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the lunar surface may open possibilities for using glass in construction on the lunar surface. Possible 62 

applications are windows, mirrors, solar cells, fibres or insulation foams, [23] which all require glass 63 

material of different qualities and properties. For example, using synthetically manufactured glass as 64 

backplate for front coated mirrors, glass composition is of minor importance compared to glass 65 

surface quality. In comparison window glass or cover glass for, for example, solar cells, will require 66 

optically transparent glass. 67 

The goal of this work was to determine how transparent glass can be manufactured from bulk lunar 68 

regolith by using artificial lunar regolith (regolith simulant) as starting material, and then to determine 69 

the optical quality of the glass produced.  70 

Terrestrial basaltic glass, lunar glass and synthetic glass 71 

For this work, glasses found in nature (on the Moon and on Earth), are considered natural glasses and 72 

glasses manufactured from sand, rocks and minerals are considered synthetic glass. Compared to 73 

research conducted on terrestrial synthetic glasses, which are used in an increasing number of 74 

applications on Earth, research conducted on natural (basaltic) glasses is comparably limited. On the 75 

Moon glass has been found in quantities from 1-17 % in the mare regions and 5-25 % in the highland 76 

regions [25]. There have been numerous geochemical studies of natural lunar glasses [26] [27], 77 

principally aimed at determining how glasses and related volcanic products were formed, and what 78 

they may indicate about the nature of the lunar interior [28] [29]. Studies on natural terrestrial glasses 79 

also typically focus on geochemical characteristics, which can indicate conditions and geological 80 

settings under which parental melts formed [30] [31] [32]. However, there has also been considerable 81 

research on crystallisation behaviour of terrestrial basaltic glasses [33] [34] as well as their 82 

physical/chemical [35] and magnetic [36] properties. Practical applications of synthetic basalt glass 83 

are, for example, basalt fibre reinforced concrete [37] or immobilisation of transuranic wastes [38]. 84 

With respect to potential lunar applications, synthetic lunar glass can be produced from bulk lunar 85 

material [19] and has already been used to manufactured synthetic glass substrate from artificial lunar 86 

regolith (regolith simulant) for mirrors [20]. To the knowledge of the authors, only one study has been 87 

conducted on manufacturing transparent synthetic lunar glass from anorthite [23] but not using a 88 

regolith simulant as a starting point for manufacturing. 89 

Glass sheet manufacturing from regolith simulant 90 

The overall goal of this study was to manufacture a transparent glass sheet and to analyse its optical 91 

properties, using available analogue lunar material. Previous work on basaltic glasses as a start did not 92 

provide guidelines on the actual manufacturing process. Thus, terrestrial soda-lime glass 93 
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manufacturing was targeted, as this has been studied for centuries [39] [40]. Glass manufacturing on 94 

Earth has changed much from early glass production [41], to the rise of the float glass process for 95 

glazing [42], and many different types of glass have been developed and utilised.  Other than the glass 96 

composition and selected process, key parameters are processing temperature, material 97 

combinations and correct cooling and annealing. This is in order to avoid, for example, bubble 98 

formation or stress building up in the glass [43]. Due to the lack of practical experiments conducted 99 

with basaltic glasses, it was required to develop a manufacturing process first before samples could 100 

be produced and measurements could be conducted. The developed method will be described after 101 

glass colour and the regolith beneficiation process have been discussed briefly. 102 

Basaltic glass colour 103 

Terrestrial basaltic glasses are typically black-brown-green and low transparency and lunar glasses are 104 

variable in colour. Glass beads recovered during Apollo missions can be characterised based on Ti 105 

content and colour, varying from green to orange-black [26]. Although multiple elements influence 106 

glass colour, one of the elements having a major impact is iron [44] [45]. Typically, natural terrestrial 107 

basaltic glasses have a green-brown/black taint which results primarily from the presence of Fe2+ and 108 

Fe3+. The presence of smaller amounts of other metal ions such as Cr, Mn, V, and Co may also 109 

contribute to the colour. Only considering iron, synthetic glasses with very low, approx. 0.01 weight 110 

percent (wt%) ferric oxide content do not show the blue-green coloration of typical window glass with 111 

0.1 wt% ferric oxide content, especially for thicknesses >> 1cm [46]. Other applications require a 112 

certain amount of iron oxide to manufacture highly coloured glasses such as car windows or beer 113 

bottles with Fe2O3 contents of 1.4-4 wt% [47]. However, it should be noted that terrestrial glasses are 114 

not typically synthesised from basaltic material, which is chemically complex and typically contains 115 

appreciable amounts of iron.  Other elements potentially impacting synthetic glass colour, even in 116 

quantities as small as 0.1 wt%, are Ti, Cr and S [45] [44]. On Earth, a geologically complex environment 117 

means that silica-rich, relatively Fe-poor material for making transparent glass is readily available. This 118 

is not the case for the Moon, whose surface represents products formed by cooling on an extensive 119 

magma ocean, overprinted by later, dominantly basaltic volcanism [26].  120 

For this study, the prime focus was on removing iron oxide, and a secondary focus on removing 121 

titanium, in order to synthesise transparent glass from lunar regolith simulant. The regolith simulants 122 

used, which represent a range of six available regolith simulant materials (BP-1, EAC-1, FJS-1, JSC-1A, 123 

JSC-2A, LHT-3M; more details in methods section), contained between 5.56 to 13.18 wt% Fe2O3 and 124 

0.11 to 2.15 wt% TiO2 in the raw bulk. Since these two were considered the prime contributor to the 125 
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Heating and casting 246 

Figure 4 shows parts of the heating and casting process for manufacturing a glass sheet from 247 

magnetically beneficiated regolith simulants. On the left side in Figure 4 LHT-3M-non (1) and JSC-2A-248 

non (4) samples are depicted prior to processing and combining of gran size distributions. In the top 249 

middle of Figure 4 a platinum crucible is shown next to a vial of LHT-3M-non prior to heating. Each 250 

sample was processed following the same procedure. Samples of all grain sizes processed via magnetic 251 

beneficiation were combined, placed in a platinum crucible, and heated at 1550 °C for 15 minutes in 252 

a resistive heated furnace (temperature empirically determined as best working point temperature). 253 

Then the crucible was removed from the furnace and the molten regolith sample was cast from the 254 

platinum crucible into a graphite mould. Typically, the sample was then allowed to cool to room 255 

temperature before being removed from the mould and further processed. Due to the small amount 256 

of sample available for this experiment, two more samples of LHT-3M glass were manufactured by 257 

entering a smaller amount of molten regolith into the graphite mould and pressing down on the 258 

sample with a graphite plunger. These two resulting samples are shown in (3) and (6) in Figure 4 and 259 

appear transparent. Also shown in subfigure 5 is a platinum crucible from the experiments with JSC-260 

2A with the small amount of JSC-2A-non, which also turned into a transparent glass.  261 

No simulant other than LHT-3M, delivered an amount of more than 10 g of non-magnetic material. 262 

However, BP-1, FJS-1 and JSC-2A delivered enough to attempt limited glass manufacturing as well. 263 

Unfortunately, the thermal mass of these three samples was not sufficient to allow casting from a 264 

platinum crucible, since the sample solidified in the crucible before it could be cast. Use of higher 265 

temperatures (1700 °C) did not overcome this issue. Thus, samples were put into a graphite crucible 266 

(known not to bond with regolith materials) and entered in the furnace at 1550 °C for only 3 minutes. 267 

After removing the crucible from the furnace, the sample was kept in the crucible and a graphite 268 

plunger was used to press down on the hot liquid glass to obtain a thin, elongated piece of glass similar 269 

to (6) in Figure 4. 270 
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1 FJS-1, and 1 JSC-1A) samples could be processed into slides. However, latter three samples delivered 290 

limited usable samples due to contamination shown in Figure 6 and discussed below.  291 

  292 

Figure 5 Transparent glass made from regolith simulant LHT-3M. Sample after casting and annealing (left) and after 293 
processing (right). 294 

 295 

Figure 6 Glass panes made of regolith simulants BP-1 (left), FJS-1 (middle) and JSC-2A (right). Partial transparency could be 296 
achieved with visible black streaks of carbon (indicated by red arrowheads) which penetrated into the samples during 297 
manufacturing from the graphite crucible. 298 

Analysis Methods 299 

This section describes methods employed to measure mineralogical (XRD) and oxide (XRF) content of 300 

the six regolith simulants utilised. Further, it describes methods used to measure the surface 301 
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Results 361 

During the process of preparing a transparent glass slide from regolith simulant, three main 362 

measurements have been conducted. First, the analysis of the regolith samples composition prior and 363 

after the magnetic beneficiation. Second, the samples surface roughness after grinding, lapping and 364 

polishing. Third, the optical properties of each sample with a focus on transmission measurements. 365 

All percent values in this chapter are weight percent (wt %) if not indicated otherwise.  366 

XRD 367 

Results obtained from XRD analysis of four (EAC-1, FJS-1, JSC-2A and LHT-3M) of the initial, raw and 368 

unaltered regolith samples is shown in Table 2. Additionally, for reference supplier values for BP-1 are 369 

also included.  370 

Table 2 XRD results overview, values for mineral groups are displayed in wt % 371 

Group  BP1M  EAC1  FJS1  JSC2A  LHT3 

Plagioclase  57.7 13.8 55.9 45.7 66.6 

K Feldspar 7.3 13.4 5.0 5.0 2.9 

Pyroxene  13.8 35.5 26.3 6.8 24.4 

Olivine  12.9 13.3 5.0 11.9 1.3 

Oxide Minerals  8.3 2.0 1.5 0.6 0.3 

Glass  na 14.4 0.7 23.9 0.0 

Mica  na  3.3 3.2 1.8 0.9 

Alteration  na  4.3 2.4 4.4 3.8 

Sum  100.0 100.0 100.0 100.0 100.0 
M Manufacturer Data [56] 

Mineral phases detected by XRD with Rietveld refinement include numerous members of solid 372 

solution series, and can be categorised into minerals groups, as listed in Table 3. 373 

Table 3 Detected minerals groups and individual minerals by XRD with Rietveld refinement 374 

Group Minerals contained 
Plagioclase Albite, Andesine An50, Anorthite, Bytownite An85, Labradorite An65, Oligoclase 

An16 
K Feldspar Microcline maximum, Orthoclase, Sanidine Na0.07, Nepheline 
Pyroxene Aegirine, Augite, Diopside, Enstatite, Pigeonite 
Olivine Forsterite (iron) 
Oxide Minerals Ilmenite, Titanomagnetite 
Glass Amorphous material 
Mica Annite Mica, Muscovite 2M1 
Alteration Chlorite, Illite, Kaolinite (BISH), Phlogopite 
















































