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Introduction: Lunar basaltic samples returned in
the 1960’s and 1970°s through the Apollo missions
have provided unparalleled insights into the processes
associated with extraterrestrial magmatism and volcan-
ism. Numerous studies undertaken on these samples
have documented the textural (e.g., glassy to mi-
crogabbroic) and geochemical (exemplified by charac-
teristic Ti, K, and Al content) diversity that exists in
these samples [e.g., 1-2].

However, geologic samples have been traditionally
studied in two dimensions (2D) via interrogation of
thin sections and subsequent in-situ chemical analyses.
Yet the returned Apollo samples are three-dimensional
(3D) rocks and preserve evidence of lunar magmatic
and volcanic processes in 3D. Considering the relative
paucity of lunar samples when compared to terrestrial
samples, sample destruction via traditional methods
like sectioning and dissolving does not support sample
preservation long-term. Thus, the non-destructive
technique of X-ray computed tomography (XCT) was
applied in this study to 1) compare quantitative miner-
alogies to 2D datasets (from thin section studies), 2)
evaluate magmatic petrogeneses on the Moon, and 3)
demonstrate the role of XCT in scientific studies and
curation of extraterrestrial materials.

Methods: Six Apollo basalts were scanned:
10057,19 (fine-grained, high-K ilmenite), 12038,7
(coarse-grained, feldspathic), 12043,0 (medium-
grained, pigeonite), 15085,0 (coarse-grained, pigeon-
ite), 15556,0 (vesicular, olivine-normative) 70017,8
(medium-grained, low-K ilmenite). For further details
on XCT methodology see [3-6]. Dragonfly [7] and
ImageJ [8] were used to adjust scan brightness and
contrast values, then Blob3D [9] was used to segment
and separate components and extract particle dimen-
sions and orientations. In order to evaluate cooling
histories, we developed an Excel spreadsheet to auto-
matically quantify particle size distribution (PSD) pro-
files. In order to interpret stress imparted on and rec-
orded by a magma upon emplacement, the extracted
orientation data was plotted on lower hemisphere pro-
jections using Stereo32 [10].
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Fig. 1: A) Scan slices for each of the samples studied here.
Scale bars 10 mm. B) Detail of sample 15085,0 scan slice
showing sample components.

Results: Based on XCT data, plagioclase feldspar
and pyroxene form interconnected networks (Fig. 1); it
was therefore only possible to extract individual parti-
cle data on minor sample components (Table 1), like
vesicles and opaques (ilmenite, Fe-rich spinel). Based
on kinks in opaque PSD profiles (Fig. 2), and a kinked
vesicle PSD for 15556,0, all samples except 12043,0
are interpreted to have experienced a change in cooling
environment, whereas sample 12038,7 may have expe-
rienced crystal accumulation based on its concave up
profile [11]. With respect to orientations (Fig. 3), nei-
ther the opaque particles nor vesicles appear to record
any statistically significant orientation (C<0, [12]).
However, the samples with highest clustering visually
(10057,19, 70017,8) also have the highest C values,
and thus may preserve some minimal stress due to
flow, even though this is not statistically significant.
Through XCT, it was also possible to quantify sample
vesicularity. It is interpreted here that samples
10057,19 (9.7% vesicles) and 15556,0 (48.0% vesi-
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cles) represent the initial stages of an eruption as vola-
tile species exsolve, in contrast to the remaining sam-
ples [13].

Discussion: Volumetric mineralogies reported here
generally match modal mineralogies reported in prior
2D thin section studies. For all samples, energy of X-
rays during the scans was relatively high (~170 to 450)
in order to penetrate the samples, but such high energy
X-rays are less sensitive to changes in sample density
and chemistry [14]; this appears to have made sample
components less distinct and more challenging to sepa-
rate. Thus, it is recommended that future studies scan
smaller sample chips at lower X-ray energies [6]. For
all samples studied here, application of XCT has pro-
vided a greater depth of knowledge regarding condi-
tions experienced by the magma during eruption and
emplacement. As humanity looks forward to examine
returned samples from Chang’e-5, Hayabusa 2, and
future asteroid sample return alongside crewed mis-
sions to the Moon, Mars, and beyond, it is recom-
mended that all materials are initially characterized via
nondestructive XCT methods. XCT is a crucial asset to
sample curation, sample preservation, and the future of
planetary exploration.
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TABLE 1. SUMMARY OF SAMPLE MINERALOGY
Sample Opagues’ Pyroxene Plagioclase feldspar  Total rock
Number Here  Other Here  Other Here Other volume

(vol. %) studies* (vol. %) studies* (vol. %)  studies* (mm®)

10057,19 19.8 155-15.7 49.3 50.8-50.9 30.8 19.2-24 38237
12038,7 2.7 3.46-10 635 48.8-55 33.8 30-44 101434
12043,0 1.2 35 76.9 57.7 21.8 32.9 16380
15085,0 4.9 3-35 62.5 40-66 29.5 22-60 74390
15556,0 1.2 3-8 38.3 50-57 60.5 30-38 180768

70017,8 4.7 19.2-22.8 482 49.3-57.6 454 19.8-26 333627

*Data gathered from the Lunar Sample Compendium (Meyer, 2016).
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Fig. 2: Particle size distributions (PSDs) for opaque phases.
Dashed lines represent lines of best fit, arrows indicate
apparent “kinks” which suggest a change in cooling envi-
ronment.
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Fig. 3: Stereonets of distribution of opaque long axis orien-
tations. All stereonets are lower-hemisphere projections.
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