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Abstract 

The Maskinonge Lake fault is a late NW-striking fault that occurs at a high angle to the 

structural features of the gold-producing Goudreau Lake Deformation Zone (GLDZ) in the 

Michipicoten greenstone belt. The fault is populated with zones of high-grade gold 

mineralization along its strike and represents an uncommon setting for orogenic gold deposits in 

the Superior Province. Three phases of fault movement (D4ïD6) are identified that postdated the 

main structural features of the GLDZ (D1ïD3). D4 dextral shearing resulted in the initiation of the 

Maskinonge Lake fault and the development of fault-parallel foliation. The fault was reactivated 

during D5 sinistral progressive brittle-ductile deformation and included the emplacement of 

steeply dipping fault-parallel quartz vein arrays and extensional en echelon veins. Structural 

analysis of these veins shows that structures associated with D5 deformation are subvertical and 

occurred during transpression. D6 sinistral faulting is responsible for the brecciation of earlier 

features and ~1 km of strike-slip stratigraphic displacement with little to no vertical movement. 

The Pine-Breccia gold occurrence is found along the Maskinonge Lake fault and consists 

of rocks that have undergone pervasive silica alteration within the fault zone. The centre of the 

alteration halo contains a gold- and copper-bearing fault-filling ñmain veinò. Both the fault and 

main vein are located along the contacts of a NW-trending Matachewan dyke, while gold 

concentrations in the main vein are enhanced at the intersection between the Maskinonge Lake 

fault and ENE-striking shear zones. These structural controls provide additional constraints for 

favourable sites of mineralization along late high-angle transverse faults and support these 

structures as viable gold exploration targets. 
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Chapter 1: Introduction  

Orogenic gold deposits represent many of the largest gold deposits worldwide and are the 

source of more than 75% of gold extracted throughout history (Phillips, 2013). The Superior 

Province, which composes much of the Canadian Shield, is one of the highest-producing gold 

regions in the world (Colvine et al., 1988; Goldfarb et al., 2005).  

The Michipicoten greenstone belt is hosted in the southern margin of the Superior 

Province (Card & Ciesielski, 1986) and is an area with significant economic potential, one which 

has been a subject of exploration and mining operations for decades (Sage, 1994). Currently, the 

Island Gold deposit, owned and operated by Alamos Gold, contains an estimated 4.1 Mt of ore in 

total reserves with an average grade of 10.1 g/t Au and an additional 7.9 Mt of inferred resources 

with an average grade of 13.6 g/t Au for an estimated total of 4.8 Moz of gold (Bourgeault et al., 

2022). Mineralization is associated with east-striking, steeply dipping vein systems occurring 

parallel to stratigraphy within the regional high-strain Goudreau Lake Deformation Zone 

(GLDZ). The main ore body plunges eastward, and is projected to intersect the northwest-

striking Maskinonge Lake fault, a major brittle-ductile structure with apparent sinistral motion 

that displaces stratigraphy by over a kilometre (Sage, 1994). Local gold enrichment and intense 

hydrothermal alteration in zones along the fault imply that it functioned as a conduit for gold-

bearing hydrothermal fluids (Perkins, 2001). Although the Island Gold deposit exhibits 

numerous similarities to other major orogenic gold deposits in the Superior Province, the 

presence of late gold-bearing transverse structures occurring at a high angle to major eastïwest-

striking shear zones is incompatible with the conventional genetic orogenic gold model (Dubé & 

Mercier-Langevin, 2020; Goldfarb et al., 2005), and may instead belong to a separate subset of 

orogenic gold deposits. Despite their mineralization potential, these transverse structures have 
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been overlooked in previous exploration frameworks, therefore the timing and structural controls 

of these deposits are poorly understood. The Maskinonge Lake fault thus presents an excellent 

opportunity to investigate late high-angle fault-hosted gold mineralization in the vicinity of 

major gold deposits. 

1.1 Objectives 

The primary objectives of this thesis are to (1) resolve the kinematics, extent, and 

geometry of the Maskinonge Lake fault, (2) evaluate temporal and genetic relationships between 

the local structures, alteration, and mineralization, and (3) incorporate the findings of this thesis 

into the geological context of the Island Gold and GLDZ area. Integrating the criteria for this 

style of gold mineralization into the existing structural framework may lead to future exploration 

of similar high-angle structures in greenstone belts. 

This thesis is divided into six chapters. Chapter 2 provides the geological context and 

background for the Island Gold deposit and study area. Chapter 3 outlines the methods used in 

this research. Chapters 4 and 5 summarize the results of field mapping and structural analysis, 

along with geochemistry and isotope signatures of mineralization. Chapter 6 discusses the 

significance of these results as they pertain to the objectives of the thesis. Chapter 7 presents 

conclusions and propositions for future work. Supplementary information is included in the 

Appendices. 
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Chapter 2: Geological Setting 

2.1 Superior Province 

The Superior Province (Fig. 2.1) is one of the oldest Archean cratons in the world and is 

composed of terranes that amalgamated through five north-south accretionary events from 2.8ï

2.6 Ga (Percival et al., 2012), though the exact mechanism of cratonization is contentious and 

may involve a vertical plume-induced component (Bédard, 2006; Harris & Bédard, 2014; Lin, 

2005). The first of these collisions occurred between the Hudson Bay and North Caribou 

terranes, with the latter acting as a nucleus from which the Superior Province developed (Lin et 

al., 2006; Percival et al., 2006). This was followed by the Uchian Orogeny from 2720ï2700 Ma 

marked by the northward collision between the North Caribou terrane and the Winnipeg River 

terrane during southwest-dipping subduction that was followed by penetrative deformation and 

brittle-ductile faulting (Bethune et al., 2006). The amalgamation of the Wabigoon terrane onto 

the developing Composite Superior Superterrane marks the Central Superior Orogeny at 2700 

Ma (Percival et al., 2012), although there is uncertainty about the timing and nature of the 

collision. The docking of the Wawa-Abitibi terrane onto the Wabigoon terrane during the 

Shebandowanian Orogeny is documented by transpressive deformation recorded in greenstone 

belts generated between 2685 Ma and 2680 Ma (Corfu & Stott, 1998). The final accretionary 

event at 2680 Ma juxtaposed the Minnesota River Valley terrane onto the Composite Superior 

Superterrane during the Minnesotan Orogeny (Percival et al., 2012), and is speculated to have 

resulted in the rapid uplift of the Wabigoon plateau (Percival et al., 2004). 
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Fig. 2.1: Simplified map of subprovinces of the Superior Province (modified from Card, 1990; 

Percival et al., 2012). The Michipicoten greenstone belt is highlighted in red. Abbreviations: AC 

- Ashuanipi complex; BRT ï Bird River terrane; ERB ï English River Belt; HBT ï Hudson Bay 

terrane; KU ï Kapuskasing uplift; LG ï La Grande domain; MB ï Minto block; MGB ï 

Michipicoten greenstone belt; MRVT ï Minnesota River Valley terrane; NCT ï North Caribou 

terrane; OB ï Opinaca belt; OT ï Opatica terrane; P ï Paleoproterozoic cover; PB ï Pontiac belt; 

QB ï Quetico belt; WAT ï Wawa-Abitibi terrane; WT; Wabigoon terrane; WRT ï Winnipeg 

River terrane.  
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2.1.1 Orogenic gold deposits in the Superior Province 

Orogenic gold deposits are often recognized by their genetic association with 

metamorphosed supracrustal rocks (i.e., greenstone belts) and complex structural histories (Dubé 

& Mercier-Langevin, 2020; Goldfarb et al., 2005). Greenschistïfacies metamorphism under 

brittle-ductile conditions is more favourable to the initiation of extensional/shear fractures and 

veins than higher metamorphic grades, which is consistent with the widespread spatial 

association between greenstone belts and gold districts (Goldfarb et al., 2005). These gold 

deposits are often linked to deep-rooted, first-order faults through second and third-order 

structures in greenschist to lower amphibolite-grade metamorphosed rocks (Dubé & Mercier-

Langevin, 2020). In a metamorphic model of gold mineralization, fluids are sourced from the 

devolatilization of hydrated rocks during the greenschist to amphibolite transition during a P-T 

path typical of orogenic belts (Gaboury, 2019) and thus are generally localized to convergent 

margins during compressional or transpressional events (Groves et al., 1998). Linking gold 

deposits to specific rock types is often discussed and remains contentious, although mafic and 

metasedimentary rocks are particularly plausible sources of gold (Tomkins, 2013), which are 

leached by chloride or hydrogen-sulphide-bearing fluids (Gaboury, 2019). Complex fault 

systems provide necessary conduits for the migration of gold-bearing fluids from deep 

amphibolite-facies sources to upper crustal precipitation sites, and a wide variety of kinematic 

settings have been recognized as hosts for major deposits worldwide (Vearncombe & Zelic, 

2015). Although the metamorphic grade and fluid chemistry are important aspects of the 

mobilization of gold, it is the crustal architecture and structural geometry that impart the most 

critical control on developing favourable environments for orogenic gold mineralization (Groves 

et al., 2018). 
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Gold deposits across the Superior Province, particularly those within greenstone belts 

across the Wawa-Abitibi terrane, are predominantly recognized as syn-orogenic with northï

south accretion events and are therefore controlled by eastïwest trending, steeply dipping 

structures (Fig. 2.2) subparallel to the terrane boundaries (Erickson, 2010; Leclair et al., 1993; 

Percival et al., 2012; Wilkinson et al., 1999). Smaller scale structural discontinuities (i.e., 

dilational jogs, tension fractures, etc.) along strike of these major deformation zones host the 

majority of deposits and explain the variability of mineralization within a shear system (Colvine 

et al., 1988). A significant amount of world-class orogenic gold provinces are found in 

Neoarchean greenstone belts (Goldfarb et al., 2001), many of which exhibit evidence of fluid 

movement through late-tectonic major shear zones (Percival et al., 2012). However, gold 

deposits associated with structures at a high angle to these major shear zones may also be viable 

for gold mineralization (e.g., Lin & Corfu, 2002) and have been suggested as a potential 

secondary class of orogenic gold deposit.  
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Fig. 2.2: Distribution of major shear zones and gold deposits across the Wawa-Abitibi terrane 

(modified from Leclair et al., 1993). Major gold deposit locations are retrieved from Percival 

(2007) and Dubé and Mercier-Langevin (2020) The Michipicoten greenstone belt and Goudreau 

Lake Deformation Zone are highlighted in red. Abbreviations: BD-KLSZ ï Big Duck-Killala 

Lake shear zone; BCFZ ï Bear Creek fault zone; CLLF ï Cadillac-Larder Lake fault; GLDZ ï 

Goudreau Lake deformation zone; KLSZ ï Kabenung Lake shear zone; LLSZ ï Langdon Lake 

shear zone; LS-HFZ ïLake Superior-Hemlo fault zone; MLSZ ï Mishibishu Lake shear zone; 

PDFZ ï Porcupine-Destor fault zone; PLSZ ï Puskuta Lake shear zone; WRF ï Wakusimi River 

fault.  

2.2 Michipicoten Greenstone Belt 

The Michipicoten greenstone belt (MGB) is located within the western Wawa-Abitibi 

terrane on the southern margin of the Superior Province (Fig. 2.1) and is bounded by Lake 

Superior to the west and the Kapuskasing Structural Zone to the east (Sage et al., 1996). The 

greenstone belt consists mainly of supracrustal volcanic and sedimentary rocks along with 

intrusive lithologies throughout the belt (Fig. 2.3). The volcanic rocks can be grouped into three 

distinct assemblages (Fig. 2.4), each exhibiting maficïfelsic bimodal volcanism (Sage et al., 

1996). These volcanic assemblages have crystallization ages of 2900 Ma, 2750 Ma, and 2700 Ma 

based on zircon U-Pb geochronology (Turek et al., 1982, 1984, 1992) and accordingly are 
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referred to as cycles 1, 2, and 3. Regional deformation and subsequent greenschist facies 

metamorphism are pervasive throughout the greenstone belt (Studemeister, 1983). 

The 2900 Ma cycle, also known as the Hawk assemblage (Williams et al., 1991), consists 

of poorly exposed komatiitic flows capped by intermediate to felsic tuffaceous sequences (Sage, 

1994). The distribution of 2900 Ma rocks throughout the Michipicoten is limited, but their 

komatiitic composition and spinifex texture (Sage, 1994) distinguish them from the younger 

2750 Ma and 2700 Ma cycles. Pillowed basaltic flows with minimal vesicle abundance suggest a 

deep aqueous setting (Moore, 1965). Intermediate-felsic sequences of the Hawk assemblage are 

also spatially limited, and consist of fine-grained crystal and lapilli tuff, implying a vent-distal 

depositional environment (Sage, 1994). 

The second supracrustal cycle, the Wawa assemblage (Williams et al., 1991), is 

isotopically dated to 2750 Ma (Turek et al., 1982) and includes vesicular, pillowed tholeiitic 

mafic flows followed by intermediateïfelsic pyroclastic rocks. These mafic flows exhibit greater 

abundances of vesicles than the Hawk assemblage basalt, suggesting a shallowing subaqueous 

environment with progressive flow deposition (Moore, 1965). The mafic rocks are overlain by 

intermediateïfelsic pyroclastic quartz-feldspar crystal tuff and extrusive intermediateïfelsic units 

transitioning from dacite to rhyolite (Sage, 1994). The 2750 Ma volcanic cycle is conformably 

overlain by a regionally continuous bedded iron formation as thick as 100ï300 m (Sage, 1993).  

Volcanism resumed at 2700 Ma with tholeiitic Mg- and Fe-rich pillowed flows as the 

initial part of the Catfish assemblage (Williams et al., 1991). Mafic suites are commonly 

amygdaloidal, which is interpreted to imply either shallow-water deposition or gas-rich terrestrial 

volcanic flows (Sage, 1994). Intermediateïfelsic metavolcanic rocks of the third cycle are 

pyroclastic, composed of feldspar and quartz-feldspar tuff as well as volcanic breccias (Sage, 
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1993). The youngest supracrustal assemblage, the Doré metasediments, interfingers with the 

2700 Ma felsic rocks and is likely sourced entirely from the Catfish felsic metavolcanic unit 

during rapid crustal uplift (Corfu & Sage, 1992). The metasedimentary belt consists of immature, 

trondhjemite clast-bearing conglomerates and fine-grained wackes and arkose, with primary 

structures that are interpreted to reflect a subaqueous environment (Sage, 1994).  

Previous studies have suggested the tectonic setting of the MGB as an island arc setting 

(Sylvester et al., 1987), but evidence also suggests that volcanism occurred within a cratonic 

setting (Sage et al., 1996). Mafic intrusions throughout the Michipicoten are chronologically 

correlated with the 2671 Ma Iron Lake gabbro (Turek et al., 1990), post-dating the Catfish 

assemblage by approximately 30 million years. 

Early work by Goodwin (1962) recognized two major folding events followed by late 

faulting, resulting in cross-folding of the stratigraphy and undulating fold axes overprinted by 

parallel NNW-striking transverse faults. More recent work has expanded this early interpretation 

with the identification of the inverted Goudreau Anticline and areas of structural complexity 

(Arias & Heather, 1987; Arias & Helmstaedt, 1990; Heather & Arias, 1992) is supported by U-

Pb zircon geochronology (Corfu & Sage, 1992; Turek et al., 1982, 1984, 1992). Plutonism 

throughout the Michipicoten belt has been correlated to activity in the nearby Mishibishu and 

Gamitagarna greenstone belts to extend the tectonic activity of the MGB to 2615 Ma following 

the cessation of the 2700 Ma volcanic cycle (Turek et al., 1990). 



10 

 

 

Fig. 2.3: General geology of the Michipicoten greenstone belt with major north-south structures 

in the region (modified from Heather and Arias, 1992). The Maskinonge Lake fault is 

highlighted in red. The inset map is modified from Fig. 2.1. 
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Fig. 2.4: Simplified stratigraphic column of the volcanic cycles in the Michipicoten greenstone 

belt (modified from Arias and Helmstaedt, 1990). Major iron formations are labelled according 

to Sage (1994). Units that host the Island Gold deposit are marked according to Heather and 

Arias (1992). 

2.3 Goudreau-Localsh District 

The Goudreau-Localsh district comprises cycle 2 (Wawa assemblage) felsicïintermediate 

pyroclastic metavolcanic rocks intruded by intermediate dykes and sills in the south and cycle 3 

(Catfish assemblage) pillowed mafic metavolcanic rocks in the north (Heather & Arias, 1992). 

This unconformity is marked by the laterally extensive Goudreau Iron Range, which outcrops 

locally at the historic Morrison iron sulphide deposit (Bourgeault et al., 2022). The majority of 

gold occurrences in the Michipicoten, including the Island Gold deposit, are hosted in the 

Goudreau Lake Deformation Zone (GLDZ), a 30 km-long stratigraphy-subparallel sigmoidal 

deformation zone that corresponds with the major contact between the Wawa felsic rocks and 
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Catfish mafic rocks (Turek et al., 1992). The GLDZ can be subdivided into four structural 

domains according to style, intensity, and kinematics of deformation along with alteration and 

gold mineralization indicators (Fig. 2.5). The northern domain, located immediately south of the 

granodioritic to quartz-monzonitic Maskinonge Lake stock (Corfu & Sage, 1992) consists of 

subparallel decameter-scale brittle-ductile strain zones, northeast-striking shear zones exhibiting 

sinistral movement, and northwest-striking shear zones with dextral displacement (Heather & 

Arias, 1992). The southern domain, bound by the Maskinonge Lake fault to the east and the 

McVeigh Creek fault to the west, is composed of dextral brittle-ductile high-strain packages of 

altered 2750 Ma felsicïintermediate metavolcanic rocks; the most dominant of these is the 

Goudreau Shear, which hosts major gold mineralization at the Magino and Island zones (Heather 

& Arias, 1992). The east and west domains border the Maskinonge Lake and McVeigh Creek 

faults, respectively, and are both defined by 085° and 115°-striking dextral shear zones (Arias & 

Heather, 1987).  

Three major deformation events are observed around the Island Gold deposit, which is 

situated in the southern domain of the GLDZ upon the northern limb of the Goudreau anticline. 

The earliest event, D1, is associated with regional compression and the upright folding of the 

Wawa assemblage resulting in the steepening of stratigraphy and the development of the 

Goudreau anticline (Jellicoe et al., 2022). The Goudreau anticline is postulated to record multiple 

isoclinal folds and the erosion of the Michipicoten iron formation associated with chloritoid-rich 

stratigraphy has historically inhibited the recognition of this folding event (Sage, 1994). The 

second period of deformation (D2) is reflected through sinistral, north-side-up transpressive 

motion (Jellicoe et al., 2022), resulting in the development of the GLDZ and the generation of S2 

foliation subparallel to the 070° striking deformation zone (Heather & Arias, 1992). This is 
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overprinted by dextral, south-side-up transpression (D3) and the production of shallow plunging 

folding of S2 foliation of the metavolcanic rocks (Jellicoe et al., 2022). The Goudreau-Lochalsh 

district is also occupied by numerous northwest-trending transverse structures (Arias & Heather, 

1987; Goodwin, 1962; Sage, 1994). These structures are often associated with diabase dykes 

recording little to no deformation (Heather & Arias, 1992), suggesting they were emplaced in 

late fault planes following the cessation of regional folding. The Maskinonge Lake fault, striking 

140°, is one of these structures, and records 1ï2 km of apparent sinistral displacement 

(Bourgeault et al., 2022; Heather & Arias, 1992; Sage, 1994). 

The gold-hosting lithologies at Island Gold are characteristically associated with 

alteration envelopes of biotite, sericite, and iron carbonate (Ciufo et al., 2020), coherent with 

other occurrences throughout the Goudreau-Localsh area (Arias & Heather, 1987). Deposit-wide 

structural features, including pervasive foliation, small-scale thrust faults, and intense shearing 

and mylonitization are also associated with these alteration packages (Bourgeault et al., 2022). 

Mineralization is controlled predominantly by millimetre- to meter-wide smoky grey quartz 

veins emplaced by shearing during D2 deformation between 2724ï2672 Ma (Jellicoe et al., 

2022). The deposit is hosted in a sequence of steeply south-dipping lenses that strike northeast 

along the limb of the regional anticline (Bourgeault et al., 2022). Recent work has refined the 

mineralization timing to 2680ï2672 Ma (Jellicoe et al., 2022), which is consistent with other 

deposits in the Wawa subprovince (Davis & Lin, 2003) but older than most quartz-carbonate-

hosted mineralization in the Abitibi region (2660ï2640 Ma, (Dubé & Mercier-Langevin, 2020). 

Previous work at Island Gold has suggested that the strain shadow imparted by the Webb Lake 

stock, located to the west of the Island Gold deposit, is the primary control on mineralization 

during D2 shearing (Jellicoe et al., 2022)  
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The Pine-Breccia and Michael Syndicate zones (Fig. 2.5), two historic gold showings 

east of the Island Gold deposit, are situated upon the Maskinonge Lake fault, which abuts 

epidote-altered mafic metavolcanic rocks on the west side against unaltered mafic and felsic 

metavolcanic rocks on the east (Heather & Arias, 1992; Sage, 1994). Gold mineralization in both 

of these zones is typically fracture-controlled and associated with chalcopyrite and/or pyrite 

(Heather & Arias, 1992), stockwork quartz-carbonate veining, and silica flooding (Bourgeault et 

al., 2022), the intensity of which decreases gradually to the east and is truncated sharply by the 

Maskinonge Lake fault on the west. This style of silicification is also comparable to alteration 

associated with the deep ore zones of the Island Gold deposit (Ciufo, 2019). Mineralized zones 

along the fault vary from 1 m wide at the Pine-Breccia zone to 7 m wide at the Michael 

Syndicate zone and are associated with a characteristic pseudo-brecciated texture. The nearest 

major northwest-trending structure, the Herman Lake fault, exhibits comparable apparent 

sinistral motion to the Maskinonge Lake fault and hosts the Adonis occurrence, which has a 

similar breccia-hosted, chalcopyrite-rich mineralization style to the Maskinonge Lake fault 

occurrences (Arias & Heather, 1987). As the Goudreau-Localsh area is populated by many 

northwest-striking faults, the Maskinonge Lake fault acts as a proxy for understanding the 

significance of these late structures on a prospective additional class of gold deposit in the 

Michipicoten greenstone belt. 
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Fig. 2.5: General geology of the Goudreau Lake Deformation Zone (modified from Arias and 

Heather, 1987), with the Webb Lake trondhjemite intrusion, Morrison sulphide formation, Pine-

Breccia and Michael Syndicate gold showings, and major structures labelled. The study area is 

outlined in yellow. UTM coordinates are in NAD83, Zone 16N.  
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Chapter 3: Methods 

3.1 Field mapping 

The primary study area along the Maskinonge Lake fault is located 4 km east of the 

Island Gold mine along the border of the Finan and Jacobson townships and is accessible from 

Dubreuilville, Ontario via Goudreau Road and the historic drill road network around the area. 

The focus of mapping was the Pine-Breccia zone, an extensive northwest-trending 200 x 40 m 

stripped outcrop proximal to the Maskinonge Lake fault. The original 70 x 40 m stripped outcrop 

was a result of historic gold exploration in the 1980s by Canamax Resources (Bourgeault et al., 

2022), but recent expansion of the outcrop by Alamos Gold has exposed an additional 130 

metres on the eastern block of the fault. Detailed mapping of the Pine-Breccia zone concentrated 

on identifying structures and kinematic indicators resulting from the movement of the 

Maskinonge Lake fault. The region around the Maskinonge Lake study area was also mapped to 

provide geological context for the structural setting and gold mineralization. Mapping transect 

lines through the study area were designed to cross the strike of eastïnortheast-striking 

lithological contacts to observe the most variability in structures and lithology. Additional work 

was done at the Michael Syndicate and Clement occurrences, two historic gold showings along 

the Maskinonge Lake fault.  

3.2 Sample collection and analysis 

112 field samples were collected from the study area, comprising 44 from regional 

mapping and 68 from the Pine-Breccia outcrop. A total of 94 polished thin sections were created 

from 59 samples at Vancouver Petrographics. In addition, Alamos Gold provided geochemical 

multi-element data from 655 samples collected from 131 channel cuts across the Pine-Breccia 

outcrop as part of their exploration program. These samples were sent to ALS Global in Thunder 

Bay for preparation and analysis. Samples were crushed to 2 mm and pulverized further to 75 ɛm 
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before undergoing four acid digestion followed by ICP-MS, fire assay, and sodium peroxide 

fusion/ICP-AES for a full multi-element suite including gold and silicon concentrations. Channel 

lines were cut perpendicular to the fault to test the influence of silicified alteration on 

mineralization potential.  

3.3 Sulphur isotopes 

Ten samples of mineralized quartz veins were selected for sulphur isotope analysis. 

Pyrite grains (± chalcopyrite) were manually separated by hand-picking, dried, and homogenized 

into a fine powder. Weighing and ŭ34S isotope analysis were done at the Environmental Isotope 

Lab (EIL), University of Waterloo. Samples were weighed into tin capsules with added WO3 

powder to assist in combustion. Isotope measurements were determined by combustion of the 

sample powder through a 4010 Elemental Analyzer coupled to an Isochrom continuous flow 

isotope ratio mass spectrometer (CFIRMS) and corrected against the Vienna-Canyon Diablo 

Troilite meteorite primary reference material with a precision of 0.3ă. 
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Chapter 4: Geology and structural evolution of the Maskinonge Lake fault 

The study area is centred on the northwest-trending Maskinonge Lake fault, which 

divides the area into a northeastern and southwestern block (Fig. 4.1). Chapter 4.1 describes the 

main lithologies in the study area and Chapter 4.2 describes the structural geology of the study 

area. The northeast block encompasses a portion of the unconformable contact between the 2750 

Ma (Wawa assemblage) felsicïintermediate and the 2700 Ma (Catfish assemblage) mafic 

metavolcanic rocks. These assemblages are separated by a continuous massive sulphide unit and 

situated against mafic metavolcanic rocks on the southwest block (Sage, 1994). 
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Fig. 4.1: (A) Geological map of the regional study area, with equal-area lower hemisphere 

stereographic projections of structural measurements on (B, C, D) the northeast block and (E, F, 

G) the southwest block. The Pine-Breccia and minor gold occurrences (1) Michael Syndicate and 

(2) Clement are indicated. UTM coordinates are in NAD83, Zone 16N. 

4.1 Geology of the Maskinonge Lake study area 

4.1.1 Wawa assemblage: Felsicïintermediate metavolcanic assemblage 

The felsicïintermediate volcanic cycle, occupying a portion of the northeast block of the 

study area, is a pyroclastic dacitic tuff with up to 5% 1ï3 mm subrounded grey and blue quartz 

grains and ~20% coarse 1ï10 mm beige-white feldspar crystals hosted in a fine-grained, grey-

green chloritized matrix (Fig. 4.5A). Within the study area, feldspar is strongly deformed and 

defines both the foliation surface and principal stretching direction. The felsicïintermediate tuff 

is inferred to represent the upper portion of the 2750 Ma felsic pyroclastic cycle and is only 

observed on the northeastern side of the Maskinonge Lake fault. 

4.1.2 Catfish assemblage: Mafic metavolcanic rocks 

Mafic volcanic flows of the lower Catfish assemblage are the most widespread of the 

units in the Maskinonge Lake area and are often distinguished by the presence of chloritized 

pillows or 1ï10 mm rounded vesicles (Fig. 4.5B), which are typical indicators of a deep-water 

seafloor environment (Moore, 1965). Although these rocks are usually fine-grained, intense 

alteration throughout the area makes this an unreliable method of unit identification. These 

volcanic rocks are deformed with the greatest intensity of all units and are commonly strongly 

sheared and pervasively altered, displaying both banded and patchy carbonate and sericite 

alteration.  

4.1.2.1 Mafic volcanoclastic rocks 

A subset of mafic volcanic rocks is recognized by the presence of heavily altered, 10ï15 

cm rounded beige-coloured nodules hosted in basaltic flows. These fragments typically compose 

5-10% of the rock and exhibit more brittle deformation than the surrounding mafic flows (Fig. 
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4.5C). This fragmental mafic unit represents the base of the Catfish metavolcanic assemblage 

based on its stratigraphic relationship with the massive sulphide unit and gradational contact with 

the pillowed mafic flows marked by decreasing nodule content. 

4.1.3 Quartz-feldspar porphyry intrusions 

A series of quartz-feldspar porphyry (QFP) dykes are found throughout the mapping area 

(Fig. 4.5D) and trend 070ï080°, approximately parallel to the strike of the regional foliation. 

Most QFPs are 0.2ï3 m wide and have a porphyritic texture with 10-15% 1ï5 mm rounded 

quartz phenocrysts (grey and/or blue varieties) and up to 15% subrounded feldspar phenocrysts 

homogeneously distributed throughout the rock. These dykes exhibit variable degrees of chlorite 

alteration and often contain 1ï5 cm xenoliths of mafic country rock. Tectonic foliation is 

continuous across QFPs, which are further boudinaged and transposed, implying they intruded 

before regional deformation. While the dykes are laterally extensive, none are observed 

crosscutting the Maskinonge Lake fault, nor can they be used as stratigraphic markers due to the 

prevalence of these dykes within the study area. The exact age of the QFP dykes is unknown, 

although an intrusive body with a similar appearance (i.e., the Webb Lake stock) has been dated 

to 2724.1 ± 4.3 Ma (Jellicoe et al., 2022).  

4.1.4 Gabbro 

Two varieties of gabbro are observed throughout the area: strongly magnetic gabbro and 

weakly to non-magnetic gabbro. Strongly magnetic gabbro form 50ï300 m wide intrusive 

bodies, and although their specific stratigraphic relationship with the volcanic cycles is unknown, 

the spatial association with mafic metavolcanic rocks, presence of a weakly developed foliation, 

and variable degrees of alteration suggest they may be coincident with the Catfish assemblage 

mafic rocks. Non-magnetic to weakly magnetic gabbro appear commonly as northwest-trending 

dykes (subparallel with the Maskinonge Lake fault) that sharply crosscut pre-existing units, 
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suggesting these non-magnetic gabbro dykes are the youngest units in the study area. Both 

groups are fine to medium-grained, consisting of approximately 30ï40% plagioclase and 60ï

70% pyroxene and amphibolite, with trace amounts of disseminated titanite and pyrite. 

4.1.5 Diabase dyke 

An inferred Matachewan-age diabase dyke outcrops locally along the Maskinonge Lake 

fault and is approximately ten metres wide with a subvertical, northwest-striking orientation and 

sharp contact with the western mafic volcanic rocks. This dyke is massive, exhibits sporadic 

magnetism, and is fine-grained with 1ï5 cm plagioclase phenocrysts (Fig. 4.5E). The dyke 

contains diffuse, stockwork quartzïepidote veinlets and plagioclase grains saussuritized to 

epidote. Modal fine-grained quartz and coarse 0.25ï1 mm magnetite are visible in thin section, 

the latter often comprising up to 5% of the rock. 

4.1.5.1 Composition of the Maskinonge Lake diabase 

Twenty-nine samples of the diabase dyke at the Pine-Breccia outcrop were collected 

through a channel sampling program conducted by Alamos Gold. These samples are compared 

with compiled geochemical data for Matachewan (~2.45 Ga, Ciborowski et al., 2015), Marathon, 

Biscotasing, Kapuskasing (~2.1 Ga, Halls et al., 2005) and Keweenawan dyke swarms (~1.1 Ga, 

Halls et al., 2005; Marshall & Lidiak, 1996; Nicholson et al., 1997; Sutcliffe, 1987). 

Fig. 4.2 shows that most dyke swarms are sub-alkaline basalt, apart from Keweenawan 

dykes whose Nb/Y content trends towards alkaline basalt, and Matachewan dykes that are 

slightly more andesitic. Major (Fig. 4.3) and minor (Fig. 4.4) element variation with MgO 

display a significant correlation between the Maskinonge Lake dyke and Paleoproterozoic dyke 

swarms, whereas Mesoproterozoic dykes (i.e., Keweenawan) are typically more enriched in 

MgO and have a wider distribution of major and trace element concentrations. The Maskinonge 
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Lake diabase dyke is notably depleted in CaO and Na2O compared to the Matachewan suite. 

There is a strong correlation between the compositions of the Maskinonge Lake dyke and the 

Matachewan dyke swarm, although the amount of overlap in the major and minor element 

distributions with other Proterozoic dyke swarms makes this classification ambiguous using 

elemental composition alone. 

 

Fig. 4.2: Zr/Ti vs. Nb/Y classification (modified from Pearce, 1996) of the Maskinonge Lake 

diabase dyke and Proterozoic dyke swarms in the northwestern Superior Province.  
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Fig. 4.3: Major element variation with MgO of the Maskinonge Lake diabase dyke and 

Proterozoic dyke swarms in the northwestern Superior Province. Highlighted areas comprise the 

Maskinonge Lake dyke data. 
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Fig. 4.4: Minor and trace element variation with MgO of the Maskinonge Lake diabase dyke and 

Proterozoic dyke swarms in the northwestern Superior Province. Highlighted areas comprise the 

Maskinonge Lake dyke data.  

4.1.6 Massive sulphide 

The Pine massive sulphide unit is inferred to be an extension of the Morrison exposure 

southwest of the study areaðpart of the extensive Goudreau Iron Rangeðwhich acts as a 

marker horizon for the unconformity separating the Wawa and Catfish metavolcanic 

assemblages (Fig. 2.5). The unit is recognizable by its intense rusty purple and oxidized surface 

(Fig. 4.5F), with a strong magnetic intensity, and is typically massive but occasionally displays 

weak local strain in some outcrops. Sulphides are disseminated throughout the rock, which is 

composed of up to 50% subhedral 0.5 mm pyrite grains. This unit, along with the felsicï

intermediate tuff, is only observed on the northeastern block of the study area. In the Pine-

Breccia area, this unit is unconformably covered by a ñbasal creteò (Perkins, 2001), a loosely 

consolidated matrix-supported polymictic regolith containing 5ï20 cm subrounded clasts of both 

plutonic and volcanic material.  
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Fig. 4.5: Field photos of major units in the regional Maskinonge Lake study area. (A) Felsic-

intermediate lapilli tuff with elongated feldspar grains. (B) Pillowed basalt with dark green 

chloritized selvages. (C) Sheared mafic volcanic rocks with 10ï15 cm rounded, brittle clasts that 

deflect foliation. (D) Felsic dyke (QFP) sharply intruding into basaltic country rock. The dyke is 

approximately 4 m wide and the contact trends parallel to foliation (~70°). (E) Diabase dyke 

sharply intruding basaltic country rock. The dyke is approximately 10 m wide and the contact 

trends parallel to the Maskinonge Lake fault (~320°) (F) Rusted metallic weathered surface of 

the Pine massive sulphide marker unit. 
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Fig. 4.6: Photomicrographs of lithologies on the northeast block of the regional study area. (A) 

Felsicïintermediate lapilli tuff with phenocrysts of plagioclase (Pl) and quartz (Qz). (B) Strongly 

foliated carbonate-altered (Cb) basalt with anhedral magnetite (Mag). (C) Strongly magnetic 

epidote-chlorite-actinolite altered (Ep-Chl-Act) gabbro with euhedral post-deformation 

magnetite. (D) Quartz-feldspar porphyry dyke with minor interstitial muscovite (Ms) and chlorite 

alteration. (E) Maskinonge Lake fault-filling diabase dyke showing evidence of lower 

greenschist alteration. (F) Magnetite and pyrite (Py) replacement in the massive sulphide unit 

overprinting a fine-grained granular groundmass of quartz, epidote, and chlorite.  
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4.2 Structural geology of the Maskinonge Lake study area 

Six deformation events (D1ïD6) and two generations of veins (V1 and V2) are identified 

within the mapping area. In addition, pervasive silica alteration (the ñmain veinò) is found 

proximal to the Maskinonge Lake fault. The composition and style of the vein generations and 

silica alteration are described further in Chapter 5.1.1. The first three deformation events (Fig. 

4.7) correspond with D1ïD3 described by Jellicoe et al. (2022); D4ïD6 are directly associated 

with phases of movement along the Maskinonge Lake fault.  

4.2.1 D1ïD3 

F1 folds generated from regional compression are upright, kilometre-scale folds (e.g. the 

Goudreau Anticline) that develop S1 axial planar cleavage and tilt the volcanic assemblages to 

their current subvertical orientation (Jellicoe et al., 2022). Evidence for this deformation event 

within the Maskinonge Lake study area is limited, but parasitic S-folding on the northern limb of 

the Pine massive sulphide unit may record this F1 folding (Fig. 4.1). 

The dominant foliation observed throughout the regional map area is a steeply dipping, 

ENE-striking penetrative foliation with local dip reversals towards 160° and 340°, congruent 

with the S2 foliation observed around the GLDZ (Jellicoe et al., 2022). Within the Maskinonge 

Lake mapping area, the strike of S2 rotates from 065ï070° to 080ï085° with increasing 

proximity to the Maskinonge Lake fault. L2 stretching lineations are best defined by elongate 

feldspar and vesicles in the felsicïintermediate lapilli tuff and basalt flows, respectively, 

plunging 15ï20° towards 070ï080°. Strong S2-parallel shearing is observed towards the northern 

end of the Pine-Breccia exposure, enhanced by the rheological contrast between the fine-grained 

mafic flows and coarser-grained intrusive QFP dykes. In the GLDZ, this behaviour is 

hypothesized to control the emplacement of gold-bearing quartz veins at the Island Gold deposit, 

contemporaneous with greenschist-facies metamorphism (Jellicoe et al., 2022).  
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Dextral transpression is observed in tight to isoclinal F3 Z-folds, recognized by the dip 

reversals of S2 and the folding of S2 and S2-parallel contacts between volcanic flows and QFP 

dykes. The axial plane of F3 folds is oblique to the dominant strike of S2 foliation. 

 

Fig. 4.7: Field evidence of early structures relating to the GLDZ. (A) F3 folding in a felsic dyke 

with S3 axial planar cleavage. (B) F3 folding of S2 foliation with no axial planar cleavage. (C) F3 

folding along the contact of a quartz-feldspar porphyry (QFP) dyke. 

4.2.2 D4: Dextral, (brittle-)ductile 

Dextral transcurrent motion along the Maskinonge Lake fault results in the overprinting 

of D2 and D3 structures, consisting of crenulation folds, conjugate kink folds, and open F4 folds 

with associated axial planar cleavage that creates pencil cleavage closer to the Maskinonge Lake 

fault (Fig. 4.8). F4 folds are centimetre-scale open folds that superimpose earlier F2 folds as well 

as fold the penetrative ENE-striking S2 fabric through crenulations and kink folds, with variable 
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steeply to moderately northwest-plunging fold axes. Crenulation patterns resemble those of 

medium to high material anisotropies (Cosgrove, 1976). S4 foliation develops subparallel to the 

Maskinonge Lake fault and is defined by the subvertical, NWïSE-striking axial planar cleavage 

of F4 folds. Cryptic L4 stretching lineations are measured on the S4 surfaces and plunge 05ï10° 

towards 320°. Deformation becomes brittle approaching the fault, resulting in well-developed, 

vertical pencil cleavage from the intersection of S2 and S4. Strain occasionally accumulates into 

140°ï320°-striking dextral faults that can continue for upwards of 10 m, offsetting S2 and S2-

parallel felsic dykes. The strike of S2 rotates from 060ï070° to 080ï090° on a regional scale, 

with no variation in dip, as the fabric is dragged into the Maskinonge Lake fault with dextral 

shear sense. Within the Pine-Breccia area, S2-parallel shear zones and QFP dykes also exhibit 

dextral drag, rotating from 250°-striking to 320°-striking. 



31 

 

 

Fig. 4.8: Field evidence of ductile to brittle-ductile D4 deformation. (A) S4 defined by crenulation 

and kink folding of S2 and S4. Obliquity is caused by later deformation events. (B) F4 open 

folding of an F2 fold and S2 axial planar cleavage. Pencil cleavage occurring from the 

intersection of S2 and S4 near the Maskinonge Lake fault.  

4.2.3 D5: Sinistral brittle-ductile 

Sinistral, brittle-ductile deformation is marked primarily by the emplacement of V2 shear 

veins and infiltration of gold-bearing silica-rich hydrothermal fluids along the Maskinonge Lake 

fault. V2 veins are oriented subparallel to both S4 and the Maskinonge Lake fault and record 

evidence of sinistral motion through dilational jogs and en echelon veins; the latter of which is 

also used to estimate the D5 shear vector (Fig. 4.9). The poles to V2 veins and associated en 

echelon veins (V2e) create a girdle that projects on the Maskinonge Lake fault plane to provide a 

shear direction of 12° towards 320°. This predicted shear direction is largely parallel to the 
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shallow northwest-plunging L4 stretching lineations, suggesting that D4 and D5 shearing were 

subparallel to one another. Poles to V2e en echelon are at an angle (Ŭ) greater than 45° with the 

shear zone boundary, indicating that deformation during D5 was transpressional (Olson & 

Pollard, 1991). V2 veins exhibit sinistral S-folding and boudinage, suggesting that D5 involved 

polyphase or progressive brittle-ductile deformation (Fig. 4.10). Although there are no kinematic 

indicators in the main vein due to the intensity of alteration and recrystallized nature of quartz 

grains, the moderately altered silica halo comprises boudinaged quartz veinlets, S-C fabric, and 

shear bands that are also consistent with progressive sinistral deformation (Fig. 4.11). V2 veins 

also often exhibit 1ï5 cm of boundary-parallel displacement that results in the right end of the 

vein overlapping the left (Fig. 4.12). Field relationships suggest the presence of a post-D5 

intermediate stage with discrete, centimetre-scale sinistral faulting at a high angle to the principal 

shear direction before further sinistral deformation relating to D6. This geometry is akin to 

antithetic deformation bands (Rô) in a Riedel shear system with dextral shear sense along the 

Maskinonge Lake fault (Ahlgren, 2001), although the significance of this is difficult to resolve as 

the displacing fractures are extremely discrete and evidence for an intermediate brittle dextral 

stage is otherwise not observed. 
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Fig. 4.9: Equal-area lower-hemisphere projection of poles to V2, en echelon veins (V2e), S4, and 

L4. The poles to quartz veins create a girdle that defines the shear direction when projected onto 

the Maskinonge Lake fault plane. 
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Fig. 4.10: Field evidence of progressive brittle-ductile D5 deformation. (A, B) Sinistral S-folding 

of V2 veins. Faulting in (A) occurs along the axial plane of the fold, likely resulting from strain 

accumulation during shearing. (C) Boudinaged V2 quartz vein.  

 

Fig. 4.11: Sinistral shear sense indicators in the strongly deformed silica halo. (A) S-C fabric 

along the margins of a quartz-carbonate (Qz-Cb) vein. (B) Sinistral quartz-filled extensional 

shear band. 
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Fig. 4.12: Geometry of overlapping V2 veins. resulting from an intermediate sinistral 

deformation stage between D5 and D6 deformation events. Schematic diagram is of the topmost 

photo. The significance of the post-D5 faulting is unclear as the sinistral displacing faults are 

minor and discrete. 

4.2.4 D6: Sinistral, brittle 

Brittle reactivation of the Maskinonge Lake fault is evident by the kilometre-scale 

sinistral stratigraphic offset recorded across the Maskinonge Lake fault, using the Morrison and 

Pine-Breccia massive sulphide units as marker horizons. The offset of these marker units is 

approximately 1.2 km, but marker horizons in the northern Michipicoten greenstone belt (i.e., the 

contact between the Doré metasedimentary and the Catfish mafic metavolcanic packages) only 

record an apparent 400 m of displacement. This deformation event is also responsible for the 
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brecciation of the main vein and silica halo on a local scale (Fig. 4.13). Pockets of fault breccia 

overprint the silica alteration, and fragments of silica-altered rock are up to 15 cm large with no 

preferred orientation or rotation.  

Undifferentiated post-D6 discrete joints are observed across the entirety of the Pine-

Breccia outcrop, creating regularly spaced fracture networks striking at a high angle to the 

Maskinonge Lake fault and overprinting all earlier structures with <10 cm of offset. The joints 

are observed to cut one another with both dextral and sinistral shear sense, implying they form a 

contemporaneous set with rough conjugate symmetry. Sinistral joints strike dominantly at 240° 

whereas dextral faults are both 275°- and 250°-striking, creating an angle of 10ï30° between the 

dominant strike of the joints (Fig. 4.14). 
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Fig. 4.13: Field evidence of brittle D6 and post-D6 deformation. (A) Fault breccia with 1ï10 cm 

clasts of the main vein and fine-grained silica-altered material in the gouge. (B) Late 

contemporaneous brittle faults offsetting V2 veins with opposing senses of shear. (C) High-angle 

faulting offsetting the main vein and silica halo with dextral shear sense.  
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Fig. 4.14: Rose diagram of post-D6 contemporaneous discrete brittle faults with opposing senses 

of shear and approximate conjugate symmetry (bin size of 10°).  
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Chapter 5: Geology, alteration, and mineralization of gold occurrences along the 

Maskinonge Lake fault 

Three historic gold occurrences are located along the strike of the Maskinonge Lake fault. 

The primary study area, the Pine-Breccia occurrence, has been stripped and expanded by Alamos 

Gold to expose a 200 m-long section of the Maskinonge Lake fault. Two auxiliary study areas to 

the north of the Pine-Breccia occurrence, the Michael Syndicate shaft and the Clement 

occurrence, provide additional evidence of structural controls on mineralization along the 

Maskinonge Lake fault.  

5.1 The Pine-Breccia occurrence 

The Pine-Breccia gold occurrence is exposed predominantly along the northeast block of 

the Maskinonge Lake fault and comprises the Wawa assemblage felsicïintermediate tuffaceous 

rocks, the unconformable massive sulphide unit, and the Catfish assemblage pillowed mafic 

flows populated with interbedded chert-magnetite iron formations (Fig. 5.1). The mafic rocks 

gradually transition from a volcanoclastic unit in the south to pillowed basalt moving north 

across the outcrop and are interbedded with isoclinally folded chert-magnetite iron formations 

(Fig. 5.2). The northern section of the outcrop is also populated by numerous ENE-trending 

felsicïintermediate porphyritic dykes that intrude into the mafic metavolcanic country rock. The 

west side of the fault comprises strongly sheared mafic volcanic rocks that are intruded by the 

epidote-altered diabase dyke described in Chapter 4.1.5. The Maskinonge Lake fault has a 0.5ï1 

m wide altered damage zone with brecciated, pervasively silicified wall rock and anastomosing 

fault-parallel quartz-carbonate veinlets, which transitions into parallel, northwest-striking steeply 

dipping arrays of laminated quartz veins to the east of the fault zone (Fig. 5.3). Quartz veins are 

offset by spaced subvertical joint networks striking broadly EïW with both sinistral and dextral 

shear sense.  
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Fig. 5.1: (A) Detailed map of the stripped Pine-Breccia outcrop along the Maskinonge Lake 

fault. The inset map is modified from Fig. 4.1. Stereonets show (B) regional S2/L2 fabric and (C) 

fault-induced S4/L4 fabric. 
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Fig. 5.2: (A) Detailed map of the northern section of the Pine-Breccia outcrop, showing the 

overprinting relationships between early folding in the interbedded iron formation, V2 veins, and 

brittle faulting. (B) Isoclinal F3 Z-folding in an interbedded magnetite-rich iron formation. The 

unit is displaced by both dextral and sinistral brittle faults. (C) V1 veins cut and sinistrally 

displaced by 320°-striking V2 veins.  






























































































































































































































































































