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ABSTRACT

Reflectance spectroscopy in the visible to short-wave infrared regions (500 nm to 2500 nm) was
carried out using natural samples of the rare earth element (REE) phosphate minerals monazite,
xenotime and britholite. Samples were characterized by scanning electron microscopy and electron
microprobe analysis. Absorption band positions were recorded with their probable origins, and spectral
variability amongst the samples is discussed. Spectral features of these minerals are driven primarily by
4f-4f intraconfigurational electronic transitions of trivalent lanthanides. The distinct REE distributions of
monazite, xenotime and britholite drive their bulk spectral patterns, which in turn are sufficiently distinct
to enable spectral classification. Spectral variability of some specific REE-related absorptions are
interpreted to be driven by differences of the coordination polyhedra for the lanthanide cations between
the crystal structures. Spectra of these minerals were also compared against carbonatite-hosted REE
bearing fluorapatite. The work presented here strengthens the growing foundation for the interpretation

of reflectance spectra of these REE phosphate minerals and enables exploitation of the observed features
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by the remote sensing community for detection, identification and quantification of REE phosphate
minerals. This is especially relevant for hyperspectral imaging spectroscopy with high spatial resolution,

where the spectral response of a pixel becomes increasingly dominated by mineralogy.

INTRODUCTION

The rare earth element (REE) -bearing phosphate minerals monazite, xenotime and britholite are
important phases in certain REE deposits and can also be important for geochronology. Monazite and
xenotime are found in a wide range of rocks, whereas britholite is more commonly restricted to alkaline
igneous complexes, although its distribution is comparatively less well documented. Fluorapatite is a
common accessory mineral in many rocks and is also a common host to minor amounts of REE,
sometimes reaching substantial concentrations (e.g., up to ~19 wt. % REE,Ojs at Pajarito Mountain,
Roeder et al 1987, Hughes et al. 1991).

Monazite, LNPOs, is composed primarily of the light rare earth elements (LREE) from La
through to Gd. Xenotime, also LnPO,, is composed primarily of the heavy rare earth elements (HREE)
from Gd through to Lu and including Y. Despite their similar compositions, monazite and xenotime
crystallize in different space groups. Monazite is monoclinic (P2,/n) and xenotime is tetragonal
(14,/amd), in part due to the decreasing ionic radii of the lanthanides from La to Lu and the resulting
effect on the coordination polyhedra of the Ln*" and the overall crystal structure. Britholite-(Ce) has the
general formula (Ce,Ca)s(Si0O4)3(OH) and has been reported with both hexagonal and monoclinic
symmetry, however, Oberti et al. (2001) suggest the correct space group is P6;. Fluorapatite,
Cas(PO4)sF, accepts REE*" in place of Ca®" and is generally LREE enriched (e.g., Roeder et al. 1987,
Hughes et al. 1991). The term Ln represents any of the lanthanide elements (La to Lu) while the term

REE also includes the geochemically similar element yttrium (Y) and often scandium (Sc).
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Reflectance spectroscopy, a rapid non-destructive analytical technique requiring little sample
preparation, has been used to study the reflectance of these minerals in the visible to short-wave infrared
regions. This research builds on the study by Turner et al. (2014) that documented the reflectance spectra
of the REE fluorocarbonate minerals bastnaesite, parisite and synchysite. Mineralogical and
spectroscopic background of REE-bearing minerals is provided here, followed by a band registry for
these phosphate minerals as well as interpretations of spectral absorption features related to the
lanthanides. The spectral features of the registry will be the focus of further study in the development of
hyperspectral reflectance imaging spectroscopy to carry out REE mineral identification and REE

abundance estimates.

GENERAL SPECTROSCOPY OF THE LANTHANIDE ELEMENTS

The outer radius of the 4f electron shells (~0.3 A) for the lanthanides is much less than that of
their filled Ssand 5p shells (~2 A, ~1 A). It can then be approximated that the local electronic
environment of Ln** cations interacts primarily with those outer shells, leaving the 4f electrons relatively
sheltered but not completely non-participatory in bonding (e.g., Liu 2005). Electrostatic repulsion of the
base ion generates a first-level splitting of spectroscopic states, 2S+1L (e.g., °T). Next, spin-orbit
coupling splits these into multiplets, or “J-levels” (e.g., Is), and once placed into a crystal field the J-
levels are then split into Stark Sublevels. Crystal field interactions for the Ln cation include variables
such as ligand type, coordination number and polyhedron asymmetry which all play roles in the location
and intensity of energy levels and the associated absorptions (Gorller-Walrand and Binnemans 1998).
Each of the resulting sublevels provides the potential for promotion of a relaxed electron into an excited
state, giving rise to absorption of electromagnetic radiation (light) at a specific energy level (wavelength

or wavenumber).
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The Dieke Diagram (Dieke et al. 1968) details intraconfigurational 4f-4f transitions for ‘free
ions’ as deduced through studies of largely mono-lanthanide synthetic compounds. The transitions
shown do not include splitting of energy levels due to a crystal field nor the complexities of naturally
occurring REE minerals with variable REE distributions and other elemental substitutions.
Consequently, this diagram and other band registries (e.g., White 1967) can only act as proxies to help
identify origins of absorption features in reflectance spectra of REE minerals. The strength of absorption
features due to the lanthanides will primarily be a function of the concentration of the ion as well as the
specific absorptivity of that ion’s intraconfigurational transitions within a given crystal structure. The
location of lanthanide-related absorption features will be primarily a function of the cation’s specific
coordination and asymmetry in the host crystal structure.

Synthetic lanthanide and actinide orthophosphates and silicophosphates have also been studied in
fairly good detail in research fields such as ceramics, nuclear waste, phosphors and nanotechnology and
some studies do include natural samples (e.g., Hayhurst et al. 1981, Bernstein 1982, Becker et al. 1984,
Rapaport et al. 1999, Assaaoudi et al. 2001, Cantelar et al. 2001, Carpena et al. 2001, Boatner 2002,
Silva et al. 2006, Hernadez and Martin 2007, Zhang and Vance 2008, Ardanova et al. 2010, Savchyn et
al. 2012, Lenz et al. 2013, Heuser et al. 2014). These studies generally focus on infrared spectroscopy
(400 to 4000 cm’™"), Raman spectroscopy and UV-VIS luminescence spectroscopy, however, information

can be gathered to help understand and assign absorption bands of natural samples in reflectance spectra.

REVIEW OF REFLECTANCE SPECTROSCOPY STUDIES OF REE-BEARING PHOSPHATE

MINERALS

The earliest report of reflectance data from REE phosphate minerals is for monazite from 350 to
2500 nm (Gerharz 1965), for which no conclusive origin was resolved. In his benchmark mineral

spectroscopy paper, Hunt (1977) lists monazite (misspelled as monzonite) in his tabulation of common
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minerals and respective spectral signatures. However, La*" is listed as the origin of absorptions but La
would have a 3+ valence in monazite and would therefore not have spectral features in the VIS-SWIR
(e.g., Liu 2005). Amongst many REE-bearing rock sample spectra, Rowan et al. (1986) include a
spectrum (400 to 2500 nm) of britholite from Oka (Quebec) and ascribe bands in the VNIR to Nd*" and
suggest that a series of bands in the SWIR are related to Sm®". It is unclear if this is a mineral sample or
a britholite-dominant rock sample. Clark (1999) covers several REE oxides in his “Spectroscopy of
Rocks and Minerals” review and recognizes that the patterns seen in REE minerals are a combination of
several lanthanides, but states that absorptions are independent of mineralogy.

The widely used USGS Spectral Library (Clark et al. 2007) contains spectra for fluorapatite,
chlorapatite, hydroxylapatite and monazite. The F- and Cl-bearing apatite samples both contain spectral
features in the VNIR suggesting minor Nd** content, whereas the monazite spectrum clearly shows
REE’" spectral features. The fluorapatite and monazite spectra are similar to those studied here,
however, the data presented here has higher spectral resolution. No xenotime spectra are included in the
USGS Spectral Library Version 06.

Morin Ka (2012) provides some partial spectra (original data likely collected between 380 and
2500 nm) for monazite, xenotime and REE-bearing apatite, but no detailed investigations were carried
out. Similarly, Kerr et al. (2011) present spectra from 350 to 2500 nm of monazite, xenotime and REE-
bearing apatite but provide no chemical data or interpretation of the spectra. Abstracts by Swayze et al.
(2013), Hoefen et al. (2013, 2014) and Huntington and Laukamp (2015) indicate that baseline and
applied research is being conducted on REE minerals and deposits, however, no detailed information is

available.
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Thus, there remains an information gap of published material for the interpretation of REE
phosphate reflectance spectra, with respect to identifying and explaining spectral features as well as in

supporting the discrimination of these phosphate minerals based on their spectral characteristics.

CRYSTAL STRUCTURE REVIEWS

The phosphate classes of REE-bearing minerals show a range of coordination states for REE
from eight to 12 with bond lengths as short as 2.25 and as long as ~2.8 A. Cation and anion substitutions
in these minerals can be substantial with complex crystal chemical implications, such as in the alunite
supergroup. On the other hand, the crystal structures of monazite, xenotime and fluorapatite have been
well studied and are well understood.

Monazite-(Ce), CePOy4, and xenotime-(Y), YPOy,, are very common REE orthophosphate
minerals that occur in a wide range of rocks. Despite their similar compositions they have different
crystal structures and coordination geometry for the REE site, owing primarily to the size reduction of
lanthanides towards Lu. Ni et al. (1995) and Clavier et al. (2011) carried out detailed studies on
synthetic REEPO,4 and showed that monazite hosts LREE at a distorted nine-coordinated site whereas
xenotime hosts HREE at a higher symmetry eight-coordinated site (Fig. 1). These studies also
demonstrated that the REEPO; crystals show a systematic decrease in REE-O bond distances when
moving from LaPOy through to LuPO,. Eight of the LREE-O bond lengths for synthetic monazite
cluster into three groups between ~2.35 and 2.65 A, with a ninth outlier having a considerably greater
length of ~2.77 A (Fig. 2). Mullica et al. (1984) studied the ninefold coordination polyhedron of La in
synthetic LaPO, and determined that it most closely resembled a distorted pentagonal interpenetrating
tetrahedral polyhedron. In xenotime, the bonds are organized into a tighter and more symmetrical
structure where four short bonds of ~2.25 A and four medium bonds of ~2.35 A create an HREOg

dodecahedron. The total REO content of natural monazite and xenotime attains 70%.
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Britholite’s more general formula, (Ce,Ca,Th,La,Nd)s(SiO4,PO4)3(OH,F), is chemically and
structurally similar to apatite, whereby Si replaces P and REE replaces Ca (Mariano 1989, Oberti et al.
2001). Studies of britholite have reported both monoclinic (P2;) and hexagonal (P65 and P6;/m)
symmetry (e.g., Oberti et al. 2001, Pekov et al. 2007). According to refinements by Oberti et al. (2001),
the REE can occupy three distinct sites with either nine- (REE1 and REE1a sites, distorted tricapped
trigonal prism) or eight- (REE2 site, distorted dodecahedron) coordination (Fig. 1). Bond lengths to the
nine-coordinated sites cluster into 2.389, 2.510 and 2.700 A sets of three each, and for the eight-
coordinated site they range from 2.377 to 3.180 A, averaging ~2.467 A (Fig. 2). The shortest of these
eight bonds is to an OH group. Although the REE1 and REE|a sites are not particularly symmetrical,
the REE2 site is highly asymmetrical and is also characterized by two ligand types, hydroxyl and
oxygen. Total REO content attains 55%.

Fluorapatite, Cas(PO4)sF, has been well studied in a wide range of fields. Its crystal structure is
well accepted, and numerous exchange mechanisms have been postulated for the wide variety of
substitutions in various rock types. Generally, fluorapatite accepts REE*" in place of Ca>" and Hughes et
al (1991) suggest the following dominant coupled substitutions to accommodate charge balancing;
REE®" + Si*" = Ca*" + P*" and REE®" + Na" = 2Ca®". Two distinct Ca sites exist (Fig. 1) and the REE
have been shown to populate both but have a preference for the Ca(2) site over the Ca(1) site (Fleet and
Pan 1995). Using cell refinements of REE-bearing fluorapatite from the Kipawa Complex in Hughes et
al. (1991), we see that the Ca(1) site is nine-coordinated with three sets of three oxygen atoms with bond
lengths of 2.404, 2.458 and 2.807 A. The Ca(2) site is seven-coordinated with six Ca-O bonds between

2.352 and 2.680 A, and a bond to F of 2.298 A (Fig. 2).
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EXPERIMENTAL METHODS

Samples

Three monazite, four xenotime and two britholite samples from a larger suite were studied in
detail with the scanning electron microscope and none showed compositional zoning. One honey-brown
monazite crystal (1 X 1 x 1 cm) from an unknown location was obtained from the Mineralogy/Petrology
Museum at the University of Alberta (“537-542 SE Quadrant”) and one similarly sized pinkish-brown
monazite fragment from Elk Mountain (Nebraska) was obtained from A. Mariano. The third monazite
sample comprising multiple smaller grains is from Serra Verde, Brazil, and was also obtained from A.
Mariano. A xenotime sample from Serra Verde that is composed of multiple smaller grains was also
obtained. Two euhedral xenotime crystals from Novo Horizonte, Brazil, measured 2.25 x 0.75 x 0.75 cm
(sample C) and 2.5 x 1.4 x 1 cm (sample J) and were dark purple in color with patches of transparency.
The xenotime sample from Gunter Quarry is a fragment, measures 1.75 x 2.5 x 2 ¢m, and is opaque and
dark brown. Both britholite samples came from the Kipawa deposit in Ontario. One sample was
obtained from A. Mariano and comprised several small grains while the second was borrowed from the
Canadian Museum of Nature (sample CMNOC F90-8). Hand sample CMNOC F90-8 contains britholite
grains measuring on average ~1 x 1 x 1 mm. Reagent-grade lanthanide oxide powders, REE-doped
Spectralon wavelength calibration samples and other REE mineral phases were also investigated using
EMPA in order to aid in band assignment. Hand samples of dolomitic magnesio-carbonatite from the Fir
carbonatite system were used to study spectra from unprobed fluorapatite grains up to 6 x 3 mm (Chudy

2013).
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Scanning electron microscopy and electron microprobe analysis

The Philips XL30 scanning electron microscope (SEM) at the University of British Columbia,
which is equipped with an energy-dispersion X-ray spectrometer (EDS), was used for preliminary
examination of mineral mounts of selected minerals and rock fragments studied by reflectance
spectroscopy.

Selected samples were then analyzed by electron microprobe at the Saskatchewan Research
Council’s Advanced Microanalysis Centre using a Cameca SX-100 instrument equipped with five
tunable wavelength dispersive spectrometers. Operating conditions were: 40° takeoff angle, beam
energy of 15 keV, beam current of 20 nA, beam diameter of 5 um. The MAN background intensity data
was calibrated and continuum absorption corrected. Elements were acquired using analyzing crystals
LLIF for FeKa, TaLa, PrLo, EuLa, DyLa, TmLa, MnKa, LalLa, NdLa, GdLo, HolLa, YbLa, Bala,
CelLa, SmLa, TbLa, ErLa, LuLa, PET for CaKa, KKa, ClKa, TiKa, NbLa, YLa, SrLa, ZrLa, PKa,
UMa, ThMa, and LTAP for MgKa, FKa, NaKa, SiKa, AlKa. Counting times were 10 seconds for Zr
and P and 15 seconds for all other elements, with off-peak count times of 10 seconds. The standards
(with elements) were SPI-barite (Ba), SPI-celestite (Sr), SPI-YAG (Y, Al), Smithsonian Cr-augite (Mg,
Ca), Smithsonian ilmenite (Fe, Ti), Smithsonian apatite (F, P), Smithsonian microcline (K), Smithsonian
zircon (Zr), Harvard albite (Si, Na), Cameca Mn (Mn), SPI2-TICI (Cl), SPI2-Nb (Nb), SPI2-La (La),
SPI2-Ce (Ce), SPI2-Pr (Pr), SPI2-Nd (Nd), SPI2-Sm (Sm), SPI2-Eu (Eu), SP12-Gd (Gd), SPI2-Tb (Tb),
SPI2-Dy (Dy), SPI2-Ho (Ho), SPI2-Er (Er), SPI2-Tm (Tm), SPI2-Yb (YD), SP12-Lu (Lu), SPI2-Ta (Ta),
SPI2-Th (Th) and SPI2-U (U). Formulae were calculated based on four anions for monazite and
xenotime, and 26 anions (O+F+Cl) for britholite. Iron was assumed to be FeO in the one xenotime

sample that showed a concentration above detection limit. The amount of OH (as H,O) was determined
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by stoichiometry based on full occupation of the “O4” atomic site by two atoms of F, Cl and OH as per

Oberti et al. (2001).

Reflectance spectroscopy

Reflectance spectroscopy was primarily carried out using the sisuROCK instrumentation
(manufactured by SPECIM Spectral Imaging Ltd.) at the University of Alberta’s CoreSensing Facility,
and data were handled using ENVI 4.4, a widely used and commercially available software package.
Two imaging spectrometers (“cameras”) acquired reflectance spectra in the visible-near infrared (VNIR,
396 nm to 1003 nm over 784 channels for an average spectral resolution of 0.77 nm) and short-wave
infrared (SWIR, 928 nm to 2530 nm over 256 channels for an average spectral resolution of 6.26 nm)
portions of the electromagnetic spectrum in high spatial resolution mode. Spectralon-based white and
striped panels are placed at the head of the imaging table for spectral calibration and camera focusing,
and QA/QC procedures carried out automatically by the instrument for each imaging scan. Spatial
resolution of the cameras in this mode was approximately 0.079 mm / pixel in the VNIR and 0.241 mm /
pixel in the SWIR (Fig. 3). Noise was very prevalent in the shortest wavelength portion of the VNIR
camera below ~550 nm and moderate from 550 nm to ~650 nm. In the high spatial resolution mode,
averaging spectra of ~16 neighboring pixels resulted in reliable spectra in the noisier ranges that would
be useable in spectral libraries. Spectra presented here originate from single crystals, multiple crystals
within a single rock sample and from multiple loose single crystals. Spectra documented here are
nominally an average of 3215 pixels for the VNIR camera and 1018 pixels for the SWIR camera.
Uncommon specular reflections (e.g., as in Fig 3) that saturated detectors were avoided in the selection
of pixels. Samples were placed on a matte black surface that translates the samples under the camera and
has very low reflectance across the sampled wavelength range. Some samples were propped up with

foam blocks to ensure the surfaces of interest faced the spectrometers and were in focus. All samples
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were thick enough that we could assume that the reflectance spectra are representative of the mineral
target.

Simple Regions Of Interest (ROI) were used on most samples to select target pixels for
averaging. For the loose grains and crystals in hand samples, a priori knowledge of the sample allowed
several single-pixel baseline spectra to be isolated. These spectra were then used to apply mixture-tuned
matched filtering within the ENVI software package to an entire hyperspectral image, from which a
strict qualitative threshold allowed a discrete selection of pixels to be averaged. This process enabled the
averaging of tens to hundreds of pixels per sample (Table 1) to produce a representative spectrum as
stated above. Reflectance spectra did not have the continuum removed so as to present the data

unmodified and to facilitate comparison against data from other publications.

ELECTRON MICROPROBE COMPOSITIONS

Samples described here were selected from a larger set and were characterized by imaging
reflectance spectroscopy, scanning electron microscopy and microprobe analysis. Tables 2, 3 and 4
document electron microprobe compositions for the REE phosphate minerals in this study and Figure 4
shows chondrite-normalized patterns for the samples.

Monazite microprobe compositions show similar chemical distributions of the REE for all
samples (Table 2), however, the Elk Mountain sample showed slightly higher rare earth elements from
Sm onwards. Totals for the Serra Verde and UofA Unk samples are satisfactory, while those for the
analyses of the Elk Mountain sample are lower and show high Th and Si contents, indicating
substitutions moreso related to huttonite than cheralite (Linthout 2007, Clavier et al. 2011).

Xenotime microprobe compositions for the two Novo Horizonte samples show elevated Eu-Gd-
Tb-Dy and lesser Yb, Lu and U as compared to the samples from Gunter Quarry and Serra Verde,

resulting in two main groups (Table 3). Neodymium and Sm concentrations are roughly equivalent in all
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four samples, and La, Ce and Pr contents are either very low or below detection. Analytical totals are
satisfactory.

The two britholite samples originated from different collections but the same ore deposit
(Kipawa) and show similar concentrations of REEs (Table 4). Britholite is commonly noted to be at least
partially metamict (e.g., Pasero et al. 2010) and in general this is true for samples from Kipawa (e.g.,
Noe et al. 1993). The Mariano-001 sample displays a low analytical total while sample CMNOC F90-8
is satisfactory for a mineral species commonly reported as metamict. Microprobe compositions show
that Ce is the most abundant REE, REE>Ca, Si>P and F>OH,Cl, therefore these samples are
fluorbritholite-(Ce).

Figure 4 shows the chondrite-normalized EMPA results for selected samples of each mineral to
demonstrate relative total REE contents and patterns. Xenotime is strongly enriched in the heavy rare
earth elements (HREE) and monazite is enriched in the light rare earth elements (LREE), while
britholite contains moderate amounts of all REE.

In the case of fluorapatite, published (e.g., Hughes et al. 1991) and unpublished analyses of
LREE-enriched fluorapatite from the Fir carbonatite show total rare earth contents near ~5500 ppm. Of

the spectrally active REE*", the measured Pr content is ~300 ppm, Nd ~1200 ppm and Sm ~200 ppm.

SPECTRA AND SPECTRAL VARIABILITY OF REE-PHOSPHATE MINERALS

Each of the three REE-phosphate minerals exhibits its own characteristic distribution of rare
earth elements and therefore spectral patterns derived from 4f-4f intraconfigurational electronic
transitions. As seen from microprobe compositions, xenotime is populated by the heavy rare earths (Gd
to Lu), monazite by the light rare earths (La to Sm) and britholite accommodates both lights and heavies
yet has lower overall REE contents (Fig. 4 and Tables 2 to 4). Fluorapatite is generally enriched in

LREE (e.g., Hughes et al. 1991).
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Figures 5, 6, 7 and 8 document the spectra from samples of each mineral and show the location
of prominent absorptions and absorption clusters listed in Tables 5, 6 and 7.These “Band Index Tables”
document prominent absorption features for the REE phosphate minerals and include probable origins of
the features, as chosen through comparison with reflectance spectra from unpublished reagent-grade
lanthanide oxide spectra, REE-doped calibration standard spectra, and other REE-bearing mineral
spectra for which compositional data exists, as well as REE spectroscopy literature. Clusters are
numbered and denoted in the Tables by horizontal line breaks and important absorptions are bolded. As a
set of summary figures, clusters and main absorption features are shown on “Index Figures” 9 (VNIR
range) and 10 (SWIR range) for representative spectra of monazite, britholite and xenotime.

The UofA Unk monazite, CMNOC Kipawa britholite, Gunter Quarry and Novo Horizonte J
xenotime samples were used in the Index Tables because of their superior microprobe results. Band

indices for all samples can be found in Turner (2015).

M onazite reflectance spectra

The Serra Verde and UofA Unk monazite samples have fairly similar elemental distributions,
however, the sample from Elk Mountain shows higher medium REE values and considerably higher Th
and Si and lower P than the other two samples.

The VNIR spectral range is divided into seven main clusters of absorptions (Fig. 5, Table 5). The
most notable differences in the VNIR spectra of the three monazite samples are the strengths of the 652
and 671 nm absorptions of Cluster 2, which are strongest in the sample from Serra Verde. The
absorption band at 978 nm (Cluster 7) also shows some variability in strength, being most pronounced in

the spectrum of the Elk Mountain sample and weakest in the spectrum of the UofA Unk sample.
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The SWIR spectral range is divided into five main clusters of absorptions starting after Clusters
6 and 7, which are better resolved in the VNIR range (Fig. 5, Table 6). Spectra for the monazite samples
in the SWIR range are very consistent. Subtle differences include a shift in the ~1960 nm feature and the

relative intensities of absorption bands at ~2424 and ~2499 nm.

Xenotimereflectance spectra

Chemical differences separate the two xenotime samples from Novo Horizonte (higher Eu, Gd,
Tb, Dy) from those from Serra Verde and Gunter Quarry (higher Yb, Lu, U). Bulk patterns are consistent
across all xenotime samples, however, the notable chemical distributions give rise to spectral differences
in both the VNIR and SWIR.

The VNIR spectral range is divided into six main clusters of absorptions (Fig. 6, Table 7).
Differences in the VNIR spectra across the two groups of xenotime samples are typically slight, such as
the presence or absence of a shoulder feature or the relative depth of a specific absorption. The Novo
Horizonte samples show stronger absorptions at 643, 690, 760, 827, 932 and 961 nm while the Gunter
Quarry and Serra Verde samples show stronger absorptions at 669, 678 and 803 nm. These two groups
hold true for other unpublished xenotime VNIR spectra that show similar spectral patterns but that do
not have supporting microprobe compositions.

The SWIR spectral range is divided into eight clusters beyond 978 nm, where Cluster 6 is better
described in the VNIR range (Fig. 6, Table 7). Differences in the SWIR spectra across the two groups of
xenotime samples are most prominent in clusters 7, 12 and 14. Cluster 7 differences are driven by
relative contents of Dy and U in the two groups. The high U content of the Gunter Quarry and Serra
Verde samples results in the prominent absorption being at 1143 nm, while the high Dy content of the
Novo Horizonte C and J samples results in the prominent absorption being at 1099 nm. For Cluster 12,

the prominent absorption at 1880 nm is consistent with the relative proportions of Tb in the xenotime
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samples. Cluster 14 comprises absorptions from 2150 nm to the end of the detection range of the

spectrometer at 2530 nm, and is discussed in more detail later.

Britholite reflectance spectra

The two britholite samples have very similar REE distributions, however, their bulk
compositions differ. The CMNOC F90-8 sample shows totals closer to 100% and better cation
populations after formula normalization by anion content. This sample shows lower La and Ce contents,
equivalent Pr through Lu and higher Y, as well as higher P, Si, Th, Ca and OH contents.

The VNIR spectral range is divided into six main clusters of absorptions (Fig. 7, Table 5). The
only significant difference between the two spectra is how Cluster 1 is resolved into two features in
sample “001-Mariano”, which generally shows stronger absorptions elsewhere.

The SWIR spectral range is divided into six clusters beyond the 978 nm absorption, which is
ascribed to Cluster 6 in the VNIR range (Fig. 7, Table 6). Absorptions in Clusters 11 and 12 show slight

variations.

Fluorapatite reflectance spectrum

The fluorapatite spectrum was derived from one crystal with distinct grain boundaries in a cut
rock slab with an abundance of fluorescent fluorapatite, all of which show spectra with equivalent
absorptions in the VNIR and SWIR. Although the absorptions were weaker in fluorapatite, general
cluster locations were consistent with the LREE-enriched monazite and britholite sample spectra (Tables
5 and 6).

Generally, the reflectance spectrum of pure fluorapatite in the SWIR range is featureless (e.g., as
in the USGS Spectral Library, Clark et al. 2007), however, the SWIR reflectance spectrum for this

sample is dominated by absorption bands consistent with ferroan dolomite (e.g., minima at 2318 and
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2499 nm with continuum removed; Gaffey 1986). Subtle but narrow absorptions in this fluorapatite
spectrum occur within the broader ~1200 nm Fe-related absorption, and are likely associated with
REE®". The ferroan dolomite signals are likely due to microscopic inclusions within the fluorapatite
crystal, however, carbonate has also been shown to exist as a minor component in some hydroxylapatite

and fluorapatite (e.g., Fleet and Liu, 2008).

DISCUSSION OF SPECTRA AND SPECTRAL VARIATIONS

REE compositional controls on reflectance spectra

The typical distribution of rare earth elements in monazite (LREE), xenotime (HREE), britholite
(LREE and HREE) and fluorapatite (LREE) directly affects their spectral signatures. For naturally
occurring minerals the most important LREE that are spectrally active in the VNIR-SWIR range are
Pr'", Nd*" and Sm*". Similarly, the most important spectrally active HREE for minerals are Dy*", Er’*
and Yb** but Tb**, Ho® and Tm®" still need to be considered. Therefore, typical REE distribution for a
given mineral means that it will also display a typical distribution of spectrally active REE*". This
allows for quick recognition of a mineral’s bulk REE distribution but more subtle spectral features then
need to be considered when addressing mineral identification.

Accordingly, the most notable differences between the mineral samples are driven by the relative
distributions of light versus heavy rare earth elements. Monazite is LREE-enriched and thus its spectral
signature is driven primarily by Nd** with lesser influence by Pr™ and Sm™, while HREE-enriched
xenotime has spectral features driven primarily by Yb", Er” and Dy”. The britholite spectrum is
dominated by Nd"* with lesser influence by Pr> and Sm™ but signals of Dy, Er'* and Yb" are
observed. Consequently, britholite spectra more closely resemble spectra of monazite than xenotime and

a good understanding of the spectral characteristics of britholite can be derived by ‘modifying’ monazite
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spectra with minor input from Dy+3, Er'® and Yb". The fluorapatite spectrum shows absorptions related
to Nd*" in the VNIR, and possible weak absorptions related to Sm** and Pr’” in the SWIR.

Spectral differences between xenotime samples are minor, usually only a variation in the strength
of a feature. Unlike LREE minerals dominated by Pr’*, Nd*" and Sm®" spectral features, in minerals with
abundant HREE it is harder to definitively assign individual features to individual lanthanide elements
because many of the multiplet levels from Sm3+, Tb3+, Dy3+, H03+, Er3+, Tm®" and Yb*" overlap. Some of
the multiplet levels can produce many absorptions of varying strength as deduced through mono-

lanthanide doping studies of various compounds (e.g., Ho’":YGG by Gruber et al. 2009).

Comparison of absorption patternsfor monazite, xenotime, britholite and fluor apatite

Figures 9 and 10 show representative spectra for xenotime, britholite and monazite in the VNIR
and SWIR ranges with absorption clusters and distinct absorptions labeled. Samples “UofA Unk” for
monazite, “Gunter Quarry” for xenotime and “Kipawa CMNOC F90-8” for britholite are used as the
base lines for describing intermineral variations. The monazite sample shows the nearest chemical
composition to ideal monazite, the xenotime sample represents one of the two spectral-chemical
populations and the britholite sample shows the highest total from microprobe data and better atomic
site assignments.

When comparing spectra of monazite to britholite, which have similar LREE concentration
patterns, trends of shifting band minima and band broadening emerge (Figs. 9 and 10). Many absorption
minima related to Nd** undergo systematic shifts to longer wavelengths in britholite as compared to
monazite. Shifted bands (from monazite to britholite) in the VNIR include 679 nm to 685 nm, 745 nm to
747 nm, 800 nm to 805 nm, 863 nm to 867 nm and 871 nm to 879 nm.

The absorptions for britholite are generally broader and show less structure, most likely

attributable to multiple REE sites and therefore multiple overlapping bands in close proximity. For
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example, the fine structure of the Nd*"-related 745 nm absorption of monazite is lost in britholite except
for a weak shoulder at 743 nm. The many local minima from 871 to ~900 nm in monazite are also lost in
britholite, likely due to REE site multiplicity and resulting fine band shifts and overlap.

Turner et al. (2014) described the reflectance spectra of REE fluorocarbonate minerals and noted
that the Sm®"-related features at 1093 nm and 1251 nm are quite sharp. In monazite, these two features
are each consistently split into two discrete absorptions at 1074 and 1105 nm and at 1232 and 1257 nm
(Fig. 10). The barycenter of the absorptions in monazite remains close to that of the REE
fluorocarbonate minerals. In britholite, concentrations of Sm are lower, however, the splitting appears
greater near 1251 nm with a strong band minima at 1225 and a shoulder at 1257 nm (Fig. 10). Near 1093
nm, the absorptions in britholite broaden with minima at 1074 nm and a weak shoulder at 1105 nm. The
weaker Sm®"-related absorption at 953 nm in bastnaesite is similarly split to 941 nm and 957 nm in
monazite (Fig. 9). In britholite, however, this absorption is not seen due to again lower Sm contents.

Fluorapatite absorptions can all be attributed to Nd** in the VNIR and occur in the same regions
as for monazite and britholite, however, the absorptions near 870 nm are much more subdued, possibly
due to the influence of an Fe** band from ferroan dolomite (Gaffey 1986), and the Cluster 2 Nd**
absorptions seen in the monazite spectra are not resolvable in the fluorapatite spectrum. The most
notable aspect of the fluorapatite spectrum is the pronounced pair of minima at 576 and 585 nm, which

is not seen as a resolved pair in either monazite or britholite (Fig. 11).

TheYb-Er related absorption near 978 nm

Britholite and xenotime show an absorption feature at 978 nm that is related to both Yb** (2F7/2
2> 2F5/2) and Er** (415/2 > 4111/2). This particular Yb®" transition is known to be hypersensitive to its
immediate coordination polyhedron and also absorbs more strongly than Er’*” at this wavelength (e.g.,

Zou and Toratani 1995, Strohhofer and Polman 2003). In britholite, the strength of the 978 nm
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absorption is equal to or stronger than in xenotime (Fig. 12), despite the concentrations of Er and Yb
being lower by a factor of ~4 in britholite (Tables 3 and 4, and Fig. 4). Thus, the absorption coefficient
for this particular Yb*" hypersensitive transition is much stronger in britholite than in xenotime. This is
most probably due to the REE site in britholite being more asymmetric than in xenotime (Figs. 1 and 2),
as well as being better suited to host REE*" cations with larger ionic radii, such as Ce**, rather than the

smaller Yb>".

Spectral effects of the actinides

Electronic absorption bands for the 5f energy levels of U*">" are reported to be strongest near
~2069, ~1500, ~1330 and ~1111 nm in the SWIR and ~666 nm in the VNIR (e.g., Binnemans et al.
1999, Zhang et al. 2002, 2003), however, all of these bands are also within the ranges of various other
REE*" absorptions. Xenotime from Serra Verde contains the most uranium of all the samples studied
with 1.59 wt.% UO, while those from Novo Horizonte have ~0.05 wt.% UQ,. Probable resolvable
absorptions related to U in xenotime were noted at 653, 1118, 1143 and 1503 nm, as interpreted through
comparison with zircon spectra (e.g., Zhang et al. 2002, 2003, and Turner 2015) and considering EMPA

data.

Hydroxyl and water bands of the REE phosphate minerals

Xenotime and monazite can accommodate minor amounts of OH in their crystal structures, trap
fluid inclusions during growth, and become metamict through radiation damage related to decay of U
and Th which can then lead to hydration (e.g., Talla et al. 2011). The xenotime samples studied here
contain low amounts of charge-balancing anions and are not considered to be appreciably metamict.
Monazite shows generally higher calculated OH content and also considerably more Th. Britholite

normally accommodates OH and some samples from Kipawa studied by others have been shown to be
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partially metamict (e.g., Noe et al. 1993). Consequently, the monazite and britholite samples show
absorption bands at 1377 nm that are related to OH and near ~1950 nm that are related to water and
REE. Xenotime spectra show bands from 1408 to 1415 nm that are related to an OH overtone, which is
consistent with Talla et al. (2011) who identified stretching vibrations near 3500 cm’ in xenotime. The
bands near 1936 nm are more likely tied to the Ho®* and Tb*" content but may also be influenced by

water.

Absorptions from 2150 nm to 2530 nm

Spectra of the REE phosphate minerals display a number of overlapping absorptions expressed
as minima and shoulders between 2150 nm (~4650 cm™) and 2530 nm (~3953 cm™). As a general
statement, each mineral shows moderate consistency between the samples, but significant differences
are observed in the two classes of xenotime samples (Figs. 5, 6 and 7). The exact origin of these
absorption bands remains unclear.

In their study of hydrated and hydroxylated phosphate minerals [e.g., childrenite —
FeAlPO4(OH), ‘-H,O], Lane et al. (2011) show reflectance spectra with sharp absorptions in the 2100 to
2500 nm range, which they attribute to overtones and combinations of OH and PO, vibrations. In a
similarly themed study of hydrated hydroxylated phosphate minerals [e.g., wardite —
NaAl;(PO4)2(OH)4-2H,0], Frost and Erickson (2005) ascribed bands from ~4600 to 4000 cm’! (2174 to
2500 nm) to combinations of OH stretching and OH deformational vibrations. Assaaoudi et al. (2001)
and Onac et al. (2005) reported that amongst different hydrated orthophosphates (e.g., churchite,
YPO,4-2H,0), small band shifts of the fundamental vibrations for P-O, O-H and H-O-H are potentially
related to variable REE content. Talla et al. (2011) studied OH defects in xenotime and identified an OH-
stretching mode near 3500 em’ (~2850 nm). Combining that stretching mode with a fundamental PO,

vibration near 1000 cm™ (e.g., Farmer 1974) results in a potential combination band near 4500 cm™
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(2222 nm). Small absorptions near 4500 cm™' can been seen in one IR spectral plot of xenotime from
Talla et al. (2011), but are not discussed in the paper. Pekov et al. (2007) recorded overlapping Si-O and
P-O bands for metamict fluorcalciobritholite at 930 and 1070 cm™ (10753 and 9346 nm), respectively,
and Oberti et al. (2001) recorded a broad OH-stretching band at 3437 cm’! (2910 nm) in fluorbritholite
but no spectrum was provided. Thus, theoretical calculations of combination bands for the REE
phosphate minerals support the notion of their influence in this region between 2150 and 2530 nm,
however, neither xenotime nor monazite have structural OH or H,O in any great amounts and
reflectance spectra consistently show more than one resolved band.

Trivalent lanthanide elements with electronic energy levels in the ~2150 to 2500 nm range (4650
em™ to 3953 cm™) include Pr** (~2310 nm, *Hg) and Tb*" (~2200 nm, ’F3) with potential influence from
Nd** (~2500 nm, “I;32) and Eu®* (~2100 nm, "Fs) when placed in a crystal field, according to energy
levels recorded by Dieke et al. (1968) and Carnall et al. (1989). Reflectance spectra for REE;O; reagents
and reflectance and transmission data available from the literature in this range suggest that REE-related
absorptions could be responsible for the patterns seen in the REE phosphate minerals. In particular, Talla
et al. (2011) synthesized REE-doped xenotime with Pr, Nd, Sm, Dy, Ho and Er and collected polarized
IR absorption spectra from 7000 to 2500 cm™ (1429 — 4000 nm). Of these synthetic xenotime crystals,
the Nd-doped sample exhibits two (possibly three) bands at approximately2400 and 2475 nm (the third
near 2500 nm) and the Pr-doped sample exhibits only one band near 2375 nm. Unfortunately neither
Eu,03 nor Tb,O3 were included in their EMPA results for their natural samples and they did not
synthesize Eu- or Tb-doped xenotime. It is unlikely that Eu would play a significant role due to
relatively low contents, however, Tb,O; concentrations in xenotime can be appreciable. Focusing just on
xenotime, the two samples from Novo Horizonte have the highest Tb,O3 contents and show the

strongest absorptions near 2262 nm and 2312 nm, suggesting that at least these two bands are linked to
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Tb*". Looking back at the one natural sample shown by Talla et al. (2011) in this range (their Fig. 7),
two more small absorption features can be seen near 2247 and 2325 nm. Thus, with the spectra from
Talla et al. (2011) but without spectra from Tb-doped xenotime it is still difficult to conclusively tie
intramineral chemical variations to spectral variations.

A spectrum from reagent grade La powder [qualitatively determined as La(OH); >> La,0,(CO3)
through powder X-ray diffraction, see Turner 2015] shows absorption bands in the 2300 to 2500 nm
range (in addition to water related absorptions at ~1420 nm and ~1950) but La" should not show 4f-4f
electronic transitions as it has no electrons in the f orbital. Conversely, reagent grade Gd,03, Y03 and
Yb,03 powders show minor absorptions near 1420 and 1950 nm but no distinct absorptions between
2300 and 2500 nm. Consequently, it is apparent that at least Some REE reagents are generating
absorptions related to REE-OH bonding (with possible CO;3 absorptions), thus making interpretations of
other REE-related absorptions in this region difficult.

If absorptions in this region were solely attributable to PO4 / OH vibrational combinations we
would expect more coherency between the PO, minerals, less variability in the xenotime spectra, and
weaker absorptions where OH is minimal (i.e., xenotime and monazite vs. britholite). If these
absorptions were solely the result of REE*" electronic transitions we would expect greater support from
the existing REE-spectroscopy literature and not observe absorptions in La,Os. If they were solely the
result of REE-OH vibrational bands we would expect to see more systematic variations within and
across the phosphate groups. It is therefore most likely that each of these factors plays a role in
absorptions from 2150 to 2530 nm, but without further investigations using additional techniques it is
difficult to determine the exact origins of these absorption bands across monazite, britholite and

xenotime.
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IMPLICATIONS

This work is the first published systematic study of the REE-phosphate minerals monazite,
xenotime and britholite using reflectance spectroscopy in the VNIR-SWIR range. Spectra coupled with
microprobe compositions indicate that spectra of monazite and britholite are dominated by Nd**, pr*”,
and Sm’®"related absorption bands. The multiple atomic sites with mixed coordination for Ln*" in
britholite allows for easy incorporation of Tb, Dy, Ho, Er, Tm and Yb. The mixed coordination of cation
sites REE1/REEa (nine-coordinated) and REE2 (eight-coordinated) results in multiple sets of crystal
field splitting for the Ln’", thus potentially broadening each absorption band related to electronic
transitions. The xenotime spectrum is dominated by the distribution of HREE, namely Tb*, Dy“, Ho",
Er'', Tm** and Yb*'. Many of the energy levels for these elements overlap, making definitive
assignments of probable origin difficult; however, absorption clusters are consistent across samples. The
reflectance spectrum of LREE-bearing fluorapatite was shown to have strong similarities to monazite
and britholite spectra in the VNIR range, however, the Nd*"-related absorptions near 576 and 585 nm
show distinct differences in band positions.

The sensitive nature of the Yb*" and Er’* transitions near 978 nm are well illustrated between
xenotime and britholite. Despite xenotime having significantly higher concentrations of Yb and Er,
britholite exhibits an equally strong absorption band at this wavelength because of the greater
asymmetry of the coordination polyhedra compared to xenotime.

These data provide the diverse geological remote sensing community with a benchmark to which
comparison can be made regarding spectra with Ln*"-related electronic absorptions. Diagnostic
variations between the REE phosphate minerals can also be exploited in a number of circumstances,
such as remote predictive mapping, petrology of thin sections and rocks, identifying potential mineral

grains for geochronology, drill core and chip logging, mine wall imaging or ore sorting.
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Future work should include a systematic study of mono-lanthanide doped phosphate crystals, as
well as continuing to add other REE phosphate minerals with variable REE content. Spectral range
should be expanded to include regions of fundamental vibrations in the same mineral suites (i.e., 400 to
4000 cm™). This will enhance the growing database of REE mineral reflectance spectra and help clarify
ambiguity for assigning absorptions to specific lanthanides across the entire VNIR-SWIR range, but

especially from 2150 to 2530 nm.
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FIGURE CAPTIONS

Figure 1. Coordination polyhedra for rare earth element cations in monazite, xenotime, britholite and

fluorapatite. Data for polyhedra from Oberti et al. (2001), Ni et al. (1995), and Hughes et al. (1991).

Figure 2. Bond distances for REE polyhedra in monazite, xenotime, britholite and fluorapatite, as
described in the text. Multiple bond lengths are indicated where found (e.g., O x 4), the OH bond of
REE2 in britholite and F bond in fluorapatite are labeled, and the vertical bars illustrate the minimum,
mean and maximum bond lengths. Data for polyhedra lengths from Oberti et al. (2001), Ni et al. (1995)

and Hughes et al. (1991).
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Figure 3. Example of false colour VNIR hyperspectral reflectance imagery (inset, Novo Horizonte “C”),
single pixel spectrum (lower spectrum) and average spectrum (upper spectrum). For this particular
scene, 2097 pixels were included in a ROI for calculating the averaged spectrum. Crystal measures 0.75

x 2.25 cm.

Figure 4. Chondrite-normalized REE plots for selected samples of monazite (triangles), britholite

(squares), and xenotime (X’s).

Figure 5. Absorption spectra of characterized monazite samples in the VNIR (left, 500 to 1000 nm) and
SWIR (right, 950 to 2530 nm) with absorption band clusters shown and the prominent absorption lines
of the UofA sample indicated with tick marks. From the top down the spectra are from the Serra Verde,

UofA Unk and Elk Mountain samples.

Figure 6. Spectra of characterized xenotime samples in the VNIR (left, 500 to 1000 nm) and SWIR
(right, 950 to 2530 nm) with absorption band clusters shown and the prominent absorption lines of the
GQ sample identified with tick marks. From the top down the spectra are from Serra Verde, Gunter

Quarry, Novo Horizonte-J and Novo Horizonte-C.

Figure 7. Spectra of characterized britholite samples in the VNIR (left, 500 to 1000 nm) and SWIR

(right, 950 to 2530 nm) with absorption band clusters shown and prominent absorption lines of the

CMNOC sample indicated with tick marks. The upper spectrum is from the 001-Mariano sample and the

lower is from the CMNOC F90-8 sample.
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Figure 8. Spectrum of fluorapatite in the VNIR (left, 500 to 1000 nm) and SWIR (right, 1000 to 2530
nm) with REE-related absorption band clusters shown and prominent absorption lines indicated by tick

marks.

Figure 9. Representative spectra for xenotime (X, top, red), britholite (B, middle, green) and monazite
(M, bottom, black) samples in the VNIR range (500 to 1000 nm). Absorption band clusters are shown

with bars and prominent absorptions are labeled according to text descriptions.

Figure 10. Representative spectra for xenotime (X, top, red), britholite (B, middle, green) and monazite
(M, bottom, black) samples in the SWIR range (950 to 2530 nm). Absorption band clusters are shown

with bars and prominent absorptions are labeled according to text descriptions.

Figure 11. Fluorapatite (black, FAP), monazite (blue, MON) and britholite (red, BR) reflectance spectra
in the VNIR (left) and SWIR (right, only from 1000 nm to 1800 nm). Note the consistent location of
Nd-related absorptions in the VNIR but different morphology and relative inensities, as well as the lack
of other REE*" features such as the 978 nm absorption in britholite. Subtle absorptions that are related to
bands ascribed to Sm*" and Pr’” in monazite and britholite can also be seen in the SWIR range of the

fluorapatite spectrum.

Figure 12. Reflectance spectra (left) and continuum-removed spectra (right) near 978 nm for samples
showing absorptions at this wavelength. Spectra are labeled and Er and Yb contents are given in
parentheses (Er,O3 wt.% / Yb,03 wt.%). The continuum-removed plot shows britholite samples with a

heavier line weight and “B” labels as well as an “M” label for the single monazite spectrum.
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Table 1. Pixel counts per sample used to produce an average spectrum.

Mineral Sample VNIR ROI Pixels  SWIR ROI Pixels
monazite Serra Verde 1995 180
Elk Mountain 1283 1121
Uof A Unknown 6226 848
xenotime Serra Verde 1848 215
Gunter Quarry 2826 419
Novo Horizonte C 2097 1931
Novo Horizonte J 5240 4955
britholite Kipawa CMNOC F90-8 4001 186
Kipawa Mariano 001 3727 122

fluorapatite  Fir Carbonatite 2898 202



Table 2. Electron microprobe compositions for monazite.

UofA 537-

Sample # 119 15-H-7 UofA Unk 119 15-H-7 510 SE
. Serra Elk Serra Elk

L ocality Verde Mountain Unknown Verde Mountain Unknown
# Analyses 5 5 5
Nb,Os Nb>*
(Wt.%) 0.01 0.00 0.09 (apfu) 0.00 0.00 0.00
P,Os 25.78 22.62 27.77 = 0.91 0.85 0.96
S0, 1.08 1.90 0.79 Sha 0.05 0.08 0.03
TiO, 0.01 0.00 0.00 Ti* 0.00 0.00 0.00
ZrO, 0.04 0.02 0.03 zr* 0.00 0.00 0.00
uo, 0.39 0.32 0.05 u* 0.00 0.00 0.00
ThO, 7.36 12.15 3.55 Th* 0.07 0.12 0.03
La,03 13.56 10.60 14.33 La* 0.21 0.17 0.22
Ce,03 25.91 22.98 33.16 ce* 0.39 0.37 0.49
Pr,03 3.35 3.03 3.84 Pré* 0.05 0.05 0.06
Nd,O5 12.72 11.86 11.42 Nd** 0.19 0.19 0.17
Sm,0; 3.64 4.94 1.90 Sm** 0.05 0.08 0.03
Eu,0; 0.01 0.12 0.02 Eu®* 0.00 0.00 0.00
Gd,03 2.01 2.83 0.42 Gd** 0.03 0.04 0.01
Th,04 0.28 0.48 0.00 Tb* 0.00 0.01 0.00
Dy,Os 0.61 1.64 0.08 Dy* 0.01 0.02 0.00
Ho,05 0.00 0.00 0.00 Ho** 0.00 0.00 0.00
Er,0; 0.00 0.08 0.00 Er** 0.00 0.00 0.00
Tm,O3 0.00 0.00 0.00 Tm* 0.00 0.00 0.00
Yb,03 0.00 0.00 0.00 Yb* 0.00 0.00 0.00
Lu,Os 0.00 0.00 0.00 Lu®* 0.00 0.00 0.00
Y,05 1.62 0.45 0.11 Y3 0.04 0.01 0.00
MnO 0.00 0.00 0.02 Mn?* 0.00 0.00 0.00
Ca0 0.46 0.64 0.03 ca* 0.02 0.03 0.00
Na,O 0.01 0.02 0.00 Na' 0.00 0.00 0.00
Cl 0.01 0.02 0.03 cr 0.00 0.00 0.00
F 0.39 0.36 0.36 F 0.05 0.05 0.05
O=Cl 0.00 0.00 -0.01 o 3.95 3.95 3.95
O=F -0.16 -0.15 -0.15
TOTAL 99.08 96.90 97.84 CATSUM 2.01 2.03 1.99
[REE+Y],05 63.71 59.01 6528 AN SUM 4.00 4.00 4.00

*Ta, Al, Sr, Mg, Fe, Baand K were sought but not detected.

* Formula contents on abasis of 4 anions pful.



Table 3. Electron microprobe compositions for xenotime.

CMN CMN

Sample # 1131 C 1131J 119 F90-15 1131 C 1131J 119 Fop-15
Locality N_ovo N_ovo Serra Gunter N_ovo N_ovo Serra Gunter

Horizonte Horizonte Verde Quarry Horizonte Horizonte Verde Quarry
# Analyses 5 5 6 5
Nb,Os Nb**
(Wt.%) 0.07 0.08 0.06 0.08 (apfu) 0.001 0.001  0.001 0.001
P,0s 29.12 3083 3218 34.16 P> 0.899 0919 0938 0.967
SO, 0.2 0.23 0.46 0.53 Sha 0.007 0.008 0.016 0.018
TiO, 0 0.01 0 0 Ti* 0 0 0 0
ZrO, 0.13 0.11 0.16 0.17 zr* 0.002 0.002  0.003 0.003
uo, 0.07 0.01 1.59 0.58 u* 0.001 0 0012 0.004
ThO, 0.07 0.33 0.33 0.53 Th* 0.001 0.003  0.003 0.004
Al,O4 0 0 0 0.01 Al 0 0 0 0
La,03 0 0 0 0 La** 0 0 0 0
Ce,0; 0 0.02 0.04 0 ce™ 0 0 0.001 0
Pr,0; 0 0 0 0.01 pr3 0 0 0 0
Nd,O4 0.05 0.08 0.29 0.15 Nd* 0.001 0.001  0.004 0.002
Sm,0; 1.05 0.7 0.77 0.34 sm* 0.013 0.008  0.009 0.004
Eu,03 0.35 0.12 0 0 Eu® 0.004 0.001 0 0
Gd,0; 5.71 3.88 2.74 1.46 Gd** 0.069 0.045  0.031 0.016
Tb,0; 1.48 1.02 0.87 0.33 Tb* 0.018 0.012 0.01 0.004
Dy,Os 9.75 7.73 6.93 3.58 Dy* 0.115 0.088  0.077 0.039
Ho,04 1.72 1.67 1.51 1.02 Ho* 0.02 0.019 0.017 0.011
Er,0; 4.94 5.26 5.18 3.88 Er®* 0.057 0.058  0.056 0.041
Tm,O3 0.51 0.54 0.66 0.61 Tm* 0.006 0.006  0.007 0.006
Yb,03 2.14 251 4.09 5.15 Yb* 0.024 0.027 0.043 0.052
Lu,O3 0.11 0.23 0.6 0.82 Lu® 0.001 0.002  0.006 0.008
Y,04 41.82 4451  42.87 45.72 Y3 0.812 0.834 0785 0.813
FeO 0.02 0 0 0 Fe? 0.001 0 0 0
BaO 0 0 0 0.01 Ba® 0 0 0 0
Ca0 0 0 0.01 0.01 ca 0 0 0 0
Na,O 0.01 0 0 0 Na* 0.001 0 0 0
cl 0 0 0 0.02 cI 0 0 0 0.001
F 0.3 0.33 0.35 0.51 F 0.035 0.037  0.038 0.054
o=Cl 0 0 0 0 o* 3.965 3.963 3.962 3.945
O=F -0.13 -014  -0.15 -0.21
TOTAL 99.49 100.06 101.54 99.46 CATSUM 2.052 2036 2017 1.994
[REE+Y],0; 69.63 68.27  66.55 63.07 AN SUM 4 4 4 4

*Ta, Sr, Mg, Mn, and K were sought but not detected

* Formula contents on a basis of 4 anions pfu.



Table 4. Electron microprobe compositions for britholite.

Sample # Mariano001 CMNOC F90-8 Mariano001 CMNOC F90-8
Locality Kipawa Kipawa Kipawa Kipawa
# Analyses 6
Nb,Os Nb*>*
(Wt.%) 0.01 0.02 (apfu) 0.001 0.002
P,0Os 3.03 3.99 = 0.708 0.854
S0, 17.23 20.12 Sha 4.758 5.088
ZrO, 0.01 0.02 zr* 0.001 0.002
uo, 0.22 0 u* 0.014 0
ThO, 1.26 3.24 Th* 0.079 0.186
La,03 9.01 6.09 La® 0.918 0.568
Ce,05 17.29 15.4 ce** 1.748 1.426
Pr,0s 2.04 1.91 Pré* 0.205 0.176
Nd,Os 7.75 7.22 Nd* 0.764 0.652
Sm,03 1.91 1.63 Sm** 0.182 0.142
Eu,03 0.07 0.16 Eu®* 0.007 0.014
Gd,03 1.53 152 Gd* 0.14 0.127
Tb,0; 0.33 0.26 Tb* 0.03 0.022
Dy,0s 1.93 1.92 Dy* 0.172 0.156
Ho,05 0.22 0.39 Ho** 0.019 0.031
Er,0, 1.15 1.26 Ertt 0.1 0.1
Tm,03 0.02 0.1 Tm* 0.002 0.008
Yb,05 0.52 0.96 Yb* 0.044 0.074
Lu,0O3 0 0.01 Lu®* 0 0.001
Y,03 9.81 11.35 \A 1.442 1.527
S0 0.03 0.03 St 0.005 0.004
MnO 0.03 0.02 Mn?* 0.007 0.004
BaO 0 0.01 Ba** 0 0.001
Ca0 16.33 17.57 ca* 4.832 476
Na,O 0.08 0 Na' 0.043 0
Cl 0.01 0.05 cr 0.005 0.021
F 1.59 1.28 F 1.389 1.024
H,0 * 0.33 0.57 OH" 0.607 0.955
o=Cl 0 -0.01 o* 24 24
O=F -0.67 -0.54
TOTAL 93.07 96.55 Sum [Si] 5.466 5.942
[REE+Y],05 53.58 50.18 Sum [REEL, 2] 10.755 9.983
Sum (F, Cl, OH) 2.001 2
CATSUM 16.219 15.927
AN SUM 26 26

*Determined by stoichiometry, H,O calculated assuming 2 (OH", CI', F) pfu.
** Formula contents on a basis of 26 anions (O+F) pful.
***Ta, Ti, Al, Mg, Fe and K were sought but not detected.



Table 5. Prominent absorption features of REE-bearing phosphate minerals enriched in

LREE inthe VNIR range

monazite: UofA_UnkSE Probable fluorapatite: Fir Probable britholite: CMNOC Probable
C#  A(nm) shape Origin C#  A(nm) shape Origin C# A(nm)  shape Origin
1 575 SH Nd
576 MIN-n Nd
579 MIN - st Nd 1 576 MIN - st Nd
581 MIN - st Nd
MIN - b,
584 MIN-w,n Nd 585 MIN - st Nd ! >84 n Nd
592 MIN-w,n Nd, Pr 602 MIN-w,n Nd
2 622 MIN-n Nd 2 621 SH-n Nd
624 MIN-n Nd
625 MIN-n Nd 635 SH-n Nd
653 SH-w,n,b Ho, Er, U? 653 MIN-n Er, Ho
673 MIN Nd
676 SH Nd
679 MIN Nd 685 MIN-n Nd
689 SH Nd
3 734 SH Nd
738 MIN Nd 2 738 MIN Nd
745 MIN - st Nd 3 743 SH Nd>Dy
MIN - st,
747 SH Nd 747 SH Nd 7y Nd>Dy
749 SH Nd 749 MIN - st Nd
757 SH Nd 763  MIN Nd
770 SH Nd
4 792 MIN-w Nd
796 MIN-w Nd 3 795 SH Nd 4 797 SH Nd>Dy, Er
800 MIN -st Nd 800 MIN Nd 799 SH Nd>Dy, Er
MIN - st,
804 MIN-w Nd 805 MIN - st Nd 805 b Nd>Dy, Er
MIN -w, b,
814 SH Nd 817 n Nd
830 SH Nd
5 863 MIN Nd 5 867 MIN Nd
871 MIN - st Nd 4 870 MIN Nd 879 MIN -st Nd
877 SH Nd
887 MIN Nd
896 SH Nd
906 MIN-w Nd
6 941 MIN Sm
957 MIN-w Sm
7 980 MIN-n Yb>Er 6 978 MIN-st  Yb>Er

*All lanthanides are considered to be trivalent (Ln3+)
C# denotes Cluster Number, as referred to in the text



Table 6. Prominent absorption features of REE-bearing phosphate minerals enriched in
LREE in the SWIR range

Ur:fT_aUz::S.E Probable fluorapatite: Fir Probable britholite: CMNOC Probable
CH# (n/}n) shape Origin Cc# (n/}n) shape Origin C# (nm) shape Origin
8 1023 MIN Pr
1074 MIN - st Sm 1086 SH Sm 7 1074 MIN - st Sm
1105 SH Sm 1112 SH Sm 1105 SH Sm
1150 SH Pr
9 1232 MIN - st Sm 1232 MIN Sm 8 1225 MIN - st Sm
1257 MIN Sm 1257 SH Sm > Dy
1288 SH Dy
10 1377 MIN Sm 1382 SH Sm 9 1377 MIN Sm, Dy
1415 SH H,0 1433 MIN-w H,0 1415 SH H,0
1452 SH Pr
1471 MIN Pr 1478 SH Pr
1553 MIN Sm? 1522 SH Sm > Er 1528 MIN - st Sm > Er
1578 SH Pr 1559 SH Pr
1591 SH Sm, Pr
1691 MIN Dy, Nd
1710 MIN Nd 10 1723 MIN Nd, Dy
1717 SH Nd
1735 SH Nd
11 1968 MIN-st Pr, Sm, H,0 1943 MIN - st Pr, Sm, H,0
1986 SH Pr, Sm
2011 SH Pr, Sm 2018 SH Pr, Sm, Ho
12 2212 SH REE/OH/PO, 11 2168 MIN REE/OH/PO,
REE/OH/PO, 12 2318 MIN REE/OH/PO,
2368 MIN REE/OH/PO, 2343 MIN REE/OH/PO,
2393 SH REE/OH/PO, 2387 MIN REE/OH/PO,
2424 MIN REE/OH/PO, 2405 SH REE/OH/PO,
2499 MIN REE/OH/PO, 2437 SH REE/OH/PO,
2462 MIN REE/OH/PO,
2480 MIN REE/OH/PO,

*Note that dolomite-related absorptions for the fluorapatite spectrum are not listed.

**All lanthanides are considered to be trivalent (Ln3*)
C# denotes Cluster Number, as referred to in the text



Table 7. Prominent absorption features of xenotime in the VNIR (left) and SWIR (right)

ranges
Novo Horizonte J Gunter Quarry Probable Novo Horizonte J Gunter Quarry Probable
A A Origin A A Origin
ct  (nm) shape (hm) shape c#t  (nm) shape (hm) shape
1 643 MIN 643 MIN Ho>Er 1004 SH Yb, Er
647 MIN 648 MIN Ho, Er 7 1036 SH Yb, Er
651 MIN 651 MIN Ho, Er 1080 SH Sm
653 MIN 653 MIN Ho, Er, u* 1099 MIN - st 1099 SH Dy
657 MIN 658 MIN Ho, Er 1112 MIN 1118 SH Dy, U
661 SH 661 MIN Ho, Er 1143 SH 1143 MIN-st  Ho, Dy, u*
665 MIN 665 SH Ho, Er 1168 SH Dy>Ho
667 MIN-n 667 SH Ho, Er 1187 MIN 1193 SH Ho, Dy
668 SH 668 MIN Er>Ho 8 1213 SH Dy, Tm
678 SH-n 678 MIN Er>Ho, Nd 1257 SH 1257 SH Dy, Sm
689 SH 689 MIN-w Er>Ho, Nd 1276 MIN 1276 MIN Dy
692 MIN 692 SH Tm > Nd 1301 MIN 1307 MIN Dy
2 740 MIN 740 MIN Dy>Ho, Nd? 1320 SH 1326 SH Dy
742 SH 742 SH Dy>Ho, Nd? 1358 SH 1358 MIN Dy
747 MIN 748 MIN Dy>Ho, Nd? 9 1408 MIN 1415 MIN H,0
753 MIN 754 MIN Dy>Ho, Nd? 10 1433 MIN 1452 SH Er
760 MIN 760 MIN Dy>Ho, Nd? 1503 MIN 1503 MIN-st Er>Sm, u*
767 SH-w 767 SH-w Nd? 1528 MIN 1528 MIN Er>Sm
3 781 MIN-w 781 MIN-w Tm 1559 SH 1559 SH Er
803 MIN 803 MIN Dy>Er, Nd? 1585 MIN 1585 SH Er
811 MIN -st 811 MIN -st Dy>Er, Nd? 11 1616 MIN Dy>Sm, Tm
817 SH 817 SH Dy, Er, Nd? 1660 SH Dy
822 SH 822 MIN Dy, Er, Nd? 1704 MIN 1704 MIN-st Dy
823 MIN 823 SH Dy, Er, Nd? 1723 MIN 1723 SH Dy, Tb
826 MIN 826 MIN Dy, Er, Nd? 1761 SH 1761 SH Dy, Tb
828 SH 829 MIN Dy, Er, Nd? 1805 MIN 1805 SH Dy
4 872 MIN 872 MIN Nd 12 1848 SH Tb, Ho
876 SH 876 MIN-w Nd 1880 MIN Tb, Ho
877 SH 877 MIN-w Nd 13 1936 MIN 1936 MIN-st Ho, Th, H,0
5 896 SH 896 MIN Dy, Yb, Ho 1961 MIN 1961 MIN Ho
909 SH 909 SH Dy, Yb, Ho 1980 MIN 1980 SH Ho, Sm
914 MIN -st 914 MIN - st Dy, Yb, Ho 2005 MIN - st 2005 MIN Ho, Sm, Tb
920 SH 920 SH Dy, Yb 2030 MIN 2030 SH Ho, Sm
932 MIN 933 MIN Dy, Yb 2043 MIN 2049 SH Ho, Sm
951 MIN-n 951 MIN-n Dy, Yb, Sm 2130 SH Ho, Sm, Tb
953 MIN-n 953 MIN-n Dy, Yb, Sm 14 2212 MIN -st 2218 MIN REE/OH/PO,
961 MIN-n 961 MIN-n Dy, Er, Yb 2262 MIN -st REE/OH/PO,
6 977 MIN - st Yb, Er 2312  MIN -st 2312 MIN REE/OH/PO,
978 MIN - st 978 MIN - st Yb, Er 2349 SH REE/OH/PO,
2399 MIN REE/OH/PO,
2462 MIN 2462 SH REE/OH/PO,
2474 SH REE/OH/PO,
2499 SH 2487 MIN-st REE/OH/PO,

*All lanthanides are considered to be trivalent (Ln3+)
C# denotes Cluster Number, as referred to in the text
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