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Exploring the Solar System requires large
amounts of resources. However, many criti-
cal resources on Earth cannot be diverted
from vital productions required for estab-
lishing a sustainable society. Resource
extraction from extraterrestrial bodies
such as the Moon might be an attractive
alternative. Here, we assess the potential of
the Moons’ Titanium (Ti) resources, which
is known to contain significant amounts of
this metal. We used mathematical models
comparing historical trends of Earth mining
operations to build explorative scenarios
for future lunar mining operations of Ti
resources. The results provide a timeframe
for the mining operation and estimates
of the quantity of extracted material. We
further discuss how lunar resources can be
primarily used for in-situ resource utilisa-
tion but also as a backup supply source in
the worst-case scenario of Earth’s resource
depletion.

1. Introduction

he pioneering astronautics scientist
I Tsiolkovsky envisioned venturing

into space as a necessary step for
ensuring human survival and obtaining
resources for continued growth. Before ven-
turing further in the solar system, it is sen-
sible to explore and eventually exploit the
Moon first, being the closest celestial object
[1]. After the initial race to the Moon, fur-
ther exploration was overlooked for nearly
50 years, while its exploitation was seen as
a futuristic vision. Recently, the Moon has
returned on the top-priority list of space
agencies with spectacular achievements, like
India’s Chandrayaan-3 mission successfully
landing near the moons’ south pole on 23
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August 2023. The renewed space race has
led nations and commercial companies to
aim for long-term exploration and eventual
colonisation of the Solar System.

The Moon is seen as a natural stepping
stone for missions to Mars and beyond
[2], and Space Resource Utilisation
(SRU) is considered key to achieving this
goal. SRU was originally proposed in the
1960s to reduce launch mass and reduce
the dependency on Earth [3]. Space pri-
vatisation and investment have resulted
in renewed interest in SRU to produce
propellant [4] and supply oxygen [5],
which is one of the main challenges for
future space operations.

Lunar resources exploitation could
also benefit society in other ways. For
instance, Wingo [6] and Metzger et al.
[7] claimed that lunar resources could
revolutionise the supply of raw materi-
als. Current global requirements for key
raw materials has surged, driven by the

growth of renewable and clean energy
[8]. Since 2010, the worldwide demand
for minerals - like lithium and nickel -
has risen by over 50% [9] with leading
suppliers including Chile, Indonesia, the
Democratic Republic of Congo, Afghani-
stan, and the Russian Federation [10]. In
addition, initiatives for carbon neutrality
have turned a blind eye to poor condi-
tions and devastating socio-economic
effects in many mines and mineral pro-
cessing facilities around the world [11;
12]. New policies, like the EU Critical
Raw Materials Act, often aim to reduce
imports by increasing domestic mining,
but this can lead to a mixed bag of social,
environmental and justice issues that
hinder future energy security [13]. Lunar
resource exploitation may circumvent
some of these challenges and diversify
supply.

Crawford [14] found that the Moon
possesses large amounts of chemical ele-
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ments of potential economic relevance,
but it is hard to identify a single one that
would be capable of driving an extraction
industry of its own. In this manuscript,
we explore the potential of lunar deposits
as a possible supply for vital resources.
To date, few studies investigated the time
frame of scale lunar mining activities and
what its potential output would imply
for our society. This study fills the gaps
in existing literature by providing struc-
tured and quantitative production sce-
narios that can be helpful for assessing
lunar resources and their viability as sig-
nificant contributors to future resource
supply.

We chose titanium (Ti) as a case study
due to the metals’ potential significance
in future technological developments,
particularly in space exploration. First,
Ti has excellent properties such as a high
strength-to-weight ratio and outstand-
ing resistance to corrosion and tempera-
ture, which are crucial for engineering
applications [e.g. 15]. It also has useful
properties for nanotechnology [16] and
biomedicine [17]. As a pigment, TiO, is
non-toxic, insoluble, has excellent heat
stability, weather resistance, and hiding
power, is easy to disperse in resin sys-
tems, and is resistant to discoloration
[18]. Cai et al. [19] found that titanium
alloys are gaining significant traction in
aviation, aerospace, chemical, shipbuild-
ing, and many other industries. Con-
sequently, future demand for titanium
is likely to increase due to its attractive
properties.

Lunar rocks tend to have higher TiO,
contents than any other known extra-ter-
restrial material, making the Moon, due
to its proximity to Earth, more attrac-
tive than metal asteroids for titanium
mining [15]. Importantly, lunar tita-
nium is a useful illustration of the con-
cept of integrated use of minerals, which
involves the comprehensive extraction
and processing of valuable chemical ele-
ments from multicomponent mineral
raw materials [20]. One of the main
lunar Ti ores is ilmenite (FeTiO,), which
has the significant advantage of yielding
titanium as a by-product of oxygen pro-
duction. Ilmenite is easy to process and
offers a high oxygen yield [21]. Based on
recent investigations of industrial pro-
cesses applied to extract Ti from lunar
regolith (FFC Cambridge process, [22]),
lunar regolith mining scales of 30 - 65
kg/h would be necessary for producing 1
000 kg of O, annually, which is the scale
required for initial stages of a lunar out-
post designed for the NASA architecture
[23]. As such, it has been found that SRU

oxygen production would likely require
a continuous large-scale operation to be
viable.

To assess the potential of lunar Ti
deposits as a future supply source, we
used a comprehensive chemical data-
set of lunar rocks to establish explor-
atory large-scale mining scenarios that
includes time-frame of mining operation
and estimation of quantity of extracted
material. We compare the results with
structured analogies based on terrestrial
counterparts. We further discuss the use
of lunar titanium as a pathway to sustain
both future spacefaring endeavours and
supply Earth with additional resources
for its decarbonisation and transition
efforts.

2. Materials and Methods

The purpose of this study is to create
exploratory scenarios for future lunar
mining activities capable of extracting
Ti on societally relevant scales. A sec-
ondary aim is to quantify and assess the
plausibility of lunar mining and infra-
structure needs that would be required to
achieve production volumes significant
for modern society. This is accomplished
by using structured analogies based on
quantitative production data and histori-
cal experience from Norway, primarily
the Tellnes titanium mine, and combin-
ing this with available geochemical data
on typical concentrations in Iunar rocks.

An analogy is a type of scientific model
used to analyse and explore the behav-
iour of other systems with some degree
of similarity [24]. Here, historical tita-
nium production in Norway is used to
create a structured analogy built around
concentrations, production volumes and
mining operations that could be used
for lunar conditions. This judgemental
approach aims to explore and confine
future lunar exploitation using known
facts and parameters as tentative bound-
ary conditions. While technical details
and factors differ, making the analogy
imperfect, leveraging available informa-
tion can reveal the driving forces and
key factors, aiding in the exploration of
future trajectories.

Scenarios are simplified and plausible
descriptions of how future mining opera-
tions and technologies may develop,
based on a coherent and internally con-
sistent set of assumptions about key driv-
ing forces and relationships in economy
and society [25; 26]. Scenario analysis
balances both quantitative and qualita-
tive approaches to develop projections
and gain perspective over a longer time

horizon [27; 28].
2.1. Study case locations

Currently, the world produces roughly
12.5 million metric tons (Mt) of titanium
compounds, expressed as mineral con-
centrates, dominated by 11 000 kt from
ilmenite and 1 700 kt from titanium slags
in 2019 [29]. The titanium industry uses
the term ilmenite to refer to both hard-
rock ilmenite and ilmenite enriched in
TiO, through weathering. Titanium slag
is an intermediate product usable for
Ti pigments, made from ilmenite using
high temperature metallurgy processes.
Norway currently produces about 5%
of the world’s ilmenite concentrates and
simultaneously holds about 5% of the
known reserves [29]. Most importantly,
southern Norway contains a world-
class deposit in the Rogaland anortho-
site province, currently exploited at the
Tellnes mine.

2.1.1. Tellnes mine, Norway

The largest titanium deposit in
Europe, the Tellnes mine near Sokndal in
Norway, is also one of the world’s most
important operations [30]. The deposit
contains significant ilmenite, and the ore
body is a massive ilmenite-rich norite
(a  plagioclase+orthopyroxene-bearing
gabbro) averaging 18% TiO,. It has a
sickle-shaped outcrop more than 2 700
m long and over 400 m wide in its central
part [e.g. 31]. Estimated ore reserves are
575 million metric tons (Mt), averaging
18 % TiO, of which approximately 15%
TiO, is as ilmenite and 3% of the TiO, is
within other minerals [32].

2.1.2. Mare Trangquillitatis, Near Side of
the Moon

The Mare Tranquillitatis (Sea of Tran-
quillity) is a very large impact crater with
a diameter of 876 km located on the near
side of the Moon (Figure 1a). It is filled
by basaltic flows that are partly covered
by the lunar regolith - the “soil” of the
Moon, consisting of unconsolidated and
pulverised rock - which is 4.5 meters
thick in this location [33]. The regolith
contains less than 10% volume of ilmen-
ite [34]. Remote sensing investigation of
the lunar surface identified Mare Tran-
quillitatis as the lunar region with the
highest TiO, content (~13 wt%; Figure
1b) on the Near Side of the Moon [35].
This high content TiO, has to be related
to the presence of basaltic rocks such as
those collected from the nearby Apollo-
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Figure 1: (a) Picture of the near side (Earthside) of the Moon with the location of Mare Tranquillitatis and

Apollo 17 landing site (adapted from Lunar and Planetary Institute image database). (b) Remote sensing

map of titanium content of the lunar surface. Data acquired by the Clementine spacecraft during the

Deep Space Program Science experiment (image modified from Lunar and Planetary Institute image

database). (c) Photo of a hand specimen of a high titanium content basalt (high-Ti basalt) collected

on the Apollo 17 landing site (image from Lunar and Planetary Institute). (d) Back-scatter electron

image of the high-Ti basalt 70017. The main rock-forming minerals are labelled (modified from [38]).

17 landing site (Figure 1c). These basalts,
known as “Hi-Ti basalts”, display a higher
Ti content than those of the other lunar
basalts (TiO, > 6 wt%, up to 15 wt%);
[36]). In these rocks, ilmenite is particu-
larly abundant (Figure 1d) forming up to
20 % of the volume of the rocks [37].

3. Results and discussion

3.1. Titanium production trends in
Tellnes mine

The titanium production as mineral
concentrate (mostly ilmenite) from the
Tellnes mine presents a typical trend of
production (Figure 1). The production
progressively increased over 20 years
(1960-1980), from the start of the mining

operation to reach a plateau of approxi-
mately 750 kt of ilmenite production,
with production peaks just over 900 kt
between 1982 and 1984, in 1989 and in
2008. The Ti mineral concentrate has
stayed on this production plateau during
34 years (1980-2014) with an equivalent
TiO, production of approximately 350 kt.

3.2. Explorative scenario for lunar tita-
nium production

Assuming lunar mining production
mirrors the production trajectory of the
Tellnes mine trend, but with harsher
conditions, an annual production pla-
teau of 500 kt of ilmenite (representing
66% of the Tellnes mine production to
account for the harsh mining conditions

on the Moon) is achieved within 20 years
(Figure 3). Considering a mining opera-
tion of 4 300 x 3 000 x 4.5 m — which is in
line with large open-pit mines on Earth
- up to 4 018 kt of pure ilmenite could
be extracted from the regolith with a
concentration of 3% volume of ilmenite.
Considering the prospected cumulative
production, the mining operation will
exhaust the theoretical ilmenite stock in
approximately 20 years.

If Apollo 17-type basalts with 15%
volume of ilmenite, are mined in Mare
Tranquillitatis, up to 20 088 kt of pure
ilmenite could be extracted assuming a
mining operation the same size as for the
regolith. In this case, the potential ilmen-
ite stock would be exhausted in 50 years.
These numbers are consistent with the
lifespan of the Tellnes mine.

Earth-based production of ilmenite is
approximately 8 000 kt per year. Imple-
mentation of twenty mines of such size
on the surface of the Moon and extract-
ing ilmenite from the regolith could
likely supply enough titanium for ten
years of equivalent production on Earth.
It should be noted that the 3% volume
of ilmenite in the regolith represents the
lowest conservative estimate.

3.3. Implementing a mining operation
on the Moon

Assuming a compact and integrated
layout, on-site processing, and waste
handling, a lunar mining operation
will reasonably not require more sur-
face area than the Tellnes mine. This
allows for using the Tellnes case as an
upper bound for production volumes
and energy requirements. Presently, the
mining operation in Tellnes consists of
a large hydraulic mining shovel (model
Caterpillar 6040, operating weight: 405 t)
with up to 4 000 tons per hour peak pro-
ductivity and a set of six mining trucks
(model Caterpillar 789D, gross operat-
ing weight 324 t) with a payload of 194
tons are used for hauling. To transport
this machinery to the Moon would rep-
resent approximately 250 launches of the
Chinese Long March 5 rocket (assuming
a payload of 9.4 t for a translunar injec-
tion) or 44 launches of a rocket with a
payload similar to Saturn V (53 t) that is
comparable to the 42 launches required
to build the International Space Station.
Additional transportation systems and
storage silos integrated into the produc-
tion line should be included into the
payload to be transported to the Moon.
Nevertheless, the mass of such infra-
structure is presently difficult to assess as
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Figure 2: Historical production of Ti mineral concentrates (mostly ilmenite) and titanium oxide (TiO2)
in Norway. Production is heavily dominated by the Tellnes mine that opened in 1960, with very minor
contributions from other deposits such as Redsand mine (closed down in 1981). The thick grey line
represents the production trend of Ti mineral concentrates.
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Figure 3: Prospected and cumulated production of lunar ilmenite. Cumulative production is compared
to the theoretical mass of ilmenite extracted from the lunar regolith and Apollo 17-type basalts from
a4300x3000x4.5mmine.

it will be highly dependent on the size of ~ the excavator and 1 566 KW per truck - in
the mining operation. total approximately 11 MW. This amount
Gross power demand is 1 550 kW for of energy could be produced by a com-

bination of solar power and lightweight-
small size nuclear reactors. For instance,
new designs of small modular fission
reactors currently under development
and able to deliver up to 300 MW could
be adapted for the lunar conditions.

Due to the conditions on the lunar
surface, dry beneficiation technologies,
particularly electrostatic and magnetic
separation as the most promising, will
have to be used instead of flotation and
gravimetric separation [39]. The main
challenge remains addressing unknown
geotechnical properties of lunar soil. The
design of excavation equipment would
most likely be different from those used
on Earth. Specifically, lunar mining
equipment would reasonably be lighter,
but still rugged enough to withstand
continuous mining operations, excava-
tion and transportation of abrasive dust,
cobbles and boulders while withstanding
the severe temperate swings of the lunar
environment and low gravity. Nonethe-
less, we assume that no lunar mining
equipment will be heavier than its Earth-
designed counterparts [40]. Therefore,
the mass of the payload would be signifi-
cantly lower than that estimated above,
requiring a smaller number of power
production units. Finally, lunar mining
will likely be heavily automated, similar
to modern mines.

3.4. Oxygen production

The oxygen that can be won from the
extraction of titanium from the regolith
and soil depends on several factors: first,
the initial concentration of ilmenite sets
a maximum amount of oxygen that can
be stoichiometrically extracted from the
rock [22]. This amount is further reduced
by the efficiency loss from the hydro-
gen reduction process. In experimental
setups, up to 3.4 wt.% of oxygen can be
extracted from a sample with 95% ilmen-
ite content heated up to 1 000 degrees for
four hours to induce hydrogen reduction
[41].

In terms of oxygen production, using
ilmenite from the regolith, up to 137 kt
of oxygen can be produced in 20 years
from the theoretical amount of ilmenite
extracted. If ilmenite for oxygen produc-
tion is extracted from Apollo 17-type
basalts, up to 683 kt of oxygen could be
produced over 50 years (Table 1). These
amounts could be increased to 178 and
888 kt of oxygen respectively, when heat-
ing the material up to 1 100 degrees
resulting in an increased extraction rate
of 442 wt. % Oxygen [41] from the
ilmenite. A large scale Ti mining opera-
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Table 1: Total amount of oxygen produced by hydrogen reduction of iimenite.

Regolith High Ti- Basalt :  Regolith High Ti- Basalt
Initial ilmenite concentration 0.03 0.15 0.03 0.15
Prospective cumulative
4018 20088 4018 20088
IlImenite production (kt)
Oxygen extraction 3.487 3.487 4.4287 4.4257
Wt. %
Reduction process 4h@1000°C i 4h@1000°C i 4h@1100°C: 4h@1100°C
Total produced Oxygen (kt) 137 683 178 888

tion would therefore be able to supply
substantial volumes of oxygen for vari-
ous uses.

5. Conclusions

The significant costs of developing and
deploying mining equipment, along
with technical challenges in extracting
and transporting materials, pose major
hurdles to commercialising lunar exploi-
tation. However, the successful Indian
Chandrayaan-3 mission, landing a rover
on the Moon for an estimated $90 million,
challenges the notion of prohibitive costs.
This success suggests that lunar resource
exploitation may be economically viable
sooner than previously thought, without
significant delays. Therefore, there is no
insurmountable gap to fill or a long time
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