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Sandstone-hosted unconformity-related U deposits in the Athabasca Basin at McArthur River Zone 4 and
Maurice Bay as well as barren alteration systems at Wheeler River Zone “K” and Spring Point are surrounded
by an outer, peripheral zone of illite and an inner, central zone of chlorite alteration. The oxidation state of Fe
determined by 57Fe Mössbauer spectroscopy of illite, sudoite, and clinochlore from these systems indicates
that pre-ore illite contains mostly Fe3+ (Fe3+/ΣFe = 0.77–1.00), reflecting formation from a predominantly
oxidizing basinal fluid. Lower Fe3+/ΣFe ratios are recorded by late pre-ore sudoite and clinochlore occurring
near faulted unconformities, consistent with the contribution to the chlorites from reducing basement-
derived fluids. Sudoite and clinochlore in the alteration halo of barren systems are more reduced (Fe3+/
ΣFe median = 0.3–0.4) than sudoite from mineralized systems (Fe3+/ΣFe median = 0.45–0.55). Sudoite
from both systems becomes broadly more oxidized with increasing distance from the fault zone. Variations
in the Fe3+/ΣFe ratios of sudoite and clinochlore support a mechanism in which Fe2+ transported by reduc-
ing basement-derived fluids is partially oxidized to Fe3+ by basinal fluids prior to incorporation into the chlo-
rite. Thus, scarcity of oxidizing U-bearing basinal fluids available for interaction with reducing basement
fluids is a critical factor precluding U mineralization in barren systems. Trends of decreasing Fe3+/ΣFe ratios
in sudoite coupled with decreasing 207Pb/206Pb ratios of leachable Pb can be used as geochemical vectors to
the sites of potential U mineralization.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

The Paleo–Mesoproterozoic Athabasca Basin, located in northern
Saskatchewan and Alberta, Canada, hosts high-grade, large-tonnage
unconformity-related U deposits (Fig. 1). These deposits are situated
near faults and shear zones that intersect the unconformity between
Athabasca Group sedimentary rocks and Archean to Paleoproterozoic
metamorphic basement rocks (Kyser and Cuney, 2008). U deposition
occurs at a stationary redox front (Quirt, 1986), where oxidizing
uraniferous basinal brines encounter reducing basement lithologies
(Alexandre et al., 2005; Hoeve and Sibbald, 1978; Komninou and
Sverjensky, 1996) or reducing basement-derived fluids (Fayek and
Kyser, 1997; Kotzer and Kyser, 1995; Wilson and Kyser, 1987). Alter-
natively, it has been proposed that the reducing fluids did not origi-
nate from a distinct basement source but were basinal fluids that
became chemically-modified via interaction with basement rocks
(Derome et al., 2005; Mercadier et al., 2012; Richard et al., 2010).
1 613 5336592.
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In sandstone-hosted systems, which are the focus of this study,
significant clay alteration is found surrounding the main ore-
controlling structures (e.g. Cigar Lake, McArthur River). Alteration
can extend up to 400 m wide along the base of the Athabasca
Group, several thousand meters along strike, and reach several hun-
dred meters above the unconformity (Jefferson et al., 2007). These
halos are typically characterized by a narrow central zone of chlo-
rite alteration (di-trioctahedral and trioctahedral) and a spatially-
extensive peripheral zone of illite/muscovite alteration. However,
similar alteration patterns can be present in the absence of minerali-
zation (Alexandre et al., 2009a; Cloutier et al., 2010). These apparent-
ly barren alteration systems are interpreted as forming when
stationary redox fronts fail to establish, thus preventing the focus-
ed precipitation and accumulation of U (Quirt, 1986) or when
U-bearing oxidizing fluids are unavailable for interaction with reduc-
ing basement-derived fluids (Alexandre et al., 2009a; Cloutier et al.,
2010).

The crystal structure and chemistry of clay minerals can provide a
record of the physico-chemical conditions during alteration, includ-
ing temperature (Cathelineau, 1988; Zang and Fyfe, 1995), type of
fluid (Kotzer and Kyser, 1995; Wilson and Kyser, 1987), geological
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Fig. 1. Generalized geologic map of the Athabasca Basin in Northern Saskatchewan, Canada. Major basement structural subprovinces (bold), domains (italic), fault structures
(dashed lines), stratigraphic divisions, and unconformity-related U deposits, including those from this study (stars), are indicated (modified after Hoffman, 1989; Ramaekers
et al., 2007). Abbreviations: BLSZ = Black Lake Shear Zone, TMZ = Taltson Magmatic Zone, VRSZ = Virgin River Shear Zone.

23R. Ng et al. / Journal of Geochemical Exploration 130 (2013) 22–43
setting (Hinckley, 1963; Zhang et al., 2001), timing of formation and
subsequent alteration events (Alexandre et al., 2009b). However,
the redox condition during alteration, a parameter which can be
inferred from the oxidation state of Fe in alteration minerals, has
received only limited attention (Billault et al., 2002).

Fe2+ is a potential reductant for U6+ in unconformity-related U
deposits, based on the close spatial and temporal association between
hematite and U ore bodies (e.g. Alexandre et al., 2005; Wallis et al.,
1985). In illite, di-trioctahedral chlorite (e.g. sudoite), and tri-
octahedral chlorite (e.g. clinochlore), Fe2+ and Fe3+ can substitute
at the octahedrally coordinated sites and Fe3+ into the tetrahedrally
coordinated sites (Billault et al., 2002; Percival and Kodama, 1989;
Weaver et al., 1967). Substitution of Fe3+ into the tetrahedral site is
considered rare in chlorite (Zazzi et al., 2006) and mainly restricted
to illite with >5 wt.% total Fe (Murad and Wagner, 1994).

In this study, 57Fe Mössbauer spectroscopy is used to quantify the
oxidation state of Fe in paragenetically-constrained illite and both
di-trioctahedral and trioctahedral chlorites from several sandstone-
hosted alteration systems in the Athabasca Basin. These include alter-
ation systems that are mineralized (McArthur River Zone 4, Maurice
Bay), apparently barren (Wheeler River Zone “K”, Spring Point), and
proximal to mineralization at the Centennial deposit. The premise
for this study is that fluid composition influences the observed miner-
al paragenesis and crystal chemistry (Kister et al., 2005; Komninou
and Sverjensky, 1996), and therefore, the redox environment in
which the fluid existed should be reflected in the valence state of
structural Fe in the alteration mineral (Fanning et al., 1989). The
objectives of this study include: (1) mapping the temporal and spatial
evolution of the redox environment around these five sandstone-
hosted alteration systems; (2) elucidating the mechanism controlling
the oxidation state of Fe in clay alteration and the critical geochemical
requirement for U mineralization; (3) evaluating potential post-
crystallization changes to the Fe oxidation state in phyllosilicates;
and (4) assessing the application of Fe oxidation state in clay alter-
ation to U exploration by comparing it to known geochemical vectors
for U mineralization.
2. Geological considerations

2.1. Regional-scale geology

The late Paleo- to Mesoproterozoic Athabasca Basin, located in
northern Saskatchewan and Alberta, Canada, overlies the Rae and
Hearne subprovinces of the Western Churchill Province (Fig. 1). These
Archean cratons comprise granitoids and volcano-sedimentary supra-
crustal rocks overlain by Paleoproterozoic metasedimentary and meta-
volcanic rocks (Berman et al., 2007; Hanmer et al., 2004; Hoffman,
1988; Lewry and Sibbald, 1980). The Rae and Hearne cratons are bound-
ed to the west by the ca. 2.0 to 1.9 Ga Taltson–Thelon Magmatic Zone
(Berman and Bostock, 1997), to the southeast by the ca. 1.86 to 1.76 Ga
Trans-Hudson Orogen (Annesley et al., 2005), and are welded by the
ca. 1.9 Ga Snowbird Tectonic Zone (Berman et al., 2007; Hoffman, 1988).

The Athabasca Basin formed between ca. 1760 Ma and ca. 1500 Ma
in response to rapid exhumation of the Trans-Hudson Orogen
(Ramaekers et al., 2007). Fluvial sedimentsfilled three NE–SW-oriented
sub-basins (Jackfish, Mirror, and Cree) that coalesced into the
Athabasca Basin (Ramaekers, 1990; Ramaekers et al., 2001). The basin
fill consists mostly of quartzose sandstone with minor siltstone, con-
glomerate, mudstone, and dolostone, comprising the Athabasca Group
(Fig. 1). The Athabasca Group is subdivided into four flat-lying, upward-
fining, unconformity-bounded sequences (Ramaekers et al., 2007).
These include, in ascending order, the basal Fair Point Formation;
the Read, Smart, Manitou Falls, and Reilly Lake Formations, the
Lazenby Lake and Wolverine Point Formations; and the Locker
Lake, Otherside, Douglas, and Carswell Formations (Fig. 1). At
McArthur River and Wheeler River, which are located east of the
Virgin River Shear Zone, the Read Formation replaces the informal
MFa member of Ramaekers (1990) and the Manitou Falls Formation
is subdivided into the Bird (MFb), Collins (MFc), and Dunlop (MFd)
members. Fluid inclusion homogenization temperatures recorded
in quartz overgrowths (Pagel et al., 1980) suggest that the total
thickness of the Athabasca Group may have reached 5–7 km during
the Mesoproterozoic. Northwest-striking dikes (Cumming and
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Krstic, 1992), emplaced during the 1267 ± 2 MaMackenzie thermal
event (LeCheminant and Heaman, 1989), intrude into the Athabasca
Basin and underlying metamorphic basement.

U–Pb dating of uraninite and 40Ar/39Ar dating of syn-ore illite
from several sandstone- and basement-hosted deposits indicate that
the main stage of U mineralization in the Athabasca Basin occurred
at ca. 1590 Ma (Alexandre et al., 2009b). Far-field tectonic activity
induced multiple episodes of basin-wide fluid circulation following
initial U mineralization causing resetting of the U–Pb isotope system
of uraninite and the alteration of U-bearing minerals (Alexandre
et al., 2009b; Fayek et al., 2002).

2.2. Deposit-scale geology

2.2.1. McArthur River Zone 4
TheMcArthur River deposit is located near the southeasternmargin

of the Athabasca Basin and overlies the Wollaston Domain of the
Hearne craton (Fig. 1). The deposit has average ore grades of 20.69%
U3O8 (17.55% U) and combined proven and probable reserves of
332.6 Mlbs U3O8 (Bronkhorst et al., 2009). McArthur River comprises
five sandstone-hosted ore bodies (Zones 1, 3, 4, A, B) and one
basement-hosted ore body (Zone 2) (Fig. 2A). The McArthur River ore
bodies are structurally-controlled by the NE-striking, SE-dipping, P2 re-
verse fault (McGill et al., 1993). Samples from this study were obtained
from the sandstone-hosted Zone 4 alteration system (Fig. 2B). The Zone
4 ore body occurs at depths of 500–570 m and is hosted partiallywithin
the graphite-bearing pelitic gneiss hangingwall of theWollastonGroup
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2.2.2. Wheeler River Zone “K”
The apparently barren Zone “K” alteration system in the Wheeler

River property is located approximately 35 km southwest of McArthur
River (Figs. 1, 2C). The Wheeler River property also contains the
high-grade sandstone-hosted Phoenix mineralization (Arseneau and
Revering, 2010; Kerr, 2010), although only weak mineralization in the
basement (0.17% U3O8 over 7.7 m) was intersected at Zone K
(Gamelin et al., 2010). The Athabasca Group at Zone “K” is represented
by the Read andManitou Falls Formations (MFb,MFc, MFd). The under-
lying basement rocks comprise graphitic and non-graphitic pelitic
gneisses, meta-arkoses, psammites, metaquartzite, and calc-silicate
gneisses of the Wollaston Group with graphitic shear zones forming
part of a reverse fault system at the center of Zone “K” (Cloutier et al.,
2010). The alteration assemblage within the Athabasca Group sand-
stones includes quartz, Fe oxides, dickite, muscovite, dravite, sudoite,
and kaolinite. The Zone “K” alteration system is characterized by a
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250 m-high by 500 m-wide clinochlore alteration halo in the sand-
stones overlying the basement shear zone (Cloutier et al., 2010).

2.2.3. Centennial, Virgin River
The Centennial deposit, located in the south-central Athabasca

Basin, overlies the Virgin River domain of the Hearne craton
(Figs. 1, 2D). The Athabasca Group at Centennial includes the Read
Formation overlain by MFc and MFd, with MFb being absent. This
sandstone-hosted deposit occurs at a depth of 800 m and is hosted
in the basal sandstones of the Read Formation and up to 30 m into
the basement rocks (Alexandre et al., 2012; Jiricka and Witt, 2008).
Drill hole VR-04, located approximately 240 m east-northeast of
the Centennial ore body, intersected weak mineralization near the
unconformity, with one sample (VR04-821) containing about 0.05%
U3O8 (Fig. 2D; Alexandre, pers. comm.). The underlying basement
belongs to the Virgin River Schist Group and consists of granitoid in
the footwall and metasedimentary and metavolcanic rocks in the
hanging wall (Reid et al., 2011). The Centennial deposit differs
from typical sandstone-hosted unconformity-related U deposits as
it is not hosted by a major basement fault structure rooted in gra-
phitic basement units (Alexandre et al., 2012; Reid et al., 2010).
The NE–SW-oriented Dufferin Lake thrust fault—the major fault
structure in the area—is located ca. 300–400 m northwest of the
Centennial deposit (Fig. 2D). The main sandstone alteration includes
silicification, desilicification, kaolinite, dravite, illite, sudoite, and he-
matite (Alexandre et al., 2012). Basement alteration consists of a dis-
tal trioctahedral chlorite (chamosite and Fe–Mg clinochlore) and
proximal illite–sudoite alteration (Reid et al., 2011). Diabase dikes
and sills, emplaced during the Mackenzie dike event, intrude into
the Centennial ore body (Alexandre et al., 2012; Reid et al., 2010).

2.2.4. Maurice Bay
The sandstone-hosted Maurice Bay sub-economic deposit is locat-

ed near the northwestern margin of the Athabasca Basin and overlies
the Zemlak domain of the Rae subprovince (Figs. 1, 2E). The deposit
contains a historical resource of about 1.5 Mlbs U3O8 at an average
ore grade of 0.6% U3O8 (Mega Uranium Ltd., 2012). U mineralization
at Maurice Bay occurs in three zones (A, B, and Main), at depths of
50–75 m, and is hosted in the basal Fair Point Formation and under-
lying pelitic and migmatitic gneisses of the White Lake basement
complex (Card, 2001; Harper, 1996). The Maurice Bay deposit is
structurally-controlled by syn- and post-Athabasca reactivated base-
ment faults, which are oriented east-northeast, east-southeast, and
northwest, and form part of a series of horst-and-graben structures
(Fig. 2E). The alteration assemblage in the sandstone consists of
quartz, hematite, kaolinite, illite, and sudoite, with strong hematite
alteration associated with U mineralization (Alexandre et al., 2009a).

2.2.5. Spring Point
The apparently barren Spring Point alteration system is located

approximately 8.5 km northeast of Maurice Bay and both are situated
within similar geological settings (Fig. 1). The Spring Point alteration
system lies on the minimally-displaced Spring Bay Fault, which is part
of the fracture pattern controlling the topography of the Maurice Bay
area (Fig. 2E). Pervasive hydrothermal alteration of the Fair Point For-
mation sandstones above the Spring Bay fault forms a bell-shaped
anomalous zone about 2600 m in length and up to 400 m wide at
the unconformity (Quirt, 1986). The alteration assemblage in the
Fair Point Formation is similar to the Maurice Bay deposit and is char-
acterized by kaolinite overprinted by illite and sudoite (Quirt, 1986)
but differs by a lower intensity of alteration (Alexandre et al.,
2009a). The Spring Point alteration zone is characterized by a reduced
central core, indicated by hematite dissolution and disseminated
pyrite and chalcopyrite (Quirt, 1986). Although anomalous U was
detected near the faulted unconformity, U concentrations are uniformly
low within the alteration zone and similar to background values in the
Athabasca Group sandstones (ca. 1.5 ppm; Alexandre et al., 2009a;
Quirt, 1985).
3. Methodology

3.1. Sample preparation and analyses

Drill core samples were collected from the alteration systems at
McArthur River Zone 4, Wheeler River Zone “K”, Centennial, Maurice
Bay, and Spring Point. At theMcArthur River deposit, 13 diamond drill
holes, both mineralized and non-mineralized, from the eastern half
of the Zone 4 ore body were sampled (Fig. 2B). These drill holes
delineate two subparallel northwest–southeast-oriented transects
(section A, section B) and one southwest–northeast-oriented transect
(section C). Samples were selected from various alteration horizons
within the Read and Manitou Falls Formations overlying the Zone 4
mineralization with a focus on selecting drill cores containing the
greatest abundance of illite or di-trioctahedral chlorite. These include
samples from the di-trioctahedral chlorite-rich (labeled C1) zone
along the MFc–MFd boundary (9), mixed illite and illite–chlorite
mixed layer clay zone (3), monomineralic illite zone (13), mixed
illite–dickite zone (2), and mixed illite–kaolinite samples (2) from
the basal fanglomerate (Fig. 5). Seven samples were also chosen
from the di-trioctahedral chlorite-rich (labeled C2) alteration halo
in the basal Read Formation surrounding the mineralization. On the
Wheeler River property, samples were chosen from seven exploration
drill holes, delineating a south-southwest to north-northeast transect
through the apparently barren Zone “K” alteration system (Fig. 2C).
Samples were selected from the zones of illite (8), di-trioctahedral
chlorite (4), and trioctahedral chlorite (4) alteration within the
Read and Manitou Falls Formations around the Zone “K” shear zone
(Fig. 6). Near the Centennial deposit, five di-trioctahedral chlorite
samples occurring at ca. 600–820 m depth were chosen from the
Read Formation and Manitou Falls c and d members intersected
by drill hole VR-04 (Figs. 2D, 7). At the Maurice Bay deposit,
di-trioctahedral chlorite samples (4) were selected from two miner-
alized (MB41, MB146) and one non-mineralized (MB726) drill hole
that form part of a north–south transect through the Main ore body
(Figs. 2E, 8). At the apparently barren Spring Point alteration system,
di-trioctahedral chlorite samples were selected from five drill holes
from two transects: a WSW–ENE-oriented transect and a SSE–
NNW-oriented transect (Fig. 2E). Three samples occurred near the
upper portions of drill holes and four occurred near the unconformity
at the center of the system (Fig. 9).

Alteration minerals were extracted from crushed drill cores by ultra-
sonic disintegration and centrifuged into the 2–5 μm and b2 μm frac-
tions. These separates were analyzed by X-ray diffraction (XRD) to
determine their mineralogy andmodal abundance.Whole-rock chemical
analysis of the mineral separates was not performed in this study for es-
timating modal abundances because it would be difficult to distinguish
the various alteration minerals since they contain similar elements, ex-
hibit cation substitution, and form interlayered clays.

For each system, a mineral paragenesis was formulated from the
petrographic observation of polished thin sections using transmitted
and reflected light microscopy. These have been combined into a ge-
neric paragenesis, albeit with several differences among them (Fig. 3).
The chemical compositions of the alteration minerals were deter-
mined by electron probe microanalysis (EPMA). In this study, the
term ‘illite’ is used to refer to Athabasca Basin white mica which has
an intermediate chemical composition between illite and muscovite.
Formation temperatures were calculated for illite using the molar
fractionation of pyrophyllite (Cathelineau, 1988) and for chlorite
using [4]Al site occupancy (Cathelineau, 1988; Walshe, 1986; Zang
and Fyfe, 1995). The uncertainty in the calculated temperatures
based on these empirical geothermometers is ±25 °C.
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The hydrogen and oxygen isotopic compositions of alterationmin-
erals were used to characterize the fluids from which they formed.
Oxygen isotopic compositions were determined by the BrF5 extrac-
tion method of Clayton and Mayeda (1963) and measured using a
dual-inletMAT252 isotope ratiomass spectrometer (IRMS). Hydrogen
isotopic compositions were analyzed using a ThermoFinnigan thermal
conversion elemental analyzer (TC/EA) linked to a DeltaPlusXP IRMS.
Results for oxygen and hydrogen isotope ratios are expressed
using conventional delta (δ) notation in units of per mil (‰) rela-
tive to Vienna Standard Mean OceanWater (V-SMOW). The oxygen
isotope fractionation factors of Eslinger and Savin (1973) were
used for illite-water and Wenner and Taylor (1971) for chlorite-
water. For hydrogen isotopes, the fractionation factors of Yeh
(1980) were used for illite-water and Marumo et al. (1980) for
chlorite-water.

The isotopic composition of leachable Pb from crushed drill cores
(>1.14 mm fraction) was determined using a 2% HNO3 leach tech-
nique and measured by high-resolution inductively-coupled plasma
mass spectrometry (HR-ICP-MS), following the method of Holk
et al. (2003). The 207Pb/206Pb ratios of leachable Pb from drill core
have been demonstrated as a vector for unconformity-related U de-
posits in the Athabasca Basin (Alexandre et al., 2012; Cloutier et al.,
2009; Holk et al., 2003). Low Pb isotope ratios (207Pb/206Pb b 0.7)
may indicate proximity to a source of high U concentration, such as
a Proterozoic U ore body, or the mobilization of radiogenic compo-
nents from a deposit during post-ore fluid events which may affect
the Fe system in the clay minerals.

3.2. Mössbauer spectroscopy

The structural and valence state of Fe in phyllosilicates was deter-
mined by 57Fe Mössbauer spectroscopy at the University of Manitoba
(Canada). Samples were mineral separates extracted from drill cores
from different parts of the alteration systems. For select separates,
matching whole-rock powders (12 samples) were also measured to
compare with results from clay separates. Spectra were acquired at
room temperature (RT) using a 57Co (Rh) point source, transmission
geometry, and velocity range of ±11 mm/s. Mössbauer absorbers
were prepared by grinding approximately 125 mg of powdered sam-
ple with sugar under acetone and loading the mixture into a Perspex
sample holder (1 cm in diameter). Spectra were processed using the
RECOIL software and generally deconvoluted using Voigt-based
fitting (Rancourt and Ping, 1991) to a model having one Fe2+ site
and two Fe3+ sites: one quadrupole-splitting distribution (QSD) site
and one hyperfine-field-distribution (HFD) site. The Fe2+ and
Fe3+ (QSD) sites yielded doublets which were assigned to Fe in oc-
tahedral coordination within phyllosilicates. For the majority of
spectra, the Fe3+ (HFD) site produced a magnetically split sextet
having an isomer shift (0.37 mm/s relative to α-Fe at RT),
quadrupole-splitting (0.12 mm/s), and a magnetic field (51 T)
characteristic of Fe3+ in bulk hematite. In some spectra, particularly
those of the Fe-poor illite samples, the Fe3+ (HFD) site showed a
collapsing sextet(s) with a magnetic field that is much smaller
than 51 T, but with an isomer shift and quadrupole-splitting similar
to that of hematite, which may be attributed to small-particle he-
matite. In these spectra, the smaller particles of hematite may give
rise to a superparamagnetic contribution that would overlap with
the Fe3+ (QSD) doublet. To account for this, another HFD-site
with a zero magnetic field and a wide HFD was added. The relative
area of each Fe site is reported as a percentage (%). The relative
abundance of Fe2+ and Fe3+ contained in phyllosilicates is
expressed as the parameter Fe3+/ΣFe, where ΣFe equals the sum
of Fe2+ and Fe3+. Using the Mössbauer and electron microprobe
data, mineral formulae for illite and both di-trioctahedral and



27R. Ng et al. / Journal of Geochemical Exploration 130 (2013) 22–43
trioctahedal chlorites were calculated from oxide weight percentages
using anion normalization and partitioning of total Fe (FeOT) as FeO
wt.% and Fe2O3 wt.%. As monomineralic separates of di-trioctahedral
chlorite could not be obtained at McArthur River Zone 4, the Fe3+/ΣFe
ratios for end-member di-trioctahedral chlorite were extrapolated
from clay mixtures.

4. Results

4.1. Mineral paragenesis of sandstone-hosted alteration systems

A generalizedmineral paragenesis for the studied sandstone-hosted
alteration systems is constructed from combining the paragenesis for
each system (Fig. 3). Four major Fe-bearing alteration stages are identi-
fied including early,mid, and late pre-ore alteration and ore stages. Each
stage is characterized by a major Fe-bearing mineral that provides a
temporal record of the redox conditions in the alteration fluid.

Stage 1 formed fine-grained hematite as coatings on detrital
quartz, inclusions within quartz overgrowths, and coarse-grained
hematite crystals (specularite) within interstitial pore spaces during
early pre-ore alteration. Stage 2 formed phyllosilicate-dominated
alteration assemblages during the mid pre-ore stage and is character-
ized by early di-trioctahedral chlorite (C1) alteration at McArthur
River Zone 4 followed by illite alteration in all five systems. At
McArthur River Zone 4, illite alteration of C1 chlorite resulted in an
illite–chlorite mixed layer (ICML) clay mineral. This second alteration
stage follows diagenetic kaolinite and dickite paragenetically and is
coeval with dravite alteration. Stage 3 is characterized by hydrother-
mal chlorite alteration near faulted unconformities, which in mineral-
ized systems, corresponds to the late pre-ore alteration stage.
Hydrothermal chlorite alteration follows illite paragenetically and
formed di-trioctahedral chlorite halos at McArthur River Zone 4 (C2
chlorite), Wheeler River Zone “K”, Spring Point, Maurice Bay, and
Centennial. At the Wheeler River Zone “K” system, hydrothermal
di-trioctahedral chlorite alteration is overprinted by a later-forming
trioctahedral chlorite halo (Cloutier et al., 2010). In the mineralized
systems, it remains possible that late pre-ore di-trioctahedral chlorite
alteration may have formed nearly synchronous with U mineraliza-
tion since evidence for it predating mineralization is based primarily
on the petrographic observation of uraninite precipitating in the
secondary porosity of clay matrices (Alexandre et al., 2012). As
such, there is uncertainty in the paragenetic timing between these
two minerals since clear cross-cutting relationships are not well-
developed due to di-trioctahedral chlorite grains being flexible and
able to reorient when impinged by uraninite. Stage 4 produced hema-
tite alteration coeval with U mineralization. This alteration stage is ob-
served in the ore zones of mineralized alteration systems (e.g. McArthur
River Zone 4, Maurice Bay, Centennial) and is characterized by intense
hematite overprinting clay matrices.

4.2. Mineral chemistry of alteration minerals

Representative chemical compositions, calculatedmineral formulae,
and formation temperatures of pre-ore illite, di-trioctahedral chlorite,
and trioctahedral chlorite are tabulated for the five sandstone-hosted
alteration systems (Table 1) and compared in Fig. 4.

Illite samples from the five studied sandstone-hosted alteration
systems have similar chemical compositions and are characterized
by K2O contents between 7.5 and 9.5 wt.% and MgO contents be-
tween 0.5 and 1.7 wt.% (Table 1). The Fe contents of illite from the
Maurice Bay, Centennial, and McArthur River Zone 4 deposits range
between 0.5 and 0.8 wt.% FeOT, whereas, illite samples from the ap-
parently barren Wheeler River Zone “K” and Spring Point alteration
systems have higher Fe contents from 1.2 to 1.7 wt.% FeOT. Illite
from the five alteration systems has K interlayer site occupancy site
ranging from 0.67 to 0.83 atoms per formula unit (apfu), [4]Si/[4]Al
ratios greater than 3, and less than 0.2 apfu substitution for [6]Al
(Fig. 4A). The degree of [6]Al substitution is similar among these illite
samples, but those from Centennial and Maurice Bay are the most K
deficient (Fig. 4A). Illite from all five studied alteration systems
plots within the typical compositional range for illite (Rieder et al.,
1998; Rosenberg, 2002). Formation temperatures for illite from the
Centennial deposit (ca. 180 °C) are lower than those from Wheeler
River Zone “K”, McArthur River Zone 4, Maurice Bay, and Spring
Point, which formed under a relatively restricted range of tempera-
tures from 220–240 °C (Table 1).

Chlorite from the five studied sandstone-hosted alteration systems
occurs as the di-trioctahedral variety, with trioctahedral chlorite also
present at the apparently barren Wheeler River Zone “K” system.
Di-trioctahedral chlorite samples are compositionally and mineralogi-
cally similar to sudoite and contain Al2O3 contents between 27.3 and
35.1 wt.% but variable MgO and FeOT contents (Fig. 4B; Table 1). The
typical range of MgO content varies from 10.2 to 14.6 wt.%, with the ex-
ception of sudoite fromCentennial, which are poorer inMg and have ca.
6.0 wt.%MgO. Typical Fe contents range from 0.5 to 3.5 wt.% FeOT, with
the exception of C2 sudoite atMcArthur River Zone 4,which has greater
Fe contents (ca. 9.1 wt.% FeOT). Sudoite samples from these systems
have [4]Al ranging from 0.21 to 0.71, [6]Al from 2.46 to 3.37, [6]Mg
from 0.83 to 1.91, and total occupancy of octahedrally coordinated
sites of 4.34 to 4.87 apfu (Fig. 4B); these values are within the normal
range for sudoite (Bailey and Lister, 1989). Trioctahedral chlorite at
Wheeler River Zone “K” has Al2O3, MgO, and FeOT contents of
19.2 wt.%, 21.8 wt.%, and 7.4 wt.%, respectively, and is compositionally
similar to clinochlore (Fig. 4B). This clinochlore has a total octahedral
occupancy of 5.56 cations per six octahedrally coordinated sites,
which is less than the ideal number, indicatingminor dioctahedral sub-
stitution (Table 1). Based on [4]Al occupancy, sudoite formation temper-
atures typically range from 150 to 175 °C, with the exception of sudoite
from Centennial which has slightly higher formation temperatures of
around 200 °C (Table 1). Clinochlore atWheeler River Zone “K” records
higher formation temperatures (ca. 230 °C) than sudoite and are similar
to the formation temperatures for illite (Table 1). Late pre-ore sudoite
from each system records relatively lower formation temperatures
than illite, which most likely reflects the inaccuracy of the empirical
chlorite geothermometers when applied to di-trioctahedral chlorite
(e.g. sudoite) since they were calibrated using trioctahedral chlorite
varieties.

4.3. Alteration patterns in sandstone-hosted alteration systems

Alteration within the five sandstone-hosted systems consists of dia-
genetic kaolinite (e.g. Maurice Bay, Spring Point, Centennial) or dickite
(e.g. McArthur River Zone 4, Wheeler River Zone “K”) overprinted by
zones of dravite, illite, sudoite, clinochlore, and late kaolinite alteration
surrounding the faulted unconformity (Figs. 5–9). Illite typically forms a
wider, more spatially-extensive, zone of alteration in the peripheral
region of the alteration system. At McArthur River Zone 4, the occur-
rence of illite and illite–chlorite mixed layer (ICML) clay delineates a
300 m-high by 350 m-wide zone above the Zone 4 ore body (Fig. 5).
Similarly at the barren Wheeler River Zone “K” system, illite alteration
occurs up to 400 m above the unconformity and extends several kilo-
meters outside of the Zone “K” trend (Fig. 6). Sudoite and clinochlore
alteration occurs near the center of these sandstone-hosted systems
but varies in extent. Mineralized systems at McArthur River Zone 4
and Maurice Bay seem to have smaller sudoite halos compared to the
sudoite and clinochlore halos in the barren systems at Wheeler River
Zone “K” and Spring Point. At McArthur River Zone 4, two sudoite alter-
ation zones are present (Fig. 5). C1 Mg-rich sudoite associated with
diagenesis predominates within a 50–100 m-thick horizon near the
MFc–MFd boundary, whereas, C2 Mg–Fe-rich sudoite associated with
hydrothermal alteration delineates a 50 m-high by 100 m-wide halo
straddling the faulted unconformity. At Centennial, the occurrence of



Table 1
Average chemical composition (and 1σ) and formation temperatures of pre-ore illite and chlorite from sandstone-hosted alteration systems.

Oxide wt. % Analytical
total (%)

Formation
temp.
(°C)

Fe3+/
ΣFe
median

Mineral formula

SiO2 TiO2 Al2O3 FeOT
a MnO MgO CaO Na2O K2O Cl F

Illite
Wheeler River Zone K (basin)
48.1 ± 1.4 bDL 33.2 ± 1.2 1.2 ± 0.8 bDL 1.0 ± 0.3 0.1 ± 0.1 0.1 ± 0.1 9.3 ± 0.7 n.a. n.a. 93.2 240 1.00 K0.80Mg0.10Fe3+0.07Al1.85[Si3.23Al0.77O10](OH)2
Spring Point (basin)
47.55 ±
0.48

bDL 31.62 ±
0.39

1.66 ±
0.22

bDL 1.70 ±
0.15

0.10 ±
0.15

0.13 ±
0.02

9.47 ±
0.14

n.a. n.a. 92.28 230 n.a. K0.83Mg0.10Fe2+0.04Al1.91[Si3.21Al0.77O10](OH)2

Maurice Bay (basin)
47.99 ±
0.34

bDL 34.07 ±
0.24

0.45 ±
0.03

bDL 0.95 ±
0.02

0.13 ±
0.01

0.12 ±
0.01

8.38 ±
0.08

n.a. n.a. 92.19 220 n.a. K0.72Mg0.10Fe2+0.03Al1.90[Si3.21Al0.80O10](OH)2

Centennial (basin)
51.63 ±
4.56

bDL 26.23 ±
1.74

0.73 ±
0.16

bDL 0.73 ±
0.15

0.25 ±
0.12

0.18 ±
0.1

7.51 ±
0.65

n.a. n.a. 87.54 180 n.a. K0.67Mg0.08Fe2+0.04Al1.80[Si3.63Al0.37O10](OH)2

McArthur River Zone 4 (basin)
45.68 ±
2.13

0.02 ±
0.01

32.94 ±
0.81

0.77 ±
0.15

0.02 ±
0.01

0.48 ±
0.11

0.06 ±
0.01

0.04 ±
0.02

8.83 ±
0.55

0.02 ±
0.01

0.21 ±
0.09

89.04 235 1.00 K0.79Mg0.05Fe3+0.05Al1.92[Si3.20Al0.80O10](OH1.95F0.05)

Sudoite
Wheeler River Zone K (basin)
33.5 ± 5.4 bDL 28.2 ± 5.0 1.4 ± 0.7 bDL 10.2 ± 3.3 0.1 ± 0.1 0.1 ± 0.1 1.1 ± 0.9 n.a. n.a. 86.2 175 0.37 □1.34Mg1.58Fe2+0.08Fe3+0.05Al2.95(Si3.49Al0.51)O10(OH)8
Spring Point (basin)
37.35 ±
0.26

bDL 35.05 ±
0.25

0.48 ±
0.04

bDL 14.57 ±
0.10

0.10 ±
0.01

0.04 ±
0.01

0.24 ±
0.01

n.a. n.a. 87.91 170 0.36 □1.13Mg1.91Fe2+0.02Fe3+0.01Al2.92(Si3.29Al0.71)O10(OH)8

Maurice Bay (basin)
37.43 ±
0.62

bDL 33.50 ±
0.54

3.50 ±
0.14

bDL 12.37 ±
0.42

0.17 ±
0.04

0.03 ±
0.01

1.24 ±
0.20

n.a. n.a. 88.27 150 0.55 □1.25Mg1.64Fe2+0.12Fe3+0.14Al2.85(Si3.33Al0.67)O10(OH)8

Centennial (basin)
40.96 ±
4.30

bDL 32.80 ±
5.95

1.84 ±
0.84

bDL 6.00 ±
3.70

0.25 ±
0.11

0.12 ±
0.12

0.23 ±
0.34

n.a. n.a. 84.92 200 0.36 □1.66Mg0.83Fe2+0.09Fe3+0.05Al3.37(Si3.79Al0.21)O10(OH)8

McArthur River Zone 4 (C1, basin)
35.99 ±
0.95

bDL 31.78 ±
1.02

0.68 ±
0.22

0.01 ±
0.01

10.36 ±
0.37

0.10 ±
0.03

0.05 ±
0.04

1.16 ±
0.12

0.02 ±
0.01

0.20 ±
0.14

80.36 160 0.93 □1.38Mg1.49Fe2+0.00Fe3+0.05Al3.07(Si3.47Al0.53)
O10(OH7.94F0.06)

McArthur River Zone 4 (C2, basin)
34.74 ±
2.55

0.02 ±
0.02

27.28 ±
3.78

9.12 ±
5.87

0.03 ±
0.03

11.65 ±
2.11

0.31 ±
0.08

0.05 ±
0.04

0.29 ±
0.11

0.17 ±
0.05

0.31 ±
0.21

83.96 155 0.45 □1.13Mg1.68Fe2+0.40Fe3+0.33Al2.46(Si3.35Al0.65)
O10(OH7.88F0.09Cl0.03)

Clinochlore
Wheeler River Zone K (basin)
29.8 ± 2.5 bDL 19.2 ± 2.9 7.4 ± 1.1 bDL 21.8 ± 2.7 0.1 ± 0.1 bDL 0.1 ± 0.1 n.a. n.a. 82.8 230 0.34 □0.44Mg3.41Fe2+0.43Fe3+0.22Al1.50(Si3.13Al0.87)O10(OH)8

NOTES: n.a. = not analyzed; bDL = below detection limit. Standard deviation given as 1σ. Abbreviations: bsmt = basement, □ = vacancy.
a Total Fe expressed as FeO.
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sudoite in drill hole VR-04 suggests that sudoite alteration extends at
least 240 m from the deposit and 200 m above the unconformity
(Fig. 7). Sudoite alteration at the Maurice Bay deposit forms a narrow
20 m-high by 135 m-wide zone above the faulted unconformity
(Fig. 8). At Wheeler River Zone “K”, sudoite alteration demarcates a
100 m-high by 4 km-wide halo along the basal Read Formation and is
overprinted by a 250 m-high by 500 m-wide clinochlore halo above
the basement shear zone (Fig. 6). Similarly at Sprint Point, a spatially-
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Fig. 7. Downhole plot of Fe3+/ΣFe ratios and δD values of sudoite in drill hole VR-04 proxima
mineralized unconformity.
extensive sudoite halo measuring 150 m-high by more than 2 km-wide
extends along the base of the Fair Point Formation (Fig. 9).

4.4. Stable isotope geochemistry

The oxygen and hydrogen isotopic compositions and formation
temperatures for the illite, sudoite, and clinochlore samples analyzed
by Mössbauer spectroscopy are tabulated in Table 2. These values
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should reflect fluid conditions during the formation of these minerals
or subsequent interactions with recent post-formational fluids
(Kotzer and Kyser, 1995; Wilson and Kyser, 1987). The calculated iso-
topic compositions of the fluid in equilibrium with these minerals are
plotted in Fig. 10.

Pre-ore illite samples from the barren Wheeler River Zone “K” and
mineralized McArthur River Zone 4 systems have δ18O values near
10‰ but more variable δD values from −91 to −37‰ (Table 2). The
majority of illite from Wheeler River Zone “K” and McArthur River
Zone 4 has δDvalues above−70‰. Illite–ICMLmixtures fromMcArthur
River Zone 4 have similar isotopic compositions as illite (Table 2). The
presence of dickite or kaolinite in the illite samples shifts the isotopic
composition towards higher δ18O and lower δD values.
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indicated.
As illite samples from McArthur River Zone 4 and Wheeler River
Zone “K” have similar oxygen isotopic compositions and tempera-
tures of formation, their calculated fluid compositions are similar
(Fig. 10; Table 2). However, the δD values of the fluid producing illite
at McArthur River Zone 4 is lower than that at Wheeler River Zone
“K”, although both fluids are comparable with basinal fluids in equi-
librium with illite, dickite, and kaolinite alteration in other deposits
of the Athabasca Basin (Fig. 10).

The oxygen and hydrogen isotopic compositions of late pre-ore
sudoite from the five sandstone-hosted alteration systems are simi-
lar, with values typically ranging from +7.0 to +10.4‰ and −72
to −43‰, respectively (Table 2). Sudoite from drill hole VR-04
near Centennial defines two isotopically-distinct groups, with one
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Table 2
Oxygen and hydrogen stable isotopic composition of alteration minerals from sandstone-hosted alteration systems.

Sample
DDH-depth (m)

Lithology Mineralogy
%

Size fraction
μm

Mineral Formation
temp. (°C)

Fluid

δ18O δD δ18O δD

(‰ rel. V-SMOW) (‰ rel. V-SMOW)

McArthur River Zone 4
Pre-ore illite

MAC233-315 MFb 100 I 1–2 12.7 −78 235 8.1 −64
MAC238-287 MFb 100 I 1–2 9.4 −73 235 4.8 −59
MAC238-311 MFb 100 I 1–2 11.1 −66 235 6.5 −52
MAC240-302 MFb 100 I 1–2 10.3 −60 235 5.7 −46
MAC240-344 MFb 100 I 1–2 12.1 −62 235 7.5 −48
MAC241-333 MFb 100 I 1–2 10.9 −73 235 6.3 −60
MAC241-353 MFb 100 I 1–2 10.6 −64 235 6.0 −50
MAC244-269 MFc 100 I 1–2 9.8 −70 235 5.2 −57
MAC244-303 MFc 100 I 1–2 11.0 −65 235 6.4 −51
MAC244-320 MFb 100 I 1–2 10.4 −91 235 5.8 −77
MAC246-320 MFb 100 I 1–2 9.6 −67 235 5.0 −53
MAC246-354 MFb 100 I 1–2 11.2 −63 235 6.6 −49
MAC256-325 MFb 100 I 1–2 11.0 −62 235 6.4 −48

Pre-ore illite and ICML
MAC236-256 MFc 70 I, 30 ICML 1–2 9.4 −60 235 – –

MAC246-300 MFc 70 I, 30 ICML 1–2 11.4 −63 235 – –

MAC256-249 MFc 40 I, 60 ICML 1–2 11.3 −62 235 – –

Pre-ore illite and dickite
MAC233-473 Read 20 I, 80 Dkt b2 13.2 −96 – – –

MAC244-464 Read 50 I, 40 Dkt, 10 Q 2–5 12.1 −78 – – –

Pre-ore illite and post-ore kaolinite
MAC238-505 HW FAN 35 I, 65 K 2–5 9.9 −106 – – –

MAC246-545 FW FAN 90 I, 10 K b2 12.3 −74 – – –

Pre-ore C1 Mg-sudoite
MAC222-197 MFc 20 I, 20 C1, 10 K, 50 Dr 1–2 9.7 −58 – – –

MAC233-194 MFc 10 I, 25 C1, 30 K, 35 Dr 2–5 9.2 −83 – – –

MAC238-199 MFc 20 I, 10 C1, 10 K, 60 Dr 2–5 12.4 −80 – – –

MAC240-197 MFc 10 I, 40 C1, 20 K, 30 Dr 2–5 10.7 −73 – – –

MAC246-209 MFc 35 I, 35 ICML, 10 C1, 15 Dr b1 10.2 −73 – – –

MAC251-252 MFc 10 I, 50 C1, 25 K, 10 Dr 1–2 8.8 −61 – – –

MAC251-279 MFc 75 C1, 20 K, 5 Dr 1–2 12.5 −57 – – –

MAC251-393 MFb 55 I, 10 C1, 25 Dkt, 10 Q 5–10 11.9 −53 – – –

MAC252-215 MFc 65 C1, 35 K 1–2 10.5 −62 – – –

MAC255-220 MFc 70 I, 15 C1, 5 K, 5 Dr, 5 Q 2–5 12.5 −76 – – –

C1 sud 100 C1 (upper limit) – 8.5 −45 160 4.9 −43
C1 sud 100 C1 (lower limit) – 7.7 −70 160 4.1 −68

Pre-ore C2 Mg–Fe sudoite (alteration halo)
MAC222-509 HW FAN 95 C2, 5 I 1–2 9.6 −106 – – –

MAC240-521 MFa 10 I, 40 C2, 45 K, 5 Dr 1–2 10.1 −91 – – –

MAC240-560 FW FAN 45 I, 55 C2 1–2 8.9 −53 – – –

MAC241-569 BSMT 100 C2 b2 7.8 −56 – – –

MAC244-569 FW FAN 55 C2, 35 I, 5 Dr, 5 Q 1–2 9.0 −61 – – –

MAC244-581 BSMT 60 I, 40 C2 1–2 8.1 −49 – – –

MAC255-504 HW FAN 10 I, 65 K, 25 C2 2–5 10.2 −108 – – –

C2 sud 100 C2 (upper limit) – 8.7 −50 155 4.9 −25
C2 sud 100 C2 (lower limit) – 7.7 −65 155 3.9 −40

Wheeler River Zone K
Pre-ore illite

ZK12-242 MFb 100 I b2 11.6 −37 240 7.2 −24
ZK12-360 MFb 100 I b2 9.4 −38 240 5.0 −25
ZK13-352 MFb 100 I b2 10.6 −48 240 6.2 −35
ZK14-100 MFd 100 I b2 11.0 −62 240 6.6 −49
ZK15-325 MFb 100 I b2 10.7 −53 240 6.3 −40
ZK16-320 MFb 100 I b2 9.8 −58 240 5.4 −45
ZK18-351 MFb 100 I b2 10.5 −44 240 6.1 −31

Pre-ore sudoite
ZK15-425 Read 100 Sud b2 10.4 −59 175 7.3 −54

Pre-ore clinochlore
ZK12-430 Read 100 Cln b2 6.3 −37 230 4.8 −23
ZK13-480 Read 100 Cln b2 3.0 −46 230 1.5 −32
ZK17-381 MFb 100 Cln b2 5.6 −54 230 4.1 −40
ZK17-426 Read 100 Cln b2 3.0 −43 230 1.5 −29

Spring Point
Pre-ore sudoite

SN103-159 FP SS 100 Sud n.a. 8.3 −55 170 5.1 −54
SN107-149 FP Cong. 100 Sud n.a. 8.9 −47 170 5.7 −46
SN107-149dup FP Cong. 100 Sud n.a. 8.9 −51 170 5.7 −50
SN107-171a FP Cong. 100 Sud n.a. 9.4 −46 170 6.2 −45
SN107-171dup FP Cong. 100 Sud n.a. 9.4 −46 170 6.2 −45
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Table 2 (continued)

Sample
DDH-depth (m)

Lithology Mineralogy
%

Size fraction
μm

Mineral Formation
temp. (°C)

Fluid

δ18O δD δ18O δD

(‰ rel. V-SMOW) (‰ rel. V-SMOW)

SN130-83 FP SS 100 Sud n.a. 7.8 −51 170 4.6 −50
SN152-71 FP SS 100 Sud n.a. 8.6 −49 170 5.4 −48
SN155-54 FP SS 100 Sud n.a. 8.3 −48 170 5.1 −47
SN155-54dup FP SS 100 Sud n.a. 8.3 −46 170 5.1 −45

Maurice Bay
Pre-ore sudoite

MB726-20 – 100 Sud n.a. 9.6 −72 150 5.6 −61
MB726-29 – 100 Sud n.a. 11.1 −62 150 7.1 −51

Centennial
Pre-ore sudoite

VR04-599 MFd 100 Sud n.a. 8.7 −57 200 6.4 −45
VR04-698 Read 100 Sud n.a. 8.0 −43 200 5.7 −31
VR04-792 Read 100 Sud n.a. 7.0 −51 200 4.7 −39
VR04-808 Read 100 Sud n.a. 11.5 −71 200 9.2 −59
VR04-821 Read 100 Sud n.a. 11.7 −100 200 9.4 −88

Lithology abbreviations: FP = Fair Point Formation, MF = Manitou Falls Formation, FW = footwall, HW = hanging wall, SS = sandstone, Cong = conglomerate, FAN =
fanglomerate, BSMT = basement. Mineralogy abbreviations: I = illite, ICML = illite–chlorite mixed layer clay, Cln = clinochlore K = kaolinite, Dkt = dickite, Sud = sudoite,
C1 = Mg sudoite, C2 = Mg–Fe sudoite, Dr = dravite, Q = quartz, n.a. = not available.

Pre-ore sudoite
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having δ18O values between +7.0 and +8.7‰ and δD values be-
tween −57 and −43‰ and the second, represented by the two
sudoite samples near the unconformity, with higher δ18O (=+11.5 to
+11.7‰) and lower δD (=−100 to−71‰) values. Both pre-ore diage-
netic C1 sudoite and hydrothermal C2 sudoite from McArthur River
Zone 4 have similar δ18O (+7.7 to +8.7‰) and δD (−70 to −45‰)
values. Clinochlore samples from Wheeler River Zone “K” have similar
hydrogen isotopic compositions as sudoite (δD = −54 to −37‰) but
are more depleted in 18O (δ18O = +3.0 to +6.3‰).

Using formation temperatures defined in Table 2, fluids in equi-
librium with sudoite from the studied alteration systems have δ18O
fluid values that typically range between +3.9 and +7.3‰ and δD
fluid values that vary from−88 to−23‰, with most between−68
and −23‰ (Fig. 10; Table 2). The fluid in equilibrium with
clinochlore at Wheeler River Zone “K” has distinctively lower
δ18O values than fluids producing sudoite indicating that the latter
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may have originated from deeper parts of the basement, according
to Cloutier et al. (2010). The fluid producing the two sudoite sam-
ples near the unconformity at Centennial VR-04 has the highest
δ18O values (Fig. 10). C2 sudoite separates from the hydrothermal
alteration halo at McArthur River Zone 4 are slightly more enriched
in 2H than diagenetic C1 sudoite in MFc and MFd (Fig. 10). The δD
value of the fluid in equilibrium with C1 sudoite is within the
range for basinal fluids forming illite at McArthur River Zone 4,
suggesting that the lower δD value of C1 sudoite is not the result
of a greater isotopic exchange with post-crystallization 2H-deplet-
ed fluids.

4.5. Pb isotopic composition of weak-acid leachates

The 207Pb/206Pb ratios of leachable Pb from crushed drill cores, from
which clay separates were analyzed by Mössbauer spectroscopy, are
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one-hosted alteration systems. Shaded boxes represent the range of fluid δ18O and δD
quilibrium with typical Athabasca Basin alteration minerals are indicated for reference
r, 1995; Percival et al., 1993; Wasyliuk, 2001). Abbreviations: MWL = meteoric water



Table 3
Fe2+ and Fe3+ relative abundances (%) in clay separates determined by Mössbauer spectroscopy and leachable 207Pb/206Pb ratios in drill core.

Sample
DDH-depth (m)

Size
μm

Mineralogy (XRD)
%

Fe3+ QSD site
%

Fe3+ HFD site
%

Total Fe3+

%
Total Fe2+

%
Fe3+/ΣFe
(in clay)

207Pb/206Pb
(leachate)

Distance to
fault/ore body (m)

McArthur River Zone 4
Pre-ore illite

MAC233-315 1–2 100 I 10 90 100 – 1.00 0.837 –

MAC238-287 1–2 100 I 39 61 100 – 1.00 0.845 –

MAC238-311 1–2 100 I 39 61 100 – 1.00 0.812 –

MAC240-302 1–2 100 I 41 59 100 – 1.00 0.848 –

MAC240-344 1–2 100 I 36 64 100 – 1.00 0.863 –

MAC241-333 1–2 100 I 10 90 100 – 1.00 0.745 –

MAC241-353 1–2 100 I 14 86 100 – 1.00 0.851 –

MAC244-269 1–2 100 I 45 55 100 – 1.00 0.839 –

MAC244-303 1–2 100 I 38 62 100 – 1.00 0.858 –

MAC244-320 1–2 100 I 6 94 100 – 1.00 0.811 –

MAC246-320 1–2 100 I 61 39 100 – 1.00 0.89 –

MAC246-354 1–2 100 I 11 89 100 – 1.00 0.8 –

MAC256-325 1–2 100 I 40 60 100 – 1.00 0.805 –

Pre-ore illite–ICML
MAC236-256 1–2 70 I, 30 ICML 38 62 100 – 1.00 0.818 –

MAC244-128 1–2 40 I, 40 ICML, 15 K, 5 Dr 11 89 100 – 1.00 0.82 –

MAC246-300 1–2 70 I, 30 ICML 43 57 100 – 1.00 0.83 –

MAC255-128 1–2 40 I, 50 ICML, 5 K, 5 Dr 5 95 100 – 1.00 0.854 –

MAC256-249 1–2 40 I, 60 ICML 35 65 100 – 1.00 0.849 –

Pre-ore illite–dickite
MAC233-473 5–10 40 I, 50 Dkt, 10 Q 15 85 100 – 1.00 0.64 –

MAC244-464 5–10 80 I, 5 Dkt, 15 Q 10 90 100 – 1.00 0.28 –

Pre-ore illite and post-ore kaolinite
MAC238-505 5–10 40 I, 45 K, 5 Dr, 10 Q 87 – 87 13 0.87 0.342 –

MAC246-545 5–10 55 I, 40 K, 5 Q 4 87 91 9 0.31 0.8 –

Pre-ore C1 Mg-sudoite
MAC222-197 1–2 20 I, 20 C1, 10 K, 50 Dr 71 – 71 29 0.71 0.826 321
MAC233-194 2–5 10 I, 25 C1, 30 K, 35 Dr 23 77 100 – 1.00 0.81 326
MAC238-199 2–5 20 I, 10 C1, 10 K, 60 Dr 25 61 86 14 0.64 0.804 342
MAC240-197 2–5 10 I, 40 C1, 20 K, 30 Dr 26 62 88 12 0.68 0.845 316
MAC246-209 1–2 35 I, 35 ICML, 10 C1, 15 Dr 81 – 81 19 0.81 0.87 309
MAC251-252 1–2 10 I, 50 C1, 25 K, 10 Dr 42 58 100 – 1.00 0.863 299
MAC251-279 1–2 75 C1, 20 K, 5 Dr 30 68 98 2 0.94 0.856 276
MAC251-393 5–10 55 I, 10 C1, 25 Dkt, 10 Q 13 87 100 – 1.00 0.452 189
MAC252-215 1–2 65 C1, 35 K 26 74 100 – 1.00 0.81 423
MAC255-220 2–5 70 I, 15 C1, 5 K, 5 Dr, 5 Q 62 38 100 – 1.00 0.85 332

Pre-ore C2 Mg–Fe sudoite (alteration halo)
MAC222-509 1–2 95 C2, 5 I 31 47 78 22 0.58 0.0536 11
MAC240-521 1–2 10 I, 40 C2, 45 K, 5 Dr 49 39 88 12 0.80 0.381 11
MAC240-560 2–5 35 I, 50 C2, 10 Dr, 5 Q 15 80 95 5 0.75 0.776 26
MAC241-569 5–10 85 C2, 5 Dr, 10 Q 40 – 40 60 0.40 0.204 0
MAC244-569 1–2 55 C2, 35 I, 5 Dr, 5 Q 44 24 68 32 0.58 0.39 26
MAC244-581 1–2 60 I, 40 C2 40 37 77 23 0.63 0.563 37
MAC255-504 5–10 25 I,15 C2,55 K,5 Q 35 62 97 3 0.92 0.79 25

Wheeler River Zone K
Pre-ore illite

ZK12-242 b2 100 I 46 40 86 14 0.77 0.79 –

ZK12-360 b2 100 I 11 89 100 – 1.00 0.52 –

ZK13-352 2–5 100 I 25 75 100 – 1.00 0.67 –

ZK14-100 b2 100 I 80 – 80 20 0.80 0.57 –

ZK15-325 b2 100 I 41 59 100 – 1.00 0.36 –

ZK16-235 2–5 100 I 35 65 100 – 1.00 0.55 –

ZK16-320 b2 100 I 20 80 100 – 1.00 0.55 –

ZK18-351 2–5 100 I 20 80 100 – 1.00 0.59 –

Pre-ore sudoite
ZK13-503 b2 100 Sud 28 24 52 48 0.37 n.a. 875
ZK15-425 2–5 100 Sud 67 – 67 33 0.67 0.25 2750
ZK17-483 b2 100 Sud 37 – 37 63 0.37 0.43 438

Pre-ore clinochlore
ZK12-430 b2 100 Cln 33 – 33 67 0.33 0.34 29
ZK13-480 2–5 100 Cln 30 – 30 70 0.30 0.76 875
ZK17-381 2–5 100 Cln 40 – 40 60 0.40 n.a. 445
ZK17-426 b2 100 Cln 35 – 35 65 0.35 0.63 438

Pre-ore sudoite–clinochlore
ZK14-514 2–5 Sud–Cln mix 27 – 27 73 0.27 0.56 1688

Spring Point
Pre-ore sudoite

SN103-159 100 Sud 80 – 80 20 0.80 0.62 317
SN103-185 100 Sud 26 18 44 56 0.32 0.66 315
SN107-149 100 Sud 49 – 49 51 0.49 0.65 138
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Table 3 (continued)

Sample
DDH-depth (m)

Size
μm

Mineralogy (XRD)
%

Fe3+ QSD site
%

Fe3+ HFD site
%

Total Fe3+

%
Total Fe2+

%
Fe3+/ΣFe
(in clay)

207Pb/206Pb
(leachate)

Distance to
fault/ore body (m)

SN107-171a 100 Sud 30 22 52 48 0.38 n.a. 133
SN107-171dup 100 Sud 28 20 48 52 0.35 n.a. 133
SN130-83 100 Sud 37 – 37 63 0.37 0.60 880
SN152-71 100 Sud 30 – 30 70 0.30 0.64 494
SN155-54 100 Sud 32 – 32 68 0.32 0.55 302

Maurice Bay
Pre-ore sudoite

MB41-187 100 Sud 34 33 67 33 0.51 0.0770 0
MB146-107 100 Sud 42 18 60 40 0.51 n.a. 7
MB726-20 100 Sud 6 94 100 – 1.00 0.1135 92
MB726-29 100 Sud 31 48 79 21 0.60 0.1090 91

Centennial
Pre-ore sudoite

VR04-599 100 Sud 21 – 21 79 0.21 0.77 222
VR04-698 100 Sud 29 – 29 71 0.29 0.76 123
VR04-792 100 Sud 36 – 36 64 0.36 n.a. 29
VR04-808 100 Sud 62 – 62 38 0.62 0.24 13
VR04-821 100 Sud 67 – 67 33 0.67 0.21 0

Abbreviations: DDH = diamond drill hole, n.a. = not available. SS = sandstone, FAN = fanglomerate, BSMT = basement.
Minerals: I = illite, ICML = illite–chlorite mixed layer clay, Cln = clinochlore, K = kaolinite, Dkt = dickite, Sud = sudoite, C1 = Mg sudoite, C2 = Mg–Fe sudoite, Dr = dravite, Q =
quartz.
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35R. Ng et al. / Journal of Geochemical Exploration 130 (2013) 22–43
shown in Table 3. The majority of sandstones from the C1 sudoite-
bearing, illite-ICML, and illite-rich alteration zones above the silicified
zone at McArthur River Zone 4 (Fig. 5) have non-radiogenic 207Pb/206Pb
isotope ratios (207Pb/206Pb = 0.69–0.89; avg. of 0.82) with the ex-
ception of one radiogenic sample with a 207Pb/206Pb ratio of 0.45
(Table 3). Radiogenic Pb is mostly confined to sandstones immedi-
ately overlying the ore body (207Pb/206Pb = 0.28–0.64), in the basal
fanglomerate (207Pb/206Pb = 0.34–0.8), and in the C2 sudoite alter-
ation halo surrounding the P2 fault (207Pb/206Pb = 0.05–0.79, avg. of
0.47; Table 3). At Maurice Bay, drill core samples containing sudoite
are highly radiogenic and have 207Pb/206Pb ratios ranging from 0.08 to
0.11 (avg. of 0.10) (Table 3). This is in agreement with their close prox-
imity (b100 m) to the Maurice Bay Main ore body (Fig. 8).

Sandstone samples containing illite, sudoite, and clinochlore within
theWheeler River Zone “K” trend have 207Pb/206Pb ratios ranging from
0.25 to 0.79 (avg. of 0.54), with sandstones occurring proximal to the
shear zone structure or near the unconformity in drill hole ZK15 being
the most radiogenic (Fig. 6; Table 3). Correlations between radiogenic
Pb isotope ratios with Ca, Sr, Pb, and P in drill cores from Zone “K” indi-
cate that the radiogenic Pb signature was likely derived from the decay
of U in detrital apatite grains within the sample, (cf. Cloutier et al.,
2010), possibly exposed as a result of crushing (Holk et al., 2003).

Sandstones from drill hole VR-04 at Centennial become increasingly
radiogenic with depth towards the weakly mineralized unconformity.
207Pb/206Pb ratios decrease from 0.77 (non-radiogenic), at a depth of
about 600 m, to 0.21 (highly radiogenic) near the unconformity
(Fig. 7; Table 3).

Sandstones from the sudoite alteration halo at Spring Point have
uniform 207Pb/206Pb ratios ranging from 0.55 to 0.66 (avg. of 0.62)
(Fig. 9; Table 3). Although Spring Point is a barren alteration system, the
207Pb/206Pb ratio of leachable Pb from the Fair Point Formation is still
weakly radiogenic. This radiogenic Pb was likely derived in-situ from
U-bearing detrital minerals, such as zircon, which is well-preservedwith-
in the sandstones at Spring Point (cf. Alexandre et al., 2012).

4.6. Fe oxidation state of alteration minerals

The abundance of structural Fe2+ and Fe3+ and calculated Fe3+/ΣFe
parameters for alteration minerals from each system is given in Table 3
and plotted spatially for each system (Figs. 5–9). The Fe3+/ΣFe ratios
range from 0.77 to 1.00 for illite, 0.21 to 1.00 for sudoite, and 0.30 to
0.40 for clinochlore (Table 3). Representative Mössbauer spectra for
illite and sudoite are illustrated in Fig. 11.

4.6.1. Illite
AtMcArthur River Zone 4, illite (13 samples) from the illite-rich alter-

ationhorizon above the silicified zone contains only Fe3+ (Fig. 5; Table 3).
Five samples ofmixed illite–ICML clay and two illite–dickite samples give
the same result (Fig. 5). Twomixed illite–kaolinite samples from the basal
fanglomerate have Fe3+/ΣFe ratios of 0.31 and 0.87, indicating elevated
structural Fe2+ in illite near the unconformity (Fig. 5). Eight illite samples
from the barrenWheeler River Zone “K” system have Fe3+/ΣFe ratios be-
tween 0.77 and 1.00, with an average Fe3+/ΣFe ratio of 0.95 (Fig. 6;
Table 3). Thus, Fe in illite frombothWheeler River Zone “K” andMcArthur
River Zone 4 occurs predominantly as Fe3+, but some illite samples from
Zone “K” have greater contents of structural Fe2+.

4.6.2. Chlorite
Pre-ore diagenetic C1 sudoite from McArthur River Zone 4 has

upper and lower Fe3+/ΣFe limits of 1.00 and 0.85, respectively, indi-
cating the predominance of structural Fe3+ (Table 3). In contrast, late
pre-ore hydrothermal C2 sudoite has upper and lower Fe3+/ΣFe
limits of 0.56 and 0.34, respectively, indicating the greater abun-
dances of Fe2+ compared to C1 sudoite (Table 3).

Three hydrothermal sudoite samples from the barrenWheeler River
Zone “K” system have an average Fe3+/ΣFe ratio of 0.47, with one
anomalous sudoite sample having a higher Fe3+/ΣFe ratio (=0.67)
than the others (Fig. 6; Table 3). This sudoite sample occurs in a distant
drill hole (ZK15) located about 2.6 km from the Zone “K” shear zone
(Fig. 6). Late-hydrothermal clinochlore from Zone “K” (4 samples),
which follows sudoite paragenetically, has an average Fe3+/ΣFe ratio
of 0.35, similar to nearby sudoite samples (Fig. 6; Table 3).

Five sudoite specimens from drill hole VR-04, near the Centennial
deposit, have an average Fe3+/ΣFe ratio of 0.43 (Table 3). There is a
trend of increasing Fe3+/ΣFe ratio from 0.21 to 0.67 with depth,
wherein the two sudoite samples near the unconformity have higher
Fe3+/ΣFe ratios of 0.62 and 0.67 (Fig. 7; Table 3).

At the Maurice Bay deposit, there is an average Fe3+/ΣFe ratio of
0.65 for four sudoite samples (Table 3). Sudoite (2 samples) proximal
to the ore zone (MB41,MB146) records lower Fe3+/ΣFe ratios (ca. 0.51)
than sudoite (2 samples) from distal drill hole, MB726, which has
Fe3+/ΣFe ratios of 0.60 and 1.00 (Fig. 8).
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Sudoite samples from the barren Spring Point alteration system
have an average Fe3+/ΣFe ratio of 0.42, with six samples having
Fe3+/ΣFe ratios between 0.30 and 0.49 and one outlier with a value
of 0.80 (Fig. 9; Table 3). Fe3+/ΣFe values of sudoite at Spring Point
are relatively uniform and do not vary systematically with depth or
proximity to the Spring Bay fault (Fig. 9).
4.6.3. Whole-rock
Mössbauer measurements on whole-rock samples from McArthur

River Zone 4 were performed to determine whether whole-rocks
would yield similar results to their corresponding clay separates.
However, only one of the 12 whole-rock samples measured yielded
sufficient absorption for the characterization of their Fe3+/ΣFe ratios
(Table 4). This sample (MAC241-569) also contained the highest
modal abundance of sudoite in its clay fraction (ca. 85% C2 sudoite,
5% dravite, 10% quartz) (Table 3). The Fe3+/ΣFe ratio of this
whole-rock sample was 0.37, which is similar to the value of its
corresponding clay separate (Fe3+/ΣFe = 0.40). Insufficient absorp-
tion was obtained for whole-rock samples in which illite was the
predominant phyllosilicate and for whole-rock samples in which
sudoite occurred with a high abundance of illite, kaolinite, or dravite.
The application of whole-rock 57Fe Mössbauer analysis to Athabasca
Basin drill cores is limited by the low abundance, typically b10%,
of clay minerals in the whole-rock, the low Fe concentration in
Table 4
Fe2+ and Fe3+ relative abundances (%) in whole-rock from McArthur River Zone 4 by Mös

Sample
DDH-depth (m)

Clay Mineralogy (XRD)
%

Fe3+ QSD site
% %

Illite-bearing drill core (n = 7)
MAC236-256 70 I, 30 ICML –

MAC240-344 100 I –

MAC240-447 57 I, 37 Dkt, 6 Q –

MAC240-560 45 I, 55 C2 –

MAC241-333 100 I –

MAC241-440 18 I, 79 Dkt, 3 Q –

MAC252-294 15 Dr, 42 I, 43 ICML –

Chlorite-bearing drill core (n = 5)
MAC238-199 20 I, 10 C1, 10 K, 60 Dr –

MAC240-197 10 I, 40 C1, 20 K, 30 Dr –

MAC240-521 10 I, 40 C2, 45 K, 5 Dr –

MAC241-569 85 C2, 5 Dr, 10 Q 37
MAC252-215 65 C1, 35 K –

Minerals: I = illite, ICML = illite–chlorite mixed layer clay, K = kaolinite, Dkt = dickite, C
alteration minerals, and the presence of hematite impurities (1–3%)
that mask the absorption by phyllosilicates.

4.6.4. Comparison of Fe3+/ΣFe ratios between alteration systems
Illite samples fromWheeler River Zone “K” have the same Fe3+/ΣFe

ratios as those from McArthur River Zone 4 (Fe3+/ΣFe = 1), with the
exception of two illite specimens at Zone “K” which have Fe3+/ΣFe
ratios of 0.77 and 0.80, reflecting more reducing conditions (Fig. 12A).
Chlorite samples from barren alteration halos (e.g. clinochlore and
sudoite at Wheeler River Zone “K” and sudoite at Spring Point) and
sudoite from the weakly-mineralized drill hole (VR-04) near the
Centennial deposit have low median Fe3+/ΣFe ratios between 0.3 and
0.4 (Fig. 12B). Chlorite from the alteration halos of mineralized systems
(e.g. C2 sudoite atMcArthur River Zone 4 and sudoite atMaurice Bay) is
more oxidized and has higher median Fe3+/ΣFe ratios between 0.45
and 0.55 (Fig. 12B).

5. Discussion

5.1. Fe3+/ΣFe ratios in chlorite and the critical geochemical factor
for U mineralization

Sandstone-hosted alteration systems in the Athabasca Basin are
the result of interactions between high temperature diagenetic basin-
al fluids and reducing basement-derived fluids. The oxidation state of
sbauer spectroscopy.

Fe3+ HSD site Total Fe3+

%
Total Fe2+

%
Fe3+/ΣFe
(whole-rock)

– – – No absorption
– – – No absorption
– – – No absorption
– – – No absorption
– – – No absorption
– – – No absorption
– – – No absorption

– – – No absorption
– – – No absorption
– – – No absorption
– 37 63 0.37
– – – No absorption

1 = Mg sudoite, C2 = Mg–Fe sudoite, Dr = dravite, Q = quartz.
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Fe recorded in paragenetically-constrained alteration minerals
provides a record of the evolving redox conditions of the pre- and
syn-ore fluids that have affected the deposits and barren areas in
the basin.

Sudoite and clinochlore alteration halos in sandstone-hosted systems
form around faulted unconformities, with basement rocks likely provid-
ing the source ofMg and Fe needed for its formation. The observed Fe3+/
ΣFe ratios of sudoite and clinochlore in this study support the fluid-
mixing mechanism proposed for sandstone-hosted systems by Fayek
and Kyser (1997) and Kotzer and Kyser (1995) wherein sudoite is
produced from variable degrees of mixing between oxidizing basinal
fluids and reducing basement-derived fluids (Fig. 13). Mobile Fe2+,
transported by reducing basement fluids, is oxidized to Fe3+ upon inter-
actionwith basinal fluids. Both Fe2+ and Fe3+were subsequently incor-
porated into sudoite and clinochlore and Fe3+ into hematite. Only the
partial oxidation of mobile Fe2+ is assumed to have occurred based on
OxidizingOxidizing

Basin
OxidizingOxidizing

ReducingReducing

BasementBasement

mixingmixing

FeFe2+2+
O2 (aq)2 (aq)

U6+6+
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LEGEND

Fig. 13. Fluid-mixing model for sandstone-hosted alteration systems in the Athabasca Basin
structures and became oxidized to Fe3+ upon encountering oxidizing basinal fluids. Oxidati
and Fe3+ are subsequently incorporated into the chlorite alteration halo.
the occurrence of both structural Fe2+ and Fe3+ in the chlorite samples.
The primary oxidants for Fe2+ were likely dissolved oxygen or U6+ in
the basinal fluid, following the simplified redox reactions (Stumm and
Morgan, 1996):

O2 aqð Þ þ 4Fe2þaqð Þ þ 4Hþ
aqð Þ→4Fe3þsudoite;clinochlore;or hematiteð Þ þ 2H2O ð1Þ

U6þ
aqð Þ þ Fe2þaqð Þ þ 2H2O→U4þO2 uraniniteð Þ þ Fe3þsudoite;clinochlore;or hematiteð Þ
þ 4Hþ

aqð Þ: ð2Þ

In mechanism 2, Fe2+ serves one of the possible reductants of U6+

in the basinal fluid, thereby reducing U6+ to U4+ and causing urani-
nite deposition.

The occurrence of sudoite and clinochlore alteration halos with
lower Fe3+/ΣFe ratios than illite indicates that reducing basement-
OxidizingOxidizing

ReducingReducing

ee3+3+e3+

e2+e2+

O2O2

U6+U6+

Unconformity

Fault

Fe2+Fe2+

ReducingReducing

. Fe2+ transported by reducing basement-derived fluids emerged from basement fault
on of Fe2+ occurred via a coupled redox reaction with dissolved O2 and U6+. Both Fe2+
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derived fluids were present in all five studied sandstone-hosted alter-
ation systems (Figs. 5–9). Thus, the lack of U mineralization in the
barren systems was likely not the result of reductants, such as Fe2+,
being absent. Results from this study indicate that sudoite samples
from the alteration halos of the mineralized McArthur River Zone 4
and Maurice Bay systems were more oxidizing (median Fe3+/ΣFe of
0.45–0.55) than sudoite and clinochlore samples from the barren
alteration halos at Wheeler River Zone “K” and Spring Point and the
weakly mineralized drill hole (VR-04) near Centennial (median
Fe3+/ΣFe of 0.3–0.4) (Fig. 12B). These findings are consistent with the
interpretations of Alexandre et al. (2009a) and Cloutier et al. (2010)
that one of the important geochemical requirements for U mineraliza-
tion in sandstone-hosted deposits is the contemporaneous occurrence
of flowing, oxidizing, U-bearing basinal fluids with reducing basement
fluids released from basement structures. In barren systems where
reducing basement-derived fluids did not interact extensively with ba-
sinal fluids to cause U deposition, Fe2+was not significantly oxidized to
Fe3+, resulting in sudoite and clinochlore having lower Fe3+/ΣFe ratios.
In mineralized systems where continuous fluid-mixing occurred, more
Fe2+ was oxidized to Fe3+, resulting in sudoite with higher Fe3+/ΣFe
ratios.

As indicated by the Fe3+/ΣFe ratios in sudoite and clinochlore, the
redox conditions (fO2) of pre-ore alteration fluids near the redox
front differed between each system. Greater amounts of reducing
basement-derived fluids contributed to sudoite and clinochlore alter-
ation at the barren Spring Point and Wheeler River Zone “K” systems
(Alexandre et al., 2009a; Cloutier et al., 2010), whereas, greater
amounts of oxidizing basinal fluids contributed to the sudoite halos
at the mineralized Maurice Bay and McArthur River Zone 4 deposits
(Alexandre et al., 2009a). The reducing nature of the sudoite and
clinochlore halos at Spring Point and Wheeler River Zone “K” is
further supported by the macroscopic observation of hematite disso-
lution and the presence of disseminated sulfide minerals near the
central portion of these alteration systems. Conditions were more
oxidizing at the center of Maurice Bay (Alexandre et al., 2009a) and
McArthur River Zone 4, as inferred from the strong hematite alter-
ation associated with ore.

Sudoite from the central alteration zone at McArthur River Zone
4 is more reducing (Fe3+/ΣFe = 0.34–0.56) and contains greater
Fe content (ca. 9.1 wt.% FeOT) than sudoite from Maurice Bay
(Fe3+/ΣFe = 0.51–1.00, ca. 3.5 wt.% FeOT), suggesting that a
greater concentration of mobile Fe2+ was available for U reduction
at McArthur River. This may have contributed to the significantly
higher grades and tonnages at McArthur River (ca. 332.6 Mlbs
U3O8 at 20.69 wt.% U3O8; Bronkhorst et al., 2009) compared to
Maurice Bay (ca. 1.5 Mlbs U3O8 at 0.6 wt.% U3O8; Mega Uranium
Ltd., 2012). Furthermore, deposit-scale differences in the relative
volumes of reducing and oxidizing fluids, extent of fluid-mixing,
fO2 of each fluid, host rock lithology, and the availability of other
reductants, such as carbon-based compounds (e.g. CH4) derived
from the break-down of graphite, collectively contribute to the
observed variations in the Fe3+/ΣFe ratio of sudoite and clinochlore
between different alteration systems.

5.2. H and Pb isotope chemistry as indicator of post-crystallization
alteration of Fe oxidation state in phyllosilicates

Octahedrally-coordinated Fe cations innatural phyllosilicates are sus-
ceptible to redox changes following crystallization, including oxidation
by meteoric waters (Rozenson and Heller-Kallai, 1978). Radiolysis of
water in contact with U ore can also produce oxidants such as hydrogen
peroxide (H2O2), oxygen gas (O2), and hydroxide radicals or reductants
such as hydrogen gas (H2) or hydrogen radicals which can alter the oxi-
dation state of structural Fe in phyllosilicates (Drago et al., 1977; Gournis
et al., 2000; Liu and Neretnieks, 1996; Sattonnay et al., 2001). However,
Dubessy et al. (1988) proposed that the radiolysis of water will generate
an overall oxidizing fluid since oxidizing radicals and species are highly
reactive whereas molecular H2 is inert. Evidence for the post-ore
radiolysis of water around Athabasca Basin unconformity-related U
ore bodies is supported by molecular H2, with and without O2, in the
vapor phase of late aqueous fluid inclusions in quartz overgrowths
and veins close to the Rabbit Lake and Cluff Lake D deposits (Dubessy
et al., 1988; Pagel et al., 1980) and post-ore quartz at the McArthur
River deposit (Derome et al., 2005).

The mobile Pb isotopic composition of drill cores is one diagnostic
indicator of the interaction between phyllosilicates with post-ore
fluids. Provided that the radiogenic Pb is not supported by U in the
sample, a radiogenic Pb signature would indicate that the drill core
had interacted with fluids mobilizing U pathfinder elements from
the deposit. This, in turn, would enable the redox products of water
radiolysis forming near the deposit to be transported to the surround-
ing alteration halo. Alternatively, post-crystallization fluid interaction
can also be indicated by the hydrogen isotopic composition of the
phyllosilicates, as hydrogen in hydroxyl groups is highly susceptible to
isotopic exchange. Hydrogen isotopic exchange with low-temperature
(b50 °C), low δD, post-Cretaceous (ca. −110‰; Halter et al., 1987) to
modern-day (ca. −150‰; Kotzer and Kyser, 1995; Wilson and Kyser,
1987) meteoric waters, with or without radiation-induced catalysis,
has been invoked for causing 2H-depletion in illite and chlorite around
several Athabasca Basin U deposits. Alternatively, Bray et al. (1988)
proposed that low δD fluid values associated with the hydrothermal
alteration halo around theMcClean Lake U deposit resulted from basin-
al fluids interacting with CH4 ± H2S ± H2 contained in graphitic
metasedimentary basement rocks. Interaction with H2 produced from
water radiolysis would also cause 2H-depletion in clays as radiolytic
H2 has δD values of approximately−500‰ (Lin et al., 2005). As recent
meteoric waters of the Athabasca Basin and the redox products gener-
ated by water radiolysis are 2H-depleted species, in-situ oxidation or
reduction of structural Fe caused by interactionwith these redox agents
will be reflected in a correlation between the Fe3+/ΣFe ratios and δD
values of the phyllosilicates.

No correlation is observed between the Fe3+/ΣFe and δD values for
illite from Wheeler River Zone “K” and McArthur River Zone 4
indicating that the Fe3+/ΣFe ratios recorded by these alterationminerals
were onlyminimally affected by post-crystallizationfluids (Fig. 14A). At
McArthur River Zone 4, where the ore body could have potentially
caused water radiolysis, drill cores containing illite record non-
radiogenic Pb isotope signatures suggesting a lack of interaction with
post-ore fluids interacting with the Zone 4 mineralization (Fig. 14A;
Table 3). Furthermore, illite samples from both McArthur River Zone 4
and Wheeler River Zone “K” have δD values above −70‰ suggesting
that it had not undergone significant hydrogen isotope exchange with
relatively recent 2H-depletedmeteoricwaters (Table 2). These δDminer-
al values are greater than those of illite and chlorite from themineralized
zone at the Cluff Lake U deposit (δD = −90 to−170‰) which experi-
enced radiation-catalyzed hydrogen isotopic exchange with meteoric
water (Halter et al., 1987). Both the hydrogen and Pb isotope results pro-
vide support that the Fe3+/ΣFe ratios recorded by these illite likely
remained unchanged after crystallization.

Sudoite and clinochlore samples from the studied alteration systems
have radiogenic Pb isotope ratios, with the most radiogenic Pb ratios
observed in sudoite-bearing drill cores near the unconformities at
McArthur River Zone 4,Maurice Bay, and Centennial VR-04, likelymobi-
lized from nearby high-grade U mineralization at these locations
(Table 3). The Fe3+/ΣFe ratios of both sudoite and clinochlore from
McArthur River Zone 4,Maurice Bay,Wheeler River Zone “K”, and Spring
Point are non-correlatedwith their δD values suggesting that neither in-
teraction with post-ore fluids from the deposit or meteoric waters
caused changes to the oxidation state of structural Fe (Fig. 14B). The
only exception is the sudoite samples from Centennial VR-04, in which
the Fe3+/ΣFe ratios are weakly correlated with δD values (Figs. 7,
14B). The two sudoite separates near the unconformity at VR-04
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(Centennial) that are most depleted in 2H (δD = −71 and −100‰)
also have the highest Fe3+/ΣFe ratios, suggesting that the chemical pro-
cess responsible for 2H-depletion coincided with the oxidation of struc-
tural Fe2+ within these sudoite samples (Fig. 7). As both sudoite
samples occur near the permeable unconformity, interaction with rela-
tively recent meteoric waters or the oxidants produced by radiolysis
mobilized from the nearby Centennial ore body are two possible mech-
anisms causing oxidation (Fig. 7). However, the near-origin U–Pb lower
intercept ages of uraninite and high abundance of late uranophane in
veins (ca. 2 Ma) at the nearby Centennial deposit supports the interpre-
tation involving the incursion of recent low δD meteoric fluids
(Alexandre et al., 2012).

5.3. Evolution of the oxidation state of Fe and its relationship with the
genesis of sandstone-hosted alteration systems

The genetic evolution of sandstone-hosted alteration systems
consists of fourmain alteration stages, each characterized by the forma-
tion of a dominant Fe-bearing mineral: early, mid, and late pre-ore
alteration, and ore stages (Fig. 3). Early pre-ore alteration in sandstone-
hosted systems produced hematite in the Athabasca Group sandstones
(Stage 1, Fig. 3). The presence of hematite and goyazite and the paucity
of detrital pyrite indicate that early diagenetic basinal fluids within the
Athabasca Group were oxidizing, with Fe and S liberated from pyrite
oxidized entirely to Fe3+ and sulfate. Fluids of high fO2 would have
enabled the transport of high concentrations of dissolved U leached
from detrital minerals (e.g. Fayek and Kyser, 1997; Komninou and
Sverjensky, 1996).

Mid pre-ore alteration is characterized by phyllosilicate-dominated
alteration of the Athabasca Group from a basinal fluid that remained rel-
atively oxidizing (Stage 2, Fig. 3). In the Read and Manitou Falls Forma-
tions at Wheeler River Zone “K”, this produced illite alteration having
Fe3+/ΣFe ratios between 0.77 and 1.00 (Fig. 6). At McArthur River Zone
4, mid pre-ore alteration produced early-stage C1 sudoite, with
Fe3+/ΣFe ratios between 0.85 and 1.00, and later-formed illite and
ICML clay containing only Fe3+ (Fig. 5). The presence of minor Fe2+

in these phyllosilicate minerals suggests the addition of Fe2+ prior to
crystallization. At Wheeler River Zone “K”, the addition of Fe2+ was
likely from fluids originating from the underlying basement as support-
ed by the enrichment in 2H of illite, which may reflect a greater contri-
bution of basement fluids (Fig. 10; Cloutier et al., 2010). In general,
basement-derived fluids associated with sandstone-hosted deposits
have higher δD values (ca. −30‰) compared to basinal fluids
(ca. −60‰) (Kotzer and Kyser, 1995). At McArthur River Zone 4,
however, the source of Fe2+ in early C1 sudoite was likely not derived
from the basement since a 200 m-thick early pre-ore silicified zone over-
lying the unconformity would have prevented reducing basement-
derived fluids from reaching above MFb (Fig. 5). Furthermore, neither
illite nor ICML clay occurring stratigraphically below and paragenetically
after C1 sudoite contains Fe2+ (Fig. 5). Thus, the likeliest source of Fe2+

for early C1 Mg-sudoite was from the original sediments in this strati-
graphic unit that underwent closed-system diagenesis. The slightly
higher andmore restricted range of δD values for the fluid in equilibrium
with Wheeler River Zone “K” illite compared to McArthur River Zone 4
illite is interpreted as reflecting greater contributions of a basement-
derived fluid in the former and a predominantly basinal fluid signature
in the latter. Calculated formation temperatures of mid pre-ore illite
indicate fluid temperatures of ca. 180–240 °C, although the majority
formed within a restricted range between 220 and 240 °C (Table 1).
These temperatures are consistent with those generally proposed
for peak diagenesis in the Athabasca Basin (ca. 200 °C; Hoeve and
Sibbald, 1978).

Late pre-ore sudoite and clinochlore alteration formed halos
around faulted unconformities in each sandstone-hosted alteration
system (Stage 3, Figs. 3, 5–9). The spatial association between these
chlorite halos with the faulted unconformity and the generally
lower Fe3+/ΣFe ratios of sudoite and clinochlore compared to illite
(Fig. 12B), suggest that reducing basement-derived fluids contributed
to chlorite alteration. This is supported by the greater δD values of the
fluid forming hydrothermal C2 sudoite compared to diagenetic C1
sudoite at McArthur River Zone 4, indicating the former had a greater
basement contribution, in agreement with its closer proximity to the
faulted unconformity. Calculated formation temperatures for late
hydrothermal sudoite from the studied alteration systems indicate
fluid temperatures of ca. 150–200 °C which are slightly lower than
peak diagenetic temperatures recorded by illite (ca. 180–240 °C;
Table 1). Calculated formation temperature for clinochlore which
postdates sudoite at Wheeler River Zone “K” is ca. 230 °C, closely
similar to that of peak-diagenetic illite. The lower formation temper-
atures of sudoite compared to illite likely reflect the inaccuracy of the
chlorite geothermometer for sudoite rather than signifying cooling of
fluid temperatures during hydrothermal alteration. Uncertainties
in the sudoite formation temperatures arise because the chlorite geo-
thermometers were calibrated using trioctahedral chlorite and the
fine grain size of sudoite makes their analysis by electron microprobe
difficult. Zang and Fyfe (1995) also noted that corrections for [4]Al
occupancy based on Fe/Fe + Mg ratios may lead to large corrections
to [4]Al which would yield lower calculated temperatures. Thus, the
calculated temperatures for chlorite should be considered as their
minimum formation temperatures. Factoring in the large error
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margins of ±25 °C, the formation temperatures of hydrothermal
sudoite are near 200 °C and similar to peak diagenetic temperatures.
The timing of sudoite and clinochlore alteration is bracketed by the
timing of pre-ore illite alteration (ca. 1675 Ma) and the main U min-
eralization event (ca. 1590 Ma, Alexandre et al., 2009b). Mixing of
reducing basement-derived fluids with oxidizing basinal fluids would
have significantly changed the fluid chemistry of the basinal fluid,
in particular, decreasing its fO2 (Komninou and Sverjensky, 1996).
Depending on the degree of mixing between these two contrasting
fluids, this would affect the relative proportion of Fe2+ and Fe3+, pro-
ducing the observed differences in Fe3+/ΣFe ratios of sudoite and
clinochlore samples between the studied systems. The spatially-
extensive, relatively reduced sudoite and clinochlore halos at Wheeler
River Zone “K” and Spring Point suggest that reducing basement-
derived fluids were involved in creating these alteration systems but
insufficient U-bearing oxidizing basinal fluids were present to form a
deposit (Figs. 6, 9). This differs from the more oxidizing alteration
conditions attained in the mineralized Maurice Bay and McArthur
River Zone 4 systems, as suggested by their illite-dominated alteration
assemblages and more oxidized sudoite alteration halos (Figs. 5, 8).

U mineralization was initiated at ca. 1590 Ma (Alexandre et al.,
2009b), following or nearly synchronous with sudoite alteration near
the faulted unconformity (Stage 4, Fig. 3). The presence of strong hema-
tite alteration associated with uraninite at McArthur River Zone 4,
Maurice Bay, and Centennial suggests coupled redox reaction between
mobile Fe2+ in the basement fluid and U6+ in the basinal fluid to form
Fe3+, which precipitated as hematite and U4+ as uraninite (Alexandre
et al., 2012; McGill et al., 1993). Such a discrepancy between the slightly
earlier paragenetic timing of sudoite relative to Umineralization may be
a result of sudoite being stable under a larger range of fO2 conditions
(Kister et al., 2005), whereas, U deposition occurs only under reducing
conditions. Thus, sudoitemay have been able to formundermore oxidiz-
ing fluid conditions during the initial stages of fluidmixing,whereas ura-
ninite would have precipitated later when the fO2 of the mineralized
fluid decreased and the redox front becamemore reducing asmore base-
ment fluids were added.

5.4. Significance of Fe3+/ΣFe ratios as an exploration tool

The spatial variation in the Fe3+/ΣFe ratio of sudoitemay be used as a
geochemical vector to the source of reducing fluid. Trends of decreasing
Fe3+/ΣFe ratios in sudoite, when coupled with decreasing 207Pb/206Pb
ratios of leachable Pb fromdrill core, can be a reliable geochemical vector
towards sandstone-hosted unconformity-related U deposits (Fig. 15;
Table 3). The Fe3+/ΣFe ratio of sudoite and 207Pb/206Pb ratio of leachable
Pb both broadly decrease with increasing proximity to the faulted un-
conformities at McArthur River Zone 4 (C2 sudoite) and Maurice Bay
(Fig. 15A, C). This is in agreement with the fault structure in these alter-
ation systems being the conduit for reducing, Fe2+-bearing basement-
derived fluids and the ore bodies being the source of radiogenic Pb that
were mobilized by post-ore fluids circulating into the reactivated fault
(Figs. 5, 8). At Wheeler River Zone “K”, clinochlore samples show
non-varying Fe3+/ΣFe ratios with respect to distance from the Zone
“K” shear zone (Fig. 15B). Fe3+/ΣFe ratios of sudoite broadly decrease
towards the shear zone but are not correlatedwith increasing radiogenic
Pb signatures (decreasing 207Pb/206Pb), in agreement with the lack of
sandstone-hosted U mineralization at Zone “K” (Figs. 6, 15B). The lack
of systematic spatial variation in the 207Pb/206Pb ratios in Wheeler
River Zone “K” drill cores suggests that radiogenic Pb was unlikely to
have been remobilized from a common radiogenic source, such as the
weakly mineralized basement (0.17% U3O8 over 7.7 m; Gamelin et al.,
2010).

In the Spring Point alteration system, neither the 207Pb/206Pb of
leachable Pb nor the Fe3+/ΣFe ratios in sudoite show systematic
spatial variations with respect to the Spring Bay Fault (Fig. 15D). In
fact, both parameters remain relatively uniform up to ca. 900 m from
the fault zone. The consistent 207Pb/206Pb ratios are in agreement with
U mineralization being absent at Spring Point, whereas, the constant
Fe3+/ΣFe ratios indicate homogeneous redox conditions within the
sudoite alteration halo. This indicates that reducing basement-derived
fluids had limited interactionwith oxidizingfluids during hydrothermal
alteration at Spring Point.

Sudoite samples from drill hole VR-04, distal to the Centennial
deposit, show a trend of increasing Fe3+/ΣFe ratios towards the
weakly-mineralized unconformity (Figs. 7; 15E). Such a trend is
atypical for sandstone-hosted systems where the basement represents
the source of the reducing fluids. As indicated by δD mineral values,
in-situ oxidation of Fe2+ by meteoric waters has affected the oxidation
state of Fe in sudoite samples near the unconformity (Figs. 7, 14B).
The remaining sudoite samples, which were unaffected by post-
crystallization redox changes, have Fe3+/ΣFe ratios similar to barren sys-
tems. This is in agreement with the absence of interaction with
U-bearing basinal fluids and the lack of U mineralization in VR-04
(Table 3). The decreasing 207Pb/206Pb ratio towards the unconformity
is likely the result of radiogenic Pb migrating from the Centennial ore
body along the permeable unconformity surface (Alexandre et al., 2012).

Broad trends of decreasing Fe3+/ΣFe ratios in sudoite samples with
proximity to the faulted unconformities are observed for both barren
and mineralized systems (Fig. 15A–C). This indicates that Fe3+/ΣFe
ratios recorded by sudoite, unlike the leachable 207Pb/206Pb ratios
fromdrill cores, are not a vector toUmineralization but reflect the prox-
imity to the source of reducing fluids.

6. Summary

Sandstone-hosted unconformity-relatedUdeposits in the Athabasca
Basin are surrounded by spatially-extensive pre-ore clay alteration
halos characterized by an outer, peripheral zone of illite alteration and
overprinted by an inner, proximal zone of chlorite alteration. Illite in
the Athabasca Group precipitated primarily from an oxidizing basinal
fluid, whereas, hydrothermal sudoite and clinochlore formed near
sites where the basal Athabasca Group were disrupted by fault struc-
tures rooted in the basement and from reducing basement-derived
fluids that experienced varying degrees of mixing with oxidizing basin-
al fluids. This resulted in the oxidation of mobile Fe2+, transported by
the reducing fluid, to Fe3+, with both oxidation states of Fe subsequent-
ly being incorporated into sudoite and clinochlore and Fe3+ into hema-
tite. Higher Fe3+/ΣFe ratios are recorded in sudoite from the center of
mineralized systems at McArthur River Zone 4 and Maurice Bay than
in sudoite and clinochlore from apparently barren systems at Wheeler
River Zone “K” and Spring Point. Therefore, the critical geochemical fac-
tor which precluded U mineralization in barren systems is the lack of
U-bearing oxidizing basinal fluids available for mixing with reducing
basement-derived fluids emerging from basement conduits. Broad
trends of decreasing Fe3+/ΣFe ratios in sudoite with distance to fault
zones, in both mineralized and non-mineralized systems, suggest that
the spatial variation in Fe3+/ΣFe ratios of sudoite reflects their proxim-
ity to the source of reducing fluid rather than to U mineralization, with
sudoite in the distal portions of the alteration halos beingmore oxidized
(higher Fe3+/ΣFe).

Apparently barren alteration systems atWheeler River Zone “K” and
Spring Point are associated with large halos of sudoite and clinochlore
alteration with low Fe3+/ΣFe ratios indicating a reducing alteration
system that did not encounter significant volumes of oxidizing basinal
fluids. In contrast, sandstone-hosted alteration systems near mineral-
ized deposits at McArthur River Zone 4 and Maurice Bay have
illite-dominated alteration assemblages and small halos of sudoite al-
teration with higher Fe3+/ΣFe ratios, reflecting greater contribution of
oxidizing basinal fluids transporting U from the basin.

Finally, the Fe3+/ΣFe ratio recorded by sudoite and clinochlore
can be used as an indirect monitor of the degree of mixing between
oxidizing and reducing fluids, allowing alteration systems to be
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evaluated for their potential to contain sandstone-hosted unconformity-
related U deposits. Trends of decreasing Fe3+/ΣFe ratio in sudoite when
correlatedwith decreasing 207Pb/206Pb ratios of leachable Pb can be a spa-
tial vector to U mineralization.
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