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Highlights: 15 

• Heated lunar regolith simulants generate large gas loads, forming a complex mixture of 16 

volatiles that promotes a wide range of reactions. 17 

• Volatiles, comprising the self-generated environment, were attributed to specific sources 18 

using mineralogical knowledge of the simulants.  19 

• Information, pertaining to the decomposition of non-lunar phases, can guide 20 

methodologies for enhancing the simulants fidelity. 21 
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Abstract 23 

Volatiles evolving from JSC-1A, NU-LHT-4M and CSM-LHT-1G lunar regolith simulants 24 

during in vacuo thermal processing were analyzed using mass spectrometry as a function of 25 

temperature.  Two high-fidelity simulants, JSC-1A (mare) and NU-LHT-4M (highland), were 26 

compared to a newly developed CSM-LHT-1G highland simulant, modified to closely match 27 

lunar geochemistry.  Large autogenous gas loads were observed for all investigated materials.  28 

Mineralogical knowledge was used to identify and attribute individual volatile species to 29 

reacting, transforming, or decomposing constituents (hydrates, carbonates, sulfates, sulfides, 30 

clays, etc.) of the respective regolith simulant in the self-generated gas environment.  Cumulative 31 

mass losses for individual simulant components as a function of temperature were quantified 32 

using mass spectrometry in conjunction with thermogravimetric analysis.  Investigation of the 33 

four components of CSM-LHT-1G – anorthosite, basalt, augite, and glass – aided the attribution 34 

of volatile species to specific compounds and their respective sources.  The results showed 35 

significant decomposition of non-lunar phases present in the man-made regolith simulants below 36 

the typical glass crystallization temperatures, which paves the way to devising methods for 37 

enhancing the fidelity of the simulants.  High gas loads and corrosive gases (HF and HCl) were 38 

recognized as potential hazards, pertaining to the development of large testbed facilities. 39 

 40 

1 Introduction 41 

The establishment of a permanent human presence on the Moon and Mars is envisioned 42 

as the embodiment of the next stage of space exploration by the National Aeronautics and Space 43 

Administration (NASA) and other space agencies.  NASA’s Artemis program (NASA, 2020) 44 

presents the roadmap for achieving these goals, working in cooperation with other space 45 

agencies and private corporations.  The Artemis program seeks the development of a range of 46 

technologies with emphasis on in-situ resource utilization (ISRU).  ISRU is an indispensable 47 

approach for human exploration.  It reduces terrestrial dependence, decreases mission costs and 48 

risk, enables faster progress, supports complex operations, and facilitates continuous human 49 

presence.   50 

ISRU includes direct processing of lunar regolith for construction through thermal, 51 

microwave and laser sintering (Taylor and Meek, 2005; Krishna Balla et al., 2012; Farries et al., 52 

2021; Whittington and Parsapoor, 2022; Suhaizan et al., 2023) and additive manufacturing 53 

(Cesaretti et al., 2014; Howe et al., 2014; Goulas and Friel, 2016; Isachenkov et al., 2021; Altun 54 

et al., 2021) and extends to a broad range of materials benefaction – oxygen, water, fuels, metals, 55 

silicon, etc., (Taylor and Carrier, 1993; Allen et al., 1996; Rasera et al., 2020; Schlüter and 56 

Cowley, 2020; Guerrero-Gonzalez and Zabel, 2023).  The advancement of relevant technologies 57 

necessitates testing and validation with lunar regolith, only limited amounts of which exist from 58 

the Apollo missions.  Large-scale operations would undeniably require man-made regolith 59 

simulants with sufficient fidelity for use as proxies.  The simulants must closely represent the 60 

composition, mineralogy, particle size and shape, and density of the lunar regolith at a given 61 

lunar site.  Fabrication of such materials had been undertaken by both government agencies and 62 

private institutions in several countries, resulting in a wide variety of simulants (Toklu and 63 

Akpinar, 2022; NASA, 2024).  However, inherent major mineralogical differences, generated by 64 

rock formation and weathering processes on Earth, render the lunar regolith distinctly different 65 

from any engineered simulant (Heiken et al., 1991).  Even over short geological times (thousands 66 
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of years), some of the original phases in igneous rocks used for simulant fabrication have been 67 

converted to altered stable phases, such as carbonates, sulfates, hydrated oxides, clays, etc., 68 

which are not present in lunar mineralogy.  Conversely, nanophase Fe0-rich agglutinates, made 69 

by hypervelocity micrometeorite impacts on the Moon, have no natural Earth equivalents.  70 

Production of suitable analogs in large quantities is an arduous and complex endeavor and has 71 

been a limiting factor in the production of high quantities of more lunar-like simulants.  72 

However, the fidelity of any lunar regolith simulant is not a comprehensive characteristic but 73 

must be assessed in the context of the intended application. 74 

Replicating lunar characteristics is essential for the characterization and testing of lunar 75 

regolith simulants for ISRU applications to avoid undesirable effects.  These include surface 76 

moisture from ambient air affecting triboelectric charging (Anderson et al., 2009), powder flow 77 

and particle packing, high-temperature decomposition of non-lunar components generating 78 

inherent gaseous atmosphere (Petkov and Voecks, 2023), hydrocarbons from thermal 79 

decomposition of organic matter facilitating thermochemical sulfate reactions (Zhang et al, 80 

2007), etc.  While lunar vacuum (~10-12 mbar) may be difficult or cost-prohibitive to replicate in 81 

a laboratory, the experimental conditions must be assessed in the context of self-generated 82 

pressure within a simulant sample to minimize Earth-inherent experimental biases.  High-83 

vacuum (<10-6 mbar) (Petkov & Voecks, 2023) and/or high conductance systems (Cardiff et al, 84 

2007) can often prove adequate.   85 

Identification and quantification of volatile species, evolving during heating of lunar 86 

regolith simulant materials in vacuum to sintering and melting temperatures, provide valuable 87 

information on inherent non-lunar components (Petkov & Voecks, 2023).  This allows for a 88 

direct comparison of different materials, or provides the fundamental knowledge needed to 89 

devise a thermal process, intended to reduce or remove undesirable components. Using this 90 

approach, Wilkerson et al. (2023) optimized the thermal treatment of JSC-1A to reduce its non-91 

lunar phases without significant impact on its figure of merit, thereby generally enhancing the 92 

simulant’s fidelity. 93 

The first part of the present work reports results from the comparison of three simulant 94 

materials – JSC-1A (mare), NU-LHT-4M (highland), and CSM-LHT-1G (highland).  High-95 

dynamic-range mass spectrometry (MS) was utilized for the characterization of volatile 96 

signatures arising from the decomposition of non-lunar components (carbonates, sulfates, etc.), 97 

which were then identified using mineralogical information and quantified using 98 

thermogravimetric analysis (TGA) in conjunction with MS.  In the second part, the MS 99 

characteristics of the CSM-LHT-1G simulant is compared to a compositional spectrum 100 

comprised of its four primary constituents (anorthosite, basalt, augite, and glass), measured 101 

individually and weighted with the respective mass fraction in the composite.  This aided the 102 

identification of the source of individual non-lunar phases in CSM-LHT-1G, linked to the 103 

respective component. CSM-LHT-1G was the only compound simulant for which all of the 104 

individual components were available separately, aiding such investigation. 105 

2 Materials and Methods 106 

2.1 Simulant Materials 107 

This comparison includes three different regolith simulants – JSC-1A, NU-LHT-4M, and 108 

CSM-LHT-1G.  Like all lunar simulants, these are made from igneous rocks, wherein the 109 
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primary, i.e., original, mineralogy is usefully close to lunar mineralogy.  JSC-1A is a lunar mare 110 

simulant, derived from a basaltic volcanic ash from Merriam Crater near Flagstaff, Arizona, 111 

USA.  It was made for Orbital Technologies Corporation (Gustafson et al., 2006) under a NASA 112 

contract as a replenishment of the original JSC-1 stockpile.  JSC-1A was intended for wide 113 

distribution and is the most thoroughly investigated and characterized of the lunar simulants.  114 

NU-LHT-4M is a lunar highlands simulant, made by the United States Geological Survey in 115 

collaboration with NASA.  Its design is a close duplicate of NU-LHT-2M (Stoeser et al, 2010).  116 

Quantities of -2M produced, ~500 kg, were within the allowances of the available high-quality 117 

glass.  Due to the shortage of NU-LHT-2M/4M, a more accessible highlands simulant was 118 

needed until a higher fidelity simulant becomes available.  To this end, CSM-LHT-1G was 119 

devised by NASA Marshall Space Flight Center on the basis of the Colorado School of Mines 120 

highland simulant CSM-LHT-1, which comprises 70 wt.% GreenSpar anorthosite and 30 wt.% 121 

Merriam Crater basalt (NASA, 2024).  The CSM-LHT-1 composition was modified to closely 122 

match the lunar geochemistry per Lemelin et al. (2015).  This was achieved with the addition of 123 

commercial augite from Ward’s Science, VWR International (VWR), and glass produced by 124 

Washington Mills (WM) intended for the development of NUW-LHT-5M.  The augite, obtained 125 

from surface exposure of syenite pegmatite, was partly weathered and contained minor 126 

impurities of microcline, fluorite, and scapolite.  The resulting proportions of the CSM-LHT-1G 127 

components were 55.2 wt.% GreenSpar anorthosite, 23.6 wt.% Merriam Crater basalt, 6.0 wt.% 128 

VWR augite, and 15.2 wt.% WM glass.   129 

Individual samples of the four CSM-LHT-1G constituents, each weighing 10.0 g, were 130 

also characterized separately using mass spectrometry.  To compare to the CSM-LHT-1G 131 

composite, a combination spectrum was then generated as a linear superposition, in which each 132 

component contribution was weighed with the respective mass fraction in the simulant.  Such 133 

analysis is in line with the fundamental principals of quantitative mass spectral analysis, 134 

established by Washburn et al. (1943). 135 

2.2 Vacuum Furnace Sintering 136 

Figure 1. Schematic drawing (left) and annotated image of the experimental apparatus 137 

(right). For detailed description see Petkov & Voecks (2023), published in Ceramics 138 
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International, Copyright Elsevier 2023. Here, the relevant elements are: 1 – furnace; 2 – cold 139 

trap; 9 – heated vacuum line, 10 – micro-Pirani gauge (main pressure sensor); and mass 140 

spectrometer (including 11, 12 and 13). 141 

 142 

Experiments were carried out in a high-vacuum system (Figure 1) with a base pressure of 143 

<10-6 mbar (without sample), equipped with a mass spectrometer, and designed to handle large 144 

gas loads evolving from heated regolith samples (Petkov & Voecks, 2023).  Regolith samples in 145 

powder form were sealed in quartz vessels and placed in a tube furnace with a maximum 146 

temperature of 1300ºC.  The thermal profile was identical for all measurements: 1ºC/min up to 147 

125ºC, then 2.5ºC/min to temperatures exceeding the respective material melting temperatures.  148 

The typical vacuum level at the start of an experiment was ~210-6 mbar; however, peak 149 

pressures at the sample, caused by high gas loads from decomposition products, ranged from 150 

~0.06 mbar to ~0.3 mbar.  The split-flow system was designed to provide high pumping capacity 151 

for large gas loads, generated by the regolith, while simultaneously delivering adequate gas flow 152 

to a residual gas analyzer (RGA, based on a quadrupole mass analyzer) for maximizing its 153 

efficiency for volatiles identification and quantification.  Measurements of the gas flow fractions 154 

through the system were done in system configurations similar to these reported in the above 155 

reference with atmospheric air flowing through a pinched capillary tube calibration standard 156 

(Vacuum Technology Inc., Oak Ridge, TN, USA) with a rate of (9.3±0.5)×10-8 standard l/s air 157 

(temperature corrected value).  Absolute ambient pressure measurements were taken with a 158 

Taber 254-SA pressure transducer (Taber Industries, North Tonawanda, NY, USA) with ±2 mbar 159 

(0.12% full-scale) accuracy.  The resulting flow rate estimates were 62±3% for JSC-1A and 160 

29±1.5% for all other experiments, including NU-LHT-4M, CSM-LHT-1G, and the four 161 

components of the latter.  These values are in a good agreement with the previously reported 162 

ones using dimensional calculations (Petkov & Voecks, 2023).   163 

The achieved RGA dynamic range exceeded five orders of magnitude, ensuring 164 

sensitivity to minor and trace compounds in the simulants.  The reported pressure values in our 165 

work are given as pressures at the sample, not at the sensor location.  This important distinction 166 

from other published reports offers a closer representation of self-generated atmospheres by the 167 

regolith simulants (or actual lunar regolith).  Calibration of the pressure at the sample and other 168 

system performance and characterization aspects were discussed elsewhere (Petkov & Voecks, 169 

2023).   170 

2.3 Thermogravimetric Analysis 171 

Mass loss and volatiles identification was carried out with a SETSYS Evolution 172 

(Setaram, Lyon, France) TGA instrument with integrated MS capability from a quantitative gas 173 

analysis quadropole mass spectrometer (Hidden Inc, Peterborough NH, USA).  The MS had 174 

lower dynamic range than the present system and, thereby, lower sensitivity to trace volatile 175 

signatures.  Although not reported here, all MS results were in good agreement with the data 176 

presented in this work; this was used as independent verification of the outgassing products from 177 

the dominant sources.  Here we report the TGA results obtained under vacuum conditions 178 

(<1x10-4 mbar), provided by a HiCube 80 Eco turbopump vacuum system (Pfeiffer Vacuum Inc., 179 

Nashua, NH, USA).  Large volume TGA crucibles allowed for specimen sizes of 1500 mg, 180 

which minimized sample-to-sample variations and allowed for collecting strong outgassing MS 181 
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signals.  The TGA thermal profiles for each sample replicated these used in the furnace sintering 182 

experiments. 183 

3 Results and Discussion – Part A: Comparison of JSC-1A, NU-LHT-4M and CSM-LHT-184 

1G Lunar Regolith Simulants 185 

3.1 Mineralogical Background 186 

The major non-lunar components in man-made lunar simulants can be either primary or 187 

secondary minerals.  Primary minerals, gases, and volcanic glass if present, classed as primary 188 

components, were created when the original rock formed from the magma; secondary minerals 189 

were formed later.  Secondary minerals come from either weathering on Earth’s surface, 190 

metamorphism, or hydrothermal alteration.  The exact mineralogy of a simulant records the 191 

geologic history of the feedstocks used to make the simulant.  Minerals are also classified by 192 

their elements.  The combination of geologic history and the elements put significant constraints 193 

on the interpretation the data presented herein. 194 

Most volatile evolution requires either a change in crystallization, rupture of pores 195 

containing trapped liquid or gas, or melting or sublimation of constituents in the simulant. The 196 

primary minerals used in lunar simulants are, with minor exceptions, not affected significantly 197 

by temperatures below ~750°C.  Relevant glass, if present, will begin to crystalize near that 198 

temperature, potentially allowing trapped primary gases, especially sulfur compounds, to escape.  199 

Weakening of particles and resultant volatile evolution can occur for several reasons, especially 200 

in particles that are heterogenous, and the expected temperature range is very problematic to 201 

predict.  Melting of the relevant minerals generally will start in the 1100°C to 1250°C range in 202 

the presence of a glass, or at temperatures as much as 300°C hotter in simulants that are 203 

essentially mono-mineralic and truly devoid of molecules such as H2O.  It is useful to note that 204 

temperatures of gas evolution from minerals generally correlates with geologic temperatures of 205 

formation. 206 

The volatile evolution of secondary minerals varies substantially in temperature and 207 

commonly occurs at temperatures well below 1000°C.  Each mineral has its own specific and 208 

frequently broad range of temperatures over which it will decompose, yielding gas.   209 

Geologists also classify abundance of each phase in the composition in a simulant using 210 

the informal terms major, minor, or trace.  Minor phases have an abundance between 211 

approximately 5 to 0.5 wt%, while major phases are more abundant and trace phases have less.  212 

This informal boundary also roughly corresponds to the difficulty of finding and identifying a 213 

mineral in the simulant or the feedstocks used to make the simulant.  Minor minerals are 214 

generally beyond the reach of x-ray diffraction (XRD), and trace minerals require knowledgeable 215 

searching using appropriate techniques.  As a practical matter, the exact identity of the trace and 216 

even some of the minor minerals, which can contribute substantially to gas evolution from a 217 

simulant during heating, is frequently unknown, and geologic reasoning must be used to suspect 218 

their presence. 219 

Because of the preceding, relating observed volatile evolution to specific causes within a 220 

simulant is problematic.  For attribution to a cause, information is needed on (1) the known 221 

mineralogy, (2) information about the multiple geologic environments the feedstocks have seen, 222 

(3) decomposition temperatures of candidate minerals, (4) the abundance of the root elements or 223 

radicals in the candidate minerals, and (5) the mass balances of candidate minerals versus the 224 
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observed gas evolution.  Given that exact mineralogy of the simulants is at best known only for 225 

the major minerals and some minor (and rarely some trace) minerals, and the exact compositions 226 

of such candidate minerals as the carbonates are not known, the absolute inversion of the gas 227 

measurement to mineralogy is not possible.  Therefore, reasoned guesses must be made. 228 

3.2 Specific Minerals and Groups 229 

General guidance is derived from knowledge of the source rock’s exact geologic history.  230 

This knowledge strongly constrains which primary and secondary minerals are reasonable to 231 

consider.  It also constrains such factors as potential gases released from primary glasses, and the 232 

fluid compositions of ubiquitous fluid inclusions.  Another factor is the certain presence of minor 233 

and trace minerals.  These phases, commonly ignored when discussing simulants, can be notable 234 

contributors to specific gas evolution.  Whereas the major minerals in a feedstock rock may be 235 

acceptably lunar-like, the minor and trace minerals commonly are not.  Analogous to rocks, 236 

minerals can have minor or trace elements.  And finally, the integrity of a mineral’s lattice 237 

becomes a factor.  A poorly crystallized mineral derived from weathering can act different than 238 

the well crystalized form.   239 

Minor, trace minerals, the state of crystallization, and particle sizes are generally not well 240 

known in feedstocks used to make simulants.  For most users these phases generally do not 241 

matter.  Also, they are not practical to detect using XRD, scanning electron microscopy (SEM) 242 

and other common techniques.  Processes designed specifically to even detect them are required.  243 

Therefore, geologic reasoning is used to supplement what is measured. 244 

Water, sensu lato, exists in minerals a number of ways.  For instance, it can be an 245 

essential part of the lattice, which is the case with gypsum, CaSO4∙2H2O; gypsum is found in all 246 

simulants derived from the Merriam Crater feedstocks.  Both amphibole group minerals, such as 247 

hornblende, and micas, such as biotite, contain OH- radicals and are found in both NU-LHT-4M 248 

and CSM-LHT-1G.  Various members of the clay family, which may contain both H2O and OH-, 249 

are known in Merriam Crater materials, NU-LHT-4M, and the anorthosite used to make CSM-250 

LHT-1G.  The specific clay(s) in each are probably different, each mineral having its own 251 

temperature range for decomposition and evolvable water mass.   252 

Water, sensu stricto, also is found at grain boundaries and inside crystals as fluid 253 

inclusions.  Fluid inclusions are sealed vesicles within a crystal which contain some of the fluid 254 

from which the crystal grew.  Especially in the igneous rocks used to make simulants, these 255 

packets of fluid were trapped at high temperature, high pressure, and highly concentrated 256 

solutions.  When the crystal lattice fails during heating in a vacuum, the supercritically heated 257 

H2O (>374ºC) flashes to gas and other elements can be released.   258 

Clays are of particular interest for several reasons.  Their lattice structures (refer to 259 

Section 5 in Krūmiņš et al., 2022) allow incorporation of multiple constituents, some of which 260 

are easily liberated on heating.  While H2O is the normally expected gas to be evolved from a 261 

clay, other phases, i.e. OH-, F-, Cl-, or elements, may also be present, again dependent on the 262 

geologic history of the feedstocks.  Clays can also evolve volatiles over a wide range of 263 

temperatures and the evolution can appear to be continuous over a wide range.  Finally, multiple 264 

clays can be present in a single source, each clay having its own thermal evolution behavior.   265 

Related to clays are several other mineral groups, such as epidotes, zoisite, and chlorite.  266 

These are known to be in the hydrothermal-magmatic ore system at Stillwater Montana that 267 
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provides the crystalline feedstocks used to make NU-LHT-4M (Boudreau, 2016).  Such minerals 268 

can also liberate volatiles when heated.   269 

Carbonates, minerals containing the CO3
2- ion, are characteristic in all three secondary 270 

geologic environments, both at low and high temperature.  The most common carbonate is 271 

calcite, CaCO3.  In addition to Ca carbonate, there are also (Mg,Ca) and Fe carbonates in the 272 

simulants reported here.  Carbonates are explicitly known in the Stillwater Complex (Aird and 273 

Boudreau, 2013) and in the Qaqortorsuaq anorthosite southwest of Kangerlussuaq, Greenland 274 

which is used in making CSM-LHT-1G (internal NASA data, 2019).  Based on known geology, 275 

carbonates are certainly present in the Merriam Crater material used to make JSC-1A.  In JSC-276 

1A the calcite occurs, at least in part, in the form of caliche.  Caliche can have very small crystal 277 

sizes and the calcite is mixed with a range of other minerals, such as sulfates, i.e., gypsum.   278 

Sulfur exists in the simulants as primary sulfide minerals, as an admixed constituent 279 

inside volcanic glass,  and in the semi-arid weathering environment of Merriam Crater, as 280 

sulfates.  Troilite, FeS, the sulfide identified in lunar samples, is not found naturally on Earth.  Its 281 

Earth analog is pyrite, FeS2, which is far the dominant primary form of sulfide in all simulants.   282 

Other sulfides are also known in the three simulants.  For example, the most thoroughly studied 283 

in this respect is the source rock used to make NU-LHT-4M (Aird et al., 2017).  The rock is from 284 

a sulfide assemblage carrying platinum.  Some of the sulfides known to be present include 285 

pyrrhotite, copper sulfides and zinc sulfide.  However, the sum of their masses in the simulant 286 

are expected to be much less than 0.5 wt%.  Secondary sulfur phases are present in the Merriam 287 

Crater source material, due to weathering processes operating on primary pyrite.  Pyrite would be 288 

a normally expected trace or minor mineral in the Greenland source for CSM-LHT-1G, although 289 

the necessary work to identify it has not been done.  The secondary sulfates in Merriam Crater 290 

material include gypsum and basanite, but others, such as iron-bearing phases are highly likely.   291 

There are multiple primary minerals in these simulants that are very likely to carry F and 292 

Cl.  Micas, like biotite and muscovite, are known in the feedstocks of NU-LHT-4M and CSM-293 

LHT-1G.  Based on geology, JSC-1A may also have at least one of the minerals in this class.  294 

The apatite group is known in NU-LHT-4M and is expected in both JSC-1A and CSM-LHT-1G.  295 

Samples of CSM-LHT-1G, Merriam Crater basalt (JSC-1A), GreenSpar anorthosite, and augite 296 

were analyzed for water-soluble F and Cl content.  Detected trace values of note were 0.36-297 

0.38 wt.% F and 0.06-0.07 wt.% Cl in the augite, and 0.06 wt.% Cl in the basalt; all other 298 

measurements were below the detection limits (<0.1 wt.% for F and <0.02 wt.% for Cl). 299 

Our data herein have very high sensitivities.  As such the volumes of potential source 300 

minerals needed to explain the measurements are relatively small, certainly in the minor as well 301 

as the trace abundance ranges.  But any one of our measurements might be attributed to multiple 302 

sources.  With the knowledge that minerals of primary origin are largely not involved in gas 303 

evolution below at least 750°C, and probably 1000°C, it is practical to estimate the total amount 304 

of secondary minerals in a simulant.  This is done using a Loss on Ignition (LOI) test, in which a 305 

measured aliquot of simulant is heated in a furnace, e.g., 1000°C, then reweighed.  The available 306 

information indicates the LOI for all three simulants is ≲1 wt%, but the current data must be 307 

considered minimum numbers as these simulants gain weight when T≳400°C through oxidation 308 

supplied by air, even as volatiles are released (Street et al., 2010).  On the other hand, the low 309 

LOI and our TGA mass loss measurements align quite well with the fact the composition of 310 

these simulants is strongly dominated by the desired primary minerals, which are reasonably 311 

lunar-like. 312 
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3.3 Autogenous Pressure Environment 313 

Simulants comparison was carried out with samples of similar weights: JSC-1A (23.1 g), 314 

NU-LHT-4M (23.7 g), and CSM-LHT-1G (23.4 g).  Each material was sealed in a quartz tube 315 

reactor with a bulb-shaped bottom, intended to optimize the RGA time response to changes that 316 

may experience delays due to gas transport through the sample bulk.  The pressure-temperature 317 

profiles of the three materials (Figure 2) were adjusted for total pressure, accounting for the 318 

different flow rate fractions in the split-flow system.  Each material was heated to a temperature 319 

above its melting point.  The occurrence of a melt was deduced from the onset of the pressure 320 

bursts, which were attributed to decrepitation events – sudden release of gas from vesicles, 321 

termed “fluid inclusions”, formed when igneous fluids were trapped at high pressure in minerals 322 

at the time of their formation.   The decrepitation onset temperatures were 1114ºC for JSC-1A, 323 

1242ºC respectively for NU-LHT-4M, and 1212ºC for CSM-LHT-1G (thermocouple accuracy in 324 

that range is 0.75%).  Strictly speaking, decrepitation is expected to occur at lower than melting 325 

temperatures due to crystal defects and weakening of the crystal structure failing under internal 326 

pressure from supercritical fluids in the vesicular inclusions.  For the purpose of this 327 

investigation, however, the difference between the decrepitation and melting temperatures was 328 

not significant.  Note that the value for JSC-1A (1114±8ºC) did not deviate significantly from the 329 

1126ºC for JSC-2A, derived from calorimetric studies (Zocca et al., 2020).  (JSC-2A was 330 

produced by Zybek Advanced Products, Inc., as a replica of JSC-1A from the same Merriam 331 

Crater basaltic source.) 332 

 333 

 334 

 335 

Figure 2. Pressure-temperature profiles for approximately equal amounts of JSC-1A (black), 336 

NU-LHT-4M (blue), and CSM-LHT-1G (red) lunar regolith simulants.  The pressure spikes, 337 

attributed to decrepitation events, mark the respective melting temperatures. 338 
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 339 

Figure 3. Decrepitation pressure spikes as a function of time, plotted for each sample from the 340 

onset of decrepitation.  Line colors for JSC-1A (black), NU-LHT-4M (blue), and CSM-LHT-1G 341 

(red) correspond to these in Figure 2. 342 

 343 

It must be noted that the pressure within the sample is not a property of the system, but 344 

rather an intrinsic characteristic of the man-made regolith simulant, governed by its own gas load 345 

it generates during heating.  High-conductance systems can be constructed to allow fast 346 

evacuation of that gas load from small samples and maintain high vacuum continuously (e.g., 347 

Cardiff et al, 2007); however, the intrinsic sample pressure in bulk media would be determined 348 

by the percolation rate of the evolving gases through the powder, which occurs in laminar flow 349 

conditions.  A rough estimate of the gas throughput resulting in 0.01 mbar pressure at the sample 350 

in our system yielded ~2 atm.-cm3/s (Petkov & Voecks, 2023).  For similar viscous flow 351 

conditions within bulk simulant powder, the highest pressure in Figure 2 corresponds to a gas 352 

load of several atm.-cm3/s per gram of regolith sample.  This demands an adequate consideration 353 

for ISRU technologies whose validation requires 10s or 100s of kilograms of regolith. 354 

Gas release from decrepitation events did not amount to a significant contribution to the 355 

total quantity of gas evolving from a regolith simulants sample during vacuum heat treatment.  356 

Figure 3 shows a direct comparison of the respective pressure profiles from the onset of melting 357 

for each individual sample.  To aid an approximate estimate, the integral area under the 358 

decrepitation peaks was estimated by subtracting the respective “floor” of the pressure trend.  359 

The results were ~0.5%, ~0.05% and 0.15% of the cumulative gas quantity evolved from JSC-360 

1A, NU-LHT-4M and CSM-LHT-1G, respectively.  It is acknowledged that the data acquisition 361 

was not optimized for monitoring the fast pressure spikes, which led to a moderate 362 

underestimate.  The limited conductance at the sample caused prolonged pumping of the gas 363 

bursts, allowing to evaluate the upper bound for that ambiguity through peak shape analysis.  364 

The decrepitation gases in the case of JSC-1A exceeded the estimate from the integral by no 365 

more than 50%.  Owed to the lower conductance setting for the other two samples (see Section 366 
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2), the more extended pumping of their volatiles resulted in a smaller overestimate.  It can thus 367 

be deduced that decrepitation gases accounted for 0.1-1% of the total evolved gases form the 368 

studied lunar regolith simulants.  Volatile decomposition byproducts of non-lunar components 369 

represent the largest gas threat to vacuum processing of man-made lunar regolith simulants. 370 

3.4 Comparison of Volatiles Evolved During In-Vacuo Heating 371 

Volatile gas signatures were monitored continuously by the RGA.  The species were 372 

identified by their fragmentation patterns (NIST database).  Cumulative thermal profiles, 373 

corresponding to H2, H2O, NO, H2S, CO2, SO2, SO3, HCl, and HF, were generated per the 374 

procedure described by Petkov & Voecks (2023).  The constructed profiles assume equal gas 375 

detection efficiencies (N2 equivalent, as commonly expressed in vacuum science).  For the 376 

species above, the inaccuracy can exceed a factor of two, leading to underrepresentation (for H2) 377 

or overrepresentation (for sulfur compounds) of their contribution to an RGA spectrum.  This 378 

work rectifies that by scaling the individual thermal profiles with the respective sensitivities 379 

given in Table 1.  Such correction factors (e.g., MKS Instruments) arise from differences in the 380 

molecular ionization cross-sections induced by the (75 eV) electrons of the RGA ion source.  381 

These values are similar to gas correction factors for ionization gauges (Bartmess and 382 

Georgiadis, 1983), utilizing the same phenomenon.  (Note that the NO trace was scaled with the 383 

correction factor for NO2 considered to be the parent molecule generated during nitrate 384 

decomposition.  NO2 was not conclusively identified due to high organic background at m/z=46 385 

at low temperatures.) The resulting profiles for JSC-1A, NU-LHT-4M and CSM-LHT-1G are 386 

shown as a collage of plots with identical scales for direct comparison (Figure 4).  The total 387 

pressure corresponds to N2 equivalent and carries no gas correction at any stage; it does not 388 

represent the integral of all gas specific RGA traces.   389 

 390 

Table 1. RGA sensitivity for different gases with respect to N2, shown within two significant 391 

digits. 392 

Species H2 H2O NO H2S CO2 SO2 HF HCl 

Gas correction factor 0.44 1.0 1.5* 2.2 1.4 2.1 1.4 1.6 

*The 1.5 correction factor for NO2 parent was used instead of 1.2 for NO.   393 

 394 

Water dominated the volatile constituents produced during the heating process of all 395 

regolith simulants to 900-1000ºC.  Physisorbed water on particle surfaces (~1 m2/g) accounted 396 

for only a small fraction of the total quantity at lower temperatures (≲300-350ºC).  Most of the 397 

water was generated by dehydration of the regolith.  Dehydration (Kim and Lee, 2013), 398 

regardless of the specific source (hydrates, hydrous oxides, clays, etc.), encompasses the removal 399 

of H2O and OH- species form materials.  Water (steam) becomes highly reactive at elevated 400 

temperatures and can act as either reducing or oxidizing reagent.  This promotes a diverse range 401 

Jo
urn

al 
Pre-

pro
of



Manuscript submitted to Planetary and Space Science 

 

of secondary reactions, the byproducts of which create a complex gaseous environment within 402 

regolith simulants that is difficult to decode. 403 

Figure 4.  RGA traces of H2O (blue), CO2 (cyan), H2 (purple), SO2 (red), SO3 (magenta), H2S 404 

(orange), HCl (green), HF (olive), and NO (grey), given for JSC-1A (top), NU-LHT-4M 405 

(middle) and CSM-LHT-1G (bottom plot) on the same scale.  The traces, scaled using the 406 

correction factors from Table 1, are shown only in the regions where the respective species were 407 

conclusively identified by MS.  Note that the total RGA pressure (respective black lines), 408 

measured by an ionization gauge, is shown as N2-equivalent, not the integral of all traces..   409 

 410 
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Strong CO2 signatures in the RGA data were observed in all simulants.  That was 411 

attributed to decomposition of carbonate minerals, such as calcite, dolomite, or siderite.  Calcite 412 

has been the most commonly identified carbonate in simulants, and is probably the dominate 413 

carbonate in these simulants, although dolomite and siderite are also known in NU-LHT-4M.  In 414 

its pure crystalline form, decomposition of calcite proceeds rapidly above 750ºC (Karunadasa et 415 

al., 2019).  The strong CO2 presence at lower temperatures could be attributed to constituents in 416 

the self-generated gaseous environment.  High-temperature water vapor (steam) is known to 417 

promote catalytic decomposition of carbonates (Giammaria and Lefferts, 2019), whereas partial 418 

CO2 pressure can also influence the CaCO3 decomposition rate (Galan et al., 2013). 419 

Carbonates are either totally absent or extremely rare on the Moon.  Therefore, removal 420 

of carbonates that are present in lunar  ens may be desirable to increase their fidelity for some 421 

applications.  This is achievable via thermal decomposition, which is limited by the 422 

crystallization temperatures of relevant glasses, being ~750ºC.  Such treatment is not conducive 423 

to removing other regolith constituents that give origin to CO2 resulting from other reactions 424 

occurring at higher temperatures (>1000ºC).  CO2 of primary volcanic origin can also exist in 425 

glasses or can be trapped at high-pressures in vesicles.  These forms of existence of CO2 in the 426 

simulants are not undesirable, as they are expected to be present in lunar regolith.   427 

Multiple RGA signatures (H2S, SO2, SO3) indicate volatilization of sulfur via oxidation 428 

or reduction reactions.  Sulfur in the simulants can exist in multiple forms.  Various primary 429 

sulfides, which are known lunar minerals, are known to exist in JSC-1A, NU-LHT-4M, and 430 

CSM-LHT-1G.  The most prevalent sulfide is pyrite, FeS2, an analog for the troilite, FeS, in 431 

lunar samples.  The simulant’s self-generated environment produced small amounts of reduced 432 

sulfur (H2S), which could be attributed generally to pyrite, and in the case of NU-LT-4M, also to 433 

pyrrhotite.  H2S can also be extracted directly from primary volcanic glass above its 434 

crystallization temperature (~750ºC).   435 

Sulfur can also exist in the form of sulfates, SO4
2-.  JSC-1A and CSM-LHT-1G are 436 

almost certain to also have sulfates, especially gypsum, CaSO4∙2H2O, and possibly bassanite, 437 

2CaSO4∙H2O.  Decomposition of sulfates generates SO2 and some SO3 in proportions depending 438 

on the mineral types (Lau et al., 1977).  Gypsum (or bassanite) produces mainly SO2 and trace 439 

amounts of SO3, that latter becoming detectable only at high temperatures.  Reactions of sulfates 440 

with the self-generated environment may facilitate decomposition at lower temperatures than 441 

those for the pure crystalline materials, but the experimental evidence implies that sulfates are 442 

largely unaffected below the typical glass crystallization temperatures.  This presents a challenge 443 

for devising a strategy to remove the non-lunar sulfur components from simulants in order to 444 

improve the simulant fidelity.  Bakeout in reducing environment (Wilkerson et al., 2023) may 445 

promote sufficient removal of sulfates. 446 

Elemental hydrogen is not found in mineral lattice except as hydroxyl or ammonia 447 

radicals, or as H2O such as waters of hydration.  H2O can also exist as molecular water trapped 448 

on or within large defects in the crystal lattice called fluid inclusions.  Hydrogen exhibited a 449 

strong presence in the RGA spectra of the investigated simulants, especially at higher 450 

temperatures.  H2, occurring at different temperature ranges, can be produced by a range of 451 

primary and secondary reactions, especially from secondary phases, such as clay minerals and 452 

gypsum.  Trends of the H2 signatures can be correlated to other volatiles, but mass spectrometry 453 

alone does not provide conclusive evidence of chemical reactions in the simulant materials.   454 
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Minor but noticeable volatile constituents included NO2 (by virtue of NO detection below 455 

550-600ºC), HCl and HF.  Chlorine and fluorine bearing compounds give rise to the HCl and HF 456 

signatures detected in all simulant materials at temperatures above ~700ºC.  Reduced Cl (HCl) 457 

and F (HF) in our data are probably derived from any number of primary chlorine- and fluorine-458 

bearing minerals, such as apatite, muscovite, or augite.  The mixture of minerals, the diversity of 459 

their form, and the complex self-generated gas environment can promote a multitude of thermal 460 

reactions generating HF and HCl.   461 

Nitrogen compounds in the simulants are almost certainly from contaminants in the 462 

simulants.  Such contaminants can come from either biological processes in the natural 463 

environment mined as source for the simulant, or various contaminants derived from the mining 464 

or milling processes, such as spilled engine oils, residue of blasting, or plastic insulation on 465 

blasting cord.  A range of other notable, albeit minor contributors to the RGA spectra, include 466 

O2, byproducts of nitrates decomposition.   467 

The detection of NO above 900ºC was intriguing.  The organic background, which 468 

prevented the detection of NO2 at lower temperatures, was greatly reduced; however, no NO2 469 

correlated with the NO signature was registered.  This alludes to NO being a byproduct of 470 

nitrides reacting with oxidizing agent from the self-generated environment (e.g., steam).  The 471 

reaction is likely reversible.  After cooling the thermally processed regolith to room temperature, 472 

exothermic reaction occurred upon exposure to pure N2 gas.  The generated heat was most 473 

pronounced in the JSC-1A simulant (samples exceeded 100ºC).  Further investigation is 474 

warranted. 475 
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3.5 Mass loss quantification 476 

Figure 5.  Total (a) and differential mass loss (b) calculated from TGA (dotted lines) and MS 477 

(solid lines) for JSC-1A (black), NU-LHT-4M (blue) and CSM-LHT-1G (red).  Multiple TGA 478 

data sets shown for NU-LHT-4M and CSM-LHT-1G attest to a very good reproducibility.  The 479 

integral MS mass loss between 150ºC and the respective melting temperatures were normalized 480 

to the respective TGA values. 481 

Mass loss quantification of the investigated lunar regolith simulants was based on TGA, 482 

complemented by MS, providing information on individual regolith components.  Figure 5 483 

compares the total (a) and differential mass loss (b), calculated from TGA (dotted lines) and MS 484 

(solid lines) for JSC-1A (black) NU-LHT-4M (blue) and CSM-LHT-1G (red).  To minimize 485 

initial moisture outgassing effects in vacuum at room temperature prior to the start of the 486 

experiments, the TGA results were zeroed at 30ºC.  Multiple spectra shown for the latter two 487 

simulants (dotted lines, not intended to be resolved individually in this plot) exemplify the high 488 

sample-to-sample reproducibility owed to the large sample size under test.  The TGA data show 489 

higher mass loss from NU-LHT-4M compared to CSM-LHT-1G, which has not been reconciled 490 

with their outgassing profiles obtained at identical conditions with the present system (Figure 2).  491 

Due to recognized uncertainties of the latter technique, causing ambiguities in direct mass 492 

quantification, MS is used here as complementary to TGA.  To this end, total mass loss profiles 493 

were calculated as the sum of the individual volatile species shown in Figure 4 weighted with 494 

the corresponding mass, and the results were normalized to the respective TGA integral values 495 

from 150ºC to the respective regolith melting temperatures.  The choice of 150ºC (above the end 496 
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of the 1ºC/min heating rate) was rooted in typical vacuum bakeout temperatures intended to 497 

minimize variability due to physisorbed moisture.  It must be noted that the mass losses were 498 

dominated by moisture removal, and degradation of carbonates and sulfur compounds.  The 499 

cumulative mass loss of all minor components from Figure 4 (H2, H2S, NO2, HCl and HF) did 500 

not exceed 0.01 wt.% for any of the tested samples.  The unaccounted in Fig. 3 balance in the 501 

RGA spectra (mostly from organic volatiles) contributed significantly less than 0.01 wt.% to the 502 

total mass loss.   503 

Figure 5(b) compares the differential mass loss from TGA and MS.  The MS data exhibit 504 

broader, less defined peaks with similar onsets.  This attests to inertial effects due to gas 505 

transport through the sample bulk, and subsequently from the furnace to the spectrometer 506 

through a path with limited conductance.  Consideration must be given to the species dependence 507 

of such gas transport through the different sticking coefficients and resident times for molecules 508 

interacting with surfaces of particles and system walls (e.g., H2O, SO2/SO3), whose transport 509 

would exhibit greater delay than that of non-interacting gases (e.g., H2, CO2).   510 

The normalization factors for JSC-1A, NU-LHT-4M, and CSM-LHT-1G obtained from 511 

the scaling of the cumulative MS and TGA mass loss values adopted for Figure 5 were used to 512 

scale the contribution of the individual species evolving from each regolith simulant.  The high 513 

MS dynamic range allowed for investigation of volatiles evolving from trace elements.  The 514 

integral mass loss profiles for H2O (blue), CO2 (cyan), SO3 (red), HCl (green), HF (olive), and 515 

NO2 (grey) are shown as a function of temperature in Figure 6.  The data for JSC-1A (solid 516 

line), NU-LHT-4M (dashed line), and CSM-LHT-1G (dash-dotted line) extend to the respective 517 

melting temperatures.  Dehydration, in its prevalent general definition of H2O and OH- removal, 518 

dominated the mass loss for all tested regolith simulants.  The reader is reminded that the data 519 

presented here have minimum contribution from physisorbed moisture, the majority of which 520 

was removed through extended pumping prior to the start of the experiments.  Due to the 521 

mineralogical complexity and the myriad of H2O and OH- sources in the regolith composition, 522 

the discussion of specific processes (e.g., dehydration of hydrates, dihydroxylation, etc.) falls 523 

outside the scope of this work.  Decomposition products of carbonates, sulfates and sulfur 524 

compounds, represented at different proportions in the studied regolith simulants, constitute the 525 

other major contributors to the mass loss. 526 Jo
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 527 

Figure 6.  Mass loss of individual regolith components as a function of temperature: H2O (blue), 528 

CO2 (cyan), SO3 (red), HCl (green), HF (olive), and NO2 (grey).  The regolith simulants are 529 

represented as follows: JSC-1A (solid lines), NU-LHT-4M (dashed lines) and CSM-LHT-1G 530 

(dash-dotted lines). 531 

 532 

 533 

Figure 7.  Cumulative mass loss attributable to dehydration (blue, cross-hatch), decomposition 534 

of carbonates (cyan, left-hatch) and sulfates (red, right-hatch) and other minor contributors 535 

(nitrates, fluorine and chlorine bearing compounds, etc.; solid black). 536 
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It is worth considering vacuum heat treatment with respect to the typical crystallization 537 

temperatures of volcanic glasses (~750ºC), which limits the heat exposure of the simulant in 538 

order to avoid considerable adverse morphological changes.  At such temperatures, nitrates and 539 

other N-contaminants are fully degraded by 400ºC, and volatile organic compounds (not 540 

presented here) are decomposed or combusted at temperatures <600ºC.  Carbonates 541 

decomposition can be complete given sufficient time, whereas sulfates remain largely 542 

unaffected.  F- and Cl-bearing minerals that give rise to HCl and HF at >700ºC are also difficult 543 

to remove by that stage.  Vacuum thermal processing of simulant materials at ~750ºC is a viable 544 

approach for removing a large fraction of the non-lunar phases, but some of them would require 545 

different approaches. 546 

Figure 7 illustrates the comparison among the three regolith types in the form of a 547 

stacked bar chart of the integral mass loss contributions from dehydration (blue, cross-hatched 548 

area), decomposition of carbonates (cyan, left-hatched) and sulfur compounds (red, right-549 

hatched), and aggregate contribution from degradation of all other trace components (black, 550 

solid).  The cumulative mass loss values prior to melting of the respective simulant were 0.41 551 

wt.% for JSC-1A, 0.98 wt.% for NU-LHT-4M, and 0.65 wt.% for CSM-LHT-1G.  The reader is 552 

reminded that these values do not account for the surface moisture accumulated during simulants 553 

storage at ambient conditions; most of that has been removed during the vacuum conditioning of 554 

the sample prior to conducting these experiments (Petkov &Voecks, 2023).  Accounting for the 555 

differences in experimental conditions, the above values are in good concurence with reported by 556 

Isachenkov et al. (2022) TGA-derived mass loss of LHS-1 (1.1 wt.%) and LMS-1 (1.38 wt.%) 557 

lunar regolith simulants made by Exolith Labs.  558 

 559 

4 Results and Discussion – Part B: Analysis of CSM-LHT-1G in the Context of its 560 

Individual Components 561 

4.1 Individual CSM-LHT-1G Constituents 562 

CSM-LHT-1G is comprised of four components – GreenSpar anorthosite (GSA), 563 

Merriam Crater basalt (MCB), VWR augite (Aug), and Washington Mills glass (WMG) with 564 

proportions given in Section 2.1.  Samples weighing 10.000.02 g of each of the above were 565 

subjected to identical vacuum heat treatment to that of CSM-LHT-1G.  The gas flow fraction to 566 

the MS was kept identical (29%) to aid the direct comparison at the expense of suppressed 567 

sensitivity to trace components evolving from the MCB and WMG samples.  The MS data were 568 

analyzed according to the procedure in Section 3.2.  Owing to the identical measurement 569 

conditions, no normalization was necessary.  The results are presented as a collage in Figure 8, 570 

with each individual plot having the same temperature and pressure scale for a direct 571 

comparison. 572 
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 573 

Figure 8.  RGA traces as a function of temperature for the four CSM-LHT-1G components – 574 

GSA, MCB, Aug and WMG.  The color scheme is identical throughout this paper: H2O (blue), 575 

CO2 (cyan), H2 (purple), SO2 (red), SO3 (magenta), H2S (orange), HCl (green), HF (olive), and 576 

NO (grey). 577 

 578 

A notable deviation from the previous analysis (Section 3.2) was necessitated by the 579 

observed strong SiF4 presence produced by the augite sample at temperatures above 1000ºC.  580 

The origin of SiF4 was traced to a secondary reaction of HF, generated by impurities in the 581 

augite, with the quartz vessel.  The reaction was substantiated by the subsequent observation of 582 

large etch pits in the quartz reactor walls.  At the maximum SiF4 signature at 1070ºC, the HF-583 

related RGA contribution (SiF4 and HF) amounted to >70% of the entire RGA spectrum.  To 584 

properly account for all HF generated by the augite, the main peak (m/z=85) was scaled to the 585 

total SiF4 amount according to its fragmentation pattern (NIST database), the SiF4 signal was 586 

then adjusted with its ionization coefficient (0.35 per Bartmess & Georgiadis, 1983), and the 587 

cumulative HF contribution was obtained as the sum of the HF and 4×SiF4 traces (according to 588 

the reaction SiO2 + 4HF → SiF4 + 2H2O).  The resulting profile (Figure 8, Aug) accounts for the 589 

majority of the total pressure at 1070ºC.  Although faint m/z=85 peaks were detected in some 590 

other spectra, no SiF4 correction was necessary for any other simulant material or simulant 591 

constituent.   592 
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The augite experiment was terminated at a lower temperature due to a failure of the 593 

furnace control thermocouple.  A repeat of the experiment was undesirable due to the strong HF 594 

generation and was deemed unnecessary for the purpose of this work. 595 

Pertinent to oxygen extraction experiments from anorthosite-rich lunar regolith, it is 596 

worth mentioning that the increase in the total pressure in the GSA sample at >1200ºC was 597 

caused solely by O2 (not detailed in this work).  Oxygen was the only significant RGA 598 

constituent that had an increasing trend at such temperatures. 599 

4.2 Comparison of CSM-LHT-1G with a Weighted Superposition Spectrum of its 600 

Components 601 

The CSM-LHT-1G component with the highest outgassing rate per unit mass was the 602 

anorthosite, followed by the augite, basalt, and glass.  The outgassing from the glass is at least an 603 

order of magnitude lower than that of the other components and is therefore not a major 604 

contributor to the volatiles evolving from the composite.  This assessment of the RGA profiles of 605 

the individual constituents allow for identification of the source of some decomposition products 606 

in the composite regolith.  To this end, a composite spectrum was produced by calculating the 607 

weighted average for each of the traces shown in Figure 8 with the weight fraction of the 608 

respective component in the CSM-LHT-1G composite (Section 2.1).  The resulting composite 609 

spectrum was compared to that of CSM-LHT-1G in Figure 9.  No adjustment for the different 610 

weights of the 23.4 g CSM-LHT-1G sample and the 10 g “composite sample” was deemed 611 

necessary for the intended qualitative comparison.  Larger samples under test generally exhibit 612 

broader peaks due to the slower gas percolation through the powder bulk.  This is corroborated 613 

by the comparison of the JSC-1A spectra in Figure 4 (23.1 g) and that in Figure 8 (10 g). 614 

The volatile signatures in the actual and reconstructed spectra exhibit strong similarities.  615 

The dehydration, particularly the initial range (<400ºC) and around the ~930ºC peak, are 616 

adequately recreated.  The 550-850ºC range is also replicated reasonably well, apart from the 617 

more detailed H2O peak structure with individual peaks attributable predominantly to the 618 

anorthosite and basalt.  Such details might be unresolvable in the larger CSM-LHT-1G sample.  619 

Alternatively, the local mineralogical environment in individual components might influence the 620 

temperatures at which some reactions occur.  An excellent correspondence was also observed in 621 

the comparison of the CO2 signatures.  The qualitative comparison of the remaining volatile 622 

trends also shows reasonably good correlations.  The overall quantitative comparison was also 623 

well replicated.  This can be seen in the intensities of the NO (<400ºC), the SO2 and H2S 624 

production at high temperatures, and the HCl and HF generation at >700ºC.  Despite its small 625 

(6 wt.%) fraction in the composite, augite appears to be a dominant source of HF in the CSM-626 

LHT-1G simulant.  The fluorine-bearing compounds can be attributed to fluorite impurities in 627 

the augite.  Impurities in the minerals can play a significant role in mass spectrometry when the 628 

dominant species are stable in the given temperature range.  The glass powder, which has been 629 

prepared from high purity glass, also exhibited uncharacteristically strong outgassing above its 630 

vitrification temperature likely due to impurities introduced during milling. 631 
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 632 

Figure 9.  Comparison of RGA traces as a function of temperature of CSM-LHT-1G and a 633 

synthetic spectrum of its components, weighted with their respective fraction.  Identical color: 634 

H2O (blue), CO2 (cyan), H2 (purple), SO2 (red), SO3 (magenta), H2S (orange), HCl (green), HF 635 

(olive), and NO (grey). 636 

 637 

The limitation of the superposition approach was illustrated by the weak SO3 signal, 638 

which failed to reproduce relevant details.  The decomposition of gypsum produces SO3 from the 639 

surface and SO2 from the bulk of the mineral particles (Lau et al., 1977) with proportions 640 

expectedly corresponding to the mean surface to volume ratio of the gypsum particles in the 641 

simulant.  That proportionality is evident in the CSM-LHT-1G spectrum (Figure 9), as well as in 642 

those of the anorthosite, augite and basalt components (Figure 8).  The reconstruction of the 643 

~1000 times fainter signal, however, was hindered by the more restricted flow rate to the MS for 644 

the lower outgassing components (MCB and WMG), adopted for the direct comparison.  645 

Nonetheless, component analysis proved useful for identifying sources of specific volatiles 646 

evolving from the CSM-LHT-1G. 647 
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5 Conclusions 648 

This work compares volatiles evolving from lunar regolith simulants to inform in vacuo 649 

thermal processing activities.  The investigated materials were high-fidelity mare (JSC-1A) and 650 

highland (NU-LHT-4M) lunar regolith simulants, as well as a CSM-LHT-1G – a recently 651 

developed highland simulant, available in sufficient quantities for large-scale technology 652 

development in support of NASA’s Artemis program.  In addition to known mineralogical 653 

differences, the behavior of man-made simulants heated under vacuum can deviate significantly 654 

from that of lunar regolith even when lunar conditions are replicated.  All simulants generated 655 

large gas loads [~1 atm.-cm3/(s·g)], significantly more pronounced in the highland simulants.  656 

This self-generated environment comprises the decomposition products of simulant components, 657 

most of which have non-lunar origin, and a complex combination of primary and secondary 658 

reactions of the products.   659 

The self-generated environment generated during in vacuo heating was dominated by 660 

water in the form of H2O and OH-, released by minerals and clays.  The other major contributors 661 

to the evolving gases were CO/CO2, primarily from the decomposition of carbonates, and 662 

SO2/SO3 mainly from decomposition of sulfates and sulfides.  Sulfates/sulfides and carbonates 663 

were represented in various quantities in the different simulants.  Reduced sulfur in the form of 664 

H2S, likely originating from pyrite and pyrrhotite, was also observed albeit in smaller quantities.  665 

Minor but noticeable constituents of the self-generated environment were attributed to impurities 666 

in the main minerals, or other contamination.  These include HF and HCl, generated by 667 

decomposition of trace-level fluorine- and chlorine-bearing minerals, and nitrogen, likely from 668 

biological or other process contamination.  The achieved high dynamic range in the MS data 669 

presents an alternative to presently used complex trace element analysis techniques.   670 

It must be noted that the correlation between the volume fraction of a given thermally 671 

degradable compound in the simulant, and the amount of volatile it generates during thermo-672 

vacuum processing, are not necessarily directly correlated.  The specifics are governed by its 673 

exposure to the environment, decomposition rates and temperature, and influences of other 674 

present volatiles and competing reactions.  In vacuo thermal decomposition, however, offers an 675 

opportunity to remove or reduce the quantity of non-lunar phases from the man-made simulants 676 

at below glass crystallization temperatures.  This can enhance the material fidelity.   677 

Simulant material engineering can be aided by analysis of its individual constituents, as 678 

demonstrated here with the CSM-LHT-1G.  Large quantities of undesirable HF were generated 679 

by the decomposition of fluorine-bearing compounds, likely fluorite impurities in the 680 

commercial augite, which was added to the simulant to better approximate the main lunar 681 

mineralogy.  A different source of augite or a purification step prior to mixing may be 682 

advantageous.   683 

The investigation approach presented in this work represents a valuable method for 684 

assessing the performance of man-made lunar regolith simulants at high temperatures in vacuum 685 

in preparation for a direct comparison to actual lunar regolith.  It also reveals potential hazards 686 

(high gas loads, HF, HCl, etc.) that must be addressed during the development of large-scale 687 

testbeds for validation of lunar technologies.   688 

Application of this method to authentic lunar regolith is of genuine interest.  In the 689 

absence of secondary minerals found in Earth-sourced material, the enhancement of the MS 690 

dynamic range can feasibly advance the state-of-the-art in the investigation of trace elements in 691 
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lunar soil samples.  Such research would benefit relevant ISRU technologies, which are being 692 

developed on Earth using man-made simulants, by deducing their expected performance 693 

characteristics in lunar environment.  694 
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