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Résumé

Le gite a Pb—Zn—Ag de Nicholas-Denys, dans le camp minier de Bathurst (Nouveau-
Brunswick), est constitué¢ de plusieurs lentilles a pyrrhotite—sphalérite—galéne, encaissées par le
mudstone de la Formation de Millstream du Groupe de Fournier, déposé dans un bassin d’arriére-
arc ordovicien. Les lentilles de sulfures sont concordantes avec la foliation régional S;, et sont
boudinées parallélement a la faille de Rocky-Brook Millstream, indiquant que les sulfures prédatent
la déformation décrochante dévonienne. Le soufre provient de la réduction bactérienne de I’eau de
mer ordovicienne dans un systéme ouvert aux sulphates, dans une colonne d’eau dysoxique a
anoxique, avec mélange de soufre magmatique lessivé des roches mafiques sous-jacentes. Le plomb
a été lessivé des sédiments du mudstone de la Formation de Millstream du bassin d’arriére-arc ainsi
que des gabbros sous-jacents. Le fluide minéralisateur était réduit et acide, favorable a une
minéralisation riche en pyrrhotite. Le gite Nicholas-Denys se compare bien aux gites de type

SEDEX.



Abstract

The Nicholas-Denys Pb—-Zn—Ag deposit, located in the Bathurst Mining Camp (New
Brunswick), consists of several pyrrhotite—sphalerite—galena sulphide lenses hosted by black
mudstone of the Millstream Formation of the Fournier Group, deposited in an Ordovician backarc
basin. The Nicholas-Denys sulphide lenses are conformable to the bedding-parallel S; regional
foliation, and are sheared parallel to the Rocky Brook-Millstream shear zone, indicating a pre-
Devonian deformation timing for mineralization. Reduced sulphur for Nicholas-Denys sulphides
comes from bacterial reduction of Ordovician seawater sulphates in a system open to sulphates
under dysoxic to anoxic bottomwater conditions, with addition of magmatic sulphur from
underlying mafic volcanic rocks. Lead was leached from the backarc basin sediments of the
Millstream Formation mudstone and from underlying synvolcanic gabbros. The mineralizing fluid
for Nicholas-Denys sulphides was reduced and acidic, favourable for precipitation of a pyrrhotite-
rich mineralization. Characteristics of the Nicholas-Denys deposit are compatible with a SEDEX-

type classification.
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Chapitre 1 - Introduction

1.1 Cadre général

Le gite de Nicholas-Denys est situé dans la partie nord du Nouveau-Brunswick, dans le Camp
minier de Bathurst (CMB). Le CMB est un des plus importants districts de sulfures massifs
volcanogenes (SMV) au monde. Le camp compte quelques quarante-cing gites de SMV et en 2001,
représentait 53%, 30% et 17% des ressources en plomb, zinc et argent du Canada, respectivement,
en plus d’engendrer deux milles emplois directs (Goodfellow and McCutcheon 2003). La
découverte de nouveaux gisements dans le CMB, comme le gite de Nicholas-Denys, est donc de

premigére importance pour assurer la santé économique de la région.

Les travaux sur le gite de Nicholas-Denys remontent aux années 1880 avec la découverte de
I’indice Shaft par le professeur Edward Jack de Fredericton. Jusqu’a la fin du 19° siécle, les
«veines » de I’indice Shaft font I’objet de plusieurs études métallogéniques, dont une en 1892 par
la Commission géologique du Canada qui révele des teneurs élevées en argent et en or (Department
of Natural Resources New Brunswick 2006). Au courant des trente années suivantes, des
prospecteurs creusent des tranchées et des puits, et entreprennent des études additionelles qui
confirment les teneurs intéressantes en argent, ainsi qu’en plomb et en zinc. En 1937, la compagnie
Consolidated Mining and Smelting Co. fore deux trous a I’indice Shaft, suivis de vingt-six trous
additionnels par le Gloucester Mining Syndicate dont dix a I’indice de Pine Tree et deux a I’indice
Henry. Quebec Sturgeon River Mines fait ’acquisition de la propriété et, en 1956, réalise un puits
de 552 pieds de profondeur, avec des galeries souterraines a 200 et 500 pieds, aprés quoi les travaux
cesserent (Department of Natural Resources New Brunswick 2006). Par la suite, la cartographie des
indices Haché, Shaft et Pine Tree est réalisée par Davies et al. (1969). En 2005, la compagnie
Exploration Puma fait ’acquisition des droits miniers sur le site de ’indice Shaft, ainsi que des
propriétés adjacentes comportant d’autres indices & Pb—Zn—Ag sur une superficie totale de 69 km?,
pour constituer la propriété de Nicholas-Denys. Les efforts d’exploration sont concentrés dans la

partie sud de la propriété, dans les roches ordoviciennes du Groupe de Fournier.

Ce projet de maitrise s’inscrit dans le cadre des travaux d’exploration présentement en cours au gite
de Nicholas-Denys sous la direction de la compagnie Exploration Puma. Bien que le gite comporte
plusieurs indices Pb—Zn—Ag, I’¢tude porte principalement sur 1’indice Haché. Des campagnes de

forages en 2006, 2007 et 2008 ainsi qu’un décapage de 100m x 50m en 2007 ont rendu ce secteur



propice a une étude métallogénique approfondie. Les carottes des forages effectués en 2005 a
I’indice Pine Tree et en 2006 et 2007 aux indices Henry et Shaft, aussi décrites en détail,
démontrent plusieurs similitudes a la minéralisation de la lentille Haché, ce qui méne a proposer une

métallogénése commune pour I’ensemble des indices Pb—Zn—Ag de la propriété de Nicholas-Denys.

1.2 Problématique et objectifs

La classification gitologique de Nicholas-Denys est ambigué€. Historiquement, les indices Haché,
Shaft et Pine Tree était considérées comme des veines a pyrite-pyrrhotite-sphalérite-galéne (Davies
et al. 1969). D’autre part, (1) la localisation du gite de Nicholas-Denys dans des roches
sédimentaires déposées dans un bassin d’arriére-arc, (2) la granulométrie fine des sulfures et (3) la
relation concordante des sulfures avec le littage ont mené a considérer une hypothese de
minéralisation syngénétique pour les sulfures de Nicholas-Denys. Le gite de Nicholas-Denys
démontre toutefois des différences marquées avec les SMV du CMB. Les SMV du CMB se
caractérisent par un assemblage pyrite—sphalérite—galéne encaissé par des roches volcano-
sédimentaires d’age Ordovician moyen, alors que le gite de Nicholas-Denys se caractérise par un
assemblage pyrrhotite—sphalérite—galéne, encaissé par des roches sédimentaires plus jeunes d’age
Ordovicien moyen a tardif. De plus, le gite de Nicholas-Denys se situe a proximité d’une faille de
décrochement majeure, et la déformation dévonienne le long de cette faille affecte les sulfures de
Nicholas-Denys ce qui complique I’interprétation de la relation temporelle des sulfures par rapport

a leur encaissant ordovicien.

Cette étude vise donc a établir un modéle métallogénique du gite de Nicholas-Denys et a proposer
une classification gitdlogique. Les quatre objectifs principaux de cette étude et les méthodes

spécifiques pour chaque objectif sont de :

1) Placer le gite de Nicholas-Denys dans son contexte géologique avec :

e La cartographie détaillée de la minéralisation et de 1’altération hydrothermale aux
indices de Haché et Shaft

e La description et mise en section de forages pour déterminer la relation
stratigraphique et structurale des sulfures de Nicholas-Denys par rapport a leur
encaissant

2) Caractériser la minéralisation 8 Pb—Zn—Ag et I’altération hydrothermale par :

e La pétrographie de I’altération hydrothermale et de la minéralisation
e La lithogéochimie de I’altération hydrothermale



e L’analyse a la microsonde des sulfures et des minéraux d’altération
e L’analyse isotopique des sulfures pour déterminer les sources du soufre et du
plomb

3) Interpréter le paléoenvironnement grace a :

e Une étude littéraire du contexte géodynamique et du style de minéralisation dans le
CMB
e La lithogéochimie des roches encaissantes non-altérées pour déterminer la
provenance des sédiments et les conditions d’oxydo-réduction ambientes dans la
colonne d’eau
4) Proposer un modele métallogénique avec :

e La classification du gite de Nicholas-Denys
e La comparaison aux gites SMV dans le CMB, aux veines polymétalliques Nigadoo
et Cullinan et a d’autres gites a Pb—Zn—Ag semblables dans le monde

1.3 Présentation de ’article

Le deuxiéme chapitre de ce mémoire est constitué de 1’article « Metallogeny of the Nicholas-Denys
Pb—Zn—Ag deposit, Canada », qui sera soumis pour publication a la revue scientifique Mineralium

Deposita.

L’article débute en abordant les caractéristiques principales du gite de Nicholas-Denys par rapport a
celles des SMV du CMB, et introduisant la problématique de classification du gite de Nicholas-
Denys. Le contexte géologique régional permet de synthétiser 1’histoire géodynamique, les
divisions tectono-stratigraphiques et la métallogénie du CMB. Une breve description des méthodes
analytiques employées s’ensuit. La géologie du gite détaille en premier lieu les caractéristiques
macroscopiques des indices a Pb—Zn—-Ag et la cartographie détaillée de 1’indice Haché, puis
présente en deuxieme lieu des descriptions pérographiques et géochimiques de [’encaissant
sédimentaire, de 1’altération hydrothermale et de la minéralisation. S’enchaine une discussion sur la
relation temporelle entre la minéralisation et la déformation, sur les conditions
paléoenvironnementales, et sur les sources du soufre et du plomb pour les sulfures de Nicholas-
Denys. La discussion aborde ensuite I’hypothése d’une minéralisation syngénétique de type SEDEX
pour le gite de Nicholas-Denys, suivie d’une comparaison avec des gites semblables dans le CMB
et avec le gite marocain de Draa Sfar. L’article conclut en énumérant les caractéristiques du gite de
Nicholas-Denys compatibles avec une minéralisation SEDEX, mettant I’emphase sur la différence

avec les attributs des gites SMV du CMB.



Chapitre 2 - Metallogeny of the Nicholas-Denys Pb—Zn—
Ag deposit, Canada

2.1 Introduction

The Nicholas-Denys deposit is located in the Appalachian orogen, approximately 25 km northwest
of the city of Bathurst, New Brunswick, Canada (Fig. 1). The deposit is composed of several Pb—
Zn—Ag sulphide lenses, and is within the Bathurst Mining Camp (BMC) which hosts several Pb—
Zn—Cu—Ag volcanogenic massive sulphide (VMS) deposits.

The majority of deposits in the BMC are Paleozoic in age (478—465Ma) (Goodfellow 2007), and
coincide with a global peak in formation of VMS, as well as sedimentary-exhalative (SEDEX)-type
deposits (Meyer 1985). Periods of ocean anoxia coupled with increased hydrothermal activity
during Paleozoic continent reassembly are believed to have provided optimal conditions for
precipitation and preservation of VMS and SEDEX deposits (Goodfellow 1987; Franklin et al.
2005).

Deposit type classification for several BMC massive sulphides is problematic as they share
characteristics with both VMS and SEDEX deposits. Many authors refer to BMC deposits as
volcanic-sediment-hosted massive sulphides (VSHMS), although Franklin et al. (2005) emphasize
the difference between VSHMS and VMS, and warn against using these terms interchangeably, as
‘VSHMS’ specifies host rock whereas ‘VMS’ implies a volcanic genetic relationship. Accordingly,
Franklin et al. (2005) assigned BMC deposits to the ‘siliciclastic-felsic’ group of VMS deposits,
along with massive sulphides of the Iberian Pyrite Belt (Spain and Portugal), the Lachlan Fold Belt
(Australia) and the Jebilets (Morocco), acknowledging the sedimentary and felsic volcanic host
rocks and the volcanogenic origin of these deposits. This paper will herein refer to BMC massive

sulphides hosted by felsic volcanic and volcaniclastic rocks as siliciclastic-felsic VMS deposits.

The Nicholas-Denys deposit occurs in slightly younger rocks of the BMC (~460—455 Ma; van Staal
and Fyffe 1991) than neighbouring BMC massive sulphides, and mirrors several features
characterizing some siliciclastic-felsic VMS deposits of the BMC thought to have formed in vent-
distal, stable depositional environments, such as (1) abundant sedimentary clastic rocks in the host
sequence, (2) absence of a Cu-rich vent complex, (3) absence of a sulphide stringer zone, (4) Pb—

Zn—Ag sulphide lenses with a sheet-like morphology and (5) lack of vertical and lateral metal



zoning (Goodfellow and McCutcheon 2003; Goodfellow 2007). However, bedded sulphides, a key
criterion for recognition of syngenetic mineralization and a feature common to several siliciclastic-
felsic VMS deposits of the BMC, are not observed at the Nicholas-Denys deposit. The Nicholas-
Denys deposit also contrasts with siliciclastic—felsic VMS deposit of the BMC by (1) the dominance
of pyrrhotite over pyrite in the Pb—Zn—Ag sulphide assemblage and (2) the absence of felsic

volcanic rocks in the footwall of the host rock sequence.

Despite similarities with vent-distal siliciclastic-felsic VMS deposits of the BMC, marked
differences in the sulphide textures, mineralogy and host lithology make classification of the
Nicholas-Denys deposit problematic. Furthermore, the proximity of the Nicholas-Denys deposit to a
regional shear zone has imposed substantial deformation to Nicholas-Denys sulphides, obliterating
primary features of the deposit. The objectives of this contribution are therefore to characterize
mineralization and alteration, identify the sources of sulphur and lead, and determine the
paleoenvironment conditions prevailing during sulphide precipitation and sedimentation in order to
establish the metallogenesis of the Nicholas-Denys deposit and place the deposit in its context

within the regional geological framework of the BMC.

2.2 Geological framework

2.2.1 Tectonic history

The BMC (Fig. 1) is comprised of Ordovician rocks deposited in a continental backarc rift
developed on the passive margin of Ganderia, a peri-Gondwanan microcontinent (van Staal 2007).
Progressive Ordovician rifting of the Ganderian continental crust, from a continental backarc rift
basin to a marginal sea, is recorded by transition from felsic volcanic-dominated sequences to more
mafic volcanic and fine-grained sedimentary units higher in the stratigraphic column (van Staal
1987). Rifting is believed to have progressed heterogeneously across the basin, leading to multiple
rifting centres and sub-basins, analogous to the complex architecture of the modern-day Sea of
Japan (Rogers and van Staal 1997). Late Ordovician to Early Silurian basin closure led to

exhumation of backarc sequences, forming the Brunswick subduction complex (van Staal 1994).

At least four relatively continuous phases of deformation affect the Brunswick subduction complex,
where strain is heterogeneous on all scales (van Staal and de Roo 1995). Polyphase deformation

records the evolving tectonic regime during Laurentian-Ganderian collision, from (1) early



subduction and (2) collision, to later (3) extensional collapse and (4) dextral transpression. Earliest
bedding-parallel thrust structures were deformed into tight, upright folds and affected by sinistral
transpressive shear zones following Late Ordovician to Early Silurian oblique collision. Recumbent
folds and kinks overprint earlier structures as a consequence of vertical coaxial shortening during
Early Devonian extensional collapse. Subsequent Devonian dextral transpression accounts for
kilometre-scale open folds, as well as development of the regional Rocky-Brook Millstream (RBM)
shear zone. The RBM shear zone is a ~225 km-long dextral, subvertical ductile-brittle shear zone
with a component of reverse movement (van Staal and de Roo 1995; Fig. 1). Lateral displacement
estimates vary greatly, from 12 to 60 km, and heterogeneous strain along the shear zone resulted in
a splayed morphology (Dimitrov et al. 2003). At its northeastern extremity, near the Nicholas-
Denys deposit, the RBM shear zone has an ENE-WSW orientation and splays into a northern
branch, termed the Main Break, and a South Branch (Fig. 2).

2.2.2 Geology of the Bathurst Mining Camp

The current configuration of the BMC consists of four more or less coeval Middle Ordovician
tectonic blocks, the Tetagouche, California Lake, Sheephouse Brook and Fournier blocks, which
represent separate areas of the backarc rift basin, possibly different sub basins, which were later
structurally juxtaposed during Late Ordovician-Silurian basin closure (van Staal et al. 2003; Fig. 1).
Each tectonic block comprises a stratigraphic group of the same name. The Tetagouche, California
Lake and Sheephouse Brook groups consist of Ordovician volcano—sedimentary rocks underlain by
Ganderian Cambro-Ordovician passive margin sediments of the Miramichi Group. The Ordovician
volcano—sedimentary sequence comprises bimodal volcanic rocks, composed of porphyric rhyolitic
to dacitic flows and pyroclastic rocks, aphyric and crystal tuffs, tuffites, volcaniclastics, transitional
alkalic-tholeiitic basaltic pillow lavas and massive flows, intercalated with siliciclastic sedimentary

rocks.

The Fournier block, which hosts the Nicholas-Denys deposit, is considered to be a remnant of
transitional to oceanic crust marking the opening of the continental backarc rift basin into a
marginal sea (van Staal et al. 2003). The Fournier block forms the structural top of the BMC, and is
also exposed outside the camp as an inlier (Belledune-Elmtree) within Silurian sedimentary rocks
(Fig. 1). In contrast to bimodal volcanic and sedimentary rocks of the Tetagouche, California Lake
and Sheephouse Brook groups, the Fournier Group is characterized by mafic volcanic rocks,

comprising synvolcanic gabbros, oceanic pillow basalts ranging in composition from island arc
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Figure 1. Generalized geological map of the Bathurst Mining Camp (BMC) showing the four tectonic blocks,
location of massive sulphide deposits and trace of the Rocky Brook-Millstream (RBM) shear zone (modified
after van Staal et al, 2003).
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basalts (IAB) to mid-ocean ridge basalts (MORB) to ocean-island basalts (OIB), and deepwater
sedimentary rocks, comprising black shale, sandstone, wacke and minor limestone, as well as a
tectonic mélange unit (Belledune mélange). At the northern limit of the BMC, Silurian sedimentary
rocks of the Chaleurs Group unconformably overlie Ordovician volcano-sedimentary rocks, locally
occurring in fault contact along the RBM shear zone (Figs. 1 and 2). Chaleurs Group sedimentary
rocks were deposited in a forearc basin and comprise calcareous sandstone, turbiditic sandstone,
calcareous shale and laminated weakly calcareous sandstone of the Lower Silurian La Vieille and
Simpsons Field formations and Upper Silurian Laplante and Free Grant formations, respectively
(Dimitrov et al. 2004; Dimitrov and McCutcheon 2007). Ordovician and Silurian rocks are intruded
by Upper Silurian-Devonian felsic and mafic plutons, including the Nicholas-Denys granodiorite

(381 Ma; Walker et al. 1991) and Nigadoo quartz-feldspar porphyry (Fig. 2).

2.2.3 Metallogeny of the BMC

Felsic volcanic and sedimentary rocks of the Lower-Middle Ordovician Tetagouche and California
Lake groups host the majority of massive sulphide deposits in the BMC (Fig. 1). Goodfellow (2007)
and Goodfellow and McCutcheon (2003) summarize the main attributes of the BMC deposits. The
deposits occur within four stratigraphic horizons related to episodes of hydrothermal activity in a
backarc rift, dated at 478 Ma, 472470 Ma, 469—468 Ma, and 467-465 Ma (van Staal et al. 2003).
Deposits are intensely deformed, and their morphology varies from pod-like to tabular bodies, to
sheet-like lenses. The majority of BMC deposits are tabular and have an internal architecture
consisting of a proximal pyrrhotite—magnetite—pyrite—chalcopyrite vent complex and distal bedded
pyrite—sphalerite—galena to bedded pyrite. Massive sulphides are vertically and laterally zoned with
Cu/(Pb+Zn) decreasing away from the vent complex, and are typically underlain by a sulphide
stringer zone. Pod- and sheet-shaped deposits are less common in the BMC. Pods are typically Cu-
rich, and represent vent complexes lacking the distal bedded ore facies, whereas sheet-like lenses
are marked by the absence of a vent complex and metal zonation, and are considered vent-distal or

reworked deposits.

The Turgeon and Nicholas-Denys deposits are the only massive sulphide deposits known in the
Fournier Group (Fig. 1). The Turgeon deposit is located in the Belledune-Elmtree inlier and consists
of a pyrite—chalcopyrite—sphalerite sulphide lens. The Turgeon deposit occurs in pillow lavas and
gabbros of the Devereaux Formation (~464Ma) of the Fournier Group, of slightly younger
stratigraphic age than units hosting other VMS deposits in the BMC. The Cu >> Pb metal content
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and mafic composition of volcanic host rocks set the Turgeon deposit apart from siliciclastic-felsic
VMS deposits, and are similar to “Cyprus-type” mafic-hosted VMS deposits (Thurlow 1993). The
Nicholas-Denys deposit consists of pyrrhotite—sphalerite—galena sulphides and is hosted by
mudstone of the Millstream Formation (~460-455 Ma) of the Fournier Group (Fig. 1). The
Nicholas-Denys host rocks are slightly younger than siliciclastic-felsic rocks that host VMS
deposits of the Tetagouche and California Lake Groups, and mafic volcanic rocks of Devereaux
Formation that host the Turgeon deposit. The absence of volcanic rocks in the host sequence and
abundance of pyrrhotite set Nicholas-Denys apart from siliciclastic-felsic BMC VMS deposits and

from the mafic-hosted Turgeon deposit.

Outside the BMC, the Chaleurs Group hosts polymetallic veins (Fig. 2). The Nigadoo deposit
consists of a system of N- and NW-striking sphalerite—galena—chalcopyrite—pyrite—pyrrhotite—
arsenopyrite—quartz—calcite veins, which are approximately 1 m-thick and extend down to a depth
of 650 m, with a strike length of 1 km. The polymetallic Nigadoo veins cut sedimentary rocks of the
Chaleurs Group and the Nigadoo Devonian quartz-feldspar porphyritic intrusion (Davies et al.
1969), indicating the Nigadoo deposit is Devonian in age or younger. The narrower Cullinan vein
system cuts turbiditic sandstone of the Lower Silurian Simpsons Field Formation ~500 m north of
the RBM main break, and consists of NW-striking arsenopyrite—pyrite—galena—sphalerite veins up
to 0.6 m-thick, with one vein having a strike length of 240 m. Rocks of the Lower Silurian
Simpsons Field Formation are estimated to have formed during the Ludlow Age (Dimitrov et al.
2004), indicating the Cullinan vein system is Late Silurian-Early Devonian in age or younger. Both
the Nigadoo and Cullinan veins are steeply-dipping and characterized by underformed, coarse-
grained sulphides in sharp contact with foliated host rocks, indicating that the veins post-date

Devonian deformation associated with the Acadian orogeny.

2.3 Analytical methods

Twenty-three unaltered and altered samples of sedimentary rocks from the Nicholas-Denys deposit
were selected for whole rock analysis at Activation Laboratories Ltd., Ancaster, Ontario. Major
elements and trace elements Ba, Be, Sr, V and Y were analysed by Inductively Coupled Plasma -
Optical Emission Spectrometry (ICP-OES) and lithium metaborate/tetraborate fusion. Trace
elements Bi, Cs, Ga, Ge, Hf, In, Mo, Nb, Rb, Sn, Ta, Th, Tl, U and Zr and elements of the
lanthanide series were analysed by Inductively Coupled Plasma - Mass Spectrometry (ICP-MS) and
lithium metaborate/tetraborate fusion. Trace elements Au, As, Br, Co, Cr, Hg, In, Sb, Sc, Se and W
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were analysed by Instrumental Neutron Activation Analysis (INAA). Trace elements Cd, Cu, Ni, Pb
and S were analysed by ICP-OES and four acid digestion. A combination of the INAA and ICP-
OES methods with a four acid digestion were used to analyse for Ag and Zn. Organic carbon
content was determined by combustion of the samples at 1370°C followed by infrared detection of

released CO, gas.

Silicate and sulphide mineral compositions were determined using the CAMECA SX-100 electron
microprobe equipped with 5 wavelength dispersive spectrometers at Université Laval, Québec.
Analytical conditions for major elements were 15kV and 20nA, with counting times of 20s on peak
and 10s on background. Analytical conditions for trace elements in sulphide minerals were 15kV
and 100nA, with counting times of 40s on peak, and 20s on background. Natural standards from

Astimex Scientific LTD were used.

Sixty-two sulphide separates from Nicholas-Denys, two sulphide separates from Nigadoo, two
sulphide separates from Turgeon and one pyrite aggregate from the Belledune mélange unit were
hand-picked under a binocular lens and the sulphur isotope composition was determined at the G.G
Hatch Isotope Laboratories at the University of Ottawa. Samples were loaded in an elemental
analyser (EA) and were flash combusted at 1800°C. The SO, gas was introduced into the DeltaPlus
isotope ratio mass spectrometer (IRMS) for analysis. Sulphur isotope ratios are reported as &S

values relative to V-CDT (Vienna Canyon Diablo Troilite) with a precision of 0.2 per mil.

Fourteen grains of galena (~1 mm) from the Nicholas-Denys deposit, as well as one galena grain
from the Nigadoo deposit and three galena grains from the Cullinan deposit, were selected for lead
isotope ratio analysis. Samples were analysed at the GEOTOP laboratory, Université du Québec a
Montréal (UQAM). Lead isotope ratios are normalized to NBS981 with a precision (2s) of 0.003%
(*Pb/**Pb, *“’Pb/***Pb) and 0.011% (***Pb/***Pby).

2.4 Deposit geology

The Nicholas-Denys deposit occurs in black mudstone of the Middle Ordovician Millstream
Formation of the Fournier Group (Fig. 2), approximately 90 m south of the RBM South Branch.
Sandstone of the Lower Silurian Simpsons Field Formation immediately north of the RBM South
Branch is altered to hornfel by contact metamorphism due to intrusion of the Nicholas-Denys

granodiorite. The contact metamorphic aureole surrounding the Nicholas-Denys granodiorite is



12

truncated by the RBM shear zone, such that mudstone of the Millstream Formation south of the
RBM South Branch does not show the same indurated hornfel texture as the Simpsons Field
Formation north of the RBM South Branch. Along the RBM main break, lenses of calcareous
sandstone crop out, which are thought to be contemporaneous with the Late Llandovery-Wenlock
La Vieille Formation (Dimitrov, 2004). North of the RBM Main Break, the Devonian Nicholas-
Denys granodiorite and Nigadoo porphyry intrude the Chaleurs Group. Approximately 200 m south
of the Nicholas-Denys deposit, Upper Silurian-Devonian gabbros intrude black mudstone of the
Middle Ordovician Millstream and synvolcanic gabbros of the Middle Ordovician Sormany

Formation of the Fournier Group.

Rocks of the Silurian Simpsons Field and Ordovician Millstream formations are affected by a NE-
striking, subvertical, bedding-parallel foliation (S;) (Fig. 2), that is thought to be associated with
regional Devonian Acadian deformation. The S; foliation is penetrative in unaltered to weakly
altered mudstone of the Millstream Formation, whereas S; is spaced in altered and mineralized
mudstone. Two joint systems dominate the structural style of the altered and mineralized mudstone:
(1) NW-SE and NNE-SSW conjugate joints, and (2) ENE-WSW joints, parallel to the RBM shear
zone (Fig. 3). The conjugate joints are also present in Lower Silurian rocks of the Simpsons Field
Formation and elsewhere in the Millstream Formation. At the Haché showing, ENE-WSW shear
zones are present at the northern and southern contacts of altered and mineralized mudstone with
unaltered mudstone (Fig. 3). The shear zones are characterized by clockwise rotation of the NE-
striking regional S; fabric to an ENE-WSW orientation (Fig. 2), and asymmetric folding of S; into
“z’-shaped folds, indicating a dextral sense of shear, compatible with Devonian dextral

transpressive deformation along the RBM shear zone (van Staal and de Roo 1995).

The Millstream Formation mudstone consists of alternating dark grey and black beds and laminae
interlayered with medium grey siltstone laminae and 1-5% diagenetic pyrite (Fig. 4a). A mélange-
type rock occurs locally in the drill core and at the Haché showing, and consists of subrounded to
subangular siltstone clasts in a dark grey to black mudstone matrix (Fig. 4b). Coarse-grained quartz
is abundant in the Haché drill core (5-10 vol%), particularly north of the sulphide lenses and
increases in abundance with proximity to mineralization (up to 30 vol%). Quartz occurs as : (1)
patches of irregular grains with embayed margins, (2) undeformed veins in sharp contact with host
rock, (3) ptygmatically folded veins (Fig. 4b) and (4) vein fragments wrapped by S;. South of the
sulphide lenses, a ~20 m-thick sandstone bed within the Millstream Formation is in sharp contact

with mudstone (Fig. 4c) and defines the locally sub-vertical, NE-striking S, for the Millstream
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Formation (Fig. 5). The sandstone bed has a bimodal grain size distribution, characterized by 2—
20% subangular quartz grains (1-5 mm) and 50-70% subrounded quartz grains (< 1 mm) in a fine-
grained micaceous matrix (Fig. 4d). Sedimentary structures are generally absent, except for a few

graded beds and load casts which yield contrasting directions for stratigraphic polarity, indicating

folding of the host rock sequence.

Outcrop Interpreted

Mudstone ‘ ‘
Altered ‘ d

mudstone
Suphides @

Shear zone o~ ~
Joint \65
A&

Figure 3. Detailed geological map of the Haché showing. Cross-section A-A’ is shown in Figure 5.
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Figure 4. Photographs of unaltered Millstream Formation drilicore. a) Mudstone interlayered with siltstone
laminae and diagenetic pyrite. b) Subangular silistone clasts, ptygmatic quartz veins and vein fragments in
mélange unit. ¢) Sharp bedding plane between sandstone and mudstone, conformable to S1 in mudstone. d)
Sandstone cut by late calcite-quartz-pyrite vein.
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FIGURE 3

F06-03 F07-15 F06-01 F07-13

A-NNW SSE-A’

RBM South Branch 7/~~~

Chaleurs Group

Simpsons Field Formation
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Fournier Group
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[

Pb-Zn-Ag sulphides

Figure 5. Cross section of the Haché sulphide lenses (surface map of the Haché showing in Figure 3). From
north to south, DDH intersect hornfel-altered sandstone of the Simpsons Field Formation, the RBM South
Branch, three facies of altered mudstone and sulphide lenses conformable to local subvertical bedding, as
defined by the sandstone bed intercalated within unaltered mudstone of the Millstream Formation, south of the
sulphide lenses.
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Deformation textures in the Millstream Formation are heterogeneous. Mudstone beds are
characterized by a penetrative S; foliation, a crenulation foliation (S,), millimetre- to decimetre-
scale disharmonic folds, and micro-faults. Siltstone laminae are deformed into bedding-parallel
boudins. The S, foliation is discrete within the laminae/boudins, and the crenulation foliation (S,) is
absent (Fig. 6a). The crenulation foliation (S,) is also absent in the bimodal sandstone. However,
the fine-grained micaceous matrix of the sandstone shows a penetrative S; foliation, with coarse

quartz grains subtly aligned with the S; foliation (Fig. 6b).

Figure 6. Photomicrographs of unaltered Millstream Formation in polarized light. a) Mudstone interlayered with
siltstone laminae. b) Bimodal grain size sandstone consisting of subtly aligned subangular quartz fragments in
a fine-grained foliated micaceous matrix.

2.4.1 Host rock lithogeochemistry

Unaltered Millstream Formation mudstone (n=6) and sandstone (n=4) were sampled south of the
Nicholas-Denys sulphide lenses for lithogeochemical analyses (Tables 1 and 2). Mudstone samples
show a linear covariation for several major, trace and REE elements plotted against Al,O;, whereas
sandstone samples show a clustered distribution (Fig. 7). The negative covariation between SiO,
and Al,Os in mudstone samples is thought to reflect the inversely varying proportions of quartz and
clay making up the unit, and the large range in SiO, and Al,O; contents is consistent with various
proportions of siltstone laminae interlayered within mudstone beds. The large variation of TiO,, La
and Th concentrations in the mudstone samples and their positive covariation with Al,O; indicate

that Ti, La and Th are preferentially bound in the clay fraction of the mudstone. Contents of TiO,,
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La and Th in the sandstone samples are tightly clustered, suggesting the overall chemical

composition of the sandstone bed is much more uniform than that of the mudstone.
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Figure 7. Bivariate plots of selected major and trace elements for unaltered Millstream Formation samples.

2.4.2 Hydrothermal alteration

North of the sulphide lenses, diamond drill holes intersect a gradational asymmetric alteration
envelope consisting of three conformable alteration zones (Fig. 5; Table 3): (1) proximal pervasive
quartz—sericite alteration, (2) intermediate chlorite—quartz alteration and (3) distal weak alteration.
To the north, the distal weak alteration is juxtaposed with hornfel of the Simpsons Field Formation
along the RBM South Branch fault contact. South of the sulphide lenses, the pervasive quartz—

sericite alteration grades to unaltered black mudstone (Figs. 4a and 6a).



Table 1. Bulk lithogeochemical compositions of unaltered Millstream Formation mudstone.

Sample No.

wt%
SiO,
TiO,
Al,O4
Fezo3T
MnO
MgO
CaO
Nago
Kgo
P205
LOI
Total
S
TOC

ppm
Ag
As
Ba
Be
Bi
Br
Cd
Co
Cr
Cs
Cu
Ga
Ge
Hf
Hg
In
Mo
Nb
Ni
Pb
Rb
Sb
Sc
Se
Sn
Sr
Ta
Th

451667

66.00
0.59
15.41
4.46
0.08
2.19
1.60
0.10
4.86
0.12
5.31
100.70
0.92
<0.05

1.00
58.00
583.00
3.00
<0.1
<05
1.40
29.00
105.00
8.00
50.00
26.00
1.80
2.30
<1
<0.1
29.00
11.40
59.00
45.00
195.00
7.80
14.30
<05
6.00
45.00
0.60
10.40

422857

56.54
0.76
19.48
8.32
0.16
297
0.40
0.80
4.52
0.10
4.64
98.68
0.38
0.05

0.50
20.00
603.00
3.00
0.30
<05
0.50
25.60
119.00
5.90
43.00
27.00
2.30
3.00
<1
<0.1
<2
15.70
53.00
23.00
158.00
4.70
19.90
<05
3.00
51.00
1.10
14.50

422855

57.84
0.99
17.44
9.38
0.39
3.50
0.78
0.12
4.1
0.12
5.33

100.00
0.95
0.06

0.60
30.00
563.00
2.00
0.30
<0.5
0.60
27.90
93.90
5.60
52.00
26.00
2.40
4.10
<1
<0.1
<2
18.90
61.00
12.00
136.00
5.50
20.30
<0.5
8.00
30.00
1.40
14.70

451670

57.84
0.75
15.10
8.74
0.29
2.35
2.46
0.16
4.17
0.10
6.87
98.83
2.33
<0.05

7.70
223.00
800.00

3.00

1.90

<0.5

25.20
41.70
112.00

6.20

101.00
23.00

2.00

3.60

<1

0.20

<2
15.90
70.00

2690.00

145.00
10.80
20.60
<0.5
11.00
31.00

1.20
13.50

422858

66.22
0.60
13.98
4.71
0.10
3.20
4.38
0.82
2.28
0.10
3.01
99.40
0.31
<0.05

<05
5.00
224.00
3.00
<0.1
1.80
<05
9.50
139.00
7.00
18.00
19.00
1.60
2.90
<1
<0.1
12.00
11.10
46.00
14.00
105.00
4.20
16.60
<05
2.00
145.00
0.70
10.80

422851

65.51
0.49
11.24
6.87
0.15
5.07
0.76
0.05
2.68
0.06
6.03
98.92
1.28
<0.05

3.30
42.00
261.00
3.00
<0.1
1.70
1.10
17.20
127.00
7.90
95.00
18.00
1.40
2.30
<1
<0.1
8.00
9.30
59.00
99.00
110.00
27.60
14.30
<0.5
17.00
25.00
0.60
8.65

18



Table 1 continued

U 6.92 2.35 2.64 2.10 11.30 7.30
Y, 109.00 116.00 122.00 107.00 244.00 256.00
W 5.00 <1 2.00 3.00 <1 2.00
Y 13.00 26.00 30.00 26.00 19.00 23.00
Zn 498.00 114.00 99.00 1380.00 63.00 109.00
Zr 105.00 130.00 179.00 159.00 130.00 106.00
La 41.10 49.90 40.00 41.00 32.60 29.70
Ce 76.50 96.50 85.20 87.60 62.50 54.80
Pr 9.25 11.80 9.98 10.20 7.69 6.88
Nd 28.90 38.30 33.40 34.20 25.40 22.10
Sm 5.04 7.34 6.67 6.98 4.89 413
Eu 1.20 1.53 1.06 1.37 1.20 0.91
Gd 3.91 5.83 5.81 5.79 4.23 3.61
Tb 0.59 0.90 0.98 0.94 0.69 0.65
Dy 3.08 4.98 5.85 5.30 3.90 4.05
Ho 0.57 0.96 1.17 1.03 0.77 0.86
Er 1.65 2.81 3.45 3.01 2.29 2.57
Tl 2.08 1.19 1.19 1.53 1.11 1.16
Tm 0.24 0.41 0.52 0.45 0.35 0.40
Yb 1.50 2.59 3.33 2.79 2.36 2.56
Lu 0.22 0.38 0.48 0.40 0.36 0.38
ppb
Au 12 <1 <1 8 <1 <1
Ir <1 <1 <1 <1 <1 <1

Table 2. Bulk lithogeochemical compositions of unaltered Millstream Formation sandstone.

Sample No. 451640 451639 451860 451856
wit%
SiO, 73.77 74.00 73.98 72.75
TiO, 0.79 0.90 0.70 0.77
Al,O4 11.83 12.12 12.74 12.37
Fe,O5T 4.14 4.68 3.37 452
MnO 0.12 0.04 0.10 0.08
MgO 1.31 1.26 1.21 1.18
CaO 1.81 0.25 0.40 0.58
Na,O 2.18 2.09 0.23 1.16
K,0 2.59 2.31 4.10 3.07
P,0Os 0.14 0.14 0.15 0.11
LOI 1.68 2.34 3.08 3.24
Total 100.40 100.10 100.10 99.84
S 0.18 0.04 0.07 0.48
TOC <0.05 <0.05 <0.05 <0.05
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Table 2 continued

ppm
Ag <05 <05 <05 1.20
As 7.00 4.00 9.00 70.00
Ba 339.00 285.00 517.00 545.00
Be 1.00 1.00 2.00 2.00
Bi <0.1 0.10 <0.1 0.20
Br <05 <05 <05 <05
Cd <05 <05 <05 5.60
Co 9.40 9.20 9.40 12.10
Cr 76.80 74.40 67.20 93.00
Cs 5.50 2.70 6.60 3.80
Cu 14.00 14.00 18.00 45.00
Ga 17.00 16.00 17.00 18.00
Ge 1.60 1.50 1.40 1.70
Hf 9.60 10.90 8.20 9.50
Hg <1 <1 <1 <1
In <0.1 <0.1 <0.1 <0.1
Mo <2 <2 <2 <2
Nb 14.30 14.90 11.10 13.90
Ni 25.00 23.00 31.00 30.00
Pb 12.00 7.00 19.00 325.00
Rb 89.00 71.00 133.00 98.00
Sb 3.10 1.10 2.20 5.00
Sc 6.18 7.68 7.32 8.58
Se <05 <05 <05 <05
Sn 4.00 2.00 3.00 5.00
Sr 119.00 28.00 29.00 39.00
Ta 0.80 0.90 0.70 0.90
Th 9.38 10.40 10.40 11.00
U 1.76 1.89 1.89 2.12
Vv 60.00 64.00 57.00 63.00
W <1 <1 <1 <1
Y 20.00 26.00 20.00 17.00
Zn 41.00 68.00 63.00 374.00
zr 476.00 536.00 396.00 456.00
La 30.80 33.60 33.30 35.80
Ce 66.30 71.30 70.30 75.10
Pr 7.95 8.71 8.61 9.02
Nd 27.10 29.80 28.50 30.10
Sm 5.27 5.92 5.80 5.65
Eu 1.12 1.37 1.25 1.35
Gd 4.42 5.23 4.98 4.44
Tb 0.71 0.87 0.78 0.69
Dy 4.04 4.97 4.32 3.91
Ho 0.79 0.95 0.81 0.75

Er 2.34 2.73 2.34 2.22
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Table 2 continued

TI
Tm
Yb
Lu

ppb
Au
Ir

0.83
0.35
2.21
0.34

25.00
<1

0.58
0.40
2.48
0.37

<1

1.00 0.87
0.34 0.33
2.14 2.15
0.31 0.33
<1
<1
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Table 3. Bulk lithogeochemical compositions of altered Millstream Formation mudstone.

Alteration

facies

Sample No.

wt%
SiO,
TiO,
Al,O4
FezogT

MnO
MgO
CaO
Nazo
K,O
P,0s

LOlI
Total

S

TOC

ppm
Ag
As
Ba
Be
Bi
Br
Cd
Co
Cr
Cs
Cu
Ga
Ge
Hf

Unaltered
451855

57.84
0.99
17.44
9.38
0.39
3.50
0.78
0.12
4.11
0.12
5.33
100.00
0.95
0.06

0.60
30.00
563.00
2.00
0.30
<0.5
0.60
27.90
93.90
5.60
52.00
26.00
2.40
4.10

Distal

451748

53.81
0.85
22.10
6.63
0.05
2.50
0.34
1.36
4.95
0.11
5.80
98.49
1.16
<0.05

<05
33.00
817.00
3.00
0.40
1.80
0.80
33.40
186.00
6.50
51.00
31.00
1.90
4.30

Proximal Proximal
Intermediate = unmineralized mineralized
451608 451730 451703
61.62 60.85 67.46
0.57 0.61 0.27
12.79 14.61 7.15
5.69 4.79 6.54
0.23 0.16 0.40
5.98 3.64 4.53
5.33 4.58 3.88
0.62 1.17 0.62
2.78 4.05 3.35
0.12 0.16 0.07
3.06 4.26 5.93
98.78 98.89 100.20
0.42 1.24 3.23
<0.05 <0.05 <0.05
<0.5 2.40 5.40
30.00 186.00 20.00
772.00 673.00 332.00
2.00 3.00 2.00
0.10 0.10 0.10
<0.5 1.40 <0.5
<0.5 5.50 448.00
12.60 15.90 11.30
119.00 151.00 46.80
5.20 4.80 1.20
39.00 87.00 46.00
18.00 20.00 25.00
2.60 1.60 <0.5
2.90 2.70 1.20




Table 3 continued
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Hg
In
Mo
Nb
Ni
Pb
Rb
Sb
Sc
Se
Sn
Sr
Ta
Th

<=<cC

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

ppb
Au
Ir

<1
<0.1
<2
18.90
61.00
12.00
136.00
5.50
20.30
<05
8.00
30.00
1.40
14.70
2.64
122.00
2.00
30.00
99.00
179.00
40.00
85.20
9.98
33.40
6.67
1.06
5.81
0.98
5.85
1.17
3.45
1.19
0.52
3.33
0.48

<1
<1

<1
<0.1
6.00
14.00
80.00
28.00
184.00
1.00
25.00
<05
3.00
90.00
1.00
16.20
6.31
125.00
<1
25.00
93.00
159.00
56.00
104.00
13.00
39.00
6.78
1.48
5.43
0.87
4.82
0.93
2.72
1.06
0.39
2.47
0.36

<1
<1

<1
<0.1
6.00
10.60
36.00
21.00
94.00
5.10
14.30
<05
14.00
157.00
0.70
10.80
7.29
224.00
<1
25.00
81.00
130.00
35.10
69.80
8.57
28.00
5.67
1.53
4.93
0.81
4.64
0.90
2.62
1.19
0.38
2.40
0.34

9.00
<1

<1
<0.1
6.00
11.00
53.00
231.00
114.00
7.80
17.10
<0.5
23.00
186.00
0.70
11.00
6.17
201.00
4.00
20.00
385.00
123.00
35.40
67.80
8.33
27.50
5.19
1.24
4.27
0.67
3.7
0.72
2.15
0.90
0.32
2.03
0.31

18.00
<1

<1
2.10
10.00
4.00
19.00
144.00
117.00
15.50
7.02
<05
33.00
48.00
0.30
2.90
2.20
111.00
<1
12.00
34 300.00
56.00
9.55
18.60
2.34
8.30
1.90
0.75
1.90
0.34
2.06
0.42
1.19
1.74
0.17
1.01
0.14

34.00
<1

Among the six samples of unaltered mudstone collected south of the sulphide lenses, sample

451855 was selected as the mudstone protolith based on small mass gains calculated for all other

‘unaltered’ samples when compared to it. TiO,, Zr, Nb, Pr, Sm, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu

and Ta were determined to be the least mobile elements as they consistently form regression lines

with correlation coefficients > 0.9 when plotting individual unaltered samples against each other.
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Based on this suite of immobile elements, changes in mass and element concentration were
calculated for representative samples from each alteration zone against the mudstone protolith

451855 using Gresen’s method (Grant 1986; Fig. 8).

The distal weak alteration zone is not distinguished petrographically from unaltered mudstone (Fig.
6a), yet a typical sample from this zone (451748) demonstrates a slight mass gain (18%) compared
to the mudstone protolith, enrichments of > 50% in Be, Na,O, Cr, Ni, Rb, Sr, Ba, La, Pb and U and
depletions of > 50% in MnO, Sn and Sb.

The gradual appearance of Mg—chlorite and quartz marks the petrographic transition from the distal
weak alteration zone to the intermediate alteration zone. The intermediate chlorite—quartz alteration
is preferentially developed in siltstone laminae/boudins, although some quartz alteration in
micaceous domains is also found (Fig. 8a). In siltstone domains, equant chlorite and quartz grains
are present in approximately equal proportions (Fig. 8b). The quartz and chlorite grains appear
undeformed, indicating either (1) low strain deformation of these minerals or (2) a granoblastic
texture following recrystallization. A representative sample from the intermediate zone (451608)
demonstrates a 38% mass gain compared to the mudstone protolith (Fig. 8c). Similar to distal-
altered mudstone, gains in Na,O, Cr, Sr, Pb and U are noted in addition to significant enrichments
in MgO, CaO, V, Sn and Ba. The 137% and 47% increases in MgO and SiO,, respectively, are

consistent with the chlorite and quartz alteration mineralogy.

The proximal quartz—sericite alteration is developed immediately north and south of the sulphide
lenses (Fig. 5). Ubiquitous quartz and the disappearance of chlorite mark the transition from the
intermediate to proximal alteration facies. Fine-grained quartz with interstitial sericite is pervasive
throughout both micaceous and siltstone domains of the mudstone (Fig. 8d). Most quartz grains
have irregular, embayed margins and undulose extinction, indicating extensive dissolution and
precipitation, although elongate quartz grains defining a discrete foliation are observed locally (Fig.
8e). Based on mapping of the Haché showing, the pervasive quartz—sericite alteration corresponds
to the altered mudstone block between the two ENE-WSW shear zones (Figs. 3 and 5). As such, the
foliation defined by the quartz grains likely corresponds to the S, foliation, indicating quartz
alteration predates Devonian deformation along the RBM shear zone. A typical altered sample from
the proximal alteration zone (451730) demonstrates a 55% mass gain compared to the mudstone
protolith. Element enrichments are similar to those for the intermediate alteration zone (Na,O,
MgO, CaO, V, Cr, Sr, Sn, Ba, Pb and U), in addition to 64% and 53% increases in SiO, and K,0,

respectively, and these are compatible with the quartz—sericite alteration mineralogy. A mineralized
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sample from the proximal alteration zone (451703) (Table 3) demonstrates a mass gain of 255%

relative to the mudstone protolith, and has a comparable geochemical signature to the first

unmineralized sample (451730), with additional enrichments in Be, S, MnO, Fe,0s, Cu, Zn, Ga, As
and TI (Fig. 8f).
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Figure 8. Photomicrographs (a, b, d, and e) and isocon mass balance plots (c and f) of altered mudstone. a)
and b) Intermediate chlorite—quartz alteration in polarized (a) and plane (b) light. d) and e) Foliated proximal
pervasive quartz—sericite alteration in polarized light. c) and f) Changes in mass and element concentrations
(changes > 50% are labelled) for intermediate (c) and proximal (f) alteration.

Three phases of late alteration are documented at the Nicholas-Denys deposit (Fig. 9). Quartz (+/-
chlorite, pyrite) veins cut the host Millstream Formation (Figs. 8a and 8d), as well as Simpsons
Field Formation hornfels north of the RBM South Branch (Fig. 9a). Quartz (+/- chlorite, pyrite)
veins are cut by epidote veins (Fig. 9b). Euhedral epidote crystals occur as (1) veins (+/- quartz,
chlorite, calcite) which cut altered mudstone of the Millstream Formation in the proximal alteration
zone (Fig. 9b) and hornfels of the Simpsons Field Formation north of the RBM South Branch, and
as (2) replacement of altered mudstone in the intermediate and proximal alteration zones (Fig. 9c)
as well as of siltstone laminae in the distal alteration zone. Finally, calcite (+/- quartz, pyrite) veins
cut epidote (+/- quartz, chlorite, calcite) alteration (Fig. 9d). Calcite veins occasionally carry

angular fragments of mudstone, indicating brecciation occurred as late as post-calcite alteration.
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Figure 9. Photomicrographs of late alteration phases in polarized light. a) Pyrite (+/- quartz, chlorite) vein
cutting hornfel of the Simpsons Field Formation. b) Epidote (+/- chlorite, calcite, quartz) vein cutting quartz (+/-
pyrite, chlorite) vein and altered mudstone of the proximal zone. c) Epidote replacement of quartz—sericite
altered mudstone of the proximal zone. d) Calcite (+/- quartz, pyrite) vein cutting epidote and quartz grains.

2.4.3 Mineralization

The deposit comprises four Pb—Zn—Ag showings (Henry, Haché, Shaft and Pine Tree; Fig. 2).
Mineralization outcrops at the Haché, Shaft and Pine Tree showings as gossans, whereas
mineralization at Henry does not crop out. The showings occur over a strike length of 5.4 km along
an ENE-WSW orientation, parallel to the S; foliation in the RBM shear zone (Fig. 2). Detailed
mapping of the Haché showing shows mineralization occurs as several sheared, boudinaged, ENE—

WSW-striking, locally folded, and offset sulphide lenses (Fig. 3).
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Subvertical, semi-massive to massive sulphide lenses are intersected by diamond drill holes to a
depth of 450 m (Fig. 5). Sulphide lenses are 6 to 20 m thick and consist of multiple mineralized
intervals 0.1 to 1 m-thick separated by intervals of quartz—sericite altered, weakly mineralized (<
5% disseminated sulphides) mudstone. Mineralized intercepts may represent multiple sulphide-rich

intervals (Fig. 5) or intercepts of a single folded sulphide lens.

The sulphide lenses grade on average 1.43% Zn, 0.70% Pb, 95g/t Ag and 0.53g/t Au, with indicated
and inferred resources of 0.8 Mt for the Haché showing (Turcotte and Pelletier 2008). Massive
sulphides (70-100 vol%) consist of pyrrhotite, sphalerite and galena forming wispy, centimetre-
scale, bands conformable to the S, foliation in the quartz—sericite-altered host mudstone (Fig. 10a).
Breccias of semi-massive to massive sulphides (20-70 vol%) are the most common type of
mineralization, and consist of angular fragments of quartz—sericite-altered mudstone, centimetre-
scale coarse-grained quartz veins and millimetre-scale subrounded quartz grains in a matrix of fine-
grained pyrrhotite—sphalerite—galena (Figs. 10b and 10c). Disseminated mineralization is
characterized by interstitial aggregates of pyrrhotite—sphalerite—galena both above and below semi-
massive and massive sulphide intervals (Fig. 10d). Veins of pyrrhotite—sphalerite—galena cut and
infiltrate along the S; foliation in the mudstone in a few places (Fig. 10e). Locally, pyrrhotite—
sphalerite—galena occurs as replacement of epidote-altered mudstone (Figs 9c and 10f), suggesting
post-depositional sulphide remobilization took place. Arsenopyrite occurs throughout massive and
semi-massive zones as individual euhedral crystals (Fig. 11c) or veinlets rimming pyrrhotite—
sphalerite—galena massive sulphides. Pyrite occurs as foliated diagenetic pyrite grains interlayered
within the S; foliation of the mudstone (Fig. 4a), and as coarse-grained aggregates replacing

pyrrhotite (Figs. 10a and 10b).

Massive sulphides typically consist of fine-grained anhedral pyrrhotite with interstitial sphalerite
which forms irregular, subrounded aggregates with embayed margins, although elongate sphalerite
aggregates locally define a ductile foliation parallel to the S; foliation (Fig. 11a). In a few places,
sphalerite occurs as the main sulphide phase, and hosts irregular, subrounded aggregates of
pyrrhotite. Walker et al. (2006) reported rounded, irregular pyrite grains with embayed margins at
the deformed Orvan Brook deposit in the California Lake Group of the BMC, and interpreted the
texture to result from tectonic dissolution and reprecipitation of the sulphide. The polygonal

annealed texture of pyrrhotite (Fig. 11b) suggests pyrrhotite recrystallization has taken place
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Figure 10 (previous two pages). Photographs of Nicholas-Denys sulphides in drill core. a) Massive banded
pyrrhotite—sphalerite conformable to So/S1 foliation in host mudstone. b) Wispy bands and irregular aggregates
of fine-grained pyrrhotite—sphalerite—galena within brecciated, quartz-altered mudstone. Late irregular
aggregates of pyrite replacing pyrrhotite in a and b). c) Sphalerite aggregate interspersed with subrounded
quartz grains adjacent to disseminated pyrrhotite—sphalerite—galena in quartz-altered mudstone. d)
Disseminated pyrrhotite—sphalerite in heavily quartz-altered mudstone. e) Pyrrhotite—sphalerite vein cutting
and infiltrating So/S1 foliation in host mudstone. f) Pyrrhotite—sphalerite—galena replacement of epidote-altered
mudstone.

Figure 11. Photomicrographs of Nicholas-Denys sulphide textures in reflected light. a) Elongate sphalerite
aggregates within massive anhedral pyrrhotite defining the Si1 ductile deformation fabric. b) Aggregates of
polygonal pyrrhotite grains within massive anhedral sphalerite. ¢) Pyrrhotite and sphalerite forming irregular
aggregates with embayed margins within coarse-grained, cubic galena with disseminated euhedral grains of
arsenopyrite and subrounded fine-grained aggregates of chalcopyrite. d) Galena—freibergite—stannite
inclusions in massive sphalerite.
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locally. Coarse, cubic galena aggregates locally occur as the main sulphide phase (Fig. 11c¢), but
more commonly occur with stannite and freibergite in interstices of massive pyrrhotite and
sphalerite (Fig. 11d). Arsenopyrite occurs as fractured, euhedral grains (Fig. 11c). Traces of
chalcopyrite occur as irregular aggregates within massive pyrrhotite—sphalerite—galena (Fig. 11c),

more commonly at the boundaries between pyrrhotite and sphalerite or pyrrhotite and galena.

Electron microprobe analyses for thirteen samples of five Nicholas-Denys sulphides are presented
in Table 4. Silver at Nicholas-Denys is largely hosted by freibergite
(Ags.21Cug77Fe 827210 20)(Sbs 9sSng 01 AS.01)S13 and galena with 0.026-0.479 wt% Ag. Almost all
sulphide analyses report gold values below the lower detection limit of 0.01 wt%, with the
exception of two galena analyses of 0.26 wt% Au and 0.06 wt% Au, suggesting gold distribution is

non uniform among sulphide species, and may be principally bound in galena.

To summarize the paragenetic sequence for alteration and sulphide minerals at Nicholas Denys, the
conformable relationship of banded sulphides to the ENE-WSW bedding-parallel S, foliation (Fig.
10a), in addition to the presence of foliated quartz grains in the proximal alteration zone (Figs. 8d
and 8e), indicate that mineralization and hydrothermal alteration occurred prior to Devonian ENE—
WSW RBM shearing (Fig. 12). Three generations of late alteration cut S; in the hydrothermally
altered mudstone (Figs. 8a, 8d and 9): quartz (+/-chlorite, pyrite) veins are cut by epidote (+/-
quartz, chlorite, calcite) veins, which in turn are cut by calcite (+/- quartz, pyrite) veins. The
occurrence of pyrrhotite—sphalerite—galena as (1) veins cross-cutting the bedding-parallel S;
foliation (Fig. 10e) and (2) replacement of epidote-altered mudstone beds (Fig. 10f) suggests
sulphide remobilization occured slightly after epidote alteration. Two types of breccias are
observed: (1) epidote-altered mudstone breccia in a sulphide matrix (Fig. 9¢) and (2) mudstone
breccia in a calcite matrix. This suggests brecciation may have been contemporaneous with sulphide

remobilization and calcite alteration, or post-dates calcite alteration.



Table 4. Electron microprobe analyses of sulphides.

Table 4.1 Major and trace elements in arsenopyrite.
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Sample No.  6374-5  6373-1 6373-2  6055-4 6058-5  6053-1 6053-2  6040-4 6039-2
Wit%
Sb 0.024 0.131 0.09 0.063 0.019 0.018 0.054 0.245 0.015
Sn BDL BDL BDL BDL BDL 0.003 0.005 BDL BDL
Ag BDL BDL BDL BDL BDL BDL 0.002 BDL 0.004
Au BDL BDL BDL BDL BDL BDL BDL BDL BDL
Pb BDL BDL 0.037 BDL BDL BDL BDL BDL BDL
Fe 35 35 35 35 35 35 35 35 35
S 22 22 22 22 22 22 22 22 22
As 43 43 43 43 43 43 43 43 43
Total 100.024 100.131 100.127 100.063 100.019 100.021 100.061 100.245 100.019
At%
Sb 0.011 0.057 0.039 0.027 0.008 0.008 0.023 0.107 0.007
Sn BDL BDL BDL BDL BDL 0.001 0.002 BDL BDL
Ag BDL BDL BDL BDL BDL BDL 0.001 BDL 0.002
Au BDL BDL BDL BDL BDL BDL BDL BDL BDL
Pb BDL BDL 0.009 BDL BDL BDL BDL BDL BDL
Fe 33.211 33.196 33.199 33.206 33.212 33.212 33.206 33.179 33.212
S 36.364 36.347 36.35 36.358 36.365 36.365 36.359 36.329 36.365
As 30.414 30.4 30.403 30.409 30.415 30.415 30.409 30.385 30.415
Table 4.2 Major and trace elements in galena.
Sample No.  6370-4 6370-5 6374-1  6055-2  6059-1 6058-3 6053-4 6040-5 6039-5 6039-7
Wit%
Sb 0.214 0.11 0.409 0.265 0.04 0.056 0.308 0.312 0.194 0.511
Sn 0.031 0.043 0.099 0.021 0.047 0.012 0.051 0.036 0.047 0.035
Ag 0.162 0.083 0.337 0.213 0.321 0.026 0.24 0.234 0.142 0.479
Bi BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL
As BDL BDL 0.011 0.001 BDL 0.001 0.005 BDL 0.006 BDL
Pb 86.6 86.6 86.6 86.6 86.6 86.6 86.6 86.6 86.6 86.6
S 13.4 13.4 134 13.4 13.4 134 134 134 134 134
Total 100.407 100.236 100.856 100.5 100.408 100.095 100.604 100.582 100.389 101.025
At%
Sb 0.209 0.108 0.398 0.259 0.039 0.055 0.301 0.305 0.19 0.497
Sn 0.031 0.043 0.098 0.021 0.047 0.012 0.051 0.036 0.047 0.035
Ag 0.179 0.092 0.37 0.235 0.354 0.029 0.265 0.258 0.157 0.525
Bi BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL
As BDL BDL 0.017 0.002 BDL 0.002 0.009 BDL 0.01 BDL
Pb 49.79 49.878 49.557 49.741  49.779 49.95 49.687 49.7 49.798 49.471
S 49.791 49.879 49.558  49.742 49.78 49.952 49.688 49.702 49.799 49.472




Table 4.3 Major and trace elements in pyrrhotite.
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Sample No.  6370-2 6370-3 6049-1 6055-1 6059-3 6058-2 6058-4 6053-5  6040-1
Wit%
Sb BDL BDL 0.018 0.099 0.582 BDL BDL 0.652 0.002
Sn BDL BDL BDL 0.004 0.007 BDL BDL 0.003 BDL
Ag BDL BDL 0.001 0.016 0.127 BDL 0.005 0.103 BDL
Au BDL BDL BDL BDL BDL BDL BDL BDL BDL
As BDL 0.007 0.006 0.01 0.004 0.013 BDL 0.011 0.004
Ni 0.034 0.013 0.004 0.011 BDL BDL 0.007 0.015 BDL
Fe 65.5 65.5 65.5 65.5 65.5 65.5 65.5 65.5 65.5
S 34.5 345 345 34.5 34.5 34.5 345 34.5 34.5
Total 100.034 100.02 100.029 100.14 100.72 100.013 100.012 100.784 100.006
At%
Sb BDL BDL 0.007 0.036 0.212 BDL BDL 0.238 0.001
Sn BDL BDL BDL 0.002 0.003 BDL BDL 0.001 BDL
Ag BDL BDL BDL 0.006 0.052 BDL 0.002 0.042 BDL
Au BDL BDL BDL BDL BDL BDL BDL BDL BDL
As BDL 0.004 0.003 0.006 0.002 0.008 BDL 0.006 0.002
Ni 0.026 0.01 0.003 0.009 BDL BDL 0.006 0.011 BDL
Fe 52.137 52.144 52.144 52.12 52.011 52.147 52.147 51.995 52.149
S 47.837 47.843 47.843 47.821 47.721 47.845  47.846 47.706 47.848
Table 4.3 continued
Sample No.  6040-3  6039-1 6039-4
Wit%
Sb BDL BDL BDL
Sn BDL 0.017 BDL
Ag BDL BDL BDL
Au BDL BDL BDL
As 0.002 BDL 0.005
Ni BDL 0.012 BDL
Fe 65.5 65.5 65.5
S 345 345 34.5
Total 100.002 100.029 100.005
At%
Sb BDL BDL BDL
Sn BDL 0.006 BDL
Ag BDL BDL BDL
Au BDL BDL BDL
As 0.001 BDL 0.003
Ni BDL 0.009 BDL
Fe 52.15 52.143 52.149
S 47.849 47.842 47.848




Table 4.4 Major and trace elements in sphalerite.

Sample No. 6370-1 6374-2 6373-3 6373-4 6049-2 6047-1 6043-1 6055-3 6059-2
Wit%
Sn BDL 0.002 BDL BDL 0.002 0.001 0.002 0.058 BDL
Ag BDL BDL 0.007 BDL BDL BDL BDL 0.079 0.025
Pb BDL BDL BDL BDL BDL BDL BDL 0.056 BDL
As 0.005 BDL 0.010 0.018 0.008 BDL BDL BDL 0.003
Fe 13.3 13.3 13.3 13.3 13.3 13.3 13.3 13.3 13.3
S 30.3 30.3 30.3 30.3 30.3 30.3 30.3 30.3 30.3
Zn 54.2 54.2 54.2 54.2 54.2 54.2 54.2 54.2 54.2
Mn 1.9 1.9 1.9 1.9 1.9 1.9 1.9 1.9 1.9
Total 99.705 99.702 99.717 99.718 99.710 99.701 99.702 99.893 99.728
At%
Sn BDL 0.001 BDL BDL 0.001 BDL 0.001 0.024 BDL
Ag BDL BDL 0.003 BDL BDL BDL BDL 0.036 0.011
Pb BDL BDL BDL BDL BDL BDL BDL 0.013 BDL
As 0.003 BDL 0.007 0.012 0.005 BDL BDL BDL 0.002
Fe 11635 11.635 11.634 11.634 11.634 11635 11.635 11.627 11.634
S 46.172 46.174 46.169 46.168 46.171 46.174 46.173 46.140 46.168
Zn 40.500 40.501 40.498 40.497 40.499 40.501 40.501 40.472 40.496
Mn 1.69 1.69 1.69 1.69 1.69 1.69 1.69 1.69 1.69
Table 4.4 continued
Sample No. 6058-1 6053-3 6040-2 6040-7 6039-3
Wit%
Sn BDL BDL BDL 0.001 0.007
Ag BDL 0.006 BDL BDL BDL
Pb BDL BDL BDL BDL BDL
As 0.003 BDL BDL 0.012 BDL
Fe 13.3 13.3 13.3 13.3 13.3
S 30.3 30.3 30.3 30.3 30.3
Zn 54.2 54.2 54.2 54.2 54.2
Mn 1.9 1.9 1.9 1.9 1.9
Total 99.703 99.706 99.700 99.713 99.707
At%
Sn BDL BDL BDL BDL 0.003
Ag BDL 0.003 BDL BDL BDL
Pb BDL BDL BDL BDL BDL
As 0.002 BDL BDL 0.008 BDL
Fe 11.635 11.635 11.635 11.634 11.635
S 46.173 46.172 46.174 46.170 46.172
Zn 40.501 40.500 40.501 40.498 40.500
Mn 1.69 1.69 1.69 1.69 1.69
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Table 4.5 Major and trace elements in freibergite.

Sample No.

Wit%

S
Pb
Ag
Sn
Sb
Co

Ni
Au
Fe
Cu
Zn
As
Total

At%

Pb
Ag
Sn
Sb
Co
Ni
Au
Fe
Cu
Zn
As

6040-6

22.508
BDL
19.163
0.074
26.176
0.016
BDL
BDL
5.780
22.929
0.864
0.058
97.568

44.603
BDL
11.288
0.040
13.661
0.017
BDL
BDL
6.576
22.927
0.840
0.049

6039-6

22.707
BDL
18.391
0.063
26.331
BDL
BDL
BDL
5.499
23.944
1.032
0.092
98.059

44.603
BDL
10.739
0.033
13.621
BDL
BDL
BDL
6.202
23.731
0.994
0.077

6374-3

22.492
BDL
18.620
0.140
26.167
0.001
0.002
BDL
5.257
23.005
1.109
BDL
96.793

44.870
BDL
11.042
0.075
13.747
0.001
0.002
BDL
6.021
23.157
1.085
BDL
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Table 4.6 Major and trace elements in stannite.

Sample No.

Wit%

S
Pb
Ag
Sn
Sb
Co

Ni
Au
Fe
Cu
Zn
As
Total

At%

Pb
Ag

Sb
Co
Ni
Au
Fe
Cu
Zn
As

6374-4

29.339
BDL
0.084
25.525
0.066
BDL
BDL
BDL
11.413
29.073
2.791
0.025
98.316

49.830
BDL
0.042
11.710
0.029
BDL
BDL
BDL
11.129
24.915
2.325
0.018
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Figure 12. Paragenetic sequence for the Nicholas-Denys deposit.

2.4.4 Sulphur isotopes

The sulphur isotope composition of 62 mineral separates of pyrrhotite, sphalerite, galena, pyrite and
arsenopyrite from Nicholas-Denys massive sulphides was measured (Table 5). §*'S values of
Nicholas-Denys sulphides have a narrow range (+0.9 to +4.8%o), with a mean value of +2.9%0 +
0.7%e.. Differences between 834SSphalen»te and 834Sgalena and between ESMSpyrrhoﬁte and &° 4Sgalena using the
fractionation of Li and Liu (2006) yield one temperature estimate of 320°C, three estimates between
550°C and 675°C and one estimate of 943°C (Table 5). The scattered and geologically unreasonable
temperature estimates (> 550°C) suggest isotopic disequilibrium prevailed for the Nicholas-Denys
pyrrhotite—sphalerite—galena sulphide assemblage (Ohmoto and Goldhaber 1997). At isotopic
disequilibrium, 534Ssphalerite =~ 834Sgalena ~ 8*Sins (Ohmoto 1986), and the inferred 5**Sypps for

Nicholas-Denys would be about +2.8%o.
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Table 5. Sulphur isotope compositions and temperature estimates for sulphides of the Fournier and Chaleurs
groups.

8348 (%O)CDT
Sample No. Po Sp Gn Apy Py T(°C)spga  T(°C)po-ga
Belledune mélange 461657 25.3
Turgeon 451756 7.0
451756 6.9
Nicholas-Denys 451708 3.2 1.9 554
451676 3.1 2.7
451616 2.7 24
451630 3.6 1.4 3.9
451625 3.1 3.1 21 35 32 587 670
451622 3.9 35
451663 3.5 3.8 36 34
451665 32 3.1;28 2.7
451641 2.8
451674 2.7 2.8 3.1
451731 1.8 29
451675 3.2 2.7
451679 43 22 4.8 320
451613 3.2 2.8
451619 23
451632 3.1 3.1
451732 1.7 36 3.1 invalid
451685 34 0.9
451644 2.4 27 23
451648 3.1 2.6 3.3 943
451703 1.3 2.0
451856 3.6 3.5 34 >2000°C
451601 3.6
451717 1.2
451724 25 23
451727 2.8
451753 25 0.9
Nigadoo 451755 2.0 1.4
Cullinan 451658 2.1 -3.2 -08 041

The sulphur isotope composition of Nicholas-Denys sulphides is different from that of siliciclastic-
felsic VMS deposits hosted by the Tetagouche Group of the BMC, which have §*S values ranging
from +10 to +20%o, (Fig.13; Tupper 1960; Goodfellow and Peter 1996; Walker et al. 2006). The
sulphur isotope composition for siliciclastic-felsic VMS deposits hosted by the California Lake
Group is intermediate between Tetagouche Group VMS deposits and the Nicholas-Denys deposit,
ranging from +3 to +11%o (Tupper 1960; Walker et al. 2006). The sulphur isotope composition of
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the mafic rock-hosted VMS Turgeon deposit in the Fournier Group is ~+7%o (Table 5). The
Nigadoo and Cullinan veins hosted by Silurian rocks of the Chaleurs Group and Devonian Nigadoo
intrusive have &°'S values ranging from -3 to +2%o (Table 5), lower than those of the Nicholas-

Denys deposit.

Tetagouche Group
Brunswick 12 A
Stratmat A
Brunswick 6
Heath Steele A-1
Heath Steele B-1 A

California Lake Group
Clearwater
Caribou A

Armstrong Brook I
California Lake —A'7

Orvan Brook
A

Ordovician seawater

Fournier Group
Turgeon A

Nicholas-Denys f

Silurian-Devonian veins
Cullinan

Nigadoo

>

034s (permil)

Figure 13. Bar plots of sulphur isotope compositions for sulphides from siliciclastic-felsic VMS deposits of the
Tetagouche and California Lake Groups (Tupper 1960; Goodfellow and Peter 1996; Walker et al. 2006), from
the Turgeon mafic rock-hosted VMS and Nicholas-Denys deposits of the Fournier Group, and for the Silurian-
Devonian rock-hosted polymetallic Cullinan and Nigadoo veins. Range of sulphur isotope composition for
Ordovician seawater sulphates (grey rectangle) based on diagenetic pyrite from the Belledune mélange of the
Fournier Group and barite from the BMC (Goodfellow and Peter 1996), and on estimated global evaporite
composition (Claypool et al. 1980). Line extremities indicate maximum and minimum values and arrow
indicates mean value.

2.4.5 Lead isotopes

The lead isotope data for nine galena samples from the Nicholas-Denys deposit yield homogeneous
values for "Pb/™Pb (18.10-18.16), *“’Pb/***Pb (15.54-15.59) and ***Pb/*Pb (38.00-38.11)
(Table 6). The Nicholas-Denys galena lead isotope ratios plot between the Orogene and Mantle lead
evolution curves (Zartman and Doe 1981), forming a linear array with a slope of 0.31 (Fig. 14).
The lead isotope composition of Nicholas-Denys galena is less radiogenic than that of (1) BMC
siliciclastic-felsic VMS deposits of the Middle Tetagouche Group, (2) the mafic-volcanic Turgeon
VMS deposit of the Middle Ordovician Fournier Group and (3) the Cullinan and Nigadoo veins in
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Silurian rocks of the Chaleurs Group and the Devonian Nigadoo porphyry (McCutcheon et al. 1993;

R. Thorpe, personal communication to G. Beaudoin).

Table 6. Lead isotope ratios for galenas of the Fournier and Chaleurs groups.

Sample no.  P°Pb/2™Pb  2"Pb/™Pb  Z*Pb/**Pb
Nicholas-Denys 451625 18.11 15.55 38.05
451856 18.10 15.57 38.08

451679 18.10 15.57 38.10

451632 18.12 15.58 38.11

451708 18.11 15.56 38.05

451749 18.10 15.54 38.00

451732 18.12 15.57 38.10

451630 18.12 15.57 38.08

451648 18.11 15.56 38.09

189274 18.11 15.56 38.07

183975 18.10 15.56 38.09

190397 18.11 15.57 38.13

189284 18.11 15.57 38.08

135487 18.06 15.55 38.08

Nigadoo 451751 18.16 15.59 38.06
1 18.14 15.56 38.01

2 18.14 15.56 38.01

Cullinan 451658 18.16 15.59 38.12

2.5 Discussion

Determination of the timing of mineralization at Nicholas-Denys is hindered by deformation
affecting the deposit. Most VMS deposits of the BMC have experienced deformation related to
Silurian subduction and collision (van Staal et al. 2003), demonstrating that mineralization predates
closure of the backarc basin. Moreover, preservation of bedded sulphide textures at most VMS
deposits of the BMC indicates their syngenetic nature (Goodfellow and McCutcheon 2003).
Nicholas-Denys sulphide lenses and alteration zones are conformable relative to bedding (Fig. 5),
but no bedded sulphides are preserved. The proximity of the Nicholas-Denys deposit to the RBM
shear zone (Figs. 1 and 2) has resulted in substantial late Devonian shearing of sulphides (Figs. 3,
10a and 11a) that has obliterated primary geological features of the deposit. Macroscopic features of
the Nicholas-Denys deposit, such as clockwise rotation of the S; foliation to an ENE-WSW
orientation and the ENE-WSW orientation of sulphide lenses (Figs. 2 and 3), are consistent with
ENE-WSW RBM deformation, and constrain the timing of mineralization at Nicholas-Denys to

pre-Devonian deformation during the Acadian orogeny.
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Figure 14. Lead isotope ratio plots for the siliciclastic-felsic VMS deposits of the Tetagouche and California
Lake Groups, for the Turgeon mafic rock-hosted VMS (McCutcheon et al. 1993; R. Thorpe, personal
communication to G. Beaudoin) and Nicholas-Denys deposits of the Fournier Group and for Silurian-Devonian
rock-hosted polymetallic Nigadoo and Cullinan veins. a) 2’Pb/2**Pb vs 2°Pb/**Pb diagram. b) 2°®Pb/**Pb vs
2%pp/2*Pp diagram. Lead evolution curves for the Upper Crust, Orogene and Mantle reservoirs from Zartman
and Doe (1981).
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2.5.1 Provenance of sediments

Unaltered Millstream Formation sandstone and mudstone samples from the Nicholas-Denys deposit
were plotted in the tectonic setting discrimination diagrams of Bhatia and Crook (1986), which use
elements thought to remain immobile during hydrothermal alteration. Based on Ti/Zr and La/Sc
ratios, Millstream Formation sandstone samples plot in the active continental margin field whereas

the higher Ti/Zr ratios in mudstone samples places them near the oceanic island arc field (Fig. 15).
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Figure 15. Sedimentary rock tectonic setting discriminant plot for unaltered Millstream Formation samples
from the Nicholas-Denys deposit. Fields are from Bhatia and Crook (1986).

The Zr/TiO, versus Ni diagram is useful for differentiating between sedimentary rocks derived from
igneous and sedimentary sources, with Ni content indicating the degree of fractionation of the
igneous source (Rogers et al. 2003). Mudstone samples straddle the boundary between the
sedimentary and igneous fields, suggesting mixing of sedimentary rock detrital material with a
relatively mafic (high Ni content) igneous sediment source, whereas lower Ni values and higher
Zr/TiO; ratio in sandstone samples suggest a dominantly sedimentary rock source (Fig. 16a). This is
consistent with the Cr/Nb versus Ni/Nb diagram, in which values for mudstone and sandstone
samples suggest mixing between intermediate island arc and typical N-MORB signatures, with a

more pronounced N-MORB affinity for mudstone samples (Fig. 16b).
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The binary distribution of mudstone and sandstone samples in diagrams of Figures 15 and 16
indicates two different sediment sources. The sharp primary contact between the sandstone bed and
adjacent mudstone in drill core (Fig. 4c) suggests an abrupt change in sedimentation regime. Load
casts in mudstone suggest rapid burial of muds by sand, before mudstone dewatering and
compaction took place (Boggs 2001). The inferred continental margin tectonic setting from Figure
15, geochemical similarity with samples of the Miramichi Group in sediment provenance diagrams
(Fig. 16), textural immaturity (Fig. 6b) and abrupt change in sedimentation suggest that the
Nicholas-Denys sandstone unit is a gravity-driven deposit triggered by a slope instability along the
Ganderian continental margin, or a fault-scarp derived turbiditic deposit from a nearby uplifted

basement block.

Lithogeochemical compositions of Nicholas-Denys mudstone samples suggest a combination of
sedimentary- and igneous-derived material. The Ganderian continental margin and remnant
volcanic arc are considered regional sediment sources for the BMC (Rogers et al. 2003), and would
have contributed sedimentary and igneous detritus during sedimentation of mudstone at Nicholas-
Denys. The mafic igneous sediment source suggested by high Ni content in Nicholas-Denys
mudstone samples is consistent with the interpretation that the Fournier Group is a remnant
fragment of oceanic crust which provided a locally-derived igneous sediment source for the
Millstream Formation mudstone. However, Rogers et al. (2003) noted that deep oceanic mafic
volcanism associated with formation of an oceanic crust would not likely provide considerable
detritus for sedimentation. van Staal et al. (2003) proposed that the obducted and eroded ophiolitic
basement of an older, uplifted volcanic arc was a regional source of igneous mafic sediments, a
source of sediments compatible with the oceanic island arc field characterizing Nicholas-Denys
mudstone samples in Figure 15. The multiple sediment sources proposed for the Millstream
Formation (remnant volcanic arc, Ganderian continental margin and obducted ophiolite) are
consistent with the intermediate character of Nicholas-Denys mudstone and sandstone samples in
Figure 16b, plotting between sediments derived from island arcs and sediments derived from

midocean ridge basalts.
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Figure 16. Sediment provenance disciminant plots for unaltered Millstream Formation samples from the
Nicholas-Denys deposit. a) Zr/TiO2 vs Ni plot distinguishes between igneous- and sedimentary-derived
sediments, and Ni content indicates the degree of fractionation of igneous source material. b) Cr/Nb vs Ni/Nb
plot distinguishes material eroded from midocean ridge basalts (typical N-MORB), mudstones and calc-alkaline
island arcs (intermediate island arc). Plots are from Winchester et al. (1980) and Floyd et al. (1991) as cited in
Rogers et al. (2003). Fields for the Miramichi, Upper Tetagouche and Upper California Lake Groups from

Rogers et al. (2003).
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2.5.2 Physiochemical properties of the ambient environment and
mineralizing fluid

Several geochemical indices based on redox-sensitive major and trace elements have been used to
determine paleoxygenation of the water column (Whitehead 1973; Quinby-Hunt and Wilde 1994;
Jones and Manning 1994; Hoffman et al. 1998). Among the major elements, Fe and Mn are used to
indicate bottomwater conditions as their solubility is affected by ambient pE and pH (Whitehead
1973). Millstream Formation unaltered mudstone samples from Nicholas-Denys have Mn and Fe
contents ranging from 790 ppm to 3 930 ppm (mean =1 962 ppm +/- 1 211 ppm) and from 4.46%
to 9.38% (mean = 7.08% +/- 2.10%), respectively (Table 1). Quinby-Hunt and Wilde (1994) used
solubilities of Mn and Fe to determine paleoxygenation levels and the prevailing oxidizing agent in
the water column. In oxic bottomwater conditions where oxygen is the primary oxidizing agent,
Quinby-Hunt and Wilde argued that low Mn and Fe solubilities would favour their fixation in
sediment, yielding high Mn and Fe contents in mudstones. In anoxic bottomwater conditions with
nitrate as the primary oxidizing agent, Mn solubility increases with decreasing pE, resulting in low
Mn contents in the sediments. Fe remains bound in oxide minerals within the sediments, although
high Fe solubility at very low pE values leads to decreasing Fe content in sediments. Although low
Mn and high Fe concentrations may characterize nitrate-reducing conditions, low Mn and high Fe
may also occur in anoxic conditions in which sulphate is the primary oxidizing agent, as Mn
remains dissolved in the water column and reduced sulphur fixes Fe in the sediments. Unaltered
Millstream Formation mudstone from the Nicholas-Denys deposit have high Mn contents
compatible with deposition in oxygenated bottomwaters, whereas Fe contents are permissive of
oxic as well as anoxic sulphate-reducing conditions (Fig. 17). However, Mn was shown to have
been mobile during hydrothermal alteration, compared to the relatively immobile behaviour of Fe.
Consequently, Mn may not be suited for determination of paleoxygenation levels, whereas Fe is

considered a more reliable indicator.

Hoffman et al. (1998) coupled ichnofabric criteria with redox-sensitive trace element indices to
discriminate between oxic (> 2.0 ml O,/1 H,0), suboxic (0.5-2.0 ml O,/1 H,0), dysoxic (0.2—0.5 ml
0,/1 H,0) and anoxic (< 0.2 ml O,/1 H,0O) conditions. Among these indices, the V/Cr and V/(V+Ni)
ratios are particularly useful for anoxic and dysoxic conditions as low oxygen levels largely
suppress benthic activity, rendering the use of ichonofabric criteria unsuitable. Vanadium binds to
organic matter, and is considered a useful indicator of organic matter preservation (Brumsack
1986). Cr is associated with the detrital fraction of the mudstone, where it substitutes for Al in clays

or occurs as chromite grains (Jones and Manning 1994). The V/Cr ratio is thus a measure of organic
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matter versus detrital material in the mudstone, which in turn reflects bottomwater conditions as
anoxic conditions favour the preservation of organic matter. The V/Cr ratios for Millstream
Formation mudstone samples from the Nicholas-Denys deposit range from 0.96 to 2.02 (mean =
1.34 +/- 0.45) indicating anoxic (5 > V/Cr > 1.0) to dysoxic conditions (V/Cr < 1.0) (Hoffman et al.
1998; Fig. 18). The mean V/Cr value is close to unity, suggesting an oxic-anoxic interface within
the sediments (Jones and Manning 1994). Ni, another redox-sensitive element, is useful because it
is preferentially incorporated into sulphides, in contrast to the detrital and organic affinities of Cr
and V, respectively. The V/(V+Ni) ratios of Millstream Formation mudstone samples range from
0.60 to 0.84 (mean = 0.71 +/- 0.09), plotting in the anoxic field (0.9 > V/(V+Ni) > 0.6), near the
boundary with the dysoxic field (V/(V+Ni) < 0.6) (Hoffman et al. 1998; Fig. 18).
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Figure 17. Fe- and Mn-based paleoenvironment discriminant diagrams for unaltered Millstream Formation
mudstone samples from the Nicholas-Denys deposit. Fields from Quinby-Hunt and Wilde (1994). a) Mn content
indicates oxic paleoconditions during sedimentation of mudstone. b) Fe content is permissive of both oxic and
anoxic sulphate-reducing conditions.

Dysoxic-anoxic bottomwater oxygen levels are further supported by low total organic carbon
(TOC) contents in the mudstone samples, ranging from below the detection limit (< 0.05) to 0.06
(Table 1), yielding high S/C ratios which are typical of anoxic conditions (Jones and Manning
1994). The high Fe content, absence of bioturbation and V/Cr, V/(V+Ni) and S/C geochemical
indices thus indicate dysoxic to anoxic conditions, favourable for sulphate reduction. Whether
sulphate-reduction occurred in the water column or in the sediments is unclear. In sufficiently oxic
conditions under an open system, bacterial reduction occurs within the sediments due to diffusion of
sulphate through the water-sediment interface (Goodfellow and Peter 1996). Ambient dysoxic
conditions may potentially restrict the anaerobic bacteria to the sediments, and evidence that this
happened are V/Cr ratios close to unity in host mudstone samples, which Jones and Manning (1994)

interpret to indicate an oxic-anoxic boundary within the sediments.
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Figure 18. Redox conditions discriminant plot for unaltered Millstream Formation mudstone samples from the
Nicholas-Denys deposit (modified after Moreno et al. 2008). Boundaries from Hoffman et al (1998). Samples
plot in the anoxic field, near the boundary with the dysoxic field. V/Cr ratios close to unity for several samples
suggest the oxic-anoxic barrier is within the sediments (Jones and Manning, 1994).

The mineralogy of the Nicholas-Denys deposit has implications for the redox potential of the
mineralizing fluid. The dominance of pyrrhotite over pyrite in the sulphide assemblage suggests the
Nicholas-Denys sulphides precipitated from a highly reduced mineralizing fluid where mH,S >>
mSO,”, an interpretation presented by Cooke et al. (2000) to account for the pyrrhotite-rich
mineralization of the Sullivan SEDEX deposit of the Purcell basin (British Columbia, Canada). It
was further stipulated that euxinic conditions (mH,S >> mSO,”) may have prevailed during
formation of the Sullivan deposit and prevented barite precipitation upon exhalation of the Ba-rich,
reduced mineralizing fluid onto the seafloor. Likewise, the absence of barite at Nicholas-Denys
despite significant Ba contents in hydrothermally altered Millstream Formation mudstone (224—800
ppm) (Table 1) suggests euxinic conditions may have prevailed in the backarc basin at the time of
sulphide precipitation. The presence of stannite in the Nicholas-Denys sulphide assemblage also has
implications for the physiochemical properties of the mineralizing fluid. Although tin is usually
considered soluble at high temperatures (> 300°C), Cooke et al. (2000) demonstrated that tin may
be carried in solution along with Pb and Zn at temperatures as low as 250°C by a highly reduced (-

41 < log fO2 < -38), acidic (3 < pH < 6) fluid within the pyrrhotite stability field. Likewise, the
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coupled transport of Pb, Zn, Sn and Ba by a reduced, acidic mineralizing fluid is interpreted for the

Nicholas-Denys deposit.

2.5.3 Source of sulphur

The sulphur isotope composition of Nicholas-Denys sulphides (0 to +5%o) is the lightest among
deposits in the BMC. Although rocks of the BMC are considered more or less coeval, BMC sulphur
isotope compositions are heaviest for sulphides of the Tetagouche Group (+10 to +20%o), followed
by sulphides of the California Lake Group (+3 to +11%o), and lightest for sulphides of the Fournier
Group (0 to +7%o) (Fig. 13). Outside the BMC, the polymetallic Nigadoo and Cullinan veins, hosted
by younger Silurian-Devonian rocks, have lighter sulphur isotope compositions (-3 to +2%o) than

Nicholas-Denys sulphides.

High 8*'S values reported for VMS deposits of the Tetagouche and California Lake groups are
interpreted to result from bacterial reduction of seawater sulphate in an anoxic closed or partly
closed basin, which yields progressively heavier sulphides as the ratio of reduced sulphide to
sulphate increases (Goodfellow and Peter 1996). Ordovician seawater sulphates have an estimated
sulphur isotope composition of +28%0 (Claypool et al. 1980). A fractionation factor of
approximately 25%o is required to form sulphides with the low &°*S values near those of Nicholas-
Denys, and is a reasonable value for bacterial sulphate reduction in a system open to sulphate
(Ohmoto and Rye 1979). Conditions open to sulphate in which the rate of sulphate supply is greater
than the rate of sulphate reduction is expected to yield sulphides with a narrow compositional range

(Ohmoto 1986), such as those in the Nicholas-Denys deposit.

Slow rates of bacterial sulphate reduction in deep euxinic basins open to sulphate, such as the Black
Sea, are known to yield sulphides with sulphur isotope compositions significantly lighter (up to
60%o0) than seawater sulphates (Ohmoto and Rye, 1979). Furthermore, exhalation of the
mineralizing fluid into H,S-rich bottomwaters would lead to isotopic disequilibrium between
different sulphide phases (Ohmoto and Goldhaber, 1997). The light sulphur isotope compositions of
Nicholas-Denys sulphides relative to Ordovician seawater sulphates (Fig. 13) and isotopic
disequilibrium between sulphide species are consistent with euxinia prevailing in the backarc basin.
The lack of barite despite significant Ba content in altered host mudstone further supports ambient

euxinic bottomwater conditions.

Slightly lighter sulphur isotope compositions reported for deposits of the California Lake Group (+3
to +11%o) than deposits in the Tetagouche Group (+10 to +20%o) have been interpreted to reflect the



48

transition from a continental to an oceanic crust marking the California Lake Group, and increased
leaching of lighter, igneous-derived H,S from mafic volcanic rocks (Goodfellow and Peter 1996;
van Staal et al. 1991). Similarly, formation of oceanic crust characterizes the Fournier Group and
abundant mafic volcanic rocks may have contributed lighter H,S to sulphides of the Turgeon and
Nicholas-Denys deposits. Particularly, Millstream Formation mudstone is underlain by synvolcanic
gabbros of the Sormany Formation (Fig. 2), from which igneous-derived H,S may have been
leached and mixed with sulphur from bacterially reduced seawater sulphates to form Nicholas-

Denys sulphides.

Low, homogeneous and non-equilibrium values of 8**S for Nicholas-Denys sulphides are thus
compatible with bacterial sulphate reduction in euxinic bottomwater conditions, with relatively light
compositions compared to other BMC deposits reflecting (1) a change from a closed or partly
closed system under anoxic conditions to an open system under dysoxic-anoxic conditions, likely a
consequence of the transition from a continental rift to a backarc basin, and/or (2) incorporation of
lighter, igneous-derived reduced sulphur from increased mafic volcanic activity accompanying

formation of oceanic crust in the Fournier Group.

2.5.4 Source of lead

Galena from the Nicholas-Denys deposit plots between the Orogene and Mantle reservoir evolution
curves of Zartman and Doe (1981) on a **’Pb/***Pb vs **°Pb/***Pb diagram (Fig. 14a), suggesting a
mixed crustal-mantle source for lead in the deposit. Backarc basin sedimentary rocks of the
Millstream Formation can be considered to approximate average crustal lead of the Orogene
reservoir as provenance analysis suggests sediments were derived from a range of domains: (1)
continental margin of Ganderia, (2) remnant volcanic arc and (3) obducted ophiolite. **’Pb/***Pb
ratios below the Orogene curve for Nicholas-Denys galenas are thus suggestive of mixing between

lead leached from the backarc basin sediments and a less radiogenic mantle source.

Mixing of crustal lead with mantle lead is documented for the Mount Bulga, Wiseman Creek and
Calula Silurian deposits of the Lachlan Fold Belt, Australia (Carr et al. 1995), which form a steep,
linear array similar to that of Nicholas-Denys galena samples (Fig. 14). Carr et al. (1995) proposed
that underlying Ordovician shoshonites and basalts were the most likely sources of less radiogenic
lead for the Lachlan deposits. Likewise, synvolcanic gabbros of the Middle Ordovician Sormany

Formation underlie the sedimentary rocks of the Millstream Formation. The lead isotope
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composition of the Nicholas-Denys sulphides is interpreted to reflect mixing of lead leached from
the synvolcanic gabbros of the Sormany Formation (Mantle reservoir) with lead leached from the

backarc basin sediments of the Millstream Formation (Orogene reservoir).

The lead isotope composition of siliciclastic-felsic VMS deposits of the Tetagouche and California
Lake groups (McCutcheon et al. 1993; R. Thorpe, personal communication to G. Beaudoin) is more
radiogenic than Nicholas-Denys and plot between the Orogene and Upper Crust curves (Fig. 14),
suggesting that lead in BMC VMS deposits was leached from the rifted continental crust. The lead
isotope composition of the mafic rock-hosted VMS Turgeon deposit is less radiogenic than slightly
older Tetagouche- and California-Lake hosted VMS deposits, and is more radiogenic than the
Nicholas-Denys deposit. The less radiogenic lead isotope composition of Nicholas-Denys sulphides
compared to older BMC VMS deposits is best interpreted as an increasing mantle component from
(1) progressive formation of oceanic crust during deposition of the Fournier Group and/or (2)

increased sediment input from nearby obducted ophiolite.

Outside the BMC, the Nigadoo veins, hosted by Silurian sedimentary rocks of the Chaleurs Group
and the Devonian Nigadoo intrusive, have lead isotope ratios plotting above and below the Orogene
curve, whereas the Cullinan vein, hosted by Silurian sedimentary rocks of the Chaleurs Group, plots
above the Orogene curve (Fig. 14). The more radiogenic lead isotope composition of the
undeformed Nigadoo and Cullinan veins compared to the Nicholas-Denys deposit is consistent with
the post-Devonian deformation timing of vein mineralization, compared to the older, pre-Devonian

deformation timing of Nicholas-Denys mineralization.

2.5.5 Implications for genetic classification

Physiochemical conditions and sediment provenance interpretations suggest that (1) anoxic
bottomwaters coupled with (2) a system closed or partly closed to sulphate in a (3) continental
backarc rift prevailing during deposition of the Tetagouche and California Lake Groups shifted to
(1) anoxic-dysoxic bottomwaters coupled with (2) a system open to sulphate in a (3) sedimented
backarc basin floored by oceanic crust during deposition of the Millstream Formation of the
Fournier Group (van Staal et al. 1991; Goodfellow and Peter 1996). This paleoenvironment
transition is mirrored by a change in conditions of sulphide precipitation, as sulphur isotope
compositions of VMS deposits hosted by the Tetagouche, California Lake and Fournier groups

become progressively lighter. The absence of felsic and mafic volcanic rocks, abundance of fine-



50

grained sedimentary rocks and younger stratigraphic age for the Millstream Formation relative to
BMC VMS deposits are features consistent with a post-felsic volcanism setting, such that
magmatism had significantly waned in the backarc and sedimentation predominated. This likely led
to different mineralization conditions for the Nicholas-Denys deposit than those which prevailed for
the Tetagouche and California Lake VMS deposits that are genetically associated with episodes of
felsic volcanism. The sedimented backarc rift basin setting for the BMC constitutes a favourable
environment for the formation of both VMS and SEDEX mineralization (Goodfellow and Lydon
2007).

2.5.5.1 SEDEX mineralization

SEDEX deposits typically occur within fine-grained marine sedimentary rocks overlying coarse-
grained sedimentary and volcanic rocks in a continental rift basin, and are commonly spatially
associated with synsedimentary faults (Goodfellow and Lydon 2007). Synsedimentary faults are
commonly recognized by an abrupt facies change from fine-grained deep marine sediments to
coarse-grained turbiditic flows (Leach et al. 2005). The sharp contact between the texturally
immature sandstone and adjacent mudstone in the Millstream Formation near the Nicholas-Denys
deposit (Fig. 4c) suggests the presence of such a synsedimentary fault, which may have acted as a

pathway for mineralizing fluids.

Hydrothermal alteration in SEDEX deposits is generally less well documented than in VMS
deposits due to the impermeable and less reactive nature of fine-grained sediments, such that feeder
pipes and footwall alteration are commonly subtle or absent (Goodfellow and Lydon 2007).
Geochemical halos and silicate alteration are most commonly reported, and T1 and Mn are typically
enriched within the mineralized horizon and considered significant vectors to SEDEX alteration
(Leach et al. 2005). At Nicholas-Denys, Tl and Mn display significant enrichments of 375% and
325%, respectively, in the proximal, mineralized alteration facies (Fig. 8f), compared to typical
enrichment of 20% and 60%, respectively in the intermediate and distal facies. Fine-grained, wall
rock silicification observed in the proximal hydrothermal alteration facies at Nicholas-Denys (Figs.
8d et 8e) is reported at several SEDEX deposits (Tom, Jason, Vangorda, Rammelsberg, Century,
Red Dog) and is generally interpreted to precede or overlap the mineralization event (Broadbent et

al. 1998; Leach et al. 2005; Slack et al. 2004).
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The Pb—Zn—Ag sulphide assemblage of SEDEX deposits typically consists of massive sphalerite
and galena, with a mean Zn/(Zn+Pb) ratio of 0.7, as well as sulfosalts as the main silver-bearing
minerals (Leach et al. 2005). The Nicholas-Denys deposit has a mean Zn/(Zn+Pb) ratio of 0.67, and
galena and the sulfosalt freibergite host the majority of silver for the deposit. The pyrrhotite-rich
mineralization of Nicholas-Denys is a feature that has also been reported at the Mt. Isa (Australia)

and Sullivan SEDEX deposits (Leach et al. 2005; Lydon 2004).

The sedimented backarc rift tectonic setting, fine-grained marine sedimentary host rock sequence,
bedding-parallel Pb-Zn-Ag sulphide lenses and Si, Tl and Mn geochemical enrichments lead to a
SEDEX classification for the Nicholas-Denys deposit. The occurrence of pyrrhotite and stannite
and absence of barite in the Nicholas-Denys mineral assemblage, although uncommon features of
SEDEX deposits, are consistent with a reduced (-41 < log fO2 < -38), acidic (3 < pH < 6),

moderate- to high-temperature (> 250°C) mineralizing fluid discharged into a euxinic environment.

2.5.5.2 Comparison of the Nicholas-Denys deposit to similar deposits

A few BMC deposits have similar features to the Nicholas-Denys deposit and affinity to SEDEX
mineralization, such as the Canoe Landing Lake and Orvan Brook deposits (Jambor 1979;
Goodfellow and McCutcheon 2003; Walker et al. 2006). These deposits are characterized by fine-
grained sedimentary host rocks, low Cu grade, absence of a sulphide stringer zone, and sheet-like,
unzoned sulphide lenses, and are generally regarded as distal-type VMS deposits within the
classification scheme of Goodfellow (2007). However, the Canoe Landing Lake and Orvan Brook
deposits differ from the Nicholas-Denys deposit by the presence of volcanic rocks in their
stratigraphic footwall, a pyrite-sphalerite-galena sulphide assemblage, and heavier sulphur isotope
compositions, such that they are considered siliciclastic-felsic VMS deposits rather than SEDEX

deposits.

The Draa Sfar deposit in the Jebilet Massif of western Morocco (Belkabir et al. 2008; Marcoux et
al. 2008; Moreno et al. 2008) has many features in common with the Nicholas-Denys deposit. Its
genetic classification has been the subject of much debate, and suggestions range from syngenetic
(Belkabir et al. 2008; Bernard et al. 1988; Marcoux et al. 2008) to epigenetic (Essaifi and Hibti
2008). The Draa Sfar deposit is thought to have formed in a volcano-sedimentary rift basin within
anoxic sediments in an oxic-suboxic water column. Sulphides have experienced several phases of

deformation, dominated by shearing. The occurrence of boudinaged, subvertical sulphide lenses
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spatially associated with shear zones at Draa Sfar mirror the structural features of the Nicholas-
Denys deposit (Figs. 3 and 4). Sulphide lenses occur in a thick shale sequence, and pyrrhotite
dominates the sulphide assemblage, with abundant sphalerite, and accessory galena and
chalcopyrite, yet rare colbaltite, Bi-bearing minerals and electrum reported at Draa Sfar are not
present at Nicholas-Denys. As with Nicholas-Denys sulphides, no bedded sulphides are observed at
the Draa Sfar deposit, and the effects of deformation are heterogeneous with banded sulphides
occurring next to granoblastic textures (Moreno et al. 2008). Hydrothermal alteration is markedly
different at the Draa Sfar deposit than at the Nicholas-Denys deposit; at Draa Sfar, alteration
consists of strong, proximal, footwall chloritization and distal sericitization. Rhyodacite and
associated volcanoclastic facies in the footwall of Draa Sfar are cut by a sulphide stringer zone
underlying massive sulphides. The alteration mineralogy, zonation pattern and presence of volcanic
rocks have favoured the classification of Draa Sfar as a siliciclastic-felsic VMS deposit (Belkabir et

al. 2008).

The Nicholas-Denys deposit demonstrates certain similarities with the Sullivan SEDEX deposit of
the Purcell basin in British Columbia, such as a pyrrhotite-rich mineralization and the presence of a
tin-bearing mineral in the sulphide assemblage. These common features suggest similar
physiochemical properties of the mineralizing fluid, however massive sulphide textures and
hydrothermal alteration are markedly different for the two deposits. The Sullivan deposit has well-
preserved bedded sulphides, a tourmaline pipe and muscovite-altered sediments in its footwall and a
chlorite—albite—pyrite hangingwall alteration assemblage (Leach et al. 2005). These characteristics
are not consistent with the sheared, brecciated and recrystallized Nicholas-Denys sulphides, or with

the chlorite—quartz and quartz—sericite hydrothermal alteration zones.

2.6 Conclusion

The Nicholas-Denys deposit shares characteristics with both distal-type VMS deposits and SEDEX
deposits. Several authors have discussed the continuum of characteristics between these two types
of mineralization (Leach et al. 2005; Goodfellow and Lydon 2007; Franklin et al. 2005). The
affinity of the Nicholas-Denys deposit to SEDEX mineralization and its close spatial association to
VMS deposits in older units of the BMC emphasizes the potential of sedimented backarc rift basins
to host both types of syngenetic mineralization. The Nicholas-Denys deposit is interpreted to reflect
SEDEX mineralization in the late stages of backarc rifting, when sedimentation had become

predominant.
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Sediments of the Millstream Formation infilling the backarc basin originated from various sources
(continental margin of Ganderia, remnant volcanic arc and obducted ophiolite). Sediments were
deposited in a dysoxic to anoxic water column favourable to sulphate-reduction. Bacterial reduction
of seawater sulphates provided reduced sulphur for Nicholas-Denys sulphides, although dysoxic to
anoxic conditions may have restricted the sulphate-reducing bacteria to the underlying sediments.
Opening of the continental rift to a backarc basin potentially favoured bacterial sulphate reduction
under conditions open to sulphate, whereas generation of oceanic crust marking the Fournier Group
may have contributed lighter reduced sulphur to Nicholas-Denys sulphides. Lead for the Nicholas-

Denys deposit was leached from backarc basin sediments and underlying synvolcanic gabbros.

Many features of the Nicholas-Denys deposit are compatible with a SEDEX classification: (1) a
sedimented back-arc rift tectonic setting, (2) fine-grained marine sedimentary host rock lithology,
(3) Pb—Zn—Ag sulphide lenses conformable to bedding, (4) an asymmetric alteration halo lacking a
sulphide stringer zone, (5) dominant quartz hydrothermal alteration, and (6) significant Tl and Mn
geochemical enrichments in the mineralized horizon. Certain particularities of the Nicholas-Denys
deposit such as the abundance of pyrrhotite, the occurrence of stannite and absence of barite are
compatible with SEDEX deposits that are precipitated from a reduced, acidic mineralizing fluid into

H,S-rich bottomwater conditions.



Chapitre 3 - Conclusion

Le mudstone de la Formation Millstream d’4ge Ordovicien moyen a tardif qui encaisse les sulfures
de Nicholas-Denys a été¢ déposé dans un contexte postdatant le volcanisme felsique dans le bassin
d’arriére-arc du CMB, soit dans un environnement ou la sédimentation était devenue prédominante.
Les sédiments proviennent de plusieurs sources : (1) I’arc volcanique en supra-subduction, (2) la
marge passive continentale de Ganderia et (3) un ophiolite exhumé. Un lit de grés immature
intercalé dans le mudstone présente une source différente de sédiments par rapport au mudstone,
soit une provenance de marge passive, évoquant 1’interprétation du grés comme une coulée de
débris du talus continental. D’autre part, un tel changement soudain de faci¢s signale peut-étre la

présence d’une faille dans le socle et la chute de débris d’un bloc soulevé a proximité.

La géochimie du mudstone révele des conditions anoxiques a dysoxiques dans la colonne d’eau
ordovicienne, propice a la réduction des sulfates. La composition isotopique du soufre des sulfures
de Nicholas-Denys indique que le soufre réduit provient de la réduction bactérienne des sulfates de
I’eau de mer dans un systéme ouvert aux sulfates, compatible avec les conditions réductrices de la
colonne d’eau, avec une contribution de soufre réduit des roches volcaniques mafiques sous-

jacentes.

La composition isotopique du plomb a Nicholas-Denys indique que le plomb a été lessivé des
sédiments du bassin d’arriere-arc et des roches volcaniques mafiques sous-jacentes. La pyrrhotite
comme sulfure de fer prédominant, la présence de stannite et I’absence de barite malgré de fortes
concentrations en barium indique un transport couplé de Pb, Zn, Sn et Ba, un critére compatible
avec un fluide minéralisateur réduit (faible pH et faible fugacité de 1’oxygéne), dans la zone de

stabilité de la pyrrhotite.

La déformation du gite de Nicholas-Denys par une faille dévonienne de décrochement dextre
d’orientation ENE masque plusieurs caractéristiques primaires du gite. Des sulfures lités sont
préservés dans la majorité des SMV du camp minier de Bathurst, et les effets de la déformation sont
principalement liés a la fermeture du bassin d’arriére-arc durant le Silurien précoce. D’autre part,
les sulfures de Nicholas-Denys ne sont pas lités, et démontrent plutét des textures de déformation
ductile liées au décrochement dextre dévonien, ainsi que des textures de recrystallization, de

bréchification et de remobilization possiblement liées a des événements de déformation d’age
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dévonien ou plus jeune. La faille de décrochement dextre se manifeste également au niveau
macroscopique par le développement de zones de cisaillement d’orientation ENE aux contacts des
lentilles de sulfures avec les épontes, et par 1’étirement et le boudinement des lentilles de sulfures
dans une direction ENE. La cartographie des lentilles ainsi que les textures des sulfures indiquent

donc que la minéralisation a Nicholas-Denys prédate le décrochement dextre d’age Dévonien.

Plusieurs caractéristiques du gite de Nicholas-Denys sont compatibles avec une minéralisation
SEDEX : (1) un contexte géodynamique de bassin d’arriére-arc sédimenté, (2) des lentilles de
sulfures a Pb—Zn—Ag concordantes au litage, (3) un encaissant de roches sédimentaires finement
grenues, (4) une altération asymétrique, concordante et discrete, caractérisée par 1’abondance du
quartz et I’enrichissement des ¢léments T1 et Mn dans 1’horizon minéralisé, et (5) [’absence d’un
stockwerk. La présence de la pyrrhotite a rarement été signalée dans les gites SMV, a ’exception
des gites marocains des Jébilets dont Draa Sfar. Le gite de Draa Sfar démontre plusieurs similitudes
au gite de Nicholas-Denys, tels ’absence de sulfures lités, des textures de déformation ductile et de
recrystallization des sulfures, un encaissant sédimentaire et un environnement réducteur. Par contre,
la présence de roches volcaniques felsiques dans le mur stratigraphique du gisement ainsi qu’une
forte altération en chlorite et séricite ont favorisé ’interprétation des sulfures de Draa Sfar comme

un gite SMV de type silicoclastique-felsique.

Le gite de Nicholas-Denys partage quelques caractéristiques avec les gites SMV de Canoe Landing
Lake et Orvan Brook dans le camp minier de Bathurst. Ces gites sont caractérisés par un encaissant
de shale noir, une faible teneur en cuivre et I’absence d’un stockwerk, et sont interprétés comme des
gites de type SMV distaux dans le camp minier de Bathurst. Ce rapprochement entre les gites SMV
distaux du camp minier de Bathurst et le gite de Nicholas-Denys illustre la continuité entre les
attributs des gites SMV et des gites SEDEX. Les gites du camp minier de Bathurst étaient
auparavant considérés comme des hybrides entre les SMV et les SEDEX, quoique la classification
récente de Franklin et al (2005) favorise une classification SMV du sous-type silicoclastique-

felsique.

L’étude du gite de Nicholas-Denys a d’importantes implications pour 1’évolution du contexte
géodynamique et des conditions oxydo-réductrices dans le bassin d’arriére-arc. Les sulfures de
Nicholas-Denys sont encaissés par les roches les plus jeunes du camp minier de Bathurst, et sont
interprétés comme réflétant la transition d’un environnement propice aux SMV a un environnement

propice aux SEDEX durant I’Ordovicien moyen a tardif.
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ANNEXE A

Localisation des forages et des affleurements



5284300N

281100E

¢ DB-07-48
(e) Fos-07
(®) Fo7-05

\ Il

DB-07-42
¢ *DB-07-48 @
*DB-07-43

+DB-07-44

45
-0

Affleurement visité avec D. Brisebois
Forage étudié
Autre forage

Simpsons Field Formation (grés, cornéenne)
Millstream Formation (mudstone)

Gabbro siluro-dévonien
Faille Rocky Brook-Millstream

281600E
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Forage
F06-01

F06-02
F06-02A
F06-03
F06-04
F06-05
F06-06
F06-07
F06-08
F06-09
F06-10
F06-11
F06-12
F06-13
F06-14
F06-15
F06-16
F06-17
F07-01
F07-02
F07-03
F07-04
F07-05
F07-06
F07-07
F07-08
F07-10
F07-11
F07-12
F07-13
FO07-14
F07-15
FO07-16
FO7-17
F07-18
FO07-19
F07-20
F07-21

X
281093
281071
281071
281071
281475
281479
281487
281501
281328
281479
278827
278825
278821
281525
281568
281386
281540
281039
281118
281136
281141
281068
281190
281367
281341
281526
281397
281334
281134
281100
281108
281087
281102
281130
281075
281062
281047
281053

y
5283868

5283958
5283958
5283958
5284027
5284016
5284004
5283982
5283886
5284016
5283227
5283230
5283234
5284032
5284053
5284102
5283779
5283891
5283877
5283910
5283887
5283869
5283897
5284067
5284058
5284163
5284079
5283865
5283738
5283855
5283899
5283896
5283922
5283926
5283844
5283894
5283860
5283838

Direction Angle Profondeur (m)
160 45 72
145 70 246
145 66 390
150 55 228
340 45 42
340 61 70
340 70 123
340 70 189
340 45 132
340 64 220
160 45 81
160 45 41
135 45 62
340 45 48
340 48 51
160 55 181
340 55 519
160 45 129
160 45 69
160 45 51
160 45 162
160 45 171
160 45 159
160 45 149
160 55 225
160 45 246
160 45 279
340 60 249
340 65 399
160 45 106
160 45 162
160 45 159
160 45 129
160 45 138
160 45 99
160 45 153
160 45 123
160 45 96

Forage en gras : forage étudié
Forage en police normale : autre forage
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X
281858
282857
283029
281330
281350
281404
281409
281419
281437
281406
284228
284069
283912
283862
283657
283793
281340
281386
281403
281336
281307
281311
286112
278892
278893

Y
5285125

5285307
5285388
5284173
5284162
5284130
5284106
5284090
5284102
5284173
5284588
5284561
5283935
5284027
5284645
5284595
5283826
5283875
5283833
5283775
5283760
5283783
5285210
5282980
5283062

Affleurement
DB-07-39
DB-07-40
DB-07-41
DB-07-42
DB-07-43
DB-07-44
DB-07-45
DB-07-46
DB-07-47
DB-07-48
DB-07-71
DB-07-72
DB-07-73
DB-07-74
DB-07-75
DB-07-76
DB-07-77
DB-07-78
DB-07-79
DB-07-80
DB-07-81
DB-07-82
DB-07-83
DB-07-84
DB-07-85

Formation
Simpson Field
La Vieille
Simpsons Field ou La Vieille
Simpsons Field
Simpsons Field
Simpsons Field
Simpsons Field
Simpsons Field
Simpsons Field
Simpsons Field
Millstream ou Sormany
Millstream ou Sormany
Millstream
Gabbro siluro-dévonien
Millstream (Pine Tree)
Millstream (Pine Tree)
Millstream (Shaft-Haché)
Millstream (Shaft-Haché)
Millstream (Shaft-Haché)
Gabbro siluro-dévonien
Millstream (Shaft-Haché)
Millstream (Shaft-Haché)
Millstream?
Millstream (Henry)
Millstream (Henry)
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ANNEXE B
Cartographie de I’indice Shaft
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ANNEXE C

Sections de forages



Haché - 50 ouest

F06-17 F07-20

youeiq Yinos wealis|iN-yoolg A3ooy

708

mudstone non-altéré
mélange

mudstone altéré
skarn

grés bimodal
sulfures 25m

zone de faille

numéro d’échantillon

wee
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Haché - 50 est

F07-03

FO7-02

FO7-17

162 m

Rocky Brook-Millstream south branch



249 m

Haché - 225

youeidg yYlnos wealis|iN-300lg ANoay

est / Shaft - 185 ouest

FO7-11
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ANNEXE D

Liste des échantillons



Echantillon Forage Lentille
451601 FO7-15 Haché
451602 FO7-15 Haché
451603 FO7-15 Haché
451604 FO7-15 Haché
451605 FO7-15 Haché
451606 FO7-15 Haché
451607 FO7-15 Haché
451608 FO7-15 Haché
451609 FO7-15 Haché
451610 FO7-15 Haché
451611 FO7-15 Haché
451612 FO7-15 Haché
451613 FO7-15 Haché
451614 FO7-15 Haché
451615 FO7-15 Haché
451616 FO7-15 Haché
451617 FO7-15 Haché
451618 FO7-15 Haché
451619 FO7-15 Haché
451620 FO7-15 Haché
451621 FO7-15 Haché
451622 FO7-15 Haché
451623 FO7-15 Haché
451624 FO7-15 Haché
451625 FO7-15 Haché
451626 FO7-15 Haché
451627 FO7-15 Haché
451628 FO7-15 Haché
451629 FO7-15 Haché
451630 FO7-15 Haché
451631 FO7-15 Haché
451632 FO7-15 Haché
451634 FO7-15 Haché
451635 FO7-15 Haché
451636 FO7-15 Haché
451637 FO7-15 Haché
451638 FO7-15 Haché
451639 FO7-15 Haché
451640 FO7-15 Haché
451641 FO7-15 Haché
451643 FO7-17  Haché
451644 FO7-17  Haché
451645 FO07-17 Haché
451646 FO07-17 Haché
451647 FO07-17 Haché
451648 FO7-17 Haché

De

9.36
9.0
10.42
14.13
15.7
21.0
22.17
24.65
26.48
27.8
35.0
35.25
37.3
37.9
39.85
41.15
49.75
51.45
58.7
62.18
63.1
66.9
68.0
68.65
71.3
71.8
7214
741
78.0
78.4
791
94.55
1271
133.37
139.4
141.3
140.65
144.4
145.7
152.25
12.55
35.3
51.7
72.55
75.4
89.9

A

9.51
9.15
10.46
14.32
15.9
21.22
22.32
2545
26.68
28.28
35.25
35.45
37.6
38.2
39.97
41.55
49.85
51.75
58.95
62.27
63.2
67.1
68.1
68.75
71.48
71.9
72.28
74.2
78.1
78.5
79.2
94.75
127.25
133.45
139.55
141.4
140.75
144.5
145.8
152.4
12.65
35.4
51.8
72.65
75.5
90.0

Lithologie

mudstone
mudstone f-alt
mudstone
meélange m-alt
meélange
meélange m-alt
mélange
mudstone f-alt
mudstone f-alt
mudstone f-alt
mélange alt
meélange alt
skarn
skarn
mudstone t-alt
mudstone m-alt
mudstone m-alt
mélange
mudstone t-alt
mélange alt
mélange alt
meélange alt
mudstone f-alt
mudstone f-alt
mélange alt
mélange
sulfures
mudstone
mudstone
mudstone
mélange
mélange alt a
mudstone t-alt
mudstone alt
mélange
mélange
mudstone alt
grés
grés
grés
grés
mélange alt
mudstone alt
sulfures
cendres (?)
sulfures

Sulfures

SSM
SD
SD
SD
SD
SD
SD

SD
SSM
SSM

SD

SD
SSM
SSM

SM
SSM

SD
SSM
SSM
SSM

SD
SSM

SSM
SSM
SM

SM
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451649
451650
451651
451652
451653
451654
451655
451656

451657
451658
451659
451660
451661
451662
451663
451664
451665
451666
451667
451668
451669
451670
451671
451672
451674
451675
451676
451677
451678
451679
451680
451681
451682
451683
451684
451685
451696
451701
451702
451703
451704
451705
451706
451707
451708
451709
451710
451711
451712

FO7-17
F07-10
F07-10
F07-10
FO07-10
F07-10
F07-10
F07-10

F07-10
F07-10
FO07-10
F07-10
F07-13
F07-13
F07-13
FO7-11
FO7-11
FO7-11
FO7-11
FO7-11
FO7-11
FO7-11
FO7-11
F07-20
F07-20
F07-20
F07-20
F07-20
F07-20
F07-20
FO7-12
FO7-12
FO7-12
FO7-12

FO07-12
FO7-12
F07-03
F07-03
FO07-03
F06-17
F06-17
F06-17
F06-07
F06-07
F06-07
F06-07

Haché
Shaft
Shaft
Shaft
Shaft
Shaft
Shaft
Shaft

Shaft
Shaft
Shaft
Shaft
Haché
Haché
Haché
Haché
Haché
Haché
Haché
Haché
Haché
Haché
Haché
Haché
Haché
Haché
Haché
Haché
Haché
Haché
Haché
Haché
Haché
Haché

Haché
Haché
Haché
Haché
Haché
Haché
Haché
Haché
Shaft
Shaft
Shaft
Shaft

121.2 1214
8.00 8.05
21.8 21.9
571 57.2
78.45 78.6
138.7 138.8
206.5 206.6
220.0 220.1
2247 2248
2331 233.2
24445 244.55
95.7 95.8
33.4 33.5
41.85 41.90
58.4 58.5
85.4 85.5
81.1 81.2
76.1 76.2
119.1 119.2
131.1 131.2
143.2 1433
1459 146.0
171.7 1719
294 29.5
422 42.3
60.1 60.2
425 42.6
73.9 74.0
72.4 72.5
112.2 1123
20.7 20.8
109.95 110.05
1441 144.2
179.7  179.8
198.3 1984
382.7 3828
35.0 35.1
129.9 130.0
1321 132.2
67.95 68.05
76.9 77.0
86.1 86.2
50.2 50.3
62.8 62.9
66.1 66.2
111.85 1119

mudstone alt
grés
meélange
mudstone alt
mélange alt
grés
mudstone
siltstone alt

meélange de
Belledune

Cullinan
mudstone
grés et mudstone
gres alt
mélange alt
meélange alt
mudstone alt
skarn
mudstone t-alt
mudstone
mudstone (fluorite?)
mudstone alt silicifié
mudstone
mudstone
mudstone
mélange alt
mélange alt a skarn
mélange alt
skarn
sulfures
mudstone
mudstone
mudstone
mélange alt
mudstone
mudstone
grés
Zarina
cornéenne
mud t-alt
skarn
mud t-alt
mudstone t-alt
mélange alt a skarn
skarn
mélange alt
skarn
mélange silicifié
mélange
skarn

SSM
SD

SSM
SSM

SD

SD

SSM
SSM
SSM
SSM

SD

SSM
SSM
SSM
SM
SD
SM
SSM

SSM

SSM
SD

SSM
SD
SD

SSM

SSM
SD
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451713
451714
451715
451716
451717
451718
451719
451720
451721
451722
451723
451724
451725
451726
451727
451728
451729
451730
451731
451732
451733
451734
451735
451736
451737
451738
451739
451740
451741
451742
451743
451744
451745
451746
451747
451748
451749
451750
451751
451752
451753
451754
451755
451756
422853
422855
422856
422857

F06-07
F06-07
F06-07
F06-06
F06-06
F06-15
F06-15
F06-15
F06-15
F06-15
F06-15
F06-15
F06-15
F07-08
F07-08
F07-08
FO07-08
F06-01
F06-01
F06-01
F06-16
F06-16
F06-16
F06-16
F06-16
F06-16
F06-16
F06-16
F06-16
F06-16
F06-16
F06-09
F06-03
F06-03
F06-03
F06-03
F06-03
F06-12

F08-28
F08-68

F06-17
F06-17
F06-17
FO7-13

Shaft
Shaft
Shaft
Shaft
Shaft
Shaft
Shaft
Shaft
Shaft
Shaft
Shaft
Shaft
Shaft
Shaft
Shaft
Shaft
Shaft
Haché
Haché
Haché
Shaft
Shaft
Shaft
Shaft
Shaft
Shaft
Shaft
Shaft
Shaft
Shaft
Shaft
Shaft
Haché
Haché
Haché
Haché
Haché
Henry

Haché
Haché

Haché
Haché
Haché
Haché

121.2
169.5
177.05
72.4
119.5
18.3
55.6
92.1
121.0
142.6
147.3
148.35
170.5
46.9
130.3
174.15
239.6
36.9
46.5
46.7
22.2
36.2
53.2
105.6
136.4
288.0
354.0
368.35
401.95
409.65
516.0
65.9
32.65
30.6
59.9
108.0
145.1
50.4

343.4
91.6

25.6
105.6
125.6

88.8

121.3
169.6
177.15
72.5
119.6
18.4
55.7
92.2
1211
142.7
147.4
148.5
170.6
47.0
130.4
174.23
239.7
37.0
46.6
46.8
22.3
36.3
53.3
105.7
136.45
288.05
354.1
368.5
402.05
409.8
516.1
66.9
32.75
30.7
60.0
108.2
145.2
50.5

363.4
91.7

25.7
105.7
125.7

88.9

skarn a mud alt
meélange alt
meélange bréchique
mélange alt
skarn
siltstone t-alt
meélange
mudstone
meélange alt
mudstone
mudstone
mudstone
cornéenne (?)
gabbro
skarn
mudstone
gres
mélange alt
sulfures
mudstone
mudstone
mudstone
gabbro
mélange bréchique
mélange alt silicifié
gabbro (?)
grés
mudstone
skarn
skarn
mudstone f-alt
grés ou intrusif
cornéenne
skarn
mudstone alt
mudstone
mélange alt
mélange
Nigadoo
Millstream Iron
mudstone altéré
sulfures
Nigadoo
Turgeon
mélange f-alt
mudstone
grés
mélange

SSM
SSM
SSM
SSM
SSM

SM
SM
SM

SD
SSM
SSM

SD

SD

SM
SSM

SD

SD
SD
SSM

SD
SD
SD
SD
SSM
SSM

SM

SD
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Abbéviations

f-alt : faiblement altéré
m-alt : moyennement altéré
t-alt : fortement altéré

SM : sulfures massifs

SSM : sulfures semi-massifs
SD : sulfures dissiminés
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ANNEXE E

Analyses isotopiques du soufre



No. échantillon

451708-1
451676-1
451616-1
451630-3
451625-3
451622-2
451663-2
451663-2 QCDuplicate
451665-1
451641
451674-1
N751-2¢
451731-1
451676-2
451675-1
451679-3
451613-1
451619-1
451619-1 QCDuplicate
451630-2
451625-4
451632-1
451732-2
451663-3
451665-2
451665-4
451685-2
451644-2
451648-1
451648-1 QCDuplicate
451703-2
451674-3
451856-3
451708-2
451856-2
451679-1
451625-1
451732-3
451648-3
451856-1
451731-2
451675-2
451679-2
451601
451616-2
451613-2

Indice

Haché
Haché
Haché
Haché
Haché
Haché
Haché

Haché
Haché
Haché
Nigadoo
Haché
Haché
Haché
Haché
Haché
Haché

Haché
Haché
Haché
Haché
Haché
Haché
Haché
Haché
Haché
Haché

Haché
Haché
Haché
Haché
Haché
Haché
Haché
Haché
Haché
Haché
Haché
Haché
Haché
Haché
Haché
Haché

Minéral

pyrrhotite
pyrrhotite
pyrrhotite
pyrrhotite
pyrrhotite
pyrrhotite
pyrrhotite

pyrrhotite
pyrrhotite
pyrrhotite
pyrrhotite
sphalérite
sphalérite
sphalérite
sphalérite
sphalérite
sphalérite

sphalérite
sphalérite
sphalérite
sphalérite
sphalérite
sphalérite
sphalérite
sphalérite
sphalérite
sphalérite

sphalérite

sphalérite

sphalérite
galéne
galéne
galéne
galéne
galéne
galéne

pyrite
pyrite
pyrite
pyrite
pyrite
pyrite
pyrite

Delta 34S cdt

3,2
3,08
2,72

3,6

3,1
3,91
3,53
3,71
3,23
2,79
2,66
9,47
1,76
2,66
3,24
4,31
3,21
2,25
2,34
1,37
3,07
3,13
1,68
3,76
3,06
2,83
3,38
2,38
3,07
2,96
1,31
2,84
3,59
1,94
3,51
2,24
2,11
3,57
2,63
3,42
2,94
2,71
4,79
3,58
2,36
2,83

%S

26,78
29,2
26,55
27,79
24,05
34,27
25,48
24,46
15,97
15,63
31,54
40,35
31,83
30,11
22,29
28,82
48,84
16,45
15,65
31,64
28,61
32,89
27,96
32,89
32,37
28,92
33,63
22,52
28,24
27,06
25,96
30,11
32,07
14,49
23,3
15,5
19,54
15,8
18
52,41
48,99
47,99
51,8
47,07
42,66
46,57

77



451622-1 Haché pyrite 3,51 49,02
451632-2 Haché pyrite 3,07 50,29
451663-4 Haché pyrite 3,43 53,85
451663-4 QCDuplicate 3,43 52,91
451665-3 Haché pyrite 2,74 52,19
451685-1 Haché pyrite 0,85 441
451644-3 Haché pyrite 2,33 39,16
451648-2 Haché pyrite 3,27 42,87
451703-1 Haché pyrite 2,01 44,22
451625-5 Haché pyrite 3,24 49,65
451630-1 Haché arsénopyrite 3,91 22,06
451625-2 Haché arsénopyrite 3,48 27,5
451732-1 Haché arsénopyrite 3,12 23,22
451732-1 QCDuplicate 3,1 22,97
451663-1 Haché arsénopyrite 3,56 26,9
451644-1 Haché arsénopyrite 2,74 23,37
451674-2 Haché arsénopyrite 3,12 13,25
451717-1 Shaft galene 1,22 12,99
451724-1 Shaft pyrrhotite 2,45 23,05
451724-2 Shaft pyrite 2,28 47,32
451727-1 Shaft pyrrhotite 2,8 36,37
451753-1 Haché sphalérite 2,47 28,2
451753-1 QCDuplicate 2,64 30,22
N755-1 Nigadoo sphalérite 2 30,97
N755-2 Nigadoo arsénopyrite 1,36 23,1
T756-1 Turgeon pyrite 6,99 54,34
T756-2 Turgeon pyrite 6,87 47,88
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ANNEXE G

Calculs de changement de masse et de concentration
selon la méthode de Gresen



Eléments immobiles modifiés

Proximal Proximal
Non altéré Distal Intermediate unmineralized mineralized
451855 451748 451608 451730 451703
Pr 9,98 13 8,57 8,33 2,34
2Sm 13,34 13,56 11,34 10,38 3,8
3Gd 17,43 16,29 14,79 12,81 57
10Tb 9,8 8,7 8,1 6,7 3,4
Zr/4 4475 39,75 32,5 30,75 14
20TiO2 19,7 17,02 11,4 12,28 5,42
3Dy 17,55 14,46 13,92 11,13 6,18
20Ho 234 18,6 18 14,4 8,4
10Er 34,5 27,2 26,2 21,5 11,9
75Tm 38,85 29,55 28,65 23,925 12,6
10Yb 33,3 24,7 24 20,3 10,1
75Lu 36,075 27,225 25,425 22,95 10,5
Nb 18,9 14 10,6 11 4
10Ta 14 10 7 7 3
Eléments mobiles modifiés
Proximal Proximal
Non altéré Distal Intermediate unmineralized mineralized
451855 451748 451608 451730 451703
Si02/2 28,92 26,905 30,81 30,425 33,73
Al203 17,44 22,1 12,79 14,61 7,15
3Fe203(T) 28,14 19,89 17,07 14,37 19,62
100MnO 39,3 51 23,1 16 39,9
5MgO 17,5 12,5 29,9 18,2 22,65
5Ca0 3,9 1,7 26,65 229 19,4
10Na20 1,2 13,6 6,2 11,7 6,2
10K20 41,1 49,5 27,8 40,5 33,5
100P205 12 11 12 16 7
As/4 7,5 8,25 7,5 46,5 5
Ba/20 28,15 40,85 38,6 33,65 16,6
10Be 20 30 20 30 20
Co 27,9 334 12,6 15,9 11,3
Cr/4 23,475 46,5 29,75 37,75 11,7
Cs 5,6 6,5 52 4.8 1,2
Cu/2 26 25,5 19,5 43,5 23
Ga 26 31 18 20 25
10Hf 41 43 29 27 12
Ni/2 30,5 40 18 26,5 9,5
Pb/5 24 5,6 4,2 46,2 28,8
Rb/4 34 46 23,5 28,5 29,25
108 9,54 11,6 4,23 12,4 32,3
Sb 55 1 51 7,8 15,5
Sc 20,3 25 14,3 17,1 7,02
Sn 8 3 14 23 33
Sr/4 7,5 22,5 39,25 46,5 12
Th 14,7 16,2 10,8 11 2,9
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u 13,2 31,55 36,45 30,85 11
VI5 244 25 44,8 40,2 22,2

Y 30 25 25 20 12
Zn/1000 0,099 0,093 0,081 0,385 34,3
La/2 20 28 17,55 17,7 4,775

Ce/3 28,4 34,66 23,26 22,6 6,2

Nd 33,4 39 28 27,5 8,3
10TI 11,9 10,6 11,9 9 17,4

Formule de Gresen selon Grant, 1986: (deltaCi/Coi) = (MA/MO)*(CAi/COi) -1

Ci: concentration de l'element i

Coi : concentration de I'element i dans I'échantillon non altéré
CAi : concentration de I'element i dans I'échantillon altéré

MA: masse de I'échantillon altéré

MO : masse de I'échantillon non altéré

On obtient M®/M" a partir de la pente de la ligne de régression formée par les éléments
immobiles

Example de calcul pour le changement de concentration de SiO, de
I'échantillon non altéré (451855) par rapport a I'échantillon altéré (451730):
M°/M* = 0,6433

M*/M° = 1/0,6433 = 1,55

C®ioz = 28,92

Clsioz = 30,425

Changement de concentration of SiO, (deltaCsg;o,/ CoSi02 )=
1,55 * (30,425/28,92)-1 = 0,63 (ou 63%)



