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To evaluate the relationship between the enrichment of rare earth elements (REEs) and U, we carried out a
principal component analysis (PCA) of sandstones in the REE-rich Maw Zone in the Athabasca Basin, Canada.
The Maw Zone, a breccia pipe with surface exposure of 300 × 200 m, consists of highly silicified, hematitized,
tourmaline-rich rocks with high REEs (up to 8.1 wt.% as total REE oxides). It is ~4 km southwest from the
south end of the Phoenix U deposits, however, rocks in the Maw Zone do not show high U (b7.8 ppm in most
rocks). We used RQ-mode PCA to compute variable and object loadings simultaneously, which allows the
displays of observations and the variables at the same scale. PCA biplots of the Maw Zone data show that U is
strongly correlatedwith V, Cr, Fe, Ni, Cu, Na, Li and Ba, but veryweakly correlatedwith heavy rare earth elements
(HREEs)+ Y, and inversely with light rare earth elements (LREEs) and P. Relative enrichment of HREEs, Y, and P
suggests xenotime as the predominant host of the HREEs. The grouping of LREEs + Sr + Th + P suggests the
probable occurrence of monazite and/or aluminum phosphate-sulfate (APS) minerals. A mineralogical study
confirmed the common occurrence of xenotime and APS minerals. The positive association between U and Fe
in the PCA plot in the Maw Zone suggests that U was transported by oxidized fluids. The absence of U minerali-
zation in theMawZone is explained by lowU in the oxidizing fluids, or a lack reducingfluids to precipitate U. The
PC1 and PC2may reflect themajor element assemblages related to the REEmineralization. The comparison of the
maps of PC scores and the concentrations of HREEs + Y and P shows that the scores of PCs are better indicating
the hydrothermal REE mineralization. For prospecting HREEs, PC2 is more reliable than PC1 because PC2 has the
largest variance of HREEs and the second largest variance of LREEs.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

1.1. Rare earth elements in Athabasca Basin

The Athabasca Basin is a large Paleo- to Mesoproterozoic sandstone
basin that occupiesmuch of the northernmost quarter of the province of
Saskatchewan and a smaller portion of northeasternAlberta (Fig. 1). It is
the most significant U producing district in the world. Although no rare
earth elements (REEs) have been produced in the past or are currently
being produced in the Athabasca Basin, most U deposits contain anom-
alously high concentrations of REEs (Normand, 2014). REEs are mostly
hosted by allanite and phosphate minerals, such as monazite, cheralite
and xenotime (Normand, 2014). The earliest record of the REE mine-
ralization in the Athabasca Basin was provided by Union Oil Company
of Canada Inc. for the “Wheeler River Yttrium Prospect” (Knox, 1985,
cited in Normand, 2014), which was found by AGIP Canada Ltd. and
mental Sciences, University of
da.
renamed the “Maw Zone” (MacDougall, 1990; Quirt et al., 1991;
Hanly, 2001). The total indicated and possible resourceswere estimated
to be ca. 463,000 tonnes grading 0.21 wt.% Y2O3 equivalent (0.1 wt.%
cutoff) (Knox, 1985 cited in Normand, 2014). Quirt et al. (1991) sug-
gested that the Maw Zone is the shallow peripheral expression of U
deposits that occur along the unconformity between sandstones and
the basement.
1.2. Principal component analysis

Principal component analysis (PCA) is useful in describing multi-
element associations of geochemical data that often reflect mineralogy.
In this particular study, PCA may reveal the geological processes critical
to REE mineralization or minerals hosting REEs. The objective of PCA is
to reduce the dimensionality of a dataset with a large number of vari-
ables, while retaining as much as possible of the variation in the vari-
ables (Jolliffe, 1986). This reduction is carried out by transforming raw
data to a set of artificial variables, principal components, which retain
the variation of the original variables in decreasing order. PCA has
been used in geoscientific studies to identify elemental assemblages
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Fig. 1. General geological map of the southeast part of the Athabasca Basin, Saskatchewan, Canada (after Jefferson et al., 2007). Also shown is the position of the Phoenix U deposits and
Maw Zone (solid star) andmajor unconformity-related uranium deposits (solid dots). RD= Read Formation; MF=Manitou Falls Formation (b= Bird Member; w=Warnes Member;
c = Collins Member; d = Dunlop Member); LZ= Lazenby Lake Formation;W=Wolverine Point Formation; LL = Locker Lake Formation; O= Otherside Formation; The inserted map
(upper right) shows the location of the Athabasca Basin within Canada. Boundaries of provinces are shown with thin black lines. The square in the lower right map shows the location of
the main map within Athabasca Basin.
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related to geological processes, such as hydrothermal alteration and
mineralization (Grunsky, 1986).

1.3. The compositional nature of geochemical data

Geochemical data are reported as partial of a compositions (weight
per cent, parts per million, etc.). Compositional data are unique in
that the parts of a composition always sum to a constant (100%,
1,000,000 ppm). Thus for any D-part composition (x), D-1 parts are all
that are required since the Dth composition is automatically defined
as (constant − ∑xi) = xD. This problem was noted by Pearson
(1897) and was largely ignored in the literature. Chayes (1960)
attempted to deal with the problem using ratio correlations. Aitchison
(1986) provided a solution to the problem by suggesting that the ratios
are the most important information in any composition, and by taking
the logarithms of the ratios, the values transformed range across the
real number space, enabling the use of standard statistical methods to
study geochemical data.

2. Study area

2.1. Geology

The Maw Zone is in the eastern part of the Athabasca Basin (Fig. 1)
and ~4 km SW from the high-grade U ore of the Phoenix U deposits
along the same NE-trending basement shear deformation zone
(Fig. 2). AGIP Canada Ltd. (1985) discovered the enrichment in heavy
REEs (HREEs) and Y in brecciated sandstones. The Maw Zone, with a
surface exposure of 300 × 200 m, consists of highly silicified,
hematitized, tourmaline-rich rocks with high REEs (up to 8.1 wt.% as
total REE oxides; AGIP Canada Ltd., 1985). Tourmaline in the area has
been described as dravite with varying Cr content (Quirt et al., 1991).
The recent study of tourmaline chemistry in the Maw Zone suggests
that it is magnesio-foitite (alkali-deficient Mg-rich tourmaline;
O'Connell et al., 2015). Although the Maw Zone is close to the Phoenix
U deposits, rocks do not show significantly high U (b7.8 ppm) except
for one sample at a depth of 320 m in DDH WR195, which yielded
40.9 ppmU. Themost prominent feature of theMaw zone is the intense
hematitization and brecciation in sandstones. Some breccia fragments
are large (up to 90 cm), and can retain primary sedimentary features,
such as cross-bedding (MacDougall, 1990). The basement rocks in the
area belong to the western Wollaston Domain of the Wollaston
Supergroup that is Paleoproterozoic in age (Quirt et al., 1991; Yeo and
Delaney, 2007; Jefferson et al., 2007). They are mostly graphite-,
garnet- and cordierite-bearing, biotite metapelites, semipelites and
quartzite and pegmatite lenses (Barker, 2011).
2.2. Sandstone stratigraphy

The eastern part of the Athabasca Basin is underlain by sandstones of
theManitou Falls Formation and the Read Formation. TheManitou Falls
Formation is subdivided into three members in the area: the Dunlop
Member, the Colins Member, and the Bird Member in stratigraphic
order (Ramaekers et al., 2007, Table 1). The total thickness of sand-
stones in the Maw Zone varies greatly, from approximately 200 m in
the western part to over 300 m in the eastern and northern parts of
theMaw Zone. This large difference in the sandstone thickness is partly
related to the paleo-topographic high of a quartzite “ridge” and the ver-
tical movement along basement faults during the deposition of sand-
stones. The lowermost sandstone unit is lacking above the quartzite
ridge. A major northeast-trending basement fault directly below the
Maw Zone dipsmoderately to steeply to the east, occurring along a gra-
phitic rock in quartzite and shows significant vertical displacement.
Sandstones and quartzite close to the fault are brecciated, suggesting
the ascent of hydrothermal fluids from the basement.
3. Samples

This study is based on chemical compositions of drill core sand-
stones (drill-hole locations are shown in Fig. 2) determined by the
Saskatchewan Research Council for Denison Mines Corp. using an
inductively coupled plasma optical emission spectrometer (ICP-
OES) and mass spectrometry (ICP-MS) following the near total diges-
tion using three acids (HF-HNO3-HCl). Details of the analysis method
and the quality assurance/quality control procedures are provided by
Roscoe (2014).There is a total of 545 sandstone samples in the dataset.
The elements in the original dataset include Al, Ag, Ba, Be, Ca, Cd, Ce,
Co, Cr, Cu, Dy, Er, Eu, Fe, Ga, Gd, Hf, K, La, Li, Mg, Mo, Na, Nb, Nd, Ni, P,
Pb, Pr, Sc, Sm, Sn, Sr, Ta, Tb, Th, Ti, U, V, W, Y, Yb and Zn. In this study,
light REEs (LREEs) include La, Ce, Nd, Sm, and heavy REEs (HREEs), Gd,
Dy, Er, and Yb. Europium is one of the LREEs, but it was not included in
LREEs.



Fig. 2. (a): Drill hole locations and outcrops map. (modified after Pan, et al., 2013). Gray outline at lower right shows the REE mineralized Maw zone. The location of the faults are at the
unconformity. WR-194 and -195 were drilled to target the edge of the quartzite ridge and provided samples with background values. ZQ-15 was drilled to evaluate anomalous concen-
trations of U and elements high in outcrops, including Ni, As, Co, Pb and B. No significant REEmineralizationwas found in these three drill holes. (b): 3-D viewmap by Leapfrog™ program
showing the occurrence of various stratigraphic units in the drill holes. Due to reactivation of basement faults, sandstone units are not horizontally continuous.
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Fig. 3. Biplots of PC1 vs. PC2 and PC3 vs. PC4 for all sandstones data from theMawZone. Figures A and B, and C andD are identical, but B and D showonly elements for the clarification. The
datawere transformedusing a logcentred ratio. TheR-loadings are scaled by a factor of 0.5 for better visualization of elements. In the biplot, sampleswith relatively high contents of a given
element plot close to the position of the element and elements with coherent behavior plot in close proximity. The arrows show relative enrichment of Fe, reflecting the presence of Fe
oxides in sandstones. Note the close association of U and Fe, and the separation of HREEs and LREEs in the diagram of PC1 vs. PC2.
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4. Methodology

4.1. PCA

This study uses RQ mode PCA to process data. R mode (elements
in this study) and Q (samples in this study) mode. RQ mode PCA al-
lows the calculation of loadings (elements in this study) and object
scores (samples in this study) simultaneously. This method was
first described by Gabriel (1971) and termed “biplot”. The biplot
was further developed into RQ-mode PCA by Klovan and Imbrie (1971)
and Zhou et al. (1983). Grunsky (2001) applied the method of Zhou in
the R statistical environment. In this study, the elemental assemblages
were evaluated using simultaneous RQ-mode PCA after a centered log-
ratio transformation of the raw data (Aitchison, 1986) in order to over-
come problems, caused by the “closed” nature of constant-sum composi-
tional data. The statistical analysis was undertaken using the computing
environment R (v. 3.1.0, R Core Team, 2013; Reimann et al., 2011).

The relative and actual contributions of the elements are calculated
after PCA. The relative contribution is the contribution of a variable to
Table 1
Stratigraphy of the Maw Zone.

Unit name Number of samples Lit

Manitou Falls Formation

Dunlop Member (MFd) 113 Fin
Collins Member (MFc) 235 Qu

Bird Member (MFb) 155
Int
Re

Read Formation (RD) 42 Po
all the components. For m variables (i = 1,....,m), p components (j =
1,...,p), (p ≤m) and the R-mode loadings given by AR, the relative contri-
bution rcij for a variable j is given by the equation below (Grunsky,
2010):

rcij ¼ 100 � ðAR
ijÞ2=∑

p

j¼1
AR

ij

� �2
" #
The actual contribution is the contribution of a variable within a
given component and defined as follows:

acij ¼ 100 � ½ AR
ij

� �2
=∑

m

j¼1
AR

ij

� �2
Þ

4.2. Assessment of raw data before PCA

The elements Ag, Co, Mo, Sn, Ta, Tb and W show concentrations
below, or close to, their detection limits, in N90% of the samples, and
hology

e-grained quartz arenite with abundant (N1 vol.%) clay intraclasts
artz arenite with rare (b1 vol.%) clay intraclasts
erbedded quartz arenite and conglomerate, distinguished from the underlying
ad Formation and overlying MFc by the presence of conglomerate (N2 cm, 1–2 vol.%)
orly sorted quartz arenite and minor conglomerate



Table 2
Principal component analysis of Maw Zone sandstone data. Analysis is carried out on log centered transformed data.

2.1 Eigenvalues of PC1 to PC3.

Eigenvalue PC1 PC2 PC3

λ 7.59 5.42 3.73
λ% 21.13% 15.08% 10.38%
Σλ% 21.13% 36.21% 46.59%

2.2 R-loadings of the elements

Elements PC1 PC2 PC3 Sum of the square of the loadings PC1 to PC3

Al 0.45 0.32 −0.57 0.63
Ba −0.08 0.49 0.26 0.31
Be −0.02 −0.09 0.01 0.01
Ca −0.38 0.33 0.33 0.36
Cd −0.26 0.15 0.04 0.09
Ce 0.68 −0.20 0.52 0.78
Cr −0.50 0.42 0.56 0.73
Cu −0.20 0.26 0.10 0.12
Dy −0.57 −0.75 −0.10 0.90
Er −0.50 −0.71 −0.16 0.78
Eu 0.36 −0.64 0.02 0.54
Fe −0.31 0.48 0.53 0.61
Ga 0.16 0.21 −0.52 0.34
Gd −0.12 −0.67 0.21 0.50
Hf 0.38 −0.03 −0.30 0.24
K 0.43 0.31 −0.43 0.47
La 0.60 −0.07 0.48 0.59
Li −0.21 0.55 −0.18 0.37
Mg 0.02 0.22 −0.47 0.27
Na −0.32 0.09 0.15 0.13
Nb 0.33 0.21 −0.20 0.19
Nd 0.75 −0.24 0.41 0.78
Ni −0.28 0.48 0.06 0.31
P 0.39 −0.51 0.20 0.45
Pb −0.01 0.24 0.20 0.10
Pr 0.52 −0.35 0.32 0.49
Sc −0.48 −0.06 0.31 0.33
Sm 0.67 −0.13 0.46 0.67
Sr 0.78 −0.06 0.24 0.66
Th 0.72 −0.01 −0.15 0.55
Ti 0.59 0.08 −0.39 0.51
U −0.67 0.16 0.41 0.65
V −0.58 0.02 −0.23 0.39
Y −0.57 −0.71 −0.11 0.84
Yb −0.55 −0.71 −0.24 0.86
Zn 0.04 0.40 0.07 0.17

2.3 Relative Contributions of elements to PC1

Relative contributions %

Elements PC1 PC2 PC3

Al 20.6 10.05 32.07
Ba 0.65 23.84 6.68
Be 0.04 0.79 0.01
Ca 14.4 11.05 10.93
Cd 6.82 2.33 0.16
Ce 46.73 3.83 27.51
Cr 24.56 17.38 31.11
Cu 4.08 6.89 1
Dy 32.47 56.79 1.09
Er 25.18 50.36 2.62
Eu 12.81 41.27 0.03
Fe 9.81 22.91 28.59
Ga 2.64 4.57 26.93
Gd 1.39 44.78 4.26
Hf 14.27 0.1 9.31
K 18.54 9.59 18.75
La 35.94 0.51 23.08
Li 4.23 29.89 3.4
Mg 0.03 5.02 21.77
Na 10.43 0.74 2.24
Nb 10.72 4.33 4.12
Nd 55.7 5.74 16.6
Ni 7.92 22.94 0.32
P 14.94 26.28 3.85
Pb 0.01 5.85 3.96
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Table 2 (continued)

2.3 Relative Contributions of elements to PC1

Relative contributions %

Elements PC1 PC2 PC3

Pr 27.1 12.31 10
Sc 23.32 0.35 9.64
Sm 44.61 1.66 20.75
Sr 60.18 0.42 5.72
Th 52.48 0.01 2.22
Ti 35.05 0.59 15.28
U 45.62 2.66 17.03
V 34.21 0.06 5.11
Y 32.92 50.36 1.25
Yb 29.99 50.56 5.8
Zn 0.18 16.2 0.53

2.4 Actual contributions of elements to PC1-3.

Actual contributions %

Elements PC1 PC2 PC3

Al 2.71 1.85 8.58
Ba 0.09 4.39 1.79
Be 0.01 0.15 0
Ca 1.89 2.04 2.92
Cd 0.9 0.43 0.04
Ce 6.14 0.71 7.36
Cr 3.23 3.2 8.33
Cu 0.54 1.27 0.27
Dy 4.27 10.46 0.29
Er 3.31 9.27 0.7
Eu 1.68 7.6 0.01
Fe 1.29 4.22 7.65
Ga 0.35 0.84 7.21
Gd 0.18 8.25 1.14
Hf 1.88 0.02 2.49
K 2.44 1.77 5.02
La 4.73 0.09 6.18
Li 0.56 5.5 0.91
Mg 0 0.93 5.82
Na 1.37 0.14 0.6
Nb 1.41 0.8 1.1
Nd 7.32 1.06 4.44
Ni 1.04 4.23 0.09
P 1.96 4.84 1.03
Pb 0 1.08 1.06
Pr 3.56 2.27 2.68
Sc 3.07 0.06 2.58
Sm 5.87 0.31 5.55
Sr 7.91 0.08 1.53
Th 6.9 0 0.59
Ti 4.61 0.11 4.09
U 6 0.49 4.56
V 4.5 0.01 1.37
Y 4.33 9.27 0.33
Yb 3.94 9.31 1.55
Zn 0.02 2.98 0.14
ΣHREEs + Y 15.85 38.32 2.88
ΣLREEs 22.16 19.22 22.91
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have been removed from thedataset. For the remaining elements, when
concentrations are lower than the detection limit, they have been re-
placed by half the detection limit. In less than 5% of the samples, con-
centrations of some elements are not available and replacement
values have been estimated using the “robCompositions” package
(Templ et al., 2010) of the R program (R-Development Core Team,
2013). Since only small number (b1%) of values of important ele-
ments, such as Y, REEs, U, P and Fe, are missing in the dataset, we ex-
pect any potential bias related to imputed values is insignificant
compared to the major geochemical patterns reported below. A
training set with no censored values was used to estimate replace-
ments for these censored values, based on a nearest -neighbor ap-
proach (Hron et al., 2010).
Aitchison (1986) suggested applying a log-ratio transform to the
data to solve the “closure” problem caused by the nature of composi-
tional data. Ratios are used because they do not change regardless of
the effect of closure. A logarithm is applied to “open” the ratios into
the real number space. This paper uses a centered log-ratio transforma-
tion of the data to obtain a symmetrical treatment of all parts of a com-
position as described by Aitchison (1986). The log-centered-ratio
transformation changes from SD to ℝD, where

SD ¼ x ¼ x1;…; xDð Þ0; xiN0;
XD
i¼1

xi ¼ 1

( )



Fig. 4. Biplots of PC1 vs. PC2 for individual sandstone units from theMaw Zone. The data were transformed using logcentred ratio. The R-loadings are scaled by a factor of 0.5. The arrows
show relative enrichment of Fe, reflecting the presence of hematite in sandstones.
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Where the prime stands for transpose and the simplex sample space
is a D − 1 dimensional subset of ℝD.

And the result for an observation x ∈ SD is the transformed data y ∈
ℝD with

y¼ y1;…; yDð Þ0 ¼ log
x1ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∏D

i¼1xi
D
q ;…; log

xDffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∏D

i¼1xi
D
q

0
B@

1
CA

0

;

or written in matrix notation:

y ¼ F log xð Þ;

where.

F ¼ ID−
1
D
JD;with ID ¼

1 0
⋱

0 1

0
@

1
A; JD ¼

1 … 0
⋮ ⋱ ⋮
0 … 1

0
@

1
A

The matrices F, ID, and JD have dimension D × D. The centered log-
ratio transformation treats all components symmetrically by dividing
by the geometric mean. Thus it is possible to use the original variable
names for the interpretation of statistical results.
5. Results

5.1. PCA of the Maw zone dataset

R-mode loadings of elements, and the relative and actual contribu-
tions of the variables are shown for the first three components, which
accounts for more than 46.6% of the variation in the data (Tables 2).
The first two components account for 36.2%. The sums of the squares
of the loadings for PCs 1 to 3 represent the proportion of the total vari-
ability for each element captured in the 3 PC model. The Sums of the
squares of the loadings of REEs, Y and REEs in PC1-3 show high values,
indicating that these three components capture the variability of those
elements. The relative contributions of HREEs + Y in PC2 are
50.4% ~ 56.8% (largest among all PCs), and those in PC1 are 30.0%–
32.5% (the second largest among all PCs). PC1, PC2 and PC3 contain
most of the total variance of LREEs, which is reported 22.2%, 19.2% and
22.9% respectively.

The scores of PC1 and PC2 of all sandstone dataset are plotted in
Fig. 3. Relative enrichment of HREEs and Y is observed along the nega-
tive PC2 axis in samples from the stratigraphic units MFb, MFc and
MFd (Table 1) in PC1 vs. PC2 diagram (Fig 3A). HREEs are separated
from LREEs, and the Eu is fractionated from the rest of REE (Fig. 3B).
Iron plots in the upper left quadrant in Fig 3A. This indicates that the
concentrations of Fe are relatively higher in rocks plotted towards the
upper left quadrant.

PC3 and PC4 together account for 18.0% of the total variance. The
biplot of PC3 vs. PC4 shows that the samples with relative enrich-
ment in U, LREEs and P plot along the positive axis of PC3 (Fig. 3C
and D).



Fig. 5. Scores of PC1 (Fig. 5A) and PC2 (Fig. 5B) in drill holes in 3D space. The intervals of values in plotting are equal between the minimum and the maximum values.
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PCA for individual sandstone units also has been carried out. In the
PC1 vs. PC2 biplot for the RD data, U is associated with V and Cr and
Fe. (Fig. 4A). The biplot forMFb shows the sampleswith relative enrich-
ment in LREEs+ P+ Sr along the PC1 axis (Fig. 4B). The biplot of PC1 vs.
PC2 for MFc shows that U is associated with Fe, Cr, V and Cu (Fig. 4C).
Grouping of Sr-P + LREEs + HREEs + Y along the negative PC2 axis
can be observed in Fig. 6C. The PC1vs. PC2biplot forMFd shows samples
with relative enrichment in Y + REEs + P along the PC1 axis (Fig. 4D).

The scores of PC1 and PC2 of the total dataset in 3D space (Fig. 5)
show negative scores of PC1 and PC2 mostly in the upper part of sand-
stones (MFc and MFd, Fig. 2b). This reflects that the REE mineralization
in the Maw Zone is at shallow levels.

5.2. Mappings of PC scores and concentrations of HREE and P

Spatial distributions of PC scores and the concentrations of
HREEs + Y and P are shown at different depths using Inverse
Distance Weighting tool of ArcGIS 10.2.2. The distribution patterns
for PC1 scores and the concentrations are similar at the surface
(Fig. 6A), and the scores of PC1 show a smaller prospecting area on
the map. This means that samples with high PC1 scores show high
concentrations of HREEs and Y. The spatial distribution pattern of
PC2 is very different from those of PC1 scores and concentrations.
At 40 m depth map, the distribution pattern of PC2 and HREE show
similar prospective areas, but the scores of PC1 provide a smaller
area of high absolute values (Fig. 6B). Maps of PC1 scores and
HREEs + Y contents at 100 m and 130 m depths show similar pat-
terns (low absolute values of PC1 and HREEs, shown in Figs. 6C, D),
but are very different from the map of PC2 scores. PC2 scores
shows high absolute values due to high P contents at 100 m and
130 m depth.

5.3. Mineralogical studies

To evaluate interpretations based on the PCA, samples were collect-
ed from the areas of drill cores that show high scores of PC1 and PC2.
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Thirty-eight polished thin-sectionsweremade from representative rock
samples of all sandstone units and were examined using a petrographic
microscope. They were also examined using a JEOL 6610 LV scanning
electron microscope (SEM) equipped with an Oxford SDD detector
after carbon coating of sections. Back scattered electron (BSE) images
show the common occurrences of xenotime and other REE-bearing
minerals. Xenotime shows two different styles of occurrence; the first
style is subhedral to euhedral grains of xenotime that are spatially asso-
ciated with detrital zircon grains (Fig. 7A, B, C, F, H). The second style is
the dissemination of fine-grained xenotime in the groundmass of
sudoite (Mg- Al-rich chlorite) without the presence of zircon grains
(Fig. 7G). The fine-grained xenotime appears to have crystallized late
fromhydrothermalfluids. In addition, several small (b5 μm)grains con-
taining high HREEs and Y occur around zircon crystals and show no P.
The sum of HREEs and Y are over 50 wt.%. There are very few min-
erals that contain HREEs and Y greater than 50 wt.% without P. We
therefore suggest that these grains are most likely Y-bastnäsite [(Y,
HREE)CO3F](Fig. 7D, E). The presence of F cannot be detected with
SEM-EDS, but C counts were higher for the grains than the area out-
side the grains, suggesting that the grains contain carbon.

Aluminumphosphate-sulfate (APS)minerals are identified as the pri-
mary host of LREEs in our samples. APS minerals form veinlets and also
occur as aggregates of small grains (Fig. 8A) in a matrix of aggregates of
magnesio-foitite± sudoite and illite (Fig. 8B). Semi-quantitative analysis
of APS minerals with SEM-EDS suggests that they contain high Sr and
LREEs. They also contain S and Ca, suggesting that the APS minerals are
most likely solid solutions of svanbergite-florencite.

6. Discussion

6.1. Rare earth elements

Europium is separated from the rest of REEs in the biplot of PC1 vs.
PC2 (Fig. 3A). Europium is commonly fractionated from the rest of the
REEs because the valence of Eu is +2 and +3 in natural environments.
Since Ca-rich plagioclase is the major host of Eu2+, mafic igneous rocks
commonly show positive Eu anomalies in chondrite-normalized REE
patterns. On the other hand, felsic rocks commonly show negative Eu
anomalies because of earlier removal of plagioclase. Moderate negative
Eu anomalies occur in 95.9% of the sandstone samples, in theMawZone

The median value of Eu anomalies (½Eu=ð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SmN � GdN

p
Þ�) is 0.45, sug-

gesting contributions of REEs from felsic rocks. Considering that REEs
were mostly introduced to the Maw Zone by hydrothermal activity,
the evidence suggests interactions of the hydrothermal fluidswith felsic
rocks. It is not surprising considering that the rocks in the proximity are
all felsic. The felsic component could be pegmatites and granitic
orthogneiss abundant in the basement, and also pegmatite clasts in
sandstones.

6.2. Elements associated with REEs

LREEs + P enrichment along PC1 and the position of P between
HREEs and LREEs suggest that samples contain at least two phosphate
phases (Fig.3B); one contains HREEs and another one contains LREEs.
Their associationwith P suggests that HREEs and LREEs are likely hosted
by xenotime and monazite, respectively.

The biplot of PC3 vs. PC4 of the total dataset shows that the samples
with a relative enrichment in U, LREEs and P plot along the positive axis
of PC3 (Fig. 3D), suggesting that LREEs are likely hosted by phosphate
minerals, such as monazite or APS minerals.
Fig. 6.Maps showing the scores of PC1 and PC2, and HREE+Y and P concentration at 0m, 100
determinedby25th, 50th, 75th, 90th and 95th percentiles. Note that no significant REEminerali
far away from themineralized area. Since there is no drill holes between these three holes and t
for minimizing the interpolation error of mapping.
An insight into elemental assemblages may be gained from the
PCA results for the individual rock units. From the PC1-PC2 biplot
for the RD data, U, Fe, V, Cr and REEs plot in the lower left quadrant,
suggesting that the U- and REE-bearing minerals occur in oxidized
sandstones. A weak association of P and REEs in RD suggests non-
phosphorus minerals are likely contributing to REEs. The relative
enrichment in LREEs + P + Sr along PC1 axis of the PC1 vs. PC2
biplot for MFb (Fig. 4B) indicates the possible occurrence of mona-
zite and LREE-Sr-rich APS minerals. The elemental assemblage of
Sr + P + LREEs + HREEs + Y along the negative PC2 axis of the
PC1 vs. PC2 biplot for MFc (Fig. 4C) suggests the possible presence
of APS minerals, monazite and xenotime. The relative enrichment
in Y + HREEs + P along the PC1 axis of the PC1 vs. PC2 biplot for
MFd (Fig. 4D), likely indicates the occurrence of xenotime.

6.3. Elements associated with U, Fe and Th

Uranium concentration is generally low and shows positive correla-
tions with Fe, V and Cr (Fig. 3A). This suggests that small quantities of U
precipitated under oxidized conditions. The enrichment of Fe is observed
in the upper left quadrant in Fig 3A. Fe is most likely hosted by hematite,
which is abundant in all rocks in the Maw Zone. Therefore, the enrich-
ment of Fe is attributed to the presence of an oxidized environment.
The PC1 and PC2 loadings for Fe show a distinct location in the upper
left quadrant of Fig. 3A. This indicates that the concentrations of Fe are rel-
atively higher in rocks plotted towards the upper left quadrant. Since
rocks of MFd are mostly plotted in the upper left quadrant of PC1 vs.
PC2 plot of the total dataset. The MFd unit appears to be more enriched
in hematite compared to MFb and MFc. This is reasonable considering
that the MFd is the farthest unit from the reduced basement rocks.

The association of Th + LREEs + P (Fig. 3B) suggests that the occur-
rence of APS minerals and/or monazite. APS minerals accommodate a
variety of elements and those in sandstones are known to contain signif-
icant Th (Mwenifumbo andBernius, 2007).Monazite is reported to con-
tain significant Th at the Maw Zone, up to 3.5 wt.% ThO2 (Pan et al.,
2013)

6.4. Minerals containing REEs

Our mineralogical study identified xenotime, LREE-rich APS, and
the probable occurrence of Y bastnäsite. Our results are consistent
with the earlier report of the occurrence of xenotime by Quirt et al.
(1991) and Hanly (2001). LREE-rich APS minerals are common in
the Athabasca Basin, especially close to U ore (e.g., Adlakha and
Hattori, 2015). APS minerals in our samples are svanbergite-
florencite and they occur as the major host of LREEs. Monazite was
not found in our samples, although it has been reported from the
Maw Zone by Quirt et al. (1991),and Pan et al. (2013). The APS min-
erals in our samples show significant SO4

2−, which confirms the oxi-
dized environments for the hydrothermal activity.

6.5. Lack of uranium mineralization in the Maw zone

Quirt et al. (1991) suggested, based on similar alteration assem-
blages, that the REE mineralization in the Maw Zone is related to the
uraniferous hydrothermal activity. Uranium concentrations in the
Maw zone are overall low (b7.9 ppm in almost all samples), although
the values are generally higher than the average crustal concentra-
tion of 0.91 ppm (Taylor and McLennan, 1985). The positive correla-
tion between U and Fe and their loadings in the Fe-rich regions of the
mand 130m depth. Small solid circles are the locations of drill holes. The isoline values are
zationwas found in samples in drill holesWR-194,WR-195 and ZQ-15. These drill holes are
hemineralized area, the data ofWR-194,WR-195 and ZQ-15 are removed from the dataset



Fig. 7. BSE images of xenotime (Xtm) and bastnäsite (Bst) in sandstone samples from MFb (Fig. 7A: DDH 85-3, 102.5 m depth, Fig. 7B and H: ZQ-09, 215 m depth, Fig. 7G: DDH 85-3,
132.5 m depth), MFd (Fig. 7C: DDH 84-2, 30 m depth; Fig. 7D: DDH 84-2, 50 m depth), the RD (Fig. 7E: ZQ-09, 225 m depth, Fig. 7F: DDH WR-194, 357.5 m depth). Bst = bastnäsite,
Mgf = magnesio-foitite, Qtz = quartz, Sud = Sudoite, Xtm = xenotime, Zrn = zircon
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biplots (Fig. 3) suggests that U was transported by oxidized fluids
and is associated with Fe oxides. Uranium may possibly be adsorbed
on Fe-oxides/hydroxides and clays (Jefferson et al., 2007). Uranium
is highly mobile in an oxidized solution where U forms soluble
U6+. The deposition of U requires reduction of U6+ to insoluble
U4+ in a reducing environment (Jefferson et al., 2007).

There are two possible explanations for the absence of significant
Umineralization in the Maw Zone. The concentrations of U in the ox-
idizing fluids were low, as suggested by Pan et al. (2013) based on
the lack of radiation-induced defects in quartz. Alternatively, the
oxidizing fluids did not encounter reducing fluids or media in the
basement to precipitate U. Although REEs can be transported by
acidic oxidizing brines similar to those which transport U (Fayek
and Kyser, 1997; Adlakha and Hattori, 2015), no reducing conditions
are required for the deposition of REE-bearing minerals.

6.6. Vertical variations of PCs and exploration in Maw zone

Since negative PC1 scores represent the enrichment of HREEs with-
out P and negative PC2 scores represent both P REEs enrichment, the 3D



Fig. 8.BSE images of APSminerals (bright) in sandstone sample fromMFd (DDHZQ-08, 33mdepth). Ill= illite,Mgf=magnesio-foitite, alkali-deficientMg-rich tourmaline, Qtz=quartz.
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plotting of PC1 (Fig. 5A) clearly shows non-phosphorous HREEs enrich-
ment at shallow depths (0–40m) in theMFd andMFc units and plotting
of PC2 (Fig. 5B) shows the enrichment of P+LREEs+HREEs at relative-
ly deeper depths (40–150 m).

At the surface, the pattern of PC2 scores (Fig. 6B) is most likely in-
fluenced by LREEs and P, since negative PC2 scores also represent P
and LREEs. At 40m depth, PC1map (Fig. 6A) shows smaller prospective
areas than those of the PC2 (Fig. 6B) and HREEs+Y (Fig. 6C)maps. This
may be due to HREEs+ Y contents are decreasing but LREE contents in-
creasing from 40 m depth. At 100 m and 130 m depths, PC1 values are
not strong (Fig. 6A), therefore signature of HREEmineralization isweak-
er at these depths. However PC2 values (Fig. 6B) indicate strong LREE
enrichments. High absolute PC2 values and high P contents are most
likely caused by high contents of APS minerals hosting LREEs and P.
The maps of P content for varied depth (Fig. 6D) show elevated values
in the areas showing HREEs + Y enrichment, but P also can have high
values in areaswith no significant HREEs+Y enrichment. This is attrib-
uted to the presence of other P-bearing minerals, such as APS.

Although some samples show high HREEs + Y values at deep parts
(depth below 100 m), the values are possibly caused by detrital min-
erals, such as zircon, which may contain HREEs. These high HREE con-
tents are not related to hydrothermal mineralization and do not
belong to the major multi-element association. Therefore, using PCs,
which may represent major element assemblages corresponding to
minerals that contain elements of interest, is helpful to reduce “noise”
in the data and to assess areas with probable mineral resource than
examining elements separately (as shown by Fig. 6C and D).

The data from drill holes at shallow depth (b100 m) shows high
absolute PC1 values (HREEs + Y without P) but no significant PC1
values at deeper depth (N100 m), suggesting that deeper drilling is
probably not necessary to get the mineralization of HREEs. PC1 has bet-
ter discrimination for HREEs + Y and LREEs than PC2, therefore using
PC1 is more suitable to observe possible non-phosphorus HREEs occur-
rence than PC2, although PC2 has larger variance of HREEs. In the case of
prospecting both HREEs+ P (xenotime) and LREEs+ P (APS), PC2 pro-
vides a more favorable predictive map than PC1 in this area.

7. Summary

The application of RQ-mode PCA in the REE-rich Maw Zone shows
elemental assemblages related to the mineralization. Xenotime is the
main host of HREEs + Y, and APS minerals and/or monazite, for
LREEs. The mineralogical study confirms that xenotime and bastnäsite
are the main hosts of HREEs + Y and APS minerals for LREEs. There
are two possible explanations for the lack of significantUmineralization
in the Maw Zone: The concentrations of U in the oxidizing fluids were
low. Alternatively, the uraniferous oxidizingfluids did not encounter re-
ducing fluids that enabled the precipitation of U. Mapping the spatial
distribution of scores of the significant PCs may be useful to provide
more reliable estimates of the location of mineralization than using
only single element mapping.
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