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The Need for High Fidelity Lunar Regolith Simulants

James R. Gaier
National Aeronautics and Space Administration
Glenn Research Center
Cleveland, Ohio 44135

Abstract

The case is made for the need to have high fidelity lunar regolith simulants to verify the performance
of structures, mechanisms, and processes to be used on the lunar surface. Minor constituents will in some
cases have magjor consequences. Small amounts of sulfur in the regolith can poison catalysts, and metallic
iron on the surface of nano-sized dust particles may cause a dramatic increase in itstoxicity. So the
definition of ahigh fidelity simulant is application dependent. For example, in situ resource utilization
will require high fidelity in chemistry, meaning careful attention to the minor components and phases; but
some other applications, such as the abrasive effects on suit fabrics, might be relatively insensitive to
minor component chemistry while abrasion of some metal components may be highly dependent on trace
components. The lunar environment itself will change the surface chemistry of the simulant, so to have a
high fidelity simulant it must be used in a high fidelity simulated environment to get an accurate
simulation. Research must be conducted to determine how sensitive technol ogies will be to minor
components and environmental factors before they can be dismissed as unimportant.

I ntroduction

The Vision for Exploration, announced in 2004, has since been formalized by Congressional
legislation as the revised U.S. Space Poalicy. Implementation of this policy is charged to NASA and
principally carried out by the Exploration Systems Mission Directorate (ESMD). The two main
programmatic elements responsible for this implementation are Constellation, which devel ops the space
flight systems required to carry out human exploration missions, and Advanced Capabilities, which
performs the technology development and associated activities required to enable human space flight
system devel opment. The Exploration Technology Development Program (ETDP) was chartered to
develop enabling and enhancing technologies required by Constellation systemsto allow sustainable,
affordable human exploration missions. Multiple projects have been created within the ETDP to develop
specific technologies, on a prioritized basis, required by these systems. Many of these projects will
require lunar regolith simulants in various quantities and, at various levels of fidelity, to verify the
applicability of their developed technologies.

NASA has long described the state of an emerging technology by a scale known as technology
readiness levels (TRLS) (ref. 1). Table | describes these. The ETDP considers a technology devel opment
effort ready to transfer to aflight program after it has achieved TRL 6. What is required in order to bring
atechnology to TRL 6isto “test in arelevant environment”. In the past, an environment relevant to the
lunar surface has often meant testing the system in vacuum. In most studies vacuum has meant the
technologically easy 107 Torr, but sometimes this has meant almost any reduced pressure or even under
an “inert” atmosphere. For example, the Apollo Lunar Roving Vehicle (LRV) wheels were tested at one-
sixth gravity in a pressure of afew Torr. Given the nature of the lunar environment as we now understand
it and therisks it may pose to astronaut safety and mission success, future simulations of the lunar
environment must be much more comprehensive, encompassing not only the vacuum environment, but
the thermal, insolative, radiation, charge, and dusty characteristics of the lunar surface as well.

A crucia component of a more comprehensive lunar simulation is alunar simulant with amore
comprehensive set of properties simulated. Lunar simulants have evolved from generic basaltic dusts
early in the Apollo program to simulants that more closely mimic the bulk chemistry of the returned lunar
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samples. There has also been an increasing emphasis on volcanic glass content and better control over the
size and shape distribution of simulant particles. But it isincreasingly recognized that the minor
constituents of the lunar regolith might affect lunar surface systems to a disproportionate amount over
their concentrations. In some cases these minor constituents will introduce complications, but in others
the minor constituents may prove to be beneficial. Thereis also a growing awareness that the surface of
the regolith particles may well be altered by the energetic lunar environment, and the changes in surface
chemistry may have implications for such surface dependant properties as adhesion and biological
activity. The objective of this paper isto explore the need for replicating the minor components and
chemically activated surfacesin lunar simulants, and to advocate for a further evolution of lunar simulants
to higher fidelity.

TABLE |.—NASA TECHNOLOGY READINESS LEVELS
Description

—
Es)
=

Basic principles observed and reported

Technology concept and/or application formul ated

Analytical and experimental critical function and/or characteristic proof-of-concept

Component and/or breadboard validated in alaboratory environment

Component and/or breadboard validated in a relevant environment

System/subsystem model or prototype demonstrated in arelevant environment (ground or space)

System prototype demonstrated in a space environment

Actual system completed and flight qualified through test and demonstration (ground or space)

Ol N|[o|O|D[W|N|F

Actual system “flight proven” through successful mission operation

L essons L earned from Apollo

Perhaps the most instructive lessons learned from Apollo on the effects of lunar dust comes from the
radiators that cooled the batteries on the LRV. These radiators were second surface mirrors with front
surfaces composed of fused silica. The lunar dust has a high emittance (about 0.93), so there was little
concern about the ability of the radiators to reject heat through a dust layer (ref. 2). However, the dust also
has arelatively high absorptance (about 0.76), so there was concern that there would be an additional heat
load from solar heating if there was a significant amount of dust on the radiators (ref. 3). These batteries
had an operating range of 4 to 51 °C, and operated in an ambient environment that ranged from 24 °C, at
the beginning of the mission in Apollo 16, to 64 °C at the end of Apollo 17.

The batteries were located on the front of the LRV, and so were expected to have afair amount of
dust impinging on them. Thus, the design for the battery radiators included dust covers. The plan was for
the dust coversto be opened, exposing the second surface mirror radiators to cool the batteries between
periods of extravehicular activity (EVA). It was anticipated that despite the precaution of the dust covers,
that some dust would still find its way onto the radiators. However, a study by Jacobs, Durkee, and
Harris, which utilized lunar regolith returned by Apollo 12 concluded that removing lunar dust from fused
silica second surface mirrors with anylon brush would be effective (ref. 4). This was the strategy utilized
to remove the dust from the radiators on all three LRV sfor Apollo 15, 16, and 17.

However, asisillustrated in figure 1, the experience on the lunar surface was very different from that
which was modeled and simulated beforehand. In Apollo 15 there was good battery cool down between
EVA-1 and EVA-2, but after dust found its way onto the radiators, there was essentially no cool down
between EVA-2 and EVA-3 (ref. 5). Both batteries warmed to about 47 °C, about 4 °C below their
maximum rated operating temperature. On Apollo 16 the batteries only cooled down 11 °C instead of the
28 °C expected, and reached their operating limit at the end of the second EVA. After the cool down
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Figure 1.—Temperature Excursions in Apollo 16 LRV Battery 2.

period, at the beginning of the third EVA the batteries had only cooled about 2 °C. At the end of the third
EV A the temperature had exceeded the maximum rated survival temperature, as shown in figure 1 (ref.
6). The battery temperature profile on Apollo 17 was similar to that of Apollo 16 and after alittle more
than 4 hr into the third EV A the batteries exceeded their maximum operating temperature. By 6 hr, the
batteries had reached their maximum survival temperature (ref. 7). Apparently, lunar dust under lunar
surface conditions is much more adherent than under the terrestrial simulation conditions chosen by
Jacobs, Durkee, and Harris. It was inferred that the finest fraction of the dust was not removed by
brushing, and solar absorption by these particles accounted for the drop in radiator performance. Since
solar heat load is proportional to the fractional coverage, this fine fraction soon covered most of the
surface and dominated heat transfer. The lesson here is that the simulation of the lunar environment must
be of high fidelity, more than just a simple vacuum chamber, if accurate results are to be obtained.

Current Lunar Regolith Smulants

Since the total amount of lunar regolith brought to the Earth is only about 380 kg (ref. 8), in order to
test the durability of systemsto dust in the lunar environment, lunar dust simulants will generally be
employed in ground verification tests. Several simulants (table I1) have been developed since this activity
was started for the Apollo program (ref. 9). These have varied in their composition, particle size
distribution, and particle shape.

TABLE II.—LUNAR REGOLITH SIMULANTS

Basaltic dust 1967
MLS-1 Minnesota Lunar Simulant (mare) Mare 1988
MLS-2 Minnesota Lunar Simulant (highlands) Highlands
JSC-1 NASA baseline simulant (mare) Mare 1993
FJS-1 Japanese mare simulant with ilmenite Mare 1998
MKS-1 Japanese mare simulant with ilmenite Mare 1998
JSC-1A Mimic of JSC-1 Mare 2006
OB-1 Canadian highlands simulant Highlands 2007
NU-LHT | NASA/USGS Lunar Highlands Simulant Highlands 2008
CAS1 Chinese Academy of Science mare simulant Mare
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Which of these simulants, if indeed any of them, is of high enough fidelity to provide a*“relevant”
environment, in the TRL 6 sense of the term? Rather than do a side-by-side comparison of currently
available simulants, it seems rather more productive to address the question ab initio. That is, what are the
characteristics a high fidelity lunar simulant should possess?

To answer the question in the TRL 6 sense logically leads to the conclusion that the answer depends
on the application to be tested. As an example, in order to test out a system that is meant to produce
oxygen from lunar regolith, that simulant must have the same fraction of oxygen producing minerals as
the regoalith. For the hydrogen reduction of ilmenite process the simulant should thus contain up to 16
percent ilmenite to match the high titanium lunar soils that would be the feedstock (ref. 10). In early
devel opment testing, simulant with more ilmenite or even pure ilmenite could be used, but for the TRL 6
test, it should be present only in the amounts expected to be encountered on the lunar surface.

If the technology being developed is a system to remove dust from radiator surfaces, the ilmenite
fraction may be less important. But for this application the simulant must closely mimic the size and
shape distributions of the dust fraction (smaller than 20 um) as these will be the most difficult particlesto
remove, and size and shape are critical to adhesion. In addition to size and shape, hardness, surface
chemistry and electrostatic properties are important to adhesion as well.

Not only must a high fidelity simulant have the correct fractions of the component of interest, but also
the correct fraction of interfering materials. It was recently reported that an oxygen generating reactor was
badly corroded after use because of the presence of minute quantities of fluorine in the lunar simulant
used as afeedstock (ref. 11). Thisresult compels an examination of fluorine levels both in the lunar
regolith and ssmulants. Isthis an interference that must be planned for, or did the simulant contain higher
levels of fluorine than would be expected in lunar regolith? Or perhaps the action of the fluorine was
increased by reaction with water in the simulant, which would not be expected in lunar soils.

A fundamental question that must be answered at the onset of any technology devel opment program
is, “How good is good enough?’ This question isimportant for both the fidelity of the technology
demonstrator, and for the environment in which it will be tested. In the early stages the fidelity might be
quite low. Intheinitial tests of an excavator, digging in beach sand will provide much useful design
information. But by the TRL 6 trias, only regolith simulant with the correct geotechnical properties under
vacuum and perhaps low gravity conditions will validate the technology. The test conditionswill in all
likelihood be complex.

The simulant community is coming to consensus that the best approach to high fidelity smulantsisto
use materials, to the extent possible, of similar composition, size distribution, shape distribution, and bulk
density as lunar regolith. An effort is underway under the leadership of the NASA Marsha Space Flight
Center to quantify the properties of simulants with respect to standard materials using standard figures of
merit (ref. 12). Although the methodology is applicable to any reference material, ultimately simulants
must be compared to lunar regolith.

The composition of the regolith samples returned from the six Apollo sites and the two Luna sites
have been studied in great detail. These are summarized in the Lunar Sourcebook (ref. 13), and numerous
other references. From these studies it is known that about 65 to 90 percent of the regolith is composed of
silicate minerals. The largest component is made of plagioclase feldspars [(Ca-Na) (AlSi)4Og], followed
by pyroxenes [(Ca-Fe-MQ)Si12Og] and olivine [(Mg-Fe),SiO,]. The composition of any high fidelity
simulant should similarly be dominated by these minerals. Oxide minerals such asilmenite [(Mg-
Fe)TiO;] and spinels [FeCr,04, FETiO,, FeAl,O4, MgTiO,] are present as well. Although the spinels
occur in only trace amounts, they are extremely hard and may be important in abrasion tests. IImenite has
been found in mare basalts in concentrations as high as 20 percent, but only about 0.5 percent in the
highlands. Volcanic and impact glasses can make up from about 7 to 30 percent of the regolith. In
addition there are small amounts of native metals [Fe’, Ni°, Co°]; phosphate minerals, primarily
whitlockite (Cag(PO,).); and sulfur, primarily in the form of troilite [FeS]. Some soils contain small
amounts of material high in potassium (generally much less abundant on the Moon than on Earth), rare
Earth elements, and phosphorus (KREEP). In addition there are about 100 other minerals present in trace
amounts, some of which have not been seen terrestrially. Whether these minor components are required
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for aparticular high fidelity simulant depends on whether they affect the process or technology being
developed. The sensitivity to such minor components must be determined before the TRL 6 tridls are
carried out, so as to determine whether they must be included in the test simulant.

Lunar simulants are made from terrestrial rock and minerals, and some common components of
terrestrial rock are rare or absent in lunar materials. Potassium feldspars [(K-Al)Si3Og] and silica[SiO,]
though abundant in terrestrial rock, are rare in the lunar samples. Absent on the Moon (at least in the
equatorial regions) because they contain water are micas, clays, and amphiboles. These minerals should
likewise be absent from lunar simulants.

Minor Components of the Lunar Regolith

Besides the bulk mineralogy, three classes of minor components not found terrestrially are found in
lunar samples which may have major effects on processes and technologies. These are widely regarded as
components that must be present in any high fidelity simulant. These are also regarded as important
enough that several government and private laboratories are engaged in ways to produce them.

Thefirst of these are lunar agglutinates. Actualy, these can hardly be considered a minor component
as they can make up as much as 60 percent of some lunar soils (ref. 14). Agglutinates are formed by the
impact of micrometeoroids on the lunar surface. These particles measure just micrometersin size, and are
vaporized in the Earth’ s atmosphere, but impact the Moon. A log-linear extrapolation from Christiansen’s
model leads to the conclusion that about fifty 10 um size meteoroids per square meter may fall per day on
the lunar surface (ref. 15). When a micrometeoroid strikes the lunar surface at a speed of tens of
kilometers per second, the subsequent energy release results in impact melting of the upper layer of
regolith. In addition to melting some volatiles, implanted solar wind particles (H and He), are released
giving the resulting glass a frothy appearance. Iron is aso vaporized, but quickly recondenses and forms
deposits on surrounding particles. The molten rock also seeps down into the regolith and binds fine
particles together in the melt glass.

Below this high temperature region there is an impact shock wave. This shock wave can distort
crystal lattices and even fracture the regolith particles, resulting in small sharp shards (comminution).
This process has continued for billions of years, such that micrometeoroids strike areas that have been
struck many times before. The regolith has thus been subjected to many cycles of agglutination—
vaporization—comminution. Such “space weathering” of the soils has happened longer in some areas
resulting in some soils being more “mature” than others. The ratio of vapor deposited Fe’ to Fe**
(Fe’/FeO) is commonly used as a quantitative measure of soil maturity (ref. 16).

The properties of agglutinates are quite different from mineral grains. They are part mineral, part
glass, with many pores in the glassy regions formed by escaping volatiles when the glass is molten.
(These are sometimes referred to as “frothy agglutinates’.) This means they have irregular shapes, very
high surface area, low density, and low strength. The complex and irregular shapes may enable them to
more easily embed in fabric materials than conventional fracture particles. Van de Waals forces between
the agglutinates and smooth surfaces may be lower because of smaller contact area. However,
electrostatic forces may be higher because the charge distribution will not be evenly distributed, asis seen
inirregularly shaped copier toner particles (ref. 17). Agglutinates are mechanically more fragile than
mineral grains and so will support less stress. Their complex shapes will also impede flow. Because of
agglutinate fragility, tests which mechanically work the simulant may break it down to the point where it
may need to be replaced on aregular basis to maintain the integrity of the test. This effect may also have
been observed during the Apollo missions when it was noted that the more they tracked over an area, the
deeper the loose dust seemed to get (ref. 18).

Much progress has been made recently in the fabrication of artificial agglutinates. Generally these are
formed by rapidly heating fine particles either in plasmas or in high intensity lasers followed by rapid
cooling (ref. 19). The morphology of these artificial agglutinates is remarkably similar to the lunar
agglutinates and some even contain Fe’ in asimilar form. It is anticipated that these will become
commercialy available in the near future.
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A related material found in conjunction with the agglutinates is metallic iron. Iron vapor produced
during micrometeoroid impact condenses out and re-deposits onto the surrounding regolith grains. Much
of the deposition isin the form of spheroidal Fe° particles a few nanometers to over a hundred nanometers
in size. These are often trapped in a“rind” of silica-rich glass which coats their surfaces (ref. 20) though
some is deposited as a surface layer. Some of the vaporized iron comes from nickel-iron type meteoroids,
and so contains afew percent of nickel metal and some amount of cobalt metal aswell (ref. 21). To date
little has been done to determine how the Ni°® and Co° affect the nanophase Fe” properties.

There has been much speculation about how this nanophase iron affects the properties of the dust.
The smallest grains are superparamagnetic, and the larger ones ferromagnetic (ref. 22). This has given rise
to the proposal to remove the smallest dust particles from surfaces using “magnetic brushes’ (ref. 23).
Thiswould be most effective for the smallest dust grains since they have the highest surface areato mass
ratios and so the highest fractional Fe” content. These are also the particles which are in general the most
difficult to remove because their adhesion forces are strong relative to their inertial masses. It has also
been reported that the nanophase iron enhances the microwave absorption by the dust to the extent that it
may be sintered with only a modest input of energy (ref. 24). On the more problematic side, some of the
dust grains are small enough (tens of nanometers) to pass through the lungs directly to the blood stream
(ref. 25).1f those particles contain Fe” on their surfaces, they may trigger serious toxic effects (ref. 26).
Even if the nanophase Fe is encapsulated in a glassy rind, the thin silicalayer can be dissolved in the
bloodstream and other biological fluids releasing the toxic Fe® (ref. 27).

Much effort has gone into fabricating nanophase iron particles. Two separate proprietary processes
have been developed at NASA Glenn which incorporate Fe° into a glass rind on the surface of dust grains.
These will be detailed in future reports. Some of the agglutinate production processes referred to above
also incorporate nanophase Fe’. It will be particularly important to include nanophase Fe’-doped simulant
in toxicological studies, and in devel oping those technol ogies which propose to take advantage of either
the increased microwave absorbance or magnetic properties. Some resource extraction catalysts may also
be sensitive to Fe® poisoning. High temperature processing could also result in the formation of iron
carbonyl (or analogous nickel carbonyl or cobalt carbonyl) which must be handled carefully because of
their extreme toxicity.

Another minor component of the lunar soil is sulfur. The major mineral it isfound in on the Moon is
troilite (FeS). Nearly al lunar regolith samples contained troilite in compositions ranging up to 1 percent
(ref. 28). Trailite is rare on the Earth because some of the Fe** is usually oxidized to Fe**, resulting in the
mixed oxidation state mineral pyrrhotite. Small amounts of NiS and CoS are probably found in the lunar
regolith as well as the result of gardening of metallic nickel-iron meteoritic fragments in the presence of
troilite.

FeSwill react during high temperature regolith processing to form hydrogen sulfide (H,S) and sulfur
dioxide (SO,) gases. The sulfur, in whatever form it takes, must be removed in the early stages of regolith
processing. It cannot be allowed to pollute breathable oxygen because both H,S and SO, are toxic. It can
also poison catalytic surfaces such as the Fischer-Tropsh catalysts proposed for reforming methane from
hydrogen and carbon dioxide or PEM fuel cell catalysts. Similarly, sulfides can react with most noble
metal catalysts, rendering them ineffective (ref. 29).The reactivity of FeS may also be used, however, asa
resource. For example, many authors have studied the use of FeS to filter out toxic metals from impure
water using a cation exchange mechanism. Sulfur compounds have a so been proposed as a binder in
concrete made from lunar regolith (ref. 30). There may well be other uses for the FeS or elemental sulfur
separated from regolith during processing.

Effectsof the Lunar Environment on the Regolith

Lunar simulant under terrestrial conditions will not necessarily mimic lunar regolith under lunar
conditions. In fact, lunar regolith will not react the same under terrestrial conditions asit will under lunar
conditions. The environment of the Earth is humid, oxidizing and relatively protected from high energy
radiation by the Earth’s magnetic field and atmosphere. In contrast, the lunar environment isdry,
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chemically reducing, and constantly bombarded by high energy electromagnetic and particle radiation.
The surface chemistry of any material will be different in these two environments.

The lunar environment is expected to “activate” the surfaces of the regolith particles. Activation
includes any process that enhanced the chemical reactivity of the surface. These processes include
excitation of the electronic state of an atom, removal of electrons from the surface, or displacement of
atoms from their equilibrium lattice positions. Passivation is the process of relaxation of atoms back to the
ground state. These processes include collisions with foreign bodies, the emission of radiation, or
radiationless rel axation processes.

An activated surface has arelatively large fraction of its surface atomsin activated states. Activated
states can result from three basic mechanisms. Thefirst is the gjection of electrons from the surface by
light in the ultraviolet or x-ray regions (0.01 to 300 nm wavelengths) resulting in free radicals, that is,
atoms with unpaired electrons. These are usually chemically unstable and will react with the first atomic
collision after they are formed. The second is the sputtering of atoms off of the surface, which often
results in the remaining surface atoms having “dangling bonds’, or unsatisfied valence shells. These are
also very chemically reactive. Third, high energy collisions can result in crystal lattice defects, with
atomic displacements which can lead to highly strained structures. These highly strained structures are
also chemically very reactive.

Work by Sternovsky et al., found that the work function (energy to extract an electron from the
surface) of the lunar regolith can be expected to be about 5.8 eV (ref. 31). Typical mineral bonds have
energies that range from 3 to 9 eV. Thus any radiation, either electromagnetic or particle, that can impart
more than about 3 €V has the potential to activate a surface atom. Thisimpliesthat light with a
wavelength less than 400 nm can break mineral bonds, and light with a wavel ength less than 200 nm can
ionize surface atoms. This includes a substantial portion of the solar electromagnetic output which falls on
the Moon but isfiltered out by the atmosphere of Earth.

Figure 2, adapted from Wilson, et al., shows the particle radiation flux density and energy emitted by
the Sun into the vicinity of the Moon (ref. 32). A typical mineral crystal will have about 10™ atoms/cm?
of surface (shown asa“*” in the figure). Extrapolation of the solar wind protons to that value leads to the
conclusion that a solar wind proton will strike a surface atom carrying akeV or more of energy each
(24 hr) day. Similarly, it will interact with a1 MeV solar storm proton only about once per millennia, a
100 MeV proton, and a GeV cosmic ray about once every 100 million years. The solar wind protons may
have severa collisions before they cometo rest, and will often become implanted, as evidenced by their
release as hydrogen gas from the Apollo samples (ref. 33). These high energy particles may also sputter
atoms from the surfaces of the particle, resulting in dangling bonds and lattice dislocations.

The previoudly discussed micrometeoroid flux on the Moon results in high energy collisions with the
regolith, and each collision will result in the fracture of alarge number of particles. The surfaces of
freshly ground minerals are characterized by the presence of highly reactive free radicals (ref. 34), and
since the regolith was formed by impact fracture, they probably form on the lunar surface as well. These
fracture surfaces often include “shock structures’ which include dislocations and dangling bonds which
will be chemically active. Thermal excursions which can be aslarge as 300 K near the equator will induce
thermal stresses which may create new dislocations and fracture surfaces.

So there are many processes to activate particle surfaces. There are not, however, many passivation
mechanisms. Under the rarified atmosphere (really a ballistic exosphere) with pressures of 1072 Torr on
the day side and 10™* Torr on the night side, there are very few collisions with gaseous atoms that have a
chanceto relax the active site. Such atoms as do collide will have such low collisional energy that few
will be able to heal alattice defect. As aresult, passivation in the lunar environment is expected to be a
very slow process.
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Figure 2.—Impacts per lunar surface atom per second for energetic radiation. Typical density of atoms
in a crystal and their binding energy is shown by the “*”. (Adapted from Wilson, et al. (ref. 25))

Thereis also some experimental evidence that the regolith existsin an activated state. Grossman
measured the cohesion in a porous friable microbrecciain Apollo 11 sample 10065-33 in a vacuum of
7x107° Torr (ref. 35). Upon cleaving the sample the cohesion between the two pieces was measured to be
8x107® N. After just four minutes the cohesion dropped to 2x107° N, and within 15 minutes the forces
were too weak to be measurable. This may be due to quenching of activated sites by gas molecules.
Although tested at 10™° Torr, the pressure is still two to four orders of magnitude higher than lunar
pressures.

Further evidence of regolith activation comes from the Apollo records. Several astronauts remarked
that when they first took their helmets off after being on the lunar surface that the lunar dust had a
pungent odor, often described as the smell of burnt gunpowder. This smell can be the result of olfactory
cells responding to free radical's, such as NO, (which is a stable free radical) which has a pungent odor as
well. Further, the lunar curator reported at the Biological Effects of Lunar Dust Workshop in 2005 that
“the gunpowder smell went away in afew hours’ (ref. 36). Thiswould be consistent with the passivation
of free radicals on the particle surface.

Conclusions and Recommendations

High fidelity lunar regolith simulants will be required to verify the performance of structures and
mechanisms to be used on the lunar surface. Minor constituents will in some cases have major effects on
the adhesion, abrasion, and toxicity of the lunar dust, thus the definition of ahigh fidelity simulant is
application dependent. The lunar environment itself will change the surface chemistry of the simulant, so
a high fidelity smulant must be used in a high fidelity simulated environment to get an accurate
simulation. Research must be conducted to determine how sensitive technologies will be to minor
components and environmental factors before they can be dismissed as unimportant.

Keeping in mind that the definition of a high-fidelity simulant is application dependant, it is
recommended that the steps outlined in table I 11 be considered when choosing or formulating a simulant
to test that particular application. First, a careful consideration of how the minor components of the lunar
regolith, principally those noted above, could affect the performance of a particular component or
subsystem must be made. The performance could be degraded or enhanced. Second, how will the
environment alter the surface composition or reactivity of the regolith, particularly the dust, and will that
impact the component or subsystem? If the impact may be significant, how will the enhanced reactivity
be replicated or accounted for in the simulation. Third, how will the properties of the regolith evolve over
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time? Friable particles may be comminuted, and activated particles may generate secondary chemical
species or may be pacified.

It is clear that the longer astronauts and the systems they use are exposed to the lunar regolith, the
better the interactions between them must be understood if risks to astronaut safety and mission success
are to be reduced to an acceptable level. An important part of the risk reduction processisto be able to
accurately simulate the affects of regolith on people and systems. And an accurate simulation depends on
have a high fidelity lunar regolith simulant, one that contains all relevant minor constituents and surface

energy states.
TABLE 11 —RECOMMENDATIONS

I dentification of application-dependent contributing minor components

Identification of application dependent interfering minor components

Analysis of how properties might change during the mission (i.e., crushing of friable agglutinates)
Identification of surface activation mechanisms

Replication of surface activation states

References

1. J.C. Mankins, Technology Readiness Levels, (NASA Office of Space Access and Technology white
paper, 1995), www.hg.nasa.gov/office/codeg/trl/trl.pdf, accessed Mar. 24, 2008.

2. Tatom, F.B., et a., “Lunar Dust Degradation Effects and Removal/Prevention Concepts Final
Report,” NASA TR-792—-7—207, NASA Marshall Space Flight Center, Huntsville, AL, 1967.

3. Blair, J., P.M., Carrall, W.F., Jacobs, S., and Leger, L.J., “Study from Thermal Control Surfaces
Returned from Surveyor 111,” in the proceedings of AIAA 6" Thermophysics Conference, AIAA,
Reston ,VA, AIAA Paper 71-479.

4. Jacobs, S., Durkee, R.E.,, and Harris, J., RS, “Lunar Dust Deposition Effects on the Solar
Absorptance of Therma Control Materials” in the proceedings of AIAA 6" Thermophysics
Conference, AIAA, Reston, VA, AIAA Paper 71-459.

5. McKay, G.H., “Saturn V Launch Vehicle, Flight Evaluation Report—AS-510,” Apollo 15 Mission,
Saturn V Flight Evaluation Working Group, NASA Marshall Space Flight Center, Huntsville, AL,
1971.

6. McKay, G.H., “Saturn V Launch Vehicle, Flight Evaluation Report—-AS-511," Apollo 16 Mission,
Saturn V Flight Evaluation Working Group, NASA Marshall Space Flight Center, Huntsville, AL
1972.

7. McKay, G.H., “Saturn V Launch Vehicle, Flight Evaluation Report—-AS-512,” Apollo 17 Mission,
Saturn V Flight Evaluation Working Group, NASA Marshall Space Flight Center, Huntsville, AL
1973.

8. 381.7 kg from Apollo and 321 grams from Soviet Luna,
(http://en.wikipedia.org/wiki/Apollo_program#Samples_returned)

9. L. Sihille etad., “Lunar Regolith Simulant Materials. Recommendations for Standardization,
Production, and Usage,” NASA/TP—2006-214605.

10. J.C. Laul and J.J. Papike, “The Lunar Regolith: Comparative Chemistry of the Apollo Sites,” Proc.
11" Lunar and Planet. Sci. Conf., pp. 13071340, 1980.

11. Discussion at the Lunar Regolith Simulant Workshop, Huntsville, AL, Oct. 10-12, 2007.

12. D. Rickman, “ISRU & Dust Simulant Project Status,” Lunar Regolith Simulant Workshop,
Huntsville, AL, Oct. 10-12, 2007.

13. G.H. Helken, D.T. Vaniman, and B.M. French, The Lunar Sourcebook: A User’s Guide to the Moon,
Cambridge University Press, 1991.

14. G.H. Heiken, D.T. Vaniman, and B.M. French, The Lunar Sourcebook: A User’s Guide to the Moon,
Cambridge University Press, p. 298, 1991.

15. E.L. Christianson, Meteoroid/Debris Shielding, NASA/TP—2003-210788.

NASA/TM—2008-215261 9



16.

17.

18.
19.

20.

21.

22.

23.

24,

25,

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

R.V. Morris, “Surface exposure indices of lunar rocks: A comparative FMR study,” Proc. 7" Lunar
Sci. Conf., pp. 315-335, 1976.

D.A. Hays, “Adhesion of charged particles,” Fundamentals of Adhesion and Interfaces, eds. D.S.
Rimai, L.P. DeMegjo, and K.L. Mittal, VSP BV, Utrecht, Netherlands, pp. 61—71, 1995.

Related at Space Resources Roundtable X1, 2007.

“ISRU & Dust Simulant Project Status,” Lunar Simulation Conference, Huntsville, AL, Oct. 10-12,
2007.

L.P. Keller, and D.S. McKay, “Discovery of vapor deposits in the lunar regolith,” Science, vol. 261,
pp. 1305-1307, 1993.

G.H. Heiken, D.T. Vaniman, and B.M. French, The Lunar Sourcebook: A User’s Guide to the Moon,
Cambridge University Press, pp. 151-152, 1991.

W.A. Gosg, et d., “Magnetic properties of Apollo 14 breccias and their correlation with
metamorphism,” Proc. Third Lunar Science Conf., vol. 3, M.I.T. Press, pp. 2387—2395, 1972.

L.A. Taylor, “The lunar dust problem: a possible remedy,” Space Resources Roundtable |1, Paper
7004.pdf, 2000.

L.A. Taylor and T.T. Meek, “Microwave processing of the lunar soil,” Proc. Int’| Lunar Conf, Int’|
Lunar Exploration Work Group 5, Amer. Astr. Soc., val. 108, pp. 109-123, 2004.

Oh, P. et a., “Live dynamic imaging of caveolae pumping targeted antibody rapidly and specifically
across endothelium in the lung,” Nat Biotechnol., vol. 25, no. 3, pp. 327-37, 2007.

M.J. Keane, J.L. Hornsby-Myers, JW. Stephens, J.C. Harrison, J.R. Myers, and W.E. Wallace,
“Characterization of Hard Metal Dusts from Sintering and Detonation Coating Processes and
Comparative Hydroxyl Radical Production in vitro,” Chemical Research in Toxicology, vol. 15,

pp. 1010-1016, 2002.

E.J. King and M. McGeorge, “ Solution and Excretion of Silica,” Biochem. J., vol. 32, pp. 426433,
1938.

G.H. Heiken, D.T. Vaniman, and B.M. French, The Lunar Sourcebook: A User’s Guide to the Moon,
Cambridge University Press, p. 150, 1991.

D.E. Grove, Platinum Metal Rev 47, p. 44, 2003.

H. Toutanji, B. Glenn-Loper, and B. Schrayshuen, “ Strength and durability performance of waterless
lunar concrete,” 43 AIAA Aerospace Sciences Meeting and Exhibit, AIAA—-2005-1436, 2005.

Z. Sternovsky, et a., “ Contact charging of lunar and Martian dust simulants,” J. Geophy Res, vol.
107, no. E11, pp. 15-1-15-8, 2002.

JW. Wilson et al., “Transport Methods and Interactions for Space Radiations,” NASA Reference
Publication 1257, 1991.

G.H. Heiken, D.T. Vaniman, and B.M. French, The Lunar Sourcebook: A User’s Guide to the Moon,
Cambridge University Press, p. 444, 1991.

B. Fubini, E. Giamello, M. Volante, V. Bolis, “Chemical functionalities at the silica surface
determining its reactivity when inhaled. Formation and reactivity of surface radicals,” Toxicology and
Industrial Health 6, pp. 571-598, 1990.

J.J. Grossman, et al., “Microchemical, microphysical and adhesive properties of lunar material,” Proc.
Apollo 11 Lunar Sci Conf., vol. 3, pp. 2171-2181.

Carl Allen, at the Biological Effects of Lunar Dust Workshop, Mar. 29-31, 2005.

NASA/TM—2008-215261 10



Form Approved

REPORT DOCUMENTATION PAGE OMB No. 0704-0188

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the
data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing this
burden, to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302.
Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently valid OMB
control number.

PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From - To)
01-06-2008 Technical Memorandum
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

The Need for High Fidelity Lunar Regolith Simulants

5b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER
Gaier, James, R.

5e. TASK NUMBER

5f. WORK UNIT NUMBER

WBS 936374.03.03.03
7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
National Aeronautics and Space Administration REPORT NUMBER
John H. Glenn Research Center at Lewis Field E-16528
Cleveland, Ohio 44135-3191
9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING/MONITORS
National Aeronautics and Space Administration ACRONYM(S)
Washington, DC 20546-0001 NASA

11. SPONSORING/MONITORING
REPORT NUMBER

NASA/TM-2008-215261

12. DISTRIBUTION/AVAILABILITY STATEMENT
Unclassified-Unlimited
Subject Categories: 14, 90, and 91

Available electronically at http://gltrs.grc.nasa.gov
This publication is available from the NASA Center for AeroSpace Information, 301-621-0390

13. SUPPLEMENTARY NOTES

14. ABSTRACT

The case is made for the need to have high fidelity lunar regolith simulants to verify the performance of structures, mechanisms, and
processes to be used on the lunar surface. Minor constituents will in some cases have major consequences. Small amounts of sulfur in the
regolith can poison catalysts, and metallic iron on the surface of nano-sized dust particles may cause a dramatic increase in its toxicity. So
the definition of a high fidelity simulant is application-dependent. For example, in situ resource utilization will require high fidelity in
chemistry, meaning careful attention to the minor components and phases; but some other applications, such as the abrasive effects on suit
fabrics, might be relatively insensitive to minor component chemistry while abrasion of some metal components may be highly dependent
on trace components. The lunar environment itself will change the surface chemistry of the simulant, so to have a high fidelity simulant it
must be used in a high fidelity simulated environment to get an accurate simulation. Research must be conducted to determine how sensitive
technologies will be to minor components and environmental factors before they can be dismissed as unimportant.

15. SUBJECT TERMS
Lunar soil; Lunar dust

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF 18. NUMBER 19a. NAME OF RESPONSIBLE PERSON

ABSTRACT OF STI Help Desk (email:help@sti.nasa.gov)
a. REPORT b. ABSTRACT c. THIS PAGES 19b. TELEPHONE NUMBER (include area code)
U U [PJAGE uu 16 301-621-0390

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std. Z39-18











