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Abstract

This thesis aims to develop a study with regards to the exploration of the lunar surface
through the resources produced by space weathering. Space weathering events shall be
discussed, in terms of how the physical and chemical characteristics of the lunar regolith
is affected. Through hydrogen reduction, the products formed from space weathering
interactions shall be produced within the lunar simulants JSC-1 and FJS-3. This is fol-
lowed up with characterising the processed samples via a Scanned Electron Microscope
(SEM) to confirm the formation of npFe® and SMFe — a product of space weathering.
Thereafter, a preliminary quantification of the presence of npFe® and SMFe within one
of the samples is obtained through a Mdssbauer analysis, this is to provide the basis for
future more accurate quantification of npFe® and SMFe to be created. In addition to these
experiments, an analysis on the samples reflectance within the ultraviolet (UV) region of
the electromagnetic spectrum is conducted — finding a preliminary correlation between
decreasing reddening gradient and increasing reduction temperatures (the temperature
in which the sample was reduced at). Finally, an equation was fitted to this correlation
in order to mathematically describe the relationship between the sample’s reflectance
spectra and reduction temperature (the duration of this reduction was first conducted for
2 hours and then 4 hours). This preliminary mathematical model allows for interpolation
of the reddening gradient — a characteristic dependent on the products of space weather-
ing, for both the lunar simulants JSC-1 and FJS-3, when a specific reduction temperature
is provided. Ultimately providing the basis for a mathematical model to determine the
quantities of npFe® and SMFe within the lunar regolith by viewing its corresponding UV
reflectance spectra.
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Chapter 1

Introduction

1.1 Aim

The aim of this thesis is to discuss: what is classed as space weathering, the effects
that space weathering has on the lunar regolith, and the resources which are present
on the lunar surface. With this being de ned, experiments shall be taken place to mimic
the effects of space weathering by inciting the reduction of iron oxide within the lunar
simulants JSC-1 and FJS-3. Once reduction has taken place, the optical spectra will be
analysed with the aim to discuss how the products of space weathering impact the optical
spectra produced by the lunar simulants. Ultimately accomplishing the main goal of the
project - to produce a reference for future remote sensing missions in detecting metallic
iron on the lunar surface.

1.2 Scope

To demonstrate clarity, this project's objectives shall be stated, along with the work pack-
ages that are essential in order for the success of this research project to be achieved.
By accomplishing this, the scope of the project will be de ned, allowing for coherency
when moving forward throughout this research project.

Primary Objectives
« Discuss the composition and physical characteristics of the lunar surface.

« De ning the term "space weathering” and how the events classed as space weath-
ering interact with the lunar regolith.

» Demonstrate why the lunar simulants JSC-1 and FJS-3 are suitable substitute for
the in-situ samples of lunar regolith.

« Experimentally show that space weathering interactions can be mimicked.

» Display how the optical properties of the lunar simulants alter as the product of
space weathering, npFe® or SMFe particles, increase within the lunar simulants.

» Provide preliminary quanti cation of the change in optical properties and the in-
creasing metallic iron with in lunar simulants.

Secondary Objectives

« Adiscussion shall take place elaborating on the potential this project has in regards
to educating the reader in space resources and methods of locating such resources.
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« Discuss the future bene ts the results from this project will have on the environment.

Followed by this the necessary work packages are de ned. As previously mentioned,
these work packages present the task in which need to be completed in order to success-
fully accomplish the speci ed objectives for this project.

Work Packages

1. Research

1.1 Research the characteristics of the lunar regolith

1.2 Research the Composition of the lunar surface, both through the analysis of
retrieved samples, and analysis' conducted remote sensing mission obseriving
in-situ samples.

1.3 Research the physical and chemical properties of lunar simulants JSC-1 and
FJS-3.

1.4 Research the interactions which take place between the lunar surface and
space weathering.

1.5 Research the products which are generated through the space weather-lunar
surface interaction.

1.6 Research previous experiments which have attempted to mirror the space
weather-lunar regolith interaction.

1.7 Research how SMFe and npFe? effect optical spectra.
2. Experiments
2.1 Conduct hydrogen reduction experiments on the lunar simulants to mimic the
interaction of solar wind and the lunar regolith.
2.2 Utilise a Scanned Electron Microscope (SEM) to inspect processed samples.
2.3 Conduct UV-VIS spectroscopy on the processed samples
2.4 Complete Mdsshauer analysis on an unprocessed sample and a later selected
processed sample
3. Analysis
3.1 Analyse the images generated via the SEM to gain preliminary characterisa-
tion of the lunar samples and con rm the appearance of SMFe or npFe °.

3.2 Analyse the optical spectra gained via the UV-VIS spectrometer, determining
the alteration in behaviour through the reduction of the simulants.

3.3 Preliminary quanti cation of the optical spectra with regards to reduction tem-
perature.

3.4 Analyse the data acquired via the Mdssbauer analysis, gaining preliminary
guanti cation on the increase in metallic iron when comparing an unprocessed
sample to a processed sample.

1.3 Requirements

The requirements for this thesis is as follows:

« |dentify the composition of the lunar regolith.

2
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Identify the composition of the lunar simulants JSC-1 and FJS-3.

Identify the products of space weathering.
» Discuss how space weathering products effect optical spectra.

» Determine a correlation between space weathering and the optical spectra pro-
duced.

« Gain preliminary quantities of the increase in space weathering products produced
by the hydrogen reduction experiment.

1.4 Justi cation

Deep space exploration, such as: exploring the Moon, reaching Mars, or delving deeper
into space, becomes an issue as the payload within launchers are limited. Therefore,
off-world bases are essential if the human race is to become a space faring civilisation.
They offer the ability to provide a housing unite for crew members, and re-supply loca-
tions for spacecrafts travelling vast distances through our solar system. However, what is
the point of constructing an off world base if missions are not only required, but essential
to see that the base stays operational. In the unfortunate case of an extinction level event
occurring on Earth these bases would most de nitely not survive if still dependent on
Earth's resources. Thus, it is essential that we as a civilisation understand and analyse
methods in which will see the future utilisation of space resources a reality.

Lunar resources come in many forms, and are proving vitally important as the space
industry grows with the demand for further manned exploration missions increases. Be-
ing able to locate, extract and utilise resources off-world removes a level of dependency
on Earth's own resources. Reducing the need for the transportation and loading of equip-
ment and materials needed for space missions. Understanding this is essential for mak-
ing it possible for humans to stay in space for longer periods of time, and allows for the
possibility to travel further distances in space.

Previous missions have determined the resources which are present on the Moon
vary from being minerals and metals to even water. Many studies have discussed the lo-
cating and extraction of water and oxygen. For the obvious reason, that these resources
are essential for humans to survive anywhere, both on Earth and in space. However, not
many have discussed the importance of metallic iron, a resource which will be discussed
in depth throughout this study — with regards to its appearance and its characteristics.
It could be said that metallic iron is the most important metal used on Earth and subse-
guently would be an extremely important material for an off-world base. The uses of iron
on earth range from being applied in electronics and as construction materials, proving
that it will be a vital resource for such missions like the "Lunar gateway” [1] and "Artemis”
[2] mission, missions that are initialising the re-arrival of humans on Mars.

The Lunar regolith is greatly affected by space weathering in the form of solar winds
and micrometeorites impacts [3]. For this reason, an analysis will be conducted on two
lunar simulants JSC-1 and FJS-3, where they will be exposed to a hydrogen reduction
process, simulating the products which are generated from the space weathering-lunar
regolith interactions. Therefore, by analysing the products from this interaction, and view-
ing how these products effect exploration techniques, exploring the lunar surface for re-
sources will become far less time consuming and costly. For instance, by utilising a

3



Chapter 1

satellite to conduct remote sensing — an exploration technique, the surface area that can
be analysed for one satellite can range up to 50% of the total surface of the Moon [4] —
an immense area in which would require an extensive project, with a far greater amount
of resources to accomplish the same area when just utilising rovers or manned missions.
Therefore, this study will conduct an analysis utilising optical spectrometers to quantify
a changing behaviour as space weathering products increase — in the hopes that this
guanti cation can act as a reference for future remote sensing mission.
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Review of the State of the Art

This chapter's objective is to de ne previous experiments and research that have been
conducted in this eld of interest. By viewing these studies, a consensus will be formed
on what to expect from the experiments that will later be applied. Additionally, a basis for
referencing will be constructed in order to better analyse the results generated from this
study. Through this chapter and the research contained within, a gap in previous studies
will be identi ed, ensuring that the work presented in this study is original and will aid in
exploring the lunar surface and methods in which to utilise the lunar resources.

The scope of this research is de ned in the previous chapter. For this reason, topics
such as the hydrogen reduction, methods of exploring the lunar surface and lunar soil
remote sensing shall be discussed. By targeting the essential topics that relate to this
project, a solid foundation of knowledge will formed for the future analysis of the results
generated via this study.

2.1 Reducing Lunar Samples and Lunar Simulants

Hydrogen reduction is an established method for reducing oxidised iron down to its metal-
lic form — a technique which is being developed to aid in the improvement of the steel
industries environmental impact [5]. Many studies have been conducted demonstrating
that this is indeed a valid method in reducing lunar regolith. Although, with the majority of
them being implemented to obtain water and subsequently oxygen through electrolysis
[6, 7, 8, 9], not for the reason of obtaining metallic iron.

In the studies previously referenced, hydrogen is utilised as a reduction agent to pro-
duce water and metallic iron, then through electrolysis, the water (H,O) is separated into
its individual composition (hydrogen and oxygen), ultimately gaining oxygen as the nal
product. This is demonstrated in the next chapter through the chemical equations 3.3 and
3.4, where the theory shall be more speci cally discussed. Here, it shall only be clari ed
that the bi product of these reactions is metallic iron. Hence, it is viable to analyse these
papers and their results, due to the fact the production of water and oxygen directly cor-
relates to the production of metallic iron.

But why utilise hydrogen as a reduction agent? In [6] two reduction agents are imple-
mented in an attempt to produce oxygen from ilmenite. These two agents are hydrogen
and carbon monoxide, where it is determined that the activation energy for these agents
are 22.3 kcal/mole (for hydrogen) and 29.6 kcal/mole (for carbon monoxide). Illustrat-
ing that hydrogen requires less energy to reduce ilmenite. Furthermore, hydrogen was

5
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discovered to reduce the ilmenite at a much faster rate when compared to that of car-
bon monoxide. Therefore, based off of this study hydrogen has the capability to reduce
ilmenite, and subsequently the lunar regolith, at lower temperatures and at a reduced en-
ergy cost. Backing up the choice for utilising hydrogen as reduction agent when aiming to
produce metallic iron from the lunar simulant. Later in this study a detailed discussion will
be provided on how the presence of metallic iron correlates to space weathering, further
cementing the decision to implement hydrogen as the reduction agent

Additionally, it is important to determine the factors that will impact the reduction pro-
cess. By viewing the previous experiments conducted by other parties, knowledge on
how the lunar regolith's physical characteristics impact the products formed from the re-
duction process can be established. In [7], ilmenite was reduced via hydrogen in a static
reaction chamber. The aim of this paper is to compare how the mass of the ilmenite would
effect the oxygen yield. This reaction was conducted at near vacuum pressures. Due to
the fact that all samples were reduced under the same conditions, the validity to analyse
this paper still holds. Ultimately, this study determined that by increasing the mass of
ilmenite placed in the chamber less reduction takes place. However, it must be reiterated
that the experiment conducted takes place in a static chamber, hence the larger samples
reduce less due to the limited penetration of the hydrogen gas. In this study, the hydro-
gen will ow through the sample, providing a better ability to react with all grains within
the reactor. Nonetheless, it is important to note that the size of the sample will have an
impact on the metallic iron generated through the reaction process implemented in this
study.

Most recently NASA developed a study where they utilised lunar simulant JSC-1A
[8]. A simulant which is identical to the simulant that will later be studied in this thesis.
[8] compared JSC-1A to the behaviour of the lunar simulant LHT-2M both being reduced
via hydrogen. One of the main objectives of this study is to understand the relationship
between the oxygen yield from the reduction process with parameters such as: sinter-
ing/clumping, the reactor pressure and particle size. Furthermore, this study was con-
ducted to gain additional data which will see the further development of a model released
in previous reports produced by NASA [10, 11].

Figure 2.1: Conversion rate of lunar samples LHT-2M at a reaction temperature of 1300K
with particle sizes in the range of 125 m to 250 m [8].

Found through the studies [8, 10, 11], the particle size of the simulant holds an ef-
fect on the time before sintering occurs, where smaller particle sizes reduces the time

6
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before sintering occurs. Sintering is also proved to directly correlate with the reduction
temperature, proven by quantitatively showing that increased sintering reduces reduction,
consequently decreasing the overall ef ciency of the entire process. Correlations were
also determined between the reactor pressure, and the samples reduction rate. Tests
were ran at latm and 3atm, nding at higher pressures the conversion rate is initially
slower, but as time goes on the conversion rate starts to increase to a rate greater than
that seen at 1atm, subsequently producing a greater amount of conversion. Displayed in
gure 2.1 is the plot generated from the experiment conducted in [8].

As previously mentioned, these studies aim to further verify a model developed by
NASA. This model's objective is to aid in the optimisation of a system that will process
in-situ resources on the lunar surface [11]. To improve this optimisation model, proposed
through this study, data regarding reduction yield at vacuum pressures would prove to
contain very powerful information. This data would indicate the capabilities of the hy-
drogen reduction process on the lunar surface without inducing a pressure differential
between the reactor chamber and the outside environment. Nevertheless, this thesis
aims to determine a preliminary view on metallic iron production and the subsequent op-
tical spectra produced. With this being said, all of the studies [8, 10, 11] demonstrate
factors like sintering and clumping being a product that must be taken into account within
this study due to its effect on the metallic iron yield.

A nal comment is to indicate a solution to reduce sintering and clumping, so that its
impact on the later ran experiments is minimised. In [8] a ow rate of 1cm/s (under atmo-
spheric conditions) is deemed to be a suf cient ow rate that achieves sample agitation,
subsequently minimising sintering and clumping. On top of this, deemed through this
same study, if the uidised sample is not isotropic i.e. equal ow is not occurring through
all directions of the sample, sintering and clumping may still occur. Concluding that to
reduce sintering and clumping, the ow of the hydrogen will need to be 1cm/s, and the
inlets of the reactor must be clear, ensuring isotropic uidisation occurs.

Figure 2.2: Reduction rate of ilmenite utilising hydrogen as the reduction agent [6].

The next factor that must be taken into account is the temperature range which incites
reduction to take place. In [7] a reaction temperature of 900 C is implemented, as it is ref-
erenced from [12] that suitable amounts of oxygen will be produced at this temperature.
In [8] a range of temperatures were utilised, ranging from 775 C - 1050 C where reduc-
tion takes place throughout the temperature range. In [6] the temperatures implemented

7
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is shown in gure 2.2, presenting how the reduction temperature impacts the total con-
version of the sample. Apparent through gure 2.2, reducing ilmentite at a temperature of
1014 C signi cantly increases the conversion rate than that of the lower reaction temper-
atures, revealing how reduction temperature has a massive effect on the reduction rate
and yield. It must be stated, although this displays a clear relationship between tempera-
ture and conversion rate, this experiment was solely conducted on ilmenite, a substance
which only makes up 8% of the lunar simulant FJS-3, and is not in the lunar simulant
JSC-1 at all. Therefore, as of yet it is not suitable to make the assumption that this re-
lationship is seen as strongly in silicate oxides, the substance which makes up most of
the two simulants in question. This study [6] however, provides a reasonable temperature
range which can be later implemented within this analysis.

Notably, the studies previously mentioned implemented hydrogen reduction on il-
menite, excluding [8]. Therefor, it will be bene cial to explore another study that analyses
a simulant that will be studied in this thesis. Thus, [9] was viewed, a study which analyses
the lunar simulant JSC-1, with an objective to complete a thermodynamic analysis on the
hydrogen reduction of the lunar simulant. Through this analysis a clear relationship is
displayed between the metallic iron produced, the reduction temperature and the reac-
tor pressure, also demonstrating the temperatures in which maximise the metallic iron
production. This can be viewed in gure 2.3 where pressure is seen to have a minimal
effect on the metallic iron appearance below 1300 C. Additionally, it is seen that the peak
of metallic iron yield occurs at 1327 C. Unfortunately, a limitation to the furnace utilised
in this analysis sees that the maximum temperature that simulants can be exposed to is
1200 C, this however is not a problem, as it was previously discussed reduction takes
place below this temperature.

Figure 2.3: Plot showing metallic Fe conversion ef ciency and the corresponding reduc-
tion temperature. Additionally showing the effect of the reduction pressure [9]

2.2 Utilising Optical Spectroscopy to Exploring the Lunar sur-
face

Remote sensing provides a powerful way to determine the composition of the lunar sur-
face. In order to produce accurate results from a remote sensing mission, analysing the
lunar surface, the spectra emitted from lunar simulants must rst be accomplished to
provide a known reference. Lunar simulants are the next best thing to analysing sam-
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ples directly extracted from the Moon. They supply valid results which correspond to the
behaviour that is seen from native lunar samples (A comparison that will later be dis-
cussed). Nevertheless, the spectra which will be generated through this study must be
veri ed through the previous research that has been conducted. Through the analysis
of these previous studies, knowledge will be gained in areas such as how tiny particles
of metallic iron impact optical spectra. An effect that was rst noted to have a prominent
impact in 1975 [13]. Now these metallic iron particle are being frequently referred to as
"nanophase iron” (npFe®) and "submicroscopic iron” (SMFe) [3]. Within this thesis the
metallic iron generated from the later implemented reduction process shall be referred
to as npFe?, this is the case when the particle sizes are considered to be smaller than
100nm. SMFe on the other hand, shall be employed as a general term including both
metallic iron particles smaller than 100nm and larger.

Many studies have viewed how space weathering impacts the optical spectra of the
lunar soil. npFe® is a product of space weathering events, which will be later discussed
within chapter 3. With this being said, studies that both view how space weathering
and npFe® or SMFe impact optical spectra will provide a suitable source to gain infor-
mation with regards to exploring the lunar surface for metallic iron. These studies range
from analysing data gained directly from lunar samples, obtained through rovers like the
Chang E's [14], or satellites implementing remote sensing tools like the M2 on board the
Chandrayaan-1 [4]; or by evaluating lunar simulants [15].

Models have been produced in order to determine the iron content of the lunar soil and
mapping the location of said iron in a global map of the Moon. These studies utilise data
gained from telescopes based on here on Earth, or data gathered from satellites such as
the Clementine or the Chandrayaan-1. For example, [16] evaluated images gained from
the Clementine mission (visit [17] for more information about this mission) and utilised
data on locations where the soil compositions were known. Including locations such as
the landing sites of the Apollo and the Luna mission in order to create a model which ex-
tracts iron oxide content from multispectral images. This model was then later improved
through the years producing a global view of the Moon's FeO content [18], constructing
an image via Clementine UV/VIS camera published in [19]. Figure 2.4 displays the re-
sults produced in [19]. As it can be seen from gure 2.4, the areas which display the
densest areas of iron oxide, and most likely metallic iron, coincides with the areas of the
maria (the maria corresponds to the darker areas seen on the Moon [20]). The aim of [18]
was to map both FeO and TiO utilising and improving upon a model developed in [16].
Concluding that factors such as: grain size, mineralogy, shading due to topography, and
the presence of glass — a substance generated from the highly redusive environment on
the moon, have an effect on the spectra generated. This study succeeded in improving
the algorithm formed in [16], creating an extraction method less sensitive to the matu-
rity of the lunar soil. To summarise, this analysis demonstrates the future potential that
analysing optical spectra has on the exploration of the lunar surface. Through inspecting
and evaluating, a correlation between the optical re ectance of the lunar simulants tested
in this study, and the increasing space weathering products, a detailed mapping of metal-
lic iron, like the one seen in gure 2.4, will be achievable.

As previously mentioned, the model created in [16] disregards the maturity of the soil.
This is an issue as the maturity of the soil is a measurement of how long the lunar soil has
been exposed to space weathering conditions. Therefore, maturity is directly linked to the
presence of npFe® and SMFe, and key to quantifying the metallic iron present in the lunar
surface. npFe® is known to be the dominating factor which alters the spectra generated
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