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Ryugu’s surface, but instead may be the result of
a well-mixed surface.

No regolith-covered surface on Ryugu exhibits
a strong 0.7-um absorption in the ONC-T color
data. Dynamical calculations have shown that

many near-Earth objects (NEOs) experienced
dehydration during orbital excursions near the
Sun, which may have contributed to the depletion
in 0.7-um absorption in C-complex NEOs (37).
NEOs with Ryugu-like orbits may experience

large orbital excursions on a time scale of 107
years, and the skin depth of solar heating
during Ryugu’s orbital evolution is tens of cen-
timeters (9). This time scale is longer than the
retention age (<2 x 10° years) of 10-m craters,

Fig. 3. Multiband colors of Ryugu’s surface. (A) Comparison between
disk-averaged spectra (lines with squares, normalized at 0.55 um) for Ryugu
at 12 different rotational phases and ground-based observations (lines
without symbols) of Ryugu from (55) (blue) and from (21) (red). Data are
also shown for the large main-belt asteroids Polana, Eulalia, and Erigone
(56), each of which is the parent body of an asteroid family. Because of the
similarity among the spectra taken at different phases, individual lines for
Ryugu overlap. Spectra are offset by 0.1 for clarity. (B) Comparison between
typical Ryugu surface colors (black) (reflectance factor at 30° 0°, 30°) and
those of dehydrated CCs (blue) and typical CCs (red). Individual meteorite
names are indicated. The spectrum of a powder sample (<155 um) of
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Jbilet Winselwan was measured at 30° 0° 30° with the spectrometer
system at Tohoku University (57). The rest of meteorite spectra are from
(568). (C) Reflectance spectra of typical morphologic and color features on
Ryugu. Locations of features (labeled 1 to 6) are shown in (E) and (F)

and in fig. S12. Individual spectra are shifted vertically for clarity. Vertical-
axis tick spacing is 0.05%. (D) Same as (C), but normalized by the Ryugu
average spectrum. Vertical-axis tick spacing is 0.01. (E) b-x slope map
(inverse micrometers) and (F) v-band reflectance factor map (percent)
superposed on a v-band image map. The equatorial ridge and the western
side (160°E to 290°E) have slightly higher v-band reflectances than other
regions (see fig. S13 for statistical analysis).
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which excavate unheated substrate material (crater
depths ~1 m). Thus, the lack of a high degree of
hydration on Ryugu is unlikely to be due to solar
heating during a recent orbital excursion.

East-west dichotomy

Ryugu’s western side (160°E to 290°E), which
is surrounded by troughs (Fig. 1, A and B), has a
v-band albedo higher than that of other areas
(Fig. 3F and fig. S13). This western side also has a
lower number density of large boulders (Fig. 4A).
The topographic highs and bluish b-x spectral
slope of the equatorial ridge transect the troughs,
suggesting that the equatorial ridge formed more
recently than the troughs. Although the equa-
torial ridge has depressions around 160°E and
290°E, the morphologic characteristics of these
features are more consistent with those of im-
pact craters, so we do not consider them to be
connected to the mass motion that formed the
trough. The formation of the east-west dichotomy
probably predates the equatorial ridge formation.
However, because there is no difference in b-x
spectral slope between the western side and other
regions on Ryugu, the nature of its enhanced
reflectance is probably not the result of a
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shorter exposure to the space environment. In
contrast, the coincidence between high v-band
reflectance and low boulder abundance suggests
that this dichotomy may reflect smaller grain
size in the western hemisphere. The two hemi-
spheres may have different physical properties,
such as grain size and mobility, which could
be the result of reaccumulation of two large
rubble piles with different grain sizes during
the reaccumulation stage immediately after the
catastrophic disruption of the parent body (see
the “Implications for the evolution of Ryugu’s
parent body” section below).

Principal components analysis

We conducted a principal components analysis
(PCA) of the ONC-T filter data and the second
phase of the Small Main-Belt Asteroid Spectro-
scopic Survey (SMASSII) observations of C-complex
main-belt asteroids by ground-based telescopes.
This method has been used widely for asteroid
spectral analysis and has served as a basis for
spectral type definitions (19, 38). Because most
reflectance data registered in SMASSII covers
only 0.43 to 0.9 um, we limited the ONC-T data
to the b to x bands, excluding the ul and p bands

centered at 0.39 and 0.95 um. Because PCA can
expand spectra into orthogonal basis functions,
PCA often extracts linear combinations of spectra
with physical or mineralogic meanings as the
principal components (PCs). Nonorthogonal linear
combinations of the second and third PCs pro-
duced by our analysis (PC2 and PC3) correspond
to the 0.7-um absorption and drop-off in reflec-
tance shortward of v-band (Fig. 5B and fig. S5).
Our results indicate that regolith spectra from
ONC-T are consistent with moderately dehydrated
CCs (e.g., Y-86029) and reside both near the edge
of the B-Cb-C population and the dehydration
tracks for CM and CI chondrites (Fig. 5B and
fig. S4).

TIR observations provide constraints on sur-
face grain size, which influences the PCA results
of colors on Ryugu. TIR observations indicate
that the peak temperatures of Ryugu’s surface
correspond to uniform thermal inertia values
between 200 and 500 J m~2 s7%° K™! (Fig. 6).
These values are consistent with the disk-averaged
value (150 to 300 J m~ s7°° K™) estimated on the
basis of prearrival telescope observations (39) and
suggest subcentimeter to 10-cm grains (7, 40); the
fraction of surface area covered with grains <1 mm
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Fig. 4. Statistics and morphologies of boulders on Ryugu. (A) Distribution
in longitude of boulders with diameters of 20 to 30 m and =30 m.

(B) Cumulative size distribution of large boulders, compared between
different latitudinal zones. (C) A type 1 boulder, which is dark and rugged
(hyb2_onc_20181004_042509_tvf_I2b). A close-up view of its layered
structure is shown in fig. S11D. (D) A type 2 bright boulder with smooth
surfaces and thin layered structure (hyb2_onc_20181004_012509_tvf_I2b).
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A close-up view of its layered structure is shown in fig. S11E. (E) A type 3
bright and mottled boulder (hyb2_onc_20180801_213221_tvf_I2b).

(F) The sole type 4 boulder, Otohime Saxum, has concentric (yellow

arrows) and radial (blue arrows) fractures, consistent with a fracture system
generated by an impact (hyb2_onc_20180719_124256_tvf_I2b). In (C)

to (F), the brightness of each image is stretched independently. The yellow and
white scale bars are 10 and 100 m, respectively.
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is very small. Laboratory examination of CC
powders of different grain sizes demonstrates
that in the visible wavelengths the reflectance
and spectral slope do not change markedly for
grain sizes larger than ~1 mm, although the ef-

Fig. 5. Colors of surface features on Ryugu. A

fects of compaction and thin coating of fine
powers may influence the spectra (41). Compar-
ison between the PCA results of Ryugu’s surface
and the dehydration track for heated coarse-
grained samples of the Murchison meteorite shows

that the distribution of Ryugu’s surface is much
narrower than that of the Murchison dehydration
track in the PC space (Fig. 5B), suggesting that
Ryugu is dominated by materials that experienced
similar degrees of dehydration.

Colors measured from ONC-T images are 0.3
compared between areas of regolith
(gray-black contour) and the four types of
boulders (solid, monotone squares)

on Ryugu. The legend applies to both

panels. (A) Comparison of v-reflectance
factor and b-x slope distribution. The
average value of Ryugu's surface is

indicated with a white cross. Contours
indicate 95 and 68% of the surface area.

(B) Comparison of principal component
space (PC2-PC3) and main-belt C-complex
asteroids (56) (colored circles), a moderately
dehydrated CC [Y-86029, orange diamond
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(568)], Murchison (CM2) samples with

heating [black line (58)] and laser irradiation
[light green (59) and gray lines (58)], and
heated Ivuna (Cl) samples [blue line (58)].
Parent bodies of major asteroid families

in the inner main belt, Polana (open blue star),
Eulalia (solid light blue star), and Erigone
(open green star), are also shown (56). Images
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of the four types of boulders are shown in Fig. 4 and fig. S11. Thick black arrows denote locations of end-member spectra (spectra with
deep 0.7-um absorption, flat spectra, and spectra with deep ultraviolet absorption) in this PC space.
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Fig. 6. Thermal infrared camera measurement results. (A) Brightness
temperature image taken with TIR at 06:07:11 UTC on 10 July 2018
(hyb2_tir_20180710_060711_I2). (B to D) The image in (A) compared with
calculated thermal images by using the structure-from-motion shape

model (17), assuming uniform thermal inertia of (B) 50, (C) 200, and (D)
500 J m™ s7°° K™, respectively. (E) An ONC-T image of large boulders
(6.4°S, 148.4°E), taken during low-altitude (5 to 7 km) observations
(hyb2_onc_20180801_144909_tvf_I2b). Surface area (open circle) not covered
with regolith was chosen for temperature analysis. (F) As in (E), but for a
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Local Time (hr)

boulder at (20.9°S, 27.8°E) (hyb2_onc_20180801_174157_tvf_I2b). (G) Temper-
ature profile of the location indicated with the circle in (E) observed with

TIR at 20 km from the Ryugu center (open circles). Theoretical temperature
profiles for uniform thermal inertias of 200 and 600 J m™ K™ 575 are shown
with curves. Solid curves are for a horizonal plane that starts to receive solar
light at local time 7.5 hours; dashed curves represent a tilted plane that receives
sunlight at later times. The observed data are largely enclosed by the upper
envelopes of time-shifted curves for 200 and 600 J m™ K™ s7°5, (H) Same
as (G), but for the location indicated by the circle in (F).

7 of 11

6T0Z ‘6T Iudy uo /Ao Bewadualds adualds//:dny woly papeojumoq


http://science.sciencemag.org/

RESEARCH | RESEARCH ARTICLE

Abundance and distribution of boulders
Ryugu’s surface contains many boulders that span
a wide range of sizes (Fig. 4B). The largest boul-
ders (>20 m) are too large to be ejecta from the
observed craters (<300 m) (42), which suggests
that they are instead fragments of Ryugu’s par-
ent body. The cumulative distribution of boulder
sizes follows a power law with an exponent be-
tween —2.5 and -3 (Fig. 4B), similar to that mea-
sured for other small asteroids (43-45).

The global average number density of boulders
>20 m in diameter at latitudes <70° is 50 km™>
on Ryugu, which exceeds the value for Itokawa
by a factor of 2 (39, 4I). However, the number
density of craters on Ryugu is of the same order
of magnitude as that of Itokawa, which suggests
that boulders on both asteroids have experienced
similar degrees of meteoritic bombardment.
Thus, the higher abundance of large boulders
on Ryugu suggests that the impact strength of
these boulders may be of a similar order of mag-
nitude to that of Itokawa’s boulders. Given the
apparent high surface mobility, it is possible
that many previously existing boulders may have
been ejected from Ryugu as macroscopic bodies.
If so, fragments from Ryugu may reach Earth as
macroscopic meteorites.

The spatial distribution of boulders on Ryugu
differs from that on Itokawa and Eros, which
have boulder-poor regions, such as smooth ter-
rains (46, 47) and regolith ponds (48). Ryugu
does not contain large areas with low boulder
abundance, suggesting that the degree of size
sorting is much lower on Ryugu. A contribut-
ing factor may be the difference in the overall
shape of these asteroids: Itokawa and Eros are
elongated, whereas Ryugu is spheroidal. How-
ever, there is evidence for some global size seg-
regation in the latitudinal variation in boulder
size: The boulder number density is lower in the
equatorial region than at higher latitudes (Fig.
3A). This may be because of mass flow during
the equatorial ridge formation (7). There is also
a smaller boulder abundance variation in the
longitudinal direction (Fig. 3B), with the boulder
abundance in the western hemisphere (160°E to
290°E) systematically lower than at all other
longitudes on Ryugu.

Color and morphology of boulders

There is a systematic trend between boulder
colors and morphologies on Ryugu. We have
identified four distinct morphologic boulder
types. (i) Type 1: Dark and rugged boulders.
This type possesses rugged surfaces and edges,
tends to have uneven layered structures possibly
related to inclusion of coarse-grained clasts (Figs.
4C and fig. S11A), and has color properties similar
to Ryugu’s average color (Fig. 3C). Many boulders
of this type are partially buried by regolith; as is
the case for Ejima Saxum (Fig. 1A). (ii) Type 2:
Bright and smooth boulders. This boulder type
displays several thin and parallel layers (Fig. 4D).
Many of these boulders are positioned atop the
regolith, and some exhibit distinctive striped
patterns (fig. S11B). Their typical color ranges
from slightly bluer than average to Ryugu’s

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

average color (Fig. 3). (ii) Type 3: Bright and
mottled boulders. This boulder type does not
show clear layers but displays a blocky variega-
tion in albedo (Fig. 4E and fig. S11C). The bright
parts exhibit a drop-off in reflectance at short
wavelengths (ul and b) (Fig. 3C). (iv) Type 4: The
largest boulder on Ryugu, Otohime Saxum, does
not match the other types. It is located near the
south pole (Figs. 1 and 4F), with sharp edges and
smooth surfaces but no obvious layering. Its
vertical face is the brightest surface on Ryugu
and exhibits a very blue color (Fig. 3). The dif-
ferences in brightness among these four types
of boulders are not very large; the range of their
v-band reflectance factors is similar to that of the
background regolith (Fig. 5A).

More quantitative examinations of boulder
colors were performed using reflectance-slope
statistics and PCA. Although the dark, rugged
boulders and the bright, smooth boulders are
distinct in morphology, they form a single linear
trend in reflectance-slope diagrams and PC2-PC3
space (Fig. 5) parallel to the general distribution
of PC scores over the entire surface. The range in
boulder color variation is similar to the color
variation seen over the entire surface; the range
of PC2 scores of 27 large boulders encompasses
the PC2 score range of more than half of Ryugu’s
surface. This agreement in PC-score trends be-
tween regolith and boulders suggests that the
color variation in regolith on Ryugu may be con-
trolled by the color variation of these two types
of boulders, from which the regolith may be pro-
duced through comminution processes.

In contrast, the different sides or facets of
Otohime Saxum form their own trend in the
reflectance-slope diagram (Fig. 5A) and PC spaces
(Figs. 5B and fig. S7), approximately parallel to the
trend for heat-induced dehydrated CC materials
(26). The trend observed for Otohime Saxum is
also parallel to the distribution trend in the B-Cb-
C population (Fig. 5B and fig. S4), which suggests
that their color variations may result from the
same process, such as dehydration.

In the PC2-PC3 space, the bright, mottled
boulders are consistent with the Ch-Cgh asteroid
population, closest to Erigone (Fig. 5B). These
type 3 boulders extend the trend seen in the
regolith and other types of boulders (Fig. 5B
and fig. S7). The 0.7-um absorption—measured
as the difference, (v + x)/2w - 1, between w-band
reflectance and the linear continuum defined by
v- and x-band reflectance values—is not stronger
than the average Ryugu spectrum. Type 3 boulders
are close in PC space to the Ch-Cgh population,
owing to their low b-band reflectance.

The linear trend extending through type 3
boulders, the average regolith, and type 1 and
2 boulders is seen in the first three PC values
plotted against albedo. This trend cannot be
produced by space weathering and/or grain size
effects. It also differs from the L-shaped distribu-
tion of laboratory dehydration data (Fig. 5B).
Although the low-temperature evolution of the
dehydration track for CM chondrites is similar
to the boulder trend (both cross the dividing gap
between Ch-Cgh and B-Cb-C populations and
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have a large PC2 change), they differ in PC3
change, leading to a very different slope in the
PC2-PC3 space. Instead, the trend formed by
boulder types 1 to 3 connects the average Ryugu
spectrum and the Ch-Cgh population. A simple
interpretation of these trends is the mixing be-
tween two components in Ch-Cgh and B-Cb-C
populations. This trend is consistent with mix-
ing seen not only in the regolith but also in the
boulders. This observation based on PCA suggests
that these boulders have experienced mixing
processes.

Boulder texture and regolith grains

Hayabusa2 carried several landers [encompassed
by three MIcro Nano Experimental Robot Ve-
hicles for Asteroid (MINERVA-IIs) and the Mobile
Asteroid Surface Scout (MASCOT)]. Deployment of
these landers required multiple spacecraft descents
to <100-m altitude, which provided opportunities
for obtaining close-up images down to a scale of
6 mm per pixel (Fig. 7 and fig. S14).

The higher-resolution images show that the
global size distribution of both boulders and
pebbles follows a power-law distribution down
to decimeter scales; the slope (i.e., power-law
index) of their cumulative size distribution is
about -2.5 at sizes larger than ~0.2 m, similar
that found for large blocks (10 to 160 m) (Fig. 4B).
The slope then becomes shallower at smaller
sizes (fig. S14A). The shallower slope in the small
size range suggests a non-negligible mechanical
strength of individual boulders and pebbles on
Ryugu. Although such high-resolution measure-
ments have been conducted only in limited areas
on Ryugu, no differences have been observed be-
tween areas on and off the equatorial ridge.

Many images of Ryugu exhibit bright spots
(Fig. 7, A and B, and fig. S14B). Some of these
spots are brighter than the average background
by a few tens of percent, whereas others are
brighter by a factor of 2 or greater. These spots
may be impact craters or recent fragments from
preexisting boulders, both of which could exhibit
higher albedos because of the freshness of their
interior, or they may be small fragments of dis-
tinct intrinsic composition. Their distinctive
brightness and relatively low abundance suggest
that they may be composed of materials similar
to bright and mottled boulders, whose spectra
are consistent with Ch-Cgh populations (Fig. 5).
Ryugu’s surface material may be a mixture of
materials with different lithologies representa-
tive of its parent body.

Heterogeneity in brightness can also be found
within individual boulders (Fig. 7A). This mor-
phologic characteristic is consistent with coarse-
grained clastic rocks (impact breccia), including
rock fragments broken by impact. The majority
constituent of CCs has been proposed to be im-
pact breccia (49). This suggests material mixing
before these boulders were formed, which likely
took place on Ryugu’s parent body. Because im-
pact breccias can contain multiple components
with variable mixing ratios, they can readily ac-
count for the mixing trends seen in the PC spaces
(fig. S7). Breccia formation on the parent body
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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

9 of 11

6T0Z ‘6T udy uo /B0 Bewadualds adualds//:dny woly papeojumoq


http://science.sciencemag.org/

ILLUSTRATION: YOSHIKO BABA

RESEARCH | RESEARCH ARTICLE

Scenario 1

Scenario 2

Aqueous Alteration

Scenario 3

Dehydration

Internal heating
— >

Impact heating
— >

Incipient alteration

26 Al

2 42 N
v ! e

Impacts

7

Incipient Aqueous Alteration

®
/ Impactor

Ryugu’s immediate
parent body?

Family
formation

Catastrophi
Disruption

Reaccumulation/sedimentaion

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.
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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. 252; see also p. 230

ARTICLE TOOLS http://science.sciencemag.org/content/364/6437/252

alz\ﬁFE’%'\\"LESNTARY http://science.sciencemag.org/content/suppl/2019/03/18/science.aaw0422.DC1
RELATED . i i i

CONTENT http://science.sciencemag.org/content/sci/364/6437/272.full

http://science.sciencemag.org/content/sci/364/6437/268.full
http://science.sciencemag.org/content/sci/364/6437/230.full

Use of this article is subject to the Terms of Service

Science (print ISSN 0036-8075; online ISSN 1095-9203) is published by the American Association for the Advancement of
Science, 1200 New York Avenue NW, Washington, DC 20005. 2017 © The Authors, some rights reserved; exclusive
licensee American Association for the Advancement of Science. No claim to original U.S. Government Works. The title
Science is a registered trademark of AAAS.

6102 ‘6T [Udy uo /610" Bewasusios aoualds//:diy wolj papeojumoq


http://science.sciencemag.org/content/364/6437/252
http://science.sciencemag.org/content/suppl/2019/03/18/science.aaw0422.DC1
http://science.sciencemag.org/content/sci/364/6437/272.full
http://science.sciencemag.org/content/sci/364/6437/268.full
http://science.sciencemag.org/content/sci/364/6437/230.full
http://www.sciencemag.org/about/terms-service
http://science.sciencemag.org/

REFERENCES This article cites 87 articles, 6 of which you can access for free
http://science.sciencemag.org/content/364/6437/252#BIBL

PERMISSIONS http://www.sciencemag.org/help/reprints-and-permissions

Use of this article is subject to the Terms of Service

Science (print ISSN 0036-8075; online ISSN 1095-9203) is published by the American Association for the Advancement of
Science, 1200 New York Avenue NW, Washington, DC 20005. 2017 © The Authors, some rights reserved; exclusive
licensee American Association for the Advancement of Science. No claim to original U.S. Government Works. The title
Science is a registered trademark of AAAS.

6102 ‘6T [Udy uo /610" Bewasusios aoualds//:diy wolj papeojumoq


http://science.sciencemag.org/content/364/6437/252#BIBL
http://www.sciencemag.org/help/reprints-and-permissions
http://www.sciencemag.org/about/terms-service
http://science.sciencemag.org/

