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Introduction:  America has entered a new era of 

exploration. NASA’s Artemis program will lead hu-

manity forward to the Moon and prepare us for the next 

giant leap, the exploration of Mars [1]. To champion 

technologies needed to live on and explore the Moon, 

NASA’s Space Technology Mission Directorate 

(STMD) established the Lunar Surface Innovation Ini-

tiative (LSII) [2]. LSII's technology development port-

folio includes: Utilizing the Moon’s resources; Estab-

lishing sustainable surface power; Building machinery 

and electronics that work in extreme environments, like 

super-chilly permanently shadowed craters; Mitigating 

lunar dust; Carrying out surface excavation, manufac-

turing and construction duties; and Extreme access 

which includes navigating and exploring the sur-

face/subsurface. To support the development and test-

ing of these technologies, LSII created the lunar simu-

lant project, to create and/or acquire low-, medium- 

and high-fidelity lunar simulants to match the needs of 

STMD projects at all levels of technology readiness 

levels (TRL), as well as other NASA programs. There 

is not one bulk lunar simulant that will satisfy the needs 

of all projects. 

NASA's Approach to Simulants:  Just as LSII's 

activities are being implemented through a combination 

of unique NASA work and public-private partnerships, 

NASA will work with commercial simulant providers 

to acquire simulants that meet NASA's needs. If war-

ranted, NASA will develop simulants using govern-

ment agencies, as was done with the NASA/USGS 

Lunar Highlands Type (NU-LHT) series of lunar simu-

lants [3]. NASA is also collaborating with the Johns 

Hopkins University Applied Physics Laboratory 

(JHUAPL) Lunar Surface Innovation Consortium 

(LSIC) in the development and characterization of lu-

nar simulants [4]. Within NASA, a small team (< 10 

people) is coordinating simulant activities across the 

agency, with team members located at several NASA 

centers. The overall objective of the project is to pro-

cure lunar simulants in sufficient amounts for earth-

based testing of subsystems and systems in a variety of 

environments (i.e., laboratory, high-bay, thermal-

vacuum chambers), required for Artemis missions to 

the Moon, as well as other missions carrying NASA 

lunar payloads, such as the Commercial Lunar Payload 

Services (CLPS) program [5]. 

Lunar Highlands Simulant:  NASA's Artemis 

Program is targeting the lunar south pole region for 

initial human missions and the Artemis Base Camp. 

Hence, the LSII lunar simulant project is currently fo-

cusing on the mineralogy and properties of lunar high-

lands regolith [6 and 7]. Plagioclase-rich rocks (e.g., 

anorthosite, norite) are the dominant constituent in 

highlands simulants, with Shawmere, Stillwater, and 

White Mountain anorthosites being used in commer-

cially available simulants. However, because these 

feedstocks are terrestrial in nature, they include hydrat-

ed minerals, carbon-bearing minerals, and other chemi-

cal signatures that are not present on the Moon, and 

these minor mineral assemblages need to be taken into 

account when trying to understand test procedures and 

results. 

Glass Component: While much attention has been 

placed on the rock/mineral component of lunar simu-

lants, glass is just as important when creating simu-

lants. The glass component in lunar regoliths is often 

greater than 50% by volume [8]. This component in-

cludes impact melt glass, dark matrix breccias, and 

agglutinates. However, this component is difficult, 

time-consuming and expensive to make. Most lunar 

simulants, past and current, have relied on basaltic cin-

der as a feedstock for glass. Getting better glass com-

ponents at a lower cost, particularly agglutinates and 

glass with an anorthositic composition is a near-term 

objective that the NASA simulant project is trying to 

address. 

Characterization: It is extremely important for lu-

nar simulants to be characterized by several analytical 

methods. Gruener et al. [9] and JHUAPL LSIC [10] 

conducted initial assessments of some of the commer-

cially available simulants in 2019 and early 2020, be-

fore the global pandemic. Further analyses are needed 

to better quantify important parameters such as, modal 

mineralogy and glass content, particle shape, and parti-

cle size distribution. These quantified results can then 

be used in determining figures of merit (FOM) that 

show how well simulants compare to lunar regolith [11 

and 12]. 
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Introduction: As the nation prepares to return to 

the Moon, there is an increasing need for testing tools, 
instruments, and equipment in simulated lunar regolith 
to ensure successful operations during lunar missions. 
Because of this, it is important to use accurate lunar 
regolith simulants to prepare for these missions. To 
address this, we are building an objective certification 
and reporting system for regolith simulants to ensure 
suitable simulants are being used for the appropriate 
use cases. Previous systems like the Figures of Merit 
(FoM) [1] and the Lunar Regolith Simulant User’s 
Guide fit-to-use matrices [2] for lunar simulants were 
not particularly user friendly. Some of the Figures of 
Merit were not clearly defined and did not include rec-
ommended baseline values of lunar regolith properties 
to compare simulants to, and the fit-to-use matrices are 
out of date and include simulants that are no longer in 
production and do not include simulants that have been 
developed since. 

Certification System: Our simulant certification 
system takes in analytical data for a simulant and au-
tomatically generates a report card that emphasizes the 
most and least appropriate use cases for that specific 
simulant. We have defined a parsimonious set of five 
use cases that require testing with simulants: (1) Ge-
otechnical, (2) Particle Bonding, (3) Particle-Surface 
Interactions, (4) Chemical Processing, and (5) Human 
Health. In the background our system takes in FoM 
values calculated for six properties of the simulant 
(bulk chemistry, modal mineralogy, particle size distri-
bution, particle shape, grain density, and magnetic sus-
ceptibility) and outputs an overall score and suitability 
level for each of the five use cases. The front page of 
the simulant report card (Figure 2) summarizes the 
simulant suitability level for each use. case followed by 
appendices with analytical data for the six properties. 

Weighting System. The overall scores are calculated 
based on a weighting system (Figure 1). The relevant 
properties for each use case are assigned a weight ac-
cording to the significance of the property to the use 
case. For example in the Geotechnical use case, parti-
cle shape has the most significance and is therefore 
assigned the highest weight. If no data exist for a prop-
erty, the weights will be re-normalized to account for 
the missing property. The FoM value for each property 
is then multiplied by its respective weight for each use 
case to give a property score, which are then summed 

to give an overall use case score. This score determines 
the suitability level of the simulant for the five use cas-
es and clearly shows what the simulant is most suitable 
for. 

Future Work: This system is currently being set 
up to automatically generate PDF report cards based on 
numerical input data, and the designs are being final-
ized before user testing. In the future we will produce a 
set of report cards for the most commonly used lunar 
simulants today, and report cards can be generated on 
an ongoing basis as new simulants are developed. 

References: [1] International Organization for 
Standardization. (2014). Space Systems – Lunar Simu-
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Figure 1. Weighing system using example values 

for FoMs and property weights to calculate use case 
scores. 

mailto:srdeitrick@mymail.mines.edu
mailto:cannon@mines.edu
mailto:sarah.r.deitrick@nasa.gov
mailto:sarah.r.deitrick@nasa.gov


REGOLITH SIMULANT REPORT CARDS:  S. R. Deitrick and K. M. Cannon 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Example of a regolith simulant report card main page. For the imaginary simulant CRH-1, it is clear that 
the simulant is most suitable for use in chemical processing tests. 
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Introduction:  Regolith simulants are used to test 

both spacecraft hardware and scientific processes in the 

absence of actual regolith samples. At the CLASS 

Exolith Lab, high fidelity regolith simulants are created 

to replicate both the Lunar Highlands (LHS-1) and 

Lunar Mare (LMS-1) regions of the Moon. These 

simulants aim to accurately represent the mineralogy 

and particle size distribution of Lunar regolith to 

provide a useful simulation tool for the scientific 

community. In the past, it has been difficult to 

accurately simulate certain features of the Lunar 

regolith. Agglutinates, welded glassy aggregates which 

are formed by high energy micrometeorite impacts on 

the Lunar surface [1, and references therein], are one of 

these features. The agglutinates themselves are products 

of high temperature and energy reactions. The Exolith 

Lab is now capable of adding agglutinates to small 

amounts of simulant, further increasing the fidelity and 

usefulness of our Lunar regolith simulants. This allows 

us to characterize our simulants in terms of maturity as 

well as glass content, which are essential factors of 

Lunar regolith.  

 

Methodology:  We have developed a time-and 

energy-efficient method to produce simulated 

agglutinates, which consist of a glassy matrix of melted 

regolith welded to unmelted grains. In the past, 

simulated agglutinates have been very cost and energy 

intensive to produce. However, using solar energy, the 

CLASS Exolith Lab now has the capability to mass 

produce these high fidelity simulated agglutinates for a 

lower price than past simulated agglutinates. These 

agglutinates are now available for purchase either by 

themselves or mixed in with their respective Lunar 

simulants and can be found at 

https://exolithsimulants.com. We have developed two 

different simulated agglutinate mixes: one for the Lunar 

Highlands and one for the Lunar Mare. For the Lunar 

Highlands agglutinate base, the mixture consists of 99% 

Anorthosite and 1% fine metallic iron by weight.  For 

the Lunar Mare agglutinate base, the mixture consists of 

99% LMS-1 and 1% fine metallic iron by weight. The 

metallic iron gives the simulant magnetic properties that 

are useful in scientific experiments as well as hardware 

testing. This mixture does not result in nanophase iron, 

as observed in the rims of grains in the Lunar Regolith 

as a result of space weathering [1].  

 
* Image by Kurt Hollocher 

(http://minerva.union.edu/hollochk/moon_rocks/) from 

After undergoing phase change, the resulting 

globular melt is left to anneal in the open air on a bed of 

the unmelted base material, which welds to the melt 

(Figure 1). The cooled aggregate is later crushed to an 

appropriate agglutinate size distribution. The soil 

dynamics and heat transfer of the process is currently 

being investigated. 

 
Figure 1: Recently formed simulated aggregates during 

annealing process. Figure details both highlands (top) and 

mare (bottom) materials. These aggregates are later crushed 

to appropriate agglutinate sizes. 

 

To study the internal structure of these aggregates, 

we obtained petrographic thin sections. The thin 

sections were analyzed in a petrographic microscope in 

reflected and transmitted light (both plane- and cross-

polarized). An image of a simulated highlands 

agglutinate (Figure 2, left) shows unmelted plagioclase 

grains suspended in glassy matrix, which is dotted with 

voids from gas bubbles formed in the phase change 

reaction. Darker areas of the matrix are embedded with 

metallic iron. Comparison with an agglutinate from 

Apollo Lunar Highlands sample 68501* shows 

comparable internal structure. 

a sample included in the NASA Lunar Petrographic 

Thin Section Set (https://curator.jsc.nasa.gov/) 

https://exolithsimulants.com/
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Figure 2: Microscopic image in transmitted, plane-

polarized of a thin section of a simulated agglutinate 

(highlands composition, left) and an actual highlands 

Lunar agglutinate (right). Field width for left image is 

1.5mm and field width for the right image is 1.6mm.  

 

Relevance to ISRU and Applications:  Regolith 

simulants are essential tools in the development of In-

Situ Resource Utilization (ISRU) processes and 

evaluating and testing Lunar hardware.  

ISRU technologies that are being developed to 

operate on the Lunar surface include molten regolith 

electrolysis, water extraction processes, dust mitigation 

systems, and construction of habitats and launch 

infrastructure. One such area of ISRU that can benefit 

from the agglutinates is magnetic beneficiation and 

magnetic dust separation. With the 1% metallic iron, the 

agglutinates make the simulated Lunar soil magnetic, 

which allows the simulant to be used for these types of 

experiments. 

Lunar agglutinates are very sharp, which in turn 

makes the Lunar soil much more abrasive than soils here 

on Earth [3]. Adding simulated agglutinates to our 

regolith simulants serve to replicate the abrasiveness of 

the Lunar regolith, which can provide a closer result 

when testing spacecraft and mission hardware. Regolith 

flowability is an important factor to test as well, since 

having a quantified knowledge of flowability allows us 

to understand the mechanics of regolith more greatly. 

Agglutinates in the Lunar soil are angular, so they 

increase the amount of contact between the individual 

regolith particles, which in turn decreases the 

flowability. Adding agglutinates into the regolith 

simulants will provide a more accurate description of 

how different types of Lunar regolith flow.  

Interaction with volatiles is another important 

attribute of Lunar regolith. In past studies, regolith 

simulants that did not have any agglutinates mixed in, 

i.e., JSC-1A, adsorbed water much better than Lunar 

regolith [4]. This was attributed to the Lunar regolith 

having agglutinates. This is advantageous because it 

allows for more accurate experimentation of simulated 

Lunar regolith and volatiles. 

As agglutinates range from a few percent to more 

than fifty percent in some of the Lunar regolith [2], it is 

essential to know how they affect the properties of the 

regolith as well as the many processes in which regolith 

is involved.  
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Introduction: The Lunar south pole and Jezero 

crater on Mars are of interest to resource utilization 

effors, and thus these sites are targest for robotic and 

human exploration (e.g., NASA’s VIPER, Artemis 

program, and Mars 2020). Physical properties of the 

regolith are unique for each mission and landing site 

and include mineralogy, gravitation, local geomor-

phology, and the presence and composition of an at-

mosphere. These factors are known to affect the plane-

tary system as a whole and provide parameters that 

must be addressed in exploration and in-situ resource 

utilization (ISRU) mission planning and hardware de-

sign. Here, we present shear strength properties of Lu-

nar and Martian regolith simulants. 

Material Properties: Knowledge of regolith shear 

strength properties, especially the Mohr-Coulomb pa-

rameters cohesion (c) and angle of internal friction (ϕ), 

is essential for in-situ resource utilization (ISRU) ap-

plications and exploration hardware design. In the ab-

sence of a high volume of returned planetary regolith 

samples for large-scale scientific experimentation, 

high-fidelity regolith “simulants” are created to ap-

proximate the physical and mineralogical properties of 

the regolith being simulated. Here, the bulk (uncom-

pressed) density (ρb) and Mohr-Coulomb shear 

strength parameters, cohesion and angle of internal 

friction, are estimated for a Lunar highlands simulant 

(LHS-1) and a Mars Jezero crater simulant (JEZ-1), 

both created by the CLASS Exolith Lab at the Univer-

sity of Central Florida. LHS-1 and JEZ-1 are high-

mineralogical fedility simulants representing the target 

sites of the upcoming NASA Artemis missions and the 

landing site of the NASA Perseverance Mars Rover, 

respectively.  

Methods: An experimental procedure conforming 

to the ASTM D3080-98 testing standard was created to 

estimate cohesion and angle of internal friction of the 

simulants. The experimental procedure includes meas-

urement of the bulk density of the sample by loading 

and lightly compacting a measured mass of simulant 

into the known volume of the direct shear box. Normal 

stress is distributed throughout the simulant by means 

of a variable mass resting evenly on the top of the 

sample during testing. Shear force is measured by a 

force gauge that is moved parallel to the direction of 

shearing by a microcontroller-driven linear servo to 

shear the top portion of the direct shear box while the 

bottom portion is held in place. Each simulant was 

loaded to 5 levels of normal stress then the shear 

measurement was repeated 25 times. The shear 

strength data are analyzed via linear regression in order 

to estimate the values of cohesion (y-intercept of linear 

fit) and angle of internal friction (arctangent of the 

slope of the linear fit) with their 1-sigma uncertainties. 

Results: Estimates of bulk density, cohesion, and 

angle of internal friction obtained from direct shear 

testing of LHS-1 and JEZ-1 are given in Table 1, and 

plots of the direct shear data and results of the corre-

sponding linear regressions are found in Figures 1 and 

2, respectively. 

 

 
Figure 1. LHS-1 direct shear data with expected range 

of cohesion for Lunar regolith (0.0-0.7 kPa) [1]. 

 

 
Figure 2. JEZ-1 direct shear data with expected range 

of cohesion for Martian regolith (0.0-2.0 kPa) [3]. 
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Table 1. Experimental results from direct shear testing 

of LHS-1 and JEZ-1. 

  LHS-1 JEZ-1 

c (kPa) 0.301 ± 0.013 0.249 ± 0.007 

ϕ (°) 45.34 ± 2.39 48.19 ± 1.31 

ρb (kg/m3) 1391.26 ± 7.81 1361.91 ± 3.12 

 

Discussion: These preliminary results show that 

LHS-1 has a higher estimated value of cohesion (0.301 

kPa) compared to JEZ-1 (0.249 kPa), but LHS-1 has a 

lower estimated value for angle of internal friction 

(45.34°) than JEZ-1 (48.19°) and have similar esti-

mates of bulk density. Estimated values of cohesion, 

angle of internal friction, and bulk density of LHS-1 

are comparable to reported results chanracterizing 

these properties of returned Lunar regolith and its sim-

ulants [1,2]. Estimates of cohesion, angle of internal 

friction, and bulk density are widely varied for Martian 

regolith [3] and Martian regolith simulants [4,5,6] with 

the preliminary results given here are within bounds of 

these previously published results. 

The varying conditions and testing methods to de-

termine physical properties of planetary regolith and its 

simulants introduce variability into regolith property 

estimations. The study of planetary regolith using ter-

restrial regolith simulants, is confounded by differ-

ences between the actual planetary regolith and its 

simulants, i.e., differences in environment, mineralogy, 

particle size and shape distributions, as well as physi-

cal and chemical conditions to which the material has 

previously been exposed. The Exolith Lab controls for 

particle size distribution, mineralogy, and, to an extent, 

particle shape (by using percussive rock crushing); 

however, our measurements take place in Earth gravity 

and atmosphere, and the Exolith simulant feedstock 

rocks and mineals have experienced terrestrial weath-

ering. 
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Introduction:  Space Mining on the Moon as currently 

perceived will likely involve a shallow excavation of 

lunar regolith. Reliable excavation requires good un-

derstanding of how the forces exerted by the excava-

tion machine are transmitted to undisturbed layers of 

regolith. The excavated regolith then needs to be trans-

ported to a processing and/or storage point. This re-

quires knowledge about the stability of a heap of exca-

vated lunar regolith against external vibrations. This 

paper will review our attempt to understand the impact 

of irregularly shaped lunar agglutinates that are part of 

regolith constitients on the mechanical behavior of 

regolith. The agglutinate component has proven diffi-

cult to replicate, yet it typically constitutes 25–30%, 

and up to 60%, by volume, of the lunar soil. Modeling 

of such a collection of small irregularly shaped parti-

cles is indeed a challenging task as the behavior mod-

eled will greatly depend on the assumptions adapted 

for the modeling effort. We briefly describe the method 

of material genesis for agglutinate particles. We also 

share our results of the influence of  gravity on the an-

gle of repose. 
Modeling Philosophy:  We published a paper de-

scribing our modeling effort to understand the mechan-

ical behavior of lunar regolith[1]. As there does not 

exist any data on the mechanical behavior of a single 

regolith and agglutinate, our work will be based on the 

simulation to get a statistica trend of the mechanical 

behavior.  

First, as shown in Fig.1, 2D cross-sectional images 

of regolith are gathered from the previous publication 

[2]. The readers are encouraged to read the referred 

paper [1] for technical detail about the material genesis 

for various types of lunar soil. Here we would like to 

highlight only how agglutinate particles are modeled as 

they are peculiar to the Moon’s environment. The ag-

glutinate particles should be modeled so that they can 

be crushed if the load on them exceed the maximum 

allowable strength or tensile strength. Second, the 

modeling should capture their jagged shape as closely 

as they actually. This is important as the electrostatic 

charges are concentrated at these sharp corners when 

tribocharge effects take place during excavation. The 

behavior of electrostatically charged lunar soil is part 

of our space mining research at Colorado School of 

Mines.  

Figure 1. Cross-sectional images of different types of 

lunar soil for ag(agglutinate), brA(crystalline matrix 

breccia, brB(fragmental matrix breccia),  

pl(plagioclase). Katagiri et al. [2] 

 

Modeling Agglutinate Grains: Katagiri et al. [2] 

showed that if we fit an arbitrary ellipsoid to agglu-

tinate grains of sample 60501, the ratio of the total 

grain volume to the ellipsoid volume would have a 

mean value of 0.67. Based on Katagiri’s work, the void 

ratio of agglutinates is 0.13; thus, the ratio of the solid 

grain volume to the total grain volume has a mean val-

ue of 0.87. As a result, the solid volume of an agglu-

tinate grain would be 58% of the fitted ellipsoid 

 

 
                         Figure 2. Agglutinate grains 

 

volume, which means such an ellisposode is with a 

42% void. (See Fig. 2) Then, we simulate an ellipsoi-

dal mold with the specific aspect and elongation ratios 

and then randomly remove the spheres remaining out-

side the mold. This material genesis process yields 

different agglutinate grains in their structure, but the 

same volume of vesicles and voids can be expected. It 

should be noted that these agglutinate particles are 

nothing but a collection of strategically placed parti-

cles, so we  must now bond the particles together to 

make each agglutinate particle a rigid but crushable 

entity with assigned material properties. 

Jager[3] showed that the tensile strength of a single 

grain can be indirectly estimated by compressing the 

grain between flat platens until it fails. Many experi-

mental and numerical research studies have been con-
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ducted on the overall mechanical behavior of crushable 

terrestrial soils. However, there are no experimental 

data available on the strength of individual lunar grains. 

Figure 3 depicts the way we perform a compression 

test on a single agglutinate particle. When a grain con-

taining micro fractures is subjected to a similar com-

pression test, it fails in tension. In essense, our simula-

tion model of the uniaxial compression test using 

bonded agglutinate particles tries to capture this phe-

nomena. There are many outstanding issues with this 

method. For example, as the agglutinate grain is com-

pressed and crushed, it changes the material property, 

i.e., evolving material property. If an agglutinate parti-

cle is supported by a finite number of contact points 

and compressed, even the definition of “stress” be-

comes unclear. We will report this aspect at a different 

occasion. 

 

 
 

Figure 3. Compression of a single agglutinate  

particle. 

 

Angle of Repose of Lunar Regolith with Agglu-

tinate Particles: We assume that the initial mining 

activity on the surface of the Moon will focus on a 

shallow excavation and transportion of a short distance. 

Thus, based on the engineering properties of lunar soils 

by Carrier et al. [4] and Heiken et al.[5], we use the in-

situ bulk density of 1.5 g/cm3 with a porosity of 52% 

at a depth of 15 cm.  

The initial sample of a mixture of lunar regolith 

contained in a box is compressed to achieve the desired 

porosity of 54% as described earlier, and one of the 

sidewalls is removed to allow grains to flow under a 

specific gravity. In Fig 5a and 5b, the angle of repose 

formed under the Earth and Moon gravity, respectively. 

There is a striking difference in the upper angle of re-

pose. The angle of repose of the lower part is influ-

enced by the fluid behavior of regolith but that of the 

upper part is influenced more by quasi-solid behavior.  

This result  demands a study on the stability of the heap. 

Possible explanations will be given at the time of 

presentation. Fig. 6 shows how the angle of repose 

depends on gravity. The overall trend is that as the 

gravitaty increases, the angle of repose decreases; 

however, the gravity has less influence beyond the 

earth gravity.  

 
 

Figure 5a. Static angle of repose formed under the 

Earth gravity 

   
 

Figure 5b. Static angle of repose formed under the 

Moon gravity 

 

 
Figure 6. Simulated Angle of Repose under Differ-

ent Gravitational Accelerations. 

Conclusion: 

We briefly described how typical regolith particles 

are modeled. As the angle of repose will play an im-

portant role in conveying excavated lunar regolith, we 

investigated how it is formed and how the gravity in-

fluences its formation. The angle of repose of a lunar 

regolith is much greater than that of Earth’s soil. We 

are investigating the stability of a heap of lunar regolith 

against external disturbances.  
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Introduction: The Dusty Lunar Surface Simulation 

project will develop a lunar surface environment test 

bed for ISRU systems and subsystems. An environment 

where interacting with lunar regolith and dust are ex-

tremely important factors in the technology develop-

ment and demonstration. Current thermal and vacuum 

capabilities of the JSC B351,15ft chamber will be 

augmented with dust and an icy/regolith capabilities to 

provide this environment. These capabilities would be 

geared toward ISRU oxygen extraction from regolith, 

but could easily be utilized for development of other 

lunar surface systems and dust mitigation techniques. 

Need for this test environment is derived from Lunar 

Surface Innovation Initiative (LSII) guidance to 

demonstrate ISRU oxygen extraction from regolith 

starting as early as FY22. Recent ISRU SCLT teams 

reviewed existing test capabilities across the agency 

and documented a gap in ISRU test capability in the 

system/subsystem size range. 

Lessons learned from human interaction with the 

lunar surface during the Apollo missions was that lunar 

dust is difficult to work in and deal with. Testing in 

lunar surface environments must be of greater focus for 

future lunar missions. This project seeks to develop the 

lunar surface environmental test capabilities from 

Technology Readiness Level 3 (TRL3) to TRL5 or 

greater to enable use of these capabilities for lunar, and 

even Mars, exploration missions. 

The Dusty Lunar Surface Simulation project will 

focus efforts on three main pillars of work - icy regolith 

test operations, dusty environment, and long duration 

tests at lunar conditions 

The first pillar of work for this project will be to 

develop an icy-regolith bed to evaluate oxygen extrac-

tion from regolith technologies. The icy-regolith bed 

will be designed to demonstrate drilling techniques, 

quantify extraction losses, feasibility of down hole 

ice/water vaporization, sample transfer and resource 

collection. 

Planned test capability will include equipment, are-

as and processes to prepare lunar simulant to load the 

bed to a known water content prior to testing. The bed 

will be sized as large as possible within the limits of 

the load rating of the chamber support platform. Initial 

requirement for drill section of the bed is a minimum of 

1 meter deep and approximately 24”x 52” area. A min-

imum of one bed will be fabricated, others may be fab-

ricated if resources and time allows. Once the bed is 

prepared, it will be moved in the thermal vacuum 

chamber and connected to a thermal conditioning sys-

tem (LN2 based) to provide temperature conditioning 

of the regolith. Figure 1 shows the drill box concept 

currently in design for drilling into icy regolith. 

 

 
Figure 1: Drill Box Concept for Drilling Into Icy Regolith 

 

The second pillar of work involves creating dusty 

lunar environment test conditions and will seek to de-

velop a dust exposure capability to evaluate the effects 

on mechanisms, interfaces and thermal characteristics. 

This includes upgrading the mechanical system of 

the 15’ TVAC at ESTA with dust mitigation compo-

nents for dusty TVAC operations, loading simulant bed 

for dusty lunar surface operations testing, and develop-

ing in-chamber dust deposition system on a test article 

while at vacuum to evaluate test article dust mitigation 

capabilities.  

Planned dust exposure capability will include agi-

tated dust and deposition. A minimum of one in-

vacuum dusting technique will be installed. Best effort 

will be made to conceptually plan for multiple dust 

application methods and how they could be integrated 

into the chamber. Recommendations from GCD dust 

mitigation and dust environment classification team 

will be incorporated as they become available. 

The third and final effort will be to develop long 

duration test capability at lunar conditions 

Enhance current capability to support long-term 

operation of test hardware at lunar surface environment 

conditions. This capability is needed to understand 

effects of the dusty environment on mechanisms after 

long periods of operation. 

The chamber systems and support equipment will 

be evaluated for reliability, failure modes and consum-

ables. Changes will be implemented to improve relia-

bility, system health monitoring and redundancy where 
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feasible. This also involves outfitting the 15’ chamber 

with backup power and fail-safes, being able to run 

operations with minimal personnel, and constant re-

mote monitoring of test system, test hardware, and test 

data This will allow the option for hardware owners to 

support tests from off-site locations. 

Figure 2 shows the 4’ x 8’ regolith bin inside the 

15’ chamber with a trolly/hoist system used to move it 

into place.  

 

 
Figure 2: 15' Chamber Entrance with Regolith Bin 

on the Chamber Floor 
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Introduction:  Hudson is mining a unique anortho-

site (calcium feldspar) in Greenland at the White 

Mountain mine.  The rock 94 wt. % plagioclase with 

approximately 50% silicon, 30% aluminum and 15% 

calcium, and very low iron. It is angular and abrasive.  

 

 
  

The mineral is very similar to the lunar polar region 

known as the Feldspathic Highlands Terrane.  Rock 

samples brought back by the Apollo 16 mission show 

striking similarities to Hudson’s anorthosite. See thin 

section image below. 

 

   
 

The anorthosite has numerous industrial applica-

tions including the production of reduced CO2 E-Glass 

fiberglass, paint and coating fillers, CO2 free cement, 

waste free alumina, and as a lunar simulant. 

 

Hudson has been supplying numerous space agen-

cies with material fo use as a lunar simulant, including 

NASA for their Artemis program.  

 

Aside from being an excellent lunar simulant for 

testing lunar mission equipment, it has very practical 

and green applications.  The ability to make a CO2 free 

cement by combining phosphoric acid with the anor-

thosite may have applications for building future struc-

tures on the Moon and Mars.  One company is testing 

the anorthosite for 3D printing of homes which may 

have applications on the Moon or Mars. 

 

Hudson has successful made smelter grade alumina 

from the anorthosite at a lab scale. This is a green al-

ternative to using bauxite which results in the produc-

tion of four tonnes of caustic red mud tailings for every 

tonne of aluminum produced.  The Hudson process 

does not produce any waste and does not require high 

atmospheric pressures or temperatures.  This could 

have potential applications on the Moon in the future. 

 

The presentation will go into detail on the chemis-

try of the anorthosite and applications along with up-

dates on lunar simulant testing, if available. 

 

References: GREENLAND 'WHITE MOUNTAIN' 

ANORTHOSITE: A NEW LUNAR POLAR 

REGOLITH SIMULANT COMPONENT. J. E. 

Gruener , S. R. Deitrick , V. M. Tu , J. V. Clark , D. 

W. Ming , and J. Cambon , NASA Johnson Space Cen-

ter, Houston, Texas (john.e.gruener@nasa.gov), Jacobs 

NASA Johnson Space Center, Houston, Texas, Geo-
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bon@gmail.com).  
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