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Abstract

Rare earth elements (REEs) generate characteristic absorption features in visible to shortwave infrared (VNIR-
SWIR) reflectance spectra. Neodymium (Nd) has among the most prominent absorption features of the REEs
and thus represents a key pathfinder element for the REEs as a whole. Given that the world’s largest REE
deposits are associated with carbonatites, we present spectral, petrographic, and geochemical data from a
predominantly carbonatitic suite of rocks that we use to assess the feasibility of imaging REE deposits using
remote sensing. Samples were selected to cover a wide range of extents and styles of REE mineralization, and
encompass calcio-, ferro- and magnesio-carbonatites. REE ores from the Bayan Obo (China) and Mountain
Pass (United States) mines, as well as REE-rich alkaline rocks from the Motzfeldt and Ilimaussaq intrusions
in Greenland, were also included in the sample suite. The depth and area of Nd absorption features in spectra
collected under laboratory conditions correlate positively with the Nd content of whole-rock samples. The
wavelength of Nd absorption features is predominantly independent of sample lithology and mineralogy. Cor-
relations are most reliable for the two absorption features centered at ~744 and ~802 nm that can be observed
in samples containing as little as ~1,000 ppm Nd. By convolving laboratory spectra to the spectral response
functions of a variety of remote sensing instruments we demonstrate that hyperspectral instruments with capa-
bilities equivalent to the operational Airborne Visible-Infrared Imaging Spectrometer (AVIRIS) and planned
Environmental Mapping and Analysis Program (EnMAP) systems have the spectral resolutions necessary to
detect Nd absorption features, especially in high-grade samples with economically relevant REE accumulations
(Nd > 30,000 ppm). Adding synthetic noise to convolved spectra indicates that correlations between Nd absorp-
tion area and whole-rock Nd content only remain robust when spectra have signal-to-noise ratios in excess of
~250:1. Although atmospheric interferences are modest across the wavelength intervals relevant for Nd detec-
tion, most REE-rich outcrops are too small to be detectable using satellite-based platforms with >30-m spatial
resolutions. However, our results indicate that Nd absorption features should be identifiable in high-quality,
airborne, hyperspectral datasets collected at meter-scale spatial resolutions. Future deployment of hyperspec-
tral instruments on unmanned aerial vehicles could enable REE grade to be mapped at the centimeter scale
across whole deposits.

Introduction

Rare earth element deposits and reflectance spectroscopy

Carbonatites, classified as rocks with >50% primary magmatic
carbonate (Le Maitre, 2002), and the alkaline igneous rocks
with which they are often associated are the primary source of
rare earth elements (REEs), and will remain so for the fore-
seeable future (Wall, 2014). With notable exceptions, such as
the relatively extensive Bayan Obo and Mountain Pass depos-
its in China and the United States, respectively (Drew et al.,
1990; Castor, 2008; Yang et al., 2011; Smith et al., 2015), car-
bonatite-hosted REE deposits are often small in areal extent
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but high in grade, i.e., have a total rare earth oxide content
(ZREO) >1 wt % (Chakhmouradian and Zaitsev, 2012; Wall,
2014). This enrichment is largely the result of late-stage, fluid-
dominated, carbothermal processes that concentrate REEs in
dikes and veins on the meter to tens-of-meter scale during the
last stages of emplacement and cooling (Wall and Mariano,
1996; Wall and Zaitsev, 2004; Mitchell, 2005). Conversely,
while major alkaline igneous rock-hosted REE deposits, such
as Khibiny (also spelled Khibina in the geologic literature)
and Lovozero in Russia, can be large in size, they are gener-
ally lower grade than their carbonatite counterparts (XREO
<1 wt %; Wall, 2014). The high concentration of REEs in car-
bonatites makes them well suited for developing exploration
and mapping strategies that exploit diagnostic features in the
reflectance spectra of REE-rich materials (e.g., Rowan et al.,
1986). In this contribution, we discuss the feasibility of imag-
ing primarily carbonatite-hosted REE deposits by hyperspec-
tral remote sensing at visible and near- to shortwave infrared
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(VNIR-SWIR) wavelengths (A = 400-2,500 nm), using both
airborne- and satellite-based platforms.

It is well established that a number of lanthanide elements
exhibit strong, narrow absorption features in their reflectance
spectra (Adams, 1965). Investigating the mechanisms by
which spectral absorption features are generated is beyond
the scope of this study and detailed discussions of REE spec-
troscopy are best found in the physical and chemical literature
(e.g., Dieke, 1970; Gorller-Walrand and Binnemans, 1998). In
summary, absorptions characteristic of lanthanide elements
are thought to arise from 4f-4f intraconfigurational electron
transitions that result from the 4f shell (radius ~0.3 A) being
partially shielded by the 5s and 5p shells (radius ~2 and 1 A,
respectively) and thus largely nonparticipatory in bonding
(Liu, 2005). REE absorption features are therefore elemental
in nature rather than vibrational; they depend on the abso-
lute concentration of REE atoms rather than on their bonding
environments (Clark, 1995). While the identification of REEs
in mineral and rock spectra is theoretically straightforward,
with the notable exceptions of monazite-(Ce), bastnisite-
(Ce), parisite-(Ce,) and synchysite-(Ce), there are few pub-
lished REE-rich reference spectra currently available to the
remote sensing community (Fig. 1; Clark et al., 2007; Turner
etal., 2014). The most complete presentation of REE-bearing
rock spectra remains that of Rowan et al. (1986), who pro-
vided VNIR-SWIR spectra from four carbonatite-alkaline
complexes in North America (Mountain Pass, Oka, Iron Hill,
and Gem Hill), albeit in nondigital form.

As reviewed by Turner et al. (2014), a number of REE-
rich carbonatite and alkaline centers have been successfully
imaged using both space- and airborne reflectance spectros-
copy. For example, lithologic maps of Mountain Pass in the
United States and Khanneshin in Afghanistan have been pro-
duced using multispectral Advanced Spaceborne Thermal
Emission and Reflection Radiometer (ASTER) instrument
(Rowan and Mars, 2003; Mars and Rowan, 2011). However,
the coarse spatial and spectral resolutions of satellite-based
multispectral instruments severely limit their ability to detect
REE absorption features: the only potential identification of
REE-rich material from satellite data published to date was
at Mountain Pass (Rowan and Mars, 2003). Mapping REE-
rich rocks at finer spatial and spectral resolutions has also
been carried out using airborne hyperspectral instruments.
Examples include mapping the Iron Hill carbonatite-alkaline
complex in the United States with the hyperspectral Airborne
Visible-Infrared Imaging Spectrometer (AVIRIS) instrument
(Rowan et al., 1995) and the Sarfartoq carbonatite complex in
Greenland with the HyMap® system (Bedini, 2009). Despite
the presence of characteristic REE absorption features in the
reflectance spectra of field samples, no REE absorptions were
reported from either of these AVIRIS and HyMap® datasets
(Rowan et al., 1995; Bedini, 2009). Nevertheless, Nd and Sm
absorptions have been reported in AVIRIS spectra collected
over the Sulphide Queen area of Mountain Pass, thereby
demonstrating the potential role of hyperspectral remote
sensing in imaging REE deposits (Rowan and Mars, 2003).
Furthermore, Boesche et al. (2015) successfully delimited
high Nd occurrences in a monazite-mineralized outcrop of
the Fen complex in Norway using a ground-based HySpex
hyperspectral imaging system.
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Fig. 1. Reference VNIR-SWIR spectra from common minerals found in
REE-rich carbonatites. All spectra are sourced from the USGS spectral
library (Clark et al., 2007), apart from the spectrum for bastniisite that is from
Turner et al. (2014). Note the complexity of bastniisite-(Ce), monazite-(Ce),
and fluorapatite spectra that result from REE-related absorptions. Deep Nd
absorption features are observed within the 500- to 900-nm wavelength inter-
val. Absolute reflectance values are shown at 400 nm.

As hyperspectral mapping capabilities and image process-
ing techniques continue to improve, characterizing mineral
deposits using reflectance spectroscopy will become an ever-
more robust method. For example, the next generation of
remote sensing satellites such as the Environmental Mapping
Program (EnMAP) will carry spaceborne Earth observation
fully into the hyperspectral era (Stuffler et al., 2007; Guanter
et al., 2015). However, many questions relating to the iden-
tlﬁcatlon of REE deposits by remote sensing remain largely
unanswered. First, what are the detection limits for identify-
ing REEs in carbonatltes and alkaline igneous rocks by reflec-
tance spectroscopy under ideal conditions, i.e., how well do
spectral properties correlate with REE grade? Second, do
deposit lithology and mineralogy affect the ability to resolve
REEs? Third, under what conditions might REE absorption
features be resolvable by various classes of remote sensing
instrument?
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Approach and scope

Igneous rocks classified as carbonatites can be generated by a
range of petrologic processes (Mitchell, 2005): by low-degree
melting of a mantle source (Wallace and Green, 1988; Harmer
and Gittins, 1998); by extensive fractional crystallization of
carbonated alkaline magmas (Gittins, 1989); and by liquid
immiscibility between carbonate and silicate melts (Freestone
and Hamilton, 1980; Brooker and Kjarsgaard, 2011). The pet-
rogenesis of alkaline rocks can be equally diverse (Fitton and
Upton, 1987) and is often closely linked with the generation
of carbonatites (Woolley and Kjarsgaard, 2008). Carbonatites
and alkaline igneous rocks are often compositionally variable
both within and between magmatic centers and are frequently
associated with extensive fenites and contact aureoles. The
crystallization of REE minerals generally occurs late in the
emplacement history of carbonatites and is largely secondary in
nature (Wall and Mariano, 1996). Notable exceptions include
the growth of primary bastniisite-(Ce) at Mountain Pass (Mari-
ano, 1989) and burbankite at Khibina (Zaitsev et al., 2002).

We present reflectance spectra collected from a range of
well-characterized carbonatites and carbonatite-related REE
ores, as well as from two alkaline igneous centers in Green-
land: Motzfeldt and Ilimaussaq. Our sample suite includes
samples from currently active REE mines (Bayan Obo in
China, Mountain Pass in the United States, and Mount Weld
in Australia), as well as samples from exploration projects with
significant future mining potential (Ilimaussaq in Greenland).
The reflectance spectra presented here significantly expand
the spectral library of REE-rich reference material available
to the remote sensing community from mineral spectra to
spectra on the whole-rock scale (cf. Rowan et al., 1986; Clark
et al., 2007; Turner et al., 2014). Furthermore, we use petro-
graphic, geochemical, and spectral information from the same
hand specimens to investigate relationships between spectral
features, REE grade, and mineral assemblage. Nevertheless,
our new spectra are presented with two important caveats.
First, although analytical strategies were designed to mitigate
the effects of sample heterogeneity at the hand specimen
scale, the extreme petrologic variability present within car-
bonatite and alkaline complexes means that the spectral prop-
erties we measure cannot simply be expanded from single
samples to the outcrop scale; individual hand specimens are
not perfectly representative of their host complexes. Second,
the petrographic and geochemical data we present have been
collected primarily to contextualize spectral data: placing our
samples within a detailed petrogenetic framework for each
magmatic system is beyond the scope of this study.

Sample Sources

Carbonatites and REE ores from the following locations were
sourced from the Natural History Museum in London: Bayan
Obo in China, Uyaynah in the United Arab Emirates, and
Fort Portal in Uganda. Carbonatites from the following loca-
tions were sourced from collections at Camborne School of
Mines, University of Exeter: Oka and St. Honoré in Canada,
Kangankunde, Tundulu, and Songwe in Malawi, Fen in Nor-
way, Jacupiranga in Brazil, Kaiserstuhl in Germany, Mount
Weld in Australia, and Phalaborwa in South Africa. Carbon-
atites from Tororo and Sukulu in Uganda, Chilwa Island and
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Kangankunde in Malawi, Mountain Pass in the United States,
Panda Hill in Tanzania, and Sokli in Finland were sourced
from the Harker Collection at the University of Cambridge.
Carbonatites and alkaline rocks from Qeqertaasaq, Tikiusaaq,
and Ilimaussaq in Greenland were obtained from collections
at the University of St Andrews. Alkaline igneous rocks from
Motzfeldt in Greenland were supplied by SRK Consulting
(UK) Ltd. The geographic distribution of these samples is
summarized in Figure 2.

Analytical Methods

VNIR-SWIR reflectance spectra were collected from a total
of 42 hand specimens during the course of this study. On the
basis of sample availability and VNIR-SWIR REE absorption
strengths, different combinations of analyses were carried out
on different samples (Tables 1-5 document which analyses were
performed on each sample). Thermal infrared (thermal IR; A =
8-15 um) reflectance spectra were also collected for a subset of
20 samples; absorptions at thermal IR wavelengths can be used
to characterize and map the presence of different rock-forming
mineral groups such as silicates, carbonates, and phosphates
and can thus play a role in delimiting carbonatite complexes
(Christensen et al., 2000; Ninomiya et al., 2005; Mars and
Rowan, 2011). Whole-rock compositions of 13 samples were
collated from published datasets (Woolley et al., 1991; Eby et
al., 2009) collated from previously collected but unpublished
datasets or supplied by industrial collaborators (SRK Con-
sulting (UK) Ltd.). New whole-rock data were acquired for a
additional 18 samples that span much of the petrologic vari-
ability present within our sample suite. Mineral assemblages
were determined using optical and electron microscopy, except
where supplied by collaborators or available in the literature.

Petrography and microscopy

Thin sections were investigated using a petrographic micro-
scope and an FEI Quanta 650F QEMSCAN in the Depart-
ment of Earth Sciences at the University of Cambridge.
Backscattered electron (BSE) images were collected on the
QEMSCAN, using an accelerating voltage of 20 kV and a
working distance of 13 mm. Optical phase identification was
assisted by using the Bruker XFlash electron dispersive X-ray
(EDX) spectroscopy system integrated into the QEMSCAN,
with counting times of 15 to 30 s on both spectrometers. Par-
ticular care was taken during sample preparation to ensure
that chips taken for thin section production were representa-
tive of the surfaces analyzed spectroscopically.

X-ray fluorescence spectroscopy

A total of 18 whole-rock samples were analyzed by X-ray fluo-
rescence spectrometry (XRF) for major and trace elements.
Samples were cut into 10- to 15-cm? blocks, washed in dis-
tilled water, and dried prior to crushing in a steel jaw crusher
and powdering in an agate ball mill in the Department of
Earth Sciences at the University of Cambridge. Fused glass
disks and pressed powder pellets were prepared for major and
trace element analyses on a PANalytical Axios-Advanced XRF
spectrometer in the Department of Geology at the University
of Leicester.

Fused glass disks were prepared at the University of Leices-
ter using sample powders that had been dried overnight in
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were sourced. Bayan Obo, Mountain Pass, and Mount Weld
larger font.

order to remove adsorbed water. Loss on ignition (LOI) val-
ues were calculated by igniting ~3 g of each sample in ceramic
crucibles at 950°C, apart from the kakortokite sample from
Iimaussaq that was ignited in a disposable LECO crucible
at 750°C because of its low solidus temperature. Fusion
disks of carbonate-rich samples with high LOI values (LOI
= 1040 wt %) were then prepared from 0.6 g of nonignited
powder and 3 g of lithium tetraborate flux that were melted in
a Pt-Au crucible over a Spartan burner and cast into a Pt-Au
mold. Carbonate-poor samples with low LOI values (LOI
<10 wt %) were prepared from 0.6 g of ignited powder and
3 g of lithium metaborate flux.

Powder pellets were prepared at the University of Cam-
bridge by mixing 10 ¢ of each sample powder with approxi-
mately 20 drops of binding agent (2% polyvinyl alcohol
solution) in a clean glass beaker. This mixture was then placed
in a die and subjected to a pressure of 15 t/in? to form smooth,
well-compacted pellets for analysis.

VNIR-SWIR reflectance spectroscopy

VNIR-SWIR (A4 = 400-2,500 nm) reflectance spectra were
collected using an Analytical Spectral Device (ASD)’s Field-
Spec Pro FR spectroradiometer at the Natural Environ-
ment Research Council Field Spectroscopy Facility at the
University of Edinburgh. The ASD spectroradiometer has
a spectral range of 350 to 2,500 nm, although data from the
shortest wavelengths (350-400 nm) were found to be noisy
over the integration times used (25 cycles of 17 ms per mea-
surement). Spectra were collected at sampling intervals of
1.4 nm at 350 to 1,000 nm and 2 nm at 1,000 to 2,500 nm
with the following full width at half maximum (FWHM)

represent Currentlv active REE mine sites and are labeled in a

spectral resolutions: 5.6 nm at ~435 nm, 3.5 nm at ~700 nm,
and 4.9 nm at ~910 nm at VNIR wavelengths (determined by
measurement of an Hr-Ar lamp at the Natural Environment
Research Council Field Spectroscopy Facility) and ~11 nm
at SWIR wavelengths (determined by the U.S. Geological
Survey Spectroscopy Lab using the same class of ASD; http://
speclab.cr.usgs.gov/spectral lib06/ds231/index.html). Absolute
reflectance values were calculated by calibrating each batch
of ~20 repeat measurements against a Spectralon white refer-
ence panel that was also measured at the end of each batch
to monitor for instrumental drift. Individual measurements
sample an ellipse approximately 10 X 5 mm in size.

In order to maximize the quality of VIS-SWIR spectra,
~50- X 50-mm flat surfaces were cut into the samples and
polished coarsely to ensure good optical coupling with the
ASD contact probe. The effect of compositional heterogene-
ity on sample spectra was mitigated by averaging over up to 94
evenly spaced repeat measurements taken from across sample
surfaces. The typical lo precision of individual spectra esti-
mated from repeat measurements of an identical field of view
is <0.5% relative.

Thermal IR thermal emission spectroscopy

Thermal IR (A = 8-15 um) reflectance spectra of 20 samples
were calculated from thermal emission spectra measured
using a Midac M4410-S Fourier transform infrared field
spectrometer equipped with a ZnSe beam-splitter and Stir-
ling pump-cooled MCT detector at the Natural Environment
Research Council Field Spectroscopy Facility, using Kirch-
hoff’s law (Nicodemus, 1965): ¢ = 1 — r, where r = reflectance
and e = emissivity. Although the full spectral range of the
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spectrometer is 1.5 to 15.4 um (7,800-650 cm), reflectance
was only calculated at thermal IR wavelengths where analyti-
cal noise was sufficiently low to resolve emissivity values (8-15
um). Spectra were collected with a spectral resolution of 0.5
cm'and at a constant working distance of 75 mm. This work-
ing distance results in a field of view of ~40 X 40 mm, which
is approximately equivalent to sample area integrated over
multiple ASD measurements.

Sample radiance was determined using a two-temperature
black body calibration method where black body tempera-
tures of 45° and 80°C were selected to bracket sample tem-
peratures of 50° to 70°C (e.g., Hook and Kahle, 1996; Korb
et al., 1996). In order to overcome the substantial errors in
thermal emission spectra introduced from uncertainties in
measuring the temperature of samples, calculations were
performed using temperatures determined from an algorithm
that assumes a maximum emissivity of 0.98 within the 8- to
13-um window (Kahle and Alley, 1992). Emissivity was subse-
quently calculated from radiance by subtracting downwelling
radiance (DWR) measurements collected using an Infra-
Gold® plate (¢ <0.06). Thermal IR spectra presented in this
contribution are thus subject to a number of assumptions and
should only be considered as guideline values. The typical 1o
precision of thermal emission spectra within 8 to 15 ym esti-
mated from repeat measurements is 2% relative.

Geologic Contexts and Mineral Assemblages

Bayan Obo (China), Mountain Pass (United States),
and Mount Weld (Australia)

The Bayan Obo Fe-REE-Nb deposit in China, which cur-
rently dominates global REE supply (Wall, 2014), experienced
a convoluted and potentially unique petrogenetic history that
has been reviewed comprehensively by Smith et al. (2014).
Major REE minerals include bastniisite-(Ce), monazite-(Ce),
parisite-(Ce), and huanghoite-(Ce) (Fig. 3A). Apatite is also
present but contains significantly lower concentrations of
REEs than the REE minerals (Campbell and Henderson,
1997). The samples used in our study were described in detail
by Smith et al. (2000), and span four paragenetic groups: Dis-
seminated Monazite stage, Banded Ore, Fluorite stage, and
Barite stage (Table 1).

Prior to the onset of mining at Bayan Obo in China, the
Sulphide Queen carbonatite at Mountain Pass in the United
States was the world’s largest light (L)REE source (Castor,
2008). Active mining restarted in 2010. Mountain Pass is par-
ticularly noteworthy for the great abundance of bastnisite-
(Ce) (Table 1; Fig. 3B; Olson et al., 1954), which is thought,
almost uniquely, to have crystallized directly from a carbon-
atite melt (Mariano, 1989).

Mount Weld in Western Australia started processing ore in
2011 and is one of the main LREE mines outside of China.
Lottermoser (1990) provided a detailed petrologic description
of this highly weathered complex. The primary REE-bearing
minerals present in the ankeritic carbonatite investigated in this
study are apatite, monazite-(Ce) and synchysite-(Ce) (Table 1).

East and South Africa

Kangankunde, Tundulu, Songwe, and Chilwa Island are
located within the Chilwa alkaline province of Malawi (Garson,

Table 1. Samples from Bayan Obo, Mountain Pass, and Mount Weld

Whole-

Collection

rock Reference

FTIR

Brief description Locality Country Mineralogy* REE mineralogy* ASD

Collection!  sample no.

Sample no.

Smith et al. (2000)

Y

Mz

Dol, Cal, Mag,
(Amph)

Aeg, Fl, Bt

Fl, Mag,

China

Bayan Obo

1996,P4(20)2  Disseminated

NHM

CR-01

Monazite stage

Banded Ore

Smith et al. (2000)
Smith et al. (2000)
Smith et al. (2000)

Ap, Bast, Mz

China

Bayan Obo
Bayan Obo

2
2

11)
(18)
6

1996,P4(
1995,P3(6)

NHM

CR-02

Ap, Bast, B3S, Par
Bast, B2S, Par,

China

Fluorite stage
Barite stage

NHM 1996,P4

CR-03

Aeg, Bt, Cal,

China

Bayan Obo

2

NHM

CR-04

Huang

Ap, Mz, Syn

Bast

Nb-Ti phases

Ank, Cal
Cal, Dol, Bt

United States

Australia

Mount Weld
Mountain Pass

Ankerite carbonatite

Carbonatite

MW16C
1155313

Harker

CSM

CR-25
CR-36

Camborne School of Mines, Harker = Harker Collection at the University of Cambridge

Natural History Museum in London, CSM

I Collection abbreviations: NHM

2BM no.

3 Harker Collection no.

4+ Mineralogical abbreviations: Ab = albite, Aeg = aegerine, Amph = alkali amphibole, Ank = ankerite, Ap = apatite, B2S-B3S = intermediate fluorocarbonates, Bast = bastniisite, Bt = barite, Cal = cal-

parasite, Phl = phlogopite, Pyr = pyrochlore, Qz = quartz, St = strontianite

cite, Fl = fluorite, Haung = huanghoite, Mag = magnetite, Mz = monazite, Par
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Ore from Bayan Obo, China (CR-02). B. BSE image of a sample from Mountain Pass, United States (CR-36). C. BSE image
of a sample from Kangankunde, Malawi (CR-16). D. Photomicrograph with plane polars of kakortokite from Ilimaussaq,
Greenland (CR-46). E. BSE image of a sample from St. Honoré, Canada (CR-15). F. Photomicrograph with crossed polars of
Fen, Norway (CR-17). Mineral labels are as follows: Ab = albite, Aeg = aegirine, Alk Amph = alkali amphibole, Ap = apatite,
Bast = bastnisite, Bt = barite, Carb = calcite-dolomite-ankerite mix, Carb* = calcite-dolomite-ankerite-Mn carbonate, Cal =
calcite, Eud = eudialyte, Fe Ox = Fe oxides, Fl = fluorite, Mz = monazite, Phl = phlogopite, Pyr = pyrochlore, Qz = quartz,
and St = strontianite.

1965). While igneous rocks from these complexes are highly
variable, Fe-rich compositions dominated by ankerite and
magnetite are the most common (Table 2). Wall and Mariano
(1996) provided a detailed discussion of REE mineralization
in Kangankunde, where REE mineralogy is dominated by
monazite-(Ce) and bastniisite-(Ce) (Fig. 3C). The REE fluor-
carbonate synchysite-(Ce) is present in samples from Tundulu
and Songwe, with florencite and apatite also hosting minor
REE components (Broom-Fendley et al., 2016). Apatite and
pyrochlore are the major REE-bearing phases at Chilwa
Island, though bastniisite and florencite can also be present
(Simonetti and Bell, 1994).

Tororo and Sukulu in Uganda lie within the same domi-
nantly calciocarbonatitic igneous complex (Williams, 1952;

McCormick and Le Bas, 1996). Apatite is the major REE
host in these centers (Table 2) and has been the subject of
fluid inclusion studies interrogating the origins of carbonate-
rich liquids (Rankin, 1977; Ting et al., 1994). The REE-poor
Fort Portal extrusive carbonatite, also located in Uganda, is
described in detail by Eby et al. (2009).

Although the Panda Hill complex of Tanzania is a largely
calciocarbonatitic in nature, magnesiocarbonatite and ferro-
carbonatite are also present (Basu and Mayila, 1986). REEs
are primarily hosted in apatite and pyrochlore (Table 2), with
the latter being sufficiently abundant to represent a potential
Nb resource (Mitchell, 2015).

The Proterozoic Phalaborwa (Palabora) complex of South
Africa is unusually Cu rich (Eriksson, 1989), with apatite



Table 2. Samples from East and South Africa

Whole-

Collection

Sample
no.

Reference

rock

REE mineralogy* ASD FTIR

Mineralogy*

J

Country

Locality

Brief description

sample no.

Collection!

Y (published) Eby et al. (2009)

IR aRalol ol
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el el e el I S

Ap

Cal, Spur, Mag, Phl

Ank, Mag
Ank/Cal, Str

Fort Portal

Carbonatite

KKDE18.10.12 Monazite carbonatite

1998-P2(24)2

NHM
CSM

CR-10

Mz, Syn, Bast
Ap, Pyr, Syn, Bast

Ap, Syn
Ap, Syn

Ap
Ap
Ap

Ank/Cal, Str
Ank, Mag, Cal,
Cal, Mag

Cal, Mag

Cal, Mag

—_ = —

South Africa

Kangankunde

Tundulu
Tundulu
Songwe
Songwe
Songwe
Phalaborwa -

REE-rich ankerite carbonatite

Banded carbonatite
Carbonatite

Calcite carbonatite

Banded carbonatite
Carbonatite

To281
To282
T0167
T0208
T0210
PTC-1

CSM
CSM
CSM
CSM
CSM
CSM

CR-16
CR-20
CR-21
CR-22
CR-23
CR-24
CR-26

Palabora
Tororo

(Transgressive)

Carbonatite

Ap

Phl, Mag
Bi, Mag
Mag, FI,

Ap,Pyr

—_—— ——

Uganda

617593

Harker

CR-29

Uganda

Sukulu

Carbonatite

Harker 625063

Harker

CR-31

Malawi
Tanzania

Chilwa Island ~ Malawi
Kangankunde
Panda Hill

Monazite carbonatite
Phlogopite pyrochlore

Apatite carbonatite

726283
726323
1165833

Harker
Harker

CR-33
CR-35
CR-37

Ap, Pyr

Tanzania Ank, Mag

Panda Hill

carbonatite
Altered carbonatite

1166023

Harker

CR-38

with large pyrochlores

Camborne School of Mines, Harker = Harker Collection at the University of Cambridge

Natural History Museum in London, CSM

I Collection abbreviations: NHM

2BM nos.

3 Harker Collection no.

biotite, Cal = calcite, FI = fluorite, Mag = magnetite, Mz = monazite, Phl = phlogopite, Pyr = pyrochlore, Spur

4 Mineralogical abbreviations: Ank = ankerite, Ap = apatite, Bast = bastniisite, Bi

spurrite, St = strontianite, Syn = synchysite
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crystals from the central transgressive carbonatite containing
appreciable quantities of REEs (Ce ~3,000 ppm; Dawson and
Hinton, 2003).

Greenland and Canada

The Jurassic Tikiusaaq and Qeqertaasaq carbonatites of west
Greenland are likely to be associated with the incipient rifting
of the Labrador sea (Tappe et al., 2007). While exploration of
these complexes is ongoing, Tappe et al. (2009) discussed the
petrology of Tikiusaaq in relationship to possible kimberlite-
carbonatite associations. Ancylite-(Ce) is the dominant REE
phase in these carbonatites alongside parisite-(Ce), though
small quantities of the HREE mineral churchite-(Y) have
been reported from Tikiusaaq (Table 3).

Both the Motzfeldt and Ilimaussaq alkaline igneous intru-
sions are located within the Proterozoic (1300-1140 Ma)
Gardar province of southwest Greenland. Jones and Larsen
(1985) provided a geochemical framework for the Motzfeldt
intrusion as well as documenting the occurrence of REE-rich
phases such as apatite and eudialyte. McCreath et al. (2013)
discussed the chemistry of REE-bearing pyrochlore miner-
als from within the Peralkaline Microsyenite Suite of the
Motzfeldt Sg formation that have been analyzed in this study
(Table 3). Given the petrologic heterogeneity of the domi-
nantly peralkaline Ilimaussaq intrusion (Ferguson, 1970; Bai-
ley et al., 2001), we have only investigated the properties of
a eudialyte-rich kakortokite (albite + eudialyte + amphibole;
Fig. 3D) that may represent a future REE resource (Fergu-
son, 1970; Wall, 2014).

Oka and St. Honoré are located within the Ontario carbon-
atite province of Ontario and western Quebec (Erdosh, 1979).
Apatite and pyrochlore represent the main REE-bearing
phases in these complexes (Table 3; Fig. 3E). St. Honoré is
the largest current source of Nb outside of Brazil (Mitchell,
2015).

Scandinavia and Germany

The Sokli complex of Finland lies at the western limit of
the Kola alkaline province and has been described in detail
by Vartiainen and Paarma (1979). Apatite is present at high
modal proportions within carbonatite and phoscorite portions
of the complex and is the major REE hosting mineral (Table
4). REEs are particularly abundant in weathered apatite-rich
material at the surface.

Apatite is also the main host of REEs in samples from Fen
in Norway and Kaiserstuhl in Germany (Andersen, 1988;
Hornig-Kjarsgaard, 1998; Table 4; Fig. 3F), though accumula-
tions of monazite within the Fen complex have been mapped
recently by Boesche et al. (2015).

Other locations

The extrusive carbonatite samples from Uyaynah in the
United Arab Emirates were collected from a tectonic window
through the Semail Ophiolite Complex and are described in
detail by Woolley et al. (1991). REEs are primarily hosted in
allanite and apatite at Uyaynah (Table 5).

Huang et al. (1995) provided a geochemical overview of the
Jacupiranga carbonatite of Brazil that is especially rich in apa-
tite (Table 5), with further whole-rock analyses provided by
Hornig-Kjarsgaard (1998).
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Table 3. Samples from Greenland and Canada
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Whole-Rock Geochemistry

Major element compositions

With the exception of lavas from Uyaynah and Fort Portal
(CR-05-CR-10), all samples in this study are intrusive rocks.
Most samples are carbonate rich and have compositions that
can be summarized using the ternary classification diagram
of Woolley and Kempe (1989; Fig. 4). Full major element
compositions are provided in the supplementary material.
While most carbonatites form a single array from calciocar-
bonatite to ferrocarbonatite compositions, three compositions
lie toward the center of the diagram: CR-15 from St. Honoré
lies on the tie line between magnesio- and ferrocarbonatites
but is strongly affected by magnetite accumulation; CR-16
from Kangankunde lies within the ferrocarbonatite field; and
CR-33 from Chilwa Island lies within the magnesiocarbon-
atite field. Despite its high REE content, CR-36 from Moun-
tain Pass is one of the purest calciocarbonatites investigated.

Samples CR-01 to CR-04 from Bayan Obo cannot be readily
classified based on their major element chemistry. Neverthe-
less, the high MgO content of CR-01 from the Disseminated
Monazite is consistent with its original petrogenesis as a dolo-
mitic marble (Smith et al., 2015). All samples from Bayan
Obo also have appreciable FesO3 contents reflecting the high
degree of Fe mineralization across the complex.

Although no major element data are available for sam-
ples CR-11 to CR-13 from the silicate Motzfeldt intrusion,
Bradshaw (1988) reported peralkaline syenite compositions
(atomic (Na + K)/Al) >1) from the same rock unit, the Peral-
kaline Microsyenite Formation. Sample CR-46, a kakortokite
from the Ilimaussaq intrusion, is rich in alkalis and can be
classified as a nepheline syenite (Le Bas et al., 1986). A low
total of 90.1 wt % reflects the sample’s high Zr, Nb, REE, F,
and ClI contents. When Zr, Nb, and REEs are recalculated as
oxides, a total of 103.0 wt % is obtained.

REE- and Nb-poor samples (such as CR-33 and CR-42 from
Chilwa Island and Sokli, respectively) have major element

CaO

v CR-15 St. Honoré O CR-16 Kangankunde
A CR-17 Fen <> CR-36 Mountain Pass
O CR-42 & CR-43 Sokli 4 Other carbonatites

[
MgO FeO + Fe,Oz + MnO

Fig. 4. Classification of carbonatites following the scheme of Woolley and
Kempe (1989).
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Table 4. Samples from Scandinavia and Germany

Collection REE
Sample no.  Collection!  sample no.  Brief description Locality Country Mineralogy? mineralogy3 ASD  FTIR  Whole-rock
CR-17 CSM Fen202/76  Calcite carbonatite ~ Fen Norway Cal, Bi Ap Y Y Y
CR-19 CSM Intrusive Calcite carbonatite ~ Kaiserstuhl ~ Germany  Cal, Mag, Ol Ap Y Y
CR-42 Harker 1176762 Phyrochlore sovite Sokli Finland Cal, Mag Ap Y Y Y
CR-43 Harker 1176772 Coarse sovite Sokli Finland Cal, Mag Ap Y Y

1 Collection abbreviations: CSM = Camborne School of Mines, Harker = Harker Collection at the University of Cambridge

2 Harker Collection no.

3 Mineralogical abbreviations: Ap = apatite, Bi = biotite, Cal = calcite, Fl = fluorite, Mag = magnetite. Ol = olivine

(including LOI) totals that approach 100%. However, a num-
ber of samples initially appear to have unacceptably low totals
(~50 wt % including LOI). Although analytical accuracy and
precision are affected by the extreme and variable composi-
tions of these samples, such low totals result primarily from
the high concentration of elements that typically occur in
trace quantities in most other igneous rocks. If Ce, La, Nb,
Nd, Sr, Y, and Zr are recalculated as oxides, then most sam-
ples have totals that lie between 97 and 103 wt %. Remaining
exceptions include F-rich samples, such as fluorite-bearing
CR-03 from Bayan Obo, and Ba-rich samples, such as CR-02
from Bayan Obo and CR-36 from Mountain Pass. However,
recalculating Ba as BaO results in the overestimation of totals
(supplementary material), indicating that Ba was poorly quan-
tified in these samples.

REE contents

Sample REE systematics are summarized in Figure 5 and
Nd contents are provided in Table 6. Full trace element
compositions are provided in the supplementary material.
Trace element concentrations in many samples lie above the
range of XRF calibration possible with the standards avail-
able (~2,000 ppm for most elements and ~2,800 ppm in the
case of Nd), and the resulting analyses must be treated as

semiquantitative. Trace element quantification by XRF is fur-
ther hampered by complex X-ray interferences resulting from
extreme and variable matrix effects. While achieving full quan-
tification is beyond the resources of this exploratory study, rel-
ative errors in whole-rock trace element contents are unlikely
to exceed 20% except in the case of Ba. Encouragingly, REE
contents of samples CR-02 and CR-36 are of the same order
as values reported from Bayan Obo and Mountain Pass ores
by Smith et al. (2014) and Castor (2008), respectively.
Measured REE abundances vary by more than three
orders of magnitude, with Nd contents varying from ~140
to ~43,300 ppm (Fig. 5). Most samples show enrichments in
LREEs, with chondrite-normalized concentrations ordered
as follows La > Ce > Nd > Y. The highest Nd concentrations
are found in CR-02 from Bayan Obo (~38,600 ppm), CR-16
from Kangankunde (~43,300 ppm) and CR-36 from Moun-
tain Pass (~30,800 ppm). Thin sections of these samples show
evidence of extensive REE mineralization: CR-02 contains
abundant fibrous bastnisite-(Ce) as well as monazite-(Ce)
(Fig. 3A); CR-16 contains abundant monazite-(Ce) (Fig.
3C); and CR-36 contains euhedral bastnisite-(Ce) (Fig. 3B).
Apatite- and pyrochlore-bearing samples have lower Nd con-
tents (<1,000 ppm), with the following exceptions: CR-13
from Motzfeldt, CR-21 from Tundulu, and CR-22-24 from

35 T T T T T T T T T rorrrrer T T T T T T T T T rorrrrr
B A 7 E B o = 103
3.0 R 3 1
| & ¢ § C
25 B r |
i . ¢ o 1 F 710°
<20} T ° |
L r [
< ¢ *0 e 1 [ ¢ %o |3
- 15 - -
1008 o, ¢ 1 [ I e, o o
L «© ) g | & ¢ |
05 |- . **
ST ) | 3 . u E 100
0.0 ol ool L E Lol ool roo ]
102 108 104 105 102 10° 10* 10°
Nd (ppm) Nd (ppm)
® CR-01-04 Bayan Obo v CR-15 St. Honoré
O CR-16 Kangankunde A CR-17 Fen
< CR-36 Mountain Pass O CR-42 & CR-43 Sokli
B CR-46 llimausaaq @ Other carbonatites

Fig. 5. Plots summarizing sample REE systematics. A. La/Nd vs. Nd. B. La/Y vs. Nd.
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Songwe. Eudialyte-bearing CR-46 from Ilimaussaq contains

EEEEE] ~3,200 ppm Nd (Fig. 3F).
=TEEE R
g| 8L E® Reflectance Spectra
£ g E g E g VNIR-SWIR reflectance spectra
mlEEEEE The diverse nature of reflectance spectra collected in this
AAAAA study reflects the substantial geochemical, mineralogical, and
. TETEE textural variability within our sample suite. Nevertheless, it
<4 Z2ZEZ is possible to divide the sample suite into six groups based
2| EEEEE on the minerals that dominate each spectrum. All measured
o o spectra are provided in the supplementary material.
Magnetite-dominated spectra: Samples from the Bayan
E - - Obo Fluorite stage (CR-03), Uyaynah (CR-05-CR-09), and
& Fort Portal (CR-10) have low absolute reflectance (<15%)
A at VNIR-SWIR wavelengths (Fig. 6) that reflect abundant
7l alalalalale magnetite in the case of the Bayan Obo sample and dissemi-
nated, fine-grained magnetite in the cases of the Uyaynah
i and Fort Portal samples (Smith et al., 1985; Clark, 1995). A
- Eb = o number of samples show weak absorptions at ~2,300 nm that
2| ELELEE £ indicate the presence of COs groups. Reflectance maxima at
. e < < T:: 500 to 700 nm in samples CR-08 and CR-10 from Uyaynah
- = and Fort Portal are indicative of Fe-rich carbonate (Galffey,
= g 1985; Woolley et al., 1991). Weak absorption features at ~744
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5 S| S3S38S w0 magnetite (Figs. 1, A1A). Although CR-15 from St. Honoré
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e Bl mmmmmT |2 F tral features are difficult to resolve because the low overall
=, S SZES55 Cg R reflectance of this pyrochlore-rich sample (Fig. 3E).
E § 3 Fe-poor carbonate-dominated spectra: Samples from Oka
:;. E g (CR-14), Jacupiranga (CR-18), Mountain Pass (CR-36), Sokli
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superimposed (Fig. 7). Deep absorption features at ~2,300
nm without a broad absorption feature centered on ~1,200
nm are characteristic of Fe-poor calcite and dolomite (Figs.
1, A1B, A2A; Gaffey, 1985). Broad absorption features at
~1,900 nm related to HoO may represent either hydrated
minerals (e.g., ancylite-(Ce)), fluid inclusions, or adsorbed
water (Gaffey, 1985; Rowan et al., 1986). However, assign-
ing HoO (and OH") features to specific minerals is of lim-
ited use in a remote sensing context: this information is lost
in air- and spaceborne datasets because of atmospheric HoO
(see later). Sharp drops in reflectance below 500 nm in most
samples probably reflect the presence of Mn within calcite
(Galffey, 1985). The steep drop in reflectance below 600 nm
in the Mountain Pass sample (CR-36) is consistent with the
presence of barite (Figs. A1B, A2B; Clark et al., 2007; Castor,
2008).

Narrow absorption features at ~583, ~744, ~802, and
~871 nm in samples from Jacupiranga (CR-18), Mountain
Pass (CR-36), and Qeqertaasaq (CR-48, CR-49) can be attrib-
uted to Nd hosted primarily within apatite, bastniisite-(Ce)
and ancylite-(Ce), respectively (Rowan et al., 1986). Minor
absorption features at ~583, ~744, and ~802 nm in samples
from Oka (CR-14) and Sokli (CR-42, CR-43) correspond to
the presence of Nd at lower concentrations; the high overall
reflectance of these samples makes these small spectral fea-
tures resolvable. Absorption features associated with other
REEs are difficult to assign unambiguously; while complex
absorption features at ~1,550 and ~1,970 nm are likely to
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Fig. 7. Mean VNIR-SWIR spectra of samples dominated by Fe-poor carbon-
ates collected using an ASD spectroradiometer under laboratory conditions
(CR-14,n = 71; CR-18,n = 17; CR-36, n = 68; CR-42, n = 34; CR-43, n = 39;
CR-48, n = 63; CR-49, n = 57). Gray envelopes show the standard errors of
the mean spectra. Absolute reflectance values are shown at 400 nm. Sample
locations and rock types for spectra can be found in Tables 1-5.
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have Pr and Sm components, they also encompass OH", H20,
and Nd features (Turner et al., 2014). Furthermore, contribu-
tions from HREEs are difficult to assess because currently
published spectral libraries include only LREE-rich minerals
(e.g., Clark et al., 2007; Turner et al., 2014).

Fe-rich carbonate-dominated spectra: Samples from the
Bayan Obo Disseminated Monazite stage (CR-01), Fen (CR-
17), Mount Weld (CR-25), Phalaborwa (CR-26), Tororo (CR-
29), Sukulu (CR-31), and Panda Hill (CR-37) have distinctive
“M”-shaped reflectance spectra (Fig. 8). Broad absorption
features centered at ~1,200 nm are consistent with Fe-bear-
ing calcite, dolomite, and ankerite (Figs. 1, A1C; Gaffey, 1985;
Mars and Rowan, 2011). COs absorption features centered
at ~2,300 nm are prominent in all spectra. Additional COs
absorptions at ~1,880, ~2,000, and ~2,160 nm are visible in
most samples, apart from those from Bayan Obo. H2O absorp-
tion features are also present, and OH" features at ~1,400 nm
are clear in samples from Tororo (CR-29) and Panda Hill
(CR-37).

The strongest Nd absorption features within this group
occur in apatite-bearing samples from Fen (CR-17) and Phal-
aborwa (CR-26), and monazite-(Ce)-bearing samples from
the Bayan Obo Disseminated Monazite stage (CR-01). Apa-
tite- and pyrochlore-bearing samples from Tororo (CR-29),
Sukulu (CR-31), and Panda Hill (CR-37) show only weak Nd
absorptions despite having a higher overall reflectance than
CR-01, which is consistent with the low REE content of min-
erals in these samples (Fig. A1C). Furthermore, no features
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Fig. 8. Mean VNIR-SWIR spectra of samples dominated by Fe-rich carbon-
ates collected using an ASD spectroradiometer under laboratory conditions
(CR-01, n = 94; CR-17, n = 43; CR-25, n = 20; CR-26, n = 15; CR-29, n = 39;
CR-31, n = 44; CR-37, n = 52). Gray envelopes show the standard errors of
the mean spectra. Absolute reflectance values are shown at 400 nm. Sample
locations and rock types for spectra can be found in Tables 1-5.
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associated with Pr or Sm can be identified in these spectra.
Sample CR-25 has a low overall reflectance, which impedes
the identification REE absorptions.

Fe oxide-carbonate mixed spectra: Samples from Kan-
gankunde (CR-16, CR-35), Kaiserstuhl (CR-19), Songwe
(CR-22—-CR-24), Chilwa Island (CR-33), Panda Hill (CR-38),
and Tikiusaaq (CR-47) have sloping spectra with reflectance
values that generally increase from 400 to 1,800 nm (Fig.
9). Absorptions at ~2,300 nm reflect the presence of COs in
all of these samples, though magnetite is also an important
constituent of many of these samples (Figs. 1, A1D). Broad
absorption features centered at 950 to 1,000 nm present to
varying degrees within this group of spectra are characteristic
of goethite that probably formed by the alteration of primary
magnetite or by exsolution from Fe-rich carbonates (Fig.
A2C; Clark et al., 2007).

Strong Nd, Pr, and Sm absorption features in samples
from Kangankunde (CR-16, CR-35) can be attributed to the
high modal abundance of moderately coarse monazite-(Ce)
(~500 um) in these samples (Figs. 1, 3C), though smaller
quantities of bastnisite-(Ce) and other REE-rich phases such
strontianite may also contribute (Fig. A1D; Wall and Mari-
ano, 1996). Prominent Nd absorption features in CR-47 from
Tikiusaaq can be accounted for by the presence of significant
quantities of ancylite-(Ce). Unfortunately, no published spec-
tra of ancylite-(Ce) that would enable us to confirm this asso-
ciation are known to the authors.
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Fig. 9. Mean VNIR-SWIR spectra of samples dominated by mixtures of Fe
oxides and carbonates collected using an ASD spectroradiometer under labo-
ratory conditions (CR-16, n = 96; CR-19, n = 41; CR-22, n = 41; CR-23, n
= 38; CR-24, n = 48; CR-35, n = 54; CR-38, n = 39; CR-47, n = 49). Gray
envelopes show the standard errors of the mean spectra. Absolute reflectance
values are shown at 400 nm. Sample locations and rock types for spectra can
be found in Tables 1-5.
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REE-dominated spectra: Samples from the Bayan Obo
Banded Ore (CR-02) and Barite stage (CR-04) have largely
flat reflectance spectra, onto which numerous complex
absorption features are superimposed (Fig. 10). These sam-
ples contain abundant colorless aegirine with largely feature-
less reflectance spectra at 500 to 800 nm (Ribeiro Da Costa
et al., 2013). Most prominent absorptions in these spectra
from Bayan Obo can be attributed to Pr, Sm, and Nd (Fig.
1). In addition to bastniisite-(Ce), monazite-(Ce) and parisite-
(Ce) occur in the Banded Ore (Fig. A1E). Huanghoite-(Ce) is
present also alongside other REE fluorcarbonates in the Bar-
ite stage (Smith et al., 2000). The depth of REE absorptions
are possibly enhanced by the unusually coarse grain size of
REE minerals in these samples (~1 mm; Smith et al., 2014).

Alkaline igneous rock spectra: Samples from Motzfeldt
(CR-11-CR-13, CR-45) and Ilimaussaq (CR-46) are variably
altered silicate rocks and contain no carbonate (Fig. 10). All
four Motzfeldt samples have a similar spectra that are best
attributed to the presence of hematite (Fig. A2D; Clark et al.,
2007): reflectance increases steeply between 600 and 700 nm
before decreasing across smooth absorption features centered
at ~860 nm. Absorption features at ~1,400 and ~1,900 nm
in samples from Motzfeldt probably correspond to the pres-
ence of OH™-bearing alteration materials rather than primary
hydrous minerals.

Sample CR-46 from Ilimaussaq is significantly less altered
than samples from Motzfeldt and is composed of albite,
eudialyte, and interstitial alkali amphibole. Given that albite
has a largely featureless reflectance spectrum at VNIR-SWIR
wavelengths, and that reflectance generally increases as a
function of wavelength in amphiboles (Clark et al., 2007), we
attribute most spectral features in CR-46 to eudialyte (Fig.
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Fig. 10. Mean VNIR-SWIR spectra of samples dominated by REEs and of
alkaline rock samples collected using an ASD spectroradiometer under labo-
ratory conditions (CR-02, n = 94; CR-04, n = 83; CR-11, n = 21; CR-12, n
= 37, CR-13, n = 38, CR-46, n = 73). Gray envelopes show the standard
errors of the mean spectra. Absolute reflectance values are shown at 400 nm.
Sample locations and rock types for spectra can be found in Tables 1-5.
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A1F). Eudialyte thus appears to be characterized by paired
reflectance maxima at ~480 and ~680 nm in line with previ-
ous measurements of eudialyte-bearing samples from the Red
Wine Intrusive Suite (Kerr et al., 2011). Small absorption fea-
tures centered at ~744 and ~802 nm reflect the presence of
Nd within the eudialyte.

Thermal IR reflectance spectra

A selection of representative thermal IR reflectance spectra
are presented in Figure 11. Although absorption features
associated with REEs are primarily located at VNIR-SWIR
wavelengths, thermal IR spectra contain information crucial
for lithologic mapping (Hook et al., 1994; Ninomiya et al.,
2005). Thermal IR datasets can thus play important roles in
identifying and delimiting carbonatite and alkaline complexes
(Oppenheimer, 1998; Mars and Rowan, 2011). Reference
thermal IR spectra for common rock-forming minerals are
provided by Christensen et al. (2000) and Clark et al. (2007).

Carbonatite thermal IR spectra are readily distinguished
from other igneous rock spectra by a prominent CO; peak
at ~11.3 um (Christensen et al., 2000). Carbonate peaks are
readily clearly visible in samples from Oka (CR-14), St. Hon-
oré (CR-15), Tororo (CR-29), Kangankunde (CR-35), and
Sokli (CR-42; Fig. 11). The only other significant features in
these carbonate-dominated spectra are pairs of peaks cen-
tered at ~9.0 and ~9.5 um separated by an absorption feature
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at ~9.2 um that are best accounted for by the presence of
phosphates, i.e., apatite (Christensen et al., 2000). A simi-
larly positioned feature in sample CR-35 from Kangankunde
REE-rich probably corresponds to the presence of the REE
phosphate monazite-(Ce). Although a modest carbonate peak
is observed in sample CR-36 from Mountain Pass, barite
appears to have a stronger effect on the thermal IR spectrum:
barite generates the small and large peaks centered at ~8.4
and ~9.1 um, respectively (Clark et al., 2007).

Samples CR-02 and CR-11 from the Bayan Obo Banded
Ore and Motzfeldt Peralkaline Microsyenite Suite contain
little or no carbonate material and have thermal IR spectra
dominated by silicate minerals (Christensen et al., 2000).
Although relationships between silicate mineralogy and
reflectance are complex, the broad series of peaks at 8.1 to
10.5 um in CR-11 can be ascribed to alkali feldspar and it
its breakdown products. The slightly narrower peak at 8.6 to
10.6 um in CR-02 can be attributed to aegirine, though some
fine features may relate to the presence of apatite (~9.2 um)
or even Sm (~10 um; Clark et al., 2007).

Spectral Features as Proxies for REE Mineralogy
and Grade

Although it is possible to resolve Pr and Sm absorption features
in some REE-rich samples, features associated with Nd are both
more prevalent and more prominent. Given that REEs have
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Fig. 11. Selected mean thermal IR reflectance spectra calculated from thermal emission spectra collected using a Fourier
thermal IR spectrometer under laboratory conditions (n = 2-4) Gray envelopes show the standard errors of the mean spectra.
Absolute reflectance values are shown at 12 gm. Sample locations and rock types for spectra can be found in Tables 1-5.
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very similar physicochemical properties and partitioning behav-
iors, Nd represents an ideal pathfinder element for much of the
REE spectrum. While identifying heavy (H)REE absorption,
features associated with Ho, Dy, and Er could enable relative
abundances of LREE and HREE to be assessed, no features
associated unambiguously with HREEs such as Ho, Dy and Er
absorptions at ~640, ~1,193, and ~650 nm were observed (e.g.,
Adams, 1965; Antonovich et al., 2007). Subsequent discussions
thus focus on four prominent Nd absorptions centered at ~583,
~744, ~802, and ~871 nm that do not overlap significantly with
other absorptions (Clark, 1995; Turner et al., 2014).

In order to relate properties of Nd absorption features to
sample mineralogies and REE grades, background features
relating to the main rock-forming mineralogy must first be
removed. Simple ratios between the reflectance at absorp-
tion wavelengths and the reflectance at reference wavelengths
cannot be used because of the highly nonunique shapes of the
background spectra. Nd absorption features in all samples were
therefore isolated using a continuum removal approach (Clark
and Roush, 1984), where background spectra were estimated
by fitting a third-order polynomial to spectra either side of the
absorption features. The following continuum end points were
used to isolate the ~583, ~744, ~802, and ~871 nm absorp-
tions from the combined effects of other spectral components
respectively: 550 and 610, 710 and 770, 760 and 850, and 850
and 910 nm. The following properties were then estimated
by fitting Gaussian curves to each background-subtracted
Nd absorption feature: the central position of the absorption
feature, i.e., peak position; full-width half at maximum; and
absorption depth, i.e., peak height. Although Gaussian curves
are unlikely to represent the true form of absorption features,
they render fitting procedures internally consistent and repro-
ducible (Clark and Roush, 1984). The area of each absorption
feature was also calculated by subtracting areas under mea-
sured spectra from areas under background spectra. Finally,
in order compare absorption feature areas between different
samples, all Nd absorption areas were normalized to the mean
reflectance within each wavelength interval.

The effect of REE mineralogy on spectral properties

Nd absorption features are located at the same wavelengths in
samples with different REE mineralogies (Table 6). The mean
central positions of absorption features within the four wave-
length intervals investigated are as follows: 550 to 610 nm (n =
23), 583.0 = 1.2 (10) nm; 710 to 780 nm (n = 22), 744.4 + 1.3
(1) nm; 770 to 850 nm (n = 32), 801.8 + 1.4 (10) nm; and 850
to 900 nm (n = 17), 870.9+ 2.7 (10) nm. Deviation of absorp-
tion positions from mean absorption positions within each
wavelength interval generally increase with decreased absorp-
tion depth, indicating that variability in calculated absorption
locations is primarily related to analytical and processing
errors and not to sample mineralogy. Our findings are thus
consistent with previous studies that attribute Nd absorption
features to mineral-independent electronic processes (Clark,
1995; Turner et al., 2014). However, subtle changes in the
structure of Nd absorption features between different sample
mineralogies may nevertheless reflect changes in bonding
environments that relate to REE mineralogy.
Ancylite-bearing samples appear to show prominent shoul-
ders on either side of absorption maxima at 583 to 584 nm,
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which are also located at higher wavelengths than in bast-
nisite- and monazite-dominated samples (581-582 nm;
Table 6). Absorptions in apatite-dominated sample CR-18 are
shifted to slightly higher wavelengths with respect to the other
samples considered in this section; this trend does not appear
to be reproduced in other apatite-dominated samples. The
dominance of a single absorption centered at 870 to 871 nm
rather than a doublet with absorptions centered on ~864 and
~871 to 874 nm may distinguish apatite from other key REE-
bearing minerals, though the unambiguous detection of phos-
phates (i.e., apatite and monazite) is best achieved at thermal
IR wavelengths (e.g., CR-15, Fig. 11). While representing
potentially useful discriminators of mineralogy, fine structures
of REE absorption features are likely to only be reproducible
in REE-rich samples measured under laboratory conditions;
these spectral minutiae are extremely difficult to resolve using
remote sensing.

The effect of REE grade on spectral properties

Nd concentration correlates positively with Nd absorption
depth across most samples (Fig. 12; Table 6). However, high
abundances of magnetite mask Nd absorption features in some
cases (e.g., CR-06 and CR-08). For absorptions centered at
~583, ~744, ~802, and ~871 nm r2 values are as follows: 0.492,
0.674, 0.721 and 0.867. Sample CR-04 (Bayan Obo, Barite
stage) is excluded from these fits because the surface from
which spectroscopic data were collected is not representative
of the bulk mineralogy. However, correlations between Nd
concentration and Nd absorption area are generally stronger
than those with Nd absorption depth: 12 = 0.718, 0.733, 0.744,
and 0.805 for absorptions centered at ~583, ~744, ~802, and
~871 nm, respectively (Fig. 12; Table 6).

Although the correlation between Nd concentration and
absorption area is strongest for the ~871-nm absorption (r2
= 0.805), few significant absorptions were identified at this
wavelength, and the best fit line is very strongly weighted by
the three high Nd samples. Nd absorption areas for absorp-
tions centered at ~744 and ~802 nm are therefore the most
robust spectral proxies for Nd content. Using absorption
areas rather than absorption depths as a measure of sample
Nd content has the advantage of bypassing the addition of
further errors during Gaussian peak fitting. Relationships
between REE grade and spectral features are neverthe-
less subject to substantial uncertainty that is reflected in the
scatter around best fit lines (Fig. 12). Causes for this scat-
ter are difficult to isolate and may incorporate the following:
sample heterogeneity, errors in whole-rock analyses, errors
in spectroscopic analyses, and errors in continuum removal
procedures. Furthermore, we do not account for grain size
despite the strong effect it has on both the absolute reflec-
tance of materials and the depth of absorption bands (Clark,
1995). Grain size can vary by orders of magnitude within the
field of view of single ASD measurements (e.g., Fig. 3A) and
the effects of grain size and composition cannot be sepa-
rated with the current dataset. Nevertheless, Nd absorption
features are readily identifiable in the samples from Bayan
Obo (CR-02), Kangankunde (CR-16), and Mountain Pass
(CR-36) that have the highest Nd concentrations measured
in this study (Nd >30,000 ppm; Table 6). These represent
high-grade REE deposits.
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Fig. 12. Plots showing correlations between whole-rock Nd content and Nd absorption areas for four prominent Nd features
centered at (A) ~583 nm, (B) ~744 nm, (C) ~802 nm, and (D) ~871 nm. Black lines show the results of linear regressions
through the dataset, for which 12 values are shown in the bottom right of each plot. The data point with the white cross was
excluded from the regression because the surface from which spectral data were collected is not representative of the bulk

mineralogy.

Detecting REEs Using Remote Sensing

Spectral convolution: REE detectability by multispectral
and hyperspectral sensors

Laboratory spectroscopy has a high spectral resolution at
wavelengths relevant for detecting Nd (500-900 nm). In
order to determine whether REE absorption features could
be detected by remote sensing, laboratory spectra were
spectrally convolved (i.e., resampled) in order to simulate
acquisition by a number of different multispectral and
hyperspectral instruments. Multispectral sensors measure
relatively few (<20), broadly spaced, discontinuous spectral
bands (Kramer, 2002), whereas hyperspectral sensors are
defined by their high number (>100) of narrow, contigu-
ous bands that generate continuous spectra (Goetz et al.,
1985). Four sensors were selected to encompass a range of
well-known current and planned space- and airborne plat-
forms: ASTER, Landsat-8 Operational Land Imager (OLI),
EnMAP, and AVIRIS.

The multispectral ASTER instrument onboard Terra,
the flagship satellite of the Earth Observing System (EOS)

launched in 1999 and operated by the National Aeronautics
and Space Administration (NASA), is the most widely used sat-
ellite for geologic mapping. ASTER operates in three bands at
VNIR wavelengths with a ground resolution of 15 m, six bands
at SWIR wavelengths with a ground resolution of 30 m, as well
as in five bands at thermal IR wavelengths with a ground reso-
lution of 90 m. The spectral response functions of the ASTER
instrument at VNIR-SWIR are provided at http://asterweb.jpl.
nasa.gov/characteristics.asp. The multispectral Landsat-8 OLI
platform, which is part of the Landsat Program that is jointly
managed by NASA and the U.S. Geological Survey, images
eight bands at VNIR-SWIR wavelengths, with a ground reso-
lution of 15 m. The spectral response functions for Landsat-8
OLI are provided at http:/landsat.gsfc.nasa.gov/?p=5779.

The launch of the German EnMAP hyperspectral satel-
lite is planned for 2018 (Stuffler et al., 2007). EnMAP will
carry two sensors capable of detecting 244 bands with a spec-
tral resolution of 5 nm at VNIR wavelengths and 12 nm at
SWIR wavelengths (Guanter et al., 2015). The ground resolu-
tion will be 30 m. Measured spectral response functions are
not yet available for EnMAP, so synthetic spectral response
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functions were approximated from expected band centers
and FWHM provided on the project website (www.enmap.
org/sites/default/files/pdf/Table_ EnMAP_Specs.pdf). AVIRIS
is an airborne hyperspectral instrument developed by NASA’s
Jet Propulsion Laboratory (JPL) that has 224 contiguous spec-
tral bands with wavelengths from 400 to 2,500 nm and a spa-
tial resolution ranging from 4 to 18 m, depending on which
aircraft it is flown. Spectral response functions for AVIRIS
are provided at https:/directory.eoportal.org/web/eoportal/
airborne-sensors/aviris. AVIRIS is taken to be representa-
tive of typical airborne hyperspectral sensors, sharing similar
characteristics with other systems such as HyMap®, though
we note that some systems such as CASI can achieve higher
spatial resolutions (Black et al., 2014).

Convolved reflectance values L at a given band ¢ using the
following equation:

1, = J@)r2)on
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where Ly(4) is the reflectance at band i and wavelength 4, r;(4)
is the spectral response functions of band i and wavelength 4,
over the wavelength interval of the sample 0.

Convolved spectra from sample CR-35, which shows appre-
ciable Nd absorption features, indicate that neither ASTER
nor Landsat-8 OLI have sufficient spectral resolutions to dis-
tinguish narrow REE features, despite the location of bands
at relevant VNIR wavelengths (Fig. 13A). In contrast with
the observations of Rowan and Mars (2003) from Mountain
Pass, the depression in average reflectance at 700 to 900 nm
is insufficient to discern the presence of REEs. Furthermore,
the background spectra of many samples in this region are
also strongly affected by Fe absorptions at these wavelengths.
Nevertheless, a significant advantage of ASTER for geologic
mapping over the Landsat-8§ OLI platform is the location of
bands at >2,200 nm that enable the CO3 absorption feature
centered at ~2,300 nm to be discerned. Data from some
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Fig. 13. A. Plot showing the effect of convolving (i.e., resampling) an ASD spectrum to the spectral response functions of
a range of multispectral (ASTER and Landsat-8 OLI) and hyperspectral (EnMAP and AVIRIS) instruments. While most
spectral information is lost in the convolved ASTER and Landsat-8 OLI spectra, much information is retained in the con-
volved EnMAP and AVIRIS spectra. B. Zoomed in region of plot (A), showing how the coarse structure of the four largest Nd
absorption features is retained following spectral convolution. Fine features, such as the multiple absorptions within the main
absorptions centered at ~744 nm, ~802 nm, and ~871 nm are not retained in the convolved data. C. and D. Plots showing the
correlations between Nd absorption area in spectra convolved to the AVIRIS spectral response function and whole-rock Nd
content for absorptions centered at (C) ~744 nm and (D) ~802 nm.
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multispectral instruments are thus capable of identifying and
delimiting carbonatites but are unable to provide useful infor-
mation about their REE contents (Rowan and Mars, 2003;
Mars and Rowan, 2011).

In contrast, the spectral resolutions of AVIRIS and EnMAP
are sufficient to resolve four prominent Nd absorptions
between 550 and 900 nm (Fig. 13A, B). Although the coarser
spectral resolution of remote sensing instruments with respect
to the ASD (~7 vs. 3-6 nm) results in smoothing of absorp-
tions, individual absorption features remain clear and distinct.
However, the spectral resolution of convolved data is insuf-
ficient to fit Gaussian curves to background-subtracted Nd
features in a consistent manner. Nevertheless, relationships
between the area of Nd absorption features centered at both
~744 and ~802 nm, and REE grade remain strong (Fig. 13C,
D). EnMAP and AVIRIS thus have the necessary characteris-
tics to detect Nd at economically relevant grades in range of
geologic samples.

REE detectability as a function of signal-to-noise ratio

While EnMAP and AVIRIS have sufficient spectral resolu-
tions to detect Nd in REE-rich samples, it is important to
assess whether the Nd absorptions are detectable at realis-
tically attainable signal-to-noise ratios. EnMAP spectra are
expected to reach signal-to-noise ratios of ~500:1 at 495 nm
and ~150:1 at 2,200 nm (www.enmap.org/sites/default/files/
pdf/Table_ EnMAP_Specs.pdf), though signal-to-noise ratios
could be significantly lower during routine operations. Signal-
to-noise ratios of AVIRIS spectra have improved significantly
since the system’s introduction in 1989, and can now reach
in excess of 1000:1 at VNIR wavelengths and 500:1 at SWIR
wavelengths under optimum conditions (Green et al., 1998;
Veraverbeke et al., 2014). In order to investigate the relation-
ship between Nd detectability and spectral signal-to-noise
ratios, varying amounts of noise were added to convolved
spectra using the method of Bioucas-Dias and Nascimento
(2008) in order to generate a suite of spectra with signal-to-
noise ratios spanning the range 10 to 500:1.

The effects of adding synthetic noise to convolved spectra
are summarized in Figure 14, illustrating how the areas of Nd
absorptions centered on ~744 and ~802 nm deviate from the
areas calculated for convolved ASD when various amounts of
synthetic noise are added. Data are shown for samples CR-16
and CR-49 that are moderately and highly enriched in REEs,
respectively. On average, differences in Nd absorption area
between ASD and synthetic noisy spectra (A) increase as
signal-to-noise ratio decreases: below a signal-to-noise ratio
of ~250:1, A increases at an increasing rate with decreasing
signal-to-noise ratio.

At a signal-to-noise ratio of 250:1, A values for absorptions
centered at ~744 and ~802 nm are ~20% for CR-16 and
~10% for CR-49. The lower A values for CR-49 are consistent
with the greater abundance of REE minerals in this sample.
The A values for spectra convolved to the AVIRIS spectral
response functions are generally slightly lower than A values
for spectra convolved to the EnMAP spectral response func-
tions because of the higher spectral resolution of the AVIRIS
system. Relative errors in Nd absorption areas are thus likely
to be 10 to 20% at signal-to-noise ratios of ~250:1 when imag-
ing REE-rich materials (Nd >30,000 ppm).
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As the signal-to-noise ratio of convolved spectra decreases
below ~250:1, the strength of correlations between Nd absorp-
tion area and Nd content decreases for absorptions centered
at both ~744 and ~802 nm (Fig. 14C, D). REE detection will
thus be most robust in datasets with signal-to-noise ratios in
excess of ~250:1, though detection at lower signal-to-noise
ratios may be possible.

Atmospheric inferences

While multispectral imaging bands are generally placed at
wavelengths that avoid atmospheric absorption features (i.e.,
within “atmospheric windows”), hyperspectral instruments
collect continuous Spectra that encompass numerous atmo-
spheric absorptions (Goetz, 2009). Hyperspectral datasets
therefore require careful correction for atmospheric absorp-
tion effects generated by the presence of various species,
including H>0O, O3, COs, Oz and CHs, before they can be
interpreted (e.g., Gao et al., 1993, 2009). In order to assess
the likely impact of atmospheric interferences on the imaging
of REE deposits, we used the MODTRAN® radiative trans-
fer model. This simulates atmospheric conditions relevant
to hyperspectral remote sensing along the coastal strips of
Greenland, a likely target for remote sensing campaigns (Berk
et al., 1998, 2005). The model was parameterized to simulate
a 50° solar elevation angle, a sensor with nadir viewing of a
target at sea level and a subarctic atmospheric profile with
a maritime atmospheric profile. The results of MODTRAN®
simulations are shown in Figure 15, where atmospheric trans-
mission is plotted as a function of wavelength in order to illus-
trate absorption features generated by a number of important
atmospheric gases and aerosols.

The largest atmospheric features are ~200-nm-wide H>O
absorptions centered at ~1,400 and ~1,900 nm that block all
transmission at these wavelengths; no geologic information
can be recovered at ~1,300 to 1,500 or ~1,800 to 2,000 nm.
Substantial HoO absorptions (transmission >0.4) also occur
at 950, 1,150, and 2,500 nm that degrade geologic interpre-
tations (Fig. 15). Although the major atmospheric absorp-
tions occur at wavelengths greater than main Nd absorptions,
smaller atmospheric features occur within 580- to 870-nm
range. Specifically, modest H2O absorptions centered at ~720
and 820 nm have the potential to complicate the identifica-
tion of Nd absorption features centered at ~744 and ~802 nm.
A narrow but deep Os absorption feature 770 nm may also
interfere with the identification of absorptions at ~744 and
~802 nm, and a broad Oz absorption centered at ~590 nm
may affect the ability to resolve absorptions centered at ~583
nm. Even though the precise nature of atmospheric cor-
rections required will vary from campaign to campaign this
simplistic treatment demonstrates that there is significant
atmospheric transmission at the wavelengths relevant to the
identification of Nd. Thus, if high-quality atmospheric correc-
tions are applied to datasets with high signal-to-noise ratios,
Nd features should remain detectable, though ground cali-
bration may also be required to sufficiently reduce radiative
transfer atmospheric residuals.

Spatial resolution: Outcrop versus pixel sizes

Having established that Nd should be detectable at high grades
by hyperspectral instruments under optimal conditions, it is
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Fig. 14. A. and B. Plots showing how the area of absorption features in convolved spectra diverge from the area of absorption
features measured by ASD as varying amounts of synthetic noise are added. The absolute difference between noisy convolved
spectra and ASD spectra is expressed in % and given the notation Ayisy-asp. The effects of adding noise are shown for a mod-
erately REE rich sample (CR-16) and a very REE rich sample (CR-49). The relationship between spectra signal-to-noise ratio
and Apigy-asp are shown for the ~744 nm and ~802 nm absorptions in (A) and (B), respectively. Solid and dashed lines show
the smoothed variation of Ayisy-asp with signal-to-noise ratio for data convolved to the AVIRIS and EnMAP spectral response
functions, respectively. C. and D. Plots illustrating how adding varying amounts of synthetic noise to spectra convolved to the
AVIRIS spectral response function degrades correlations between Nd absorption area and whole-rock Nd content for absorp-

tions centered at (C) ~744 nm and (D) ~802 nm.

important to assess whether their spatial resolution is suf-
ficient to detect zones of REE mineralization. Although
some REE deposits, such as the Sulphide Queen Orebody at
Mountain Pass and Bayan Obo outcrop on hundreds of meter
length scales (Castor, 2008; Smith et al., 2015), most REE
occurrences are meter-scale dikes and veins (Mitchell, 2005).
It is therefore likely that the outcropping portions of most
REE deposits will be too small to be detected using satellite-
based platforms: EnMAP is expected to have a spatial resolu-
tion of 30 m at VNIR wavelengths. Airborne platforms can
achieve the meter-scale spatial resolutions required: up to ~4
and ~0.5 m for AVIRIS and CASI, respectively (Kruse, 2012;
Black et al., 2014), and hence represent a much better tool
for REE mapping. Perhaps the greatest opportunity for REE
remote sensing would involve the deployment of hyperspec-
tral instruments on unmanned aerial vehicles. While still at
early stages of development, unmanned aerial vehicles could

enable hyperspectral mapping to be carried out at the centi-
meter scale (Hugenholtz, 2012; Colomina and Molina, 2014),
making it possible to map Nd grade across whole deposits.
Indeed, the feasibility of such fine-scale mapping has already
been demonstrated using ground-based hyperspectral imag-
ing of monazite enrichments in the Fen complex (Boesche et
al., 2015).

Applications

Our results indicate that direct detection of REEs by hyper-
spectral imaging will be best suited to high-grade deposits,
such as carbonatites that contain discrete REE minerals. It
would also be applicable to other high-grade igneous and
metamorphic (Steenkampskraal-type monazite) and hydro-
thermal deposits. However, given the general relationship
between Nd absorption depth and abundance (Fig. 12), it will
be more difficult to make the technique sufficiently robust for
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sion to zero, as occurs at higher wavelengths.

identifying lower grade REE deposits, such as those currently
of interest for their higher proportions of mid and heavy
REEs, in either carbonatitic or silicate systems. Although the
technique could detect Nd in the eudialyte-bearing kakorto-
kite tested here, further development is necessary to corre-
late Nd absorption features with the lower Nd concentrations
characteristic of nepheline syenites (Wall, 2014). The same
holds true for apatite-bearing deposits where whole-rock
REE concentrations will be below levels where correlations
between spectral properties and Nd content become clear:
apatite typically contains only up to 1 or 2 wt % ZREO.

Nevertheless, hyperspectral remote sensing is potentially
superior to radiometric surveys, a traditional REE exploration
tool in which radioactivity from U and Th serve as pathfinders
to REE-rich rocks. However, U and Th are penalty elements
and an ideal REE deposit has high REE but low U and Th.
Hyperspectral imaging can target REEs directly and help find
deposits low in radioactive elements.

Nd is a LREE, and the main driver for the REE market
owing to its use in high-strength permanent magnets, but
there is also a current need to find new sources of HREEs
(Hatch, 2012): using Nd as a pathfinder element unfortu-
nately makes the technique inapplicable to xenotime-(Y)
deposits, such as Lofdal (Namibia) and Browns Range (Aus-
tralia) because xenotime-(Y) contains very low Nd contents.
At Lofdal, however, there are also LREE minerals in addition
to xenotime-(Y), so direct hyperspectral imaging of LREEs
might be a guide to HREE-rich dikes and surrounding min-
eralization. Hyperspectral imaging has been applied to explo-
ration at Lofdal but only for the detection of carbonate, not

as a direct indicator of REE content (Swinden and Siegfried,
2011; Do Cabo, 2014). Nepheline syenite deposits are also
often cited as HREE deposits. While alkaline rocks tend to
contain minerals with higher HREE/LREE ratios than typi-
cal carbonatite deposits (e.g., eudialyte), HREE minerals are
generally scarce and whole-rock Nd concentrations remain
appreciable with respect to HREE concentrations. Nd could
thus still be used in the exploration of these deposits if prob-
lems associated with of detecting low Nd concentrations can
be overcome. While there is potential for detecting HREEs
by reflectance spectroscopy (e.g., Dy, Ho, and Er; Adams,
1965; Antonovich et al., 2007), we did not identify these ele-
ments in our LREE-dominated samples. In any case, pub-
lished reference spectra for HREE-rich materials are sparse
and obtaining such spectra thus represents a key future objec-
tive in the development of REE remote sensing.

Conclusions

Nd absorption features, which are the strongest LREE
absorption features at VNIR-SWIR wavelengths, have been
identified in reflectance spectra collected from a suite of pre-
dominantly carbonatitic samples with variable REE contents.
Absorption features centered at wavelengths of ~583, ~744,
~802, and ~871 nm were detected by laboratory reflectance
spectroscopy in samples with Nd concentrations >1,000 ppm.
Nd absorption features are dominantly elemental in nature
and do not change significantly as a function of host miner-
alogy at the FWHM of an ASD spectroradiometer. Contin-
uum removal was performed using a third-order polynomial
fit around the wavelength brackets of each Nd absorption
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feature; this allowed for the subtraction of the background
spectrum which isolated the Nd absorption feature(s) and
suppressed the spectral variability associated with changes
in sample composition and mineralogy. Nd absorption fea-
tures depth and area correlate positively with whole-rock Nd
content, though correlations between Nd concentration and
Nd absorption area are generally more robust. Absorptions
centered at wavelengths of ~744 and ~802 nm give the most
reliable fits (12 ~0.7). Nd absorption features in VNIR reflec-
tance spectra thus represent a crude proxy for whole-rock Nd
content under laboratory conditions.

Convolving laboratory reflectance spectra to the spectral
response functions of various remote sensing instruments
demonstrates that, while multispectral platforms lack the
spectral resolution to resolve Nd absorption features at
geologically relevant concentrations, hyperspectral plat-
forms such as AVIRIS and EnMAP have the spectral resolu-
tion needed to detect narrow Nd absorptions. Correlations
between whole-rock Nd content and Nd absorption areas are
moderately strong following spectral convolution (2 ~0.6).
The addition of synthetic noise to convolved spectra indi-
cates that spectral signal-to-noise ratios of at least ~250:1
are required for relationships between Nd grade and spec-
tral properties to remain robust, i.e., Nd features will only
be resolvable in high-quality datasets. Fortunately, the results
of simple atmospheric modeling confirm that atmospheric
transmission mostly remains above 0.8 within the crucial
500- to 900-nm wavelength interval within which Nd may be
detected. A final consideration of the spatial resolution of dif-
ferent hyperspectral systems shows that, while satellite-based
instruments currently lack the spatial resolution to detect
the meter-scale REE enrichments that occur within car-
bonatites, many airborne platforms will not suffer from the
same limitations. With high-quality datasets (signal-to-noise
>250:1) and well-constrained atmospheric models it should
be possible to image Nd in high-grade, carbonatite-hosted
REE deposits (Nd ~30,000 ppm) regardless of REE host
mineralogy using currently available technology. While our
proposed technique is dependent on the presence of Nd, and
may be unsuitable for detecting some HREE-rich deposits,
it offers a key advantage over radiometric surveys allowing
the detection of REEs to be isolated from the detection of
radioactive penalty elements. Mounting hyperspectral sen-
sors on unmanned aerial vehicles offers the exiting possibility
of being able to map REE grade across whole deposits at
resolutions as fine as a few centimeters in the near future.
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Fig. Al. Characteristic energy dispersive X-ray (EDX) spectra collected from a range of rock-forming and REE minerals.

Peaks used for mineral identification are labeled according to element.
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Fig. A2. A. Normalized continuum-removed spectra of CO3 absorptions in a range of carbonate-rich samples compared with
a calcite reference spectrum (Clark et al., 2007). All spectra show reflectance minima at ~2,330 nm. B. Normalized spectra
of barite-rich, calcite-bearing CR-36 from Mountain Pass compared with barite and calcite reference spectra (Clark et al.,
2007). The location of inflection points in the CR-36 spectrum are consistent with barite dominating the spectral signal,
not calcite. A small additional absorption at ~583 nm can be attributed to Nd. C. Normalized continuum-removed spectra
showing Fe absorptions in CR-19 and CR-23 from Kaiserstuhl and Songwe compared with a reference goethite spectrum
(Clark et al., 2007). D. Normalized continuum-removed spectra showing Fe absorptions in CR-11 and CR-13 from Motzfeldt
compared with a reference hematite spectrum (Clark et al., 2007).
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