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The Hayabusa2 spacecraft investigated the C-type (carbonaceous) asteroid (162173) Ryugu. The mission
performed two landing operations to collect samples of surface and subsurface material, the latter
exposed by an artificial impact. We present images of the second touchdown site, finding that ejecta
from the impact crater was present at the sample location. Surface pebbles at both landing sites show
morphological variations ranging from rugged to smooth, similar to Ryugu’s boulders, and shapes
from quasi-spherical to flattened. The samples were returned to Earth on 6 December 2020. We describe
the morphology of >5 grams of returned pebbles and sand. Their diverse color, shape, and structure
are consistent with the observed materials of Ryugu; we conclude that they are a representative sample
of the asteroid.

A
steroids are small celestial bodies in the
Solar System that are left over from the
planet formation process. The C-type (car-
bonaceous) group of asteroids appear
to be related to carbonaceous chondrite

meteorites, which are known to contain hy-
drated silicates and organic matter (1). Such
hydrated asteroids could have delivered water
and organic molecules to Earth during or after
its formation. Samples from C-type asteroids

are predicted to contain a record of Solar Sys-
tem evolution (1). Evidence for ongoing activity
on an asteroid surface, including movement
and ejection of particles, has previously been
inferred from analysis of particles returned to
Earth from the S-type (stony) asteroid (25143)
Itokawa (2, 3).
The Hayabusa2 spacecraft investigated the

C-type near-Earth asteroid (162173) Ryugu from
June 2018 to November 2019, with the goal

of determining its physical and compositional
properties, collecting samples, and return-
ing them to Earth. Ryugu is a “spinning
top”–shaped rubble pile, with a mean radius
of 448 ± 2 m (4, 5). The surface is ubiqui-
tously dark, with variations in reflectance
spectra that are due to mixing of bluish and
reddish materials (5, 6). Some bright boul-
ders are present, which could be related to
spectroscopically similar S-type asteroids (7).
The reddish color is thought to have been
produced by surface alteration and space
weathering of originally bluish materials
during the past 106 to 107 years (6). Hydrous
silicates are present across the surface (8)
but are less abundant than in hydrated car-
bonaceous chondrites (8) or the B-type (bluish
and spectroscopically similar to C-type) as-
teroid (101955) Bennu (9, 10). This could be
due to dehydration of originally hydrous
silicates or minimal aqueous alteration of
Ryugu’s parent planetesimal (the original
body in the early Solar System from which
Ryugu formed) (5, 8).
Hayabusa2 dropped the Mobile Asteroid

Surface Scout (MASCOT) lander onto Ryugu,
which showed that the surface is not covered
with fine regolith (11). A ~3-cm pebble ob-
served by using MASCOT had a thermal
inertia of ~280 J m−2 K−1 s−1/2, which is much
lower than the thermal inertia of chondrites
(12). This low thermal inertia indicates that
the pebble had a high porosity, implying a
low tensile strength of a few hundred kilo-
pascals (12). Similarly low thermal inertia
(~300 J m−2 K−1 s−1/2) was measured for seve-
ral large (>10 m) boulders and their surround-
ings (13). An artificial impact experiment was
performed by using Hayabusa2’s Small Carry-
on Impactor (SCI), which showed that Ryugu’s
surface is composed of a cohesionlessmaterial,
at least in part (14). Infrared observations of
the SCI-made crater have shown that the
subsurface material has spectral properties
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similar to, but distinct from, those of the sur-
face (15). The crater and excavated material
have a slightly higher abundance of hydrated
silicates, reflecting the extent of aqueous al-
teration that occurred on Ryugu’s parent plan-
etesimal (15).

Sample-collection operations

Hayabusa2 made its first landing [designated
touchdown one (TD1)] on 2019 February 21,
during which it collected samples of the sur-
face (6). The second landing (TD2) occurred
on 2019 July 11, close to the crater made by
the SCI, to collect impact ejecta, i.e., sub-
surface samples (Fig. 1). The two landing
locations appeared similar in remote imag-
ing, being covered with boulders and pebbles
(Fig. 1). The two types of boulder commonly
observed on Ryugu’s surface [rugged type 1
and smooth type 2 (5)] are found at both
locations. In both landing operations, a 5-g
tantalum projectile was fired through the
sampler horn at ~300 ± 30 m s−1 (1, 16, 17)
when the horn touched the surface, lifting
material into the collector.

The TD2 location hosts fine particle aggre-
gates, observed on the surface of a smooth
type 2 boulder (Fig. 2A), which were not iden-
tified in proximity images of TD1 or other
surface locations (6). These particles did not
strongly adhere to the boulder, being blown
off by the subsequent ascent thruster firing
(Fig. 2B). We infer that the fine particles are
geologically recent and,most likely, ejecta from
the SCI crater. Images of the impact event show
that part of the ejecta curtain fell back on
Ryugu’s surface, with simulations predicting
that the TD2 site was covered with SCI ejecta
excavated from a depth of ~1 m below the
surface (18, 19). The estimated sizes of ejecta
particles range from 1mm to several decimeters
(18). This is consistent with the observed par-
ticles on the boulder (Fig. 3). We conclude
that the TD2 sample location was covered
with ejecta excavated fromRyugu’s subsurface
by the SCI experiment. Sample-collection analog
experiments that were performed in Earth grav-
ity indicate that ~50% of the collected particles
were taken from depths <1.5 mm from the sur-
face (fig. S3) (20). Collection undermicrogravity

should access greater depths; nevertheless, we
expect the samples collected during TD2 to
include some SCI ejecta. Spectroscopy of the
SCI crater and its surroundings revealed only
small differences (15), so the identification of
subsurface materials in the collected sample
requires other analysis methods.
During both landings, the motions of par-

ticles kicked up by the sample projectiles and
thruster firings were observed with a small
monitor camera head (CAM-H) (Fig. 3 and
movie S1) (20). One second after the projectile
firing at TD1, ~10 particles were identified
beneath or nearby the sampler horn (Fig. 3C).
After another second, the number of particles
increased to ~20 in the next image (Fig. 3D), of
which 3 particles were moving toward CAM-H.
We estimate the ejection angle and velocity of
these particles as ~50° to 60° and 1 to 2 m s−1,
respectively (20). Their ejection angle is within
the range measured in projectile experiments
in Earth gravity (40° to 60°; fig. S2) (20) and
consistent with the most frequent angle range
(48° to 54°) in the Hayabusa2 sampling sim-
ulations (21). We conclude that these particles
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Fig. 1. Hayabusa2 touchdown
locations and Ryugu surface
properties. (A) Global map of the
spectral slope, which is indicated
by the color bar, superimposed
on a v-band image map. The
spectral slope is measured
between the b-band (0.48 mm)
and the x-band (0.86 mm) (5, 6).
The white arrows indicate the
locations of the first touchdown
(TD1) and the second touchdown
(TD2). (B) Composite map of the
TD2 site, assembled from images
taken by a wide-angle optical
navigation camera (ONC-W1). Also
visible are the locations of a target
marker (arrow labeled TM) that
was used for spacecraft navigation
and the crater produced by the
SCI experiment (dotted arc, diame-
ter of ~18 m) (19). (C and D) Images
of the areas surrounding the TD1
and TD2 sites, respectively, taken
by another wide-angle optical
navigation camera (ONC-W2).
Examples of flattened boulders
and pebbles are indicated with
green arrows. Labels indicate type
1 and type 2 boulders, which have
rugged and smooth surfaces,
respectively (5). The SCI crater
(14) is visible (dotted ellipse) in
the image of the TD2 site. The
arch-like feature above the surface
in (C) is an artifact.
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are ejecta produced by the projectile impact.
The ejected particles identified near the rocket
coupling ring (an assembly used during the
spacecraft launch) were centimeter-sized (Fig. 3).
Centimeter-sized pebbles were also found in
proximity images of the TD1 site (6) and at
different surface locations observed by the
lander MASCOT (11) and the MINERVA-II
(Micro Nano Experimental Robot Vehicle for
Asteroid 2) Rover-1A (Fig. 2). The data from
MINERVA-II Rover-1A also showed centimeter-
sized particles that were disturbed by its hop
across the surface (Fig. 2D) (20). This suggests
that centimeter-sized pebbles, which do not
strongly adhere to larger cobbles and boulders,
are present over the surface of Ryugu.
We estimate the total mass of the three ejecta

particles observed in Fig. 3 as 0.3 to 3 g, assum-
ing spherical particles with a diameter of 0.5 to
1 cm and bulk density of ~2 g cm−3. If all the
ejecta particles in Fig. 3 (~20 in number) have
the same ejection velocity as the three par-
ticles observedmoving towardCAM-H, the total
amount of ejecta with an ejection velocity of
~1 m s−1 would be ~2 to 20 g. Numerical sim-
ulations of the Hayabusa2 sample process,
which assume a cohesionless granular bed
consisting of grains with an average diameter
of 0.5 cm, predicted that the total ejecta mass
is about an order of magnitude larger than
the mass of ejecta with a velocity of ~1 m s−1

(21). We therefore estimate the total ejecta
mass as 20 to 200 g. The simulations also
predicted that ~0.5% of the total ejecta par-
ticles are retained in the sample catcher,
which is located above the sampler horn (21).
This leads to an estimated total collected mass
of 0.1 to 1 g for TD1, which meets the 0.1-g
requirement for returned sample analysis
(1, 16). Laboratory experiments conducted
under Earth gravity by using 1-mm glass
spherules with little cohesion force showed
that 150 to 250 mg of samples can be collected
after projectile firing (fig. S1) (20), which was
expected to be increased up to an order of
magnitude under microgravity conditions
(16). Because the surface materials on Ryugu
are not strongly held to the surface by cohesive
forces (14), we regard this experiment as an
appropriate analog of the sample-collection
operation on Ryugu.
In the CAM-H images taken during TD2

(Fig. 3 and movies S2 and S3), dust-like ejecta
appear from beneath the sampler horn (Fig. 3),
followed by the ejection of numerous larger
particles, which is likely due to the projectile
firing. We interpret this dust as ejecta with
slow velocities or originating from deeper into
the surface that did not enter the sampler
horn. Three particles visible in Fig. 3 are ~1 to
2 cm in diameter, which suggests that loosely
packed, movable, centimeter-sized pebbles were
present at the TD2 location. The CAM-H images
suggest that the amount of material collected

during TD2was similar to the amount collected
during TD1.

Spacecraft ascent

CAM-H continued to take images of flying
particles during the ascent after the two land-
ing operations (Fig. 4). Flying particles are
visible as objects moving relative to the sur-
face in multiple sequential images (movies S1
and S2). Because no such flying particles were
observed during the spacecraft descent, we
interpret these particles as ejecta either due
to the projectile impact or lifted by the space-
craft thruster firing. Images from a wide-angle
optical navigation camera showed boulders
moving on the surface because of the thruster
operation during TD1 (6), so we infer that the
thruster triggered the ejection of most of the

pebbles as well. Numerous millimeter-sized
particles were also observed during the TD2
ascent operation (Fig. 4), which indicates the
presence of more small particles at the TD2
location than at the TD1 location, which were
presumably the SCI ejecta.
The flying pebbles show two morpholog-

ical types: rugged particles and particles
with smooth faces (Fig. 4 and fig. S4). These
two types are consistent with the morpho-
logical variations that were observed within
surface boulders observed by the spacecraft
(5) and the MASCOT lander (11). We deter-
mined the three-dimensional shapes of fly-
ing pebbles for those visible in multiple
two-dimensional projections (from different
angles) in the CAM-H images. We define L
and I as the maximum andminimum caliper
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Fig. 2. Pebbles and boulders observed on Ryugu’s surface. (A) ONC-W1 image taken 2 s before TD2.
Fine particles are visible (within the pink box, which measures ~20 by 20 cm) on the surface of a smooth
type 2 boulder (5). (B) Same area as shown in (A), taken during the ascent after TD2. The fine particles on
the smooth type 2 boulder were blown off by the thruster firing. (C) Image of the surface taken by the
MINERVA-II Rover-1A during its hopping operation on 2018 September 28. The shadow of the rover (~7 cm
long) is visible in the center of the image. Numerous decimeter- to centimeter-sized pebbles are visible.
Boulders with layered structure (pink boxes with layers indicated by dotted lines) are observed, along with a
boulder from which a flattened piece seems to be peeling (arrow in the white box). Both type 1 and
type 2 boulders are present in this region (labeled). (D) Image taken during a hop of MINERVA-II Rover-1A on
2018 October 16. Ejected centimeter-sized pebbles are visible within the white box.
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lengths—thedistancebetween twoparallel lines
tangential to the surface—of themaximum-area
projection of each particle and S as the smallest
dimension measured in the minimum-area
projection (fig. S5) (20, 22). The shortest axis

to longest axis (S/L) and intermediate axis to
longest axis (I/L) ratios of the particles (Fig. 4
and tables S1 and S2) show that there is a
fraction of elongated block-like flat particles
on the surface. The 67 particles have a bimodal

distribution centered at (S/L, I/L) of (0.53,
0.69) and (0.35, 0.48) (Fig. 5), which means
that two shape types are present in the pop-
ulation of surface pebbles, which we refer
to as “subequant” and “elongated block” (23).
Pebbles and small boulders with a shape that
is both elongated and flat are found at both
landing locations (Fig. 1). This suggests that
the bimodal distribution of pebble shapes
is indigenous to Ryugu’s surface. However,
because such a bimodal distribution is not
found for boulders larger than 5 m (24), we
conclude that this shape variation results
from boulder fragmentation or foliation (Fig.
2) (5). This elongated and flat morphology
is not typical among clasts (embedded frag-
ments) in carbonaceous chondrite meteor-
ites but is similar to the texture of clasts in
shocked hydrated carbonaceous chondrites
(25–28). Some of the latter show a high den-
sity of parallel fractures that formed because
of sudden volatile loss during the release of
shock pressure (28).
During the TD1 ascent operation, CAM-H

observed a centimeter-sized pebble that passed
between the camera and the rocket coupling
ring (Fig. 4, C and D). The pebble hit the
spacecraft; then 4 s later, a smaller particle
(~4 mm in size) appeared from the spacecraft
side (Fig. 4E). Because no other particles coming
from the spacecraft side were observed during
the TD1 and TD2 operations, the ~4-mm–
sized particle is likely to be a fragment of this
centimeter-sized pebble that resulted from its
impact with the spacecraft. The CAM-H images
from the ascending spacecraft (~1 m s−1) sug-
gest that the relative velocity of the pebble to
the spacecraft was ~0.1 m s−1. Because frag-
mentation of typical carbonaceous chondrite
material requires an impact velocity of >1 m s−1

(20, 29), this implies that the tensile strength of
the pebble is much lower than that of typical
chondrites (fig. S6) (17, 20). The highly porous
material identified on the surface (30) could be
of similar composition to the fragile pebble.
Alternatively, the pebble might have contained
a crack (or cracks), such as the one that was
observed on a boulder by the MINERVA-II
Rover-1A (Fig. 2).

Samples returned to Earth

Hayabusa2 left Ryugu in November 2019. On
6 December 2020, the reentry capsule contain-
ing the samples was delivered to Woomera,
South Australia. After transfer to a clean room,
the sample chambers were opened and found
to contain~5 g ofmaterial (31). This is ~50 times
more than the mission minimum requirement
of 0.1 g (1, 16). The samples recovered from
chamber A (24 cm3) of the sample catcher,
which was used for the storage of TD1 sam-
ples, weigh ~3 g. This mass is consistent with
the estimate above based on CAM-H images.
We therefore conclude that the sample in
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Fig. 3. CAM-H images of the TD1 and TD2 sample acquisition processes. (A to F) TD1 operation. The
lower left of each panel indicates the time t from projectile firing, ranging from −1 to +4 s. Ejecta particles are
visible after t = 0. A reflection plate for a laser range finder (23 mm by 23 mm) on the sampler horn
and the rim of the rocket coupling ring (4 mm; distance between arrows) are labeled as size references.
The white arrows in (D) and (E) indicate the same group of particles moving toward CAM-H. (G to
L) Equivalent images of TD2. Three particles, indicated with white arrows in (J), are also seen as mirror
images reflected on the rocket coupling ring (red arrows).
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chamber A was lifted by the projectile firing,
which worked efficiently to collect asteroid
surface regolith. This is unlike the particles
returned from the asteroid Itokawa by the
original Hayabusa spacecraft, as its projec-
tile failed to fire, which complicated in-
terpretation of the samples (2). Chamber C
(12 cm3) of the sample catcher, which was
used for samples from TD2, contained ~2 g.
This is also consistent with the estimate
above from the CAM-H images, which sug-
gests that chamber C samples are also the
ejecta from the projectile firing. Unlike TD1,
the TD2 sample likely includes material from
the subsurface that was excavated by the SCI
impact.
We compare the properties of the returned

particles to the constraints derived above from
the sample collection images. In both chambers

of the sample container, millimeter-sized sand
andnearly centimeter-sizedpebbleswere found,
alongwith submillimeter-sized fine powder. The
grain size variation is consistent with expec-
tations derived from the surface observation by
the MASCOT lander (11), MINERVA-II rovers,
Hayabusa2 cameras (Figs. 2 to 4), and polari-
metric observations from Earth (32). All the
particles in the two chambers appeared black
(Fig. 6), which is consistent with the color and
albedo of Ryugu’s boulders (5, 6). The sizes of
the collected particles are consistent with the
ejecta observed during each landing operation
(Fig. 3). The largest grains from chamber A are
~5 mm in size, whereas there are three pebbles
larger than 5 mm from chamber C (Fig. 6 and
table S3). The longest dimension of the largest
pebble in chamber C is 10.3 mm, which is close
to the maximum size obtainable by the Hay-

abusa2 sampler (16, 21). The presence of these
large pebbles in chamber C, despite the smaller
total mass, can be explained either by projectile
destruction of a larger rock or the scoop-up
component of the sampler horn, which was
designed to pick up surface pebbles (16).
Millimeter-sized fine grains and submillimeter-
sized sand particles were also found in cham-
ber C, which are likely to include subsurface
material, as observed on a boulder (Fig. 2A).
Chamber B, which was not used for either
landing operation, is located between chambers
A and C. A small number of fine particles
(smaller than 1 mm)were found in this cham-
ber. This shows that no extensive mixing of
particles occurred through the gaps between
the chambers during the return to Earth or
capsule recovery (16). We are therefore confi-
dent that the pebbles and sand in chambers A
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Fig. 4. CAM-H images of flying particles during the ascent operations. (A) Particle with smooth faces
indicated with a white arrow. (B) Rugged particle indicated with a white circle. (C and D) Flat particle (white
circle) and particle that appears to have hit the spacecraft (blue arrow). (E) Particle coming from the
spacecraft side indicated with a blue arrow. Its mirror image is seen on the rocket coupling ring (red arrow).
The particle’s direction of movement is shown with a white dotted arrow. (F) Millimeter-sized particles
(within the yellow box) observed after TD2. Movies S1 and S2 show the full footage of these operations, in
which the particle movements are visible. (A) to (E) are from TD1, and (F) is from TD2.

Fig. 5. Shape parameters of flying particles
observed during touchdown operations and par-
ticles returned to Earth. (A) Properties of
particles observed during TD1 and TD2 operations.
S/L is the ratio of the shortest axis to the longest
axis, and I/L is the ratio of the intermediate axis to
the longest axis (25). Contours indicate the proba-
bility distribution function of 67 particles, assuming
a bimodal distribution (25). (B) Properties of
returned samples, six particles each from chambers
A and C (25), overlain on the same contours from
(A). The distribution is similar. Data for all the
particles in both panels are listed in tables S1 to S3.
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and C are the samples acquired in the TD1
and TD2 operations, respectively.
More than 200 pebbles (1 to 10 mm in size)

from chambers A and C were individually re-
moved and observed under an optical micro-
scope (Fig. 6). Thesepebbles showmorphological
variations: Grains with rugged surface and with
smooth surfaces are observed (Fig. 6), which
is consistent with the flying pebbles observed
during the TD1 and TD2 operations. Although
only a few particles have been measured, the
elongated block-like pebbles in the collected

sample (Fig. 6) have S/L and I/L ratios (Fig. 5B)
that are consistent with those of the flying par-
ticles observed at Ryugu (Fig. 5A).
Many returned particles feature curved and

straight cracks. Pebbles with a smooth surface
could be fragments of particles with straight
cracks, possibly formed by shock or thermal
fatigue (33). The common presence of cracks
in returned pebbles implies that the small
thermal inertia of surface boulders (12, 13) is
probably due, at least in part, to cracks or
fractures in their interior. Microcracks or
microporosity could also be responsible for
the low thermal inertia.
The color, shape, surface morphology, and

structure of the returned pebbles and sand
match those of Ryugu’s surface material ob-
served from the spacecraft. We therefore con-
clude that thepebbles and sand inside chambers
A and C are representative samples of Ryugu at
two surface sites, without substantial alteration
during the sample collection and return to
Earth. The variations in physical properties
among the pebbles and sand, which were
not expected before spacecraft arrival at the
asteroid, reflect the geological history of
Ryugu (1).
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Fig. 6. Microscope images of particles returned
to Earth inside the sample container. Particles
cataloged as A0008, A0019, A0046, A0048, A0069,
and A0083 are from chamber A of the sample
container used for TD1. C0002, C0004, C0013,
C0019, C0028, and C0055 are from chamber C of
the sample container used for TD2. The particles
A0008, A0019, A0069, A0083, and C0002 have
rugged surfaces, whereas A0046 and C0019 have
smooth surfaces. The particles A0048, C0028, and
C0055 show elongated blocklike morphologies.
Particles were mounted on individual sample hold-
ers in a nitrogen atmosphere and are lit from the left
and right simultaneously.
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