that the mande is able to supply large volumes of COz-

bearing hydrothermal fluids to the lower crust.

Figure 39 summarizes the model of Colvine et al. (1988) of granulitization and

the resulting formation of gold-bearing hydrothermal fluids. Mande diapirism supplies

magma, heat and volatiles to the base of the cmst, which induces granulidzation. COz,

HzO, incompatible éléments, and gold are channelled into deep régional structures.

Small, intrusive bodies may also be entrapped in the régional déformation zones. Gold,

COz and associated éléments may have been extracted and transported to the depositional

site by at least one or the other of two distinct processes: l) rising, silicate magmas,

formed by anatexis of the mantle or lower crust CTouret and Dietvorst, 1983), may

exsolve gold and companion éléments into a K^O-COybeanng magmatic fluid; and 2)

hydrothermal fluids may transport gold, COz and companion éléments from the source

to the depositional site without being incorporated into a magmatic medium (cf., Frost

and Frost, 1987). Note that, at this time, fluid inclusion and stable isotope studies

cannot distinguish between metamorphic and magmatic fluids formed in the lower crust.
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Graves et al. (1988, 1989) and Perring et al. (1989) offer variations ofthe mantle

degassing-granulitizadon model. Thèse researchers, in agreement with Colvine et al.

(1988) and Cameron (1988), suggest that Archean lode-gold deposits are the result of

mande-crustal outgassing involving deep mantle magmatism responding to convergent

tectonics. However, because of the "provinciality" of stable and radiogenic isotopes

within gold camps and even among gold deposits related to the same fault System

(Golding et al., 1987; Kemch et al., 1987; Perring et al., 1987), thèse researchers argue

that crustal-scale metamorphic devolatilization also contributed to fluid formation, in

addition to mande fluids; therefore, the ore fluids would be composed of mantle, lower

crust, and greenstone components (Golding et al., 1987; Perring et al., 1987, 1989;

Graves et al., 1988, 1989).

Other studies also suggest that gold-bearing hydrothermal fluids have a mande-

deep crustal origin. For example, Peterson and Newton (1989, 1990), based on their

expérimental work on the melting of a COz-HzO-bearing biotite granite, show that COz-

H^O-bearing basaltic magmas may have intruded into the deep crust, resulting in the

formation of lamprophyres and volatile-rich granites by melting of the crust. Later

differentiation of thèse granites at depth may have rcsulted in the exsolution of large

amounts of COz-HîO fluids and other générations of lamprophyres. The resulting

oxidizing fluids are capable of transporting gold and companion éléments, and thus gold

may be partitioned from cooling magmas into the COî-îîyO fluid, or scoured from the

crust by thèse fluids.
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In connection with the mantle degassing model, the spatial and temporal

reladonship between Archean lode-gold mineralization and lamprophyres of mantle origin

sparked the suggestion that lamprophyres were in fact the source rocks ofgold (Rock and

Graves, 1988a,b). Although stable isotope work showed that there was no direct

relationship between lamprophyres and gold-bearing fluids, Rock et al. (1989) propose

that lamprophyres may have supplied, in part, gold-bearing fluids from deep sources and

that thèse fluids were reworked in an evolving metamorphic fluid. Conversely, Wyman

and Kemch (1988, 1989) have argued that lamprophyres do not constitute a preferential

source réservoir of gold, and that lamprophyres and Archean lode-gold mineralization

result from independent processes. They contend that the temporally- ahd spatially-

related lamprophyres were derived from mande lithosphere and asthenosphere depths,

whereas gold-mineralizing Systems are restricted to crustal environments.

Perring et al. (1987), Kerrich (1989b), and Kyser and Kerrich (1990) have

covered the many strengths and weaknesses of this mantle degassing-granulitization

model as an explanation for Archean lode-gold mineralization. The main observations

supporting this model include: l) many low- and medium-pressure granulites are depleted

in certain incompatible éléments (K, Rb, Cs, U, Th, Y, heavy REEs), and thèse éléments

are enriched in gold-quartz vein deposits, suggesting a source-sink relationship (Fyon et

al., 1989 and références therein); and 2) a secular conjunction exists between "depleted"

Archean granulites and Archean mesothermal lode-gold deposits (Kyser and Kerrich,

1990 and références therein).
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In addition, âge dating suggests that late, post-peak metamorphic fluid activity m

the lower crust (e.g., the Kapuskasing Structural Zone) was contemporaneous with britde

déformation, host rock altération and lode-gold mineralization at high crustal levels

(Corfu, 1987; Krogh et al., 1988; Krogh, 1990). Consequently, fluids resulting from

granulitization of the upper mantle/lower crust zone could have been the source of

Archean lode-gold mineralizadon, widely considered to have occurred after peak

metamorphism and associated déformation (Robert and Brown, 1986a,b). In addition,

Sr and Pb isotopes indicate a lower crustal component in the gold mineralizing fluids

(Kerrich, 1986; Dahl et al, 1987); the contamination ofrising manûe-degassed fluids by

lower crustal rocks would explain thèse isotopic data (Perring et al., 1987).

Finally, récent 40Ar/39Ar thermochronology carried out on hydrothermal micas

related to gold-quartz veins and quartz-pyrite lodes at the Camflo mine, Malartic, Québec

(Zweng et al., 1993) supports the importance of mafic underplating to the lower crust

during peak granulite formation (cf., Bohlen, 1987). The 40Ar/39Ar data indicate l) that

thèse micas are 70-170 Ma younger than the monzonitic host stock (2,685 ±10 Ma) and

2) that the 40Ar/39Ar âges of micas from the 1650 mine level are " 10 to 15 Ma older

than Ar/39Ar âges of micas from the 3475 mine level. Zweng et al. suggest that the

younger âges represent closure températures arrived at during cooling and not

recrystallization or reset âges. Also, based on their Ar/ Ar data, Zweng et al.

calculated slow cooling and slow apparent uplift rates for the Camflo terrane. In their

review of cooling and uplift rates, they explain that in areas of collision, rapid uplift is
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the essential means ofcooling oftectonically thickened crust. The Himalayas which have

rapid rates of uplift also have rapid rates of cooling. However, metamorphic belts,

fonned of crust thickened by magmatic underplating where conduction is the prévalent

means of cooling (cf., Wells, 1980), expérience slow uplift rates, and therefore have

slow cooling rates. Based on thèse 40Ar/39Ar data and other hydrothermal âges (see

section 4.6 for further explanation), Zweng et al. suggest that their model of mafic

magmatic underplating and slow cooling and uplift is consistent with the geochronology

of granulite facies metam.orphism in the Kapuskasing structural zone and with postpeak

metamorphic âges for C02-H2Û fluid inclusions in régional granulite terranes (cf.,

Percival and Krogh, 1983; Corfu, 1987; Krogh et al., 1988; Krogh, 1990) where

decreasingly younger âges with depth are interpreted as indicating downward vertical

accretion of the Archean crust.

Several important weaknesses are nevertheless found in the granulitization model.

Firstly, many post-Archean and some Archean granulites are not markedly depleted in

LILEs, especially those with sedimentary or volcanic protoliths. Therefore, Kyser and

Kerrich (1990) propose that LILE depletion is not an inévitable or even commonly

expected result of granulite-facies metamorphism.

Secondly, although Colvine et al. (1988)judge that ô"C data for COz, from which

Archean gold-related hydrothermal carbonates precipitated, are most consistent with a

magmatic réservoir (range -8 to -3 per mil), a metamorphic réservoir cannot be ruled
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out. The difficulty surrounding the interpretadon of ôl3C data stems from the fact that

average igneous, metamorphic, and sedimentary carbon réservoirs have similar ô C

values of approximately -5 per mil (Ohmoto and Rye, 1979). For this reason, carbon

isotopic data must be interpreted cautiously because of their limited ability to distinguish

between source réservoirs. Thirdly, although the présence of seemingly high-density COz

fluid inclusions in granulite facies minerais has been used as évidence for the granulite-

facies metamorphic model (Newton et al., 1980), thèse apparently primary inclusions

have commonly been related to a post-metamorphic P-T path (Lamb et al., 1987; Valley,

1988; Momson and Valley, 1988). Fourthly, Vry et al. (1988) have shown that many

granulites were intemally buffered, rather than having been buffered by an extemal

mande CO; réservoir. And finally, for granulites rcsulting from continental crust

dehydration, C/3He measurements indicate that the amount of COz, estimated from

mantle-derived He fluxes (He being the best tracer for mande volatiles), entering the

crust in tectonically active régions is not sufficient to produce granulites on a régional

scale (O'Nions and Oxburgh, 1988).

Golding et al. (1987), Kerrich et al. (1987), and Perring et al. (1987) have

identified "provincialides" ofSr, Pb, and C isotopic signatures for individual gold camps,

as well as among gold mines related to the same fault Systems, and they propose that

thèse provincialities cannot be explained by a large, uniform mantle réservoir. Rather,

greenstone-belt processes are invoked to explain the between-province isotopic variations.

However, according to Colvine et al. (1988), it is not clear whether thèse provincialities
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stem from source variations, or fluid-rock interactions enroute to or at the deposidonal

site. In the case of carbon, provinciality may be a source characteristic and

consequently, isotopic provincialities may not help in differentiating between magmatic

or metamorphic réservoirs (Colvine et al., 1988 and références therein).

Finally, récent geochronological work on intrusive rocks crosscutting early,

deformed, quartz-carbonate-pyrite-gold veins (Robert, 1994; Robert and Boullier, 1994)

at the Kiena mine (Morasse et al., 1993) and the Noriartic mine (Pilote et al., 1993) west

of Val d'Or indicates that gold mineralization at Kiena has a minimum âge of 2,686 ±

2 Ma and that gold mineralization at Noriartic has a minimum âge of 2,692 ± 2 Ma (see

section 4.6 for further discussion of thèse and other dates). Thèse dates are much older

than those for minerais associated with undeformed, younger gold mineralizadon (<»

2,630 to 2,580 Ma; Corfu, 1993) and are not yet readily explained by the mande-

degassing-granulitization model.

In summary, Perring et al. (1987) note that a large number of small gold deposits

are not associated with large-scale fault zones and their subsidiary fracture Systems, and

hence cannot be readily explained by mantle-degassed fluids channelled along major

faults. For this reason, Perring et al. (1987) invoke crustal-scale processes such as

metamorphic dehydration to explain the emplacement of gold deposits far from large-

scale faults. However, no examples of such deposits are given nor the distances of thèse

deposits from large-scale fault zones. Also, Perring et al. (1987) do not mention what
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type of structural control, if any is présent, for thèse deposits. Nevertheless, in an

attempt to define the distance between lode-gold deposits and first-order shear zones and

their subsidiary shear zones, we cite a maximum 15- to 20-kilometre distance between

first-order shear zones and lode-gold deposits, as established by Eisenlohr et al. (1989)

for the Yilgam block in Australia and by Robert (1990) for the Val d'Or district.

4.4.6 Conclusion

Considering the difficulties cited above, meteoric fluids were probably not a major

ûuid component in Archean mesothermal lode-gold deposits, but some amount of

descending meteoric fluid mixing with a dominant, ascending fluid cannot be ruled out.

As for magmatic fluids, there is no apparent direct connection between intmsions and the

gold mineralization they host, although there is an hypothesis that silica-undersaturated

magmas (spatially and temporally associated with gold mineralization) are genetically

associated with gold mineralization. Magmatic fluids may have originated from mantle

and/or lower crustal sources; however, stable and radiogenic isotopes do not differentiate

between thèse sources nor can they unequivocally distinguish metamorphic from

magmatic fluids. Also, derivation of fluids from the manûe is inferred in some instances

but it is unknown whether mantle devolatilization occurs by direct volatile streaming into

the crust or by formation of volatile-rich intmsions that rise into the crust and exsolve

their fluids there.
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Stable isotopes of some éléments such as H, C, and 0 are used to suggest fluid

source, whereas radiogenic isotopes such as Sr and Pb are used to suggest métal source.

While some isotopic évidence may point to one source of fluids, other isotopic évidence

may strongly suggest another source of fluids. In reality, much of the data do not

characterize unequivocally any one source. Strontium, lead and carbon isotope data for

Archean gold deposits from large géographie régions show interdeposit variations and

hence, define a "provinciality" in their distribution. This "provincial" clustering of data

suggests laterally heterogeneous sources, thereby dismissing the notion ofa single source

réservoir for gold (for review see Kerrich et al., 1987; Colvine et al., 1988; Kerrich,

1989a). However, Colvine et al. (1988) argue that ôl3C "provinciality" may be a

characteristic of the mande (Deines and Gold, 1973); consequendy, carbon

"provinciality" cannot be used for or against metamorphic or magmatic fluid sources.

Given thèse divergent interprétations, all isotopic data must be examined together,

and at présent, they suggest that more than one source of fluids and solutes exists and

they defînitely indicate that one ultimate criterion will not answer the question of solute

and fluid provenance for mesothermal gold deposits. In fact, one must consider the

possibility that the fluids and their contained solutes and volatiles are not all necessarily

from the same source (Kerrich, 1989a).

AU of the models postulated to explain Archean lode-gold mineralization have

weaknesses, as noted above, requiring that research continue to examine the multi-faceted
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question of fluid-solute-volatile source-transport-deposition. However, the mantle

degassing-granulitization model appears presently to be the most comprehensive model

for explaining most Archean lode-gold mineralization. Furthermore, as proposée! by

Colvine et al. (1988), this model is seen as part of the cratonization of the Superior

Province and may be seen then as an almost inévitable product of crustal-mantie

processes in Archean terrane (Brown et al., 1990).

Because their model takes into account a broad spectrum of géologie data,

including tectonic, metamorphic, geochemical (isotope, fluid inclusion, altération) and

geochronological data of Superior Province greenstone belts hosting lode-gold

mineralization, Colvine et al. (1988) coined their genetic model a "holistic" model for

Archean gold metallogeny. Although the model suggests an ultimate mantle origin for

fluids and solutes, the proponents of this model recognize the présent difficulty in

unequivocally distinguishing between magmatic fluids from a mantle source and

metamorphic fluids and do not rule out the importance of either one. However, despite

the comprehensive nature of this model, the interprétation of its geochemical data bas

been criticized (Perring et al., 1987; Kemch, 1989b; Kyser and Kerrich, 1990), mainly

because the geochemical data do not point unequivocally to a mantle origin for the COz-

B^O fluids and its solutes. Also, récent dating of some gold mineralization as old as

2,686 Ma or older suggests that some gold mineralization may not be readily linked to

mantle degassing and granulitization.
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Finally, because "provincial-scale" variations of Sr, Pb, and C isotopic data in

Archean mesothermal lode-gold deposits do not appear to indicate a unique source rock

for gold (Kerrich, 1989a), the author suggests that for some lode-gold districts, the

notion of amphibolite-facies metamorphic fluids scavenging gold from crustal rocks

should be added to the mantle degassing-granulitization model. Also, the possible

involvement of meteoric water or seawater in some greenschist to sub-greenschist facies

deposits should not be overiooked, based on tentative stable isotope and fluid inclusion

data for some Archean lode-gold deposits of the Yilgam craton in Westem Australia

(Groves et al., 1992; McNaughton et al., 1992). In fact, it is increasingly évident that

several sources of fluids may have interacted in the formation of some Archean

mesothermal lode-gold deposits and that gold may have been leached by thèse fluids from

a variety of subcrustal to crustal environments.

4.5 PHANEROZOIC ANALOGUES

Probably the best analogues for Archean lode-gold mineralization are mesothermal

lode-gold deposits of the North American west coast. As reviewed by Nesbitt et al.

(1986), Goldfarb et al. (1988), Nesbitt and Muehlenbachs (1988), Kerrich (1989b),

Kerrich and Wyman (1990) and Wyman and Kerrich (1990), the westem coast ofNorth

America is composed of a séries of allochthonous, tectonostratigraphic terranes with

oceanic and island-arc affinities, accreted to and subducted below the continental margin

during Cretaceous to Eocene times (see Engebretson et al., 1985; Debiche et al., 1987;
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Coney, 1989; Oldow et al., 1989; and Monger, 1993 for reviews of terrane accredon in

the North Amencan Cordillera). Mesothermal lode-gold deposits are found only in the

allochthonous terranes of the Cordillera and are regionally associated with post-

metamorphic, crustal-scale transcurrent faults thought to be suture zones between the

accreted terranes. The deposits are commonly hosted by subvertical, reverse faults

subsidiary to thèse major fault zones. Table 3 from Nesbitt and Muehlenbachs (1988)

summarizes the characteristics of Canadian Cordillera mesothermal lode-gold deposits

and illustrâtes the several structural, mineralogical, and geochemical attnbutes of thèse

deposits that are similar to those of Archean mesothermal gold deposits (cf., Colvine et

al., 1988; Graves et al., 1992).

In addition to the North American Cordilleran terranes, Kemch and Wyman

(1990) identify other Phanerozoic terranes (e.g., the Monte Rosa Lodes of the Italian

Alps and the Ballarat Slate Belt of Southem Australia) hosting mesothermal gold deposits

which share a similar geodynamic setdng. This common geodynamic environment

consists, again, of the accretion of allochthonous terranes to condnental margins or arcs.

Based on their évaluation of Archean and Phanerozoic mesothermal lode-gold terranes,

Kerrich and Wyman (1990) suggest that a recumng séquence in thèse environments

(transpressive déformation, uplift, shoshonitic magmatism and late-kinematic

mineralization) would be consistent with thermal re-equilibration oftectonically thickened

crust. Furthermore, given the tectonic, physical, and geochemical similarities ofArchean

and Phanerozoic mesothermal lode-gold deposits, they suggest that it was unlikely that
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Table 3. Characteristics of Canadian Cordillera mesothermal lode-gold
deposits (from Nesbitt and Muehlenbachs, 1988).

Sizu:

Grades;

Au/Ag:

Tcctonic
Sctting:

Age:

llost
Putrology:

Structure:

Mincralogy:

Paragcncsis:

Textures:

Altération:

F1ui d
Inclusions:

Stable
Isotopcs:

Associatud
Eléments:

Larçicst Q X l0h Tonnes. Host 3 X 106
Tonnes or less

0.15-0.05 g/tonnc

l to >10

Typically associatcd v/ith major,
strikc-slip faut t zones

Latc Jurassic to Tcrtiary, Post-pcak
nictaniorplnsm

Mafic to Fclsic volcanics and plutons,
clnstic scdimcntnry units, surpcnti-
ni tes, limestoncs; Low to uppcr
grccnschist facics

Vertical to subvcrtical quartz vcins
in hi'ghly dcformcd fault zones
subsidiary to major faults;
Substantial vertical continuity

Quartz, Ca-Hg-Fe carbonatcs, albitc,
muscovi'te, schcclitc, pyritc,
pyrrhotitc, arscnopyritc, graphitc,
galcna, sphalcritc, chalcopyritc,
native Au, Au-Ag tclluridcs

Stage l - Vci'n formation; quartz,
carbonatc, albitc, muscovitc,
schcclitc, and Fc, As sulfi'dcs

Stage 2 - La te fractures with Au,
galcna, sphalcritc, minor quartz
and carbonate

Massive to ribboncd quartz vci'ns,
0.1 to 5 mctcrs in width, occasional
rcplaccmcnt zones

Carbonatc, sérieite, silica, pyritc,
«iiiripor.itc, «ilbUc, i:li1orit.i*, t<i1<:,
<j»'it|iitl Le

250-350°C, X,•H - '••'"-•'•'" "^ ^Q^

occasionally up to pure CO},
<2 Eq. Wt. 2 Nad, rare CH,

dln°Qtz = +13 to +172t>; Auo

+14 to +10Xo

0.1 to 0.3,

Carb

60
F.I.

-90Zo in southcrn

Cordiliera and -ICOXo in northern
CordiHcra

Ag, As, W, Pb, Zn, C, B, Sb. HO, Te
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Archean mesothermal lode-gold mineralization formed by processes unique to the

Archean and instead "a singular genetic process restncted to a spécifie geodynamic

environment may be applied to mesothermal deposits of all âges" (Wyman and Kerrich,

1990). In their model, subduction-related crustal underplating and deep, late

metamorphism in a transpressive régime occurring over a 10 to 40 m.y. period would

be a necessary precursor to mesothermal gold mineralization.

Despite the similanties between Archean and Phanerozoic mesothermal gold

deposits and despite our préférence for a mantle degassing-granulitization model, no

consensus has yet been made on the origin of hydrothermal ûuids or gold. Continued

research and debate on geodynamic settings and fluid geochemistry will hopefully

identify and refine the genetic model (or models?) that best explains mesothermal lode-

gold mineralization throughout time. Surely, the current rapid évolution of ideas on the

formation of Abitibi-type crust, resulting significantly from renewed research in the

Abitibi, will résolve many of the outstanding questions in the near future.

4.6 GEOCHRONOLOGICAL AND GEOTECTONIC DEVELOPMENTS

PERTINENT TO THE BOURLAMAQUE-LOUVICOURT TOWNSHIPS

STUDY AREA

In this section, a summary is presented of the above-mentioned geochronological

and geotectonic developments pertinent to the Bourlamaque-Louvicourt townships sector.
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This overview is then followed by the application of the major characteristics of the

mande degassing-granulitization model and the favourable aspects of the metamorphic

dehydradon model to the study area in order to examine what processes and sources best

explain fluid fonnation, migration and lode-gold deposition.

The geochronological studies of the Archean Sigma gold deposit (deposit ff5 of

Fig.34) by Wong et al. (1989, 1991) and Hanes et al. (1989, 1992) produced the first

significant dates for the Val d'Or région. Volcanism of the Val d'Or Formation occurred

at 2,704.9 ± 1.1 Ma (U-Pb zircon âge) and a porphyritic diorite with similar

déformation characteristics as the volcanic rocks gives an âge of 2,703.7 ±2.5 Ma (U-

Pb zircon âge). The calc-alkalic Bouriamaque pluton, geochemically similar to the Val

d'Or Formation rocks, gives a U-Pb zircon âge of 2,699.8 ±1.0 Ma. Although the

Bouriamaque âge is not within reasonable error limits of the Val d'Or Formation âge,

there is a real possibility that a young phase of the Bouriamaque intrusion was dated

(sampled only in the southwest apophysis) and that an older âge could be obtained by

dating the central-southeast part of the intmsion (Campiglio and Darling, 1976;

Campiglio, 1977).

A feeling for post-volcanic events can be found in âge dating of syn- to post-

tectonic events. A feldspar porphyry dike postdating régional folding from the Sigma

mine gives a U-Pb zircon âge of 2,694.0 ± 2.2 Ma. Robert (1991) uses this âge with

the Bouriamaque intrusion date to bracket régional folding between 2,700 and 2,694 Ma;
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it also places an upper âge limit of 2,694 Ma on régional greenschist-facies

metamorphism. However, it has been noted (F. Robert, pers. commun., 1993) that the

youngest detrital zircons from the deformed Kewagama and Cadillac sediments have an

upper âge limit of sedimentation of approximately 2,688 Ma (Davis, 1991), suggesting

that there was another puise of régional déformation whose âge limits are not yet defined.

With regard to the timing of régional greenschist metamorphism, an 40Ar/ 9Ar âge

of 2,693 ±11 Ma was obtained on a metamorphic magnesio-homblende from the Sigma

mine (Hanes et al., 1992), whereas a U-Pb âge of 2,684 ± 7 Ma was obtained on

metamorphic rutile from the Val d'Or Formation (Wong et al., 1991). Although Wong

et al. (1991) note that thèse two metamorphic dates are analytically indistinguishable,

Robert (1991) interprets the apparently older âge of 2,693 Ma to represent greenschist-

facies, dynamic metamorphism which accompanied an early puise ofD^ déformation, and

the apparently younger âge of 2,684 Ma to represent a static, middle greenschist-facies

metamorphic event.

Lode-gold deposits are commonly hosted by or crosscut syn- to late-tectonic

intrusions, and dating of thèse magmatic events may provide an upper âge limit on gold

mineralization. In the Val d'Or camp, the Lamaque mine (deposit ^8 of Fig. 34) is a

good example of lode-gold mineralization hosted by intrusions. Jemielita et al. (1989)

obtained a U-Pb zircon âge of 2,685 ± 3 Ma for a gold-hosting Lamaque plug, placing
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an upper âge limit on quartz-carbonate-tourmaline-pyrite veining ofapproximately 2,685

Ma.

On the other hand, âges of several apparenûy ore-related minerais suggest that

mineralization post-dated metamorphism and déformation by a wide gap. Gold

mineralization and associated hydrothermal altération are superimposed on

metamorphosed rocks (Robert and Brown, 1986b) at the Sigma mine, and hydrothermal

rutile from Sigma gives a U-Pb âge of 2,599 ± 9 Ma (Wong et al., 1991). This âge is

similar to a "plateau" date of 2,579 ± 9 Ma for muscovite from a gold-bearing quartz

vein at the Sigma mine (Hanes et al., 1992), to a Sm-Nd âge of 2,602 ± 20 Ma for

scheelite séparâtes from the Sigma mine and two other lode-gold deposits in the Val d'Or

région (Anglin, 1990), and to a U-Pb âge of 2,593 ± 5 Ma for hydrothermal rutile from

the Lamaque mine (Jemielita et al., 1989). Based on all of thèse âges, Wong et al.

(1991) and Hanes et al. (1992) conclude that gold mineralization associated with

undeformed quartz-tourmaline-carbonate-pyrite veins in the Val d'Or mining camp took

place approximately 80 to 100 million years after » 2,693 to 2,684 Ma régional

metamorphism.

Further physical and mineralogical characterization of quartz-vein gold

mineralization in the Val d'Or mining camp by Robert (1994) and Robert and Boullier

(in press) has identified two générations of shear zone-related gold-quartz veins. In the

westem part of the camp, early quartz-carbonate-pyrite veins are associated with second-
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order shear zones. The veins are commonly folded and boudinaged and eut by diorite

and tonalite dikes. In the eastem part of the camp, younger quartz-tourmaline-carbonate-

pyrite veins are associated with third-order shear zones, crosscutting all intrusive rocks

(except Proterozoic diabase dikes) and modified only by weak effects of the dextral

strike-slip reactivadon of the LLCTZ. Based on the structural sites and physical

distributions of thèse vanous veins, Robert (1994) suggests that all of the veins do not

originale from the same hydrothermal event and that at least two générations of shear-

zone-related, gold-bearing, quartz veins occurred in the Val d'Or district. At présent,

deformed quartz-carbonate-pyrite veins west of Val d'Or are older than approximately

2,686 Ma, based on U-Pb zircon âges of 2,692 ± 2 Ma and 2, 686 ±2 Ma of intmsions

crosscutting deformed quartz-carbonate-pyrite veining at the Noriartic (Pilote et al.,

1993) and Kiena (Morasse et al., 1993) mines, respectively. Quartz-tourmaline-

carbonate-pyrite veins east of Val d'Or are younger than approximately 2,685 Ma, the

âge of magmatic zircon from the diorite-tonalite stock hosting the Lamaque mine

(JemielitaetaL, 1989).

SHRIMP ion-microprobe methods were used by Claoué-Long et al. (1990) on

zircon to date the Bouriamaque intrusion and gold mineralization at four mines east of

Val d'Or. This age-dating study, along with results in Claoué-Long et al. (1992), does

not support the suggestion that lode-gold mineralization occurred significantly after

régional metamorphism. For the Bouriamaque intrusion, a concordant set of data gives

a weighted mean 2a7Pb/206Pb âge of 2,711 ± 12 Ma. Hydrothermal zircon is reportly
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associated with aunferous quartz-tourmaline veins at the Dumont, Pascalis Nord

(formerly Perron), Sigma, and Bevcon mines east of Val d'Or. Hydrothermal zircon

from the Dumont mine gives an imprecise âge of 2,694 ± 70 Ma, whereas hydrothermal

zircon from the Pascalis Nord and Sigma mines give more précise, weighted mean

207Pb/206Pb âges of 2,697 ± 17 Ma (note: the âge given on page 125 of Claoué-Long et

al. (1990) differs slightly from the âge of 2,697 ± 19 Ma given on page 121) and 2,682

± 8 Ma, respectively. Two populations of morphologically différent zircon from the

Bevcon mine give weighted mean 207Pb/20<iPb âges of 2,704 ± 6 Ma and 2,681 ± 6 Ma.

According to Claoué-Long et al. (1990), their Bouriamaque date of 2,711 ±12 Ma best

évaluâtes the intmsion's âge, in agreement with the 2,710 +5/-4 Ma âge determined by

Taner and Trudel (1989) using very discordant U-Pb zircon analyses from an ultramafic

xenolith containing zircon (possibly of metasomatic origin formed during crystallization

of the intrusion). With regards to the gold mineralization, Claoué-Long et al. (1990)

state that, although the Dumont and Pascalis Nord zircons may date the Bourlamaque

intrusion or the hydrothermal event affecting the intrusion, the hydrothermal zircons from

the Sigma mine and the younger population of hydrothermal zircons from the Bevcon

mine have younger âges than the Bourlamaque intmsion and the Dumont and Pascalis

Nord mines, which is taken to be "compelling évidence of their hydrothermal origin".

Claoué-Long et al. suggest that two growth events of morphologically différent zircon

(" 2,700 Ma and » 2,680 Ma) occurred, linked to the kinematic development of the

Val d'Or région, and that gold mineralization in the Val d'Or région was not due to a

single hydrothermal event. They also argue that the much younger âges for gold
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mineralization using micas, scheelite, rutile, and sphene record either reset isotopic

Systems or renewed hydrothermal minéral growth.

In opposition to the assertion of hydrothermal zircon, Corfu and Davis (1991)

comment on a gamut ofproblems found in the article by Claoué-Long et al. (1990), the

most important being discordant data obtained from what they judge to be metamict

zircons. Therefore, Corfu and Davis question the hydrothermal origin of the analyzed

zircons, arguing that they are more likely zircons from wallrocks and therefore give âges

broadly coeval with magmatism in the Val d'Or camp. In rebuttal, Claoué-Long et al.

(1992) submit electron backscatter images of gold-bearing zircon not included in their

1990 article, and they maintain, along with Kerrich and King (1993), that their âge of

gold mineralization ( " 2,680 Ma) dates gold introduction with quartz-tourmaline-(zircon)

in veins and that younger âges are consistent with renewed hydrothermal activity,

remobilization of gold and rejuvenation of isotopic Systems in non-robust minerais and

possibly even in normally alteration-resistant zircon.

Recenûy, Feng et al. (1992) have proposed for the southem part of the Abitibi

a model in which Archean mesothermal lode-gold mineralization is related to the collision

of the Pondac and Abitibi subprovinces at about 2,690 to 2,670 Ma, supporting the

geochronological data and interprétations of Cloué-Long et al. (1990, 1992). The model

is based on geobarometric, geochemical and geochronological data. In Feng and Kerrich

(1990), geobarometric data are présentée! for various intrusions in the Pondac
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Subprovince and in the Abitibi's Southem Volcanic Zone (SVZ; Ludden et al., 1986).

Pressure distributions indicate that the Pontiac and a block of terrane northwest of Val

d'Or (the Lacome block, as named by thèse authors; Fig. 40a) have similar high

pressures, indicative ofrelatively-deep crustal levels, and of mineralization (Mo, Be, Li,

U, Ni) at such levels (Fig. 40b). Feng and Kerrich (1990) interpret the Lacome block

as part of the Pontiac Subprovince and suggest that the Lacome block was emplaced in

the SVZ by differential uplift, caused by strike-slip faulting during oblique collisional

tectonics in late Archean time. Further geochemical and geochronological work by Peng

and Kemch (1991), Feng and Kerrich (1992), and Feng et al. (1992) on sediments and

intrusive rocks from the Lacome block, the SVZ, and the Pontiac Subprovince also

suggest that the Pondac and Lacome terranes have similar features. The sum of the

geochemical and geochronological data lead Feng et al. (1992) to suggest a model (Fig.

4l) whereby oceanic Uthosphere was subducted separately under the Pontiac Subprovince

and the Abitibi SVZ from 2,740 to 2,680 Ma ago, resulting in a first thermal event,

accompanied by low-pressure, greenschist-facies metamorphism and the intrusion of

abundant syntectonic batholiths. At about 2,670 to 2,630 Ma, the two terranes collided

and the Pontiac Subprovince was locally thrusted under the Abitibi SVZ, which caused

a second thermal event and partial melting of the underthrust Pontiac metasediments,

forming S-type collisional gamet-muscovite granites and associated pegmatites.

Subsequent differential uplift exposed the entire Pontiac Subprovince and the Lacome

block. Feng et al. (1992) suggest that this second thermal event probably reset isotopic

Systems in non-robust minerais, resulting in the reported young âges (up to approximately
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Figure 40a. Part of the generalized géologie map, modified after Feng and Kerrich (1990),
showing the distribution of emplacement pressure (numbers in kilobars) of granitic plutons and
metallogenic provinces. Underlined numbers are pressures for gold minéral ization. Numbers

in squares represent structural blocks: 2-Blake River-Rouyn, 3-Val d'Or, 4-Lacorne, 5-Amos,

6-Lac Abitibi, 8-Pontiac. LCF: Larder Lake-CadilIac fault.
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Figure 40b. Schematic composite crustal structure for the Southern Volcanic Zone before
differential uplift caused by strike-slip faulting during oblique collisional tectonics in late
Archean time. Types of minéral ization also given (after Feng and Kerrich, 1990).
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Figure 41. Simplified tectonic model for the évolution of the Abitibi Southem Volcanic
Zone (SVZ) and the Pontiac subprovince. (a) Stage l: oceanic subducdon
and arc (and/or back-arc) volcanism. (b) Stage 2: plutonism (such as
tonalite-granodiorite-granite-quartz monzodiorite intrusions in the Abitibi
SVZ, and monzodiorite-monzonite-granodiorite-syenite (MMGS) intrusions

in the Pontiac subprovince), initial metamorphism, accretionary tectonics,

and coeval alkaline magmatism and gold mineralizadon. (e) Stage 3: arc
(continent)—continent (older arc?) collision, second metamorphism,
emplacement of S-type, gamet-muscovite granite (GMG) intrusions,
probably derived from the metasedimentary Pontiac subprovince, and

reactivation of gold. (d) Stage 4: differential uplift, exposing the entire
Pontiac subprovince, and the higher grade Lacome block within the Abitibi
SVZ(fromFengetal., 1992).
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100 Ma younger than the early thermal-tectonic event) for gold mineralization, and that

the primary gold event was coeval with late-kinematic events (2,690-2,670 Ma).

Although this model could be employed to explain the "early" dates for gold

mineralization at the Kiena and Noriartic mines, it is difficult to understand how a

thermal event could reset the isotopic Systems in various minerais which give concordant

"late" âges for gold mineralization related to undeformed quartz-tourmaline-carbonate-

pyrite veins.

Uranium-lead analyses of detrital zircons from Pontiac, Cadillac and Kewagama

sediments and their interprétations by Davis (1991) conflict with those of Feng and

Kerrich (1991) for sediments in the Lacome block. An upper âge limit of 2,686 ± 3 Ma

is given for deposition of Pontiac sediments in the Val d'Or area, 2,688 ± 3 Ma for

Cadillac sediments, and 2,688 ± 3 Ma for Kewagama sediments. The majority of

zircons analyzed are younger than 2,725 Ma, and were probably derived from rocks

presendy exposed in the Abitibi Subprovince, whereas approximately 20 % ofthe zircons

fall in the âge range of 2,840 to 2,760 Ma, implying erosion of an abundant older crust

in the northem Superior Province. In contrast, detdtal zircons from the Lacome block

were analyzed by the single zircon Pb-evaporation technique to obtain 207Pb/206Pb

minimum âges (Feng and Kerrich, 1991). Ages range from 2,691 ± 8 Ma to 3,042 ±

6 Ma, with 60 % of the detrital zircons found to be older than 2,750 Ma. The upper
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limit for sedimentation is set by the younger zircons which yield âges of 2,691 ± 8 Ma,

2,695 ± 4 Ma, 2,715 ± 16 Ma, and 2,719 ± 4 Ma.

Récent structural work by Desrochers et al. (1993) in the Malartic and Val d'Or

région (Fig. 5) casts doubt on the existence of the Pontiac block. They suggest the

segmentation of the volcanic pile in this région into four distinct mafic lithotectonic

domains (the Northern, Vassan, Central and Southem domains; Fig. 5) that are overiain

by a calc-alkalic séquence (the Val d'Or domain). According to thèse divisions, the

Pontiac block would be composed of parts of the Northem, Vassan and Central domains

(compare Figs. 5 and 40a). Desrochers et al. (1993) interpret the mafic domains to be

accreted fragments of Archean oceanic plateaux that were deformed during their

accredon, whereas the calc-alkalic séquence represents extension-related volcanism and

plutonism, the whole package of five domains being deformed possibly as a result of

ridge subduction in a régime of oblique convergence. This scénario has been suggested

by Skulski et al. (1991) and Babcock et al. (1992) for two spreading centres on the

Pacific coast of North America.

Finally, additional information on "young" dates from Zweng et al. (1993)

continues the debate on the significance of thèse âges to gold mineralization. Zweng et

al. (1993) provide geochronological data from the Camflo gold mine located near

Malartic, Québec. Uranium-lead âge dating on magmatic zircon gave an âge of 2,685

± 10 Ma for the Camflo monzonitic stock, whereas hydrothermal titanite gave an âge
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of 2,621 ±4 Ma and titanite and K feldspar samples gave a Pb-Pb isochron âge of 2,621

± 7 Ma. Zweng et al. suggest then that gold mineralization at Camflo occurred

approximately 60 m.y. after crystallization of the Camflo stock. Zweng et al. also

calculated 40Ar/39Ar âges of hydrothermal micas related to gold-quartz veining to be 70

to 170 m.y. younger than the titanite hydrothermal âge. The younger 40Ar/3 Ar âges are

interpreted by Zweng et al. to represent closure températures arrived at during cooling,

and not recrystallization or reset âges. Slow cooling would be expected from mande-

derived basait underplating the lower crust during peak granulite formation.

Zweng et al. (1993) also provide a summary ofother radiometric âges from other

volcanogenic massive sulphide and lode-gold deposits in Abitibi. Firstly, their évaluation

of hydrothermal minéral dates from the Sigma mine (Bell et al., 1989; Hanes et al.,

1989, 1992; Wong et al., 1989, 1991; Anglin, 1990; Cloué-Long et al., 1990) suggests

thèse dates represent cooling âges. Secondly, Zweng et al. reviewed vanous âges from

the Kidd Creek massive sulphide deposit near Timmins, Ontario, that are much younger

(2,663 ± 28 Ma to 2,618 ± 8 Ma) than the ore-hosting rhyolite (2,717 ± 2 Ma). Other

researchers (see review in Zweng et al., 1993, p. 1718) suggest that thèse younger dates

represent either a post-metamorphic hydrothermal event or the closing stages of régional

metamorphism, and some authors note the similarity between a young fuschite average

plateau âge of 2,618±8 Ma (Smith et al., 1991, 1993) from potassium metasomatic

altération at the Kidd Creek VMS mine and that of hydrothermal muscovite (2,617±8

Ma; Masliwec et al., 1986) related to gold mineralization at the nearby Hollinger mine,
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suggesting that the fuchsite dates represent a later hydrothermal event (see also Smith et

al., 1993; Schandl and Wicks, 1993; Vervoort et al., 1993).

Zweng et al. (1993) offer an alternative explanation of thèse young mica âges.

They suggest (p. 1718):

"that the young (» 2,620 - < 2,500 Ma) K-Ar, 40Ar/39Ar, Rb-Sr, and Sm-Nd

âges for micas from pre-Kenoran plutons and massive sulphide deposits, as

well as from post-Kenoran plutons and gold deposits, bracket the time when

segments of the southem Abitibi subprovince cooled below the température

required for daughter product rétention. Since peak metamorphic températures

were probably in excess of those required for daughter rétention in muscovite

and biotite, it is possible that post-Kenoran plutons and gold deposits were

emplaced before régional postmetamoiphic températures had dropped below

those required for closure by each of the radiometnc Systems....A protracted

cooling model can more easily account for the wide range of younger

radiometric âges whereas scénarios employing multiple thermal and/or

hydrothermal events must be cyclical in nature without the younger thermal

pluses disturbing radiometric âges reset by older puises."
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4.7 APPLICATION 0F THE MANTLE DEGASSING-GRANULITIZATION

MODEL TO THE BOURLAMAQUE-LOUVICOURT TOWNSHIPS STUDY

AREA.

In synthesis, gold mineralization in the mantle degassing-granulitization model,

as applied to the Superior Province, is interpreted as an intégral part of crustal

cratonization, brought on by the addition of mantle diapinc masses to the lower crust.

This underplating results in the granulitization of the lower crust by the addition of heat,

magma, and volatiles, especially COz, to the lower crust. Compositionally variable

magmas are generated by partial melting of the heterogeneous upper and lower crusts.

Fluids and silicate magmas migrate upwards via crustal-scale zones of weakness

represented by deep-reaching "breaks" such as the LLCTZ. Given that granulitization

occurs slowly at depth, fluid and magmatic migration toward the surface may postdate

and overprint upper-crustal thermal-tectonic activities where metamorphism and

déformation have already passed their peaks.

Examination of the Bourlamaque-Louvicourt townships sector and its lode-gold

deposits reveals several characteristics consistent with the key éléments of the mande

degassing-granulitization genetic model. An adéquate crustal-scale "plumbing" System

needed to channel rising gold-bearing hydrothermal fluids is represented in the study area

by the LLCTZ and its subsidiary shear zones. Robert (1990a) groups the brittle-ductile

shear zones into three groups (Fig. 42). The first-order shear of the Val d'Or district
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Figure 42. Schematic cross-section through the Val d'Or district showing
relationships between veins and différent orders of shear zones

(LLCF: Larder Lake-Cadillac Fault (from Robert and Boullier,
1994).
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is the LLCTZ, a major, crustal-scale shear zone separating the Pontiac Subprovince and

the Malartic Composite Block (MCB; Desrochers et al., 1993) in the study area, and this

shear zone probably represents a suture zone between the MCB and the Pondac

Subprovince, considered to have been thrusted to the north undemeath the Abitibi

subprovince (Dimroth et al., 1983a,b; Hodgson et al., 1990). Measuring approximately

200-750 mètres wide, the high-strain zone dips steeply to the north in Québec and steeply

to the south in Ontario, and has a strike length greater than 200 kilomètres, extending

from the Kirkland Lake area in Ontario to just east of the study area. Geophysical

imaging (Green et al., 1990; Jackson et al., 1990) indicates that this steeply-dipping fault

zone has a maximum crustal depth of approximately 15 kilomètres and may become

listric to the north (Green et al., 1990). Second- and third-order shear zones constitute

a subsidiary shear System to the LLCTZ. The second-order shear zones are generally

5 to 10 kilomètres long and less than 300 mètres wide, lie subparallel to the LLCTZ, and

host early, quartz-carbonate-pyrite veins (Morasse et al., 1993; Pilote et al., 1993;

Robert and Boullier, in press). Third-order shear zones, typically hosting later quartz-

tourmaline-carbonate-pyrite veins (Robert and Boullier, in press), are less than 2

kilomètres long and are generally only several mètres wide. The distinguishing

characteristic of third-order shears is their oblique dips to the général structural trend.

Of course, granulitization is an intense metamorphism, and attempts have been

made to date metamorphism and lode-gold mineralization in the Val d'Or région. An

40Ar/39Ar âge of metamorphic homblende 2,693 ± 11 Ma (Hanes et al., 1992) from the
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Sigma mine probably represents greenschist-grade, dynamic metamorphism, concordant

with the bracketed time period for régional déformation (2,700-2,684 Ma). A U/Pb âge

on metamorphic rutile of 2,684 ± 7 Ma from the Colombière rhyolite of the Val d'Or

Formation (Wong et al., 1991) probably represents thermal, middle greenschist-facies

metamorphism (Robert, 1990a; Robert, 1991) which affected the small syn- to late-

kinematic porphyritic intrusions and has been observed to increase with depth in some

of the deep mines of the Val d'Or région (Grant, 1986; Robert, 1990a; Morasse et al.,

1993). The 2,694 ± 2 Ma âge of the non-foliated porphyritic dike from the Sigma mine

is considered by Wong et al. (1991) to be an upper âge limit on regional-greenschist

facies metamorphism.

With regard to geochemical affinities to the mantle degassing-granulitization

model, several characteristics of lode-gold mineralization in the study area are consistent

with this genetic model. Important quantities of carbonate accompany all three orders

of shears, as wallrock altération and as an important vein constituent. Pluid inclusion

work by Robert and Kelly (1987) on secondary fluid inclusions from Sigma mine veins

identified three types of inclusions: l) high-salinity Na-Ca-Cl aqueous inclusions (25-35

wt. % sait) with small amounts of COz, 2) COz-rich inclusions containing small amounts

ofHzO and CIÎ4, and 3) homogeneous, low-salinity ïl-iO-COi fluids (<10 equiv wt.%

NaCl) with CO^ contents commonly ranging from 15 to 30 mole percent COz. Robert

and Kelly (1987) interpret the ore-bearing fluid to have been similar to the third type of

fluid inclusions, entrapped at minimum températures between 285° and 395 °C. That
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fluid then experienced unmixing, possibly as a result of extrême fluid pressure

fluctuations (Guha et al., 1991) and resulted in daughter fluids similar to types l and 2.

In conclusion, CO^ is recognized as an important, hydrothermal-fluid component,

possibly originating from a mantle/deep-crustal source.

Based on altération studies and mass-balance calculations of vein wallrocks from

the Sigma and Lamaque mines, hydrothermal fluids related to gold mineralization are

seen to have caused considérable enrichments in CO^, Ça, Na, K, B, S, P, Au, REE, Ti,

Zr, Y, Hf, U, Ta, Nb, and Th and important depletions in Mg, Fe, Al, Rb, and HzO in

visibly altered zones next to veins (carbonate-white mica outer subzones and carbonate-

albite inner subzones; see Figs. 35a and 35b) (Ludden et al., 1984; Robert and Brown,

1986b). The laterally more extensive cryptic altération zones, characterized by chlorite-

carbonate-white mica assemblages (see Figs. 35a and 35b), are enriched in CO^, K, Rb,

and S, depleted in REE and U, and slightly depleted in Sr; Th, Ta, and Hf behave

inconsistently. Like K and Rb, Li and Cs are commonly ennched in gold-bearing veins

Systems and their associated wallrocks (Kerrich, 1983). However, the Sigma-Lamaque

studies did not include Li and Cs analyses, and consequently, it cannot be confirmed if

they are enriched, as K and Rb are, in wallrock altération zones associated with the

aunferous Sigma and Lamaque quartz-carbonate veins. Overall, thèse enrichments and

depletions are in agreement with the mantle degassing-granulitization model (Fig. 39).
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Tourmaline is common and relatively abundant in the gold mines of the study area

(Table 2) and in the Val d'Or-east camp in général (Robert, 1990b; Robert and Boullier,

1994). The characteristic présence of tourmaline in veins and associated wallrock may

indicate a fùndamental différence (boron-rich) in fluid composition and genesis (Guha et

al., 1991) and may imply that a local source rock has affected the minéral assemblages

in thèse gold deposits. Generally, boron is highly ennched in océan sediments and in

the altered portions of subducted oceanic crust, indicating its high concentration in océan

water and its strongly adsorptive behaviour during sedimentation (Morris et al., 1990 and

références therein). Boron-beryllium analyses of subduction rocks of four island arcs

suggest that boron is not subducted to depth, nor is it stored in the sub-arc manûe. It

is possible that convection may circulate boron-enriched, sub-arc material to back-arc

environments. In the Bouriamaque-Louvicourt townships study area, the Pontiac

Subprovince is an obvious source of abondant sediments, and it is thought ta have been

thrust under the Abitibi (Dimroth et al.,1983a,b; Hodgson et al., 1990). It is possible

then that fluid-rich sediments of the Pontiac Subprovince were thrusted undemeath this

part of the Abitibi and contributed boron-rich fluids to the gold-mineralizing System.

After pyrite, the principal sulphide in lode-gold deposits located in or proximal

to sedimentary units is arsenopyrite (Robert, 1990b), and in the Val d'Or district this

relationship is best exemplifîed among gold deposits west of Val d'Or. This relationship

would suggest the local importance of sediments (e. g., shales) to supply appreciable

amounts of arsenic. In the Val d'Or-east study area, the Orenada deposit (deposit ffî.l
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of Fig. 34), located southwest of the East Sullivan stock in Piché Group volcanics next

to the Pontiac Subprovince, contains up to 20 % arsenopyrite as wallrock altération

(Robert et al., 1990). The Sigma-2 deposit (deposit ffl of Fig. 34) also contains

abundant arsenopyrite. However, the latter deposit is hosted by the granophyric portion

of the differendated gabbroic Vicour sill located approximately 3 to 4 kilomètres

geographically north of the Pondac sediments. Also, the mineralized veins and

surrounding wallrocks contain a relatively small amount of carbonate, an observation

consistent with the iïuid inclusion study of Kheang and Perrault (1987). If Pontiac

sediments were thrust or subducted beneath the study area (Dimroth et al., 1983a,b;

Hodgson et al., 1990), it is not yet clear why there is not more arsenopyrite in all Val

d'Or-east deposits. The abundance of arsenopyrite at the Sigma-2 mine may indicate a

sedimentary source of arsenic still more local than the scale of the vein field described

by Robert (1994) for the gold mineralizing fluids of Sigma-2.

The Akasaba gold deposit (deposit ffï2 of Fig. 34) is another atypical deposit of

the study area, if not of the whole Val d'Or mining camp. As already described in

section 4.2.4.1, it consists of disseminated gold in a lapilli tuff accompanied by

pyrrhotite, chalcopyrite, magnetite, and pyrite (Sauvé, 1985). The deposit is also

characterized by abundant epidote altération and relatively rare carbonate altération.

Sauvé (1985) hypothesizes that the emplacement of this deposit is fundamentally

synvolcanic. Its mineralogy, configuration and emplacement near the top of the volcanic
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pile, if the paleoenvironment of Imreh (1984) is followed, suggest that the Akasaba

deposit is in fact plausibly synvolcanic.

Although lode-gold deposits may be hosted by volcanic, igneous or sedimentary

rocks, the majority of the gold deposits in Bourlamaque and Louvicourt townships are

hosted by intmsions. Generally, three catégories of intrusion can be distinguished by

their relative âges: l) synvolcanic, pre-kinematic gabbro-diorite-tonalite intmsions,

ranging from small stocks (such as those at the Sigma and Lamaque deposits) to the large

plutons of the Bouriamaque and Bevcon intrusions; 2) syn- to late-kinematic, diorite-

tonalite-syenite dikes and small stocks that are commonly porphyritic; and 3) large, late-

to post-kinematic intmsions such as the peraluminous monzonite of the East Sullivan

stock (Robert, 1990b).

In the Bouriamaque-Louvicourt townships study area, pre-kinematic and syn- to

post-kinematic intrusions commonly host lode-gold deposits. A pre-kinemadc porphyritic

diorite at Sigma is dated at 2704 ± 3 Ma (U-Pb zircon âge), whereas the apparently

synvolcanic Bouriamaque intrusion probably has an âge of 2,699.8 ± 1.0 Ma (U-Pb

zircon âge) (Wong et al., 1991) (although it would not be surprising if a

geochronological date of the main body of the intrusion was more concordant with the

âge ofvolcanism (2,704.9± 1.1 Ma; Wong et al., 1991)). Feldspar ± quartz porphyritic

dikes are commonly associated spatially with lode-gold mineralization and are relatively

abondant in the southem part of the volcanic terrane in the study area. A non-foliated
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feldspar porphyry dike at Sigma has an âge of 2,694 ± 2 Ma (U-Pb zircon âge; Wong

et al., 1991) and most dikes of this type seem to have been injected after the major

period of déformation. However, schistose porphyry dikes are observed spatially related

to non-foliated ones and may vary laterally from foliated to non-foliated (Sauvé et al.,

1986). Thèse observations suggest that porphyry dikes are probably late- to post-

kinematic in âge, with the major régional déformation being bracketed between

approximately 2,700 and at least 2,688 Ma (âge of deformed Cadillac and Kewagama

sediments).

A summary of geochronological data pertinent to the study area has been

presented in section 4.6 where the reader may review détails on this subject. In

summary, gold mineralization related to quartz-tourmaline-carbonate-pyrite veins in the

Val d'Or-east sector is younger than 2,685 Ma, the âge of the diorite-tonalite stock of

the Lamaque mine and may be as young as approximately 2,579 Ma. Wong et al. (1991)

and Hanes et al. (1992) conclude that this mineralization postdates syn- to post-tectonic

magmatism and régional metamorphism by up to ça 100 Ma, and they disregard the

possibility that their data represent cooling or reset âges, giving several arguments against

thèse hypothèses (p.334 in Wong et al., 1991 and p. 1858-1859 in Hanes et al., 1992).

Thèse "later" (circa 2,600 Ma) dates suggest a corrélation between lower crustal

magmatism and metamorphism (as recorded in the Kapuskasing Structural Zone; Corfu,

1987; Krogh et al., 1988; Krogh, 1990) and hydrothermal gold mineralization at mid-

crustal levels, in agreement with the mantle degassing-granulitization model. Wong et
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al. (1991) note the existence in the Central Superior Province of gold mineralization,

synchronous with late magmatic activity (in the âge range of 2,720-2,700 Ma), and they

acknowledge the possibility of ça 2,700 Ma gold deposits in the southem Abitibi.

Although not in the study area proper, two examples of gold mineralization have been

dated as having minimum âges of 2,686 Ma (Morasse et al., 1993) and 2,692 Ma (Pilote

et al., 1993). Further characterization of thèse two sites of "early" gold mineralization

are needed to détermine the significance of thèse âges with respect to initial gold

emplacement and the cratonization of the Superior Province in général.

In conclusion, several characteristics of the Bouriamaque-Louvicourt townships

sector and its lode-gold deposits agrée with the key éléments of the mantle degassing-

granulitization model, as envisagea for Archean lode-gold mineralization of the Superior

Province (Colvine et al., 1988; Fyon et al., 1989). The following points underiine this

consistency:

l) Gold mineralization related to undeformed quartz-tourmaline-carbonate-pyrite

veins is associated regionally with the Larder Lake-Cadillac Tectonic Zone, a

major crustal-scale fault, and is hosted essentially by shear zones subsidiary to the

régional fault;
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2) Important quantities of carbonate are associated with all scales of shearing and

quartz veining, and COz is recognized as an important hydrothermal fluid

component as expected in a COs-degassing mantle model;

3) Ennchments in K, Rb, U, B, CO^ and Au are noted in altération zones adjacent

to quartz veins. Notably, quartz veins and altération zones in the study area are

also characterized by the relative abundance of tourmaline, a boron-rich minéral;

4) Lode-gold deposits in the study area are spatially associated with felsic to

intermediate intrusions, and a high number of gold deposits are hosted by

intrusions; and

5) Gold mineralization in the study area is apparently ça 80-100 Ma younger than

syn- to post-tectonic magmatism and régional metamorphism, and may be

correlated with lower crustal magmatism and metamorphism, as recorded in the

Kapuskasing Structural Zone.



227

4.8 SUMMARY

Although gold mineralization may be found in synvolcanic and syn- to late-

tectonic environments in Archean terranes, gold mineralization in the study area

consists essentially of the syn- to late-tectonic type (the Akasaba deposit could be

an exceptional synvolcanic deposit).

After évaluation of the genetic models for mesothermal lode-gold mineralizadon,

i.e., meteoric water, orthomagmatic, metamorphic dehydration, mande degassing-

granulitization models, and variadons thereof, it is suggested that the mande

degassing-granulitization genetic gold model is the most comprehensive

explanation for most Archean gold mineralization. It is also recommended to

intégrale the favourable aspects of amphibolite-facies fluids and meteoric fluids

for the formation of some gold deposits with this model. This suggestion would

agrée with the proponents of multiple fluids and solute sources (cf., Colvine et

al., 1988;FyonetaL, 1989).

Although geochronology is cleariy helping us to better understand Archean

terrane construction and events surrounding gold emplacement, it is also raising

many questions and instigating further debate as a result of seemingly conflicting

results or optional interprétations of data. Several studies attempting to date gold

mineralization in the study area are évidence ofthe continuing debate surrounding
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the interprétation of the geochronological data. In the présent state of incomplète

dating, final judgement on which gold-emplacement model(s) is (are) best must

be reserved until those dates and their geodynamic interprétation are more

complète.

Meanwhile, the Bourlamaque-Louvicourt townships sector and its lode-gold

deposits have several characteristics (underplating; crustal-scale plumbing;

carbonatization and COz-bearing hydrothermal fluids; enrichments in K, Rb, U,

B and Au; spatial association between intrusions and gold deposits; apparent

synchronicity between gold mineralization and lower crustal magmatism and

metamorphism) consistent with the principal éléments of the mantle degassing-

granulitization genetic gold model. Also, the mesothermal lode-gold deposits of

the North American Cordillera appear to be good Phanerozoic analogues of

Archean mesothermal gold mineralization, and the characteristics of thèse young

deposits cleariy aid in interpreting the emplacement of gold in the Archean

terrane of the study area.



CHAPTER 5

DISCUSSION AND SUMMARY

5.1 INTRODUCTION

This chapter summarizes the Archean greenstone belt geology that resulted in the

two principal types of économie mineralization encountered in the Val d'Or-east mining

district: synvolcanic base-metal massive sulphide deposits, and syn- to late-tectonic

mesothermal lode-gold deposits. The geochemical characteristics of the principal

lithotectonic domains hosting Archean volcanogenic massive sulphide (VMS) and lode-

gold mineralization in the Val d'Or-east district are given in Chapter 2, and the

justifications for the metallogenic origins of thèse two types of mineralization are

presented in Chapters 3 and 4. The intent of the présent chapter is to présent an overall

tectonochronological évolution of the southem Abitibi such that it can readily be seen that

VMS and lode-gold deposits form a cohérent, almost predictable part ofthis crustal-scale

évolution.

This overview is, of course, not intended to be the final explanation of the

metallogeny ofthe Bouriamaque-Louvicourt townships study area, for undoubtedly there

will be many modifications and improvements to come, especially considering the rapid

rate of révision of Abitibi geology witnessed in very récent years. Nor is it exclusive

in the preferred genetic models chosen — again, better data may require significant



230

changes to be made to our interprétations. The scénario which follows is, however,

considered to be the best interpretadon of the base-metal and gold metallogeny of the

Bouriamaque-Louvicourt townships study area in the light of currenûy available data and

concepts.

5.2 SUMMARY 0F GEOCHEMICAL DATA AND VMS AND LODE-GOLD

MODELS APPLIED TO THE VAL D'OR-EAST DISTRICT

The geochemical data for the principal lithotectonic domains of the Val d'Or

district and the best genetic models for Archean VMS and lode-gold mineralizadon are

reviewed briefly here as a precursor to the crustal-scale metallogenic interprétation of the

Val d'Or-east (Bourlamaque and Louvicourt townships) geology.

5.2.1 Geochemical Data for the Val d'Or District

The Val d'Or domain (Desrochers et al., 1993), one of the major lithotectonic

units ofthe Bourlamaque-Louvicourt townships study area, consists offlow and intrusive

rocks that have experienced widespread and intense VMS hydrothermal altération

resulting in the peraluminous nature of thèse rocks. Despite this altération, magmatic

trends based on major-element behaviour are still évident, and trace-element and REE

data (négative Nb and Ti and positive Zr anomalies, LREE-enriched) are suggestive of

a calc-alkalic affinity for the Val d'Or demain rocks. This affinity is of spécial

metallogenic importance because calc-alkalic rocks are commonly the hosts of VMS



231

deposits.

The other major lithotectonic domains (the Northem, Vassan, Central and

Southem domains; Desrochers et al., 1993), located mostly in the Val d'Or-west district

but also in part in the study area proper, have tholeiitic to komatiitic affinities based on

major-element, trace-element and REE data. Although thèse data imply a genetic

relationship between the komatiidc and tholeiitic rocks through magmatic processes,

contrasting REE profiles (i.e., flat REE versus LREE-depleted/HREE-enriched profiles)

suggest that the mafic flow rocks of both the Central and Southem domains come from

two distinct mande sources: a depleted tholeiitic mande source, and a depleted tholeiitic

mantle source which is also LREE-depleted. The provenances of thèse distinctive

lithotectonic domains remains unknown, but they may represent segments of oceanic

crust created south of the Abitibi protocontinent.

5.2.2 The Hydrothermal Convection-Cell Model for VMS Mineralization

The most favourable model for modem and ancient VMS mineralization is the

hydrothermal convection-cell model. Irrespective of the VMS deposit classificadon

(Mattabi-subtype versus Noranda-subtype) and thus aside from the précise model applied

to a given deposit, the convection-cell model generally requires a relatively shallow (2-3

km below seaHoor) subvolcanic intrusion to heat and convect seawater in the

concomitant fault and fracture System of an oceanic rift environment. Heated,

hydrothermally evolved and mineralized seawater would vent through the rocks overlying
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the heat source resulting in distinctive hydrothermal-vent altération pattems and minéral

assemblages as well as VMS-type mineralization at the seafloor.

In the Val d'Or-east district, the Val d'Or demain, characterized by abundant

autoclastic and volcaniclastic rocks of calc-alkalic affinities, overiies unconformably the

neighbouring domains and hosts the known VMS deposits of the distnct. The

comagmatic Bouriamaque pluton is the probable heat engine responsible for heating and

thermally convecting an evolved base metal-mineralized seawater. The origin of the Val

d'Or demain and the Bourlamaque pluton is thought to be due to an oceanic ridge

subducted beneath oceanic plateau fragments (the Northem, Vassan, Central and

Southem domains) accreted to the Abitibi protocontinent (Desrochers et al., 1993). An

intracontinental back-arc environment, where rifting within a continental margin occurs

as a result of the subduction of oceanic crust, is also a possible setting to explain the

origin of the Val d'Or demain and the Bouriamaque pluton. This scenano is

hypothesized for the formation of Kuroko massive sulphide deposits in the Green Tuff

Belt (Cathles et al., 1983) and may explain the formation of the VMS deposits in

Bouriamaque and Louvicourt townships. In any case, both of thèse tensional

environments, capable ofproducing abundant calc-alkalic rocks and cogenetic intrusions,

are consistent with the basic requirements of the hydrothermal convecdon-cell model for

VMS mineralization.



233

5.2.3 The Manûe Degassing-Granulitization Model for Archean Lode-Gold

Mineralization

Of the four current mesothermal lode-gold models (meteoric water,

orthomagmatic, metamorphic dehydration, and mantle degassing-granulitization), the

mantle degassing-granulitization concept appears at this time to be the most

comprehensive explanation for most Archean lode-gold mineralization m the

Bourlamaque-Louvicourt townships area. As proposed by Colvine et al. (1988) and

others, Archean mesothermal lode-gold mineralization is seen as an intégral part of the

cratonization of the Superior Province, and this style of gold mineralization may be seen

then as an almost inévitable product of crustal-mantle processes in Archean terrane.

In brief, the mantle degassing-granulitization model suggests that mantle diapirism

supplies magma, heat and volatiles to the lower crust, resulting in the formation of a

dehydrated granulitic residue. Small intrusions and a fluid containing COz, HzO,

incompatible éléments (Li, Rb, B, Cs, U, Th, K) and gold are channelled into deep

régional déformation structures. Gold, COz and companion éléments may be extracted

and transportée! to mesothermal, structural depositional sites either by exsolved magmatic

fluids from ascending silicate magmas or by hydrothermal COz-rich aqueous fluids rising

direcdy from the dehydrating source. Because geochemical and isotopic data do not yet

point unequivocally to any one source and because some studies suggest fluids other than

those from a mantle-deep crustal magmatic source, metamorphic or meteoric water fluids

may have played a part, along with abundant COz-rich fluids from the mantle, in the
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leaching, transport and deposition of gold and its companion éléments in the

Bourlamaque-Louvicourt townships situation.

5.3 CRUSTAL-SCALE METALLOGENIC INTERPRETATION 0F THE VAL

D'OR-EAST GEOLOGY

As proposed by Dimroth et al. (1983a,b), Ludden and Hubert (1986) and Jackson

and Fyon (1991), the Abitibi crust appears to have evolved by accredon from north to

south over a period extending from approximately 2,750-2,700 Ma (Corfu, 1993).

Focusing in on the Val d'Or-Malartic district, we now find that even within a relatively

limited portion of the southem Abitibi, a large lozenge-shaped block such as the Malartic

Composite Block (MCB; Desrochers et al., 1993) consists of several discrète accreted

terranes, arriving together or individually as exotic segments from some (southem?)

oceanic région.

As thèse segments collided with the main Abitibi protocontinent to the north, they

were welded onto it with distinctive overprinted Di déformations indicating possibly

différent oblique events. This accretion was necessarily complète by approximately

2,705 Ma, the âge ofvolcanism for the superimposed Val d'Or domain (see below). It

is not known yet whether all or some of the domains consdtuting the MCB extend east

of Val d'Or, but, ifnot, it can be reasonably assumed that similar accreted terranes exist
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there. From current mapping it appears that the Southem demain extends south of the

Val d'Or demain, although this volcanic package of tholeiitic rocks could also constitute

one or more addtional domains east of Val d'Or.

In any case, the possibility of the Val d'Or calc-alkalic domain resting with a

possible unconformity on the accreted and Di-deformed domains introduces an intriguing

situation. Crustal extension is called for by the calc-alkalic lithologic composidon of the

Val d'Or domain and the formation of VMS mineralization in this calc-alkalic

environment. Furthermore, it calls for an extensional régime within what is now a

marginal continental block represented by the four newly-accreted Di-deformed domains.

Being within a continental margin, two tectonic situations are possible: l) an

intra-continental back-arc, and a subducted oceanic ridge. In order to get the oceanic-

ridge extensional environment and its calc-alkalic affinities beneath the continental

margin, Desrochers et al. (1993) propose subduction of an oceanic ridge with its

accompanying rising plume, resulting in VMS-hosting volcanism of calc-alkalic affinity

and subvolcanic plutonism piercing the newly accreted continental margin. Altematively,

extension can occur within the continental margin, behind an arc overiying a normally

subducting oceanic plate (Fouquet et al., 1991, 1993).

The tectonic scénario for the MCB, involving accretionary tectonics and

superimposed volcanism, is a plausible explanation for this terrane's évolution based on
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analogies with similar tectonic developments on the west coast of North America.

Récent reinterpretations of west-coast geology suggest that the North American

continental margin along the Pacific Océan is composed of allochthonous terranes

accreted to the main continental mass, with major strike-slip or thrust faults commonly

interprétée! as accretionary sutures. Thèse terranes include volcanic packages

superimposed on the accreted terranes, a scénario similar to that suggested for the Val

d'Or demain. For example, the Wrangell volcanic belt in Alaska records a transition

from a subduction margin to a transform margin between the northeastem Pacific and

North American plates. This transition resulted in the emplacement of subaerial

volcanics overlying a leaky transform fault (Skulski et al., 1991). The Crescent basalts

in the northem Coast Range volcanic province in Washington State and British Columbia

also resulted from rifting, due to the subduction of a propagating rift in a fore-arc setting

(BabcocketaL, 1992).

Relating the above to the field area, the Bouriamaque pluton, which was intruded

below the Val d'Or strata, probably acted as the heat engine to circulate modified

seawater that generated the VMS deposits of the study area. AU of this intrusive and

extrusive activity is dated at approximately 2,705 Ma. Given the size of the

Bouriamaque pluton, if it were all coeval and contemporaneous with Val d'Or domain

volcanism, it would clearly have been sufficiently large to have created the VMS

mineralization of several Rouyn-Noranda VMS camps.
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Subsequent to the Val d'Or VMS environment, the Southem Abitibi underwent

from approximately 2,700 to at least 2,688 Ma a north-south deformational event as part

of the Kenoran orogeny, producing régional sub-greenschist- to greenschist-facies

metamorphism and generally east^west-oriented D; déformation. This event could well

be tied to the closure of the oceanic crust between the Abidbi and Pontiac subprovinces.

Subduction to the north of intervening oceanic crust would have produced the large

syntectonic plutonic suite (e.g., the Lacome batholith). At the completion of this

collision of the Pontiac protocontinent and adjacent oceanic crust with the Abitibi

protocontinental crust, a major suture zone, the Larder Lake-Cadillac Tectonic Zone

(LLCTZ), marked the Une ofclosure. Deep seismic profiling suggests that this "break"

along the southem margin of the Abidbi Subprovince dips steeply to the north and may

become listric at depths of greater than 15 km. A number of major second-order

subsidiary faults, and networks of more local third-order faults and fractures, formed an

interconnected plumbing System on the north side of the LLCTZ.

With the DÎ north-south compression, Sigma-type brittle-ductile mesothermal level

lode-gold deposits formed above the deep-reaching first-order LLCTZ. Auriferous fluids

produced at great depth by mantle degassing-granulitization and possibly amphibolite-

greenstone-type metamorphism could be tapped and rise through a fault-valve type

hydrothermal System. According to Robert (1990, 1994), the vein System at any one

time would extend over the width of the déformation zone (up to 15 km north of the

main suture zone) and perhaps as much as 40 km along strike. The nature of the vein



238

fiïlings and wallrock altération for the lode-gold deposits in the Val d'Or-east district are

remaricably similar throughout the district, but there may be some indicators

characteristic oflocally différent source rocks at depth (e.g., tourmaline vein-fillings due

to boron derived from underthrusted Pontiac sediments). Lode-gold mineralization

appears to be the last géologie event, crosscutting all volcanic and intmsive lithologies

except for Proterozoic dikes.

From the above, we see a reasonably well-constrained (temporal, tectonic,

lithologic and geochemical) development and évolution of the southem Abitibi greenstone

belt geology, within which two very major types of Archean mineralization occur as

normal products of this crustal history. If in the future, there are signifîcant changes,

for example, to genetic models for ores or to our concepts of crustal development, such

that new or highly-modified models and interprétations come forth, the probability is that

thèse models and their reinterpretations will converge even better on a comprehensive

interprétation of the Abitibi and its principal metallogeny.
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CONCLUSION AND RECOMMENDATIONS

The Val d'Or mining camp has long been known for its rich gold mineralization

and more recently for its base-metal potential. Over the past fifty years, lithotectonic

models have evolved for the Val d'Or région and for other régions as well, modifying

our ideas on greenstone belt development. Concurrent with thèse advances, small- and

large-scale modelling of VMS and mesothermal lode-gold mineralization in the Abidbi

has progressed on both fronts, largely due to renewed research at all scales on both

ancient and modem examples.

Based on the best-known geological interprétations for the Val d'Or région in

général and more specifically for Bourlamaque and Louvicourt townships, VMS

mineralization in the study area was clearly a synvolcanic event. This base-metal

sulphide mineralization probably formed as a result of base metals leached from oceanic

crust by hydrothermally convected fluids of evolved seawater origin in an intra-

continental back-arc basin environment, or altematively, in an environment with a

subducting oceanic ridge.

In contrast, structural, mineralogical and geochronological data indicate that, for

the most part, lode-gold mineralization in the study area had a syn- to late-tectonic

timing. Based on all available information regarding the structural framework of the
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area, the relationship between quartz-gold veining and tectonics, metamorphism and

plutonism, and geochemical and geochronological data for this hydrothermal event,

mesothermal lode-gold mineralization in the study area is best explained by the mantle

degassing-granulitization model. Established from a wide range of geological

information, this model suggests that CO^-iich auriferous fluids resulted from the

granulitization of the lower crust caused by the advection of mande COi. Thèse

processes, as well as the emplacement of Archean gold mineralization, are thought to be

linked to the cratonization of Archean terranes.

During the course of this research project, several questions were raised about

various géologie aspects of the Val d'Or district, and it is clear that this information

could aid in clarifying the paleovolcanic évolution of the area and understanding VMS

and lode-gold mineralization. The following list, which is by no means complète,

consists of several recommendations for continued research on différent topics that could

advance our understanding of the Val d'Or district, its metallogeny, and its économie

minéral potential.

Structure

A structural analysis of the terrane east of Val d'Or as far as the Grenville Front

should be done to define the boundaries and structural style of the Val d'Or and
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Southem domains and to détermine whether the Southem domain truly continues into

Bouriamaque and Louvicourt townships or whether the dominantly tholeiitic volcanic

succession in this area consists of one or more additional domains.

Despite their relatively small extent and outcrop exposure, the Garden Island,

Villebon, Trivio, Piché and Cadillac groups should be re-examined and re-evaluated,

probably in light of the récent lithotectonic model of Desrochers et al. (1993).

Geochemistrv

In sectors of the Val d'Or domain where the stratigraphy and structure have been

confidendy established, a geochemical study should be conducted to attempt to

explain the apparent intercalation of calc-alkalic and tholeiitic rocks, and to confirm

(or not) the présence of isolated packages of Southem demain rocks within the Val

d'Or demain.

VMS Mineralization

A multi-faceted program consisting of several studies should be planned for the

Louvicourt VMS deposit. An in-depth examination of this deposit would broaden

our understanding of VMS mineralization in this camp and could possibly refine the

Mattabi-type classification of VMS deposits. Thèse studies should describe the

morphology and altération of the deposit, détermine the lithological and structural

control of mineralization and the relationship of this mineralization to the
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neighbouring Louvem deposit. Also, a vanety of isotope (0, H, Sr) studies should

be done to détermine numerous characterisdcs of the VMS mineralizadon, such as

the température of sulphide deposidon, the température and origin of mineralizing

fluids, and the water/rock rado in the source région.

Geochronoloev

With regard to the relative dming (syn-, late-, post-tectonic) given to quartz-

carbonate-tourmaline-pyrite vein mineralization, examples of "young", undeformed,

gold-bearing quartz veins crosscut by intrusions should be located (if possible) so

that the intmsions can be dated by U-Pb zircon geochronology in order to obtain

lower âge limits of this type of gold mineralizadon. From thèse same sites,

hydrothermal minerais should be dated to see whether they give âges older than the

magmatic zircon date. If younger dates are obtained, then dates already obtained

from hydrothermal minerais may have to be re-evaluated as cooling or reset âges.

Metamorphism in the Val d'Or région is not well constrained, and through further

mineralogical and geochronological studies, the duration of this event should be

better defined, addressing the question of two or more metamorphic events and

examining their temporal relationship to gold mineralization and tectonism.

Dating could be done on the main body of the Bouriamaque intrusion (as opposed

to the Wong et al. (1991) date which comes from the westem apophysis of the
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intrusion) in order to détermine whether the main part of the intrusion has an âge

more similar to that of the Val d'Or demain rocks than the âge from the apophysis.

If this âge is consistent with the volcanic âge, it could show the span of time taken

to form the whole Bourlamaque intrusion and would help to define what volume of

the pluton could have been involved in the hydrothermal fluid circulation related to

VMS formation.
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Rocks with the frcshest possible appearance were sampled, avoiding obvious

altération and surface altération rinds. AU samples came from outcrops, except samples

3851-91, 3867-91, 5685-92, 3846-91, and 3847-91 which were drill core samples and

5686-92 which was a grab sample taken from the muck pile of the dacitic caprock in

which is sunk the shaft of the Louvicourt massive sulphide deposit. Samples gathered

in 1991 may include < l millimetre-wide fracture-plane surfaœs. Samples of 1991 were

sent direcûy to the laboratory of the Centre de Recherches minérales in Sainte-Foy,

Québec for analytical préparation and analysis. Conversely, the samples taken in 1992

were ^ l centimetre-size chips, prepared in the field, avoiding all apparent alteradon

and fracture plane surfaces. Thèse samples were crushed to < 200 mesh grain size,

using a ceramic jaw crusher and an agate shatter box in the rock préparation laboratory

of the Minéral Engineering Départaient at the École Polytechnique. AU précautions

were taken to minimize contamination during all stages of crushing. The prepared rock

powders were then sent for analysis to the Centre de Recherches minérales in Sainte-Foy,

Québec. Sample numbers correspond to désignation numbers used to idendfy samples

sent to the laboratory. The last two numbers indicate the year of sampling.
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M^jor élément oxides were determined by X-ray fluorescence. A sample

weighing two grammes was prepared as a borate capsule. The following table

summarizes the detecdon limits and estimâtes of analytical précision.

Oxides

SiO^

A1A

FC2Û3 (total)

MgO

CaO

Na^O

KzO

TiO,

MnO

P2Û5

Détection
Limit (%)

0.04

0.04

0.02

0.05

0.02

0.1

0.01

0.01

0.01

0.01

Range of Concentration
(%)

40.0
75.0

2.00
20.0

2.0
10.0

0.5

15.0

1.00
10.0

2.0

1.00
5.00

0.50
2.00

0.10

0.20

Relative 2
Sigma
Deviation (%)

l
l

5
2

5
2.5

5
2

10
2

5

10
2

2
l

10

5
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Trace éléments such as barium, cobalt, copper, lithium, nickel, scandium,

vanadium and zinc were analyzed by plasma émission spectrometry using a 2 g sample

taken into soludon by perchlonc and fluorhydric acids. The following table gives the

détection limits and estimâtes of analytical précision of thèse analyses.

Elément

Barium

Cobalt

Copper

Lithium

Nickel

Scandium

Vanadium

Zinc

Détection Limit
(ppm)

l

3

l

l

l

l

2

2

Range of
Concentration

(ppm)

143
832

40
3

81
15

21
15

168
4

N.A.

200
8

189
78

Relative
2 Sigma

Deviation (ppm)

34
88

6
2

16
4

6
2

18
4

N.A.

34
6

80
16

N. A. = not available
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Other trace éléments such as niobium, rubidium, strontium, tantalum, yttrium

and zirconium were determined by X-ray fluorescence using a 4 g sample prepared as

a pressed pellet. The following table gives the détection limits and esdmates of analytical

précision for thèse éléments.

Elément

Niobium

Rubidium

Strontium

Tantalum

Yttnum

Zirconium

Détection
Limit (ppm)

3

3

3

5

3

3

Concentration

(ppm)

25

150

250

25

50

200

Relative 2
Sigma
Deviation (%)

15

10

10

15

15

10
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Rare earth éléments (lanthanum, cerium, neodymium, samarium, terbium,

thulium and ytterbium) and some trace éléments such as cesium, hafnium, scandium,

tantalum, thorium and uranium were analyzed by neutron activation using a 0.5 g

sample. The following table gives the détection limits and estimâtes of analytical

précision by neutron activation for thèse éléments.

Elément

Cerium

Cesium

Europium

Lanthanum

Lutecium

Neodymium

Samanum

Scandium

Tantalum

Terbium

Thorium

Uranium

Ytterbium

Détection
Limit (ppm)

2

0.2

0.1

0.5

0.05

2

0.05

0.02

0.1

0.1

0.05

0.5

0.2

Concentration

(PPm)

37

<0.2

2.0

15.5

0.29

23

6.34

29.8

1.2

0.9

1.13

0.6

1.9

2 Sigma
Deviation (ppm)

2

0.1

0.3

0.01

l

0.18

0.4

0.1

0.05

0.05

0.4

0.1
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Total carbon in CO; was determined by a LECO CR-12 conducdon oven using

a 2 g sample, whereas total sulphur was determined by LECO SC-432 and LECO CS-

132 conduction ovens using a l g sample.

For detailed explanations of the techniques used by the Centre de Recherches

minérales in Sainte-Foy, Québec, the reader is referred to the Centre's Volume 5 and

Report 89-PR-05 (X-ray Fluorescence), Tome l, p. 173 (Plasma Emission Spectrometry),

Report 86-SP-011-A (Neutron Activation) and Volume 4 (LECO ovens).

Tables A2.1 to A2.6 of Appendix 2 compile analyses of extrusive and intrusive

rocks gathered by the author from the Vassan, Central, Southem and Val d'Or domains.

Various duplicate analyses for 1992 samples are included, as well as an accepted

standard, the Mont Royal Gabbro (Gladney and Roelandts, 1990). No duplicate analyses

were done on 1991 samples. However, one outcrop of pillowed flow material was

sampled both in 1991 and 1992. The results in the following table show that l) the clean

and careful sampling and crushing techniques of 1992 may have helped avoid carbonate

altération but they did not help in detecting and avoiding hydrated samples, and 2) the

trace élément and especially the major élément results of 1991 are comparable to those

of 1992. This last point indicates, along with the other duplicate analyses included in

Appendix 2, that the Centre de Recherches minérales obtains reproducible results from

one year to the next and that "extremely clean and careful" sampling and crushing

techniques are not necessarily needed, unless éléments chosen for analysis are known to
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Table Al. l Analyses for the Same Outcrop Sampled in 1991 and 1992.

Elément

SiO, (%)

A1A (%)

FeA (T) (%)

MgO (%)

Ca0(%)

Nap (%)

K,0(%)

TiO, (%)

MnO (%)

PA (%)

L.O.L (%)

CO-t (%)

S(%)

Ba (ppm)

Co (ppm)

Cu (ppm)

Li (ppm)

Ni (ppm)

V(ppm)

Zn (ppm)

Nb (ppm)

Rb (ppm)

Sr (ppm)

Y(ppm)

Zr (ppm)

Zr/Y

3862-91

51.3

19.4

8.37

4.56

7.20

4.37

0.01

0.81

0.14

0.10

4.25

1.21

0.02

10

20

52

32

37

171

59

5

<3

210

27

98

3.6

5666-92

51.5

20.8

8.39

4.97

4.37

5.64

0.01

0.88

0.14

0.09

3.62

0.15

<0.01

13

26

54

33

53

197

88

5

<3

170

27

110

4.1
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be susceptible to contamination during crushing (e.g. Fe, Ni, and Cr contamination from

a tungsten carbide shatter box).

Analyses in Appendix 4 were selected with permission from Desrochers (1994).

Thèse samples are from the Vassan, Central and Southem domains west of Val d'Or.

Sample numbers correspond to désignation numbers used to identify samples sent to the

laboratory, and the last two numbers indicate the year of sampling and the letter indicates

the demain (V: Vassan; C: Central; S: Southem). Samples were préparée! and analyzed

at the Centre de Recherches minérales in Sainte-Foy, Québec. Scandium values in

Appendix 4 were determined by plasma émission spectrometry whereas scandium results

in Appendix 2 were produced by neutron activation analysis.

Appendix 5 contains selected analyses from Gaudreau et al. (1986) and Girault

(1986). Analyses from Gaudreau et al. (1986) are identified by sample numbers starting

with the désignation GAU and the accompanying numbers corresponds to the analysis

numbers used in that publication. Altération rinds and quartz-carbonate veinlets of thèse

samples were eliminated using a diamond saw at l'Université Lavai. Samples were

crushed at Chimitec Limited using a steel crusher for all samples except for those

selected for analyses of low-concentration éléments. For low-concentration éléments, a

part of the sample was cmshed in a ceramic crusher in order to reduce contamination in

Cr and Fe. The analyses were donc at Chimitec Limited. Analyses from Girault (1986)

are identified by sample numbers starting with the désignation GIR and the
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accompanying numbers correspond to the analysis numbers used in that thesis. Samples

were préparée! and analyzed at the Université scientifique, technique et médicale de

Grenoble. No détails are given regarding préparation and analytical techniques.



Appendix 2.

Sampling Location Map, Major, Trace and Rare-Earth Elément

Analyses, and the CIPW Norm for Flow and Intrusive Rock Samples

from the Vassan, Central, Southern and Val d'Or Domains.
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Table A2.1 . Major élément (wt. %) analyses of extrusive rocks from the Southern, Central

and Vassan domains, presented in recalculated volatile-free weight percent and

the CIPW norm of recalculated analyses.

Sample No.

UTM ZONE
UTM-EAST

UTM-NORTH
Map No,

Name

Affinity
Si02
TÎ02
A1203
Fe203
MnO

MgO
CaO

Na20
K20
P205
C02 (%)
LOI (%)
S(%)

Q
Or

Ab
An

Di
Hy
01
Mt
Il
Ap
Ce

Sp

3833-91

18
290100

5332450
1

Basait flow

Thol.

54.71

0.87

14.14

14.14

0.22

5.31

7.38

3.11

0.05

0.07

0.07

1.91

0.05

8.60

0.31

26.66

24.72

9.47

24,17

0.00

4.15

1.67

0.17

0.16

0.02

3834-91

18
29000

5332400
2

Mg Basait flow

Thol.

48.15

0.37

19.91

8.48

0.14

11.48

8.39

2.80

0.26

0.01

0.07

4.21

0.02

3835-91

18
287550

5340550
3

Basait flow

Thol.

52.57

0.53

16.59

11.44

0.20

8.11

7.86

2.48

0.16

0.05

0.08

3.11

0.03

CIPWnorm(weight%)

0.00

1.57

23.88

41.23

0.13

8.38

21.51

2,48

0.71

0.03

0.16

0.05

4,09

0.98

21.21

33.94

3.75

31.44

0.00

3.35

1.01

0.12

0.18

0.03

3837-91

18
287800
5338000

4
Pillow. Basait

Thol.

55.31

0.63

14.16

13.34

0.22

5.44

8.29

2.52

0.04

0.05

0.08

2.37

0.07

11.15

0.25

21.59

27.48

11.01

23.20

0.00

3.91

1.20

0.12

0.18

0.01

3838-91

18
285950

5330450
5

Basait flow

Thol.

53.00

0.48

15.67

12.48

0.21

7.23

8.89

1.73

0.27

0.05

0.13

2.93

0.02

8.14

1.60

14.80

34,53

7.26

28.79

0.00

3.65

0.93

0.12

0.30

0.02
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Table A2.1 . Major élément (wt. %) analyses of extrusive rocks from the Southern,

Central and Vassan domains, presented in recalculated volatile-free weight

percent and the CIPW norm of recalculated analyses (end).

Sample No.

UTM ZONE
UTM-EAST

UTM-NORTH
Map No.

Name

Affinrty
Si02
Ti02
A1203
Fe203
MnO
MgO
CaO
Na20
K20
P205
C02 (%)
LOI (%)
S (%)

Q
Or
Ab
An

Di
Hy
01
Mt
Il
Ap
Ce

Sp

3864-91

18
288350
5339600

6
Komatiite

Komat.

46.13

0.35

6.05

12.05
0.15

28.76

5.98

0.48

0.03

0.02

0.63

7.83

0.02

0.00

0.19

4.08

14.39

9.08

30,77

36.65
3.53

0.67

0.05

1.43

0.01

3865-91

18
288100
5330750

7
Mg Basait flow

Thol.

48.97
0.39

20.72

9.09

0.14

8.42

10.52

1.44

0.27

0.02

0.04

3.22

0.04

5667-92

18
308200
5324200

8
Basait flow

Thol.

51.20
0.87

15.50

8.37

0.15

5.93

14.99

2.87

0.08

0.03

0.70

2.01

0.03

CIPW norm (weight %)
0.53

1.60

12.30

49.63

2.06

30.38

0.00

2.66

0.75

0.05

0.09

0.02

0.10

0.49

24.41

29.40

33.24

7.32

0.00

2.44

1.66

0.07

1.59

0.00

5668-92

18
308900
5324650

9
Basait flow

Thol.

49.07
1.14

15.91

13.06

0.20

5.13

12.96

2.08
0.41

0.04

0.12

1.97

0.06

0.77

2.44

17.79

33.23

25.47

14.06

0.00

3.83

2.19

0.10

0.27

0.00



Table A2.2. Trace and rare earth élément analyses in ppm of extrusive

rocks from the Southern, Central and Vassan domains.
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Sample No.

UTM ZONE
UTM-EAST
UTM-NORTH
Map No.

Name

Affinrty
Ni
Co

Se

v
Cu

Zn

u
K
Rb
C8

Ba

Sr

Ta

Nb
Ht
Zr

Ti
Y
Th
u

La

Ce

Nd
Sm

Eu

Tb
Tm

Yb
Lu

Zr/Y
(La/Sm)N**
(La/Yb)N**
(Sm/Yb)N**

3833-91

18
290100
5332450

1
Basait flow

Thol.

84
42
74

316
217

78

10
420
<3

< 0.2

21
57

< 0.1

5
1.6

76
5100

42
0.21

1.1

3.3

9
5

2.3

0.8

0.7

1.0

5.8

0.92

1.8

0.9

0.4

0.4

3834-91

18
29000

5332400
2

Mg basait flow

Thol.

206
45
34

124
42
40

28
2080

7
< 0.2

43
130

1.0

3
0.4

27
2100

6
< 0.05

0.5

0.9

<2

2
0.5

0.2

< 0.1

0.3

1.3

0.22

4.5

1,2

0.5

0.4

3835-91

18
287550

5340550
3

Basait flow

Thol.

125
43
52

160
44
54

19
1320

4
0.4

46
53

0.2

4
1.0

60
3060

26
0.16

< 0.5

2.6

6
3

1.6

0.5

0.4

0.6

3.4

0.58

2.3

1.0

0.5

0.5

3837-91

18
287800

5338000
4

Pillow. fiow

Thol.

65
36
63

255
121
72

7
330
<3

< 0.2

15
69

< 0.1

3
1.2

57
3660

32
0.07

< 0.5

2.9

7
4

1.8

0.7

0.5

0.7

4.4

0.71

1.8

1.0

0.5

0.5

3838-01

18
285950
5330450

5
Basattflow

Thol.

82
36
64

191
139
55

9
2160

8
< 0.2

44
74

< 0.1

<3

1.1

47
2820

19
0.15

< 0,5

1.8

4
5

1.1

0.5

0.3

0.6

3.2

0.59

2,5

1.1

0.4

0.4

** Normalizing values ofthe C1 chondrite from Sun and McDonough (1989).



302

Table A2.2. Trace and rare earth élément analyses in ppm of extrusive

rocks from the Southern, Central and Vassan domains (end).

Sample No.
UTM ZONE
UTM-EAST

UTM-NORTH

Map No.

Name

Affinity
Ni
Co

Se

v
Cu

Zn

u
K
Rb
Cs

Ba

Sr

Ta

Nb
Hf
Zr

Ti
Y
Th
u

La

Ce

Nd
Sm

Eu

Tb
Tm

Yb
Lu

Zr/Y
(La/Sm)N**
(La/Yb)N**
(Sm/Yb)N**

3864-91

18
288350
5339600

6
Komatiite

Komat.

1500
89
20
95
27
56

5
250

3
0.8

12
12

< 0.1

3
0.5

30
1920

5
< 0.05

< 0.5

0.7

4
3

0.7

0.2

0.2

0.3

0.5

0.09

6.0

0.7

1.0

1.5

3865-91

18
288100

5330750
7

Mg Basait flow

Thol.

96
37
39

115
43
42

n
2160

10
0.3

43
100

0.2

3
0.6

36
2280

n
0.09

< 0.5

1.4

3
5

0.8

0.3

0.2

< 0.2

1.6

0.28

3.3

1.2

0.6

0.5

5667.92

18
308200

5324200
8

BasaKflow

Thol.

100
32
38

231
72
30

<1

660
<3

< 0.2

11
98

0.1

3
1.1

60
5100

15
0.17

< 0.5

1.6

5
3

1.6

0.5

0.4

0.3

1.7

0.26

4.0

0.6

0.7

1.0

5668-92

18
308900

5324650
9

Basait flow

Thol.

178
64
46

338
200

69

2
3320

14
0.4

39
110

< 0.1

4
1.1

57
6700

17
0.07

< 0.5

2.1

6
5

1.8

0.7

0.4

0.3

1.9

0.29

3.4

0.8

0.8

1.1

** Normalizing values of the C1 chondrite from Sun and McDonough (1989).



Table A2.3 . Major élément (wt. %) analyses of extrusive rocks from the Val
d'Or Demain, presented in recalculated volatile-free weight percent

and the CIPW norm of recalculated analyses.
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Sample No.

UTM ZONE
UTM-EAST
UTM-NORTH

Map No.

Name

Affinity
Si02
Ti02
A1203
Fe203
MnO
MgO
CaO
Na20
K20
P205
C02 (%)
LOI (%)
S(%)

Q
G
z
Or
Ab
An
Di
Hy
01
Mt
Hm
Il
Ru

Ap
Ce
Ma

Sp

3840-91
18

310950
5330650

10
Rhyol. flow

Cale.

74.73
0.38

14.05
2.18
0.02
1.42

0.59

5.71

0.62

0.31
0.07

1.32

0.09

36.68
3.80

0.01

3.68

48.38
0.51

0.00
3.85

0.00
1.58

0.00

0.72

0.00
0.73

0.16

0.00

0.02

3841-91
18

308200
5328200

11
Rhyol. flow

Cale.

76.04
0.54

12.98
0.66

0.02
0.19

2.97
5.65

0.86

0.11
2.37

2.71

0.02

CIPW norm
39.86
2.77

0.01

5.06

47.79
0.00
0.00

0.11
0.00
0.00
0.00
0.68

0.00

0.27
5.05

0.29

0.01

3851-91
18

307500
5326200

12
Pillowed flo

Cale.

58.53
1.02

17.66
7.13
0.10
5.47

6.92

2.78
0.18

0.21

0.49

3.70

< 0.01

(weignt %)
17.58

1.93

0.01

1.06
23.66
30.09

0.00

20.50
0.00

2.08

0.00

1.96
0.00
0.50

1.12
0.00

0.07

3856-91
18

297300
5330900

13
Pillowed flo

Cale.

64.75
1.29

14.66
8.40

0.06

3.30

1.17

5.40

0.66

0.30
1.29
2.99

< 0.01

23.42
5.09

0.01

3.93

46.01
0.00
0.00

14.51
0.00
2.45

0.00

2.47

0.00
0.72

1.40

1.30

0.03

3859-91
18

297300
5330900

14
Mafic flow

Cale.

58.29
0.69

19.29
6.33

0.12

5.28

6.61

0.95

2.25
0.18

0.13

3.88

< 0.01

20.07
3.98

0.01

13.38
8.12

31.02
0.00

19.67
0.00
1.84

0.00

1.33
0.00
0.42

0.30

0.00

0.05
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Table A2.3 . Major élément (wt. %) analyses of extrusive rocks from the Val

d'Or Domain, presented in recalculated volatile-free weight percent

and the CIPW norm of recalculated analyses (continued).

Sample No.

UTM ZONE
UTM-EAST
UTM-NORTH
Map No.

Name
Affinity
Si02
Ti02
A1203
Fe203
MnO
MgO
CaO
Na20
K20
P205
C02(%)
LOI (%)
S(%)

Q
e
z
Or
Ab
An
Di
Hy
01
Mt
Hm
Il
Ru

Ap
Ce
Ma

Sp

3867-91
18

288100
5330600

15
Mafic flow

Cale.

55.77
1.29

15.99
10.14
0.14

5.70

9.69

0.89

0.09

0.30

0.67
4.15
0.14

19.81
0.00

0.01

0.56

7.62

39.67
2.13

23.24
0.00
2.96
0.00
2.47

0.00
0.72
1.52

0.00

0.02
*5681-92istheduplicate

5654-92
18

309900
5328525

16
Rhyot. flow

Cale.

74.14
0.77

13.67
1.40

0.05
0.25

3.17

5.34

1.06

0.16

2.48

3.06

0.02

CIPW norm
38.87
3.74

0.02

6.25
45.24

0.00
0.00
0.28

0.00

0.00

0.70
1.45

0.00

0.37

5.32

0.28
0.00

5681-92*
18

309900
5328525

16
Rhyol.flow

Cale.

73.93
0.78

13.61
1.29

0.05
0.26

3.18

5.62

1.10

0.18

2.46

3.07

0.03

(weignt %)
36.79

3.17

0.06

6.53

47.58
0.00
0.00
0.34

0.00

0.00
0.64

1.34

0.08

0.42

5.32

0.25

0.01
1 analysis of 5654-92.

5657-92
18

308600
5328050

17
Silic. fels. flow

Cale.

73.10
1.03

13.43
3.57

0.05

0.67

1.97

4.98

0.99

0.22

1.51

2.50
< 0.01

39.62
4.16

0.01
5.89

42.23
0.00
0.00

1.25

0.00

2.38

0.14

1.95

0.00

0.51
3.03

0.35

0.02
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recateulated volatito-free weight pereent and the CIPW nonn of recaksulated analyses (end).
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SampleNo.

UTM ZONE
UTM-EAST
UTM-NORTH
Map No.

Marne
Affinrty
Si02
Tl02
A1203
Fe203
MnO
MgO
CaO
Na20
K20
P205
C02(%)
L01(%)
S(%)

0
G
z
Or
Ab
An

Hy
01
Mt
Il
AP
Ce
Ma
sp

5655-92

18
308050

5327300
18

Intermed. flow

Cate.

64.13

0.95

14.10

5.84

0.06

5.62

4.27

4.69

0.01

0.33

2.86

5.67

< 0.01

25.62

5.99

0.01

0,06

39.83

1.09

19.43

0.00

1.70

1.82

0.78

6.51

0.00

0.09

5658-92

18
308650
5328150

19
Intermed. flow

Cate.

61.20

1.29

16.93

6.15

0.11

4.00

5.49

4.37

0.24

0.22

1.75

4.24

< 0.01

20.17

4.05

0.01

1.44

37.19

14.89

15.23

0.00

1.79

2.47

0.53

3.98

0.00

0.06

5671-92

18
306650
5327200

20
Intermed. ftow

Cale.

65.44

1.37

16.88

6.19

0.09

1.04

2.38

5.26

1.07

0.29

1.52

3.15

< 0.01

5677-92

18
310450

5330700
21

Rhyol. flow

Cate.

74.35

0.40

13.07

3.53

0,06

2.02

1.24

5.27

< 0.01

0.06

0.49

1.87

< 0.01

CIPWnorm(weight%)
26.82

6.95

0.02

6.34

44.73

0.40

7.70

0.00

1.80

2.61

0.69

3.47

0.00

0.05

39.17

3.43

0.02

0.00

44.66

2.65

5.97

0.00

2.57

0.76

0.15

1.11

0.00

0.03

5683.92

18
310300

5330600
22

Rhyol.ftow

Cale.

70.88

0.79

13.95

5.20

0.12

1.95

1.35

5.51

0.08

0.16

0.09

1.69

0.01

32.99

2.94

0.02

0.49

46.73

5.10

5.94

0.00

3.78

1.50

0.39

0.20

0.00

0.04

5684-92

18
312800

5327850
23

Intermed. flow

Cale.

62.08

1.02

16.89

6.02

0.10

3.74

3.13

6.60

0.22

0.21

1.54

3.63

< 0.01

12.87

4.16

0.01

1.32

56.10

4.48

14.84

0.00

1.75

1.95

0.50

3.51

0.00

0.09

5686-92

18
313000
5330000

24
Intermed. flow

Cale.

67.91

0.74

15.17

4.46

0.06

1.54

2.19

2.09

5.48

0.36

2.83

4.06

< 0.01

32.67

5.80

0.02

32.54

17.77

0.00

4.57

0.00

1.30

1.42

0.85

3.13

2.81

0.06
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Table A2.4 . Trace and rare earth élément analyses in ppm of extrusive

rocks from the Val d'Or Demain.

Sample No.
UTM ZONE
UTM-EAST
UTM-NORTH
Map No.
Marne

Affinity
Ni
Co

Se

v
Cu

Zn

u
K
Rb
Cs

Ba

Sr

Ta

Nb
Hf
Zr

Ti
Y
Th
u

La

Ce

Nd
Sm
Eu

Tb
Tm
Yb
Lu

Zr/Y
(La/Sm)N**
(La/Yb)N**
(Sm/Yb)N**

3840-91

18
310950
5330650

10
Rhyol. fiow

Cale.

8
16
14
8

110
21

n
5060

13
< 0.2

144
80

0.7

10
7.0

270
2220

45
4.1

0.9

29
75
48

11.0

1.6

1.4

0.6

5.2

0.82

6.0

1.7

4.0

2.4

3841-91

18
308200
5328200

n
Rhyol.flow

Cale.

38
15
12
17
13

174

4
6890

25
1.2

235
140

0.5

10
6.2

270
3120

25
2.6

1.0

16
39
23
5.7

1.2

0.8

0.2

2.7

0.36

10.8

1.8

4.3

2.3

3851.91

18
307500
5326200

12
Piltowed fiow

Cate.

74
22

n.d.

177
66
57

37
1410

6
n.d.

177
340

n.d.

6
n.d.

130
5880

23
n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

5.7

n.d.

n.d.

n.d.

3856-91

18
297300
5330900

13
Pillowed flow

Cate.

71
20
33

159
57
61

18
5310

9
1.3

75
200

3.6

6
5.9

130
7490

21
2.9

1,2

25
57
34

8.9

1.8

1.0

0.8

3.8

0.59

6.2

1.8

4.7

2.6

3859-91

18
297300
5330900

14
Mafic flow

Cale.

56
15

n.d.

130
9

62

28
18000

77
n.d.

403
180

n.d.

6
n.d.

120
4020

20
n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

6.0

n.d.

n.d.

n.d.

** Normalizing values of the C1 chondrite from Sun and McDonough (1989).

n. d. signifies not déterminée!.
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Table A2.4 . Trace and rare earth élément analyses in ppm of

extrusive rocks from the Val d'Or Domain (continued).

SampleNo.

UTM ZONE
UTM.EAST
UTM.NORTH
Map No.
Name

Affinity
Ni
Co
Se

v
Cu

Zn

u
K
Rb
Cs
Ba

Sr

Ta
Nb
m
2r

Ti
Y
TTi
u

La

Ce

Nd
Sm
Eu
Tb
Tm
Yb
Lu

Zr/Y
(La/Sm)N**
(La/Yb)N**
(SmA^)N**

3867-91

18
288100
5330600

15
Mafic flow

Cale.

115
40

n.d.

135
51
47

13
750

3
n.d.

53
300

n.d.

7
n.d.

150
7430

27
n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

5.6

n.d.

n.d.

n.d.

5654-92

18
309900

5328525
16

Rhyol. ftow

Cale.

18
12

n.d.

40
85
38

<1

8880
24

n.d.

316
110

n.d.

n
n.d.

290
4620

35
n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

8.3

n.d.

n.d.

n.d.

5681.92*

18
309900
5328525

16
Rhyol. flow

Cale.

18
12

n.d.

38
81
43

2
9160

23
n.d.

294
110

n.d.

10
n.d.

290
4700

34
n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

8.5

n.d.

n.d.

n.d.

5657-92

18
308600
5328050

17
Silic. tels. flow

Cale.

12
9

22
125
118
59

10
8050

34
1.7

299
120

0.8

10
9.2

280
6000

35
3.1

< 0.5

18
44
24
6.5

1.9

1.0

0.5

3.5

0.50

8.0

1.8

3.7

2.1

* 5681-92 is the duplicate analyis of 5654-92.
** Normalizing values of the C1 chondrite from Sun and McDonough (1989).
n.d. signifies not déterminée!.
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Table A2.4 . Trace and rare earth élément analyses in ppm of extrusive rocks from the

Val d'Or Domain (end).

Sample No.
UTM ZONE
UTM-EAST
UTM-NORTH
Map No.
Name
Affinrty
Ni
Co

Se

v
Cu

2n

u
K
Rb
Cs
Ba

Sr

Ta
Nb
Hf
Zr

Ti
Y
Th
u

La
Ce

Nd
Sm
Eu

Tb
Tm
Yb
Lu

Zr/Y
(La/Sm)N**
(La/Yb)N**
(Sm/Yb)N**

5655-92

18
308050
5327300

18
Intermed. flow

Calo.

183
23
22
91

m
68

47
80

<3

< 0.2

150
410

1.0

10
6.9

230
5400

21
2.9

1.0

21
52
33
7.6

2.2

0.9

0.4

2.0

0.36

n
1.8

7.5

4.2

5658.92

18
308650
5328150

19
Intermed. flow

Cale.

95
28
39

191
84
95

31
1910

8
0.8

169
290

0.5

9
5.6

190
7370

23
1.7

0.9

14
35
21
5.5

1.7

0.8

0.5

2.5

0.37

8.3

1.6

4.0

2.4

5671-92

18
306650

5327200
20

Intermed.flow
Cale.

23
13
22

236
129
109

26
8550

39
1.8

380
180

0.6

11
6.8

300
7910

37
2.9

1.0

20
45
31
7.3

1.3

1.0

0.4

3.4

0.53

8.1

1.8

4.2

2.4

5677-92

18
310450
5330700

21
Rhyol. flow

CaJc.

8
8

13
16
20
44

18
0

<3

< 0.2

5
110

0.5

10
7.3

310
2340

38
2.9

1.0

21
50
30
7.0

1.3

1.0

0.6

3.8

0.64

8.2

1.9

4.0

2.0

5683.92

18
310300
5330600

22
Rhyd. flow

Cale.

3
6

17
29

115
97

20
660

3
< 0.2

33
110

0.5

12
7.1

330
4620

40
3.1

1.3

20
46
27
7.6

1.2

1.0

0.5

4.4

0.61

8.3

1.7

3.3

1.9

5684-92

18
312800

5327850
23

Intermed. flow

Cale.

47
15
24

172
46
96

50
1740

7
0.4

135
160

0.3

8
4.2

210
5820

27
2.3

< 0.5

17
39
24
6.4

1.3

0.8

0.4

2.7

0.42

7.8

1.7

4.5

2.6

5686-92

18
313000
5330000

24
Intermed. flow

Caks.

0
6

18
51
30
49

35
43500

79
1.7

849
99

0.6

n
5.9

280
4260

38
3.4

1.0

24
59
37
9.8

1.4

1.0

0.5

3.3

0.59

7.4

1.6

5.2

3.3

' Nonnalizing values of the C1 chondrite from Sun and McDonough (1989).
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Table A2.5. Major élément analyses of intrusive rocks from the Val d'Or and Southern

domains, presented in recalculated volatile-free weight percent and the CIPW

norm of recalculated analyses.

Sample No.

UTM ZONE
UTM-EAST
UTM-NORTH

Map No.

Name

Affinity
Si02
Ti02
A1203
Fe203
MnO
MgO
CaO
Na20
K20
P205
C02(%)
LOI (%)
S(%)

Q
e
z
Or

Ab
An

Di
Hy
01
Mt
Il
Ap
Ce

Ma

3860-91

18
297350

5330900
25

Gabbroic

Intrusion

Cale.

55.83

0.67

14.52

7.93

0.13

7.39

7.27

3.58

2.34

0.33

0.85

2.50

< 0.01

1.33

0.00

0.03

13.96

30.47

16.74

10.11

22.06

0.00

2.32

1.29

0.79

1.95

0.00

0.05

3869.91

18
310500
5328200

26
Dunrajns

Sill

Cale.

67.25

0.77

15.73

6.39

0.06

4.24

0.89

2.89

1.43

0.36

0.39

3.51

< 0.01

35.99

9.45

0.05

8.49

24.55

0.00

0.00

16.80

0.00

1.86

1.46

0.88

0.79

0.09

0.10

3870-91

18
310300
5328200

27
Dunraine

Sill

Cale.

67.08

0.76

14.58

8.89

0.07

5.76

0.45

0.30

1.74

0.36

0.06

4.11

< 0.01

CIPW norm

46.21

12.25

0.05

10.37

2.57

0.00

0.00

23.55

0.00

2.60

1.45

0.92

0.00

0.12

0.12

5652-92

18
310600
5328200

28
Dunraine

Sill

Cate.

67.08

0.77

15.57

6.97

0.07

4.65

0.85

2.11

1.56

0.37

0.61

3.95

< 0.01

(Weight%)
39.31

10.44

0.05

9.26

17.96

0.00

0.00

17.93

0.00

2.03

1.48

0.89

0.71

0.58

0.09

5653-92

18
310625

5328250
29

Dunraina

Sill

Cale.

65.90

0.78

15.40

8.17

0.09

4.32

1.29

2.20

1.50

0.36

1.16

4.34

< 0.01

37.98

10.21

0.06

8.92

18.74

0.00

0.00

18.10

0.00

2.39

1.48

0.86

1.52

0.96

0.07

3847-91

18
307800

5325350
30
Dtoritic

Intrusion

Thol.

50.89

0.52

13.29

10,49

0,19

14.02

7.87

2.60

0.11

0.02

0.17

3.71

0.02

0.00

0.00

0.01

0.68

22.15

24.44

11.03

26.18

11.16

3.07

0.99

0.05

0.39

0.00

0.07

5651-92

18
316800

5326600
31

Slgma-2

Gabbro

Thol.

47.78

4.09

12.94

18.54

0.23

4.23

8.22

3.44

0.43

0.09

1.44

2.43

0.15

2.13

0.00

0.02

2.57

29.58

18.83

10.85

20.63

0.00

5.46

7.88

0.22

3.28

0.00

0.06
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Table A2.5. Major élément analyses of intrusive rocks from the Val d'Or and Southem

domains, presented in recalculated volatile-free weight percent and the CIPW

norm of recalculated analyses (continued).

Sampte No.

UTM ZONE
UTM-EAST
UTM.NORTH
Map No.

Name

Affinity
Si02
Ti02
A1203
Fe203
MnO
MgO
CaO
Na20

K20
P205
C02(%)
LOI (%)
S(%)

Q
e
z
Or

Ab
An

Di

Hy
01
Mt

Ap
Ce

Ma

sp

5663-92

18
308850
5325850

32
Dioritre

Intruston

TTiol.

52.33

1.27

13.80

14.83

0.21

6.43

9.06

1.87

0.10

0.09

0.40

2.88

< 0.01

9.17

0.00

0.02

0.62

16.05

29.26

10.88

26.48

0.00

4.35

2.44

0.22

0.91

0.00

0.06

5669-92

18
308900
5325475

33
Dtofitie

Intrusion

TTrol.

48.96

2.19

14.42

19.61

0.23

4.38

6.80

2.73

0.17

0.52

0.22

3.00

< 0.01

5.08

0.00

0.03

1.00

23.45

27.01

2.12

29.81

0.00

5.78

4.22

1.25

0.50

0.00

0.05

567S.92

18
307600
5326200

34
Paramaque

an

Thol.

51.20

0.93

14.86

11.93

0.16

7.05

9.36

2.46

2.01

0.03

5.06

8.19

0.15

CIPWnonn

6.60

3.27

0.01

12.01

21.03

14.81

0.00

30.44

0.00

3.49

1.79

0.08

11.53

0.00

0.10

5674-92

18
308650
5326025

35
Dioritic

Intrusion

Thd.

49.85

1.29

14.44

14.64

0.25

7.30

8.79

2.81

0.58

0.05

0.51

2.86

0.13

(Weight%)
0.00

0.00

0.01

3.49

24.10

25.30

12.60

24.98

1.99

4.30

2.47

0.12

1.16

0.00

0.06

5678.92*

Mont Royal

Standard

39.10

3.75

8.46

17.70

0.17

13.50

14.60

0.59

0.18

0.05

1.30

1.39

0.06

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

l*

Mont Royal

Standard

39.12+/-0.54

3.77+/-0.15

8.47+/-0.28

17.94+/.0.39

0.17+/.0.01

13.55+/-0.32

14.70+/-0.34

0.74+/-0.08

0.18+/.0.03

0.08+/-0.03

1.07+/.0.08

1.56+/-0.43

610+/-IOOppm

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

* Major élément oxide analysis for 5678-92 and MRG-1 (Gladney and Roelandts, 1990)
are given in volatile-bearing weight percent form.

n.d. signifies not déterminée!.
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Table A2.5 . Major élément analyses of intrush/e rocks from the Val d'Or and Southern

domains, présentée! in recalculated volatile-free weight percent and the CIPW

norm of recalculated analyses (continued).

SampleNo.

UTM ZONE
UTM-EAST
UTM-NORTH
Map No.

Name

Affinity
Si02
Ti02
A1203
Fe203
MnO
MgO
CaO
Na20
K20
P205
C02(%)
LOI (%)
S(%)

Q
e
z
Or

Ab
An

Di
Hy
Mt
Il
Ap
Ce

sp

3878-91

18
310350
5333900

36
Bourt.tnt

Diorite

Chai.

69.24

0.43

15.79

4.35

0.04

1.77

2.77

4.48

1.04

0.08

0.91

2.66

< 0.01

31.35

4.53

0.04

6.20

38.02

7.60

0.00

8.85

1.27

0.83

0.20

2.08

0.04

3880-91

18
308700
5332800

37
Bouri. InL

Diorite

Chai.

62.78

0.69

16.62

6.68

0.09

2.49

6.02

3.61

0.86

0.15

0.99

3.15

< 0.01

21.88

1.41

0.21

5.10

30.74

22.91

0.00

13.03

1.95

1.32

0.37

2.26

0.03

5659-92

18
291000
5333575

38
Bouri. Int

Dtorite

Chai.

60.76

0.75

17.98

6.82

0.10

2.90

5.84

3.99

0.59

0.26

1.92

3.93

< 0.01

CIPWnorm

21.28

5.16

0.03

3.51

33.93

15.47

0.00

14.15

1.99

1.44

0.62

4.38

0.07

5660-92

18
297525
5336950

39
Bouri. Int

Diorite

Chai.

59.83

0.65

17.79

7.24

0.11

3.33

6.69

3.56

0.67

0.13

0.51

2.75

< 0.01

(weight %)
15.60

0.48

0.02

3.98

30.27

29.45

0.00

15.91

2.11

1.24

0.32

1.16

0.05

5661.92

18
300500
5333625

40
Bouri.lnL

Dtorite

Chai.

58.65

0.91

17.86

7.03

0.07

3.79

5.85

5.56

0.12

0.16

2.19

4.60

< 0.01

10.95

3.34

0.03

0.69

47.30

14.45

0.00

16.32

2.05

1.74

0.38

4.99

0.05

5680-92*

18
300500

5333625
40

Bouri. Int

Diorite

Chai.

58.90

0.90

17.61

7.23

0.07

3.71

5.82

5.48

0.12

0.16

2.17

4.54

< 0.01

11.69

3.23

0.03

0.69

46.65

14.41

0.00

16.36

2.11

1.72

0.38

4.95

0.05

5662-92

18
309100

5330150
41

Bourt. Int

Dlorite

Chai.

61.42

0.87

15.97

6.49

0.09

4.73

5.42

4.59

0.28

0.15

3.50

6.10

< 0.01

22.14

6.69

0.04

1.65

39.02

4.00

0.00

18.11

1.89

1.67

0.36

7.97

0.05

* 5680-92 is the duplicate analysis of 5661-92.
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Table A2.5. Major élément analyses of intrusive rocks from the Val d'Or and Southern

domains, présentée! in recalculated volatile-free weight percent and the CIPW

norm of recalculated analyses (end).

Sample No.

UTM ZONE
UTM-EAST
UTM-NORTH
Map No.

Name

Affinity
Si02
Ti02
A1203
Fe203
MnO
MgO
CaO
Na20
K20
P205
C02 (%)
LOI (%)
S(%)

Q
e
z
Or

Ab
An
Di
Hy
Mt
Il
Ap
Ce

Sp

5685.92

18
320400
5329400

42
Bevcon Int.

Diuriis

Chai.

68.51

0.49

15.81
4.64

0.04

1.90

2.82

4.60

1.14
0.06

1.61

3.41

< 0.01

30.98

5.71

0.04
6.76

39.05

3.57

0.00

9.41

1.35

0.93

0.15

3.68

0.07

3846-91

18
307900
5325350

43
Feld.(Qz-Hbd)

Porphyry
Chai.

61.20
0.46

15.89
5.94

0.07

4.92

5.74

4.40

1.18

0.20

0.11

1.80

0.09

10.77

0.00

0.03
7.00

37.37

20.23
5.50

15.96

1.73

0.89

0.47

0.25

0.10

3857-91

18
297300
5330900

44
Feldspar

Porphyry

Chai.

59.19
0.86

17.44
7.76

0.11

3.49

6.13

4.27

0.40

0.35

0.07

2.69

0.32

CIPW norm

12.25
0.00

0.04

2.38

36.33

27.42
0.52

16.30

2.26
1.65

0.83

0.16

0.04

5672.92

18
307550
5326300

45
Feld.(Qz)
Porphyry

Chai.

64.26
0.43

16.85
3.61

0.06

3.13

6.08

5.22

0.24

0.12
2.49

4.37

< 0.01

(weight %)
20.69

2.91

0.02
1.42

44.29

13.90

0.00

11.43

1.05
0.81

0.30

5.68

0.10

5682.92

18
306800

5327500
46

Feld.(Qz)
Porphyry

Chai.

63.63
0.35

16.68
3.73

0.07

3.28

5.82

5.18

1.11
0.14

4.14

6.37

< 0.01

21.66
6.17

0.02

6.61

43.92

2.14

0.00

12.10

1.09

0.67

0.33

9.48

0.10

5687-92*

18
306800
5327500

46
Feld.(Qz)
Porphyry

Chai.

63.71
0.36

16.65
3.71

0.07

3.35

5.82

5.05

1.13

0.14

4.24

6.42

< 0.01

22.57
6.54

0.02
6.72

42.84

1.54

0.00

12.24

1.08
0.69

0.33

9.72

0.14

* 5687-92 is the duplicate analysis of 5682-92.
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Table A2.6. Trace and rare earth élément analyses in ppm for intrusive rocks from

the Val d'Or and Southern domains.

Sample No.

UTM ZONE
UTM.EAST
UTM.NORTH
Map No.

N âme

AffinHy
NI
Co

Se

v
Cu

Zn

u
K
Rb
Cs
Ba

Sr

Ta

Nb
Hf
Zr

Ti
Y
Th
u

La

Ce

Nd
Sm

Eu

7b
Tm

Yb
Lu

2r/Y
(La/Sm)N**
(La/Yb)N**
(Sm/Yb)N**

3860-91

18
297350

5330900
25

Gabbrote

Intruslon

Caks.

112
30
21

114
36
67

19
17900

71
3.0

636
850

2.8

4
3.2

150
3780

17
4.80

0.8

32
66
31

6.5

1.6

0.6

0.5

1.5

0.30

8.8

3.2

15
4.8

3869-91

18
310500

5328200
26

DunraUna

an
Cale.

53
14
18
79
4

48

35
11500

23
1.0

398
37

3.4

10
5.6

250
4440

30
3.40

0.9

25
61
38
9.4

1.8

1.0

0.5

3.3

0.49

8.3

1.7

5.4

3.2

3870-91

18
310300

5328200
27

Duniaine

Sllt

Cale.

53
22

n.d.

76
4

59

44
13900

28
n.d.

629
19

n.d.

9
n.d.

230
4380

27
n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

8.5

n.d.

n.d.

n.d.

5652-92

18
310600
5328200

28
Dunialna

Sllt

Cale.

55
17

n.d.

88
8

50

33
12300

25
n.d.

455
34

n.d.

10
n.d.

260
4440

31
n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

8.4

n.d.

n.d.

n.d.

5653-92

18
310625

5328250
29

Dunraln»

Slll

Caks.

51
17

n.d.

82
7

49

24
11900

29
n.d.

314
55

n.d.

10
n.d.

260
4440

32
n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

8.1

n.d.

n.d.

n.d.

3847-91

18
307800
5325350

30
Dioritic

Intruuon

Thol.

204
44
34

151
20
58

24
910

5
0.8

28
69

0.1

3
0.7

38
3000

9
< 0.05

1.0

1
4
3

0.9

0.3

0.2

0.3

1.3

0.20

4.2

1.0

0.8

0.8

5651-92

18
316800

5326600
31
Slgma-2

Gabbro

TTiol.

13
51
66

235
124
73

22
3490

n
1.1

196
100

< 0.1

5
2.6

74
24000

43
0.19

0.5

3
n
n

4.9

2.0

1.3

0.7

4.3

0.60

1.7

0.4

0.5

1.3

n.d. signifies not determined.

** Normalizing values of the C1 chondrite from Sun and McDonough (1989).
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Table A2.6. Trace and rare earth élément analyses in ppm for intrush/e rocks

from the Val d'Or and Southern domains (continued).

Sample No.
UTM ZONE
UTM.EAST
UTM.NORTH
Map No.
Name

Affinity
Ni
Co
Se
v
Cu
Zn

u
K
Rb
Cs

Ba
Sr

Ta

Nb
Hf
Zr
Ti
Y
Th
u

Nd

Eu

Tm

Lu

Zr/Y
(La/Sm)N**
(La/Yb)N**
(Sm/Yb)N**

5663-92
18

308850
5325850

32
DtoriUc

Intruston

Thol.
89
43
44

315
84

118

20
830

3
0.5

37
94

0.1

5
2.1

100
7370

32
0.26

0.8

7

1.0

0.5

0.52

0.8

0.9

1.2

5669.92
18

308900
5325475

33
DfOfHfc

Intnuk»

Thol.
22
32

n.d.

129
73

170

16
1330
<3

n.d.

41
130

n.d.

8
0.0

160
12600

73
n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

5673-92
18

307600
5326200

34
Paramaque

Slll

Thol.
84
34

n.d.

249
83
34

33
15400

75
n.d.

278
150

n.d.

4
0.0

53
5160

16
n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

5674-92
18

308650
5326025

35
DtortUc

Intrvlon

TTwl.
127

41
n.d.

317
134

71

21
4650

22
n.d.

105
110

n.d.

4
0.0

68
7430

22
n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

5678-92

Mont Royal

Standard

225
85

51ji»

462
188
210

7
1490

8
n.d.

46
300

n.d.

19
n.d.

130
22500

13
n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

5-1 •

Mont Royal

Standanj

193.2+/-18
87+/-7
55+/-5

526+/-33
134+/-14
191+/-15

4.2+/-1.0

0.151+/-0.022(%)

8.5+/-2.4

0.57+/-0.16

61 +/-23
266.+/-13

0.80+/-0.5

20+/-4
3.76+/-0.22

108+/.16

2.26+/-0.09 (%)
14+/.5

0.93+/-0.18

0.24+/-0.04

n.d, signifies not determined.

* Values of Mont Royal Standard from Gladney and Roelandts (1990).

** Normalizing values of the C1 chondrite from Sun and McDonough (1989).

# Determined by plasma émission spectrometry.



315

Table A2.6. Trace and rare earth élément analyses in ppm of intrush/e rocks from

the Val d'Or and Southern domains (continued).

SampteNo.

UTM ZONE
UTM-EAST
UTM-NORTH
Map No.
Marne

Affinity
Ni
Co

Se

v
Cu

Zn

u
K
Rb
Cs

Ba

Sr

Ta

Nb
Hf
Zr

Ti
Y
7h
u

La
Ce

Nd
Sm

Eu

Tb
Tm

Yb
Lu

Zr/Y
(La/Sm)N**
(La/Yb)N**
(Sm/Yb)N**

3878-91

18
310350
5333900

36
Bourt.lnt

Otorita

Cate.
9
8

13
56

7
27

14
8380

37
0.4

274
160

5.7

8
5.1

170
2520

27
6.00

2.7

23
50
21
5.2

1.0

0.8

0.5

3.7

0.57

6.3

2.9

4.5

1.6

3880-91

18
308700
5332800

37
Bourf.lnt

Diortta

Cate.

19
13

n.d.

99
17
37

n
6890

25
n.d.

246
260

n.d.

7
n.d.

1000
4020

34
n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

29
n.d.

n.d.

n.d.

5659-92

18
291000
5333575

38
Bourt.lnt

Dtorita

Caks.

23
16
16
98

118
80

25
4730

12
0.5

164
390

0.5

9
3.8

150
4320

19
0.83

0.6

14
29
16

4.3

1.2

0.5

0.3

1.9

0.22

7.9

2.1

5.3

2.5

5660-92

18
297525
5336950

39
Bouri.lnt

Dtorite

Cale.

39
21
18

119
50
83

19
5400

19
< 0.2

186
280

0.3

7
2.5

110
3780

22
2.60

0.7

14
30
14

3.7

1.2

0.6

0.4

2.4

0.39

5.0

2.4

4.2

1.7

5661-92

18
300500
5333625

40
Bouri.lnt

Diortta

Cale.

42
18

n.d.

130
n
32

16
920
<3

n.d.

120
260

n.d.

7
n.d.

150
5160

28
n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

5.4

n.d.

n.d.

n.d.

5680.92*

18
300500

5333625
40

Bourt. Int

Dtortte

Cale.

46
20

n.d.

150
10
29

18
910

3
n.d.

144
260

n.d.

7
n.d.

150
5160

27
n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

5.6

n.d.

n.d.

n.d.

5662-92

18
309100
5330150

41
Bourt.lnt

Dtorito

Cale.

58
16
23

142
8

31

19
2080

7
0.2

68
180

0.4

8
4.4

190
4860

23
1.90

< 0.5

14
32
20
5.0

1.1

0.7

0.4

2.6

0.35

8.3

1.8

3.9

2.1

* 5680-92 is the duplicate analysis of 5661 -92.

n.d. signifies not determined.

** Normalizing values of the C1 chondrite from Sun and McDonough (1989).
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Table A2.6. Trace and rare earth élément analyses in ppm of intrusive

rocks from the Val d'Or and Southern domains (end).

Sample No.
UTM ZONE
UTM-EAST
UTM-NORTH
Map No.

N âme

AffinHy
Ni
Co
Se

v
Cu

Zn

u
K
Rb
C8

Ba

Sr

Ta

Nb
Hf
Zr
71
Y
Th
u

La

Ce

Nd
Sm
Eu

Tb
Tm
Yb
Lu

Zr/Y
(La/Sm)N**
(La/Yb)N**
(Sm/Yb)N**

5685-92

18
320400
5329400

42
Bevconlnt

Dtortte

Cale.

6
8

19
64
62
37

25
9130

36
0.6

257
150

0.4

7
4.6

200
2820

31
1.90

< 0.5

12
27
16

5.2

1.0

0.7

0.4

3.1

0.50

6.5

1.5

2.8

1.9

3846-91

18
307900
5325350

43
Feld.lQz-Hbd)

Porphyry

Caks.

123
21
12
74

102
48

36
9460

30
1.3

325
800

0.3

4
2.7

120
2700

8
3.30

1.0

22
50
27
4.8

1.3

0.4

0.2

0.8

0.14

14
3.0

20
6.7

3857-91

18
297300

5330900
44
Feldtpar

Porphyry

Cale.

21
n
15
99
42
53

15
3240

14
0.6

141
300

0.7

12
3.6

170
5040

17
2.20

< 0.5

19
37
19

4.3

1.2

0.6

0.4

1.5

0.28

10
2.9

9.1

3.2

5672-92

18
307550

5326300
45

Feld.fCB»

Poiphyfy

Cale.

58
15

n.d.

69
6

15

34
1910

7
n.d.

138
440

n.d.

4
n.d.

110
2460

4
n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

26
n.d.

n.d.

n.d.

5682-92

18
306800
5327500

46
Feld.(Q2)

Porphyry

Cale.

58
n

n.d.

62
5

47

36
8630

40
n.d.

529
460

n.d.

4
n.d.

100
1980

7
n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

14
n.d.

n.d.

n.d.

5687-92*

18
306800

5327500
46

Feld.lQz)

Poiphyiy

Cale.

66
13

n.d.

64
2

50

50
8800

41
n.d.

712
450

n.d.

5
n.d.

100
2040

7
n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

14
n.d.

n.d.

n.d.

* 5687-92 is the duplicate analysis of 5682-92.

n.d. signifies not determined.

** Normalizing values of the C1 chondrite from Sun and McDonough (1989).
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Macroscopic and Microscopic Descriptions of Flow and

Intrusive Rock Samples from the Vassan, Central, Southem and Val d'Or Domains.



318

Appendix 3a. Macroscopic and microscopic descripdons of extrusive rock samples
from the Southem, Central and Vassan domains.

Sample No.

Map No.*

Field
Description

Microscopic
Description

3833-91

l

Massive, aphanitic,

mafic flow, beige-green
a/s, green-black f/s, no

HC1 réaction, no
vesicularity, epidote
altération.

Composed of abundant
actinolite/tremolite and
plagioclase and epidote,
minor chlorite.

3834-91

2

Massive, aphanitic mafic
flow, whitish a/s; grey
f/s, no HC1 réaction.

Composed essentially of
tremolite/ actinolite and
talc with abuadant

epidote, plagioclase
broken up and altered to
epidote.

3835-91

3

Massive, aphanitic
mafic flow, buff a/s,

green-black f/s, no HC1
réaction, epidote
altération observed.

Highly epidotized mafic
rock where primary
mafic minerais are

altered to actinolite -

tremolite, chlorite and
minor amounts of talc.

Sample No.

Map No.*

Field
Description

Microscopic
Description

3837-91

4

Pillowed mafic flow,

light green a/s, green
fresh surface with

chlorite porphyroblasts,
no HC1 réaction,

selvages 1-2 cm wide.

Extremely fine-grained,
homogeneous texture of

abundaat epidote,
chlorite and small

amounts of quartz and
talc, traces of opaques,

plagioclase grains are
not identifiable.

3838-91

5

Massive mafic flow,
aphaaitic, creamy a/s,

green-black f/s, no HC1
réaction.

Felted mass of

actinolite/tremolite,
chlorite and epidote,
plagioclase altered to

epidote or to albite.

3864-91

6

Massive mafic ïïow,
aphanitic, buff-green
a/s, dark green f/s,

epidote altération,
calcite veinlets présent
but avoided.

Felted mass composed
primarily of
actinolite/tremolite and
lesser amounts of

chlorite, minor carb.

altération, minor

plagioclase.

a/s: altered surface; f/s: fresh surface; rxn: réaction; qz: quartz; plag: plagioclase; ser: sericite; carb:
carbonate; opaq: opaques; *: Map number on Figure A2. l in Appendix 2.
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Appendix 3a. Macroscopic and microscopic descriptions of extrusive rock samples
from the Southem, Central and Vassan domains (end).

Sample No.

Map No.*

Field
Description

Microscopic
Description

3865-91

7

Massive mafic flow,
aphanitic with minor

amounts of plagioclase
phenocrysts, buff/cream
a/s, dark green f/s,

Felted-pilotaxitic texture
of plagioclase and
actinolite/tremolite,
abundant epidote
altération.'

5667-92

8

Massive, mafic flow,

aphanitic, cream a/s,

green-grey f/s, abundant

epidote, traces of
magnetite.

Composed essentially of
epidote with lesser
quantifies of
actinolite/tremolite, little
plagioclase left, traces of
carbonate and opaques.

5668-92

9

Massive mafic flow,
aphanitic, buffa/s, light
grey f/s, no HC1
réaction, traces of

sulphides.

Ophitic texture made of
flaky masses of
actinolite-tremolite,

chlorite, plagioclase and
epidote, traces of
opaques and quartz.

a/s: altered surface; f/s: fresh surface; rxn: réaction; qz: quartz; plag: plagioclase; ser: sericite; carb:
carbonate; opaq: opaques; *: Map number on Figure A2. l in Appendix 2.
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Appendix 3b. Macroscopic and microscopic descriptions of extrusive rock samples
from the Val d'Or domain.

Sample No.

Map No.*

Field
Description

Microscopic
Description

3840-91

10

Felsic flow, aphanitic,
with porphyroblasts of
chlorite, white a/s, light

grey f/s, no HC1 rxn,
traces of pyrite.

Felsic flow with

glomeroporphyritic
plagioclase, small
amounts of sericite and
chlorite.

3841-91

11

Sheared felsic flow,
aphanitic, creamy a/s,

light grey f/s, HC1 rxn
along schistosity planes,
traces ofpyrite.

Evidence of silici-

fication, fine plag.
phenocrysts altered to
carb., set in very fine

matrix of plag-qz-carb-

ser-opaq.

3851-91

12

Drill core sample of
pillowed flow, aphamtc,
medium green f/s, little
chlorite and carbonate
altération, l cm average

width of pillow selvage.

Evidence of silici-

fication, plag. grains are
highly epidotized, clear
albite grains présent,
small amount of carb.,

traces of chlorite and
leucoxene.

Sample No.

Map No."

Field
Description

Microscopic
Description

3856-91

13

Pillowed basait,
évidence of silicification,

light green a/s, medium
green f/s, l cm thick
selvages.

Small quantity of highly
epidotized plagioclase
phenocrysts set in a
microlitic textured
matris composed of
lath-like albite and

chlorite grains and fine
and coarse-grained

epidote.

3859-91

14

Massive mafic flow, fine

grained to aphanitic,
cream a/s, medium

green f/s, no HC1 rxn,

no apparent pynte.

Evidence of silicification
and albitization,
abundant sericite and
epidote, small amount of
chlorite, traces of
carboDate.

3867-91

15

Drill core of mafic

flow, light grey/green
f/s, < 10 % qz-(cc)

amygdules, varying
quantities of plag.
phenocrysts, slightly
chloritic.

Glomeroporphyritic
texture of epidotized
plagio. grains, set in

matrix composed of
highly epidotized
plagioclase, chlorite and
minor carbonate.

a/s: altered surface; f/s: fresh surface; rxn: réaction; qz: quartz; plag: plagioclase; ser: sericite; carb:
carbonate; opaq: opaques; *: Map number on Figure A2. l in Appendix 2.
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Appendix 3b. Macroscopic and microscopic descriptions of extmsive rock samples
from the Val d'Or domain (continued).

Sample No.

Map No.'

Field
Description

Microscopic
Description

Sample No.

Map No."

Field
Description

Microscopic
Description

5654-92

16

Felsic flow, aphanitc,

creamy a/s, medium grey
f/s, HC1 rm, sericite

altération.

Embayment textures
common of plagioclase
phenocrysts, abundant

sericite, small amounts

of chlorite and
carbonate; évidence of

albitization.

5658-92

19

Mafic flow, similar to
5657-92, présence of

large pillow/lobe
selvages, very hard

sample, probably due to
silicification.

Highly epidotized,
pilotaxitic matrix with
minor amounts of

chlorite and carbonate,

plagioclase phenocrysts
altered to sericite,
carbonate and/or

epidote.

5655-92

18

Plagioclase-phyric, quartz

(minor carbonate)
amygdaloidal, mafic How,

buffa/s, greenish f/s, light

chloritization

Plagioclase phenocrysts
have light to medium
carbonate altération,

matrix is chloritized and
carbonatized, traces of

epidote, the quantity of
quartz in the matrix
suggests an intermediate
composition.

5671-92

20

Intermediate, feldspar-

phyric, quartz-calcite
amygdaloidal flow,
cream-white a/s,

medium grey f/s,
sampled where
phenocrysts and
amygdules were least
abundant.

Carbonate-altered

plagioclase phenocrysts,
set in a plagioclase-rich
matrix with carbonate
altération and minor
chlorite and epidote
altération.

5657-92

17

Intermediate, plagio-

phyric, quartz-carb.
amygdaloidal flow, grey-

cream a/s, greenish grey
f/s, no HC1 nui on

sampled pièces,
ubiquitous présence of

fine chlorite
porphyroblasts.

Matrix sehcitized,
plagioclase
phenocrysts lightly to
strongly sericitized
with minor carboaate

altération.

5677-92

21

Felsic flow, aphanitic
with traces of fine-

grained quartz eyes
(?), cream a/s, light
grey f/s, minor
chlorite and calcite
altération.

Minor amount of

plagioclase
phenocrysts, set in

quartz-rich matrix
with abundant chlorite

and minor epidote and
carbonate, minor

concentrations of

polygonal-like quartz.
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Appendix 3b. Macroscopic and microscopic descripdons of extrusive rock samples
from the Val d'Or demain (end).

Sample No.

Map No.*

Field
Description

Microscopic

Description

5683-92

22

Felsic flow, aphanitic,
white-cream a/s, dark

green f/s, local calcite
altération, chlorite
poqAyoblasts, traces of
pynte.

Plagioclase phenocrysts
highly altered to epidote
and chlorite with traces

ofsericite, matrix
composed of epidote,
chlorite, plagioclase
polygoaal quartz
concentrations

(amygdules?).

5684-92

23

Feldspar-phyric mafic
flow with calcite

amygdules, buff a/s,
light grey f/s, no
apparent chloritization or
other altération.

GlomeropoqAyritic
plagio. phenocrysts with
carbonate altération,

matrix consists of
microlitic plagioclase
with relatively abundant
chlorite and lesser

quantifies of epidote.

5686-92

24

Caprock unit of
Louvicourt VMS mine,
sample taken from the
muck pile, mtermediate
flow, aphanitic, light
grey f/s, massive with
no amygdules, local
calcite veinlets.

Composed essentially of
plagioclase with
appreciable amounts of

biotite and sericite,
small amount of
carbonate, traces of

epidote.

a/s: altered surface; f/s: fresh surface; ran: réaction; qz: quartz; plag: plagioclase; ser: sericite; carb:
carbonate; opaq: opaques; *: Map number on Figure A2. l in Appendix 2.
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Appendix 3c. Macroscopic and microscopic descriptions of intrusive rock samples
from the Val d'Or and Southem domains.

Sample No.

Map No.'

Field
Description

Microscopic

Description

Sample No.

Map No.'

Field
Description

Microscopic

Description

3860-91

25

Gabbroic textured
intrusion, green-buff a/s,

grey-black f/s, rare clots
or phenocrysts of mafic
minerais, weak HC1 rm.

Actinolite-biotite rich,
subophitic texture, fine-
grained epidote altération
of plagioclase, minor
amount of quartz présent

interstitial to plagioclase,
trace amounts of apatite.

5652-92

28

Same as 3869-91, mmor

Fe carbonate.

No thin section available.

3869-91

26

Fine grained dioritic
mafic intrusion, green-

buff a/s, medium green
f/s, weak schistosity.

Feldspar phenocrysts set
in a micrographitic matrix
of quartz - feldspar -

chlorite, granophyric
textures are présent

around some phenocrysts,

feldspar is highly
sericitized, minor amounts

of carbonate - chlorite -

quartz clots, trace

amounts of leucoxene.

5653-92

29

Same as 3869-91, minor

Fe carbonate.

No thin section available.

3870-91

27

Same as 3869-91.

Highly sericitized.
unequigranular

feldspar surrounded
by abundant chlorite
± fibrous sericite

aggregates; nunor

quartz and fine-
grained leucoxene

présent.

3847-91

30

Drill core sample of
dioritic intrusion,
massive, medium

green, with mafic,

subhedral

phenocrysts.

Actinolite-tremolite
rich intrusion with
abundaat, fine-

grained epidote
affecting the majority
of the grains, nunor

amounts of

plagioclase, ilmenite
and leucoxene

présent, trace

amounts of

carbonate.

a/s: altered surface; t/s: tresh surtàce; nm: réaction; qz: quartz; plag: plagioclase; ser: sericite; carl

carbonate; opaq: opaques; *: Map number on Figure A2. l in Appendix 2.
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Appendix 3c. Macroscopic and microscopic descriptions of intrusive rock samples
from the Val d'Or and Southem domains (continued).

Sample No.

Map No.'

Field
Description

Microscopic

Description

5651-92

31

Gabbroic intrusion, fine-

gramed, weak HC1
réaction, traces of

sulphides.

Composed essentially of
actinolite-tremolite

grains and plagioclase
altered to epidote and
carbonate, minor

amounts of biotite and
quartz présent.

5663-92

32

Massive, diaclased
dioritic intrusion, fine-

grained, no HC1
réaction.

Composed essentially of
actinolite with abondant

epidote, plagioclase and
quartz are fined grained
and interstitial to
actinolite.

5669-92

33

Dioritic intrusion,
medium grained, lath-like
mafic minerais visible,
weak HC1 réaction.

Composed essentially of
plagioclase grains altered
to epidote, carbonate and

chlorite and of a mixture
of actinolite-chlorite-
epidote, minor quartz

présent.

Sample No.

Map No."

Field
Description

Microscopic

Description

5673-92

34

Fme-grained dioritic sill,
massive, green-buff a/s,

grey-green f/s, HC1
réaction, traces of

pynte.

Composed essentially of
highly carbonatized and
epidotized plagioclase
and biotite transforming
to chlorite.

5674-92

35

Fine-grained dioritic sill,
massive, slightly
diaclased, chloritic, weak
HC1 réaction, traces of

pynte.

Composed essentially of
actinolite ± chlorite and

highly epidotized
plagioclase, minor biotite
clots surrounded by
actinolite.

a/s: altered surface; f/s: fresh surface; rxn: réaction; qz: quartz; plag: plagioclase; ser: sericite; carb:
carbonate; opaq: opaques; *: Map number on Figure A2. l in Appendix 2.
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Appendix 3c. Macroscopic and microscopic descriptions of intrusive rock samples
from the Val d'Or and Southem domains (continued).

Sample No.

Map No.*

Field
Description

Microscopic

Description

Sample No.

Map No.*

Field
Description

Microscopic

Description

3878-91

36

Medium-grained granitic
rock, composed of white
and bluish qz, cream-

green epidotized
feldspar, and chloritized
mafic minerais, HC1

ran.

Composed essentially of
quartz and sericitized
and carbonatized
fsldspar, epidote
altération is weak,

chlorite with zircons.

5660-92

39

Fine-medium-grained

granitic rock, white and
minor blue quartz
interstitial to feldspar,
chloritized mafics, weak
HC1 réaction.

Composed essentially of
feldspar and quartz with
lesser amounts of

chlorite, weak epidote
and weak but ubiquitous
sericite altération of
feldspar, trace amounts

of carbonate and

homblende.

3880-91

37

Medium-grained granitic
rock, weak schistosity,

same description as 3878-
91.

Composed of large, single
grains of qz and highly
epidotized and sericitized
feldspar grains, fine-

gramed qz + chlorite ±
carbonate occur interstitial
to large grains, minor

amounts of ilmenite and
leucoxene are présent,

trace amounts of apatite.

5661-92

40

Massive medium-grained

granitic rock, quartz not
visible, composed of

plagioclase, epidote and
chlorite, weak HC1
réaction.

Compared to 5660-92 and
5669-92, minor quartz
présent, feldspar rich, no
sericite, more carbonate,

epidote and chlorite as
abondant.

5659-92

38

Medium- to coarse-

gramed granitic rock,
composed of quartz,

carbonatized feldspar,
and chloritized mafic
minerais, weak

schistosity.

Plagioclase altered to
small amounts of

epidote, sericite and
carbonate, albitization
and silicification

présent.

5662-92

4l

Same as 3878-91.

Felspar grains affected

by carbonate, epidote
and minor sericite
altération, myrmekitic
texture présent, mafic

minerais completely
transformed to chlorite.

a/s: altered surface; f/s: fresh surface; rxn: réaction; qz: quartz; plag: plagioclase; ser: sericite; carb:
carbonate; opaq: opaques; *: Map number on Figure A2. l in Appendix 2.
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Appendix 3c. Macroscopic and microscopic descripdons of intrusive rock samples
from the Val d'Or and Southem domains (end).

Sample No.

Map No.*

Field
Description

Microscopic

Description

Sample No.

Map No.'

Field
Description

Microscopic

Description

5685-92

42

Drill core sample,
medium- to coarse-

grained, composed of
large feldspar grains
with interstitial clots of
epidote and chlorite and

bluish quartz, HC1 rxn.

Composed essentially of
mterlocking grains of
quartz and feldspar
altered to sericite,
carbonate and chlorite
with mterstitial clots of
chlorite, carbonate and
epidote.

5672-92

45

Massive feldspar-phyric
dike, chalk white

phenocrysts, subhedral
to euhedral, green

chlorite-epidote clots
interstitial to
phenocrysts.

Feldspar phenocrysts are
carbonatized and
sericitized, minor
quantity of quartz
phenocrysts, matrix

composed of carbonate,

epidote, chlorite and
feldspar.

3846-91

43

Drill core sample, feldspar
and amphibole-phyric dyke,
subhedral, creamy-white

phenocrysts locally
epidotized, matrix is fine-
grained to aphanitic, little
to no HC1 réaction.

Fine- to coarse-grained

feldspar phenocrysts altered
to epidote, carb. and

biotite; fine-grained
homblende altered to
actinolite ± chlorite,
matrix composée! of fine-

grained plag., homblende,
qz, carb, traces of opaq.

and apatite.

5682-92

46

Feldspar-phyric dike, equanl
to rounded, cream-pink

phenocrysts, carbonatized,

chlorite clots interstitial to
phenocrysts, weak

schistosity.

Feldspar phenocrysts are
highly sericitized with less
carbonate altération, minor

quartz phenocrysts, chlorite
clots interstitial to
phenocrysts, matrix contains

abundant sericite and less
carboaate.

3857-91

44

7eldspar-phyric dyke,
wiable size and shape
>f phenocrysts, creamy

vith light
spidotization, traces of

>yrite, no HC1
eaction.

-ïighly epidotized
>lagioclase phenocrysts
ind trace amounts of

[uartz phenocrysts are
et in a fine-grained

natrix of albite,
spidote, zircon-bearing

:hlorite, relies of
wown biotite and
ninor amouats of

[uartz.

a/s: altered surface; f/s: fresh surface; rxn: réaction; qz: quartz; plag: plagioclase; ser: sericite; carb:
carbonate; opaq: opaques; *: Map number on Figure A2. l in Appaadix 2.
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Tabla A4. Major (wt %) and traça (ppm) •l«m»nt analy— from D—rochT* (1994)of mafic

to ultramafic «xtnialv rock» from th« Va—an, Canlral •nd Southam domaln»,
major •limant analyw pr—nted In ncalculattd volatlle-fr— wlght p»rc«nt

•nd th« CIPW norm of ncalculated analy».

SamptoNo. 90-33614-S 9^33640-S 90^3670-S 90-33653-S 90-33668-S 91-03630-S 91-03637-S

UTM ZONE 18 18 18 18 18 18 18
UTMEAST 285886 288881 289350 284879 280381 288425 288750
UTMNORTH 5330264 5330047 5330296 5331188 5334884 5332100 5331850
MgNumber 53.92 65.39 59.73 69.91 39.91 42.16 42.32

Si02
Ti02
A1203
Fe203
MnO
MgO
CaO
Na20
K20
P205
LOI m

Ni
Co
Se
v
Cu
Zn

u
K
Rb
Ba
Sr

Nb
Zr
Ti
Y
Zr/V

Q
z
Or
Ab
An
Di
Hy
01
Mt
Il
Ap
Sp

53.10
0.48

15.85

12.45

0.22
7.36

8.24
1.99

0.28
0.03

2.91

83
47
55

235
59
87

10
2240

7
60
55

<3

41
2820

23
1.8

7.14
0.01

1.66
16.97

33.83
6.00

29.75

0.00

3.65

0.93

0.07
0.03

54.86
0.73

17.53
8.31

0.15
7.92

8.39
1.32

0.72
0.08

3.13

89
30
38

188
64
79

13
5730

20
151
170

4
71

4200
19

3.7

11.25

0.01

4.27
11.22

40.06

1.14

28.08

0.00

2.42
1.39

0.20
0.04

52.38
0.82

18.89
9.32

0.16
6.98

9.06
2.31

0.03
0.06

0.29

66
32
29

225
55
69

8
250

3
39

120

4
76

4920
21

3.6

50.72
0.50

16.21

9.13

0.17
10.71

10.03
2.06

0.42
0.06

3.36

290
58
45

226
10
50

7
3320

14
62

160

<3
44

2940
15

2.9

CIPW norm (weight %)
5.52
0.02

0.18
19.68

41.40

2.87

25.93
0.00

2.72
1.57

0.14
0.02

0.00
0.01

2.48
17.54

34.02
12.68

25.95

3.61

2.67
0.95

0.15
0.02

52.38
0.84

14.53
15.35

0.28
5.15

6.76
4.55

0.09
0.08

1.44

94
50
67

369
118
110

10
750
<3

20
62

4
74

4980
46
1.6

0.00
0.02

0.55
39.00

19.16

11.95

19.93

3.13

4.51
1.59

0.20
0.03

53.42
0.79

14.43
15.04

0.25
5.54

8.68
1.67

0.11
0.07

2.45

84
43
68

299
99

104

22
910

4
24
37

4
57

4620
39
1.5

11.57
0.01

0.68
14.29

31.90

9.35

26.08
0.00

4.42
1.51

0.17
0.06

53.86

0.79

14.86
14.65

0.24
5.43

8.14
1.90

0.06

0.06

2.68

99
47
72

340
232
111

9
500
<3

14
38

4
55

4320
40
1.4

11.76

0.01

0.37
16.26

32.21
6.89

26.55
0.00

4.30
1.53

0.15
0.03
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Tabl» A4. Major (wt %) and traça (ppm) •l«m«nt analy— from D—rochT* (1994)of mafic

to ultramafic «xtnrlv* rock* from th* Va—an, Central •nd Southem domalrr,

major •lamant anaty— pr—ntad In rocalculatad volatll»-fn« welght perçant

•nd th« CIPW nonn of ncalculated analyw (contlnued).

SampleNo. 91-03641.S 91-03643-S 91-03644-S 91-03647-N 91-03653-S 91-03654-N 91-03655-N

UTM ZONE 18 18 18 18 18 18 18
UTMEAST 288650 289400 291100 287500 291050 287300 287560
UTMNORTH 5331700 5332425 S331850 5340600 5331900 5342850 5342800
MgNumber 38.48 40.72 55.12 55.69 54.30 71.33 71.39

Si02
TÎ02
A1203
Fe203
MnO
MgO
CaO
Na20
K20
P205
L0t(%)

Ni
Co
Se
v
Cu

Zn

u
K
Rb
Ba
Sr

Nb
Zr
T1
Y
Zr/Y

Q
z
Or
Ab
An
Di
Hy
ex
Mt
Il
Ap
Sp

54.49

0.80
14.03

14.13

0.22

4.46

8.53
3.17

0.09

0.07

0.88

63
44
74

300
39
70

6
750

3
40
36

4
64

4440
46
1.4

7.90

0.01
0.55

27.14

24.04

15.32

19.20

0.00

4.14

1.54

0.17
0.02

52.83

0.79
13.99
14.50

0.22

5.03

10.34

2.12

0.11

0.05

0.54

98
45
77

340
57
82

3
1000

3
35
79

4
58

4560
41
1.4

8.28

0.01
0.67

18.14

28.68

19.14
19.22

0.00

4.25

1.52

0.12
0.01

52.75

0.49
16.10

12.88

0.19

7.99

8.29
1.27

0.03

0.03

3.20

94
47
66

239
86
84

18
330
<3
23
69

3
36

2580
24
1.5

52.19

0.49
15.93

11.54

0.20

7.32

8.19
3.99

0.11

0.03

1.63

120
42
60

219
57
64

14
1080

3
65
69

<3

36
22700

25
1.4

CIPWnorm(weight%)
9.77

0.01
0.19

10.83

38.51

2.34
33.57

0.00

3.77

0.94

0.07
0.05

0.00

0.01
0.67

34.10

25.43

12.62

15.97

6.82

3.38

0.94

0.07
0.04

53.82

0.50
15.39
1Z91
0.18

7.75

8.53
0.86

0.03

0.03

3.35

93
49
66

244
15
78

20
250

3
14
70

3
38

2880
24
1.6

13.36

0.01
0.19

7.33

38.42

3.43
32.44

0.00

3.78

0.95

0.07
0.06

49.33

0.72
10.29

12.59

0.19

15.82

8.83
2.13

0.04

0.05

3.09

484
78
32

197
52
83

20
420
<3

29
53

4
60

4020
23
2.6

0.00

0.01
0.25

18.24

18.54

20.37
20.56

16.89

3.69

1.38

0.12

0.06

48.87

0.73
10.05

12.79

0.20

16.12

9.40
1.73

0.07

0.05

3.03

504
75
32

198
172
84

25
660

3
15
42

3
57

4020
22
2.6

0.00

0.01
0.44

14.75

19.62

21.80
22.25

15.89

3.75

1.40

0.12

0.07
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Tabla A4. Major (wt %) and traça (ppm) •l»ment analym from Dwrochen (1994)of mafic

to ultramafic «xtnrlv rock* from th« Va—an, Central and Southam domain»,

major •lement analy— prwntad In ncalcutated volatlle-fr— waight pTcant

and th« CIPW nonn of ncalculatBd analyw (contlnued).

SamptoNo.

UTM ZONE
UTM EAST
UTM NORTH
Mg Number

Si02
Tl02
A1203
Fe203
MnO
MgO
CaO
Na20
K20
P205
LOI (%)

Ni
Co
Se
v
Cu

Zn

u
K
Rb
Ba

Sr

Nb
Zr
Ti
Y
Zr/Y

Q
z
Or
Ab
An
Di
Hy
01
Mt
Il
Ap
Sp

91-03682-S

18
290800
5331900

54.89

50.18

0.84
13.77

14.07

0.22

8.65

8.51
3.48

0.23

0.05

1.82

85
63
29

259
61
83

22
2080

7
56
38

3
59

5040
16

3.7

0.00

0.01
1.41

29.76

21.47

17.11
12.02

12.35

4.13

1.61

0.12
0.06

91-03684-S

18
287950
5331950

43.31

55.11

0.94
13.59

13.91

0.23

5.37

8.54
2.03

0.21

0.07

3.19

52
35
75

377
149
115

9
1660

8
36
58

5
75

5460
37

2.0

12.83

0.02
1.24

17.40

27.65

12.26
22.56

0.00

4.08

1.81

0.17

0.03

91-03685S 91-03688-N

18
292800
5332050

43.87

53.98

0.82
13.88

15.44

0.25
6.09

7.23
2.21

0.04

0.06

2.66

90
49
69

352
139
122

9
330

3
20
36

4
69

4740
38
1.8

18
289100
5340400

79.32

47.43

0.36
8.49

11.52

0.18

22.31

8.71
0.94

0.05

< 0.01

3.22

1100
90
26

146
33
70

15
500

3
20
28

3
33

2100
8

4.1

CIPW norm (weight %)
10.59

0.01
0.25

18.91

28.19

6.43
29.37

0.00

4.53

1.57

0.15
0.03

0.00

0.01
0.31

8.07

18.92

19.73
19.57

30.78

3.38

0.70

0.00

0.04

91-03689-N

18
280450
5344575

72.86

48.70

0.68
9.64

12.65

0.19

17.14

9.05
1.84

0.05

0.06

3.41

542
74
29

187
25
97

33
420
<3

31
63

3
66

3900
17

3.9

0.00

0.01
0.31

15.72

18.00

21.62
19.46

19.71

3.70

1.30

0.15
0.09

91.03691-S

18
286000
5331050

40.24

56.99

0.92
12.99

13.30

0.19

4.52

9.43
1.47

0.08

0.08

1.91

91
29
64

357
68
88

8
660
<3

19
34

4
83

5400
47
1.8

18.89

0.02
0.49

12.60

28.90

14.92
18.34

0.00

3.90

1.77

0.20

0.02

91-03697-N

18
291200
5339600

80.30

45.89

0.40
6.96

12.52

0.21

25.76

7.69
0.51

0.05

0.02

3.88

1200
104
25

138
42
66

5
420

5
23
20

<3

34
2280

8
4.3

0.00

0.01

0.31

4.37

16.69

17.32
19.65

38.79

3.67

0.76

0.05
0.01
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Table A4. Major (wt %) and traça (ppm) •l«m«nt analy— trom DwrochT» (1994)of mafic

to uHramaHe «xtrualv rock* from th« VaMan, Central and Southam domain»,

major •l«m»nt analyw prwanted In ncalculaled volatlla-fr— wlght perçant

•nd th« CIPW nonn of ncalculated analy* (contlnu«d).

SampteNo. 91-03698-N 91-03707-N 91-037(»-S 91-03710-NC 91-0371B-S 91-03724-C 91-03629N

UTM ZONE 18 18 18 18 18 18 18
UTMEAST 289925 287425 288425 287375 293900 284000 287800
UTMNORTH 5339275 5340650 5331500 5337200 5330375 5332550 5340800
MgNumber 64.78 53.58 52.88 59.40 65.29 49.57 85.47

Si02
TI02
A1203
Fe203
MnO
MgO
CaO
Na20
K20
P205
L0t(%)

Ni
Co
Se
v
Ou

Zn

u
K
Rb
Ba

Sr

Nb
Zr
Ti
Y
Zr/Y

Q
z
Or
Ab
An
Di
Hy
01
Mt
Il
Ap
Sp

50.45

0.47
16.82

10.80

0.19

10.03

10.10
0.98

0.13

0.04

3.72

161
46
46

176
14
66

29
1080

5
45
85

4
46

2700
15

3.1

4.14

0.01
0.81

8.33

41.42

7.20
33.92

0.00

3.16

0.89

0.10
0.08

51.77

0.48
15.49

12.43

0.20

7.25
8.37

3.85

0.12

0.03

1.76

119
46
61

218
74
65

15
1000
<3

60
70

3
48

2820
22

2.2

0.00

0.01
0.73

32.92

24.84

13.89
15.93

7.05

3.64

0.92

0.07
0.04

52.79

0.79
17.98

11.16

0.14

6.32

5.54
4.94

0.28

0.06

2.45

33
36
62

237
68
57

22
2320

n
39
67

4
72

4800
25
2.9

50.81

0.49
15.61

11.83

0.16
8.74

9.74
2.45

0.03

0.03

2.86

114
45
48

197
65
62

23
250
<3

20
89

3
47

2880
20
2.4

CIPW norm (weight %)
0.00

0.02
1.67

42.16

26.26

0.89
14.83

9.23

3.26

1.50

0.15
0.06

0.25

0.01
0.18

20.91

31.77

13.73
28.64

0.00

3.46

0.94

0.07
0.06

49.71

0.46
7.88

14.22

0.46

13.50

12.89

0.64

0.21

0.02

1.39

1000
106
29

179
75
91

6
1740

4
16
32

3
37

2700
10

3.7

0.00

0.01
1.29

5.52

18.16

37.71
30.17

3.37

4.18

0.89

0.05
0.02

51.63

0.64
15.36

13.91

0.23

6.91

9.48
1.76

0.03

0.05

3.28

103
44
65

245
56
91

11
250
<3

14
60

4
60

3720
30
2.0

6.56

0.01
0.19

15.08

34.27

10.71
27.77

0.00

4.08

1.23

0.12
0.03

44.68

0.26
5.23

11.20

0.16

33.26

4.85
0.32

0.02

0.01

8.47

1700
106

19
90
34
59

< 1
170

3
5

10

3
18

1380
7

2.6

0.00

0.00
0.13

2.72

12.88

8.97
20.16

51.57

3.28

0.51

0.03
0.00
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Tabla A4. Major (wt %) and trac* (ppm) •lenrnt analyw from Dwrochan (1994)of mafic

to uHramafic «xtnrlv* rock* from th« Va—n, Cantral •nd Southam domaln»,

major •(•irrrrt amty— pr—nfd In mcalculatad volatll^frM wlght parcant

and th« CIPW nonn of ncalculated arwlyw (conllnuad).

SamptoNo. 91-03657-S 91.03658-N 91-03659^ 91-03669-S 91-03674-S 91-03678-S 91-03679NC

UTM ZONE 18 18 18 18 18 18 18
UTMEAST 288600 290900 290350 289150 288050 287850 288925
UTMNORTH 5331850 5339650 5332225 5332000 5331800 5331775 5337575
MgNumber 46.14 77.13 38.85 65.44 38.45 42.89 45.41

S102
T102
A1203
Fe203
MnO
MgO
CaO
Na20
K20
P205
LOI m

Nt
Co

Se

v
Cu
Zn

u
K
Rb
Ba
Sr

Nb
Zr
Tl
Y
Zr/Y

Q
z
Or
Ab
An

Di
Hy
01
Mt
Il
Ap
Sp

53.07

0.79
14.10

15.24

0.24

6.59

8.11
1.75

0.07

0.05

2.81

115
49
76

323
100
110

17
580

4
23
74

4
55

4320
37
1.5

10.04

0.01
0.44

15.00

30.73

8.01
29.66

0.00

4.47

1.51

0.12
0.05

47.80

0.43
7.53

12.57

0.22

21.40

9.30
0.72

0.01

0.02

3.52

1000
96
27

152
12
79

1
166

3
4

17

3
31

2460
11

2.8

0.00

0.01
0.06

6.13

17.48

23.21
25.34

24.57

3.69

0.82

0.05
0.00

53.66

0.86
13.64

16.19

0.24

5.19

7.07
3.02

0.06

0.07

1.74

69
47
75

354
30
99

8
580
<3

19
22

<3

58
4740

36
1.6

54.32

0.70
15.45

8.12

0.17

7.76

10.95
2.31

0.15

0.06

1.54

135
51
34

217
84
81

9
1330

5
117
150

4
60

3780
17

3.5

CIPW norm (weight %)
7.53

0.01
0.37

25.92

23.77

9.44
26.40

0.00

4.76

1.65

0.17
0.02

6.39

0.01
0.91

19.69

31.52

18.43
19.24

0.00

2.37

1.33

0.15
0.02

53.54

0.90
14.70

14.70

0.26

4.63

8.44
2.65

0.11

0.07

1.90

59
40
76

368
98

121

8
830

4
33
28

4
63

4920
45
1.4

8.61

0.01
0.68

22.70

28.19

11.48
22.13

0.00

4.31

1.74

0.17
0.02

53.01

0.78
14.57

14.88

0.24

5.64

8.40
2.30

0.11

0.06

2.62

93
44
75

342
115
112

9
910
<3

29
35

3
55

4200
40
1.4

8.17

0.01
0.68

19.73

29.42

10.30
25.70

0.00

4.37

1.49

0.15
0.03

55.73

0.57
15.17

12.90

0.17

5.42

9.09
0.88

0.02

0.05

2.98

77
45
68

292
29
85

n
170
<3

9
87

4
47

3540
29
1.6

18.37

0.01
0.12

7.50

37.77

6.22
25.02

0.00

3.78

1.09

0.12
0.03
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Tabla A4. Major (wt %) and traça (ppm) •l«m*nt anaty— from D—roch«r» (1984)

o( maflc to ultramafic •xtru»lv rock» frem th« Va—n, Cantral and Southam

demain» major •limant analyw pr—ntad In ncalculatad volallla-fr— wlght

pTcarrt and th« C1PW nonn of ncatculated analy* (*nd).

Sampte No. 91-03633N 910658N
UTM ZONE 18 18
UTM EAST 287950 290900
UTM NORTH 5340800 5339650
Mg Number 80.70 77.13

91-03681S 91-03690N 90-336660

18 18 18
290650 289150 281358
5331875 5340300 5334325

84.31 82.47 83.08

S102
Tl02
A1203
Fe203
MnO
MgO
CaO
Na20
K20
P205
L01(%)

Ni
Co
Se
v
Cu
Zn

u
K
Rb
Ba
Sr

Nb
Zr
T1
Y
Zr/Y

Q
z
Or

Ab
An

Di
Hy
01
Mt
Il
Ap
Sp

47.32

0.41

6.76
11.56

0.18

24.41

9.08
0.24

0.01

0.03

6.66

1300
97
22

125
40
62

15
80
3
6

30

3
24

2160
12

2.0

0.00

0.01
0.07

2.01

17.51

22.06
29.17

25.13

3.39

0.78

0.08
0.00

47.65

0.42
7.82

12.53

0.22
21.34

9.27
0.71

0.01

0.02

3.52

1000
96
27

152
12
79

<1
170

3
4

17

3
31

2460
11

2.8

0.00

0.01
0.06

6.11

18.29

22.38
26.49

22.28

3.67

0.81

0.05
0.00

46.09

0.34
5.03

11.74

0.15

31.85

4.76
< 0.10

< 0.01

0.03

8.55

1800
110

19
110
32
86

1
80
3

n
n

4
30

1860
5

6.0

45.70

0.35
6.57

11.58

0.17

27.53

7.38
0.57

0.13
0.02

5.31

1300
101
22

130
30
72

7
1000

5
13
18

3
32

1200
7

4.6

CIPW nomi (weight %)
0.00

0.01
0.00

0.00

13.86

7.74
35.51

38.98

3.44

0.65

0.08
0.00

0.00

0.01
0.76

4.90

15.11

17.21
17.08

41.00

3.39

0.67

0.05
0.00

52.17

0.33
5.14

10.20

0.13

25.29

6.74
< 0.10

< 0.01

0.01

5.42

1500
92
19

125
10
66

< 1
80

4
2
4

3
27

1860
7

3.9

0.00

0.01
0.00

0.00

14.15

15.44
64.09

2.88

2.98

0.63

0.03
0.00



Appendix 5.

Sampling Location Maps, Selected Major and Trace Elément Analyses

from Girault (1986) and Gaudreau et al. (1986), and the CIPW Norm

for thèse Flow Rocks from the Val d'Or Demain.
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Table AS. Selected major élément (wt %) and trace élément (ppm) analyse» of flow rocks, major élément nnalyaes presented

in recalculated vdatile-free waght percent, from Girault (1986) and Gaudreau et al. (1886), and the CIPW nomi al

recalculated analyses. Sample locaïons glven in Figures A5.1 and A5.2.

Sample No.

Map No.

Name

Affinlty
Si02
T102
A1203
Fe203

MnO

MgO
CaO

Na20

K20
P205

C02 (%)
LOI (%)
S(%)

K
Rb
Sr

Nb
2r

Tl

Y

GIR2S
26

Basait

Thd.

51.86

0.76

21.94

7.86

0.13

3.40

6.80

6.03

0.81

0.11

n.d.

n.d.

n.d.

6720

13

207
5.0

98
4560

29

GIR28

28
Basait

Thd.

48.13

0.89

19.99

12.57

0.23

5.23

10.49

2.27

0.03

0.18

n.d.

n.d.

n.d.

250
1

306

4.0

74

5330

23

GIR29

29
Basait

Thd.

54.02

0.98

18.44

8.84

0.19

5.51

8.01

3.71

0.16

0.15

n.d.

n.d.

n.d.

1330

3
304

6.0

96
5880

28

GIR30
30

Basait

Thol.

58.22

0.89

17.33

8.66

0.20

5.24

4.50 •

4.78

0.02

0.15

n.d.

n.d.

n.d.

170

1

169

5.0

80

5340

25

GIR755
755

Basait

moi.

54.87

1.21

18.63

10.65

0.21

3.84

6.99

3.31

0.03

0.15

n.d.

n.d.

n.d.

250
1

211

4.0

90
7250

25

GIR41
4\

Andesite

Cale.

57.41

1.28

15.92

7.35

0.10

7.85

5.94

3.16

0.74

0.24

n.d.

n.d.

n.d.

6280
20

254

7.9

164

7670

29

GIH748

748

Andesite

Cale.

61.70

0.87

16.21

7.72

0.09

3.88

5.76

3.60

0.02

0.14

n.d.

n.d.

n.d.

170

1

263

7.0

157
5220

25

GIR82

82
Porph. daclf

Cale.

62.28

0.91

18.67

5.08

0.08

2.76

5.27

4.25

0.54

0.16

n.d.

n.d.

n.d.

4480

8

247

7.0

153

5460

27

GIR749

48

Porph. and«1U

Cale.

58.29

0.79

17.76

7.59

0.13

4.96

8.17

2.12

0.01

0.18

n.d.

n.d.

n.d.

83

0
222
7.0

138

4740

23

Zr/Y 3.4

n.d. signifies not determined.

3.2 3.4 3.2 3.6

CIPWnorm(weight%)

5.7 6.3 5.7 6.0

Q
e
z
Or

Ab
An

Di
Wo
Hy
01
Mt
Hm

Sn

Ap
Ce

0.00

0.00

0.02

4.82

40.84

30.62

2.64

0.00

0.00

11.38

2.32

0.00

1.45

0.00

0.26

0.00

0.31

0.00

0.02

0.18

19.38

44.7S

5.59

0.00

24.00

0.00

3.68

0.00

1.71

0.00

0.43

0.00

3.99

0.00

0.02

0.95

31.61

33.44

4.65

0.00

20.57

0.00

2.58

0.00

1.87

0.00

0.36

0.00

9.29

1.62

0.02

0.12

40.73

21.56

0.00

0.00

22.12

0.00

2.53

0.00

1.70

0.00

0.36

0.00

10.25

0.79

0.02

0.18

28.25

34.07

0.00

0.00

20.70

0.00

3.11

0.00

2.32

0.00

0.36

0.00

9.61

0.00

0.03

4.43

26.94

27.22

0.78

0.00

25.90

0.00

2.14

0.00

2.44

0.00

0.57

0.00

19.54

0.10

0.03

0.12

30.65

27.94

0.00

0.00

17.43

0.00

2.25

0.00

1.66

0.00

0.33

0.00

18.51

1.88

0.03

3.21

38.11

25.30

0.00

0.00

11.44

0.00

1.4fl

0.00

1.74

0.00

0.38

0.00

18.19

0.00

0.03

0.06

18.05

39.17

0.42

0.00

19.99

0.00

2.21

0.00

1.51

0.00

0.43

0.00
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Table A5. Selected major élément (wt %) and trace élément (ppm) analyse» of flow rocks, major élément analyses présentée)

in recalculated vdatile-free wa'ght percent, fromGirault(1986) andGaudreau et al. (1986), andtheCIPWnonno»

recalculated analyses. Sample locations given in Rgures A5.1 and A5.2 (end).

Sample No.

Map No.
UTM ZONE
UTM EAST
UTM NORTH
N âme

Affinity
S102
Tl02

A1203
Fe203

MnO

MgO
CaO

Na20

K20
P205

C02 (%)
LOI (%)
S(%)

K
Rb
Sr

Nb
Zr

Ti
Y

GIR47
47

Rhyotltt
Cale.

74.33

0.35

12.88

3.72

0.03

1.53

2.04

4.99

o.oe

0.08

n.d.

n.d,

n.d.

500

2
140

10.0

317
2100

47

QIR9

9

Dtdto

Cale.

85.87

1.23

14.10

6.39

0.09

1.84

4.35

5.26

0.82

0.24

n.d.

n.d.

n.d.

6800

21

163

8.0

195
7370

36

GIR63

63

Dadf

Cale.

76.57

0.22

9.94

3.74

0.12

1.50

3.83

3.46

0.54

0.09

n.d.

n.d.

n.d.

4480
12

67

12.0

190
1320

29

GAU179
179
18

330710

5324350

And.Bault

Thd.

53.47

1.06

15.97

12.22

0.18

5.64

8.05

2.05

0.18

0.15

0.32

2.00

0.01

1490

0.5

144

n.d.

48

6480

21

GAU206
206
18

330100

5324340

B*—n

Thd.

56.44

1.00

16.96

9.19

0.15

5.15

7.44

2.83

0.48

0.25

0.12

2.35

0.01

3980

8
257

n.d.

107
6000

27

GAU215

215
18

329550

5324550

Bt—rt

Thd.

58.02

0.88

18.64

7.46

0.18

5.65

5.31

5.19

0.39

0.30

0.47

3.80

0.16

3240

e

210
n.d.

98
5300

27

GAU1012
1012

18

324225

5326775

And«d»

Cale.

60.02

0.93
17.07

7.00

0.09

5.12

4.43

3.80

1.31

0.22

0.12

3.40

0.01

10800

28
261

n.d.

181

5580
30

GAU1029

1029
18

324900

5326650

nhyodaclto
Cale.

70.54

0.96

13.72

5.16

0.15

1.CS

5.69

2.17

0.30

0.25

0.14

0.95

O.Ot

2490

2
185

n.d.

230
5760

44

Zr/Y 6.7 5.4

n.d. signifiea not determined.

Q
e
z
Or

Ab
An

a
Wo
Hy
Mt
Hm

n
Sn

Ap
Ce

6.6 2.3 4.0 3.6 6.0 5.2

CIPWnorm(weight%)

38.17

1.03

0.06

0.36

42.30

8.80

0.00

0.00

4.83

2.70

0.00

0.67

0.00

0.14

0.00

19.74

0.00

0.04

4.88

44.74

12.51

6.38

0.00

6.98

1.86

0.00

2.35

0.00

0.57

0.00

45.43

0.00

0.04

3.20

29.33

10.02

6.79

0.00

1.89

2.72

0.00

0.42

0.00

0.21

0.00

0.00

0.01

1.07

17.52

34.19

6.72

0.00

23.68

3.58

0.00

2.07

0.00

0.36

0.73

11.44

0.00

0.02

2.86

24.98

31.85

2.32

0.00

21.11

2.68

0.00

1.91

0.00

0.60

0.27

3.27

1.84

0.02

2.32

44.18

21.56

0.00

0.00

21.67

2.18

0.00

1.68

0.00

0.71

1.07

13.73

2.16

0.04

7.78

32.34

19.90

0.00

0.00

19.59

2.04

0.00

1.78

0.00

0.52

0.27

43.82

0.40

0.05

1.78

18.41

25.78

0.00

0.00

3.45

3.75

0.00

1.83

0.00

0.59

0.32
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Figure 3. Général géologie map of the Val d'Or région illustrating the régional syncline interpréter Gunning and Ambrose (1940) and the division (broken line) of the Malartic Group
into uppër andlower subgroups (Latulippe 1976). The dotted lines represent township undaries. The Bourlamaque and Louvicourt townships comprise the study area.
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Figure 4. Géologie map of the Val d'Or région interpreted by Imreh (1984). The La Mottelssan overtumed anticline is the dominant, régional structure
and the Malartic Group as defined by Gunning and Ambrose (1940) and Latulip(1966> 1976) is divided into the La Motte-Vassan, Dubuisson, Jacola,
Val d'Or and Héva formations. The dotted line outlines the study area.
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Figure 5. Tectonostratigraphic map of the Val d'Or région highlighting the five lithotectoidorpains of the Malartic Composite Block (modified after Desrochers et al., 1993).
The dotted line outlines the study area.






