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Abstract

In this study, the three-dimensional (3D) microstructure of forty-eight Itokawa
regolith particles was examined by synchrotron microtomography at SPring-8 during
the preliminary examination of Hayabusa samples. Moreover, the 3D microstructure of
particles collected from two LL6 chondrites (Ensisheim and Kilabo meteorites) and an
LL5 chondrite (Tuxtuac meteorite) was investigated by the same method for
comparison. The modal abundances of minerals, especially olivine, bulk density,
porosity, and grain size are similar in all samples, including voids and cracks. These
results show that the Itokawa particles, which are surface materials from the S-type
asteroid Itokawa, are consistent with the LL chondrite materials in terms of not only
elemental and isotopic composition of the minerals but also 3D microstructure.
However, we could not determine whether the Itokawa particles are purely LL5, LL6, or
a mixture of the two. There was no difference between the particles collected from
Rooms A and B of the sample chamber, corresponding to the sampling sequence of the
spacecraft’s second and first touchdowns, respectively, was detected because of the
statistically small amount of particles from Room B.
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1. Introduction

Regolith particles were successfully recovered from the S-type asteroid 25143
Itokawa by the Hayabusa mission and received a preliminary examination (PE)
(Nakamura et al., 2011; Yurimoto et al., 2011; Ebihara et al., 2011; Noguchi et al., 2011;
Tsuchiyama et al., 2011; Nagao et al., 2011; Naraoka et al., 2012; Nakamura et al.,
2012). This is not only the first sample recovered from an asteroid and returned to Earth,
but also the second extraterrestrial regolith to have been sampled, the first being the
Moon, which was sampled by the Apollo and Luna missions (e.g., Heiken et al., 1991).
The preliminary examination suggested that the samples are LL chondrite materials
(Nakamura et al., 2011; Tsuchiyama et al., 2011; Yurimoto et al., 2011), which suffered
space weathering (Noguchi et al., 2011), as indicated by the ground-based telescope
observations (Binzel et al., 2001) and remote sensing observations made by the
Hayabusa spacecraft (Abe et al., 2006). The textures and compositional heterogeneity of
the minerals show that most of the particles (~90%) are similar to LL5 and LL6
chondrites, while the rest of them (~10%) are similar to LL4 chondrites (Nakamura et
al., 2011; Tsuchiyama et al., 2011). The particle-shape distribution suggests that the
particles are impact fragments on the asteroid surface (Tsuchiyama et al., 2011). The
processes prevailing on Itokawa’s surface, such as space weathering (Noguchi et al.,
2011), solar wind implantation (Nagao et al., 2011), and grain surface erosion
(Tsuchiyama et al., 2011; Matsumoto et al. 2012), were revealed.

Forty particles ranging from 30 to 180 um in size were examined on the basis of the
flow chart obtained from the preliminary examination (Nakamura et al., 2011). The total
volume of the particles was 4.23 X 10° um®, which corresponds to a sphere 201 pm in
diameter (Tsuchiyama et al. 2011). However, such a sample size is considerably smaller
than the typical textural size of LL chondrites (e.g., typical chondrule diameter is ~570
um: Nelson and Rubin, 2002). Therefore, it is necessary to exercise caution when
comparing the textures of Itokawa particles with those of LL chondrites.

X-ray micro-tomography is a powerful nondestructive method for obtaining the
three-dimensional (3D) microtextures and external shapes of samples, especially those
with sub-micron spatial resolution. This technique was successfully applied to cometary
samples collected during the Stardust mission (Nakamura et al., 2008a,b; Rietmeijer et
al., 2008; Tsuchiyama et al., 2009; Iida et al., 2010). In the preliminary examination of
the Hayabusa sample, the systematic utilization of this method enabled the effective
analysis of the samples (Tsuchiyama et al., 2011, 2012; Nakamura et al., 2011;
Yurimoto et al., 2012). However, this technique has not yet been applied to LL
chondrites having the same resolution.

The particles examined were collected from Room A of the sample chamber, which
corresponds to the sampling sequence at the spacecraft’s second touchdown. However,
the particles collected from Room B, corresponding to the first touchdown, have not
been examined yet. The samples are from the smooth terrain of the MUSES-C Regio
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(Yano et al., 2006). The two estimated touchdown locations are different from each
other (Yano, private communication), and the regolith at the first touchdown site
(particles form Room B) was expected to be affected by space weathering to a greater
extent than the regolith at the second touchdown site (particles from Room A),
considering the topography near the sampling sites.

In this study, the 3D structures of additional Itokawa particles from Rooms A and B
that were newly allocated for PE were examined by x-ray microtomography. In addition
to the Itokawa samples, particles from LL5 and LL6 chondrite fragments were also
examined by the same method for comparison. This study aims to clarify (1) whether or
not Itokawa particles are really LL chondrites in terms of their 3D microtexture and
whether it is possible to differentiate between LL5 and LL6 materials, and (2) whether
there is any difference between particles from Rooms A and B; finally, PE
microtomography results including the modal abundances of minerals, porosities, bulk
chemical compositions, and particle-size and particle-shape distributions are reported.

2. Experiments
2-1. Samples

All the Itokawa particles examined by microtomography in the preliminary
examination are listed in Table 1. The newly examined samples are four particles from
Room A (RA-QD02-0017, 0033, 0049-2 and 0064) and four from Room B
(RB-QD04-0006, 0023, 0025 and 0049) (Table 2). These particle samples were obtained
from quartz plates by tapping the sample catcher (tapping samples) (Nakamura et al.,
2011). Room-A particles were collected from the same area of the above-mentioned
quartz plate. The tapping samples from Room B were newly prepared during sample
curation at JAXA. Fifteen particles from the Ensisheim meteorite (LL6), ten particles
from the Kilabo meteorite (LL6), and fifteen particles from the Tuxtuac meteorite (LLS)
were used. Pieces of the meteorites were crushed by gently hitting a larger meteorite
piece against the tips of tweezers. Fragmented particles having similar size to the
Itokawa particles were randomly collected. Strictly speaking, the crushing of the LL
chondrite samples in the laboratory is not the same as that of the Itokawa samples on the
asteroid surface by impacts (Tsuchiyama et al., 2011). Therefore, attention is needed
when comparing textures related to crushing.

2-2. X-ray microtomography

The sample particles were imaged grain-by-grain by synchrotron radiation (SR)
x-ray absorption imaging tomography with a Fresnel zone plate (Uesugi et al., 2006;
Takeuchi et al., 2009) at the SPring-8 BL47XU beamline, Hyogo, Japan. The
experimental procedure and conditions were essentially the same as those in a previous
study (SOM in Tsuchiyama et al., 2011). Each particle was attached to the end of an
amorphous carbon fiber of 5 um in diameter with glycol phthalate, except for the four



Meteoritics & Planetary Science

particles from Room A for which a glass fiber of 5 pm in diameter was used instead of a
the carbon fiber. The CT images were reconstructed from 1800 projection images (0.1
deg/projection) by using a convolution back-projection algorithm (Nakano et al., 2000).
It took about 40 min to image one particle. The three-dimensional (3D) structure was
obtained by stacking successive CT images taken of different slices through the particle.

The use of x-ray energies of 7 and 8 keV enabled the identification of minerals in the
CT images because the K-adsorption edge of Fe at 7.11 keV is present between the two
energies (see details of the analytical dual-energy microtomography in Tsuchiyama et
al., 2012). The values of linear attenuation coefficients (LACs) in the CT images were
obtained by calibrating the LAC values of the standards, which had already been
measured at SPring-8 (Tsuchiyama et al., 2005). The chemical composition of olivine,
pyroxene, and plagioclase were obtained using the LAC values. A successive set of 3D
CT images showing a quantitative 3D mineral distribution was obtained for each
particle.

Two different imaging-system settings were used for samples having different sizes:
(1) a voxel (pixel in 3D) size of 84-97 nm (effective spatial resolution of ~200 nm) for
small samples (<100 pm), (voxel sizes are 84.0 and 96.2 nm at 7 and 8keV, respectively,
for the four Room-A particles and the small particles of the Ensisheim and Kilabo
meteorites, while they are 84.2 and 97.1 nm at 7 and 8keV, respectively, for the four
Room-B particles and the particles of the Tuxtuac meteorite) and (2) a voxel size of
~250 nm (effective spatial resolution of ~500 nm) for large samples (=100 um) (voxel
sizes are 228 and 266 nm at 7 and 8keV, respectively, for the large particles of the
Ensisheim and Kilabo meteorites).

2-3. Image procedure and analysis

We used the “Slice” software package (Nakano et al., 2006) to process and analyze
the 3D CT images. The method is the same as that employed in a previous study (SOM
in Tsuchiyama et al. 2011). A solid object was extracted three-dimensionally by
binarization of the CT images. The volume of each particle was obtained from the
number of voxels on the solid object and the voxel size. The sphere-equivalent diameter
was calculated from the volume. The cracks and most of the pores in the small sample
particles are three-dimensionally connected outward. These “open pores” were
recognized by the wrapping method (Tsuchiyama et al., 2007), and their porosities were
eventually obtained. The shape of each solid object was approximated by the best-fit
ellipsoid (Ikeda et al. 2000). The longest, middle and shortest axial lengths, a, b and c,
respectively, of each object were obtained from the ellipsoid.

The modal abundances of minerals in vol% were obtained from the histograms of
the LAC values in the CT images at 7 and 8 KeV by the method used by Tsuchiyama et
al. (2011). Although the errors could not be precisely evaluated, the errors for olivine,
low- and high-Ca pyroxene, plagioclase, and troilite are low (on the order of 10%)
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while those of the minor minerals are relatively large (on the order of 50%) (SOM in
Tsuchiyama et al., 2011). The modal abundances in wt% were calculated from the vol%
and the densities estimated from the mean chemical composition of the minerals
(Nakamura et al., 2011).

3. Results
3-1. Size and shape parameters of Itokawa particles

The results are summarized in Table 1. The total volumes, sphere-equivalent
diameters, and median diameters of the samples are shown in Table 2. The total volume
of the examined Itokawa samples is similar to that of the LL chondrite samples.
However, the volume of Room-B is significantly less than that of Room-A samples
(only 0.8 vol% of the total Itokawa sample volume), and the volume of the LLS5
chondrite samples is less than that of the LL6 chondrite samples (11.4 vol% of the total
LL chondrite sample volume). The median diameter of Room-B samples (24.7 pm) is
slightly smaller than that of Room-A samples (36.4 pm), and the median diameter of the
LL6 chondrite samples (58.5 pum) is slightly greater than that of the Itokawa samples
(33.5 pm).

The cumulative distribution of the sphere-equivalent diameter of all particles (47
particles) including the previous samples (40 particles) is shown in Figure 1. In this data
set, the data for particle RA-QD02-0049-2 were excluded because it is the broken piece
of an original particle (Ebihara et al., 2011). The log slope of the cumulative distribution
is about —2, which did not differ from previous estimates (Tsuchiyama et al., 2011). The
sizes of 164 particles, which were collected from the tapping samples in Rooms A and B
for the 1st International Announcement of Opportunity for HAYABUSA Sample
Investigation by JAXA (http://hayabusaao.isas.jaxa.jp/), were also measured by a
scanning electron microscope (SEM). The log slope of their cumulative distribution is
also about —2 (Fig. 1). This confirms that the slope corresponding to the fine particles (5
to 100 um) on the smooth terrain is around —2.

The shape distribution of the present samples, except for RA-QD02-0049-2 (47
particles) (Fig. 2), is almost the same as those of the previous 40 particles. The mean b/a
and c/a values are 0.72 £ 0.13 and 0.44 + 0.15, respectively, (b/a =0.72 = 0.13 and c/a
= 0.43 £ 0.14: Tsuchiyama et al., 2011) and are similar to the mean axial ratio of
fragments generated in laboratory impact experiments (a:b:c = 2:y 2:1 or bla = 0.71
and c/a = 0.5: Fujiwara et al., 1978; Capaccioni et al., 1984). The distributions of
polymineralic and monomineralic particles are not significantly different, as indicated
by the Kolmogorov—Smirnov (K-S) test (probability, P = 0.48), because the
monomineralic particles are polycrystalline and are not affected by anisotropic
properties, such as cleavage (Tsuchiyama et al., 2011). The K-S test indicates that the
shape distribution of the Itokawa particles is not significantly different from that of the
laboratory experimental fragments of Capaccioni et al. (1984) (P =0.22).
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3-2. Modal abundances of minerals

The modal abundances of the minerals are shown in Table 3. The modal
abundances for the 48 Itokawa particles agree well with those for the 40 particles
sampled by Tsuchiyama et al. (2011) and the LL chondrites sampled by Hutchison
(2004) and Dunn et al. (2010), both of which are used as reference. It should be noted
that the data of Dunn et al. (2010) are obtained in wt% and are compared with those of
the Itokawa samples in wt% in Table 3. The modal abundances of minerals in the LL
chondrite particles agree well with those in the Itokawa particles and the reference LL
chondrites, especially for olivine, although the abundances of other minerals deviate
slightly.

The samples with small volumes show large deviations in their modal mineralogy.
The abundances of olivine and Ca phosphates in Room-B particles are larger than those
in Room-A particles, and the abundances of plagioclase and troilite in Room-B particles
are less than those in Room-A particles. The abundances of olivine, high-Ca pyroxene,
plagioclase, and chromite in the LL5 chondrite particles are less than those in the LL6
chondrite particles, and the abundances of low-Ca pyroxene, troilite, and kamacite in
the LL5 chondrite particles are greater than those in the LL6 chondrite particles.

The total mass of the Itokawa samples was estimated to be 15.0 ng (14.5 pg:
Tsuchiyama et al., 2011) from the modal abundances and densities of minerals, which
were calculated from the mean chemical composition of the minerals (Nakamura et al.,
2011) (Table 2). Thus, the bulk density is 3.4 g/cm3. This value is the same as that
obtained by a previous study (Tsuchiyama et al., 2011). The bulk chemical composition
was also calculated from the abundances of the minerals and their chemical
compositions by Nakamura et al. (2013). The total mass and bulk density of the LL
chondrite particles are 16.7 pg and 3.4 g/cm®, respectively.

3.3 Three-dimensional micro-textures

The microtextures of the LLS and LL6 chondrite particles are similar to those in the
Itokawa particles with respect to mineral grains, voids, and cracks (Fig. 3).
(1) Monomineralic and polymineralic textures

Some particles are almost monomineralic (>80 vol.%). The mineral is mostly
olivine (Figs. 3A and 3B) but sometimes low-Ca pyroxene or plagioclase. Tiny
inclusions of Fe-bearing minerals such as troilite are generally present, even if a particle
is nearly 100% monomineralic. Polymineralic particles mainly consist of olivine,
low-Ca pyroxene, high-Ca pyroxene, plagioclase, and troilite (Figs. 3C and 3D) having
equigranular textures and show annealing by thermal metamorphism. However, some
(~10%) of the Itokawa particles show poorly equilibrated textures such as mesostasis
(Fig. 1D in Tsuchiyama et al., 2011 and Fig. 3B in Nakamura et al., 2011) and chemical
heterogeneities (Fig. 3A in Nakamura et al., 2011). The eight newly examined Itokawa
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particles have highly equilibrated textures.

Monomineralic particles should come from the coarse parts of LL5 or LL6
chondrites, which were originally phenocrysts of chondrules or large mineral fragments,
while polymineralic particles should come from the fine parts, which were the
mesostasis of chondrules or chondrite matrices originally. Note that attenuation x-ray
tomography does not detect crystallographic orientation, and thus, grain boundaries in a
single mineral cannot be imaged. Therefore, the size of a monomineralic particle is the
lower limit of the crystal grain size if it is monocrystalline, while the grain size may be
smaller if it is polycrystalline. Grain sizes of a polymineralic particle show similar
behavior.

The ratio between monomineralic and polymineralic particles is a rough indicator
of mineral grain size in the samples. The numbers and proportions (vol%) of the
polymineralic particles are shown in Table 4. Approximately 50 vol% is polymineralic,
and thus the rest monomineralic, both in the Itokawa and LL chondrite samples, except
for Room-B and LL5 particles.

(2) Voids

Voids are present in the Itokawa and LL chondrite particles. Some particles have
relatively large (=10 pm) and irregular voids, which typically extend outward (Figs. 3E
and 3F). Such particles are called “porous.” Porous particles are polymineralic or
polycrystalline, even if they are monomineralic. They are apparently formed by
volatilization during shock events. However, shock textures such as high dislocation
density were not observed (Noguchi et al., 2013). No glass or devitrification products
were observed. Such textures might be formed by annealing because of thermal
metamorphism of originally porous aggregates of fine materials such as matrix or fine
regolith breccia.

Some particles have a large number of relatively small void inclusions (less than a
few pm) (Figs. 3G and 3H). They are sometimes accompanied by tiny minerals (Fig.
3B). Many of them are platy and have facets (negative crystals), which are also
recognized on the particle surfaces by FE-SEM (field-emission scanning electron
microscopy) (Matsumoto et al., 2012). The void platelets define 3D planes (Figs. 4A
and 4B). The platelets are parallel to the planes, and the directions of their longest axes
are common (Fig. 4C). These planes are present in single crystals, which were
recognized by electron backscatter diffraction (EBSD) analysis (Zolensky, a personal
communication). The morphology and distribution of small void inclusions strongly
suggest that the planes defined by the small inclusions are healed cracks, which were
originally formed by a shock event, and negative crystals formed by annealing of
cracks.

Some voids are elongated. Their lengths are 10 um or longer and the diameters are
close to those of the small void inclusions. Such voids are called “tubes.” Tubes are
sometimes curved (Fig. 3E) or connected with each other to form a Wiener-sausage-like
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structure (Fig. 3G). Tubes are not located on planes defined by the small void inclusions
(arrows in Fig. 4B). The formation mechanism of void tubes is still controversial.

Void-rich particles account for ~21 and ~6 vol% of the Itokawa and LL chondrite
samples, respectively (Table 4). All of them are rich in small void inclusions. Some of
them are porous (~9 and 4 vol% in the Itokawa and LL particles, respectively) and have
void tubes (~16 vol% in the Itokawa and 2 vol% in the LL particles). Room-B particles
are void-rich. Not all LL6 chondrite particles are void-rich, while ~2/3 of the LL5
chondrite particles are void-rich (porous, rich in small void inclusion, or have void
tubes).
(3) Cracks

The particles typically contain cracks. Some particles have abundant cracks (~0.1
cracks/um?) (Figs. 31 and 3J). The proportion of crack-rich particles in the Itokawa
samples (~5 vol%) is smaller than that in the LL chondrite samples (~50 vol%) (Table
4). Room-B samples have no crack-rich particles, while the LL5 chondrite samples have
abundant crack-rich particles (~75 vol%). Among the LL6 chondrite samples, the
Kilabo meteorite samples are richer in cracks than the Ensisheim meteorite samples.

Cracks in the Itokawa samples could be formed by shock events. High densities of
cracks were observed in the olivine particles that were collected from the ductilely
deformed region of a run product of laser-induced shock experiments with a maximum
shock pressure of 38 GPa (Matsumoto et al., 2012).
(4) Porosity

The porosities obtained from microtomography, which correspond to the
microporosities in ordinary chondrites, are caused not only by voids but also by cracks
(Tsuchiyama et al., 2011). The Itokawa and LL chondrite samples have porosities

ranging from ~0 to 10% (Fig. 5) with an average of 1.5 and 1.9%, respectively (Table 3).

These samples show similar porosity abundance frequencies with a sharp peak at <1%
and weak and broad peaks at ~4%.

3-4. Particle surface edges: sharp vs rounded

Particles with rounded edges are present only in the Itokawa samples (Fig. 4C in
Tsuchiyama et al., 2011). Rounded edges were observed both in monomineralic (Fig.
1C in Tsuchiyama et al., 2011) and polymineralic (Fig. 3E) particles. The presence of
rounded edges was confirmed by FE-SEM observations of the surface microstructures
(Matsumoto et al., 2012). The rounded surfaces were probably aged by sputtering by
solar wind particles (Noguchi et al., 2011) or mechanical abrasion (Tsuchiyama et al.,
2011), as proposed by Matsumoto et al. (2012). The 3D shapes of particles with
rounded edges are more spherical than those of particles with angular edges (Fig. 2).
The proportion of Room-A particles with rounded edges (~35 vol%) is larger than that
of Room-B particles (~17 vol%) (Table 4).
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4. Discussion
4-1. Size and shape features of Itokawa particles

The particle-size and particle-shape distributions of the Itokawa samples in the
present study (Figs. 1 and 2) are essentially similar to those in a previous study
(Tsuchiyama et al., 2011). The log slope of the size distribution is around —2 and is
shallower than that of the Itokawa boulders (around —3: Saito et al., 2006; Miyamoto et
al., 2007; Michikami et al., 2008), indicating the lower abundance of ~10 to 100 pm
particles on the smooth terrain of Itokawa (MUSES-C Regio), as proposed with
reference to the close-up images of the terrain (Yano et al., 2006). As shown in Figure 1,
small depressions are present in the cumulative size distributions of the two types of
tapping samples determined by microtomography and SEM at ~40 and ~60 um,
respectively. Because the sizes determined by microtomography are the
sphere-equivalent diameters and the longest sizes are identified from the SEM images,
both depression locations are real and similar. The depressions could reflect (1) the
actual size distribution of the regolith particles on the smooth terrain, (2) an artifact
introduced by impact of the spacecraft’s sampler horn during sampling, (3) electrostatic
levitation of charged particles, (4) levitation due to the thruster jets from the ascending
spacecraft, and (5) an artifact produced while tapping during sample collection at the
curation facility.

The cumulative size distribution of small 898 particles, which adhere on larger
Itokawa particles, was also reported (Nakamura et al., 2012). The log slope is —2.3 in
the range of 0.6 to 3 um and is consistent with the present data. However, we cannot
evaluate the meaning of this slope because we do not know whether these secondary
particles were actually present on Itokawa’s surface or whether they were created or
modified during sample collection and curation.

The shape distribution, which cannot be statistically distinguished from that of the
laboratory experimental fragments (Capaccioni et al., 1984) (Fig. 2), shows that Itokawa
particles are consistent with the results of mechanical disaggregation, primarily as a
response to impacts, as discussed by Tsuchiyama et al. (2011).

4-2. Comparison between Itokawa particles and LL chondrite materials.

The modal abundances of minerals in the Itokawa samples, especially olivine, are
close to those in the LL chondrite samples and agree with the LL chondrite reference
data (Table 3). The bulk density, porosity (Fig. 3), and the porosity frequency pattern
(Fig. 5) are also similar in both samples. The 3D microstructures including voids and
cracks are common among the Itokawa particles (except for poorly equilibrated
samples), and the LL5 and LL6 chondrite particles (Fig. 3). These results show that
Itokawa particles are similar to LL chondrite materials in terms of not only the
elemental compositions (Nakamura et al., 2011) and oxygen isotopic compositions
(Yurimoto et al., 2011) of minerals but also on their 3D microstructure.
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(1) How representative of Itokawa are the samples

Nagano et al. (2012) statistically examined errors of the modal abundances of
minerals from a small number of samples with heterogeneous textures. If forty particles
32 um in size from an LL6 chondrite sample are randomly collected, which is
comparable to the number and size of the examined Itokawa particles, the error in the
abundance of olivine, which is the most abundant mineral, is relatively small (52.4 + 4.6
vol% in the LL6 chondrite sample) and can be used for comparison with the Itokawa
particles, where the relative error in the olivine abundance is ~10% (SOM in
Tsuchiyama et al., 2011). In contrast, the abundances of other minerals such as Ca-poor
and Ca-rich pyroxenes, plagioclase, and troilite cannot be compared because of their
relatively large errors (18.6 3.7, 8.5+ 2.4, 10.5 + 2.1, and 7.9 + 2.8 vol%, respectively,
in the LL chondrite sample). In fact, olivine abundances in all Itokawa and LL5 and
LL6 samples, as well as the average LL chondrites are similar, although the abundances
of other minerals are not (Table 3). In addition, olivine abundances in Ensisheim and
Kilabo meteorite samples, in which the volumes and numbers of particles are half those
in the Itokawa sample, are also similar. Although olivine abundances in Room-B and
LLS5 chondrite samples appear to be different from the values corresponding to the LL6
chondrite samples, the measured volume is too small for this difference to be
statistically significant. The modal abundances of minerals in the adhered objects on
Itokawa particles are different from the LL chondrite values (e.g., olivine abundance is
only ~30 vol%) (Nakamura et al., 2012). However, the sample volume (~750 um’) is
statistically too small (only ~1/6000 of the Itokawa samples) for the comparison even
though the number of particles is large (914 particles).

The bulk density of the Itokawa samples (3.4 g/cm3) is equal to that of the LL
chondrite samples (3.4 g/cm’®). However, it seems to be higher than the average bulk
density of the LL chondrites measured in hand-specimen meteorites (3.22 £ 0.22 g/cm’
in Consolmagno et al., 2008; 3.18 + 0.02 g/cm3 in Macke, 2010) and lower than the
average grain density (3.54 + 0.13 g/ecm® in Consolmagno et al., 2008; 3.52 + 0.01
g/em® in Macke, 2010). The average porosity of the Itokawa samples (1.5%) is close to
that of the LL chondrite samples (1.9% on average) but less than the average porosity of
the LL chondrites from hand-specimen size samples (8.2 = 5.5% in Consolmagno et al.,
2008; 9.5 + 0.6% in Macke, 2010). It is reasonable to expect that the porosity of the
particles should be lower than that of the hand-specimen meteorites, and thus, the bulk
density of the particles should be higher because much of the porosity of the hand
specimens will be at a scale larger than the particles measured here.

The proportions of polymineralic particles (Table 4) show a trend similar to the
modal abundances of minerals. The proportions in all Itokawa samples, Ensisheim and
Kilabo meteorite samples, and the LL5 samples are similar. Therefore, in terms of
modal abundances of minerals, bulk density, porosity, and mineral grain size, not only
the Itokawa particles examined here (~4 x 10° pm’ in total volume) but also the

10
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particles having the volume close to that of the Ensisheim or Kilabo meteorite samples
(~2 x 10° pm®) should be representative of LL chondrite material.

In contrast, the proportions of void-rich and crack-rich particles in all the LL5 and
LL6 samples are different from those in the Itokawa particles (Table 4). The higher
abundances of crack-rich particles in the chondrites samples than those in the Itokawa
particles might be due to the formation of cracks during the crushing of the chondrite
samples. The examined Itokawa samples (~4 x 10° pm® in volume) are not
representative of LL chondrite materials in terms of the void microstructure.

(2) Difference between Room-A and Room—B samples

The proportion of particles with rounded edges in Room-B samples is lower than
that in Room-A samples. This is inconsistent with the expectation that Room-B particles
should be more weathered when compared with Room-A particles. Room-A and
Room-B samples are different in terms of other features (olivine abundance, proportion
of polymineralic, void-rich, and crack-rich particles). However, these differences should
be within the permissible statistical error range because of the small amount of Room-B
samples. Therefore, we cannot find any difference between Room-A and Room-B
particles. When we consider the comparison between the Itokawa and LL chondrite
samples, we require at least the volume of the analyzed Ensisheim or Kilabo meteorite
samples, and this roughly corresponds to more than ~20 Room-B particles.

(3) LL5 or LL6 chondrite?

The proportion of polymineralic particles in the LL6 chondrite samples is close to
that in the Itokawa samples but is less than that in the LLS chondrite samples. The
difference between the LL6 and LLS chondrite samples is consistent with the smaller
mineral grain size in the LL5 chondrite samples when compared with the LL6 chondrite
samples. However, the amount of LL5 chondrite samples may not be enough for good
statistics, and thus, we could not determine whether the Itokawa samples correspond to
LL5 or LL6 chondrite materials (or a mixture of LL5 and LL6 chondrites) from the
microstructure.

5. Summary
In this study, the 3D microstructure of forty-eight Itokawa regolith particles (total
volume: ~4.2 x 10° um?, total mass: ~15.0 pg) was examined by synchrotron radiation
microtomography in order to retrieve the modal abundances of minerals, particle size
and shape, abundance and shape of pores, abundance of cracks, and roundness of the
edges on the particle surface (Table 1). Because the 3D microstructure of LL chondrites
has not been examined to date, particles collected from LL6 chondrites (Ensisheim and
Kilabo meteorites) and an LL5 chondrite (Tuxtuac meteorite) were also investigated by
the same method using the same spatial resolution and compared with the Itokawa
particles (Tables 2—4).
The shape distribution of the Itokawa particles (Fig. 2) is consistent with the results
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of mechanical disaggregation, primarily as a response to impacts (Tsuchiyama et al.,
2011). The cumulative size distribution of the Itokawa particles including the 164
particles measured during the curatorial work at JAXA (Fig. 1) confirms that the log
slope for the fine particles (~5 to 100 um) on the smooth terrain is around —2, which
indicates lower abundance of the fine particles on the smooth terrain of Itokawa
(MUSES-C Regio) (Tsuchiyama et al., 2011). The modal abundances of minerals in the
Itokawa particles (Table 3) are consistent with those in the LL chondrites, which were
randomly collected by the spacecraft and at the curation facility (Nagano et al., 2012).
The voids in the Itokawa samples are classified into three types: relatively large voids in
porous particles, relatively small voids (negative crystals as products of crack healing)
and tube-shaped voids. Some of them should be formed by thermal annealing after
impact events, which must have occurred on the parental body of Itokawa (Nakamura et
al,, 2011).

The comparison between the Itokawa and LL chondrite particles results in the
following conclusions: (1) The common 3D microstructure including the voids and
cracks (Figs. 3 and 5) show that the Itokawa particles are consistent with the LL
chondrite materials in terms of not only the modal abundance and elemental (Nakamura
et al., 2011) and isotopic composition (Yurimoto et al., 2011) of minerals but also their
3D microstructures. The results definitely confirm that the surface materials on the
S-type asteroid Itokawa correspond to LL chondrites, which enable direct validation of
the relation between asteroids and meteorites. However, we cannot distinguish the
thermally equilibrated Itokawa particles from the LL5 and LL6 chondrites, even with
the present resolution. (2) The examined Itokawa particles are representative of LL
chondrite materials in terms of modal abundances of minerals, especially olivine, bulk
density, porosity, and mineral grain size but not in terms of void microstructures. (3) No
difference was detected between the first- and second-touchdown particles (Room-B
and Room—A samples, respectively) because of the statistically insufficient number of
first-touchdown particles. In addition, Nakamura et al. (2013) reported that the major
element composition of the minerals in the first- and second-touchdown particles could
not be distinguished. It is important to clarify whether there is any difference between
them because the source areas of regolith particles for the two different touchdown sites
(~100 m apart: Yano, private communication) may have different space weathering
histories. More than 20 Room-B Itokawa particles are required for the comparison.
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Figure captions

Figure 1. Cumulative size distribution of the Itokawa particles collected from quartz
plates (tapping samples). The sphere-equivalent diameters of 47 particles by
tomography and the apparent largest diameters of 164 particles by SEM are
shown.

Figure 2. Three-dimensional shape distributions of Itokawa particles. Fragments of
impact experiments (Capaccioni et al., 1984) are also shown. Large circles shows
particles with rounded edges.

Figure 3. Slice images of Itokawa particles obtained from microtomography with a gray
scale showing the linear attenuation coefficient (LAC) of objects (from 0 to X cm”
", where X is the maximum LAC value in the CT images. (A) Itokawa particle
RA-QD02-0023 (8 keV, X = 575 cm™). (B) Ensisheim meteorite (E4-10) (7 keV,
X =431 ecm™). (C) Itokawa particle RA-QD02-0030 (7 keV, X = 719 cm™). (D)
Ensisheim meteorite (E2-6) (7 keV, X = 431 cm™'). (E) Itokawa particle
RA-QDO02-0013 (7 keV, X = 575 cm—1). (F) Tuxtuac meteorite (T-12) (7 keV, X
=719 cm™). (G) Itokawa particle RA-QD02-0019 (7 keV, X = 287 cm™). (H)
Tuxtuac meteorite (T-15) (8 keV, X = 1437 em™'). (I) Itokawa particle
RA-QD02-0062-1 (7 keV, X =287 cm™). (H) Kilabo meteorite (E3-09) (7 keV, X
=719 cm™). The concentric structure is a ring artifact. The bright edges of the
particles and voids are artifacts resulting from refraction contrast. Ol: olivine;
LPx: low-Ca pyroxene; HPx: high-Ca pyroxene; Pl: plagioclase; and Tr: troilite.

Figure 4. Bird’s eye view images showing the distribution of voids in the Itokawa
particle RA-QD02-0014. (A) Top view. (B) Side view. (C) Side view rotated from
(B) by 90 deg. Small void inclusions define a 3D plane (A and B). Most of the
small voids, which are platy and have facets, are located along the 3D plane with
common directions of their longest axes (C). Voids with tube shapes (arrows),
which are not located on the plane, are also seen. The size of the box is 63 um x

63 um x 122 um.

Figure 5. Histograms for porosity. (A) Itokawa particles. (B) LL5 and LL6 chondrite
particles.

18



Page 19 of 29

Meteoritics & Planetary Science

Table 1. A list and summary of Itokawa particles.

longest  medium  shortest
sphere-equivalent  axi "
sample ID volume Pl dlamqe tor \ength, Ie:;“; N Ie:gx‘.; . porosity mode (vol.%) porous” ;T.":E.Y,‘;‘;’ uﬂi" cracks®  edges’ remarks
um® um um um pm % o  LPx HPx Pl Tr Tae Kam Chm CaP
RA-QD02-0009 26282 36.9 80.2 53.3 18.9 88 128 816 56 c c A
RA-QD02-0010 480841 972 1489 124.9 5.8 00 671 51 38 231 07 01 01 A
RA-QD02-0011-1 11433 28,0 4.4 36.5 25.6 110 405 396 200 c A
RA-QD02-0011-2 83048 543 80.1 60.8 36.8 03 919 28 43 08 02 P R
RA-QD02-0013 236244 76.7 91.0 79.9 70.8 48 618 31 47 300 04 c c c R
RA-QD02-0014 125021 622  131.3 51.3 38.1 07 924 69 07 P A
RA-QD02-0016 18445 328 58.0 4.8 1.5 02 80 94 36 13 06 02 R A
RA-QD02-0017 16305 315 45.0 34.8 22.6 00 928 72 A
RA-QD02-0019 76706 52.7 98.3 53.9 316 39 933 48 20 c c A
RA-QD02-0021 11563 28.1 56.5 33.7 17.0 6.5 9.1 45 04 R c A
RA-QD02-0023 781081 1143 149.5 119.6 98.0 00 996 04 A
RA-QD02-0024 154338 66.6 90.0 7.4 48.5 19 505 174 226 96 02 00 R A
RA-QD02-0025-01 10348 27.0 5.9 2.4 16.3 26 03 997 c c A
RA-QD02-0025-02 2392 166 2.3 2.8 8.9 00 100.0 A
RA-QD02-0027 88478 55.3 83.0 56.0 a5 35 1.0 184 706 3 c A
RA-QD02-0028 18353 327 55.3 37.4 20.4 0.0 97.0 26 03 0.1 R A
RA-QD02-0030 760742 1133 163.8 149.9 70.0 00 317 514 08 146 05 10 R
RA-QD02-0031 317089 846 1667 98.1 42.9 00 793 17 141 34 15 A
RA-QD02-0032 12988 29.2 .3 30.8 21.5 74 586 06 308 101 c R
RA-QD02-0033 61505 49.0 63.3 53.7 422 76 80 02 82 81 00 00 15 c c R
RA-QD02-0034 9304 26.1 53.6 25.2 18.1 80 563 298 114 25 c A
RA-QD02-0036 7905 24.7 4.4 31.9 14.3 01 774 229 A
RA-QD02-0038 19486 334 54.7 43.0 19.1 44 94 817 37 54 0.1 R A
RA-QD02-0039 15331 308 54.6 33.8 19.3 52 704 143 92 51 10 c c A
RA-QD02-0041 117363 60.7 88.6 63.2 4.4 28 908 03 89 c A
RA-QD02-0042 211529 73.9 96.1 8.4 61.3 00 33 908 11 44 03 00 00 R R
RA-QD02-0043 172425 69.1 81.4 72.9 50.4 46 926 37 36 01 c c A
RA-QD02-0047 148570 657  107.9 92.1 2.2 00 953 28 19 A
RA-QD02-0048 29360 383 51.5 43.7 27.4 60 748 11 108 132 01 c c c R
RA-QD02-0049-2 8308 25.1 55.9 20.6 17.9 09 921 04 70 06 3 A broken piece
RA-QD02-0050 26287 36.9 80.3 30.1 2.5 53 717 174 109 c R
RA-QD02-0054 8032 248 36.6 2.3 20.4 00 996 04 A
RA-QD02-0055 17906 325 56.1 33.3 21.2 29 17 981 02 A
RA-QD02-0057 24527 36.0 60.7 35.9 21.2 2.0 100.0 A
RA-QD02-0058 25839 36.7 53.4 30.1 21.6 72 761 40 48 151 c c c R
RA-QD02-0060 19912 336 59.2 34.0 26.8 99 391 486 35 88 c c c R
RA-QD02-0061 33111 39.8 49.3 39.2 36.9 15 79 874 42 05 01 A
RA-QD02-0062-1 6780 235 35.6 30.2 15.6 93 732 268 c c A
RA-QD02-0062-2 1295 135 2.5 13.8 10.0 0.0 A
RA-QD02-0063 36507 412 58.2 46.3 34.1 63 354 524 50 57 041 13 P c R
RA-QD02-0064 13427 295 55.4 32.4 18.7 22 100.0 c c R
RA-QD02-0066 18477 328 64.7 52.8 14.0 53 100.0 c A
RA-QD02-0067 9497 26.3 4.9 40.1 1.5 00 526 474 A
RA-QD02-0068 54978 412 98.5 52.6 32.3 72 633 07 22 313 22 03 c c A
RB-QD04-0006 6247 228 26.6 25.2 211 49 844 46 92 18 c c R
RB-QD04-0023 8474 253 50.0 33.6 12.3 34 886 1.4 c c A
RB-QD04-0025 7217 24.0 36.0 29.2 18.5 00 85 752 33 1341 A
RB-QD04-0049 14402 30.2 45.9 32.1 26.4 32 838 64 79 00 c c A

*Ol: olivine, LPx: low-Ca pyroxene, HPx: high-Ca pyroxene, PI: plagioclase, Tr: troilite, Tae: taenite, Kam: kamacite, Chm: chromite, Ca-P: Ca phosphates
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"0.0 vol/%" means that the mineral is present but its mode is <0.05 vol.%. Blank means "not determined" even if a very small amount of the mineral is present
" C: common, P: present, R:
rare

¥ A: angular, R: rounded
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Table 2 Samples and their size parameters.

Total Sphere Median
Number of . .
sample particles volume equivalent diameter
(um®)  diameter (um) (nm)
ltokawa
All 48 4367554 202.8 33.5
Room-A 44 4331154 202.2 36.4
Room-B 4 36400 411 24.7
Previous data* 40 4231738 200.7 36.8
LL5,6 chondrites
All 40 4820240 209.6 47.5
LL6 25 4324360 202.1 58.5
Ensisheim 15 1878198 153.1 52.2
Kilabo 10 2446162 167.2 62.3
LL5 (Tuxtuac) 15 495880 98.2 38.6

* Room-A particles (Tsuchiyama et al., 2011)
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Table 3 Modal abundances of minerals of Itokawa and LL5,6 chondrite particles and ordinary chondrites.
vol.% olivine pl)?rvg)'(gﬁe S?&gnae plagioclase troilite kamacite taenite chromite C;)e;]-gtféc;s Porosity
ltokawa samples
All 64.94 18.61 2.82 11.16 2.07 0.22 0.01 0.11 0.06 1.45
Room-A 64.90 18.64 2.80 11.21 2.08 0.22 0.01 0.11 0.03 1.44
Room-B 69.88 15.88 5.16 5.34 0.33 0.00 0.00 0.00 3.40 2.90
Previous data® 64.44 19.02 2.72 11.34 2.12 0.22 0.02 0.11 0.01 1.35
LL chondrite samples
All 63.88 7.92 8.69 14.51 3.68 0.37 0.00 0.93 0.00 1.91
LL6 65.89 7.29 9.19 15.00 1.46 0.14 0.00 1.02 0.00 1.66
Ensisheim 61.34 12.89 5.40 17.10 1.30 0.09 0.00 1.88 0.00 1.69
Kilabo 69.39 2.99 12.11 13.38 1.59 0.18 0.00 0.36 0.00 1.64
LL5 (Tuxtuac) 46.32 13.42 4.32 10.29 23.10 2.40 0.00 0.15 0.00 4.11
Ordinary chondrites**
H4-6 ~38 ~28 ~6 10 5 10* <1 <1
L4-6 ~48 ~24 ~6 10 5 <5* <1 <1
LL4-6 ~58 ~16 ~6 10 5 2* <1 <1
wt.%
Itokawa samples (All) 67.17 18.10 2.58 8.50 2.89 0.52 0.03 0.15 0.05
LL chondrite samples (All) 65.97 7.69 7.94 11.04 5.14 0.90 0.00 1.31 0.00
Ordinary chondrites***
H4 29.8(1.4) 27.0(1.9) 7.3(0,2) 9.1(0.1) 6.0(0.7)
H5 33.1(20) 25.2(1.1) 7.2(07)  89(0.7) 5.9(0.8)
H6 35.7(2.2) 24.9(21) 5.7(0.6) 8.9(0.4) 5.6(0.9)
L4 40.7(1.9) 23.6(1.8) 8.8(1.3) 9.5(0.4) 7.0(1.8)
L5 42.2(2.0) 24.2(1.3) 7.7(1.2) 9.3(1.5) 6.8(2.3)
L6 43.0(1.6) 21.7(0.9) 8.1(0.4) 9.5(0.5) 8.0(1.9)
LL4 497(15) 226(14) 7.6(15)  97(1.2) 3.8(1.0)
LLS 51.1(1.1) 21.8(1.4) 7.2(07)  9.6(0.6) 3.8(0.9)
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LL6 525(3.1) 18.9(1.0) 7.5(0.6)  9.8(0.7) 2.6(1.8)

* Room-A particles (Tsuchiyama et al., 2011)

** Modal abundance in vol.% (Hutchison, 2004)

*** Modal abundance in wt.% (Dunn et al., 2010)

# The modal abundance of metals (kamacite and taenite)
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Table 4 Numbers and volume % of particles with various properties.

Small void Void tube
Polymineralic ~ Void-rich Poroous Crack-rich

Rounded

Samples inclusion-rich present edge present
N wvol% N wvol.% N vol% N wvol% N vol% N vol% N vol.%
Itokawa

All 21 529 19 211 5 85 19 211 14 163 7 45 13 34.9
Room-A 20 532 16 206 5 86 16 206 11 167 7 46 12 35.1
Room-B 1 200 3 80.0 0 00 3 80.0 3 80.0 O 0.0 1 17.2

LL chondrites
All 23 51.0 8 67 5 35 6 55 3 23 19 479 nd. n.d.
LL6 13 480 0 00 0 00 0 00 O 00 8 446 nd. n.d.
Kilabo 6 463 0 00 0 00 O 00 O 00 6 66.2 n.d. n.d.
Ensisheim 7 502 O 00 0 00 O 00 O 00 2 16.6 n.d. n.d.
LL5 (Tuxtuac) 10 776 8 649 5 341 6 539 3 225 11 76.7 nd. n.d.

n.d. not determined
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Impact experiments
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