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Abstract

The Etoile Suite comprises predominantly mafic, as well as minor felsic, intrusives emplaced over an
area of ~100 square kilometres, some 130 km to the north west of Quebec City, Canada. The mafic
part of the intrusion hosts V-rich mineralization (the Lac Fabien prospect) associated with a 1000 m-
thick oxide-rich horizon. In this study, the petrology and geochemistry of the mafic part of the suite is
evaluated with the aim of better understanding its petrogenesis and its V mineralization.

The mafic part of the suite has a surface exposure of roughly 33 square kilometres and a stratigraphic
thickness of ~4.5 kilometres. It consists predominantly of variably layered medium-grained oxide-
bearing (olivine) gabbro cumulates, and minor troctolites. The rock-forming minerals (plagioclase,
olivine, clinopyroxene, magnetite and ilmenite) display cumulus or intercumulus habit in the
stratigraphic succession. The cumulus mineralogy of the Fe-Ti oxides (magnetite and ilmenite) allows
the intrusion to be subdivided into three stratigraphic zones: two zones with intercumulus Fe-Ti oxides
(Zone A and Zone C) and one zone with cumulus Fe-Ti oxides (Zone B). The compositions of the
main rock-forming minerals are Fooivine = 31-68, Anpiagioclase = 35-57 and Mg#ciinoproxene = 62-77. The
layering dips at ~55 degrees towards the north west and the minerals show progressively more
evolved compositions in the same direction, suggesting that the intrusion is not overturned.

The rock-forming minerals also show considerable variation in abundance with stratigraphic height,
with magnetite and ilmenite being especially abundant in the lower portion of Zone B (12-49 %), which
represents the Fe-Ti-(V)-mineralized part of the intrusion. The Fe-Ti-(V) mineralization is
characterised by disseminated and semi-massive titanomagnetite (with up to 1.85 wt. % V20s in
magnetite) that most likely formed as a result of late cotectic crystallisation of oxides (i.e., from a
relatively evolved basaltic magma in equilibrium with andesine-type plagioclase). The magnetite to
ilmenite ratio in the mineralized horizon is ~2:1. Elsewhere it is on the order of 1:1. Oxygen fugacity
(fO2) and temperature conditions marking the end of oxy-exsolution in magnetite (calculated using
QUILF) suggest that the magma crystallised under fO2 conditions corresponding roughly to FMQ +1
(1.0 log units above the FMQ buffer). This value is close to the fO2 range in which the most V-rich
magnetites typically crystallise (i.e., FMQ +0.25 to FMQ -0.25).

Compositional variation trends of anorthite in plagioclase, forsterite in olivine, and Mg# in
clinopyroxene with stratigraphic height suggest that the magma underwent progressive fractional
crystallisation, interrupted by three compositional reversals that are interpreted to reflect late-stage
magma replenishments. The bulk of the intrusion shows little evidence for crustal contamination, as
suggested by the absence of orthopyroxene. However, at the top of the body there is an
orthopyroxene-bearing noritic layer interpreted to represent either (1) a late-stage magma
replenishment that underwent more contamination; or (2) an early intrusive phase that underwent
more contamination.

The age of the Etoile Suite has been determined at 1148.3 + 9.6 Ma, broadly coeval with the Lac
Saint-Jean Anorthosite Suite and other troctolitic-gabbroic layered intrusions in the Grenville
Province. This indicates that anorthosite massifs and layered intrusions can be consanguineous.
Layered intrusions in anorthosite-bearing terranes can either be troctolitic or noritic. Whether
intrusions are noritic or troctolitic is dependent on contamination, as noritic intrusions record higher
degrees of contamination than troctolitic intrusions. Crust that has experienced prior melt extraction
i and can therefore no longer readily contaminate throughgoing magmas i is therefore considered
to be a key contributor to the formation of troctolitic intrusions. Lack of contamination in troctolitic
intrusions means they are not as susceptible to contamination-induced increases in oxygen fugacity,
and, as a result, will crystallise at close to FMQ. In contrast, noritic intrusions, having undergone more
contamination, will crystallise at higher fO2 (assuming the contaminant is oxidising). Experimental
studies have shown that, above FMQ, the appearance temperature of magnetite increases, and the
partition coefficient of V into magnetite decreases. This may account for differences in (a) the timing
of magnetite crystallisation; and (b) the V content of magnetite in troctolitic and noritic intrusions.



Résumé

La Suite d Btoile comprend principalement des intrusions mafiques, ainsi que des intrusions felsiques
mineures, mises en place sur une superficie d'environ 100 kilométres carrés, et est situé a environ
130 km au nord-ouest de la ville de Québec, Canada. La partie mafique de l'intrusion est I'h6te d'une
minéralisation riche en V (I 6 i nLdci Fabéen) associée a un horizon riche en oxydes de 1000 m
d'épaisseur. Dans cette étude, la pétrologie et la géochimie de la partie mafique de la suite sont

évaluées afin de mieux comprendre sa pétrogénese et sa minéralisation en V.

La partie mafigue de la suite est exposé en surface sur environ 33 kilometres carrés et a une
épaisseur stratigraphique d'environ 4,5 kilométres. L'intrusion est variablement litée est se compose
principalement de cumulats de gabbro a oxydes+olivine a grain moyen et de quelques troctolites. Le
plagioclase, olivine, clinopyroxéne, magnétite et ilménite présentent un habitus cumulus ou
intercumulus dans la succession stratigraphique. Les proportions variables des oxydes de Fe-Ti
(magnétite et iiménite) permettent de subdiviser l'intrusion en trois zones stratigraphiques : deux
zones a oxydes Fe-Ti intercumulus (Zone A et Zone C) et une zone a oxydes Fe-Ti cumulus (Zone
B). Les compositions des principaux minéraux sont Fooivine = 31-68, Anpiagioclase = 35-57 et
Mg#cinoproxene = 62-77. La stratification plonge a ~55 degrés vers le nord-ouest et les minéraux
montrent des compositions progressivement plus évoluées dans la méme direction, suggérant que
I'intrusion n'est pas renversee.

Les minéraux principaux présentent également une variation considérable de l'abondance avec la
hauteur stratigraphique, la magnétite et l'iiménite étant particuliérement abondantes dans la partie
inférieure de la Zone B (12-49 %), qui représente la partie minéralisée en Fe-Ti-(V) de l'intrusion. La
minéralisation Fe-Ti-(V) est caractérisée par une titanomagnétite disséminée et semi-massive
(usqu'a 1,85 % en poids de V20s dans la magnétite) qui s'est tres probablement formée par
cristallisation cotectique tardive des oxydes ; c'est-a-dire a partir d'un magma basaltique en équilibre
avec le plagioclase de type andésine. Le rapport magnétite/ilménite dans I'horizon minéralisé est
d'environ 2:1. Aillleurs, il est de l'ordre de 1:1. La fugacité de lI'oxygene (fO2) et les conditions de
température marquant la fin de I'oxy-exsolution dans la magnétite (calculées a l'aide de QUILF)
suggerent que le magma a cristallisé dans des conditions de fO2 correspondant approximativement
a FMQ +1 (1,0 unités log au-dessus du tampon FMQ). Cette valeur est proche de la plage de fO2
dans laquelle cristallisent généralement les magnétites les plus riches en V (c'est-a-dire FMQ +0,25
a FMQ -0,25).

Les tendances de variation avec le niveau stratigraphique de la composition de I'anorthite dans le
plagioclase, de la forstérite dans I'olivine et du Mg# dans le clinopyroxene suggerent que le magma
a subi une cristallisation fractionnée progressive, interrompue par trois inversions de composition qui
sont interprétées comme reflétant des ajouts de magma primitif. La majeure partie de l'intrusion
montre peu dé ® v i dde mantamination crustale, comme le suggére l'absence d'orthopyroxéne.
Cependant, au sommet du corps, il y a une couche noritique porteuse d'orthopyroxene interprétée
comme représentant soit (1) un ajout de magma primitif qui aurait subi plus de contamination ; ou (2)
une phase intrusive précoce ayant subi plus de contamination.

L'age de la Suite Etoile a été déterminé a 1148,3 + 9,6 Ma, largement contemporain de la Suite
d'Anorthosite du Lac Saint-Jean et d'autres intrusions troctolitiques-gabbroiques stratifiées dans la
Province de Grenville. Cela indique que les massifs d'anorthosite et les intrusions stratifiées peuvent
étre consanguins. Les intrusions stratifiées dans les terranes porteurs d'anorthosite peuvent étre soit
troctolitiques ou noritiques ; dépendant du niveau de contamination, puisque les intrusions noritiques
enregistrent des degrés de contamination plus élevés que les intrusions troctolitiques. Une cro(te
ayant subi une extraction de liquide généré par la fusion partielle au préalable ne pourrait pas
contaminer les magmas intrusifs et ces magmas peu contaminés formeraient les intrusions
troctolitiques. L'absence de contamination dans les intrusions troctolitiques signifie gu'elles ne sont
pas aussi sensibles aux augmentations de la fugacité de I'oxygéne induites par la contamination et,
par conséquent, cristalliseront & proximité de FMQ. En revanche, les intrusions noritiques, ayant subi
plus de contamination, cristalliseront a une fO:2 plus élevée (en présumant que le contaminant est



oxydé). Des études expérimentales ont montré qu'au dessus de FMQ, la température d'apparition de
la magnétite augmente, et le coefficient de partage de V dans la magnétite diminue. Cela peut
expliquer les différences dans (a) le point dé a p p a deilatmagnétite lors du fractionnement ; et (b)
la teneur en V de la magnétite dans les intrusions troctolitiques et noritiques.
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Chapter 1

Introduction

Magmatic Fe-Ti-V deposits are the most important source of global titanium and
vanadium supplies (Kelley et al. 2017; Woodruff et al. 2017). To a first order, magmatic Fe-Ti-V
deposits can be divided into two types, namely those hosted in mafic-ultramafic layered intrusions
and those hosted in Proterozoic massif-type anorthosites (see database by Parks et al. 2017).
Examples of the former include the Main Magnetite Layer of the Bushveld Complex, South Africa
(e.g., Wager and Brown 1968; Klemm et al. 1985) and the Fe-Ti oxide ores of the Panzhihua
Intrusion, China (e.g., Pang et al. 2008); Examples of the latter include Buttercup, Canada
(Corriveau et al. 2007) and La Blache, Canada (Corriveau et al. 2007; Buro 2011; Grant 2020).
Fe-Ti-V deposits in layered intrusions appear to be more economic, based on the fact that a
greater number of them are actively mined (see database by Parks et al. 2017).

Mafic-ultramafic layered intrusions are typically associated with Large Igneous Province
(LIP) magmatism (Ernst et al. 2019), which, in turn, is associated with mantle plumes and
intraplate tectonic settings (Bryan and Ernst 2008). The intrusions display a wide range of rock
types, ranging from dunites, peridotites and pyroxenites, to gabbronorites, anorthosites, diorites
and granites. Mafic-ultramafic layered intrusions do not represent liquid compositions, but rather
accumulations (i.e., cumulates) of mainly olivine, pyroxene and plagioclase (Wager and Brown
1968; Namur et al. 2015). The Fe-Ti-V deposits typically occur in the upper (i.e., mafic) portions
of the intrusions, because ilmenite and magnetite (the primary host minerals of titanium and
vanadium, respectively) emerge relatively late in the crystallisation sequence of ferrobasaltic
magmas (Toplis and Carroll 1996). The formation of magnetite- and ilmenite-bearing ores in
layered intrusions has traditionally been attributed to gravitational settling (Wager and Brown
1968), due in part to the stratiform and laterally-continuous nature of the deposits.

Proterozoic massif-type anorthosites are interpreted to form in convergent margin
settings (Corrigan and Hanmer 1997; Ashwal and Bybee 2017). As their name suggests, the
intrusions consist primarily (i.e., >90 %) of anorthosite, but their common occurrence with coeval
mangerites, charnockites, aMCGgramptlex.dadhled mbo ¢
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consanguineous with anorthosite (Ashwal 1993). Anorthosite massifs form via the coalescence
of plagioclase-rich mushes at the mid-crust level, after (1) ponding of basaltic magmas at the base
of the crust, (2) crystallisation and sinking of mafic silicates, and (3) diapiric rise of buoyant
plagioclase flotation cumulates (Emslie 1979; Emslie 1980; Ashwal 1993). Massif-type
anorthosites therefore also represent cumulates rather than liquid compositions. Fe-Ti-(V) oxide
bodies in massif-type anorthosites typically form massive to semi-massive discordant lenses or
pods (see review by Charlier et al. 2015). The cross-cutting relationship of these Fe-Ti-(V) oxide
ores is difficult to reconcile with gravitational settling of crystals, which has led some authors to
believe that the ores were emplaced as Fe-oxide liquids (Philpotts 1967; Zhou et al. 2005) or via
solid-state remobilisation (Duchesne 1999; Charlier et al. 2015).

It is not uncommon to find discrete coeval troctolitic-gabbroic layered intrusions within or
in the vicinity of Proterozoic anorthositic suites (Scoates and Mitchell 2000). Most troctolitic
intrusions consist of cumulates displaying varying degrees of igneous layering (Scoates and
Mitchell 2000). Well-known examples of troctolitic-gabbroic intrusions associated with anorthositic
suites include the Kiglapait Intrusion (Morse 1969) i hosting V-bearing oxide mineralisation i and
the Voiseyds Bay | nt hostisgiNeCGu sulpNdelmiheradidation 11irdtBe@Npin
Plutonic Suite, Labrador, Canada.

The present study aims to unravel the pedtrogen
a troctolitic-gabbroic layered intrusion in the central Grenville Province, Quebec, Canada (Figure
1.1). The intrusion hosts Fe-Ti-V mineralization (the Lac Fabien Fe-Ti-V prospect), which is
currently under investigation by SOQUEM. The mafic part of the Etoile Suite, recently dated at
1148.3 + 9.6 Ma (Jean David, personal communication), is temporally and spatially associated

with AMCG magmatism in south-central Quebec.
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Figure 1. 1: Location of the Etoile Suite within eastern Canada (A) and southern Quebec (B).

A detailed study of the stratigraphic variation (petrographical and geochemical) of the
mafic part of the Etoile Suite allows us to better understand the formation of V-bearing oxide
mineralisation associated with AMCG magmatism. This study is based on 40 surface samples
that were studied by employing transmitted and reflected light microscopy, scanning electron
microscopy (SEM), whole-rock analysis, electron microprobe and laser ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS) analysis of minerals. These data are used to
propose a petrogenetic model for the intrusion as well as some implications for exploration. The

study shows that troctolitic-gabbroic layered intrusions in massif anorthosite-bearing terranes may

also be prospective for Fe-Ti-V mineralisation in addition to LIP-type layered intrusions.




Chapter 2

Geological setting of the Etoile Suite

2.1 Regional geology

The Etoile Suite is located within the south-central portion of the Grenville Province of
eastern Canada (Figure 2.1). The Grenville Province represents the south-eastern margin of
Proterozoic Laurentia and was the site of long-lived (>400 myr) Andean-style subduction from the
Late Paleoproterozoic to the late Mesoproterozoic, resulting in the formation of calc-alkaline
magmatic arcs (Rivers 1997). Subduction was interrupted by three periods of arc-accretionary
orogenesis: the Labradorian (ca. 1680-1660 Ma, Gower and Krogh 2002), Pinwarian (ca. 1500-
1450 Ma, Tucker and Gower 1990), and Elzevirian (ca. 1250-1190, Carr et al. 2000) orogenies
(Rivers 1997). This terminated with a final period of Himalayan-style continent-continent collision,
termed the Grenville Orogeny (ca. 1100-980, Rivers 2008), which marks the collision between
Laurentia and Amazonia (Tohver et al. 2006).

The Grenville Province is characterised by two SE-dipping thrust faults that record NW-
directed thrusting. The Allochthon Boundary Thrust (ABT) formed at ca. 1090, whereas the
Grenville Front formed later, at ca. 1000 Ma (Rivers 2008) (Figure 2.1). The hangingwall of the
Allochthon Boundary Thrust consists of several allochthonous belts, whereas the hangingwall of
the Grenville Front consists of just one belt, termed the Parautochthonous Belt. The allochthonous
belts were metamorphosed during the Ottawan orogenic phase (ca. 1090 to 1020 Ma, Rivers
2008). The Parautochthonous Belt was metamorphosed later during the Rigolet orogenic phase,

at ca. 1000 to 980 Ma (Rivers 2008).
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Figure 2. 1: Geological subdivisions of the Grenville Province with deposition and intrusion age
followed by metamorphic age in geons. Terranes (t.) and domains (d.): ag = Algonquin d.; ah =
Adirondack Highlands; al = Adirondack Lowlands; ba = Bancroft t.; br = Britt d.; ca = Cabonga t.;
cc = Cape Caribou River allochthon; cf = Churchill Falls t.; el = Elzevir t.; fr = Frontenac t.; ga =
Gagnon t.; gb = Groswater Bay t.; gh = Go Home d.; hj = Hart Jaune t.; hr = Hawke River t.; le =
Lelukuau t.; lj = Lake Joseph t.; M = Musquaro Lake extension of wa; md = marble-rich d.; me =
Mécatina d.; ml = Molson Lake t.; mm = Mealy Mountains t.; mo = Morin t.; mu = Muskoka d.; na
= Natashquan Domain; PH = Pitts Harbour Group; pi = Pinware t.; pm = Portneuf-Mauricie domain
including the Montauban Group; ps = Parry Sound d.; gc = Quebecia; qd = quartzite-rich d.; sh =
Shawanaga d.; to = Tomiko t.; ts = Tshenukutish t.; wa = Wakeham Group; wl = Wilson Lake t.
Supracrustal units with hydrothermal alteration zones: B = Bondy Gneiss Complex; BB = Baie de
Brador assemblage; DL = Disappointment Lake paragneiss; LR = La Romaine Supracrustal Belt.
Potassic alkaline plutons of the Kensington-Skootamatta suite are the plutons in black in the
Central Metasedimentary Belt. Cc = Crevier carbonatite; Shc = Saint-Honoré carbonatite.
Anorthosite massifs: LSJ = Lac Saint-Jean; HSP = Havre Saint-Pierre. Modified after Corriveau
et al. (2007). Permission: https://gac.ca/about/who-we-are/

Of specific interest amongst the allochthonous
Medium to Low Pressure (aM-LP ) Belt, d which is s bpRivers (2aD8.d i nt o
One of them, termed the Portneuf-St.-Mauricie (PSM) domain (Figure 2.1), is a low-pressure
terrane displaying low-pressure granulite to upper amphibolite facies metamorphism (Rivers
2008), and hosts the Etoile Suite (this study).

The oldest rocks in the Portneuf-St.-Mauricie domain are lithologies related to ~1.45-1.37
Ga pre-Grenvillian island arc magmatism (Nadeau and van Breemen 2001; Corrigan 1995) which
formed the La Bostonnais Complex and Montauban Group (Figure 2.2). The key stages of island

arc formation according to Sappin et al. (2009) are as follows:


https://gac.ca/about/who-we-are/

1 Northwest-directed intra-oceanic subduction at 1.45 Ga resulting in the formation of the
Montauban island arc (quartzofeldspathic gneiss, minor quartzite, rare marble plus calc-
silicate rocks, tholeiitic pillow metabasalt, lapilli metatuff).

1 Formation of a back-arc basin behind the Montauban island arc (1.45 Ga-1.40 Ga).

1 Emplacement of variably Ni-Cu £ PGE-mineralized calc-alkaline to tholeiitic plutons (mainly
tonalite and diorite plus minor ultramafic to felsic rocks) of the La Bostonnais Complex into
the Montauban arc, starting at 1.40 Ga.

1 Accretion of the Montauban arc onto Laurentia as a result of subduction beneath Laurentia
(1.39 Ga).

1 End of emplacement of La Bostonnais Complex plutons at 1.37 Ga.
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Figure 2. 2: Simplified geological map of the Portneuf-Mauricie domain and adjacent geological
units. Gabbro-gabbronorite and meta-anorthosite intrusions: A = Lapeyrére (1069 + 2 Ma, Nadeau
and van Breemen 2001), B = Edouard, C = Etoile (1148.3 + 9.6 Ma, Jean David, personal
communication), D = Lejeune, E = Shawinigan, F = Montauban, G = Sandford, H = Wessonneau,
| = Langelier, and J = La Tuque. Mafici ultramafic intrusions and associated Nii Cu deposits: K =
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Lac Matte, L = Lac Kennedy, M = Lac Edouard mine, N = Boivin, O = Rochette West (1386.1 +
1.2 Ma, Sappin et al. 2009), P = Lac a la Vase (Rousseau prospect), and Q = Lac Nadeau (1396
+6, -4 Ma, Sappin et al. 2009). Black Ni-Cu prospects hosted by intrusions without particular
internal structure; blue Ni-Cu prospects hosted by layered intrusions; green Ni-Cu prospects
hosted by zoned intrusions. Modified by Sappin et al. (2011) after Nadeau and Brouillette 1994;
1995). Permission acquired from Mineralium Deposita.

The Portneuf-St.-Mauricied omain i's | ocadendt i al & hpo dtsioawn hof t
Province (Figure 2.3), which according to Hébert et al. (2005), records four episodes of
anorthosite massif magmatism at: (1) 1327 Ma (De La Blache Mafic Plutonic Suite); (2) 1160-
1135 Ma (Lac Saint-Jean Anorthositic Suite); (3) 1082-1045 (Pipmuacan Suite including the Parc
des Laurentides AMCG Complex); and (4) 1020-1010 Ma (Valin Anorthositic Suite). The age of
the mafic part of the Etoile Suite, using two samples from this study, is 1147.3 + 4.4 Ma and
1148.3 + 9.6 Ma (Jean David, personal communication), and is therefore cotemporaneous with

episode two (1160-1135 Ma) of AMCG magmatism and is older than the nearby Lapeyrére mafic

intrusion (1069 + 2 Ma, Nadeau and van Breemen 2001).
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2.2 Geology of the Etoile Suite and Lac Fabien mineralized zone

The geology of the study area (Figure 2.4) can be summarised as being characterised by
the emplacement of variably aged plutons into a basement consisting of the Montauban Group
(1.45 Ga, Nadeau and van Breemen 1994) and the La Bostonnais Complex (1.41-1.37 Ga,
Nadeau and van Breemen 1994; Corrigan 1995). The oldest pluton is the 33 km2 Etoile Suite
(1148.3 + 9.6 Ma, Jean David, personal communication), emplaced during the second episode of
Mesoproterozoic AMCG magmatism in the south-central Grenville Province. The second oldest
is the large (~3500 km?) Riviere-a-Pierre Suite (1058 + 2 Ma, Nadeau et al. 1992), which was
emplaced during the third episode of Mesoproterozoic AMCG magmatism in the south-central
Grenville Province (cf. Hébert et al. 2005; Figure 2.4). It is unknown when the other plutons (i.e.,
the Borgia Suite, Catherine Granite and Langelier Anorthosite) intruded into the area as they are
undated.

The rocks of the Etoile Suite were first described by Perreault (1992) who recognized

three | ithological uni t sé()loocalyilayered findtemediSugrained de L ac
gabbro, with lenses of magnetite and ilmenite; (2) Locally pegmatitic, coarse-grained leucocratic
gabbro and black anorthosite; and (3) Coarse-grained anorthosite. Moukhsil and C6té (2018)
adopted the namedré SuEittoa | kd £Stuaitleed i n Engl i sh, in t

the wider O6Borgia Laked r egi on-ultramdiieupit (@horthasibed t he

gabbronorite, troctolite, and pyroxenite) and a surrounding felsic unit (granite + orthopyroxene,
syenite, and mangerite) (Figure 2.4). The authors recognized a Fe-Ti-V occurrence in the mafic-
ultramafic rocks in the vicinity of Lac Fabien (Figure 2.5). The present study deals with the mafic-
ultramafic unit, hereafter called the d6dmafi
The mineralization near Lac Fabien is characterised by magnetite- and ilmenite-rich
wehrlites (Tremblay 2018) which are concentrated in a ~500 m-thick, 6000 m-long horizon that is
well-delineated in aeromagnetic geophysical maps (Figure 2.5). A 2017-2018 surface sampling
campaign by a group of prospectors from Saguenay (Groupe de Cinq) yielded whole-rock
geochemical data on 50 samples, and concentrate data on four magnetite concentrates (Ouellet
2018). Most of the samples come from the mineralized zone near Lac Fabien (Figure 2.5). The

whole-rock data show V20s concentrations of 0.06-0.48 wt. %, and the concentrate data show

c

part



concentrations of 0.61-1.42 wt. % (Figure 2.5). As of May 2022, the Lac Fabien Vanadium Project

was optioned by SOQUEM for further characterisation and exploration.
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Figure 2. 4: Local geology of the area around the Etoile Suite after Moukhsil and C6té (2018).
Coordinate system: NAD83 i UTM Zone 18N.
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Chapter 3

Sampling and methodology

3.1 Sampling

This study is based on 40 surface samples that were collected in Autumn 2019 and
Summer 2020 (Figure3.3;Appendi x 1). This includes 12 sampl es f
(Ouellet 2018). The focus of the sampling strategy was to (a) make a stratigraphic column, and
(b) attain pegmatoidal samples for the purpose of dating (following the method of Higgins and van
Breemen 1996 for dating anorthosite massifs). Making a stratigraphic column requires good
coverage of the entire intrusion, which was an issue at times as some areas of the intrusion were
(a) difficult to access, and (b) lacking in exposure. There are a few roads and quarries in the area

which aided the sampling process, but also introduced a sampling bias.

3.2 Determination of the stratigraphic p  osition of the analysed samples

In order to provide stratigraphic context to the analysed surface samples, the following
procedure was applied. First, the average strike (235°) and dip (53°) of the magmatic layering in
the intrusion was determined in Stereonet 10 by Richard Allmendinger (Allmendinger et al. 2012;

Cardozo and Allmendinger et al. 2013) (Figure 3.1; Figure 3.2).
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Figure 3. 1: Map showing the orientation of magmatic layering in the mafic part of the Etoile Suite
(n = 10). Outline of intrusion after Moukhsil and C6té (2018). Coordinate system: NAD83 - UTM
Zone 18N.

A line with a strike of 235° was projected through the centre of the intrusion (the exact
location of the line is inconsequential). The pointonthei nt r us i oeadiesn margiruthahis
farthest to the south-east of this line was interpreted to represent the base of the intrusion (the
petrological and geochemical data in Chapter 4 informed the decision to designate the south-
eastern margin as the base of the intrusion). A line with an azimuth of 325° was then projected

from the base of the intrusion towards the north-we st ( Fi gure 3.3). The

than the strike of magmatic layering (235°), and represents the dip of the intrusion.
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Figure 3. 2: Magmatic layering (plotted as poles to planes) and the corresponding mean vector
(235/53 NW) plotted as a great circle (n = 10). Plotted in Stereonet 10 by Richard Allmendinger
(Allmendinger et al. 2012; Cardozo and Allmendinger et al. 2013).
Lines parallel to the average strike of 235° were drawn through all sample positions
(Figure 3.3). The intersect of these lines with the
height of each sample relative to the base of the intrusion. The apparent stratigraphic positions

were converted to true height using the following equation:

Yi TN OnH OIMEM OEJd QR NA Q4 (b MEGQI (Fruaion 1)
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706253.35, y = 5292544.99. Coordinate system: NAD83 - UTM Zone 18N.

3.3  Point counting

Point counting was carried out on 40 polished thin sections. 300 points were counted for
each sample using a grid of 1 mm x 2 mm. The phases that were counted were plagioclase,
olivine, clinopyroxene, Fe-Ti oxides, amphibole, biotite, orthopyroxene, hercynite, serpentine and

apatite. The percentage of each mineral in the sample is given by the formula:

CE & € "0 Q¢ QNI DA N apQT T (Equation 2)
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Modal proportion results are presented in Appendix 1.

3.4 Element maps

High-spatial resolution element maps were produced at Cardiff University (Wales, United
Kingdom) using a Carl Zeiss Sigma HD Analytical Field Emission Gun Scanning Electron
Microscope (FEGSEM) equipped with two Oxford Instruments 150 mm? energy dispersive
spectrometers. All element maps were produced using an accelerating voltage of 20 kV, a 120
em final aperture in high current mode, a nominal
of 8.9 mm. Although the electron beam remained stable within 1 % relative over periods of hours,
beam current drift was optimised using a pure cobalt standard between element maps.
Magnification and resolution (i.e., pixel step size) were selected based on the analyte and
analyses duration. For entire sections, a step size of 15-2 0 &and a pixel dwell time of 10,000
€es was used, wh e rmagsofofide exsorutiom a stepsiztof2-5 e m and a pi xe
dwell time of 20, 000 emapsweresprouessediand elpbreed imAZga5iOr e d
software. The final maps were produced in ImageJTM software by using a Kuwahara filter to
reduce the number of unassigned pixels. Modal mineralogy was then computed in ImageJTM

software.

3.5 Whole-rock analyses

38 sample rock powders were made using an alumina mill at UQAC, and quartz sand
was milled between each sample to minimise cross-sample contamination. Major element and
trace element whole-rock analysis was carried out by analysing glass beads via laser ablation
inductively coupled plasma spectrometry (LA-ICP-MS), following the protocol of Barnes et al.
(2020) at LabMaTer, UQAC (Appendix 2). The glass beads were synthesised via fusion of sample
rock powders and lithium borate (2 g). 0.2 g of rock powder was used for oxide-rich rocks (>20
vol. % oxides), and 0.5 g of rock powder was used for oxide-poor rocks (<20 vol. % oxides). An
in-house reference material (MIX-KPT-610) was used for calibration and a mixture of silicate

(KPT, KPT-GSE, LK-NIP, OKUM, and AN-G) and oxide-rich (BC-28, and Iron Ore) reference
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materials were used to monitor data quality. Most analyses agree with working values, but Sc,

Zn, Cs, Tm, Pb, and U are notable exceptions (Appendix 2).

3.6  Electron microprobe analyses

Major and minor elements were obtained for silicates, Fe-Ti oxides and apatite using the
CAMECA SX100 electron microprobe (EMPA) at Laval University, Québec. Their results are

presented in Appendix 3.

3.6.1 Silicates

The silicate minerals analysed by EMPA include plagioclase (n = 197), olivine (n = 103),
clinopyroxene (n = 186), orthopyroxene (n = 3), amphibole (n = 64) and biotite (n = 23). Typically,
eight spot analyses were taken per mineral, per thin section. For each grain, a core and rim
analysis was taken in order to ascertain the degree of chemical zonation in each grain. The
element list for each silicate analysis was: Si, Ti, Al, Cr, Fe, Mn, Mg, Ca, Na, K (plus F and Cl for
amphibole and biotite). The parameters used for the analyses were a beam diameter of 5 um, a

beam current of 20 nA, and a beam energy of 15 keV.

3.6.2 Fe-Ti oxides

The Fe-Ti oxide minerals analysed by EMPA in this project were magnetite (n = 113),
ilmenite (n = 161), and hercynite (n = 62). Typically, four separate grains of each mineral were
analysed per thin section. For ilmenite, both coarse grains and exsolutions were analysed. The
element list for each analysis was: P, Nb, Si, Ti, Al, V, Cr, Mg, Ca, Mn, Fe, Co, Ni and Na. The
parameters used for the analyses were a beam di ameé
energy of 15 keV. A larger beam size was chosen for the Fe-Ti oxides in order to incorporate the

fine-grained exsolutions that are commonly found in magnetite.
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3.6.3 Apatite

Apatite from the two pegmatoidal gabbros was analysed (n = 6). The element list for each

silicate analysis was: P, Si, S, Ti, Al, Mg, Ca, Mn, Fe, Na, H, F, and Cl. The parameters used for

the analyses were: a beam diameter of 10 um, a current of 20 nA, and an energy of 15 kV.

3.7 Laser ablation inductively coupled plasma mass spectrometry (LA

In situ laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS)

analyses were carried out on silicates (plagioclase n = 32; olivine n = 15; clinopyroxene n = 32),

Fe-Ti oxides (magnetite n = 49; ilmenite n = 63; hercynite n = 20) and apatite (n = 6), on polished

thin sections, at LabMaTer (UQAC) using a RESOIlution ArF-193nm excimer laser ablation

system (Australian Scientific Instruments), equipped with a double-volume 31 cell S-155 (Laurin

Technics), coupled to an Agilent 7900 ICP-MS (Table 3.1). The analytical protocols are

summarised in Table 3.1. The full LA-ICP-MS dataset (including calibration) is provided in

Appendix 4.

Table 3.1: Analytical details for LA-ICP-MS analyses.

Fe-Ti oxides Silicates
Number of 14 9
samples
Number of = 83 72
analyses
Laser 15 hz 15 hz
frequency

Isotope list = 2*Mg, 27Al, 2°Si, Li, 2°Na, ?*Mg, ?"Al, 2°Si, 3P,
31P, 34Sl 44Ca, SQK, 44Ca, 4SSC, 49‘|’il 51V, 52c:|—l
45gc  49Tj 51y | 53Cr 55Mn, 57Fe, 5°Co, SONi,
2Cr, %Mn, °%Fe, ©Cu, %6Zn, 'Ga, "*Ge, ®Rb,
59(:0’ 60Ni’ 63CU, BBSr’ 89Y, QOZr’ 93Nb, 13303,

GSCU, 662”, 7lGa, 13788., 139La, 14OCe, 141Pr,

Apatite

2

15 hz

7Li, 23Na, 24Mg, 27A|, 29Si, Slp, 39K,

44Ca, 455(:l 49Ti, 51V’ 52Cr’ SSCI—’ 55Mn’

57|:e, 59C0, 60Ni, 63CU, GGZI’], 7lGa,

74(36, 85Rb, BBSI’, 89Y, 902'-, 93Nb,

133(:3

lAlPr

146Nd, 147Sml 153EU, 157Gd, 159Tb’
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Pulse
energy
Stage
speed
Beam
diameter
Line length
Dwell

times

Analysis

Procedure

Carrier gas
flow

Ar flow rate
Internal

standard

Reference
material for
calibration
Reference
materials
(glasses)
for data

quality

4Ge, ™5As, 89y,

92Zr, 9Nb, %Mo,
1188n, 139La, 172yb,
178Hf, 181Ta, 182W,
193)y, 208py

5 mJ/cm?

510 em/ s
11, 15, 19, 25, 33,
55e m
300600 em
10 ms (13 August
2020)

8 ms (18 August
2020)

30 s of glass
bank, 60 s of
signal

Helium (1/L/min)

0.7 L/min
57Fe (from
electron
microprobe)

GSE-1g

GSD-1g, Gprobh6

146N, 147Sm, 1S3y 157G,

159Tb' lBlDy' 165HO, 166Er’

169Tm, 172Yb, 175Ly, 178Hf,

lSlTa, 182W, 208Pb, 232Th, 238

5 mJ/cm?

5-10

em/ s

55 em

3006 00 e&m

5ms

30 s of glass bank, 60 s of

signal

Helium (1/L/min)

0.7 L/min

295j (from electron

microprobe)

GSE-1g

GSD-1g, Gprob6, NIST-610,

161Dy’ 165H0, 166Er, 169Tm, 172Yb,

175Lu 178Hf 181Ta 182W 208Pb 232Th

2381y

5 mJ/cm?

5-10

em/ s

55 &m

3006 00 &m

5ms

30 s of glass bank, 60 s of signal

Helium (1/L/min)

0.7 L/min

44Ca (from electron microprobe)

NIST610

Gprob6, GSD-1g, NIST-612,
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In-house BC-28 (magnetite)
monitor
Data lolite version 2.5 (Patton et al. 2011)

reduction

3.7.1 Data quality for silicate analyses

All elements are accurate and precise to within 10 % according to the analyses of
reference material GSD-1g, except for P, which is poorly calibrated by GSE-1g. Analyses of
Gprob6 show that Li, P, K, V, Zn, Ge, and Pb are slightly problematic (showing between 10 and
20 % deviation from the working value). NIST-610 analyses are accurate to within 20 % for all
elements except for Fe. Mg (15.9 % off working value), and P (-10.8 % off working value) are also

problematic (Appendix 4).

3.7.2 Data quality for Fe -Ti oxide analyses

5 em analyses of GSD-1g and Gprob6 are accurate and precise to within 10-15 % for all
elements except P, S, Sc, Taand Ir in GSD-1g and P, Zr, and Ta in Gprob6, which are more than
20 % off their working values. Other problematic elements (with a 10-20 % deviation from working
values) are Sc, V, Cr, Ga, Ge, and Sn. For 55 ¢ m analyses of BC-28 (natural magnetite standard),
the majority of elements, with abundance greater than 40 ppm, are accurate to within 20 %

(Appendix 4).

3.7.3 Data quality for apatite analyses

For Gprob6, all elements are accurate to within 20 % of their working values. All elements

are accurate to within 20 % for GSD-1g, except for Ge. Only the elements P and Ge are >20 %

off their working values in GSE-1g. In the NIST-612 data, Cl, K, and Fe are more than 20 % off.
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3.8  Oxygeothermometry

Using the QUILF program by Andersen et al. (1993), delta log fO2 (FMQ) and temperature values
were obtained for a subset of 19 samples. The QUILF program uses the compositions olivine and
pyroxene to help provide constraints on the temperature, pressure, oxygen fugacity, and activity
of SiO2 at which Ti-magnetite, ilmenite, augite, pigeonite, orthopyroxene, olivine, and quartz (or
subassemblages thereof) were last in equilibrium. The advantage of QUILF over traditional two-
oxide thermometers (e.g., Andersen and Lindsley 1985) is that re-equilibration and alteration of
the oxide phases does not affect the results attained for any of the parameters listed above
because the QUILF assemblage is overdetermined (Andersen et al. 1993). Based on the advice
of Donald Lindsley, the initial procedure was carried out as follows for the 19 Etoile Suite samples:

1. Electron microprobe weight percent analyses for magnetite, ilmenite, olivine and clinopyroxene
were projected through the EditA Weight Percent menu.

2. A1000P@7?0,A and AO0. 87?70 were ifoepand silidaradtivaty fieldse t empe
respectively. The question mark informs the program that the parameter is unknown, and
therefore needs to be calculated.

3. A pressure of 5000 bars was specified, which is the pressure at which partial melting occurred in
migmatites adjacent to a mafic-ultramafic intrusion (i.e., the 1.15 Ma Baie a Cadie Suite, Hébert
et al. 2005; Hébert and van Breemen 2004) in the Lac Saint-Jean region of the south-central
Grenville Province (Lin and Sawyer 2019). The instability of olivine i as evidenced by coronas
bearing semblance to the orthopyroxene-amphibole coronas described by Woussen et al. (1981)
(Figure 4.6F) 7 occurs roughly at more than or equal to 5 kbar according to the curve of Kushiro

and Yoder (1966). 5 kbar therefore represents the minimum pressure reached in the Etoile Suite.

At this point, five question marks were placed after the values of certain mineral components in
order to turn them into variables. First, question marks were added after NMg of spinel, XGk of
ilmenite, and XEn of augite. This meant that the Mg content of olivine (XFo) was used to determine
the Mg content of magnetite, iimenite, and clinopyroxene. A question mark was then added after XLa

in order to calculate the Ca content of olivine using the Ca content of Augite (XWo0). At this point, there
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are 4 unknowns (denoted by question marks) and 6 known mineral components. XHem of ilmenite
was chosen as the 5" unknown in order to make the number of unknowns equal to the number of

constraints. The results are presented in Table 5.1.
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Chapter 4

Results

4.1 General petrography

The mafic part of the Etoile Suite consists predominantly of plagioclase-, olivine-, and
clinopyroxene-bearing gabbroic mesocumulates and adcumulates. The rocks are mostly medium
grained and relatively unaltered and undeformed. Fe-Ti oxides, consisting mainly of magnetite
and ilmenite, are common constituents, reaching maximum modal proportions of ~50 vol. % in
the mineralized horizon. Fe-Ti oxides tend to be associated with the olivine- and clinopyroxene-
enriched portions of samples. At the outcrop-scale, this occasionally results in decimetre-scale
modal layering (defined by stratigraphic variations in the modal abundances of the cumulus
minerals) (Figure 4.1A, B, C). Other types of layering that were observed include: (1) phase
layering (defined by the appearance/disappearance of certain cumulus minerals at certain
stratigraphic intervals, Figure 4.4); (2) cryptic layering (defined by systematic variations in the
chemical composition of the cumulus minerals, see Chapter 4.6); and (3) rhythmic layering
(defined by the repetition of the layering patterns, Figure 4.1D) (see Namur et al. 2015). In addition
to olivine, plagioclase, clinopyroxene, and Fe-Ti oxides, the cumulates contain accessory
hercynite, amphibole, biotite, apatite, and zircon. Cumulus orthopyroxene was found in only one
sample. In addition to the cumulate rocks, the intrusion contains some lithologies with different
granulometries, including:

1 Two pegmatoidal to very coarse-grained samples, RM15 and RM29 i located at the south-
western margin, and centre of the intrusion, respectively. They are both relatively oxide-poor
gabbros with 19-36 % plagioclase, 46-47 % clinopyroxene, 1-17 % olivine, 3-6 % Fe-Ti
oxides, 0-7 % amphibole, 1-4 % biotite, and 3-9 % apatite. The two samples are interpreted
to represent small (30 cm in diameter) pegmatitic pockets of evolved trapped liquid
(containing zircon and apatite) rather than cumulates (based on Higgins and van Breemen
1996). Crystals reach up to 5 cm in size in the two samples (Figure 4.2).

1 One sample (RM26F) that is a finer-grained mafic enclave (20 cm in size) that also displays

a granular texture (Figure 4.2). It is located 1801 m above the base of the intrusion and



possibly represents an autolith of a chilled margin or an intraplutonic quench zone. The

sample is a gabbro with 64 % plagioclase and 35 % clinopyroxene.

Figure 4. 1: Field photographs of selected outcrops from the mafic part of the Etoile Suite. (A)
Example of modal layering, where the base of the outcrop is noticeably more leucocratic than the
top. Three distinct layers can be recognized. Layer 1 is leucogabbro. Layers 2 and 3 are
mesogabbro. There is subtle modal layering within the three layers, especially in Layer 2. (B)
Close-up photograph of the contact between Layer 1 and Layer 2 from Figure 4.1A. (C) Layers
of mela-olivine-gabbro sandwiched between more leucocratic olivine gabbro. (D) Rhythmic
layering in olivine gabbro defined by thin (<5 cm-thick) layers of mela-olivine-gabbro interlayered
with more leucocratic olivine gabbro.
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Figure 4. 2: Field photographs of two pegmatoidal gabbros and a fine-grained mafic enclave found
in the mafic part of the Etoile Suite. (A) and (B) Pegmatoidal gabbro with large (5 cm) crystals of
plagioclase and clinopyroxene (RM15; Zone A; 54 m above the base). (C) Pegmatoidal gabbro
with large (5 cm) crystals of plagioclase and clinopyroxene (RM29; Zone B; 1861 m above the
base). (D) 20 cm-diameter fine-grained gabbroic enclave (RM26F; Zone B; 1805 m).

The proportions of the main silicate minerals of the mafic part of the Etoile Suite are
plotted in the plagioclase-clinopyroxene-olivine ternary diagram of Streckeisen (1976) (Figure
4.3). The observed rock types include wehrlite (n = 6), mela-olivine-gabbro (n = 8), olivine gabbro
(n = 6), leuco-olivine-gabbro (n = 6), gabbro (n = 9), leucogabbro (n = 4), and leucotroctolite (n =

1). Note that the relatively melanocratic rocks (<35 % plagioclase) tend to be relatively oxide-rich

(>20 % Fe-Ti oxides).
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Figure 4.3: Samples from the mafic part of the Etoile Suite plotted in the plagioclase-
clinopyroxene-olivine ternary diagram of Streckeisen (1976). RM15 and RM29 are the two
pegmatites described above (Figure 4.2A, B, C). RM26F is the fine-grained enclave shown in
Figure 4.2D. Mineral proportions determined by point counting.

4.1.1 Stratigraphic variation in modal mineralogy

The proportions of the main rock-forming minerals in the mafic part of the Etoile Suite
show considerable variation with stratigraphic height. The range in the modal proportions of
plagioclase, olivine, clinopyroxene, and Fe-Ti oxides is 0 to 78 %, 0 to 28 %, 2 to 64 %, and O to
49 %, respectively. Amongst the oxide minerals, magnetite and ilmenite occur in broadly even
proportions (see Chapter 5.3). Cumulus orthopyroxene is totally absent, except in the uppermost
sample (RM33; 4304 m above the base) which is an olivine norite with 69 % plagioclase, 7 %
olivine, 2 % clinopyroxene, and 8 % orthopyroxene.

On the basis of their cumulus mineralogy, the mafic part of the suite is subdivided into
three distinct stratigraphic zones (A, B, C from bottom to top) (Figure 4.4). Zone A (0-832 m) is
characterised by oxide-poor (typically O3  %co-olivine-gabbros with intercumulus Fe-Ti
oxides. Plagioclase and olivine are cumulus phases throughout, and clinopyroxene becomes a

cumulus phase towards the top of the zone. Note that there is one sample at the very base of
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Zone A that is somewhat anomalous in that it contains a relatively large proportion of cumulus
Fe-Ti oxides (28 %, Figure 4.4).

Zone B (832-3815 m) is characterised by relatively high Fe-Ti oxide contents (12-49 %)
and the onset of Fe-Ti oxide crystallisation. Plagioclase, olivine, clinopyroxene and the Fe-Ti
oxides show cumulus habit throughout this part of the intrusion. Note that cumulus clinopyroxene
starts to crystallise just before the oxides. Based on the proportion of plagioclase, this zone can
be subdivided into a melanocratic lower portion and a leucocratic upper portion. The lower portion
(832-1805 m) comprises olivine gabbros, mela-olivine-gabbros and webhrlites. It is mostly
relatively poor in plagioclase (0-52 %), but enriched in olivine (2-28 %), clinopyroxene (15-59 %)
and Fe-Ti oxides (12-49 %). The Lac Fabien V-rich oxide mineralisation is located near the base
of Zone B, hosted predominantly in wehrlite containing 15-59 % clinopyroxene, and 2-28 %
olivine.

The upper portion of Zone B (1805-3815 m) comprises predominantly olivine-free
leucogabbros, that are richer in plagioclase (up to 78 %), but poorer in mafic silicates (olivine: O-
17 %, clinopyroxene: 8-57 %) and oxides (1-23 %) than the lower portion of Zone B. Plagioclase,
clinopyroxene and oxides generally display cumulus habit throughout, whereas olivine only
intermittently displays cumulus habit.

Zone C (>3815 m) bears certain similarities to Zone A in that both are characterised by
oxide-poor leuco-olivine-gabbros. However, unique to Zone C is the presence of cumulus

orthopyroxene at the very top (in sample RM33 at 4304 m).
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4.2  Petrography of the silicate minerals

4.2.1 Description of the main rock -forming min erals

Plagioclase

Plagioclase is the most abundant mineral in the intrusion and is always a cumulus
phase, even when present in low abundance in the mineralized wehrlites at the base of Zone
B. Plagioclase forms euhedral or subhedral tabular crystals with a typical grain size of 1-2 mm
(Figure 4.5A, B). In rare cases, the plagioclase laths can be up to 10 mm in length, notably in
the leucocratic cumulates of zones A and C (e.g., sample RM20 at 160 m and RM11 at 4073
m), as well as in the two pegmatoidal gabbros (RM15 at 54 m and RM29 at 1861 m) (Figure
4.7B). Plagioclase crystals are usually randomly oriented, but in some samples may define a
preferred orientation, especially in more leucocratic lithologies, such as leuco-olivine-gabbro.
Plagioclase-plagioclase grain boundaries are commonly straight (Figure 4.5A), and less
commonly curved, irregular or interpenetrating (Figure 4.5C). The mineral shows rare signs of
deformation in the form of bent and tapered twin lamellae, undulose extinction and subgrains
(neoblasts) (e.g., Figure 4.5C). Deformation is most pronounced in samples RM31 and RM33
at ~2237 m (in the middle of Zone B) and 4304 m (at the top), respectively. In some rocks,
plagioclase shows evidence of textural equilibration in the form of 120° dihedral angles at three-
grain junctions (Figure 4.5D). The polygonal texture in part of the fine-grained enclave (sample
RM26F) represents a particularly advanced degree of textural equilibration not seen in the
remainder of the intrusion (Figure 4.5E). In some samples, plagioclase forms clusters of grains
that are separated by clinopyroxene- and olivine-rich domains (Figure 4.5F). Plagioclase is

generally unaltered, only a few grains show minor sericitisation.



Figure 4. 5: Photomicrographs displaying selected features of plagioclase. A-E are taken under
cross-polarised light (XPL). F is taken under plane-polarised light (PPL). (A) Leucogabbro with
cumulus crystals of euhedral and subhedral tabular plagioclase, with some intercumulus
clinopyroxene (RM32; Zone B; 2752 m). (B) Cumulus plagioclase in oxide-rich wehrlite. Note
reaction coronas between plagioclase and Fe-Ti oxides (PM6; Zone B; 1143 m). (C) Relatively
deformed plagioclase in leucogabbro. Deformation manifests itself in the form of bent twin
lamellae, undulose extinction and subgrain formation. (RM31; Zone B; 2237 m). (D) Texturally-
equilibrated domain of plagioclase adcumulate in leucogabbro (RM19; Zone B; 2007 m). (E)
Fine-grained gabbro with a polygonal texture (RM26F; Zone B; 1805 m). (F) Olivine gabbro
showing distinct oxide-olivine-clinopyroxene-rich domains and monomineralic plagioclase
domains (RM21; Zone A; 787 m). Abbreviations: pl = plagioclase; ol = olivine; cpx =
clinopyroxene; ox = oxide; amph = amphibole.
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Olivine

Olivine typically forms anhedral or, in rare cases, subhedral crystals 1-2 mm in size
(Figure 4.6A, B). In some cases, olivine forms oikocrysts hosting small (0.2 mm) subrounded
inclusions of plagioclase (Figure 4.6C) and/or oxide (Figure 4.6D) where they may form
irregular extensions into interstitial space. Large oikocrysts, up to 10 mm in diameter (Figure
4.6E), are found in some rocks, especially in the leucocratic rocks of Zone A and Zone C.
Olivine is generally unaltered, but some grains show minor serpentinisation. The mineral rarely
shows undulose extinction or sector zoning, indicating negligible deformation.

In general, relatively equant grains (Figure 4.6A, C, D) are interpreted to be of cumulus
origin whereas wedge-shaped crystals that fill the interstices between tabular plagioclase
crystals (Figure 4.6B) are interpreted to be of intercumulus origin. However, as most equant
grains form extensions into interstitial space, there is clearly significant postcumulus
overgrowth, making the distinction between cumulus and postcumulus grains difficult and
somewhat subjective. In such cases, the abundance of the mineral in question can serve as
an additional tool for differentiation, as minerals with abundances of more than approximately
10 percent by volume are unlikely to be intercumulus in origin.

In a few cases olivine is rimmed by amphibole (Figure 4.6F, H). As the rims tend to be
localised phenomena, they are interpreted to represent interstitial liquid rather than reaction
products between olivine and neighbouring minerals. The amphibole rims are more common
in leucocratic rocks, possibly suggesting that zones A and C are enriched in interstitial liquid.
In addition, in samples that contain amphibole rims, some of them (e.g., in samples RM16,
RM20, RM19, LR03, RM32, RM3, RM12) contain olivine that is partially surrounded by a wormy
intergrowth of magnetite and hypersthene (collectively termed oxysymplectite) (Figure 4.6H).
Oxysymplectites have been interpreted to form as a result of olivine reacting with interstitial
liquid via the reactions fayalite + O2 A magnetite, and forsterite + quartz A enstatite (Morse

2015).
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In rare cases one can observe the development of a fan-shaped reaction rim or
6coronad6 around olivine. Fi g unlyeoccuts. & Ehe diine-ws t hat
plagioclase contact, and that when olivine is rimmed by amphibole this reaction rim is absent.

The corona therefore probably represents a subsolidus reaction between olivine and

plagioclase.

Clinopyroxene

Clinopyroxene typically forms subhedral or anhedral crystals. Grain sizes are variable;
cumulus grains within Zone B are equant and typically 0.5-2 mm in size (Figure 4.7A) whereas
interstitial grains in zones A and C 1 interpreted to be of intercumulus origin (Figure 4.7B) 1
can be up to 8 mm in size. Clinopyroxene typically contains fine lamellae of Fe-Ti oxide (Figure
4.7A). Such lamellae are more pronounced in samples that contain a high proportion of Fe-Ti
oxide minerals (i.e., samples from the lower portion of Zone B). In rare cases, clinopyroxene
contains small (0.2 mm) subrounded, grains of oxides (Figure 4.7C).

In some cases, intercumulus clinopyroxene in zones A and C is surrounded by thin
rims of amphibole (Figure 4.7B). Similar to the amphibole rims surrounding olivine, these rims
are interpreted to have crystallised from evolved (i.e., hydrous) interstitial liquid.

Clinopyroxene is typically unaltered, except in two samples: (1) the leuco-olivine-norite
at the top of the intrusion (RM33; 4304 m), where grains of pyroxene may be altered to a fine-
grained mass of clay minerals (Figure 4.7D); and (2) a leucogabbro in the centre of the intrusion

(RM31; 2237 m), where many clinopyroxene crystals are partially replaced by amphibole.
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Figure 4. 6: XPL photomicrographs displaying selected features of olivine. (A) Cumulus olivine
in leuco-olivine-gabbro (RM16; Zone A; 439 m). (B) Wedge-shaped intercumulus olivine in
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