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RESUME

Les gisements de sulfures massifs volcanogénes (SMV) sont des gisements polymétalliques
représentant une source importante de métaux précieux (Au, Ag) et stratégiques (Cu, Zn, Pb). lIs
présentent un large halo d'altération, composé dans certains cas de chlorite-séricite (SMV de type-
Noranda), dont la zonalité est couramment utilisée comme outil d'exploration. Dans certains cas, une
carbonatation s’ajoute a cet assemblage d’altération classique (SMV de type-Mattabi), mais l'origine
de ces carbonates est encore débattue et le potentiel de leur signature chimique comme vecteur
d'exploration sont actuellement inconnus. Le gite B26, situé dans le camp minier de Selbaie (ceinture
de roches vertes de I'Abitibi, Québec, Canada) est un exemple de SMV de type-Mattabi. La
minéralisation y est spatialement associée a une altération carbonatée stratoide étendue dans des
tufs rhyolitiques et métamorphisés au faciés des schistes verts. L'altération carbonatée est continue
sur plusieurs kilomeétres et suit des unités volcanoclastiques felsiques poreuses. Cette étude s'est
concentrée sur deux transects : B26 et ses environs (<1km), et B26 Ouest, 3 a 6km a l'ouest, dans
la continuité des unités felsiques mais sans indices majeurs découverts.

Les observations texturales, la lithogéochimie et la chimie minérale des carbonates, de la pyrite
et de la sphalérite ont été étudiés, dans un premier temps, afin de mieux comprendre l'origine et la
formation de l'altération carbonatée stratoide a B26. Dans un second temps, cette étude a démontré
le potentiel de la chimie minérale combinée de ces trois phases minérales, et en particulier leur
contenu en éléments traces, en tant qu'outil d'exploration pour les gisements de SMV de type-
Mattabi. Un échantillonnage systématique du toit de la minéralisation, unité la plus intensément
carbonatée, a été réalisé pour 1) caractériser l'altération en carbonates, 2) déterminer sa relation
avec la minéralisation de B26 et 3) documenter I'évolution de la signature géochimique des différents
minéraux présents dans les unités carbonatées en fonction de la distance aux minéralisations.

La lithogéochimie a été utilisée pour documenter les zonalités présentes dans le halo d'altération
carbonaté. Le mur de la minéralisation, dominé par la séricite et la chlorite, est intensivement lessivé.
La carbonatation est importante dans le toit, le long des unités les plus poreuses, et continue sur plus
de 10 km. L'altération carbonatée est typique des gisements de SMV de type Mattabi, avec de la
sidérite prés des zones minéralisées, entouré par un halo d'ankérite proximale et de calcite distale.
Les carbonates sont systématiquement associés a d'autres minéraux d'altération typiques des SMV
(chlorite-séricite-pyrite).

La chimie minérale sur les carbonates a aussi été utilisée comme outil pétrogénétique pour
contraindre l'origine des fluides impliqués dans la formation de l'altération en carbonates. Les
spectres d’éléments de terres rares (ETR) et Y permettent de distinguer trois types de carbonates
(types 1, 2 et 3). Les carbonates de type 1 sont caractérisés par une anomalie négative en Eu et sont
situés prés des minéralisations. Cette signature est inhabituelle pour les SMV, cependant, elle a déja
été observée dans des fluides magmatiques, des caldeiras subaériennes et des évents
hydrothermaux subaériens. Elle a donc été interprétée comme étant le reflet d‘'une contribution de
fluides hydrothermaux-magmatiques liés au dégazage d’une intrusion synvolcanique sous-jacente.
Les carbonates de type 2 présentent une anomalie positive en Eu et sont les plus abondants a B26,
présents dans les zones a Zn secondaires de B26 et dans les unités carbonatées proximales et
intermédiaires. Cette signature a déja été documentée dans d'autres gisements SMV et a été
associée aux fluides hydrothermaux classiques de gisements SMV (c'est-a-dire a de I'eau de mer
modifiée). Enfin, les carbonates de type 3 présentent un spectre ’'ETR+Y concave, avec un
appauvrissement en terres rares légéres et une anomalie positive en La. lls sont particulierement
présents dans le transect B26 Ouest. Le profil concave ressemble a celui des carbonates formés au



cours de la diagenése, dans les pores des tufs volcaniques saturés d'eau de mer, avec peu
d’influence volcanogeéne.

Les éléments traces de la pyrite ont également été utilisés comme outil pétrogénétique pour
confirmer l'origine volcanogéne des unités carbonatées a B26 et diagénétique du transect B26 Ouest.
La pyrite présente dans la minéralisation est systématiquement enrichie en Co, Se, Ag, Tl, et les
concentrations en ces éléments diminuent progressivement en s’éloignant des minéralisations,
mettant en avant plusieurs vecteurs potentiels. La combinaison de la chimie minérale des carbonates
et de la pyrite montre que les unités altérées en carbonates présentent une signature volcanogéne
continue tout au long du transect B26. Ces carbonates volcanogénes ont été formés par le dégazage
de l'intrusion synvolcanique de Brouillan, par I'exsolution de fluides riches en CO:2 s'écoulant a travers
les structures synvolcaniques actives et le long des unités volcanoclastiques poreuses, formant une
altération carbonatée stratoide de type Mattabi. Sur le transect B26 Ouest, la présence de carbonates
de type 3 (diagenétiques) combinés a des pyrites riches en Mn et en V suggére une domination de
I'eau de mer dans la formation des altérations en carbonates, avec une composante hydrothermale
mineure. Les carbonates se sont formés a partir de I'eau de mer piégée dans les pores des unités
volcanoclastiques. Cette étude montre que la chimie minérale et I'étude des éléments traces des
carbonates et de la pyrite est un outil puissant pour aider a déterminer l'origine de l'altération des
carbonates dans les gisements de SMV et peut étre utilisée pour I'exploration de ces gisements.



ABSTRACT

Volcanogenic massive sulfide deposits (VMS) are major polymetallic deposits, and important
sources of precious (Au, Ag) and strategic metals (Cu, Zn, Pb). They display a wide alteration halo,
composed of chlorite-sericite (Noranda-type deposits), which zoning is commonly used in exploration.
In some cases, some VMS also display a carbonatation in addition to this classic assemblage (i.e.
Mattabi-type deposits) but the origin of the carbonates is still debated, and whether carbonate trace
elements chemistry can be used in exploration, is currently unknown. The B26 prospect in the Selbaie
mining camp (Abitibi greenstone belt, Québec, Canada) is an example of Mattabi-type VMS.
Mineralization is spatially associated with widespread stratabound carbonate alteration hosted in
rhyolitic tuffs and metamorphosed to greenschist facies. The carbonate alteration is continuous over
several kilometers following preferentially porous felsic volcaniclastic units. This study focused on two
transects: B26 and its surrounding area (<1km), and B26 West, 3 to 6km West along the same felsic
units but with no major discovered showings.

Textural observations, lithogeochemistry and in situ trace element chemistry of carbonates, pyrite,
and sphalerite were studied, in one hand, in order to better understand the formation of the semi-
conformable carbonate alteration at B26. In the other hand, the potential of combining mineral
chemistry of these three species as an exploration tool for Mattabi-type VMS deposits was discussed.
Systematic sampling of the carbonated hanging-wall was carried out to 1) characterize the carbonate
alteration, 2) determine its relationship with the VMS mineralization, and 3) document the evolution
of the geochemical signature of the minerals present within the carbonate-altered units with distance
to B26.

Lithogeochemistry was used to document the zonation in the carbonate alteration halo. The
footwall, dominated by sericite and chlorite, is intensively leached. Carbonatation is important in the
hanging-wall along the most porous units, and continuous over 10km along strike. The carbonate
alteration is typical of Mattabi-type VMS deposits with siderite in and around the mineralized zones,
surrounded by proximal ankerite and distal calcite. Carbonates are systematically associated with
other typical VMS alteration minerals (chlorite-sericite-pyrite).

Trace element geochemistry of carbonate was also developed as a petrogenetic tool to constrain
the origin of the fluids involved in the formation of the carbonate alteration. The rare earth elements
(REE) and Y patterns differentiate three types of carbonates (Type 1, 2 and 3). Type 1 carbonates
are characterized by a negative Eu anomaly and are located within the mineralized ore shell. This
signature is unusual for VMS environments, but it was documented in magmatic fluids and subaerial
calderas and hydrothermal vents. Thus, it was interpreted to reflect a hydrothermal-magmatic fluid
contribution related to the degassing of the underlying subvolcanic intrusion. Type 2 carbonates
display a positive Eu anomaly and are the most abundant in B26 upper mineralization and proximal
to intermediate carbonate-altered units. This REE signature has already been documented in other
VMS deposits and was related to VMS hydrothermal fluids (i.e. modified seawater). Lastly, type 3
carbonates have a concave REE+Y pattern, with a depletion of light rare earth elements (LREE) and
positive La anomaly. They are mostly found in the B26 West transect. The concave pattern resembles
that of interstitial carbonates formed during diagenesis, thus formed in the pores of volcanic tuffs
saturated with seawater distal from the VMS system.

Pyrite trace elements was also used as a petrogenetic tool to confirm the origin of the carbonate-
altered units as volcanogenic for B26 transect and dominantly diagenetic for B26 West. Pyrite from
the mineralization is systematically enriched in Co, Se, Ag, Tl and their progressive decrease in pyrite,



from the carbonate-altered units with distance, highlights several potential vectoring tools using pyrite.
The combination of carbonate and pyrite trace elements shows that there is a continuous
volcanogenic signature of the carbonate-altered units all along the B26 transect. These volcanogenic
carbonates were formed by the degassing of the underlying Brouillan Intrusive Complex, with CO2-
rich fluids flowing through active synvolcanic structures and along the most porous units, forming
Mattabi-type stratabound carbonate alteration. On the B26 West transect, the presence of type 3
(diagenetic) carbonates combined with Mn and V-rich pyrite suggests that seawater was dominant
during the formation of carbonate-altered units. The hydrothermal fluid, if present, was highly diluted.
Carbonates formed from trapped seawater in the pores of the volcaniclastic units. This study shows
that trace elements in carbonate and pyrite are a powerful tool to help determine the origin of
carbonate alteration of VMS deposits and can be used for exploration for these deposits.
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AVANT-PROPOS

Le secteur de Selbaie fait I'objet de travaux d’exploration depuis les années 1970 avec la
découverte de la caldeira de Selbaie par anomalie magnétique, puis du gisement Les Mines Selbaie
qui fut en exploitation jusqu’au début des années 2000. L’épaisse couche de mort-terrain rend
I'exploration particuliérement compliquée dans la région. Actuellement, la seule autre minéralisation
majeure connue dans le secteur est le gite de B26, découvert puis travaillé par SOQUEM (Société
Québécoise d’exploration miniére). D’autres indices de métaux de base, mineurs et peu travaillés
avant cette étude, sont aussi connus principalement le long de I'horizon de B26 (B26 Ouest, Des
Rivieres), et de Selbaie (Zones Argent 1, 2 et 3, Selbaie Ouest, Detour-Selbaie), confirmant le
potentiel de la caldeira de Selbaie pour ce type de minéralisations. Le gite de B26 a été décrit en
détail lors de la maitrise de Quentin Fayard qui a mis en évidence la présence d’unités fortement
carbonatées et notamment des bréches a carbonates de fer présentes a B26, mais aussi dans le
reste du camp de Selbaie (Fayard, 2020; Fayard et al., 2020a, b). Dans le but de développer de
nouveaux vecteurs d’exploration, SOQUEM a proposé un stage de recherche a I'été 2021, en
collaboration avec Dominique Genna, sur l'origine de ces unités, leur lien avec les minéralisations et
leur potentiel d’exploration, en utilisant la chimie minérale (pyrite, carbonates). J'ai réalisé ce stage a
la fin de ma maitrise professionnelle et ces premiers travaux ont mis en évidence un probable lien
entre les bréches a carbonates de fer et les minéralisations volcanogénes du camp de Selbaie ainsi
qu’un potentiel pour I'exploration. Nous avons donc proposé a SOQUEM de continuer a étudier le
sujet au cours d’'une maitrise afin de tester les hypothéses soulevées pendant le stage et d’'étoffer
les premiéres conclusions. Cette proposition fut acceptée par SOQUEM et donna lieu a cette maitrise
qui s’inscrit ainsi dans I'effort d’exploration de la compagnie dans la caldeira de Selbaie, notamment
sur les propriétés de Wagosic, et Carheil.
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CHAPTER 1

INTRODUCTION

Volcanogenic massive sulfide deposits (VMS) are a significant source of base (Cu, Zn, Pb) and
precious metals (Au, Ag), with also important resources in many metals listed as critical and strategic
(Natural Resources Canada, 2022). With the growing need for these metals, developing new
exploration tools is essential. Exploration for VMS deposits has always been a challenge, because of
the difference between the large size of the wide, plurikilometric chlorite-sericite-(carbonate)
alteration halo relative to the mineralization (10s to 100s m; Galley et al., 2007; Gibson et al., 2007).
It is particularly important to develop precise vectoring tools, adapted to the characteristics of these
mineralizations. For VMS deposits, traditional large-scale exploration consists of geophysical surveys
in order to target magnetic or electromagnetic anomalies due to the abundance of sulfides
(chalcopyrite, pyrrhotite, pyrite; Ford et al., 2007; Gibson et al., 2007). Lithogeochemistry is also
widely used at all stages of VMS exploration. Initially, works were mostly based on the use of major
elements (Ishikawa et al., 1976; Spitz and Darling, 1978), then minor and trace elements (Barrett and
MacLean, 1999; Trépanier et al., 2015) and more recently the semi-volatile metals (Large et al.,
2001a; Genna et Gaboury, 2019). Advances in laser ablation-inductively coupled plasma-mass
spectrometry (LA-ICP-MS) analyses allow more studies to focus on mineral chemistry with increasing
quality and improved detection limits (Cook et al., 2016). In particular, the trace element chemistry of
alteration minerals in VMS systems, such as phyllosilicates; (Soltani-Dehnavi et al., 2019) and
sulfides (pyrite, Huston et al., 1995; Genna et Gaboury, 2015; Soltani-Dehnavi et al., 2018), have

proven their potential as petrogenetic tools with potential to help vector towards VMS mineralization.

Morton and Franklin (1987) described two types of VMS deposits in Archean greenstone belts,
based on their alteration: 1) Noranda-type, displaying a typical VMS alteration halo dominated by
proximal chlorite and more distal sericite and, 2) Mattabi-type, displaying a carbonatation in addition

to the usual Noranda-type alteration assemblage. Classic Canadian examples of Mattabi-type VMS



deposits are Mattabi (Wabigoon greenstone belt, Ontario, Franklin et al., 1975; Morton and Franklin,
1987; Groves et al., 1988) and Normétal (Abitibi greenstone belt, Québec, Lafrance et al., 2000;
Lafrance, 2003). This classification is nowadays rarely used, due to the more recent classification of
Franklin et al. (2005) based on the VMS host-rock composition. However, abundant stratabound
carbonate alteration has been documented in major deposits in Canada (Kidd Creek, Abitibi, Ontario
- Schandl and Wicks, 1993; Koopman et al., 1999; Wolverine, Bradshaw et al., 2008; ABM, Finlayson
Lake District, Yukon - Denisova and Piercey, 2023) and worldwide, notably in Australia (Rosebery -
Large et al., 2001; Thalanga - Herrmann and Hill, 2001; Paulick et al., 2001); Spain (Tharsis - Conde
et al., 2021), China (Honghai - Mao et al., 2019; Deng et al., 2020) and Sweden (Kristineberg -
Hannington et al., 2003; Barrett et al., 2005). Mattabi-type deposits are described as related to
shallow seawater volatile-rich volcanism, with dominant felsic units. Carbonate alteration is semi-
conformable, replacing the most porous units (Morton and Franklin, 1987; Lafrance, 2003) and can
extend up to several kilometers away from the mineralization (Lafrance, 2003). A zonation is
documented in this alteration halo with siderite (FeCQOs) around the mineralization, surrounded by a
Fe-ankerite to Fe-dolomite (Ca((Fe,Mg)COs3)2) halo, and distal calcite (CaCQOs; Morton and Franklin,
1987; Lafrance, 2003; Mueller et al., 2008). This zonation can be used for large-scale exploration,
but few methods exist to vector precisely within this carbonate alteration (Lafrance, 2003). The
geometry and zonation of this carbonatation suggest a hydrothermal origin, linked to the VMS
formation (Lafrance, 2003; Mueller et al., 2008). However, carbonates in Archean greenstone belts
can have many other origins: metamorphic (Veizer et al., 1989a; Groves et al., 1998; Goldfarb and
Groves, 2015), biogenic, including the presence of stromatolites (Hofmann and Masson, 1994; Van
Kranendonk et al., 2003; Allwood et al., 2010; Khelen et al., 2019), or diagenetic (Veizer et al., 1989b;

Rouchon et al., 2009).

Very few studies have characterized in detail trace elements in carbonates from Archean
volcanogenic systems (Matagami district, Abitibi, Québec, Genna et al., 2015), furthermore, it has
never been used as a potential exploration tool. A few studies on modern seafloor hydrothermal

systems have documented the chemistry of the fluids (Klinkhammer et al., 1994; Mitra et al., 1994;



Mills and Elderfield, 1995; Bau and Dulski, 1999; Craddock et al., 2012) and the carbonate minerals
(Eickmann et al., 2009) in present-day hydrothermal vents and black smoker chimneys. Other authors
give insights for the use of carbonate as petrogenetic tools, such as using the Y/Ho ratio as a proxy
for the seawater influence on the formation of carbonates (Bau, 1996; Nozaki et al., 1997; Bau and

Dulski, 1999; Bohlar et al., 2004; Allwood et al., 2010).

On the other hand, pyrite chemistry has already been successfully used as a petrogenetic and
exploration tool for ancient and modern seafloor hydrothermal systems (TAG - Grant et al., 2018),
including classic Noranda-type VMS deposits, such as Yaman-Kasy, Southern Urals, Russia
(Maslennikov et al., 2009), several Canadian deposits from the Abitibi greenstone belt (Noranda
district -Sharman et al., 2015; Bracemac McLeod- Genna and Gaboury, 2015), the Bathurst mining
camp (Soltani-Dehnavi et al., 2018) and from the Iberian Pyrite Belt, Spain and Portugal (Gonzalez-
Jiménez et al., 2022). Pyrite can record changes in fluid chemistry and temperature during the
evolution of the hydrothermal system, thus it can help understand the conditions of formation of

mineralization and associated alteration (Large et al., 2007; Genna et Gaboury, 2015).

This study aims to understand better the formation of Mattabi-type carbonatation using trace
elements in carbonate and pyrite in order to evaluate the potential of this carbonate alteration for VMS
exploration. For this study, the B26 VMS prospect, in the Selbaie mining camp (Abitibi greenstone
belt, Québec, Canada) is an ideal case study. The area of the former Selbaie mine is known for
extensive carbonate alteration associated with the volcanogenic mineralization and synvolcanic
structures (Piché and Jébrak, 2006; Faure, 2012). Recent work from Fayard (2020) has studied in
detail the geological context of the B26 project and its mineralization, which is by replacement of felsic
volcaniclastic units. Furthermore, its association with carbonate alteration makes it a potential
Mattabi-type deposit. Using a combination of textural observations with polished thin sections and
micro-X-ray fluorescence (UXRF) maps, lithogeochemistry and mineral chemistry on carbonate, pyrite

and sphalerite, this study shows that the carbonate alteration surrounding the B26 VMS is effectively



synvolcanic in origin, formed by a dominant proximal hydrothermal-magmatic fluid which is
progressively diluted by modified seawater. It also shows that the most distal carbonated units are
not linked to the B26 VMS system and are mostly formed by seawater during diagenesis. Finally, it
confirms that pyrite trace elements are tracers of the evolution of the hydrothermal system and can

be used as an exploration tool for VMS deposits.



CHAPTER 2

GEOLOGICAL BACKGROUND

2.1 Regional geology of the Selbaie mining camp

The Selbaie mining camp is located in the northern part of the Archean Abitibi greenstone belt, in
Québec, Canada (Figure 2.1a). It is best known for the former mine of Les Mines Selbaie, a Zn-Cu-
Au-Ag epithermal-VMS deposit (Sinclair, 1977; Faure et al., 1996) and several VMS showings,
including the B26 project (Fayard, 2020). The Selbaie mining camp is hosted in the Brouillan Intrusive
Complex and the Brouillan Volcanic Complex. Detailed geological descriptions of the Selbaie mining
camp are given in Lacroix (1994), Taner (2000) and Faure (2012) from which the following is
summarized. The Brouillan Intrusive Complex is a polyphase synvolcanic intrusion with predominant
calc-alkaline felsic to intermediate phases and a minor tholeiitic mafic phase (Lacroix, 1994; Faure,
2012). The tonalitic phase was dated at 2729 + 4 Ma using U-Pb on zircon (Barrie and Krogh, 1996).
The Brouillan Volcanic Complex, coeval and cogenetic to the Brouillan Intrusive Complex, is
composed mainly of andesitic to rhyolitic volcaniclastic units, with occurrences of andesitic lava flows
and rhyolitic domes (Lacroix, 1994). The Brouillan Intrusive Complex and Brouillan Volcanic Complex
form together a large caldera, centered around the Brouillan pluton (Larson and Hutchinson, 1993;
Taner, 2000; Faure, 2012). The synvolcanic Brouillan Intrusive Complex is interpreted as the heat
source of the volcanic-related mineralization (VMS and epithermal) in the Selbaie camp (Larson and

Hutchinson, 1993; Taner, 2000; Fayard, 2020).

The units of Les Mines Selbaie were dated using U-Pb on zircon by Barrie and Krogh (1996). They
dated a flow-banded rhyolite at 2729 +3/-2 Ga, which they interpreted as similar in age as the VMS-
type mineralization, and a felsic dyke at 2726 + 3 Ga, which crosscuts the early VMS lenses and is
cross-cut by the late epithermal veins. All the units of the Selbaie mining camp are metamorphosed

to the greenschist facies (Lacroix, 1994; Fayard, 2020). In general, the units in Selbaie show



moderate deformation, except on the interpreted southern borders of the Selbaie caldera, especially
along the contact between the Brouillan Volcanic Complex and the Enjalran-Bapst Group (Figure 2.1;

Lacroix, 1994; Taner, 2000; Fayard, 2020).

Another characteristic of the Selbaie camp is the ubiquitous presence of carbonates. Piché and
Jébrak (2006) and Faure (2012) highlight the abundance of carbonates in the Selbaie camp (Annex
1), using respectively NORMAT normative mineral alteration index from Piché and Jébrak (2004) and
the Alt_Carb_SV350 index from Trépanier (2013). These methods illustrate the importance of
carbonate alteration in the Selbaie mining camp as observed petrographically in the samples (Figures
2.2, 2.3). The carbonatation is particularly intense around Selbaie and B26 mineralizations, and along
interpreted synvolcanic faults (Faure, 2012; Annex 1). However, despite the intensity of the
carbonatation, its origin has not been interpreted yet. Indeed, in Archean greenstone belts, carbonate
can have many origins: sedimentary (biogenic or diagenetic; Veizer et al., 1989b; Hofmann and
Masson, 1994), metamorphic (Veizer et al., 1989a; Groves et al., 1998) or volcanogenic, related to

Mattabi-type VMS (Morton and Franklin, 1987; Lafrance, 2003; Mueller et al., 2008).

2.2 Geology of the B26 prospect

The B26 project is located 5km south of Les Mines Selbaie, at the southern limb of the Brouillan
Volcanic Complex and close to the contact with the overlaying Enjalran-Bapst group (Figure 2.1;
Fayard et al., 2020a). The resources of B26 are estimated at 11.4 Mt at 1.52% Cu, 1.19% Zn, 0.78
g/t Au and 30 g/t Ag (indicated and inferred, Camus and Vadnais-Leblanc, 2018). The mineralization
and local geology have been described in detail by Fayard (2020) using a combination of drill core
description, whole-rock geochemistry and mineral chemistry of pyrite. The following is summarised
from Fayard (2020). Three rhyolitic units of the Felsic member were distinguished in B26 using
immobile elements : 1) rhyolite A has high Zr/TiO2 (>2500) and Al203/TiO2 (>100) ratios, 2) rhyolite

B has a low Zr/TiO2 (1000 to 2000) ratio and a moderate Al203/TiO2 (75 to 120) ratio and 3) rhyolite



C has low Zr/TiO2 (<1500) and Al203/TiO2 (25 to 60) ratios. The mineralization is hosted in rhyolitic
tuffs (Rhyolite A) where it is interpreted to have formed by replacement of these porous felsic units
(Figure 2.1b; Fayard et al., 2020a). All the Felsic members have a similar calc-alkaline affinity and
are part of the same magmatic system; rhyolites A and B were dated at 2728 + 1 Ma (Fayard et al.,
2020a). Rhyolite A was interpreted as a rhyolitic dome or flow-dome complex with a large proportion
of related volcaniclastic units. Rhyolites B and C are composed of quartz(-feldspar) porphyry-bearing
units. Rhyolite B is a group of cryptodomes and sills that are contemporaneous with the emplacement

of rhyolite A. Rhyolite C is the uppermost unit at B26, it overlies rhyolite A and shows little alteration.

2.2.1 Mineralization

Together, the mineralized zones are up to 75m thick with an E-W extension of 2km and 1km deep
(Fayard, 2020). The B26 mineralization is separated into three main zones (Fayard et al., 2020b): 1)
The Cu-zone is characterized by unconformable chalcopyrite-dominated stringers and
disseminations and represents the feeder zone of the VMS, with local durchbewegung texture (Figure
2.2a), indicating an intense deformation of the ore zone (Marshall and Gilligan, 1989). It is hosted in
the footwall (Rhyolite A). 2) The main Zn-zone comprises two main semi-massive to massive sulfide
lenses, which are mostly sphalerite-rich (Figure 2.2b). It is located at the contact between the footwall
and hanging-wall. 3) The upper Zn-zones are small sphalerite-rich disseminations in the hanging-wall
(Rhyolite A; Figure 2.2c¢) of the main Zn-zone. The main and upper Zn-zones display a variation of
mineralization styles with 1) semi-massive to massive sulfide lenses (Figure 2.2b); 2) dissemination
(Figure 2.2c); 3) veins and stringers; and 4) Ag-rich veins and veinlets (Fayard et al., 2020b). The
B26 prospect was emplaced directly along a synvolcanic fault, interpreted to be the southern border
of the Selbaie caldera (Faure, 2012; Fayard, 2020). Later regional N-S shortening led to a stretching
and a flattening of both the mineralization and the host units, resulting in a parallelization of the
stratigraphy and the discordant mineralization. The E-W stretching along the southern border of the

caldera dismembered both Cu and Zn-zones (Fayard, 2020).



2.2.2 Alteration

Several alteration assemblages were described by Fayard et al. (2020b) for B26. A chlorite-sericite
assemblage mostly occurs in the proximal zones, around the mineralization of the Cu-zone and the
main Zn-zone. It corresponds to the most altered rocks of B26. The footwall is characterized by an
increase of sericite over chlorite with distance from the deposit. This chlorite-sericite alteration
assemblage is continuous for more than 1km along strike and has a thickness of about 300m below
the mineralization. Silicification is also present in the hanging-wall overlying the main Zn-zone. The
hanging-wall is intensely altered with an alteration assemblage dominated by carbonates, sericite,
and chlorite with minor albite and K-feldspars. Carbonate alteration is present throughout the deposit
and in most of the alteration assemblages (Fayard, 2020; Figure 2.2d-f), but has not been
systematically mapped or studied in detail. Field observations can only distinguish between white

calcite and orange to brownish Fe-carbonates.

2.2.3 Carbonatation

In and around B26, carbonate alteration is stratabound in the rhyolitic tuffs (rhyolite A) replacing
its most porous layers. Iron-carbonates are dominant in the mineralized zones, in meter-thick horizons
in the hanging-wall (Figure 2.2c-e; 2.3a-c) and in ankerite-magnetite-biotite breccias located above
the mineralization (Figure 2.2f). Calcite is disseminated in the upper, least-altered volcaniclastic units,
and in late veins. These textures are observed in the most distal zones. More intense alteration occurs
as a replacement of the host rock matrix and/or the lapilli, with up to 70% of alteration minerals,
including 40% carbonates (Figure 2.2e-f; 2.3c, d). The intensity of alteration and the proportion of
alteration minerals, including carbonates, increase towards the Cu and Zn mineralization. The most
intensely carbonate-altered horizon in B26 is the hanging-wall of the main Zn-zone, with a carbonate-
(x chlorite * sericite) assemblage. In certain cases, there is a brecciation of the host rock (Figure

2.2f). Low-intensity alteration textures consist of scarce dissemination or veinlets of carbonate



associated with other alteration minerals, most commonly sericite, chlorite, and pyrite (Figure 2.3). It
is frequently observed that there are some cross-cutting relationships between carbonate-pyrite-(+
chlorite £ sericite) veins or veinlets and other carbonate-bearing alteration phases (Figure 2.2d),

indicating a long-lasting hydrothermal system, possibly due to zone-refining (Eldridge et al., 1983).
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Figure 2.1: A. Geological map of the Selbaie mining camp (Geology from CONSOREM and SIGEOM; modified
from Lacroix, 1994); B. Detailed geology of the B26 transect, showing the location of the mineralization and the

collected samples (modified from Fayard, 2020). The black line corresponds to the projected limit between the

footwall and the hanging wall of the mineralization.
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Figure 2.2: Photographs of drill core of the mineralization and carbonate alteration of B26. A. Massive
chalcopyrite (Ccp) showing Durchbewegung texture from the Cu-zone (Drill hole 1274-16-236, 1082.5m deep).
B. Massive sphalerite (Sph) with minor pyrite (Py) and chalcopyrite from the main Zn-zone (1274-14-185M,
266m deep). C. Disseminations of sphalerite associated with pyrite and carbonate (Cb) of the secondary Zn-
zones (1274-16-232, 389.5m deep). D. Rhyolitic tuff with Fe-carbonate alteration cross-cut by a quartz (Qz)-
carbonate vein (1274-14-153, 228m deep). E. Carbonate-altered lapilli tuff associated with chlorite (Chl) and
pyrite (1274-16-236, 1295m deep). F. Fe-carbonate-pyrite-chlorite breccia (1274-14-160, 270m deep)
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Figure 2.3: Microphotographs of B26 carbonate alteration and pyrite textures. A. Quartz (Qz)-carbonate (Cb)
layer in a highly chloritized rhyolitic tuff (B236-1308; drill hole: 1274-16-236; depth: 1308m). B. Intense
carbonate-sericite (Ser) alteration of a rhyolitic tuff, with minor chlorite (Chl) and pyrite (Py; B184-325,2; drill
hole: 1274-14-184; depth: 325.2m). C. Carbonate-sericite alteration associated with pyrite and sphalerite (Sp)
in a rhyolitic tuff (B144-717; drill hole: 1274-14-144; depth: 71.7m). D. Intense carbonatation of porous rhyolitic
tuff (B288-240; drill hole: 1274-19-288; depth: 240m). E. Euhedral pyrite grains associated with sphalerite,
chalcopyrite (Ccp) and galena (Gn; B242-790.3; drill hole: 1274-17-242; depth: 790.3m). F. Amorphous pyrite-
chalcopyrite-sphalerite cluster (B190-321.3; drill hole: 1274-14-190; depth: 321.3m). G. Zoned pyrite with
sphalerite, chlorite and carbonate inclusions (B288-226.8; drill hole: 1274-18-288; depth: 226.8m). H. Zoned
pyrite with carbonate and pyrrhotite (Po) inclusions (B288-240; drill hole: 1274-18-288; depth: 240m).
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CHAPTER 3

METHODS

3.1 Sampling strategy

The hanging-wall of the mineralization was identified as the most altered in carbonates, thus,
sampling was focused on this unit. Twenty-three samples, containing both pyrite and carbonates,
were taken along the hanging-wall on 2 transects. The first comprised thirteen drill core samples
along a 2 km-long E-W transect centered on the B26 deposit (termed B26 transect). The second was
a 3-km transect made between 6.5km and 3.5km West of B26 mineralization, with ten more samples
(termed B26 West transect). The stratigraphy is less well-known in this area west of B26, so the focus
was made on the carbonate-rich units. For each sample, a thin section and geochemical analyses
were realized. As the Selbaie area was metamorphosed to greenschist facies (Lacroix, 1994), both
pyrite and carbonate could have either a volcanogenic or a metamorphic origin. Sampling end-
members for volcanogenic mineralization in the area helped understand the origin of the pyrite-
carbonate bearing units and their link to these mineralizations using mineral chemistry. The
volcanogenic signatures were obtained by reanalyzing historical polished thin sections: 5 for Selbaie
epithermal mineralization (Faure et al. 1996), and 5 for B26 VMS mineralization (Cu-zone, main Zn-
zone, secondary Zn-zones and ankerite-magnetite veins; Fayard, 2020). Location and a brief

description of the samples used in this study are in Electronic Supplementary Material - S1.

3.2 Whole-rock analyses

On the B26 project, between 2013 and 2019, a total of 2565 whole-rock geochemical analyses
were made by SOQUEM with the commercial laboratory ALS Minerals. Most of the analyses followed

the protocol SOQ-5, combining Li-metaborate fusion with induced-coupled plasma atomic emission



spectroscopy (ICP-AES) analysis for major elements and induced-coupled plasma-mass
spectroscopy (ICP-MS) for trace elements, including Zr, and four-acid digestion with ICP-MS analysis
for Ag, Cd, Co, Cu, Li, Mo, Ni, Pb, Sc, Zn. This analytical protocol provides 66 elements, including
majors, traces, REE, base metals and loss on ignition (LOI). Details about the protocols, with the
corresponding limits of detection and data quality are presented in Electronic Supplementary
Materials — S2 and S3. This database was used to document the alteration patterns and their

variations in and around B26, as well as the extent of the carbonate alteration in the area.

Twenty-two additional analyses for base metals and trace elements were conducted on the
samples collected for this study. As most units have already been sampled by SOQUEM, only
complementary analyses have been conducted on the same samples. This resampling was made in
order to improve detection limits for 48 trace elements, including semi-volatile elements, using four-
acid digestion coupled with ICP-MS analysis at ALS Laboratory (ME-MS61 package). The reference
materials used are OREAS 621, a mineralized rhyodacite from Gossan Hill VMS in Australia and
CDN-ME-1414, a semi-massive sulfide from Archean VMS mineralization. The relative difference
between certified and analyzed values is lower than 10% for most elements, except Se and Sb for
the 2021 values and Mo for 2022 values. All reference material data are presented in Electronic

Supplementary Material — S3.

3.3 Micro-XRF maps of polished thin sections

Micro-XRF maps were performed on 3 polished thin sections of the B26 transect in order to study
in detail the chemistry and the textures of the alteration. The Bruker-Tornado M4, equipped with a
Rhodium anode, at Université Laval, Québec was used. Maps (presented in Annex 2) were produced
from 20um points on a 20um grid, each point analyzed for 5ms with a 50kV voltage and 600pA
current. The chosen samples represent the main types of alteration found in B26 carbonate alteration:

one sample from the secondary Zn-zones (259-462.3A), one with a carbonate-sericite-chlorite
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assemblage (B144-717), and one with a carbonate-chlorite alteration (B236-1308). Micro-XRF maps
were initially made to highlight some possible geochemical zonation within the carbonate masses but
no such observations have been made, possibly due to the small size of grains within the felsic tuffs
and the large amount of inclusions (Figure 2.2a-d). Still, these maps were used as a support to

petrological observations.

3.4 LA-ICP-MS analyses for mineral chemistry

Trace elements in carbonates, pyrite and sphalerite were analyzed by LA-ICP-MS (Laser Ablation
Inductively Coupled Plasma Mass Spectrometry) at LabMaTer, Université du Québec a Chicoutimi
(UQAC). The LA-ICP-MS system comprises an Agilent 7900 ICP-MS, coupled with an ArF
RESOLution M-50 Excimer (193 nm) laser. For all the minerals, ablation lines were made with a laser
beam of 55um and at a speed of 10um/s. Ablation lines of 60s followed a background acquisition of
the gas blank of 20 to 30s. Lines were preferred to identify micro-inclusions and any zonation of the
minerals, following the protocol of Genna and Gaboury (2015). For all the analyzed samples, an
average of 6 analyses were made per mineral. The number of analyses ranged from 1 to 10
depending on the abundance of the minerals and the textural variations. Data reduction was carried

out using lolite 4 software (Paton et al., 2011).

3.4.1 LA-ICP-MS on carbonates

For the carbonates, 48 isotopes were measured : 7Li, Mg, 27Al, 2°Si, 3'P, 34§, 44Ca, 4'Ti, 5°Mn,
57Fe, 59Co, ®Ni, 83Cu, 86Zn, 7'Ga, 7Ge, 75As, 7’Se, 88Sr, 89Y, %Mo, 109Ag, 111Cd, 1'5In, 118Sn, 121Sb,
125Te, 137Ba, 139La, 140CG, 141|:)r-7 146Nd, 147Sm, 151 EU, 153EU, 157Gd, 159Tb, 163Dy, 165HO, 166Er, 169Tm’ 172Yb,
175y, 182\, 197Au, 205T|, 208pp 209Bj, This protocol was used to analyze 177 carbonate grains from 27
thin sections, including 5 from B26 mineralization from Fayard (2020). Carbonate analyses were

calibrated coupling NIST-610 and GSE, following Savard et al. (2023). As multiple reference materials
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were used for calibration, data was treated with the lolite 4 3D Trace elements tool to improve the
accuracy of the calibration (Paul et al., 2023). The sum of the major elements constituting the
carbonate minerals (>*Mg, #4Ca, 55Mn, 5’Fe) was normalized to 100% using the stoichiometric CO2
content of each carbonate mineral. Analysis of carbonate reference materials (GProbe 4 and MACS-
3) were used for data quality (data presented in Electronic Supplementary Material — S4): most trace
elements in carbonate reference materials were within 10% accuracy and 10% precision. To
demonstrate that this method of calibration is accurate for carbonate analysis, 7 samples from the
carbonate alteration of Normétal VMS system (Lafrance 2003) were analysed by LA-ICP-MS and the
major elements were compared to the microprobe data of Lafrance (2003, Electronic Supplementary
Material — S5). For calcite and siderite, major elements systematically have less than 10% difference
between microprobe and LA-ICP-MS data. However, for ankerite, variation within a single analysis
can be significant. Since, there is no indication of the location of the microprobe point on the thin
section, it is not necessarily the same carbonate grain that have been analyzed with LA-ICP-MS. Still,
the low difference observed for major elements in calcite and siderite indicates that the methodology

used here is robust to determine the mineralogy of carbonates with LA-ICP-MS.

Some carbonate minerals are highly porous and contain micro-inclusions (Figure 2.3a-d). Several
elements were used to detect and exclude micro-inclusions during data reduction: P for phosphates
(apatite, monazite), Si and Al for silicate minerals (e.qg., sericite, chlorite), Fe and S for sulfides (pyrite,
chalcopyrite, sphalerite) and Fe and Ti for Fe-oxides. Apatite and phyllosilicate inclusions may affect
the REE+Y content of the carbonate (Genna et al., 2015; Debruyne et al., 2016). Therefore, data with
P > 500ppm and/or Si+Al > 2wt.% were removed from the dataset to limit the contamination on

REE+Y patterns.
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3.4.2 LA-ICP-MS on sulfides

For both pyrite and sphalerite analyses, the same sulfide protocol was used to determine the trace
elements of these sulfide minerals and also to provide information about inclusions. The 40 isotopes
measured were Mg, 28i, 3P, 33§, 34§, 3K, 44Ca, 47Ti, ®1V, 52Cr, 5°Mn, 5"Fe, %°Co, ®°Ni, ¢5Cu, ¢Zn,
71Ga’ 73Ge’ 74Ge’ 75AS, 7886, 8286, 95MO, 107Ag, 'I'I'ICd, 115|n’ 1188”, 121Sb, 125Te, 128Te, 137Ba’ 182W’
197Au, 202Hg, 204Pp, 205T|, 206pp 207Ph 208ph 209Bj 238|J, A total of 224 pyrite grains on 26 thin sections,
including 6 thin sections of B26 mineralization from Fayard (2020), were analyzed. In addition, a total
of 62 grains of sphalerites were analysed from 6 thin sections: 2 in the Cu-zone, 2 in the main Zn-
zone and 2 in the carbonate alteration halo. Analyses of pyrite were calibrated using MASS-1, a U.S.
Geological Survey Fe-Cu-Zn-S pressed pellet reference material. The Fe-rich glass GSE was also
used for some elements (Co, Ni, Ba, Pb) with better reproductivity and precision (Electronic
Supplementary Material — S6). Data quality was monitored using UQAC-FeS1 and UQAC-FeS5 (in-
house sulfide reference materials from LabMaTer; Savard et al., 2018; Duran et al.,, 2019;
Baumgartner et al., 2020). 5"Fe was used as the internal standard using stoichiometric values for
pyrite analyses. For sphalerite, the stoichiometric sulfur concentration was used as an internal
standard to calculate Fe concentration in sphalerite (which varies naturally). The calculated 5’Fe was
then used as an internal standard following Gaboury et al. (2021). Data for most trace elements in
the sulfide reference materials were within 10% accuracy and 10% precision (Electronic

Supplementary Material — S7).

Although micro-inclusions of other sulfides, and in some cases carbonates and Fe-Ti oxides, are
common in pyrite, they reflect the metallic signature of the hydrothermal fluid forming the pyrite; either
during coprecipitation from the fluid or recrystallization of pyrite (i.e. expulsion of excess metals in
pyrite lattice) during zone refining and/or later metamorphism (Huston et al., 1995, Large et al., 2007;
Genna and Gaboury, 2015). As such, they were not removed from the signal in this study, following
Genna and Gaboury (2015) and Gaboury et al. (2021). Sphalerite was analyzed to use the GGIMFis

geothermometer developed by Frenzel et al. (2016), which uses the Ga, Ge, In, Mn and Fe
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concentration in sphalerite. The main micro-inclusion mineral in the sphalerite analyses is
chalcopyrite, due to the chalcopyrite disease texture, which is common in B26 (Figure 2.3e).
Nevertheless, sphalerite is richer in Ga, In and Mn than chalcopyrite (George et al., 2016), so the

signature should not be altered significantly.

The most common inclusions, identified with petrography and LA-ICP-MS signals, in pyrites are
sulfides, mainly chalcopyrite, sphalerite and galena, Fe-Ti oxides, and in some cases carbonates.
Sulfides highly affect Cu, Zn and Pb concentrations resulting in high variations in the concentration
of these elements, ranging from 0.1ppm to 5 wt.%. Sulfide inclusions also affect other elements
enriched in these mineral phases, positive correlations between the higher values of Cu with high
values of In, Sn, Ag and Sb indicating an effect of chalcopyrite inclusions on these elements.
Sphalerite inclusions result in nearly perfect positive correlations between Zn and Cd and In, and
galena inclusions result in positive correlations between Pb, Ag and Sb. Carbonates have also a

major impact on Mn concentrations, which is shown by the positive correlation between Ca and Mn.
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CHAPTER 4

RESULTS

4.1 Whole-rock analyses

4.1.1 Lithology classification

As samples collected for this study have been intensively altered, the original volcanic lithologies
have been determined using the immobile trace element classification diagram of Winchester and
Floyd (1977; Figure 4.1a; Electronic Supplementary Material — S8). Based on this diagram, all of the
carbonate-altered samples from the B26 transect are rhyolites, whereas, on the B26 West transect,
the carbonate-bearing units was hosted not only in rhyolite but also in dacite and andesite (Figure
4.1a). These samples were then compared to B26 host units using the Zr/TiO2 vs Al2Os3/TiO2
discrimination diagram of Fayard et al. (2020a), which is efficient for differentiating the three types of
rhyolites (A, B and C) identified in the B26 prospect (Figure 4.1b). Samples of carbonate alteration
from the B26 transect all have high Zr/TiO2 (2500 to 3700) and Al203/TiO2 (>100), which corresponds
to the signature of the rhyolite A of B26 (Figure 4.1b), host of the mineralization and most of the
alteration. The carbonate-altered rhyolites from the B26 West transect have lower Zr/TiO2 (<1000)
and Alz03/TiO2 (<100) ratios and are most similar to the chemical signature of rhyolite B (Figure 4.1b).
The sampled andesite and dacite samples from B26 West transect have the lowest Zr/TiO2 (<500)

and Al2O3/TiOz2 (<50), typical of andesite and dacite from B26 (Fayard et al., 2020a; Figure 4.1b).

4.1.2 Alteration

Few methods have been developed to study carbonate alteration of volcanic rocks; the Chlorite-

Carbonate-Pyrite Index (CCPI) developed by Large et al. (2001a) is the only index applied to VMS



deposits. Fayard (2020) showed that, at B26, the increase in the CCPI value mostly reflects the ratio
of chlorite/sericite rather than the intensity of the carbonatation. Other methods useful for studying
carbonate alteration are normative calculations. Piché and Jébrak (2006) and Faure (2012) already
highlighted the intense carbonatation in the Selbaie mining camp using respectively NORMAT
normative mineral alteration index from Piché and Jébrak (2004) and the Alt_Carb_SV350 index from
Trépanier (2013; Annex 1). These methods illustrate the importance of carbonate alteration in the

Selbaie mining camp as observed petrographically in the samples (Figures 2.2, 2.3).

For this study, normative calculations were made using CONSONORM_LG from Trépanier et al.
(2015) on SOQUEM’s database (N=2755), in order to quantify the carbonatation in and around the
B26 deposit and detect the zoning of the carbonate mineralogy. The map on Figure 4.2 shows the
extents of normative calcite (>3%), ankerite (>1.5%) and siderite (>0.3%). These thresholds
correspond to the 80th percentile and were chosen to discriminate the background carbonatation

commonly associated with greenschist metamorphism (Groves et al., 1987; Veizer et al., 1989a).

Normative carbonates show a wide alteration halo, with anomalous values of normative ankerite
(>1.5%) up to 1km away from the deposit on either side of the B26 transect (Figure 4.2). Siderite is
dominant in the vicinity (<500m) of the mineralized zones. The upper hanging-wall and the footwall
of B26 are dominated by calcite (Figure 4.2). Domination of calcite is also observed on the B26 West
transect, 3.5km west from B26. There, most of the samples are calcite-dominated, with 1.2 to 9.5%
of normative calcite, but three samples are dominated by Fe-carbonates, with over 15% of normative
ankerite or siderite. The lack of geological constraints (absence of outcrops and low drill hole density)
on this B26 West transect, limits our ability to clearly see the lateral zonality of these Fe-carbonate-
enriched units. However, it shows that the carbonate alteration in B26 is stratabound and continuous

over more than 2km.
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Figure 4.3 shows the volcanic sequence and its alteration assemblage along two different drill
holes, one crosscutting the B26 main Zn-zone (1274-17-259: 562m long; Figure 4.3a), and the other
located in the proximal alteration halo, 250m west of the massive sulfide lenses (1274-16-236: 1533m
long; Figures 4.2 and 4.3b). The drill hole 1274-17-259 mainly intersects rhyolites A and B, as well
as dacite and a quartz-feldspar porphyry (QFP) intrusive (Figures 4.2 and 4.3a). The drill hole 1274-
16-236 first intersects a succession of felsic to intermediate volcanic units followed by the felsic
members, rhyolites A and B (Figure 4.3b). In both cases, the highest Cu values (>0.5%) are located
in the footwall and the high Zn values (> 0.5%) are at the top of the footwall and in the hanging-wall;

only the main Zn-zone contains both Cu and Zn.

In terms of alteration, in both drill holes there is a systematic difference between the footwall and
the hanging-wall of the mineralization, highlighted by the normative calculations of carbonate minerals
(calcite, ankerite, siderite; Trépanier et al., 2015) and the Spitz-Darling Index (Spitz and Darling,
1978). Along the B26 transect, the alteration in the footwall is thick, up to 450m, characterized by a
Spitz-Darling Index over 100, indicating an important leaching of the host rock, and a normative
carbonate index close to 0%. There is also a decrease of the Eu/Eu* ratio in the rhyolites, compared
to the least-altered rock data from Fayard (2020). These three features indicate an intense leaching
of the host rock, which is consistent with the observation of a dominant chlorite-sericite alteration
assemblage in B26 by Fayard et al. (2020b). On the other hand, the hanging-wall is characterized by
a lower Spitz-Darling Index (<10), an increase in the Eu/Eu* ratio, compared to precursor (Fayard,
2020) and the apparition of normative carbonates: calcite, ankerite and siderite for the hole 1274-17-
259 and ankerite and siderite for the drill hole1274-16-236. Carbonatation is the most intense in the
hanging-wall, with up to 50% of normative ankerite and siderite (Figure 4.3b). In the drill hole 1274-
16-236, carbonatation is also present up to 800m below the mineralization within the felsic-
intermediate volcanic successions. In this case, it is dominated by normative calcite (5-15%) with

minor normative ankerite (<3%).
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The alteration indexes used here, as well as the normative calculations, highlight the differences
in the alteration assemblages in B26, with an intensively leached footwall, dominated by chlorite-
sericite, and a carbonated hanging-wall, dominated by Fe-carbonates. Those Fe-carbonates are
however less abundant directly over the mineralization compared to the proximal and intermediate
alteration halo (Figure 4.3a and b). Both footwall and hanging-wall are wrapped by a calcite-
dominated, pervasive alteration. These features highlight the semi-concordant geometry of the
carbonate alteration in B26, which is also typical of the Mattabi-type deposits, as defined by Morton
and Franklin (1987). The size of the carbonate alteration zones is similar to that of the model
developed by Lafrance (2003) for the Normétal deposit, with an Fe-carbonate halo extending several

kilometres away from the mineralization.

4.2 Carbonate geochemistry

4.2.1 Carbonate classification

Carbonate minerals are important components in the B26 alteration halo forming between 5 and
40% of the composition of the altered samples. It is usually found as amorphous millimetric to
centimetric masses disseminated in the volcaniclastic units or veinlets crosscutting previously
carbonate-altered units (Figures 2.2 and 2.3). They are systematically associated with other alteration
phases, especially sericite, chlorite and pyrite (Figure 2.3 a-d). This association between
phyllosilicates, sulfides and carbonates is particularly visible on uXRF maps (Annex 2). In this study,
classification of carbonate minerals follows the nomenclature used by Lafrance (2003), based on
Berry and Mason (1959) and Deer et al. (1967). The calcite and siderite poles are quite pure with,
respectively, Ca/(Ca+Fe+Mg) and Fe/(Ca+Fe+Mg) over 85%, with minor amounts of Mg (0.01 to 4%
in calcite, and 1 to 8% in siderite) and Mn (0.3 to 1.5% in calcite, and 2 to 10% in siderite). The
ankerite-dolomite series displays a solid solution between pure dolomite ((Ca,Mg)(COs)2) and

ferrodolomite ((Ca,Fe)(COs)2). In B26 and its carbonate alteration halo, the carbonates, determined
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by LA-ICP-MS, comprise the three species: calcite (33 grains), siderite-sideroplesite (27 grains) and
100 grains from the ankerite-dolomite series (Figure 4.4). Most samples only contain one type of
carbonate mineral. When several carbonate minerals coexist in the same sample, it is due to zoning
in a large carbonate mass (Figure 2.3d). The mineralogy of the analyzed carbonate is consistent with

the observations made with the normative calculations.

4.2.2 Minor and trace elements in carbonates

The minor and trace element data of carbonates is shown on box and whisker plots in Figure 4.5
(other elements are shown in Annex 3). Only Sr (350ppm in median) and Zn (60ppm in median) are
the most abundant minor elements in carbonates. Semi-volatile metals (Ag, Cd, In, Sn, Sb, Au, Tl,
and Bi) are low in carbonates and most of the analyses for these elements are near the detection
limit (Figure 4.5). Ca-rich carbonates (calcite and ankerite-dolomite series) tend to be enriched in Sr
(50 to 5000ppm) and Pb (1 to 50ppm), as Sr and Pb substitute for Ca in the carbonate lattice (Berry
and Mason, 1959; Speer, 1983). On the other hand, Fe-bearing carbonates are richer in Cu, Li, Mn,
Co, Ni (1 to 100ppm), Ga and Mo (0.1 to 1ppm; Figure 4.5; Electronic Supplementary Material — S9),
as all these elements substitute for Fe (Co, Cu, Mn; Berry and Mason, 1959; Reeder, 1983; Veizer,
1983) and Mg (Co, Cd, Cu, Ni, Li, Berry and Mason, 1959; Reeder, 1983; Veizer, 1983; Barton et al.,

2014).

However, the rare earth elements (REE) and Y are the focus of this study because they have been
widely studied and their capacity to trace geochemical processes and to characterize the involved
hydrothermal fluids has been demonstrated (Bau, 1991; Bau and Maller, 1992; Bau, 1996; Debruyne
et al., 2016; Smrzka et al., 2019). The total REE concentration in the carbonates varies from 1 to
803ppm. Concentrations of total REE+Y in carbonates depend on the mineralogy, specifically the Ca
content: calcite is usually the most REE-enriched of the carbonate minerals (median value of Y REE

= 51ppm), followed by the ankerite-dolomite series (> REE = 24ppm) and then siderite (Y REE =
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16ppm). In theory, Ca-rich carbonates should be enriched in light rare earth elements (LREE) and Fe
and Mg-rich carbonates should easily incorporate heavy rare earth elements (HREE) due to similar
ionic radii (Shannon, 1976; Bau and Mdller, 1992; De Bruyne et al., 2016; Figure 4.5). However, our
study points out that mineralogy does not affect significantly the REE+Y pattern shapes. It only

influences the REE+Y concentrations in the carbonates.

The carbonates analyzed were divided into three types using REE+Y chondrite-normalized (CN)
patterns, as well as Eu and Y anomalies (Figure 4.6). Type 1 carbonates (N = 9 samples, n = 40
analyses) are Fe-bearing carbonates (ankerite to siderite), located directly in the mineralization or in
its direct vicinity. They are the most enriched in REE, with a median of 250 times chondrite values.
The main characteristic of type 1 is a weakly fractionated REE+Y pattern ([La/Yb]cn = 0.71) with a
marked negative Eu anomaly ([Eu/Eu*]en = 0.37) and no Y anomaly (Y/Ho = 30; Figure 4.6a). Type
2 carbonates (N = 13, n = 110) comprise mainly the ankerite-dolomite series and a few calcites, with
moderate REE concentrations and a median 100 times chondrite values. They are the most common
in B26, occurring in the mineralization, in the secondary Zn-zones, in ankerite-magnetite veins located
directly over B26, but also all along the transect in the alteration halo, and even the B26 West transect.
Type 2 carbonates are characterized by a slight LREE-enriched pattern ([La/Yb]en = 1.67) and a
systematic significant positive Eu positive anomaly ([Eu/Eu*]en=2.25) and no anomaly in Y (Y/Ho =
20; Figure 4.6b). Type 3 carbonates (N = 4, n = 28) comprise calcite and siderite. They have a scarce
distribution in the B26 camp, with no visible spatial link to the deposit or any known major structure.
However, they are most common in the distal alteration halo, especially on the B26 West transect.
These carbonates exhibit the lowest REE abundance, with a median of 30 times chondrite values.
The distinctive spoon-shaped (concave) REE+Y pattern, with an unusually low abundance of LREE
and medium rare earth elements (MREE), and an enrichment in HREE ([La/Yblen = 0.50), is
characteristic of type 3 carbonates. They also have a negative Eu anomaly ([Eu/Eu*]cn = 0.66) and
positive La and Y anomalies (Y/Ho = 36) (Figure 4.6c¢). Within type 3 carbonates, there is considerable

variability in their REE+Y spectra, even within a sample or a carbonate mass, with a strongly marked
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spoon-shaped pattern in the center and a flat pattern, richer in total REE+Y on the borders of the

carbonate mass. The spatial distribution of the different types of carbonate is shown in Annex 5.

A binary diagram, using the Eu anomaly and the Y/Ho ratio, can be used to discriminate all three
types of carbonate described using the REE+Y patterns (Figure 4.7). Type 1 carbonate, including
those from the mineralization display a negative Eu anomaly as well as a low Y/Ho ratio (>35). Type
2 carbonate, which are dominating the carbonate alteration halo are characterized by a positive Eu
anomaly and a low Y/Ho ratio (>35). Finally, type 3 carbonates, found mostly on the B26 West
transect have a high Y/Ho ratio (35 to 50), with a usually slightly marked Eu anomaly, which could be
whether positive or negative. This diagram can be used for the classification of carbonates in the B26

area.

4.3 Trace elements in pyrite

4.3.1 Textural characteristics of pyrite and its affect on trace element chemistry

Pyrite is ubiquitous in B26 and its alteration halo, particularly in the semi-concordant carbonate
alteration halo. It is found as disseminations in and around the carbonate masses and sometimes as
thin layers or veinlets within the rhyolitic tuffs (Figure 2.2b-f). In most cases, pyrite is associated with
other alteration minerals (carbonates, chlorite, sericite) and in some cases with other sulfides
(sphalerite, chalcopyrite, galena) or Fe-Ti oxides (magnetite, ilmenite) (Figures 2.2-2.3; Annex 2),

which suggests a cogenetic link between carbonate and the other alteration minerals.

A large variety of textures have been observed microscopically for pyrite. The most common is
subhedral pyrite grains, zoned with a porous core and clear borders (Figure 2.3g-h), which resembles

to the pyrites described in other VMS districts (Mt Read, Large, 1992; Matagami, Genna and Gaboury,
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2015; Bathurst, Soltani-Dehnavi et al., 2018). The clear borders in these pyrites are characteristic of
recrystallization due to continuous fluid flows, caused by zone refining, metamorphism or deformation
(Eldridge et al., 1987; Huston et al., 1995; Large et al., 2007). Amorphous mass of pyrite and veinlets

are also common textures observed in B26 (Figure 2.3f).

4.3.2 Trace elements in pyrite

Pyrites from the B26 mineralization are classified by ore type: Cu-zone and main Zn-zone. Those
from the carbonate-alteration are further grouped according to the distance of the samples to the B26
mineralization: 1) proximal (N = 7, n = 43) are less than 250m away from the mineralized lenses; 2)
intermediate (N = 6, n = 44) are from 250 to 700m and 3) distal (N = 47, n = 6) are more than 3km
from B26 and comprise all the data from the B26 West transect. All proximal and intermediate
samples are located within the hanging-wall, in the most intensively carbonated rocks (Annex 6). The
zonation observed in the textures of the pyrites is reflected in the geochemical signature, with the
core enriched in semi-volatile elements, while the borders display higher concentrations in Ni, Co and

As (Figure 2.3g-h; Annex 4).

For each group of pyrite, most of the analyzed elements are above the limit of detection of the LA-
ICP-MS (Figure 4.8), with only Te and Hg having a significant number of analyses below detection
limit (Electronic Supplementary Material — S10). A selection of trace element data detected in pyrite
is plotted on the box and whisker plot (Figure 4.8; other elements are shown in Annex 5). Pyrite from
the mineralized zones (both Zn and Cu-zones) are the most enriched in the majority of trace elements:
Co, Pb (100 to 10000ppm), Ag, Cu, Se (10 to 100ppm), Bi, Hg, Cd Sn, Sb, Tl (0.1 to 10ppm), Au and
In (<0.1ppm; Figure 4.8) compared to pyrite from the carbonate-alteration. Among the mineralized
zones, pyrite from the Cu-zone displays the highest concentrations in most elements, in particular Bi
(median value of 45ppm), In (0.4ppm) and Se (110ppm), and the lowest concentrations in Mn, Sb,

Ga, Te and most notably As (0.3ppm) and Zn (0.7ppm). Pyrite from the Zn-zone exhibits the highest
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concentrations in As (1240ppm), Sb (6ppm) and Zn (95ppm). In contrast, pyrites from proximal and
intermediate samples are similar or depleted in most trace elements compared to the pyrite from the
B26 ore zones (Figure 4.8). Pyrites from the distal carbonate alteration of B26 West have the highest
values in Mn (82ppm), V (0.7ppm) and Te (0.3ppm) of all pyrite (both from mineralization and
carbonate-alteration) but display similar concentrations of the other elements in pyrite from the

carbonate alteration of the B26 transect (Figure 4.8).

Binary diagrams (Figure 4.9) showcasing variations in certain pyrite trace elements (Ag, As, Co,
Mn, Se, V), highlighted by the box plot diagrams of Figure 4.8, are useful for discriminating pyrites
from the different lithologies and different locations. It is possible to distinguish pyrites from the B26
and B26 West transects using their Mn and V contents, as pyrites from the B26 West transect are
enriched in V (>0.2ppm) and Mn (>10ppm) compared to those of B26 (Figure 4.9a). This Mn vs V
diagram shows that pyrite from the two transects may have different origins (see discussion below).
Thus, the next diagrams only use data from the B26 transect in order to differentiate the mineralization

from the carbonate alteration and distinguish the Cu-zone from the Zn-zone.

Using semi-volatile and/or magmatic elements (Se, Ag; Figure 4.9b; Co, As; Figure 4.9¢c) is
particularly efficient to: 1) differentiate the carbonate alteration to the mineralization, most enriched in
most elements (Figure 4.9b, ¢) and, 2) separate pyrites from the Cu and Zn-zones as those from the
Cu-zone are highly depleted in As (<10ppm), plotting several orders of magnitude below the Zn-zone
and the carbonate alteration (Figure 4.9c). Itis finally possible to see a difference in the trace element
content of the pyrite with distance to the mineralization, intermediate pyrites being depleted in Se, Ag,
Co and As compared to proximal pyrites, highlighting these elements as potential vectors for

exploration (Figure 4.9b, c).
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4.4 Trace elements in sphalerite

Sphalerites analyzed in B26 display equilibrium textures with pyrite, carbonates and other
alteration minerals (Figure 2.3c, e, f, g). They are present as amorphous grains on the borders of
other sulfides, mainly pyrite or chalcopyrite. The main inclusions identified in sphalerite are

chalcopyrite, with a chalcopyrite disease texture (Figure 2.3e), and galena.

A wide variety of trace elements are present in B26 sphalerites (N = 6; n = 32), with Fe and Cd
being the most important minor elements, with concentration ranging from 0.2 to 0.5% for Cd and 0.5
to 6% for Fe (Electronic Supplementary Material — S11). Notable trace elements include Mn, Cu, Co,
Se, In, Pb with a range of concentration between 10 to 100ppm. Other notable elements are As and
Hg (1 to 10ppm), and Ga and Sb (0.1 to 1ppm). The remaining elements are often below the detection
limit, including Bi, Au, Tl, W, Te and Ge. Sphalerite from the mineralization is the most enriched in
most trace elements, with the exception of Ag, Hg, Pb and Sb. Within the mineralization, sphalerite
from the Cu-zone displays the highest concentration in Bi, Co, Cu, Ga, Ge, In, Mn and Se whereas
they are depleted in Cd, Ag and Sb. Sphalerite from the Zn-zone is particularly enriched in Cd (median
value = 5969ppm) and As (2 ppm) whereas those from the Cu-zone are slightly depleted (Cd =

2603ppm).

Sphalerite trace element content has been shown to be controlled by fluid temperature (Frenzel
et al.,, 2016). In this study, we have used the Ga, Ge, In, Mn, Fe in sphalerite (GGIMFis)
geothermometer following the equations of Frenzel et al. (2016), which is based on the correlations
between homogenization temperature of fluid inclusions in sphalerite and co-existing concentrations

of Ga, Ge, Fe, Mn and In of sphalerite:
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As many Ge analyses were below the detection limit, a fixed value was given to these analyses,
corresponding to the limit of detection of Ge itself, following the recommendation of Frenzel et al.
(2016). It leads to an underestimation of the variability of the calculated temperatures from the Zn-
zone and the alteration halo. Chalcopyrite inclusions, and the chalcopyrite disease textures were

discussed by Frenzel et al. (2016) and seem to have a minor impact on the geothermometer.

Sphalerite from the Cu and Zn mineralization gives a calculated median temperature of 346 +
28°C, with no significant difference between the two zones of mineralization. These temperatures are
consistent with temperatures of VMS mineralization formed by replacement (Large, 1992; Galley et
al., 2007; Schardt and Large, 2009), confirming the model of Fayard (2020). Sphalerite from the
carbonate alteration records slightly cooler temperatures, with a calculated median temperature of
315 £ 24 °C (Figure 4.10). However, this is much higher than the 248 + 12°C°C measured at the Kidd
Creek VMS deposit (Abitibi, Ontario, Canada), by Schandl and Bleeker (1999) in fluid inclusions in

siderite from the talc-carbonate-altered units.
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Figure 4.1: Lithogeochemical classification of volcanic rocks from B26. A. Zr/TiO2 vs. Nb/Y binary diagram of

Winchester and Floyd (1977) to classify altered volcanic rocks. B. Zr/TiO2 vs Al203/TiO2 discrimination diagram

to classify the 3 rhyolite types of B26 (coloured fields from Fayard, 2020)
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Figure 4.3: Geologic and geochemical profiles of drill holes A. 1274-17-259 (proximal alteration) and B. 1274-16-236 (intermediate alteration). Horizontal lines give

the limits of the footwall and the hanging wall, in both drill holes, the footwall is intercepted first. Normative carbonate calculations were realized using
CONSONORM_LG (Trépanier et al., 2013). Spitz-Darling Index (Na20O/Al20s3) is a proxy for leaching, vertical line represents the value for non-leached rhyolites
(Spitz and Darling, 1978). Vertical lines on the Eu/Eu* graph represents the value for fresh samples given by Fayard et al. (2020a). Red stars shows the location of

samples from this study taken from these drill holes. HW = Hanging-wall; FW = Footwall
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Figure 4.6: Normalized Rare-Earth Element and Y (REE+Y) diagrams of B26 carbonates. A. Type 1
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CHAPTER 5

DISCUSSION

5.1 Origin of carbonates in Archean VMS environments

In an Archean greenstone belt, carbonates can have several origins: 1) volcanogenic (Morton and
Franklin, 1987; Lafrance et al., 2000; Lafrance, 2003; Mueller et al., 2009), 2) biogenic, with the
presence of stromatolites (Hofmann and Masson, 1994; Van Kranendonk et al., 2003), 3) diagenetic
by the trapping of seawater in the pores of clastic or volcanogenic units (Veizer et al., 1989b; Rouchon
et al., 2009), and 4) metamorphic, linked to the circulation of large amounts of metamorphic fluids
through shear zones (Groves et al., 1987; Veizer et al., 1989a; Goldfarb and Groves, 2015). Below
we show that mineral chemistry, supported by textural observations and whole-rock geochemistry,
improves our understanding of the petrogenesis of the carbonate-bearing units in the Selbaie mining

camp and its relation to the VMS mineralization at B26.

In the Selbaie mining camp, all 4 origins of carbonate could be possible. The B26 VMS
mineralization formed above the calc-alkaline Brouillan Intrusive Complex and stromatolites have
been previously identified in sedimentary carbonate units near the Selbaie mine (Hofmann and
Masson, 1994; Taner, 2000). Stromatolites and Archean biogenic carbonates in general are mainly
composed of calcite and dolomite (Veizer et al., 1990; Hofmann and Masson, 1994; Allwood et al.,
2010). Diagenetic carbonates can form in porous marine sedimentary or volcaniclastic rocks
saturated in seawater (Hein and Scholl, 1978; Haley et al., 2004). During diagenesis, this trapped
fluid will lead to the crystallization of a variety of minerals, mainly oxides, sulfides or sulfates and
carbonates (calcite, dolomite and siderite; Brooks et al., 1968; Haley et al., 2004; Smrzka et al., 2019
and references therein). Carbonate veins in deformation zones surrounding the Selbaie caldera,
related to metamorphic fluids during the main deformation event (Lacroix, 1994), are common in the

area. Metamorphic carbonates can have a wide variety of mineralogy, ranging from calcite to siderite



and magnesite, depending on the chemistry of the metamorphosed rocks (Veizer et al., 1989a). Thus
first, it is necessary to decipher the origin of the stratabound carbonate alteration halo surrounding

B26 VMS mineralization.

In the studied samples, the close connection between carbonate and other common VMS
alteration minerals (chlorite, sericite, and pyrite: Figures 2.2, 2.3; Annex 2) indicates a genetic link
between the volcanogenic hydrothermal activity and the formation of carbonate minerals. Cross-
cutting relationships are sometimes observed between carbonate-altered units and carbonate-
bearing veins, suggesting multiple carbonatation events, potentially tied to zone refining. Whole-rock
geochemistry and normative calculations reveal the large scale of carbonatation surrounding B26
(Figures 4.2, 4.3). It is centered on the mineralization and continuous over several kilometers

following the porous felsic tuffs.

Normative calculations also highlight two types of carbonatation in B26: 1) a moderate pervasive
calcite-dominated alteration (5% normative calcite) under the footwall of B26 and, 2) an intense Fe-
carbonate alteration (> 10% normative ankerite + siderite) focused in the hanging-wall. The calcite-
dominated assemblage under the footwall is associated with non-leached units and could be linked
either to the volcanogenic activity or the late metamorphism. On the other hand, the intense Fe-
carbonate alteration, located in the hanging-wall, and its distribution, centered on the mineralization,
and dimension highlighted by the normative calculations suggest that the carbonate and the
mineralization are related (Figure 4.3b). The silicification documented by Fayard (2020) for the B26
deposit could have acted as a cap rock, which seals the system focusing the fluid flows and allowing
carbonate to precipitate (Mueller et al., 2008). Similar size and zoning of carbonate alteration have
also been documented in Mattabi-type VMS (Mattabi, Franklin et al., 1975; Groves et al., 1988;

Normétal, Lafrance, 2003).
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In order to decipher the origin of the carbonate alteration in Archean deposits (as volcanogenic or
metamorphic in origin), Lafrance (2008) proposed a binary diagram with two indexes: the Carbonate
Saturation Index (CO2/CaO+FeO+MgO+MnOmoar) and the Carbonate Discrimination Index
(CO2/Ca0; Figure 5.1). The Carbonate Saturation Index is a proxy for the intensity of carbonatation
of rock samples and the Carbonate Discrimination Index is used to identify the dominant carbonate
mineral, based on the Ca and CO: content. Lafrance (2008) created two fields on the diagram: i) the
volcanogenic field, with an intermediate to intense Fe-carbonate-dominated alteration (Carbonate
Saturation Index/Carbonate Discrimination Index > 0.25) and ii) the orogenic field, characterized by
an intense carbonate alteration and dominated by Ca-bearing carbonate (Carbonate Saturation
Index/Carbonate Discrimination Index < 0.25). The limit of the two fields was empirically established
after a thorough statistical investigation on several databases of orogenic and VMS deposits in the
Abitibi greenstone belt regrouping 24000 samples (Lafrance, 2008). For B26, among the 3580
analyses plotted on the diagram, the majority (62%) have a VMS signature (Carbonate Saturation
Index/Carbonate Discrimination Index >0.25; Figure 5.1). These results are consistent with the
examples tested by Lafrance (2008): samples from VMS in general have a volcanogenic signature
ranging from 41 to 68%, whereas, for orogenic sectors tested in Abitibi, only 7 to 34% of the samples
plot in the volcanogenic field. This is consistent with the observations made on the normative

calculations and supports a volcanogenic origin for carbonate.

5.2 Carbonate trace element chemistry as a petrogenetic tool

In this study, mineral chemistry is used to constrain the nature of the fluids that created the
carbonate-bearing units in and around B26 and to better understand their origin. The combination of
carbonate, pyrite and sphalerite chemistry indicates a continuous volcanogenic signature for most of

the samples from B26, but not for the distal samples from the B26 West transect.
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The REE+Y patterns in carbonate minerals have been used in several hydrothermal deposits to
highlight the evolution of the hydrothermal conditions (Mississippi-Valley type: Kontak and Jackson,
1995; Sedimentary Exhalative: Davies et al., 1998; Duan et al., 2017; VMS: Genna et al., 2015;
Clastic-dominated massive sulfide: Rieger et al., 2021). Carbonates from B26 were divided into three

types based on their REE+Y patterns (Figure 4.6).

5.2.1 Hydrothermal-magmatic origin of type 1 carbonates

Type 1 carbonates (siderite and ankerite), only present in the mineralization and its direct
alteration halo, have distinct negative Eu anomalies, with relatively flat REE+Y pattern (Figure 4.6a,
d). No carbonate minerals so far analyzed in VMS environments (Genna et al., 2014) or in active
hydrothermal seafloor vents (Eickmann et al., 2009; Kendrick et al., 2022), have negative Eu
anomalies. However, similar negative Eu anomalies have been documented in COz-rich fluids from
subaerial calderas (Yellowstone, USA, Lewis et al., 1997; Valles Caldera, USA, Michard and
Albarede, 1986) and geothermal springs (Pamukkale, Turkey; Moéller et al., 2004) and, in a few cases,
hydrothermal carbonates themselves from geothermal springs (e.g., calcitic travertine from
Pamukkale, Turkey; Mdller et al., 2004) and are shown for comparison in Figure 4.6a and d. On the
Eu anomaly vs Y/Ho carbonate classification diagram, the geothermal springs from Pamukkale
(Turkey, Mdller et al., 2004) also plot within the type 1 carbonate field (Figure 4.7b). All of these
environments are closely linked to a degassing magmatic intrusion, leading to CO2-rich magmatic
fluid flows. Magmatic fluid inclusions analyzed in the Capitan pluton (Banks et al., 1994; Figure 4.6d)
also display systematic negative Eu anomaly. Negative Eu anomaly in magmatic fluids is probably
inherited from the rhyolitic magma which typically have negative Eu anomalies due to crystallization
of plagioclase incorporating all the divalent Eu (Sverjensky, 1984). Therefore, we interpret that
negative Eu anomalies in hydrothermal fluids and carbonates can be linked to the presence of an
active intrusion with volcanic degassing of CO2, forming type 1 carbonates (ankerite and siderite).
Moreover, the higher REE+Y content in type 1 carbonates in comparison to the one of the other

carbonate types (Figure 4.6) suggests a signature more proximal to the source, as hydrothermal-
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magmatic fluids are more enriched in REE+Y than seawater (Michard and Albarede, 1986). This is
consistent with the presence of these carbonates in the direct vicinity of the Cu-zone at B26, which
formed at high temperature and deep in the VMS system (Fayard et al., 2020a). Such signature can
thus be used to identify active synvolcanic fault, directly connected to a subvolcanic intrusion, in a

VMS district.

5.2.2 Volcanogenic origin of type 2 carbonates

Type 2 carbonate (ankerite-dolomite series with few calcite) are the most abundant in the
alteration halo. They are associated with secondary Zn-zones and the upper ankerite-magnetite
veins. Their signature is characterized by a positive Eu anomaly and a slightly fractionated REE+Y
pattern (Figure 4.6b), as well as a low Y/Ho ratio (>35), which is very similar to the volcanogenic
carbonates (calcite and ankerite) from the VMS deposits of the Matagami district (Figures 4.6e and
4.7b; Genna et al., 2014). Moreover, the general pattern of both the volcanogenic carbonates of
Matagami and type 2 carbonates of B26 is similar to the REE+Y spectra of the carbonates (Eickmann
et al., 2009) and fluids analyzed from modern seafloor hydrothermal systems, such as TAG or Broken
Spur (Klinkhammer et al., 1994; Mitra et al., 1994; Mills and Elderfield, 1995; Bau and Dulski, 1999;
Craddock et al., 2012). Also, the presence of these carbonates in the secondary Zn-zones and
ankerite-magnetite veins located directly over the mineralization support a direct link with the
mineralizing fluids. Thus, we interpret type 2 carbonate signature as hydrothermal/volcanogenic in
origin. The presence of type 2 carbonates in the direct hanging-wall of the mineralization which
extends all along the B26 transect, indicates a continuous volcanogenic signature for the

carbonatation.
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5.2.3 Diagenetic origin of type 3 carbonates

Type 3 carbonates (calcite and siderite) are much less abundant in B26 (only one sample), with a
few more occurring in the B26 West transect. Their spoon-shaped, concave pattern, with a lack of an
Eu anomaly, is unusual and unexpected for volcanogenic or hydrothermal carbonates (Figure 4.6c).
However, this REE pattern is commonly documented in modern marine environments (Elderfield and
Sholkovitz, 1987; Bau et al., 1999; Haley et al., 2004; Kim et al.; 2012; Smrzka et al., 2019) and in
ancient marine sediments (Kamber et al., 2005; Sakellaris, 2007), including Archean stromatolites
(Van Kranendonk et al., 2003; Allwood et al., 2010; Khelen et al., 2019) and banded iron formations
(Bohlar et al., 2004; Planavsky et al., 2010). Stromatolites are often used as proxy for seawater-
dominated environments and for ancient seawater composition (Van Kranendonk et al., 2003; Khelen
et al., 2019). A LREE depletion, combined with a positive La anomaly and a high Y/Ho ratio is
characteristic of Archean shallow seawater-derived sediments (Van Kranendonk et al., 2003; Kamber
et al., 2004), with a variable Eu anomaly (Kamber et al., 2004). The Y/Ho ratio is a common tool for
evaluating the importance of seawater in the formation of the unit: high Y/Ho values indicate an
important seawater contribution, as modern seawater Y/Ho ratio (Y/Ho >60; Nozaki et al., 1997) is
higher than the average upper crust (Y/Ho = 26; Kamber et al., 2005). Type 3 carbonates have a
median Y/Ho ratio of 36, which is higher than types 1 and 2 carbonates (Y/Ho=30; Figure 4.7a), and
significantly higher than the average upper crust. This ratio is similar to other carbonate data from
Archean stromatolites, which have a range of Y/Ho values between 29 and 59 for stromatolites from
Dharwar craton, India (Khelen et al., 2019), and slightly lower than the values reported by Kamber et
al. (2004) for Mushandike carbonates, Zimbabwe, which range from 47 to 56 (Figure 4.7b). Type 3
carbonates thus have a typical Archean marine signature, comparable to that of Archean
stromatolites (Figure 4.6f). Moreover, the high variability found in the REE+Y patterns in type 3
carbonates from B26, even in a single carbonate mass, could be indicative of continuous carbonate
crystallization during diagenesis from trapped seawater-dominated fluids in the porous tuffs.
Elderfield and Sholkovitz (1987) documented a high variation in the REE+Y patterns of the trapped

fluids in marine sediments pores during the first centimetres of diagenesis, with a strongly marked

46



spoon-shaped pattern in the first few centimetres with a progressive flattening (due to enrichment in
LREE) at 30 centimetres deep. A parallel can be made with the strongly fractionated core of the
carbonate mass, and the more REE+Y-enriched borders with a flat pattern. Thus, we conclude that
mineral chemistry shows that type 3 carbonate has a diagenetic origin with a strong influence of
seawater chemistry and was formed, during diagenesis, by the seawater trapped in the pores of the

volcanic tuff on the seafloor.

In summary, carbonate REE+Y chemistry has helped to understand better the origin of the
carbonate-alteration at B26 and B26 west. We have shown, for the first time, that it is possible to
differentiate the main fluids forming the carbonates: 1) hydrothermal-magmatic fluids forming type 1
Fe-carbonates during degassing of the Brouillan Intrusive Complex, 2) volcanogenic hydrothermal
fluids (modified seawater) forming the abundance of type 2 carbonates of the carbonate alteration
halo of the VMS mineralization and 3) seawater-dominated fluids trapped in sediments pores formed

type 3 calcites and siderites.

5.3 Pyrite chemistry as a petrogenetic tool

The pyrite trace element data were plotted on a multi-element diagram, normalized to the Archean
Sedimentary Pyrite (ASP, Figure 5.2; Genna, 2020; Gaboury et al., 2021). The diagram uses 20 trace
elements commonly occurring in pyrite and was developed in order to characterize the nature of gold
mineralization (orogenic, intrusion-related, VMS) in the Abitibi greenstone belt (Genna, 2020;
Gaboury et al., 2021). The suite of elements is arranged in decreasing order of abundance for
orogenic gold deposits (Genna, 2020). For VMS, this sequence of elements follows a decrease of
temperature, with high-temperature elements (>350°C; Au, Co, Bi, Se, Te) on the left of the diagram
and lower temperature elements on the right (Mn, Tl, Sb; Maslennikov et al., 2009; Genna, 2020). In
this study, this multi-element diagram (Figure 5.2) is used to illustrate the signature of the B26 pyrites

and the characteristics of the mineralizing fluids.
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5.3.1 Volcanogenic origin of pyrite from B26 and its carbonate alteration

Figure 5.2a shows the trace element pattern of the different mineralized zones of B26 (Cu-zone,
main Zn-zone, secondary Zn-zones) and the overlying barren ankerite-magnetite-biotite veins.
Although many elements on the left of the diagram (Co, Se, Bi, Sn, In, As, Cu, Zn) shows variations
over several orders of magnitude between the different ore zones, the ‘M’ shape pattern on the right
side of the diagram, with positive peaks in Ag, Tl and Pb and a negative peak in W, is similar in all
samples from B26 mineralization, including the overlying, late carbonate veins (ankerite-magnetite-
biotite; Figure 5.2a). This ‘M’ shape pattern is thus characteristic of volcanogenic pyrite from the B26
VMS system. The pyrite pattern of the VMS mineralization of B26 is completely different to that of
pyrite from orogenic gold, as defined by Genna (2020) and Gaboury et al. (2021), with much higher
concentrations in semi-volatile (Se, Bi, In, Ag, Tl, Pb, Sb) or temperature sensitive metals (Co, Se,

Ag: Figure 4.9a).

In detail, there is a progressive depletion in the concentration of semi-volatile elements (Co, Se,
Bi, Cd, Ag, Tl, Pb) in pyrite along the different zones of the B26 deposit: pyrite from the Cu-zone is
the most enriched, followed by the main Zn-zone, the secondary Zn-zones with pyrite from the
ankerite-magnetite-biotite veins in the hanging-wall having the lowest concentrations (Figure 5.2a).
Most of the elements enriched in pyrite from Cu and Zn mineralization of B26 (Co, Se, Bi and In) are
known to be linked to high-temperature mineralization in VMS and seafloor hydrothermal systems
(Huston et al., 1995; Maslennikov et al., 2009; Genna et Gaboury, 2015; Grant et al., 2018). Selenium
is controlled by temperature in VMS systems (Auclair et al., 1987; Hannington et al., 1999; Layton-
Matthews et al., 2008; Genna et al., 2015). Thallium is highly volatile and usually characteristic of
low-temperature mineralization (Huston et al., 1995; Maslennikov et al., 2009; Genna and Gaboury,
2019), but its enrichment in pyrite is typical of an acidic hydrothermal environment, commonly found
in epithermal deposits (Steadman et al., 2021) and in Zn-rich parts of VMS deposits (Genna and
Gaboury 2015; Soltani-Dehnavi et al., 2018). A key aspect is the progressive decrease of some

elements concentrations (Co, Se, Bi, In, Ag, Tl, Pb) following the diminution of the temperature and
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the distance to the source of the fluids: pyrite from the warmer and deeper Cu-zone is the most
enriched in these elements, with a progressive depletion in their concentration in pyrite to the later
main and upper Zn-zones and uppermost ankerite-magnetite-bearing veins which are the most

depleted (Figure 5.2a).

The signature of the pyrite from the proximal and intermediate carbonate-alteration halo of B26 is
similar to the signature of pyrite associated with B26 secondary Zn-zones and ankerite-magnetite
veins, which are both depleted compared to that of the main mineralization (Figure 5.2a, b). The two
patterns are similar, the ‘M’ shape is still present at the end of the signal formed with positive
anomalies in Ag, Tl, Pb and Sb and a negative anomaly in W (Figure 5.2b). The only difference
between pyrites from proximal and intermediate samples is the abundance of elements, proximal
pyrites are slightly more enriched in all the trace elements, except Au and Te. Both signals are slightly
depleted in comparison to Archean sedimentary pyrites, only As and Ag are at the same levels (Figure
5.2b). The ‘M’ shape of the pattern is less strongly marked in the pyrites from the alteration halo than
in the mineralization. A progressive depletion of Co, Se, Bi, In, Ag, Tl and Pb is observed, in one
hand, between pyrites from the mineralization and the alteration halo and on the other hand within

the alteration samples, between proximal and intermediate pyrites (Figure 5.2a, b).

This suite of elements is the same as the ones controlled by the temperature in B26 mineralization,
which is consistent with the temperature calculated using the sphalerite geothermometer showing a
slightly lower temperature in the alterations (315°C) than in the mineralization (346°C). It has been
documented that pyrite composition records the evolution of the forming hydrothermal fluids
chemistry (Large et al., 2007; Reich et al., 2013; Genna and Gaboury, 2015). Consequently, the
vertical and lateral variations of the pyrite composition in and around B26 reflect the evolution of the
hydrothermal fluids. The progressive depletion in trace elements and the dilution of the volcanogenic

signature is a sign of an evolving fluid, flowing away from the mineralization. Thus, pyrite from
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proximal and intermediate samples have a volcanogenic origin and records the evolution of the

hydrothermal fluids.

The pyrite from the B26 mineralization, especially the Cu-zone, is enriched in semi-volatile (Se,
Bi, Sn In, Cu, Ag, TI, Pb) and magmatic elements (Co, Se, Bi, Sn, In, Cu, Ag). Enrichment in semi-
volatiles is observed in other VMS deposits or volcanogenic mineralization in the Abitibi (Bracemac
McLeod: Genna and Gaboury, 2015; Horne 5: Krushnisky et al., 2023; Perron: Gaboury et al., 2021).
Most of these semi-volatile elements, especially Bi, Cu and Tl, could be interpreted to be linked to a
magmatic input in the hydrothermal fluids of VMS deposits and modern submarine hydrothermal
vents (Keith et al., 2016; Maslennikov et al., 2017; Genna and Gaboury, 2019). This hydrothermal-
magmatic contribution is consistent with the chemistry of type 1 carbonates (magmatic degassing
signature) observed in the mineralized zones and the associated intense leaching alteration. The
enrichment in semi-volatiles, as found in pyrite from the B26 Cu-zone, is often linked to the surface
expression of an underlying degassing intrusive (Spooner, 1993; Azevedo et al., 2022). The large
difference of Bi content of pyrite between the Cu-zone and the Zn-rich mineralization could highlight
the progressive dilution of the magmatic signature, showing the evolution of the fluid towards the
more classic VMS signature, with a growing importance of modified seawater, leading to the formation

of type 2 carbonates in the upper mineralized zones.

5.3.2 Diagenetic origin of pyrite from B26 West

Pyrite from the most distal samples (3.5-6.5 km) from the B26 mineralization (B26 West transect)
generally have a different trace element pattern (Figure 5.2c). The signal, normalized to Archean
sedimentary pyrite, is relatively flat and missing the ‘M’ shape characteristic of pyrite from B26 VMS
system. However, the overall signal is close to the Archean sedimentary pyrite pattern (Figure 5.2c)
except for a positive anomaly in Mn. The Mn concentration in pyrite from B26 West is correlated with

Ca and Mg, suggesting micro-inclusions of carbonate, as observed in some thin sections (Figure
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2.3a-d). The high Mn content in pyrite is typically considered characteristic of diagenetic or
sedimentary processes (Shikazono et al., 1994; Gregory et al., 2015). Pyrite from B26 West are also
the most enriched in V (Figure 4.9). Haase et al. (2024) reported that FeS is the most efficient sorbent
for V in anoxic seawater. Most V from seawater will then enter sedimentary pyrite. Moreover, V is
more abundant in seawater than in submarine hydrothermal springs (Wheat et al., 2002). Such high
V concentrations in pyrite, coupled with Mn from carbonate micro-inclusions, could indicate a
sedimentary origin of pyrite with an important contribution of seawater in its formation. The porous
texture of the pyrites in the B26 West transect (Figure 2.3h), as well as and the absence of framboidal,
nodular or fine-grained pyritic mass, however, is not characteristic of a pure sedimentary origin
(Raiswell and Plant, 1980; Thomas et al., 2011; Gregory et al., 2015). Instead, the flat trace element
pattern of pyrite, similar to that of Archean sedimentary pyrite except for enrichments in Mn and V,
coupled with the presence of diagenetic (type 3) carbonates in B26 West samples suggest an
important marine sedimentary contribution to the formation of carbonate-rich units in this sector. The
high Mn content in pyrite also suggests that both carbonates and pyrite precipitated during diagenesis

from pore water trapped in volcanic tuffs distal from the B26 mineralization.

5.4 Formation of volcanogenic carbonates in a VMS environment

The formation of a large-scale (plurikilometer), stratabound carbonate alteration halo surrounding
the B26 VMS mineralization, as observed in the Selbaie mining camp, implies an important source of
COz2 that could be linked to the volcanogenic activity. Studies on active volcanoes have shown that
calc-alkaline volcanic activity is responsible for the degassing of large amounts of CO:z in the
atmosphere but also within the surrounding rocks (Allard et al., 1991; Etiope et al., 1999; Epiard et
al., 2017). In some cases, subsurface CO2 has been measured up to 2km away from the crater, with
the highest diffusion along the faults or the most porous units, such as volcanic tuffs or breccias
(Etiope et al., 1999; Epiard et al., 2017). Experimental studies conducted by Gysi and Stefansson

(2012) and Kumar et al. (2017) have shown that reactions between continuous CO2 degassing and
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volcanic rocks can form calcite, ankerite, dolomite and siderite. Formation of volcanogenic calcite and
aragonite by replacement of a porous unit has been documented by Pichler and Dix (1996) and
Pichler and Veizer (2004) near the submarine hydrothermal vents of Tutum Bay (Papua New Guinea).
They explain the formation of carbonate by the mixing of a COz-rich fluid from the degassing of an
underlying intrusion with seawater. Flows of hydrothermal-magmatic COz-rich fluids would flow
preferentially through major synvolcanic fragile faults which enhance the porosity of the host rock,
leading to the crystallization of volcanogenic carbonates. These features are also characteristic of

Mattabi-type VMS environments, as described by Morton and Franklin (1987).

5.5 Volcanogenic Model for the formation of stratabound carbonate-
alteration of the B26 VMS deposit

The Selbaie mining camp is centred around the Brouillan Intrusive Complex, which is a calc-
alkaline synvolcanic intrusion displaying thick piles of felsic to intermediate volcaniclastic-dominated
units (Sinclair, 1977; Lacroix, 1994; Faure et al., 1996). It has been described as an Archean caldera
environment (Larson and Hutchinson, 1993; Taner, 2000; Mueller et al., 2009). The Selbaie area
share similitudes with Mattabi-type VMS environment, with shallow water characteristics, marked by
the presence of stromatolites, epithermal mineralizations in Selbaie, associated with thick
volcaniclastic piles (Faure et al., 1996; Taner, 2000; Fayard, 2020). A shallow water environment
allows the formation of hydrothermal carbonates around the volcanogenic mineralization of B26
(Fayard et al., 2020b) and the VMS-epithermal mineralization of Selbaie (Faure et al., 1996) and

along the interpreted synvolcanic faults (Faure, 2012; Figure 5.3a).

The combination of geochemical methods used in this study helped to decipher the origin of the
fluids involved in the formation of the carbonates. Alteration at B26 shows two main different patterns:
the footwall is intensely leached, with minor carbonate, whereas the hanging wall is dominated by Fe-

carbonates all along the B26 transect (Figure 4.2; 5.3b). These two different alterations imply a
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difference in the chemistry of the hydrothermal fluids involved. Moreover, the distal B26 West transect

exhibits a different geochemical behavior dominated by seawater.

5.5.1 Hydrothermal-magmatic fluids

The leaching in the footwall, characterized by a high Spitz-Darling Index (> 100) and a diminution
of the Eu anomaly, indicates an acidic fluid, altering the plagioclase to form chlorite, sericite and minor
carbonates (Figure 5.3b). The presence of hydrothermal-magmatic- type 1 carbonates in and around
the mineralization is in agreement with the lithogeochemistry. The footwall would have been
preferentially altered by hot, acidic magmatic fluids, forming minor type 1 carbonates. The low
proportion of carbonate observed in the proximal footwall (Figure 4.3a) is probably linked to its
proximity to synvolcanic structures, which focus the fluids flow. The continuous fluid flow through
synvolcanic structures, probably during zone refining, could have inhibited the crystallization of the
carbonates or could have forced a constant recrystallization of the previously formed carbonates in
these units. The reuse of the main conduits in B26 is also interpreted as the origin of the secondary
Zn-zones, and the ankerite-magnetite veins in B26 (Fayard et al., 2020a). Further away from these
structures, less fluid flow would have preserved the intense carbonate alteration. The chemistry of
the hydrothermal-magmatic fluids is particularly withessed in the pyrite trace element composition.
The enrichment in semi-volatile and/or magmatic elements (Co, Se, Bi, Tl) in pyrite from the
mineralization, and the progressive decrease of these elements with distance to the source of the
fluids (Figure 5.3b), indicates a magmatic origin of the mineralizing fluids, with a calculated

temperature of 350°C using the geothermometer on sphalerite.

5.5.2 VMS fluids

The hanging-wall is intensely altered with carbonates, with minor leaching. The alteration fluids

are more likely CO2z-saturated neutral fluids. The spatial correlation between the highest carbonated
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units and an increase in the Zn concentrations (Figure 4.3) could indicate that carbonate deposition
was linked to a mixing between hydrothermal fluid flows and seawater-saturated porous units,
increasing the pH and saturating the fluid in CO2 (Bourcier and Barnes, 1987; Franklin et al., 2005),
which lead to the deposition of carbonate. The presence of type 2 carbonates in the hanging-wall,
with a positive Eu anomaly, interpreted volcanogenic as it is common in other VMS settings, is
coherent with a mixing of the COz-rich fluids with modified seawater. Moreover, the pyrite trace
element signature found in the hanging-wall (secondary Zn-zones, ankerite-magnetite veins and
carbonate alteration), resembles that of the B26 mineralization but remains depleted in semi-volatile
elements. Thus, secondary mineralization and carbonate-altered units have a continuous
volcanogenic signature which is progressively diluted with increasing distance from the mineralization
(Figure 5.3b). This dilution is also shown by a decrease of 30 to 50°C between B26 mineralization

and the carbonate alterations, using the geothermometer on sphalerite.

5.5.3 Seawater

Macro- and microscopically, carbonate units from the B26 West transect resemble that of B26,
with no textural differences in the carbonates nor the pyrite. However, trace element geochemistry
indicates that seawater was the dominant fluid in the area. The presence of type 3 carbonate, with a
concave REE+Y pattern and a high Y/Ho ratio (Y/Ho = 36), similar to that of calcite of Archean
stromatolites, as well as Mn and V-rich pyrites, indicate a diagenetic origin for the carbonated units
(Figure 5.3b). The distal porous volcaniclastic rocks were saturated in seawater, which precipitated
carbonates and pyrite during diagenesis. Diagenetic carbonate alteration of volcaniclastic rocks was
documented in recent units by Hein and Scholl (1978). The minor influence of hydrothermal-magmatic
and volcanogenic fluids is consistent with the location of the transect, far from the Brouillan Intrusive

Complex, the source of the fluids (Figure 5.3a).
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5.6 Implications for exploration of Mattabi-type VMS

5.6.1 Using carbonates as a vectoring tool?

Historically, zoning in the carbonate alteration defined by Morton and Franklin (1987), with
proximal siderite, intermediate ankerite-dolomite and distal calcite, has been used for the exploration
of VMS deposits (Lafrance, 2003; Mueller et al., 2008). At B26, this geometry is present, highlighted
by the normative calculations (Figures 4.2-4.3), this distribution can be used as a vector for the
mineralization. However, mineralogical zoning of the carbonates only gives thresholds for mineral
exploration with no precise vector within each zone. Still, some classic vectors for VMS can be applied
to carbonate-altered VMS, such as using Mn concentrations in whole-rock analyses, as Mn is widely
influenced by carbonate, but also possibly by chlorite, epidote and allanite (Hannington et al., 2003;
Maslennikov et al., 2012). At B26, Pearson correlation coefficients (r) shows that the MnO content in
whole-rock analyses is highly correlated with normative calculations of ankerite (r = 0.36), siderite (r
= 0.70) and rhodochrosite (r = 0.88) and shows very little correlation with calcite (r = 0.04) and
dolomite (r = 0.14; Electronic Supplementary Material - S12). It indicates a link between MnO and an
intense Fe-carbonate alteration. Manganese is thus a proxy for the mineralogy of the carbonate
present in the rock, in B26. However, normative calculations for carbonates are based directly on the
CO2 content of the rock and provide more precise estimations of the carbonatation, as it is less
influenced by other mineral phases (Trépanier et al., 2015). Lafrance (2003) also proposed a possible
vector directly developed for Mattabi-type VMS mineralization in the Normétal area, based on the
major elements of the ankerite-dolomite series, with an increase of the Mg/Fe ratio closer to the
mineralization. This tool was tested for B26 and does not work to vector to the mineralization.
However, the current sampling was restricted by the availability of drill holes and did not allow to
document the lateral extent of the ankerite-dolomite halo, so additional samples would be needed to
fully test the tool. Nevertheless, the evolution of REE+Y pattern in carbonates from type 3 (distal) to
type 2 (proximal-intermediate) and type 1 (directly in the mineralization) could provide a guide for

exploration.
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5.6.2 Using pyrite as a vectoring tool

Pyrite chemistry can also be used for mineral exploration of Archean VMS, as demonstrated for
pyrite in the volcanic tuff (Key Tuffite) of the Bracemac-McLeod deposit, Matagami in Abitibi by Genna
and Gaboury (2015). There they used the increase of the semi-volatile metal (Sb, Tl) contents in

pyrite to vector towards the mineralization.

At B26, the mineralization is formed by replacement of porous volcaniclastic units (Fayard, 2020).
Hydrothermal fluid flows are focused vertically on the main structures and laterally along the most
porous units. We have demonstrated that both carbonates and pyrite occurring in and around the
mineralization (type 1 carbonate and pyrite from the Cu-zone) record the contribution of hydrothermal-
magmatic fluids. For the pyrite, it contains an abundance of hydrothermal-magmatic semi-volatile
elements (Bi, Se, Ag, Tl). Vertically, within B26, there is a gradual depletion of these elements,
following both the temperature and the evolution of the fluid. The same patterns are observed
laterally. Box plot diagrams on Figure 4.8 highlight a wide list of elements which display the same
progressive depletion from the mineralization to the most distal altered units (Ag, As, Bi, Co, Cu, In,
Sb, Se, Tl). The use of semi-volatile elements has already been highlighted as potential effective
vectors for VMS deposits for the Bracemac McLeod VMS deposit in Matagami, using both pyrite
(Genna and Gaboury, 2015) and whole-rock geochemistry (Genna and Gaboury, 2019). For B26, Se,
Ag and As content of pyrite are the most effective tools for exploration as they increase towards the
mineralization (Figure 5.4) and provides better results than whole-rock data for the same elements

(Annex 6).
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Figure 5.1: Carbonate Saturation Index (CO2/CaO+MgO+FeO+MnO) vs Carbonate Discrimination Index
(CO2/Ca0) diagram to determine the origin of carbonate alteration in Archean greenstone belts (Lafrance,
2008; Number of analyses = 3580)
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Figure 5.2: Multi-element diagram of trace elements in pyrite, normalized to Archean Sedimentary Pyrite (ASP)
after Genna (2020). A. Pyrite from B26 mineralization, combining data from this study and that from Fayard
(2020), compared to median pyrite data from orogenic gold deposits in Abitibi (green field: Gaboury et al.,
2021). B.Pyrite from proximal (dark green) and intermediate (light green) carbonate alteration at B26 compared
to the pyrite signal of B26 mineralization (Cu-zone, main Zn-zone and secondary Zn-zones, the red shape
corresponds to the 25th and 75th centiles). C. Pyrite from distal carbonate alteration, from B26 West transect,
compared with pyrite from B26 mineralization.

58



A Epithermal deposit

Diagenetic carbonates (Selbawle)
(B26 West) Mattabi-Type VMS (B26) >

St ter depth < 1000m Barren massive sulfide lenses

5 figure 56.3b
g S T
£
3
CO,-rich magmatic fluids
T°=350°C
Calc-alkaline felsic intrusion
(Brouillan Intrusive Complex)
Lithology Carbonate Alteration Fluids Circulation
B Massive sulfide lens ”-‘_\\ ) ) CO,-rich magmatic-hydrothermal
NG ) Calcite Alteration fluids
E Porous volcaniclastic felsic units S
- Seawater and modified seawater
[ Rhyolitic Dome Ankerite Alteration —_— circulation
[] Intermediate to mafic volcanic-dominated units -
TN
fo . " :
[] calc-alkaline felsic intrusion . ) Siderite Alteration
B Whole-Rock Chemistry Mineral Chemistry
Archean Seawater
pH=8
°=50°C
= Dominated by seawater
L \WoData
r\{olnguve‘ HIEID S Secondary Zn-Zones Type 2 carbonate Type 3 carbonate
P (Ankerite-Calcite) (Calcite-Siderite)
P
-
T H -~ ]
Main Zn-Zone !
— A ——Loss in Ag-Se-Bi-Co-T|
" ___ Normative Calcite > 59 Cu-Zone in pyrite
T Pyrites enriched in
T Ag-Se-Bi-Co-TI Pyrites rich in

Mn and V

Type 1 carbonate

~(Ankerite-Sldedte) Hydrothermal VMS fluids

Modified seawater

Dominated by magmatic fluids

Magmatic fluids
CO2 + Volatiles elements
T° =350°C
@i () LowpH
@)

Calc-alkaline felsic intrusion
(Brouillan Intrusive Complex)

Figure 5.3: Genetic model for B26 VMS mineralization and carbonate alteration. A. Regional schematic
representation of the Selbaie caldera, with its volcanogenic minerlization and ditribution of carbonate alteration.
B. Geochemical synthesis of the alteration in and around the B26 prospect. See text for explanation

59



Se in Pyrite (ppm)

0.1 i T 1 T 1
0 100 200 300 400 500 600 700
Distance to B26

Ag in Pyrite (ppm)

01—

0,01 1 1 1
0 100 200 300 400 500 600 700
Distance to B26

10000

1000 fg ”

As in Pyrite (ppm)
E

0 100 200 300 400 500 600 700
Distance to B26 1 o percentie
L 3 Quartie
H Cu-zone } Main Zn-zone Carbonate Alteration ﬁ"‘eﬂ'a"
14 Quartie
' 10percentile
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CHAPTER 6

CONCLUSION

The B26 prospect displays classic characteristics of Mattabi-type VMS environment, comparable
to Mattabi (Franklin et al., 1975; Groves et al., 1988) or Normétal (Lafrance, 2003). The extensive
semi-conformable carbonate alteration follows the most porous units (rhyolitic tuffs) and is zoned with
siderite centered on the mineralization surrounded by a large ankerite-dolomite halo and with calcite
in the uppermost and lowermost units. Even though carbonate alteration exhibits a wide range of
textures and its intensity varies along the B26 transect, it is systematically associated with other
common VMS alteration minerals (pyrite, chlorite, sericite). The geometry and the textural
characteristics of the carbonate alteration in B26 suggest a cogenetic link between carbonates and

the volcanogenic activity.

The combination of LA-ICP-MS trace element chemistry of carbonates and pyrite is an efficient
tool for constraining the fluid chemistry involved in the carbonatation in B26 and Mattabi-type VMS
deposits. Carbonate REE+Y diagrams can distinguish 3 types of fluids involved in forming the
carbonate alteration at B26: 1) hydrothermal-magmatic fluids in and around the mineralization, 2)
VMS-type fluids and 3) seawater, with the occurrence of diagenetic carbonates in B26 West. Although
type 2 carbonates are similar to those observed in other VMS and hydrothermal vents, the presence
of purely hydrothermal-magmatic carbonates associated with the mineralization in VMS has never

been documented before, proving a direct link with an underlying synvolcanic pluton.

Pyrite chemistry was used to determine the signature of the B26 mineralization and compare it to
the carbonate alteration halo. Pyrite from B26 mineralization is enriched in semi-volatile (Se, Ag, Bi,
Tl) and temperature-dependent (Co, Se) elements and those in carbonate alteration halo from the
B26 transect show a similar signature, although slightly depleted in most trace elements. However,

pyrite of the B26 West transect exhibits a different trace element content, characterized by high Mn



and V content, often associated with sedimentary pyrites. All these elements were used to build binary
diagrams useful for discriminating pyrites from the different locations in and around B26:
mineralization, carbonate alteration halo and non-volcanogenic pyrites. The integration of both
carbonate and pyrite analyses emerges as a robust petrogenetic tool, confirming the volcanogenic
origin of the carbonate-altered units across the 1km-long B26 transect and distinguishing it from the

diagenetic origin of the carbonates from the B26 West transect.

This multi-disciplinary approach provides new insights for the comprehension of the formation of
volcanogenic carbonates, with the importance of CO2-degassing from an underlying intrusion. This
study also demonstrates the potential of using these easily detectable, large-scale carbonate-altered
units for the exploration of volcanogenic mineralization. The REE+Y content of type 1 carbonate, with
a negative Eu anomaly, indicates proximity to the ore zone and by the progressive enrichment of

semi-volatile elements in pyrite (Ag, Se, As) can vector towards the mineralization in B26.
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ANNEX 1: Map of normative carbonate (ALT_CARBS) in the Selbaie caldera (Faure, 2012). Black lines represent interpreted faults

and shear zones
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ANNEX 2: Micro-XRF maps of selected trace elements for 3 polished thin sections. A.
259-462.3A; B. B144-790.3 ; C. B236-1308
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ANNEX 3: Time-resolved signal of LA-ICP-MS analysis of a zoned pyrite with a porous core and a clear Co-As-rich border (Pyrite
B288-250.1-01)
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ANNEX 4: Box plot diagrams of trace elements in carbonates (supplementary elements to
Figure 4.5)
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ANNEX 5: Geological map of the B26 transect showing the spatial distribution of each
type of carbonate. Geological map modified from Fayard (2020)
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ANNEX 6: Geological map of the B26 transect showing the spatial distribution of each
type of pyrite. Geological map modified from Fayard (2020)
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ANNEX 7: Box plot diagrams of trace elements in pyrite (supplementary elements to
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ANNEX 8: Evolution of the Se, Ag and As content in whole-rock geochemistry with

distance to B26 mineralization. Limit of detection (LOD) is represented by a light gray dash

line; if it is not present, the detection limit is below the limits of the diagram.
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