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Abstract—We obtained color images of near-Earth asteroid 25143 Itokawa by the Hayabusa multi-
band imaging camera to characterize the regional color properties. Images were obtained for the
whole disk from the gate position (GP) and home position (HP) at a spatial resolution of 0.8-3.7 m/
pixel. Whole-disk spectra are adjusted to the telescopic data obtained by the University of Hawai‘i’s
88-inch telescope using the Eight Color Asteroid Survey (ECAS) system. The disk-resolved
measurements show large variations in the three visible channels. We present a map of an index
related to the degree of space weathering, which has been newly developed based on laboratory
measurements. We find large variations in the degree of space weathering on Itokawa. Fresh materials
are observed in regions of steep slopes and craters, whereas mature materials are ubiquitously
distributed. This result suggests that pristine ordinary chondrite-like materials have been exposed
through weathered layers by excavation. By also examining close-up images obtained during
touchdown rehearsal, we find that most rocks in Itokawa’s rough terrains are weathered. Instead of a
regolith blanket, the surface of this small asteroid is covered with weathered rocks and gravels.

INTRODUCTION bodies. As a result of previous asteroid missions, colorimetric
studies were reported. Galileo spacecraft images revealed a

Remote sensing is an essential approach to learning about ~ 5—10% albedo contrast and ~10% color (0.76 um/0.41 pm)

the nature of asteroids. Multi-band observations by cameras
on board spacecraft provide detailed information regarding
chemical and physical properties on the surface of target

variation on S-type asteroids 951 Gaspra and 243 Ida
(Helfenstein et al. 1994; Veverka et al. 1996; Chapman et al.
1996). The color and albedo heterogeneities were correlated
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Fig. 1. Phase angle of AMICA boresight. The color data presented in
this paper were obtained in the first three weeks at a phase angle of
about 10°, while a calibration factor was determined using the data
collected on October 11, 2005, at a phase angle of 21°.

with craters, suggesting space weathering processes. Near-
Earth object 433 Eros, which was studied by the Near-Earth
Asteroid Rendezvous (NEAR) mission, exhibits a large
(factor of two) range of albedo, but shows subtle (a few
percent at most) color variations (Murchie et a. 2002). It has
been suggested that Eros's surface may be completely
weathered by a process different from the weathering
mechanism on Gaspra and Ida (Clark et al. 2001; Chapman
et a. 2002). Since these three S-type asteroids explored by
spacecraft are larger than 10 km in diameter, it is particularly
interesting to obtain a color map on a sub-kilometer-sized
asteroid like Itokawa.

Hayabusa spacecraft successfully rendezvoused with the
target asteroid 25143 ltokawa on September 12, 2005,
(Fujiwara et a. 2006). For nearly three months, from the end
of August (approaching phase) through the end of November
(sampling phase), remote-sensing observations were acquired
using onboard devices, i.e., two-dimensional cameras, the
near-infrared spectrometer (NIRS), the X-ray spectrometer
(XRY), the light detection and ranging instruments (LIDAR),
and other engineering devices. The initial reports from each
instrument team have appeared in Saito et al. (2006), Abe
et a. (2006a), Okada et al. (2006) and Abe et a. (2006b); the
list of tentative nomenclature on Itokawa s given in Demura
et al. (2006). From ground-based observations, Itokawa is
categorized as an S(1V)-type or Q-type asteroid, which is
thought to be similar to ordinary chondrite meteorites (Binzel
et al. 2001; see adso Dermawan et a. 2002; Ishiguro et al.
2003; Lowry et al. 2005; Lederer et a. 2005; Cellino et al.
2005). The size (535 x 294 x 209 m), rotational spin
(retrograde pole with the rotational period of ~12.132 h) and
mass density (1.9 g cm3), which was determined by the
Hayabusa observations (Fujiwara et a. 2006; Abe et al.
2006b), are in good agreement with the values predicted from
the ground-based observations (Kaasalainen et a. 2003;
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Ostro et al. 2004; see also Ohba et al. 2003; Miller et al.
2005; Sekiguchi et al. 2003).

In this paper, we create a color map of Itokawa using the
three visible channels. Based on laboratory measurements to
simulate space weathering, we develop and map an index
related to the degree of space weathering. We then compare
the map with the surface morphology in close-up images
(spatial resolution of ~1 cm) as well as lower-resolution
images, and discuss a potential scenario to explain the
variation on Itokawa.

AMICA MULTI-BAND OBSERVATIONS
AND THE COLOR MAP OF ITOKAWA

One of the optical navigation cameras (ONC-T) was
developed to acquire scientific data as well as for
engineering purposes (Nakamura et al. 2001). The Asteroid
Multiband Imaging Camera (AMICA) is equipped with a
broad-bandpass filter and seven narrow band filters. The
narrow-band filter system is nearly equivalent to that of the
Eight Color Asteroid Survey (ECAS) system (Tedesco et al.
1982; Zellner et al. 1985); that is, the designed effective
wavelengths (and the full width of half-maximum) for solar
incident light are 0.38 (0.05) um (ul-band), 0.43 (0.11) um
(b-band), 0.55 (0.07) pm (v-band), 0.70 (0.07) um
(w-band), 0.86 (0.08) um (x-band), 0.96 (0.08) um
(p-band), and 1.01 (0.07) um (zs-band), respectively.
During the nearly 3-month observation period in
approaching phase and mission phase, AMICA took
approximately 1400 images of Itokawa at solar phase angles
between 0 and 35° (Fig. 1). About 60% of Itokawa images
are obtained for the purpose of shape modeling and
topography with lossy compression, and about 40% are for
photometric studies with lossless compression.

Global mapping was done from a distance of about
20 km in the gate position (GP) and about 7 km in the home
position (HP), aregion roughly on aline connecting the Earth
with the asteroid on the sunward side. The solar phase angle
during GP and HP was small (typically 10°). After substantial
observations, the spacecraft left the HP and made a tour
(Fujiwara et al. 2006) to observe Itokawa at various attitude
and solar phase angle (0-35°; see Fig. 1). The data taken
during the tour period is useful not only for the topography
and scattering properties of Itokawa's surface, but also for the
calibration of camera data using the ground-based data
because of the limited conditions of the ground-based
observations (most telescopic studies were performed at solar
phase angles of 15-90° (see e.g., Lederer et al. 2005).

Most of the color mapping data was obtained in GP and
HP when the spacecraft was at an adtitude of 8-23 km. The
1x1or2x 2 pixel binning, which is the combination of the
observed flux of adjacent 1 x 1 or 2 x 2 detector in the CCD,
were applied according to the total data amount. A total of 37
sets of multi-color observations were scheduled, but v-band
images in 9 sets were found to be useless due to an incorrect
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operation command. We do not show either the calibrated data
in the three longer channels (x-, p-, and zs-band), due to the
scattered light problem inside the optics, or the shortest
wavelength (ul-band), due to the mismatch between the
standard ECAS and AMICA filter system. Therefore, in this
paper we focus on the data analysis of 28 sets of lossless data
intheb-, v-, and w-bands (Table 1).

Because the exposure time of AMICA is controlled
electronically without a mechanical shutter, a so-called
“smear” component arises from exposure during the frame
transfer (Nakamura et al. 2001). To cdibrate the images,
smear flux is first subtracted from the originas. In some
cases, the smear operations were done onboard, while in
others we calculated it using the observed flux of Itokawa
itself. The obtained data were divided by the preflight flat-
field data in order to correct the uneven sensitivity of pixels
and vignetting. We confirmed that there was no significant
variation (<3%) in the uniformity of sensitivity by monitoring
the internal calibration lamp. Irreproducible stripe patterns,
which were induced by the electrical interference with the
other devices onboard, were manually subtracted by fitting
them with a sine series. A Lucy-Richardson image
deconvolution algorithm was applied in order to restore the
blurred images (Richardson 1972; Lucy 1974). Point-spread
functions for image restoration were characterized using the
stellar data obtained in cruising and mission phases. Flux
calibration was performed using ground-based photometric
data of Itokawa obtained by the University of Hawai‘i's
88-inch telescope with the ECAS filter set on February 28,
2001 (phase angle of 21°). We applied a conversion factor to
the reflectance from the AMICA b-, v-, and w-band data to
adjust the disk-integrated flux of Itokawa to a phase angle of
21° in order to match the ground-based data.

Using calibrated data observed at solar phase angles of
7-11°, we created afalse-color map indicating the ratio of the
w-band intensity to the b-band intensity (Fig. 2). The map
clearly shows that the surface of Itokawa is characterized by
two distinct terrains. a bright blue terrain and a dark red
terrain. The color and abedo relationship on Itokawais more
similar to that on Gaspra and Ida than that on Eros, but the
contrasts of both color and albedo on Itokawa are much
sharper than those on Ida and Gaspra.

By analogy to the Moon, blue terrains are thought to be
composed of fresher materials, whereas red terrains are
mature. However, it is important to note that the color and
albedo variations are subject to other effects, such as
differences in the composition, variation in grain size (Hiroi
and Pieters 1994), viewing geometry (i.e, incident,
emergence, and phase angles) (Murchie et a. 2002) and
surface roughness (Sakai and Nakamura 2005). It is unlikely
that the color and abedo variations are caused by the
differences in the composition because of the lack of spatial
varigtions in X-ray fluorescence and the near-infrared
spectrometry observations (Abe et al. 2006a; Okada et a.
2006; Hiroi et al. 2006b). It is found that R,/R, color ratio is

Table 1. Images used for this study.
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Date b-band v-band w-band
2005/9/11 ST_2367901002 ST_2367939436  ST_2367977869
2005/9/12  ST_2370315564 ST 2370353993  ST_2370392422
ST 2370516209  ST_2370554637  ST_2370593050
ST 2370977000 ST_2371015429  ST_2371053842
2005/9/17  ST_2385559680 ST 2385578902  ST_2385598109
2005/9/18 ST 2388017311  ST_2388036566  ST_2388055805
2005/9/19 ST_2390417026  ST_2390436248  ST_2390455454
2005/9/21 ST _2395788944 ST 2395794877  ST_2395806303
ST 2395846546 ST 2395852463  ST_2395863905
2005/9/22 ST_2399076073 — ST_2399104923
ST 2399133675 — ST_2399162524
ST 2399191276 — ST 2399220126
ST 2399248878 — ST 2399277776
ST 2399306496 — ST_2399335378
ST 2399364097 — ST 2399392979
ST 2399421698 — ST_2399450580
ST 2399479299 — ST_2399508165
ST 2399536901 — ST 2399565767
2005/9/23 ST_2400804147  ST_2400810032  ST_2400829139
ST 2400861749  ST_2400867634 ST 2400886741
ST 2400919351 ST 2400925219  ST_2400944343
ST 2400976952  ST_2400982820  ST_2401001944
ST 2401264943  ST_2401270827  ST_2401289935
ST 2401322545 ST 2401328429 ST 2401347537
ST 2401380147  ST_2401386031  ST_2401405139
2005/9/24  ST_2403856989 ST 2403862874  ST_2403876261
ST 2403914592 ST 2403920476  ST_2403933863
ST 2403972177  ST_2403978078  ST_2403991465
ST_ 2404029779  ST_2404035679  ST_2404049066
ST 2404087380 ST 2404093281  ST_2404106668
ST 2404836207  ST_2404842124  ST_2404855479
ST 2404893809  ST_2404899726 ST 2404913081
ST 2404951411 ST _2404957328 ST 2404970683
ST_2405009013  ST_2405014930  ST_2405028284
2005/9/25 ~ ST_2406717897  ST_2406727508  ST_2406737168
ST 2407409109 ST 2407418769 ST 2407428397
2005/9/29 ST_2418659460 ST_2418699769  ST_2418768895
2005/10/11 ST 2450510529 ST 2450514369 ST 2450518275
2005/11/12 ST 2544579522
ST 2544617921

largely independent of incident and emergence angle. In
Fig. 3, we show the emergence angle dependence of R,/R,
color ratio in four terrains, which show negligible change up
to ~60°. We can ignore the phase reddening (reddening with
increasing phase angles) because the data presented here were
taken at narrow-phase angle range (Fig. 1). Accordingly,
space weathering is possibly a process that can explain the
color and abedo variation on Itokawa.

LABORATORY MEASUREMENTS

Itokawa's surface has an olivine-rich mineral assemblage
and is potentially related to LL5 or LL6 chondrite materias
(Abe et a. 2006a; Hiroi et a. 2006b). We thus focus on LL
chondrites here. A broad comparative study of space-
weathering indices with other materialsis beyond the scope of
this application, but will be discussed elsewhere. Harleton
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Fig. 2. False-color images of each hemisphere. Intensity is modulated by an underlying w-band image, and R,/R;, ratio is shown in false color
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ST2418768895). The two boxes called “8a” and “8b” are the corresponding areasin Fig. 8.
*Note that Little Woomera and Tsukuba are not formal nomenclature, but tentative names used in previous papers.
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Fig. 3. Emission angle dependences of color ratio (R,/R,) in Kamoi
crater (bluest crater), Tsukuba basin (one of the reddest regions), and
the bluer (Yatsugatake side) and redder parts (in the seashore) of
MUSES-C Regio.

(L6) and Cherokee Springs (LL6) ordinary chondrites were
prepared in different forms, that is, a chip and powder-size
fractions (125-500 and <125 um). An Alta ameem (LL5)
samplewas prepared into a<125 um sizefraction, and powder
samples (<250 um) of Northwest Africa (NWA) 1799 (LL5)
were prepared and pressed into pellets. The pellets were
irradiated with a pulsed laser at 5 and 15 mJ as a space-
weathering simulation (Sasaki et al. 2001) at National

Astronomical Observatory of Japan. Bidirectional reflectance
spectra of the meteorite samples were taken at various
incidence and emergence angles between 0 and 60° at the
NASA Reflectance Experiment Laboratory (RELAB) at
Brown University, the University of Tokyo, or JAXA/ISAS. It
iswell known that space weathering strongly altersthe visible
reflectance spectra of airless planetary surface materials,
namely by darkening and reddening (Pieters et al. 1993). It is
not as well known that space weathering aso causes changes
in spectral inflectionsaround 0.42 and 0.55 pmin wavelength.
In Fig. 4, we show the normalized reflectance in order to see
the change in the inflection. In laboratory experiments, we
used a laser beam to simulate the processes of space
weathering caused by micrometeorite bombardments. We
assume that increasing laser energy corresponds to higher
degrees of space weathering (Sasaki et al. 2001). We observe
that as the degree of space weathering progresses, inflections
at 0.42 and 0.55 pm decrease toward a smoother spectrum.
With AMICA multiband spectroscopy, we can quantify the
inflections (Hiroi et al. 2006a):

_(A-R/R)) (R/Ry—Ry/R,)
VT A=Ay Ay —Ap

C

w

_(1-Ry/R) (R/R,~R,/R)
Cb - }"v_}"b - kb_}"ul (1)
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Fig. 4. Plots of visible reflectance spectra of fresh and laser-irradiated LL5 chondrite samples. Example reflectance in Tsukuba basin and
Kamoi crater are also plotted. The system efficiencies, which are the predicted throughput performance of the AMICA optical system and

CCD quantum efficiency, are drawn for reference.

where R, and A, indicate reflectance and effective wavelength
for aband x, respectively.

From our experiments, it is found that 1) both C, and C,
show a good correlation to the amount of irradiated pulse-
laser energy in NWA 1799 LL5 chondrite sample (Fig. 5); 2)
C, and C, values for the Alta’'ameem LL5 sample show
negligible change up to 50° of phase angle and up to 60° of
incident angle (Figs. 6a and 6b); and 3) C, for both Cherokee
Spring LL6 and Harleton L6 samples is largely independent
of the grain size (Fig. 6¢; see also Hiroi et a. 2006a). In Figs.
4 and 5, we plot the reflectance and C, in the fresh-looking
Kamoi crater and the matured Tsukuba basin (surrounding
area of Tanegashimaboulder), two terrainsthat differ strongly
in color properties. (Note that Tsukuais atentative name used
in previous papers; see, e.g., Demura et a. 2006). Both the
reflectance and C, of the bright blue crater Kamoi issimilar to
that of afresh ordinary chondrite sample.

RESULTS
Space Weathering Map

We apply the C, index to AMICA data; the results are
shown in Fig. 7. The boundary of the solar incident angle of
60° isdelineated to delimit the effective region of the C, index
by applying Itokawa's shape model (Gaskell et al. 2006).
Most fresher (bluer) areasin Fig. 7 correspond with brighter
and bluer regions in Fig. 2. Thus, we could conclude that a
plausible explanation for the color and abedo effects
observed on Itokawa is space weathering. No significant
difference has been observed in space weathering between
“head” and “body.” The overall degree of freshnessis greater

]Tsukubé basin

/ '

Kamoi crater
.1 — =
& /

. A=A b-v-w of Olivine <75 um
-8 b-v-w of NWA1799 (LLS) <250 um
= ul-b-v of Olivine <75 um

M1 ul-b-v of NWA1799 (LLS) <250 um

AMICA Bands Inflection

1 " 1 " 1 n 1
0 10 20 30
Laser Energy (mJ)

Fig. 5. Correlation between the amounts of ul-b-v-w inflections and
the degree of space weathering (indicated by laser energy). C, (b-v-w
inflection) values of Tsukuba basin and Kamoi crater are also shown.

for the western (Tsukuba) side than the eastern (MUSES-C
Regio) side. This might be related to the differencein general
appearances of large boulders; the eastern side has a rougher
surface due to larger numbers of big boulders (Fujiwara et al.
2006). While differences in the degree of space weathering
are limited between two smooth terrains (MUSES-C Regio
and Sagamihara Regio), significant variations are observed in
rough (boulder-rich) terrains. Although most rough terrains
are weathered, pristine areas are found specifically in regions
of steep slopes (e.g., Shirakami region, edge of Little
Woomera) and crater rims (e.g., Kamoi crater). In addition,
big boulders (e.g., Yoshinodai, Pencil, and Tanegashima
boulders) are found to be immature.
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Fig. 6. Effects of viewing geometry and grain size on the amounts of ul-b-v-w inflections C,, and b-v-w inflection C,. Effects of (a) phase angle
and (b) incidence angle using an LL5 chondrite sample, and (c) the effect of grain size using LL6 chondrite chip and powder samples.

The circular area surrounding the Tanegashima boulders
isreddishin R,/R; (Fig. 2b) and aso dark red in the C, index
(Fig. 7b). This area may have a mature fine-material deposit.
A similar trend isobserved in Little Woomera Regio (Fig. 2c).
There are, however, some regions that show unusua
relationships between R,/R, and C,. In Fig. 2d, MUSES-C
Regio appearsto gradually change from brighter and bluer on
the western (Yatsugatake region) side to darker and redder on
the eastern (boulder-rich) side on the R,/R, map. However, on
the C, map, MUSES-C Regio appears to be mostly space-
weathered. The east-west variation in color and brightness of
MUSES-C Regio may be caused by grain size, roughness of
particles, or freshness change. Yano et al. (2006) reported that
1) MUSES-C Regio isfilled with size-sorted regolith, mostly
ranging from millimeter to centimeter scales; 2) no spectral
variations in MUSES-C Regio were found by XRS or NIRS;
and 3) MUSES-C Regio has the minimum potential over the
entire surface of Itokawa. Their results suggest that particle
segregation from the eastern side to Yatsugatake side (Yano
et a. 2006; Miyamoto et al. 2007) may be explained by the

color variation in Fig. 2d. In the case of freshness change, the
change may be too subtle to detect using the C, index. In al
cases, it can be said that samples collected at touchdown
probably include weathered surface materials, as the C, map
shows that the whole surface of MUSES-C Regio is
weathered. Yoshinodai boulder looks fresh in both R,/R,, and
C, maps. Half-buried boulders Tanegashima and Pencil 1ook
neutral or redder in the R,/R, map, but they are less matured
in the C, map. The accumulation process of rubble-pile
asteroid might cause the immaturity of half-buried big
boulders. Larger boulders, which formed the core of the
asteroid in the early stage of the formation, were embedded in
ablanket of smaller boulders (Britt and Consolmagno 2001),
and have recently come to the surface due to external forces
(e.g., seismic shaking or tidal force by planetary encounter).
Another possibility is that a spallation of boulders on the
surface could cause the freshness changes (Nakamura et al.,
Forthcoming). In this case, freshness heterogeneity on
boulders can be expected. Further analysis using higher
resolution color maps are needed.
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Fig. 7. Space-weathering index (C,, b-v-w inflection) map overlaying a w-band image. The solid line denotes the boundary of the incident
angle of 60°; at less than this angle, the index accurately shows the degree of space weathering.

|.£.(

Fig. 8. Close-up images on the western side. Original |ossless data were processed with the Lucy-Richardson image deconvolution algorithm
in order to restore the blurred images. The spatial resolutions are 6 mm/pixel (left) and 9 mm/pixel (right). The left image (ST_2544579522)
isof aubiquitously rough area. Theright image (ST_2544617921) isthe boundary between arough (boulder-rich) areaand a brighter (fresher)

areaon therim of LINEAR crater.

L T



1798

Comparison with Close-Up M onochromatic | mages

In Fig. 8, we show high-resolution images of Itokawa
rough terrains. These images were obtained during a
touchdown rehearsal on November 12, 2005, using a v-band
filter. Due to the Fourier image deconvolution process, the
spatial resolutions of these two images are improved to the
pixel resolutions, that is, 6 mm (Fig. 8a) and 9 mm (Fig. 8b).
The left image (Fig. 8a) reveadls that particles less than a
centimeter in size are very limited, or even lacking, on the
surface of this boulder-rich area. If the boulders are coated by
finer particles, brightness heterogeneity caused by
inhomogeneous thickness can be expected. Uniform darkness
(the brightness difference is less than 10%) of the boulders
and evidence of weathering in most boulder-rich terrain (e.g.,
rough terrain on the eastern side) suggests that the rocky
surfaces are likely weathered in spite of the inefficiency of the
processes there (Sasaki et al. 2006; Strazzulla et al. 2005). In
close-up images, most bright (fresh) areas are observed to
underlie dark boulders (Fig. 8b). This indicates that the
brighter areas might reflect the subterranean fresh materials,
which were exposed due to the removal of weathered
boulders. While fresh material in craters can be explained by
the excavation of the weathered layer by impact, freshness on
steep slopes remains an open question. The lack of flow front
and talus structure in Shirakami region cannot simply be
explained by the removal of the superposed boulders (Saito
et a. 2006). The existence of bright spots (Fig. 8a) and scars,
which were probably produced by interplanetary dust particle
bombardments, on dark boulders might support the
assumption that the boulders on Itokawa are covered by thin
weathered layers.

SUMMARY AND DISCUSSION

In this paper, we show the color images of the near-Earth
asteroid Itokawa taken by Hayabusa's multi-band imaging
camera AMICA. The disk-resolved measurements show large
variations in three visible channels. We present a map of an
index related to the degree of space weathering, and find large
variations in the degree of space weathering on Itokawa.
Unlikethelarge asteroids (>10 km) studied by previous space
missions, this small asteroid has little or no regolith blanket.
Instead, most of the surface of Itokawa is covered by
weathered rocks and gravel, which require considerable time
to develop westhered layers. In fact, the space-weathering
index obtained from ECAS Version 3.0 shows that the
surfaces of Ida (C, = 0.09 £ 0.11) and Gaspra (C, = -0.38 £
0.30) would be more mature than that of Itokawa (disk-
averaged C, =-0.49 £ 0.02).

Recent ground-based observations suggest that a color
transition exists between ordinary chondrite-like objects and
S-type asteroids over size range of 0.1-5 km, which implies
that the surfaces of small asteroids are evolving toward the
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colors of larger asteroids (Binzel et a. 2004). The evidence
arguing for less space weathering on small near-Earth
asteroids obtained by ground-based observations implies that
1) these asteroids are young because collisions that generate
new objects or fresh surfaces become much more frequent at
small sizes (Bottke et al. 2005; O’ Brien and Greenberg 2005),
and 2) they do not have sufficient gravity to have a regolith
blanket, which is susceptible to space weathering.
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