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Abstract 

Uranium deposits associated with Paleoproterozoic successor basins were 

investigated using structural, petrographic, geochronological and geochemical relationships 

to understand the character and timing of ore-forming fluids and the structural control on 

uranium mineralization. The work focused on two successor basins that share similar 

geological characteristics: the Martin Lake Basin in the Beaverlodge area in Canada, and 

the El Sherana Basin in the South Alligator River area in Australia. 

The Beaverlodge area records six temporally distinct stages of U mineralization 

spatially associated with the Martin Lake successor basin. Early minor stages are hosted in 

cataclasite and veins at ca. 2.29 Ga and in albitized granite in the Gunnar deposit between 

ca. 2.3 Ga and 1.9 Ga, which predates the main stage of U mineralization of hydrothermal 

breccias that formed at ca. 1.85 Ga. Later stages of mineralization are related to minor veins 

at ca. 1.82 Ga linked to alkaline mafic dikes associated with the Martin Lake Basin and to 

minor veins at ca. 1.62 Ga corresponding to the timing of unconformity-type U 

mineralization in the overlying Athabasca Basin. The main breccia-type U mineralizing 

event that affected all deposits in the Beaverlodge area formed at ca. 1.85 Ma from 

metamorphic fluids at ca. 330
o
C linked to metasomatism during regional metamorphism of 

the Trans-Hudson Orogen. The ore-forming fluids were likely derived from metamorphic 

remobilization of pre-existing U-rich basement rocks, and ascended upward along deep 

fracture systems that resulted from brittle reactivation of early ductile shear zones. 

The main event of U mineralization in the South Alligator River area formed at ca. 

1.82 Ma, subsequent to deposition of the El Sherana Group at 1.84-1.83 Ma. The formation 
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of these deposits is related to fluids derived from diagenetic processes in sandstone of the 

El Sherana Group. Mineralization formed when a 250
o
C, low latitude, oxidizing, U-bearing 

basinal brine from diagenetic aquifers in the Coronation sandstone descended downward 

into the unconformity along fracture systems created by brittle reactivation of the El 

Sherana-Palette fault system. 

Uranium deposits associated with successor basins in the Beaverlodge and South 

Alligator River area are older than those in the U-rich Athabasca and Kombolgie basins. 

Rocks that host these deposits have been folded, and then exhumed during subsequent 

tectonic events. These older U deposits can be considered as a potential source for detrital 

uraninite that fed sediments of the Athabasca and Kombolgie basins and therefore 

contributed to the inventory of uranium that formed unconformity-related U mineralization 

in the younger basins. Therefore, the occurrence of older U mineralization associated with 

successor basins can be considered as positive criterion for exploration of unconformity-

related U mineralization in younger Paleoproterozoic basins. 
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CHAPTER 1 

INTRODUCTION  

The Athabasca Basin in Canada and the Kombolgie Basin in Australia are late 

Paleoproterozoic basins that host world-class unconformity-type uranium deposits that 

contribute to up to 35% of the global uranium market (e.g. Dahlkamp, 1993; Ghandi, 

2007). These deposits are spatially associated with an older uranium mineralizing system 

that occurs in Paleoproterozoic successor basins; the Martin Lake Basin in the Beaverlodge 

area, Northern Saskatchewan, Canada, and the El Sherana Basin in the South Alligator 

River area, Northern Territories, Australia. These successor basins formed synchronous or 

after major orogenic events (examples of such orogens are the Trans-Hudson Orogen in 

Canada and the Top-End Orogen in Australia; Needham, 1985; Hoffman, 1989) and 

therefore may be associated with local rifting and volcanism (Needham, 1985; Hartlaub et 

al., 1999; Moreilli et al., 2001).  

Unconformity-type uranium deposits associated with the younger Athabasca and 

Kombolgie basins have been intensively studied (e.g. Hoeve and Sibbald, 1978; Wilson and 

Kyser 1987; Kotzer and Kyser, 1995; Sweet et al., 1999; Kyser et al., 2000; Polito et al., 

2004; Alexandre et al. 2007; Cuney and Kyser, 2008). Although deposits associated with 

successor basins in the Beaverlodge and South Alligator River areas were extensively 

explored in the 1950s, only limited research on their genesis has been published (e.g. 

Robinson, 1955; Koeppel, 1968; Beck, 1969; Sassano et al., 1972; Tremblay, 1972; Hoeve, 

1981; Johnston, 1984; Needham, 1985; Sibbalt, 1985; Rees, 1992). Therefore, the key 
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processes by which these deposits formed remain a contentious issue. Their timing and 

genetic relationships with the unconformity-type deposits in the younger U-rich Athabasca 

and Kombolgie basins, and the successor basins themselves, are inconclusive. An 

understanding of the structural and geological setting, timing, origin, and nature of the 

fluids that formed them and altered them and their relationship with the younger 

unconformity-type uranium deposits are necessary to establish a more definitive genetic 

model for the formation of these deposits and to contribute to more effective exploration 

strategy in successor and associated basins in general.  

This thesis reflects results of a study on the fluid evolution and structural control on 

uranium deposits in the Martin Lake Basin in the Beaverlodge area, Northern 

Saskatchewan, Canada, and the El Sherana Basin in the South Alligator River area, 

Northern Territories, Australia, using modern geochemical techniques integrated with 

detailed structural analysis. Results are compared to existing models for uranium deposits 

in the younger Athabasca and Kombolgie basins.  

1.1 Geological setting of the Beaverlodge area 

1.1.1. Regional geological and structural setting 

The Beaverlodge area lies in the southwestern Rae province of the Churchill 

province, which is located in the northwest section of the North American shield (Fig. 1.1). 

The Churchill province is subdivided into the Rae and Hearne domains separated by the ca. 

1.91-1.90 Ga Snowbird Tectonic Zone (Hoffman, 1990; Hanmer et al., 1995) and bordered 

to the northwest by the ca. 1.99-1.92 Ga Taltson-Thelon Orogen (Thériault, 1992; McNicoll 

et al., 2000) and to the southeast by the ca. 1.9-1.8 Ga Trans-Hudson Orogen (Ansdell and 



 

3 
 

Yang, 1995). The Beaverlodge area comprises Archean to late Paleoproterozoic rocks that 

can be broadly divided into four packages:  
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Figure 1.1. Generalized geological map of the Western Churchill province, Canada showing 

the location of the Beaverlodge area (modified from Davidson and Gandhi, 1989). 

(1) Archean (ca. 3 Ga) basement granitoid and gneiss (Hartlaub et al., 2006); 

(2) Variably deformed and metamorphosed Neoarchean to Paleoproterozoic (ca. 2.33 Ga 

to 2.1 Ga) Murmac Bay Group rocks (Hartlaub and Ashton, 1998; Hartlaub et al., 

2004a; Knox et al., 2007, 2008) that unconformably overlie the basement rocks. This 

Group contains quartzite, dolostone, psammite, iron formations, mafic rocks, and pelite 

(Hartlaub and Ashton, 1998; Ashton et al., 2000). Deposition of the Murmac Bay 

Group was synchronous with intrusion of the ca. 2.33 Ga to 2.29 Ga North Shore 

Pluton suite (Ashton and Hunter, 2003) including the 2321±3 Ma Gunnar granite 

(Hartlaub et al., 2004a), which hosts a major U deposit (Ahston et al., 2010; Dieng et 

al., 2011). 

(3) Paleoproterozoic ca. 1820 Ma siliciclastic red-bed sedimentary rocks and associated 

alkaline volcanic rocks of the Martin Lake Basin (Langford, 1981; Mazimhaka and 

Hendry, 1983; Hendry, 1985; Morelli et al., 2009), which unconformably overly the 

granitic basement and Murmac Bay Group rocks; 

(4) late Paleoproterozoic ca. 1750-1720 Ma sedimentary rocks of the Athabasca Group 

(Sibbald, 1983; Kyser et al., 2000; Rainbird et al., 2007) that unconformably overly 

Martin Lake Basin rocks.  

The basement granite and rocks of the Murmac Bay Group record the effects of 

at least four major Paleoproterozoic thermotectonic events:  
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(1) the ca. 2.4-2.3 Ga Arrowsmith Orogen (Berman et al., 2005; Hartlaub et al., 2007; 

Ashton and Hartlaub, 2008), interpreted as an extensional orogen associated with the 

deposition of the Murmac Bay Group and the intrusion of the North Shore Plutons. 

(2) the ca. 1.99-1.93 Ga Thelon-Taltson Orogen (McDonough et al., 2000; McNicoll et al., 

2000) produced NNE-directed recumbent folds (D1/2) accompanied by ductile 

transposition and superseded by upright NNW-trending folds (D3/F3) (Bethune et al., 

2010). The deformation attained granulite-facies metamorphic conditions by ca. 1.93 

Ga (Ashton et al., 2006, 2007). The Thluicho Lake Group (Hunter, 2007), a 

greenschist-facies conglomerate-arkose-argillite succession basin located west of the 

Beaverlodge area, was deposited between ca. 1.92 Ga and 1.82 Ga (Ashton et al., 

2009a) during the post-peak Taltson-Thelon Orogen. 

(3) the ca. 1.91-1.90 Ga Snowbird Tectonic Zone (Baldwin et al., 2003; Bethune et al., 

2008; Ashton et al., 2009a) refolded D1 to D3 structures forming NE-trending, 

predominantly SW-plunging F4 folds (Ashton et al., 2007). 

(4) the ca. 1.9-1.8 Ga east-west compressional regime of the Trans-Hudson Orogen formed 

gentle, open north-trending folds (F5) that are transected by a set northeast-trending 

brittle fractures (Ashton et al., 2006, 2009b). 

1.1.2. Uranium mineralization  

The Beaverlodge area hosts numerous U deposits that are spatially associated with 

the Martin Lake Basin (Fig. 1.1). These deposits were actively mined between 1953 and 

1963. Ore grades were in the range of 0.15% U to 0.25% U but in places, up to 0.4% U 

(Robinson, 1955). About 28,500 t U3O8 was mined (Table 1.1; Sibbald and Quirt, 1987), 
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which is the equivalent of the Millennium deposit (Roy et al., 2005) in the Athabasca 

Basin. The Ace-Fay and Gunnar deposits produced up to 80% of the total U ore (Table 

1.1). 

Deposits Production (t U3O8) 

Eldorado-Ace-Fay 19,232 

Gunnar 6,892 

Eldorado Verna- Bolger 7 63 

Eldorado-Hab 436 

Rix Smitty 295 

Eldorado - Dubyna 251 

Cinch Lake 197 

Cayzor Athabasca 163 

Lorado 89 

Eldorado Eagle 77 

Rix Leonard 41 

Nicholson 41 

National Exploration 3 0 

Nesbitt Labine 23 

Eldorado Fishhook 15 

Eldorado Martin Lake 11 

Uranium Ridge 10 

Total Production 28,546 

Table 1.1. Uranium production of the Beaverlodge area (after Sibbald and Quirt, 1987) 

The uranium deposits were generally subdivided into pegmatite-type and vein-type 

deposits (Beck, 1969; Robinson, 1955; Tremblay, 1972). The latter are further divided into 

a small group of complex mineralogy and a larger group of simple mineralogy (Tremblay, 

1972; Hoeve, 1978; Kotzer et al., 1995). Deposits of simple mineralogy consist of 

pitchblende with lesser amount of pyrite, chalcopyrite, galena, ±nolanite and minor amount 

of bornite, covellite, chalcocite, digenite, and native copper (Robinson, 1955). Deposits of 

complex mineralogy consist of pitchblende with cobalt-nickel arsenides and sulfides, 

cobalt-nickel lead selenides, and native platinum, gold, silver and copper in addition to 
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minerals found in deposits of simple mineralogy (Robinson, 1955). The ore is associated 

with high Si, Al, Fe, Ca, Na, Cu, Pb and V (Beck, 1969) and the ore mineralogy is similar 

to the complex-type unconformity-related U deposits in the Athabasca Basin (Hoeve et al., 

1978; Fayek et al., 1997). The common gangue minerals in order of abundance are 

hematite, calcite, chlorite, quartz, feldspar and fluorite (Robinson, 1955). 

Hoeve et al. (1978) proposed two different periods of metallogenesis based on a 

correlation between deposit types and their timing. They argue that deposits of simple 

mineralogy formed at 1780 Ma (Koeppel, 1968) and are associated with Na-metasomatism 

during the peak Trans-Hudson Orogen, whereas those of complex mineralogy formed at ca. 

1500-1400 Ma and may be equated to the unconformity-type deposit of diagenetic origin in 

the Athabasca Basin (Peiris et al., 1988; Kotzer et al., 1990, 1993, 1995; Rees, 1992). 

1.2. Geological setting of the South Alligator Mineral Field area 

1.2.1. Regional geological and structural setting 

The South Alligator River area is located in the South Alligator Valley, in Northern 

Territories, Australia (Fig. 2.1). It comprises rocks aged from Neoarchean to late 

Paleoproterozoic, which are divided into four main sequences:  

(1) Neoarchean ca. 2.5 Ga basement granitic rocks (Needham and Stuart-Smith, 1985);  

(2) Paleoproterozoic (ca. 2.2 Ga to 1.87 Ga) metasedimentary and metavolcanic rocks of 

the Pine Creek Orogen sequence unconformably overlying basement rocks (Page et al., 

1980; Needham et al., 1987). In the South Alligator River area, the upper part of the 

South Alligator Group, the Koolpin Formation is a succession of interbedded siltstone, 
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dolostone and carbonaceous shale (Lally et al., 2006) that host most of the uranium 

mineralization (Valenta, 1989, 1991; Wyborn et al., 1991; Mernagh et al., 1994; Lally 

and Bajwah, 2006); 
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Figure 1.2. Generalized regional geology of the Pine Creek Inlier, showing uranium fields, 

deposits, and prospects (modified from Needham et al., 1988). 

(3) Paleoproterozoic (ca. 1829 Ma to 1822 Ma) silisiclastic red beds and associated felsic 

and mafic volcanic rocks of the El Sherana-Edith River Group unconformably overlie 

Pine Creek Orogen sedimentary rocks (Jagodzinski, 1992; Kruse et al., 1994); and  

(4) Late Paleoproterozoic (ca. 1822 Ma to 1720 Ma) volcanic and sedimentary rocks of the 

Kombolgie Basin (Sweet et al., 1999) unconformably overlying older rocks and are 

intruded by the 1723±6 Ma Oenpelli dolerite (Kyser et al., 2000). 

Johnston (1984) and Valenta (1990) described three deformation phases in the South 

Alligator River area, which are related to the ca. 1.87-1.78 Ga Top End Orogen (Needham 

and DeRoss, 1990). D1 deformation occurred during the ca. 1.87-1.96 Ga Barramundi 

Orogen (Page and Williams, 1988) and produced isoclinal folding and bedding-parallel 

cleavage, related to major low-angle reverse faulting, particularly at the base of the Koolpin 

Formation (Johnston, 1984). D2 occurred during the 1.86-1.84 Ga Nimbuwah event 

(Ferguson and Needham, 1978; Lally and Worden, 2004) and formed regional-scale, 

northwest trending, upright, tight to isoclinal folds and a penetrative axial-plane cleavage. 

This event is associated with greenschist grade metamorphism in the South Alligator River 

area. Post-Nimbuwah D3 deformation is characterized by open, upright northeast-trending 

folds and affected the El Sherana Basin rocks (Valenta, 1991).  

1.2.2. Uranium mineralization 

U mineralization occurs in three main areas of the Pine Creek Orogen: the Alligator 

Rivers Uranium Field, the South Alligator Rivers Uranium Field, and the Rum Jungle 
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Mineral Field (Figure 1.2). Many deposits in these areas are classified as unconformity-type 

(Lally et al., 2006). In the South Alligator Rivers area, U deposits lie within a northwest-

trending structural belt of Paleoproterozoic metasedimentary and metavolcanic rocks 

(Walpole et al. 1968; Crick et al. 1980; Needham et al. 1988; Valenta, 1991; Wyborn et al. 

1990a). Thirteen deposits (Table 1.2) and fifteen prospects were discovered by 1953 

(McKay and Miezitis, 2001). Between 1956 and 1964, a total of 875 t of U3O8 from 146 

500 t of ore was produced (Table 1.2, Fisher, 1968). The bulk of the production was from 

underground operations, with a few small open-cut pits (Lally et al., 2006). 

Deposits Ore tonnage Grade t U3O8 Au and PGE 

Coronation Hill (production and reserve) 0.363 Mt 0.52 1869 19.6t Au, 0.8t Pt, 2.1t Pd 

El Sherana (production) 41100t 0.55 226 Minor Au 

El Sherana West (production) 21658t 0.82 185 Minor Au 

Rockhole (production) 13155t 1.11 152 Minor Au 

Palette (production) 4850t 2.46 124 
 

Saddle Ridge (production) 30341t 0.24 78 
 

Scinto 5 (production) 5800t 0.37 22 
 

Scinto 6 (production) 1760t 0.16 3 
 

Koolpin Creek (production) 530t 0.13 3 
 

Skull (production) 630t 0.55 3 
 

Sleisbeck (production) 
 

0.34 3 
 

Table 1.2. Production for U deposits in the Northern Territory, after Fisher, 1968. 

Most of the deposits lie on or near the El SheranaïPalette fault (Fig. 1.2), a 

northwest-striking dextral strike-slip fault system (Valenta, 1990), and were formed in 

dilatational zones at fault bends or intersections (Valenta, 1991). The deposits occur in 

greenschist facies host rocks and are surrounded by alteration zones that may extend for 

over 1 km (Mernagh et al., 1994). The mineralization is essentially uraninite associated 

with precious metals occurring as vein-type lodes in faults or shears, and occurs at the 

unconformity between sediments of the El Sherana Group and the underlying cherty 
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ferruginous siltstone of the Koolpin Formation (Ayres et al., 1975). The U mineralization is 

accompanied by minor amount of galena, chalcopyrite, pyrite, native gold, and clausthatite 

(Ayres et al., 1975). The syn-ore alteration is characterized by muscovite-chlorite 

±hematite±kaolinite±biotite (Wyborn, 1992; Mernagh and Wyborn, 1994). 

1.3. Uranium mineralized systems in the Athabasca and Kombolgie basins 

Uranium deposits in the Athabasca and Kombolgie basins are major sources of high 

grade U ore (McGill  et al., 1993; Bruneton, 1987). These deposits consist of massive pods, 

veins and disseminations of uraninite spatially associated with unconformities between 

basement Paleoproterozoic metasedimentary and Archean to Paleoproterozoic granitoid 

rocks and overlying relatively flat-lying, late Paleoproterozoic siliciclastic fluvial red-bed 

strata (Hoeve and Sibbald, 1978; Hoeve and Quirt, 1984; Wallis et al., 1986; Sibbald and 

Quirt, 1987).  

The uranium deposits can be hosted in structures in the basement (ingress type, Fig. 

1.3) or in the overlying siliciclastic strata and paleo-weathered basement rocks (egress type, 

Fig. 1.3) at the unconformity (Hoeve et al., 1984; Sibbald, 1985; Fayek and Kyser, 1997). 

The ore-forming fluids originate either from the overlying sandstone (e.g. Kotzer et al., 

1995; Polito et al., 2005; Cuney and Kyser, 2008) or the underlying basement (e.g. Cuney 

et al., 2005). These deposits are associated with alteration zones around the mineralization 

(Hoeve et al., 1984; Quirt, 2003). In basement-hosted deposits, illitization is predominant in 

the distal alteration zone from the U mineralization, and chloritization is the typical 

alteration in the proximal zone (e.g. Wilde, 1989; 1992; Kotzer et al., 1995; Polito et al., 
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2005). U mineralization is controlled by structures that have been reactivated, which are 

favorable sites for fluid circulation (Schultz, 1991; Tourigny, 2002).  
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Figure 1.3. Genetic model for unconformity-type U deposit (modified from Cuney and 

Kyser, 2008). 

Unconformity-type U deposits in the Athabasca and Kombolgie basins formed at ca. 

1600 Ma and 1675 Ma, respectively, (Alexandre et al., 2006; Polito et al., 2012). 

Temperatures were 200
o
C and involved the interaction of oxidizing, saline basinal fluids 

carrying U
6+

 with either reducing basement rock types (basement-hosted, Fig. 1.3) or 

reducing fluids from the basement (sediment-hosted, Fig. 1.3), thereby precipitating U
4+

 at 

the unconformity (e.g. Hoeve and Quirt, 1984; Kotzer and Kyser, 1995; Cuney et al., 

2005). Unconformity-type U deposits in the Athabasca and Kombolgie basins have 

produced up to 35% of the world U production (e.g. Ruzicka, 1996; Ghandi, 2007), 
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compared to the small percentage produced in successor basins (Table 1.3) (Sibbald and 

Quirt, 1987). 

 
ore (Kt) % U Tonnes U 

Olympic Dam (Australia)  2877610 0.03 863283 

Athabasca Basin (Canada)  28810 1.922 553778 

Kombolgie Basin (Australia)  87815 0.323 283304 

Thelon Basin (Canada)  11989 0.405 48510 

Beaverlodge District (Canada)  15717 0.165 25539 

Hornby Bay Basin (Canada)  900 0.3 2700 

South Alligator Valley U Field - 0.66 2668 

Paterson Terrane (Australia)  122200 0.25 30 

Table 1.3. Amount of U resources and average grades (modified from Jefferson et al., 2007).  

Uranium also occurs in other deposit types (Fig. 1.4) including: breccia complex, 

sandstone hosted, surficial, conglomeratic, volcanic, metasomatic, metamorphic, granite-

hosted, and vein-type deposits (Cuney and Kyser, 2008). So far, unconformity-related 

deposits have produced the majority of U (Table 1.4). 
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Figure 1.4. Schematic representation of the location of various types of U deposits (modified 

from Cuney and Kyser, 2008) 

U deposit type Global U production (%) Global U resource (%) 

Unconformity -related  42 4 

Sandstone-hosted  30 10 

Metasomatic  9 4 

Volcanic  9 1 

Breccia Complex  8 6 

Quartz-pebble conglomerate 2 2 

Table 1.4. Global U production and resources by deposit type (after Cuney and Kyser 2008). 

1.4. Uranium mineralized systems in the successor basins 

In successor basin areas, there is no consensus regarding the origin of the fluids that 

carried the uranium, the timing of the deposits or their relationship with the younger U-rich 

Athabasca and Kombolgie basins primarily because they are wholly understudied. Previous 

results on deposits in successor basins are discussed in chapters 2 to 4. Diagenetic 

processes and fluid evolution in the Martin Lake and El Sherana basins have never been 

fully addressed, nor has basin versus basement sources for U and other metals in the 

deposits. More recent studies on U in successor basins focussed only on aspects of a few 

deposits and the older studies dating back to the 1950ôs often lacked the necessary details 

and technologies needed to construct meaningful exploration models (e.g. Condon and 

Walpole, 1955; Tremblay, 1972). Indeed, there is a lack of basic knowledge on whether the 

successor basins could form or host an exploitable deposit and what their significance is to 

the overlying U-rich Athabasca and Kombolgie basins. 
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1.5. Purpose of this Thesis 

The main objectives of this thesis are:  

(a) to re-evaluate the character and formation of uranium deposits in successor basins in 

Canada and Australia and compare them to those in the younger U-rich basins with 

which they are spatially associated, and 

(b) to identify key factors controlling U mineralization in successor basins by integrating 

aspects of structural geology, geochronology, petrography and geochemistry (Fig. 1.5) 

to detail the structural and fluid evolution of uranium deposits in successor basins and 

how they are related to unconformity-related U deposits in the younger basins.  

 

Figure 1.5. Geological disciplines used in this study to evaluate the character and formation of 

uranium deposits in successor basins including deformation that created fluid conduits, 

timing of the fluids events, the nature of the ore-formi ng fluid and the uranium source. All are 

necessary to construct a conceptual genetic model for uranium deposit. 
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In particular, the key issues to be addressed include:  

(1) The geological and structural settings of these deposits. The goals are to define the 

deformation history and to analyze the geometry and kinematics of uranium-bearing 

structures that are necessary to understand key structural features that are favorable for 

fluid mobility and uranium mineralization (Fig. 1.5). 

(2) The paragenesis and crystal chemistry of the alteration assemblages and uranium 

mineralization in successor basins (Fig. 1.5), including ore and alteration mineral 

assemblages and their relative timing. 

(3) Determination of the age, origin, composition and timing of the fluids that produced 

the uranium mineralization in successor basins (Fig. 1.5). Results are compared with 

fluids that formed the younger unconformity-type U deposits.  

(4) Establish a conceptual genetic model for uranium mineralization in successor basins by 

integrating results from structural, geochronological, petrographic and geochemical 

data (Fig. 1.5) and predict sites of mineral deposition in analogous successor basins by 

identifying key fluid and deformation events in their evolutions that are linked to 

economic uranium mineralization.  

This study focuses on uranium deposits in the Beaverlodge (Fig.1.1) and South 

Alligator River areas (Fig. 1.2). These two areas share similar geological and structural 

setting. They host older U deposits in Paleoproterozoic successor basins that are spatially 

associated with unconformity-type U deposits in younger late Paleoproterozoic basins. In 

the Beaverlodge area (Fig. 1.1), the Gunnar, Ace-Fay, and Cinch Lake deposits are studied. 

These deposits represent the spectrum of deposit types and are the largest in the area (Table 
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1.1). In the South Alligator Valley area, research is focused on the Coronation Hill and El 

Sherana deposits, the largest deposits of their type in the area (Fig. 1.2, Table 1.2).  

1.6. Thesis Structure 

The results of this research are presented in three manuscripts (Chapters 2 to 4). 

Chapter 2 (accepted pending moderate revisions in Precambrian Research) details 

the timing of deformation, fluid flow and uranium mineralization in the Beaverlodge area. 

U-Pb geochronology of uraninite from various uranium deposits, together with 

petrographic and structural analysis along the Main Ore shear zone at the Cinch Lake 

deposit and the Saint Louis fault at the Ace Fay deposit, are used to constrain the timing of 

deformation and fluid events and to clarify the relationship between fault activity and 

uranium mineralization. Ages of the uranium mineralization and late alteration events that 

affected them are used to correlate the chronology of fault activity and uranium 

mineralization to major thermotectonic events associated with the evolution of the North 

American shield. 

Chapter 3 (accepted pending moderate revisions to Economic Geology) evaluates the 

character and formation of the fluids that formed uranium deposits in the Beaverlodge area 

and determines key geochemical factors that control uranium mineralization. A mineral 

paragenesis that details the relative timing of alteration minerals is presented. Stable isotope 

geochemistry, rare earth element contents in uraninite and mineral crystal chemistry are 

used to constrain the nature and origin of fluids. These results are used to identify key 

factors controlling uranium mineralization in deposits of the Beaverlodge area, present a 
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genetic model for the U mineralization, and compare the Beaverlodge U deposits to those 

in the younger, U-rich Athabasca Basin. 

Chapter 4 (submitted to Mineralium Deposita) focuses on U deposits in the South 

Alligator Valley area. In this chapter, we evaluate the character and formation of U 

mineralization of the El Sherana and Coronation Hill deposits using a mineral paragenesis 

that details the relative timing of alteration minerals. We also constrain the timing, nature 

and origin of the fluids in equilibrium with these minerals using stable isotope 

geochemistry, U-Pb geochronology of paragenetically well-characterized U-rich minerals, 

and mineral crystal chemistry. These results are used to identify key processes controlling 

U mineralization in the South Alligator Valley area, present a genetic model for the U 

mineralization, and compare the South Alligator River U deposits to those in the younger 

and U-rich Kombolgie Basin. 
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CHAPTER 2 

TECTONIC HISTORY OF THE NORTH AMERICAN SHIELD 

RECORDED IN URANIUM DEPOSITS IN THE BEAVERLODGE 

AREA, NORTHERN SASKATCHEWAN, CANADA  

Abstract 

Paragenetic and structural relationships and geochronology of minerals in uranium 

deposits in the Beaverlodge area, Northwestern Saskatchewan, Canada, reveal six periods 

of uranium mineralization associated with multi-stage deformation during the Proterozoic. 

The Saint Louis fault and the Main Ore shear zone are northeast striking, southeast-dipping, 

oblique-normal and dextral fault systems that have mylonite-dominated footwalls. These 

faults display evidence of exhumation and episodic structural reactivation at progressively 

shallower crustal levels, accompanied by fluid flow, hydrothermal alteration, and uranium 

mineralization.  

New geochronologic data on uranium mineralization and alteration events record 

over 2.3 Gyrs of protracted tectonic evolution of the North American shield. 
207

Pb/
206

Pb 

ages of 2293±17 Ma and 2289±20 Ma date two minor uranium mineralization stages 

associated with cataclasite rocks and early tensional veins, respectively, coincident with 

late Arrowsmith orogenic exhumation. Following emplacement of the Gunnar granite at 

2321±3 Ma, albite metasomatic alteration of the granite is associated with a third moderate 

uranium mineralizing event. During the late Paleoproterozoic, exhumation along major 

faults caused the deformation style to change from dominantly brittle-ductile to brittle at 

shallower structural levels. Massive brecciation of pre-existing rocks is associated with the 
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fourth and most significant uranium-mineralizing event at 1848±5 Ma, coincident with fault 

reactivation during tectonic shortening and regional metamorphism related to the Trans-

Hudson Orogen or more likely post-peak compressional uplift during terminal collision of 

the Taltson-Thelon Orogen. Subsequently, formation of the Martin Lake Basin and 

intrusion of mafic dikes are related to the fifth minor uranium mineralizing event at 

1812±15 Ma reflecting rifting related to late stage Trans-Hudson Orogen. Late mineralized 

veins during the Mesoproterozoic crustal growth of the Nuna supercontinent are associated 

with the sixth mineralizing event at 1620±4 Ma, coincident with the Mazatzal Orogen and 

the formation of the unconformity-related uranium mineralization in the proximal 

Athabasca Basin. 

Post-mineralization alteration and resetting events of uraninite further record various 

major orogenic events that have affected the North American shield.  

2.1. Introduction  

Deeply exhumed fault zones can serve as vehicles to understand the complex timing 

relationships between deformational, hydrothermal and ore-forming processes. An 

important step in understanding the structural setting of uranium deposits associated with 

highly and multiply deformed and metamorphosed Paleoproterozoic terranes is establishing 

the timing relationships of fault activity and uranium mineralization to regional 

thermotectonic events.  

The Beaverlodge area in the central-southern Archean Rae province, Northwestern 

Saskatchewan, Canada (Fig. 2.1), hosts numerous fault-controlled uranium deposits. The 

Main Ore shear zone at the Cinch Lake deposit and the Saint Louis fault at the Ace-Fay-
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Verna deposits are two northeast-striking, southeast-dipping, oblique-normal and dextral 

fault systems that offer an excellent setting to understand the temporal relationship of fault 

activity and uranium mineralization to regional thermotectonic events (Fig. 2.2).  

The timing and tectonic setting of uranium mineralization in the Beaverlodge area has 

been a contentious issue. Although the spatial relationship between uranium mineralization 

and major structures has been well documented (e.g. Robinson, 1955; Tremblay, 1968; 

Beck, 1969; Beecham, 1969; Morton and Sassano, 1972; Sassano, 1972; Sibbald, 1982, 

Ashton et al., 2000, 2010), the timing of tectonic and fluid events in these deposits and their 

relationships with fault activity and regional thermotectonic events have never been fully 

elucidated. 

In this chaper, U-Pb dating by laser ablation-high resolution inductively-coupled 

plasma mass spectrometry (LA-HR-ICP-MS) on uraninite from uranium deposits, together 

with petrographic and structural analysis along the Main Ore shear zone and the Saint Louis 

fault, are used to constrain the timing of deformation and fluid events and to clarify the 

relationship between fault activity and uranium mineralization. Ultimately, ages of primary 

uranium mineralization and late alteration events that affected them are used to correlate 

the chronology of fault activity and uranium mineralization to major orogenic events 

associated with the evolution of the North American shield. 

2.2. Geologic Setting 

2.2.1. General geology 
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The Beaverlodge area is part of the Churchill province, which is located in the 

northwest section of the North American shield (Fig. 2.1). The Churchill province is 

subdivided into the Rae and Hearne domains separated by the ca. 1.91-1.90 Ga Snowbird 

Tectonic Zone (Hoffman, 1990; Hanmer et al., 1995) and bordered to the northwest by the 

ca. 1.99-1.92 Ga Taltson-Thelon Orogen (Thériault, 1992; McNicoll et al., 2000) and to the 

southeast by the ca. 1.9-1.8 Ga Trans-Hudson Orogen (Ansdell and Yang, 1995). The 

Beaverlodge area lies within the southwestern Rae province (Fig. 2.1) and comprises 

Neoarchean to Mesoproterozoic rocks that can be broadly divided into four packages (Fig. 

2.2): (1) Neoarchean basement granitoid and gneiss (Hartlaub et al., 2006); (2) variably 

deformed and metamorphosed Neoarchean to Paleoproterozoic Murmac Bay Group rocks 

(Hartlaub and Ashton, 1998; Hartlaub et al., 2004a) that uncomformably overlie the 

basement rocks; (3) Paleoproterozoic siliciclastic red-bed sedimentary rocks and associated 

alkaline to sub-alkaline volcanic rocks known as the Martin Lake Basin (Hendry, 1983; 

Morelli et al., 2001, 2009). Martin Lake Group basal conglomerates directly overlie 

quartzites of the Murmac Bay Group and argillaceous rocks of the Thluicho Lake Group 

(Scott, 1978, Hunter et al., 2003, 2004; Yeo, 2005) at angular unconformities in the western 

Beaverlodge Domain and along the northern shore of Lake Athabasca, respectively (Ashton 

et al., 2009), and (4) Mesoproterozoic sedimentary rocks of the Athabasca Group (Rainbird 

et al., 2007) that uncomformably overlie Martin Lake Basin rocks.  

The basement complex comprises a number of granitoids including the Elliot Bay 

(3014±10 Ma; Persons, 1983), Lodge Bay (3060±40 Ma; OôHanley, et al., 1991), and 

Cornwall Bay (2999±7 Ma; Hartlaub et al., 2004a) granites. The unconformity between the 



 

23 
 

basement and the Murmac Bay Group is generally sheared but the basal polymictic 

conglomerate is locally preserved (MacDonald and Slimmon, 1985).  

 

 

Figure 2.1. Simplified geological map of the southwestern Churchill province, Canada, 

showing lithotectonic units, uranium deposits and the Beaverlodge location. (modified from 

Hoffman, 1988). 

The Murmac Bay Group is composed of metamorphosed and moderately to highly 

deformed basal quartzite, basalt, ultramafic to intermediate igneous rocks, psammite and 

pelite, with minor amounts of conglomerate, banded iron formation, and carbonates 

(Hartlaub and Ashton, 1998; Ashton et al., 2000). The Group is metamorphosed from 

lowermost amphibolite to granulite facies to lower greenschist facies (Ashton and Card, 
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1998; Hartlaub and Ashton, 1998). Recent work indicates that the basal quartzo-feldspathic 

units have a maximum depositional age of 2330±3 Ma (Card et al., 2007). The Murmac 

Bay Group is intruded by a suite of ca. 2.33ï2.30 Ga granites named óNorth Shore Plutonsô 

(Macdonald et al., 1985) including the 2321±3 Ma Gunnar granite (Hartlaub et al., 2007), 

which hosts the Gunnar uranium deposit (Fig. 2.2). The timing of deposition of the 

Murmac Bay Group with respect to emplacement of the óNorth Shore Plutonsô, thought to 

be related to the Arrowsmith Orogen (Hartlaub et al., 2007), remains contentious. 

The Paleoproterozoic Martin Lake Basin (Fig. 2.2) is estimated to be a ca. 5000 m-

thick, molasse, red-bed succession (Langford, 1981; Mazimhaka and Hendry, 1984) of 

essentially unmetamorphosed arkose, conglomerates, and siltstone with mafic flows and 

sills of alkaline affinity (Morelli et al., 2009). The fault-controlled basin is confined to a 

broad open syncline centered about the Martin Lake (Ramaekers, 1981; Ashton et al., 

2001). Suites of east to southeast striking mafic dikes, dated at 1818±4 Ma, are interpreted 

as feeders to the Martin Lake mafic flows (Morelli et al., 2009). The Martin Lake Basin 

formed during a late phase of the Trans-Hudson Orogen and can therefore be classified as 

a successor basin (Clendenin et al., 1988).  

Outliers of the Athabasca Formation lie above the Martin Lake Basin south of the 

Beaverlodge area (Fig. 2.2), where they generally comprise flat-lying and undeformed 

sandstone with minor mudstone, conglomerate and greywacke (Sibbald, 1983).  
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Figure 2.2. Simplified geological map of the Beaverlodge area and location of uranium 

deposits, including those in this study. (modified from Macdonald and Slimmon, 1985). 

Rocks within the Beaverlodge area have been affected by at least four episodes of 

deformation (Bethune et al., 2008; Ashton et al., 2009a). The first deformation episode 

Strike slip normal fault 
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(D1) produced a regional migmatitic foliation (S1). The second deformation episode (D2) 

produced tight to isoclinal folds of early S1 fabric and associated shear zones (Ashton and 

Hartlaub, 2008). These two deformational events resulted in an east-southeast striking 

structural fabric coinciding with the 1.94-1.92 Ga peak metamorphism of the Taltson 

Magmatic Suite (McDonough et al., 2000). An overprinting northeast-striking regional 

fabric associated with tight to isoclinal foldind (D3) is interpreted to be synchronous with 

the 1.91-1.90 Ga metamorphic event of the Snowbird Tectonic Zone (Bethune et al., 

2008). Gentle upright folds with north-trending hinges represent the last phase of regional 

deformation (D4) that affected the Martin Lake Basin and Murmac Bay Group rocks; these 

are likely associated with late stage of the Trans-Hudson Orogen (Ashton et al., 2009a). 

2.2.2. Previous models age for uranium mineralization in the Beaverlodge area 

The Beaverlodge area hosts a multitude of uranium deposits (Fig. 2.2), which were 

actively mined between 1953 and 1963. About 284 deposits were known by 1969 and ca. 

25000 tU was mined (Sibbald and Quirt, 1987). Ore grades were in the range of 0.15 to 

0.25% U, but in places, up to 0.4% U (Robinson, 1955).  

The age and evolution of the uranium mineralization in the Beaverlodge area are 

debated and different age models have been proposed. Collins et al. (1954) suggested that 

the first period of uranium mineralization lasted from 1860 to 1630 Ma with alteration 

occurring at 1100-900 Ma, 650-600 Ma, and 400-300 Ma. They interpreted this range of 

ages as related to alteration and resetting stages during successive tectonic events. 

Robinson (1955a) indicates that the earliest vein-type uranium mineralization occurred 

between 1600 Ma and 1500 Ma and followed, possibly transitionally, earlier deposition of 
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U and Th in syngenetic deposits. He suggested that the vein-type deposits were followed 

by periods of mineralization in the intervals of 1500-1400 Ma, 950-850 Ma, and 350-250 

Ma and indicates that these deposits were reopened and reworked over a long period of 

time. Wasserburg and Hayden (1955) obtained an age of ca. 1.87 Ma in uraninite from 

Viking Lake deposit located east of the Ace-Fay deposits and interpreted this age as the 

earliest uranium mineralization in the Beaverlodge area. Aldrich and Wetherill (1956) and 

Eckelman and Kulp (1957) proposed that the uranium mineralization was deposited at 

1900 Ma with subsequent alteration and Pb loss occurring at 1200 Ma and 200 Ma. Russel 

et al. (1957) reported an age of 1800 Ma for the west orebodies of the Ace deposit (Fig. 

2.2) and a second generation of mineralization at ca. 940 Ma. Results from Koeppel (1969) 

support the formation and evolution of the uranium mineralization during five discrete 

periods that span a time of more than 2200 Myr. Koeppel (1969) reported an U-Pb 

concordia upper intercept age of 1930 Ma and a lower intercept of 1780 Ma with episodic 

Pb loss at 1110 Ma, 270 Ma, and 200-0 Ma. He interpreted the age of 1930 Ma was related 

to pegmatite-type mineralization and the 1780 Ma date as the age of the vein-type uranium 

mineralization. Bell (1981) proposed an age of 1740 Ma for initial uranium deposition and 

Dudar (1982) found apparent 
207

Pb/
206

Pb ages ranging from 1100 Ma to 430 Ma for 

brannerite in the Fay deposit (Fig. 2.2). Interpretation of fluid inclusions, stable isotope, 

and radiogenic isotope data from the veins and mine granites (Fig. 2.2) in the Goldfield 

area, led Rees (1992) to identify up to six fluid events occurring from ca. 2.0 Ga to 1.0 Ga 

that he interpreted to be related to major thermotectonic events. 
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These previous age models do not take into account the various styles of uranium 

mineralization and associated deformation, and their spatial and relative temporal 

relationships (Collins et al., 1954; Robinson, 1955a; Koeppel, 1969). Most of these models 

have been limited to a single deposit (Russel et al., 1957; Bell, 1981; Dudar, 1982; Rees, 

1992) that cannot provide a regional picture of the timing of uranium mineralization and 

fluid events and their relationship to deformational history.  

In this chapter, structural, petrographic and metamorphic relationships along the 

Main Ore shear zone at the Cinch Lake deposit and the Saint Louis fault at the Ace-Fay-

Verna deposits (Fig. 2.2) are used to constrain the timing of deformation and fluid events. 

Paragenetically constrained uraninite grains collected from five uranium deposits (Fig. 2.2) 

are dated to determine the timing of the uranium mineralization and alteration events. 

2.3. Methodology 

2.3.1. U-Pb dating of uranium-rich minerals by LA -HR-ICP-MS 

U-Pb isotope ratios were determined by laser ablation-high resolution inductively-

coupled plasma mass spectrometry (LA-HR-ICP-MS) (Chipley et al., 2007) using a 

Finnigan MAT ELEMENT XR HR-ICP-MS and a NEPTUNE HR-MC-ICP-MS, both 

equipped with a high-performance Nd:YAG New Wave UP-213 laser ablation system at 

the Queenôs Facility for Isotope Research. Ablation of uraninites was achieved on polished 

thin sections using a 30 to 40ɛm spot size with 35% to 40% laser power at a frequency of 

2Hz. The argon gas flows were as follows: cooling gas, 1.5l/min; auxiliary gas, 1.0l/min; 

and sample carrier gas, 1.0 l/min. A low resolution of 350 (defined as the ratio of mass 

over peak width mass at 5% of the signal height) was used. For each sample, 
204

Pb, 
206

Pb, 
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207
Pb, 

235
U and 

238
U were measured and corrections for common Pb were made scan-by-

scan to each spot. No corrections were made to the 
238

U/
235

U ratios as they were near the 

137.8 natural ratios. The ages were verified using an in-house 1000 Ma uraninite standard. 

2.3.2. Electron-microprobe procedure and calculations of chemical Pb age of the 

uranium mineralization 

Polished thin sections were examined with reflected light optical microscopy and 

Scanning Electron Microscopy. A Cameca SX-100 Electron Microprobe equipped with 4 

wavelength-dispersive spectrometers, an EDS system, and Back-Scattered Electron and 

Secondary-Electron Detectors at the University of Manitoba, Winnipeg, Canada, was used 

to measure UO2, SiO2, CaO, Fe2O3, TiO2, Cr2O3, V2O5, PbO, P2O5, K2O ThO2, MnO, 

Y2O3, Tb2O3, and CuO. Analytical results are accurate to 2% relative for major elements 

and 5% relative for minor elements (<1 wt %).  

Electron-microprobe data on the U, Th and Pb content of uranium minerals is used to 

calculate chemical Pb ages for the uranium mineralization (Bowles, 1990). The chemical 

Pb age is derived from the assumption that the total Pb present in the sample is of 

radiogenic origin and results from the decay of U and Th and that the mineral has not lost 

or acquired Pb since it formed (Faure, 1989; Bowles 1990). Different chemical Pb ages in 

the same grain derived from the composition of uraninite reflect variable alteration by 

subsequent fluids during recrystallization of the uraninite to new uranium minerals, which 

results in a decrease in the chemical Pb age and an increase in elements other than 

uraninite. As alteration is expected to result in a decrease in radiogenic Pb contents, the 

formation age of the uraninite can be estimated by extrapolating the chemical Pb ages to 
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the age when the concentrations of the secondary elements (e.g. Ca, Fe and Si) were 

negligible (e.g. Alexandre and Kyser, 2005). 

Mineral name abbreviations used in this chapter are those from Kretz (1983). The 

superscript numerical value on mineral name abbreviations reflects mineral growth stages.  

2.4. Results 

2.4.1. The Main Ore shear zone 

2.4.1.1.  Geology of the Cinch Lake deposit 

The Cinch Lake deposit is located 2.5 km south of Uranium City (Fig. 2.2). The 

uranium mineralization is hosted in quartzo-feldspathic gneiss (Turek, 1962; Tortosa, 

1983) and associated with a northeast-striking band of mylonite named the Main Ore shear 

zone, which parallels the Black Bay fault (Bergeron, 2001). Three main lithological units 

outcrop in the Cinch Lake area that generally strike northeast and dip southeast: a 

leucocratic porphyroclastic metagranitoid, a hornblende-feldspar gneiss, and a 

melanocratic porphyroclastic metagranitoid (Fig. 2.3). 

The leucocratic porphyroclastic metagranitoid unit is exposed in the southeastern 

part and occupies the hanging wall of the shear zone (Figs. 2.3A and 2.3B). The rock is 

cataclasite-dominated (Fig. 2.4A) weakly foliated and comprises broken fragments of 

plagioclase, quartz and feldspar embedded in a matrix composed of hematite, quartz, 

chlorite, calcite, sericite, and pyrite (Fig. 2.4B). 
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Figure 2.3. A: Detailed geologic map of the Cinch Lake area showing main lithological units 

and structural elements and B: Northwest-southeast geological cross-sections (line AAô) 

across the Main Ore shear zone illustrating the listric oblique-normal and dextral sense of the 

fault movement, location of the mylonitic and cataclasite portions of the fault zone and the 

uranium mineralization intercepted in drill hole  (see Appendix I for detailed structural 

measurements and steroplots). 

The leucocratic metagranitoid unit has a coarse-grained cataclasite texture in the 

southeast part passing gradually into a fine-grained ultracataclasite texture toward the 

northwest (Fig. 2.3). 

The hornblende-feldspar gneiss outcrops within the fault zone (Fig. 2.3). The rock is 

foliated, generally boudinaged, parallel to the dominant foliation (N240
o
) (Fig. 2.4C) and 

composed of hornblende and feldspar porphyroclasts (Fig. 2.4D), which are locally 

associated with biotite, chlorite, sericite, epidote and titanite. 

The melanocratic porphyroclastic metagranitoid rocks are exposed northwest in the 

footwall (Fig. 2.3). The unit is mylonite-dominated and consists of a mélange of 

mylonitized metavolcano-sedimentary rocks (Figs. 2.4E and 2.4F), quartz-feldspar 

mylonite (Figs. 2.4G and 2.4H) and boudinaged and foliated hornblende-feldspar gneiss. 
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Figure 2.4. Photographs of the three main lithostructural units: A: Field photo of the 

cataclasite-dominated leucocratic porphyroclastic metagranitoid in the hanging wall of the 

fault zone. B: Microphotograph of the cataclasite-dominated leucocratic metagranitoid 

showing mylonite fragments and broken Kfs
1
 and Qtz

1
 grains embedded in a matrix of 

crushed Kfs
1
, recrystallized Qtz

1
, and Src

2
 and Py

2
. C: Field photo of the hornblende-feldspar 

gneiss boudinaged and parallel to the foliation (N240
o
). D: Microphotograph of the 
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hornblende-feldspar gneiss showing Hbl
1
 and Kfs

1
 porphyroclasts. E: Field photo of the 

mylonitized metavolcano-sedimentary rocks of the melanocratic metagranitoid unit. F: 

Microphotograph of the mylonitized metavolcano-sedimentary rocks showing a mylonitic 

fabric that consists of flattened and preferentially oriented trails of Bt
1
, Chl

1
, Src

1
, 

dynamically recrystallized Qtz
1
 and rotated Kfs

1 
porphyroclasts. G: Field photo of the 

mylonitized quartz-feldspar rocks showing rotated ŭ- and ů-type winged Kfs
1 
porphyroclasts. 

H:  Microphotograph of the mylonitized quartz-feldspar rocks showing ů-Kfs
1
, recrystallized 

Qtz
1
 and Src

1
. Pen indicates north. Bt: biotite, Chl: chlorite, Kfs: potassium feldspar, Hbl: 

hornblende, Py: Pyrite, Qtz: quartz, Src: sericite. 

2.4.1.2. Structural and metamorphic relationships in the Main Ore shear zone 

The Main Ore shear zone records a complex history of ductile, brittle-ductile and 

brittle deformation. The shear zone strikes N240
o
 and is steeply southeast dipping at the 

surface (75
o
 to 85

o
) but becomes shallow at depth (30

o
 to 40

o
) (Fig. 2.3B). Southeast of the 

shear zone, cataclasite and ultracataclasite dominate the hanging wall. The intensity of the 

cataclasitic deformation increases from southeast to northwest toward the ductile shear 

zone where the footwall is mylonite-dominated and overprinted by a mélange of 

cataclasite, breccias and veins that host the uranium mineralization (Fig. 2.3B). 

The ductile component of the shear zone defines the oldest deformation observed. 

The shear zone displays a southeast dipping foliation and northeast trending elongation 

lineation (Fig. 2.3) defined by elongate Kfs
1 

feldspars and recrystallized Qtz
1 

quartz (Fig. 

2.4F). The mylonitic fabric is heterogeneously developed due to contrasting rheology of 

the melanocratic metagranitoid rocks. The strain is more localized into relatively weak 

rock types such as the metavolcano-sedimentary rocks (Fig. 2.4E), which have a mylonitic 

fabric and foliation consisting of preferentially oriented trails of Bt
1 

biotite, Chl
1 

chlorite, 
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Ms
1 

muscovite, Src
1 

sericite, and dynamically recrystallized Qtz
1
 quartz (Fig. 2.4F). The 

quartzo-feldspathic mylonite exhibits recrystallized Qtz
1
 quartz and Kfs

1 
feldspars 

porphyroclasts (Fig. 2.4H). Shear sense indicators such as ŭ and ů-type winged Kfs
1 

feldspars porphyroclasts (Figs. 2.4G and 2.5A) and deflection foliation (Fig. 2.5B) 

consistently display a dextral lateral sense of displacement. 

The mylonitic foliation and lineation in the hornblende-feldspar gneiss contains the 

higher metamorphic assemblage Kfs
1
+Pl

1
+Hbl

1
 (Fig. 2.4D), compatible with amphibolite 

facies metamorphism. Retrogression is indicated by partial replacement of Hbl
1 
hornblende 

by Bt
1 
biotite along shear surfaces (Fig. 2.5C) and by replacement of Kfs

1
 feldspars by Src

1
 

sericite (Fig. 2.5C). Bt
1
 biotite is locally retrogressed into Chl

1
 chlorite (Fig. 2.5D) 

resulting in the mineral assemblage Bt
1
+Chl

1
+ Src

1
+Qtz

1 
typical of the greenschist 

metamorphic facies. In places, Kfs
1
 feldspars are completely sericitized and Chl

1
 chlorite 

completely replaced Bt
1
 biotite, defining a lower greenschist metamorphic facies 

(Qtz
1
+Src

1
+Hem

1
+ Chl

1
) (Fig. 2.5E). Late Chl

2
 chlorite, Qtz

2
 quartz,

 
Ab

1 
albite, Cal

1
 

calcite, and Ep
1
 epidote veinlets cut the foliation. The mylonite is overprinted by a network 

of ductile-brittle and brittle features. 

Cataclasites occur in the hanging wall and in association with mylonites in the 

footwall and are sub-parallel to the mylonitic fabric (Fig. 2.3). The cataclasite contains 

variable-sized (0.2 to 0.5 mm) clasts of broken Qtz
1
 quartz, Kfs

1
 feldspars, and mylonite 

fragments. The matrix is weakly foliated and contains recrystallized and milled Qtz
1
 

quartz, Cal
2 
calcite, Chl

3
 chlorite, Hem

3
 hematite and Src

2
 sericite (Fig. 2.5F). Sub-vertical 
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east-west striking en-échelon quartz-filled tension gashes indicate dextral lateral sense of 

motion (Fig. 2.5G). 
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Figure 2.5. Various structural and textural relationships along the Main Ore shear zone at the 

Cinch Lake deposit. A: Lateral dextrally rotated ŭ-type winged Kfs
1 

porphyroclast in 

melanocratic metagranitoid mylonite. B: Foliation deflection showing a dextral lateral sense 

of shear. C: Hornblende-feldspar gneiss showing partial replacement of Hbl
1
 by Bt

1
 and Kfs

1
 

by Src
1
. D: Hornblende-feldspar gneiss showing partial replacement of Bt

1
 by Chl

1
 and Kfs

1
 

by Src
1
 associated with Ttn

1
. E: Hornblende-feldspar gneiss in which Kfs

1
 are completely 

replaced by Src
1
 and Bt

1
 by Chl

1
. F: Cataclasite rock showing crushed mylonite fragments 
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and broken Kfs
1
 and Qtz

1
 embedded in a matrix of crushed and dynamically recrystallized 

Qtz
1
. G: Sub-vertical northeast trending en-échelon Qtz-filled tension gashes showing dextral 

lateral sense of displacement. H: Breccias with Cal
8
-filled matrix embedding angular 

fragments of mylonite. I: Northeast-striking pegmatite dikes in the footwall of the shear zone. 

J: Northeast-striking mafic dikes with chilled margin cross cutting the shear zone. K: 

Northwest-striking breccia dikes comprising fragments of the host rock embedded in a Chl-

rich matrix. L: Qtz veins Stockworks showing evidence of hydraulic fracturing. Pen indicates 

north. Bt: biotite, Chl: chlorite, Hbl: hornblende, Kfs: Potassium feldspar, Qtz: quartz, Src: 

sericite, U: uraninite.  

Calcite-filled breccias overprint the mylonite and cataclasite rocks in the footwall of 

the shear zone. Breccia fragments comprise angular mylonite and cataclasite clasts derived 

from the host rock (Fig. 2.5H). The fragments vary in size from 0.2 mm to more than 2 cm. 

The matrix is composed of Cal
8
 calcite, Chl

7
 chlorite and Hem

6
 hematite (Fig. 2.5H). 

Late brittle deformation features that overprint the shear zone include veins, dikes, joints, 

and fractures. Field measurements indicate three set of steeply dipping joints striking 

N320
o
, N020

o
, and N280

o
.  

Pegmatite dikes cut across the footwall of the shear zone. They strike northeast and 

form a series of sheared elongate lenses of varying size (1 to 2m in length) and are 

disrupted along the shear zone (Fig. 2.5I). 

Diabase dikes form a swarm crosscutting all previous rocks. They are sub-vertical, weakly 

deformed with chilled margins (Fig. 2.5J) and strike along two preferential directions: 

parallel to the foliation and along the northwest striking pre-existing joints and fractures.  

Breccia-dikes outcrop in the footwall of the shear zone (Fig. 2.5K) in three structural 

sets of direction: N020
o
, N090

o
, and N320

o
. The breccia-dikes vary in width from less than 
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1 cm to 10ôs of cm. Fragments of the breccia are highly variable-sized (1 mm to 5 cm) and 

consist of angular country-rock clasts embedded in a chlorite-rich matrix (Fig. 2.5K). The 

contact between breccia-dikes and the host rock is sharp. A close spatial relationship is 

observed between mafic dikes and breccia-dikes.  

Late Chl
10

 chlorite, Cal
11

 calcite veins, and Qtz
5
 quartz (Fig. 2.5L) crosscut all rock 

types and are parallel to the set of joints.  

2.4.2. The Saint Louis fault 

2.4.2.1. Geology of the Ace-Fay-Verna deposits 

The deposits are located along the Saint Louis fault (Fig. 2.2), which strikes 

northeast and dips 50
o
 southeast (Fig. 2.6). The Ace and Fay ore bodies are located in the 

footwall, whereas Verna is in the hanging wall. Sassano (1972) described four units that 

host the uranium mineralization named the Fay Mine Complex comprising from oldest to 

youngest: quartzite and conglomerates, phyllonite amphibolite, albite paragneiss and 

granitic gneiss. These rocks overlie the Donaldson Lake and Foot Bay gneisses and are 

uncomformably overlain by the Martin Lake basal conglomerates in the hanging wall of 

the Saint Louis fault (Fig. 2.6).  

2.4.2.2. Structural and metamorphic relationships in the Saint Louis fault  

The Foot Bay gneiss, which occurs in the footwall and hanging wall of the fault (Fig. 

2.6B) has a mylonitic texture characterized by rotated augen-shaped Kfs
1 

feldspars 

porphyroclasts (Fig. 2.7A) surrounded by recrystallized Qtz
1
 quartz and layers of Chl

1 

chlorite, Bt
1 
biotite and Hbl

1 
hornblende. 
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Figure 2.6. A: Detailed geologic map of the Ace-Fay-Verna deposits showing main lithological 

units, structural elements and location of the uranium deposits (modified from Macdonald 
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and Slimmon, 1985) and B: NW-SE geological cross-sections across the Saint Louis fault (line 

AAô) showing the geology, the trace of the Saint Louis Fault and the location of the uranium 

mineralization (modified from Sassano, 1972).  

The Donaldson Lake gneiss outcrops in the hanging wall and footwall of the fault 

(Fig. 2.6B) and Sassano (1972) suggested that the Donaldson Lake gneiss is the cataclasite 

equivalent of the underlying Foot Bay gneiss. The rock has a porphyroclastic texture 

composed of Kfs
1
 feldspars, Pl

1
 plagioclase and Qtz

1
 quartz scattered in a matrix of 

recrystallized Qtz
1
 quartz, crushed Kfs

1
 feldspars and trails of Ms

1 
muscovite and Chl

1
 

chlorite. 

The quartzite occurs in the footwall (Fig. 2.6B) where it is mylonitized with strained 

and recrystallized Qtz
1
 quartz (Fig. 2.7B). Qtz

1
 quartz grains are elongated and locally 

wrapped by Src
1
 sericite and Chl

1
 chlorite. The mylonite is cut by Chl

2
 chlorite and Src

1
 

sericite veinlets and overprinted by cataclasite with angular fragments of the mylonitized 

quartzite occurring into the matrix (Fig. 2.7E). 

The phyllonite amphibolite outcrops in the footwall, north of the Ace-Fay deposits. 

In thin section, the rock shows symmetric crenulations that overprint the mylonitic fabric 

(Fig. 2.7C). It is composed of alternating dark and light bands of Hbl
1
 hornblende, Bt

1
 

biotite, Chl
1
 chlorite, and Qtz

1
 quartz, Kfs

1
 feldspars and Src

1
 sericite. In the amphibolite, 

three fold phases (F1, F2 and F3) have been identified (Fig. 2.7D). F1 and F2 are isoclinal 

recumbent folds having a dominant east-southeast axial plane foliation. Both F1 and F2 are 

refolded by a north-northwest-trending open upright fold F3 producing a type 2 

interference pattern (Ramsay, 1967). The amphibolite locally displays a breccia fabric with 

mylonite fragments embedded in the matrix (Fig. 2.7H).  



 

42 
 

 

 

 

 

 



 

43 
 

 

 

Figure 2.7. Microphotograph of various structural and textural relationships along the Saint 

Louis fault at the Ace-Fay-Verna deposit. A: Rotated ŭ-type winged Kfs
1 
porphyroclast in the 

Foot Bay gneiss (sample is not oriented). The foliation is marked by train of Ms
1
, Src

1
, Chl

1
, 

recrystallized Qtz
1
 and Cal

1
. B: Quartzite mylonite containing dynamically recrystallized 

Qtz
1
 with

 
recrystallization at grain boundaries. C: Crenulations cleavage overprinting 

mylonitized amphibolite. D: Isoclinal recumbent F1 and F2 folds with a dominant ESE axial 

plane foliation, and overprinted by an NNW trending open upright F3 fold producing a type 

2 interference structure in amphibolite rock. E: Albite paragneiss containing lenticular mica 

fish, Chl
1
 and Bt

1
 alternating with recrystallized Qtz

1
. F: Cataclasite of the granite gneiss 

showing fragmented mylonite rock and broken Qtz
1
 and Kfs

1
 embedded in a matrix made of 

milled Qtz
1
, Src

2
, Hem

3
, Cal

2
 and Chl

3
. G: Breccias of granite gneiss with Cal

8
-filled matrix 

embedding fragments of cataclasite. H: Breccias with matrix embedding amphibolite 

fragments. I: Field photo of the Martin Lake basal conglomerate composed of granite, 

quartzite and amphibolite fragments embedded in a hematized matrix. J: Late Cal
11

, Qtz
5
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and Hem
9
 veins cutting the amphibolite. Pen indicates north. Chl: chlorite, Hem: hematite, 

Kfs: potassium feldspar, Ms: muscovite, Qtz: quartz, Src: sericite, U: uraninite. 

The albite paragneiss occurs in the footwall of the fault. It is mylonitized and 

composed of Bt
1
 biotite, Chl

1
 chlorite, Ms

1
 muscovite, and Ab

1
 albite. In thin section, the 

rocks display a mylonitic fabric with strained Ab
1
 albite and Kfs

1
 feldspars porphyroclasts 

and recrystallized Qtz
1
 quartz (Fig. 2.7E). The Ab

1
 albite porphyroclasts are wrapped by 

Chl
1
 chlorite and Src

1
 sericite.  

The granite gneiss occurs along zones of brecciation and mylonitization in the 

footwall (Fig. 2.6B). The rock is fractured and veined and displays a mylonitic fabric with 

foliation parallel to the Saint Louis fault. It is generally cataclastic or brecciated. The 

cataclasite is composed of broken Qtz
1
 quartz and Kfs

1
 feldspars clasts, and fragments of 

mylonite rocks embedded in a matrix of Qtz
1
 quartz, Cal

2
 calcite, Src

2
 sericite, and Chl

3
 

chlorite (Fig. 2.7F). The breccia consists of angular mylonite and cataclasite fragments 

embedded in a Cal
8
 calcite and Chl

7
 chlorite-dominated matrix (Fig. 2.7G). 

The Martin Lake basal conglomerates uncomformably overlie the granitic gneiss in 

the hanging wall of the fault (Fig. 2.6). The conglomerate contains angular fragments of 

granite, quartzite and amphibolite embedded in a sandy to silty, medium-grained matrix 

(Fig. 2.7H).  

The Foot Bay gneiss contains a mylonitic foliation and a NE-trending lineation 

defined by a mineral assemblage Hbl
1
+Kfs

1
+Pl

1
+Bt

1
+Qtz

1
 consistent with shear 

deformation at amphibolite grade metamorphism. Locally, Bt
1
 biotite replaces Hbl

1
 

hornblende. Chl
1
 chlorite is common as a retrograde product of Bt

1
 biotite. Src

1
 sericite 
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replaces Kfs
1
 feldspars (Fig. 2.7A). The overlying Donaldson Lake gneiss has a 

metamorphic assemblage Bt
1
+Pl

1
+Src

1
+Chl

1
+Qtz

1
 typical of greenschist grade 

metamorphism. The Fay Mine Complex is more deformed than the underlying Foot Bay 

and Donaldson Lake gneisses with a mineral assemblage Chl
1
+Src

1
+Ab

1
+Qtz

1
 consistent 

with lower greenschist facies metamorphism. In the cataclasite and breccia rocks, calcite, 

chlorite, quartz, hematite and sericite are the dominant alteration minerals (Figs. 2.7F and 

2.7G).  

Late Chl
9
 chlorite, Cal

11
 calcite, Qtz

5
 quartz, and Hem

9
 hematite veins (Fig. 2.7J) and 

mafic dikes cut across the Saint Louis fault. 

2.4.3. Paragenesis of the alteration and ore minerals and type of U mineralization 

The sequence of deformation and alteration is divided into seven events including six 

stages of uranium mineralization, based on petrographic, structural, and age relationships 

(Figs. 2.8 and 2.9). 

2.4.3.1. Stage 1: Mylonitization   

Mylonitization is the earliest deformation observed. The quartzo-feldspathic 

mylonite at Cinch Lake and the Foot Bay gneiss at Ace-Fay exhibit recrystallized Qtz
1
 

quartz around rotated Kfs
1
 feldspars. The hornblende-feldspar gneiss at Cinch Lake and the 

Foot Bay gneiss at Ace-Fay define an amphibolite metamorphic assemblage 

Kfs
1
+Pl

1
+Hbl

1
 (Fig. 2.4D). Retrogression to greenschist metamorphic grade is indicated by 

the assemblage Bt
1
+Chl

1
+Src

1
+Hem

1
+Qtz

1
. Early Py

1 
pyrite, Cpy

1 
chalcopyrite and Nl

1 

nolanite are stretched along the foliation (Fig. 2.8).  
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Figure 2.8. Generalized paragenesis of the uranium mineralization, metamorphic 

relationships and deformation sequences in the Beaverlodge area. The paragenesis is based on 

petrographic, metamorphic and structural observations, style of uranium mineralization and 

associated deformation, and geochronology data of various paragenetically constrained 

uranium grains. Note: The thickness of the horizontal line is proportional to the abundance of 

the mineral. The main uranium mineralization event is associated with the brecciation stage. 

The mylonitic foliation is cut by Chl
2
 chlorite, Qtz

2
 quartz, Ab

1
 albite, Cal

1
 calcite, 

and Ep
1
 epidote veinlets (Fig. 2.8). 

2.4.3.2. Stage 2: Cataclasite deformation: 

Cataclasite resulted from a ductile-brittle reactivation of the mylonite. The cataclasite 

rocks are composed of Qtz
1
 quartz and Kfs

1
 feldspars clasts, and crushed Cal

1
 calcite and 

Qtz
2
 quartz veinlets embedded in a matrix composed of disseminated ±U

1 
uraninite 

associated with Cal
2
 calcite, Hem

3
 hematite, Chl

3
 chlorite, Src

2
 sericite, Cpy

2
 chalcopyrite, 

and Py
2
 pyrite (Figs. 2.8 and 2.9A). 

2.4.3.3. Stage 3: Early tensional ±U
2 
veins formation 

Cataclasite rocks are cut by early tensional Qtz
3
+Cal

3
-±U

2
 veins. U

2
 uraninite is 

associated with Cal
4
 calcite, Chl

4
 chlorite, Hem

4
 hematite, and Py

3
 pyrite (Fig. 2.9B). Qtz

3
 

quartz and Cal
3
 calcite veins display evidence of tensional fractures that contain syntaxial 

fibers growth perpendicular to the wall of the vein (Fig. 2.9B). Syntaxial Cal
3 

calcite vein 

fill the core of the Qtz
3 
quartz vein. 

2.4.3.4. Stage 4: Granite-related metasomatic alteration in the Gunnar deposit 

Ab
2 

albite alteration of the Gunnar granite is pervasive and results in the 

ñdequartzificationò of the granite. Replacement of Kfs
1
 feldspars is complete and precedes 
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the Qtz
1
 quartz dissolution resulting in a rock composed of Ab

2
 albite (Fig. 2.9C), which is 

further Cal
5
 carbonatized. Cal

5
 calcite occupies voids left after Qtz

1 
quartz dissolution. The 

U
3 

mineralization is introduced during late stage albitization and occupies space between 

Ab
2 

albite grains likely derived from Cal
5
 calcite and Qtz

1 
quartz dissolution. U

3
 uraninite 

is associated with Chl
5
 chlorite, Src

3
 sericite, Hem

5
 hematite, Cal

6
 calcite, Mnz

1
 monazite 

and Ttn
2
 titanite (Figs. 2.8 and 2.9C). Late alteration associated with Cal

7
 calcite, Qtz

4
 

quartz and Chl
6
 chlorite veins cut the albitized and U

3
-mineralized granite. 

2.4.3.5. Stage 5: Brecciation  

The breccia is composed of angular fragments of cataclasite and mylonite rocks 

embedded in a Cal
8
 calcite-rich matrix. The matrix also contains broken Qtz

1
 quartz and 

Kfs
1
 feldspar fragments of variable size (0.1 to 2 mm). U

4
 uraninite typically surrounds 

hematized fragments and occurs as grains disseminated into the matrix (Fig. 2.9D). 

Locally, massive U
4
 uraninite associated with minor Cal

8
 calcite makes up the bulk of the 

matrix. U
4
 uraninite is commonly associated with brannerite Br

1
, Chl

7
 chlorite, Src

3
 

sericite, Hem
6
 hematite, Py

5
 pyrite, and Cpy

4
 chalcopyrite and is the major uranium 

mineralizing event (Figs. 2.8 and 2.9D). 

2.4.3.6. Stage 6: Mafic volcanism 

 U mineralization associated with mafic dikes is in the form of massive ±U
5 
uraninite 

veins and as grains disseminated into breccia-dikes (Figs. 5K and 9E) that cut across the 

shear zone at the Cinch Lake deposit. U
5
 uraninite is associated with Cal

9
 calcite, Chl

8
 

chlorite, Hem
7
 hematite, Ap

1 
apatite, Src

4
 sericite, Ttn

3
 titanite, Mnz

2
 monazite, Py

6
 pyrite, 

and Cpy
5
 chalcopyrite (Fig. 2.8). 
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2.4.3.7. Stage 7: Late U
6 
uraninite veins 

 U
6 

uraninite veins (Fig. 2.9F) cut all previous rocks and are the youngest observed 

mineralized phase. These veins cut the Martin Lake basal conglomerates and the mafic 

dikes and contain ±U
6
 uraninite, Cal

10
 calcite, Chl

9
 chlorite, Hem

8
 hematite and Py

7
 pyrite 

(Fig. 2.8). 
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Figure 2.9. Microphotograph of typical mineral assemblages and crosscutting relationships 

from the Ace-Fay-Verna, Cinch Lake and Gunnar uranium deposits: A:  Cataclasite with 

mylonitized fragments, Qtz
1
, Kfs

1
 in a matrix composed of ±U

1
, Qtz

1
, Cal

2
, Hem

3
, Chl

3
, Src

2
, 

Cpy
2
 and Py

2 
(Sample 6122-Cat, Ace deposit). B: U

2
-Hem

4
-Cl

4
-Cal

4
-Py

3
 vein cutting 

cataclasite rock and filled by tensional vein of Qtz
3
 and Cal

3 
(Sample 6122BV-Cat, Ace 

deposit). C: Mineralized metasomatic granite in Gunnar: U
3
 fills voids felt after Qtz

1 

dissolution and is associated with Chl
5
, Src

3
, Hem

5
, Mnz

1
, Cal

5
 and Ttn

2 
(Sample GN-05, 

Gunnar). D: Breccia with fragments of cataclasite rock in a Cal
8
-rich matrix. U

4
 surrounds 

breccia fragments and is disseminated in matrix associated with Chl
7
, Src

3
, and Hem

6 
(Sample 

B5812, Ace-Fay deposit). E: Mafic volcanic-type ±U
5
: hydro-breccia vein composed of crushed 

Qtz
1
 and Kfs

1
 fragments and Cal

9
 embedded in a Chl

8
-rich matrix. U

5 
is associated with Hem

7
, 

Ap
1
, Src

4
, Ttn

3
, Mnz

2
, Py

6
, and Cpy

5 
(Sample Cl-45, Cinch Lake deposit). F: Late mineralized 

veins containing U
6
, Cal

10
, Chl

9
, Hem

8
. G: Late Cal

11
, Chl

10
 and Qtz

5
 veins (Sample 2202, 

Martin Lake deposit). H:  Late sulphide minerals composed of Gn
1
, Cpy

5
 and Py

8
 and Sp

1 

(Sample B5800, Ace-Fay deposit). Ap: apatite, Cal: calcite, Chl: chlorite, Cpy: chalcopyrite, 


