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Abstract
Reflectance spectroscopy in the visible to short-wave infrared regions (500 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 among 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 carbonatitehosted 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 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.
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Introduction
The rare earth element-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% REE2O3
at Pajarito Mountain; Roeder et al. 1987; Hughes et al. 1991).
Monazite, LnPO4, is composed primarily of the light rare earth
elements (LREE) from La through to Gd. Xenotime, also LnPO4,
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 (P21/n) and xenotime is
tetragonal (I41/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 Ln3+ and the overall crystal structure.
Britholite-(Ce) has the general formula (Ce,Ca)5(SiO4)3(OH) and
has been reported with both hexagonal and monoclinic symmetry,
however, Oberti et al. (2001) suggest the correct space group is
P63. Fluorapatite, Ca5(PO4)3F, accepts REE3+ in place of Ca2+ and
is generally LREE enriched (e.g., Roeder et al. 1987; Hughes et
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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).
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, parasite, 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 Å) for the
lanthanides is much less than that of their filled 5s and 5p
shells (~2 Å, ~1 Å). It can then be approximated that the local
electronic environment of Ln3+ 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 firstlevel splitting of spectroscopic states, 2S+1L (e.g., 5I). Next,
spin-orbit coupling splits these into multiplets, or “J-levels”
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