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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_|2b).

(B) A rugged boulder with layered structure (yellow arrows) near the MASCOT landing site

(6 cm per pixel, hyb2_onc_20181003_003036_tvf_I2b).

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) x 10% kg/m®] 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
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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 fragment would generate boulders
with a large heterogeneity in color properties.
Using a similar method, 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 2°Al).
Internal heating can warm 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-um absorption band. To suppress the 0.7-um
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
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process; efficient heating occurs only around the
impact site (fig. S15). Most of the volume does not
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 body was 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-um absorption.
In this scenario, the closest meteoritic 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 on Ryugu
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 a macroscopic meteorite
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 between Hayabusa2 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 H,O condensation
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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).

temperature under typical solar nebula condi-
tions) must have either formed early enough to
contain high concentrations of radiogenic species,
such as 2°Al, or formed close to the Sun, where
they experienced other heating mechanisms (53).
The degree of internal heating would constrain
the location and/or timing of the snow line (the
dividing line between H,O condensation and
evaporation) in the early Solar System.

REFERENCES AND NOTES

L

D. P. O'Brien, R. Greenberg, The collisional and dynamical
evolution of the main-belt and NEA size distributions. Icarus
178, 179-212 (2005). doi: 10.1016/j.icarus.2005.04.001

W. F. Bottke Jr. et al., The fossilized size distribution of the
main asteroid belt. Icarus 175, 111-140 (2005). doi: 10.1016/
jicarus.2004.10.026

S. Kameda et al., Preflight calibration test results for optical
navigation camera telescope (ONC-T) onboard the
Hayabusa2 spacecraft. Space Sci. Rev. 208, 17-31 (2017).
doi: 10.1007/511214-015-0227-y

4. H. Suzuki et al., Initial inflight calibration for Hayabusa2 optical

navigation camera (ONC) for science observations of asteroid
Ryugu. Icarus 300, 341-359 (2018). doi: 10.1016/
jicarus.2017.09.011

5. E. Tatsumi et al., Updated inflight calibration of Hayabusa2's

Sugita et al., Science 364, eaaw0422 (2019)

Optical Navigation Camera (ONC) for scientific observations
during the cruise phase. Icarus 325, 153-195 (2019).

doi: 10.1016/j.icarus.2019.01.015

T. Mizuno et al., Development of the laser altimeter (LIDAR) for
Hayabusa2. Space Sci. Rev. 208, 33-47 (2016). doi: 10.1007/
s11214-015-0231-2

7.

19 April 2019

T. Okada et al., Thermal Infrared Imaging Experiments

of C-Type Asteroid 162173 Ryugu on Hayabusa2. Space

Sci. Rev. 208, 255-286 (2017). doi: 10.1007/511214-016-0286-8
Materials and methods are available as supplementary materials.
S. Tardivel, P. Sanchez, D. J. Scheeres, Equatorial cavities

on asteroids, an evidence of fission events. lcarus 304,
192-208 (2018). doi: 10.1016/j.icarus.2017.06.037

. P. Michel, M. Delbo, Orbital and thermal evolutions of four

potential targets for a sample return space mission to a
primitive near-Earth asteroid. Icarus 209, 520-534 (2010).
doi: 10.1016/j.icarus.2010.05.013

. N. Hirata et al., A survey of possible impact structures on

25143 Itokawa. Icarus 200, 486-502 (2009). doi: 10.1016/
jicarus.2008.10.027

. V. R. Oberbeck, W. L. Quaide, Genetic Implications of Lunar

Regolith Thickness Variations. Icarus 9, 446-465 (1968).
doi: 10.1016/0019-1035(68)90039-0

. C. Guttler, N. Hirata, A. M. Nakamura, Cratering experiments

on the self armoring of coarse-grained granular targets. Icarus
220, 1040-1049 (2012). doi: 10.1016/j.icarus.2012.06.041

. E. Tatsumi, S. Sugita, Cratering efficiency on coarse-grain

targets: Implications for the dynamical evolution of asteroid
25143 Itokawa. carus 300, 227-248 (2018). doi: 10.1016/
jicarus.2017.09.004

. W. F. Bottke et al., In search of the source of asteroid (101955)

Bennu: Applications of the stochastic YORP model. Icarus 247,
191-217 (2015). doi: 10.1016/j.icarus.2014.09.046

. P. Michel, D. P. O'Brien, S. Abe, N. Hirata, Itokawa’s cratering

record as observed by Hayabusa: Implications for its age and
collisional history. lcarus 200, 503-513 (2009). doi: 10.1016/
j.icarus.2008.04.002

. S. Watanabe et al., Hayabusa? arrives at the carbonaceous asteroid

162173 Ryugu—A spinning top-shaped rubble pile. Science 364,
268-272 (2019). doi: 10.1126/science.aav8032

18.

19.

20.

21

~

2

23.

2

~

2

26.

)

o

M. Ishiguro et al., Optical properties of (162173) 1999 JU3:
In preparation for the JAXA Hayabusa2 sample return
mission. Astrophys. J. 792, 74 (2014). doi: 10.1088/0004-
637X/792/1/74
S. J. Bus, R. P. Binzel, Phase Il of the small main-belt asteroid
spectroscopic survey: A feature-based taxonomy. Icarus 158,
146-177 (2002). doi: 10.1006/icar.2002.6856
. R. P. Binzel et al., Spectral Properties of Near-Earth Objects:
Palomar and IRTF Results for 48 Objects Including Spacecraft
Targets (9969) Braille and (10302) 1989 ML. Icarus 151,
139-149 (2001). doi: 10.1006/icar.2001.6613
F. Vilas, Spectral characteristics of Hayabusa 2 Near-Earth asteroid
targets 1621731999 JU3 and 2001 QC34. Astron. J. 135, 1101-1105
(2008). doi: 10.1088/0004-6256/135/4/1101
D. Lazzaro et al., Rotational spectra of (162173) 1999 JU3, the
target of the Hayabusa2 mission. Astron. Astrophys. 549, L2
(2013). doi: 10.1051/0004-6361/201220629
D. Morate et al., Compositional study of asteroids in the
Erigone collisional family using visible spectroscopy at the 10.4
m GTC. Astron. Astrophys. 586, A129 (2016). doi: 10.1051/
0004-6361/201527453
. K. Kitazato et al., The surface composition of asteroid
162173 Ryugu from Hayabusa2 near-infrared
spectroscopy. Science 364, 272-275 (2019). doi: 10.1126/
science.aav7432
J. de Ledn et al., Expected spectral characteristics of (101955)
Bennu and (162173) Ryugu, targets of the OSIRIS-REx and
Hayabusa2 missions. Icarus 313, 25-37 (2018). doi: 10.1016/
jicarus.2018.05.009
T. Hiroi, M. E. Zolensky, C. M. Pieters, M. E. Lipschutz, Thermal
metamorphism of the C, G, B, and F asteroids seen from the
0.7 um, 3 um, and UV absorption strengths in comparison with
carbonaceous chondrites. Meteorit. Planet. Sci. 31, 321-327
(1996). doi: 10.1111/].1945-5100.1996.tb02068.x

10 of 11

6T0Z ‘Gz |udy uo /Bi1o°Bewadualds adualds//:dny woly papeojumoq


http://dx.doi.org/10.1016/j.icarus.2005.04.001
http://dx.doi.org/10.1016/j.icarus.2004.10.026
http://dx.doi.org/10.1016/j.icarus.2004.10.026
http://dx.doi.org/10.1007/s11214-015-0227-y
http://dx.doi.org/10.1016/j.icarus.2017.09.011
http://dx.doi.org/10.1016/j.icarus.2017.09.011
http://dx.doi.org/10.1016/j.icarus.2019.01.015
http://dx.doi.org/10.1007/s11214-015-0231-2
http://dx.doi.org/10.1007/s11214-015-0231-2
http://dx.doi.org/10.1007/s11214-016-0286-8
http://dx.doi.org/10.1016/j.icarus.2017.06.037
http://dx.doi.org/10.1016/j.icarus.2010.05.013
http://dx.doi.org/10.1016/j.icarus.2008.10.027
http://dx.doi.org/10.1016/j.icarus.2008.10.027
http://dx.doi.org/10.1016/0019-1035(68)90039-0
http://dx.doi.org/10.1016/j.icarus.2012.06.041
http://dx.doi.org/10.1016/j.icarus.2017.09.004
http://dx.doi.org/10.1016/j.icarus.2017.09.004
http://dx.doi.org/10.1016/j.icarus.2014.09.046
http://dx.doi.org/10.1016/j.icarus.2008.04.002
http://dx.doi.org/10.1016/j.icarus.2008.04.002
http://dx.doi.org/10.1126/science.aav8032
http://dx.doi.org/10.1088/0004-637X/792/1/74
http://dx.doi.org/10.1088/0004-637X/792/1/74
http://dx.doi.org/10.1006/icar.2002.6856
http://dx.doi.org/10.1006/icar.2001.6613
http://dx.doi.org/10.1088/0004-6256/135/4/1101
http://dx.doi.org/10.1051/0004-6361/201220629
http://dx.doi.org/10.1051/0004-6361/201527453
http://dx.doi.org/10.1051/0004-6361/201527453
http://dx.doi.org/10.1126/science.aav7432
http://dx.doi.org/10.1126/science.aav7432
http://dx.doi.org/10.1016/j.icarus.2018.05.009
http://dx.doi.org/10.1016/j.icarus.2018.05.009
http://dx.doi.org/10.1111/j.1945-5100.1996.tb02068.x
http://science.sciencemag.org/

RESEARCH | RESEARCH ARTICLE

o

7

28.

29.

30.

3L

=

32.

S

33.

34.

35.

o

3

>

3

~

38.

39.

40.

a.

=

4

o

43.

44,

. E. Tonui et al., Petrographic, chemical and spectroscopic

evidence for thermal metamorphism in carbonaceous

chondrites I: Cl and CM chondrites. Geochim. Cosmochim. Acta

126, 284-306 (2014). doi: 10.1016/j.gca.2013.10.053

P. Vernazza et al., Interplanetary dust particles as samples of
icy asteroids. Astrophys. J. 806, 204 (2015). doi: 10.1088/

0004-637X/806/2/204

S. Fornasier, C. Lantz, M. A. Barucci, M. Lazzarin, Aqueous

alteration on main belt primitive asteroids: Results from visible

spectroscopy. Icarus 233, 163-178 (2014). doi: 10.1016/

jicarus.2014.01.040

J. M. Bauer et al., The NEOWISE-Discovered Comet Population

and the CO + CO,, Production Rates. Astrophys. J. 814, 85

(2015). doi: 10.1088/0004-637X/814/2/85

B. E. Clark et al., NEAR Photometry of asteroid 253 Mathilde.

Icarus 140, 53-65 (1999). doi: 10.1006/icar.1999.6124

E. A. Cloutis, P. Hudon, T. Hiroi, M. J. Gaffey, Spectral

reflectance properties of carbonaceous chondrites 4:

Aqueously altered and thermally metamorphosed

meteorites. Icarus 220, 586-617 (2012). doi: 10.1016/

jicarus.2012.05.018

T. Nakamura, Post-hydration thermal metamorphism of

carbonaceous chondrites. J. Mineral. Petrol. Sci. 100, 260-272

(2005). doi: 10.2465/jmps.100.260

E. A. Cloutis, T. Hiroi, M. J. Gaffey, C. M. O. D. Alexander,

P. Mann, Spectral reflectance properties of carbonaceous

chondrites: 1. Cl chondrites. Icarus 212, 180-209 (2011).

doi: 10.1016/j.icarus.2010.12.009

E. A. Cloutis, P. Hudon, T. Hiroi, M. J. Gaffey, P. Mann, Spectral

reflectance properties of carbonaceous chondrites: 2. CM

chondrites. Icarus 216, 309-346 (2011). doi: 10.1016/

jicarus.2011.09.009

. M. Delbo et al., Thermal fatigue as the origin of regolith on
small asteroids. Nature 508, 233-236 (2014). doi: 10.1038/
naturel3153; pmid: 24695219

. S. Marchi, M. Delbo; A. Morbidelli, P. Paolicchi, M. Lazzarin,

Heating of near-Earth objects and meteoroids due to close

approaches to the Sun. Mon. Not. R. Astron. Soc. 400, 147-153

(2009). doi: 10.1111/}.1365-2966.2009.15459.x

S. C. Koga et al., Spectral decomposition of asteroid Itokawa

based on principal component analysis. Icarus 299, 386-395

(2018). doi: 10.1016/j.icarus.2017.08.016

T. G. Muller et al., Hayabusa-2 mission target asteroid 162173

Ryugu (1999 JU3): Searching for the object’s spin-axis

orientation. Astron. Astrophys. 599, A103 (2017). doi: 10.1051/

0004-6361/201629134

N. Sakatani et al., Thermal conductivity model for powdered

materials under vacuum based on experimental studies.

AIP Adv. 7, 015310 (2017). doi: 10.1063/1.4975153

E. Cloutis et al., Spectral reflectance “deconstruction” of the

Murchison CM2 carbonaceous chondrite and implications for

spectroscopic investigations of dark asteroids. Icarus 305,

203-224 (2018). doi: 10.1016/j.icarus.2018.01.015

. T. Michikami et al., Size-frequency statistics of boulders on

global surface of asteroid 25143 Itokawa. Earth Planets Space
60, 13-20 (2008). doi: 10.1186/BF03352757

P. C. Thomas, J. Veverka, M. S. Robinson, S. Murchie,
Shoemaker crater as the source of most ejecta blocks on the
asteroid 433 Eros. Nature 413, 394-396 (2001). doi: 10.1038/
35096513; pmid: 11574880

S. Mazrouei, M. G. Daly, O. S. Barnouin, C. M. Ernst, |. DeSouza,
Block distribution on Itokawa. Icarus 229, 181-189 (2014).
doi: 10.1016/.icarus.2013.11.010

45, Y. Jiang et al., Boulders on asteroid Toutatis as observed by
Chang'e-2. Sci. Rep. 5, 16029 (2015). doi: 10.1038/srep16029;
pmid: 26522880

46. H. Demura et al., Pole and global shape of 25143 Itokawa.

Science 312, 1347-1349 (2006). doi: 10.1126/science.1126574;

pmid: 16741112

H. Miyamoto et al., Regolith migration and sorting on asteroid

Itokawa. Science 316, 1011-1014 (2007). doi: 10.1126/

science.1134390; pmid: 17446355

. J. Veverka et al., Imaging of small-scale features on 433 Eros from

NEAR: Evidence for a complex regolith. Science 292, 484-438

(2001). doi: 10.1126/science.1058651; pmid: 11313490

A. Bischoff et al., “Nature and origins of meteoritic breccias” in

Meteorites and the Early Solar System II, D. S. Lauretta,

H. Y. McSween Jr., Eds. (Univ. of Arizona Press, 2006),

pp. 679-712.

P. Michel et al., Selective sampling during catastrophic

disruption: Mapping the location of reaccumulated fragments

in the original parent body. Planet. Space Sci. 107, 24-28

(2015). doi: 10.1016/j.pss.2014.08.005

S. Wakita, M. Sekiya, Thermal Evolution of Icy Planetesimals in

the Solar Nebula. Earth Planets Space 63, 1193-1206 (2011).

doi: 10.5047/eps.2011.08.012

G. D. Cody et al., Organic thermometry for chondritic parent

bodies. Earth Planet. Sci. Lett. 272, 446-455 (2008).

doi: 10.1016/j.epsl.2008.05.008

F. Herbert, C. P. Sonett, M. J. Gaffey, “Protoplanetary thermal

metamorphism: The hypothesis of electromagnetic induction in

the protosolar wind” in The Sun in Time (Univ. of Arizona

Press, 1991), pp. 710-739.

54. W. F. Bottke Jr., M. C. Nolan, R. Greenberg, R. A. Kolvoord,
Velocity distributions among colliding asteroids. Icarus 107,
255-268 (1994). doi: 10.1006/icar.1994.1021

55. N. A. Moskovitz et al., Rotational characterization of Hayabusa
Il target Asteroid (162173) 1999 JU3. Icarus 224, 24-31
(2013). doi: 10.1016/j.icarus.2013.02.009

56. S. J. Bus, R. P. Binzel, Phase Il of the small main-belt asteroid

spectroscopic survey: The observations. Icarus 158, 106-145

(2002). doi: 10.1006/icar.2002.6857

M. Matsuoka et al., An evaluation method of reflectance

spectra to be obtained by Hayabusa2 Near-Infrared

Spectrometer (NIRS3) based on laboratory measurements of

carbonaceous chondrites. Earth Planets Space 69, 120

(2017). doi: 10.1186/540623-017-0705-4

58. C. M. Pieters, Strength of mineral absorption features in the
transmitted component of near-infrared reflected light:

First results from RELAB. J. Geophys. Res. 88, 9534-9544
(1983). doi: 10.1029/JB088iB11p09534

59. M. Matsuoka et al., Pulse-laser irradiation experiments of
Murchison CM2 chondrite for reproducing space weathering on
C-type asteroids. lcarus 254, 135-143 (2015). doi: 10.1016/
jicarus.2015.02.029

47.

~

4

<3

4

©

5

o

51

=4

5

]

5

@

5

~

ACKNOWLEDGMENTS

We thank the anonymous reviewers for their helpful comments.
The Hayabusa?2 spacecraft was developed and built under the
leadership of Japan Aerospace Exploration Agency (JAXA), with
contributions from the German Aerospace Center (DLR) and the
Centre National d'Ftudes Spatiales (CNES), and in collaboration
with NASA, Nagoya University, University of Tokyo, National
Astronomical Observatory of Japan (NAOJ), University of Aizu,
Kobe University, and other universities, institutes, and companies
in Japan. We also thank many engineers, including N. Inaba at

Sugita et al., Science 364, eaaw0422 (2019) 19 April 2019

JAXA and T. Masuda, S. Yasuda, K. Matsushima, and T. Ohshima at
NEC Corp. for their dedicated work on the Hayabusa2 mission;

K. Sato at NEC Corp. for ONC development; S. Kashima at NAOJ
for optical calculations; and Y. Baba at UTOPS for illustrating

Fig. 8. Funding: This study was supported by KAKENHI from the
Japanese Society for Promotion of Science (JSPS) (grants
JP25120006, 17H01175, JP17H06459, JP17K05639, JP16H04059,
JP17KK0097, JP26287108, and JP16H04044) and the JSPS
Core-to-Core program “International Network of Planetary
Sciences.” P.M. and M.A.B. acknowledge funding support from the
French space agency CNES. P.S. acknowledges funding from the
Complex Systems Academy of Excellence and the Space,
Environment, Risk, and Resilience Academy of Excellence, part of
the IDEX JEDI of the Université Cote d'Azur in connection with its
Center for Planetary Origin. T.M. has received funding from the
European Union's Horizon 2020 Research and Innovation
Programme (Grant 687378). D.D.L,, CM.E., LL.C., and M.K.
acknowledge funding through the NASA Hayabusa2 Participating
Scientist Program. Author contributions: S.Su. coordinated
coauthor contributions; led the ONC data acquisition, analyses, and
interpretations; and wrote the paper, with contributions from
D.D., T.Ok., N.Na., T.Mo., and R.-L.B. ONC data acquisitions and
reductions: R.Ho., T.Mo., Y.Ii,, S.Ka. H.Sa,, E.T., C.Ho,, Y.Yo., M.Ya,,
T.K. N.Sa., K.Og., H.Su., K.Yoshio., MHa., Y.C., M.M., D.D.,

and H.K. Geomorphology analyses: H.M., T.Mo., E.T., C.Ho., T.Mi.,
Y.C., M.Hi, PM., 0SB, CME., LLC, SES. RJ, KOt,

N.Sc., HK., R.He., GK, T.Mic., S.Sa., and P.A.A. Spectral
analysis: E.T., D.D., RHo., Y.Yo., TMo., C.S., N.T., Y.Su., SHa.,
M., S.Tac,, M.O., KNa,, ME.Z, F.V., and M.A.B. TIR data acquisitions
and analyses: T.Ok., T.F., S.Tan., M.T., T.A, HSe., HD., Y.Og.,

TK, N.Sa, Y.Sh, T.Se., T.G.M., and AHa. LIDAR data acquisitions and
analyses: N.Na, T.Miz., H.Se., H.N., KM., N.H. (Kobe), R.Y.,

Yls., Hl, HA, KYa, SA, FY., AHi, S.Sa, S.0, S.Ts., KA, STa,
M.S., HM., H.D., JK., T.Ot.; Shape modeling: N.H. (Kobe), N.H.
(Aizu), R.N., E.P., R.G.,, 0.S.B.,, CM.E., and S.W. 3D numerical
calculations: R.-L.B. Interpretation and writing contribution: T.Mo.,
ET., D.D., RHo, T.Ok., N.Na., T.N., T.H, P.M, 0.S.B., CM.E, SEES,,
H.Yab., M.E.Z, SW., and M.F. Science operations of spacecraft:
S.Tan., M.Yo.,, T.l, MAA., M.Ha., T.Ok., R.N., Y.Sh., N.Sa., M.M.,
H.Yan, R.T., M.O., F.T., N.O,, H.Sa,, T.Y., SKi, Y.Ok., Y.Taka.,
H.T., G.O. Y.Mi, K.Yoshik, T.T., Y.Take., AF., CHi, S.N., S.Ho,
0.M., T.Sh., S.So., K.Ni., T.S., and Y.Ts. Competing interests: Y.Ya.
is also affiliated with Tokyo Metropolitan University. Data and
materials availability: All images, new software, and input data
used in this study are available at the JAXA Data Archives and
Transmission System (DARTS) at www.darts.isas.jaxa.jp/pub/
hayabusa2/paper/Sugita_2019/. Additional data from the mission
will be delivered to the DARTS archive at www.darts.isas.jaxa.jp/
planet/project/hayabusa2/, and higher-level data products will be
available in the Small Bodies Node of the NASA Planetary Data
System (https://pds-smallbodies.astro.umd.edu/) 1 year after
mission departure from the asteroid.

SUPPLEMENTARY MATERIALS

science.sciencemag.org/content/364/6437/eaaw0422/suppl/DC1
Materials and Methods

Figs. S1 to S15

Tables S1 to S3

References (60-87)

13 November 2018; accepted 12 March 2019
Published online 19 March 2019
10.1126/science.aaw0422

6T0Z ‘Gz |udy uo /Bi1o°Bewadualds adualds//:dny woly papeojumoq

11 of 11


http://dx.doi.org/10.1016/j.gca.2013.10.053
http://dx.doi.org/10.1088/0004-637X/806/2/204
http://dx.doi.org/10.1088/0004-637X/806/2/204
http://dx.doi.org/10.1016/j.icarus.2014.01.040
http://dx.doi.org/10.1016/j.icarus.2014.01.040
http://dx.doi.org/10.1088/0004-637X/814/2/85
http://dx.doi.org/10.1006/icar.1999.6124
http://dx.doi.org/10.1016/j.icarus.2012.05.018
http://dx.doi.org/10.1016/j.icarus.2012.05.018
http://dx.doi.org/10.2465/jmps.100.260
http://dx.doi.org/10.1016/j.icarus.2010.12.009
http://dx.doi.org/10.1016/j.icarus.2011.09.009
http://dx.doi.org/10.1016/j.icarus.2011.09.009
http://dx.doi.org/10.1038/nature13153
http://dx.doi.org/10.1038/nature13153
http://www.ncbi.nlm.nih.gov/pubmed/24695219
http://dx.doi.org/10.1111/j.1365-2966.2009.15459.x
http://dx.doi.org/10.1016/j.icarus.2017.08.016
http://dx.doi.org/10.1051/0004-6361/201629134
http://dx.doi.org/10.1051/0004-6361/201629134
http://dx.doi.org/10.1063/1.4975153
http://dx.doi.org/10.1016/j.icarus.2018.01.015
http://dx.doi.org/10.1186/BF03352757
http://dx.doi.org/10.1038/35096513
http://dx.doi.org/10.1038/35096513
http://www.ncbi.nlm.nih.gov/pubmed/11574880
http://dx.doi.org/10.1016/j.icarus.2013.11.010
http://dx.doi.org/10.1038/srep16029
http://www.ncbi.nlm.nih.gov/pubmed/26522880
http://dx.doi.org/10.1126/science.1126574
http://www.ncbi.nlm.nih.gov/pubmed/16741112
http://dx.doi.org/10.1126/science.1134390
http://dx.doi.org/10.1126/science.1134390
http://www.ncbi.nlm.nih.gov/pubmed/17446355
http://dx.doi.org/10.1126/science.1058651
http://www.ncbi.nlm.nih.gov/pubmed/11313490
http://dx.doi.org/10.1016/j.pss.2014.08.005
http://dx.doi.org/10.5047/eps.2011.08.012
http://dx.doi.org/10.1016/j.epsl.2008.05.008
http://dx.doi.org/10.1006/icar.1994.1021
http://dx.doi.org/10.1016/j.icarus.2013.02.009
http://dx.doi.org/10.1006/icar.2002.6857
http://dx.doi.org/10.1186/s40623-017-0705-4
http://dx.doi.org/10.1029/JB088iB11p09534
http://dx.doi.org/10.1016/j.icarus.2015.02.029
http://dx.doi.org/10.1016/j.icarus.2015.02.029
http://www.darts.isas.jaxa.jp/pub/hayabusa2/paper/Sugita_2019/
http://www.darts.isas.jaxa.jp/pub/hayabusa2/paper/Sugita_2019/
http://www.darts.isas.jaxa.jp/planet/project/hayabusa2/
http://www.darts.isas.jaxa.jp/planet/project/hayabusa2/
https://pds-smallbodies.astro.umd.edu/
http://science.sciencemag.org/content/364/6437/eaaw0422/suppl/DC1
http://science.sciencemag.org/

Science

The geomorphology, color, and thermal properties of Ryugu: Implications for parent-body
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Hayabusa?2 at the asteroid Ryugu

Asteroids fall to Earth in the form of meteorites, but these provide little information about their origins. The
Japanese mission Hayabusa?2 is designed to collect samples directly from the surface of an asteroid and return them to
Earth for laboratory analysis. Three papers in this issue describe the Hayabusa2 team's study of the near-Earth
carbonaceous asteroid 162173 Ryugu, at which the spacecraft arrived in June 2018 (see the Perspective by Wurm).
Watanabe et al. measured the asteroid's mass, shape, and density, showing that it is a "rubble pile" of loose rocks,
formed into a spinning-top shape during a prior period of rapid spin. They also identified suitable landing sites for sample
collection. Kitazato et al. used near-infrared spectroscopy to find ubiquitous hydrated minerals on the surface and
compared Ryugu with known types of carbonaceous meteorite. Sugita et al. describe Ryugu's geological features and
surface colors and combined results from all three papers to constrain the asteroid's formation process. Ryugu probably
formed by reaccumulation of rubble ejected by impact from a larger asteroid. These results provide necessary context to
understand the samples collected by Hayabusa2, which are expected to arrive on Earth in December 2020.

Science, this issue p. 268, p. 272, p. eaaw0422; see also p. 230
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