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C-type asteroids are thought to be parent bodies of CM chondrites based on spectroscopic studies;
C-type asteroids and CM chondrites both show similar reflectance spectra in Ultraviolet (UV) - visible (Vis) -
near-infrared (NIR) range (e.g., Burbine et al., 2002; Hiroi et al., 1993, 1996; Lantz et al., 2013; Takir et al., 2013;
Vilas, 1994; Vilas & Gaffey, 1989). On the other hand, spectroscopic observations indicated that C-type asteroidal
spectra change bluer with surfaces aging (Nesvorny et al., 2005), probably due to space weathering. Several
laboratory simulations have clarified the effects of space weathering on the Moon and S-type asteroids
(Donaldson Hanna et al., 2015; Heiken et al., 1991; Pieters et al., 2000; Yamada et al., 1999). In particular,
Hayabusa mission led by the Japan Aerospace Exploration Agency (JAXA) provided direct evidence for space
weathering by Itokawa surface observation (Hiroi et al., 2006), and by Itokawa sample analyses (Noguchi et al.,
2011, 2014; Tsuchiyama et al., 2011, 2014). About C-type asteroidal space weathering, little is known so far but
several reproducing experiments using carbonaceous chondrites have been reported, i.e., ion irradiation
experiments (Brunetto et al., 2014; Dukes et al., 2015; Lantz et al., 2015; Lantz et al., 2017; Vernazza et al., 2013),
and pulse-laser irradiation experiments (Gillis-Davis et al., 2013, 2015, 2017; Matsuoka et al., 2015). In addition,
telescopic observations also indicated that not a few C-type asteroids experienced dehydration to some extent.
Some C-type asteroids, including Ryugu as the target body of Hayabusa2 mission led by JAXA, are thought to
have been heated and dehydrated judging from their spectra which are slightly different from the spectra of fresh
or space-weathered chondrites but similar to the spectra of experimentally-heated chondrites (Hiroi et al., 1993,
1996; Sugita et al., 2013). The spectra of Ryugu in Vis-IR range obtained by Hayabusa2 spacecraft are expected to
clarify the relationship between C-type asteroids and carbonaceous chondrites in combination with mineralogical
analyses of return samples, and will provide a strong constraint on the evolution process of early solar system.

In Chapter 1, micrometeoroid bombardments on the surfaces of C-type asteroids were demonstrated by
pulse-laser irradiation experiments using Murchison CM2 chondrite. | aimed to describe effects of space
weathering by micrometeoroids, especially focusing on the effect of energy set lower than the energy in the
previous study (Matsuoka et al., 2015), whose energy range was 5-15 mJ. Pellet samples of Murchison was
irradiated by the pulse laser with various intensities (0.7, 1, 2, and 5 mJ). The reflectance spectra of the irradiated
samples were measured, and chemical compositions and micro-structures the surface of the laser-irradiated
Murchison were analyzed. Due to laser heating, Murchison spectra show flattening and darkening in ultraviolet
(UV) - visible (Vis) - infrared (IR) range. With increasing laser energy from 0.7 to 5 mJ, the 0.7- and 3-um band

depths decrease. The particle surfaces of 5-mJ irradiated area show melted and bubbled structures, which indicates
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the high-temperature heating by laser irradiation followed by rapid cooling. The chemical composition of the
melted and bubbled portions is similar to FeS-rich amorphous silicate particles observed in the high-energy laser
irradiation case. Each mineralogical change of Murchison due to short-duration heating would cause spectral
bluing, darkening, and band depth decreasing. In conclusion, UV-Vis-IR spectra of Murchison samples irradiated
with laser of 0.7-5 mJ show bluing, darkening, and depths decreasing of the 0.7- and 3-um bands. These spectral
changes are consistent with the change of Murchison spectra irradiated at 5-15 mJ in our previous study, other
than successive darkening in spectra of low-energy irradiated Murchison. Serpentine dehydration and
amorphization, and the deposition of melted FeS-rich particles generated by laser heating would cause spectral
bluing and darkening. Darkening caused by serpentine dehydration and amorphization would be saturated by
additional effect of albedo increasing, one is due to carbon content depletion by oxidation and the other is due to
surface roughness development by dynamic melting during high-temperature short-duration heating.

In chapter 2, spectral and mineralogical analyses were performed using nine naturally-heated and
dehydrated carbonaceous chondrite samples which classified into heating stages (HS) from I to IV based on X-ray
diffraction results. In-situ heating of samples at 120-400 °C was performed during spectral measurements and
successfully removed absorption water and part of rehydrated water from chondrite samples. Reflectance spectra
of HS-I samples show the positive slope in visible (Vis)-infrared (IR) range and the large 0.7- and 3-um
absorption bands. The 0.7-um band appears in only HS-I sample spectra. With increasing temperature of heating,
(1) Vis-IR slope decreases, (2) the 3-um band becomes shallower, and (3) Christiansen feature and Reststrahlen
bands shift toward longer wavelength. TEM/EDX analyses showed that the matrix of strongly-heated chondrites
consists of tiny olivine, low-Ca pyroxene, and FeNi-rich metallic particles mostly smaller than 100 nm in diameter,
instead of Fe-rich serpentines and tochilinite observed in the HS-1 chondrite. It is indicated that the Vis-IR spectral
slope decreasing mainly due to decomposition of hydrous minerals, and the 0.7- and 3-um band weakening
proceed with progress of dehydration of hydrous minerals and formation of FeNi metal grains and secondary
anhydrous silicates. In conclusion, in proportion to the heating degree, amorphization and dehydration of
serpentines and tochilinite from HS-I to HS-1I might cause the 0.7- and 3-um band weakening, spectral slope
decreasing, and albedo decreasing of chondrite spectra. In addition, formation of secondary olivine, pyroxene, and
FeNi-rich metal grains at HS-IV would be responsible for the 3-um band depth decreasing, spectral slope
increasing, albedo increasing, Christiansen feature peak shift, and Reststrahlen bands changes of chondrite

spectra.
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At the surface of the C-type asteroids, a complex alteration could be proceeding due to micrometeoroid
bombardments and solar-wind implantation as the space weathering, as well as solar radiation and impacts as
heating events. For space weathering, first for ~10° years, solar wind implantation is effective for spectral changes
as the 3-um band depth increasing (Nakauchi, 2017). After that, micrometeoroid bombardments promote the 3-pm
band depth decreasing, and simultaneously spectral flattening, darkening, the 0.7-um band decreasing, and peak
shifts of the Christiansen feature and the Reststrahlen bands. In parallel, constant solar-radiation heating and
occasional impact events cause spectral changes of depth decreasing at 0.7- and 3-um bands, albedo, slope
changes, and Christiansen feature and Reststrahlen bands changes due to thermal alteration. Regolith gardening
and impacts could reset the aging surface materials and expose the relatively fresh rocks, and also change the

spectra to some extents.
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