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Introduction:

Ultracarbonaceous micrometeorites (UCMMS) are unique extraterrestrial materials that represent large sizes of high carbc
contents [1]. In our recent study of an UCMM DO05IB80 collected from near the Dome Fuji Station, Antarctica [2], it has been
revealed that: (i) ten-micron-sized large organic material accounted for most part of the sample, (ii) the organic material wa:s
extremely rich in nitrogen functional groups such as nitrile, imine, and amide, (iii) sulfur is identified within the organic material
surrounded by pyrrhotite rim, and (iv) there was no anomalies in hydrogen, carbon and nitrogen isotopic compositions. Thes
features have not been observed from typical chondritic organic material, while they are partially similar to those from CR3
chondrite [3] and some particles from Comet Wild 2 [4]. In order to enhance our understanding of the origin and formation of
UCMMSs, we have carried out TEM observation of the focused ion beam (FIB) section of DO5IB80.

Experimental:

Bulk mineralogy of an UCMM DO05IB80 was investigated by using synchrotron radiation X-ray diffraction (SR-XRD) at the
Photon Factory. DO5IB80 was embedded in epoxy and ultramicrotomed into 70-nm-thick sections. After ultramicrotomy, the
potted butt of the micrometeorite was analyzed by a Hokudai isotope microscope system at Hokkaido University. A thin sectior
was prepared by the dual beam FIB-SEM JEOL JIB-4501 at Ibaraki University. Carbon-, Nitrogen-, and Oxygen-X-ray absorp-
tion near edge structure (XANES) spectra of the FIB sec-tion were acquired using a scanning transmission x-ray microscop
(STXM) at the beamline 5.3.2.2., Advanced Light Source, Lawrence Berkeley National Laboratory. After STXM, the FIB sec-
tion was observed by JEOL JEM-2100F field emission TEM at JEOL Corporation and by JEOL JEM-2100 at Ibaraki University.

Results and discussion:

Elemental mapping analysis and high resolution observation of the boundaries between the UCMM and the epoxy were pel
formed. There are two types of boundaries between them, one is smooth and another is globular. Although morphologies at
considerably different between these boundaries, high-resolution images revealed that there are very tini) (ayers com-
posed of less electron transparent material than carbonaceous material at the surfaces of both boundaries. Both of the surf
areas containing less electron transparent material are enriched in C, O, Si, S, and Fe.

Minor crystalline phases identified are olivine and Ni-bearing pyrrhotite. Olivine occurs as a polycrystalline ag-gregate. On the
other hand, Ni-bearing pyrrhotite occurs as fine-grained subhedral to rounded crystals embedded in amorphous silicate. The si
and morphology of the amorphous silicate object containing Ni-bearing pyrrhotite are similar to GEMS (glass with embedded
metal and sulfide) that are commonly observed in chondritic porous inter-planetary dust particles (CP IDPs) (e.g., [5]). How-
ever, no Fe-Ni alloy was identified from these GEMS-like objects. Observation of Ni-bearing pyrrhotite and GEMS-like objects
without metals implies that the UCMM are very slight-ly aqueously altered. This condition could have been locally occurred at
the early formation stage of the rock-ice bodies including comets and icy asteroids. The repetitive warming process of ice migh
have promoted the formation of ten micron-sized large, nitrogen-rich organic material observed from D05IB80. Association of
organic material and sulfur supports the presence of fluid chemistry on the parent body. These features appear to be a very pristi
signature of interaction of mineral, ice, and organics in the primitive small body.

References:

[1] Nakamura et al. (2005) MAPS 40, A110. [2] Yabuta et al. (2012) LPSXXXXIII, Abstract 2239. [3] Peeters et al. (2012)
LPSXXXXIII, Abstract 2612. [4] De Gregorio et al. (2010) GCA, 74, 4454. [5] Bradley and Dai (2004) Ap. J. 617, 650. [6]
Dworkin et al. (2001) PNAS 98, 815.
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Primitive xenolithic clasts are found in many regolith-bearing meteorites [1]. They are most commonly similar to type 1-2
carbonaceous chondrites, but significant differences usually exist. Here we report organic analyses of these carbonaceous cla
in Sharps (H3.4), Zag (H5) and Kapoeta (Howardite) using C-, N-, and O- X-ray absorption near edge structure (XANES),
and Fourier transform infrared micro-spectroscopy (microFTIR), with mineralogical observations using a transmission electron
microscope (TEM).

Approximately 100 nm-thick sections were extracted with a focused ion beam (FIB) at JSC from the carbonaceous clasts. Th
sections were analyzed using the micro FTIR, and the scanning transmission X-ray microscope (STXM) on beamline 5.3.2.2 ¢
the Advanced Light Source, Lawrence Berkeley National Laboratory for XANES spectroscopy. After XANES analysis, some of
the sections were observed by TEM.

C-XANES and FTIR spectra of clasts in Zag and Kapoeta show a mostly aromatic nature with minor aliphatic signatures. The
carbonyl features obtained by C-XANES might have been caused by the focused ion beam (FIB) used in sample preparatiol
C-XANES spectra of clasts in Zag and Kapoeta do not show significant-dexciton features, suggesting that these clasts have
not experienced high temperature, probabB0C’C [2], although their parent meteorites have been subjected to strong thermal
processing.

The clasts in Sharps have distinctive features from those in Zag and Kapoeta. Sharps (H3.4) meteorite contains unusual lar:
carbonaceous clasts up to "1 cm in diameter, which have been reported earlier as poorly graphitized carbon with Fe,Ni met:
[3]. C-XANES spectra show two types of carbonaceous material in the Sharps clasts: (1) aggregates of graphite-like carbor
and (2) poorly graphitized carbon with O-bearing functional groups. Graphite-like carbon aggregates show significant 1s-
exciton features which indicate they have been subjected to high temperatures ("70G)1@)0TEM observation indicates
these aggregates are poorly-crystallized graphite with lattice fringes of 3.343.The other type of carbonaceous material is
distributed throughout the clast. C-XANES of these areas shows carbonyl groups as well as aromatic C=C with a small amour
of aliphatic C-H. Lower 185 * exciton intensities observed in the matrix area indicate that this phase did not experience heating
temperatures as high as the graphite-like carbon. TEM observation of this area reveals mainly pyroxene and olivine, the forme
as laths as in anhydrous chondritic interplanetary dust particles (IDPs) [4].

These primitive xenolithic clasts in Sharps, Zag and Kapoeta have organic features that are distinct from their parent meteorite
and preserve their history from before final accretion on single parent bodies. However, they may also have been affected b
secondary processes on their parent bodies. In addition, clasts in Sharps contain graphite-like carbon which experienced high
temperatures compared to their surrounding materials. The origin of the graphite-like carbon is probably different from its
surrounding material, which indicates a very complex history. Our results from these clasts support the idea of radial mixing in
the early Solar System.

References]1] Zolensky M. Z. et al. 2009. 40th Lunar & Planetary Science Conference, Abstract #2162. [2] Cody G. D. et
al. 2008. Earth and Planetary Science Letters 272: 446-455. [3] Brearley A. J. 1990. Geochimica et Cosmochimica Acta 54: 831
850. [4] Zolensky M. E. et al. 1990. Cosmic dust catalog 11. NASA Johnson Space Center/Planetary Science Branch Publicatio
83: 170.
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Introduction:

Low-iron, manganese-enriched (LIME) silicates (olivine and pyroxene) are important components found in some primitive
materials formed in the early solar system. This type of silicate has wt % MnO#eQ and usuallyk 1.0 wt.% FeO, and is
interpreted as a condensate that preserves the redox state of solar nebula gas [1]. LIME silicates were originally identified i
IDPs and matrix in primitive chondrites [2], and subsequently found in chondrules in primitive chondrites [3], and in cometary
particles from the Stardust samples [e.g., 4].

LIME olivine has been also described in amoeboid olivine aggregates (AOAs) from CR chondrites [5], and Y-81020 and Acfer
094 [6]. In this study, we have studied seven carbonaceous chondrites (Efremovka, Leoville, Vigarano, Y-86009, Allende, Y-
81020, NWA 1152) with variable degree of alteration in order to examine the relationship between Mn content in olivines and
their formation and alteration conditions.

Results and Discussion:

Low-Fe, Mn-rich olivine is observed in AOAs from Y-81020 (C03.0) and Y-86009 (CVoxB). In the NWA 1152 (ungrouped
C) AOAs, most olivines are forsteritic (F092-99), and several olivine analyses show enrichments in MnO (up to 0.4wt.%) and
MnO/FeO ratio up to 0.7. Although the MnO/FeO ratio of Mn-rich olivine in NWA 1152 AOAs is not as high as in LIME olivine,
it is likely that the formation of Mn-rich olivine is related to LIME olivine. Thermodynamic models show that LIME-like olivine
in AOAs can form by gas-solid reactions as temperature declines to near 1100 K [e.g., 1]. The model of Ebel et al. [1] indicates
that Mn-rich, Fe-poor olivine forms under relatively low oxygen fugacities (solar composition, no dust enrichment). Based on
our observations, when the Mn-rich olivine is present in AOASs, it generally occurs at the edges of the inclusion. This is consistent
with the condensation calculation that predicts Mn-enrichment with decreasing temperature [1].

The CV chondrites are subdivided into the reduced (CVred) and two oxidized subgroups. The CVoxB (e.g., Kaba, Bali) ex-
perienced hydrous alteration that resulted in formation of phyllosilicates, magnetite, fayalite, andradite, and salite-hedenbergit
pyroxenes [7]. On the other hand, the CVoxA (e.g., Allende) experienced alteration under different conditions resulting in for-
mation of nepheline, sodalite, andradite, salite-hedenbergite pyroxenes, fayalitic olivine, and zoning toward Fe-rich rims ("Fo55
in primary olivines ("F098). Compared to the oxidized subgroups, secondary minerals are rare in CVred.

Mn-rich olivine is observed in Y-86009 (CVoxB), however, it is not observed in reduced CV chondrites and Allende. Thermal
alteration occurred in both reduced CVs (to a minor extent) and Allende (to a higher degree). The absence of Mn-rich olivine in
the two types of meteorites may indicate the loss of Mn from olivine during the thermal alteration. Because Fe is introduced to
AOA olivines during thermal alteration [e.g., 8], loss of Mn from olivine would occur with the Fe-enrichment in olivines.

It has been also shown that the rimmed AOAs which experienced annealing after aggregation tend to have lower Mn content
[6]. This is consistent with our prediction that Mn was lost by heating. It is likely that Mn-rich olivine was originally present
in many AOAs as a primary phase, and then lost during the thermal processing. Therefore, Mn-rich olivine in AOAs can be a
sensitive indicator for the thermal processes such as annealing in the solar nebula [1] and parent body thermal alteration.

[1] Ebel D. S. et al., 2012. MaPS 47:585-593.

[2] Klock W. et al., 1989. Nature 339: 126-128.

[3] Ichikawa and lkeda, 1995. Proc. NIPR symp. 8:63-78.

[4] Zolensky M. E. et al. 2006. Science 314: 1735-1753.

[5] Weisberg M. K. and Connolly Jr. H. C. 2008. Lunar Planet. Sci. Conf. 37, #1981.
[6] Sugiura N. et al. 2009. MaPS 44:559-572.

[7] Krot A. N. et al., 1998. MaPS 33:623-645.

[8] Chizmadia L. et al., 2002. MaPS 37:1781-1796.
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Microtextures of unusual dark clasts in the Allende chondrite: Implications for their pre-

cursor and alteration processes
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Dark clasts (also known as dark inclusions) commonly occur in CV and CO chondrites. They range in texture from chondritic
one, with chondrules and Ca-Al-rich inclusions (CAls) embedded in a matrix, to aggregates consisting almost exclusively of fine-
grained Fe-rich olivine. In the past, dark clasts were considered to be primary aggregates of condensates from the s$blar nebula
However, more recent studies have shown that dark clasts exhibit evidence indicating parent-body alteration processes such
chondrule-pseudomorphs, fibrous and vesicular oliVfrfésand thus they suggested that dark clasts underwent aqueous alter-
ation and subsequent thermal metamorphism in the meteorite parent body. We found two unusual dark clasts from the Allend
CV chondrite that are mineralogically different from the dark clasts studied in the past in many respects. Here we present th
results of mineralogical and petrological study of those two dark clasts using an SEM-EDS, an EPMA-WDS, and a TEM-EDS.

The two dark clasts (86 mtnand "5 mmi) were found in a polished thin section of the Allende meteorite ("1066 nm
total area). Both clasts contain chondrule-pseudomorphs ("0.17 mm in avarage diameter), which are considerably smaller the
chondrules ("0.49 mm) in the host meteorite. The entire clasts, including pseudomorphs, mainly consist of fine fi@amis (
cron in diametrer) of Fe-rich olivine ("91 vol%) and Ca-rich pyroxene (6 vol%) and minor amounts of nepheline and opaque
minerals (pentlandite and awaruite). From the criteria proposed by Krot et al. (199%e)y can be classified as type B. Type B
dark clasts are considered to have experienced extensive aqueous alteration and subsequent dehydration in thelprent body
Olivine grains in the dark clasts are very homogeneous in compositiogy§ &ad most of them contain vesicles and Fe-Ni sul-
fide inclusions. Some of the pseudomorphs have abundant nepheline, spinel, and perovskite. Nepheline is known as a second
mineral produced by Na-metasomatism of plagioclase and melilite in/& APerovskite and spinel are typical primary minerals
in CAls. Therefore these pseudomorphs were probably formed from CAls.

The dark clasts are surrounded and intersected by Ca-rich veins. These veins have three layered structure. The central lay
consists of andradite and kirschsteinite and other layers consist of hedenbergite-diopside pyroxene. The boundary between vei
and the clasts is clear, whereas that of veins and surrounding Allende matrix is irregular and gradational.

Previous studies on type B dark clasts in Allende reported that chondrule pseudomorphs in dark clasts and chondrules in the
host are similar in size distribution, and thus concluded that the precursor of dark clasts have a lithology identical tdlthe host
However pseudomorphs in the clasts we studied show much smaller sizes than chondrules in the Allende host. This suggests
the precursor lithology of the clasts was different from Allende. Other previous studies suggested that Ca-rich veins were forme
by aqueous alteration that occurred after incorporation of the clasts into the host mét8otitewever our observations show
that such veins are absent in the host meteorite. These results suggest that the veins probably formed in the precursor litholo
of the dark clast, before incorporation of the dark clasts into the host meteorite. The presence of the veins penetrating one of tt
clasts indicates that the veins were formed after the dark clast lithology was converted to fine-grained aggregates by extensi
alteration.

[1]Kurat et al. (1989) Z.Naturforsch, 44a, 988-1004.

[2]Kojima et al. (1993) Meteoritics, 28, 649-658.

[3]Krot et al. (1995a) Meteoritics, 30, 748-775.

[4]Kojima and Tomeoka. (1996) GCA, 60, 2651-2666.

[5]Buchanan et al. (1997) GCA, 61, 1733-1743.

[6]Russell et al. (1998) GCA, 62, 698-714.

[7]Krot et al.(2000) Geochemistry International, 38, S351-S368.
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Evidence for Late Stage Heavy Bombardment from Centimeter-sized Impact Melt Clast:

in Apollo 16 Regolith Breccias
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Isotopic ages from lunar rocks cluster around 4.0-3.8 Ga [e.g., 1,2] and are interpreted to indicate terminal lunar cataclysm [3]
However, this age cluster can be also interpreted as the overprint of a single large impact event; the Imbrium basin forming even
To evaluate this issue, we are focusing on impact melt clasts in ancient regolith breccias that lithified “3.8 Ga recovered at th
Apollo 16 traverse site. Norman et al. [4] first addressed and reported that at this issue and report at least 4 distinct impact even
are required based on petrological textures and Ar-Ar ages of large-sized Apollo 16 impact melt rocks. Among 25 samples, the:
found ages from 3.75 to 3.96 Ga. To further test this issue, we examined 11limpact melt clasts from 60016, 65095 and 6113
[6-8].

To clarify the origins of impact melt clasts, we focus on compositions of relict minerals and bulk compositions. Relict minerals
could remain information about original target materials if the shock-metamorphic overprint is not severe. For 6 melt clasts
from 60016, at least 4 different target regions are required; Clast 1 comes from a terrain with high Jik(26.4 wt. %)
and bimodal compositions in mafic minerals (Mg-suite and ferroan anorthosite), Clasts 2, 3 and 4 come from a terrain with low
Al O3 (20.4-16.4 wt %) composition and relatively ferroan composition in mafic minerals (Mg-suite), Clast 5 comes from a
terrain with high-bulk A}O3 (23.9 wt. %) and high Mg# in mafic minerals (Mg-suite), and Clast 6 comes from a terrain with low
bulk Al, 05 (18.6 wt. %) and high-Mg# in mafic minerals (Mg-suite). All clasts have higf@K>0.3 wt. %) and - PO5 (>0.3
wt. %), and require KREEPY material [6]. Three clasts from 65095 have similar relict mafic mineral (Mg# in olivine =779.5) and
bulk (Al;03="23.5 wt. %; K0=0.16 wt. %; BO5=0.22 wt. %) compositions among the clasts implying they have a same origin,
however, different origin from clasts form 60016 [7]. Five regions in 2 clasts from 61135 might be generated by mixing of two
end member melts; high-K ¢0=0.72 wt. %) and low-K (K0=0.27 wt.%) and require at least one distinct impact site [8].

We obtained Ar-Ar shock retention ages for 6 impact melt clasts from 60016 and a clast from 65095 [6]. We find evidence for
at least five different impact events clustered within short span of 4.0-3.7 Ga for 6 clasts from 60016. However, a recent therme
disturbance of the K-Ar system means that the formation age of the one clast in 65095 analyzed so far cannot be determine
precisely enough to compare. Analyses of siderophile elements in some of these clasts also point to multiple impact events [9].

From the combined results from relict minerals and bulk compositions, 11 melt clasts require at least 6 individual target
regions with KREEPy material. Ar-Ar ages confirm that clasts from 60016 originated from at least 5 distinct impact events.
Thus, multiple impact events occurred in or near the PKT region and impact melt clasts were not produced by a single (i.e.
Imbrium) impact event.

References: [1] Papanastassiou D.A. and Wasserburg G.J. 1971. EPSL 11. 37-62. [2] Turner G et al., 1973. Proc. LPSC
1889-1914. [3] Tera F et al., 1974. EPSL 22, 1-21. [4] Norman M.D. et al., 2006 GCA. 70, 6032-6049. [5] Korotev R.L. 1994.
GCA 58, 3931-3969. [6] Niihara T. et al., 2012.GCA submitted. [7] Niihara T. and Kring D.A. 2012 MAPS 47, Suppl. #5074.
[8] Niihara et al., 2013 LPSC 44 submitted. [9] Liu et al., 2013 LPSC 44 submitted.
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Tungsten isotope analysis of meteorite samples using ETV-MC-ICPMS technique
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Hf-W chronometer is based on the decay'&fHf to 82W with a half-life of 8.9 Myr. Hf is strongly lithophile elements,
whereas W is moderately siderophile elements. Thus, the Hf-W age can provide critical information about the timing of metal-
silicate differentiation (core formation) processes at the early stage of the planetary formation. Moreover, both the Hf and W is
strongly refractory elements, the Hf-W age can reflect the timing of condensation or segregation of the metallic nuggets fron
chondritic reservoir at the early sequence of the solar system.

The thermal ionization mass spectrometry (TIMS) is widely used for W isotope analysis. However, a micro-gram amount of
W is desired for Hf-W chronological studies in this technique. The ICP-MS technique coupled with the conventional nebulization
technique is also used for W isotope measurement. With this technique, total amount of W required for the isotopic ratio
measurements could be 50 - 100 ng. On the other hand, typical ion transmission efficiency from sample to ion collector woulc
be <0.1% under the sample introduction using the nebulizer. This suggests that the sample introduction efficiency (i.e., higf
transmission efficiency) can be dramatically improved when the loss of sample mist could be minimized. To achieve this, we
have developed a sample introduction technique using the electrothermal vaporization (ETV) technique for W isotope analysis.

In this study, W sample in 2% HN{solution is loaded on the Re filament located in a small volume ETV chamber to

achieve minimum loss of W vapor and also to reduce the memory of W within the chamber. Temperature of the Re filament
is controlled by the incident current (0 - 4 A). The W evaporation is carried out under the two different ambient gasses, Ar or
He. We found that W signal intensity profile obtained under the Ar carrier gas is spiky and unstable, and this is not suitable for
the precise isotopic analysis. In strike contrast, the signal intensity profile obtained under the He carrier gas is very smooth an
stable. Moreover, with the He carrier gas, total number of W atoms was about 1.7 times higher than that achieved by the A
carrier gas. Taking these points into account, He carrier gas was used throughout the W isotope measurements.

The isotope analysis was carried out using various amount of W solution sample. As a result, we fouriththgtof W
can reveal the precise W isotope ratio. The W isotope ratios of some meteorite samples were also measured using the ETV-M(
ICPMS technique. The results will be discussed in this presentation.

Keywords: MC-ICP-MS, isotope, ETV, meteorite
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Development of novel mass spectrometer to analyze solar wind noble gases
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Solar-gas-rich regolith breccia from asteroids has been studied [e.g., 1, 2], which were irradiated by solar wind (SW) on the
parent body surface. Regolith breccia was lithified by compaction process from regolith soils. The compaction processes whic
were recorded in the breccias should reveal a migration, deposition, SW irradiation of the soil. To figure out the SW distribution
in the breccia high spatial resolution is required because SW implanted layer is less than 100 nm [2].

LIMAS (Laser lonization Mass nanoScope) [3] is a time-of-flight sputtered neutral mass spectrometer (TOF-SNMS) with
non-resonant laser post-ionization system which can observe in-situ distributions of all elements in solid materials down to ten
nm level. LIMAS is mainly composed of Ga focused ion beam (FIB) for sputtering, femtosecond laser for post-ionization of
sputtered particles, and multi-turn mass spectrometer (MULTUM II [4]).

An n-type Si wafer, which was irradiated by 30 kéMe of 2 x 10° ions/cn? was used to evaluate and confirm sensitivity for
He. The sputtering crater was 6.4 x 15.2%uamd measurement area is 2.1 x 4.12whthe center. The detection limit 6He for
the system is about 1®ions/cn® for “He The performance of LIMAS should be improved towards higher sensitivity and lower
background noises because bulk concentrations of solar-He in gas-rich meteorité-016@ cm®*STP/g [e.g., 1] which can be
translated into 1¥-10'® atoms/cm for rocky material (density ~ 3 g/c.

References: [1] Goswami J. N. et al. (1984) Space Sci. Rev., 37, 111-159. [2] Wieler R. et al. (2002) in Rev. Mineral. Geochem.
47, 21-70. [3] Ebata S. et al. (2012) Surf. Interface Anal., 44, 635-640. [4] Okumura D. et al. (2005) Eur. J. Mass Spectrum., 11,
261-266.
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Estimation of space weathering morphologies of Itokawa regolith particles by comparisor

with ion irradiation experiments
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Abrasion of regolith particles on airless bodies: comparison between Itokawa and luna

regolith
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Preliminary examination of Hayabusa samples suggests that Itokawa regolith have experienced following processes on tt
airless body [1]. (1) Formation of fine particles ("100 um) by impact of small objects onto Itokawa [2]. (2) Irradiation and im-
plantation of solar wind to particles on Itokawa'’s uppermost surface [3]. (3) Formation of space weathering rims (thin amorphous
layers 7100 nm) with Fe-rich nano-blobs and sometimes blisters) on the particle surfaces mainly due to implantation of solar
wind He with the time scale of “£0yr [4,5]. (4) Abrasion of the particles, called "space erosion”, probably due to grain motion
by impact-induced seismic waves in a regolith layer with time scale of sufficiently longer duration than[1(2,6]. Processes
(3) and (4) should be repeated [3]. (5) Final escape of particles from the asteroid by impact within the residence @nyof
[3].

Evidence for the abrasion is mainly based on their 3D shapes and surface micro-morphologies obtained by x-ray micro
tomography [2]. The shape distribution of Itokawa particles cannot be distinguished form that of fragments formed by high-speec
impact experiments [7], indicating that the particles are consistent with fragments mechanically crushed by impact. About 3/4 o
the particles examined have sharp edges while rest of them have rounded edges at least on a part of the particle surface, sugges
that the fragments have been abraded. The shape distribution of lunar regolith particles (Apollo 16 highland samples: 60501) [€
was also compared. It was suggested that they are more spherical than the Itokawa and impact particles [2]. However, the lun
regolith samples were not imaged grain-by-grain by tomography [8], and imperfect separation of grains might affect the shap:
distribution data.

In the present study, 3D shapes of lunar regolith particles were obtained by the same method as the Itokawa patrticles. Particl
("50-100 um) picked up from 60501 and 10084 (Apollo 11 mare sample) were imaged grain-by-grain at BL47XU of SPring-8
using imaging tomography system with the effective spatial resolution of 200 or 500 nm. The longest, middle and shortest axi
lengths (a, b and c) were obtained by ovoid approximation of solid portion extracted from CT images. The 3D shape distributions
in b/a vs. ¢/b diagram were compared using Kolmogorov-Smirnov (K-S) test.

The shape distribution of 60501 particles (number of particles: N=21) can be clearly distinguished from those of the Itokawa
particles (N=59) and impact fragments (N=6201) with P=0 (P: probability in the K-S test) while this cannot be distinguished
from the previous 60501 data (N=55) with P=0.80. The rest of the lunar particles (N"90) will be analyzed. It has been reported
that the mean b/a and c/b ratios of mare lunar regolith (0.72-0.78 and 0.73-0.86, respectively [9]) is larger than those of impac
fragments (0.71 [8]). The present results and the previous data show that lunar regolith is more spherical than the impact frac
ments although lunar regolith is clearly the product of impact on the lunar surface. This strongly suggests that the regolith wa:
abraded. The cause of the abrasion may be grain motion during gardening by impacts. The degree of abrasion is larger than t
Itokawa particles due to larger scale of impacts and longer regolith residence time.

References: [1] Tsuchiyama A. et al. (2013) LPS XLIV, Abstract #2169. [2] Tsuchiyama A. et al. (2011) Science, 333, 1125-
1128. [3] Nagao K. et al. (2011) Science, 333, 1128-1131. [4] Noguchi T. et al. (2011) Science, 333, 1121-1125. [5] Noguchi T.
et al. (2012) Meteoritics & Planet. Sci., submitted. [6] Matsumoto T. et al. (2013) This volume. [7] Capaccioni F. et al. (1984)
Nature, 308, 832-834. [8] KatagiriJ. (2010) Proc. 12th Internat. Conf. Engin., Sci., Construct., Operat. in Challenging Environ-
ments, Am. Soc. Civil Engin., 254?7259. [9] Heiken G. H. et al., Eds., Lunar Sourcebook (1991).
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