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Simulants are used by the lunar engineering community to develop and test technologies
for In Situ Resource Utilization (ISRU), excavation and drilling, and for mitigation of
hazards to machinery and human health. Working with the United States Geological Survey
(USGS), other NASA centers, private industry and academia, Marshall Space Flight Center
(MSFC) is leading NASA’s lunar regolith simulant program. There are two main efforts:
simulant production and simulant evaluation. This work requires a highly detailed
understanding of regolith particle type, size, and shape distribution, and of bulk density. The
project has developed Figure of Merit (FOM) algorithms to quantitatively compare these
characteristics between two materials. The FoM can be used to compare two lunar regolith
samples, regolith to simulant, or two parcels of simulant. In work presented here, we use the
FoM algorithm to examine the variance of particle type in Apollo 16 highlands regolith core
and surface samples. For this analysis we have used internally consistent particle type data
for the 90-150 um fraction of Apollo core 64001/64002 from station 4, core 60009/60010 from
station 10, and surface samples from various Apollo 16 stations. We calculate mean modal
compositions for each core and for the group of surface samples and quantitatively compare
samples of each group to its mean as a measurement of within-group variance; we also
calculate an FoM for every sample against the mean composition of 64001/64002. This gives
variation with depth at two locations and between Apollo 16 stations. Of the tested groups,
core 60009/60010 has the highest internal variance with an average FoM score of 0.76 and
core 64001/64002 has the lowest with an average FoM of 0.92. The surface samples have a
low but intermediate internal variance with an average FoM of 0.79. FoM’s calculated
against the 64001/64002 mean reference composition range from 0.79-0.97 for 64001/64002,
from 0.41-0.91 for 60009/60010, and from 0.54-0.93 for the surface samples. Six samples fall
below 0.70, and they are also the least mature (i.e., have the lowest I/FeQO). Because
agglutinates are the dominant particle type and the agglutinate population increases with
sample maturity (I/FeO), the maturity of the sample relative to the reference is a prime
determinant of the particle type FoM score within these highland samples.

Nomenclature
FoM = Figure of Merit
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FMR = Ferromagnetic Resonance; results are often reported as Iy/FeO
ISRU = In Situ Resource Utilization

I. Introduction

HERE has been a tremendous amount of data published on analysis of Apollo samples. Most of the regolith-

related work has addressed scientific questions of lunar crustal formation, geologic history, mixing and
reworking from impact events, etc. The degree and kind of detail from this work is usually insufficient to adequately
constrain lunar regolith parameters for engineering purposes. Constraining the expected variance as functions of
distance of particle type, size and shape distribution, and bulk density of lunar regolith is paramount in designing
processes and technologies for purposes of In Situ Resource Utilization (ISRU) and hazard mitigation.

The current lunar architecture puts the initial locus of habitation in the lunar Polar Regions, which are likely to
be mantled by highlands-type lunar regolith. We are investigating Apollo 16 highland regolith samples to generate
the data necessary to produce appropriate simulants and to evaluate simulants produced by other groups." Apollo
cores, both drive and drill, are our preferred sample types — they allow for investigation of variation with depth and
many proposed operations on the moon will involve excavation of lunar regolith to depths of tens of centimeters. As
the lunar architecture expands or evolves, these investigations will expand to incorporate other lunar locales, such as
mare and the KREEP-enriched Procellarium terrane.

There are numerous data in the literature that enable evaluations of variance in the regolith, though not always
for the parameters we need. Examples include the sources of the datasets used in this paper, cited below, and
extensive chemistry data.” Furthermore, there have been studies specifically addressing chemical variance.*’

In this paper we take particle type data (modal data) from the literature and analyze it using the Figure of Merit
(FoM) tool developed by the simulant group to quantitatively compare reference regolith materials to simulants.® By
this method we present new quantitative assessments of the particle type variance of Apollo 16 samples. Particle
type modal composition is important for engineering as it strongly affects physiochemical processes like melting and
oxidation/reduction.”'® Tt also partly controls geomechanical behavior; minerals and glass have inherent
characteristics of hardness and fracture/cleavage behavior reflective of their internal structure, and the behavior of
the bulk material is partly derived from these constituents.

Il. Data

A. Dataset selection

We selected the 90-150 um size grains because this is a size fraction for which a large number of samples have
been analyzed using a compatible classification system of Ref. 11. We were able to integrate some earlier work into
this dataset,'>" but at the cost of some loss of detail. Some data is available for fractions ranging from 20-1000
um,'>** some from 20-500 um,'>'® and some only on the 90-150 pm fraction."* Grains of from 90-150 um are
generally identifiable under an optical microscope and broadly representative of the regolith composition.'"* A

summary of the data is shown in Table 1.

B. Limitations

The size distribution of particle types near the lunar surface changes with time. This “maturation” results from
the competing processes of agglutinization and comminution of particles (path 1 of Ref. 17). Maturation results in a
higher percentage of agglutinates and glass overall and an increase of mineral and glass fragments in the finest
fractions at the expense of lithic and breccia fragments in the coarser size fractions. So, the examination of particle
types in a given size fraction will not necessarily provide the same insight into regolith composition as will
examination of a range of particle sizes in the same material.

Furthermore, there are important parameters of regolith composition that this exercise does not consider. One is
the exact chemical composition of phases. Most minerals considered in this assessment are solid-solution minerals
and these, as well as glass, have wide ranges of possible compositions. The actual chemical composition of solid
solution minerals affects such things as melting temperature'®. The current released version of the FoM algorithm
does not adequately reflect this fact. Second, the published particle type modal data used here do not depict the total
amount of any single phase in the regolith. For example, a mineral may occur as monomineralic particles, but it may
also occur as grains in a particle of agglutinate, breccia, or a lithic fragment. This distinction in not captured by the
available data. Third, the published data do not provide the level of detail on trace minerals in the regolith the FoM
algorithm is designed to use. The term “opaques” (Table 1) is a catchall term for Fe metal, Fe-Ti minerals like
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ilmenite, spinel series oxide minerals that contain Fe, Ti, Cr, Al, and Mg, and sulfide minerals. Other non-opaque
trace minerals like the halogen-bearing phosphate apatite are not counted or are grouped under “miscellancous” or
“other”. Although volumetrically minor, some of these trace minerals exert disproportionate harm to ISRU and
mechanical processes (due to the F and Cl in apatite, or to the high abrasiveness of some spinel minerals) or
disproportionate benefit to ISRU, such as the Fe-Ti oxide mineral ilmenite’s benefit to oxygen production by H,-
reduction.

1. Figure of Merit

The purpose of the Figure of Merit (FoM) is to quantitatively compare a regolith simulant to a reference
material, where the reference may be a regolith sample, a hypothetical regolith sample, or other batches or types of
simulants. However, the mathematics allows the comparison of any two materials. Though FoM algorithms exist for
modal composition, size distribution, shape distribution, and density, we here compare materials only using the
particle type, or modal composition, algorithm.

Table 1. Summary of literature data in % for Apollo samples used in Figure of Merit

calculations.
Samples 64001/64002 core (n=12)'>'¢ Apollo 16 surface soils (n=15)"*
mean lo max. min. mean lo max. min.

Monomineralic 235 8.1 425 13.7 22.9 10.0 46.0 8.2
plagioclase 21.5 8.1 41.2 12.7 20.6 8.9 40.9 7.9
pyroxene 1.7 1.2 5.0 0.7 2.1 1.6 4.7 0.3
olivine 0.2 0.4 1.3 0.2 0.3 0.7
opaque 0.1 0.1 0.3 0.1 0.1 0.3
SiO2 phase 0.0 0.1 0.3 0.0 0.1 0.3
Crystalline Lithics 0.7 0.5 15 0.5 0.8 2.7
Mare Basalt 0.3 0.3 0.7
KREEP Basalt 0.1 0.2 0.6
Breccias 27.9 34 331 225 41.2 10.7 64.1 26.1
Fragmetnal/Vitric Matrix 12.3 2.5 16.4 9.1 20.2 9.0 36.2 7.6
Crystalline matrix 15.6 2.4 22.1 123 21.0 10.7 56.5 13.1
Agglutinates 40.0 6.9 49.1 25.8 30.5 15.7 56.2 1.6
Glass 7.8 2.0 117 4.6 4.8 3.0 10.6 0.9
Other 0.1 0.2 0.6
Total 100.0 100.0

Samples 60009/60010 core (n=11)">" All samples

mean lo max. min. mean lo
Monomineralic 32.8 18.6 78.7 13.3 26.0 13.1
plagioclase 29.8 18.6 76.5 11.9 23.5 12.7
pyroxene 1.9 1.5 5.1 0.1 1.9 1.4
olivine 0.8 0.8 3.0 0.4 0.6
opaque 0.3 0.2 0.6 0.1 0.2
SiO2 phase 0.0 0.1
Crystalline Lithics 4.0 1.7 6.7 11 1.6 1.9
Mare Basalt 0.1 0.2
KREEP Basalt 0.0 0.1
Breccias 345 8.5 47.6 13.9 35.1 9.9
Fragmetnal/Vitric Matrix 16.7 79
Crystalline matrix 18.6 8.4
Agglutinates 21.4 11.3 38.7 24 30.9 14.0
Glass 7.3 3.2 11.2 1.2 6.5 31
Other 0.1 0.1
Total 100.0 100.0
3
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The Figure of Merit is defined as as a value between 0 and 1. As the two materials become more similar the FoM
approaches 1. Mathematically, the FoM is the normalized difference of two composition vectors subtracted from
unity. Normalization forces the difference of two composition vectors to lie between 0 and 1, and subtraction from
unity results in a Figure-of-Merit of 1 for a perfect match to 0 for no match at all.

FoM _ 1 _ HW (Cmaterial A — Cmaterial B)H1

(1)
HW Chmaterial AH1 + HWCmaterial B Hl

ZWi ‘(Cmaterial A Chmaterial B; )‘

=l- (2)
Z Wi Chmaterial Ai + Z WiCmateriaI Bi
i i

where

Cmaterial A is the composition vector of the “reference”, whose elements are the fractions of the

various constituents of material A; note that the elements of this vector must necessarily
sum to 1 (its L1 norm is 1)

Cmaterial B is the composition vector whose elements are the fractions of the various constituents of
material B; note that the elements of this vector must necessarily sum to 1 (its L1 norm is

1)

W is the weighting vector of weights applied to the difference of the material A composition
vector and the material B composition vector.

No weighting was used in these computations, so W=1.

As computed, the Figure of Merit for modal composition may be interpreted as the fraction of material that is the
same in both materials. A more detailed exposition of the FoM mathematics may be found Ref. 8.

The modal, or particle type, composition of a material may be viewed as a vector of the fractions of the various
constituents of a material. The elements of a composition vector must necessarily sum to unity (the sum of the
fractional parts must equal the whole). Therefore, all published compositions used for this paper have been
normalized, when necessary, to unity. Composition may be defined at multiple levels of specificity, starting with
basic classes such as lithic fragments, breccias, mineral fragments, glasses, and agglutinates, and then further
subdividing each class into sub-constituents as necessary for a particular application. Breccias are further divided
into fragmental/vitric and crystalline matrix breccias in Table 1, but for purposes of calculation these are combined
into the one category of breccia. For calculation, monomineralic particles are subdivided by mineral type (Table 1).
The categories used here do not correspond to the categories in the first release of Figure of Merit software. We used
the most detailed common level of classification from the literature samples so as to preserve information. The
mathematics, however, are unchanged.
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Table 2. Results of Figure of Merit analysis of 50 Apollo
16 samples. Individual samples were run against the mean of
their group and against the mean of the 64001/64002 — our
reference composition. Means of groups were also run against

each other.
. depth, 64001/02  60009/10 Apl6
station sample . surf.
centimeters mean mean
mean
10 64001/02 mean core 1 0.81 0.86
10 60009/10 mean core 0.81 1 0.84
; Ap16 surf. surface 0.86 0.84 1
mean
4 64002,261 0.50 0.89
4 64002,262 5.50 0.95
4 64002,263 10.50 0.94
4 64002,264 15.00 0.79
4 64002,265 18.50 0.88
4 64002,266 24.50 0.93
4 64001,370 28.00 0.95
4 64001,371 35.50 0.95
4 64001,372 42.50 0.92
4 64001,373 47.00 0.97
4 64001,374 52.50 0.91
4 64001,375 59.50 0.91
10 60010,1077 0.50 0.91 0.80
10 60010,1076 3.50 0.88 0.80
10 60010,1075 11.00 0.85 0.89
10 60010,1074 14.00 0.75 0.93
10 60010,3107 20.00 0.68 0.78
10 60010,1073 24.50 0.72 0.91
10 60009,454 28.80 0.79 0.92
10 60009,455 42.80 0.67 0.80
10 60009,456 48.40 0.82 0.94
10 60009,457 53.30 0.41 0.53
10 60009,458 58.30 0.85 0.85
1 61161 surface 0.92 0.85
1 61181 surface 0.83 0.74
1 61221 surface 0.67 0.77
1 61241 surface 0.82 0.86
2 62281 surface 0.93 0.83
4 64501 surface 0.93 0.82
8 68501 surface 0.81 0.78
11 67481 surface 0.78 0.90
11 67601 surface 0.78 0.92
11 67701 surface 0.74 0.87
11 67711 surface 0.54 0.67
11 67941 surface 0.64 0.77
13 63321 surface 0.79 0.91
13 63341 surface 0.83 0.95
13 63501 surface 0.86 0.89

1V. Results

Numerical results of all particle type
FoM calculations are shown in Table 2.
Figure 1 contains both Apollo 16 cores;
in it all samples have had FoM scores
calculated against the core’s mean
composition (see Table 2 for scores) and
these scores are plotted against depth.
The mean FoM scores for each core
measured against its own mean
composition are: 0.76 for 60009/60010
and 0.92 for 64001/64002. It is evident
from Fig. 1 that station 10 core
60009/60010 has the higher internal
variance.

At a depth of 53.3 cm 60009/60010
has the lowest FoM score, when
measured against its group mean, of any
sample in this exercise. This sample has
an anomalously high plagioclase particle
content of 76.5%.'* Ref. 19 also shows
that this 60009 sample interval is
relatively enriched in Ca and Al (two of
the main chemical constituents of
plagioclase) and depleted in Fe, Cr, and
Ni, and is the most feldspathic regolith
sample examined in Apollo core.
Another, lesser excursion apparent in
60010 from Fig. 1 is at 20.0 cm, where
occurs the  highest values of
incompatible trace elements (e.g., Th
and Sm) in the 60009/60010 core along
with an enrichment in Sc, Cr, and Fe" —
minerals concentrated in mafic minerals.
This sample contains the highest amount
of fragments of the mafic mineral
pyroxene within the core, at 5.1%." A
calculation of the mean FoM for the
core 60009/60010 against its mean
composition with the 53.3 cm outlier
sample removed yields a mean score of
0.79 — still the lower of the cores tested.

The lowest internal FoM score for
the 64001/64002 core is 0.79 at 15.0 cm
depth. This sample contains the highest
abundance of monomineralic

plagioclase of this core at 42.5% and the lowest agglutinate%."® This interval is enriched in Na and Sc.
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samples measured against their

composition.
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Figure 2 graphically shows internal variation
of particle type FoM scores for the surface
samples from Apollo 16 stations. Like the groups
shown in Fig. 1, these samples are quantitatively
compared to their group’s mean composition. In
this case the Y-axis is Station number, so the
numbers have no correlation to distance. The
lowest FoM score shown is for Station 11 sample
67711. This sample has an anomalously high
monomineralic plagioclase content of 46.0%."

Figure 3 shows the compositional FoM
scores for all samples compared to the mean
value of 64001/64002 core, which is our initial
general reference material for highlands regolith,
plotted against depth. Surface samples are
included at 0 cm. The 60009/60010 core
maintains the same pattern as in Fig. 1, but with
more pronounced excursions. Most surface
samples plot with the uppermost samples of the
cores but others have scores <0.70, overlapping
only with the lowest FoM scores of
60009/60010.

One of the parameters that correlates with the

compositional FoM score in these Apollo 16
samples is sample maturity. Table 2 contains
the results of ferromagnetic resonance (FMR) in
index values of Iy/FeO. This parameter is a
measure of relative regolith maturity. There is a
well-demonstrated correlation of Iy/FeO with
agglutinate abundance, such that agglutinate
modal% is often used as a proxy for regolith
maturity.'* Agglutinate % in the 90-150 um size
fraction was studied in Apollo 17 regolith as an
examination of regolith maturity."”

Figure 4 shows variation in |¢/FeO relative
to composition FoM scores measured against
the reference mean 64001/64002 composition.
The average I/FeO of the 64001/64002 core is
shown, plotted at FoM = 1 (since it is the
reference material). Although I/FeO is not a
parameter explicitly incorporated into the modal
composition FoM, it is clear that samples are
arrayed towards the average I/FeO of the
reference material. With some scatter, samples
less mature than the average 64001/64002
maturity are clearly aligned in a positive slope
towards the average composition, and we
believe the more mature samples are aligned on
a negative slope towards the average
composition. Figure 5 shows the same pattern,

but this time by showing agglutinate fraction as a proxy for maturity.
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V. Conclusion

We have demonstrated that the composition
Figure of Merit captures variance within and
between groups of Apollo 16 samples. Variations in
FoM correspond to chemical anomalies recognized
by other workers.'? In addition to chemical data, the
variance expressed by the composition FoM also
reflects the sample maturity. This correlation
between maturity and FoM composition is not
surprising, since maturation processes correlate with
agglutinization, and agglutinates are one of the most
abundant particle types in the lunar regolith, and
often the most dominant particle. Of course, as with
any variable in the FoM, the correlation will be
positive or negative depending on the reference
material and the relative abundance in the
comparison sample group.

Further correlation of chemical and maturity
data with modal data, size distribution data, and
shape data may provide efficient estimation of lunar
regolith variance for parameters of interest to ISRU
and hazard mitigation efforts. To maximize the
utility of these estimates of variance, we must gather
data on trace minerals and total volume% modal
data by phase in the regolith.
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Background: Figure of Merit

The FoM is a set of algorithms designed to
quantitatively compare two granular
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2) particle size distribution (PSD)

3) particle shape distribution

4) bulk density characteristics

8/27/2008 BAE Systems, Marshall Space
Flight Center




Figure of Merit

 The FoM was developed to compare lunar
regolith simulants to lunar reference
materials, such as an Apollo sample.

 However, we use it here to compare Apollo
16 samples to one another.
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Variance: Particle Size (carrier, 2003)
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Figure of Merit.
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Fig. 3. Aspect ratios of five lunar soils and a simulant
JSC-1AvE.
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Fig. 4. Complexity of five hmar soils and a simulant
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Variance: Major and trace element chemistry
(Korotev, 1982 and Korotev et al., 1984)

* Regolith chemistry is
key tO ISRU and tO ' ' ' : : 0200 400 600 800 1000 1200
health hazard
mitigation.

Regolith mineralogy
is largely derivative
of chemistry.

Mineralogy IS part of Apollo 16 core 64001/64002 Apollo 16 core 64001/64002
the particle type

composition Figure

of Merit.
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Regolith composition and the simulant project

We investigate Apollo 16
regolith because ititis
the only highlands
material available.

We use core samples as
reference material for
simulant development
and evaluation.

Here, we evaluate
variance in regolith
composition laterally and
vertically using core and
surface samples.
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Apollo 16 stations
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Apollo 16 stations
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Apollo 16 stations
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Data: Modal data used in this exercise

« All data is “particle type” modal data, i.e., a count by
volume of grain types.

— this can be gathered by optical microscopy and a large database
on Apollo samples exists

— total volume% data is preferable in some cases but the image
analysis necessary has not long been in use

» All data is of the 90-150 ym fraction.

— some sources contain analyses of multiple size fractions, but all
contain at least the 90-150 um

—_this. fraction.is often.studied.as. representative-of-the-regolith
distribution
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Modal data

The data used here
would classify this
particle as an
agglutinate.

Image analysis
routines on SEM
Images would parse
the constituent glass
its minerals.
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Modal data used In this exercise, cont.

« All data uses a classification system of Basu and McKay
(1981), or is convertible to it (e.g., McKay et al., 1977)

— much data is available in the literature but is not directly
comparable, due to differing emphasis of attention or particle
definition

» The following sources are used:
— McKay et al., 1976 and 1977: 60009/60010 core
— Houck, 1982a: Apollo 16 surface soils from multiple stations
— Houck, 1982b: 64002 core section
— Basu and McKay (1984): 64001 core section
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Average Modal% of Apollo 16 Regolith Samples

Monomineralic grains
- Plagioclase
- Pyroxene O 64001/64002

- Olivine | m 60009/60010
- Opaques O Surface samples

Crystalline Lithics

(undifferentiated)
- basalts (mare, KREEP)

- anorthosites, etc.

Breccias (undifferentiated)
Agglutinates
Glass (undifferentiated)

8/27/2008 BAE Systems, Marshall Space
Flight Center




Composition Figure of Merit

C

material A-
the composition vector of
the “reference”, whose
HW (Cmaterial A — Cmaterial B)H1 elements (minera|s, grain

FOM B 1_ ||W CmateriaIA + ||WCmateriaIB typeS, etC.) mUSt sum to 1
1

Il

C

material B -

Z Wi ‘(Cmaterial A~ Cmaterial B, )‘ the COmDOSition vector of
_q__ T the material to be compared
Z WiCmateriaI A + Z WiCmateriaI B, (a SImU|ant’ lunar Sample’
: : etc.) to the reference
material

W

weighting factor (here it = 1)
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Composition FoM: Internal variation of cores
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Composition FoM: Internal variation of surface

Internal Variance of S .
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64001/2 mean as
Reference ApOIIO 16 Composition FoM: 64001/64002 mean as reference
0.40 0.50 0.60 0.70 0.80 0.90 1.00
Cores and Surface b e oe.
Samples

10 -

64001/64002 20 -
FoM composition: 0.79-0.97
mean: 0.92

30 - —A—64001/2
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40 4+ @ Surf. soils

60009/60010
FoM composition: 0.41-0.91
mean: 0.76

depth, centimeters

50 -+

60 -

Surface Samples
FoM composition: 0.54-0.93

mean: 0.79

-
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Numbers in parentheses

are average of whole
sample set

60010,3107: FoM 0.68

5% pyroxene (2% avg.)
47% breccia (35% avg.)
12% agglutinate (31% avg.)

High in Th and Sm; Fe and Cr

60010,457: FoM 0.41
76% plagioclase (24% avg.)
High in Al, Ca, low in Fe, Ni

ey ®

8/27/2008
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FoM composition and maturity

« Chemical effects on regolith:
— Fe reduction
— implantation of solar wind particles

This has no effect on the current particle type
compositional FoM.

« Maturity has a larger effect on particle type
composition.

e - = - — - .
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Regolith maturity (McKay et al., 1974)

Path 1 Regolith evolution
comminution + agglutinization

from micrometeorite impacts

\

o
i AGGLUTINATES

* increased agglutinate%, < Maturity
- reduced average grain size, Ky increases
» decreased lithic%,

* increased glass% and
monomineralic particle% in
smallest size fractions
 increased nanophase Fe°
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Compositional FoM variation by maturity
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Some Conclusions

* The reference sample, core 64001/64002, has
the lowest internal variance analyzed.

« Available particle type data yields FoM's that are
moderately to strongly dependent on sample

maturity.

« Combining particle type with data with more
detailed mineralogical and chemical data will
Improve variance assessment.
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Further work already underway
 |Incorporating PSD data

* |ncorporating at least one more-Apollo16 core
(60013/60014) into the dataset

* Incorporating more chemical data

» Gathering new detailed mineral/glass modal
data from image analysis

8/27/2008 BAE Systems, Marshall Space
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