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Fig. 1 (Color online) A flow chart for the preliminary examination
of Hayabusa samples. Each analysis was made grain-by-
grain. Three flows for ‘‘space weathering’’, ‘‘noble gases’’
and ‘‘organic materials’> were specifically made to minimize
terrestrial contamination from the atmosphere (oxygen and
noble gasses) and organic materials. Some particles were
analyzed in multiple flows. See SOM in% for details of the
mainstream flow analysis.
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Fig. 2 (Color online) Summary of the preliminary examination
results of Hayabusa samples, where interior and surface
processes throughout the solar system history are shown.
(Original drawing of Dr. S. Tachibana of Hokkaido Univer-
sity was slightly modified).
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Fig. 3 (Color online) Mass attenuation coefficients (MAC) of ele-
ments plotted against x-ray photon energy. E; and E, are
energies just below and above the K-absorption edge energy
of Fe (7.112keV).
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Table 1 Representative minerals in ordinary chondrites and Hayabusa samples

mineral abbriviation formula crystal system™ end member abbriviation formula
olivine Ol (Mg, Fe),SiO, Orth forsterite Fo Mg,SiO,
fayalite Fa Fe,SiO,
low-Ca pyroxene LPx (Mg, Fe)SiO, Orth, Mono enstatite En MgSiO;
ferrosilite Fs FeSiO;
high-Ca pyroxene HPx (Ca, Mg, Fe)SiO; Mono diopsite Di** CaMgSi,O¢
hedenbergite Hd** CaFeSi,O¢
plagioclase Pl (Na, Ca)Al(Al, Si)Si,Oq Mono, Tri albite Ab NaAlISi;Oq
anorthite An CaAl,Si,Og
apatite CPp*** Cas(PO,);(F, Cl, OH) Hex
merrillite CP*** CagNaMg (PO,), Tri
chromite Chm FeCr,0, Cub
troilite Tr FeS Hex
kamacite Kam o-(Fe, Ni) Cub
taenite Tae y-(Fe, Ni) Cub
* Cub: cubic, Hex: hexagonal, Orth: orthorhombic, Mono: monclinic, Tri: triclinic
** En and Fs are also endmembers.
**+% Apatite and merrillite are abbreviated as CP (Ca phoshate).
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Fig. 4 (Color online) A two-dimensional histogram of linear at-
tenuation coefficient (LAC) values at 7 and 8 keV for an
Itokawa particle (RA-QD02-0013). Logarithm of the num-
ber of voxels is shown as a rainbow scale (from 0 to the max-
imum) . Solid symbols show LAC values calculated from the
mean chemical compositions of minerals of Itokawa
particles¥. LAC values of olivine, pyroxene and plagioclase
solid solutions are also shown as open symbols. Numbers
along forsterite-fayalite, enstatite-ferrosilite, enstatite-diop-
side and albite-anorthite joins are the forsterite, enstatite,
wollastonite and albite contents (in mol.% ), respectively.
Abbreviations for minerals are the same as Table 1.
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Fig. 5 (Color online) A final cross section of an Itokawa particle
(RA-QD02-0031) (from SOM in!?). (A) An FE-SEM
back-scattered electron image. The particle is embedded in a
resin. (B) A CT images corresponding to the FE-SEM sec-
tion shown in (A). (C) A CT image of a vertical section of
(B) after the left part was removed by polishing. (D) A CT
image of a horizontal section of (B) after the upper part was
removed by polishing. Abbreviations for minerals are the
same as Table 1.
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Fig. 6 (Color online) Modal compositions of minerals of Itokawa
particles!® and ordinary chondrites (LL4-6, L4—6 and H4—
623)) .

0 Linear attenuation X
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Fig. 7 Slice images of Itokawa particles obtained by
microtomography (from!®). (A) A polymineralic particle
with thermally equilibrated texture (RA-QD02-0063: 7 keV,
X=431cm™!). (B) A monomineralic particle with thermal-
ly equilibrated texture (RA-QD02-0014: 7 keV, X =287
cm~1). Some voids define a 3D plane (arrows). (C) A parti-
cle with rounded edges on the surface (RA-QD02-0042: 7
keV, X=575cm~!). (D) A particle with thermally less-
equilibrated texture (RA-QD02-0048: 7keV, X=431
cm~!). Mes: mesostasis. Abbreviations for minerals are the
same as Table 1.
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Fig. 8 (Color online) Cumulative size distribution of Itokawa par-
ticles (from!?). Sphere-equivalent diameters of the tapping
samples and the diameter of the spatula samples are shown.
The slope of the spatula sample should become steeper dur-
ing sweeping by the spatula, which would have pulverized
some of the particles.
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Fig. 9 (Color online) 3D shape distribution of Itokawa particles
and fragments of impact experiments (from!?). The lon-
gest, middle and shortest axes, a, b and c, of the Itokawa
particles were obtained by ovoid approximation of the CT
data.
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Fig. 10 (Color online) The 3D external shapes of Itokawa particles
(stereograms). (A) A particle with sharp edges (RA-QD02
—-0023, box size: 232 x232%x203 um). (B) A particle with
rounded edges (RA-QD02-0042, box size: 112x 112 x93

um).
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Analysis of samples collected from the
Asteroid Itokawa using synchrotron
radiation based tomography

Akira TSUCHIYAMA Division of Earth and Planetary Sciences, Graduate School of Science, Kyoto
University, Kitashirakawaoiwakecho, Sakyo-ku, Kyoto 606-8502, Japan

Abstract Preliminary examination of small particles collected from asteroid Itokawa by the Hayabusa
spacecraft was successfully made in 201 1. The examination definitely confirmed that the surface
material on an S-type asteroid is composed of ordinary chondrites suffered by space weathering
and led to the end of the origin of meteorites. The examination also revealed a variety of processes
on the asteroid. Our research group examined three-dimensional structures of the ltokawa parti-
cles with sub-micron resolution using synchrotron radiation-based microtomography at SPring-8.
3D distribution of minerals of each particle was obtained by comparing a set of CT images taken at
dual x-ray energies below and above the K-absorption edge of Fe (analytical dual-energy micro-
tomography). Our results show that the Itokawa particles correspond to ordinary chondrites (LL
chondrites). 3D external shapes of the particles showed that the particles are impact fragments
and some of them were abraded. Use of microtomography for non-destructive analysis can pro-
vide key information for the design of later destructive analyses of the same particle by providing
critical information concerning where a particle should be cut to obtain the best areas of specific
minerals in cross sections of these small particles. This is one of the key features of the Hayabusa
preliminary examination strategy for the analytical flow sequential studies.
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