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Abstract 

The Central Manitoba mine trend is one of the most important lode gold camps in the Rice 

Lake greenstone-granitoid belt of the western Uchi Subprovince within the western Superior 

Province, Manitoba, Canada. Neoarchean host rocks consist of a south-facing volcano-

sedimentary succession (2.75ï2.73 Ga) intruded by voluminous gabbroic sills and tonalitic-

granodioritic plutons (2.73ï2.72 Ga), as well as late aplite dikes (2.73ï2.72 Ga) and quartz-

feldspar porphyry dikes (2.73ï2.71 Ga). Five generations of deformation structures have been 

recognized through detailed geological mapping. The entire succession was folded during early 

deformation prior to rare late aplite dike emplacement. All fault-fill veins and extension veins cut 

all lithologic units, and are structurally governed by late conjugate shear zones. Main gold 

mineralization occurs within fault-fill veins hosted by west-trending steeply-dipping dextral 

brittle-ductile and ductile shear zones, which occur along or across contacts of metabasalt, 

metagreywacke and metagabbro or entirely within metagabbro. Microstructural and paragenetic 

analyses on main gold-bearing veins have revealed that gold is intimately associated with quartz, 

pyrrhotite and tellurobismuthite. Main gold introduction is interpreted to have taken place 

contemporaneously with pyrrhotite and tellurobismuthite deposition early during dextral 

shearing. 

The Ogama-Rockland gold deposit consists of shear zone-associated quartz veins hosted by 

the Ross River pluton, a ca. 2728ï2724 Ma tonalitic-granodioritic intrusion in supracrustal rocks 

(< ca. 2745ï 2731 Ma) of the Bidou assemblage within the Rice Lake greenstone belt. The 

plutonic host rocks contain NE-to-ENEïtrending, steep, early foliation that is overprinted by late 

conjugate sets of W-to-NWïtrending dextral and N-to-NEïtrending sinistral shear zones. Early 

gold introduction associated with folded veins and low grade planar extension veins occurred 

before shearing. Main gold mineralization and remobilization are associated with highly 

auriferous NW-trending steep shear veins. They were likely emplaced late during dextral 

shearing. Most of the native gold occurs in fractures and grain boundaries of quartz, pyrite and 

chalcopyrite-bornite in shear veins, which reflects a strong structural and mechanical control on 

the microscopic scale. 

Early gold mineralization associated with low grade planar veins at the Ogama-Rockland 

deposit is constrained at ca. 2728 Ma, based on U-Pb zircon ages from two phases of host 

tonalite (2728.7 ± 0.7 Ma; 2728.2 ± 0.6 Ma) and one aplite dike (2727.9 ± 1.6 Ma) that cuts the 
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early low grade veins. A Re-Os molybdenite age of 2727.4 ± 4.8 Ma was obtained from one vein 

that cuts aplite dikes and sheeted veins, which agrees well with the U-Pb zircon ages of the dated 

tonalite phases and the aplite dike. The dated tonalite phases, aplite dike and the dated vein are 

all cut by late ductile or brittle-ductile shear zones, indicating their emplacement, and possibly 

early gold mineralization, occurred before dextral shearing. The close time association and high 

Re concentration in the dated molybdenite suggest that granitoid magmas were the source of 

mineralizing fluids for early gold mineralization. High grade gold mineralization in dextral 

shear-zoneïhosted veins represents a later gold introduction and/or remobilization during dextral 

shearing.  
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This thesis is focused on the structural and lithostratigraphic setting and timing of gold 

mineralization at two Archean lode gold deposits in the southeastern Rice Lake greenstone belt 

of the western Superior Province. One case study deals with stratigraphic succession, structural 

setting and lode system at the greenstone-hosted Central Manitoba mine trend. The other case 

study examines the structural setting, veining sequence and paragenesis, and absolute timing of 

the tonalite-hosted Ogama-Rockland deposit. In this chapter, the author introduces basic 

geological background and overall objectives and organization of the thesis. Geology of the 

Superior Province and Rice Lake greenstone belt is summarized first. This is followed by a very 

brief review of exploration history and previous literature at these two gold deposits. The 

objectives and organization of this thesis are documented in detail. Lastly, publication of 

chapters is briefly described. 

1.1 The Superior Province in southeastern Manitoba 

The western Superior Province in southeastern Manitoba is subdivided into three east-

trending lithotectonic units based on rock type, absolute ages, metamorphic grades and 

geophysical signatures: the North Caribou terrane, the Uchi Subprovince and the English River 

Subprovince (Fig. 1.1; Poulsen et al., 1996; Bailes et al., 2003; Anderson, 2008, 2013a, b). The 

North Caribou terrane consists of the 2.99ï2.92 Ga Mesoarchean Wallace assemblage (Davis, 

1994; Percival et al., 2006a, b; Sasseville et al., 2006), the 2.87ï2.85 Ga Mesoarchean Garner 

assemblage (Davis, 1994; Anderson, 2013a, b), and the 3.01ï2.99 Ga English Lake, 2.94ï

2.90 Ga East shore and the 2.75ï2.69 Ga Wanipigow River plutonic complexes (Corfu and 

Stone, 1998; Whalen et al., 2003; Percival et al., 2006a, b). The boundary between the North 

Caribou terrane and the Uchi Subprovince is defined by the Wanipigow fault, which is a crustal-

scale, subvertical shear zone with a multiphase deformation history (Anderson, 2008). The Uchi 

Subprovince is constituted of the 2.75ï2.73 Ga Neoarchean Bidou assemblage (Turek et al., 

1989; Bailes et al., 2003; Percival et al., 2006a; Anderson, 2008); the 2.73ï2.72 Ga Ross River 

plutonic suite (Turek et al., 1989; Anderson, 2008; Chapter 4); the 2.73ï2.72 Ga Gem 

assemblage (Davis, 1994; Anderson, 2013b); the 2.71ï2.69 Ga Edmunds assemblage (Davis, 

1996; Lemkow et al., 2006; Anderson, 2013a, b); and < 2.705 Ga San Antonio assemblage 

(Percival et al., 2006a). The Rice Lake greenstone belt defines the western-most exposed portion 

of the Uchi Subprovince to the west of the southern border between Manitoba and Ontario. The 
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interface between the Uchi and English River Subprovinces is marked by the curvilinear, crustal-

scale, subvertical Manigotagan fault (Poulsen et al., 1996; Anderson, 2008). The English River 

Subprovince is equivalent to the English River basin in Ontario, using the nomenclature of Stott 

et al. (2010). The English River Subprovince includes 2.72ï2.70 Ga amphibolite to granulite 

facies metasedimentary rocks (Corfu et al., 1995; Davis, 1996; Anderson, 2013a) and the 2.7 Ga 

voluminous dioriteïtonaliteïgranodiorite plutonic rocks (Corfu et al., 1995). 

1.2 The Rice Lake greenstone belt 

Neoarchean metavolcanic rocks in the Rice Lake greenstone belt mostly range from 2.75 to 

2.72 Ga, and are overlain by metasedimentary rocks deposited after 2.71 Ga (Krogh et al., 1974; 

Ermanovics and Wanless, 1983; Turek et al., 1989; Turek and Weber, 1991; Davis, 1994, 1996; 

Percival et al., 2006; Sasseville et al., 2006; Anderson, 2008, 2013a, b) (Fig. 1.2). All the 

supracrustal rocks are metamorphosed to greenschist facies, although amphibolite facies 

conditions were reached around the margins of plutons (Poulsen et al., 1996). We omit the prefix 

ñmetaò in the following descriptions for brevity, since primary sedimentary and volcanic 

structures are well preserved. 

The greenstone belt is intruded by voluminous gabbroic intrusions and by the ca. 2.73ï2.72 

Ga tonalitic-granodioritic Ross River pluton (Turek et al., 1989; Anderson, 2008, 2013b). All of 

these rocks are intruded by ca. 2.73ï2.71 Ga quartz feldspar porphyry and aplite dikes (Turek et 

al., 1989; Anderson, 2008, 2013a, b; Chapter 4). 

All the supracrustal rocks of the Bidou assemblage to the east of the Ross River pluton are 

folded by the regional-scale Beresford Anticlinorium. Supracrustal units strike west-to-northwest 

and are steeply-dipping (Fig.1.1b, 1.2). Discrete, narrow and widely-spaced brittle-ductile shear 

zones are well developed in the supracrustal and plutonic rocks. Some ductile shear zones are 

concordant or slightly discordant with lithologic trends (e.g., the North Carbonate Shear Zone), 

whereas others crosscut lithologic contacts (e.g., the South Carbonate Shear Zone). 

1.3 Brief deposit history and previous work 

1.3.1 The Central Manitoba mine trend 

The Central Manitoba mine trend (Fig. 1.1, 1.2) produced ~160,000 ounces of gold between 

1927 and 1937 from four main shafts: the Growler, Kitchener, Tene and Hope (Stockwell and 
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Lord, 1939; Poulsen et al., 1996). Here, gold is associated with quartz veins in shear zones along 

or across the contacts among gabbro, basalt and greywacke. The deposit appears to be a typical 

orogenic gold deposit, providing an ideal opportunity to further our understanding of this type of 

deposit. Although pioneering regional-scale to camp-scale surface mapping and underground 

mapping were conducted in the 1930s and 1990s (Stockwell and Lord, 1939; Brommecker, 

1991), little detailed research has been published, nor has the genesis of the deposits been 

addressed.  

1.3.2 The Ogama-Rockland gold deposit 

The Ogama-Rockland gold deposit is situated within the southeast margin of the Ross River 

pluton (Fig. 1.1, 1.2). It produced ~ 50,000 ounces of gold in the 1940s (Poulsen et al., 1996), 

and has recently been estimated to contain an inferred mineral resource of 337,000 ounces at an 

average grade of 8.17 g/t based on results of new drilling programs (Chater et al., 2013). Gold 

mineralization mainly occurs in quartz-(carbonate) veins spatially associated with discrete 

ductile shear zones in altered host felsic plutonic rocks. Previous work at this deposit includes 

several thesis studies by Troop (1949), Keith (1988) and briefly by Brommecker (1991), which 

are mainly concerned with shear zone kinematics and its relation to ore shoot. 

1.4 Thesis objectives 

The main objectives of the thesis are to establish the lithostratigraphic and structural setting 

of the Central Manitoba mine trend and the Ogama-Rockland deposit through detailed geological 

mapping, and to constrain relative and absolute timing of gold mineralization at the Ogama-

Rockland deposit via field relations, ore textures, and U-Pb and Re-Os geochronology. The 

specific and critical objectives of this thesis are to investigate: 

1. Sequential, contact and crosscutting relationships of the host stratigraphic succession at 

the Central Manitoba mine trend; 

2. Various intrusive phases of the host Ross River pluton and their crosscutting relations at 

the Ogama-Rockland gold deposit; 

3. Multiple generations of deformation structures and their structural development, with 

emphasis on shear zone geometry and kinematics and their spatial and temporal relationships 

with host vein emplacement for both deposits; 

4. Veining sequence at both deposits; and its spatial, temporal, and possibly genetic 
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relationships with host plutonic rocks and associated aplite dikes, particularly at the Ogama-

Rockland gold deposit; 

5. Paragenetic sequence of vein minerals for both deposits and their relative timing with 

alteration minerals during progressive development of zoned alteration envelopes at the Ogama-

Rockland gold deposit; 

6. Nature and different stages of primary gold deposition and secondary gold remobilization 

associated with deformation processes at the Ogama-Rockland gold deposit; and structural 

control on ore shoots at all scales for both deposits; 

7. Absolute age constraints on gold mineralization at the Ogama-Rockland gold deposit. 

In order to solve these outstanding issues and uncover fundamental geologic processes that 

were related to gold mineralization, detailed camp-scale (1:1000; 1:5000) and outcrop-scale 

(1:50) geological mapping have been carried out in the vicinity of both deposits for three 

summers, with emphasis on key crosscutting relationships and structural analysis. This is 

followed by careful hand specimen and thin section examinations on petrography, ore texture 

and microstructure, to constrain paragenesis and related deformation structures. Absolute age 

constraints have been obtained via the U-Pb zircon/monazite isotope dilution ï thermal 

ionization mass spectrometry (ID-TIMS) and Re-Os molybdenite isotope dilution ï negative 

thermal ionization mass spectrometry (ID-NTIMS) methods, using samples with well-established 

structural and paragenetic contexts. 

1.5 Organization of thesis 

The thesis is constituted of three main chapters (2-4). Each chapter is concerned with several 

key issues around a certain topic at one single deposit and is written as a stand-alone journal 

manuscript. For the latter reason, some repetition among the chapters, e.g., in description of 

regional geological setting, is unavoidable. Evidence in individual chapters is generally 

organized from field to laboratory with progressively increasing observation scale, and 

comparisons with earlier chapters are common. References for all chapters are compiled at the 

end of the thesis. 

For the convenience of structural description and correlation, a certain deformation 

generation, and associated fold, foliation as well as lineation are termed Gn, Fn, Sn, and Ln at the 

Central Manitoba mine trend; whereas for the Ogama-Rockland deposit they are termed Gnô, Fnô, 
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Snô and Lnô, respectively. Five generations of deformation structures have been recognized at the 

Central Manitoba mine trend and two of them have been identified at the Ogama-Rockland 

deposit. The relationships between structures at two deposits are G2=G1ô; G2=G4ô. A specific 

veining stage is termed Vn at the Central Manitoba mine trend and Vnô at the Ogama-Rockland 

gold deposit. 

The second chapter deals with the stratigraphic and structural settings of the lode gold 

system at the Central Manitoba mine trend. Five generations of deformation structures (G1 ï G5) 

and three stages of veining (V1ïV3) have been identified in the supracrustal rocks of the Bidou 

assemblage. Main gold mineralization is structurally controlled by west-trending, steeply-

dipping V2 fault-fill veins hosted by dextral G4 shear zones. 

The third chapter is mainly concerned with the lithological and structural settings of the 

granitoid-hosted Ogama-Rockland gold deposit. Early gold mineralization associated with low 

grade V2ô sheeted extension veins might have occurred before or early during ductile shearing, 

whereas late gold mineralization and/or remobilization associated with V5ô veins might have 

occurred late during G2ô dextral shearing.  

The fourth chapter establishes the relative timing of gold mineralization through recognizing 

vein paragenetic sequences and the progressive development of zoned alteration halos, and 

further constrains the absolute age of gold mineralization via U-Pb and Re-Os geochronology. 

Primary gold deposition was contemporaneous with pyrite, chalcopyrite-bornite, and possibly 

bismuth-bearing minerals. Secondary gold remobilization is structurally controlled by late 

fractures within quartz and pyrite crystals. U-Pb zircon/monazite geochronology on host tonalite 

phases and one aplite dike that cuts the auriferous V2ô veins reveals that early gold 

mineralization mostly likely occurred at ca. 2728 Ma. This age is in good agreement with a Re-

Os molybdenite age of ca. 2727 Ma from one V4ô vein.  

The fifth chapter summarizes the entire thesis and the main conclusions. The appendix 

reports two Re-Os molybdenite ages from one V5ô vein, with an average age of ca. 2782 Ma. 

This age appears to older than the dated tonalite phases, aplite dike and V4ô vein. The 

significance of the age is open to discussion and requires further detailed analysis on 

molybdenite and future geochronological work on the immediate adjacent tonalite wall rocks.  
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Figure 1.1 a) Tectonic framework of the western Superior Province, showing major 

Subprovinces, domains and terranes; modified from Lin and Beakhouse (2013); b) Regional 

geologic map of the western Superior Province in southeastern Manitoba, illustrating two major 

Subprovinces and one terrane, terrane boundaries, significant gold deposits and U-Pb zircon age 

constraints; modified from Anderson (2013a). See text for age data source. Locations of the 

Central Manitoba mine trend and the Ogama-Rockland gold deposit are indicated in red. 
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Figure 1.2 Generalized regional geologic map of the Bidou assemblage and Ross River pluton in 

the southeastern Rice Lake greenstone belt in southeastern Manitoba, showing principal 

formations, lithologic units, deformation structures, U-Pb zircon ages and gold deposits; 

modified from Stockwell and Lord (1939), Stockwell (1945), Zwanzig (1971), Brommecker 

(1996), Anderson (2013b) and Zhou (2014). Age source: 1 Turek et al. (1989), 2 Anderson 

(2013b), 3 Chapter 4. 
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Stratigraphy, structure and lode gold system at the 

Central Manitoba mine trend, Rice Lake greenstone 

belt, Archean Superior Province, Manitoba, Canada 
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2.1 Introduction  

The Superior Province hosts numerous world class gold deposits (>8, 500 t) in Archean 

greenstoneïgranitoid belts (Goldfarb et al., 2001). Four main types of gold deposits have been 

documented in the Province (e.g., Robert et al., 2005, 2007): orogenic gold deposits (e.g., 

Kirkland Lake, Rice Lake), gold-rich volcanogenic massive sulfide (VMS) deposits (e.g., 

Doyon-LeRonde-Bousquet, Horne), intrusion-related (reduced or oxidized) deposits (e.g., 

Beattie, Young-Davidson), and other atypical gold deposits (e.g., Hemlo). For orogenic gold 

deposits, it is widely debated whether gold deposits adjacent to major crustal-scale shear zones 

formed during an early extensional phase and are associated with alkaline and/or calc-alkaline 

magmatism, or formed during a late compressional phase and the closure of extensional basins 

along the shear zone (e.g., Mercier-Langevin et al., 2012b).  

The Neoarchean Rice Lake belt in southeastern Manitoba contains several gold deposits 

(Fig. 2.1) situated on either side of a tonalite-granodiorite pluton (Rice Lake and Central 

Manitoba mine trends) and within its margin (Ogama-Rockland mine trend) (Fig. 2.2). The 

Central Manitoba mine trend (Fig. 2.2) produced ~160, 000 ounces of gold between 1927 and 

1937 from four main shafts: the Growler, Kitchener, Tene and Hope (Stockwell and Lord, 1939; 

Poulsen et al., 1996). Here, gold is associated with quartz veins in shear zones and the deposit 

appears to be a typical orogenic gold deposit, providing an ideal opportunity to further our 

understanding of this type of deposit. Although regional-scale to camp-scale surface mapping 

and underground mapping were conducted in the 1930s (Stockwell and Lord, 1939), little 

detailed research has been published, nor has the genesis of the deposits been addressed. In 

particular, detailed structural analysis in this area is lacking and structural timing of auriferous 

quartz veins has not been fully determined. 

In order to improve understanding of the geological processes that led to the formation of 

the deposits, the Central Manitoba mine trend was mapped at a scale of 1:5000 (Zhou et al., 

2013, 2014). Several key outcrops were mapped in detail (1:50) to document field relationships 

between various rock types, deformation structures and auriferous quartz veins. This work 

combines results from extensive surface mapping and key information from underground 

workings, considers structures from microscopic to camp scales, integrates structural 

development with vein emplacement, and examines the paragenetic sequence of vein minerals 

associated with gold. These results have led to a better understanding of structural setting and the 
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paragenesis of the Central Manitoba mine trend, which provides new constraints for structural 

evolution and gold mineralization of the Rice Lake belt. 

In this paper, bedrock lithology and stratigraphic succession of the deposit area are described 

first. Then a detailed description of five generations of deformation structures is provided, with 

emphasis on brittle-ductile shear zones that are spatially associated with auriferous quartz veins. 

Three stages of vein emplacement are documented based on specific generation of associated 

brittle-ductile shear zones. This is followed by mineralogical and textural analyses of infill and 

alteration minerals of gold-bearing veins, with a focus on gold introduction and related sulfide 

deposition.  

2.2 Geological Setting 

The Central Manitoba mine trend is situated in the southeastern Rice Lake greenstone belt of 

the western Uchi Subprovince, western Superior Province, Manitoba (Fig. 2.2). Neoarchean 

metavolcanic rocks in the Rice Lake greenstone belt mostly range from 2.75 to 2.72 Ga, and are 

overlain by metasedimentary rocks deposited after 2.71 Ga (Krogh et al., 1974; Ermanovics and 

Wanless, 1983; Turek et al., 1989; Turek and Weber, 1991; Davis, 1994, 1996; Percival et al., 

2006; Sasseville et al., 2006; Anderson, 2008, 2013a, b) (Fig. 2.2). All the supracrustal rocks are 

metamorphosed to greenschist facies, although some amphibolite facies assemblages are present 

around the margins of plutons (Poulsen et al., 1996). Since primary sedimentary and volcanic 

structures are well preserved in this belt, we omit the prefix ñmetaò in the following descriptions 

in the interest of brevity. 

The greenstone belt is intruded by voluminous gabbroic sills and dikes and by the ca. 2.73ï

2.72 Ga (Turek et al., 1989; Anderson, 2008, 2013b) tonalitic-granodioritic Ross River pluton 

and related satellite intrusions. All of these rocks are intruded by ca. 2.73ï2.71 Ga (Turek et al., 

1989; Anderson, 2008, 2013b) quartz feldspar porphyry and aplite dikes (Anderson, 2013a; Zhou 

et al., 2014). 

In the district around the Central Manitoba mine trend (Figs. 2.2 and 2.3), supracrustal rocks 

belonging to the Bidou assemblage include several conformable formations of mafic and felsic 

volcanic/volcaniclastic rocks and sedimentary rocks, all of which were deposited within a 

relatively brief time span of < 2745 Ma to ~2731 Ma (Fig. 2.4a) (Turek et al., 1989; Anderson, 

2013b). A biotite granodiorite phase in the central portion of the Ross River pluton yielded a U-
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Pb zircon age of ~2724 Ma (Anderson, 2008), whereas a biotite tonalite phase at the Ogama 

mine in the southeastern margin of the pluton yielded a U-Pb zircon age of ~2728ï2729 Ma 

(Turek et al., 1989; Zhou, unpublished data), which represents the minimum age of the host 

rocks to the Central Manitoba mine trend. Quartz feldspar porphyry dikes dated at several 

locations yield U-Pb zircon ages identical to hosting or adjacent plutonic rocks (see age data 

from Anderson, 2013a). Preliminary U-Pb zircon data of aplite dikes near the Rockland and 

Ogama mines suggest a similar igneous age at ~2728 Ma (Zhou, unpublished data). 

Rocks in the study area are variably deformed. Deformation is most intense in numerous 

discrete, narrow, widely-spaced brittle-ductile shear zones, within both the greenstone belt and 

the plutonic rocks. High-strain zones also occur along lithologic contacts. 

2.3 Supracrustal rocks and stratigraphy 

The study area is underlain by volcanic and sedimentary supracrustal rocks of the Bidou 

assemblage, which are intruded by several different intrusive phases, including the Ross River 

pluton (Fig. 2.3; Zhou, 2014). The Bidou assemblage is subdivided into several formations, 

interpreted to represent a conformable stratigraphic succession (Stockwell and Lord, 1939; 

Campbell, 1971), although the contacts are locally reactivated by ductile shear zones (Fig. 2.4a; 

Brommecker, 1991, 1996; Anderson, 2013a). The map units identified as part of this study are 

largely consistent with previous subdivisions of the Bidou assemblage. Following the 

stratigraphic terminology of Campbell (1971), three formations are exposed within the map area: 

Tinney Lake, Dove Lake and Gunnar formations (Fig. 4b). 

2.3.1 Bidou assemblage 

2.3.1.1 Tinney Lake formation 

This formation is extensively exposed north of the North Carbonate shear zone (NCSZ) and 

east of the South Carbonate shear zone (SCSZ). It consists mainly of two units of mafic volcanic 

rocks (units 1 and 3) and two layers of sedimentary rocks (units 2 and 4). Pillows in mafic flows 

contain variable amounts of amygdales and exhibit variable degrees of flattening. Pillow cusps 

suggest younging to the south. The sedimentary rocks include feldspathic greywacke, locally 

interlayered with mudstone and pebbly conglomerate at the bottom. Normal tabular graded beds, 

crossbeds, scour surfaces and flame structures in this unit indicate younging to the south (Fig. 

2.5a).  
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2.3.1.2 Dove Lake formation 

Rocks of the Dove Lake formation consist of mafic to intermediate crystal-lithic lapilli  tuff 

with local interbeds of felsic tuff and lapilli tuff (unit 5; Fig. 2.5b). Campbell (1971) described 

primary structures, such as scour structures, load structures, flame structures, graded bedding and 

crossbedding, all indicating that the younging direction is towards the south. 

2.3.1.3 Gunnar formation 

Pillowed basalt of the Gunnar formation (unit 6) is abundant and well exposed in the 

southern part of the map area. Pillows vary in size and strain, but commonly contain rounded to 

elongate carbonateïquartz amygdules, representing radial pipe vesicles. Pillow cusps and a 

higher concentration of amygdules in the upper portions of individual pillows indicate this unit 

youngs to the south (Fig. 2.5c).  

2.3.2 Mafic intrusions 

Leucocratic and mesocratic gabbros (unit 7) typically have a spotted appearance and are 

medium-grained. Some leucocratic gabbro includes irregular-shaped pegmatitic pods with 

euhedral hornblende crystals up to 1 cm in size (Fig. 2.5d). Most of these intrusions occur as 

concordant sills; minor intrusions form discordant dikes. Amphibolite, peridotite and 

melanocratic gabbro of unit 8 typically consist of discordant dikes, some of which are localized 

along northwest-trending ductile shear zones near the Walton pluton, or along the South 

Carbonate Shear Zone south of Dove Lake (for the peridotite variety, see Scoates, 1971). 

2.3.3 Quartz-feldspar porphyry dikes 

A few thin quartz-feldspar porphyry dikes strike westerly to northwesterly and dip very 

steeply. They contain saussuritized plagioclase, hornblende and minor quartz phenocrysts with 

fine-grained groundmass of plagioclase, hornblende and quartz. 

2.4 Structural geology 

Five generations of ductile deformation structures as well as brittle faults have been 

recognized on the basis of overprinting relationships and fold styles at the outcrop scale in the 

vicinity of the Central Manitoba mine trend. Despite contrasting rock types, overprinting 

relations among the various deformation structures in the Bidou assemblage are consistent with 

those in the Ross River pluton. However, this paper is mostly concerned with deformation within 

the supracrustal rocks and associated gabbroic and feldspar ± quartz porphyry intrusions, which 
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are spatially associated with and structurally control gold mineralization in the Central Manitoba 

mine trend. The different generations of ductile deformation structures are termed G1 to G5, and 

associated folds, foliations and lineations are termed F1 to F5, S1 to S5, and L1 to L5, respectively. 

F5 folds are rare and overprint F4 in a single shear zone so they are described with G4 structures. 

In addition, intersection lineations between bedding (S0) and S1 are termed L0-1. 

2.4.1 First generation (G1) structures 

2.4.1.1 Mesoscopic (outcrop-scale) structures 

Evidence for G1 deformation is well preserved in supracrustal rocks of the Bidou 

assemblage. 

The S1 foliation is defined by a preferred orientation of quartz, feldspar and felsic clasts in 

felsic lapilli tuff (Fig. 2.5b), by flattened pillows and varioles in basalt (Figs. 2.7a and b), and by 

a continuous to closely-spaced slaty cleavage in feldspathic greywacke and mudstone (Fig. 2.7c). 

S1 foliation strikes westerly to northwesterly and dips steeply (mostly > 75°), or is vertical. S1 

foliation dips more shallowly than bedding (Fig. 2.7c), and is usually at small angle (~20°) 

clockwise to bedding (S0) on the horizontal surface through most of the study area. To the 

southeast of the Ross River pluton, finite strain increases toward high strain zones based on the 

aspect ratios of deformed basaltic pillows; the X/Z ratios range from 1:1 to 7:1 in the north (Fig. 

2.7a), which is similar to the aspect ratios of the fragmented clasts in the Long Lake shear zone 

(Zwanzig, 1971). 

The L1 lineation, developed on the S1 foliation, is defined by a preferred orientation of 

feldspar, quartz and elongate felsic clasts in lapilli tuff (Fig. 2.5b), and elongate varioles in basalt 

(Fig. 2.7b). The L1 lineation is best developed south of the Kitchener mine, and in small outcrops 

along the northern section of the South Carbonate Shear Zone. It plunges steeply (mostly > 80°) 

to the north or south (Fig. 2.6). 

F1 folds are rarely preserved. Isoclinal F1 folds with amplitude of approximately 10 cm 

occur within turbiditic feldspathic wacke beds southeast of the Walton mine. Their associated 

axial planar cleavage (S1) is continuous to very closely spaced (less than 1 mm), and typically 

dips steeply to the north. The F1 fold axes plunge moderately to the west, based on the 

orientation of the L0-1 intersection lineation (Fig. 2.6); however, some of the fold axes at hinge 

zones are doubly plunging (moderately west and east), indicative of a sheath fold geometry (Fig. 

2.6c). In this outcrop, west-trending, greyish-white aplite dikes with heterogeneous 
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discontinuous smoky quartz segregations crosscut F1 folds indicating that the folds predate the 

emplacement of dikes (Figs. 2.6a and b).  

2.4.1.2 Macroscopic (district-scale to regional scale) F1 folds 

The dominant structure in the southeastern Rice Lake greenstone belt is the northwest-

trending, upright, doubly-plunging Beresford Lake anticlinorium (Figs. 2.1b and 2.2), which is 

defined by younging reversals and regional-scale map patterns of the Bidou, Gem and Edmunds 

assemblages (Stockwell and Lord, 1939; Brommecker, 1991, 1996; Anderson, 2013b). It has 

well-developed northwest-striking, very steeply dipping axial plane cleavage (S1), and plunges 

moderately to steeply to the southeast near Beresford Lake and shallowly to the northwest near 

Cliff Lake (Fig. 2.2) (Brommecker, 1996). The anticlinorium includes several district-scale, 

isoclinal to tight, parasitic synclines (Beresford Lake syncline; BLS in Fig. 2.2) and anticlines 

(Beresford Lake anticline; BLA in Figs.1b and 2.2) (Stockwell and Lord, 1939; Brommecker, 

1991, 1996). Similarities in deformation style and orientations of fabric elements suggest 

regional-scale BLA and associated district-scale folds are F1 folds. Regional studies reveal that 

the development of the BLA occurred concurrently with crustal thickening and sinistral 

transpression during collisional processes at ca. 2690 ï 2680 Ma (Anderson, 2008, 2013a).   

2.4.2 Second generation (G2) structures 

2.4.2.1 Mesoscopic (outcrop-scale) structures 

Second generation (G2) structures are pervasive in sedimentary rocks around the Walton 

pluton and in plutonic rocks within the southeastern tongue of the Ross River pluton (RRP). S2 

foliation and F2 folds were produced during the G2 ductile deformation process. 

The S2 foliation is defined by closely spaced penetrative cleavage in mudstone, greywacke 

and pebbly conglomerate west of the SCSZ, and by aligned tabular plagioclase, elongate 

biotite/hornblende and ellipsoid quartz aggregates in porphyritic intrusive phases of the RRP. S2 

foliation dips steeply to moderately to the southeast or northwest (Fig. 2.8). S2 foliation is at a 

moderate to high angle to S1 foliation in sedimentary rocks west of SCSZ. 

The F2 folds are rarely preserved. One example is a close to open symmetric fold, with a 

well-developed axial plane cleavage (S2). The F2 fold axis plunges moderately (~45°) to the 

southeast (Fig. 2.8). As shown in Figure 6a, an aplite dike cuts across the F2 fold without 

discernible deformation, which indicates this aplite dike postdates F2 folding in this location. 

Weôve separated G1 and G2 structures on the mesoscopic scale exclusively based on local 
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overprinting fold style (Fig. 2.6a) and change of orientation. It is also possible that S2 foliation 

described above could be re-oriented S1 foliation that was caused by a later folding event 

associated with shear zone development. This alternative interpretation is less likely when two 

cleavages S1 and S2 are planar and through-going on an outcrop of greywacke, and no discernible 

shear zone is close to the outcrop. Shear zones weôve recognized are typically less than 1 m thick 

and their influence on early fabric typically does not extend far from the margin of the shear 

zone. 

2.4.2.2 Macroscopic F2 fold 

The map pattern and younging directions of the sedimentary unit around the Walton stock 

define a macroscopic F2 fold, here referred to as the Walton fold (Fig. 2.3). It has been mapped 

by previous workers (Stockwell and Lord, 1939) and supported by this study. It is open, 

symmetric, with well-developed axial plane cleavage (S2) that strikes northeast. Its fold axis 

plunges moderately to the southwest as indicated by outcrop-scale parasitic folds. 

2.4.3 Third generation (G3) structures 

2.4.3.1 Mesoscopic structures 

G3 structures comprise steeply-dipping discrete brittle-ductile shear zones. They can be 

divided into two groups on the basis of orientation and kinematics: southwest to west-northwestï

trending sinistral (G3a), and northwest to north-trending dextral (G3b) (Figs. 2.9, 2.10, 2.11, 2.12). 

These shear zones are mainly observed in gabbro, and locally in massive basalt, greywacke and 

quartz feldspar porphyry dikes. The wide range of the orientations of G3a shear zones is due to 

refraction or competency contrast of these rock units. Within G3 brittle-ductile shear zones, 

modal proportion of zoisite (plagioclase alteration product) and carbonate increases significantly 

whereas modal proportion of actinolite and chlorite decreases dramatically. S-C fabric, shear 

bands, asymmetric folds are well developed and are used to determine bulk shear zone 

kinematics. The two groups of G3 shear zones are interpreted as conjugate sets on the basis of 

similar mineralogy and kinematics, as well as close spatial relations. Direct outcrop evidence 

was also observed to support that they were kinematically-related conjugate sets (Fig. 2.11). 

Southwest to west-striking, steeply dipping, discrete G3a brittle-ductile shear zones range 

from several centimetres to two metres in thickness; they extend several or tens of metres along 

strike (Fig. 2.9). The shear zones are defined by well-foliated fine-grained mylonites. Two 

distinct types of secondary foliation are well developed: mylonitic foliation (ñS surfacesò; Berthé 
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et al., 1979) and shear foliation (ñC surfacesò; Berthé et al., 1979). The mylonitic foliation (S3 

foliation) is defined by continuous compositional layers of actinolite alternating with those of 

plagioclase and carbonate. The shear foliation (C3 foliation) is defined by spaced shear fractures, 

or second-order shear zones that constitute smaller-scale shear fractures that contain alternating 

compositional layers. Outside the shear zones, rocks are significantly less deformed (Fig. 2.9b). 

The transition from shear zones to less deformed country rocks is typically gradational. The 

mylonitic foliation is defined by parallelism of coarse-grained ellipsoidal aggregates of actinolite 

and/or chlorite, elongate plagioclase and carbonate aggregates, and gradually transitions into 

continuous thin compositional layering within shear zones, indicating strain increases 

gradationally from country rock to shear zone (Fig. 2.9c). Mylonitic foliation along the margins 

of the shear zones is typically oriented at a moderate to high angle to shear zone boundaries, and 

curves smoothly into shear foliation in the core. The angular relationship between S/C foliation 

and deflected S foliation indicate a sinistral component of shear displacement on horizontal 

surfaces (Fig. 2.9d). 

Chevron folds and drag folds (Fig. 2.9e) are also present within G3a high-strain zones. Their 

axial plane cleavage is typically west-trending, steeply dipping, and the amplitude of these folds 

is typically tens of centimetres. Clearly the folding postdates the formation of the mylonitic 

foliation. The S-shaped fold asymmetry suggest a sinistral sense of shear. 

G3b structures comprise northwest-to-northïtrending dextral brittle-ductile shear zones in 

gabbroic intrusions (Fig. 2.10) and basalt. They are usually approximately half a metre thick in 

gabbroic intrusion and several centimetres thick in basalt. Steeply dipping mylonitic and shear 

foliations define these shear zones (Figs. 2.10a, b, c and d). Narrow synthetic shear bands (Cô-

type foliation, Berthé et al., 1979; or extensional crenulation cleavage, Platt and Vissers, 1980) 

and sigmoidal shear-bounded lozenges (Bell and Rubenach, 1980; Bell, 1981; Ponce et al., 2013) 

are also present (Figs. 2.10a, c). The deflection of the foliation at the confluence or intersection 

between mylonitic and shear foliations, shear bands or sigmoidal lozenges consistently indicate 

dextral shear. 

The southwest to west-northwestïtrending sinistral discrete (G3a) ductile shear zones and 

northwest-to-westïtrending (G3b) dextral ones are truly conjugate sets, as evidenced at one 

outcrop of intrusion breccia (Figs. 2.11a, b, c and d). The host quartz feldspar porphyry contains 

several angular to subangular mafic xenoliths (Fig. 2.11b). Narrow subvertical shear zones are 
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typically one to three centimetres thick, and extend along strike up to 1.5 metres. They are 

developed only locally along the margins of the xenoliths. Mylonitic foliation is defined by 

elongate chlorite and/or actinolite lamination within shear zones, and is at ~ 30° to the shear zone 

boundaries (Fig. 2.11c). Kinematic interpretation of individual shear zones is made on the basis 

of mylonitic foliation deflection and angular relationship between foliation and shear zone 

boundary (Fig. 2.11c). Since these shear zones are localized at sparsely spaced incompetent 

mafic xenolith margins, they cannot be as continuous and merge together as classic conjugate 

ductile shear zones within homogeneous isotropic host rocks. 

2.4.3.2 Macroscopic structures  

Based on the similar deformation style, orientation and kinematics, the G3 shear zones are 

correlated with the regional-scale Wanipigow shear zone to the north and the South Garner shear 

zone to the south (Fig. 2.1b). They are interpreted to have developed during continued belt-scale 

sinistral transpressional collisional processes (Anderson, 2008, 2013b). 

2.4.4 Fourth generation (G4) structures with rare F5 fold 

2.4.4.1 Mesoscopic structures 

G4 structures are defined by northwest-to-southwestïtrending, steeply-dipping to 

subvertical, dextral brittle-ductile and ductile shear zones that are localized within and slightly 

discordant to lithologic boundaries of the lower feldspathic wacke layer (unit 2), pillowed and 

massive basalt (unit 3) and the lower gabbroic sill (unit 5), or occur entirely within gabbroic 

intrusions (Fig. 2.13). The wide orientation range of G4 shear zones is due to refraction or 

competency contrast of various host rocks. They are typically half a metre to two metres thick, 

and extend up to approximately two kilometres along strike. G4 brittle-ductile and ductile shear 

zones host the major auriferous quartz veins in the mine trend. Compared to G3 shear zones, the 

G4 shear zones are rich in chlorite (Fig. 2.9b). G4 shear zones are kinematically different from G3 

shear zones, even though they share identical orientations in some cases. 

The structures within G4 brittle-ductile shear zones are complex and record multiphase 

deformation. One example of this is illustrated in Fig. 2.13a. Mylonitic foliation is well 

developed and defined by compositional layers of actinolite and/or chlorite alternating with 

layers of plagioclase and carbonate. Two generations of folds (F4 and F5) with short wavelengths 

were recognized. F4 folds are isoclinal upright folds that fold the mylonitic foliation, and F4 folds 

are clearly overprinted by F5 tight or gentle upright folds (Fig. 2.13b). Cô-type shear band 
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cleavage and ů-porphyroclasts indicate dextral sense of shear on horizontal observation planes 

(Fig. 2.13c). 

Southwest-to-westïtrending G4 dextral shear zones locally have close spatial relationships to 

southwest-to-westïtrending G3 sinistral ones. The outcrop in Fig. 2.9a illustrates G3 and G4 shear 

zones are in contact with each other, but distinctly different in composition, structure and 

kinematics. G4 shear zones are relatively rich in actinolite and chlorite. S/C fabric and shear out 

porphyry dike boudins in G4 shear zones indicate a dextral sense of shear on the subhorizontal 

surface (Fig. 14a). Ridge-in-groove slickenside L4 striation (Means, 1987; Will and Wilson, 

1989; Lin and Williams, 1992) on the curviplanar shear foliation (C foliation) plunges 

moderately (~ 45°) to the east (Fig. 2.14b). It is interpreted that the shear direction is along the 

ductile slickenside striation developed on the C foliation (e.g., Lin et al., 2007). Therefore, the 

kinematics of this G4 ductile shear zone includes components of south-side-up dip-slip and 

dextral strike-slip movement. 

A feldspar (±quartz) porphyry dike with two branches is boudinaged in the G4 shear zone 

and the adjacent less-deformed leucocratic gabbroic intrusion (Fig. 2.9a), indicating the felsic 

dike was more competent than the altered and foliated mafic intrusion during deformation. A 

weak to moderate penetrative continuous foliation within this feldspar (± quartz) porphyry is 

defined by a preferred orientation of elongate hornblende and tabular plagioclase. Since this 

foliation is subparallel to the mylonitic foliation in adjacent G4 shear zones with slight refraction, 

it is interpreted to be S4 foliation (Fig. 2.9a). The bulk extension direction of feldspar (± quartz) 

porphyry boudins is subparallel to the S4 foliation, which indicates that the formation of the 

boudins was probably before or during the early G4 ductile dextral shearing process. The bulk 

shortening direction is interpreted to be north-northwestïtrending, perpendicular to the S4 

foliation and the bulk extension direction of boudinaged feldspar (± quartz) porphyry. 

Auriferous fault-fill veins at the Kitchener mine were previously described as being hosted 

in a west-trending sinistral ductile shear zone, whereas gold-bearing veins at the Hope mine were 

described as being hosted in a west-trending dextral shear zone (Brommecker, 1991, 1996; 

Poulsen et al., 1996). Kinematic interpretation was based on S-shaped folds in the shear zone 

(Brommecker, 1991, 1996; Poulsen et al., 1996). Drag-folds or rolls were described by Stockwell 

and Lord (1939). They documented kinematically contradictory drag-folds in the western and 

eastern portions of this shear zone. These seemingly contradictory explanations probably result 
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from the fact that west-trending sinistral and dextral ductile shear zones are locally in contact 

with each other, and they share identical orientations but dextral ones postdate sinistral ones 

(e.g., Figs. 2.9a and b). 

2.4.4.2 Macroscopic structures 

The G4 dextral shear zones are the latest ductile deformation structures, which are also 

commonly present in the other areas in the Rice Lake greenstone belt. The North Carbonate and 

South Carbonate shear zones (Fig. 2.2) are also interpreted as G4 structures, since they share 

similar deformation style and kinematics. Other type examples are the regional-scale dextral 

Manigotagan shear zone, Beresford Lake shear zone and Long Lake shear zone (Fig. 2.2). These 

macroscopic structures are interpreted to have formed during belt-scale terminal dextral 

transpressional collision (Anderson, 2013b). 

2.5 Vein system 

Veins of different types and orientations are distributed heterogeneously throughout the 

Central Manitoba mine trend. They often exhibit intimate spatial relationships with G3 and G4 

brittle-ductile shear zones. Ore bodies were associated with quartz veins and highly altered and 

strongly deformed supracrustal and mafic intrusive rocks near the quartz veins (Figs. 2.4b and 

2.15). To elucidate the sequence of vein growth and deformation, we investigated field relations 

and internal textures of differing veins, with emphasis on spatial and temporal relations with 

associated brittle-ductile shear zones. We also conducted detailed work on the ore texture of 

various vein-forming minerals at scales of hand specimen and polished thin sections to establish 

mineral depositional sequence associated with gold mineralization. 

2.5.1 Vein type and field relations 

Based on geometry, internal textures, and geometric relationship to associated shear zones, 

veins can be classified into three main types: fault-fill, extension (oblique-extension) and breccia 

veins (Hodgson, 1989; Robert et al., 1994; Robert and Poulsen, 2001). In the study area, all three 

types of veins have been recognized, and are intimately spatially associated with G3 and G4 

brittle-ductile shear zones. En echelon veins are the most common vein arrays in the study area. 

No stockwork veins or sheeted veins have been recognized. All vein types and vein arrays are 

described firstly in the sense of ñstructural timingò (Robert and Poulsen, 2001), i.e., temporal 

relationships with associated shear zones. Relative timing of veins within one single generation 
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deformation structure is further established in terms of crosscutting relationship. 

2.5.1.1 G3-related veins 

G3-related veins, termed V1 veins, are mostly lenticular massive or laminated fault-fill veins 

and planar to sigmoidal en echelon extension veins. They are spatially associated with steeply-

dipping G3 brittle-ductile shear fractures or dextral ductile shear zones. The former are termed 

V1a and the latter V1b. Relative timing of V1a and V1b sets has not been directly established 

because no crosscutting relationship between these two vein sets has been observed. They were 

most likely penecontemporaneously emplaced during G3 shearing. These veins are seldom 

reported in previous studies, probably due to their relatively low gold grades (e.g., 85ï96 ppb). 

Figs. 2.16a and b illustrate an example of V1a association of a central fault-fill vein and en 

echelon arrays of extension veins in mafic intrusions. Host rocks are mainly coarse-grained 

equigranular leucocratic to mesocratic gabbroic rocks with sparse pegmatitic dioritic pods, 

appearing little deformed at the outcrop scale. Both the central fault-fill vein and tension gashes 

consist primarily of milky white blocky quartz, locally euhedral tourmaline, with fine-grained 

chlorite-rich slivers or pods. Minor portions of the vein exhibit a spotted smoky grey appearance. 

The vertical central fault-fill vein strikes north, and tension gashes strike north-northeast (~ 20ï

45°), and merge with the central vein. Tension gashes on the eastern side of the central vein are 

curviplanar and long, oriented at a moderate angle (~ 40ï50°) to the central vein; whereas on the 

western side they are sigmoidal, shorter, and the lateral tips are oriented at a small angle (~ 10ï

15°) to the central vein. Several models have been proposed for strain analysis on geometrical 

evolution of en echelon vein arrays (e.g., Beach, 1975; Ramsay and Huber, 1983; Olson and 

Pollard, 1991; Lisle, 2013). Recent two-dimensional modelling (e.g., Lisle, 2013) indicates that 

curved sigmoidal tension gashes accommodate more shear strain and volume increase compared 

to planar ones. Altered leucogabbro west of the central vein accommodates more strain, probably 

because it is less competent due to heterogeneous composition or alteration intensity compared 

to wallrock east of the central vein. However, since sigmoidal and planar tension gashes merge 

with the central fault-fill vein, they must have formed synchronously. 

V1b sets are hosted by north-northwest-to-northïtrending subvertical G3 dextral ductile shear 

zones (Fig. 2.16c). They are commonly grey blocky massive quartz lenses with a width up to 10 

cm and a length of tens of centimetres. They are seldom continuous, and commonly pinch and 

swell along shear foliation within ductile shear zones (Fig. 2.10a). They were probably emplaced 
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before or during early G3 shearing. Minor white blocky extension veinlets are also commonly 

present in shear-bounded lozenges within ductile shear zones, and cut the mylonitic foliation at 

moderate angles (Fig. 2.16c), suggesting they postdate some G3 deformation increments. 

However, these extension veinlets are still compatible with bulk shear zone kinematics, 

indicating they were formed during late G3 progressive deformation. 

A few V1b extension veins are situated in competent quartz feldspar porphyry, and also 

crosscut one of the xenoliths (Fig. 2.11a). Vein filling minerals are predominantly quartz with 

subordinate tourmaline and chlorite. Quartz typically exhibits a comb texture within veins. The 

preferred orientation of euhedral quartz crystals is at a very high angle or orthogonal to the wall 

rock boundaries (Fig. 2.11d). Euhedral quartz terminations in these veins and absence of crack-

seal texture (Ramsay, 1980) indicate the opening direction of the tensile fractures is almost 

perpendicular to the wallrock, and the tensile fractures remained open under effective stress 

(Hubbert and Rubey, 1959) with the aid of hydrothermal fluid pressure. Therefore, these veins 

are interpreted as extension veins with a dominant boundary-normal opening component and 

negligible shear (Poulsen and Robert, 1989; Lafrance, 2004). These extension veins indicate the 

maximum principal stress was northï to north-northeastïtrending at the time of vein 

emplacement, which is kinematically compatible with relative movement of G3a (  

in Fig. 2.11a) and G3b shear zone (  in Fig. 2.11a) conjugate sets. Therefore, these 

extension veins are interpreted to have emplaced during G3 shearing.  

2.5.1.2 G4-related veins 

G4-related veins are mostly west-trending curviplanar through-going fault-fill veins, termed 

V2 with local breccia veins or isolated vein lenses, hosted in G4 dextral ductile shear zones in the 

vicinity of the contacts between the lower greywacke, basalt and gabbroic sills of the Tinney 

Lake formation. Auriferous V2 quartz veins typically extend ~ 500ï800 metres along strike and 

are up to 0.5 metres in thickness. Ore bodies hosted by these veins extended as deep as ~140 

metres at the Kitchener mine based on descriptions of underground workings by Stockwell and 

Lord (1939) (Fig. 2.15b). Outside the G4 shear zones, the host rocks are commonly less altered, 

and contain primary structures (i.e., bedding). Wallrock blocks within veins in shear zones are 

typically ductilely deformed and sericite-altered greywacke (Fig. 2.17a). A few of these 

greywacke inclusions in veins contain a wavy cleavage (Fig. 2.17a, b). Quartz boudins and S-C 

fabric in altered greywacke at vein margins indicate a sense of dextral shearing (Fig. 2.17b). 
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Since some altered greywacke inclusions in the quartz veins have undergone various degrees of 

ductile deformation, it is interpreted that V2 vein emplacement at least postdated some 

increments of shearing; otherwise, all altered greywacke inclusions would have experienced less 

pervasive strain because surrounding vein material would have protected them from post-veining 

shearing. Combined with evidence for post-veining shearing in altered wallrocks and the 

presence of ridge-in-groove slickenside striations overprinted on vein margins, it is interpreted 

that V2 veins were likely emplaced during G4 shearing. 

Hydrothermal alteration halos are typically asymmetric adjacent to V2 veins: basalt contains 

much thicker halos than greywacke (Fig. 2.18a and b). In altered basalt, mafic minerals are 

mostly altered to chlorite and plagioclase phenocrysts are saussuritized, whereas in altered 

greywacke primary sedimentary structures and textures are completely destroyed, replaced by 

pervasive alteration minerals and penetrative foliation defined by sericite and minor chlorite 

(Fig. 2.21a). 

V3 veinlets are typically milky white, thin (< 10 cm thick) and barren. They often display 

euhedral quartz crystals and internal comb structure, and are thus interpreted as extension veins 

(Fig. 2.19a). 

Crosscutting relationships among V1, V2 and V3 sets are evident in the field. One north-

trending V1a vein can be traced along strike for approximately 50 metres and curves into a west-

trending vertically-dipping G4 ductile shear zone, and is cut by a V2 fault-fill vein. This V2 vein 

is cut by north-trending V3 extension veinlets with comb structures (Fig. 2.19a). V1 veins are 

short-wavelength folded within west-trending G4 ductile shear zones (Fig. 2.19b). Early V2 fault-

fill veins are locally boudinaged, subparallel to S4 foliation in G4 ductile shear zones (Fig. 

2.19b). It is interpreted that both V2 and V3 sets formed during G4 dextral transpressional 

shearing: V2 were emplaced during early dextral boundary-parallel shearing, whereas V3 

extension veinlets were emplaced relatively late during shearing with a dominant boundary-

normal component. It is also interpreted that V1 veins were folded and V2 veins were boudinaged 

during late G4 shearing as well. Another possible explanation is that both V1 and early V2 veins 

were emplaced during G3, then deformed during G4; gold mineralization could have been 

decoupled with host vein emplacement (e.g., Lin and Corfu, 2002). 

2.5.2 Vein mineralogy, microstructure and paragenesis 

Textures and relative temporal relationships of vein and alteration minerals were examined 
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in over 150 hand specimens, 70 cut slabs, and 40 polished thin sections. Mineral identification 

was mainly carried out through conventional transmitted and reflected light microscopy, and 

aided by scanning electron microscope (SEM) analysis. Most of the polished thin sections were 

cut perpendicular to the mylonitic foliation and parallel to the ridge-in-groove slickenlines of 

shear zones for the purpose of kinematic analysis. A few sections were cut orthogonal to both 

foliation and lineation, or parallel to both foliation and lineation, in order to facilitate three-

dimensional structural analysis. 

High grade gold-bearing quartz veins in the Central Manitoba mine trend are mainly west-

trending subvertical V2 veins hosted by G4 ductile shear zones, either in contact zones of basalt, 

lower greywacke and gabbro (Figs. 2.15a, 2.20a), or in gabbro closely north of contact zones 

(Fig. 2.15a, 2.20b). A few V1a veins, e.g. the central fault-fill vein and en echelon vein arrays in 

Fig. 2.16a, yield low, but anomalous, gold grades (85ï96 ppb). Even within V2 veins, gold is 

heterogeneously distributed, as indicated by gold assay results (Fig. 2.20) and underground 

milled bodies (Fig. 2.15b). Textural relationships among different vein-filling minerals are 

examined in detail to establish spatial and temporal relationships among quartz, alteration 

minerals, sulfide minerals and gold. Deformation at the microscopic scale is also considered to 

help constrain structural timing of gold mineralization compared to mesoscopic structures 

described above. Since V1 and V3 sets are barren or of very low grade, we focus on auriferous V2 

sets. 

2.5.2.1 V2 mineralogy and microstructure 

V2 veins are homogeneous in mineral assemblage, habit and internal texture, but variable in 

mineral composition and modal proportion. They typically consist of over 85% grey or clear 

quartz, ~ 5% metallic sulfides and associated oxides, and ~ 10% micaceous minerals such as 

chlorite and sericite. They are commonly homogeneous and mesoscopically massive without 

ribbon or fibrous texture. Sulfides are attached to chlorite and large quartz-vein boudins, defining 

the foliation in ductile shear zones (Fig. 2.21a). We describe V2 mineralogy in a chronologic 

order of mineral deposition. 

Quartz: These mineral grains can be classified into three main types on basis of crystal 

shape, grain size and optical axis orientation. Type-I quartz grains are typically one to three 

millimetres in diameter, and have tabular to trapezoid euhedral crystal shapes (Figs. 2.22a, b and 

c). They account for an insignificant modal proportion in veins, compared to dominant type-II 
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and type-III recrystallized grains. Type-I quartz grains exhibit a shape preferred orientation at a 

moderate angle (~30°ï60°) to vein margins. The euhedral crystal habit indicates that the 

hydrothermal fluids crystallized slowly. Grain boundaries are sharp and clear; overall polygonal, 

but locally lobate with smaller-sized (< 30 µm) new grains, which are characteristic of bulging 

recrystallization (Stipp et al., 2002; Passchier and Trouw, 2005). Most grains display patchy 

undulose extinction, indicating existence of elongate sub-grains. Boundaries between sub-grains 

are curvilinear, gradational or vague. Most large quartz grains are rich in fluid inclusions as well. 

Chlorite, pyrite and chalcopyrite commonly infill  quartz grain boundaries or fractures. 

Type-II quartz grains are commonly one to two millimetres in diameter and typically display 

sweeping chessboard undulose extinction (Fig. 2.22d and e). They are commonly completely 

surrounded by new dynamically recrystallized (< 100 µm) grains. Transitions from old to new 

grains is gradual and less abrupt, which is typical of sub-grain rotation recrystallization 

(Passchier and Trouw, 2005). Sub-grains are typically flattened, and their aggregates exhibit a 

domain shape preferred orientation that defines a continuous foliation in a few samples. This 

foliation is almost orthogonal to the adjacent healed fracture with pyrite-chalcopyrite aggregates 

(Fig. 2.22d).  

Type-III quartz grains are mostly elongate or equant grains that predominantly range from 

20 µm to 50 µm, but can be up to 100 µm. Undulose extinction is common, but for a few grains 

extinction is homogeneous. They usually have clear lobate irregular grain boundaries, but are 

also surrounded or encompassed by old large grains. In a few samples, quartz (and sericite) is 

finer grained (<20 µm) in healed fractures (Fig. 2.22d). Elongate quartz and sericite grains define 

a continuous foliation at an acute angle to zone boundaries, indicating a sinistral sense of shear, 

as in the north-trending healed fracture shown in Fig. 2.22d. It is interpreted that formation of 

this sub-grain aggregate foliation in type-II quartz aggregates was probably concurrent with the 

dilation of the adjacent fracture zone, and this filled fracture zone was dynamically recrystallized 

in sinistral shearing to form type-III quartz grains. This micro-scale north-trending sinistral shear 

zone locally postdates V2 quartz veinlet formation and G4 dextral shearing along east-west strike, 

but might be a conjugate branch to west-striking G4 dextral shear zones.  

Chlorite: These mineral grains are euhedral to subhedral or acicular, typically less than 2 

mm in diameter. Most occur in small patches (hundreds of microns in diameter) sparsely 

distributed in alteration envelopes and quartz veins. They are typically interstitial to sericite, 
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zoisite, quartz, pyrite and chalcopyrite (Fig. 2.21b and c). A few chlorite grains occur as elongate 

grain aggregates attached to or surrounding lens-shaped aggregates of pyrite-chalcopyrite-quartz 

in strongly deformed alteration envelopes, defining a prominent continuous foliation (Fig. 

2.21a). Some chlorite grains enclose anhedral chalcopyrite and subhedral pyrite inclusions (< 50 

ɛm). A few acicular chlorite grains form inclusions in chalcopyrite. And some chlorite 

aggregates are enclosed by large euhedral quartz grains or small dynamically recrystallised 

quartz grains. Chlorite grains in-fill fractures together with sericite, pyrite, chalcopyrite and 

goethite.  

Sericite: Flakes of this mineral are pervasive throughout altered wallrock greywacke and are 

also common, but to a much lesser extent, in quartz veins. Sericite either forms aggregates that 

define a continuous foliation in altered greywacke, or occurs as small discontinuous patches 

associated with chlorite, pyrite and chalcopyrite aggregates, commonly concentrated on the 

margins of quartz veins (Fig. 2.22b and d). 

Pyrite: This mineral can be grouped into three main types in terms of habit, occurrence and 

spatial relationship with other minerals. Type-I pyrite occurs in altered greywacke immediately 

adjacent to quartz veins. It is typically ~ 0.5 mm in diameter, characterized by colloform texture 

(Fig. 2.23a). Each band within pyrite is ~ 1ï5 µm thick, bounded by rusty dark wavy material. 

This colloform texture is interpreted as direct crystallization from ore-forming fluids during 

periodic change of physico-chemical conditions (Barrie et al., 2009). Type-I pyrite is mostly 

irregular-shaped, and has clean non-banded pyrite rims, which are interpreted to result from 

partial replacement of colloform pyrite. It is usually attached to and surrounded by irregular 

chalcopyrite, clean pyrite, acicular radiating chlorite and sericite aggregates, and quartz. Minor 

chalcopyrite-pyrite aggregates enclosed by colloform pyrite are interpreted as a cut effect in the 

polished thin section. 

Type-II pyrite typically occurs as euhedral to subhedral individual grains or grain aggregates 

and is characterized by numerous randomly-oriented chalcopyrite, chlorite and quartz inclusions 

(Fig. 2.23b). Grain size ranges from tens of microns to two millimetres. They are closely 

spatially associated with quartz boudins in altered greywacke, and have a shape preferred 

orientation parallel to the external chlorite-sericite foliation. 

Type-III pyrite commonly occurs as irregular patches that are intimately associated with 

irregular chalcopyrite. Mineral grains are subhedral to anhedral, and can be up to several 
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millimetres in diameter. They define a continuous foliation together with chalcopyrite, ellipsoid 

quartz aggregates and stretched chlorite (Figs. 2.21a, 2.23c and d) in altered greywacke. They 

also occur in veins as irregular-shaped aggregates attached to chalcopyrite, chlorite, quartz, 

bismuthinite and bismite (Fig. 2.23e). Some grains contain randomly-oriented inclusions of 

chlorite, quartz, chalcopyrite, pyrrhotite, bismuthinite and bismite (Fig. 2.23f). 

Chalcopyrite: This mineral is the predominant sulfide mineral within alteration zones and 

quartz veins. It is often anhedral, and interstitial to chlorite and quartz. It is also in contact with 

type-III pyrite, pyrrhotite, bismuthinite, bismite, sericite and quartz. It is present as inclusions 

within type-II and type-III poikiloblastic pyrite grains, and also contains minor chlorite, quartz, 

bismuthinite and bismite inclusions within quartz veins (Fig. 2.23e). It also fills in fractures with 

pyrite, sericite and dynamically recrystallised quartz (Q III) (Fig. 2.22e). 

Pyrrhotite: This mineral commonly occurs as irregular patches together with chalcopyrite. It 

is often subhedral to anhedral, and tens of microns to several millimetres in diameter. It is 

interstitial to quartz, chlorite and sericite in quartz veins. Minor pyrrhotite also occurs as 

inclusions in pyrite (Xue, 2011). Pyrrhotite is intimately associated with chalcopyrite, 

tellurobismuthite and gold in high grade auriferous quartz veins hosted by gabbro (Xue, 2011). 

Bismuth-bearing minerals: Bismuth-bearing minerals typically occur as small tabular or 

irregular grains interstitial to quartz in veins. They are commonly attached to chalcopyrite, pyrite 

and quartz. They are also present as subhedral grains encompassed by pyrite (Fig. 2.23f), or as 

sub-rounded to irregular inclusions in chalcopyrite (Fig. 2.23e). Bismuthinite is partially or 

completely replaced by bismite, which is typical of secondary oxidation of bismuth minerals 

(Fig. 2.23f). Native bismuth is also present in high grade auriferous quartz veins (Fig. 2.23f; 

Xue, 2011). Tellurobismuthite typically occurs as small grains in contact with quartz and 

pyrrhotite, and is spatially associated with gold (Xue, 2011).  

Gold: Native gold typically forms gold-silver alloy (electrum) with an Au-Ag ratio that 

averages 11, but ranges from 23 to 0.44 (Xue, 2011). Gold occurs as free grains (10ï300 µm) 

interstitial to quartz and pyrrhotite, or in contact with pyrrhotite (Xue, 2011). Gold is also closely 

spatially associated with chalcopyrite and tellurobismuthite (Xue, 2011).  

Goethite: This mineral is the secondary oxidation product of iron-bearing sulfides, 

especially pyrite. It partially or completely replaces pyrite along cleavages or fractures within 

individual pyrite grains, or as rims along pyrite grain boundaries. 
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2.5.2.2 V2 paragenesis 

Although mineral assemblages and their proportions are variable, textural and chronologic 

relationships between vein minerals are consistent throughout the Central Manitoba mine trend. 

The depositional sequence of various minerals can be divided into two stages: a primary infill 

stage during which mineral deposition took place during one or several episodes of open-space 

filling, and a post-filling stage of deformation and quartz recrystallization, followed by fracturing 

and deposition of late chalcopyrite. Oxidation of bismuth-bearing and iron-bearing sulfides took 

place latest. 

During the initial open-space filling stage, euhedral type-I quartz was deposited together 

with chlorite and sericite along vein margins. Colloform type-I pyrite in greywacke was also 

enclosed during this stage. Poikilitic pyrite of type-II grew after with randomly-oriented 

chalcopyrite, quartz and chlorite inclusions. Colloform type-I pyrite was also replaced by type-II 

pyrite and chalcopyrite during this stage. Irregular patches of chalcopyrite and pyrrhotite were 

deposited afterwards. Gold, tellurobismuthite, bismuthinite and other bismuth-bearing minerals 

were introduced with pyrrhotite during this stage. Type-III pyrite and chalcopyrite were 

deposited after surrounding chlorite and sericite, since type-III pyrite and chalcopyrite enclose 

chlorite and sericite. Type-III pyrite and chalcopyrite were crystallised after some pyrrhotite and 

bismuth-bearing minerals were deposited because they also enclose some pyrrhotite and 

bismuthinite.  

At the post-filling stage, quartz vein and associated minerals underwent intense G4 ductile 

deformation, causing undulose extinction in euhedral quartz grains. Some equant to elongate 

sub-grains grade laterally into recrystallised grains. Quartz-pyrite-chalcopyrite veinlets in altered 

greywacke were boudinaged during G4 dextral shear, parallel to the continuous foliation defined 

by sericite and chlorite. 

2.6 Discussion 

2.6.1 Stratigraphic setting of gold mineralization 

There are only a few examples of Archean lode gold deposits that are entirely hosted or 

intimately associated with clastic metasedimentary rocks (Colvine et al., 1988), as at Hemlo 

(Muir, 1983; Burk et al., 1986; Lin, 2001), Geraldton (Macdonald, 1983), Timmins (Walsh et al., 

1986), and Contwoyto Lake (Kerswill, 1986), etc. Some lithologic associations, such as iron-rich 
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metasedimentary rafts within differentiated gabbroic sills, are especially favorable hosts for gold 

mineralization due to their combined iron-rich and competent nature (Robert et al., 2005). This is 

similar to the case in the Central Manitoba mine trend in terms of the lithologic association of 

diagenetic pyrite-rich greywacke and adjacent gabbro. 

2.6.2 Structural control of ore shoots 

2.6.2.1 Lithology competency and deformation manner 

As discussed in the section dealing with the stratigraphic setting of gold mineralization, vein 

emplacement may favor structurally more competent rocks where a strong competency contrast 

exists between adjacent lithologies (e.g., Colvine et al., 1988). This competency contrast may 

result from primary compositional differences (e.g., syenite more competent than sedimentary 

rocks, Young Davidson mine; Zhang et al., 2014), or may result from secondary alteration 

processes (e.g., metasomatic ankerite-rich units more competent than surrounding rocks, 

Cochenour-Willans mine; Sanborn-Barrie, 1987). However, for the Central Manitoba mine trend, 

auriferous quartz veins are predominantly hosted by ductile shear zones, which occur at or near 

altered contacts of basalt, greywacke and gabbro, as well as within the gabbro, suggesting 

anisotropy reactivation on contact zones of primary competency contrast was a significant 

control on shear zone development and vein emplacement. Strain was partitioned along primary 

planes of weakness (i.e., contact zones) during later deformation within an optimally-oriented 

kinematic frame. Brittle shears or brittle-ductile shear zones do host minor extension veins in the 

more competent gabbro, but these are mostly barren. Considering the extensive and pronounced 

sericite and chlorite alteration zones along high grade mineralized veins, we believe that textural 

destruction and compositional change due to phyllosilicate alteration along precursor faults, 

dramatically weakened the more competent gabbro allowing for the development of ductile shear 

zones. 

2.6.2.2 Local structural control 

As shown in Figs. 15 and 24, auriferous quartz veins mainly occur within sheared and 

altered contacts between greywacke, basalt and gabbro intrusions, or entirely within gabbro. 

Based on longitudinal sections of underground workings (Fig. 2.15b), the major ore bodies were 

shallowly plunging and did not have much depth extent, although quartz veins do continue to 

greater depths (Stockwell and Lord, 1939). 

The shallowly plunging ore shoots (Fig. 2.15b) are subparallel to shallowly to moderately 



 

30 

 

plunging slickenlines on the vein margins and ridge-in-groove slickenside striations in host shear 

zones. This is unlike most other lode gold deposits in the southern Archean Superior Province, 

where ore shoots are typically aligned at a high angle or perpendicular to the movement direction 

of host shear zones (e.g., Poulsen and Robert, 1989). However, it is concurrent with quite a few 

greenstone gold deposits in southern Africa and Western Australia, where ore shoots are 

typically parallel to mineral elongation lineation and slip direction of host shear zones (e.g. 

Vearncombe et al., 1989). The shallow plunge of ore zones could be explained by vertical 

extension and the associated boudinage of the veins and gold remobilization into low strain 

domains along the veins, and/or gold remobilization into grain-scale dilational sites by 

hydrothermal fluids that flowed along the shear zones during shearing and recrystallization of the 

veins.  

As pointed out by Stockwell and Lord (1939), North Carbonate Shear Zone and South 

Carbonate Shear Zone may play an important role in the fact that ore bodies do not extend to 

greater depths. Sheared quartz veins are widest at surface where the distance between these two 

shears is greatest and narrow at depth where the two shears intersect; and ore bodies under 

Growler shaft narrowed and terminated close to the South Carbonate Shear Zone (Fig. 2.15b; 

Stockwell and Lord, 1939).  

2.6.3 Gold precipitation and modification at microscopic level 

Textural relationships between gold, sulfides and alteration minerals in quartz veins reveal 

that free gold is spatially and temporally associated with pyrrhotite and Bi minerals at the Central 

Manitoba gold deposit, as revealed by Xue (2011) and this study. Gold precipitation may have 

occurred contemporaneously with deposition of pyrrhotite and Bi minerals. This close 

association between gold and Bi minerals has been recently documented in several other gold 

deposits (e.g., Törmänen and Koski, 2005; Ciobanu et al., 2010; Acosta-Góngora et al., 2015). 

Some researchers proposed that "invisible" gold particles within Bi minerals could have been 

remobilized to form visible free gold (e.g., Acosta-Góngora et al., 2015). This mechanism might 

readily explain free gold association with Bi minerals at the microscopic scale in the Central 

Manitoba mine trend. More microprobe work on associated Bi minerals and mass-balance 

calculations on chemical change might help solve this problem. 
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2.7 Conclusions 

In this paper, the stratigraphic and structural setting of the Central Manitoba lode gold 

deposit were established based on new results of detailed geological mapping. Moreover, 

auriferous quartz veins and associated alteration envelopes were documented through 

microstructural and paragenetic analyses. The current study of stratigraphic succession, 

deformation structure and vein mineralization has revealed the following major points: 

1. Auriferous quartz veins are concentrated at, and slightly discordant to, sheared contacts 

between greywacke, basalt and gabbro intrusions, or are entirely hosted by gabbro intrusions 

adjacent to contacts. 

2. Five generations of ductile deformation structures as well as brittle faults were 

recognized in the field. Quartz veins are structurally controlled by G3 and G4 conjugate sets of 

brittle-ductile shear zones. West-trending auriferous quartz veins were emplaced before or during 

G4 dextral shearing, and then overprinted by late G4 deformation. Veins, either hosted by 

greywacke, basalt or gabbro, are extensive but not necessarily well-mineralized throughout their 

strike and dip directions. Ore bodies plunge shallowly along quartz veins, which are subparallel 

to vein margin slickenline and ridge-in-groove slickenside striation of G4 ductile shear zones.  

3.  Free gold (electrum) is intimately associated with quartz, pyrrhotite, chalcopyrite and 

bismuth-bearing minerals in high grade veins. Gold was introduced contemporaneously with 

pyrrhotite and tellurobismuthite relatively early in the paragenetic sequence. 

  



 

32 

 

 

Fig. 2.1 a) Tectonic framework of the western Superior Province, showing major tectonic 

domains, terranes, or Subprovinces; modified from Lin and Beakhouse (2013); b) Regional 

tectonic map of the western Superior Province in southeastern Manitoba, exhibiting major 

Subprovinces, lithostratigraphic assemblages, crustal-scale shear zones, and significant gold 

deposits; modified from Anderson (2013b). 
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Fig. 2.2 Generalized regional geological map of the southeastern Rice Lake greenstone belt, 

displaying major formations within the Bidou assemblage and gold deposits in this area; 

modified from Stockwell (1945), Zwanzig (1971), Brommecker (1996), Anderson (2013b) and 

Zhou (2014). Location of Fig. 2.3 is indicated. Age source: 1 Turek et al. (1989), 2 Anderson 

(2013b), 3 Chapter 4. 
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Fig. 2.3 Simplified local geological map in the vicinity of the Central Manitoba mine trend, 

illustrating major lithostratigraphic units, structures and past-producing shafts; modified from 

Zhou et al. (2014). Location of Fig. 2.15 is indicated. 
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Fig. 2.4 a) A diagram showing seven conformable formations within the Bidou assemblage 

(Campbell, 1971) and available U-Pb zircon age constraints (Turek et al., 1989; Anderson, 

2013a, b); b) local lithologic column constructed from Fig. 2.3; ore bodies are indicated. 
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Fig. 2.5 Outcrop photographs of bedrock lithology: a) greywacke showing spectacular normal 

graded bedding and scour surface at one bed's bottom, younging toward southwest; southeast of 

Walton shaft; b) felsic lapilli tuff with a prominent subvertical foliation; c) pillowed basalt south 

of the Ross River pluton, younging to the south; d) irregular-shaped pegmatitic segregations 

within leucocratic gabbro. 
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Fig. 2.6 a) Outcrop sketch illustrating main lithologic units and F1, F2, and S2 structures; b, c) 

Outcrop photographs showing crosscutting relationships between lithologic units and doubly-

plunging isoclinal F1 folds. G1 structural data are equal-area lower hemisphere stereonet 

projections. All stereonet data presentations in this thesis were produced through the software 

"Stereonet 8" by Allmendinger et al. (2012) and Cardozo and Allmendinger (2013). 
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Fig. 2.7 Outcrop photographs displaying G1 structures: a) flattened pillowed basalt defining 

west-striking S1 foliation; b) flattened and elongate basalt varioles defining a west-striking 

subvertical S1 foliation and subvertically plunging L1 lineation; finite strain axes are indicated; c) 

west-striking vertical bedding and steeply south-dipping, closely-spaced cleavage in greywacke. 
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Fig. 2.8 Equal-area lower hemisphere stereonet projection of G2 structural data. 
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Fig. 9. a) Outcrop sketch of west-southwestïstriking G3a sinistral and G4 dextral gabbroic ductile 

shear zones, and associated quartz-feldspar porphyry boudins; b) outcrop photograph showing 

from top to bottom three subparallel gabbroic domains: undeformed leucogabbro, greyish white 

G3a ductile shear zone and greenish grey G4 ductile shear zone; c) close-up of the contact 

between undeformed leucogabbro and G3a sinistral ductile shear zone; d) spectacular S/C 
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mylonitic rocks within the G3a ductile shear zone indicating a sinistral sense of shear; note that S2 

foliation is crenulated and overprinted by S3 (subparallel to C3) foliation; e) short-wavelength 

chevron folds in G3a shear zone indicating a sinistral sense of shear. 
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Fig. 2.10 Outcrop photographs and 

line drawings of north-northwestï

striking G3b dextral subvertical 

gabbroic shear zones: a, b) west-

southwestïstriking curviplanar to 

short-wavelengthïfolded S foliation 

and north-northwest-striking C 

foliation as well as the sigmoidal 

lozenge indicating dextral shearing; 

C foliation is defined by physical 

breaks of weathered out low grounds 

that are partially filled by quartz 

veinlet lenses; c, d) west-trending 

curviplanar S foliation and north-

trending C foliation suggesting 

dextral shearing. 
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Fig. 2.11 a) Outcrop sketch of intrusion breccia, extension quartz veins and associated shear 

basaltic clast margins; b) close-up outcrop photograph illustrating basaltic clasts and feldspar 

porphyry; c) outcrop photograph exhibiting sinistral sheared margin of a basaltic clast; d) 

outcrop photograph showing numerous basaltic clasts and extension quartz veins with comb 

structure. 
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Fig. 2.12 G3a and G3b shear zones are plotted on the equal-area lower hemisphere stereonet. 
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Fig. 2.13 Outcrop photographs showing G4 and G5 structures: a) west-trending subvertical G4 

dextral ductile shear zone; b) isoclinal F4 folds are overprinted by open F5 folds in G4 ductile 

shear zone; c) spectacular ů-type porphyroclast at the G4 ductile shear zone boundary indicating 

dextral shearing. The equal-area lower hemisphere projection shows G4 structural data. 
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Fig. 2.14 a) Outcrop photograph of a G4 ductile shear zone adjacent to boudinaged porphyry 

dikes, and line drawing of S/C fabric indicating dextral shearing; see photo location indicated in 

Fig. 2.9a; b) moderately east-plunging L4 slickenside striation. 
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Fig. 2.15 a) Geological map showing vein systems at the Central Manitoba mine trend; b) 

longitudinal sectional projection along line AïA' in Fig. 2.15a, showing milled ore bodies and 

underground workings. Modified from Stockwell and Lord (1939). 

  




















































































































































































































































































