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Six years have passed since the first asteroid sample was
returned from the S-type near-Earth asteroid 25143
Itokawa by the JAXA’s Hayabusa mission in 2010 (Yada
et al. 2014). Considerable progress has been made in the
study of surface regolith materials and the understand-
ing of planetary surface processes such as space weather-
ing (Noguchi et al. 2011), the chronology of Itokawa and
its dynamic evolution processes (Nagao et al. 2011; Park
et al. 2015), and the thermal alteration undergone in par-
ent bodies (Nakamura T et al. 2011). Discussions of new
findings from the Hayabusa-returned samples and from
a large collection of meteorites, micrometeorites, and
interplanetary dust particles have continued, especially
at the annual international Hayabusa symposia of solar
system materials (Okada et al. 2015). Progress in sam-
ple return science has driven the next stage of explora-
tion. Now, two new sample return missions to primitive,
volatile-rich asteroids, JAXA’s Hayabusa2 (Tsuda et al.
2013) and NASA’s OSIRIS-REx (Lauretta et al. 2012), are
en route to their target bodies, C-type 162173 Ryugu and
B-type 101955 Bennu, respectively.

It is our great pleasure to present our second special
issue of the journal Earth, Planets and Space, “Science
of solar system materials examined from Hayabusa and
future missions (II)” This special issue is based on discus-
sions during the Hayabusa 2014 symposium, which fea-
tured new results from Hayabusa-returned samples and
related studies, but was also open to any scientific results
regarding primitive bodies and the early solar system,
the results of laboratory experiments and ground-based

*Correspondence: okada@planeta.sci.isasjaxa.jp

! Institute of Space and Astronautical Science, Japan Aerospace
Exploration Agency, Sagamihara 252-5210, Japan

Full list of author information is available at the end of the article

@ Springer Open

and indicate if changes were made.

observations, and reports of new instruments and meth-
ods. We will begin with a brief introduction to the mis-
sions of the Hayabusa and its successor Hayabusa2. In
addition, all six manuscripts published in this special
issue are reviewed below.

Hayabusa (formerly MUSES-C) was an engineering
mission organized by the Japan Aerospace Exploration
Agency (JAXA) to demonstrate the technology to return
samples from a near-Earth asteroid (Kawaguchi et al.
2003). It was launched in 2003, explored the S-type aster-
oid 25143 Itokawa in 2005, and returned surface samples
from the asteroid to Earth in 2010. The four main tech-
nologies demonstrated in this mission during its round-
trip to the asteroid were the ion engine used as the main
thrusters, the optical navigation for approaching and
landing on the asteroid, the sample collection on the
asteroid under microgravity conditions, and the hyper-
velocity reentry of the sample capsule into the terrestrial
atmosphere. These technical challenges were all success-
fully performed, and the asteroid samples were returned
to Earth. This mission also has scientific significance for
elucidating the origin and evolution of the early solar
system based on exploration of a primitive solar system
body. We found that the small S-type asteroid 25143
Itokawa was chondritic in composition and a low-density
rubble pile in structure (e.g., Fujiwara et al. 2006). Most
of its surface was rough and covered with boulders, but a
small portion of its surface, where the samples were col-
lected, was smooth and covered with pebbles (e.g., Yano
et al. 2006). The returned samples have been curated in
JAXA’s Extraterrestrial Sample Curation Center, organ-
ized by the Astromaterials Science Research Group,
Institute of Space and Astronautical Science, JAXA (Yada
et al. 2014). About 700 grains have been cataloged thus
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far, with information from optical microscopy, scanning
electron microscopy (SEM), and energy-dispersive X-ray
spectroscopy (EDS). Parts of the catalogued samples are
available to researchers if their research proposals are
accepted through a peer-review process. The results of
primitive examinations of the Itokawa samples just after
they were returned, as well as data from continued stud-
ies of these samples, have been reported in past special
issues (e.g., Nakamura T et al. 2011; Nakamura E et al.
2012). A portion of these detailed studies was introduced
in the previous EPS special issue “Science of solar system
materials examined by Hayabusa and future missions”

Hayabusa2, the second asteroid sample return mis-
sion by JAXA, was launched in 2014 and is now on its
way to the asteroid 162173 Ryugu. The target asteroid is
classified as C-type, a volatile-rich carbonaceous type.
The technology of Hayabusa2 is based on that of the first
Hayabusa mission, but its science experiments are more
specified to C-type asteroid and reinforced with the
instruments (Tachibana et al. 2014). The remote sens-
ing instruments are designed to focus on investigating
the degree of hydration of minerals by measuring 3-um
band absorption features and on physical state of the
surface, such as the thermo-physical properties of the
asteroid based on thermal infrared imaging (Okada and
Iwata 2014). The spacecraft has a scientific lander called
MASCOT (Micro-Asteroid Surface Scout) to conduct
observations in situ on the surface of the asteroid (Ho
et al. 2016). In the Hayabusa2 mission, scientific meas-
urements will be conducted at a global scale with remote
sensing, a local scale with the surface lander, and a micro-
scale through analysis of returned samples. In addition,
an impact experiment will be conducted using a small
carry-on impactor; the excavated fresh, unweathered
materials will be observed via remote sensing, and those
materials will be returned to Earth.

A great deal of new results from the Hayabusa-
returned samples has been presented at the annual
Hayabusa symposia. In this special issue, another new
finding from microscopic analysis has been provided
by Dobricd and Ogliore (2016). This highlighted paper
reports new microstructures on micron-scale particles.
These researchers investigated the surface textures and
chemical compositions of two small particles (RB-DQ04-
0062 and RB-DQO04-0091) returned from the surface of
the asteroid Itokawa by Hayabusa. Using high-resolution
images from scanning electron, helium ion, and scanning
transmission electron microscopy, they identified splash
melts, surface blistering, and numerous small adhering
particles on the Itokawa samples. They extracted seven
focused ion beam sections from both of these Itokawa
particles, targeting one splash melt and ten adhering par-
ticles, to investigate their composition and provenance

Page 2 of 5

and the role of micrometeoroid impacts on Itokawa’s
surface. Based on the structure, mineralogy, and inter-
face between the adhering particles and host grains, lithic
fragments and particles deposited by impact were iden-
tified. These particles have morphologies and composi-
tions consistent with impact-generated deposits, such
as impact-generated silica glass, and one was a Ni-free,
metallic Fe-rich, and S-rich assemblage that was likely
generated by vapor recondensation during a micromete-
oroid impact. This study shows that even though the reg-
olith of the asteroid Itokawa is young (Nagao et al. 2011;
Noguchi et al. 2011), it has been altered by micrometeor-
oid impacts.

Volatile-rich carbonaceous meteorites are increas-
ingly attracting the interest of researchers to determine
the implications of the properties of these meteorites
to future missions such as Hayabusa2 and OSIRIS-REx.
King et al. (2015) performed laboratory experiments to
constrain the thermal alteration processes of volatile-
rich asteroids. CI and Cl-like carbonaceous chondrites
provide a record of aqueous alteration in the early solar
system, but those of the latter type seem to have expe-
rienced a late-stage period of thermal metamorphism.
To constrain the nature and extent of the aqueous and
thermal alteration, the bulk mineralogy and abundance
of H,O in CI chondrites (Ivuna and Orgueil) and CI-like
chondrites (Y-82162 and Y-980115) were investigated
using thermo-gravimetric analysis as well as near- and
mid-infrared spectroscopy. Both CI chondrites analyzed
showed significant loss of mass (~30 wt%) and similar
patterns of mass loss upon heating to 1000 °C due to
dehydration and dehydroxylation of abundant phyllo-
silicates and Fe-(oxy)hydroxides, as well as the decom-
position of Fe sulfides, carbonates, and organics. Infrared
spectra of both CI chondrites have prominent 3-um fea-
tures because of bound OH™/H,O in phyllosilicates and
Fe-(oxy)hydroxides and only minor 11-pm features from
anhydrous silicates. These results indicate complete
aqueous alteration and nearly the same degree of hydra-
tion experienced in both CI meteorites. In contrast, both
of the CI-like chondrites show lower mass loss and con-
tain less than a half the H,O of the CI chondrites, and the
3-um feature is nearly absent from spectra, whereas the
11-pm feature is intense. These CI-like chondrites expe-
rienced thermal metamorphism at temperatures >500 °C,
which initially caused dehydration and dehydroxylation
of phyllosilicates. Concerning future sample return mis-
sions, King et al. (2015) also note that the surfaces of
many C-type asteroids have likely been heated through
impact metamorphism and/or solar radiation and that
thermally altered carbonaceous chondrites may therefore
be good analogues for the samples that will be returned
by the Hayabusa2 and OSIRIS-REx missions.
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Chan et al. (2016) developed a novel method using gas
chromatography, combustion, and isotope ratio mass
spectrometry to determine compound-specific nitro-
gen isotope compositions with an achiral column, which
was previously shown to offer high precision for nitrogen
isotopic analysis. They applied this method to determine
the amino acid contents and stable nitrogen isotopic
compositions of individual amino acids from thermally
metamorphosed (above 500 °C) Antarctic carbonaceous
chondrites, specifically the Ivuna-like (CI-like) mete-
orite Y-980115 and the Ornans-like (CO3.5) meteorite
ALHA77003. In ALHA77003, almost no amino acids
were detected because of its extensive history of ther-
mal alteration. In Y-980115, amino acids were identified,
and the 8'°N values of selected amino acids are clearly
extraterrestrial. Y-980115 has experienced an extended
period of aqueous alteration, as indicated by the presence
of hydrous mineral phases. This meteorite has also been
exposed to at least one short-lived period of thermal met-
amorphism post-hydration. Chan et al. (2016) also sug-
gest that these carbonaceous chondrite samples are good
analogues for the target asteroid of the Hayabusa2 mis-
sion, Ryugu, which is a C-type asteroid likely composed
of heterogeneous materials including both hydrated and
dehydrated minerals.

In Hayabusa, Hayabusa2, OSIRIS-REx, and other mis-
sions, infrared spectroscopy helps us investigate surface
mineralogy, the degree of hydration of silicates, and the
existence of organics. Many databases have been con-
structed based on laboratory experiments to calibrate
and interpret the observational results. However, in
many cases, these experiments have been conducted
under conditions too simplified to apply findings to real
observations. Maturilli et al. (2016a) have developed and
organized the Planetary Emissivity Laboratory (PEL) of
the German Aerospace Center (DLR) and have demon-
strated in laboratory experiments the dependence of lab-
oratory-measured emissivity spectra on the emergence
angle. Most of the previous work has been based on
reflectance measurements in the visible to near-infrared
spectral region, on emissivity measurements of flat, solid
surfaces, and on measurements from the nadir direction,
which are not directly applicable to the analysis of remote
sensing data. Small bodies such as the asteroid Itokawa
(the target of the Hayabusa mission) have very irregular
surfaces, which is likely also the case for the asteroids
Ryugu and Bennu, the targets of the Hayabusa2 and the
OSIRIS-REx missions, respectively. The spectra from
such rough surfaces are difficult to compare with previ-
ously reported laboratory spectra. Maturilli et al. (2016a)
set up a series of spectral measurements to investigate
this problem in the 1- to 16-pm spectral range and meas-
ured the emissivity of two asteroid analogue materials
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(meteorite Millbillillie and a synthetic enstatite) and slabs
of serpentinite and basalt in a vacuum and under purged
air, at a surface temperature of 100 °C, for emergence
angles from 0° to 60°. Complementary reflectance meas-
urements of the four samples were collected. For all sam-
ples measured, they found that emissivity and reflectance
both show the same trend: Significant variations from
values obtained at the nadir (0° emergence angle) appear
only for emergence angles > 40°.

Maturilli et al. (2016b) also constructed a new big
database of emissivity and reflectance spectra that char-
acterize asteroid analogues measured under vacuum
conditions. A number of missions, such as NEAR-Shoe-
maker, Hayabsua, Rosetta, Hayabusa2, and OSIRIS-Rex,
have targeted small bodies in the solar system. Despite
the rich collection of reflectance and emissivity spec-
tral libraries available for asteroid analogues, these data
are mainly based on measurements in air for a spectral
range covering the visible to the mid-infrared spectrum
from 0.4 to 25 pm. To characterize minerals, rocks and
meteorites suitable to serve as surface analogues for
asteroids and cometary nuclei in general, spectroscopic
measurements are needed for a wider spectral range and
under vacuum conditions. To fill this gap, these authors
acquired spectral measurements over a large spectral
range (1-100 pm) for several meteorites and other ana-
logues at the PEL of DLR in Berlin. These data provide
more direct and suitable analogues for emissivity and
reflectance measurements of asteroid and cometary
surfaces.

At the annual Hayabusa symposia, instrumentation
and methodology are essential topics for answering unre-
solved questions. Remote X-ray spectroscopy is one of
the main instrumental techniques used in missions to
terrestrial bodies. Hong and Romaine (2016) have devel-
oped sophisticated new X-ray optics that will be applied
in remote planetary X-ray imaging spectrometry. The
compositions of diverse planetary bodies are of funda-
mental interest to planetary science; they provide clues
about the formation and evolutionary history of target
bodies and the solar system. The masses and volumes
of instruments used in focusing X-ray optics have been
too large for resource-limited in situ missions; therefore,
near-target X-ray observations of planetary bodies have
been limited to those of simple collimator-type X-ray
instruments. However, Hong and Romaine (2016) have
now introduced the new Miniature lightweight Wolter-
I focusing X-ray Optics (MiXO), which uses metal-
ceramic hybrid X-ray mirrors based on electroformed
nickel replication and plasma thermal spray processes.
MiXO enables compact, powerful imaging by X-ray tel-
escopes suitable for future planetary missions, especially
for observing relatively small planetary bodies such as
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asteroids and comet nuclei. These researchers have also
presented several example configurations of MiXO tel-
escopes and have demonstrated their performance rela-
tive to an alternative approach, micropore optics, which
is being employed for the first planetary focusing X-ray
telescope, the Mercury Imaging X-ray Spectrometer-T
onboard BepiColombo. X-ray imaging spectroscopy using
MiXO will open a wide area for new discoveries in plan-
etary science and will greatly enhance our understanding
of the natures and origins of diverse planetary bodies.

All manuscripts in this special issue are fruitful and
constructive for the ongoing discussion of the origin and
evolution of the early solar system, and for the prospects
of future volatile-rich carbonaceous-type asteroid mis-
sions such as Hayabusa2 and OSIRIS-REx, which will
soon reach their destinations and commence observa-
tions, and then return abundant samples to Earth. Fur-
thermore, these activities provide motivation for new
missions to yet unvisited types of primitive bodies, which
has led to NASA's selection of the Psyche mission for ren-
dezvous with a metallic core (Elkins-Tanton et al. 2016)
and the Lucy mission for multiple flybys of Trojan aster-
oids (Levison et al. 2016), and will hopefully lead to land-
ing on a Trojan asteroid in a future mission (Okada et al.
2017).
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