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Abstract 

Two Paleoproterozoic basins, the western Thelon Basin, and the Otish Basin, Canada, 

were investigated using basin analysis to evaluate critical factors for the formation of 

unconformity-related uranium deposits. The results serve to guide ongoing exploration at two 

under-studied uranium prospects in each basin, and help predict whether or not these basins have 

the potential to host high-grade uranium deposits in other locations. 

 Sequence stratigraphy, in combination with mineral paragenesis indicates that 

unmetamorphosed basinal sandstones overlying the Boomerang Lake prospect, western Thelon 

Basin, were compacted and occluded by kaolinite and muscovite during diagenesis, and became 

diagenetic aquicludes that were unable to effectively conduct uranium-bearing basinal brines. 

Based on the high δ18O values of basinal and basement-influenced fluids, and the preservation of 

pre-Thelon-Basin 40Ar/39Ar dates of poorly-crystalline phyllosilicates in the basement rocks, 

hydrothermal alteration and uranium mineralization must have occurred at low water/rock ratios. 

This produced uneconomic amounts of U-bearing phosphate that was misidentified as uraninite in 

a previous report. A significant uranium deposit is unprobable based on the lack of unsupported 

radiogenic Pb near the prospect. However, intersections of thick, stratigraphically-higher 

diagenetic aquifers, which are marked by abundant dickite, and structurally-reactivated basement 

rocks on a different exploration trend remain the most prospective locations for a uranium deposit 

in the area. 

 At the Camie River prospect, Otish Basin, diagenesis of basinal sediments in thick 

diagenetic aquifers was associated with fluids that were isotopically similar to seawater-derived 

basinal brines. The 1721 ±20 Ma Pb/Pb date obtained for Camie River uraninite coincides with 

intrusions of the Otish Gabbro, which triggered basinal fluid flow in diagenetic aquifers and 

uranium mineralization throughout the basin. The effects of late hydrothermal, metamorphic, and 
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meteoric fluid events are restricted to fractures and faults. These zones also preferentially host 

radiogenic Pb and pathfinder elements that dispersed from the prospect, which can be utilized to 

vector towards additional deposits. The unconformity-type deposit model can be extended to 

basins as old as 2.0 Ga, as the Otish Basin demonstrates that atmospheric oxygen contents were 

high enough at this time to allow the evolution of U-leaching oxidizing basinal brines. 
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Chapter 1 

INTRODUCTION 

The research presented in this thesis began in 2005 when the market price for uranium 

was rising following a fifteen-year period during which U market prices never exceeded 

US$20/lb. U3O8 (Newton et al., 2006; Kyser and Cuney, 2008a), and existing stockpiles of U 

were consumed for nuclear fuel. The continued depletion of these stockpiles, in combination with 

a worldwide increase in the construction of nuclear reactors for power generation, resulted in 

increasing global demand for U fuel. Specifically, global U demand is currently predicted to 

outpace existing supply by more than 250 million pounds U3O8 through 2019 (one pound of 

uranium fuel provides approximately ten Canadian families with power for one year; Cameco 

Corporation, 2010).  

 By 2007, the U market price reached nearly US$140/lb. U3O8, which revitalized 

exploration for several U deposit types globally (Burrows, 2010). Unconformity-related U 

deposits are one of the deposit types that were sought, as they are the highest grade of all U 

deposit types, and produced 42 percent of the world’s U from 2006 to 2007 (Kyser and Cuney, 

2008a; Table 1.1). Renewed exploration for unconformity-related deposits occurred in known U-

producing regions such as the Paleoproterozoic Athabasca Basin, Canada (e.g. Kerr et al., 2010), 

and also in unproven, under-explored, geological and geographic “frontier” areas where U 

showings are present but thorough exploration had not been previously economically feasible. 

The Paleoproterozoic western Thelon and Otish Basins, Canada both host under-explored 

unconformity-related U prospects that experienced renewed interest as a result of improving U 

market conditions, and are the focus of this thesis. 
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Table 1.1. Global U production and resources by deposit type. Compiled from Kyser and 
Cuney (2008a). 

1.1 Geological Setting of the Thelon and Otish Basins 

 The Paleoproterozoic Thelon Basin is located in Northwest Territories and Nunavut, 

Canada (Fig. 1.1a). Sedimentary fill of the Thelon Basin unconformably overlies rocks of the 

Archean Rae domain, and Archean to early Paleoproterozoic metavolcanic and metasedimentary 

rocks. The Rae domain consists of Neoarchean gneissic granitoids, metavolcanic and 

metasedimentary greenstone belts, and felsic intrusive rocks (Berman et al., 2005, 2007). Archean 

to early Paleoproterozoic metavolcanic and metasedimentary rocks belong to the Neoarchean 

Woodburn Lake Group, and the 2.4 – 1.9 Ga Amer and Ketyet River Groups in the eastern 

Thelon Basin (Ashton, 1981; Miller and LeCheminant, 1985; Patterson, 1986; Rainbird et al., 

2010). Metasedimentary rocks underlying the western Thelon Basin have been tentatively 

correlated with the Amer Group, or may have been related to a series of 2.5 – 1.9 Ga, structurally-

isolated basins in the southern Rae domain (Rainbird et al., 2010). A maximum age for the 

Thelon Basin is provided by 1753 Ma fluorite-bearing granite (Miller, 1995), and a minimum age 

is inferred from authigenic fluorapatite within basal sediments that yields a U-Pb date of 1667 Ma  
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Figure 1.1. a. Generalized geological map of the western Churchill Province, Canada. 
Modified from Davidson and Gandhi (1989). AG = Amer Group; BLB = Baker Lake Basin; 
HB = Hornby Bay Basin; HG = Hurwitz Group; STZ = Snowbird tectonic zone; TMZ = 
Taltson magmatic zone; TTZ = Thelon tectonic zone; WD = Wollaston domain. b. 
Generalized lithostratigraphy of the Dubawnt Supergroup. Modified from Rainbird et al. 
(2003). 

 

(Davis et al., 2008). The Thelon Basin is intruded by ca. 1270 Ma Mackenzie diabase dikes 

(Wright, 1967; LeCheminant and Heaman, 1989).  

 Sedimentary rocks of the Thelon Basin belong to the Dubawnt Supergroup (Gall et al., 

1992), which is composed of the unconformity-bounded Baker Lake, Wharton, and Barrensland 

Groups, and has a composite thickness of 15 km (Gall et al., 1992; Rainbird and Hadlari, 2000; 

Rainbird et al., 2003; Fig. 1.1b). The Barrensland Group is dominated by unmetamorphosed 

sandstone and conglomerate of the Thelon Formation, which directly overlies Archean to 

Paleoproterozoic basement rocks in the western Thelon Basin (Fig. 1.1b). Here, the Thelon 

Formation is up to 1000 m thick and overlies a well-developed paleosol (Gall, 1994; Gall and 

Donaldson, 1990). The Thelon Formation is overlain by the Lookout Point Formation siliceous, 
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stromatolitic dolostone and the Kuungmi Formation potassic basalt flows, which have a 

composite thickness of about 50 meters (Rainbird et al., 2003). 

 The Paleoproterozoic Otish Basin, and the neighboring, similar-aged Mistassini Basin, is 

located in Quebec, Canada (Fig. 1.2), and unconformably overlies rocks of the Archean Superior 

Province. In the vicinity of the Otish Basin, the Superior Province is composed of gneiss and 

migmatite, metavolcanic and metasedimentary greenstone belts, and felsic plutonic rocks 

(Neilson, 1966; Chown, 1971; Chown and Caty, 1973; Gatzweiler, 1987). The Superior Province 

is intruded by the northwest-trending Mistassini diabase dikes, which are ca. 2200 to 2000 Ma in 

age and are unconformably overlain by sediments of the Mistassini Basin (Fahrig and West, 

1986; Fahrig et al., 1986), and therefore provide a maximum age for sedimentation in both basins. 

The Mistassini dikes are possibly as old as 2500 Ma (Heaman, 2004). The Otish and Mistassini 

Basins are intruded by dikes and sills of the Otish Gabbro (Fahrig and Chown, 1973; Chown and 

Archambault, 1987; Fig. 1.2). Gatzweiler (1987) and Höhndorf et al. (1987) report an 

undocumented Sm/Nd age of 1730 ±10 Ma for the Otish Gabbro. Chown and Archambault 

(1987) infer an age of ca. 1750 Ma, based on a 1787 ±55 Ma Rb/Sr age of the Temiscamie 

Formation (Fryer, 1972) that they interpreted as a thermal event associated with intrusion of the 

Otish Gabbro. Therefore a minimum age for sedimentation in both basins is between 1750 Ma 

and 1730 Ma. Hamilton and Buchan (2007) report a U-Pb (baddeleyite) age of ca. 2169 Ma for 

the Otish Gabbro. Gneiss, metavolcanic rocks, and anorthosite of the 1.2-1.0-Ga Grenville Front 

Tectonic Zone are in faulted juxtaposition with the Superior Province and the Otish and 

Mistassini Basins to the southeast (Chown and Caty, 1973; Davidson, 1984; Rivers, 1997; Fig. 

1.2). Outliers of Otish Basin fill and Otish Gabbro located to the south of the Grenville Front 

were locally metamorphosed to amphibolite grade, whereas Otish Basin fill north of the Grenville 
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Front, representing the vast majority of the basin, displays sub-greenschist-grade metamorphism 

(Chown, 1971; Chown, 1979; Rivers and Chown, 1986). 

 

Figure 1.2. Generalized geological map of the Otish and Mistassini Basins, Quebec. 

 

Sedimentary rocks in the Otish and Mistassini Basins belong to the Otish Group and 

Mistassini Group, respectively (Bergeron, 1957; Chown and Caty, 1973). The Otish Group is 

composed of the Indicator Formation that is conformably overlain by the Peribonca Formation 

(Fig. 1.2). The Indicator Formation ranges from 300 to 1000 meters in thickness and consists of 

conglomerate and sandstone (Chown and Caty, 1973; Gatzweiler, 1987). The maximum observed 

thickness of the Peribonca Formation is 380 to 500 meters, which contains sandstone with 

variable dolomite cement, argillaceous sandstone, and minor conglomerate and dolostone (Chown 
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and Caty, 1973; Gatzweiler, 1987). The Mistassini Group is around 2600 meters thick and is 

composed of the Papaskwasati, Cheno, Lower Albanel, Upper Albanel, and Temiscamie 

Formations (Neilson, 1953; Chown and Caty, 1973; Chown and Caty, 1983; Fig. 1.2). Chown 

and Caty (1973) demonstrated that at least the lower three formations of the Mistassini Group are 

correlative with the Otish Group.  

1.2 Unconformity-Related U Deposit Models and Occurrences in the Thelon and 

Otish Basins  

1.2.1 Unconformity-Related U Deposit Models 

 Models for unconformity-related U deposits were developed from the study of well-

characterized deposits in the world-class U-producing Paleoproterozoic Athabasca Basin, 

Canada, and also from deposits in the McArthur Basin, Australia (cf. Kyser and Cuney, 2008b). 

Early models proposed magmatic- or metamorphic-hydrothermal processes (Little, 1974; Morton, 

1977; Munday, 1978), or near-surface supergene processes (Derry, 1973; Knipping, 1974; 

Langford, 1974, 1977) for the formation of the Athabasca U deposits. Additional early, 

polygenetic models involved a combination of the aforementioned processes (e.g. Dahlkamp, 

1978). Subsequent characterization of the fluids responsible for U mineralization, and 

geochronology of the ore and alteration minerals rendered these early models as improbable, and 

influenced the development of a diagenetic-hydrothermal model (Hoeve and Sibbald, 1976, 

1978). This model proposed that oxidizing basinal fluids, which leached U from sedimentary 

basinal fill and were focused by faults, reacted with reducing, basement-sourced evolved basinal 

brines at the unconformity to produce U mineralization. The diagenetic-hydrothermal model was 

refined without significant modification (e.g. Hoeve and Quirt, 1984; Wallis et al., 1986; Sibbald 

and Quirt, 1987) over a period of about fifteen years, and guided exploration that lead to the 

discovery of the highest grade unconformity-related U deposits that are known to-date (cf. McGill 
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et al., 1993; Bruneton, 1987). Stable-isotopic and geochemical characterization of the fluids 

responsible for U mineralization and alteration further refined this model (Wilson and Kyser, 

1987; Kotzer and Kyser, 1995; Fayek and Kyser, 1997) by distinguishing two end-member 

varieties of unconformity-related U deposits. These are basement-hosted, or simple-type deposits, 

and sandstone-hosted, or complex-type deposits (Fayek and Kyser, 1997).  

 U mineralization in basement-hosted, or simple-type deposits occurs primarily in 

basement rocks near the intersection of the unconformity and re-activated basement faults, and 

generally consists of a simple, monometallic ore assemblage dominated by uraninite (Fayek and 

Kyser, 1997; Jefferson et al., 2007; Kyser and Cuney, 2008b). Host-rock alteration associated 

with basement-hosted U deposits is typically restricted to fault zones, and consists of an outer 

zone dominated by muscovite or illite, and an inner zone dominated by Mg-Fe chlorite 

(Alexandre et al., 2005; Jefferson et al., 2007; Kyser and Cuney, 2008b), however notable 

exceptions occur (Cloutier et al., 2009). It has been proposed that basement-hosted U deposits 

form when oxidizing, U-transporting basinal brines penetrate the unconformity along re-activated 

basement faults, and become reduced through reactions with graphite- or Fe-chlorite-rich 

metasedimentary basement rocks (Alexandre et al., 2005; Fayek and Kyser, 1997). 

 U mineralization in the sandstone-hosted, or complex-type deposits occurs primarily in 

basinal sediments near the intersection of the unconformity and re-activated basement faults, and 

consists of a complex, polymetallic ore assemblage containing uraninite, Co + Ni + As + Cu + 

Zn-bearing phases, and traces of Mo, Se, Ag, Au, and platinum-group elements (Fayek and 

Kyser, 1997; Jefferson et al., 2007; Kyser and Cuney, 2008b). Larger zones of host-rock 

alteration are associated with sandstone-hosted U deposits relative to basement-hosted deposits, 

due in large part to contrasting permeability between basinal sediments and basement rocks, and 

consist of Mg-Fe to Mg-Al chlorite, muscovite or illite, kaolin, and dravite (Kotzer and Kyser, 
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1995; Fayek and Kyser, 1997; Jefferson et al., 2007; Kyser and Cuney, 2008b). Deposit models 

suggest that sandstone-hosted U deposits form when oxidizing, U-transporting basinal brines mix 

with reducing, basement-sourced fluids (Wilson and Kyser, 1987; Kotzer and Kyser, 1995; Fayek 

and Kyser, 1997), or with evolved basinal brines that became reducing and chemically-evolved 

through reactions with graphitic metasedimentary basement rocks (Hoeve and Sibbald, 1978) 

along faults that offset the unconformity. 

 In both basement- and sandstone-hosted U deposit varieties, U is presumed to have been 

leached from U-bearing detrital minerals, such as monazite, apatite, and zircon, in the basinal 

sediments by oxidizing basinal brines (cf. Kyser and Cuney, 2008b). An alternative model 

proposes that U is sourced from primarily monazite in the basement rocks by oxidizing basinal 

brines (Hecht and Cuney, 2000; Derome et al., 2003). The latter model is attractive because 

metamorphic and igneous basement rocks can contain up to an order of magnitude or higher U 

contents relative to overlying sandstones (for reference, the Thelon Formation sandstone contains 

<1-2 ppm U based on whole-rock analyses). However, the model cannot explain how U is 

transported, as U is highly immobile in the reducing basement environment. Additionally, 

basement rocks are relatively unaltered outside of fault zones near the deposits, and are much less 

permeable than the overlying sandstones. To account for the high-grade of the U deposits, a much 

larger volume of basement rock would have to have been leached relative to the volume of 

observed alteration zones.  

1.2.2 Uranium Mineralization in the Thelon Basin 

 Two areas of unconformity-related uranium mineralization are presently known in the 

Thelon Basin. The Kiggavik (formerly Lone Gull) and nearby Sissons-Schultz U deposits are 

located in the eastern Thelon Basin (Fig. 1.1a). They contain ~126,600 tonnes U3O8 in resources 

(Jefferson et al., 2007), and consist of uraninite and coffinite hosted by metasedimentary rocks 
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beneath the unconformity (Miller and LeCheminant, 1985; Fuchs et al., 1986; Fuchs and Hilger, 

1989; Gandhi, 1989).  

 The Boomerang Lake U prospect is located in the western Thelon Basin (Fig. 1.1a), and 

is the focus for the study of the western Thelon Basin presented in this thesis. Uranium 

mineralization is hosted by sandstones of the Thelon Formation at the structurally-offset, 

unconformable contact with underlying graphite-bearing metapelite. The best intersection was 

drilled in 1983, assayed 0.42% U and 25 ppm Au over 0.5 m, and is coincident with a zone of 

anomalous Cu, As, Ni, Co, Cr, V, Au, and Zn concentrations (Davidson and Gandhi, 1989). Some 

of these elements are related to Co+Ni+Cu sulfide, selenide, and arsenide minerals that are 

associated with the U mineralization, which was reported to be fine-grained pitchblende 

(Davidson and Gandhi, 1989; Gandhi, 1989). Additionally, selenides from one sample contained 

82 ppb Pt and 160 ppb Pd (Davidson and Gandhi, 1989). An illite + chlorite alteration halo is 

implied by Davidson and Gandhi (1989), but the paragenesis and spatial distribution of the 

alteration minerals is not indicated. The polymetallic, sandstone-hosted U mineralization at 

Boomerang Lake, in addition to structural control by graphitic metasedimentary basement rocks, 

has very similar characteristics to complex-type unconformity-related U deposit models. 

1.2.3 Uranium Mineralization in the Otish Basin 

 Exploration in the Otish Basin from 1974 to 1984 resulted in the discovery of 

approximately 30 U showings (Gatzweiler, 1987). Information regarding the majority of these 

discoveries is limited (e.g. Ruzicka and LeCheminant, 1984) or unavailable. In general, U 

mineralization is associated with basement veins and breccia, the sub-Otish Group unconformity, 

and intra-Otish Group faults and mafic intrusions (Gatzweiler, 1987). Out of the showings 

discovered in the Otish Basin, the Camie River U prospect was the only one with characteristics 

of unconformity-related U mineralization (Gatzweiler, 1987), and is the focus for the study of the 
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Otish Basin presented in this thesis. At Camie River, uraninite and brannerite occur where the 

unconformity is in reverse faulted-contact with an Archean greenstone-hosted metasedimentary 

sequence, and extend between 20 and 50 m above and below the unconformity along fractures 

(Gatzweiler, 1987). U mineralization occurs with pyrochlore, columbite, and molybdenite, the 

latter of which occurs later than uraninite (Gatzweiler, 1987; Höhndorf et al., 1987). Paragenetic 

relationships between the former two minerals, U mineralization, and albite, chlorite, and 

dolomite in an apparently zoned alteration halo within the Indicator Formation are unknown. The 

best intersection was 7.83% U3O8 over 1 meter, and is associated with elevated concentrations of 

Mo, Cu, Co, Ni, As, Se, Nb, V, and Au (Gatzweiler, 1987). Uraninite at Camie River was dated at 

1723 ±16 Ma using U-Pb methods (Höhndorf et al., 1987).  

 Preliminary work at Camie River U prospect suggests similarities with complex-type, 

sandstone-hosted unconformity-related U deposit models, such as the polymetallic association 

with U mineralization, and the location of the mineralization at the unconformity level. However, 

the mineralogy of the apparent alteration halo is not typical for complex-type U deposits, and the 

Archean, massive-sulfide-bearing basement rocks are lithologically distinct from those in the 

Athabasca and Thelon basins. 

1.3 Purpose of this Thesis 

 The purpose of this thesis is to determine the physical and chemical evolution of the 

western Thelon and Otish basins, and employ the results to evaluate the prospectivity of the 

Boomerang Lake U prospect in the western Thelon Basin, and the Camie River U prospect in the 

Otish Basin. Considering that many sedimentary-basin-hosted ore deposits (including 

unconformity-related U deposits) form as a result of basin-scale processes that occur throughout 

the evolution of the basin (Kyser et al., 2000; Kyser and Hiatt, 2003; Southgate et al., 2006; 

Kyser, 2007), a basin analysis methodology is employed to study the Boomerang Lake and Camie 
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River U prospects. There are four geological disciplines that comprise the basin analysis, and 

these are sedimentology-sequence stratigraphy, mineralogy-petrology, geochemistry, and 

geochronology (Fig. 1.3). The critical factors for the formation of unconformity-related U 

deposits, such as the presence of a U source and a U trapping mechanism, the involvement of 

oxidizing, U-leaching fluids, the development of fluid-flow pathways, and the appropriate timing 

of fluid interaction, are assessed through the integration of the disciplines (Fig. 1.3). Exploration 

guidelines and geochemical vectors to U mineralization are also developed using the basin 

analysis methodology. Additionally, by providing the first detailed study of these two under-

studied basins, this research advances the understanding of depositional and diagenetic processes 

in Proterozoic basins. 

1.4 Thesis Structure 

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

2 was published in the Society of Economic Geologists Special Publication 15 (Beyer et al., 

2010), and details the basin analysis of the western Thelon Basin at Boomerang Lake. 

Specifically, a paragenesis that details the relative timing of alteration minerals is presented, and 

the nature and origin of the fluids in equilibrium with these minerals is determined through stable 

isotope geochemistry. The absolute timing of alteration mineral formation and subsequent fluid 

events is determined by 40Ar/39Ar geochronology. In addition, the U and Pb isotopic compositions 

and mobile element concentrations are evaluated as exploration tools. Lastly, a particularly 

important result of Chapter 2 was the identification of the U-bearing mineral at Boomerang Lake 

as the U-phosphate mineral tristramite, and not pitchblende as previously reported (Davidson and 

Gandhi, 1989). 
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Figure 1.3. Relationship between basin analysis components and critical factors for the 
formation of unconformity-related uranium deposits 

  

Chapter 3 (submitted to Precambrian Research) focuses on the sedimentology and 

sequence stratigraphy components of the western Thelon Basin analysis to understand the 

paleohydrogeology, or fluid-conducting capability, of the western Thelon Basin in relation to the 

formation of unconformity-related U deposits. The tectonic and sedimentary evolution of the 

western Thelon Basin margin, which is currently understood from a regional perspective 

(Rainbird et al., 2003), is detailed based on the identification and correlation of lithofacies in a 

sequence stratigraphic framework, and synthesized in a depositional model. A paragenesis is 

presented that documents the diagenetic and hydrogeological evolution of the basin, allowing the 

distinction of diagenetic aquifers from diagenetic aquicludes (cf. Hiatt et al., 2003). Potentially 

prospective zones for unconformity-related U mineralization are proposed based on intersections 

of fluid-conducting strata and favorable basement areas. Finally, sedimentological and diagenetic 

comparisons among the western Thelon Basin, the eastern Thelon Basin, and the Athabasca Basin 

are discussed. 

 Chapter 4 (submitted to Economic Geology) details the basin analysis of the Otish Basin 

near Camie River. Specifically, a sequence stratigraphic correlation for the southwestern Otish 

Basin margin is proposed, which aids correlation of potential fluid-flow pathways in the Otish 
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Basin. The fluid evolution, and the relative timing of fluid events in the Otish Basin is determined 

based on mineral cross-cutting relationships and stable isotope geochemistry, and is summarized 

in a paragenesis. The absolute timing of significant fluid events, including U mineralization at 

Camie River, is determined using U-Pb, Pb-Pb, and 40Ar/39Ar geochronology. Lastly, potential 

pathfinders for Camie River-style mineralization are proposed based on mobile-element analysis, 

and guidelines for exploration are presented.  
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Chapter 2 

GEOLOGICAL EVOLUTION AND EXPLORATION 

GEOCHEMISTRY OF THE BOOMERANG LAKE 

UNCONFORMITY-TYPE URANIUM PROSPECT, NORTHWEST 

TERRITORIES, CANADA 

2.1 Abstract 

The Boomerang Lake unconformity-type uranium prospect is located in the Proterozoic 

western Thelon Basin, Canada. Based on geological similarities to other uranium-producing 

Proterozoic basins, it represents a prospective target for uranium exploration. The potential of the 

western Thelon Basin at Boomerang Lake to host high grade unconformity-type uranium deposits 

has been evaluated using alteration mineral paragenesis and chemistry, stable isotope 

geochemistry, 40Ar/39Ar geochronology, and a 2% HNO3 leach method. 

Pre-Thelon Basin basement rocks were subaerially weathered by low-δ18O meteoric 

waters at 1758 ± 7 Ma. Early diagenesis in the basin occurred at ca. 1667 Ma and is marked by a 

phosphate-dominated alteration mineral assemblage that formed from relatively reducing basinal 

fluids. Later peak diagenetic basinal fluids produced a widespread phyllosilicate-dominated 

mineral assemblage at temperatures of as much as 250°C, and had δ18O and δ2H values and 

chemical compositions consistent with those of oxidizing, saline basinal brines in other uranium-

producing Proterozoic basins. Uranium mineralization is associated with hydrothermal alteration 

by 18O- and 2H-rich evolved basinal fluids at 200°C, but consists of minor amounts of the U+4 

phosphate mineral tristramite. The distribution and stable isotopic compositions of peak 

diagenetic and hydrothermal phyllosilicates indicate sandstones overlying the Boomerang Lake 
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prospect were isolated from peak diagenetic basinal fluids that were capable of transporting 

uranium, resulting in the diminutive uranium phosphate mineralization. 

Radiogenic mobile Pb is present in sandstones and basement rocks at Boomerang Lake, 

but was predominantly produced in situ from U-bearing accessory and detrital minerals and 

probably not from an undiscovered uranium deposit at depth. The use of 238U/206Pb and 

(Zr+Th)/U ratios proved to be useful in evaluating the prospectivity of anomalously radiogenic 

zones in the Thelon Basin. 

2.2 Introduction 

The Paleoproterozoic Thelon Basin, Northwest Territories and Nunavut, Canada, remains 

underexplored for unconformity-related uranium deposits despite geological similarities to the 

world-class uranium-producing Athabasca Basin. At present, the Thelon Basin is only known to 

host unconformity-related uranium mineralization in two areas. The Kiggavik deposit is located 

just beyond the southern margin of the eastern Thelon Basin, Nunavut, and contains reserves of 

18,100 tonnes U3O8 at 0.6% (Fuchs and Hilger, 1989). Uranium mineralization at the Boomerang 

Lake prospect is located at the western margin of the western Thelon Basin in the Northwest 

Territories, about 500 km east of Yellowknife (Fig. 2.1). 

The Boomerang Lake uranium prospect shares a geological and structural setting similar 

to those of sandstone-hosted, complex-type (Fayek and Kyser, 1997) unconformity-related 

uranium deposits, such as Cigar Lake and McArthur River in the Athabasca Basin. It is located at 

the faulted unconformable contact between early Paleoproterozoic graphitic metasedimentary 

basement rocks and unmetamorphosed conglomerates and sandstones of the middle to late 

Paleoproterozoic Thelon Formation (Davidson and Gandhi, 1989). These prospective geological 

characteristics have established the Boomerang Lake prospect as a high-priority target for 

unconformity-related uranium deposits in the Thelon Basin. 
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Figure 2.1. Generalized geological map of the Western Churchill Province, Canada. 
Modified from Davidson and Gandhi (1989). 

 

The purpose of this study is to evaluate the potential of the western Thelon Basin at 

Boomerang Lake to host high-grade unconformity-related uranium deposits, building on initial 

studies by Davidson and Gandhi (1989) and Gandhi (1989). The fluid evolution of basement and 

basinal rocks are examined, as models of unconformity-related uranium deposits require a 

protracted fluid history (Kyser and Cuney, 2008b). We present a paragenesis that details the 

relative timing of alteration minerals and constrain the nature and origin of the fluids in 

equilibrium with these minerals through stable isotope geochemistry. The absolute timing of 

alteration mineral formation and subsequent fluid events is determined by 40Ar/39Ar 
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geochronology. In addition, we evaluate the U and Pb isotopic compositions and mobile element 

concentrations as exploration tools. 

2.3 Geological Setting 

 Exploration at Boomerang Lake in the western Thelon Basin has focused on two 

electromagnetic conductors, which are referred to as the F- and G-trends, respectively (Fig. 2.2). 

The two trends are oriented northeast-southwest and correspond to the regional strike of foliation. 

 The oldest rocks at Boomerang Lake were intersected along the G-trend and are Late 

Archean gneissic granitoids of the Rae domain, which forms part of the western Churchill 

Province (Fraser and Miller, 2007). The equigranular gneiss consists of quartz + K-feldspar + 

biotite, with zircon and monazite being common accessory minerals. Along the G-trend, the 

gneissic granitoids are structurally overlain by a package of metasedimentary rocks. The contact 

between the two units is a zone of mylonite that is several meters thick. The metasedimentary 

package is dominated by quartz + muscovite schist, with lesser amounts of quartzite and sulfide-

bearing schist. Mineral assemblages and textures suggest that the package experienced 

greenschist-grade metamorphism. These lithologies are correlated with the quartzite-dominated 

Eyeberry inlier, which lies along strike approximately 40 km to the northwest, and they bear 

stratigraphic resemblance to the lower parts of the 2.4 – 1.9 Ga Amer Group (Tella et al., 1983). 

 The F-trend is coincident with an approximately 40-km-wide belt of psammitic to pelitic 

paragneiss that is comprised of quartz + K-feldspar + biotite ± garnet ± graphite gneiss with 

accessory anhedral rutile, monazite, apatite, and well-rounded zircon, graphitic schist, and 

pegmatitic quartz + K-feldspar ± muscovite leucosomes. Mineral assemblages and textures 

suggest amphibolite-grade metamorphism and partial melting of an aluminous and carbonaceous 

sedimentary rock protolith. The contact between these paragneisses and the gneissic granitoids 

and metasedimentary rocks of the G-trend has not been observed. The protolith ages of the  
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Figure 2.2. Generalized geological map of the Boomerang Lake uranium prospect. The F- 
and G-trends are the primary exploration corridors and are defined by the axes of 
electromagnetic (EM) conductors. Labeled drill holes were used in this study. Stratigraphic 
sections were measured at drill hole locations shown as a black dot. The Boomerang Lake 
discovery zone is located near the southwestern end of F-trend. Int. = intermediate. 
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paragneiss are unknown. However, Fraser and Miller (2007) suggested the 2.13-2.08 Ga Rutledge 

River paragneisses or rocks of the ca. 2.1- 1.90 Ga Wollaston Group of the southern Hearne 

Domain as possible correlative units. 

 Sedimentary fill of the Thelon Basin unconformably overlies the metamorphic basement 

rocks of the F and G-trends. The Thelon Basin is an intracratonic basin that formed in response to 

regional thermal subsidence implicit in the formation of the similarly-aged Athabasca, 

Amundsen, and Elu basins in northwestern Canada (Rainbird et al., 2003). The Thelon Formation 

belongs to the Barrensland Group of the Dubawnt Supergroup (Gall et al., 1992), and consists of 

unmetamorphosed, shallowly dipping sandstones with minor conglomerate and breccia. The 

sandstones originally contained as much as 10% combined feldspar and lithic clasts, but were 

diagenetically altered to the extent that the only remaining phases are quartz, quartzose lithic 

clasts, diagenetic phyllosilicates, and refractory detrital phases. 

 Beyer et al. (2008) distinguished three sequence stratigraphic units within the Thelon 

Formation at Boomerang Lake (Fig. 2.3), representing deposition in alluvial fan and lacustrine 

(Sequence 1), alluvial plain (Sequence 2), and braid plain environments (Sequence 3). The 

depositional age of the Thelon Formation is bracketed by an underlying ca. 1753 Ma fluorite-

bearing granite (Miller, 1995), and by 1667 ±6 Ma authigenic fluorapatite cement in the basal 

Thelon Formation (Davis et al., 2008), both determined in the eastern Thelon Basin. Sandstones 

of the Thelon Formation and underlying basement rocks are intruded by northwest-trending 

Mackenzie diabase dikes that have a U-Pb baddeleyite age of 1267 ±2 Ma (LeCheminant and 

Heaman, 1989). 

The Boomerang Lake uranium prospect, herein referred to as the discovery zone, is 

located near the southwestern end of the F-trend (Fig. 2.2) and occurs in fractured, brecciated, 

and clay-altered sandstones of the Thelon Formation and graphitic metapelitic basement rocks  
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Figure 2.3. Simplified sections of F- and G-trend exploration corridors at Boomerang Lake. 
a. Longitudinal section of F-trend. b. Longitudinal section of G-trend. Scale is the same as 
in Figure 2.3a. c. Cross-section of G-trend. Drill hole locations are shown in Figure 2.2. 
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(Davidson and Gandhi, 1989; Gandhi, 1989). Three of 36 exploration holes drilled by 

Urangesellschaft Canada Ltd. in 1983 intersected intervals of elevated concentrations of U and 

Au. The best intersection assayed 0.42% U and 25 ppm Au over 0.5 m in clay-altered sandstone. 

Mineralization is associated with Ni+Co±Cu sulfides, selenides, and arsenides, and anomalous 

concentrations of Cr, V, and Zn. Selenides in one sample contained 82 ppb Pt and 160 ppb Pd 

(Davidson and Gandhi, 1989).  

2.4 Methods 

The present study is based on 351 drill core samples of metamorphic basement rocks and 

basinal sandstones (Figs. 2.2-2.4) and 20 surface samples from nine outcrop localities in the 

western Thelon Basin. Additionally, sample material from the Boomerang Lake discovery zone 

was obtained from the Geological Society of Canada, Ottawa. 

Mineral identification and cross-cutting relationships were determined in hand sample 

and in thin section using optical and electron microscopy. Scanning electron microscopy (SEM) 

was performed on an Amray 1830 instrument at Queen’s University, Kingston, and a JEOL JSM-

6400 instrument at Carleton University, Ottawa. Qualitative chemical analyses were conduced by 

energy dispersive X-ray spectrometry (EDS). 

 Electron microprobe analysis (EPMA) of selected minerals was performed by wavelength 

dispersive X-ray spectrometry on a Cameca Camebax MBX electron microprobe at Carleton 

University. An electron beam with a diameter of 5 to 10 micrometers was used. Analyses are 

accurate to 1-2 % for major elements (>10 wt %) and 3-5 % for minor elements (>0.5 - <5.0 wt 

%). At low concentrations (<0.1 wt %), relative errors approach 100 %. 

Field identification of phyllosilicates in hand sample was aided by the use of an ASD TerraSpec 

short wave infrared (SWIR) spectrometer and AusSpec TSG and Grasswood 
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Figure 2.4. Cross-section of the Boomerang Lake discovery zone. Data compiled from 
unpublished Urangesellschaft Canada Ltd. and Uravan Minerals Inc. drill logs and 
Davidson et al. (1998). Drill hole labels in italics were used in this study. 

 

Geoscience Ltd. MinSpec4 software. Phyllosilicates were separated from crushed whole rock 

samples by ultrasound disintegration and centrifugation. The separates were subsequently 

analyzed by X-Ray diffraction (XRD) to determine mineralogical composition, Kübler indices 

(Kübler, 1967) for white mica, and Hinckley indices (Hinckley, 1963) for kaolinite. The XRD 

was performed using a Philips X-Pert diffractometer at Queen’s University. 

 The oxygen isotopic compositions of the phyllosilicate separates were measured using a 

dual inlet Finnigan MAT 252 isotope ratio mass spectrometer (IRMS) following oxygen 
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extraction using BrF5 (Clayton and Mayeda, 1963). Hydrogen isotopic compositions of 

phyllosilicates were determined using a ThermoFinnigan TC/EA and a Deltaplus XP IRMS. 

Carbon and oxygen isotopic compositions of carbonates were measured using a Thermo Gas 

Bench II and a Deltaplus XP IRMS. Oxygen and hydrogen isotope ratios are reported in δ notation 

in units of per mil (‰) relative to Vienna Standard Mean Ocean Water (V-SMOW), whereas 

carbon isotope ratios are reported relative to the standard Pee Dee Belemnite (PDB). The δ18O 

and δ2H analyses were reproducible to ± 0.2 and ± 3 ‰, respectively. Oxygen isotope 

fractionation factors used throughout this paper are those of Wenner and Taylor (1971) for water-

chlorite, O’Neil and Taylor (1969) for water-muscovite, Sheppard and Gilg (1996) for water-

kaolinite and water-dickite, and Zheng (1999) for water-dolomite and water-siderite. Hydrogen 

isotope fractionation factors used are those of Taylor (1974) for water-chlorite, Vennemann and 

O'Neil (1996) for water-muscovite, and Sheppard and Gilg (1996) for water-kaolinite and water-

dickite. 

 Temperatures of formation of muscovite were estimated using the variation of the molar 

fraction of pyrophyllite (XPrl) as determined by EMPA (Cathelineau, 1988). Temperatures of 

formation of chlorite were estimated using the method of Zang and Fyfe (1995), a variant of the 

chlorite geothermometer of Cathelineau (1988), as this geothermometer has been successfully 

employed in several studies in the Athabasca Basin of Canada and the Kombolgie Sub-Basin of 

Australia (Polito et al., 2004; Alexandre et al., 2005, 2009a; Polito et al., 2005; Cloutier, 2009; 

Cloutier et al., 2009). 

40Ar/39Ar geochronology was performed at the Rare Gas Geochronology Laboratory, 

University of Wisconsin – Madison, using methods summarized by Smith et al. (2003). Plateau 

ages were calculated using not less than 70% of 39Ar released and three consecutive steps that 

overlap in their 1σ error margin. Pseudo-plateau ages were defined by 30-70 % of 39Ar released. 
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The U–Pb and Pb–Pb isotopic ratios and concentrations of 54 elements were determined 

for 163 samples using a 2% HNO3 leach followed by high-resolution inductively coupled plasma 

mass spectrometry (HR-ICP-MS). The applied method is described by Holk et al. (2003). 

2.5 Mineralogy of the Boomerang Lake Prospect 

 Basement rocks and sandstones of the Thelon Formation host diverse suites of phosphate, 

phyllosilicate, sulfide, and oxide minerals that formed during multiple fluid events associated 

with 1) retrograde metamorphism, 2) pre-Thelon Basin weathering of basement rocks, 3) early 

diagenesis of sandstones, 4) peak diagenesis of sandstones, and 5) hydrothermal alteration at the 

unconformity. A paragenesis displaying the relative timing of the minerals is shown in Figure 2.5. 

The distribution of key alteration phases and location of samples discussed is given in Figure 2.6. 

2.5.1 Retrograde Metamorphism  

Chlorite (C0) and coarse-grained muscovite (M0) (Fig. 2.7a) are the earliest alteration 

minerals to affect basement rocks at Boomerang Lake, replacing foliation-controlled, prograde 

metamorphic biotite. The C0 chlorite occurs in some drill core intersections of relatively fresh, 

non-fractured paragneiss. The M0 muscovite is present from a few tens of meters below the 

unconformity and downward, but is mainly absent above the unconformity.  

2.5.2 Pre-Thelon Basin Weathering 

Hematite (F0) is variably present for as much as 50 m below the unconformity. It 

generally decreases in abundance with increasing depth, and preferentially infiltrates biotite-rich 

zones, faults, fractures, and foliation. Pervasive vermiform to fine-grained kaolinite (K0) (Fig. 

2.7b) replaces prograde metamorphic biotite, garnet, and K-feldspar, cross-cuts M0 muscovite, 

and fills fractures to a depth of several tens of meters below the unconformity in basement rocks.
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Figure 2.5. Paragenesis of minerals associated with retrograde metamorphism and 
weathering of basement rocks, diagenesis, and hydrothermal alteration. The 1757 Ma age of 
basement weathering is interpreted from Ar-Ar geochronology, and the 1667 Ma age of 
early diagenesis is inferred from Davis et al. (2008). Temperatures shown in black are 
calculated from EMPA data, and temperatures in gray are inferred (see text for discussion). 
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Figure 2.6. Longitudinal sections of the F- and G-trends at Boomerang Lake, showing the 
distribution of peak diagenetic phyllosilicates, and locations of samples with key 
geochemical and geochronological characteristics discussed in the text. 
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Figure 2.7. a. Muscovite (M0) after biotite in F-trend paragneiss (sample BL92-47-213.2m; 
plane-polarized transmitted light). b. K0 kaolinite (K0) after biotite in F-trend paragneiss 
(sample BL92-41-122.4m; cross-polarized transmitted light). c. Hematite (F1) and euhedral 
Q1 quartz overgrowths mantle detrital Q0 quartz grains. Vivianite (P1a) fills primary 
porosity and is cross-cut by K1 kaolinite (sample BL06-65-116.3m; plane-polarized 
transmitted light). d. Fluorapatite (P1b) and M1 muscovite in sandstone interstices. The 
P1b fluorapatite displays hexagonal basal pinnacoid morphology. Both detrital Q0 quartz 
grains and P1b fluorapatite are partially-dissolved in the presence of M1 muscovite (sample 
BL98-52-78.1m; SE-SEM image). e. Partially-dissolved P1b fluorapatite in contact with K1 
kaolinite + M1 muscovite (sample BL98-52-78.1m; BSE-SEM image). f. Dolomite cross-cuts 
P1b fluorapatite in F-trend basement paragneiss. Note extensively resorbed P1b grain 
boundaries (sample BL92-47-193.1m; cross-polarized transmitted light). 
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Discontinuous, maroon, F0-stained dolomite (D0) veins, which are millimeters wide, are 

present near the base of the F0 hematite-rich zone in the F-trend basement rocks, and cross-cut 

foliation. Fine-grained illite (I0) was observed only in the F-trend basement fault zones, including 

the discovery zone, where it alters cataclastically-deformed fault gouge. The I0 illite is slightly 

earlier than or coeval with K0 kaolinite, and is distinguishable from M0 muscovite based on grain 

size. Paragenetic relationships between I0 illite and F0 hematite or D0 dolomite were not 

observed. The mineral assemblage C0 chlorite + F0 hematite + K0 kaolinite + I0 illite is similar 

to minerals described by Gall (1994) in the Thelon paleosol at Boomerang Lake. Subaerial 

weathering also affected refractory accessory phases contained in basement rocks, as suggested 

by the presence of partially dissolved, F0 hematite-rimmed zircon and monazite showing atypical 

birefringence. 

2.5.3 Early Diagenesis   

A suite of minerals that formed during the early diagenesis of Thelon Formation 

sandstones is distinguished by its early paragenetic position and by its tendency to fill primary 

pore space. 

 Detrital quartz grains (Q0) are coated with a micrometer-thick layer of Fe-oxide (F1) 

(Fig. 2.7c). The F1 Fe-oxide rims are followed by quartz overgrowths (Q1) on Q0 detrital quartz. 

The Q1 overgrowths are generally poorly preserved, owing to resorption during peak diagenesis. 

Well-preserved examples of Q1 quartz (Fig. 2.7c) display similar paragenetic and morphological 

relationships to those recognized in the Athabasca and the eastern Thelon Basins as compaction-

related quartz cements (Hiatt et al., 2007, 2010). 

 Two varieties of early diagenetic phosphate minerals occur within sandstones of the 

Thelon Formation. Vivianite (P1a) (Fig. 2.7c) is sparsely distributed in sandstones along the F-

trend and fills primary porosity. Fluorapatite (P1b) cement occurs in sandstones on both the F- 
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and G-trends as zoned euhedral basal pinnacoids (Fig. 2.7d), 50 – 200 microns in diameter, which 

cross-cut Q1 quartz overgrowths, and appear prismatic in thin section (Figs.2.7e, f). It is most 

common in, but not restricted to, sandstones within 10 m of the unconformity and can completely 

fill primary and local secondary porosity. The distribution of P1b fluorapatite is similar to that 

described by Miller et al. (1989) as “strataform”, and is not associated with veins or breccias in 

sandstones. Detrital phosphatic clasts, such as those observed in the eastern Thelon Basin (Miller 

et al., 1989; Renac et al., 2002; Hiatt et al., 2010), were not observed. The P1b fluorapatite is also 

present in basement fractures and fault zones (Fig. 2.7f). 

Fractures with anastomosing or “horsetail” morphology cross-cut sandstones of the 

Thelon Formation throughout the study area and are healed by quartz (Q2). Pyrite (S1) is 

observed in sandstones and occurs as micron-scale veins and sooty black, dendritic aggregates of 

fine-grained euhedral cubes and pyritohedrons, generally in the basal 25 m of the Thelon 

Formation. The S1 pyrite cross-cuts both P1b fluorapatite and Q2 quartz, and is in turn cross-cut 

by peak diagenetic phyllosilicates (Fig. 2.8a). 

Fracture-controlled dolomite (D1) is present in basement rocks only. The D1 dolomite is 

later than K0 kaolinite and P1b fluorapatite (Fig. 2.7f) and is in turn cross-cut by peak diagenetic 

minerals. Based on these paragenetic relationships and its fracture-controlled nature, D1 dolomite 

is likely coeval with Q2 quartz-healed fractures in sandstones. The D1 dolomite is distinguished 

from D0 dolomite by its white to pink color and by its tendency to form continuous networks of 

cm-scale-wide veins. Chlorite (C1) is observed exclusively in basement rocks and is particularly 

prevalent along the F-trend. This phase weakly alters M0 muscovite and K0 kaolinite, and is 

cross-cut by peak diagenetic M1 muscovite. 
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Figure 2.8. a. Fluorapatite (P1b) cross-cuts Q1 quartz overgrowths and is in turn cross-cut 
by S1 pyrite. K1 kaolinite cross-cuts S1 pyrite (sample BL07-70-210.8m; BSE-SEM image). 
b. Fine-grained K1 kaolinite is partially replaced by M1 muscovite. Coarser K2 dickite in 
the right half of the image is not replaced by M1 muscovite (sample JP-1-114.6m; cross-
polarized transmitted light). c. and d. Tristramite (P2) in P1b fluorapatite + S1 pyrite + M1 
muscovite-altered F-trend sandstone at the discovery zone. The P1b grain boundaries are 
extensively resorbed and in contact with M1 muscovite. The P2 tristramite is coincident 
with areas of increased S1 pyrite concentration (sample BL83-21-98.9m; BSE-SEM image). 
e. Hydrothermal siderite and Co + Ni arsenide in F-trend basement at the discovery zone 
(sample BL98-52-87.0m; BSE-SEM image). f. C2 sudoite replaces M1 muscovite in F-trend 
sandstone at the discovery zone (sample BL98-52-82.2m; BSE-SEM image). 
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2.5.4 Peak Diagenesis 

 Peak diagenetic minerals formed during deep burial of Thelon Basin fill, and are 

distinguished in sandstones by their tendency to fill well-developed secondary porosity, and in the 

basement rocks by overprinting of K0+M0+C0 phyllosilicates. 

 Kaolinite (K1) is pervasive in sandstones of the Thelon Formation throughout the study 

area and fills secondary porosity. Morphology ranges from vermiform to very fine-grained. The 

K0 kaolinite in basement rocks and K1 kaolinite in sandstones are partially to entirely replaced by 

muscovite (M1) (Fig. 2.8b). In sandstones, M1 muscovite is most abundant directly above the 

unconformity in secondary porosity developed at the expense of Q1 overgrowths and P1b 

fluorapatite (Figs. 2.7d, 2.7e). The M1 muscovite is followed by dickite (K2) formation in the 

sandstones. K2 dickite is distinguished from K1 kaolinite in all samples by SWIR spectrometry 

and XRD. Dickite-rich samples display equant blocky crystals that fill secondary porosity and are 

not overprinted by M1 muscovite (Fig. 2.8b), and are interpreted as K2 dickite pseudomorphs 

after K1 kaolinite. The K2 dickite is widely distributed in Sequence 3 sandstones, but is restricted 

to particular zones in Sequence 2 sandstones (Fig. 2.6). 

 In the basement rocks, M1 muscovite is most prevalent in the F-trend paragneiss and G-

trend gneissic granitoids, and is distinguished from M0 muscovite by cross-cutting relationships 

with P1b fluorapatite and by its finer grain size. The K2 dickite was not observed in basement 

rocks.   

2.5.5 Hydrothermal Alteration 

A variety of Co+Ni+As+U- and other metal-bearing phases, phyllosilicates, and 

carbonate minerals are associated with intensely-K0 + M1-altered paragneiss and brecciated 

graphitic schist in basement fault zones, and friable, intensely clay-altered (K1 + M1 + K2) 

sandstones in the discovery zone. 
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Siderite and white mica, with a composition approaching aluminoceladonite, are the 

earliest hydrothermal phases. Siderite is prevalent in an approximately 1-m-thick zone of 

intensely-K0+M1-altered paragneiss, with high Co+Ni+As+Zn contents, and adjacent to graphitic 

breccia in a basement fault zone. Aluminoceladonite occurs as micrometer-wide veinlets in 

intensely clay-altered paragneiss immediately beneath the unconformity. 

The U+4 phosphate mineral tristramite (P2) was observed in fractured, porous, P1b 

fluorapatite + S1 pyrite + M1 muscovite-altered sandstone. This phase follows P1b+S1+M1 

paragenetically and is present as anhedral patches that are tens of microns in diameter and 

spatially associated with S1 pyrite (Figs. 2.8c, d). No uranium-bearing phases were observed in 

other discovery zone samples that were reported to have as much as ~500 ppm U by assay 

(Davidson and Gandhi, 1989; Davidson et al., 1998). A diverse suite of metal-bearing sulfides, 

selenides, arsenides, alloys, and rare native phases are collectively referred to as the S2 

assemblage, and are associated with high-U zones and intensely clay-altered basement rocks and 

sandstones at the discovery zone (Table 2.1). Phases of the S2 assemblage are consistently 

associated with siderite in basement samples (Fig. 2.8e). 

Sudoite (C2) (Fig. 2.8f) is prevalent in basal sandstones in the discovery zone, where it 

replaces M1 muscovite. The C2 sudoite is present in basal sandstones and shallow basement 

rocks as much as two kilometers basinward from the discovery zone, and was observed in basal 

sandstones at the northeastern end of G-trend (Fig. 2.6). 

2.6 Mineral Chemistry 

2.6.1 Retrograde Metamorphism and Pre-Thelon Basin Weathering 

Typical M0 muscovite in basement rocks contains the highest K2O content of all 

Boomerang Lake white mica analyzed (Fig. 2.9; Table 2.2). The M0 muscovite also has higher  



 

  33

 

Table 2.1. Phases and hosts of the S2 assemblage. 

 

Figure 2.9. Relationship between K and the degree of substitution for octahedral Al in white 
mica at Boomerang Lake, in reference to typical compositions of muscovite, illite, and 
aluminoceladonite reported by Deer et al. (1992). apfu = atoms per formula unit. 
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Table 2.2. Representative Electron Microprobe Analyses of Phyllosilicates At Boomerang 
Lake. Phyllosilicate minerals with drill hole name and depth in parenthesis: 1 = M0 
muscovite (BL06-65-240.2m); 2 = I0 illite (BL06-65-170.0m); 3 = M1 muscovite, Thelon 
Fmn.-sandstone-hosted (JP-2-231.2m); 4 = M1 muscovite, basement-rock-hosted (BL92-47-
193.1m); 5 = M1 muscovite, Thelon Fmn.-sandstone-hosted, altered (BL83-21-98.9m); 6 = 
"aluminoceladonite" (BL98-52-84.0m); 7 = C0 chlorite (BL98-56-160.0m); 8 = C1 chlorite 
(BL92-47-193.1m); 9 = C2 sudoite (BL98-52-90.7m); atomic proportions calculated on an 
anhydrous basis; n.a. = not analyzed; <DL = below detection limit; OH calculated by 
subtraction 
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MgO and FeO than other Boomerang Lake white mica (3.3 wt percent and 2.6 wt 

percent, respectively), which may have been inherited from biotite. The estimated temperature of 

formation of M0 muscovite is 290°C (Fig. 2.5). 

The C0 chlorite has lower Mg contents (11.4 wt percent MgO) and higher Al2O3 and FeO 

contents (18.0 and 30.3 wt percent, respectively) than C1 chlorite (Fig. 2.10; Table 2.2). The 

calculated temperature of formation of C0 chlorite is 340°C, although this is a minimum 

temperature because it is 30°C beyond the calibrated range of the geothermometer. We estimate a 

minimum temperature of about 300°C for the assemblage C0 chlorite + M0 muscovite, which 

probably has a retrograde metamorphic origin based on its relatively high temperatures of 

formation, coarse grain size, and replacement of prograde metamorphic biotite. 

 The I0 illite occupying fault zones in F-trend basement rocks, including the Boomerang 

Lake discovery zone, is characterized by a notable interlayer site deficiency (8.8 wt percent K2O; 

Table 2.2), and higher MgO and FeO contents (3.0 wt percent and 2.8 wt percent, respectively) 

than M1 muscovite (Fig. 2.9). These compositions, as well as SiO2 and Al2O3 contents of 52.7 wt 

percent and 26.8 wt percent, respectively, are consistent with that of typical illite (Fig. 2.9) (Deer 

et al., 1992). The I0 illite has a Kübler Index of 0.95, which is 0.3 to 0.5 °2θ higher relative to 

those of M1 muscovite (Table 2.3), suggesting a lower temperature of formation (Árkai, 1991).  

Two samples of K0 kaolinite display Hinckley indices of 0.6 (Table 2.3), which is similar 

to those reported by Zhang et al. (2001) from kaolinite sampled in basement “paleoregolith” in 

the Athabasca Basin. The apparent temporal relationship between I0 illite and K0 kaolinite + F0 

hematite + D0 dolomite, and the association of these minerals with paleosol formation (Gall, 

1994), are used to infer an original formation temperature of about 50°C for this mineral 

assemblage. However, the calculated temperature of formation of I0 illite, based on EMPA-

derived site occupancy data, is approximately 200°C (Fig. 2.5; Table 2.2). Thus although the I0  
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Figure 2.10. Ternary diagram showing the chemical variation of chlorites at Boomerang 
Lake, in reference to the composition of relatively unaltered biotite in F-trend paragneiss at 
Boomerang Lake as determined by EMPA, typical compositions of chamosite and 
clinochlore reported by Deer et al. (1992), and sudoite reported by Lin and Bailey (1985). 
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Table 2.3. Kübler and Hinckley Indices of phyllosilicates; m = mineral was sampled by 
microdrill 

 

illite experienced higher temperatures after formation, the original poorly ordered structure was 

not modified. Five samples of K0 kaolinite have Hinckley indices of 1.1 to 1.2 (Table 2.3), which 

are similar to those from sandstone- and basement-hosted kaolinite in alteration halos associated 

with U mineralization in the Athabasca Basin (Zhang et al., 2001). These samples likely reached 

200°C based on calculated I0 illite temperatures, but under conditions in which the original 

poorly-ordered structure was modified to a more ordered state. It is possible that basement rocks 

reached temperatures of about 200°C during subsidence associated with the deep burial of Thelon 

Basin fill. 
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2.6.2 Early Diagenesis 

The P1b fluorapatite in the F- and G-trend sandstones is nearly stoichiometric, with 42.0 

wt percent P2O5, 55.7 wt percent CaO, and about 4 wt percent F (Table 2.4). Trace element 

concentrations, including those for LREE, S, Sr, Y, and Ba, are very low, and uranium contents 

were below the analytical detection limit. Thus, P1b fluorapatite at Boomerang Lake is distinct 

from early diagenetic fluorapatite in the eastern Thelon Basin that contains several thousands of 

ppm U (Miller et al., 1989; Hiatt et al., 2010). 

The C1 chlorite in basement rocks has higher MgO contents of 13.1 wt percent, and 

lower FeO contents of 18.7 wt percent (Fig. 2.10; Table 2.2) than C0 chlorite. The K2O contents 

of as much as 1.3 wt percent suggest small-scale intergrowth with remnant M0 muscovite in C1 

chlorite. The estimated temperature of formation of C1 chlorite ranges from 160°C to 220°C. 

2.6.3 Peak Diagenesis 

The M1 muscovite in basement rocks contains lower MgO and FeO contents of 1.2 and 

0.4 wt percent, respectively, than M0 muscovite (Fig. 2.9; Table 2.2). The estimated temperature 

of formation of M1 muscovite in sandstones and basement rocks is 250°C. The M1 muscovite 

associated with the U-bearing tristramite (P2) in the discovery zone contains significantly less 

K2O and Al2O3 (4.0 wt percent and 17.7 wt percent, respectively) than typical M1 muscovite (Fig. 

2.9; Table 2.2), and also contains approximately 10 wt percent combined MgO and FeO, 5 wt 

percent combined Cr2O3 and V2O3, and as much as 4.8 wt percent Cl. 
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Table 2.4. Representative electron microprobe analyses of phosphates at Boomerang Lake. 
Phosphate minerals with drill hole name and depth in parenthesis: 1 = P1b fluorapatite 
(BL07-70-210.8m); 2 = P2 tristramite (BL83-21-98.9m); atomic proportions calculated on 
an anhydrous basis; <DL = below detection limit; n.a. = not analyzed; * = expressed as H2O; 
OH and H2O calculated by subtraction. 
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2.6.4 Hydrothermal Alteration 

Scanning electron microscopy and EMPA reveal that the U-bearing phase (P2) in the 

discovery zone is the rare U+4 phosphate mineral tristramite This is contrary to the findings of 

Davidson and Gandhi (1989), who described uranium mineralization in the same thin section as 

fine-grained pitchblende. Analyses of P2 tristramite from Boomerang Lake are similar to those  

reported by Atkin et al. (1983), with 13.7 wt percent CaO, 25.6 wt percent P2O5, and 35.2 wt 

percent UO2 (Table 2.4). Davidson and Gandhi (1989) acknowledge an association of U with P 

and Ca, but attribute it to the influence of apatite (P1b fluorapatite of this study). However, we 

observed the U-bearing phase to be in direct contact with S1 pyrite or M1 muscovite in nearly all 

cases (Figs. 2.8c and 2.8d).  

The P2 tristramite analyses show as much as 5 wt percent and 9 wt percent FeO and SO3, 

respectively. The highest FeO and SO3 values were obtained in portions of tristramite that 

contained micrometer-sized inclusions. Although the inclusions are too small to analyze, EDS 

spectra showed that the inclusions contained a high concentration of Fe and S, and may represent 

remnant S1 pyrite. The lowest FeO and SO3 contents (1 wt percent and 2 wt percent, respectively) 

were obtained in portions of tristramite that contained no inclusions. 

 Hydrothermal aluminoceladonite contains low Al2O3 (13.7 wt percent) due to substantial 

substitution of AlIV by SiO2 (58.5 wt percent), and substitution of AlVI by MgO and FeO, (7.7 wt 

percent and 4.6 wt percent, respectively). This high degree of Al substitution distinguishes 

aluminoceladonite from all other white micas at Boomerang Lake (Fig. 2.9; Table 2.2). The 

estimated temperature of formation of aluminoceladonite is 220°C (Fig. 2.5). 

 The C2 sudoite is distinct from C0 and C1 chlorites, having the lowest FeO contents (3.3 

wt percent) and the highest Al2O3 content (32.4 wt percent) (Fig. 2.10; Table 2.2). The C2 sudoite 

analyses show low amounts of K2O, typically 0.3 wt percent, which probably indicates small-
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scale intergrowth with remnant M1 muscovite that it partially replaces. The estimated 

temperature of formation of C2 sudoite is 190°C. 

2.7 Stable Isotope Geochemistry 

2.7.1 Pre-Thelon Basin Weathering 

The K0 kaolinite and I0 illite from the F- and G-trend basement rocks have δ18O values 

that range from 9.3 to 15.7‰, and δ2H values that range from -69 to-55 ‰ (Table 2.5). Assuming 

a temperature of formation of 50°C for I0 illite and the two samples of K0 kaolinite with the 

lowest Hinckley indices, the calculated δ18Ofluid and δ2Hfluid values range from -6.7 to -3.8‰ and -

35 to -28 ‰ (Fig. 2.11a), respectively. A temperature of 200°C, which was the temperature 

reached during basement subsidence, is used to calculate δ18Ofluid values between 7.7 and 10.1‰ 

and δ2Hfluid values between -52 and -37‰ for the K0 kaolinite having higher Hinckley indices 

(Fig. 2.11a).  

2.7.2 Early Diagenesis  

The D1 dolomite from F-trend basement-hosted veins has δ18O values that range from 

20.2 to 25.0 ‰, and δ13C values that vary from -10.6 to -4.7 ‰ (Table 2.5). A minimum 

temperature of 130°C for early diagenesis is inferred from the petrography, fluid inclusion 

microthermometry, and stable isotope geochemistry of early diagenetic quartz overgrowths in the 

eastern Thelon Basin (Renac et al., 2002; Hiatt et al., 2007, 2010). Assuming that temperatures 

during early diagenesis in the western Thelon Basin were similar, the δ18O values of fluids in 

equilibrium with D1 dolomite were between 5.1 and 9.9 ‰ (Fig. 2.11b). 
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Table 2.5. Oxygen, hydrogen, and carbon stable isotopic compositions of alteration 
phyllosilicates and carbonates at Boomerang Lake. bs = basement rocks; ss = Thelon 
Formation sandstone; m = sampled by microdrill; oxygen and hydrogen isotope ratios are 
in units of per mil relative to V-SMOW; carbon isotope ratios are in units of per mil relative 
to PDB. 
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Figure 2.11. a. Calculated δ18O and δ2H values of fluids in equilibrium with minerals at 
Boomerang Lake. Fields defining the range of calculated δ18O and δ2H values of fluids in 
equilibrium with sandstone-hosted kaolinite and dickite (a) and muscovite/illite and sudoite 
(b) in the Athabasca Basin are plotted in gray for reference (MWL = meteoric water line; 
V-SMOW = Vienna Standard Mean Ocean Water). Sources of Athabasca data are Wilson 
and Kyser (1987), Kotzer (1993), Kotzer and Kyser (1995), Wasyliuk (2001), Alexandre et 
al. (2005), Cloutier (2009), and Cloutier et al. (2009). Athabasca δ18Ofluid and δ2Hfluid values 
were calculated using temperatures suggested by the data authors, and fractionation factors 
presented in this paper for consistency. b. Plot of δ18Ofluid versus δ13Cmineral compositions of 
carbonate minerals. 



 

  44

Peak Diagenesis 

The K1 kaolinite, M1 muscovite, and K2 dickite occupying secondary porosity in Thelon 

Formation sandstones on the F- and G-trends have δ18O values that range from 10.0 to 15.0 ‰,  

and have δ2H values that fall between -92 and -47 ‰ (Table 2.5). Temperatures between 200 and 

250°C, based on tetrahedral site occupancy of M1 muscovite, were used to calculate δ18Ofluid 

values between 6.7 and 9.4 ‰, and δ2Hfluid values between -76 and -24 ‰ (Fig. 2.11a). The K2 

dickite samples occupying fractures and vugs in sandstone have δ18Ofluid values that are 

approximately 3 ‰ lower than interstitial K2 dickite (Fig. 2.11a). Samples of K2 dickite from 

outcrop have the lowest δ2Hfluid values that range from -76 to -56 ‰ (Fig. 2.11a). 

2.7.3 Hydrothermal Alteration 

 The C2 sudoite from Thelon Formation sandstones have δ18O values between 10.3 and 

12.5 ‰, and have δ2H values that range from -59 to -52 ‰ (Table 2.5). At a temperature of 

200°C, the fluids in equilibrium with C2 sudoite had δ18Ofluid values between 8.0 and 10.2 ‰, and 

δ2Hfluid values between -25 and -18 ‰ (Fig. 2.11a). One sample of hydrothermal siderite has a 

similar high-δ18Ofluid value of 11.1 ‰, and a δ13Cmineral value of -14.5 ‰ (Table 2.5; Fig. 2.11b). 

 The range of δ18Ofluid values associated with regionally occurring kaolinite and dickite in 

Athabasca sandstones is similar to that of K1 kaolinite and K2 dickite at Boomerang Lake (Fig. 

2.11a). However, the majority of δ18Ofluid values associated with muscovite/illite and sudoite in 

alteration halos in the Athabasca Basin are generally 3 to 5 ‰ lower than δ18Ofluid values 

associated with M1 muscovite and C2 sudoite at Boomerang Lake (Fig. 2.11a). This suggests 

comparatively lower water/rock ratios during peak diagenesis and hydrothermal alteration at 

Boomerang Lake.  



 

  45

2.8 40Ar/39Ar Geochronology 

 Basement-hosted I0 illite and M1 muscovite, and sandstone-hosted M1 muscovite were 

dated by the 40Ar/39Ar method (Table 2.6). The age spectrum of one I0 illite sample from an F-

trend basement fault zone displays a slightly disturbed profile and yields a pseudo-plateau age of 

1758 ± 7 Ma (Fig. 2.12). Duplicate analyses of M1 muscovite after M0 muscovite give plateau 

ages of 1752 ± 19 and 1738 ± 14 Ma. These ages are consistent with the age of late retrograde 

metamorphism or basement weathering and paleosol formation, and indicate that the Ar isotopic 

system in these samples was not disturbed during Thelon Basin formation and diagenesis. 

 The M1 muscovite, sampled from sandstone of the Thelon Formation located to the 

northeast of the Eyeberry inlier, displays a relatively undisturbed age spectrum with a plateau age 

of 1339 ± 6 Ma (Fig. 2.12). The M1 muscovite sampled from sandstone within one meter above 

the unconformity on the F-trend also displays a relatively undisturbed age spectrum that gives the 

same age of 1337 ± 4 Ma. The M1 muscovite sampled from sandstone within the discovery zone 

displays a disturbed age spectrum with a pseudo-plateau age of 1302 ± 11 Ma. Ages of M1 

muscovite in sandstones are ca. 400 million years younger than those in basement rocks, and 

indicate that the Ar isotopic system in these samples was open until long after Thelon Basin 

formation and diagenesis. 

2.9 U-Pb Isotope and Trace Element Geochemistry  

Radiogenic and highly radiogenic Pb is observed in both sandstones of the Thelon 

Formation and basement rocks on the F- and G-trends (Fig. 2.13, Table 2.7). The 207Pb/206Pb 

ratios ranging from 0.6 to 0.9 are referred to as weakly radiogenic because these values reflect a 

significant contribution from modern common Pb. The 207Pb/206Pb ratios ranging from 0.3 to 0.6 

are termed radiogenic here, because they reflect an increasing proportion of radiogenic Pb that 
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Table 2.6. 40Ar/39Ar analytical data for I0 illite and M1 muscovite. Check mark denotes step used in calculation of weighted plateau and 
pseudo-plateau age.
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Figure 2.12. The 40Ar/39Ar age spectra for three samples of sandstone-hosted M1 muscovite, one sample of basement-hosted M1 
muscovite, and one sample of I0 illite from a basement fault zone 
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Table 2.7. U and Pb isotope ratios and selected elemental concentrations of weak acid 
leachates from Boomerang Lake. Lith. = lithology (ss = Thelon Fmn. sandstone; pgn = 
paragneiss; ggn = granitic gneiss; qms = quartz+muscovite schist); n.a. = not analyzed; <DL 
= below analytical detection limit, which is 1 ppb or less for all elements; * = 204Pb below 
analytical detection limit 
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Table 2.7 (con’t.) 
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Table 2.7 (con’t.) 
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Figure 2.13. a. Stratigraphic sections of selected drill holes on F-trend accompanied by plots 
of 207Pb/206Pb ratios. Drill hole BL98-52 intersects the discovery zone. b. Stratigraphic 
sections of selected drill holes on the G-trend accompanied by plots of 207Pb/206Pb ratios. See 
Holk et al. (2003) for similar plots from drill holes in the eastern Thelon, Athabasca and 
Kombolgie Basins. 
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was sourced from the decay of U in a possible nearby Proterozoic U deposit. The 207Pb/206Pb 

ratios ranging from 0.1 to 0.3 are highly radiogenic and reflect a high proportion of radiogenic, 

Proterozoic Pb that would be expected from a U deposit of this eon. Excess radiogenic Pb that 

cannot be accounted for by the decay of U contained in a sample is referred to as unsupported 

radiogenic Pb, whereas radiogenic Pb that can be accounted for by the decay of U contained in a 

sample is referred to as supported radiogenic Pb (Holk et al., 2003).  

 In sandstones from the F-trend, radiogenic Pb is restricted to within several meters of the 

unconformity, but occurs in stratigraphically higher zones in sandstones along the G-trend. The 

F-trend basement rocks are generally more radiogenic than G-trend basement rocks, due in part to 

contrasting lithologies, and they display 207Pb/206Pb ratios of about 0.55. Sandstones and basement 

rocks in the discovery zone are weakly radiogenic to radiogenic (Table 2.7).  

 All samples have high 238U/206Pb ratios that are indicative of Pb produced in situ or from 

a young uranium source. Specific samples in the discovery zone are marked by very 

high238U/206Pb ratios ranging from 156 to 317 (Fig. 2.14). 

 The 206Pb/204Pb ratios versus 207Pb/204Pb ratios for all samples are displayed in Figure 

2.15. A high proportion of the data extend off the Pb growth curve of Stacey and Kramers (1975) 

and forms two distinct Pb-mixing isochrons. The majority of the sampled sandstones and 

basement rocks along the F- and G-trends define an isochron with a model age of 1753 ±48 Ma. 

A secondary isochron is defined predominantly by samples of F-trend sandstone, and has a model 

age of 4909 ±85 Ma. This model age represents a primordial Pb source distinct from that which 

supplied Pb to samples that lie on the 1753 Ma-isochron. 

High concentrations of leachable U in basement rocks in the discovery zone are 

associated with high concentrations of As, Co, Ni, Cu, and Zn, which are elements typically 

associated with complex unconformity-type U deposits. The uranium anomalies are also  
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Figure 2.14. Plot of 238U/206Pb versus 206Pb/204Pb for all samples at Boomerang Lake, 
showing the evolution of isotopic ratios from 250 Ma to 1750 Ma (Holk et al., 2003). 
Radiogenic Pb in all samples is supported by leachable U (indicative of Pb produced in situ) 
and plots outside the zone of unsupported Pb (hatched area) that is an indicator of a 
possible nearby uranium deposit. 
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Figure 2.15. Plot of 206Pb/204Pb versus 207Pb/204Pb for all samples at Boomerang Lake 
relative to the common Pb growth curve of Stacey and Kramers (1975). 

 

accompanied by high concentrations of P, which reflects the observed phosphate-hosted uranium 

mineralization (Table 2.7). 

Elevated concentrations of Zr and Th are associated with all the radiogenic sandstone 

samples on the F- and G-trends, with values of as much as 2210 ppb Zr and 1050 ppb Th (Table 

2.7). Elevated concentrations of Th and LREE, with variable Zr concentrations, are associated 

with nearly all radiogenic basement samples. Co + Ni + As ± Cu ± Zn anomalies are associated 

with two radiogenic samples (Table 2.7).  
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2.10 Discussion 

 Basement rocks and sandstones of the Thelon Formation have been altered by at least 

five fluids that are distinguished on the basis of mineral paragenesis and stable isotope 

geochemistry. These include: 1) pre-Thelon Basin meteoric water, 2) early diagenetic basinal 

fluid, 3) peak diagenetic basinal fluid, 4) hydrothermal fluid, and 5) recent meteoric water. 

2.10.1 Pre-Thelon Basin Meteoric Waters 

The assemblage K0 kaolinite + F0 hematite ± I0 illite ± D0 dolomite was formed by 

subaerial weathering of basement rocks and represents the Thelon paleosol of Gall (1994) The 

fluids assumed to be in equilibrium with K0 kaolinite and I0 illite at 50°C had δ18Ofluid and δ2Hfluid 

values that plot near the meteoric water line (Fig. 2.11a), and are consistent with meteoric waters 

from low latitudes. The D0 dolomite has similarly low δ18Ofluid values (Table 2.5; Fig. 2.11b) that 

are characteristic of meteoric waters. Paleosol formation occurred at 1758 ±7 Ma based on the 

40Ar/39Ar age of I0 illite, which coincides with 1760 to 1753 Ma minimum age of pre-Thelon 

Basin magmatism in the eastern Thelon Basin region (LeCheminant et al., 1987; Miller, 1995).  

The preservation of this age in I0 illite requires that the mineral did not interact with 

subsequent fluids, as fluid events in other Proterozoic basins are known to affect the Ar isotopic 

system of white mica (Polito et al., 2005; Alexandre et al., 2009a). Additionally, Sherlock et al. 

(2003) report closure temperatures ranging from 175 to 275°C for clay-size (<2 μm) muscovite. 

Based on EMPA data, I0 illite was subjected to temperatures of 200°C during the formation of 

the Thelon Basin, but this did not result in the resetting of the Ar isotopic system or significant 

changes in the Kübler Index, most likely because alteration took place at low fluid/rock ratios. 

The preservation of low Hinckley indices in two K0 kaolinite samples could have also occurred 

under similar conditions, whereas the remaining K0 kaolinite samples interacted with later, higher 

temperature fluids, resulting in recrystallization and increased Hinckley indices. 
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2.10.2 Early diagenetic basinal fluids 

 Early diagenesis in sandstones of the Thelon Formation produced the assemblage Q1 

quartz + P1 phosphates + Q2 quartz + S1 pyrite (Fig. 2.5). The P1b fluorapatite and D1 dolomite 

are present in basement fractures and fault zones, and likely formed from early diagenetic basinal 

fluids that penetrated the unconformity. Early diagenetic fluids variably interacted with graphitic 

basement rocks at low water/rock ratios, based on the relationship between increasing δ18Ofluid 

values and decreasing δ13Cmin values of D1 dolomite. This relationship indicates progressive fluid 

interaction with both host rock silicates and a 12C-rich source such as graphite, which has δ13Cmin 

values of -25 ±5 ‰ in basement rocks of the Athabasca Basin (Kyser et al., 1989).  

Early diagenetic fluids were relatively reducing as the formation of phosphates is favored 

by conditions of low Eh, in addition to neutral to alkaline pH, high phosphorus activity, and low 

sulfide activity (Nriagu, 1972; Postma, 1981; Fonseca, 2000). The S1 pyrite formed later under 

conditions of low Eh and high sulfide activity (Nriagu, 1972). The lack of substituting elements 

(U, LREE, Y, Sr, and Mn) in P1b fluorapatite suggests low activities of these elements in early 

diagenetic fluids. It is possible that early diagenetic fluids at Boomerang Lake were not at a 

suitable temperature or redox state to mobilize uranium. 

2.10.3 Peak Diagenetic Basinal Fluids 

Peak diagenesis occurred at temperatures of 200 to 250°C and produced the assemblage 

K1 kaolinite + M1 muscovite + K2 dickite in sandstones of the Thelon Formation and M1 

muscovite in basement rocks. The δ18O and δ2H values of fluids in equilibrium with these 

phyllosilicates contained in sandstone interstices range from 6.7 to 9.4 ‰ and -76 to -24 ‰ 

(Table 2.5; Fig. 2.11a), respectively, which is consistent with oxidizing, saline, and acidic basinal 

brines in other Proterozoic to Phanerozoic basins (Wilson and Kyser, 1987; Ayalon and 
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Longstaffe, 1988; Bray et al., 1988; Kotzer and Kyser, 1995; Fayek and Kyser, 1997; Polito et al., 

2004, 2005, 2006; Kyser and Cuney, 2008b). 

Peak diagenetic fluids reached high enough temperatures to have passed through the so-

called thermal leaching window and were probably capable of mobilizing uranium and other 

metals (Southgate et al., 2006). The δ2Hfluid values associated with K1 kaolinite and K2 dickite are 

lower than those of seawater, and suggest a meteoric water component to the peak diagenetic 

fluids. The observed δ18Ofluid variations in K2 dickite suggest that fracture-related and vuggy 

porosity in sandstones conducted fluids that were slightly less buffered by basinal silicates than 

the basinal fluids that were locked in sandstone interstices (Fig. 2.11a). The δ18O and δ2H values 

of fluids in equilibrium with basement-hosted K0 kaolinite with higher Hinckley indices are 

similar to those of fluids that produced K1 kaolinite and K2 dickite in sandstones. This suggests 

that peak diagenetic basinal fluids interacted with basement rocks at these sample locations (Fig. 

2.11a). 

2.10.4 Hydrothermal Fluids 

Hydrothermal siderite and C2 sudoite formed at 200°C from fluids with the highest δ18O 

and δ2H values at Boomerang Lake (Fig. 2.11a). In Phanerozoic sedimentary basins, fluids with 

high δ18O and δ2H values are the most chemically evolved relative to initial meteoric fluids 

(Clayton et al., 1966; Longstaffe, 2000). Based on the negative δ13Cmin value of -14.5 ‰ for 

siderite, it is suggested that peak diagenetic basinal fluids in the Thelon Basin penetrated the 

unconformity and became isotopically evolved and likely reducing through interaction with 

sulfide-bearing graphitic basement rocks (Table 2.5; Fig. 2.11b). Metals would have been 

acquired, as represented by the S2 assemblage, as would Mg that formed C2 sudoite. During 

hydrothermal alteration, a basement fault zone was reactivated (Davidson et al., 1998) and 

resulted in the injection of evolved peak diagenetic basinal fluids into basal sandstones 
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surrounding the discovery zone, which resulted in the observed distribution of S2 phases and C2 

sudoite at this location. Evolved peak diagenetic basinal fluids were also likely responsible for the 

alteration of M1 muscovite associated with P2 tristramite based on elevated metal contents (Fe, 

Mg, Cr, and V; see Table 2.2) in the altered M1 muscovite. This event likely initiated the 

precipitation of U- and other metal-bearing phases because it provided the opportunity for 

relatively reducing evolved peak diagenetic basinal fluids to mix with oxidizing peak diagenetic 

basinal fluids that were capable of transporting U. 

2.10.5 Recent Meteoric Waters 

Three samples of K2 dickite from sandstone outcrops have similar δ18Ofluid values, but 

lower δ2Hfluid values than K2 dickite sampled from drill core (Fig. 2.11a). Retrograde exchange of 

H-isotopes with recent, low temperature, high latitude meteoric water having low δ2H values 

(Kyser and Kerrich, 1991; Kotzer and Kyser, 1995) has likely occurred based on the observation 

that only outcrop samples have been affected by preferential H-isotope exchange. 

2.10.6 Hydrostratigraphy of the Thelon Formation and Links to Hydrothermal Alteration 

Identification of fluid pathways, or diagenetic aquifers, versus fluid barriers, or diagenetic 

aquitards (Hiatt et al., 2003; Kyser, 2007), in sandstones of the Thelon Formation at Boomerang 

Lake is aided by the stratigraphically influenced distribution of peak diagenetic phyllosilicates. 

The assemblage K1 kaolinite + M1 muscovite + K2 dickite marks strata that conducted peak 

diagenetic basinal fluids throughout deep burial and were likely diagenetic aquifers. Based on 

40Ar/39Ar ages of M1 muscovite in K2 dickite-bearing sandstones (Figs. 2.6 and 2.12), diagenetic 

aquifers at Boomerang Lake remained open to fluids throughout peak diagenesis and after, 

probably until 1302 Ma. The K2 dickite-bearing strata with diagenetic aquifer characteristics are 

widely distributed in Sequence 3 sandstones that dominate at the G-trend, but occur only 
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sporadically in Sequence 2 sandstones that are prevalent along the F-trend, including a limited 

distribution in the discovery zone. Moreover, K2 dickite is absent from Sequence 1, the basal unit 

on the G-trend (Fig. 2.6). 

The assemblage K1 kaolinite + M1 muscovite marks strata that initially conducted peak 

diagenetic basinal fluids, but then formed diagenetic aquitards and became isolated from later 

basinal fluids that produced K2 dickite. These strata comprise Sequence 1 and are widely 

distributed in Sequence 2 (Fig. 2.6). Sequence 1 and 2 sandstones were also segregated from Pb 

with a model age of 1753 ±48 Ma, which is present in the remainder of sandstone samples, as 

they host a high proportion of samples with highly leachable 207Pb (Fig. 2.6). Certain basement 

zones underlying Sequence 2 strata on the F-trend, including fault zones that are typically 

permeable to basinal fluids, were also isolated from peak diagenetic basinal fluids based on the 

preservation of low temperature, poorly crystalline K0 kaolinite and I0 illite in the Thelon 

paleosol, and pre-Thelon Basin 40Ar/39Ar ages of white mica. 

Fluid conditions in Sequence 2 sandstones during hydrothermal alteration are inferred from 

δ18O values of fluids in equilibrium with M1 muscovite and C2 sudoite, which bracket the 

hydrothermal alteration event. These minerals have δ18Ofluid values that are generally 3 to 5 ‰ 

higher than δ18Ofluid values of paragenetically similar muscovite, illite, and sudoite in alteration 

halos associated with Athabasca U deposits (Fig. 2.11a). This may reflect increased fluid 

buffering by 18O-rich silicates at a fluid/rock ratio that was low relative to the Athabasca Basin, 

where less buffering by host-rock silicates is indicated (Fig. 2.11a). Based on these data, 

Sequence 2 sandstones across the F-trend were not conducting enough potentially U-bearing peak 

diagenetic basinal fluid to the unconformity during basement fault reactivation and hydrothermal 

alteration to form an unconformity-type U deposit.  
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Isolated K2 dickite-bearing strata near the discovery zone indicate limited presence of peak 

diagenetic basinal fluids, and the little uranium that was provided formed diminutive U-phosphate 

occurrences following the reaction 

2Fe+2S2 + 10Fe+2 + 12Ca+2 + 4HPO4
-2 + 6U+6O2(HPO4)2

-2 + 59H2O  ⇒  

 pyrite     

 

20[(Ca0.6, Fe+3
0.1, U+4

0.3)(PO4)0.8, (SO4)0.2] 2H2O + 5Fe2O3 + 24H+ + 7H2 

                     tristramite (as probed)    hematite 

 

In this reaction, peak diagenetic basinal fluids provided Ca and P ions from the dissolution 

of P1 phosphates and U+6 through alteration of U-bearing detrital phases (e.g., Wilson and Kyser, 

1987; Kotzer and Kyser, 1995; Fayek and Kyser, 1997), transported as a phosphate complex 

(Kyser and Cuney, 2008c). The Fe2+ or S in S1 pyrite probably acted as reductants for the U. 

Evolved peak diagenetic basinal fluids at Boomerang Lake were not effectively reduced, possibly 

due to insufficient interaction with basement rocks because of the fluid-poor conditions recorded 

in Sequence 2 sandstones. This has discouraging implications for the discovery zone regarding 

the formation of complex-type unconformity-type uranium deposits, which require basinal fluids 

both as a source of U and as a reductant upon interaction with reducing basement lithologies 

(Fayek and Kyser, 1997; Kyser and Cuney, 2008b). 

2.10.7 Evaluation of Radiogenic Zones and Exploration Guidelines 

 Radiogenic to highly radiogenic Pb, which is present in sandstone and basement-hosted 

zones on the F- and G-trends, is in nearly all cases associated with elevated Zr and Th, and high 

238U/206Pb ratios indicative of radiogenic Pb produced in situ or from a young U source. Many of 

the radiogenic to highly radiogenic zones on the two trends are coincident with high (Zr+Th)/U in 

the leachable component (Fig. 2.16). The ratio (Zr+Th)/U would be expected to decrease  
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Figure 2.16. Plot of 207Pb/206Pb ratios versus (Zr+Th)/U ratios for F- and G-trend samples. 
High (Zr+Th)/U ratios accompany all highly radiogenic samples, indicating a significant 
contribution of radiogenic Pb from accessory and detrital zircon and monazite. Decreasing 
(Zr+Th)/U ratios accompanied by decreasing 207Pb/206Pb ratios represent a prospective 
trend. 

 

approaching an unconformity-related U deposit. Because it does not, the radiogenic Pb in these 

zones is likely contributed from the decay of U contained in accessory and detrital zircon and 

monazite. These phases were affected by a combination of physical and chemical processes 

during pre-Thelon Basin faulting and subaerial weathering of basement rocks, as suggested by the 

1753 ±48 Ma 207Pb/206Pb isochron model age of leachable Pb.  

These minerals were subsequently incorporated into overlying sandstones of the Thelon 

Formation as detrital phases, and released the same age Pb to strata during compaction and 

diagenesis. These zones are not considered to be prospective because they do not display the 
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characteristics of an ideal vector to uranium mineralization, which typically shows anomalously 

radiogenic Pb, increased concentrations of pathfinder elements, and low 238U/206Pb ratios 

indicative of excess radiogenic Pb. 

 There are two zones of highly radiogenic Pb that display lower (Zr+Th)/U ratios, 

suggesting a decreased contribution of in situ radiogenic Pb by zircon and monazite. One zone, 

located in the G-trend sandstone (BL06-64-52.4m; Table 2.7), contains elevated Co+Ni+As+Zn, 

but is accompanied by high 238U/206Pb ratios (Fig. 2.14) that are indicative of supported Pb. These 

characteristics are similar to those displayed in the discovery zone and may represent a similar 

style of U-phosphate mineralization. The second zone occurs in the F-trend basement rocks 

(BL92-43-133.0m and BL92-45-152.2m; Table 2.7). The 238U/206Pb ratios of the two samples 

approach the field of unsupported Pb (Fig. 2.14). The zone also shows elevated Co+Ni+Zn and 

traces of the hydrothermal assemblage siderite+S2, and is prospective from a geochemical 

standpoint. The prospectivity of this zone is greatly diminished, however, when the fluid history 

of overlying Sequence 2 sandstones is taken into consideration, because it is evident that these 

strata were not conducting U-bearing peak diagenetic basinal fluids during hydrothermal 

alteration.  

Intersections of Sequence 3 strata with structurally reactivated basement rocks represent a 

much more desirable exploration target, as these strata were the diagenetic aquifers that 

conducted U-bearing peak diagenetic basinal fluids throughout peak diagenesis. Although the G-

trend basement lithologies are unproven regarding their potential to host unconformity-related U 

deposits, the substantial thickness of Sequence 3 diagenetic aquifers certainly warrant further 

exploration along this trend. 
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2.11 Conclusions 

Sandstones and basement rocks intersected during drilling at Boomerang Lake were 

altered by multiple fluid events, including those associated with paleosol development on 

basement rocks, basin formation and prolonged diagenesis, and limited hydrothermal alteration. 

The basement paleosol preserves poorly crystalline, low temperature kaolinite and illite that 

formed from low-δ18O meteoric waters. Early diagenetic basinal fluids were relatively reducing 

and produced a phosphate-dominated alteration mineral assemblage. Peak diagenetic basinal 

fluids had an initial meteoric water component, but became oxidizing basinal brines with high 

δ18Ofluid values and variable δ2Hfluid values that were capable of transporting uranium. These fluids 

penetrated the unconformity in the discovery zone and interacted with graphitic basement rocks 

to become high-δ18O, high-δ2H, chemically evolved peak diagenetic fluids. 

The peak diagenetic assemblage K1 kaolinite + M1 muscovite, prevalent in Sequence 2 

sandstones that overlie the unconformity on the F-trend, mark strata that were isolated from later 

peak diagenetic fluids that were widespread in Sequence 3 sandstones and associated with the 

assemblage K1 kaolinite + M1 muscovite + K2 dickite. This is reflected by the stable isotopic 

composition of fluids associated with peak diagenetic and hydrothermal alteration minerals at 

Boomerang Lake, which had comparatively higher δ18O values than paragenetically equivalent 

Athabasca fluids that migrated under a low fluid/rock regime. Peak diagenetic basinal fluids were 

not sufficient enough in volume to mobilize significant uranium during hydrothermal alteration 

and resulted in formation of limited uranium phosphate occurrences in the discovery zone, and 

were not present in basement zones that preserve low-temperature minerals and pre-Thelon Basin 

40Ar/39Ar ages. 

The discovery zone at Boomerang Lake is marked by modestly radiogenic Pb and very 

high 238U/206Pb ratios, which is atypical of Athabasca and Kombolgie unconformity-type uranium 
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deposits. Radiogenic to highly radiogenic mobile Pb outside the discovery zone is nearly all 

supported by leachable U and was likely produced in situ from altered, accessory and detrital 

zircon and monazite, and not a nearby uranium deposit. The ca. 1750 Ma common Pb model age 

of radiogenic Pb indicates that the U-Pb isotopic system in these minerals was reset during 

basement weathering and paleosol development. The few samples with lower (Zr+Th)/U ratios 

represent more prospective areas.  

We recommend that future exploration at Boomerang Lake focuses on intersections of 

dickite-bearing strata and structurally reactivated basement rocks, and that trends of decreasing 

207Pb/206Pb and 238U/206Pb ratios, and decreasing (Zr+Th)/U ratios and concentrations of U and 

pathfinder elements represent an ideal vector to mineralization.
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Chapter 3 

HYDROGEOLOGY, SEQUENCE STRATIGRAPHY, AND 

DIAGENESIS IN THE PALEOPROTEROZOIC WESTERN THELON 

BASIN: INFLUENCES ON UNCONFORMITY-RELATED URANIUM 

MINERALIZATION 

3.1 Abstract 

 The Paleoproterozoic (Statherian) Thelon Formation consists of unmetamorphosed 

sandstone and conglomerate that was deposited in the Thelon Basin, a continental basin in 

northern Canada. This study presents the first detailed sedimentological and sequence 

stratigraphic analysis of the expansive and under-studied western Thelon Basin, and its relation to 

uranium mineralizing processes in the vicinity of the Boomerang Lake unconformity-related U 

prospect. 

 Four lithofacies comprise the Thelon Formation in the western Thelon Basin, consisting 

of breccia, conglomerate, sandstone, and minor mudstone. These are grouped into alluvial fan, 

amalgamated channel belt, stacked channel belt, and isolated channel belt and sheetflood facies 

associations that represent deposition in alluvial fans and braided fluvial streams. Three 

stratigraphic sequences were identified based on the recognition of widespread surfaces that mark 

significant periods of subaerial exposure or changes in depositional environment. These 

unconformity-bounded sequences are composite in nature and can be subdivided into six high-

frequency sequences. Low-accommodation and high-accommodation systems tracts are 

delineated, instead of the traditional systems tracts that are linked to changes in relative sea level, 

as no marine deposits are recognized in the Thelon Formation. 

 Two strataform paleohydrogeological units were distinguished in the Thelon Formation, 

based on the relative timing of key diagenetic events such as compaction, grain dissolution, and 
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cementation. Diagenetic aquicludes became isolated from basinal fluid flow due to stylolite-

catalyzed early diagenetic quartz cementation, and occlusion of secondary intergranular 

macroporosity by diagenetic kaolinite and muscovite, and minor dickite during later peak 

diagenesis. Diagenetic aquifers conducted U-bearing basinal fluids throughout diagenesis and are 

marked by an abundance of peak diagenetic dickite. Sequence-stratigraphic correlation indicates 

that diagenetic aquicludes, which were not effective at conducting U-bearing basinal fluids, 

overlie the unconformity at the Boomerang Lake prospect and extend along the entire strike 

length of a related exploration trend. In contrast, thick diagenetic aquifers lie approximately ten 

kilometers to the north of the Boomerang Lake prospect along a different exploration trend. 

The western and eastern portions of the Thelon Basin experienced depositional 

environments and diagenetic conditions distinct from one another, suggesting that they were 

separate sub-basins.  The western Thelon Basin contains fewer of the well-cemented facies that 

compartmentalized basinal fluid flow than the eastern Thelon Basin, and contains a kaolin-

dominated diagenetic mineral assemblage rather than a muscovite-dominated assemblage that is 

common in the eastern Thelon Basin. In these regards, the western Thelon Basin evolved more 

similarly to the eastern portion of the Athabasca Basin, where thick, regional, kaolin-rich 

diagenetic aquifers were fluid conduits for the movement of the U-rich fluids that formed high-

grade unconformity-related U deposits. 
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3.2 Introduction 

 Predictions of rising nuclear fuel consumption and the realization of declining stockpiles 

in the early 2000’s drove the price of uranium to the highest levels in 30 years, which revitalized 

uranium exploration and renewed interest in under-explored prospects. One of these is the 

Boomerang Lake U prospect in the western Thelon Basin, Canada (Fig. 3.1a), which was 

discovered in 1983 following ca.15 years of geochemical and geophysical reconnaissance 

(Davidson and Gandhi, 1989). The current status of Boomerang Lake as a high-priority 

exploration target is based on a favorable geological setting, and the study of Davidson and 

Gandhi (1989) who described the prospect as possessing similar characteristics to unconformity-

related U deposits in other basins, including the prolific U-producing Athabasca Basin, Canada 

(Fig. 3.1a). 

 Mineral deposits hosted in sedimentary basins often result from basin-scale processes that 

occur throughout basin evolution (Kyser et al., 2000; Kyser and Hiatt, 2003; Southgate et al., 

2006; Kyser, 2007; Kyser and Cuney, 2008b), which should be understood for the development 

of successful exploration models. Fluid flow pathways within the basin are required to allow the 

mass transport of metals to a site of mineralization. In unconformity-related U deposits, basinal 

fluids transport U and are potential reductants upon interaction with basement rocks (Kyser and 

Cuney, 2008b). Diagenetic and hydrothermal alteration near these deposits are produced by a 

large volume of basinal fluids; for example, it is estimated that 236 million cubic meters (1% of 

the volume of Great Salt Lake, Utah) of basinal fluid flowed through the hydrothermally altered 

portion of the Zone K trend at Wheeler River in the Athabasca Basin (Cloutier, 2009).  

Despite previous studies that focused on the eastern Thelon Basin (Fig. 3.1a; Renac et al., 

2002; Hiatt et al., 2003; Holk et al., 2003; Palmer et al., 2004; Hiatt et al., 2010), little is known  
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Figure 3.1. a. Generalized geological map of the western Churchill Province, Canada 
showing the location of the Boomerang Lake unconformity-type uranium prospect in the 
western Thelon Basin. The location of the map in Figure 3.2 is also shown. Modified from 
Davidson and Gandhi (1989). AG = Amer Group; BLB = Baker Lake Basin; HB = Hornby 
Bay Basin; HG = Hurwitz Group; STZ = Snowbird tectonic zone; TMZ = Taltson magmatic 
zone; TTZ = Thelon tectonic zone; WD = Wollaston domain. b. Generalized 
lithostratigraphy of the Dubawnt Supergroup. Modified from Rainbird et al. (2003). 

 

regarding the diagenesis and evolution of the western Thelon Basin, despite the presence of 

uranium mineralization at the Boomerang Lake prospect. In this study we integrate 

sedimentology, sequence stratigraphy, diagenesis, and mineral paragenesis to understand the 

paleohydrogeology of the western Thelon Basin in relation to the formation of unconformity-

related U deposits. The tectonic and sedimentary evolution of the western Thelon Basin margin, 

which is currently understood from a regional perspective (Rainbird et al., 2003), is detailed 

based on the identification and correlation of lithofacies in a sequence stratigraphic framework, 

synthesized in a depositional model. A paragenesis is presented that documents the diagenetic and 

hydrogeological evolution of the basin, allowing the distinction of diagenetic aquifers from 

diagenetic aquicludes. Potentially prospective zones for unconformity-related U mineralization 

are proposed based on intersections of fluid-conducting strata and favorable basement areas.  
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3.3 Geological Setting 

 The late Paleoproterozoic (Statherian) Thelon Formation is widespread over a ~500 km-

by-300 km area in the Thelon Basin, Northwest Territories and Nunavut, Canada (Fig. 3.1a). The 

Thelon Basin is one of several Paleoproterozoic, sandstone-dominated intracratonic basins in 

western Canada (Rainbird et al., 2003), and lies within the Archean Rae Domain. Early 

Paleoproterozoic supracrustal rocks of greenschist to amphibolite metamorphic grade overlie the 

Rae Domain. In the western Thelon area, supracrustal rocks consist of amphibolite-grade 

graphitic metapelite of unknown age and origin, and greenschist-grade quartzite and schist that 

are speculatively correlated with the Amer Group (Fraser and Miller, 2007).  

Sedimentary rocks of the Thelon Basin, and the Baker Lake Basin in the eastern Thelon 

area, belong to the Dubawnt Supergroup (Fig. 3.1b) that includes the unconformity-bounded 

Baker Lake, Wharton, and Barrensland Groups and have a composite thickness of 15 km (Gall et 

al., 1992; Rainbird and Hadlari, 2000; Rainbird et al., 2003). The Baker Lake and Wharton 

Groups consist of alluvial and aeolian sedimentary rocks intercalated with volcaniclastic rocks 

and ultrapotassic to rhyolitic flows (Cousens et al., 2001; Rainbird et al., 2003), and were 

deposited in elongated, partially fault-bounded basins in the eastern Thelon Basin. The 

Barrensland Group is dominated by sandstones and conglomerates of the Thelon Formation, and 

is in turn overlain by the relatively thin (~50 meters) Lookout Point Formation siliceous, 

stromatolitic dolostone and the Kuungmi Formation potassic basalt flows (Rainbird et al., 2003).  

The present-day thickness of the Thelon Formation is unknown, but may be in excess of 

1000 meters based on seismically-determined thickness of the basin fill in the western Thelon 

Basin (Overton, 1979). Shallowly-dipping to horizontal bedding and lack of intense induration in 

the Thelon Formation contributes to low relief throughout the Thelon Basin and its poor exposure 

in outcrop. Wright (1955, 1967) and Donaldson (1969) did early mapping and sedimentological 
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and stratigraphic studies of the Thelon Formation and more recently, Hiatt et al. (2003) identified 

three unconformity-bounded stratigraphic sequences in the eastern Thelon Basin based on the 

study of numerous drill cores that penetrate the basal unconformity. The Thelon Formation is 

almost devoid of mud-dominated facies, typical of Proterozoic intracratonic basins, which were 

dominated by braided fluvial environments.  Braid-plain soils were very poorly developed due to 

the absence of land plants, and surface sediments were easily eroded (e.g. Schumm, 1968). 

3.3.1 Uranium Mineralization 

Two uranium occurrences have been explored in the Thelon Basin. The Kiggavik and 

related deposits consist of ~126,000 tonnes U3O8 in resources (Jefferson et al., 2007) and are 

located just beyond the southern margin of the eastern Thelon Basin (Fig. 3.1a). The Boomerang 

Lake uranium prospect is located at the margin of the western Thelon Basin (Fig. 3.1a).  

 Exploration at Boomerang Lake focused on two electromagnetic conductor trends termed 

the F- and the G-trends (Fig. 3.2). These trends are oriented northeast-southwest and correspond 

to the regional strike of foliation in the underlying Rae Domain. The Boomerang Lake discovery 

zone is located near the southwest end of F-trend (Fig. 3.2) and occurs in fractured, brecciated, 

and clay-altered Thelon Formation sandstones and graphitic, metapelitic basement rocks 

(Davidson and Gandhi, 1989; Gandhi, 1989). The best intersection in the discovery zone assayed 

0.42% U and 25 ppm Au over 0.5 m in clay-altered sandstone (Davidson and Gandhi, 1989). 

Although originally misidentified as uraninite (Davidson and Gandhi, 1989), it is now known that 

U at the Boomerang Lake prospect is hosted in the uncommon Ca-U+4 phosphate mineral 

tristramite (Beyer et al., 2010). Mineralization is associated with Ni+Co±Cu sulfides, selenides, 

and arsenides, and anomalous concentrations of Cr, V, and Zn (Davidson and Gandhi, 1989). 

Basement rocks on the G-trend consist of Archean gneissic granitoids of the Rae domain and  
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Figure 3.2. Generalized geological map of the southwestern Thelon Basin margin. The F-
trend and G-trend are primary exploration corridors associated with the Boomerang Lake 
U prospect and are defined by the trends of geophysically-defined electromagnetic (EM) 
conductors. Stratigraphic sections were measured at drill hole locations shown as a black 
dot. The inset diagram near the top shows the distribution of paleocurrent measurements 
taken in the Thelon Formation exposed in outcrop. Grid coordinates are for UTM 
projection. 
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greenschist-grade quartzite and schist. 

3.4 Methods  

 Approximately 3,500 meters of stratigraphic sections within the Thelon Formation were 

measured in detail (cm- to dm-scale resolution) from 31 diamond drill cores that all intersect the 

unconformity and are spread nearly 20 km along strike of the F- and G-trends. Five outcrop 

exposures (Fig. 3.2) provided fragmentary stratigraphic information due to limited vertical 

exposure (<10 meters), but provided information regarding sedimentary structures and bedding 

relationships. Mean grain size, maximum clast size, sorting, sedimentary structures, bedding 

thickness, and framework grain composition were all noted, in addition to diagenetic features 

such as evidence of compaction and the abundance and nature of cements. 

 Mineral identification and paragenetic relationships were determined in about 500 

samples from which polished thin sections were made and studied using standard transmitted- 

and reflected-light microscopy, and electron microscopy. Scanning electron microscopy was 

performed using an Amray 1830 scanning electron microscope (SEM) in back-scattered electron 

(BSE) mode, Queen’s University, Canada, and a JEOL JSM-6400 SEM in BSE mode and 

secondary electron (SE) mode, Carleton University, Canada. Qualitative chemical analyses were 

determined using an Oxford energy dispersive X-ray spectrometer (EDS) coupled to the SEM. 

Electron microprobe analysis (EPMA) was performed by wavelength dispersive X-ray 

spectrometry on a Cameca Camebax MBX electron microprobe at Carleton University. An 

electron beam with a diameter of 5 to 10 micrometers, 15kv accelerating voltage, and 20 nA 

current was used. Elemental weight percentages were calculated using a Cameca PAP matrix 

correction program. Analyses are accurate to 1-2 % for major elements (>10 wt %) and 3-5 % for 

minor elements (>0.5 - <5.0 wt %). 
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Field identification of phyllosilicates in drill core and hand sample was aided by the use 

of an ASD TerraSpec® short-wave infrared (SWIR) spectrometer and AusSpec TSG™ and 

Grasswood Geoscience Ltd. MinSpec4 software. SWIR analyses were taken at one-meter 

intervals for every stratigraphic section measured. Diagenetic phyllosilicates were separated from 

selected samples by crushing, ultrasound disintegration, and centrifugation for identification by 

X-Ray diffraction (XRD) using a Philips X-Pert instrument at Queen’s University, Canada. 

3.5 Sedimentology and Sequence Stratigraphy of the Thelon Formation at 

Boomerang Lake 

 Four major lithofacies and several sub-facies are recognized in Thelon Formation 

sandstones at Boomerang Lake (Table 3.1; Figs. 3.3 and 3.4) and form four facies associations. 

All lithofacies were described from diamond drill core, with the exception of Lithofacies 3b 

sandstone that was observed in both core and outcrop. 

3.5.1 Lithofacies Associations 

 There are four facies associations in Thelon Formation sandstones at Boomerang Lake. 

They are the 1) alluvial fan, 2) amalgamated channel belt, 3) stacked channel belt, and 4) isolated 

channel belt and sheetflood facies associations. 

The alluvial fan facies association comprises breccia (Lithofacies 1) that is overlain by 

sandstones and mudstones (Lithofacies 4). The distribution of the alluvial fan facies association is 

restricted to the G-trend, and within G-trend is only present above the unconformity over gneissic 

granitoids that occur in the hanging wall of a basement fault zone. The fault zone currently 

displays a reverse sense of motion (Fig. 3.5a). This displacement occurred post-Thelon Formation 

deposition and suggests that the hanging wall was at least 20 meters lower during deposition and 

likely normally-displaced, creating depressions in which the alluvial fan facies association was  
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Table 3.1. Description and interpretation of lithofacies in the Thelon Formation at 
Boomerang Lake. 
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Table 3.1 (con’t.) 
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Figure 3.3. a. Lithofacies 1 breccia. Clasts are angular and dominated by locally basement-
derived metasediments (Q = quartzite; Sch = schist) with minor gneissic granitoids (Gn). 
Matrix (M) is very-poorly sorted. Black arrow indicates stratigraphic younging direction 
(drill hole BL07-67). b. Lithofacies 2 conglomerate. Clasts are rounded and dominated by 
quartzite (Q). White arrow indicates stratigraphic younging direction (drill hole BL92-50). 
c. Lithofacies 3a pebbly sandstone, displaying pebbles of quartzite. R = diagenetic reduction 
spots. Black arrow indicates stratigraphic younging direction (drill hole BL07-70). d. 
Lithofacies 3b1 granule sandstone, showing very poor sorting and trough cross-beds. Black 
arrow indicates stratigraphic younging direction (drill hole BL92-50). e. Outcrop of 
Lithofacies 3b1, displaying typical thin, broadly lenticular bedding with concave-up, erosive 
bases. Hammer is approximately 50 cm long (outcrop Th08-7). f. Outcrop showing a 
vertical transition (light dashed line) from trough cross-bedded (tr) sandstones of 
Lithofacies 3b1 to low-angle cross-stratified (l-a) and planar laminated (pl) sandstones of 
Lithofacies 3b2. The top of Lithofacies 3b2 is erosionally truncated (heavy dashed line) by 
the overlying bed of Lithofacies 3b1. Arrow points to backpack for scale (outcrop Th08-9). 
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Figure 3.4. a. Lithofacies 3c sandstone, showing coarse to medium grain size, well to 
moderate sorting, and trough cross-beds. White arrow indicates stratigraphic younging 
direction (drill hole BL92-50). b. Lithofacies 3d1, showing cm-scale interbedding of fine-
grained, well-sorted sandstone and very coarse-grained, poorly-sorted sandstone (top – drill 
hole BL06-61; bottom – drill hole BL06-60; white arrow indicates stratigraphic younging 
direction for both photos). c. Lithofacies 3d2, fine-grained sandstone with mudstone rip-ups 
and stringers (drill hole BL92-48). d. Lithofacies 4 fine-grained sandstone (top row) 
interbedded with mudstone and ripple cross-laminated siltstone (bottom row). White arrow 
indicates stratigraphic younging direction (drill hole BL06-64). 
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Figure 3.5. Sequence stratigraphy of the Thelon Formation at Boomerang Lake. a. Cross-
section of G-trend. See Figure 3.2 for location of section line. b. Longitudinal section of G-
trend hanging wall. c. Longitudinal section of G-trend footwall.  d. Longitudinal section of 
F-trend. The prefix “BL” is omitted from all drill hole labels for clarity. Fault symbol 
schematically shows where faulting at the basal unconformity was observed in drill core. SB 
= composite sequence boundary; HA = high-accommodation systems tract. LA = low-
accommodation systems tract. F.A. = facies association; AF = Alluvial fan; ACB = 
Amalgamated channel belt; ICB = Isolated channel belt and sheetflood; SCB = Stacked 
channel belt. See Figure 3.2 for location of drill holes that form the longitudinal section 
lines. 

 

deposited. The abundance of footwall-sourced metasedimentary pebbles to cobbles in these units 

is further support for this depositional configuration.  

The amalgamated channel belt facies association comprises conglomerate (Lithofacies 

2) and pebbly sandstone (Lithofacies 3a). This facies association displays rare, poorly-developed 

channel storeys, and represents the generally coarse-grained, amalgamated remnants of bedforms 

deposited near the bases of relatively deep, high-energy braided streams. On the G-trend, the 

amalgamated channel belt facies association overlies both the basal unconformity and the alluvial 

fan facies association, and becomes up to 195 meters thick in a basinward direction (Figs. 3.5a-c). 

On the F-trend, the amalgamated channel belt facies association overlies the basal unconformity 

and also occurs at stratigraphically-higher positions (Fig. 3.5d). It attains a thickness of at least 35 

meters towards the basin margin, and generally thins in a basinward direction where intersections 

are 3 to 25 meters thick.   

 The stacked channel belt facies association is composed of Lithofacies 3b. This facies 

association displays better-preserved channel storeys, represented by the lithofacies assemblage 

3b1 and 3b2, which aggradationally stack to form deposits that are hundreds of meters thick (Figs. 

3.5b, c). The predominantly coarse-grained sandstones in this facies association were deposited in 

high-energy braided streams that were probably shallower when compared to those in the 

amalgamated channel belt facies association, based on decreased bedset thicknesses in 



 

  82

Lithofacies 3b (Table 3.1). The stacked channel belt facies association is dominant on the G-

trend, where it is at least 200 meters thick and overlies chiefly the amalgamated channel belt 

facies association. It is less widespread on the F-trend, where it overlies the amalgamated channel 

belt facies association with thicknesses of at least 90 meters. 

 The isolated channel belt and sheetflood facies association comprises sandstone 

(Lithofacies 3c) and interbedded sandstone (Lithofacies 3d). The former lithofacies displays 

common, relatively well-preserved channel stories that were deposited in lower-energy, shallow 

braided streams, based on the generally finer-grain size, better-sorting, and thin nature of the 

bedsets (Table 3.1). Channel belts were isolated from one another by the sediments of Lithofacies 

3d, which were deposited in shallow channels to unconfined sheetfloods under conditions of 

variable discharge, based on the variable grain size and sedimentary structures, and thinly-bedded 

nature of this lithofacies. The isolated channel belt and sheetflood facies association is up to 80 

meters thick in a basinward direction on the F-trend, and has limited distribution on the G-trend 

with a maximum thickness of 12 meters. On both trends this facies association principally 

overlies the amalgamated channel belt facies association, and rarely overlies the unconformity on 

paleotopographic basement highs.  

3.5.2 Paleocurrents 

 Paleocurrents were measured on trough cross-strata, ripples, and imbrication of mud 

clasts in outcrop exposures of Lithofacies 3b. Paleocurrent azimuths range from 180° to 275°, 

with a mean paleoflow direction around 230° (Fig. 3.2). Rainbird et al. (2003) reported a similar 

azimuthal range for the Thelon Formation in the southwestern Thelon Basin, and infer a westerly- 

to southwesterly-inclined regional paleoslope.   



 

  83

3.5.3 Sequence Stratigraphy of the Thelon Formation at Boomerang Lake 

 The concepts of sequence stratigraphy, originally defined in strata deposited in marine to 

coastal environments (Mitchum et al., 1977; Van Wagoner et al., 1988), are applicable to 

terrestrial fluvial environments in which floodplains develop and are preserved, where the 

proportion of channel sandstones to overbank fines can help delineate systems tracts (Posamentier 

and Vail, 1988; Shanley and McCabe, 1991; Wright and Marriott, 1993; Shanley and McCabe, 

1994). Application of sequence stratigraphic models to fluvial-dominated successions has also 

been facilitated where indicators of relative sea level are present such as intercalated marginal-

marine to marine sediments and coal beds (Shanley and McCabe, 1991; Olsen et al., 1995; Van 

Wagoner, 1995; Strand, 2005; Ambrose et al., 2009), and by the recognition of paleosols (Wright 

and Marriott, 1993; Aitken and Flint, 1995; McCarthy and Plint, 1998; Atchley et al., 2004; 

Cleveland et al., 2007; Fanti and Catuneanu, 2010). Correlation in fluvial-dominated successions 

has also been aided where laterally-extensive outcrop is available so that surfaces can be traced 

and fluvial architectural elements can be discerned (McLaurin and Steel, 2007; Leleu et al., 

2009). As such, sequence stratigraphic models are adapted with difficulty to Proterozoic fluvial 

successions such as the Thelon Formation in which deposition occurred predominantly in low-

sinuosity, bedload-dominated streams (Schumm, 1968; Cotter, 1978) not typically associated 

with the development of mud-rich floodplains. Additionally, coeval marine deposits are not 

known in the Thelon Formation, it does not display discernable paleosols, and is not well-exposed 

in outcrop. The Thelon Formation at Boomerang Lake is, however, well-exposed in numerous, 

relatively closely-spaced drill cores on both F- and G-trends, allowing for the recognition of a 

hierarchy of lateral surfaces (cf. Catuneanu et al., 2005).  
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3.5.3.1 First-Order Bounding Surfaces and Packages  

 First-order bounding surfaces display similar characteristics to sequence boundaries, as 

they represent periods of significant erosion and incision, mark changes in depositional 

environments, and are laterally-extensive and recognized throughout the study area. Therefore the 

strata bounded by these surfaces are regarded as depositional sequences (Mitchum et al., 1977). 

However, the Thelon Formation sequences defined in this study contain nested internal 

discontinuities, and are better described as composite sequences (Mitchum and Van Wagoner, 

1991). 

 Composite Sequence 1 (CS-1) is present only in the G-trend hanging wall section and 

comprises strata of the alluvial fan facies association. The base of CS-1 is Sequence Boundary 1 

(SB-1) that marks the unconformity between older metamorphic basement rocks and younger 

Thelon Formation sandstones (Figs. 3.5a-d). SB-1 overlies a well-developed, regional regolith 

that penetrates up to 100 meters into basement rocks (Gall, 1994) and was developed during 

subaerial exposure and chemical weathering by low-temperature, low-latitude meteoric waters 

(Beyer et al., 2010). Up to 80 meters of relief was developed on the unconformity on the F-trend 

during exposure (Fig. 3.5d). 

 CS-2 is predominant on the F-trend but much thinner on the G-trend, and is composed of 

strata of the amalgamated channel belt and isolated channel belt and sheetflood facies 

associations. The base of CS-2 is SB-2, which is discerned from SB-1 in the G-trend hanging wall 

(Figs. 3.5a, b). In these exposures, SB-2 is a sharp, erosional surface that separates fine sandstone 

and rippled to laminated siltstone (Lithofacies 4) of the alluvial fan facies association below from 

quartzite cobble conglomerates and pebbly sandstones (Lithofacies 2 and Lithofacies 3a) of the 

amalgamated channel belt facies association above. This marks a profound change in depositional 
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environments, with filling of inter-fan paleotopographic lows before high-energy braided 

channels migrated over the fan deposits. 

 CS-3 is discontinuously distributed on the F-trend (due to later erosion), predominant on 

the G-trend, and comprises strata of the amalgamated channel belt and the stacked channel belt 

facies association. The base of CS-3 is SB-3, which is recognized on both the F- and G-trends, 

and is a widespread surface of fluvial incision. SB-3 is placed where finer-grained and more 

thinly-bedded sandstones of the isolated channel belt and sheetflood facies association are 

conspicuously truncated by thickly-bedded pebbly sandstone (Lithofacies 3a) of the amalgamated 

channel belt facies association on both the F- and G-trends (Figs. 3.5a- d). Deep incision on G-

trend resulted in the juxtaposition of Lithofacies 3a on either side of SB-3, making recognition of 

the surface difficult (Figs. 3.5a-c). In three intersections, SB-3 is marked by a quartzite cobble lag 

that is only a few clasts thick, and in two other intersections it is marked by sharp surfaces across 

which increases in bedding thickness occurs.  

3.5.3.2 Second-Order Bounding Surfaces and Packages  

 Second-order bounding surfaces are placed where significant changes in fluvial style 

occur, indicated by widespread lithofacies dislocations within composite sequences. Previous 

sequence stratigraphic interpretations of fluvial-dominated strata have used the term ‘fluvial 

aggradation cycles’ (FACs) and FACSETs to describe lower-ordered successions within 

sequences, but rely heavily on paleopedological characteristics in fine-grained overbank 

sediments to help determine bounding surfaces (Atchley et al., 2004; Cleveland et al., 2007) and 

are not readily applicable to the Thelon Formation. Thelon Formation strata that are bounded by 

second-order surfaces are instead referred to as high-frequency sequences (Mitchum and Van 

Wagoner, 1991).  
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 CS-2 is composed of four high-frequency sequences (HFS), designated as HFS 2-1 

through HFS 2-4 (Figs. 3.5a, c, d). HFS 2-1 and 2-2 are present on both F- and G-trends, with 

HFS 2-1 restricted to the deepest positions in the basin on both trends. HFS 2-3 and 2-4 are 

present only on the F-trend, with the former showing widespread distribution across the entire 

transect, and the latter showing limited distribution toward the northeast. The bases of HFS 2-1 to 

2-3 are sporadically marked by relatively thin intervals of Lithofacies 2 conglomerates, and the 

basal bed of HFS 2-4 contains cm-scale, angular, fine-grained sandstone intraclasts. 

 CS-3 comprises two high-frequency sequences, designated as HFS 3-1 and HFS 3-2 

(Figs. 3.5a-d). The base of HFS 3-1 is coincident with SB-3, and HFS 3-2 begins at the base of a 

ca. six meter-thick interval of granule to pebble sandstone with abundant, large (cm-thick) muddy 

rip-ups. Above this surface, beds that contain lithified muddy rip-ups become more abundant than 

in HFS 3-1. HFS 3-1 and 3-2 are recognized on both F- and G-trends, but appear much thinner to 

the south on the F-trend. 

3.5.3.3 Systems Tracts 

 Systematic vertical lithofacies variability is observed within HFS in the Thelon 

Formation. Specifically, intervals that are tens of meters thick have basal units of the 

amalgamated channel belt facies association overlain by units of the isolated channel belt and 

sheetflood or stacked channel belt facies associations (Figs. 3.5a, c, d), representing an overall 

upward decrease in the thickness of beds and bedsets, grain size, and the degree of channel belt 

amalgamation. All of these characteristics are likely sedimentary responses to changes in the 

creation and filling of accommodation based on similarities to fluvial sequence stratigraphic 

models (cf. Miall, 1996, figures 13.5 and 13.6). Traditional systems tracts (Posamentier et al., 

1988; Van Wagoner et al., 1990) that link such responses to changes in relative sea level are not 
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applicable, and are substituted by low-accommodation versus high-accommodation systems tracts 

(Martinson et al., 1999; Plint et al., 2001; Arnott et al., 2002; Catuneanu et al., 2009).  

 The low-accommodation (LA) systems tract comprises the alluvial fan and the 

amalgamated channel belt facies associations. Based on the localized distribution of the alluvial 

fan facies association, which is present only within the occurrence of CS-1 adjacent to a 

basement-rooted fault, it can be inferred that this lithofacies owes its preservation to space created 

by fault displacement, while the remainder of the study area was presumably under a regime of 

zero to low accommodation. Low-accommodation characteristics of the amalgamated channel 

belt facies association include consistently coarse grain size, massive to cross-bedded sandstone 

lithologies with basal conglomeratic lags, poorly-preserved channel storeys, and negligible 

preservation of fine-grained sediments. On the F-trend, LA systems tracts are prevalent toward 

the basin margin and taper to the east in a basinward direction (Fig. 3.5d). On the G-trend, 

however, LA systems tracts are well-preserved downdip and thin towards the basin margin to the 

west (Figs. 3.5a-c).  

 The high-accommodation (HA) systems tract is represented by the isolated channel belt 

and sheetflood and the stacked channel belt facies associations. The former strata display better 

preservation of channel storeys and fine-grained sediments, and a greater degree of channel belt 

isolation, whereas the latter contains sheet-like strata that display aggradational stacking 

geometries. HA systems tracts thicken to the east in a basinward direction on both the F- and G-

trends (Figs. 3.5b-d). 

 Martinson et al. (1999) coined the term ‘expansion surface’ to describe surfaces or 

narrow zones that separate LA from HA systems tracts and that mark rapid changes in 

accommodation. Expansion surfaces are stratigraphically significant in the Thelon Formation and 

are readily correlated across both the F- and G-trends. For example, a prominent, widespread 
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expansion surface is present in HFS 2-3 and is marked in several drill holes by an abrupt 

transition from Lithofacies 3a pebbly sandstone to Lithofacies 3d interbedded sandstone (Fig. 

3.5d). 

3.6 Interpretive Depositional Model for the Western Thelon Basin Margin 

3.6.1 Composite Sequence 1: localized, fault-bounded alluvial fans and lakes  

 SB-1 represents the uplift and subaerial exposure of basement rocks prior to Thelon 

Formation deposition, which resulted in the development of a regionally-extensive paleosol (Gall, 

1994) and the incision of valleys. The initial stage of the Thelon Formation is recorded by 

normal-sense movement along basement-rooted faults that provided local accommodation for CS-

1. Fault displacement probably did not exceed a few tens of meters based on the thickness of CS-

1, and may have resulted from far-field stresses not directly associated with basin formation. 

Rockfalls off uplifted basement scarps were the source of Lithofacies 1 breccia, which 

accumulated in talus cones that partially filled fault-related depressions. The depressions later 

hosted shallow lakes where the fine-grained sandstones and mudstones of Lithofacies 4 were 

deposited (Figs. 3.6a, b). It is unclear whether continued regional tectonism and fault-related 

subsidence resulted in the formation of these lakes, or whether they represent a transition from an 

arid to a humid climate regime. A climatic origin is preferred, as the absence of CS-1 from the 

majority of the study area suggests that little to no accommodation was created regionally and the 

influence of regional tectonism in creating accommodation was probably minimal at this time. 

3.6.2 Composite Sequence 2: basin-margin braided fluvial fans 

SB-2 marks the transition from sedimentation in local, fault-related zones to a 

depositional system where significant accommodation was created and filled by strata of CS-2. 

Where well-preserved on F-trend, CS-2 is constructed of at least four HFS that document  
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Figure 3.6. a. Schematic cross-section displaying fault-related depositional environment for 
CS-1. See Fig. 3.6b for plan view. b. Plan view of Fig. 3.6a. Modified from Scholz et al. 
(1990). c. Schematic cross-section depicting development of braided fluvial fans during the 
deposition of CS-2. d. Schematic cross-section showing deposition of CS-3 in regional braid 
plains, which formed in response to post-Trans-Hudson crustal cooling and subsidence. 
Vertical exaggeration in all cross-sections is approximately 50 times. 
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fluctuating rates of creation of accommodation during this period. Accommodation was initially 

slow, as HFS 2-1 is represented solely by LA systems tracts that are restricted to 

paleotopographic lows, and increased through time based on the successively higher proportions 

of HA systems tracts in HFS 2-2 to 4 (Fig. 3.5d). Accommodation may have been provided by the 

extension of basin-bounding faults that occurred as the western Thelon Basin began to subside. 

HFS may be the sedimentary response to pulses of displacement along the faults that would have 

exposed basement source areas and steepened the basin margin. Based on the thickness of HFS, 

total displacement along bounding faults was probably at least several tens of meters. These 

bounding faults may have been located many kilometers from the study area, as thick successions 

of source-proximal facies such as breccias or conglomerates were not observed (Fig. 3.6c). 

Upward fining and thinning of bedsets within HFS of CS-2 was probably a reflection of 

downstream fining and flow dispersion by channel bifurcation along a braided alluvial plain 

(sensu Rust, 1978) that sloped basinward from basement highlands (Fig. 3.6c). An eastwardly-

dipping paleoslope is indicated by the downstream fining trend in HFS 2-3 (Fig. 3.5a), which is 

widespread and represents a time-equivalent transect along the alluvial plain. Paleovalleys 

oriented normal to the basin margin, such as the one intersected by drill hole BL91-38 on the F-

trend (Fig. 3.5d), may have been point-sources for sediment dispersion, suggesting that the 

alluvial plains more closely resembled braided fluvial fans (cf. Stanistreet and McCarthy, 1993). 

Fluctuating discharge and the influence of both streamflood and sheetflood processes in distal 

portions of the fan, indicated by Lithofacies 3d, would have been favored in pre-vegetation 

Paleoproterozoic times due to decreased bank cohesion and increased rates of run-off (Friend, 

1978). 

On G-trend, the isolated channel belt and sheetflood facies association is poorly 

preserved relative to F-trend, suggesting that G-trend may have occupied more proximal portions 
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of the braided fluvial fan in an area of higher paleotopography. This facies association is 

prevalent on F-trend, which probably occupied more distal portions of the braided fluvial fan in 

areas of lower paleotopography that were repositories for fine-grained sands and muds. The 

predominance of paleotopography on depositional environments such as alluvial fans and braided 

fluvial fans in CS-1 and CS-2 is consistent with the influence of extensional tectonics during the 

early stages of western Thelon Basin formation. Basin-margin extensional faulting would have 

also facilitated the substantial downstream fining observed along braided fluvial fans, which 

occurred over a relatively short distance of 10-15 km in HFS 2-3 (Fig. 3.5d), by the creation of 

substantial accommodation over a relatively short distance. An extensional tectonic regime in the 

western Thelon Basin may be related to a post-1750 Ma, post-Whart Sequence, pre-Barrens 

Sequence period of extensional tectonics in the eastern Thelon Basin (Rainbird et al., 2003). 

3.6.3 Composite Sequence 3: region-wide braid plains 

 SB-3 resulted from significant fluvial incision across the study area and represents a 

major change in depositional environment from basin-rimming, eastward-sloping braided fluvial 

fans to a region-wide braided fluvial depositional system with generally southwesterly-directed 

paleoflow. Low-accommodation conditions during the initial stages of CS-3 are documented by 

the amalgamated channel belt facies association in HFS 3-1 that overlie SB 3 and thin from north 

on G-trend to south on F-trend. The expansion surface in HFS 3-1 marks the creation of 

significant accommodation that persisted during deposition of the remainder of CS-3 based on the 

negligible proportion of low-accommodation systems tracts above this surface. At least hundreds 

of meters of accommodation were filled with HA systems tract strata of the stacked channel belt 

facies association that is present on both F- and G-trends, and in outcrop at least 40 kilometers to 

the north. These thick, widely-distributed, consistently coarse-grained and poorly-sorted strata are 

aggradationally-stacked, perennial braided stream deposits that formed in areally-extensive braid 
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plains (e.g. Rust, 1984; Rainbird, 1992; Fig. 3.6d). The occurrence of such braidplains in 

continental interiors was favored in the Proterozoic due to the assembly of large cratons as a 

sediment source, and the lack of stabilizing vegetation over such vast areas (Eriksson et al., 1998; 

Long, 2004). The establishment of this extensive drainage system in the western Thelon Basin 

probably accompanied the regional thermal subsidence of attenuated continental crust envisioned 

by Rainbird et al. (2003) as the root cause for the formation of the Barrens sequence, and is likely 

linked to the craton-wide deposition of sandstones that accumulated in several other 

contemporaneous basins in the western Churchill Province (Rainbird et al., 2003) and possibly 

beyond (Medaris et al., 2003; Hanly et al., 2006). 

3.7 Diagenesis of the Thelon Formation 

 A paragenetic succession of diagenetic minerals and events based on petrographic 

observations is shown in Figure 3.7, and the distribution of key diagenetic phases and features is 

shown in Figure 3.8. 

3.7.1 Early Diagenesis 

 Early diagenesis refers to shallow sediment burial conditions, and corresponds to 

diagenetic stages 1 and 2 in the eastern Thelon Basin (Hiatt et al., 2010). Mechanical and 

chemical compaction, and the occlusion of primary and secondary intergranular porosity by 

cementation are the two principal early diagenetic events that affected the Thelon Formation.  

 Mechanical compaction is the earliest physical process observed. Prior to compaction, 

however, detrital grains had acquired thin (micron-scale) coatings of Fe-oxide (Fig. 3.9a). 

Compaction resulted in common long grain contacts and concavo-convex grain contacts (Fig.  
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Figure 3.7. Paragenesis of diagenetic events and minerals. 1667 Ma age of early diagenesis is 
inferred from Davis et al. (2008). Temperatures are from Beyer et al. (2010). 
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Figure 3.8. Distribution of key diagenetic minerals and features in a sequence stratigraphic 
context. a. Composite longitudinal section of the G-trend hanging wall and footwall. b. 
Longitudinal section of the F-trend. 
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Figure 3.9. a. Detrital quartz grains (Q0) show early rims of Fe-oxide (Fe), and concavo-
convex contacts (c-c) as a result of mechanical compaction. Euhedral quartz cement (Q1) 
overgrows Q0 grains. Peak diagenetic dickite (K2) fills weakly-developed secondary 
porosity. e = epoxy (outcrop Th08-7; cross-polarized light). b. Closely-spaced stylolites 
appear as dark lines in drill core and here are developed in medium- to fine-grained, 
moderately-sorted Lithofacies 3c sandstone (drill core BL98-58). c. Fluorapatite (P1) 
cement fills secondary porosity. Q1 overgrowths either did not form or were completely 
resorbed (sample BL07-70-370.4; cross-polarized light). d. Relatively coarse books of 
kaolinite (K1) fill secondary porosity and are variably replaced by muscovite (M1) (sample 
BL83-22-80.2; cross-polarized light). e. Concentric occlusion of secondary porosity by peak 
diagenetic phyllosilicates in Lithofacies 2 conglomerate. Q1 overgrowths are almost 
completely resorbed in contact with fine-grained K1 kaolinite, which is partially altered by 
M1 muscovite. The last phase is a coarse kaolin mineral that occludes the pores, and is 
interpreted as dickite (K2) based on SWIR-guided petrography of Thelon Formation 
sandstones (sample BL92-50-240.0; cross-polarized light). f. Incipient chloritization of 
Lithofacies 3d2 sandstone in drill core, appearing as fine dark specks (drill core BL06-60). 

 

3.9a). The Thelon Formation also displays evidence of chemical compaction in the form of 

stylolites. Occurrences range from individual sutures tens of microns thick with relief of less than 

100 μm to stylolitic zones that are a few hundreds of microns thick. These features are best 

observed in thin section, but stylolitic zones are also visible in drill core, especially older drill 

core in which the zones appear darker than surrounding sandstone (Fig. 3.9b). The loci for 

stylolite development are seams of muscovite that are tens to hundreds of microns thick. Mica-

catalyzed stylolitization has been observed by many previous workers and is a probable source of 

the silica present in quartz overgrowth cements (Heald, 1955; Sibley and Blatt, 1976; 

Houseknecht, 1988; Bjørkum, 1996; Oelkers et al., 1996). In the Thelon Formation, Lithofacies 

3c and 3d sandstones are preferentially susceptible to stylolitization and can contain dm-scale 

intervals of closely-spaced (cm-scale) stylolites (Figs. 3.8, 3.9b). They are present in finer-

grained and better-sorted portions of the remaining two sandstone lithofacies, but are less 

common and poorly-developed. Stylolites are rare to absent in Lithofacies 1, 2 and 4. 
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 Primary intergranular porosity was occluded during early diagenesis by two temporally 

distinct phases. The first was quartz cement (Q1) as overgrowths, followed by Fe-phosphate 

(vivianite; P1a) cement. Q1 consists of syntaxial, isopachous to euhedral overgrowths upon 

detrital quartz grains (Fig. 3.9a). The original distribution of Q1 is difficult to determine, as most 

samples display partial to complete resorption of Q1 during subsequent deeper burial. Well-

developed and well-preserved Q1 overgrowths that reduce primary porosity to less than 5 percent 

are rare, and preferentially affect coarse- to medium-grained, well-sorted sandstones. The timing 

of Q1 is at least partially contemporaneous with compaction, as some zones with well-developed 

quartz overgrowths show little compaction, indicating that the quartz cement maintained the pre-

compaction grain framework. However, most samples show evidence of weak to moderate 

compaction that occurred prior to Q1 cementation (Fig. 3.9a). Vivianite followed Q1, is sparsely 

distributed in F-trend sandstones, and is best preserved in sandstone with well-formed Q1 

overgrowths.  

Local development of secondary intergranular porosity is associated with fluorapatite 

(P1b) cement and later quartz cement (Q2) associated with fractures. P1b fluorapatite is abundant 

in sandstones on both F-trend and G-trend, most commonly within 10 meters of the 

unconformity. Zoned prisms up to 150 µm long formed subsequent to Q1 based on cross-cutting 

relationships in thin section, and partially to entirely filled local secondary porosity (Fig. 3.9c). 

Q2 cement is associated with fractures displaying anastomosing or “horsetail” morphology that 

crosscut Thelon Formation sandstones. Offsets on the order of centimeters to decimeters are 

observed across individual fractures that are centimeters wide, and meter-scale zones of 

composite, multi-generational fractures. The fractures strike generally northwesterly and are 

steeply-dipping. Q2 quartz cross-cuts Q1 quartz overgrowths and can display extensive resorption 

during later diagenesis. 
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3.7.2 Peak Diagenesis 

 Peak diagenesis refers to deep sediment burial conditions, and corresponds to diagenetic 

stage 3 in the eastern Thelon Basin (Hiatt et al., 2010). The two major peak diagenetic processes 

affecting the Thelon Formation were the development of extensive secondary intergranular 

porosity and the occlusion of that porosity by phyllosilicates. 

 All Thelon Formation samples studied display at least some development of secondary 

porosity. Rare, tightly Q1 cemented sandstones can show between 5 and 10 percent secondary 

porosity, and a few sandstone samples near the Boomerang Lake uranium prospect display up to 

60 percent secondary porosity, with complete resorption of Q1 cement, and partial resorption of 

detrital quartz. The majority of samples display between 20 to 35 percent secondary porosity 

developed at the expense of Q1 and P1 cements.  

Secondary porosity was occluded by a suite of phyllosilicate minerals during peak 

diagenesis. Kaolinite cement (K1) was the earliest of these phases and is nearly ubiquitous in the 

Thelon Formation. A small proportion of K1 kaolinite is present replacing detrital feldspar and 

mica, recognizable in thin section as grain-sized (100s of microns), striated blocky books with 

sweeping extinction. The majority of K1 kaolinite is present filling intergranular secondary 

porosity with vermiform to book-like aggregates tens to hundreds of microns in size (Fig. 3.9d), 

and rarely displays discernable grain-replacive textures. With increasing depth, this variety of K1 

kaolinite becomes finer-grained, with books less than 10 microns in size, forming dense cement 

that completely fills secondary porosity. 

 Muscovite (M1) variably replaces K1 kaolinite (Fig. 3.9d). The distribution of M1 

muscovite is roughly depth-dependant, as more deeply buried samples show an increasing 

percentage of M1 replacing domains within K1 kaolinite books. However, fine-grained, dense K1 

cement is less susceptible to replacement by M1 (Fig. 3.9e). M1 muscovite after K1 kaolinite is 
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also concentrated in zones of intense stratabound alteration ranging from a few decimeters to 

several meters in thickness (Fig. 3.8), and was observed in several intersections. Sandstones in 

these intervals are friable due to the abundance of clay minerals, and most often belong to the 

isolated channel belt and sheetflood facies association. Friable, intensely clay-altered sandstones 

near the Boomerang Lake prospect, and centimeters of clay-altered sandstone gouge present on 

both trends are associated with faults and fractures that are younger than the stratabound 

alteration. 

 Dickite (K2) formed subsequent to M1 muscovite and samples with high percentages of 

dickite have masses of equant, blocky K2 dickite that are not overprinted by M1 filling secondary 

porosity (Fig. 3.9e). The K2 dickite is stratigraphically distributed, as it is nearly absent in CS-1, 

restricted to certain zones within CS-2, but widespread in CS-3 (Fig. 3.8). 

 A chlorite-like phyllosilicate was observed altering K1- and M1-altered detrital feldspar 

and muscovite grains. It follows M1 muscovite paragenetically based on this observation, but 

relationships with K2 dickite were not observed because this phase is restricted to decimeter- to 

meter-scale successions of Lithofacies 3c and 3d on F-trend (Fig. 3.8), where it gives a fine-

grained, green speckled appearance to light-colored sandstone in core (Fig. 3.9f). Based on 

EMPA, the mineral is not true chlorite, as it is deficient in Mg and Fe, has differing Si/Al ratios 

relative to typical chlorite, and contains significant K, an element that is not incorporated into true 

chlorite (Deer et al., 1992; Table 3.2). Hence this phase is herein referred to as incipient chlorite, 

as it represents partial chloritization of the host grains. It is also possible that EMP analyses may 

be reflecting small-scale intergrowth of chlorite, M1, and K1.  
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Table 3.2. Average electron microprobe analysis of incipient "chlorite" compared with 
typical chlorite and muscovite. 1 = incipient "chlorite" (Boomerang Lake, Thelon Basin); 2 
= clinochlore in sandstone (Wheeler River, Athabasca Basin; Cloutier et al., 2010); 3 = M1 
muscovite (Boomerang Lake, Thelon Basin); atomic proportions calculated on an 
anhydrous basis; <D.L. = below detection limit; n/a = not analyzed or not applicable; OH 
calculated by subtraction 
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3.8 Discussion 

3.8.1 Paleohydrogeology of the Thelon Formation  

The paleohydrogeology of the Thelon Formation, that is the hydrogeology of the Thelon 

Formation during peak diagenesis and into the hydrothermal alteration phase, was determined 

using an interpretive process in which the pore space evolution was reconstructed based on the 

distribution and paragenesis of diagenetic minerals and compaction features determined 

petrographically and from SWIR and XRD. The paleohydrogeology of the Thelon Formation 

must be determined in such a way because present-day petrophysical properties of Thelon 

Formation sandstones are not a proxy for the paleohydrogeology of these sandstones during peak 

diagenesis, as they have been affected by subsequent late diagenetic, hydrothermal and tectonic 

events that resulted in the addition of new mineral phases, dissolution of previously-existing 

phases. Three paleohydrogeological units in the Thelon Formation are recognized. These are 

diagenetic aquifers, diagenetic aquicludes, and diagenetic aquitards. 

Diagenetic aquifers are strata that had sufficient porosity and permeability during peak 

diagenesis to conduct basinal fluids throughout peak diagenesis and into the hydrothermal 

alteration phase (Hiatt et al., 2003). K2 dickite characterizes diagenetic aquifers in the Thelon 

Formation at Boomerang Lake; it is the paragenetically latest mineral to form during the peak 

diagenetic stage (Figs. 3.7, 3.9e), and indicates sandstones were conducting fluids throughout 

peak diagenesis. This interpretation is corroborated by studies in petroleum reservoir sandstones 

in which the transformation from kaolinite to dickite is favored in rocks with high water/rock 

ratios (W/R), which are effectively high porosity and permeability (e.g. Lanson et al., 2002; De 

Bona et al., 2008). It is also supported by the calculated stable isotopic composition of fluids in 

equilibrium with K2 dickite, which tend towards lower (more fluid-buffered) δ18O values 

(δ18Ofluid = 4.3 – 9.2‰) when compared to the generally higher δ18O values (δ18Ofluid = 7.6 – 
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9.4‰) of fluids in equilibrium with the earlier assemblage K1 kaolinite + M1 muscovite, which 

are more rock buffered (Beyer et al., 2010). The distribution of dickite in Thelon Formation 

sandstones does not support a depth/temperature influence on the formation of dickite 

(Ehrenberg, 1990; Lanson et al., 1996; Beaufort et al., 1998), as the more deeply-buried CS-2 on 

F-trend contains significantly less dickite that the overlying CS-3 (Fig. 3.8). 

K2 dickite in the Thelon Formation preferentially occurs in the generally coarser-grained 

and more poorly-sorted amalgamated channel belt and stacked channel belt facies associations 

(Figs. 3.5, 3.8). Grain-to-grain compaction first affected these sediments based on the presence of 

common long and concavo-convex grain boundaries, which contributed to early quartz (Q1) 

cementation as a result of pressure solution. Pervasive cementation by Q1 is not observed, 

however, and was probably prevented by small percentages of primary detrital clays that were 

deposited with the sands. It is also possible that pressure solution was inhibited once Q1 began to 

stabilize the sandstone framework (Ehrenberg, 1990), thus eliminating a source of Si and 

preventing further Q1 cementation. This allowed the development of extensive secondary 

intergranular macroporosity during subsequent peak diagenesis as the temperature and reactivity 

of basinal fluids increased upon deep burial. The reaction between basinal fluids and detrital clays 

and feldspar produced the assemblage K1 kaolinite followed by M1 muscovite, occluding 

secondary intergranular macroporosity (Ehrenberg, 1990). A high proportion of macroporosity 

remained into later peak diagenesis, however, as basinal fluids were still present to react with K1 

kaolinite and remaining detrital feldspar to produce K2 dickite. 

Diagenetic aquicludes are strata that experienced a reduction in porosity and 

permeability during peak diagenesis, and probably did not conduct peak diagenetic basinal fluids 

upon the onset of hydrothermal alteration. Diagenetic aquicludes are dominated by a K1 kaolinite 

+ M1 muscovite mineral assemblage and only minor K2 dickite, suggesting these units had lower 
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W/R relative to diagenetic aquifers that inhibited the formation of dickite. Lower W/R in these 

sandstones is reflected by higher (more rock-buffered) δ18O values of fluids in equilibrium with 

the K1 + M1 assemblage relative to those associated with K2 dickite (Beyer et al., 2010).  

The K1 + M1 assemblage dominates the generally finer-grained, better-sorted isolated 

channel belt and sheetflood facies association and the matrix-rich alluvial fan facies association 

(Figs. 3.5, 3.8). The sandstones in these facies associations were deposited in lower-energy 

depositional environments during high-accommodation intervals of HFS, and were repositories 

for silt and clay captured in paleotopographic lows. The increased clay content in these sediments 

had two major effects on their hydrogeological development, specifically promotion of 

stylolitization during early diagenesis, and the occlusion of secondary intergranular 

macroporosity during peak diagenesis.  

Diagenetic aquicludes shared similar shallow burial conditions to diagenetic aquifers, 

based on commonly observed weak to moderate grain-to-grain compaction and variable 

occurrences of remnant Q1 overgrowths. With further compaction, however, stylolitization 

occurred in strata with higher percentages of detrital clays. Stylolitization provided an additional 

source of Si during early diagenesis and probably promoted a higher degree of Q1 cementation, 

observed in well-sorted units that are more common in these strata, and likely contributed to the 

lower W/R suggested for diagenetic aquicludes. This is supported by studies of reservoir 

sandstones in which increased stylolite frequency is correlated with decreased porosity through 

the physical closure of pores and the redistribution of quartz cement (Bloch et al., 2002; Oelkers 

et al., 1996; Walderhaug, 1996; Bjørkum et al., 1998). Q2 quartz cement also locally contributed 

to lower W/R in Thelon Formation sandstones, demonstrated by the lack of K2 dickite in two Q2-

silicified intervals of drill holes BL06-62 and BL07-70 (Fig. 3.8). 
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Diagenetic aquicludes continued to conduct basinal fluids during the onset of peak 

diagenesis based on the widespread secondary intergranular macroporosity. As peak diagenesis 

progressed, secondary intergranular macroporosity was occluded by K1 kaolinite followed by M1 

muscovite. Frequent zones of intense stratabound K1+M1 alteration (Fig. 3.8) reflect the greater 

amount of detrital clays deposited in these sandstones relative to diagenetic aquifers; this 

contributed to the occlusion of pore networks to the extent that these units could no longer 

effectively conduct later basinal fluids associated with K2 dickite. Strata that do not contain K2 

dickite show a higher proportion of M1 muscovite based on SWIR analysis (Fig. 3.10), which 

may have also been a significant factor in the closure of secondary pore networks, as studies of 

reservoir sandstones have shown that the intense “illitization” of sandstones can accompany 

significant reduction of permeability due to the mineral’s efficiency in bridging pore throats 

(Ehrenberg and Nadeau, 1989; Ehrenberg, 1990).  

 Increasing hydrogeological isolation within diagenetic aquicludes promoted the 

accumulation of Mg and Fe ions, likely the product of reactions between remnant basinal fluids 

occupying secondary intergranular microporosity and detrital components, which were 

responsible for the incipient chloritization of M1 muscovite. Chloritization does not occur in 

diagenetic aquifers due to increased W/R that would have prevented the concentration of such 

reaction products (Fig. 3.8). Similar relationships between chloritization and permeability have 

been observed in other siliciclastic basins (Anjos et al., 2003; De Bona et al., 2008). 

 Diagenetic aquitards are strata that experienced a significant reduction in porosity and 

permeability during early diagenesis and conducted little peak diagenetic basinal fluids (Hiatt et 

al., 2003). Typical diagenetic aquitards are clay-dominated rocks such as shale, and also well-

sorted, clay-free sandstones that become pervasively cemented by early diagenetic quartz 

overgrowths. Mudstone intervals in Lithofacies 4 constitute diagenetic aquitards and contribute to  
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Figure 3.10. a. Histogram of muscovite abundance in all non-dickite bearing Thelon 
Formation sandstone (diagenetic aquicludes), with the highest percentage of samples 
containing 20-25% muscovite. b. Histogram of muscovite abundance in all dickite bearing 
Thelon Formation sandstone (diagenetic aquifers), with the highest percentage of samples 
containing 0-5% muscovite. 

 

the low permeability of the alluvial fan facies association, but are no more than two meters thick 

and are laterally restricted. Additionally, lithofacies composed exclusively of well-sorted, quartz-

cemented sandstones are not present. As such, these diagenetic aquitards comprise a minimal 

component of the Thelon Formation at Boomerang Lake. 

3.8.2 Implications for unconformity-related U exploration  

 Models for the formation of unconformity-related U deposits require high basinal fluid 

flux near structurally-offset portions of basal unconformities (Kyser and Cuney, 2008b), focused 

by basement paleotopography or confining diagenetic aquitards. At Boomerang Lake, we can 

predict where potentially high basinal fluids flux zones intersect favorable positions at the 

unconformity by correlating diagenetic aquifers and aquicludes within the established sequence 

stratigraphic framework (Fig. 3.8). 

 Strata of CS-2 exclusively overlie the unconformity on the F-trend. In eastern and central 

portions of the trend, CS-2 contains relatively thin diagenetic aquifers that overlie the 
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unconformity in paleotopographic lows, but is dominated by relatively thick diagenetic 

aquicludes composed of the isolated channel belt and sheetflood facies association. Toward the 

basin margin to the west, CS-2 is dominated by relatively thin diagenetic aquifers composed of 

the amalgamated channel facies association, which overlie the Boomerang Lake U prospect. The 

location of the prospect at the intersection of a re-activated basement fault and the diagenetic 

aquifers is not surprising from a hydrogeological standpoint. However, the known extent of U 

mineralization is limited and consists of U-phosphate, a phase not typically associated with 

unconformity-type U deposits, and was associated with high-δ18O fluids reflecting low W/R 

(Beyer et al., 2010). Additionally, two other locations where faults offset the unconformity and 

occupy favorable paleotopographic positions along F-trend (Fig. 3.7; BL06-61 and BL91-38) do 

not show intense alteration that would be expected if the faults had conducted basinal fluids. 

Based on these characteristics of the Boomerang Lake U prospect and the F-trend extension, it is 

apparent that basinal fluid flow in CS-2 was reduced by relatively thick diagenetic aquicludes, 

which may have prevented the transport of U in sufficient quantities to form an economic U 

deposit. Diagenetic aquicludes in CS-2 also likely prevented potentially U-bearing basinal fluids, 

which were being conducted in diagenetic aquifers of the overlying CS-3, from reaching the 

unconformity. The high proportion of diagenetic aquicludes in CS-2 and its widespread 

distribution considerably reduce the prospectivity of the present-day extent of F-trend for 

unconformity-related U mineralization from a hydrogeological standpoint. 

 Strata of CS-2 overlie the unconformity on the footwall of G-trend. CS-2 is generally 

thinner here when compared to F-trend and contains a significantly lower proportion of 

diagenetic aquicludes. CS-2 is in turn overlain by thick diagenetic aquifers contained in CS-3. 

Thus, the total thickness of diagenetic aquifers that were potential suppliers of basinal fluids to 

the unconformity for much of G-trend is an order of magnitude greater than that on F-trend. A 
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less ideal hydrogeological configuration is present on the hanging wall of G-trend, where 

diagenetic aquicludes in CS-1 insulate the diagenetic aquifers of CS-2 and CS-3 from the 

unconformity. While this may have locally influenced basinal fluid flow, the diagenetic 

aquicludes in CS-1 may have had little influence on regional hydrogeology based on their thin 

nature and limited areal distribution predicted from the depositional model. Thick successions of 

strata dominated by diagenetic aquifers in CS-2 and CS-3, and the limited distribution of 

diagenetic aquicludes make the current extent of G-trend prospective for unconformity-related U 

mineralization from a hydrogeological standpoint. 

3.8.3 Comparison of the Eastern Thelon and Athabasca basins 

 Evaluation of U-deposit prospectivity and the adaptation of exploration models in the 

western Thelon Basin can be guided by comparing and contrasting the sedimentologic and 

paleohydrogeologic evolution at Boomerang Lake with the evolution of the eastern Thelon and 

Athabasca Basins that both host known unconformity-related U mineralization. The Thelon 

Formation in the western Thelon Basin displays distinct sedimentological differences when 

compared to its counterpart in the eastern Thelon Basin. In the eastern basin, the Thelon 

Formation contains distal fluvial/upper shoreface and aeolian facies (Lithofacies 3 and 4, 

respectively, of Hiatt et al., 2003) that are several tens of meters thick. The Thelon Formation at 

Boomerang Lake in the western basin does not contain such facies, and suggests a more proximal 

setting removed from the influences of a shoreline, and dynamic sand-covered fluvial braid plain 

environments in which aeolian dune fields were not preserved. In this sense the Thelon Formation 

in the western basin is similar sedimentologically to the lower portions of the Manitou Falls 

Formation in the Athabasca Basin, (MFb and MFc of Ramaekers, 1990) that were deposited in 

proximal to distal braided streams (Ramaekers, 1990; Ramaekers and Catuneanu, 2004; Long, 

2006; Hiatt and Kyser, 2007).  
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The sedimentological differences between the Thelon Formation in the western and 

eastern Thelon Basin resulted in contrasting paleohydrogeological evolution during diagenesis. 

The generally medium-grained, well-sorted, and clay-free Lithofacies 3 and 4 in the eastern basin 

became extensively cemented by early diagenetic quartz overgrowths and formed 

stratigraphically significant diagenetic aquitards that compartmentalized intervening diagenetic 

aquifers (Hiatt et al., 2003). The lack of these facies in the western basin led to the development 

of thicker, less compartmentalized, regionally extensive diagenetic aquifers such as those on G-

trend, which are similar to the widespread diagenetic aquifers in the Manitou Falls Formation 

(Hiatt and Kyser, 2007) of the Athabasca Basin.  

The diagenetic mineral assemblages in the eastern and western Thelon Basins are also 

distinct. Kaolin minerals (kaolinite and dickite) are the predominant peak diagenetic 

phyllosilicates in the western basin, but are minor in the eastern basin where illite/muscovite is 

dominant, with the exception of the SE portion of the eastern basin near the Kiggavik deposit 

(Renac et al., 2002). This important mineralogical distinction may be a result of differing 

sediment source areas or processes affecting sediment weathering. As basinal sediments are 

considered to be the source of U in some models of unconformity-related U deposits (e.g. Kyser 

and Cuney, 2008b), the possibility of differing sediment sources for the eastern and western basin 

implies that each sub-basin may have distinctly different U metallogenic potentials. Additionally, 

Renac et al. (2002) described late diagenetic, authigenic K-feldspar and Al-Mg chlorite in the 

eastern basin that formed from late fluids isotopically resembling evaporated seawater. These 

conspicuous late phases were not observed at Boomerang Lake, which may reflect the more 

proximal, uplifted depositional environments envisioned for the southwestern basin. With respect 

to diagenetic mineral assemblages, the western Thelon Basin more closely resembles the kaolin-
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rich Manitou Falls Formation, where the predominant diagenetic mineral is dickite (Zhang et al., 

2001). 

The sedimentological and diagenetic differences between the eastern and western Thelon 

Basin noted above indicate that each area was essentially a separate sub-basin, possibly with 

distinct source areas and differing depositional environments. Additionally, each sub-basin 

probably had different structural influences and depths of burial, and different levels of 

water/rock interaction that led to distinct diagenetic paths. The western Thelon Basin evolved 

more similarly to the eastern Athabasca Basin, and successful exploration models developed there 

may be directly applicable to the western Thelon Basin based on their similarities.  

3.9 Conclusions 

The Paleoproterozoic Thelon Formation in the western Thelon Basin at Boomerang Lake 

contains four lithofacies and several sub-facies that were grouped into four facies associations, 

representing deposition in alluvial fan and braided fluvial environments. A sequence stratigraphic 

correlation for the Thelon Formation is proposed, based on a relative hierarchy of widespread 

surfaces exposed in numerous drill holes. The surfaces mark significant subaerial exposure or 

change in depositional environment, and bound three composite sequences and a nested series of 

high-frequency sequences. Low-accommodation and high-accommodation systems tracts are 

recognized in most high-frequency sequences, and substitute for traditional systems tracts that are 

linked to changes in eustatic sea level, proxies for which were not observed in the Thelon 

Formation. 

A depositional model based on the sequence stratigraphic correlation was derived to 

explain the evolution of the western Thelon Basin. The oldest composite sequence was deposited 

as talus and lacustrine sediments in local fault-related depressions that may have been initiated by 

far-field stresses during the nascent stages of Thelon Basin formation. The next composite 
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sequence represents the first widespread deposition in the area, and comprises strata deposited in 

braided fluvial fans that drained uplifted basement at the western basin margin. Nested high-

frequency sequences are presumed to be individual fans that formed in response to basin-

bounding fault displacement and changes in the rate of creation of accommodation. The youngest 

composite sequence was deposited in regionally-widespread braid plains during a period of post-

orogenic lithospheric cooling, represented by aggradationally-stacked, consistently coarse-

grained strata. 

The composite sequence that overlies the Boomerang Lake prospect on the F-trend is 

dominated by diagenetic aquicludes that did not conduct U-bearing basinal fluids during the 

hydrothermal alteration phase. Finer, muddier diagenetic aquicludes accumulated in distal 

portions of braided fluvial fans, and became isolated from basinal fluid flow during diagenesis 

due to stylolite-catalyzed quartz cementation and pervasive occlusion of secondary porosity by 

K1 kaolinite + M1 muscovite, and partial chloritization. Low basinal-fluid flux at the Boomerang 

Lake prospect resulted in restricted, uneconomic U-phosphate mineralization despite previous 

reports of significant “fine-grained pitchblende” mineralization (Davidson and Gandhi, 1989). 

Diagenetic aquifers dominate the G-trend to the north, and likely conducted U-bearing basinal 

fluids throughout diagenesis, including the hydrothermal alteration phase. These coarse-grained, 

poorly-sorted strata contained minor primary detrital clay, which inhibited early diagenetic 

stylolitization and associated quartz cementation, prevented secondary porosity from being highly 

occluded by peak diagenetic phyllosilicates. Prolonged interaction with basinal fluids resulted in 

the K1 kaolinite + M1 muscovite + K2 dickite assemblage in diagenetic aquifers. Intersections of 

re-activated basement faults with the thick diagenetic aquifers of G-trend are the preferred 

exploration target at Boomerang Lake. 
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 The western Thelon Basin evolved distinctly from the eastern Thelon Basin, and each is 

considered as a separate sub-basin. The eastern Thelon Basin contains stratigraphically-

significant, aquitard-prone shoreface and aeolian facies, and displays an illite/muscovite-

dominated diagenetic mineral assemblage. In contrast, the western Thelon Basin evolved in a 

similar fashion to the eastern Athabasca Basin represented by the Manitou Falls Formation based 

on the predominance of braided fluvial depositional environments and a kaolin-dominated 

diagenetic mineral assemblage. Successful exploration methods in the Athabasca Basin may be 

applicable to the western Thelon Basin based on their similarities, specifically in geological 

environments as in the case of the G-trend where thick diagenetic aquifers overlie the 

unconformity. 
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Chapter 4 

BASIN EVOLUTION AND UNCONFORMITY-RELATED URANIUM 

MINERALIZATION: THE CAMIE RIVER U PROSPECT, 

PALEOPROTEROZOIC OTISH BASIN, QUEBEC 

4.1 Abstract 

 The Paleoproterozoic Otish Basin, Quebec, hosts several uranium prospects that until 

recently remained under-explored and poorly understood. In this study, the Camie River U 

prospect, which shows similar characteristics to high-grade unconformity-related U deposits, is 

the focus of an integrated basin analysis in the western Otish Basin. 

 Conglomerate and sandstone of the Indicator Formation, which were deposited in at least 

six depositional sequences, were affected by insignificant early diagenetic compaction and 

cementation. This allowed the formation of regional peak diagenetic aquifers, which became 

muscovite-altered due to interaction with fluids having δ18O and δ2H values similar to those of 

seawater-influenced basinal brines at 250°C. 

 U mineralization at Camie River occurred at 1721 ±20 Ma based on a 207Pb/206Pb date 

obtained by laser ablation of uraninite, which coincides with the ca. 1730 Ma Otish Gabbro 

intrusion. The intrusive event promoted circulation of U-bearing basinal brines, triggering U 

mineralization at several locations in the western Otish Basin. At Camie River, U-bearing basinal 

brines were reduced in large part by basement-hosted massive sulfides, which represents a 

distinct U-trap relative to those in unconformity-related U deposits in the Athabasca and 

Kombolgie basins. Interaction of basinal brines with the Otish Gabbro produced coarse-grained 
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chlorite, tourmaline, and neoformed, phengitic muscovite, which decreased the fluid-conducting 

capabilities of diagenetic aquifers and resulted in fault zone- and fracture-dominated fluid flow.  

 Subsequent fluid alteration events produced limited U remobilization, sulfides, sudoite, 

and siderite between ca. 1670 and 1410 Ma based on mineral paragenesis and 40Ar/39Ar dates of 

muscovite. Metamorphic fluids having high δ18O values and temperatures around 300°C 

accompanied 1.2 – 1.0 Ga Grenville orogenesis and greenschist-grade metamorphism in the Otish 

Basin, but were present at low water/rock ratios at Camie River and therefore produced little 

alteration. Post-Grenville uplift of the Otish Basin likely produced late, low-T alteration minerals 

that have been influenced by recent meteoric water, suggesting the fault zones and fractures the 

minerals occupy remain as preferential fluid-flow pathways to the present day.  

 Radiogenic Pb and the trace elements Mo + W + Nb, which are characteristic of Camie 

River U mineralization, have also preferentially dispersed from the mineralization along fault 

zones, fractures, and depositional sequence boundaries. These can be used to explore for Camie 

River-style U mineralization in conjunction with structural mapping and a sampling program 

targeting fault zones and fractures. This study extends the unconformity-type U deposit model to 

basins as old as 2.0 Ga that are underlain by Archean metasedimentary basement rocks.  
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4.2 Introduction 

 The Paleoproterozoic Otish Basin, Quebec, hosts several uranium prospects that were 

discovered in the 1970s and 1980s, but have since received little attention and remain under-

explored. The Camie River U prospect is one such prospect that has been the focus of revitalized 

U exploration in the Otish Basin (Fig. 4.1). Of the several significant showings discovered by 

Uranerz and joint venture partners in the western Otish Basin between 1974 and 1984 (Fig. 4.1), 

the Camie River prospect was the only showing with characteristics similar to those of 

unconformity-type U deposits in the Athabasca Basin, Saskatchewan (Gatzweiler, 1987). These 

similarities include high-grade uranium mineralization located at the fault-offset unconformity 

between graphite-bearing metasedimentary rocks below and fluviatile conglomerate and 

sandstone above, an alteration halo coincident with U mineralization, and geochemical 

associations with Co, Ni, As, and Cu, and other elements, that can be associated with 

unconformity-related U deposits (Gatzweiler, 1987; Höhndorf et al., 1987). The preliminary 

nature of these studies, however, does not provide the necessary scope to evaluate basin-scale 

processes, such as establishment of fluid-flow pathways and maturation of basinal fluids to 

produce oxidizing, metal-leaching brines during diagenesis, that are required to form large 

unconformity-related U deposits (cf. Kyser and Cuney, 2008b). Confirmation that such processes 

were operating in the Otish Basin would indicate that unconformity-related U mineralization in 

significant quantity may have occurred at other locations in the basin, and therefore increase the 

prospectivity of the Otish Basin. Conversely, it is unclear whether or not such processes acted 

similarly, or as efficiently, in the Otish Basin as the Athabasca and Kombolgie basins.  

 This study builds on the work of Gatzweiler (1987) and Höhndorf et al. (1987) by placing 

the Camie River U prospect in the context of basin evolution through an integrated basin analysis.  
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Figure 4.1. Generalized geological map of the Otish and Mistassini Basins, Quebec, showing 
the location of the Camie River unconformity-related U prospect in the Otish Basin. The 
mapped area shown in Figure 4.2 is also indicated. Other significant U prospects: BL = 
Beaver Lake; IL = Indicator Lake; LG = Lorenz Gully; M = Matoush. Modified from 
Chown and Caty (1973), Chown and Caty (1983), Fahrig and West (1986), and Gatzweiler 
(1987). 
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We present a sequence stratigraphic model for the southwestern Otish Basin margin, which aids 

correlation of potential fluid-flow pathways in the western Otish Basin. Fluid evolution and the 

relative timing of fluid events in the western Otish Basin are determined based on mineral cross-

cutting relationships and stable isotope geochemistry, and summarized in a mineral paragenesis. 

The absolute timing of significant fluid events, including U mineralization at Camie River, is 

determined using U-Pb, Pb-Pb, and 40Ar/39Ar geochronology. Lastly, potential pathfinders for 

Camie River-style mineralization are proposed based on the results of a 2% HNO3 leach method 

(Holk et al., 2003), and guidelines for exploration are presented.  

4.3 Geological Setting 

The Otish Basin is located approximately 550 km north of Quebec City, Quebec. Both 

the Otish Basin and the neighboring Mistassini Basin (Fig. 4.1) unconformably overlie an 

Archean basement complex consisting of gneiss and migmatite, metavolcanic and 

metasedimentary rocks (greenstone belts), and felsic plutonic rocks of the eastern Superior 

Province (Neilson, 1966; Chown, 1971; Chown and Caty, 1973; Gatzweiler, 1987). Maximum 

ages ca. 2.55 Ga (Rb-Sr and K-Ar on muscovite) for gneiss in the area are consistent with ages of 

the final assembly of the Superior craton during the Kenoran Orogeny (Höhndorf et al., 1987; 

Card, 1990). The Superior Province was intruded by the northwest-trending Mistassini diabase 

dikes (Fig. 4.1), which are 2.2 to 2.0 Ga in age (Fahrig and West, 1986; Fahrig et al., 1986).  

 The Archean basement complex was subaerially weathered prior to formation of the 

Otish and Mistassini basins, resulting in local high paleotopographic relief and extensive regolith 

development (Chown and Caty, 1973; Chown and Caty, 1983). Basin formation occurred 

sometime after ca. 2.2 Ga, as sedimentary rocks in the Mistassini Basin unconformably overlie 

the Mistassini dikes (Fahrig et al., 1986). Sedimentary rocks in the Otish and Mistassini basins 
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belong to the Otish Group and Mistassini Group, respectively (Bergeron, 1957; Chown and Caty, 

1973). The Otish Group is composed of the Indicator Formation that is conformably overlain by 

the Peribonca Formation (Fig. 4.1). The Indicator Formation ranges from 300 to 1000 meters 

thick and consists of conglomerate and sandstone (Chown and Caty, 1973; Gatzweiler, 1987). 

The maximum observed thickness of the Peribonca Formation is 380 to 500 meters, which 

consists of sandstone with variable dolomite cement, argillaceous sandstone, and minor 

conglomerate and dolostone (Chown and Caty, 1973; Gatzweiler, 1987). Höhndorf et al. (1987) 

and Genest (1989) also describe evaporitic horizons in the Peribonca Formation associated with 

magnesite and casts and carbonate pseudomorphs after halite and gypsum. 

The Mistassini Group is around 2600 meters thick and is composed of the Papaskwasati, 

Cheno, Lower Albanel, Upper Albanel, and Temiscamie Formations (Neilson, 1953; Chown and 

Caty, 1973; Chown and Caty, 1983; Fig. 4.1). The Papaskwasati Formation consists of 

conglomerate and sandstone that is correlative to the Indicator Formation of the Otish Group 

(Chown and Caty, 1973). The matrix-rich and dolostone-interbedded sandstones of the Cheno 

Formation possibly represent a lateral transition from the clastic Papaskwasati Formation to 

dolostones of the Lower and Upper Albanel Formations, which are considered correlative to the 

Peribonca Formation of the Otish Group (Chown and Caty, 1973). The Temiscamie Formation 

consists of quartzite, iron-formation, and slate (Bergeron, 1957; Quirke, 1961; Chown and Caty, 

1973). 

The Otish and Mistassini groups are intruded by dikes and sills of the Otish Gabbro 

(Fahrig and Chown, 1973; Chown and Archambault, 1987; Fig. 4.1). Wanless et al. (1965) report 

a K-Ar age of 1465 Ma for the Otish Gabbro, but this age likely represents a subsequent dike 

alteration event (Fahrig and Chown, 1973). Gatzweiler (1987) and Höhndorf et al. (1987) report 

an undocumented Sm/Nd age of 1730 ±10 Ma for the Otish Gabbro. Chown and Archambault 
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(1987) infer an age of ca. 1750 Ma based on a 1787 ±55 Ma Rb/Sr age of the Temiscamie 

Formation (Fryer, 1972), which they interpreted as a thermal event associated with intrusion of 

the Otish Gabbro. Sedimentation in both basins therefore occurred between about 2200 Ma and 

1730 Ma.  

Gneiss, metavolcanic rocks, and anorthosite of the 1.2-1.0 Ga Grenville Front Tectonic 

Zone are in faulted juxtaposition with the Superior Province to the southeast (Chown and Caty, 

1973; Davidson, 1984; Rivers, 1997; Fig. 4.1). The Otish Group was metamorphosed to 

amphibolite grade adjacent to the Grenville Front, where faults display ductile textures (Chown, 

1979). In contrast, much of the Otish Group displays sub-greenschist-grade metamorphism, and 

faults with brittle textures away from the Grenville Front (Chown, 1971; Chown, 1979; Rivers 

and Chown, 1986). 

4.3.1 Uranium Mineralization in the Otish Basin 

Approximately 30 uranium occurrences were discovered in the Otish Basin in the 1970s 

and 1980s, which are associated with basement veins and breccias, the sub-Otish Group 

unconformity, and intra-Otish Group faults and mafic intrusions (Gatzweiler, 1987). Samples for 

this study were obtained from the unconformity-related Camie River prospect, and the fault-

related Matoush deposit, both located in the western Otish Basin (Figs. 4.1, 4.2).  

Archean basement rocks intersected at the Camie River prospect (Fig. 4.3a) belong to the 

Hippocampe greenstone belt (Genest, 1989) and consist of foliated quartz + chlorite ± muscovite 

meta-psammites interbedded with tightly-folded graphitic, cherty schists and zones of massive 

sulfides. These metasedimentary rocks are structurally underlain by porphyritic metagabbros. 

Basement rocks are unconformably overlain by conglomerates and sandstones of the Indicator 

Formation. Uraninite and brannerite mineralization occurs where the unconformity is in reverse  
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Figure 4.2. Generalized geological map of the west-central Otish Basin (refer to Figure 4.1 
for location), showing the location of the Camie River U prospect and the Matoush deposit. 
Samples were collected from the outcrop and all exploration drill holes indicated. The 
mapped area shown in Figure 4.3a is also indicated. EM = electromagnetic. Coordinates are 
for UTM projection (Zone 18, NAD83). 
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Figure 4.3. a. Generalized geological map of the Camie River U prospect (refer to Figure 4.2 
for location). Samples were collected from labeled exploration drill holes. U mineralization 
was collected from drill hole OTS07-004. Coordinates are for UTM projection (Zone 18, 
NAD83). b. Generalized cross-section of the Matoush deposit (refer to Figure 4.2 for 
location), showing the location of drill holes sampled in this study in relation to the Matoush 
fault. No U mineralization was available for sampling in these holes. 

 

faulted-contact with basement massive sulfide and graphitic schist, and extends between 20 and 

50 m above and below the unconformity along fractures (Gatzweiler, 1987). Uranium 

mineralization is associated with Mo, Nb, Co, Ni, As, Cu, Se, V, Ag, and Au, some of which may 

be attributed to pyrochlore, columbite, and molybdenite, the latter of which follows uraninite 

(Gatzweiler, 1987; Höhndorf et al., 1987). The best intersection was 7.83% U3O8 over 1 meter 

(Gatzweiler, 1987). Chlorite, carbonate, pyrite, tourmaline, muscovite, and albite are reported 

from a zoned alteration halo, but paragenetic relationships are not indicated (Gatzweiler, 1987; 

Höhndorf et al., 1987; Ruzicka and LeCheminant, 1984). Uraninite at Camie River was dated at 

1723 ±16 Ma using U-Pb methods (Höhndorf et al., 1987). 
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Uranium mineralization at the nearby Matoush deposit (Fig. 4.3b) is focused by a major 

NNE-striking fault within the Indicator Formation. Underlying basement rocks are barren and 

consist of relatively unaltered tonalite and granodiorite. Mineralization is dominated by uraninite 

that occurs in irregularly-distributed lenses along the fault plane (Gatzweiler, 1987; Fig. 4.3b) and 

a 10- to 50-meter-wide zoned alteration halo that envelopes the fault and consists of tourmaline, 

chlorite, Cr-V-bearing muscovite, hematite, and limonite (Gatzweiler, 1987; Höhndorf et al., 

1987). Recent exploration indicates that the deposit contains 436,000 tonnes U3O8 at 0.78% 

(Strateco Resources press release, 17 September 2009). 

4.4 Methods 

 Archean basement rocks and Indicator Formation conglomerate and sandstone were 

collected from historical exploration drill core at Camie River and Matoush, recent drill core at 

Camie River, and from one outcrop locality in the western Otish Basin (Figs. 4.2, 4.3). Uranium 

mineralization from historical core was not available for sampling, but was studied in recent 

Camie River drill core, where it exists solely in the basement rocks. Seven stratigraphic sections 

were measured from drill core at decimeter- to meter-scales. Approximately 180 polished thin 

sections were made and studied using standard transmitted- and reflected-light microscopy, and 

electron microscopy to identify minerals and cross-cutting relationships. Scanning electron 

microscopy was performed using an Amray 1830 scanning electron microscope (SEM) in back-

scattered electron (BSE) mode, Queen’s University, Canada. Qualitative chemical analyses were 

determined using an Oxford energy dispersive X-ray spectrometer (EDS) with a Si(Li) detector 

crystal coupled to the SEM. 

 Quantitative chemical analyses of minerals were determined by electron microprobe 

analysis (EMPA) at Carleton University, Canada using an automated 4- spectrometer Cameca 

Camebax MBX electron microprobe by the wavelength dispersive X-ray method (WDS). 
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Specimens were analyzed using a rastered electron beam 5 to 10 microns in size, with a 15kv 

accelerating voltage and 20 nA current. Elemental weight percentages were calculated using a 

Cameca PAP matrix correction program. Analyses are accurate to 1-2 % relative for major 

elements (>10 wt %), 3-5 % relative for minor elements (>0.5 - <5.0 wt %). As detection limits 

were approached (<0.1 wt %), relative errors approached 100 %. 

 Diagenetic phyllosilicates were separated from crushed samples by ultrasound 

disintegration and centrifugation for stable isotope analysis and 40Ar/39Ar geochronology. Field 

identification of phyllosilicates in drill core was aided by the use of an ASD TerraSpec® short 

wave infrared spectrometer and AusSpec TSG™ software. All phyllosilicate separates were 

analyzed by X-Ray diffraction (XRD) to determine mineralogical composition. XRD was 

performed using a Philips X-Pert instrument at Queen’s University, Canada. 

 Oxygen isotopic compositions of phyllosilicates were measured using a dual inlet 

Finnigan MAT 252 isotope ratio mass spectrometer (IRMS) following oxygen extraction using 

BrF5 (Clayton and Mayeda, 1963). Hydrogen isotopic compositions of phyllosilicates were 

determined using a ThermoFinnigan TC/EA and a Deltaplus XP IRMS. Oxygen and hydrogen 

isotope ratios are reported in δ notation in units of per mil relative to Vienna Standard Mean 

Ocean Water (V-SMOW). δ18O and δ2H analyses were reproducible to ± 0.2 and ± 3 per mil, 

respectively. Oxygen isotope fractionation factors used throughout this paper are those proposed 

by Wenner and Taylor (1971) for water-chlorite, and O’Neil and Taylor (1969) for water-

muscovite. Hydrogen isotope fractionation factors used are those proposed by Taylor (1974) for 

water-chlorite, and Vennemann and O'Neil (1996) for water-muscovite. 

 Muscovite temperatures of formation were estimated using the molar fraction of 

pyrophyllite (Xprl) as determined by EMPA (Cathelineau, 1988). Chlorite temperatures of 

formation were estimated using tetrahedral site occupancy as determined by EMPA (Cathelineau, 
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1988). However, the chlorite geothermometer of Zang and Fyfe (1995), a variant of the chlorite 

geothermometer of Cathelineau (1988), was preferred, as the chlorites studied have Fe/(Fe+Mg) 

ratios closer to those described in the former. Both muscovite and chlorite geothermometers are 

accurate to within 25°C (Cathelineau, 1988). 

 Uranium-Pb and Pb-Pb isotope ratios were determined using laser ablation, high-

resolution, multi-collector, inductively-coupled plasma mass spectrometry (LA-HR-MC-ICPMS), 

using a ThermoFinnigan NEPTUNE instrument equipped with a frequency-quintrupled (213 nm) 

Nd-YAG (LUV 213, New Wave-Merchantek) laser ablation system at the Queen’s Facility for 

Isotope Research (QFIR), following the procedures of Chipley et al. (2007). Uraninite ablation 

was performed on polished thin sections using a 12- to 40-µm spot size with 40 to 70 percent 

laser power at a frequency of 2Hz. Measurements on in-house davidite and uraninite standards 

and gas blanks bracketed individual sample measurements. For each sample, 204Pb, 206Pb, 207Pb, 

235U, and 238U were measured and corrections for common Pb were made scan-by-scan for each 

spot.  

 40Ar/39Ar geochronology was performed at the Rare Gas Geochronology Laboratory, 

University of Wisconsin – Madison, USA, using methods summarized by Smith et al. (2003). 

Plateau ages were calculated using not less than 70% of 39Ar released and three consecutive steps 

that overlap in their 1σ error margin. 

U–Pb and Pb–Pb isotopic ratios and the concentrations of 54 elements were determined 

for 50 samples using 2% HNO3 leach and high-resolution inductively coupled plasma mass 

spectrometry (HR-ICPMS), following the method of Holk et al. (2003).  
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4.5 Sedimentology and Sequence Stratigraphy of the Indicator Formation 

 The Indicator Formation was studied along a 15-km transect trending approximately 

southwest (Fig. 4.4), and consists of two lithofacies that are described and interpreted in Table 

4.1. 

Lithofacies 1 consists of relatively thickly-bedded, massive to trough cross-bedded 

cobble to granule conglomerates. Clasts are dominated by quartz, but can contain up to 25% 

feldspar in some beds. The coarse grain size and sedimentary structures suggest Lithofacies 1 was 

deposited in high-energy braided stream channels. Lithofacies 2 contains more thinly-bedded, 

rippled to laminated, medium- to coarse-grained quartz arenite to sub-arkosic arenite. These 

sandstones were deposited in shallow braided stream channels, or as unconfined sheetfloods in a 

braid delta setting, based on the reduced grain size relative to Lithofacies 1, sedimentary 

structures, and intermittent mudstone content. 

 The Indicator Formation contains a hierarchy of bedding discontinuities that aid sequence 

stratigraphic correlation along the transect (Fig. 4.4). The contact between Archean basement 

rocks and the Indicator Formation is the lowest-ordered (most stratigraphically-significant) 

discontinuity, and is a type 1 sequence boundary (Van Wagoner et al., 1988) that represents a 

prolonged period of subaerial exposure and erosion of basement rocks (Chown and Caty, 1983). 

The next highest-ordered discontinuities are surfaces within the Indicator Formation across which 

grain size and proportion of basement-sourced cobbles to pebbles substantially increase. Several 

of these surfaces are correlated among the thicker sections to the north, and bound six 

depositional packages that are between 75 and 200 meters thick (Fig. 4.4). Each package shows 

an upward increase in the proportion of Lithofacies 2 sandstone. Toward the Camie River 

prospect to the south, only the lowest two depositional packages are preserved due to post-

depositional reverse-faulting. The highest-ordered bedding discontinuities consist of sharp, often  
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Figure 4.4. Cross-section of the southwest Otish Basin margin, showing the distribution of 
Lithofacies 1 conglomerates and Lithofacies 2a and 2b sandstones within a sequence 
stratigraphic correlation. At least six depositional sequences are recognized, and are 
bounded by stratigraphically-significant surfaces across which the proportion of coarse-
grained, basement-sourced detritus sharply increases. Refer to Figure 4.2 for the location of 
drill holes. 
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Table 4.1. Descriptions and interpretations of lithofacies in the Indicator Formation.
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erosive surfaces and pebble- to granule-armored lags across which there is little to no change in 

grain size or clast composition. These surfaces are numerous, but laterally-restricted and likely 

represent autogenic processes such as channel avulsion, and therefore are of minimal sequence 

stratigraphic relevance. 

 Lithofacies 1 and mudstone-free sandstones of Lithofacies 2 contain relatively coarse-

grained, poorly- to moderately sorted lithologies that are potential diagenetic aquifers because 

they do not become pervasively cemented during early diagenesis and are capable of conducting 

diagenetic basinal fluids (Hiatt et al., 2003). The Indicator Formation along the transect does not 

contain thick diagenetic aquitards, such as mudstone or well-sorted, cemented sandstone that are 

barriers to diagenetic fluid flow (Hiatt et al., 2003). However, mudstone-bearing Lithofacies 2b 

may partition the diagenetic aquifers outside of the study area to the northwest (Fig. 4.4). 

4.6 Mineral Paragenesis 

 Archean basement rocks and the Indicator Formation were altered throughout basin 

evolution resulting in numerous mineral phases (Fig. 4.5). The distribution of key alteration 

minerals that reflect fluid/rock interaction is presented in Figure 4.6. 

4.6.1 Mineralogy of Unaltered Host-Rocks  

Unaltered metapsammitic basement rocks intersected at Camie River are green to gray 

and typically consist of around 60-70% quartz, 30-40% chlorite (C0) and minor muscovite (M0), 

the latter two phases being coarse-grained and foliation controlled. Quartz has a fine-grained, 

interlocking, microgranular texture. The metapsammite contains several additional phases that 

follow quartz + C0 ± M0, but appear to be the product of early events that pre-date the Otish 

Basin based on crosscutting relationships with later phases. These are cm-scale-wide veins of  
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Figure 4.5. Paragenesis of host-rock minerals, and minerals associated with early 
diagenesis, peak to late peak diagenesis, and late alteration events. Temperatures are 
calculated from EMPA data (see text for discussion). Ph = phengitic M1; * = preferential 
distribution in faults, fractures, or along the basal unconformity. 
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Figure 4.6. a. Cross-section of the southwest Otish Basin margin, showing the distribution of 
diagenetic alteration minerals. Muscovite (M1) marks extensive diagenetic aquifers in the 
Indicator Formation. b. Diagrammatic longitudinal section showing the distribution of 
albite and M1 muscovite in relation to fractures and faults near the Camie River U prospect 
(indicated as “U”). Refer to Figure 4.2 for the location of drill holes. 
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calcite (Ca0) and epidote,  anhedral fine-grained rutile, and dm-scale zones of euhedral, coarse-

grained pyrite (S0) and magnetite. 

Graphite-bearing, black, schistose metasedimentary basement rocks occur in meter-scale 

intervals at Camie River and contain 60-90% C0 chlorite, with the remainder consisting of quartz 

with a similar texture to that in metapsammitic rocks, in addition to quartz in cherty lenses. Zones 

of massive sulfide (S0) can replace up to 80% of this host rock, and consist of pyrite, pyrrhotite, 

galena, and minor chalcopyrite. Graphite is a relatively minor phase, and occurs as micron-thick, 

lustrous coatings on foliation planes. Dolomite appears to heal a brecciated zone that is a few 

meters thick within massive sulfides at the Camie River U prospect. The dolomite paragenetically 

follows C0 chlorite and M0 muscovite, but pre-dates U mineralization.  

Detrital phases in the Indicator Formation are dominated by quartz (Q0), with up to 25% 

K-feldspar. Minor phases are zircon, monazite (P0), and rutile, which can locally form up to 10% 

of the matrix in Lithofacies 1 conglomerate, typically within several meters from the 

unconformity. 

4.6.2 Early diagenesis 

 Early diagenesis occurred under conditions of shallow burial in the Indicator Formation 

and produced mechanical compaction of detrital grains, minor amounts of Fe-oxide (F1) rims, 

and syntaxial quartz cement (Q1) as overgrowths on Q0 detrital quartz. Q1 cement is rare, as 

most samples display evidence of partial to complete resorption of Q1 cement during later 

diagenesis.  
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4.6.3 Peak diagenesis 

  Deep burial of the Indicator Formation resulted in the formation of extensive, well-

developed secondary porosity that is occluded by several mineral phases. Some of these phases 

also affected Archean basement rocks. The earliest peak diagenetic minerals are quartz (Q2) and 

albite cements (Fig. 4.7a) that are restricted to the Indicator Formation. Q2 cement is generally 

rare, restricted to stratigraphically-higher strata, and consists of dense mosaics of microcrystalline 

quartz. Albite cement is absent at Matoush, but becomes more prevalent to the south (Fig. 4.6a). 

Near the Camie River prospect, albite pervasively occludes secondary porosity and imparts a 

reddish-pink color to drill core due to micron-scale Fe-oxide inclusions within the albite. Albite 

cement, and to a much lesser extent Q2, also heals an early generation of fractures. Veins of 

calcite (Ca1) in the Indicator Formation are millimeters wide and crosscut albite/Q2 quartz-healed 

fractures (Fig. 4.7a). Ca1 calcite also occurs in patches that are 10s to 100s of microns in size 

near the veins. 

Kaolinite (K1) and muscovite (M1) follow Ca1 calcite paragenetically. K1 fills secondary 

porosity and displays vermiform texture, is rare, and preferentially occurs in samples near 

Matoush. M1 is the most pervasive and widely-distributed peak diagenetic phase, and ranges 

from coarse- to fine-grained (Fig. 4.7b). In the Indicator Formation, M1 imparts a conspicuous 

pale-green color to drill core, partially to entirely replaces albite cement and K1 kaolinite where 

present, and crosscuts Ca1 calcite (Fig. 4.7a). At the Camie River prospect, M1 completely 

replaces albite in extensively fractured and faulted conglomerate within 30 meters of the 

unconformity (Fig. 4.6b). M1-filled secondary porosity ranges from 20 and 35%, and results in 

common “floating grain” texture that is observed both in core and thin section (Fig. 4.7b). In 

basement rocks, M1 muscovite commonly replaces quartz+chlorite metapsammite directly  
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Figure 4.7. a. Detrital quartz (dq) grains in the Indicator Formation are cemented by albite, 
which is in turn crosscut by patches of calcite (Ca1). Arrows indicate where M1 muscovite 
penetrates both albite and Ca1. Q1 quartz overgrowths are absent due to complete 
resorption (sample OTS07-002-619.9m; cross-polarized transmitted light). b. Fine- to 
coarse-grained M1 muscovite fills well-developed secondary porosity; dq = detrital quartz 
(sample OTS07-003-153.0m; cross-polarized transmitted light). c. Fine-grained M1 
muscovite is crosscut by coarse-grained, prismatic tourmaline (Tur) and chlorite (C1). 
Arrows indicate where C1 is intergrown with coarse-grained, neoformed M1 muscovite 
(sample OTS07-002-621.4m; plane-polarized transmitted light). d. Uraninite (U1a) replaces 
S0 pyrite and galena, and paragenetically follows chlorite (C0) and dolomite (sample 
OTS07-004-174.5m; plane-polarized reflected light). e. Uraninite (U1a) paragenetically 
follows chlorite (C0) and dolomite, and replaces coarse-grained galena (S0). U1a is crosscut 
by fine-grained galena (S2c) (sample OTS07-004-174.5m; plane-polarized reflected light). f. 
Brannerite (U1b) paragenetically follows chlorite (C0) and dolomite, and partially replaces 
pyrite and galena (S0). Molybdenite (S2a) follows U1b (sample OTS07-004-174.3m; plane-
polarized reflected light). 

 

beneath the unconformity (Fig. 4.6a), converting the rock to pale-green schist, and gradually 

decreases in proportion with increasing depth over several meters. 

M1 muscovite is followed by a suite of phosphates including monazite, apatite, and 

xenotime (P1) that occur as micron-sized overgrowths on detrital monazite and zircon in 

Lithofacies 1 conglomerate, and as anhedral masses tens of microns in size within albite and M1 

muscovite-filled secondary porosity. In basement rocks, only rare anhedral apatite occurs. 

Euhedral pyrite (S1), with crystals that are hundreds of microns in size, is coeval with P1 

phosphates in the Indicator Formation, and occurs within several meters from the unconformity. 

Anhedral rutile (R1) also occurs during this stage in both basement rocks and the Indicator 

Formation, and shows petrographic evidence to suggest it may have resulted from local 

remobilization and recrystallization of detrital and accessory R0 rutile.  
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4.6.4 Late peak diagenesis 

Late peak diagenesis is characterized by uranium mineralization, followed by formation 

of coarse-grained phyllosilicates and tourmaline in both basement rocks and the Indicator 

Formation. Uraninite (U1a) is the most abundant U-bearing mineral, representing ~90% of total 

U, and extensively replaces S0 pyrite and galena, a relationship that is conspicuous both in thin 

section (Figs. 4.7d, e) and drill core. Brannerite (U1b) is a relatively minor phase, representing 

~10% of total U mineralization that occurs at the periphery of the U1a mineralized zone, and is 

paragenetically-indistinguishable from U1a. The EDS spectra of U1b revealed detectable to 

significant Nb contents. The highest Nb contents were obtained on rare, coarse, rectangular-

shaped grains that show replacement textures (Fig. 4.7f), indicating that U1b may have replaced 

an earlier mineral such as columbite, which was observed by Gatzweiler (1987) and Höhndorf et 

al. (1987). 

In the Indicator Formation, tourmaline is most abundant within several meters of the 

unconformity. Tourmaline can occupy up to 30% of M1 muscovite-filled secondary porosity as 

euhedral to subhedral prisms that are tens of microns wide and hundreds of microns long, and 

rarely as clusters of radiating prisms. Toward Camie River, tourmaline displays characteristically 

strong olive-green pleochroism (Fig. 4.7c). Chlorite (C1) occurs within a few meters of the 

unconformity in the Indicator Formation, where it can be intergrown with coarse-grained, 

euhedral laths of M1 muscovite (Fig. 4.7c). C1 chlorite also occurs in fault zones that affect the 

Indicator Formation near the Camie River prospect. 

 In basement rocks, tourmaline is restricted to intensely altered metapsammite within a 

few meters of the unconformity. Minnesotaite is a minor phase that was observed proximal to U 

mineralization in basement rocks, where it crosscuts S0 sulfides and dolomite. C1 chlorite was 

not observed in basement rocks. 
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4.6.5 Late alteration 

 The U1a+U1b uranium minerals are paragenetically followed by sulfide phases in 

basement rocks. Molybdenite (S2a) cross-cuts U1 uraninite and brannerite, and is present as 

fields of micron-scale, euhedral laths and rarely in veinlets (Figs. 4.7f, 4.8a). Pyrite (S2b) is 

present in veinlets and fine anhedral masses. Galena (S2c) is common as micron-scale, anhedral 

to subhedral inclusions within U1a uraninite and U1b brannerite (Fig. 4.7e), and in veinlets. An 

unidentified U-phosphate mineral (U2) is a minor phase that follows minnesotaite in basement 

rocks (Fig. 4.8b). Siderite occurs in veinlets that cross-cut both dolomite and U1a+U1b+U2 

uranium minerals (Fig. 4.8b, c) in the basement rocks. Chlorite (C2) is restricted to the Indicator 

Formation and occurs in fractures that produced cataclastic deformation of M1-muscovite-altered 

sandstone (Fig. 4.8d), and that partially propagated along older fractures associated with Ca1 

calcite. C2 chlorite also fills voids produced from the dissolution of P1 phosphates.  

 Illite after M1 muscovite, montmorillonite after C1 chlorite, and kaolinite (K2) are late 

alteration phases that preferentially affect fault zones in the Indicator Formation and, to a much 

lesser extent, basement rocks near the Camie River prospect. Illite is similar to fine-grained M1 

muscovite in appearance, and was distinguished by its characteristic interlayer site vacancy. 

Montmorillonite was identified in a fault-zone-hosted C1 chlorite by XRD, specifically by the 

expansion of the 14Å peak to 17Å on glycolation. Late-occurring, rusty-colored Fe-oxide (F2) is 

a relatively minor phase that affects the Indicator Formation throughout the study area. 

4.7 Mineral Chemistry 

4.7.1 Pre-Diagenetic Minerals in the Basement Rocks 

C0 chlorite has the highest MgO contents of the three varieties of chlorite at Camie River, 

averaging 22.5 wt.% (Table 4.2), and has a composition similar to that of clinochlore (Deer et al.,  
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Figure 4.8. a. Uraninite (U1a) follows chlorite (C0), replaces S0 galena, and is in turn 
crosscut by molybdenite (S2a) (sample OTS07-004-174.5m; plane-polarized reflected light). 
b. Uraninite (U1a) and minnesotaite (Mns) follow S0 pyrite. Mns is followed by U-
phosphate (U2), which is in turn cross-cut by siderite (sample OTS07-004-174.3m; BSE-
SEM image). c. Uraninite (U1a) follows C0 chlorite and dolomite, and replaces S0 pyrite. 
All phases are crosscut by siderite veinlets (sample OTS07-004-174.5m; BSE-SEM image). 
d. Detrital quartz (dq) grains in a fracture zone are rimmed by sudoite (C2) that crosscuts 
M1 muscovite (sample OTS07-004-126.0m; BSE-SEM image). 
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Table 4.2. Electron microprobe analyses of chlorite, tourmaline, and albite at Camie River. 
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1992; Fig. 4.9). The estimated temperature of formation of C0 is around 300°C (Fig. 4.10), which 

is a minimum temperature as it approaches the upper limit of the geothermometer (Cathelineau, 

1988). However, foliation-control of C0 indicates it may be a product of greenschist facies 

metamorphism and may have formed at temperatures closer to 400°C under those conditions. 

Dolomite has stoichiometric Ca contents of one atom per formula unit. Approximately 

two out of every ten Mg atoms are replaced by Fe and Mn in dolomite (Table 4.3). 

4.7.2 Peak Diagenetic Minerals 

 Albite cement in the Indicator Formation contains an average Na2O content of 11.6 wt.%, 

with average K2O and CaO contents below 1.0 wt.% (Table 4.2). Paragenetically-later Ca1 calcite 

displays nearly stoichiometric Ca contents, with minor replacement by Fe (Table 4.3). 

M1 muscovite in conglomerate and sandstone at Camie River and Matoush shows 

considerable variability in the degree of substitution of octahedral-coordinated Al (AlVI), 

interlayer cations, and Si contents (Table 4.4; Fig. 4.11). At Camie River, M1 in the Indictor 

Formation has low SiO2 contents that average 48.5 wt.%, and displays an average AlVI 

substitution factor of 0.90, meaning one of every ten AlVI atoms is replaced by Fe + Mg + Mn + 

Cr + Ti. As much as 1.0 wt.% Na2O substitutes for K2O in some M1 samples at Camie River, 

indicative of paragonite, which also has the lowest SiO2 contents (46.0 wt.%) and the highest AlVI 

substitution factor of 0.94. In contrast, M1 from Matoush has higher SiO2 contents, averaging 

50.5 wt.%, that is accompanied by a low average AlVI substitution factor of 0.80. This 

relationship is consistent with phengitic substitution ([R+2]VI + SiIV  AlVI + AlIV; e.g. Guidotti et 

al., 1989). Basement-rock-hosted M1 from Camie River shares a similar composition to 

sandstone-hosted M1 at Camie River, with SiO2 contents averaging 47.4 wt.%, and a slightly 

lower average AlVI substitution factor of 0.87 (Table 4.4; Fig. 4.11). The estimated temperature of  
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Figure 4.9. Ternary diagram showing the chemical variation of chlorites at Camie River, in 
reference to the typical compositions of chamosite and clinochlore reported by Deer et al. 
(1992), and sudoite reported by Lin and Bailey (1985). Additionally, the fields for 
Athabasca pre-ore and post-ore chlorites (Cloutier et al., 2009; Alexandre et al., 2005) are 
shown. 

 

Figure 4.10. Histogram of estimated formation temperatures of white mica and chlorite in 
the western Otish Basin. 
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Table 4.3. Electron microprobe analyses of carbonate minerals at Camie River. 
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Figure 4.11. Relationship between contents of interlayer cations K+Na and Si, and the 
degree of substitution for octahedral Al in white mica at Camie River and Matoush, in 
reference to typical compositions of muscovite and illite reported by Deer et al. (1992), and 
phengite reported by Konopásek (1998). M1 muscovite shows an alteration trend towards 
phengite, and an alteration trend towards illite. apfu = atoms per formula unit; ss = 
sandstone or conglomerate of the Indicator Formation. 
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Table 4.4. Electron microprobe analyses of muscovite and illite at Camie River 
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formation for the majority of basement-rock- and sandstone-hosted M1 at Camie River is 

between 250°C and 275°C (Fig. 4.10). Temperatures between 275°C and 300°C are estimated for 

some basement-rock-hosted and sandstone-hosted M1 at Camie River, in addition to a high 

proportion of phengitic M1 sampled in the Indictor Formation at Matoush (Fig. 4.10).  

4.7.3 Late Peak Diagenetic Minerals 

Well-preserved C1 chlorite from non-fractured or -faulted conglomerate of the Indicator 

Formation contains lower MgO contents and higher FeO contents relative to C0 chlorite, the 

former averaging 9.5 wt.% and 30.2 wt.%, respectively (Table 4.2). The composition of well-

preserved C1 is close to that of chamosite (Deer et al., 1992; Fig. 4.9), and is estimated to have 

formed at a temperature around 300°C (Fig. 4.10). In faulted conglomerate of the Indicator 

Formation, C1 displays widely varying FeO and Al2O3 contents (Fig. 4.9) and up to 1.0 wt.% 

combined K2O + CaO, suggesting small-scale intergrowth with late-alteration illite and 

montmorillonite. C1 in highly-porous, desilicified sandstone less than ten meters from U 

mineralization contains the highest proportion of FeO relative to all Camie River chlorite (Fig. 

4.9) and has similar K2O and CaO contents to fault-hosted C1. 

 Tourmaline from the Indicator Formation exposed in outcrop has a Mg-rich composition 

similar to that of dravite (Table 4.2; Fig. 4.12). Much of the tourmaline from the Indicator 

Formation at Matoush has compositions similar to dravite, however a trend toward higher Cr 

contents is observed. At Camie River, tourmaline from the Indicator Formation is enriched in Fe, 

and has a composition approaching that of schorl. 
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Figure 4.12. Ternary diagram showing the chemical variation of tourmaline at Camie River 
and Matoush, in reference to the typical compositions of dravite and schorl reported by 
Deer et al. (1992). 

4.7.4 Late Alteration Minerals  

Fracture-hosted C2 chlorite is rich in Al2O3, averaging 30.4 wt.% (Table 4.2), with a 

composition indistinguishable from that of sudoite (Lin and Bailey, 1985; Fig. 4.9). Similar to 

fracture-hosted C1 chlorite, C2 sudoite contains over 1.0 wt.% combined K2O + CaO, indicating 

that C2 may contain small-scale intergrowth with late-alteration phyllosilicates. A temperature of 

formation for C2 based could not be reliably estimated due to the influence of the possible 

intergrowths on calculations of tetrahedral site occupancy. Siderite that occurs subsequent to U 

mineralization in the basement rocks displays replacement of one out of every ten Fe atoms by 

Ca, and minor replacement by Mg and Mn (Table 4.3). 
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Illite after M1 muscovite in an Indicator-Formation-hosted fault zone at Camie River 

displays a notable interlayer site deficiency, with less than seven of every ten interlayer K atoms 

present (Table 4.4). Low K2O content is accompanied by a low average AlVI substitution factor of 

0.82, which is typical for illite (Deer et al., 1992). The calculated temperatures of illite formation 

vary widely between 130°C and 220°C, but are lower relative to M1 (Fig. 4.10).  

4.8 Stable Isotope Geochemistry 

 M1 muscovite from the Indicator Formation at Camie River has δ18O values that range 

from 7.9 ‰ to 13.7 ‰, and δ2H values that range from -83 ‰ to -56 ‰ (Table 4.5). Basement-

rock-hosted M1 at Camie River has a similar δ18O value of 10.1 ‰, and a slightly higher δ2H 

value of -48 ‰ (Table 4.5). A temperature of 275°C (Fig. 4.10) was used to calculate δ18Ofluid 

values, which range between 3.9 and 9.7 ‰ and δ2Hfluid values between -49 and -14 ‰ (Fig. 

4.13). Phengitic M1 from the Indicator Formation at Matoush has slightly lower δ18O values (7.5 

‰ to 10.9 ‰), and higher δ2H values (-66 ‰ to -45 ‰) relative to M1 at Camie River (Table 

4.5). A temperature of 300°C (Fig. 4.10) was used to calculate δ18Ofluid values between 4.1 and 

7.5 ‰, and δ2Hfluid values between -32 and -11 ‰ (Fig. 4.13). 

 C1 chlorite from the Indicator Formation at Matoush has a δ18O value of 12.1 ‰, and a 

δ2H value of -89 ‰ (Table 4.5). C1 from a fault zone within the Indicator Formation at Camie 

River has an identical δ18O value of 12.1 ‰, but a lower δ2H value of -102 ‰ (Table 4.5). Using 

the minimum estimated temperature of formation of 300°C, the calculated δ18Ofluid value is 12.0 

‰. Fluids in equilibrium with C1 at Matoush had a δ2H value of -49 ‰, whereas fault-zone-

hosted C1 at Camie River has a lower δ2Hfluid value of -68 ‰ (Fig. 4.13). 

 The δ18O and δ2H values calculated for the fluids in equilibrium with M1 and C1 form a 

mixing trend between two components (Fig. 4.13). One component has a low δ18Ofluid value  
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Table 4.5. Oxygen and hydrogen stable isotopic compositions of phyllosilicates in the 
western Otish Basin 



 

  147

 

Figure 4.13. Calculated δ18O and δ2H values of fluids in equilibrium with phyllosilicates at 
Camie River. The samples plot along a mixing line between seawater-influenced basinal 
brines and metamorphism-derived fluids. Samples from fault and fracture zones, and 
sequence boundaries have preferentially exchanges H-isotopes with δ2H-depleted, modern 
meteoric water (cf. Table 4.5). Fields defining the range of δ18O and δ2H values of basinal 
fluids in equilibrium with muscovite/illite and sudoite in the Athabasca Basin (A), and 
metamorphic fluids (M) reported by Taylor (1974) are plotted in gray for reference (MWL 
= meteoric water line; V-SMOW = Vienna Standard Mean Ocean Water). 
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around 3 ‰ and a high δ2Hfluid value near -5 ‰, similar to the isotopic composition of seawater. 

The second component has much higher δ18Ofluid and lower δ2Hfluid values, near 13 ‰ and -55 ‰, 

respectively. These values are consistent with those of metamorphic fluids that attain high 

δ18Ofluid values due to interaction with 18O-rich rocks at low fluid/rock ratios, and low δ2Hfluid 

values due to a meteoric water component.  

4.9 U-Pb and Pb-Pb Isotope Ratios of Camie River uraninite 

U-Pb isotopic analysis of U1a uraninite from Camie River by LA-HR-MC-ICPMS 

indicates 207Pb/206Pb dates that range from 2042 Ma to 1721 Ma (Table 4.6). A majority of the 

analyses have low 206Pb/204Pb ratios  <1000 (Table 4.6), indicative of high proportions of 

common Pb that is likely contributed from S0 and S2 sulfides (Fig. 4.7d, e). Uraninite with the 

highest proportion of common Pb (206Pb/204Pb < 500) gives 207Pb/206Pb dates that approach the age 

of basin formation, whereas uraninite with the lowest proportion of common Pb (206Pb/204Pb = 

2668) gives a 207Pb/206Pb date of 1721 ±20 Ma (Table 4.6; Fig. 4.14a), which is indistinguishable 

from the 1723 ±16 Ma U-Pb date reported for Camie River uraninite by Höhndorf et al. (1987). 

The majority of U-Pb isotopic ratios in Camie River uraninite are negatively discordant 

(Table 4.6), indicative of Pb addition or loss of U subsequent to uraninite formation, and yield a 

discordant U-Pb upper-intercept date of 1692 ±32 Ma (Fig. 4.14b). This date is within error of the 

youngest 207Pb/206Pb date of 1721 ±20 Ma. The regression line is poorly-constrained at the lower-

intercept, resulting in a date of -201 ±380 Ma that likely reflects recent modification of U-Pb 

isotopic ratios. The relatively high error margins for U-Pb isotopic ratios reflect uraninite 

heterogeneity (Kotzer and Kyser, 1993; Polito et al., 2004; Polito et al., 2005; Chipley et al., 

2007), typified by the mottled texture observed in BSE-SEM images of Camie River uraninite 

(Fig. 4.14c). Uraninite heterogeneity is also manifested as domains of uraninite with differing 
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Table 4.6. Isotopic data and apparent ages for Camie River uraninite
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Figure 4.14. a. Plot of calculated 207Pb/206Pb dates versus 206Pb/204Pb from in situ isotopic 
analysis by LA-HR-MC-ICPMS of Camie River uraninite (Table 4.6). The analysis with the 
highest proportion of radiogenic Pb yields a date of 1721 ±20 Ma. Pb-Pb and U-Pb dates 
were calculated using the equations of Ludwig (2003). b. U-Pb concordia diagram from in 
situ isotopic analysis by LA-HR-MC-ICPMS of Camie River uraninite. c. Uraninite (U1a) 
from Camie River, showing mottled texture indicative of alteration during fluid events that 
occurred susbsequent to original crystallization (BSE-SEM image). d. Plot of 206Pb/204Pb 
versus depth of a laser ablation pit in a polished thin section of Camie River uraninite. 
Laser ablation sampled at least three domains (separated by dashed lines) of uraninite that 
are marked with differing 206Pb/204Pb values (analysis “Camie River 20”; Table 4.6). 
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proportions of common Pb that are commonly encountered during the analysis of a single 

ablation spot (Fig. 4.14d).  

4.10 40Ar/39Ar Dating of Muscovite  

 Muscovite (M1) from the basement rocks and the Indicator Formation was dated using 

the 40Ar/39Ar method (Table 4.7). One sample from intensely-M1-altered metapsammite within 

several meters of the unconformity gives a disturbed age spectrum with a total fusion date of 

1663 ±10 Ma (Fig. 4.15). M1 sampled from within two meters of U mineralization zone in the 

basement rocks has a bell-shaped age spectrum, and a total fusion date of 1528 ±10 Ma (Fig. 

4.15). The disturbed age spectra for both of these samples could result from 40Ar* loss during a 

thermal or fluid event subsequent to M1 crystallization. Mixed mineral phases resulting from new 

mineral growth can produce bell-shaped age spectra (McDougall and Harrison, 1988) consistent 

with phengitic substitution recorded in basement-hosted M1 at Camie River (Fig. 4.11). The total 

fusion date for each basement-hosted M1 sample is likely a homogenization of an older age of 

formation and a younger thermal or fluid event that subsequently affected the M1 muscovite. 

 M1 from a fractured Indicator Formation sample has a relatively undisturbed age 

spectrum with a plateau age of 1409 ±29 Ma (Fig. 4.15). This date is unlikely to represent the age 

of M1 crystallization, based on the older total fusion dates for coeval basement-hosted M1, and 

instead reflects the time of Ar closure in muscovite following a thermal or fluid event that 

completely reset the Ar isotope systematics in M1. This date probably represents a minimum age 

for the sealing of fracture-related fluid-flow pathways in the Indicator Formation, and coincides 

with a period of widespread anorogenic magmatism across Laurentia and Baltica (Van Schmus et 

al., 1975; Medaris et al., 2003; Anderson and Morrison, 2005). 
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Table 4.7. 40Ar/39Ar analytical data for M1 muscovite at Camie River 
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Figure 4.15. The 40Ar/39Ar apparent age spectra for M1 muscovite sampled from the 
Indicator Formation and basement rocks. 

4.11 U-Pb Isotope and Trace Element Geochemistry of 2% HNO3 Leachates 

The 2% HNO3 leach method has been employed in the Athabasca, Thelon, and 

Kombolgie Basins (Holk et al., 2003; Alexandre et al., 2009a; Cloutier et al., 2009; Cloutier et al., 

2010; Beyer et al., 2010) to detect excess radiogenic Pb and pathfinder elements that dispersed 

from a potential U deposit, from which vectors to ore can be determined by following prospective 

trends. 207Pb/206Pb ratios less than 0.6 are termed radiogenic because they reflect an increasing 

proportion of radiogenic Pb that was possibly sourced from a Proterozoic U deposit. Excess 

radiogenic Pb that cannot be accounted for by the decay of leachable U contained in a sample is 

referred to as unsupported radiogenic Pb, whereas radiogenic Pb that can be accounted for by the 
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decay of leachable U contained in a sample is referred to as supported radiogenic Pb (Holk et al., 

2003).  

 Radiogenic Pb was leached from samples in drill core that penetrate Camie River U 

mineralization, and from samples ~13 km west of the Camie River prospect along strike of the 

electromagnetic conductor trend (Table 4.8; Fig. 4.2). In the Indicator Formation, radiogenic Pb is 

restricted to zones near depositional sequence boundaries, especially the basal unconformity, and 

zones that have been fault-damaged or fractured (Table 4.8; Fig. 4.16). Basement rocks above U 

mineralization and near the unconformity contain radiogenic Pb, but become non-radiogenic 

away from these zones. Unsupported radiogenic Pb is present in about one-third of the samples 

(Fig. 4.17). The excess radiogenic Pb in these samples was likely added by fluids that interacted 

with Camie River U mineralization, and carried the radiogenic Pb away from the deposit. 

Supported Pb in the remaining samples was likely produced in situ by detrital U-bearing monazite 

and zircon, which are common in the Indicator Formation. 

 Camie River U mineralization is associated with elevated leachable Mo, W, and Nb 

contents, which are also detectable in leachates from fractures or fault zones in the Indicator 

Formation above the mineralization (Table 4.8; Fig. 4.16). Elements that can be associated with 

complex-type unconformity-related U mineralization, such as Co, Ni, and As, are elevated only in 

samples that contain S1 pyrite in the Indicator Formation, and S0 sulfides in the basement rocks. 

Both S0 and S1 are older, and unlikely to be related to the U mineralization. Cu and Zn are 

elevated in highly-altered fault gouge seven meters above U mineralization (Table 4.8).
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Table 4.8. U and Pb isotope ratios and selected elemental concentrations of 2% HNO3 leachates from Camie River. n.a. = not analyzed; 

<DL = below analytical detection limit, which is 1 ppb or less for all elements.
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Figure 4.16. a. Stratigraphic section of drill hole OTS07-004, accompanied by plots of 
207Pb/206Pb ratios, and contents of Mo, Nb and W as determined by HR-ICP-MS isotopic 
and elemental analysis of 2% HNO3 leachates. This drill hole intersects U mineralization in 
the basement rocks. b. Stratigraphic section of drill hole OM47, accompanied by a plot of 
207Pb/206Pb ratios. c. Stratigraphic section of drill hole OM09, accompanied by a plot of 
207Pb/206Pb ratios. d. Stratigraphic section of drill hole OTS07-003, accompanied by plots of 
207Pb/206Pb ratios, and contents of Mo and W. Refer to Figures 4.2 and 4.3 for the locations 
of drill holes. 
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Figure 4.17. Plot of 238U/206Pb versus 206Pb/204Pb from HR-ICP-MS isotopic analysis of 2% 
HNO3 leachates of samples from Camie River. The evolution of isotopic ratios from 250 Ma 
to 1750 Ma (Holk et al., 2003) is shown. Radiogenic Pb in one-third of the samples is 
unsupported by leachable U (indicative of Pb produced from a high 206Pb source such as a 
uranium deposit) and plots within the zone of unsupported Pb (hatched area). The 
remaining samples have radiogenic Pb that is supported by leachable U, indicative of 
radiogenic Pb produced in situ. 

4.12 Discussion 

4.12.1 Evolution of the western Otish Basin 

4.12.1.1 Early to peak diagenesis 

 Two key events relating to U mineralization in the Otish Basin, specifically the 

establishment of diagenetic aquifers, and the interaction of basinal brines with basin fill in the 

diagenetic aquifers, resulted from basin-scale diagenetic processes in the Indicator Formation 

based on mineral paragenesis and chemistry, and stable isotope geochemistry. Early quartz 

cements, such as those similar to Q1 cement, in siliciclastic basins can result in significant 

reduction of porosity and permeability (Leder and Park, 1986; Bjørlykke and Egeberg, 1993; 
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Oelkers et al., 1996) and the development of confining diagenetic aquitards (Hiatt et al., 2003; 

Polito et al., 2006). Based on the extensively resorbed and poorly preserved nature of Q1, the 

fluid-conducting characteristics of the Indicator Formation were little affected by early quartz 

cementation. Paragenetically later albite cement, however, pervasively occluded secondary 

porosity in at least the oldest two depositional sequences in the southeastern study area, 

converting these strata to diagenetic aquitards. The distribution of albite cement is sharply 

reduced to the north, where much of the Indicator Formation continued to conduct fluids that 

precipitated paragenetically later M1 muscovite and minor K1 kaolinite. Paragonitic M1 may 

have acquired Na through the replacement of albite cement by M1 based on the close spatial 

association between the two minerals (Fig. 4.6a).  

The widespread distribution of M1 muscovite indicates that diagenetic aquifers had been 

established in nearly all of the Indicator Formation in the study area except albite-cemented strata 

to the south (Fig. 4.18a). Diagenetic aquifers were conducting fluids that are isotopically similar 

to oxidizing basinal brines in other Proterozoic to Phanerozoic basins (Wilson and Kyser, 1987; 

Ayalon and Longstaffe, 1988; Bray et al., 1988; Kotzer and Kyser, 1995; Fayek and Kyser, 1997; 

Polito et al., 2004, 2005, 2006; Kyser and Cuney, 2008b) based on the O- and H-isotopic 

composition of end-member fluids associated with M1 along the observed mixing trend (Fig. 

4.13). At temperatures around 250°C, the estimated temperature of paragonitic M1 formation, 

basinal brines were within the metal leaching window (Southgate et al., 2006; Kyser, 2007) and 

were capable of leaching and transporting U. These basinal brines probably also interacted with 

common detrital phosphates and rutile in the Indicator Formation to produce peak diagenetic P1 

phosphates and rutile. The addition of P to basinal fluids may have additionally facilitated the 

transport of U by PO4
- complexes (Kyser and Cuney, 2008c). 
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Figure 4.18. Schematic cross-sections depicting the evolution of the western Otish Basin and 
the Camie River U prospect. a. Oxidizing basinal brines (black arrows) interacted with 
detritus of the Indicator Formation (horizontal gray lines indicate depositional sequences) 
during peak diagenesis, which mobilized U, produced muscovite (M1) in diagenetic aquifers 
(white fill), and reacted with earlier albite cement to produce paragonitic M1 to the south. 
b. The Camie River U prospect formed at 1721 ±20 Ma (Fig. 4.14a), coinciding with the 
intrusion of the Otish Gabbro at ca. 1730 Ma. U mineralization was followed by the 
assemblage chlorite (C1), tourmaline (Tur), and phengitic M1 muscovite. Otish Gabbro 
intrusion resulted in preferential fluid flow (white fill, black arrows) along fractures, faults, 
and depositional sequence boundaries. c. Grenville orogenesis (1.2 – 1.0 Ga) uplifted the 
southern basin margin. Fracture- and fault-preferred flow of late fluids (white fill) altered 
M1 + C1 at temperatures <150°C to produce illite, montmorillonite (Mnt), and kaolinite 
(K2), which have been influenced by recent meteoric water. 

 

Basinal fluids penetrated up to about ten meters beneath the basal unconformity based on 

the distribution of M1 muscovite in basement rocks. Chown and Caty (1983) report a similar 

thickness for pre-Otish/Mistassini Basin regolith developed on the basement rocks, indicating that 

basinal brines readily penetrated the regolith, but were unable to penetrate relatively fresh 

basement rocks beneath. Basement fault zones, such as the dolomite-healed fault zone associated 

with Camie River U mineralization, were not preferentially conducting peak diagenetic basinal 

brines based on a similar distribution of M1 in this zone relative to non-faulted basement rocks. 

This indicates that these older faults were closed to fluid-flow during peak diagenesis and may 

not have been re-activated at this point in basin evolution. 

 H-isotope ratios indicate that seawater was a component of basinal brines in the Indicator 

Formation. Seawater was likely entrained in Otish Basin sediments during the marine 

transgression from the southeast that is represented by the dolostone- and evaporite-bearing 

Peribonca Formation (Genest, 1989; Höhndorf et al., 1987). Marine transgression and the 

subsequent burial dissolution of the evaporites probably promoted the formation of albite cement 

by providing a source of Na (Land and Milliken, 1981; Land et al., 1987). The association of 

pore-filling albite cement and diagenetic aquitards in the Indicator Formation illustrates the 
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potentially detrimental effect that marine influence can have on the paleohydrogeology, and 

potentially ore-forming processes in continental sedimentary basins. 

4.12.1.2 Late peak diagenesis and U mineralization 

 The 207Pb/206Pb date of 1721 ±20 Ma for Camie River uraninite is within error of the 

1692 ±32 Ma U-Pb upper intercept date, a previously-determined 1723 ±16 Ma apparent age of 

Camie River uraninite (Höhndorf et al., 1987), and the 1717 ±20 Ma apparent age of basement-

hosted U mineralization at Lorenz Gully (Höhndorf et al., 1987). This age of U mineralization 

coincides with the 1750 – 1730 Ma age reported for the intrusion of the Otish Gabbro (Chown 

and Archambault, 1987; Gatzweiler, 1987; Höhndorf et al., 1987), which was a significant 

thermal and tectonic event in the Otish Basin. The intrusion would have increased the thermal 

gradient, promoted convective flow of basinal brines through diagenetic aquifers and fault and 

fracture systems (Fig. 4.18b), and triggered U mineralization throughout the western Otish Basin. 

Brittle fractures, some of which crosscut M1 and therefore propagated during intrusion of the 

Otish Gabbro, may have allowed U-bearing basinal brines to penetrate the pervasive and fluid-

restricting albite cement that is common near Camie River, and the unconformity. Upon 

interaction with massive-sulfide-bearing basement rocks, U+6 in the basinal fluid was reduced to 

U+4 to produce uraninite. Based on petrographic observations, S0 pyrite and galena within the 

massive-sulfide zone significantly contributed to the reduction of U (Figs. 4.7d, e). Furthermore, 

the lack of abundant hematite near the deposit, which has been observed proximal to other 

unconformity-related U deposits (Hoeve and Sibbald, 1978; Polito et al., 2004; Alexandre et al., 

2005; Polito et al., 2005), may implicate sulfur as a participant in the reduction of U. 

 Tourmaline + C1 chlorite ± phengitic M1 ± minnesotaite comprises a relatively coarse-

grained mineral assemblage that is paragenetically indistinguishable from U1a + U1b uranium 

minerals. However, that these minerals were related to the U mineralizing process is inconsistent 
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with their distribution that includes barren areas away from U mineralization. The assemblage 

instead probably formed following U1 minerals, after basinal brines had interacted with the Otish 

Gabbro intrusions that would have provided the Mg, Fe, Ti, and Cr present in the minerals 

(Tables 4.2, 4.4). The coarse grain size of the assemblage suggests the minerals formed at higher 

temperatures that accompanied Otish Gabbro intrusions, which may be reflected by the 300°C 

estimated temperature of C1 formation (Table 4.2; Fig. 4.10). It is possible, however, that the 

temperature instead reflects a subsequent fluid event, based on stable isotopic ratios in C1 that 

show the influence of a later, metamorphic fluid (Table 4.6; Fig. 4.13).  

 Higher temperatures that accompanied intrusion of the Otish Gabbro probably promoted 

coarse recrystallization of M1 muscovite (Fig. 4.7b), including intergrowth with C1 (Fig. 4.7c), 

which may have decreased the fluid-conducting capability within diagenetic aquifers, based on 

the preferential distribution of tourmaline and C1 in fault zones and along the basal unconformity 

(Fig. 4.18b). Higher temperatures also probably promoted phengitic substitution in M1, which has 

been described from low-T, low to high-P metamorphic terrains (e.g. Velde, 1965; Sassi et al., 

1994; Massonne and Kopp, 2005). A high-P origin for phengitic substitution is not favored, 

considering the unlikelihood of a strong pressure gradient between Matoush and Camie River to 

explain the high proportion of phengitic M1 at Matoush (Fig. 4.11). Instead, a low-T, low-P 

origin for phengitic substitution is favored, where substitution is influenced by the bulk 

composition of the host rock, and is preferred in K-spar-dominated lithologies (Sassi et al., 1994). 

Thus the degree of phengitic substitution observed in M1 likely reflects differing K-spar content 

within the Indicator Formation, with higher stratigraphic levels at Matoush (Fig. 4.3b) containing 

more K-spar than the lower stratigraphic levels at Camie River.  
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4.12.1.3 Late alteration 

 Post-U 40Ar/39Ar dates of M1 in basement rocks and in Indicator Formation fractures may 

reflect the timing of a hydrothermal event responsible for the post-U assemblage C2 sudoite + S2 

sulfides + siderite. Based on the ca. 1400-Ma plateau age of fracture-hosted M1 (Fig. 4.15), the 

hydrothermal event may have been associated with ca. 1.4 Ga anorogenic magmatism that has 

been implicated with hydrothermal alteration in other Proterozoic basins (e.g. Medaris et al., 

2003). The event also remobilized a small amount of U to form late U2 phosphate in basement 

rocks. Additionally, the close spatial association shared by S2c galena and U1a/U1b 

uraninite/brannerite suggests that radiogenic Pb sourced from radioactive decay of U in the latter 

minerals likely influenced the growth of the former. 

 Metamorphic fluids in the Otish Basin, typified by a fluid mixing trend to higher δ18O 

values and lower δ2H values (Fig. 4.13), likely originated from sub-greenschist-grade 

metamorphism in the Otish Basin during the ca. 1.2 – 1.0 Ga Grenville orogeny (Chown, 1979; 

Rivers and Chown, 1986). C1 chlorite was the most affected by metamorphic fluids (Fig. 4.13) 

due to its distribution in preferential fluid-flow pathways (basal unconformity and fault zones), 

whereas M1 and phengitic M1 were variably influenced by metamorphic fluids depending on 

their proximity to these zones. The high δ18O values of metamorphic fluids reflect much lower 

water/rock ratios during metamorphism relative to diagenesis, which likely preserved pre-

Grenville U-Pb and Ar isotopic ages at Camie River, despite the location of the study area within 

about twenty kilometers of the Grenville Front Tectonic Zone (Fig. 4.1). Grenville-aged U-Pb 

isotopic resetting in uraninite at Indicator Lake (Fig. 4.1), which is situated near a major intra-

Otish Group fault, is suggested by a date of 1072 ±5 Ma (Höhndorf et al., 1987), and suggests 

that fluid flow in the Otish Basin was restricted to regional-scale fault zones at this point in basin 

evolution. Grenville-orogenesis also resulted in reverse and strike-slip faulting in the area 
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(Chown, 1979; Rivers and Chown, 1986), and is likely responsible for the ~400-meter offset 

observed in the southern study area (Figs. 4.4, 4.6). 

 M1 muscovite and C1 chlorite in fault zones are partially altered to illite and 

montmorillonite (Figs. 4.9, 4.11), which reflect a late, low-temperature fluid event, based on the 

estimated formation temperatures of illite (Fig. 4.10) that was also coeval with the formation of 

K2 kaolinite in these zones (Fig. 4.18c). The late event may represent the uplift of the Otish Basin 

subsequent to Grenville orogenesis, and the incursion of meteoric waters into fault zones and 

fractures. Additionally, fault-zone-hosted C1, and some M1 from Camie River have been 

influenced by fluids with low δ2H values (Figs. 4.13, 4.18c) not unlike modern meteoric waters in 

the Otish Basin. The preferential H-isotope exchange affecting fault -hosted phases suggests that 

these zones presently remain as fluid-flow conduits.  

4.12.2 Implications for unconformity-related U exploration 

 Known U mineralization at Camie River provided the opportunity to test the 2% HNO3 

method in the older Otish Basin that evolved differently than the Athabasca, Thelon, and 

Kombolgie basins in which the method was developed (Holk et al., 2003). In the latter basins, 

diagenetic aquifers conducted fluids up to ca. 200 million years following U mineralization 

(Polito et al., 2006; Alexandre et al., 2009b; Hiatt et al., 2010), which helped preserve intrastratal 

fluid flow pathways facilitating the dispersion of radiogenic Pb and pathfinder elements from 

deposits. Following Otish Gabbro intrusion and U mineralization in the Otish Basin, only fluid 

flow pathways along unconformities and in fault zones and fractures were preserved, based on the 

preferential distribution of unsupported radiogenic Pb and Mo + W + Nb, which are characteristic 

of Camie River U mineralization in these zones (Fig. 4.16). Samples of basement rocks and the 

Indicator Formation away from these zones, including locations proximal to U mineralization, do 

not contain unsupported radiogenic Pb in most cases or detectable Mo + W + Nb, suggesting little 
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to no penetration by post-U mineralization fluids away from preferential fluid-flow zones (Fig. 

4.16). Due to the selective distribution of radiogenic Pb and pathfinder elements near Camie 

River, the successful employment of the 2% HNO3 method as a vector to Camie River-style 

mineralization would likely have to be accompanied by structural mapping and sampling of fault 

zones, fractures, and depositional sequence boundaries. 

 The portion of the Camie River U prospect examined shares the key characteristics of 

basement-hosted, or simple-type unconformity-related U deposits in the Athabasca and 

Kombolgie Basins (Fayek and Kyser, 1997; Polito et al., 2004; Alexandre et al., 2005; Polito et 

al., 2005; Cloutier et al., 2009), as Camie River U mineralization resulted from the interaction of 

oxidizing, U-bearing basinal brines with reducing, metasedimentary basement lithologies near the 

unconformity during a major tectonic event (Otish Gabbro intrusion) in the basin. The Camie 

River U prospect differs from these deposits by its complex geochemical association (cf. 

Gatzweiler, 1987), which is in part attributed to sulfides, arsenides, and selenides that are coeval 

with U mineralization in Athabasca complex-type U deposits (e.g. Fayek and Kyser, 1997). 

However, Mo, Nb, Co, and Ni at Camie River are attributed to S2 molybdenite, columbite, and 

S0-S1 sulfides, respectively, that are paragenetically distinct from U1 minerals, and therefore 

may not be indicative of U mineralization. The Camie River U prospect also differs from simple-

type U deposits by its lack of a pronounced alteration halo. U mineralization at Camie River is 

spatially associated with a narrow zone of M1 muscovite alteration in the basement rocks, which 

could be easily missed during exploration relative to the chlorite + illite + hematite alteration 

zones that can accompany basement-hosted U deposits in the Athabasca and Kombolgie Basins. 

Additionally, while previous studies describe a zoned alteration halo consisting of chlorite, 

carbonate, and albite in the Indicator Formation near the Camie River U prospect (Gatzweiler, 

1987; Ruzicka and LeCheminant, 1984), mineral crosscutting relationships demonstrate that each 
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of these phases are not genetically related to U1 minerals, and therefore do not provide predictive 

indicators of U mineralization.  

 The Camie River U prospect expands the simple-type unconformity U model by adding 

massive-sulfide–bearing basement rocks to the list of potential reductants for U, in addition to 

graphite- and Fe-rich-chlorite-bearing basement lithologies (Alexandre et al., 2005; Polito et al., 

2004). The prospectivity of the Camie River area, and additional areas in the western Otish Basin 

and neighboring Papaskwasati Embayment that are underlain by greenstone belts (Fig. 4.1), 

greatly depends on the presence and continuity of the massive sulfide + graphite belts that play a 

substantial role as a U trap based on unambiguous petrographic relationships in both hand sample 

and in thin section (Figs. 4.7d, e). The basement-rocks at Camie River may be best suited for a 

reducing role in a simple-type unconformity-related U model. Narrow basement alteration zones 

marked by M1 muscovite and tourmaline, and their sharp juxtaposition with unaltered basement 

rocks beneath a possible thin regolithic zone (Chown and Caty, 1983) suggests little basement 

rock interaction with either basement or basinal fluids, and a decreased probability of forming a 

complex-type U deposit. 

  Lastly, unconformity-type U deposit models can now accommodate basins as old as ca. 

2000 Ma, as the Otish Basin demonstrates that atmospheric oxygen contents were high enough at 

this time to allow the evolution of oxidizing basinal brines capable of leaching U from basinal 

sediment. However, diagenetic aquifers in these older basins are more likely to have been 

adversely affected by 2.0 – 1.8 Ga global tectonic events related to craton assembly (e.g. 

Hoffman, 1988), and may have decreased U metallogenic potentials relative to younger basins. 

Investment in older basins should be made with caution, and can be guided by evaluation of 

critical factors for U mineralization through basin analysis.  
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4.13 Conclusions 

 Diagenetic aquifers were thick and largely unconfined in the Indicator Formation near 

Camie River, and conducted basinal brines with a composition and temperatures 

appropriate for leaching and transporting U from basinal sediments. Therefore the Otish 

Basin had the hydrogeological framework and fluid characteristics required to form 

unconformity-related U deposits. However, the association of pore-filling albite cement 

and diagenetic aquitards in the Indicator Formation illustrates the potentially detrimental 

effect that marine influence can have on the paleohydrogeology, and potentially ore-

forming processes in continental sedimentary basins. 

 U mineralization at Camie River, and at least one other location, was triggered by the ca. 

1730 Otish Gabbro intrusion.  

 The preservation of ca. 1720 to 1410 Ma U-Pb and Pb-Pb isotopic and Ar-Ar dates at 

Camie River suggests minimal fluid interaction with uraninite and muscovite occurred 

during Grenville orogenesis, and that diagenetic aquifers were probably indurated and 

unable to conduct fluids by 1200 Ma. Basin-scale fluid flow was probably restricted to 

major, regional-scale faults by this point in basin evolution. 

 Fault zones, fractures, and depositional sequence boundaries are preferential conduits for 

the dispersion of unsupported radiogenic Pb and the trace elements Mo + W + Nb from 

Camie River U mineralization, and can be utilized to explore for additional deposits. 

Away from these zones, including locations proximal to U mineralization, unsupported 

radiogenic Pb in most cases or Mo + W + Nb are not detectable, suggesting little to no 

penetration by post-U mineralization fluids away from preferential fluid-flow zones 

 The portion of the Camie River U prospect examined is most similar to a basement-

hosted, or simple-type unconformity-related U deposit, but is unique in that basement-
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hosted sulfide minerals, rather than graphite or Fe-chlorite, played a major role in 

reducing U. Additionally, alteration is restricted to a narrow zone of muscovite, and lacks 

chlorite and hematite. The unconformity-type U deposit model can be extended to basins 

as old as 2.0 Ga that are underlain by Archean metasedimentary basement rocks. 

However, basins that experienced 2.0 – 1.8 Ga tectonism should be evaluated with 

caution considering the negative effect such events would have on basinal fluid flow.  
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Chapter 5 

GENERAL DISCUSSION 

This research helped improve the understanding of two prospective, but unproven and 

under-explored unconformity-related U prospects. Results of the multi-disciplinary basin analysis 

were not only useful at the deposit-scale for assessing critical factors for U deposit formation, but 

also elucidated the depositional and diagenetic evolution of both basins (Fig. 5.1). The following 

sections discuss the key events during basin evolution that influenced the U-metallogenic 

potential in both the western Thelon and Otish basins. Key events are also summarized in Table 

5.1, where they are also related to similar events in the Athabasca Basin. 

5.1 Basin Formation 

 Formation of both the western Thelon and Otish basins were preceded by a period of 

subaerial weathering that resulted in paleosol formation in the basement rocks (Fig. 5.1). 

Subaerial weathering in the western Thelon area produced hematite, and poorly-crystalline 

kaolinite and illite to maximum depths greater than 50 meters, and occurred around 1750 Ma 

based on 40Ar/39Ar dates of illite and retrograde-metamorphic muscovite in basement rocks. This 

apparent age is corroborated by a secondary-Pb-Pb isochron date of around 1750 Ma for mobile 

Pb in the majority of basement-rock and Thelon-Formation-sandstone samples. Regolith beneath 

the Otish Basin is dominated by muscovite, which penetrates basement rocks to depths of ten 

meters or less. The muscovite is chemically similar to muscovite in the overlying Indicator 

Formation, indicating that it likely replaced original regolith minerals. The timing of subaerial 

weathering prior to the formation of the Otish Basin is poorly constrained, as 40Ar/39Ar dates of 

muscovite in the regolith were reset during subsequent fluid events. 
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Figure 5.1. Burial history curve for the Otish and western Thelon basins. The curve for the eastern Thelon Basin, an assumed surface 
temperature of 15°C, and a geothermal gradient of 35°C/km are from Hiatt et al. (2010). 
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Table 5.1. Summary of key events during evolution of the western Thelon, Otish, and Athabasca basins 
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Based on the sedimentology and sequence stratigraphy of the Thelon Formation, initial 

formation of the western Thelon Basin was influenced by extensional tectonics and possibly 

locally-derived sediment sources. As basement rocks at Boomerang Lake can contain up to one 

percent U-bearing monazite and zircon, local sediment sourcing resulted in the incorporation of 

U-rich sediment into the basin, a positive indication for the Thelon Formation as a viable source 

of U. Deposition of the oldest two sequences, CS-1 and -2, occurred in alluvial fans and braided 

fluvial fans that filled inherited paleotopography with tens of meters of relief. The 

paleotopography favored downstream (easterly paleocurrents) fining and sorting, and the 

preservation of muddy sediments that did not favor the development of diagenetic aquifers. The 

onset of regional subsidence, associated with post-orogenic lithospheric cooling, resulted in a 

major sedimentological shift towards deposition in regional, perennial braid plains in CS-3, 

accompanied by a near-180º shift to southwestward-directed paleocurrents. This sequence 

contains consistently coarse-grained, poorly-sorted sandstones that favored the development of 

diagenetic aquifers. The change in paleocurrent direction may have been accompanied by a 

change in the sediment source area, which in turn may have influenced the development of basin 

paleohydrogeology. 

 Formation of the Otish Basin likely accompanied steady subsidence along the southern 

margin of the Superior Province in a passive margin tectonic setting. This resulted in the 

accumulation of hundreds of meters of consistently coarse-grained, poorly-sorted braided fluvial 

sediments that favored the development of diagenetic aquifers. Migmatitic gneiss and felsic 

plutonic rocks to the north of the Otish Basin were likely sediment sources (Chown and Caty, 

1973; Genest, 1989), and are lithologically similar to source rocks for uraniferous conglomerates 

in the Huronian Supergroup (e.g. Pienaar, 1963; Fralick and Miall, 1989). As such, these source 

rocks are proven in their capacity to provide U-rich sediments, and suggests that the Indicator 

Formation in the Otish Basin constitutes a probable U source. This is specifically reflected by 
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local detrital monazite and zircon contents of up to 10% in the basal several meters of the 

Indicator Formation. 

5.2 Early Diagenesis 

 Early diagenesis of the Thelon Formation and the Indicator Formation during relatively 

shallow sediment burial (<5 km; Fig. 5.1) resulted in compaction of detrital grains and the 

precipitation of cements that filled primary porosity. The various sandstone lithofacies responded 

differently to these processes, which established the paleohydrogeology in both basins. 

 In the western Thelon Basin, the higher proportion of muddy sediments deposited in CS-

2, which overlies the Boomerang Lake U prospect, catalyzed stylolitization upon compaction. 

This process physically closed pores and likely added Si to basinal fluids, promoting quartz 

cementation of intervening, better-sorted sandstones, and decreased the fluid-conducting 

capabilities of CS-2 sandstones that eventually became diagenetic aquicludes. The coarser-

grained, less muddy, and more poorly-sorted sands deposited in CS-3 were affected less by 

compaction, and were not pervasively cemented by quartz, and became diagenetic aquifers. 

Quartz cementation may have occurred at temperatures around 130°C, assuming that early 

diagenetic conditions in the eastern and western Thelon basins were similar (Hiatt et al., 2010; 

Fig. 5.1). Phosphate minerals, particularly fluorapatite, cemented sandstones of the Thelon 

Formation and some basement fractures around 1670 Ma (Davis et al., 2008; Fig. 5.1), and was 

accompanied by minor pyrite. Fluorapatite is U-poor, and together with the close paragenetic 

association with pyrite suggests that early diagenetic fluids in the western Thelon Basin may have 

been relatively reducing and unable to transport much U. 

 The effects of early diagenesis in the Otish Basin are poorly preserved owing to later, 

intense peak diagenesis. However, the Indicator Formation did not experience a great degree of 

compaction based on preserved grain-to-grain relationships that show a moderate degree of 
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mechanical compaction. Additionally, early diagenetic quartz cements are partially to completely 

resorbed in the majority of samples. This indicates that early quartz cementation was not 

pervasive enough to significantly reduce the fluid-conducting capability of the Indicator 

Formation, which promoted the development of diagenetic aquifers. 

5.3 Peak Diagenesis 

 Peak diagenesis of the Thelon Formation and the Indicator Formation during deep 

sediment burial (5 – 7 km; Fig. 5.1) was a critical period in the evolution of both basins, during 

which basinal fluids chemically evolved in advance of U-mineralizing events. 

 In the western Thelon Basin, interaction between Thelon Formation sandstones and 

basinal fluids with high δ18O values at 200 – 250°C probably occurred beginning 100 million 

years after basin formation (Fig. 5.1), and produced kaolinite, followed by muscovite throughout 

the study area and in all depositional sequences. The associated fluids are isotopically similar to 

oxidizing basinal brines in other Paleoproterozoic basins (cf. Kotzer and Kyser, 1995; Polito et 

al., 2004) and were likely able to leach and transport U, unlike the relatively reducing early 

diagenetic basinal fluids associated with phosphate and pyrite cements. The presence of oxidizing 

basinal brines is corroborated by abundant hematitic cements in the redbed sandstones. Basinal 

brines maintained their oxidizing nature due to the lack of widespread reductants, such as sulfides 

or organic-rich strata, in the western Thelon Basin. Additionally, phosphate and F- were probable 

U-complexing agents in Thelon Basin brines, based on the considerable degree of early 

diagenetic fluorapatite dissolution where in contact with peak diagenetic muscovite. 

 Muddier sediments of Composite Sequence (CS)-2 became highly occluded by kaolinite 

and muscovite, and, in combination with the decreased permeability that these strata experienced 

due to early diagenetic compaction, were transformed into diagenetic aquicludes with little fluid-

conducting capability. Diagenetic aquicludes are additionally marked by partial chloritization of 
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muscovite, representing the stagnation of remaining fluids, and can contain Archean-aged 

leachable Pb. Continued interaction between sandstones and basinal fluids produced 

paragenetically later dickite, which is widespread in CS-3 and is considered to mark diagenetic 

aquifers in the western Thelon Basin. Additionally, diagenetic aquifers do not contain Archean-

aged leachable Pb, instead containing ca. 1750-Ma-aged leachable Pb that was likely distributed 

by basinal fluids upon interaction with detritus sourced from basement rocks that experienced ca. 

1750-Ma subaerial weathering. 

 The hydrogeological isolation of CS-2 during peak diagenesis is reflected by the sporadic 

interaction between basinal fluids and underlying basement rocks. Whereas higher kaolinite 

crystallinity indicates that some basement areas interacted with higher temperature basinal brines, 

the preservation of low-crystallinity kaolinite and illite, and pre-Thelon-Basin 40Ar/39Ar dates 

indicate that other areas had minimal interaction with basinal brines, including near the 

unconformity and fault zones that are typically permeable. 

 In the Otish Basin, the Indicator Formation interacted with peak diagenetic basinal fluids 

that had lower δ18O values than those in the western Thelon Basin, but similar to oxidizing 

basinal brines associated with hydrothermal alteration in the Athabasca Basin (Fig. 4.13). The 

higher water/rock ratios, in combination with temperatures around 250°C, suggest that these 

basinal fluids were able to leach and effectively transport U. The transport of U would have been 

facilitated by the addition of phosphate to Otish basinal fluids sourced from the partial dissolution 

of detrital monazite. Additionally, U transport would have been favored by complexing ions such 

as Cl- in the seawater-derived basinal brines having δ2H values approaching seawater. However, 

the apparent association between aquifer-occluding albite cement and seawater-derived Na 

suggests that marine influence in a basin could have a negative effect on basin hydrogeology if 

such cements become pervasive. Because albite cement was not pervasive in the Otish Basin, 
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widespread peak diagenetic muscovite formed in the Indicator Formation, which reflects fluid 

interaction within the extensive diagenetic aquifers that developed. Although the absolute age of 

muscovite formation was not determined, it is likely to have occurred around 100-200 million 

years after basin formation, similar to peak diagenetic timing in the Thelon (Fig. 5.1) and 

Athabasca basins (Alexandre et al., 2009b).  

5.4 U mineralization 

 U mineralization in the western Thelon Basin at Boomerang Lake coincided with a 

hydrothermal alteration event during later stages of peak diagenesis, and may have also coincided 

with U mineralization in the eastern Thelon Basin (Fig. 5.1). U mineralization was probably 

triggered by re-activation of a basement-rooted fault zone at the prospect. Faulting breached the 

unconformity and resulted in the injection of basement-hosted, evolved basinal brines with 

temperatures around 200°C into Thelon Formation sandstones, which produced sudoite and S2 

minerals (Co+Ni+As phases; Table 2.1) in both basement rocks and sandstones. Evolved basinal 

brines originated through the peak diagenetic interaction of basinal brines with graphitic sulfide-

bearing, reducing basement rocks, recorded in δ18O and δ13C values of basement-hosted dolomite 

and siderite. Evolved basinal brines may have been relatively reducing due to basement-rock 

interaction, but were apparently less reducing than early diagenetic pyrite, which was instead the 

reductant of U+6 being supplied by oxidizing basinal brines. The high δ18O value of evolved 

basinal brines is similar to that of basinal brines, and reflects the fluid-poor conditions in CS-2. 

Low water/rock ratios during hydrothermal alteration prevented the transport of enough U by 

basinal brines to produce economic U mineralization. Insufficiently reducing evolved basinal 

brines also likely contributed to the inhibition of the U mineralizing process at the Boomerang 

Lake prospect. 
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 U mineralization in the Otish Basin, including the Camie River prospect, was triggered 

by intrusion of the Otish Gabbro at ca. 1730 Ma (Fig. 5.1), based on the 1721 ± 20 Ma 207Pb/206Pb 

date of Camie River uraninite by LA-ICPMS, and a similar date for the distant Lorenz Gully U 

showing in the Otish Basin. This tectonothermal event initiated the flow of oxidizing, U-bearing 

basinal brines in diagenetic aquifers, and was likely accompanied by faulting and fracturing. 

Uraninite formed when basinal brines penetrated the unconformity along a re-activated, 

basement-rooted fault zone and became reduced by massive-sulfide-hosted pyrite and galena in 

the basement rocks. Although sulfides are not significant U traps with respect to unconformity-

related deposits, their association with high-grade U mineralization at Camie River suggests that 

sulfide reductants should be considered in exploration models.  

 Coarse-grained chlorite and tourmaline growth, and muscovite neomorphism and 

phengitization at temperatures around 300°C may have resulted from the interaction of basinal 

brines with the Otish Gabbro following U mineralization. The fault-, fracture-, and sequence 

boundary-preferred distribution of chlorite and tourmaline suggests that diagenetic aquifers in the 

Otish Basin may have experienced a reduction in capacity to conduct basinal fluids following 

Otish Gabbro intrusion.  

5.5 Late Events 

 Late, post-U-mineralization fluid events in the western Thelon and Otish basins were 

revealed through 40Ar/39Ar geochronology, petrology. Additionally, the weak acid leach method 

of Holk et al. (2003) was used to detect the dispersal of radiogenic Pb and other elements from 

the Boomerang Lake and Camie River prospects and from U-bearing accessory and detrital 

minerals. 

 The 40Ar/39Ar dates of muscovite in diagenetic aquifers of the Thelon Formation indicate 

that fluid-flow pathways were open until ca. 1300 Ma (Fig. 5.1). This may have been at least 270 
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million years following peak diagenesis, considering the ca. 1670-Ma date of early diagenesis, 

and the fact that peak diagenesis is thought to occur 75 – 100 million years following basin 

formation. The prolonged diagenesis that affected the western Thelon Basin is a feature that is 

shared with the Athabasca and Kombolgie basins, and favors the formation of unconformity-

related U deposits in the western Thelon Basin.  

 The long-lived diagenetic aquifers facilitated the dispersion of radiogenic Pb in the 

Thelon Formation, nearly all of which is supported by leachable U contents, and was probably 

sourced from U-bearing accessory and detrital zircon and monazite and not a nearby U deposit, 

based on U and Pb isotope ratios, and high (Zr + Th)/U ratios of leachates. Only modestly to 

weakly radiogenic Pb was leached from samples near the discovery zone, suggesting that the 

observed U-phosphate mineralization has not been remobilized from a larger, nearby U deposit. 

  The Otish Basin was significantly affected by two late fluid events. The first probably 

coincided with a period of 1.5 – 1.4 –Ga anorogenic magmatism that was widespread across 

Laurentia (e.g. Van Schmus et al., 1975), based on the ca. 1400 Ma, 40Ar/39Ar date of muscovite 

in fractured sandstone near the Camie River prospect (Fig. 5.1). The event may have triggered 

fluid flow in faults and fractures in the Indicator Formation, and resulted in minor U 

remobilization, molybdenite, and carbonate at Camie River. The second event corresponded to 

the ca. 1.1 – 1.0-Ga Grenville orogeny, which produced reverse and strike-slip faulting at the 

southern Otish Basin margin, and sub-greenschist-grade metamorphism. The latter is indicated by 

the influence of isotopically-distinct, metamorphic fluids having higher δ18O values than peak 

diagenetic basinal brines. Whereas isotopic ages at prospects such as Indicator Lake, which is 

hosted in a regional fault zone, were reset during the Grenville orogeny, water/rock ratios were 

low at Camie River such that neither the U-Pb isotopic ratios of uraninite, nor the Ar isotopic 
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ratios of muscovite were affected. Therefore, it is likely that fluid flow in the Otish Basin was 

restricted to major, regional-scale fault zones at the time of Grenville orogenesis. 

 Late lower temperature phyllosilicates in fault-zones at Camie River possibly record the 

uplift of the Otish Basin following Grenville orogenesis (Fig. 5.1), and the influence of low-

temperature meteoric waters. In fact, the influence of probable modern meteoric waters, having 

low δ2H values, on fracture- and fault-hosted muscovite and chlorite suggest that these 

preferrential fluid-flow pathways persist to the present day. Unsupported radiogenic Pb and Mo + 

Nb + W were also dispersed from the Camie River prospect along faults, fractures, and sequence 

boundaries, which could be sampled to guide exploration for additional Camie River-style 

deposits in the Otish Basin.  
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Chapter 6 

CONCLUSIONS 

6.1 Significant Contributions 

 The application of sequence stratigraphy, which is typically used to correlate marine to 

nearshore strata, to terrestrial successions dominated by fluvial deposition was 

demonstrated in both the Otish and western Thelon Basins. With the aid of detailed facies 

analysis and closely-spaced drill cores in the Thelon Basin, a hierarchy of bounding 

surfaces was recognized, which distinguished composite sequences, high-frequency 

sequences, and systems tracts. Low-accommodation and high-accommodation systems 

tracts substituted for traditional systems tracts that are linked to changes in eustatic sea 

level, proxies for which were not observed in the Thelon Formation. Facies homogeneity 

in the Indicator Formation (Otish Basin), combined with fewer drill cores available for 

study, resulted in a more coarse hierarchy in which systems tracts were not discerned. 

 

 Sequence-stratigraphic-aided correlation in the Indicator and Thelon formations detailed 

the depositional and tectonic histories of the Otish and western Thelon basin margins, 

respectively, which were only previously understood from regional perspectives. In the 

Otish Basin, several depositional sequences within the Indicator Formation, each 

hundreds of meters thick, mark a subsiding continental passive margin that was 

punctuated by several tectonic or eustatic events affecting sediment accommodation 

along a broad braid plain. Regional subsidence in the Thelon Basin, previously thought to 

have dominated deposition of the Thelon Formation in regional braid plains, was in fact 

preceded by a period of extensional tectonism associated with several tens of meters of 
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paleotopographic relief and basin-rimming braided fluvial fans. This depositional 

environment promoted downstream fining and preservation of muddy sediments, in 

contrast to the coarser-grained, mud-poor sediments deposited in regional braid plains. 

 

 This research provided the first assessment of paleohydrogeology in the Otish and 

western Thelon Basins through mineral paragenesis and sequence stratigraphy. The 

Indicator Formation near the Camie River U prospect hosts thick diagenetic aquifers that 

developed in conglomerate and sandstone, and are marked by pervasive muscovite in 

secondary porosity. However, increasingly mud-rich sandstones that thicken away from 

Camie River to the northeast might partition diagenetic aquifers. The Thelon Formation 

hosts thick, dickite-bearing diagenetic aquifers associated with coarse braid plain 

sandstones near paleotopographic highs. Diagenetic aquifers, however, do not overlie the 

Boomerang Lake U prospect, where instead diagenetic aquicludes associated with 

braided fluvial fans and paleotopographic lows overlie the unconformity, and are marked 

by kaolinite and muscovite. 

 

 It was determined that both the Otish and western Thelon basins had multi-stage fluid 

histories that spanned hundreds of millions of years in diagenetic aquifers. During this 

interval, Otish and Thelon basinal fluids that were isotopically similar to oxidizing 

basinal brines originated through prolonged diagenetic fluid/rock interaction at 

temperatures up to 250°C, and were capable of leaching and transporting U. However, 

these processes probably occurred at lower water/rock (W/R) ratios in the western Thelon 

Basin, based on higher δ18O values of basinal brines relative to those in both the Otish 

and Athabasca basins that both hosted fluids with lower δ18O values at higher W/R ratios. 

The formation of large unconformity-related U deposits would not have been favored in 
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the western Thelon Basin if low W/R were widespread, but would have been favored in 

the Otish Basin based on similar W/R ratios to those in the Athabasca Basin. Late 

hydrothermal, metamorphic, and meteoric fluid events occurred in the Otish Basin, but 

only affected faults, fractures, and depositional sequence boundaries after diagenetic 

aquifers were closed to basinal fluid flow.  

 

 Uranium mineralization at the Boomerang Lake prospect consists of tristramite, a rare U-

phosphate mineral that was misidentified as uraninite in a previous study, and is not a U 

ore mineral in unconformity-related deposits. Additionally, early diagenetic pyrite in the 

Thelon Formation was the reductant of U in oxidizing basinal brines, which is an atypical 

trapping mechanism for U in unconformity-related deposits. High δ18O values of 

hydrothermal fluids at Boomerang Lake suggest that U mineralization occurred at low 

W/R ratios, which was a direct consequence of the poor fluid-conducting capability of 

overlying diagenetic aquicludes in the Thelon Formation, and resulted in the uneconomic 

U-phosphate mineralization. 

 

 High-grade unconformity-related U mineralization at the Camie River prospect, 

consisting of uraninite and minor brannerite, occurred at 1721 ±20 Ma based on in situ U-

Pb isotopic analysis. Uraninite in at least one other deposit in the Otish Basin was formed 

at a similar time, which also coincides with intrusions of the Otish Gabbro between 1750 

and 1730 Ma. This event triggered U mineralization throughout the Otish Basin by 

promoting basinal fluid flow and breaching the basal unconformity through faulting. 

Massive sulfides in an Archean greenstone belt played a significant role as reductants for 

basement-hosted U mineralization at Camie River, which is not typical for unconformity-

related U deposits. However, their association with high-grade U mineralization at Camie 
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River suggests that massive sulfides should be considered a viable U trap in 

unconformity-related models. 

 

 The discovery zone at Boomerang Lake is marked by only modestly radiogenic Pb that is 

supported by leachable U, based on very high 238U/206Pb ratios, suggesting that tristramite 

was not remobilized from an undiscovered, larger U deposit nearby. Radiogenic Pb 

outside the discovery zone is nearly all supported by leachable U and was likely produced 

in situ from altered, accessory and detrital zircon and monazite, and not a nearby uranium 

deposit based on a trend of increasing (Zr+Th)/U ratios with increasingly radiogenic Pb. 

Unsupported radiogenic Pb and the trace elements Mo + W + Nb, which are 

characteristic of Camie River U mineralization, have preferentially dispersed from the 

mineralization along fault zones, fractures, and depositional sequence boundaries, and are 

largely absent in the intervening sandstones even proximal to the deposit. This study 

demonstrated the applicability of the weak acid leach method of Holk et al. (2003) in the 

Otish Basin, which is older and lithologically-distinct from the Athabasca, Thelon, and 

Kombolgie basins in which the method was developed. 

6.2 Exploration Considerations 

 At Boomerang Lake, intersections of thick diagenetic aquifers in CS-3 with structurally 

reactivated basement rocks on the G-trend represent a much more desirable exploration 

target than the discovery zone and F-trend extension, which are associated with 

widespread diagenetic aquicludes in sequence CS-2. Although the G-trend basement 

lithologies are unproven regarding their potential to host unconformity-related U 

deposits, the substantial thickness of CS-3 diagenetic aquifers warrant further exploration 

along this trend. 
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 Regional diagenetic aquifers and prolonged diagenesis in the Otish Basin, in combination 

with a basin-wide intrusive triggering event, suggests that unconformity-related U 

mineralization may have occurred at other locations in the basin. The prospectivity of the 

Camie River area, and additional areas in the western Otish Basin and neighboring 

Papaskwasati Embayment that are underlain by greenstone belts, depends on the presence 

and continuity of the massive sulfide belts that play a substantial role as a U trap. 

 

 The weak acid leach method was successful in detecting unsupported radiogenic Pb and 

pathfinder elements sourced from known mineralization at Camie River, but would only 

aid in the discovery of a blind deposit in combination with sampling focused on fractures, 

fault zones, and depositional sequence boundaries, and structural mapping through the 

use of oriented drill core.  

6.3 Future Work 

 There is a great opportunity to improve the understanding of the geological evolution of 

the western Churchill Province through petrology and geochronology. The following are some 

examples: 

• All the basement-rock units observed at Boomerang Lake are only speculatively 

correlated with lithologies of known age, and are not discussed in detail in any published 

literature. Determining the spatial and temporal relationships between greenschist-grade 

metasedimentary basement rocks on the G-trend and amphibolite-grade, graphite-bearing 

metapelitic basement rocks on the F-trend would particularly advance the understanding 

the early Paleoproterozoic evolution of the area (cf. Rainbird, 2010). Additionally, 

clarifying structural relationships between presumably Archean-aged gneissic granitoids 
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and greenschist-grade metasedimentary basement rocks on the G-trend (this structure is 

coincident with the G-trend electromagnetic conductor) would aid in the assessment of 

potential for post-Thelon Basin fault re-activation, which is an important consideration 

for the formation of unconformity-related U deposits.  

 

• The depositional age of the western Thelon Basin could be further constrained, and the 

determination of sediment provenance could be aided through detrital zircon 

geochronology of the Thelon Formation. The results would build upon similar work that 

has been performed on the Barrensland Group in the eastern Thelon Basin (e.g. Palmer et 

al., 2004; Rainbird and Davis, 2007), and in the Athabasca Basin and contribute to the 

understanding of late Paleoproterozoic basin formation in the western Churchill Province. 

Additionally, the age of P2 tristramite remains unknown. In this study, U-Pb isotopic 

analysis by LA-ICP-MS indicated a high proportion of common Pb, reflected by 

207Pb/206Pb ages around 2500 Ma that are older than the Thelon Basin, and therefore 

cannot represent the age of U mineralization. 

 

 Regarding the Otish Basin, there is substantial uncertainty concerning the age of the basin 

due to the poorly-constrained ages of mafic dikes that provide cross-cutting relationships. The 

ages for emplacement of both the Mistassini dikes (2200 – 2000 Ma, providing a maximum basin 

age) and the Otish Gabbro (1750 – 1730 Ma, providing a minimum basin age) used in this 

research have been contested in unpublished abstracts that report older dates of 2500 Ma and ca. 

2169 Ma, respectively, and speculate correlation of the Otish Basin with the 2.4 – 2.2-Ga 

Huronian Supergroup. The older ages are difficult to reconcile, as it is unlikely that the low 

oxygen contents during Huronian deposition and diagenesis could have produced oxidizing, U-
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transporting basinal brines like those that participated in the formation of unconformity-related U 

mineralization in the Otish Basin. Additionally, a ca. 1730 Ma aged unconformity-related U 

deposit is unlikely in a Huronian age-equivalent basin, as these deposits typically form 150 to 200 

My after basin formation when diagenetic aquifers are still open. A Huronian-aged Otish Basin 

would have likely been closed to permeability-related fluid-flow 5 to 7 My after basin formation 

at 1730 Ma, and would have unlikely been able to produce the high grades of U mineralization 

observed at Camie River. However, a concentrated effort should be made to elucidate the ages of 

these diabase dikes. In this study, approximately 40 kilograms of Otish Gabbro sampled from an 

outcrop east of the Camie River prospect was processed for baddeleyite at the University of 

Alberta, but yielded only several anhedral zircons and no baddeleyite. Additionally, the 

depositional age of the Indicator Formation could be bracketed by obtaining the dates of detrital 

zircon and monazite grains that are especially common in basal units, and the phosphates (such as 

xenotime) that can form overgrowths on the grains.  

 There is an opportunity to improve the understanding of early to peak diagenesis in both 

basins through fluid-inclusion microthermometry. Prospective mineral phases include quartz 

overgrowths, quartz cement (Q2), and carbonate minerals in both basins, and fluorapatite in the 

western Thelon Basin. Greater insight into basinal fluid evolution could also be gained using 

isotopes of S, Mo, and U. The latter two isotope systems have relatively recently been employed 

to geology, and will become increasingly applicable with advances in analytical capability. 
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Appendix A 

U-Pb Isotopic Ratios for 2% HNO3 Leachates from Boomerang Lake 

n.a. = not analyzed; * mark isotope ratios not calculated because either or both isotopes were 
below detection limit; LITH. = lithology; pgn = biotite±graphite paragneiss; qms = 
quartz+muscovite schist; ggn = gneissic granitoid; ss = Thelon Formation sandstone; G Ext. = G-
Trend extension; O.C. = outcrop 
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Appendix B 

Elemental Concentrations of 2% HNO3 Leachates from Boomerang Lake 

n.a. = not analyzed; DL = below analytical detection limit; LITH. = lithology; pgn = biotite±graphite paragneiss; qms = quartz+muscovite schist; 
ggn = gneissic granitoid; ss = Thelon Formation sandstone; G Ext. = G-Trend extension; O.C. = outcrop 
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Appendix C 

Measured Section of Drill Hole OTS07-001 
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Appendix D 

Measured Section of Drill Hole OTS07-002 
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Appendix E 

Measured Section of Drill Hole OTS07-003 
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Appendix F 

Measured Section of Drill Hole OTS07-004 

 



 

  228

Appendix G 

Measured Section of Drill Hole EC08-003 
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Appendix H 

Electron Microprobe Operating Conditions 

 
 

 

 


