




can also account for porous textures observed
in many dark boulders on Ryugu (Fig. 7B). These
porous boulders seen in the high-resolution im-
ages have the same morphologies as the dark,
rugged boulders observed in lower-resolution
global and regional images (Fig. 4C). These
boulders often have quasi-parallel layers (Fig. 7B).
Thus, if these boulders are impact breccias, they
may originate from the sedimentation of multiple
ejecta blankets.
Layered structures are seen on boulder sur-

faces, suggesting that these boulders are not
covered with loose regolith, supporting our in-
terpretation that the thermal inertias of boulders
measured by TIR (Fig. 6) reflect the bulk proper-
ties of the boulders. The presence of rugged grains
and pores is also consistent with low thermal con-
ductivity and density.
The porous nature of impact breccias would

increase the bulk porosity of Ryugu. The very
low bulk density [(1.19 ± 0.02) × 103 kg/m3] of
Ryugu would require very high porosity (~50%)
if the grain densities of typical CCs are assumed
(17). Such a high porosity is substantially greater
than that (~40%) for closest packing with a
single boulder size. If Ryugu possesses pores
within individual boulders (intraboulder pores)
in addition to pores between multiple boulders
(interboulder pores), such low density can be
achieved with typical CC materials.

Implications for the evolution of Ryugu’s
parent body

Our observations suggest the presence of par-
tially hydrated minerals on Ryugu, though with
a low degree of hydration. The low average albedo
(Fig. 3B), average spectra lying in the midrange
of dehydration tracks of CM and CI chondrites
(Fig. 5B), and shortward drop-off in the spectra
of some boulders (Fig. 3D) are consistent with
moderately dehydrated CCs and/or weakly altered

IDPs and are inconsistent with completely dehy-
drated CCs. In this section, we discuss the origin
of these materials on Ryugu.
Recent numerical calculations of large asteroid

breakups by collision show that fragments formed
by the reaccumulation of material, resulting in
a rubble pile structure, can contain materials
sampling different depths on the original parent
asteroid (~100 km in diameter) (50). Mixtures of
impact debris with different lithologies from the
original parent body could deposit on the re-
accumulated fragments, leading to the formation
of impact breccias. A subsequent impact on such a
reaccumulated fragmentwould generate boulders
with a large heterogeneity in color properties.
Using a similarmethod,we conducted numerical
calculations to estimate how much material is
collected in reaccumulated bodies from different
depths of a 100-km–diameter parent body (8)
(fig. S9). The results indicate that materials from
all depths of the parent body are accumulated in
each small reaccumulated body. This could ac-
count for both the relatively homogeneous spec-
tral properties of Ryugu and the limited amount
of local heterogeneity found in the boulders, if
partial dehydration occurred as a result of internal
heating (e.g., due to radioactive decay of 26Al).
Internal heating canwarm a large fraction of the
volume of the parent body relatively uniformly,
leaving a small volume of outer layer relatively
cool (51) (Fig. 8).
In contrast, partial dehydration due to a

single-shock heating event, such as that induced
by the catastrophic impact that disrupted the
original parent body, is unlikely because most
boulders on Ryugu do not possess a strong
0.7-mm absorption band. To suppress the 0.7-mm
band in the majority of a resulting body com-
posed of reaccumulated fragments, the impact
must heat the relevant mass to 400°C or higher.
However, impact heating is an inefficient global

process; efficient heating occurs only around the
impact site (fig. S15).Most of the volume doesnot
experience much heating and simply fractures
into cold impact fragments. The numerical cal-
culation results (50) (fig. S9) indicate that a cata-
strophic disruption event due to a large impact
would sample different portions of the parent
body along the excavation streamlines. Thus, any
body formed from reaccumulated fragments
would be primarily heterogeneous unless the
parent body itself was homogeneous—i.e., the
large-scale radial heterogeneity in the parent
body would be inherited by the boulders com-
prising the reaccumulated-fragments body. Con-
sequently, the preponderance of materials with
little water signature on Ryugu suggests that a
dominant part of its original parent bodywas also
water poor. Such global partial dehydration is
possible with impacts, but only if many impacts
occurred before the catastrophic disruption (Fig. 8).
Geochemical analyses of thermally metamor-
phosed meteorites are consistent with short-term
heating (27, 52); thus, this scenario cannot read-
ily be discarded. However, the observation that
Ryugu’s regolith and boulders are concentrated
in a relatively small area in the dehydration track
in the PC spaces suggests that a large volume of
Ryugu’s original parent body was dehydrated
to a similar state. Such uniformity is more con-
sistent with internal heating on the parent body
than partial dehydration caused by multiple
impacts.
An alternative possibility is that Ryugu is

covered with materials that experienced only
incipient aqueous alteration before forming
Fe-rich serpentine, which has 0.7-mmabsorption.
In this scenario, the closestmeteoritic counterpart
would be IDPs. If Ryugu is made of such highly
primitive materials, the trend connecting rego-
lith and dark boulders in the B-Cb-C population
with bright, mottled boulders in the Ch-Cgh pop-
ulation may be a progression of aqueous altera-
tion (28, 29). However, there are insufficient IDP
reflectance spectra available to constrain this
scenario. It is difficult to distinguish materials
that experienced only a low degree of hydration
from materials that originally were highly hy-
drated and subsequently experienced partial
dehydration. Nevertheless, the boulders onRyugu
have survived impact processes during cata-
strophic disruption, the reaccumulation process,
and more-recent impacts on Ryugu; they are not
dust balls with little cohesion. Thus, this scenario
is in conflict with the boulder-rich nature of
Ryugu. If Ryugu is composed of IDP-like ma-
terials and does not have amacroscopicmeteorite
counterpart, there must be an additional mecha-
nism to break up boulders and pebbles before
they arrive at Earth as meteorites.
Although multiple scenarios for the evolution

of Ryugu’s parent body remain viable, our com-
parison betweenHayabusa2 remote-sensing data,
meteoritic samples, and asteroids leads us to
prefer the scenario of parent-body partial de-
hydration due to internal heating. This scenario
suggests that asteroids that accreted materials
that condensed at � 150 K (the H2O condensation
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Fig. 7. Close-up observation results of surfaces on Ryugu. (A) A boulder partially buried with
regolith (yellow arrows) and a smaller boulder with angular fragments having different brightness (blue
arrow) near the MINERVA-II landing site (9 mm per pixel, hyb2_onc_20180921_040154_tvf_l2b).
(B) A rugged boulder with layered structure (yellow arrows) near the MASCOT landing site
(6 cm per pixel, hyb2_onc_20181003_003036_tvf_l2b).
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temperature under typical solar nebula condi-
tions) must have either formed early enough to
contain high concentrations of radiogenic species,
such as 26Al, or formed close to the Sun, where
they experienced other heatingmechanisms (53).
The degree of internal heating would constrain
the location and/or timing of the snow line (the
dividing line between H2O condensation and
evaporation) in the early Solar System.
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Fig. 8. Schematic illustration of Ryugu’s formation. Ryugu formed from the reaccumulation of material ejected from an original parent body by an
impact, possibly by way of an intermediate parent body (bottom). Three scenarios to explain Ryugu’s low hydration and thermal processing may have
occurred before disruption of the original parent body (top).
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understand the samples collected by Hayabusa2, which are expected to arrive on Earth in December 2020.
formed by reaccumulation of rubble ejected by impact from a larger asteroid. These results provide necessary context to
surface colors and combined results from all three papers to constrain the asteroid's formation process. Ryugu probably 

 describe Ryugu's geological features andet al.compared Ryugu with known types of carbonaceous meteorite. Sugita 
 used near-infrared spectroscopy to find ubiquitous hydrated minerals on the surface andet al.collection. Kitazato 

formed into a spinning-top shape during a prior period of rapid spin. They also identified suitable landing sites for sample 
 measured the asteroid's mass, shape, and density, showing that it is a ''rubble pile'' of loose rocks,et al.Watanabe 

carbonaceous asteroid 162173 Ryugu, at which the spacecraft arrived in June 2018 (see the Perspective by Wurm). 
Earth for laboratory analysis. Three papers in this issue describe the Hayabusa2 team's study of the near-Earth
Japanese mission Hayabusa2 is designed to collect samples directly from the surface of an asteroid and return them to 

Asteroids fall to Earth in the form of meteorites, but these provide little information about their origins. The
Hayabusa2 at the asteroid Ryugu
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