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Foreword

The occurrence of rare earth element (REE) mineralization was first documented in Saskatchewan in the 1950s
following the discovery of widespread allanite-rich veins in the Hoidas Lake–Nisikkatch Lake area. Interest was
raised again in the late 1960s when monazite mineralization was noted in the Archie Lake area, but the evaluation of 
these occurrences remained stagnant until the 2000s when the importance of REE as an essential component in
specialized technologies began to be recognized. The demand for REE was exacerbated by diminishing export
quotas imposed by China, the country that currently supplies more than 90% of the world’s REE. The majority of
Saskatchewan remains underexplored for REE mineralization, and currently the only primary REE deposit with
defined resources is the JAK zone at Hoidas Lake.

Data in this report are a combination of industry securities filings, press releases, assessment files, and
Saskatchewan Geological Survey field data collection. References to historical reserves, resources, grades, or
tonnages, except for the JAK zone, may not be compliant with NI 43-101 or Canadian Institute of Mining,
Metallurgy and Petroleum standards of reporting.

This report contains previously unpublished information and is a comprehensive review of the current state of
knowledge of Saskatchewan’s REE occurrences and deposits, and should provide a valuable tool for anyone
exploring for or studying REE in the province.

Gary Delaney, Ph.D., P.Geo.
Chief Geologist
Saskatchewan Geological Survey
Minerals, Lands, and Resource Policy Division
Saskatchewan Ministry of the Economy

February 2014
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Executive Summary

Three hundred and fourteen georeferenced spot rare earth element (REE) mineral locations, bedrock geochemical
anomalies, occurrences, and prospects were compiled from literature. The REE at these locations may be the
principal or a secondary commodity.

Mineralization containing significant REE concentrations in Saskatchewan can be subdivided into three broad
categories based on the percentage ratio of the total heavy REE (THREE) and Y to that of the total REE (TREE).
These categories are: 1) mineralization in which REE are the principal commodity and in which the percentage of
the (THREE+Y)/TREE ratio is less than, or equal to, 20, including monazite-dominant and allanite+apatite–
dominant types; 2) U-rich mineralization in which REE are a secondary, but important commodity and the
percentage of the (THREE+Y)/TREE ratio is greater than 20, including intrusion-associated, vein-type, and
unconformity-related types; and 3) mineralization in which REE are the principal commodity and the percentage of
the (THREE+Y)/TREE ratio is greater than 90, mainly sandstone-hosted, diagenetic-hydrothermal xenotime types.
Mineralization in category 1 is hosted entirely by high-grade metamorphic rocks older than ca. 1.75 Ga. Monazite-
dominant types are generally hosted by paragneiss and allanite+apatite–dominant types by orthogneiss. Intrusion-
associated and vein-type, low-grade U mineralization (category 2) occur in a wide variety of >1.75 Ga
metamorphosed rock types. Unconformity-related U (category 2) and sandstone-hosted diagenetic-hydrothermal
xenotime (category 3) mineralization are mostly restricted in their occurrence to the Athabasca Basin.

No REE have been produced in the past or are currently being produced in the Province of Saskatchewan. Resource
estimates, however, are available for three deposits. The first deposit for which a resource estimate was made
available is the MAW REE zone, a sandstone-hosted diagenetic-hydrothermal xenotime occurrence in the Wheeler
River area of the Athabasca Basin. This subeconomic resource, evaluated in the mid-1980s prior to the standards of
disclosure for mineral projects in Canada provided by National Instrument 43-101 (NI 43-101; Canadian Securities
Administrators, 2011), is estimated to contain 462 664 t grading 0.21 wt. % Y2O3. The most important resource
estimate published for a deposit in Saskatchewan is for the allanite+apatite–dominant Hoidas Lake deposit of
alkaline affinity. An NI 43-101–compliant, combined Measured and Indicated Resource estimate of 2 560 835 t
grading 2.027 wt. % TREE was established for the deposit in 2009. Rare earth elements as a secondary commodity
were identified in intrusion-associated U mineralization known as the Fraser Lakes zone B, located in the Wollaston 
Domain approximately 50 km east of Key Lake. An NI 43-101–compliant Inferred Resource estimate of
10 354 926 t grading 0.03 wt. % U3O8 and 0.003, 0.006, 0.001, and 0.007 wt. % La2O3, Ce2O3, Yb2O3, and Y2O3,
respectively, was announced for the deposit in 2012.

During the past six years, interest in REE by exploration companies has focussed on the potential value-added
secondary REE commodity associated with U mineralization outside the Athabasca Basin, and on HREE-rich
sandstone-hosted xenotime mineralization in the Athabasca Basin. Although HREE, Y, and Sc are known to be
present in anomalous concentrations in unconformity-related U deposits, no published NI 43-101–compliant
Resource estimate exists for these. It is estimated, approximately, that more than 4 000 to 10 000 t THREE+Y and
190 to 470 t Sc are (were) contained in the ensemble of the unconformity-related U deposits of the Athabasca Basin. 
Other types of deposits that may contain valuable and recoverable REE, and to date are untested, include kaolin
deposits such as those in the Whitemud Formation of southern Saskatchewan. Apatite mineralization in the
Athabasca Basin offers attractive exploration targets for xenotime. Such apatite mineralization may have acted as
reactive horizons favourable for deposition of xenotime from HREE+Y–rich fluids, particularly where strongly
fractured zones occur.
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Introduction

Exploration for rare earth elements (REE) in Saskatchewan intensified significantly following a sharp increase in
demand and price for these metals in the early 2000s and cutbacks in export quotas from China, which is by far the
world’s leading producer of these metals. Consequently, the development of a comprehensive database of the
locations, ore deposit models, and exploration tools for REE mineralization in Saskatchewan is required.

This report is part of an ongoing research project aimed at evaluating the REE resources and potential for new
discoveries in the Province of Saskatchewan. It updates the most extensive past compilation reports published on the 
subject by Harper (1987) and MacDougall (2002), the map of Gent et al. (1995), the Saskatchewan Geological
Survey metallogenic map series, and the Saskatchewan Mineral Deposit Index (SMDI). The present report contains
a compilation of 314 georeferenced spot locations where anomalous concentrations of REE, as evidenced by bulk
rock geochemical analyses and presence of REE-bearing minerals, have been reported. Detailed descriptions are
provided for the most interesting mineralization for which sufficient information is available.

According to the International Union of Pure and Applied Chemistry (IUPAC), the REE comprise the fifteen
Group 3 lanthanide elements, yttrium (Y), and scandium (Sc). The lanthanide elements are, in increasing order of
atomic mass, lanthanum (La), cerium (Ce), praseodymium (Pr), neodymium (Nd), promethium (Pm)1, samarium
(Sm), europium (Eu), gadolinium (Gd), terbium (Tb), dysprosium (Dy), holmium (Ho), erbium (Er), thulium (Tm),
ytterbium (Yb), and lutetium (Lu). The lanthanides are often subdivided into light REE (LREE), comprising La, Ce,
Pr, Nd, and Sm, and heavy REE (HREE), comprising Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu. This subdivision of
REE into LREE and HREE has been adopted in this report. Values for the average abundances of combined LREE
and combined HREE in the upper continental crust, given by Rudnick and Gao (2003), are 133 ppm and 15 ppm,
respectively. Ce is 63 times more abundant than Eu, 90 times more abundant than Tb, and 210 times more abundant
than Tm.

The LREE are widely used in a variety of applications ranging from polishing powders to the fabrication of
automotive catalytic converters to the production of strong permanent magnets. Similarly, the much rarer and more
valuable HREE (e.g., 99.99% Eu oxide selling for US$2150 per kg vs. 99.5% Ce oxide selling for US$12 per kg;
HEFA Rare Earth Canada Co. Ltd., URL <http://www.baotou-rareearth.com/>, 31 Dec 2012) have wide
applications, such as in the fabrication of specialized glasses and in the stabilization of performance of permanent
magnets at elevated temperatures (Gupta and Krishnamurthy, 2005; Walters and Lusty, 2010). It is estimated that
demand for LREE will be satisfied for the long term due to the existence of very large resources in many parts of the 
world. Economic resources of the more valuable HREE are, however, much less abundant and concerns about the
ability of the industry to satisfy forecasted demand in the future have been widely expressed in the press.

There are presently no mines producing REE in Saskatchewan and none have produced this commodity in the past.
There are, however, several active projects in the province where at least two companies are involved primarily in
exploration for REE: the Hoidas Lake allanite-apatite deposit (Great Western Minerals Group Ltd., 2009) and the
Archie Lake monazite occurrence2 (Quantum Rare Earth Developments Corp., 2010, 2011). Recent analyses of
individual grab samples from the Archie Lake and two other undeveloped monazite occurrences (Alces Lake and
Kulyk Lake) returned grades comparable to those encountered in the world-class Steenkampskraal deposit, South
Africa (Andreoli et al., 2006; Hancox and Jones, 2012; Great Western Minerals Group Ltd., 2012). However, the
REE grades in, and vertical and lateral extents of, these monazite occurrences remain to be determined.

Several U exploration companies, notably CanAlaska Uranium Ltd., Eagle Plains Resources Ltd., and JNR
Resources Inc. (acquired by Denison Mines Corp. in 2013), have taken advantage of the increased interest in REE
during the last five years or so, and have shown that most of the U occurrences on their properties contain
anomalous REE concentrations. This suggests that virtually all untested U (and Th) deposits, prospects or
occurrences in Saskatchewan may be considered as having REE potential, especially HREE. Recent work has
shown that REE-enriched, U-rich or U-poor mineralization in the Wollaston Domain are hosted by a wide variety of 
rock types, reflecting a number of complex fluid, melt, and rock interaction processes for their origin, including
liquid immiscibility (Watkinson and Mainwaring, 1976; McKeough and Lentz, 2011; McKeough et al.,
2011a, 2011b), hybridization (McKeough and Lentz, 2011; McKeough et al., 2013), intrusion-associated calcic and
alkalic metasomatism (Kremer et al., 2010, 2011; Mercadier et al., 2012), and, in part, inheritance of detrital or
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1  All Pm isotopes are radioactive and have short half-lives. This metal is practically nonexistent in the Earth’s crust, so it is not considered in this 
report.

2  Use of italics indicates that it conforms to the classification scheme of Rogers and Hart (1995).
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authigenic material (McKechnie et al., 2012b; McFarlane and McKeough, 2013a). Also of importance, the richest
unconformity-associated U deposits in the Athabasca Basin contain appreciable HREE concentrations and, in some
cases, Sc (e.g., up to ~1000 ppm Dy and greater than 600 ppm Sc at the McArthur River mine; Saskatchewan
Ministry of the Economy (SME) Assessment File3 74H-0048), and may represent an important source of HREE and
Sc in the future.

As mentioned above, no current or past mines have produced REE in the province of Saskatchewan. Likewise, REE
reserves for these metals have not been established for any deposit. Data on REE resources are, however, available
for three deposits. The earliest resource determination, which predates the introduction of NI 43-101–compliant
regulations, was provided by Union Oil Company of Canada Inc. for the “Wheeler River Yttrium Prospect” (Knox,
1985, 1986), also known as the “MAW REE zone” xenotime deposit (MacDougall, 1990; Quirt et al, 1991; Hanly,
2001; SMDI4 #2160), located in the Athabasca Basin. Total drill-indicated and possible resources of 462 664 t
(510,000 short tons) grading 0.21% Y2O3 (0.1% cutoff) were estimated (Knox, 1985, 1986) for this deposit.

The project that has seen the most development to date is being conducted by Great Western Minerals Group Ltd. at
Hoidas Lake, near the extreme northeastern corner of the province. Total Measured and Indicated Resources for the
JAK zone are 2 560 835 t grading 2.027% TREE (1.5% cutoff) and the deposit is noted for its high concentration of
Nd (Barr Engineering Company, 2009; Great Western Minerals Group Ltd., 2009). More recently, resources have
been published for a U-REE project developed in the Fraser Lakes area, located in the Wollaston Domain
approximately 50 km east of Key Lake, by JNR Resources Inc. The Fraser Lakes zone B is estimated to contain an
Inferred Resource of 10 354 926 t grading 0.03% U3O8, 0.003% La2O3, 0.006% Ce2O3, 0.007% Y2O3, and 0.001%
Yb2O3 (0.01% U3O8 cutoff; Armitage and Sexton, 2012). Resource estimates for these three deposits are compiled
in Table 1.
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3  Saskatchewan Ministry of the Economy (SME) assessment files can be consulted at http://www.smad.gov.sk.ca.
4  Saskatchewan Mineral Deposit Index (SMDI) can be consulted at http://www.economy.gov.sk.ca/SMDI.

Table 1 – REE resource estimates for the Fraser Lakes zone B, Hoidas Lake JAK zone, and MAW REE zone deposits.

http://www.smad.gov.sk.ca
http://www.economy.gov.sk.ca/SMDI


The wide variety of mineralization in which REE occur in Saskatchewan is discussed in detail in the “Classification
of Saskatchewan REE Mineralization” section of this report. For the present work, the discussion relies heavily on
published bulk-rock geochemical analyses, which were obtained at different times and from different laboratories
using different sample digestion and analysis methods. Only data obtained from total sample digestion were
considered.
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General Considerations

The subdivision of the REE into LREE and HREE discussed in the “Introduction” did not include Sc and Y.
Although Y is lighter than La (88.9 grams/mole vs. 138.9 grams/mole), it is often grouped with the HREE because
its effective ionic radius (and therefore its size) is comparable to that of the heavier trivalent lanthanides in similarly
co-ordinated crystallographic sites (VIII-fold) of HREE-rich minerals such as xenotime and uraninite (Smyth et al.,
2000; Boatner, 2002).

Sc is the lightest of the REE (44.96 grams/mole) and also has the smallest effective ionic radius (in VI-fold co-
ordination, Sc3+ 74.5 picometres (pm), Y3+ 104 pm, La3+ 117 pm, Lu3+ 100 pm; Shannon, 1976). In the upper
Earth’s crust, Sc most commonly substitutes for Al3+ and Fe3+ in minerals, which explains its tendency to be
dispersed as a trace constituent in rocks (Raade et al., 2002). The concentration of Sc in minerals rarely exceeds
1000 ppm. There are ~16 minerals that contain essential Sc, but most are extremely rare. Nevertheless, exceptional
Sc enrichment has been documented in residual deposits resulting from weathering of mafic-ultramafic rocks (Van
Huet et al., 2010), and the element can occur in significant concentrations in U deposits (Tarkhanov et al., 1992;
Naumov, 2008). Some Al phosphate-sulphate (APS) minerals of the alunite supergroup (Bayliss et al., 2010) are
also reported to contain significant Sc (Frondel et al., 1968; Shubat, 1988). Although Sc may be enriched in certain
minerals that also contain an abundance of the other REE, significant differences in its geochemical behaviour in
magmatic and hydrothermal systems (e.g., solid-liquid partition coefficients) justify separate treatment of this REE.

The REE are generally present in minerals in the trivalent state. Under appropriate redox conditions, however, Eu
and Ce may occur predominantly in the divalent or tetravalent state, respectively. Divalent Eu is well known to
partition into plagioclase that crystallized from magma (Weill and Drake, 1973) and Ce4+ into Mn hydroxide
nodules formed on the seafloor (Corliss et al., 1978) and into hydrothermal zircon (Hoskin and Schaltegger, 2003).

The REE tend to be dispersed in rocks, occurring in trace amounts in a wide variety of minerals, and are difficult to
separate. For this reason, it was thought that they were rare. However, as is now well known, the REE, and
particularly the LREE, are not rare (Muecke and Moeller, 1988). According to data presented in Rudnick and Gao
(2003), Ce and Zn have similar abundances in the upper continental crust (63 and 67 ppm, respectively). On the
other hand, HREE are much rarer and more valuable, Lu and Tm being present in concentrations of ~0.3 ppm and
occupying an intermediate position between Sb (0.4 ppm) and Bi (0.16 ppm) in abundance. The concentration of Sc
in the upper continental crust averages 14 ppm (Rudnick and Gao, 2003), intermediate between those of Pb
(17 ppm) and Nb (12 ppm).

Mineralogy is of major importance in evaluating REE mineralization. Some minerals are enriched in LREE, others
in HREE, and still others may contain the full range of REE in various relative proportions. Some, such as monazite
and bastnäsite, are easily amenable to metallurgical processing and REE separation, whereas other, more chemically 
complex or refractory minerals require complicated and costly processing (Gupta and Krishnamurthy, 2005). REE
minerals also provide clues on the origin of the mineralization that host them and may contain elements that can be
detected by geophysical methods (e.g., U and Th). At present, well over 300 mineral species that contain essential
REE have been approved by the International Mineralogical Association (IMA), and a large number of others may
contain minor to major REE proportions (e.g., apatite and titanite).

REE minerals recognized from Saskatchewan mineralization include monazite (LREE), allanite (LREE), cheralite
(LREE), xenotime (HREE), and rare chevkinite (LREE) and bastnäsite (LREE). Euxenite-polycrase (LREE and
HREE) and fergusonite (HREE) are also reported to occur at a few localities. Other important REE-bearing minerals 
that, where present in appreciable amounts, can contribute significantly to the total REE content of mineralization,
include apatite (LREE and HREE), titanite (LREE and HREE), uraninite-thorianite and pitchblende (LREE and
HREE), thorite (LREE and HREE), brannerite (LREE and HREE), coffinite and secondary U minerals (LREE and
HREE), and solid solutions among various APS minerals of the alunite supergroup (LREE).

Among the REE-bearing minerals listed above, monazite, allanite, apatite, uraninite-thorianite, thorite and
pitchblende, and xenotime are the main REE minerals in Saskatchewan mineralization. Commonly, only one or two
of these minerals control the bulk of the REE contained at any given location. The most prevalent associations are
monazite (locally +thorite+allanite+xenotime), allanite+apatite, uraninite-thorianite+thorite+allanite, uraninite
and/or pitchblende, and xenotime. These associations characterize different types of mineralization that originated
from a variety of ore-forming processes and form the basis for the classification of REE mineralization presented in
this report.
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Classification of Saskatchewan REE Mineralization

REE mineralization in Saskatchewan can be classified according to its bulk REE distribution and REE-bearing
minerals present, and level of enrichment in U with respect to Th. In view of this, the mineralization was subdivided 
into three broad categories:

1) min er al iza tion in which the LREE (Sc is treated sep a rately and Y is treated with the HREE), and al la nite+ap a -
tite or monazite, pre dom i nate (THREE+Y ≤20% of TREE), and which are char ac ter ized by U/Th ra tios <1
(min 0.001, max 10, mean 0.439, me dian 0.089, n = 390; Fig ures 1 and 2);

2) U-en riched, in tru sion-as so ci ated (me dian U/Th 1.15, n = 27), vein-type (me dian U/Th 818, n = 29) or un con -
formity-re lated U (me dian U/Th 229, n = 320), mixed REE min er al iza tion in which THREE+Y (±Sc) ac count
for more than 20% of the to tal of the con tained REE (me dian 60.8%, n = 441; Fig ures 1 and 2), and in which
REE min er al ogy is com plex; and

3) min er al iza tion in which HREE+Y rep re sents more than 90% of the to tal of the con tained REE and in which
REE min er al ogy is es sen tially rep re sented by xeno time; lim ited data show U/Th ra tios rang ing be tween 1.1 and 
73.7 (me dian 4, n = 25; Fig ures 1 and 2); the pres ence of vari able pro por tions of APS min er als may re sult in a
de crease in the per cent age of (HREE+Y)/TREE to be low 90.

The mineralization types were further assigned to five categories, mainly according to REE grade; the REE grade, in 
many cases, may be represented by only a limited number of surface grab samples. In most cases, other metals were
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Figure 1 – Log-log plot of the relationship between U/Th and the proportion of THREE+Y relative to TREE for REE-bearing 
mineralization in Saskatchewan. Filled circles represent LREE-dominant mineralization in which the percentage of
(THREE+Y)/TREE is ≤20. Open diamond symbols represent various types of U-rich mineralization. Black squares represent
sandstone-hosted xenotime mineralization. Roughly hand-contoured fields labelled 1, 2, 3, 4, and 5 correspond to monazite-
dominant, allanite+apatite–dominant, intrusion-associated U, unconformity-associated and vein-type U, and sandstone-
hosted xenotime mineralization, respectively.



not taken into account. The categories represent a partial, condensed, and highly simplified version of the qualitative 
mineral potential evaluation procedures presented in Rogers and Hart (1995). Following the recommendations of
Rogers and Hart (1995), minimum total rare earth oxide (TREO) grade requirements of 0.50%5, or 1% monazite
equivalent, for occurrences and prospects, and half that value6 for a bedrock geochemical anomaly, were selected.

For THREE+Y, severe limits were imposed on concentrations obtained from bulk-rock geochemical data to
establish minimum grade requirements for each category. In most advanced REE projects throughout the world,
where deposits are enriched in THREE+Y, the combined concentration of these metals in resource assessments
varies between ~1000 ppm (e.g., Zeus, Canada; Saucier et al., 2012) and ~4300 ppm (e.g., Lofdal, Namibia;
Siegfried and Hall, 2012). An estimated market value for xenotime of approximately five times that of monazite per
kilogram of mineral was calculated based on current FOB prices (China) for individual REO (>99% purity). For this 
reason, the minimum grade requirement for THREE+Y for occurrences and prospects was set at 1000 ppm, and that
for a bedrock geochemical anomaly at 500 ppm. The simplified categories and their minimum grade requirements
adopted in this report are as follows:

1) bed rock REE geo chem i cal anom aly, where at least one sam ple re turned TREE con cen tra tions of ≥0.25 and
<0.50%, or THREE+Y con cen tra tions of ≥0.05 and <0.10%.
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Figure 2 – Log-log plot of the relationship between U and Th concentrations in REE-bearing mineralization in
Saskatchewan. Data symbols and fields are the same as in Figure 1. The proportion of THREE+Y relative to TREE in the
mineralization generally increases from left to right (with the exception of sandstone-hosted xenotime mineralization, which
contains the highest proportion of THREE+Y. Sc enrichment is also associated with the mineralization showing the highest
U/Th signature. The mineralization types considered and the sources of data used in Figures 1 and 2 can be found in Tables 3 
to 10, and 13.

5  1% monazite equivalent is roughly equivalent to 0.45% TREE, which was rounded off for the purpose of this report to 0.50% TREE.
6  0.25% TREE.



2) REE oc cur rence, where at least one sam ple re turned TREE con cen tra tions of ≥0.50%, or THREE+Y con cen -
tra tions of ≥0.10%.

3) REE pros pect, where at least three drill-hole in ter sec tions meet grade re quire ments for an REE oc cur rence
over a min i mum width of 1 m. For steeply dip ping bod ies, ver ti cal ex ten sion of out crop ping min er al iza tion is
proven to a depth of at least greater than 20 m.

4) de vel oped REE pros pect with out re sources or re serves, where “min er al iza tion is pres ent in three di men sions
as de fined by a de lin ea tion drill/ex plo ra tion pro gram. Min er al iza tion is pres ent for a sig nif i cant dis tance along
strike and down-dip, with nu mer ous in ter sec tions that meet or ex ceed the min i mum grade-width stan dard”
(Rog ers, pers. comm., 2012) of ≥0.50% TREE per metre or ≥0.10% THREE+Y per metre. “Re serve-re source
fig ures have not been pub lished or the pub lished re serves-re sources do not meet the min i mum grade-ton nage
stan dard” (100 000 t at 1.0% REO; Rog ers, pers. comm., 2012).

5) de vel oped REE pros pect with re sources and/or re serves, where “min er al iza tion is pres ent in three di men sions
as de fined by a de lin ea tion drill/ex plo ra tion pro gram. Min er al iza tion is pres ent for a sig nif i cant dis tance along
strike and down-dip, with nu mer ous in ter sec tions that meet or ex ceed the min i mum grade-width stan dard”
(Rog ers, pers. comm., 2012) of ≥0.50% TREE per metre or ≥0.10% THREE+Y per metre. “Pub lished re serves-
re sources meet or ex ceed the min i mum grade-ton nage stan dard” (100 000 t at 1.0% REO; Rog ers, pers. comm., 
2012).

The classification scheme necessarily echoes the REE mineralogy, which may be simple (i.e., the REE are
essentially contained in one mineral) or complex (i.e., two or more minerals contain the bulk of the REE). Data on
REE prospects, occurrences, bedrock geochemical anomalies, and mineral locations in Saskatchewan are presented
in tables and figures in appropriate sections of this report. Although no economic potential has been demonstrated
for mineral locations, the literature still provides valuable descriptions and chemical data that can be used, for
example, for radiometric characterization and reference localities for future dating purposes. Data for the various
classes of mineralization were compiled from the SMDI, exploration and mining company reports (SME assessment 
files, NI 43-101 reports through SEDAR7 or company websites) and corporate news releases, Saskatchewan
Geological Survey reports, and peer-reviewed papers in scientific journals.

Many of the common REE-rich minerals (e.g., monazite, allanite, and xenotime) contain appreciable concentrations
of Th and/or U. Similarly, most U- and Th-rich minerals (e.g., uraninite-thorianite, uraninite, pitchblende, thorite)
contain REE. Consequently, most of the REE mineralization in Saskatchewan was discovered by the examination of 
airborne and ground radiometric anomalies during U exploration. Until recently, however, Th-rich anomalies were
not considered beneficial targets for the discovery of economic U mineralization. Anomalies characterized by
elevated U/Th ratios, generally >1, have systematically been favoured and the potential of Th to predict the
occurrence of REE mineralization was overlooked. Detailed exploration work and REE geochemical analyses made
available in the past decade by exploration companies, however, have revealed that Th-rich occurrences are
generally also rich in REE (most commonly in the LREE) at the margin of Archean inliers in the Wollaston Domain, 
particularly in the Foster lakes (Upper Foster Lake, Middle Foster Lake, and Lower Foster Lake) and Karin Lake
areas (McKeough et al., 2010; McKeough and Lentz, 2011; McKeough et al., 2011a, 2011b; McKeough et al.,
2013; McFarlane and McKeough, 2013b) and the southeastern Fraser Lakes area (McKechnie et al., 2012a, 2012b).

Exploration efforts for REE deposits throughout the world are currently focussed on the search for mineralization
associated with alkaline rocks. Carbonatite-associated mineralization hosts the majority of the LREE resources in
bastnäsite and other LREE carbonates (e.g., Mountain Pass, California; Bear Lodge, Wyoming; Montviel, Quebec;
Sarfartoq, Greenland; Mount Weld, Australia; Wigu Hill, Tanzania; Zandkopsdrift, South Africa). Peralkaline
(alkalinity index (AI) >1), silica-saturated (e.g., Strange Lake, Quebec-Labrador; Bokan Mountain, Alaska) and      
silica-undersaturated (e.g., Ilimaussaq, Greenland; Thor Lake, Northwest Territories; Red Wine, Quebec; Norra
Karr, Sweden) rocks having a variable feldspathoid silica-saturation index (FSSI; Frost and Frost, 2008) contain the
most sought after HREE-rich resources, which are hosted by a wide variety of rare minerals, such as those of the
eudialyte group (Johnsen et al., 2003).

Peralkaline rocks are uncommon in Saskatchewan, only having been reported, albeit as minor occurrences, from
Hoidas Lake (Halpin, 2010). Nepheline-sodalite syenite occurs at Lyle Lake, but the chemistry of the rocks shows a
miaskitic (AI <1) signature (Quirt, 1992). Miaskitic alkaline rocks rarely contain economic REE deposits, although
peralkaline or agpaitic varieties, as well as carbonatites and zones of fenitized wallrock that may contain economic
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7  System for Electronic Document Analysis and Retrieval maintained by Canadian Securities Administrators at
http://www.sedar.com/search/search_form_pc_en.htm (accessed 20 Jan 2014).
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REE concentrations, locally occur associated with them. Large-tonnage, low-grade, low-Th, HREE-enriched, ion-
adsorption clay deposits or other deposits believed to have originated partly from such processes, which can be
mined at low cost, also attract considerable attention (e.g., Grande Vallée property of Orbite Aluminae Inc.,
Gaspésie, Quebec (Doran et al., 2012); Stromberg prospect of TUC Resources Ltd, Northern Territory, Australia).
The REE concentration of large residual clay deposits in Saskatchewan, such as those in the Whitemud Formation,
remains essentially unknown.

Although there has been no commercial REE production to date in Saskatchewan, available data indicate that the
unconformity-related U and sandstone-hosted xenotime deposits show the greatest potential for developing
economic, high-value, HREE-enriched resources. Uraninite in the unconformity-related U deposits of the Athabasca 
Basin can contain up to ~4 wt. % TREE, of which up to 99% is HREE+Y.

LREE-Dominant Mineralization (THREE+Y ≤20% of TREE)

The most significant LREE-dominant mineralization in Saskatchewan is generally characterized by U/Th ratios <1
(chemical and radiometric) and can be further divided into those where monazite is the predominant, or an
important, REE mineral (Tables 2 and 3; Figure 3) and those where allanite and apatite are the predominant REE
minerals (Table 4; Figure 4). Other paragenetic types of LREE-dominant mineralization probably occur, but critical
mineralogical information is lacking for a large proportion of these (Table 5; Figure 5).

Mineralization of simple REE mineralogy, in which monazite is the dominant REE mineral, occurs in close spatial
association with clastic sedimentary rocks that have been metamorphosed to the upper amphibolite or granulite
facies and subjected to some level of partial melting. Mineralization of more complex REE mineralogy, in which
allanite is one of the predominant minerals, is generally hosted by granitoid rocks. Monazite is a common rock-
forming mineral, occurring as a minor to trace constituent in virtually every rock type present in northern
Saskatchewan. Localities where monazite is reported to occur, at least locally, in proportions exceeding 10% by
volume are not numerous and include Alces Lake (SMDI #1283 and #1453; locations 3 to 6, Table 3), Archie Lake
(SMDI #1552; location 21, Table 3), and Oldman River (SMDI #1332; location 7, Table 3) in the Beaverlodge
Domain, and Kulyk Lake in the Wollaston Domain (SMDI #0985; location 74, Table 3). Locations of monazite-
dominant mineralization for which at least one sample analysis returned TREE concentrations >0.25 wt. % are
shown in Figure 3. All monazite locations in Saskatchewan are enriched in Th (Th/TREE averaging ~0.18) and, as
expected, present elevated LaN/YbN

8 signatures (averaging ~275). They usually show low Eu/Eu*9 values (<0.2),
with the exception of the Kulyk Lake occurrence (location 74, Table 3), where values of ~0.6 are calculated from
monazite-rich bulk-rock geochemical data (consistent with SPI Supplies Kulyk Lake electron microprobe monazite
standard AS1240-AB, for which Eu/Eu* is 0.5).

LREE minerals of the monazite group have among the highest contents of REE. They typically contain >50 wt. %
combined REE oxides, have been used as a primary source of REE for nearly 100 years, and their metallurgy is well 
known (Gupta and Krishnamurthy, 2005). Monazite-group minerals comprise five IMA-approved monoclinic
orthophosphate species with the general formula X(P,Si,S)O4, where major cations in IX-fold co-ordinated X sites
(Boatner, 2002) are predominantly the LREE Ce, La, Nd, Pr and Sm (some varieties relatively rich in Eu and Gd
also exist), and Ca and Th. The species include cheralite (CaTh(PO4)2), monazite-(Ce)10, monazite-(La), monazite-
(Nd), and monazite-(Sm). Monazite-(Ce) is by far the most common species (Spear and Pyle, 2002), followed by,
and not necessarily in order, monazite-(La) and monazite-(Nd). Monazite-(Sm) is very rare (Masau et al., 2002).
Concentrations of Y and HREE in monazite depend on temperature, the bulk composition of the system considered,
the presence and composition (substitution exchange vectors; also dependent on T, P, and bulk system composition)
of other phases into which Y and HREE can partition (e.g., garnet, titanite, apatite), and are limited by saturation
with xenotime (Gratz and Heinrich, 1997; Pyle et al., 2001; Mogilevsky, 2007; Spear and Pyle, 2010). An example
of a deposit in which monazite is rich in Y and HREE is the Steenkampskraal deposit in South Africa, where the
mineral contains up to 10 wt. % Gd2O3+Dy2O3+Y2O3 (Andreoli et al., 1994).

Monazite that was formed at elevated temperatures usually contains significant Th. Solid solution can be extensive
at elevated temperatures between the isostructural monazite-group minerals monazite (LREEPO4) and cheralite
(CaTh(PO4)2), and huttonite (ThSiO4), according to the heterovalent exchange reactions LREE3+ + P5+ ↔ Th4+ +
Si4+ and 2LREE3+ ↔ Ca2+ + Th4+ (Linthout, 2007). Considering the monazite-dominant compositions (50 to

Report 264 8 Saskatchewan Ministry of the Economy

8  Normalization values used throughout this report are for C1 chondrite from Anders and Grevesse (1989).
9  Arithmetically calculated throughout this report as EuN/(0.5 × (GdN + SmN)).
10 See Bayliss and Levinson (1988) for notation of REE minerals.
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Table 2 – Abbreviations and chemical formulas of minerals listed in Tables 3 to 6.
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Table 3 – LREE-dominant mineralization in which monazite is the principal REE mineral.
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Table 3 (continued) – LREE-dominant mineralization in which monazite is the principal REE mineral.



100 mol. % REEPO4) in the monazite-huttonite-cheralite series, Th concentrations can theoretically reach up to
~42 wt. % along the monazite-huttonite join. Similar substitutional schemes can be written using U4+ instead of 
Th4+. U is generally present in monazite in much lower concentrations (rarely above 1 wt. %) than Th. Examples of
occurrences where U-rich monazite (>2 wt. % U) is reported include: 1) as a replacement product of U-rich apatite
in a pegmatoid (Ziemann et al., 2005); 2) in some pegmatites (Gramaccioli and Segalstad, 1978); and 3) in
association with U-rich granites (Förster, 1998). Most monazite-rich mineralization in Saskatchewan, however, has
bulk U/Th values between 0.1 and 0.01, mirroring comparatively U-poor monazite compositions. What is
particularly interesting about these examples of monazite-rich mineralization is that virtually each occurs in, or in
proximity to, predominantly clastic metasedimentary rock packages of Paleoproterozoic age lying on top of a
predominantly felsic igneous basement, commonly of Archean age. Examples of this include the Archie Lake, Alces 
Lake, and Oldman River occurrences that are closely associated with the contact between Murmac Bay group
supracrustal rocks and underlying orthogneiss (Normand, 2010a, 2010b, 2011a, 2011b) of uncertain age, and
occurrences in the Foster lakes (McKeough et al., 2010) and Fraser Lakes (McKechnie et al., 2012a, 2012b) areas,
and around the Karin Lake dome, which is cored by Archean basement (Annesley and Madore, 1989).

Monazite solubility in metaluminous to peraluminous granitic melts is quite low (<500 ppm below 850°C; D <1 and 
<8% H2O; equation 1 in Montel, 1993), even lower in melts in which P concentration is buffered by apatite (Tin,
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Figure 3 – Location of LREE-dominant mineralization ((THREE+Y)/TREE ≤20%) in the Precambrian Shield of
Saskatchewan where monazite is the predominant REE mineral. Proterozoic sedimentary rocks of the Athabasca Basin are
shown in light yellow. Areas in purple show the distribution of Archean rocks11 and domains are labelled. Numbers beside
location symbols refer to ‘Location #’ column in Table 3.  Bedrock geology layer merged from 1:250 000 scale Compilation
Bedrock Geology Map Series of the Precambrian Shield area of Saskatchewan.
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Table 4 (continued) – LREE-dominant mineralization in which allanite and apatite are the principal REE minerals.

Table 4 – LREE-dominant mineralization in which allanite and apatite are the principal REE minerals.



2007; Skora and Blundy, 2012). Monazite solubility increases dramatically with increased peralkalinity of the melts
and can reach thousands of parts per million, although elevated F contents may tend to counteract this somewhat
(Tin, 2007), perhaps due to saturation with REE fluorides.

Monazite solubility in hydrothermal fluids at low temperatures (<400°C), even in electrolyte-rich solutions, is also
very low (Williams-Jones et al., 2012). Experimental work by Pourtier et al. (2010) suggested that dissolution of
NdPO4 in excess of 1000 ppm can be achieved in dilute NaCl aqueous solutions at very high temperatures. Much
lower solubility, however, was obtained for CePO4 by Tropper et al. (2011) at similar temperatures and fluid
salinities. Percentage-level dissolution of CePO4 was obtained in NaF-rich fluids from hydrothermal experiments
conducted at 800°C and 1 GPa by Tropper et al. (2013). The NaF concentrations used in their experiments were
very elevated (>2%) and atypical of most natural hydrothermal systems. Naturally occurring NaF, villiaumite, is
encountered only in undersaturated, alkaline agpaitic rocks, commonly in the company of rare, exotic, REE-bearing
carbonates, phosphates, and silicates (e.g., steenstrupine-(Ce)). Villiaumite may occur as disseminations, such as in
lujavrite in the Ilimaussaq Complex (Sørensen, 1997), in large metre-sized lenses in pegmatites and as a late-
forming mineral in ussingitized hyperagpaitic rocks (Sørensen and Larsen, 2001; Yakovenchuk et al., 2003; Pekov
et al., 2005; see also Shchekina et al., 2013).
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Figure 4 – Location of LREE-dominant mineralization ((THREE+Y)/TREE ≤20%) in the Precambrian Shield of
Saskatchewan where allanite and apatite are the predominant REE minerals. Proterozoic sedimentary rocks of the Athabasca 
Basin are shown in light yellow. Areas in grey show the distribution of Archean rocks and domains are labelled. Numbers
beside location symbols refer to ‘Location #’ column in Table 4.
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Table 5 – LREE-dominant mineralization in which REE mineralogy is not specified.
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Table 5 (continued) – LREE-dominant mineralization in which REE mineralogy is not specified.



In general, measured or estimated F concentrations in hydrothermal fluids associated with granitic magmas are well
below 5000 ppm (Banks et al., 1994; McCaig et al., 2000; Penniston-Dorland and Ferry, 2005; Yardley, 2013).
However, exceptionally elevated F concentrations of 0.7 to 4.8%, in addition to 1.5 to 9.7% SO4 and 13.2 to 15.4%
Cl, have been reported to occur in fluid inclusions contained in omphacite and garnet present in Caledonian eclogite
from Norway (Svensen et al., 2001). Potentially, thousands of parts per million monazite could be dissolved in such
F- and SO4-rich fluids, although the effect of saturation levels of REE fluorides or other solid REE phases at
elevated temperatures (>400° to 500°C) would need to be addressed. Destabilization of REE fluoride complexes
would be expected during formation of such F-rich minerals as amphiboles, micas, apatite, and fluorite (e.g.,
granulite- to amphibolite-facies retrograde fluids), leading to precipitation of REE minerals. Sulphate reduction (at T 
>300° to 400°C), which could be accompanied by precipitation of sulphides, might be a possible mechanism for
destabilization of REE-sulphate complexes.

The presence of abundant monazite in biotite-rich metasomatites associated with a syenite intrusion in the Ukraine
was tentatively ascribed by Marchenko and Goncharova (1965) to precipitation following an impoverishment in F
of the altering fluids during biotitization11. Although there are no experimental data for the solubility of monazite in
sulphate- or carbonate-rich brines at elevated pressures and temperatures, theoretical estimations of, and
experimentally determined, association constants for REE-sulphate and REE-carbonate complexes (Wood, 1990;
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Figure 5 – Location of LREE-dominant mineralization ((THREE+Y)/TREE ≤20%) in the Precambrian Shield of
Saskatchewan where REE mineralogy remains largely unknown. Proterozoic sedimentary rocks of the Athabasca Basin are
shown in light yellow. Areas in grey show the distribution of Archean rocks and domains are labelled. Numbers beside
location symbols refer to ‘Location #’ column in Table 5.

11 The biotite was reported to contain 2.3 to 2.4 wt. % F.



Sverjensky et al., 1997; Migdisov et al., 2006, Migdisov and Williams-Jones, 2008) suggest that such complexes
could also be important in mass transport of REE in the deep crust. An evaluation of the effect of saturation levels
for solid REE fluorides, carbonates, and fluoro-carbonates is needed to determine maximum REE concentrations in
the presence of fluoride and carbonate under a wide range of physicochemical conditions.

In systems that are poor in P (and poor in ligands, such as fluoride and, presumably, carbonate that could form
insoluble REE compounds), it is conceivable that REE can achieve considerable solubility (>1000 ppm) at elevated
temperatures, especially when free chloride ions are available in abundance. In such a case, solubility would be
limited by hydrolysis (below saturation levels for REE fluoride, carbonate, and fluoro-carbonate minerals), and
introduction of P in the fluid, or reaction with phosphatic rocks, could lead to massive precipitation of monazite (this 
would be valid for melts as well, where magma mixing or assimilation might be involved).

Similar to monazite, allanite is a common accessory, rock-forming constituent that has been observed in a wide
variety of rock types, including granitic pegmatites, granites, diorites, paragneisses, and granitic and granodioritic
gneisses, of various ages in northern Saskatchewan, especially in the Zemlak Domain (Koster, 1965a, 1965b; de
Zoysa, 1974; Ashton et al., 2005). It occurs in elevated concentrations in one prospect with resources (the JAK
zone, on the northwestern shore of Hoidas Lake) and in at least three REE occurrences in the same general area:
Hoidas Lake South (SMDI #1611), Nisikkatch Lake South (SMDI #1610), and Bear Lake (de Zoysa, 1974;
Normand, 2010a, 2010b). Allanite is reported from a further 18 locations in the SMDI database (Table 6; Figure 6).
However, in the majority of these cases, allanite is reported to be present as a minor to trace constituent in
mineralization in which U is the main commodity or for which information on the proportions of allanite present and 
paragenesis is lacking entirely.

Based on presently available data, it appears that all significant allanite-dominant mineralization occurs in the
Zemlak Domain. By contrast with monazite, locations where allanite occur show no systematic spatial relationship
with metamorphosed sedimentary rocks. In fact, at all major occurrences, allanite-rich mineralization is hosted by
granitoid rocks and apatite is an important ore-forming mineral in the parageneses. This could be explained, in part
and in very generalized terms, by the comparably higher Ca and lower Al chemical potentials (or partial equilibrium 
to higher (aCa2+)3/(aAl3+)2 values) expected to characterize the chemistry of fluids flowing through granitoid rocks
compared to those flowing through clastic sedimentary rocks, and comparatively low temperatures at equivalent
(aCa2+)3/(aAl3+)2 values with respect to monazite stability in metamorphosed silicate rocks that are higher than
greenschist facies (Wing et al., 2003; Janots et al., 2007, 2008; Budzyñ et al., 2011). A comparable general
reasoning, using chemical potential of component oxides, can be applied to melts instead of hydrothermal fluids.
Allanite solubility in water-saturated haplogranitic felsic melts is, similar to monazite, fairly low (Klimm et al.,
2008). Under appropriate ƒO2 conditions (Gieré and Sorensen, 2004), the mineral may saturate with the cooling of
silicic liquids, which can be derived from melting of mafic or sedimentary rocks sufficiently enriched in CaO
(Klimm et al., 2008).

Allanite-subgroup minerals (Armbruster et al., 2006) are members of the epidote group and are isostructural with
epidote and clinozoisite. The structural formula of allanite-subgroup minerals can be written as
(A1A2)(M1M2M3)(Si2O7)(SiO4)O(OH), where REE occupy the largest (A2) sites in XI-fold co-ordination
(Dollase, 1971). The allanite subgroup comprises 18 IMA-approved species, of which allanite-(Ce) is probably the
most common. For simplicity, and in the absence of detailed chemical and crystallographic data, the term allanite is
used in this report to refer to all allanite-subgroup species. Allanite most commonly contains ~15 to 25 wt. % total
REE (rarely approaching 40 wt. %) and may contain minor to major concentrations of Th and U. It generally
contains less than 3 wt. % ThO2, with a maximum of 4.9 wt. % reported by Gieré and Sorensen (2004).
Concentrations of UO2 in allanite are usually much less than 1 wt. % (Ercit, 2002; Gieré and Sorensen, 2004). In
contrast to monazite, allanite is commonly metamict due to its crystal lattice being less flexible to recovery from
radiation damage and much higher annealing temperature (Poitrasson, 2004). By comparison with monazite-
dominant mineralization, radiometrically and chemically measured U/Th values from allanite-dominant
mineralization in Saskatchewan vary between ~1 and <0.001, due to a more complex assemblage of REE-U-Th–
bearing minerals and variability in the proportion of these minerals across mineralized zones.

Experimental data on the dissolution of epidote (Rose, 1991) and monazite (Oelkers and Poitrasson, 2002) suggest
that epidote dissolves at a rate at least one order of magnitude faster under ambient laboratory conditions. Price et al.
(2005) further reported that allanite dissolves much faster than epidote in soils, probably due to its frequent
metamict nature. This has implications in exploration using lake-bottom sediment geochemistry as, based on the
above, lakes that reside on a substrate composed of metasedimentary rocks containing anomalous concentrations of
monazite should be much less responsive to chemically derived REE accumulation than those that overlie magmatic
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Table 6 – REE mineral locations.

Table 6 (continued) – REE mineral locations.



rocks containing more readily soluble REE-bearing minerals such as allanite, U-rich minerals, or apatite. The near
absence of REE anomalies in lakes surrounded by supracrustal metasedimentary rocks in northern Saskatchewan12,
despite the widespread presence of monazite in those rocks, and concentration of anomalies where orthogneiss
predominates may constitute evidence for this. A detailed description of the most significant LREE-dominant
mineralization in Saskatchewan is given below.

Monazite-Dominant Mineralization

Monazite-dominant mineralization almost invariably occurs in or close to upper amphibolite– to granulite-facies
clastic metasedimentary rocks, suggesting that these rocks may have provided the source for the REE. Monazite is
locally the only REE-rich mineral in this mineralization. Minor to trace amounts of retrograde allanite+apatite,
primary allanite, REE carbonates, and xenotime are reported from some locations. Zircon, thorianite, and thorite are
commonly present as major to trace constituents. Apatite is an important mineral associated with monazite and Fe
and Ti oxides in at least one occurrence. The mineralization can be subdivided into three types based on mineral
assemblages and geological setting: 1) mineralization in which monazite is associated with a biotite-rich
paragenesis; 2) mineralization in which monazite is associated with major proportions of ilmenite and minor to trace 
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12 Based on the National Geochemical Reconnaissance (NGR) lake-sediment data for Saskatchewan (Hornbrook and Friske, 1988a,
1988b, 1988c; Friske et al., 1994a, 1994b).

Figure 6 – Rare earth element mineral locations in the Precambrian Shield of Saskatchewan. Proterozoic sedimentary rocks
of the Athabasca Basin are shown in light yellow. Areas in grey show the distribution of Archean rocks and domains are
labelled. Numbers beside location symbols refer to the ‘Location #’ column in Table 6.



biotite; and 3) pegmatite-associated mineralization in which monazite is associated with major proportions of Fe and 
Ti oxides, and apatite.

For the most part — and this is undoubtedly related, in part, to concentration of exploration activity in specific
sectors of the province — the monazite-rich mineralization appears to be clustered in the Beaverlodge and
Wollaston domains. In the Beaverlodge Domain, known LREE-dominant mineralization is closely associated
spatially with the contact between Archean rocks and Paleoproterozoic supracrustal packages consisting of
quartzite, amphibolite, psammite, psammopelite, and pelite that probably belong to the Murmac Bay group.
Similarly, the mineralization occurs in pelitic to psammitic Paleoproterozoic supracrustal rock packages near the
contact with Archean windows in the Wollaston Domain. They are aligned along the axial trace of regional folds,
notably along a 135 km stretch between Way Lake and ‘Pipewrench Lake’ (unofficial name)13, or disseminated near 
the boundary between the Wollaston and Mudjatik domains (Figure 7). The best examples of each monazite-
dominant mineralization type (local presence of >10% monazite) are the Alces Lake and Oldman River occurrences
(type 1), the Archie Lake occurrence (type 2), and the Kulyk Lake occurrence (type 3). A brief description of these
deposits is provided in this section.

Type 1: Mineralization in which Monazite is Associated with Biotite-Rich Parageneses

Radioactive monazite (±xenotime) mineralization associated with biotite-rich segregations in migmatitic gneiss and
granitic to syenitic pegmatites has been recognized in many parts of the world (Schaller, 1933; Davidson, 1956;
Young and Sims, 1961; Evans, 1964; Marchenko and Goncharova, 1965; Nechayev and Kononov, 1965; Haapala et 
al., 1969). In northernmost Saskatchewan, elevated monazite concentrations, up to 20% by volume, in biotite-rich
segregations were reported from a number of locations by Robinson (1955). “Common” monazite was reported by
Ford (1955) from biotite-rich selvages bordering the Jahala Lake pegmatite located in the Glennie Domain.
Mawdsley (1954) previously reported monazite crystals measuring up to 1.3 cm from the same locality but from an
intermediate zone of the pegmatite, not the selvages.

Harper (1987) reported that biotite-rich segregations containing monazite in Saskatchewan occur in pegmatites or
restites in gneisses of high metamorphic grade. More specifically, Harper (1986) noted that relatively quartz-poor
white pegmatites containing biotite-rich segregations with monazite occur in the Nevins Lake–Forsyth Lake area.
McKechnie et al. (2012b) described biotite-rich zones (up to 90% biotite) at the margin of pegmatites (their group B 
pegmatites) in the Fraser Lakes area of the Wollaston Domain that contain 1 to 2% monazite crystals measuring up
to 1.1 mm in diameter. These monazite crystals have chemical ages that predate the emplacement age of the host
pegmatites by >250 m.y., based on chemical ages obtained from electron microprobe analysis of uraninite from a
different set of pegmatites (group B pegmatites in McKechnie et al., 2012b). The monazite chemical ages are older
than the youngest detrital zircons contained in Wollaston Group rocks, and inheritance from the host sedimentary
succession was proposed to explain their origin.

There are considerable variations in textural and structural relationships between monazite associated with biotite-
rich segregations and the hostrock. These relationships are summarized in what follows from the author’s field
observations (Normand, 2010a, 2010b, 2011a, 2011b, 2012, 2013) and literature descriptions. Some biotite-rich
zones (>40% biotite by volume) containing significant concentrations of monazite (>1% by volume, corresponding
to greater than ~0.5% by weight) were observed or described in, or at the contact of, granitic pegmatites. Other
biotite-rich zones occur as layers without apparent association with intrusive rocks but invariably in high-grade
metamorphosed sedimentary rocks. Biotite-monazite–rich zones associated with intrusive rocks range from thin,
discontinuous selvages close to, or at the margin of, variably deformed granitic pegmatites; to extensively developed 
zones where only a few pegmatitic feldspar remnants are observed; to late interstitial masses of small- to medium-
size crystals between large feldspar crystals in pegmatites; to coarse- to fine-grained assemblages filling fractures in
cataclastic breccias affecting pegmatites; to infillings in fracture/shear zones that cut the pegmatites. Pegmatites and
biotite-monazite–rich zones may be parallel to the regionally developed gneissosity or crosscut it, suggesting
formation at different times (and by different processes?) during tectonic evolution of the areas where REE
mineralization occurs. In all cases where monazite (and very rarely xenotime) is present, the modal abundances of
the mineral are correlated with that of biotite, although small proportions also occur in feldspar and other phases. In
this type of mineralization, monazite appears mostly in biotite as anhedral to euhedral, poikiloblastic or embayed,
and inclusion-rich to inclusion-free crystals.
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13 Unofficial settlement and lake names will appear in single quotation marks when first mentioned. The quotation marks will be subsequently
dropped.



Elsewhere in the world, where field relationships are sufficiently clear to attribute an intrusion-associated,
metasomatic origin to the biotite- and monazite-rich mineralization, this mineralization is usually developed in the
form of a selvage at the margins of pegmatites (Korzhinskiy, 1955) or the margin of hydrothermal veins formed
from fluids derived from the crystallization of plutonic rocks (e.g., Schaltegger et al., 2005). In other cases, biotite-
and monazite-rich mineralization occurs in migmatites, and an association with intrusive igneous rocks is not always 
readily apparent.

Four models are generally proposed for the origin of the monazite-rich (>1% monazite by volume) mineralization
that occurs in migmatized gneissic terrains: 1) as mechanical concentrations of detrital material, such as
paleoplacers, later modified during metamorphism (Evans, 1964); 2) as refractory residues left after extensive
anatexis in high-grade metamorphosed clastic sedimentary rocks (Wülser, 2009); 3) as magmatic-metamorphic
and/or hydrothermal-metasomatic (re)concentrations in widely variable geological settings where multiple types of
REE-rich assemblages may be present and monazite-rich mineralization may occur spatially or temporally separated 
from biotite-rich alteration (Young and Sims, 1961; Nechayev and Kononov, 1965; Grauch, 1989, top of p160;
Aleinikoff and Grauch, 1990; Chao et al., 1992; Tao et al., 1996; Gillerman, 2008; Lund et al., 2011;
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Figure 7 – Distribution of REE prospects, occurrences, bedrock geochemical anomalies, and mineral locations in the
southern part of the Wollaston Domain and adjacent Mudjatik Domain and Athabasca Basin. Filled circles correspond to
LREE-dominant mineralization illustrated in Figures 3, 4, and 5. Filled diamonds correspond to the location of intrusion-
associated (shades of red), vein-type (light green), and unconformity-related (shades of yellow) U mineralization enriched in
HREE (discussed in the “Mineralization in which THREE+Y(±Sc) Constitute >20% of the TREE” section; see Figures 12,
13 and 14). The filled square (green) corresponds to the MAW REE zone (discussed in the “Mineralization in which
THREE+Y(±Sc) Constitute >90% of the TREE” section; see Figure 28). Filled symbol sizes and colours are explained in the
captions of the figures. Open, numbered square symbols correspond to locations where samples containing elevated REE
have been reported, but for which only partial data are available (Table 7). The mineralization is concentrated along two
zones that parallel the regional, northeast-striking structural grain. The semitransparent overlay area labelled ‘1’
corresponds to a zone of concentrated REE mineralization that lies approximately along the axial trace of a regional fold
system (thick purple lines) in the Wollaston Domain. A large proportion of the mineralization is distributed along the
perimeter of Archean inliers. The semitransparent overlay area labelled ‘2’ corresponds to a zone of concentrated
mineralization that lies along the boundary between the Wollaston and Mudjatik domains. U and T symbols correspond to U
and Th mineralization in the SMDI database.
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Table 7 – Other locations where partial assay results of interest for REE have been reported.



Razafymahatratra and Montel, 2011); and 4) as magmatic accumulations in intrusive rocks (Hogge et al., 2010)14.
Grauch (1989) advanced the possibility that monazite-rich (La+Ce+Pr+Nd > 100 000 × chondrite) biotite schist
from the Ruby Mountains, Nevada (Snoke et al., 1979) could have originated from phosphorus-rich sediment that
acted as a sink for REE. From North Carolina, Schaller (1933) reported a remarkable example of intrusion-
associated monazite mineralization in a ‘mica’-rich zone. He described a <4.6 m wide pegmatite dyke near
Asheville that had a 0.3 m wide selvage composed of dark green mica in which a layer ranging from 2.5 to >10 cm
thick contained 35% monazite (>2 mm in diameter) in single crystals measuring up to 31.5 cm in diameter and
weighing up to 27 kg.

A model of hydrothermal-metasomatic development of certain biotite-monazite–rich zones observed in migmatized
clastic metasedimentary rocks and white pegmatites of the Beaverlodge and Zemlak domains could involve the
cooling of fluid emanations exsolved from solidifying, regionally distributed, granitic melts previously residing in
the H2O-barrier zone of the crust (Touret and Huizenga, 2011) along decompression/cooling loops of P-T-t paths15.
It is speculated that such fluids may collect and flow preferentially along relatively permeable zones (e.g., contacts
between rock types of contrasting rheology, shear zones) to eventually form alteration zones characterized by large
time-integrated fluid fluxes (e.g., Ferry and Gerdes, 1998; Sassier et al., 2006; Ague, 2011), which can be alleviated 
by the presence of anionic ligands, such as chloride, that promote mass transport of Mg and Fe (Vidale, 1983;
Yardley, 2013). Preliminary calculations with winTWQ (version 2.34; Berman, 1991, 2007), using water properties
from Haar et al. (1984), the hkf81.aqu thermodynamic database for aqueous species16, and the DEC06.DAT
thermodynamic database for solids, in the system KFMASH predict that biotite should be the stable K-silicate phase 
forming along a disequilibrium ((aMg2+)/(aH+)2 kept high) cooling path initiated from K-feldspar+biotite equilibria
above ~575° to 600°C and ~2 to 5 kbars (below these temperatures, K-feldspar would be the stable phase).

To the best of the author’s knowledge, few deposits in the world that fall in this broad category have received
sufficient assessment to provide resource estimates. At Olserum, Sweden, a metamorphosed and metasomatized
psammitic to pelitic sedimentary succession of Precambrian age contains apatite (containing 0.5 to 1.2% TREO)–
monazite–xenotime mineralization associated with biotite–amphibole–iron oxide–rich horizons in quartzite that are
believed to represent a modified placer deposit. Recent development work on the deposit by Tasman Metals Ltd.
provided a drill-defined, NI 43-101–compliant Indicated Resource estimate of 4 500 000 t grading 0.60% TREO
(0.4% cut-off), 34% of which is represented by HREO+Y2O3, including 210 ppm Dy2O3. An NI 43-101–compliant
Inferred Resource estimate of 3 300 000 t grading 0.63% TREO, 34% of which is likewise represented by HREO+
Y2O3, including 220 ppm Dy2O3, was also drill defined (Reed, 2013). Biotite-monazite–rich zones in group B
pegmatites of the Fraser Lakes zone B deposit (McKechnie et al., 2012b) probably contribute a major proportion of
the LREE in the NI 43-101–compliant Inferred REO Resources of the deposit (Armitage and Sexton, 2012).

The most important mineralization in Saskatchewan, in terms of monazite concentration, in which monazite is
associated with a biotite-rich paragenesis are the Alces Lake and Oldman River occurrences, where ≥20% monazite
has been reported locally in zones largely composed of biotite (Robinson, 1955; Normand, 2010a, 2011a). A
detailed description of these two deposits follows.

Alces Lake Monazite Occurrence (SMDI #1283 and #1453; Locations 3 to 6, Table 3 and Figure 3)

The occurrence is located 35 km east-northeast of Uranium City and 2 km south of Alces Lake in the Beaverlodge
Domain. Monazite was first tentatively identified at this location by J.H. Wilson, who described the occurrence in
1954 (SME Assessment File 74N09-0020). Monazite-rich mineralization was exposed in a number of trenches and
reported by Wilson to occur in a north-trending, biotite-rich segregation band in granitic gneiss measuring 1.2 to
1.8 m wide and ~91 m long. Numac Oil and Gas Ltd examined the occurrence in 1966 (SME Assessment File 74N-
09-NE-0077) and reported strong counts in a zone measuring 2.4 m wide and 61 m long, and striking 140° and
dipping 80° in massive biotite-garnet schist. A sample sent for assay returned 2.91% ThO2 (2.56% Th), 0.04% Y2O3

(315 ppm Y; erroneously reported as YO2), 0.046 and 0.03% U3O8 (390 to 254 ppm U), and <15 ppm Sc. Assay
results for REE other than Y and Sc were not reported.

The author visited the occurrence and confirmed the presence of the monazite-rich mineralization described by
Wilson (Normand, 2010a). Mineralization with abundant monazite was observed in an area measuring ~300 m by
50 m in heavily overgrown terrain where bedrock is poorly exposed. In many cases, mineralization was localized
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14 Bruns (2011) suggested the possibility of an origin from fenitization. Could there be a vaugnerite/durbachite affiliation?
15 Assuming all water is not consumed in retrograde reactions.
16 Note that there is no demonstrated internal consistency between the solids and aqueous species databases. Further testing, using other

thermodynamic databases (e.g., Holland and Powell, 1998), is needed.



using a handheld spectrometer and topsoil up to 30 cm thick had to be removed to expose mineralized bedrock.
Monazite-rich zones were observed in quartzite, in interlayered paragneiss and garnet diatexite, and at the contact
with red, coarse-grained, plagioclase-rich, and quartz-poor leucocratic gneiss structurally above the quartzite. A
layer of amphibolite ranging from <90 to 100 m thick is reported to be present (Blake, 1955) in the immediate
vicinity of the mineralization, between the quartzite and other rock types described above. All these rock units have
been subjected to upper amphibolite– to granulite-facies metamorphism and have been affected by four phases of
folding (F1 to F4 of Bethune et al., 2013). Mineralization is located on the eastern limb and close to the hinge of a
truncated, south-plunging (moderate) open fold (Normand, 2010b; Figure 8). The monazite mineralization coincides 
with an airborne radiometric anomaly measuring ~450 m in length. The anomaly is the strongest of the entire
survey, which was part of an airborne multisensor geophysical survey of NTS area 74N, Tazin Lake (joint
Saskatchewan Geological Survey–Geological Survey of Canada effort; Carson et al., 2001). The survey recorded
another anomaly measuring 300 m in length along the same flight line ~1 km to the southeast of, and in structural
continuity with, the Alces Lake occurrence.

Three types of monazite mineralization were identified at the occurrence. Together, these three types form an
ensemble that was recognized over a strike length of 300 m. In the first type, minor monazite is common in biotite-
rich replacement zones that affect deformed pegmatitic granitoids. These pegmatitic granitoids are commonly
creamy-grey in colour, show strong cataclasis, and are quartz poor. The most interesting such style of monazite
mineralization occurs in a quartz-poor, foliation-parallel, tightly spaced group of white pegmatites, measuring
<2.5 m wide and >40 m in strike length, in a thick quartzite unit near its upper contact with garnet diatexite and
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Figure 8 – Geology of the Alces Lake monazite occurrence area (modified after Blake (1955) and Normand (2010a)). Biotite-
monazite–rich mineralization (RA2010-21 to -30) is located on the eastern limb of a fault-truncated synform cored by high-
grade rocks of possible Archean age. The synform is enveloped by a sequence of quartzite, amphibolite, and psammopelitic to
pelitic gneisses believed to correlate with rocks of the Murmac Bay group (Bethune et al., 2013). If so, the outward sequence
of rocks from the axial trace of the synform suggests that the units are overturned. Airborne radiometric equivalent Th (eTh)
recording stations for values >50 are shown by light green–filled symbols. The data were collected as part of an airborne
multisensor geophysical survey of NTS sheet 74N, Tazin Lake (joint Saskatchewan Geological Survey–Geological Survey of
Canada effort; Carson et al., 2001). The highest values of the entire survey coincide with the highly radioactive ground
anomalies.



paragneiss (RA2010-21; Figure 8). The pegmatites are very coarse grained, are composed mainly of alkali feldspar,
contain <10% quartz, and have a colour index of <5. Contacts between pegmatites and quartzite are sharp. Zones of
cataclasis/breccia, comprising a biotite filling rich in monazite crystals measuring <1 mm in diameter, affect
portions of the pegmatites. Bulk-rock analysis of a representative sample of mineralized breccia from that location
returned 0.36 wt. % TREE and 550 ppm Th, equivalent to ~0.7% monazite by weight.

The second type of monazite mineralization consist of layers, measuring <30 cm thick, that show rough asymmetric
mineral zoning at the contact between red, coarse-grained, plagioclase-rich, quartz-poor leucocratic gneiss and
garnet diatexite and paragneiss (RA2010-22, -28, and -29; Figures 8 and 9). The layers tend to be biotite-allanite-
pyrite rich toward the red gneiss contact and garnet rich (~60% garnet, 3 to 4 mm in diameter) toward the paragneiss 
contact. Layers or lenses composed of 80 to 95 vol. % monazite and measuring 1.0 to 2.5 cm in thickness occupy an 
intermediate position. Triple-grain junctions at 120° to one another are common between the monazite crystals that
show evidence of grain reduction (mean grain size 0.36 mm, n = 102; compare with third type below; zoning in
single crystals commonly truncated and abutting crystal edges). Late, retrograde chlorite replaces both biotite and
garnet, and allanite rims monazite. The monazite is of the Ce-dominant variety and contains <1 wt. % of each of Si
and Ca (i.e., low proportions of the huttonite and cheralite components in solid solution), <0.47 wt. % Gd, and an
average of 0.25 wt. % Y, 7.24 wt. % Th, 0.34 wt. % U, and 0.52 wt. % F (n = 20; Normand, unpublished
wavelength-dispersive electron microprobe analysis). Bulk-rock geochemical analysis of a sample that represents
the full width (~12 cm) of a contact zone layer at anomaly RA2010-22 (Figure 9) returned 17.6 wt. % TREE
(Table 3) and 2.4 wt. % Th, equivalent to ~33% monazite by weight.

The third and most important type of monazite mineralization, in terms of width and concentration of monazite, is
located in biotite-rich layers, up to 2 m wide, exposed in two old rock trenches (RA2010-25 and -30; Figure 9),
27 m apart on the western side of a narrow valley that corresponds to a SPOT satellite-image lineament. The area is
heavily covered by bush and poorly exposed, and only hangingwall contacts of the mineralization with paragneiss
are visible. These contacts parallel the regional gneissosity. The bottom parts of the trenches are filled with blocks
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Figure 9 – Detailed geology of the outlined area on Figure 8. See text for discussion.



of blasted, mineralized, biotite-rich rock measuring up to 1 m in diameter. Radioactivity is very high in the trenches, 
and >20 000 total counts per second were recorded by an RS-230 spectrometer held at waist level while standing up. 
By visual inspection in situ and polished thin-section examination, the biotite-rich, chlorite-altered material was
estimated to contain an average of 15 to 20 vol. % orange, subhedral to euhedral crystals measuring 0.1 to 1.8 mm in 
diameter (mean 0.58 mm; median 0.53 mm; n = 100). Variably chloritized biotite is typically present in proportions
varying between 40 and 60 vol. % of the mineralized rock, and decreases locally where monazite is abundant.
Coarse-grained, altered feldspars represent between 15 and 20 vol. % of the rock. Fe and Ti oxides, epidote-allanite, 
and zircon occur in minor to trace proportions. The composition of monazite in this type of mineralization is similar
to that of the previous Ce-dominant variety, containing <1 wt. % of each of Si and Ca, <0.57 wt. % Gd, and
averaging 0.28 wt. % Y, 7.07 wt. % Th, 0.35 wt. % U, and 0.51 wt. % F (n = 84; Normand, unpublished
wavelength-dispersive electron microprobe analysis). Chemical analyses were obtained for two samples from the
trenches. Concentrations of 13 and 29 wt. % TREE, and 1.8 and 3.5 wt. % Th (equivalent to 26 and 53% monazite
by weight) were obtained from anomalies RA2010-25 and RA2010-30, respectively. Bulk-rock analyses of samples
of types 2 and 3 monazite mineralization show strong negative Eu anomalies (Eu/Eu* of 0.04) and elevated
LaN/YbN values (914 to 1498; Table 3). Heavy rare earth elements and Y represent <3% of the TREE in all samples
analyzed, and Th/TREE ratios vary between 0.12 and 0.15 (Table 3).

Monazite shows strong evidence of alteration by fluids during late deformation events. Allanite, an unidentified
REE carbonate, and unidentified Th and U silicates, galena, thorianite, and uraninite were all observed as
replacement products of monazite at Alces Lake using scanning electron microscopy aided by energy-dispersive X-
ray analysis. Such replacement is usually interpreted to result from a dissolution-(re)precipitation process (Cherniak
et al., 2004; Hetherington and Harlov, 2008; Putnis, 2009). This fluid-assisted recrystallization process was
accompanied by Pb loss, similar to that shown for monazite at other localities in the world (Teufel and Heinrich,
1997; Ayers et al., 1999; Crowley and Ghent, 1999), and is illustrated by calculated chemical ages that decrease
sympathetically with decreased Pb contents, from 2120 Ma (8015 ppm) to 63 Ma (150 ppm). Remobilization
appears to have occurred at a local scale, however, such that the bulk chemical and, by inference, radiometric U/Th
signature of the occurrence was probably not modified significantly.

Although structural and textural evidence suggest a metasomatic-hydrothermal origin for type 1 monazite
mineralization (and the associated biotite), the origin of types 2 and 3 monazite mineralization is less evident. Field
relationships indicate that types 2 and 3 monazite mineralization are coeval and were formed, or deformed, during
high-grade metamorphic events related to D1 and/or D2 in the Beaverlodge Domain. Normand (2010a) tentatively
interpreted type 3 monazite mineralization to represent modified restitic material, largely based on textural
relationships involving zircon. The concentration mechanism of monazite in type 2 mineralization is unknown.
Concentration in a residue by anatexis in situ would require the protolith to have been exceptionally rich in
monazite. Neglecting solubility and physical entrainment of monazite in the separated, rising melt, simplistic
calculations show that, for extreme melting of up to 95% accompanied by 100% effective extraction of the liquid,
>1 vol. % monazite would have to have been originally present in the protolith of type 2 or type 3 mineralization.
Rare layers in some modern placers thought to have been enriched by tidal currents and storm-wave action are
reported to have contained locally >30 and up to 90 vol. % monazite (Overstreet, 1967). Those local occurrences,
however, are invariably situated within larger placer districts where ilmenite and other Fe and Ti oxides are vastly
more abundant than monazite. The author is not aware of any report of ilmenite- or iron oxide–rich rocks, or
extensively occurring metamorphic-equivalent silicate-facies iron formations, in the vicinity of the biotite-monazite–
rich occurrences discussed here.

The position of the mineralization immediately below a perceived interface, probably an unconformity, between
basal Murmac Bay group quartzite-amphibolite and underlying, potentially much older rocks, raises the possibility
that pre-enrichment in monazite of these older rocks may have resulted from eluvial accumulation on saprolitic
bedrock or colluvium deposits developed on comparatively Fe-Ti-oxide– and xenotime-poor bedrock. The strong
negative Eu anomalies shown in bulk-rock analyses of monazite-rich samples and elevated Th concentrations shown 
in electron microprobe analyses of the monazite preclude a low-temperature, diagenetic/authigenic (Rosenblum and
Mosier, 1983; Cabella et al., 2001; Schandl and Gorton, 2004) origin for the monazite. Isotopic dating of U-bearing
minerals (e.g., zircon and monazite) in barren hostrock and mineralized zones should help to shed light on the origin 
of the monazite in the three types of mineralization.

Oldman River Monazite Occurrence (SMDI #1332; Location 7, Table 3 and Figure 3)

The occurrence is located 6.63 km south-southwest of the Alces Lake monazite occurrence, on the north and south
banks of the Oldman River between Forget and MacRae lakes. Robinson (1955) reported up to 20% monazite
crystals measuring between 0.2 and 1 mm in diameter from the locality, hosted by a band of massive, coarse-grained 
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biotite gneiss locally containing knots or phenocrysts of microcline and quartz, and suggested that this band may
represent a segregation associated with granitic pegmatite. Results of a partial analysis of the monazite provided by
Robinson (1955) include 5.4% Th, 0.263% U, and 0.5% Pb. Massive pyrite was also reported to occur interstitially
to the monazite and biotite. No recent age data are available for the mineralization. Robinson (1955) reported a 2220 
Ma 207Pb/206Pb age for a monazite concentrate from the occurrence, and much younger 207Pb/235U and 206Pb/238U
ages (1780 and 1450 Ma, respectively). Using the partial analysis data reported above, the author has calculated a
chemical age of 1730 Ma.

Mapping in the area in 2010 (Normand, 2010a, 2010b) revealed that the mineralization is confined to strongly
migmatized psammitic gneiss mixed with various generations of granitic rocks, including pegmatites. Mineralization 
was found to be highly localized and scattered over a strike length estimated at between 400 and 500 m immediately 
above (current structural position) an ~40 m thick layer of amphibolite, and ~150 m from the contact with Murmac
Bay group quartzite (Figure 10). The mineralized biotite-rich layers at this locality are generally <10 cm, and rarely
~30 cm, in thickness.

Mineralization at this occurrence shares similar structural and textural characteristics with those observed at
anomaly RA2012-39, located near the southern shore of Nevins Lake (Normand, 2012, 2013). At both locations, the 
monazite-bearing, biotite-rich zones crosscut white pegmatites that were emplaced immediately following, or
postdate by an unknown amount of time, an early, composite, S1-S2 gneissosity developed during D1-D2 events
correlated with the 1940 to 1930 Ma Taltson orogeny (Bethune et al., 2013). The presence of an S4 fabric that
crosscuts the monazite-bearing, biotite-rich zones indicates that their formation predates the 1910 to 1900 Ma
Snowbird D4 event (D4 of Bethune et al., 2013).

Most biotite-monazite–rich mineralization in the Beaverlodge and Zemlak domains occurs within 300 m, and as
close as a few metres but rarely in, amphibolite near mixed amphibolite-quartzite layers that form the base of the
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Figure 10 – Geological setting of the Oldman River monazite occurrence. In contrast to the Alces Lake occurrence, biotite-
monazite–rich mineralization is hosted by strongly migmatized Murmac Bay group psammopelitic gneiss structurally above a
generally south-dipping, 40 m thick amphibolite layer and ~150 m from the contact with quartzite.



Murmac Bay group supracrustal rocks. Rich monazite mineralization in euhedral crystals measuring up to 7 mm in
diameter is known to occur in biotite segregations within white pegmatites that cut amphibolite at location 22
(Table 3, Figure 3) near the north end of Schaffer Lake (Normand, 2011a, 2011b) and “showing” 50-TT-62 of
Goldfields Uranium Mines Ltd. (Robinson, 1955; location 164, Table 6 and Figure 6).

Type 2: Mineralization in which Monazite is Associated with an Ilmenite (±Fe Oxide)–Rich Paragenesis

Mineralization of this type is apparently very rare in Saskatchewan, and only two are known to exist. In one, the
Kulyk Lake monazite occurrence, apatite forms an important part of the mineralization and is hosted by a granitic
pegmatite. A description of this deposit follows in the “Type 3: Pegmatite-Associated Mineralization in which
Monazite is Associated with Fe and Ti Oxides and Apatite” section. The other deposit, known as the Trans Canada
REE-U zone no. 2 or Archie Lake REE showing in the Saskatchewan Geological Survey SMDI database, contains
only minor to trace amounts of apatite and is thought to represent a syngenetic accumulation of detrital monazite, or
paleoplacer (SME Assessment Files 74O05-NW-0038, -0046, -0053, and -0059; Harper, 1986, 1987; Smith and
Cathro, 2010).

Archie Lake Monazite Occurrence (SMDI #1552; Location 21, Table 3 and Figure 3)

The Archie Lake occurrence is considered to represent one of the largest potential monazite resources in
Saskatchewan, and has recently been evaluated by Niocorp Developments Ltd. (formerly Quantum Rare Earth
Developments Corp). The deposit is located 110 km west-northwest of Stony Rapids, 50 km east-southeast of
Uranium City, and 1.6 km northeast of Archie Lake in the Beaverlodge Domain. It was discovered during U
prospecting in the Archie Lake area between 1968 and 1970, following ground verification of airborne radiometric
anomalies (SMDI #1552). High-grade monazite mineralization in the deposit was reported from a horizon
measuring up to 5 m in width, oriented parallel to the regional structural grain and traced for 600 m along strike
(Harper, 1983, 1986).

Historical trenching and sampling of the mineralized horizon yielded 0.1% to 15.7% TREO, very low U3O8 and
high Th values (SME Assessment Files 74O05-0038, -0046, -0053, and -0059). More recently, values up to
29.3 wt. % TREE were obtained from chip samples collected from old trenches on the deposit (Smith and Cathro,
2010), consistent with reports of monazite concentrations locally reaching 50 vol. % (Harper, 1983). In September
2010, Quantum Rare Earth Developments Corp. (now Niocorp Developments Ltd.) announced the mobilization of
field crews for a fall 2011 drill program at the deposit. The results of this work had not been released prior to the
writing of this report (Quantum Rare Earth Developments Corp., 2011).

The geology of the Archie Lake area was described most recently by Harper (1983, 1986) and Normand (2011a,
2011b). The Archie Lake occurrence is located at the western edge of the Eastern Plutonic complex of Ashton et al.
(2006b) which is of probable Archean age, near the possibly fault-bounded (Ashton et al., 2007a, Figure 2) contact
with psammopelitic gneiss that likely belongs to the Murmac Bay group of Paleoproterozoic supracrustal rocks
(Ashton et al., 2007a). In the area of Nevins Lake, Normand (2013) proposed that Murmac Bay group rocks
represent an overturned limb of a pre-D4 fold and lie in fault contact to the east with the Eastern Plutonic complex.

Two rock units that correlate with the Eastern Plutonic complex of Ashton et al. (2006b) were described by Harper
(1983, 1986) in the area of the Archie Lake deposit. They consist of garnet-feldspar gneiss (Harper’s unit Fa) and
hypersthene-feldspar gneiss (Harper’s unit Fd). These units are probably equivalent to garnet-pyroxene granite (unit
Egg) and pyroxene granite (Egp), respectively, that Ashton et al. (2006a) documented farther south. Both Harper
(1983, 1986) and Ashton et al. (2006b) suggested an igneous origin (volcanic for Harper, 1986, and intrusive for
Ashton et al., 2006b) for the pyroxene-feldspar rocks and recognized that the more garnet-rich rocks, locally
interlayered with rusty, cordierite-, sillimanite-, and graphite-bearing rocks, represent transitional rocks that may
have formed from the mixing, through tectonic or other processes, of metasedimentary and igneous rocks.
Cordierite, sillimanite, and graphite were not observed in 22 polished thin sections cut from 15 samples of the gneiss 
that host mineralization (Normand, unpublished data, 2012). This, however, would not be incompatible with a
psammitic origin for the gneiss. A light grey, medium-grained, locally quartz-rich and garnetiferous granitic gneiss
layer measuring ~65 m thick is present immediately to the west of the deposit, between the orthopyroxene+garnet
feldspathic gneiss and the garnet-biotite-sillimanite-graphite psammopelitic gneiss farther west. Small lenses, <5 m
thick, of this granitic gneiss are also present in orthopyroxene+garnet feldspathic gneiss in the area of the deposit. A
red, medium- to coarse-grained, quartz-poor leucogranitoid rock is closely associated with, and cuts and
incorporates fragments of, mineralized rock. It is not known if any relationship exists between this rock unit and
similar brick red, quartz-poor, and feldspar-rich rocks present at the Alces Lake monazite occurrence.
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Three phases of deformation that affected rocks in the Eastern Plutonic complex were recognized by Harper (1986).
Evidence for the imprint of all three was observed in mineralized rock by Normand (2011a, 2011b). It is unclear,
due to a lack of absolute age relationships, if first generation, east-striking isoclinal F1 folds correlate with F1-F2

folds recognized to the west of the area (Bethune et al., 2013). The second-generation, upright, northwest-trending
axes and third-generation, upright, northeast-striking folds of Harper (1986), however, can be associated with the
1.93 to 1.94 Ga Taltson D3 and 1.90 to 1.91 Ga Snowbird D4 events of Bethune et al. (2013).

Based on the association of monazite with abundant ilmenite and zircon (Harper, pers. comm., 2011) and the
stratabound nature of the mineralization, Harper (1983, 1986, 1987) proposed a syngenetic origin for the deposit.
Heaman et al. (1999) suggested that an upper intercept U-Pb age of 2574 ±47 Ma obtained on discordant monazite
from the deposit represents the original age of detrital monazite derived from erosion of Archean rocks. This age is
significantly greater than the oldest age reported for the Murmac Bay group (2330 Ma; Ashton et al., 2013), which,
according to Normand (2011a, 2011b), occurs within 70 m to the west of the deposit. Unfortunately, no other U-Pb
ages of any kind are available for rocks in the Eastern Plutonic complex. Within reported analytical uncertainties,
the Archie Lake upper-intercept monazite age is indistinguishable from that of shielded monazite inclusions in
garnet from an Archean diatexitic semipelite sampled 20 km east-southeast of the Archie Lake deposit (Bethune et
al., 2013), in the west-central plutonic rocks of Ashton et al. (2006b). Bethune et al. (2013) suggested an Archean
metamorphic origin for this monazite that yielded a U-Pb SHRIMP age of 2566 ±8 Ma.

Mineralization at Archie Lake is relatively simple. The only REE mineral identified through preliminary
examination of polished thin sections of the mineralization is monazite. Two broad types of monazite were
recognized: 1) up to ~50 vol. % yellow-green, rounded crystals, measuring <600 µm in diameter, in semimassive
lenses with variable proportions of ilmenite (up to 75 to 80 vol. % in some lenses, averaging 1 mm in diameter),
zircon (<1 vol. %), and garnet in orthopyroxene+garnet+amphibole+biotite feldspar gneiss; and 2) red-brown,
coarser crystals, measuring <1 mm, in biotite-rich fissure fillings associated with the red, quartz-poor, massive
leucogranitoid rock. Based on bulk-rock geochemical data provided in Smith and Cathro (2010), the monazite
mineralization at Archie Lake has similar negative Eu anomalies (Eu/Eu* of 0.07), but is depleted in U (U/Th of
~0.006) and HREE ((THREE+Y)/TREE = 0.6 to 1.0%) compared to monazite from biotite-rich mineralization
elsewhere in the Beaverlodge and Zemlak domains.

Type 3: Pegmatite-Associated Mineralization in which Monazite is Associated with Fe and Ti Oxides and
Apatite

Only one occurrence of this type is known to occur in the province: the Kulyk Lake monazite occurrence. The
mineralization is not only unique to Saskatchewan, but appears to be unique globally for its mineralogy, its
proportion of minerals, and its geological setting among Fe- and/or Fe-Ti oxide– and apatite-rich, intrusion-related
or hydrothermal mineralization (e.g., IOCG (or IOCG-like) deposits and nelsonites). The REE in these deposits are
commonly contained in apatite and, where present, monazite usually occurs as fine inclusions in apatite and rarely
(e.g., Thor claim, Nevada; Garside, 1973) represents greater than a few modal percent of parageneses. Nelsonites
are invariably associated with anorthosite and related rocks.

Kulyk Lake Monazite Occurrence (SMDI #0985; Location 74, Table 3 and Figure 3)

The occurrence was discovered in the Foster lakes area in the late 1960s by International Nuclear Corporation (SME 
Assessment Files 74A12-0005 and -0006) during U exploratory work. It is located on the eastern side of Kulyk
Lake, about 122 km north-northwest of Missinipe and 65 km south of the Key Lake mine, in the Wollaston Domain.

According to Watkinson and Mainwaring (1976), and confirmed by McKeough et al. (2010, 2011a, 2011b) and
McKeough and Lentz (2011), the occurrence consists of a small (<5 cm wide and 15 m long) vein/dyke with aplitic
margins emplaced near the centre of an undeformed, <4 m wide, K-feldspar– and quartz-rich granitic pegmatite. The 
pegmatite intrudes calc-silicate paragneiss (McKeough et al., 2011a, 2011b; McFarlane and McKeough, 2013b) of
the Wollaston Supergroup (Yeo and Delaney, 2007), which forms part of the westernmost Trans-Hudsonian, 1.86 to 
1.76 Ga fold belt (Annesley et al., 2005; Yeo and Delaney, 2007; Schneider et al., 2007).

The mineralogical composition of the phosphate-rich vein/dyke, provided by McKeough et al. (2011b) and
McFarlane and McKeough (2013b), includes >50% subhedral to euhedral monazite (measuring 0.5 to 3 mm and
averaging 2 mm, in diameter; Watkinson and Mainwaring, 1976), 30% apatite, 15% Fe-Ti oxides, <1% zircon, and
trace feldspar. Quartz is absent. The ThO2 concentrations in monazite, determined by electron microprobe analysis
and reported by Watkinson and Mainwaring (1976), vary between 3.7 and 5.1 wt. %. McKeough et al. (2011b)
reported 3 to 7 wt. % ThO2. The SPI electron microprobe monazite standard AS1240-AB (SPI Supplies®, 2014)
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from the locality is reported to contain 3.17 wt. % ThO2 and <1.1 wt. % THREE+Y, but is enriched in Eu
(1000 ppm) and shows a relatively small, negative Eu anomaly (Eu/Eu* = 0.46). Four bulk-sample analyses from
the vein/dyke (SME Assessment File 74A11-0053) contain 7 to 22 wt. % TREE and present similar elevated Eu/Eu* 
values of 0.58 to 0.61 that are by far the highest among monazite-rich occurrences for which REE data are available
in the province (Table 3). McFarlane and McKeough (2013b) reported lower Eu/Eu* values of 0.24 to 0.26.
McKeough et al. (2011a, 2011b) suggested that the vein/dyke formed at a temperature between 750° and 850°C,
based on quartz/mineral ä18O fractionation thermometry. A temperature estimate of >850°C was reported by
McFarlane and McKeough (2013b).

McKeough et al. (2011b) and McFarlane and McKeough (2013b) have shown that the monazite in the phosphate-
rich vein/dyke is zoned with partially resorbed As-V–rich domains, dated at >1875 Ma, interpreted to represent
possible authigenic monazite that grew in a metalliferous, pelitic sedimentary protolith of the basal Wollaston
Supergroup (McFarlane and McKeough, 2013a, 2013b). McFarlane and McKeough (2013b) described a younger,
ca. 1830 Ma overgrowth similar to monazite in the aplitic margin of the vein/dyke that they interpreted to have
formed during emplacement. The proportion of older, inherited cores to that of overgrowth in the phosphate-rich
vein/dyke was reported to be <20% by McFarlane and McKeough (2013b), suggesting that most of the monazite
crystallized from a fluid (or melt). They reported Th concentrations in monazite, determined by laser-ablation
inductively coupled plasma–mass spectrometry (LA-ICP-MS), of 2.2 to 4.4 wt. % (2.5 to 5.0 wt. % ThO2) in core
zones and 2.3 to 4.0 wt. % (2.6 to 4.6 wt. % ThO2) in overgrowths.

The chemistry of monazite of authigenic origin, including the so-called grey monazites, was studied in detail by
Rosenblum and Mosier (1983). Although their study confirmed systematically the long-recognized Eu-rich nature of 
those monazites, the vast majority of analyses presented in their study show ThO2 concentrations below 1 wt. %,
with a maximum value of 3.2 wt. %. An authigenic origin for older monazite cores at Kulyk Lake would make them
exceptionally rich in Th compared to other localities (Cabella et al., 2001) and merits further study.

The potential for discovery of large, economic, vein/dyke, Eu-rich monazite REE deposits in this area or beyond has 
yet to be demonstrated.

Allanite (±Apatite)–Dominant Mineralization (Saskatchewan Mineral Deposit Model A-2217)

The most important allanite-rich mineralization includes allanite (±apatite)–dominant vein/dykes of alkaline affinity
in the Hoidas Lake–Nisikkatch Lake area (Hogarth, 1957; Harvey et al., 2002; Gunning and Card, 2005; Normand
and McEwan, 2009; Normand et al., 2009; Halpin 2010), and near ‘Bear Lake’ (unofficial name; Normand, 2010a,
2010b). They are located in the Zemlak Domain along a 40 km long corridor in hornblende orthogneiss (map unit
Zgh in Ashton, 2009) that consist predominantly of 2.3 Ga granitoids and minor Archean granitoids injected by
1.9 Ga leucogranite. The corridor lies within 4 km of the Black Bay fault in the Hoidas Lake area and the transition
to predominantly granodioritic to granitic gneiss (units Zghm and Zqf in Ashton, 2009; combination of 2.6 Ga and
Arrowsmith granitoids) at its southernmost extremity (Figure 11). This narrow corridor is also characterized by the
presence of abundant mafic dykes (Normand et al., 2009) and mylonites, which suggest the presence of a deep-
reaching structure that favoured intrusion and circulation of fertile, possibly mantle-derived melts and fluids.
Although Koster (1965b) mentioned the existence of allanite showings extending as far north as Norwest Lake,
5 km northeast of Hoidas Lake, no reference was found to corroborate their location (SMDI #1614). Attempts to
locate vein/dyke–type allanite occurrences at Norwest Lake during mapping in the area (Normand, 2010a, 2010b)
were unsuccessful.

The potential for the discovery of economic allanite-rich deposits elsewhere in the province, and not necessarily of
the same nature as those in the Hoidas Lake area, is difficult to evaluate due to a lack of detailed information on the
mineralogy and geochemistry of the deposits where the mineral has been reported. Deposits that appear to be most
interesting include: 1) the Ox Lake allanite showing (SMDI #1145; location 172, Table 6 and Figure 6), where
allanite is reported to occur in a series of small shear zones, traced over a strike length of 243.8 m, that crosscut a
second generation pegmatite dyke in Wollaston Group conglomerates; and 2) the PIX U-Cu±Mo showing (SMDI
#0798; location 181, Table 6 and Figure 6), where allanite is reported to occur with radioactive minerals,
chalcopyrite, pyrite, and molybdenite in north-striking, shallow-dipping lenticular veins. The mineralization occurs
within the contact zone between graphitic biotite schist and granitic intrusive rocks. The veins are reported to
measure up to 5.1 cm in width and 3.0 m in length, and are spaced 0.3 m apart. Sample assays of up to 0.27 wt. %
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U3O8 have been reported. A detailed description of the most significant occurrences in the Hoidas Lake–Nisikkatch
Lake and Bear Lake areas is provided below.

Hoidas Lake–Nisikkatch Lake Alkaline Vein/Dykes (SMDI #1610, #1611, and #1612)

An uncommon type of allanite- and apatite-rich REE mineralization is located in an underexplored area between
Hoidas Lake and Nisikkatch Lake near the extreme northwestern corner of Saskatchewan (locations 75, 76, and 77;
Table 4 and Figures 4 and 11). The main REE-bearing occurrence at Hoidas Lake, the JAK zone, was discovered in
1950 by J. Lane, who was prospecting for U. Hogarth (1957) examined the allanite occurrences of the area shortly
after their discovery and provided the first description of the mineral paragenesis. Following this, the REE
mineralization received only sporadic attention until 1996, when Daren Resources Ltd. staked the JAK zone. Great
Western Gold Corp. optioned the property from Daren Resources in 1999 after encouraging metallurgical tests of
the REE mineralization were obtained. The JAK zone and other known REE-mineralized showings in the area have
since been examined by Great Western Gold Corp., later renamed Great Western Minerals Group Ltd. (GWMG).
The JAK zone, located on the northwest shore of Hoidas Lake, was traced over a strike length of approximately
750 m. Extensive drilling was completed on this zone between 2001 and 2008 by GWMG. A NI 43-101–compliant
Resource estimate by Barr Engineering Company, released by GWMG on November 20, 2009 (Barr Engineering
Company, 2009), established combined Measured and Indicated Resources of 2 560 835 t grading 2.027% TREE at
a 1.5% cut-off grade for the JAK zone. Mineralization is reported to remain open at depth and along strike.
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Figure 11 – Simplified geology of the area of the Hoidas Lake and Bear Lake allanite-apatite vein/dyke mineralization. It is
generally held that mineralization at Hoidas Lake is late and related to the Black Bay fault. Examination of the map shown
here, however, suggests that control on the distribution of the deposits is along the transition between terrains composed
predominantly of hornblende orthogneisses (unit Zgh) and those composed predominantly of granodioritic to granitic
gneisses (units Zghm and Zqf) and containing rocks of the Murmac Bay group. Abundant mafic dykes of various relative
ages and compositions (thin solid blue lines within a thick dashed blue envelope) also follow this transition zone instead of the 
Black Bay fault. Recent U-Pb dating of centimetre-size zircon crystals from the JAK zone and titanite from the Bear Lake
occurrence support this view. See text for a discussion of implications from radiometric-dating results.



The REE are hosted by vein/dykes in tonalitic to granodioritic gneisses, which have possible equivalents in the area
of Ena Lake dated at 2.32 to 2.33 Ga by Ashton et al. (2007b), and amphibolites of the Zemlak Domain. Most rocks
show upper amphibolite–facies metamorphic mineral assemblages, although orthopyroxene-bearing granodioritic
gneisses are preserved on the northeastern side of Oshowy Lake, suggesting that granulite-facies metamorphism
may have prevailed at least locally. Granulite-facies metamorphism may have been more widespread in the area
prior to retrograde amphibolite-facies replacement by hornblende and biotite. Rocks in the area show evidence for
four phases of deformation (Harvey et al., 2002; Gunning and Card, 2005; Normand and McEwan, 2009; Normand
et al., 2009; Normand, 2010a, 2010b), hereafter designated D1, D2, D3, and D4. Ashton et al. (2009) provided a
synthesis of the timing of deformation events that affected the Beaverlodge and Zemlak domains. The earlier fabric
is a pervasive, composite S1-S2 gneissosity that rarely shows F2 folds. The S3 fabric is heterogeneously developed,
varying from imperceptible to the eye on bedrock exposures to a predominant, commonly mylonitic, northeast-
striking foliation. Peak, upper amphibolite–grade metamorphism in the Ena Lake and Uranium City areas is
attributed to D1-D2 and was accompanied by widespread emplacement of leucogranites at 1940 to 1920 Ma (Ashton
et al., 2005; Ashton et al., 2007b; Ashton et al., 2009). Deformation during this time has been attributed to the
Taltson orogen (Ashton et al., 2009). Ashton et al. (2009) reported D3 (1910 to 1900 Ma) to be coincident with
deformation associated with the Snowbird tectonic zone, and D4 (1830 to 1820 Ma or younger) to be coeval with the 
Trans-Hudson Orogen.

The REE mineralization of the Hoidas Lake–Nisikkatch Lake area was interpreted by Harvey et al. (2002) to have
been the result of metasomatism/metamorphism of a pyroxene-rich ultramafic to lamprophyric vein/dyke system. It
was interpreted to have an alkaline igneous affinity by Gunning and Card (2005) and Halpin (2010). Individual
vein/dykes have been traced on surface over a strike length of 425 m, are up to 15 m in thickness, and have been
tectonically reactivated (Wardrop Engineering Inc., 2006; Halpin and Ansdell, 2008). They are zoned and comprise
apatite-dominant sections that are slightly enriched in the HREE, including Y, and LREE-rich sections composed
predominantly of silicates, including allanite, Ba-rich alkali feldspar, and Ca-rich clinopyroxene (Halpin, 2010).
Four generations of apatite have been recognized, all of which typically are brecciated (Halpin and Ansdell, 2008;
Halpin 2010). Monazite is present as an accessory mineral and, according to Halpin (2010), is mainly secondary in
nature, most commonly replacing the earliest generation of apatite. Primary monazite is reported to be rare.
Vein/dykes with sections composed of calcite, barite, quartz, and apatite were also reported by Hogarth (1957). The
carbonate-rich portion of the dykes was interpreted to be hydrothermal in origin by Hogarth (1957). The deposit was 
classified by Woolley and Kjarsgaard (2008) as carbohydrothermal type. This particular association of silicate-,
phosphate-, and carbonate-rich assemblages is uncommon. Allanite-, apatite-, and Ba-feldspar–rich mineralization,
in part similar to that of the Hoidas Lake–Nisikkatch Lake area, occurs near Kasipatnam, India (Choudhuri and
Banerji, 1976; Rao, 1976), in the Nolan’s Bore deposit in Australia (Maas et al., 2009; Huston et al., 2011), and at
Korsnäs, Finland (Papunen and Lindsjö, 1972; Frietsch et al., 1979).

The REE-mineralized occurrences of the Hoidas Lake–Nisikkatch Lake area are concentrated along the Hoidas-
Nisikkatch fault (Harvey et al., 2002), which is located at the transition between a relatively low-strain region west
of Hoidas and Nisikkatch lakes, and a high-strain zone characterized by discrete, strongly mylonitized to
ultramylonitized zones, less than 50 m thick, that alternate eastward up to the Black Bay fault. The REE vein/dykes
are hosted by granitoid rocks at the Hoidas Lake showings (locations 75 and 76, Table 4) and by gabbro at the
Nisikkatch Lake occurrence (location 77, Table 4). At most locations, the vein/dykes appear unaffected by ductile
deformation and were interpreted to have been emplaced after D2 (Harvey et al., 2002) and during D3 (Gunning and
Card, 2005). In the JAK zone, most of the REE-mineralized vein/dykes are oriented subparallel to the main regional
composite S1-S2 foliation. A 2.5 cm thick allanite vein that strikes north-northeast near a historical trench (UTM
zone 13, NAD 83, 343786 m E, 6648213 m N) north of the main JAK zone, however, was folded and is cut by the
S3 fabric. REE mineralization in GWMG’s bulk-sampling test pit is hosted by a brecciated apatite-rich vein/dyke
interpreted by the author to lie along a fault zone. Whereas vein/dykes in the JAK zone generally appear little
affected by ductile deformation, folding and shearing of the vein/dykes at the Hoidas Lake South and Nisikkatch
Lake occurrences is common (Normand et al., 2009). At Hoidas Lake South, locally boudinaged vein/dykes
oriented parallel to the regional gneissosity are strongly deformed and present evidence for two episodes of folding
with subparallel axial-planar surfaces striking northeast. Earlier folding produced folds with axes plunging
moderately to strongly northeast, and later folding produced folds with axes plunging moderately southwest.
Emplacement of the vein/dykes was interpreted to have taken place before D3 (Normand et al., 2009).

Brown, translucent, elongated, euhedral zircon crystals, showing simple prism and dipyramid forms and measuring
up to 2 cm in length, were collected from a 1 m thick mineralized vein/dyke in trench JK-2 (Normand et al., 2009;
GWMG’s trench 8). The crystals are partly attached to large, altered amphibole and feldspar crystals, and project
into very coarse allanite (Normand, 2010a, Figure 2C). All the observed crystals are slightly bent and fractured.
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Examination under backscattered imaging mode using a scanning electron microscope (SEM) revealed that the
zircon is veined by allanite and later barite, and is not zoned (Normand, 2010a, Figure 3). Thirty spot analyses with
<5 ppm common lead were obtained in 2010 from LA-ICP-MS analysis of the zircon. The results define a
discordant age with an upper intercept age of 2289.6 ±7.3 Ma. This grain was reanalyzed in 2013 on much cleaner
surfaces, and similar old ages were obtained: identical U-Pb and 207Pb/206Pb ages of 2311 ±7 Ma (Appendix I).
Because of their euhedral habit and in situ growth, the large zircon crystals are not believed to represent inherited or
mantle-related megacrysts, which can be much older than their hostrock (Corfu et al., 2003). Preliminary Hf isotope
analyses by LA-ICP-MS on the same large zircon crystal that was dated (DuFrane, pers. comm., 2013) yielded a
present-day 176Hf/177Hf value of ~0.28120, which corresponds to a present-day εHf of approximately -55.8.
Assuming that the zircon did crystallize at 2311 Ma, the initial εHf would be approximately -4 (plus or minus about
3 epsilon units), and would indicate a strong crustal Hf component. The age reported above is thus interpreted to be
coeval with emplacement of the vein/dyke. The 1870 Ma U-Pb SHRIMP age of monazite reported by Gunning and
Card (2005) is tentatively interpreted to represent a late apatite recrystallization event during which the monazite
was formed. Similarly young ages of between 1.9 and 1.78 Ga were reported by Pandur et al. (2013a, 2013b) from
LA-ICP-MS, U-Pb dating of zircon, titanite, apatite, and monazite from the Hoidas Lake deposit. Pandur et al.
(2013a, 2013b) interpreted these ages to be related to emplacement of the REE mineralization.

The 2311 Ma zircon age from the JAK zone is similar to the crystallization ages of numerous granitoid rocks in the
Zemlak (Ashton et al., 2007b) and Beaverlodge (Hartlaub et al., 2007) domains. Given the age of the vein/dykes,
and because the mineralized vein/dykes must have been emplaced after development of gneissosity (S1 fabric?) and
before D3 deformation, it is possible that the gneissic fabric in rocks that host the Hoidas Lake, Nisikkatch Lake, and 
Bear Lake mineralization is an older, preserved fabric that was formed during the Arrowsmith orogeny (Berman et
al., 2005, 2013), and corresponds to the ill-defined 2.3 to 2.4 Ga D1 metamorphic event recognized by Hartlaub
(2004; see also Hartlaub et al., 2007) and the 2343 ±7 Ma Arrowsmith event recognized by Bethune et al. (2013) in
granitic gneiss of the Beaverlodge Domain.

The source of the Hoidas Lake–type alkaline vein/dykes may be connected, in part, to partial melting or
devolatilization of metasomatized sub-continental lithospheric mantle or lower continental crust beneath the Rae
Province (Cousens et al., 2001; Morelli et al., 2009) and possibly from portions of upper mantle underlying cratonic 
segments that have undergone multiple collision and subduction events. Other areas adjacent to deep-rooted faults in 
the northwestern part of the province may constitute potential targets for this type of REE mineralization.
Mineralized lineaments, however, may not be responsive to ground or airborne radiometric surveys where bedrock
is covered by even relatively thin (Gunning and Card, 2005) overburden. Till dispersal trains express poorly the
signature of mineralization in the Hoidas Lake–Nisikkatch Lake area. Gunning and Card (2005) have shown that
sampling needs to be virtually on top of the mineralization to obtain a signal. Similarly, biogeochemical
investigations reported by Dunn and Hoffmann (1986) have shown that the REE dispersion halo expressed by
vegetation is limited to the immediate vicinity of mineralized vein/dykes. Magnetic and electromagnetic surveys
conducted by Great Western Minerals Group (SME Assessment File 74O13-NW-0023) have shown that vein/dykes
are very low frequency electromagnetic (VLF-EM) conductors and magnetic lows. No high-density lake-bottom
sediment geochemical tracer surveys for REE mineralization have been carried out to evaluate the response of
allanite-rich vein/dyke mineralization in the Hoidas Lake–Nisikkatch Lake area.

Bear Lake Allanite-Apatite Occurrence (Location 78, Table 4 and Figures 4 and 11)

Allanite in the form of veins was first reported in the area by de Zoysa (1974). The occurrence was examined by
Normand (2010a, 2010b), who observed allanite mineralization in a 125 m by 475 m area in mylonitized, pink
leucogranite south of the Tazin Lake fault, 530 m northwest of Bear Lake and 1.5 km north-northeast of the
northern end of McNutt Lake. The main mineralized occurrence consists of allanite-rich veins exposed in three
trenches aligned parallel to the east-northeast–trending mylonitic foliation exhibited by the host leucogranite. The
location of the trenches coincides with a foliation-parallel structural lineament that can be traced on SPOT satellite
images for a strike length of ~1.5 km. Allanite vein sections measuring up to 12 cm thick were observed in blasted
material adjacent to the larger trench. The early mineral paragenesis at this locality includes allanite, apatite, titanite, 
calcic amphibole, and traces of zircon. Quartz, purple fluorite, calcite, and epidote(-allanite) formed late. The latter
are typically found as fracture filling over a large area south and north of the Tazin Lake fault.

Preliminary mineralogical and U-Pb isotopic dating work can be used to compare the Bear Lake and Hoidas Lake
mineralization. LA-ICP-MS U-Pb isotopic analyses of titanite revealed two distinct, discordant age populations.
These are interpreted to represent crystallization and alteration U-Pb ages with discordant upper intercepts at 2383
±32 Ma and 1910 ±37 Ma, respectively (Appendix I). The two age populations are also well represented by
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207Pb/206Pb ages: 2264 to 2392 Ma and 1826 to 1924 Ma. Similarly, analyses of zircon yielded two more or less
distinct groups of older and younger ages, with a younger, well-defined discordant population that yielded a U-Pb
age of 1848 ±20 Ma and 207Pb/206Pb ages between 1803 and 1861 Ma and between 2072 and 2271 Ma. These data
suggest that titanite and zircon partially resisted strain and resetting, probably because of their coarse, centimetre-
scale size, imposed by the Taltson and Snowbird events. Gneissosity in the northern part of the Zemlak Domain
may, at least locally, represent a preserved fabric developed during the Arrowsmith orogeny.

Electron microprobe analyses on material from the Bear Lake occurrence provide further evidence for an origin
similar to that of allanite mineralization in the Hoidas Lake–Nisikkatch Lake area. Specifically, the distribution of Sr 
and Y in apatite, and HREE in titanite, are comparable to those reported by Halpin (2010) in the same minerals from 
the Hoidas Lake–Nisikkatch Lake area. Apatite from the Bear Lake occurrence is distinguished from that at Hoidas
Lake, however, in having Nd as the predominant REE instead of Ce (median values of Ce/Nd are 0.63 and 1.51 for
the Bear Lake (n = 26) and Hoidas Lake (n = 21) occurrences, respectively).

Mixed REE Mineralization in which THREE+Y(±Sc) Constitute >20% of the TREE

This class of mineralization includes U(±Th)–rich mineralization containing a sufficient amount of one or more
minerals that contribute 20% or more THREE+Y to the contained TREE. Calculated values of the ratio (THREE+
Y)/TREE from 5331 bulk rock analyses of samples originating from mixed REE mineralization containing greater
than 1000 ppm U average 34% (77% of the data is greater than 20). This average value increases to 46% for
samples containing greater than 1% U and to 62% for samples containing greater than 10% U. The more important
HREE+Y–rich minerals reported from these deposits (not all necessarily associated together) include
uraninite/pitchblende (reported to contain >10% REE in some granite/pegmatite–associated deposits; e.g., Frondel,
1958), thorianite, thorite, brannerite, and coffinite. Xenotime, which typically contains ~50 wt. % REE (Y
commonly dominates, followed by Dy and Er), fergusonite, pyrochlore-group minerals, and aeschynite-group
minerals also occur locally, as well as apatite, titanite, and zircon that may contain appreciable concentrations of
HREE and Y.

In Saskatchewan, U(±Th)– and THREE+Y(±Sc)–enriched, mixed REE mineralization comprise:

1) in tru sion-as so ci ated U min er al iza tion, in clud ing in tru sive phases, metasomatic/hy brid zones that re sulted from 
melt/wallrock in ter ac tion, and subsolidus hy dro ther mal al ter ation zones18 (Ta ble 8; Fig ure 12);

2) vein-type U min er al iza tion, in clud ing im preg na tions in wallrock and ce ment in cataclasites and other types of
brit tle struc ture-as so ci ated min er al iza tion in fill ings; Ta ble 9; Fig ure 13), and;

3) un con formity-re lated U min er al iza tion (Ta ble 10; Fig ure 14).

Minerals in which U is an essential constituent, such as uraninite (including pitchblende) and coffinite, may contain
major proportions of all REE (Frondel, 1958; Gerasimovskii, 1960; Fryer and Taylor, 1987; Pagel et al., 1987;
Förster, 1999). Eight-fold co-ordinated effective ionic radii very similar to that of U4+ for HREE3+ and Y3+

(Shannon, 1976) allow for a range of ionic substitutions. This is illustrated in the complex formula of uraninite,
generalized by the revised Janeczek and Ewing (1992) formula (Finch and Ewing, 1992):

Few data are available in the literature, however, concerning exchange reactions involving REE in uraninite.
Heterovalent, coupled substitutions such as U4+ + M2+ ↔ 2REE3+, similar to the exchange reaction between
members of the monazite-cheralite series (Th4+ + Ca2+ ↔ 2REE3+), may be important. Uraninite forms a solid
solution with thorianite, ideally ThO2, and complete solid solution between the two end-members (see Frondel,
1958, and references therein) is estimated to occur at temperatures above ~770°C based on theoretical
thermodynamic considerations provided by Shuller et al. (2011). In Saskatchewan, uraninite from pegmatites in the
Moore Lakes and Fraser Lakes areas (Annesley et al., 2000; McKechnie, 2012; Mercadier et al., 2013) contains
>5 wt. %Th. Similarly, intrusion-associated U oxides contain the most REE. Up to 15 wt. % TREO (and 3.86 wt. %
ThO2) were reported by Frondel (1958) in uraninite from a pegmatite at Isaka, Japan. Uraninite from pegmatites in
the Moore Lakes and Fraser Lakes areas contain >2 wt. % REE.

Shuller et al. (2011) noted that low-temperature U oxides worldwide contain less Th than is theoretically possible
(12 wt. % Th permitted at 60°C on the calculated UO2-rich limb of the solvus in the system UO2-ThO2) and attribute 
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Table 8 (continued) – Mixed REE mineralization: intrusion-associated U.

Table 8 – Mixed REE mineralization: intrusion-associated U.



this to the very low Th solubility under the physicochemical conditions that prevail in hydrothermal fluids that
deposit U oxide. U is mobile under oxidizing conditions and, by contrast with Th, which occurs exclusively in the
tetravalent state in nature, is preferentially removed from source regions and reprecipitated in Th-depleted
hydrothermal deposits at low temperature (Langmuir, 1978; Langmuir and Herman, 1980; Bailey and Ragnarsdottir, 
1994; Neck et al., 2003; Hazen et al., 2009; Cuney, 2009, 2010; Bali et al., 2011). The available data show that
hydrothermal U oxides present in vein-type and unconformity-associated mineralization in Saskatchewan are
generally much poorer in Th (less than ~2 wt. %), generally contain less REE (less than ~2 wt. %), and show higher
Eu/Eu* values than uraninite from intrusion-associated mineralization (Figures 15 and 16). These data also show
that there are no consistent differences in (THREE+Y)/TREE ratios between high- and low-temperature
mineralization.

Elevated concentrations of Sc are present in some vein-type mineralization, particularly in examples located near the 
northern shore of Lake Athabasca, and in the most U- or P-enriched zones of some unconformity-associated U
mineralization, such as McArthur River (up to 683 ppm; SME Assessment File 74H-0048), West Bear (up to
674 ppm; SME Assessment File 74H16-SE-0079), Cigar Lake (up to 500 ppm; SME Assessment File 74I02-0024),
and Millennium (up to 564 ppm; SME Assessment File 74H12-0043). Minerals that may contain significant
(≥50 ppm) Sc (excluding minerals that contain essential Sc) and are likely to contribute anomalies to bulk-rock
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Figure 12 – Location of intrusion-associated U, mixed REE mineralization from which sample REE analyses have yielded
>500 ppm THREE+Y, representing >20% of the total contained REE. Refer to Table 8 for details on sample locations and
chemistry. Mineralization may be represented by REE-bearing U oxides (±thorite, pyrochlore, etc.) occurring as magmatic
phases in granitic pegmatites (e.g., Fraser Lakes area; locations 219 to 224, Table 8; SME Assessment File 74H02-0045;
McKechnie et al., 2012b) and by biotite-rich and calc-silicate reaction zones at the contact between granitic pegmatites and
hostrock (e.g., Eldorado dyke; McKeough et al., 2010, 2013; McKeough and Lentz, 2011).
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Table 9 – Mixed REE mineralization: vein-type U.
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Table 9 (continued) – Mixed REE mineralization: vein-type U.



analyses are numerous, including clinopyroxene, amphibole, biotite, Mn-rich garnet, epidote, Ti-rich oxides, Nb-
Ta–bearing oxides, V-rich minerals, wolframite, cassiterite, beryl (see bazzite), xenotime (1 to 2 wt. % with
pretulite; Bernhard et al., 1998), zircon (up to 10 wt. % Sc2O3; Bea, 1996; Breiter at al., 2006), and APS minerals
(up to 0.8 and 0.3 wt. % Sc2O3 in crandallite and goyazite, respectively; Frondel et al., 1968). Sc oxide
concentrations of 0.15 to 0.22 wt. % in pegmatitic and hydrothermal uraninite from India and France have been
reported by Sankaran et al. (1970), and up to 0.25 wt. % in thorogummite inclusions in allanite from the Kingman
pegmatite, Mojave Province, Nevada, has been reported by Brown (2010).

The minerals that host Sc in Saskatchewan U deposits have not been determined. Good correlations between Sc and
U, Sc and Y, and Sc and heavy lanthanides, and the lack of correlation between Sc and P, and between Sc and Sr
suggest that Sc is contained in U minerals at McArthur River. Similar Shannon effective ionic radii for U6+ and Sc3+

suggest that there may be substitution between these cations. Likely candidates to contain the Sc at West Bear
include APS minerals, apatite, and zircon. The correlations of Sc with U and HREE are poor, but they are good with 
P, Sr, and Zr. The place of Sc in unconformity-related U mineralization of the Athabasca Basin is discussed in
further detail in the “Unconformity-Related U Mineralization (<1.7 Ga)” section.

Intrusion-Associated Mineralization (Table 8; Figure 12)

The vast majority of the intrusive rocks that host REE mineralization in Saskatchewan are granitic. Silica-
undersaturated, alkaline varieties are rare, having been recorded only from the miaskitic Lyle Lake nepheline syenite 
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Figure 13 – Location of vein-type U, mixed REE mineralization from which sample REE analyses have yielded >500 ppm
THREE+Y, representing >20% of the total contained REE. Refer to Table 9 for details on sample locations and chemistry.
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Table 10 – Mixed REE mineralization: unconformity-related U.
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Table 10 (continued) – Mixed REE mineralization: unconformity-related U.
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Table 10 (continued) – Mixed REE mineralization: unconformity-related U.



(Peter Lake Domain; Quirt, 1992), and contain small proportions of REE-bearing minerals (maximum 285 ppm La+
Ce). Elsewhere in the province, the REE-mineralized intrusive rocks are represented by granitic pegmatites. The
pegmatites rarely exceed a few metres in thickness, contain white or pink feldspars or both, are generally free of
muscovite, contain widely variable quartz and ferromagnesian mineral proportions, are rarely zoned, and have sharp 
or diffuse contacts with the wallrock. A large proportion of the pegmatites cut upper amphibolite– to granulite-facies 
metasedimentary rocks. The predominant metal association is REE, Th, and U, occasionally with elevated Nb
(2110 ppm, Walker River area, SME Assessment File 74H02-0043, location 225 in Table 8 and Figure 12;
6940 ppm, Davenport Lake, SME Assessment File 74O09-0023, location 211 in Table 8 and Figure 12) but
generally low Mo concentrations, although pegmatites in areas where REE may abound can contain elevated
concentrations of the metal (e.g., 6670 ppm Mo and 80 ppm TREE, Fraser Lakes area; SME Assessment File
74H02-0043). The characteristics of most pegmatites best match the abyssal, REE, allanite-monazite-uraninite
subtype of Ercit (2005), or the abyssal, REE, monazite-allanite type AB of Èerný and Ercit (2005).

The concentration of REE has not been reported for most of the pegmatite-hosted deposits/occurrences listed in the
SMDI or reported in assessment files. In most cases, the described occurrence of an REE-bearing mineral,
commonly as an accessory phase present in unspecified proportions, is the only indication of the presence of these
metals. Although REE may be present in no more than trace amounts at some localities, evaluation of the REE
potential for most is not possible at the present. When reported, the paragenetic position of the REE mineralogy with 
respect to pegmatite emplacement is frequently not well documented in the available literature. The REE-bearing
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Figure 14 – Location of unconformity-related U, mixed REE mineralization from which sample REE analyses have yielded
>500 ppm THREE+Y, representing >20% of the total contained REE. Refer to Table 10 for details on sample locations and
chemistry.



minerals may have crystallized from a melt during emplacement of pegmatites, may have formed through
metasomatic reaction between melt or volatiles and wallrock, or may have precipitated from a hydrothermal solution 
and not be related to the emplacement of the pegmatite at all. In those cases where insufficient data are available,
REE mineralization was tentatively assigned an intrusion-associated origin. At certain locations, field descriptions
and geochemical analyses of the mineralization cutting granitic pegmatites allow determination of a hydrothermal
origin for the mineralization unrelated to pegmatite emplacement. An example of this is given by the Bradley
occurrence (locations 269 to 271, Table 9), where U-rich veins that cut, and are restricted to, pegmatite show
geochemical characteristics (U/Th >100, elevated Eu/Eu*) that suggest they are not related to pegmatite
emplacement. Granitic pegmatite–associated deposits worldwide have rarely been mined for REE, and when this has 
been the case, the production was limited. Perhaps the most interesting mineralization of this class in Saskatchewan,
value-wise, is that dominantly enriched in U or Ta. The minerals that host the REE in this mineralization are
typically enriched in the HREE, such as U minerals, and minerals of, for example, the pyrochlore supergroup, the
aeschinite group, or the fergusonite group, so they might offer economic potential as a secondary source of HREE.
U- and REE-enriched pegmatites appear to be particularly abundant in migmatized metasedimentary rocks from all
major pre-Athabasca basins. They are most commonly encountered in the Wollaston, Beaverlodge, Zemlak, and
Glennie domains. Not all U mineralization associated with granitoid intrusive rocks, however, contains appreciable
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Figure 15 – Log-log plot of the relationship between U and Th concentrations in U oxides from intrusion-associated, vein-
type, and unconformity-associated U mineralization. U oxides from unconformity-associated and vein-type mineralization
have similar Th concentrations, although those from unconformity-associated mineralization tend to be more U rich. Some
data points clustered in rows at low Th concentrations (80 to 200 ppm) are near the detection limit (typically 100 ppm ThO2)
for low-precision electron microprobe analysis. Sources of data for U-oxide compositions from intrusion-associated
mineralization: Annesley et al. (2000) (Moore Lakes: electron microprobe); McKechnie et al. (2012b) and Mercadier et al.
(2013) (Moore Lakes and Fraser Lakes: electron microprobe). Sources of data for U-oxide compositions from vein-type
mineralization: Dieng (2012) (Ace, Fay, and Gunnar mines: electron microprobe); Mercadier et al. (2013) (Hook Lake:
electron microprobe). Sources of data for U-oxide compositions from unconformity-associated mineralization: Fayek (1996)
(Cigar Lake, McArthur River, Key Lake, Sue zone, and Eagle Point North: electron microprobe, inductively coupled plasma–
mass spectrometry); Beshears (2010) (Millennium: electron microprobe); Ng (2012) (McArthur River: electron microprobe).



REE concentrations. For example, there is no REE enrichment accompanying U mineralization in Si-Na
metasomatites associated with quartz monzonite in the Grease River area (SME Assessment File 74O09-0023).
Where pegmatites are enriched in HREE and Y, this enrichment is correlated with increased U concentrations. This
is illustrated in the U vs. Dy diagram in Figure 17, where the data separate into a clear population of points that
projects toward magmatic uraninite compositions obtained from pegmatites in the Moore Lakes area (Annesley et
al., 2000) and the Fraser Lakes area (McKechnie et al., 2012b; Mercadier et al., 2013), and a more dispersed
population of points that extends to lower U/Dy ratios defined by monazite compositions. The importance of
monazite in controlling part of the REE budget of the pegmatites is further suggested by the Th and Ce abundances
illustrated in Figure 18. Electron microprobe analyses of uraninite, thorite, Nb oxide, and monazite from the Fraser
Lakes area, provided by McKechnie et al. (2012b), and bulk-rock geochemical data from locations across the
province suggest that uraninite, Th-U silicates, and monazite could be the most important minerals controlling
HREE+Y concentrations in most uraniferous pegmatites in Saskatchewan.

Exploration drilling of the intrusion-associated U mineralization in the Fraser Lakes area enabled JNR Resources
Inc. to delineate a U-Th-REE deposit, named the Fraser Lakes zone B (locations 222 to 224, Table 8 and Figure 12), 
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Figure 16 – Log-log plot of the relationship between LREE and THREE+Y concentrations in U oxides from intrusion-
associated, vein-type, and unconformity-associated U mineralization. Available data indicate that U oxides: 1) from intrusion-
associated mineralization contain 3 to 7 wt. % TREE with (THREE+Y)/TLREE ratios between 2 and 5; 2) from vein-type
mineralization contain widely variable TREE concentrations of between 0.2 to 7.2 wt. % with relatively low (THREE+
Y)/TLREE ratios between 0.1 and 1.3; and 3) from unconformity-associated mineralization contain 0.1 to 2.1 wt. % TREE
and show the greatest THREE+Y enrichment ((THREE+Y)/TLREE ratios between 0.7 and 92.5). Sources of data for U-oxide 
compositions from intrusion-associated mineralization: Mercadier et al. (2013) (Moore Lakes and Fraser Lakes: SIMS and
LA-ICP-MS). Sources of data for U-oxide compositions from vein-type mineralization: Dieng (2012) (Ace, Fay, and Gunnar
mines: LA-ICP-MS); Mercadier et al. (2013) (Hook Lake: SIMS and LA-ICP-MS). Sources of data for U-oxide compositions
from unconformity-associated mineralization: Fayek (1996) (Cigar Lake, McArthur River, Key Lake, Sue zone, and Eagle
Point North: ICP-MS); Bonhoure (2007) and Bonhoure et al. (2007) (Shea Creek and McArthur River: SIMS); Mercadier
(2008) (Millennium and Eagle Point: SIMS). Abbreviations: ICP-MS, inductively coupled plasma–mass spectrometry; LA-
ICP-MS, laser-ablation inductively coupled plasma–mass spectrometry; SIMS, secondary-ion mass spectrometry.



for which a Resource estimate was published in a NI 43-101–compliant technical report in 2012 (Armitage and
Sexton, 2012). The document reports an Inferred Resource estimate, based on a 0.01% U3O8 cut-off grade, of
10 354 926 t grading 0.03% U3O8 (or 254 ppm U), 0.023% ThO2 (or 202 ppm Th), 0.02% La2O3 (or 171 ppm La),
0.06% Ce2O3 (or 512 ppm Ce), 0.001% Yb2O3 (or 8.8 ppm Yb), and 0.007% Y2O3 (or 55.1 ppm Y). Converting
oxide to metal concentrations, U/Th, U/La, U/Ce, U/Yb, U/Y, and Th/Ce ratios of 1.3, 1.5, 0.5, 29.0, 4.6, and 0.4,
respectively, were obtained.

Mineralization in the Fraser Lakes area is hosted by pegmatites intruded into folded Wollaston Group
metasedimentary rocks of Proterozoic age near the contact with underlying Archean gneiss (McKechnie et al.,
2012b). Two types of mineralized pegmatites were reported to be present in the area by McKechnie et al. (2012b):
group A, containing uraninite, uranoan thorite, zircon, and traces of coffinite and allanite; and group B, containing
monazite, uranoan thorite, zircon, and rare xenotime, pyrochlore, and allanite (classified in this report under
“Monazite-Dominant Mineralization”; see Table 3). Group A pegmatites differ from those of group B in being more 
quartz rich and biotite poor. Only the group A pegmatites were successfully dated and it was suggested that they
were generated during decompression melting of Wollaston Group metasedimentary rocks, during peak Trans-
Hudsonian metamorphic conditions at ca. 1.85 to 1.80 Ga, where peraluminous melt was channelled during
deformation along the Archean basement–Proterozoic cover interface and collected along regional fold noses
(McKechnie et al., 2012a).

Electron microprobe, secondary-ion mass spectrometer (SIMS), and laser-ablation inductively coupled plasma–mass 
spectrometer (LA-ICP-MS) analyses presented in Mercadier et al. (2013) show that uraninite in the pegmatites of
the Fraser Lakes area averages 8.1 to 8.4 wt. % Th and 2.2 to 3.4 wt. % Y, and contains up to 3.5 wt. % lanthanides. 
The data of Mercadier et al. (2013) show that the THREE+Y concentrations constitute >53% of the TREE contained 
in the uraninite. The calculated Eu/Eu* values are very low (<0.03), a feature that can be attributed to consumption
of Eu by early-crystallizing plagioclase during solidification of the pegmatite melt.
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Figure 17 – Log-log plot of the relationship between U and Dy concentrations in intrusion-associated U mineralization.



Robinson (1955) reported the occurrence of pyrochlore-microlite (betafite according to Koeppel, 1968), allanite,
uraninite, uranothorite, and cyrtolite (metamict, U-REE–rich variety of zircon) in a granitic pegmatite on the north
side of Viking Lake (SMDI #1345; location 167, Table 6 and Figure 6), 20 km east of Uranium City in the
Beaverlodge Domain. At this location, there is a transition between regionally metamorphosed upper amphibolite–
and granulite-facies rocks. No bulk-sample REE data are available. Fergusonite was also reported to occur in the
same area (Christie, 1953; Robinson, 1955; Rowe, 1958), but the exact location is unknown.

REE–bearing minerals have not been reported from occurrences of U-Th-Nb-Ta–enriched mineralization in biotite-
rich zones of granitic pegmatites near ‘Tinco Lake’ (unofficial name) and Cup Lake in the southern Mudjatik
Domain. A grab sample of biotite-rich material, collected from a 1.5 m wide pegmatite 1 km northwest of Tinco
Lake, assayed up to 0.50% Nb2O5 and 0.08% Ta2O5 (SME Assessment File 74B02-0005, ground anomaly 101,
sample 17426B). Field spectrometric measurements from this location indicated 0.06% eU3O8 and 1.5% eThO2

(SMDI #1028; SME Assessment File 74B02-0005). Near the south end of the westernmost arm of Cup Lake, a
sample collected from another biotite-rich pegmatite lens, 15 cm wide and 7.6 m long, cutting calcsilicate gneiss
assayed 0.12% Nb2O5, 0.07% Ta2O5, and 0.036% U3O8 (SMDI #1618; SME Assessment File 74B02-0005). In
addition, Cup Lake Uranium Ltd. documented radioactive, coarse-grained, biotite-rich rocks from bedrock
exposures and float, some containing round patches of a black mineral with dull lustre that was not identified, on the 
northwest side of Cup Lake (SME Assessment File 74B02-NW-0003). In one instance (no. 4 “showing”), the
occurrence of radioactive, biotite-rich rock was traced over a strike length of more than 30 m (“several hundred
feet”). U was not detected by chemical analysis, and radioactivity was attributed to Th. Analyses for Nb or Ta were
not reported. Many U-Th-Nb-Ta–rich minerals, such as pyrochlore, fergusonite, euxenite, polycrase, samarskite,
and aeschynite, contain appreciable or essential concentrations of HREE+Y. Deposits containing economic
concentrations of these minerals in metaluminous to peraluminous granitic pegmatites have, however, rarely been
encountered and are only of historical interest.
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Figure 18 – Log-log plot of the relationship between Th and Ce concentrations in intrusion-associated U mineralization.



Vein-Type U Mineralization (Older than 1.70 Ga) (Table 9, Figure 13)

Analytical data for REE from vein-type U deposits in Saskatchewan are comparatively scarce. The available data
are mostly for a small proportion of the deposits in the Uranium City historical U-producing district, for which a
review was presented in Normand (2013). Other locations of vein-type U mineralization for which bulk-sample
REE data are available in the Beaverlodge Domain include ‘MacIntosh Bay’ (unofficial name), Felix Bay, Adair
Bay, and the Gaitwin U zone A (SMDI #1567; SME Assessment File 74N08-0162). Bulk-sample REE data for
vein-type U mineralization are also available for the Bradley Lake occurrence (SMDI #1593; SME Assessment File
74O09-0023) in the Tantato Domain and the Hook Lake occurrence (SMDI #2016; SME Assessment Files 74H02-
0024, -0040, and -0043) in the Wollaston Domain. Geochemical data and descriptions for the above examples are
presented in Table 9, and their locations are shown in Figure 13.

U mineralization in the Uranium City general area reportedly developed over a long period of time, culminating at
ca. 1850 Ma according to Dieng et al. (2013), and paragenetic sequences comprising six to seven stages have been
documented (Robinson, 1955; Sassano et al., 1972; Tremblay, 1978; Dieng, 2012). Historical production of 25 142 t 
U between 1953 and 1982 is reported to have been largely supplied (>90%) by the Ace, Fay, Verna, and, to a lesser
extent, Gunnar mines (Sibbald et al., 1991). U grades were low in the deposits, averaging between 0.1 and 0.2 wt. % 
U. REE were not produced because their concentrations were considered too low (Beck, 1969). However, U oxides
in some of the district’s deposits have long been known, or suspected, to contain significant REE concentrations.
Alcock (1936) reported 2 wt. % REE in a sample from the No. 1 zone of the Nicholson mine (Robinson, 1955;
location 244, Table 9 and Figure 13), which consisted chiefly of altered pitchblende, chalcopyrite, and limonite.
Partial analysis of a biotite concentrate from the Hacker zone (SMDI #1275) in Fish Hook Bay was reported by
Robinson (1955) to contain 6.47% U and 0.19 wt. % Th+REE. An average of 12.59 wt. % U3O8 and 470 ppm Y
was reported by Beck (1969, Table 5.3, column D) for 49 X-ray fluorescence (XRF) analyses of Ace-Fay ore. U-
rich samples (>0.3 wt. % U) containing anomalous Y concentrations (>100 ppm, up to 2644 ppm) were reported by
Sibbald (1988) to occur in the Eldorado Radioactive occurrence 45-SH-10 (SMDI #1272), the Eldorado Radioactive 
A zone (SMDI #1274), and the Joe occurrence, all in Fish Hook Bay. Peiris (1991) analyzed massive and botryoidal 
pitchblende from the Nicholson mine by neutron activation and obtained up to 158 ppm Eu, 440 ppm Tb, 410 ppm
Yb, and 60 ppm Lu (LREE were not reported due to analytical interferences).

More recently, Dieng (2012) obtained electron microprobe and LA-ICP-MS analyses of brannerite and several
generations of U oxides from the Ace, Fay, and Gunnar deposits. His results show that the brannerite contains
between 0.02 and 0.52 wt. % Y+Tb and that the U oxides, all generations included, contain between 0.21 and
3.53 wt. % TREE, of which the proportion of THREE+Y varies between 3 and 57% of the TREE (higher
proportions of THREE+Y tend to occur in the U oxides containing the most REE). Normand (2013) showed that
variations in concentration of many of the REE and U in rock samples from the Uranium City area correlate
positively where U is present in concentrations exceeding 0.2 wt. % (average U grade of the Ace-Fay deposit). This
observation is attributed to a threshold value above which the abundance of REE-bearing U minerals becomes
sufficient to cause an increase in REE concentrations above those in the rocks that host U mineralization. Thus, the
problem appears to be not so much the lack of REE in the U ore minerals but the lack of abundance of those
minerals. The discovery of higher grade and large tonnage mineralization in the Uranium City district in the future
may stimulate further research into the recovery of REE from the U ores.

A number of occurrences of vein-type U mineralization were analyzed for REE by CanAlaska Uranium Ltd. as part
of their Poplar project, focussed along the northern shore of Lake Athabasca (SME Assessment File 74N08-0162),
and are briefly described here. At MacIntosh Bay (locations 246 to 249, Table 9 and Figure 13), the mineralization
is reported to consist of a vein, 2 cm wide, >40 m in strike length, and cutting metapelite, quartzite, and minor
pegmatite, from which analyses returned up to 3 wt. % U and 1532 ppm THREE+Y (representing 57% of the
TREE). Another sample assayed 0.64 wt. % U and 1159 ppm THREE+Y (representing 68% of the TREE), as well
as 34.3 g/t Au. At Felix Bay (locations 250 and 251, Table 9 and Figure 13), samples of metapelite and pegmatites
cut by 1 to 10 mm wide mineralized veinlets of unknown strike length returned up to 8.68 wt. % U and 3023 ppm
THREE+Y (representing 76% of the TREE). A sample containing 3.63 wt. % U and 1421 ppm THREE+Y also
contained 46.94 g/t Au. From the Adair Bay area (locations 252 to 254, Table 9 and Figure 13), two samples of
mineralized amphibolite (samples FT056 and FT057, Table 9) assayed, respectively, 3.4 wt. % U and 1435 ppm
THREE+Y (representing 74% of the TREE), and 4.5 wt. % U, 1174 ppm THREE+Y (representing 63% of the
TREE), 3.8 g/t Au, 1.5 g/t Pt, and 0.8 g/t Pd. At the Gaitwin Uranium zone A (renamed the Fall showing by
CanAlaska Uranium Ltd.) on the Natukam Peninsula (locations 255 to 268, Table 9 and Figure 13), U
mineralization occurs in short (<50 m in strike length), thin (<1 cm wide) veins, the thickest of which are associated
with north-northwest–striking fault zones. Pitchblende and secondary yellow U minerals were identified in the
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veins, from which samples assayed up to 49.4 wt. % U and 1.13 wt. % THREE+Y (representing 71% of the TREE).
U/Th ratios >400, elevated Eu/Eu* (normally associated with hydrothermal U oxides), and generally low LaN/YbN

characterize samples from CanAlaska’s Poplar project. The mineral that hosts the REE at most of these occurrences
was not specified, but it is reasonable to assume that U minerals contain them, at least in part. The calculated
(THREE+Y)/U values of the samples are fairly constant, averaging ~0.04 irrespective of TREE and U
concentrations (see Table 9), and further suggesting that one phase carries most of the REE.

At the Bradley Lake occurrence (locations 269 to 271, Table 9 and Figure 13; SME Assessment File 74O09-0023),
located near the southern edge of the Grease River shear zone in the Tantato Domain and 30 km northwest of Stony
Rapids, pitchblende mineralization was reported to occur in fractures oriented perpendicular to the edge of, and
restricted to within, a leucogranitic pegmatite intruded into mylonitic biotite-rich pelitic paragneiss. The fractures,
measuring 0.2 to 0.8 cm wide, were traced up to several metres, but the density of their distribution was not
reported. Chemical analyses of mineralized samples from the locality returned up to 2.99 wt. % U and 892 ppm
THREE+Y (representing 36% of the TREE). Calculated bulk-sample LaN/YbN values are closest to those calculated
for samples from localities in the Uranium City area.

Elevated REE concentrations of up to 1.4 wt. % TREE were reported by Agip Canada Ltd. (locations 272 and 273,
Table 9 and Figure 13; SME Assessment File 74H02-0024) from a 6 by 1.5 m, arcuate, fault-hosted uraninite-rich
vein located near Hook Lake in the Wollaston Domain, 65 km southeast of the McArthur River mine. Drilling by
the company failed to intersect the mineralization at depth. The locality was re-examined recently by JNR Resources 
Inc. as part of their Way Lake project (SME Assessment Files 74H02-0040 and -0043), and assay results from the
vein confirmed earlier reports of elevated REE concentrations. Three samples containing between 33.9 and
48.9 wt. % U also contained >2.5 wt. % TREE, including 0.9 to 1.6 wt. % THREE+Y (representing 38 to 42% of
the TREE). Calculated U/Th values for these samples are lower than those obtained from other localities of vein-
type U mineralization. Electron microprobe, SIMS, and LA-ICP-MS analyses presented in Mercadier et al. (2013)
show that uraninite in the Hook Lake vein averages 2.1 to 2.8 wt. % Th and 0.6 to 1.0 wt. % Y, and surprisingly
elevated lanthanide concentrations of up to 6.6 wt. % (mainly LREE). Mercadier et al. (2013) suggested that the
elevated Th and REE concentrations in the uraninite from this locality reflect elevated temperature conditions during 
emplacement, which is consistent with U-Pb isotopic ages determined for the mineral (1805 ±11 Ma) that coincide
with thermal peak (1.82 to 1.81 Ga) to post–thermal peak (1.81 to 1.72 Ga) events related to the evolution of the
Trans-Hudson Orogen.

Globally, the vein-type U mineralization presents lower THREE+Y enrichments ((THREE+Y)/TREE (%)) than the
intrusion-associated U mineralization of equivalent U concentrations (Figure 19). No significant extent has been
demonstrated for the vein systems discussed in this section, except those in the Uranium City area. U mineralization
hosted by a vein-and-fault Riedel system at the historical Nisto mine (SMDI #1621; Normand, 2013), located
~14 km northeast of the community of Black Lake near the western shore of Black Lake, should be tested for REE.

Unconformity-Related U Mineralization (<1.7 Ga) (Table 10, Figure 14)

There are many comprehensive studies on various aspects of the unconformity-related U deposits located in the
Athabasca Basin. For an excellent overview, the reader is referred to Jefferson et al. (2007). Some examples of more 
recent, specialized studies discussing deposit age, the dynamics of fluid flow in the Athabasca Basin,
physicochemical controls on mineralization, origin of fluids, and deposit genesis are Alexandre et al. (2009a, 2009b, 
2010), Cloutier et al. (2010, 2011), Richard et al. (2010, 2011), Mercadier et al. (2011a, 2011b, 2012), and Chi et
al. (2013). The discussion that follows is focussed on a general assessment of the distribution of REE in the
unconformity-related U mineralization of the Athabasca Basin.

The world-class unconformity-related U deposits of the Athabasca Basin are variably classified, from a geological
setting or geochemical perspective, as basement- or sandstone-hosted (further distinguished as located at the
unconformity or ‘perched’ in sandstone above the unconformity), complex polymetallic or simple monometallic
types, and ingress (ore-forming fluids derived from the Athabasca Basin) or egress (ore-forming fluids derived from 
basement rocks) types. REE enrichment in unconformity-related deposits of the Athabasca Basin was recognized by
a number of exploration companies and investigators in the early 1980s (Harper, 1987, and references therein).
According to Jefferson et al. (2007), the more REE-rich deposits include those that are characterized by a complex,
polymetallic mineral paragenesis. Whereas this appears to be verified on average for mineralization containing less
than 1000 ppm U, the relationships between U and TREE in monometallic and polymetallic deposits at U
concentrations above 1000 ppm show considerable overlap (Figure 20), making a distinction in REE enrichments
between the two types based upon diversity of metal content unreliable. The locations of 15 mineralized areas that
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Figure 19 – Log-log plots of the relationships between TLREE and THREE+Y concentrations in U mineralization of 
Saskatchewan: a) intrusion-associated b) vein-type, and c) unconformity-related of the Athabasca Basin. Contoured
areas numbered 1, 2, and 3 represent the ranges in TLREE and THREE+Y concentrations reported from U oxides in 
intrusion-associated, vein-type, and unconformity-related U mineralization, respectively. Areas in part B with thick
orange dashed-dotted outlines contain samples from the Gaitwin and Hook Lake occurrences; area in part C with
purple dotted outline contains samples from the McArthur River deposit with >10 wT. % U. See captions of
Figures 15 and 16 for sources of data. Abbreviations: Bas, basement host; Ath, Athabasca Group sediment host.



qualify as TREE or THREE+Y occurrences are shown in Figure 14, and geochemical data for selected diamond-
drill core samples are presented for each in Table 10.

REE in the U deposits of the Athabasca Basin are hosted by a variety of diagenetic or hydrothermal minerals, and
include mainly U oxides and silicates, APS minerals, and accessory apatite, xenotime, and monazite (Quirt et al.,
1991; Fayek, 1996; Fayek and Kyser, 1997; Gaboreau et al., 2007; Cloutier et al., 2009, 2010, 2011; Mercadier et
al., 2011a, 2011b). Other pre-diagenetic or pre-ore minerals of magmatic, metamorphic, or detrital origin that are
expected to contribute minor or trace amounts of lanthanides, Y, and Sc in basement or Athabasca Group rocks and
may be present in trace to major proportions include garnet, titanite, phyllosilicates, Ti and Fe oxides, apatite,
allanite, monazite and xenotime (see Fayek and Kyser, 1997).

U oxides, which form the major part of the ore (or mineralization) of the deposits, commonly contain elevated REE
concentrations. Fayek (1996) reported 1.18 wt. % TREE in a third-generation uraninite from the Cigar Lake deposit, 
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Figure 20 – Log-log plot of the relationship between U and TREE concentrations in monometallic to weakly polymetallic,
and polymetallic unconformity-related mineralization of the Athabasca Basin. The data (n = 22,973) presented in this
diagram were compiled from selected drill-core sections (selective or systematic sampling) and bulk-rock geochemical U and
REE analyses (total digestion, ICP or fluorimetric) obtained from twelve deposits or areas. Data from monometallic or weak
polymetallic deposits are represented by Horseshoe (n = 15,941; complete database from SME Assessment File 64L04-0130),
McArthur River (n = 41; data from SME Assessment File 74H-0048), Millennium (n = 36; selected data from SME
Assessment File 74H12-0043), P-Patch (n = 59; selected data from SME Assessment File 74H04-0110), Phoenix (n = 70;
selected data from SME Assessment File 74H06-0142, discovery hole), and Shea Creek (n = 1,796; selected and complete
data from SME Assessment Files 74K04-NE-0031, -0041, and -0042). Data from polymetallic deposits are represented by
Cigar East (n = 90; selected data from SME Assessment Files 74I02-0083, -0084, and -0087), Midwest Lake (n = 34; selected
data from SME Assessment File 74I08-0069), Moore Lakes (n = 679; complete database from SME Assessment File 74H06-
NE-0128), Read Lake (n = 439; complete database from SME Assessment File 74H14-0073), Tamarack (n = 24; selected data 
from SME Assessment Files 64L05-0180 and 74I01-0114), and West Bear (n = 3,764; selected data and complete database
from SME Assessment Files 74H16-SE-0079 and 74H16-0093, respectively). Although the compiled dataset varies in
completeness and quality of analyses, the overall effects of the lower quality and incomplete data (e.g., some REE may not
have been analyzed or detection limits may vary according to the technique used) during manipulation of the database is
believed to be minimal and should not affect significantly the conclusions reached in the data analysis presented in this study.



41.9% of which comprises THREE+Y, including 953 ppm Dy; and 0.71 wt. % TREE in uraninite from the
McArthur River mine, 90% of which comprises THREE+Y, including 1386 ppm Dy. Similar results for uraninite
from the McArthur River deposit were reported by Bonhoure et al. (2007). U and REE concentrations in U oxides
were compiled from eight unconformity-related deposits (Fryer and Taylor, 1987; Reyx and Ruhlman, 1993; Fayek
and Kyser, 1997; Bonhoure et al., 2007; Mercadier, 2008; Beshears, 2010; Mercadier et al., 2011a; Ng, 2012).
Statistical data for U, Th, and REE are presented in Table 11. Highlights from this analysis are: Y is by far the most
abundant REE (median 3622 ppm; n = 183), followed by Dy (median 780 ppm; n = 127) and Er (median 248 ppm;
n = 116); the calculated median TREE, TLREE, and THREE+Y concentrations are 6886, 448, and 5967 ppm,
respectively (n = 116). Consistent with the relative magnitude of the latter numbers, the calculated median values for 
(THREE+Y)/TREE percentage and LaN/YbN are 94% and 0.1, respectively (n = 116); the median of the
arithmetically calculated Eu/Eu* values is 1.3 (n = 39).

U mineralization in the Athabasca Basin displays extreme variations in (THREE+Y)/TREE that converge to above
~75% as U concentrations increase toward those equivalent to 100% U oxide (Figure 21). Such variations are
obviously the result of dilution of HREE+Y–rich U oxides in hostrocks that contain variable proportions of different 
minerals (see above) that, in turn, contain different REE concentrations and are characterized by different (THREE+
Y)/TREE percentages. Locally abundant APS minerals likely contribute a very significant LREE component to the
U ores (or mineralization), as suggested by data presented in Figure 22. APS minerals in the unconformity-related U 
deposits are represented mainly by solid solutions among the end members florencite (LREEAl3(PO4)2(OH)6),
crandallite (CaAl3(PO4)2(OH)5•(H2O)), goyazite (SrAl3(PO4)2(OH)5•(H2O)), and svanbergite
(SrAl3(PO4)(SO4)(OH)6) of the alunite supergroup of minerals (Gaboreau et al., 2007; Bayliss et al., 2010; Cloutier
et al., 2011). Reported REE concentrations in the APS minerals vary from <1 to 20 wt. % TLREO or greater in the
Wheeler River area (Cloutier et al., 2010), and in the Eagle Point (Mercadier et al., 2011a) and Anne deposits
(Gaboreau et al., 2007).

Examination of the relationships between U concentrations and TREE, TLREE, THREE+Y, and Dy concentrations,
illustrated in Figure 23, provide further evidence that most of the variation in (THREE+Y)/TREE percentage values
displayed by the geochemical data in unconformity-related U deposits is due to the mixing of variable proportions of 
LREE-rich minerals, which obscure the signature of U oxides. Two populations of data points, especially well
represented by samples obtained from Athabasca Group siliciclastic rocks, are readily apparent in Figure 23. The
first population, characterized by low U/REE ratios and U concentrations mainly below 100 ppm, defines a
comparatively nonmineralized group in which the U and REE variations are attributed to the presence of variable
proportions of igneous, metamorphic, detrital, diagenetic, and hydrothermal REE-bearing and relatively U-poor
minerals (e.g., monazite, xenotime, APS minerals, zircon, apatite). The second population, characterized by elevated 
U/REE ratios, defines a mineralized group in which the U and REE variations are attributed to the presence of
variable proportions of various generations of REE-bearing U oxides and silicates. The data presented in
Figures 23A, C, and D for TREE, THREE+Y, and Dy, respectively, show a good correspondence with a theoretical
maximum limit in U/REE ratios imposed by U oxides. This is not the case, however, for the majority of the TLREE
data shown in Figure 23B, and can be explained either by a nonrepresentative TLREE distribution in the dataset of
U oxide compositions used here or by the systematic presence of significant amounts of other LREE-rich phases in
the U ores.

The McArthur River and Cigar Lake deposits are the richest U deposits in the world, with proven reserve grades of
24.18 and 22.31 wt. % U3O8, respectively (or 23.3 and 21.5 wt. % UO2). Such ores containing ~20 wt. % uraninite
would contain in excess of 200 ppm Dy (calculated from data in Table 11), competing favourably in terms of grade
with much-sought-after REE mineralization associated with alkaline intrusions, which contain resource Dy grades in 
the range 200 to 300 ppm (e.g., Strange Lake, Thor Lake, Kipawa). No REE resource estimates are available for
deposits in the Athabasca Basin. Based on the REE content of U ore minerals contained in the Athabasca Basin
unconformity-related U deposits, Fayek and Kyser (1997) estimated that a total of approximately 5000 t REE was
contained in the ensemble of unconformity-related U deposits known at this time. This estimate should be taken as a 
minimum, however, as it does not take into account the presence of other REE-rich minerals. A revised estimate of
the REE contained in the unconformity-related U deposits of the Athabasca Basin can be calculated by first
considering data presented in Figure 23. TREE, TLREE, THREE+Y, and Dy concentrations were separated into
11 groups with the U concentration ranges: 101 to 200 ppm, 201 to 500 ppm, 501 to 1 000 ppm, 1 001 to
2 000 ppm, 2 001 to 5 000 ppm, 5 001 to 10 000 ppm, 10 001 to 30 000 ppm, 30 001 to 50 000 ppm, 50 001 to
100 000 ppm, 100 001 to 300 000 ppm, and >300 000 ppm. Univariant statistical analysis was performed on each
group of data and the results are presented in graphical form in Figure 24, where they can be compared to calculated 
contributions from U oxides in Table 12.
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Table 11 – Results of univariant statistical analysis of REE concentrations in uranium oxides of unconformity-related uranium mineralization of the Athabasca Basin.



The calculations result in relatively modest estimates of Dy and THREE+Y contents, about a hundredth of those
contained in, for example, the Thor Lake (Nechalacho) deposit of Avalon Rare Metals Inc. Despite this, several
advantages may play in favour of profitable recovery of REE from the unconformity-related U deposits of the
Athabasca Basin. Intensive and continued exploration for U in the Athabasca Basin will probably contribute to a
continuous, albeit small, supply of ore; mining and milling infrastructures are already in place, permits for
radioactive substance storage (Th) have been obtained, and solvent extraction circuits at the Key Lake and McClean
Lake mills to recover U (International Atomic Energy Agency, 1993; Areva Resources Canada Inc., 2014; Cameco
Corp., 2014) employ methods similar to those used to recover REE (Gupta and Krishnamurthy, 2005). Metals
contained in the U ores, such as Mo, Ni, Co, and, by inference, possibly the REE, are separated during the
purification process of U at the Key Lake and McClean Lake mill facilities and discarded to tailing ponds. Studies
have shown that recovery of Ni and Co from tailings is technically feasible but that economic viability of the
process would be strongly dependent on the market for these metals (International Atomic Energy Agency, 1993;
Perron, 1996; Cameco Corp., 2002).

Although Y was extracted and marketed as a byproduct of U exploitation from the Denison mine in the Elliot Lake
district in the 1970s and 1980s (International Atomic Energy Agency, 1993; Cochrane and Hwozdyk, 2007), no
publicly available documentation reports on the feasibility of REE recovery and marketing from U ores of the
Athabasca Basin. No data are publicly available on REE concentrations in solutions along the solvent extraction
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Figure 21 – Log-log plot of the relationship between U concentration and (THREE+Y)/TREE percentage in 22 973 diamond-
drill core samples obtained from 12 unconformity-related U deposits of the Athabasca Basin. Values for average upper
continental crust (pink filled square) from Rudnick and Gao (2003) and median for Athabasca Group sandstones (blue filled
triangle) calculated from data in Card et al. (2011), Card and Bosman (2012), and Bosman and Card (2012) are shown for
reference. Open black diamond symbol with black vertical bar in upper right corner of plot represents median U and
(THREE+Y)/TREE(%) values and the 25th to 75th percentiles of the (THREE+Y)/TREE (%) distributions, respectively, for U 
oxides presented in Table 11. Basement rocks show a much wider diversity in (THREE+Y)/TREE percentage compared to
rocks from the Athabasca Basin, presumably due to a greater variety of minerals in the former. See text for discussion.



circuits and solid separates, in calcined yellowcake at the exit of the Key Lake and McClean Lake mill facilities, or
in tailings. The feasibility of adding a supplementary solvent-extraction system for profitable recovery of the REE in 
the mills and production of high-purity metal oxides remains to be demonstrated. At the present time, prospects for
economic recovery of REE from U ores of the Athabasca Basin are uncertain.

Sc is another REE of interest that occurs in anomalous concentrations in many U deposits of the Athabasca Basin.
Sc is one of the most valuable of the REE. Depending on purity, Gambogi (2013) reported 2011 to 2012 selling
prices per kilogram Sc2O3 of US$900 (99.0000% purity) to US$5900 (99.9995% purity). Prices as high as
US$7100/kg for 99.95% Sc2O3 were reported recently (HEFA Rare Earth Canada Co. Ltd., 2013). As a result, the
metal is in low demand and is used principally in aluminum alloys for aerospace components and sporting
equipment. In 2012, worldwide Sc consumption did not exceed 10 t (Gambogi, 2013). In the event of a sharp drop
in price for this commodity, Raade (2003) forecasted immediate demand for large-scale production of Sc alloys.

According to Rudnick and Gao (2003), the abundance of Sc in the upper continental crust is 14 ppm, close to the
abundances of Nb (12 ppm) and Pb (17 ppm). REE more abundant than Sc in the upper continental crust are Ce
(63 ppm), La (31 ppm), and Y (21 ppm). As discussed briefly in the “General Considerations” section, Sc tends to
be dispersed in Al- and Fe-rich minerals in the upper continental crust and is rarely concentrated in amounts
sufficient to form an essential constituent of minerals. Sc is the least soluble of the REE in aqueous solutions.
Differences in solubility products between Sc(OH)3 (s), ScF3 (s), and ScPO4 (s), and other solid trivalent REE
hydroxides, fluorides, and phosphates, of three to 12 orders of magnitude at 25°C (Speight, 2005; Wood and
Samson, 2006; Shkol’nikov, 2009) serve to illustrate this characteristic of Sc. It is usually a byproduct of the mining 
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Figure 22 – Log-log plot of the relationship between P2O5 and TLREE concentrations in 22 835 diamond-drill core samples
obtained from 10 unconformity-related U deposits of the Athabasca Basin. The data suggest that aluminum phosphate-
sulphate (APS) minerals (open green diamond symbols) exercise a strong control on the distribution of TLREE in samples
containing <30 000 ppm U. Data from Gaboreau et al. (2007), Cloutier et al. (2009, 2010, 2011), and Mercadier et al.
(2011a). The role of apatite in controlling TLREE distribution appears to be marginal (blue cross symbols represent apatite-
rich samples from the Wolverine Point Formation). Data from Card et al. (2011), Card and Bosman (2012), Bosman and
Card (2012), and SME Assessment File 74O01-0028.
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Figure 23 – Log-log plots of the relationships between U and a) TREE (n = 22 949), b) TLREE (n = 22 949), c) THREE+Y (n = 22 947), and d) Dy (n = 23 465) concentrations in basement- and Athabasca Group sediment–hosted mineralized and nonmineralized, sonic or diamond-drill core
sections obtained by different companies during examination of unconformity-related U deposits of the Athabasca Basin. The bulk-rock geochemical U and REE data illustrated in the diagrams were compiled for 13 deposits, namely Caribou Lake (SME Assessment File 64L05-SW-0157),
Cigar East (SME Assessment Files 74I02-0083, -0084, and -0087), Horseshoe (SME Assessment File 64L04-0130), McArthur River (SME Assessment Files 74H-0048 and 74H14-0077), Midwest Lake (SME Assessment File 74I08-0069), Millennium (SME Assessment File 74H12-0043),
Moore Lakes (SME Assessment File 74H06-NE-0128), Phoenix zone discovery hole (SME Assessment File 74H06-0142), P-Patch (SME Assessment File 74H04-0117), Read Lake (SME Assessment File 74H14-0073), Shea Creek (SME Assessment Files 74K04-NE-0031, and 74K04-0041
and -0042), Tamarack (SME Assessment Files 74I01-0114 and 64L05-0180), and West Bear (SME Assessment Files 74H16-0079 and -0093). The data in the diagrams concentrate into two populations: non–U-mineralized samples characterized by low U/REE ratios and U-mineralized
samples characterized by elevated U/REE ratios. TLREE concentrations are much less dependent on variations in U concentrations than THREE+Y (or Y, or Dy, or any other HREE considered individually) concentrations are. Note that a significant proportion of the samples in the
database containing >0.5 wt. % TLREE are non–U mineralized and show U/TLREE ratios <0.5 (31 out of 35). Black, open diamond symbols with vertical black lines represent median compositions with ranges between the 25th and 75th percentiles of the distributions for the data presented
in Table 11. Solid and dashed blue lines represent theoretical compositions (median compositions and compositions that lie between the 25th and 75th percentiles referred to above) along U oxide dilution trends with U- and REE-free matrixes. See text for further discussion.
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Figure 24 – Log-log plots of U versus TREE (A), TLREE (B), THREE+Y (C), and Dy (D) concentrations, showing the medians (thin black solid lines) and 25th and 75th percentile distribution envelopes (thin short-dashed black lines; 95% confidence level) within groups defined by the
following ranges in U concentration: 101 to 200 ppm, 201 to 500 ppm, 501 to 1 000 ppm, 1 001 to 2 000 ppm, 2 001 to 5 000 ppm, 5 001 to 10 000 ppm, 10 001 to 30 000 ppm, 30 001 to 50 000 ppm, 50 001 to 100 000 ppm, 100 001 to 300 000 ppm, and >300 000 ppm. Also shown are the
calculated median composition of U oxides from unconformity-related U deposits in the Athabasca Basin (diamond symbol crossed by thick vertical solid line that defines the 25th to 75th percentile distribution envelope of REE concentrations given in Table 11) and the average grade of the
deposits (thick vertical red dashed line at 1.97 wt. % U; Jefferson et al., 2007, Table 1). The diagrams show that median THREE+Y and Dy bulk-rock concentrations are statistically similar to those that could be attributed to U oxides in ores grading 1.97 wt. % U. Median TREE and TLREE
bulk-rock concentrations are, however, significantly higher than those that could be attributed exclusively to U oxides in ores grading 1.97 wt. % U. Considering the data compiled in this study, and the estimated 29 811 000 t averaging 1.97 wt. % U, a TREE content of between 10 000 and
24 000 t is estimated from these figures to be contained in the ensemble of the Athabasca Basin unconformity-related U deposits (see Table 12).



of other metals. Under some circumstances, the metal is concentrated in residual deposits, such as laterites
developed on ultramafic and other rock types (Naumov, 2008; Van Huet et al., 2010).

The presence of Sc-rich minerals is also well documented in association with granitic rocks, including miarolitic
granites and granitic pegmatites (Wise et al., 1998; Gramaccioli et al., 1999; Èerný and Chapman, 2001; Segalstad
and Raade, 2003; Kristiansen, 2009), some topaz rhyolites and granites (Frondel, 1970; Scott et al., 1998), and
thortveitite (Sc2Si2O7)–bearing fluorite mineralization (Shawe, 1976; Foord et al., 1993). Only very small amounts
of Sc have been extracted from such deposits in the past. Eudialyte group, apatite group, and other minerals are
reported to contain significant Sc concentrations at some localities in alkaline plutonic rocks (Liferovich et al.,
1998; Tice, 2009; Gambogi, 2013). In recent years, production of Sc has been reported as a byproduct material from 
China, Kazakhstan, Russia, and Ukraine (Raade, 2003; Cardarelli, 2008; Gambogi, 2013). REE ore tailings in the
Bayan Obo REE deposit are reported to contain up to 163 ppm Sc, where the metal is contained in magnetite,
hematite, bastnäsite-(Ce), parisite-(Ce), monazite-(Ce), riebeckite, aegirine, phlogopite, biotite, and apatite
(Shimazaki et al., 2007). The only present-day mining operation dedicated to the production of Sc is the Zhovti
Vody mine in Ukraine (Laznicka, 2010), which holds 775 t of proven reserves of Sc in V-Sc–rich aegirine–alkali
amphibole–bearing ores grading 105 ppm Sc (Nechaev et al., 2002; Cardarelli, 2008).

There are no reported analyses of Sc in minerals from any type of deposit in Saskatchewan. Elevated concentrations
of the metal, however, were identified by companies from analysis of mineralized diamond-drill core during
evaluation of numerous unconformity-related U deposits of the Athabasca Basin, including the West Bear deposit
(up to 674 ppm Sc; SME Assessment File 74H16-SE-0079), the McArthur River mine (up to 659 ppm Sc; SME
Assessment File 74H-0048), the Millennium deposit (up to 635 ppm Sc; SME Assessment File 74H12-0043), the
Cigar Lake and Cigar East deposits (up to 500 and 189 ppm, respectively; SME Assessment Files 74I02-0024 and     
-0083), the Caribou Lake pod (up to 365 ppm Sc; SME Assessment File 64L05-SW-0157), the Collins Creek (now
Tamarack) deposit (up to 346 ppm Sc; SME Assessment File 74I01-0114), and deposits in the Shea Creek area (up
to 299 ppm Sc at the Anne deposit (SME Assessment File 74K04-0042) and up to 822 ppm at the Kianna deposit
(SME Assessment File 74K04-0037)). Elevated Sc concentrations are reported both for samples cored from
basement rocks and for samples cored from Athabasca Basin sedimentary rocks.

In nonmineralized Athabasca Basin siliciclastic sedimentary rocks, the variation in Sc concentrations is dependant
mainly on the concentrations of TiO2 (and Nb, Ta), Al2O3 (and V), P2O5, and, to a lesser extent, Zr, suggesting
distribution principally among Ti oxides, clay minerals, APS minerals, and zircon. Similar to other REE, Sc
concentrations display a general increase from sandstone and conglomerate to siltstone and mudstone. Values range
between 0.05 and 34 ppm (median 0.4 ppm, n = 1206; data from Card et al. (2011), Card and Bosman (2012),
Bosman and Card (2012)). Owing to the wide variation of rock types below and surrounding the Athabasca Basin,
wide variations in Sc concentrations are expected to be encountered in nonmineralized rocks. In 5495 samples of
basement rocks (U =20 ppm), reported Sc concentrations vary between 0.001 and 68 ppm, and a median
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Table 12 – Approximations of the TREE, TLREE, THREE+Y, and Dy contents of unconformity-related U deposits of the
Athabasca Basin.



concentration of 2 ppm was calculated. The calculated median concentrations reported above are significantly lower 
than the value of 14 ppm reported by Rudnick and Gao (2003) for average upper continental crust.

As mentioned above and in the “Mixed REE Mineralization in which THREE+Y(±Sc) Constitute >20% of the
TREE” section, the minerals that host Sc in unconformity-related U deposits of the Athabasca Basin remain to be
determined. Graphical and statistical analysis of the U and Sc diamond-drill core geochemical data included in SME 
assessment files suggest that U-rich minerals probably host significant concentrations of Sc. This is shown in the
plots in Figure 25 using selected REE geochemical diamond-drill data for the McArthur River deposit from SME
Assessment Files 74H-0048 and 74H14-0077. Figure 25A shows that the U/Sc ratios calculated from the database
attain a plateau in samples containing greater than approximately 50 000 ppm U. This suggests that at least one U-
rich phase controls the distribution of Sc in this interval of U concentration. Statistical analysis of 33 Sc-REE–rich
samples containing >50 000 ppm U returned the following: median U/Sc is 1128, U/Sc at the 25th percentile
distribution is 892, and U/Sc at the 75th percentile distribution is 1567. Assuming that the main U-rich phase that
holds Sc is uraninite, and using an intermediate U concentration in uraninite from the McArthur River deposit of
749 421 ppm calculated using data in Fayek (1996), an estimated Sc concentration of between 466 and 818 ppm is
calculated for the U oxides.

The estimated Sc concentrations are significantly lower than published data on Sc concentrations in uraninite
derived from pegmatite-hosted or vein-type deposits (978 to 1434 ppm; Sankaran et al., 1970), and, by analogy with 
other REE, this may be related, at least in part, to the lower formation temperatures of unconformity-related deposits 
of the Athabasca Basin. Examination of Figure 25Bb shows that the distribution of sample data is consistent with
mixing of the hypothetical Sc-rich U oxide with basement and Athabasca Group rocks. Figure 25B also suggests
that, due to the low estimated Sc concentrations in U oxides from the Athabasca Basin, increases in Sc
concentrations contributed by U-rich minerals in mineralized rocks are expected to be perceptible only where the
mass proportion of these minerals in the rocks is above approximately 5 to 10%. Assuming Sc at McArthur River is
held in uraninite and using total U Reserve and Resource figures published for the deposit (172 129.5 t), it is
estimated that 110 to 193 t Sc (168 to 296 t Sc2O3) are contained in the deposit, which could represent a valuable
byproduct (potentially worth more than US$1.0 billion in the purest oxide form at current market prices).

The relationships between U and Sc observed at McArthur River appear to hold for the ensemble of the
unconformity-related U deposits of the Athabasca Basin. This is shown in Figures 26 and 27, where the relationship
between U and Sc concentrations using 23 014 analyses from 13 deposits is displayed. Similar to what is observed
in Figure 25a, U and Sc concentrations appear in Figure 26 to become interdependent in basement- and Athabasca
Group–hosted mineralization where U concentrations exceed ~50 000 ppm. In order to test this, the database was
separated into the following 14 intervals of U concentration: 101 to 200, 201 to 500, 501 to 1 000, 1 001 to 2 000,
2 001 to 5 000, 5 001 to 10 000, 10 001 to 20 000, 20 001 to 30 000, 30 001 to 50 000, 50 001 to 70 000, 70 001 to
100 000, 100 001 to 200 000, 200 001 to 300 000, and >300 000 ppm. Univariant statistical analysis was carried out 
on samples in each group for U and Sc concentrations and U/Sc ratios. The results are displayed in graphical form in 
Figure 27. The calculated U/Sc ratios attain a near-plateau with minimal Sc dispersion in samples containing greater
than approximately 50 000 ppm U, comparable to what is observed using the more limited dataset from the
McArthur River deposit. Statistical analysis of the 270 samples containing >50 000 ppm U returned the following:
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Figure 25 – Log-log plot of the relationships between U concentration and U/Sc ratio (A), and U and Sc concentrations (B) in 
190 diamond-drill geochemical analyses from the McArthur River unconformity-related U deposit (selected from SME
Assessment Files 74H-0048 and 74H14-0077). In (A), open red circles represent U-rich and Sc-REE–poor samples that were
not taken into account in the statistical analysis discussed in the text. The dotted vertical red line corresponds to the reported
U grade of ore Reserves of the McArthur River deposit. Solid and dash-dotted horizontal red lines in the upper right part of
the diagram correspond to the median and the 25th and 75th percentile U/Sc values within the interval of U concentrations
50 000 ppm (indicated by the short full red vertical line) and greater. The alignment of points on the left side of the diagram is 
produced as an artifact of the relatively elevated detection limit for Sc of 1 ppm in sample analyses compiled from SME
Assessment File 74H14-0077. In (b), the open black diamond with vertical black line represents the calculated median
composition of an hypothetical U oxide with ranges in Sc concentrations between the 25th and 75th percentiles of the data
considered. See text for details. Solid and dashed blue lines represent theoretical compositions (median compositions and
compositions that lie between the 25th and 75th percentiles referred to above) along dilution trends between hypothetical
U oxides and U- and Sc-free matrixes. Dash-dotted blue line represents a mixing line between hypothetical U oxides and the
average Proterozoic cratonic shale composition reported in Condie (1993). Dash–double dotted blue line represents a mixing
line between hypothetical U oxides and the calculated median composition of 1206 samples of Athabasca Group siliciclastic
rocks (data from Card et al., 2011; Card and Bosman, 2012; Bosman and Card, 2012). The mixing lines constrain reasonably 
well the distribution of the data and, in the case of the more Sc-rich case, converge with the hypothetical U oxide dilution
trend at ~50 000 ppm U.
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median U/Sc is 1,637, U/Sc at the 25th percentile distribution is 1,251, and U/Sc at the 75th percentile distribution is 
3,118.

Assuming again that the main U-rich phase that holds Sc is uraninite, and using the median U concentration of
uraninite from Table 11 of 701 673 ppm, an estimated Sc concentration of between 225 and 561 ppm is calculated
for the U oxides. This calculated range of concentrations is roughly similar to those calculated for the McArthur
River deposit. Employing a similar approach to the one used above to calculate other REE contents19 in the
ensemble of the unconformity-related U deposits of the Athabasca Basin, the U/Sc ratios given above and the U
content estimate of 587 063 t provided in Jefferson et al. (2007, Table 1) were used to provide a rough estimate of
the Sc content. Results suggest between 188 and 469 t, although the U content estimate in Jefferson et al. (2007)20 is 
now exceeded due to recent discoveries of new deposits.

Mineralization in which THREE+Y Constitute >90% of the TREE

REE deposits in which the proportions of HREE and Y represent more than 90% of the contained TREE are very
rare. They are the expression of mineralization in which the composition of REE minerals is dominated by HREE
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Figure 26 – Log-log plot of the relationship between U and Sc concentrations in 23 014 core samples obtained from
13 unconformity-related U deposits of the Athabasca Basin: Caribou Lake (SME Assessment File 64L05-SW-0157), Cigar
East (SME Assessment Files 74I02-0083, -0084, and -0087), Cigar Lake (SME Assessment File 74I02-0038), Horseshoe
(SME Assessment File 64L04-0130), McArthur River (SME Assessment Files 74H-0048 and 74H14-0077), Midwest Lake
(SME Assessment File 74I08-0069), Moore Lakes (SME Assessment File 74H06-NE-0128), Phoenix (SME Assessment File
74H06-0142), P-Patch (SME Assessment File 74H04-0117), Read Lake (SME Assessment File 74H14-0073), Shea Creek
area (SME Assessment Files 74K04-NE-0031, and 74K04-0041 and -0042), Tamarack (SME Assessment Files 74I01-0114
and 64L05-0180), and West Bear (SME Assessment Files 74H16-0079 and -0093). Similar to other REE, the data form two
groups: a nonmineralized group characterized by low U/Sc ratios and a mineralized group characterized by elevated U/Sc
ratios.

19 Sc was not included in these calculations.
20 Includes past production at the time of publication.



and Y. REE-rich minerals likely to produce such HREE+Y–rich mineralization, potentially in economic
concentrations, are not numerous, the main one being xenotime-(Y). Xenotime-(Y) is an orthophosphate mineral of
general formula (Y,HREE)PO4 that typically contains ~60 wt. % THREO+Y2O3 and may contain substantial
concentrations (up to a few wt. %) of U and/or Th. The more abundant HREE in xenotime are, in general, Dy, Er,
and Yb. The larger LREE are present only in very low concentrations in the more compact structure of xenotime,
where HREE and Y occur in eight-fold co-ordination with respect to oxygen (Miyawaki and Nakai, 1996).

Xenotime is a comparatively rare mineral, much rarer than monazite. It seldom occurs in more than trace amounts in 
a wide variety of rock types that usually contain more abundant LREE-rich minerals. It is also reported as a rare
accessory mineral in granitic pegmatites and alpine fissure veins. Percentage concentrations of xenotime in rocks are 
reported, however, from several locations, including, for example, in biotite-rich segregations in gneiss in the Music 
Valley area, Riverside County, California (Evans, 1964) and the Central City district, Colorado (Young and Sims,
1961); in biotite-magnetite-amphibole–rich layers in metamorphosed siliciclastic sedimentary rocks at Olserum,
Sweden (Reed, 2013); as hydrothermal mineralization in basal conglomerates of the Paleoproterozoic Killi Killi
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Figure 27 – Log-log plot of U versus Sc, showing statistically derived median and 25th and 75th percentiles for U and Sc
concentrations or U/Sc ratios from the data referred to in the caption of Figure 26. See text for details. Vertical-axis units for
red-filled symbols (medians within a given interval of U concentrations) and associated vertical thin red lines (25th to 75th
percentile ranges within a given interval of U concentrations), and horizontal thick solid red (median within the interval of U
concentrations >50 000 ppm) and dash-dotted red lines (associated 25th to 75th percentiles) are U/Sc. Vertical-axis units for
the rest of the symbols are Sc (ppm). Blue-filled circles and associated horizontal and vertical thin blue lines represent
medians within a given interval of U concentrations and the 25th to 75th percentiles within this interval, respectively. Open
black diamond with vertical black line represents the estimated median and 25th to 75th percentile range of Sc
concentrations, respectively, of an hypothetical U oxide containing 701 673 ppm U. Solid and dashed blue lines represent
theoretical compositions (median compositions and compositions that lie between the 25th and 75th percentiles referred to
above) along dilution trends between hypothetical U oxides and U- and Sc-free matrixes. The vertical dashed red line
corresponds to the average U grade (1.97 wt. %) of unconformity-related U deposits of the Athabasca Basin given in
Jefferson et al. (2007, Table 1). Diamond-drill core analytical data points from Figure 26 appear translucent in the
background for reference.



Formation, Australia (Gardner Range project of Quantum Resources Limited, 2013); and in hydrothermal xenotime
breccias at the Wolverine HREE deposit, Western Australia (Browns Range project of Northern Minerals Limited,
2013).

In Saskatchewan, exceptionally rich xenotime mineralization was discovered during U exploration in the Athabasca
Basin at a number of locations, including the McClean Lake U deposits (Wallis et al., 1983; location 310, Table 13
and Figure 28) where the mineral locally yields up to 10 wt. % Y2O3 in clay-rich zones. The larger xenotime
occurrences, however, appear to be spatially dissociated from the U mineralization. Two of the better known
examples in the province are the MAW REE zone, hosted by sandstones of the Manitou Falls Formation in the
Wheeler River area (SMDI #2160; location 309, Table 13 and Figure 28), and a group of occurrences discovered by 
Marlin Oil in 1980 in Otherside River formation sandstones of the Douglas River–Beatty River area (SMDI #2141,
#2142, and #2143; locations 306, 307, and 308, Table 13 and Figure 28). Marlin Oil’s REE occurrences have been
worked most recently by Great Western Minerals Group Ltd. (GWMG) to evaluate the economic potential of the
area. Bulk-rock REE distributions are very similar at both locations, where the xenotime occurs as a very fine
grained (i.e., 30 to 40 µm in diameter in the Douglas River–Beatty River area; SME Assessment File 74K03-0024)
and averaging <5 µm in diameter in the MAW REE zone (Hanly, 2001)) phase in the interstices of detrital quartz
and in silicified zones. Whereas the Beatty River area xenotime occurs in zones that are conformable to bedding
within the sandstone (SME Assessment File 74K-0015), it is hosted by highly altered, fractured, and brecciated
sandstone in the MAW Rare Earth zone (Knox, 1985, 1986; Quirt et al., 1991).

Owing to the very fine grained and disseminated nature of the mineralization, xenotime is reported to be virtually
impossible to identify in the field (Hanly, 2001). The mineralogy tends to be fairly simple and there are no reported
associations with reliable indicator minerals that may extend away from mineralized zones and be used as
pathfinders. Except perhaps for silicification, there are no dependable alteration types associated with xenotime
mineralization, and no useful geochemical tracer has been identified. For instance, there is no particular enrichment
in Ni-Co-Cu-Zn-Ti-V-Zr or other trace elements other than those contained in xenotime; tourmaline (B) is absent in
the Douglas River–Beatty River area, and APS minerals (Sr, Ba) are weakly developed in the MAW REE zone and
relatively common throughout the Athabasca Basin. A good suggestion for the presence of the mineral may be a
radioactive response obtained using a gamma-ray field spectrometer (SME Assessment File 74K-0015). According
to electron microprobe data (Hanly, 2001), xenotime from the MAW REE zone contains up to 0.5 wt. % U+Th.
APS minerals, which may contain up to ~2 wt. % U+Th (Cloutier et al., 2009, 2010, 2011; Mercadier et al., 2011a),
can occur with xenotime, thus adding to the difficulty in determining the presence of xenotime. U/Th ratios are,
however, distinct in both phases: U/Th is >1.1 (1.1 to 18.1) in xenotime from the MAW zone; the median U/Th
value is 0.15 (0.006 to 26.825) in a population of 26 microprobe analyses of APS minerals reported in Fayek and
Kyser (1997), Cloutier et al. (2009, 2010, 2011) and Mercadier et al. (2011a), with the lowest values observed for
APS minerals occurring outside the perimeter of U deposits. Calculated U/Th ratios from bulk-rock geochemical
data in Table 13 range from 0.01 to 73.68, with a median value of 2.3 (25th percentile at 1.0; 75th percentile at 4.7;
n = 55), similar to those obtained from xenotime. Apatite-rich beds in the Wolverine Point formation are also
radioactive and, based on seven bulk-rock analyses presented in Card and Bosman (2012) that show >10 wt. %
P2O5, they contain between 41 and 207 ppm U and between 3 and 8 ppm Th. Calculated U/Th ratios using these data 
vary between 12 and 63, and average 29. The apatite-rich beds have distinctly higher U/Th signatures than do
xenotime-rich rocks. Nitric acid and ammonium molybdate reagents can be used in the field to verify the presence
of apatite in Athabasca Group sediments where the phosphate content is greater than 1000 ppm (Oakes, 1938;
Barrie, 1965). Access to a portable XRF spectrometer would allow confirmation of the presence of anomalous REE
directly in the field. The age of the mineralization in the MAW REE zone and in the Douglas River–Beatty River
area, and the temperature and pressure at which the mineralization formed, remain unknown.

Hanly and Hagni (2002) postulated that the Y and HREE were derived largely from earlier U mineralization in an
area close to the MAW REE zone, implying that depositional mechanisms for the REE mineralization were not
related to, and were different from, those responsible for the formation of the unconformity-related U deposits. Quirt 
et al. (1991) and Barker (2007), on the other hand, suggested that the MAW REE zone may represent the distal halo 
of a hydrothermal system responsible for the U mineralization. This could be verified by chemical analysis of fluid
inclusions that, in U deposits, contain up to 2.8 × 10-3 mol/L U (Richard et al., 2011).

In the mid-1980s, Union Oil Company of Canada Ltd. provided a drill-estimated indicated resource for the MAW
REE zone of 462 664 t averaging 0.21% Y2O3 (Knox, 1985, 1986; see Table 1). Using bulk-rock geochemical data
for samples in Table 13 containing <0.3 wt. % Y, linear regression between Y and Tb, Dy, Ho, Er, Tm, Yb, and Lu
resulted in calculated R2 values of better than 0.96. Applying the calculated linear-regression equations to
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Table 13 – HREE-dominant mineralization: diagenetic-hydrothermal, sandstone-hosted xenotime.



Report 264 66 Saskatchewan Ministry of the Economy

Table 13 (continued) – HREE-dominant mineralization: diagenetic-hydrothermal, sandstone-hosted xenotime.



extrapolate Tb, Dy, Ho, Er, Tm, Yb, and Lu concentrations at the average grade of 0.21% Y2O3 (1653.6 ppm Y),
values of 37, 295, 45, 110, 12, 58, and 8 ppm, respectively, were obtained for these REE. Assuming a resource of
462 664 t, a rough estimate of the amounts of Tb4O7, Dy2O3, Ho2O3, Er2O3, Tm2O3, Yb2O3, Lu2O3, and Y2O3

potentially contained in the MAW REE zone is 20, 157, 24, 58, 6, 31, 4, and 972 t, respectively (1272 t total).

Indications of the presence of significant xenotime mineralization elsewhere in the Athabasca Basin are few.
Elevated concentrations of HREE were encountered in a number of drill holes north of the Athabasca Basin in the
area between Black Lake and Hocking Lake (locations 311 to 314, Table 13 and Figure 28). The best sample
(BL02-105, selective sampling; location 312) contains an estimated 0.43 wt. % xenotime (calculated from bulk-rock 
chemical analyses). The xenotime occurs in strongly fractured and silicified sandstone not correlated with clay
mineral content in close spatial relationship with the Platt Creek shear zone (SME Assessment Files 74P04-SW-
0035, and 74P04-0041 and -0045). Significant proportions of APS minerals may be present and would dilute the
HREE+Y proportion of the TREE to <70%.

Compositional data in Hanly (2001) obtained from electron microprobe analysis of xenotime from the MAW REE
zone support a hydrothermal origin for xenotime at this locality (Figure 29). Knox (1985) suggested that
mineralization in the MAW REE zone was formed during a late fracturing episode that overprinted an early
fracture/brecciation/silicification event. According to Knox’s (1985) proposed hypothesis, brittle deformation of the
competent sandstone during this late, main mineralization event would have been accompanied by infiltration of
Y(+HREE)–bearing fluids from which the REE were adsorbed onto clay minerals. A P-rich fluid would have
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Figure 28 – Location of mineralization in which (THREE+Y)/TREE is predominantly >90%: diagenetic-hydrothermal
sandstone-hosted xenotime occurrences in the Athabasca Basin.



subsequently reacted with the adsorbed REE to deposit xenotime, presumably after a strong dravitization event.
Another possible mechanism that could be very effective in precipitating xenotime directly from solution is through
mixing of the above-cited Y(+HREE)–bearing and P-rich fluids. REE solubility can be extremely elevated in
phosphate-, carbonate-, and fluoride-free, and chloride- or sulphate-rich fluids (Williams-Jones et al., 2012; Loges
et al., 2013; Figure 30). Inclusion fluids in quartz from unconformity-related U deposits contain up to 35 wt. %
equivalent NaCl with molar Na/Ca ratios as low as 0.5 (Derome et al., 2005; Richard et al., 2010). APS minerals
containing significant proportions of svanbergite in solid solution provide indirect evidence for the presence of
sulphate in the fluids as well, although no information on its concentrations in fluid inclusions is available. Richard
et al. (2011) estimated that the pH of the ore-forming fluids responsible for deposition of U in unconformity-related
U deposits must have been between 2.5 and 4.5. Such acidic fluids are also efficient in enhancing REE solubility in
hydrothermal fluids.

Preliminary calculations indicate that the solubility of crystalline YPO4 in fluids saturated with hydroxylapatite at
25°C21, pH values of 3 to 7, fixed activities of H2O and Cl- of 1, and activities of Ca2+ of 0.01, 0.10, and 1.00 is well
below 1 ppm. Similarly, very low solubility of CePO4 is obtained in such fluids. Retrograde (and stoichiometric)
solubility of REE phosphates up to ~300°C (Wood, 2004; Cetiner et al., 2005) suggests that low xenotime
solubilities are probably maintained in apatite-saturated fluids up to those temperatures. The absence of monazite or
rhabdophane, and relative scarceness of LREE-rich APS minerals in xenotime mineralization suggest that the
mineralizing fluid was also poor in LREE. Where APS minerals are present with xenotime and apatite is absent, and 
considering the case where it is assumed that APS minerals and xenotime were formed simultaneously, the total
dissolved P concentration in solution in equilibrium with those minerals is predicted to be elevated and that of Y
very low (Figure 31). Reaction of an HREE+Y–rich and P-poor fluid circulating through fracture zones that cut rock 
types containing abundant phosphates, such as are documented in the upper parts of the Wolverine Point (1.60 to
1.64 Ga diagenetic apatite cement; Davis et al., 2011) and Otherside formations, and in the Douglas Formation and
the marine section of the Manitou Falls Formation (Ramaekers, 1980, 1990), in principle should lead to massive
precipitation of xenotime. No xenotime mineralization has been reported in apatite-rich (i.e., several percent) rocks
of the Athabasca Group to this date. The number of samples of such apatite-rich rocks that were analyzed for Y and
HREE is, however, extremely limited. This might indicate limited areal extent of xenotime mineralization, which
could be localized in intensely fractured zones where flow of mineralizing fluids would have been concentrated.
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Figure 29 – Log-log plots showing compositional DyN vs EuN (A) and GdN vs EuN (B) relationships in xenotime from the
MAW REE zone, using data from electron microprobe analyses provided in Hanly (2001). Dotted elliptical fields designate
detrital-igneous, diagenetic, and hydrothermal sources proposed by Vallini (2006). Xenotime from the MAW REE zone shows 
elevated EuN values, typical of hydrothermal REE minerals formed from ligand-rich fluids at low temperatures and under
comparatively elevated oxygen fugacities, as opposed to those grown from a melt in which Eu is present predominantly in the
divalent state and fractionates into plagioclase feldspars during crystallization (Sverjenski, 1984; Wood, 1990; Bau, 1991).

21 There are currently no widely available thermodynamic datasets that include properties for xenotime-(Y), other solid Y phases, and aqueous Y
species at elevated temperatures.
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Summary and Conclusions

At the present time, the alkaline veins in the Hoidas Lake–Nisikkatch Lake area and the sandstone-hosted xenotime
and unconformity-related U deposits of the Athabasca Basin offer the best potential for economic recovery of REE.
The sandstone-hosted xenotime and unconformity-related U deposits of the Athabasca Basin are of particular
interest for their elevated HREE and Sc concentrations. The Athabasca Basin sandstones represent an ideal target
area for future exploration and discovery of new REE resources.

The economic importance of monazite occurrences associated with biotite-rich zones in high-grade metamorphosed
sedimentary rocks is largely unknown. Monazite is not invariably present in such biotite-rich zones and xenotime,
where reported, is never present in more than trace amounts. None of the zones reported appear to exceed 2 m in
width. The maximum reported strike length of any individual zone is less than ~100 m. The vertical extent of
group B granitic pegmatites in the Fraser Lakes zone B was demonstrated to be ~100 m (SME Assessment File
74H02-0044). Most commonly, the concentration of monazite in the biotite-rich zones is below 2 to 3% by volume
of rock. Exceptionally elevated monazite concentrations, locally exceeding 20% by volume of rock, however, were
observed at two occurrences. TREE grades obtained by analysis of three hand samples collected from highly
radioactive zones at the Alces Lake occurrence varied between 13 and 29 wt. %. To date, the most extensive
monazite mineralization recognized in Saskatchewan is the Archie Lake deposit of presumed detrital origin. The
economic importance of this deposit, however, has not been demonstrated. Whereas spectacularly rich monazite
mineralization is documented from the Kulyk Lake occurrence, the surface exposure is very small and it remains to
be shown whether more of this mineralization lies concealed or the occurrence simply constitutes a scientific
curiosity. Relatively little work has been undertaken in the area and no drilling has taken place at the occurrence.

Intrusion-associated, vein-type, and unconformity-related U deposits are of interest for their HREE+Y–enriched
character, due mainly to the presence of REE-bearing U oxides. Because of their low to very low U grades,
economic recovery of REE as a byproduct from intrusion-associated and vein-type deposits might be profitable only 
where very large tonnages are identified. Existing mining and processing infrastructure for unconformity-related, U-
rich deposits in the Athabasca Basin offer potential for eventual recovery of the valuable heavier lanthanide
elements, Y, and Sc.
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Figure 30 – Log-log plots of pH versus ΣaY species, showing A) the solubility of the stable solid phases Y(OH)3(s) and
Y2(CO3)3•H2O(s), and of metastable YF3 (s), in the system Y-Cl-F-S-C-O-H; and B) the solubility of the stable solid phases
Y(OH)3 (s) and YPO4( s) in the system Y-Cl-F-S-C-P-O-H. Temperature and pressure were fixed at 25°C and 1 bar in all cases.
Maximum aF-, aSO4

2-, aCO3
2-, and aPO4

3- in solution were fixed by saturation with fluorite, gypsum, calcite, and
hydroxylapatite, respectively, at prescribed aCa2+ of 0.01, 0.10, and 1.00. A value for aCl - of 1 was used in all calculations.
The aqueous Y species considered in the calculations were Y3+, Y(OH)2+, YCl2+, YF3(aq), YF2

+, YF2+, YSO4
+, Y(SO4)2

-, YPO4(aq),
YHPO4

+, YH2PO4
2+, YCO3

+, and YHCO3
2+. Inspection of the diagrams shows that Y solid phase solubilities increase with

increasing aCa2+ and concomitant decreases in aF -, aSO4
2-, aCO3

2-, and aPO4
3- (Le Chatelier’s principle). Maximum

solubilities are achieved in solutions containing only chloride and sulphate ligands (Y chloride and sulphate salts are highly
soluble in water). The solubility of crystalline YPO4 (s) (pure end-member xenotime-(Y) composition) is very low and is
increasingly so with increasing total dissolved phosphate concentrations. In solutions saturated with hydroxylapatite,
maximum total dissolved Y in solution is well below 1 ppm at pH values between 3 and 7. Thermodynamic data for solids and
aqueous species used for calculation of the diagrams are from the thermo_minteq.dat dataset of The Geochemist Workbench
(Bethke, 1996; Bethke and Yeakel, 2009; The Geochemist Workbench datasets available at http://www.gwb.com/). Deep-
basinal, acidic, and calcium-rich brines (Frape et al., 2003; Kharaka and Hanor, 2003), such as those encountered in fluid
inclusions from unconformity-related U deposits (Mercadier et al., 2010; Richard et al., 2011), would represent excellent
candidates to accumulate (Cuney, 2008) and transport Y and HREE in the Athabasca Basin. Reaction of such REE-enriched
fluids with pre-existing phosphates could be a very efficient mechanism for precipitating fine-grained xenotime from highly
supersaturated solutions. Note that Y(OH)3 (s) and YF3 (s) phases are not reported to occur in nature. Y2(CO3)3•H2O(s) is close to 
tengerite [Y2(CO3)3•2-3H2O]. The activity of YPO4 (s) in natural xenotime is always <1, so calculated YPO4 (s) solubilities
shown in Figure 30b represent maximum estimates. The systems considered here are simplified and reflect only partially
equilibrium, which would be expected to take place in natural systems where additional components (Na, Al, Si, etc.) allow
formation of a large number of other minerals for which phase relations are largely unknown. Such naturally occurring solid 
phases, not included in the thermo_minteq.dat dataset or for which experimentally determined, fundamental thermodynamic
properties are commonly lacking, include, for example, bastnäsite-(Y) [YCO3F], gagarinite-(Y) [NaCaYF6], and REE-rich
fluorite [(Ca, REE)F2+x]. Solubility relationships of Y in P-containing and P-free systems are, however, expected to be similar
for data presented here and data that would be obtained from natural systems. The relative solubility of Y in P-containing and 
P-free systems at higher temperatures, corresponding to the thermal history of the Athabasca Basin, would also be expected to 
show similar large differences.

http://www.gwb.com/
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Diagenetic-hydrothermal, sandstone-hosted xenotime deposits show the most dramatic HREE+Y enrichment of all
REE deposits in Saskatchewan. To date, however, only subeconomic deposits of this type have been discovered in
the Athabasca Basin. Factors limiting exploration for this type of deposit in the Athabasca Basin include extremely
scarce exposures of bedrock, a poorly defined radiometric signature, and lack of associated distinctive alteration
haloes and pathfinder elements. Nevertheless, existing documentation suggests that the Athabasca Basin, by its size
and fluid-flow history, offers potential for the discovery of economic HREE+Y deposits. Apatite-rich occurrences,
mostly in the Wolverine Point Formation, appear not to have been prospected as potential traps for HREE-bearing
fluids circulating in tectonized areas to react and deposit xenotime.
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Figure 31 – A) Log-log plot of aY3+/aCe3+ versus aH3PO4 (aq), showing the stability fields of monazite-(Ce), florencite-(Ce),
and xenotime-(Y) in equilibrium with quartz and kaolinite (all pure end-members) at a temperature of 25°C and a pressure of
1 bar. Solid black lines represent equilibrium log aY3+/aCe3+ and log aH3PO4 (aq) values between solid phases. Horizontal
dashed grey lines show the values of log aH3PO4 (aq) at saturation with hydroxylapatite for values of log (aCa2+/aH+2) of 4.0,
4.5, 5.0, and 5.5. The activity of Ca2+ in solution in equilibrium with florencite-(Ce) and xenotime-(Y) is predicted to be below
10-2.5 in the absence of hydroxylapatite. B) log-log plot of the sum of the activities of the contributing aqueous Y species as a
function of log aH3PO4 (aq), showing variations in YPO4 (s) (xenotime-(Y)) solubility at fixed aCa2+ of 0.01, 0.10, and 1.00 in
aqueous solutions at a temperature of 25°C and a pressure of 1 bar in the system Y-Cl-F-S-C-P-O-H saturated with
hydroxylapatite, fluorite, gypsum, and calcite. Maximum aF-, aSO4

2-, aCO3
2-, and aPO4

3- in solution are fixed by saturation
with fluorite, gypsum, calcite, and hydroxylapatite, respectively, at the prescribed aCa2+. Calculations predict that, at low
aCa2,+ carbonate complexes predominate at low values of aH3PO4 (aq) and phosphate complexes predominate at elevated
values of aH3PO4 (aq). At elevated aCa2+, chloride complexes are predicted to predominate at low values of aH3PO4 (aq), and
carbonate followed by phosphate complexes are predicted to predominate with increasing aH3PO4 (aq) at elevated values of
aH3PO4 (aq). Aqueous Y species considered: Y3+, Y(OH)2+, YCl2+, YF3 (aq), YF2

+, YF2+, YSO4
+, Y(SO4)2

-, YPO4 (aq), YHPO4
+,

YH2PO4
2+, YCO3

+, and YHCO3
2+. Solid Y phases considered: Y(OH)3 (s), YF3 (s), Y2(CO3)3•H2O(s), and YPO4 (s). Activity of Cl -

was fixed at 1. Note low YPO4 (s) solubility at all values of log aH3PO4 (aq). Also note that the individual activity coefficients for
the charged species at the ionic strength considered here can be significantly <1, so that the actual total solubilities of YPO4 (s)

(total Y molality represented by the sum of the individual molalities of the contributing Y aqueous species) are higher (by
about. one order of magnitude). Thermodynamic data used for calculation of the diagrams: solubility product of florencite-
(Ce) from Schwab et al. (1993) and all other solid phases and aqueous species from the thermo_minteq.dat dataset of The
Geochemist Workbench (Bethke, 1996; Bethke and Yeakle, 2009; The Geochemist Workbench datasets available at
http://www.gwb.com/).

http://www.gwb.com/
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For Further Information

To obtain further information on Saskatchewan occurrences of REE, use the Saskatchewan Mineral Deposit Index
(SDMI; http://economy.gov.sk.ca/SMDI), or the Geological Atlas of Saskatchewan
(http://www.infomaps.gov.sk.ca/website/SIR_Geological_Atlas/viewer.htm). Information can also be obtained by
consulting the Saskatchewan Mineral Assessment Database (SMAD; http://economy.gov.sk.ca/smad). Information
on all aspects of Saskatchewan’s geology and mineral and petroleum resources is available at
http://economy.gov.sk.ca/SGS.
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Appendix I – Results of Zircon and Titanite U-Pb Isotopic
Dating, Hoidas Lake and Bear Lake Allanite+Apatite–rich REE 
Mineralization

Laser-ablation inductively coupled plasma–mass spectrometry (LA-ICP-MS) was used to obtain crystallization ages
of large zircon and titanite crystals in samples taken from the Hoidas Lake and Bear Lake allanite+apatite–rich REE
mineralization (Normand, 2009, 2010a). Analytical work was performed by Andrew Dufrane at the Radiogenic
Isotope Facility of the University of Alberta. Results are presented below.

Results of Zircon U-Pb Isotopic Dating, Hoidas Lake REE Deposit

Recent reanalysis of a large, euhedral zircon crystal from Hoidas Lake produced a slightly discordant 207Pb/235U–
206Pb/238U age of 2311 ±6.6 Ma (calculated with lower intercept set at 0.0 Ma) on surfaces relatively clean from
common Pb contamination (Table AI-1, Figure AI-1A). This age is virtually identical to the mean 207Pb/206Pb age of
2311 ±6.5 Ma (Figure AI-1B and C) calculated from the same analyses and similar to a previously obtained age of
2290 ±7 Ma on the same crystal (Normand, 2010a). Consistency between 207Pb/235U–206Pb/238U and 207Pb/206Pb ages 
suggests minimal or no Pb loss. See the “Allanite (±Apatite)–Dominant Mineralization (Saskatchewan Mineral
Deposit Model A-22)” section of this report and Normand (2010a) for a description of the zircon occurrence and
interpretation of the results.

Results of Zircon and Titanite U-Pb Isotopic Dating, Bear Lake Allanite+Apatite–Rich REE 
Occurrence

Preliminary U-Pb LA-ICP-MS isotopic analyses of zircon and titanite from the Bear Lake allanite+apatite
occurrence (Normand, 2010a) were obtained to verify age relationships between the occurrence and similar
mineralization at Hoidas Lake. The sample used for this purpose was composed mainly of primary titanite and
apatite (approximately 50 and 14 wt. %, respectively, based on bulk-rock analysis of sample 10CN326-1; Normand,
2010a, Table 2) associated with lesser proportions of primary calcic amphibole and allanite, and traces of zircon.
Titanite and apatite crystals are euhedral to subhedral and coarse-grained (up to 15 mm and 3 mm in diameter,
respectively), and zircon crystals are euhedral, prismatic and measure <800 µm in length. The crystals were
deformed during a late brittle episode, accompanied by the formation of paragenetically late allanite-epidote, quartz, 
calcite, and fluorite. Under the polarizing microscope, deformation textures in titanite correspond to localized
mottled zones.

Isotopic data, obtained from LA-ICP-MA analysis of the material described above (300 µm thick polished section),
are presented in Tables AI-2 and AI-3. U-Pb isotopic data for zircon (Table I-2) show a wide scatter on the
concordia diagram presented on Figure AI-2A, with a subset showing well-defined discordant age intercepts of 9
±79 and 1848 ±20 Ma (Figure AI-2B). The most prominent population of 207Pb/206Pb ages presented on the relative-
probability plot in Figure I-2c corresponds closely to the upper intercept 207Pb/235U–206Pb/238U age of 1848 ±20 Ma
for the same zircon population. This age may correspond to the time during which the paragenetically late allanite-
epidote, quartz, calcite and fluorite assemblage formed, and, within error, may correspond to formation of monazite
(1870 Ma U-Pb SHRIMP age; Gunning and Card, 2005), tentatively interpreted here to have taken place during an
episode of apatite recrystallization at Hoidas Lake.

U-Pb isotopic data for titanite (Table AI-3) concentrate into two discordant populations on the concordia diagram
presented on Figure AI-3A. The older discordant population gives lower and upper intercept 207Pb/235U–206Pb/238U
ages of 511 ±320 Ma and 2383 ±32 Ma, respectively (Figure AI-3B), and the calculated mean 207Pb/206Pb age for
this population is 2342 ±22 Ma. The younger discordant population gives lower and upper intercept 207Pb/235U–
206Pb/238U ages of 407 ±490 Ma and 1910 ±37 Ma, respectively (Figure AI-3C), and the calculated mean 207Pb/206Pb
age for this population is 1889 ±10 Ma. The younger discordant age population may represent new titanite growth
from which Pb was subsequently lost, or could represent a disturbance of the U-Pb system in older grains.

Although, within the quoted errors, the U-Pb age obtained on zircon from Hoidas Lake and an older U-Pb age
obtained on titanite from the Bear Lake occurrence may differ by 47 to 111 m.y., these ages suggest that allanite
mineralization at both localities may have formed earlier than has been suggested by Gunning and Card (2005) and
Pandur et al. (2013a, 2013b), and possibly just following peak Arrowsmith metamorphism, dated at 2.37 to 2.34 Ga
in the Northwest Territories (Berman et al., 2013). Veins at both localities cut hostrocks displaying penetrative
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Table AI-1 – Hoidas Lake zircon U-Pb isotopic data.



gneissosities that are traditionally assigned ages
<1.94 Ga, based on similar rock fabrics and rock types
occurring elsewhere in the same general area (Hartlaub,
2004; Ashton et al., 2005, 2007a, 2007b, 2009, 2013;
Hartlaub et al., 2007; Bethune et al., 2013). The
possibility that the penetrative gneissosities at both
localities might predate by a considerable margin
Taltson events, and have been preserved and transposed 
at a later date parallel to regional structural grains, has
not been evaluated in detail. Dating of deformation that
produced gneissosities in rocks hosting the Hoidas Lake 
deposit and Bear Lake occurrence is critically needed to 
help shed light on these age discrepancies.
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Figure AI-1 – Isotopic U-Pb LA-ICP-MS analytical results
obtained on zircon from the Hoidas Lake REE deposit:
A) U-Pb isotopic results shown on a concordia diagram;
B) 207Pb/206Pb ages of the corresponding analyses shown on
a relative probability plot; and C) 207Pb/206Pb ages of the
corresponding analyses shown on an error-bar plot.
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Table AI-2 – Bear Lake zircon U-Pb isotopic data.
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Table AI-3 – Bear Lake titanite U-Pb isotopic data.
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Figure AI-3 – Isotopic U-Pb LA-ICP-MS analytical results
obtained on titanite from the Bear Lake REE occurrence:
A) U-Pb isotopic results shown on a concordia diagram. At
least two populations of discordant data can be
distinguished: B) an older population of discordant data that 
has an upper intercept age of 2383 ± 32 Ma; and C) a
younger population of discordant data that has an upper
intercept age of 1910 ± 37 Ma.

Figure AI-2 – Isotopic U-Pb LA-ICP-MS analytical results
obtained on zircon from the Bear Lake REE occurrence:
A) U-Pb isotopic results shown on a concordia diagram;
B) subset population of discordant data from (a) showing a
well-defined upper intercept age of 1848 ±20 Ma; and
C) relative probability plot of 207Pb/206Pb ages.
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