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Abstract
The bulk density of grains from a celestial body is a fundamental property related to its composition and structure, contributing to the understanding of its evolutionary history. In this study, we provide the bulk density of 637 grains returned from the C-type near-Earth asteroid 162173 Ryugu. This is the largest number of grains to date for the curation activity, corresponding to 38 wt.% of the total returned samples (approximately 5.4 g). Although several densities of the Ryugu grains were reported, the volume estimation of some samples showed uncertainties. Therefore, we applied a new volume estimation model calibrated by X-ray micro-computed tomography (XCT) to the Ryugu grains to more accurately estimate their bulk density. The obtained average bulk density of 637 Ryugu grains was 1.79 ± 0.31 g/cm3 (1σ variation) for weights of 0.5‒100 mg (sub-mm ‒to 10 mm) irrespective of their 3D shapes characterized by three axial length ratios, considered to be a representative of the returned samples. The bulk density distributions of the grains in Chambers A and C were statistically distinguishable, with mean values of 1.81 ± 0.30 and 1.76 ± 0.33 g/cm3 (1σ variations), respectively. Despite the small difference, bulk density may have differed by sampling site. The obtained average bulk density value of A + C samples was almost the same as that of 16 Ryugu grains estimated based on CT scanned data, and was consistent with the densities of CI chondrites (1.57–1.91 g/cm3). The axial ratios of the grains in Chambers A and C were similar and those of the 724 returned samples and the flying particles ejected during the sampling operations were also similar, suggesting that relatively small Ryugu materials (mm‒cm in size) are similar in shape. The minor difference between the Rygu grains and flying particles could be attributed to events such as scraping during sampling operations and transportation.
Graphical Abstract
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Introduction
The Japan Aerospace Exploration Agency (JAXA) Hayabusa2 mission collected surface and sub-surface materials from the C-type near-Earth asteroid 162173 Ryugu and brought them back to Earth on December 6, 2020 (e.g., Tachibana et al. 2022). Ryugu samples were collected during two touch-down operations: the samples in Chamber A were collected and stored during the first touch-down operation (TD1) and the samples in Chambers C were collected and stored during the second touch-down operations (TD2) which was done near an artificial crater excavated by a small Carry-on Impactor (SCI) (Tachibana et al. 2022). Net weight of the returned samples was 5.424 ± 0.217 g (3.237 ± 0.002 g and 2.025 ± 0.003 g in Chambers A and C, respectively; Yada et al. 2022). Many preliminary descriptions and analyses on Ryugu samples, including size, weight, spectroscopic measurements, bulk compositions, mineralogy, chemistry, and isotopic composition, were conducted for nearly two years since the Ryugu samples were recovered from the sample containers (e.g., Yada et al. 2022; Pilorget et al. 2022; Nakamura et al. 2022a, b; Ito et al. 2022; Yokoyama et al 2022; Okazaki et al. 2022; Noguchi et al. 2023; Naraoka et al. 2023; Yabuta et al. 2023). Based on these results, the Ryugu samples were found to be materials similar to CI chondrites (e.g., Yada et al. 2022; Pilorget et al. 2022; Nakamura et al. 2022a, b; Yokoyama et al 2022).
Bulk density, defined by dividing the weight by the bulk volume including the pores, is a fundamental physical property closely related to the composition and structure of asteroid samples, and it affects the thermal properties of asteroids. Since Ryugu samples have a similar chemical composition as CI chondrites, it would be interesting to check if their densities are also similar. Several studies analyzed the bulk density of CI chondrites. The bulk density of one of CI chondrite, Orgueil meteorite, was reported to be around 1.57‒1.91 g/cm3 (Consolmagno and Britt 1998; Britt and Consolmagno 2000; Hildebrand et al. 2006; Macke et al. 2011). Similar bulk density was reported for C2 ungrouped carbonaceous chondrite of Tagish Lake to be 1.57‒1.71 g/cm3 (Zolensky et al. 2002; Hildebrand et al. 2006). The bulk densities of Orgueil (CI) and Tagish Lake (C2 ungrouped) meteorites were small among the other carbonaceous chondrites, i.e., 2‒5 g/cm3 (Consolmagno and Britt 1998; Macke et al. 2011; Flynn et al. 2018). It was suggested that the small bulk density may be explained by many tiny fractures and voids present in those meteorites (e.g., Consolmagno and Britt 1998; Macke et al. 2011). The reported microporosity, defined as the volume ratio of voids within a grain, was as large as 23‒43% for these meteorites (Consolmagno and Britt 1998; Britt and Consolmagno 2000; Hildebrand et al. 2006; Macke et al. 2011). Those fractures and voids can be affected by weathering on Earth (e.g., Corrigan et al. 1997; Gounelle and Zolensky 2001) or by heating and fragmentation during entry into the Earth’s atmosphere. Hence, it is not easy to ascertain the bulk density of CI chondrites unaffected by weathering or heating. Ryugu grains are pristine samples that have not been affected by weathering or heating, as the grains were protected within the heat-shield container during entry to Earth; they may represent pristine CI chondrites.
The bulk density of Ryugu samples was reported in several studies; however, some of them have uncertainties due to the volume estimation methods. The volume of the meteorite samples required to estimate their bulk densities was measured with the Archimedean method using 1 mm or less (− 40 μm) sized glass beads (e.g., Consolmagno and Britt 1998; Britt and Consolmagno 2000; Hildebrand et al. 2006; Macke et al. 2011) or sieved quartz sand (500‒700 μm in size; Zolensky et al. 2002). However, the Archimedean method is not ideal for measuring volume of Ryugu grains due to the small (several mm) and brittle nature of the grains; the grains would be contaminated with the glass beads themselves. Thus, we chose a different method without directly touching the sample to estimate the grain volume and then the bulk density of Ryugu grains, as described in earlier studies. Variations in the reported density values are listed in Table 1. Yada et al. (2022) estimated the first bulk density from 204 Ryugu grains to be 1.282 ± 0.231 g/cm3 based on the analyzed grain weight and the volume estimated by adopting a spheroid model. Their estimated value was smaller than the one reported in other studies (Nakamura et al. 2022a, b; see Table 1). Nakamura et al. (2022a) used the three-dimensional (3D) model obtained by optical profilometry to estimate the grain volume, which resulted in the bulk density of 1.528 ± 0.242 g/cm3 based on 16 Ryugu grains. Nakamura et al. (2022b) used X-ray micro-computed tomography (XCT) to image each grain and precisely estimated its volume, resulting in the grain densities ranging from 1.7 to 1.9 g/cm3, with an average of 1.79 ± 0.08 g/cm3, for 16 Ryugu grains. The low bulk density reported by Yada et al. (2022) may have been derived from an overestimation of the grain volume using a parameter that was not calibrated for the Ryugu sample in the spheroid model, where the volume was estimated from the 3D axial lengths. Therefore, in this study, we first established a new calibration method using a new correction factor for a more precise volume estimation model from 3D axial lengths. For this purpose, volumetric data points for 16 Ryugu grains obtained with XCT by Nakamura et al. (2022b) were used as references for the calibration. We then re-estimated the bulk density of 724 Ryugu grains, which corresponded to 40.3 wt.% of total returned samples (5424 mg). Based on the results, the average value and variation of the density of 724 grains were examined. As presented below, the Ryugu grains studied in this work varied in their 3D shapes, ranging from elongated to equant shapes. The shape difference may affect the volume estimation; thus, the relationships between the shape and the bulk density were also investigated.Table 1Bulk densities of Ryugu grains and volume estimating methods


	 	Average bulk densitya (g/cm3)
	Number of grains
	Volume estimation method

	Yada et al. (2022)
	1.282 ± 0.231
	204
	Spheroid model of Eq. (1) based on a correction factor of 0.928 derived from Bagheri et al. (2015)

	Nakamura et al. (2022a)
	1.528 ± 0.242
	16
	3D model obtained by optical profilometry

	Nakamura et al. (2022b)
	1.79 ± 0.08
	16
	3D model obtained by X-ray computed tomography (XCT)

	This work
	1.79 ± 0.31
	637
	Spheroid model of Eq. (1) based on a correction factor of 0.860 ± 0.044, derived from Nakamura et al. (2022b) using XCT


aDensity with 1σ variation



The flying particles ejected from Ryugu during the touch-down operations were imaged using a small monitor camera head (CAM-H) of the Hayabusa2 spacecraft (Tachibana et al. 2022). We compared the 3D shapes of the retrieved Ryugu grains (sub-millimeter to 10 mm) with flying particles (centimeter in size). This provides a clue to the size and shape variations of the relatively small surface materials of Ryugu as well as to the bulk density and porosity of the surface materials.

Methods
Description procedures
The sample was processed by transferring grains from the container to the sapphire dishes, obtaining their optical images, and measuring their sizes and weights, following Yada et al. (2022, 2023) and we briefly describe the procedures presented below. All measurements were performed in a non-destructive and non-contaminated manner in a purified nitrogen environment in clean chambers (CCs), without exposure to the Earth’s atmosphere. All the acquired data (optical images, sizes and weights) were archived in the Ryugu Sample Database (https://​www.​darts.​isas.​jaxa.​jp/​curation/​hayabusa2/​; Nishimura et al. 2023) and the analytical datasets including bulk density are summarized in Extended Table 1.
Grain transfer
Ryugu grains were hand-picked individually from the sample containers into individual sapphire dishes using vacuum tweezers. We selected 724 grains (420 from Chamber A and 304 from Chamber C) by December 2022 (see Table 2). Several grains from Chamber C appear to be artificial objects (metal and polyimide tapes) that were used as spacecraft materials (Sawada et al. 2017). These grains were excluded from the subsequent analyses.Table 2Total numbers and weights of picked-up grains


	Chamber
	Picked-up grains
	Samples in each chamber

	Number (n)
	Total weight (mg)
	Weight ratioa (wt.%)
	Total weight (mg)

	A
	420
	1166.5
	36.0
	3237

	C
	304
	955.6
	47.2
	2025

	C without C9000, C0001 and C0002
	301
	624.0
	29.8
	 
	A + C
	724
	2122.1
	40.3
	5262


aWeight ratio of the sum of picked up grains to the total weight of samples in each chamber




Image acquisition
Images of the grains were taken using a CMOS camera (Nikon DS-Fi3) mounted on the optical microscope (Nikon SMZ-1270i). The captured image was 1440 × 1024 pixels with the pixel size ranging from 0.34 to 3.85 μm depending on the magnification. For large grains out of the field of view, several images were taken and stitched together using an imaging software (NIS-Elements Ar, Nikon Instruments Inc.) to capture the entire grains. In-focus two-dimensional (2D) projected image was created by focusing every 140‒400 μm depth of the grain depending on the magnification. The images captured at different depths were stacked together to create a single focused image using NIS-Elements Ar. Figure 1a shows the image after the stitching process of the largest Ryugu grain, C9000.[image: ]
Fig. 1Optical and projected images of the largest Ryugu grain, C9000. a Optical image after the composite process; 5 × 4 images were taken horizontally, and 11 layers of the images were stacked. b Major (a: orange line) and minor (b: blue line) diameters of the ellipse (red line) that best fit the projected area (ROI) of C9000. c Maximum (af: orange line) and minimum (bf: blue line) Feret diameters of C9000. These two dimensions are not necessarily orthogonal. See text



Size measurement
The major and minor dimensions of the projected image of a grain and its thickness were used to describe each grain in 3D. The in-focus 2D image was binarized using ImageJ software (https://​imagej.​net/​ij/​index.​html) and the grain projection image was extracted as the Region of Interest (ROI). Two sets of major and minor dimensions were estimated for each ROI using ImageJ software. One is the major and minor diameters of the ellipses, a and b, which best fit the ROI (Fig. 1b: projection of C9000), and the other is the maximum and minimum Feret diameters, af and bf, which correspond to the maximum and minimum caliper diameters of the ROI, respectively. As shown in Fig. 1c, the Feret diameters are not necessarily orthogonal. We measured the thickness of the grain t by focusing on the highest point of the sample and the surface of the sapphire dish representing the lowest point of the grain. By definition, t of the Ryugu grains is orthogonal to the projection plane. The depth of field of the microscope is 0.14‒0.4 mm depending on the magnification. Among the three size measurements, the thickness represented a relatively large uncertainty. The uncertainty in thickness may be derived from a few factors: the depth of field of the microscope and operation-dependent measurement variation among the 10 measurers. The uncertainty in thickness measurement was on average nearly 20% of the measured value for 724 grains. The uncertainties of two horizontal lengths (Δa and Δb or Δfa and Δfb) were indistinguishable and came from fluctuation in digitizing the extracted projection from the grain optical images, although the uncertainties were negligible (e.g., several tens of μm).

Weight measurement
The weights of the particles were measured using an electronic balance (Mettler-Toledo XP404s) in the CC under a metallic outer cover sealed with Viton. The static electricity generated during sample handling prevented the accurate measurement of the sample weight. Therefore, the main unit was grounded to avoid static electricity and a quartz glass windshield was lined with a stainless-steel mesh to cover the sample during the measurements (minimum scale value of 0.1 mg). The sample weight was obtained by subtracting the sapphire-dish weight from the total weight. The mean value of five replicate measurements was taken to reduce the weight measurement error. The weight measurement error of the 724 samples was in the range of 0.05–0.15 mg. When small particles or powders adhered to the grain surface or fell onto the dish, they were weighed together, which may have caused an overestimation of the weights for the density estimation. Thirty four grains out of the 724 grains were omitted from the later density discussion because they were weighed together with relatively large sub-particles. The projected area of these sub-particles accounted for nearly 10% of the main grain in these 34 samples. However, in most cases, the weights of small particles or powders were negligible; therefore, they are included in the weight of the main grain. Thus, the remaining 690 grains were used to estimate the bulk density.

Shape characterization
3D axial ratios defined as b/a and t/a were used to characterize the shape of the Ryugu grains. Although the largest projected area of the grain was captured in the microscopic image taken from the top view when the grain was placed on a sapphire dish, grains with an axial ratio of t > b were observed in some images (Fig. 2a). Therefore, we adopted a new dataset for the three-axial lengths (A, B, and T for B/A > T/A), where b and t were replaced if t > b (i.e., B = b and T = t for b > t, B = t and T = b for t > b, and A = a). The dataset was used for shape characterization. We classified the Ryugu grain shapes into eight categories based on the 3D axial ratios of T/A and B/A; “Rod”, “Blade”, “Plate”, “Slab”, “Flat Block”. “Elongated Block”, “Sub-equant Block”, and “Equant Block” (Fig. 2(b)). The shape terminologies were based on the classification described by Blott and Pye (2008). Additionally, ten grains with T/A > 1, i.e., the thickness of each grain was larger than the maximum length of the projected image, were excluded from the current shape analyses. This reversion may be explained by the fact that tall grains remained standing due to electric static effects in the sapphire dish.[image: ]
Fig. 2Plot depicting the axial ratios of 724 Ryugu grains. a Distributions of b/a and t/a ratios of Ryugu grains. Grains plotted in shadowed area are the grains with t/a > b/a. b Distributions of B/A and T/A ratios of Ryugu grains; replot of a. Frequency distributions of the ratios are shown outside of the diagram. Mean B/A and T/A ratios are 0.73 and 0.59, respectively. The shape terminology is based on the classification described in Blott and Pye (2008). Typical grains corresponding to each classification are shown in Fig. 4


We adopted another set of 3D axial ratios using the Feret diameters (bf/af and t/af), for comparison with flying particles ejected from Ryugu (Tachibana et al. 2022). They measured the three-axial lengths L, I, and S, instead of a, b, and t, where L and I are the caliper lengths of the maximum-area projection of each flying particle, respectively, and S is the minimum dimension of the minimum-area projection. As the largest-area projection of Ryugu grains was likely to be seen as a 2D image on a sapphire dish, we considered bf/af of Ryugu grains and I/L of the flying particles to be comparable, and examined these data-sets. By definition, t of the Ryugu grains tends to be longer than S.

Density estimation
The bulk density of a grain was calculated from its weight and volume. The volume of Ryugu grains ([image: $${V}_{g}$$]) was calculated using Eq. (1), as in Yada et al. (2022), although with a newly calibrated correction factor, k.[image: $$V_{g} = \frac{\pi }{6} \times \left( {k \times D_{g} } \right)^{3} .$$]

 (1)



Here, [image: $${D}_{g}$$], is the geometrically averaged 3D diameter of a grain,[image: $$D_{g} = \sqrt[3]{{a*b*t}}.$$]

 (2)



Individual correction factor (k) values for Ryugu grains, whose volumes (VXCT) were measured individually using the XCT by Nakamura et al. (2022b), were calculated from Eq. (1) as follows:[image: $$k = \frac{1}{{D_{g} }} \times \sqrt[3]{{\frac{6}{\pi } \times V_{{{XCT}}} }}$$]

 (3)



Figure 3a shows the 16 individual k values versus [image: $${D}_{g}$$]. The average k for 15 grains excluding one grain was 0.860 ± 0.044 (1σ variation), which was adopted for Eq. (1) in this study. Four candidates of k values were examined, of which the average value was considered most appropriate (see Appendix). Almost all data points, including the slightly large k value of C0002 (4.95 mm in size), were consistent with the average value of the range of uncertainty (Fig. 3a). The lowest data point of grain C0033 in Fig. 3a was excluded because the measured length of the sample differed significantly between Nakamura et al. (2022b) and this study. The smaller length of C0033 is probably explained by a potential size change, such as chipping, due to the brittle nature of Ryugu grains. The validity of the correction factor was assessed by comparing the individual grain volume ([image: $${V}_{g}$$]) calculated from Eq. (1) by adopting k = 0.860, with the volume (VXCT) obtained by Nakamura et al. (2022b). A positive correlation between [image: $${V}_{g}$$] and VXCT, especially for small grains (Fig. 3b, c) indicated that the correction factor (k) used in this study was adequate for estimating the grain volume. The total volumes of the 15 grains in this work (69.38 ± 13.20 mm3) and by XCT (80.04 ± 1.40 mm3), in Nakamura et al. (2022b) agreed with each other within 1σ variation (see Table 4), which supported the validity of the correction factor.[image: ]
Fig. 3Correction factor, k, and the correlation between VXCT and [image: $${V}_{g}$$] of Ryugu grains. a Correction factor, k = 0.860, was determined from the geometrical mean of the individual k values of 15 grains. [image: $${D}_{g}$$] represents geometrically averaged 3D diameter of the grains by Eq. (2). The data of C0033 are excluded because of the potential size change (e.g., chipping). b [image: $${V}_{g}$$] of the 15 Ryugu grains were calculated using k = 0.860 and compared to VXCT, measured with XCT. b Is an enlarged plot of a part of c. Dotted line shows [image: $${V}_{g}$$] = VXCT


The bulk density (ρ) of Ryugu grains was calculated by dividing the measured weight ([image: $${M}_{g}$$]) by the volume ([image: $${V}_{g}$$]) estimated from Eq. (1).[image: $$\rho = \frac{{M_{g} }}{{V_{g} }}$$]

 (4)




Kolmogorov‒Smirnov test
We conducted a one-sample Kolmogorov‒Smirnov (KS) static test to the obtained bulk density distribution and the axial ratios to verify whether the distributions were similar to normal distributions. Then we performed a two-sample KS static test to confirm whether the data sets of bulk density and axial ratios of the grains in Chambers A and C came from the same distribution. The KS statistics (values), the maximum difference between the two cumulative datasets, and p-values, the probability that two datasets have the same distribution, are summarized in Tables 5 and 6.



Results
Optical observations—overall descriptions
Here, we briefly describe the characteristics of Ryugu grains and introduce variations in their appearance and shape. For a detailed description and classification of the surface structures of the 205 Ryugu grains, refer to Nakato et al. (2023). Generally, the color and morphology were consistent with those reported in an earlier study (Nakato et al. 2023). Figure 4 shows typical grains of eight 3D shape groups (Fig. 4a‒h) and unique grains (Fig. 4i, j). The Ryugu grains appeared black in color, with surface structures ranging from smooth (Fig. 4a) to rough (Fig. 4b). The 2D shapes were elongated (Fig. 4c, d) to equant (Fig. 4e) and the 3D shapes ranged from thin-plate (Fig. 4f) to thicker (Fig. 4g) shapes. Glittering and/or glossy appearances were often observed on the smooth surfaces of the grains (e.g., Fig. 4a, h), whereas grains with rough surfaces were often covered with tiny grains or powders (e.g., Fig. 4b, i). Large cracks are often observed, giving the grains an angular appearance (Fig. 4h). Several unique samples have been found, including large white materials (Fig. 4i, j). These grains, C0041 and C0181, belong to the “white group” of grains in the classification proposed by Nakato et al. (2023). Out of 724 grains, 32 “white group” grains were observed (17 and 15 from Chambers A and C, respectively). Part of C0041 was covered with white materials (crystals), whereas grain C0181 consisted almost exclusively of white/transparent crystals. The size of C0181 was as large as 1 mm, larger than the white material in C0041 (e.g., several hundreds of μm). Nearly 80% of the Ryugu grains examined in this study contained tiny bright materials (Fig. 4b, i), most of which were determined to be Ca–Mg carbonate (dolomite; e.g., Nakato et al. 2023).[image: ]
Fig. 4Optical images of Ryugu grains with various shapes. a A0017 and  b C0099; Flat Blocks, c A0195; Rod, d C0166; Blade,  e A0114; Equant Block, f C0173; Slab, g A0016; Elongated Block, h A0004; Sub-equant Block. i C0041 and j C0181 are unique grains with large white/transparent materials. i and j are enlarged. Shape classification is based on Fig. 2b. The yellow arrows in a and h indicate glittering and/or glossy surfaces. Tiny bright materials are visible in the area enclosed by a dotted blue circle on grain (b) and (i)



Bulk density
The bulk densities of individual Ryugu grains obtained in this work were plotted against their weights (Fig. 5). The obtained bulk densities greatly varied, ranging from 0.6 to 3.2 g/cm3. Small grains had relatively low bulk densities (Fig. 5); out of 690 grains, 53 < 0.5 mg-sized grains had 1.29 ± 0.45 g/cm3 (1σ variation) on average. As these small grains tended to have large volume estimation uncertainties (≥ 40%), the bulk densities of ≥ 0.5 mg-sized grains were considered below. Although the variation in the bulk densities were large, ranging from 0.7 to 3.2 g/cm3, the bulk densities of 637 Ryugu grains distributed around 1.8 g/cm3. The frequency distributions of ≥ 0.5 mg-sized Ryugu grain bulk densities in Chambers A and C are separately plotted in Fig. 6. The 392 grains analyzed in Chamber A was 34 wt.% of the recovered A samples and the 245 grains analyzed in Chamber C was 44 wt.% of the recovered C samples (Table 3). The grains in Chambers A and C were found to have nearly normal distributions based on the one-sample KS test, with average values of 1.81 ± 0.30 (p = 0.14) and 1.76 ± 0.33 g/cm3 (p = 0.12; 1σ variations), respectively (see Table 5). Then, we performed the two-sample KS test to compare the bulk density distributions of the grains between Chambers A and C. The bulk density distributions of the grains in Chambers A and C were statistically distinguishable (p = 0.04), despite the difference in the average values being small. In Fig. 5, frequency distribution of the bulk density of the 637 ≥ 0.5 mg-sized Ryugu grains is shown on the right side of the scatter plot. Although the density data for all ≥ 0.5 mg-sized grains in Chambers A and C analyzed did not strictly follow a normal distribution, the data points appeared to be almost evenly distributed around the median or average value (Fig. 5). The total weight of 637 grains was 2002.6 mg, corresponding to 38.1 wt.% of the recovered A + C samples (Table 3); the average bulk density value can be considered to represent the entire returned sample.[image: ]
Fig. 5Plot of the individual bulk density of Ryugu grains. The bulk density plotted against the weight. The frequency distribution of the density (A + C) is shown right of the scattered plot. Light green hatch labeled [RG_NT] shows the range of the bulk densities of 16 Ryugu grains by Nakamura et al. (2022b) and the green line represents the average value of 1.79 g/cm3. The dashed orange lines and hatch show the bulk densities of Orgueil (Or) and Tagish Lake (TL) meteorites with labels consisting of the sample name (“Or” or “TL”) and first letter of author’s name: [Or_CB] (1.58 g/cm3; Consolmagno and Britt 1998), [Or_H] (1.91 g/cm3; Hildebrand et al. 2006), [Or_M] (1.57 g/cm3, Macke et al. 2011), [TL_Z] (1.66 g/cm3; Zolensky et al. 2002), and [TL_H] (1.58‒1.71 g/cm3; Hildebrand et al. 2006). The bulk density of C0181 is marked as a light blue star

[image: ]
Fig. 6Distributions of the bulk density of Ryugu grains in each chamber. Frequency distributions of the bulk densities in Chambers A (red) and C (blue). They are plotted separate bar graphs

Table 3Bulk density of 637 Ryugu grains (≥ 0.5 mg)


	 	Number
	Average bulk densitya (g/cm3)
	Analyzed grains (mg)
	Weight ratiob (wt.%)
	Samples in each chamber (mg)

	Chamber A
	392
	1.81 ± 0.30
	1113.1
	34.4
	3237

	Chamber C
	245
	1.76 ± 0.33
	889.5
	43.9
	2025

	Chamber A + C
	637
	1.79 ± 0.31
	2002.6
	38.1
	5262


aDensity with 1σ variation
bWeight ratio of the sum of analyzed grains to the total weight of samples in each chamber



The obtained individual and combined average bulk densities of the grains from Chambers A and C coincided with the average bulk density (1.79 ± 0.08 g/cm3) of the 16 Ryugu grains estimated by Nakamura et al. (2022b) within 1σ variation. It was also in the range of the bulk densities of Orgueil meteorites, 1.57‒1.91 g/cm3 (Consolmagno and Britt 1998; Britt and Consolmagno 2000; Hildebrand et al. 2006; Macke et al. 2011) and rather higher than the bulk density of Tagish Lake meteorites, 1.57‒1.71 g/cm3 (Zolensky et al. 2002; Hildebrand et al. 2006). The bulk density of C0181 consisting almost exclusively of white crystals was 2.77 ± 1.16 g/cm3, and is plotted in Fig. 5 for comparison despite the small grain weight (0.46 mg).
The bulk densities of the four major shapes (“Flat Blocks”, “Elongated Blocks”, “Sub-equant Blocks”, and “Equant Blocks”) were compared (Fig. 7). They shared similar values centering at 1.79 g/cm3, indicating that the volume and thus the bulk density were not affected by the shape at least for these four forms.[image: ]
Fig. 7The bulk density of Ryugu grains of four major shapes. Each box represents data points from the first to the third quartile and each bar represents the distribution of the data points; those beyond the bars are outliers. The grain shape classifications are FB: Flat Block, ElB: Elongated Block, SeB: Sub-equant Block and EqB: Equant Block, based on Fig. 2b. The dotted red line shows the average bulk density of the 637 Ryugu grains (1.79 g/cm3)



Weight and size distributions
The total weight of the 724 picked-up grains was 2122.1 mg (Chamber A: 1166.5 mg, and Chamber C: 955.6 mg), which corresponded to 40.3% of the total weight of the Ryugu samples in Chambers A and C (5262 mg) (Table 2). Chamber C contains several relatively heavy grains. C9000 was the heaviest (138.1 mg) and largest (10.38 mm) grain among the Ryugu samples. Two other extremely heavy and large grains observed were C0001 with 100.0 mg in weight and 7.36 mm in length, and C0002 with 93.5 mg in weight and 8.65 mm in length. The total weight proportion of picked-up grains from Chamber C decreased to 30 wt.% when these three grains were excluded (Table 2). The heaviest and largest grain in Chamber A was A0021 (25.8 mg and 5.13 mm). The small grains, mainly below 1 mm and/or sub-milligrams, are still being picked up and counted, and the data will be included in future analyses.
The cumulative weight and size distributions of Ryugu grains (Chambers A and C) are shown in Fig. 8. The log plot of the weight distribution is approximately linear for grains heavier than ⁓ 1 mg, and the log plot of the size (maximum Feret diameter) distribution also shows linearity larger than ⁓ 1.5 mm although these plots may show power-law distributions because the ranges of the weight and size are not wide. Assuming the power-law distributions for the weight and size of ≥ 1.0 mg and the ≥ 1.5 mm, the slopes are approximately − 1.1 and − 3.4, respectively, for total A + C grains. The ratio of the weight and size slopes is nearly 1:3, suggesting that grain weights are proportional to the cube of the major diameters of the grain. This is consistent with the prediction that the bulk densities have similar value when grain are ≥ 1.0 mg.[image: ]
Fig. 8Weight and size distributions of Ryugu grains. a Plot of cumulative distributions of weight and b size of Ryugu grains. Assuming the power law for the weight range heavier than 0.5 mg, the estimated power-index of total A + C grains is − 1.1 (pink line). Whereas, assuming the power law for the size range larger than 1.5 mm, the estimated power-index of total A + C grains is − 3.4 (pink line). The ID numbers, weights, and sizes of the four larger samples (a grain from Chamber A and three from Chamber C) are also noted in the figure



Shape characterization
Ryugu grains ranging from long elongated to equant shapes in 2D were categorized into eight 3D shapes (Fig. 2b). Most common shapes observed in the Ryugu grains were “Elongated Block”, “Sub-equant Block”, and “Equant Block”, followed by “Flat Block”. A typical grain in the category of “Elongated Block” was represented by A0016 (Fig. 4g), “Sub-equant Block” by A0004 (Fig. 4h), “Equant Block” by A0114 (Fig. 4e) and “Flat Block” by A0017 (Fig. 4a) and by C0099 (Fig. 4b). The frequency distributions of B/A and T/A ratios are shown at the top and right sides of the frame of the T/A vs. B/A diagram (Fig. 2b). The average values of B/A and T/A ratios of the grains were 0.73 ± 0.13 and 0.59 ± 0.13, respectively.
We compared the shapes of the 724 Ryugu grains examined in this study with those of flying particles ejected from the Ryugu surface during touch down operations, as described by Tachibana et al. (2022). Figure 9 illustrates the plots of the axial ratios of the bf/af and t/af of the Ryugu grains and the I/L and S/L of the centimeter-sized flying particles. The average bf/af and t/af ratios of the grains in Chamber A were 0.70 ± 0.11and 0.60 ± 0.14, respectively, and in Chamber C were 0.68 ± 0.11 and 0.56 ± 0.14, respectively. The result of the two-sample KS test suggested that the distributions of the t/af ratio of the grains in Chambers A and C were not the same (p = 0.00), while the bf/af ratios were found to be similar (p = 0.09, see Table 6). As shown in Fig. 9, bf/af (⁓I/L) and t/af (⁓S/L) of the Ryugu grains and flying particles were scattered in nearly the same region, however, their distributions were not the same based on the two-sample KS test (p = 0.00 for both bf/af (⁓I/L) and t/af (⁓S/L), respectively, see Table 6). The bimodal distribution was proposed for the flying particles by Tachibana et al. (2022), while it was not observed in this study. The mean bf/af and t/af ratios of 0.69 and 0.58, respectively, were similar to one of bimodal distribution peaks of the flying particles whose I/L (⁓bf/af) and S/L (⁓t/af) were 0.69 and 0.53, respectively (Tachibana et al. 2022).[image: ]
Fig. 9Figure comparing 3D shape of Ryugu grains and flying particles. The shape data of flying particles were cited from Tachibana et al. (2022). Mean bf/af and t/af ratios of 724 Ryugu grains (a pink star) are 0.69 and 0.58, respectively, which are close to one of bimodal distribution peaks of the flying particles (green triangles) of 0.69 and 0.53, respectively. Grains plotted t/af > 1 region are the grain with t > af > bf




Discussions and implications
Bulk density of Ryugu grains
As previously mentioned, the obtained bulk densities of ≥ 0.5 mg-sized grains ranged from 0.7 to 3.2 g/cm3 (Fig. 5). No special surface characteristics were found among the grains with high bulk densities (≥ 2.8 g/cm3) nor those with low densities (≤ 1.0 g/cm3). The cracking and surface features of the grains had no apparent differences based on optical microscopic observations. The large variation in the obtained bulk densities was mainly due to the uncertainty in volume estimation of each grain. Uncertainties originating from the correction factor k in Eq. (1) and from the thickness measurement were significant. Therefore, the spread of the bulk densities in Fig. 5 does not represent the real variation of the bulk densities of individual Ryugu grains; it would be in a narrower range. The volume estimation model does not depend on shape because the bulk densities were shape-independent for at least four forms; flat, elongated, sub-equant, and equant blocks (Fig. 7). The fact that the bulk densities of the grains in Chambers A and C were statistically different (see, “Bulk density” section) suggested the potential variation in the bulk density of returned Ryugu samples, 1.76‒1.81 g/cm3. The similar density variation ranging from 1.7 to 1.9 g/cm3 were reported for 1‒8 mm-sized Ryugu grains by Nakamura et al. (2022b). The variation in bulk density was expected to be at least 1.7 to 1.9 g/cm3 or wider.
Larger bulk density of the grains in Chamber A than in Chamber C was also reported by Nakamura et al. (2022a) with relatively higher amount of voids of the grains in Chamber C than in Chamber A, but this trend was not observed by Nakamura et al. (2022b). The difference in bulk density of the grains between Chambers A and C may be derived from the (1) different degree of space weathering, or (2) impact of SCI or (3) local heterogeneity of the sampling sites. As for the degree of space weathering, Yada et al. (2022) predicted that the samples in Chamber A, collected during the TD1 operation, represented the surface materials of Ryugu, while some of the samples in Chamber C, collected during the TD2 operation, represented subsurface materials excavated by the impact experiments. The surface materials were considered to experience long-term exposure to space and had been significantly affected by weathering. Grains in Chamber A having density values larger than in Chamber C was consistent with the hypothesis that space weathering caused surface amorphization and partial melting of the grains suggested by Noguchi et al. (2023). However, such weathered layers were reported to be only < 100 nm in thickness (Noguchi et al. 2023). Thus, space weathering was unlikely to have contributed to the bulk density; the reported weathered layers may be too thin to explain the difference in the bulk densities of the grains between Chambers A and C, 1.80 and 1.76 g/cm3, respectively. Therefore, solar radiation or space weathering might have little influence on the bulk density. As for the impact of SCI, many cratering ejecta had been collected during the TD2 operation and stored in Chamber C (Tachibana et al. 2022). The impact of the cratering operation with SCI may have caused the increased degree of fracturing in ejected grains or particles, possibly explaining the smaller bulk density of the grains in Chamber C compared with Chamber A. As for the local heterogeneity in the mineral mode, slight differences in mineral modes present in the Ryugu samples may be reflected as differences in bulk density. Further studies are required to clarify what may have caused these differences between the chambers.
Although the difference in the average bulk density of the grains between Chambers A and C was within 1σ variation and the spread in the individual bulk densities of the grains were present, a representative value of the returned samples can be determined by obtaining the average of all data. The ratio of the slope of cumulative distribution of weight to size of Ryugu grains, approximately 1:3 (Fig. 8), in the range of ≥ 0.5 mg and ≥ 1.5 mm, suggests that the bulk density of A + C grains does not have large range; the density is not largely dependent on the weight and size. Therefore, we propose that the average bulk density, 1.79 ± 0.31 g/cm3 (1σ variation) for 637 Ryugu grains obtained in this work—using the largest number of Ryugu samples examined so far—represents the bulk density of Ryugu returned samples.
Consistency of the average bulk density values between the 637 Ryugu grains (≥ 0.5 mg or ≥ 1.5 mm) in this work and 16 Ryugu grains (1–8 mm in size) by Nakamura et al. (2022b) supports that the average bulk density of 1.79 g/cm3 obtained in this work represents the Ryugu returned samples. Nakamura et al. (2022b) proposed physical and chemical models of the formation and evolution of asteroid Ryugu using their bulk density data. The results also showed that no revision is required for their model. The weight of 16 Ryugu grains analyzed by Nakamura et al. (2022b) (145.2 mg) corresponded to 2.8 wt.% of total Ryugu samples. This indicates that the Ryugu sample is homogeneous if at least 150 mg is considered. Assuming that the bulk density of the Ryugu grains obtained in this work was 1.79 g/cm3, 150 mg of the Ryugu sample is equivalent to 4.4 mm in cubic size. The low bulk density reported by Yada et al. (2022), the first bulk density measurement from 204 Ryugu grains (1.282 ± 0.231 g/cm3), was derived by overestimating the grain volume as follows: They used the volume estimation model based on Eq. (1), but adopted the correction factor, k, of 0.928 reported in Bagheri et al. (2015) that was calibrated for different materials (terrestrial volcanic clasts) and different size range (0.1 to 36 mm). A much more inadequate reason for the inappropriate value of k for the volume estimation of Ryugu grains is that the methods used to obtain the 3D axial lengths were different. We confirmed that the un-calibrated method of Yada et al. (2022) resulted in a lower density value. Another bulk density estimation, 1.528 ± 0.241 g/cm3 based on 16 Ryugu grains, was reported by Nakamura et al. (2022a) who used the 3D model obtained by optical profilometry to estimate the grain volume. The bulk density estimated by Nakamura et al. (2022a) was lower than 1.79 g/cm3 obtained in this work. Their approach tends to overestimate or underestimate the grain volumes due to the irregularity of the optically shaded area of the grains.
The appearance of the grains under microscopic observations, i.e., their surface characteristics classified by Nakato et al. (2023), seemed to have little effect on the bulk density. The only exception was C0181, which consisted almost exclusively of white/transparent crystals and had a relatively high bulk density of 2.77 ± 1.16 g/cm3 (Fig. 5) despite its cracks or cleavages. C0181, together with C0041, considered “white group” grains (Nakato et al. 2023). Based on the results of the field emission-scanning electron microscopy/energy dispersive X-ray spectroscopy (FE-SEM-EDS) and near-infrared hyperspectral microscope MicrOmega, the white material in sample C0041 was found to be Mg-Fe carbonate (breunnerite; Nakato et al. 2023; Loizeau et al. 2023), while grain C0181 was found to contain complex carbonate-rich structures of crystals through MicrOmega analysis (Loizeau et al. 2023). Whether the carbonates in C0181 are dolomites (Ca-Mg carbonate, 2.84 g/cm3; Mindat.org (2023)), which are frequently found in Ryugu samples, or breunnerites [Fe-bearing magnesite, > 2.98 g/cm3; Mindat.org (2023)], which were found as relatively large carbonate minerals (Nakato et al. 2023; Loizeau et al. 2023), it must be contribute to the higher bulk density than other Ryugu grains.
Comparison with meteorites
The fact that the bulk densities of Ryugu grains are within the range of those of CI Orgueil meteorites (see, “Weight and size distributions” section) is consistent with Ryugu samples being analogues to CI chondrites. However, we need to consider the cause of the bulk density variation in CI (Orgueil) chondrites when further comparing the bulk density between Ryugu and meteorites. There are several possible factors for the density variation: the heterogeneity in the petrological features of the chondrite samples, the volume estimation method, and the weathering process on Earth. The CI chondrites are not always uniform. If the heterogeneity in the petrological features (i.e., mineral abundance) between the CI chondrites and Ryugu grains is similar to each other, then the heterogeneity is canceled out by measuring relatively large quantities. Generally, 10‒100 g of the sample was used to measure the density of the CI chondrites. Thus, the first factor was not an issue. In the volume estimation method, the spherical beads or quartz sand used to measure the sample volume were assumed to behave as incompressible fluids of constant density. However, real beads and sand do not behave ideally; the packing efficiency of glass beads and quartz sand can be affected by the environment. Recently, the bulk densities of two CI chondrites, Orgueil and Ivuna, were revealed to be 1.61 ± 0.01 g/cm3 and 1.95 ± 0.01 g/cm3, respectively, by measuring their volume using a laser scanning system (Macke, personal communication). Since the bulk densities estimated by a laser scanning method showed similar variation to that obtained by the conventional method, it is more reasonable to assume that variation in the bulk density of individual meteorites exists than to assume the presence of significant errors in the Archimedean volumetric method. Regarding the third factor, weathering derived sulfates or ferrihydrites were observed in CI chondrites by several studies (e.g., Corrigan et al. 1997; Gounelle and Zolensky 2001) but they are known to be absent in Ryugu samples (e.g., Yokoyama et al. 2022). The CI chondrites might have undergone oxidation and aqueous alteration during their formation. This makes it difficult to estimate the extent to which weathering products fill the voids. Weathered or altered structure of CI chondrites is complex and its effect on the bulk density remains unclear. Due to the last factor, comparing the bulk densities of Ryugu grains and CI chondrites is limited.


Porosity estimations
Many small voids or fractures as small as a few micrometers and as long as several hundred micrometers were observed in Ryugu grains (e.g., Nakamura et al. 2022a, b). As the bulk density is determined from the weight and overall volume, including voids or cracks, it is significantly affected by the voids in a sample, i.e., the porosity. The microporosity of the Ryugu grains is defined as 1 minus the ratio of the bulk density obtained in this work to the average grain density of the Ryugu samples, which is the net density, excluding voids. Due to the difficulty in determining accurate grain densities for Ryugu samples, only one data point has been reported for Ryugu grains to date. Nakamura et al. (2022a) estimated the grain density of 2.59 ± 0.06 g/cm3 (average of 16 Ryugu grains) based on the modal abundance of minerals in the Ryugu grains and the theoretical mineral densities. The microporosity estimated using the grain density of Ryugu sample, 2.59 ± 0.06 g/cm3, was 30.9% if we used the present value of the bulk density. However, the estimated grain density may not be accurate because the reported modal abundances of minerals in Ryugu grains vary among grains (e.g., Nakamura et al. 2022a, b; Ito et al. 2022; Yokoyama et al. 2022). The microporosity estimated by adopting the grain density of Orgueil meteorite, 2.42‒2.50 g/cm3 (Consolmagno and Britt 1998; Hildebrand et al. 2006; Macke et al. 2011), was 26.0‒28.4%. The grain density of Orgueil meteorite can also be affected by weathering on Earth; hence, the obtained values should be interpreted carefully. Although there was uncertainty in the estimated microporosity value of Ryugu samples (30.9% and 26.0‒28.4%), the microporosity of Ryugu grains could be 26‒31%, which may be in the range of the data for Orgueil meteorites, 23‒35% (Consolmagno and Britt 1998; Hildebrand et al. 2006; Macke et al. 2011) and slightly smaller than the latest value of 33.8 ± 0.5% (Macke, personal communication). Since the porosity of CI chondrite could be affected by the formation of altered materials, such as sulfate, inside the voids or cracks during weathering on Earth (Gounelle and Zolensky 2001), comparing the porosity of Ryugu grains and CI chondrites is limited.
Microporosity of the boulders and surface materials on Ryugu was estimated to be 30‒50% based both on the remote sensing observations using the Thermal Infrared Imager (TIR) (Okada et al. 2019) and on on-site thermal measurements with a radiometer (MARA) on Mobile Asteroid Surface Scout (MASCOT) (Grott et al. 2019). The estimated value of microporosity in this study was close to the lowest value of microporosity for the average Ryugu boulders. The relatively higher porosity values of the boulders suggest that they were more porous than the Ryugu grains in this study. This may be due to the large size of the cracks (as large as the Ryugu grains examined in this study: 1‒100 mm in size).

3D shape of Ryugu grains
The axial ratio of t/af had different distributions between the grains in Chamber A and C, while bf/af had similar distributions based on the two-sample KS test. Uncertainty of bf/af ratios were small because bf and af were obtained from the same method. In contrast, t/af ratios may have large uncertainties because of the measurement method described in “Size measurement” section. Although the t/af distributions between the grains in Chambers A and C could be different, as similarly observed in the bulk density differences between Chambers A and C, further detailed studies are required.
The Ryugu grain samples at the curation facilities had a peak in the axial ratios of bf/af and t/af close to one of the higher bimodal distribution peaks of the flying particles (Fig. 9; see “Bulk density” section); i.e., Ryugu grains appeared to have relatively higher bf/af and t/af ratios than the I/L and S/L ratios of the flying particles, respectively. By definition, t is longer than S, which may explain the higher t/af ratios of Ryugu grains compared to S/L of flying particles. However, the reason for the high bf/af ratio remains unclear when calculating af and bf. The higher bf/af ratio of Ryugu grains compared to flying particles suggests that most Ryugu grains were equant-shaped, based on 2D images. It is expected that the Ryugu grains were scraped mechanically in the container when the grains were collected and re-entered into the atmosphere of the Earth, which may have contributed to the lack of smaller I/L and S/L peaks in the bimodal distribution of Ryugu grains in this study, unlike flying particles (Tachibana et al. 2022). Even taking into account the effects described above, we consider that Ryugu grains and flying particles have approximately the same shape, i.e., the millimeter- to centimeter-sized Ryugu materials have a uniform shape.
We need to consider what the mean axial ratio of B/A = 0.72 and T/A = 0.59 represents. The average axial ratios of b/a and t/a of the Ryugu boulders of > 5 cm were 0.71 and 0.44, respectively, and the shape of the Ryugu boulders was suggested to be similar to the laboratory impact fragments (Michikami et al. 2019). Here, a, b and c are the maximum dimensions of the boulders in three mutually orthogonal planes (a ≥ b ≥ c). Therefore, it is not straightforward to compare between the impact fragments the b/a and c/a and B/A and T/A. Nevertheless, the axial ratios of the Ryugu grains in this study did not seem to be significantly different from those of the Ryugu boulders, and the former could be more rod-like than the latter. However, detailed shape analysis is required for a rigorous comparison.


Summary
In this study, 724 Ryugu grains corresponding to 40.3 wt.% of the total returned samples—the largest sample size ever studied—to estimate their bulk densities using more reliable calibration method for estimating the grain volumes.	Among 724 grains, the bulk densities of individual 637 Ryugu grains were estimated as 1.79 ± 0.31 g/cm3 (1σ variation) for weights of 0.5‒100 mg—we considered to be the representative of the sample returned from asteroid Ryugu. The obtained bulk densities were irrespective of their 3D shape. Consistence of the average bulk density between this work and that obtained using XCT method for 16 Ryugu grains supports the representativeness of the average bulk density of 1.79 g/cm3.

	The bulk densities of the 392 grains in Chamber A and 245 grains in Chamber C followed separate distributions and exhibited average values of 1.81 ± 0.30 and 1.76 ± 0.33 g/cm3 (1σ variation), respectively. Although the difference was small, the results suggested that their bulk densities may have varied by sampling site.

	The average bulk density of Ryugu grains in the range of 1.57‒1.91 g/cm3 reported for Orgueil CI chondrites appears to support that Ryugu samples are similar to CI chondrites.

	Microporosity of the examined Ryugu grains was roughly estimated to be 26‒31%, which is slightly higher than the latest data for the Orgueil CI chondrite and is close to the lowest value for the average Ryugu boulders.

	The weight and size distributions show approximately linear distributions (≥ 1.0 mg and ≥ 1.5 mm). Assuming that the distributions follow the power law, the ratio of the slopes (weight-to-size distributions) is approximately 1:3, suggesting that the bulk densities of the Ryugu grains take approximately the same value in this range.

	The axial ratios of bf/af and t/af of Ryugu grains showed similar distribution to flying particles ejected from the Ryugu surface during sampling operations. Millimeter- to centimeter-sized Ryugu grains and pebbles may have a nearly uniform shape despite the returned sample show some shape deviation due to the mechanical scrape in the container.




In this study, we reported the more accurate and representative bulk density values of Ryugu grains. However, there are limitations in determining the range of bulk density of individual Ryugu grains in our work due to a relatively large uncertainty in the volume estimation. The next step is to obtain more accurate individual-density data. Finally, we installed a micro-CT imaging system at our facility in February 2023. Utilizing micro-CT will provide further accurate analyses not only of the bulk density, but also of the porosity of Ryugu grains. Furthermore, micro-CT imaging enables more precise size measurements and detailed shape analyses of grains. Although the number of examined grains may be limited by CT imaging, together with the data provided in this study will help to understand the density and other physical properties of the Ryugu samples, this will provide clues regarding the generation of Ryugu grains and the evolutionary history of Ryugu.
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Appendix
A1: Examination of correction factors
A newly calibrated correction factor was determined among following four candidates; (1) k = 0.860, by the arithmetic mean of individual k of 15 grains (used in this study), (2) k_wa = 0.849, weighted mean, (3) k_is = 0.930, by the least-squares approximation, and 4) k_ls = 0.853, by the least-squares approximation (calculated without C0002). [image: $${V}_{g}$$] of 15 grains were calculated using each k candidate value from Eq. (1) and compared to VXCT. Figure 10 shows good correlation between [image: $${V}_{g}$$] and VXCT especially for small grains were found for three candidates of k, k_wa and k_ls but k_is. Among the three candidates of k, k_wa and k_ls, sum of [image: $${V}_{g}$$], 69.38 ± 13.20 mm3, calculated applying k, was the closest value to sum of VXCT, 80.04 ± 1.40 mm3 (Table 4). The large uncertainty in for the C0002 grain was due to the uncertainty of the thickness measurement derived from a relatively large depth of field (see text).[image: ]
Fig. 10Correlation between VXCT and [image: $${V}_{g}$$] calculated using four candidate k values. [image: $${V}_{g}$$] were calculated using various k values: k = 0.860 (the geometrical mean of 15 grains, adopted value in this study); k_wa = 0.849 (weighted mean); k_is = 0.930 (the least-squares approximation); k_ls = 0.853 (the least-squares approximation, without C0002) from Eq. (1). a is an enlarged plot of a part of b

Table 4Comparison between VXCT and [image: $${V}_{g}$$] calculated based on various k values


	 	Ka
	k_wab
	k_isc
	k_lsd

	0.860
	0.849
	0.930
	0.853

	VXCT of 15 grains (mm3)e
	80.0 ± 1.4

	[image: $${V}_{g}$$] of 15 grains (mm3)e
	69.4 ± 13.2
	66.7 ± 11.4
	87.6 ± 14.8
	67.9 ± 11.6


aGeometrical mean of 15 grains, adopted in this work
bWeighted mean of 15 grains
cLeast-squares approximation of 15 grains
dLeast-squares approximation of 14 grains without C0002
eObtained volume with 1σ variation




A2: Results of KS test
See Tables 5, 6.Table 5Results from one-sample Kolmogorov–Smirnov test


	 	Bulk density
	bf/af
	t/af

	A

	 Average valuea
	1.81 ± 0.30
	0.70 ± 0.11
	0.60 ± 0.14

	 KS statistic
	0.058
	0.043
	0.058

	 p-value
	0.14
	0.42
	0.13

	C

	 Average valuea
	1.76 ± 0.33
	0.68 ± 0.11
	0.56 ± 0.14

	 KS statistic
	0.075
	0.045
	0.056

	 p-value
	0.12
	0.57
	0.30


aObtained value with 1σ variation


Table 6Results from two-sample Kolmogorov–Smirnov test


	 	Bulk density
	bf/af
	t/af
	bf/af
	t/af

	A vs.C
	A vs. C
	Returned sample vs. Flying particles

	KS statistic
	0.114
	0.093
	0.171
	0.251
	0.260

	p-value
	0.04
	0.09
	0.00
	0.00
	0.00
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