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NASA's Marshall Space Flight Center (MSFQ), in conjunction with the United States
Geological Survey (USGS) and aided by personnel {rom the Astromaterials Research and
Exploration Science group at Johnson Space Center (ARES-JSC), is implementing a new
data acquisition strategy to support the development and evaluation of lunar regolith
simulants, The first analyses of lunar regelith samples by the simulant group were carried
ouf in early 2008 on samples from Apollo 16 core 64001/64002. The results of these analyses
are combined with data compiled from the Hterature fo generate a reference composition
and particle size distribution (PSD) for tunar hightands regolith. In this paper we present the
specifics of particle type composition and PSD for this reference composition. Furthermore,
we use Figure of Merit (FoM) routines to measure the characteristics of a number of lunar
regolith simulants against this reference composition. The lunar highlands regolith reference
composition and the FoM results are presented fo guide simulant producers and simulant
users in their research and development processes.

I. Introduction

THE current lupar architecture calls for the establishment of a permanently manned lunar outpost by 2020.To

A support this effort, the tunar engineering community 13 developing and testing technologies for fn Sirw Resource
Utilization (ISRLU), excavation and drilling, and mitigation of hazards to machinery and human health. The scarcity
of Apollo samples for testing purposes necessitates the use of lunar regotith simulants as proxy materials. The
development and evaluation of simulants requires a highly detaifed understanding of regolith particle characteristics.
The Marshall Space Flight Center (MSFC)-led group has developed Figure of Merit (FoM) algorithms and comipiled
a theoretical reference highlands regolith material against which to quantitatively compare simulants.
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1. Figures of Merit

The purpose of the Figure of Merit (FoM) is to quantitatively compare, for a defined parameter or set of
paraneters, a regolith simulant to a reference material, where the reference may be a regolith sample, a hyvpothetical
regolith sample, or other batches or types of simulants™. Theugh FoM algorithms exist for particle type {modal)
composition, particle size distribution (PSD), particte shape distribution, and density, we here compare materials
only using the particle type composition and PSID algorithims.

The FoM is defined as a value between 0 and 1. As the two materials become more similar the FoM approaches
1. Mathematically, the composition FoM is the normalized difference of the composition vectors of the two
materials (reference and simulant) subtracted from unity. Normalization forces the difference of two composition
vectors o lie between 0 and 1, and subtraction from unity results in a Figure-of-Merit of 1 for a perfect match to ©
for no mateh at all. The FoM for composition may be interpreted as the fraction of material that is the same in both
materials

Mathematically, the particle size FoM is the difference between he size relative frequency distributions, which
are the derivatives of the size cumulative [requency distribufions of the two materials, subtracted from unity. Again
a Figure-of-Merit of | is a perfect match and 0 is no match at all’.

I, Apollo Regolith Reference Material

NASA’s current funar archilecture calls for initial outposts to be placed in the lunar polar regions, which are, to
the best of our knowledge, mantled by highlands-type lunar regolith. Of the Apolle missions, only Apollo 16 visited
a site focated entirely in the Tunar highlands, and so we use Apollo 16 regolith samples as the reference materials w
auide simulant development and evaluation. Cores are our preferred sample types as they provide samples across a
depth profile, and nmany proposed operations on the meon will invelve excavation of lunar regolith to depths of tens
of centimeters. As the lunar archilecture expands or evolves, we can incorporate reference materials from other lupar
locales like maria and the KREEP-enriched Proceflarium terrane.

The reference material used here for Figure of Merit calculations is the integrated suite of subsamples from
Apollo core 64001/62002, which is a sample of lunar highlands regolith from Apollo 16 Station 4 - the
southeastern-most sife on the flanks of Stone Mountain. We chose the 64001764002 core because it is a complete
and intact core, it is deemed representative of Apollo 16 site regolith™, and it has been well-studied™®

A. Reference Particle Type Composition

All particle type composition data can be found in Table 1 — it includes the reference composition derived from
literature™ and analyses as described below as well as the simulants described in the next secfion.
[, Literature

We averaged modal particle type data from two studies of core 64001/64002™ for the basis of the FoM lunar
reference material: for sample 63001, the lower ~30 ¢m of the core and from 640027, the top ~30 cm of the core.
Each study examined six size fractions from 20 to 500 pm of six subsamples of the core at -3 ¢m interval. Thc
authors use & consistent particle classification system’ and caleuiate a weighted average, by weight % of the siz
fractions, of the compositions of each subsample. We combined these subsample averages to a single mean pamd;
type composition of the 20-300 pm portion of the 64001/64002 core.

This particle type classification” has primarily been used with data generated by optical microscopy of very fine
particles and thus some minerals are not classified to the level of specificity we desire. For instance, pyroxenes are
not differentiated to chino- or orthopyroxene, and all spinel minerals (chromite, spinel, and uivBspinel), dlmenite, and
sulfides are undifferentiated as “opagues™,

More than 90% of the particles by weight of most lu;mr regolith samples are less than 300 wm in diameter’. An
average of ~20 wi.% of most regolith falls below 20 um®, but modal data for this fraction are scarce. Therefore, we
consider this 20-300 pm dataset to be the best available in the literature for our purposes.

2. Scanning electron microscopy (SEM) and energy dispersive Xray spects wscopy (£ NENY!

We generated moddi data from QEMSCAN" SE M-EDS microbeans analysis of Apolio 16 samples from drive
core 640016400277 The analvzed lunar samples were thin sections 63002,6019 (3.0-8.0 om depth} and
64001,6031 {30.0-53.1 cm depthy and sieved grain mounts 64002.262 and 64001,374 from depths u{)llLt:DOﬂEifl 12 10
the thin sections, respectively. We analyzed four size fractions from each grain mount sample: 300-230 pm, 138-94
ut, 75-4% wm, and <20 pm fractions. These data are not particle type modal data but rather total area modal% by
phase, either as type of minerat or slass.” The area modal% is derived from focused beams analvses at stepped

o

mntervals.
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For the hunar reference composition, we use the ratios of certain mineral ¢lasses from these SEM/EDS data o
augment our particie type modal data from the literature. For instance, when the literature data™ report only
“pyroxene”, we subdivide these into clinopyroxene and orthopyroxene based on the QEMSCAN-generated ratio”.
Furthermore, we divide their “opagques™ into ilmenite, Fe-suifide, and spinels (not further differentiated).
3. Plagioclases composition
Plagioclase feldspar is the only mineral for which we currently evaluate chemical compositional variability in the
FoM algorithm. We use the generally accepted composition of An95™ for lunar highland regolith plagioclase. This
means the plagiociase is 95 molar®% of the CaAl;Si:Qq (anorthite} end-member and only 3 molar% of the NaA 1SEO,
{albite) end-member. We include plagioclase composition in the FoM because;
»  itis the most abundant mineral in the highlands regolith’;
* it is the only mineral for which we have reasonable compositional data in both the regolith and the
simulants; and
+ lunar hightands plagioclase is more caleic than almost any terrestrial plagioclase, and we view closeness (o
tunar plagioclase composition as a significant marker of simulant fidelity.

B. Reference Particle Size Distribution
The particle size distribution data (PSD) for 64001/64002 is taken from the literature®, It is an average of 12
subsamples by weight% of each size fraction, Figure | shows the average Apollo 16 64001/64002 PSD®, All data is
from dry sieving.

64001/64002 Average .

Weight% Held
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0 1 200 45 75 %0 150 250 300 10006 2000 4000

Sieve S (microns)

Figure 1. Particle size distribution data for Apollo 16 core 64G01/64002. Data from Graf, 19937,

IV, Simulant Compositions and Particle Size Distributions

As part of the ongoing effort to evaluate and guide lunar regolith simulant development, we have gathered data
on existing and previcusly used simulants so as to compare them to our Apollo Reference material. We have
analyzed simulants of varving types and sources. These include: ISC-1, JSC-14, and JSC-1AF {fines) are mare
simulants approximating Apollo 14 regolith™'% Japan’s FIS-1 analyzed here is a mare simulant also approximaling
Apolio 14 regolith, but other variations of FIS-1 included materials added to simulate Apolio 11 and Apello 16
regolith’®; MLS-1 (Minnesota Lunar Simulant) as tested here {processad in a plasma stream o generate a glass
component) is a high-Ti mare simulant that approximates Apollo 11 high-Ti mare regolith; Canada’s OR-1 is a

-
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highland simulant intended for mechanical/physical simulation of regolith; and the NASA/USGS medium- and dust
sized NU-LHT-1M, NU-LHT-2M, and NU-LHT-1D are highland simulants intended for general purpose.

A. Simulant Composition

fo SEMEDS analvses

All of the simulants are considerably less texturally complex than the analyzed lunar regolith and so we were
able to cbtain consistent particle type analyses by QF! SCAN® SEM/EDS analysis. The software used for fextural
analvsis and particle identification is the iDiscover 4.2 package developed by Intellection, Lid, and incorporated inlo
OEMSCAN® technology. The user is able to differentiate and classify basalt fragments in some simulants (grouped
as “lithic fragments” in our FoM analvsis), and the pseudo-agglutinate fragments (grouped as “agglutinates” in our
Foa analysis) in the NU-LHT series simulants.

2. Plagioclase composition

Plagioclase compositions in the simulants, either from published or presented analvses’ or from best estimates
based on feedstocks™, are included in the composition FoM analysis.

3

Table 1. Particle tvpe modal data, and plagiociase molar’ Anorthite, for the lunar reference material
and regolith simulants. See text for data sources.

NU- NU- . g
oy | LHT ot omr asca DY C s visa

1M -2
Lithic Fragments 3t 0.00 .00 (3.6 $i1.92 90,92 $1.93 %018 D28
Glass § 88 2237 AY (.04 000 .00 {153 3637
Applutinates 3251 2902 2349 000 (.04 (.00 040 0.00 (.00
Magioclase 2332 3878 5480 4303 P34 1.54 339 1414 2.60
(Plag. An%i) 45 84 86 75 68 i 70 N2k 47
Olivine 060 288 9351 004 363 363 413 113 it
Clinopyroxene 0.64 2.04 3.98 0.7 £33 .33 042 120 L)
Orthopyroxene 3.24 437 020 (.00 0.01 .01 .01 .64 0.03
Spinel minerals 003 (+05 [UASH (1% 0.00 (.04 002 0.0 (.03
Fe-sulfide .01 .60 (.04 (.00 0.60 0.60 .00 (A
Ca-phospates G2 3.00 .43 000 (.00 (.00 .00 0.0 040
Himenile (.13 1433 019 o0 .06 008 0.0 .15 167
Native [ron 001 0.00 0.00 .00 0.0 0.00 000 06
Other (sim. only} (.16 (107 312 046 G609 262 328
Total 00 10 160 100 ] FO0 {E8] HOG 10

B. Simulant Particle Size Distribution

We used multiple sources of simulant size distribution dafa, and in most cases multiple data sources are
represented per stmulant.

fo Dy Sieving

Some data are from dry sieving methods and reported by weight%, The data for OB-1 comes from Trow
Analvtical, Ltd. The analvses for JSC-1A and NU-LHT-IM were performed in the lub of Dr. Susan Batiste at the
University of Colorado Boulder.

2 SEM and image processing )

We have size data from QEMSCANT SEM/EDS analvsis, reported by weight%, for ail simulants except for NU-
LHT-1D. 1t shouid be said that grain mounts used for SEM imaging are polished and thus provide a sectioned
sample, and that most particles will not be sectioned af their plane of greatest diameter equivalent. For this reason
such results are sometimes referred to as an SSD (secrional size disrributionj rather than a PSD. The high number of
particles counted partiaily offsets this effect, but there will always be a slight bias towards finer particies in an $8D.
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This can be partially compensated for by stereclogical techniques and we are pursuing this approach. For now, we
caution the users 1o take this info account, but also remind them that all simulants were measured by this method and
thus any problems will be consistent across that portion of the dataset.

We have data for NU-LHT-1M, -2M, and -1D, and JSC-1A from liquid dispersed laser diffractometry. Susan
Batiste at the University of Colorado Boulder measured NU-LHT-1M and ISC-1A, while the Bureau of Mines
analyvzed NU-LHT-2M and - 1D,

These data are presented as volume% rather than as weight%. If the particle composition distribution weie
consistent across the size fractions then the data would be eguivalent, but this is not true for lunar regelith and is
likely not to be true for simulants. However, we judge it likely that the deviations in density across the size fractions
are of small effect. We leave it to the user to evaluate these ratings until more data are gathered and analyses are
presented. Again, the method is consistent for the four simulants measured and thus is of comparative value,

This analytical method yields more bins of data {smaller size fractions) than the FoM software allows. We have
summed the bins to best match the bins in the literature lunar data®.

5. Liguid dispersion and laser diffraciomeiry

V. Results of Figure of Merit Analyses

A, Particle Type Composition Resulfs
All composition FoMs were run using a revised form of Figure of Merit Version | software not vet released.
Table 2 presents the Figure of Merit composition results for all simulants tested against our 64001/64002 lunar
reference material.

Table 2. Results of Figure of Merit
composition analysis, Figure of Merit V.
I, Rev. I algorithm used with lunar
reference material 64001/64007,

64001/64002

simulant relerence
NU-LHT-IM 0.65
NU-LHTF-2M | (1.55
OB-1 0.28
JSC-1 .33
JSC-1A 0.35
JSC-IAF .43
MILS-1 (.35
FJS-1 0.36

B. Particle Size Distribution Results

The particle size Figures of Merit were run using the Figure of Merit Version 1 software. The results are shown
in Table 3. The range of size bins for 64001/64002° is broader than for any of the simulants. All simulant PSD’s are
compared to the entire 64001764002 PSD and the results are shown in the first column of Table 3. Most of the
simulant PSD’s only extend to ~Tmm. The second column of Table 3 shows comparisons of all simulanis to the
<imm fractions of 64001/64002. These fractions were recalculated to sum to 100 weight%, For the two simulants
specifically intended 1o be dust simulants, ancther normalized subset of literature data® was used for comparison,
this time recalcutating the <90 um fraction to sum to 100 weight%. We show the resules for this subset in column 3
of Table 3.

Itis a complex problem (o consistently classify fragments of rock and breccia in lunar and terrestrial material. in
lunar regolith, particles comprise a spectrum of varving glass content and fracture, For this reason, all rock
fragroents and breccias in the simulants are classified as lithic fragments and compared to the abundance of all rock
and breccia fragments in the regolith,

]
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Table 3. Figure of Merit size results for all simulants againgt 64001/64002 tunar reference material. Simulant
datasets were compared against the bulk average of 64001/64002, the <1mm subset of the data and the <90
um subset of the data; both reference subsets were recaleniated to 100%. Analviical method is in parentheses,

6404172 bulk GA001/2 < 6A001/2 average to
average mm average 90 pum

OB-1 {section image analysis) 0.23 0.54

NUSLHT-1M {(section image analysis) 0.23 0.38

NUSLFT-2M {section image analysis) G017 0.48

JSC-1 {section image analysis) 0.22 0.53

FSC-1A (section image analysis) £.25 0.36

JSC-1AF (section image analysis) (.06 0.23 .60
MLS-1 {section image analysis) 0.20 (.29

FIS-1 (section image analysis) 0.26 (145

OB-1 (dry sieve) 0.59

NU-LHT-1M (dry sieve) 0.26 0.75

ISCAA {dry sieve) 033 0.74

NU-LHT-2M: (laser diffractometry) 6.29 0.82

NU-LHT- 1D (laser diffractometry) 0.54
NU-LHT- 1M (laser diffractometry} 0.26 0.64

JSC-1A (laser diffractometry )} 0.28 0.74

Agelutinates are a member of the particle spectrum including lithic and breccia fragments, but we interpret them
to be sufficiently unique in their properties and asbundance as to be worth differentiating. Furthermore, their
characteristics as irregularly shaped, often vesicular particles composed of minerals in a glass matrix makes it
possible for the iDiscover software user to distinguish them based on results from the automated beam technology.

Because the lunar regolith reference 64001/64002 is composed of 32 modal% agglutinates and 31 modal%
lithic fragments, simulants that do not approximate these abundances will score a low composition FoM score, They
may still be appropriate simulants for many purposes, by virtue of thelr chemistry, shape, or sive distribution.
Conversely, a simulant with appropriate shundances of these particles may be inappropriate for some uses.

V1. Conclusion
These vesults are discussed in further detail in the Lunar Regelith Simulant User’s Guide released by the
Marshall Space Flight Center simuifant project group. Further data on funar highlands composition and PSD is stiil
being gathered and compiled. We encourage users to contact the authors at Marshall Space Flight Center for
adviscment as to shimulant use. We predict that the Lunar Regolith Simulant User’s Guide will be updated at least
annually, but new information is available constantly. These evaluations are ongoing, as is Fieure of Merit
development. Most importantly, simuiant development is continuing.
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