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Abstract 

Chang’e-5 (CE-5) lunar regolith samples were scanned using X-ray micro-computed tomography 

(micro-CT), and over 0.7 million particles were extracted from the images through machine 

learning-based segmentation. This is the largest three-dimensional (3D) image dataset on lunar 

regolith particles to date, offering a unique opportunity to study the key characteristics of lunar 

regolith. The image intensity was correlated with mineral density, allowing for the assessment of 

the bulk density (1.58 g/cm3), true density (3.17 g/cm3), and mineralogy of the lunar regolith. Glass 
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and plagioclase contributed 45.6 wt.% of the samples, while pyroxene and olivine made up 49.7 

wt.%, and ilmenite accounted for 4.7 wt.%. The median grain size of CE-5 was 57.5 μm, smaller 

than the Apollo 11, 16 and Luna 16, 20 and 24 samples. Spherical harmonic (SH) analysis and 

axial ratio (AR) measurement revealed that the CE-5 lunar regolith particles have more complex 

shapes than two common terrestrial soils and exhibit less spherical shapes than Apollo 11, 16 and 

Luna 16, 20 and 24 samples. We recommend using size and shape characteristics cautiously when 

inferring lunar regolith maturity because the intrinsic crystal size of the protolith and complex 

lunar surface weathering can cause significant size and shape variations. Additionally, 

characterizing particle shapes requires a large sample size (>1000) to avoid skewed results from 

outliers. Our non-destructive examination method offers a novel and appealing approach for 

analyzing critical physical, mineralogical, and morphological properties of million-scale 

extraterrestrial soil particles, paving the way for future deep space explorations. 

Plain Language Summary 

Characterizing lunar regolith is crucial for understanding the geological history of the Moon and 

future resource utilization and base construction on the Moon. By combining X-ray micro-

computed tomography and advanced machine learning-based image processing techniques, we 

were able to extract more than 700,000 lunar regolith particles from the Chang’e-5 lunar regolith 

samples, which is the largest three-dimensional image dataset on lunar regolith particles so far. 

This unique dataset allows the non-destructive and more reliable evaluation of the particle size 

distribution, mineralogy and particle shape characteristics of the Chang’e 5 lunar regolith samples. 

We found that the Chang’e 5 lunar regolith particles exhibit more complex shapes than typical 

terrestrial soils and are less spherical compared to the Apollo 11, 16 and Luna 16, 20 and 24 

samples. This study not only expanded our knowledge of lunar regolith by obtaining a more 

comprehensive dataset but also introduced a non-destructive workflow for studying extraterrestrial 

geomaterials, which will be beneficial for future deep space explorations. 

1 Introduction 

Lunar exploration has become a global focal point in the field of deep space exploration. 

Numerous countries and private entities are investing heavily in related technologies and missions. 

Notable examples include NASA’s Artemis program (Smith et al., 2020) and China National 

Space Administration’s Chang’e (CE) Project (Li et al., 2019). These exploration programs are 
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driven by the desire to promote in-situ resource utilization and assess the feasibility of human 

habitation on the Moon. 

On December 1, 2020, China’s Chang’e-5 (CE-5) probe landed on a flat area at 43.06°N, 

51.92°W in Northern Oceanus Procellarum (Wu et al., 2018). On December 17, 2020, 1731 g of 

lunar regolith, which included 1500 g collected by the lunar surface sampling and packing system 

developed by the co-author Professor K. L. Yung’s team, was brought back to Earth. The landing 

site is one of the youngest mare basalts on the Moon with an estimated age of approximately two 

billion years (Morota et al., 2011; Tian et al., 2021), which is rather away from the previous nine 

sampling sites accomplished by NASA’s Apollo missions and the USSR’s Lunar missions, making 

the CE-5 lunar samples unique in many aspects including their chemical composition and 

weathering history (Qian et al., 2020; Tian et al., 2021; C. Li et al., 2022; Lu et al., 2023). 

Lunar regolith refers to the fine-grained layer on the Moon that is primarily formed by 

constant micrometeorite impacts (Zhang et al., 2023). Examination of lunar regolith samples could 

provide valuable insights into various aspects of the Moon’s geological history, including the 

composition and structure of the lunar mantle (Longhi, 1992; Wieczorek, 2006), mare volcanism 

(Borg et al., 2011; Snape et al., 2019; Tian et al., 2021), and surface processes such as space 

weathering (Gu et al., 2022; Thompson et al., 2016). Additionally, lunar regolith plays a vital role 

in lunar base construction and in-situ resource utilization, which not only acts as a natural 

foundation soil on the Moon (Carrier III et al., 1972; Costes et al., 1971; Perkins & Madson, 1996), 

but also has the potential to be used as a construction material for habitats, roads, landing pads, 

and other infrastructure (Ellery, 2022). Therefore, understanding its physical properties is essential 

for in-situ resource utilization. Recent studies on lunar regolith, specifically the analysis of CE-5 

lunar samples, have significantly advanced our understanding of its properties (Chang et al., 2023; 

Chen et al., 2023; Li et al., 2022; Wu et al., 2024; Xian et al., 2023; Yang et al., 2022; Yao et al., 

2022; Zhang et al., 2022). The CE-5 samples have been proven to primarily consist of basalt and 

mineral fragments, impact melt breccia, agglutinates, and glasses (Chen et al., 2023; Zong et al., 

2022). Extensive measurements have been conducted on CE-5 samples to evaluate its physical 

properties including size distribution, density and specific surface area (Li et al., 2022; Zhang et 

al., 2022). The particle shape characteristics of lunar regolith are another important physical 

attribute that not only directly determines its mechanical behavior (Cho et al., 2006; Rousé et al., 
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2008) but also records the long-term space weathering (Tsuchiyama et al., 2022; Weber et al., 

2020) and solar wind irradiation (Laczniak et al., 2021).  

X-ray micro-computed tomography (micro-CT), as a widely-used non-destructive testing 

approach (Chen et al., 2021; Zhao et al., 2020; Lei et al., 2018), has been employed to conduct 

grain-scale observations of lunar regolith samples. Matsushima et al. (2008) and Katagiri et al. 

(2015) studied tens of Apollo 16 lunar regolith particles by micro-CT and established a particle 

flow model based on the real particle shapes. Chiaramonti et al. (2017) examined the full 3D shapes 

of Apollo regolith particles using micro-CT and described the particles with spherical harmonic 

(SH) analysis. Nie et al. (2023) employed micro-CT to quantify the shape characteristics of 224 

CE-5 lunar regolith particles and predicted the residual friction angle of lunar regolith. However, 

it is important to acknowledge that a limited number of particles may not sufficiently represent the 

diverse characteristics of lunar regolith and potentially lead to skewed or incomplete findings. 

Although dynamic image analysis (Deitrick & Cannon, 2022; Wilkerson et al., 2024) and laser 

diffraction (Zhang et al., 2022) have demonstrated the ability to analyze the two-dimensional shape 

parameters of thousands of lunar regolith particles, these methods still cannot precisely reconstruct 

the three-dimensional (3D) surface geometry and internal structures of lunar soil particles. 

In this study, we utilized X-ray micro-CT to examine the CE-5 lunar regolith samples. The 

grayscale micro-CT images were processed using machine learning-based segmentation methods, 

enabling the characterization of more than 0.7 million lunar regolith particles. Furthermore, the 

physical, morphological, and mineralogical properties of the regolith particles were quantitatively 

assessed, including particle size distribution, density, mineral content and particle shape 

characteristics. 

2 Materials and Methods 

2.1 Chang’e 5 Lunar Regolith Samples and Micro-CT 

The lunar regolith samples we examined in this study are CE5C0100YJFM00103 (Figure 

1a). Approximately 80 mg of the samples was enclosed in a long tube with an inner diameter of 2 

mm (Figure 1b). A FEI HeliScan micro-CT was used to scan a 2 mm high region of interest within 

the tube with a spatial resolution of 0.99 μm. The voltage for the micro-CT scan is 80 kV and the 

current is 100 μA. Exposure time is 3.3 s for each frame and 8 frames were averaged for each two-
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dimensional (2D) radiograph, and the whole scan took approximately 30 hours for 3060 

radiographs from different angles. A 2-mm aluminum X-ray beam filter was used to reduce beam 

hardening artifacts. This non-destructive testing method maximized the utilization of the lunar 

regolith sample while minimizing any disturbance to its integrity. The 2D micro-CT radiographs 

were then reconstructed into a 3D digital volume representing the 6.28 mm3 lunar regolith by FEI 

Heliscan Micro-CT proprietary reconstruction software (Figure 1c and 1d), with the following 

settings: automatic beam hardening correction, an automatic ring artifact reduction, and a manual 

scan optimization that compensates for small drifts of the specimen during the scan and accurately 

locates the center of reconstruction. The 16-bit raw reconstructed grayscale images were converted 

into 8-bit, which preserves sufficient information for our further analysis and reduces the memory 

requirement for image segmentation. 
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Figure 1. The CE-5 lunar regolith samples and micro-CT scans. (a) Lunar regolith samples 

CE5C0100YJFM00103 and CE5C0400YJFM00406 allocated to the Institute of Geology and 

Geophysics, Chinese Academy of Sciences. (b) A 2D scan at a resolution of 2.20 μm of the tube 

as an overview of the sample. (c) Reconstructed grayscale volume of the sample. (d) An example 

horizontal slice of the sample corresponding to the middle plane in (c). 

2.2 Machine Learning-based Image Segmentation 

Accurate segmentation of the lunar regolith particles is crucial to extracting information 

from the micro-CT images. Traditional methods could segment raw images into different 

components, such as simple thresholding (Otsu, 1979) and marker-controlled watershed 

algorithms (Meyer & Beucher, 1990). However, these methods may encounter challenges due to 

the complexity of mineral composition and intricate surface morphologies of lunar regolith 

particles, leading to both over-segmentation and under-segmentation. We employed a machine 

learning-based segmentation method to address this problem. There are two main steps involved 

in the 3D segmentation of lunar regolith particles: a primary voxel-wise classification that 

identifies different phases in the images including solids and voids, and a secondary segmentation 

that isolates the individual particles based on boundaries. 

 



 7  

 

Figure 2. Examples of voxel-wise classification and boundary-based watershed. (a) Manually 

annotated micro-CT slice. (b) Probability map of voxel classification. (c) Voxel-wise classification 

results. (d) Predicted boundaries based on distance transform and annotations on good or bad 

boundaries. (e) Probability map of particle boundaries. (f) Boundary-based watershed 

segmentation results. 

The random forest algorithm presents several advantages for image segmentation 

applications (Breiman, 2001; Shotton et al., 2008). It is effective in managing high-dimensional 

data and demonstrates robustness to noise and outliers. By evaluating feature importance, this 

method facilitates the selection of the most relevant features. Additionally, random forest reduces 

overfitting and manages complex boundaries with precision. Its computational efficiency is 

advantageous for large datasets, and its ability to integrate diverse information types, including 

shape and texture, makes it particularly suitable for processing 3D micro-CT scans of lunar regolith 

samples. 

A voxel-wise random forest classifier was employed to segment the volume data into solids 

(i.e., distinguishable particles with sizes larger than micro-CT resolution) and voids, considering 

multiple features, including intensity, boundaries and texture (Sommer et al., 2011). Arbitrarily 

chosen voxels were manually labeled in 2D slices according to their phase-contrast features, 

serving as the training set to train the random forest classifier (Figure 2a). The classifier was able 

to estimate the probability that a voxel belongs to each semantic class (Figure 2b). Then, a 

probability threshold was applied to the entire 3D volume to generate voxel-wise classification 

results (Figure 2c). To ensure optimal accuracy, the model was iteratively updated by adding more 

voxel labels until satisfactory segmentation was achieved throughout the volume. 

The primary segmentation could distinguish between different phases. However, the 

boundaries among particles typically appear to be classified as the solid phase due to the partial 

volume effect that is related to the limited resolution. Thus, a boundary-based watershed algorithm 

(Andres et al., 2011) was used to further segment the contacting assembly into isolated particles. 

The potential 3D boundaries (grey edges in Figure 2d) were generated by the watershed algorithm 

based on the distance transform. By training the random forest classifier using manually annotated 

true boundaries (in red) and false boundaries (in green) (Figure 2d), a boundary probability map 

(Figure 2e) was generated. The packed lunar regolith particles could be separated into distinct 3D 
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regions with labels by applying a probability threshold (Figure 2 & Figure 3). With this two-step 

image processing, the lunar regolith particles could be segmented from micro-CT images, allowing 

for the creation of a comprehensive database containing massive information. 

 

Figure 3. An example of the 3D segmentation. The region (500 μm × 500 μm × 500 μm) is cropped 

from the entire volume with randomly assigned pseudo-color labels for visualization. 

2.3 Density Calibration 

Prior studies have measured the bulk density and true density of CE-5 lunar regolith 

samples through the helium displacement method (Li et al., 2022). However, a significant gap 

remains regarding the spatial density distribution within lunar regolith particles. Micro-CT 

imaging has emerged to interpret the density distribution within scanned samples by utilizing the 

correlation between grayscale image intensities and material densities (Humbert et al., 2016; 

Sudhyadhom, 2020). Voxel intensities of 3D micro-CT scans reflect the degree of X-ray 

attenuation, which is affected by several factors including the X-ray energy spectrum, scan 

parameters, and material properties. However, it is important to note that the primary influence on 

voxel intensities should be the material properties alone when using the same micro-CT machine 

and conducting a single scan. The voxel intensity is directly proportional to the linear attenuation 

coefficient   of the material in the corresponding spatial range, which is a product of the mass 

attenuation coefficient 
m  and the material density  : 
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m  =  , (1) 

where the mass attenuation coefficient 
m  influenced by the photoelectric effect and Compton 

scattering, both of which are controlled by multiple variables such as atomic number and photon 

energy: 

 4.5 3 1Z E ZE    − −= +  + , (2) 

where Z  is atomic number, E  is photon energy, and    are two constants. The equations above 

demonstrate a monotonic nonlinear relationship between voxel intensities and material densities, 

which illustrates that dense materials could attenuate more X-rays and result in higher voxel 

intensities. Therefore, it is appropriate to inversely estimate the spatial density distribution of the 

lunar regolith sample by means of X-ray micro-CT imaging. 

To quantitatively correlate voxel intensities and material densities, several phases 

including air and crystalized minerals with known densities were selected as references for the 

calibration, which were carefully confirmed to be free from artifacts or other distortions that may 

introduce inaccuracies (Figure 4a). By performing polynomial interpolation between discrete data 

points of extracted voxel intensities from these referencing regions and their densities, the non-

linear relationship was established (Figure 4b): 

 3 20.6868 124.59 3897I I I =  − + − , (3) 

where  is the estimated material density, I  is the intensity of the corresponding voxel in micro-

CT images. 

Equation (3) was then applied to convert voxel intensities into material densities, providing 

a spatial density distribution throughout the entire reconstructed volume, thus enabling the density 

assessment and mineral identification within the scanned region. 
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Figure 4. Calibration of material density based on micro-CT image intensities. (a) Phase mapping 

in a micro-CT slice. Four types of materials were distinguished based on phase-contrast features. 

(b) Fitted calibration curve of material densities and voxel intensities. 

2.4 Quantification of Particle Shape Characteristics 

The shape characteristics of lunar regolith particles are crucial for understanding the 

geological processes that have shaped the Moon’s surface. Furthermore, it is essential to 

characterize and quantify the shape parameters of lunar regolith particles in order to predict their 

behavior in engineering applications, such as serving as foundation soils capable of bearing 

building loads and as potential materials for lunar base construction. 

Lunar regolith particles acquire their irregular shapes as a result of constant bombardment 

by meteoroids and micrometeoroids during long-term space weathering (Zhang et al., 2023). These 
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particles could be found in various forms, such as angular fragments, elongated shards, or 

agglutinates. In contrast to terrestrial soils which tend to have round shapes, the lunar regolith 

particles retain its sharp edges and angular characteristics since weathering and erosion processes 

on the Earth are absent on the Moon.  

The spherical harmonic (SH) analysis is used to describe and measure the multiscale shape 

characteristics of particles (Garboczi, 2002; Shen et al., 2009; Zhou et al., 2015; Wei, 2018; Chen 

et al., 2021). SH functions can be employed to represent the surfaces of particles obtained from 

micro-CT images: 
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coordinates [0, ]   and [0,2 ]  . n  is the SH degree and m  is the order and m

nc  is the 

corresponding SH coefficient. (cos )m

nP  denotes the Legendre function of SH degree n  and order 

m , which could be expressed by Rodrigues’s formula: 
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By inputting the polar coordinates matrix of the discrete points on the particle surface into equation 

(4), the spherical coefficients m

nc  could be obtained by solving the linear equation system using 

the standard least squares estimation method. The modulus of m

nc  at different spherical harmonics 

degree n  can be calculated as follows: 

 2|| ||
n m

n nm n
L c

=−
=  . (7) 

The spherical harmonics describe the morphological features of the particle shape at 

different scales. A higher SH degree n  allows for more detailed characterization and a more 

accurate reconstruction of the particle surface geometry. In this study, we adopted a maximum SH 

degree of 25 to analyze the multi-scale shape features of lunar regolith particles. The SH 
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coefficients 
0L  represents the particle volume and 

1L  does not affect the particle morphology, 
2L  

to 
4L  reflect the general shape, 

5L  to 
8L  depict the local roundness, while 

9L  and above capture 

the surface texture at a fine-scale level. To quantify the morphological complexity at different 

spherical harmonic degrees, the spherical harmonic descriptors 
nD  are proposed as follows: 

 
0

, ( 2,3,4)n
n

L
D n

L
= = , (8) 

where all the 
nL  were divided by 

0L  to remove the effect of particle volume. Furthermore, 
1L  

was not taken into consideration because it does not influence the reconstructed morphology of 

the particle using spherical harmonics. 

Generally, the exponential relation between the spherical harmonic descriptor 
nD  and the 

spherical harmonic degree n  can be expressed by: 

 nD n , (9) 

where   is the slope of the fitted line for log( )nD  versus log( )n . Equation (9) reflects the self-

similarity of the particle shape, which can be quantified by the fractal dimension FD  (Xie, 2020). 

FD  is positively correlated with the complexity, roughness, or irregularity of the surface geometry. 

It could be calculated by the following expression (Russ, 2013; Wei et al., 2018): 

 
6

2
FD

+
= . (10) 

Form factors are also extensively used to quantify the overall shape characteristics of 

terrestrial and non-terrestrial bodies (Zhao & Wang, 2015; Zhu & Zhao, 2021; Deitrick & Cannon, 

2022; Nie et al., 2023). The most widely used form factors include elongation index ( EI ), flatness 

index ( FI ) and aspect ratio ( AR ) which are denoted as: 
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where L , I and S  are the largest, intermediate and shortest dimensions of particles obtained from 

a bounding box estimation, which is dependent on the order of measurement (Fujiwara et al., 1978; 

Katagiri et al., 2015; Michikami et al., 2018; Tsuchiyama et al., 2022). To facilitate the comparison 

with previous measurements, the bottom-up method (La Spina & Paolicchi, 1996) is adopted to 

measure the three dimensions in the order of S , I and L , which is consistent with Tsuchiyama et 

al. (2022). According to the classification criteria of Zingg (1935), particles become more 

elongated as EI  decreases and more platy as FI  decreases. Conversely, as AR  increases, 

particles become more spherical (Figure 12). 

3 Results 

3.1 Reconstruction and Segmentation of Micro-CT Images 

The digital volume of interest is composed of 2,000 slices of 2025 × 2070 grayscale images, 

discretizing the samples into approximately 8,383 million voxels. With the application of machine 

learning-based image processing methods, the labelled grayscale volume of 710,226 lunar regolith 

particles were obtained (Figure 5), allowing for the observation and characterization of the 

individual particle structure. The segmentation results demonstrate the effectiveness of the 

proposed methods in accurately separating packed lunar regolith particles in micro-CT images. 

The segmented regions were labeled sequentially, enabling the volume extraction of any arbitrary 

particle through traversal. A database was established to store, organize, and manage the data of 

these particles. It is the first database with high-resolution micro-CT images of such a large number 

of lunar regolith particles. This database helps extract grain-scale information of the CE-5 samples 

and provides a comprehensive understanding of the properties of lunar regolith. 
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Figure 5. Example segmented lunar regolith particles in horizontal and vertical slices of micro-

CT scans. Randomly assigned pseudo-color labels of individual lunar regolith particles are 

superimposed transparently on the grayscale image for illustration of the segmentation results. 
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To quantitatively evaluate the accuracy of our segmentation methods, manual inspections 

were performed on the machine learning-based segmentation results. For example, we found 29 

inaccurate segmentations in Figure 5 (a-f) from 371 segmented particles mostly on small particles 

that suffer from the partial volume effect. This shows that the accuracy of our machine-learning 

based segmentation is around 92.2%, with almost perfect segmentation performance for large 

particles. 

3.2 Particle Size Distribution 

Particle size distribution is a fundamental physical property of lunar regolith that 

significantly influences its mechanical and thermal behaviors. To obtain the particle size 

distribution of the CE-5 samples, we calculated the equivalent diameters of all the 710,226 

particles segmented from the micro-CT images. The particle size distribution obtained by image 

segmentation (Figure 6a) revealed that the size of CE-5 lunar regolith particles ranges from fine 

dust (<5 μm) to large fragments (>100 μm) with a median particle size of 57.5 μm (Figure 6a), 

which is smaller than Apollo 11 (mature/submature), Apollo 16 (mature), and Luna 24 (immature) 

samples. Several lunar regolith particles at different sizes are shown in Figure 6b as examples, 

further illustrating the dispersed size of lunar regolith particles. In geotechnical terms, the CE-5 

lunar regolith sample could be classified as sandy silt or silty sand. 

3.3 Density Estimation and Mineral Characterization 

The correlation between material densities and voxel intensities is established based on the 

introduced calibration methods, providing the estimated density distribution of the digital volume 

(Figure 7a). The spatial density distribution could be used to characterize and identify minerals in 

lunar regolith particles. The lunar soil particles from the CE-5 mission can be broadly categorized 

into the following types based on the classification criteria of Heiken et al. (1991) and Katagiri et 

al. (2015): irregular agglutinate particles with internal vesicles, polymineralic particles and 

monomineralic particles (Figure 7c). For instance, Figure 7b provides a detailed view of a 

fragmented polymineralic particle with parallel veins, showing the presence of four phases with 

distinct densities. The alternating phases with vein-like pattern can be inferred as pyroxene-

ilmenite pair, which is a typical indicator of shock compression related to an impact event 

(Tomioka & Fujino, 1997). Based on the estimated density distribution (Figure 7d) and the range 
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of densities of known minerals, these four phases could be identified as ilmenite, pyroxene, 

plagioclase, and fractures. 

 

Figure 6. Particle size distribution of the CE-5 lunar regolith sample and representative particles 

with different sizes. (a) The cumulative volume distribution versus equivalent particle diameter of 

the CE-5 lunar regolith sample determined by our micro-CT imaging technique and other different 

methods (Cao et al., 2022; Zhang et al., 2022). The particle size distributions of Apollo 11, Apollo 

16 and Luna 24 (Graf, 1993) are also presented for comparison. (b) The grayscale reconstructed 

volume of segmented particles with different particle sizes. (c) The equivalent particle diameter 

for all 710,226 particles extracted from micro-CT images. 
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Figure 7. Density calibration and mineral phase identification based on micro-CT images. (a) 

Estimated density distribution in a micro-CT slice. (b) Phase-contrast induced features in detail 

zoomed from (a). (c) Representative lunar regolith particles with distinguished types of 

mineralogical textures including agglutinate (Ⅰ), polymineralic (Ⅱ) and monomineralic (Ⅲ & Ⅳ) 

particles. (d) The profile of estimated density along the white line in (b). 

The density distribution can also contribute to revealing the 3D microstructural features of 

lunar regolith particles in the CE-5 sample. By thresholding the estimated density distribution, 

phase-induced features could be extracted. Figure 8a, Figure 8b and Figure 8c present the 3D 

structure of a polymineralic particle with an ilmenite vein, an agglutinate particle with several 

isolated vesicles and a fragmented breccia particle, respectively. 
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Figure 8. 3D structures of three typical lunar regolith particles and representative micro-CT slices. 

(a) A polymineralic particle with high-density ilmenite (in purple). (b) An impact glass particle 

with isolated vesicles (in green). (c) A breccia particle with fractures (in blue). 

The spatial density distribution derived from micro-CT images enabled the density 

estimation of individual lunar regolith particles (Figure 9a), allowing for further evaluation of both 

bulk density (1.58 g/cm3) and true density (3.17 g/cm3) of the CE-5 sample. It should be noted that 

bulk density refers to the mass of the lunar regolith per unit volume, including both the particles 

and the voids, and true density refers to the mass of the lunar regolith per unit volume of the solids 

alone, excluding both internal pores within the particles and external voids between them. These 

measurements align with the density values obtained through laboratory measurements (Zhang et 

al., 2022), indicating the accuracy of our methods. 
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Figure 9. Probability density distribution of properties of lunar regolith particles segmented from 

micro-CT images. (a) Histogram of particle density. (b) Histogram of specific surface area. 

Based on the known types of minerals and the range of mineral densities (Tian et al., 2021), 

the mineral content (wt.%) of the CE-5 samples can be assessed by thresholding the estimated 

density distribution (Table 1). It should be noted that some minerals with similar densities were 

combined as one category. The overall assessment of mineralogy is consistent with previous 

measurements (Li et al., 2022; Zhang et al., 2022; Cao et al., 2022; Qian et al., 2023). 

Table 1. Mineral content of CE-5 lunar regolith samples obtained from micro-CT imaging 

compared with previous laboratory measurements (Li et al., 2022; Zhang et al., 2022; Cao et al., 

2022; Qian et al., 2023). 

Sources Methods Glass/Plagioclase Pyroxene/Olivine Ilmenite 

Li et al. (2022) XRD 46.7% 47.7% 4.5% 

Zhang et al. (2022) XRD 45.9% 48.1% 6.0% 

Cao et al. (2022) Raman 49.7% 42.3% 3.3% 

Qian et al. (2023) Raman 38.9% 55.9% 5.2% 

Our study Micro-CT 45.6% 49.7% 4.7% 

3.4 Shape Characteristics of Lunar Regolith Particles 

To quantify the shape characteristics of lunar regolith particles and minimize errors 

introduced by voxelization, spherical harmonics and form ratios were computed for 20,396 

particles which have volume larger than 15,000 voxels, which is approximately equivalent to the 
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shortest dimension of 20 μm. The triangular surface meshes of the particles were generated and 

saved in .STL files (Figure 10a) using the open-source code iso2mesh (Fang & Boas, 2009).  

 

Figure 10. Spherical harmonic analysis of CE-5 lunar regolith particles. (a) Comparison between 

scanned particle surface and reconstructed particle surface with different degrees of spherical 

harmonics (n from 5 to 25). (b) Spherical harmonic descriptors as a function of the spherical 

harmonic degree n for CE-5 lunar regolith particles and two types of terrestrial soils. Data of 

Leighton Buzzard sand (LBS) and highly decomposed granite (HDG) are from Wei et al. (2018). 
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Spherical harmonic analysis was conducted with a maximum SH degree of 25. It was found 

that a satisfactory reconstruction could be achieved when the SH degree 15n   by comparing the 

reconstructed particle shapes at different spherical harmonic (SH) degrees with the actual particle 

shape (Figure 10a). The statistical analysis (Figure 10b) reveals a linear correlation between the 

mean spherical harmonic descriptors and the spherical harmonic degree in log-log scales (Figure 

10b), demonstrating the self-similarity of multiscale morphological features of lunar regolith 

particles. Our results indicate that CE-5 particles exhibit the highest spherical harmonic descriptors 

among the three types of particles. According to equation (14), linear fitting was performed for 

log( )nD  versus log( )n  of three types of particles (Figure 10b). Based on the fitting parameters, the 

mean fractal dimension FD  of CE-5, HDG and LBS particles were calculated to be 2.32, 2.28, 

and 2.11, respectively. The reconstruction of the particle surface also allows for the estimation of 

the specific surface area of each lunar regolith particle (Figure 9b). The mean value of the specific 

surface area is found to be 0.59 m2/g, which is close to the previous result (0.56 m2/g) from Li et 

al. (2022). 

 

Figure 11. Form factors distributions of CE-5 lunar regolith particles. (a) Zingg diagrams of CE-

5 lunar regolith particles displaying distribution of EI , FI , and aspect ratios ( AR ). (b) The 

relationship between AR  and the intermediate length ( I ) revealing size dependency of particle 

shape. The moving average of AR  is plotted with shaded error bars indicating the standard 

deviation. 
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The form factors of the 20,396 lunar soil particles are shown in Figure 11a. The mean 

elongation index ( EI ), flatness index ( FI ), and aspect ratio ( AR ) were found to be 0.7322, 0.7786, 

and 0.5679, respectively. Size dependency was observed by calculating the moving average of 

AR  as a function of the intermediate particle length ( I ), which serves as a representative measure 

of particle size. The AR  initially increases and reaches a peak at approximately 40 μm, after which 

it declines with observable fluctuations around the mean value (Figure 11b). Considering that the 

form factor is size-dependent, the CE-5 samples were divided into four particle size groups for 

comparison with Luna and Apollo samples (Tsuchiyama et al., 2022). The mean form factors are 

shown as Zingg diagrams (Figure 12), where EI  is plotted against FI . Our results demonstrate 

that data points of CE-5 are further left and lower in the diagram compared to other samples 

regardless of particle size, indicating a smaller aspect ratio and a less spherical shape. 

 

Figure 12. Zingg diagrams showing the mean form factors of CE-5 lunar regolith particles and 

comparison with Luna and Apollo missions. 
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4 Discussion 

In this study, we quantitatively evaluated several critical physical properties of CE-5 lunar 

regolith samples using micro-CT imaging. Our results generally agree with previous studies with 

slight differences possibly due to differences among different batches of samples and varying 

measurement methods. The blue and red dashed curves in Figure 6a represent the measurements 

of Cao et al. (2022) using Raman particle analysis and Zhang et al. (2022) using laser diffraction 

respectively. The obtained median particle size in our study is 57.5 μm, close to 55.24 μm from 

Zhang et al. (2022) and larger than 28.4 μm from Cao et al. (2022). We also found that particles 

smaller than 10 μm accounted for only 1.4% of the total volume in our segmentation. However, 

Zhang et al. (2022) and Cao et al. (2022) reported volume fractions of approximately 17.0% and 

10.8% for particles under 10 μm, respectively. This is attributed to the limited spatial resolution of 

micro-CT images, which poses challenges in accurately identifying very fine particles. The median 

particle size would be 73.6 μm for Zhang et al. (2022) and 30.7 μm for Cao et al. (2022) with a 

cutoff particle size of 10 μm. 

The obtained median particle size of the CE-5 samples is smaller than that of Apollo 11, 

Apollo 16 and Luna 24 samples (Hapke, 1968; Duke et al., 1970; Carrier III, 1973; Graf, 1993). 

The particle size distribution is widely used to quantify the maturity of lunar regolith samples. 

Generally, a smaller median particle size is associated with a higher degree of maturity (Chen et 

al., 2023; Li et al., 2022; Zhang et al., 2021). However, the immature lunar soil samples from the 

Luna 24 mission exhibit a larger median grain size compared to the mature samples from Apollo 

11 and Apollo 16. This counterexample indicates that median grain size alone is insufficient to 

determine the maturity of lunar regolith samples. The particle size of lunar regolith might not 

monotonically correlated with maturity as the space weathering effect on the particle size was 

controlled by the competing effects of micrometeorite comminution and agglutination (McKay et 

al., 1974). Moreover, the particle size of lunar regolith is significantly determined by the intrinsic 

crystal size of the protolith, which is influenced by the cooling rate and the chemical composition 

of the magma (Head & Wilson, 2020; Qian et al., 2024). He et al. (2022) suggests that CE-5 basalts 

may experience rapid cooling after eruption, which may explain the relatively small particle size 

of CE-5 samples. 



 24  

 

The assessment of mineral content in our study is consistent with previous research using 

X-ray diffraction (XRD) (Zhang et al., 2022; Li et al., 2022), which is a mature technique for 

identifying crystalline phases and quantifying their abundance. However, XRD relies on the 

identification of each phase, which may not always be trivial. For example, XRD is unsuitable for 

amorphous materials (e.g., glass) and trace amount phases (<0.1–1.0%) may be undetected 

(McCusker et al., 1999). In addition, quantitative analysis of minerals content is inferred from 

XRD patterns instead of direct measurement. Our study relies on the 3D volumetric representation 

of the particles and the correlation between density and the level of X-ray attenuation in materials. 

This provides a non-destructive and direct measurement approach to evaluate the mineral content 

of lunar regolith samples with digital images. Although minerals of similar densities (i.e., 

glass/plagioclase and pyroxene/olivine) can hardly be distinguished, and the accurate mineral 

composition (e.g., EnFsWo in pyroxene) cannot be assessed by micro-CT images, the combined 

proportions of glass/plagioclase and pyroxene/olivine, as well as the proportion of ilmenite, still 

provide valuable verification for measurements from other techniques. In addition, the spatial 

relations between different minerals and their morphological characteristics may also aid in 

identifying mineral phases. 

Visualization and characterization on specific particles in the CE-5 samples could provide 

us with a massive amount of information about the geologic history of the sampling sites. Based 

on micro-CT images of CE-5 samples, we identified agglutinate particles, polymineralic particles 

and monomineralic particles which are classified by Heiken et al. (1991) and Katagiri et al. (2015). 

This finding demonstrates that the CE-5 sample exhibits considerable similarity to other lunar 

regolith samples in terms of mineralogical textures. Li et al. (2021) and Qian et al. (2024) proposed 

that the agglutinate abundance (~16.6%) in CE-5 soil is lower than that observed in all Apollo 

mature soils (>30%), which may indicate the immaturity based on the established correlation 

between agglutinate abundance and soil maturity.  

The observed high-intensity phases (Figure 8a) confirmed the existence of mineral 

composition with high-density metal elements such as Fe and Ti. The vesicles in the glass particle 

(Figure 8b) may have been formed when dissolved gases bubble out of the magma as it 

decompresses during its approach to the surface and lava solidifies before the gases can escape 

(Blatt et al., 2006; Yang et al., 2022). It may imply past high-temperature events such as meteorite 

impacts. The fragmentation of lunar regolith particles (Figure 8c) could be induced by several 

https://en.wikipedia.org/wiki/Vesicular_texture
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stress-related processes in many ways, including temperature change, application and release of 

overburden pressure, shearing forces, crystal growth, water pressure or tension (Steiglitz, 1988). 

In order to compare the shape characteristics of lunar regolith particles and terrestrial 

geomaterials, the spherical harmonics data of Leighton Buzzard sand (LBS) and highly 

decomposed granite (HDG) sourced from Wei et al. (2018) are also included in Figure 10b. The 

LBS have rounded and smooth particle surfaces because of geological transportation processes 

while the HDG are typically angular, rough, and have numerous surface asperities. Our results 

suggest that lunar regolith particles exhibit the largest spherical harmonic descriptors 
nD  among 

three types of geomaterials, while HDG displays larger spherical harmonic descriptors than LBS. 

This result indicates that lunar regolith particles exhibit more complex morphological features with 

more angular shapes, sharper edges and finer textures compared with LBS and HDG (Figure 10b). 

The spherical harmonic descriptors 
nD  shifts from capturing the overall shape to detailing surface 

roughness as the SH degree n  increases. The fractal dimension FD  which is calculated from the 

slope of log( )nD  versus log( )n  describes the complexity and self-similarity of particle shapes. A 

low FD  indicates that the particle shape is relatively smooth and less textured. It also suggests a 

low self-similarity, which means the particle surface does not have the same level of fine structural 

details or variations seen in particles with higher fractal dimensions. The particle shape of sandy 

soils and sedimentary deposits on Earth are primarily influenced by several geomorphological 

processes that involves various physical, chemical, and biological mechanisms over an extended 

period of time (Crook, 1968; Hiebert & Bennett, 1992). For instance, LBS is classified as a 

transported soil that mainly experienced geological transportation processes with dissolution or 

chemical alteration, resulting in rounded and smooth particle surface. This leads to the lowest FD  

among three types of particles. In contrast, the shape of HDG particles is controlled by the initial 

fragmentation and erosion of granite rocks over an extended period as typical residual soils, which 

remains sub-angular to angular and slightly rough (Wei et al., 2018). Thus, HDG has a larger FD  

compared to LBS. However, the space weathering on the Moon is distinct from the weathering on 

the Earth. Dissolution or chemical alteration of mineral composition is absent on the Moon surface. 

Additionally, there are no biological processes contributing to weathering on the Moon due to the 

absence of life. Instead, the evolution of the lunar regolith is primarily affected by micrometeorite 

impacts and constant radiation of the solar wind and cosmic rays and extreme temperature variation 
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over billions of years of geological time (Anand et al., 2004; Colwell et al., 2007). Constant 

radiation of the solar wind and cosmic rays shape (Laczniak et al., 2021; Thompson et al., 2016) 

the particle morphology in nano-scale. Thus, the surface morphology of lunar regolith at the 

resolution of micro-CT imaging is dominant by micrometeorite impacts, which lead to fracturing, 

fragmentation, melting and vaporization (Gu et al., 2022; Zhang et al., 2023) and also cause 

mechanical abrasion (Tsuchiyama et al., 2022). Most CE-5 particles possess angular and rough 

shapes after a long period of space weathering as shown in Figure 5, which is evident by a higher 

FD  compared to those of HDG and LBS. 

Form factors could describe the overall shape of lunar regolith particles, regarding as 

another potential indicator of maturity. Michikami et al. (2018) demonstrate that fresh basalt 

fragments produced by hypervelocity impact experiments have a lower mean aspect ratio 

compared to lunar regolith particles. Our results revealed that the CE-5 particles exhibit a lower 

mean aspect ratio compared to other lunar samples, with a tendency towards less spherical shapes, 

similar immaturity to Luna 24 samples (Figure 12). The morphological evolution of lunar regolith 

particles is controlled by the competing effect of impact fragmentation and mechanical abrasion 

during long-term space weathering. Fragmentation of regolith particles occurs under intense 

dynamic loading (Huang et al., 2016, 2018) induced by a large meteorite striking the lunar surface 

with a high velocity, generating strong shock waves that cause particle crushing of lunar regolith 

near the impact site. In contrast, abrasion occurs under dynamic loading conditions with relatively 

low energy (Xiao et al., 2019), such as those produced by smaller meteorites with slower impact 

velocities, or shock waves that have propagated from a distant impact site. In these scenarios, the 

shock waves are insufficient to cause substantial fragmentation but adequate to induce frictional 

sliding between particles, leading to the wearing and smoothing of particle surface. Thus, the 

relatively low AR  of CE-5 particles may not necessarily suggest that they are immature, as they 

might experience a significant number of high-intensity impact events, which would also lead to a 

lower AR . More accurate constraints on the impact-induced morphological modification of 

irregular shaped particles require future investigations. 

The particle shape characteristics of lunar regolith have multiple influences on its overall 

behaviors. Granular assemblies composed of particles with smaller aspect ratios are likely to 

exhibit stronger fabric anisotropy, which plays a crucial role in the mechanical and thermal 

behavior of lunar regolith (Chen et al., 2024). Irregularly shaped particles with rough surfaces can 
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interlock more effectively, allowing for higher interparticle friction than weathered terrestrial 

particles. This is closely related to the compressibility of the particles, which affects the thermal 

conductivity and wave velocity (Lee et al., 2017). The lunar regolith layer may have lower shear 

wave velocity than weathered terrestrial soils of similar composition. This is due to the Moon's 

gravity being only 1/6 of Earth's gravity, and the irregular shapes of lunar particles lead to larger 

void spaces and fewer particle contacts. Considering the influence of particle shape on the 

propagation of seismic waves could enhance our understanding of lunar seismic activities and the 

resultant ground motion (Amrouche et al., 2022; Watters et al., 2019). The morphology of particles 

plays a significant role in the frictional behavior of granular assemblies especially under low-stress 

conditions (Cho et al., 2006; Rousé et al., 2008; Cavarretta et al., 2010; Katagiri et al., 2015). This 

may also be important for the understanding of coseismic landslide on the Moon (Schmitt et al., 

2017). Katagiri et al. (2015) proposed that an increased content of agglutinate enhances the shear 

strength of lunar regolith. Qian et al. (2024) demonstrate a correlation between agglutinate content 

and regolith maturity. These observations may suggest that different regolith maturities may be 

associated with varying shear strengths, potentially due to the differing levels of agglutinate 

present. The shape of the particles may also contribute to the lower thermal conductivity of the 

lunar regolith, which in turn affects the Moon's subsurface temperature (Woods-Robinson et al., 

2019). Moreover, thermal conductivity is a crucial factor for future in-situ resource utilization 

strategies, such as the sintering of lunar regolith (Han et al., 2022). 

The number of samples examined has a significant impact on revealing statistical patterns 

of the lunar regolith particles. Take the flatness index ( FI ) as an example, our analysis reveals 

that with the increase in particle number, the mean FI  exhibits significant fluctuations (Figure 

13). This variability can be attributed to the insufficient particle number, where the presence of 

outliers or unique particles exerts a disproportionate effect on the calculated mean values. These 

fluctuations diminish as the particle number increases to more than 1000, where the mean value of 

FI  gradually stabilizes within 5% standard deviation. This trend reflects the sensitivity of shape 

parameters to sample size, emphasizing the need for a sufficiently large number of particles to 

achieve reliable and consistent statistical measures. Therefore, it is essential to determine the 

optimal particle number that balances the need for statistical reliability and the practical constraints 

of sample collection and analysis. Our findings underscore the importance of considering the 

number of particles in studies of lunar regolith characteristics. In this study, we use a micro-CT 
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image segmentation method, which allows us to obtain information of a vast number of particles, 

ensuring that conclusions drawn about the CE-5 lunar regolith samples are based on robust and 

representative data. 

 

Figure 13. Influence of the total particle number on the measurement of mean flatness index ( FI ). 

The error bar represents the range within which the mean FI  fluctuates by up to 5%. 

Lastly, our segmentation methods demonstrate a significant improvement over traditional 

segmentation methods, particularly in terms of handling complex features and high noise level 

images. Future work could focus on further refining the segmentation to further reduce over-

segmentation and under-segmentation, potentially through the incorporation of advanced 

techniques such as deep learning and post-processing steps. Since various image segmentation 

methods are currently available and future advancements are anticipated, the micro-CT data 

provided in our study offers a chance for future comparison and further iterations. 

5 Conclusions 

This study introduces a non-destructive method for characterizing the lunar regolith sample 

returned by the CE-5 mission using micro-CT imaging and machine learning-based segmentation. 
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We generated and analyzed a comprehensive dataset of over 700,000 CE-5 lunar regolith particles, 

several orders of magnitude larger than previous studies, which significantly enhanced our ability 

to observe and characterize CE-5 lunar regolith particles. Our study indicates that the CE-5 

samples have a median particle size of 57.5 μm, smaller than Apollo 11, Apollo 16, and Luna 24 

samples. By comparing CE-5 lunar regolith particles with both terrestrial soils and other lunar 

samples, we revealed their less spherical shape with more complex morphological features.  

Several pieces of evidence pointing to contradict maturity of the CE-5 lunar regolith. 

Compared to the previous lunar regolith sample, the smaller median particle size indicates higher 

maturity, however, the less spherical shape and the observed agglutinate suggest a relatively 

immature regolith. We recommend that due to the variability of the intrinsic crystal size of the 

protolith and the complexity of processes involved in space weathering, the relationship between 

lunar regolith particle size and morphology and maturity should be evaluated with caution, 

appealing further constraints to accurately assess the maturity of lunar regolith. In addition, we 

found that the samples should be sufficiently large (>1000) to obtain reliable shape and size 

characteristics. This study validates the feasibility and effectiveness of our proposed micro-CT 

imaging-based method on the examination of million scale exterritorial soils, which provides a 

non-destructive approach for assessing mineral components of precious extraterrestrial samples in 

future deep space explorations. 
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