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Higlights:

— The most geochemically and geophysically evolved layer is the regolith;

— Lunar regolith should be treated as a multi-component, pre-crushed ore;

— The first object of exploitation and processing on the Moon will be regolith;

— Potential deposit zones include outcrops of ultrabasic igneous rocks enriched in metals: Cr, Ti, REE, and PGM;

— The most promising deposit areas are the lunar maria, primarily the Procellarum KREEP Terrane, circumpolar areas, and
regions on the far side with a regolith thickness > 10 m.

The homogeneity of the chemical and isotopic compositions of the Earth and the Moon facilitates the identification of poten-
tial mineral resources present and exploitable on the Moon. Current knowledge of the geological structure of the Moon indi-
cates that the greatest geochemical and geophysical activity of the surface layer of the Moon’s crust lies in the regolith, and it
is this that promises the most promising lunar raw material resource base. The regolith contains increased concentrations of
life-supporting raw materials (H,O and O,), fuels and energy raw materials (3He, U, Th, Hy, and O,), metallic raw materials
(Fe, Ti, Zr, Hf, Eu, other REEs, Cr, Ni, Co, Al, and Si), rock raw materials (regolith, breccias, basalts, anorthosites, and oth-
ers) and chemical raw materials (K, P, Cl, and S). Lunar regolith should be treated as a multi-component, pre-crushed ore, in
which there are local enrichments of selected raw materials, and so initially will form the target of exploitation and processing
on the Moon. The next potential deposit zones are outcrops of basic and ultrabasic igneous rocks, which may be enriched in
metals such as Cr, Ti, REEs and PGMs, or places where these rocks are covered by only a thin layer of regolith. Such zones
also include areas of occurrence of acidic igneous rocks, enriched in quartz, and perhaps also in many other valuable metals
and chemical raw materials. The most important prospective areas in terms of the occurrence of raw materials in the regolith
are the lunar maria, primarily the Procellarum KREEP Terrane, circumpolar areas, as well as areas on the far side of the
Moon characterized by a regolith thickness exceeding 10 m.
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INTRODUCTION remote operation of probes, rovers, mining and construction
machines, navigation, observation, and communication sys-
tems. ltis also a relatively well-known extraterrestrial object due

The Moon, the Earth’s only natural satellite, is, next to Mars,  to centuries of astronomical observations and, above all, due to

the main target of upcoming space missions and a potential
place to create the first bases for permanent human residence
outside our planet. With a diameter of 3,475 km, it is the fourth
largest natural satellite in the Solar System. The average dis-
tance of the Moon from Earth is only 384,400 km, or less than
1.3 light-sec (Mutch, 1972). This significantly reduces future
transport or travel costs, and also facilitates communication and

* Corresponding author, e-mail: Tadeusz.Przylibski@pwr.edu.pl

Received: April 18, 2025; accepted: July 16, 2025; first published
online: October 13, 2025

the manned space missions of the Apollo program and the un-
manned missions of the Luna and Chang’e programs, which
brought samples of lunar rocks and regolith to Earth. Recently,
progress in collecting information about the Moon’s geological
structure has been accelerating due to remote sensing data
provided by lunar satellites (the American Lunar Reconnais-
sance Orbiter and the Indian Chandrayaan-2). Much important
data is also provided by the burgeoning study of lunar meteor-
ites, which are being found on Earth in rapidly increasing num-
bers and mass, due to intensive searches in cold and hot
deserts (Przylibski et al., 2023; MetBull, 2023). All these fea-
tures mean that we can treat the Moon as not only the closest
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celestial body to Earth but as a potential source of useful raw
materials for the development of our civilization (Przylibski et
al., 2024). In the context of the Moon, we can think both about
the in situ use of raw materials (SRU or ISRU — Space Re-
source Utilization or In Situ Resource Utilization; Anand et al.,
2012; Schwandt et al., 2012; Bennett et al., 2020; Hadler et al.,
2020; Rasera et al., 2020), and about supplying the Earth with
strategic, critical raw materials (Blutstein, 2021). Currently, re-
search on the Moon is well enough advanced to allow us to de-
termine the potential raw materials to be found on its surface,
and even estimate their perspective resources.

Here, we explore the most promising raw materials of which
exploitation will be possible (and most likely necessary) on the
surface of the Moon, and describe the characteristics and gene-
sis of the deposits of these raw materials, their location, and po-
tential resources. We provide a comprehensive new assessment
of contemporary knowledge on the occurrence of natural re-
sources and their deposit accumulations in the surface layers of
the Moon. The new data we present include the estimated re-
sources of the most important raw materials in the lunar regolith.

ORIGIN OF THE MOON

The canonical model of the origin of the Moon, or the gi-
ant-impact hypothesis, associates the formation of Earth’s nat-
ural satellite with the collision of two planetary embryos
(protoplanets) during the late stages of the early evolution of the
Solar System, when planetary accretion took place. According
to this model, the proto-Earth experienced an oblique collision
with a hypothetical protoplanet called Theia, an object about the
size of modern Mars. As a result of this collision, silicate-rich
material with a mass slightly greater than the current mass of
the Moon was ejected into the orbit of the proto-Earth. This ma-
terial then formed a disc. However, according to the canonical
model, much of the material in the disk came from the impactor,
which was Theia. Over the course of several hundred to thou-
sands of years after the collision, the disk material cooled, con-
densed, and moved beyond the Roche limit. Beyond this limit,
gravitational tidal forces are small enough to allow the accretion
of material to form the Moon (Barr, 2016).

The weakness of the canonical model is its inability to ex-
plain the observed homogeneity of the chemical (and isotopic)
compositions of the Earth and the Moon (Barr, 2016). There-
fore, another model was sought that would explain this homo-
geneity, that is, a mechanism leading to the mixing of the com-
ponents of proto-Earth and Theia. Such a model must also con-
sider that most of the angular momentum of the Earth-Moon
system should be concentrated in the Moon, as is currently ob-
served. The concentration of as much as 1.2% of the mass and
80% of the angular momentum in the Moon makes our natural
satellite and the Earth-Moon system unique in the entire Solar
System (Barr, 2016).

The most recently proposed model for the formation of the
Moon following an off-centre collision between Theia and
proto-Earth is the synestia theory (Lock et al., 2018). A synestia
is a new type of planetary structure formed from completely va-
porized protoplanets involved in a collision. It has the shape of a
swollen cloud resembling a thick doughnut, which is thicker on
the outside than on the inside. At this outer edge of the cloud,
vaporized rock circulates so rapidly that the cloud takes on a
new structure, with a thick disk orbiting the inner region. As the
model shows, the disk does not separate from the central re-
gion, allowing for the material within it to be thoroughly mixed.
Cooling of the synestia drives the mixing of material from both
bodies involved in the collision, and condensation generates
the formation and growth of moons orbiting within the synestia’s
outer part. As a result, the Moon equalizes its isotopic and
chemical composition with the material forming the synestia
and, in about a year, through the accretion of condensing mate-
rial, reaches its final size and mass. Then, over the next several
decades, the cooling synestia decreases in size. This causes
the Moon to separate from the synestia, ending the main stage
of lunar accretion and causing the Moon to finally solidify and
cool. The remainder of the synestia continues to cool and solid-
ify within the Roche limit until the planet (Earth) forms. Accord-
ing to this model, giant impacts that produce potential
synestias, including the one that formed the Moon and Earth,
were common towards the end of the formation of terrestrial
planets in the young Solar System (Lock et al., 2018).


https://doi.org/10.1016/j.pss.2012.08.012
https://doi.org/10.1016/j.pss.2012.08.012
https://doi.org/10.1002/2016JE005098
https://doi.org/10.1002/2016JE005098
https://doi.org/10.1002/2016JE005098
https://doi.org/10.1016/j.pss.2020.104842
https://doi.org/10.7306/gq.1627
https://doi.org/10.1016/j.pss.2019.104811
https://doi.org/10.1016/j.pss.2019.104811
https://doi.org/10.1002/2017JE005333
https://doi.org/10.1002/2017JE005333
https://doi.org/10.7306/2024.2
https://doi.org/10.1016/j.pss.2020.104879
https://doi.org/10.101 6/j.pss.2012.06.011

Tadeusz A. Przylibski et al. / Geological Quarterly, 2025, 69, 31 3

However, there is still no single, universally accepted model
for the formation of the Moon. Research is ongoing to expand
the canonical model based on the collision of the proto-Earth
with Theia (Zhou et al., 2024), and new concepts are being in-
troduced. One such new concept is the formation of massive
terrestrial satellites through binary-exchange capture (Williams
and Zugger, 2024). This concept explores the possibility of sat-
ellite capture from the process of collision-less binary exchange
and shows that massive satellites in the range 0.01-0.1 Earth
mass can be captured by Earth-sized terrestrial planets in a way
already demonstrated for larger planets in the solar system.
The number of concepts based on computer modeling will likely
continue to grow, but many are being rejected due to the diffi-
culty of explaining the large portion of the Earth-Moon system’s
angular momentum concentrated in the Moon, the relatively
large mass of the Moon, as well as the difficulty of explaining the
identical elemental and isotopic composition of both bodies.
This last observed fact requires very thorough mixing of Earth
and Moon matter, which is not achieved in many computer im-
pact models. In this respect, the synestia model has many ad-
vantages.

SKETCH OF THE MOON’S GEOLOGY

The modern Moon, like the Earth, is a differentiated body in
hydrodynamic equilibrium, and nearly spherical in shape, with a
radius of 1,737 km. It is composed of three concentric spheres:
the crust, the mantle, and the core. The outermost crust is on
average 49 £16 km thick. It is thicker on the far side and thinner
on the near side, which causes the centre of mass to be shifted
relative to the geometric centre of the Moon. The mantle is over
1,350 km thick and is the source of deep moonquakes. The up-
per mantle is rich in pyroxenes, while the lower part of the
Moon’s mantle may be partially molten and consists of Mg-rich
olivines forming cumulates, probably the first product of crystal-
lization of the magma ocean. Geophysical data indicate that the
core is composed of a small solid inner core and a liquid outer
core with a radius of 330 km (Taylor and McLennan, 2010;
Jaumann et al., 2012).

The Moon’s crust is a single plate that has been subjected
to only slight internal stress. The lunar highlands are a unique
example in the solar system of a body covered with a primordial
crust formed by anorthosites crystallizing from a magma ocean
(Taylor and McLennan, 2010). The Moon’s crust and underlying
mantle are divided into distinct terranes, even though its evolu-
tion was not affected by plate tectonics. Terranes have been
distinguished based on their unique geochemical, geophysical
and geological properties. The greater concentration of radio-
active elements in the Procellarum KREEP Terrane (PKT) on
the near side of the Moon, which produce heat in nuclear trans-
formation processes, led to the near side of the Moon being
more volcanically active than the far side. Within the PKT there
are basalts with increased Th content in the range of 3—12 ppm.
This terrane includes the Oceanus Procellarum (Ocean of
Storms) and the Mare Imbrium (Sea of Rains). The largest lunar
terrane is the Feldspathic Highlands Terrane (FHT), covering
~60% of the Moon’s surface. The main rocks in this terrane are
iron-enriched anorthosites. The third major terrane is the oldest
and largest of all lunar basins, the South Pole-Aitken (SPA). In
addition to these three large terranes, a fourth terrane has been
described, the Eastern Basin Terrane (EBT; Jaumann at al.,
2012).

The lunar crust is composed of four main rock types
(anorthosites, basalts, regolith) in terms of geochemical diver-
sity and the results of mechanical destruction and mixing of

mineral components. About 99% of the Moon’s surface is made
up of rocks older than 3 Ga and over 80% of the rocks are older
than 4 Ga (Taylor and McLennan, 2010).

Four main processes are involved in the formation of the
Moon’s surface: collisions with space objects (impacts), volca-
nism, tectonics, and space weathering caused by the impact of
solar wind particles, as well as UV and X-ray radiation on rock
surfaces (Melosh, 2011; Jaumann et al., 2012; Kallio et al.,
2019). During the oldest eon in the history of the Moon
(Eolunarian; >4.3 Ga), endogenic processes, including solidifi-
cation of the magma ocean, were dominant. Anorthosites,
KREEP rocks and magnesium facies rocks crystallized at that
time. During the second, younger eon (Paleolunarian;
4.3-3.16 Ga) endogenic processes (mainly magmatism —
plutonism — crystallization of residual magma and volcanism —
basalt eruptions that filled the lunar maria) and exogenic pro-
cesses (impacts with variously sized meteoroids and asteroids)
were of similar importance. As the Moon’s interior cooled, the
scale of endogenic processes decreased significantly (rare ba-
saltic lava flows), which meant that exogenic processes played
an increasingly important role in shaping the surface, resulting
in the formation of craters and sediment covers created by the
material ejected from them. This period covers the third, youn-
gest eon (Neolunarian), which lasts from 3.16 Ga to the present
(Greeley and Batson, 1999; Ji et al., 2022).

The first rock types that make up the Moon’s crust are the
rocks that make up the highlands. These are iron-rich
anorthosites, which constitute 80% of the crust of the lunar
highlands. The age of their crystallization from the magma
ocean is estimated at 4.460 £0.400 Ga (Greeley and Batson,
1999; Taylor and McLennan, 2010; Jaumann et al., 2012).
KREEP rocks also occur within the primitive crust. These were
formed as a result of crystallization of the residual melt, which
constitutes ~2% of the original magma. This residual melt con-
tained a particularly large amount of incompatible trace ele-
ments, which is why these rocks are highly enriched in REEs —
by a factor of a thousand relative to Cl-type carbonaceous
chondrites, and are also enriched in potassium and phospho-
rus, as well as in uranium and thorium. The KREEP rocks were
the last product of crystallization of the magma ocean. Their
age is estimated at ~4.36 Ga (4.35—4.39 Ga; Borg et al., 2015).
These rocks do not form a continuous layer; they occur almost
exclusively on the near side of the Moon in the form of lenses
and pods (Greeley and Batson, 1999; Taylor and McLennan,
2010; Jaumann et al., 2012). The last formation of igneous
abyssal rocks comprises the rocks of the magnesium facies
(Mg-suite rocks). These rocks constitute a maximum of ~10%
of the volume of the Moon'’s crust, and appear on the near side.
They are spatially associated with the KREEP rocks and are
probably the product of crystallization of magma which was a
mixture of KREEP magma with other, more primitive magma.
These include troctolites, spinel troctolites, norites, gabbrono-
rites and dunites. Their age is 4.44-4.20 Ga (Greeley and
Batson, 1999; Taylor and McLennan, 2010; Jaumann et al,,
2012). The latest research results suggest that their age is
4.33 +0.02 Ga (Zhang et al., 2021).

The second type of rocks that make up the younger, sec-
ondary crust of the Moon are basaltic volcanic rocks enriched in
FeO and TiO, and depleted in Al,O3, which form the lunar maria
regions. The maria cover ~17% (Jaumann et al., 2012) of the
Moon’s surface and are mostly located on the near side. The
thickness of the basalt cover varies from several hundred
metres to 4 km in the centers of circular ‘seas’, e.g. Mare
Imbrium. Typically, the basalt cover is thinner than 500 m. Lu-
nar mare basalts originate from independent eruptions from dif-
ferent sources at different depths and flood (fill) the nearest ac-
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cessible depressions. The source of magmas are local zones in
the lunar mantle unrelated to surface structures. The absence
of basalt maria in the Moon’s far side is due to the greater thick-
ness of the crust. Most lunar basalts are the product of partial
melting of a non-tholeiitic, anhydrous basalt source region lo-
cated at various depths (of the order of 200400 km) at temper-
atures of ~1200°C (Taylor and McLennan, 2010). The melting
was probably caused by local concentrations of radioactive iso-
topes of U, Th, and “°K. Diffuse sources of basaltic magmas
cause their considerable diversity in chemical and mineral com-
position. We currently are able to distinguish around 25 types of
lunar basalt. This is due to fractional crystallization near the sur-
face, but is also undoubtedly the effect of local variations in the
chemical composition of the mantle. The age of the oldest bas-
alts is estimated at 4.3—-3.9 Ga, while the youngest, rare basalts
are only 1 Ga. Compared to terrestrial basalts, the lunar basalts
are depleted in SiO; (containing 37—45%), but are enriched in
FeO (containing 18-22%); they are also enriched in Ti, Cr, and
the K/U ratio in them is 2500, more than 4 times less than in ter-
restrial basalts (10,000-12,500; Greeley and Batson, 1999;
Taylor and McLennan, 2010; Jaumann et al., 2012).

The next two types of rocks are associated with exogenic
processes at the lunar surface. These include the third type of
lunar crustal rocks, which are clastic breccias formed as a result
of one or more meteoroid and asteroid impacts on the lunar sur-
face. They form a mixture of different rock types. The Moon ex-
perienced its strongest bombardment between the collisions of
Nectaris (3.92 Ga) and Imbrium (3.85 Ga) — during the Nectar-
ian Period (Taylor and McLennan, 2010).

The surface of the lunar crust is formed by a fourth type of
lunar crust rock — an unconsolidated layer of fine-grained rubble
called regolith, which contains crystalline fragments of rocks
and minerals bonded together by glass produced during
micrometeorite impacts (regolith breccias). The outermost, sur-
face part of the regolith with the finest grains is called lunar soil
(Jaumann et al., 2012). The thickness of the regolith is in the
range of 2—14 m, although there are local accumulations in
which the regolith layer exceeds 14 m in thickness (Jin et al.,
2010; Papike et al., 1982). On the Moon’s near side, the thick-
ness of the regolith is <10 m, while on the far side it locally
reaches >10 m (Carrier et al., 1991; Jin et al., 2010). The aver-
age diameter of regolith particles ranges from ~60 to ~80 um
(Melosh, 2011; Jaumann et al., 2012), while the median diame-
ter of regolith particles ranges from 40 to 130 uym with a mean of
70 ym (Carrier et al., 1991). The composition of the regolith is
dominated by mineral fragments, clasts of unaltered crystalline
rock, fragments of breccia, glass, and agglutinates — fragments
of rocks and minerals stuck together with glass. There is also
meteoritic material, which may constitute up to 2% of the vol-
ume of the regolith (Melosh, 2011; Jaumann et al., 2012). Atthe
surface, the density of the regolith is 1,400 kg/m3, but at a depth
of 1 m it increases to 2,000 kg/m* (Melosh, 2011; Jaumann et
al., 2012), and according to the latest measurements at the
Chang’e 3 landing site, the bulk density increases from
850 kg/m® at the surface to 2,250 kg/m® at a depth of 5 m (Fa,
2020). The composition of the regolith is dominated by local
material, although ~10% of the regolith consists of particles
(ejecta) transported from great distances by powerful collisions
of asteroids and meteoroids with the lunar surface (Melosh,
2011; Jaumann et al., 2012; Kallio et al., 2019). Regolith is esti-
mated to be accumulating on the lunar surface at a rate of ~1.5
mm per 1 Myr (Taylor and McLennan, 2010). A cross-section
through the lunar regolith is shown in Figure 1. The current
summary of the physico-chemical, mineralogical, petrological
and genetic characteristics of the regolith can be found in the
review of Qin et al. (2025).

This development of the Moon’s geological structure re-
quires looking for potential deposits of mineral resources in the
surface layer, the regolith. This layer is composed of rocks that
have experienced and continue to experience the greatest geo-
chemical and geophysical changes. Due to this, minerals and
chemical elements can be “sorted” in them, ultimately creating
accumulations that can be treated as their deposits. Regolith is
undoubtedly the most promising source of diverse natural re-
sources, especially in comparison to the mostly very old igne-
ous rocks that make up the Moon’s crust, which have not been
subject to intense alteration by geochemical (and physical) pro-
cesses after their formation.

RESOURCES OF THE MOON AND THEIR
POTENTIAL DEPOSITS

The Moon’s crust represents a type of the primordial plane-
tary crust formed on the first planets in the young Solar System.
This crust was only slightly subject to the processes of geo-
chemical differentiation (Taylor and McLennan, 2010; Jaumann
etal., 2012). As a result, the Moon may appear to be poor in de-
posits of various natural resources. The formation of accumula-
tions (deposits) of raw materials is usually associated with
chemical reactions and with processes in which elements are
selected with respect to their density, volatility, melting and
crystallization temperature, atomic mass, ionic radius, electrons
structure, electron affinity, ionization energy and other
physicochemical properties (Gruszczyk, 1984; Smirnow, 1986;
Polanski, 1988; Migaszewski and Gatuszka, 2007). However,
the surface of the Moon'’s crust has been subject to certain geo-
chemical and geophysical processes over the past billion years.
It has been transformed by exogenic processes, mainly impact
metamorphism caused by the fall of asteroids, meteoroids,
micrometeoroids and interplanetary dust particles onto the sur-
face. The surface materials constituting the lunar regolith have
also been subjected to space weathering processes, i.e. the im-
pact of cosmic radiation and solar wind particles (Johnson et al.,
1999; McLennan, 2010; Melosh, 2011; Jaumann et al., 2012;
He et al., 2023). Although these processes were only able to
transform the lunar regolith to a small extent, even their non-in-
tensive but long-term action led to the concentration of useful
natural resources, which we can call deposits (Johnson et al.,
1999; McLennan, 2010; Melosh, 2011; Jaumann et al., 2012;
He et al., 2023). Therefore, we consider that that the regolith is
the most important rock layer of the Moon, and that it contains
perspective deposits of various raw materials (Fig. 1). Addition-
ally, this layer is strongly crushed (or even ground) and frag-
mented, which further facilitates the extraction of individual raw
materials from it. Therefore, as with asteroids (Luszczek and
Przylibski, 2019, 2021), the regolith should be treated as a layer
containing the most accessible deposits of raw materials. Raw
materials from lunar regolith are the easiest to extract and ex-
ploit due to the lowest possible energy consumption of the pro-
cesses of mining the already fragmented rock, as well as its sig-
nificant enrichment in the desired raw material. Due to this, the
exploitation of regolith deposits will be the least technically and
technologically complicated, as well as the cheapest (Luszczek
and Przylibski, 2019, 2021; Przylibski et al., 2022).

Of all the raw materials present on the Moon, the most fun-
damental are undoubtedly the ones necessary to sustain life.
This applies especially to the raw materials necessary to supply
permanent human bases on the Moon. Initially, these will be
scientific bases, for example those designed in the Artemis pro-
gram currently implemented by the National Aeronautics and
Space Administration (NASA), and over time probably industrial
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Fig. 1. Cross-section through the lunar regolith (figure by J. Przylibska, based on Jaumann et al., 2012)

bases as well. In addition, as in terrestrial conditions, fuel re-
sources will be very important, to be used for rocket propulsion,
as well as for the propulsion of devices, machines and robots
working on the Moon, and as energy resources. The next group
of raw materials that will always be needed are metals, as well
as constructional raw materials (aggregates, rock raw materi-
als, regolith, etc.). Finally, chemical raw materials will be
needed for the chemical and materials industry (materials engi-
neering).

THE AVERAGE CONTENT OF ELEMENTS IN LUNAR ROCKS

There is currently relatively good knowledge of the chemical
element content of individual lunar rocks. In addition to studies
of samples brought back by space missions, this knowledge is
continually being expanded by studies of the chemical composi-
tion of lunar meteorites (Przylibski et al., 2023). Unlike samples
brought back by lunar missions, samples delivered by meteor-
ites can come from deeper as well as surface layers of the
Moon.

Table 1 shows the average content of selected chemical el-
ements in lunar rocks based on the results of chemical analyses
of the composition of lunar meteorites. The elements character-
ized may be important in the context of their future extraction for
use on the Moon (independent of the costly transport of raw ma-
terials from Earth). Full characterization of lunar rocks based on

chemical analyses of meteorites is available in the Appendix 1
(Tables A1-A3). The data provided allow us to conclude that
the average zinc and rhenium content is higher in anorthosites,
while basalts and gabbros are significantly more enriched in
scandium, titanium, vanadium, chromium, manganese, iron,
germanium, REE, zirconium, niobium, hafnium, tantalum, tho-
rium and uranium. This is due, among other things, to the main
minerals composing these rocks: in the case of anorthosites,
these are mainly plagioclases, to a lesser extent pyroxenes and
olivines, while in the case of basalts, these are mainly pyrox-
enes and plagioclases, to a lesser extent olivines, ilmenite
(FeTiO3), and in small amounts also ulvospinel (Fe,TiO,).
Moreover, chlorapatite (Cas(PO,);Cl) and zircon (ZrSiO,) are
also present in the KREEP basalts (Papike et al., 1991; Rubin,
1997; Rubin and Ma, 2017). The Appendix 1 (Table A4) also in-
dicates the occurrence of minerals in the most important Moon
rocks that contain important raw materials and can be consid-
ered ore-forming.

LIFE-SUSTAINING RAW MATERIALS — WATER AND OXYGEN

Among the raw materials that support the lives of humans,
animals and plants, the most important is undoubtedly water,
from which oxygen can also be obtained. Currently, it is widely
believed that in the vicinity of the Moon’s poles, in areas where
sunlight does not reach (i.e. in permanently shadowed regions
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Table 1

Characteristics of the most important lunar rocks in terms of the contents of selected chemical
elements based on chemical analyses of rocks obtained from lunar meteorites
(our results based on Koblitz, 2010)

Anorthosite Basalt Gabbro
Element | Unit
n | Arith. mean Range n | Arith. mean Range n | Arith. mean Range
Al % | 82 14.707 11.02-18.50 | 12 6.846 4.287-8.700 | 7 6.038 5.27-7.11
Si % | 57 20.896 20.10-21.72 | 9 21.822 20.52-22.80 | 6 20.963 18.70-22.00
P % | 15 0.032 0.009-0.135 | 2 0.037 0.35-0.39 2 0.075 0.022-0.127
S % 2 0.300 0.19-0.41 0 - - 2 0.335 0.190-0.480
K % | 89 0.031 0.010-0.199 | 11 0.056 0.017-0.116 | 9 0.043 0.020-0.108
Sc ppm | 100 9.24 4.02-21.24 | 39 47.79 27.20-61.70 | 16 91.36 24.40-112.60
Ti % | 74 0.142 0.018-0.500 | 11 0.991 0.390-2.313 | 6 1.598 0.911-3.433
\ ppm | 57 25.20 5.60-55.30 | 13 112.53 80.00-135.00 | 4 76.25 53.00-92.00
Cr % | 99 0.070 0.038-0.140 | 37 0.202 0.068-0.424 | 13 0.196 0.075-0.507
Mn % | 81 0.052 0.023-0.109 | 11 0.174 0.077-0.232 | 7 0.237 0.139-0.283
Fe % 99 3.655 2.20-7.53 12 13.67 10.900-17.640 | 9 17.182 14.200-19.300
Co % | 101 0.002 0.001-0.009 | 33 0.004 0.003-0.005 | 16 0.003 0.002-0.008
Ni % | 101 0.016 0.005-0.037 | 16 0.013 0.002-0.034 | 9 0.005 0.001-0.020
Zn ppm | 39 25.50 4.84-361.00 | 7 10.03 2.20-30.50 7 5.29 1.35-17.00
Ge ppm | 10 0.48 0.20-0.78 5 0.15 0.03-0.24 2 3.05 2.20-3.90
Y ppm | 13 8.57 4.60-12.80 | 9 40.90 26.40-73.16 | 1 22.30 22.30
Zr ppm | 80 37.83 15.40-354.00 | 37 146.82 60.00-260.00 | 9 107.67 45.00-190.00
Nb ppm | 8 2.29 1.00-3.60 9 8.56 5.00-15.26 0 - -
Ru ppm | 1 0.93 0.93 1 0.001 0.001 0 - -
Rh ppm | - - - 0 - - 0 - -
Pd ppb | — - - 1 3.90 3.90 0 - -
La ppm | 110 2.45 0.65-21.83 | 39 9.85 4.69-15.30 |18 3.87 1.44-8.50
Ce ppm | 104 6.11 1.31-54.10 | 39 26.25 12.28-39.60 | 17 11.08 4.22-22.40
Pr ppb | 10 0.73 0.22-1.21 5 3.56 1.82-5.14 0 - -
Nd ppm | 99 3.63 0.83-29.50 | 39 16.54 8.10-28.00 | 10 9.49 3.97-12.30
Sm ppm | 109 1.1 0.24-9.55 39 5.42 2.38-8.89 17 3.27 1.46-4.75
Eu ppm | 109 0.83 0.64-1.55 39 1.04 0.66-1.41 17 1.00 0.34-1.37
Gd ppm | 34 1.44 0.30-10.50 | 10 5.25 2.88-10.18 5 4.47 2.35-5.90
Tb ppm | 96 0.24 0.05-1.94 |39 1.23 0.52-2.03 16 0.90 0.72-1.23
Dy ppm | 78 1.56 0.35-13.28 | 15 5.30 3.15-11.80 8 5.83 3.06-7.50
Ho ppm | 57 0.36 0.08-2.67 | 10 1.20 0.66-2.43 5 1.41 1.10-1.70
Er ppm | 17 0.93 0.23-1.53 8 3.69 1.87-6.73 1 2.17 217
Tm ppm | 23 0.19 0.03-1.41 6 0.45 0.23-0.90 3 0.63 0.42-0.77
Yb ppm | 106 0.95 0.21-7.50 39 4.46 1.92-7.40 17 3.75 2.28-5.08
Lu ppm | 105 0.14 0.03-1.02 |39 0.63 0.28-1.03 17 0.56 0.36-0.82
Hf ppm | 100 0.84 0.17-7.15 39 3.90 1.70-6.42 16 2.62 2.06-3.35
Ta ppm | 82 0.12 0.04-0.99 |39 0.52 0.19-0.80 16 0.36 0.22-0.50
Re ppb | 12 7.49 0.45-44.00 | 5 0.28 0.01-0.61 1 0.02 0.02
Os ppb | 13 98.47 0.01-560.00 | 5 3.62 0.00009-9.30 | 1 380.00 380.00
Ir ppb | 93 17.62 2.90-510.00 | 11 5.74 0.10-12.00 6 61.22 0.30-310.00
Pt ppm | — - - 1 0.01 0.01 0 - -
Th ppm | 97 0.38 0.06—-4.28 39 1.44 0.51-2.39 16 0.56 0.31-1.31
u ppm | 92 0.12 0.03-1.18 |38 0.38 0.17-0.67 10 0.14 0.09-0.28
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(PSRs)), there is water in the form of H,O ice at the bottoms of
some craters (Anand et al., 2012; Casanova et al., 2020). The
water ice content in these areas can be as high as 2% (Hayne et
al., 2015). Water ice may also occur elsewhere on the Moon in
regolith layers, where H,O and OH™ molecules are produced by
solar wind protons interacting with the oxygen-rich surfaces of
fragmented rock grains produced by micrometeorite impacts on
the lunar regolith (Jaumann et al., 2012). Studies of lunar soil
samples brought back by the Chinese Chang’e 5 mission have
shown that the solidified impact glass droplets contained in the
regolith contain significant amounts of water molecules. It is
currently estimated that 2.7 x 10" kg of water may be stored in
the surface layer of regolith in solidified droplets of impact glass
(He etal., 2023). Studies carried out on the basis of in-situ spec-
tral observations, as well as further work on the results obtained
within the Chang’e 5 mission, show an average content of
hydroxyl groups in this area at the level of 28.5 ppm (Liu et al.,
2022) up to 170 ppm of water (Zhou et al., 2022). Experimental
work is also being carried out using lunar regolith simulants to
chemically reduce the regolith in order to obtain oxygen, metals,
and water from it (Schwandt et al., 2012; Lomax et al., 2020;
Sargeant et al., 2021). However, most of the processes in-
volved in obtaining oxygen from lunar rocks are highly en-
ergy-consuming (Taylor and Carrier, 1993; Crawford, 2015).
Additionally, a side effect of obtaining oxygen in the process of
reducing regolith, or more precisely ilmenite, may be the extrac-
tion of metallic iron (Schliiter and Cowley, 2020) and titanium.
Rutile (TiO,) can also be a source of Ti, from which oxygen can
also be recovered (Crawford et al., 2023). There is also evi-
dence from interpretations of orbital neutron spectroscopy
(Sinitsyn, 2014) and Stratospheric Observatory for Infrared As-
tronomy (SOFIA) data (Honniball et al., 2020) that hydrogen
concentrations may exceed 100 ppm in some areas of the high-
lands — twice the amount measured in samples taken by probes
(Crawford, 2015; Crawford et al., 2023).

FUELS AND ENERGY RESOURCES

In the absence of fossil fuels on the Moon, solar cells and
nuclear energy are likely to play the most significant roles in the
production of thermal and electrical energy.

For over 30 years, a prospective lunar resource has been
the isotope of the noble gas helium — *He. This isotope is con-
sidered a flagship mineral resource, with its extraction antici-
pated to take place from lunar regolith. *He is an exceptionally
efficient and clean nuclear fuel that can be utilized in nuclear fu-
sion reactions (D-*He) as a substitute for tritium. However, this
technology is still far from industrial implementation. The pros-
pect of extracting *He from lunar regolith, discussed since the
1980s (NASA, 1988), still remains a distant possibility, espe-
cially when compared to other mineral resources noted. Fur-
thermore, the development of nuclear fusion-based energy sys-
tems on Earth remains a similarly remote prospect. The *He
isotope, being a component of the solar wind, can be implanted
into mineral crystals that constitute the surface layer of the
regolith. Consequently, the highest concentrations of *He are
associated with areas where the solar wind flux is strongest and
where the regolith is mature. The maturity of regolith refers to its
prolonged exposure to cosmic radiation, which, among other ef-
fects, leads to a decrease in its reflectivity. Helium-3 is most effi-
ciently accumulated in ilmenite (FeTiOgs) crystals. Thus, its rich-
est deposits are associated with accumulations of this mineral
within the regolith. Such regions include the maria on the
Moon’s near side, which are rich in titanium (ilmenite), particu-
larly the Procellarum KREEP Terrane. In this area, the concen-
tration of °He in the regolith is estimated to reach up to 20 ppb
(by mass; Johnson et al., 1999) or even higher, up to 24 ppb (Fa
and Jin, 2007; Kim et al., 2019). The total reserves of *He are
estimated at ~6.6 x 10° kg, with the majority (3.7 x 10° kg) lo-

cated on the near side of the Moon, while the remaining 2.9 x
10® kg are found on the far side (Fa and Jin, 2007, 2010). Ac-
cording to data presented by Crawford (2015), Crawford et al.
(2023), the average concentration of helium-3 in the regolith is
~4 ppb.

One of the proposed methods for extracting *He from ilmen-
ite in lunar regolith involves rapidly heating ilmenite crystals to a
temperature of 1000 K, at which ~75% of the accumulated he-
lium-3 is released from the crystal structure within 1 second
(Song et al., 2021).

In addition to *He accumulations in regolith ilmenite, a fuel
source for modern nuclear power plants based on nuclear fis-
sion is uranium (***U). Elevated concentrations of uranium are
associated with KREEP rocks, which are also enriched in tho-
rium (Yamashita et al., 2010; Li et al., 2022a), likely due to the
increased presence of phosphates and zircon crystals in these
lunar rocks.

The production of H, and O, as rocket fuel is also critical,
along with the extraction of elements essential for metallurgical
and chemical processes (Anand et al., 2012; Schwandt et al.,
2012; Bennett et al., 2020; Lomax et al., 2020; Casanova et al.,
2020; Schltter and Cowley, 2020; Rasera et al., 2020; Reiss et
al., 2020). Hydrogen is significant not only as rocket fuel but
also as a reducing agent in certain reactions for extracting oxy-
gen and metals from their oxides (Crawford, 2015). The issue of
hydrogen and oxygen availability on the Moon is discussed in
the section on life-supporting resources.

METALS

Metals are essential for the production of machinery, equip-
ment, and structural components for lunar buildings, vehicles,
and rockets. They will also be used to manufacture various ma-
chines and devices that enable human habitation, research,
and exploration of the Moon, as well as the preparation and ex-
ecution of space missions to more distant celestial bodies in the
Solar System (e.g., Mars) or beyond its boundaries.

From the perspective of potential mining activities on the
Moon, accumulations of resources such as ilmenite (FeTiOs)
appear particularly intriguing. llmenite, along with plagioclases
(mainly anorthite), pyroxenes, and olivines, is among the most
abundant minerals in lunar rocks (Rubin and Ma, 2017; Rasera
etal., 2020). Compared to asteroids (Ti <0.07% by weight), the
Moon is significantly richer in titanium (5-8% by weight;
lithophilic; Crawford, 2015) and may represent the best source
of this metal beyond Earth. limenite is an ore mineral for both ti-
tanium and iron, and it can constitute >25% by volume of tita-
nium-rich basalts (Papike et al., 1998, as cited in Crawford,
2015). Other minerals found in lunar rocks can also serve as
sources of metals. Of particular interest is zircon, a component
of KREEP rocks, which is a potential source of zirconium, haf-
nium, and rare earth elements (REEs), as well as chromite
(FeCr,04), which provides chromium and iron.

Additionally, lunar rocks have been found to contain miner-
als such as armalcolite [(Mg,Fe)Ti,Os], rutile (TiO,), zirconolite
[(Ca,Fe)][(Zr,REE)][(Ti,Nb),O], chalcopyrite (CuFeSy,),
cubanite (CuFe,S3), pentlandite [(Ni,Fe)sSg], and sphalerite
(Zn8S), although these minerals occur very rarely (Papike et al.,
1991; Rubin, 1997; Rubin and Ma, 2017).

Plagioclases (anorthite) in anorthosites are significantly en-
riched in europium (Taylor and MclLennan, 2010). The total
REE content in the rocks of the Procellarum KREEP Terrane
(PKT) is estimated to be ~1200 ppm (0.12 wt.%), with individual
element concentrations varying widely from 3-5 ppm for euro-
pium or lutetium to 300 ppm for yttrium or cerium (Crawford,
2015).

Iron remains the primary metal used in the global economy.
On the Moon, this metal, present in silicate forms (pyroxenes
and olivines) and as an oxide (FeO), is abundant in all basalts,
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particularly in KREEP rocks (Yamashita et al., 2010; Li et al.,
2022a). The content of metallic iron in the regolith is ~0.5% by
weight (Morris, 1980). This iron originates from three sources:
meteoritic iron, iron released from disaggregated bedrock, and
iron produced during the reduction of iron oxides in the regolith
by solar wind-derived hydrogen (nano-phase Fe; Morris, 1980;
see Crawford, 2015). The latter form of iron, due to its small size
and occurrence within agglutinates, is challenging to extract.
The remaining two forms of metallic iron constitute for
0.34 £0.11 wt.% (Morris, 1980; see Crawford, 2015).

Assuming that ~2% of the regolith’s volume consists of me-
teoritic material (Melosh, 2011; Jaumann et al., 2012), a signifi-
cant portion of this material comprises of FeNi(Co) grains. For
iron meteorites, this composition is nearly 100%, whereas for
some carbonaceous chondrites, it is practically 0%. Assuming
an average weight percentage of FeNi grains (in the form of
kamacite, taenite, and, to a lesser extent, tetrataenite) in mete-
oritic material at ~80% (a mass ratio analogous to Earth’s), and
an average density of meteoritic regolith of 3.5 g/cm?®, it is esti-
mated that ~3.64% of the regolith’s mass consists of grains
composed of Fe, Ni, and, to a lesser extent, Co, with minor in-
clusions of other metals. Thus, lunar regolith already consti-
tutes a pre-fragmented polymetallic ore of iron, nickel, and co-
balt.

Recently, the presence of hematite has also been identified
on the Moon. This mineral (Fe,O3), which contains oxidized iron
—Fe®* —can form under the highly reducing conditions of the lu-
nar surface due to the delivery of oxygen from the upper layers
of Earth’s atmosphere, facilitated by the influence of Earth’s
magnetic field. Hematite has been detected at high lunar lati-
tudes and is more prevalent on the near side than on the far
side (Li et al., 2020). On Earth, hematite is a widely exploited
iron ore, however, the occurrence and potential accumulations
(reserves) of hematite on the Moon undoubtedly require further
investigation.

Another potentially important metal is aluminum, whose
content in the regolith of the lunar highlands typically ranges
from 10-18 wt.% (Keszthelyi, 2022). However, extracting alu-
minum will require breaking down the structure of plagioclase-
anorthite (Ca[Al,Si;Og]). Processes for recovering aluminum
from this aluminosilicate are being developed, but most of these
methods are highly energy-consuming (Taylor and Carrier,
1993; Duke et al., 2006; Landis, 2007; Schwandt et al., 2012).

Silicon constitutes 20% by weight of lunar rocks (Kayama et
al., 2018; see also Table 1). It is essential for applications such
as the production of systems that convert solar radiation into
energy. Proposed methods for extracting this element are simi-
lar to those for aluminum (Taylor and Carrier, 1993; Duke et al.,
2006; Landis, 2007; Schwandt et al., 2012). A significant chal-
lenge will likely be meeting the purity standards required for
semiconductors, which silicon produced on the Moon will need
to satisfy (Crawford, 2015; Crawford et al., 2023).

ROCK RESOURCES, CONSTRUCTION MATERIALS
AND AGGREGATES

Rock materials, building resources, and aggregates will
likely be useful for constructing lunar bases and human settle-
ments, as well as associated industrial facilities, including for
agriculture and mining.

To enable future extraction and processing of lunar re-
source deposits, suitable exploitation and processing technolo-
gies are already being developed (Just et al., 2020; Rasera et
al,, 2020; Reiss et al., 2020; Zwierzynski et al., 2021;
Wasilewski, 2021; Li et al., 2022b). Additionally, consideration
is being given to technologies and techniques for processing

(e.g., sintering) and utilizing lunar regolith as a construction ma-
terial or as a feedstock for 3D printing (Lim and Anand, 2019;
Grossman et al., 2019). Understanding the physical properties
and chemical composition of regolith is currently of great impor-
tance for the development of lunar mining, geotechnical engi-
neering, and construction (\Wasilewski et al., 2021; Wisniewski
etal., 2022). Given these applications of regolith, there is an ur-
gent need to produce simulants (analogues) of lunar regolith
(Pitcher et al., 2016; Dominguez and Whitlow, 2019). These
simulants are essential for testing equipment intended for lunar
missions, particularly rovers and devices designed for soil
(regolith) sampling.

Rock material remaining as waste after the recovery of met-
als (Fe, Ni, Co, Ti, Cr, Al, Zr, Hf, Eu, and other REESs), fuels (H,
O,, 3He), water (H,O molecules and OH" ions), and other re-
sources could be utilized as aggregate or other construction
materials. The waste material (gangue) remaining after the ex-
traction of resources from regolith will still possess thermal insu-
lation properties, making it suitable for covering lunar structures
such as habitations, laboratories, agricultural facilities, and in-
dustrial buildings. Moreover, layers of such post-regolith waste
would effectively shield against cosmic radiation and solar wind
particles while also providing protection from impacts by
micrometeorites and small meteorites. Additionally, rock frag-
ments present on the lunar surface and in outcrops could serve
as a source of rock materials essential for construction pur-
poses.

CHEMICAL RESOURCES

KREEP rocks are enriched in potassium and phosphorus
(Yamashita et al., 2010; Li et al., 2022a), which are important
resources for the chemical industry. In these rocks, chlorine and
phosphorus are sourced from chlorapatite Cas(PO,)sCl (Papike
etal., 1991; Rubin, 1997; Rubin and Ma, 2017). Another signifi-
cant element for chemical industry needs is sulphur, with lunar
rocks containing 715 £216 ppm (Fegley and Swindle, 1993). On
the Moon, sulphur occurs in combination with iron as a simple
sulphide — troilite (FeS). The source of troilite in lunar regolith is
meteoritic material (Papike et al., 1991; Rubin, 1997; Rubin and
Ma, 2017).

DISCUSSION

The extraction of resources on the Moon for lunar missions
and bases is crucial for their success and sustained operation,
especially when considering the high costs of transporting and
safely landing supplies from Earth. For example, DHL, in part-
nership with Astrobotic, currently offers such a service at a cost
of $1.2 million per kilogram
(https://www.astrobotic.com/dhl-and-airbus-de-
fence-and-space-support-astrobotic-to-develop-lunar-deliv-
ery-service/, accessed: March 22, 2024). While transportation
costs are expected to decrease as demand for shipping goods
between Earth and the Moon grows, they are unlikely to fall to a
level that would make transporting essential materials cheaper
than developing and implementing technologies to utilize locally
available resources. This is particularly true for readily accessi-
ble resources that occur in high concentrations (with substantial
reserves). In the context of the Moon’s resource availability,
practically every rock and mineral becomes a potential source
of raw materials. A prime example of this is lunar regolith and its
constituent minerals, from which water can be extracted some-
thing that would not even be considered in the case of terrestrial
regolith, such as weathered rock. Similarly, the potential exists
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to supply metals, fuels, energy carriers, as well as chemical and
construction materials. Transporting these resources from
Earth is, and will likely long remain, if not indefinitely, economi-
cally unviable.

The loose regolith layer is practically the only environment on
the Moon where significant geochemical processes occur, lead-
ing to the formation of accumulations deposits of various mineral
resources. And, at least on the lunar surface, there are no traces
of magmatic, metamorphic, hydrothermal or tectonic activity of
the lunar interior that could be responsible for processes leading
to variations in the chemical composition of the inner layers of the
Moon, which could lead to deposit formation. Due to the continu-
ous overturning (“gardening”) and mixing of regolith caused by
meteorite impacts on the lunar surface, it is assumed that
volatiles implanted by the solar wind are present not only on the
surface of the regolith layer but also at deeper levels (Crawford,
2015). Analyses of cores collected during the Apollo missions
have confirmed that the concentrations of these elements and
chemical substances remain approximately constant within the
near-surface regolith layer, which is 2-3 m thick (Fegley and
Swindle, 1993, as cited in Crawford, 2015).

As demonstrated by the characteristics of occurrence and
the proposed methods for extracting various mineral resources
from regolith deposits, the most cost-effective technologies and
techniques for both exploitation and processing should, and
likely will, incorporate the simultaneous recovery of multiple re-
sources. Different resources present in regolith deposits are ex-
pected to be extracted within a single technological workflow,
employing several processes to recover multiple resources si-
multaneously. Examples of such resources include water,
which can be utilized to produce both water itself and rocket fu-
els in the form of H, and O,. The exploitation and processing of
ilmenite could yield *He, implanted into its structure by the solar
wind, as well as titanium (and potentially iron), which form part
of ilmenite’s composition and are valuable metallic resources.
Additionally, oxygen, essential for respiration and chemical pro-
cesses, can be derived from the same operation. Sulphur ex-
traction could be combined with the recovery of other volatile el-
ements. Furthermore, after specific mineral resources are ex-
tracted from the regolith deposit, the remaining “waste” will con-
sist of regolith depleted in the exploited resources, effectively a
gangue composed primarily of silicate minerals, silicate rock
fragments, and glass. This residual material will remain a valu-
able resource, suitable for use as an insulating material, con-
struction aggregate, or as raw material for 3D printing. This ap-
proach enables the design of regolith exploitation as an almost
zero-waste process. Therefore, there is no doubt that regolith
deposits should be regarded as multi-resource deposits.

The discussion clearly demonstrates that multi-resource
regolith deposits should be sought in regions where the regolith
layer is the thickest. Additionally, regolith accumulations en-
riched in components derived from cosmic erosion and space
weathering of KREEP rocks will contain the highest concentra-
tions of useful mineral constituents. This indicates that the near
side of the Moon, particularly the basaltic mare regions, holds
the greatest potential for a diverse range of resources. In the lu-
nar highlands, significant accumulations are formed by
feldspathic resources (anorthite), from which Al, Si, O, and Eu
can be extracted. The oxygen content in anorthositic highland
rocks exceeds 40% by weight, meaning that a regolith layer
5-20 m thick, with a density of ~2,000 kg/m®, contains 4—16
metric tons of oxygen per square metre of surface area
(Keszthelyi, 2022). However, the processes for extracting these
components from silicate minerals are extremely energy-con-
suming and, therefore, very costly. The recovery of these re-
sources will likely require the development of new methods for
their exploitation and processing.

The available sources of the most important resources on
the Moon are summarized in Table 2. The average content of
selected resources in the regolith was calculated based on
chemical analyses of lunar meteorites (anorthosites and bas-
alts), chemical analyses of basalts collected during the Apollo
missions (categorized by titanium content), and the average
chemical composition of meteorites found within the regolith.
Based on these calculations, it was assumed that anorthosites
account for 88.91% of the mass (with an assumed density of
1.5 g/lem® and an average thickness of 12.5 m), basalts make
up 6.54% of the mass (46% low-Ti basalts, 29% medium-Ti
basalts, and 24% high-Ti basalts; assumed density of 1.5 g/cm®
and average thickness of 4.5 m), and meteoritic regolith mate-
rial constitutes 4.55% of the mass (assumed to represent 2% of
the total regolith volume, with a density of 3.5 g/cm3 and an av-
erage chemical composition based on the terrestrial mass dis-
tribution of meteorite types).

To calculate the total mass of the lunar regolith, the Moon’s
radius R was assumed to be 1,737 km. Using the formula for
the surface area of a sphere P= 47R?, the surface area was cal-
culated as 37,895,643 km?. Assuming an ideal spherical shape
for the Moon, the volume of the regolith layer was estimated at
421,606 km®, resulting in a total mass of 6.49 x 10" kg (6.49 x
10™ tons). This assumption provides a reasonable approxima-
tion of the actual volume of the regolith. However, it may lead to
an overestimation of the resource reserves created by reac-
tions with the solar wind (3He, H,, OH™, H;0), which are pre-
dominantly concentrated in the near-surface layer, ~3 m thick.

Life-supporting resource deposits, such as water and oxy-
gen, on the Moon are associated with regolith located in perma-
nently shadowed craters in the polar regions. Therefore,
regolith in these areas can be exploited to extract oxygen and
water. Additionally, the processes used for oxygen extraction
will likely facilitate the recovery of metals, primarily Fe, Ti, Ni
and Co.

The most resource-rich regions on the Moon, containing
regolith enriched with the greatest variety of materials, are the
Procellarum KREEP Terrane in the west and Mare Tranquillitatis
in the east. In these areas, the regolith hosts deposits of ilmenite
FeTiOs — a source of Ti, Fe and O — as well as water, rare earth
elements, Ni, Co and Cr. These metals originate from native lu-
nar minerals such as chromite — FeCr,O, and zircon — ZrSiO,, as
well as meteoritic (asteroidal) minerals, including kamacite,
taenite, and tetrataenite — polymorphic forms of FeNi(Co).
Chemical resources such as K, P, Cl, and S, along with energy
resources like °He, U, and Th, are also present. Phosphorus and
chlorine are derived from chlorapatite Cas(PO,);Cl and apatite (a
group of arsenates, phosphates, and vanadates), which are also
sources of uranium and thorium. These radioactive elements are
additionally found in zircon crystals. Sulphur is sourced from me-
teoritic troilite (FeS), and potassium comes from potassium feld-
spar (KAISi;Os). After the recovery of these resources, the resid-
ual material can serve as an excellent raw material for construc-
tion. It is estimated that a 5-20 m regolith layer in equatorial re-
gions may contain 30 to 100 billion tons of water-equivalent so-
lar-wind hydrogen (Keszthelyi, 2022). High-Ti mare basalts of the
Mare Tranquillitatis and Oceanus Procellarum, covering ~2 mil-
lion km?, locally show *He concentrations in the regolith exceed-
ing 20 ppb (Fa and Jin, 2007). Assuming a regolith thickness of
3 metres, the total 3He mass for these two regions is estimated at
2 x 10® kg (Crawford, 2015). The *He concentration in regolith
varies between 2.4 and 26 ppb (Schmitt, 2006). Studies have
identified eight regions with higher *He concentrations, reaching
up to ~25 ppb (Wagner et al., 2014; Kim et al., 2019). All these
regions are small, with diameters <50 km, one of which is Mare
Moscoviensis (Elvis et al., 2021).
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Table 2
Estimated content and reserves of selected resources in lunar regolith
Raw material Main sources Estimated content in | Estimated resources in Comment
regolith regolith
Ice (H20)
0, A”O”gﬁifg(a%zj'zosp 40.000% 2.60 x 10" kg 1
iimenite (FeTiO3)
Si Anorthite (Ca[Al,Si>Os]) 20.013% 1.30 x 10" kg 1
Al Anorthite (Ca[Al,Si>Og]) 13.429% 8.72 x 10"%kg 1
limenite (FeTiO3)
Chromite (FeCr,04) o 16
Fe Kamacite (a-(FeNi)) 7.903% 5.13 x 10"kg 1
Taenite (y-(FeNi))
) Kamacite (a-(FeNi)) 15
Ni Taenite (y-(FeNi)) 0.379% 2.46 x 10°kg 1
. limenite (FeTiO3) o 15
Ti Ulvéspinel (TiFe;0s) 0.334% 2.17 x 10" kg 1
S Troilite (FeS) 0.287% 1.86 x 10"°kg 1
Cr Chromite (FeCr,04) 0.078% 5.09 x 10" kg 1
Chlorapatite (Cas(PO4)sCl) o 14
P Merrillite CagNaMg(PO)r 0.042% 2.71x10%kg 1
H.O Ice (H20) 0.042% 2.70 x 10™kg 4
K Orthoclase (K[AISi3Og]) 0.033% 2.12 x 10™kg 1
Kamacite (a-(FeNi)) o 14
Co Taenite (y-(FeNi)) 0.022% 1.42 x 10™kg 1
Zr Zirconium (ZrSiO4) 43.276 ppm 2.81 x 10"%kg 1
Zirconium (ZrSiO4)
REE Merrillite CagNaMg(PO4)7 35.615 ppm 2.31 x 10%kg 1
Apatite (Cas(PO4); (F,Cl,OH))
PGM (Platinum Group Minerals found in meteorites 2.088 ppm 1.36 x 10"%kg 1
Metals)
2.81 x 10" kg 1
Th Zirconium (ZrSiO4) 0.432 ppm
6.90 x 10" kg 3
8.55 x 10"%kg 1
U Zirconium (ZrSiO4) 0.132 ppm
1.77 x 10" kg 3
1.95 x 10°kg 1
limenite (FeTiO3)
3He 3He incorporated by solar wind into 3 ppb 1.70 x 10°kg 5
crystal structure
6.60 x 108kg 2

1 —authors’ estimations, 2—Fa and Jin (2007, 2010), 3 — Bruhaug and Phillips (2021), 4 —He et al. (2023), 5— Crawford et al.

(2023)

The *He concentration indicates that extracting 1 kg of *He

would require processing 100 000 to 1 000 000 metric tons of
regolith (Schmitt, 2020, cited in Keszthelyi, 2022), presenting a
significant technological challenge. Metallic iron content in
regolith is ~0.3% by weight (Crawford, 2015), meaning 5 kg of
Fe can be obtained from 1 m® of regolith (Crawford, 2015). Ad-
ditionally, 1 m® of regolith could potentially contain 300 g of Ni
and 0.5 g of platinum group metals (PGMs) (Crawford, 2015).

The regolith in highland areas, composed primarily of
anorthosites, is enriched mainly in Al, Si, O, and H, as well as
Eu, and likely also in Fe, Ni, Co, and S of meteoritic origin.

The richest multi-resource deposits are expected in areas
covered by the thickest regolith layers, particularly within the
Procellarum KREEP Terrane. A map showing the most pro-
spectively resource-rich areas on the lunar surface, based on
the analysis of source materials and their discussion, is shown
by the authors in Figure 2.
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Fig. 2A - prospective areas for regolith deposits (see Table 2) identified based on the regolith thickness map (according to Fa and
Jin, 2010) overlaid on lunar terrane boundaries (according to Jaumann et al., 2012); B — prospective areas for deposits associated
with Mg-suite rocks (purple area) and silicic domes (red dots; according to Ji et al., 2022) overlaid on lunar terrane boundaries (ac-
cording to Jaumann et al., 2012) and a regolith thickness map (according to Fa and Jin, 2010)

On the lunar surface, occurrences of felsic igneous rocks
(rich in SiO,) have been identified, forming domes that are ei-
ther intrusions or extrusions (lava flows; Ji et al., 2022). These
rocks may represent granites 4.4-3.9 Ga old, formed during at
least eight magmatic pulses. They exhibit anhydrous mineral
associations, significant enrichment in K/Ca, and low REE con-
tents compared to KREEP rocks (Bonin, 2012). Due to their for-
mation through several cycles of melting and crystallization,
these rocks may serve as sources of accumulations of various

incompatible elements, typically concentrated in residual melts.
These could include various metals and chemical resources
present in native forms, as oxides, sulphides, or salts of oxy-
genated and non-oxygenated acids. Such rocks, including
pegmatites, as pneumatolytic and hydrothermal veins and
pockets, may also be sources of silica in the form of quartz or
other polymorphic variants of SiO,. In regions such as the
northern part of Oceanus Procellarum (Chang’e 5), these rocks
could be enriched with precious metals, heavy metals, REEs,
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Table 3
Potential raw material areas on the Moon
Area Location on the Moon Raw material-bearing rocks Raw material
regolith 3He, Fe, Ti, K
Basaltic maria (nearside) high-Ti basalts Fe, Ti,
breccias Fe, Ti, Cr
Maria regolith %He, U, Th, Ti, Zr, Cr, REE, K, P
Procellarum KREEP Terrane
KREEP rocks U, Th, Fe, Ti, Zr, Cr, REE, K, P
Mare Tranquillitatis high-Ti basalts Ti, K
around Mare Imbrium Mg-suite rocks Cr, Mg
South Pole Aitken Terrane regolith, KREEP rocks U, Th,K, P
Highlands
Lunar highlands Anorthosites Fe, Cr, Si, Al, O,
Silicic domes silicic domes Si
Both maria and highlands | North and south poles (PSR) Ice H20, O,
H/M Moon Meteoritic material in regolith PGM, Fe, Ni, S, Co

radioactive elements, and volatiles (e.g., F, B). They might also
contain hydrated minerals and others such as muscovite, beryl,
tourmaline, topaz, or lithium-bearing minerals. If pegmatitic
rocks formed, they could potentially host ore-grade concentra-
tions of some of these elements. However, these remain spec-
ulative, based on geochemical analogies with Earth and the
shared genesis of Earth and the Moon (Zhang et al., 2022).

The lunar crust also comprises deep-seated igneous rocks
of the magnesian suite (Mg-suite), including troctolites, spinel
troctolites, norites, gabbronorites, and dunites. These rocks are
found on the near side of the Moon and are spatially associated
with KREEP rocks. These formations may hold potential for
hosting deposits of metals commonly associated with mafic and
ultramafic igneous rocks, such as Cr and platinum group metals
(PGMs), similar to analogous deposits on Earth.

After thoroughly exploring regolith deposits, which should
be easier and more cost-effective to exploit due to their multi-re-
source nature and pre-fragmented mineral components, the
next step should involve investigating magmatic deposits in fel-
sic rocks as well as in mafic and ultramafic rocks on the Moon.

At the current stage of lunar resource research, it is possible
to make preliminary and very rough estimates of the reserves of
some of the resources characterized. At present, only regolith
deposits can be assessed for their resource potential. These
are multi-resource deposits. On a global lunar scale, it is possi-
ble to estimate the reserves of individual resources contained in
the regolith, particularly within its surface layer. The results of
these estimates are shown in Table 2, while areas containing
potential deposits are summarized in Table 3.

During the extraction, processing, and enrichment of re-
sources from the regolith in the Procellarum KREEP Terrane, it
will be crucial to separate ilmenite, zircon, chromite, and other
mineral phases containing Fe, Ti, Cr, REE, U, Th, O, K, P, CI,
Ni, Co, and S from each other and from the gangue. Addition-
ally, it will be necessary to isolate oxides, sulphides, silicates,
phosphates, and native minerals such as FeNi(Co) separately
from the ore. Density-based separation methods may yield sat-
isfactory results for only some of the minerals. A significant ad-
vantage is the extremely fine grain size of the regolith, allowing

many mineral components to exist as individual grains. How-
ever, at such fine sizes (40-130 um), electrostatic interactions
between grains begin to emerge, which will likely complicate the
separation process. These are just a few examples of the chal-
lenges faced by engineers designing processing techniques
and technologies for lunar regolith ore.

CONCLUSIONS

The Moon will serve as a source of raw materials necessary
for constructing facilities and devices on its surface, as well as
for generating energy and providing essential resources for hu-
man sustenance. Due to the high costs of transporting raw ma-
terials and supplies from Earth, any large-scale activities on the
Moon require the utilization of resources extracted and pro-
cessed near the sites of their use. Achieving independence
from Earth-based resource deliveries is fundamental to the eco-
nomic viability of maintaining a permanent human presence on
the Moon.

The Moon’s mineral resources are predominantly found
within the regolith layer. This is because the regolith represents
the only geochemically evolving layer of Earth’s natural satellite
over the past billion years. Lunar regolith should be considered
as a multi-resource, pre-fragmented ore containing local enrich-
ments of life-supporting, metallic, chemical, energy, and con-
struction raw materials. Therefore, the primary focus of extrac-
tion and processing on the Moon will be regolith.

In addition to regolith, other potential resource zones in-
clude areas where outcrops or shallow subsurface deposits of
mafic and ultramafic igneous rocks are present. These rocks
may be enriched in metals such as Cr, Ti, REEs, and PGMs.
Zones of felsic igneous rocks, enriched in quartz, also hold po-
tential. These rocks may contain alkali elements and incompati-
ble elements with silicate structures, such as precious metals,
heavy metals, REEs, radioactive elements, and volatiles (e.g.,
F, B). They may also host hydrated minerals and components
such as muscovite, beryl, tourmaline, topaz, or lithium-bearing
minerals.
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The most prospective areas for resource deposits are the
lunar maria, which are potential sources of metals such as Fe,
Ti, Cr, P, K, REEs, as well as energy resources like 3He, U, and
Th (Procellarum KREEP Terrane), while the polar regions,
where water ice is present, are also crucial for human presence,
as they provide a potential source of water, oxygen and hydro-
gen, making them fundamental for life support, energy, and en-
abling the operation of various industrial and agricultural pro-
cesses. Outcrop zones of anorthosites on the Moon’s far side,
along with silica-rich rocks, could serve as sources of Si and Al,
and the considerable volume and mass of meteoritic material in
the regolith on both hemispheres of the Moon should also be

taken into account, as this material already represents a
pre-fragmented (enriched) source of metals such as Fe, Ni, Co,
PGMs, and S.
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APPENDIX 1

Table A1. Characteristics of lunar anorthosites in terms of the content of selected chemical elements based on chemical analyses
of rocks obtained from lunar meteorites (authors' own work based on Koblitz, 2010)

unit n mean | median | deviation range

H | ppm 4 450 410 290 170-820
Li | ppm 5 2.88 2.90 0.24 2.49-3.20
Be | ppb 1 0.50 0.50 0 0.50

B ppb 0 - - - -

C % 0 - - - -

N % 0 - - - -

F | ppm 2 39 39 9 3048
Na % 90 0.269 0.250 0.059 1.61-6.10
Mg % 80 3.098 3.030 0.773 1.45-5.30

Al % 82 | 14.707 | 14.800 0.970 11.02-18.50
Si % 57 | 20.896 | 21.00 0.319 20.10-21.72
P % 15 | 0.032 0.025 0.032 0.009-0.135
S % 2 0.30 0.30 0.11 0.19-0.41
Cl | ppm | 8 155.88 | 82.50 149.94 10-382

K % 89 | 0.031 0.024 0.023 0.010-0.199
Ca % 90 | 11.565 | 11.620 0.704 9.51-14.20

Sc | ppm | 100 9.24 8.47 2.87 4.02-21.24
Ti % 74 0.142 0.140 0.060 0.018-0.500
V | ppm | 57 25.20 24.00 9.09 5.60-55.30
Cr % 99 0.070 0.064 0.018 0.038-0.140
Mn % 81 0.052 0.051 0.012 0.023-0.109
Fe % 99 3.655 3.390 0.834 2.20-7.53

Co % 101 | 0.002 0.002 0.001 0.001-0.009
Ni % 101 | 0.016 0.015 0.006 0.005-0.037

Cu | ppm 0 - - - -
Zn | ppm | 39 25.50 12.00 56.02 4.84-361.00
Ga | ppm | 67 4.54 3.51 5.35 2.40-45.70
Ge | ppm | 10 0.48 0.42 0.20 0.20-0.78
As | ppm | 24 0.26 0.18 0.24 0.03-1.02
Se | ppm | 13 0.33 0.30 0.13 0.16-0.60
Br | ppm | 46 1.86 0.81 5.63 0.04-38.90
Rb | ppm | 20 1.75 0.99 2.40 0.16-9.37
Sr [ ppm | 92 | 193.61 | 158.00 116.49 118-890
Y [ ppm | 13 8.57 9.19 2.90 4.60-12.80
Zr | ppm | 80 37.83 33.00 37.38 15.40-354.00
Nb | ppm 8 2.29 2.50 0.88 1.00-3.60
Mo | ppm 5 1.31 1.20 0.41 0.87-1.80
Ru | ppm 1 0.93 0.93 0 0.93
Rh | ppm - - - - -
Pd | ppb - - - - -
Ag | ppb 5 12.08 7.02 10.03 3.40-30.00
Cd | ppb | 13 33.02 14.80 48.48 6.30—-190.00
In ppb 4 4.57 3.34 3.32 1.60-10.00
Sn | ppm 7 0.36 0.24 0.22 0.11-0.71
Sb | ppb | 26 36.70 32.00 32.73 2.00-151.00
Te | ppb 4 27.65 16.15 24.81 8.30-70.00
| ppm 5 0.99 0.91 0.77 0.16-2.10

Cs | ppb | 53 78.88 55.00 97.31 6.20-550.00
Ba | ppm | 100 | 73.66 31.00 111.22 18.30-820.00

La | ppm | 110 2.45 2.30 2.10 0.65-21.83
Ce | ppm | 104 | 6.11 5.82 5.29 1.31-54.10
Pr | ppb | 10 0.73 0.83 0.37 0.22-1.21
Nd | ppm | 99 3.63 3.30 2.89 0.83-29.50
Sm | ppm | 109 1.11 1.05 0.92 0.24-9.55
Eu | ppm | 109 | 0.83 0.79 0.14 0.64-1.55
Gd | ppm | 34 1.44 1.10 1.65 0.30-10.50
Tb | ppm | 96 0.24 0.23 0.19 0.05-1.94
Dy | ppm | 78 1.56 1.40 1.40 0.35-13.28
Ho | ppm | 57 0.36 0.31 0.33 0.08-2.67
Er | ppm | 17 0.93 0.85 0.40 0.23-1.53
Tm | ppm | 23 0.19 0.13 0.26 0.03-1.41
Yb | ppm | 106 | 0.95 0.88 0.71 0.21-7.50
Lu | ppm | 105 | 0.14 0.13 0.10 0.03-1.02
Hf | ppm | 100 | 0.84 0.80 0.71 0.17-7.15
Ta | ppm | 82 0.12 0.10 0.11 0.04-0.99

W [ ppm | 12 0.41 0.25 0.50 0.08-2.00




Re | ppb 12 7.49 0.61 15.46 0.45—-44.00
Os | ppb 13 98.47 0.01 195.71 0.01-560.00
Ir ppb | 93 17.62 6.10 71.38 2.90-510.00
Pt | ppm — — — — —

Au | ppb | 94 5.33 2.90 7.84 0.60-62.00
Hg | ppm - - - - -

Tl ppb 4 4.29 4.47 2.61 0.97-7.25

Pb | ppm 8 0.73 0.70 0.36 0.17-1.30

Bi ppb 4 3.87 1.41 4.73 0.64-12.00
Th | ppm | 97 0.38 0.34 0.44 0.06-4.28

U | ppm | 92 0.12 0.10 0.13 0.03-1.18

Table A2. Characteristics of lunar basalts in terms of the content of selected chemical elements based on chemical analyses of
rocks obtained from lunar meteorites (authors' own work based on Koblitz, 2010)

unit | n mean | median | deviation range
H | ppm | O - - - -
Li | ppm | 8 6.46 4.83 3.35 3.99-12.69
Be | ppb | 8 0.93 0.91 0.26 0.60-1.37
B ppb | O - - - -
C % 0 - - - -
N % 0 - - - -
F ppm | O

Na % 11 | 0.282 0.280 0.037 0.231-0.370
Mg % 12 | 4.808 4.650 1.076 3.330-7.420
Al % 12 | 6.846 6.980 1.319 4.287-8.700
Si % 9 | 21.822 | 22.100 0.717 20.52-22.80

P % 2 0.37 0.37 0.02 0.35-0.39
S % 0 - - - -

Cl | ppm | 1 | 134.00 | 134.00 0 134.00

K % 11 | 0.056 0.049 0.026 0.017-0.116
Ca % 12 | 8.100 8.140 0.809 5.99-9.20
Sc | ppm | 39 | 47.79 46.71 11.86 27.20-61.70

Ti % 11 | 0.991 0.490 0.706 0.390-2.313
V | ppm | 13 | 112.53 | 103.90 17.15 80.00-135.00
Cr % 37 | 0.202 0.194 0.056 0.068-0.424
Mn % 11 ] 0.174 0.167 0.043 0.077-0.232
Fe % 12 | 13.967 | 13.400 2.562 10.900-17.640

Co % 33 | 0.004 0.004 0 0.003-0.005
Ni % 16 | 0.013 0.009 0.011 0.002—0.034
Cu [ ppm | 4 15.58 9.95 10.79 8.20-34.20
Zn | ppm | 7 10.03 5.80 9.07 2.20-30.50
Ga | ppm | 14 5.56 5.22 1.16 4.10-7.41
Ge [ ppm | 5 0.15 0.19 0.09 0.03-0.24
As | ppm | 2 1.01 1.01 0.93 0.08-1.94
Se | ppm | O - - - -
Br [ ppm | 1 0.10 0.10 0 0.10
Rb | ppm | 12 2.66 1.90 1.69 0.78-5.30
Sr | ppm | 39 | 134.41 | 126.00 67.25 70.00-530.00
Y | ppm | 9 40.90 33.40 16.02 26.40-73.16
Zr | ppm | 37 | 146.82 | 140.00 48.99 60.00-260.00
Nb | ppm | 9 8.56 6.85 3.74 5.00-15.26
Mo | ppm | 3 0.10 0.10 0.01 0.09-0.12
Ru | ppm | 1 0.001 0.001 0 0.001
Rh | ppm | O - - - -
Pd | ppb | 1 3.90 3.90 0 3.90
Ag | ppb | O - - - -
Cd | ppb | 2 6.55 6.55 0.15 6.40-6.70
In ppb | O - - - -
Sn | ppm | O - - - -
Sb | ppb | O - - - -
Te | ppb | O - - - -

| ppm | 1 3.00 3.00 0 3.00
Cs | ppb | 13 | 64.77 70.00 25.79 20.00-100.00
Ba | ppm | 39 | 122.29 | 91.70 65.00 48.47-371.00
La | ppm | 39 9.85 10.60 3.30 4.69-15.30
Ce | ppm | 39 | 26.25 29.90 8.77 12.28-39.60
Pr | ppb | 5 3.56 3.48 1.18 1.82-5.14
Nd | ppm | 39 | 16.54 16.00 6.18 8.10-28.00
Sm | ppm | 39 5.42 6.31 2.18 2.38-8.89
Eu | ppm | 39 1.04 1.02 0.21 0.66—1.41




Gd | ppm | 10 | 5.25 4.75 2.35 2.88-10.18
Tb | ppm | 39 1.23 1.22 0.54 0.52-2.03
Dy | ppm | 15 | 5.30 4.70 2.46 3.15-11.80
Ho | ppm | 10 1.20 0.95 0.62 0.66-2.43
Er | ppm | 8 3.69 3.16 1.77 1.87-6.73
Tm | ppm | 6 0.45 0.41 0.22 0.23-0.90
Yb | ppm | 39 | 4.46 3.40 1.97 1.92-7.40
Lu | ppm | 39 | 0.63 0.51 0.27 0.28-1.03
Hf | ppm | 39 | 3.90 3.32 1.58 1.70-6.42
Ta | ppm | 39 | 0.52 0.57 0.21 0.19-0.80
W | ppm | 8 0.18 0.19 0.07 0.09-0.31
Re | ppb | 5 0.28 0.21 0.25 0.01-0.61
Os | ppb | 5 3.62 2.90 3.58 0.00009-9.30
Ir | ppb | 11 5.74 5.60 4.18 0.10-12.00
Pt | ppm | 1 0.01 0.01 0 0.01
Au | ppb | 10 | 2.08 2.15 1.33 0.06—4.00
Hg | ppm | O - - - -

Tl ppb | O - - - -

Pb | ppm | 5 0.81 0.99 0.30 0.24-1.02
Bi [ ppb | O - - - -

Th | ppm | 39 1.44 1.21 0.60 0.51-2.39
U [ ppm | 38| 0.38 0.36 0.14 0.17-0.67

Table A3. Characteristics of lunar gabbros in terms of the content of selected chemical elements based on chemical analyses of
rocks obtained from lunar meteorites (authors' own work based on Koblitz, 2010)

unit | n mean | median | deviation range

H | ppm | 1 200 200 0 200
Li [ ppm | O - - - -
Be [ ppb | O - - - —

B ppb 0 — - - -

C % 0 - - - -

N % 0 - - - -

F |ppm | O - - - -

Na % 8 0.224 0.209 0.076 0.100-0.370
Mg % 7 3.597 3.740 0.296 2.980-3.870

Al % 7 6.038 5.880 0.653 5.27-7.11
Si % 6 | 20.963 | 21.350 1.152 18.70-22.00

P % 2 0.075 0.075 0.053 0.022-0.127

S % 2 0.335 0.335 0.145 0.190-0.480
Cl | ppm | O - - - -

K % 9 0.043 0.033 0.025 0.020-0.108
Ca % 6 8.352 8.485 0.773 6.87-9.47
Sc | ppm | 16 | 91.36 94.05 19.69 24.40-112.60
Ti % 6 1.598 1.390 0.848 0.911-3.433
V [ ppm | 4 76.25 80.00 15.37 53.00-92.00
Cr % 13 | 0.196 0.185 0.097 0.075-0.507
Mn % 7 0.237 0.262 0.048 0.139-0.283
Fe % 9 [ 17.182 | 17.100 1.374 14.200-19.300
Co % 16 | 0.003 0.002 0.001 0.002-0.008
Ni % 9 0.005 0.003 0.005 0.001-0.020
Cu [ppm | O - - - -

Zn | ppm | 7 5.29 2.50 5.34 1.35-17.00
Ga | ppm | 7 3.23 3.00 0.86 2.20-5.14
Ge | ppm | 2 3.05 3.05 0.85 2.20-3.90
As | ppm | 3 0.13 0.14 0.05 0.28-0.61
Se | ppm | 3 0.41 0.35 0.14 0.28-0.61

Br [ ppm | 3 0.16 0.16 0.04 0.11-0.20
Rb | ppm | 4 1.62 1.61 0.77 0.66-2.60
Sr | ppm | 15 | 140.24 | 140.00 44.64 57.00-220.00

Y | ppm | 1 22.30 22.30 0 22.30
Zr [ ppm | 9 | 107.67 | 97.00 50.35 45.00-190.00
Nb | ppm | O - - - -

Mo | ppm | O - - - -
Ru | ppm | O - - - —
Rh | ppm | O - - - -

Pd | ppb | O - - - -

Ag | ppb | 2 35.83 35.83 28.17 7.66-64.00
Cd | ppb | 3 7.87 6.70 3.25 4.60-12.30

In | ppb | 2 1.30 1.30 0.58 0.72-1.88

Sn | ppm | O - - - -




Sb | ppb | 3 20.75 3.14 24.93 3.11-56.00
Te | ppb | 1 4.80 4.80 0 4.80

| ppm | O - - - -
Cs | ppb | 4 83.70 55.40 60.23 37.00-187.00
Ba | ppm | 13 | 73.38 65.00 30.49 27.00-130.00
La | ppm | 18 3.87 3.35 1.56 1.44-8.50
Ce | ppm | 17 | 11.08 9.80 4.19 4.22-22.40
Pr | ppb | O - - - -
Nd | ppm | 10 9.49 9.50 2.54 3.97-12.30
Sm | ppm | 17 3.27 3.00 0.85 1.46—4.75
Eu | ppm | 17 1.00 1.03 0.29 0.34-1.37
Gd | ppm | 5 4.47 5.00 1.32 2.35-5.90
Tb | ppm | 16 0.90 0.85 0.15 0.72-1.23
Dy | ppm | 8 5.83 5.75 1.38 3.06-7.50
Ho | ppm | 5 1.41 1.39 0.23 1.10-1.70
Er | ppm | 1 217 2.17 0 217
Tm | ppm | 3 0.63 0.70 0.15 0.42-0.77
Yb | ppm | 17 3.75 3.57 0.73 2.28-5.08
Lu | ppm | 17 0.56 0.54 0.11 0.36-0.82
Hf | ppm | 16 2.62 2.48 0.46 2.06-3.35
Ta | ppm | 16 0.36 0.35 0.07 0.22-0.50
W | ppm | 3 0.13 0.10 0.05 0.08-0.20
Re | ppb | 1 0.02 0.02 0 0.02
Os | ppb | 1 | 380.00 | 380.00 0 380.00

Ir ppb | 6 61.22 2.95 112.65 0.30-310.00
Pt [ ppm | O — - - -
Au | ppb | 9 22.16 1.10 44.36 0.17-140.00
Hg | ppm | O - - - -

Tl | ppb | 2 6.96 6.96 2.70 4.26-9.66
Pb [ ppm | O - - - -

Bi | ppb | 2 2.17 217 0.54 1.63-2.70
Th | ppm | 16 0.56 0.45 0.25 0.31-1.31
U | ppm | 10 0.14 0.13 0.06 0.09-0.28

Table A4. Occurrence of minerals with mining potential in selected types of rocks present on the Moon (based on Papike et al.,
1991; Rubin, 1997; Rubin and Ma, 2017)

Mineral Formula Basalts | Anorthosites | KREEP | Breccias
chlorapatite | Cas[CI|(PO4)s] + +
chromite FeCr,04 + + +
zircon Zr[SiO4] +
iimenite FeTiO; + + + +
kamacite a—(FeNi) + + +
taenite y—(FeNi) + + +
troilite FeS + + + +
ulvdspinel TiFe;04 + +






