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Introduction: Space weathering is gradual altera-

tion of materials in airless environment [1]. Intense 
study of space weathering has been made to explain 
reddening and darkening of reflectance spectra of the 
Moon in visible/near infrared (VIS-NIR) region. Lu-
nar space weathering results from nanophase Fe metal 
(npFe0) particles produced by solar wind implantation, 
impact vaporization and deposition, and impact melt-
ing [1, 2]. Although the same process should act on 
asteroids, variety of asteroidal materials, exposure 
ages, and orbits may results in different spectral 
change and distinct relative rate of each process for 
space weathering. S-type asteroid has reddened and 
darkened spectra of ordinary chondrite [3]. Regolith 
particles brought back from S-type near-earth asteroid 
Itokawa consistent with LL4-6 chondrite materials [4]. 
They possess npFe0 smaller than 2 nm in partially 
amorphous rim on ferromagnesian silicate that is 
formed by solar wind irradiation. Besides, nanophase 
(Fe, Mg)S several nm in size is dispersed in outermost 
vapor deposited rim [5]. Despite the fact that impact 
melts in lunar regolith play an important role for lunar 
space weathering [1], instance of nanophase particles 
produced by impact melting has not been found in 
Itokawa samples. In this study, we investigated an 
impact splash melt on an Itokawa particle in order to 
evaluate the contribution of impact melting for space 
weathering on S-type asteroid. 

Methods: We analyzed an Itokawa particle RA-
QD02-0275 which consists of an olivine fragment of 
approximately 46 µm × 86 µm ×120 µm in size. The 
particle was attached to carbon fiber of 5 µm in diam-
eter using a crystal bond. We observed the Itokawa 
particle by a scanning electron microscope (Hitachi 
SU6600) with energy dispersive X-ray spectrometry 
(EDX, Bruker FlatQUAD). After SEM observation, 
the Itokawa sample was coated by carbon. Then, a 
largest splash melt on the olivine grain was coated 
with platinum using a focused ion beam (FIB) system 
(FEI Helios G3). We extracted electron-transparent 
sections from regions of interest in the splash melt by 
milling with Ga+ beam. During the milling, we ob-
tained backscattered electron (BSE) images of the 
cross section of the melt splash. The electron trans-
parent sections were analyzed by transmission elec-
tron microscope (JEOL JEM-2100F) equipped with 
EDX (JEOL JET-2300T). EDX analysis was per-

formed in a scanning transmission electron microsco-
py (STEM) mode.  

Results: The olivine grain we examined has sharp 
fractured surface. Blisters, splash-melt residues and 
submicron-sized impact craters are abundant on the 
olivine surface. A largest splash melt covers olivine 
surface of approximately 6.8×102 µm2 (Fig. 1). The 
outline of the splash melt is irregular and wavy (Fig. 
1). Many cracks were identified on the splash, pre-
sumably formed by thermal stress during cooling. A 
SEM-EDX map showed that the splash melt is com-
posed of Mg-rich silicate and FeS, in which FeS is 
concentrated in the central part (Fig. 1). BSE images 
of a vertical section of the splash melt showed that 
multiple layers of Mg-rich silicate and FeS (Fig. 2 and 
Fig. 3) alternate in the splash melt.  

Mg-rich silicate melt layer: SEM-EDS analysis 
showed that the Mg-rich silicate melt has Mg/Si ratio 
similar to pyroxene. A crystalline low Ca pyroxene 
grain is located in the Mg-rich silicate melt, which is 
presumably a remnant without being melted (Fig. 2). 
Rounded nanophase FeS grains is dispersed in Mg-
rich silicate melt (Fig.2 and Fig. 3). Their diameter is 
in the range of several nm to 150 nm. Majority of 
nanophase FeS grains are aligned and they form sev-
eral layers (Fig. 3).  

FeS melt layer: Rounded Fe metal grains of 8 nm 
to 20 nm in diameter are distributed in FeS layer (Fig. 
3). Vesicle often appear in FeS layer and between the 
lowermost FeS layer and olivine substrate. Pure iron 
layers of approximately 6 nm in thickness covers the 
outermost FeS layer (Fig. 3). In addition, Iron whisk-
ers with a body-centered cubic structure were identi-
fied on the outermost FeS layer (Fig. 3). 

Discussion: Shock-recovery experiments a utiliz-
ing powders of a L6 ordinary chondrite produced lo-
cal silicate melt-glass with submicron-sized particles 
of FeS and Fe metal, when shock pressure is higher 
than 38 GPa [6]. Similar textures have been found in 
melt veins in ordinary chondrite [e.g., 7]. Since S is 
relatively insoluble in silicate (1-3 wt.% [8]), silicate 
and FeS form immiscible melt [6]. When FeS is par-
tially melted by impact, molten FeS disaggregates 
into fine droplets within a local silicate melt [6]. Al-
ternate layers of FeS and silicate in the splash on the 
Itokawa particle (Fig. 2 and Fig. 3) were presumably 
formed by elongation of a FeS-silicate immiscible 
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melt drop when the droplet attached to the olivine 
grain and spread over the olivine surface. Aligned 
nanophase FeS in silicate melt in Fig. 3 can be de-
rived from melt flow [6]. Because vesicles are sur-
rounded by FeS layer, vesicles might have grown due 
to degassing (possibly S2 gas) from FeS before cool-
ing of the splash. Bare surface of FeS on the splash 
might have experienced sulfur loss by solar wind irra-
diation or heating, resulting in the formation of iron 
whiskers and thin iron layer [9].  

Majority of Itokawa particles have been classified 
into shock stage S2 (shock pressure corresponding to 
5- 10 GPa [10]), determined by its crystallinity using 
EBSD analysis [11]. Although melt pockets begin to 
appear in ordinary chondrite at the upper range of S2 
shock stage, they are rarely observed [10].  This sug-
gests that impact melting might be localized event on 
Itokawa.  

In lunar case, irradiation damaged rim and vapor 
deposition rim include npFe0 up to 10 nm that causes 
spectral reddening and darkening [1, 2]. While, im-
pact melts (agglutinate, splash melts) contain large 
npFe0 up to hundreds of nanometers in diameter that 
mainly contributes to darkening [1, 2]. Theoretical 
and experimental study for lunar space weathering 
revealed that small npFe0 (< 40 nm) causes reddening 
and darkening across VIS-NIR by Rayleigh scattering, 
while larger npFe0 (> 40 nm) causes darkening, but 
not reddening. Behavior of the larger npFe0 has been 
explained considering Mie scattering [12]. Nanophase 
FeS particles are expected to alter reflectance spectra 
in the same manner as npFe0 [13]. Therefore, 
nanophase FeS in the splash melt on Itokawa particle 
would contribute to spectral reddening and darkening. 
Especially darkening on Itokawa might have been 
caused by mainly large nanophase FeS in impact 
melts. We conclude that impact melting can be an 
important factor for asteroidal space weathering as 
with lunar surface.  
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Fig. 3 (A) A high-angle annular dark field STEM 
image of cross section of the melt splash. A scale 
bar corresponds to 200 nm. (B) A composite STEM-
EDX maps of O (green), S (red) and Fe (blue). An 
iron whisker appears at the top center in the figures.  

Fig.2 A backscattered electron image of a cross sec-
tion of the melt splash during sectioning by FIB. Pt: 
platinum deposition, FeS: iron sulfide, LPx: low-Ca 
pyroxene, Ol: olivine.  

Fig. 1. A composite image of secondary electron 
image of a splash melt on an olivine grain (RA-
QD02-0275) and elemental maps of O (green), S 
(red) and Fe (blue). White triangles show the out-
line of  the splash melt. A dotted line indicate a 
cross section shown in Fig. 2. A square shows a 
position of a FIB section in Fig. 3.  
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