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Abstract

We used X-Ray Diffraction (XRD) and Rietveld refinement to determine the modal mineralogy of 118 lunar regolith sam-
ples (<150 pm size fraction) from all landed Apollo missions. Data were calibrated with mineral mixtures and compared to
results based on an X-ray digital imaging procedure for six soils obtained by the Lunar Soil Characterization Consortium.
Agreement between XRD and digital imaging for all minerals detectable in the six soils is excellent (R* = 0.953). XRD-
based ternary plots (plagioclase-total pyroxene-olivine) vary from plagioclase-dominated (highlands as represented by Apollo
16 samples) to substantial mafic abundances at the mare sites. Olivine varies in relative abundance, with the Apollo 17 mare
sites having the largest abundances. Olivine reaches 20 wt% at Apollo 17, but is a minor component at Apollo 14. The results
agree with trends in mineral abundances obtained from reflectance spectroscopy for the Apollo sites. In a global context, how-
ever, the spectral data display a trend of increasing olivine at roughly constant pyroxene/plagioclase, reaching values of 40%
olivine in the plagioclase-pyroxene-olivine ternary plot (e.g., Eratosthenian flows in Procellarum), indicating the presence of

significant volumes of olivine-rich rock types on unsampled regions of the lunar surface.

© 2019 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

We have performed Quantitative X-Ray Diffraction
(QXRD) analyses on a broad range of Apollo soil compo-
sition and maturity to provide a robust mineralogical data-
set to test and improve remote sensing algorithms. Remote
sensing of the lunar surface obtained by the Near Infrared
Camera on the Clementine mission, Moon Mineral Mapper
(M?) on the Chandrayaan-1 mission, and the SELENE
Multi-band Imager (MI) provide nearly global datasets in
visible to near-infrared spectral ranges. These data can be
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used to determine the abundances of minerals across the
lunar surface at spatial resolutions as fine as 25 meters/pixel
(e.g., Lucey, 2004; Ohtake et al., 2009; Yamamoto et al.,
2010, 2012; Crites and Lucey, 2015; Crites et al., 2015;
Lemelin et al, 2015). However, current methods for extrac-
tion of mineralogy are hampered by the scarcity of ground-
truth data for algorithm development, testing, validation,
and characterization of uncertainties.

Many petrographic studies have reported modal abun-
dances of constituents in lunar soils, but none determined
the bulk mineral abundances. Instead, reported modes
included assorted rock fragments, agglutinates, glass frag-
ments, and clasts of minerals. An important exception to
this is the high quality modal and chemical data available
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through the excellent, painstaking work of the Lunar Soils
Characterization Consortium (LSCC) using scanning elec-
tron microscopy (implemented in an electron microprobe)
to determine mineral abundances using X-ray digital imag-
ing combined with back-scattered electron imaging and
energy dispersive spectroscopy (Taylor et al., 1996, 2001a,
b, 2010). In contrast to point-counting using optical micro-
scopy, digital imaging produces precise volume percentages
(at least for the two-dimensions viewed on thin sections).
However, there are some drawbacks to the LSCC database:
(1) The number of analyzed soils is small (19), hampering
training and testing of statistical methods (Li, 2006;
Pieters et al. 2006). (2) For some key components known
to vary widely (especially olivine and Mg#) the range of
abundance in the LSCC data is small (e.g. olivine, 0-4 wt
%), resulting in poor prediction of abundances (Li, 2006).
(3) The number of immature samples is small (only five),
thus hampering validation of radiative transfer methods
that require the strong spectral signals in immature soil
(Lucey, 2004). (4) The LSCC data do not include all the
soils analyzed by Blewett et al. (1997) for Apollo and Luna
sampling stations; mineral abundances for specific stations
enable direct calibration of remote sensing data to
abundance.

To address these problems, we made QXRD analyses of
lunar soils. We use XRD rather than X-ray elemental map-
ping as used by the LSCC because the former method is
much less time consuming than the latter, enabling collec-
tion of data for 118 soils. This approach allowed us to
quantify the abundances of all minerals in these samples
above a detection limit of about 0.3 wt% (see below),
including those in comminuted regolith and incompletely
fused agglutinates that are too fine to be quantified by opti-
cal methods. Blewett et al. (1997) studied 107 soils to pro-
duce high quality iron and titanium calibrations from
Clementine data by correlating soil chemistry with individ-
ual Clementine pixels. Those soils are part of our dataset.

This paper explains the methodology and shows that the
results are within uncertainties the same as those deter-
mined by the LSCC. We provide the data for all 118 soils
and give an example of their utility to understanding the
Apollo 16 landing site geology.

2. METHODOLOGY

We used a compact, Olympus Terra XRD instrument,
which is a commercial product derived from the CheMin
XRD instrument on the Curiosity Rover on Mars. The
CheMin Team have demonstrated the ability to derive
quantitative mineralogical results from XRD measurements
using the Terra design for a wide range of compositions
(Vaniman et al., 1999; Blake, 2000; Sarrazin et al.,
2005a.b). The technology is unique among XRD techniques
because the instrument does not require that samples be
finely powdered to obtain quality diffraction patterns
(Sarrazin et al., 2005b), and it uses only a small amount
of sample (about 35 mg), important for preserving lunar
materials. Using a sonic agitator, a coarsely powdered
sample (<150 microns) is continuously agitated within the
X-ray beam, thus presenting random orientations to the

diffractometer over time. We received samples of the
<l mm fraction of lunar soils and dry-sieved them to
<150 pm. For six samples the <150 pm fraction was wet-
sieved in methanol to produce 90-150, 45-90, 25-45, 10—
25, and <10 pm size fractions for comparison with data
from the LSCC. Duplicate analyses of all samples were
made on separate aliquots.

Terra uses a CCD (Charge-Coupled Device) to count
the number and measure the x,y positions of photons dif-
fracted from the sample. A 2-D image of all X-ray photons
having the characteristic energy of the X-ray tube (CoKo)
constitutes the powder X-ray diffraction pattern. The pat-
tern is converted to a traditional 1-D intensity vs 2-® plot
by integrating the powder patterns circumferentially about
the central beam. The 2-® positions were calibrated using a
mixture of beryl and quartz, which have invariant 2-©
angles for their peaks. Observed maxima from the mixture
range from 13.05° 2-® to 53.24° 2-®. Eleven lines were fit-
ted to the pattern using a least squares fitting algorithm,
with weighting factors for each line. An Olympus propri-
etary algorithm is used to integrate the 2D images into
1D plots (intensity vs 1-@). This program was written by
Philippe Sarrazin, the architect and designer of the CheMin
instrument. The CheMin 2D to 1D algorithms are based on
this algorithm. MDI’s commercial filmscan program was
modified to incorporate the improvements used in Terra’s
and CheMin’s algorithms. The calibration program uses
11 lines from the beryl and quartz patterns to calculate an
X axis, Y axis, and sensor angle. The user runs a standard
beryl-quartz mixture, enters the observed 2 theta values
into an excel spreadsheet, and the X, Y and sensor angle
parameters are calculated. These parameters are then
entered into the instrument’s parameter set. The x, y, and
sensor angle parameters are included in the header for each
analysis. Note that the use of the quartz-beryl mixture was
for calibrating the 2-® positions. They were not added to
the lunar soils as internal calibration standards, as often
used in quantifying XRD data.

The instrument collects the data in user-specified frames
(we used 20 seconds), and sums over the total number of
frames collected. We found that 1000 frames were more
than sufficient to obtain a high signal-to-noise XRD pat-
tern. Analysis time is about 5 hours per sample.

X-ray diffraction of powders has the advantage that
minerals are identified from their crystallographic proper-
ties. Mixtures of minerals are complicated, however, and
in the past the technique was only qualitative for mineral
mixtures because of a variety of problems such as microab-
sorption, preferred orientation of mineral grains, overlap-
ping reflections, and the presence of amorphous phases.
These problems are significantly minimized by using
whole-pattern Rietveld refinement (Rietveld, 1969), as sum-
marized by Bish and Howard (1988), Post and Bish (1989),
and Bish and Post (1993). Rietveld refinement fits the entire
digital powder diffraction pattern. The process is iterative,
comparing the sum of weighted, squared differences in the
observed and calculated XRD pattern at every 2-® incre-
ment. Input parameters include key crystallographic prop-
erties (unit-cell parameters, space group symmetries, site
occupancies, inter-atomic distances, peak positions). Riet-
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veld whole pattern fitting uses all lines of all minerals in the
fit, which maximizes the use of crystallographic information
and removes the effects of preferred orientation, although
the Terra instrument we used minimizes that by shaking
the samples at a high frequency.

2.1. Calibration: mineral abundances

We calibrated the instrument by using 12 mixtures con-
taining 2-5 different minerals (including glass). Mixtures
(Table 1) included all major lunar minerals: plagioclase, oli-
vine, augite, orthopyroxene, pigeonite, and ilmenite, plus
quartz and glass. Pigeonite was provided by Don Lindsley
(Stony Brook University) and its manufacture is described
in Lindsley et al. (2019). The glass was produced in the
U. Hawaii experimental petrology laboratory by Jeffrey
Gillis-Davis. The minerals were obtained from specimens
in the U. Hawaii and NASA Ames mineral collections.
All were run in the Terra XRD instrument to certify that
no contaminants were present. The mixtures were made
by combining weighed quantities of the <150 um fractions
in a mortar, mixing with a spatula, and grinding to homog-
enize the mixture. The amounts combined were only a few
times the amount used in each XRD analysis, so by running
each mixture twice with different aliquots and averaging the
results, we are confident that the XRD patterns are repre-
sentative of each mixture.

We implemented Rietveld refinement using a commer-
cial program called Jade (Materials Data, Inc.). The Jade
program assumes certain geometries, namely one like a
standard diffractometer and another like a typical film,
but our instrument has a somewhat different geometry,
necessitating small empirical corrections. In addition, the
shaking does not necessarily produce a perfectly random
powder pattern and it is possible that X-ray adsorption is
not taken into account completely. Thus, we did an empir-
ical optimization of the fit on a plot of the “true” abun-
dance (those weighed in the laboratory) versus the
measured abundance determined by the observed XRD
pattern and Rietveld refinement (Fig. 1). To optimize the
fit to a linear correlation, we made small adjustments to
the calculated abundances of plagioclase (0.85 of the
observed amount), augite (1.1 times the observed amount),
ilmenite (2 times the observed amount) and pigeonite (1.25
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Fig. 1. Mineral abundances in mixtures of terrestrial minerals as
determined by X-Ray Diffraction and Rietveld refinement versus
the ““true value” (the weight percentages in the mixtures).
Secondary corrections to initial Rietveld refinement were made to
each mineral to maximize the fit of the data to a line.

times the observed amount). These correction factors were
used when determining the mineral abundances in the lunar
soils. The slope is close to 1.0 with a high R? of 0.997, indi-
cating a reasonable fit to the calibration mixtures. The
uncertainty in the slope, calculated using the York (1968)
method, is 1%. This small uncertainty is not surprising as
the fit was purposely done to minimize uncertainty by
applying correction factors. Two aliquots of each sample
were analyzed and the mineral abundances averaged.

To test the calibration, we made size separates as done
by the LSCC and compared our results to those of the
LSCC in the 25-45 pum size fraction for six soils (Fig. 2):
high-Ti and low-Ti maria, two Apollo 14 soils, and two
highlands soils from Apollo 16. The data are reported on
a glass-free basis. The dashed line represents the best-fit line
to all the data and has a slope of 1.01 and R? of 0.953, indi-
cating excellent agreement between these two independent
measurements. There is more scatter below about 15 wt%,
probably representing natural variation in small samples

Table 1

Mineral mixtures (weight %) used to calibrate Terra XRD instruments.

Mixture Plagioclase Olivine Augite Orthopyroxene Pigeonite Quartz Ilmenite Glass
1 51 49

2 74.1 259

3 27.8 72.2

4 80.8 19.2

5 84.4 15.6

6 73.6 26.4

7 41.9 13.7 38.9 5.5

8 20.2 14.3 18.9 6.8 39.8
9 21.8 7.1 20.3 15.8 35
10 38.5 11.9 49.6
11 76.8 10.0 7.1 6.1

12 55.2 20.6 24.2
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Fig. 2. XRD modal analyses versus those obtained by the digital
imaging method used by the LSCC (Taylor et al., 2001a,b, 2010).
LSCC data shows that mineral modal abundances vary with grain
size, so this comparison is confined to the 25-45 um fraction only.
The data conform to a line with a high R? value. The uncertainty in
the slope (£3%, 1-s) is a reasonable estimate of the average
uncertainty in the measurements, though data are clearly less well-
correlated for abundances <10 wt%.

taken from the soils and the inherent uncertainty in each
dataset. Nevertheless, results are reasonable and for miner-
als with abundances greater than ~15 wt%, the agreement
is very good. The uncertainty in the slope, calculated by
the York (1968) least squares technique, is 3% of the slope,
hence roughly 3% of the amount present for minerals more
abundant that ~15 wt%. For minerals with lower abun-
dances, the scatter in Fig. 2 indicates higher uncertainties,
perhaps as much as a factor of 2 for minerals present at
the <5 wt% level. Detection limits for minor minerals are
about 0.3 wt%.

2.2. Calibration: glass abundances

Our measurements of amorphous materials (mainly
agglutinitic glass in lunar soils) are less accurate. An impor-
tant obstacle is that the abundance of glass does not use
well-defined peaks in the X-Ray spectra because of the lack
of long-range order in amorphous materials. Instead, amor-
phous materials give a broad hump due to X-ray scattering,
not classic Bragg diffraction from lattice planes (Fig. 3). To
calibrate the glass abundances, we used artificial glasses
with compositions corresponding to green, yellow, orange,
and red pyroclastic glass beads, which had been prepared
by Jeffrey Gillis-Davis using a gas-mixing furnace at
lunar-like oxygen fugacity (0.5 log fO, or IW + 1). (See
the Electronic Annex for details and glass compositions.)
Glass colors vary according to TiO, concentrations, rang-
ing from less than 1 wt% in green glasses to 16 wt% in
red glasses (Delano, 1986).

Glass XRD patterns are shown in Fig. 3. The broad
hump is evident in all patterns and there is a slight shift
in the peak position with TiO, content, the major composi-

tional characteristic used in classifying lunar pyroclastic
glasses. This shift could be caused by variation in TiO, or
SiO, concentration, which ranges from 45 wt% in green
glass to 35 wt% in red glass (see the Electronic Annex). This
trend is supported by XRD analyses of rhyolites and other
materials containing ~70 wt% SiO,, which have broad scat-
tering peaks at 2-® values of around 25 (e.g., Morris, et al.,
2016). The minor peak that occurs at 19.5° 20 in two sam-
ples is a result of diffraction from the mylar windows in the
sample cell (the other two used kapton for the cell windows,
which has a 20 peak below the range shown).

The Jade program fits the amorphous scattering hump
by using a Reference Intensity Ratio (RIR) that is input
by the user. To determine the optimal value for our analy-
ses, we fit a number of glass-mineral mixtures, varying the
relative intensity ratio to get an acceptable fit to the
weighed amount of the glass in each mixture. Results did
not vary in any systematic way with soil composition. (Note
that RIR values are not necessary for determining mineral
abundances when using whole-pattern Rietveld fitting.)

We used an average relative intensity ratio of 2.4 in com-
paring our XRD modes with those of the LSCC for the
same six soils shown in Fig. 2. In contrast to our excellent
agreement with mineral abundances (on a glass-free basis),
XRD glass contents for five of our six comparison soils are
much lower than the values reported by the LSCC (Fig. 4).
The offset may reflect an overestimate of the glass abun-
dance by the X-ray digital imaging technique. For example,
the LSCC technique used each point analysis to classify it
into a mineral using the stoichiometric proportions of ele-
ments. When an analysis did not match the stoichiometry
of a mineral, it was classified as a glass. Thus, any point
on or within a micron or two (the diameter of the electron
beam analytical volume) of a grain boundary would have
been classified as a glass. In addition, agglutinates, which
are the major source of glass in the lunar regolith, contain
a high percentage of small mineral fragments, which would
be easily mistaken for a mixture because it would be prob-
able that the beam would be interrogating a grain boundary
(including grains below the plane of a thin section). What-
ever the cause of this discrepancy, the glass abundances are
a secondary objective to our main goal of determining rel-
ative mineral abundances to improve our ability to extract
mineral modal abundances from remote sensing reflectance
data. Fortunately, even if the abundance of glass is incor-
rect, the relative abundances of the minerals detected will
be correct (Bish and Post, 1993).

2.3. Minerals used in Rietveld refinement

Rietveld whole-pattern fitting modifies the crystallo-
graphic parameters such as unit-cell parameters (axial sizes
and angles) within limits that can be set by the user. A good
general description of the procedures for characterizing sin-
gle phases is given by McCusker (1999) and its use in deter-
mining abundances in mixtures is described by Bish and
Post (1993). Besides calculating the abundances of minerals
in a mixture, Rietveld refinement also determines the aver-
age properties of each mineral, such as site occupancies and
atomic positions, potentially giving compositional informa-
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Fig. 4. Comparison of the modal glass abundance determined by
XRD and point counting, for the same six soils shown in Fig. 2.
Except for one point, glass abundances determined by XRD are
lower than the abundance determined by digital X-ray imaging.
The diagonal line shows a 1:1 fit between the two methods.

tion (e.g., forsterite content of olivine). We focused on min-
eral abundances. The Jade program fits all lines of each
user-defined mineral in a mixture, changing the lattice
parameters (within user-defined limits) to maximize the
quality of the fit. For the background we used a linear fit
defined by regions lacking crystallographic peaks or the
broad scattering peak (Fig. 5). During data reduction we
added major and minor minerals to test if their addition
or deletion improved the fit between the calculated and
measured XRD pattern. We report the presence of minerals
at the <1 wt% level only if their addition to the mineral set
improved the fit, as defined by minimization of the least
squares residuals between the measured and calculated pat-
terns. The list of minerals and sources of their crystallo-
graphic properties we used in doing Rietveld refinement
and whole-pattern fitting is given in Table 2.

3. RESULTS

All data are posted at the Open Data Repository
(https://odr.io/lunar-regolith-xrd). This dataset includes
the 2-D images recorded with each analysis (the powder
pattern), raw XRD 2-O data (tabular and plotted) for each
run, and the average mineral and glass abundances,
reported both with the glass modal abundance and on a
glass-free basis. These data can be used as ground truth
for remote sensing data, a major motivation for these
measurements.

Two examples of XRD spectra fitted using Rietveld
refinement for two mature soils (highlands soil 69,961 and
mare soil 12044) are shown in Fig. 5, along with the
major-element chemical compositions of the two soils.
The fitted patterns are excellent, as shown by the overlaid
fitted curve to the raw data and by the small amplitude vari-
ations in the difference patterns. Not surprisingly, modal
mineralogy is consistent with chemical composition, as seen
by higher AL,O3 in plagioclase-rich soil 69961 from the
highlands and higher MgO and FeO in mafic-rich mare soil
12044. The highland soil contains less than detectable
amounts of minor minerals such as silica polymorphs,
phosphates, chromite, ilmenite. This does not mean that
these minerals are absent from the Apollo 16 regolith, only
that their abundances are below ~ 0.3 wt%.

4. DISCUSSION
4.1. Global perspective

Relative abundances (vol%) of plagioclase, olivine, and
total pyroxene are shown in Fig. 6A. The original data in
wt% have been converted to vol% in Fig. 6 for comparison
with remote sensing data (Crites and Lucey, 2015). For this
conversion we used densities (in g/cm?) of 2.68 for plagio-
clase, 3.3 for olivine, 3.4 for augite, 3.38 for pigeonite, and
3.55 for orthopyroxene. In principle we could have used a
variety of densities to account for density differences
between Fe-rich pyroxene and olivine in maria and less
Fe-rich mafics in the highlands. Such a procedure would
be complicated because all sampled regolith is a mixture
of mare, highland, and KREEP-rich basaltic rock, all of
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from Rose et al., 1973 (69961) and Frondel et al., 1971 (12044).

Table 2
Minerals used in Rietveld refinements.

Mineral Reference for crystallographic properties
Bytownite Chiari et al. (1984)
Forsterite Della Giusta et al. (1990)
Augite Gualtieri (2000)

Enstatite Ohashi (1984)

Pigeonite Clark et al. (1971)

Ilmenite Shirane et al. (1959)
Armalcoite Wechsler (1977)

Chromite Smyth and Bish (1988)
Quartz Wright and Lehmann (1981)
Cristobalite (low) Nieuwenkamp (1935)
Whitlockite Yashima et al. (2003)

which vary in Fe/Mg, hence in density. The Apollo 15 and
17 sites contain both maria and highlands, so there is a con-
tinuum of compositions. Considering the uncertainties in

mineral abundances determined by XRD and remote sens-
ing, using a single density of each mineral is acceptable for
our purposes in this paper. For future work using our modal
mineralogy to improve the quantification of the remote
sensing data it will be essential to make such meticulous cor-
rections. The abundances vary from plagioclase-dominated
highlands, as represented by Apollo 16, to substantial mafic
abundances at the mare sites. Olivine varies in relative abun-
dance, with the Apollo 17 mare sites having the largest
abundances. Olivine reaches 20% relative abundance at
Apollo 17, but is a minor component in soils from the mas-
sifs at Apollo 15 and 17. Olivine is certainly an abundant
mafic mineral in Mg-suite troctolites and some highland
breccias, but it appears that these are not plentiful enough
at the landing sites for soils to contain significantly more oli-
vine than pyroxene among the mafic minerals. Olivine abun-
dance appears to be bimodal at the Apollo 15 and 17 landing
sites, a reflection of sampling of both highland and mare
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areas during those missions, coupled with variations in the
olivine/pyroxene ratio among the mare basalts. Apollo 16
is distinctive because of its high plagioclase abundance
and the more continuous variation in olivine/pyroxene.

A global overview of major mineral variations is given by
the nearly-global remote sensing dataset obtained from Cle-
mentine spectroscopy (Crites and Lucey, 2015). Mineral
abundances from spectral data are shown in Fig. 6B as gray
dots, which are individual 2-deg pixels. Most of the abun-
dances derived from remote sensing data follow the trends
observed in Apollo regolith samples reported here. No
Apollo soils plot in the region between ~65 and ~85% pla-
gioclase and <10% olivine, although the remote sensing data
indicate that many areas have compositions in this region of
the ternary plot. The remote sensing data veer toward the
olivine corner of Fig. 6B, indicating the widespread (but
not abundant) presence of mafic rocks rich in olivine and
to a lesser extent pyroxene in the lunar highlands.

Our laboratory measurements indicate that there
appears to be considerable variation among the abundances

of pyroxene species (Fig. 7). An advantage of X-ray Diffrac-
tion is that it identifies mineral crystal structures directly, so
does not rely on inferring mineralogy from composition.
Our data suggest that pigeonite is present in almost all sam-
ples, and particularly abundant (among the pyroxenes) in
many Apollo 16 regolith samples. However, the Terra
instrument we used has a 2-® resolution of about 0.3°
(FWHM), which may not be sufficient to deconvolve over-
lapping pyroxene peaks. When we fitted X-ray spectra
using the Rietveld method, the fit improved when pigeonite
was added to the mixture and removing orthopyroxene usu-
ally had little effect on the quality of the fit, implying that
pigeonite is present and usually more abundant than
orthopyroxene. Our comparison with the LSCC results
(Fig. 2) indicates reasonable agreement, but the LSCC iden-
tification of pyroxene phases were made on the basis of
composition, not crystallography, so the agreement could
be coincidental. Thus, we caution that the relative abun-
dances of pyroxene phases are uncertain. The uncertainty
could be removed by additional X-ray analyses using an
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Fig. 7. Modal abundances among pyroxene species as determined by XRD. Pigeonite appears more abundant than orthopyroxene, but 2-®
resolution of the Terra instrument limits the confidence in species abundances.

instrument with a better 2-O resolution. However, the over-
all agreement with the LSCC data indicates that the modal
abundances of total pyroxene are reasonable.

The relative abundance of pigeonite and orthopyroxene
is important because spectral reflectance techniques cannot
distinguish pigeonite from orthopyroxene, so remote sens-
ing results report only total low-Ca pyroxene. Bearing in
mind the uncertainty in the abundances of individual
pyroxenes, it appears that pigeonite is generally more abun-
dant than orthopyroxene in the Apollo sample set, includ-
ing at the Apollo 16 landing site. If correct, the higher
abundance of pigeonite compared to orthopyroxene in
Apollo 16 regolith suggests the presence of rocks that
cooled fast enough to prevent inversion of the pigeonite
to orthopyroxene with augite exsolution lamellac. The
greater abundance of pigeonite compared to orthopyroxene
is consistent with petrologic studies of the Apollo 16 land-
ing site (e.g., Taylor et al., 1973; Vaniman and Papike,
1980), which indicate the presence of abundant impact melt
breccias, especially on the Cayley Plains. The presence of
pigeonite might also imply formation in thin sills or dikes,
or lava flows, but because of the pervasive cratering in
the lunar highlands, the occurrence of pigeonite most likely
indicates formation in impact melt breccias, such as the poi-
kilitic melt breccias in Apollo 16 soils. Global reflectance
measurements of mineral abundances show that low-Ca
pyroxenes are more abundant than olivine (e.g., Pieters,
1986; Lucey et al., 2014). Melosh et al. (2017) show that
low-Ca pyroxene is the dominant mafic mineral in ejecta
from the South Pole — Aiken basin, and interpreted this
as an indication that excavated mantle at SPA was domi-
nated by orthopyroxene. This interpretation is complicated
by the possibility that the low-Ca pyroxene is mostly pigeo-
nite, as it appears to be at Apollo 16 (especially in the Cay-
ley Plains, below). Similarly, the Chang’E-4 rover mission
to the lunar farside crater Von Kdarman, which is within
the South Pole — Aitken (SPA) basin, found by analysis
of reflectance spectra that the mafic components in the
regolith near the landing site contained a mixture of low-

Ca pyroxene and olivine (Li et al, 2019). It will be impor-
tant to determine if the low-Ca pyroxene is orthopyroxene
or pigeonite. The latter would suggest a significant contri-
bution from impact melts or a previously-unidentified lava
type. The impact melts could be derived from melting of the
mantle beneath SPA, but the observed low-Ca pyroxene
may not represent pristine orthopyroxene from the mantle.

4.2. 4.2 Understanding the Landing Sites: Example, Apollo
16

Besides providing ground truth for remote sensing mea-
surements, a motivation for the present work was to reas-
sess the geological histories of the Apollo landing sites,
and to put them into a regional context. We have begun this
effort (Sun et al., 2018) and intend to make detailed studies
that integrate our mineralogical results with geological,
sample chemistry, and remote sensing data. In this section
we present an overview of the Apollo 16 site based on pub-
lished geological and geochemical studies and use our XRD
results to test those observations.

The Apollo 16 landing site is in the southern nearside
highlands, the only mission to land in the feldspathic high-
lands. The rationale for selecting the site was explained by
Muehlberger et al. (1980), who also summarized interpreta-
tions for the origin of the two main geologic units. The site
resides on the boundary between the Descartes Mountains,
a large, rugged deposit of feldspathic material that occurs
to the east and south of the landing site (Fig. §), and the
Cayley Plains, a smoother unit that fills low regions
throughout the highlands. A major question is how much
of the material at the Apollo 16 landing site was con-
tributed by impact basins (e.g., Petro and Pieters, 20006)
and how much (and which) material is reworked local rock
(e.g., Oberbeck, 1975; Head, 1974). Discussion has focused
on basins thought to have delivered the most material,
namely Nectaris to the east and Imbrium and Serenitatis
to the northwest. These two ways of viewing the landing site
composition and geologic evolution are not mutually exclu-
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Fig. 8. Wide Angle Camera monochrome mosaic of the Apollo 16
landing site taken with the Wide Angle Camera on the Lunar
Reconnaissance Orbiter Camera. Large, regional geologic units are
the smooth Cayley Plains and Descartes Mountains surrounding
the landing site (arrow indicates location of the lunar module). The
Descartes Mountains were sampled at stations on Stone Mountain
and Smoky Mountain. Image M116215423M, scene width is 65 km
[NASA/GSFC/Arizona State University].

sive as the deposition of basin ejecta at the Apollo 16 land-
ing site would have reworked the local materials. How
much reworking is model dependent, but in their analysis
of basin ejecta and the extent of mixing at the Apollo 16
site, Petro and Pieters (2006) conclude that there must have
been substantial mixing of basin ejecta and local material.

How do our XRD mineral abundances fit into this pic-
ture? One test of the extent of mixing is the variability of min-
eral modal abundances throughout the site, particularly the
difference between the Cayley Plains and the Descartes for-
mation. Apollo 16 astronauts collected samples from ten sta-
tions. Three were from the Descartes Mountains (specifically
the lower slope of Smoky Mountain, stations 11 and 13, and
Stone Mountain, station 4). The remainder were from the
Cayley Plains, although station 5 was close to the boundary
between Stone Mountain and the Cayley Plains. Data and
mixing calculations by Korotev (1996, 1997) and a detailed
analysis of the role of basin ejecta deposited at the site
(Petro and Pieters, 2006) suggest the presence of highly felds-
pathic ancient rock, particularly abundant in the Descartes
samples, and a more mafic component deposited in the Cay-
ley Plains. The relatively narrow range in chemical composi-
tions of mature soils on the Cayley Plains indicates
deposition by the Imbrium basin (Korotev, 1996, 1997) or
by thorough mixing of Imbrium, Serentatis, and Nectaris
ejecta. Concentrations of incompatible elements indicate a
significant KREEP component in the Cayley Plains, and
much less so in the Descartes Mountains.

Abundances (in wt%) of olivine, total pyroxene, and
plagioclase (glass-free basis) are shown in Fig. 9. Mineral
abundances are not drastically different throughout the site,
but the Descartes sites (stations 4, 11, and 13) are margin-
ally higher in plagioclase than all but one sampling locale
on the Cayley Plains. The Descartes samples contain

83-84 wt% plagioclase, whereas the Cayley Plains sites con-
tain 78-81 wt% (except for the LM station, which contains
84 wt% plagioclase). The olivine/pyroxene ratio for the
Cayley stations ranges widely, from 0.2 to 0.8. The three
Descartes stations are confined to the upper part of the
Cayley range, 0.6-0.8. Pyroxene is more abundant than oli-
vine in all samples (Fig. 9).

The Cayley Plains are distinctly richer in the KREEP
components (Korotev, 1996, 1997). This is illustrated in
Fig. 10, which shows the abundance of Sm (an incompati-
ble element associated with KREEP) versus total pyroxene.
Pyroxene abundance in the Cayley Plains and Descartes
Mountains overlap considerably (also see Fig. 9), but the
Cayley samples tend to have higher Sm concentrations.
The higher Sm is consistent with the modal abundances
of poikilitic KREEP impact melt breccias in the regolith
on the Cayley Plains (45%) compared to the Descartes
Mountains (25%, Taylor et al., 1973, Drake et al., 1974).
Mixing calculations by Korotev (1997) show that the Cay-
ley samples have a large contribution of KREEP-rich sam-
ples. Korotev (1997) suggests that this indicates derivation
of the Cayley Plains as ejecta from Imbrum, which is
located in the Procellarum KREEP Terrane. Modeling by
Petro and Pieters (2006) indicates that contributions of
ejecta from Serentatis and Nectaris are also likely. Our data
do not help narrow down the contributions from each
basin. However, taken together, all geological, chemical,
petrologic, and mineralogical studies of the Apollo 16 land-
ing site indicate the presence of an ancient feldspathic crust
that has been overlain and mixed with materials ejected
from large basins. It is not clear what sampling strategy
would allow us to determine the relative abundances of
ejecta from Imbrium, Serentatis, Nectaris, Orientale, and
other basins. Perhaps additional remote sensing studies of
the entire lunar highlands will help unravel this complicated
geologic history.

4.3. Implications for Instruments on Landed Missions

Our results on 118 Apollo soil samples have several
implications for instrument design and capability. First,
as proved by the CheMin instrument on the Curiosity rover
for Mars and by our analyses of lunar regolith, useful min-
eralogical information can be obtained by in situ X-Ray
Diffraction. All major minerals can be identified and their
abundances quantified. Minor phases (those making up less
than ~5 wt% of a sample) can be detected, but their quan-
tification is much less accurate than for major minerals.
Second, an XRD instrument requires sufficient 2-® resolu-
tion to be able to determine the abundances of the three
pyroxene phases (augite, orthopyroxene, and pigeonite).
The 2-O® resolution needs to be better than the 0.3°
(FWHM) of the Terra instrument we used. Third, as
Fig. 10 shows, it is important to obtain bulk chemical data
as well as mineralogical data. Thus, a combination X-Ray
Fluorescence (XRF) and X-Ray Diffraction (XRD) instru-
ment would be effective, such as the Extraterrestrial Rego-
lith Analyzer for Lunar Soil (XTRA) described by Blake
et al. (2019). XTRA combines XRD with XRF to provide
bulk mineralogy and chemical composition.
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Map of Apollo 16 Sampling Stations with QXRD Modal Mineralogy
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and is richer on average in the Cayley Plains than in the Descartes Mountains.
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5. CONCLUSIONS

Mineral abundances determined on 118 lunar soils from
all Apollo landed missions lead to the following conclusions:

1. Mineral abundances vary among the landing sites, as
expected. Plagioclase is dominant at the Apollo 16 site,
the best representative of the lunar highlands and much
lower on the maria. Apollo 14, the Apennine Front at Apol-
lo 15, and the massifs at Apollo 17 are intermediate in pla-
gioclase abundance between the highlands and the maria.

2. Olivine varies in relative abundance, with the Apollo 17
mare sites having the largest abundances. Olivine
reaches 20 wt% at Apollo 17, but is a minor component
at Apollo 14.

3. The results agree with trends in mineral abundances
obtained from reflectance spectroscopy for the Apollo
sites. In a global context, however, the spectral data dis-
play a trend of increasing olivine at roughly constant
pyroxene/plagioclase, reaching values of 40% olivine in
the plagioclase-pyroxene-olivine ternary plot (e.g.,
Eratosthenian flows in Procellarum), indicating the pres-
ence of significant volumes of olivine-rich rock types on
unsampled regions of the lunar surface.

4. The Descartes Mountains and Cayley Plains at the Apol-
lo 16 landing site are distinctly different in their concen-
trations of incompatible trace elements, but are only
marginally different in mineral abundances (the Des-
cartes Mountains are slightly higher in plagioclase).
The olivine/pyroxene ratio for the Cayley stations ranges
widely, from 0.2 to 0.8, but the Descartes soils have oli-
vine confined to the upper range of the Cayley soils, 0.6—
0.8. The distinct difference between the Cayley Plains in
trace element abundances coupled with the more modest
differences in mineral abundances shows that it is useful
for future missions to include instruments that can mea-
sure both elemental and mineralogical abundances.
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