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Abstract 

The Troilus Au-Cu deposit is a low-grade, high-tonnage deposit, located in the eastern part of the 

Archean Frotet-Evans greenstone belt, in the Opatica Subprovince, Superior Province, Quebec. 

Total past production and current combined indicated and inferred resources were estimated over 

6.4 Moz of contained gold (or 200 t Au, in approximately 230 Mt of ore grading 0.87 g/t Au, 

Troilus Gold Corp., 2019). 

The deposit comprises two main orebodies, the 87- and the J-zones. Both are hosted in ca. 2791 

Ma calc-alkaline intrusive rocks, consisting of a metadioritic stock, an amphibolitic unit, and a 

magmatic or magmatic-hydrothermal breccia. These rocks are crosscut by ca. 2782 Ma felsic dikes. 

The calc-alkaline suite was emplaced into the volcano-sedimentary sequence of the Troilus Group. 

The Troilus deposit is hosted in a zone of intense deformation and experienced upper-greenschist 

to lower-amphibolite metamorphic conditions. The orebodies in the Troilus deposit display an 

anastomosed pattern, being parallel to subparallel to a penetrative NE-trending foliation, 

moderately to steeply-dipping to NW.  

The amphibolite, the brecciated unit, and the felsic dikes represent the main host rocks for the 

mineralization, which has been broadly divided in two distinct types: (i) Au-Cu in fine-grained 

chalcopyrite-pyrrhotite-pyrite disseminations and stringers parallel to the foliation, representing 

the dominant ore in the Troilus deposit. It occurs in association with a strong biotitic alteration 

zone, and it is restricted to the amphibolite and to the matrix of the breccia, in a corridor zone 

between two main felsic dikes; and (ii) Au-bearing quartz-veins and veinlets in association with 

sericitic alteration and silicification in secondary high-strain zones, occurring in amphibolite, 

breccia and felsic dikes. 
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The Troilus Au-Cu deposit has been interpreted to be formed similarly to porphyry Au-Cu deposits, 

based on the disseminated style of the mineralization in association with a zoned hydrothermal 

alteration assemblage, the presence of multi-stage felsic porphyry intrusions and an in-situ 

hydrothermal breccia. Some studies have suggested a multi-stage structurally controlled 

“orogenic” gold type model, based on the recognition of two styles of mineralization and their 

restriction to superimposed distinct and unrelated structures. However, the difficulties imposed by 

the intense deformation that occurred in the deposit region, associated with a lack of robust 

structural, geochemical, petrological, and mineralogical data from the deposit- to district-scale 

have resulted in a limited understanding of the ore system at Troilus. 

This report presents a literature review, summarizes and discusses relevant points and controversies 

regarding the previous studies, while addressing future recommendations to achieve a better 

understanding of ore genesis at the Troilus Au-Cu deposit. 
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Chapter 1 Introduction 

1.1 Rationale 

The Troilus Au-Cu deposit is located approximately 120 km north of Chibougamau in Quebec. 

The deposit was discovered by Kerr Addison Mines Ltd. and Minnova Inc. in the late 1980`s, being 

continuously mined between 1996 and 2010 by Inmet Mining Corporation, with over 2 Moz of Au 

and 70,000 t of Cu produced (Troilus Gold Corp., 2019). 

The property was recently acquired by Troilus Gold Corp. who has been investing in exploration 

aiming to develop the project and resume operation within the next years. An extensive ongoing 

drilling campaign initiated in 2018 and planned to be concluded by the end of 2019 aims to improve 

the current geological resources in the two main ore zones of the deposit, the 87 and J zones. 

Recently published NI 43-101 Technical Report on the Mineral Resource Estimate (Troilus Gold 

Corp., 2019), in conformity to the Mineral Resources and Mineral Reserves standard definitions of 

the Canadian Institute of Mining, Metallurgy and Petroleum (CIM, 2014), resulted in a combined 

indicated and inferred resource for the 87 and J zones totalling over 4.4 Moz of Au, and 135,000 t 

of Cu. 

The current drilling results, combined with the historical production, places the low-grade (< 1g/t 

Au), high tonnage resource Troilus Au-Cu deposit among the largest gold deposits in Canada with 

over 200 t of contained Au (Figure 1). 
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Figure 1: Grade versus tonnage of Canadian gold deposits, according to Gosselin and Dubé, (2005). Côté Gold and 

Canadian Malartic deposits updated according Katz et al., (2017) and DeSouza et al., (2017), respectively. Troilus 

deposit data represents past production plus combined indicated and inferred resources according to Troilus Gold Corp. 

(2019), totaling ~200t Au. The red squares represent the largest gold deposits in Canada with more than 100 t of 

contained Au. 

The economic importance, in association to a poorly constrained understanding of the nature and 

origin of the mineralizing events in the Troilus deposit, represents the basic motivation for the 

development of the present report. 

1.2 Previous studies 

The first record of exploration activity in the Frotet-Troilus region dated from the 1950’s, with the 

discovery of nickel and copper anomalies in glacial blocks (Fraser, 1993). In the 1960’s and 1970’s, 

some copper and zinc occurrences were discovered, including the massive sulfide Baie Moléon 

and Lessard deposits located southwest of the Troilus deposit. 
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In the 1980’s, the Government of Quebec carried out an airborne geophysical survey, and an 

extensive mapping program (summarized in Simard and Roy, 1984; and Simard, 1987), that have 

indicated good potential for gold and base metal mineralization in the region. The Troilus Deposit 

was discovered between 1987 and 1988 by Kerr Adison Mines Ltd. following this survey. 

Simard (1987) defined the detailed lithostratigraphy of the eastern portion of the Frotet-Evans 

greenstone belt, known as the Frotet-Troilus domain. Gosselin (1996) provided a geological 

synthesis of the Frotet-Troilus domain, and redefined the volcano-sedimentary stratigraphy of 

Simard (1987), based on lithogeochemical analyses. 

The first published paper on the geology of the Troilus deposit was presented by Fraser (1993), 

who proposed a porphyry-type genetic model for the deposit based on similarities between Troilus 

and Phanerozoic volcanic-porphyry systems, such as multiphase magmatism with the presence of 

an “in-situ” breccia, hydrothermal alteration zoning, and the disseminated and stringer style of the 

mineralization. 

Magnan (1993), in a M.Sc. thesis presented to the Université du Québec à Chicoutimi, developed 

a petrographic and geochemical study on the main ore zone (zone 87). He suggested a deep-level 

mesothermal lode-gold model for the deposit genesis, although recognizing the atypical lack of 

important quartz veins, the unusual abundance of gold-rich felsic dikes, and the mineralized 

breccia. 

Carles (2000) also conducted a M.Sc. research project at McGill University, and challenged the 

genetic model proposed by Fraser (1993). Based on major and trace element lithogeochemistry, 

she defined the plutonic nature of the host rocks in the Troilus deposit, established their calc-

alkaline affinity, and proposed a magmatic origin for the brecciated unit, opposed to the “in-situ” 

hydrothermal breccia of Fraser (1993). Carles (2000) proposed that Troilus would have been 
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formed by two superimposed, unrelated hydrothermal mineralizing events similar to classic 

“orogenic” gold deposits as defined by Groves et al. (1998). 

Carles (2000) was supported by a scientific communication published later by Goodman et al. 

(2005) reinforcing the structural control of the two proposed mineralizing stages, which would be 

separated by the peak of metamorphism during a main deformational event. 

Larouche (2005) developed a petrographic and geochemical study on the J4 open pit of the Troilus 

mine in a M.Sc. research project also at the Université du Québec à Chicoutimi. The study supports 

the porphyry-type model initially proposed by Fraser (1993), due to a close association of the 

mineralization with the “porphyritic” felsic dikes, and the interpretation of a typical potassic 

alteration core zone that would have been replaced by propylitic and phyllic alteration zones.  

This represents the last published study regarding the geology of the Troilus deposit, and was only 

followed by conference abstracts (e.g. Rowins, 2011, who discussed a possible reduced porphyry-

type genetic model as the amount of pyrrhotite, and the relative absence of magnetite would 

suggest). 

1.3 Objectives 

The main objective of this report is to present a comprehensive review of the previous studies 

developed in the Troilus Au-Cu deposit, by addressing the following: 

i. Summary and interpretation of the geological setting, styles of mineralization and ore 

genesis; 

ii. Comparison with other Archean Au-Cu deposits; 

iii. Proposition of future work aiming at better understanding the Troilus deposit ore system; 

iv. Implications for Exploration. 
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Chapter 2 Regional Geology and Metallogeny 

2.1 Superior Province 

The Superior Province comprises the nucleus of the Canadian Shield and is the Earth’s largest 

Archean craton, with an area of 1.4 x 106 km² (Percival 2007a, Figure 2). It is surrounded by several 

Paleoproterozoic tectonic domains, representing diachronous collisional events with other Archean 

continental fragments (e.g. Hearne-Nain-Superior, comprising the Trans-Hudson orogeny, 

Hoffman, 1988). In its southeastern margin, the Superior Province is bounded by the 

Mesoproterozoic Grenville orogenic system (Hoffman, 1988). These collisional events resulted in 

the assembly of the ancient continent Laurentia, and the birth of the North American craton 

(Whitemeyer and Karlstrom, 2007).  

The Superior Province has remained relatively tectonically stable for 2.6 b.y. despite episodic 

emplacement of diabase dike swarms, intracratonic uplifts (e.g. Kapuskasing uplift at ca. 1.9 Ga, 

Percival, 2007b), and minor tectonic responses to extensional and compressional regimes on its 

southern and southeastern margins, respectively (e.g. mid-continent rift at ca. 1.1 Ga, and Grenville 

orogeny at ca. 1.3-0.9 Ga, Whitemeyer and Karlstrom, 2007). 
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Figure 2: Tectonic map of North America showing the location of the Archean Superior Province and adjacent domains 

(Modified from Percival, 2007a). Greenland and the Baltic shield were restored to their positions prior to opening of 

the Atlantic Ocean and Labrador Sea. Phanerozoic cover on the Superior Province is outlined by the dashed lines. 

MRVT: Minnesota River Valley terrane. 

2.1.1 Tectonic and Geological Setting 

The Superior Province has been interpreted as an accretionary orogen based on the recognition of 

numerous distinct Eo- to Mesoarchean protocontinental and oceanic terranes that would have been 

assembled through successive Neoarchean collisions between 2720 and 2680 Ma (Percival, 2007b, 

Percival et al., 2012). Mountain-building features observed within the Superior Province, 

associated with geochronological and geophysical studies, have been used to support this 

interpretation, and include arc magmatic rocks, orogenic flysch sediments and regionally extensive 

strain fabrics (Percival 2007b, Stott et al., 2011, Percival et al., 2012). 

Percival et al. (2012) divided the Superior Province into a complex array of terranes, superterranes 

and domains based on internal geological, geophysical and tectonic characteristics distinct from 
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those in adjacent regions. A simplified terminology will be adopted in the present report, 

generalizing most of the regions as subprovinces (Figure 3). 

 

Figure 3: Subdivision of the Superior Province and the location of the Abitibi, Opatica and Pontiac subprovinces. The 

inset shows the location of the map presented in Figure 4 (modified after Montsion et al., 2018; and Monecke et al., 

2017). 

The focus of the present report is in the Central Superior Province, including the Opatica, Abitibi 

and Pontiac subprovinces.  

The Troilus Au-Cu deposit is hosted in the Frotet-Evans greenstone belt located in the high-

metamorphic grade granite-gneissic Opatica Subprovince, which is bounded to the south by the 

lower grade, volcanic-dominated Abitibi greenstone belt, and to the north by the Opinaca and 

Nemiscau metasedimentary-dominated subprovinces (Figure 3). 
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The Opatica Subprovince has been interpreted as a fold and thrust belt, formed in response to a 

collision with the Abitibi greenstone belt to the south (Sawyer and Benn, 1993; Davis et al., 1995). 

This interpretation is supported by the presence of an apparent slab remnant under the Opatica 

Subprovince, evidenced in the LITHOPROBE seismic reflection profiles that crosscut the probable 

suture zone (Calvert et al., 1995). The scar would represent a north-dipping subduction zone 

extending 100 km under the Opatica (Calvert et al. 1995, Calvert and Ludden 1999). Based on 

reinterpreted seismic profiles integrated with new geochronological and geological data, other 

authors have proposed that the Abitibi and the Opatica subprovinces would represent a single 

tectonic terrane, the Abitibi-Opatica terrane rather than a collage of allochthonous crustal 

fragments (Benn, 2006, Benn and Moyen, 2008). These authors also suggested that the northern 

boundary of Opatica, with Opinaca and Nemiscau metasedimentary sequences is depositional in 

nature. 

The Abitibi Subprovince is bounded to the south by the Pontiac Subprovince, predominantly 

composed of sedimentary units. The Larder Lake Cadillac zone marks the contact zone, the nature 

of which is equally controversial, but is considered to represent a suture zone and a south-verging 

thrust that transported the Abitibi over the Pontiac (Calvert et al. 1995; Calvert and Ludden 1999; 

Feng and Kerrich 1991, 1992; Ludden and Hynes 2000; Davis 2002; Daigneault et al. 2006 in 

Percival et al., 2012, Figure 4).  
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Figure 4: Simplified geological map of the Central Superior Province, comprising the Abitibi greenstone belt, the 

Pontiac Subprovince to south, and part of Opatica Subprovince to north. Important gold deposits cited in the report are 

shown for reference. The inset shows the location of the map presented in Figure 7. GIS database from Goodfellow et 

al., 2007. 

2.2 Base and Precious Metals Metallogeny 

2.2.1 Superior Province 

The Superior Province is endowed in base and precious metals that occur in a series of mineral 

deposits types, such as Zn-Cu-Ag-Au in volcanogenic massive sulfides, Ni-Cu-PGE in magmatic 

sulfides, various types of Au deposits hosted in greenstone belts, and Au-Cu in intrusion related 

magmatic-hydrothermal deposits. Most of them are interpreted to have formed during the arc 

magmatic and collisional stages of Neoarchean orogenesis (Percival, 2007b). The Central Superior 

Province (Figure 4), including the Abitibi greenstone belt, is of particular importance as it contains 

the largest gold and base metals mining camps in the Superior Province (Monecke et al., 2017a). 
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2.2.1.1 VMS deposits 

Volcanogenic massive sulfides (VMS) are intrinsically associated with juvenile magmatic rocks 

formed mainly between 2.74 and 2.70 Ga, with rare older and younger examples (Figure 5). The 

giant Kidd Creek massive sulphide deposit with past production, total reserves, and resources 

accounting for 171 million tonnes (Mt) at 2.25% Cu, 5.88% Zn, 0.22% Pb and 77g/t Ag is one of 

the world’s largest and highest grade Cu-Zn deposits (Hannington et al., 2017, Figure 4). These 

synvolcanic deposits are generally interpreted to have formed in back-arc or rifted arc 

environments in continental or oceanic settings (Percival 2007a). 

Relevant examples of gold-rich VMS deposits occur in the Abitibi greenstone belt, located in the 

Doyon-Bousquet-LaRonde mining camp and in the Noranda camp, in the southern Abitibi belt 

(e.g. LaRonde Penna, with over 71 Mt of ore at 3.9 g/t Au, or 280 t Au; Mercier-Langevin et al., 

2017; and Horne deposit in the Noranda district, with 345 t of Au; Robert and Poulsen, 1997, 2007; 

Figure 4). The ore genesis of these deposits is associated with a specific submarine, shallow water, 

oceanic setting (Dubé et al., 2007; Mercier-Langevin et al., 2017). The world-class Horne deposit 

is interpreted to have formed largely by subseafloor replacement and sulfide infiltration in the felsic 

volcaniclastic strata (Monecke et al., 2017b).  
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Figure 5: Time-stratigraphic correlation chart showing major tectonic elements of the Superior Province and ages of 

important mineral deposit types (modified after Percival, 2007a). 

2.2.1.2 Magmatic sulfide deposits 

Magmatic Ni-Cu-PGE deposits occur in a variety of settings within the Superior Province 

(Eckstrand and Hulbert, 2007), associated with magmatic sulfides in mafic and ultramafic 

complexes. The most important deposits in the Superior Province relate to komatiitic lava flows, 

resembling the examples from the Kambalda district, in Western Australia, and are located in the 

Abitibi greenstone belt hosted by two main volcanic assemblages: the Kidd-Munro (2720–2710 

Ma) and the Tisdale (2710–2704 Ma) units (Houlé et al., 2017). 

Situated on the southern limit of the Superior Province, the Sudbury Intrusive Complex represents 

an important source of Ni-Cu in the region. It is interpreted to have formed by meteorite impact at 
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1.85 Ga, which caused melting of the Archean and Paleoproterozoic rocks (Ames, 1999; Rousell 

et al., 2002, 2003; Therriault et al., 2002 in Percival, 2007b). 

2.2.1.3 Greenstone-hosted gold deposits 

Greenstone-hosted quartz-carbonate vein deposits comprise the most abundant and significant 

deposit-type, in terms of total gold content, in the Archean Superior Province (Dubé and Gosselin, 

2007).  

They correspond to structurally controlled, epigenetic deposits and are related to low-salinity, 

carbonic metamorphic fluids generated in accretionary processes. Gold-bearing, laminated quartz-

carbonate veins are hosted in compressional and extensional brittle-ductile shear zones within 

greenschist to locally lower amphibolite-facies metamorphic sequences. The mineralization is syn- 

to late-deformation and it is typically associated with iron-carbonate alteration. Gold is mainly 

confined to the quartz-carbonate veins, but also occur within sulfide disseminations zones along 

the wall rocks (Dubé and Gosselin, 2007). 

The Abitibi greenstone belt hosts some of the richest mineral deposits of this type within the 

Superior Province, the majority being located in the large gold camps of Ontario and Quebec 

(Timmins and V’al Dor, respectively), associated with the Larder Lake-Cadillac and Porcupine-

Destor deformation zones (Figure 4).  

The Hollinger-McIntyre deposit represents the largest single concentration of gold in Canada, with 

approximately 1,000 t of Au (~100 Mt of ore grading on average 9.7 g/t Au; Dubé et al., 2017). 

Gold is hosted by a 600-m-wide, extensive, and dense network of quartz-carbonate-pyrite veins 

and related pyrite disseminations in the wall rock. The bulk of mineralization is controlled by a 

main shear zone, parallel to the Porcupine-Destor fault zone. The deposit is hosted by massive and 

pillow basalts of the Central Formation of the Tisdale Group, highly deformed, and showing a 

strong Fe-carbonate hydrothermal alteration (Dubé et al., 2017). 
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A secondary Cu-Au-Ag-Mo orebody (6.3 Mt of ore grading 0.71% Cu, 0.58 g/t Au, and 2.87 g/t 

Ag; Dubé et al., 2017) hosted by the Pearl Lake porphyry occurs at depth in the McIntyre mine. 

The genesis and timing of this occurrence has been debated throughout the past decades and is 

interpreted as an early magmatic-hydrothermal gold mineralization event, based on 

geochronological and cross-cutting relationships between ore-hosted albitite dikes and carbonate 

gold-bearing veins (Mason and Melnik, 1986; Melnik-Proud 1992; Brisbin 1997). The albitite 

dikes (ca. 2673 Ma) that crosscut the Pearl Lake porphyry (ca. 2691 Ma) would have been 

emplaced before regional penetrative deformation, being genetically linked to gold and copper 

mineralization in the deposit, excluding metamorphic fluids as source for mineralization (Melnik-

Proud, 1992). A Re-Os molybdenite age obtained in the Cu-Au-Ag-Mo McIntyre mineralized zone 

2672 ± 7 Ma (Bateman et al., 2004, 2005 in Dubé et al., 2017) would corroborate a possible genetic 

link between the albitite dikes and mineralization. However, the controversy persists because the 

albitite dikes would be themselves cut by the quartz-carbonate gold-bearing veins, thus would have 

been emplaced pre-main stage gold mineralization (Dubé et al., 2017). 

The world class Dome deposit located in the Timmins-Porcupine camp with total past production 

of ~510 t Au (Dubé et al., 2017), is also interpreted as a greenstone-hosted quartz-carbonate vein 

deposit (Poulsen, 2000, Dubé and Gosselin, 2007). 

The Campbell and Red Lake mines (combined >20 Moz Au, Dubé et al., 2004) are located in the 

southern portion of the North Caribou terrane of western Superior Province. The High-Grade zone 

at the Red Lake mine has produced 1.5 Moz at an average grade of 88 g/t Au since production 

began in 2001 (Dubé et al., 2004). Although presenting similar geological and tectonic setting of 

the main greenstone-hosted gold camps of the Central Superior Province, the genesis at Red Lake 

is extensively debated, and it could also have been formed during multi-stage mineralizing events 

(Dubé et al., 2004). 
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2.2.1.4 Magmatic-Hydrothermal deposits related to intrusions 

Several gold deposits in the Superior Province are commonly spatially associated with, and/or 

hosted in intrusive rocks. The genetic link with the intrusions is inferred for some of them, although 

highly controversial (e.g. the low-grade, bulk tonnage Canadian Malartic, Helt et al., 2014; De 

Souza et al., 2017; the McIntyre Cu-Au-Mo zone, Mason and Melnik, 1986; Melnik-Proud 1992; 

and the Kiena Mine, Morasse et al., 1995). 

The world-class, low grade, Canadian Malartic (total production and reserves of 303.3 t Au or 10.7 

Moz at 0.97 g/t Au, De Souza et al., 2017) is located in the boundary zone between the Abitibi and 

Pontiac subprovinces, and currently represents the largest Canadian gold producer (16.2 t Au in 

2015, De Souza et al., 2017). The deposit is predominantly hosted in the Pontiac metasedimentary 

rocks, south of the Larder Lake-Cadillac fault zone, although minor amounts of ore are hosted in 

subalkaline porphyritic intrusions. The ore is characterized by an Au-Te-W-S-Bi-Ag ± Pb ± Mo 

metallic signature, and mainly consists of quartz-carbonate vein stockworks and replacement zones 

containing disseminated pyrite. 

Proximal and distal alteration zones comprise calcite and ferroan dolomite. In the metasedimentary 

rocks a distal biotitic alteration halo is present with a proximal albite alteration (De Souza et al., 

2017). These characteristics, with additional geochronological data, suggest the possibility of an 

early magmatic-hydrothermal auriferous event in the area. The bulk of mineralization is, however, 

interpreted to be related to a syn-deformational event due to its strong structural control and typical 

Fe-carbonate alteration. This event would have superimposed an early magmatic-hydrothermal 

intrusion-related system, associated with porphyritic intrusions along the Larder-Lake Cadillac 

fault zone (De Souza et al., 2017). 

The recent discovery (2009-2010) of the low-grade, high-tonnage Côte Gold deposit (Kontak, 

2013; Katz, 2016; Katz et al., 2017) represents an important example of an Archean magmatic-
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hydrothermal gold mineralization. The extensive characterization of the host rocks, mineralization, 

and hydrothermal alteration within the Côté Gold deposit, including high-precision geochronology 

(ID-TIMS), lithogeochemistry and relative timing interpretations between the intrusion phases and 

mineralizing fluids, supports a genetic link between the intrusive rocks and gold mineralization. 

Katz (2016) and Katz et al. (2017) propose an intrusion-related origin for the deposit, with an 

affinity to porphyry-type deposits.  

The Côté Gold deposit shows a combined indicated and inferred resource of 245t of Au (Katz et 

al., 2017). It is located in the Swayze greenstone belt, in southwestern portion of the Abitibi belt, 

being hosted by a multi-phase, synvolcanic tonalitic and dioritic intrusions of the Chester intrusive 

complex (U/Pb ID-TIMS age of ca. 2741-2739 ± 1 Ma in zircon, Katz, 2016, Katz et al., 2017). 

Additionally, U-Pb in hydrothermal titanite and Re-Os in molybdenite dating overlap with the ca. 

2741 to 2739 Ma age of magmatic activity, and in association with textural and geochemical 

observations, is used to support a syn-intrusion timing for the alteration and mineralization at Côté 

Gold. 

The magmatic-hydrothermal evolution of the mineralizing system was first defined by Katz (2016), 

and can be summarized as follows: (i) an analogous early calcic-sodic alteration, represented by a 

series of gold-bearing amphibole-rich veins and breccias; (ii) an extensive, main-stage of potassic 

alteration, denoted by a biotitic alteration in Au- and Cu-bearing hydrothermal breccia bodies, and 

associated stockwork zones, sheeted veins and disseminations; (iii) an Au ± Cu-bearing fracture-

controlled and replacement-style muscovite alteration, that would have be analogous to phyllic 

alteration of porphyry deposits. 

Three other later stages, of restricted occurrence, would have taken place, and postdate the main 

mineralization event: (iv) fractured-controlled and disseminated epidote alteration; (v) albite 
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alteration; and (vi) chlorite alteration, that overprints biotite alteration, and it is attributed by Katz 

(2016) to be metamorphic in origin. 

Figure 6 below shows the crustal settings of major gold deposit types and includes the interpreted 

genetic model for the deposits discussed above. Table 1 summarizes the main geological 

characteristics of these deposits, including host rocks, mineralization style and size. 

 

Figure 6: Inferred crustal levels of gold deposition showing the different types of gold deposits and the inferred deposit 

clan (modified from Dubé et al., 2007 and Poulsen et al., 2000). 

 

Côté Gold 

Canadian Malartic  

McIntyre orebody 

Dome, Hollinger 

Horne 

LaRonde 
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Table 1: Summary of the geological characteristics of selected gold deposits of the Superior Province (modified after Robert and Poulsen, 1997). 

 

 

Deposit Size (t Au) Summary description Host rocks Mineralization Alteration Metal Association Selected references

Horne 345 Discordant massive 

sulfide bodies.

Rhyollite and andesite 

flows, and pyroclastic 

breccias and tuffs; Post-ore 

syenites and gabbros, and 

late diabase dikes.

Py-Po-Cpy-Mag ± Sp-

massive sulfide lenses and 

disseminated low-grade ore;  

Local zones of auriferous 

sulfide veinlets.

Extensive sericitisation ± 

silicification in rhyollites; 

Localized chloritization in 

immediate footwall and 

sidewalls of massive sulfide 

bodies.

Au, Ag, Cu, Zn + Pb, Te, 

Se, As; Zoning: Cu-Au-

rich and Zn-rich 

orebodies.

Kerr and Gibson 

(1993); Gibson et al., 

(2000)¹

LaRonde-Penna 280 Massive to semimassive 

lenses and stringer zones.

Dacitic to rhyodacitic 

domes and flow breccias, 

and thin andesitic horizons.

Sheetlike, massive to 

semimassive pollymetallic 

sulfide lenses and stringer 

zones.

Aluminous zones 

(metamorphosed advanced 

argilic); Qtz-Py-Ky-And-

Ms-St; Mn-rich garnet 

assamblages;

20 North lenses: Zn-Au-

Ag-Cu-Pb; Comprising a 

Au-rich and Zn-rich 

zones; 20 South lens: Zn-

rich

Dubé et al., (2007)¹; 

Mercier-Langevin et 

al., (2017)¹

Hollinger-McIntyre ~1000 Quartz-carbonate veins 

and albitite dikes.

Massive and pillow basalts 

intruded by quartz-feldspar 

porphyry stocks and albitite 

dykes.

Qtz-Cb-Py vein network 

and associated Py-rich 

selvages. Albitite dikes with 

minor Ccp.

Strong regional Fe-

carbonate alteration

Hollinger: Au, Ag, W (B, 

Zn, Te, Bi); McIntyre: Cu-

Au-Ag-Mo;

Mason & Melnik 

1986; Dubé et al., 

(2017)¹

Dome ~510 Complex quartz vein 

arrays and stockworks 

locally.

Basalt flows and interflow 

sediments intruded by 

quartz-feldspar porphyry 

stocks, unconformably 

overlain by conglomerate 

and slate.

Various Qtz-Cb vein types 

(± Tur ± Ank ± sulfides ± 

Au); Disseminated sulfide 

zones and stockworks.

Regional carbonatization 

(calcite-chlorite); Orebody-

scale sericitization (ankerite-

sericite-sulfides); Fuchsite 

in altered komatiites.

Au, Ag, Zn, B. Dubé and Gosselin 

(2007)¹; Dubé et al., 

(2017)¹

Côté Gold 245 Intrusion-centered low-

grade, bulk-tonnage.

Subvolcanic, low-Al, 

tonalitic-dioritic intrusive 

complex.

Breccia, veins and 

disseminations. Sulfide 

minerals: Py, and Ccp, 

minor Po, Sp, Gn, Mol.

Potassic core, denoted by 

biotitic alteration in the 

breccia zone, with phyllic 

overprint (muscovite).

Au ± Cu ± Te ± (Mo-Ag) Kontak (2013), Katz 

(2016), Katz et al., 

(2017)

Canadian Malartic 300 Low-grade, bulk-tonnage 

quartz-carbonate veins 

and stockwork deposit

Metasedimentary rocks and 

subalkaline porphyritic 

intrusions

Quartz-carbonate vein 

stockworks and pyrite 

replacement zones.

Fe-carbonate alteration Au-Te-W-S-Bi-Ag ± Pb ± 

Mo

Helt et al., 2014; De 

Souza et al., (2017)

¹Review and/or summary papers
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2.2.2 Chapais-Chibougamau mining camp 

From 1955 to 2008, the Chibougamau mining camp produced approximately 55 Mt of ore metals, 

comprising 1 Mt of Cu, 120 t of Au, 100 t of Ag, and 70 thousand tonnes (kt) of Zn (Leclerc et al., 

2015). 

Mineralization styles in the district include synvolcanic (VMS deposits), synmagmatic (Fe-Ti-V, 

Ni-Cu, Au-Ag-Cu-Zn polymetallic veins, and Chibougamau-type Au-Cu veins), and shear zone 

hosted Au and Au-Cu deposits. 

The most significant VMS deposits are the Scott Lake and the auriferous Lemoine deposits (0.76 

Mt at 4.6 g/t Au, 4.2% Cu, and 9.5% Zn, Mercier-Langevin et al., 2014, Figure 4), hosted by 

tholeiitic rhyolites and andesites of the volcano-sedimentary Roy Group (multi-stage volcanic 

cycles, older than the 2728 Ma Lac Doré intrusive Complex, Mortensen 1993 in Leclerc et al., 

2012).  

Early polymetallic (Au-Ag-Cu-Zn) veins and VMS deposits in the Chibougamau mining camp are 

associated with synvolcanic faults (Leclerc et al., 2012) and precede the main deformation phase. 

Ni-Cu magmatic sulfides are sub-economic in the area and are associated with the contact zone of 

mafic-ultramafic and tonalitic intrusions. Fe-Ti-V deposits occur in layered zones within 

subvolcanic gabbro sills and mafic-ultramafic rocks of the Lac Doré Complex (ca. 2728 Ma, 

Mortensen 1993 in Leclerc et al., 2012). 

“Chibougamau-type” Cu-Au veins are interpreted to have formed by magmatic-hydrothermal 

processes associated with synvolcanic magmatic intrusions and are cut by dikes that precede 

regional deformation (Leclerc et al., 2012).  
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Shear zone hosted Au deposits are associated with the main regional fault and shear zones. Au 

occurs with pyrite and chalcopyrite in quartz-carbonate veins and is related to a strong Fe-carbonate 

and chlorite hydrothermal alteration, and pyrite disseminations. 

2.3 Opatica Subprovince 

The Opatica subprovince comprises a tonalitic-gneiss belt of medium- to high-metamorphic grade 

bounded to the south by the volcanic-dominant, low-grade Abitibi subprovince. To the west it is 

bounded by the Kapuskasing structural zone, which separates it from the Quetico metasedimentary 

belt. The northern boundary of the Opatica subprovince is defined by the Nemiscau and the 

Opinaca metasedimentary subprovinces (Figure 4 and Figure 7). 

 

Figure 7: Simplified geological map of the Opatica Subprovince, in the Frotet-Evans greenstone belt region. The insert 

shows the location of Figure 9 (modified after Montsion et al., 2018). 
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The Opatica subprovince consists of strongly deformed, and locally migmatized tonalitic 

orthogneisses intruded by distinct plutonic rock suites.  

The Lac Rodayer pluton forms the northern portion of the subprovince and consists of the oldest 

rocks of the belt. U-Pb geochronology indicates the crystallization of the Lac Rodayer pluton at ca. 

2820 Ma (Davis et al., 1995). The suite is characterized by a multi-stage intrusion ranging from 

tonalitic to granodioritic composition.  

The informally denominated “grey gneiss suite” comprises the most voluminous suite of the 

Opatica Subprovince, and it is characterized by strongly deformed grey leucotonalites and 

leucogranites with minor amounts of more mafic types, including diorite and gabbro.  

A suite of tonalites, melatonalites and gabbro (TMG) intrudes the grey gneisses in the region 

between the Frotet-Evans greenstone belt and the Abitibi boundary. Davis et al. (1995) reports a 

complex sequence of U-Pb zircon ages for the grey gneisses and the TMG suite, ranging from 2807 

to 2702 Ma, including protolith crystallization and metamorphic overgrowth ages. 

In the southern margin, along the Abitibi-Opatica border, there is a suite of monzodiorite-

granodiorite-tonalite-diorite plutons (MGTD), as exemplified by the Barlow pluton (Figure 7), 

which is intrusive into the main gneissic sequence, and yielded crystallization ages in between 2693 

and 2696 Ma (Davis et al., 1995). 

Younger in age, and weakly deformed, pink to grey leucocratic granites occur as leucosomes within 

the grey gneisses, and as dikes, sills, and small plutons intruding in the earlier units. Reported ages 

range from 2690 to 2678 Ma (Davis et al., 1995). 

The magmatic-tectonic history of the Opatica Subprovince is summarized by Davis et al. (1995) 

as follows: (i) an early period of high-grade metamorphism at ca. 2718 – 2721 Ma, as denoted by 

zircon growth in samples from the grey gneiss unit; (ii) D1 structures formed between ca. 2702 and 
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2693 Ma, the former age representing the youngest gneiss sample containing the west-vergent D1 

structures, and the latter a granitic dike that cuts D1 structures; (iii) south-vergent D2 structures are 

recorded in the ca. 2696 – 2693 Ma granitic pluton and would have formed synchronously with or 

after this plutonism; (iv) D3 strike-slip faulting on the Nottaway River and Lucky Strike shear 

zones (Figure 7) would have occurred after 2686 Ma, with thermal activity and growth of titanite 

occurring as late as 2657 Ma. 

2.3.1 Frotet-Evans greenstone belt 

The Frotet-Evans greenstone belt (FEGB) is centrally located in the Opatica Subprovince and 

extends for 300 km between James Bay, in the west, and Lake Mistissini, in the east, with variable 

widths, up to 45 km in its eastern portion (Carles, 2000). Its volcanic rocks define an east-west, 

fault-bounded trending synformal structure (Simard, 1987; Davis et al., 1995). 

The FEGB volcano-sedimentary sequence can be broadly divided in two similar domains, west and 

east. Detailed subdivisions have been made by Brisson et al., (1997a, b), Brisson et al., (1998a, b, 

c), Morin (1998 a, b, c) in a series of geological mapping initiatives developed throughout the 

greenstone belt in research conducted by the Ministry of Natural Resources of Quebec. Boily and 

Dion (2002) divided the FEGB in four distinctive segments: (1) Evans-Ouagama, (2) Storm-Evans, 

(3) Assinica, and (4) Frotet- Troilus (Figure 7). The eastern domain is known as Frotet-Troilus 

(Simard, 1987) and has received most of the attention due to its larger economic potential. It hosts 

the Troilus Mine and it will be described in detail in the following chapter. 

The FEGB is largely dominated by tholeiitic basalts and magnesian basalts that occur in association 

with felsic and intermediate calc-alkaline pyroclastic rocks, lava flows, and local ultramafic layers. 

Syn- to post-deformational gabbroic to monzogranitic plutonic rocks occur throughout the 

greenstone belt. The few published U-Pb dates in zircon constrained the age of the FEGB between 

2793 and 2755 Ma (Pilote et al., 1997 in Boily and Dion, 2002). The ca. 2793 Ma age is coincident 



 

22 
 

with the dates obtained for the Troilus metadiorite, as presented in Chapter 3. The volcano-

sedimentary rocks are metamorphosed from upper greenschist at the core to upper amphibolite 

facies near the contact with the Opatica gneisses (Gosselin, 1996). 

2.3.1.1 Frotet Troilus Domain 

The Frotet-Troilus domain comprises the east domain of the FEGB and hosts the Troilus deposit. 

It is characterized by a complex and variable volcano-magmatic history, dominated by mafic 

volcanic rocks and coeval, cogenetic mafic intrusions, intermediate to felsic volcanic rocks and 

associated pyroclastic rocks. Minor epiclastic sedimentary rocks and ultramafic units are locally 

observed. 

The basic stratigraphic scheme of the Frotet-Troilus domain was established by Simard (1987). He 

defined the Troilus Group, mainly occurring in the northern part of the domain, and the volcanic 

complexes of Domergue (south and north) and De Maurès. 

Gosselin (1996) proposed a new stratigraphic scheme, based on an extensive lithogeochemical 

characterization of the volcano-sedimentary sequence. Four principal volcanic cycles (or phases) 

were defined (1 to 4). The volcanic complexes of Simard (1987) were incorporated to the Troilus 

Group, and two formations were reclassified as the Testard and Crochet members  

The main lithological and geochemical characteristics of the Troilus Group are presented in Figure 

8. The simplified geological map of the Frotet-Troilus Domain is presented in Figure 9. 
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Figure 8: Volcano-sedimentary stratigraphy of the Troilus Group in the Frotet-Troilus Domain (modified after 

Gosselin, 1996). Troilus Deposit is located in the Parker Sector, hosted in intrusive rocks located in the stratigraphic 

level of the Parker Formation. 

In general terms, the Troilus Group can be summarized from bottom to top as follows, according 

to Gosselin (1996): 

i. A volcano-sedimentary unit of tholeiitic affinity composed of basalts, magnesian basalts 

and ferro-tholeiites interbedded with undifferentiated pyroclastic and sedimentary units. 

ii. A calc-alkaline pyroclastic sequence composed of tuffs and minor sedimentary levels with 

local andesitic lava flows. 

iii. A complex and variable sequence of differentiated volcanic and plutonic rocks of 

transitional chemical affinity, and felsic to mafic in composition. Basalts, andesites and 

mafic and felsic plutonic rocks occur associated with local komatiitic basalts, and minor 

sedimentary and pyroclastic rocks. This cycle hosts the Troilus deposit mineralization. 

iv. Mainly tholeiitic mafic volcanic rocks with rare pyroclastic felsic and intermediate rocks. 
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Figure 9: Simplified geological map of the Frotet-Troilus domain, located in the eastern part of the Frotet-Evans 

greenstone belt. The inset represents the location of the detailed geological map for the Troilus deposit region, 

presented in Figure 10 (modified after MERN, 2012; Gosselin, 1996; and Troilus Gold Corp., 2019). 

The Frotet-Troilus domain is divided in two structural regions, north and south, being the limit 

between them defined by the axial trace of the Frotet Anticline (approximately E-W direction, 

Figure 9).  
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The main regional structures observed in the northern structural domain are: (i) Troilus Syncline; 

(ii) La Fourche and Dionne dextral fault zones; and (iii) Parker inverse fault zones (Gosselin, 1996). 

The Troilus Deposit is hosted in the northern overturned limb of the Troilus syncline within (and 

transposed by?) the Parker inverse fault zones system. 

The Troilus syncline is characterized as an isoclinal fold of NE-SW direction. The associated axial 

plane is parallel to the main foliation in the region, which strikes NE and has a moderate to steep 

dip towards NW (Fraser, 1993). The La Fourche and Dionne fault zones locally cut and segmented 

the Troilus Syncline and correspond to important deformation corridors with an interpreted dextral 

sense movement. They are characterized by local centimetric to metric isoclinal folds that affect 

the main regional schistosity, forming a crenulation cleavage. Locally pronounced subhorizontal 

stretching lineation can be observed. The Parker fault zones represent a complex array of inverse 

faults, mainly parallel to bedding, and the main regional foliation.  

The southern domain shows a more complex structural style with a series of major folding systems 

cut by several fault zones. Faults, axial fold planes and the main schistosity have an overall WNW-

ESE to NW-SE direction (Figure 9).  

The regional metamorphic grade of the Frotet-Troilus domain varies from greenschist facies in the 

internal sectors of the belt to lower-amphibolite facies near the felsic intrusions and the borders of 

the belt (Gosselin, 1996). 
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Chapter 3 Troilus Deposit 

Due to the literature-review nature of the present study, the local geology description is not based 

on the author’s observations, instead it represents a compilation of historical studies (e.g. Fraser, 

1993; Magnan, 1993; Carles, 2000; Goodman et al., 2005 and Larouche 2005), in addition to the 

Resource Update report recently published by Troilus Gold Corp (Troilus Gold Corp, 2019). 

Further discussions and personal communications with current employees of Troilus Gold Corp. 

have also contributed to this chapter’s content. 

The Troilus deposit is located in the northeastern region of the Frotet-Troilus domain, and it is 

hosted by volcanic and hypabyssal intrusive rocks of the Troilus Group in a region of intense 

deformation, known as the Parker domain (Gosselin, 1996; Figure 9). The deposit is located within 

the overturned northern limb of the Troilus isoclinal syncline, which was transposed by a series of 

NE-SW thrust fault zones, parallel to the main regional foliation and to the volcanic bedding. 

Goodman et al. (2005) constrain the Troilus deposit within the Troilus Domain, a thrust-bounded 

region with over 20 km in strike-length and circa of 2 km wide (Figure 10). It mainly comprises a 

suite of calc-alkaline intrusive rocks, including a metadioritic pluton and an amphibolite unit. This 

domain differs from the mafic-ultramafic dominant rocks occurring to the northwest, and from the 

tholeiitic pillow lavas in the southeast domain. The lithological contacts and a penetrative foliation 

steeply dip to the northwest.  
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Figure 10: Local geological map of the Troilus deposit (modified from Goodman et al., 2005; and Troilus Gold Corp., 

2019). 

3.1 Local lithological units 

The main lithotypes within the Troilus Domain are described in detail below and comprise a 

metadioritic pluton, an amphibolite, and a brecciated unit, which are crosscut by a series of felsic 

dikes. Late mafic dikes and post-tectonic granitic plutons crosscut all these rock types. 

The amphibolite, breccia and felsic dikes are the main host rocks for the mineralization in the 87-

zone of the Troilus Deposit. The metadiorite in the 87 zone is only locally mineralized within 

biotite-rich zones, whereas in the J4 zone, it is the main host lithotype (Larouche, 2005). 

3.1.1 Metadiorite 

The metadiorite forms an elongated body in the NE-SW direction with 6-km-length along strike 

and 1-km-wide in average (Figure 10). It constitutes the structural hanging wall of the mineralized 

zone 87 (Z87). The plutonic nature of this unit was first postulated by Carles (2000), which stated 
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that “well-developed igneous textures” and the absence of extrusive features would suggest a 

plutonic nature. However, previous authors (Fraser, 1993; Magnan, 1993) had described this 

intermediate rock as a “porphyritic volcanic tuff”.  

The metadioritic pluton is a pale to greenish-gray rock, inequigranular, composed mainly of 

subhedral to euhedral, medium- to coarse-grained crystals of plagioclase and hornblende dispersed 

in a fine-grained groundmass of andesine, amphibole, epidote, and quartz (Figure 11). 

Disseminated pyrite and minor titanite occur as accessory minerals. Narrow (1- to 20-cm-wide), 

well foliated, biotite-rich zones locally cut the metadiorite and comprise fine-grained quartz, 

biotite, plagioclase phenocrysts, and disseminated sulfides, locally reaching ore grade (Carles, 

2000). 

The mapped surface contact between the metadioritic pluton and the surrounding amphibolite is 

projected from drill cores, and it is described as gradational. The outer margins of the metadiorite 

grade into the fine-grained amphibolite (Carles, 2000; Goodman et al., 2005). The contact is also 

characterized by a proportional increase in biotite and amphibole, and partial to complete 

destruction of the porphyritic texture (Magnan, 1993). U-Pb zircon dating for this unit yielded an 

age of 2791 ± 1.6 Ma (D. Davis, pers. commun. in Goodman et al., 2005). 
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Figure 11: Core photographs of the metadiorite. A: Coarse-grained. B: Fine-grained with epidote-amphibole-rich bands 

and associated pyrite. (Photos from SRK, 2018). 

3.1.2 Amphibolite 

The amphibolite occurs surrounding the metadioritic pluton (Figure 10), and similarly to the 

metadiorite, had been previously described as a volcanic rock (Fraser, 1993), but later recognized 

by Carles (2000) and Goodman et al., (2005) as a metamorphic equivalent of mafic to intermediate 

intrusive rocks based on the absence of typical volcanic textures. The amphibolite forms the 

structural footwall of the Z87 orebody and shows a gradational contact with the external margins 

of the metadiorite. 

When unaltered and barren it occurs as a dark-grey to greenish fine-grained rock, mainly composed 

of hornblende (actinolite), epidote, quartz, and feldspar (plagioclase and minor potassic feldspar). 

Within the altered zones, the amphibolite consists of fine-grained, well-oriented biotite flakes, 

actinolitic hornblende, epidote, fine-grained quartz, and feldspar.  

The texture varies from massive and poorly foliated to strongly foliated depending on the amount 

of biotite in the rock (Goodman et al., 2005). The biotite-rich zones typically contain finely 

disseminated pyrite, chalcopyrite and/or pyrrhotite (Carles, 2000). Minor amounts of sphalerite, 
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titanite and tourmaline are also present. Garnet and albite porphyroblasts are locally observed in 

minor amounts, with the latter locally altered to muscovite and calcite and associated with coarse-

grained quartz and pervasive chlorite (Carles, 2000).  

3.1.3 Breccia 

A brecciated unit irregularly occurs within and around the margins of the metadiorite (Figure 10). 

It comprises the host unit of the main ore zone of the Troilus Deposit in the Z87-zone, where it can 

be traced over the entire strike length of the orebody, varying from 10 to 100 m in thickness (Fraser, 

1993). The unit is crosscut and bordered by two main felsic dikes, described in the following 

chapter. 

The breccia is unsorted and mostly matrix-supported, being characterized by two types of 

centimeter to decimeter-scale pale fragments: (i) metadiorite; and (ii) porphyritic rock with feldspar 

phenocrysts in a fine-grained mass of quartz and feldspar. The latter represents 10 to 30% of the 

total amount of fragments (Carles, 2000). Overall, fragments vary in size from less than 1 to over 

10 cm in diameter and are commonly rounded, showing variable sphericity, but usually elongated 

parallel to the main foliation. In less-deformed portions, fragments are mostly subangular. 

The matrix/cement resembles the surrounding amphibolite, being mainly composed of fine-grained 

amphibole and biotite, and minor epidote, quartz, and feldspar grains.  

Within the brecciated unit, amphibole- and biotite-rich zones (dm to m) occur with no visible 

fragments (Magnan, 1993). Mineralized millimetric to centimetric veinlets along with massive 

chalcopyrite-pyrrhotite are commonly observed within these zones. 

The formation of this unit is one of the main controversies in the Troilus Deposit, and it is 

considered key to understanding the ore genesis. The controversies regarding the breccia origin 

will be extensively addressed in the following chapters.  
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Figure 12: Core and outcrop photographs of the brecciated unit in the Troilus Deposit. A: Breccia on a block in the J4 

pit. B: Subangular fragments on a less deformed brecciated interval, J4-zone borehole. C: Block in 87-zone pit, 

showing the contact between massive and brecciated textures (in this case is described as textural variation of the 

diorite). D: Core photos from 87 zone, showing elongated fragments of the breccia, in a biotite-rich matrix (Photos 

from SRK, 2018). 
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3.1.4 Felsic Dikes 

Felsic dikes crosscut the metadiorite, the amphibolite, and the brecciated unit, and consist of several 

discontinuous bodies, elongated parallel to subparallel to the main foliation. The largest felsic dikes 

are tens of meters in thickness and extend up to several hundred meters along strike (Goodman et 

al., 2005; Figure 10).  

Two main decameter-thick felsic dikes occur in the 87-zone orebody, comprising the footwall and 

hanging wall of the main mineralized zone. They are mainly composed of a very fine-grained 

groundmass of quartz and plagioclase, comprising 80% of the rock volume (Carles, 2000) with 

interspersed lepidoblastic muscovite (15%), minor biotite, and disseminated pyrite. Felsic dikes 

vary from massive or aphanitic to phaneritic and strongly foliated depending on the amount of fine-

grained muscovite, also referred to as sericite. 

In the J zone, the felsic dikes are between 1 to 15 m thick and anastomosing (Larouche, 2005). 

Porphyritic textures are also observed in the J-zone orebodies with around 15 to 20% of quartz and 

plagioclase phenocrysts. 

Muscovite alteration, as will be discussed in the mineralization section of the present report, locally 

show a stockwork-like texture, apparently locally transposed by a penetrative foliation (Figure 13), 

resulting in a banded texture (Troilus Gold Corp., 2019). These textures were not described by 

previous researchers and its importance will be addressed in the following chapters. 

Magmatic zircons in one large felsic dike, in the footwall zone of the 87-zone orebody have been 

dated and yielded an age of 2782 ± 6 Ma (Dion et al., 1998 in Goodman et al., 2005; Pilote et al., 

1997 in Carles, 2000). 
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Figure 13: Felsic dikes photographs. A: Contact between a weakly auriferous felsic dike and an auriferous brecciated 

diorite in an outcrop in the southwestern region of the Troilus Deposit. B: Weak muscovite alteration in weakly foliated 

felsic dike, resembling a stockwork texture (87-zone). C: Moderate muscovite alteration of felsic dike with moderate 

foliation and moderate transposition of the alteration stockwork (87-zone). D: Strong muscovite alteration in strongly 

foliated felsic dike. (Photos from SRK, 2018). 
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3.1.5 Mafic dikes 

Mafic dikes comprise small dark gray to black fine-grained dikes, ranging from 50 cm to 3 m in 

width, and occur as non-foliated to weakly foliated sheets (Carles, 2000). The mafic dikes show a 

tholeiitic affinity and crosscut all the other rock types in the Troilus Domain. 

3.1.6 Post-tectonic granitic plutons 

The Parker and Parker Junior plutons are large granitic batholiths located to the east and south of 

the Troilus deposit, respectively (Figure 10). They are considered to be subalkalic plutons, as 

evidenced by the relatively high Na2O and K2O contents (Fraser, 1993), and crosscut all the other 

units in the deposit area, overprinting the main foliation. They are interpreted to have been 

emplaced in a late- to post-tectonic timing (Simard, 1987; Fraser, 1993). Associated pegmatites 

and granitic dikes also occur and are commonly intercepted at depth in drill holes in the Troilus 

deposit. The orientation of the contacts varies from low to high core angle (Troilus Gold Corp., 

2019). A preliminary U/Pb age of 2698 Ma in titanite of the Parker granite was obtained by J. 

David, pers. Commun and reported in in Goodman et al. (2005). 

3.2 Structural Geology and Metamorphism 

The present chapter is based on the available reports at local and regional scale, and with 

contributions from Troilus Gold Corp. team, as there is little published about the deformation in 

the area. 

The main planar structure in the Troilus deposit region is a pervasive foliation (S1), mainly marked 

by the orientation of biotite and muscovite, affecting most lithological units, except for the post-

tectonic granitic bodies. It is oriented N60°E on average, dipping 55° to 70° towards NW (Troilus 

Gold Corp, 2019).  
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Pre-S1 planar features such as veins, veinlets, contacts, and stockworks are variably transposed 

parallel to the S1 foliation (Figure 13). The intensity varies across the deposit, depending on the 

lithologies and abundances of biotite and muscovite. The most altered and mineralized zones are 

biotite- and/or muscovite-rich, which coincides with the high-strain zones. 

A down-dip (L1) stretching lineation (60°/322°, Troilus Gold Corp., 2019) is commonly observed 

within the foliation, and affects biotite, muscovite and breccia fragments that are preferentially 

oriented along this lineation. Tight isoclinal (F1) folds are commonly observed and have axial 

planar surface parallel to the S1 foliation. 

 

Figure 14: Common deformation features in the Troilus Deposit area. A: Lineation expressed by the orientation of 

amphibole aggregates. B: Block with stretched fragments in a breccia. (Photos from SRK, 2018).  

Later NE-SW shear zones and late NNE-SSW brittle faults, subparallel to the foliation, occur 

locally in the deposit region (Troilus Gold Corp., 2019), at low angle with, or crosscutting the S1 

foliation and quartz veins. The late NNE-SSW brittle faults are characterized by strong muscovite 

alteration, silicification, and the presence of sulfides. 

Carles (2000) and Goodman et al., (2005) described high strain zones occurring across the deposit 

cutting the main S1 foliation and are characterized by a core of sericitic schist with a silicified 
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envelope. These shear zones, the associated alteration, and its crosscutting relationships are 

particularly important for the understanding of the ore system in the Troilus Deposit and will be 

discussed in the following chapters. Occurring in the core of these shear zones, quartz-carbonate 

veins host gold mineralization. 

A secondary planar structure is described by Larouche (2005) in the J4 orebody forming a 

“crenulation cleavage” and better developed in the biotite-rich layers. 

Metamorphism 

The metamorphic grades in the Troilus area range from greenschist to lower amphibolite facies. 

Similar to what is observed in a regional scale, the higher grade is described near the boundaries 

of the late- to post-tectonic Parker and Parker Jr granitic plutons (Fraser, 1993; Carles, 2000; 

Goodman et al., 2005). 

Fraser (1993) and Larouche (2005) describe contact metamorphism proximal to the Parker granitic 

pluton with the development of garnet porphyroblasts, which are interpreted by other authors to be 

a product of peak-temperature during regional metamorphic event (Carles, 2000; Goodman et al., 

2005). These garnet porphyroblasts and its timing relationships with gold-bearing structures are 

used to constrain the timing of the mineralizing “events” at Troilus, and it will be discussed in the 

following chapters. 

3.3 Geochemistry 

Carles (2000) presented a geochemical characterization of the Troilus Deposit based on major and 

trace elements analyses conducted on “representative” samples from the 87-zone orebody. Major 

elements were analyzed by X-ray fluorescence (XRF) and trace and rare earth elements (REE) 

were determined by instrumental neutron activation analysis (INAA).  Larouche (2005) studied the 
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J4 zone and provided a geochemical characterization of the lithotypes occurring there with 

interpretations on their magmatic affinity and chemical changes during hydrothermal alteration. 

Carles (2000) determined the magmatic affinity of the lithotypes occurring within the 87 zone, by 

using Zirconium vs Yttrium diagrams (MacLean, 1991) and REE profiles normalized to chondrite 

(Nakamura 1974). The metadiorite, amphibolite, and the breccia units were interpreted as part of 

the same calc-alkaline suite. Felsic dikes could represent a more differentiated component of the 

same magmatic system, although not confirmed by the author, whereas mafic dikes and pillow 

lavas, the latter only present in the adjacent domains, have shown a tholeiitic composition, and 

were interpreted by the author as part of a different magmatic suite (Carles, 2000).  

Immobile elements, such as Al, Ti, Zr, Nb, Y and the REEs, were used to determine primary 

composition of altered rocks as they tend to be conserved under hydrothermal alteration conditions, 

therefore showing constant ratios despite change in their proportions. The matrix of the breccia and 

its fragments have been mechanically separated by Carles (2000) from unaltered breccia samples 

collected outside the main ore zone and were independently analyzed. 

The raw data listed in Carles (2000) comprise a total of 70 samples and is presented in Appendix 1 

of the present report. Some of the diagrams are reproduced in the present study, and a few additional 

diagrams were constructed, aiming to help the discussions and interpretations of the available data. 

Magmatic affinity 

The binary diagram Zr vs Y confirmed a calc-alkaline affinity for the brecciated and the 

amphibolite samples plotting in the same cluster (Figure 15A). The felsic dikes showed the same 

variation as presented in Carles (2000) plotting between the transitional and calc-alkaline fields. 

Mafic dikes and pillow lavas also confirmed previous analysis and plotted in the tholeiitic field. 
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The exception relates to the dioritic samples that were reported by Carles (2000) as of calc-alkaline 

affinity, but clustered within the transitional field (Figure 15A). Only two samples with higher Zr 

content plotted in the calc-alkaline field but were not plotted in the Carles (2000) diagram. When 

comparing the overall chemical results of these samples with the other analyzed diorites, these two 

outliers show a lower Ca, Mg, Ni, Cu, and Ti content, and higher Si, La and Ce. These outliers 

could represent a distinct type of rock in the area and should be further investigated.  

Larouche (2005) have found similar results in the J4 zone with both diorite and felsic dikes 

occurring in the boundary between transitional and calc-alkaline fields. Additionally, the author 

interpreted a possible alignment between some of the diorite and felsic dikes samples as an 

indication of a comagmatic source.  

Based on the data analyzed here, from Carles (2000), and considering that Zr and Y could have 

had an incompatible behavior in this magmatic system (Barrett and MacLean, 1993), a possible 

fractionation trend could explain in part the relationship of the felsic dikes with the breccia and 

amphibolite samples, as indicated by a black ellipsoid drawn in the diagram of Figure 15A. 

However, some of the diorite and felsic rocks plot have distinct ratios, falling in the transitional 

field, and may belong to a distinct magmatic source. 

The fragments of the breccia and its matrix were independently analyzed by Carles (2000) and 

plotted separately in the Zr/Y diagram: breccia fragments clustered near the amphibolite samples, 

whereas the matrix sample plotted along with the “transitional” diorite samples (Figure 15B). This 

was not expected, considering the mineralogical similarities between the fragments of the breccia 

and the diorite, as well as between the matrix and the amphibolite. Further investigation is 

necessary in order to properly define the origin of the brecciated unit components. A more complex 

evolving history, including magma mixing, should not be discarded.  
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Figure 15: Lithogeochemistry diagrams, based on Carles (2000) database presented in the Appendix. Blue circles 

represent diorite samples with distinct characteristics. See text for discussion. A: Zr vs Y diagram showing magmatic 

affinity classification for the different lithotypes present in the Troilus Deposit. The felsic dikes could represent two 

distinct populations with part of the samples making up a fractionation trend with breccia and amphibolites (black 

dotted ellipse). Boundaries according Barret and MacLean (1999). B: Zr vs Y diagram showing the magmatic affinity 

of the fragments and matrix of the breccia. Boundaries according Barret and MacLean (1999). C: Volcanic rock 

classification diagram of Winchester and Floyd (1977), showing Zr/TiO2 vs Nb/Y. D: Immobile elements binary 

diagrams (TiO2 vs Zr). Coloured lines represent the regression lines passing through origin for each group of samples. 

E: Composition of the different rock types within the Troilus Domain in terms of TiO2 and Al2O3 concentration. F: 

Composition of the breccia in terms of TiO2 and Al2O3 concentration. The fragments and the matrix of the breccia 

resulted in different lines passing through the origin. However, these samples still plotted within the variability field 

of the breccia samples, and may represent the same composition, in oppose to what was interpreted by Carles (2000). 

Regression method: ordinary least squares through origin. 
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Rock types 

The volcanic rock classification diagram of Winchester and Floyd (1977) was used by Carles 

(2000) to determine the composition of the different rock types within the Troilus Domain, and it 

was reproduced in this study (Figure 15C). Except for two dioritic samples, the results are identical 

of those showed by Carles (2000). These two “diorite” samples plotted separately in the 

rhyodactic/dacitic field of the diagram and represent the same two samples that showed a calc-

alkaline affinity in the Zr vs Y diagram (Figure 15A). 

Immobility and the precursor of breccia 

According to Barrett and MacLean (1993), a plot of an immobile element pair of an altered, but 

originally chemically homogeneous rock, should form an “alteration line” that is linear and passes 

through the origin. Considering that the different lithotypes experienced distinct degrees of mass 

change during alteration, in such binary diagrams, it is expected that all samples from similar 

protolith will plot spread out along the alteration line. Distinct trends (alteration lines) indicate 

chemically distinct precursors. 

The binary TiO2 vs Al2O3 diagram for all rock types within the Troilus’ 87-zone is shown in Figure 

15E, with the brecciated unit, the amphibolite, and the diorite all clustered around the same line 

passing through the origin. This indicates similar Al and Ti ratios of the precursor. The felsic dikes 

clustered separately and have considerably lower TiO2 concentration, confirming that they 

represent a different protolith.  

It is important to mention that among the amphibolite, breccia, and diorite samples, the latter 

showed the highest variability, especially considering the TiO2 concentration, and could indicate 

two distinct populations, as also suggested in the Zr vs Y and Zr/TiO2 vs Nb/Y diagrams presented 

above. 
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As it has been noted by Carles (2000), the matrix and the fragments of the breccia resulted in 

slightly distinct lines passing through the origin, which according to the author would indicate that 

breccia fragments and matrix have experienced different degrees of alteration. Moreover, Carles 

(2000) uses the intersection of these lines with a fractionation trendline built with diorite unaltered 

samples (not reproduced here) to evaluate if fragments and matrix would have different precursors, 

which the composition is denoted by the intersection of the alteration and fractionation lines 

(MacLean, 1990). The lines passing through the origin intersected the fractionation trendline in 

different points (Carles, 2000), supporting the interpretation of at least two precursors (protoliths). 

In the data plotted in Figure 15B it seems that the fragments are more similar in composition to the 

amphibolite, however the matrix is more similar to the “transitional” diorite. 

A second immobile element pair, TiO2 vs Zr was plotted for comparison and it is presented in the 

Figure 15D. It confirms the observations made using the TiO2 vs Al2O3 plot. The variability 

observed between the diorite samples was enhanced in this diagram, compared with the previous 

immobility plots, with samples scattered according at least two populations. 

Additional discussions regarding the results observed here are addressed in Chapter 4 of the present 

report. 

3.4 Mineralization characteristics 

The Troilus Deposit consists of two main mineralized zones, the 87 zone (Z87), where the bulk of 

mineralization is hosted, and the J zones (J4 and J5), north-east of the 87 zone. Some other minor 

mineralized zones have been discovered to date, in the southwestern margin of the metadiorite, but 

remain underdeveloped (86 zone and Southwest zone, Figure 10).  

The main pit of the Troilus Mine, operated by Inmet from 1996 to 2010, was developed in the Z87 

orebody. The mineralization in the Z87 occurs as a series of anastomosing lenses, extending for 

approximately 1,300 m along strike, with variable thickness and locally reaching over 100 m 
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(Carles, 2000). With increasing depth, individual mineralized lenses coalesce to form a single 

sheet-like body with approximately 40-m-thick in average (Fraser, 1993). 

The long axis in the Z87 is oriented N35°E with the orebody dipping to 55 to 65° to NW, from 

southwest- to northeastern portions, respectively. Diamond drilling intersections reveal a west-

northwest plunging of the high-grade zones, at 30 to 50° (Troilus Gold Corp., 2019). 

Troilus is primarily an Au-Cu deposit, but show minor, non-economic amounts of Ag, Zn and Pb, 

as well as traces of Bi, Te, and Mo (Fraser, 1993). Based on an evaluation of the mine assay data, 

Carles (2000) reported a strong correlation of Cu with Ag, and poor correlations between Cu and 

Au, as well as between Au and Ag. 

Fraser (1993) described a metal zonation associated with the sulfide content across the 87 zone. 

The structural footwall is enriched in a chalcopyrite-pyrrhotite assemblage, with copper more 

abundant than gold. This zone grades into an intermediate pyrite-chalcopyrite zone, which 

comprises the main ore zone of the deposit and contains gold and copper. The structural hanging 

wall is dominated by pyrite, and it is gold-rich relative to copper. Fraser (1993) also describes a 

halo of finely disseminated pyrite surrounding the deposit and extending for several hundred meters 

into the hanging wall and footwall sequences. 

According to Carles (2000), Au-Cu mineralization at Troilus deposit comprises two distinct styles 

that are presented separately below. The matrix of the breccia, the amphibolite, and the felsic dikes 

represent the main host rocks for the mineralized intervals. In the 87-zone, the breccia fragments 

and the biotite-free portions of the amphibolite are not mineralized. The metadiorite also does not 

show significant mineralization, except for the centimetric biotite-rich shear zones that cut the 

intrusion. However, in the J4-zone, it represents the main host unit for the mineralization 

(Larouche, 2005).  
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3.4.1 Type I – Disseminated mineralization 

Disseminated mineralization concentrates the majority of the deposit’s Cu content (>90%, 

Goodman et al., 2005). It is restricted to the amphibolite, to the matrix of the breccia and to the 

margins of the hanging wall and footwall dikes. 

This main mineralized zone comprises a ~100-m-wide corridor developed within the amphibolite 

and the brecciated unit, located between the two thickest felsic dikes (Goodman et al., 2005), and 

it is coincident with a zone of strong biotitic alteration. It is represented in the amphibolite and in 

the matrix of the breccia as a strongly foliated schist, in turns dominated by biotite, in turns 

alternating centimeter biotite- and amphibole-layers. 

Gold and copper are mainly associated with fine-grained disseminated sulfides and/or millimetre-

wide sulfide streaks and stringers parallel to the main foliation, comprising between 1 and 5 wt. % 

of the rock (Carles, 2000). The most abundant sulfides are pyrite, chalcopyrite and pyrrhotite, with 

bornite being reported in the J4 zone (Larouche, 2005). Minor magnetite is present, as described 

by Fraser (1993) and Larouche (2005), and pyrrhotite replaced pyrite locally. In the J4 zone, 

Larouche (2005) observed large amounts of magnetite, bordering and partially replacing pyrite 

crystals, and suggested a hydrothermal origin for magnetite, post-pyrite crystallization. 

In this mineralized zone, gold occurs as fine grains of electrum, up to 20 µm wide along sulfide 

grain boundaries (Figure 16) and containing up to 15 wt. % silver (Goodman et al., 2005). A gold 

inclusion in a chalcopyrite crystal is reported by Larouche (2005) in the J4 zone, although it does 

not seem to be a common style of occurrence. 

Molybdenite is described in trace amounts in the J4 zone, in association with chalcopyrite 

(Larouche, 2005). 
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Figure 16: Reflected light photomicrographs showing gold grains along sulfide boundaries and fractures. Gold grains 

up to 30 µm in diameter. AU: gold; PY: pyrite; CP: chalcopyrite; PO: pyrrhotite (modified from Fraser, 1993; the host 

rock is not mentioned by the author). 

3.4.1.1 Alteration 

This style of mineralization is accompanied by a strong biotite alteration, forming biotitic schists 

within amphibolite and the matrix of the breccia. The alteration is poorly observed in the breccia 

fragments, although they are highly deformed within the ore zones, always elongated along 

foliation. 

Sulphide content in drill core increases with biotite alteration intensity, suggesting a genetic link 

(Troilus Gold Corp., 2019). 

In the metadiorite, the biotitic alteration is reported to be restricted to the narrow centimeter shear 

zones that cut the main pluton, in which the rock becomes fine-grained and well foliated. These 

zones also contain disseminated sulfides and locally reach ore grade. 

The felsic dikes are only affected near contact with mafic rocks. The alteration is represented by 

millimeter-wide biotite layers within fine-grained, light colour, muscovite-rich layers. Sericitized 

plagioclase crystals are also observed within the felsic dike’s margins (Carles, 2000). Disseminated 

pyrite grains are rare. 
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3.4.2 Type II – Vein-hosted mineralization 

This mineralization style is characterized by Au-bearing veins, with gold mineralization restricted 

to the veins and veinlets, and it is classified as gold-only, since copper mineralization is rare and 

erratic (Carles, 2000). This type of mineralization is reported to be hosted in all rock types 

occurring within the mineralized envelope in the Troilus deposit. 

The veins are constrained in high-strain zones that cut the main foliation (defined by biotite, 

Goodman et al., 2005). A spaced cleavage (2 to 3 mm), parallel to the high strain zones would be 

related to this type of mineralization, and also crosscuts the main foliation in the deposit region. 

The veins can be up to 1-cm-wide (Carles, 2000) and it is mainly composed of quartz, and variable 

amounts of muscovite, tourmaline, coarse biotite, chlorite, and minor sulfides (early formed pyrite, 

chalcopyrite and pyrrhotite, and later sphalerite and galena).  

Gold mainly occurs in fractured pyrite grains, or along other sulfide grain boundaries, as well as 

free gold in sulfide-poor portions of the veins. Native gold is also observed, locally in association 

with Te- and Bi-minerals, chalcopyrite, and minor pyrrhotite and pyrite (Carles, 2000). 

Goodman et al., (2005) described several generations of Au-bearing veins, being the most 

significant in terms of grade and abundance, quartz-chlorite (± tourmaline) veins. They usually 

contain very fine grains of gold, but coarse grains have been reported with over 1 mm in diameter 

in some sulfide-free or sulfide-poor samples. These mainly occur in the margins of the felsic dikes 

as parallel vein swarms. 

A second generation of Au-bearing veins is commonly observed cutting the first, as previously 

described, and are volumetrically less significant, but can contain very high-grades (> 50g/t Au and 

up to 100g/t over a 1-m interval (Carles, 2000; Goodman et al., 2005). These veins also contain 
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pyrite, chalcopyrite, sphalerite and galena, and a suite of Te- and Bi-minerals, including 

tellurobismuthite (Bi2Te3), calaverite (AuTe2), and hessite (Ag2Te). 

Goodman et al., (2005) reported that nearly 30% of the gold recovered by the gravity circuit of the 

mill in the Troilus Mine was coarse-grained gold, and presumably hosted in these late veins, and 

have represented an important contributor for the economic viability of the deposit in the past. 

3.4.2.1 Vein Wall-Rock Alteration 

The vein-hosted mineralization is spatially related to a strong sericitization within the high-strain 

zones, better developed in the felsic dikes, reaching up to several centimeters (Carles, 2000). 

Sericitization is also present in the amphibolite and the matrix of the breccia.  

The most highly deformed and sericitized parts of the rock are commonly surrounded by a silicified 

envelope that could reach several meters in width. 

In the mafic rocks, the sericitic alteration would represent fine-grained and well-foliated quartz-

muscovite schists, commonly containing epidote and titanite, in addition to disseminated pyrite, 

chalcopyrite, and/or interstitial pyrrhotite (Carles, 2000). 

Carles (2000) observed that muscovite associated with this alteration event would have replaced 

fine-grained early biotite. The author evaluated the intensity of the sericitic alteration in the sheared 

felsic dikes by determining the proportion of minerals across a high strain zone. An increase in 

sericite was observed from the least altered sample at the edge of the dike to the core of the high 

strain zone, as the biotite content decreases. 

The most altered samples are composed of quartz (60%) and oriented sericite crystals (40%), with 

pyrite and chalcopyrite traces. The highest proportion of quartz (66%) and sulfides (1.4%) were 

observed in the samples bordering the most intensely deformed parts of high-strain zones (Carles, 

2000). 
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3.4.3 Epidote alteration 

An epidote-biotite alteration, that would occur crosscutting the sericitic alteration, is described by 

Carles (2000). It would have originated in a late event associated with discordant veins and 

millimeter-thick veinlets containing the assemblage quartz-biotite-calcite-epidote-amphibole-

garnet-titanite-pyrite. According to Carles (2000) no economic mineralization is associated with 

this alteration.  

The same alteration is described by Fraser (1993) as not restricted in late-veins, but rather as a 

gradual increment in epidote-calcite outwards from the main biotitic alteration in the core of the 

mineralized zone. Albite would also be present. 

Troilus Gold Corp. (2019) reported, a “syn-deformation epidote-amphibole alteration” that would 

occur both pervasively and as a vein alteration halo in the deposit area, including in auriferous drill 

core intervals. It would consist of pervasive calcium-rich minerals such as calcium amphiboles, 

epidote, or calcite. Gold mineralization is locally reported. According to Troilus Gold Corp. (2019), 

these calc-silicate bands or veins can occur parallel or folded by the main the foliation, and locally 

crosscut it. It could indicate this alteration is syn- to post- deformation. 
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Figure 17: Photographs of alteration. A: Pyrite-rich bands in a biotite-rich fine-grained diorite interval. Altered bands 

parallel to the foliation (J5-zone core). B: Epidote-amphibole-altered breccia. Both the matrix and fragments are 

affected by alteration (Z87). C: Epidote-amphibole alteration veinlet at high angle to the foliation, and partially folded 

and transposed. D: Outcrop showing quartz-calcite vein with amphibole halo cutting the main foliation, in the J4-zone 

pit. 
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Figure 18: Chalcopyrite disseminated along foliation planes and in a crosscutting quartz vein in deformed biotite-rich 

breccia (modified from Sinclair, 2007). 
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3.5 Genetic models 

The Troilus Deposit is better known, and it is frequently cited (e.g. Robert and Poulsen, 1997; Poulsen, 2000; Sinclair, 2007; Mercier-Langevin 

et al., 2012; Katz, 2016), as an example of an Archean porphyry-type deposit as interpreted in the pioneering work of Fraser (1993). Other 

interpretations for its genesis include superimposed structurally controlled “orogenic” gold, proposed by Carles (2000) and Goodman et al., 

(2005). The Table 2 presents a summary of the main geological characteristics that supported these two models, as it will be discussed in this 

chapter. 

Table 2: Summary of the main geological characteristics supporting the proposed genetic models for the Troilus Deposit.  

Model Timing Host rocks
Sulfides and metal 

associations
Texture/Style Alteration References

Au-Cu porphyry-type Single-stage pre-

deformation, pre-

metamorphism.

“In situ" hydrothermal 

breccia, amphibolite and 

felsic dikes.

Au-Cu zoning;

Cu-rich footwall (Ccp+Po);

Interm. Main-ore zone: Au-

Cu (Py+Ccp);

Au-rich hanging wall (Py).

Disseminated and stringers 

along the foliation.

Gold in sulfide grain 

boundaries and filling 

fractures.

Main-stage potassic 

alteration (biotite), zoning 

outwards to a propyllitic 

alteration; and phyllic 

analogous sericitic 

alteration;

Fraser (1993);

Larouche (2005)

Multi-stage syn-

deformational

Early, pre-peak 

metamorphism; and 

Late, post-peak 

metamorphism.

Early stage restricted to 

"magmatic" breccia and 

amphibolite; 

Late stage veins in the 

breccia, amphibolite and 

felsic dikes.

Early stage Au-Cu 

(Py+Ccp+Po);

Late Au-only mineralization 

(Py mainly, Sp-Gn locally).

Early disseminated and 

stringer zones;

Late Qtz-Chl-Tur veins.

Main biotitic alteration 

(early stage);

Late stage sericitic 

alteration and silicification 

halo around quartz veins.

Carles (2000);

Goodman et al., (2005)
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3.5.1 Au-Cu porphyry-type 

The genetic model proposed by Fraser (1993) is based on similarities between Troilus and typical 

Phanerozoic porphyry deposits, including (i) the disseminations and sulfide veinlet mineralization 

in association with a zoned hydrothermal alteration assemblage; (ii) the presence of multi-stage 

felsic porphyry intrusions; and (iii) an in-situ hydrothermal breccia. 

In this model, Fraser (1993) interpreted that the biotite-rich zone that accompanied the bulk of 

mineralization at Troilus would be analogous to the typical potassic hydrothermal alteration core 

of porphyry deposits (Sillitoe, 2000, 2010). Fraser (1993) stated that biotite would constitute the 

main indicator mineral for this alteration, also occurring in the felsic dikes. Sericite would be the 

second most common potassium-rich mineral, largely dominant in the felsic dikes. This zone would 

be centered in the footwall dike and would grade outwards into a propylitic zone, defined by a 

gradual decrease in biotite and amphibole content, and increase in albite, epidote, and calcite. The 

alteration zoning would be asymmetric, being better developed towards the hanging wall. 

Associated with the asymmetrical alteration, a metal zoning marks a footwall dominated by biotitic 

alteration, and chalcopyrite-pyrrhotite assemblage, being Cu-rich, whereas towards the hanging 

wall, gold would prevail over copper, and would be associated with potassium decrease and sodium 

increase, and pyrite would be the main sulfide. The in-situ hydrothermal breccia marked the 

transition, intermediate zone. 

In addition to what was proposed by Fraser (1993), Boily (1998) suggested that the observed 

sericitic-quartz association would represent an equivalent of typical phyllic alteration of porphyry 

mineralizing system. 

Larouche (2005) also proposed a magmatic-hydrothermal genetic model for Troilus deposit, 

although presenting slightly different chronology of alteration and copper and gold mineralization 

events (Figure 19). The felsic dikes would have intruded the amphibolite and diorite, followed by 
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brecciation of the host rocks by hydraulic fracturing, and potassic alteration and Au-Cu 

mineralization development. The potassic zone and the mineralization would have been 

subsequently superimposed by the propylitic alteration, forming late epidote-calcite-quartz 

veinlets. A final hydrothermal event would have released fluids via felsic dikes, originating a 

sericitic alteration, better developed in the felsic dikes, and mainly associated with gold 

mineralization. 

 

Figure 19: Genetic model for the Troilus deposit, as proposed by Larouche (2005). 

The mineralized envelope and alteration would favour the development of a deformation corridor, 

being transposed into parallelism to the main foliation, and eventually would remobilize gold and 

sulfides (Larouche, 2005).  

3.5.2 Two superimposed syn-deformational mineralizing events 

Carles (2000), later supported by Goodman et al., (2005), suggested that the Troilus deposit is the 

result of two superimposed unrelated and structurally controlled mineralization events. 
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Early stage 

The earliest event would be responsible for the introduction of disseminated gold and copper 

mineralization in association with biotitic alteration and would be restricted to the mafic rocks 

(amphibolite, the matrix of the breccia and biotite-rich zones in the metadiorite), only occurring in 

the margins of the felsic dikes. The mineralization related to this stage would be restricted to a 

corridor bounded by the felsic dikes. 

Carles (2000) suggested that the “early stage” mineralization would represent an amphibolite-

metamorphic-grade example of “orogenic” gold deposits, in which amphibole-biotite-plagioclase 

assemblages would be dominant. Carles (2000) also argued that the potassium enrichment would 

represent a typical characteristic of lode gold deposits in amphibolite facies conditions, according 

to Groves (1993). However, the author recognized the unusual copper and silver grades present in 

Troilus, as well as the relatively small occurrence of typical sheeted or tabular quartz-dominant 

veins, typically controlled by fault or shear zones, but this would not exclude the viability of an 

“orogenic” gold model. 

Additionally, the author advocates that this first stage of mineralization would have happened prior 

to peak-metamorphic conditions. Garnet crystals, restricted to biotitic zones, and occurring in 

stable textural equilibrium with biotite and amphibole, would represent evidence for this 

interpretation. Carles (2000) described planar inclusion trails continuous with the external foliation, 

what would indicate that potassic alteration occurred prior to peak of metamorphism. Fraser (1993) 

also described garnet crystals associated with biotitic horizons, especially near the Parker pluton, 

and interpreted the occurrence as formed through contact metamorphism with the post-tectonic 

Parker intrusion. 

Carles (2000) observed that biotite in this stage of mineralization, could either represent primary 

hydrothermal biotite, or the metamorphic equivalent of an early chlorite-sericite assemblage.  
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Goodman et al., (2005) argued that deformation would have occurred prior or concurrent with this 

first stage of alteration and mineralization, with felsic dikes acting as competent rocks, constraining 

deformation within its margins, and as barriers channelizing the hydrothermal fluids. 

Late stage 

This possible second mineralizing event is interpreted as a typical “orogenic” gold type by Carles 

(2000) and Goodman et al., (2005). The vein-hosted mineralization would have been caused by 

hydrothermal fluids focused into the wall rocks of the felsic dikes, and within deformation zones.  

Gold would have been either remobilized from previous-stage concentrations or introduced from 

a new source, and would have precipitated along with quartz-sulfide veins accompanied by sericitic 

alteration (Goodman et al., 2005). The absence of typical high-carbonate content has been 

explained by the higher metamorphic grade (Carles, 2000).  

A spaced cleavage associated with the high strain gold-bearing veinlets crosscuts the early foliation 

at a low angle and contains deformed garnet crystals. It has been used to suggest that sericitic 

alteration postdated the peak of metamorphism, which would represent strong evidence that the 

two mineralization stages are superimposed and unrelated. 

Epidote-calcite alteration 

According to Carles (2000) and opposed to what was observed by Fraser (1993) and Larouche 

(2005), the reported albite-epidote-calcite assemblage would occur as randomly oriented grains, 

only observed on “late cleavage surfaces”. Carles (2000) interpreted this albite-epidote-calcite 

veins as formed in a late hydrothermal event, postdating the “two” mineralization stages and 

deformation. No mineralization is observed in association with this assemblage. 
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Chapter 4 Discussions 

The overview of previous works presented in this study revealed that the ore system of the Troilus 

deposit is still poorly understood, and several questions remain unsolved, especially regarding the 

nature of the host rocks,  the timing and origin of mineralization and hydrothermal alteration, and 

its relationship with metamorphism and deformation. These topics will be discussed in the present 

chapter. 

4.1 Host rocks 

Previous researchers have interpreted the amphibolite and the metadiorite as metamorphic 

equivalents of mafic to intermediate volcanic rocks (Fraser, 1993; Magnan, 1993; Gosselin, 1996; 

Boily, 1998), precisely mafic lapilli tuffs, and porphyritic intermediate volcanic tuffs and flows, 

respectively. They would compose part of the regional volcano-sedimentary sequence of the 

Troilus Group, as defined by Simard (1987) and revised by Gosselin (1996). The continuity of the 

drilling investigations and later development of the Troilus Mine allowed for a more precise 

petrogenetic evaluation of the host rocks in the Troilus deposit. Based on textural observations, a 

plutonic nature for the metadiorite and amphibolite is currently the most accepted origin (Carles, 

2000; Goodman et al., 2005; and Larouche 2005). 

However, a re-evaluation of the nature of the volcano-sedimentary sequence is necessary to 

properly determine the tectonic setting in which the intrusive suite would have been emplaced. An 

investigation based on lithogeochemistry and geochronology would help to better constraint a 

possible syn-magmatic mineralizing event, as detailed below in this chapter. The amphibolite 

should receive a special attention, as its plutonic nature is only defined by the absence of volcanic 

textures, but is also reasonable to imply that these textures could have been transposed by the 

intense alteration and deformation that took place in the deposit`s region. 
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Lithogeochemical investigations have been conducted by Carles (2000) and Larouche (2005), on 

the 87-zone and J4-zone, respectively. The results obtained by the authors are similar, although the 

interpretations slightly differ. Carles (2000) reported a calc-alkaline magmatic affinity for the 

metadiorite, the amphibolite, and the breccia, while the felsic dikes showed a slightly more 

transitional affinity. According to Carles (2000) the close spatial relationship between the dikes 

and the mafic to intermediate rocks suggest a comagmatic origin. 

Larouche (2005) determined that the dikes were more calc-alkaline and interpreted them as 

originating from the same magma source as the metadiorite and amphibolite. Larouche (2005) 

suggested, based on the granulometric variations and “enclaves” within the metadioritic unit that 

the metadiorite results from the emplacement of different magmatic pulses. Larouche (2005) noted 

that diorite samples showed an evolution in terms of composition, varying from andesite to dacitic 

field, which could indicate a polyphasic intrusion with more granodioritic components. 

The same variation observed by Larouche (2005) regarding the metadioritic unit was identified in 

the diagrams reproduced in the present study, derived from the Carles (2000) database. Regardless 

of the small sample population, and in addition to the textural observations described above, it 

could confirm the interpretation of a polyphasic dioritic-(granodioritic?) suite in the Troilus 

deposit. The immobile binary diagrams Al2O3 vs TiO2 and TiO2 vs Zr also displayed two distinct 

populations of diorites. 

Despite their chemical affinity, and magmatic source, the felsic dikes would have been emplaced 

later as it crosscut the amphibolite, the diorite, and the breccia. The available geochronological 

data, although with a relatively high associated error, corroborate the late emplacement of the felsic 

dikes (2782 ± 6 Ma for the felsic dikes, and ca. 2791 Ma ± 1.6 Ma for dioritic pluton). 

An evaluation of mass balance during hydrothermal alteration using the isocon method (Grant, 

1986, 2005) was not possible in the present study. Even though providing the lithogeochemical 
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data, Carles (2000) has not indicated the alteration degree of the samples, or which ones would 

represent the least altered and the altered rocks. The author performed the mass balance analysis 

through the “multiple precursor method” of MacLean (1990), which the gain and losses are defined 

relative to the precursor composition established from a fractionation trendline. The fractionation 

trendline was determined by Carles (2000) from dioritic “unaltered” samples not indicated in the 

listed chemical results, thus, making it impossible to reproduce the results in the present report. 

Furthermore, there are strong evidence of the presence of distinct protoliths in the area, and this 

should be taken in consideration when planning future studies to understand the hydrothermal 

alteration. 

Further studies should be able to address a broader chemical investigation on the magmatic suite 

that host the Troilus deposit, and to investigate the evidences of multiple intrusive phases, being of 

particular importance for a possible magmatic-hydrothermal ore system.  

4.2 The origin of the breccia 

Fraser (1993) has interpreted a hydrothermal origin for the breccia, formed by hydraulic fracturing 

of the previously crystallized, more competent metadiorite. Subsequent intrusions of the felsic 

dikes would have enhanced the fracturing and created a permeable zone that channelized 

mineralized hydrothermal fluids. The unaltered fragments would represent the remnants of the less 

altered rock left behind between anastomosing altered fractures. Larouche (2005) supported this 

interpretation that also implies that felsic dikes should have been not only contemporaneous with 

the magmatic system, but pre-date or are coeval with the mineralization. Based on the 

geochronological data available, an interval of approximately 9 m.y. existed between the dioritic 

pluton crystallization (or one of its phases) and the emplacement of the felsic dikes. 

Carles (2000) challenged the hydrothermal origin, reporting different immobile element ratios 

between the matrix and the fragments of the breccia. According to the author, the ratios should 
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have remained constant, regardless of the different degrees of alteration experienced by matrix and 

fragments in Fraser’s model (Fraser, 1993). Carles (2000) proposed a model in which an early 

formed dioritic pluton would have been later fractured during cooling and contraction, or during a 

deformation event. This would be followed by the emplacement of a more primitive magmatic 

pulse, filling the spaces previously created in the diorite margins, and forming the geometry of the 

breccia and the amphibolite around the diorite (Figure 20). Thus, according to Carles (2000), the 

breccia would rather be a magmatic breccia, formed by two separate magmatic components. This 

interpretation was later supported by Goodman et al., (2005). 

 

Figure 20: Model for the “magmatic breccia” formation, according to Carles (2000). 

If this is the case, assimilation and corrosive textures (chilled margins) should be observed, with 

the amphibolitic matrix enclosing the early crystallized diorite fragments. However, these textures 

are not described by previous researchers. Instead, a gradual contact is noticed between the coarser-

grained diorite and the surrounding finer-grained amphibolite (Magnan, 1993, Carles, 2000, 

Goodman et al., 2005). 

Moreover, despite some exceptions, progressively younger porphyry phases are commonly 

intruded into axial portions of stocks, giving rise to nested geometries (Sillitoe, 2000). It means 
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that the amphibolite could have been likely intruded by the diorite phase, and not the opposite as 

proposed by Carles (2000). 

Based on the data provided by Carles (2000), immobile element binary diagrams were reproduced 

in the present study and, despite partly confirming the observations made by Carles (2000), in 

which matrix and fragments showed different alteration lines, these lines plotted within the same 

variability field observed when analyzing composite breccia samples (Figure 15). They could still 

represent distinct precursors, although the diagram alone could not represent enough evidence. 

The possibility that the breccia is a combination of both hydrothermal and magmatic origin cannot 

be discarded, and further investigations should contemplate a better understanding of the brecciated 

unit. Sillitoe (2000, 2010) discuss the various textures and compositions that magmatic-

hydrothermal breccias can display, depending on a series of factors, but specially the timing and 

depth of emplacement. Near the magmatic source, at depth, igneous matrices tend to be more 

common than matrices formed exclusively by hydrothermal material, resulting in a breccia 

resembling a more “igneous” breccia. This could explain the high biotite content of the brecciated 

unit at Troilus, and why it has led to a magmatic origin interpretation by Carles (2000). 

4.3 Hydrothermal alteration and mineralization 

Nature and origin of fluids 

One of the main concerns on the porphyry-type model of Fraser (1993) has been already stated by 

Carles (2000) and relates to the absence of copper mineralization in the felsic dikes, which is only 

present in its margins. If the dikes had been the source of Au-Cu mineralization, as suggested by 

Fraser (1993) and Larouche (2005), they should have also shown copper mineralization, in addition 

to gold, which has not been reported. However, it does not necessarily mean that a possible early 

Au-Cu mineralizing event is not formed during a magmatic-hydrothermal system. The diorite, the 
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breccia and the amphibolite could still represent the source for the mineralizing fluids. In this case, 

the felsic dikes would have only acted as hydrothermal fluids barriers, focusing fluid flow. 

Timing: hydrothermal alteration, deformation and metamorphism 

The mineralogical and textural observations reported by Carles (2000) and Fraser (1993) regarding 

the epidote-calcite-(albite) alteration, are distinct, resulting in completely different interpretations 

of the evolution of the hydrothermal system. The “peripheral” propylitic zone described by Fraser 

(1993) is described by Carles (2000) to occur only in late cleavage surfaces related to a post-

deformation timing. If Carles (2000) observations are right, the propylitic alteration in the deposit 

would not be contemporaneous with the potassic alteration typical of porphyry-type systems.  

Similarly, the timing of formation of sericite in relationship to the shear zones in which the sericitic 

alteration is spatially related is still not clear based on restricted textural and mineralogical 

observations, lacking a more robust study of the paragenesis of alteration and ore minerals in both 

veins and wall rocks.  

If the observations made by Carles (2000) and Goodman et al., (2005) affirming that the sericitic 

alteration is only restricted to late shear zones, that would post-date peak metamorphism as denoted 

by “deformed” garnet crystals, it could not represent a porphyry-type phyllic alteration, as argued 

by Boily (1998) based on Fraser (1993) model, and as suggested in the Larouche (2005) genetic 

model (Figure 19). It would actually represent wall rock alteration, and a potassium enrichment 

from metamorphic hydrothermal fluids channelized in the late, post-metamorphic, high strain 

zones. 

Carles (2000) reported a gradual increase in sericite towards the core of the high-strain zones, 

accompanied by a decrease in biotite, which could suggest sericitic formation in association with 

the gold-bearing quartz veins. In this case, sulfide and gangue minerals should be observed in 

textural and chemical equilibrium between wall rock and vein. 
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Another possible interpretation is that at least part of the observed sericite could have formed prior 

to deformation, being later transposed and parallelized, as can be observed in the felsic dike 

photographs presented in this report (Figure 13). Although not described in any of the previous 

theses and published papers, a stockwork-like texture was observed by Troilus Gold Corp team, 

characterized by quartz-sericite association, and would have been transposed by a later deformation 

event, being parallelized to the main foliation. 

This observation contradicts the late sericitic alteration-shear-zone-related described by Carles 

(2000) and Goodman et al., (2005). It would indicate a pre-deformation emplacement for the 

sericitic alteration and would also allow other interpretations regarding the origin of the 

hydrothermal alteration, such as the depth of the hydrothermal emplacement, given the restricted 

conditions of stockwork texture formation. 

According to Fraser (1993) and Larouche (2005), potassic and sericitic alteration would have been 

formed in the same pre-deformational hydrothermal event. Additionally, Larouche (2005) argued 

that the composition of the precursor host rocks would have controlled the formation of sericite in 

the felsic dikes in contrast to biotite forming in more mafic rocks. Similarly, gold and copper 

precipitation would also be influenced by the host rocks. Copper precipitation in the mafic rocks is 

favoured due to its high iron content.  

Carles (2000) and Goodman et al., (2005) when suggesting unrelated, superimposed mineralizing 

systems used the timing of garnet porphyroblasts growth relative to the development of planar 

structures as the main argument. The early, biotite-rich Au-Cu mineralizing event would have 

formed prior to peak-metamorphism, based on a garnet porphyroblast in textural equilibrium with 

the foliation as evidenced by a trail inclusion continuous with matrix foliation. Another garnet 

porphyroblast, occurring in the later-stage Au-bearing shear zones that crosscut main foliation, as 

discussed above, would have shown evidence to have formed prior to this gold-bearing structure. 
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Thus, the gold-only event is interpreted to have post-dated peak metamorphism. Unfortunately, 

other than described, these evidences are not documented in photographs or microphotographs, at 

least not published by the authors. Therefore, the nature of this ore system is still poorly understood.  

4.4 Similarities with other Archean Au-Cu deposits 

The close spatial relationship between gold and copper mineralization and the porphyritic 

intrusions in the Troilus deposit are also described in a series of other world-class Archean gold 

deposits. Some of these deposits, such as the Canadian Malartic and the McIntyre, share, at least 

in part, similarities with porphyry and/or intrusion-related gold deposits and could be genetically 

related to the porphyritic intrusive host rocks (De Souza et al., 2017; Mason and Melnik; 1986, 

Melnik-Proud 1992; Brisbin 1997 in Dubé et al., 2017).  

At the same time, a strong structural control of the main ore zones is observed, commonly 

associated with hydrothermal alteration typical of greenstone-hosted gold deposits (Groves, 1998, 

Poulsen, 2000; Dubé and Gosselin, 2007), which led to the interpretation that, at least in part, gold 

had been introduced to the system syn main deformation phases. 

The combination of more than one style of mineralization can represent evidence of multiple stages 

of gold mineralization, in the cases discussed, an early magmatic-hydrothermal event followed by 

syn-deformational gold input and remobilization (e.g. Hollinger-McIntyre, Melnik-Proud, 1992; 

Canadian Malartic, De Souza et al., 2017). 

Two distinct styles of mineralization in terms of metal content, hydrothermal alteration and host 

structures, are described in the Troilus deposit, similarly to what is observed in the examples 

discussed above. However, these deposits represent well known and largely studied examples, 

while the Troilus deposit is still poorly understood, and most of the current interpretations lack 

clear evidence to determine whether the distinct styles of mineralization are different in age and 

nature or not. 
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Considering only the petrological, textural, and geochemical characteristics, regardless of genetic 

links, perhaps the most similar well-known Archean Au-Cu system to the Troilus deposit is the 

recently discovered Côté Gold in the Swayze greenstone belt (Kontak, 2013; Katz, 2016; Katz et 

al., 2017). 

Côté Gold and Troilus both contain low-grade, high-tonnage resources, hosted in multiphase 

intrusive complexes, older than ca. 2740 Ma (Chester intrusive complex, Côté Gold deposit, Katz, 

2016), and the Troilus host rocks are even older (ca. 2782 to 2791 Ma, felsic dikes and diorite, 

respectively, as discussed in this report). The main difference in terms of host rocks is that Côté 

Gold shows a more tonalitic composition, characterized by a low-Al content suite. Dioritic 

magmatic phases also comprise an important host rock at Côté Gold. Significant hosts for 

mineralization at Côté Gold are both, magmatic and in-situ hydrothermal breccias. The 

hydrothermal breccia is monomictic and shows the highest average gold and copper grades in the 

deposit (Katz et al., 2017). It also contains a biotite-rich matrix, similarly to what occurs in the 

Troilus deposit. 

The main hydrothermal alteration in Côté Gold is an extensive biotite alteration that is centered on 

the Au-Cu-rich hydrothermal breccia bodies. Outwards from the breccia, stockworks and sulfide 

disseminations comprise the main mineralization styles. Katz (2016) described an also extensive, 

fracture-controlled or replacement-style muscovite alteration, that would have overprinted the 

potassic hydrothermal stage. Later, post-mineralizing, hydrothermal events would have developed 

and represent fracture-controlled epidote and albite alterations. Chlorite alteration overprints biotite 

alteration and would have formed during later metamorphism. The main sulfides associated with 

the mineralization are pyrite, chalcopyrite, with minor pyrrhotite, and the typical metal association 

in Côté Gold is represented by Au ± Cu ± Te ± (Mo-Ag), similar to what is observed at Troilus. 
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An important difference between them, however, is the apparent oxidation state of the 

hydrothermal system. While magnetite is an important phase in the Cote Gold deposit, comprising 

the main oxide mineral, and constituting up to 40% of the rock, locally, this phase is minorly 

observed in Troilus, especially in the 87-zone orebody. In the J zone, magnetite is slightly more 

abundant, but not as important as in Côté Gold deposit. A possible early magmatic-hydrothermal 

system in Troilus, would have been characterized for more reduced conditions in comparison with 

Côté Gold. The amount of pyrrhotite would corroborate this interpretation, although part of this 

pyrrhotite can actually be a product of metamorphism. 

Table 3 below summarize the main geological characteristics of Côté Gold in comparison to Troilus 

deposit. 

The huge knowledge gap between Troilus and Côté Gold does not allow further comparisons. The 

evidence of relative and absolute chronology, whole-rock and mineral chemistry, and 

understanding of relative timing between alteration, mineralization and deformation support a 

genetic relationship between mineralizing events and magmatism (Katz, 2016) in Côté Gold, which 

is still debated in Troilus. The evolution of the magmatic-hydrothermal system in Côté Gold is far 

more understood, and it was possible also due to the lower degree of deformation experienced by 

the host rocks in the deposit region, which is not the case for Troilus, submitted to an intense 

deformation, that resulted in a strong structural control of mineralization. 
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Table 3: Summary of the main characteristics of Troilus and Côté Gold deposits. 

 

Chapter 6 of this report presents a series of future recommendations that can be conducted in order 

to accomplish a better understanding regarding mineralization and hydrothermal alteration, and its 

relationship with metamorphism and deformation in the Troilus deposit. 

  

Troilus deposit Côté Gold deposit (Katz, 2016)

Tectonic Setting Unknown. Extensional back-arc setting, 

Host rocks Possibly synvolcanic intrusions: amphibolite, 

felsic dikes, diorite and  magmatic (or 

magmatic-hydrothermal) breccia

Synvolcanic intrusions: tonalite, diorite and 

associated magmatic-hydrothermal breccias

Oxidation state Possibly reduced (?) Oxidized

Alteration types Biotitic and sericitic Calcic (amphibole), Potassic (biotite), Phyllic 

(Muscovite), Sodic (Albite)

Alteration zoning Potassic core (biotite-rich breccias) with 

sericitic (secondary or overprint)

Potassic core (biotite-rich breccias) with 

phyllic overprint

Mineralization styles Breccias, veins, disseminations Breccias, veins, disseminations

Metal associations Au ± Cu ± Ag (Te ±  Bi ± Mo) Au ± Cu ± Te ± (Mo-Ag)
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Chapter 5 Implications for Exploration 

Based on the current level of understanding of the ore system that took place in Troilus deposit, 

only a few, but important conclusions can be assumed in terms of implications of further 

exploration activity. 

If the magmatic-hydrothermal origin for at least part of the mineralization present in Troilus is 

confirmed, the deposit would represent another example of syn-magmatic mineralization within 

the Central Superior Province. Most importantly, an older metallogenetic event, in comparison to 

the well-known metallogenetic epochs for gold mineralization in the region. This suggests that 

older intrusive complexes are highly prospective.  

In a district- or semi-regional scale, a re-evaluation of the geological mapping carried out by Simard 

(1987) and Gosselin (1996) would be extremely important to recognize other dioritic bodies, 

eventually intruded in the same stratigraphic level of the ones identified in Troilus, that might have 

been mistaken with felsic- to intermediate volcanic rocks by those authors. They can represent 

prospective targets for mineralization similar to the Troilus deposit. As there are distinct types of 

“dioritic” intrusions, it is important to determine which one is genetically associated with the gold 

mineralization.  
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Chapter 6 Future work recommendations 

The evolution of the Troilus deposit is by no means well constrained. Future studies that aim to 

understand the ore system, should first considerer a deposit- to district-scale approach, evaluating 

all the mineralizing occurrences around and within the metadiorite pluton. It includes not only 87 

and J zones, but also the southwestern occurrences, and possible northeast extensions from the J 

zones, as indicated by new exploration data (Troilus Gold Corp team, pers. commun., 2019). 

Studies to be developed aiming to achieve those goals should be able to address the following open 

issues: 

• Nature and origin of host rocks, and mineralizing fluids; 

• Age of magmatism and its relationship with gold and copper mineralization; 

• Detailed structural and paragenetic studies to document the various styles of mineralization 

and evaluate if they represent single-stage or distinct mineralizing events; 

• Timing of gold and copper mineralization in respect to deformation and metamorphism; 

and impact of these events in forming, remobilizing or deforming the mineralized zones. 

• Source of metals, mechanisms of metal transport and deposition; 

Some work recommendations and analytical methods that can be applied to achieve those 

objectives are listed below. Steps 1 and 2, in addition to whole-rock geochemistry in step 3, should 

be able to clarify most of the current open questions: 

i. Broad and comprehensive geological and structural mapping, including surface, pit 

exposures, core logging, lithogeochemical and petrographic studies; 

ii. Establish relative chronology between all rock types, alteration and structures; Develop the 

paragenesis of alteration and ore minerals; 
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iii. Determine the geochemical signature of the mineralization and alteration, including spatial 

distribution and metal zoning using whole-rock geochemistry, and mineral chemistry if 

necessary (e.g. Microprobe, SEM); Mineral chemistry of the alteration phases and 

comparison with regional metamorphic assemblage outside of the mineralized zones to 

determine vectors for the mineralization (similar to “footprint” project in Canadian Malartic 

deposit). 

iv. Establish the absolute chronology of the magmatic and related hydrothermal events with 

applicable high-precision geochronology (U/Pb zircon, titanite) for alteration phases, and 

evaluate the possibility of performing Re-Os molybdenite for absolute dating of 

mineralization; 

v. Constrain the age of the mineralizing event(s) using the results and interpretations obtained 

from the detailed mapping, petrography, geochemistry, and geochronology; 

vi. Develop a genetic model and discuss relevant exploration criteria in a greenstone belt- and 

Province-scale (i.e., Frotet-Troilus domain and Archean Superior). 

  



 

69 
 

Chapter 7 Conclusions 

The low-grade, high-tonnage Troilus Au-Cu deposit represents an important gold resource within 

the Archean Superior Province, standing among the largest gold deposits in Canada with over 200 

t of contained Au.  

The literature review presented and discussed in this report, revealed that the current level of 

understanding of the mineralizing system at Troilus is limited and the proposed genetic models 

(porphyry-type: Fraser, 1993; Larouche 2005; and syn-deformational: Carles, 2000; Goodman et 

al., 2005) lack clear evidences to support their interpretations.  

Two different styles of mineralization are present in the Troilus deposit: (i) an Au-Cu 

mineralization, associated with a strong biotitic alteration, sulfide disseminations and stringers; and 

(ii) an Au-only quartz-vein hosted mineralization, associated with sericitic alteration. Whether the 

two identified styles represent a single-stage or multi-stage mineralizing episode(s) remains unclear 

and of importance to define the most appropriate genetic model of the deposit.  

The lithogeochemistry dataset available for the Troilus deposit (Carles, 2000; Larouche 2005) and 

the textural observations indicate polyphasic intrusive history for the calc-alkaline suite composed 

of the metadiorite, the amphibolite, the brecciated unit and the felsic dikes. Geochronological data 

constrains the crystallization of this intrusive suite in an approximately ~9 m.y. interval. 

The origin of the brecciated unit remains unsolved. The magmatic origin, interpreted by Carles 

(2000) based on the assumption of different precursors for the fragments and the matrix of the 

breccia, could be the result of a small number of samples investigated, as suggested by the binary 

immobile element diagrams presented in this study. 

The positive relationship between biotitic alteration and gold grade is a consensus among all 

previous researchers. However, they could have formed by different processes (metamorphic, 
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magmatic, hydrothermal) which should be further investigated in future studies, as it can be 

important to better comprehend the deposit ore genesis. 

Other two main hydrothermal alteration styles present in the Troilus deposit, the epidote-calcite-

(albite) and the sericitic alterations, are differently interpreted in each of the genetic models current 

discussed for the deposit. Fraser (1993) and Larouche (2005) described widespread, peripheral 

propylitic and sericitic (phyllic) alterations, while Carles (2000) interpreted them as restricted to 

cleavages and shear zones that crosscut the main foliation in the deposit, marked by the biotitic 

alteration, and thus, would represent a post-main-ore event. 

A stockwork-like texture characterized by a quartz-sericite assemblage is described by Troilus 

Gold Corp team, transposed by a penetrative foliation, and should be investigated in detail, 

including sulfides and metal associations. 

The present report summarized the current studies and interpretations available for the Troilus Au-

Cu deposit. Based on this, and on similarities with other multi-stage ore systems known in the 

Abitibi greenstone belt (e.g. Canadian Malartic, McIntyre), as well as single-stage magmatic-

hydrothermal deposits (e.g. Côté Gold), it seems that at least the disseminated style of 

mineralization observed in Troilus, associated with a strong biotitic alteration, would have formed 

by magmatic-hydrothermal processes. 
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Appendix: Geochemical Host Rock Analysis 

The analytical data presented below was originally published by Carles (2000) and comprises major and trace element compositions obtained 

at the Centre de Recherche Minérale. All samples were analyzed by X-ray fluorescence (XRF) spectrometry techniques for the major elements 

as well as for Rb, Ga, Nb, Sr, Y and Zr. The concentrations of rare-earth elements and other trace elements were determined by instrumental 

neutron activation analysis (INAA). Detection limit for trace elements: 300 ppm for Cu, Zn, Mo, and Pb; 100 ppm for Ni; 50 ppm for Ba; 2 

ppm for Ce and La; 1 ppm for the other trace elements; and less than 0.5 ppm for the rare earth elements (0.1 ppm for Lu). 
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Sample ID Lithotype Al2O3_pct CaO_pct Cr2O3_pct Fe2O3_pct K2O_pct MgO_pct MnO_pct Na2O_pct P2O5_pct SiO2_pct TiO2_pct

1998019804 Amphibolite 14.49 3.68 0.50 5.31 2.28 1.56 0.05 3.59 0.19 67.67 0.68

1998019808 Amphibolite 15.32 3.43 0.51 12.92 0.89 5.67 0.05 4.31 0.24 55.87 0.80

1998019858 Amphibolite 15.18 3.40 0.04 16.89 3.40 4.77 0.07 2.58 0.07 52.98 0.62

1998019812 Amphibolite 17.93 6.33 0.49 7.93 3.00 3.50 0.14 3.83 0.27 55.82 0.76

1998019809 Amphibolite 15.74 4.15 0.49 7.47 2.66 2.32 0.06 2.77 0.22 63.36 0.76

1998019870 Amphibolite 16.25 1.57 0.03 5.62 2.41 1.29 0.03 5.41 0.16 66.61 0.62

1998019873 Amphibolite 16.23 2.64 0.03 5.20 2.00 1.95 0.04 4.71 0.16 66.43 0.62

1998019876 Amphibolite 16.11 2.08 0.03 5.11 2.49 2.08 0.14 4.01 0.15 67.09 0.65

1998019880 Amphibolite 17.86 3.02 0.02 11.81 3.02 2.81 0.08 3.51 0.22 56.98 0.68

1998019811 Breccia - - - - - - - - - - -

1998019814 Breccia 15.66 1.67 0.52 5.91 2.73 0.95 0.18 2.87 0.15 68.69 0.69

1998019806 Breccia 14.99 1.63 0.51 8.53 2.98 1.99 0.04 3.88 0.13 64.67 0.65

1998019823 Breccia 16.18 1.47 0.01 4.06 2.75 1.03 0.05 6.08 0.15 67.61 0.61

1998019857 Breccia 16.12 4.74 0.01 4.06 0.67 2.02 0.02 5.09 0.12 66.49 0.67

1998019868 Breccia 15.07 4.86 0.02 2.38 0.77 0.89 0.04 3.73 0.13 71.52 0.59

1998019807 Breccia 13.06 7.82 0.51 14.47 1.24 2.64 0.25 0.54 0.15 58.67 0.65

1998019871 Breccia 14.54 5.23 0.03 12.00 1.32 4.49 0.08 3.36 0.14 58.25 0.56

1998019863 Breccia 15.07 6.32 0.02 9.97 2.18 1.95 0.15 1.62 0.14 62.01 0.56

1998019860 Breccia 16.20 2.59 0.05 2.75 3.06 0.56 0.06 1.66 0.16 72.22 0.69

1998019813 Breccia 16.78 3.73 0.50 3.96 1.42 0.83 0.10 4.27 0.16 67.51 0.74

1998019802 Breccia 15.36 5.63 0.50 9.33 2.20 1.71 0.17 2.13 0.13 62.16 0.67

1998019864 Breccia 15.54 6.07 0.03 8.03 1.68 1.48 0.15 2.77 0.15 63.49 0.60

1998019824 Breccia 15.06 3.80 0.01 3.32 0.88 1.56 0.04 3.88 0.11 70.75 0.58

1998019831 Breccia 14.63 5.98 0.01 8.94 2.14 1.76 0.14 1.71 0.12 63.98 0.60

1998019833 Breccia 17.99 1.28 0.01 4.54 3.17 1.03 0.01 4.02 0.15 67.09 0.71

1998019895 Breccia 17.76 3.74 0.03 4.20 1.68 2.02 0.01 4.66 0.15 65.09 0.66

1998019872 Breccia 14.08 1.67 0.01 6.53 2.36 1.49 0.01 4.44 0.14 68.67 0.60

1998019874 Breccia 14.53 3.38 0.03 11.78 2.95 2.53 0.05 2.78 0.14 61.26 0.57

1999029251 Fragment 16.26 4.33 0.02 4.07 0.48 0.71 0.02 5.76 0.13 67.64 0.58

1999029252 Fragment 15.22 5.20 0.02 5.60 0.39 0.71 0.02 4.72 0.12 67.45 0.55

1999029253 Fragment 14.37 4.65 0.02 5.14 0.45 0.91 0.02 4.73 0.12 69.05 0.52

1999029255 Matrix 13.21 8.75 0.02 23.07 1.03 4.79 0.10 1.86 0.12 46.45 0.60

1999029256 Matrix 13.16 9.29 0.02 23.88 0.80 5.07 0.11 2.07 0.12 44.93 0.55

1999029257 Matrix 12.91 8.42 0.02 25.32 1.12 5.38 0.11 2.18 0.01 43.87 0.55
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Sample ID Lithotype Al2O3_pct CaO_pct Cr2O3_pct Fe2O3_pct K2O_pct MgO_pct MnO_pct Na2O_pct P2O5_pct SiO2_pct TiO2_pct

1999029259 Diorite 15.69 7.83 0.02 6.68 0.44 4.15 0.09 4.11 0.17 60.11 0.72

1999029260 Diorite 16.70 8.42 0.02 5.26 0.45 4.18 0.09 4.24 0.15 59.70 0.80

1999029261 Diorite 16.49 8.14 0.02 6.40 0.61 4.27 0.09 4.25 0.16 58.76 0.81

1999029265 Diorite 15.53 4.70 0.01 5.16 1.33 2.55 0.06 4.34 0.14 65.58 0.60

1999029258 Diorite 16.76 7.16 0.02 6.87 0.65 3.96 0.10 4.80 0.15 58.85 0.69

1999029262 Diorite 14.85 5.39 0.01 1.68 0.42 1.64 0.03 4.89 0.12 70.48 0.49

1998019815 Felsic dike 13.16 0.02 0.49 4.40 3.67 0.46 0.20 0.95 0.06 76.36 0.24

1998019817 Felsic dike 13.49 0.49 0.01 1.72 3.83 0.47 0.06 1.19 0.02 78.53 0.19

1998019819 Felsic dike 13.93 0.58 0.01 1.96 4.08 0.55 0.11 0.88 0.04 77.72 0.15

1998019820 Felsic dike 13.62 0.52 0.01 1.69 3.83 0.45 0.13 0.67 0.04 78.88 0.15

1998019821 Felsic dike 11.66 0.40 0.01 1.68 3.06 0.53 0.09 0.46 0.04 81.94 0.12

1998019822 Felsic dike 11.69 0.39 0.01 1.69 3.08 0.52 0.09 0.50 0.04 81.84 0.13

1998019827 Felsic dike 12.90 1.88 0.01 2.88 2.57 0.55 0.15 2.18 0.03 76.66 0.19

1998019834 Felsic dike 13.18 1.41 0.01 1.44 1.86 0.58 0.05 3.96 0.02 77.29 0.19

1998019848 Felsic dike 13.62 0.29 0.01 1.77 4.29 0.63 0.03 0.70 0.02 78.35 0.19

1998019849 Felsic dike 13.03 0.84 0.01 1.43 1.70 0.14 0.01 5.26 0.02 77.39 0.17

1998019853 Felsic dike 13.68 1.16 0.01 1.57 3.74 0.71 0.03 1.22 0.02 .77.67 0.20

1998019877 Felsic dike 11.95 0.02 0.01 2.50 3.51 0.07 0.01 0.16 0.03 81.61 0.11

1998019878 Felsic dike 13.19 0.57 0.01 4.26 3.34 0.55 0.10 0.95 0.03 76.87 0.12

1998019879 Felsic dike 13.67 1.05 0.01 2.23 1.75 0.46 0.03 3.60 0.04 77.02 0.13

1998019881 Felsic dike 12.08 0.02 0.01 1.70 3.63 0.15 0.01 0.17 0.03 82.07 0.12

1998019882 Felsic dike 10.70 0.02 0.01 3.09 3.10 0.09 0.01 0.17 0.03 82.68 0.10

1998019890 Felsic dike 13.46 1.34 0.01 2.14 2.71 0.55 0.04 2.57 0.05 76,97 0.16

1998019851 Felsic dike 13.05 0.86 0.01 1.87 1.57 0.28 0.01 5.33 0.02 76.83 0.17

1998019852 Felsic dike 13.65 1.32 0.01 1.85 1.65 0.63 0.01 4.93 0.01 75.77 0.18

1998019847 Felsic dike 13.06 0.97 0.01 1.26 1.41 0.32 0.01 5.23 0.02 77.54 0.18

1998019884 Felsic dike 13.38 0.79 0.02 2.30 3.31 0.79 0.07 1.23 0.05 77.93 0.14

1998019885 Felsic dike 13.99 1.97 0.01 2.81 2.59 1.15 0.14 2.19 0.04 74.96 0.14

1998019854 Pillow lava 14.91 8.36 0.02 12.48 0.31 5.02 0.24 2.58 0.08 54.78 1.21

1998019856 Pillow lava 15.00 9.36 0.02 12.24 0.35 4.69 0.27 2.64 0.08 54.17 1.18

1998019883 Pillow lava 15.71 8.27 0.04 12.08 0.71 3.75 0.22 1.93 0.10 55.98 1.22

1998019861 Pillow lava 15.29 8.97 0.04 13.98 0.49 3.33 0.26 2.38 0.14 53.37 1.74

1998019862 Pillow lava 14.47 9.68 0.04 15.48 0.53 3.61 0.28 1.90 0.14 52.22 1.64

1998019846 Mafic dike - - - - - - - - - - -

1998019803 Mafic dike 15.55 3.53 0.59 11.51 2.08 2.99 0.08 4.24 0.15 58.45 0.84

1998019801 Mafic dike 16.06 11.21 0.56 11.81 1.97 6.72 0.21 1.36 0.06 49.38 0.67
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Sample ID Lithotype Ba_ppm Ce_ppm Co_ppm  Cu_ppm  Ga_ppm  La_ppm  Li_ppm  Mo_ppm  Nb_ppm  Ni_ppm  Pb_ppm  Rb_ppm Sc_ppm  Sm_ppm  Sr_ppm  V_ppm  Y_ppm  Zn_ppm  Zr_ppm

1998019804 Amphibolite 306.00 42.00 10.00 33.00 16.00 22.00 17.00 9.00 3.00 37.00 12.00 84.00 10.00 4.00 238.00 81.00 11.00 40.00 126.00

1998019808 Amphibolite 76.00 54.00 40.00 15.00 19.00 27.00 18.00 5.00 5.00 115.00 16.00 39.00 20.00 6.00 417.00 152.00 13.00 59.00 136.00

1998019858 Amphibolite 379.00 15.00 69.00 375.00 18.00 9.00 28.00 4.00 3.00 164.00 12.00 141.00 21.00 4.00 270.00 122.00 16.00 54.00 106.00

1998019812 Amphibolite 894.00 72.00 23.00 34.00 18.00 49.00 28.00 4.00 4.00 16.00 12.00 84.00 14.00 6.00 716.00 142.00 13.00 96.00 133.00

1998019809 Amphibolite 234.00 58.00 22.00 9.00 18.00 28.00 48.00 4.00 5.00 25.00 18.00 92.00 11.00 6.00 240.00 94.00 17.00 52.00 163.00

1998019870 Amphibolite 387.00 12.00 16.00 942.00 19.00 6.00 26.00 4.00 3.00 35.00 12.00 80.00 11.00 2.00 186.00 101.00 10.00 66.00 116.00

1998019873 Amphibolite 445.00 17.00 14.00 82.00 22.00 10.00 25.00 4.00 3.00 31.00 12.00 68.00 16.00 2.00 188.00 103.00 14.00 132.00 116.00

1998019876 Amphibolite 423.00 13.00 13.00 45.00 21.00 8.00 24.00 4.00 3.00 33.00 12.00 75.00 17.00 2.00 178.00 117.00 11.00 78.00 116.00

1998019880 Amphibolite 373.00 41.00 68.00 311.00 21.00 23.00 42.00 4.00 6.00 62.00 12.00 111.00 19.00 2.00 268.00 121.00 13.00 186.00 120.00

1998019811 Breccia - - - - - - - - - - - - - - - - - - -

1998019814 Breccia 382.00 16.00 14.00 700.00 19.00 7.00 19.00 4.00 3.00 27.00 35.00 162.00 8.00 3.00 98.00 90.00 15.00 125.00 112.00

1998019806 Breccia 620.00 15.00 38.00 7000.00 20.00 9.00 35.00 4.00 3.00 84.00 12.00 131.00 21.00 2.00 187.00 115.00 13.00 57.00 109.00

1998019823 Breccia 491.00 19.00 14.00 89.00 17.00 10.00 23.00 4.00 3.00 26.00 12.00 162.00 10.00 3.00 180.00 99.00 13.00 38.00 118.00

1998019857 Breccia 108.00 21.00 14.00 143.00 19.00 11.00 11.00 4.00 3.00 42.00 12.00 131.00 14.00 5.00 374.00 124.00 8.00 34.00 124.00

1998019868 Breccia 182.00 33.00 5.00 322.00 17.00 20.00 11.00 4.00 3.00 16.00 12.00 162.00 10.00 2.00 282.00 82.00 11.00 27.00 113.00

1998019807 Breccia 150.00 19.00 33.00 380.00 24.00 12.00 18.00 4.00 3.00 119.00 12.00 131.00 55.00 3.00 151.00 111.00 15.00 161.00 106.00

1998019871 Breccia 320.00 17.00 15.00 107.00 18.00 9.00 36.00 4.00 3.00 57.00 12.00 162.00 16.00 2.00 304.00 114.00 13.00 150.00 111.00

1998019863 Breccia 537.00 24.00 7.00 1.00 19.00 12.00 28.00 4.00 3.00 53.00 12.00 131.00 15.00 2.00 168.00 115.00 10.00 102.00 109.00

1998019860 Breccia 373.00 22.00 9.00 71.00 19.00 10.00 32.00 4.00 3.00 14.00 20.00 162.00 10.00 6.00 208.00 118.00 12.00 27.00 127.00

1998019813 Breccia 385.00 18.00 24.00 20.00 19.00 12.00 48.00 4.00 3.00 20.00 12.00 131.00 12.00 5.00 263.00 108.00 10.00 19.00 118.00

1998019802 Breccia 323.00 17.00 17.00 100.00 19.00 10.00 49.00 4.00 3.00 63.00 12.00 162.00 18.00 3.00 180.00 104.00 12.00 66.00 108.00

1998019864 Breccia 190.00 28.00 15.00 12.00 17.00 16.00 9.00 4.00 3.00 51.00 12.00 131.00 16.00 2.00 223.00 105.00 11.00 45.00 113.00

1998019824 Breccia 334.00 24.00 19.00 53.00 18.00 14.00 36.00 4.00 3.00 38.00 12.00 162.00 13.00 5.00 353.00 87.00 9.00 51.00 113.00

1998019831 Breccia 454.00 14.00 11.00 1000.00 23.00 5.00 18.00 4.00 3.00 58.00 16.00 131.00 18.00 8.00 161.00 117.00 14.00 99.00 110.00

1998019833 Breccia 254.00 23.00 19.00 610.00 23.00 5.00 18.00 4.00 3.00 35.00 12.00 162.00 12.00 2.00 119.00 142.00 13.00 40.00 119.00

1998019895 Breccia 436.00 15.00 23.00 2900.00 19.00 8.00 40.00 4.00 4.00 30.00 12.00 131.00 12.00 4.00 331.00 118.00 18.00 36.00 128.00

1998019872 Breccia 436.00 15.00 23.00 2900.00 19.00 8.00 40.00 4.00 3.00 52.00 12.00 162.00 13.00 2.00 157.00 103.00 10.00 89.00 108.00

1998019874 Breccia 609.00 24.00 34.00 2000.00 19.00 14.00 34.00 4.00 3.00 64.00 12.00 131.00 12.00 2.00 245.00 86.00 9.00 62.00 108.00

1999029251 Fragment 220.00 29.00 10.00 9.00 17.00 18.00 - 3.00 4.00 19.00 1.00 13.00 7.20 1.80 379.00 - 6.00 4.00 119.00

1999029252 Fragment 50.00 22.00 12.00 290.00 16.00 14.00 - 1.00 4.00 22.00 1.00 8.00 7.00 2.40 445.00 - 9.00 4.00 114.00

1999029253 Fragment 74.00 31.00 16.00 17.00 14.00 20.00 - 2.00 5.00 23.00 1.00 10.00 7.20 2.40 361.00 - 9.00 9.00 107.00

1999029255 Matrix 200.00 21.00 61.00 1300.00 27.00 8.00 - 1.00 5.00 120.00 9.00 27.00 29.00 4.70 156.00 - 18.00 52.00 101.00

1999029256 Matrix 190.00 22.00 67.00 220.00 28.00 7.00 - 1.00 6.00 120.00 4.00 13.00 25.00 4.30 126.00 - 18.00 47.00 101.00

1999029257 Matrix 200.00 23.00 64.00 120.00 29.00 8.00 - 1.00 4.00 140.00 2.00 30.00 21.00 4.90 139.00 - 18.00 66.00 99.00
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Sample ID Lithotype Ba_ppm Ce_ppm Co_ppm  Cu_ppm  Ga_ppm  La_ppm  Li_ppm  Mo_ppm  Nb_ppm  Ni_ppm  Pb_ppm  Rb_ppm Sc_ppm  Sm_ppm  Sr_ppm  V_ppm  Y_ppm  Zn_ppm  Zr_ppm

1999029259 Diorite 150.00 45.00 21.00 15.00 18.00 18.00 - 1.00 5.00 64.00 1.00 6.00 19.00 4.90 472.00 - 16.00 65.00 106.00

1999029260 Diorite 110 40.00 19.00 13.00 18.00 17.00 - 1.00 6.00 50.00 1.00 7.00 19.00 5.10 478.00 - 17.00 44.00 93.00

1999029261 Diorite 120.00 48.00 20.00 12.00 19.00 18.00 - 1.00 5.00 60.00 1.00 12.00 20.00 6.30 470.00 - 18.00 52.00 86.00

1999029265 Diorite 310.00 59.00 21.00 19.00 18.00 31.00 - 3.00 7.00 23.00 1.00 39.00 12.00 4.90 460.00 - 16.00 39.00 183.00

1999029258 Diorite 230.00 33.00 24.00 41.00 19.00 17.00 - 1.00 5.00 56.00 1.00 13.00 18.00 3.70 489.00 - 14.00 67.00 93.00

1999029262 Diorite 130.00 56.00 9.00 8.00 16.00 24.00 - 1.00 9.00 7.00 1.00 9.00 9.40 5.00 465.00 - 16.00 18.00 221.00

1998019815 Felsic dike 355.00 78.00 3.00 200.00 15.00 41.00 45.00 4.00 8.00 2.00 66.00 114.00 3.00 6.00 28.00 2.00 20.00 1200.00 149.00

1998019817 Felsic dike 362.00 95.00 5.00 419.00 14.00 52.00 17.00 4.00 11.00 3.00 42.00 130.00 4.00 12.00 67.00 4.00 29.00 41.00 177.00

1998019819 Felsic dike 287.00 81.00 13.00 2500.00 13.00 44.00 13.00 4.00 9.00 8.00 22.00 62.00 4.00 7.00 131.00 2.00 21.00 42.00 167.00

1998019820 Felsic dike 425.00 103.00 7.00 492.00 16.00 55.00 18.00 4.00 10.00 8.00 86.00 126.00 5.00 10.00 70.00 3.00 32.00 86.00 187.00

1998019821 Felsic dike 414.00 95.00 5.00 85.00 15.00 50.00 15.00 4.00 8.00 2.00 107.00 105.00 5.00 8.00 53.00 3.00 29.00 78.00 175.00

1998019822 Felsic dike 393.00 80.00 8.00 837.00 14.00 43.00 13.00 4.00 8.00 2.00 15.00 86.00 3.00 7.00 60.00 2.00 26.00 251.00 155.00

1998019827 Felsic dike 388.00 100.00 3.00 18.00 14.00 54.00 31.00 4.00 8.00 4.00 37.00 72.00 3.00 9.00 112.00 2.00 28.00 7000.00 142.00

1998019834 Felsic dike 423.00 91.00 4.00 73.00 16.00 48.00 10.00 4.00 9.00 4.00 223.00 39.00 3.00 9.00 85.00 3.00 21.00 268.00 152.00

1998019848 Felsic dike 603.00 97.00 4.00 168.00 14.00 55.00 21.00 4.00 8.00 9.00 19.00 122.00 3.00 10.00 51.00 4.00 18.00 117.00 147.00

1998019849 Felsic dike 803.00 55.00 4.00 223.00 15.00 26.00 7.00 4.00 8.00 4.00 13.00 28.00 4.00 8.00 137.00 2.00 28.00 41.00 173.00

1998019853 Felsic dike 497.00 92.00 4.00 14.00 15.00 48.00 19.00 4.00 8.00 5.00 17.00 101.00 3.00 9.00 67.00 2.00 24.00 88.00 158.00

1998019877 Felsic dike 401.00 84.00 7.00 963.00 13.00 46.00 5.00 4.00 8.00 1.00 12.00 84.00 4.00 4.00 44.00 2.00 27.00 267.00 161.00

1998019878 Felsic dike 464.00 85.00 14.00 299.00 16.00 44.00 16.00 4.00 8.00 2.00 17.00 89.00 4.00 4.00 68.00 2.00 28.00 3600.00 171.00

1998019879 Felsic dike 220.00 50.00 9.00 398.00 17.00 23.00 11.00 4.00 8.00 2.00 12.00 48.00 3.00 2.00 116.00 2.00 28.00 61.00 177.00

1998019881 Felsic dike 480.00 84.00 5.00 145.00 14.00 44.00 7.00 4.00 8.00 1.00 12.00 86.00 4.00 4.00 31.00 2.00 28.00 78.00 159.00

1998019882 Felsic dike 564.00 69.00 13.00 517.00 12.00 36.00 8.00 4.00 8.00 1.00 12.00 70.00 4.00 2.00 37.00 2.00 21.00 33.00 145.00

1998019890 Felsic dike 375.00 88.00 8.00 448.00 12.00 48.00 15.00 4.00 9.00 6.00 12.00 60.00 6.00 6.00 72.00 2.00 20.00 84.00 184.00

1998019851 Felsic dike 554.00 66.00 3.00 339.00 13.00 34.00 6.00 4.00 9.00 9.00 17.00 32.00 4.00 9.00 137.00 2.00 25.00 30.00 175.00

1998019852 Felsic dike 480.00 84.00 14.00 295.00 17.00 44.00 9.00 4.00 6.00 14.00 12.00 38.00 4.00 7.00 128.00 17.00 13.00 22.00 172.00

1998019847 Felsic dike 434.00 68.00 3.00 249.00 14.00 35.00 7.00 4.00 9.00 4.00 15.00 31.00 4.00 8.00 136.00 2.00 18.00 35.00 176.00

1998019884 Felsic dike 550.00 95.00 3.00 21.00 16.00 50.00 50.00 4.00 10.00 3.00 25.00 113.00 4.00 6.00 100.00 2.00 25.00 34.00 154.00

1998019885 Felsic dike 366.00 88.00 8.00 284.00 15.00 48.00 23.00 4.00 11.00 3.00 15.00 76.00 4.00 5.00 137.00 2.00 29.00 514.00 184.00

1998019854 Pillow lava 163.00 9.00 41.00 23.00 17.00 5.00 27.00 4.00 4.00 68.00 12.00 0.01 38.00 2.00 226.00 270.00 18.00 120.00 79.00

1998019856 Pillow lava 201.00 16.00 42.00 38.00 19.00 7.00 27.00 4.00 4.00 70.00 12.00 0.01 39.00 2.00 245.00 272.00 19.00 116.00 78.00

1998019883 Pillow lava 227.00 10.00 50.00 102.00 19.00 6.00 38.00 4.00 3.00 73.00 12.00 0.04 42.00 2.00 199.00 300.00 20.00 97.00 83.00

1998019861 Pillow lava 247.00 12.00 60.00 101.00 23.00 5.00 37.00 4.00 5.00 115.00 12.00 0.29 38.00 200.00 194.00 354.00 31.00 133.00 99.00

1998019862 Pillow lava 200.00 11.00 52.00 123.00 21.00 8.00 39.00 4.00 5.00 101.00 12.00 0.29 39.00 4.00 180.00 351.00 35.00 142.00 97.00

1998019846 Mafic dike - - - - - - - - - - - - - - - - - - -

1998019803 Mafic dike 524.00 62.00 30.00 1600.00 20.00 45.00 23.00 19.00 3.00 107.00 12.00 0.31 20.00 11.00 205.00 152.00 18.00 140.00 83.00

1998019801 Mafic dike 311.00 5.00 50.00 25.00 17.00 4.00 26.00 4.00 3.00 111.00 12.00 0.09 48.00 2.00 300.00 251.00 15.00 181.00 40.00
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Sample ID Lithotype Y_ppm_INAA  La_ppm_INAA  Ce_ppm_INAA  Nd_ppm_INAA  Sm_ppm_INAA  Eu_ppm_INAA  Tb_ppm_INAA  Ho_ppm_INAA  Tm_ppm_INAA  Yb_ppm_INAA  Lu_ppm_INAA

1998019804 Amphibolite 11.00 20.00 40.00 19.00 3.70 0.90 0.30 0.50 0.20 1.00 0.14

1998019808 Amphibolite - - - - - - - - - - -

1998019858 Amphibolite - - - - - - - - - - -

1998019812 Amphibolite 13.00 40.00 83.00 37.00 6.20 1.70 0.40 0.60 0.50 1.20 0.19

1998019809 Amphibolite - - - - - - - - - - -

1998019870 Amphibolite - - - - - - - - - - -

1998019873 Amphibolite - - - - - - - - - - -

1998019876 Amphibolite - - - - - - - - - - -

1998019880 Amphibolite - - - - - - - - - - -

1998019811 Breccia 14.00 11.00 22.00 12.00 2.60 0.70 0.30 0.50 0.20 1.20 0.18

1998019814 Breccia - - - - - - - - - - -

1998019806 Breccia - - - - - - - - - - -

1998019823 Breccia - - - - - - - - - - -

1998019857 Breccia - - - - - - - - - - -

1998019868 Breccia - - - - - - - - - - -

1998019807 Breccia - - - - - - - - - - -

1998019871 Breccia - - - - - - - - - - -

1998019863 Breccia - - - - - - - - - - -

1998019860 Breccia - - - - - - - - - - -

1998019813 Breccia - - - - - - - - - - -

1998019802 Breccia - - - - - - - - - - -

1998019864 Breccia - - - - - - - - - - -

1998019824 Breccia - - - - - - - - - - -

1998019831 Breccia - - - - - - - - - - -

1998019833 Breccia - - - - - - - - - - -

1998019895 Breccia - - - - - - - - - - -

1998019872 Breccia - - - - - - - - - - -

1998019874 Breccia - - - - - - - - - - -

1999029251 Fragment 6.00 16.00 28.00 9.00 1.70 0.50 0.10 0.50 0.20 0.60 0.07

1999029252 Fragment 9.00 14.00 28.00 10.00 2.20 0.80 0.20 0.50 0.20 0.70 0.11

1999029253 Fragment 9.00 19.00 34.00 11.00 2.20 0.80 0.10 0.50 0.20 0.90 0.11

1999029255 Matrix 18.00 7.60 22.00 13.00 4.50 1.60 0.50 0.50 0.20 1.30 0.20

1999029256 Matrix 18.00 6.90 21.00 14.00 4.10 1.50 0.50 1.00 0.40 1.50 0.22

1999029257 Matrix 18.00 18.00 50.00 15.00 4.60 1.60 0.50 0.90 0.20 1.40 0.22
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Sample ID Lithotype Y_ppm_INAA  La_ppm_INAA  Ce_ppm_INAA  Nd_ppm_INAA  Sm_ppm_INAA  Eu_ppm_INAA  Tb_ppm_INAA  Ho_ppm_INAA  Tm_ppm_INAA  Yb_ppm_INAA  Lu_ppm_INAA

1999029259 Diorite 16.00 17.00 50.00 25.00 5.20 1.40 0.40 0.80 0.20 1.30 0.21

1999029260 Diorite 17.00 18.00 47.00 25.00 5.60 1.50 0.30 0.60 0.40 1.30 0.19

1999029261 Diorite 18.00 18.00 57.00 29.00 6.60 1.60 0.30 1.60 0.50 1.50 0.16

1999029265 Diorite 16.00 34.00 70.00 29.00 5.70 1.20 0.10 0.70 0.20 1.40 0.20

1999029258 Diorite 14.00 18.00 41.00 20.00 4.10 1.20 0.40 1.00 0.20 1.50 0.18

1999029262 Diorite 16.00 23.00 64.00 24.00 5.10 1.20 0.10 0.10 0.20 1.90 0.17

1998019815 Felsic dike - - - - - - - - - - -

1998019817 Felsic dike - - - - - - - - - - -

1998019819 Felsic dike 21.00 44.00 88.00 35.00 6.50 1.10 0.60 1.50 0.30 2.30 0.40

1998019820 Felsic dike - - - - - - - - - - -

1998019821 Felsic dike - - - - - - - - - - -

1998019822 Felsic dike - - - - - - - - - - -

1998019827 Felsic dike - - - - - - - - - - -

1998019834 Felsic dike - - - - - - - - - - -

1998019848 Felsic dike - - - - - - - - - - -

1998019849 Felsic dike - - - - - - - - - - -

1998019853 Felsic dike - - - - - - - - - - -

1998019877 Felsic dike - - - - - - - - - - -

1998019878 Felsic dike - - - - - - - - - - -

1998019879 Felsic dike 28.00 47.00 95.00 37.00 6.80 1.20 0.70 1.20 0.40 2.30 0.42

1998019881 Felsic dike 28.00 43.00 86.00 33.00 6.20 1.10 0.60 1.10 0.30 2.40 0.40

1998019882 Felsic dike - - - - - - - - - - -

1998019890 Felsic dike - - - - - - - - - - -

1998019851 Felsic dike - - - - - - - - - - -

1998019852 Felsic dike - - - - - - - - - - -

1998019847 Felsic dike 18.00 48.00 92.00 34.00 6.20 0.90 0.50 0.80 0.20 1.70 0.33

1998019884 Felsic dike - - - - - - - - - - -

1998019885 Felsic dike - - - - - - - - - - -

1998019854 Pillow lava - - - - - - - - - - -

1998019856 Pillow lava 19.00 6.80 16.00 8.00 2.90 1.00 0.50 1.00 0.50 2.30 0.32

1998019883 Pillow lava - - - - - - - - - - -

1998019861 Pillow lava 31.00 5.60 14.00 9.00 3.90 1.40 0.80 1.40 0.60 3.20 0.42

1998019862 Pillow lava - - - - - - - - - - -

1998019846 Mafic dike 13.00 22.00 42.00 18.00 3.20 0.90 0.20 0.50 0.30 1.30 0.14

1998019803 Mafic dike - - - - - - - - - - -

1998019801 Mafic dike - - - - - - - - - - -


