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units are marked by zones of intense folding to complete transposition of the compositional layering 

(Figure 5-31D). Gold mineralization is frequently spatially associated to these high-strain zones (chapter 

7). The kinematic and displacement along the conveyor shear are unknown. Plan views of the high-strain 

zone show little evidence of asymmetrical features or kinematic indicators (Figure 5-30D). Section views 

from drill core intersections and underground faces show abundant asymmetrical features, such as quartz-

carbonate sigmoids, and suggest a dip-slip component, with a tentative west-side-down sense of motion. 

The “B-block shear” (local name) is a similar, intensely carbonate-altered high-strain zone that is located 

east of the conveyor shear (Figure 5-30A). It is mapped from section 11400 N to section 12400 N and 

affects the Bvol and faulted limb of an isoclinal antiform-synform pair outlined by the NIF (Figure 

5-30A, B; Figure 5-32). Goldcorp’s maps and sections do not show evidence of intense strain in the 

underlying BIF, which would indicate that the B-block shear does not extend down-section. As for the 

conveyor shear, the sense of motion and displacement along the B-block shear zone is unconstrained. 

Overall, observations suggest that the conveyor shear and parallel similar high-strain zones played a 

significant role in accommodating deformation, presumably during the late stage of D2 deformation. The 

carbonate alteration is likely related to the gold-bearing hydrothermal alteration event (chapter 7). 

Alternatively, a portion of this large-scale carbonate-replacement may also be due to CO2 devolatilisation 

during late metamorphism of the underlying BIF (chapter 6). 

A lenticular slice of the NIF hosting ore zones (B-block; chapter 7) is delineated by the conveyor and B-

block shear zones along the eastern limb of the East Bay synform. Its nature and significance are 

unequivocal, but may have implications for exploration. Goldcorp’s geologists have previously 

interpreted this structure either as a sheath fold or as the result of late brittle sinistral strike-slip faulting. 

The geometry of the lenticular slice evolves from south to north as portrayed on selected mine sections 

(Figure 5-32): On section 11430 N (Figure 5-32A), it occurs as a lens of unit 4F surrounded by unit Bvol, 

gradually thickens and lengthens northward along-strike to include other facies of the NIF (Figure 5-32B 

to D). This slice progressively merges with the main NIF horizon near section 11750 N to become a 

second-order isoclinal antiform of the East Bay synform. Concurrently, mafic rocks of unit Bvol laying 

east of this portion of the NIF thin out to the north and ultimately disappear on section 12600 N, where 

the slice merges with the NIF of the eastern limb of the East Bay synform. 
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Besides the previously invoked models, there are alternative interpretations for this complex but 

economically important structure (chapter 7): One is that it results from the interplay of dip-slip motions 

along the adjacent coalescent shear zones oriented at an angle oblique to that of F2 axial planes. A similar 

explanation involving strike-slip motion appears unlikely as no horizontal kinematic indicators have been 

documented so far. Another option involves a pre-existing F1 fold(s), potentially associated with a fault 

zone, subsequently refolded by the East Bay synform. This hypothesis is supported by the presence of 

slivers of unit 4A within unit 4B, near the hinge zone of the East Bay synform, which may represent the 

nose of synclinal F1 folds refolded by an F2 fold; similar neighbouring 4EA slivers may then correspond 

to F1 anticlinal fold noses (Figures 5-24; 5-32C, D). 

5.4.4 Evidence of high D2 deformation intensity 

The development of carbonate-altered high strain zones in mafic volcanic rocks structurally above the 

NIF is symptomatic of the high intensity of D2 deformation (Figure 5-32). It is also illustrated by the 

extreme tightness of the East Bay synform, the attenuation of its eastern limb, and associated thickening 

of the fold hinge zone (Figure 5-21 to Figure 5-24). Furthermore, folds limbs are locally affected by 

ductile fault zones that tend to fan around the axial plane of the main fold (Figure 5-33A, B). These zones 

affect the NIF sequence in a similar way than mesoscopic shear bands affecting the S0-1 in oxide-BIF (unit 

4B; Figure 5-33C). 

As deformation intensity increases, thickened fold hinge zones comprising competent layers form more 

rigid features, inducing strain to concentrate along fold limbs, which progressively pinch and become 

inverted between hinge zones. This is documented at band-scale in oxide-BIF (Figure 5-33D) and at 

mine-scale on PQ trench, where the east limb steeply dips to the east (Figure 5-20). 

BIF tend to accommodate more strain compared to the surrounding volcanic rocks (Figure 5-10A and 

5-34A). The high intensity of D2 strain leads to strongly disrupted and transposed compositional layering 

in the BIF. This is notably illustrated on mine level 280, Esker area, located in the upper part of the east 

limb, where a section of the NIF is exposed. Centimetre-scale F2 folds are isolated by the development of 

detachment surfaces (Figure 5-34B, C), and boudinage is well-developed (Figure 5-34D), similarly to that 

of PQ trench (Figure 5-27). 
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Figure 5-32: Geometry of the NIF Duplication Structure. A. Section 
11430 N. B. Section 12775 N (335 m north of A). C. Section 
12000 N (225 m north of B). D. Section 12675 N (675 m 
north of C). 
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Figure 5-34: Detachment structures in the BIF A. Grab sample of intensely deformed chert-grunerite BIF 
(unit 4A) in contact with foliated and biotite-altered mafic rocks of the “Basement basalts”, mine level 280, 
Esker area. B. Drill core segment of chert-grunerite BIF showing the intense disruption of BIF layering 
through folding, boudinage, and faulting (sample MW-13-351, DDH 12-PIL-001, mine level 280, Esker area). 
C. Thin section from sample MW-13-351 showing the development of detachment surfaces in the BIF. D. Slab 
of strongly boudinaged chert-magnetite BIF (unit 4B), mine level 280, Esker area. 

5.4.5 First-order structure 

The northeastern contact between the NCG and the Schade Lake gneissic complex is marked by a series 

of ductile fault zones, which are termed the “North Rim fault” (NRF; Breaks et al., 2001), in the 

Eyapamikama Lake area, the Dinnick Lake shear zone north of Opapimiskan Lake (DLSZ; Gagnon et al., 

2016), and the Totogan shear zone (TSZ; chapter 2) in the eastern part of the NCG. Although these fault 

segments may have different kinematics and timing, they likely form the same first-order structure. 

Reconnaissance geological mapping north of the Opapimiskan Lake area consisted in traverses across the 

DLSZ and Akow Lake shear zone (ALSZ), which occurs west and parallel to the DLSZ (Figure 5-1). The 

ALSZ juxtaposes the ELS against the NRA along a zone of moderately to strongly deformed, locally 

mylonitic mafic rocks. A east to west section across the DLSZ shows that the main fabric in rocks of the 

Schade Lake Gneissic Complex evolves from a moderately (37°) east-dipping to a sub-vertical intense 

foliation at the contact with the NCG (Figure 5-35B). This steepening appears to be accompanied by a 

shift in azimuth from N350° to N334°. Across the main contact within rocks of the NRA, the main fabric 

shows local orientation variations (N130° to N170°) but remains very steep to sub-vertical. Asymmetric 

z-shaped F2 folds with shallow to moderate SSE- and NNW-plunging axis and back-rotated quartz vein 

boudins suggest dextral transpression (Figure 5-35A). These observations are consistent with previous 

studies (Breaks et al., 2001; Van Lankvelt, 2013; Gagnon et al., 2016). Implications on the regional 

evolution of the NCG are discussed in chapter 10. 

The possible southward extension of the ALSZ and DLSZ was investigated by studying cores of a SW-

dipping exploration drill hole (11-282-003; Figure 3-26), collared east of Musselwhite mine. Around 700 

m down-hole, drill core segments include schists of the ZHA with a strong, eastward increasing strain 

gradient. It is evidenced by the progressive development of a steeply NNE-dipping mylonitic fabric and 

strong mineral recrystallization/segregation (e.g., quartz-feldspar bands alternating with biotite-rich 

bands; Figure 5-36A), and an increase in the proportion of sheared quartz vein boudins. Kinematic 

indicators are globally scarce, but the vergence of microscopic folds in mylonitised metasedimentary rock 

of the ZHA suggests an east-side-up component of motion (Figure 5-36B). 
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Figure 5-36: NCSZ. A. Mylonitised metasedimentary rock of the ZHA. B. Microphotograph of a strongly 
deformed quartz-biotite-muscovite matrix, sample MW-13-328, DDH 11-282-003, @700 m depth. 

5.5 D3 deformation 

The D3 deformation phase postdates the main regional metamorphic event in the Opapimiskan Lake area 

(Breaks et al., 2001; Hall and Rigg, 1986). D3 deformation is present in all structural domains, yet discreet 

and unevenly distributed. Orientations of D3 fabrics slightly vary due to the nature and pre-existing 

structural complexity of the bedrock. The intensity of D3 structural features increases to the southeast, 

culminating at the Markop Lake shear zone (chapter 2). 

5.5.1 F3 folds 

F3 folds are open to close, Z-shaped and plunge moderately to the WSW (Figure 5-37A). A second, 

possibly conjugate, set of folds occurs in the WASD, locally producing polyclinal, box-type F3 folds 

(Figure 5-37B; McClay, 1987). F3 folds are generally best developed in strongly anisotropic rocks, such 

as mylonitic volcanic rocks or BIF (Figure 5-37B, C, D). 

In BIF, F3 Z-folds are present as weak to well-developed distortion of F2 folds and S0-1 layering (Figure 

5-38A). F3 are frequently associated with diverse subordinate structures, including localized faults and 

shear zones, slip surfaces, and drag folds (Figure 5-38B). In rigid lithologies, such as felsic rocks, F3 folds 
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Figure 5-38: A. F2-F3 fold interference in BIF, Trench 4 exposure, West antiform area. See Figure 5-41A for 
structural fabric relationships. B. F3 and secondary structural features in chert-rich BIF along an F2 limb, 
unnamed exposure 350 m SW of Trench 4, West antiform area, UTM 676130/5832295. 
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Figure 5-39: A. Folded felsic unit in ZHA sediments displaying axial planar quartz veins, surface exposure 
near UTM 686418/5826235. B. West-trending quartz veins filling inter-boudin spaces in quartz-rich beds of 
ZHA sedimentary rock, surface exposure near Graff Lake (UTM 684200/5827200). C. West-trending quartz 
veins formed in a competent felsic unit and axial-planar to open F3 folds in fine-grained ZHA sedimentary 
rock, same exposure as B. 
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Figure 5-40: S3 foliation at Trench 4, West antiform area. A. S3 kink bands in mylonitised tholeiites of the 
“Basement basalts” unit on PQ trench, MASD. B. SSW-trending S3 crenulation in magnetite-rich oxide-BIF. 
C. S3 crenulation and F3 folds overprinting the F2-folded S0-1 compositional layering, Trench 5, West antiform 
area. 
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6 METAMORPHISM 

Metamorphism is intrinsically linked to tectonic evolution through a variety of processes, often 

concomitant, including progressive burial due to crustal thickening, and/or heating through igneous 

activity (e.g., Winter, 2001). Metamorphism induces two main types of change: phase changes, whereby 

the original minerals are replaced by new metamorphic (paragenetic) minerals; and textural changes, 

during which minerals are recrystallized to produce new textures such as mineral alignment or coarsening 

(e.g., Yardley, 1989). The textural and overprinting relationships between the metamorphic paragenesis 

and structural fabrics give information on the relative timing and evolution of tectonometamorphic events. 

Metamorphism often has an important role in the formation of orogenic lode gold deposits (e.g., Groves 

et al., 2003; Phillips and Powell, 2010), providing fluids that leach, transport and subsequently precipitate 

metals in or near major structures. 

As described in chapters 2 and 5, field, petrographic and petrologic data shows that the North Caribou 

greenstone belt (NCG) underwent two major deformation phases, which are associated with an episode of 

regional metamorphism that reached upper greenschist to amphibolite facies (Breaks et al., 1986; Hall and 

Rigg, 1986). Recent work has suggested the differentiation of two major metamorphic events dated at ca. 

2.86 Ga and ca. 2.75-2.71 Ga (Kalbfleisch, 2012). Evidence for a number of subsequent, possibly 

retrograde, metamorphic events has also been identified (Otto, 2002; Biczok et al., 2012; Gagnon, 2015; 

Kelly and Schneider, 2015). 

This chapter presents the petrography, metamorphic paragenesis and textural/structural relationships of 

the supracrustal rocks in the Musselwhite mine area in order to better understand the tectonometamorphic 

evolution of the NCG and its links with gold mineralization. The description focuses on non-mineralized 

units in the mine area. Altered samples of BIF facies are also briefly presented as they provide insights on 

the relative timing of metamorphism and gold mineralization, however, detailed description and 

discussion on this topic is covered in the next chapters. 

6.1 Metamorphic paragenesis of ultramafic and mafic volcanic rocks 

In the Opapimiskan Lake area, mafic volcanic rocks consist of basalts and komatiitic basalts dominantly 

of tholeiitic affinity. Ultramafic rocks mostly consist of komatiites and local sills with diverse magmatic 

affinity. Least-altered ultramafic volcanic rocks have a typical metamorphic assemblage including Mg-

rich chlorite-actinolite ± cummingtonite, whereas mafic volcanic rocks contain hornblende-plagioclase ± 

magnetite (chapter 3; Figures 3-9, 3-37 and 6-1). These parageneses are consistent with amphibolite-
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7 CHARACTERISTICS AND DISTRIBUTION OF GOLD-
MINERALIZED ROCKS 

The study of gold-mineralized zones is critical to understand the genesis of the Musselwhite deposit. 

Previous studies have noted the spatial association of gold with D2-related structures (Hall and Rigg, 

1986; Breaks et al., 1985), as well as the presence of two major gold mineralization styles, consisting of 

quartz veining and sulphide-replacement of BIF (Hall and Rigg, 1986; Breaks et al., 2001; Otto, 2002; 

Blower and Kiernan, 2003; Moran, 2008; Biczok et al., 2012). Musselwhite has been described as an 

orogenic gold deposit (Otto, 2002), and a genetic relationship with magmatism was also suggested (Isaac, 

2008; Stott and Biczok, 2010; Biczok et al., 2012). Previous petrographic studies of Musselwhite ore 

partly focused on the texture and chemical composition of garnet porphyroblasts to constrain the timing 

of gold mineralization (Kolb, 2010; Biczok et al., 2012; Duff, 2014). 

This chapter presents the macroscopic, microscopic, and geochemical characteristics of gold 

mineralization at Musselwhite, focusing on the most economically viable host rock (garnet-grunerite BIF, 

unit 4EA), and depicts the relative timing relationships between gold mineralization and structural and 

metamorphic events. The replacement-style mineralization is mainly hosted in the garnet-grunerite BIF 

(unit 4EA), but also occurs with some mineralogical and textural variations in the garnet amphibolite (unit 

4E), the grunerite-chert BIF (unit 4A), and the clastic and pure oxide-BIF (unit 4B, including facies 4Bc). 

Vein-style mineralization is hosted by the garnet-biotite schist (unit 4F), with rare occurrences of mafic 

volcanic rock-hosted auriferous veins (unit Bvol). Gold mineralization in unit 4B is a hybrid between the 

two main styles with replacement of magnetite by pyrrhotite and systematic presence of quartz veins.  

7.1 Distribution and geometry of mineralized zones 

Gold ore zones at Musselwhite are structurally related to F2 folds (Figures 7-1, 7-2, 7-3, 7-4), regardless 

of host rock or mineralization style (Table 7-1). Ore zones are spatially associated with axial-planar high 

strain zones crosscutting hinges of tight F2 folds (e.g., PQ Deeps, T-antiform, Jets) or along their 

attenuated limbs (e.g., Lynx, Esker, West limb), and commonly overlap the contact between unit 4B and 

4EA (e.g., A-, B-, and C-blocks; Figure 7-2). Ore zones are 100-250 m-high and 5-15 m-thick, and extend 

over 200-1000 metres in length. In a few occurrences, economic gold mineralization shows a spatial 

association with a deformed ultramafic dyke. This is the case of the S2 and S3 ore zones (as mapped on 

mine level 1045, Figure 5-26B), which are located along strike of the dyke mapped on section 11775 N 

(Figure 7-2; Goldcorp Inc.). In the main part of the mine (PQD, TAN, and East limb areas), the ore zones 









 

  326 

Biotite and carbonate alteration is developed in rocks exposed at PQ trench and in mined-out open pits in 

the mine area (Figures 3-9B, 8-10A, B and 8-11). Relative timing relationships suggest that alteration is 

largely syn-deformation. Boudins of altered mafic rock and quartz-carbonate veins suggest deformation 

slightly outlasts alteration (Figure 8-11B). Potassic alteration is marked by the progressive development 

of light-brown biotite in green amphibolitic mafic rock (Figure 8-12A, B, C). Plagioclase feldspar is 

preferentially and commonly completely altered to sericite. As alteration increases, hornblende is replaced 

by biotite, and patches of deep brown biotite are formed. 

Carbonate alteration commonly affects rocks that are biotite alterated (Figure 8-12D, E, F). Calcite is 

present as discrete wisps and veinlets in weakly altered rocks and as a pervasive, anastomosed network in 

the most strongly altered rocks (Figures 5-30 and 8-12D). In carbonate-altered rocks, elongated garnet 

porphyroblasts are locally present (Figure 8-12D). In some occurrences, carbonate alteration comprise an 

assemblage of hornblende-diopside/hedenbergite-quartz-calcite (Figure 8-12E, F, G). The presence of 

clinopyroxene either relates to an alteration under amphibolite facies metamorphic conditions or to a 

metamorphosed carbonate alteration, similar to that observed in the iron formation (chapter 6). 
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Figure 8-11: Biotite and carbonate alteration in unit Bvol, PQ trench, mine area. A. Quartz veins with 
ankerite-calcite proximal alteration halo in Bvol basalt. Veins are affected by D2-folding, and D2-flattening is 
evidenced by strong boudinage. B. Close-up on proximal alteration near the veins. The difference in foliation 
intensity as well as the development of boudinage show deformation outlasted veining and alteration. C. 
Intense deformation of quartz-carbonate veins in Bvol basalt. 
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during peak amphibolite facies metamorphism. At Lupin, magmatism has contributed to the regional heat 

flow during gold mineralization (Geusebroek and Duke, 2004), which is apparently not the case at 

Musselwhite.  

10.6.2 Mineral Hill, Jardine, Montana, USA 

The Mineral Hill mine is a lode gold deposit hosted in upper-greenschist to lower-amphibolite facies BIF 

of the Archean Wyoming craton (Smith, 1996). The rock sequence also comprises 3.0-3.2Ga 

metaturbidites and metapelites (Hallager, 1984; Smith, 1996), a lithological setting which is similar to 

that of the Lupin deposit. 

The iron formation is dominantly Al-poor silicate facies BIF constituted by chert and grunerite, with local 

garnet-bearing pelitic lenses. This mineralogy is equivalent to units 4A and 4EA at Musselwhite. The 

tectonometamorphic evolution of the Mineral Hill deposit area also includes three major phases of 

deformation (Smith, 1996, and references therein): D1, large-scale isoclinal folds, locally recumbent, with 

strong axial planar S1 foliation; followed by D2 upright close folds, and well-developed S2 crenulation 

cleavage; and D3 open folds and weak axial planar fabric. Habitus and textures of garnet and alumino-

silicates porphyroblasts suggest that peak metamorphism occurred during M1. Estimates of peak P/T 

conditions range between 530 and 560°C and 3 kbar. Local occurrences of sillimanite suggest that 

metamorphic conditions were locally higher, similar to that of Musselwhite. 

Gold mineralization at Mineral Hill consists in arsenopyrite-pyrrhotite sulphidation of the BIF and 

spatially associated quartz veins crosscutting the iron formation layering. Hydrothermal alteration is 

mainly characterized by the conversion of grunerite into hornblende, with local masses of clinozoisite 

(Smith, 1996). Overall alteration and ore mineral assemblages are very similar to that of Musselwhite and 

Lupin. Likewise, carbonate alteration is conspicuously absent. In addition to Au, trace metal enrichments 

included As, Ag, Cu, Zn, Pb and Bi. 

Proposed genetic models at Mineral Hill include a remobilized syngenetic origin for gold mineralization 

(Hallager, 1984) or more recently, a syn-metamorphic epigenetic origin (Smith, 1996, and references 

therein). Gold mineralization was tentatively attributed to prograde lower-amphibolite M1 metamorphism 

based on textural relationships between garnet and alteration minerals, arsenopyrite growth, and deformed 

veins crosscutting the S1 foliation. While garnet at Mineral Hill does not show coarsening with proximity 

with the ore, internal chemical zoning, inclusion size and abundance variations, and syn-kinematic growth 

are quite similar to that of garnet porphyroblasts at Musselwhite (chapter 7). Mineral Hill lacks the coarse, 
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APPENDICES 

Appendices I to XIII in separate file. 


