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Abstract

The Millennium uranium basement-hosted unconformity-related deposit is one of the most recent discov-
eries of basement-hosted deposits, and may hold as much as 46.8 million pounds (18,000 metric tonnes U) at
an average grade of 4.53 percent UsOs. The alteration zone associated with the deposit is atypical, as it consists
predominantly of muscovite rather than the chlorite and muscovite commonly found in the other basement-
hosted deposits of the Athabasca basin.

The preore stage consists of early minor clinochlore alteration at temperatures of about 275°C, interpreted
to result from retrograde metamorphism of the basement rocks prior to the deposition of the Athabasca basin.
This clinochlore event is followed by an extensive 1Mc muscovite alteration of the basement rocks by Na-K-
Fe-rich basinal brines at temperatures of about 250°C, creating up to 25 percent void space in the basement
rocks. Subsequently, a weak chamoisite alteration resulted from Fe-Mg-Ca-rich fluids with temperatures of
about 300°C that evolved from reactions between the basinal brines and the basement rocks. Ore stage urani-
nite has an extrapolated chemical age of 1590 Ma and is contemporaneous with synore 1Mc muscovite and iron
oxide deposited at temperatures near 250°C from fluids with similar 6150 but lower 0D values to preore basi-
nal fluids. The low 0D values indicate postdepositional exchange of H isotopes with Cenozoic fluids. Postore
alteration consists of dravite and sudoite precipitated from Mg-Ca rich fluids, from the same evolved basinal
brines that precipitated preore chamoisite, at temperatures of about 185°C, filling voids created during the
preore stage. Our results indicate that the pre- and synore minerals were formed dominantly by basinal fluids,
with no contribution from basement fluids, which differ from some other basement-hosted deposits in the
Athabasca basin where basement-derived fluid influx was more significant.

Several U-Pb and Ar-Ar resetting events recorded on preore muscovite and on uraninite are coincident with
fluid flow induced by distal orogenies, remobilizing radiogenic Pb from the deposit. The radiogenic Pb remo-
bilization events were not widespread as the presence of radiogenic Pb is restricted to basement rocks proxi-

mal to the deposit and along the unconformity.

Introduction

PALEOPROTEROZOIC sandstone- and basement-hosted uncon-
formity-related uranium deposits in the Athabasca basin,
Canada, account for about one-third of the global stock of
uranium (McGill et al., 1993; Krasenberg, 2004; Kyser and
Cuney, 2008). There are two general end-member types of
unconformity-related deposits: those hosted primarily in the
sandstone above the unconformity (sandstone-hosted or
egress-style) and those that occur in the metamorphic base-
ment rocks below the unconformity (basement-hosted or
ingress-style: e.g., Jefferson et al., 2007; Kyser and Cuney,
2008). In general, alteration associated with basement-hosted
deposits consists of an outer illitic halo, an inner illitic-chlo-
ritic halo, and a core containing most of the uranium miner-
alization (e.g., Fayek and Kyser, 1997; Thomas et al., 1998;
Alexandre et al., 2005). Zones of silicification and dravitiza-
tion are commonly observed above the mineralized zones
(Thomas et al., 1998) and hydrothermal assemblages in sand-
stone units overlying basement-hosted deposits include
quartz, kaolinite, illite, chlorite, and dravite (McGill et al.,
1993). Basement-related mineralization in most cases is in
close proximity to graphitic units related with pre-Athabasca
basin steeply to moderately dipping fractures and breccias,
which may extend down to 400 m into the basement (Thomas
et al., 1998). Mineralization typically occurs as disseminated
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and massive uraninite, with an average grade of 1 to 3 percent
Us0s, although McArthur River has a much higher average
grade of 14 percent UsOs (Thomas et al., 1998).

Two distinct models have been proposed to explain the
source of uranium in basement-hosted deposits. One model
suggests that the source of uranium is mainly from uranium-
rich phases, such as apatite, zircon, and monazite from the
sandstones of the Manitou Falls Formation. In this model,
uranium is leached from these minerals by basinal oxidizing
fluids and transported downward into suitable structural traps
such as at fracture zones and faults in the basement, and then
deposited by reaction with reducing rock types or by mixing
with reducing fluids of basement origin (e.g., Wilson and
Kyser, 1987; Kotzer and Kyzer, 1995; Fayek and Kyser, 1997).
However, Hecht and Cuney (2000) and Derome et al. (2003)
propose that the source of uranium is monazite from the
metamorphic basement rocks and that uranium is leached
from these phases by basin-derived oxidizing brines, and then
precipitated below or at the unconformity by mixing with re-
duced fluids of unknown origin or by interacting with Fe-
bearing rocks.

The Millennium deposit, which was discovered in 2000 by
Cameco Corporation (Roy et al., 2005; Fig. 1), occurs on a
major post-Athabasca Group sandstone structural trend in
the eastern Athabasca basin, in close proximity to a graphitic
horizon at a depth of 650 m from the surface and 100 m
below the unconformity (Roy et al., 2005; Figs. 2A, B, 3A).
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Present indicated resources are 46.8 million pounds (18,000 t
U) at an average grade of 4.53 percent U3Os (Thomas, 2002;
Roy et al., 2005). The mineralization at Millennium is situated
in the footwall of a major reverse fault and is broadly strata
bound, although several styles of mineralization are observed
(Fig. 3A). The mineralization is essentially monometallic,
with Pb and V contents increasing with uranium enrichment
(Roy et al., 2005). Manitou Falls Formation sandstones above
Millennium have the typical alteration observed in the sand-
stone above other basement-hosted deposits, with an enve-
lope of illite, chlorite, kaolinite, dravite, and dickite (McGill
et al., 1993; Roy et al.,, 2005). The most striking feature at
Millennium is the mineralogy of the alteration envelope that
surrounds the deposit, as it is composed mainly of illite, which
is atypical of most basement-hosted deposits in which chlorite
and illite are the dominant alteration minerals (Fig. 3B).
Minor amounts of chlorite, dravite, kaolinite, and fine-
grained hydrothermal quartz occur throughout the alteration
zone of the Millennium deposit.

In this paper, we report detailed petrographic, mineralogi-
cal, and isotopic data from the Millennium deposit to con-
strain the mechanisms responsible for the formation of this
atypical alteration zone and the uranium mineralization. Based
on these results, we propose a model for the genesis of the
deposit, with implications for exploration of similar deposits.

Geology

The Millennium deposit is situated in the Paleoproterozoic
Athabasca basin, at 45 km from its eastern margin, 35 km
southwest of the McArthur River deposit, and 35 km north of
the Key Lake deposit (Fig. 1). The deposit is hosted in base-
ment rocks in the transition zone between the Archean and
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Paleoproterozoic rocks of the Wollaston Domain and the
Mudjatik Domain, both belonging to the Cree Lake Mobile
zone of the Hearne province (Hoffman, 1988; Tran et al.,
2003; Fig. 1).

The Wollaston Domain is a northeast-trending fold and
thrust belt that is fault bounded to the east by the Peter Lake
Domain and to the west by the Mudjatik Domain (Money,
1968; Fig. 1). Three main groups of rocks are distinguished
(Lewry and Sibbald, 1977): (1) 2800 to 2950 Ma Archean
granitic, granodioritic, and tonalitic orthogneisses and subor-
dinate metamorphic rocks (Annesley et al., 2005), (2) uncon-
formably overlying ~1920 Ma high-grade Paleoproterozoic
graphitic and nongraphitic pelitic, psammopelitic, and psam-
mitic gneisses, subordinate metaquartzite, calc-silicates, and
amphibolites, as well as rare BIF of the Wollaston Group
(LeWIy and Sibbald, 1980; Tran et al., 2003), (3) 1810 to 1840
Ma deformed granitoids, minor gabbros, and pegmatites (An-
nesley et al., 2005).

The Mudjatik Domain is a northeast-trending fold and
thrust belt that is fault-bounded to the east by the Wollaston
Domain and to the west by the Virgin River Domain (Money,
1968; Fig. 1). It is composed of rocks similar in composition
to the Wollaston Domain; however, it is dominated by grani-
toid gneisses derived in part from in situ migmatization and
anatexis (Lewry and Sibbald, 1980) and contains a larger vol-
ume of late, peraluminous granite (Roy et al., 2005).

The Wollaston-Mudjatik transition zone is characterized by
a structurally complex zone made up of elongated Archean
granitoid domes (mega-boudins), thrust- and strike-slip struc-
tures, and related duplex structures (Annesley et al., 2005).
The boundary is defined on the basis of lithological changes
in the Archean basement, lithofacies changes in the Wollaston
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Group, and changes in types of Hudsonian intrusive rocks.
The boundary is a major anastomosing northeast-trending
transcurrent shear zone associated with a thermotectonic
front, and is defined as a transitional zone from thick-skin tec-
tonics in the Wollaston Domain to thin-skin tectonics in the
Mudjatik Domain (Annesley et al., 2005).

The rocks of the Wollaston and Mudjatik domains were
complexly deformed and metamorphosed to amphibolite fa-
cies by the Trans-Hudson orogen, which reached peak meta-
morphism at ca. 1800 to 1820 Ma (Lewry and Sibbald, 1980;
Kyser et al., 2000). Subsequent rapid uplift initiated the for-
mation of the Athabasca basin at maximum age of 1750 Ma,
as recorded by K-Ar and “Ar/*Ar cooling ages (Burwash et
al., 1962; Kyser et al., 2000; Alexandre et al., 2009), and at a
minimum age of 1620 to 1640 Ma obtained on early diage-
netic fluoroapatite (Rainbird et al., 2003). The Athabasca
basin formed as a series of three northeast-southwest—ori-
ented subbasins, with the easternmost Cree subbasin hosting
the majority of the uranium deposits (Armstrong and Ra-
maekers, 1985; Kyser et al., 2000), and sedimentation contin-
ued until the deposition of the carbonaceous marine shale of
the Douglas Formation at ca. 1540 Ma (Creaser and Statiuk,
2007).

Sediments of the Athabasca basin consist of sequences of
Paleoproterozoic and Mesoproterozoic polycyclic, mature
fluvial to marine quartz sandstone, collectively referred to as
the Athabasca Group. These were deposited in a near-shore
shallow shelf environment (Ramaekers and Dunn, 1977; Ra-
maekers, 1990). The Athabasca Group in the eastern part of
the Athabasca basin is made up exclusively of the Manitou
Falls Formation, which consists of coarse to fine-grained,
hematite-rich conglomerates along thin stratigraphic hori-
zons, indicating oxidation of heavy mineral layers and silty
sandstones filling (Ramaekers, 1990). Ramaekers et al. (2007)
proposed a revised stratigraphy of the Athabasca Group in-
troducing newly recognized Smart Formations in the western
Athabasca and Read Formation in the eastern Athabasca,
which replace the A Member of the Manitou Falls Forma-
tion. Ramaekers et al. (2007) also subdivide the Manitou Falls
Formation, introducing the Warnes Member (MFw), Raibl
Member (MFr) and Bird Member (MFb), that are the equiv-
alent of the Manitou Falls B Member, but are attributed to
the Karras deposystem for the Warnes Member, Moosonee
deposystem for the Raibl Member and the Ahenakew de-
posystem for the Bird Member. To be consistent with past
publications and industry practices, this paper follows the
original stratigraphy proposed by Rameakers (1990) and will
refer to the Read Formation as the Manitou Falls A Member
and the Warnes, Raibl, and Bird members of the Manitou
Falls Formation as the Manitou Falls B Member.

The Manitou Falls Formation and underlying basement are
cut by a series of mafic dikes known as the McKenzie dike
swarms (Cumming and Kristic, 1992), dated at 1267 + 2 Ma
from U-Pb date from baddeleyite (LeCheminant and Hea-
man, 1989). They range from 1 m to several hundred meters
wide, and are controlled by tensional trends associated with
left-lateral movement along the ancient Hudsonian faults
(Hoeve and Sibbald, 1978; Sibbald and Quirt, 1987).

The Millennium deposit is located within Paleoproterozoic
metasedimentary basement rocks of the Wollaston-Mudjatik
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transition zone at a depth ranging from 600 to more than 750
m from the surface, and from 100 to more than 150 m below
the sandstone-basement unconformity (Figs. 1, 2A, B, C, 3A).
The deposit is interpreted to lie along the northwest-trending
limb of a Z-type parasitic fold structure associated with the
east limb of a larger, regional, north-plunging synformal fold
that closes to the south-southwest (Thomas, 2002). The min-
eralization is located between two reverse faults and is essen-
tially stratabound (Fig. 3A). The footwall reverse fault, known
as the Mother fault, is filled with preore quartz, and the hang-
ing wall reverse fault is associated with a cordierite-graphite
metapelitic gneiss unit closely associated with the mineraliza-
tion (Fig. 3A). Basement rocks consist of graphitic metapelitic
schists and gneisses and lesser metacalcpelitic rocks that have
been intruded by numerous pegmatitic and granitic rocks
(Fig. 3A; Thomas, 2002). They are overlain by the Paleopro-
terozoic Athabasca Group which consists of 500 to 700 m of
diagenetically altered A, B, C, and D members of the Mani-
tou Falls Formation (Ramaekers, 1990; Roy, 2005) cut by
fractures and faults. The mineralization is hosted within the
metapelitic gneisses and is overprinted by extensive illite al-
teration (Roy et al., 2005; Fig. 3B). The alteration pattern was
interpreted by Thomas (2002) to reflect a zonation from dis-
tal saussuritization (plagioclase retrogression) and sericitiza-
tion, through a more proximal zone of chloritization into a
central zone of increasing illitic and dravite alteration. In con-
trast, other major basement-hosted deposits are characterized
by a small outer illitic halo, a large inner chloritic halo and a
core containing most of the uranium mineralization (e.g.,
Fayek and Kyser, 1997; Thomas et al., 1998; Alexandre et al.,
2005).

Uranium mineralization consists predominantly of urani-
nite with minor amounts of coffinite (Roy et al., 2005) and oc-
curs in a variety of styles, including massive foliation-con-
trolled replacement, uraninite matrix in breccias, irregular
fracture-controlled infillings and thin vein-type uraninite,
bleblike aggregates and thin discordant uraninite veinlets and
rims around fragments or quartz veins (Thomas, 2002). Mas-
sive replacement type is the dominant style of mineralization,
whereas fracture infilling and vein-type are less well devel-
oped (Thomas, 2002). Textures in breccia-hosted mineraliza-
tion suggest a progression from simple fracture-controlled,
through more complex hydraulic fracturing, and finally into
corrosive solution breccias characterized by progressive
rounding and embayment of clasts (Thomas, 2002). Width
and grade of the ore zones are variable with grades ranging
between 1 and 4 percent U over 20 to 30 m (Roy et al., 2005).

Methodology

A total of 84 samples were taken from 15 drills holes delin-
eating a north-south transect in the Manitou Falls Formation
sandstone and a east-west transect in the Manitou Falls For-
mation sandstone and underlying basement (Figs. 2A, B, 3A).
Polished thin sections of all samples were examined using
conventional transmitted and reflected light microscopy to
determine mineral paragenesis. All samples were analyzed
with a portable infrared mineral analyzer (PIMA) in order to
conduct preliminary identification of the hydrous minerals.
The samples were crushed and sieved, and clay minerals were
extracted from the coarsest crushed fraction (>1.4 mm) by
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ultrasound disintegration. X-ray diffraction (XRD) analyses
were performed on all size fractions of the mineral separates
obtained from ultrasound disintegration (<2, 2-5, and >5 um)
using a Seimens X-Pert at Queen’s University, Kingston,
Canada. The <2-um pure monomineralic and mixed clays
separates were selected for stable isotope analyses and 2 to 5
um pure monomineralic separates of muscovite were ana-
lyzed by %°Ar/*9Ar techniques. Chemical compositions of al-
teration minerals were determined by electron microprobe
analyses (EMPA) using a Camebax MBX electron microprobe
equipped with 4 wavelength dispersive X-ray spectrometer
(WDX) at Carleton University, Ottawa, Canada. Analyses are
accurate to 1 to 2 percent relative for major elements (>10 wt
%), 3-5 percent relative for minor elements (>0.5 - <5.0 wt
%). As detection limit is approached (<0.1 wt %), relative er-
rors approach 100 percent. The compositions of chlorite and
muscovite were used to estimate their temperatures of for-
mation. The chemical composition of chlorite and muscovite
was used to estimate temperatures of formation based on
tetrahedral site occupancy (Cathelineau, 1988) and are accu-
rate to within 30°C.

For stable isotopes, oxygen was extracted using the BrFs
method of Clayton and Mayeda (1963) and 6280 values were
measured using a dual inlet Finnigan MAT 252 isotopic ratio
mass spectrometer. Hydrogen isotope compositions were de-
termined using a TC/EA Thermo Finnigan and a DeltaPlus
XP Finnigan Mat mass spectrometer. O and H isotope com-
positions are reported in the d notation in units of per mil rel-
ative to the standard V-SMOW. The 680 and dD values 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-chlo-
rite, O'Neil and Taylor (1969) for water-muscovite, and Fayek
and Kyser (2000) for water-uraninite. Hydrogen isotope frac-
tionation factors used are those proposed by Marumo et al.
(1980) for water-chlorite and Vennemann and O’Neil (1996)
for water-muscovite. In previous studies, the water-illite frac-
tionation factor was used instead of water-muscovite. Hydro-
gen water-illite fractionation factors of Yeh (1980) used in pre-
vious studies were calibrated in the Texas Gulf Coast and used
a natural diagenesis progression from kaolinite to smectite to
illite-smectite to illite. The illite chemical composition from



820

the Texas Gulf Coast varies between 2 to 6 percent KoO and
2 to 6 percent FeO (Awwiller, 1993) and is different from
the chemical composition of the white mica present in the
Athabasca, where KO generally varies between 8§ and 10
percent and FeO is usually <1 percent (Wilson and Kyser,
1987; Kotzer and Kyser, 1995; Alexandre et al., 2005).
Moreover, Vennemann and O’Neil (1996) pointed out that
Fe content has the strongest effect on the fractionation of
hydrogen-mineral, wherein the water-mineral fractionation
factor increases with decreasing Fe content. The 0D values
of the fluids are 38 per mil higher at 250°C using the mus-
covite-water fractionation factors relative to those using il-
lite-water. Therefore, we prefer the muscovite-water frac-
tionation factor of Vennemann and O’Neil (1996), as the Fe
content is closer to what is observed in muscovite from the
Athabasca basin.

U-Pb isotope ratios were determined using LA-HR-ICP-
MS (Chipley et al., 2007), using a Finnigan MAT ELEMENT
HR-ICP-MS and a NEPTUNE HR-MC-ICP-MS, both
equipped with a high-performance Nd:YAG New Wave UP-
213 laser ablation system at the Queen’s Facility for Isotope
Research (QFIR). Ablation of uraninites was achieved on pol-
ished thin sections using a 35- to 40-um spot size with 35 to
40 percent laser power at a frequency of 2Hz. The gas (argon
in all cases) flows were as follows: cooling gas, 15 l/min; aux-
iliary gas, 1.0 I/min; sample carrier gas, 1.0 I/min. A low mass
resolution of 350 (defined as the ratio of mass over peak width
at 5% of the signal height) was used. For each sample, 204Pb,
206P], 207Ph, 235U, and 238U were measured and corrections for
common Pb were made scan-by-scan to each spot. No cor-
rections were made to the 233U/235U ratios as they were near
the 137.88 natural ratio.

40Ar/39Ar dating was performed on two pure monomineralic
separates of muscovite using the 2- to 5-um size fraction.
Plateau ages were calculated using not less than 70 percent of
the gas released and three consecutive steps that overlap in
their 1o error margin, whereas pseudoplateau ages are de-
fined by 30 to 70 percent of the gas released. The “Ar/*Ar
dating was performed at the Noble Gas Laboratory, Pacific
Centre for Isotopic and Geochemical Research, University of
British Columbia. Mineral separates were wrapped in alu-
minum foil and stacked in an irradiation capsule with similar-
aged samples and neutron flux monitors (Fish Canyon Tuff
sanidine (FCs), 28.02 Ma (Renne et al., 1998). The samples
were irradiated at the McMaster Nuclear Reactor in Hamil-
ton, Ontario, for 90 MWH, with a neutron flux of approxi-
mately 6X10' neutrons/cm?s. Analyses (n = 45) of 15 neu-
tron flux monitor positions produced errors of <0.5 percent in
the J value. The mineral separates were step-heated at incre-
mentally higher powers in the defocused beam of a 10W CO;
laser (New Wave Research MIR10) until fused. The gas
evolved from each step was analyzed by a VG5400 mass spec-
trometer equipped with an ion-counting electron multiplier.
All measurements were corrected for total system blank, mass
spectrometer sensitivity, mass discrimination, radioactive
decay during and subsequent to irradiation, as well as inter-
fering Ar from atmospheric contamination and the irradiation
of Ca, Cl, and K (isotope production ratios: (*°Ar/*Ar)x =
0.0302 = 0.00006, (37Ar/*9Ar)c, = 1416.4 + 0.5, (30Ar/39Ar)ca =
0.3952 + 0.0004, Ca/K = 1.83 = 0.01(37Arc/3%Ark).
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Forty-one Manitou Falls Formation sandstones and 14
basement samples were analyzed for leachable Pb and U iso-
topes and leachable trace elements. Samples were crushed
and then leached following the technique of Holk et al.
(2003). The 0.50- to 1.40-mm crushed fraction was used and
about 0.5 g of sample and 5 ml of 0.02 M HNO; were loaded
into a polyurethane tube, placed in an ultrasonic bath for 120
min and centrifuged. One gram of the liquid was diluted with
100 g of 1 percent HNOs spiked with 115In and the Pb isotope
ratios and trace element concentrations were measured using
a Finnigan MAT ELEMENT high-resolution ICP-MS. The
Pb and U isotope ratios were calculated using the signal in-
tensities (counts/s) in low-resolution mode and have an aver-
age uncertainty of ca. 1 percent based on repeat analyses.
Corrections were made for interferences from Hg and mass
fractionation was monitored using Tl in the solutions and ex-
ternally with in-house and NIST Pb isotope standards (NBS
981, normal Pb and NBS 983, radiogenic Pb). For each sam-
ple, 201Hg, 202Hg, 204Ph, 206Ph, 207P, 208Ph, 235U, and 23U
were measured, blank subtracted, and 204Pb was corrected for
204Hg interference using 202Hg. Concentrations were cor-
rected for instrument drift and matrix using 15In as an inter-
nal standard and external calibration for element concentra-
tions and blank subtraction. 206Pb/204Pb ratios greater than 30
were considered radiogenic.

Paragenesis of Alteration Minerals

Mineral paragenesis for the sub-Athabasca basement and
the Manitou Falls Formation sandstones based on textural re-
lationships are shown in Figure 4A and B, respectively. Three
main stages of alteration were recognized in the basement
(preore, synore, and postore) and four main stages of alter-
ation were recognized in the basin (diagenesis, early and late
hydrothermal alteration, and late alteration).

Basement alteration

Detailed basement host-rock descriptions by Roy et al.
(2005) described 10 stratigraphic units consisting of meta-
pelitic to metasemipelitic to metacalcpelitic gneisses associ-
ated with minor graphite, a cordierite-graphite metapelitic
gneiss unit, granites, pegmatites, and minor amphibolites
(Figs. 3A, 4A). Mineral assemblages in the metapelitic to
metasemipelitic gneisses consist of fine-grained quartz, pla-
gioclase, biotite, rutile, and minor amount of graphite (Fig.
5A). Metacalc pelitic gneisses contain the same assemblage as
metapelitic to metasemipelitic gneisses with the addition of
carbonate minerals. The cordierite graphitic metapelitic
gneiss consists of fine-grained cordierite, graphite, quartz,
plagioclase, biotite, and rutile. The granite and pegmatite
units consist of medium- to coarse-grained quartz, plagio-
clase, potassium feldspar, muscovite, and biotite. One small
layer of amphibolite (~1.5 m) was identified and consists of
hornblende and plagioclase.

Early preore alteration of the metamorphosed basement
metapelitic assemblages is characterized by C1 chlorite alter-
ation of fine- to medium-grained (0.5-10 mm) biotite within
the metapelites (Figs. 4A, 5B) and recrystallization of rutile
needles present within the biotite crystal to rutile aggregates
in the chlorite crystal (Fig. 5B). This relationship is only ob-
served in the distal alteration zone, which is >75 m from the
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A Host Preore Synore Postore alteration
. rocks alteration alteration
Quartz* ¥ —

Biotite* —
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K-Feldspar *
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Graphite*
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Pyrite*

Hornblende *
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Chlorite _— —_— — - —
Rutile —_— .
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Muscovite —
Uraninite —
APS —_—
Hematite Ll LE
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. I
i . . Hydrothermal Alteration Post
B Stage Detrital | piagenesis ydrothermal Alteratio I tyarothermal
. Minerals Early Late | Aleraon
Quartz SQO —— :
Muscovite SMO —— :
Rutile SRO |
Hematite SHO |
Zircon SZ0 :
Pyrite SPy0 |
T
Quartz overgrowth SQ - — |
Hematite SH1 — :
Dickite SK1 — |
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APS SAPS E— '
Dravite ST —— I
Hematite SH2 _ . :
Chlorite sc SCLC
Pyrite SPy :
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Relative timing ———mm—

Fic. 4. General mineral paragenesis for (A) basement rocks and (B) Manitou Falls Formation sandstones of the Millen-
nium deposits. Three main alteration stages for the basement rocks include pre-, syn-, and postore alteration and four main
stages for the Athabasca Group sandstones include early, peak, and late diagenesis and late alteration. The thickness of the
lines indicates the relative abundance. Dashed lines indicate uncertainty in the position. Also shown is the primary mineral
present in pelitic rocks (%), granites and pegmatites (f) and amphibolite (f). Temperatures associated with the different al-
teration minerals are derived from their chemistry and are accurate to within 30°C (see text for detailed explanation).
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FI1G. 5. Photomicrographs of typical basement rock mineral phases from pre-, syn- and postore. (A) fresh metapelite sam-
ple containing biotite, quartz, and plagioclase. (B) Preore C1 chlorite altering biotite and rutile (R0) to R1 rutile crystals. (C)
Preore M1 muscovite alteration within metapelite. (D) Preore C2 Fe-rich chlorite altering preore M1 muscovite. (E) Mas-
sive uraninite (U) and associated synore M2 muscovite and H1 iron oxide. (F) Massive uraninite (U) showing a fine mottled
and speckled appearance and associated synore muscovite (M2). (G) Postore dravite (T) crosscutting synore M2 muscovite
being altered by C3 chlorite. (H) Postore chlorite (C4) altering preore muscovite (M1). PP = plane-polarized light, XP =
cross-polarized light, RL = reflected light.
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ore zone. Subsequently, these assemblages were overprinted
by pervasive M1 muscovite alteration, creating medium- to
fine-grained anhedral muscovites (Figs. 4A, 5C). This mus-
covite alteration is observed proximal to the mineralization,
but extends into the distal alteration zone up to 100 m from
the ore zone. Prior to synore alteration is minor replacement
of M1 muscovite to dark green C2 chlorite in the footwall of
the fault associated with the cordierite-graphite metapelitic
gneiss unit (Fig. 5D).

Synore alteration of the basement rocks consists of zones of
massive uraninite 5 to 10 mbelow the cordierite-graphite
metapelitic gneiss unit of the hanging-wall fault (Figs. 3A, B,
4A, 5E) and zones of disseminated uraninite in the hanging
wall of the Mother fault (Fig. 5F). Uraninite has a finely mot-
tled and speckled appearance, forms euhedral (Fig. 5E),
colloform, or anhedral grains (Fig. 5F), and is typically zoned
in reflected light and backscattered electron images. Lower
reflectivity or porous zones, particularly those in close prox-
imity to the rims of the uraninites, are interpreted to indicate
recrystallization during postore alteration stages. Uraninite is
spatially associated or rimmed with medium- to coarse-
grained (10 to 300 um), anhedral to euhedral M2 muscovite
and fine-grained H1 hematite (Fig. 5E, F). Some rare fine-
grained euhedral aluminium phosphate-sulfate (APS) miner-
als occur with the disseminated mineralization within M2
muscovite aggregates.

Postore alteration is characterized by the occurrence of
minor dravite as fine-grained acicular dravite aggregates
(50-300 um) and as veinlets of dravite + quartz (50-500 um)
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overprinting the pre- and synore assemblages throughout the
alteration zone (Fig. 5F). Locally, brecciated zones 25 to 40 m
wide containing a matrix of fine-grained dravite occur in the
hanging wall of the Mother fault (Fig. 3B). Small amounts of
acicular coffinite (Fig. 6A) rim uraninite crystals in the ore
zone and are interpreted to have formed between the dravite
and later calcite precipitation. Minor amounts of thin (50-300
um) calcite + Pyl pyrite veins cut the dravite aggregates and
veinlets and H2 hematite partially replaces H1 hematite.
Fine-grained C3 chlorite (5-100 4m; Fig. 5F) with minor Py2
pyrite occurs in corroded zones filling the voids created by
prior alteration, and is one of the late phases. Locally, C4
chlorite has altered, medium-grained M1 muscovite in the
fault associated with the cordierite-graphite metapelitic
gneiss unit and is interpreted to have been formed during the
late postore stage based on geothermometric results.

Alteration of Manitou Falls Formation sandstones

The earliest diagenetic textures preserved in the sandstones
are thin veneers of red-brown SH1 hematite and poorly to
well-developed syncompaction SQ1 quartz overgrowths on
detrital SQO quartz grains followed by fine-grained SK1 dick-
ite (Figs. 4B, TA, B, C). Fine-grained SM muscovite (Fig. 7A,
B, C) occurs, filling corroded zones in quartz overgrowths,
characteristic of early hydrothermal alteration minerals
throughout the Manitou Falls Formation sandstones and in-
dicative of significant water/rock ratios (Wilson and Kyser,
1987; Kotzer and Kyser, 1995). Minor amounts of fine-
grained euhedral APS minerals (SAPS) are observed to have

FIG. 6. Secondary electron scanning electron microscope microphotographs of (A) Basement uraninite alteration to aci-
cular coffinite (Cof). (B) Detrital quartz (SQO), peak diagenesis muscovite (SM) and peak diagenesis dickite (SK1) of
Athabasca Group sandstone, with peak diagenesis 1Mc muscovite showing overgrowth of the 1Mt polytype. (C) Basement
preore muscovite (M1) close to the unconformity having the 1Mt polytype. (D) Basement preore muscovite (M1) below the

ore zone having the 1Mc polytype.
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FI1G. 7. Photomicrographs of typical Athabasca Group sandstones mineral assemblages from early, peak and late diagen-
esis and late alteration. (A) SH1 hematite highlighting the boundary between detrital quartz (SQ0) and SQ1 quartz over-
growth. SM muscovite and SK1 dickite are altering SQ1 quartz overgrowth. (B) Peak diagenesis muscovite (SM) and dick-
ite (SK1) being crosscut by dravite (ST). (C) Hematite (SH2) crosscutting dravite (ST) and peak diagenesis muscovite (SM)
and dickite (SK1). (D) Late diagenesis chlorite (SC) crosscut by late kaolinite (SK2).

crystallized simultaneously with early hydrothermal alteration
SM muscovite. SK1 dickite and SM muscovite are partially
replaced by needle-shaped ST dravite near the unconformity
(Fig. 7C), which is interpreted to have formed during late hy-
drothermal alteration. Dravite occurs in minor amounts in all
areas, except near the unconformity in drill hole CX56, where
it is the only alteration mineral present in the sandstones in-
terstices. Locally, SH2 hematite occurs in embayments in the
margins of late hydrothermal alteration tourmaline (Fig. 7C).
Late SPy pyrite and fine-grained SC chlorite (Fig. 7D) are
observed close to the unconformity, with the latter partially
replaced along microfractures by fine-grained posthydrother-
mal alteration SK2 kaolinite (Fig. 7D).

Crystal Chemistry of the Alteration Minerals

Preore alteration C1 chlorites are Mg-Fe-Al chlorite with a
calculated structural formula of MgsgeaFeq20Al254(Sis 02,
Als,05)O20(OH) 16 (Table 1), reflecting the composition of a
clinochlore chlorite. This chemical composition is consistent
with formation temperatures near 275°C, based on site occu-
pancy (Cathelineau, 1988). Preore alteration C2 chlorites
have distinctly different chemical compositions than C1 chlo-
rite, with a calculated structural formula of Mg 7sFes 65Al2.36
(Si573,Al2.27)020(OH)16 (Table 1), corresponding to the com-
position of a chamoisite chlorite with formation temperatures
near 300°C. Postore chlorites C3 have a calculated average
chemical formula of KoosMgsasFer16Als 0s(Sis61,Al139)O20

(OH)16 (Table 1), corresponding to the composition of a su-
doite chlorite with formation temperatures near 185°C. Pos-
tore chlorites C4 are similar in composition to C3 chlorite
with a calculated structural formula of Mgz soFeo.20Al6.19(Sis 45,
Al152)020(0OH)16 (Table 1), corresponding to the composition
of a sudoite chlorite with formation temperatures near 175°C.
Late hydrothermal alteration SC chlorites in the Manitou
Falls Formation are similar in composition to C3 and C4
chlorites in the basement with a calculated structural formula
of Mgso9Feo09Als23(Si6.s2,Al1.18)020(0H)16 (Table 1), corre-
sponding to a composition of a sudoite chlorite with forma-
tion temperatures near 155°C.

When plotted on a molar Al-Mg-Fe ternary diagram (Fig.
8), C1 and C2 chlorites plot on the Fe-Mg side of the dia-
gram. These compositions are similar to those of biotite in
the basement rocks and probably reflect an inherited chem-
istry from the altered minerals or alteration fluids that equi-
librated with the metamorphic basement rocks prior to chlo-
rite alteration. The C1 chlorite has a similar composition to
preore chlorites reported by Alexandre et al. (2005) for
Dawn Lake, McArthur River, and Rabbit Lake basement
deposits, whereas C2 chlorites have higher Fe contents (Fig.
8). Such differences in the chemical composition between
the C1 and C2 chlorites might be attributed to the different
chemistry of the altered minerals that locally fixed the
chemistry of the alteration fluid. C3, C4, and SC chlorites
plot close to the postore chlorite field from Dawn Lake,
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Fic. 9. XRD profiles of 2 to 5 and <2 um muscovites separates from early hydrothermal alteration (SM) from the
Athabasca basin and preore muscovites (M1) from the basement of Millennium, showing 1Mc polytype as the main polytype
in the basement and 1Mt as the main polytype close to the sandstone-basement unconformity. Major peak position for 1Mc,
IMt, and 2M; muscovite polytypes are also shown (Drits et al., 1993).

unconformity and around brittle structural features. Laverret
et al. (2006) interpreted the 1Mc polytype in barren areas to
be related to muscovite alteration from diagenetic brines and
the 1Mc and 1Mt polytype in the mineralized area to be re-
lated to the reinjection of basinal brines that interacted with
the basement rocks into the overlying sandstone. At Millen-
nium, the 1Mc muscovite polytype is the dominant alteration
mineral in the basement rocks, which we interpret to be re-
lated to pre- and synore muscovite alteration from diagenetic
brines. The 1Mt muscovite polytype is observed growing
from the edge of the 1Mc muscovites, as is the case at Shea
Creek, which would imply that this 1Mt polytype is related to
late postmineralization alteration fluids.

Synore basement APS minerals (APS) vary from 9.50 to
10.66 percent SrO, 1.95 to 2.20 percent CaO, 2.70 to 3.84
percent LasOs, 4.37 to 6.02 percent Ce20s, 1.16 to 1.56 per-
cent Nd2Os, 4.70 to 10.29 percent SOs, 22.44 to 24.72 P-Os,
0.11 to 4.27 percent FeO and 29.22 to 34.56 percent Al,Os3
with minor amounts of F, BaO, and ThOs (Table 2). The cal-
culated average structural formula is Sro45Cao17LREEo30
(Al2s7Fe0.11)(PO4)154(SO4)0.35(OH)s, corresponding to goy-
azite composition. Early hydrothermal alteration basin APS
mineral (SAPS) chemical compositions are similar to synore
APS chemistry in the basement rocks at Sro.44Cao.1sLREE.s
(Al291Fe0.11)(PO4)153(SO4)020(OH)s (Table 2), also corre-
sponding to a goyazite composition.

The concentration of uranium in uraninite varies from 50.2
to 77.4 percent U (Table 3) and Pb contents also vary, ranging
from 0.2 to 23.1 percent Pb. Other elements present within
the uraninite structure include Ca (0.37-3.62%), Si (0.10 to
4.74%), Fe (0.09 to 4.74%), Ti (0.03 to 0.19%), V (0.03 to
0.75%), and O (11.58 to 16.70%) (Table 3), consistent with
micron-scale becquerellite and coffinite alteration after
uraninite.

Isotopic Compositions of the Minerals and
Fluids Involved in the Deposit

Stable isotopic compositions were determined for base-
ment preore M1 and synore M2 muscovites, preore C2 and
postore C3 chlorite, basin early hydrothermal alteration SM
muscovite and late hydrothermal alteration SC chlorite
(Table 4, Fig. 10).

Basement preore M1 muscovite and C2 chlorite

Measured 0'80 and 0D values of nine preore M1 mus-
covites vary from +10.2 to +13.7 per mil for 6130, and —66 to
—52 per mil for D. These values are similar to those reported
in previous studies of the Manitou Falls Formation (Kotzer
and Kyser, 1995), but the 0D values are distinct from those
that produced early muscovite in basement host rocks in the
Key Lake (Wilson and Kyser, 1987), McArthur River and
Rabbit Lake deposits (Alexandre et al., 2005), where D are
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TABLE 2. Chemical Composition (in wt %) of Aluminum Phosphate-Sulfate (APS) Phases from the Millennium Deposit
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F BaO CaO FeO SrO PbOs; ThOs; UOy SO; AlOs; LaOs CexO; PraOs NdaOs; V203 P2Os  Total
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

Early hydrothemal alteration APS (SAPS)
CX53-1-664_01 0.53 1.09 198 016 1059 026 023 <DL 470 3046 270 437 0.30 128 <DL 2331 8227
CX53-1-664_02 0.71 0.63 202 427 964 <DL 0.03 <DL 1029 2922 287 496 0.38 145 0.02 2244 89.33
CX53-1-664_03 046 036 218 0.15 985 <DL 0.09 <DL 550 3333 370 562 0.28 1.33  0.02 24.72 87.95
CX53-1-664_04 044 041 220 022 950 0.02 0.05 0.13 5.05 3141 351 5.68  0.52 1.56  0.05 23.05 85.10
CX53-1-664_05 0.56  0.56 195 011 1008 <DL 0.03 0.05 577 3333 384 572 045 126 <DL 2330 87.54
CX53-1-664_06 0.71 1.00 195 015 1066 <DL 0.11 <DL 550 3456 335 517 0.30 140 0.04 2339 88.72
CX53-1-664_07 0.86 0.80 2.07 0.28 9.96 0.02 0.09 <DL 517 3442 341 6.02 0.37 1.16 <DL 24.00 8891
Synore APS (APS
CX53-1-622.5 01 094 073 206 501 6.11 <DL 053 <DL 646 2992 470 6.38 042 1.01 <DL 2294 87.61
CX53-1-622.5_02 0.84 057 222 2.72 825 <DL 085 <DL 431 3290 3.51 6.53 0.41 198 <DL 2236 8787
CX53-1-622.5 03 092 086 216 2.82 732 <DL 089 <DL 414 3041 400 6.05 045 1.14 0.03 23.14 84.72
CX53-1-622.5_05 090 082 218 285 7.08 <DL 0.68 0.07 3.93 3034 439 6.18 0.62 1.05 0.01 2280 84.49
CX53-1-622.5_04 1.11 078 232 270 730 0.01 079 0.02 430 3047 370 6.19 026 1.17  0.03 21.37 83.03
CX53-1-622.5_06 0.72  0.55 1.83 1.40 9.25 0.03 010 0.03 453 2847 266 517 051 1.33  0.02 21.53 79.68
CX53-1-622.5_07 052 037 182 0.64 9.04 <DL 027 <DL 431 2690 238 463 042 169 <DL 20.66 7729
CX53-1-617.5 01 0.64 0.70 1.91 1.13 1084 0.02 045 <DL 464 30.73 180 427 020 1.20 0.01 21.36 81.69
CX53-1-617.5_02 0.75 0.65 1.97 1.62 999 <DL 032 <DL 492 2896 1.69 4.04 0.47 1.06 0.04 1952 79.18
CX53-1-617.5_03 0.60  0.50 1.68 1.10 6.57 <DL 038 0.14 3.27 2562 157 290 018 092 004 1392 69.12
CX53-1-617.5_04 0.74 075 229 1.31 1039 <DL 070 <DL 527 30.72 260 405 0.14 1.19 0.01 2191 83.29
CX53-1-617.5_05 091 072 201 1.10 10.71 0.04 095 0.01 542 3047 174 433 0.39 1.59 001 21.92 8274
CX53-1-617.5_06 0.64 0.59 1.96 091 951 001 068 0.04 541 2758 1.77 3.76 0.35 1.61 003 19.61 76.86
CX53-1-617.5_07 0.61 0.69 1.55 0.69 10.05 <DL 023 0.20 434 2598 1.85 3.78 0.29 161 <DL 2059 7292
CX53-1-617.5_08 0.62 0.63 161 065 1031 0.01 0.14 0.05 462 28.06 190 3.89 0.26 181 <DL 21.08 76.05
CX56-425 01 0.67 0.64 1.97 051 1052 <DL 030 <DL 461 3198 213 448 0.50 1.43 <DL 2323 83.58
CX56-425 02 095 099 277 091 928 001 038 <DL 369 31.17 219 495 025 122 <DL 24.02 84.35

Notes: Paragenesis of all phases analyzed is shown in Figure 4; see text for more discussion; <DL = concentration lower than the detection limit; APS com-

positions have been corrected for their muscovite content

TABLE 3. Uraninite Average Chemical Composition and Calculated Chemical Age from the Millennium Deposit

9) Pb Si Fe Mg Ca Ti v (0) Total ~ Chemical age

(CX48-1-684.5-3 69.8 2.3 1.5 <DL <DL 0.3 3.8 0.4 14.3 92.4 197
CX48-1-684.5-5 71.1 4.0 0.9 0.2 <DL 0.4 2.3 0.2 13.0 92.2 341
CX48-1-684.5-7 4.7 6.6 <DL 0.2 <DL 1.3 0.0 <DL 11.8 94.9 519
(CX48-1-684.5-8 72.5 8.8 <DL 0.2 <DL 1.1 0.1 <DL 11.8 94.8 702
CX48-1-684.5-9 75.1 4.7 <DL <DL <DL 14 0.0 0.2 11.7 93.4 372
CX48-1-689-1 72.9 7.3 <DL 0.2 <DL 1.1 0.4 <DL 11.9 94.0 584
(CX48-1-689-2 74.1 6.2 <DL <DL <DL 1.2 0.3 <DL 11.8 94.0 493
(CX48-1-689-3 75.4 5.5 <DL <DL <DL 1.4 0.2 0.2 11.9 94.6 433
CX48-1-689-4 71.2 10.8 <DL <DL <DL 0.8 0.1 <DL 11.8 95.1 865
(CX48-1-689-5 71.1 11.1 <DL <DL <DL 0.8 0.1 <DL 11.8 95.2 883
(CX48-1-689-6 74.4 6.4 <DL <DL <DL 1.2 0.1 <DL 11.7 94.2 506
CX48-1-689-7 76.4 0.8 18 0.3 <DL 0.9 0.1 0.3 13.2 93.8 67
(CX48-1-689-8 73.9 7.5 <DL <DL <DL 1.1 0.1 <DL 11.8 94.6 591
(CX48-1-689-9 73.8 7.1 <DL <DL <DL 1.2 0.2 <DL 11.8 94.4 566
CX48-1-689-10 73.7 7.3 <DL <DL <DL 1.1 0.2 <DL 11.8 94.3 581
CX48-1-689-11 73.4 8.6 <DL <DL <DL 1.0 0.2 <DL 11.8 95.1 680
(CX48-1-689-12 74.3 6.7 <DL <DL <DL 1.2 0.2 <DL 11.9 94.7 533
(CX48-1-689-13 73.2 8.5 <DL <DL <DL 1.0 0.1 <DL 11.8 95.0 674
(CX48-1-689-14 4.5 8.0 <DL <DL <DL 1.1 0.2 <DL 12.0 96.1 626
CX48-1-689-15 74.6 7.4 <DL <DL <DL 1.2 0.3 <DL 12.1 95.9 579
Average 73.3 6.4 0.4 0.1 <DL 1.0 0.6 0.2 12.2 94.1

+lo 1.9 2.9 0.6 0.1 0.4 1.1 0.1 0.8 0.9

Note: <DL = concentration lower than the detection limit
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TABLE 4. Measured Mineral 6180 and 6D and Calculated 6180
and 0D Values for Fluids in Equilibrium with Alteration Minerals
and Uraninite from the Millennium Deposits

Fraction size Mineral Water

Sample no. oD 0150 oD 0150
Early hydrothermal alteration muscovite (SM)

(CX49-385 <2 -50 11.3 -20 6.1

CX56-499.5 <2 -61 7.0 =31 1.8
Late hydrothermal alteration sudoite (SC)

CX48-567,1 <2 -53 9.3 -9 5.5

CX54-598 <2 —48 15.9 —4 12.1

CX56-186.5 <2 —64 13.9 -20 10.1

CX60-596 <2 —48 13.4 —4 9.6
Preore muscovite (M1)

CX48-593 <2 —65 13.1 -35 8.3

CX48-607 2-5 -50 11.8 -20 7.0

CX48-625 <2 —66 11.8 -36 7.0

CX48-688 <2 -53 13.7 -23 8.9

CX48-704.5 <2 -55 10.2 -25 5.4

CX48-764 2-5 —61 10.3 =31 5.5

CX48-807.5 2-5 -52 10.1 -22 5.3

CX53-1-629 <2 -56 10.3 -26 5.5
Preore chamoisite (C2)

CX48-733 <2 -54 7.1 -29 7.0
Synore muscovite (M2)

CX48-1-684 - -89 11.4 -59 6.6

CX48-1-689 - -94 12.6 —64 7.8

CX48-1-695 - -104 10.2 —74 5.4
Uraninite

CX48-1-689 -12.9

CX48-1-695 -8.6

CX56-3-680.5 9.8

CX56-3-711 -0.8
Postore sudoite (C3)

CX48-713 <2 -55 8.1 -13 5.4

CX53-1-686 <2 -57 11.5 -15 8.8

Notes: The temperatures used to calculate the fluid values are derived
from the crystal chemistry of the clay minerals; the variation of the individ-
ual O and H analyses are 0.2 and +3 per mil; see the text for more details

higher. Using the formation temperature of 250°C for M1
muscovite obtained from the mineral chemistry (Table 1), the
calculated 0130 values for the fluid in equilibrium with this
muscovite range from +5.3 to +8.9 per mil, while the 6D fluid
values range from —36 to —20 per mil (Fig. 10; Table 4).

Measured 680 and 0D values of one preore C2 chlorite
gives a calculated 680 value of +7.0 per mil and 0D of —29
per mil for the fluid in equilibrium with this chlorite (Fig. 10;
Table 4), similar to preore M1 muscovite in the basement.
This fluid value is similar to those reported by Alexandre et al.
(2005) for preore chlorite at Dawn Lake, McArthur River and
Rabbit Lake deposits.

Synore M2 muscovite and uraninite

Synore M2 muscovites have 0150 values from +10.2 to +12.6
per mil, similar to preore M1 muscovite, but lower 6D values,
averaging —96 per mil. Using the formation temperature of

CLOUTIER ET AL.

250°C for M2 muscovite obtained from the mineral chem-
istry (Table 1), the calculated 10 values for the fluid in equi-
librium with this muscovite vary between +5.4 and +7.8 per
mil. The D values of the fluids average —104 per mil (Fig. 10;
Table 4), and reflect preferential exchange of hydrogen iso-
topes with more recent fluids moving along fractures in the
mineralized zone as fluids with such low values were not pre-
sent in the basin except recently (Wilson and Kyser, 1987;
Kotzer and Kyser, 1995).

Measured 0150 values of four uraninite samples vary from
-12.9 to +9.8 per mil (Table 4). Using the 0150 values and
temperatures of the fluids that formed the synore M2 mus-
covites, pristine uraninites should have 650 values near —4
per mil (Fayek and Kyser, 2000). The large variation in 6150
values of the uraninites at Millennium is interpreted to result
from variable degrees of uraninite alteration, with high values
reflecting alteration during incorporation of Ca, Si, and Fe to
secondary uranium minerals, whereas low values reflect ex-
change of the uraninites with relatively recent 5O-depleted
fluids that percolated along faults and fractures (Kotzer and
Kyser, 1993; Fayek and Kyser, 2000). The low 0150 values in
uraninites are attributed to recent fluids, as the Athabasca
basin slowly migrated to higher latitudes since its formation
(Ramaekers and Dunn, 1977), where meteoric waters with
lower 6D and 050 values are expected.

Basement postore C3 chlorite

Two postore C3 chlorites have 6180 values of +8.1 and
+11.5 per mil and 6D values of —57 to —55 per mil. Using for-
mation temperatures of 185°C for C3 chlorites obtained from
the mineral chemistry (Table 1), the calculated 6150 values
for the fluid in equilibrium with these chlorites are +5.4 and
+8.8 per mil, and the D fluids values are —15 and ~13 per mil
(Fig. 10; Table 4). The 0D values are higher than the fluids
associated with the postore chlorite at McArthur River
(Alexandre et al., 2005), which range from —80 to —31 per mil.
The values for the fluids that equilibrated with the C3 chlo-
rites also have higher D and 080 values than those for the
fluids that produced the chlorite alteration in the gneissic
host rock of the Key Lake deposit in the southwest Athabasca
basin (Wilson and Kyser, 1987), where 0'8Orrym ranged from
+0 to +4.1 per mil, and Drrump was from —61 to —30 per mil.

Basin SM muscovite and SC chlorite

SM muscovites from early alteration of the Manitou Falls
Formation sandstones above the deposit have 6150 values of
+7.0 and 11.3 per mil and 0D values of 61 and —50 per mil.
These values are similar to pre- and synore muscovites in the
basement and to reported values in previous studies of the
Manitou Falls Formation (Kotzer and Kyser, 1995). Using for-
mation temperatures of 240°C for SM muscovite obtained
from the mineral chemistry (Table 1), the calculated %0 and
0D values for the fluid that formed SM muscovite is +1.8 and
+6.1 per mil for 0150 and —31 and —20 per mil for 6D (Fig. 10).

SC chlorites from late alteration of the Manitou Falls For-
mation sandstones above the deposit have 650 values be-
tween +9.3 and +15.9 per mil and 0D values of —64 and —48
per mil. Using formation temperatures of 155°C for SC chlo-
rite obtained from the mineral chemistry (Table 1), the cal-
culated 680 and 0D values for the fluid that formed SC
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Fi1c. 10. Calculated 6D and 6150 values of fluids in equilibrium with clay minerals from various alteration stages from
basin and basement and 6150 values of uraninite at the Millennium deposit (Table 4). Also shown are the meteoric water line
(MWL) the isotopic composition of standard modern ocean water (SMOW) and the effect of preferential exchange of H iso-

topes with modern fluids.

chlorite are +5.5 and +12.1 per mil for 480 and —20 and —4
per mil for 0D (Fig. 10).

Timing of Fluids That Have Affected
the Millennium Deposit

Chemical U-Pb ages derived from the composition of
uraninite vary from 67 to 702 Ma, suggesting variable recrys-
tallization and Pb loss. There is a decrease in the chemical age
with an increase in Ca, Fe, and Si contents of the uraninites
(Fig. 11) and since alteration is expected to result in a de-
crease in radiogenic Pb, the age of formation of the uraninite
in the Millennium deposit can be estimated by extrapolating
the chemical U-Pb ages to the age when the concentration of
the secondary elements (Ca, Fe, and Si) were negligible in
the uraninite (Alexandre et al., 2005). Regression to zero

08

0.6

Ca + Fe + Si (%)

04 ¢ 1590 Ma
02 F
0.0
200 400 600 800 1000 1200 1400 1600
Chemical Age

Fic. 11. Plot of Ca+Fe+Si contents in uraninites (Table 3) as a function
of chemical date. Regression to 0 percent Ca+Fe+Si gives a chemical urani-
nite age of 1590 Ma.

content of these elements in the uraninites corresponds to
1590 Ma (Fig. 11), which is the same as the initial formation
age that Alexandre et al. (2009) proposed for all the uncon-
formity-related deposits in the Athabasca basin.

U-Pb isotope compositions of several uraninite grains ana-
lyzed by LA-HR-ICP-MS and LA-HR-MC-ICP-MS (Table
5) show significant resetting of U-Pb isotope systems (Fig.
12A). This resetting is also evident from the finely mottled
and speckled appearance of uraninite grains under reflected
light and backscattered electron imaging (Fig. 5F). Almost all
uraninite grains have near-zero-age lower intercepts (Fig.
12A), reflecting major recent Pb loss. The 206Pb/207Ph dates
range between 131 + 30 Ma and 1421 + 7 Ma (Fig. 12F),
206Ph/235U dates range between 166 + 7 Ma and 1212 + 102
Ma, and 207Pb/235U dates range between 263 + 9 Ma and 1135
+ 1 Ma (1o) (Table 5).

U-Pb upper intercept correspond to dates of 1344 + 48 Ma,
1278 + 200 Ma, 1091 + 26 Ma, and 804 + 120 Ma and a lower
intercept near 0 Ma (Fig. 12B-E), which are similar to the dom-
inant Pb-Pb dates recorded by the uraninites at Millennium
(Fig. 12F). Similar dates for these upper intercept with the most
frequent Pb-Pb isotope dates indicate episodes of partial re-
setting that occurred after the main mineralization event, the
most dominant being near 1100 Ma (Fig. 12D) and coincident
with the Grenville orogeny (Hoffman, 1990; Mosher, 1996).

Preore muscovite samples from the basement have dis-
turbed “Ar/*9Ar spectra with pseudoplateau “0Ar/9Ar dates of
1425 + 8 Ma and 1435 + 8 Ma from 41 percent of the gas re-
leased (Fig. 13A). Both samples analyzed show a limited
amount of superficial “*Ar® loss (Fig. 13A) that should not af-
fect the dates. A cumulative probability diagram for the two
samples indicates a main date near 1430 Ma, defined by 60
percent of the steps and corresponding to the pseudoplateau
ages, and a secondary date defined by 15 percent of the steps
near 1390 Ma (Fig. 13B).
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MILLENNIUM: A BASEMENT-HOSTED UNCONFORMITY-RELATED URANIUM DEPOSIT
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FI1G. 13. (A) “Ar-39Ar spectra for preore muscovites at Millennium showing pseudoplateau “Ar/39Ar ages of 1425 + 8 Ma
and 1435 = 8 Ma; (B) histogram of cumulative probability showing major perturbations of the *°Ar/*Ar systematics at 1430
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Chemistry and Geochronology of the Leachable Phases

Holk et al. (2003) demonstrated that the isotopic composi-
tion of leachable Pb could be used to trace Pb loss events
from uranium deposits. The isotopic compositions of Pb leach
from around the Millennium deposit indicate the presence of
radiogenic Pb (206Pb/204Ph > 30) (Table 6) in the basement up
to 75 m above and more than 100 m below the mineralized
zone (Fig. 14A). The Pb leached from the basin gives a model
207Pb/296Pb isochron age of 2875 + 360 Ma, whereas base-
ment rocks give a model 207Pb/26Pb isochron age of 1075 =+
400 Ma, similar to the 1091 Ma major resetting event
recorded by the uraninite.

Discussion

Reactions during alteration and mineralization

Petrographic relationships reveal four principal phases of al-
teration: a preore stage with minor CI clinochlore alteration
forming prior to pervasive M1 muscovite alteration, a preore
stage with minor C2 chamoisite altering M1 muscovite, a syn-
ore stage with coeval precipitation of uraninite, M2 muscovite
and HI hematite and a postore stage where sudoite (C3 and
C4) is the dominant alteration mineral. Based on petrographic
observations, the starting mineral assemblage in the basement
rocks is composed on average of 40 percent quartz, 25 percent
plagioclase and 20 percent biotite, with minor amounts of
potassium feldspar, cordierite, muscovite, graphite, hematite,
rutile, pyrite, and amphibole. We estimate that the first chlo-
ritization event altered about 50 percent of the biotite to C1
clinochlore according to the reaction:

Biotite (theoretical) = Clinochlore (C1)

2.31 KzMg‘sFel(Si6A12>020(0H>4
+ 1.89Fe2+ + 15.88H+ + 0.500,—>

Mgs 9oF €4 20Al2 54(Si592Al2.08) O20(OH )16
+4.62K+ + 5.63Mg?* + 7.945i02(,q) + 4.56H20.

This reaction liberated K, Mg, and SiOs(.q) while consuming
Fe, H+, and O, creating about 485A (41%) of space per 2.31 b1—
otite (497 T9A per formula unit) altered to clinochlore (699. 59A

per formula unit), for a total space created in the rock of 4
percent during this phase of alteration. The C1 clinochlore al-
teration was followed by M1 muscovite alteration of remain-
ing biotite, C1 clinochlore, and plagioclase according to the
following reactions:

Biotite (theoretical) = M1 Muscovite
2.55 KgMgsFel(SisAlg)Oz()(OH)4+ 33.30H+ + 0.0350:—>

Ki1.60Mgo34Fe0.06Al364(Si651Al1.46)O20(0H )4 + 3.50K+
+ 12.41Mg?* + 2.49Fe?* + 8.76510g(.q) + 19.75H:0;

C1 Clinochlore (as probed) = M1 Muscovite (as probed)

1.10 MgsgoFe4.20Al2 54(Si5.92Al2.08) O20(OH )16
+ 1.60K+ + 19.94H+ + 0.530.~>

Ki.60Mgo34Fe0.06Al3 64(Si6 54Al1.46) O20(OH )4
+6.20Mg2? + 4.57Fe?* + 16.80H0;

Oligoclase (theoretical) = M1 Muscovite (as probed)

4.95 Na&gCao,zAh,gSiz,gOg + 1.60K+ + 0.34Mg2*
+ 0.06Fe2+ + 0.65H20 + 2.70H+ =

Ki.60Mgo34Fe0.06Al3 64(Si6 54Al1.46) O20(OH )4
+ 3.40Na* + 0.85Ca%" + 5.36Si0s(aq) + 4.740a.

Based on petrographic observations, we estimate that both
biotite and clinochlore alteration to muscovite accounted for
22.5 percent each of the muscovite created whereas oligo-
clase alteration accounted for 55 percent. These reactions lib-
erated Mg, Fe, Na, Ca, SiOs(q), and Oz, while consuming K
and H+. Up to 65 percent of the K consumed during these re-
actions can be derived from biotite, whereas the rest of the K
had to be brought in with the ﬂu1ds responsible for M1 mus-
covite alteration. This muscovite alteration (467.665A per for-
mula unit) created 802A (63%) of space per 2.55 formula unit
of altered biotite, 281A (37%) of space per 1.10 formula unit
of altered C1 clinochlore, and 203A (30%) of space per 4.25
formula units of altered ohgoddse (158.26A per formula
unit). The total space created in the rock during this alter-
ation is 21 percent, bringing the total space created in the
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TABLE 6. Pb Isotope Compositions and Concentrations of Pb and U (ppb) in the Leachates from Two Cross Sections
of the Manitou Falls Formation Sandstones and One Cross Section of the Basement Rocks

Sample no. 206 P|/204Ph 207Ph/204PhH 207Ph/206 PL 207Ph/206 Ph age 207PhH/235U 206 Pl/238J Pb <ppb> U <ppb)

Manitou Falls Formation sandstones

CX43-399 16.64 14.87 0.89 5078 978.32 9.20 0.26 0.01
CX43-522 17.98 14.13 0.79 4896 595.77 6.47 0.11 0.00
CX43-595 31.02 16.10 0.52 4296 8.06 0.11 8.00 14.63
CX44-392 20.20 15.09 0.75 4825 64.13 0.66 0.13 0.05
CX44-516 22.63 15.43 0.68 4693 175.76 1.73 0.21 0.03
CX44-577 25.88 15.01 0.58 4458 20.34 0.26 0.13 0.12
CX48-567.1 29.39 16.60 0.56 4420 84.45 1.07 1.32 0.28
CX48-570.8 30.26 16.63 0.55 4380 31.36 0.40 1.43 0.19
CX49-385 25.90 15.78 0.61 4530 3189.86 41.27 2.38 0.02
(CX49-543 15.84 13.72 0.87 5035 111.13 1.11 0.07 0.01
CX49-628 25.95 15.93 0.61 4541 37.93 0.46 1.15 0.56
CX50-400 18.22 15.10 0.83 4972 333.87 2.96 0.24 0.02
CX50-542 22.34 15.55 0.70 4722 95.73 1.03 0.19 0.04
CX50-610 33.89 16.44 0.49 4197 29.17 0.48 0.35 0.21
CX51-381 17.32 14.54 0.84 4990 409.78 3.66 0.15 0.01
CX51-500 17.91 14.36 0.80 4925 77.35 0.70 0.06 0.02
CX51-663 18.75 14.32 0.76 4856 6.98 0.07 0.08 0.25
CX52-392 16.94 15.15 0.89 5080 301.02 2.92 0.10 0.00
CX52-519 17.59 15.14 0.86 5026 584.35 5.00 1.03 0.05
CX52-586 23.62 15.62 0.66 4649 5.09 0.06 0.36 1.59
CX53-1-617.5 30.74 17.55 0.57 4436 219.70 2.64 0.87 0.28
CX53-1-622.5 28.48 16.45 0.58 4452 24.06 0.30 0.57 1.73
CX54-350 16.94 15.00 0.89 5066 968.05 5.53 0.21 0.01
CX54-482 16.15 13.83 0.86 5019 108.11 1.22 0.06 0.01
CX54-548 30.92 16.21 0.52 4311 3.14 0.05 0.07 0.54
CX56-066 24.74 16.33 0.66 4646 523.27 5.51 0.10 0.33
CX56-186.5 26.39 18.12 0.69 4703 32.59 0.34 0.13 0.09
CX56-265 22.72 16.14 0.71 4752 419.18 4.18 0.16 0.08
CX56-355 19.45 16.01 0.82 4962 98.75 0.83 0.12 0.07
CX56-425 19.31 15.87 0.82 4960 149.43 1.30 0.13 0.06
CX56-499.5 21.50 16.46 0.77 4859 88.94 0.82 0.85 0.25
CX56-573 31.46 16.74 0.53 4333 216.17 2.86 0.50 0.20
CX58-371 17.39 14.81 0.85 5011 219.38 1.95 0.11 0.01
CX58-486 18.39 14.91 0.81 4940 198.78 1.76 0.15 0.01
CX58-545 21.18 15.17 0.72 4764 11.72 0.12 0.07 0.14
CX60-391 17.19 14.04 0.82 4951 110.80 1.13 0.08 0.01
CX60-525 18.94 14.37 0.76 4846 25.07 0.24 0.05 0.04
CX60-596 18.64 15.05 0.81 4935 134.36 1.39 0.12 0.05
CX61-358 16.90 14.71 0.87 5042 233.43 2.85 0.12 0.01
CX61-451 18.06 14.91 0.83 4967 244.21 1.92 0.06 0.00
CX61-498 17.24 14.27 0.83 4970 105.23 1.07 0.09 0.02

Basement rocks

(CX48-593-0 35.94 1741 0.48 4194 18.90 0.27 6.52 0.16
(CX48-625 159.57 22.23 0.14 2219 0.77 0.04 3.35 0.16
CX48-647 144.57 26.85 0.19 2705 2.66 0.11 1.99 5.57
CX48-678 171.05 20.34 0.12 1940 5.16 0.31 2.90 0.19
(CX48-688 195.32 23.95 0.12 1995 0.95 0.05 4.22 0.33
CX48-713 516.03 52.17 0.10 1644 0.26 0.02 3.07 0.13
CX48-733 199.00 33.45 0.17 2539 77.03 3.34 3.21 0.17
(CX48-852.5 44.48 17.71 0.40 3902 6.28 0.11 0.73 0.12
CX48-856 74.99 19.82 0.26 3272 33.70 0.91 6.42 0.27
CX53-1-629 27.55 16.49 0.60 4505 80.18 0.95 1.62 0.09
CX53-1-657 33.38 17.80 0.53 4336 4.73 0.06 1.52 0.13
CX53-1-664 33.93 16.89 0.50 4235 8.96 0.12 0.40 0.40

CX53-1-705.5 76.46 21.86 0.29 3396 15.36 0.38 4.00 0.19
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rock during both preore alteration events to ca. 25 percent if
no muscovite was precipitated in the void created during the
M1 muscovite basement alteration phase.

The M1 muscovite alteration was followed by minor C2
chamoisite alteration of M1 muscovite according to the fol-
lowing reaction:

M1 Muscovite = C2 Chamoisite

Ki1.60Mgo.34Fe0.06Al3.64(Si6 54Al1.46) O20(OH ) 4
+ 2.72Mg? + 7.26Fe* + 15.99H20 + 0.060:~>

1.10 Mgz 7sFes 65Ala.36(Sis 73,Al2.27)O20(OH )16
+ 1.60K* + 0.235iOg(aq) + 18.36H~.

This reaction liberated K, SiOz(.q, and H* while consuming
Mg, Fe, and Os. The elements consumed during this reaction
could have been derived from the alteration of basement
rocks during preore M1 muscovite alteration. This C2
chamoisite alteration used 308A (66%) more space per 1.10
formula unit (704.40A per formula unit) than the muscovite,
consuming voids created during the earlier alteration phases.
The total space consumed during this phase was small, as
chamoisite alteration is very localized. However, this alter-
ation locally reduced the porosity of the system by partially
filling some of the voids created during the earlier alteration
phases.

The mineralizing event was characterized by the precipita-
tion of uraninite, from the same fluid that precipitated M1
muscovite, and by formation of euhedral M2 muscovite and
H1 hematite in the voids created during the preore stage. The
uraninite precipitated by reduction of the basement where
fluids encountered graphitic and Fe-rich chlorite lithologic
units, following the reaction,

U+6 + 3H20 + %£C - UO;s + %£CO; + 6H".

Hematite was also precipitated simultaneously with uraninite
following the reaction,

Ub+ +5H20 + 2Fe?* = UOs + FesO3 + 10H*.

Synore M2 muscovite precipitation required K, Fe, Al and
SiOs(aq) while H1 hematite required Fe. The Al, SiOs and up
to 6% of the Fe consumed during these reactions can be de-
rived from the previous alteration stages, whereas the rest of
the Fe and the totality of the K had to be brought in with the
fluid responsible for the synore alteration.

The postmineralization fluid would have been enriched in
Ca, Mg, and Na. Derome et al. (2005) also observed a Ca-rich
brine in their fluid inclusion study at McArthur River, which
they suggested was derived from a Na-rich basinal brine that
infiltrated and reacted with the basement rocks, resulting in a
Ca-rich brine. The main postore alteration minerals consist of
dravite, calcite, and sudoites (C3, C4), which precipitated in
the space created during the preore alteration stage from the
chemically modified fluids, considerably reducing the poros-
ity and sealing the system to subsequent fluid infiltration in
the basement rocks, except along fractures. Boron for the
dravite might have been derived from the alteration of tour-
maline in granitoids in the basement rocks or in detrital tour-
maline in the Manitou Falls Formation sandstones, whereas
the Ca needed for calcite was available in the chemically

CLOUTIER ET AL.

modified postore residual fluid. The residual elements after
dravite and calcite postore alteration phases would be Mg, Al
and Si, crystallizing late sudoite (C3 and C4).

Alexandre et al. (2005) also found similar results at the
Dawn Lake, McArthur River, and Rabbit Lake deposits,
where preore illite alteration of the basement rocks created
space while liberating the Fe and Mg needed for preore chlo-
rite and hematite. The chlorite alteration consumed space,
reducing the porosity and closing the system. However, the
Mg liberated by alteration of the basement rocks was princi-
pally used to produce preore clinochlore at those deposits,
whereas postore sudoite consumed Mg at the Millennium de-
posit.

Origin of the fluids responsible for alteration and
mineralization of the Millennium deposit

Preore alteration of the basement rocks at Millennium con-
sists of minor amounts of C1 clinochlore on the outside edge
of the alteration halo, followed by an extensive M1 muscovite
alteration throughout the altered area. A formation tempera-
ture of 275°C for CI1 chlorite that predates the preore M1
muscovite alteration suggests that C1 chlorite alteration of bi-
otite may reflect retrograde metamorphism in the basement
rocks following peak of the Trans-Hudson orogeny prior to
deposition of the Athabasca basin. The temperature of for-
mation and the isotopic compositions of the fluids in equilib-
rium with preore M1 muscovite are similar to those of SM
muscovite in the sandstone above the Millennium deposit
(Fig. 10), suggesting the same fluids were responsible for the
alteration of both Manitou Falls Formation sandstones and
underlying basement rocks. The Ca-Sr-rich and LREE-Th-
poor nature of the APS mineral found in the Manitou Falls
Formation sandstones is consistent with leaching of detrital
apatite in the Manitou Falls Formation, suggesting a basin
origin for the fluids responsible for the early hydrothermal
alteration and preore stage. Preore M1 and early hydrother—
mal alteration SM muscovite alteration is therefore associ-
ated with a Na-K-Fe basin-derived fluid crystallizing the 1M,
polytype at temperatures near 250°C. This muscovite alter-
ation created the full extent of the alteration halo present at
Millennium while creating voids used during later alteration
phases, including that associated with the uranium mineral-
ization.

Minor amounts of C2 chamoisite altered the M1 muscovite
in the footwall of the fault associated with the cordierite-
graphite metapelitic gneiss unit. The fluid that precipitated
C2 chamoisite has stable isotopic compositions identical to
those of the basinal brine that precipitated M1 muscovite, but
the Mg needed to precipitate C2 chamoisite must originate
from alteration of basement rocks by the basinal brine, as the
basinal brine was Mg poor. The reaction from preore mus-
covite to preore chamoisite consumed O, also suggesting a
precipitation from oxidized basinal fluids. Therefore, chemi-
cally modified basinal fluids were created from reaction be-
tween the basinal brine and basement rocks and resulted in
Mg-Fe-rich fluids that were responsible for the small volume
of C2 chamoisite in the footwall of the cordierite-graphite
metapelitic gneiss unit.

Synore alteration consists mainly of M2 muscovite and
minor APS minerals. Calculated '%OrLuip values for synore
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muscovites are similar to those of preore muscovites, whereas
the calculated 0Drruip for synore muscovites are significantly
lower than preore muscovites (Fig. 10). Low 0Drrum values
have been observed at Key Lake and McArthur River for al-
teration minerals both near and distal from the ore and reflect
preferential hydrogen isotope exchange with later high lati-
tude meteoric fluids that was facilitated by fractures and
faults (Wilson and Kyser, 1987; Kotzer and Kyser, 1991;
Kotzer and Kyser, 1995). Even given this later exchange, the
stable isotopic compositions of the fluid in equilibrium with
synore muscovites approach those of preore muscovites.
Moreover, synore APS mineral compositions are similar to
the early hydrothermal alteration substage APS minerals in
the Manitou Falls Formation, suggesting similar formation
fluids for those two phases, and reinforcing a basin origin for
the fluid responsible for the mineralization. Synore alteration
is therefore associated with precipitation of uraninite, mus-
covite, and iron oxide in the footwall of the fault related to the
cordierite-graphite metapelitic gneiss from a basin-derived
fluid crystallizing the 1Mc muscovite polytype at tempera-
tures near 250°C.

Postore alteration is characterized by dravite and calcite
veins and pervasive sudoite crystallization (C3, C4), filling the
voids remaining from pre- and synore stage. Calculated
O0DrLump and 0'5OrLuip values for postore C3 chlorite are sim-
ilar to the basinal fluids that precipitated M1 muscovite (Fig.
10; Table 4). Chemically, as for C2 chamoisite, the basinal flu-
ids required Mg to precipitate C3 and C4 sudoites, which was
acquired from the alteration of basement rocks. The isotopic
composition and lower formation temperature of SC sudoite
in the Manitou Falls Formation sandstones are similar to
those of postore C3 and C4 chlorite in the basement. The
similarity in chemical and isotopic composition between the
sandstone and basement sudoites suggests that postore C3
and C4 sudoite is likely coeval with late hydrothermal alter-
ation sudoite (SC). Postore alteration is therefore associated
with Ca-Mg chemically modified basinal fluids that precipi-
tated sudoite at temperatures near 185°C, indicating a de-
crease in temperature of ca. 65°C since the synore alteration
stage. Precipitation of sudoite in the basement used the re-
maining voids created during the preore stage by infiltration
of basinal fluid, reducing the porosity of the system.

Timing of mineralization and alteration

The oldest date obtained at Millennium is 1590 Ma extrap-
olated from the chemical age of unaltered uraninite. This pos-
sible mineralization age is identical to the age reported by
Alexandre et al. (2009) for sandstone- and basement-hosted
deposits throughout the Athabasca basin and is consistent
with the hypothesis that the major, primary mineralizing
event in all the Athabasca basin deposits occurred at about
1590 Ma.

Wilson et al. (1987) demonstrated that the interlayer region
of fine-grained muscovite can interact with residual basinal
brines and late meteoric waters at low temperatures, lowering
the K-Ar ages. The ca. 1430 Ma “Ar/*Ar date for the preore
muscovite is older than the major resetting ages obtained
from U-Pb on uraninite, but younger than the age of primary
mineralization at 1590 Ma. This suggests that the muscovite
was altered during subsequent fluid circulation events or that
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there was residual fluid in the basement reacting with the
muscovite until 160 m.y. after the primary mineralization
event.

A maximum age of postore C3 sudoite can be estimated
from the leachable Pb data if we assume that all the radi-
ogenic Pb present in postore C3 sudoite samples resulted
from decay of the uranium mineralization and was leached
from the mineralization during the C3 sudoite alteration
phase. If the C3 sudoite alteration occurred shortly after the
mineralizing event, only a small amount of radiogenic Pb
would have had the time to form in the deposit. The typical
206Ph/204Pb ratio in basement rocks affected by C3 sudoite is
50, which can be used to constrain how much time passed
after the uranium ore formed to produce enough 206Pb to ele-
vate the 206Ph/204Ph ratio in the basement to 50. Based on a
volume of 5 X 106 m? of basement rocks affected by the fluid
that precipitated the postore C3 sudoite, and assuming that
all the radiogenic 26Pb available within the mineralization
was leached from the deposit at the time of C3 sudoite crys-
tallization, the minimum amount of time required for the ura-
nium to decay to enough 26Pb would be 100 m.y. after the
ore-forming event. This would give an estimated age of ca.
1490 Ma for the C3 sudoite event, similar to the 1430 Ma
date obtained from “Ar/%Ar on preore alteration M1 mus-
covite. Given that the date from the M1 muscovite is the time
when fluids were last in the basement interacting with mus-
covite, a maximum age for the last alteration event recorded
by both the “°Ar/*9Ar systematic of the M1 muscovite and the
C3 sudoite is 1430 Ma, 160 m.y. after the mineralization
event.

Several episodes of resetting of the U-Pb and “°Ar/*9Ar iso-
tope systematics are recorded in uraninite grains at ca. 1390,
1350, 1275, 1090, and 804 Ma (Fig. 12A-F), reflecting
episodic Pb loss from the deposit. These resetting events cor-
respond to fluid circulation in fractures in the Athabasca
basin induced by far-field tectonic events. The 1390 Ma is
similar to the ca. 1400 Ma resetting age obtained by Alexan-
dre et al. (2009) on preore and synore illites and chlorites at
Dawn Lake, McArthur River, and Rabbit Lake basement-
hosted deposits and the Virgin River prospect, which they in-
terpreted as fluid movement in the Athabasca basin induced
by the distal Bertoud orogeny (Nyman et al., 1994; Sims and
Stein, 2001), disturbing the *Ar/*Ar systematics in mus-
covites from the basement. The ca. 1350 Ma partial resetting
event corresponds to the 1360 to 1370 Ma regional rifting and
deformation associated with the East Kootenay orogeny
southwest of the Athabasca basin (McMechan and Price,
1982; Doughty and Chamberlain, 1996; Beaudoin, 1997).
The ca. 1275 Ma date is interpreted to correspond to a well-
known fluid circulation event in the Athabasca basin induced
by the emplacement at ca. 1270 Ma of the MacKenzie dike
swarms (LeCheminant and Heaman, 1989). The ca. 1090 Ma
date is not commonly recorded elsewhere in deposits of the
Athabasca basin as a dominant age and does correspond to
the timing of the Grenville orogeny (Hoffman, 1990; Mosher,
1996). Millennium is located in the Wollaston-Mudjatik tran-
sition zone whereas other deposits are hosted within the Wol-
laston Domain, so that the former setting may have facilitated
resetting of Millennium ores during the Grenville orogeny
because there was fluid movement in the transition zone. The
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804 + 120 Ma date to fluid circulation due to the break up of
Rodinia (Mayers et al., 1996; Condie, 2001).

Comparison of the alteration zone with
other basement deposits

The alteration zone present at Millennium consists of a
weak distal retrograde metamorphism C1 clinochlore alter-
ation (>75 m from the ore zone), a pervasive proximal preore
M1 muscovite alteration (0-100 m from the ore zone) and a
minor zone of preore C2 chamoisite in the footwall of the
fault associated with the cordierite-graphite metapelitic
gneiss unit. Uranium mineralization is closely associated with
synore M2 muscovite and H1 hematite. During the postore
stage, pre- and synore minerals were overprinted by dravite
and sudoite. In contrast, alteration zones in basement-hosted
deposits at Dawn Lake, McArthur River, and Rabbit Lake
consist of a weaker distal preore muscovite alteration zone
(30-100 m from the ore zone) and a stronger proximal preore
clinochlore alteration zone (0-30 m from the ore zone). Min-
eralization in all basement-hosted deposits is closely associ-
ated with synore euhedral muscovite and hematite while po-
store alteration consists of sperulitic dravite in voids, calcite,
and clinochlore veinlets (Alexandre et al., 2005).

Isotopic compositions of preore muscovite from Millen-
nium, Dawn Lake, McArthur River, and Rabbit Lake deposits
(Alexandre et al., 2005) all reflect a consistent 230° to 250°C
basinal brine for their origin. Preore C2 chamoisite at Mil-
lennium is related to the presence of a chemically modified
basinal fluids produced by interaction of the basinal fluid with
basement rocks, as it is the case at Dawn Lake, McArthur
River, and Rabbit Lake (Alexandre et al., 2005). The observed
temperatures of these basement-related fluids range from
180° to 300°C, and the higher temperature observed at Mil-
lennium and McArthur River may reflect the depth of the
chemically modified basinal fluids at Millennium and
McArthur compared to the fluid at the Dawn Lake and Rab-
bit Lake deposits.

The mineralizing event at the Millennium, Dawn Lake,
McArthur River, and Rabbit Lake deposits is associated with
synore muscovite and hematite at a temperature around
250°C. The isotopic compositions of synore muscovites are
similar among Millennium, Dawn Lake, McArthur River, and
Rabbit Lake deposits, and are consistent with a basin origin
for the fluids that precipitated uranium in all the basement-
hosted deposits in the Athabasca basin. The same minerals
forming during the synore stage combined with similar fluid
isotopic compositions, chemical compositions, and formation
ages for Millennium and all other basement deposits support
the model proposed by Alexandre et al. (2009) wherein un-
conformity-related uranium deposits in the Athabasca basin
formed from basinal brines at around the same time in re-
sponse to a far-field tectonic event.

The isotopic composition and chemistry of postore sudoite
(C3 and C4) suggests chemically modified basinal fluids de-
rived from the alteration of basement rocks by a basinal brine
at Millennium, as it is the case at McArthur River (Alexandre
et al., 2005). The formation temperature at the Millennium
and Rabbit Lake deposits also differs, with 185°C for C3 and
C4 sudoite at Millennium compared to 135°C for postore
clinochlore at Rabbit Lake. The formation temperature of

CLOUTIER ET AL.

postore sudoite at Millennium is similar to preore chlorite
found at Dawn Lake.

Implications for exploration of Millennium-type deposits

Leachable radiogenic Pb is found at the Millennium de-
posit in the basement up to 75 m above and more than 100 m
below the mineralized zone (Fig. 14A). The Pb leached from
basement rocks gives a model Pb-Pb age of 1075 + 400 Ma,
similar to the 1091 Ma major resetting event recorded by the
uraninite. This indicates that major Pb loss from the ores oc-
curred during the Grenville orogeny, concordant with what
was recorded in the U-Pb isotope systematics in the
uraninites. Radiogenic Pb is also locally observed near the un-
conformity (Fig. 14A, B, C), which is expected as the basal
Manitou Falls Formation has been a conduit for fluids
throughout the history of the basin (Holk et al., 2003). In con-
trast to what is observed above sandstone-hosted deposits
(Holk et al., 2003; Kister et al., 2004), radiogenic Pb is absent
in the Manitou Falls Formation sandstones above Millen-
nium (Fig. 14B, C). Leachable Pb from Manitou Falls For-
mation sandstones above Millennium gives a model Pb-Pb
age of 2875 Ma, which is older than the Athabasca basin.
Therefore, radiogenic Pb in the sandstone above Millennium
does not host radiogenic Pb derived from the Millennium de-
posit, and has to be derived from an older source, such as the
detrital components in the basin fill. The data from Millen-
nium show that the Pb mobilized from the deposit by differ-
ent resetting events did not infiltrate the sandstone, except
along fractures, and affected the basement up to 100 m from
the ore zone. Hence, to apply this technique to find basement
deposits, basement units, and fractures in the Manitou Falls
Formation should be sampled during drill program.

The atypical halo present at the Millennium deposit is re-
flected by the absence of predominant preore clinochlore al-
teration paragenetically later than preore muscovite, a greater
amount of postore dravite and the presence of postore su-
doite. In terms of fluids, the atypical alteration zone at Mil-
lennium can be attributed to the scarcity of chemically mod-
ified basinal fluids during the preore alteration phase. The
presence of chemically modified basinal fluids crystallizing
clinochlore at Dawn Lake, McArthur River, and Rabbit Lake,
or chamoisite at Millennium in the early phases in the evolu-
tion of the deposits seems to be critical for basement-hosted
deposits. The amount of chemically modified basinal fluids
produced by the system during the early alteration phases
may produce a more pronounced and effective redox front if
the preore clays are ferrous, resulting in a larger and richer
deposit, as it is the case at the McArthur River deposit.

Conclusions

The atypical alteration halo at Millennium is the result of
pervasive muscovite alteration of the basement rocks by Na-
K-Fe basinal brines during the preore stage at ca. 250°C and
the lack of predominant preore clinochlore alteration. As al-
teration of the basement rocks progressed, the basinal brines
acquired Ca, Fe, and Mg and precipitated chamoisite at ca.
300°C at a similar stratigraphic level as the mineralization.
This chamoisite alteration might have been one of the reduc-
tants for the precipitation of uraninite during the synore
stage. Preore muscovite and chamoisite alteration were
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important for the formation of the deposit as basement rocks
altered to muscovite by basin-derived fluids created up to 20
percent voids in the basement rocks while chemically modi-
fied basinal fluids emplaced an Fe-rich chamoisite that de-
marcates a redox front during the synore stage where ura-
nium ore was precipitated. Uranium mineralization occurred
at ca. 1590 Ma, primarily from basin-derived fluids. Postore
dravite and sudoite precipitated from the residual Ca-Na-Mg
fluids filling the voids created during the preore stage and
sealing the system. Timing of postore sudoide alteration was
no more than 160 m.y. after the mineralizing event. Pb mobi-
lized from the deposit by different resetting events did not in-
filtrate the sandstone, except along fractures, and affected the
basement up to 100 m from the ore zone.
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