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ARTICLE INFO ABSTRACT

Keywords: The study of basaltic samples returned half a century ago through the Apollo missions has provided unparalleled
Volcanism insights into the magmatic processes associated with volcanism on planetary bodies. Traditional study of these
Geological processes samples has been conducted in two dimensions (2D) via interrogation of thin sections and subsequent in-situ
Isvf;(f):ce chemical analyses, yet returned samples are three-dimensional (3D) objects and therefore preserve evidence

of lunar volcanic processes in 3D. Here, X-ray computed tomography (XCT) was used for the first time to evaluate
lava emplacement mechanisms on the lunar surface. A total of six samples from the Apollo 11, 12, 15, and 17
missions were studied. From volumetric mineralogies, textures, and petrofabrics, lunar lava cooling histories
were inferred. Collectively, these physical characteristics were then correlated with pahoehoe lava flow lobe
stratigraphy. Samples 10057 and 15556 are inferred to have crystallized in the lobe crust of their respective lava
flow lobes. Samples 12038, 12043, and 70017 may mark the transition between the vesiculated, fine-grained
lobe crust, and the dense, coarse-grained lobe core in their respective flows. Finally, coarse-grained, and non-
vesiculated sample 15085 is inferred to have crystallized in a lobe core. No statistically significant petrofabric
is preserved in any of the samples, indicating that the basalt samples studied here, and the lava flows they
originated from, experienced minimal strain during emplacement and solidification on the lunar surface. This is
consistent with the low viscosities attributed to lunar mare lavas. Future in-situ sampling of extraterrestrial
basaltic products should focus on detailed documentation of, and collection from, stratigraphically well-
characterized lava flows to further evaluate the interpretations presented here.

on Earth (e.g., Allan Hills 81005, Brum et al., 2020; Gross and Treiman,
2011; Treiman and Drake, 1983). Following in-situ sample return, and
the identification of basaltic material in lunar meteorites, numerous

1. Introduction

Magmatism is a fundamental process through which rocky objects

across our Solar System differentiate and evolve (BVSP, 1981; Wilson
and Head, 2018). The Earth’s Moon is one of the most comprehensively
characterized extraterrestrial objects in our Solar System as a result of
over half a century’s worth of scientific investigation. This includes in-
sights from remote sensing (e.g., Gillis et al., 2003, 2004; Lemelin et al.,
2019), in-situ sample return during the Apollo, Luna, and Chang’e 5
missions (e.g., Heiken et al., 1991; Li et al., 2021a; Papike et al., 1976;
Qian et al., 2021; Taylor, 1982), and the discovery of lunar meteorites
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studies have worked to characterize the microstructural and geochem-
ical diversity that exists within lunar basaltic products (e.g., glassy to
microgabbroic textures, Kramer et al., 1977; Ryder, 1985, 1993;
Warner, 1970; characteristic Ti, K, and Al contents, Neal and Taylor,
1992, and references therein). As a result, our understanding of lunar
basalt petrogeneses and the magmatic processes which operate across
rocky planetary objects has greatly advanced (Cone et al., 2020; Neal
and Taylor, 1992; Shearer et al., 2006). For example, it is now well
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established that lunar magmas originated from distinct source regions
within the lunar mantle and evolved to produce a petrographically and
geochemically diverse suite of basalts. However, questions remain
regarding the dynamics of lava emplacement onto the lunar surface (e.
g., Gregg, 2017; Hamilton, 2019; Tolometti et al., 2020; Wilson, 2009)
and how the crystal and vesicle contents of lunar lavas contributed to
flow rheology and emplacement mechanisms (Belousov and Belousova,
2018; Bergantz et al., 2017; Lejeune et al., 1999; Nicolas and Ildefonse,
1996; Paterson et al., 2019; Rumpf et al., 2020; Vernon, 2018).

On Earth, basaltic pahoehoe lava flows are emplaced through the
process of inflation (e.g., Belousov and Belousova, 2018; Keszthelyi and
Self, 1998; Rowland and Walker, 1988; Self et al., 1998; Wilson, 2009).
During inflation, basaltic lava lobes grow and rupture, generating sub-
sequent lobes. Inflating lava lobes quickly develop a glassy crust that
works to trap vesicles as magma continues to be injected into the lobe.
This often creates vesicle-rich zones in the lobe crust where the vesicles
increase in size but decrease in number inward (e.g., Belousov and
Belousova, 2018; Cashman and Kauahikaua, 1997; Hon et al., 1994;
Keszthelyi and Self, 1998; Self et al., 1998; Vye-Brown et al., 2013;
Thordarson, 1995; Wilmoth and Walker, 1993). The remainder of each
lobe is comprised of a relatively insulated core, and a quenched crust at
the base of the lobe. On Earth, this base is ~ 10 cm thick, irrespective of
total lobe thickness (Self et al., 1998). The core of the flow lobe can be
vesiculated, but it is often vesicle-poor as bubbles rise towards the crust
prior to solidification. Furthermore, magmas with higher crystal con-
tents and lower melt fractions have an increased potential to develop
mineral flow textures, particularly when only 35 to 40% melt remains
(e.g., Paterson et al., 1998; Vernon, 2018). However, recent work also
suggests that petrofabrics resulting from flow can be far more complex
than simple parallel alignment of crystals (Paterson et al., 2019, and
references therein; Zak et al., 2007).

Due to their mafic natures (namely <52 wt.% SiO»), terrestrial ba-
salts have relatively low viscosities. From observational and experi-
mental studies, the viscosities of lunar basaltic lavas have been
interpreted to be one to two orders of magnitude lower than those on
Earth (Harris and Allen, 2008; Keszthelyi and Self, 1998; Murase and
McBirney, 1970; Rumpf et al., 2020; Taylor et al., 1991; Whitford-Stark,
1982). These lower viscosities (~ 0.13 to 0.87 Pa-s, Rai et al., 2019)
suggest that lunar basaltic eruptions may have had high effusion rates
and large volumes (e.g., BVSP, 1981; Garry et al.,, 2012; Head and
Wilson, 1992). However, effusion rates also likely varied regionally and
temporally and thus created flows of varying thicknesses (e.g., Rumpf
etal., 2020). Based on their low viscosities and picritic compositions, the
lunar mare basalts were possibly emplaced as pahoehoe lava flows, and
formed inflated lava lobes (Donohue and Neal, 2015; Garry et al., 2012;
Keszthelyi and Self, 1998; Li et al., 2021b; Roberts and Gregg, 2019;
Rumpf et al., 2020; Self et al., 1998; Tolometti et al., 2020; Vye-Brown
et al., 2013; Wilson, 2009). The Apollo basalts studied here will be
discussed within this framework.

The only field-based study of a lava flow outcrop on the lunar surface
to date occurred during the Apollo 15 mission, when flows <1 m to 20 m
thick were found to be exposed in the side of Hadley Rille (Howard et al.,
1972; Howard and Head III, 1972; Swann et al., 1972; Spudis et al.,
1988; Vaniman et al., 1991). More recent studies have utilized remote
sensing techniques to map lunar flows and investigate their properties
(e.g., Head and Wilson, 1992; Hiesinger et al., 2002; Weider et al., 2010;
Tolometti et al., 2020). For example, remote work has indicated that
several flows are tens to hundreds of meters thick in Mare Tranquilitatis
and Humorum (Hiesinger et al., 2002), and in Oceanus Procellarum
(Weider et al., 2010). It is, however, challenging to distinguish indi-
vidual flows from each other within an outcrop from remote sensing
alone. The large thicknesses reported by Hiesinger et al. (2002) and
Weider et al. (2010) may represent total outcrop thicknesses, and not
individual flow thickness (Rumpf et al., 2020; Tolometti et al., 2020;
Wilson, 2009). In the absence of lunar field work and in-situ observa-
tions of flow characteristics, the work presented here aims to investigate
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lunar lava flow emplacement via the study of basaltic rock chips from
the Apollo 11, 12, 15, and 17 missions.

Advancing our understanding of lunar magmatic systems has his-
torically been supported through traditional petrographic methods and
subsequent in-situ analysis of samples in 2D via thin section and/or
grain mount study (e.g., through electron microscopy and microanal-
ysis, McCubbin et al., 2019). These traditional techniques require some
degree of sample destruction, either by slicing, crushing, and/or dis-
solving. The relative paucity of lunar, and more broadly extraterrestrial,
materials available for scientific study necessitates their investigation
via non-destructive techniques. X-ray computed tomography (XCT) is
one such approach. XCT is an imaging technique that permits mea-
surement and analysis of a sample (and its components) in 3D, thus
providing a more accurate record of lunar materials. XCT also provides a
comparatively greater amount of material to study when compared to
traditional 2D thin section analysis, and works to facilitate sample
preservation and curation (e.g., Blumenfeld et al., 2017, 2019; McCub-
bin et al., 2015; Zeigler et al., 2021). The utility of XCT to advance our
understanding of the properties of various materials has been widely
demonstrated in numerous fields over the past several decades,
including applications in paleontology (Carvalho et al., 2020; Cun-
ningham et al., 2014; Wu and Schepartz, 2009), economic geology (Arif
et al., 2021; Gan et al., 2020; Mathews et al., 2017; Wang and Miller,
2020; Zhang et al., 2019), and materials science (du Plessis and Boshoff,
2019; Vasarhelyi et al., 2020). Within the context of extraterrestrial
research, XCT has previously been applied to characterize the petrog-
raphy, petrofabrics, porosities, and chemistries of chondritic and
Martian meteorites in order to improve understanding of their formation
and origin (e.g., Hanna and Ketcham, 2017; Hezel et al., 2013). Within
the context of lunar science, and at the time of writing, the Apollo Next
Generation Sample Analysis program is beginning to undertake XCT
analyses on Apollo 17 samples opened in the year 2019 (i.e., Zeigler
et al., 2021).

The work presented here is the first to evaluate lunar basalt petro-
fabrics and lunar eruptive environments in 3D through the application
of XCT. Specifically, textures were observed three-dimensionally for
each sample and shape preferred orientations were quantified in order
to evaluate whether foliation or lineation was preserved. In addition,
particle and vesicle size distributions were quantified in order to
determine the cooling history of each sample. Collectively, these data
were used to interrogate lava flow stratigraphy and evaluate the
emplacement history of lava flows across the lunar surface.

2. Methodology
2.1. Sample descriptions

Samples studied as part of this work represent much of the textural
and chemical diversity that exists throughout the Apollo basalt suite,
and are associated with the Apollo 11 (sample 10057,19-128.7 g),
Apollo 12 (sample 12038,7-327.5 g; sample 12043,0-52.4 g), Apollo 15
(sample 15085,0-234.3 g; sample 15556,0-619.2 g), and Apollo 17
(sample 70017,8-1423.2 g) missions. Hereafter, the samples are only
referred to by their parent generic number (e.g., 15556).

Previous studies have provided detailed petrographic summaries of
each sample (see Table 1; see also Meyer, 2016, and references therein).
Sample 10057 is a fine-grained, vesicular, high-potassium ilmenite
basalt with intergrown subhedral plagioclase, ilmenite, and pyroxene.
Sample 12038 is categorized as a coarse-grained, hypidiomorphic feld-
spathic basalt where the feldspars form a loose network. Sample 12043
is a medium-grained pigeonite basalt with pyroxene phenocrysts set in a
subophitic groundmass. Sample 15085 is a coarse-grained pigeonite
basalt dominated by pyroxene. Sample 15556 is a fine-grained, vesicular
olivine-normative basalt with pyroxene subophitically enclosing
plagioclase and ilmenite grains. Sample 70017 is a medium-grained,
hypidiomorphic, granular low-potassium ilmenite basalt. Previous
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Table 1
Summary of sample modal mineralogy.
Sample Sample Sample Oxides' Pyroxene Plagioclase feldspar Others Vol% of Total
Number description* texture* A A - A - A - A unassigned subsample
This Previous This Previous This Previous This Previous #
C . . L voxels volume
study studies* study studies* study studies™ study studies™ (mm?)
(vol%) (vol%) (vol%) (vol%)
10057 High-K Fine- 19.8 15.5-15.7 49.3 50.8-50.9 30.8 19.2-24 N.A. 3.3 0.04 38,237
grained,
ilmenite vesicular
12038 Feldspathic Coarse- 2.7 3.46-10 63.5 48.8-55 33.8 30-44 N.A. 2.7-3.4 0.003 101,434
grained,
equigranular
12043 Pigeonite Medium- 1.2 3.5 76.9 57.7 21.8 32.9 N.A. 4.5 0.02 16,380
grained,
subophitic
15085 Pigeonite Coarse- 4.9 3-3.5 62.5 40-66 29.5 22-60 2.99 1.6-2.4 0.2 74,390
grained,
ophitic
15556 Olivine- Fine- 1.2 3-8 38.3 50-57 60.5 30-38 N.A. 1.8-6 N.A. 180,768
grained,
normative subophitic
vesicular
70017 Low-K Medium- 4.7 19.2-22.8 48.2 49.3-57.6 45.4 19.8-26 N.A. 1.6-3 1.7 333,627
(full) ilmenite grained,
poikilitic,
equigranular
70017 Low-K Medium- 21.5 19.2-22.8 42.0 49.3-57.6 36.5 19.8-26 N.A. 1.6-3 N.A. 139,782
(cropped) ilmenite grained,
poikilitic,
equigranular

" Data gathered from the Lunar Sample Compendium (Meyer, 2016, and references therein).

t Oxides include ilmenite, spinels, and Fe-metal.

§ Other studies found mesostasis and “silica.” Here, it was not possible to separate other sample components except tridymite in 15,085,0.

# Voxel is a volume element, a 3D pixel.

studies of these samples have also established their modal mineralogies
based on 2D thin section analysis (reported in Meyer, 2016, and refer-
ences therein). Broadly, all samples are comprised of abundant pyroxene
and plagioclase feldspar, minor olivine, and trace amounts of accessory
phases. Samples 10057 and 70017 are both categorized as high-titanium
(~ 10 to 13 wt. % TiOy) basalts, and thus have abundant ilmenite,
whereas the remaining samples contain low bulk wt. % TiO5 contents (~
2 to 3 wt. %) and have only accessory ilmenite (see Meyer, 2016, and
references therein).

The samples studied here vary in vesicle abundances, distributions,
and shapes (i.e., Meyer, 2016, and references therein). Gas cavities that
remain in volcanic materials after crystallization and are often, but not
always, rounded werecategorized to as vesicles in the work presented
here. Relatively small cavities that remain after solidification, are
interstitial to crystals, and are bounded by crystal faces were referred to
as vugs. Gas cavities that existed prior to solidification were referred to
as bubbles.

2.2. Data extraction

Documentation of XCT methodologies used for geologic applications
is presented in Cnudde and Boone (2013), Ebel and Rivers (2007),
Hanna and Ketcham (2017), and Jerram and Higgins (2007). Five of the
six samples studied here were originally scanned as part of the Astro-
materials 3D project, a novel effort to create research-grade interior and
exterior 3D models of NASA’s astromaterials collections for researchers
and the public (Blumenfeld et al., 2017). Those five samples (12038,
12043, 15085, 15556, and 70017) were scanned on a North Star Im-
aging system the University of Texas at Austin High Resolution
Computed Tomography Facility (UTCT). The work presented here was
selected as a case study for Astromaterials 3D and authors were provided
access to the relevant datasets. At the time of writing, three of these
samples (12038,7, 15556,0, and 70017,8) can be accessed through the
Astromaterials 3D  library  (https://ares.jsc.nasa.gov/astromat

erials3d/). Sample 10057,19 was scanned separately at the Natural
History Museum in London, UK on a Nikon Metrology HMX ST 225.
Details of the scanning parameters used are summarized in Table S1.
Each sample was triple bagged in Teflon for the duration of the scan. As
XCT data permit the user to view the sample in more than one direction,
sample textures were evaluated while looking down the orthogonal x, y,
and z axes (the orthogonal z axis is parallel to the axis of rotation, x and y
are the remaining two axes), as shown in Fig. 1. Grayscale values vary
depending on X-ray attenuation as a result of differences in chemical
composition and material density within each voxel (volume element, i.
e., a 3D pixel). ImageJ (Schneider et al., 2012) was used to adjust the
brightness and contrast of the scans to support phase segmentation ef-
forts. Dragonfly (version 2021.1, Object Research Systems (ORS) Inc,
2020) was used to generate masks of the area external to each sample
(referred to as the “outside” here) so that this area could be segmented
away. Any vesicles connected to the “outside” component could not be
quantified and were discarded as well. The original sample scans (with
contrast and brightness values adjusted) had a black “outside” - the
applied mask was assigned a value of 255 (white). This approach was
taken for all samples except 15556,0, where a mask could not be created
due to computational limitations and thus the “outside” and vesicles had
the same threshold value. In sample 15556 the “outside” and vesicle
components were segmented together as one component, and separated
later based on blob volumes (described further below).

Segmentation and separation of sample components was completed
using Blob3D (Ketcham, 2005), a freely available program developed to
extract component information from XCT data. Here, “component” was
used to indicate mineral phases, while “particle” was used to indicate
individual grains of a mineral phase. Sample components included the
mineral phases pyroxene (+olivine), plagioclase feldspar, and oxides
(includes all of the brightest phases, namely ilmenite with minor Fe-rich
spinels, and sulfides), as well as vesicles, and the “outside.” This is an
oversimplification of the samples’ true mineral assemblage, as accessory
minerals overlap in grayscale value with major components. For
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12043,0 12038,7 10057,19
=] i

Fig. 1. Scan slices at sample center for each of the samples studied here. Scale bars are 1 cm long. The scans were used to create 3D models of samples using Dragonfly
(Object Research Systems (ORS) Inc, 2020), seen in panels D, H, L, P, T, and X. Videos of the models can be found in the supplementary materials.

example, the component “plagioclase feldspar” likely included some K- Olivine was not segmented because it was indistinguishable from py-
feldspar and glass. When possible, accessory phases were segmented roxene. Previous authors have indicated that olivine constitutes a minor
into an additional “other” category. This allowed for the separation of component in all samples studied here (~ 1%, Meyer, 2016 and refer-
tridymite found in sample 15085 (described further in section 3.1). ences therein). Its presence should therefore not significantly affect the
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70017,8 15556,0 15085,0
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Fig. 1. (continued).
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pyroxene abundances reported here.

Voxels were segmented into components based on their grayscale
values using the general thresholding option in Blob3D, where a range of
grayscale values was chosen for a component, and only voxels with a
value within this range were attributed to the component by Blob3D
(Fig. 2A-B). Occasionally, seeding was used to specifically dictate to
Blob3D that voxels of certain a greyscale range may only be included in a
component if they are touching a voxel of a specified (seed) value. This
helped to differentiate phases that partially overlapped in their gray-
scale values (e.g., bright iron-rich pyroxene rims and bright Fe- and Ti-
rich oxide phases, see Fig. 3). After segmentation, the next step in Blob3D
was to separate objects within the same component that are touching, so
that the program was able to identify and measure them as discrete
objects (Fig. 2C).

Throughout the studied sample suite, the majority of pyroxene and
feldspar grains were in direct contact with several grains of the same
phase. While it may be technically possible to manually separate these
grains in Blob3D, this approach would have been very time intensive due
to each sample containing multiple thousands of grains of each phase.
Therefore, we analyzed here only the total volumes of pyroxene and
plagioclase, and not the shape-preferred orientations of individual
grains or the average range in crystal sizes of each mineral phase. Oxide
and vesicle data was separated using “No Separation” where each par-
ticle or particle cluster was treated as one. Extracting particle charac-
teristics followed. During extraction, a best-fit ellipsoid was fit to each
individual oxide and vesicle particle to extract shape and orientation of
these objects with respect to the overall sample. While the individual
particles were not necessarily ellipsoidal in shape, this approach worked
to characterize their shape-preferred orientation. In order to ensure that
the smallest distinguishable particles were accounted for, even within
the fine-grained samples (10057, 15556), a minimum segmented par-
ticle size of seven voxels was chosen. As XCT does not resolve crystal-
lographic axes, particle orientation for the mineral phases discussed
here is related to their external shape (i.e., crystal habit). This derived
shape and orientation data was used to determine if any foliation and/or
lineation fabric was present within the sample volumes using strain
analysis described below.

As it was not possible to create a mask for the external portion of
sample 15556 due to computational limitations, a different approach
was taken to extract vesicles in this sample. The “outside” was
segmented and separated as one component with the vesicles, which had
similar greyscale values. Once extracted, the particle volumes in the
combined “outside”/vesicles component were evaluated to determine
the value at which volumes became massive and represented thousands
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of voxels touching each other “outside” of the sample, not finite vesicles.
The blobs determined to be representative of “outside” were discarded.
To evaluate the success of this approach, the more vesiculated samples
(10057, 12038, and 70017) were analyzed without a mask and
compared to their masked versions. In all cases, the vesicularity of the
samples changed by ~ 1%. We are therefore confident that the separa-
tion and resulting volumetric analyses of sample 15556 were accurate
despite having no mask. All other data from sample 15556 was extracted
as described earlier.

2.2.1. Investigation of extracted clusters

To evaluate whether including particle clusters without separating
them would significantly affect further interpretation, manual separa-
tion of oxides in sample 10057 was additionally undertaken. This sam-
ple was chosen because 1) it is a high-Ti basalt and thus has one of the
highest oxide contents of the samples studied here making it more likely
to be affected by clustering, and 2) the 10057 dataset was not as
significantly altered by beam hardening as 70017, the other high-Ti
sample with similarly high oxide volume (described further below).
Using no separation, over 100,000 oxide particles were found to exist in
10057,19. Observing all of them and separating any clusters manually
required 2.5 h per 1% of sample volume traversed. Thus, a representa-
tive subset in the center of the sample was cropped to specifically
investigate clusters instead. The subset was approximately one tenth of
the total sample volume, and was first analyzed using no separation, and
then again using manual observation at a rate of 1% completed every ~
20 min. During manual separation, any simple clusters (see Fig. S1)
found were separated using the “Pick 3 Points” option where 3 points
were selected along a connection between two particles. This generated
a plane along which the cluster was split into separate particles. For
more information, see Ketcham (2005), and the Blob3D user manual.
Complex clusters (Fig. S1) were separated when possible, though several
(~ 2 to 3% of all particles) were too complicated for this. From this
work, the clustered oxides were observed to account for <10% of the
data in this high titanium sample. Both datasets were evaluated via
Stereonet (described in section 2.3 Strain analysis) and size distribution
analysis (described in section 2.4 Size distribution analyses), and the
results are presented in Fig. S2. It was determined that clustering would
not significantly influence later textural analyses, and the time involved
in manually assessing particles and clusters was not worth the outcome
for this study. As a result, manual separation of either oxide or vesicle
clusters was not pursued further. All samples were visually examined in
Blob3D to ensure that none exhibited more oxide or vesicle clustering
than 10057 and to ensure this treatment was appropriate. The only

T

00 02 04 06 08
X (mm)

Fig. 2. A summary of the steps involved in extracting particle data from XCT scans. A) An example detail of a scan from sample 15085. B) An unseeded grayscale
range has been selected to highlight voxels of a specific component (in this case plagioclase feldspar) in the same field of view as panel A, in order to segment them
into components using Blob3D. C) A “blob” produced from adjacent voxels, representing a distinct particle. The length, width, depth, volume, and orientation with

respect to the sample was extracted from such blobs.
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Fig. 3. Regions of interest in each of the samples. Scalebars are 5 mm long in all images. A) Area of sample 10057 showing an entrained enclave, outlined and
marked by an arrow. B) Area of sample 12038 showing the gradual transition from vesicles (top right) to a more vuggy population (bottom left), indicated by arrows.
C) Area of sample 12043 showing two populations of gas cavities — one made up of rounded vesicles, the other made up of interstitial vugs, indicated by arrows. D)
Area of sample 15085 showing the accessory phase tridymite (outlined). E) Area of sample 15556 indicating the approximate gradual transition from a highly
vesiculated region to a less vesiculated region. F) Area of sample 70017 showing sample material infilling vesicles, indicated by an arrow.

instance where clustering was more significant was in the case of vesi-
cles in 15556. Out of the 91,503 vesicle blobs extracted in 15556 using
the methods described in section 2.2, the largest 260 blobs were clusters.
These clusters accounted for ~ 94% of the vesicle volume despite their
relatively small frequency. Because clustering here could sway subse-
quent results, we assessed how removing the 260 blobs would change
stereographic (see section 2.3; Fig. 4) and size distribution (see section
2.4; Figs. 5-6) investigations. The results of analyzing data without
clusters are presented in Fig. S3. The stereonet without clusters (Fig. S3)
is near identical to the stereonet with clusters (Fig. 4). The size distri-
butions, however, do not align - including the 260 clusters indicates
vesicle coalescence (Fig. 6; described further in sections 3. Results, and
4. Discussion), while excluding those clusters suggests vesicle collapse
(e.g., Shea et al., 2010). During collapse, vesicles lose their round shape
and become irregular (e.g., Mongrain et al., 2008), which is inconsistent
with the spherical texture of vesicles in 15556. For this reason, all dis-
cussion of sample 15556 is based on analyses including the clusters.
Thus, datasets collected via “No separation” were investigated in all
instances, and clusters of oxides/vesicles were treated as one.

2.3. Strain analysis

Previous work has suggested that the long axes of crystals may be
aligned parallel to flow direction (i.e., Castro et al., 2002; Folkes and
Russell, 1980; Martin and Nokes, 1988; Shaw, 1969), and vesicles may
experience elongation due to strain (Lejeune et al., 1999; Okamura et al.,
2009; Passey and Bell, 2007; Shea et al., 2010). The role of strain during
flow and the generation of associated petrofabrics is not completely
understood, as there are a number of fabrics beyond lineation and foli-
ation that can be potentially preserved (e.g., Nicolas, 1992; Paterson
et al., 1998, 2019). However, parallel alignment of crystals as well as
elongation of vesicles in the direction of flow is one of the simplest

interpretations of a petrofabric and is one of the most straightforward to
quantify. In order to interpret any potential strain recorded by a lunar
lava upon emplacement, extracted shape preferred orientation data was
plotted on rose diagrams and on stereographic projections (contoured
using Kamb) via Stereonet 11 (version 11.3, Allmendinger et al., 2012;
Cardozo and Allmendinger, 2013) (where particles were treated as
unidirectional vectors). Computational limits while using Stereonet led
to the 10,000 particles of greatest volume being analyzed. It was
assumed here that particles of all sizes would have recorded the same
degree of strain, and thus our particle volume limitation should have no
effect on orientation distribution interpretations. Sample fabrics were
further investigated via the methodology outlined by Woodcock and
Naylor (1983). Eigenvectors, and associated eigenvalues, of the particle
distribution were calculated via Stereonet 11 using the Bingham Analysis
option. Then, the K-value and C-value were calculated following the
method described by Woodcock and Naylor (1983) using the derived
eigenvalues. The K-value describes the shape of the distribution:

K = (In(S1/S2))/(in(S2/S3)) ¢))

where S1 is the largest eigenvalue, S2 is the intermediate eigenvalue,
and S3 is the smallest eigenvalue. If K > 1, the distribution can be
considered as clustered, and if K < 1, the distribution is girdled. The C-
value, describes the strength of the fabric (i.e., how tightly the data is
oriented in the mean vector direction, Woodcock and Naylor, 1983):

C = In(S1/S3) @)

Together, these parameters were used to evaluate the stereographic
data distributions and the presence of possible fabrics within the
samples.
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Fig. 4. Stereographic projections and rose diagrams generated via Stereonet 11 (Allmendinger et al., 2012; Cardozo and Allmendinger, 2013) based on the 10,000
particles of greatest volume. Data plotted here is the longest axis of particles or vesicles/vugs. See also Table S3 for K-values and C-values. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

2.4. Size distribution analyses

Calculated particle volumes were utilized to examine the particle size
distributions (PSDs, e.g., Friedrich et al., 2008; Jerram and Higgins,
2007) of oxides (i.e., ilmenite and spinel). Vesicle size distributions
(VSDs, e.g., Shea et al., 2010) were used to examine the vesicle
component within each sample. In both cases an X-Y diagram compared

the population density (proxy for crystal nucleation rate) with particle/
vesicle volumes (proxy for crystal growth rate) in a process similar to
crystal size distribution (CSD) analysis (Higgins, 2000; Morgan and
Jerram, 2006). Combined, these parameters were used to evaluate the
rate of magmatic cooling (e.g., Donohue and Neal, 2015; Morgan and
Jerram, 2006; Neal et al., 2015). While CSD analyses rely on estimating
a crystal’s third dimension (Higgins, 2000), all three dimensions of a
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Fig. 5. Volume fraction distributions (VFDs, left), particle size distributions (PSDs, center), and crystal size distributions (CSDs, right) for the oxide phases in studied
samples based on the 15,000 particles with the greatest volume. Arrows indicate apparent “kinks” which suggest a change in cooling environment. See text
for discussion.
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particle are defined via XCT. The work of Higgins (2000) and Morgan
and Jerram (2006) developed standard methods that are now widely
used to generate CSDs based on crystal parameters calculated from 2D
observations (e.g., in a thin section). Here, an Excel spreadsheet called
3DSD (see supplementary materials) was developed based on the work
of Higgins (2000) and Morgan and Jerram (2006) to automatically
quantify PSD, CSD, and VSD profiles from 3D XCT data. Data was
separated into 10 bins based on particle length. From this, average
particle volume, and average particle diameter for each bin was calcu-
lated. Volume fraction was also calculated to aid in the visualization of
volume fraction size distributions (VFDs). Calculated parameters were
then graphed in a series of X-Y diagrams to support evaluation of sample
textural characteristics and comparison to CSDs. To support data visu-
alization, log of population density was plotted vs. log of average par-
ticle volume. This is different to traditional CSDs. PSDs and VSDs plotted
identically to CSDs (In population density plotted vs. particle volume)
can be found in Fig. S4. For simplification purposes, only 15,000 par-
ticles or vesicles of greatest volume were evaluated. Interpretation of the
shape and size of small particles can be challenging (e.g., Donohue and
Neal, 2015), therefore omitting the smallest particle population is un-
likely to impact data interpretations.

3. Results
3.1. Mineralogy

The extracted volume-based modal mineralogies of each sample are
summarized in Table 1. In summary, all extracted volumetric mineral-
ogies reported here are similar to the ranges of the modal mineralogies
reported previously. As expected there was some variation, as different
sample splits were studied here and not all phases were individually
accounted for (e.g., olivine). Nonetheless, the general similarity in
modal abundances reported via 2D and 3D indicated that previously
reported sample component proportions were accurate. Thanks to its
distinct composition and characteristic crystal habit (e.g., Fig. 3D), it
was even possible to segment tridymite data in sample 15085. Vesicle
volumes also match previously reported values for samples 10057,
12038, and 15556 (Table S2; Meyer, 2016, and references therein).

Sample 70017 was the largest sample investigated here, and did not
initially match modal mineralogies reported by previous authors. For
example, the initial oxide volume was 14.5% lower (Meyer, 2016, and
references therein). To account for its large size relative to other samples
(16.5 cm at its widest, as opposed to the other samples which were < 10
cm wide), 70017 was scanned at 450 keV, while the remaining samples
were all scanned at X-ray energies of < 250 keV (Table S1). Higher
energy X-rays are necessary to penetrate larger samples, but are less
sensitive to changes in sample density and chemistry (Ketcham and
Carlson, 2001; Hanna and Ketcham, 2017). This made voxels of different
components difficult to distinguish. In addition, the scan of 70017 had a
beam hardness artifact due to the sample’s large size and density, which
prevented the whole sample from being segmented accurately (e.g.,
Hanna and Ketcham, 2017). To address this, the sample exterior was
cropped away, leaving behind ~ 40% of the interior which was analyzed
again via Blob3D. By studying only the interior of 70017, much of the
variation in grayscale values along the sample rim due to beam hard-
ening was eliminated. This facilitated phase separation despite the
challenges associated with a scan energy of 450 keV. The volumetric
mineralogies from the interior of sample 70017 matched previously
reported modal mineralogies much more closely (Table 1). It was this
latter analysis of 70017 that was used in the mask vs. no-mask com-
parison of 15556 and sample vesicularities described in section 2.2.
Based on the cropping that was necessary, future studies may want to
consider scanning smaller sample pieces in order to avoid XCT scanning
artifacts and improve analysis (Hanna and Ketcham, 2017). This would
also allow the usage of lower energy X-rays, which would aid in
component distinction (e.g., Ketcham and Carlson, 2001).
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3.2. Textural observations

Sample 10057 is fine-grained (0.1 to 0.3 mm), and vesicular (11.5%).
The vesicles in this sample have an aspect ratio of 1.9 + 0.6, indicating
that vesicle shapes vary (Fig. 1A-D, Fig. S5). Texturally, there was no
indication that crystals of any phase in this sample are oriented, which
was consistent with the plotted shape preferred orientations (Fig. 4;
described further in section 3.3). The distribution of vesicles in 10057
was observed to be uniform, except for the region shown at the top of the
sample in Fig. 1A and detailed in Fig. 3A. This region is less vesiculated
and visually coarser-grained than the surrounding finer-grained basalt
(Fig. 3A). The transition between these sample regions is abrupt, thus
suggesting that this is an entrained enclave (see Fig. 3A for detail). From
bulk rock work on sample 10057, Jerde et al. (1992) noted chemical
heterogeneity in rare earth elements content; the presence of texturally
and mineralogically distinct fragments may, in part, account for this
variation.

Sample 12038 is holocrystalline and has an average grain size of ~
0.6 mm (Meyer, 2016, and references therein). The vesicles/vugs in this
sample have highly irregular shapes, resulting in an average aspect ratio
of 2.4 + 0.8. This sample is dominated by acicular plagioclase feldspar
grains which were observed to exhibit subophitic textures and enclose
pyroxene grains (Fig. S6). This is consistent with its classification as a
feldspathic basalt. Much of this sample was found to contain only
irregularly shaped vugs that are bound by mineral grains. A small
portion of this sample preserves larger cavities that are distinct in their
morphology (Fig. 3B) and dominate the total vesicularity of this sample
(which is 3.7%). The transition between these two regions is gradual,
with no clear textural change in the mineralogy of the sample (see
Fig. 1E-F; see also Fig. 3B and Fig. S6). The region characterized by small
vugs can be described as having diktytaxitic texture (e.g., Wilmoth and
Walker, 1993). The significance of this textural characterization is
described in greater detail later (see section 4, Discussion).

Sample 12043 is a medium-grained (~ 1 to 3 mm pyroxene grains in
a matrix of ~ 0.5 mm grains) pigeonite basalt and is holocrystalline
(Fig. 1). On the basis of the data collected here, some pyroxene crystals
were found to be macrocrystic with finer-grained interstitial pyroxene,
plagioclase, and rare oxides. This sample also contains small vugs that
define a diktytaxitic texture (Wilmoth and Walker, 1993), and a few
rounded vesicles all of which are uniformly distributed (Figs. 1I-L, 3C,
S7). Although this sample is not highly vesiculated (2.7%), it does pre-
serve the highest vesicle aspect ratio of all samples (3.4 & 1.9). The vugs
and vesicles are not oriented in any particular direction indicating the
high aspect ratio is likely due to vug shape variation, and not elongation.
This is described further in section 3.3.

Sample 15085 is the coarsest-grained (~ 5 mm) sample studied here
(Fig. 1M-P, and Fig. S8), and has previously been described as micro-
gabbroic (e.g., Grove and Walker, 1977). Large euhedral plagioclase and
pyroxene crystals are present with finer-grained pyroxene and plagio-
clase grains present as interstitial. Plagioclase poikilitically encloses
some of the pyroxenes. This sample is also the least vesiculated of all
samples studied here (0.6%) with only rare, small vugs dispersed
throughout the sample (see Figs. 1 and 3D). The average aspect ratio of
these vugs is 2.7 + 1.1, but once again this is attributed to irregular vug
shapes, not elongation. This is because elongation mechanisms would
align vugs in a specific direction, and this was not observed in the
stereonet projection (Fig. 4; Passey and Bell, 2007). In addition to being
able to distinguish and extract tridymite information, zonation within
individual pyroxene grains was revealed (Fig. 3D). Here, zonation is
normal (i.e., trending towards Fe-rich rims), which, combined with the
coarse-grained nature of this sample, indicated that 15085 experienced
a slow cooling environment during crystallization, consistent with the
conclusions of Grove and Walker (1977) and Takeda et al. (1975).

Sample 15556 is holocrystalline, fine-grained (~ 0.4 mm, Meyer,
2016, and references therein), and contains minor porphyritic grains of
what appeared to be pyroxene, though olivine macrocrysts have also
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been noted in this sample (Ryder, 1985). This sample is also highly
vesiculated (48.0%), but the vesicles have the lowest aspect ratio of all
the samples studied here, at 1.5 + 0.6. The vesicularity reported here for
sample 15556 is consistent with previous studies (Table S2, Meyer,
2016, and references therein), although the mineralogy is not. A portion
of this sample contains a region with notably smaller vesicles (Fig. 3E,
S9). This area of interest (on the right in Fig. 3E) was cropped and re-
analyzed via Blob3B. Its vesicularity is ~ 12%.

Because of the large size of sample 70017, the use of higher energy X-
rays was necessitated. This decreased relative attenuation and required
a lower imaging resolution. The following observations are based on the
cropped evaluation of sample 70017 (see section 3.1). This sample is
holocrystalline, medium-grained (up to 2 mm), and vesicular (10.1%).
The vesicularity of this sample is defined by numerous irregularly sha-
ped vesicles with an average aspect ratio of 2.4 + 0.8. Some of the
largest vesicles were partly filled with chipped sample material (Fig. 3F,
$10). This likely contributed to irregularity of vesicle shapes and could
account for the higher aspect ratio.

3.3. Strain evaluation

Shape preferred orientations of oxides and vesicles are summarized
as stereographic projections and rose diagrams in Fig. 4. Orientation
distributions of oxides and vesicles in samples 12038 and 12043 were
found to be internally consistent and oriented in cluster distributions (K-
values >1, see Table S3). In contrast, samples 10057, 15085, 15556, and
70017 were not internally consistent with respect to their oxide and
vesicle shape preferred orientations. As summarized by rose diagrams
presented in Fig. 4, neither oxides nor vesicles are strongly foliated or
lineated, suggesting these samples did not experience strain to a degree
that imparted a petrofabric. To evaluate this further, the statistical test
described by Woodcock and Naylor (1983) was employed to assess the
shape (K-value, eq. [1]) and strength (C-value, eq. [2]) of each petro-
fabric. We remind the reader that both parameters are dimensionless
units calculated from the eigenvalues of an orientation distribution.
From Woodcock and Naylor (1983), a fabric is strong if the C-value is
near to or greater than 3; a C-value below 3 indicates a weak fabric
where particle orientations are close to random. As shown in Table S3,
none of the distributions had a C-value >1; in fact, most distributions
range in C-value from 0.1 to 0.4, indicating that these lavas experienced
little strain during emplacement and solidification on the lunar surface.
However, it is important to recognize here that the two samples with
highest clustering visually (10057 and 70017) in Fig. 4 also had the
highest C-values (0.86 and 0.7, respectively, Table S3) for their oxide
distributions. Both samples have K-values of <1 (Table S3) which in-
dicates girdle distributions. Sample 10057 and 70017 may be the only
samples studied here that have preserved some small degree of foliation
as a result of emplacement.

3.4. Analysis of particle and vesicle size distributions

The size distributions of oxide phases and vesicles are presented in
Figs. 5 and 6, respectively, and were interpreted within the context of
previously published work (e.g., Higgins, 2000; Morgan and Jerram,
2006). For application specifically to lunar samples, the reader is
referred to Donohue and Neal (2015) and Neal et al. (2015). For vesicle
distributions, the reader is referred to the work of Shea et al. (2010). The
PSDs presented in Fig. 5 summarize “oxides” which could comprise
several mineral phases with different crystal habits, such as equant
ulvospinel or chromite, and elongated ilmenite. However, phases such
as ulvospinel and chromite typically comprise a minor component in
lunar basalts (generally <0.2%; Meyer, 2016 and references therein),
whereas ilmenite is relatively more abundant and forms larger crystals,
particularly in the high-titanium basalts (10057 and 70017). As only the
15,000 particles of greatest volume are represented in Fig. 5, it was
assumed that phases other than ilmenite would not significantly impact
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oxide size distributions for any of the samples studied here.

Samples 10057, 12043, 15085, 15556, and 70017 all preserved a
“kink” in their oxide PSD (Fig. 5; see also Figs. S1A-B for an example of
the two populations in 10057). 12038 is the only sample where size
distributions were close to linear. This sample, however, is a low-
titanium basalt and did not contain abundant crystals of ilmenite,
hence it was challenging to interpret the oxide distribution (2.7 vol. %,
see Table 1). Samples 12043, 15085, and 15556 are also low-titanium
basalts and contained minor amounts of oxide particles (1.2%, 4.9%,
and 1.2%, respectively), therefore the interpretation of a “kink” is likely
not attributable to the samples’ entire cooling history. In terms of VSDs,
samples 10057 and 15085 record a single stage of growth. Samples
12038 and 12043 preserved a “kink” in their VSDs (Fig. 6), indicating
the existence of at least two vesicle populations. The vesicles in samples
12043 and 70017 also record some degree of vesicle coalescence.
Meanwhile, the vesicle record of sample 15556 (see VFD in Fig. 6)
preserves clear evidence of vesicle ripening when compared to the work
of Mangan and Cashman (1996) and Shea et al. (2010). During ripening,
volatile species diffuse between bubbles, increasing bubble size but
decreasing bubble number (Mangan and Cashman, 1996). This process
likely accounts for the relatively large vesicle sizes in sample 15556
(Fig. 1Q-T).

At the smallest particle and vesicle sizes, PSDs and VSDs record an
upward curved trend in population density. This is opposite to the
problem encountered in CSD analyses, where the smallest crystals usu-
ally trend downwards in population density due to high uncertainties in
their population density calculations (e.g., Cashman, 2020; Castro et al.,
2003; Donohue and Neal, 2015). In the PSDs, the upturn is likely the
result of a data artifact. The separation methods employed here may
have led to the generation of small, false particles from neighboring
voxels of similar grayscales, thus inflating the frequency (and resulting
population density) of the smallest particles. Alternatively, these trends
may exist because of the incorporation of small crystals of minor phases
such as chromite and ulvospinel into the oxide analyses.

4. Discussion
4.1. Lunar lava flow stratigraphy

The characteristics of Apollo samples can be compared to pahoehoe
lava stratigraphy seen on Earth (Donohue and Neal, 2015; Garry et al.,
2012; Li et al., 2021b; Roberts and Gregg, 2019; Rumpf et al., 2020;
Tolometti et al., 2020; Wilson, 2009). The samples studied here origi-
nated from different magmatic systems and represented flows of distinct
compositions, but their textures as characterized via XCT were still
consistent with physical characteristics seen at different stratigraphic
locations within typical terrestrial pahoehoe flows. In this framework,
samples 10057 (11.5% vesicularity) and 15556 (48.0% vesicularity)
were interpreted to generally represent the crust of lunar pahoehoe lava
lobes (Fig. 7), consistent with their fine-grained, vesicular textures
(Fig. 1A-D, Q-T). More specifically, vesicle size in the lobe crust gener-
ally increases towards the center of a lava lobe until the core is reached
(Self et al., 1998), so 15556 was interpreted as having formed deeper
inside its lobe crust relative to 10057, considering that the vesicles in
15556 are relatively much larger (see Figs. 1, 3, 7). Alternatively, the
difference in vesicle shape and size could be related to viscosity differ-
ences — this is discussed further in section 4.2. Finally, the zone of
relatively low vesicularity identified in sample 15556 (Fig. 3E) may
represent the transition between a vesicular zone and a less vesicular
zone within a lava lobe (Fig. 7).

Within sample 15556, two regions which are vesiculated to different
degrees were observed (48.0% vs. 12.1%, Table S2; see Fig. 3E, and
section 3.2). Because lava lobe crusts can consist of alternating bands of
more and less vesiculated regions, it was challenging to identify spe-
cifically which sample region cooled at a stratigraphically higher loca-
tion (Fig. 7; e.g., Self et al., 1998; Vye-Brown et al., 2013). On the Moon,
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Fig. 7. Idealized schematic indicating the likely stratigraphic location where each sample crystallized within its respective lava lobe based on sample textural
properties. All images are 1 cm across. While these samples originated from different magmatic systems and had different compositions and volatile loads, based on
their textures samples 10057 and 15556 were interpreted to have cooled in the lobe crust; sample 15085 likely cooled in the lobe core; samples 12038, 12043, and
70017 may mark the transition between these two regions. Modified from Self et al. (1998). Highly vesicular zones in the crust are denoted by “VZ”; Self et al. (1998)
additionally noted that vesicle sheets (VS’s), vesicle cylinders (VC’s), and pipe vesicles (P) can exist in the lobe core, but these were not observed in the samples

studied here.

low atmospheric pressures (~ 1 kPa at 1 m depth) would allow gases to
rapidly exsolve, and gases near the surface to potentially explode
through the crust (Wilson and Head, 2018). Thus, the nature of 15556
precludes it from originating near the top of a flow crust. As observed,
the abundance of well-rounded vesicles are consistent with a cooling
environment within a relatively thick lava flow (Figs. 1 and 3E; Self
et al., 1998), particularly one forming towards the end of an eruption as
described by Wilson and Head (2018).

The presence of diktytaxitic textures can record the transition be-
tween the crust and core of a pahoehoe lava lobe (Self et al., 1998; Vye-
Brown et al., 2013). The observation of diktytaxitic textures in 12038
(and potentially in 12043) was therefore important within the context of
evaluating lunar lava flow lobe stratigraphy, and samples 12038 and
12043 may represent the transition between the lobe crust and core in
each of their respective flows. More insulating conditions would exist
deeper inside a flow lobe, and would have generated an environment in
which bubbles ascend away from the core, consistent with the vesicle
size gradation observed in 12038. Specifically, this implies that the
larger vesicles could have formed at a higher stratigraphic location than
the remainder of the sample (e.g., Self et al., 1998). Additionally,
insulating conditions deeper in a lobe would have facilitated crystal
growth and prolonged crystallization timescales. This could allow
crystals to grow into existing bubbles and generate diktytaxitic textures.
It is likely that sample 70017 also formed near the transition between
the lobe crust and core. Its medium-grained nature precluded it from
having formed in the crust, but its vesicularity (10.1%) indicated that it
is unlikely to have formed deep within the lobe core (Self et al., 1998).

Finally, sample 15085 is relatively coarse-grained and less vesicu-
lated (0.6%) relative to the sample suite studied here. Within the context
of lava flow architecture, these textural characteristics were consistent
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with an insulating magmatic cooling environment, such as the core of a
lava lobe (Fig. 7). The lack of evidence for exsolved gases in this sample
also indicated that any bubbles initially present were removed prior to
solidification. For typical terrestrial basalt viscosities, bubbles ascend
towards the surface of the lava lobe on the order of days to weeks
(Aubele et al., 1988; Manga, 1996; McMillan et al., 1989). This leaves
behind a dense lobe core, which is consistent with the textures observed
in 15085. Previous work has reported slow, nearly linear cooling rates
for sample 15085 (Grove and Walker, 1977). These inferences are
consistent with the interpretation presented here that 15085 cooled in a
pahoehoe lobe core. PSD results (Fig. 5) indicated that 15085 experi-
enced a change in its magmatic environment at some point during its
crystallization history, such as an eruption event or a chemical change
within the magmatic system. This is discussed further in section 4.3.
These scenarios may be investigated further and potentially reconciled
with detailed in-situ chemical analyses of major silicate phases, but this
sample is too coarse-grained to attempt a CSD analysis via thin-section
only.

4.2. Lunar basalt emplacement

To generate a petrofabric, a small degree of strain is required (Benn,
1994; Paterson et al., 1998). The lower viscosities of lunar magmas
would, however, impart less strain during flow and thus would be less
likely to align mineral grains (or deform vesicles). There are a couple of
scenarios in which vesicles could experience elongation during
magmatic ascent or as a result of shear strain (Lejeune et al., 1999;
Okamura et al., 2009; Shea et al., 2010). The vesicle populations in the
samples studied here did not preserve evidence of either. The lack of
significantly strong shape preferred orientations, as indicated by low
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C-values, was consistent with the conclusions of previous authors that
lunar magmas had much lower viscosities than terrestrial magmas (e.g.,
Vernon, 2018; Wilson, 2009). The high aspect ratios reported here (see
section 3.2) were therefore attributed to shape irregularity, and not to
elongation (e.g., Passey and Bell, 2007). The lack of elongation may also
be due to overprinting by other processes, such as bubble coalescence
(Shea et al., 2010), which was found to be prevalent in at least three of
the samples studied here (10057, 12043, and 70017). In the less vesic-
ulated samples, vesicle/vug fabric formation may not have been pre-
served. This could be due to 1) efficient initial degassing during eruption
leading to the removal of volatile species via rapid exsolution, or 2) an
initially lower volatile content in the magma (Wilson, 2009; Wilson and
Head, 1981, 2018). This is discussed further in section 4.4.

The XCT datasets and accompanying analyses reported here may also
provide some additional insight into lunar lava flow thicknesses. For
example, the two Apollo 15 samples studied here were consistent with
having crystallized within a relatively thick lava flow. Sample 15556
had the largest vesicles of all samples studied here (Figs. 1, 7), consistent
with cooling relatively deep inside the crust of a lobe where gases could
exsolve and coalesce but could not escape due to the overlying crust (as
described in section 4.1; Keszthelyi and Self, 1998; Self et al., 1998;
Wilmoth and Walker, 1993; see also Fig. 7). Additionally, the micro-
gabbroic nature of sample 15085 was also consistent with slow, insu-
lated cooling occurring inside a relatively thick lava flow (10 to 30 m,
Grove and Walker, 1977; Neal and Taylor, 1992; see also Keszthelyi and
Self, 1998; Neal et al., 2015; Passey and Bell, 2007; Self et al., 1998;
Takeda et al., 1975). Despite these similarities, reported differences in
petrography and chemical composition preclude these two Apollo 15
samples from originating from the same flow (e.g., Meyer, 2016, and
references therein; Neal and Taylor, 1992).

The low-titanium basalts of Apollo 12 and 15 have on average ~ 5
wt. % higher bulk SiO, content than the high-titanium basalts of the
Apollo 11 and 17 sites (e.g., BVSP, 1981; Gawronska and McLeod, 2019;
Papike et al., 1976; Papike et al., 1991; Walker et al., 1975). With bulk
wt. % SiO5 content being one of the major controls on basalt viscosity (e.
g., Vernon, 2018), the Apollo 12 and 15 basaltic lavas were likely
slightly more viscous. More viscous lavas create thicker flows (Rowland
and Walker, 1988), which suggests that lava flows near the Apollo 12
and 15 landing sites are potentially thicker than their basaltic counter-
parts at the Apollo 11 and 17 landing sites.

If this is true, the high TiO; and low SiO flows near the Apollo 11
and 17 sites were less viscous and could have been characterized by
eruptions with slightly higher effusion rates (BVSP, 1981; Garry et al.,
2012; Head and Wilson, 1992; Vernon, 2018). On Earth, basaltic lava
flow emplacement that is confined within a lava tube or channel has
been demonstrated to lead to increased lava flow rates (Dietterich et al.,
2015; Keszthelyi and Self, 1998; Rowland and Walker, 1988, 1990). If
high effusion rates for lunar volcanism corresponded locally to rapid
emplacement (as has been theorized by Head and Coffin, 1997), this
may also induce higher strain (Hon et al., 1994; Keszthelyi and Self,
1998; Passey and Bell, 2007; Rowland and Walker, 1988). Within this
context, it could be argued that samples 10057 and 70017, which
recorded low, but relatively higher strain as compared to the other
samples (Fig. 4, Table S3), could have been emplaced more rapidly, for
example within a lava tube (Roberts and Gregg, 2019; Spudis et al.,
1988; Swann et al., 1972). It is less likely that these samples formed in a
channel such as a lunar rille, as lavas traveling in a rille would have a
vesicularity close to 0 (Wilson and Head, 2018).

4.3. Effects of crystal and vesicle cargoes

PSD work presented here indicates that all samples except for 12038
contained two populations of oxides (Fig. 5), indicating that crystals
have multiple petrogenetic histories. This may correspond to pre-
eruptive and post-eruptive cooling episodes resulting in mineral crys-
tallization and gas exsolution (e.g., Donohue and Neal, 2015; Lejeune
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et al., 1999). Alternatively, multiple crystal populations could corre-
spond to the identification of texturally distinct regions within these
samples (e.g., the enclave incorporated in sample 10057). This is
important to note because higher crystal contents have the ability to
change the internal properties of a lava (Belousov and Belousova, 2018;
Bergantz et al., 2017; Lejeune et al., 1999; Nicolas and Ildefonse, 1996;
Paterson et al., 2019; Rumpf et al., 2020; Vernon, 2018), which can
result in an increase in viscosity (Keszthelyi and Self, 1998; Lejeune
et al., 1999; Nicolas, 1992; Nicolas and Ildefonse, 1996; Paterson et al.,
1998, 2019; Shaw, 1969; Whitford-Stark, 1982). Vesicles, meanwhile,
can either decrease or increase viscosity (Llewellin and Manga, 2005).
Altogether, crystal and vesicle content could change the strain experi-
enced by the lava/magma (Nicolas and Ildefonse, 1996; Paterson et al.,
2019). The strain recorded by samples studied here is minimal (Fig. 4),
except perhaps for samples 10057 and 70017 (Fig. 4; Table S3). The
slightly higher strain recorded by samples 10057 and 70017 could
therefore be due to the presence of multiple crystal and vesicle pop-
ulations (Figs. 5 and 6). Overestimation of large particle sizes due to the
lack of grain separation may however impact PSD and VSD in-
terpretations (see section 2.2). Nonetheless, crystal and vesicle pop-
ulations existing prior to solidification in the 10057 and 70017 lavas
may have led to increased viscosities, and thus increased strain imparted
on these samples during solidification.

It is possible that petrofabrics within lunar lava flows overprint one
another, which has been noted on Earth (e.g., Zak et al., 2007). For
example, sample 12038 preserved two vesicle/vug populations, which is
consistent with vesicle shapes ranging from rounded clusters to inter-
stitial vugs (Fig. 3B). However, it was difficult to evaluate the process
(es) through which the vesicles formed, as their shapes were overprinted
by the later growth of crystals and formation of the diktytaxitic textures
(Fig. 3B). Meanwhile, sample 12043 records two distinct stages of
cooling in both oxide and vesicle size distributions (Figs. 5 and 6),
indicating that this sample experienced two distinct stages of crystal and
vesicle growth. The macrocrystic pyroxene crystal population of 12043
existing alongside a population of finer-grained pyroxenes (see Figs. 1
and 3C) likely also corresponds to a change in cooling environment. No
significant degree of strain is recorded by this sample, indicating that
any potential crystal effects associated with strain were either nonexis-
tent, insignificant, overprinted, or too complicated to distinguish here.
In samples 10057, 15085, 15556, and 70017 the mean planes of oxide
and vesicle orientation distributions were not consistent. This may
indicate that multiple strain-related mechanisms were involved. For
example, strain from buoyancy may have imparted a greater effect on
rising bubbles than strain from flow. In this scenario, the original flow
fabric would be overprinted (e.g., Aubele et al., 1988; Polacci and
Papale, 1997). Alternatively, the samples may have only experienced a
minimal amount of strain. The extent to which different components of
strain contribute to petrofabrics in lunar basalts, as well as the extent to
which petrofabrics are preserved within the Apollo basalt sample suite
should therefore be examined further in order to investigate these po-
tential scenarios. Additional Apollo basalt sample characterization must
be completed via experimental and analog studies in order to evaluate
these emplacement dynamics, particularly for each landing site location.
Future in-situ sampling of basaltic lava flows on the lunar surface should
be informed by knowledge of flow architecture and an understanding of
lobe geometry. This would support the collection of sample suites which
fully represent the characteristics and spatial extent of lunar lava flows.

4.4. Effects of volatiles on lunar eruptions

Within the framework proposed by Wilson and Head (2018), samples
12038 and 12043 may have formed during stage 3 of eruption when
vesicularity is low but increasing, while samples 10057 and 70017 may
have formed later during their respective eruption events, preserving
their volatile content. However, flow rates are minimized during the
later stages of the Wilson and Head (2018) model which is not consistent
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with the low, but relatively higher, strain imparted upon 10057 and
70017 when compared to the other samples, unless they formed in a lava
tube as described in section 4.2. Alternatively, 10057 and 70017 may
have formed earlier from lavas which were initially volatile-rich. Sample
15085, may have formed during the intermediate stage 2 of the eruption
where a high flux of Hawaiian-style effusive flow dominated and
vesicularity was near 0 (Wilson and Head, 2018). At this stage, lava
lakes are generated and could facilitate the formation of coarse-grained
textures at stratigraphically low locations (see Fig. 7; McCarter et al.,
2006). It is not currently possible to measure lava flow thicknesses and
properties directly in the field on the Moon, and distinguishing indi-
vidual lava flows through remote sensing alone proves to be challenging
(e.g., Rumpf et al., 2020). From Wilson and Head (2018), lavas with the
highest vesicularity are associated with the final stages of eruption and
are characterized by Strombolian-style vesicular flow. At this stage,
flows that are injected into previous lobes maintain their vesicularity
while erupted flows become foams. Sample 15556 cannot be a foam as it
contains less than the 60% to 70% vesicles required of foams (Mangan
and Cashman, 1996). Instead, the lava which formed 15556 likely
intruded into an inflating lobe. This scenario is consistent with the
stratigraphic interpretation presented in Fig. 7.

The VSD analyses performed here could shed further light on the role
of volatiles during lunar lava emplacement. Mangan and Cashman
(1996) argue that vesicle ripening is a late-stage effect that post-dates
initial volatile exsolution, so the vesicle ripening observed in 15556
could also indicate that this sample was not quenched during eruption
on the surface and instead cooled in an environment where ripening was
possible. Furthermore, bubble migration due to relatively low lava vis-
cosity could explain the lack of volatile species that is preserved in
coarse-grained sample 15085. Alternatively, 15085 was produced by a
magma with initially low volatile contents, in contrast to the highly
vesiculated nature of 15556. Sample 15085 is a quartz-normative basalt,
and 15556 is an olivine-normative basalt, hence they likely originated
from distinct sources within the lunar mantle (Neal and Taylor, 1992;
Rhodes and Hubbard, 1973). As the lunar mantle is likely heterogeneous
with respect to volatile contents (McCubbin et al., 2015), the potentially
distinct source regions of 15085 and 15556 could explain the variations
in vesicle content of the Apollo 15 lavas. Meanwhile, samples 10057,
12043, and 70017 were found to record evidence of vesicle coalescence
(Fig. 6; see also Shea et al., 2010). This is consistent with the low vis-
cosities of lunar magmas which would have facilitated bubble migration
and coalescence relatively easily compared to higher viscosity magmas
(Manga, 1996; Manga and Stone, 1995).

Vesicle volume also has implications for evaluating the volatile load
of lunar magmas (e.g., Wilson and Head, 2018). The Moon is generally
depleted in volatile species relative to other rocky bodies (e.g., see
summaries by McCubbin et al., 2015, and Day and Moynier, 2014).
However, volatile species including S, CO, CO,, H20, Hy, F, and Cl have
been observed (e.g., Hauri et al., 2015; Wetzel et al., 2015) and modeled
(e.g., Newcombe et al., 2019: Nicholis and Rutherford, 2009) to exist on
the Moon. Specifically, CO had long been proposed as the primary vol-
atile species responsible for the generation of pyroclastic deposits and
vesicular basalts on the Moon (e.g., Fogel and Rutherford, 1995; Nich-
olis and Rutherford, 2009; Sato, 1979; Wetzel et al., 2015). This ne-
cessitates the existence of graphite within the lunar mantle (e.g.,
Nicholis and Rutherford, 2009), which has only been found in one
sample (impact melt breccia 72255).

In 2008, Saal et al. showed that the cores of low-Ti lunar volcanic
glass beads contain up to 46 ppm H»0, 40 ppm, F, and 576 ppm S, with
cores of high-Ti beads containing up to 15 ppm H;0, 15 ppm F, and ~
400 ppm S, and the cores of very-low-Ti volcanic glasses containing up
to 30 ppm H20, 10 ppm F, and 270 ppm S (Saal et al., 2008). Researchers
have since argued that the sources of these volatile species in the lunar
mantle include residual liquid that remained trapped between lunar
mantle cumulates after the solidification of the mantle, and nominally
anhydrous minerals that contain trace amounts of volatiles (e.g., Liu
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et al., 2012; Hui et al., 2013; Mills et al., 2014; McCubbin et al., 2015;
Potts et al., 2021). The urKREEP reservoir which formed towards the
end of the crystallization of the Lunar Magma Ocean and which is
enriched in K, rare earth elements, and P, likely also played a significant
role in provide volatile species to lunar magmas. McCubbin et al. (2015)
proposed that the primary source of volatiles in lunar magmas is the
residual urKREEP reservoir and not the lunar mantle. urKREEP could
have contributed to the formation of the vesicular samples studied here.
Sample 10057 is a member of the high-K Apollo 11 basalt suite, which is
proposed to have formed as a result of mantle-derived magma mixing
with a KREEPy assimilant (Jerde et al., 1994, and references therein).
The incorporation of KREEP-derived volatiles during the petrogenesis of
10057 is thus a possibility and supported by bulk major element
chemistry. Several KREEP basalts were collected during the Apollo 15
mission alongside the highly vesiculated 15556 (Ryder, 1985). This
sample, however, does not have a KREEPy geochemical signature and
thus it is unlikely that its volatile component is derived from KREEP.
Given the lack of graphite observed throughout the lunar mare basalt
suite, and the recent findings of elevated H abundance in lunar magmas
(e.g., Barnes et al., 2013; Greenwood et al., 2011; McCubbin et al., 2010;
Tartese et al., 2013, 2014), we postulate that the more likely volatile
species to have produced the vesicles in 15556 and other basalts studied
here is Hs.

5. Conclusions

The application of XCT offers planetary geoscientists unparalleled
insights into the interior features of extraterrestrial materials. Through
the application of XCT to a suite of six basalts from the Apollo 11, 12, 15,
and 17 missions it was found that lunar lavas are texturally consistent
with terrestrial pahoehoe lava stratigraphy, indicating that they formed
as low-viscosity, effusive flows. This is also consistent with the lack of
preservation of any strain-induced petrofabric as demonstrated by the
oxide or vesicle populations. PSDs further indicated that basaltic lunar
lavas likely contained crystal loads prior to eruption and emplacement
on the lunar surface, while VSDs serve as evidence of processes that
worked to overprint initial vesicle textures. Specifically, vesicles in
several samples record coalescence and ripening. Connectivity modeling
of voids within the samples (e.g., Blunt et al., 2013; Moitra and
Houghton, 2021; Sok et al., 2009) could shed more light on the textural
properties of these vesicles, and the general behavior of bubbles in lunar
magmas. Additional work to characterize the role of lunar volatiles
would undoubtedly shed more light on the conditions of lava eruption
and flow emplacement mechanisms, as well as the stratigraphic corre-
lations of vesicular samples collected during each Apollo mission. As
summarized here, XCT can support remote sensing investigations of lava
flows on other planetary bodies by providing general constraints on lava
properties.

Within the context of sample preservation and curation, XCT
significantly improves documentation practices by curating accurate
and precise sample reconstructions (Blumenfeld et al., 2017, 2019;
Jerram and Higgins, 2007; McCubbin et al., 2019). By acquiring a 3D
scan of a sample, XCT data may better inform researchers on sample
heterogeneity (e.g., due to brecciation, Zolensky et al., 2014), as is
exemplified by the magmatic enclave found here in sample 10057. XCT
datasets can also direct researchers to the most advantageous and
representative angle at which a sample should be cut into thin section(s)
(e.g., Hanna et al., 2015; Jerram and Higgins, 2007). In short, XCT is a
powerful analytical and preservatory technique that continues to prove
itself as a critical asset to extraterrestrial sample curation and the
planetary science community.

Supplementary data to this article can be found online in a Mendeley
Data repository (https://data.mendeley.com/datasets/zmkvm7yj94/1).
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