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General Characteristics of Ryugu

3

• Top shape (Watanabe+2019, Sugita+2019)

• Rubble pile
• High abundance of large boulders (Sugita+2019) 
• Low r (1.19 g/cm3) and high porosity (>50%) (Watanabe+2019) 

• Consistent with thermally metamorphosed CM/CI.
• Extremely low reflectance  (1.9% in VIS-NIR) (Sugita+2019, Kitazato+ 2019) 
• Flat spectra w/o strong 0.7µm absorption band (Cb type) (Sugita+2019)
• Weak but significant OH band (Kitazato+2019)

Ryugu’s surface, but insteadmay be the result of
a well-mixed surface.
No regolith-covered surface on Ryugu exhibits

a strong 0.7-mm 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, whichmay have contributed to the depletion
in 0.7-mm 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 × 106 years) of 10-m craters,
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Fig. 3. Multiband colors of Ryugu’s surface. (A) Comparison between
disk-averaged spectra (lines with squares, normalized at 0.55 mm) 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 mm) of

Jbilet Winselwan was measured at 30°, 0°, 30° with the spectrometer
system at Tohoku University (57). The rest of meteorite spectra are from
(58). (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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Thermally metamorphosed CM/CI

Sugita+2019

have been found to exhibit absorption features
that may be attributable to H2O frost (22, 23),
H2O-bearingminerals (24), or NH4-bearing phyl-
losilicates (20, 21) in the NIRS3 wavelength
range. A decrease in reflectance values at 3 mm
can be produced in the NIRS3 data by over-
estimating the surface temperatures during ther-
mal correction, and it is also possible to mask a
weak 3-mm feature if the thermal contribution
is underestimated. Nevertheless, a 3-mm feature
is expected to be detectable in the radiance data
if it were similar to that found on other asteroids.
There are no published meteorite samples

whose reflectance spectra perfectly match those
of Ryugu at visible toNIRwavelengths. However,
spectra of thermally metamorphosed CI chon-
drites and shocked CM chondrites are similar,
in brightness and shape, to those of Ryugu at
NIR wavelengths. Laboratory spectra of samples
taken from the Ivunameteorite (classified as CI1)
heated to 500°C and fromMET 01072 (classified
as shocked CM2) are darker than unaltered car-
bonaceous chondrites, flat, and yet retain a weak
2.72-mm feature (Fig. 3). These meteorite data
suggest that thermal alteration processes, such
as partial dehydration and decomposition of hy-
dratedminerals induced by static or shock heat-
ing, can act to darken hydrated carbonaceous
chondrites. Such processes are consistent with
current interpretations of Ryugu’s formation
history (11). The low bulk density (~1.2 g cm−3) of
Ryugu suggests that it is a rubble-pile asteroid
formed by a collisional event with a parent body
(25), thus it is likely to have experienced shock
and postshock heating that could lead to darken-
ing, dehydration, and dehydroxylation. However,
it is also possible that the weak OH absorption
occurs because the degree of aqueous alteration
on Ryugu was never extensive, perhaps owing to
low water-to-rock ratios or slow and/or incom-
plete hydration reactions on the parent body.
Alternatively, it has been suggested that Ryugu’s

orbit might have had shorter perihelion dis-
tances in the past, a characteristic that would

have increased radiative heating from the Sun
(26) and altered the mineralogy of the upper-
most surface. Similarly, the surface of Ryugu has
experienced solar-wind irradiation and micro-
meteorite impacts (space weathering), which can
alter surface composition and spectral prop-
erties. Laboratory experiments suggest that space
weathering can destroy OH bonds, causing the
reduction or disappearance of a 2.72-mm feature
(27), a process that may explain the uniformly
weak OH signature observed in NIRS3 data.
These processes—solar radiative heating and space
weathering—represent near-surface phenomena
that continue to operate onRyugu today, whereas
the other interpretations for the apparent low-
hydration state represent inherent chemical and
mineralogical attributes of the asteroid resulting
from its early geological history.
Reflectance spectra of Ryugu differ from the

heated Ivuna and MET 01072 meteorite samples
at visible wavelengths (Fig. 3). This may be due
to effects of space weathering or physical prop-
erties that could preferentially affect shorter
wavelengths. Laboratory experiments show that
reflectance spectra of some ion-irradiated CI
and CM chondrites tend to increase in brightness
at visible wavelengths (27). Moreover, there are
differences in particle size and, likely, porosity
between the meteorite samples and Ryugu’s sur-
face materials. For CM chondrite–like materials,
an increase in the average particle size of a
powdered sample results in spectra with more-
positive slope and lower reflectance values, as
well as an increase in band depth values of
diagnostic absorption bands (28). With increas-
ing porosity, overall reflectance decreases (28).
Despite these differences, hydrated carbonaceous
chondrites that have been metamorphosed by
thermal and/or shock processes are the best
available spectral matches to the NIRS3 data,
so Ryugu may be analogous in composition.
Another possible spectral analog is the inter-

planetary dust particle (IDP). IDPs are known
to be darker thanCVmeteorite samples and have

featureless reflectance spectra between 0.4 and
1.0 mm (29). However, no published reflectance
spectra of IDPs span the NIRS3 wavelength
range and therefore a direct comparison cannot
be made. In this scenario, and if the spectral
properties observed by NIRS3 are indicative of
the bulk asteroid, then Ryugu may consist of
carbon-rich, partially hydrated, possibly comet-like
material that is darker than common aqueously
altered carbonaceous chondrites. If Ryugu is
indeed such a carbon-rich body, then nonlinear
masking effects induced by carbonaceous material
(30) may result in an underestimation of the
relative abundance of phyllosilicates and the
degree of aqueous alteration based on the ap-
parent weak 2.72-mm feature.
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Fig. 3. Comparison of Ryugu with meteorite spectra. (A) Globally averaged NIRS3 spectrum of
Ryugu compared with laboratory spectra of meteorite samples: Ivuna (CI1), Cold Bokkeveld
(CM2), MET 01072 (shocked CM2), and Allende (CV3). Details and references for the meteorite
spectra are listed in table S1. A ground-based visible and NIR spectrum of Ryugu (6) is also
plotted. (B) Enlargement of the NIRS3 wavelength range in (A).
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0.9 km

The average boulder size on Ryugu is ~ 3m (Sugita+2019 Sci)
Much larger than ~cm expected from pre-arrival thermal inertia observation 

150-300s Jm−2s−0.5K−1 (Müller+2017A&A)



Thermal properties of Ryugu
• Thermal inertia is ~300 Jm−2s−0.5K−1

Consistent with ~cm size pebbles. 
(Sugita+2019 Science, Okada+2020 Nature, Shimaki+2020 Icarus)

• No significant difference in thermal inertia 
between regolith and boulders. 

• There are “cold boulders”(i.e., low 
porosity). But they are extremely rare 
(Okada+2020 Nature).

• ~300 Jm−2s−0.5K−1 leads to 0.2-0.28 MPa of 
tensile strength (Grott+2019)

=> Ryugu is made of large high-porosity
boulders. 

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-

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 theMurchisonmeteorite 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 bymaterials that experienced
similar degrees of dehydration.
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AFig. 5. Colors of surface features on Ryugu.
Colors measured from ONC-T images are
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
(58)], Murchison (CM2) samples with
heating [black line (58)] and laser irradiation
[light green (59) and gray lines (58)], and
heated Ivuna (CI) 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
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-mm absorption, flat spectra, and spectra with deep ultraviolet absorption) in this PC space.

8 10 12 14 16 18 20

26
0

30
0

34
0

38
0

8 10 12 14 16 18 20

TI = 200
TI = 200  (shifted)
TI = 600
TI = 600  (shifted)

Te
m

pe
ra

tu
re

 (
K

)

Local Time (hr)

G H

A B

C D

E F

G H

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_l2). (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−2 s−0.5 K−1, 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_l2b). Surface area (open circle) not covered
with regolith was chosen for temperature analysis. (F) As in (E), but for a

boulder at (20.9°S, 27.8°E) (hyb2_onc_20180801_174157_tvf_l2b). (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−2 K−1 s−0.5 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−2 K−1 s−0.5. (H) Same
as (G), but for the location indicated by the circle in (F).
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carbonaceous chondrites6). The surface of Ryugu is dominated by 
highly porous boulders, except for some dense boulders similar to 
carbonaceous chondrite meteorites. This is consistent with the images 
taken by the camera MASCam22 on MASCOT showing that a large major-
ity of boulders have cauliflower-like crumbly surfaces, while a minority 
have flat surfaces.

The average thermal inertia is consistent with that of 282−35
+93  tiu 

derived from in situ measurements of a single boulder using the radi-
ometer MARA23 on MASCOT, and is also consistent with terrestrial and 
space remote observations11. The boulder observed by MARA seems 
to be typical for boulders distributed globally on Ryugu. Such highly 
porous boulders should have a microporosity φµ of 30–50% under 
vacuum conditions23–25.

Accounting for the asteroid’s bulk density, Ryugu must have a bulk 
porosity φb of 50–60%, assuming it consists of materials like those of 
CI or CM chondrites, respectively12. The macroporosity φm caused 
by voids between rocks, defined as φm = 1 – (1 − φb)/(1 − φµ), should 
be below 20% for a φµ of 50%, or 30–40% for a φµ of 30%, and so we 
conclude that Ryugu is a loosely packed rubble pile asteroid made of 
porous materials formed under microgravity conditions. A trend for 
small asteroids to have lower thermal inertia than typical carbonaceous 
chondrites26 might be caused not by fine regolith (as predicted) but 
by porous boulders. A similarly low thermal inertia of about 300 tiu 
was also reported for the B-type asteroid 101955 Bennu explored by 
the OSIRIS-REx mission27.

These facts might constrain the formation history of Ryugu pro-
posed in the previous study13. Ryugu could be formed from fragments 
of a parent body that experienced a low degree of consolidation of 
originally porous materials. This work provides evidence that C-type 
asteroids may have a less consolidated nature, formed from fluffy dust 
or pebbles in the early Solar System. This discovery also implies that 
large asteroids in the main belt with high porosity9 could have formed 
in a similar way; such asteroids are very common among the C-type 
asteroids. Moreover, those less consolidated materials might have low 

mechanical strength, causing breakup of C-type meteoroids (fragments 
of asteroids) during atmospheric entry. This might be why their spectra 
did not match perfectly with meteorite samples on the Earth13,14. Dense 
boulders might be formed within a consolidated inner core of the parent 
body, or might have an exogenic origin (they might be surviving frag-
ments of meteoritic impacts). These C-type asteroids might share their 
highly porous nature with planetesimals that formed from fluffy dust10 
in the early Solar System and could have strongly affected planetary 
formation processes such as cratering and collisional fragmentation 
by attenuating shock propagation9. The possibility still cannot be ruled 
out that Ryugu’s low thermal inertia and low density arise from surface 
materials different from carbonaceous chondrites, such as the organic-
rich material discovered on comet 67P/Churymov-Gerasimenko28. This 
question will, however, be resolved upon sample return.

Online content
Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code 
availability are available at https://doi.org/10.1038/s41586-020-2102-6.
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Fig. 4 | Cold spots discovered in the close-up thermal images. a, A close-up 
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image at 13:44:20 UTC at an altitude of 21.9 m. d, The temperature profile along 
the yellow line in panel c, showing the ‘cold spot’. The surface is covered with 
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boulders are colder by more than 20 K, indicating dense and consolidated 
boulders with higher thermal inertia. Scale bars: 5 m in a, 1 m in c.
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MASCOT’s in situ measurements!

• Morphologies are similar between sub-mm-scale and m-scale images
• Lot of mm-scale inclusions in boulders => No thick dust layer!

Jaumann+2019
Science

Grott+2019 Nat Ast

w/t dust layer

w/o dust layer

Thermal Infrared obs.

Day time Night time



Breccias on Ryugu

Sugita et al. (2019)

An S-type clast is adhered to substrate boulder.
S-type materials are exogenous

↓
Brecciation must have continued until large impact (s) ~Byrs

↓
Many breccias may have formed!

This could be a cause for the low thermal inertia on Ryugu.

1㻤 

Figure S13. Spatial distribution of 0.55-µm reflectance on Ryugu. The 0.55-µm (v-band) 
reflectance measured under the standard condition (i, e, a) = (30°, 0°, 30°) are shown. Here, i, e, 
and a are incidence, emission, and solar phase angles. (A) Comparison of v-band reflectance 
histograms between an eastern region from 300° to 60° in longitude and between ±70° in latitudes 
and a western region from 120° to 240° in longitude and between ±70° in latitudes, showing the 
difference in the average of v-band reflectance within the two regions is on the order of the 
standard deviation V of their distribution. (B) The v-band reflectance averaged over latitudes 
between ±70° as a function of longitude. The latitude-averaged v-band reflectance is 
systematically higher at longitudes from 120° to 240° than the outside this region, supporting the 
presence of a longitudinal dichotomy in albedo.  

Figure S14. Close-up observation results of Ryugu surfaces. (A) Comparison of the size 
distribution of small (D ���� m) boulders between the equatorial ridge observed during gravity-
measurement descent to 0.9 km (blue) and outside the ridge during MINERVA-II deployment 
descent to 67 m (red). The black line is D-2.5. (B) A small boulder with angular fragments with 
slightly different brightness (bottom) near MASCOT landing site (6 mm/pix).   

A B 

A B 

1 m 
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Conclusions
• Ryuguʼs spectral properties are consistent with thermally metamorphosed 

carbonaceous chondrites.

• Bulk density 1.19 g/cc is much lower than any carbonaceous chondrites.
➡ High porosity >50%

• A great gap between grain size (~cm) estimated from thermal inertia and 
actual average grain size (~3 m).
➡ Ryugu is covered with large high-porosity boulders. 

• No thick dust layer on boulders.
➡ Boulder bulk thermal inertia must be low. 

• Many pieces of evidence for breccia on Ryugu.

• Breccia structure may be a significant cause for Ryuguʼs low thermal inertia.

➡ Breccia structure may be an important factor to consider for planetary 
defense of low-albedo asteroids. 



Bright boulders (BBs) on Ryugu and Bennu
• Ryugu is uniformly dark. (Sugita+2019 Science).
• Tatsumi+(2021 Nat. Geo) found 21 BBs. Most have C-type spectra; some have S-type spectra.
• S-type BBs are likely exogenic but too large to accrete on Ryugu after becoming current size.

9

Ryugu Average

S-type  Bright boulder

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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➔ S-type BBs are probably fragments
from impactor(s) to Ryuguʼs parent body. 
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We discovered six unusually bright 
boulders >1.5 m in diameter on the 
surface of Bennu (Fig. 1) in images 
acquired by the OSIRIS-REx Camera 
Suite (OCAMS) [10]. These boulders are 
observed in the equatorial to southern 
latitudes; some are found in clusters, 
whereas others are more distributed (Fig. 
2a). 
 
The bright boulders exhibit extremely 
different albedos than the bulk of the 
asteroid’s surface, which has an average 
albedo of 4.4% [11, 12]. The global 
albedo distribution based on data from 
the OCAMS MapCam imager is unimodal 
at centimeter scales; however, these 
boulders are outliers at 13σ to 40σ above 
the mean (Fig. 2b; Extended Data Fig. 1). 
Furthermore, MapCam colour images 
show that the 0.70/0.85 μm band ratio of 
these boulders is distinct from that of the 
global average spectrum of Bennu (Fig. 
2b). The band ratio suggests the presence 
of an absorption feature beyond 0.85 μm 
and is consistent with the presence of 
mafic minerals, such as pyroxene or 
olivine. The substantial albedo and colour 
deviation of this population of boulders, 

as well as their rarity, suggests a separate 
provenance from the rest of Bennu’s 
regolith. 
 
Spectra collected by the OSIRIS-REx 
Visible and InfraRed Spectrometer [13] 
show that these six bright boulders contain 
pyroxene (Fig. 2c). Pyroxene is a major 
rock-forming mineral in planetary 
materials, and numerous studies have 
quantitatively linked pyroxene 
compositions with spectral properties in 
the visible and near infrared [14,15,16,17]. 

Pyroxenes can crystallize in different systems (monoclinic clinopyroxenes and orthorhombic 
orthopyroxenes) and with differing calcium cation chemistry. These factors influence the absorption 
bands I and II—near 1 and 2 μm—and yield a systematic relationship between orthopyroxenes and 
clinopyroxenes of varying composition [14,15,18]. The bright boulders studied here have band I 
centers that range from ~1.02 to 1.05 μm and band II centers from ~1.95 to 2 μm (Fig. 3a). 

Figure 1 | In OCAMS images, six unusually bright boulders exhibit a 
variety of textures. a, The boulder at Site 1 appears relatively fine-grained 
with a flat, planar, exposed face. b-c, Sites 2 and 3 have more angular and 
hummocky bright boulders that show potential layering. d, Whereas the 
bright boulders in other panels seem to be resting on the surface of the 
asteroid, Site 4 includes two bright pyroxene-bearing clasts that appear 
embedded within a large boulder whose albedo is similar to Bennu’s 
average. e-f, The boulders at Sites 5 and 6 have variable albedos that 
change across their faces. The diffuse appearance may result from 
variable illumination caused by the texture of the boulder faces or be due 
to a layer of fine low-albedo dust coating the boulders. 
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