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Higlights:
– The most geochemically and geophysically evolved layer is the regolith;
– Lu nar regolith should be treated as a multi-com po nent, pre-crushed ore;
– The first ob ject of ex ploi ta tion and pro cess ing on the Moon will be regolith;
– Po ten tial de posit zones in clude out crops of ultrabasic ig ne ous rocks en riched in met als: Cr, Ti, REE, and PGM;
– The most prom is ing de posit ar eas are the lu nar maria, pri mar ily the Procellarum KREEP Terrane, cir cum po lar ar eas, and
re gions on the far side with a regolith thick ness > 10 m.
The ho mo ge ne ity of the chem i cal and iso to pic com po si tions of the Earth and the Moon fa cil i tates the iden ti fi ca tion of po ten -
tial min eral re sources pres ent and ex ploit able on the Moon. Cur rent knowl edge of the geo log i cal struc ture of the Moon in di -
cates that the great est geo chem i cal and geo phys i cal ac tiv ity of the sur face layer of the Moon’s crust lies in the regolith, and it
is this that prom ises the most prom is ing lu nar raw ma te rial re source base. The regolith con tains in creased con cen tra tions of
life-sup port ing raw ma te ri als (H2O and O2), fu els and en ergy raw ma te ri als (3He, U, Th, H2, and O2), me tal lic raw ma te ri als
(Fe, Ti, Zr, Hf, Eu, other REEs, Cr, Ni, Co, Al, and Si), rock raw ma te ri als (regolith, brec cias, bas alts, anorthosites, and oth -
ers) and chem i cal raw ma te ri als (K, P, Cl, and S). Lu nar regolith should be treated as a multi-com po nent, pre-crushed ore, in
which there are lo cal en rich ments of se lected raw ma te ri als, and so ini tially will form the tar get of ex ploi ta tion and pro cess ing
on the Moon. The next po ten tial de posit zones are out crops of ba sic and ultrabasic ig ne ous rocks, which may be en riched in
met als such as Cr, Ti, REEs and PGMs, or places where these rocks are cov ered by only a thin layer of regolith. Such zones
also in clude ar eas of oc cur rence of acidic ig ne ous rocks, en riched in quartz, and per haps also in many other valu able met als
and chem i cal raw ma te ri als. The most im por tant pro spec tive ar eas in terms of the oc cur rence of raw ma te ri als in the regolith
are the lu nar maria, pri mar ily the Procellarum KREEP Terrane, cir cum po lar ar eas, as well as ar eas on the far side of the
Moon char ac ter ized by a regolith thick ness ex ceed ing 10 m.

Key words: lu nar regolith, lu nar re sources, ex tra ter res trial re sources, space re sources, KREEP bas alts, lu nar maria.

INTRODUCTION

The Moon, the Earth’s only nat u ral sat el lite, is, next to Mars,
the main tar get of up com ing space mis sions and a po ten tial
place to cre ate the first bases for per ma nent hu man res i dence
out side our planet. With a di am e ter of 3,475 km, it is the fourth
larg est nat u ral sat el lite in the So lar Sys tem. The av er age dis -
tance of the Moon from Earth is only 384,400 km, or less than
1.3 light-sec (Mutch, 1972). This sig nif i cantly re duces fu ture
trans port or travel costs, and also fa cil i tates com mu ni ca tion and 

re mote op er a tion of probes, rov ers, min ing and con struc tion
ma chines, nav i ga tion, ob ser va tion, and com mu ni ca tion sys -
tems. It is also a rel a tively well-known ex tra ter res trial ob ject due 
to cen tu ries of as tro nom i cal ob ser va tions and, above all, due to
the manned space mis sions of the Apollo pro gram and the un -
manned mis sions of the Luna and Chang’e pro grams, which
brought sam ples of lu nar rocks and regolith to Earth. Re cently,
prog ress in col lect ing in for ma tion about the Moon’s geo log i cal
struc ture has been ac cel er at ing due to re mote sens ing data
pro vided by lu nar sat el lites (the Amer i can Lu nar Re con nais -
sance Or biter and the In dian Chandrayaan-2). Much im por tant
data is also pro vided by the bur geon ing study of lu nar me te or -
ites, which are be ing found on Earth in rap idly in creas ing num -
bers and mass, due to in ten sive 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 clos est
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ce les tial body to Earth but as a po ten tial source of use ful raw
ma te ri als for the de vel op ment of our civ i li za tion (Przylibski et
al., 2024). In the con text of the Moon, we can think both about
the in situ use of raw ma te ri als (SRU or ISRU – Space Re -
source Uti li za tion or In Situ Re source Uti li za tion; Anand et al.,
2012; Schwandt et al., 2012; Bennett et al., 2020; Hadler et al.,
2020; Rasera et al., 2020), and about sup ply ing the Earth with
stra te gic, crit i cal raw ma te ri als (Blutstein, 2021). Cur rently, re -
search on the Moon is well enough ad vanced to al low us to de -
ter mine the po ten tial raw ma te ri als to be found on its sur face,
and even es ti mate their per spec tive re sources.

Here, we ex plore the most prom is ing raw ma te ri als of which
ex ploi ta tion will be pos si ble (and most likely nec es sary) on the
sur face of the Moon, and de scribe the char ac ter is tics and gen e -
sis of the de pos its of these raw ma te ri als, their lo ca tion, and po -
ten tial re sources. We pro vide a com pre hen sive new as sess ment 
of con tem po rary knowl edge on the oc cur rence of nat u ral re -
sources and their de posit ac cu mu la tions in the sur face lay ers of
the Moon. The new data we pres ent in clude the es ti mated re -
sources of the most im por tant raw ma te ri als in the lu nar regolith.

ORIGIN OF THE MOON

The ca non i cal model of the or i gin of the Moon, or the gi -
ant-im pact hy poth e sis, as so ci ates the for ma tion of Earth’s nat -
u ral sat el lite with the col li sion of two plan e tary em bryos
(protoplanets) dur ing the late stages of the early evo lu tion of the 
So lar Sys tem, when plan e tary ac cre tion took place. Ac cord ing
to this model, the proto-Earth ex pe ri enced an oblique col li sion
with a hy po thet i cal protoplanet called Theia, an ob ject about the 
size of mod ern Mars. As a re sult of this col li sion, sil i cate-rich
ma te rial with a mass slightly greater than the cur rent mass of
the Moon was ejected into the or bit of the proto-Earth. This ma -
te rial then formed a disc. How ever, ac cord ing to the ca non i cal
model, much of the ma te rial in the disk came from the impactor, 
which was Theia. Over the course of sev eral hun dred to thou -
sands of years af ter the col li sion, the disk ma te rial cooled, con -
densed, and moved be yond the Roche limit. Be yond this limit,
grav i ta tional tidal forces are small enough to al low the ac cre tion 
of ma te rial to form the Moon (Barr, 2016).

The weak ness of the ca non i cal model is its in abil ity to ex -
plain the ob served ho mo ge ne ity of the chem i cal (and iso to pic)
com po si tions of the Earth and the Moon (Barr, 2016). There -
fore, an other model was sought that would ex plain this ho mo -
ge ne ity, that is, a mech a nism lead ing to the mix ing of the com -
po nents of proto-Earth and Theia. Such a model must also con -
sider that most of the an gu lar mo men tum of the Earth-Moon
sys tem should be con cen trated in the Moon, as is cur rently ob -
served. The con cen tra tion of as much as 1.2% of the mass and
80% of the an gu lar mo men tum in the Moon makes our nat u ral
sat el lite and the Earth-Moon sys tem unique in the en tire So lar
Sys tem (Barr, 2016).

The most re cently pro posed model for the for ma tion of the
Moon fol low ing an off-cen tre col li sion be tween Theia and
proto-Earth is the synestia the ory (Lock et al., 2018). A synestia
is a new type of plan e tary struc ture formed from com pletely va -
por ized protoplanets in volved in a col li sion. It has the shape of a 
swol len cloud re sem bling a thick dough nut, which is thicker on
the out side than on the in side. At this outer edge of the cloud,
va por ized rock cir cu lates so rap idly that the cloud takes on a
new struc ture, with a thick disk or bit ing the in ner re gion. As the
model shows, the disk does not sep a rate from the cen tral re -
gion, al low ing for the ma te rial within it to be thor oughly mixed.
Cool ing of the synestia drives the mix ing of ma te rial from both
bod ies in volved in the col li sion, and con den sa tion gen er ates
the for ma tion and growth of moons or bit ing within the synestia’s 
outer part. As a re sult, the Moon equal izes its iso to pic and
chem i cal com po si tion with the ma te rial form ing the synestia
and, in about a year, through the ac cre tion of con dens ing ma te -
rial, reaches its fi nal size and mass. Then, over the next sev eral
de cades, the cool ing synestia de creases in size. This causes
the Moon to sep a rate from the synestia, end ing the main stage
of lu nar ac cre tion and caus ing the Moon to fi nally so lid ify and
cool. The re main der of the synestia con tin ues to cool and so lid -
ify within the Roche limit un til the planet (Earth) forms. Ac cord -
ing to this model, gi ant im pacts that pro duce po ten tial
synestias, in clud ing the one that formed the Moon and Earth,
were com mon to wards the end of the for ma tion of ter res trial
plan ets in the young So lar Sys tem (Lock et al., 2018).
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How ever, there is still no sin gle, uni ver sally ac cepted model
for the for ma tion of the Moon. Re search is on go ing to ex pand
the ca non i cal model based on the col li sion of the proto-Earth
with Theia (Zhou et al., 2024), and new con cepts are be ing in -
tro duced. One such new con cept is the for ma tion of mas sive
ter res trial sat el lites through bi nary-ex change cap ture (Wil liams
and Zugger, 2024). This con cept ex plores the pos si bil ity of sat -
el lite cap ture from the pro cess of col li sion-less bi nary ex change
and shows that mas sive sat el lites in the range 0.01–0.1 Earth
mass can be cap tured by Earth-sized ter res trial plan ets in a way 
al ready dem on strated for larger plan ets in the so lar sys tem.
The num ber of con cepts based on com puter mod el ing will likely 
con tinue to grow, but many are be ing re jected due to the dif fi -
culty of ex plain ing the large por tion of the Earth-Moon sys tem’s
an gu lar mo men tum con cen trated in the Moon, the rel a tively
large mass of the Moon, as well as the dif fi culty of ex plain ing the 
iden ti cal el e men tal and iso to pic com po si tion of both bod ies.
This last ob served fact re quires very thor ough mix ing of Earth
and Moon mat ter, which is not achieved in many com puter im -
pact mod els. In this re spect, the synestia model has many ad -
van tages.

SKETCH OF THE MOON’S GEOLOGY

The mod ern Moon, like the Earth, is a dif fer en ti ated body in
hy dro dy namic equi lib rium, and nearly spher i cal in shape, with a
ra dius of 1,737 km. It is com posed of three con cen tric spheres:
the crust, the man tle, and the core. The out er most crust is on
av er age 49 ±16 km thick. It is thicker on the far side and thin ner
on the near side, which causes the cen tre of mass to be shifted
rel a tive to the geo met ric cen tre of the Moon. The man tle is over
1,350 km thick and is the source of deep moonquakes. The up -
per man tle is rich in py rox enes, while the lower part of the
Moon’s man tle may be par tially mol ten and con sists of Mg-rich
olivines form ing cumulates, prob a bly the first prod uct of crys tal -
li za tion of the magma ocean. Geo phys i cal data in di cate that the 
core is com posed of a small solid in ner core and a liq uid outer
core with a ra dius of 330 km (Tay lor and McLennan, 2010;
Jaumann et al., 2012).

The Moon’s crust is a sin gle plate that has been sub jected
to only slight in ter nal stress. The lu nar high lands are a unique
ex am ple in the so lar sys tem of a body cov ered with a pri mor dial
crust formed by anorthosites crys tal liz ing from a magma ocean
(Tay lor and McLennan, 2010). The Moon’s crust and un der ly ing 
man tle are di vided into dis tinct ter ranes, even though its evo lu -
tion was not af fected by plate tec ton ics. Ter ranes have been
dis tin guished based on their unique geo chem i cal, geo phys i cal
and geo log i cal prop er ties. The greater con cen tra tion of ra dio -
ac tive el e ments in the Procellarum KREEP Terrane (PKT) on
the near side of the Moon, which pro duce heat in nu clear trans -
for ma tion pro cesses, led to the near side of the Moon be ing
more vol ca ni cally ac tive than the far side. Within the PKT there
are bas alts with in creased Th con tent in the range of 3–12 ppm.
This terrane in cludes the Oceanus Procellarum (Ocean of
Storms) and the Mare Imbrium (Sea of Rains). The larg est lu nar 
terrane is the Feldspathic High lands Terrane (FHT), cov er ing
~60% of the Moon’s sur face. The main rocks in this terrane are
iron-en riched anorthosites. The third ma jor terrane is the old est
and larg est of all lu nar bas ins, the South Pole-Aitken (SPA). In
ad di tion to these three large ter ranes, a fourth terrane has been
de scribed, the East ern Ba sin Terrane (EBT; Jaumann at al.,
2012).

The lu nar crust is com posed of four main rock types
(anorthosites, bas alts, regolith) in terms of geo chem i cal di ver -
sity and the re sults of me chan i cal de struc tion and mix ing of

min eral com po nents. About 99% of the Moon’s sur face is made 
up of rocks older than 3 Ga and over 80% of the rocks are older
than 4 Ga (Tay lor and McLennan, 2010).

Four main pro cesses are in volved in the for ma tion of the
Moon’s sur face: col li sions with space ob jects (im pacts), vol ca -
nism, tec ton ics, and space weath er ing caused by the im pact of
so lar wind par ti cles, as well as UV and X-ray ra di a tion on rock
sur faces (Melosh, 2011; Jaumann et al., 2012; Kallio et al.,
2019). Dur ing the old est eon in the his tory of the Moon
(Eolunarian; >4.3 Ga), endogenic pro cesses, in clud ing so lid i fi -
ca tion of the magma ocean, were dom i nant. Anorthosites,
KREEP rocks and mag ne sium fa cies rocks crys tal lized at that
time. Dur ing the sec ond, youn ger eon (Paleolunarian;
4.3–3.16 Ga) endogenic pro cesses (mainly magmatism –
plutonism – crys tal li za tion of re sid ual magma and vol ca nism –
ba salt erup tions that filled the lu nar maria) and exo gen ic pro -
cesses (im pacts with var i ously sized me te or oids and as ter oids)
were of sim i lar im por tance. As the Moon’s in te rior cooled, the
scale of endogenic pro cesses de creased sig nif i cantly (rare ba -
saltic lava flows), which meant that exo gen ic pro cesses played
an in creas ingly im por tant role in shap ing the sur face, re sult ing
in the for ma tion of crat ers and sed i ment cov ers cre ated by the
ma te rial ejected from them. This pe riod cov ers the third, youn -
gest eon (Neolunarian), which lasts from 3.16 Ga to the pres ent 
(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 high lands. These are iron-rich
anorthosites, which con sti tute 80% of the crust of the lu nar
high lands. The age of their crys tal li za tion from the magma
ocean is es ti mated at 4.460 ±0.400 Ga (Greeley and Batson,
1999; Tay lor and McLennan, 2010; Jaumann et al., 2012).
KREEP rocks also oc cur within the prim i tive crust. These were
formed as a re sult of crys tal li za tion of the re sid ual melt, which
con sti tutes ~2% of the orig i nal magma. This re sid ual melt con -
tained a par tic u larly large amount of in com pat i ble trace el e -
ments, which is why these rocks are highly en riched in REEs –
by a fac tor of a thou sand rel a tive to CI-type car bo na ceous
chondrites, and are also en riched in po tas sium and phos pho -
rus, as well as in ura nium and tho rium. The KREEP rocks were
the last prod uct of crys tal li za tion of the magma ocean. Their
age is es ti mated at ~4.36 Ga (4.35–4.39 Ga; Borg et al., 2015).
These rocks do not form a con tin u ous layer; they oc cur al most
ex clu sively on the near side of the Moon in the form of lenses
and pods (Greeley and Batson, 1999; Tay lor and McLennan,
2010; Jaumann et al., 2012). The last for ma tion of ig ne ous
abys sal rocks com prises the rocks of the mag ne sium fa cies
(Mg-suite rocks). These rocks con sti tute a max i mum of ~10%
of the vol ume of the Moon’s crust, and ap pear on the near side.
They are spa tially as so ci ated with the KREEP rocks and are
prob a bly the prod uct of crys tal li za tion of magma which was a
mix ture of KREEP magma with other, more prim i tive magma.
These in clude troctolites, spinel troctolites, norites, gabbrono -
rites and dunites. Their age is 4.44–4.20 Ga (Greeley and
Batson, 1999; Tay lor and McLennan, 2010; Jaumann et al.,
2012). The lat est re search re sults sug gest that their age is
4.33 ±0.02 Ga (Zhang et al., 2021).

The sec ond type of rocks that make up the youn ger, sec -
ond ary crust of the Moon are ba saltic vol ca nic rocks en riched in 
FeO and TiO2 and de pleted in Al2O3, which form the lu nar maria 
re gions. The maria cover ~17% (Jaumann et al., 2012) of the
Moon’s sur face and are mostly lo cated on the near side. The
thick ness of the ba salt cover var ies from sev eral hun dred
metres to 4 km in the cen ters of cir cu lar ‘seas’, e.g. Mare
Imbrium. Typ i cally, the ba salt cover is thin ner than 500 m. Lu -
nar mare bas alts orig i nate from in de pend ent erup tions from dif -
fer ent sources at dif fer ent depths and flood (fill) the near est ac -
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ces si ble de pres sions. The source of mag mas are lo cal zones in 
the lu nar man tle un re lated to sur face struc tures. The ab sence
of ba salt maria in the Moon’s far side is due to the greater thick -
ness of the crust. Most lu nar bas alts are the prod uct of par tial
melt ing of a non-tholeiitic, an hy drous ba salt source re gion lo -
cated at var i ous depths (of the or der of 200–400 km) at tem per -
a tures of ~1200°C (Tay lor and McLennan, 2010). The melt ing
was prob a bly caused by lo cal con cen tra tions of ra dio ac tive iso -
topes of U, Th, and 40K. Dif fuse sources of ba saltic mag mas
cause their con sid er able di ver sity in chem i cal and min eral com -
po si tion. We cur rently are able to dis tin guish around 25 types of 
lu nar ba salt. This is due to frac tional crys tal li za tion near the sur -
face, but is also un doubt edly the ef fect of lo cal vari a tions in the
chem i cal com po si tion of the man tle. The age of the old est bas -
alts is es ti mated at 4.3–3.9 Ga, while the youn gest, rare bas alts
are only 1 Ga. Com pared to ter res trial bas alts, the lu nar bas alts
are de pleted in SiO2 (con tain ing 37–45%), but are en riched in
FeO (con tain ing 18–22%); they are also en riched in Ti, Cr, and
the K/U ra tio in them is 2500, more than 4 times less than in ter -
res trial bas alts (10,000–12,500; Greeley and Batson, 1999;
Tay lor and McLennan, 2010; Jaumann et al., 2012).

The next two types of rocks are as so ci ated with exo gen ic
pro cesses at the lu nar sur face. These in clude the third type of
lu nar crustal rocks, which are clastic brec cias formed as a re sult 
of one or more me te or oid and as ter oid im pacts on the lu nar sur -
face. They form a mix ture of dif fer ent rock types. The Moon ex -
pe ri enced its stron gest bom bard ment be tween the col li sions of
Nectaris (3.92 Ga) and Imbrium (3.85 Ga) – dur ing the Nectar -
ian Pe riod (Tay lor and McLennan, 2010).

The sur face of the lu nar crust is formed by a fourth type of
lu nar crust rock – an un con sol i dated layer of fine-grained rub ble 
called regolith, which con tains crys tal line frag ments of rocks
and min er als bonded to gether by glass pro duced dur ing
micrometeorite im pacts (regolith brec cias). The out er most, sur -
face part of the regolith with the fin est grains is called lu nar soil
(Jaumann et al., 2012). The thick ness of the regolith is in the
range of 2–14 m, al though there are lo cal ac cu mu la tions in
which the regolith layer ex ceeds 14 m in thick ness (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 lo cally
reaches >10 m (Car rier et al., 1991; Jin et al., 2010). The av er -
age di am e ter of regolith par ti cles ranges from ~60 to ~80 µm
(Melosh, 2011; Jaumann et al., 2012), while the me dian di am e -
ter of regolith par ti cles ranges from 40 to 130 µm with a mean of 
70 µm (Car rier et al., 1991). The com po si tion of the regolith is
dom i nated by min eral frag ments, clasts of un al tered crys tal line
rock, frag ments of brec cia, glass, and ag glu ti nates – frag ments
of rocks and min er als stuck to gether with glass. There is also
me te or itic ma te rial, which may con sti tute up to 2% of the vol -
ume of the regolith (Melosh, 2011; Jaumann et al., 2012). At the 
sur face, the den sity of the regolith is 1,400 kg/m3, but at a depth
of 1 m it in creases to 2,000 kg/m3 (Melosh, 2011; Jaumann et
al., 2012), and ac cord ing to the lat est mea sure ments at the
Chang’e 3 land ing site, the bulk den sity in creases from
850 kg/m3 at the sur face to 2,250 kg/m3 at a depth of 5 m (Fa,
2020). The com po si tion of the regolith is dom i nated by lo cal
ma te rial, al though ~10% of the regolith con sists of par ti cles
(ejecta) trans ported from great dis tances by pow er ful col li sions
of as ter oids and me te or oids with the lu nar sur face (Melosh,
2011; Jaumann et al., 2012; Kallio et al., 2019). Regolith is es ti -
mated to be ac cu mu lat ing on the lu nar sur face at a rate of ~1.5
mm per 1 Myr (Tay lor and McLennan, 2010). A cross-sec tion
through the lu nar regolith is shown in Fig ure 1. The cur rent
sum mary of the physico-chem i cal, min er al og i cal, pet ro log i cal
and ge netic char ac ter is tics of the regolith can be found in the
re view of Qin et al. (2025).

This de vel op ment of the Moon’s geo log i cal struc ture re -
quires look ing for po ten tial de pos its of min eral re sources in the
sur face layer, the regolith. This layer is com posed of rocks that
have ex pe ri enced and con tinue to ex pe ri ence the great est geo -
chem i cal and geo phys i cal changes. Due to this, min er als and
chem i cal el e ments can be “sorted” in them, ul ti mately cre at ing
ac cu mu la tions that can be treated as their de pos its. Regolith is
un doubt edly the most prom is ing source of di verse nat u ral re -
sources, es pe cially in com par i son to the mostly very old ig ne -
ous rocks that make up the Moon’s crust, which have not been
sub ject to in tense al ter ation by geo chem i cal (and phys i cal) pro -
cesses af ter their for ma tion.

RESOURCES OF THE MOON AND THEIR
POTENTIAL DEPOSITS

The Moon’s crust rep re sents a type of the pri mor dial plan e -
tary crust formed on the first plan ets in the young So lar Sys tem.
This crust was only slightly sub ject to the pro cesses of geo -
chem i cal dif fer en ti a tion (Tay lor and McLennan, 2010; Jaumann 
et al., 2012). As a re sult, the Moon may ap pear to be poor in de -
pos its of var i ous nat u ral re sources. The for ma tion of ac cu mu la -
tions (de pos its) of raw ma te ri als is usu ally as so ci ated with
chem i cal re ac tions and with pro cesses in which el e ments are
se lected with re spect to their den sity, vol a til ity, melt ing and
crys tal li za tion tem per a ture, atomic mass, ionic ra dius, elec trons 
struc ture, elec tron af fin ity, ion iza tion en ergy and other
physicochemical prop er ties (Gruszczyk, 1984; Smirnow, 1986;
Polañski, 1988; Migaszewski and Ga³uszka, 2007). How ever,
the sur face of the Moon’s crust has been sub ject to cer tain geo -
chem i cal and geo phys i cal pro cesses over the past bil lion years. 
It has been trans formed by exo gen ic pro cesses, mainly im pact
meta mor phism caused by the fall of as ter oids, me te or oids,
micrometeoroids and in ter plan e tary dust par ti cles onto the sur -
face. The sur face ma te ri als con sti tut ing the lu nar regolith have
also been sub jected to space weath er ing pro cesses, i.e. the im -
pact of cos mic ra di a tion and so lar wind par ti cles (John son et al., 
1999; McLennan, 2010; Melosh, 2011; Jaumann et al., 2012;
He et al., 2023). Al though these pro cesses were only able to
trans form the lu nar regolith to a small ex tent, even their non-in -
ten sive but long-term ac tion led to the con cen tra tion of use ful
nat u ral re sources, which we can call de pos its (John son et al.,
1999; McLennan, 2010; Melosh, 2011; Jaumann et al., 2012;
He et al., 2023). There fore, we con sider that that the regolith is
the most im por tant rock layer of the Moon, and that it con tains
per spec tive de pos its of var i ous raw ma te ri als (Fig. 1). Ad di tion -
ally, this layer is strongly crushed (or even ground) and frag -
mented, which fur ther fa cil i tates the ex trac tion of in di vid ual raw
ma te ri als from it. There fore, as with as ter oids (£uszczek and
Przylibski, 2019, 2021), the regolith should be treated as a layer 
con tain ing the most ac ces si ble de pos its of raw ma te ri als. Raw
ma te ri als from lu nar regolith are the eas i est to ex tract and ex -
ploit due to the low est pos si ble en ergy con sump tion of the pro -
cesses of min ing the al ready frag mented rock, as well as its sig -
nif i cant en rich ment in the de sired raw ma te rial. Due to this, the
ex ploi ta tion of regolith de pos its will be the least tech ni cally and
tech no log i cally com pli cated, as well as the cheap est (£uszczek
and Przylibski, 2019, 2021; Przylibski et al., 2022).

Of all the raw ma te ri als pres ent on the Moon, the most fun -
da men tal are un doubt edly the ones nec es sary to sus tain life.
This ap plies es pe cially to the raw ma te ri als nec es sary to sup ply
per ma nent hu man bases on the Moon. Ini tially, these will be
sci en tific bases, for ex am ple those de signed in the Ar te mis pro -
gram cur rently im ple mented by the Na tional Aero nau tics and
Space Ad min is tra tion (NASA), and over time prob a bly in dus trial 
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bases as well. In ad di tion, as in ter res trial con di tions, fuel re -
sources will be very im por tant, to be used for rocket pro pul sion,
as well as for the pro pul sion of de vices, ma chines and ro bots
work ing on the Moon, and as en ergy re sources. The next group
of raw ma te ri als that will al ways be needed are met als, as well
as con struc tional raw ma te ri als (ag gre gates, rock raw ma te ri -
als, regolith, etc.). Fi nally, chem i cal raw ma te ri als will be
needed for the chem i cal and ma te ri als in dus try (ma te ri als en gi -
neer ing).

THE AVERAGE CONTENT OF ELEMENTS IN LUNAR ROCKS

There is cur rently rel a tively good knowl edge of the chem i cal 
el e ment con tent of in di vid ual lu nar rocks. In ad di tion to stud ies
of sam ples brought back by space mis sions, this knowl edge is
con tin u ally be ing ex panded by stud ies of the chem i cal com po si -
tion of lu nar me te or ites (Przylibski et al., 2023). Un like sam ples
brought back by lu nar mis sions, sam ples de liv ered by me te or -
ites can come from deeper as well as sur face lay ers of the
Moon.

Ta ble 1 shows the av er age con tent of se lected chem i cal el -
e ments in lu nar rocks based on the re sults of chem i cal anal y ses 
of the com po si tion of lu nar me te or ites. The el e ments char ac ter -
ized may be im por tant in the con text of their fu ture ex trac tion for 
use on the Moon (in de pend ent of the costly trans port of raw ma -
te ri als from Earth). Full char ac ter iza tion of lu nar rocks based on 

chem i cal anal y ses of me te or ites is avail able in the Ap pen dix 1
(Ta bles A1–A3). The data pro vided al low us to con clude that
the av er age zinc and rhe nium con tent is higher in anorthosites,
while bas alts and gab bros are sig nif i cantly more en riched in
scan dium, ti ta nium, va na dium, chro mium, man ga nese, iron,
ger ma nium, REE, zir co nium, ni o bium, haf nium, tan ta lum, tho -
rium and ura nium. This is due, among other things, to the main
min er als com pos ing these rocks: in the case of anorthosites,
these are mainly plagioclases, to a lesser ex tent py rox enes and 
olivines, while in the case of bas alts, these are mainly py rox -
enes and plagioclases, to a lesser ex tent olivines, il men ite
(FeTiO3), and in small amounts also ulvöspinel (Fe2TiO4).
More over, chlorapatite (Ca5(PO4)3Cl) and zir con (ZrSiO4) are
also pres ent in the KREEP bas alts (Papike et al., 1991; Ru bin,
1997; Ru bin and Ma, 2017). The Ap pen dix 1 (Ta ble A4) also in -
di cates the oc cur rence of min er als in the most im por tant Moon
rocks that con tain im por tant raw ma te ri als and can be con sid -
ered ore-form ing.

LIFE-SUSTAINING RAW MATERIALS – WATER AND OXYGEN

Among the raw ma te ri als that sup port the lives of hu mans,
an i mals and plants, the most im por tant is un doubt edly wa ter,
from which ox y gen can also be ob tained. Cur rently, it is widely
be lieved that in the vi cin ity of the Moon’s poles, in ar eas where
sun light does not reach (i.e. in per ma nently shad owed re gions
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Fig. 1. Cross-sec tion through the lu nar regolith (fig ure by J. Przylibska, based on Jaumann et al., 2012)
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T a  b l e  1

Char ac ter is tics of the most im por tant lu nar rocks in terms of the con tents of se lected chem i cal 
el e ments based on chem i cal anal y ses of rocks ob tained from lu nar me te or ites 

(our re sults based on Koblitz, 2010)



(PSRs)), there is wa ter in the form of H2O ice at the bot toms of
some crat ers (Anand et al., 2012; Ca sa nova et al., 2020). The
wa ter ice con tent in these ar eas can be as high as 2% (Hayne et 
al., 2015). Wa ter ice may also oc cur else where on the Moon in
regolith lay ers, where H2O and OH– mol e cules are pro duced by
so lar wind pro tons in ter act ing with the ox y gen-rich sur faces of
frag mented rock grains pro duced by micrometeorite im pacts on 
the lu nar regolith (Jaumann et al., 2012). Stud ies of lu nar soil
sam ples brought back by the Chi nese Chang’e 5 mis sion have
shown that the so lid i fied im pact glass drop lets con tained in the
regolith con tain sig nif i cant amounts of wa ter mol e cules. It is
cur rently es ti mated that 2.7 ´ 1014 kg of wa ter may be stored in
the sur face layer of regolith in so lid i fied drop lets of im pact glass
(He et al., 2023). Stud ies car ried out on the ba sis of in-situ spec -
tral ob ser va tions, as well as fur ther work on the re sults ob tained 
within the Chang’e 5 mis sion, show an av er age con tent of
hydroxyl groups in this area at the level of 28.5 ppm (Liu et al.,
2022) up to 170 ppm of wa ter (Zhou et al., 2022). Ex per i men tal
work is also be ing car ried out us ing lu nar regolith simu lants to
chem i cally re duce the regolith in or der to ob tain ox y gen, met als, 
and wa ter from it (Schwandt et al., 2012; Lomax et al., 2020;
Sargeant et al., 2021). How ever, most of the pro cesses in -
volved in ob tain ing ox y gen from lu nar rocks are highly en -
ergy-con sum ing (Tay lor and Car rier, 1993; Crawford, 2015).
Ad di tion ally, a side ef fect of ob tain ing ox y gen in the pro cess of
re duc ing regolith, or more pre cisely il men ite, may be the ex trac -
tion of me tal lic iron (Schlüter and Cow ley, 2020) and ti ta nium.
Rutile (TiO2) can also be a source of Ti, from which ox y gen can
also be re cov ered (Crawford et al., 2023). There is also ev i -
dence from in ter pre ta tions of or bital neu tron spec tros copy
(Sinitsyn, 2014) and Strato spheric Ob ser va tory for In fra red As -
tron omy (SOFIA) data (Honniball et al., 2020) that hy dro gen
con cen tra tions may ex ceed 100 ppm in some ar eas of the high -
lands – twice the amount mea sured in sam ples taken by probes 
(Crawford, 2015; Crawford et al., 2023).

FUELS AND ENERGY RESOURCES

In the ab sence of fos sil fu els on the Moon, so lar cells and
nu clear en ergy are likely to play the most sig nif i cant roles in the
pro duc tion of ther mal and elec tri cal en ergy.

For over 30 years, a pro spec tive lu nar re source has been
the iso tope of the no ble gas he lium – 3He. This iso tope is con -
sid ered a flag ship min eral re source, with its ex trac tion an tic i -
pated to take place from lu nar regolith. 3He is an ex cep tion ally
ef fi cient and clean nu clear fuel that can be uti lized in nu clear fu -
sion re ac tions (D-3He) as a sub sti tute for tri tium. How ever, this
tech nol ogy is still far from in dus trial im ple men ta tion. The pros -
pect of ex tract ing 3He from lu nar regolith, dis cussed since the
1980s (NASA, 1988), still re mains a dis tant pos si bil ity, es pe -
cially when com pared to other min eral re sources noted. Fur -
ther more, the de vel op ment of nu clear fu sion-based en ergy sys -
tems on Earth re mains a sim i larly re mote pros pect. The 3He
iso tope, be ing a com po nent of the so lar wind, can be im planted
into min eral crys tals that con sti tute the sur face layer of the
regolith. Con se quently, the high est con cen tra tions of  3He are
as so ci ated with ar eas where the so lar wind flux is stron gest and
where the regolith is ma ture. The ma tu rity of regolith re fers to its 
pro longed ex po sure to cos mic ra di a tion, which, among other ef -
fects, leads to a de crease in its re flec tivity. He lium-3 is most ef fi -
ciently ac cu mu lated in il men ite (FeTiO3) crys tals. Thus, its rich -
est de pos its are as so ci ated with ac cu mu la tions of this min eral
within the regolith. Such re gions in clude the maria on the
Moon’s near side, which are rich in ti ta nium (il men ite), par tic u -
larly the Procellarum KREEP Terrane. In this area, the con cen -
tra tion of 3He in the regolith is es ti mated to reach up to 20 ppb
(by mass; John son et al., 1999) or even higher, up to 24 ppb (Fa 
and Jin, 2007; Kim et al., 2019). The to tal re serves of 3He are
es ti mated at ~6.6 ´ 108 kg, with the ma jor ity (3.7 ´ 108 kg) lo -

cated on the near side of the Moon, while the re main ing 2.9 ´
108 kg are found on the far side (Fa and Jin, 2007, 2010). Ac -
cord ing to data pre sented by Crawford (2015), Crawford et al.
(2023), the av er age con cen tra tion of he lium-3 in the regolith is
~4 ppb.

One of the pro posed meth ods for ex tract ing 3He from il men -
ite in lu nar regolith in volves rap idly heat ing il men ite crys tals to a
tem per a ture of 1000 K, at which ~75% of the ac cu mu lated he -
lium-3 is re leased from the crys tal struc ture within 1 sec ond
(Song et al., 2021).

In ad di tion to 3He ac cu mu la tions in regolith il men ite, a fuel
source for mod ern nu clear power plants based on nu clear fis -
sion is ura nium (235U). El e vated con cen tra tions of ura nium are
as so ci ated with KREEP rocks, which are also en riched in tho -
rium (Yamashita et al., 2010; Li et al., 2022a), likely due to the
in creased pres ence of phos phates and zir con crys tals in these
lu nar rocks.

The pro duc tion of H2 and O2 as rocket fuel is also crit i cal,
along with the ex trac tion of el e ments es sen tial for met al lur gi cal
and chem i cal pro cesses (Anand et al., 2012; Schwandt et al.,
2012; Bennett et al., 2020; Lomax et al., 2020; Ca sa nova et al.,
2020; Schlüter and Cow ley, 2020; Rasera et al., 2020; Reiss et
al., 2020). Hy dro gen is sig nif i cant not only as rocket fuel but
also as a re duc ing agent in cer tain re ac tions for ex tract ing ox y -
gen and met als from their ox ides (Crawford, 2015). The is sue of 
hy dro gen and ox y gen avail abil ity on the Moon is dis cussed in
the sec tion on life-sup port ing re sources.

METALS

Met als are es sen tial for the pro duc tion of ma chin ery, equip -
ment, and struc tural com po nents for lu nar build ings, ve hi cles,
and rock ets. They will also be used to man u fac ture var i ous ma -
chines and de vices that en able hu man hab i ta tion, re search,
and ex plo ra tion of the Moon, as well as the prep a ra tion and ex -
e cu tion of space mis sions to more dis tant ce les tial bod ies in the 
So lar Sys tem (e.g., Mars) or be yond its bound aries.

From the per spec tive of po ten tial min ing ac tiv i ties on the
Moon, ac cu mu la tions of re sources such as il men ite (FeTiO3)
ap pear par tic u larly in trigu ing. Il men ite, along with plagioclases
(mainly an or thite), py rox enes, and olivines, is among the most
abun dant min er als in lu nar rocks (Ru bin and Ma, 2017; Rasera
et al., 2020). Com pared to as ter oids (Ti <0.07% by weight), the
Moon is sig nif i cantly richer in ti ta nium (5–8% by weight;
lithophilic; Crawford, 2015) and may rep re sent the best source
of this metal be yond Earth. Il men ite is an ore min eral for both ti -
ta nium and iron, and it can con sti tute >25% by vol ume of ti ta -
nium-rich bas alts (Papike et al., 1998, as cited in Crawford,
2015). Other min er als found in lu nar rocks can also serve as
sources of met als. Of par tic u lar in ter est is zir con, a com po nent
of KREEP rocks, which is a po ten tial source of zir co nium, haf -
nium, and rare earth el e ments (REEs), as well as chro mite
(FeCr2O4), which pro vides chro mium and iron.

Ad di tion ally, lu nar rocks have been found to con tain min er -
als such as armalcolite [(Mg,Fe)Ti2O5], rutile (TiO2), zirconolite
[(Ca,Fe)][(Zr,REE)][(Ti,Nb)2O7], chal co py rite (CuFeS2),
cubanite (CuFe2S3), pentlandite [(Ni,Fe)9S8], and sphalerite
(ZnS), al though these min er als oc cur very rarely (Papike et al.,
1991; Ru bin, 1997; Ru bin and Ma, 2017).

Plagioclases (an or thite) in anorthosites are sig nif i cantly en -
riched in eu ro pium (Tay lor and McLennan, 2010). The to tal
REE con tent in the rocks of the Procellarum KREEP Terrane
(PKT) is es ti mated to be ~1200 ppm (0.12 wt.%), with in di vid ual 
el e ment con cen tra tions vary ing widely from 3–5 ppm for eu ro -
pium or lutetium to 300 ppm for yt trium or ce rium (Crawford,
2015).

Iron re mains the pri mary metal used in the global econ omy.
On the Moon, this metal, pres ent in sil i cate forms (py rox enes
and olivines) and as an ox ide (FeO), is abun dant in all bas alts,
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par tic u larly in KREEP rocks (Yamashita et al., 2010; Li et al.,
2022a). The con tent of me tal lic iron in the regolith is ~0.5% by
weight (Mor ris, 1980). This iron orig i nates from three sources:
me te or itic iron, iron re leased from disaggregated bed rock, and
iron pro duced dur ing the re duc tion of iron ox ides in the regolith
by so lar wind-de rived hy dro gen (nano-phase Fe; Mor ris, 1980;
see Crawford, 2015). The lat ter form of iron, due to its small size 
and oc cur rence within ag glu ti nates, is chal leng ing to ex tract.
The re main ing two forms of me tal lic iron con sti tute for
0.34 ±0.11 wt.% (Mor ris, 1980; see Crawford, 2015).

As sum ing that ~2% of the regolith’s vol ume con sists of me -
te or itic ma te rial (Melosh, 2011; Jaumann et al., 2012), a sig nif i -
cant por tion of this ma te rial com prises of FeNi(Co) grains. For
iron me te or ites, this com po si tion is nearly 100%, whereas for
some car bo na ceous chondrites, it is prac ti cally 0%. As sum ing
an av er age weight per cent age of FeNi grains (in the form of
kamacite, taenite, and, to a lesser ex tent, tetrataenite) in me te -
or itic ma te rial at ~80% (a mass ra tio anal o gous to Earth’s), and
an av er age den sity of me te or itic regolith of 3.5 g/cm3, it is es ti -
mated that ~3.64% of the regolith’s mass con sists of grains
com posed of Fe, Ni, and, to a lesser ex tent, Co, with mi nor in -
clu sions of other met als. Thus, lu nar regolith al ready con sti -
tutes a pre-frag mented polymetallic ore of iron, nickel, and co -
balt.

Re cently, the pres ence of he ma tite has also been iden ti fied
on the Moon. This min eral (Fe2O3), which con tains ox i dized iron 
– Fe3+ – can form un der the highly re duc ing con di tions of the lu -
nar sur face due to the de liv ery of ox y gen from the up per lay ers
of Earth’s at mo sphere, fa cil i tated by the in flu ence of Earth’s
mag netic field. He ma tite has been de tected at high lu nar lat i -
tudes and is more prev a lent on the near side than on the far
side (Li et al., 2020). On Earth, he ma tite is a widely ex ploited
iron ore, how ever, the oc cur rence and po ten tial ac cu mu la tions
(re serves) of he ma tite on the Moon un doubt edly re quire fur ther
in ves ti ga tion.

An other po ten tially im por tant metal is alu mi num, whose
con tent in the regolith of the lu nar high lands typ i cally ranges
from 10–18 wt.% (Keszthelyi, 2022). How ever, ex tract ing alu -
mi num will re quire break ing down the struc ture of plagioclase-
 an or thite (Ca[Al2Si2O8]). Pro cesses for re cov er ing alu mi num
from this alu mi no sili cate are be ing de vel oped, but most of these 
meth ods are highly en ergy-con sum ing (Tay lor and Car rier,
1993; Duke et al., 2006; Landis, 2007; Schwandt et al., 2012).

Sil i con con sti tutes 20% by weight of lu nar rocks (Kayama et 
al., 2018; see also Ta ble 1). It is es sen tial for ap pli ca tions such
as the pro duc tion of sys tems that con vert so lar ra di a tion into
en ergy. Pro posed meth ods for ex tract ing this el e ment are sim i -
lar to those for alu mi num (Tay lor and Car rier, 1993; Duke et al.,
2006; Landis, 2007; Schwandt et al., 2012). A sig nif i cant chal -
lenge will likely be meet ing the pu rity stan dards re quired for
semi con duc tors, which sil i con pro duced on the Moon will need
to sat isfy (Crawford, 2015; Crawford et al., 2023).

ROCK RESOURCES, CONSTRUCTION MATERIALS
 AND AGGREGATES

Rock ma te ri als, build ing re sources, and ag gre gates will
likely be use ful for con struct ing lu nar bases and hu man set tle -
ments, as well as as so ci ated in dus trial fa cil i ties, in clud ing for
ag ri cul ture and min ing.

To en able fu ture ex trac tion and pro cess ing of lu nar re -
source de pos its, suit able ex ploi ta tion and pro cess ing tech nol o -
gies are al ready be ing de vel oped (Just et al., 2020; Rasera et
al., 2020; Reiss et al., 2020; Zwierzyñski et al., 2021;
Wasilewski, 2021; Li et al., 2022b). Ad di tion ally, con sid er ation
is be ing given to tech nol o gies and tech niques for pro cess ing

(e.g., sintering) and uti liz ing lu nar regolith as a con struc tion ma -
te rial or as a feedstock for 3D print ing (Lim and Anand, 2019;
Grossman et al., 2019). Un der stand ing the phys i cal prop er ties
and chem i cal com po si tion of regolith is cur rently of great im por -
tance for the de vel op ment of lu nar min ing, geotechnical en gi -
neer ing, and con struc tion (Wasilewski et al., 2021; Wiœniewski
et al., 2022). Given these ap pli ca tions of regolith, there is an ur -
gent need to pro duce simu lants (an a logues) of lu nar regolith
(Pitcher et al., 2016; Dominguez and Whit low, 2019). These
simu lants are es sen tial for test ing equip ment in tended for lu nar
mis sions, par tic u larly rov ers and de vices de signed for soil
(regolith) sam pling.

Rock ma te rial re main ing as waste af ter the re cov ery of met -
als (Fe, Ni, Co, Ti, Cr, Al, Zr, Hf, Eu, and other REEs), fu els (H2,
O2, 

3He), wa ter (H2O mol e cules and OH– ions), and other re -
sources could be uti lized as ag gre gate or other con struc tion
ma te ri als. The waste ma te rial (gangue) re main ing af ter the ex -
trac tion of re sources from regolith will still pos sess ther mal in su -
la tion prop er ties, mak ing it suit able for cov er ing lu nar struc tures 
such as hab i ta tions, lab o ra to ries, ag ri cul tural fa cil i ties, and in -
dus trial build ings. More over, lay ers of such post-regolith waste
would ef fec tively shield against cos mic ra di a tion and so lar wind
par ti cles while also pro vid ing pro tec tion from im pacts by
micrometeorites and small me te or ites. Ad di tion ally, rock frag -
ments pres ent on the lu nar sur face and in out crops could serve
as a source of rock ma te ri als es sen tial for con struc tion pur -
poses.

CHEMICAL RESOURCES

KREEP rocks are en riched in po tas sium and phos pho rus
(Yamashita et al., 2010; Li et al., 2022a), which are im por tant
re sources for the chem i cal in dus try. In these rocks, chlo rine and 
phos pho rus are sourced from chlorapatite Ca5(PO4)3Cl (Papike 
et al., 1991; Ru bin, 1997; Ru bin and Ma, 2017). An other sig nif i -
cant el e ment for chem i cal in dus try needs is sul phur, with lu nar
rocks con tain ing 715 ±216 ppm (Fegley and Swin dle, 1993). On 
the Moon, sul phur oc curs in com bi na tion with iron as a sim ple
sul phide – troilite (FeS). The source of troilite in lu nar regolith is
me te or itic ma te rial (Papike et al., 1991; Ru bin, 1997; Ru bin and 
Ma, 2017).

DISCUSSION

The ex trac tion of re sources on the Moon for lu nar mis sions
and bases is cru cial for their suc cess and sus tained op er a tion,
es pe cially when con sid er ing the high costs of trans port ing and
safely land ing sup plies from Earth. For ex am ple, DHL, in part -
ner ship with Astrobotic, cur rently of fers such a ser vice at a cost
of $1.2 mil lion per ki lo gram
(https://www.astrobotic.com/dhl-and-airbus-de -
fence-and-space-sup port-astrobotic-to-de velop-lu nar-de liv -
ery-ser vice/, ac cessed: March 22, 2024). While trans por ta tion
costs are ex pected to de crease as de mand for ship ping goods
be tween Earth and the Moon grows, they are un likely to fall to a
level that would make trans port ing es sen tial ma te ri als cheaper
than de vel op ing and im ple ment ing tech nol o gies to uti lize lo cally 
avail able re sources. This is par tic u larly true for readily ac ces si -
ble re sources that oc cur in high con cen tra tions (with sub stan tial 
re serves). In the con text of the Moon’s re source avail abil ity,
prac ti cally ev ery rock and min eral be comes a po ten tial source
of raw ma te ri als. A prime ex am ple of this is lu nar regolith and its
con stit u ent min er als, from which wa ter can be ex tracted some -
thing that would not even be con sid ered in the case of ter res trial 
regolith, such as weath ered rock. Sim i larly, the po ten tial ex ists
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to sup ply met als, fu els, en ergy car ri ers, as well as chem i cal and 
con struc tion ma te ri als. Trans port ing these re sources from
Earth is, and will likely long re main, if not in def i nitely, eco nom i -
cally unviable.

The loose regolith layer is prac ti cally the only en vi ron ment on
the Moon where sig nif i cant geo chem i cal pro cesses oc cur, lead -
ing to the for ma tion of ac cu mu la tions de pos its of var i ous min eral
re sources. And, at least on the lu nar sur face, there are no traces
of mag matic, meta mor phic, hy dro ther mal or tec tonic ac tiv ity of
the lu nar in te rior that could be re spon si ble for pro cesses lead ing
to vari a tions in the chem i cal com po si tion of the in ner lay ers of the 
Moon, which could lead to de posit for ma tion. Due to the con tin u -
ous over turn ing (“gar den ing”) and mix ing of regolith caused by
me te or ite im pacts on the lu nar sur face, it is as sumed that
volatiles im planted by the so lar wind are pres ent not only on the
sur face of the regolith layer but also at deeper lev els (Crawford,
2015). Anal y ses of cores col lected dur ing the Apollo mis sions
have con firmed that the con cen tra tions of these el e ments and
chem i cal sub stances re main ap prox i mately con stant within the
near-sur face regolith layer, which is 2–3 m thick (Fegley and
Swin dle, 1993, as cited in Crawford, 2015).

As dem on strated by the char ac ter is tics of oc cur rence and
the pro posed meth ods for ex tract ing var i ous min eral re sources
from regolith de pos its, the most cost-ef fec tive tech nol o gies and 
tech niques for both ex ploi ta tion and pro cess ing should, and
likely will, in cor po rate the si mul ta neous re cov ery of mul ti ple re -
sources. Dif fer ent re sources pres ent in regolith de pos its are ex -
pected to be ex tracted within a sin gle tech no log i cal workflow,
em ploy ing sev eral pro cesses to re cover mul ti ple re sources si -
mul ta neously. Ex am ples of such re sources in clude wa ter,
which can be uti lized to pro duce both wa ter it self and rocket fu -
els in the form of H2 and O2. The ex ploi ta tion and pro cess ing of
il men ite could yield 3He, im planted into its struc ture by the so lar
wind, as well as ti ta nium (and po ten tially iron), which form part
of il men ite’s com po si tion and are valu able me tal lic re sources.
Ad di tion ally, ox y gen, es sen tial for res pi ra tion and chem i cal pro -
cesses, can be de rived from the same op er a tion. Sul phur ex -
trac tion could be com bined with the re cov ery of other vol a tile el -
e ments. Fur ther more, af ter spe cific min eral re sources are ex -
tracted from the regolith de posit, the re main ing “waste” will con -
sist of regolith de pleted in the ex ploited re sources, ef fec tively a
gangue com posed pri mar ily of sil i cate min er als, sil i cate rock
frag ments, and glass. This re sid ual ma te rial will re main a valu -
able re source, suit able for use as an in su lat ing ma te rial, con -
struc tion ag gre gate, or as raw ma te rial for 3D print ing. This ap -
proach en ables the de sign of regolith ex ploi ta tion as an al most
zero-waste pro cess. There fore, there is no doubt that regolith
de pos its should be re garded as multi-re source de pos its.

The dis cus sion clearly dem on strates that multi-re source
regolith de pos its should be sought in re gions where the regolith
layer is the thick est. Ad di tion ally, regolith ac cu mu la tions en -
riched in com po nents de rived from cos mic ero sion and space
weath er ing of KREEP rocks will con tain the high est con cen tra -
tions of use ful min eral con stit u ents. This in di cates that the near
side of the Moon, par tic u larly the ba saltic mare re gions, holds
the great est po ten tial for a di verse range of re sources. In the lu -
nar high lands, sig nif i cant ac cu mu la tions are formed by
feldspathic re sources (an or thite), from which Al, Si, O, and Eu
can be ex tracted. The ox y gen con tent in anorthositic high land
rocks ex ceeds 40% by weight, mean ing that a regolith layer
5–20 m thick, with a den sity of ~2,000 kg/m3, con tains 4–16
met ric tons of ox y gen per square metre of sur face area
(Keszthelyi, 2022). How ever, the pro cesses for ex tract ing these 
com po nents from sil i cate min er als are ex tremely en ergy-con -
sum ing and, there fore, very costly. The re cov ery of these re -
sources will likely re quire the de vel op ment of new meth ods for
their ex ploi ta tion and pro cess ing.

The avail able sources of the most im por tant re sources on
the Moon are sum ma rized in Ta ble 2. The av er age con tent of
se lected re sources in the regolith was cal cu lated based on
chem i cal anal y ses of lu nar me te or ites (anorthosites and bas -
alts), chem i cal anal y ses of bas alts col lected dur ing the Apollo
mis sions (cat e go rized by ti ta nium con tent), and the av er age
chem i cal com po si tion of me te or ites found within the regolith.
Based on these cal cu la tions, it was as sumed that anorthosites
ac count for 88.91% of the mass (with an as sumed den sity of
1.5 g/cm3 and an av er age thick ness of 12.5 m), bas alts make
up 6.54% of the mass (46% low-Ti bas alts, 29% me dium-Ti
bas alts, and 24% high-Ti bas alts; as sumed den sity of 1.5 g/cm3

and av er age thick ness of 4.5 m), and me te or itic regolith ma te -
rial con sti tutes 4.55% of the mass (as sumed to rep re sent 2% of
the to tal regolith vol ume, with a den sity of 3.5 g/cm3 and an av -
er age chem i cal com po si tion based on the ter res trial mass dis -
tri bu tion of me te or ite types).

To cal cu late the to tal mass of the lu nar regolith, the Moon’s
ra dius R was as sumed to be 1,737 km. Us ing the for mula for
the sur face area of a sphere P = 4pR2, the sur face area was cal -
cu lated as 37,895,643 km2. As sum ing an ideal spher i cal shape
for the Moon, the vol ume of the regolith layer was es ti mated at
421,606 km3, re sult ing in a to tal mass of 6.49 ´ 1017 kg (6.49 ´
1014 tons). This as sump tion pro vides a rea son able ap prox i ma -
tion of the ac tual vol ume of the regolith. How ever, it may lead to
an over es ti ma tion of the re source re serves cre ated by re ac -
tions with the so lar wind (3He, H2, OH–, H2O), which are pre -
dom i nantly con cen trated in the near-sur face layer, ~3 m thick.

Life-sup port ing re source de pos its, such as wa ter and ox y -
gen, on the Moon are as so ci ated with regolith lo cated in per ma -
nently shad owed crat ers in the po lar re gions. There fore,
regolith in these ar eas can be ex ploited to ex tract ox y gen and
wa ter. Ad di tion ally, the pro cesses used for ox y gen ex trac tion
will likely fa cil i tate the re cov ery of met als, pri mar ily Fe, Ti, Ni
and Co.

The most re source-rich re gions on the Moon, con tain ing
regolith en riched with the great est va ri ety of ma te ri als, are the
Procellarum KREEP Terrane in the west and Mare Tranquillitatis 
in the east. In these ar eas, the regolith hosts de pos its of il men ite
FeTiO3 – a source of Ti, Fe and O – as well as wa ter, rare earth
el e ments, Ni, Co and Cr. These met als orig i nate from na tive lu -
nar min er als such as chro mite – FeCr2O4 and zir con – ZrSiO4, as 
well as me te or itic (as ter oidal) min er als, in clud ing kamacite,
taenite, and tetrataenite – poly mor phic forms of FeNi(Co).
Chem i cal re sources such as K, P, Cl, and S, along with en ergy
re sources like 3He, U, and Th, are also pres ent. Phos pho rus and
chlo rine are de rived from chlorapatite Ca5(PO4)3Cl and ap a tite (a 
group of ar se nates, phos phates, and vana dates), which are also
sources of ura nium and tho rium. These ra dio ac tive el e ments are 
ad di tion ally found in zir con crys tals. Sul phur is sourced from me -
te or itic troilite (FeS), and po tas sium co mes from po tas sium feld -
spar (KAlSi3O8). Af ter the re cov ery of these re sources, the re sid -
ual ma te rial can serve as an ex cel lent raw ma te rial for con struc -
tion. It is es ti mated that a 5–20 m regolith layer in equa to rial re -
gions may con tain 30 to 100 bil lion tons of wa ter-equiv a lent so -
lar-wind hy dro gen (Keszthelyi, 2022). High-Ti mare bas alts of the 
Mare Tranquillitatis and Oceanus Procellarum, cov er ing ~2 mil -
lion km2, lo cally show 3He con cen tra tions in the regolith ex ceed -
ing 20 ppb (Fa and Jin, 2007). As sum ing a regolith thick ness of
3 met res, the to tal 3He mass for these two re gions is es ti mated at 
2 ´ 108 kg (Crawford, 2015). The 3He con cen tra tion in regolith
var ies be tween 2.4 and 26 ppb (Schmitt, 2006). Stud ies have
iden ti fied eight re gions with higher 3He con cen tra tions, reach ing
up to ~25 ppb (Wag ner et al., 2014; Kim et al., 2019). All these
re gions are small, with di am e ters <50 km, one of which is Mare
Moscoviensis (El vis et al., 2021).
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The 3He con cen tra tion in di cates that ex tract ing 1 kg of 3He
would re quire pro cess ing 100 000 to 1 000 000 met ric tons of
regolith (Schmitt, 2020, cited in Keszthelyi, 2022), pre sent ing a
sig nif i cant tech no log i cal chal lenge. Me tal lic iron con tent in
regolith is ~0.3% by weight (Crawford, 2015), mean ing 5 kg of
Fe can be ob tained from 1 m3 of regolith (Crawford, 2015). Ad -
di tion ally, 1 m3 of regolith could po ten tially con tain 300 g of Ni
and 0.5 g of plat i num group met als (PGMs) (Crawford, 2015).

The regolith in high land ar eas, com posed pri mar ily of
anorthosites, is en riched mainly in Al, Si, O, and H, as well as
Eu, and likely also in Fe, Ni, Co, and S of me te or itic or i gin.

The rich est multi-re source de pos its are ex pected in ar eas
cov ered by the thick est regolith lay ers, par tic u larly within the
Procellarum KREEP Terrane. A map show ing the most pro -
spec tively re source-rich ar eas on the lu nar sur face, based on
the anal y sis of source ma te ri als and their dis cus sion, is shown
by the au thors in Fig ure 2.
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T a  b l e  2

Es ti mated con tent and re serves of se lected re sources in lu nar regolith

1 – au thors’ es ti ma tions, 2 – Fa and Jin (2007, 2010), 3 – Bruhaug and Phillips (2021), 4 – He et al. (2023), 5 – Crawford et al.
(2023)
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On the lu nar sur face, oc cur rences of fel sic ig ne ous rocks
(rich in SiO2) have been iden ti fied, form ing domes that are ei -
ther in tru sions or ex tru sions (lava flows; Ji et al., 2022). These
rocks may rep re sent gran ites 4.4–3.9 Ga old, formed dur ing at
least eight mag matic pulses. They ex hibit an hy drous min eral
as so ci a tions, sig nif i cant en rich ment in K/Ca, and low REE con -
tents com pared to KREEP rocks (Bonin, 2012). Due to their for -
ma tion through sev eral cy cles of melt ing and crys tal li za tion,
these rocks may serve as sources of ac cu mu la tions of var i ous

in com pat i ble el e ments, typ i cally con cen trated in re sid ual melts. 
These could in clude var i ous met als and chem i cal re sources
pres ent in na tive forms, as ox ides, sulphides, or salts of ox y -
gen ated and non-ox y gen ated ac ids. Such rocks, in clud ing
pegmatites, as pneu mato lyt ic and hy dro ther mal veins and
pock ets, may also be sources of sil ica in the form of quartz or
other poly mor phic vari ants of SiO2. In re gions such as the
north ern part of Oceanus Procellarum (Chang’e 5), these rocks
could be en riched with pre cious met als, heavy met als, REEs,
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Fig. 2A – pro spec tive ar eas for regolith de pos its (see Ta ble 2) iden ti fied based on the regolith thick ness map (ac cord ing to Fa and
Jin, 2010) over laid on lu nar terrane bound aries (ac cord ing to Jaumann et al., 2012); B – pro spec tive ar eas for de pos its as so ci ated
with Mg-suite rocks (pur ple area) and silicic domes (red dots; ac cord ing to Ji et al., 2022) over laid on lu nar terrane bound aries (ac -
cord ing to Jaumann et al., 2012) and a regolith thick ness map (ac cord ing to Fa and Jin, 2010)
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ra dio ac tive el e ments, and volatiles (e.g., F, B). They might also
con tain hy drated min er als and oth ers such as mus co vite, beryl,
tour ma line, to paz, or lith ium-bear ing min er als. If peg ma titic
rocks formed, they could po ten tially host ore-grade con cen tra -
tions of some of these el e ments. How ever, these re main spec -
u la tive, based on geo chem i cal anal o gies with Earth and the
shared gen e sis of Earth and the Moon (Zhang et al., 2022).

The lu nar crust also com prises deep-seated ig ne ous rocks
of the magnesian suite (Mg-suite), in clud ing troctolites, spinel
troctolites, norites, gabbronorites, and dunites. These rocks are 
found on the near side of the Moon and are spa tially as so ci ated
with KREEP rocks. These for ma tions may hold po ten tial for
host ing de pos its of met als com monly as so ci ated with mafic and 
ultra mafic ig ne ous rocks, such as Cr and plat i num group met als 
(PGMs), sim i lar to anal o gous de pos its on Earth.

Af ter thor oughly ex plor ing regolith de pos its, which should
be eas ier and more cost-ef fec tive to ex ploit due to their multi-re -
source na ture and pre-frag mented min eral com po nents, the
next step should in volve in ves ti gat ing mag matic de pos its in fel -
sic rocks as well as in mafic and ultra mafic rocks on the Moon.

At the cur rent stage of lu nar re source re search, it is pos si ble 
to make pre lim i nary and very rough es ti mates of the re serves of 
some of the re sources char ac ter ized. At pres ent, only regolith
de pos its can be as sessed for their re source po ten tial. These
are multi-re source de pos its. On a global lu nar scale, it is pos si -
ble to es ti mate the re serves of in di vid ual re sources con tained in 
the regolith, par tic u larly within its sur face layer. The re sults of
these es ti mates are shown in Ta ble 2, while ar eas con tain ing
po ten tial de pos its are sum ma rized in Ta ble 3.

Dur ing the ex trac tion, pro cess ing, and en rich ment of re -
sources from the regolith in the Procellarum KREEP Terrane, it
will be cru cial to sep a rate il men ite, zir con, chro mite, and other
min eral phases con tain ing Fe, Ti, Cr, REE, U, Th, O, K, P, Cl,
Ni, Co, and S from each other and from the gangue. Ad di tion -
ally, it will be nec es sary to iso late ox ides, sulphides, sil i cates,
phos phates, and na tive min er als such as FeNi(Co) sep a rately
from the ore. Den sity-based sep a ra tion meth ods may yield sat -
is fac tory re sults for only some of the min er als. A sig nif i cant ad -
van tage is the ex tremely fine grain size of the regolith, al low ing

many min eral com po nents to ex ist as in di vid ual grains. How -
ever, at such fine sizes (40–130 µm), elec tro static in ter ac tions
be tween grains be gin to emerge, which will likely com pli cate the 
sep a ra tion pro cess. These are just a few ex am ples of the chal -
lenges faced by en gi neers de sign ing pro cess ing tech niques
and tech nol o gies for lu nar regolith ore.

CONCLUSIONS

The Moon will serve as a source of raw ma te ri als nec es sary
for con struct ing fa cil i ties and de vices on its sur face, as well as
for gen er at ing en ergy and pro vid ing es sen tial re sources for hu -
man sus te nance. Due to the high costs of trans port ing raw ma -
te ri als and sup plies from Earth, any large-scale ac tiv i ties on the
Moon re quire the uti li za tion of re sources ex tracted and pro -
cessed near the sites of their use. Achiev ing in de pend ence
from Earth-based re source de liv er ies is fun da men tal to the eco -
nomic vi a bil ity of main tain ing a per ma nent hu man pres ence on
the Moon.

The Moon’s min eral re sources are pre dom i nantly found
within the regolith layer. This is be cause the regolith rep re sents
the only geochemically evolv ing layer of Earth’s nat u ral sat el lite
over the past bil lion years. Lu nar regolith should be con sid ered
as a multi-re source, pre-frag mented ore con tain ing lo cal en rich -
ments of life-sup port ing, me tal lic, chem i cal, en ergy, and con -
struc tion raw ma te ri als. There fore, the pri mary fo cus of ex trac -
tion and pro cess ing on the Moon will be regolith.

In ad di tion to regolith, other po ten tial re source zones in -
clude ar eas where out crops or shal low subsurface de pos its of
mafic and ultra mafic ig ne ous rocks are pres ent. These rocks
may be en riched in met als such as Cr, Ti, REEs, and PGMs.
Zones of fel sic ig ne ous rocks, en riched in quartz, also hold po -
ten tial. These rocks may con tain al kali el e ments and in com pat i -
ble el e ments with sil i cate struc tures, such as pre cious met als,
heavy met als, REEs, ra dio ac tive el e ments, and volatiles (e.g.,
F, B). They may also host hy drated min er als and com po nents
such as mus co vite, beryl, tour ma line, to paz, or lith ium-bear ing
min er als.
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The most pro spec tive ar eas for re source de pos its are the
lu nar maria, which are po ten tial sources of met als such as Fe,
Ti, Cr, P, K, REEs, as well as en ergy re sources like 3He, U, and
Th (Procellarum KREEP Terrane), while the po lar re gions,
where wa ter ice is pres ent, are also cru cial for hu man pres ence, 
as they pro vide a po ten tial source of wa ter, ox y gen and hy dro -
gen, mak ing them fun da men tal for life sup port, en ergy, and en -
abling the op er a tion of var i ous in dus trial and ag ri cul tural pro -
cesses. Out crop zones of anorthosites on the Moon’s far side,
along with sil ica-rich rocks, could serve as sources of Si and Al,
and the con sid er able vol ume and mass of me te or itic ma te rial in
the regolith on both hemi spheres of the Moon should also be

taken into ac count, as this ma te rial al ready rep re sents a
pre-frag mented (en riched) source of met als such as Fe, Ni, Co, 
PGMs, and S.

Ac knowl edge ments. The au thors ex tend their grat i tude to
Jolanta Przylibska for cre at ing Fig ure 1 and graph i cal ab stract.
The au thors are also grate ful to the re view ers, Pro fes sors
Andrzej Muszyñski and Zbigniew Saw³owicz, for their very con -
struc tive and fa vor able re views. Thanks to these com ments,
our orig i nal manu script un doubt edly gained in qual ity. We are
also grate ful to Pro fes sor Jan A. Zalasiewicz for lin guis tic cor -
rec tion.

REFERENCES

Anand, M., Crawford, I.A., Balat-Pichelin, M., Abanades, S., van
Westrenen, W., Péraudeau, G., Jaumann, R., Seboldt, W.,
2012. A brief re view of chem i cal and min er al og i cal re sources on
the Moon and likely ini tial in situ re source uti li za tion (ISRU) ap -
pli ca tions. Plan e tary and Space Sci ence, 74: 42–48;
https://doi.org/10.1016/j.pss.2012.08.012

Barr, A.C., 2016. On the or i gin of Earth’s Moon. Jour nal of Geo phys -
i cal Re search: Plan ets, 121: 1573–1601;
https://doi.org/10.1002/2016JE005098

Bennett, N.J., Ellender, D., Dempster, A.G., 2020. Com mer cial vi -
a bil ity of lu nar In-Situ Re source Uti li za tion (ISRU). Plan e tary
and Space Sci ence, 182;
https://doi.org/10.1016/j.pss.2020.104842

Blutstein, K., 2021. Po ten tial ex tra ter res trial sources of lith ium.
Geo log i cal Quar terly, 65, 58; https://doi.org/10.7306/gq.1627

Bonin, B., 2012. Ex tra-ter res trial ig ne ous gran ites and re lated
rocks: A re view of their oc cur rence and petro gen esis. Lithos,
153: 3–24; https://doi.org/10.1016/j.lithos.2012.04.007

Borg, L.E., Gaffney, A.M., Shearer, C.K., 2015. A re view of lu nar
chro nol ogy re veal ing a pre pon der ance of 4.34–4.37 Ga ages.
Meteoritics and Plan e tary Sci ence, 50: 715–732;
https://doi.org/10.1111/maps.12373

Bruhaug, G., Phillips, W., 2021. Nu clear fuel re sources of the
moon: a broad anal y sis of fu ture lu nar nu clear fuel uti li za tion.
NSS Space Set tle ment Jour nal;
https://nss.org/na tional-space-so ci ety-space-set tle ment-jour nal/

Car rier, D.W., Olhoeft, G.R., Mendell, W., 1991. Phys i cal prop er -
ties of the lu nar sur face. In: The Lu nar Sourcebook: A User’s
Guide to the Moon (eds. G.H. Heiken, D. Vaniman  and B.M.
French): 475–594. Cam bridge Uni ver sity Press, Cam bridge.

Ca sa nova, S., Espejel, C., Dempster, A.G., An der son, R.C.,
Caprarelli, G., Saydam, S., 2020. Lu nar po lar wa ter re source
ex plo ra tion – examination of the lu nar cold trap res er voir sys tem 
model and in tro duc tion of play-based ex plo ra tion (PBE) tech -
niques. Plan e tary and Space Sci ence, 180, 104742;
https://doi.org/10.1016/j.pss.2019.104742

Crawford, I.A., 2015. Lu nar re sources: a re view. Prog ress in Phys i -
cal Ge og ra phy, 39: 137–167.

Crawford, I.A., Anand, M., Bar ber, S., Cow ley, A., Crites, S., Fa,
W., Flahaut, J., Gaddis, L., Greenhagen, B., Haruyama, J.,
Hurley, D., McLeod, C., Morse, A., Neal, C., Sargeant, H., Sef -
ton-Nash, E., Tartese, R., 2023. Lu nar Re sources. Re views in
Min er al ogy and Geo chem is try, 89: 829–868;
https://doi.org/10.2138/rmg.2023.89.19

Dominguez, J.A., Whit low, J., 2019. Up wards mi gra tion phe nom e -
non on mol ten lu nar regolith: New chal lenges and pros pects for
ISRU. Ad vances in Space Re search, 63: 2220–2228;
https://doi.org/10.1016/j.asr.2018.12.014

Duke, M.B., Gaddis, L.R., Tay lor, G.J., Schmitt, H.H., 2006. De -
vel op ment of the Moon. Re views in Min er al ogy and Geo chem is -
try, 60: 597–656; https://doi.org/0.1515/9781501509537-010

El vis, M., Krolikowski, A., Milligan, T., 2021. Con cen trated lu nar
re sources: im mi nent im pli ca tions for gov er nance and jus tice.
Philo soph i cal Trans ac tions of the Royal So ci ety, A 379,
20190563; https://doi.org/10.1098/rsta.2019.0563

Fa, W., 2020. Bulk Den sity of the Lu nar Regolith at the Chang’E-3
Land ing Site as Es ti mated From Lu nar Pen e trat ing Ra dar. Earth 
and Space Sci ence, 7, e2019EA000801;
https://doi.org/10.1029/2019EA000801

Fa, W., Jin, Y.-Q., 2007. Quan ti ta tive es ti ma tion of he lium-3 spa tial
dis tri bu tion in the lu nar regolith layer. Icarus, 190: 15–23;
https://doi.org/10.1016/j.icarus.2007.03.014

Fa, W., Jin, Y.-Q., 2010. Global in ven tory of He lium-3 in lu nar
regoliths es ti mated by a multi-chan nel mi cro wave ra di om e ter on 
the Chang-E 1 lu nar sat el lite. Chi nese Sci ence Bul le tin, 55:
4005–4009; https://doi.org/10.1007/s11434-010-4198-9

Fegley, B., Swin dle, T.D., 1993. Lu nar volatiles: im pli ca tions for lu -
nar re source uti li za tion. In: Re sources of Near Earth Space
(eds. J. Lewis, M.S. Matthews and M.L. Guerrieri): 367–426.
Tuc son Uni ver sity Press, Tuc son.

Greeley, R., Batson, R., 1999. At las Uk³adu S³onecznego NASA.
Prószyñski i S-ka, Warszawa.

Grossman, K.D., Sakthivel, T.S., Sibille, L., Mantovani, J.G.,
Seal, S., 2019. Regolith-de rived ferro sili con as a po ten tial
feedstock ma te rial for wire-based ad di tive man u fac tur ing. Ad -
vances in Space Re search, 63: 2212–2219;
https://doi.org/10.1016/j.asr.2018.12.002

Gruszczyk, H., 1984. The sci ence of de pos its (in Pol ish). Wydaw.
Geol., Warszawa.

Hadler, K., Mar tin, D.J.P., Car pen ter, J., Cilliers, J.J., Morse, A.,
Starr, S., Rasera, J.N., Seweryn, K., Reiss, P., Meurisse, A.,
2020. A uni ver sal frame work for Space Re source Uti li sa tion
(SRU). Plan e tary and Space Sci ence, 182, 104811;
https://doi.org/10.1016/j.pss.2019.104811

Hayne, P.O., Hendrix, A., Sef ton-Nash, E., Siegler, M.A., Lucey,
P.G., Retherford,, K.D., Wil liams J.-P., Greenhagen, B.T.,
Paige, D.A., 2015. Ev i dence for ex posed wa ter ice in the
Moon’s south po lar re gions from Lu nar Re con nais sance Or biter
ul tra vi o let albedo and tem per a ture mea sure ments. Icarus, 255:
58–69; https://doi.org/10.1016/j.icarus.2015.03.032

He, H., Ji, J., Zhang, Y., Hu, S., Lin, Y., Hui, H., Hao, J., Li, R.,
Yang, W., Tian, H., Zhang, Ch., Anand, M., TartÀse R., Gu L.,
Li J., Zhang D., Mao Q., Jia L., Li X., Chen Y., Zhang L., Ni H.,
Wu, S., Wang, H., Li, Q., He, H., Xianhua, Li X., Wu, F., 2023. A 
so lar wind-de rived wa ter res er voir on the Moon hosted by im -
pact glass beads. Na ture Geoscience, 16: 294–300;
https://doi.org/10.1038/s41561-023-01159-6

Honniball, C.I., Lucey, P.G., Li, S., Shenoy, S., Or lando, T.M.,
Hibbitts, C.A., Hurley, D.M., Farrell, W.M., 2020. Mo lec u lar
wa ter de tected on the sun lit Moon by SOFIA. Na ture As tron omy
Let ters, 5: 121–127;
https://doi.org/10.1038/s41550-020-01222-x

Tadeusz A. Przylibski et al.  / Geo log i cal Quar terly, 2025, 69, 31 13

https://doi.org/10.1016/j.pss.2012.08.012
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.lithos.2012.04.007
https://doi.org/10.1111/maps.12373
https://nss.org/national-space-society-space-settlement-journal/
https://doi.org/10.1016/j.pss.2019.104742
https://doi.org/10.2138/rmg.2023.89.19
https://doi.org/10.1016/j.asr.2018.12.014
https://doi.org/10.1098/rsta.2019.0563
https://doi.org/10.1029/2019EA000801
https://doi.org/10.1016/j.icarus.2007.03.014
https://doi.org/10.1016/j.icarus.2007.03.014
https://doi.org/10.1016/j.asr.2018.12.002
https://doi.org/10.1016/j.pss.2019.104811
https://doi.org/10.1016/j.icarus.2015.03.032
https://doi.org/10.1038/s41561-023-01159-6
https://doi.org/10.1038/s41550-020-01222-x
https://doi.org/0.1515/9781501509537-010


Jaumann, R., Hiesinger, H., Anand, M., Crawford, I.A., Wag ner,
R., Sohl, F., Jolliff, B.L., Scholten, F., Knapmeyer, M.,
Hoffmann, H., Hussmann, H., Grott, M., Hempel, S., Köhler,
U., Krohn, K., Schmitz, N., Car pen ter, J., Wieczorek, M.,
Spohn, T., Rob in son, M.S., Oberst, J., 2012. Ge ol ogy, geo -
chem is try, and geo phys ics of the Moon: Sta tus of cur rent un der -
stand ing. Plan e tary and Space Sci ence, 74: 15–41;
https://doi.org/10.1016/j.pss.2012.08.019

Ji, J., Guo, D., Liu, J., Chen, S., Ling, Z., Ding, X., Han, K., Chen,
J., Cheng, W., Zhu, K., Liu, J., Wang, J., Chen, J., Ouyang, Z., 
2022. The 1:2,500,000-scale geo logic map of the global Moon.
Sci ence Bul le tin, 67, 15;
https://doi.org/10.1016/j.scib.2022.05.021

Jin, Y.-Q., Fa, W., Wieczorek, M.A., 2010. Pre lim i nary anal y sis of
mi cro wave bright ness tem per a ture of the lu nar sur face from
Chang-E 1 multi-chan nel ra di om e ter ob ser va tion and in ver sion
of regolith layer thick ness. 41st Lu nar and Plan e tary Sci ence
Con fer ence, 1331.pdf

John son, J.R., Swin dle, T.D., Lucey, P.G., 1999. Es ti mated So lar
Wind-Im planted He lium-3 Dis tri bu tion on the Moon. Geo phys i -
cal Re search Let ters, 26: 385–388;
https://doi.org/10.1029/1998GL900305

Just, G.H., Smith, K., Joy, K.H., Roy, M.J., 2020. Para met ric re -
view of ex ist ing regolith ex ca va tion tech niques for lu nar In Situ
Re source Uti li sa tion (ISRU) and rec om men da tions for fu ture
ex ca va tion ex per i ments. Plan e tary and Space Sci ence, 180;
https://doi.org/10.1016/j.pss.2019.104746

Kallio, E., Dyadechkin, S., Wurz, P., Khodachenko, M., 2019.
Space weath er ing on the Moon: Farside-near side so lar wind
pre cip i ta tion asym me try. Plan e tary and Space Sci ence, 166:
9–22; https://doi.org/10.1016/j.pss.2018.07.013

Kayama, M., Nagaoka, H., Niihara, T., 2018. Lu nar and Mar tian Sil -
ica. Min er als, 8, 267; https://doi.org/10.3390/min8070267

Keszthelyi, L.P., Coyan, J.A., Bennett, K.A., Ostrach, L.R.,
Gaddis, L.R., Ga briel, T.S., Hagerty, J., 2023. As sess ment of
lu nar re source ex plo ra tion in 2022 (No. 1507). US Geo log i cal
Sur vey.

Kim, K.J., Wöhler, C., Berezhnoy, A.A., Bhatt, M., Grumpe, A.,
2019. Pro spec tive 3He-rich land ing sites on the Moon. Plan e tary 
Space Sci ences, 177, 104686;
https://doi.org/10.1016/j.pss.2019.07.001

Koblitz, J., 2010. MetBase® ver. 7.3. Me te or ite Data Retrival Soft -
ware. Ritterhude, Ger many.

Landis, G.A., 2007. Ma te ri als re fin ing on the Moon. Acta
Astronautica, 60: 906–915.

Law rence, D.J., Feldman, W.C., Prettyman, T.H., 2000. Tho rium
abun dances on the lu nar sur face. Jour nal of Geo phys i cal Re -
search, 105: 20,307–20,331;
https://doi.org/10.1029/1999JE001177

Li, Ch., Hu, H., Yang, M., Pei, Z., Zhou, Q., Ren, X., Liu, B., Liu, D., 
Zeng, X., Zhang, G., Zhang, H., Liu, J., Wang, Q., Deng, X.,
Xiao, C., Yao, Y., Xue, D., Zuo, W., Su, Y., Wen, W., Ouyang,
Z., 2022a. Char ac ter is tics of the lu nar sam ples re turned by the
Chang’E-5 mis sion. Na tional Sci ence Re view, 9, nwab188;
https://doi.org/10.1093/nsr/nwab188

Li, Ch., Wei, K., Li, Y., Ma, W., Lei, Y., Yu, H., Liu, J., 2022b. A
novel strat egy to ex tract lu nar mare KREEP-rich metal re -
sources us ing a sil i con col lec tor. Jour nal of Rare Earths, 41:
1429–1436; https://doi.org/10.1016/j.jre.2022.07.002

Li, S., Lucey, P.G, Fraeman, A.A., Poppe, A.R., Sun, V.Z., Hurley,
D.M., Schultz P.H., 2020. Wide spread he ma tite at high lat i tudes 
of the Moon. Sci ence Ad vances, 6, 36;
https://doi.org/10.1126/sciadv.aba1940

Lim, S., Anand, M., 2019. Nu mer i cal mod el ling of the mi cro wave
heat ing be hav iour of lu nar regolith. Plan e tary and Space Sci -
ence, 179, 104723; https://doi.org/10.1016/j.pss.2019.104723

Liu, J., Liu, B., Ren, X., Li, Ch., Shu, R., Guo, L., Yu, S., Zhou, Q.,
Liu, D., Zeng, X., Gao, X., Zhang, G., Yan, W., Zhang, H., Jia,
L., Jin, S., Xu, Ch., Deng, X., Xie, J., Yang, J., Huang, Ch.,
Zuo, W., Su, Y., Wen, W., Ouyang, Z., 2022. Ev i dence of wa ter
on the lu nar sur face from Chang’E-5 in-situ spec tra and re -
turned sam ples. Na ture Com mu ni ca tions, 13: 3119;
https://doi.org/10.1038/s41467-022-30807-5

Lock, S.J., Stew art, S.T., Petaev, M.I., Leinhardt, Z., Mace, M.T.,
Jacobsen, S.B., Æuk, M., 2018. The or i gin of the Moon within a
ter res trial synestia. Jour nal of Geo phys i cal Re search: Plan ets,
123: 910–951; https://doi.org/10.1002/2017JE005333

Lomax, B.A., Conti, M., Khan, N., Bennett, N.S., Ganin, A.Y.,
Symes, M.D., 2020. Prov ing the vi a bil ity of an elec tro chem i cal
pro cess for the si mul ta neous ex trac tion of ox y gen and pro duc -
tion of metal al loys from lu nar regolith. Plan e tary and Space Sci -
ence, 180, 104748; https://doi.org/10.1016/j.pss.2019.104748

£uszczek, K., Przylibski, T.A., 2019. Po ten tial de pos its of se lected
me tal lic re sources on L chondrite par ent bod ies. Plan e tary and
Space Sci ence, 168: 40–51;
https://doi.org/10.1016/j.pss.2019.02.005

£uszczek, K., Przylibski, T.A., 2021. Se lected metal re sources on
H chondrite par ent bod ies. Plan e tary and Space Sci ence, 206,
105309; https://doi.org/10.1016/j.pss.2021.105309

Mayer, C., 2012. Lu nar Sam ple Com pen dium. Astromaterials Re -
search &amp; Ex plo ra tion Sci ence (ARES), NASA;
ttps://cu ra tor.jsc.nasa.gov/lu nar/lsc/in dex.cfm; 
ac cessed: 26.01.2023.

McKay, D.S., Heiken, G., Basu, A., Blanford, G., Si mon, S.,
Reedy, R., French, B.M., Papike, J., 1991. The lu nar regolith.
In: Lu nar Sourcebook (eds. G.H. Heiken, D.T. Vaniman and B.M. 
French): 285–356. Cam bridge Uni ver sity Press.

Melosh, H.J., 2011. Plan e tary Sur face Pro cesses. Cam bridge Uni -
ver sity Press, Cam bridge.

MetBull, 2023. The Meteoritical Bul le tin Da ta base, The Meteoritical
So ci ety; https://www.lpi.usra.edu/meteor/ ; dostêp: 16.05.2023.

Metzger, A.E., Parker, R.E., 1979. The dis tri bu tion of ti ta nium on
the lu nar sur face. Earth and Plan e tary Sci ence Let ters, 45:
155–171; https ://doi.org/10.1016/0012-821X(79)90117-1

Migaszewski, Z.M., Ga³uszka, A., 2007. Ba sics of en vi ron men tal
geo chem is try (in Pol ish). Wydaw. Naukowo-Techniczne,
Warszawa.

Mor ris, R.V., 1980. Or i gins and size dis tri bu tion of me tal lic iron par -
ti cles in the lu nar regolith. Pro ceed ings of the Lu nar and Plan e -
tary Sci ence Con fer ence, 11: 1697–1712.

Mutch, T.A., 1972. Ge ol ogy of the Moon: A Strati graphic View.
Prince ton Uni ver sity Press;
http://www.jstor.org/sta ble/j.ctt13x0w46

NASA, 1988. Lu nar He lium-3 and Fu sion Power. Pro ceed ings of a
work shop spon sored by the NASA Of fice of Ex plo ra tion and the
De part ment of En ergy Of fice of Fu sion En ergy and held at the
NASA Lewis Re search Cen ter Cleve land, Ohio April 25 and 26.
Na tional Aero nau tics and Space Ad min is tra tion Sci en tific and
Tech ni cal In for ma tion Branch.

Papike, J.J., Si mon, S.B., Laul, J.C., 1982. The lu nar regolith:
Chem is try, min er al ogy, and pe trol ogy. Re views of Geo phys ics,
20, 761; https://doi.org/10.1029/rg020i004p00761

Papike, J., Tay lor, L., Si mon, S., 1991. Lu nar min er als. In: Lu nar
Sourcebook (eds. G.H. Heiken, D.T. Vaniman and B.M. French):  
121–181. Cam bridge Uni ver sity Press, Cam bridge.

Papike, J.J., Ryder, G., Shearer, C.K., 1998. Lu nar sam ples. Re -
views in Min er al ogy and Geo chem is try, 36: 5.1–5.234.

Pitcher C., Kömle N., Leibniz O., Mo rales-Calderon O., Gao Y.,
Rich ter L., 2016. In ves ti ga tion of the prop er ties of icy lu nar po -
lar regolith simu lants. Ad vances in Space Re search, 57:
1197–1208; https://doi.org/10.1016/j.asr.2015.12.030

Polañski, A., 1988. Ba sics of geo chem is try (in Pol ish). Wydaw.
Geol., Warszawa.

Przylibski, T.A., £uszczek, K., Blutstein, K., Szczêœniewicz, M.,
Ciapka, D., 2022. Ex tra ter res trial min ing in Po land (in Pol ish
with Eng lish sum mary). Przegl¹d Górniczy, (3): 17–24.

Przylibski, T.A., Blutstein, K., Szczêœniewicz, M., £uszczek, K.,
2023. First Ton of Moon on Earth (in Pol ish with Eng lish sum -
mary). Acta Societatis Metheoriticae Polonorum, 14: 163-182.

Przylibski, T.A., Szczêœniewicz, M., Blutstein, K., 2024. Are there
nat u ral an a logues of Moon rocks in Lower Silesia? (in Pol ish
with Eng lish sum mary). Przegl¹d Geologiczny, 72: 26–46;
https://doi.org/10.7306/2024.2

14 Tadeusz A. Przylibski et al.  / Geo log i cal Quar terly, 2025, 69, 31

https://doi.org/10.1016/j.pss.2012.08.019
https://doi.org/10.1016/j.scib.2022.05.021
https://doi.org/10.1029/1998GL900305
https://doi.org/10.1016/j.pss.2019.104746
https://doi.org/10.1016/j.pss.2018.07.013
https://doi.org/10.3390/min8070267
https://doi.org/10.1016/j.pss.2019.07.001
https://doi.org/10.1029/1999JE001177
https://doi.org/10.1093/nsr/nwab188
https://doi.org/10.1016/j.jre.2022.07.002
https://doi.org/10.1126/sciadv.aba1940
https://doi.org/10.1016/j.pss.2019.104723
https://doi.org/10.1038/s41467-022-30807-5
https://doi.org/10.1002/2017JE005333
https://doi.org/10.1016/j.pss.2019.104748
https://doi.org/10.1016/j.pss.2019.02.005
https://doi.org/10.1016/j.pss.2021.105309
https://curator.jsc.nasa.gov/lunar/lsc/index.cfm
https://www.lpi.usra.edu/meteor/
https ://doi.org/10.1016/0012-821X(79)90117-1
http://www.jstor.org/stable/j.ctt13x0w46
https://doi.org/10.1029/rg020i004p00761
https://doi.org/10.1016/j.asr.2015.12.030
https://doi.org/10.7306/2024.2


Qin, L., Yue, Z., Gou, S., Zhang, Y., Wei, G., Shi, K., Zhang, X.,
Yang, B., 2025. Struc ture and For ma tion Mech a nism of Lu nar
Regolith. Space: Sci ence & Tech nol ogy, 5, 0219;
https://doi.org/10.34133/space.0219

Rasera, J.N., Cilliers, J.J., Lamamy, J.A., Hadler, K., 2020. The
ben efi ci ation of lu nar regolith for space re source uti li sa tion: a re -
view. Plan e tary and Space Sci ence, 186, 104789;
https://doi.org/10.1016/j.pss.2020.104879

Reiss, P., Kerscher, F., Grill, L., 2020. Thermogravimetric anal y sis
of chem i cal re duc tion pro cesses to pro duce ox y gen from lu nar
regolith. Plan e tary and Space Sci ence, 181, 104795;
https://doi.org/10.1016/j.pss.2019.104795

Ru bin, A.E., 1997. Min er al ogy of me te or ite groups. Meteoritics &
Plan e tary Sci ence, 32: 231–247;
https://doi.org/10.1111/j.1945-5100.1997.tb01262.x

Ru bin, A.E., Ma, C., 2017. Me te or itic min er als and their or i gins.
Chemie der Erde, 77: 325–385;
https://doi.org/10.1016/j.chemer.2017.01.005

Sargeant, H.M., Bar ber, S.J., Anand, M., Aber nethy, F.A.J.,
Sheridan, S., Wright, I.P., Morse, A.D., 2021. Hy dro gen re duc -
tion of lu nar sam ples in a static sys tem for a wa ter pro duc tion
dem on stra tion on the Moon. Plan e tary and Space Sci ence, 205, 
105287; https://doi.org/10.1016/j.pss.2021.105287

Schlüter, L., Cow ley, A., 2020. Re view of tech niques for in-situ ox y -
gen ex trac tion on the Moon. Plan e tary and Space Sci ence, 181,
104753; https://doi.org/10.1016/j.pss.2019.104753

Schmitt, H.H., 2006. Re turn to the Moon – Ex plo ra tion, En ter prise,
and En ergy in the hu man Set tle ment of Space. New York,
Springer.

Schmitt, H.H., 2020. Lu nar hy dro gen and he lium re source de vel op -
ment, in ASCEND 2020 Meet ing, vir tual, No vem ber 16–18,
2020: Amer i can In sti tute for Aero nau tics and As tro nau tics, pa -
per 2020-4001; https://doi.org/10.2514/6.2020-4001

Schwandt, C., Ham il ton, J.A., Fray, D.J., Crawford, I.A., 2012.
The pro duc tion of ox y gen and metal from lu nar regolith. Plan e -
tary and Space Sci ence, 74: 49–56;
https://doi.org/10.101 6/j.pss.2012.06.011

Sinitsyn, M.P., 2014. The hy dro gen anom a lies in KREEP ter rain ac -
cord ing to the re sults of LEND and LPNS neu tron spec trom e ter
data. In: 2nd Eu ro pean Lu nar Sym po sium, Lon don, May 2014,
17–18;
http://sservi.nasa.gov/wp-con -
tent/uploads/2014/05/ELS2014_ProgAbstractBook_07May.pdf;
ac cessed: De cem ber 2014.

Smirnow, W.I., 1986. Ge ol ogy of min eral de pos its (in Pol ish).
Wydaw. Geol., Warszawa.

Song, H., Zhang, J., Sun, Y., Li, Y., Zhang, X., Ma, D., Kou, J.,
2021. The o ret i cal Study on Ther mal Re lease of He lium-3 in Lu -
nar Il men ite. Min er als, 11, 319;
https://doi.org/10.3390/min11030319

Tay lor, L.A., Car rier, W.D., 1993. Ox y gen pro duc tion on the Moon:
an over view and eval u a tion. In: Re sources of Near Earth Space
(eds. J. Lewis, M.S. Matthews and M.L. Guerrieri): 69–108. Tuc -
son Uni ver sity Press, Tuc son.

Tay lor, S.R., McLennan, S.M., 2010. Plan e tary crusts: their com po -
si tion, or i gin and evo lu tion. Cam bridge Uni ver sity Press,
Cambrige.

Wag ner, R.V., Rob in son, M.S., 2014. Dis tri bu tion, for ma tion mech -
a nisms, and sig nif i cance of lu nar pits. Icarus, 237: 52–60;
https://doi.org/10.1016/j.icarus.2014.04.002

Wasilewski, T.G., 2021. Lu nar ther mal min ing: Phase change in ter -
face move ment, pro duc tion de cline and im pli ca tions for sys tems 
en gi neer ing. Plan e tary and Space Sci ence, 199, 105199;
https://doi.org/10.1016/j.pss.2021.105199

Wasilewski, T.G., Barciñski, T., Marchewka, M., 2021. Ex per i -
men tal in ves ti ga tions of ther mal prop er ties of icy lu nar regolith
and their in flu ence on phase change in ter face move ment. Plan -
e tary and Space Sci ence, 200, 105197;
https://doi.org/10.1016/j.pss.2021.105197

Wil liams, D.M., Zugger, M.E., 2024. Form ing Mas sive Ter res trial
Sat el lites through Bi nary-ex change Cap ture. The Plan e tary Sci -
ence Jour nal, 5, 208; https://doi.org/10.3847/PSJ/ad5a9a

Wiœniewski, £., Wasilewski, G., Kêdziora, B., Grygorczuk, J.,
2022. Wybrane w³aœciwoœci regolitu i ich istotny wp³yw na
realizacjê misji eksploracyjnych (in Pol ish). Acta Societatis
Metheoriticae Polonorum, 13: 107–119.

Yamashita, N., Hasebe, N., Reedy, R.C., Koboyashi, S., Karouji,
Y., Hareyama, M., Shibamura, E., Kobayashi, M.-N.,
Okudaira, O., d’Uston, C., Gasnault, O., Forni, O., Kim, K.J.,
2010. Ura nium on the Moon: Global dis tri bu tion and U/Th ra tio.
Geo phys i cal Re search Let ters, 37, L10201;
https://doi.org/10.1029/2010GL043061

Zhang, B., Lin, Y., Moser, D.E., War ren, P.H., Hao, J., Barker, I.R.,
Shieh, S.R., Bouvier, A., 2021. Tim ing of lu nar Mg-suite
magmatism con strained by SIMS U-Pb dat ing of Apollo norite
78238. Earth and Plan e tary Sci ence Let ters, 569, 117046;
https://doi.org/10.1016/j.epsl.2021.117046

Zhang, H., Zhang, X., Zhang, G., Dong, K., Deng, X., Gao, X.,
Yang, Y., Xiao, Y., Bai, X., Liang, K., Liu, Y., Ma, W., Zhao, S.,
Zhang, C., Zhang, X., Song, J., Yao, W., Chen, H., Wang, W.,
Zou, Z., Yang, M., 2022. Size, mor phol ogy, and com po si tion of
lu nar sam ples re turned by Chang’E-5 mis sion. Sci ence China
Phys ics, Me chan ics & As tron omy, 65, 229511;
https://doi.org/10.1007/s11433-021-1818-1

Zhou, Ch., Tang, H., Li, X., Zeng, X., Mo, B., Yu, W., Wu, Y., Zeng,
X., Liu, J., Wen, Y., 2022. Chang’E-5 sam ples re veal high wa ter
con tent in lu nar min er als. Na ture Com mu ni ca tions, 13, 5336;
https://doi.org/10.1038/s41467-022-33095-1

Zhou, Y., Bi, R., Liu, Y., 2024. Re search Ad vances in the Gi ant Im -
pact Hy poth e sis of Moon For ma tion. Space: Sci ence & Tech nol -
ogy, 4, 0153; https://doi.org/10.34133/space.0153

Zwierzyñski, A.J., Teper, W., Wiœniowski, R., Gonet, A.,
Buratowski, T., Uhl, T., Seweryn, K., 2021. Fea si bil ity study of
low mass and low en ergy con sump tion drill ing de vices for fu ture
space (min ing sur vey ing) mis sions. En er gies, 14, 5005;
https://doi.org/10.3390/en14165005

Au thor con tri bu tions

The re search idea and con cept of the ar ti cle – TAP. Prep a ra tion of
data for ta bles and their cre ation – KB and MS. Prep a ra tion of
data for fig ures (ex cept Fig. 1) and their cre ation – MS. Prep a ra -
tion of ap pen di ces – KB. Ini tial text ed it ing – TAP. De vel op ment
of re sults, dis cus sion, and fi nal text ed it ing – all au thors.

Con flict of in ter est

The au thors de clare that there are no con flicts of in ter est re lated to
the pub li ca tion of this ar ti cle and that there are no fi nan cial ties
to dis close.

In formed con sent

Con sent for pub li ca tion has been ob tained.

Fund ing

The work was en tirely fi nanced by the au thors pri vate funds.

Tadeusz A. Przylibski et al.  / Geo log i cal Quar terly, 2025, 69, 31 15

https://doi.org/10.34133/space.0219
https://doi.org/10.1016/j.pss.2020.104879
https://doi.org/10.1016/j.pss.2019.104795
https://doi.org/10.1111/j.1945-5100.1997.tb01262.x
https://doi.org/10.1016/j.chemer.2017.01.005
https://doi.org/10.1016/j.pss.2021.105287
https://doi.org/10.1016/j.pss.2019.104753
https://doi.org/10.2514/6.2020-4001
https://doi.org/10.101 6/j.pss.2012.06.011
http://sservi.nasa.gov/wp-content/uploads/2014/05/ELS2014_ProgAbstractBook_07May.pdf
https://doi.org/10.3390/min11030319
https://doi.org/10.1016/j.icarus.2014.04.002
https://doi.org/10.1016/j.pss.2021.105199
https://doi.org/10.1016/j.pss.2021.105197
https://doi.org/10.3847/PSJ/ad5a9a
https://doi.org/10.1029/2010GL043061
https://doi.org/10.1016/j.epsl.2021.117046
https://doi.org/10.1007/s11433-021-1818-1
https://doi.org/10.1038/s41467-022-33095-1
https://doi.org/10.34133/space.0153
https://doi.org/10.3390/en14165005


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 30–48 

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 
I 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 0 – – – – 
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 0 – – – – 
C % 0 – – – – 
N % 0 – – – – 
F ppm 0 – – – – 

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 0 – – – – 
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 0 – – – – 
Pd ppb 1 3.90 3.90 0 3.90 
Ag ppb 0 – – – – 
Cd ppb 2 6.55 6.55 0.15 6.40–6.70 
In ppb 0 – – – – 
Sn ppm 0 – – – – 
Sb ppb 0 – – – – 
Te ppb 0 – – – – 
I 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 0 – – – – 
Tl ppb 0 – – – – 
Pb ppm 5 0.81 0.99 0.30 0.24–1.02 
Bi ppb 0 – – – – 
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 0 – – – – 
Be ppb 0 – – – – 
B ppb 0 – – – – 
C % 0 – – – – 
N % 0 – – – – 
F ppm 0 – – – – 

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 0 – – – – 
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 0 – – – – 
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 0 – – – – 
Mo ppm 0 – – – – 
Ru ppm 0 – – – – 
Rh ppm 0 – – – – 
Pd ppb 0 – – – – 
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 0 – – – – 



Sb ppb 3 20.75 3.14 24.93 3.11–56.00 
Te ppb 1 4.80 4.80 0 4.80 
I ppm 0 – – – – 

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 0 – – – – 
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 2.17 2.17 0 2.17 
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 0 – – – – 
Au ppb 9 22.16 1.10 44.36 0.17–140.00 
Hg ppm 0 – – – – 
Tl ppb 2 6.96 6.96 2.70 4.26–9.66 
Pb ppm 0 – – – – 
Bi ppb 2 2.17 2.17 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 Ca5[Cl|(PO4)3]   + + 
chromite FeCr2O4 + +  + 
zircon Zr[SiO4]   +  
ilmenite FeTiO3 + + + + 
kamacite α–(FeNi) + +  + 
taenite γ–(FeNi) + +  + 
troilite FeS + + + + 
ulvöspinel TiFe2O4 +   + 

 




