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Abstract

Uranium deposits associated witlPaleoproterozoic successor basinswere
investigatedusingstructural, petrographicgeochronologicahnd geochemicaklationships
to understand the charactmd timing of or€forming fluids andthe structural control on
uranium mineralization. The work focused on twosuccessombasins that share similar
geological characteristics: thiartin Lake Basin in he Beaverlodge area in Canadad

the El SheranBasin inthe South Alligator Rer area in Australia

The Beaverlodge areeecordssix temporally distinct stages of U mineralization
spatially associated with the Martin Lake successor b&sily minor stages are hosted in
cataclasite and veins at ca. 2.29 Ga and in albitized gremthe Gunnar deposit between
ca. 2.3 Ga and 1.9 Ga, which predates main stage of U mineralizatiah hydrothermal
breccias that formed at ca. 1.85 Ga. Later stafjgsneralizationare related to minor veins
at ca. 1.82 Ga linked to alkaline matlikes associated with the Martin Lake Basin and to
minor veins at ca. 1.62 Ga corresponding to the timing of unconfotypgy U
mineralization in theoverlying Athabasca BasinThe main brecciype U mineralizing
event that affected all deposits in theaderlodge area formed at ca. 1.8%a from
metamorphic fluids at ca. 33D linked to metasomatisifuring regional metamorphism of
the TransHudson Orogen. The offerming fluids were likely derived from metamorphic
remobilization of preexisting Urich bagmentrocks and ascended upward along deep

fracture systems that resulted from brittle reactivatbearly ductile shear zones.

The main event oU mineralizationin the South Alligator River areformed at ca.

1.82 Ma, subsequent to deposition of theSBerana Groupt 1.841.83Ma. The formation



of these deposits is related to fluids derived from diagenetic processes in sandstone of the
El Sherana GroupMineralization formed when a 2%D, low latitude, oxidizing, kbearing

basinal brine from diagenetaquifers in the Coronation sandstodescended downward

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

Sherand&Palette fault system

Uranium depositsassociated with successor basinsthe Beaverlodge and South
Alligator River area are older than those in theidh Athabasca and Kombolgie basins.
Rocks that host these deposits have been folaed, thenexhumedduring subsequent
tectonic events. These older U deposits can be considered as a potential sowetrédior d
uraninite that fed sediments of the Athabasca and Kombolgie basins and therefore
contributed to the inventory of uranium that formed unconformatgted U mineralization
in the younger basin3.herefore the occurrence of older U mineralizatiorsasiated with
successor basins can be consideregosgive criterion for exploration ofunconformity

relatedU mineralizationin younger Paleoproterozoic basins.
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CHAPTER 1

INTRODUCTION

The Athabasca Basin in Canada and the Kombolgie Basin in Australitatare
Paleoproterozoidasins that host wordlass unconformitgype uranium deposits that
contribute to up to 35% of the global uraniumrket (e.g. Dahlkamp, 1993; Ghandi,
2007). These deposits are spatially associated with an older uranium mineralizing system
that occurs in Paleoproterozoic successor basins; the Martin Lake Basin in the Beaverlodge
area, Northern Saskatchewan, Canada, taedEl Sherana Basin in the South Alligator
River area, Northern Territories, Australia. These successor basins formed synchronous or
after major orogenic events (examples of such orogens are theHudssn Orogen in
Canada and the Tdpnd Orogen in Ausalia; Needham, 1985; Hoffman, 1989) and
therefore may be associated with local rifting and volcanism (Needham, 1985; Hartlaub et

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

Unconformitytype uranium deposits associated with the younger Athabasca and
Kombolgie bams have been intensively studied (e.g. Hoeve and Sibbald, 1978; Wilson and
Kyser 1987;Kotzer and Kyser, 199%8weet et al., 1999; Kyser et al., 200Wlito et al,

2004; Alexandre et al. 200TCuney and Kyser, 2008Although deposits associated with
swccessor basins in the Beaverlodge and South Alligator River areas were extensively
explored in thel950s only limited researchon their genesi$ias beenpublished(e.g.
Robinson, 1955; Koeppel, 1968; Beck, 1969; Sassano et al., 1972; Tremblay, 1972; Hoeve

1981; Johnston, 1984; Needham, 1985; Sibbalt, 1985; Rees, 1992). Therefore, the key



processes by which these deposits formed remain a contentious issue. Their timing and
genetic relationships witthe unconformitytype deposits in the youngerrich Athabasca

and Kombolgie basins, and the successor basins themseairgesinconclusive An
understanding of thetructural and geological setting, timing, origin, and nature of the
fluids that formed themand altered themand their relationship with the younger
unconformitytype uranium deposits are necessary to establistora definitivegenetic

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

strategy in successand associatelasins in general.

This thesis reflectsesults of a study on the fluid evolution and structural control on
uranium deposits in the Martin Lake Basin in the Beaverlodge area, Northern
Saskatchewan, Canada, and the El Sherana Basin in the South Alligator River area,
Northern Territories, Austra, using modern geochemical techniques integrated with
detailed structuranalysis Results are compared to existing models for uranium deposits

in the younger Athabasca and Kombolgie basins.
1.1 Geological setting of the Beaverlodge area
1.1.1 Regional geologichand structural setting

The Beaverlodge area $iein the southwesterrRae province of the Churchill
province, which is located in the northwest section of the North American shield (Fig. 1.1).
The Churchill province is subdivided into the Rae and Heaongadhs separated by the ca.
1.91-1.90 Ga Snowbird Tectonic Zone (Hoffman, 1990; Hanmer et al., 1995) and bordered
to the northwest by the ca. 1:992 Ga TaltsoiThelon Orogen (Thériault, 1992; McNicoll

et al., 2000) and to the southeast by the calB%a TransHudson Orogen (Ansdell and



Yang, 1995). Th Beaverlodge area compris&gheanto late Paleoproterozoimcks that

can be broadly divided into four packages:
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Figure 1.1. Generalized geologidamap of the Western Churchill province, Canadashowing
the location of the Beaverlodge area (modified from Davidson and Gandhi, 1989).

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

(2) Variably deformed and metamorphosed Neoarchean to Paleoproterozoic (ca. 2.33 Ga
to 2.1 Ga) Mumac Bay Groupocks (Hartlaub and Ashton, 1998; Hartlaub et al.,
2004a; Knox et al., 2007, 2008) thatconformablyoverlie the basement rockhis
Groupcontains quartzite, dolostone, psammite, iron formations, mafic rocks, and pelite
(Hartlaub and Ashto, 1998; Ashton et al., 2000). Deposition of the Murmac Bay
Group was synchronous with intrusion of the ca. 2.33 Ga to 2.29 Ga North Shore
Pluton suite (Ashton and Hunter, 2003) including the 2321+3 Ma Gunnar granite
(Hartlaub et al., 2004a), which hostsnajor U depositAhston et al., 2010; Dieng et
al., 2011).

(3) Paleoproterozoic ca. 1820 Ma siliciclastic st sedimentary rocks and associated
alkaline volcanic rocks of the Martin Lake Basin (Langford, 1981; Mazimhaka and
Hendry, 1983; Hendry, 1985; Mali et al., 2009), which uncdarmably overly the
granitic basement and Murmac Bay Group rocks;

(4) late Paleoproterozoica. 17501720 Ma sedimentary rocks of the Athabasca Group
(Sibbald, 1983; Kyser et al., 2000; Rainbird et 2007) that unconformably evly
Martin Lake Basin rocks.

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

at least four major Paleoproterozoic thermotectonic events:



(1) the ca. 2.£.3 Ga Arrowsmith Orogen (Berman et al., 2005; Hartlaub et al., 2007,
Ashtan and Hartlaub, 2008)nterpreted as an extensior@bgen associated with the
deposition of the Murmac Bagroup and the intrusion of the North Shore Plutons

(2) the ca. 1.991.93 Ga ThelofTaltson Orogen (McDonough et al., 2000; McNicoll et al.,
2000) prodiced NNE-directed recumbent fold{Di,) accompanied by ductile
transposition and superseded by upright NiWéhding folds (/F3) (Bethune et al.,
2010). The deformation attained granufieies metamorphic conditions by ca. 1.93
Ga (Ashton et al.,, 20062007). The Thluicho Lake Group (Hunter, 2007), a
greenschistacies conglomeratarkoseargillite succession basin located west of the
Beaverlodge area, was deposited between ca. 1.92 Ga and 1.82 Ga (Ashton et al.,
2009%) during the pospeak TaltsofThelon Orogen.

(3) the ca. 1.911.90 Ga Snowbird Tectonic Zone (Baldwin et al., 2003; Bethune et al.,
2008; Ashton et al., 2009a) refolded; Bo Ds; structures forming NErending,
predominantly SWplunging K folds (Ashton et al., 2007).

(4) the ca. 1.91.8 Ga eastvest compressional regime of the Trafsdson Orogen formed
gentle, opemorthtrending folds (E) that are transected by a set northéastding

brittle fracturegAshton et al., 20062009b).
1.1.2 Uranium mineralization

The Beaverlodge area hosts numerous podies that are spatially associated with
the Martin Lake Basin (Fig. 1.1). These deposits were actively mined between 1953 and
1963. Ore grades were in the range of 0.13% 0.25% U but in places, up to 0.4% U

(Robinson, 1955)About 28500 tU3;Og was nmined (Table 1.1; Sibbald and Quirt, 1987),



which is the equivalent of the Millennium deposit (Roy et al., 2005) in the Athabasca

Basin. The Acd~ay and Gunnar deposits produced up to 80% of the total U ore (Table

1.1).
Deposits Production (t U308)
Eldoradb-Ace-Fay 19,232
Gunnar 6,892
Eldorado VernaBolger 763
EldoradeHab 436
Rix Smitty 295
Eldorado- Dubyna 251
Cinch Lake 197
Cayzor Athabasca 163
Lorado 89
Eldorado Eagle 77
Rix Leonard 41
Nicholson 41
National Exploration 30
Nesbitt Labine 23
Eldorado Fishhook 15
Eldorado Martin Lake 11
Uranium Ridge 10
Total Production 28546

Table 1.1. Uranium production of the Beaverlodge areéafter Sibbald and Quirt, 1987)

The uranium deposits were generally subdivided into pegrigtiteand veirtype
deposits (Beckl1969; Robinson, 1955; Tremblay, 1972). The latter are further divided into
a small group of complex mineralogy and a larger gmiugimple mineralogy (Tremblay,
1972; Hoeve, 1978; Kotzer et al., 1995). Deposits of simple mineraloggist of
pitchblende with lesser amount pfrite, chalcopyrite, galenanslanite and minor amount
of bornite, covellite, chalcocite, digenite, and native copper (Robinson, 1955). Deposits of
complex mineralogy consist of pitchblende with colmatkel asenides and sulfides,

cobaltnickel lead selenides, and native platinum, gold, silver and copper in addition to



minerals found in deposits of simple mineralogy (Robinson, 1955). The ore is associated
with high Si, Al, Fe, @, Na, Cu, Pb and V (Beck969)and theore mineralogy is similar

to the complextype unconformityrelatedU deposits in the Athabasca Basin (Hoeve et al.,
1978; Fayek et al.,, 1997). The common gangue minerals in order of abundance are

hematite, calcite, chlorite, quartz, feldspadfluorite (Robinson1955)

Hoeve et al. (1978) proposed two different periods of metallogenesis based on a
correlation between deposit typand their timing. They argue that deposits of simple
mineralogy formed at 1780 Ma (Koeppel, 1968) and are assoeidtetNa-metasomatism
during the peak TraAdudson Orogen, whereas those of complex mineralogy formed at ca.
15001400 Ma and may be equated to the unconfortyipe deposit of diagenetic origin in

the Athabasca Basin (Peiris et al., 1988; Kotzer et@0,11993, 1995; Rees, 1992).
1.2. Geological setting of the South Alligator Mineral Field area
1.2.1Regional geological and structural setting

The South AlligatoRiver areas located in the South Alligator Valley, in Northern
Territories, Australia (Fig. 2.1). lcomprises rocksaged from Neoarchean tdate

Paleoproterozojonhich are divided into four main sequences:

(1) Neoarchean ca. 2.5 Ga basement grarotks (Needham and Stu&mith, 198%;

(2) Paleoproterozoic (ca. 2.2 Ga to 1.87 Ga) metasedimentary andofoataw rocks of
the Pine Creek Orogen sequeniceonformablyoverlying basement rocks (Page et al.,
1980; Needham et al., 1987). In the South Allig&Rorer areathe upper part of the

South Alligator Group, the Koolpin Formation is a succession ofliatited siltstone,



ddostone and carbonaceous shdlally et al., 2006) that host most of the uranium

mineraliation (Valenta, 1989, 199Wyborn et al., 1991Mernagh et al., 1994 ally
and Bajwah, 2006
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Figure 1.2. Generalized regional geology of thePine Creek Inlier, showing uranium fields,
deposits and prospects (odified from Needham et al., 1988

(3) Paleoproterozoic (ca. 1829 Ma to 1822 Ma) silisiclastic red beds and associated felsic
and mafic volcanic rocks of the El Sherdbdith River Groupunconformablyoverlie
Pine Creek Orogen sedimentary roCkagodzinski, 199Xruseet al.,1994; and

(4) Late Paleoproterozoica. 1822 Ma to 1720 Majplcanic andsedimentary rocks of the
Kombolgie Basin (Sweet et al., 199@hconformablyoverlying older raks andare

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

Johnston (1984) and Valenta (1990) described three deformation phaseSautine
Alligator River areawhich are related to thea.1.87-1.78 Ga Top End Oroge(Needham
and DeRss, 1990) D; deformationoccurred during thea. 1.871.96 Ga Barramundi
Orogen (Page and Williams, 1988hd produced isoclinal folding and bedduparallel
cleavage, related to major lemnglereversdaulting, particularly at the base of the Koolpin
Formation (Johnston, 1984).,Doccurred during the 1.86.84 Ga Nimbuwah even
(Ferguson and Needham, 1978; Lally and Word&®04 and formed regionabcale,
northwest trending, upright, tight to isoclinal folds and a penetratieg-plane cleavage.
This event is associated witfreenschist grade metamorphism in 8waith Alligator River
area.PostNimbuwah D3 deformationis characterized by open, upright northeasnhding

foldsand affected th&l Sherandasinrocks (Valental991).
1.2.2Uranium mineralization

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

Rivers Uranium Fieldthe SouthAlligator Rivers Uranium Fieldand the Rum Jungle



Mineral Field (Figure 1.2). Many deposits in these areas are classified as undyafgpe

(Lally et al., 2006)In the SouthAlligator Riversarea,U deposits lie within a northwest
trending structural belt of Paleoproterozoic metasedimentary and metavolcanic rocks
(Walpole et al1968; Crick et al1980; Needham et .al988; Valental991;Wyborn et al
1990a). Thirteen deposits(Table 1.2)and fifteen prospects were discovered by 1953
(McKay and Miezitis, 2001). Between 1956 and 1964, a total of 875 t©f fiom 146

500 t of ore was produceddble 1.2 Fishetr 1968). The bulk of th production was from

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

Deposits Ore tonnage Grade tU30g Au and PGE
Coronation Hill (production and reserve) 0.363 Mt 0.52 1869 19.6t Au, 0.8t Pt, 2.1t Pc
El Sherana (production) 41100t 0.55 226 Minor Au
El Sherana West (production) 21658t 0.82 185 Minor Au
Rockhole (production) 13155t 111 152 Minor Au
Palette (production) 4850t 2.46 124

Saddle Ridge (production) 30341t 0.24 78

Scinto 5 (production) 5800t 0.37 22

Scinto6 (production) 1760t 0.16 3

Koolpin Creek (production) 530t 0.13 3

Skull (production) 630t 0.55 3

Sleisbeck (production) 0.34 3

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

Most of the depositdie on or nearthe El Sheraridalette fault (Fig. 2), a
northweststriking dextral strikeslip fault system (Valenta, 1990and were formed in
dilatational zones at fault bends or intersections (Valenta, 1991). The deposits occur in
greenschist facies host rocks aan@ surrounded by alteration zones that may extend for
over 1 km (Mernagh et al., 1994). The mineralization is essentially uraninite associated
with precious metals occurring as wype lodes in faults or shearand occurs at the

unconformity betweersadiments ofthe El Sherana Group and the underlying cherty
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ferruginous siltstone of the KoolpiFormation (Ayres et al., 1975)heU mineralization is
accompanied by minor amount of galena, chalcopyrite, pyrite, native gold, and clausthatite
(Ayres et al., 1975). The syrore alteration is characterized by muscocitdorite

thematitekaolinitetbiotite (Wyborn 1992; Mernagh and Wyborn, 1994).
1.3. Uranium mineralized systems in the Athabasca and Kombolgie basins

Uranium deposits in the Athabasca and Kombolg&rsaare major sours®f high
grade U ordMcGill et al., 1993; Bruneton, 1987These deposits consist massive pods,
veins anddisseminations of uraninite spatially associated with unconformities between
basement Paleoproterozoic metasedimentary amtieAn to Paleoproterozoic granitoid
rocks and overlying relatively fldying, late Paleoproterozoisiliciclastic fluvial redbed
strata(Hoeve and Sibbald, 1978loeve and Quirt, 1984; Wallis et al., 1986; Sibbaihdi

Quirt, 1987.

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

1.3) or in the overlying siliciclastic strata and paleeathered basement rocks (egress type,
Fig. 1.3) at the unconformity (Hoeve et al., 1984; Sibbald, 1985; FayeKyser, 1997).

The oe-forming fluids originateeither from the overlying sandstone (e.g. Kotzer et al.,
1995; Polito et al., 200%Cuney and Kyser, 200&r the underlying basement (e@uney

et al., 2005 These deposits are associated with alteration zones around thelizatien
(Hoeve et al., 1984; Quirt, 2003). In baserdAeosted deposits, illitization is predominant in
the distal alteration zone from the U mineralization, and chloritization istyjhieal

alteration in the proximal zone (e.g. Wilde, 1989; 1992; Ko&teaal., 1995; Polito et al.,

11



2005).U mineralization is controlled by structures that have been reactivated, which are

favorablesitesfor fluid circulation (Schultz, 1991; Tourigny, 2002).
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Figure 1.3. Genetic model for unconformitytype U deposit(modified from Cuneyand
Kyser, 2008.

Unconformitytype U deposits in the Athabasca and Kombolgie basins formed at ca.
1600 Ma and 1675 Ma, respectivelyAlexandre et al., 20Q6Polito et al., 201R
Temperaturesvere 200°C and involved the interaction of iobizing, saline basinal fluids
carrying U* with either reducing basementck types(basemenhosted, Fig. 1.3) or
reducing fluids from the basement (sedimkosted, Fig. 1.3), thereby precipitating*lat
the unconformity (e.g. Hoeve and Quirt, 1984;t#@ and Kyser, 1995Cuneyet al.,
2005. Unconformitytype U deposits in the Athabasca and Kombolgie bakmnge

produced up to 35% of the world U productigag. Ruzicka, 1996; Ghandi, 20Q7)
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compared to themall percentage produced in successor badable 1.3)Sibbald and

Quirt, 1987.
ore (Kt) % U Tonnes U
Olympic Dam (Australia) 2877610 0.03 863283
Athabasca Basin (Canada) 28810 1.922 553778
Kombolgie Basin (Australia) 87815 0.323 283304
Thelon Basin (Canada) 11989 0.405 48510
Beaverladge District (Canada) 15717 0.165 25539
Hornby Bay Basin (Canada) 900 0.3 2700
South Alligator Valley U Field - 0.66 2668
Paterson Terrane (Australia) 122200 0.25 30

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

Uranium also occurs imother deposit typeqFig. 1.4)including: breccia complex,
sandstone hosted, surficial, conglomeratiglcanic, metasomatic, metamorphic, granite
hosted and veintype deposits (Cuney and Kyser, 2008p far, unconformityelated

deposits have produced the majority of U (Table 1.4).

Marine Ancient Convergent Intracratonic Extensional Convergent
margin Basin margin
Metasomatic deposits g1 erficial d it Fdsic
Black shales Lignites up erticial eposits Sandstone volcanic

Phosphat R IOCG/breccia deposits
osphates 5 Albitites T P

Unconformity < "‘ ~

- Pegmatites A
L W —h
=] nl, eetic-reated — R
S mdt o
B \ineralization Il Phanerozoic Granitoids B2 Phaneromic sediments
o Faults Proterozoic Granitoids E Proterozic sedimentary basins
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Figure 1.4. Schematic representation of the location of various types of U deposits (modified
from Cuney and Kyser, 2008)

U deposit type Global U production (%)  Global U resource (%)
Unconformity -related 42 4
Sandstonehosted 30 10
Metasomatic 9 4
Volcanic 9 1
Breccia Complex 8 6
Quartz-pebbleconglomerate 2 2

Table 1.4. Global U production and resources by deposit type (aft€uney and Kyser 2008.

1.4. Uranium mineralized systems inlhe successor basins

In successor basin aredisere is no consensus regarding the origin of the fluids that
carried the uranium, théming of the deposits or their relationship with the youngdeich
Athabasca and Kombolgie basins primarily becausedheyvholly understudied. Previous
results on deposits in successor basins are discussed in chapters 2 to 4. Diagenetic
processes and fluid evolution in the Martin Lake and El Sherana basins havée&ver
fully addressed, nohas basin versus basement soes forU and other metals in the
deposits.More recent studiesn U in successor basifscussed only omspects of a few
deposits andheo | der st udi es dat i ng edihe odcesdary detailke 1950
and technologiesieeded to construct maagful exploration modelge.g. Condon and
Walpole, 1955; Tremblay, 1972ndeed, there is a lack of basic knowledge on whether the
successor basins could form or host an exploitable deposit and what their significance is to

the overlying Urich Athabasa and Kombolgie basins.
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1.5. Purpose of this Thesis
The main objectives of this thesis are:

(a) to reevaluate the character and formation of uranium deposits in successor basins in
Canada and Australia and compare them to those in the youngehn basins with
which they are spatially associated, and

(b) to identify key factors controlling U mineralization in successor basins by integrating
aspects of structural gexgy, geochronology, petrograpland geochemistrifig. 1.5
to detail the structural and fluigvolution of uranium deposits in successor basins and

how they are related to unconformitglated U deposits itheyounger basins.

ORE DEPOSIT
e —

STRUCTURAL MINERALOGY -

GEOLOGY GEOCHRONOLOGY PETROGRAPHY GEOCHEMISTRY
Deformati U/Pb & Pb-Pb Mineral & Ore Clay Chemistry
Metamorn i LA-HR-ICP-MS Paragenesis Stable Isotopes

P REEs Distribution

Fluid Flow Timing of Fluid Ore-forming Fluid U Source

Pathways &U trap Events Characterisation

GENETI(_:' MODEL

Figure 1.5. Geological disciplines used in this study #valuate the character and formation of

uranium deposits in successobasins including deformation that created fluid conduits,
timing of the fluids events, the nature of the ordorming fluid and the uranium source.All are

necessary to construct a conceptual genetic model for uraniudeposit
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In particular, the key isssdo be addressed include:

(1) The geological and structural settings of these deposits. The goals deént® the
deformation historyand to analyze the geometry and kinematics of uraffieaning
structures thaarenecessary to understand key structugatdres that are favorable for
fluid mobility and uranium mineralizatiofiig. 1.5.

(2) The paragenesis and crystal chemistry of the alteration assemblages and uranium
mineralization in successor basifisig. 1.9, including ore and alteration mineral
assemldges and their relative timing.

(3) Determination of the age, origin, composition and timing of the fluids that produced
the uranium mineralization in successor bagkig. 1.5. Results are compared with
fluidsthat formed the younger unconformitype U depsits.

(4) Establish aconceptuafenetic model for uranium mineralization in successor basins by
integrating results from structural, geochronological, petrographic and geochemical
data(Fig. 1.5 and predict sites of mineral deposition in analogous suackasms by
identifying key fluid and deformation events in their evolutions that are linked to

economic uranium mineralization.

This study focuss on uranium deposits in the Beaverlodge (Fig.1.1) and South
Alligator River area (Fig. 1.2). These two arsashare similar geological and structural
setting. They host older U depositsRaleoproterozoisuccessor basins that are spatially
associated with unconformiype U deposits iryoungerlate Paleoproterozoibasins In
the Beaverlodge ard&ig. 1.1), the Gunnar, Acd-ay, and Cinch Lake depositse studied

These deposits represent the spectrum of deposit types and are the largest in the area (Table
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1.1). In theSouth Alligator Valleyarea researchis focused on the Coronation Hill and El

Sherana desits the largest deposits of their type in the gfég. 1.2 Table 1.2.
1.6. Thesis Structure
The results of this research are presented in three manuscripts (Chapters 2 to 4).

Chapter 2(accepted pending moderate revisionPnecambrian Researghdetails
the timing of deformationfluid flow and uranium mineralization in the Beaverlodge area.
U-Pb geochronology of uraninite fronvarious uranium deposits, together with
petrographic and structural analysis along the Main Ore shear zone at the Cinch Lake
deposit and the Saint Louis fault at the Ace Fay deposit, are used to cotisér@ming of
deformation and fluid events and to clarify the relationship between fault activity and
uranium mineralization. Ages of the uranium mineralization and late alterafients that
affected them are used to correlate the chronology of fault activity and uranium
mineralization to majothermotectonicevents associated with the evolution of therth

American shield

Chapter Jaccepted pending moderate revisitm&conanic Geology evaluats the
characterand formation of the fluids that formenlanium deposits in the Beaverlodge area
and determines key geochemical factors that control uranium mineralizAtionneral
paragenesithatdetails the relative timing of ali@ion mineralss presentedStable isotope
geochemistryrare earth elemertontents in uraninite anchineral crystal chemistryare
used toconstrain the nature and origin of fluids. These results are used to identify key

factors controlling uranium minalization in deposits of thBeaverlodge aregresent a
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genetic model for the U mineralizatioand compare the Beaverlodge U deposits to those

in the younger, trich Athabasca Basin.

Chapter 4(submitted toMineralium Deposita focuseson U deposits inthe South
Alligator Valley area In this chapterwe evaluate the character and formation of U
mineralization of the ElI Sherana and Coronation #f#positsusing a mineral paragenesis
that details the relative timing of alteration minerals. We also ainstne timing, nature
and origin of the fluids in equilibrium with these minerals using stable isotope
geochemistry, tPb geochronology of paragenetically weltlaracterized Wich minerals,
and mineralcrystal chemistry. These results are used to idekél processes controlling
U mineralization in theSouth Alligator Valleyarea present a genetic model ftre U
mineralization, and compare the South AlligaRiver U deposits to those in the younger

and Urich Kombolgie Basin.
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CHAPTER 2

TECTONIC HISTORY OF THE NORTH AMERICAN SHIELD
RECORDED IN URANIUM DEPOSITS IN THE BEAVERLODGE
AREA, NORTHERN SASKATCHEWAN, CANADA

Abstract

Paragenetic and structural relationships and geochronology of minenatanium
deposits in the Beaverlodge ardmrthwestern Saskatchewan, Canada, reveal six periods
of uranium mineralization associated with msiiage deformation during the Proterozoic.
The Saint Louis fault and the Main Ore shear zone are northeast striking, sedibgast,
obliguenormal and dextrafault systems that have mylonitlminated footwalls. These
faults display evidence of exhumation and episodic structegaitivation at progressively
shallower crustal levelgccompanied by fluid flow, hydrothermal alteration, and uranium

mineralizatian.

New geochronologic data on uranium mineralization and alteration events record
over 2.3Gyrs of protracted tectonic evolution of the North American shiéleb7*Pb
ages of 2293+17 Ma and 2289+20 Ma date two minor uranium mineralization stages
asso@ted with cataclasite rocks and early tensional veins, respectively, coincident with
late Arrowsmithorogenicexhumation Following emplacement of the Gunnar granite at
23213 Ma, albite metasomatic alteration of the granite is associated with a thietat®d
uranium mineralizing evenDuring the late Paleoproterozaicexhumation along major
faults caused the deformation style to change from dominantly ftitdele to brittle at

shallower structural levels. Massive brecciation ofgxisting rocks isassociated with the
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fourth and most significant uraniumineralizing event at 18485 Ma, coincident with fault
reactivation during tectonic shortening and regional metamorphism related to the Trans
Hudson Orogen or more likely pgséak compressional ufiliduring terminal collision of

the TaltsorThelon Orogen. Subsequently, formation of the Martin Lake Basin and
intrusion of mafic dikes are related to the fifth minor uranium mineralizing event at
1812+15 Ma reflecting rifting related to late stage T+Hsison OrogernLate mineralized

veins during the Mesoproterozoic crustal growth of the Nuna supercontinent are associated
with the sixth mineralizing event at 1620+4 Ma, coincident with the Mazatzal Orogen and
the formation of the unconformirelated uraium mineralization in the proximal

Athabasca Basin

Postmineralization alteration and resetting events of uraninite further record various

major orogenic events that have affected the North American shield.
2.1. Introduction

Deeply exhumed fault zones canw&ens vehicles to understand the complex timing
relationships between deformational, hydrothermal and-faymeing processes. An
important step in understanding the structural setting of uranium deposits associated with
highly and multiply deformed and metarphosed Paleoproterozoic terranes is establishing
the timing relationships of fault activity and uranium mineralization to regional

thermotectonic events.

The Beaverlodge area in tlentralsouthern Archean Rae province, Northwestern
Saskatchewan, Catha (Fig. 2.1) hosts numerous fautontrolled uranium deposit3he

Main Ore shear zone at the Cinch Lake deposit and the Saint Louis fault at th@yAce
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Verna deposits are two northeastiking, southeastlipping, obliquenormal and dextral
fault systens that offer an excellent setting to understand the temporal relationship of fault

activity and uranium mineralization to regional thermotectonic e\(€ids 2.2)

The timing and tectonic setting of uranium mineralization in the Beaverlodge area has
bee a contentious issue. Although the spatial relationship between uranium mineralization
and major structures has been wadicumentede.g. Robinson, 1955; Tremblay, 1968;
Beck, 1969; Beecham, 1969; Morton a8dssano, 1972%assano, 1972; Sibbald, 1982,
Ashton et al., 2000, 201,ahetiming of tectonic and fluid evenis these deposits and their
relationships with fault activity and regiontilermotectonievents have never been fully

elucidated.

In this chaper U-Pb dating by laser ablatidrnigh resoluibbn inductivelycoupled
plasma mass spectrometry (LLAR-ICP-MS) on uraninite from uranium deposits, together
with petrographic and structural analysis along the Main Ore shear zone and the Saint Louis
fault, are used to constrathe timing of deformationand fluid events and to clarify the
relationship between fault activity and uranium mineralization. Ultimately, ages of primary
uranium mineralization and late alteration events that affected them are used to correlate
the chronology of fault activity andranium mineralization to major orogenic events

associated with the evolution of tN®rth American shield
2.2.  Geologic Setting

2.2.1. General geology
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The Beaverlodge area is part of tldurchill province, which idocated in the
northwest section of th&orth Ameican shield(Fig. 2.1) The Churchill provinceis
subdivided into the Rae and Hearne domains separated by the e&.909%Ga Snowbird
Tectonic Zone (Hoffman, 1990; Hanmer et al., 1995) and bordered to the northwest by the
ca. 1.991.92 Ga TaltsoiThelonOrogen (Thériault, 1992; McNicodit al.,2000) and tdhe
southeast by the ca. 1198 Ga Tranddudson Orogen (Ansdeknd Yang,1995). The
Beaverlodge area lies within the southwestBae province (Fig. 2.1) and comprises
Neoarchean to Mesoproterozoacks that can be broadly divided into four packagés.

2.2). (1) Neoarchean basement granitoid and gneiss (Hartlaub et al., 2006); (2) variably
deformed and metamorphosed Neoarchean to Paleoproterozoic Murmac Bay Group rocks
(Hartlaub and Ashton, 199&iartlaub et al., 2004aj)hat uncomformably overlie the
basement rockg3) Paleoproterozoic siliciclastic rdmbd sedimentary rocks and associated
alkaline to sukmlkaline volcanic rocks known as the Martin Lake Basin (Hendry, 1983;
Morelli et al., 2001, Q09). Martin Lake Group basal conglomerates directly overlie
quartzites of the Murmac Bay Group and argillaceous rocks of the Thluicho Lake Group
(Scott, 1978, Hunter et al., 2003, 2004; Yeo, 2005) at angular unconformities in the western
Beaverlodge Domaiand along the northern shore of Lake Athabasca, respectively (Ashton
et al., 2009)and (4) Mesoproterozoic sedimentary rocks of the Athabasca Group (Rainbird

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

The basement complecompries a number of granitoids including the Elliot Bay
(301410 Ma; Persons, 1983), Lodge Bay (3860 Ma;O6 Hanl ey, ),eahd al

Cornwall Bay (29997 Ma; Hartlaub et al., 2004a) granitdfie unconformity between the
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basement and the Murmac Bay Groupgmenerally sheared but the basal polymictic

conglomerate is locally preserved (MacDonald and Slimmon, 1985).
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Figure 2.1. Simplified geological map of the southwestern Churchill province, Canada,
showing lithotectonic units, uranium deposits and the Beverlodge location. (modified from
Hoffman, 1988).

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

deformed basal quartzite, basailtramafic to intermediate igneous rocksammite and
pelite, with minor amounts of conglomezatbanded iron formation, and carbonates

(Hartlaub and Ashton, 1998; Ashton et al., 200Dhe Group is metamorphosed from

lowermost amphibolite to granulite facies to lower greenschist facies (Ashton and Card,
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1998; Hartlaub and Ashton, 1998). Recent wadkcates that the basal quarfeddspathic

units have a maximum depositional age of 23Ma (Card et al., 2007). The Murmac

Bay Group is intruded by asuite ofca. 233 30 Ga granites named ONO
(Macdonald et al., 1985ncluding tre 23213 Ma Gunnar granite (Hartlaub et al., 2007),

which hosts the Gunnar uranium depd$itg. 2.2) The timing of deposition of the

Mur mac Bay Group with respect to empl acement

be related to the Arrowsmith Orog@dartlaub et al., 2007), remains contentious.

The Paleoproterozoic Martin Lake Bagkig. 2.2)is estimated to be @a. 5000 m
thick, molasse, redbed successionLéngford, 1981; Mazimhaka and Hendry, 19&4)
essentially unmetamorphosed arkose, congtatas, and siltstone with mafic flows and
sills of alkaline affinity (Morelli et al., 2009). The fatdbntrolled basin is confined to a
broad open syncline centered about the Martin Lake (Ramaeka84; Ashton et al.,
2007). Suites of east to southeastiking mafic dikesdated at 18184 Ma, are interpreted
as feeders to the Martin Lake mafic flowddrelli et al., 2009. The Martin Lake Basin
formed duringa late phase of the Trait$udson Orogen and can therefore be classified as

a successor basin @ildenin et al., 1988).

Outliers of the Athabasca Formation lie above the Martin Lake Basin south of the
Beaverlodge areéFig. 2.2) where they generally comprise flging and undeformed

sandstone with minor mudstone, conglomerate and greywacke (Sib88R).
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Figure 2.2. Simplified geological map of the Beaverlodge area and location of uranium

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

Rocks within the Beaverlodge area have been affected by atdeastpisodes of

deformation (Bethune et al., 2008; Ashton et al., 2009a). The first deformation episode
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(D1) produced a regional migmatitic foliation1§SThe second deformation episode)(D
produced tight to isoclinal folds of early fabric and assodead shear zones (Ashton and
Hartlaub, 2008). These two deformational events resulted in ars@mabeast striking
structural fabric coinciding with the 1.9492 Ga peak metamorphism of the Taltson
Magmatic Suite (McDonough et al., 2000). An overprintmgrtheasistriking regional
fabric associated with tight to isoclinal foldind {jDs interpreted to be synchronous with
the 1.911.90 Ga metamorphic event of the Snowbird Tectonic Zone (Bethune et al.,
2008). Gentle upright folds with northending hinge represent the last phase of regional
deformation () that affected the Martin Lake Basin and Murmac Bay Group rocks; these

are likely associated with late stage of the Tyidnslson Orogen (Ashton et al., 2009a).
2.2.2. Previous models age for uranium mineraliation in the Beaverlodge area

The Beaverlodge area hosts a multitude of uranium def@$its2.2) which were
actively mined between 1953 and 1963. About 284 deposits were known by 1969 and ca.
25000 tU was mined (Sibbald and Quit®87). Ore grades werin the range of 0.15 to

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

The age and evolution of the uranium mineralization in the Beaverlodge area are
debated and different age models have been proposed. Collins et al. (1954) suggested that
the first period of uranium mineralization lasted from 1860 to 1630 Ma with alteration
occurring at 110®00 Ma, 656600 Ma, and 40@B00 Ma. They interpreted this range of
ages as related to alteration and resetting stages during successive tectonic events.
Robinson (1955a) indicates that the earliest Atgpe uranium mineralization occurred

between 1600 Ma and 1500 Ma and followed, possibly transitionally, earlier deposition of
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U and Th in syngenetic deposits. He suggested that theywmndeposits were flowed

by periods of mineralization in the intervals of 158D800 Ma, 956850 Ma, and 35@50

Ma and indicates that these deposits were reopened and reworked over a long period of
time. Wasserburg and Hayd€1955) obtained an age of ca. 1@ in uraninie from

Viking Lake deposit located east of the Aeay deposits and interpreted this age as the
earliest uranium mineralization in the Beaverlodge area. Aldrich and Wetherill (1956) and
Eckelman and Kulp (1957) proposed that the uranium mineralizationde@ssited at

1900 Ma with subsequent alteration and Pb loss occurring at 1200 Ma and 200 Ma. Russel
et al. (1957) reported an age of 1800 Ma for the west orebodies of the Ace dEjgpsit
2.2)and a second generation of mineralization at ca. 940 Ma.tRésuh Koeppel (1969)
support the formation and evolution of the uranium mineralization during five discrete
periods that span a time of more than 2200 Myr. Koeppel (1969) reportedRin U
concordia upper intercept age of 1930 Ma and a lower intercd86f Ma with episodic

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

to pegmatiteype mineralization and the 1780 Ma date as the age of théygsEmnranium
mineralization. Bell (1981) proposed an age of 1740 dfarfitial uranium deposition and
Dudar (1982) found appareAf’Pb/°°Pb ages ranging from 1100 Ma to 430 Ma for
brannerite in the Fay depogFig. 2.2) Interpretation of fluid inclusions, stable isotope,

and radiogenic isotope data from the veins amtengranitegFig. 2.2)in the Goldfield

area, led Rees (1992) to identify up to six fluid events occurring from c&a&2®1.0 Ga

that he interpreted to be related to major thermotectonic events.

27



These previous age models do not take into accountaheus styles of uranium
mineralization and associated deformation, and their spatial and relative temporal
relationships (Collins et al., 1954; Robinson, 1955a; Koeppel, 1969). Most of these models
have been limited to a single deposit (Russel et al.7;1Béll, 1981; Dudar, 1982; Rees,
1992) that cannot provide a regional picture of the timing of uranium mineralization and

fluid events and their relationship to deformational history.

In this chapter structural, petrographic and metamorphic relatiorsstafong the
Main Ore shear zone at the Cinch Lake deposit and the Saint Louis fault at th@yAce
Verna deposit¢Fig. 2.2)are used to constrathe timing of deformation and fluid events.
Paragenetically constrained uraninite grains collected fromufieium depositéFig. 2.2)

are dated to determine the timing of the uranium mineralization and alteration events.
2.3. Methodology
2.3.1. U-Pb dating of uranium-rich minerals by LA-HR-ICP-MS

U-Pb isotope ratios were determined by laser abldtigh resolution inductely-
coupled plasma mass spectrometry {HR-ICP-MS) (Chipley et al., 2007) using a
Finnigan MAT ELEMENT XR HRICP-MS and a NEPTUNE HRIC-ICP-MS, both
equipped with a higiperformance Nd:YAG New Wave UPL3 laser ablation system at
t he Qu e e n §lsotopeaRededrah.tAllatidn @f uraninites was achieved on polished
thin sections using a 30 to 40em spot size w
2Hz. The argon gas flows were as follows: cooling gas, 1.5l/min; auxiliary gas, 1.0l/min;
and samm carrier gas, 1.0 I/min. A low resolution of 350 (defined as the ratio of mass

over peak width mass at 5% of the signal height) was used. For each sa#Rplé®Pb,
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20pp, 2 and**®U were measured and corrections for common Pb were madégcan
scan to each spot. No corrections were made to*ti@'>>*U ratios as they were near the

137.8 natural ratios. The ages were verified using4nouse 1000 Ma uraninite standard.

2.3.2. Electron-microprobe procedure and calculations of chemicaPb age of the

uranium mineralization

Polished thin sections were examined with reflected light optical microscopy and
Scanning Electron Microscopy. A Cameca-800 Electron Microprobe equipped with 4
wavelengthdispersive spectrometers, an EDS system, and-Baakered Elgoon and
SecondanjElectron Detectors at the University of Manitoba, Winnipeg, Canada, was used
to measure U@ Si0,, Ca0, FeOs, TiO,, Cr0Os, V.05, PbO, BOs, KoO ThG, MnO,

Y03, Th,O3 and CuO. Analytical results are accurate to 2% relative for magoregits

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

Electronmicroprobe data on the U, Th and Pb content of uranium minerals is used to
calculatechemical Pb agefor the uranium mineralization (Bowles, 1990). Temical
Pb ageis derived from the assution that the total Pb present in the sample is of
radiogenic origin and results from the decay of U and Th and that the mineral has not lost
or acquired Pb since it forme8Bdqure, 1989; Bowles 199Mifferent chemicaPb ages in
the same grain derivefilom the composition of uraninite reflect variable alteration by
subsequent fluids during recrystallization of the uraninite to new uranium minerals, which
results in a decrease in tlobemical Pb ageand an increase in elements other than
uraninite. As akration is expected to result in a decrease in radiogenic Pb contents, the

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

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

Mineral name abbreviations used in thisapterare those from Kretz (1983). The

superscript numerical value on mineral name abbreviations reflects mineral growth stages.
2.4, Results

2.4.1. The Main Ore shear zone

2.4.1.1. Geology of tre Cinch Lake deposit

The Cinch Lake deposit is located 2.5 km south of Uranium (iy. 2.2) The
uranium mineralization is hosted in quarfetdspathic gneiss (Turek, 1962; Tortosa,
1983) and associated with a northestaking band of mylonite nametie Main Ore shear
zone, which parallels the Black Bay fault (Bergeron, 2001). Three main lithological units
outcrop in the Cinch Lake area that generally strike northeast and dip southeast: a
leucocratic porphyroclastic metagranitoid, a hornblefedispa gneiss, and a

melanocratic porphyroclastic metagranit¢idg. 2.3)

The leucocratic porphyroclastic metagranitoid unit is exposed in the southeastern
part and occupies the hanging wall of the shear zone (ERS.and?2.3B). The rock is
cataclasitedomnated (Fig. 2.4A) weakly foliated and comprises broken fragments of
plagioclase, quartz and feldspar embedded in a matrix composed of hematite, quartz,

chlorite, catite, sericite, and pyritd~(g. 2.4B).
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Figure 2.3.A: Detailed geologic map of the Cinch Lake area showing main lithological units

and structural elements and B: Northwestsoutheast geological crossect i ons (1l i ne
across the Main Ore shear zone illustrating the listric obliquenormal and dextral sense of the

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

uranium mineralization intercepted in drill hole (see Apendix | for detailed structural

measurements and steroplots)

The leucocratic metagranitoid unit has a coapsened cataclasite texture in the
southeast part passing gradually into a -fyn@ined ultracataclasite texture toward the

northwest(Fig. 2.3)

The hornblenddeldspar gneiss outcrops within the fault z¢Rey. 2.3) The rock is
foliated, generally boudaged, parallel to the dominant foliation (N2§(Fig. 2.4C) and
composed of hornblende and feldspar porphyrocl@sty. 2.4D), which are locally

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

The melanocratic porphyroclastic metagtaid rocks are exposed northwest in the
footwall (Fig. 2.3) The unit is mylonitelominated and consists of a mélange of
mylonitized metavolcangsedimentary rocks Fgs. 2.£ and 2.4F), quartzfeldspar

mylonite Figs. 2.45 and2.4H) and boudinaged andlifited hornblenddeldspar gneiss.
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Figure 2.4. Photographs of the three main lithostructural units: A: Field photo of the
cataclasitedominated leucocratic porphyroclastic metagranitoid in the hanging wall of the
fault zone. B: Microphotograph of the cataclasitedominated leucocratic metagranitoid
showing mylonite fragments and broken Kf$ and Qtz' grains embedded in a matrix of
crushed Kfs', recrystallized Qtz*, and Sr¢ and Py~. C: Field photo of the hornblendefeldspar
gneiss boudinaged and parél to the foliation (N240). D: Microphotograph of the
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hornblende-feldspar gneiss showingHbl® and Kfs® porphyroclasts. E: Field photo of the
mylonitized metavolcanesedimentary rocks of the melanocratic metagranitoid unit. F:
Microphotograph of the mylonitized metavolcanesedimentary rocks showing a mylonitic
fabric that consists of flattened and preferentially oriented trails of Bt', Chl*, Src',
dynamically recrystallized Qtz' and rotated Kfs® porphyroclasts. G: Field photo of the
mylonitized quartz-felds par r oc ks s ha witgpd wimgedKfa'papthyrodlasts.
H: Microphotograph of the mylonitized quartzf e | ds par r o-&fk'srecrystallizad n g
Qtz' and Src'. Pen indicates north. Bt: biotite, Chl: chlorite, Kfs: potassium feldspar, Hbl:

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

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

The Main Ore shear zone records a complex history of ductile, {uhittele and
brittle deformation. The shear zone strikes N240d issteeply southeast dipping at the
surface (7%to 85)) but becomes shallow at depth {30 40) (Fig. 2.3B) Southeast of the
shear zone, cataclasite and ultracataclasite dominate the hangingheahtensity of the
cataclasiticdeformation increasesdm southeast to northwest toward the ductile shear
zone where thefootwall is mylonitedominated and overprinted bg mélange of

cataclasite, breccias and veins that host the uranium mineraliggitip2.3B)

The ductile component of the shear zonerdfithe oldest deformation observed.

Co

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

lineation (Fig. 2.3)defined by elongate Kfdeldspars and recrystallized &guartz(Fig.

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

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

rock types such as the metavolcasalimentary rockéFig. 2.4£), which have a mylonitic

fabric and foliation consistig of preferentially oriented trails of Bbiotite, Cht chlorite,
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Ms® muscovite, Srtsericite and dynamically recrystallized Gtguartz(Fig. 2.47). The
quartzefeldspathic mylonite exhibits recrystallized ®tzuartz and Kf§ feldspars
porphyroclasts(Fig. 2.4H) . Shear sense i nedypewingedrkés s uch
feldspars porphyroclasts (Figs. 2@ and 25A) and deflection foliation (Fig2.5B)

consistently display a dextral lateral sense of displacement.

The mylonitic foliation and lineation ithe hornblenddeldspar gneiss contains the
higher metamorphic assemblage ¥®BI'+Hbl* (Fig. 2.4D), compatible with amphibolite
facies metamorphism. Retrogression is indicated by partial replacement bbkitillende
by Bt biotite along shear surfacésig. 2.5C) and by replacement of Kffeldspars by Src
sericite Fig. 2.8C). Bt' biotite is locally retrogressed into Chthlorite Fig. 2.D)
resulting in the mineral assemblage™®&hl™+ Srd+Qtz' typical of the greenschist
metamorphic facies. In plas, Kfs feldspars are completely sericitized and 'Gifilorite
completely replaced Bt biotite, defining a lower greenschist metamorphic facies
(QtZ+Srd+Hem'+ ChlY) (Fig. 2.%). Late Cht chlorite, QtZ quartz, Ab* albite, Cat
calcite, and Epepidoteveinlets cut the foliation. The mylonite is overprinted by a network

of ductile-brittle and brittle features.

Cataclasites occur in the hanging wall and in association with mylonites in the
footwall and are subparallel to the mylonitic fabri¢Fig. 2.3) The cataclasite contains
variablesized (0.2 to 0.5 mm) clasts of brokétz" quartz,Kfs* feldspars,and mylonite
fragments The matrix is weakly foliated and contains recrystallized and milezt

quartz,Caf calcite ChF chlorite, Hen? hematiteand Src? sericite(Fig. 2.5). Subvertical
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eastwest striking eréchelonquartzfilled tension gashes indicate dextral lateral sense of

motion Fig. 2.55).
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Figure 2.5.Various structural and textural relationships along the Main Ore shear zone athe
Cinch Lake deposit. A : Later al d e xtype avindey Kfst motplayrtoaadt in U
melanocratic metagranitoid mylonite. B: Foliation deflection showing a dextral lateral sense
of shear. C: Hornblendefeldspar gneiss showing partial replacement dfibl* by Bt* and Kfs*
by Src'. D: Hornblende-feldspar gneiss showing partial replacement aBt* by Chl* and Kfs*
by Src' associated with Ttrt. E: Hornblende-feldspar gneiss in whichKfs® are completely
replaced by Src* and Bt* by Chl*. F: Cataclasite rock shoving crushed mylonite fragments
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and broken Kfs' and Qtz' embedded in a matrix of crushed and dynamically recrystallized
Qtz'. G: Sub-vertical northeast trending enéchelon Qtzfilled tension gashes showing dextral
lateral sense of displacement. H: Brecciasith Cal’filled matrix embedding angular

fragments of mylonite. I: Northeaststriking pegmatite dikes in the footwall of the shear zone.
J: Northeast-striking mafic dikes with chilled margin cross cutting the shear zone. K:
Northwest-striking breccia dikes comprising fragments of the host rock embedded in a Chl
rich matrix. L: Qtz veins Stockworks showing evidence of hydraulic fracturing. Pen indicates
north. Bt: biotite, Chl: chlorite, Hbl: hornblende, Kfs: Potassium feldspar, Qtz: quartz, Src:

sericite, U: uraninite.

Calcitefilled breccias overprint the mylonite and cataclasite rocks in the footwall of
the shear zone. Breccia fragments comprise angular mylonite and cataclasite clasts derived
from the host rockKig. 2.8H). The fragments vary in size frodn2 mm to more than 2 cm.

The matrix is composed @faf calcite Chl” chloriteandHen? hematite(Fig. 2.5H).

Late brittle deformation features that overprint the shear zone include veins, dikes, joints,
and fractures. Field measurements indicate theteof steeply dipping joints striking

N32C, N02C, and N286.

Pegmatite dikes cut across the footwall of the shear zone. They strike northeast and
form a series of sheared elongate lenses of varying size (intm 2ength) and are

disrupted along the shr zonekKig. 2.9).

Diabase dikes form a swarm crosscutting all previous rocks. They akedidal, weakly
deformed with chilled margins={g. 2.5)) and strike along two preferential directions:

parallel to the foliation and along the northwest stigikpreexisting joints and fractures.

Brecciadikes outcrop in the footwall of the shear zoRig(2.XK) in three structural

sets of direction: NOZON09C, and N320. The breccialikes vary in width from less than
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1 cm to 106s of recmaaremighlyyanabisized (1 mrh to 6 ¢ty and
consist of angular countmpck clasts embedded in a chlofiteh matrix Fig. 2.K). The
contact between brecedikes and the host rock is sharp. A close spatial relationship is

observed between matfittkes and breccidikes.

Late ChI*° chlorite, Cat* calciteveins, andQtZ’ quartz(Fig. 2.9.) crosscut all rock

types and are parallel to the set of joints.
2.4.2. The Saint Louis fault
2.4.2.1.Geology of the AceFay-Verna deposits

The deposits are located along thain® Louis fault (Fig. 2.2) which strikes
northeast and dips 58outheastRig. 2.6. The Ace and Fay ore bodies are located in the
footwall, whereas Verna is in the hanging wall. Sassano (1972) described four units that
host the uranium mineralizatioramed the Fay Mine Complex comprising from oldest to
youngest: quartzite and conglomerates, phyllonite amphibolite, albite paragneiss and
granitic gneiss. These rocks overlie the Donaldson Lake and Foot Bay gneisses and are
uncomformably overlain by the Mam Lake basal conglomerates in the hanging wall of

the Saint Louis faultKig. 2.6.
2.4.2.2. Structural and metamorphic relationships in the Saint Louis fault

The Foot Bay gneiss, which occurs in the footwall and hanging wall of the Famlt (
2.6B) has a mylaitic texture characterized by rotated augbaped Kf§ feldspars
porphyroclasts Kig. 2.7A) surrounded by recrystallized Otguartz and layers of Chl

chlorite, Bt biotite and Hbthornblende.
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Figure 2.6.A: Detailed geologic map of the Acd-ay-Verna deposits showing main lithological

units, structural elements and location of the uranium deposits (modified from Macdonald
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and Slimmon, 1985) and B: NWSE geological crossections across the Saint Louis fault (line
A A @&showing the geology, the tree of the Saint Louis Fault andthe location of the uranium
mineralization (modified from Sassano, 1972).

The Donaldson Lake gneiss outcrops in the hanging wall and footwall of the fault
(Fig. 2.8) and Sassano (1972) suggested that the Donaldson Laks gnine cataclasite
equivalent of the underlying Foot Bay gneiss. The rock has a porphyroclastic texture
composed of Kfsfeldspars, Pl plagioclase and Qtzquartz scattered in a matrix of
recrystallized Qtz quartz, crushed Klsfeldspars and trailsfavis' muscovite and Chil

chlorite.

The quartzite occurs in the footwaltig. 2.8) where it is mylonitized with strained
and recrystallized Qtzquartz Fig. 2.1B). QtZ' quartz grains are elongated and locally
wrapped by Srtsericite and CHichlorite. The mylonite is cut by Chlichlorite and Srt
sericite veinlets and overprinted by cataclasite with angular fragments of the mylonitized

quartzite occurring into the matrifig. 2.7FE).

The phyllonite amphibolite outcrops in the footwall, north of the-Rag deposits.
In thin section, the rock shows symmetric crenulations that overprint the mylonitic fabric
(Fig. 2.7C). It is composed of alternating dark and light bands of Hotnblende, Bt
biotite, Cht chlorite, and Qtzquartz, Kfs feldspars and Stcericite. In the amphibolite,
three fold phases (F1, F2 and F3) have been identFigd 2.D). F1 and F2 are isoclinal
recumbent folds having a dominant esstitheast axial plane foliation. Both F1 and F2 are
refolded by a nortmorthwesttrending opa upright fold F3 producing a type 2
interference pattern (Ramsay, 1967). The amphibolite locally displays a breccia fabric with

mylonite fragments embedded in the matkig( 2. H).
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Figure 2.7.Microphotograph of various structural and textural relationships along the Saint
Louis fault at the Ace-Fay-Verna deposit.A: R o t-tgpe widgedKfs* porphyroclast in the
Foot Bay gneiss (sample is not oriented). The foliation is marked by train &fis*, Src!, Chl*,
recrystallized Qtz' and Cal’. B: Quartzite mylonite containing dynamically recrystallized
Qtz' with recrystallization at grain boundaries. C: Crenulations cleavage overprinting
mylonitized amphibolite. D: Isoclinal recumbent F1 and F2 folds with a dominant ESE axial
plane foliation, and overprinted by an NNW trending open upright F3 fold producing a type
2 interference structure in amphibolite rock. E: Albite paragneiss containing lenticular mica
fish, Chl* and Bt! alternating with recrystallized Qtz'. F: Cataclasite of the granite gneiss
showing fragmented mylonite rock and brokenQtz* and Kfs* embedded in a matrk made of
milled Qtz', Src?, Hem®, Cal® and ChI®. G: Breccias of granite gneiss wittCal®-filled matrix
embedding fragments of cataclasite. H: Breccias with matrix embedding amphibolite
fragments. |: Field photo of the Martin Lake basal conglomerate compad of granite,

quartzite and amphibolite fragments embedded in a hematized matrix. J: Late€al*’, Qtz°
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and Hem® veins cutting the amphibolite. Pen indicates north. Chl: chlorite, Hem: hematite,
Kfs: potassium feldspar, Ms: muscovite, Qtz: quartz, Src: sedite, U: uraninite.

The albite paragneiss occurs in the footwall of the fault. It is mylonitized and
composed of Btbiotite, Cht chlorite, Ms muscovite, and Abalbite. In thin section, the
rocks display a mylonitic fabric with strained Adlbite and Ks* feldspars porphyroclasts
and recrystallized Qtzquartz Fig. 2.7E). The A albite porphyroclasts are wrapped by

Chl* chlorite and Srtsericite.

The granite gneiss occurs along zones of brecciation and mylonitization in the
footwall (Fig. 2.8). Therock is fractured and veined and displays a mylonitic fabric with
foliation parallel to the Saint Louis fault. It is generally cataclastic or breccidtesl.
cataclasite is composed of brokétz' quartzand Kfs* feldsparsclasts, and fragments of
mylonite rocksembeddedn a matrix ofQtz' quartz, Cd calcite Src sericite andChl®
chlorite Fig. 2.7). The breccia consists of angular mylonite and cataclasite fragments

embedded in a Citalcite and CHichloritedominated matrixKig. 2.7G).

The Martn Lake basal conglomerates uncomformably overlie the granitic gneiss in
the hanging wall of the fault~{g. 2.6§. The conglomerate contains angular fragments of
granite, quartzite and amphibolite embedded in a sandy to silty, megained matrix

(Fig. 27H).

The Foot Bay gneiss contains a mylonitic foliation andNEtrending lineation
defined by a mineral assemblage Hifs'+PI+Bt'+Qtz" consistent with shear
deformation at amphibolite grade metamorphism. Locally, tBotite replaces HbI

hornblende Chl* chlorite is common as a retrograde product df lBotite. Sré sericite
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replaces KfS feldspars Fig. 2.7A). The overlying Donaldson Lake gneiss has a
metamorphic assemblage BPI+Src+Chl'+Qtz* typical of greenschist grade
metamorphism. The Fay ki Complex is more deformed than the underlying Foot Bay
and Donaldson Lake gneisses with a mineral assembladeSeti-Ab’+Qtz* consistent

with lower greenschist facies metamorphism. In the cataclasite and breccia rocks, calcite,
chlorite, quartz, hemdé and sericite are the dominant alteration minerals (Big6. and

27G).

Late Ch? chlorite, Cal* calcite, QtZ quartz, and Hefthematite veinsKig. 2.7) and

mafic dikes cut across the Saint Louis fault.
2.4.3Paragenesis of the alteration and ore mineraland type of U mineralization

The sequence of deformation and alteration is divided into seven events including six
stages of uranium mineralization, based on petrographic, structural, and age relationships

(Figs.2.8 and2.9).
2.4.3.1. Stage 1 Mylonitization

Mylonitization is the earliest deformation observed. The qudetidspathic
mylonite at Cinch Lake and the Foot Bay gneiss at-BPag exhibit recrystallized Qtz
quartz around rotated Kféeldspars. The hornblendeldspar gneiss at Cinch Lake and the
Foot Bay gneiss at Ac€&ay define an amphibolite metamorphic assemblage
Kfs'+PI+Hbl* (Fig. 2.4D). Retrogression to greenschist metamorphic grade is indicated by
the assemblage BtCh™+Srd+Hem+Qtz'. Early Py pyrite, Cpy chalcopyrite and Nl

nolanite aretsetched along the foliatior{g. 2.9.
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Figure 2.8. Generalized paragenesis of the uranium mineralization, metamorphic
relationships and deformation sequences in the Beaverlodge area. The paragenesis is based on
petrographic, metamorphic and structural observations, style of uranium mineralization and
associated deformation, and geochronology data of various paragenetically constrained
uranium grains. Note: The thickness of the horizontal line is proportional to the abundance of

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

The mylonitic foliation is cut by Chichlorite, QtZ quartz, A albite, Cat calcite,

and Ep epidote veinletsRig. 2.9.
2.4.3.2. Stage 2 Cataclasite deformation:

Cataclasite resulted from @uctile-brittle reactivation of the mylonite. The cataclasite
rocks are composed of Qtquartz and Kfsfeldspars clasts, and crushed ‘Gallcite and
QtZ quartz veinlets embedded in a matrix composed of disseminafécuraninite
associated witiCaf cdcite, Hent hematite, CHichlorite, Sré sericite, Cp§ chalcopyrite,

and Py pyrite (Figs.2.8 and2.9A).
2.4.3.3. Stage 3 Early tensional +U?veins formation

Cataclasite rocks are cut by early tensional®*@Eaf-+U? veins. U uraninite is
associated with Chtalcite, Cht chlorite, Hert hematite, and Pypyrite (Fig. 2.B). QtZ
quartz and Calcalcite veins display evidence of tensional fractures that contain syntaxial
fibers growth perpendicular to the wall of the vefiig( 2.8B). Syntaxial Calcalcite ven

fill the core of the Qtkquartz vein.
2.4.3.4. Stage 4 Granite-related metasomatic alteration in the Gunnar deposit

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

idequartzificationo oKfs'feldsparssgongplaté andpreceflesp | a c e m
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the QtZ quartzdissolution resulting in a rock composed ofAlibite (Fig. 2.9C), which is
further Catf carbonatized. Cakalciteoccupies voids left after Qtguartzdissolution. The

U® mineralization is introduced during lateage albitization and occupies space between
Ab? albite grains likely derived from Catalciteand QtZ quartzdissolution. J uraninite

is associated with Chthlorite, Sré sericite Hen? hematite Caf calcite Mnz' monazite
and Ttrf titanite (Figs.2.8 and2.9C). Late alteration associated with Caalcite Qt7*

quartzand Chf chloriteveins cut the albitized and*wnineralized granite.
2.4.3.5. Stage 5 Brecciation

The breccia is composed of angular fragments of cataclasite and mylonite rocks
embedded in £af calciterich matrix. The matrix also contains brokéz' quartz and
Kfs® feldspar fragments of variabkze (0.1 to 2 mm)U” uraninite typically surrounds
hematized fragments and occurs as grains disseminated into the (Radrix2.D).
Locally, massive U uraninite associated with minor Gallcite makes up the bulk of the
matrix. U' uraninite is commonly associated with brannerité, Bhl’ chlorite, Sré
sericite, Herl hematite, PY pyrite, and Cp¥ chalcopyrite and is the major uranium

mineralzing event(Figs.2.8 and2.9D).
2.4.3.6. Stage 6 Mafic volcanism

U mineralization associated with mafic dikes is in the form of massivVeitddinite
veins and as grains disseminated into bredidas (Figs. 5K and 9E) that cut across the
shear zone at the @h Lake deposit. Yuraninite is associated with Catalcite, Chf
chlorite, Hend hematite, Apapatite, Srtsericite, Ttr titanite MnZ> monazite Py’ pyrite,

and Cpy chalcopyrite(Fig. 2.9.
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2.4.3.7. Stage 7 Late UPuraninite veins

U® uraninite veins Fig. 2.9F) cut all previous rocks and are the youngest observed
mineralized phase. These veins cut the Martin Lake basal conglomerates and the mafic

dikes and contain +Uuraninite, Cal calcite, Chf chlorite, Henf hematite and Pypyrite

(Fig. 2.9.
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Figure 2.9. Microphotograph of typical mineral assemblages and crosscutting relationships
from the Ace-Fay-Verna, Cinch Lake and Gunnar uranium deposits: A: Cataclasite with
mylonitized fragments, QtZ, Kfs' in a matrix composed of £J*, Qtz*, Cal’, Hem®, Chl®, Src,
Cpy? and Py’ (Sample 6122Cat, Ace deposit). B: U%*Hem®Cl*Cal*-Py’ vein cutting
cataclasite rock and filled by tensional vein of Qtzand Calf (Sample 6122BVCat, Ace
deposit). C: Mineralized metasomatic granite in Gunnar: U fills voids felt after Qtz*
dissolution and is associated with CA| Src®, Hen”, Mnz', Cal and Ttn? (Sample GNOS5,
Gunnar). D: Breccia with fragments of cataclasite rock in a Cétrich matrix. U“ surrounds
breccia fragments and is disseminated in matrix associated with Ch Src®, and Henf (Sample
B5812, AceFay deposit).E: Mafic volcanic-type +U>: hydro-breccia vein composed of crushed
Qtz' and Kfs* fragments and Caf embedded in a Chi-rich matrix. U®is associated with Herfy
Ap?, src, Ttn®, Mnz? Py’, and Cpy’ (SampleCl-45, Cinch Lake deposit) F: Late mineralized
veins containing ¥, Cal'®, Chl°, Hen?. G: Late Cal'!, ChI*° and QtZ veins (Sample 2202,
Martin Lake deposit). H: Late sulphide minerals composed of Gh Cpy® and Py’ and Sp'
(Sample B5800, Acd-ay deposit) Ap: apatite, Cal: calcite, Chl: chlorite, Cpy: chalcopyrite,
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