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Introduction: Lunar simulants are designed to 

replicate specific characteristics of the lunar regolith 

such as bulk chemistry, particle size and distribution. 

They can be used in lieu of precious returned lunar 

material for the testing and development of lunar 

instruments and technologies. They are commonly 

used in in situ resource utilization (ISRU) studies 

wherein resources are extracted from the lunar 

regolith. One such ISRU technique is Molten Regolith 

Electrolysis (MRE) where the lunar regolith is melted, 

and an electrical potential difference is applied to the 

melt. This process disassociates the metals and oxygen 

from the oxides (found in minerals) within the melt. 

Previous lunar MRE studies have used lunar simulants 

such as JSC-1A [e.g. 1,2], with some attempts to 

match the oxide content of the simulated and actual 

lunar material. For example, [1] measured the 

difference in current efficiency between melted 

simulants with controlled oxide composition. 

However, there remains a significant gap in 

knowledge on the impact of regolith composition on 

the MRE process. 

An MRE reactor is in development at The 

University of Central Florida (UCF), with the goal of 

performing targeted resource extraction from lunar 

simulant. We are using thermodynamic models to 

predict how the lunar environment and surface 

materials will affect MRE performance. Here, we will 

discuss some of the key differences between lunar 

simulants and lunar material, and their impact on 

MRE.  

  MRE: Electrolysis is a commonly used technique 

for purifying metals that can be adapted to 

accommodate the separation of oxygen gas and metals 

from molten regolith. MRE remains a favored ISRU 

technique since almost all of the oxygen present in the 

regolith (~40 % [3]) can be extracted. Individual 

elements can be targeted for extraction by identifying 

optimal temperature and potential gradients needed to 

break the oxide bonds present within the melt material. 

The Gibbs free energy of each oxide is used to identify 

the required operational parameters.  

As the MRE process is strongly dependent on the 

oxide content and the liquidus temperature of the 

mixture, we have analyzed these properties in some 

select lunar simulants and compared them to lunar 

soils.  

Simulant properties: Lunar simulants are 

generally produced by matching the mineral 

composition of lunar material and sourcing those 

minerals from terrestrial mines [e.g. 4,5,6,7]. Those 

minerals are then crushed and sieved, and combined in 

appropriate ratios, to mimic the mineralogy and grain 

size distribution of lunar material.  

     Oxide composition: The elemental concentrations 

within minerals differs between terrestrial and lunar 

samples. For example, the oxygen fugacity (the partial 

pressure of oxygen) environment on the Moon is 

extremely low compared to Earth. This precludes the 

formation of Fe3+ (Fe2O3) and so almost all lunar iron 

is found as Fe2+ (FeO). Another significant difference 

between terrestrial and lunar minerals is the sodium 

content. It is observed that the Moon is depleted in 

volatile elements such as sodium relative to the Earth 

[8]. The difference in elemental content between 

terrestrial and lunar minerals is highlighted in Table 1 

where the composition of example simulants and lunar 

soils are shown. Iron oxide content is generally 

reported as a total of either Fe2O3 or FeO. We used 

MELTS, a software package for thermodynamic 

modelling, to determine the ratio of Fe2O3: FeO in 

Table 1 based on the oxygen fugacity environment at 

Oxide 
Mare (wt %) Highland (wt %) 

LMS-1 [4] JSC-1A [6] 70011 [9] LHS-1 [5] NU-LHT [7] 60500 [10] 

SiO2 46.9 45.7 41.52 51.2 46.6 44.95 

TiO2 3.6 1.9 7.36 0.6 0.115 0.6 

Al2O3 12.4 16.2 12.4 26.6 21.55 26.45 

FeO 7.485 9.562 15.422 2.288 4.378 5.175 

Fe2O3 1.239 1.773 0.586 0.457 0.779 0.227 

MnO 0.2 0.2 0.22 0.1 0.09 0.08 

MgO 16.8 8.7 9.93 1.6 9.5 6.05 

CaO 7.0 10.0 11.06 12.8 12.6 15.42 

Na2O 1.7 3.2 0.37 2.9 0.965 0.44 

K2O 0.7 0.8 0.08 0.5 0.12 0.13 

P2O5 0.2 0.7 0.048 0.1 0.07 0.12 

Total 98.224 98.735 98.996 99.145 96.767 99.642 

Liquidus 1507 ºC 1227 ºC 1204 ºC 1335 ºC 1276 ºC 1331 ºC 

Table 1 Oxide composition of lunar simulants (LMS-1, JSC-1A, LHS-1 & NU-LHT) and soils (70011 & 60500). 
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formation. The form of iron oxide and the sodium 

oxides vary significantly between the terrestrial origin 

simulants and the lunar soils. Significant variance in 

MgO, CaO, and K2O can also be seen across the 

samples within the Mare and Highland subsets. 

     Liquidus: The temperature at which an entire 

sample of regolith is melted (a.k.a. liquidus) is 

dependent on the oxides present and the minerals they 

are found in. However, as the lunar regolith is mostly 

fine grained, we assume that the mineral type is 

irrelevant to melting because there are no large-scale 

preferential melting effects from localized mineral 

concentrations. Using MELTS, the liquidus was 

determined for the materials shown in Table 1 under 

terrestrial oxygen fugacity conditions (as would be the 

case for terrestrial experiments). Theoretically, the 

melting temperature of simulant LMS-1 is as much as 

300 ºC higher than lunar regolith.  

Extraction of resources from melt: To target the 

removal of specific resources from minerals in the 

regolith (or simulant) melt, target temperature and 

voltages should be applied. Upon removal of these 

mineral-based resources, the composition of the melt 

changes and therefore the liquidus changes (e.g. Fig. 

1). For example, when MgO is removed, the liquidus 

lowers. This explains why the liquidus temperature of 

LMS-1 is >300 ºC higher than the lower MgO-bearing 

minerals (Table 1).  

The target voltage is chosen based on the lowest 

Gibb’s free energy of the remaining oxides at the melt 

temperature [11]. Therefore, the mineral/oxide 

composition will affect both the required temperature 

and the target voltage needed to remove specific 

resources.  

Going forward: To verify the predicted liquidus 

temperatures, we will use the experimental setup at 

UCF to demonstrate the effect of mineral/oxide 

composition on the liquidus of different lunar 

simulants. We will also identify other potential 

terrestrial source material for lunar simulant 

production which provides a more thermally 

representative mineral/oxide composition. Finally, we 

will perform MRE with the representative simulant 

and compare to models to suggest a standard 

operational procedure for resource extraction from 

lunar regolith. 

Conclusions: Mineral/Oxide composition can 

significantly affect liquidus temperatures and the 

required operational procedure for MRE. Simulant 

selection for MRE studies should therefore consider 

oxide composition of the mineralogy when trying to 

mimic lunar soil behavior.  
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Figure 1 Liquidus temperature of a Low-Ti mare soil as oxides are reduced from the melt. Redrawn from [11]. 
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