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Introduction: Permanent lunar settlements will
require using resources found on the Moon. Lunar re-
sources such as ice in permanently-shadowed places
near the lunar poles may be exported to support scien-
tific and commercial ventures throughout cis-lunar
space and the entire inner Solar System. It is also pos-
sible that some resources will be valuable enough to
mine, refine, and transport to Earth or other destina-
tions. Here, we focus on prospecting for rare earth el-
ements (REE). These elements are central to our mod-
ern electronic life. They are essential ingredients in
silicon chips, computers, cell phones, batteries, ultra-
strong magnets, x-ray machines and other medical de-
vices, lasers, and low-emission fuel efficient vehicles
[1]. It is an open question whether there are sufficient
concentrations of the REE on the Moon to be classified
as ore bodies [2,3] and if they exist that they could be
transported to Earth to supplement the terrestrial sup-
ply and to decrease the terrestrial environmental haz-
ards associated with their mining and refinement. Nev-
ertheless, as McLeod and Krekeler [2] point out, the
most promising areas on the Moon that might house
REE ore deposits have not been examined at suffi-
ciently high resolution to determine if high enough
concentrations exist to classify them as ore deposits. It
may turn out that there are no REE ore deposits on the
Moon, but the prospecting approach we outline here
can be used to search for other types of useful deposits.

Searching for REE in the Great Procellarum
Hot Spot: As shown by Jolliff et al. [4] from global
orbital measurements of Th concentrations using
gamma-ray spectrometry, Th is distributed heteroge-
neously (Fig. 1). Because Th is a typical large-ion lith-
ophile (LIL) element, all other LIL elements are likely
to also be distributed heterogeneously. Studies of lunar
samples confirm this. There is a strong correlation
(Fig. 2) between Th and La, indicating that Th is a
good guide for the global distribution of the REE on
the lunar surface.

It is obvious from Fig. 1 that the PKT is the logical
place to search closely for potential ore deposits of the
REE. For example, the Apollo 14 landing site is inside
one of the 60-km wide resolution elements that has the
highest concentration of Th, ~12 ppm, corresponding
to ~70 ppm of La (Fig. 2) and (not shown in Fig. 2)
180 ppm of Ce and 650 ppm of Zr.
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Fig. 1: Th concentration on the Moon. White lines out-
line the terranes identified by [4]. Large, high Th re-
gion on the nearside is the Procellarum KREEP Ter-
rane (PKT), which has Th measured concentrations up
to ~12 ppm. Each spatial resolution element is 60 km
across, so it is likely that smaller regions have Th con-
centrations > 12 ppm.
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Fig. 2: Th is correlated with La (and other REE) abun-
dances, showing the value of Th as a tracker of total
REE abundances. Data from [5,6].

A rover could be landed inside a 60-km spatial res-
olution element, say near the Apollo 14 site. It could
autonomously traverse an assigned region, making
measurements of pertinent major and trace elements.
Let us say it has an instrument (see below) capable of
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measuring Zr or the REE (e.g., La or Ce) to high accu-
racy if it is present above the mean expected for 12
ppm of Th (70 ppm of La, 180 ppm of Ce, or 650 ppm
of Zr). To fully understand the distribution, detection
limits would need to be at least 10% of these values.
Measurements could be made every 10 or 100 meters
along a 2-dimensional grid. The data could be trans-
mitted back to a central station or directly to orbiting
satellites. The numerous analyses at known locations
would allow planetary economic geologists to make
contour maps of the abundance of Zr (or another diag-
nostic element), as illustrated in Fig. 3. Regions of
exceptional concentrations would be investigated fur-

ther, either by autonomous rovers or by humans.
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Fig.3: Example of map of elemental distribution ob-
tained by an XRF instrument on a hypothetical rover
on the Moon. Left: Portion of Lunar Orbiter photo-
graph I1I-133-H2 of the region north of the Apollo 14
landing site (arrow near the bottom). Right: Map of the
concentration of zirconium in this hypothetical exam-
ple.

The REE are not, of course, distributed uniformly
in the phases present in the lunar regolith. They con-
centrate in minerals with crystallographic sites suitable
for hosting large ions such as the REE, Zr, Th, and U.
This is an advantage for their use as a resource, assum-
ing their host minerals can be identified and then ex-
tracted by mineral processing/beneficiation. Thus, it
would be essential to include the capability of identify-
ing which REE-bearing minerals are present in the
lunar regolith along the exploration traverses. Apollo
sample analyses show that several REE-bearing miner-
als are present in the PKT. Merrillite, for example,
contains 6 to 10 wt% total REE in samples from the
Apollo 11, 12, 14, 15, and 17 landing sites, plus lunar
meteorite LAP022 [7]. Other common REE-bearing
minerals are apatite (up to about 1 wt% total REE),

monazite, tranquillityite, zircon, and zirconolite [8]. A
full survey of a potential ore deposit requires that these
minerals be identified and their abundances determined
with detection limits on the order of 1 wt%.

Potential Instrumentation for In Situ Analyses:
Mineral phases are best identified by X-Ray Diffrac-
tion (XRD) and bulk chemical analyses can be done
accurately by X-Ray Fluorescence (XRF). For exam-
ple, an instrument package [9] proposed to NASA’s
PRISM program combines both XRD and XRF (with
other instruments). The XRD/XRF instrument is de-
scribed by Blake et al. [10]. Instrument development is
still in progress, but previous experience and calcula-
tions show that pertinent minerals will be detectable
and their abundances quantifiable if present at >1 wt%
and that most REE elements will be detectable and
quantifiable at concentrations >2 ppm. Major elements
(those with concentrations >0.1 wt%) will have detec-
tion limits of <0.01 wt%. Alternatively, the tried-and-
true APXS instrument could measure REE concentra-
tions as well and could be accompanied by an XRD
instrument. The crucial point is that the combination of
XRD and XRF analyses along traverses as shown in
Fig. 3 will allow for a robust estimate of whether a
given prospect can be classified as an ore deposit.

Summary: The approach outlined here for as-
sessing a locale for its resource potential is feasible.
The combination of using global remote sensing data
to target potential mining sites, and in situ mineralogi-
cal and bulk chemical analysis of promising sites will
be an effective way to start using lunar resources. Sig-
nificant unknowns are the details of how REE-bearing
minerals will be extracted efficiently and where the
separation of the REE will be done (on the Moon or by
shipping tons of REE to the Earth). An even greater
unknown is the cost effectiveness of exporting lunar
resources to the Earth. To address that issue, we need
to determine where potential ore deposits exist and test
how efficiently we can extract them with minimal
harm to the lunar environment.
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