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ABSTRACT

The P2 fault, a 13 km-long steeply dipping reverse fault, is the main structural control of the McArthur River uranium
deposit in the eastern Athabasca Basin, northern Saskatchewan, Canada. Three types of tourmaline were observed in the
metasedimentary basement rocks along the P2 fault: early oxy-schérl [(Nag4s(lo37Ca0 16)(Fe>" | 30Al001Mgo72Ti0.07)
Alg(Sis 70Alp21018)(BO3)3;0H;3(0¢ 630H( 29F ¢ 05), where [ = vacancy] of metamorphic-anatectic origin, hydrothermal oxy-
dravite [(Nag.s7Cag.2300.15K0.02)(Mg1.03Fe* "0, 62Al) 20 Tig,15) Alg(Sis 03Al0.07015)(BO3)30H3(0y.570Hy 23F¢ 20)], and magnesio-
foitite [(D0.77NaO.ZOC3—O.02KO.Ol)(Mgl.99A10.92F63+O.07)A16(Si6018)(BO3)3(OH3)(0H0.7100.25F0.04)]~ Oxy-schorl formed in gra-
nitic pegmatites, a partial melt product of the metasediments during peak metamorphism. Oxy-dravite formed from
hydrothermal fluids after the peak metamorphism but before deposition of the Athabasca sandstones, whereas magnesio-foitite
is a product of later, low-temperature hydrothermal activity. Both oxy-schorl and oxy-dravite are coarse-grained (from 500 um
up to 1 cm), whereas magnesio-foitite occurs as radial aggregates of fine, prismatic crystals (<15 pm in width). Magnesio-
foitite crystallized together with sudoite, illite, and “APS” minerals (alunite supergroup LREE-rich aluminum phosphate-sulfate
minerals) along the entire studied length (~7 km) of the P2 fault and is abundant in proximity to the Zone 2 ore body of the
McArthur River deposit. In the ore zone, the assemblage occurs with uraninite and is partially overprinted by late, remobilized
uraninite and sudoite. Therefore, magnesio-foitite is likely contemporaneous with the main stage of uranium mineralization. It
is characterized by a high vacancy at its X-site (0.70-0.85 apfu) and high Al at its Y-site (0.70—1.12 apfir), suggesting that
magnesio-foitite likely replaced pre-existing high-Al phases, such as kaolin and sudoite. The occurrence of magnesio-foitite
along the entire P2 fault, in both areas of mineralization and apparently barren areas, suggests chemically similar fluids
travelled along the entire P2 fault, but only produced ore in localized areas.

Keywords: tourmaline, oxy-schorl, oxy-dravite, magnesio-foitite, unconformity-type uranium deposits, hydro-
thermal ore deposits, alteration.

INTRODUCTION

The Proterozoic Athabasca Basin hosts world-class
unconformity-type uranium deposits, including the
McArthur River deposit. Prevalent models for uranium
mineralization invoke an oxidizing, highly saline brine
(2535 wt.% NaCl equiv.), with a marine component,
generated during basin development (e.g., Hoeve &
Sibbald 1978, Kotzer & Kyser 1995, Alexandre et al.
2005, Derome et al. 2005, Richard et al. 2011,
Mercadier et al. 2012). Quartz-hosted fluid inclusions
in ore breccias indicate that two types of fluids were
present during mineralization: (1) an earlier, acidic,
NaCl-rich, uranium-bearing brine and (2) an evolved

CaCl,-rich brine assumed to have formed through the
interaction of the earlier brine with unconformably
underlying basement rocks (Derome et al. 2005,
Richard et al. 2010, Richard et al. 2011, Richard et
al. 2012). Uranium deposition was caused by the
reduction of U®" to U*' in the fluids. Proposed
reductants include minerals (e.g., graphite, Fe*-bearing
chlorite and sulfides) within the basement rocks and
faults (e.g., Hoeve & Sibbald 1978, Alexandre et al.
2005) and reducing fluids released from the basement
(Hoeve & Sibbald 1978, Hoeve & Quirt 1984, Kotzer &
Kyser 1995, Kyser et al. 2000, Alexandre et al. 2005).

The uranium deposits commonly occur at the
intersection of the unconformity with basement faults
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along graphite-bearing pelitic rocks (e.g., the P2 fault
of the McArthur River deposit). Considering the
spatial association of basement faults with minerali-
zation, the faults are assumed to have acted as conduits
for ore-fluids of either basin or basement origin (e.g.,
Hoeve & Quirt 1984). Detailed petrographic work on
basement rocks along the faults is lacking; therefore,
the exact role of the faults during mineralization is not
well understood.

Hydrothermal tourmaline is ubiquitous in close
proximity to the Athabascan uranium deposits (e.g.,
Hoeve & Sibbald 1978, Alexandre et al. 2005,
Rosenberg & Foit 2006, Cloutier et al. 2009,
Mercadier ef al. 2012), but it is not common in other
uranium deposit types. No tourmaline has been
reported from unconformity-type uranium deposits in
the Thelon Basin in northern Canada and the East
Alligator Rivers district in northern Australia, both of
which are considered to be similar in age and genesis
to the deposits of the Athabasca Basin. Reported
occurrences of tourmaline in uranium deposits are few,
including the Mortimer Hills granitic pegmatite
(Carter 1984) and the Jaduguda vein-type uranium (-
Cu-Fe) deposit, India (Pal et al. 2010).

Tourmaline can accommodate many elements in its
crystal structure (e.g., Hawthorne & Dirlam 2011),
therefore, its composition is useful in evaluating the
geological environments from which it crystallized (e.g.,
Copjakova et al. 2013, 2015). Two types of tourmaline
have been reported in proximity to uranium deposits of
the Athabasca Basin: an early dravitic tourmaline that
occurs in the basement and as detrital grains in the
sandstones of the Basin, and a later, hydrothermal alkali-
deficient tourmaline (e.g., Rosenberg & Foit 2006,
Mercadier et al. 2012, Ng et al. 2013). The timing of this
later, hydrothermal tourmaline with respect to uranium
deposition is unclear. Opinions range from pre-ore (Ng
et al. 2013), to syn-ore (Hoeve & Sibbald 1978, Kotzer
& Kyser 1995, Fayek & Kyser 1997, Derome et al.
2005, Mercadier et al. 2012), to post-ore crystallization
(Alexandre et al. 2005). This paper presents the
occurrence and compositions of tourmaline in basement
rocks along the P2 fault, Athabasca Basin, and discusses
(1) the timing and paragenesis of different types of
tourmaline, (2) hydrothermal fluids responsible for
tourmaline crystallization, and (3) role of the P2 fault
during uranium mineralization. This information is
useful in identifying fertile structures associated with
uranium deposits.

GEOLOGICAL SETTING

Regional geology

The Paleo- to Mesoproterozoic Athabasca Basin is
underlain by the Archean to Paleoproterozoic western
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Rae and eastern Hearne Provinces (Fig. 1A, B). The
Hearne Province is comprised of four accreted
domains: (from west to east) the Peter Lake Domain,
the Virgin River Domain, the Mudjatik Domain, and
the Wollaston Domain. The Paleoproterozoic Wollas-
ton Domain is a NE-striking fold-thrust belt compris-
ing Archean granitoids overlain by Paleoproterozoic
metasediments of the Wollaston Group. The Wollaston
Group hosts, or occurs immediately below, most
uranium deposits of the eastern Athabasca Basin
(Fig. 1B). It is a package of graphitic and non-
graphitic pelite, semi-pelite, and paragneiss with
lenses of minor calc-silicate, arkose, and quartzite
(McGill et al. 1993), which was metamorphosed
during the Trans-Hudson Orogeny (ca. 1.8-1.9 Ga;
Lewry & Sibbald 1980) under upper amphibolite to
lower granulite facies conditions (Annesley et al.
2005). Granitic pegmatite lenses in the metasedimen-
tary rocks formed through local partial melting during
peak metamorphism (Annesley et al. 2005). Since
quartzite is resistant to weathering and erosion, it
forms prominent “ridges”, or paleo-topographic highs,
which elevate the unconformity. It has been noted that
many uranium deposits of the Athabasca Basin are
spatially associated with quartzite ridges (Jefferson et
al. 2007, Kerr 2010).

Substantial weathering or erosion of the basement
rocks beginning at ca. 1.73 Ga occurred before the
deposition of the Athabasca Group sandstones (Kyser
et al. 2000). The basement rocks at and below the
unconformity show a vertical alteration profile com-
prising an uppermost Bleached Zone of kaolinite and
illite, a middle Red Zone of hematite and kaolinite,
and a lower Green Zone of sudoite and illite
(Macdonald 1985, Adlakha et al. 2014).

The Athabasca Basin is comprised of a succession
of fluvial to shallow marine arenites preserved at a
maximum thickness of 1500 m in the center of the
basin (Ramaekers et al. 2007). At McArthur River, the
Athabasca Group sandstones have a thickness of 500
m, and consist of quartz arenite and basal quartz-
pebble conglomerate of the Read Formation (RF), and
the overlying sandstones of the Manitou Falls
Formation which comprises the Bird Member (MFb),
Collins Member (MFc), and Dunlop Member (MFd) in
ascending order (Ramaekers et al. 2007).

Geology of the McArthur River deposit and P2 reverse
Sfault

The McArthur River deposit contains six ore
bodies (Zones 1-4 and A-B) with a collective strike
over 1700 m (Fig. 1C). Uranium mineralization is
constrained to the intersection of the P2 fault and the
unconformity between the underlying metamorphic
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FiG. 1. (A) A map of Canada showing the location of the Athabasca Basin in Northern Saskatchewan. (B) A map showing the
location of the major uranium deposits, including the McArthur River deposit, and structures, including the P2 fault, in the
Athabasca Basin (modified from Jefferson et al. 2007). The southeastern margin of the Athabasca Basin is underlain by the
Wollaston and Mudjatik Domains of the basement. Major shear zones: BLSZ= Black Lake, CB = Cable Bay, GR = Grease
River, RO = Robbilard, VRSZ = Virgin River. (C) A schematic geological map of the basement rocks showing the P2 fault
and the locations of sampled drill holes and mineralized zones. Drill holes in unmineralized areas occur along the southwest
P2 fault and drill holes proximal to low-grade mineralization occur along the southwest and northeast portions of the P2
fault. Drill holes containing Tur3 (associated with U mineralization) are starred. Studied drill holes are labelled and
correspond to the samples listed in Table 1. Z# = Zone # ore body. Modified from Adlakha & Hattori (2015).

rocks of the Wollaston Group and overlying sand-
stones of the Athabasca Group. All ore bodies, with
the exception of Zone 2, are hosted within the RF
sandstone. The Zone 2 ore body is hosted predomi-
nately by graphitic pelites below the unconformity and
is additionally bound by the Vertical Quartzite fault
(VQ) to the west and faults striking 100—110° below
the ore body. The VQ fault separates metapelites from
a “quartzite ridge” near the unconformity (Fig. 1C).
The ore bodies are enveloped by alteration haloes of
sudoite, illite, tourmaline, and minor dickite (McGill et
al. 1993).

The 13-km long P2 reverse fault, 040-045°/45°SE,
is a broad deformation zone (McGill et al. 1993,
Hajnal et al. 2007) along graphitic pelites that formed
during the Trans-Hudson Orogeny (ca. 1.8-1.9 Ga;
Lewry & Sibbald 1980). Reactivations of the fault
produced splays in the Athabasca sandstones and
resulted in the vertical displacement of the unconfor-
mity (up to 80 m) where the basement rocks were
faulted over the lowermost sandstones (McGill et al.
1993). High-grade uranium mineralization of the

McArthur River deposit is found at the nose of the
uplifted basement (all except Zone 2) or within the
basement wedge of the P2 fault (Zone 2).

Relatively unaltered basement rocks occur >50 m
from faults and the unconformity. They comprise
garnet, biotite, feldspar, and quartz with or without
pyrite, cordierite, graphite, and muscovite (Adlakha et
al. 2014). They contain accessory zircon, monazite,
and apatite and commonly show minor alteration
whereby cordierite and biotite are replaced by chlorite
and feldspar by illite. The mineralogy of relatively
unaltered pegmatite is biotite, feldspar, and quartz with
accessory zircon, monazite, and apatite and with or
without muscovite, garnet, and pyrite.

The majority of rocks along the P2 fault are light
green due to alteration forming sudoite (Al- and Mg-
rich, di-trioctahedral chlorite), illite, tourmaline, sul-
fides, and “APS” minerals (alunite supergroup LREE-
rich aluminum phosphate sulfate minerals) (McGill e?
al. 1993, Adlakha et al. 2014, Adlakha & Hattori
2015). Rocks are locally stained red by hematite, or
buff white (frequently termed “bleached”) due to high
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abundances of illite and/or kaolinite. Bleached rocks
are common, especially in close proximity to miner-
alization and the unconformity (McGill et al. 1993).
The area around the Zone 2 ore body is intensely
altered to form sudoite and magnesio-foitite (Adlakha
et al. 2014) and fault gouge is common.

SAMPLING AND METHODS

A total of 192 samples were collected from 27 drill
cores along and within proximity to the P2 fault zone,
extending from the McArthur River mine site to
approximately 7 km southwest of it (Fig. 1). Most
samples are hydrothermally altered metasedimentary
rocks, pegmatite, and quartzite from the basement,
with minor RF sandstone along the P2 fault. A total of
139 polished thin sections were made and then
examined using a petrographic microscope with
transmitted and reflected light sources.

Representative samples were selected for detailed
mineralogical and textural analysis using a JEOL
6610LV scanning electron microscope at the Univer-
sity of Ottawa and carbon-coated sections because
most alteration minerals are very fine-grained. Miner-
als were identified using energy-dispersive spectros-
copy with a spectrum acquisition time of 40 s and an
accelerating voltage of 20 kV.

Nineteen samples representing different environ-
ments were chosen for chemical analysis of tourmaline
(Table 1): five samples (four basement, one RF
sandstone) from barren areas of the P2 fault (from
DDH MC361 and MC381; Fig. 1), four samples (three
basement, one RF sandstone) from proximal (<20 m)
to sandstone-hosted low-grade mineralization (from
DDH MC370, MC349; Fig. 1), one sample from the
basement below the Zone 1 ore body, seven samples
from the Zone 2 ore body and associated alteration
halo, and one sample of the Zone B ore body (MC274;
Fig. 1). One sandstone sample of MFd was selected for
comparison (MC274; Fig. 1).

Major and minor element abundance in tourmaline
was quantitatively determined at the University of
Ottawa using a JEOL 8230 electron-probe microana-
lyzer (EPMA) with an accelerating voltage of 15 kV, a
beam current of 20 nA, and the beam focused to 5-10
pm in diameter depending on grain size. Data
collection times for peak and background were 20 s
for all elements except for K and Si (10 s), and F and
Cl (50 s). The standards were as follows: sanidine
(SiKo, AlKo, KKa), rutile (TiKo), hematite (FeKa),
tephroite (MnKa), sphalerite (ZnLa), diopside (MgKo.,
CaKa), albite (NaKa), tugtupite (ClKo), sanbornite
(BaLa), fluorite (FKo), and celestine (SrLo). Data
reduction was carried out using a ZAF routine.
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The chemical formula of tourmaline was calculated
based on the ideal formula XY;Z4(TsO15)(BO3);ViW,
which assumes 3 B at the B site, 18 O forming the T
site, and 3 OH at the V site (Tables 2 and 3). As
suggested by Rosenberg & Foit (2006), the stoichio-
metric proportions of tourmaline were normalized to
15 cations (Y + Z + T sites). For cation site
assignment, the T site was filled first with Si**, then
AI’" to sum 6 cations. The Z site was occupied by
AP*', and the remaining AI*" was assigned to the Y
site. The Y site was filled by Ti*", Fe’" or Fe**, and
Mg>". All Ca®", KT, and Na™ were assigned to the X
site. The W site accommodates F~, OH ", and O>". The
proportions of OH  and O®  were calculated to
compensate for excess cation charges. Iron was
assumed to be Fe’" for Turl and Tur2 (formula
charge balance does not require Fe*" which would
further increase the already high WO?®") and Fe*' for
Tur3 (required due to the low sum of formula positive
charges, resulting in an anion deficiency). The
assignment of Fe*" in Turl and Tur2 is supported by
the following evidence: (1) the fO, is expected to be
low in metapelites due to the buffer by abundant
graphite, and (2) any Fe®™, if present, is preferentially
incorporated into co-existing muscovite and biotite
over tourmaline (Dyar et al. 2002). Rosenberg & Foit
(2006) also suggested Fe*' for Tur3 due to the
presence of abundant hematite in the hydrothermal
assemblage.

RESULTS

Tourmaline types and assemblages

Textural analysis indicates that three distinct types
of tourmaline occur along the P2 fault. Turl is the least
common tourmaline type and occurs only as relict
grains (>2 mm), rimmed by Tur2, in a brecciated
pegmatite lens (MACSS5; Figs. 2A, 3A). It exhibits
blue-green pleochroism under transmitted light micro-
scope. It is difficult to evaluate the original mineral
assemblage of Turl, as it occurs as relict grains in
altered pegmatite. However, the relict grains occur
with plagioclase/feldspar, biotite, and quartz (Qzl,
Table 1) that were pseudomorphically replaced by
illite and chlorite. The texture suggests that plagio-
clase/feldspar, biotite, and quartz formed with Turl.

Tur2 also occurs as relict grains and is most
commonly found in altered pegmatite lenses and
quartz-tourmaline veins in metapelites (Figs. 2B,
3A—C). Less commonly, Tur2 occurs as relict grains
disseminated in altered metapelite (Fig. 3C, G). Tur2
is brown in hand specimens and exhibits brown-
orange-yellow pleochroism in transmitted light (Fig.
3B, C). Tur2 forms subhedral-anhedral relict grains
(0.2—2 mm) that display second-order birefringence
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TABLE 2. AVERAGE COMPOSITIONS OF TUR1 AND TUR2

Sample MAC85cores MAC85rim MAC99 MAC109 MAC111 MAC201
Grains/pts 3/8 3/9 4/17 3/12 2/8 8/30
Turl Tur2 Tur2 Tur2 Tur2 Tur2
X 1o X 1o X 1o X 1o X 1o X 1o

SiO, 34.36 0.69 3597 025 3557 034 3534 019 3475 0.12 3515 0.25
TiOz 0.55 0.33 0.82 0.22 1.27 0.13 1.35 0.12 1.20 0.08 1.19 0.1
Al,O3 35.87 1.07 3358 071 3181 024 31.81 024 3226 0.13 32.01 0.30
FeO 9.20 1.24 529 0.13 479 0417 495 027 520 0.07 3.57 0.15
MnO 0.07 0.02 0.02 0.02 <0.01 0.02 0.03 0.01 0.02 0.01 <0.01 0.01
ZnO 0.07 0.02 0.04 0.02 <0.01 0.02 <0.01 o0.01 0.02 0.03 <0.01 0.01
MgO 2.87 1.28 6.81 0.22 7.63 0.10 750 028 7.07 0.06 8.32 0.09
CaO 0.91 0.08 0.92 0.04 1.34 0.19 1.05 0.14 1.31 0.06 148 0.19
Na,O 1.45 0.13 1.82 0.03 1.74 0.10 1.99 0.07 1.69 0.03 1.67 0.09
K50 0.05 0.01 0.05 0.01 0.07 0.01 0.07 0.01 0.08 0.01 0.07 0.01
F 0.15 0.07 0.40 0.05 0.53 0.08 0.24 0.07 0.42 0.08 0.45 0.06
Total 85.50 0.22 8558 0.14 8459 0.18 8426 025 8387 0.15 8376 0.32

apfu

T Si 5.79 5.95 5.97 5.94 5.88 5.91
Al 0.21 0.05 0.03 0.06 0.12 0.09

z Al 6.00 6.00 6.00 6.00 6.00 6.00

Y Al 0.91 0.49 0.26 0.24 0.32 0.26
Ti 0.07 0.1 0.16 0.17 0.15 0.15
Fe2+ 1.30 0.73 0.67 0.70 0.74 0.50
Mg 0.72 1.68 1.91 1.88 1.79 2.09

X Ca 0.16 0.16 0.24 0.19 0.24 0.27
Na 0.47 0.58 0.56 0.65 0.56 0.54
K 0.02 0.01 0.02 0.02

w OH 0.29 0.26 0.12 0.32 0.22 0.19
(0] 0.63 0.53 0.60 0.55 0.55 0.57
F 0.08 0.21 0.28 0.13 0.23 0.24

Notes: Stoichiometric proportions are normalized to 15 cations (15=T +Z+ Y) and 3B and 30OH per formula unit were

assigned. BaO and SrO below detection limit of 0.01 wt.%.

colors. Tur2 is associated with quartz (Fig. 3B); it
commonly occurs as anhedral grains interlocked or
completely surrounded by quartz (Qz2, Table 1) or as
subhedral grains in quartz veins. It also commonly
contains quartz inclusions (Fig. 3B). Tur2 shows a
close spatial association with graphite and pyrite
where graphite forms elongated, micaceous grains
that commonly wrap around Tur2 (Fig. 3C, G).
Anhedral to euhedral pyrite (Pyl, Table 1) occur in
contact with Tur2 or quartz (Fig. 3A). The occurrence
of Tur2 suggests that it formed in equilibrium with
quartz, pyrite, and graphite. Some samples containing
Tur2 contain relict biotite altered to “Fe-Mg chlorite”
(intermediate composition between chamosite and
clinochlore) and fine (<2 pm) to coarse-grained
(>100 pm) illite (Fig. 3G). Fe-Mg chlorite and
coarse-grained illite likely formed through the pseu-
domorphic replacement of earlier biotite or muscovite
(Fig. 3G), although it is unclear whether this occurred

contemporaneously with Tur2. Fine-grained illite
replaces feldspar (Adlakha et al. 2014). The mineral
assemblages of Turl and Tur2 are partially overprinted
by Tur3 and associated minerals and the rims of Tur2
grains are commonly altered to fine-grained Tur3.
Tur3 forms aggregates of fine, prismatic to acicular
crystals (up to 15 pm in width and 5500 pm in
length), which are blue in hand specimen and colorless
in thin section (Figs. 2C, 3B-D). The aggregates are
disseminated in clay minerals and form monomineralic
veinlets (up to 0.5 cm; Figs. 2C, 3C, D). Aggregates of
Tur3 may pseudomorphically replace earlier Tur2 or
form around Tur2 grains with their c-axis perpendic-
ular to the rim of Tur2 (Fig. 3B, C). Along the P2 fault,
Tur3 commonly occurs with sudoite (Sudl, Table 1),
illite, and florencite-(Ce) (Fig. 3C, F—H; Table 1). The
proportions of these minerals varies in locations: illite
is predominant in barren areas of the P2 fault, whereas
sudoite is abundant proximal to mineralized areas,
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MAC146 Z2 .

cm

FiG. 2. Photographs of drill cores containing tourmaline. (A)
Altered pegmatite (sample MACS85 from DDH H493 in
Zone 2) containing zoned Turl/Tur2; (B) tourmalinite
(Tur2) vein in graphitic metapelite (sample MAC201
from DDH H3559 in Zone 1); (C) light blue Tur3 vein
cross-cutting altered pegmatite (sample MAC146 from
DDH H201 in Zone 2).

including low-grade and high-grade mineralization.
Quartz appears to be in disequilibrium with Tur3 as it
is resorbed in contact with Tur3 (Figs. 3B-D).
Florencite occurs as small (<20 pm) pseudocubes
(Adlakha & Hattori 2015).

Ore breccia from the Zone 2 ore body shows
evidence for at least three distinct alteration events.
The earliest event produced Tur2 with quartz, pyrite,
graphite, Fe-Mg chlorite, and fine-grained illite. This
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assemblage is partially overprinted by uraninite (U1,
Table 1), sudoite (Sudl), coarse-grained illite (>10
pm in length), euhedral florencite, and rosettes of Tur3
(Fig. 3F—G). The final event appears significantly late
and affected only local areas. This is characterized by
remobilized uraninite (U2) with sulfides (pyrite and
lesser galena, Py2 in Table 1) and sudoite (Sud2)
replacing Tur3 (Fig. 3E, F, H).

In the RF sandstones along the P2 fault, Tur2
occurs as detrital grains with quartz (Qzd, Table 1) and
is overgrown by quartz (Qz3, Table 1), indicating that
Tur2 formed before the deposition of the Athabasca
sandstones. Tur3 in the RF forms monomineralic
veinlets (MAC122; Fig. 3D; Table 1) or aggregates
with sudoite, illite, and APS minerals between detrital
quartz grains (MAC32; Table 1). In the MFd, Tur3
occurs in pore space and embays quartz overgrowths
of detrital quartz grains (Fig. 31).

Distribution of tourmaline types along the P2 fault

Tur3 is more abundant than Tur2 in the studied
samples, although both types of tourmaline are found
along the entire 7 km section of the P2 fault studied.
Tur3 is concentrated in intensely altered basement
rocks near and within the Zone 2 ore body of the
McArthur River deposit (observed in 21 of 30 samples
and represented by samples MAC69, MAC70,
MAC86, MAC146, MAC423, MAC425). Tur3 is
sparse in barren areas of the P2 fault in the basement
(three of 18 barren samples and represented by
MAC109, MAC110, and MACI111). Tur3 proximal
to low-grade mineralization is found in the basement
rocks along the P2 fault (MAC29, MAC98, MAC99)
and within 5 m of the unconformity (four samples out
of 13 proximal to low-grade mineralization contained
Tur3).

For comparison, four tourmaline-bearing sand-
stones were studied. Three samples are of the
lowermost RF sandstone from barren (MACI122),
low-grade (MAC32), and mineralized (MAC440)
areas of the P2 fault. The fourth sample (MAC462)
is of the MFd sandstone directly above (>400 m) the
Zone B deposit. Tur3 was observed in all four samples
and Tur2 was observed in one sample of RF
(MAC440). Turl was not observed in any of the
sandstone samples.

Tourmaline composition

Turl is Fe-rich with an average formula of
(Nag 4700.57Cag.16)(Fe* 1 30Al0.01Mgo 7 Tig.07)
Alg(Sis 79Al921015)(BO3)3;0H3(00.630H0 20F0.08)
where [J is a vacancy. It contains high Na (Fig. 4A)
and shows considerable variations in Al (6.86—7.57
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TABLE 3. AVERAGE COMPOSITIONS OF TUR3

Sample  MAC462 MAC110 MAC122 MAC436 MAC29 MAC32 MAC86 MAC99
n? 9 11 3 10 4 11 20 2
host rock® MFd ss pel RF ss pel pel RF ss peg peg/pel
area® above ZB P2, barren P2, barren P2, barren P2, Ig P2, Ig P2, Ig P2, Ig
X 1c X 1c X 1o X 1o X 1o X 1o X 1o X 1c
SiO, 36.96 0.63 38.78 0.33 34.37 0.29 37.69 0.27 35.94 0.35 33.57 0.90 37.51 0.41 35.92 0.64
Al,O; 36.52 0.74 36.21 0.39 33.29 0.91 36.83 0.27 36.85 0.63 37.92 0.39 35.42 0.41 33.03 1.41
FeO; 0.21 0.04 1.71 070 233 022 054 017 135 0.08 087 0.13 0.140.04 1.68 0.13
MgO 8.09 0.14 834 033 696 0.04 829 0.30 7.88 0.12 7.41 0.13 858 0.16 7.14 0.13
CaO 0.13 0.01 0.08 0.01 0.05 0.01 0.10 0.02 0.09 0.01 0.23 0.04 0.08 0.04 0.07 0.01
Na,O 0.80 0.10 0.49 0.10 0.83 0.07 0.67 0.05 0.55 0.08 0.50 0.07 0.71 0.14 0.70 0.08
KO 0.07 0.04 <0.01 <0.01 <0.01 <0.01 0.05 0.06 <0.01 <0.01 <0.01 <0.01 0.02 0.02 0.02 0.02
F 0.13 0.04 0.12 0.09 0.18 0.09 0.07 0.04 0.05 0.03 0.06 0.05 0.04 0.04 0.230.14
Total 82.850.89 85.36 0.29 77.77 0.93 84.21 0.37 82.64 0.43 80.48 0.79 82.50 0.46 78.47 2.41
FeO? 0.19 0.03 154 0.63 209 020 0.49 0.16 121 0.07 078 0.12 0.120.04 1.51 0.11
apfu
T Si 6.01 6.11 6.01 6.02 5.85 5.60 6.11 6.21
Al 0.15 0.40
Z Al 6 6 6 6 6 6 6 6
Y Al 1 0.72 0.86 0.94 0.92 1.05 0.79 0.73
Mg 1.96 1.96 1.82 1.87 1.91 1.84 2.08 1.84
Fe*t 0.02 0.2 0.31 0.03 0.16 0.11 0.02 0.22
X Na 0.25 0.15 0.28 0.21 0.17 0.16 0.23 0.23
Ca 0.02 0.01 0.02 0.02 0.04 0.01 0.01
K 0.01 0.01 0.00 0.00 0.00 0.01
X-vac 0.72 0.85 0.71 0.76 0.81 0.80 0.76 0.75
W F 0.07 0.06 0.10 0.04 0.03 0.03 0.02 0.13
o} 0.32 0.27 0.49 0.12 0.00 0.29 0.64
OH 0.61 0.67 0.41 0.95 0.85 0.97 0.69 0.23

Notes: a: number of analyzed grains; b: peg = pegmatite, pel = pelite, ss = sandstone; c: Ig =lowgrade, Z1 =Zone 1,
Z2=Zone 2; d: Fe contents if total Fe is FeO. Stoichiometric proportions are normalized to 15 cations (15=T+Z+Y);
3B and 30H per formula unit were assigned. TiO,, MnO, SrO, BaO, and Cl contents were below detection limit of 0.01

wt.%.

apfu), Fe (1.02—1.51 apfu), and Mg (0.34-1.17 apfu)
(Table 2; Fig. 4).

Tur2 has an average composition of (Nag sy
Cayg 2300.18K0.02)(Mg; 03Fe 5 62Al0 20 Tig15)Al(Sis o3
Alp.07018)(BO3)30H3(00.570H0.23F.20) with little
compositional variation among grains (n = 20) from
different samples (Table 2). The composition of Tur2
is similar along the P2 fault independent of the
distance from mineralization (Fig. 4).

Tur3 has an average composition of (Ly77Nag 20
CaO.OZKO.Ol)(Mgl.99A10.92Fe3+0.07)A16(Si6Ol8)(BO3)3
(0H3)(OH0‘7100A25F0A04) (Table 3) Tur3 both in the
basement and sandstones is alkali deficient with X-site
vacancies ranging from 0.70-0.85 apfu (Fig. 4A; Table
3). With the exception of sample MAC425, Tur3 from
individual samples are similar as indicated by the
small standard deviations listed in Table 3. However,

Tur3 exhibits significant ranges in Mg (1.59-2.22
apfu) and Al (6.44-7.58 apfu) between samples (Fig.
4D). Tur3 from ore samples (MAC423 and MAC425
in Zone 2, and MAC440 in Zone B) exhibit uniformly
high X-site vacancies (0.82—0.83 apfu). Tur3 from the
barren areas of the P2 fault (samples MACI110,
MACI122, MAC436) display a wide range (0.70-0.85
apfu) of X-site vacancies.

DiscussioN

Evolution of tourmaline composition

The composition of Turl varies from oxy-schorl
with high X-site vacancy (up to 0.4 apfu) to Mg-rich
oxy-schorl with decreased vacancy at the X-site (Figs.
4A, C and 5A, B). The compositional variation of Turl
is accompanied by a decrease of Al at the Y-site (Figs.
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TABLE 3. CONTINUED.

Sample MAC201 MAC69 MAC70 MAC146 MAC423 MAC425 MAC440
n? 7 21 16 4 9 8 7

host rock® peg/pel pel pel peg pel pel RF ss
area® P2, Z1 P2, 22 P2, 722 P2, 722 P2, 22 P2, z2 P2, ZB

X 1o X 1o X 1o X 1o X 1c X 1o X 1o

SiO, 37.44 0.19 36.60 0.59 36.73 0.70 35.083 1.22 37.52 0.94 36.70 1.09 37.37 0.19
Al,O; 3450 0.84 35,50 0.45 35.80 0.53 34.85 0.88 36.22 1.05 37.13 1.58 36.78 0.81
Fe.O; 023 0.03 0.15 0.04 0.11 0.03 1.61 037 022 0.17 0.68 066 0.41 0.09
MgO 856 0.15 864 0.14 842 011 726 020 865 050 752 065 7.82 0.14
Ca0o 0.02 0.01 0.11 0.03 0.11 002 0.11 0.04 0.08 0.03 0.17 0.04 0.10 0.01
Na,O 0.63 0.05 0.64 0.06 0.62 007 0.73 021 050 0.05 043 0.06 058 0.06
K20 <0.01 <0.01 0.03 0.02 0.04 0.05 0.02 0.02 0.04 0.08 0.08 0.07 <0.01 <0.01
F 0.04 0.05 0.08 0.04 0.06 0.04 0.04 0.02 <0.01 <0.01 0.03 0.04 0.09 0.05
Total 81.43 0.70 81.76 0.65 81.90 0.73 79.51 1.51 83.32 0.73 82.73 1.25 83.09 1.02
FeO ¢ 0.21 0.03 0.13 0.03 0.10 0.03 145 033 0.19 0.15 0.65 056 0.37 0.08

apfu

T Si 6.17 6.00 6.02 6.02 6.03 6.03 6.05
Al

Z Al 6 6 6 6 6 6 6

Y Al 0.70 0.87 0.91 1.05 0.87 1.12 1.01
Mg 2.10 2.1 2.06 1.86 2.07 1.76 1.89
Fe3* 0.03 0.02 0.01 0.07 0.03 0.09 0.05

X Na 0.20 0.20 0.20 0.24 0.16 0.13 0.18
Ca 0.00 0.02 0.02 0.02 0.01 0.03 0.02
K 0.00 0.01 0.01 0.00 0.01 0.02
X-vac 0.80 0.77 0.78 0.74 0.82 0.82 0.80

W F 0.02 0.04 0.03 0.00 0.01 0.02 0.05
(6] 0.28 0.14 0.20 0.43 0.15 0.48 0.38
OH 0.70 0.82 0.77 0.57 0.84 0.50 0.57

4B, C, and 5A) and an increase in F at the W site (Fig.
5C). The higher Mg and F and lower Al contents are
characteristic of Tur 2, which sometimes overgrows
Turl; therefore, the Mg-enriched analyses of Turl
most likely represent transitional compositions of
mixed Turl4+Tur2 due to partial dissolution of Turl
during crystallization of Tur2 around it (Fig. 3A). It is
therefore reasonable to assume that Turl was origi-
nally relatively homogeneous oxy-schorl with high X-
site vacancies.

The composition of Tur2 corresponds to oxy-
dravite (Fig. 4C) and is similar between samples with
small variations in Ca and F contents (Fig. 5). The Ca
and F show a broad positive correlation which
suggests a fluor-uvite component in the samples (Fig.
5D). Positive correlation between AlY/(AlY + Mg +
Fe) and X-site vacancy (Fig. 5A) and negative
correlation between Mg/(Mg + Fe) and X-site vacancy
(Fig. 5B) suggest a coupled substitution Na™ + Mg*" =
O+ AP

The composition of Tur3 corresponds to magnesio-
foitite (Fig. 4D) and is characterized by high Al and X-
site vacancy (Fig. 5A). The data for Tur3 exhibit a
positive correlation between Al content at the Y-site
and X-site vacancy and a negative correlation between
Mg/(Mg + Fe) at the Y-site and X-site vacancy. This
suggests coupled substitution of 00 + AI*" = Na® +
Mg”" (Fig. 5A, B). The F contents are variable from
<0.01 to 0.22 apfu and inversely correlate with X-site
vacancy (Fig. 5C). The F contents do not correlate
with Ca contents, which range from <0.01 to 0.05
apfu (Fig. 5D). Tur3 also shows a large range in the
ratio of O/OH at the W site (Fig. 4B) with an inverse
correlation between Na™ and OH™ (Fig. 5E), suggest-
ing a probable solid solution of dominant magnesio-
foitite with oxy-dravite via substitution [J + OH =
Na™ + O*". However, the small grain size of Tur3
resulted in low sums of oxides for the EPMA data
(Table 3, see Supplementary data for full dataset).
Since the OH and O contents are calculated based on
charge balance, uncertainty in the EPMA data
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FiG. 3. Photomicrographs and back-scattered electron (BSE) images of tourmaline. (A) BSE image of rare zoned Tur2 with
cores of Turl in pervasively altered pegmatite (sample MACS85 from DDH H493). (B) Tur2 containing quartz inclusions
and rimmed by Tur3 in intensely altered metapelite proximal to low grade mineralization (sample 99 from DDH MC349).
(C) Tur3 aggregates (likely pseudomorphs of earlier Tur2), partially resorbed Tur2 and quartz, and relict graphite (Gr) in
illite (I1t2) from intensely altered metapelite (sample 201 from DDH H3559) below the Zone 1 ore body. (D) Tur3 vein with
marginal illite (Ilt) and Fe-oxide (Fe-ox) and partially resorbed quartz (Qz) in unmineralized (um) RF sandstone (sample
MACI122 from MC361). (E) Tur3 aggregate overprinted by remobilized uraninite (U2) in Zone 2 ore breccia (sample
MAC425 from DDH 3380). (F) Remobilized uraninite along grain boundaries between illite and Tur3. (G) An early
assemblage of Tur2 with Fe-Mg chlorite (pseudomorphically replacing biotite; Chl-Bt), graphite, and pyrite overprinted by
Tur3 with recrystallized illite (sample MAC425 from DDH 3380). (H) Brownish remobilized uraninite (U2) overprints
opaque early uraninite (U1) and sudoite (Sud2) pseudomorphs of Tur3 (sample MAC423 from DDH H3380). (I) BSE image
of Tur3 interstitial to detrital quartz (Qz1) overgrown by quartz (Qz3) in MFd sandstone above Zone B ore body (sample
MAC462 from DDH MC274).

propagate uncertainty in the evaluation of OH and O.
Therefore, the values of O/OH ratio at the W site
should be taken with caution.

The low oxide sums for Tur3 and high Si contents
(cation normalization on T+Z+Y=I15 apfir commonly
leads to a slight excess of Si, >6 apfu) might suggest
the presence of other cations at the Y site. One
possible cation is Li because it cannot be measured
with EPMA. We consider high Li to be unlikely
because Li-bearing tourmaline is not common outside
Li-bearing pegmatites, although Richard ez al. (2010)

reported high Li contents (10*-10* ppm) in fluid
inclusions in quartz associated with uranium mineral-
ization.

Origin of Turl and Tur2

The presence of oxy-subgroup tourmaline in
metamorphic rocks is well documented: oxy-schorl
described by Bacik ef al. (2013) occurs in metasomati-
cally altered rhyolites from the Slovak Republic and in
muscovite-tourmaline orthogneiss in the Czech Re-
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FiG. 4. Tourmaline classification ternaries (Henry er al. 2011). (A) X-site occupancy; (B) W-site occupancy; (C) Y-site
occupancy for oxy species of alkali group; and (D) Y-site occupancy for hydroxy species of X-site vacant group.

public, whereas oxy-dravite occurs in quartz-musco-
vite schist of the Narok district, Kenya (Bosi &
Skogby 2013) and in graphitic quartzite at Bitovanky,
Czech Republic (Cempirek et al. 2013). Oxy-schorl
and Fe-rich oxy-dravite have been reported in
pegmatites from the Moldanubicum, Czech Republic,
that are considered to be partial melts of metapelites
(Novak et al. 2004), although Al-rich schorl and foitite
are more common in pegmatites (Gadas et al. 2012).

In the tourmaline provenance diagram of Henry &
Guidotti (1985), oxy-schorl (Turl) examined in this
study plots close to Fields 1 and 2 representing the
composition of tourmaline in granitoid pegmatites
(Fig. 6A). Our oxy-schorl occurs in altered pegmatite,
which was originally composed of biotite, muscovite,
feldspar, and quartz prior to hydrothermal alteration.
The occurrence suggests it is indeed of magmatic

origin, and crystallized in pegmatites that are partial
melt products of metasedimentary rocks.
Coarse-grained dravitic tourmaline has been previ-
ously reported in the basement (Rosenberg & Foit
2006, Mercadier et al. 2012) and is similar in
composition to the oxy-dravite (Tur2) described in
this study (Fig. 6A). Mercadier et al. (2012) also
reported zoned dravitic tourmaline with schorlitic
cores in basement pegmatite, similar in composition
to the zoned Tur2 of this study (Fig. 3A). The dravite
occurs in the Eagle Point uranium deposit (Mercadier
et al. 2012), the Second Link Lake deposit, and the
Rabbit Lake deposit (Rosenberg & Foit 2006), all of
which occur in reactivated Hudsonian deformation
zones (Hoeve & Sibbald 1978). Tourmaline similar to
the composition of Tur2 also occurs as detrital grains
in the Athabasca sandstones (e.g., Quirt et al. 1991,
Rosenberg & Foit 2006, Mercadier et al. 2012, Ng et
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FiG. 5. Binary plots displaying (A) AlY/(AlY + Mg + Fe) versus X-site vacancy, (B) Mg/(Mg + Fe) versus X-site vacancy, (C) F
versus X-site vacancy, (D) F versus Ca, and (E) OH versus Na in Turl (diamonds), Tur2 (squares), and Tur3 (triangles). All

data are calculated as atoms per formula unit.

al. 2013, this study; Fig. 4B), confirming crystalliza-
tion before deposition of the Athabasca Basin.

The origin of this oxy-dravite is debated as to
whether it is a metamorphic product (Adlakha et al.
2014) or a crystallization product of partial melts
(Mercadier et al. 2012). Oxy-dravite of this study plots

in Field 4 of the provenance diagram (Fig. 6A),
suggesting its formation during metamorphism. How-
ever, oxy-dravite occurs in high abundance in
pegmatite samples, which suggests its crystallization
from a partial melt. As mentioned, Fe-rich oxy-dravite
has been reported from pegmatites in the Czech
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FiG. 6. Tourmaline provenance diagrams of Henry & Guidotti (1985) comparing the composition of tourmaline in the basement

and sandstone of the McArthur River mine (this study) with other uranium deposits in the Athabasca Basin. (A) Comparison
of early-formed tourmalines in sub-Athabasca crystalline basement rocks. (B) Reported compositions of detrital tourmaline
of the Athabasca Group sandstone. (C) Comparison of late-formed, hydrothermal tourmalines in sub-Athabasca crystalline
basement rocks. (D) Comparison of late-formed, hydrothermal tourmalines in sandstones. References: (1) Rosenberg & Foit
(2006); (2) Kotzer 1993; (3) Mercadier et al. (2012); (4) Ng (2012); (5) Quirt et al. (1991); and (6) Dann, unpublished data.
The numbered fields (shown in D) correspond to host-rock types (after Henry & Guidotti 1985): (1) Li-rich granitoid
pegmatites and aplites, (2) Li-poor granitoids and their associated pegmatites and aplites, (3) Fe**-rich quartz-tourmaline
rocks (hydrothermally altered granites), (4) metapelites and metapsammites coexisting with an Al-saturating phase, (5)
metapelites and metapsammites not coexisting with an Al-saturating phase, (6) Fe*'-rich quartz-tourmaline rocks, calc-
silicate rocks, and metapelites, (7) low-Ca metaultramafics and Cr, V-rich metasediments, and (8) metacarbonates and meta-

pyroxenites.

Republic, but it is not common and the oxy-dravite of
this study is Mg-rich. The occurrence of zoned oxy-
dravite grains, with cores of Turl/oxy-schorl (Fig.
3A), within pegmatite suggests that oxy-dravite (Tur2)
crystallized after peak metamorphism and solidifica-
tion of partial melts. Furthermore, the oxy-dravite was
not observed in the least-altered metamorphic or
pegmatitic rocks outside of the P2 fault (Adlakha et
al. 2014, this study). These observations suggest that
oxy-dravite crystallized later along the P2 fault, but
before the deposition of the Athabasca Basin.

Mercadier et al. (2012) has shown similar B isotope
composition of the cores and rims of zoned dravite.
The isotopic signature may suggest crystallization
during the same event, possibly retrogression. Retro-
gression is consistent with the replacement of biotite
with Fe-Mg chlorite and feldspar with illite, as
observed in the oxy-dravite mineral assemblage.
However, this interpretation is not consistent with
the high Xy, of the tourmaline. The Xy, values of
tourmaline commonly reflect temperatures, with ret-
rogression products having lower Xy, than the peak
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metamorphic products. For example, Van Hinsberg &
Schumacher (2011) confirmed that in the Haut-Allier
metamorphic suite, Massif Central, France, dravite
formed during peak metamorphism, around early
schorlitic cores, and was later rimmed by schorl
during retrogression.

It has been suggested that a significant hydrother-
mal event occurred after the peak metamorphism and
prior to the deposition of the Athabasca sandstones
(Card 2012, 2014). Movement of faults likely provided
conduits for focused fluids along graphitic pelite, and
produced pyrite and quartz along major basement
structures. The hydrothermal fluids are considered to
be responsible for the formation of anomalous quartz-
rich rocks, such as silicified pegmatite and “quartzite
ridges”, in proximity to major basement faults (Card
2012, 2014). It is likely that Tur2 crystallized with
quartz and pyrite during this hydrothermal event. The
crystallization of Tur2 with pyrite is consistent with
relatively low Fe contents in Tur2, as the pyrite would
preferentially incorporate Fe.

Origin of magnesio-foitite (Tur3)

It is noted here that tourmaline associated with
uranium deposits in the Athabasca Basin has been
commonly referred to as dravite, alkali-free dravite, or
alkali-deficient dravite in the literature (e.g., Quirt ef
al. 1991, Kotzer & Kyser 1995, Fayek & Kyser 1997,
Jefferson et al. 2007). The compositions of these
previously reported tourmalines plot near magnesio-
foitite in the provenance diagram (Figs. 4C, D).

The timing of hydrothermal tourmaline with
respect to uranium mineralization of the Athabasca
Basin has been commonly debated (e.g., Hoeve &
Sibbald 1978, Kotzer & Kyser 1995, Fayek & Kyser
1997, Derome et al. 2005, Cloutier et al. 2009,
Mercadier et al. 2012, Ng 2012). The composition of
magnesio-foitite in this study is similar to the
hydrothermal tourmaline reported from other Atha-
basca uranium deposits (Figs. 4, 6), including Rabbit
Lake, Second Link Lake, Key Lake, and Phoenix
(Kotzer 1993, Rosenberg & Foit 2006, Mercadier et al.
2012, Ng 2012) and from the REE-rich Maw Zone
(Quirt et al. 1991). Magnesio-foitite occurring in
quartz veins near the McArthur River Zone 4 ore body
was suggested to be a pre-ore alteration by Ng et al.
(2013) because it is overprinted by ore-related chlorite.
Derome et al. (2005) suggested that magnesio-foitite
was synchronous with ore formation, as it is associated
with desilicification and occurs in the matrix of ore-
hosting breccias. Other evidence supporting a syn-ore
crystallization of magnesio-foitite is (1) close spatial
association with ore (Hoeve & Sibbald 1978, Kotzer &
Kyser 1995, Fayek & Kyser 1997, Derome et al.
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2005), and (2) 8D and 3'®0 values of magnesio-foitite,
which suggest it formed from the mixing of basinal
and basement fluids during mineralization (Kotzer &
Kyser 1995). Magnesio-foitite has also been suggested
as a post-ore alteration because of its occurrence in
voids “created by pre-ore alteration but not filled with
uraninite” (Alexandre ef al. 2005) and it overprints
pre-ore and syn-ore alteration assemblages (Cloutier et
al. 2009).

The P2 fault is characterized by alteration forming
magnesio-foitite, florencite, sudoite, and illite. Mag-
nesio-foitite is disseminated within these alteration
minerals and grain boundaries show no reaction rim
(e.g., Fig. 3F), suggesting their equilibrium. Sudoite
and illite are widely considered as syn-ore alteration
minerals (e.g., Jefferson et al. 2007 and references
therein). The assemblage of magnesio-foitite with
sudoite, illite, and florencite is especially prevalent
around the Zone 2 ore body. In ore zone breccias, the
assemblage occurs with uraninite of the main miner-
alization event. This assemblage is locally overprinted
by remobilized uraninite and sudoite (Fig. 3E, F, H).
The uraninite formed during the main event and the
late recrystallized uraninite are easily differentiated
because the compositions are different; the recrystal-
lization product contains high Si, Ca, and Pb, which is
similar to the late secondary uraninite reported by
Fayek & Kyser (1997). The composition of uraninite
and textural evidence suggest that magnesio-foitite and
the main-stage uraninite are contemporaneous. There-
fore, the results of this study are in agreement with the
prevailing interpretation of magnesio-foitite crystalliz-
ing from uraniferous fluids during the main-stage
mineralization.

Significance of X-site vacancy

The X-site of tourmaline accommodates alkalis and
Ca®", and can be partially vacant. The calculated
mineral formula of magnesio-foitite indicates a
consistently large X-site vacancy (Fig. 7; Table 3).
The abundance of illite suggests reasonably high K" in
the hydrothermal fluids, yet the tourmaline does not
contain significant K (<0.01 apfu). Although the X-
site may accommodate alkalis, the ionic radius of K* is
too large to replace Na™ and Ca*". The rarity of K-rich
tourmaline is considered to be due to the incompat-
ibility of K* with the crystal structure of tourmaline
and significant K in tourmaline is only reported in ultra
high-pressure metamorphic rocks and rocks in close
association with evaporites where the K substitutes at
the X-site in povondraite (Fe**-rich tourmaline) (e.g.,
Bacik ef al. 2008, Berryman et al. 2015).

Previous workers have described two fluids during
uranium mineralization: (1) an earlier formed NaCl-
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FiG. 7. Binary diagrams of Tur3 data, Mg/(Mg+ Fe) versus X-
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alkali-deficiency of Tur3. Diagram B shows a smaller
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A. Data of Tur3 from unmineralized areas are represented
by squares, from low-grade areas by triangles, from Zone
1 by diamonds, and from Zones 2 and B by circles. Tur3
from Zones 2 and B samples that contain uraninite are
represented by open circles.

rich, uranium-bearing brine and (2) an evolved CaCl,-
rich brine which formed by the interaction of the
earlier brine with basement rocks (Derome et al. 2005,
Richard et al. 2010, Richard et al. 2011). Experimental
work by von Goerne et al. (2001) indicates that Na-
deficient tourmaline primarily reflects low Xy, of the
fluid. Therefore, the low Na' contents in tourmaline
associated with the Athabascan uranium deposits is
surprising if the tourmaline formed from the NaCl-rich
fluid. However, von Goerne et al. (2001) also
demonstrated that the X-site vacancy increases with
decreasing temperatures. Uranium deposits of the
Athabasca Basin are considered to have formed at
low temperatures (<200 °C; e.g., Kotzer & Kyser
1995). Therefore, it is possible that these low
temperatures facilitated the formation of magnesio-
foitite in lieu of dravite.

It is also possible that magnesio-foitite formed
from a CaCl,-rich brine instead of a NaCl-rich brine.
This is supported by the lack of Na-bearing phases
associated with uranium mineralization, except for
magnesio-foitite, which contains very low Na* (<0.83
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wt.% Na,O; Table 3). This proposed interpretation is
also consistent with the depletion of Na in rocks
proximal to the uranium deposits (e.g., Sopuck et al.
1983). If this is the case, it is reasonable to question
why a Ca-rich tourmaline did not form. Calcium-rich
tourmalines, such as uvite and ferruvite, do occur in
nature, but their occurrences are rare, restricted to
calcareous metasediments and calc-silicate rocks
formed at high (>400 °C) temperatures (Henry &
Dutrow 1996). Calcium-rich tourmaline has not been
reported in rocks formed at low temperatures nor has it
been synthesized at low temperatures to date. Exper-
imental work of von Goerne (von Goerne & Franz
2000, von Goerne et al. 2001, 2011) found that the X-
site vacancy increased with increasing Ca/(Na + Ca)
ratio of the fluid (with the exception of pure Ca fluid).
Considering that Na preferentially incorporates into
tourmaline over Ca, this may explain why magnesio-
foitite formed from a CaCl,-rich fluid in lieu of a Ca-
bearing tourmaline.

The high X-site vacancy of magnesio-foitite may
also be partly attributed to the composition of
precursor phases. The rocks in the area were
extensively altered before uranium mineralization to
form kaolin during weathering of the basement rocks
and dickite during diagenesis of the Athabasca Group
sandstones. The X-site vacancy of magnesio-foitite is
owed to the coupled substitution of Al+[]=Na+ Mg.
High-Al phases such as dickite/kaolinite and sudoite
are abundant in the sandstones and basement.
Aluminum is not a highly mobile element in low-
temperature hydrothermal fluids. The tourmaline likely
inherited high Al contents of the precursor minerals,
thereby restricting the amount of Na™ and Ca®" in the
mineral’s crystal structure. We consider this proposed
interpretation the most plausible mechanism explain-
ing high vacancies at the X site.

The role of the P2 fault and origin of the mineral
assemblages

In the basement, oxy-dravite and magnesio-foitite
occur in close proximity (<50 m) to the P2 fault and
are absent in the footwall and hanging-wall of the
structure. Oxy-dravite (Tur2) appears evenly distrib-
uted along the P2 fault, whereas magnesio-foitite
(Tur3) is abundant in the alteration halo of the deposit
and sparse in apparently barren areas of the fault. The
occurrence of the two distinctly different types of
tourmaline along the entire P2 fault reflects different
fluids in two separate events before and after the
sandstone deposition. This observation suggests that
the P2 fault served as a fluid conduit before and after
the deposition of Athabasca sandstone. This interpre-
tation is in agreement with those of Card (2014) who
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suggested that multiple events of hydrothermal activity
over an extensive period of time, from pre-Athabasca
to syn-mineralization, were facilitated by basement
structures such as the P2 fault.

The mineral assemblages of tourmaline along the
P2 fault attest to multiple fluid events along basement
structures (Fig. 8). The earliest assemblage is of oxy-
schorl (Turl) with quartz, plagioclase/feldspar, and
biotite. Oxy-dravite (Tur2) then formed with quartz
(Qz2), pyrite (Pyl), and graphite. An assemblage of
magnesio-foitite (Tur3), sudoite (Sudl), illite, and
florencite = uraninite (Ul) formed during the main
stage of uranium deposition. This assemblage was
locally overprinted by remobilized uraninite (U1),
sudoite (Sud2), and sulfide (Py2).

The restricted distribution of magnesio-foitite
(Tur3) along the P2 fault suggests that B-bearing
fluids in the basement were focused along the P2 fault
during uranium mineralization. These fluids were
likely uraniferous as magnesio-foitite and uraninite
are contemporaneous, but uranium deposits only occur
in specific areas of the P2 fault (Fig. 1C). Considering
the occurrence of magnesio-foitite in both mineralized
and barren areas, it is likely that the location of
uranium mineralization was dependent upon the
supply of a reducing fluid to these sites.

CONCLUSIONS

Three types of tourmaline occur in the basement
rocks of the P2 fault. Early oxy-schorl (Turl)
crystallized as a primary phase in pegmatite. After
peak metamorphism and before deposition of the
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Athabasca Group sediments, hydrothermal activity
along the P2 fault produced oxy-dravite with quartz,
graphite, and pyrite. High Mg contents in the oxy-
dravite are explained by the removal of Fe by the
crystallization of pyrite. After deposition of the
Athabasca Group sediments, uraniferous fluids crys-
tallized magnesio-foitite with sudoite, illite, and
florencite along the entire P2 fault. The high X-site
vacancy of magnesio-foitite is attributed to high Al
content in the mineral, which is likely inherited from
precursory high-Al phases. This study demonstrates
the important role of the P2 fault as the conduit for
hydrothermal fluids before and during the uraniferous
hydrothermal activity.
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