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$Q�XQGHUVWDQGLQJ�RI�WKH�PLQHUDORJ\�DQG�SHWURJHQHVLV�RI�UDUH�HDUWK�HOHPHQW�GHSRVLWV�KDV�VLJQL¿FDQW�
implications for their economic viability. Lanthanide-bearing compounds are known to produce sharp 
DEVRUSWLRQ�IHDWXUHV�LQ�WKH�YLVLEOH�WR�VKRUW�ZDYH�LQIUDUHG�UHJLRQ��9,6�6:,5���KRZHYHU��D�VLJQL¿FDQW�
NQRZOHGJH�JDS�H[LVWV�EHWZHHQ�WKH�¿HOGV�RI�K\SHUVSHFWUDO�UHÀHFWDQFH�VSHFWURVFRS\�DQG�UDUH�HDUWK�HOHPHQW�
PLQHUDORJ\��5HÀHFWDQFH�VSHFWUD�ZHUH�FROOHFWHG�IURP�IRXU�EDVWQlVLWH�VDPSOHV��WZR�SDULVLWH�VDPSOHV��
DQG�RQH�V\QFK\VLWH�VDPSOH�IURP�WKH�YLVLEOH�LQWR�WKH�VKRUW�ZDYH�LQIUDUHG��7KHVH�5((�ÀXRURFDUERQDWH�
mineral samples were characterized via scanning electron microscopy and electron probe microanalysis. 
Sharp absorptions of REE-bearing minerals are mostly the result of 4f-4f�LQWUDFRQ¿JXUDWLRQDO�HOHFWURQ�
WUDQVLWLRQV�DQG�IRU�WKH�OLJKW�5((�HQULFKHG�ÀXRURFDUERQDWHV��WKH�EXON�RI�WKH�IHDWXUHV�FDQ�EH�DVFULEHG�WR�
Nd3+, Pr3+, Sm3+, and Eu3+��7KH�ODQWKDQLGH�UHODWHG�VSHFWUDO�UHVSRQVHV�RI�WKH�5((�ÀXRURFDUERQDWHV�DUH�
consistent across the group, supporting the notion that the REE cation site is very similar in each of 
these minerals. Carbonate-related spectral responses differed between these minerals, supporting the 
QRWLRQ�WKDW�WKH�FU\VWDOORJUDSKLF�VLWHV�IRU�WKH�FDUERQDWH�UDGLFDO�GLIIHU�EHWZHHQ�EDVWQlVLWH��V\QFK\VLWH��DQG�
parisite. Exploitable spectral differences include a distinct absorption band at 2243 nm that separates 
EDVWQlVLWH�IURP�V\QFK\VLWH�DQG�SDULVLWH��6LPLODUO\��IRU�EDVWQlVLWH�D�GRPLQDQWO\�3U3+-related absorption 
band located is at 1968 nm, while in synchysite and parisite it occurs at 1961 nm.

.H\ZRUGV��0LQHUDO�VSHFWURVFRS\��UDUH�HDUWK�HOHPHQWV��K\SHUVSHFWUDO��EDVWQlVLWH��SDULVLWH��V\QFK\VLWH

inTroDucTion

The mineralogy of rare earth element deposits is critical in 
understanding their petrogenesis and has significant implications 
for their economic viability. Rapid determination of ore modal 
mineralogy for these deposit types by hyperspectral reflectance 
spectroscopy would provide immediate feedback on the strength, 
type, and relevance of mineralization. Lanthanide-bearing com-
pounds are known to produce sharp absorption features in the 
visible to short-wave infrared region (VIS-SWIR) and have been 
conventionally viewed as unchanging features in the field of 
remote sensing (e.g., Clark 1999); however, a significant knowl-
edge gap exists between the fields of hyperspectral reflectance 
spectroscopy and rare earth element mineralogy.

The lanthanides (Ln) are a series of 15 elements belonging to 
the 4f block of the periodic table, and from lightest to heaviest are 
lanthanum (La), cerium (Ce), praseodymium (Pr), neodymium 
(Nd), promethium (Pm), samarium (Sm), europium (Eu), gado-
linium (Gd), terbium (Tb), dysprosium (Dy), holmium (Ho), 
erbium (Er), thulium (Tm), ytterbium (Yb), and lutetium (Lu). 
In geological environments the lanthanides are commonly found 
together in their trivalent state, with the exception of divalent 
europium (Eu2+) and sometimes tetravalent cerium (Ce4+). The 
term “rare earth elements” (REE) comprises the lanthanides, 
commonly yttrium (Y) and sometimes scandium (Sc) due to 
similar chemical characteristics. Coordination states of the REE 

cations in the assorted mineral structures can be quite variable 
(e.g., Miyawaki and Nakai 1996), ranging from a reasonably 
symmetrical 8-coordinated site in xenotime, to britholite with 
two distinct sites with coordination numbers of 7 and 9, and the 
REE fluorocarbonates with multiple bonding anions (oxygen and 
fluorine) with a coordination number of 9 (6O+3F).

The mineralogy of REE ore deposits is important because 
the metallurgy of only certain REE-bearing phases is well es-
tablished. Namely, most global REE production is derived from 
5((� IOXRURFDUERQDWH�PLQHUDOV� �H�J��� EDVWQlVLWH�� SDUDVLWH�� DQG�
synchysite), REE phosphate minerals (e.g., monazite and xeno-
time) and from ion-absorbed clays, however, recent advances 
have been made in the treatment of REE silicate mineral ore 
(e.g., eudialyte and britholite) (e.g., Mariano and Mariano 2012). 
Furthermore, REE deposits can show a complex mineral paragen-
esis with REE-mineral assemblages varying significantly across 
a single geological system. Consequently, there exists significant 
potential for reflectance spectroscopy to play an important role 
in the exploration and exploitation of REE ore deposits.

The objectives of this study are to present mineralogical 
characterization and reflectance spectra in the visible to short-
wave infrared region of the main rare earth element fluorocar-
ERQDWH�PLQHUDOV��EDVWQlVLWH��SDUDVLWH��DQG�V\QFK\VLWH��)ROORZLQJ�
mineralogical and spectroscopic background of REE bearing 
minerals we provide a band registry for these 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 
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