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Abstract: Samples of soils collected by the Apollo 11 mission (10084,2036) and the Apollo 14 mission (14163,940) were obtained from the NASA Curation and Analysis Planning Team for Extraterrestrial Materials (CAPTEM) program. The particle size, shape, and internal porosity were characterized in three dimensions (3D) using a combination of X-ray computed tomography (XCT) and mathematical analysis, with various size and shape parameters measured and calculated for each particle. High-resolution scanning electron microscopy (SEM) was used to image the particles that were too small for the two XCT instruments used. Similar characterization was carried out on samples of JSC-1A lunar soil simulant, updating a previous analysis. Approximately 14,000 lunar regolith particles and 128,000 JSC1-A particles, covering a wide range of size and shape, were characterized for this paper and the results stored in a publicly accessible database. This large number of particles enabled, for the first time, statistically valid particle shape distributions to be generated.  The 3D shape distributions of the two regoliths and JSC-1A were quantitatively compared and it was found that the way particle shape and porosity depended on particle size was different between regolith and simulant. The measured size distribution of particles in the lunar soils was applied to estimate the relative contributions of different sizes to the ensemble average particle single scattering albedo and phase function. By linking our particle counts to published sieve weight fractions for the lunar samples, we find that ~80 % of the total cross-section area is contributed by particles < 20 µm diameter and ~50 % by particles < 8 µm diameter. The orientation-averaged two-dimensional projected areas of the actual regolith particles were computed so that this estimate was also  based on real particle shapes. Such small sizes dominating the total cross-section area suggest that calculations of the elements of the scattering matrix for  individual particles may be possible with modest computing capabilities leading to the development of improved models for the quantitative interpretation of remote sensing spectrophotometry and polarimetry. This 3D characterization and database will enable other computational work to be done with real lunar regolith particle shapes, including discrete element method mechanical modeling, packing simulations, further light scattering calculations, dust contamination modeling, and modeling of lunar rover interactions with collected and packed regolith particles.  
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1. Introduction:  The lunar regolith (lunar soil) samples brought back from the Apollo missions have been studied exhaustively ever since their return to earth in the late 1960s and early 1970s. The primary focus of this paper is the measurement and archiving of the 3D shapes of thousands of lunar soil particles from Apollo 11 regolith (10084,2036) and Apollo 14 regolith (14163,940) using X-ray computed tomography (XCT) with emphasis on particle sizes from 0.6 µm to 20 µm.  In the remainder of the paper, 10084 and 14163 is often used interchangeably with the full designation. We compare the shapes of the lunar soil particles with the 3D shapes of lunar regolith simulant JSC-1A particles. For the JSC-1A lunar regolith simulant, we make use of the XCT images from previous work (Garboczi, 2011) but with improved analysis resulting in improved 3D particle shape information for JSC-1A. All this data has been put into an accessible database described in Section 8.

As one of many possible applications for this database, we investigate the contributions of different particle sizes to the radiance of sunlight scattered by the lunar regolith. The radiance is the signal measured in remote sensing studies, e.g. imaging and spectroscopy. One gram of lunar soil, roughly 1 cm3 of the lunar surface, contains more than 109 particles larger than a wavelength of visible light. Within the wavelength range from 0.3 µm to 2.5 µm where the lunar surface radiance is dominated by scattered sunlight, the signal in each pixel of a ‘remote sensing’ image or spectrum must be considered as an ensemble statistical average of the weighted contributions to the radiance from a very large number of particles with a distribution of sizes, shapes, orientations, and compositions. In this paper, we measure and archive the 3D shapes of thousands of regolith particles across the size range that contributes most of the radiance, or ‘scattered light’, as a necessary, but not sufficient, input to models for quantitative interpretation of remote sensing measurements of the lunar surface.  

When light interacts with a particle, the fraction of incident power that is scattered is termed the ‘single scattering’ albedo. The angular redistribution of the scattered power is described by the ‘phase function’, named for the ‘phase angle’ between the light source and observer directions as viewed from the particle. A complete description including polarization replaces the phase function with a 4x4 ‘scattering matrix’ to determine the full Stokes vector for the scattered light. Hansen and Travis (1974) give an in-depth description of calculating the albedo, scattering matrix, and intensity and polarization of the scattered light for independently scattering spherical particles and size distributions of spherical particles. The scattered light is completely determined by the particle composition, described by the wavelength dependent complex index of refraction, and the particle description, i.e. the size, and for non-spheres, the 3D shape and orientation. Thus, for a set of independently scattering model particles and a candidate composition, if the complex index of refraction for a range of wavelengths is known, the radiance (spectrum) and its polarization state observed from any direction can be determined. A key advantage of this approach is that the relationship between the measureable quantities, the radiance and polarization state, at all wavelengths and from all illumination and viewing geometries is determined from first principles. 

In practice, the particle albedo and phase function are sometimes treated as a set of independent parameters, neglecting the basic physics that connects them, and are fitted to match the intensity at each wavelength. For the lunar regolith, the problem is complicated by the packing density of particles that touch where the assumption of independently scattering particles may not be valid (Muinonen et al., 2011; Garboczi, 2011). Corrections for inter-particle shadowing and the phenomenon of coherent backscatter are often applied (Hapke, 2012). These corrections could equally be applied while preserving the albedo and phase function relationship determined from the particle size, shape and composition. Goguen (2014) gives an overview of planetary surface photometry modeling.

Our immediate objective here is to measure the size and shape distributions of lunar regolith particles with resolution comparable to visible and near infrared wavelengths. Our ultimate goal is to incorporate these precise shapes into light scattering models that preserve the fundamental physics of light interacting with particles to advance the quest for an analysis method that enables retrieval of the most accurate description possible of a planetary regolith from measurements of the scattered light at different wavelengths and scattering geometries. 
The wavelength-scale measurements and analysis of a significant number of actual lunar regolith particle shapes reported here is the first step towards our ultimate goal. However, in pursuit of this goal, we also measured larger particles, up to approximately 150 µm in size, as this data can be compared to other lunar regolith data. Of course, the measured size and shape parameters can also be used in other applications besides light scattering, e.g., packing models and excavation and other mechanical simulations.

Note that, rigorously, particle size and shape are not independent parameters (Jia and Garboczi, 2016). For example, simply saying that a particle has size D does not say anything about the shape. It could be a sphere of diameter D, a cube with edge length D, or a rectangular box where D is some kind of an average of the three edge lengths. Except for a simple regular shape like a sphere or cube, a single number cannot characterize particle size. And even for these simple shapes, the size is meaningless without some indication of the shape. There are many shape parameters used in the literature (Heywood, 1954), which have been used for over 60 years mainly on random shape particles.

Current three-dimensional (3D) particle size measurement techniques (e.g., sieving, laser diffraction, electrical sensing zone, sedimentation) have to assume a spherical particle shape in order to mathematically extract a particle size. Most particle size measurements that simultaneously measure particle shape and size, without assumptions, do so in two dimensions (2D) only, through projection images (e.g., dynamic image analysis, optical or scanning electron microscopy). There has been a recent comparison of these methods on metal powders (Whiting et al., 2022). This paper measures the actual 3D particle shape, size, and internal porosity via XCT. Note that the number and size of internal pores, as well as the pores between packed particles, will have a significant effect on the thermal transport through packed particles.

The particle size distribution of lunar regolith has been extensively studied using a variety of techniques. Therefore, when one discusses “the particle size distribution” of a material, one must specify what approximate measure of particle size is being used. Sieving, sometimes assisted by sonic shaking, has been used (Carrier, 1973a; Carter and MacGregor, 1970; Mueller, 1971; Duke et al., 1970; Heywood, 1971; King et al., 1971; King, 1977; McKay et al., 1972; King et al., 1972; Butler et al., 1973; McKay et al., 1974; Butler and King, 1974; Basu et al., 2001), as well as SEM measurements at several different magnifications to acquire a large range of 2D particle sizes (Park et al., 2008; Liu et al., 2008). Because of the finite focal length in an SEM, some qualitative information about the third dimension is also obtained. A scanning mobility particle sizer measuring regolith fractions with size less than about 20 µm has been used in an aerosol approach (Greenberg et al., 2007).  Much of this data has been reviewed and compiled in useful documents (Martin and Mills, 1977; Papike et al., 1982; Heiken, 1975; Carrier et al, 1973b; Graf, 1993; Heiken et al, 1991; Lindsay, 1976; Lunar Soil Compendium). There has been some use of laser diffraction particle size measurement techniques (McKay et al., 2009a; McKay et al., 2009b; Cooper et al., 2015). Quantitative 2D measurements of shape have been reported (Görz et al., 1971; Görz et al., 1972) as well as more qualitative assessments of particle morphology (Liu et al., 2006); McKay and Ming, 1990). Surface area and internal porosity have been evaluated by gas adsorption (Cadenhead et al., 1977; Robens et al., 2007). Various physical properties, including mechanical and optical, have been measured (Gertsch et al., 2008; Robens et al., 2008; Noble et al., 2001). There have been several papers that used either X-ray microscopy to acquire 3D shapes for Apollo 11 regolith particles (Kiely et al., 2011) or XCT to investigate a few particles of Apollo 16 regolith (Katagiri et al., 2014) and about 1000 recovered asteroid regolith particles (Tsuchiyama et al., 2011). 

A similar effort has been devoted to lunar regolith simulant with some emphasis on shape. Qualitative investigations of particle shape can be found in (Suescun-Florez et al., 2015; Hou et al., 2019) while quantitative 2D measurements of particle shape with advanced mathematical analysis were reported (Rickman and Lowers, 2012; Rickman et al., 2012; Rickman et al., 2016). Comprehensive reviews and compilations of data on various lunar simulants are available (Schrader et al., 2010; Taylor et al, 2016; Planetary Simulant Database). 3D particle shape analysis using XCT was reported in (Matsushima et al., 2009) for about 400 grains.

Previous 3D shape characterization was done on JSC-1A (Garboczi, 2011), and preliminary work on 10084 and 14163 has been reported (Chiaramonti et al., 2017).  Preliminary light-scattering calculations have recently appeared for around 20 smaller lunar regolith particles (Baidya et al., 2022), taken from the nanoCT particles in this present paper, for wavelengths between about 400 nm to 1000 nm. Such computations will give a quantitative basis for research in light scattering from the lunar surface (Hovenier and Muñoz, 2009; Goguen et al., 2010). Light scattering measurements have been carried out on irregular mineral particles and JSC-1A of around the same size range as lunar regolith (Moreno et al., 2006; Volten et al., 2001; Escobar-Cerezo et al., 2018a; Johnson et al., 2013; Nousiainen, 2009; Zubko et al., 2013; Muñoz et al., 2012; Muñoz et al, 2010; Muñoz, O. et al., 2000; Davis et al., 2014; Zubko et al., 2017). Such measurements will serve as a check on computational results when these are available. However, computational light scattering on particles of size greater than a few micrometers can be time-consuming (Baidya et al., 2022; Kahnert, 2013; Mishchenko et al., 2000; Mishchenko and Travis, 1994; Muinonen et al., 1996). Fortunately, light scattering from the lunar surface is probably dominated by particles whose size is less than or equal to a few tens of micrometers, as was mentioned previously and as will be demonstrated in this paper.

Mishchenko et al. (2000) reviewed research on scattering by irregular particles and (Nousiainen, 2009) gives a recent review of modeling the scattering matrix for irregular mineral dust particles.  Other studies tried to incorporate the shape variations of lunar dust particles by using Gaussian random shape generators for computational simulations or by using terrestrial lunar regolith analogs in experimental studies (Escobar-Cerezo et al., 2018a; Davis et al., 2014; Zubko et al., 2017; Richard et al., 2011; Escobar-Cerezo et al., 2018b; Muinonen et al., 1996).  These studies showed that the optical scattering of regolith on the lunar surface depends on particle size, shape, material composition, surface roughness, and packing density (Escobar-Cerezo et al., 2018a; Davis et al., 2014; Escobar-Cerezo et al., 2018b; Muinonen et al., 1996). Measurements quantifying the specific 3-D shapes of actual irregular regolith particles will enable the shape characteristics that are most important to the light scattering behavior in the lunar regolith to be identified and characterized.  This will enable packing effects to be sorted out from individual particle effects. Material properties have already been extensively studied (Cater and MacGregor, 1970; Mueller, 1971; Duke et al., 1970; King, 1977; Papike et al., 1982; Heiken, 1975; McKay and Ming, 1990).

In the remainder of this paper, Sections 2 to 6 describe the particle shape measurements, methods, and results. Section 7 investigates the application of the database to scattering of sunlight.



2. Materials and experimental/computational methods

The two lunar regolith samples, 1 g of each, were obtained on loan from NASA through the Curation and Analysis Planning Team for Extraterrestrial Materials (CAPTEM) system. The Apollo 11 regolith was designated by NASA as 10084,2036 and the Apollo 14 regolith was designated by NASA as 14163,940. The JSC-1A lunar regolith simulant was obtained in 2010 from the Kennedy Space Center (Philip Metzger, now at University of Central Florida, Florida Space Institute) and was previously analyzed (Garboczi, 2011)]. The 10084 regolith sample is a Sea of Tranquility mare soil and the 14163 regolith sample is a Fra Mauro near-highland soil. 

2.1 3D particle data acquisition

The XCT sample preparation method was similar to that described recently (Garboczi and Hrabe, 2020a; Garboczi and Hrabe, 2002b; Garboczi, 2002; Garboczi and Bullard, 2017; Taylor et al., 2006; Garboczi et al., 2017; Erdoğan et al., 2007; Garboczi et al., 2012) but with some differences between those references and some differences between the real and simulated lunar regolith. The 10084 and 14163 powders as obtained from NASA had been  passed through a 1 mm sieve before receiving them. In this study, these two soils were not further sieved. The JSC-1A material was sieved into 20 µm to 38 µm, 38 µm to 75 µm, 75 µm to 300 µm, and >300 µm size ranges. This was done since the JSC-1A appeared to contain more of the larger particle fractions than did the two lunar regolith particle sets. Sieving enabled the voxel size used to be optimized for each sieve size fraction. For all three materials, a small sample of powder was mixed gently by hand, using a small wooden stick, with several grams of quick-set epoxy. It is always possible that some fragile particles were broken in this process but the epoxy was quite viscous so the force of the mixing stick on the particles would have been greatly reduced. The volume fraction of powder in the powder-epoxy composite, computed from mass fractions and estimates of the specific gravities of particles and epoxy, was held to be well under 10 %. This assures that the powder particles, on the whole, were not touching each other, so that no separation via image analysis was generally necessary (JSC-1A was handled differently, see below). While the mixture was still viscous, it was drawn into a 3 mm tube with a small vacuum pump. For the lunar regolith material, the mixture was also spread around the outside of empty tubes to make a thinner layer to enable the smaller particles to be better resolved. Several larger diameter tubes were used for the JSC-1A, according to the particle size ranges prepared. 

After the epoxy hardened for the two lunar soils, a 50 mm long section was placed upright into an XCT (Zeiss Versa XRM500, microCT data)[footnoteRef:1] and scanned with a voxel size of 700 nm. Enough samples were made, with sufficient fields of view (FOV) for each sample, to assure that after reconstruction enough particles had been scanned so that various averages and distributions would be independent of particle number. Each FOV was about 10003 voxels in size. Some of the particle-epoxy flakes from the outside of the tubes were mounted on dressmakers’ pins and scanned in a nanoXCT (Zeiss Ultra 810, Cr X-ray source, nanoCT data) at voxel sizes of about 64 nm. It is also possible to use electron tomography in a transmission electron microscope to measure 3D shape for particles with size on the order of 10s to 100s of nanometers (Cervera Gontard et al., 2008; Sato et al., 2010). The voxel sizes used for the JSC-1A samples varied (see Table 1) and a Skyscan 1172 microXCT (microCT data) instrument was used (Garboczi, 2011). [1:  Certain commercial equipment, software and/or materials are identified in this paper in order to adequately specify the experimental procedure. In no case does such identification imply recommendation or endorsement by the National Institute of Standards and Technology, nor does it imply that the equipment and/or materials used are necessarily the best available for the purpose.] 


NIST-written software was run on each set of images, automatically segmenting them into binary images (white powder, all else black) using a version of Otsu’s method for three phases (Otsu, N., 1979).  Other software then identified particles as clumps of voxels that were all touching through any of the six faces of each voxel. Care was taken that no particles were collected that had voxels touching a boundary, as they may have been artificially cut. Only particles that had a volume of at least 512 voxels (8 voxels across the particle) were saved, since volumes smaller than this meant that particle shape could not be accurately analyzed (Garboczi, 2002). The particles that passed all the tests were saved as collection of voxels, with any internal pores being catalogued then filled in. The integer coordinates of the voxel centers were stored, one triplet per line, in a text file whose first line gave the total number of voxels M in the particle so that the total number of lines in the file was M + 1. Because of the different voxel sizes used, the minimum particle “size” studied was about 5.6 µm diameter for the microCT scans and 512 nm for the nanoCT scans. For the lunar regolith, since some of the same particles were possibly studied by both instruments, the width (defined below) W = 5 m was used for the cutoff between the microCT and nanoCT results. Any particle identified in the nanoCT scans that had W above that cutoff was ignored, which amounted to only 20 or 30 out of approximately 1000. All the microCT particles scanned were able to be used. The collection of voxels representing each particle was converted to an STL file [abbreviation for stereolithography file, containing all the information needed to re-create a 3D object via a triangulated surface, see for example https://en.wikipedia.org/wiki/STL_(file_format)] using a marching cubes algorithm in a NIST-written image analysis package (https://gitlab.nist.gov/gitlab/newell.moser/imppy3d) while maintaining the volume of the STL file to within 5 % of the measured voxel volume. The STL format enables both volume and surface area to be easily computed. In each particle data set, only a few particles (<< 1 %) could not be converted to STL while maintaining the approximate volume invariance and so were abandoned.  The resulting STL files were stored in a publicly available database (https://doi.org/10.18434/mds2-3043). All information was linked by the numeric label assigned to each particle. 
We have found that putting the particles in epoxy at a low volume fraction, along with vigorous stirring of the epoxy-powder mixture, is usually sufficient to adequately disperse the particles. In metal powders, multi-particles are common because of inter-particle welding. The dispersion process ensures that any multi-particles found are real and not just an artifact of two or more particles being close together and blurred together into one particle via the X-ray CT reconstruction process and finite resolution. In crushed, blasted, or ground particles, real multi-particles rarely appear. However, if the particle volume fraction in the epoxy dispersion is too large, multi-particles can appear that are only artifacts. For the two lunar regolith powders, the particle volume fraction used was small, resulting in the large number of FOVs listed in Table 1 that were needed to get a moderate number of particles to analyze. 

2.2 Improved JSC-1A Lunar Simulant Analysis
The JSC-1A samples were made with a significantly higher volume fraction than were the lunar regolith samples. Garboczi (2011) used only the particles that could be analyzed with spherical harmonic series and ignored the rest of the particles. Upon re-examination of the discarded particles, stored as a collection of voxels, from those X-ray CT scans, it was found that there were many real particles mixed in with many clearly artificial multi-particles. The real particles were extracted and used in an improved analysis of the JSC-1A particles. A simple algorithm was devised to automatically find these artificial multi-particles and eliminate them. It would have been ideal to separate these artificial double particles and use them both but improving the algorithm to separate double particles at exactly the point of contact was a difficult task. Fortunately, there were a sufficient number of single discarded particles so it was deemed adequate to simply find and eliminate the artificial multi-particles. The algorithm was based on the idea of k-means. Using this algorithm, nearly all (> 90 %) of the artificial multi-particles were identified and eliminated and the single particles added into the analysis. Details of this algorithm can be found in Appendix A.
 

2.3 Particle length, width, thickness, porosity, and average projected area
Three-dimensional geometric information was calculated and stored for each particle of all three classes. From past work, the most useful geometric parameters have been found to be volume, length L, width W, and thickness T. The volume is directly measured from the segmented XCT images and just equals the number of voxels in a given particle multiplied by the cube of the voxel edge length (voxel edge lengths given in Table 1). L is the longest length across the particle, W is the longest length across the particle that is perpendicular to L, and T is the longest length across the particle that is perpendicular to both L and W. By this construction, T  W  L, and T ≤ W ≤ L and a rectangular box of dimensions L, W, and T is the smallest volume (for sufficiently irregular particles) rectangular box that just contains the particle (Taylor et al., 2006). The three aspect ratios L/T, W/T, and L/W were useful for approximately classifying particle shape. Note that only two of these ratios are independent for a given particle. 
[bookmark: _Hlk134536431]The algorithm for computing L, W, and T for an STL particle was simple. First, L was determined by finding the largest distance between any pair of surface triangle vertices. There was no need to look at points in the interior of each triangle, as the maximum distance would be found between vertices. Assume at least one endpoint of a pair of surface points that define L is in the interior or edge of a surface triangle. Then it is not hard to see that moving to a vertex of that triangle would increase L, which was assumed to be the maximum pair distance. A 2D triangular coordinate system was set up for each triangle, defining points in the interior and the vertices of each triangle. W was determined by the largest distance between any pair of these points that was also perpendicular to L. T was determined by the largest distance between any pair of these points that was also perpendicular to both L and W. Both linear dimension and perpendicularity were simultaneously optimized. The absolute value of the vector dot products between the various L, W, and T unit vectors had to be less than 0.05, which forced the angles between L, W, and T to be 90o  3o. Enough points were considered in the interior of each triangle so that W and T were converged. This data, correlated to each unique particle label, is also stored in the publicly available database accompanying this paper.  
The only two-dimensional geometric information calculated was the average projected area of a particle, which is useful in determining light-scattering from that particle. The projected area in a given direction, denoted by a unit vector, is determined by the area that is formed when the particle is collapsed into a single plane where the normal of the plane is equal to the unit vector chosen. The algorithm for doing this for an STL particle makes use of the 2D coordinate system used for each surface triangle. First, the triangle vertices and triangle normal are rotated into the direction chosen making it the z-axis for the STL particle. All the vertices are collapsed or projected to the z = 0 plane and new points are generated within each triangle. The projected points are stretched so that the larger of the two maximum x and y lengths makes up about 97 % of the entire image dimension – the image is taken to be 512 pixels by 512 pixels. If a point falls within a pixel of the digital image at z=0 then the originally black pixel is turned white. More points are chosen inside triangles whose surface normal is closer to the z direction. Finally, an algorithm is run to identify any black pixels inside the projection, surrounded by white pixels, that had not been turned white and turn them white. The total number of white pixels, suitably scaled to reverse the original coordinate stretching, is the projected area of the particle in that direction. The algorithm was tested on several sizes of spheres. A 20-point Gaussian quadrature was chosen for each of the two spherical polar angles (,) to compute the following integral, eq. (1), for the average of A(,), which is the projected area in the direction determined by the two spherical polar angles:
                     (1)
and <A> is the projected area averaged over random orientations.
When analyzing particles, programs also measure the porosity of each particle. The porosity of a particle is defined as the volume of empty space (pore volume) found within a particle divided by the sum of the solid volume and pore volume. A pore is only recorded if it consisted of empty space completely surrounded by solid material. A pore that had broken through to the particle surface would not be counted as a pore but would only affect the surface area and overall morphology. A record was kept of the porosity of each  unique particle number/name.  A final useful way of obtaining a particle size from the volume is the volume-equivalent spherical diameter (VESD), which is defined as the diameter of the sphere with volume equal to the real particle.
2.4 SEM methods 
SEM images were made of many (~1000 each) particles from the 10084 and the 14163 classes but only a few of the JSC-1A particles. The reason for these measurements were two-fold. First, the SEM images, although only quasi-3D, gave a very clear look at the details of particle surfaces, which was useful. Second, the nanoCT particles analyzed only went down to about a particle size of 500 nm, as was mentioned above. Therefore, to compensate for this lack of 3D XCT data for smaller sizes, we used SEM imaging to compile a survey of 2D particle sizes and aspect ratios designed to overlap the nanoCT data and extend to even smaller sizes, e.g., 100 nm to 200 nm. The SEM data will allow us to evaluate the premise that the smaller particles whose shapes cannot be measured with XCT are self-similar in shape to the larger particles that can be measured with XCT [88]. The 2D length (L2D) and 2D width (W2D), defined similarly to 3D, were estimated from the SEM images and compared to the 3D equivalents.
Samples for SEM were prepared using a “dry casting” technique. This technique was chosen as it is the most similar analog to the preparation for XCT, e.g., samples were not sonicated nor suspended in a solvent in a way that would alter their as-received agglomeration or size distribution. Any pre-existing agglomeration of the particles should be similar to that of the XCT samples. For dry casting, a small scoop (~ 1 mg) of lunar soil was scattered onto a clean Si wafer. The excess was removed by gently tapping the wafer while holding it upside down. Most of the particles adhere to the substrate by Van der Waals forces/electrostatics due to their small (< 20 µm) size. There is a slight risk of size and/or shape bias using this technique. However, it was deemed the most representative of the raw material and the most analogous to the XCT preparation techniques. Methods using water or various inorganic solvents to disperse the particles for analysis lead to poor dispersion and particle agglomeration due to so-called “coffee ring” effects upon drying.
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Figure 1: SEM images taken with an in-lens detector at fast scan speeds (378 ns, pixel averaging noise reduction) in order to reduce charging (all scale bars are 2 m long). (a) An example of a successful measurement. Two distinct particles are fully separated and fully contained within the FOV. (b) An example rejected measurement. The particles are not fully contained within the FOV. (c) An example of a rejected measurement; it is impossible to tell if this is one large particle or several separate particles. (d) Same particles in (a), but with the L2D and W2D measurements denoted. 
SEM was performed in a field emission instrument operated at 1 kV with a 30 um aperture at 7.2 mm working distance. A magnification of 9 kX was used, resulting in a pixel size of 12.4 nm and a field of view of ~ 8.7 µm x 12.6 µm. To minimize the effects of charging, a moderately fast scan speed was used (378 ns) with pixel averaging noise reduction. 
To remove implicit bias and randomize the imaging as much as possible, the SEM was set up to automatically translate the stage in a serpentine grid of non-overlapping FOV-size increments across each wafer. Within each FOV rectangle in the grid, an image was captured whenever there was a particle or particles fully contained within the FOV as in Figure 1(a). Measurements did not include any particles where a portion was outside the FOV (Figure 1(b)), any adhered particles (e.g. small nm-sized glass beads adhered to a larger particle), nor any particles that could not be unambiguously resolved as physically separate, as in Figure 1(c). 
Particle 2D length (L2D) and 2D width (W2D) were determined as illustrated in Figure 1(d). The images in Figure 1, and in all the images used in quantitative L2D and W2D determinations (see the database that goes with this paper) used the in-lens detector, which detects higher energy secondary electrons resulting in images with higher spatial resolution.  In Section 6, the relation between the ratios L2D/W2D and L/W in 3D is discussed.

3. Qualitative SEM Results
Figure 2 shows three columns of SEM images from 10084, 14163, and JSC-1A.  A range of particle sizes has been chosen, but not the full size range of the three materials. The scale is the same for all the sub-images,which are 12.71 m in width. The images in Fig. 2 were generated using the SE2, or Everhart-Thornley detector, which is positioned lateral to the surface and detects some backscattered electrons as well as lower energy secondaries. The result is that these images will have characteristic “3D” topographical contrast that gives qualitative 3D morphology information beyond the in-lens images, which appear more flat. The following qualitative remarks are based on looking at many particle images, not just the images shown in Fig. 2, and set the stage for the quantitative 3D analysis below. The JSC-1A has no globular features as can be seen in the 10084 and 14163 images. The JSC-1A particles, though angular, seem more regular, i.e., closer to angular objects rather than the 10084 and 141632 particles, which seem somewhat more agglomerated. Spherical particles (“glass beads”) as well as exposed surface gas voids or vesicles are commonly seen in the lunar regolith but rarely observed in the simulant (Noble, S.K., 2009). Also, as expected, agglutinate particles are present in both the lunar regolith specimens but have not been observed in the simulant. The qualitative features that can be observed cannot be taken as directly supporting the quantitative 3D results presented later in this paper, but they certainly do not contradict the 3D results. 
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Figure 2: Representative SEM images of JSC-1A simulant, and Apollo 11 (10084) and Apollo 14 (14163) regolith. Each image has a 12.71 micrometer field width. Images were captured with an SE2/ Everhart-Thornley detector that is mounted lateral to the surface and gives these images a characteristic 3D appearance. 
4. Three dimensional results for particle size and porosity

Each particle size average and statistical distribution presented in this section are constructed for some choice of parameter. We emphasize again that for any particle, and especially random-shape particles, there is not a single number that can completely characterize size or shape.  In many cases and practical applications, it is quite convenient to only have one number for size and one number for shape, but such a choice is very limiting in information about the real particle. For example, there is no way to calculate the light scattering from a single random-shape particle without having a full knowledge of the 3D shape, not just a few size/shape parameters.

4.1 Particle acquisition results

Table 1 shows summary results from the 3D characterization in terms of the total number of particles analyzed for each particle type, the voxel size used in the reconstructed XCT images, and the number of fields of view used to acquire particles in each class.  Variation in the number of particles analyzed result from variations of the concentration of particles in the epoxy, and how many fields of view were taken of each particle type. There are four lunar regolith classes: 10084-nanoCT, 10084-microCT, 14163-nanoCT, and 14163-microCT. These designations indicate the type of lunar regolith and the type of tomography instrument that was used. The particle numbers for the JSC-1A material have been corrected from [2] by adding in the single particles that were previously eliminated. 
Table 1: Particle numbers, voxel size (edge length), and the number of fields of view (FOV) for all four lunar regolith classes and JSC-1A lunar simulant. Each FOV was approximately 10003 voxels. The nanoCT particles all have W < 5 µm, and the microCT particles all have W > 5 µm.
	Particle
	Total #
	Voxel size
	# FOV

	10084-nanoCT
	1060
	64 nm
	28

	10084-microCT
	4714
	700 nm
	14

	14163-nanoCT
	672
	64 nm
	18

	14163-microCT
	7530
	700 nm
	15

	[bookmark: _Hlk98855231]JSC-1A (20 µm to 38 µm)
	38859
	1.3 µm
	11

	JSC-1A (38 µm to 300 µm)
	85515
	2 µm
	19

	JSC-1A (300+ µm)
	3917
	12 µm
	3



4.2 Particle porosity results
Table 2 shows the number fraction, in percent, of particles in which pores were found, along with the average porosity per porous particle (number weighted, not volume-weighted), and the maximum porosity found in a porous particle in that class. In addition, the number percent having porosity greater than 1 % is also listed, to give an idea of how many particles with larger pores there might be. The JSC-1A results in Table 2 have not been corrected via the k-means algorithm for apparent multi-particles. This is because the porosity of an identified particle that really consists of two or more particles artificially attached to each other is a volume-weighted average of the porosity of those two particles and so contributes to the overall average in the same way as if they had been separately identified. 

Table 2: Porous particle number percentages, average porosity per porous particle, and the number fraction of particles with greater than 1 % porosity, for all seven powder classes.
	Particle
	% porous particles
	Avg porosity, %
	# % with > 1 %

	10084-nanoCT
	57.1
	0.3
	3.3

	10084-microCT
	4.1
	0.2
	0.15

	14163-nanoCT
	35.8
	0.1
	0.3

	14163-microCT
	2.5
	0.2
	0.12

	JSC-1A (20 µm to 38 µm)
	3.8
	0.25
	0.17

	[bookmark: _Hlk100738377]JSC-1A (38 µm to 300 µm)
	8.7
	0.41
	0.59

	JSC-1A (300+ µm)
	52.7
	0.66
	6.4



Consider the order of magnitude difference in the percentage of particles that had detected pores between the nanoCT and microCT data, for both the 10084 and 14163 regoliths. This is an indication that most of the pores in the regolith particles were smaller than about 1.0 µm. For the microCT particles, the smallest pore that could be detected would be about two voxels, or around 1.4 µm across. For the nanoCT particles, the smallest pore, again about two voxels, would be about 128 nm across. If most of the pores are indeed smaller than 1.0 µm, then more would be detected in the nanoCT results. This seems to be the case. Consider a simple calculation for the 10084 microCT particles. Take an average size particle with W = 58 µm (see Table 3) and a porosity = 0.2 %. If all the porosity is generated by a single pore, and we assume that the particle is spherical with diameter W and the pore is also spherical, then that pore would have a diameter of about 7 µm. If the same calculation is done for the 10084 nanoCT particles (W = 2.9 µm and 0.3 % porosity), then the single pore would have a diameter of about 400 nm. A final interesting point in Table 2 is the large difference in the nanoCT data, between 10084 and 14163, in the number percent of particles that had porosities above 1 %.  The 10084 nanoCT material had 3.3 % by number of particles with greater than 1 % porosity, more than 20x greater than the 0.15 % by number for the 10084 microCT particles. The 14163 nanoCT material, on the other hand, only had 0.3 % by number particles with porosities greater than 1 %, larger than but similar to the 0.12 % equivalent number for the 14163 microCT particles.
The results in Table 2 for JSC-1A show that the average porosity, the maximum porosity encountered, and the percentage of particles with porosity greater than 1 % (larger and/or more numerous pores) all increase sharply with increasing particle size. One percent was chosen as the arbitrary cutoff value between “small porosity” and “large porosity.” Figure 3 shows that the larger JSC-1A particles have many, mostly rounded, pores in them, perhaps air bubbles from the volcanic process that made this material (Taylor et al., 2016). The smaller particle sizes come from crushing and grinding these larger particles. These smaller fragments probably will not include a pore in them, especially as the particle size drops below the average spherical pore size and so cannot contain one of these larger pores. As well, the pores in the larger particles will be weaker areas as the particles are crushed, so that broken pores only show up as curved surfaces on particle boundaries, which can also be seen in Fig. 3. 
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[bookmark: _Hlk146873469]Figure 3: Sample XCT cross-sectional images of JSC-1A particles (a) in the sieve size range 300+ µm, 410 x 320 pixel image, 12 µm/pixel, (b) in the sieve size range 38 µm to 300 µm, 380 x 360 pixel image, 2 µm/pixel, and (c) in the sieve size range 20 µm to 38 µm, 450 x 420 pixel image, 1.3 µm/pixel. All three images have been cropped from much larger XCT cross-sectional images and have been resized so that they all appear similar in physical size in Fig. 3.

4.3 Particle size results
[bookmark: _Hlk150860738]Table 3 lists the average values of the 3D quantities, L, W, T, and VESD, for all four particle classes, both volume (v) and number (n) weighted, e.g., the number-weighted average of L is <L>n. The standard deviation for these quantities only gives a single number describing their distribution and so is neglected since the full distributions are discussed below. The uncertainties for the average dimension measurements, 3D or 2D, are about 2 voxel lengths, due to both uncertainty in image segmentation and calculation uncertainty that arises when forcing W to be perpendicular to L and T to be perpendicular to both W and L. This would translate, for the lunar regolith particles, to about + 1.4 µm for the microCT particles and + 128 nm for the nanoCT particles. The differences between the volume-weighted and number-weighted averages for both kinds of lunar regolith come from the fact that the lunar soil was unsieved, so that there was a significant range in particle size in the samples. The nanoCT samples had a narrower size range than did the microCT data, so the difference between number and volume-weighted averages showed less difference for the nanoCT data vs. the microCT data. The JSC-1A data shows much less difference between volume-weighted and number-weighted results, since it was sieved so that there was a much narrower range of size in each sample. 
To better understand this outcome, consider monosize particles, where it is easy to see that the volume-weighted and number-weighted average are the same. For non-monosize particles, consider a simple test case, a distribution of spheres with diameters uniformly distributed between D1 and D2, with D1 < D2.  The number average diameter is the simple arithmetic mean of the smallest and largest diameters, ½(D1+D2), while the volume weighted average increases from this result by a positive term proportional to (D2-D1)2 plus higher order, positive terms.  

Table 3: 3D average particle dimensions for all particle classes, in (µm).
	Particle
	<L>v 
	<L>n
	<W>v
	<W>n
	<T>v 
	<T>n
	<VESD>v 
	<VESD>n

	10084-nanoCT
	3.9
	2.1
	2.9
	1.5
	2.2
	1.1
	2.4
	1.2

	10084-microCT
	110
	18.0
	58.1
	13.2
	47.3
	9.6
	50.4
	11.2

	14163-nanoCT
	4.5
	2.1
	3.2
	1.5
	2.4
	1.1
	2.8
	1.3

	14163-microCT
	93.8
	15.9
	69.1
	11.9
	50.4
	8.7
	58.4
	10.0

	JSC-1A (20 µm to 38 µm)
	46.1
	39.9
	33.4
	28.6
	22.7
	19.0
	28.9
	24.6

	JSC-1A (38 µm to 300 µm)
	98.1
	70.7
	74.6
	53.4
	53.5
	37.3
	63.9
	46.0

	JSC-1A (300+ µm)
	670
	527
	535
	416
	406
	312
	453
	349



The average values of L, W, T, and VESD, whether number or volume weighted, were very similar for the 10084 and the 14163 particles, for both microCT and nanoCT classes. Within experimental error and few-particle statistical fluctuations, the 14163 micro-CT material was slightly finer than the 10084 material. The nanoCT materials were very similar to each other. The graphic mean grain size of the < 1 mm fraction of 14163 is 42 µm (King et al., 1972) and for 10084 is 51µm (Basu et al., 2001), consistent with our observation. An average value combining all the JSC-1A particles could not be calculated, since the relative mass of particles in each sieve size range was not recorded when the sieving was done more than 10 years ago.  For the same reason, any kind of overall size distribution function could not be calculated for the JSC-1A material. 
Size distribution functions could be calculated for the lunar regolith particles. This will only be valid for the material passing a 1 mm sieve, since this is how the powder particles were received. The microCT and nanoCT particles cannot be combined, since the relative number of particles in the nanoCT and microCT FOVs were not necessarily the same  as in the original material. Since width is usually considered to be roughly equivalent to a sieve opening size (edge length of the square hole in our case) (Fernlund, 1998), the particle size distributions for the 10084 and 14163 microCT material will be computed in terms of W. Equally valid would be a size distribution in terms of L or T or VESD. Actually, VESD and W track each other well, so the W size distributions presented below should be quite similar to a VESD size distribution. Note that even though laser diffraction size distribution measurement is given in terms of an equivalent spherical diameter, this is generally not the same as the VESD and in fact is better equivalent to some kind of weighted average of L, W, and T (Garboczi et al., 2017). The size distribution of the far fewer nanoCT particles will be considered in the SEM results section.










Figure 4: The particle size distribution from microCT only of the lunar regolith particles based on number, with the size measure being the width W in m,for both 10084 and 14163. The small peak in the last bin reflects all the particles with W larger than 50 µm. The particle size distribution was calculated in this way because all the interesting features are at values of W less than 50 µm.
















Figure 5: The difference between the particle size distributions, for microCT only, of the lunar regolith particles based on number (14163 minus 10084), with the size measure being the width W in micrometers. The small (negative) peak in the last bin reflects all the particles with W larger than 50 µm. The particle size distribution was calculated in this way because all the interesting features are at values of W less than 50 µm.

Figure 4 shows the particle size distribution for 10084 and 14163, in terms of particle number and just for the microCT particles. The main peak for the 14163 particles appears to be a bit higher than for the 10084 but seems centered at about the same value of W, 9 µm to 10 m. Of course, having a higher peak when both curves are normalized to have the same area means that there must be differences elsewhere. Figure 5 is a different graph showing the particle size distribution from Fig. 4 for 14163 minus the particle size distribution shown in Fig. 4 for 10084. Clearly, 14163 has more particles with W  10 µm than does 10084 but fewer particles with W between 10 µm and 20 m and at larger values of W. The negative peak at W  50 µm means also that 14163 has fewer particles for W > 50 µm than does 10084. 

5. Particle shape results
Shape is presumably an intrinsic property of each particle and seems to only weakly depend on size for a given class of particles, at least for terrestrial particles (Garboczi et al., 2017; Garboczi et al., 2012). Therefore, only number averages of aspect ratios are shown. Table 4 shows the number-average values for the various aspect ratios that can be formed from L, W, and T in 3D for all particle classes. The standard deviation for these quantities only gives a single number describing their distribution and so is neglected since the full distributions are discussed below. The 10084 and 14163 particles are quite similar in terms of these average ratios, and the nanoCT and microCT averages are similar to each other for both classes. This implies that these two regoliths have, on average, similar shapes. However, the JSC-1A particles for the 20 µm to 38 µm size class have significantly higher aspect ratios than do the lunar regoliths. This size class most closely resembles the size ranges of the lunar regolith particles, although much smaller particles are missing, which were deliberately discarded in the sieving process for  JSC-1A. The 38 µm to 300 µm size range has similar aspect ratios to the lunar regolith particles, while the 300+ µm size range has somewhat lower average aspect ratios, especially the L/T average ratio, compared to the lunar regolith particles. 
One reference in the literature was found that had comparable 3D shape data [94]. This paper performed X-ray CT of 10084 regolith for 199 particles that were larger than most of the 10084 particles looked at in this paper. Tsuchiyama et al. (2022) discarded particles identified in the X-ray CT images that had volume less than 10,000 voxels. Since a voxel size of 1.7 m was used (compared to 700 nm and 64 nm in this paper), this means that in terms of VESD all their particles were larger than 45 m. The 10084 particles considered in this paper had values of VESD below and above this cutoff value, with only about 32 out of 5810 particles with VESD > 45 m. Tsuchiyama et al. (2022) used aspect ratios in terms of T/L, W/T, and W/L. To compare to their results, we simply inverted our aspect ratios before forming average values over all the particles studied, nanoCT and microCT yielding <T/L> = 0.52, <T/W> = 0.72, and <W/L> = 0.73. The results of (Tsuchiyama et al., 2022) were <T/L> = 0.58, <T/W> = 0.77, and <W/L> = 0.76, and the experimental uncertainties for the average aspect ratio data of this paper are estimated to be about 5 %, so the two sets of data agree within experimental uncertainty. Even though the particles of (Tsuchiyama et al., 2022) were larger than almost all the 10084 particles studied in this paper, Table 4 shows that the average aspect ratios for the 10084 particles are roughly invariant with size, from W = 0.6 m to about W = 120 m.

Table 4: Number-averaged 3D aspect ratios
	Particle
	<L/T>n
	<W/T>n 
	<L/W>n

	10084-nanoCT
	1.99
	1.41
	1.42

	10084-microCT
	1.97
	1.42
	1.39

	14163-nanoCT
	1.97
	1.41
	1.40

	14163-microCT
	1.91
	1.39
	1.37

	JSC-1A (20 µm to 38 µm)
	2.25
	1.59
	1.42

	JSC-1A (38 µm to 300 µm)
	1.99
	1.49
	1.34

	JSC-1A (300+ µm)
	1.79
	1.38
	1.30



These differences between JSC-1A and the two lunar regolith powders may indicate the different particle size reduction mechanisms between the two classes of material: crushing for the JSC-1A powder and meteorite impact for the lunar regolith material. Although one study for a terrestrial rock showed little difference in shape between quarry blasting and subsequent crushing (Garboczi et al., 2012), the mechanism of meteorite impact does seem to produce measurably different particle shapes, as a function of particle size, from those produced by blasting and crushing. An implication of this data is that particle size reduction via meteorite impact tends to preserve shape while blasting and crushing tends to increase particle non-sphericity as the particle size decreases.
Figure 6 shows that the distribution of L/T ratios seems to be quite similar for the two lunar soils and one lunar simulant, at least when all particles are put together. For the lunar regolith particles, this means putting together the nanoCT and microCT particles. For the JSC-1A particles, this means combining the three different sieve size ranges. Putting all the particles together hides the fairly small but significant differences seen in Table 4, for example, for JSC-1A.  Figure 7 shows the same data as in Figure 6 but presented as differences. Figure 7 (a) shows the JSC-1A data minus the 10084 data for the L/T distribution and part (b) shows the JSC-1A data minus the 14163 data. Notice the y-axis limits on Figure 7 compared to Figure 6. The 












Figure 6: L/T number-based distributions for 10084, 14163, and JSC1A, including all particles analyzed from all classes.
differences between JSC-1A and the two lunar regoliths are quite similar, at least qualitatively, in both cases. For JSC-1A, there are less particles at values of L/T between 1 and 2, and more particles at L/T values greater than about 2. The difference is about double for 14163 vs. 10084.
We will now explore the L/T distribution for JSC-1A more closely to better see how it differs from the lunar regoliths. Figure 8 shows the distribution of L/T for the three different sieve size ranges of JSC-1A. Here, the shape differences between size ranges are much more apparent.










Figure 7: L/T number-based difference distributions for (a) JSC-1A minus 10084 and (b) JSC-1A minus 14163. All particle sub-classes (shown in Table 1) have been combined for each particle type.

The L/T distribution for the larger particles is more highly peaked, with the peak closer to unity, than those for the two smaller size classes. Figure 8 implies that the increased crushing process required to produce increasingly smaller particles produces particles that are more angular and less spherical than the starting particles. 


















Figure 8: The L/T number-based distributions for three sieve size ranges of JSC-1A.

Figure 9 shows similar data but for L/W, telling a similar story as Fig. 8. The W/T ratio is not shown since of the three aspect ratios, only two are independent for a given particle.












Figure 9: The L/W number-based distributions for three sieve size ranges of JSC-1A.

The two groups of lunar regolith particles were then numerically sieved in terms of W in order to get the same kind of shape vs. size information as was just shown for the JSC-1A particles.  That is, a numerical sieve was used on these particles such that there were two classes where one consisted of particles that passed a W = 10 µm sieve and the other consisted of the particles retained on a W = 10 µm sieve. The nanoCT and microCT particles have been combined. Figure 10 shows the L/T distribution for each regolith material where the two size classes are compared to each other for the same regolith. The size ranges are approximately 0.6 µm to 10 µm and 10 µm to 120 µm. For both 10084 and 14163, the L/T distributions for the two










Figure 10: The L/T number-based distributions for two W ranges for (a) Apollo 11 and (b) Apollo 14 where the nanoCT and microCT particles have been combined.

different size ranges are nearly identical. This differs from the JSC-1A powder, which previous figures have clearly shown has significantly different L/T distributions for the 20-38, 38-300, and 300+ sieve size ranges. Ignoring the 300+ sieve size range, which is larger than any of the lunar regolith material, there are still significant differences between the JSC-1A simulant and the two lunar regoliths.
The next step is to see if there are any differences between the two size ranges when comparing the 10084 and the 14163 materials against each other. Figure 11 shows two graphs for the two size ranges comparing 10084 against 14163, where each graph has the same size range and two different materials. Again, there is good agreement with the two pairs of curves, with perhaps the 14163 curve slightly to the left of the 10084 curve. 









Figure 11: The L/T number-based distributions for two W ranges for (a) smaller size range for 10084 and 14163 and (b) larger size range for 10084 and 14163. All relevant nanoCT and microCT particles have been combined.

Table 5 explores the behavior shown in Figs. 10 and 11 via L/T averages for the two different materials and size ranges. 
Table 5: Aspect ratio number-based averages for different width W ranges for all three particle types
	Particles
	W size range (µm)
	# particles
	<L/T>n
	<W/T>n
	<L/W>n

	10084
	0.6 < W < 10
	2887
	1.99
	1.36
	1.46

	10084
	10 < W < 120
	2887
	1.97
	1.47
	1.34

	14163
	0.6 < W < 10
	4101
	1.92
	1.33
	1.45

	14163
	10 < W < 120
	4101
	1.90
	1.46
	1.30

	JSC-1A
	20 < W < 38
	44802
	2.23
	1.54
	1.46

	JSC-1A
	38 < W < 300
	80243
	1.99
	1.52
	1.32

	JSC-1A
	300 < W
	3246
	1.71
	1.36
	1.26



The number of JSC-1A particles in each W range is similar to, but not the same as, those listed in Table 1 because W does not correspond perfectly to the sieve size ranges (Garboczi et al., 2017). Table 5 shows another difference between 10084 and 14163 vs. JSC-1A. Notice that for JSC-1A, going from small W values to large W values, there is a monotonic decrease in the average ratio values for all three aspect ratios. However, for the 10084 and 14163 particles, the <W/T>n average ratio actually increases slightly with W while the other two average ratios slightly decrease as the particle size as measured by W increases. Table 5 also shows that for the average W/T and L/W ratios, there are differences between the two size ranges for both regoliths but the pattern of these differences are similar between regoliths. The ratio L/T is the main ratio but the changes in the other ratios indicate some more minor shape change between the two size ranges.
Based on these results, it was interesting to see how the average aspect ratios changed with W for more continuous values of W. A full list of particles was made for each powder, including both microCT and nanoCT data, sorted from smallest W to largest W. This list was divided into a total of M bins, with an equal number of particles per bin. Each of the W, L/T, W/T, and L/W parameters were averaged over each bin, with the result giving data points indicating how the aspect ratios vary with size, with the average value of W in the bin serving as the size estimate. The averaging process took out some of the particle-to-particle fluctuation in the aspect ratios and enabled the overall trends as a function of size to be seen. The JSC-1A material had 128 bins with about 1000 particles per bin. The 10084 material had 30 bins with about 160 particles per bin, and the 14163 material had 40 bins with about 190 particles per bin. 
[bookmark: _Hlk119932917]Figure 12 and Fig. 13 show, on the same graph, the results of this calculation for the three aspect ratios for the 10084, 14163, and JSC-1A materials. The righthand limit of both graphs is W = 80 µm. Even though there are JSC-1A data outside that limit, W = 80 µm was chosen to make an easier comparison between the lunar regolith material and the JSC-1A material. Figure 12 shows the L/T data and Fig. 13 shows the W/T data. The non-independent L/W data was qualitatively similar to the L/T data and so not shown. The data points have been suppressed 










[bookmark: _Hlk100916206]Figure 12: The number-based average L/T aspect ratio vs. W for 10084, 14163, and JSC-1A, averaged over each W size bin. 
and the graph only shows a line connected between the data points.  It appears that how the aspect ratios change with size is similar between the two sources of lunar regolith but is significantly different from that of JSC-1A.  At a W size range of about 10 µm to 50 µm, the L/T aspect ratio shown for JSC-1A is significantly larger than either of the two lunar regolith materials in Fig. 12. The W/T ratio, shown in Fig. 13, for all three materials appears to be quite close to each other but with still clear differences showing between the lunar regolith particles and the JSC-1A particles. For this size range of particles, this would imply that the processes on the moon that cause this behavior are somewhat different for larger particles than the crushing process used to manufacture JSC-1A. Note that Table 5 implies that the average aspect ratios for the JSC-1A material eventually dips below that of the lunar regolith materials for values of W significantly larger than 80 µm.











Figure 13: The number-based average W/T aspect ratio vs. W for 10084, 14163, and JSC-1A, averaged over each W size bin.

Considering Figs. 12 and 13, if one holds T constant, then L/T increasing above 2 and W/T decreasing towards 1 implies that the particles are becoming more prolate or needle-like. Similar behavior has been seen before, using similar XCT techniques, for cement particles, which are ground in a ball mill (Holzer et al., 2010) and blasted and crushed quarry rock (Garboczi et al., 2012). In Figs. 12 and 13, the particles with W < 5 m come from the nanoCT results, with fewer number of particles, so that the statistics of these particles could be a bit skewed.





6. SEM aspect ratio data and analysis

There has been other work using SEM to measure particle aspect ratios in 2D [95]. Now that we have 3D aspect ratios, we next investigate the possibility of interpreting the 2D aspect ratio in terms of true 3D aspect ratios. 

Consider a random particle, with L/T < 10 and W/T < 5, which would be termed qualitatively as “not too prolate and not too oblate” and which would be true of most of the particles we measured. If such a particle would be deposited on a surface, and it would be free to move and settle, one might expect that on the whole, T would be approximately perpendicular to the flat surface. In that case, if one measured L2D and W2D from an SEM image of the particles, one might expect that L2D/W2D would compare well with L/W. This was performed for about 1000 particles for each of the two lunar regoliths. The range of sizes for the SEM images, in terms of W2D and L2D, was 

10084: 90 nm < W2D < 8477 nm        (2)
14163: 89 nm < W2D < 7250 nm 

Since Table 5 showed some small dependence of the average aspect ratios on particle size (size defined by the value of W), an attempt was made to compute the aspect ratio averages for about the same W and W2D size range. Combining the nanoCT and microCT data, the limits in W were

10084: 580 nm < W < 126 µm           (3)
14163: 590 nm < W < 183 µm 

Restricting the size range of both the SEM and the XCT data to 

10084: 580 nm < W, W2D < 8477 nm               (4)
14163: 590 nm < W, W2D < 7250 nm

results in the average values of L/W and L2D/W2D shown in Table 6.  Note that the 2D SEM and the 3D XCT values are quite close together, supporting the hypothesis that the lunar regolith particles were lying with T perpendicular to the sample surface of the SEM. This is most likely a general result and can be made use of in other studies.

Table 6: Comparison of XCT data (L/W) and SEM data (L2D/W2D) for equivalent W size ranges

	Regolith type and method
	W range (µm)
	# data points
	<L/W>n or <L2D/W2D>n

	10084 SEM
	0.58 – 8.5
	1081
	1.54

	10084 XCT
	0.58 – 8.5
	1831
	1.50

	14163 SEM
	0.59 – 7.25
	1268
	1.56

	14163 XCT
	0.59 – 7.25
	922
	1.57



Table 6 indicates that if the nanoCT and SEM data could be combined, there would be 2000 to 3000 data points, enough to form a distribution function (Garboczi et al., 2017). Since the average value of L/W for the nanoCT data was nearly equal, within experimental error, to the average value of L2D/W2D for the SEM data, the data can be combined if we assume that L  L2D and W  W2D as was just shown to be a good approximation. The two datasets can also be combined since they cover similar size ranges. 

We can compare with other SEM results for aspect ratio in 2D (Liu et al., 2008), which analyzed sufficient SEM images to be able to generate number-based aspect ratio distributions. The aspect ratio was defined by the ratio of axis lengths in an ellipse that was fit to each particle. Figure 3 in (Liu et al., 2008) shows histograms for the 2D aspect ratio distribution for 10084 soils (and others).  The black bins are for circular diameters < 1 µm and the gray bins are for circular diameters > 1 µm (or vice-versa, since we could not find any information in the text or figure caption). Ignoring the bins between 0.1-0.2 and 0.2-0.3, since the heights of the histograms were too small to read, and taking the mid-point of the bin as the aspect ratio parameter, for the black bins we get <L2D/W2D>  2.86 x 0.025 + 2.22 x 0.05 + 1.82 x 0.18 + 1.54 x 0.26 + 1.33 x 0.25 + 1.18 x 0.16 + 1.05 x 0.07 = 1.51, where we used the inverse of the aspect ratios shown on the graph (e.g., 2.86 = 1/0.35). For the gray bins, we get <L2D/W2D>  2.86 x 0.035 + 2.22 x 0.08 + 1.82 x 0.15 + 1.54 x 0.22 + 1.33 x 0.23 + 1.18 x 0.19 + 1.05 x 0.08 = 1.50. These numbers agree well with our data and agree with the observation in this present paper that 10084 aspect ratios, especially L/T, depend only weakly on particle size.






[bookmark: _Hlk137635181]











Figure 14: The number-based particle size distribution in terms of W or W2D for both lunar regoliths: (left) 10084, (right) 14163. Note the log scale for W.

Figure 14, with a logarithmic scale on the x-axis, shows the number-based particle size distribution in terms of W or W2D for both lunar regoliths. There were no particles smaller than W = 20 µm analyzed for the JSC-1A materials hence only the two regoliths are shown. The minimum value of W on the graphs was about 80 nm and the largest was about 5000 nm. Both graphs in Fig. 14 show a pronounced peak at about 1000 nm or 1 µm or perhaps slightly below that value. 

A number-based particle size distribution was measured on lunar regolith 10084 using aerosol techniques (Greenberg et al., 2007). Two clear peaks are identified in (Greenberg et al., 2007), the first at between 1.1 µm and 1.2 µm and the second between 300 nm and 400 nm. The graph in Fig. 14 for 10084 does not show any sub-micrometer peaks. In any event, we did not analyze enough particles below 600 nm in size to generate a statistically valid particle size distribution at these values. The peak at around 1 µm does, however, compare well to the equivalent peak in (Greenberg et al., 2007). It is possible that the aerodynamic diameter used in (Greenberg et al., 2007) may couple, at least partially, to the longer value of L for the particles measured. It was found, by modeling an electrical sensing zone method apparatus, that irregular-shaped particles could produce a “size” measurement that coupled to the longer dimension L of the particle (Garboczi, 2017). The aerosol method (Greenberg et al., 2007) seems somewhat similar to the electrical sensing zone method (Garboczi, 2017) but in gas, not liquid. If Fig. 14 were re-plotted in terms of L instead of W, the peak would shift to the right to about L = 1300 nm. This is somewhat larger than that found in (Greenberg et al., 2007), so perhaps a mixture of L and W (Garboczi et al., 2017) would bring even better agreement. 

Appendix B contains a discussion and calculations of how the SEM data could be approximately converted to 3D volume-based data using the approximation L  L2D and W  W2D. 



7. Particle size distribution, projected area, light scattering, and relation to previous studies

In this section, we analyze the particle size distribution of the two regoliths and connect it to the light-scattering cross-section to estimate what fraction of the scattered light is contributed by each particle size and to better connect our data set to the literature. Because particles both larger and smaller than those we measured contribute something to the scattered light, it is necessary to consider the full range of sizes to estimate their relative contributions. Since we did not sieve the two lunar regolith materials, analyzing the XCT results in terms of a particle size distribution is valid. We cannot do the same for the JSC-1A material, since we did not preserve the relative masses of each sieve class after sieving (Garboczi, 2011).

A brief review of the important role the size distribution plays in light scattering calculations is in order. The single scattering albedo w and the phase function P(α) are often used to describe the fraction of incident light scattered by a particle and the angular distribution of the scattered radiation with respect to the incident beam direction, respectively.  For independent scattering by a unit volume of a size distribution of spheres, these quantities are weighted averages over all the particles (Hansen and Travis, 1974). For example, the scattering and absorption coefficients for the volume are

	(5)
	(6)
and 
 	(7)

where n(r) dr is the number of particles with radius r between r and r + dr , a, b are the radii of the smallest and largest particles, and Qsca and Qabs are the scattering and absorption efficiencies.  n(r) is normalized to unity:

	(8)

The weighting factor π r2 n(r) dr represents the cross-section area of the particle that intercepts the incident light beam.  The total cross-section area of all of the spherical particles is

	(9)

A useful measure is the area-weighted average radius of the particles, the effective radius:

	(10)

The phase function and all of the other elements of the complete scattering matrix that includes treatment of polarization are also integrals over n(r) dr. Comprehensive treatments of scattering by size distributions of spheres are available in (Hansen and Travis, 1974; Mishchenko et al., 2000) but it should be clear that knowledge of n(r) is essential to modeling light scattering.

7.1 Particle size distribution

Sieve analysis of lunar soil particle sizes in the literature are reported by mass (Graf, 1993) and encompass the full range of sizes for particles passing through a 1 mm sieve. If the weights or masses are normalized to the total weight or mass of particles being sieved, then mass fraction and weight fraction are the same and are used interchangeably in this paper. Our XCT and SEM measurements count individual particles, mostly smaller than 20 µm. Published sieve analyses report the total weight of particles within broad size bins. Assuming a constant particle material density, this weight distribution can be treated as a volume distribution. To link our particle number distribution to the volume distribution from the sieve analyses, we use the particles with VESD < 20 µm for which there are both particle counts from this work and published sieve analyses. In the following, D is defined as VESD for the lunar particles we measured. Using VESD, as measured, allows us to immediately obtain the measured volume of each particle precisely. Our goal is to determine an analytic number size distribution function n(r) that is consistent with both our XCT and SEM counts (treating the particles as spheres) and the published sieve weight (volume) fractions. For 10084, we use the sieve weights published in (Basu et al. 2001, their 1999 data set) and for 14163 we use the sieve weight fractions measured by King listed in (Graf, 1993).

We adopt a log-normal size distribution (Appendix C, eq. (C1); Hansen and Travis, 1974; Press et al., 2007) as an analytic function to approximate the number distribution of particles captured between each pair of sieves. Housley (1980, p. 405) states that “The actual particle size distributions in lunar regolith samples usually approximate unimodal log normal distributions” and the log-normal number distribution approaches zero as r approaches zero. We use the notation m[a, b] to denote the weight retained in the a µm sieve that passed through the b µm sieve. In the same way, v[a, b] is the volume of these same particles. The weight of particles that passed through the smallest sieve, 10 µm, and were retained in the pan is denoted by m[0, 10]. We use the ratio m[10, 20]/m[0, 10] as a constraint on the two parameters: u, the natural log of the mean radius in µm, and s the width, of a model distribution that reproduces the corresponding volume ratio. Because this ratio cannot uniquely determine the two parameters of the distribution, we choose among ratio-allowed u, s pairs by inspection to find a log-normal starting model that simultaneously matches the number vs size histograms derived from the microCT and nanoCT + SEM particle counts. The top two panels of Figures 16 and 17 compare the selected log-normal starting models, with parameters from the top two rows of Table 7, to data histograms spanning the 0.6 µm to 20 µm particle size range for each lunar sample
























Table 7: Segmented log-normal size distribution parameters for literature sieve analysis

	10084 (Basu et al., 2001)
	14163 (Graf, 1993)

	Sieve Size Range (µm)
	
u
	
s
	Sieve Size Range (µm)
	
u
	
s

	0
	10
	-0.49315
	0.9
	0
	10
	-0.408
	0.8

	10
	20
	-0.49315
	0.9
	10
	20
	-0.408
	0.8

	20
	45
	-2.19257
	1.53439
	20
	30
	11.1926
	2.98942

	45
	90
	-0.69493
	1.06950
	30
	37
	1.06012
	0.48164

	90
	150
	-2.64497
	1.56695
	37
	44
	25.3235
	7.2920

	150
	250
	-0.00101
	0.94808
	44
	53
	0.66395
	0.64533

	250
	500
	-5.87536
	2.17184
	53
	74
	-0.75691
	1.02561

	500
	1000
	-1.36429
	1.28798
	74
	105
	-8.88826
	3.13433

	
	
	
	
	105
	125
	-0.37219
	0.99124

	reff
	9.945
	µm
	
	125
	150
	-1.49281
	1.25190

	veff
	5.156
	
	
	150
	177
	-2.57129
	1.49674

	seff
	8.780
	
	
	177
	250
	-2.17342
	1.40847

	
	
	
	
	250
	420
	-2.28924
	1.43276

	N
	3.28109
	particles
	
	420
	841
	-3.32141
	1.63400

	G
	2.28 1010
	µm2
	
	841
	1000
	13.30070
	1.25688

	V
	3.02 1011
	µm3
	
	1000
	2000
	2.99206
	0.55751

	M
	0.9374
	g
	
	2000
	4000
	16.15583
	1.34079

	
	
	
	
	4000
	10000
	3.58943
	0.61706

	
	
	
	
	
	
	
	

	
	
	
	
	reff
	9.145
	µm
	

	
	
	
	
	veff
	19.415
	
	

	
	
	
	
	seff
	32.983
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	N
	4.40 109
	particles
	

	
	
	
	
	G
	2.62 1010
	µm2
	

	
	
	
	
	V
	3.23 1011
	µm3
	

	
	
	
	
	M
	( 1.0 )
	g
	assumed 



Given the starting model parameters u0, s0 determined from D = VESD < 20 µm, we 'bootstrap' to the next larger sieve size, e.g. for 10084 w[20, 45], by using two constraints: 1) The model number of particles must match at the common boundary, in this case 20 µm, and 2) the model volume ratio, e.g. v[20, 45]/v[10, 20], eq. (C2), must match the corresponding mass ratio from the sieve data. In this way, the model parameters u1, s1 that describe the number distribution for the 20 µm to 45 µm diameter range are determined. We continue this bootstrapping method working our way up to the largest sieve. Finally, the total model volume is normalized to 100 %. Table 7 gives the sieve data and log-normal model parameters spanning the full range of particle sizes from 0.6 um to mm scales. In essence, Table 7 gives the parameters needed for a piece-wise log-normal distribution. Table 7 also gives the effective radius, variance, and skewness of the distributions as defined in (Hansen and Travis, 1974), plus the total number of particles N, circular cross-section area G, particle volume V and mass M for each sample assuming a constant particle material density of 3.1 g cm-3. No mass for the 14163 sieved sample was available, so a mass of 1 g was assumed.  Appendix C gives the details of this bootstrapping procedure as others may find it useful for deriving an analytic, piecewise log-normal number distribution function consistent with coarsely spaced sieve masses.

7.2 Cross-sectional area and light scattering for equivalent spherical particles

We use this segmented log-normal number-based distribution model n(r) to calculate the cross-sectional area and effective radius (eq. 10), treating the particles as spheres, which are convenient quantities for assessing the relative importance of the different size particles to the total scattered light. These calculations are presented here as a summary of what size ranges are most important to include and how much information is lost, for example, if large particles are excluded from the calculations due to practical computational limitations. Accurate light scattering calculations involve determining the efficiencies for scattering and absorption (Hansen and Travis, 1974; Mishchenko et al., 1999) that require the optical constants of the particle material and are beyond the scope of this paper. However, the knowledge of the size and shape distributions of the particles presented here are necessary, but not sufficient, for a more comprehensive quantitative modeling of light scattering from lunar soil particles.

The bottom panels of Figures 16 and 17 show the total cumulative circular cross-section area, cum_CA, defined as

      (11)

for each lunar soil model size distribution, where a is the smallest equivalent spherical radius. 

We compare the integral quantity cum_CA for the model size distribution to the similar quantity cum_CA_data calculated from our actual measured particle volumes, again treating the XCT-measured particles as equivalent spheres. We sort the microCT particles in ascending size order by VESD, then calculate
        (12)
where k is the total number of particles in the size interval under consideration and CAi is        the circular area corresponding to the VESD for the ith particle.  We repeat this for the combined  nanoCT and SEM  particles over their size interval.  
To put these cum_CA_data, shown as colored points in Figs. 16 and 17, on the same scale as the model cum_CA, we scale cum_CA_data to match the number of model particles in the interval, then offset the 1st cum_CA_data point to match the model cum_CA at the corresponding VESD. Explicitly, let nαβ be the number of data particles counted within the radius interval [α, β] and 
 	(13)
where Nαβ is the number of model particles within the same radius interval and N and G (Table 7) are the total number and area of particles of all sizes, respectively.  Then the cum_CA_data points for the microCT (blue) and nanoCT + SEM (red) intervals are plotted at the ordinate y values
	(14)
Figs. 16 and 17 merit some discussion.  The overall agreement between the particle count histograms and the corresponding model curves shows that the log-normal model for particles smaller than 20 µm reproduces the shape of the particle count data from three independent measurement sets, microCT, nanoCT and SEM, while simultaneously matching the sieve weight ratio  m[10, 20]/m[0, 10]. When the cum_CA model is plotted and compared to the cum_CA_data appropriately scaled and shown as colored points, the data follow the model over nearly the entire size range from 0.6 µm < VESD < 20 µm. The exception is for particles in the 3 µm to 5 µm range where the nanoCT + SEM data (red points) fall below the model curve for both lunar soils. This shortfall may be an edge effect sampling artifact resulting from the 5 µm cutoff for the smallest particles counted as belonging in the microCT data set (section 2.1) and/or the concatenation of the independently acquired nanoCT and SEM data. This shortfall is also seen in the particle count histograms in the top left panels. The dashed line in the bottom panels of Figs. 16 and 17 is proportional to the derivative (slope) of the cum_CA curve and shows the relative weights of different size particles. This ‘weighting function’ shows that 2 µm to 4 µm diameter particles near the peak of the dashed curve are weighted most heavily in cum_CA.



	
	

	

		Figure 16:  Top row: Particle count histogram (bars) and starting model number size distribution (line with points) for soil sample 10084 nanoCT + SEM particles (left) and microCT particles (right). The starting model for each sample applies to particles with 
VESD < 20 µm. Bottom panel: The solid black line is the model cum_CA, the cumulative fraction of total circular cross-section area integrated over all particles smaller than VESD.  The red points are the cum_CA_data for the nanoCT + SEM particles and the blue points are the cum_CA_data for the microCT particles (see text).  Dotted straight lines indicate the VESD corresponding to 5 %, 20 %, and 50 % of the total area and the rightmost dotted line indicates the cum_CA for particles with VESD = 2 reff = 19.89 m. The dashed line, (π/2) r2 n(r), is proportional to the derivative (slope) of cum_CA with the ordinate scale in units of µm2/ µm.  






	
	

	

		Figure 17:   Same as Figure 16 but for the 14163 lunar soil.






Table 8 gives the maximum size of particle that needs to be included in the model cum_CA integral to achieve a specified fraction of the total area of all of the particles up to mm sizes. The bottom row corresponds to reff , the area-weighted mean radius (eq. 10 and Table 7). For 10084, integrating up to particles with VESD = 2 reff = 19.89 µm results in capturing 77 % of the total area. For 14163, capturing 80 % of the total area requires integrating up to VESD = 2 reff = 18.29 µm.  Note that 50 % of the projected area cross-section is from particles with VESD < 8 µm for both lunar samples, consistent with the observation in (Noble et al., 2001) that the reflectance spectra of many bulk lunar soils is most closely matched by the spectra of the finest (< 10 µm) fraction.  Particles smaller than VESD = 0.6 µm contribute 0.4 % of the total area for both samples.


Table 8: Selected values of model cum_CA and corresponding VESD values.
	10084
	14163

	Total Area Fraction
	VESD (µm)
	Total Area Fraction
	VESD (µm)

	0.004
	0.60
	0.004
	0.60

	0.05
	1.51
	0.05
	1.37

	0.20
	3.22
	0.20
	2.70

	0.50
	7.54
	0.50
	5.81

	0.77
	19.89
	0.80
	18.29



Housley (1980) reports the cumulative particle surface area as a function of particle size for 12001 and concludes that 50 % of the particle surface area is contributed by particles smaller than 7 µm. Although particle surface area is not the same as the projected cross-section area in figs. 16 and 17, the two quantities are closely related as discussed in detail in Appendix D for non-spherical particles.  For spheres, the projected cross-section area is ¼ of the particle surface area. Fig. S4 in Warren and Korotev (2022) summarizes the cumulative surface area as a function of size for six different diverse Apollo soils. Excluding the outlier soil 14141, for the remaining five soils, 50 % of the particle surface area is contributed by particles smaller than 6 µm to 10 µm consistent with our conclusions.

7.3 Results for the Average Projected Area of Randomly Oriented Particles

We used the VESD parameter to provide a consistent single number metric for the particle ‘size’ in our size distribution analysis above and in Appendix C. The cross-section area that intercepts an incident light beam is the projected area of the particle perpendicular to the incident beam direction averaged over random particle orientations as defined in eq. (1). Next, we examine how this random orientation projected area, or ROPA, compares to the circular area, CA =  VESD2, used in our size distribution analysis above.



	

	Figure 18: Histograms of the distributions of ROPA / CA for the microCT particles for both lunar soils.  



Figure 18 and Figure 19 show the number-based distributions of ROPA/CA for the microCT and nanoCT particle data, respectively. The irregular particle shapes result in ROPA being about 11 % to 30 % larger on average than the CA calculated for spheres of the same volume. The results for the two size ranges are similar, which might be expected given the particle shape results that were presented in Section 5. Table 9 gives the mean and standard deviations for these ROPA/CA distributions.


	

	Figure 19: Histograms of the distributions of ROPA / CA for the nanoCT particles for both lunar soils.  



Table 9: Summary of the average and standard deviations of the lunar regolith ROPA/CA distributions
	Lunar Soil Sample
	10084
	14163

	
	
	

	MicroCT - # of Particles
	4732
	7574

	Mean ROPA/CA
	1.194
	1.168

	Standard Deviation
	0.130
	0.113

	
	
	

	NanoCT - # of Particles
	1078
	688

	Mean ROPA/CA
	1.266
	1.188

	Standard Deviation
	0.187
	0.120



If it were the case that for each particle, ROPA is directly proportional to CA, with the same constant of proportionality, then the calculation of reff (eqs. 9 and 10) would not be changed if ROPA = c π r2 because the constant factor c multiplies both the numerator and denominator in eq. 12. If this were indeed the case, then Fig. 19 would show a single bin centered at this constant factor for both regoliths. However, clearly Fig. 19 shows a fairly broad distribution for both regoliths. Note that the data used to generate Figs. 16-19 and Table 9 are available in the Supplementary material for this paper.  Section 8 describes the larger database associated with this paper. 

7.4 Particles smaller than VESD = 0.6 µm
Although our model cum_CA analysis of the projected area contributions in Table 8 shows that particles smaller than 0.6 µm diameter contribute only 0.4 % to the total light scattering area cross-section, it is instructive to examine how our n(r) from Table 7 compares to the published size distribution of sub-micrometer particles. To gauge the potential health hazards to future lunar explorers, (Park et al., 2008) used SEM images to extend particle counts for lunar soil 10084 to sizes 100 nm and below. In Figure 20, we compare our model n(r) for particles with VESD < 20 µm to the results of (Park et al., 2008). For particles with diameters in the range 0.6 µm – 20 µm, their size distribution is similar to ours but for the smallest particles below 0.6 µm diameter, their distribution has many more particles than the extrapolation of our model. Aside from the obvious caveat that an extrapolation cannot be expected to be valid for over more than an order of magnitude in size range, there are some notable differences in the methods of our study and those of (Park et al., 2008). We endeavored not to alter the ‘as received’ size distribution by using dry-casting and separating particles only by making dilute mixtures in epoxy and not counting obviously multiple particles. Because the toxicological consequences of the finest dust were the focus of their study, (Park et al., 2008) used a surfactant and sonification to disrupt particle clusters and reveal the smallest grains. The large number of particles smaller than 0.6 µm in the tail of their distribution may be partially due to this difference in methodology.  As discussed in Sec. 6, we did not measure enough particles smaller than 0.6 µm to form a statistically valid particle size distribution for the smallest particles that were the focus of their study.  
Appendix D contains details of a simple approximation, using the measured L, W, and T parameters for the three particle classes, for the average projected area. This approximation may be generally useful, even for cases where L, W, and T are not measured, if the statistical distribution of these parameters can be estimated. 

	

	Figure 20:  The number size distribution of the smallest particles in soil 10084 as published in Figure 2 from (Park et al., 2008) (circles) compared to the log-normal model from this study. The solid line is the n(r) model spanning the 0.6 < VESD < 20 µm range that includes the microCT and nanoCT + SEM data (Table 7). The dashed line is the extrapolation of our model to smaller sizes. 




8. Public database

The 3D images of the particles examined by microCT and nanoCT were all saved as STL files. All these STL files, with names correlated to lists of computed geometrical quantities, have been saved in a NIST database available at data.nist.gov (https://doi.org/10.18434/mds2-3043). There are help files on this database to enable any user to understand and use the data, along with files listing calculated geometrical parameters such as volume and L, W, and T. The original SEM images, along with the associated L2D and W2D measurements, are also stored in the same database with another associated help file. The original reconstructed XCT images of the particles in epoxy, for both microCT and nanoCT for the two lunar regoliths and microCT for the JSC-1A material, total 108 fields of view (FOVs). Each FOV consists of a stack of approximately 1000 16bit images of size 1000 x 1000 pixels, for a total size of just over 200 GB. These are also saved in the database. All of this data can be used to easily generate any of the figures in this paper or be used in different studies. 


9. Future work

The data of this paper are unique and will be useful to many studies. The plan of the authors is to compute the light scattering qualities of these particles. A few of the nanoCT particles have been thus used for this computation (Baidya et al., 2022) but using all the particles, especially the larger ones (i.e., W > 5 µm) await assembling sufficient computing power and parallel algorithms. However, there will be a saving in computational time if there is less need to compute light-scattering for the larger particles (VESD > 20 m), as was shown in this paper. We plan to apply the same shape characterization techniques to other Apollo soils and other lunar regolith simulants. 

Our database provides a starting point for future work on the role that the irregular particle shapes play in the intensity and polarization state of light scattered from the lunar regolith. For example, by choosing a random particle from the database and using the T-matrix approach (Kahnert, 2013; Mishchenko et al., 2000, Ch. 6) to characterize the scattering averaged over random orientations, then another and continuing to accumulate the contributions to the elements of the scattering matrix until adding another particle no longer changes the result significantly could determine how many particles need to be included in a calculation. Perhaps a small set of representative shapes and sizes can capture the important observable characteristics of the scattered light.  A discussion of similar questions and approaches is contained in Chapter 2 of (Mishchenko et al., 2000).

Packing simulations using these particles can be carried out using modifications of existing algorithms (Qian et al., 2015; Thomas et al., 2015; Lu et al., 2020). Computing the (multiple) light scattering from packings of lunar regolith particles will contribute towards solving the inverse problem – retrieving accurate regolith physical properties from remote sensing images, spectra, and polarimetry for airless bodies in the Solar System.  This 3D characterization and database will enable other computational work to be done with real lunar regolith particles, including discrete element method mechanical modeling, dust contamination modeling, and modeling of lunar rover interactions with packed regolith particles.  
There are data in the literature on 2D analysis of lunar regolith particles. We or anyone else can easily generate any set of 2D projections from the STL particle files, as was done to calculate the average projected area, so even more comparison to existing 2D data could be carried out. 

10. Summary and conclusions

(1) The shapes of approximately 14,000 lunar regolith particles, for Apollo 11 (10084,2036) and Apollo 14 (14163,940), and 128,000 JSC-1A particles, were characterized in three dimensions using X-ray computed tomography. All these three-dimensional shapes are available in a NIST database, along with geometrical information measured and computed for each particle. We believe this publicly available data will be of great use for various applications involving lunar regolith, including mechanical simulations (e.g., rovers) of packed regolith, further light-scattering studies, packing simulations, and evaluation of lunar regolith simulants.

(2) The shape vs. size data for the lunar regolith particles were quite similar for both 10084,2036 and 14163,940. The average shape of these particles was similar between small (nanoCT) and large (microCT) particles. 

(3) The shape vs. size data for the JSC-1A particles was quite different from that of the lunar regolith particles, with aspect ratios being larger for smaller particles and smaller for larger particles compared to the real lunar regoliths. This implies that there would be differences in packing and granular mechanics, since these depend mainly on the particle shape distribution, given similar particle size distributions. 

(4) A much higher percentage of the nanoCT lunar regolith particles had detectable pores vs. the microCT particles, indicating that most of the pores found were smaller than 0.7 µm, which was the voxel size used for the microCT results. The porosity of the JSC-1A particles varied greatly with size, with a much higher percentage of the larger particles having detectable pores than the smaller particles. This was related to the large gas bubble pores found in the larger JSC-1A particles, with the smaller particles being crushed pieces of the larger particles. Note that the amount of internal pores, as well as the pores between packed particles, will have a significant effect on thermal transport through packed particles and now this information exists for 10084,2036 and 14163,940. 

(5) The average L2D/W2D ratio of the particles measured using the SEM images was nearly identical to the average L/W ratio determined in the 3D XCT analysis, indicating that the particles studied in the SEM were lying approximately on the imaging surface with the T direction pointed vertically up. This allowed the nanoCT (L,W) and SEM (L2D, W2D) data to be approximately combined to form particle size distribution functions for particles with size less than about 5 µm down to about 500 nm. This partial equality between some 2D and 3D dimensional quantities enabled a novel method to be employed to approximately change the number-based 2D SEM data into volume-based 3D data (see Appendix B).

 (6) Our microCT, nanoCT and SEM data spanned a particle size range that is important for light scattering calculations. Section 7 and Appendix C derived a log-normal number distribution model that reproduced the full range of our particle counts while also matching the literature value of the ratio of the mass of particles trapped between 10 µm and 20 µm sieves to the mass of those passing through the 10 µm sieve. For particles smaller than 20 µm, this n(r) is eq. (C1) with parameters u, s, the mean radius and standard deviation in log space.  For 10084, 
u = 0.49315 and s = 0.9 and for 14163, u = -0.408 and s = 0.8. Using a bootstrapping technique, log-normal parameters were determined for each sieve pair segment resulting in a piecewise analytic n(r) that spanned sizes up to the mm range and reproduces all of the sieve data. This was used to determine the total number, area, and volume of all particles in each sample so that the relative contributions of each size to the total can be determined.  Scattering and absorption coefficients for light scattering are area-weighted quantities. We find that particles  < 20 µm diameter account for ~80 % of the total cross-section area, while 50 % is contributed by particles < 8 µm diameter for both lunar soils. 

(7) A simple approximation for the averaged projected area of a randomly oriented particle (Appendix D) was formed from taking ¼ times the surface area of an ellipsoid with semi-axes equal to L/2, W/2, and T/2, which were measured for that particle. This approximation worked very well for the 10084 and 14163 particles but less well for the JSC-1A particles. This approximation may have value in quickly estimating light-scattering properties of randomly oriented irregular particles, especially if the distribution of L, W, and T are measured or somehow known or estimated.  
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Appendix A: k-means algorithm used to identify artificially-joined JSC-1A particles
The voxel cluster representing a possibly artificially joined JSC-1A particle was used an an input to the following k-means algorithm. An energy functional U was created, adding up the squared distances of voxels in this particle from one or two arbitrary centers (Xm, Ym, Zm), m = 1,2. The coordinates of each voxel (xi, yi, zi), i = 1, N were taken at the voxel centers. 

       (A.1)
U first was calculated using only the center of mass of the entire particle as a center (m=1 only) to give an initial value of U = U0. Two arbitrary centers were then chosen, located inside the particle. All voxels were assigned either to the m=1 cluster or the m=2 cluster by computing the distance to each center and choosing the smaller distance. An interface term was then added to U:

     (A.2)
where S is the number of voxel faces between a voxel belonging to the m=1 cluster that touched a voxel belonging to the m=2 cluster. Each such voxel face was counted once. The coefficient  is a free parameter. The center of mass of each cluster was computed and U calculated again using the two centers of mass. This process was continued until the value of U = Uf did not change any more, within some very small tolerance. The value of Uf was compared to the value of U0. If Uf > U0 then the particle was judged to be a single particle since there must have been a large interface across the whole particle. If Uf < U0 then the original particle was judged to really be two particles that were only just touching in the XCT image, with a very small interface, so this multi-particle was discarded and its shape parameters not taken into account in any average or distribution. The value of  was chosen via random testing so that a selection of multi-particles, which were easily identified visually, were found also to be multi-particles by the k-means-based algorithm. 

Appendix B: Converting 2D SEM number-based data to 3D volume-based data

It would be interesting to produce the equivalent of Fig. 14 but for a volume-based distribution. For all the particles characterized by nanoCT (or microCT), this is easy to do since the true volume, within measurement accuracy (including image segmentation), was recorded for each particle analyzed. However, the SEM data reflects only a 2D measurement. Instruments that use digital image analysis techniques will often use the equivalent circular diameter of a 2D particle projection image and then compute a 3D spherical volume with diameter equal to the 2D quantity (McKay et al., 1972; Allen, 2004; Luerkens, 1991). This spherical volume, which is not equal to the true 3D volume, is then used to weight the data by volume and form distributions.

Using the data from this paper, we can form a different, hopefully more accurate, approximate volume for the SEM-measured particles. We first note, from Table 6, that <L/W>  <L2D/W2D> within a few percent. We then take, for the SEM-measured particles, L = L2D and W = W2D. Table 4 indicated that for both the 10084 and the 14163 material, <L/T>  2. Therefore, we assume that T  L/2 for the SEM-measured particles. We then form the volume parameter Vp for a general 3D particle as:

                                                            (B1)

where Vp serves as a volume estimate that takes into account some of the non-sphericity of the particle, since L, W, and T are not the same. In a sense, eq. (B1) is a spherical approximation with the spherical diameter equal to (LWT)1/3. Taking the nanoCT data for 10084 and 14163, we plotted the true volume V vs. Vp. The data was fit well by a linear equation, especially for the smaller particles, with the volume in units of cubic micrometers. Then a new volume parameter, VL, was formed as:

                         (B2)

where the approximation T = L/2 was used in eq. (B1). The linear fitting parameters for the 10084,2036 and 14163,940 materials in terms of VL were very close to those in terms of Vp. Therefore, the approximate volumes for the SEM data are:

10084,2036:   V = 0.581 VL – 0.0013                            (B3)
14163,940:   V = 0.596 VL + 0.0207

where the parameters in eq. (B3) come from the linear fit of the nanoCT volume data to the VL for each particle (graph not shown). Eq. (B3) can be used to produce volume-based distributions for the SEM data and can be combined with the volume-based nanoCT data.

Appendix C.  Boot-strapping method for determining a segmented log-normal number distribution from sieve weight fractions and particle counts for some overlapping sizes
The log-normal model size distribution is

where n(r) is the number of particles of radius r per unit volume and u and s are the mean and standard deviation in ln(r) space (Press et al., 2007). For constant particle material density, the weights of particles in a size interval are directly proportional to the volume of particles
(C2)
Our bootstrapping method requires a starting model applicable to one of the sieve size intervals. For our lunar soil samples, the starting model applies to the 0.6 µm to 20 µm diameter range that we determined from the sieve weight fraction ratio m[10, 20]/m[0, 10] and comparison with the number  distribution from our XCT and SEM particle counts (see text and Figures 16 and 17).  
Consider two consecutive sieve size intervals 1 and 2 bounded by 3 three size boundaries at radii a, b, and c. Given a starting model for interval 1, n1(r) defined by parameters u1, s1, we want to find values of u2, s2 such that 1) The model number of particles matches at the common boundary,   n1 (b) = n2 (b), and 2) The model volume ratio, e.g. v2 [b, c] / v1 [a, b], must match the corresponding weight fraction ratio from the sieve data. Note that VESD = 2 r and the model equations (C1) and (C2) are expressed in terms of r while we retain the usual convention of diameters for the sieve descriptions.
Matching the number at the common boundary r=b results in a quadratic equation for u2 with the two solutions 

where 

Given an initial guess for s2 and the starting model parameters, we use equations (C3) and (C4) to find the corresponding u2, then evaluate v1 [a, b] and v2 [b, c] (equation (C2)) using quadrature. Finally the model volume ratio v2 [b, c] / v1 [a, b] is passed to a root finding algorithm (scipy.optimize.fsolve,https://scipy.org) that matches the model volume ratio to the measured sieve weight fraction ratio. In practice, only one of the two u2 solutions gives a meaningful result and is easily found by fsolve. Once u2 and s2 are found, they become the starting model for the bootstrap to the next larger sieve size.
This process is repeated for each sieve size range and weight ratio until a segmented log-normal n(r) is found. Finally, the total model volume fractions are normalized to unity. Because each successive step depends on the previous one, it seemed plausible that significant errors could accumulate over the sequence of steps. To test if this is a problem, we created boot-strap model volume fraction histograms for both lunar soils and compare them to their published sieve weight fraction histograms in Figure C.1. As is apparent from comparison, the segmented log-normal model volume fractions reproduce the original sieve weight fractions.  The values of the segmented log-normal n(r) parameters applicable to each sieve size interval are given in Table 7 along with the values of the effective radius, reff, and the variance veff and skewness seff determined from n(r) following (Hansen and Travis, 1974).
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	Figure C.1. Comparison of sieve weight fraction data (red) and segmented log-normal model volume fractions determined from the bootstrapping method (dotted) for lunar mare soil 10084 (left) and highland soil 14163 (right). Model parameters are given in Table 7.











Appendix D: Simple LWT-based approximation for the average projected area of randomly oriented particles

A convex particle is defined by the condition that if any two points are chosen in the particle, the line segment between the two points is also contained in the particle. The three classes of particles considered in this paper are not convex. The average projected area of a convex particle was proven by Cauchy (Cauchy, 1841) to be exactly equal to ¼ the surface area. Spheres are convex particles but as we have discussed in the main body of the paper, equivalent spheres cannot capture the full average projected area of the lunar soil particles. We can form another, more complex, equivalent particle, by using the L, W, and T parameters for a given particle. We form an ellipsoid with semi-axes equal to L/2, W/2, and T/2. Ellipsoids are convex particles, so the average projected surface area of this particle is equal to ¼ the mathematical surface area. For a tri-axial ellipsoid, the surface area is given exactly by an expression involving elliptic integrals. However, an approximate formula exists due to Knut Thomsen (http://www.numericana.com/answer/ellipsoid.htm#ellipsoid) that has been shown to give 1 % accuracy or less for a shape range of ellipsoids that is wider than the range of particle shapes we have measured for the three classes of particles in this paper. This equation has been slightly simplified and modified to use the L, W, T notation:
[bookmark: _Hlk145416765]                      (D1)
The average projected area, denoted APA, is then just ¼ of eq. (C1)
                    (D2)
Figure D.1a shows the actual computed average projection area plotted against eq. (D2) for all the 10084 data. The graph is well-fit by a line, with a fitted slope = 0.89. Figure D.1b is the equivalent graph but for 14163, with the same fitted slope. Since both graphs are very close to a straight line, therefore taking 0.89 times eq. (D2) gives an excellent approximation to the average projection area. Figure D.2a shows the equivalent graph for JSC-1A 20-38 particles, Figure D.2b for the JSC-1A 38-75 particles, and Figure D.2c for the JSC-1A 75-300+ particles. In all cases, the fitted slope is about 0.92, slightly different from the real lunar regolith particles but probably within numerical uncertainty. However, the agreement with the fitted line is significantly worse than the case of the real lunar regolith particles, implying another difference between the real lunar regolith powders and the JSC-1A simulant.
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[bookmark: _Hlk145417941]Figure D.1: (a) true average projected area vs. LWT ellipsoid projected area for 10084, and (b) true average projected area vs. LWT ellipsoid projected area for 14163, In both cases, the straight lines are fit to the data with slope of 0.89.
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Figure D.2: True average projected area vs. LWT ellipsoid projected area for (a) JSC-1A 20-38 particles, (b) JSC-1A 38-75 particles, and (c) JSC-1A 75-300+ particles.
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