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• X-ray computed tomography played a crucial role in the characterization of newly 17 
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• Drive tubes 73001 and 73002 sampled a large number and variety of clasts. 19 

• Analysis of ilmenite crystals in high-Ti basalts indicates that several flows with different 20 

physicochemical conditions were sampled.  21 
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Abstract 22 

Double drive tube 73001/2 was collected on the Light Mantle Deposit in the Taurus-Littrow 23 

Valley by Apollo 17 astronauts. It is a 4-cm diameter core that sampled up to 70 cm deep in a 24 

lunar landslide at the base of the North Massif. NASA kept these samples pristine and untouched 25 

in anticipation of advanced future analytical techniques, such as high-resolution X-ray computed 26 

tomography (XCT). Double drive tube 73001/2 was selected to be studied as part of the Apollo 27 

Next Generation Sample Analysis (ANGSA) program and was opened in November 2019 28 

(73002) and February 2022 (73001). We discuss how XCT was utilized during the preliminary 29 

examination of these samples. This technique, which was unavailable the last time an Apollo 30 

drive tube was opened (1993), provides a three-dimensional (3-D) image of the interior of 31 

opaque objects. Prior to opening, high-resolution scans were collected of the full length of both 32 

cores, providing a novel 3-D archive of the intact lunar regolith. After opening, 352 >4 mm 33 

particles were individually bagged and scanned, allowing for their lithological classification. We 34 

provide an example of the robustness of the individual particle data by analyzing ilmenite 35 

crystals (n = 350) in fourteen high-Ti basalt particles. Our results show that ilmenite generally 36 

have highly anisotropic shapes and can take on various external morphologies, indicating that 37 

73001/2 likely sampled several lunar basalt flows. This paper is meant to illustrate the utility of 38 

XCT for curatorial and scientific purposes during ANGSA and demonstrate its value for future 39 

sample return missions. 40 

Plain Language Summary 41 

Apollo 17 astronauts collected a 70-cm long and 4-cm diameter core sample of lunar regolith 42 

from the Light Mantle landslide deposit in the Taurus-Littrow Valley. NASA kept the top 43 

(73002) and bottom (73001) halves pristine so that future generations of scientists could study 44 

them with more advanced analytical techniques. As part of NASA’s Apollo Next Generation 45 

Sample Analysis (ANGSA) program, 73002 and 73001 were opened in 2019 and 2022, 46 

respectively. Before opening, both cores were imaged with X-ray computed tomography (CT), a 47 

relatively new analytical technique that provides 3-D images of the interior of objects, providing 48 

the first ever 3-D image of intact lunar regolith. After opening, 352 >4 mm rock particles within 49 

the regolith were individually X-ray CT scanned, producing a catalog of high-resolution 3-D 50 

images of new lunar rock particles. We show how these data can be used to understand lunar 51 

processes, by measuring the shape and size of crystals in 3-D within some of the volcanic rock 52 

particles which reflects the physical and chemical properties of the lava. This study demonstrates 53 

how useful X-ray CT is for the characterization and analysis of sample return missions.   54 

1 Introduction 55 

The Apollo missions collected 382 kg of material from six different landing sites on the 56 

Moon. Since their return to Earth nearly 55 years ago, the Apollo sample suite has been 57 

extensively studied, and nearly all of the ~2200 individual samples collected have been 58 

examined as part of these studies, but a few samples (six as of 2019) were not opened or studied. 59 

These samples were saved for a future time when instrumentation and/or scientific understanding 60 

of the Moon had improved enough that the scientific return on those samples would be 61 

maximized. 62 

With the impending return to the Moon through the Artemis program and the ~50 years 63 

of technological developments that had occurred since the Apollo samples were returned, NASA 64 
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decided it was time to open some of the previously unopened Apollo samples as part of the 65 

Apollo Next Generation Sample Analysis (ANGSA) Program. ANGSA was conceived and 66 

managed as a low-cost lunar sample return mission to prepare for Artemis. Nine NASA-selected 67 

teams, along with members from the Astromaterials Acquisition and Curation Office at NASA 68 

Johnson Space Center, were merged to form a single ANGSA Science Team that was to function 69 

as the initial sample analysis phase of a sample return mission. For a detailed description of 70 

ANGSA’s objectives, team members and structure, history, and “rules of the road” see Shearer et 71 

al. (2024). 72 

One of the unopened samples chosen for ANGSA was double drive tube 73001/2 73 

collected by Apollo 17 astronauts. It consists of two 35-cm long by 4-cm wide aluminum tubes 74 

screwed together (73001 = lower; 73002 = upper) that sampled up to 70 cm deep into the Light 75 

Mantle landslide deposit at the base of the South Massif in the Taurus-Littrow Valley. The 73001 76 

portion of the Al double drive tube was sealed under vacuum on the lunar surface in a stainless 77 

steel Core Sample Vacuum Container (CSVC), whereas the 73002 portion of the Al double drive 78 

tube was unsealed. Both were returned to Earth in an Apollo Lunar Sample Return Container 79 

(ALRSC) and promptly examined in a N2 purged glove box at the Johnson Space Center (JSC). 80 

73001 was sealed into a larger vacuum container almost immediately after the initial 81 

examination, whereas 73002 was triply sealed in Teflon bagging and imaged by a medical X-ray 82 

scanner at JSC (Fig. 1), which revealed clasts of different sizes, void spaces, and that the Al tube 83 

was not filled. Both samples were stored in the lunar sample vaults untouched under N2 purge 84 

conditions by NASA until they were opened (73002 = 2019; 73001 = 2022). Further details 85 

about the storage of 73001 and 73002 and the preparation underwent by curation to prepare for 86 

dissection of the core samples are provided in Gross et al., (this issue).   87 

A primary objective of the ANGSA Science Team was to conduct a preliminary 88 

examination (PE) of double drive tube 73001/2 and, in parallel, to conduct objective-driven 89 

scientific investigations of the samples. The main task during the PE phase was to dissect the 90 

cores and produce a sample catalog with sufficient detail that members of the scientific 91 

community can make informed requests about the samples they will need to execute scientific 92 

investigations. Aside from the X-ray image taken of 73002 in 1973, these samples were 93 

unstudied, but expected to have a mixture of lunar lithologies since it was taken from a landslide 94 

deposit at the base of the 2300-m tall South Massif. Therefore, to maximize the information 95 

gained from these samples during PE and produce a high-fidelity sample catalog, X-ray 96 

computed tomography (XCT), a relatively new analytical technique for geological samples that 97 

was not available for previous double drive tubes, was added to the PE procedure. Whole-core 98 

XCT scans taken prior to extrusion and dissection would produce a high-resolution three-99 

dimensional (3-D) archive of the 73001/2 stratigraphy, as well as provide a ‘roadmap’ during the 100 

dissection process. Individual scans of clasts removed during dissection could enable lithological 101 

classification and provide even higher resolution images for follow-up scientific analyses.  102 

X-ray computed tomography is a nominally non-destructive technique to image the 103 

interior of opaque objects in three dimensions. In lab-based XCT systems, X-rays emanate from 104 

a source and pass through the object being scanned, and are attenuated to different degrees. The 105 

intensity of the partially-attenuated beam is detected and recorded as a single two-dimensional 106 

(2-D) X-ray projection image (i.e., radiograph). This process is repeated thousands of times as 107 

the sample incrementally rotates 360°.  The projection images are mathematically reconstructed 108 

into a 3-D grid of voxels (i.e., a pixel with a 3rd dimension; often cubic) mapping differences in 109 
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the effective linear X-ray attenuation coefficient. Each voxel is assigned a CT number (CT #) 110 

that reflects the effective X-ray attenuation coefficient of the material comprising that volume. 111 

The X-ray attenuation coefficient varies as a function of average atomic number, density, and X-112 

ray energy. Voxels that are assigned higher CT #’s (i.e., more X-ray attenuating) are generally 113 

visualized with brighter grayscale values. For reviews about CT data acquisition and processing, 114 

see (Cnudde & Boone, 2013; Ketcham & Carlson, 2001; Withers et al., 2021).   115 

X-ray CT scanning is uniquely suited for the analysis of priceless and irreplaceable 116 

samples such as astromaterials due to its nominally non-destructive nature and the ability to 117 

image through sample containers (e.g., bags and tubes) that maintain their pristineness. However, 118 

there are some potentially negative side effects. The natural radiation record is eradicated, 119 

preventing thermoluminescence measurements (Sears et al., 2016; Sears et al., 2018). 120 

Investigations are ongoing to assess the effects of XCT on organic compounds in samples, but 121 

preliminary results are promising (Friedrich et al., 2019; Glavin et al., 2024; Hanna & Ketcham, 122 

2017).  Despite these potential effects, the role of XCT to better understand the origin and 123 

evolution of astromaterials has expanded significantly in recent years. See Hanna and Ketcham 124 

(2017) for a review of the application of XCT to planetary materials.  125 

Studies of lunar samples using XCT have provided new perspectives and insights into 126 

geological processes on the Moon. The petrogenesis, volatile history, and relative locations 127 

within host lava flows have been explored in several Apollo high-titanium (Gawronska et al., 128 

2022; Wilbur et al., 2023) and low-titanium (Wilbur et al., 2025) basalts by investigating 3-D 129 

crystal and vesicle abundances, sizes, shapes, and orientations. Measurements of lunar regolith 130 

particle composition, shape, size, and porosity by XCT have improved upon those made in two-131 

dimensions (2-D) and show that continued impact fragmentation events tend to produce more 132 

equant particles, and that there is a correlation between particle shape and lithology (Katagiri et 133 

al., 2015; Tsuchiyama et al., 2022). Agglutinate particles are generally the most irregularly 134 

shaped (Katagiri et al., 2015) and can preserve textural and compositional evidence for a single 135 

impact event (Huang et al., 2024). Similar studies have focused on enhanced 3-D 136 

characterization of lunar regolith and simulants to better understand and recreate, respectively, 137 

their physical properties for future lunar exploration (Goguen et al., 2024; Wilkerson et al., 138 

2024).  139 

ANGSA is NASA’s first “sample-return mission” to systematically use XCT during its 140 

preliminary examination phase. In this paper, we: (1) document how XCT data of Apollo drive 141 

tubes 73001 and 73002, and particles subsequently extracted from them, were acquired and 142 

processed; (2) demonstrate the value of these datasets during preliminary examination; and (3) 143 

showcase an example of the utility of these data for scientific purposes. This paper is not 144 

intended to be a complete scientific investigation of these datasets, as this is outside the role of 145 

ANGSA’s preliminary examination phase. We expect this endeavor to continue for years into the 146 

future and to be shared by the lunar science community as more questions about these samples 147 

arise. Instead, this paper is an outline of the benefits and challenges of incorporating XCT into 148 

preliminary examination, a case study of how these 3-D datasets can provide valuable insights 149 

into questions that have typically been addressed with 2-D datasets, and a roadmap for future 150 

sample return missions.  151 
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Figure 1. Whole-core X-ray images of 73001 and 73002. (Left) X-ray radiograph taken of 73002 153 

in 1973. (Middle and Right) Grayscale XCT slices through central sections of 73002 and 73001 154 

using the 2x down-sampled datasets (voxel size = 25.8 µm). The difference in 73002 core length 155 

between the 1973 radiograph and 2019 XCT scan was due to intentional manual compaction (see 156 

Gross et al., this issue).  157 

 158 

2 Methods 159 

2.1 Whole-core scanning 160 

Both cores were taken to the University of Texas High-Resolution X-ray Computed 161 

Tomography (UTCT) Facility for high-resolution, whole-core scanning. Core 73002 was 162 

scanned in October 2019, and 73001 in March 2022. Both cores were scanned using an 163 

instrument custom-designed by North Star Imaging (NSI), using a Feinfocus FXE 225.48 164 

microfocal X-ray source and a 2048 x 2048 pixel Perkin Elmer flat panel detector. To achieve 165 

maximum spatial resolution, the NSI Subpix™ capability was used, in which four overlapping 166 

datasets are gathered with half-pixel vertical and horizontal offsets of the detector, effectively 167 

doubling the detector size to 4096 x 4096 pixels, resulting in a voxel edge length of 12.9 µm for 168 

both scans. Data were acquired as a series of individual cone-beam volume scans, with overlap 169 

to aid in stitching them together to create a continuous dataset for each core. 170 

2.1.1 73002 171 

Core 73002 was triple-bagged in Teflon in the lunar curation gloveboxes at NASA JSC in 172 

preparation for scanning at UTCT. It was mounted vertically in a plexiglass tube fixed to the 173 

scanner’s rotation stage (Fig. S1). The X-rays were set at 180 kV and 0.18 mA and pre-filtered 174 

with 0.72 mm of aluminum. To complete scanning within time limits, each Subpix™ sub-175 

volume acquisition was done with continuous rotation. Preliminary X-ray radiographs revealed 176 

that regolith filled approximately 20 cm of the tube, which would require scanning in six sub-177 

volumes, with ~500 slices of overlap between adjacent volumes to avoid cone-beam artifacts. 178 

Each sub-volume acquisition took approximately 2.3 hours to collect. 179 

The continuous-rotation acquisition was slightly incompatible with the state of the 180 

Subpix™ software at that time, and the four data sets for each volume were rotationally mis-181 

aligned from each other by up to 0.35°, resulting in a blurred reconstruction. Sharpness was 182 

recovered by manually re-aligning the raw projection images using bash scripts. A software 183 

beam-hardening correction was applied during reconstruction. 184 

2.1.2 73001 185 

Core 73001 was vacuum-sealed in a stainless-steel outer sleeve (CSVC) by astronauts on 186 

the Moon and kept sealed until February 2022, where the bottom was pierced and gases extracted 187 

(Gross et al., this issue). The top and bottom of the CSVC were X-ray CT scanned at NASA JSC 188 

to determine the size and location of the pierced hole, as well as to collect images of unopened 189 

CSVC In-Ag metal knife edge seals for engineering purposes. These scans revealed that the core 190 

was over-filled on the Moon, resulting in poor seating of the “keeper” inside the inner aluminum 191 

tube (see Gross et al., this issue for a description of the 73001 CSVC). It was thus decided to 192 

leave the core in its stainless-steel outer sleeve surrounded by triple-bagged Teflon for scanning 193 



manuscript submitted to Journal of Geophysical Research: Planets 

 

at UTCT.  194 

This unexpected setup necessitated a number of changes to the scanning conditions 195 

compared to 73002. The core was positioned for scanning in a custom PVC tube mount (Fig. 196 

S1). X-ray energy was increased to 190 kV and current held at 0.18 mA, and no beam filter was 197 

used, in an attempt to compensate for the steel sleeve effectively serving as a more severe filter 198 

than the 0.72 mm aluminum filter used for 73002. Gantry positions were adapted to allow the 199 

steel outer sleeve to be mostly excluded from the scan field of view and achieve the same voxel 200 

size as 73002. For this scan, non-continuous rotation was used, avoiding the rotational mismatch 201 

issues from 73002. Preliminary X-ray radiographs revealed that regolith filled the entire 35 cm 202 

tube. The core was scanned in nine sub-volumes, unfortunately with a lesser degree of overlap 203 

(~180 slices) than was used for 73002, as the configuration changes led to miscalculation of the 204 

offset necessary for avoiding cone-beam artifacts at the top and bottom of each scan volume. 205 

Additionally, due to core tilt the steel outer sleeve was sometimes within the scan field of view 206 

and sometimes out of it, resulting in a variable artifact around the core margin.  Similarly, a steel 207 

wire attached to the steel tube, twisting around the length of the core, cast a secondary beam 208 

hardening and scattering artifact that resulted in uneven brightness in the reconstructed data. 209 

Finally, the steel cap caused additional beam hardening and scattering artifacts. These 210 

cumulative effects, shown on the left side of Figure 2, significantly affected CT numbers, and 211 

complicated estimating an optimal beam-hardening correction factor, so the value for the 73002 212 

scan was re-used. Each sub-volume took approximately 4.6 hours to collect.  213 

2.2 Whole-core scanning corrections 214 

The sub-volume scans for each core were reconstructed individually, and then stitched 215 

together to create a single cohesive dataset for the entire length.  Reconstruction parameters were 216 

selected so that no lithologic components were at the limiting values of the unsigned 16-bit 217 

output scale (0, 65535). Both scans were corrected for ring artifacts before further processing 218 

using methods created at UTCT (Ketcham, 2006). 219 

2.2.1 Stitching-related corrections 220 

During stitching of cone-beam image volumes for core 73002, a dimensional inaccuracy 221 

in the scan plane of 5-7 pixels (64-90 µm) was noted between the top of one scan and the 222 

overlapping bottom of the next, probably owing to a slight miscalibration of the gantry and 223 

source-detector configuration. To address this, slice images in each volume were progressively 224 

isometrically rescaled so all matched the mid-volume slice, using scripts in the IDL 225 

programming language. Each volume was also translated and rotated to match the prior one, 226 

utilizing the SIFT algorithm (Lowe, 2004) in ImageJ (Schneider et al., 2012) to find the 227 

transformation matrix. Finally, there was also a continuous change in CT numbers (image gray 228 

levels) from the top to the bottom of each cone-beam acquisition. In the version of the 73002 229 

data initially released in 2020, this was corrected by rescaling so that overlapping slices matched 230 

using a second-degree polynomial to characterize the CT number progression from the top to the 231 

bottom of each stack. Core 73001 required the same geometric correction as 73002, but CT 232 

numbers were not adjusted at this stage owing to complications stemming from other artifacts.  233 

To improve data continuity between individual sub-volume scans, a series of slices in the 234 

overlap regions were linearly averaged. Nine overlapping slices were used for 73002, and 80 for 235 

73001 as a part of addressing the insufficient-cone-beam-overlap issue. 236 
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2.2.2 CT number corrections 237 

 2.2.2.1 Core 73001 238 

The severe artifacts for 73001 required extensive corrections to maximize the fidelity of 239 

the CT numbers. All corrections were written as IDL functions, and were designed to identify 240 

and eliminate artifacts using continuous functions that varied systematically along the core 241 

length.  Due to the size of the data (711 GB), corrections were first designed and calibrated using 242 

down-sampled versions of the data set, and then applied to the full-resolution data.  243 

The corrections took advantage of the aluminum tube wall as a consistent feature that 244 

should have the same attenuation everywhere. As an initial step, to address the tilt of the core 245 

tube, the core center was located across all slices by fitting a circle to the inner diameter of the 246 

aluminum sleeve. The progression in center position for 73001 was roughly linear, with 247 

horizontal and vertical displacements of ~3.3 and ~1.6 mm, respectively (Fig. S2).  The 248 

subsequent sequence of corrections is summarized in Figure 3.   249 

To quantify the CT number errors, averages were calculated radially along the tube inner 250 

diameter, along an outer annulus of the outer 15% of the core radius, and around a circle 251 

encompassing the inner 50% of the core radius (Fig. 3B). The variation in tube wall values was 252 

due to a number of artifacts at scan stitching areas due to cone-beam artifacts and primarily from 253 

the steel outer tube and wire being variably in and out of the scan field, but other contributing 254 

factors likely included scattering inside the X-ray cabinet and source variation. The offset 255 

between the outer and inner parts of the core material reflects scattering and beam hardening 256 

artifacts, though local variations are caused by large clasts with higher density and variable 257 

lithology, particularly in the central region. 258 

The artifact from insufficient cone-beam overlap consists of progressive radial darkening, 259 

with some blurring, growing from the image edges toward the center as the bottom or top of a 260 

cone beam acquisition is approached (Figs. 3A, S2). The artifact is centered in the scan field of 261 

view, but off-center with respect to the core material, due to the tilt of the inner sleeve. The 262 

radial progression and magnitude of the darkening was measured at each interface between cone-263 

beam volumes, by comparing the average grayscale in this region to those on slices just beyond 264 

the stitched region, which contained similar albeit somewhat different material due to sample 265 

heterogeneity. A functional form for the cone-beam artifact sought that would allow for 266 

straightforward interpolation from slice to slice, and was found empirically as: fCB(r)=C0 tanh(C1 267 

(r-C2)), where C0 is magnitude, C1 radially scales the tanh function, and C2  is the artifact inner 268 

radius (Fig. S3). The artifact was modeled with the inner radius increasing linearly and 269 

magnitude decreasing linearly with vertical progression up and down from the center of overlap. 270 

Optimal values for all parameters were found by a combination of fits to the measured data and 271 

manual adjustment. This correction was applied to all stitching zones prior to further processing 272 

(Fig. 3C). 273 

Removing grayscale variations due to beam hardening and scattering was done by 274 

utilizing the innermost annulus of the sleeve as an effective attenuation standard to normalize 275 

gray levels both radially and along the core. The asymmetric effect of the steel sleeve being 276 

incompletely in the scan field, and steel wire between sleeves, was characterized using the first 277 

three components of a Fourier expansion, fASYM() = M0 + M1 sin( + A1) + M2 sin(2 + A2) + M3 278 

sin(3 + A3), where M and A are the magnitude and angular offset for each Fourier component 279 

(Fig. S4). Values for these seven terms were fitted for the inner sleeve annulus of each slice 280 
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image. The three Fourier components had magnitudes reaching up to ~1000, ~300, and ~150, 281 

respectively, excluding the region of the steel-covered end (Fig. 3D). These curves were used as 282 

the basis for a correction that scaled linearly from ~25% of the core radius to the outer portion of 283 

the aluminum sleeve. The sleeve could not be used for normalization at the steel-covered end, 284 

and so the Fourier magnitudes and offsets were extrapolated from the adjacent Al-enclosed 285 

section. 286 

Removal of the asymmetric artifact revealed that the software beam-hardening correction 287 

applied during reconstruction had slightly over-corrected the data, making the core center 288 

brighter than its rim. The fall-off in CT numbers also affected the outer portion of the Al tube in 289 

a way that was consistent with the core material. To quantify this, sets of 100 slices with minimal 290 

clasts were used to calculate radial sums of CT numbers, revealing that the radial extent of the 291 

artifact was consistent but its magnitude was not along the length of the core (Fig. S5A), again 292 

due to the varying effects of the steel sleeve and wire. This effect was fitted with an empirical 293 

function of the form: fBH(rc) = C0(1-exp(C1 rc)), where rc is the radial distance from the core 294 

center, C0 scales the magnitude, and C1 scales the radial extent. Values for C0 were fitted 295 

manually, and a second-degree polynomial was used to characterize how it varied along the 296 

length of the core (Fig. S5B). 297 

The stainless-steel cap caused severe beam-hardening and scattering artifacts that 298 

required another custom correction. The principal artifact was a steep rise in gray levels toward 299 

the steel rim, with an extent and severity that varied with steel thickness (Fig. S6). The artifact 300 

was characterized by fitting another beam-hardening function fBHS = C0 exp(C1 rc
C2) in three 301 

locations with two different steel thicknesses. These were interpolated radially based on steel 302 

thickness, which was measured at 2° angular intervals in each slice to allow the correction to 303 

vary locally. This correction was notably incomplete, as X-ray scattering led to light and dark 304 

artifacts that propagated diagonally through the core that appear as diffuse rings (Fig. S5, right 305 

column); CT numbers in these regions should be used cautiously. 306 

The corrections fASYM and fBH or fBHS were combined into a single correction map for each 307 

slice, that was then subtracted from the data. This correction made the average aluminum value 308 

10050 down the tube, and the characteristic CT numbers of the core and rim regions of the core 309 

material had been made consistent (Fig. 2 right side; Fig. 3E,F). Finally, a circular mask was 310 

used to remove everything more than a few voxels beyond the aluminum inner sleeve. 311 
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 312 

Figure 2. Example uncorrected (left side) and corrected (right side) images from core 73001.  313 

Tall images are resliced data sets along core length (35 cm).  Field of view for CT images is 4.80 314 

cm.  Numbers are slice numbers in 4x-downsampled data.  The bright arc along the outside of 315 

the uncorrected slices images is the steel outer sleeve, and the wire is visible in the 1709 slice 316 

image.  Omitting the steel from the scan field led to an artifact of brightening on one side and 317 

darkening on the other, requiring specialized correction. 318 

 319 
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 320 

Figure 3. Correction sequence for core 73001.  (A) Uncorrected cross-section image (35 cm 321 

long), showing progressive variation due to steel sleeve, as well as cone-beam artifacts where 322 

different scan volumes were stitched together.  (B) Variation in annular average of CT numbers 323 

around Al tube inner rim, the outer radial 15% of the core, and the inner radial 100% of the core.  324 

Values calculated at 10-slice intervals in 4x-downsampled data.  Intermittent variations are due 325 

to clasts in the regolith, particularly in the inner portion.  (C) Annular averages after correction 326 
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for cone-beam artifact at stitching points.  Cyan curve shows the misfit of the periodic functions 327 

used to characterize CT number variation around the Al tube inner rim; the magnitudes of the 328 

three Fourier components are shown in (D).  (E, F) Annular averages and cross section image 329 

after all corrections applied. 330 

 331 

 2.2.2.2 Core 73002 332 

Re-inspection of the CT data for core 73002 after the completion of corrections for 73001 333 

revealed previously unrecognized shortcomings in the previously released data. The along-core 334 

consistency of grayscales from scan to scan showed some drift, possibly due to changing beam 335 

conditions and/or detector efficiency during the scans, and the beam-hardening correction 336 

showed room for further improvement. Furthermore, the different scanning conditions and 337 

corrections for each had led to the CT numbers for the two cores being inconsistent with each 338 

other, complicating study of regolith properties across them. 339 

To begin the process, the 16-bit data were cropped from 3721 pixels on a side to 3600, 340 

omitting regions that did not include the core, reducing data size, facilitating even 341 

downsampling, and providing a straightforward indicator separating the resulting corrected data 342 

(i.e., 73002-revised) from the earlier version (73002-original).  The migration of the core center 343 

due to tilt was traced, and it was found to follow a slightly curved path (Fig. S2), probably due to 344 

imperfect machining of the tube, as the inner diameter was not fully centered in the outer 345 

diameter. 346 

Calculating annular averages for the Al tube and outer and inner core material was 347 

complicated by the condition of 73002. Due to spillage during collection (Gross et al., this issue), 348 

parts of the rim area have considerable void space (Fig. 4). Similarly, much of the regolith is 349 

disrupted, making it an irregular combination of regolith and void along the core.  These effects 350 

were diminished by omitting CT numbers below 7500 (corresponding to disrupted regolith) and 351 

using the mean instead of the median for the remaining voxels in each set. This resulted in the 352 

progression shown in Figure 5B. The test for asymmetric artifacts showed that they are relatively 353 

minor, with magnitudes of all three Fourier terms of less than 100 within the core, except the 354 

bottom where a plastic cap was partially omitted from the scan field of view (Fig. 5C). 355 

The disruption in the core also complicated isolating residual beam-hardening effects 356 

persisting after the correction applied during reconstruction. The optimal area for this was judged 357 

to be the uppermost section of the core, where the regolith material was re-consolidated when the 358 

keeper was tightened in preparation for transport and scanning at UTCT. Radial averaging in this 359 

area showed that the central region is slightly darkened compared to the rim (Fig. 5B, down-360 

sampled slices 5-40); the apparent cross-over to the center being more attenuating at higher slice 361 

numbers can be traced to the increasing amount of disruption affecting the rim more than the 362 

center. At the same time, the outer part of the Al tube is darker than the inner, representing an 363 

inversion of the beam-hardening artifact that can often occur when using a reconstruction-based 364 

correction. A simple correction was constructed as a two-part radially symmetric function, with a 365 

linear correction from the center to the edge of the regolith, with scaling based on the tube 366 

brightness in that slice, followed by a second-degree polynomial that performed an essentially 367 

cosmetic correction on the Al tube (Fig. S7). 368 

Finally, a rescaling was calculated to maximize the consistency of the data with 73001.  369 
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Average CT numbers were measured in vesicles and various components of Ti-basalts (ilmenite, 370 

pyroxene, and plagioclase) and undisturbed regolith to construct a linear correction. Rescaling 371 

the 73002 CT numbers using a second-degree polynomial (Fig. S8) resulted in the CT numbers 372 

for all phases agreeing across data sets to within 70, or about 0.1% of the 16-bit scale. 373 

The asymmetric and beam-hardening corrections and rescaling were combined and 374 

applied to the 73002 data, followed by a circular mask to remove unnecessary features beyond 375 

the Al tube. The resulting down-tube averages are shown in Figure 5D, and example corrected 376 

images are shown in Figure 4 (right side) and Figure 5E. The apparently greater brightness of the 377 

center compared to the rim can be attributed to rim relatively being more disrupted; this was 378 

confirmed in a number of locations by measuring the average CT number of clasts of the same 379 

lithology at varying radial positions. 380 

 381 

Figure 4. Example uncorrected (left side) and corrected (right side) images from core 73002.  382 

Tall images are resliced data sets along core length (20 cm).  Field of view for CT images is 4.64 383 

cm.  Numbers are slice numbers in 4x-downsampled data.  Uncorrected data shows CT numbers 384 

steadily increasing downward in each of the six cone-beam scans taken to span the core.  385 

Material through much of the core is disrupted doe to spillage during collection, and subsequent 386 
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movement during handling. 387 

 388 

 389 

Figure 5. Correction sequence for core 73002.  (A) Uncorrected cross-section image (20 cm 390 

long).  (B) Variation in annular average of CT numbers around Al tube inner rim, the outer radial 391 

15% of the core, and the inner radial 100% of the core.  Values calculated at 10-slice intervals in 392 

4x-downsampled data.  Intermittent variations are due to clasts in the regolith, particularly in the 393 

inner portion.  Cyan curve shows the misfit of the periodic functions used to characterize CT 394 
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number variation around the Al tube inner rim; the magnitudes of the three Fourier components 395 

are shown in (C).  (D, E) Annular averages and cross section image after all corrections applied. 396 

2.3 Individual particle scanning 397 

After whole-core scanning, both drive tubes were opened and the soil was carefully 398 

extruded on its side into a custom holder so as to maintain as much of the original three-399 

dimensional context as possible. The soil was then meticulously dissected and any particle >4 400 

mm (in passes 1 and 2 and >10 mm in pass 3) was named, weighed, imaged, and individually 401 

bagged with three layers of Teflon, all within a N2-purged glovebox. For a detailed description of 402 

the extrusion and dissection processes, see Gross et al., (this issue). Each individually bagged >4 403 

mm particle was removed from the cabinet and XCT scanned at the Astromaterials X-ray 404 

Fluorescence and Computed Tomography (X-FaCT) Laboratory at NASA JSC using a Nikon 405 

XTH 320 large cabinet scanner equipped with a 180 kV nano-focus transmission tungsten target 406 

source and a 2000 x 2000 pixel Perkin Elmer CCD flat-panel detector. The bagging was twisted 407 

around each particle and pushed into and suspended within cylinders of different sizes made of 408 

low-X-ray-attenuating materials (i.e., plastic or carbon fiber) for scanning. Great care was taken 409 

to avoid popping any of the triplicate bagging. This mounting method was generally successful 410 

except for the occasional sample movement during scanning caused by rebound from the 411 

relatively stiff Teflon bagging. 412 

Scanning conditions were optimized for each sample, but X-ray tube settings varied from 413 

90 kV to 155 kV and 2.0 W to 5.0 W. All scans rotated 360° with 1891 to 3141 projections per 414 

rotation and 1 s to 2 s exposure per projection. Scans took approximately 1 to 2 hours. Voxel 415 

sizes varied from 2.81 to 22.58 µm/voxel edge. Projection images were reconstructed into a 416 

three-dimensional volume using Nikon’s CTPro3D (v. 5.4) proprietary software where 417 

mathematical corrections were implemented to reduce beam hardening artifacts. The 418 

reconstructed datasets were exported as a contiguous series of 16-bit grayscale TIFF images 419 

which, when stacked together, comprise a 3-D volume. The name, mass, classification, relevant 420 

scanning information, and a video of the CT TIFF stack can be found for every sample in 421 

Appendices 5 and 6 of the ANGSA Sample Catalog 422 

(https://curator.jsc.nasa.gov/lunar/angsa_catalog.cfm).  423 

2.4 3-D analysis of ilmenite in high-Ti basalt particles 424 

As a demonstration of the unique textural analysis possibilities enabled by XCT data, we 425 

conduct a novel 3-D analysis of lunar ilmenite crystals. Ilmenite is a ubiquitous phase within 426 

high-Ti basalts and is easily distinguished from other phases. However, there are thousands of 427 

ilmenite crystals in each particle and almost all of them are three-dimensionally connected. 428 

Ideally, we would measure them all, but manually inspecting, delineating, and separating every 429 

crystal-crystal contact in 3-D for each crystal is not feasible, and no automatic method to do this 430 

for such an intergrown and complex system is currently available. Instead, we take on a more 431 

realistic approach by measuring the 3-D crystal habit axial lengths of a representative population 432 

(n = 25) of ilmenite in fourteen (10 from 73001; 4 from 73002) high-Ti basalt particles showing 433 

a variety of textures.  434 

Ilmenite crystal habit axial lengths were manually analyzed following the procedure from 435 

(Eckley et al., 2024a). The XCT data were visualized and measured using Dragonfly™ software 436 

(Comet Technologies), which allows the analyst to navigate the dataset in three views using 437 

https://curator.jsc.nasa.gov/lunar/angsa_catalog.cfm
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cross-hairs that can be dynamically repositioned and reoriented so that the entire sample can be 438 

viewed and sliced along any angle at every location. First, a random ilmenite crystal was selected 439 

and the cross-hairs iteratively repositioned and reoriented until a central slice along its longest 440 

axis was exposed. The next view was oriented at an angle orthogonal to the longest one to show 441 

a central slice along the shortest axis. The final view was oriented orthogonally to the first two to 442 

expose a central slice along the intermediate axis. The long, intermediate, and short axis crystal 443 

habit lengths were measured using the ‘ruler’ tool. Once measured, we randomly reoriented the 444 

dataset using the ‘cine’ tool, another random crystal was picked, and the process repeated 25 445 

times.  446 

We assessed the uncertainty of our method with six replicate analyses of a single very 447 

elongated, very platy, and equant crystal in three different samples (73001,181B, 73002,1017B, 448 

and 73002,80A, respectively). The relative uncertainties (1 relative standard deviation) of the 449 

long, intermediate, and short axis replicate measurements are: very elongated (1.1%, 10.2%, and 450 

23.4%, respectively); very platy (1.5%, 2.8%, and 11.1%, respectively); and equant (2.4%, 4.0%, 451 

and 8.2%, respectively). The average uncertainty for all replicate analyses is 0.015 mm (1rsd = 452 

7.2%), which corresponds to ~4 voxel lengths (the average voxel length for the measured 453 

samples is 0.00399 mm). Additional potential sources of uncertainty come from natural variation 454 

of the crystals. Some very elongated crystals are doubly terminated so we measured the longest 455 

termination, and some very platy crystals have small outgrowths on their edges, which were not 456 

included in the measurements. Most crystals are touching at least one other crystal and many are 457 

highly aggregated, so grain boundaries needed to be delineated by the analyst. This is done by 458 

viewing the crystal at different locations and along several orientations and using petrographic 459 

features within a crystal, such as internally uniform fracture patterns and compositional zoning. 460 

In the rare case where crystal boundaries could not be defined, that crystal was ignored. Only 461 

fully enclosed crystals (i.e., not truncated by the sample boundary) were measured. 462 

3 Results 463 

3.1 73001 and 73002 whole-core datasets 464 

Whole-core XCT scans revealed that regolith filled 34.9 cm of 73001 and 20.1 cm of 465 

73002 (Fig. 1). Because of their lengths and the high spatial resolution (12.9 µm/voxel edge) of 466 

the XCT scans, the final reconstructed datasets for 73001 and 73002-revised include 27,600 467 

slices (711 GB) and 15,800 slices (381 GB), respectively, oriented orthogonally to the core 468 

length. Each slice for 73001 is 3721 x 3721 pixels, which 73002-revised was cropped to 3600 x 469 

3600 pixel without losing information. The combined length of 73001 and 73002-revised is 470 

made of 43,400 slices and 1,092 GB of data. Due to the bulkiness of these datasets, smaller 471 

versions were also produced by down-sampling the full-resolution dataset by 2x and 4x along the 472 

X, Y, and Z orientations (Table 1). The 2x and 4x datasets are suitable for most purposes, but the 473 

full-resolution (referred to as 1x) dataset is ideal for visualizing fine-grained features, such as 474 

igneous textures within a high-Ti basalt clast shown in Figure 6. However, most desktop 475 

computers cannot open the entire length of the 1x datasets due to hardware limitations, so 476 

viewing focused sub-volumes is advised. 477 

 478 

Sample Dataset 

Voxel size 

(µm) 

Data Volume 

(GB) 

Slice dimensions 

(XY) 

No. of slices 

(Z) 
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73001 1x 12.9 711 3721 x 3721 27,600 

 2x 25.8 89 1861 x 1861 13,800 

  4x 51.6 11 931 x 931 6,900 

73002 - Original 1x 12.9 408 3721 x 3721 15,820 

 2x 25.8 48 1776 x 1772 8,252 

  4x 51.6 6 888 x 886 4,126 

73002 - Revised 1x 12.9 381 3600 x 3600 15,800 

 2x 25.8 48 1800 x 1800 7,900 

  4x 51.6 6 900 x 900 3,950 

 479 

 480 

Table 1. Voxel size, data volume, slice dimensions, and number of slices for whole core XCT 481 

datasets for 73001, 73002-original, and 73002-revised. 1x = full-resolution dataset. 2x = down-482 

sampled by two in X, Y, and Z. 4x = down-sampled by four in X, Y, and Z.  483 

 484 

  485 

Figure 6. Comparison of 1x, 2x, and 4x whole-core XCT datasets. A single grayscale CT slice of 486 

73001 (a) and grayscale CT slices (b – d) of the same basaltic clast (outlined in red box) from the 487 

different resolution datasets (b = 1x, c = 2x, d = 4x).  488 

 489 

These datasets were invaluable during the opening, extrusion, and dissection processes. 490 

They revealed that large void spaces existed in 73002, which influenced how the sample was to 491 

be oriented during extrusion to avoid slumping of the core material (Gross et al., this issue). The 492 

sample processors were also able to cross-reference the XCT data during dissection to help 493 

predict what clasts were to be expected at specific locations. They were also able to identify and 494 

locate soil clods, which typically did not survive the dissection process. The morphology and 495 

composition of these soil clods, which may reflect processes that affect lunar regolith, are only 496 

preserved in the whole-core XCT datasets. 497 

In addition to supplying crucial information to the sample processors during preliminary 498 

examination, these data provide a novel and permanent 3-D record of the lunar subsurface up to 499 

70 cm deep. The core material is made of rock, mineral, and glass fragments within fine-grained 500 
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soil. There are also void spaces and fractures. See supplementary videos (S1 and S2; Eckley, 501 

2025) to view the whole-core 2x down-sampled XCT datasets. The main types of fragments are 502 

lithic clasts, mineral and glass clasts, and soil clods, or ‘peds’ based on formal soil nomenclature, 503 

that exist at a wide range of sizes from up to ~33 mm in 73001 and up to ~30 mm in 73002 down 504 

to the scan resolution. Lithic, mineral, and glass clasts are generally angular and frequently 505 

rimmed with fine-grained regolith material. They occur as a variety of different lithologies and 506 

mineral phases. Peds are angular to rounded and are three-dimensionally coherent domains of 507 

soil and sub-fragments. They are distinguishable from the surrounding soil and fragments by 508 

usually having slightly higher CT numbers. The cause of the different CT numbers is not 509 

resolvable but probably reflects differences in bulk density where the soil within peds is more 510 

densely packed. We observe no apparent layering, sorting, or preferred orientation of fragments. 511 

However, a more detailed object-based analysis is required to confirm this observation. An 512 

analysis of clast size distribution in 73002 is reported by Magnarini et al., (this issue) where they 513 

found there are fewer large clasts (>1 cm) in the upper 5 to 10 cm of the 70 cm core. 514 

3.2 Individual particle classification 515 

There were 352 >4 mm rock fragments from 73001 (n = 220) and 73002 (n = 132) that 516 

were individually XCT scanned. The name, dissection pass and interval, mass, lithology, and a 517 

short description of each sample are found in Appendix 5 of the ANGSA Sample Catalog 518 

(https://curator.jsc.nasa.gov/lunar/angsa_catalog.cfm). Particles were classified and described by 519 

the lunar sample curator (R. Zeigler) and deputy lunar sample curator at the time (J. Gross) using 520 

the XCT data and their years of lunar sample knowledge. The XCT data show relative 521 

differences in X-ray attenuation. Generally, objects with brighter grayscale values (i.e., more X-522 

ray attenuating) are denser. The samples were classified into one of nine major lithologic 523 

categories – agglutinate, anorthosite, high-Ti basalt, low-Ti basalt, granulite, impact melt, impact 524 

melt breccia, regolith breccia, and soil breccia (Table 2) – using petrographic context and relative 525 

differences in grayscale values of phases expected in lunar samples. Igneous rocks have unique 526 

petrographic textures that make them easy to distinguish from other common lunar lithologies, 527 

such as breccias (regolith, impact melt, or soil) and impact melts. However, assigning a specific 528 

igneous lithological classification is more complicated and requires petrographic intuition and an 529 

idea of what minerals comprise the sample. In igneous lunar rocks, the most common phases are 530 

air (i.e., vesicles), silica, feldspars, orthopyroxene, Mg-rich olivine, clinopyroxene, oxides 531 

(ilmenite and chromite), sulfides, and/or metals in increasing grayscale brightness. Many of these 532 

phases have overlapping grayscale values in XCT datasets and can shift depending on specific 533 

mineral composition, so assigning specific grayscale values to a mineral phase is not possible. 534 

Agglutinates, impact melts, and breccias are a mixture of lunar minerals and lithologies at a wide 535 

range of spatial scales, so their classification is dominantly based on textures, not mineralogy.  536 

The classifications and descriptions for the ANGSA Sample Catalog and this paper are 537 

not meant to be exhaustive or full petrographic descriptions, but a starting-point for the scientific 538 

community to make more informed sample requests for detailed follow-on studies of the XCT 539 

data and/or polished sections. We hope that such follow-on studies will utilize the unique 540 

perspectives into mineral textures, fabrics, and abundances that XCT data can provide. Below we 541 

will briefly describe the nine different lithologic types and their general characteristics. There is 542 

significant textural and mineralogical diversity within each of the nine lithologic groups, as well 543 

as some obvious sub-groupings, but, for simplicity, we intentionally keep the classifications 544 

broad. 545 

https://curator.jsc.nasa.gov/lunar/angsa_catalog.cfm
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 546 

73001 

Lithology # of particles % of particles Mass of particles (g) % of mass 

Agglutinate 1 0.5 0.112 0.1 

Anorthosite 4 1.8 0.200 0.2 

Basalt, High-Ti 28 12.7 6.736 7.6 

Basalt, Low-Ti 3 1.4 0.216 0.2 

Granulite 2 0.9 0.194 0.2 

Impact Melt 2 0.9 1.528 1.7 

Impact Melt Breccia 115 52.3 50.745 56.9 

Regolith Breccia 64 29.1 29.360 32.9 

Soil Breccia 1 0.5 0.086 0.1 

Total 220   89.177   

73002 

Lithology # of particles % of particles Mass of particles (g) % of mass 

Agglutinate 6 4.5 0.143 0.3 

Anorthosite 0 0.0 0.000 0.0 

Basalt, High-Ti 9 6.8 1.639 2.9 

Basalt, Low-Ti 4 3.0 0.291 0.5 

Granulite 0 0.0 0.000 0.0 

Impact Melt 5 3.8 0.247 0.4 

Impact-Melt Breccia 42 31.8 18.732 33.1 

Regolith Breccia 62 47.0 35.118 62.1 

Soil Breccia 4 3.0 0.361 0.6 

Total 132   56.531   

Combined 

Lithology # of particles % of particles Mass of particles (g) % of mass 

Agglutinate 7 2.0 0.255 0.2 

Anorthosite 4 1.1 0.200 0.1 

Basalt, High-Ti 37 10.5 8.375 5.7 

Basalt, Low-Ti 7 2.0 0.507 0.3 

Granulite 2 0.6 0.194 0.1 

Impact Melt 7 2.0 1.775 1.2 

Impact-Melt Breccia 157 44.6 69.477 47.7 

Regolith Breccia 126 35.8 64.478 44.3 

Soil Breccia 5 1.4 0.447 0.3 

Total 352   145.708   

 547 

Table 2. Lithologic classification of >4 mm particles that were scanned from 73001 (n = 220) 548 

and 73002 (n = 132). 549 

 550 

 3.2.1 “Igneous” fragments 551 



manuscript submitted to Journal of Geophysical Research: Planets 

 

Though few in number, igneous rock fragments are of high scientific interest. The most 552 

abundant igneous group are high-Ti basalts, which have igneous textures with a groundmass of 553 

intergrown pyroxene and plagioclase (and sometimes olivine) and abundant ilmenite with a 554 

range of sizes and shapes (Fig. 7), as well as areas that appear consistent with a vitrophyric 555 

groundmass. Low-Ti basalts have igneous textures composed of mostly plagioclase and 556 

pyroxene (and sometimes olivine), with lower abundance of ilmenite or other FeTi oxide phases 557 

(Fig. 8). Both high-Ti and low-Ti basalts display a large range of crystal sizes and textures. 558 

Lunar basalt sub-classification is officially based on Ti concentration (i.e., “high-Ti” has >6 wt. 559 

%, “low-Ti” has 1 – 6 wt. %, and “very low-Ti” has <1 wt. %; (Neal & Taylor, 1992; Papike et 560 

al., 1976)), but for these samples, they were based on approximate modal abundances of 561 

ilmenite. Ilmenite abundances were not quantified but estimated by a visual assessment of the 562 

XCT datasets. Basalt particles where ilmenite was a major phase, generally greater than ~8 to 10 563 

vol. %, as determined by the visual assessment, were classified as high-Ti. 564 

Anorthosites are dominated by a low-X-ray-attenuating phase, interpreted to be 565 

plagioclase with minor mafic (olivine and/or pyroxene) and trace oxide phases. While these rock 566 

fragments are all classified using extrusive igneous rock nomenclature, it is possible that 567 

common lunar intrusive igneous lithologies (e.g., troctolites) would be included in these groups, 568 

and follow-on petrographic studies of polished sections could provide more accurate 569 

classification. Similarly, there are examples in both the low-Ti basalt and anorthosite fragments 570 

of samples that are brecciated, but appear to preserve their original igneous lithology with no 571 

incorporated regolith or impact melt components (e.g., three of the four anorthosites are 572 

brecciated; Fig. 8 i,j). 573 

 574 
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Figure 7. Representative grayscale CT slices of a subset of high-Ti basalts. Groundmass phases 575 

are plagioclase (dark gray phase) and mafic phases (pyroxene and possibly olivine; medium gray 576 

phase). Ilmenite is the next brighter phase with generally an elongated shape. (j) has three 577 

textural domains defined by differences in crystal size and abundance. (a) 73001,125C (b) 578 

73002,1017B (c) 73001,14A (d) 73002,51A (e) 73002,1141A (f) 73001,261(g) 73001,181B (h) 579 

73001,1164A (i) 73001,133 (j) 73001,1183B. All scale bars are 1 mm. 580 

 581 

 582 

Figure 8. Representative grayscale CT slices of a subset of low-Ti basalts, anorthosites, and 583 

granulites. Groundmass phases in the low-Ti basalts (a – f) are plagioclase (dark gray phase) and 584 

mafic phases (pyroxene and possibly olivine; medium gray phase). The larger, brighter gray 585 

phases are possibly ilmenite or chromite. (g – j) are likely plagioclase (dark groundmass phase), 586 

mafic phases (pyroxene and possibly olivine; medium gray phase), and oxides (possibly ilmenite 587 

or chromite (brighter gray phase). (a) 73001,18B; low-Ti basalt (b) 73001,1234B; low-Ti basalt 588 

(c) 73001,22D; low-Ti basalt (d) 73002,1121C; low-Ti basalt (e) 73002,1017C; low-Ti basalt (f) 589 

73002,1033B; low-Ti basalt (g) 73001,75A; anorthosite (h) 73001,1032A; granulite (i) 590 

73001,1205A; brecciated anorthosite (j) 73002,1121B; brecciated low-Ti basalt. All scale bars 591 

are 1 mm. 592 

 593 

 3.2.2 Regolith fragments 594 

The most abundant type of rock fragment found in the 73001/2 cores are those formed 595 

through regolith gardening processes, with low-energy events producing poorly lithified 596 
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fragments (i.e., soil breccias), and progressively more energetic events producing more well 597 

lithified fragments (i.e., regolith breccias), and even partially or wholly glassy fragments (i.e., 598 

agglutinates). The soil breccias observed here are dominantly fine-grained soil with larger 599 

mineral and rock clasts that are loosely aggregated (Fig. 9a). These are essentially soil clods but 600 

slightly more cohesive than those identified in the whole-core XCT data and thus (partially) 601 

survived the dissection, bagging, and scanning processes. Regolith breccias are similar to soil 602 

breccias in that they contain abundant rock, glass, and mineral fragments with angular to rounded 603 

shapes and a wide variety of compositions, but these are set in a coherent matrix that ranges from 604 

clastic to glassy (Fig. 9 b,c). There are numerous regolith breccia particles that were identified to 605 

contain interesting lithologies that will be of interest for follow up studies, e.g., basalts, impact or 606 

pyroclastic spherules, large metal grains, etc. The agglutinates have a fine-grained, interpreted to 607 

be glassy, groundmass with abundant spherical vesicles and smaller rock and mineral fragments, 608 

many of which appear to be partially resorbed by the glassy matrix (Fig. 9 d,e). It is possible for 609 

regolith breccia fragments to have some agglutinitic glass included within them, and thus the 610 

unambiguous identification of an agglutinate, as opposed to an agglutinitic regolith breccia is a 611 

judgement call, but the general rule used here is that agglutinates have >40% vesicular glass (by 612 

volume).  613 

 3.2.3 Impact-melt fragments 614 

The second most abundant type of rock fragment found in the core are those derived from 615 

larger impact events, i.e., impact melts, impact breccias, and granulites. These lithologies are 616 

thought to be formed through large discrete impact events. The impact melts observed here are 617 

generally a single, fine-grained material (interpreted to be glassy material) with sparse bright 618 

phases, interpreted to be Fe-metal and fine-grained irregular void spaces (Fig. 9f). They differ 619 

from agglutinates in that they do not contain rock and mineral fragments or large, spherical void 620 

spaces. Impact-melt breccias are the most diverse of all of the observed groups, but they 621 

typically have a glassy to finely crystalline matrix containing lithic and mineral fragments (Fig. 9 622 

g-i). The abundance and diversity of clasts in the impact-melt breccias are both less than what is 623 

typically seen in regolith breccias (it is one of the distinguishing characteristics). Many of the 624 

impact-melt breccias contain voids, often in abundance, though typically not spherical in shape. 625 

There are also abundant metal grains commonly observed in the impact-melt breccias, and these 626 

can range in size from tiny specs at the resolution of the scan to several mm’s across. Although 627 

the textures observed in the impact-melt breccias are highly variable, there were two subgroups 628 

observed within the impact-melt breccias that have similar textures to each other and thus might 629 

be petrogenetically related: the poikilitic ilmenite impact melt breccias (n = 29) and the ilmenite 630 

lath impact melt breccias (n = 19). Finally, the granulite fragments have three dominant phases, 631 

interpreted to be plagioclase and two mafic phases (possibly pyroxene and olivine), and a highly 632 

recrystallized texture with rounded crystal boundaries (Figs. 8h and 9j).  633 

 634 



manuscript submitted to Journal of Geophysical Research: Planets 

 

 635 

Figure 9. Representative grayscale CT slices of a subset of breccias and other impact-derived 636 

lithologies. Due to heterogeneous nature of these samples, mineral and lithic clasts cannot be 637 

identified by grayscale brightness. Void spaces are the darkest phase and are easily identified in 638 

(d – i). Soil (a) and regolith breccias (b, c) do not have void spaces in the regolith groundmass. 639 

(a) 73002,39B; soil breccia (b) 73001,2080; regolith breccia (c) 73001,190B; regolith breccia (d) 640 

73002,1029A; regolith breccia – agglutinitic (e) 73001,1037A; agglutinate (f) 73002,124A; 641 

impact-melt breccia (g) 73002,1068A; impact-melt breccia (h) 73002,1132A; impact-melt 642 

breccia (i) 73002,2051; impact-melt breccia (j) 72001,209A; granulite. All scale bars are 1 mm. 643 

3.3 Ilmenite Shape Analysis 644 

High-Ti basalts comprise only 10.5% of the removed particles but are some of the most 645 

scientifically interesting samples because they reflect the composition and evolution of their 646 

mantle sources, track igneous physical and chemical processes, and provide a window into the 647 

volatile budget of the lunar interior, among others. Ilmenite within high-Ti basalts is an early-648 

forming mineral whose morphology and size can record the physicochemical evolution of its 649 

host melt. Here we present the first 3-D crystal habit measurements of a subpopulation of 650 

ilmenite to illustrate the wealth of quantitative insight that can be gained from XCT datasets. 651 

This analysis is aided by the fact that ilmenite is a ubiquitous phase within high-Ti basalts and its 652 

crystal boundaries are easily distinguishable, unlike other phases, such as feldspars, pyroxene, 653 

and olivine. 654 

Three-dimensional analysis of ilmenite crystals from the individually scanned basalt 655 

clasts revealed a wide variety of crystal shapes and sizes in different samples and sometimes 656 
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within a single sample. We classify crystal shapes using the Sneed and Folk (1958) classification 657 

scheme.  Of the 350 crystals measured across 14 samples, 60% are very elongated, 14% are very 658 

platy, and the rest fall into the other classifications (Table 3; Fig. 10). Table 4 also shows average 659 

crystal habit axial lengths (a = longest; b = intermediate; c = shortest) and axial ratios (
𝑎

𝑐
 : 
𝑏

𝑐
) for 660 

each sample. Average axial ratios are generally anisotropic with a >> b ≈ c for very elongated 661 

crystals and a ≈ b >> c in very platy crystals. The supporting information (Text S1; Figs. S9 – 662 

S22) contains the following information for each individual sample: Sneed and Folk (1958) 663 

ternary diagram and classification statistics, average axial lengths and ratios, and three 664 

orthogonal grayscale CT slices outlining a representative crystal. These results indicate that some 665 

samples are dominated by a single crystal shape (i.e., 73001,110A; 73001,181B; 73001,261A; 666 

73001,1156A; 73001,1164A; 73002,51A; 73002,1017B; and 73002,1141A; Figs. S9 – S16) 667 

whereas others have a range of crystal shapes (i.e., 73001,14A; 73001,125C; 73001,133; 668 

73001,1087A; and 73001,1183B; Figs. S17 – S21) or populations of different crystal shapes (i.e., 669 

73002,80A; Fig. S22). Table S1 contains all crystal measurements. 670 

 671 

Shape No. of crystals % of crystals 

Compact 18 5 

Compact-Platy 2 1 

Compact-Bladed 17 5 

Compact-Elongate 6 2 

Platy 6 2 

Bladed 11 3 

Elongate 9 3 

Very-Platy 50 14 

Very-Bladed 20 6 

Very-Elongate 211 60 

Table 3. Number of ilmenite crystals (n = 350) in each (Sneed & Folk, 1958) shape classification 672 

across all fourteen measured high-Ti basalt particles. 673 

 674 

  Average axial lengths (mm) Average axial ratios 

Sample Longest (a) Intermediate (b) Shortest (c) a/c b/c 

73001, 181B 0.87 0.07 0.05 19.1 1.5 

73001, 1164A 0.79 0.07 0.05 17.5 1.5 

73001, 14A 0.39 0.20 0.06 6.5 3.4 

73001, 133 0.56 0.18 0.02 25.1 8.1 

73001, 125C 0.56 0.28 0.09 6.1 3.1 

73001, 261A 1.23 0.06 0.04 33.4 1.7 

73001, 1183B 0.25 0.11 0.05 5.3 2.3 

73001, 1156A 1.22 0.09 0.06 21.3 1.6 

73001, 110A 0.79 0.10 0.07 11.6 1.5 

73001, 1087A 0.13 0.08 0.07 1.9 1.3 

73002, 51A 1.91 0.20 0.13 14.4 1.5 
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73002, 1141A 2.38 0.23 0.09 25.6 2.5 

73002, 1017B 1.07 0.81 0.07 16.0 12.1 

73002, 80A 0.41 0.11 0.08 5.4 1.4 

Table 4. Average axial lengths and ratios of ilmenite crystals measured across fourteen high-Ti 675 

basalts. 25 crystals were measured per sample. 676 

 677 

 678 

Figure 10. Ilmenite shape classifications. Ternary diagram from the classification scheme of 679 

(Sneed & Folk, 1958) showing the shapes of ilmenite crystals (n = 350) measured in fourteen 680 

high-Ti basalt particles from 73001 and 73002. Three-dimensional renderings (blue) of crystals 681 

are shown from three orthogonal orientations along the long, intermediate, and short crystal habit 682 

axes to illustrate end-member crystal shapes. 683 

 684 

We also observe a variety of crystal morphologies that are shown in the orthogonal 685 

grayscale images in the supporting information (Figs. S9 – S22). Very elongated crystals 686 

generally have sawtooth morphologies characterized by jagged edges and frequently terminate at 687 

multiple points, like a pitchfork (e.g., 73001,110A; 73001,181B; Figs. S9 – S10). Some 688 

elongated crystals, like in 73001,261A and 73002,51A (Figs. S11 and S14), are zoned with a 689 

darker interior and brighter rim, and frequently have a void space in the interior dark material 690 
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along the length of the crystal. The interior dark material is interpreted to be armalcolite. Very 691 

platy crystals, like in 73002,1017B (Fig. S15), commonly have a euhedral and hexagonal core 692 

with small growths emanating from the edges. Crystals with more equant axial ratios commonly 693 

show hopper or skeletal external morphologies, characterized by reentrant growth features (e.g., 694 

73001,14A; 73001,125C; 73001,1087A and 73002,80A; Figs. S17, S18, S20, and S22, 695 

respectively).  696 

While a more detailed analysis of crystal size and spatial distributions is needed, we do 697 

see different apparent crystal size and spatial distributions. For instance, 73001,261A (Fig. S11) 698 

shows two populations of ilmenite crystals, one that is coarse and zoned and the other that is 699 

fine-grained and acicular, that are spatially separated. Sample 73001,1183B (Fig. S21) has three 700 

distinct lithologies with different crystal sizes, shapes, and abundances. We frequently see 701 

samples with large, very elongated crystals with random spatial distributions juxtaposed to 702 

domains of finer-grained mesostasis that have much smaller ilmenite crystals (e.g., 73001,110A; 703 

73001,261A; 73001,1156A; 73002,51A; and 73002,1141A; Figs. S9, S11, S12, S14, and S16, 704 

respectively). Some samples have a single population of crystals with an apparently linear crystal 705 

size distribution and uniform spatial distribution (e.g., 73002,1017B; 73001,133; 73001,1087A; 706 

73002,80A; Figs. S15, S19, S20, and S22, respectively). 707 

4 Discussion 708 

4.1 Utility of XCT for 73001 and 73002 characterization 709 

X-ray computed tomography scanning of the entire lengths of 73001 and 73002 has 710 

provided a permanent record of the relatively undisturbed stratigraphy of the core material before 711 

it was necessarily disturbed by the extrusion/dissection process. This dataset is the only intact 3-712 

D archive of lunar stratigraphy up to 70 cm depth and can provide a wealth of scientific and 713 

engineering information, such as the dynamics of lunar mass wasting events (Magnarini et al., 714 

this issue), regolith gardening from micrometeoroid impacts (McFadden et al., 2024), and 715 

density and other physical properties of lunar soil, as well as providing a stratigraphic 3-D 716 

context for placing other datasets, such as maturity, reflectance, geochemistry, and the 717 

continuous thin sections (Bell et al., 2024; Neuman et al., this issue; Neuman et al., 2025; Simon 718 

et al., 2024).    719 

In addition to the scientific and engineering utility, these datasets proved to be invaluable 720 

during the extrusion and dissection processes (Gross et al., this issue). Sample processors were 721 

able to orient the core in a way that prevented slumping during extrusion due to large void spaces 722 

in 73002. They were also able to use the data to inform what clasts were to be expected during 723 

each dissection pass. Had large angular rock fragments been observed near the margins of the 724 

drive tube, special care during extrusion would have been taken to ensure that these fragments 725 

did not foul the extrusion process. Finally, the observation that the “keeper” at the top of the 726 

73001 drive tube was not seated properly inside the tube, and thus the regolith inside the tube 727 

would not have been properly immobilized if it was removed from the CSVC, was vitally 728 

important information. The procedure for transporting and XCT scanning the whole tube, as well 729 

as the procedure for extruding the core had to be modified in order to not significantly disturb the 730 

stratigraphy of the sample.  731 

Upon dissection and removal of the >4 mm particles from the core, most were coated in 732 

fine-grained lunar soil, obfuscating their lithologic classification through visible assessment in 733 
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the pristine lunar curation environment. By individually XCT scanning these particles in a way 734 

that keeps the samples pristine, we were able to confidently classify most samples, and identify 735 

potentially new lunar lithologies, while still maintaining their pristine nature. Furthermore, the 736 

XCT data proved to be a valuable guide to selecting representative clasts for more destructive 737 

non-pristine thin sectioning. Without the XCT data, we would have needed to make more of the 738 

dust-coated clasts non-pristine to reach the same level of representativeness among the polished 739 

sections of clasts from 73001 and 73002. The XCT scans were also beneficial in helping 740 

intentionally select particles for other follow-on studies, including targeted sectioning and 741 

subsampling of unique clasts or features (Shearer et al., this issue). Finally, the XCT data 742 

provided valuable, and sometimes the only, petrologic context for some clasts that were allocated 743 

for destructive bulk rock analyses (Cohen et al., this issue). 744 

Because the depth of each individually-scanned particle was well documented, we are 745 

able to assess lithologic variation with depth. For example, regolith fragments are much more 746 

common at shallower depths (i.e., 62% regolith breccias by mass in 73002) than at greater depths 747 

(33% regolith breccias by mass in 73001), which is consistent with the production of these 748 

through impact gardening of the local regolith materials. This trend was also documented in the 749 

<1 mm soil size fractions removed from 73002 and analyzed by scanning electron microscopy 750 

(Simon et al., 2024). Conversely, impact melt breccias are much more common at greater depths, 751 

57% by mass in 73001, compared to 33% in 73002. Similarly, there is an increase in the amount 752 

of basaltic material at depth in 73001 (7.8% by mass) versus what is observed in the shallower 753 

73002 material (3.4% by mass). Although it is dangerous to overinterpret the implications of 754 

these depth dependencies for just the >4 mm material, because of the relatively small number of 755 

particles, if this classification scheme is extended to smaller particles (e.g., 1-4 mm particles in 756 

the whole core scans), then constraints on the provenances of the materials included in this 757 

landslide deposit might be possible. 758 

4.2 High-Ti basalt clasts from various physicochemical environments 759 

The size and morphology of ilmenite in high-Ti basalt clasts reflects the thermodynamic 760 

conditions of the host melt. Usselman (1975) showed experimentally that ilmenite morphology 761 

varies as a function of cooling rate. Morphologies vary from dendritic to acicular to tabular with 762 

decreased cooling rate. Donohue and Neal (2015) (and references therein) provide a recent 763 

review of lunar ilmenite morphologies and 2-D analysis of a comprehensive set of Apollo 17 764 

basalt morphologies and crystal size distributions. Our 3-D analysis of lunar ilmenite 765 

corroborates their findings, showing that a wide range of ilmenite morphologies exist and that 766 

73001 and 73002 contain basalt clasts that represent various physicochemical conditions. 767 

Valenciano et al., (this issue) conducted augmented 2-D ilmenite crystal size distribution (CSD) 768 

analyses using XCT slices for several high-Ti basalt particles from 73002. Their results confirm 769 

that 73002 contains basaltic material from several flows.   770 

We also find that 2-D CSD analysis of lunar ilmenite using the CSDSlice program 771 

(Morgan & Jerram, 2006), which is commonly used to stereologically predict 3-D shapes from 2-772 

D measurements, underestimates the axial ratios for very elongated crystals; Donohue and Neal 773 

(2015) report ilmenite maximum axial ratios of 10:1, while our 3-D results are 2-3x higher 774 

(Table 4). Samples that have many very platy crystals (e.g., 73002,1017B) are also likely to be 775 

misrepresented using stereological conversions of 2-D measurements since any crystal that is not 776 

oriented parallel to the thin section will have a bladed to elongated apparent shape. Measuring 777 
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the shape of every crystal in 3-D to provide a CSD that does not require stereological 778 

conversions would be ideal, but is currently not feasible given the number of crystals and their 779 

intergrown nature. However, the augmented 2-D CSD methods by Valenciano et al., (this issue) 780 

produced axial ratios more comparable to what we measured. We hope that the ilmenite 781 

measurements provided here can supplement stereological predictions in future CSD analyses 782 

performed in 2-D.  783 

5 Conclusions 784 

X-ray computed tomography was crucial for the preliminary examination of Apollo drive 785 

tubes 73001 and 73002. Whole-core scans aided in the opening, extrusion, and dissection of 786 

73001 and 73002. They also provide a high-resolution 3-D archive of lunar soil that can be used 787 

by future researchers to better understand the dynamics of lunar landslides, regolith gardening 788 

processes, and the physical nature of the lunar subsurface up to 70 cm depth. Individual scans of 789 

the 352 >4 mm particles were critical for their classification, providing 3-D context and guidance 790 

for subsequent chipping and sectioning, and will also allow future researchers the opportunity to 791 

understand the textures, abundances, crystal morphologies, fabrics, and mineralogy of a large 792 

variety of lunar lithologies. We provide an example of how the XCT data for fourteen high-Ti 793 

basalt clasts can be used to better constrain the shape and morphology of lunar ilmenite, and use 794 

these results to show that high-Ti basalt clasts from 73001 and 73002 experienced a range of 795 

physicochemical conditions.  796 

Continued work in advanced curation research will evaluate XCT as a PE tool 797 

(McCubbin et al., 2019). For future analysis of astromaterials, the benefits of XCT scanning need 798 

to be weighed against the potential negative effects such as eradication of thermoluminescence 799 

signals or potential alteration of organic material, and whether the information lost from those 800 

techniques can be wholly or partially mitigated using other techniques (e.g., cosmogenic nuclide 801 

studies). Many current and future sample return missions have or plan to implement XCT for 802 

preliminary examination (Fukai et al., 2024; Gross et al., this issue; Righter et al., 2023; Tait et 803 

al., 2022), illustrating the usefulness of these data for the curation processors and the general 804 

scientific community.   805 
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