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Abstract

Lunar in-situ resource utilisation (ISRU), the practice of harnessing native lunar

resources, has been suggested as a method of enabling self-sustaining habitation

and exploration of space. The lunar surface is covered in a thick layer of regolith

material, which has been proposed as the feedstock for oxygen and metal extrac-

tion, construction materials, 3D printed parts, and other useful materials and

applications. Lunar regolith simulant materials made from terrestrial sources are

crucial for research to develop ISRU processes and technology. The full charac-

terisation of any material used is necessary to enable proper understanding of

experimental results, how they relate to previous research, and how they can

be applied to the lunar context. Four general-purpose regolith simulants were

investigated in this characterisation study: JSC-2A, FJS-1, EAC-1A, and NU-

LHT-3M. Full published characterisation data on these simulant versions was

either unavailable, incomplete, or uncertain, leading to the need for the present

study. The chemical and mineralogical composition of each simulant was anal-

ysed, along with relevant physical characteristics. Each simulant was compared to

previously available related simulants, and the similarity to actual lunar regolith

assessed. This led to conclusions about the applicability of each lunar regolith

simulant in different types of ISRU research.
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3.3 Mössbauer spectroscopy . . . . . . . . . . . . . . . . . . . . . . . 33

3.4 CHN analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.5 SEM/EDX analysis . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.6 XRD analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.7 Water content analysis . . . . . . . . . . . . . . . . . . . . . . . . 36

3.8 Poured bulk density . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3.9 Particle morphology . . . . . . . . . . . . . . . . . . . . . . . . . 36

4 Results 38

4.1 Chemical composition . . . . . . . . . . . . . . . . . . . . . . . . 38

4.2 Mineralogy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

iii



4.3 Physical properties . . . . . . . . . . . . . . . . . . . . . . . . . . 68

5 Discussion 77

5.1 Comparison to previous literature . . . . . . . . . . . . . . . . . . 77

5.2 Similarity to lunar regolith and potential impact on ISRU research 89

6 Conclusions 97

6.1 JSC-2A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

6.2 FJS-1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

6.3 EAC-1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

6.4 NU-LHT-3M . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

6.5 Simulant outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

References 100

Appendices 112

iv



List of Tables

2.1 A summary of the Apollo and Luna landing sites. . . . . . . . . . 13

2.2 The average bulk composition of different landing sites. . . . . . . 15

2.3 Summary of known lunar regolith simulants. . . . . . . . . . . . . 24

4.1 The major oxide composition of JSC-2A, FJS-1, EAC-1A, and NU-

LHT-3M found by XRF analysis. . . . . . . . . . . . . . . . . . . 38

4.2 The weight percent of carbon, hydrogen, and nitrogen measured

in the lunar regolith simulants. . . . . . . . . . . . . . . . . . . . 41

4.3 Summary of the EDX spot collection count for each lunar regolith

simulant. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

4.4 The average x value calculated from spot EDX measurements of

titanomagnetite in each sample, compared with the average found

by phase mapping. . . . . . . . . . . . . . . . . . . . . . . . . . . 60

4.5 The average composition of the glass phase in JSC-2A. . . . . . . 61

4.6 The iron bearing phases of the lunar simulants determined by
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5.5 A comparison of the Mössbauer spectrum of FJS-1 measured in

this work and a spectrum published in 2008. . . . . . . . . . . . . 84

5.6 The particle size distribution of FJS-1 provided by Shimizu Cor-

poration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

5.7 The particle shape distribution of FJS-1 compared with published

FJS-1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

5.8 Multiple examples of bubbles and spherical glass components iden-

tified in the BSE image of NU-LHT-3M. . . . . . . . . . . . . . . 88

5.9 The phase diagram of the plagioclase feldspar solid solution be-

tween albite and anorthite. . . . . . . . . . . . . . . . . . . . . . . 91

5.10 The variation in properties for the different compositions of pyroxene. 92

5.11 The particle size distribution measured for each of the simulants

by image analysis compared with lunar averages. . . . . . . . . . . 95

viii



List of Abbreviations and

Symbols

AR Aspect ratio
BSE Back scattered electron
EAC European Astronaut Centre
EDX Energy dispersive X-ray
ESA European Space Agency
FFC Fray, Farthing, and Chen
FJS Fuji Japanese simulant
GCR galactic cosmic rays
GER Global Exploration Roadmap
HF Haywood factor
ISEGC International Space Exploration Coordination Group
ISRU In-situ resource utilisation
ISS International Space Station
JSC Johnson Space Centre
LEO Low Earth orbit
LOX Liquid oxygen
LRV Lunar Roving Vehicle
NASA National Aeronautics and Space Administration
NU-LHT NASA-USGS lunar highland type
PBF Powder bed fusion
PLGA polyactic co-glycolic acid
SEM Scanning electron microscopy
SPE Solar particle event
USGS United States Geological Survey
XRD X-ray diffraction
XRF X-ray fluorescence

ix



1

Introduction

The third iteration of the Global Exploration Roadmap (GER) was published in

early 2018 and outlines the vision for coordinated human and robotic exploration

of space [1]. The International Space Exploration Coordination Group (ISECG)

that published the GER is a non-binding forum where 14 space agencies share

exploration plans and goals, and collaborate to strengthen the global exploration

effort. As depicted in Figure 1.1, the GER follows a mission trajectory starting

from the current International Space Station (ISS) operations in low Earth orbit

(LEO), progressing to the lunar vicinity and the lunar surface, and finally reaching

the surface of Mars - identified as a common driving goal [1].

The reasoning behind the ”Moon-first” approach can be summarised by three

points. (i) It is necessary to first learn how to have a sustained human presence

on an extra-terrestrial body that is significantly more accessible than Mars. The

lunar surface can be a test bed for technology, allows for a detailed assessment

of the health impacts of deep space habitation, and is close enough that emer-

gency resupply or evacuation is possible. (ii) There is still a wealth of scientific

information to gain from returning to the lunar surface, particularly in the lesser

explored polar and far-side regions. Surface infrastructure would allow for more

in-depth lunar research. (iii) To develop in-situ resource utilisation technology

for lunar operations and activities beyond the lunar surface (explained further

in Section 1.1). It has long been acknowledged that using native resources will

make a long-duration, sustainable lunar base possible [2]. However, this can also

be viewed as a feedback loop whereby a lunar base will allow resource utilisation

technology to mature, potentially altering the way humans operate in space by

enabling a self-sustaining space-economy. Neal (2009) provides a full outline of

the wealth of information that is still to be gained from returning to the Moon [3].
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Figure 1.1: A pictorial overview of the Global Exploration Roadmap (2018) [1].

1.1 In-situ resource utilisation

In-situ resource utilisation (ISRU) is the practice of harnessing resources in space

to reduce the initial launch mass requirements and decrease the continual reliance

on resupply from Earth. The need for ISRU is born from a key concept: it is

expensive and restrictive to launch all of the resources that are necessary in space

from Earth.

A National Aeronautics and Space Administration (NASA) funded economic

study in 2002 estimated the cost of launch as US$10,0000/kg to LEO, and

US$90,000/kg to the lunar surface [4]. In recent years the cost of launch to

LEO has been significantly reduced by SpaceX, with the Falcon 9 priced at

US$2,720/kg and the Falcon Heavy at US$1,410/kg [5]. The cost of launching

to the lunar surface will likely follow a similar trend. While this is a significant

reduction, the cost of launching material from Earth remains non-trivial. Fur-

thermore, payload mass per launch is fundamentally restricted by the mass of

propellent required to escape Earth’s gravity. For extended exploration activities

the mass of resources required is likely to outweigh the mass it is possible to rea-

sonably launch from Earth with current propulsion technology and engineering

capabilities.
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1.1.1 The use cases for lunar resources

The use cases for lunar resources can be split into four main categories. Firstly,

the use of native resources on the lunar surface to enable sustained human activity.

The use of lunar resources in-situ on the lunar surface is clear in its advantages;

once the infrastructure is in place, every kilogram of material sourced or produced

in-situ on the lunar surface is one kg less that must be launched from Earth. This

includes using native resources for construction of infrastructure, for additive

manufacturing, to extract metals or produce other useful materials, or for the

production of water and oxygen.

The second use case is using lunar resources in cis-lunar space. Cis-lunar space

is anything operating between the Moon and the Earth, which includes all cur-

rent and future satellites, scientific or commercial platforms, and transportation

vehicles. It requires 22 times less energy to escape the Moon’s gravitational well

compared with the Earth, which makes refuelling or material supply from the

lunar surface advantageous. This holds true even for LEO, less than 2000 kms

above the surface of the Earth. Although LEO and geostationery Earth orbit

(GEO) are significantly closer to the Earth in terms of distance, it is more energy

efficient to bring one kg of material from the Moon’s surface to LEO, than it is

to carry one kg out of Earth’s deep gravitational well; this is depicted in Figure

1.2 [6]. It is expected that using lunar derived oxygen (and potentially hydrogen)

for in-space refuelling will help to enable a self-sustaining lunar economy [7].

The third use case for lunar resources is to support exploration deeper into

space. Refuelling at, or in the vicinity of, the lunar surface using propellent

produced locally greatly enhances the reach of missions and reduces the launch

mass from Earth. Ishimatsu et al. (2015) calculated that the total launch mass

for a mission to Mars could be reduced by 68 % with lunar refuelling [8].

The fourth case is the return and use of lunar resources on Earth. While

the return of space resources to Earth is generally more applicable to discussions

regarding asteroid mining, there are some cases where lunar resources may hold

value. The potential use of lunar derived helium-3 in nuclear fusion power plants

has long been debated [9,10]. Crawford (2015) also highlights two other potential

scenarios: firstly, rare-earth elements on the lunar surface derived from crashed

meteorites may hold economic value on Earth, secondly, if the cost in terms of

damage to the environment was considered in the extraction of many resources on

Earth, it may be more economical to source these materials elsewhere [6]. There

are a number of ethical and legal issues surrounding off-world mining for purely
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Figure 1.2: The relative energy requirements in the Earth-Moon system. The
horizontal axis shows the distance from the Earth, while the vertical axis shows
energy well depth expressed as Km. “i.e. reaching a stable orbit at a given
distance from the Earth would require the same energy as would be expended
by climbing against a constant one Earth gravity (9.8 ms2) for the corresponding
vertical distance” [6].

financial gain; the same ethical issues need to be addressed in any lunar resource

utilisation activity.

1.1.2 Lunar resources

The most widely available and discussed resource is the lunar regolith, a layer

of fine-grained unconsolidated material 3 - 20 metres thick that covers the entire

lunar surface [10]. This bulk material is proposed as the primary feedstock for

many construction and additive manufacturing processes [11]. Additionally, many

refining or extraction processes to produce useful metals or other materials have

been proposed [12]. The extraction of oxygen (approximately 40 % by weight)

from lunar regolith has been a significant focus as it can be used for life support

and fuel, as liquid oxygen (LOX) is the largest weight component of any bi-

propellent rocket [13,14].

There is growing evidence of ice deposits in the permanently shadowed craters

that form cold traps at the lunar poles [15–19]. The presence of ice would provide

a simple route to producing water and oxygen on the lunar surface for use in space.

However, the form, quantity, and accessibility of this resource remains largely

unknown [20]. Further exploration activities are required before this resource can

be considered for use in mission architectures.

Solar wind implanted volatiles are another lunar resource available for utili-
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sation. Solar wind is primarily made up of hydrogen and helium, with additional

elements such as carbon, nitrogen, fluorine, and chlorine, making up less that 0.1

% by atomic count [6]. These volatiles impact the surface of the Moon directly

due to the lack of an atmosphere or magnetosphere. Although they are present

in low concentrations, the implanted volatiles can easily be extracted from the

regolith by heating [10].

Artificial resources on the lunar surface as a result of past or present human

activity can also be considered for ISRU applications, such as biological waste or

materials stripped from obsolete landers.

The abundance and ubiquitous nature of the regolith material makes it a

likely feed stock for ISRU processes. To understand the potential applications

and challenges of the regolith material, its composition and and unique properties

need to be considered.

1.1.3 IRSU roadmap

A simple roadmap for the potential trajectory of ISRU, and the steps necessary

for its realisation, is proposed in Figure 1.3. We are still in the incipient phase of

ISRU development. A number of orbital missions have characterised and mapped

the lunar resources, and sample return missions to date have provided a wealth

of information on the lunar regolith. However, a significant amount of resource

prospecting is still required, in particular the characterisation and assessment of

availability of the lunar polar volatiles. A lot of ISRU demonstrations have been

done in a terrestrial setting, however, a key unknown for most is how the process in

question will behave with the challenging lunar environment and unique regolith

properties. The next phase in the roadmap is demonstrations at the lunar surface,

that can begin to address these unknowns. Looking further forward, the lunar

surface can become a test-bed for technology to enable Mars missions, and begin

to fuel the cis-lunar economy and deep-space missions. A question mark has been

left at the end of this proposed roadmap because, as with most technological

advances, the future impact of that technology is often not appreciated in the

early stages of research.

Experimental work using terrestrial lunar regolith simulants is a key stage in

the ISRU development roadmap. A proper understanding of how the terrestrial

materials mimic and differ from actual lunar regolith is important to the future

translation of these processes to the lunar setting.
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Figure 1.3: A potential roadmap for the development of ISRU technology.

1.2 Objective

The primary objective of this work is to characterise JSC-2A, FJS-1A, EAC-

1A, and NU-LHT-3M - the simulants available to purchase at the beginning of

the ISRU-related work at Heriot-Watt University. The bulk chemistry, particle

phase composition, and mineralogy will be investigated as these properties have

the largest bearing on ISRU experiments relying on chemical alteration to the

regolith. Physical properties, such as grain size, particle morphology and bulk

density also impact the physio-chemical behaviour of the regolith and therefore

will also be investigated.

The need for this characterisation study comes from a lack of information

pertaining specifically to the new simulant versions JSC-2A and NU-LHT-3M,

the ambiguity of the FJS-1 batch purchased, and the absence of any published

characterised data for EAC-1A. For current research to be compared to literature

benchmarks, an understanding of the materials is crucial. Furthermore, simulant

properties that deviate from actual lunar regolith must be justified, adjusted for,

or (at minimum) acknowledged when reporting ISRU experiments in a meaningful

way.

This work aims to characterise the aforementioned four lunar regolith simu-

lants, compare their properties to the available data for each simulant or prede-

cessor, and provide an overview of the similarities and differences of the simulants

to lunar regolith and how this is likely to impact ISRU experiments.
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Literature Review

2.1 Regolith-based ISRU

A number of methods for the use and processing of lunar regolith in-situ to enable

exploration and habitation have been proposed. This section will briefly outline

some of the research conducted to assess the viability of the processes.

2.1.1 Construction

A number of different methods for the incorporation of regolith into construction

materials have been researched in the hope of greatly reducing the mass required

to launch from Earth. An ongoing NASA funded project, Contour Crafting, uses

a novel extrusion and moulding head mounted on a rover to build structures from

sulfur concrete [21]. Demonstrations and conceptualisations of this technology are

shown in Figure 2.1. This ’concrete’ is produced using no water, only 12 - 22 wt%

sulfur; it has been suggested that this sulfur could be mined from troilite on the

lunar surface [22].

Figure 2.1: The Contour Crafting technology extruding sulfur concrete for con-
struction on the lunar surface [23, 24].
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Figure 2.2: Method proposed for construction on the lunar surface by a European
collaboration [25].

Cesaretti et al. propose a different construction method based on the chem-

istry of magnesium-based Sorel cement [25]. This method reacts magnesium

chloride hydrate with the magnesium oxide in the regolith to form a concrete;

their D-Shape 3D printing system deposits only the minimum material to form a

strong structure, with the rest of the regolith remaining granular (see Figure 2.2.

The authors add 5 % MgO to the regolith simulant but claim enough is present

in real lunar regolith that additional MgO would not be required.

Another construction technique proposed is sintering, which benefits from

requiring no additives. Sintering is the physiochemical process of partial melting

to fuse particles together. The RegoLight project demonstrated that regolith

forms could be created by controlled sintering with concentrated solar light. More

traditional sintering by heating regolith bricks is also possible [26]. Khoshnevis

et al. developed a new technique, selective separation sintering, that relies on the

different sintering temperature of the regolith and an injected separation powder.

Creating interlocking yet separate bricks is useful for landing pads where a solid

slab would be broken by the heat and force from landers. In this work sintering

was achieved by microwaves passing over the surface.

Microwave sintering or melting has been incorporated into many ISRU pro-

posals due to the interaction of lunar regolith with microwaves. It was found that

real lunar regolith displayed an extreme coupling to the microwaves and therefore

sintered and melted with relatively little energy [27]. It has been proposed that

the reason for this microwave susceptibility is the nano-phase iron particles in the

rinds of mature lunar regolith [27], while others have attributed this properties

to the angularity of lunar regolith particles [28].

2.1.2 Radiation protection

Using regolith for lunar habitat construction is not only weight saving but also

provides protection from harmful radiation in the form of galactic cosmic rays
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Figure 2.3: Examples of sintered regolith: solar 3D printing (left, top) credit: Re-
goLight, conventional brick sintering (left, bottom) [26], and selective separation
sintering (right) [23].

(GCR) and solar particle event (SPE) protons. Research into the radiation shield-

ing properties of real lunar regolith and simulated materials has suggested that a

thickness of 46 cm is enough to provide significant protection [29]. These proper-

ties are highly dependent on the composition of the regolith and the interactions

of elements with the GCR nuclei and SPE protons.

2.1.3 3D printing

3D printing intricate parts as required is clearly advantageous in space, where

supplies and replacements are not easily accessed. Developing a method of print-

ing that uses regolith to replace some or all of the conventional printing material

would afford significant weight savings. In addition, regolith is essentially an

unlimited resource when considering the quantity required for 3D printing parts.

Jakus et al. combined regolith with polyactic co-glycolic acid (PLGA) and a

mixture of evaporant, surfactant, and plasticiser solvent, Figure 2.4 (left). They

found that by using 85 solid-wt% regolith, they could print parts with mechan-

ical properties comparable to PLGA, Figure 2.4 (left) [30]. Other researchers

have demonstrated that it is possible to print intricate parts using powder bed

fusion (PBF) laser additive manufacturing [31]. These parts, shown in Figure

2.4 (top right), do not have the robust and elastic properties of the previous ex-

ample, however, they require no additive material to be transferred from Earth.

More recently a European Space Agency (ESA) project printed fine resolution

parts with regolith using a light-activated binder and sequential layer deposition,

followed by a sintering step. These parts are shown in Figure 2.4 (bottom right).
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Figure 2.4: Examples of parts 3D printed with regolith using three different
approaches: substitution within a plastic matrix (left) [30]: powder bed fusion
(top right) [31], and combination with a light activated binding material, credit:
ESA (bottom right).

2.1.4 Materials production

Many useful metals are abundant in the lunar soil, such as silicon, aluminium,

calcium, titanium, iron, and magnesium. Various extraction methods have been

proposed, often derived in some way from the terrestrial metallurgical industry.

While the potential future impact of metal production technology on the lunar

surface is large, it remains primarily conceptual and is heavily reliant on benefi-

ciation technology fit for the lunar regolith and environment. One process that

is often discussed is refining solar grade silicon from lunar regolith, as the ability

to harvest energy using only materials produced from native resources would be

highly influential in the development of space infrastructure [12].

Other useful materials can be made out of lunar regolith in the bulk form,

such as glass. A number of research groups have investigated the properties of

glass produced from melted regolith simulant [32–34], and Horten et al. (2010)

demonstrated that solar cells can be printed directly onto regolith glass substrates

(Figure 2.5, left).

2.1.5 Oxygen extraction

As the most sought after resource in the lunar regolith, over 20 different methods

have been proposed for oxygen extraction, all of which rely on the composition

and reactivity of the regolith [13]. Three processes that have attracted the most

research and recent interest will be briefly outlined: hydrogen reduction, carboth-

ermal reduction, and the FFC Cambridge process.
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Figure 2.5: Examples of glass made from lunar regolith simulant for casting
(left) [32], and as a substrate for solar cells (right) [35].

Hydrogen reduction is perhaps the simplest approach, where hydrogen reacts

with the iron oxides (such as ilmenite) in the lunar regolith at ∼900 ◦C to produce

water, which can then be electrolysed to produce oxygen and regenerate the

hydrogen [36]. This process is shown by the following reactions:

FeT iO3 +H2 → Fe+ TiO2 +H2O (2.1)

2H2O → O2 + 2H2 (2.2)

The efficiency of hydrogen reduction relies entirely on the iron oxide in ilmenite

or glass, leading to very low efficiencies without beneficiation. For this reason it

is only suited to specific regions of the Moon, the mare regions, that are high in

ilmenite [13].

Carbothermal reduction involves the reaction of carbon (generally introduced

in the form of methane) with regolith. At high enough temperatures (around 1600

◦C) carbon can reduce silicates in the regolith, along with iron oxides, raising the

overall efficiency and reducing the limitation on location compared with hydrogen

reduction [37]. The products, carbon monoxide and hydrogen, are then reacted

with additional hydrogen to recover the methane and produce water. Finally,

water is electrolysed to give oxygen, while the hydrogen can be fed back into the

process [13]. The equations for each step in the process are:

MOx+ xCH4 →M + xCO + 2xH2 (2.3)

CO + 3H2 → CH4 +H2O (2.4)

2H2O → 2H2 +O2 (2.5)

Both the hydrogen and carbothermal reduction processes were tested in ana-

logue field demonstrations under NASA’s ISRU programme in 2010. Figure 2.6
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Figure 2.6: The 2010 field test rigs used to demonstrate the feasibility of car-
bothermal (left) and hydrogen (right) reduction of lunar regolith [38,39].

shows these demonstrations in-situ on Hawaii. While both technologies success-

fully produced oxygen from an analogous regolith material, many areas of im-

provement and ongoing work were identified [38,39].

Another method for the extraction of oxygen from lunar regolith is using an

adaptation of the FFC Cambridge molten salt electrolysis process [14]. By using

an inert anode, oxygen can be produced directly from solid regolith in a molten

salt bath. Unlike the other processes discussed, this method can extract all of the

oxygen in lunar regolith and produce useful metallic by-products. The reactions

at the cathode and anode of an oxygen producing cell are:

Cathode : MeOx + 2xe− →Me+ xO2− (2.6)

Anode : 2O2− → O2 + 4e− (2.7)

2.2 Lunar regolith

Most of the information we have about the lunar regolith is based on research

conducted on samples returned from six Apollo landing sites and three Luna

sample return missions. These sites are shown in Figure 2.7 and summarised in

Table 2.1. The locations sampled on the lunar surface were partially dictated

by practicality; all landings were on the near side to enable communication, and

predominantly mare regions were chosen as they are less cratered, providing a

safer landing site [40]. The highland type lunar regolith accounts for over 80 %

of the lunar surface, but it is under-represented in the samples collected for these

reasons. Only Apollo 16 samples are close to representing typical highland type

soil, yet these still contain some ’contamination’ from nearby mare and KREEP

soils (soils rich in potassium (K), rare-earth elements (REE) and phosphorus (P))
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Figure 2.7: The six Apollo and three Luna landing sites from which samples were
returned to Earth. Also shown is additional sites, OP: Oceanus Procellarum;
MI: Mare Imbrium; MT: Mare Tranquillitatis; SPA: South Pole-Aitken Basin; S:
Schrödinger Basin [6]

Table 2.1: A summary of the Apollo and Luna landing sites [3].

Mission Location Mass returned (kg) Date

Apollo 11 Mare Tranquillitatis 21.6 24 July 1969

Apollo 12 Oceanus Procellarum 34.3 24 November 1969

Luna 16 Mare Fecunditatis 0.1 24 September 1970

Apollo 14 Fra Mauro (Mare Imbrium) 42.3 9 February 1971

Apollo 15 Hadley Rille/Appenine Mts 77.3 7 August 1971

Luna 20 Apollonius Highlands 0.03 25 February 1962

Apollo 16 Descartes Highlands 95.7 27 April 1972

Apollo 17 Taurus-Littrow/Mare Serenitatis 110.5 19 December 1972

Luna 24 Mare Crisium 0.17 22 August 1976

mixed during the cratering process [41]. Future lunar sample return missions to

a wider range of landing sites will greatly expand on current knowledge.

2.2.1 Composition

The lunar surface can be broadly classified into two regions, distinguishable with

the naked eye: mare (darker) and highlands (lighter). The lunar mare (’seas’)

regions are lava flows dominated by basaltic rock that filled impact basins pre-

dominantly on the near side, often resulting in circular mare localities. Py-

roxene, plagioclase, olivine, and ilmenite are the main minerals found in mare

basalts [40]. The lighter and brighter highland regions of the lunar surface are

primarily anorthosidic rocks and are generally understood to represent the an-

cient original lunar crust [6]. This rock type is dominated by plagioclase, with

smaller amounts of pyroxene and olivine. The other broad lunar classification is
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the near side and the far side, relating to the face of the Moon that always faces

towards Earth.

The unique properties of lunar regolith can be attributed to the lunar envi-

ronment and space weathering processes, such as constant bombardment by solar

winds, galactic cosmic rays, and meteoroids [42]. These processes, over billions of

years, have produced a thick layer of lithic fragments, minerals, glass, and agglu-

tinates covering the entire lunar surface. Figure 2.8 shows the modal petrology

of various lunar samples. While some larger rocks and boulders can be seen, the

vast majority of material has a fine-grained to dusty consistency.

Figure 2.8: The modal abundance of different particles in a range of Apollo
and Luna regolith samples including individual minerals, rock fragments (lithic
fragments), glass, and fused soil (agglutinates and dark matrix breccia) [43].

2.2.2 Chemistry and mineralogy

The bulk chemistry of the Moon is similar to the Earth in that all elements natu-

rally found on Earth can also be found on the Moon; this is to be expected based
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Table 2.2: The average bulk composition of different landing sites, classified by
material type: low-Ti mare, high-Ti mare, highland, or basin ejecta. Data from
NASA [41].

High-Ti Mare Low-Ti Mare Highland Basin Ejecta

A-11 A-17 A-12 A-15 L-16 A-16 L-20 A-14 A-15 A-17

SiO2 42.17 39.87 46.17 46.2 43.96 45.09 44.95 48.08 46.59 45.08

Al2O3 13.78 10.97 13.71 10.32 15.51 27.18 23.07 17.41 17.54 20.6

CaO 12.12 10.62 10.55 9.74 12.07 15.79 14.07 10.79 11.57 12.86

FeO 15.76 17.53 15.41 19.75 16.41 5.18 7.35 10.36 11.58 8.59

MgO 8.17 9.62 9.91 11.29 8.79 5.84 9.26 9.47 10.41 10.29

TiO2 7.67 9.42 3.07 2.16 3.53 0.56 0.49 1.7 1.32 1.62

Na2O 0.44 0.35 0.48 0.31 0.36 0.47 0.35 0.7 0.42 0.41

K2O 0.15 0.076 0.27 0.1 0.1 0.11 0.08 0.58 0.17 0.16

Cr2O3 0.3 0.46 0.35 0.53 0.29 0.107 0.15 0.22 0.28 0.26

MnO 0.21 0.24 0.22 0.25 0.21 0.065 0.11 0.14 0.16 0.11

P2O5 0.12 0.07 0.31 0.11 0.14 0.12 0.11 0.05 0.16 0.14

on the theory that the Moon formed from fragments of the Earth ejected after

a collision. The Moon has a similar abundance of refractory elements (elements

with a relatively high condensation temperature) as well as identical isotopic

ratios of many elements [44]. One notable difference is the comparable lack of

volatile elements, including the alkali metals Na and K. This is hypothesised to

be a result of the Moon’s orbit extending beyond gravitational interaction before

the condensation of volatiles in the ejecta melt disc surrounding Earth following

the impact [44].

The average bulk chemistry of the lunar regolith at different landing sites is

shown in Table 2.2. It can be seen that the lunar regolith is primarily comprised of

oxygen, silicon, aluminium, calcium, magnesium, iron, and titanium, with other

elements in minor and trace amounts. Reflective of the rock type, highland re-

golith is generally rich in calcium and aluminium, and contains less magnesium,

iron, and titanium. Regolith in the mare regions is richer in iron, magnesium,

and titanium. Mare regolith is often classed as as either low-Ti mare, contain-

ing less than 6 % TiO2, or high-Ti mare, greater than 6 % TiO2 [45]. These

simplified classifications prove useful in discussion of regolith type, but it is im-

portant to remember that large variation exists across the lunar surface as it is a

heterogeneous natural body.

The mineralogy and chemistry of lunar regolith generally reflects that of the

underlying bedrock in that location, with a small fraction of material being me-
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Figure 2.9: The near side (left) and far side (right) of the Moon. The top image
is as it appears to the naked eye, showing the darker mare regions primarily on
the near side (image credit: NASA/GSFC/LRO/Arizona State University). The
bottom image shows the distribution of rock types from composite multi-spectral
imaging, where red is high-Ti basalts, yellow is low-Ti basalts, and blue represents
the anorthisodic highlands. Adapted from [14].

teoric in origin [6]. However, constant comminution from meteoroid impacts have

distributed and mixed regolith laterally and horizontally resulting in a more ho-

mogenised composition compared to what would be found in the original bedrock.

Overall, the mineralogy of the Moon is far simpler than that of Earth as a

result of the unique lunar environment [46]. For the vast majority of the lunar

surface, minerals have formed in the absence of water and therefore will contain

no hydrated minerals such as clays, mica, or amphiboles. The implications, if

any, of water recently confirmed in the polar regions on mineralogy is yet to be

investigated. Minerals are also generally formed under reducing conditions, with

a lack of oxygen or other atmospheric contributions. And finally, the minerals

are not altered by the presence of chemical species originating from biological

materials. As such, the majority of lunar minerals are plagioclase, pyroxenes,

olivines, ilmenite and spinel, with minor amounts of apatite, cristobalite, and

sulphides also present [10]. The most abundant mineral groups are discussed in

more depth below. Mineral groups are discussed in terms of endmembers, i.e.

the defined chemical formulas between which a series of minerals with differing

compositions can form.
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Plagioclase feldspar: Plagioclase is the name given to feldspar minerals

along the solid solution between two endmembers: albite (NaAlSi3O8) and anor-

thite (CaAl2Si2O8), shown in Figure 2.10. Terrestrially, the most common plagio-

clase mineral is labradorite with a composition of An50 - An70. By comparison,

the lunar plagioclase are more Ca-rich and therefore closer to the anorthite end-

member [46]. Figure 2.11 shows the plagioclase composition of different lunar soil

samples.

Figure 2.10: Ternary diagram showing the alkali and plagioclase feldspar minerals
(image credit: Wikipedia).

Figure 2.11: The plagioclase composition for mare regolith (left) and Apollo 16
highland samples (right) denoted by modal percent An (anorthite endmember).
Adapted from [47].
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Pyroxenes: Pyroxene minerals are described by the truncated ternary sys-

tem between the endmembers enstatite (MgSi2O6), ferrosilite (FeSi2O6), diop-

side (CaMgSi2O6), and hedenbergite (CaFeSi2O6). Pyroxenes with compositions

above 50 mole % calcium do not form. The composition of lunar pyroxenes are

shown in Figure 2.12.

Figure 2.12: The various pyroxene compositions measured for mare regolith (left)
and Apollo 16 highland samples (right) [47].

Olivine: Minerals classed as olivine have compositions ranging between the

endmembers forsterite (Mg2SiO4) and fayalite (Fe2SiO4). A wide range of olivines

exist in the lunar regolith, with mare olivines tending to be slightly more Fe-

rich [46]. Figure 2.13 shows the distribution of olivine composition measured in

mare and highland regolith samples.

Figure 2.13: The distribution of olivine compositions measured for mare regolith
(left) and Apollo 16 highland samples (right) [47].

Fe-bearing minerals: Differences in oxygen fugacity between the Moon and

Earth have had a important impact on mineralogy; unlike terrestrial equivalents,

silicate and iron oxide minerals on the lunar surface generally contain no oxidised

iron (Fe3+) [46]. While there is recent evidence of localised oxidation potentially

as a result of volcanic gases, impact vapour plume, or diffusion of oxygen in a

glassy matrix [48,49], the vast majority of iron on the lunar surface exists as Fe2+

or Fe0.
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2.2.3 Glass and agglutinates

Glassy materials make up a significant portion of lunar regolith (see Figure 2.8).

In addition to the comminution of rock to finer and finer grain sizes, the im-

pact energy from micro-meteoroids travelling at up to 20 km s−1 is also enough

to melt the regolith and fuse particles together to form glassy agglutinates [50].

Agglutinates are particles that are aggregates of smaller mineral, lithic, or glass

grains that are bonded together by impact-melted glass. As agglutinates form via

space weathering processes over time, they constitute as much as 60 % of mature

soils [43]. Agglutinates are typically very vesicular with complex particle shapes,

as shown in Figure 2.14, and are fragile and crushable. These factors increase

the reactive surface area and have a large impact on the mechanical properties

of lunar soil. Particles like the lunar agglutinates are not found anywhere on

Earth [50]. Other glassy particles are present in lunar soil, such as glass spheres

or fragments without rock inclusion, formed by both impact and volcanic pro-

cesses [43]. Volcanic glasses from pyroclastic eruptions are distinguishable as they

have a relatively uniform chemical composition, no siderophile enrichment from

impacting meteoroids, and surface coating of volatile elements [43].

Figure 2.14: A backscattered electron image of an Apollo 11 agglutinate grain
cut and polished, the inset displays a transmitted light image [51].

2.2.4 Nanophase iron

One of the most distinguishable components of the lunar particles and agglu-

tinates is the inclusion of nanophase Fe0 (np-Fe). As well as being stable at

crystallisation due to the low oxygen fugacity, as discussed above, other unique

processes can account for its formation. A glassy rim containing np-Fe can be

seen on many lunar regolith particles. Electron transmission microscopy was used

to demonstrate that these np-Fe grains were formed by vapour deposition pro-
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Figure 2.15: The lunar soil cycle caused by space weathering [53].

cesses [52]. The impact velocities and resulting kinetic energy from even micro-

meteoroids is enough to vaporise some of the melted silicate. The temperature

of the soil can reach as much as >2000 ◦C; in the vacuum environment this re-

leases ions and elements preferentially. Among the easiest oxides to vaporise in

the lunar soil are the abundant SiO2 and FeO, which further dissociate at the

high temperatures [53]. These vapours permeate and are deposited on nearby

particles, resulting in the formation of a silica glass rim interspersed with np-Fe

grains. Like the formation of agglutinates, this process is due to space weathering

and therefore the effect accumulates over time and these rims are seen on almost

all particles in mature soil, imparting interesting properties. This lunar soil cycle

is summed up in Figure 2.15.

2.2.5 Magnetic properties

The presence of np-Fe in the thin rind of glass that covers virtually all lunar

particles gives lunar regolith interesting magnetic properties. This effect is more

pronounced in the fine fraction, due to the rim to particle ratio, and also in the

mature soil as the rim forming processes have accumulated np-Fe over time. It

has been shown that magnetic susceptibility of lunar regolith is proportional to

soil maturity [43].

The magnetic properties of individual minerals are also impacted by the lunar
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environment. Terrestrial ilmenite, for example, is highly magnetic due to the

presence of Fe3+ in the crystal lattice. As Fe3+ is essentially absent on the lunar

surface, lunar ilmenite has a much lower magnetic susceptibility, similar to that

of pyroxene, making the separation of ilmenite using magnetic properties not

possible [54].

2.2.6 Particle size and morphology

Lunar particles have never been exposed to the type of weathering processes on

Earth that rounds particles, such as wind and water. Instead they are constantly

shattered, crushed, and fused together through space weathering processes, such

as meteroid and micrometeroid bombardment. Therefore, the morphology of

lunar particles is extremely angular and irregular. The particle shape impacts

the cohesion, angle of repose, mechanical strength, and density of the material,

as well as making it exceptionally abrasive [55]. Additionally, the highly irregular

particle shapes gives lunar regolith a high specific surface area of 0.5 m2/g, eight

times the surface area of spheres with an equivalent size distribution [56].

As a result of constant meteroid and micrometeroid bombardment the lunar

regolith is extremely fine grained, with a typical sample having a mean particle

size of 70 µm, and 10-20 % finer than 20 µm [57]. The average particle size

distribution of lunar regolith is shown in Figure 2.16.

Figure 2.16: The mean lunar regolith particle size distribution with upper and
lower bounds shown [58].
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2.2.7 Bulk density

The bulk density, ρ, of a material is the mass that fills a given space, usually

expressed in g/cm3. The in-situ bulk density of lunar regolith was first estimated

by remote sensing in the early 1960s, which indicated densities as low as 0.3 and

0.4 g/cm3 [59, 60]. Following the first robotic missions to the Moon in 1966, a

much higher density of 1.5 g/cm3 was estimated based on the interactions of

Surveyor I with the lunar surface. [61]

The Apollo core samples provided the first real data. From a range of mea-

surements the average in-situ bulk density of regolith at the surface is ∼1.30

g/cm3, increases to 1.52 g/cm3 at a depth of 10 cm, 1.83 g/cm3 at a depth of 100

cm, and approaches a maximum value of 1.92 g/cm3 thereafter [57].

The in-situ bulk density of regolith is a property crucial to activities involving

the excavation of, transportation of, or construction with regolith. However, the

ISRU processes of interest here would primarily utilise loose regolith delivered

to processing plants following excavation. Therefore, the most relevant density

measurement is the bulk poured density (ρ0), also referred to as the loose or min-

imum density. A collation of measurements by different researchers and methods

indicate that the poured bulk density of lunar regolith has a range of 0.87 - 1.26

g/cm3 [57]. The loose packing of lunar regolith is a reflection of the angular

grains causing greater porosity. Even when lunar soil is tightly packed it exhibits

a higher porosity (40 to 50 %) than terrestrial standards [56].

2.3 Lunar regolith simulants

The Apollo Missions brought 382 kg of lunar material back to earth from six

different landing sites between 1969 and 1972. The Soviet Union’s Luna robotic

missions returned a further 300 g of material from three different sites. These

samples provided vast insight into the Moon’s evolutionary history, geological

composition, and regolith properties, and are still being loaned to researchers to

this day. However, due to the extremely limited quantity and precious nature of

the lunar samples it was, and is, impossible keep up with the demand. Further-

more, research that alters or destroys the regolith samples is rarely accepted and

subject to intensive scrutiny and guidelines when it is so as to not waste mate-

rial. It became apparent that terrestrial lunar simulants were required for the

lunar research community, particularly for ISRU research involving destructive

experiments or engineering studies involving full-scale demonstrations.
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2.3.1 History of lunar simulants

Lunar simulant development has been on-going since the 1960s, when up to 35

geotechnical simulants were created for the development of the Lunar Roving

Vehicle (LRV) used in Apollo missions 15, 16, and 17. These were developed

purely for engineering purposes from the limited data available at the time. Very

little information is available pertaining to these simulants, but it is clear the the

chemical and mineral constituents differed greatly from that of lunar soil [40].

The first general purpose lunar regolith simulant was introduced by Prof. Paul

Weiblen (University of Minnesota) at a conference in 1970, where he handed out

key-rings filled with samples of MLS-1 [53]. MLS-1 was a high-Ti basalt with a

composition approximating that of Apollo 11 Sample 10084 [62]. One obvious

shortcoming of MLS-1 was that it initially did not did not contain any glass. To

better replicate lunar soil, agglutinates were manufactured by dropping MLS-1

through a tall plasma furnace, with the resulting glassy material being crushed

and added to the bulk simulant. However, properties of agglutinates produced by

this method did not closely imitate those of lunar agglutinates. Furthermore, the

particle size distribution and bulk chemistry of MLS-1 batches lacked consistency,

and it contained non-lunar minerals such as Na-rich feldspar, amphibole, and Ti-

magnetite [42].

In the following years a number of simulants were designed and used inde-

pendently amongst researchers. It became clear that there was a need for new

standardised lunar simulants to address the lack of consistency between research

when using a range of simulants of varying quality [43]. Discussions at two key

events, the 1989 ”Workshop on production and uses of simulated lunar materials”

and the 1992 ”Lunar Simulant Working Group”, led to the production of JSC-1,

the first lunar simulant standardised by NASA [63]. A more detailed description

of JSC-1, and the JSC simulants that succeeded it, can be found in Section 2.3.3.

In the 10 years that followed only one other large-scale lunar simulant produc-

tion was reported: the FJS-1/2/3 series made in Japan in 1998 (Section 2.3.4).

From 2006 onwards there was a surge in new lunar simulants being produced to

replace old stocks, meet increasing demand, simulate new lunar environments or

properties, and for specific scientific or engineering challenges. A list summaris-

ing the purpose and status of each (known) lunar simulant can be seen in Table

2.3.
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Table 2.3: Summary of known lunar regolith simulants. Information collated from references listed, as well as [53], and [64].

Simulant Country Type Use Details Reported Current status Reference

ALRS-1 Australia Mare: Low-Ti Geotechnical Australian Lunar Regolith Simulant 2012 Unknown [65]

ALS USA Mare: Low-Ti Geotechnical Arizona Lunar Simulant 1991 No longer available

BHLD20 China Dust (unspecified) Geotechnical Beihang University 2017 In development [66]

BP-1 USA Mare: Low-Ti Geotechnical KSC/Arizona Black Point 2010 Unknown [67]

CAS-1 China Mare: Low-Ti General Chinese Academy of Sciences 2008 Potentially available [68]

CHENOBI Canada Highlands Geotechnical Deltion Innovations Ltd 2009 Available [69]

CLDS-i China Dust (Mare: Low-Ti) General Chinese Academy of Sciences 2016 Unknown [70]

CLRS-1 China Mare: Low-Ti General Chinese Academy of Sciences 2009 Unknown

CLRS-2 China Mare: High-Ti General Chinese Academy of Sciences 2009 Unknown

CMU-1 USA Dust (unspecified) Optical Carnegie Mellon University 2012 Unknown [71]

CSM-CL USA Mare: Low-Ti Geotechnical Colorado School of Mines 2010 No longer available

CUG-1A China Mare: Low-Ti Geotechnical China University of Geosciences 2010 Unknown [72]

DNA-1 Italy Mare: Low-Ti General DeNoArtri 2014 No longer available [25]

EAC-1A Germany Mare: Low-Ti General European Astronaut Centre (ESA) 2017 Available

FJS-1 Japan Mare: Low-Ti General Shimizu Corporation 1998 Available (as of 2015) [73]

FJS-2 Japan Mare: Low-Ti General Shimizu Corporation 1998 Unknown [73]

FJS-3 Japan Mare: High-Ti General Shimizu Corporation 1998 Unknown [73]

GRC-1 USA Unspecified Geotechnical Glenn Research Center 2010 Unknown [58]

GRC-3 USA Unspecified Geotechnical Glenn Research Center 2013 Unknown [74]

GSC-1 USA Mare Geotechnical Goddard Space Centre 2008 Unknown [75]

JSC-1 USA Mare: Low-Ti General Johnson Space Center 1993 No longer available [63]

JSC-1A USA Mare: Low-Ti General Orbitec 2006 No longer available [76]

JSC-1F USA Dust (Mare: Low-Ti) General Orbitec 2006 No longer available [76]
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Simulant Country Type Use Details Reported Current status Reference

JSC-1C USA Coarse (Mare: Low-Ti) General Orbitec 2006 No longer available

JSC-2A USA Mare: Low-Ti General Zybek Advanced Products 2013 Available

KLS-1 S. Korea Mare: Low-Ti General KICT 2018 In development [77]

KOHLS-1 S. Korea Mare: Low-Ti Geotechnical Unclear 2014 Unknown

Kohyama Japan Intermediate General Shimizu Corporation 2008 Unknown

LHS-1 USA Highlands General UCF - CLASS Exolith Lab 2018 Prototyping

LMS-1 USA Mare General UCF - CLASS Exolith Lab 2018 Prototyping

M-Sanders USA Mare Geotechnical University of Maryland 1995 Unknown

MKS-1 Japan Mare: Low-Ti Unknown Unknown - Unknown

MLS-1 USA Mare: High-Ti General University of Minnesota 1988 No longer available [62]

MLS-1P USA Mare: High-Ti General University of Minnesota 1990 No longer available

MLS-2 USA Highlands General University of Minnesota 1992 No longer available

NAO-1 China Highlands General National Astronomical Observatories 2009 Potentially available [78]

NEU-1 China Mare: Low-Ti General Northeastern University 2017 Unknown [79]

NU-LHT-1M USA Highlands General USGS 2010 No longer available [41]

NU-LHT-1D USA Dust (Highlands) General USGS 2010 No longer available

NU-LHT-2M USA Highlands General USGS/Zybek Advanced Products 2010 No longer available [41]

NU-LHT-2C USA Coarse (Highlands) General USGS 2010 No longer available

NU-LHT-3M USA Highlands General Zybek Advanced Products 2013 Available

OB-1 Canada Highlands Geotechnical Deltion Innovations Ltd 2007 Available [80]

OPRL2N USA Mare: Low-Ti General Off Planet Research - no agglutinates 2017 Available

OPRL2W USA Mare: Low-Ti General Off Planet Research - agglutinates 2017 Available

OPRH2N USA Highlands General Off Planet Research - no agglutinates 2017 Available

OPRH2W USA Highlands General Off Planet Research - agglutinates 2017 Available

Oshima Japan Mare: High-Ti General Shimizu Corporation 2008 Unknown [81]

TJ-1 China Mare Geotechnical Tongji University 2010 Unknown [82]
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There is an absence of accurate and consistent information about the cur-

rent status of many simulants, indicated by the large proportion of ’unknown’

or ’potentially available’ simulants in Table 2.3. Furthermore, a large number

of simulants were likely produced by researchers for internal use only and were

never actually available to the wider community, although often this is unclear.

Simulants are listed as ’no longer available’ in cases where there is clear evidence

that the simulant was once available to the general research community but has

subsequently run out. However, stocks of these simulants may remain with spe-

cific research groups accounting for why old simulants are still occasionally seen

in recently published research.

From the end of 2017 a new simulant range became available from Off Planet

Research. They have produced Mare and Highland type simulants in two versions:

with and without added agglutinates. However, as stated on the Off Planet

Research website [83], their simulants are only available for loan, which excludes

their use in destructive ISRU experiments. To date there is no record of these

simulants being used in published research. As of 2018 two simulants, a Mare

type (LMS-1) and a Highland type (LHS-1), were in the prototyping stage at

University of Central Florida’s CLASS Exolith Lab. They expect these simulants

to be available for distribution in small amounts by the end of 2018, followed by

a larger-scale production. [84]

2.3.2 Available simulants

Table 2.3 demonstrates the wide variety of lunar simulants made over the years.

When selecting a simulant it is crucial for researchers to consider the intended

purpose of that simulant, i.e. what lunar characteristics it has been designed to

mimic and what properties might make it unsuitable for a particular research

activity. Simulants are often classified as geotechnical, where only physical and

mechanical properties of lunar regolith are imitated for use in engineering studies,

or general, where the chemical and mineralogical composition are also considered.

ISRU processes and applications often involve the chemical or physiochemical

alteration of the regolith and therefore are greatly impacted by composition. Only

general use regolith simulants should be used for ISRU research, as geotechnical

ones have not been designed to be chemically or mineralogically accurate. This

work focuses on the general purpose lunar simulants available between 2015 and

2017: JSC-2A, FJS-1, EAC-1A and NU-LHT-3M. The following sections detail

the information available about each simulants and, where relevant, the preceding
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simulants of the same family.

2.3.3 JSC-2A

To understand this simulant it is valuable to first examine the history of the JSC

(Johnson Space Centre) simulant range. In the early 1990s ∼12 tonnes of JSC-1,

the first lunar simulant standardised by NASA, was made and distributed to lunar

scientists and engineers for only the cost of shipping [63]. In total, over 25 tonnes

of JSC-1 was produced [85]. JSC-1 was made from volcanic ash mined from a

quarry near Mirriam Crater in the San Francisco volcano field near Flagstaff,

Arizona [63]. It had a bulk composition that resembled Apollo 14 sample 14163

and contained ∼50 % volcanic vesicular glass, an approximation for lunar regolith

agglutinates, giving it geotechnical properties comparable to lunar regolith [63].

Qualitative analysis showed the major minerals phases of JSC-1 to be plagioclase,

pyroxene and olivine; minor minerals included ilmenite, chromite and traces of

clay minerals [63].

In fact, JSC-1 was originally only intended for engineering studies. However,

in their original publication McKay et al. (1994) stated: ”The simulant’s chem-

ical composition, mineralogy, particle size distribution, specific gravity, angle of

internal friction, and cohesion have been characterized and fall within the ranges

of lunar mare soil.” This statement has been criticised as the root cause for con-

fusion and the misuse of simulants ever since, leading some researchers to believe

that JSC-1 was a typical mare soil simulant when in fact it only approximated the

composition of some unusual non-mare Apollo 14 soils that represent lass than

2-3 % of the lunar surface [53]. JSC-1 had approximately 10 wt% FeO/Fe2O3

content, which resembles neither mare (>15 wt%) nor highland soils (∼5 wt%).

By 2004 the supply of JSC-1 was spent and interest in ISRU research was

growing [85]. This led to the collaboration of Dr. James Carter (involved in the

original production of JSC-1) and Orbitec (Orbital Technologies Corporation) to

produce a replica of JSC-1 [42]. A suite of three simulants were produced: JSC-

1A (14 tonnes) - matching the original grain size distribution of JSC-1; JSC-1AF

(1 tonne) - a fine fraction with 50 % of grains <20 microns produced by further

milling and sieving JSC-1A; and JSC-1AC (1 tonne) - a course fraction with grain

sizes between 1 mm and 5 mm [86]. These simulants were provided free to NASA

affiliated researchers. An additional 15 tonnes of JSC-1A and 100 kg of JSC-1AF

were funded and produced by ORBITEC for commercial sale. By 2009 there was

only 3 tonnes remaining for purchase; once this was distributed ORBITEC had
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no intention of any further production [87].

The JSC-1A simulants were produced from the same volcanic ash deposit

as JSC-1 and are similar in composition, containing 50 % volcanic glass but

no agglutinates. Since production, JSC-1A became the standard lunar mare

simulant for ISRU research and its properties have been extensively characterised

[33,86,88,89]. As with JSC-1, Taylor et al. (2016) criticise the continued misuse

of JSC-1A in engineering and chemical studies and express confusion that foreign

researchers have attempted to replicate JSC-1A exactly, citing a misplaced belief

that a simulant produced by NASA must be the best [53].

The simulant used in this study, JSC-2A, is theoretically a replica of JSC-

1A; the material data sheet provided with the simulant is an exact copy of the

JSC-1A data sheet. However, JSC-2A is produced by a different company (Zybek

Advanced Products) and no information about consistency of production methods

has been supplied. The -2A simulant has appeared in a small amount of published

research in recent years [26, 90, 91]; however, no characterisation data have been

published. Furthermore, recent publications claim that JSC-2A is actually made

from synthetic minerals and/or synthetic glass [26,92], unlike JSC-1 and JSC-1A

which are crushed natural materials, but no additional evidence is presented to

expand on this statement.

2.3.4 FJS-1

In 1998 three versions of the FJS (Fuji Japanese Simulant) simulant were de-

veloped by the Japanese Shimizu Group from Mt Fuji basaltic lava [73]. FJS-1

was the basic low-fidelity model made from crushed basalt. To try and better

approximate the bulk chemistry and properties of lunar soil, additions of olivine

(12 %) and olivine (11 %) + ilmenite (8 %) were added to the base basalt to

make FJS-2 and FJS-3 respectively. FJS-2 was intended to imitate Apollo 11

soil, while FJS-3 was a simulant of Apollo 14 soil. The mechanical and thermal

properties of the FJS simulants were found to be in reasonable agreement with

the lunar regolith [73].

The mineralogy of the basalt material making up all of FJS-1 and most of

FJS-2 and -3 has not been properly investigated and it is unclear whether or not

this material contains glass. Although not stated in the original publication, the

FJS-1 simulant has since been deemed only useful as a geotechnical simulant as

the chemistry differs from most lunar soils, making it unsuitable for ISRU research

that involves any chemical or phase alteration [42]. Regardless, it continues to
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be used in ISRU research and classed as a general use simulant.

The FJS-1 simulant material investigated in this work was sourced from CSP

Japan, an aerospace consulting subsidiary of Shimizu Corporation, the original

producers of the FJS simulants. However, it was purchased over 15 years after the

original simulant production. Furthermore, FJS-1 was deemed to be an extinct

simulant in the intervening years [93]. As no information was provided by the

suppliers to indicate if this material is the original FJS-1, or a different batch

with the same name, characterisation of this material is needed.

2.3.5 EAC-1

EAC-1A was developed by the European Astronaut Centre (EAC) in Cologne as

a large-volume and low-cost solution to fill a planned lunar analogue test bed [94].

The facility, measuring 900 m2, would aim to replicate lunar conditions and be

used for training and technology demonstrations. With an intended regolith

simulant depth of around 60 cm, it was estimated that 700 tonnes of material

would be required to fill the testbed. As it was not feasible to obtain this amount

of simulant material commercially due to availability and cost, EAC created their

own lunar simulant material.

The basalt material crushed to produce EAC-1A was sourced from a com-

mercial quarry in the Eifel volcanic region in Germany, chosen partly due to

proximity [94]. The bulk material produced was initially referred to as ’EAC-1’,

this name was subsequently changed to EAC-1A where the ’A’ represents the full

grain size range so a course and fine version could be produced. This material

was provided to European researchers at no cost for ISRU experiments. A full

characterisation of this material was not available or published at the time this

work was undertaken, therefore characterisation was required to determine the

applicability of this material to ISRU experiments.

2.3.6 NU-LHT-3M

NASA and the United States Geological Survey (USGS) teamed up to develop

a lunar highland type (LHT) simulant based on the Apollo 16 samples, the only

highland landing site [41]. The NU-LHT-1M version was a pilot study, while

the NU-LHT-2M was the prototype simulant available to researchers. Only the

NU-LHT-2M version will be discussed. The chemical composition of the NU-

LHT-2M simulant was based on the average chemical composition of the Apollo
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Figure 2.17: The feedstock materials used for the production of NU-LHT-2M [41].

16 samples, rather than selecting a specific sample.

The crystalline feedstock for NU-LHT-2M was a mixture of natural and syn-

thetic materials, shown in Figure 2.17. The natural materials were sourced from

the Stillwater mine complex. There are detailed modal particle analyses done on

the Apollo samples (i.e. distribution of lithic fragments, glass agglutinates, pla-

gioclase grains, etc.), however, this does not reveal the total mineral distribution

including those in the lithic or agglutinate material. Therefore, from knowing the

target bulk chemical composition, and the composition of the starting material

feedstock, the proportion of minerals needed was calculated using a reiterative

process [41].

Two types of synthetic glass were added to NU-LHT-2M: synthetic agguti-

nates, and ’good’ glass without vesicles or inclusions [41]. Both materials were

made by Zybek Advanced Products using a plasma melter. The composition of

the synthetic glass produced would ideally be representative of the bulk composi-

tion. However, the natural minerals used in the NU-LHT simulants were expertly

selected and collected by hand from various sites in the mine complex, making

it a fairly laborious process [95]. Therefore, the mill sand waste (a large pile

of mixed and ground waste material from the mining operations) was used in

the production of glass materials as it has a similar composition and was easily

accessible in large quantities.

The original batch of NU-LHT-2M was produced and supplied by USGS and is

the batch described above and referred to in NU-LHT-2M technical documents.

At some stage in the subsequent years, NU-LHT-2M began to be supplied by

Zybek Advanced Products. There is evidence from the comparative analysis of

NU-LHT-2M from both sources that there were significant differences in compo-

sition and properties [96,97].

NU-LHT-3M, the simulant version of interest here, is also supplied by Zybek

Advanced Products. It is supplied only with a data sheet exactly matching that
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of the original NU-LHT-2M. It is not clear if Zybek Advanced Products were

offering the -2M and -3M versions simultaneously due to differences or the latter

only after the original -2M stock was depleted. One source states that the -3M

version denotes the simulant does not have added minor minerals or synthetic

glass and agglutinates, making it a lower fidelity version [98]. This information

has been cited in other literature but never independently verified. For research

with the new highland simulant -3M version to be compared to NU-LHT-2M

research, a proper analysis of the compositional differences is required.
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Methods

3.1 General

All lunar regolith simulants characterised in this study were acquired between

2016 - 2017. JSC-2A and NU-LHT-3M were both purchased from Zybek Ad-

vanced Products, FJS-1 was purchased from CSP Japan, and EAC-1A was sup-

plied by the European Astronaut Centre in Cologne. Unless otherwise stated,

work was completed at Heriot-Watt University by the author.

3.2 XRF analysis

X-ray fluorescence (XRF) was used to examine the bulk chemical composition of

the samples. The major oxide and trace element composition were both measured.

Samples were prepared in collaboration with Mr J. Schleppi under the guid-

ance of Dr N. Odling. Prior to preparation, each simulant material was mechan-

ically ground for ten minutes to a fine powder to ensure the uniform melting of

samples. For major oxide analysis ∼0.9 g of each sample was mixed with a bo-

rate flux using a 5:1 flux to sample ratio. Samples were then melted in Pt-5%Au

crucibles at 1100 ◦C, and pressed into flat 40 mm diameter transparent discs.

For trace element analysis, pressed powder pellets with a 40 mm diameter were

made from ∼8 g of the finely ground sample material. The sample quantity and

preparation method, i.e. melting into a homogenous glass disc or grinding to a

homogenous fine powder, both helped to minimise the effects of sampling bias.

XRF data was collected at the University of Edinburgh by Dr N. Odling using a

Pananalytical PW2404 wavelength-dispersive sequential x-ray spectrometer. The

XRF facility used for measurements was specialised in geological samples and the
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instrument calibrated as such.

While the sample for analysis was chosen at random from the larger stock of

material, there is a chance that it is not representative of the larger population.

Analysis of multiple samples from the same overall population could address this

potential source of error, however, this was not possible within the scope of this

work. An indication of the measurement error can be taken from the total % of all

components as oxides, as the oxide values are calculated from measurement of the

heavier elements. The total value should equal close to 100 % if the measurement

is accurate. In all cases the total value is between 99.5 -100.2 % indicating these

oxide compositions are reliable.

3.3 Mössbauer spectroscopy

XRF spectroscopy cannot distinguish between the oxidation states of iron, which

is an important factor influencing lunar mineralogy. Therefore, the relative pro-

portion of FeO and Fe2O3 was investigated using 57Fe Mössbauer spectroscopy.

Samples for Mössbauer spectroscopy were supplied in the original form in

small plastic bags. Data was collected by Dr C. Schroeder at the University of

Stirling using a miniaturised Mössbauer spectrometer MIMOS II instrument in

backscattering geometry. Spectra were collected using a Co-57 radiation source

in rhodium matrix at constant acceleration and calibrated against alpha-Fe foil

at room temperature. Spectra were processed using an in-house fitting routine

Mbfit, based on the least-squares fitting routine MINUIT.

3.4 CHN analysis

Combustion elemental analysis was used to measure the carbon, hydrogen, and ni-

trogen (CHN) content in each simulant as lunar regolith simulants should contain

no carbon material. Samples were ground prior to analysis to ensure a uniform

distribution. Measurements were carried out by Mr B. Hutton at Heriot-Watt

University using an Exeter CE-440 Elemental Analyser.

3.5 SEM/EDX analysis

The mineral and amorphous phases in each sample were analysed using scanning

electron microscopy (SEM) coupled with energy dispersive x-ray spectroscopy
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(EDX) and a backscattered electron (BSE) detector.

Samples were prepared in collaboration with Mr. J Schleppi under the guid-

ance of Dr J. Buckman. The regolith simulants were suspended in an epoxy resin,

a surface was cut and polished, and the samples gold sputter-coated to mitigate

the effects of charging at high-vacuum. Regolith simulant samples were sampled

at random from the larger simulant stock. Upon setting within the resin samples

appeared homogeneous, however, the cross-section selected to cut and polish was

halfway between the upper and lower bound of the sample to avoid bias towards

particle size or density.

The BSE images and EDX maps were collected under high-vacuum by Dr.

J Buckman using a Quanta FEG 650 SEM operated at 20 kV, with an Oxford

Instruments X-maxN 150 EDX detector. Analysis of the EDX map data and

presentation of phase maps was done using Oxford Instrument’s AZtec software.

3.5.1 SEM/EDX spot measurements

Spot EDX measurements were carried out to investigate the endmember com-

position of the main mineral groups found in each lunar simulant. Analysis was

done using the same prepared samples described in Section 3.5. Spot EDX mea-

surements were done using an XL30 ESEM operated at 20 kV, with an Oxford

Instruments X-Max 80 mm EDX detector. Frames of particles for spot measure-

ments were chosen at random, and all particles within the fame analysed in an

attempt to mitigate operator/sampling bias. Additionally, between 65 - 75 spot

measurements were done on each simulant to try to further minimise bias and

get a good representation of the main mineral types.

3.5.2 SEM/EDX phase analysis

Selected frames of the samples were mapped using EDX elemental mapping, in

which the characteristic x-rays of individual elements are detected and highlighted

within the frame. Using this technique, the occurrence and concentration of

various elements are mapped and given unique colours. The resulting element

maps were then combined using the AZtec software package to give phase maps,

where areas of similar elemental composition are grouped into a ’phase’. The

boundary tolerance and grouping levels were adjusted for each phase map to give

the clearest distinction between similar, yet compositionally different, phases.
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3.6 XRD analysis

X-ray diffraction was used to examine the crystalline mineral components of each

lunar regolith simulant.

Method A + B : Samples were ground by hand to a fine powder and pressed

into a disc sample holder approximately 25 mm diameter by 3 mm deep. Data

collection was done by Dr G. Rosair at Heriot-Watt University on a Bruker D8

Advance powder defractometer operating with Ge-monochromated Cu Kα1 radi-

ation (wavelength = 1.5406 ) and a LynxEye linear detector in reflectance mode.

Data was collected over the angular range 5-85 degrees in two-theta for: A - one

hour, and B - eight hours per sample.

All spectra were initially analysed using Bruker Diffrac.EVA peak matching

software in conjunction with currently available International Centre for Diffrac-

tion Data (ICDD). Throughout the course of this work Heriot-Watt University

discontinued this licence. Therefore, all final analysis was completed using the

software QualX operating with the free CDD spectral database. In all cases

background removal and smoothing was applied to the spectra prior to analysis.

Rietveld refinement of spectra A and B were completed at Edinburgh Univer-

sity using the TOPAS 3.0 Rietveld analysis software, with the assistance of Dr.

N Odling.

Method C : Samples were prepared in collaboration with Mr J. Schleppi under

the guidance of Dr N. Odling. A calcite spike was combined with each sample

(15 % original sample weight) and placed with ethanol solvent in a sealed con-

tainer with grinding beads. The samples were then mechanically ground for 15

minutes each and prepared using the spray drying technique to form spherical

particles with completely random crystal orientation. Data collection was done

at Edinburgh University by Dr N. Odling on a Bruker D8 Advance operating

with Ge-monochromated Cu Kα1 radiation (wavelength = 1.5406 ) and using a

Sol-X Energy Dispersive dectector. Data was collected over the angular range

2-65 degrees in two-theta for a short collection period. Rietveld refinement was

completed using the TOPAS 3.0 Rietveld analysis software by Dr N. Odling.

The error in quantitative Rietveld analysis was deemed too high to afford any

useful information, as is discussed further in Section 4.2.3, and therefore XRD

was only used for qualitative assignment of crystalline phases in this work.
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3.7 Water content analysis

The water content of each simulant was measured according to ASTM D2216-

10 “Standard Test Methods for Laboratory Determination of Water (Moisture)

Content of Soil and Rock by Mass” [99]. Three 20 g samples of each simulant in

glass petri dishes were dried in an oven at 110 ◦C overnight. The water content

(w%) of each sample was calculated using equation 3.1:

w% =
Mcms −Mcds

Mcds −Mc

× 100 (3.1)

where Mcms is the total mass of container and moist specimen (g), Mcds is the

mass of container and oven dry specimen (g), and Mc is the mass of container

(g).

3.8 Poured bulk density

The poured bulk density of each simulant was measured according to ASTM

D7481-09 ”Standard Test Methods for Determining Loose and Tapped Bulk Den-

sities of Powders using a Graduated Cylinder” [99]. Three 100 g samples of each

simulant were poured freely into a 100 mL graduated cylinder and the weight

recorded. The poured bulk density (ρ0) of each sample was calculated using the

equation:

ρ0 =
m

V0

(3.2)

where m is the mass of the sample (g), and V0 is the untapped volume occupied

by the solid (cm3).

3.9 Particle morphology

High resolution BSE images of each simulant collected using SEM were used for

the particle size and morphology analysis. The preparation of these samples is

detailed in Section 3.5; the steps described in that section to mitigate sampling

error regarding particle size are relevant to this analysis. All image analysis was

done using ImageJ software. Image analysis procedure was adapted from previous
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work analysing lunar regolith particle morphology [55,100].

Each BSE image was clipped to a 9 mm by 9 mm square and processed

using a median filter in order to minimise noise, followed by hysteresis (mean)

thresholding to convert the image to binary, and finally processed to fill all holes

in particles. The resulting black and white images were then separated into size

fraction images using the Analyse Particles function of ImageJ. The size brackets

specified were: 10-100 µm2; 100 - 1000 µm2; 1000 - 10000 µm2; 0.01 - 0.1 mm2;

and 0.1+ mm2. All particles with an area less than 10 µm2 were excluded from

analysis. Additionally, all particles touching the edge of the image area were also

excluded as these particles have an artificial flat edge and smaller surface area.

The ”Particles8” plug-in written by G. Landini [101] was used to analyse the

particle parameters of each size fraction. This plug-in utilises a different algorithm

to analyse particles, compared with the in-built Analyse Particles function. The

Analyse Particles ImageJ function measures the perimeter and corresponding

area from the outside edge of each pixel making up the particle. As a result, the

ratio between perimeter and other relevant parameters is distorted, particularly in

small particles. ”Particles8”, on the other hand, measures the perimeter through

the centre of each particle edge pixel; a visual representation of this can be found

in Figure 4.20.
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Results

4.1 Chemical composition

It is important to know the bulk chemical composition of a lunar regolith simulant

as this can have a significant impact on experimental results. This is particularly

relevant in ISRU experiments that rely on specific elemental components for re-

action or extraction. The chemical composition of the simulants was investigated

using XRF analysis to examine the major oxides and trace elements, and CHN

analysis was used to quantify any carbon contained within the samples.

4.1.1 Major oxide composition

The major oxide composition of the four simulants JSC-2A, FJS-1, EAC-1A, and

NU-LHT-3M found by XRF analysis is presented in Table 4.1. Figure 4.1 shows

a visual comparison between the four compositions.

XRF analysis provides the elemental concentration of a sample; the corre-

sponding oxide composition by weight percentage is then calculated stoichiomet-

rically using the assumed oxidation state of each element. This analytical method

cannot differentiate between the oxidation states of iron and therefore all iron has

been assumed to be in the Fe3+ state. Different characterisation techniques can

Table 4.1: The major oxide composition of JSC-2A, FJS-1, EAC-1A, and NU-
LHT-3M found by XRF analysis.

(%) SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 MnO P2O5 LOI Total

JSC-2A 46.28 16.63 13.18 7.98 9.65 3.11 0.82 1.83 0.20 0.71 -0.79 99.59

FJS-1 49.82 16.56 12.90 5.91 9.71 2.42 0.66 1.46 0.20 0.28 -0.25 99.67

EAC-1A 43.58 11.45 12.66 14.08 10.18 2.62 1.18 2.15 0.21 0.59 1.40 100.11

NU-LHT-3M 49.34 21.59 5.56 9.49 12.54 1.04 0.08 0.11 0.09 0.02 0.12 99.97



39

N U - L H T - 3 M

E A C - 1 A

F J S - 1

J S C - 2 A

0 2 0 4 0 6 0 8 0 1 0 0
W e i g h t  %

 S i O 2    A l 2 O 3    F e 2 O 3    C a O    M g O    N a 2 O    T i O 2    K 2 O    P 2 O 5    M n O    L O I

Figure 4.1: The major oxide composition of JSC-2A, FJS-1, EAC-1A, and NU-
LHT-3M found by XRF analysis.

be used to analyse the form of iron in a sample, such as chemical titration or

Mössbauer spectroscopy (Section 4.2.5).

It is important to note that although oxide composition is the standard way

to present bulk composition it does not represent the actual minerals or phases

present. The SiO2 in a sample, for example, does not necessarily mean there is any

pure silica present. In reality, the atoms are bound in much more complex mineral

structures. This point may seem obvious to those familiar with geochemistry as

this is the standard way to present bulk composition, however, the lunar simulants

are used widely by a diverse and multi-disciplinary research community.

The loss on ignition (LOI) value found for each simulant is also shown in

Table 4.1 and Figure 4.1. This value is found during the XRF analysis process

and is the weight % loss from each sample after holding at 900 ◦C. Samples

used for XRF analysis were pre-dried overnight at 110 ◦C, therefore the LOI

reflects volatiles bound in minerals, e.g. H2O/OH− and CO2. The only simulant

that displayed a significant LOI was EAC-1A, indicating it contains hydrated or

carbonate minerals not found on the lunar surface. There are also processes that

occur at elevated temperatures that can result in a weight gain, such as oxidation

of FeO to Fe2O3. Samples with a lot of iron can therefore display negative LOI

values, as is seen in JSC-2A and FJS-1. It is likely that EAC-1A also experiences

a weight gain as a result of oxidation, indicating that the weight loss from volatiles

is higher than the net LOI.
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Figure 4.2: The trace element composition of JSC-2A, FJS-1, EAC-1A, and NU-
LHT-3M found by XRF analysis.

4.1.2 Trace element composition

The results of trace element analysis by XRF are presented in Figure 4.2 for JSC-

2A, FJS-1, EAC-1A and NU-LHT-3M. Concentrations of specific elements differ

by an order of magnitude between simulants, which must be taken into account

when using them in ISRU experiments.

4.1.3 Carbon content

The results of elemental CHN analysis are shown in Table 4.2. Carbon content

can indicate organic matter or carbonate minerals, neither of which are desirable

for a lunar regolith simulant. Carbonate decomposition occurs at 500 ◦C and is

completed by 1100 ◦C [102]; elemental analysis operates at over 1800 ◦C, allowing

for identification of carbonates. This analytical technique has an error of ±0.3 %,

as such all carbon measurements are below the level of significance. The highest

carbon content seen is that of EAC-1A, with 0.19 %, this slight elevation com-

pared to the other simulants indicates the potential presence of carbon species.

Hydrogen was not the primary interest in this analysis, regardless, all samples

were below 0.3 % but as with carbon, EAC-1A was comparatively higher. Any

influence of water content will be discussed in Section 4.3.1. None of the samples

contained nitrogen in any significant amount.
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Table 4.2: The weight percent of carbon, hydrogen, and nitrogen measured in the
lunar regolith simulants.

% C % H % N

JSC-2A 0.02 0.00 0.00

FJS-1 0.02 0.00 0.00

EAC-1A 0.19 0.18 0.00

NU-LHT-3M 0.06 0.06 0.01

4.2 Mineralogy

The chemical composition measured for each sample does not reveal details about

the mineralogy or amorphous phases present. The specific minerals or phases that

make up a regolith simulant material impact a number of properties, such as melt

behaviour, reactivity, density, or magnetic susceptibility. For this reason, the min-

eralogy of the lunar simulants must be characterised to examine the similarities

and differences to actual lunar regolith and assess the impact this may have on

the research outcomes.

The mineralogy of each lunar simulant was examined by a number of meth-

ods: SEM with EDX elemental and phase mapping, XRD analysis, SEM with

EDX spot analysis, and Mössbauer spectroscopy. Limitations inherent to each

technique, and the fact that the samples in question are made from complex nat-

ural materials, means that one technique cannot definitively identify the minerals

present. By using a combination of the information provided by each character-

isation technique, and an iterative approach to data collection and analysis, the

mineralogy of each sample can be investigated. Primarily, the major mineral

and amorphous phases have been investigated and discussed, as these have the

greatest impact on the overall properties of each material. Minerals found in

minor and trace amounts have been identified where possible; a more extensive

investigation of all trace minerals present was beyond the scope of this work.

4.2.1 Element mapping

Element maps of each lunar regolith sample were created using SEM coupled with

EDX. EDX and XRF are similar techniques that both rely on the characteristic

x-rays emitted by excited elements in a sample. However, in XRF analysis a

high-energy x-ray beam is used to excite the sample, whereas in EDX an electron

beam is used. The x-ray beam can penetrate more deeply and measures a larger
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(a) JSC-2A (b) FJS-1 (c) EAC-1A (d) NU-LHT-3M

Figure 4.3: An example of the element maps created for each simulant showing
a comparison of aluminium (top), magnesium (middle), and iron (bottom).

area, while the electron beam size can be much smaller. This makes XRF a

suitable bulk analysis technique, whereas EDX is more suited for detailed analysis

of variation within a sample. EDX (typically 0.1% detection limit) is not as

accurate as XRF, however, it can provide data on the relative proportions of

elements. The EDX detection limit does not inhibit mineral assignment in this

work as minerals generally fall along a solid solution of compositions between

two endmembers, making small deviations from the expected composition easy

to attribute. Due to the relatively small sample area analysed, EDX should not

be used for quantitative bulk chemical analysis. The combined element maps,

map sum spectrum, and elemental weight % data for each simulant can be found

in Appendix A.

The individual maps created for each element can be used for a qualitative

comparison of the element distribution within each sample. Figure 4.3 compares

the maps of three elements for each simulant: aluminium, magnesium, and iron.

High concentrations of aluminium and magnesium are generally mutually exclu-

sive within defined mineral boundaries, while the high iron content tends to be

seen in small very concentrated areas or more broadly in conjunction with mag-

nesium. This is consistent with the differentiation between plagioclase minerals,

which are high in aluminium, and pyroxenes and olivines, which both contain

iron and magnesium in varying ratios.

The iron content of JSC-2A, FJS-1, and EAC-1A measured by XRF (Section

4.1.1) were all relatively similar, varying by a maximum of 0.52 % oxide weight.
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The iron in JSC-2A appears to be more evenly distributed, while in FJS-1 and

EAC-1A there are frequent high-concentration localities where other elements are

absent. The exception to this is titanium, which tends to be concentrated together

with the iron rich spots in JSC-2A, FJS-1, and EAC-1A (Appendix A). This is

consistent with a titanium containing iron oxide mineral. Aside from a small

number of bright iron spots in NU-LHT-3M, only faint traces of iron distributed

mainly in the magnesium bearing grains can be seen, consistent with an iron oxide

weight % of less than half of the other three simulants found by XRF. There was

no titanium in the EDX element map of NU-LHT-3M, suggesting its levels were

either below the detection limit, or titanium is only in specific infrequent grains

that were not contained by this image frame.

4.2.2 Phase mapping

The major mineral and amorphous phases in each lunar regolith sample were

identified using SEM coupled with EDX. Phase maps are created by grouping

pixels with similar elemental composition, as determined by EDX. By analysing

the average geochemistry of each phase it is possible to assign them to mineral

types. Elements associated with the sample preparation method (C, O, Cl, Au)

have not been considered in the geochemical analysis.

The phase map and phase summary of each lunar regolith simulant is given in

Figure 4.4, and the tabulated phase data for each simulant can be found in Ap-

pendix B. The percentage area of the phases are normalised; phases attributed to

the encasing resin (black), accumulated gold deposits/bubbles (white) and unas-

signed pixels (grey) are not represented. Unassigned pixels are primarily between

phase boundaries where the resolution does not allow for a clear separation. The

phase % displayed in Figure 4.4 provides an indication of the proportion of each

phase in a given sample; however, the over-representation or under-representation

of individual phases is possible as a result of the specific grains analysed in the

moderate sample image size.

Clear differences can be seen between the four simulants. More than 99 % of

the sample area of JSC-2A can be attributed to three phases. The largest phase

(grey, 63.4 %) can be identified as glass due to its vesicular bubble structure and

elemental composition that is broadly representative of the bulk composition.

Two minerals are suspended in the glassy matrix of JSC-2A. The first (blue,

accounting for 25.5 %) is rich in the elements Si, Al, Ca, and (to a lesser extent)

Na, and displays frequent long thin rectangular shaped crystals (laths). This is
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J
S
C
-2
A

Grey Glass 63.4 %

Blue Plagioclase 25.5 %

Pink Olivine 10.5 %

Yellow C-pyroxene 0.3 %

Green Ti-magnetite 0.2 %

Green Iron oxide 0.1 %

F
J
S
-1

Blue Plagioclase 49.1 %

Orange Glass 25.7 %

Yellow C-pyroxene 11.6 %

Red Pyroxene 5.3 %

Pink Olivine 4.3 %

Green Ti-magnetite 3.9 %

E
A
C
-1
A

Blue Plagioclase 37.6 %

Yellow C-pyroxene 27.7 %

Pink Olivine 9.9 %

Orange Chlorite 9.1 %

Purple Olivine 6.5 %

Green Ti-magnetite 6.4 %

Red Enstatite 2.2 %

D.blue Calcite 0.6 %

N
U
-L

H
T
-3
M

Blue Plagioclase 67.9 %

Red O-pyroxene 19.5 %

Yellow C-pyroxene 5.3 %

Orange Glass 4.7 %

Purple Feldspar 2.0 %

Green Iron oxide 0.5 %

D.blue Silica 0.2 %

Figure 4.4: The EDX phase maps and assignments of JSC-2A, FJS-1, EAC-1A,
and NU-LHT-3M.
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consistent with plagioclase feldspar. The second mineral phase (pink, accounting

for 10.5 %) is consistent with the mineral group olivine as it is rich in Si, Mg,

and Fe and has a divalent cation (magnesium/iron) to silicon atomic ratio of

approximately 2:1. This phase chemistry suggests the olivine composition is

closer to the forsterite endmember, rather than fayalite.

The minor yellow phase (0.3 %) is likely to be Ca rich clino-pyroxene, such as

augite or diopside, based on the chemical composition being rich in Si, Ca, Mg,

and Fe. This phase contains a higher proportion of Al than would be expected

for a pyroxene; however this is likely attributable to the small mineral size in a

mixed phased grain and the impact of beam splitting. This phase is concentrated

within one grain but can be seen to a lesser degree throughout the entire sample

image. The grain in question (Figure 4.5a, bottom left) is unique in the phase map

of JSC-2A, with a notably different composition to the majority of homogeneous

glassy grains. Although less frequent, a number of grains with similar composition

can be seen throughout the BSE image of JSC-2A.

Another minor phase (green, 0.2 %) is distributed throughout the sample in

small spots and can be assigned as titanomagnetite based on elevated concentra-

tions of Fe and Ti and information from additional characterisation techniques

(Sections 4.2.4 and 4.2.5). There is a concentration of small grain-size exam-

ples of this phase in the same grain as Ca-pyroxene discussed above; this can

be seen more clearly as the bright white component in the BSE image in Figure

4.5a. A second iron phase (0.1 %) was identified that contains no Ti. Additional

techniques can be used to examine the iron oxide mineral component of JSC-2A

(Section 4.2.5).

The phase map of FJS-1 shows a large plagioclase phase (blue, 49.1 %) that

is rich in Si, Al, Ca and (to a lesser extent) Na. The next most prevalent phase is

represented as orange (25.7 %) and cannot be identified with absolute certainty

(a) JSC-2A (b) FJS-2A

Figure 4.5: Close up BSE images of individual grains.
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from this phase analysis, but is most likely glass. The chemical composition

is approximately representative of the bulk chemistry of FJS-1, with slightly

elevated Si and Fe concentrations. This phase can be seen between the distinct

minerals in larger grains; further inspection of the BSE image shows this to be

an homogeneous phase with distributed white spherical spots (iron oxide), an

example of which is shown in Figure 4.5b. This visual appearance, as well as the

chemical composition, indicates that this phase could be glass with suspended

iron oxide particles.

There are two pyroxene phases identified in FJS-1. Firstly a clino-pyroxene

phase, likely augite, which is rich in Si, Mg, Ca, and Fe and represented by yellow

(11.6 %). Secondly, a Ca-poor pyroxene phase that is rich in Si, Mg, and Fe, and

is closer to the enstatite endmember and is represented by red (5.3 %). The

assignment of the red phase to pyroxene, as opposed to olivine (which has similar

chemical constituents), is possible based on the divalent cation to silicon atomic

ratio of approximately 1:1. The Ca content in this sample is higher than the

percentage usually found in enstatite/orthopyroxene, indicating that this phase

may be attributed to the clinopyroxene pyroxene pigeonite. The pink phase (4.3

%) is rich in the same element constituents (Si, Mg, and Fe) but has a divalent

cation to silicon atomic ratio of 2:1 and therefore can be identified as olivine.

The final phase present in FJS-1 is titanomagnetite (3.9 %) represented by

green. The high concentrations of iron with elevated titanium localised in bright

white spots on the BSE images is indicative of an iron oxide; assignment of this

oxide as titanomagnetite was based on other characterisation techniques (Sections

4.2.4 and 4.2.5).

The plagioclase phase in EAC-1A (blue, 37.6 %) is identifiable by a chemical

composition rich in Si, Al, Ca, and Na; however, compared with JSC-2A and FJS-

1, this phase has a higher atomic proportion of Na to Ca, and a lower proportion

of Al to Si. This is consistent with a plagioclase composition closer to the albite

endmember than the anorthite endmember.

The second most prevalent phase in EAC-1A is clino-pyroxene, likely augite,

identifiable by a chemistry rich in Si, Ca, Mg, and Fe. Al is also somewhat elevated

in this phase, which is potentially a result of beam splitting and the close prox-

imity of the clino-pyroxene phase and plagioclase phase within individual grains,

or due to Al substitution for Si in the crystal lattice. Amphiboles are practically

indistinguishable from pyroxenes, both visually and because the presence of water

in the form of OH− incorporation cannot be detected, making the overall chem-
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istry very similar. The general formula of the common hornblende amphibole

is Ca2(Mg,Fe2+,Fe3+,Al)5(Si,Al)8O22(OH)2. A substantial portion of Si4+ can be

replaced with Al3+ in amphiboles, while this is less prevalent in pyroxenes [103].

This suggests the possible presence of amphibole within the clino-pyroxene phase,

however, confirmation of this would require further analysis.

Two distinct olivine phases have been identified, represented by pink (9.9

%) and purple (6.6 %). Both phases contain Si, Mg and Fe with a divalent

cation to silicon ratio of approximately 2:1 and both are closer to the forsterite

olivine endmember. However the purple phase is significantly enriched in Mg

at the expense of Fe resulting in this being mapped as a separate olivine phase.

The olivine minerals are more frequently single mineral grains in the phase map

of EAC-1A, whereas the plagioclase and augite phases are generally intermixed

within grains.

The orange phase in EAC-1A (9.1 %) is rich in Si, Mg and Fe but contains

a greater amount of Al than would be expected for ortho-pyroxene or olivine.

Furthermore, the divalent cation to Si ratio is 1.25:1, lower than would be ex-

pected for olivine but higher than pyroxenes. Visually, the orange phase is most

commonly found in the same grains as the pink olivine phase, and in some cases,

forms a rim around the olivine mineral. This is hard to see in the complete phase

map but is shown more clearly in Figure 4.6, where only the orange phase is

pictured against a black background. This suggests the orange phase could be

an alteration product of olivine. Chlorite, a phyllosilicate clay mineral group,

is a common alteration product of magnesium-rich olivine and has a general

formula: (Mg,Fe)3(Si,Al)4O10(OH)2(Mg,Fe)3(OH)6. The composition of the sec-

ondary chlorite mineral is dependent on the original olivine composition; in most

cases it is formed by the addition of Al and water to the mineral, and the removal

of some Mg [104]. Comparing the chemical composition of the orange phase to

the pink olivine phase, the addition of Al can be observed; the addition of water

cannot be observed by EDX. Furthermore, the Mg:Fe ratio of 3:1 in the olivine

and 2:1 in the orange phase is consistent with Mg removal in the formation of

chlorite.

There is an iron-rich phase (green 6.4 %), primarily seen in small concentrated

spots in grains containing plagioclase and augite. The inclusion of Ti in the

chemistry of this phase means it can be identified as titanomagnetite (see Section

4.2.5).

The red phase (2.2 %) cannot be definitively identified from the EDX phase
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Figure 4.6: The orange phase in EAC-1A shown against a black background.

map of EAC-1A. The chemistry of this phase is close to that of the ortho-pyroxene

endmember enstatite, very Mg rich and with little Fe, but the ratio of Mg/Fe to

Si is less than 1 indicating a Si rich chemistry. Particles of this phase are very

dark in the BSE images, which could be due to the lack of Fe relative to other

ortho-pyroxene phases, or potentially due to it being a different mineral. While

the chemistry of the red phase suggests enstatite, as other hydrated minerals have

been observed in this sample the possibility of this phase being hydrated cannot

be ruled out. The red phase could also be a serpentine (the result of olivine or

pyroxene reaction under hydrothermal conditions), chlorite (from alteration of

Fe-poor olivine present in the sample), or another hydrated magnesium silicate

such as talc. These minerals would appear similar with EDX elemental analysis.

Serpentinisation, for example, is known to result in a very dark appearance in

BSE images, consistent with the appearance of this phase [105].

The final phase identified in the phase map of EAC-1A has been assigned as

calcite (calcium carbonate) as the elemental composition is dominated by calcium,

with only small amounts of Si, Mg, and P. The carbon content cannot be analysed

as all phases show carbon to some extent due to the carbon rich resin. There

is only a single example of this phase, which is shown as dark blue (0.6 %),

indicating potential over-representation of this mineral in the phase map.

There is a prevalence of single phase grains in NU-LHT-3M compared with

the other three lunar regolith simulants. The largest phase (blue, 67.9 %) can be

assigned as plagioclase based on a chemical composition dominated by Si, Al, and

Ca. The amount of Na present is less than the other three samples suggesting

the plagioclase in NU-LHT-3M is closer to the anorthite endmember.

There are two pyroxene phases identified. Firstly an orthopyroxene phase (red,

19.5 %) that is closer to the enstatite endmember; this phase has an Mg/Fe to Si

ratio approximately 1:1 and therefore it can be distinguished as a pyroxene not an



49

olivine. The second pyroxene phase is a calcium rich clino-pyroxene represented

by yellow (5.3 %) in the phase map.

The orange phase (4.7 %) cannot be assigned to a common mineral group

that would be expected in this sample based on chemistry. This phase is rich in

Si, Al, Ca, Mg, Fe, and also contains smaller amounts of Ti and K. A bubbled

texture can be seen in some orange particles, which is discussed further in Section

5.1.4. From the phase map image and data it appears the orange phase is glass,

although further characterisation is needed to confirm this. The chemistry of this

phase does not represent the overall chemistry of the sample as it has lower Si,

Al, and Ca and higher Fe and Mg content.

The purple phase (2.0 %) in the phase map of NU-LHT-3M cannot be defini-

tively identified based on this phase chemistry. It is rich in Si, Ca, and Na

suggesting it is a plagioclase mineral that is closer to the albite endmember com-

pared to the primary plagioclase phase in the sample. However, an elevated K

concentration also suggests that alkali feldspar could be contributing to an in-

termixed mineral phase, as feldspars with similar proportions of Ca, Na, and K

do not form. An elevated level of Fe in this phase also leads to the additional

possibility that this phase is not a feldspar and further investigation is necessary.

An iron oxide phase (green, 0.5 %) can be observed in the phase map of

NU-LHT-3M, with only a small number of individual particles attributed to this

phase. There is no elevated Ti content associated with this iron oxide mineral,

as is common in the other samples. Finally, grains of silica can be identified with

chemistry dominated by Si and are represented as dark blue (0.2 %).

4.2.3 XRD analysis

The four lunar simulant samples were analysed by X-ray diffraction (XRD), a

technique that can detect only crystalline material. The peaks in an XRD spec-

tra can be compared to the peaks in known reference spectra, allowing the mineral

phases in a sample to be qualitatively assigned. The contribution of each crys-

talline phase to the overall spectra can be quantitatively investigated by carrying

out a Reitveld refinement, which finds the percentage contribution of each min-

eral reference spectra to the raw data. A number of attempts were made to

investigate the simulants using these analytical techniques.

Initially, samples prepared by a basic methodology (i.e. ground by hand)

were analysed with approximately one and eight hour collection times. Longer

collection times were used in an attempt to achieve a better peak resolution due
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to the complexity of the natural materials. The difference between the collection

times is shown in Appendix C. Rietveld refinement was attempted with the 8 hour

spectra, the results of this can be seen in Appendix E. The spectra and Reitveld

results indicate that preferred orientation of particular minerals in the samples

may be impacting the relative peak intensities making analysis more difficult, and

seems particularly pronounced in the spectrum of NU-LHT-3M.

In an attempt to mitigate this issue, an alternative sample preparation method

was used where each sample was mechanically ground, suspended in a solvent, and

spray dried to form spherical droplets that prevent preferential orientation. Only

a short data collection time slot was available for this analysis. The comparison of

these spectra with samples measure without this preparation method are shown

in Appendix C. The spectra are far less defined. However, relative peak intensities

are notably different indicating that the sample preparation method did remove

the influence of preferential orientation. Rietveld refinement was also attempted

with these spectra; the results are included in Appendix E.

The Reitveld refinement results from both sets of XRD spectra are inconsis-

tent and have been deemed unreliable. The relative amounts of each mineral

found are vastly different between the two analyses of each simulant material;

even the minerals identified as present are not in agreement. The first refinement

is likely affected by preferential orientation, while the second is based on spectra

that are not sufficiently defined for accurate analysis with complex natural mate-

rials. For this reason the Reitveld refinement data has not been included in this

characterisation study.

A calcite spike was also added to the samples prepared by spray dried method-

ology (15 % of the original sample weight) in order to reference the 2-theta of

the spectra, and to attempt to quantify any amorphous material in the sam-

ples. Amorphous material is not measured by XRD and is not included in the

Reitveld refinement. Therefore, the percentage contribution of the spike would

be overstated in materials that contain a large portion of amorphous materials;

the difference in expected and observed percentage of spike materials allows for

quantification of any glass component. The contribution of this spike to the XRD

spectra is significant; the sample spectra and calcite spike reference spectrum can

be seen in Appendix C. For the same reasons discussed previously, this analysis

did not afford any valuable results. The calculations are included in Appendix E

and show inconsistencies such as negative percentages.

Peak matching of XRD spectra can confirm or identify crystalline materials
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in a sample. The spectra collected over 8-hours using samples with simple prepa-

ration techniques have been used for this analysis as have the most defined peaks

(Appendix C, spectra (b)). The position of peaks is not affected by preferential

orientation, so the 2-theta comparison is valid. However, the intensities of peaks

compared to the reference spectra have been considered to a lesser extent. The

exact chemistry of the mineral references used for identification provides an indi-

cation, but not a definitive assignment, of the composition of individual minerals

in the samples. As described in Section 3, only a limited reference database was

available for this analysis, reducing the accuracy of the exact mineral composition

assignments.

The peak-matched XRD spectra of each of the four lunar regolith simulants

are shown in Figure 4.7. Full details of the peak matching XRD analysis is

included in Appendix D.

All major peaks in the XRD spectrum of JSC-2A can be assigned to one of two

minerals. Firstly, labradorite, a plagioclase feldspar with an anorthite percentage

of between 50 and 70 %; secondly, an olivine forsterite with a composition includ-

ing iron. This is consistent with the phases and chemistry identified in the phase

map of JSC-2A in Section 4.2.2. Other minerals present but accounting for less

than 1 % of the crystalline material are likely to contribute to the unidentified

baseline peaks but cannot be assigned with any certainty.

The XRD spectrum of FJS-1 contains peaks that can also be assigned to a

labradorite plagioclase mineral, but also has a large contribution from augite, a

calcium rich clino-pyroxene. An olivine with a composition closer to forsterite and

a titanomagnetite mineral phase can also be identified as contributing peaks to the

overall spectrum. These minerals are all consistent with phases identified in the

phase map of FJS-1. There is a mineral phase identified in the phase map as either

an ortho-pyroxene or the clinopyroxene pigeonite. A reference spectrum for either

enstatite or pigeonite was not matched from the available XRD database. This

does not necessarily mean that neither phase is present; there was potentially not

an appropriate reference spectrum or peak positions could be obscured by other

minerals in the sample. Obscured peaks are particularly likely with pigeonite as

the spectrum shares many similarities with augite, also a clinopyroxene. Spot

EDX measurements can be used to investigate the pyroxene composition further

(Section 4.2.4).

The XRD spectrum of EAC-1 is more complex with a larger number of ma-

terials identified. Compared with JSC-2A and FJS-1 the contribution of augite
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is more significant. Peaks can also be attributed to the plagioclase labradorite,

and an olivine mineral with a composition closer to forsterite, which is consistent

with the phase map results. The olivine reference spectrum matched to the XRD

spectrum of EAC-1A includes small amounts of substituted Ca and Mn. From

the EDX phase map data, the Mn and Ca levels in the olivine phase of JSC-2A

and FJS-1 were found to be similar to EAC-1A, which is consistent with these

simulants all having similar levels of MnO found by XRF analysis (Table 4.1).

NU-LHT-3M has no olivine evident in the phase map and contains less MnO.

As with FJS-1, titanomagnetite has been identified in the spectrum of EAC-

1A. Some peaks in the XRD spectrum of EAC-1A can be matched to a crystalline

material that is rich in Na, Al, and Si, with moderate amounts of K. This could

potentially be representative of a plagioclase close to the albite endmember, or

of an alkali feldspar in the sample.

Clay minerals have distinctive broad peaks with defined spacing in XRD spec-

tra, however their identification can be challenging and usually sample prepara-

tion techniques specific to clay mineral analysis would be used [106]. EAC-1A

is the only sample with distinct broad clay mineral peaks in the lower spectral

region. Broad, less intense clay peaks that would be expected further on in the

spectrum are likely masked by the silicate minerals and potentially removed by

baseline correction. However, the presence of chlorite in the sample can be con-

firmed as the two most distinct clay mineral peaks can be attributed to this

mineral. There is also evidence of illite in the sample, a potassium rich clay

mineral, but this was not confirmed in the EDX phase analysis.

In the phase map of EAC-1A there was a phase that could not be definitively

assigned as enstatite. The XRD spectrum does not confirm the presence of en-

statite, however, as this mineral could not be visually matched in FJS-1 either;

similar reasons could be responsible for the absence of this phase.

The XRD spectrum of NU-LHT-3M shows distinct contribution from three

minerals. Firstly, bytownite, a plagioclase feldspar that is more Ca-rich and

closer to the anorthite endmember than the labradorite identified in the other

samples. Secondly, ferrous enstatite, an ortho-pyroxene that is closer to the

enstatite endmember. And finally, diopside, a Ca-rich clino-pyroxene with a

greater proportion of Mg than Fe. All three phases are consistent with the primary

crystalline phases in the EDX phase map of NU-LHT-3M. Peaks from other

phases present in smaller amounts, such as a Na rich plagioclase or iron oxide

component, could not be confirmed.
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Table 4.3: Summary of the EDX spot collection count for each lunar regolith
simulant.

JSC-2A FJS-1 EAC-1 NU-LHT-3M

Plagioclase 23 28 17 32

Pyroxene 16 22 15

Olivine 11 9 14 1

Iron oxide 9 12 13 2

Glass 21 1 4

Other 6 7

Gold 1 2 2

Total 65 68 74 61

4.2.4 SEM/EDX spot analysis

The primary objective of spot EDX microanalysis was to examine the endmem-

ber composition distribution of three key mineral groups in each lunar regolith

simulant: plagioclase, pyroxene, and olivine. Additional information about mi-

nor mineral groups and glassy components can also be extracted from this data.

While an effort was made to take spot measurements across a variety of mineral

types present, there is no guarantee that every minor mineral type is represented

as this was not the goal of the analysis. In all cases the spot measurements were

taken in central locations of flat mineral faces with no visible inclusions or al-

terations. All mineral compositions will have an inherent measurement error (±
0.1%), as well as potential error arising from sampling and operation; however,

this was mitigated by taking many measurements and excluding obvious outliers

or compositions that were not possible for the given mineral group.

The spot count for each sample can be seen in Table 4.3; these values do

not reflect the abundance of each phase in the sample only the number of data

points measured for each. If spot EDX analysis is being conducted to examine

the quantitative modal composition, random point sampling along specified lines

would be required. Due to limitations described in Section 3, and as a result of

particular minerals being infrequent, some mineral groups were under-represented

in individual simulants.

Figure 4.8 shows the feldspar endmember diagrams for each of the lunar re-

golith simulants. The plagioclase feldspars are distributed along the bottom of

the diagram with the Ca-rich endmember anorthite (An) on the right and the

Na-rich endmember albite on the left (Ab). The alkali feldspars are situated be-
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Figure 4.8: Ternary endmember diagrams for the feldspar minerals in each sam-
ple.

tween the albite Na-rich endmember (Ab) and the k-rich orthoclase at the top of

each diagram (Or). The feldspar solid solution series form only along the bottom

and right edge of the ternary diagram, as shown in the diagram in Figure 2.10;

minerals with compositions in the miscibility gap shown in this diagram cannot

form. The feldspar minerals in all cases can be seen along the plagioclase solid

solution.

There is a relatively tight grouping of plagioclase compositions in JSC-2A pri-

marily between An 60-70 %. This places them in the upper half of the labradorite

classification, which covers An 50-70 %. Some examples also fall slightly above

An 70 %, entering the bytownite classification. The chemistry of the plagio-

clase phase in the phase map of JSC-2A places the average composition of the

plagioclase in this sample at approximately An 68 %. This is consistent with

the compositions found by EDX spot analysis. The matching of the labradorite

reference mineral in the XRD spectrum of JSC-2A reflects this average.

The plagioclase distribution observed in FJS-1 centres on a similar labradorite

region to JSC-2A (An 60-70 %), however there is a greater compositional distri-

bution within this sample. Spot measurements were recorded with compositions

as high as An 80 % (bytownite) and extending down to An 30-50 % (andesine).

The composition of the plagioclase phase in the phase map of FJS-1 in Section
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4.2.2 suggests the average plagioclase composition is approximately An 66 %.

The labradorite reference mineral matched in the XRD spectrum of FJS-1 re-

flects this average. The spot EDX measurements confirm this average plagioclase

composition but demonstrate that a wider distribution is in fact present in the

sample.

Two distinct plagioclase mineral groupings can be seen in the ternary diagram

of EAC-1. The first between An 50-70 % (labradorite), and the second between

An 10-20 % with an orthoclase endmember contribution of approximately Or 10

%, which is consistent with oligioclase. The phase map of EAC-1A contained one

plagioclase phase with an average composition An 38 %, Ab 48 %, and Or 14

%. The An/Ab ratio lies between the two distinct groups of plagioclase minerals

found by EDX spot analysis, indicating that both minerals are grouped into one

phase resulting in an averaged composition halfway between them. The elevated

contribution of Or, which is based on the amount of K in the phase, is higher than

what would be expected from just the two plagioclase mineral groups shown in

the ternary diagram. This suggests that an alkali feldspar mineral group is also

included in the phase average. One example of a possible alkali feldspar mineral

was sampled (shown in the ternary diagram of EAC-1A); this has a Na:K ratio

that places it in the sanidine group of alkali feldspars. However, higher Ca and

Si values were recorded for this spot measurement than would be expected for

sanidine, indicating that this is potentially a mixed sample site. Additional spot

measurements of this mineral would be required to confirm its presence in the

sample.

The primary grouping of plagioclase mineral in NU-LHT-3M is between An

80-90 % and is the tightest grouping of all samples. This main plagioclase mineral

can be assigned as bytownite and is consistent with the plagioclase phase map

average of An 87 %, and the identification of bytownite in the XRD peak matching

analysis. There were five outliers from this grouping, three between An 45-60 %,

one at An 70%, and one approximately An 10 %. The four central outliers are

potentially mixed spot samples as opposed to actual mineral compositions - the

three examples between An 45-60 % were all measurements of grains that are

included in the phase map, shown to have a mixture of the purple phase and

other phases. The spot measurement at around An 10 % (spot 33) is on the

albite/oligoclase boundary and was taken in a grain that is shown in the phase

map as homogeneously purple. Therefore this measurement may be the closest

representation of the mineral contributing to the purple phase in the phase map



57

0 20 40 60 80 100
0

20

40

60

80

100
0

20

40

60

80

100

EAC-1A

Ca2Si2O6
Wo

En
Mg2Si2O6

Fs
Fe2Si2O6

0 2 0 4 0 6 0 8 0 1 0 0
0

2 0

4 0

6 0

8 0

1 0 0
0

2 0

4 0

6 0

8 0

1 0 0

 F J S - 1

E n
M g 2 S i 2 O 6 F e 2 S i 2 O 6

F s

C a 2 S i 2 O 6
W o

 J S C - 2 A

F o
M g 2 S i O 4

F a
F e 2 S i O 4

 F J S - 1

F o
M g 2 S i O 4

F a
F e 2 S i O 4

0 2 0 4 0 6 0 8 0 1 0 0
0

2 0

4 0

6 0

8 0

1 0 0
0

2 0

4 0

6 0

8 0

1 0 0

 E A C - 1 A

C a 2 S i 2 O 6
W o

E n
M g 2 S i 2 O 6

F s
F e 2 S i 2 O 6

0 2 0 4 0 6 0 8 0 1 0 0
0

2 0

4 0

6 0

8 0

1 0 0
0

2 0

4 0

6 0

8 0

1 0 0
E n

M g 2 S i 2 O 6 F e 2 S i 2 O 6

F s

C a 2 S i 2 O 6
W o

N U - L H T - 3 M

 E A C - 1 A

F o
M g 2 S i O 4

F a
F e 2 S i O 4

N U - L H T - 3 M

M g 2 S i O 4

F o
F e 2 S i O 4

F a

Figure 4.9: Ternary endmember diagrams for the pyroxene minerals in each sam-
ple (top); and the endmember diagrams for the olivine minerals in each sample
(bottom). There were no pyroxene spots measured for JSC-2A.

of NU-LHT-3M. Elevated K levels seen in this phase also indicate alkali feldspar

mineral contribution, as discussed in Section 4.2.2, however this was not confirmed

by EXD spot analysis.

The pyroxene endmember ternary diagrams for each lunar regolith simulant

are shown in Figure 4.9. The pyroxene endmembers are Mg-rich enstatite in the

bottom left, Fe-rich ferrosilite in the bottom right, and Ca-rich wollastonite at

the top; pyroxenes with higher than 50 % Ca are not possible. Although Ca-rich

pyroxenes are clinopyroxenes, and enstatite/ferrosilite are generally orthopyrox-

enes they are displayed on the same ternary diagram. There were no pyroxene

minerals sampled in the spot EDX analysis of JSC-2A, this does not necessarily

negate the assignment of clinopyroxene in the phase map of JSC-2A (Section

4.2.2) for reasons already discussed.

The majority of pyroxene spot samples in FJS-1 were Ca-rich clinopyroxene,
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distributed within the augite mineral range, with generally higher Mg than Fe

content. Only one Ca-poor pyroxene was sampled, which had a Ca content plac-

ing the mineral in the pigeonite range but very close to the enstatite boundary.

Additional sampling would be required to elucidate more information about the

range of Ca-poor pyroxenes in FJS-1.

One Ca-rich clinopyroxene with a tight compositional distribution was identi-

fied by the spot EDX measurements. The composition of the clinopyroxene augite

in the phase map of EAC-1A (Section 4.2.2) placed the average of this mineral

just over the boundary to be classified as diopside (Wo >45 %). However, the

average Wo % of the spot measurement sits around 40 %, suggesting this min-

eral is augite. It can be seen in Figure 4.4 that the clinopyroxene in EAC-1A is

consistently found in grains in conjunction with plagioclase. As a result of beam

splitting the Ca content would be falsely enhanced but not the Fe or Mg. The

spot measurement assignment of augite is therefore more likely correct. There

was no evidence of enstatite in the spot EDX results, and therefore no further

evidence to support the tentative assignment of this phase in Section 4.2.2. This

does not mean that this phase is not present, it just was not sampled.

Two distinct pyroxene groups can be seen in the ternary pyroxene diagram

of NU-LHT-3M. The Ca-rich clinopyroxene mineral has a Wo 39-42 % propor-

tion, sitting just inside the arbitrary classification of augite. The averaged phase

composition from this mineral in Section 4.2.2 is Wo 46 %, indicating it is a

diopside mineral. A diopside reference spectrum was also the best match for this

mineral in the XRD spectrum. As only 6 spot sample points were collected for

this mineral, its classification between the augite-diopside boundary is unclear.

The second Ca-poor pyroxene has a composition between the enstatite-pigeonite

boundary in the ternary diagram, with some samples falling below the Wo ∼5

% boundary and some above. The phase representing this mineral in the phase

map of NU-LHT-3M has an average composition of Wo 2.5 %; the impact of

beam splitting is less in this phase map due to the prevalence of single mineral

grains. Peaks attributable to enstatite can also be seen in the XRD of NU-LHT-

3M. While the spot measurements indicate potential variation within the mineral

phase, it can generally be classed as an orthopyroxene with a composition closer

to the enstatite endmember.

The olivine endmember diagrams for each of the lunar regolith simulant are

also shown in Figure 4.9. The Mg endmember forsterite is on the left of the

diagram,and the Fe endmember fayalite is on the right.
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Figure 4.10: BSE images of JSC-2A comparing the locations of olivine spot mea-
surements: small within glassy matrix (e.g. spot 7) or larger separate grain (e.g.
spot 24).

Two groupings can be seen in the olivine endmember diagram of JSC-2A,

one Fo 66-70 %, and the other Fo 76-78 %. These differences can likely be

attributed to the environment of the olivine rather than the composition. All of

the apparently less Mg-rich olivines were small minerals within a glassy matrix,

e.g. Figure 4.10a. While all of the olivine closer to the forsterite endmember

were individual large grains, e.g. Figure 4.10b. As the composition of the glass

phase is significantly enriched in Fe compared to the olivine mineral, the impact

of beam splitting is likely responsible for shifting the group of smaller olivines in

a glassy matrix further towards the fayalite endmember. Fo 76-78 % is suggested

as a more accurate representation of the olivine composition in JSC-2A, which is

consistent with the average olivine composition of the phase map of Fo 76 % and

the composition of the reference spectrum matched in the XRD analysis.

The majority of olivines measured by spot EDX analysis in FJS-1 fall between

Fo 56-69 %. This range is consistent with the phase map olivine average of

Fo 64 % and the XRD matched reference of Fo 67 %. The variation may be

a result of slight environmental influences or because a small range of olivine

compositions are present within FJS-1. The two spot measurements between Fo

34-39 % are from olivine minerals that are either side of a large titanomagnetite

mineral and therefore falsely elevated in Fe. These two outliers can be discounted

when considering the composition of olivine in FJS-1.

Two distinct olivine minerals were assigned in the phase map of EAC-1A

(Section 4.2.2), which can be confirmed by the spot EDX measurements. The

majority of olivine spot measurements fall in the range of Fo 72-76 %, with one

slight outlier either side (Fo 69 and 80 %). This is consistent with the pink

olivine phase (average Fo 75 %) in the phase map of EAC-1A. There are two spot
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Table 4.4: The average x value calculated from spot EDX measurements (SM)
of titanomagnetite in each sample, compared with the average found by phase
mapping (PM). One FJS-1 spot containing no titanium has been omitted from
the calculation.

TixFe3−xO4
JSC-2A FJS-1 EAC-1 NU-LHT-3M

SM PM SM PM SM PM SM PM

Sample size 9 11 13 2

Mean (x) 0.44 0.46 0.5 0.51 0.63 0.63 0.19 0

St. dev. (x) 0.021 0.097 0.056 0.17

measurements with more Mg-rich compositions at Fo 89 %, this is consistent with

the purple olivine phase in Section 4.2.2, which also has an average of Fo 89 %.

The olivine reference spectrum that matched the XRD spectrum of EAC-1A had

a composition halfway between these two groups, Fo 80 %.

The phase map of NU-LHT-3M indicated there was no olivine phase present

in the sample. However, one spot measurement was visually and chemically

consistent with an olivine, with a divalent cation to Si ratio of approximately 2:1.

This olivine is closer to the forsterite endmember with a composition of Fo 87 %.

Additional spot EDX measurements were taken to analyse the composition of

the iron oxide mineral/s present in each lunar regolith simulant. The iron oxide

phase is assumed to be magnetite or titanomagnetite in all samples based on other

techniques (Section 4.2.3 and 4.2.5). Ti substitution can be seen in the majority

of cases and can be quantified by calculating x in the formula: TixFe3−xO4. The

mean and standard deviation of x for all spot EDX measurements are shown in

Table 4.4. The value of x calculated from the phase map composition (Section

4.2.2) of each sample has also been included. In all cases with an titanomagnetite

phase, the value calculated for x was approximately consistent with the values

calculated from spot measurements.

The titanomagnetite mineral in JSC-2A was measured to have an average

Ti substitution of x = 0.44 and was found to have the least variation of all the

simulants. The phase map of JSC-2A indicated the presence of an additional iron

oxide phase with no Ti, however no iron oxide minerals of this composition were

sampled in the spot EDX analysis.

One example of magnetite with no Ti substitution was found in the spectrum

of FJS-1, consistent with the Mössbauer spectroscopy results in Section 4.2.5;

this spot sample has not been included in Table 4.4. The mean value of x for the
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Table 4.5: The average composition of the glass phase in JSC-2A.

Oxide Mean St. Dev.

SiO2 47.6 0.6

Al2O3 14.9 0.6

MgO 4.9 0.4

CaO 10.1 0.3

TiO2 3.0 0.2

Na2O 3.8 0.2

K2O 1.3 0.1

FeO 14.4 0.8

titanomagnetite analysed in FJS-1 was found to be 0.5.

The highest level of Ti substitution can be seen in the titanomagnetite in

EAC-1A, with x = 0.63. This is consistent with EAC-1A having the highest

amount of TiO2 calculated by XRF analysis (Table 4.1); this relationship holds

true for all simulants.

The phase map of NU-LHT-3M has a minor iron oxide phase with no Ti

present. Only two examples of iron oxide were measured with spot EDX analysis

and both contained low levels of Ti. These examples have been assumed to

be titanomagnetite and included in Table 4.4, however this assignment cannot

be confirmed as this mineral group is too minor to be investigated by other

techniques (i.e. XRD or Mössbauer spectroscopy). The mean value of x is lowest

in this simulant and large variation was seen between the two data points.

Aside from the main mineral groups discussed above, the only other phase

evident in the spot EDX analysis of JSC-2A was the glass phase, of which 21

measurements were taken. Generally, the glass in JSC-2A was found to be homo-

geneous; the mean and standard deviation of the normalised oxide composition

of the glass spot EDX measurements is displayed in Table 4.5. All iron has been

assumed to be in the Fe2+ state for this calculation.

An investigation into the composition of the potential glass phase in FJS-1

was not carried out, as interest in this phase was not evident at the time of

measurement and generally flat crystal faces were selected. By chance one spot

(30) was taken in an area that is potentially the glass phase and has a composition

similar to the orange phase seen in the EDX phase map of FJS-1. However, as

this is just a single spot, no further information can be gained.

A larger number of EDX spot measurements in the analysis of EAC-1A did not
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fall within the major mineral groups above, reflecting the greater mineralogical

complexity of this simulant material. Four spots show elevated Si, Al, Mg, and Fe

in varying degrees, which may be attributable to amphibole or chlorite minerals or

alternatively just mixed spots. One spot shows a composition that suggest mixed

sampling of feldspars. Finally, the composition of one spot is primarily made

up of Ca and P, which is likely apatite, the most common phosphate mineral in

igneous and metamorphic rocks [107]. However, the information that it is possible

to gain from so few data points is limited.

A number of minor minerals were also measured in the spot EXD analysis

of NU-LHT-3M. Two examples of silica were recorded, consistent with the iden-

tification of silica in the phase map of NU-LHT-3M. A spot rich in Si, Al, Ca,

Na, and K was measured; this falls within the miscibility gap of the feldspar

minerals and therefore is likely not a single mineral measurement. Two spots fall

between the pyroxene mineral groupings in the miscibility gap between augite

and pigeonite and are likely mixed mineral spots. Two spots have a composi-

tion close to that expected for olivines, however the divalent cation to Si ratio is

lower than expected. Furthermore, these spots were both taken in particles with

a visual bubbly appearance, making it unlikely that they are crystalline olivine

minerals. A further four spot samples were measured that cannot be assigned to

an individual mineral group, all showing quite variable chemistry but all elevated

in Si, Al, Mg, Ca, and Fe, indicating they could be attributable to a glass phase.

At least two of the four spot samples are definitely measuring grains that are

within the orange phase in the EDX phase map. As with FJS-1, an investigation

into the composition of the potential glass phase was not carried out, as interest

in this phase was not evident at the time of measurements.

4.2.5 Mössbauer spectroscopy

Mössbauer spectroscopy was used to examine the iron bearing components within

each simulant. The relative areas of the fitted Lorentzian functions pertaining

to different oxidation states gives the Fe3+/FeTotal ratio. Half the areas of peaks

consistent with an oxidation state of Fe2.5+ have been counted towards Fe3+ in this

calculation. Aside from a small number of specific cases [48,49], iron in the Fe3+

state does not exist in the lunar regolith due to the highly reducing environmental

conditions. While it is unrealistic for there to be no Fe3+ in terrestrial materials, a

lower percentage more accurately mimics the iron oxidation state in lunar regolith.

NU-LHT-3M contains the lowest proportion of Fe3+, while EAC-1A contains the
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Table 4.6: The iron bearing phases of the lunar simulants determined by
Mössbauer spectroscopy. The ratio of iron in the Fe3+ oxidation state is cal-
culated for each simulant. δ: isomer shift; ∆: quadrupole splitting; NS: not
mineral specific.

JSC-2A Ox. δ ∆ Bhf Area

Phase State (mm/s) (mm/s) (T) (%)

NS/pyroxene Fe2+ 1.04 2.11 - 34

Olivine Fe2+ 1.12 2.94 - 22

NS Fe2+ 0.94 1.52 - 11

Octahedral Fe3+ 0.35 1.09 - 22

Ferric oxide Fe3+ 0.38 -0.30 42.9 11

Fe3+/[Fe2++Fe3+] 0.33

FJS-1 Ox. δ ∆ Bhf Area

Phase State (mm/s) (mm/s) (T) (%)

NS/pyroxene Fe2+ 1.11 2.02 - 41

Olivine Fe2+ 1.13 2.86 - 18

Octahedral Fe3+ 0.45 0.67 - 6

Magnetite A Fe3+ 0.29 0.02 49.6 5

Magnetite B Fe2.5+ 0.66 0.00 46.2 2

Magnetite C Fe2.5+ 0.63 0.06 43.4 28

Fe3+/[Fe2++Fe3+] 0.20

EAC-1A Ox. δ ∆ Bhf Area

Phase State (mm/s) (mm/s) (T) (%)

NS/pyroxene Fe2+ 1.05 2.33 - 24

Olivine Fe2+ 1.12 2.91 - 28

Octahedral Fe3+ 0.49 0.7 - 19

Ferric oxide Fe3+ 0.45 -0.13 38.0 30

Fe3+/[Fe2++Fe3+] 0.49

NU-LHT-3M Ox. δ ∆ Bhf Area

Phase State (mm/s) (mm/s) (T) (%)

NS/pyroxene Fe2+ 1.12 2.08 - 73

NS/pyroxene Fe2+ 1.10 2.63 - 17

Octahedral Fe3+ 0.50 0.91 - 10

Fe3+/[Fe2++Fe3+] 0.10

highest, as shown in Table 4.6.

The relative area of functions fitted to Mössbauer data provides a good approx-

imation of the relative populations, and it is commonly used as such. However,

this approximation is is based on the ‘ideal’ Mössbauer Lorentzian line shape,

while in reality fluctuations in parameters or local environment can cause devi-

ations from this shape [108]. If the form and behaviour of iron is specifically

important in a given ISRU experiment, it would be advisable to investigate it in

more depth, either by exploring other functions to fit Mössbauer data, or addi-

tional wet chemical methods such as titration. Wet chemical analytical methods

involve the dissolution of minerals with HF, a highly corrosive and acutely toxic

acid; this was deemed to be unnecessary within the scope of this work.

The functions fitted to the raw data of each lunar regolith simulant are shown

in Figure 4.11; the isomer shift (δ), quadrupole splitting (∆) and magnetic hy-

perfine fields (Bhf) (of the sextets) are summarised in Table 4.6, along with the

corresponding assignment of oxidation state and mineral (where possible).

Doublet assignment

The largest doublet by area fitted to the Mössbauer spectrum of JSC-2A (Figure

4.11(a)) is assigned as ‘not mineral specific, potentially pyroxene’. It can be

seen in previous work examining similar materials that Fe2+ in pyroxene and
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Figure 4.11: The Mössbauer spectra of JSC-2A, FJS-1, EAC-1A, and JSC-2A
and the assigned contributing iron bearing phases.
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Fe2+ in glass are generally indistinguishable in Mössbauer spectra [36, 109]. It

would follow that this peak is likely from iron in the glass phase of JSC-2A,

as pyroxene was not identified as a prominent phase the EDX phase analysis of

JSC-2A (Section 4.2.2). The next largest contribution is from Fe2+ in olivine,

consistent with the EDX phase analysis. A second phase that is ‘not mineral

specific’ is similar to the phase identified as glass and potentially represents a

second iron environment within that phase. A doublet with δ and ∆ values

consistent with Fe3+ in octahedral coordination geometry has also been identified

accounting for 22 % of the sample iron. It is not possible to distinguish whether

this is from Fe3+ in silicate minerals or superparamagnetic iron oxide.

A doublet assigned as ‘not mineral specific, potentially pyroxene’ can be seen

in the Mössbauer spectrum of FJS-1, accounting for 41 % of the spectral area.

This can be attributed to Fe2+ in pyroxene minerals, and potentially also the

glass phase assigned in the EDX phase map. As in JSC-2A, a doublet can be

identified as olivine (18 % of the area), and a doublet (6 %) can only be assigned

as Fe3+ in octahedral coordination geometry, and could be due to Fe3+ in silicate

minerals or superparamagnetic iron oxide. The same three doublets are found

in the Mössbauer spectrum of EAC-1A in different proportions: not mineral

specific/pyroxene (24 %), olivine (28 %), and an octahedral Fe3+ doublet that

cannot be assigned.

Two doublets representing Fe2+ in non-specified or pyroxene minerals are

evident in the Mössbauer spectrum of NU-LHT-3M, as well as a doublet that

can only be assigned as an Fe3+ in octahedral coordination geometry. This is

consistent with the lack of olivine in NU-LHT-3M seen with other characterisation

techniques.

In all simulants octahedral Fe3+ has been identified, to a varying degree, that

can either be attributed to Fe3+ in silicate minerals or superparamagnetic iron ox-

ide. The magnetisation of nanophase iron oxide/hydroxide (np-Ox) particles can

change direction spontaneously at room temperature, leading to broader peaks,

hyperfine field reduction, and potentially full suppression of the magnetic order;

this is referred to as ‘superparamagnetic relaxation’ [108]. Maghemite, hematite,

and goethite are all examples of iron oxides that form superparamagnetic np-Ox

particles; such particles are also generally not identifiable by XRD, exhibiting

amorphous character [109, 110]. In previous work, different researchers study-

ing regolith simulant material have assumed similar ambiguous doublets to be

np-Ox [109], or pyroxene [81, 111]. It is possible to make a definitive charac-
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terisation of np-Ox by conducting variable temperature Mössbauer spectroscopy.

At lower temperatures (120 - 20 K) the effects of superparamagnetic relaxation

can be mitigated and the magnetic order re-established, producing characteristic

sextets [108]. If the iron in a simulant has a large bearing on the experimen-

tal outcomes, it would be advisable to distinguish Fe3+ in np-Ox from Fe3+ in

pyroxene.

Sextet assignment

Magnetite (Fe3O4) is a ferrimagnetic iron oxide that is generally magnetically

ordered at room temperature giving it the distinctive sextet splitting structure

in Mössbauer spectra. Magnetite contains two Fe3+ ions, one occupying a tetra-

hedral site (A), the other an octahedral site (B), and one Fe2+ ion, also in an

octahedral site (B). Above the Verway transition (>125 K in magnetite) rapid

electron hopping means the individual ferrous and ferric ions in the octahedral

B site are indistinguishable [112]; the formula of magnetite at room temperature

can therefore be written as [Fe3+]A[Fe2.5+
2 ]BO4.

As a result, the Mössbauer spectrum of magnetite is split into two distinct

sextets: A[Fe3+] where δ = 0.28 mm/s, ∆ = 0 mm/s, and Bhf = 49.1 T; and

B[Fe2.5+] where δ = 0.66 mm/s, ∆ = 0 mm/s, and Bhf = 46.0 T [112]. An

example of the magnetite pattern is shown in the left-hand image of Figure 4.12.

This distinctive double sextet pattern can be seen clearly in FJS-1, where all

parameters of ‘Magnetite A’ and ‘Magnetite B’ are in close agreement with those

expected for site A and site B respectively.

Titanomagnetite refers to minerals between the solid solution of magnetite

and ulvöspinel (Fe2.5+
2 TiO4) with varying amounts of titanium according to the

formula Fe3−xTixO4. Titanomagnetite is one of the most common magnetic min-

erals on earth, particularly found in igneous rocks such as basalt [113]. Tanaka

et al. (1987) demonstrated experimentally that the addition of Ti to magnetite

results in an additional sextet and an overall loss of resolution between sextets,

as shown in Figure 4.12. The overall trend in hyperfine parameters with the ad-

dition of titanium was an increase in δ, a decrease in ∆ and a decrease in Bhf.

The merged sextets of titanomagnetite are likely to account for ‘Magnetite C’

in FJS-1. These magnetite assignments are consistent with data from the spot

EDX measurements for FJS-1 (Section 4.2.4), which show evidence of magnetite

with no titanium (1 spot), and titanomagnetite (11 spots). The difference in the

frequency of (randomly selected) spot measurements follows the same trend as
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Figure 4.12: An example of three Mössbauer spectra from a study of synthetic
titanomagnetite with varying titanium content (x) [113].

the relative areas of magnetite (7 %) and titanomagnetite (28 %) found in the

Mössbauer spectrum.

In the spectrum of JSC-2A a sextet has been given the generic assignment

’ferric oxide’ as it falls outside of the expected parameters of magnetite. As

discussed above, the addition of titanium to magnetite alters these parameters.

In particular, the Bhf value of 42.9 T is not consistent with any standard iron

oxide/hydroxides [112]. However, this value can be explained by the addition of

titanium to magnetite, creating merged broad sextets and lowering the overall Bhf.

An additional explanation for the deviation in the measured parameters for JSC-

2A could be the substitution of aluminium into the titanomagnetite; the addition

of diamagnetic Al3+ decreases magnetic hyperfine fields of iron oxides/hydroxides

at all temperatures [108, 114]. This explanation is consistent with the elemental

compositions of the JSC-2A titanomagnetite spot EDX measurements showing

elevated Al concentrations.

The ferric iron sextet seen in EAC-1A is consistent with goethite, a common

terrestrial iron hydroxide mineral, however this assignment appears to be incor-

rect. Goethite has the formula α-Fe3+OOH and is distinguishable by its relatively

low magnetic hyperfine field: non-perfect crystallised goethite gives values of δ

= 0.37 mm/s, ∆ = -0.26 mm/s, and Bhf = 30 - 35 T at room temperature [112].

A higher Bhf value of 38.1 T could be expected with the well crystallised form of

goethite. However this form is very rare, requiring extreme hydrothermal forma-

tion conditions only seen at particular sites; more commonly goethite is formed

as the product of Fe2+ silicate weathering [115]. While the ferric oxide sextet in

the spectrum of EAC-1A has hyperfine parameters close to that of goethite, the

inclusion of titanium in the ferric oxide phase (as shown by the EDX phase and

spot analyses) excludes goethite as a potential assignment [116]. The relationship

between Bhf and titanium content in the magnetite - ulvöspinel series is likely re-

sponsible for these observations; this trend has been shown experimentally and
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Figure 4.13: The trend between Bhf and titanium content (x) in natural titano-
magnetite samples [117].

can be seen in Figure 4.13. The titanium content of EAC-1A is the highest of the

samples measured here (see Table 4.4), which explains the significant reduction

in Bhf compared to magnetite and the appearance of goethite.

There was no iron oxide sextet identified in the Mössbauer spectrum of NU-

LHT-3M. Iron rich minerals can be seen to a small degree in the EXD phase and

spot analyses of NU-LHT-3M and are discussed further in those sections. Their

absence in the Mössbauer spectrum is most likely the result of being below the

baseline detection limit.

4.3 Physical properties

4.3.1 Water content

The water content (weight %) of each lunar regolith simulant is shown in Figure

4.14. Significant variation can be seen between the simulants, with EAC-1A

containing the most moisture and NU-LHT-3 the least. EAC-1A appeared to be

more hygroscopic in nature, compared with the other simulants; this is reflected

by the larger standard error for this measurement. The exact water content

of a simulant may vary as a result of storage time and conditions and storage

conditions with the suppliers prior to purchase are unknown. Regardless, the

presence of water in terrestrial simulant samples can be unavoidable and needs

to be taken into account for ISRU experiments.

This measurement was taken after drying at 110 ◦C overnight and therefore

only accounts for water in the sample as moisture. When water is incorporated in
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Figure 4.14: The average water content of each simulant with error bars showing
calculated standard error.

the crystal lattice of a mineral, such as in clay minerals, it is released incrementally

at higher temperatures. This can be seen by examining the loss on ignition from

XRF analysis (Section 4.1.1), which is measured after holding samples at 900 ◦C.

The LOI measurement is done with pre-dried samples and only accounts for the

mass lost at higher temperatures.

4.3.2 Poured bulk density

The poured bulk density of three lunar simulants measured was found to be the

same: JSC-2A, EAC-1A and NU-LHT-3M all had an average density of 1.56

g/cm3 across three measurements. FJS-1 was found to be less dense with an

average of 1.47 g/cm3. The standard error calculated for each average is shown, all

simulants demonstrated good consistency across poured density measurements.

4.3.3 Grain size distribution

The grain size of each lunar regolith simulant was examined using image analysis

techniques. The high-resolution backscattered images were processed using the

methodology described in Section 3. Size fractions of each image were separated

for individual analysis; Figure 4.16 shows the full processed image and the five

separated fractions of each sample. The size brackets specified were: 10-100 µm2;

100 - 1000 µm2; 1000 - 10000 µm2; 0.01 - 0.1 mm2; and 0.1+ mm2.
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Figure 4.15: The average poured bulk density of each simulant with error bars
showing calculated standard error.

The particle size distribution of each sample can be examined visually (Figure

4.16) and statistically. Figure 4.17 shows the proportion of particles measured

in each size fraction and the % total image area covered by particles in a given

size bracket. The trend in particle count is very similar in JSC-2A and FJS-

1, while EAC-1A has a higher proportion of particles in the smallest bracket,

less in the subsequent two size brackets, and a slightly higher proportion in the

largest two size brackets. NU-LHT-3M has the smallest proportion of particles in

the smallest size bracket, with a higher proportion in the remaining size brackets.

While the image size of each sample is the same, the number of particles recorded

within this area for each simulant is significantly different, ranging from ∼40,000

to ∼90,000.

A better representation of the particle size distribution is the area covered by

the particles in each size bracket, as opposed to the number of particles. This

was calculated by dividing the number of pixels covered by each size fraction by

the total number of particle pixels and is shown on the right-hand side of Figure

4.17. The surface area of each particle approximates the three dimensional size.

Assuming that the particles all have a similar density, the surface area % in a

given size fraction should be consistent with the weight recorded for an equivalent

sieve size fraction. Therefore, it would be expected that area % distribution would

follow a similar trend to particle size distribution found by dry sieving. JSC-2A

and NU-LHT-3M have similar distributions between the size fractions. FJS-1
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Figure 4.16: Particle size fractions of each lunar regolith simulant separated using
ImageJ software. The size brackets are displayed on the left, the top row of images
includes all particles.
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Figure 4.17: The number of particles (left) and area cover (right) for five size
brackets in the image analysis of JSC-2A, FJS-1, EAC-1A, and NU-LHT-3M
(top to bottom).
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Figure 4.18: The grain size distribution of JSC-2A, FJS-1, EAC-1A, and NU-
LHT-3M found by image analysis (right) compared with the grain size distri-
bution of the same simulants found by the dry sieving methodology (credit: E.
Mullen). The x-axis is displayed as a logarithmic scale for clarity.

has a larger proportion of the image area covered by smaller particles in the first

three size brackets. EAC-1A has significantly more of the image area covered by

the largest two size fractions.

Grain size distribution is traditionally measured by dry sieving methods. In

order to compare the data obtained by image analysis, each size bracket (mea-

sured by particle area) has been converted by approximating the sieve diameter

as the diameter of a circle of equivalent area. Figure 4.18 shows the grain size

distribution found in this work by image analysis (left), compared with grain size

distribution found by dry sieving (right). The dry sieving data (unpublished) was

collected by E. Mullen, a former student in the same research group.

The same trend between simulants can be seen in both graphs, and are are

also observed in Figure 4.17. JSC-2A and NU-LHT-3M follow a broadly similar

distribution until the larger size fractions. FJS-1 generally has a larger % in

the smaller fractions, while EAC-1A has the least accumulated % in the smaller

fractions and the most in the largest. A clear difference can be seen in the two

methods of data collection. In particular, more attention is paid to the smaller

size fractions in the image analysis, compared to the sieving technique, which is

reliant on the available sieve sizes. Although the image analysis data has less

data points and certain assumptions were required to display the data in such

a manor, the distribution more closely imitates previous grain size distributions

found for simulant materials in the literature and therefore is potentially the more

accurate representation [77,89,118].

Grain size distributions measured by this grain mount image analysis method-

ology are sometimes referred to as sectional size distributions. This method
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demonstrates a slight bias towards finer particles as most particles will not be

sectioned at the exact plane of greatest diameter. However, the large number

of particles counted can partially offset the impact of this bias and comparisons

between samples measures using the same technique are still valid [119].

4.3.4 Grain morphology

The particle morphology of each lunar regolith simulant was examined using im-

age analysis techniques utilising the same images as Section 4.3.3 processed using

the methodology described in Section 3 from the high-resolution back scattered

images.

The Particles8 plug-in was added to ImageJ and used to calculate the mor-

phology parameters [101]. A full description of the calculation methodology can

be found in Section 3. The primary difference of this plug-in, compared with

the inbuilt ‘Analyse Particles’ functionality of ImageJ, is the way it measures the

perimeter of a particle. Instead of measuring the perimeter as the bounding edge

of all pixels, Particles8 measures the perimeter through the centre of each edge

pixel, as shown in Figure 4.20. This helps to mitigate the issue of small particles

having exaggerated perimeters due to pixel resolution. No additional processing

was used to separate touching particles, therefore the perimeter complexity of

particles may be overestimated.

The shape of particles in each lunar regolith simulant was analysed using the

methods of Rickman et al. (2012) [55, 120] adapted to the ImageJ software used

in this work. The variation in particle shape was quantified by two parameters:

aspect ratio (AR) and Heywood factor (HF). HF and AR can both have values

between 0 - 1; a perfect circle would have a value of 1 in both cases.

AR is a measure of particle elongation defined as:

AR =
orthogonal feret

max. feret diameter
(4.1)

where the maximum feret diameter is the longest diameter at any orientation of

a particle (also known as maximum calliper width) and the orthogonal feret is

the combined length of the two longest vectors perpendicular to the maximum

feret in opposite directions. A diagram depicting these parameters is shown in

Figure 4.20.

HF is a measure of particle shape complexity and is the inverse of ‘circu-
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Figure 4.19: Kernel density estimate plots showing the distribution of AR (aspect
ratio) and HF (Heywood factor) calculated for each lunar regolith simulant.

larity’, another common particle morphology measurement. HF compares the

measured particle perimeter to the perimeter of a circle with the same surface

area, according to the equation:

HF =
4πarea

perimeter2 (4.2)

The AR and HF was calculated for every particle in the image of each lunar re-

golith simulant. A kernel density estimate was created to display the distribution

of these calculated parameters.

A similar distribution can be seen amongst all the lunar regolith simulant

analysed. The distribution of NU-LHT-3M is centred slightly lower along both

axis compared with the other simulants, while EAC-1A is slightly higher. The

same trend is seen in the mean AR and HF of the total particle population,

displayed on the graphs in Figure 4.19. This indicates that NU-LHT-3M particles

are comparatively more elongated with complex edges, while EAC-1A is the most
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(b)+(c) = orthogonal feret
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Figure 4.20: A diagram showing the how the perimeter, maximum feret length,
and orthogonal feret length are calculated for each particle.
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Figure 4.21: The mean Aspect Ratio (left) and Heywood Factor (right) for par-
ticles in each size bracket of the four lunar simulants analysed. 1: 10-100 µm2; 2:
100 - 1000 µm2; 3: 1000 - 10000 µm2; 4: 0.01 - 0.1 mm2; 5: 0.1+ mm2.

The mean AR and HF values were calculated for the individual size fractions

of all the simulants to examine trends between particle shape and size; these

results are displayed in Figure 4.21. The general trend of particles becoming less

elongated more circular as they increase in size is followed by the mean AR of

JSC-2A, FJS-1, and NU-LHT-3M. Overall across the size brackets NU-LHT-3M

is more elongated than JSC-2A or FJS-1. EAC-1A does not follow this trend and

particles in the larger fractions are actually more elongated. When examining

the mean HF across the size brackets, all simulants follow the same trend where

smaller particles are more circular and become more complex as the size brackets

increase.
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Discussion

The characterisation study of the lunar regolith simulants JSC-2A, FJS-1, EAC-

1A, and NU-LHT-3M in the previous chapter can be used as a reference for ISRU

experiments that make use of these materials, in order to understand trends in

experimental results and how applicable results are to real lunar regolith. In order

to examine these simulants more closely, firstly, a comparison is made between

the results of this study and the available data relating to each lunar simulant

or predecessor. Secondly, each of the simulants studied is compared with known

characteristics of real lunar regolith to understand where differences exist and

what the impact of those differences may be on ISRU research.

5.1 Comparison to previous literature

It is necessary to compare the current simulants to previously reported simu-

lants, in order to draw fair comparisons between experimental outcomes. The

background of each regolith simulant, discussed in Section 2.3, introduces some

specific questions that can be addressed from the characterisation study.

5.1.1 JSC-2A

JSC-1A was the most commonly used simulant in ISRU research and has been

well characterised in previous work; by comparing the bulk chemical composition,

mineralogy, and physical properties to JSC-2A it is possible to ascertain if it is

the same material. It is not clear from the supplier or any published work if the

new material JSC-2A is identical to the previous version JSC-1A. Although the

composition data provided by the Material Safety Data Sheet for JSC-2A is the

same as that of JSC-1A, JSC-2A was produced by a different company (Zybek)
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and no explicit guarantee is given that it is the same material. This information

is important to allow for comparison of experimental results between studies.

A comparison of the chemical composition measured for JSC-2A with previ-

ously reported data indicates that this material has the same approximate bulk

composition as JSC-1A, falling in a similar range to the variation measured across

different JSC-1A samples. This comparison can be seen in Table 5.1

Table 5.1: The major oxide composition found for JSC-2A, compared to the
JSC-2A Safety Data Sheet data, and two previously reported compositions for
JSC-1A.

JSC-2A JSC-2A JSC-1A JSC-1A

Measured Data sheet ref [88] ref [33]

SiO2 46.28 46-49 46.2 45.7

Al2O3 16.63 14.5-15.5 17.1 16.2

FeO 7-7.5 11.2

Fe2O3 13.18 3-4 12.4

MgO 7.98 8.5-9.5 6.87 8.7

CaO 9.65 10-11 9.43 10.0

Na2O 3.11 2.5-3 3.33 3.2

K2O 0.82 0.75-0.85 0.85 0.8

TiO2 1.83 1-2 1.85 1.9

MnO 0.20 0.15-0.2 0.19 0.2

P2O5 0.71 0.6-0.7 0.62 0.7

No data was provided with JSC-2A regarding the trace element composition.

The measured trace elements are compared to two reported trace element studies

of JSC-1A in Table 5.2. Large discrepancies can be observed between JSC-2A

and JSC-1A; however, equally large discrepancies are also evident between the

two analyses of JSC-1A. This indicates that there is variation in trace element

composition within all the JSC- simulant material, likely evident between batches

and even individual samples.

JSC-2A was found to have a composition dominated by an amorphous glass

phase (∼63 %), plagioclase feldspar (∼25 %) and olivine (∼10 %). Additional

minor minerals (clinopyroxene and titanomagentite) were also confirmed. This

is broadly consistent with the mineralogy of JSC-1A found by Hill et al. (2007)

of glass (49.3 %), feldspar (38.8 %), olivine (9.0 %), pyroxene (0.1 %), and Fe-

Ti oxide (0.4 %) [88]. They also identified chrome spinel in percentages greater

than 1 %, a mineral also identified in the characterisation data sheet provided by
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Table 5.2: The trace element composition (in ppm) measured in this study com-
pared to data reported for JSC-1A.

JSC-2A JSC-1A [88] JSC-1A [86]

Ba 820.0 1066 733.9

Ce 101.2 93.53

Cr 460.5 43 138.33

Cu 63.2 54 58.7

La 49.9 49.27

Ni 219.9 65 130.33

Nd 47.4 46.9

Pb 5.9 10 5.73

Rb 9.8 10 9.75

Sc 29.6 30.81

Sr 925.3 2031 802

Th 5.9 6.42

U 1.5 1.6

V 259.7 27 244

Y 25.2 54 25

Zn 111.1 110 97

Zr 159.6 192 140.7

Orbitec for JSC-1A [86]. This mineral was not directly identified in the current

analysis, however, elevated chromium levels indicate that it is likely to be present.

The average endmember compositions for JSC-1A listed in the supplier char-

acterisation data are as follows [86]:

Plagioclase: Anorthite 70 - Albite 29 - Orthoclase 1

Ca-pyroxene: Wollastonite 45 - Enstatite 38 - Ferrosilite 22

Olivine: Forsterite 73 - Fayalite 27

Spot EDX analysis was used to examine the endmember compositions of the

minerals in JSC-2A. The plagioclase composition grouping is consistent with the

composition reported for JSC-1A. The olivine composition reported for JSC-1A

falls in between the two groupings measured for JSC-2A, which are shown in

Figure 4.9. There was no pyroxene minerals measured in the spot analysis of

JSC-2A, however, the composition found in the EDX phase map is consistent

with that of JSC-1A.

Figure 5.1 compares the Mössbauer spectrum of JSC-2A to JSC-1A [33]. The

raw data and fit are consistent between the two spectra. The same study also
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Figure 5.1: The Mössbauer spectrum of JSC-2A compared with the Mössbauer
spectrum of JSC-1A [33].

Table 5.3: The ratio of Fe3+ found in JSC-2A compared to values reported for
JSC-1A and JSC-1 [33].

JSC-2A JSC-1A JSC-1

Fe3+/[Fe2++Fe3+] 0.33 0.24 0.28

investigated the ratio of Fe3+ in the samples, the values they report are compared

to the value found in this study in Table 5.3. There was proportionally slightly

more Fe3+ in JSC-2A than the amount found in JSC-1A and JSC-1. This could

indicate differences in age or storage conditions.

While the chemical composition and mineralogy indicate that the JSC-2A

material has been extracted from the same place as JSC-1A, this does not neces-

sarily mean it has been processed in the same way. Differing physical properties

could have a large impact on processing reactivity in ISRU experiments.

The average poured bulk density obtained for JSC-2A of 1.56 g/cm3 is in

agreement with the average minimum density reported for JSC-1A of 1.566 g/cm3

[89]. The particle size distribution of JSC-1A is shown in Figure 5.2. This can

be compared to the size distribution found in this work for JSC-2A, shown with

the same lunar upper and lower reference bounds in Figure 5.11. The similarity

between these particle size distributions supports the conclusion that JSC-1A

and JSC-2A were crushed and processed to the same extent. Small variation can

be attributed to equipment and procedural variation. It is worth noting that

subsequent batches of JSC-2A to the one studied here have been found to have

very different particle size distributions. This indicates an issue with consistency
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Figure 5.2: The particle size distribution of JSC-1A found in different studies
[121].

of the simulant.

Figure 5.3 shows a comparison of the particle morphology of JSC-2A and JSC-

1A. The average AR found for JSC-1A was 0.6 [55], the same value found for JSC-

2A in this work. There is a discrepancy between the HF mean values (0.91 for

JSC-1A and 0.60 for JSC-2A in this work). This can be attributed to differences

inherent in the sample preparation and image analysis techniques. The JSC-2A

particles analysed in this work were from a plane of section, whereas the particles

analysed in Rickman et al. were shadowgraphs, a two-dimensional projection

showing the outermost edges of a particle. This technique masks concave features

and gives the particle a more rounded appearance, which is the trend seen between

those measurements and this work. Furthermore, they utilised an ionised gas

flow that limits electrostatic agglomeration. Particles touching in the samples

prepared in this work would further decrease the measured HF.

Recent publications [26,92] have claimed that, unlike JSC-1 and JSC-1A, the

glass in JSC-2A is made from synthetic techniques to simulate agglutinates, giving

JSC-2A a higher glass content than its predecessors and making a more ’sophis-

ticated’ simulant. It would appear from the evidence here that these statements

are incorrect. Figure 5.4 shows a comparison of BSE images of JSC-1, JSC-1A,

and JSC-2A. The similarity in composition and glass structure between the three

simulant versions is clear. Furthermore, Taylor et al. (2016) state that the mate-

rial chosen for JSC-1 was chosen specifically due to the fact it had ∼50 % natural

glass content that would mimic agglutinates [53].

Based on the presented results, the conclusion can be drawn that JSC-2A is
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Figure 5.3: The particle shape distribution of JSC-2A (left) compared with JSC-
1A (right, [55]), using the parameters aspect ratio (AR) and Heywood factor
(HF).

Figure 5.4: A comparison of BSE images of JSC-1 (credit: NASA), JSC-1A
(Credit: L. Taylor), and JSC-2A (this work).

the same material as JSC-1A, even though it is produced and sold by a different

company. JSC-2A appears to be from the same natural source as JSC 1/1A and

is not produced from synthetic minerals as it has been suggested in the literature.

As it is produced from a natural source, variation will exist to some degree within

the JSC-2A batch and between this simulant and the previous versions, which

should be taken into account. Similar levels of variation have been reported

within and between JSC-1A and JSC-1 in previous studies [122].

5.1.2 FJS-1

FJS-1 is a simulant that was first produced in 1998, and has been utilised in

many ISRU experiments since. Firstly, it is unclear if the FJS-1 available now is

the same as the material made and reported in 1998. Secondly, the mineralogy

of FJS-1 has not been adequately investigated in previous work, which limits its

use as a general purpose lunar regolith simulant.

There are some differences in bulk chemical composition found for FJS-1 in

this work compared to the original values reported in 1998 [73], these are shown in

Table 5.4. No trace element analysis has been reported for FJS-1 in the literature.
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Table 5.4: The major oxide composition of FJS-1 compared with the literature
reported composition of the original FJS-1 simulant [73].

FJS-1 FJS-1(lit.)

SiO2 49.82 49.1

Al2O3 16.56 16.2

FeO 8.3

Fe2O3 12.90 4.8

MgO 5.91 3.8

CaO 9.71 9.1

Na2O 2.42 2.8

K2O 0.66 1.0

TiO2 1.46 1.9

MnO 0.20 0.19

P2O5 0.28 0.44

LOI -0.25 0.43

Total 99.67 98.1

There was no mineralogy reported for FJS-1 in the original paper, aside from

the fact that it is 100 % basalt with no additional minerals added [73]. The only

minerological analysis of FJS-1 is found in the ‘Lunar Regolith Simulant User’s

Guide’ published in 2010, however, this is not a peer-reviewed publication [123].

Nevertheless, the results found in this work can be compared to the mineralogy

reported.

In the present characterisation study the major mineral phases found were pla-

gioclase (∼49 %), Ca-rich pyroxene (∼12 %), Ca-poor pyroxene (∼5 %), olivine

(∼4 %), and titanomagnetite (∼4 %). The ‘User’s Guide’ in 2010 reported pla-

gioclase (∼53 %), pyroxene (∼22 %), olivine (∼5 %), ilmenite (∼2.1 %). The

plagioclase, pyroxene, and olivine components are approximately in agreement.

One key difference is the identification of ilmenite in the previous study, whereas

titanomagnetite was the primary iron oxide phase identified in this work.

Ilmenite has the formula FeTiO3, with titanium and iron in equal atomic

proportions. There were no minerals in FJS-1 identified by EDX with Ti levels

that high. The phases identified in this work have significantly more iron with an

average Fe:Ti ratio of 0.83:0.17, which would place the mineral closer to hematite

along the ilmenite-hematite solid solution (if it were in that series). Ilmenite

displays a characteristic doublet in Mössbauer spectra with δ = 1.1 mm/s and

∆ = 0.71 mm/s, while hematite displays a sextet with δ = 0.36 mm/s, ∆ =
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Figure 5.5: A comparison of the Mössbauer spectrum of FJS-1 measured in this
work (left) and a spectrum published in 2008 (right) [81].

-0.19 mm/s, and Bhf = 51.7 T [112]. It has been shown that for Ti proportions

between 0 and 0.4, the Mössbauer spectrum of the mineral equates to that of

regular hematite [124]. The sextets in the Mössbauer spectrum of FJS-1 in this

work are clearly identified as being in the magnetite series; the spectrum shows

no evidence of hematite or ilmenite.

Interestingly, in a study examining the reduction of lunar regolith simulants

with hydrogen, a Mössbauer spectrum of FJS-1 was published that shows the

inclusion of an ilmenite doublet [81], which is not present in the present spectrum

of FJS-1. The comparison between that spectrum and the one measured in this

work is shown in Figure 5.5. The primary aim of the publication that included

the spectrum showing ilmenite was not characterisation of the mineralogy and no

further investigation or discussion was presented.

The second difference evident in the comparison between FJS-1 phase data

collected and published is the glass content. In the present study the glass con-

tent was estimated to be as high as (∼26 %). Glass was only said to account

for ∼8 % of FJS-1 in the ‘User’s Guide’, however no raw data or methodology

is presented to support these claims. Another paper examining the thermal and

optical properties of lunar regolith simulants describes the glass content in FJS-1

qualitatively as ’high’ and demonstrates that FJS-1 absorbs in the 10 to 25 µm

wavelength range, which is consistent with amorphous materials [122]. Absorp-

tion in this range is also seen in other glass containing simulants, while MLS-1

(known to contain no glass) is more reflecting. The glass content and melting
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Figure 5.6: The particle size distribution of FJS-1 provided by Shimizu Corpora-
tion.

properties of a material can be further investigated using differential scanning

calorimetry (DSC) or thermal gravimetric analysis (TGA). A number of attempts

were made at different institutions to obtain these measurements; however, it was

not possible within the time-frame of this study.

The bulk density of FJS-1 has been previously reported to be 1.55 g/cm3 [73],

which is higher than the value of 1.47 g/cm3 obtained in this work. The particle

size distribution reported by the original company producing the simulant is

shown in Figure 5.6, which can be compared to Figure 5.11 in the following

section. The data given by Shimizu Corporation shows the distribution of FJS-1

to follow a central path between the upper and lower bounds of real lunar regolith.

The particle size distribution for FJS-1 found in this work deviates from this path

with a more rapid increase in particle size, but still remains within the boundaries

of real lunar regolith.

A comparison of the shape of FJS-1 measured in this work to previous morpho-

logical analyses shows a similar trend to JSC-2A [55]. The AR values measured

differ slightly (0.61 in the present work compared with 0.59 published). Particles

have been shown to increase in AR with size and, therefore, the slightly higher

AR value in this work could be correlated with the particle size distribution. The

HF values vary significantly (0.59 in the present work and 0.91 published). Again,

this is a product of the analysis methodology.

Overall, the characterisation results in this study demonstrate that FJS-1

cannot be assumed to be exactly the same material as the original FJS-1 that is

cited in the majority of previous work. While it is similar in overall nature, it

is supplied by a subsidiary company of the original 1998 producer and inconsis-
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Figure 5.7: The particle shape distribution of FJS-1 (left) compared with pub-
lished FJS-1 (right, [55]), using the parameters aspect ratio (AR) and Heywood
factor (HF).

tencies indicate the new batch may be sourced or processed in a different way.

This should be taken into account for ISRU experiments as previous references

or comparisons may not be applicable. FJS-1 was deemed an ’extinct simulant’

in 2010 [93]; it is unsurprising that simulant purchased between 2016-2017 is not

the exact same material even though it is being sold under the same name.

5.1.3 EAC-1A

EAC-1A differs from the other simulants in that it is a new simulant with no

published full characterisation available at the time of this work, therefore, there

is no basis for comparison. The primary research aim pertaining to EAC-1A

in this work was to create an overview of its composition and properties. This

characterisation data can be used to assess how similar or different the material

is to lunar regolith and how it can be used in ISRU experiments.

Limited aspects of EAC-1A characterisation were presented at a conference

and are consistent with the characterisation in this work [94]. Pyroxene, pla-

gioclase, olivine, oxides, and clay minerals were identified by XRD spectroscopy,

which is consistent with the minerals identified in this study. Furthermore, a

water content of ∼0.8 % was measured, similar to the water content found here.

Finally, DSC measurements demonstrated that EAC-1A contains no glass; while

DSC analysis was not possible in the duration of this project, the absence of a

glass phase was confirmed through EDX phase mapping.
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5.1.4 NU-LHT-3M

NU-LHT-3M, the only highland type simulant used in this study, poses a similar

problem to JSC-2A; it was produced and supplied by a different organisation than

its predecessor NU-LHT-2M and it is unclear from the available information if

this is an identical material and, if not, then what the specific differences are. NU-

LHT-3M is produced by Zybek, while its predecessor NU-LHT-2M was supplied

by USGS. It is clear from the results in this work that NU-LHT-3M is different

to the original NU-LHT-2M simulant, even though the supplied data sheet is

identical. Table 5.5 shows a clear compositional difference between the bulk

chemistry of NU-LHT-3M and that given by the data sheet (copied directly from

the data sheet of NU-LHT-2M).

Table 5.5: The major oxide composition of NU-LHT-3M compared with the data
sheet reported composition of the original NU-LHT-2M.

NU-LHT-3M NU-LHT-2M

SiO2 49.34 46.7

Al2O3 21.59 24.4

Fe2O3 5.56 4.16

MgO 9.49 7.90

CaO 12.54 13.6

Na2O 1.04 1.26

K2O 0.08 0.08

TiO2 0.11 0.41

MnO 0.09 0.07

P2O5 0.02 0.15

LOI 0.12 -

Total 99.97 98.73

This conclusion is supported by previous work comparing NU-LHT-2M pro-

duced by the USGS, and NU-LHT-2M produced by Zybek. They found the

materials to be different in characteristics and properties, even though the sim-

ulants were sold under the same name, which makes it very likely that the -3M

version from Zybek is also different to the original simulant [96,97]. Additionally,

the average minimum density reported for NU-LHT-2M is 1.367 g/cm3 [118], this

is significantly lower than the NU-LHT-3M average bulk poured density of 1.56

g/cm3 found in this work.

A published technical report states that the ‘-3M’ simulant version contains

no glass or minor mineral additions [98]. While this has been quoted in a number
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Figure 5.8: Multiple examples of bubbles and spherical glass components identi-
fied in the BSE image of NU-LHT-3M.

of subsequent publications, no evidence or reference was provided for this original

claim. Production of the original NU-LHT-2M simulant involved the formation

of synthetic glass and agglutinate products and the precise mixing of mineral

components to achieve a desired composition [41].

Analysis of the mineralogy of NU-LHT-3M indicates that minor minerals have

not been added to this simulant version. Figure 2.17 in Section 2.3.6 shows the

components of the original NU-LHT-3M simulant, with minor minerals including

ilmenite, synthetic whitlockite, fluorapatite, and pyrite. EDX phase analysis and

XRD spectroscopy showed no evidence of these minor minerals in NU-LHT-3M,

therefore, it can be assumed that NU-LHT-3M is only made of the bulk Stillwater

norite and anorthosite material.

The original NU-LHT-2M simulant contained 65 % crystalline material, 30

% synthetic agglutinate glass, and 5 % good glass [41]. The results of EDX

phase mapping of NU-LHT-3M show that this simulant is primarily crystalline

minerals, identifiable by geochemical analysis. However, one phase (orange in

Figure 4.4, Section 4.2.2) is most likely a glass phase based on the chemistry and

morphology, and accounts for 5 % of the sample. This is supported by further

visual analysis of the BSE image shown in Figure 5.8, which shows a number of

grains with a vesicular bubbled appearance, as well as spherical glass beads. In

the original NU-LHT-2M report it is stated that glass beads are a by-product

of the synthetic glass making process [41]. Therefore, it can be concluded that

NU-LHT-3M does in fact contain synthetic glass, contrary to what is claimed by

Kleinhenz et al. (2014) [98].

However, the percentage of glassy material is significantly lower ( 5 % vs. 35
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%) than the original NU-LHT-2M simulant, which would impact the properties

and behaviour of this simulant. This, along with the lack of minor mineral addi-

tions, makes NU-LHT-3M a fundamentally different simulant to NU-LHT-2M. It

follows that experimental results from the two simulants should not be directly

compared.

5.2 Similarity to lunar regolith and potential

impact on ISRU research

This section will discuss the similarity of the lunar regolith simulants to actual

lunar regolith, and the impact of given variations on behaviour in ISRU exper-

iments. However, it is important to remember that the lunar surface is not an

homogeneous body. Only a small fraction of the lunar surface material has been

sampled, and within these samples significant variation exists. While some gen-

eral comments can be made about the inconsistencies between lunar regolith and

its terrestrial simulants, these cannot be applied broadly to every case.

Specific properties will impact ISRU processes in different ways and simulant

suitability should be assessed for each individual experimental case. For the re-

sults of an ISRU experiment that involves any form of chemical alteration to have

any value, an in depth analysis of the differences in composition and properties

relevant to that specific experiment is required.

5.2.1 Bulk chemical composition

The bulk composition of each simulant can be compared to the bulk composition

of known lunar sites (Table 4.1 and 2.2 respectively). This allows for a broad

comparison, particularly indicating the suitability of each simulant for ISRU ex-

periments that rely on specific elements. For example, hydrogen reduction to

produce water relies primarily on the quantity and form of iron in a sample.

JSC-2A, FJS-1, and EAC-1A are all lunar mare simulants; however, they contain

12-14 % iron oxide, while in reality lunar mare samples contain 15-20 %. The

iron content of NU-LHT-3M is more reflective of the highland lunar soil it is

simulating.

The lunar habitat construction method proposed by Cesaretti et al. (2014)

reacts extruded material with the MgO in the regolith [25]. In this literature

example, the MgO content of the regolith simulants (JSC-1A and DNA-1) was
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found to be too low compared to lunar regolith and additional MgO was added to

assist the reactions. This would also be the case if using FJS-1, containing only

∼6 % MgO. EAC-1A, on the other hand contains more MgO than average mare

regolith. Another example of ISRU experiments where specific oxide components

need to be considered is the FFC Cambridge process for oxygen extraction. As

CaO plays a specific role in the reaction it must be present in small amounts,

however, excess concentrations are thought to be detrimental to the reduction

process [14].

In all simulants, the amount of Na2O, K2O, and other more volatile compo-

nents was too high compared to actual lunar soil. This is due to the process of

formation of the Moon resulting in a depletion of the more volatile alkali metals

compared to Earth [44].

The varying concentrations of minor elements should also be considered. This

varies between the simulants, and would also vary across the lunar surface. If a

specific element is relevent to a process it should be measured and compared to

various regolith compositions. For example, the level of chromium in all mare

simulants is too low compared to that found in average lunar soils. The concen-

tration of chromium measured in JSC-2A, FJS-1, and EAC-1A was less than 600

ppm, while in actual lunar mare soil contains approximately 3000 ppm chromium.

This disparity is significant for experiments aiming to extract solar grade silicon

from regolith, as chromium is known to cause defects even at very low concen-

trations [125]. The levels found in NU-LHT-3m (∼1450 ppm) are much closer to

the lower chromium content of lunar highland soils.

The bulk chemistry is particularly relevant to experiments investigating using

regolith for radiation protection, as this property is linked to the atoms involved.

Finally, knowing the original percentage of each element is also crucial for exper-

iments involving the extraction of useful metals and other materials.

5.2.2 Mineralogy

As well as defining the bulk chemistry and reactivity of a simulant, other proper-

ties are intrinsically linked to the mineralogy such as hardness, fracture behaviour,

specific gravity, and density. Additionally, many ISRU processes involve the melt-

ing or partial melting of regolith, such as sintering, oxygen and metal extraction,

or glass production. Alternatively, one may wish to avoid any melting, such as

in fluidised bed reactors for solid state oxygen extraction. The melt behaviour

of regolith is directly linked to the phases present and the phase compositions,
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Figure 5.9: The phase diagram of the plagioclase feldspar solid solution between
albite and anorthite [126].

whether these are amorphous or mineral. The variation in mineral composition

between the simulants and lunar regolith should be considered.

Lunar plagioclase is primarily the calcium rich anorthite endmember (An90-

100 %). This mineral composition is rarely found on Earth due to a larger

abundance of sodium substituted into the plagioclase feldspar lattice. Spot EDX

analysis demonstrates that the plagioclase in NU-LHT-3M most closely resem-

bles lunar plagioclase with a composition An80-90 %. JSC-2A and FJS-1 have

relatively similar compositions (An60-70 %), while the plagioclase in EAC-1A

shows the most albite endmember character (An10-20/An50-60 %). The differ-

ence in plagioclase composition results in different properties, such as different

heating/melting behaviour. Figure 5.9 shows the plagioclase phase diagram. Lu-

nar plagioclase would melt at a significantly higher temperature than the terres-

trial simulants, particularly EAC-1A. As plagioclase is one of the biggest mineral

components, this has large implications for process feasibility and energy con-

sumption.

The composition of pyroxene found in the simulants measured shows reason-

ably tight groupings, for example EAC-1A pyroxene is all calcium rich and on

the augite/diopside boundary. These groupings all fall within the range of lunar

pyroxene compositions (see diagram in Section 2.2). However, as the properties

of pyroxene minerals do vary with composition (seen in Figure 5.10), and the

composition varies significantly in different lunar samples, the specific composi-

tion and properties of a given simulant will not necessarily be representative of all
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Figure 5.10: The variation in properties for the different compositions of pyroxene,
showing melting point, Mohs hardness, specific gravity, and cleavage [47].

lunar pyroxene. A similar scenario exists with the olivine composition. The simu-

lants all fall within the range of lunar olivine, but the exact simulant composition

and its relavance to a specific landing site should be considered as properties can

vary significantly. For example, the melting point of the fayalite endmember (Fa)

in the olivine series is 1205 ◦C, while the forsterite endmember (Fo) melts at 1890

◦C. The olivine in JSC-2A and EAC-1A is all above Fo65, while FJS-1 olivine

is Fo30-70. Lunar mare olivine spans almost the entire range of compositions,

but averaging above Fo60, while highland olivine is generally all above Fo50 [47].

This variation will impact melt behaviour, among other properties.

There is clear evidence of clay minerals and likely presence of amphiboles in

EAC-1A. These mineral types have water bound within the lattice structure and

are not found on the lunar surface due to an absence of water during formation

or alteration processes. The inclusion of these minerals will have an impact on

the simulants overall properties. Interactions with chemical additives, heating

behaviour (with water being released from the mineral lattice), and the impact

on mechanical properties all need to be considered with this simulant.

5.2.3 Iron in lunar regolith

Nanophase iron or Fe0 (described in Section 2.2) is ubiquitous in lunar soil but

not found in any of the simulants as the process of formation is specific to the

lunar environment and space weathering processes. This key difference is inherent
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to any terrestrial simulant, unless nanophase iron is formed or added artificially.

In all the simulants studied here, no nano-phase iron is present.

Many proposed ISRU processes use microwaves as a method of heating or

melting lunar regolith. The nanophase iron has been theorised to significantly

impact the susceptibility of regolith to microwaves [56]. The lack of this element

in all simulants needs to be considered in any experiments involving microwave

processing.

Along with the nanophase Fe0, lunar minerals also contain iron in the Fe2+

state; the more oxidised Fe3+ state is not present. Therefore, a higher proportion

of Fe3+ in a terrestrial simulant can be considered negative when striving to mimic

lunar composition. EAC-1A had the highest Fe3+/FeTotal ratio of 0.49, followed

by JSC-2A with 0.33, and FJS-1 with 0.20. NU-LHT-3M had the lowest ratio or

0.10, and therefore most closely resembled lunar iron.

Oxygen extraction from iron oxides is a widely researched ISRU process, as

discussed in Section 2.1. At the temperatures of interest in this process, Fe2O3

is easier to reduce to FeO, than the reduction of FeO to Fe. The portion of

iron in lunar soil present as Fe0 cannot be reduced at all. Therefore, reduction

experiments using simulants with higher iron oxidation states will show falsely

elevated oxygen yields, compared to actual lunar regolith.

5.2.4 Magnetic properties

The iron in lunar regolith controls many of its unique magnetic properties, de-

scribed in Section 2.2. The impact of rinds with nanophase iron increasing mag-

netic susceptibility becomes more pronounced as lunar grain size decreases and

soil maturity increases. None of the terrestrial simulants will display the magnetic

behaviour linked to nanophase iron and grain size, as this phase is not present.

Ilmenite is widely present in lunar soil and is often discussed with reference

to magnetic separation and concentration for hydrogen reduction and oxygen ex-

traction. Natural terrestrial ilmenite usually displays a solid solution to Fe2O3

(hematite), reflective of the oxygen fugacity of the Earth’s mantle at forma-

tion [127]. The inclusion of Fe3+ influences the magnetic properties due to inher-

ent differences in electron configuration and spin states. Magnetic susceptibility

has been shown to change along the xFeTiO3-1− xFe2O3 solid solution, reaching

a maximum at x=0.66 [128]. As Fe3+ is essentially absent in minerals on the

lunar surface the magnetic properties are likely different from natural terrestrial

ilmenite. It has been stated that lunar ilmenite has a low magnetic suscepti-
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bility similar to pyroxene, and therefore cannot be separated magnetically [54].

Additionally, the magnetic properties of mature regolith soil are so impacted by

the space weathering processes discussed above, that the identity of individual

components like ilmemite are likely to be masked, making separation not feasi-

ble [129].

Ilmenite was not identified in any of the simulants in this study, proven by

the absence of this mineral in the Mössbauer spectra of all lunar simulants. How-

ever, the magnetic properties discussed should be taken into account when using

simulants that do contain natural ilmenite for magnetic studies.

JSC-2A, FJS-1, and EAC-1A will display magnetic behaviour due to the pres-

ence of titano-magnetite, seen in the EDX analysis and Mössbauer spectra of

these simulants. This Fe3+ containing mineral is not present in lunar regolith.

Magnetite is ferrimagnetic due to the tetrahedral Fe3+ and octahedral Fe2+/Fe3+

sub-lattices having unequal spin [130]. As such, the magnetic susceptibility of

titanomagnetite is significantly higher than ilmenite, or any lunar mineral. As a

result, the magnetic properties of these simulants cannot be applied to the lunar

context.

5.2.5 Glass and agglutinates

Glass is a significant component of lunar regolith, with agglutinates constituting

up to 60 % of mature soils [43]. Of all the simulants measured only one contained

a glass phase of similar proportion, JSC-2A. This simulant was found to contain

∼60 % natural volcanic glass. While this is not the same as agglutinate and

impact glass, it is a reasonable terrestrial approximation [53]. FJS-1 was found

to contain a smaller, yet still significant glass component, with ∼25 % natural

volcanic glass. The remaining two simulants do not mimic the glassy nature

of lunar soil. A phase accounting for ∼5 % of NU-LHT-3M was attributed to

synthetic glass, while EAC-1A contained no glass at all.

The glass in regolith would have a significant bearing on its melting and

sintering behaviour, as well as impacting gas permeation through grains, and

reactivity with chemical additives.

5.2.6 Water content

There is a complete absence of water in standard lunar regolith (i.e. not includ-

ing permanently shadowed craters) due to extreme temperatures and the vacuum
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Figure 5.11: The particle size distribution measured for each of the simulants by
image analysis compared with lunar averages [58].

environment. The presence of water in regolith simulants being used in ISRU ex-

periments can afford misleading results; for instance, native water content being

mistaken for water produced via reduction, or the alteration of mechanical prop-

erties. EAC-1A had the highest percentage of water, while NU-LHT-3M had the

lowest.

5.2.7 Physical properties

This work is not focusing on geotechnical ISRU applications, such as excavation,

drilling, and transportation; however, some physical properties also greatly im-

pact the behaviour of regolith in ISRU experiments that also chemically alter the

regolith.

Particle size and morphology will greatly influence the total surface area,

which in turn impacts chemical reactivity. These properties will also heavily

influence physiochemical changes, like sintering and melting. ISRU applications,

such as 3D printing, may also rely on a specific grain size. Figure 5.11 shows a

comparison of the grain size distribution of all four simulants measured by image

analysis, overlaid with the mean lunar soil distribution. FJS-1 has the closest

particle size distribution to that of lunar regolith. JSC-2A and NU-LHT-3M also

fall within the lower and upper bounds, whereas EAC-1A is outside the lower

bound, indicating insufficient mass in the smaller fractions.

Lunar particles are known to be highly irregular and extremely abrasive from
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a lack of terrestrial weathering processes. The complexity of each simulant was

quantified using the Heywood Factor. While all simulants were found to be

similar, EAC-1A was slightly more rounded, while FJS-1 and NU-LHT-3M were

the most irregular. Overall, the simulants are expected to have a lower surface

area to volume ratio compared to lunar regolith.

Particle shape can be described by the aspect ratio. Lunar particles were

found to have an average aspect ratio of 0.55, with most particles falling between

0.4 and 0.7 [57]. In this study the average aspect ratio of each size bracket was

between 0.58 (NU-LHT-3M) and 0.61 (FJS-1 and EAC-1A), indicating that the

simulant particles were slightly less elongated overall.

All simulants were found to be more dense than the range of minimum bulk

densities measured for lunar regolith samples: 0.87 - 1.26 g/cm3 [57]. FJS-1 had

a lower density than the other simulants, making it the closest to lunar regolith

in this regard.
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Conclusions

Research into ISRU processes and technology relies on general purpose lunar

regolith simulants that aim to imitate the composition and properties of lunar

regolith as closely as possible. The aim of this work was to characterise four of the

available general purpose lunar simulants, compare them to previously reported

simulant data, and to real lunar regolith. Based on the presented data some

conclusions can be drawn about each simulant investigated.

6.1 JSC-2A

The characterisation of JSC-2A suggests it is the same natural material as JSC-

1A. Although the batch in this study had a similar particle size distribution to

JSC-1A, subsequent JSC-2A batches are potentially inconsistent. As discussed in

2.3.3, the JSC simulants were initially only intended for geotechnical experiments,

but have since been adopted as general purpose simulants. The chemical com-

position and mineralogy of JSC-2A is an approximation of mare-like lunar soil

and can be used for chemical experiments, as long as it is acknowledged that it

may not be representative of all mare regolith. It contains the largest proportion

of glass, making it the closest to lunar regolith in this regard. As such, JSC-2A

would be the most appropriate simulant for ISRU research involving sintering or

melting. Due to the large difference in relevant iron forms, JSC-2A should not

be used in magnetic or iron-based oxygen extraction experiments.
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6.2 FJS-1

The FJS-1 characterised in this work appears to be a slightly different material to

the original FJS-1 batch produced in 1998. As a result, the two cannot be directly

compared experimentally. Additionally, the mineralogy and glass content of FJS-

1 was never fully characterised and reported, making it unclear if FJS-1 could be

used as a general purpose simulant. Based on the data reported, FJS-1 can be

used for chemical ISRU experiments, so long as the limitations of the simulant are

considered (with reference to exact chemical and mineral composition). As with

JSC-2A the form of iron in FJS-1 makes it inappropriate for magnetic or iron-

based oxygen extraction experiments. FJS-1 had the best physical properties of

the four simulants characterised; compared with lunar regolith it has the closest

grain size distribution, bulk density, and particle complexity.

6.3 EAC-1

EAC-1A, a new simulant material, was fully characterised. Of all the simulants,

EAC-1A was the least like lunar regolith in all regards with large differences

in chemistry and mineralogy; EAC-1A also included hydrated minerals, had no

glass phase, contained the highest water and carbon content, and had the least

similar grain size distribution to lunar regolith. It is important to remember that

EAC-1A was created as a low-cost low fidelity lunar regolith simulant to be used

for a large scale training ground, and for that purpose it is suitable. However,

it would not be advisable to use the simulant for ISRU research involving any

physiochemical or chemical changes, such as extraction experiments, additive

manufacturing, or melting/sintering experiments. Along with the other mare

simulants, the magnetic properties of EAC-1A will not mimic lunar minerals or

properties. The mechanical properties of EAC-1A will also be influenced by the

compositional differences discussed.

6.4 NU-LHT-3M

NU-LHT-3M has been shown to be fundamentally different to NU-LHT-2M, and

therefore should not be compared directly without accounting for the differences

in composition. Even though -3M appears to be of lower fidelity than the -2M

version, with no added minor minerals and less synthetic glass, the chemical
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and mineral composition of NU-LHT-3M still closely resembles the regolith it

is simulating (highland). It had the most lunar-like plagioclase, iron speciation,

water content, and bulk chemistry of all the simulants studied. This is reflective of

the individual components being hand-picked by experts and mixed appropriately.

Nu-LHT-3M also had the most lunar like particle morphology, when considering

both parameters measured. One aspect that NU-LHT-3M does not mimic is the

glass content of the lunar regolith; as such, it should not be used in melting or

sintering processes. Even though the crystalline phases are the most similar, it

will behave quite differently due to the lack of amorphous material.

6.5 Simulant outlook

This characterisation study demonstrates some of the lunar simulant issues relat-

ing to composition, properties, and consistency. The ’general purpose’ simulants

included in this characterisation study are certainly not perfect, nor are they

the only lunar regolith simulants. However, in a terrestrial context, there can

be no perfect simulant as one material will never imitate all the properties of

lunar regolith to fit all purposes. Moreover, the Moon is a natural heterogeneous

body and one material will never be truly representative. Rather, an appropriate

simulant needs to be chosen for a given experiment, based on the specific char-

acteristics relevant to that particular experiment. This cannot be done without

full and up to date characterisations of the simulant materials. Unfortunately,

simulant selection in ISRU research is often driven by availability, or lack of avail-

ability. Therefore, at a minimum, the differences between a chosen simulant and

lunar regolith should be quantified and accounted for when reporting experimen-

tal work.

There is a clear need for new lunar regolith simulants to support ISRU re-

search. As the field grows, more simulants will become available to imitate specific

properties or different deposits on the lunar surface. As of mid-2018 at least four

new lunar regolith simulants were in development. The future technology and

processes that will make the use of lunar resources in space a reality will have un-

doubtedly used terrestrial lunar simulants to prepare for the unique composition

and properties of the lunar regolith.
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[111] H. Gunnlaugsson, Ö. Helgason, L. Kristjánsson, P. Nørnberg, H. Ras-
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APPENDIX A: SEM/EDX element maps

Figure 1: JSC-2A - Map sum spectrum and elemental wt%.

Figure 2: JSC-2A - Individual element maps (not normalised).

Figure 3: JSC-2A - Combined elemental map.



APPENDIX A: SEM/EDX element maps

Figure 4: FJS-1 - Map sum spectrum and elemental wt%.

Figure 5: FJS-1 - Individual element maps (not normalised).

Figure 6: FJS-1: Combined elemental map.

Figure 7: EAC-1A - Map sum spectrum and elemental wt%.



APPENDIX A: SEM/EDX element maps

Figure 8: EAC-1A - Individual element maps (not normalised).

Figure 9: EAC-1A - Combined elemental map.

Figure 10: NU-LHT-3M - Map sum spectrum and elemental wt%.

Figure 11: NU-LHT-3M - Individual element maps (not normalised).



APPENDIX A: SEM/EDX element maps

Figure 12: NU-LHT-3M - Combined elemental map.



APPENDIX B: EDX phase map data

Phase Color
Fraction 

(%)
Pixel 

Count
1 128 38.5 277834
2 180 15.5 111917
4 300 6.4 45944
6 60 0.2 1334
9 120 0.1 417

10 121 0.1 684
UP 0 8.5 60993

Grey Phase 1 Blue Phase 2 Pink Phase 4
Element Weight % σ Element Weight % σ Element Weight % σ

O 30 0.1 O 33.3 0.1 O 31.2 0.1
C 22.4 0.2 C 20 0.2 Mg 21 0.1
Si 16.9 0 Si 18.4 0.1 Si 15.5 0.1
Fe 8.6 0 Al 12.3 0 Fe 15.1 0
Al 6.3 0 Ca 7.8 0 C 12.8 0.1
Ca 5.5 0 Au 3.2 0 Au 3.3 0
Au 3.4 0 Na 2 0 Ca 0.4 0
Mg 2.3 0 Fe 1.9 0 Al 0.4 0
Na 2.1 0 Mg 0.4 0 Mn 0.2 0
Ti 1.4 0 Ti 0.3 0 Ti 0.1 0
K 0.8 0 Sr 0.2 0 Ta 0 0

Mn 0.2 0 K 0.2 0 Ge 0 0
Sr 0.1 0 W 0 0 W 0 0
V 0 0

Yellow Phase 6 Green Phase 9 Green Phase 10
Element Weight % σ Element Weight % σ Element Weight % σ

O 30.1 1 Fe 62.5 0.9 Fe 36.2 1.2
Si 20.4 0.6 C 28.5 1 O 22.8 1.1
C 14.2 2.1 O 3.5 0.6 C 10.5 2.7

Ca 11.4 0.3 Au 2.9 0.3 Si 7.7 0.3
Fe 8 0.2 Si 1 0.1 Ti 5.6 0.2
Mg 5.1 0.2 Mn 0.8 0.1 Al 5.5 0.2
Al 4.1 0.1 Al 0.5 0.1 Au 3.6 0.3
Au 3.5 0.2 Ca 0.3 0.1 Mg 3.1 0.2
Ti 1.4 0.1 Ca 2 0.1
Na 1.1 0.1 Na 1.2 0.2
K 0.5 0 Cr 0.8 0.1

Mn 0.2 0 V 0.3 0.1
Mn 0.2 0.1
K 0.2 0

Figure 13: Phase data of JSC-2A, elements are reported in weight %, atomic
ratios are calculated using atomic % conversion, UP: unassigned pixels.



APPENDIX B: EDX phase map data

Phase Color
Fraction 

(%)
Pixel 

Count
1 180 24.4 175841
3 60 5.8 41568
5 30 12.8 92186
6 0 2.6 19088
7 300 2.1 15295
8 134 1.9 14045

UP 0 2.8 19880
Blue Phase 1 Yellow Phase 3 Orange Phase 5

Element Weight % σ Element Weight % σ Element Weight % σ
O 30.7 0.1 O 28.3 0.1 O 30 0.1
C 23.1 0.2 Si 21.4 0.1 Si 22 0.1
Si 19.1 0 C 14.2 0.2 C 20.6 0.3
Al 11.9 0 Fe 11.7 0 Fe 7.1 0
Ca 7.4 0 Ca 9.8 0 Al 6.3 0
Au 4.1 0 Mg 7.6 0 Ca 4.3 0
Na 2.1 0 Au 4.2 0 Au 4.2 0
Fe 1.3 0 Al 1.8 0 Na 1.7 0
K 0.2 0 Ti 0.7 0 K 1.4 0
Ti 0.1 0 Mn 0.3 0 Mg 1.3 0
W 0 0 V 0.1 0 Ti 1 0

Mn 0.1 0
V 0 0
W 0 0

Red Phase 6 Pink Phase 7 Green Phase 8
Element Weight % σ Element Weight % σ Element Weight % σ

O 29.9 0.2 O 27.2 0.2 Fe 36.3 0.3
Si 22.1 0.1 Fe 22 0.1 O 21.3 0.3
C 13.9 0.2 Mg 16.9 0.1 C 12.7 0.7
Fe 13.3 0.1 Si 15.2 0.1 Si 9.8 0.1
Mg 11.5 0.1 C 13.2 0.3 Ti 6.5 0.1
Au 4.2 0.1 Au 4.1 0.1 Au 4.2 0.1
Ca 3.3 0 Ca 0.5 0 Al 3.1 0
Al 1.1 0 Mn 0.4 0 Mg 2.2 0

Mn 0.3 0 Al 0.3 0 Ca 1.7 0
Ti 0.3 0 Ta 0.1 0 Na 0.7 0
Ge 0 0 Ti 0.1 0 V 0.5 0

Ge 0 0 K 0.4 0
W 0 0 Ba 0.4 0.1

Mn 0.3 0
Cr 0.1 0

Figure 14: Phase data of FJS-1, elements are reported in weight %, atomic ratios
are calculated using atomic % conversion, UP: unassigned pixels.



APPENDIX B: EDX phase map data

Phase Color
Fraction 

(%)
Pixel Count

1 60 13.8 99438
2 300 4.9 35498
3 285 3.3 23465
4 180 18.7 134953
6 0 1.1 7793
7 240 0.3 2216
8 120 3.2 23095

13 30 4.5 32797
UP 0 1.4 10167

Yellow Phase 1 Pink Phase 2 Purple Phase 3
Element Weight % σ Element Weight % σ Element Weight % σ

O 31.5 0.1 O 30.4 0.1 O 32.8 0.1
Si 18.9 0 Mg 20.8 0.1 Mg 25.1 0.1
C 14.4 0.1 Fe 15.6 0 Si 15.6 0.1

Ca 14.1 0 Si 15.3 0.1 C 15.5 0.2
Mg 6.4 0 C 13.5 0.2 Fe 6.9 0
Fe 5.8 0 Au 3.6 0 Au 3.6 0.1
Al 3.8 0 Mn 0.4 0 Ni 0.3 0
Au 3.6 0 Ca 0.3 0 Mn 0.1 0
Ti 1.5 0 Ta 0.1 0 Ta 0.1 0

Ti 0 0 Ca 0.1 0
Ge 0 0 Ge 0 0
W 0 0 W 0 0

Blue Phase 4 Red Phase 6 Dark blue Phase 7
Element Weight % σ Element Weight % σ Element Weight % σ

O 34.7 0.1 O 36.6 0.5 O 36 0.6
Si 20.1 0.1 Si 24.6 0.3 Ca 31.6 0.3
C 14.2 0.3 Mg 15.6 0.2 C 17.2 0.5
Al 10.4 0 C 14.9 1.1 Au 3.9 0.2
Ca 5.3 0 Au 3.7 0.1 Si 3.4 0.1
Na 3.8 0 Fe 2.6 0 Fe 2.5 0.1
Au 3.6 0 Al 1.3 0 Mg 2 0.1
Fe 2.7 0 K 0.2 0 P 1.8 0.1
Mg 2.3 0 Ca 0.2 0 Al 0.6 0.1
K 1.9 0 Mn 0.1 0 Yb 0.5 0.1
Ti 0.5 0 Ti 0.1 0 Mn 0.4 0
Sr 0.2 0 Ge 0 0
Cl 0.2 0

Mn 0.1 0
W 0 0

Green Phase 8 Orange Phase 13
Element Weight % σ Element Weight % σ

Fe 31.5 0.2 O 32.8 0.2
O 24.2 0.2 C 21.6 0.5
Si 9.8 0.1 Si 15 0.1
C 8.6 0.5 Fe 11.7 0.1
Ti 7.2 0 Mg 10.7 0.1
Al 5.3 0 Au 3.9 0.1
Au 3.6 0.1 Al 3 0
Mg 3.6 0 Ca 0.6 0
Ca 2.8 0 K 0.2 0
Na 2.3 0 Mn 0.2 0
K 0.6 0 Ti 0.2 0

Mn 0.4 0 Cl 0.1 0
V 0.2 0 Ta 0 0

Ge 0 0
W 0 0

Figure 15: Phase data of EAC-1A, elements are reported in weight %, atomic
ratios are calculated using atomic % conversion, UP: unassigned pixels.
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Phase Color
Fraction 

(%)
Pixel 

Count
1 180 29.2 210417
2 60 2.3 16388
3 30 2 14482
5 270 0.8 6044
6 0 8.4 60378
7 210 0.1 623

11 117 0.2 1458
UP 0 4.2 30082

Blue Phase 1  Yellow Phase 2 Orange Phase 3
Element Weight % σ Element Weight % σ Element Weight % σ

O 33.9 0 O 30 0.2 O 32.9 0.3
C 20.2 0.1 C 24.9 0.3 C 20.4 0.6
Si 16.9 0 Si 17.4 0.1 Si 16.9 0.1
Al 14.4 0 Ca 12 0.1 Al 8.2 0.1
Ca 10.3 0 Mg 7.4 0 Ca 6.5 0.1
Au 3 0 Fe 3.6 0 Fe 6.1 0.1
Na 0.9 0 Au 3 0.1 Mg 5.2 0.1
Fe 0.4 0 Al 1 0 Au 3.1 0.1
Yb 0.1 0 Cr 0.4 0 Ce 0.4 0
W 0 0 Ti 0.2 0 K 0.2 0

Mn 0.1 0 Ti 0.2 0
Cl 0.1 0

Purple Phase 5 Red Phase 6 Dark blue Phase 7
Element Weight % σ Element Weight % σ Element Weight % σ

O 35.1 0.6 O 32.6 0.1 O 38.9 0.9
Si 25 0.4 C 28.1 0.2 Si 33.6 0.7
C 18.9 1.1 Si 15.8 0.1 C 22.9 1.4
Al 8.4 0.1 Mg 11.7 0 Au 2.8 0.2
Au 3 0.1 Fe 7 0 Al 0.7 0.1
Ca 2.8 0 Au 2.8 0 In 0.6 0.1
Na 2.6 0.1 Ca 0.8 0 Ca 0.3 0
K 2 0 Al 0.7 0 Fe 0.2 0
Fe 1.4 0 Cr 0.2 0 W 0.1 0.1
Mg 0.3 0 Mn 0.1 0
Ba 0.2 0 Ti 0.1 0
Mn 0.1 0 Cl 0.1 0
Ti 0.1 0 Ta 0.1 0

Green Phase 11
Element Weight % σ

C 43.4 0.7
Fe 40.8 0.5
O 7.4 0.6
Si 2.5 0.1
Au 2.4 0.2
Al 1.4 0.1
Ca 0.8 0
Mg 0.7 0.1
Mn 0.4 0
Cl 0.2 0
Ti 0.1 0

Figure 16: Phase data of NU-LHT-3M, elements are reported in weight %, atomic
ratios are calculated using atomic % conversion, UP: unassigned pixels.
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Figure 17: Comparison of the XRD data collected for JSC-2A, (a) basic sample
preparation, 1 hour collection; (b) basic sample preparation, 8 hour collection;
(c) spray dried spiked sample, short collection.
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Figure 18: Comparison of the XRD data collected for FJS-1, (a) basic sample
preparation, 1 hour collection; (b) basic sample preparation, 8 hour collection;
(c) spray dried spiked sample, short collection.
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Figure 19: Comparison of the XRD data collected for EAC-1A, (a) basic sample
preparation, 1 hour collection; (b) basic sample preparation, 8 hour collection;
(c) spray dried spiked sample, short collection.
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Figure 20: Comparison of the XRD data collected for NU-LHT-3M, (a) basic
sample preparation, 1 hour collection; (b) basic sample preparation, 8 hour
collection; (c) spray dried spiked sample, short collection.
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Figure 21: Calcite reference spectrum [131].



APPENDIX D: XRD - Peak matching

Labradorite [Ca0.65Na0.32l1.62Si2.3] Forsterite [Mg3.1Fe0.9SiO4]

Figure 22: Components found to be major contributors to the XRD spectrum of
JSC-2A.

Labradorite [Ca0.65Na0.32Al0.81Si2.38O8] Augite [CaFe0.25Mg0.74Si2O4]

Titanomagnetite [Fe2.5Ti0.5O4] Forsterite = [Mg1.2Fe0.58SiO4]

Figure 23: Components found to be major contributors to the XRD spectrum of
FJS-1.



APPENDIX D: XRD - Peak matching

Augite [CaMg0.74Fe0.25Si2O6] Labradorite [Ca0.65Na0.32Al1.62Si2.38O8]

Olivine [Mg1.584Fe0.399Ca0.005Mn0.012SiO4 Titanomagnetite [Fe2.5Ti0.5O4]

[K0.06Na1.5Al1.56Si2.44O8] Chlorite [Al1.2Cr0.7Fe0.1H7.9Mg5Si3O18]

Illite [Al4KSi2O12]

Figure 24: Components found to be major contributors to the XRD spectrum of
EAC-1A.

Bytownite [Ca0.86Na0.14Al1.94Si2.06O8] Enstatite [Mg1.502Fe0.498Si2O6]

Diopside [CaMg0.74Fe0.25Si2O6]

Figure 25: Components found to be major contributors to the XRD spectrum of
NU-LHT-3M.



APPENDIX E: XRD - Reitveld refinement

EAC-1 JSC-2A LHT-3 FJS-1

Plagioclase Feldspars 28.4 75.72 73.89 67.86
Anorthite 7.96 4.95
Bytownite 18.1 7.4 24.2
Labradorite 24.9 28.7 25.4
Andesine 4.5 18.8 23.6
Oligoclase 5.8 10.56 7.15 13.9
Albite 6.1 8.89 4.96

Alkali Feldspars 14.29 2.27 2.61 4.88
Orthoclase 2.85 2.61
Microcline 11.44 2.27 2.62
Sanidine 2.26

Pyroxenes 12.1 6.18 14.43 14.2
Aguite 8.48 3.17 3.85 8.21
Diopside
Pigeonite 1.53 5.99
Enstatite 10.58
Aegirine 3.62 1.48

Olivines 8.07 7.77 0 3.43
Forsterite iron 8.07 7.77 3.43

Oxides 2.43 0 0 0
Titanomagnetite 2.43
Hematite

Phyllosilicates 14.97 6.87 6.4 5.79
Illite (Mica) 3.13 2.23 1.76
Muscovite (Mica) 2.17 2.3
Annite (Mica)
Phlogopite (Mica) 1.41 2.81
Chlorite 8.85 1.97 1.36
Kaolinite 2.99 1.32 1.73

Amphibole 5.22 1.23 1.6 1.6
Hornblend (magnesian iron) 5.22 1.23 1.6 1.6

Feldspathoids 14.58 0 1.07 2.19
Analcime 3.77

Nepheline 9.17 1.07 2.19

Sodalite 1.64

100.06 100.04 100 99.95

Rwp 9.78 4.99 23.52 8.2

Figure 26: Rietveld refinement results from XRD data using the basic sample
preparation and 8-hour data collection time.
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EAC-1 JSC-2A LHT-3 FJS-1

Plagioclase Feldspars 12.75 50.7 58.59 48.7
Anorthite 3.31
Bytownite 3.2 19.4 31.1 17.9
Labradorite 2.85 7.4 14.1 6.2
Andesine 6.1 18.5 1.5 16.7
Oligoclase 0.6 5.4 1.95 7.9
Albite 6.63

Alkali Feldspars 6.95 4.31 5.46 5.54
Orthoclase 2.03 0.69 1.87 2.43
Microcline 3.83 2.29 2.28 1.83
Sanidine 1.09 1.33 1.31 1.28

Pyroxenes 34.54 4.83 7.76 17.85
Aguite 32.8 3.1 3.75 14.9
Diopside 1.43
Pigeonite
Enstatite
Aegirine 1.74 1.73 2.58 2.95

Olivines 13.2 12.9 1.4 3.89
Forsterite iron 13.2 12.9 1.4 3.89

Oxides 2.98 0.8 2.832 1.92
Titanomagnetite 1.96 0.8 0.732 1.92
Quartz 0.5
Goethite 0.52 1.38
Spinel 0.72
Hematite

Phyllosilicates 4.66 4.97 8.93 5.25
Illite (Mica) 1.54 1.15 3.44 2.28
Muscovite (Mica)
Annite (Mica)
Phlogopite (Mica) 0.77 0.87 1.5 0.91
Chlorite 1.27 1.96 2.47 0.98
Kaolinite 1.08 0.99 1.52 1.08

Amphibole 1.09 0 1.89 0.18
Hornblend (magnesian iron) 1.09 1.89 0.18

Feldspathoids 6.68 1.95 1.1 2.39
Analcime 0.76 0.2 0.04 0.37

Nepheline 5.31 1.47 1.06 1.38

Sodalite 0.61 0.28 0.64

Calcite 17.2 19.5 12.08 14.3

82.85 80.46 87.962 85.72
100.05 99.96 100.042 100.02

Rwp 6.61 5.99 8.67 6.56

Figure 27: Rietveld refinement results with XRD data using the spray dried
sample preparation method and short data collection time.
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EAC-1 JSC-2A LHT-3 FJS-1

Anorthite 0 0 3.31 3.57304636 0

Bytownite 3.2 2.42604651 19.4 12.9731282 31.1 33.5715232 17.9 16.3227972

Labradorite 2.85 2.16069767 7.4 4.94851282 14.1 15.2205298 6.2 5.65370629

Andesine 6.1 4.62465116 18.5 12.3712821 1.5 1.6192053 16.7 15.2285315

Oligoclase 0.6 0.45488372 5.4 3.61107692 1.95 2.10496689 7.9 7.20391608

Albite 0 0 6.63 7.15688742 0

Orthoclase 2.03 1.53902326 0.69 0.46141538 1.87 2.01860927 2.43 2.21588811

Microcline 3.83 2.90367442 2.29 1.5313641 2.28 2.46119205 1.83 1.66875524

Sanidine 1.09 0.82637209 1.33 0.88939487 1.31 1.41410596 1.28 1.16721678

Aguite 32.8 24.8669767 3.1 2.07302564 3.75 4.04801325 14.9 13.5871329

Diopside 0 0 1.43 1.54364238 0

Pigeonite 0 0 0 0

Enstatite 0 0 0 0

Aegirine 1.74 1.31916279 1.73 1.15688205 2.58 2.78503311 2.95 2.69006993

Forsterite iron 13.2 10.0074419 12.9 8.62646154 1.4 1.51125828 3.89 3.54724476

Titanomagnetite 1.96 1.48595349 0.8 0.53497436 0.732 0.79017219 1.92 1.75082517

Quartz 0.5 0.37906977 0 0 0

Goethite 0.52 0.39423256 0 1.38 1.48966887 0

Spinel 0 0 0.72 0.77721854 0

Hematite 0 0 0 0

Illite (Mica) 1.54 1.16753488 1.15 0.76902564 3.44 3.71337748 2.28 2.0791049

Muscovite (Mica) 0 0 0 0

Annite (Mica) 0 0 0 0

Phlogopite (Mica) 0.77 0.58376744 0.87 0.58178462 1.5 1.6192053 0.91 0.82981818

Chlorite 1.27 0.96283721 1.96 1.31068718 2.47 2.66629139 0.98 0.89365035

Kaolinite 1.08 0.8187907 0.99 0.66203077 1.52 1.6407947 1.08 0.98483916

Hornblend (magnesian iron) 1.09 0.82637209 0 1.89 2.04019868 0.18 0.16413986

Analcime 0.76 0.57618605 0.2 0.13374359 0.04 0.04317881 0.37 0.3373986

Nepheline 5.31 4.02572093 1.47 0.98301538 1.06 1.14423841 1.38 1.25840559

Sodalite 0.61 0.46246512 0.28 0.18724103 0 0.64 0.58360839

Calcite spike 17.2 13.04 19.5 13.04 12.08 13.04 14.3 13.04

0.75813953 0.66871795 1.0794702 0.91188811

100.05 75.85186 99.96 66.84505 100.042 107.9924 100.02 91.20705

Glass/non-crystalline 24.19814 33.11495 -7.95036 8.812951

Figure 28: Calculated calcite spike data from Rietveld refinement results with
XRD data using the spray dried sample preparation method and short data col-
lection time.
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Figure 29: Spot EDX analysis images - JSC-2A.



APPENDIX F: EDX spot measurements

x 5

x 6

x 6

x 9

x 16

x 17

x 18

x 19

x 20

x 21

x 22

x 23

x 24

x 25

x 26

x 27
x 28

x 29

x 30

x 31

x 32
x 33

x 39

x 40

x 41

x 42

x 38

x 46

x 47

x 48

x 49 

x 50

x 51

x 53

x 52

x 54

x 5556 x

x 57

x 58

x 59

x 60

x 61

x 62

x 63
x 64

Figure 30: Spot EDX analysis images - FJS-1
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Figure 31: Spot EDX analysis images - EAC-1
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Figure 32: Spot EDX analysis images - NU-LHT-3M
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