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A B S T R A C T   

As NASA strives towards a long duration presence on the Moon, it has become increasingly important to learn 
how to better utilize resources from the lunar surface for everything from habitats, vehicle infrastructure, and 
chemical extraction. To that end, a variety of lunar simulants have been sourced from terrestrially available 
volcanic minerals and glass as Apollo regolith is unavailable for experimentation needing large masses. However, 
while mineralogy and chemical composition can approach that of lunar material in these simulants, there are still 
distinct non-lunar phases such as hydrates, carbonates, sulfates, and clays that can cause simulants to behave 
distinctly non-lunar in a variety of processing conditions that maybe applied in-situ to lunar material. Notably, 
severe glassy bubbling has been documented in a variety of vacuum sintering experiments on JSC-1A lunar mare 
simulant heated via microwaves. The origins of this outgassing have not been well understood but are normally 
attributed to the decomposition of non-lunar contaminates intrinsic to virtually all terrestrially sourced simu-
lants. As such, a series of controlled environmental tests were performed to ascertain the origins of the high 
temperature outgassing and to develop heat treatments that can drive JSC-1A closer to lunar composition and 
behavior. It was found that in JSC-1A at elevated temperatures distinct gas evolutions of water, carbon dioxide, 
and sulfur dioxide occur in both inert gas and vacuum. Additionally, the presence of hydrogen during heat 
treatments was shown to dramatically change gas evolutions, leading to distinctly more lunar-like composition 
and behavior from JSC-1A simulant.   

1. Introduction 

Compared to the Apollo missions in the 1960s and 1970s, NASA’s 
planned return to the Moon will require vastly more mass from Earth 
and technologies that have never been tested on the Moon (NASA, 
2020). Success in the Artemis program will require development and 
testing of a complex range of equipment on Earth using conditions that 
adequately replicate the lunar environment, i.e. vacuum 
(~10− 13–10− 15 bar), radiation, and crushed rock (NASA, 2019). That 
crushed lunar rock, termed “regolith”, is derived from the original 

lithologies of the Moon by hypervelocity impacts over the life of the 
Moon. 

During the Apollo missions, dust from rocket plumes and travel on 
the Moon was lofted in the landing area. To mitigate the dust lofting and 
create a sustaining work environment the construction of landing/ 
launch pads, roads, and habitats will be required. This construction will 
utilize regolith for raw material, dubbed in-situ resource utilization 
(ISRU). Recently in the theme of ISRU, new technology is being devel-
oped to explore the use of lunar regolith for construction projects uti-
lizing sintering (Song et al., 2020; Taylor and Meek, 2005; Whittington 
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and Parsapoor, 2022; Zocca et al., 2020), 3D printing (Goulas and Friel, 
2016; Howe et al., 2014; Taylor et al., 2018), and chemical extraction 
(Allen et al., 1996; Metzger et al., 2020; Schlüter and Cowley, 2020). 
The Apollo missions returned a total of 382 kg of lunar regolith from six 
different landing sites (Vaniman et al., 1991). This is at least an order of 
magnitude less material than Artemis is going to need to perform pre- 
flight tests of equipment. Hence, testing of equipment that is going to 
the Moon will have to be done with lunar regolith simulants, further 
complicating the situation. 

The original lunar rock types are similar to certain basaltic igneous 
rocks found on Earth. However, there are distinct differences between 
the two. The lunar regolith was created by hypervelocity impacts into an 
airless body over billions of years. Rocks on Earth are more oxidized 
than lunar norms and in contrast with lunar rocks, terrestrial rocks have 
existed in an environment with H2O present. Finally, the geology of the 
Earth has evolved substantially over the life of the planet. It is part of the 
simulant producer’s responsibility to maximize the similarity of their 
products while minimizing their differences with the lunar regolith. 

One of the most widely referenced lunar simulant is JSC-1A. 31 tons 
of this simulant were made in 2006 and widely distributed. It, and other 
simulants in the JSC series, are made from a basaltic volcanic ash 
quarried from the Merriam Crater, Flagstaff, Arizona (Allen, 1993; 
Gustafson, 2009). The mineralogy of the original ash (as erupted), and 
the simulant, is relatively simple: roughly equal amounts of labradorite- 
bytownite plagioclase feldspar and glass, lesser clinopyroxene and 
olivine, with <1% cumulative of high titanium magnetite, chromite, 
ilmenite, and pyrite (Schrader et al., 2008). All of these are within lunar 
mare norms, which consists of plagioclase feldspar, clinopyroxene, 
olivine, and glass with <1% ilmenite, spinels, troilite, and metallic iron. 
However, underlying composition of these minerals varies from lunar 
standard. Lunar plagioclases are generally much richer in calcium 
(anorthite) than is typical terrestrially, while lunar mare olivines and 
pyroxenes are iron rich in comparison, with more in the Fe2+ oxidation 
state due to the reducing conditions of the lunar environment (Papike 
et al., 1991). Additionally, the Merriam Crater ash was exposed to 
Earth’s atmospheric processes for approximately 20,000 years (Duffield 
et al., 2006). The volcanic minerals and glass, stable at the temperatures 
and pressures inside a volcano, were not stable in the new environment 
and weathering began. 

As explained in introductory geology texts dealing with rock 
weathering (Bland and Rolls, 1998), some of the original phases in the 
ash were converted to new phase that are stable in the weathering 
environment. These new phases, frequently being hydrated, are unlike 
lunar mineralogy. In the case of Merriam Crater, a soil profile called 
caliche started forming. This involves the production of such minerals as 
clays, carbonates, sulfates, and hydrated oxides. These weathering 
minerals are mechanically softer than the original minerals, and 
commonly coat the outer surface of the original ash particles. The total 
mass of these non-lunar minerals is constrained by the measured loss-on- 
ignition (LOI) of 0.71. LOI is easily volatilized mass on heating into the 
range 900◦C to 1000◦C (McKay et al., 1994). 

Providing simulants to validate these aforementioned consolidation 
processes that involve high temperatures and mimic the high vacuum of 
the moon has revealed certain common problems: bubbling/foaming 
and expansion observed with a variety of different simulants (Fateri 
et al., 2019; Lim et al., 2021; Song et al., 2019). While the origin of these 
problems has not been adequately addressed in the current literature, it 
is hypothesized that this is potentially due to the nonlunar components 
that are present in simulants sourced from terrestrial rock. The goal of 
this study is to perform a detailed analysis of the outgassing products of 
JSC-1A, and use that to develop a proposed heat treatment procedure to 
remove nonlunar contaminants common to simulants sourced from the 
Merriam Crater. 

2. Materials and methods 

To remove the weathering derived minerals, heat treating the sim-
ulant was selected as the method of choice for two specific reasons. It is 
relatively simple to apply; and, it is founded on the recognition that the 
weathering minerals are stable at Earth surface conditions, not at tem-
peratures at which the volcanic material was formed. In order to 
establish an effective heat treatment, the simulant had to be character-
ized before and after heat treating to understand what changed and if it 
was more lunar like. The following proved particular useful in simulant 
characterization to establish the heat treatment protocol. 

2.1. Thermal analysis and mass spectroscopy 

Mass loss and speciation of outgassing products of JSC-1A were 
determined using simultaneous thermogravimetric analysis (TGA) with 
integrated mass spectroscopy (MS). TGA data were acquired on a SET-
SYS Evolution (Setaram, Lyon, France) at temperatures ranging from 25 
to 1200◦C at a constant heating rate of 2.5◦C/min under different at-
mospheric conditions. Inert atmosphere tests were performed under 
flowing He at 20 ml/min, while reducing atmosphere tests were con-
ducted under flowing a 5%H2/Ar mixture at 20 ml/min. For vacuum 
runs the TGA was held under a continuous vacuum of <1 × 10− 4 mbar 
using an attached HiCube 80 Eco turbo vacuum (Pfeiffer Vacuum Inc., 
Nashua NH, USA). Large volume TGA crucibles allowed for specimen 
sizes of 1500 mg, which was ideal for collecting strong outgassing sig-
nals in the simultaneous MS attached to the TGA. This simultaneous 
mass spectrometry was collected on a quantitative gas analysis (QGA) 
quadropole mass spectrometer (Hiden Inc., Peterborough NH, USA) for 
the flowing gas tests. 

For vacuum environment MS, JSC-1A was subjected to identical 
thermal profiles as in the TGA but in a custom furnace assembly. Sim-
ulant powder samples weighing ~23 g sealed in quartz tubes were first 
carefully evacuated through a leak valve to avoid powder bed fluidiza-
tion. A base vacuum pressure of ~1 × 10− 6 mbar was attained using a 
HiCube 80 Eco turbo pump station. The samples were heated with a 
2.5◦C/min rate up to 1200◦C in a vertical tube furnace type F21100 by 
Barnstead International (Dubuque IA, USA). The furnace was modified 
with a Watlow (St. Louis MO, USA) EZ-zone PID power control module 
for enhanced performance. During the experiments, the main pumping 
line was protected from condensable contamination using an in-line 
liquid nitrogen (LN2) trap. Mass spectra were acquired in a split-flow 
scheme between the primary pump (LN2 trap, backed by the turbo 
pump) and a 130◦C-heated gas transfer line to the Pfeiffer OmniStar GSD 
320 gas analyzer. The MS was operated in a constant-flow mode in order 
to minimize conductance imbalance of the split flow due to large pres-
sure variations. To avoid gas consumption (e.g., ion gauge), a MKS In-
struments (Andover MA, USA) 901P piezo-transducer / micro-Pirani 
combination gauge was chosen to monitor the pressure in the MS 
transfer line. The actual pressure at the sample was related to the micro- 
Pirani gauge reading by characterizing the split-flow in the relevant gas 
flow regime using water vapor in lieu of constant gas-load source at the 
sample location. During experiments, pressure at the sample increased 
typically from ~1 × 10− 6 mbar (base pressure) to low-10− 4 mbar upon 
closing the MS aperture at the operational value, and peaked in the 
0.01–0.1 mbar range during maximum outgassing conditions for raw 
JSC-1A simulant. The MS constant-flow rate for JSC-1A was set to 100 
mbar.l/s for optimizing the MS sensitivity range for the raw simulant 
without exceeding mid-10− 6 mbar total pressure. Reported partial 
pressures values attributed to various constituents do not take into 
consideration their different ionization efficiencies. 

2.2. Chemical analysis 

While the bulk chemical composition of JSC-1A has been reported 
elsewhere (Hill et al., 2007), trace chemical analysis was pursued to 
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analyze loss of carbon and sulfur. This quantification was performed on 
a CS-800 carbon/sulfur analyzer (Eltra GmbH, Haan, Germany) in 
triplicate to account for sampling variability. Alloy standards of near 
equivalent carbon or sulfur content were used to calibrate the system 
before and after testing. 

Additionally, to determine whether there were changes in valency of 
iron bearing minerals within the bulk of the simulant, Mössbauer 
spectroscopy was performed. 57Fe Mössbauer spectra were collected in 
transmission geometry at room temperature using a conventional con-
stant acceleration spectrometer with a 50 mCi 

57Co gamma-ray source 
embedded in a rhodium matrix. The velocity scale of the spectrometer 
was calibrated using a spectrum from a 27 μm thick α-Fe foil at room 
temperature (296 K). A functionality in RECOIL (Lagarec and Rancourt, 
1997) software was used for taking optimized sample thickness based on 
the tentative composition. The resulting Mӧssbauer data were analyzed 
using Lorentzian profile fitting by RECOIL software. Each spectrum was 
deconvoluted into several subspectra as judged by the presence of 
several components of iron species in the sample. The spectral analyses 
are reported in Table 1 for parameters such as isomer shift (δ), quad-
rupole splitting (ΔEQ), hyperfine magnetic field (Heff) in case magnetic 
sextet, relative area of the subspectrum along with the statistical quality 
of the fittings (χ2). 

2.3. Phase analysis (XRD) 

Given that elevated temperatures can induce phase transformations, 
it was important to maintain original volcanic mineral phases in JSC-1A 
after heat treatment, as these minerals usefully reproduce lunar miner-
alogy. X-ray diffraction (XRD) was performed on untreated JSC-1A and 
after the developed heat treatment to validate that no major phase 
transformations occurred. XRD was performed on an Aeris Research 
powder diffractometer (Malvern Panalytical, Malvern, UK). The 
diffractometer used CuKα radiation that was generated at 40 kV and 15 
mA. Scans were performed from a 2θ of 10 to 80◦ over an 8 h period to 
generate high fidelity patterns. Major XRD peaks were indexed using 
HighScore (Malvern Panalytical, Malvern, UK) software to powder 
diffraction files from the PDF-4+ database (International Centre for 
Diffraction Data: ICDD, Newtown Square PA, USA). 

2.4. Particle analysis (BET, morphology, PSD, SEM) 

One of the major concerns with any elevated temperature treatment 
of lunar simulant was the potential for significant changes in particle 
morphology. To study these changes in depth after heat treatment, a 
robust series of analyses were performed to determine changes in 

Table 1 
Mössbauer fitting parameters and tentative assignment of components in the pristine simulant and simulant treated under different conditions along with their 
percentage of various components.  

Tentative assignment Fe sites Mössbauer parameters % Area χ2 

CS/δ 
(mm/s) 

Δ or ε (mm/s) Bhf 

(kOe) 
w+

(mm/s) 

Untreated 
Olivine M1 Olivine M2 Fe2+ Doublet 1 1.15(2) 3.06(2)  0.23(3) 11.0(5)  

Fe2+ Doublet 2 1.13(2) 2.84(2)  0.28(2) 15.4(7)  
Diopside M1 Diopside M2 Fe2+ Doublet 3 1.16(2) 2.29(3)  0.34(2) 6.9(8) 0.59 

Fe2+ Doublet 4 1.15(3) 1.91(3)  0.42(2) 11.0(5)  
Iron chromite Fe2+ Doublet 5 0.89(2) 1.99(2)  0.50(3) 17.0(9)  
Fe3+ Glassy Fe3+ Doublet 6 0.53(3) 0.76(2)  0.87(3) 22.1(5)  
Fe3+ clusters Fe3+ Sextet 1 0.50(2) − 0.052(4) 427.6(9) 0.33(2) 16.6(8)   

Vacuum heated at 1050◦C 
Olivine M1 Doublet 1 1.15(3) 3.04(2)  0.24(2) 13.3(4)  
Olivine M2 Doublet 2 1.13(2) 2.83(3)  0.26(3) 13.3(4)  
Diopside M1 Doublet 3 1.21(2) 2.41(2)  0.80(4) 15.7(5) 0.83 
Diopside M2 Doublet 4 1.15(2) 1.91(3)  0.42(3) 6.9(3)  
Fe3+ Glassy Doublet 5 0.48(3) 0.85(3)  0.66(2) 5.6(3)  
Fe3+ clusters Sextet 1 0.58(4) − 0.084(6) 363.5(5) 1.30(9) 45.3(6)   

Heated under He flow at 1050◦C 
Olivine M1 Doublet 1 1.17(3) 3.04(2)  0.23(4) 10.1(4)  
Olivine M2 Doublet 2 1.14(2) 2.84(3)  0.25(2) 14.1(6)  
Diopside M1 Doublet 3 1.25(2) 2.55(2)  0.71(6) 18.9(7) 0.59 
Diopside M2 Doublet 4 1.15(3) 1.91(4)  0.44(6) 9.3(5)  
Fe3+ Glassy Doublet 5 0.36(2) 1.07(3)  1.26(9) 14.6(6)  
Fe3+ clusters Sextet 1 0.61(8) − 0.087(8) 366.3(6) 0.70(7) 33.0(8)   

Heated under Ar/H2 at 1050◦C 
Olivine M1 Doublet 1 1.16(2) 3.01(2)  0.24(5) 24.3(8)  
Olivine M2 Doublet 2 1.14(4) 2.78(3)  0.26(3) 27.4(4)  
Diopside M1/M2 Doublet 3 1.20(5) 1.89(3)  0.686(7) 28.2(4)  
Fe2+ species Doublet 4 0.76(3) 1.34(2)  0.29(3) 5.69(5) 0.76 
Fe3+ species Doublet 5 0.33(3) 0.83(3)  0.20(8) 2.98(6)  
Metallic Fe Sextet 1 − 0.0035(9) 0.0020(8) 329.4(5) 0.26(2) 11.34(6)   

Heat Treatment (Fig. 4) 
Olivine M1 Fe2+ Doublet 1 1.16(3) 3.04(3)  0.22(3) 9.4(3)  
Olivine M2 Fe2+ Doublet 2 1.14(2) 2.81(2)  0.32(2) 20.1(2)  
Diopside M1 Fe2+ Doublet 3 1.12(3) 2.24(3)  0.45(3) 17(3)  
Diopside M2 Fe2+ Doublet 4 1.10(2) 1.77(2)  0.52(3) 20.4(2) 0.90 
Iron chromite Fe2+ Doublet 5 0.80(2) 1.60(3)  0.45(2) 4.1(3)  
Fe3+ Glassy Fe3+ Doublet 6 0.48(3) 0.70(2)  0.91(2) 16.2(4)  
Fe3+ clusters Fe3+ Sextet 1 0.62(2) − 0.039(4) 415.3(6) 0.25(2) 13.3(3)   
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particle size distribution, surface area, and morphological distribution. 
To ascertain the change in particle size distribution (PSD), samples of 

as received JSC-1A and post-heat treatment JSC-1A were dispersed in 
deionized water and analyzed via a BLUEWAVE laser diffraction particle 
size analyzer (Microtrac, Montgomeryville PA, USA). Results were 
collated as a volumetric distribution. 

Given that there is a significant quantity of glass in JSC-1A, it was 
expected that any heat treatment could lead to softening of said glass, 
resulting in smoothing of particle surfaces. To ascertain changes in 
particle surface area BET was performed on JSC-1A before and after heat 
treatment and the specific surface area (SSA) was calculated using the 
multipoint Brunauer Emmett Teller (BET) theory. This method observes 
the change in relative pressure to determine the level of gas adsorbed 
onto a material to form a monolayer. This creates an isotherm that is 
used to calculate the specific surface area (Lowell and Shields, 1991). 

The SSA of JSC-1A was analyzed using the Gemini VII 2390p 
analyzer (Micromeritics, GA USA) using the multipoint BET method. 
The samples were degassed in nitrogen gas at 200◦C for 90 min. An 11- 
point isotherm with partial pressures ranging from 0.05 to 0.3 p/po was 
generated to determine the SSA for each sample. For surface areas of at 
or below 1 m2/g, glass filler rods were added to both the balance tube 
and the sample tube to add compensating volume which allowed for 
greater precision for nitrogen adsorption. Approximately 3 g of sample 
was added to the sample tube such that the height of the filler rod was 
equal to the height of the filler rod in the balance tube. 

Particle morphology was expected to change to some degree if dif-
ferences were seen in the PSD as well as BET, so to better understand 
how particles were changing on an individual level, dynamic image 
analysis (DIA) was performed using a Morphologi G3SE (Malvern Pan-
alytical, Malvern, UK). Automated image analysis was performed under 
10× optics in triplicate to produce datasets for untreated and treated 
JSC-1A on the size of ~500,000 individual particles imaged each, 
providing a variety of shape data. From this shape data for each particle, 
aspect ratio was determined via Eq. 1: 

AR =
W
L

(1)  

where AR is the aspect ratio, L is the length of the longest axis within the 
particle and W is the maximum width normal to the L axis. Form factor 
was also determined via Eq. 2: 

FF =
4πA
P2 (2)  

where FF is the form factor, A is the projected area of the particle, and P 
is the measured perimeter of the particle (ISO9276-6, 2008). Using these 
two particle morphology descriptors, contour maps were produced to 
show the statistical density of particle elongation (aspect ratio) and 
surface irregularity (form factor), similar to as reported elsewhere 
(Rickman et al., 2012, 2016; Rickman and Lowers, 2012). However, 
instead of using a simple bivariant histogram like reported previously, 
the AR vs. FF space was processed using a Gaussian bivariant kernel 
density estimate, described in Eq. 3: 

KDE =
1
n

∑n

i=1

1
2πwRwF

exp

(

−
(R − vRi)

2

2w2
R

−
(F − vFi)

2

2w2
F

)

(3)  

where KDE is the kernel density estimate at point (AR,FF) as they both 
vary from 0 to 1 in particle morphology space, vR and vF are the AR and 
FF values of distributed samples used as kernel centers, wR and wF are the 
bandwidth values of the AR and FF scale, and n is the total number of 
particles. Bandwidth and KDE values were calculated in Matlab (Botev 
et al., 2010) and contour levels were normalized between both datasets. 

For further verification of the differences between particle 
morphology contours, a difference contour was produced as well using 
Eq. 4. 

KDEd = KDEht − KDEut (4) 

Where KDEd is the new difference contour, KDEht is the heat-treated 
KDE contour (7B), and KDEut is the untreated KDE contour (7A). In 
addition, root mean square error (RMSE) was calculated between all 
points in the AR vs FF space of the two contours using Eq. 5: 

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
n

∑n

i=1
(zhi − zui)

2

√

(5)  

where zhi is the ith contour value of the heat treated JSC-1A KDE 
morphology contour, zui is the corresponding point in the untreated JSC- 
1A KDE morphology contour, and n is the total number of equivalent 
points checked between the two contours. 

Densities of particles were analyzed using helium pycnometry on a 
AccuPyc II TEC (Micromeritics, GA USA). Samples were dried in a 110◦C 
drying oven to remove any adsorbed moisture prior to measurement. 
The pycnometer was calibrated prior to use using a 10 cm3 insert cali-
bration standard, ensuring accuracy in measurement. Measurements 
were performed using UHP-He as the gas medium, taking 10 measure-
ments total. To determine the density of the sample, the average of the 
10 measurements was taken, along with the calculated standard 
deviation. 

Finally, scanning electron microscopy (SEM) with accompanying 
energy dispersive x-ray spectroscopy (EDS) was performed to validate 
the particle analysis as well as XRD phase analysis. Powder specimens 
were mounted in a two-part epoxy in vacuum, and polished to a 1 μm 
diamond finish. SEM was performed on a 3700 N (Hitachi, Tokyo, 
Japan) in variable pressure mode to prevent charging effects on the 
nonconductive epoxy that the powders were mounted in. Images were 
taken with at a working distance of 10 mm, with the beam at 10 kV 
voltage and 60 mA probe current, equivalating to an emission current of 
83 μA. EDS spectroscopy was collected with a X-MaxN (Oxford In-
struments, Abingdon, United Kingdom) silicon drift detector. 

3. Results 

3.1. Thermogravimetric analysis 

The TGA and accompanying mass spectrometry of JSC-1A up to full 
vitrification in high vacuum has is shown in Fig. 1. The time derivative 
thermogravimetric signal (dTG) is particularly informative when 
correlated with MS signals to identify the origin and composition of 
different mass loss events. Mass loss below 200◦C is attributed to the loss 
of physisorbed water, exacerbated by the high surface area of as received 
JSC-1A and the affinity for water to the surfaces of silicate materials. 
Continued mass loss between 200◦C and 500◦C looks to consist of pre-
dominately H2O, CO/CO2, SO2, and SO3, likely a combination either 
physisorbed gases or decomposition of low stability carbonates and 
sulfates. At 500◦C and maximizing at around 600◦C is a prominent dTG 
mass loss, aligning with a strong CO2 evolution, which is attributed to 
the decomposition of a nonlunar trace carbonate such as CaCO3. Mass 
loss beyond 700◦C is comprised almost entirely of sulfur species such as 
SO2 and SO3, maximizing at 1050–1100◦C. This is suspected to be from a 
sulfate weathering species such as CaSO4•2H2O (gypsum), the trace 
presence of which would correlate well with the some of the low tem-
perature H2O outgassing which can be attributed to dehydration of the 
CaSO4•2H2O structure. Soon after this at >1100◦C, instability is seen in 
the dTG signal as well as MS signals which corresponds to vitrification of 
the mineral phases into a derivative volcanic glass as well as parallels 
other high temperature vacuum bubbling that has been seen in JSC-1A 
and other lunar simulants under similar vacuum/temperature 
conditions. 

Knowing that vitrification occurs at >1100◦C, three TGA-MS profiles 
up to 1050◦C were performed to determine if gas environment had any 
impact on evolved gas species and to inform how to build a more ideal 
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heat treatment profile for JSC-1A. These three profiles can be seen in 
Fig. 2, with vacuum was kept as a baseline, inert gas (He), and reducing 
gas (Ar/5H2) to better mimic more commonly accessible gas environ-
ments for large scale material treatment. Mass loss events between high 
vacuum and inert gas are fairly similar, with a much more pronounced 
loss of water in inert, seen in the dTG signal, which is attributed to some 
loss of physisorbed water in the vacuum tests prior to test initiation. 
Total mass loss between inert and vacuum differ by ~0.05 wt%, with the 
additional loss in vacuum (0.40 wt% vs 0.35 wt% in inert), attributed to 
more aggressive outgassing of sulfur in the form of SOx species. The 
decomposition reaction of sulfate compounds occurs near the highest 
temperature of the test, and vacuum environments would likely drive 
reaction favorability towards lower temperatures. 

The presence of hydrogen presents a much different decomposition 
profile, with distinct differences in gas evolution as seen in Fig. 2C. 
Initial water loss and CO2 evolution occur at identical temperatures to 
vacuum and inert gas. The first noticeable difference is an overlapping 
dTG peak at around 750◦C which corresponds to a new water evolution 
as well as a dip in the hydrogen signal which would normally be a “flat” 
signal as the hydrogen content is constantly refreshing during the test. 
This is expected to be a sulfate to sulfide reduction event, and the cor-
responding temperature is around the reported reaction temperature 
(Kim and Sohn, 2002; Tian et al., 2010) for CaSO4 in H2. This is also 
supported by the lack of higher temperature SO2 outgassing similar to 
what is seen in vacuum and inert profiles. The other important feature to 
note is another water outgassing starting at 750–800◦C also mirroring 

another drop in the hydrogen signal, indicative of another reduction 
event. This is suspected to be reduction of iron-bearing minerals present 
in JSC-1A, specifically olivine. Of the constituent oxides that comprise 
JSC-1A in any major quantity (Hill et al., 2007), iron oxides are the least 
stable (Siderius et al., 2013) and therefore minerals containing iron 
oxides would be likely to reduce. This corresponds well with reported 
observations of H2 reduction of fayalite (Massieon et al., 1993), which is 
the iron endmember in the olivine group. This is notable, because, if 
true, it presents a way to produce metallic iron in-situ, potentially 
enhancing simulant fidelity as a substitution for nFe0 found in lunar 
regolith (Jolliff et al., 2018). 

3.2. Chemical analysis 

One of the goals of the experimentation is to make meaningful 
changes to the non-lunar constituents of JSC-1A while maintaining the 
simulant fidelity. Most of the evolved gas is attributed to carbonate and 
sulfate weathering species present in the Merriam Crater volcanic source 
material. Destructive carbon and sulfur analysis of JSC-1A and after the 
near-vitrification heat treatments can be seen in Table 2. The carbon 
content of untreated JSC-1A was around 0.025 wt%, with it dropping to 
between 0.006 and 0.008 wt% after these high temperature treatments. 
While there was only minor variability of the gas environment on these 
final carbon content, this loss corresponds to a 67–75% reduction in 
overall carbon content from the decomposition of carbonate species. 
Sulfur also saw a reduction from 0.010 wt% to 0.004–0.005 wt%, with 

Fig. 1. TG-MS of JSC-1A heated beyond vitrification point (~1100◦C) in high vacuum of 1E-5 mbar. MS traces are of primary gas evolutions, generally aligning well 
with peaks in the time derivative (dTG) TG signal. After the vitrification temperature is reached, spiking can be seen in the TG signals as well as the MS signals, which 
is indicative of unstable bubbling of the glass present within the simulant. 
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little impact from gas environment as well, resulting in a 50% reduction 
in total sulfur. Residual sulfur within the simulant can be attributed to a 
few different sources. Specifically, as more stable trace sulfides, dis-
solved sulfates/sulfides in the glass network, or as gaseous species (S2, 
SOx) trapped within fluid inclusions. Residual carbon can also be 
attributed to similar dissolved carbonates in the volcanic glass or as 
trapped CO/CO2 in fluid inclusions still preserved in the glass and 
mineral phases. 

Mössbauer spectrum analysis of the untreated sample indicated the 
presence of several different chemical environment and oxidation state 
of Fe. The fitted spectrum (Fig. 3A, also see Table 1) revealed the 
presence of spectral components related to olivine, Ca-rich clinopyrox-
ene, iron chromite and Fe3+ component (most likely arising out of a 
glassy component) and a broad sextet (from isolated clusters of Fe3+). 
The isomer shift (IS or δ) and quadrupole splitting (QS or ΔEQ) values 
indicate presence of Fe2+in the two crystallographically different sites, 
M1 (δ = 1.14(2) and ΔEQ = 3.05(2) mm/s) and M2 (δ = 1.13(2) and 
ΔEQ = 2.83(2) mm/s) of olivine structure type in almost equal per-
centages. The IS and QS vales of olivine are in agreement with the re-
ported values (Recham et al., 2008; Thierry et al., 1981). Similar to the 
olivine, there is clear evidence of presence of Fe2+-containing clino-
pyroxene compositionally closer to the diopside end members where 

Fe2+ is present in both M1 (δ = 1.16(2) and ΔEQ = 2.29(4) mm/s) and 
M2 (δ = 1.14(2) and ΔEQ = 1.91(2) mm/s) sites with an unequal sub-
stitution in ~7:11 ratio (de Grave and Eeckhout, 2003). Though such 
distribution of Fe2+ in the two inequivalent sites solely from Mössbauer 
data has to be interpreted with a bit of caution as it is well-known that Ca 
deficiency in the M2 site often leads to anomalously larger relative area 
for the M2 doublet than that anticipated from the actual stoichiometry 
(Abdu and Hawthorne, 2013; Williams et al., 1971). The IS and QS 
values for clinopyroxene agree well with the reported values in the 
literature (Abdu and Hawthorne, 2013; Maksimova et al., 2020). Besides 
olivine and pyroxene phases, the fitted Mössbauer spectrum also has a 
component (δ = 0.89(2) and ΔEQ = 1.99(2) mm/s) that can be assigned 
to the Fe2+ site arising from spinel type Fe-chromite (Lenaz et al., 2014; 
Maksimova et al., 2020) and a broad doublet most likely arising from the 
amorphous Fe3+ bearing compositions. The untreated sample also con-
tains a broad hyperfine sextet with IS value of 0.5(4) mm/s and hy-
perfine magnetic field (Bhf) of 427.6 kOe, the origin of which is unknown 
but there could be presence of magnetic phase of Fe3+ or isolated cluster 
of Fe3+ as seen in some silicate glass matrix (Bingham et al., 1999; 
Kukkadapu et al., 2003). 

The spectra of vacuum-heated and heated under He atmosphere at 
1050◦C samples (Fig. 3B and C and Table 1) show noticeable difference 
as the emergence of curved baseline due to the broad sextet indicating 
the presence of larger amount of isolated Fe3+ clusters due the crystal-
lization of isolated Fe3+ species. Other noticeable difference is the 
absence of Fe2+ in a typical chromite phase. We also note that the 
linewidth of the pyroxene has substantially increased which is due to 
rearrangement of the next nearest neighbor (NNN) configuration around 
the M1 site due to different disordering of Fe2+ and Ca2+ at the neigh-
boring M2 sites as a result of heating at high temperature (Abdu and 
Hawthorne, 2013). The most significant change in the Mössbauer 
spectrum, however, is observed for sample heated under reducing con-
dition at 1050◦C in 5%H2/Ar (Fig. 3D and Table 1). The spectrum of 

Fig. 2. TG-MS curves of JSC-1A heated to 1050◦C to avoid vitrification in A) vacuum, B) inert gas, and C) reducing environment. Vacuum and inert show similar gas 
evolutions, though with higher fidelity vacuum with comparable mass losses in the TG signal. The presence of H2 during heating dramatically increases the total mass 
loss, the mass loss profile, as well as the composition of the evolved gases. Using the H2 and H2O traces in reducing atmosphere, it can be seen that there are 
additional reactions consuming H2 from the gas stream and producing H2O, indicating some oxygen containing components of the simulant are being reduced in 
these environmental conditions. 

Table 2 
Carbon and sulfur analysis on untreated JSC-1A as well as the 1050◦C tests from 
Fig. 2 in different atmospheres. Predictably, both C and S contents drop after 
treatment, associated with the evolution of COx and SOx species from carbonate 
and sulfate decomposition.   

Untreated 1050◦C He 1050◦C vacuum 1050◦C Ar/H2 

Carbon (wt%) 0.0253 (22) 0.0064 (3) 0.0081 (4) 0.0069 (19) 
Sulfur (wt%) 0.0100 (19) 0.0046 (25) 0.0036 (8) 0.0037 (14)  
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reduced sample has a flat baseline with a sextet which can be clearly 
assigned to metallic Fe phase (δ = − 0.003(5) mm/s and Bhf = 329.41 
kOe). Olivine remained same with almost equal amount of M1 and M2 
site population by Fe2+, on the other hand diopside can be modelled 
with one broad doublet (δ = 1.20(2) and ΔEQ = 1.89(2) mm/s). Besides 
these, there are signature small amount of Fe+3 and a Fe2+ in the 
reduced sample probably coming from a spinel type phase(s). It is 
important to see that the signature of isolated Fe3+ cluster is completely 
absent in the reduced sample presumably transformed in pure iron 

(alpha-Fe). 

3.3. Heat treatment design 

Using lessons learned from the chemical analysis of the near- 
vitrification TGA-MS experiments, a lower temperature heat treatment 
schedule was devised to maximize the amount of non-lunar minerals 
that are removed while also attempting to preserve the underlying 
minerology and morphology. Given that Ar/5H2 reducing gas had been 

Fig. 3. Mössbauer spectra for (A) untreated sample, (B) heated at 1050◦C under vacuum, (C) heated at 1050◦C under He flow, (D) heated at 1050◦C under Ar/H2 and 
(E) heat treated (heated to 750◦C in He and then held for 2 h at 750◦C in Ar/5H2) with curve fitting and peak deconvolution. Note the enhancement of doublet site 1 
for second and third treatments which indicate an enhancement of the olivine M1 site occupancy by Fe2+. Also immediately apparent is the appearance of a sextet 
peak set in (D) indicative of metallic Fe within the simulant. 

Fig. 4. TG of idealized heat treatment schedule of JSC-1A. The evolution of physisorbed and chemisorbed H2O as well as the evolution of CO2 are done under inert 
atmosphere, while minor sulfate and oxide reductions occur under reducing conditions at the hold temperature of 750◦C. A total mass loss target of 0.50 wt% was 
achieved by the end of the isothermal section. 

R.P. Wilkerson et al.                                                                                                                                                                                                                           



Icarus 400 (2023) 115577

8

shown to reduce the amount of SOx species evolving at temperatures 
>800◦C, and to potentially form metallic iron in-situ, some or all of the 
thermal profile would likely including reducing gas. However, the CO2 
that outgasses during the carbonate decomposition can react with H2 to 
form CO or free C. The former of which presents a hazard for upscaling 
this process, the latter of which is undesirable to have remain in the 
simulant post-heat treatment. Fig. 4 presents a more idealized final heat 
treatment for these constraints. Initial heating rate was 2.5◦C/min to 
750◦C in 20 ml/min of flowing He, though Ar would also be an 
acceptable replacement. Ar/5H2 was then introduced at 750◦C and 
allowed to hold at temperature for two hours. Conceptionally this allows 
the heat treatment to capture the suspected sulfide/sulfate reduction as 
well as some amount of iron mineral reduction during the isothermal 
hold. A two hour hold time was selected to allow reduction to slow to 
<0.001 wt%/min of mass loss, aiming for a target of 0.5 wt% total mass 
loss on the TG signal. Ideally this will capture most, if not all, of the 
nonlunar contaminants as well as enhance iron content to a small degree 
in the simulant. 

3.4. X-ray diffraction and phase analysis 

After the heat treatment in Fig. 4 was finalized, it was important to 
determine the unintended consequences of the treatment. One of the 
primary concerns was the preservation of the igneous mineralogy of the 
JSC-1A that acts as a simulant for lunar mineralogy. Powder x-ray 
diffraction was performed between as-received JSC-1A and heat treated 
JSC-1A according to the new idealized treatment. Fig. 5 shows both 
diffraction spectra with major and minor peaks indexed. Both spectra 
were indexed to the same primary mineral phases in the ICDD PDF 4+
database (Gates-Rector and Blanton, 2019). The primary phase found 

was a plagioclase (PDF 01-073-6461) in the labradorite-bytownite 
family (66% anorthite, 34% albite). The next most prevalent phase 
was a high magnesium olivine (PDF 04-011-6662) with a composition of 
82% forsterite and 18% fayalite. The final identifiable phase via XRD 
was a Ca rich clinopyroxene (PDF 00-041-1370) in the diopside family. 
While there are other reported trace phases (Schrader et al., 2008), only 
the major ones were able to be identified with XRD. Between the un-
treated and heat treated JSC-1A, there does not seem to be any major 
changes in phase composition, though there does seem to be some 
changes in nominal peak intensity. Specifically, the secondary phases of 
olivine and clinopyroxene have improvements in their peak intensity 
while there is some reduction in the plagioclase intensity. Given the 
increase in background level, it is likely that there is a mild increase in 
glass content at the expense of a small amount of plagioclase due to 
vitrification. In parallel, the improvement in olivine and clinopyroxene 
would indicate some amount of crystal growth in these secondary 
phases. However, these changes seem to be minor, with the three pri-
mary phases being preserved. 

Additionally, the Mössbauer spectrum of the heat treated sample is 
qualitatively similar to the untreated sample (Fig. 3E and Table 1) 
except some subtle changes on the IS and QS values and the changes in 
the ratio of Fe in M1 and M2 sites of olivine and diopside. Due to the heat 
treatment, a reduction of glassy phase and the iron chromite phase is 
also noticed. This is not surprising as both olivine and clinopyroxene 
phases are known to undergo disordering and cation movements be-
tween M1 and M2 sites at high temperatures (Maksimova et al., 2020; 
Morozov et al., 2006). 

Fig. 5. Powder XRD scans of JSC-1A A) untreated and B) after the heat treatment seen in Fig. 4. The same three primary phases were identified as plagioclase, 
olivine, and clinopyroxene, with trace phases such as titanomagnetite and chromite masked by the major phase peaks. While both untreated and treated JSC-1A 
indexed to the same phases, after heat treatment has a more significant background, and certain intensities have changed. Notably, the primary phase of plagio-
clase has some peak reductions while olivine and clinopyroxene have minor enhancements of the major intensities. 
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3.5. Size and morphology analysis 

While this heat treatment that has been developed seems to preserve 
the bulk mineralogy while also removing nonlunar contaminants, 
changes to the underlying milled powder properties was also important 
to quantify. The heat treatment at 750◦C is above the reported softening 
point (732◦C) (Ray et al., 2010) for JSC-1A derived glass, which means it 
is absolutely possible for viscous flow of the volcanic glass that com-
prises ~40 vol% of the total simulant. Fig. 6 are the results of laser 
diffraction particle size analysis comparing JSC-1A before and after this 
heat treatment process. Immediately noticeable is that both treated and 
untreated JSC-1A exhibits a bimodal particle size distribution curve. 
This matches well with what has been seen in prior research (McKay 
et al., 1994; Momi et al., 2021) and is likely a result of the milling 
procedures used to fabricate the simulant. There is only a minor shift in 
the cumulative PSD curve, indicating that the heat treatment does not 
dramatically change the particle size distribution. While the volume 
fraction binning shows that there is a consumption of finer particles 
from the decrease in the smaller particle size of the bimodal peaks. The 
heat treated volume fraction binning shows an increase in the particles 
in the larger particle size of the bimodal peaks, logically showing that 
fines are being consumed to coarsen the larger particles. 

Table 3 provides more quantitative information on these powder 
characteristics. The D10, D50, and D90 distribution percentiles all see a 
shift towards larger particle size after heat treatment. Given how wide 
the distribution for JSC-1A from the single microns all the way to 100 s 
of microns, a shift of ~20 μm in the D50 is small enough to be acceptable 
for the needs of this treatment. BET derived powder surface area shows a 
significant drop before and after heat treatment, reducing surface area 
by 74%. This can be attributed to two sources. First and foremost, the 
consumption of fines as seen in the PSD, which account for the highest 
surface area to volume ratio particles, so even the small total volume 
they comprise has a significant impact on total surface area. Addition-
ally, particle morphology is expected to change to a degree, with sharp 
angular features of as-milled JSC-1A getting partially smoothed as the 
glassy component of the simulant attempting to form more energetically 

favorable shapes, ideally spheres but more realistically simply “less 
angular” iterations of the existing particles. The final thing to note is the 
slight increase in apparent density after heat treatment. Apparent den-
sity includes any entrapped porosity as vesicles from the original vol-
canic rock, so any fining of these out of the glass during heat treatment 
would enhance apparent density. Given that the treatment is only 
~20◦C above softening point, glass viscosity is still very high, and glass 
bubbles that would remain in these powders would be smaller than the 
particles they are included in, meaning mobility would be even further 
reduced by the small size. The more likely explanation for the increase in 
density would be supported by the XRD data: that there is some 
reduction in plagioclase content and an increase in amount of olivine 
and clinopyroxene. The plagioclase of the Ca:Na ratio matched in the 
XRD would be near 2.71 g/cm3, while olivine and the clinopyroxene 
would be 3.25 g/cm3 and 3.30 g/cm3 respectively. The total composite 
apparent density would therefore increase with the consumption of the 
less dense plagioclase and crystallization/growth of the denser olivine 
and clinopyroxene. 

Fig. 7A and B show the KDE contours in this AR vs FF space for the 
respective untreated and heat treated JSC-1A. Contour space for both 
are bounded by the idealized elliptical particle, as expected. Both con-
tour sets look similar, which is a good initial verification that there are 
not drastic changes in morphology. The median values do see minor 
enhancements towards improved aspect ratio as well as improved form 
factor. This indicates there is some degree of rounding of particles 
during the heat treatment. 

Fig. 6. Particle size distribution curves as fractional and cumulative for both untreated and heat treated JSC-1A. Notably the cumulative curve for heat treated JSC- 
1A has shifted towards coarser particles, and comparing the fractional bar chart shows that this is likely due to the loss of fines (< 5 μm) being consumed into 
larger particles. 

Table 3 
Cumulative distribution bins from particle size analysis as well as surface area 
from BET for untreated and heat treated JSC-1A.   

Untreated Heat treated 

D10 (μm) 21.72 22.68 
D50 (μm) 108.6 129.8 
D90 (μm) 351.2 336.8 

Surface area (m2/g) 1.007 (7) 0.262 (12) 
Apparent density (g/cm3) 2.91 2.97  
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The RMSE computed to 0.7787, which more distinctly quantifies that 
there are differences between the untreated and heat-treated powders, 
however this is low for an RMSE, which gives a degree of confidence that 
total changes are not major. These differences can be more easily visu-
alized from the difference contour produced by Eq. 4, seen as Fig. 7C 
which shows distinctly where these changes are occurring. Positive 
contour intervals can be seen closer to the elliptical bounding line, while 
negative contours sit at lower form factor and aspect ratio areas, indi-
cating particle rounding and clustering, likely due to the onset of soft-
ening (Ray et al., 2010) in the glass component. This is further 
confirmation that particles are rounding during this heat treatment 
process, consuming the more highly angular grains. 

Finally, SEM images were collected on epoxy mounted powder 
specimens on untreated and heat-treated JSC-1A, shown in Fig. 8. 
Backscatter imaging provided optimal phase contrast between the 
different mineral phases, with the specific phases being identified via 
EDS. Plagioclase, olivine, and the volcanic glass phases are readily 
identifiable with only a few trace phases like titanomagnetite being 
found. Very little in major differences can be ascertained between the 
untreated and heat-treated JSC-1A mineralogically. A qualitative anal-
ysis would show less fines and more particle rounding in the heat-treated 

powders. However, this could easily be a resulting of mounting and 
sampling variability and accentuates the importance of more statisti-
cally relevant analyses like laser diffraction particle size analysis and 
dynamic image analysis for particle size and morphology. 

4. Discussion 

Attempting to make lunar simulant more lunar-like in behavior and 
composition is obviously not always straightforward and is a multifac-
eted problem. A heat treatment like the one described in this body of 
work does an excellent job of removing non-lunar contaminants in the 
form of weathering species from the original Merriam Crater feedstock. 
However, there are noticeable changes in the underlying mineralogy, 
particle size distribution, and particle morphology that need to be 
considered. Fortunately, minimal changes in mineralogical phase com-
positions are tolerable, as not only does the source material vary in 
composition, but lunar regolith is not a homogenous composition either. 
Variability from the norm is expected, so small changes in phase 
composition still maintain the simulant within specification. PSD and 
morphology are a more difficult issue to resolve. When considered from 
just a PSD perspective, it could be argued that the treatment actually 

Fig. 7. Contour plots of the bivariant kernel density estimates of particle form factor vs. aspect ratio for A) untreated JSC-1A, B) heat treated JSC-1A, and C) the 
difference (B-A) between the two contours. The median values are marked on the figures with a +, the curves represent form factor and aspect ratio for elliptical 
particles (solid), rectangular particles (dashed), and rectangular particles with 25% enhanced perimeter (dotted). The median values show an improvement to both 
form factor and aspect ratio from untreated to treated, while the difference contours show the particles on average are moving towards elliptical nature after heat 
treatment given the positive contouring near the elliptical line and negative contouring in the space region below. 

Fig. 8. SEM backscatter images of JSC-1A A) untreated and B) heat treated. In both images representative phases were identified with EDS and labeled. Notably 
clinopyroxenes are known to be present from XRD but phase contrast is identical to the underlying glass and can only be identified by elevated Mg and Ca signals. The 
images do not show immediately noticeable changes to minerology, and morphological changes can only be identified via large statistical individual particle analysis. 
However, an cursory look at the particles does seem to indicate that there are less fines, which would agree with the previous particle size and BET data. 
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drives the simulant closer to lunar PSD, as the bulk of true lunar regolith 
is a bit larger (Carrier, 2003; Carrier et al., 1973; McKay and Blacic, 
1991). Though, both PSD and density are still within the reported lunar 
norms, and it is also worth noting that much of the referenced PSD for 
lunar materials was collected via sieve analysis, which tends to skew the 
results lower due to sieve analysis intrinsically being a measure of the 
two short axes of particles. However, lunar dust consists of much smaller 
fines than the bulk of lunar material, and if this treatment is potentially 
causing local agglomeration by softening and binding the glassy con-
stituents as well as consuming fines then it would suggest the treatment 
could make JSC-1A potentially less lunar-like, though it should be noted 
that lunar regolith PSD and composition are not ubiquitous across the 
lunar surface. 

Morphology is another consideration, and unfortunately there are no 
direct comparisons that can be used at this time. Agglutinates that are 
unique to lunar soil are difficult to replicate but are known to be highly 
irregular and tortuous in their morphology. Until such time that large, 
statistically relevant datasets of the morphology of lunar regolith are 
produced, the best that can be done is speculate on other known aspects 
of the morphology. It is well reported that the interior of lunar regolith 
grains can have tortuous, vesicular structures (Heiken, 1975; Liu and 
Taylor, 2011). However, the presence of volcanic glass and impact glass 
has been shown to produce highly rounded grains or smoothed to a 
certain extent by the melt glass (Heiken, 1975; Yan et al., 2022). While it 
might be impossible to perfectly replicate the complex vesicular struc-
ture that exists in regolith, especially with Fig. 8 confirming that JSC-1A 
has no internal porous structure, geotechnical properties such as angle 
of repost, flowability, and rheology (Schrader, 2009) will be more 
dependent on external morphological features of the grains. As such, the 
morphological changes from this treatment are believed to make the 
simulant more lunar like in behavior until such a time that a similar 
analysis on Apollo or other lunar samples can verify or deny it. 

Unfortunately, outside of the Figure of Merit (Schrader et al., 2010), 
there is no way to quantitatively evaluate the fidelity of regolith simu-
lants. The data at this point does not exist to make a detailed analysis 
necessary to get an FoM value. To a large degree this is subjective based 
off the combined experience and knowledge of the authors. Notably 
though with the FoM technical report, the major factors they considered 
for simulant fidelity were composition, morphology, density, and PSD. 
Given that the process clearly subdues non-lunar mineralogy to the 
extent various phases are removed and minerals changed, the 
morphology is likely driven towards lunar-like, and that density and PSD 
are still within reported ranges, there is persuasive evidence that the 
overall change to increase fidelity for at least some applications. How-
ever, the converse maybe true for others and their own applications. As 
always, it needs to be recognized that the end use of the simulant will 
really drive if it is appropriate for use and if a heat treatment like what is 
described here is appropriate. 

Scalability and availability of facilities to perform this heat treatment 
process for researchers is also something to be considered. The use of 
helium as an inert carrier gas is expensive and arguably unnecessary for 
a process like this and argon is an appropriate, more readily accessible 
substitute. Helium was used in the TGA experiments primarily due to 
reducing buoyant drift of the microbalance as well as the ease of 
discrimination within the mass spectrometer signals. This process with 
argon as an inert carrier is easier to facilitate the introduction of pre- 
blended forming gas or by feeding hydrogen into the argon gas stream 
which will hopefully make it more accessible to laboratory researchers 
using a benchtop equipment such as a tube furnace. The NASA Moon-to- 
Mars Planetary Autonomous Construction Technology (MMPACT) 
project has also demonstrated larger scalability of this heat treatment 
with commercial partners using kilns. They have heat treated hundreds 
of kilograms of JSC-1A with reproducibility to what has been shown 
within this study. 

There is also the original concern of melt bubbling in high temper-
ature vacuum conditions that encouraged this body of work. The 

original hypothesis of this testing was that the non-lunar contaminants 
from terrestrial sourced simulant feedstock was the culprit for melt 
bubbling. However, through further review it is believed to be a more 
complex nature than expected. Basaltic rock, like those that make up the 
lunar regolith and the Merriam Crater from which JSC-1A is sourced, are 
prone to fluid inclusions from natural gasses dissolved in original 
magma (Heide, 1991; Heide and Schmidt, 2003). These could very well 
remain in the milled feedstock that ultimately became JSC-1A. This is 
therefore lunar-like behavior, as even Apollo specimens exhibited 
similar melt outgassing attributed to the “rupturing of vesicles and gas- 
rich inclusions” (Gibson, 1973). The other suspected source of melt 
bubbling is the dissolution of dissolved sulfates in the glass network. It 
has been noted (Shelby, 2007) that sulfate solubility decreases with 
increasing temperature, but also overall sulfur solubility decreases with 
reduced oxygen partial pressure. Both conditions are being met for 
reduced solubility, vacuum pressure will enhance bubble size and 
mobility, and MS SOx signals during and before bubbling like seen in 
Fig. 1 all support this conclusion. This combination of reduced gas sol-
ubility and enhancement of vacuum pressure of bubble growth has 
recently been noted as a likely candidate for these bubbling phenomena 
in JSC-1A (Lim et al., 2023), and likely holds true for most lunar regolith 
simulants. Hence, while the heat treatment is effective at removal of 
non-lunar species, it does not completely solve the problem of bubble 
formation once vitrification of mineral species accelerates. 

5. Conclusions 

It has been shown that a simple heat treatment schedule can be used 
to remove nonlunar weathering species from JSC-1A. While this heat 
treatment does have some deleterious effects on the lunar simulant, 
these impacts are considered minimal and overall, the simulant is more 
lunar-like than in the as-received state. JSC-1A as well as other lunar 
simulants are expected to still outgas and bubble in high temperature 
vacuum conditions near and above the vitrification point of the mineral 
constituents. This indicates that ISRU processes on the moon will need to 
maintain tight process control if operating in the hard vacuum at the 
lunar surface as this behavior is expected to also be paralleled by lunar 
regolith. This could negatively impact consolidation methods that rely 
on glassification of lunar regolith, and indicates that less mature regolith 
will likely be more prone to these issues than more mature regolith as 
they have undergone less micrometeroid weathering and agglutination. 
It is very likely that construction or consolidation methods will have a 
higher degree of success if they take advantage of lunar sites that have 
more mature regolith, less glass, and have accurate temperature and 
other process feedback streams to avoid overheat events. 
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