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Summary Paragraph (201 words excluding references)

(162173) Ryugu and other rubble-pile asteroids are likely re-accumulated
fragments of much larger parent bodies that were disrupted by impacts. However,
the collisional and orbital pathways from the original parent bodies to sub-
kilometer rubble-pile asteroids are not yet well understood [1,2,3]. Here, we use
Hayabusa2 observations to show that some of the bright boulders on the dark,
carbonaceous (“C-type”) asteroid Ryugu [4] are remnants of an impactor with a
different composition as well as an anomalous portion of its parent body. The
bright boulders on Ryugu can be classified into two spectral groups: most are
featureless and similar to Ryugu’s average spectrum [4,5], while others show
distinct compositional signatures consistent with ordinary chondrites—a class of
meteorites that originate from anhydrous-silicate-rich asteroids [6]. The observed
anhydrous silicate-like material is likely the result of collisional mixing between
Ryugu’s parent body and one or multiple anhydrous-silicate-rich asteroid(s)
before and during Ryugu’s formation. In addition, the bright boulders with
featureless spectra and less ultraviolet upturn are consistent with thermal
metamorphism of carbonaceous meteorites [7,8]. They might sample a different
thermal-metamorphosed regions, which the returned sample will allow us to
verify. Hence, the bright boulders on Ryugu provide new insights into the
collisional evolution and accumulation of sub-kilometer rubble-pile asteroids.

Main text (1793 words excluding references)

The near-Earth asteroids, Itokawa, Bennu, and Ryugu are rubble-pile asteroids that
were formed by the gravitational re-accumulation of rock fragments made by collisional
disruption of their parent body [1,2,3]. Asteroids are classified in two main spectral
groups: 1) S-types, which are suggested to be composed of anhydrous-silicate-rich
materials, and 2) C-types, which contain more carbon and hydrated minerals [9]. The
delivery of organics and volatiles from the main asteroid belt has been hypothesized to
explain the presence of the oceans and life on the Earth [10,11]. However, the
transformation and mixture of materials from the main belt to the Earth crossing orbits
is not well understood. Studies of exogenic matter on asteroids can provide some insight
on the characteristics of catastrophic disruption of individual asteroids, such as projectile
types and impact conditions. Here we report the discovery of bright boulders and discuss
the implications on the history of material mixing on Ryugu.

JAXA’s Hayabusa2 spacecraft started its investigation of (162173) Ryugu in June
2018 [2]. The initial global observations of Ryugu with the telescopic optical navigation
camera ONC-T with seven broad band filters ranging from 0.40 to 0.95 um have revealed
that Ryugu’s surface is uniformly dark (the geometric albedo is 4.5% at 0.55 pm)
suggesting a thermally metamorphosed carbonaceous chondrite composition [4].
Similarly, Ryugu’s near-infrared spectra are uniformly flat and low in reflectance with a
weak absorption at 2.7 pm corresponding to a hydroxyl absorption, which is also
consistent with heated carbonaceous chondrites [5]. After the initial global observations
of Ryugu, Hayabusa2 conducted several high-resolution observations during proximity
operations. As the spacecraft approached the surface, we resolved smaller structures in
the ONC-T images, discovering numerous bright boulders at smaller scale (Fig. 1 and
Extended Figure 1). Because of the uniformly dark nature of Ryugu, anomalous bright
boulders on the surface are potentially exogenic material, which were first reported in
the initial observations [4]. Because mostly they are smaller than 10 m, however, spectral
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characterizations have not been previously conducted and their compositions were not
discussed in the initial analyses.

We identified bright boulders as areas with peak normal albedo values >1.5 times
brighter than Ryugu'’s globally averaged albedo, which corresponds to a peak normal
albedo of >6.8% [Method 1], while the standard deviation in normal albedo is 4.1 - 5.0%.
Bright boulders in high-resolution images exhibit inhomogeneous surface brightness (Fig.
1). The presence of fine dust covering the brighter layer, as observed during the touch-
down operations [12], or different degree of space weathering [13] on different boulder
parts due to possible motion and cracking could explain the variability in surface
brightness. Figure 1(e) shows the cumulative size distribution of the bright boulders
found in high-resolution images (down to 6 mm/pix) taken during the rover MINERVA-
Il deployment operation. The size distribution of boulders is expressed as N(> D) o« D~%,
where D is the boulder diameter and « is the power-law index. The power-law index a >
2 is estimated for the bright boulders in each image [Extended Figure 7], which is similar
to the entire boulder distribution in the same images [14]. The power-law index of ¢ > 2
is compatible with laboratory impact fragments, suggesting that the bright boulders were
produced by catastrophic disruption rather than cratering [15]. The ratio between the
distribution of bright boulders and all boulders including bright boulders [14] suggests a
surface area ratio for bright boulders of ~0.03 - 1% [Method 2].

Using ONC-T multiband images taken on 3 to 4 October 2018 at an altitude of ~3 km
(~0.3 m/pixel), the visible spectra of 21 bright boulders (M1 - M21) are examined
[Extended Figure 2]. The spectra of bright boulders are classified into two groups
depending on the presence or absence of an absorption towards 1 pm [Supplementary
Information], which is indicative of the presence of silicates; Six out of 21 bright boulders
show the mafic-silicate-like absorption (S-type bright boulders; Fig. 2), while the rest are
featureless at 1 um (C- or X-type bright boulders) [16]. The majority of bright boulders
have featureless spectral shapes categorized into C/X-types. The spectral trend is
continuous with the global spectra of Ryugu, suggesting that C/X-type bright boulders
may not be exogenous but an original constituent of Ryugu or its parent body, despite the
higher than average albedo. All the C/X-type bright boulders have less upturn towards ul
band (0.40 um), while the average spectrum shows strong upturn in shorter wavelengths.
Because the visible to near-infrared spectrum of Ryugu suggests compatibility with
thermally metamorphosed carbonaceous chondrites [4,5], [t is important to discuss if the
spectral variety in C/X-type bright boulders can be explained by an endogenic process.
The spectral shapes of the C/X-type bright boulders are compared with laboratory
heating experiments on the hydrated carbonaceous chondrites Murchison and Ivuna
[7,8] (Fig. 3). Comparisons are made in the spectral slope from 0.55 to 0.86 um and the
degree of upturn in ultraviolet (UV index) space. During the heating of hydrous
carbonaceous chondrites, the UV index first increases until 600 - 700 °C. This is due to
the decomposition of hydrated phases and carbonization/graphitization of carbonaceous
material. The UV index then decreases by formation of Fe-bearing secondary olivine and
small FeNi metal particles and a decrease in carbon abundance by oxidation [17,18].
These spectral characteristics suggest a possible connection between the different
spectral features of bright boulders and different degrees of thermal metamorphism.
More specifically, the overall direction and range of spectral variation observed among
C/X-type bright boulders in the UV-index/spectral slope space can be reproduced by
those heating experiments. It is noted, however, that specific meteorite types or
metamorphism temperatures cannot be determined solely based on the spectra. The C/X-
type bright boulders may have experienced different thermal histories in the parent body
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through heating by decay of short-lived radionuclide 2°Al [19] or/and impact [4]. Those
C/X-type bright boulders could be sampled from different parts of the parent body during
its catastrophic disruption and subsequent re-accumulations. The returned sample
analyses will provide us strong constraints on this senario.

The normal albedos of S-type bright boulders range between 9 - 22%, while those of
C/X-type bright boulders range between 5 - 10% [Extended Figure 6]. The average
geometric albedo of S-type asteroids is 22.3 * 7.3% and that of V-types is 36.2 £ 10.0%
[20], supporting the designation that S-type bright boulders are similar to S-type
asteroids regarding albedo. Large difference in spectrum and albedo suggest the S-type
bright boulders are exogeneous material. The spectra of S-type bright boulders overlap
with both ordinary chondrite (OC) and Howardite-Eucrite-Diogenite meteorite (HED)
spectra. Furthermore, because both HEDs and OCs display a wide range of spectral
variations in this visible color range, near-infrared spectral information is necessary for
placing compositional constraints on them. Although near-infrared spectrometer NIRS3
also observed the S-type bright boulders, due to the larger footprint compared with the
size of the bright boulders, we examined linear mixture of meteorite spectra with the
average spectrum of Ryugu to compare meteorite spectra with the NIRS3 observations.
The mixture is comprised of 99% the average Ryugu spectrum and 1% of the meteorite
spectrum to mimic the footprint area covered by the bright boulder. To clarify any
absorption caused by the bright boulders, the spectrum including the bright boulder is
normalized by the spectrum of an adjacent area. After this normalization, the 2-pm band
depth is measured [Method 3]. The linearly mixed spectra with HEDs display a 2-pm
feature with a 2.5 + 1.0% absorption, while the mixed spectra with the OCs display a 2-
um feature with 0.6 + 0.3% absorption (Fig. 4). The bright boulders’ band characteristics
are consistent with either OCs or HEDs, although bright boulders do not present a strong
2 um band absorption. Considering the albedo values and the small or no 2-um band
absorption, they are more spectrally similar to olivine-rich OCs. Those S-type bright
boulders could originate from S-type asteroids, because S-type asteroids are the most
abundant in the inner asteroid main belt [21] where Ryugu may have originated [22].
Moreover, more than half of the Nysa-Polana complex, which is Ryugu’s likely source
family [4], is populated by S-type members with similar orbital elements to C-type
members [23]. Thus, the collisional mixture between C- and S-type asteroids inside the
Nysa-Polana complex is highly likely.

Possible origins for the S-type exogenous materials on Ryugu are: 1) they are
remnants from the collision at the origin of Ryugu between its parent body and
anhydrous-silicate-rich asteroid(s) in the main belt, or 2) they landed at small relative
velocity during Ryugu’s subsequent orbital evolution. To examine the probability of these
hypotheses, comparisons are made with the impact statistical estimates. Four to six S-
type bright boulders >0.5 m in diameter have been found in the search area, covering
~40% of the entire surface. For an OC-like boulder to land on the surface without
disruption requires the collision speed < 0.2 km/s [Method 4]. For 10 to 15 projectiles
>0.5 m in diameter to collide Ryugu at <0.2 km/s , 10000 - 15000 of similar-sized
asteroids including 2 - 8 projectiles 23 - 28 m in diameter would also hit Ryugu. This
estimate is based on the mean impact velocity distribution between the main-belt
asteroids [24] and the exponent of -2.55 for the cumulative size distribution of main-belt
asteroids [25]. A projectile of 23 — 28 m is about the critical size of an impactor to disrupt
Ryugu catastrophically (assuming the catastrophic disruption threshold, which is the
specific energy required to disperse the targets into pieces smaller than the half mass of
the original mass, Qp*~800 ]J/kg, [26]). The soft landing (e.g., <0.2 km/s) of several meter-
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sized objects, during which the impactor does not break up, is much less frequent than
the collision of 25-m-sized objects, which would catastrophically disrupt a 1-km body.
Thus, all the S-type bright boulders cannot be accreted on Ryugu'’s surface well after the
asteroid was formed; they had to be incorporated in Ryugu’s parent body during its
catastrophic disruption or before. Furthermore, for a fixed impact speed, a catastrophic
disruption event of a larger body involves a larger fraction of projectile, which favors
survived exogenic materials since the projectile/target mass ratio of a catastrophic
disruption event is larger (i.e., a larger Qp") for a larger target [26].

Overall, the bright boulders with different spectral types might constitute a witness
of the collision between the parent body of Ryugu and one or multiple anhydrous-silicate-
rich asteroid(s) that led to the formation of Ryugu. Even though several similarities have
been discussed between Ryugu and Bennu, such as the region of origin in the main belt
[24,27], albedo, and thermal inertia [3,4], the discovery that many of bright boulders on
Bennu and Ryugu with anhydrous spectra exhibit different strengths in the 2-pm band
absorption [28] indicates that Ryugu has gone through a collisional evolution track
different from that of Bennu and perhaps also has a different original parent body. The
possible minor presence of bright materials in returned sample may provide a key to
reveal Ryugu’s orbital and collisional evolution history.
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Main figure legends
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igure 1. Bright boulders observed by ONC-T. (a) hyb2_onc_20190221_215938 (10
mm/pixel), (b) hyb2_onc_20190221_215222 (13 mm/pixel), (c)
hyb2_onc_20190221_213610 (25 mm/pixel), (d) The largest bright boulder (M6) during
the SCI deployment operation: 07902_20190420130002 (48 mm/pixel). (e) Cumulative
size distribution N(>D) of bright boulders (BB) from different image resolutions (dashed
lines) compared with that of general boulders (dotted) in [14] during the MINERVA-II
deployment operation. Same color plots are derived from the same image. The gray
dashed lines indicate the power law fits to the boulder counts. The cumulative size
distribution power-index @ > 2 is consistent with that of the size distribution of

fragments produced by catastrophic disruption [SM2].
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Figure 2. Visible spectral variety of S-type bright boulders. (a) Spectra of the S-type
bright boulders normalized at 0.55 um. They are offset by 1 for clarity. (b) Visible spectral
slope (0.40 pm (ul) to 0.95 pum (p)) and PC2’ diagram used for classification of the bright
boulder spectra [Supplementary Information]. The index PC2’ was defined from the
principal component analysis on the main belt asteroids indicating an absorption
towards 1 pum [16]. S-type bright boulders have positive PC2’ values representing the
absorption towards 1 pm. Color comparison of bright boulders (S-types: red diamonds,
C/X-types: yellow squares) with taxonomy classes [16] (black dots) and laboratory
measured meteorite spectra (OCs: blue dots, HEDs: light blue dots, and carbonaceous
chondrites: gray dots) [Supplementary Information] are also shown in this space.
Meteorite samples are distributed over alarge area. S-type bright boulders are well inside
of these HED and OC meteorite distributions.

Accepted manuscript by Nature Astronomy 10



0.8
—e— Heated Ivuna
unhiated
—e— Heated Murchison
0.6 -
& 0.41
3
S~
—
3
IS 0.2 1
(U] unheated
X
S
$ 0.0
—-0.2 1 700degC
_0.4 T T T T T
-0.4 -0.3 -0.2 -0.1 0.0 0.1

UV index

Figure 3. Visible spectral variety of C/X-type bright boulders. C/X-type bright
boulders (black diamonds) compared with the heating experiments on carbonaceous
chondrites (Ivuna: blue and Murchison: red) [7, 8] in the spectral slope from 0.55 to 0.86
um (v-to-x slope) and the ultraviolet (UV) index (the upturn of ul-band (0.40 pm)
compared with the continuum line defined by v-to-x slope) space. Black cloud describes
the deviation of the global spectra of Ryugu from the home position (~20km) observation,
which is slightly shifted towards more UV up-turn. The gray line shows the 1-sigma (68%
probability) of spectral distribution and the white cross indicates the average spectrum
of Ryugu.
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Figure 4. S-type bright boulders absorptions at p-band (0.95 pm), Band I depth,
observed by ONC-T and 2-um band depth , Band II depth, observed by NIRS3. The
Band I depth is absorption at p band (0.86 pm) based on the extrapolated value from v-
to-w (0.55 to 0.70 um) slope. The Band II depth of a bright boulder is determined from
the NIRS3 spectra after normalization with a spectrum of adjacent area. The band Il depth
is defined as the absorption at 2 um from the continuum defined by the interpolation of
the normalized reflectance at 1.8 pm and 2.5 pm. Bright boulders occupying =1% of the
NIRS3 footprint are shown in black diamonds and those occupying < 0.5% are shown in
gray diamonds. To compare those spectra with the small occupancy of the bright boulder
in the footprint area, the laboratory measured meteorite spectra (OCL: L chondrite, OCLL:
LL chondrite, OCH: H chondrite, and HEDs) [Supplementary Information] are linearly
mixed with the average Ryugu spectrum, assuming the area of meteorites is 1% of the
spectrometer footprint. The dashed line indicates the Ryugu average absorption.
Histograms show the distribution of meteorites along both axes. HEDs are scatter large
area of band II depth, while OCs shows peak around 0.6%.
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Methods
1. ONC-T data processing

Calibration and extraction of spectral shape and albedo

The ONC-T images are calibrated from digital number to radiance factor using the
same method described in [29] using the updated flatfields derived by [30]. Owing to the
rotation of the asteroid during an image sequence acquisition over a seven-band
observation, the position of bright boulder (BB) in the FOV changes slightly over time.
The illumination and observation geometrical information are derived by SPICE toolkit
based on the shape model and SPICE kernels. Rotational effect results in sub-degree (<
0.2°) differences in phase angle (i.e., spacecraft-bright boulder-Sun angle) between
different bands. Considering this effect, images were photometrically corrected to
incidence (i), emission (e), and phase angles (a) of 30°, 0°, and 30°, respectively, based
on the Hapke disk-resolved model [31] in the supplementary online material of [4].

Objects smaller than the diameter of 3 pixels cannot be evaluated directly from the
image because the point spread function (PSF; FWHM~1.7 pixels, [32]) blurs the radiance
from the BB. The radiances from the BB and adjacent area are contaminated. In that case,
we need to remove the radiance of the adjacent area from the radiance measurement of
the BB (i.e., similar to the point source stellar radiance measurement). Thus, we
measured the spectra in either of two ways depending on the size of BBs. 1) For BBs with
adiameter >3 pixels, we acquired spectra of BBs by directly averaging the surface spectra.
Specifically more than 15 pixels? for each BB in each band are averaged in this study. 2)
For BBs with diameter = 3 pixels, we subtracted the contributions from the adjacent area
(labeled background) to the BB, from the total radiance of the BB area (ROI4s in
Supplementary Figure 1). Using the estimated area S, the radiance of the BB Iz is
calculated by

IROIA_Ibackground
IBB = S (Sl)

where Irq, ,is the total radiance in ROla and I 4k grouna is the estimated total radiance of
the background. Ik grouna is €stimated from the surrounding area near the ROIa (ROIs

:;T:; (r? —S), where r=7 pixels and R=21
pixels are the size of ROIx and ROIg, respectively. And the normalized spectrum is

obtained by

in Supplementary Figure 1); Ipgckgrouna™

— 1 -1
IBB — IpB — ROIA_ background : (SZ)
IBBw IROIA,v Ibackground,v
where the subscript v indicates the value for v band.
Normal albedo was measured with same way as Eq. (S1) but using the images

photometrically corrected to (i, e, @) = (0°, 0°, 0°).

Extended Figure 6 shows the locations and sizes of the BBs found in the images from
the MASCOT hovering operation conducted on 3 to 4 October 2019 at the altitude of ~3
km. Extended Figures 1 and 2 show morphologies and spectra of the BBs. The BBs with
diameter < 1 m in Extended Figure 6 are measured by the method #2.

Selection Methodology

Bright boulders are identified as areas with peak normal albedo values >1.5 times
than Ryugu’s globally averaged albedo, with a peak normal albedo >6.8%. For a boulder
to be designated as a bright boulder at least 4 adjacent pixels meeting this brightness
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criteria was required, eliminating false identifications due to pick up noise or cosmic rays.
The standard deviation in normal albedo across Ryugu'’s surface is + 4.1 - 5.0%. The
selected normal albedo threshold for bright boulders is well outside this deviation and is
distinctly represents an anomalous value.

We tested the robustness of the threshold for detecting bright boulders. If we set the
threshold to 1.6 times the global average, we also found both S- and C/X-type bright
boulders. However, we could not detected bright boulder M20 due to its small size, while
we could identify bright boulders M1, M11, and M5. The reason M20 was not detected is
that our detection criteria require more than four adjacent pixels exceed the threshold.
Thus, the choice of brightness threshold does not influence the spectral type of bright
boulder detected, but limits the size of bright boulders that can be detected.

If we set the threshold to 1.4 times the global average we find ~30 more C/X-type
bright boulders. The albedo and spectral variety of C/X-type bright boulders are along a
continuous range from Ryugu'’s average, thus it is difficult to distinguish bright boulders
if the threshold is set too low. With too low a threshold the photometric error in the
derived normal albedo values does not provide a 1 sigma deviation from the global
average. The threshold value needs to provide a clear difference between bright boulders
and general boulders. A threshold of 1.5 times the global average albedo tested to be the
best value to identify anomalously bright boulders.

It is important to note that classification of a boulder as a ‘bright boulder’ is based
solely on its albedo compared to the global average albedo. The classification into S-type
bright boulder and C/X-type bright boulder is based on spectral properties after it has
been identified as a bright boulder.

Classification of bright boulders

Based on the taxonomy by [33], we decomposed the spectra of BBs with the same
basis vectors, spectral slope and PC2’. The SMASS2 spectral data are available through
PDS website (https://sbn.psi.edu/pds/resource/smass2.html, [34]). PC2’ was obtained from
principal component analysis of SMASS2 after each spectrum was normalized by its fitted
slope (Supplementary Figure 4). Component PC2’ is sensitive to the strength of the 1-pum
band absorption and PC3’ is sensitive to the combination of the strength of UV absorption
and the 0.7-um band absorption. Note that because our spectra were obtained using
broad band filters, the spectra of BBs are interpolated with a spline fitting before
principal component decomposition. Within spectral slope and PC2’ space, two distinct
grouping of asteroids were suggested [33]; the structures were defined as S- and C/X-
classes. Taxonomic classification defined by [33] is shown in the Fig. 2. Six BBs with PC2’
value greater than 0, correspond to deeper 1-um absorption, are classified as S-type BBs
and others as C/X-type BBs.

Color indexes
Spectral slope:
Similar to [33], the 7-band or 4-band spectra are fitted to the equation below using
the a least-squares method,
R, =1+ y(4; —0.55),
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where R; is the normalized reflectance at each band (Fig. 2 with i=ul, b, v, Na, w, x, p,
and Fig. 4 with i=v, Na, w, x), A; is the wavelength of the band in microns
[Supplementary information], and y is the slope of the fitted line, constrained to a
value of unity at 0.55 pm.

UV index:

UV index is defined to measure UV up/down-turn. To consider the effect of the
continuum spectral slope, we compute the UV increase/decrease from an
extrapolation based on the continuum spectral slope. That is the extrapolated
reflectance Eulo at ul band from the v-to-x slope is calculated first and the UV index

Cyy is defined as

R
CUV == ul - 1.
ulp
Thus, when the Cyy, is positive, the spectrum has a UV up-turn, and vice versa.

Band I depth:

Band I depth is defined to measure the absorption towards 1-um. To consider the
effect of the continuum spectral slope, we compute the p-band increase/decrease
from an extrapolation based on the continuum spectral slope. That is, the
extrapolated reflectance Rpo at p band from the v-to-w slope is calculated first and
the Band I depth Cy,4,4; is defined as

Ry,
Coanar = 1 — R,
Thus, when the larger the value of Cy,;,41, the deeper the 1-um band depth , and vice

versa.

2. Size distribution of bright boulders

We analyzed the same five images used in [14] which measured all the boulder size
distribution including BBs in the images [14]. We picked up the BBs brighter than 1.5
times the median value for each images (Extended Figure 3). The circular shape of BBs is
assumed to calculate the diameter, i.e., the diameter Dpp is converted from pixel area Spix
as

2
where [ (m/pixel) is the pixel scale at the altitude of observation. The cumulative number
distribution of boulder size can be expressed by N(> D) « D~% , where D is diameter of
the BB, and «a is the power-law index. The boulder size distribution in each image is fitted
by a power-law based on the maximum likelihood method with goodness-of-fit test based
on the Kolmogorov-Smirnov statistic [35] which is implemented in the python library,
powerlaw, by [36]. We utilized this python library and found the power-law index for
datasets in Extended Figure 7. The power-law index value for BBs is similar value to that
for all boulders by [14] within the error bars except for the image at the altitude of 65 m.
Because in this image apparently, several meter-scaled boulders occupy a large part of
the FOV (Extended Figure 3(e)), only a little substrate could be observed. This small area
may affect the BB statistics. This similarity in power-law index suggests that the BBs and
other boulders could be originated from the same mechanism. Area ratio between all
boulders and BBs are derived from the comparison between the intercept of cumulative
number distributions of boulders from [14] and BBs counted in this study. Based on the
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image at altitude of 636 m comparison of boulder number at D=0.3 m gives an area ratio
of 0.03%, and based on the image at altitude of 75 m comparison of boulder number at
D=0.07 m gives an area ratio of 1%.

3. NIRS3 data processing

We use calibrated NIRS3 spectra acquired between 30 June 2018 and 28 February
2019 to characterize the BBs detected by the ONC visible camera. The calibration steps
for NIRS3 spectra are summarized in [37] and [5]. The raw data is calibrated using a
transfer function that was computed from the on-ground calibration of the instrument
[37]. The obtained radiance is defined as follows:

Foun (1) X cos (i 2hc? 1
LA, T) =r(d) x = (2) (l)+£(/1) X —— X — (S3)
7-[Dsun—Ryugu A e(—}“kBT) 1

where r(4) is the reflectance, F;,,,, (1) the sun incident flux, i the incidence angle and (1)
the surface emissivity that is estimated around 1.87 um. The temperature is retrieved at
every location (e.g. for every spectrum), using the Planck function (Eq. (S3)). The
obtained reflectance (1) is then corrected to standard viewing geometry, incidence,
emission, and phase angles of 30°,0°, and 30°, respectively.

We show in this paper the results for six S-type BBs (Fig. 4). Supplementary Table 1
summarizes the NIRS3 data used in this study. Here we describe the analysis of NIRS3
spectra on one of the largest BBs, M13, as an example. The characterization process is as
follows: (1) we search for all NIRS3 spectra that overlap the BB longitude and latitude at
* 1°; (2) for each day of observation we extract spectra including the BB and spectra
excluding the BB to enable comparison. For M13, we find 8 NIRS3 observations that
including it, corresponding to a total of 57 spectra (Supplementary Figure 5).

The NIRS3 instrument presents a rather low resolution compared to the size of the
bright boulder (< 3 m). Therefore, for the in-depth characterization, we use the spectra
of highest resolution ~6 m x 6 m (7 August 2018). We found 14 spectra that overlap the
BB and 32 spectra in the vicinity of the BB (* 5°) for comparison (Supplementary Figure
5c¢). From those spectra, we computed an average spectrum including M13 (from the 14
blue squares on Supplementary Figure 5c¢) and an average spectrum excluding M13 (from
the 32 yellow squares on Supplementary Figure 5c). There is small variation within those
spectra normalized at 2.5 pm. As a result, we also computed error bars for the average
spectra by calculating the standard deviation of the normalized reflectance amongst the
set of used spectra for both spectra including BB (‘in’) and adjacent areas (‘out’)
(Extended Figure 4). We observe very slight differences in albedo level between the
spectra including and excluding M13 at all resolution (Supplementary Figure 5a).
Because the differences in absolute reflectance observed at high resolution may result
from shadowing effects which can easily change the reflectance by 10% due to the
variation in illumination conditions, we used normalized spectra to evaluate the
absorption band. We performed spectral ratio to compare the average normalized
spectrum ‘in” with the average normalized spectrum ‘out’ and highlight spectral shape
difference (Extended Figure 4). The error bars are calculated from the law of propagation
of error as indicated below:
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where R;, and R,,; are the average normalized reflectance spectra ‘in’ and ‘out’,
respectively, and o;, and o,,; are the corresponding standard deviations.

For the calculation of the Band II depth dz, as summarized in Supplementary Table
1, we use only high resolution spectra (spot size on the surface of Ryugu < 12 m). The
absorption degree dzp at 2 um is measured by computing the ratio between the
reflectance at 2.0 um to the interpolated continuum based on the reflectance at 1.8 pm
and 2.5 pm.

0.7R,,

0.5R; 5+ 0.2 R,
where the Ry is the reflectance ratio at wi=1.8, 2.0, and 2.5 um. The error in absorption
is given by the standard deviation between multiple observations on each site.

dyo=1-

4. Collision on Ryugu with an ordinary chondrite

One possible explanation for the exogeneous materials is that they fall with a slow
velocity so that they do not disrupt on collisions to Ryugu. Here we estimate the peak
pressure when an ordinary chondrite (OC) impacts Ryugu. Then we discuss the required
condition for that type of soft-landing scenario. The peak pressure during a collision
between an OC and a carbonaceous one can be calculated based on the Rankine-Hugoniot

equations as:
1 ) v
Py =§fPOtCt <1+ Se§ )(C)

where Py is the initial peak pressure, p,; is the target density, C; and s; are constants for
the Hugoniots state curve, and v is the impact speed. The parameter ¢, related to shock
impedance matching, can be approximately obtained as:
PotCe
£~2/ (1 X )

where p,; and C; are the impactor density and the Hugoniot parameter for the impactor,
respectively. The parameters for the Hugoniot state curve, C and s, were measured by
[38] for the CM2 chondrite Murchison (€=1.87+0.07 km/s, s=1.48+0.03) and the L6
chondrite Bruderheim (€C=3.11+£0.06 km/s, s=1.62+0.02). Therefore, the peak pressure
can be estimated as in Extended Figure 5. Comparison with the compressive strength of
OC is used to estimate the speed of the impactor allowing its survive at impact. The
compression strength of OCs was obtained to be 164 + 106 Mpa based on a compilation
of 22 measurements in the literature [39]. The impactor hardly survives at impact speeds
> (0.2 km/s. Thus, exogeneous materials must have collided on Ryugu at speeds < 0.2 km/s,
unless they are fragments of a much larger impactor. Furthermore, if the impact speed is
> (0.2 km/s, the mass of the largest fragment is < 1% of the mass of original projectile [40].
This suggests that if the BBs larger than 0.5 m were the fragments of a larger impactor
with higher velocity, the impactor should be larger than 50 m. However, a 25-m-sized
projectile can catastrophically disrupt Ryugu, assuming Qp*~250 J/kg for non-porous
material [41] and Qp*~800 ]/kg for porous material [26], where @p* is so-called
catastrophic specific impact energy threshold which results in the fragmentation and
escape of half of the target mass. Thus, if the exogeneous materials are accumulated on
Ryugu by collision during its post-formation evolution, slow collisions < 0.2 km/s are
needed.
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Data and materials availability:

All images and input data used in this study are available at the JAXA Data Archives and
Transmission System (DARTS) at
www.darts.isas.jaxa.jp/planet/project/hayabusa2/Tatsumi 2020, 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.

Reference for methods:

[29] Tatsumi, E. et al,, Updated inflight calibration of HayabusaZ2's optical navigation
camera (ONC) for scientific observations during the cruise phase. Icarus 325, 153-
195 (2019a).

[30] Tatsumi, E., et al., Updated flat-fields of ONC-T /HayabusaZ2 based on close encounter
with Ryugu. 50" Lunar and Planetary Science Conference, #1745 (2019b).

[31] Hapke, B., Bidirectional reflectance spectroscopy: 1. Theory. Journal of Geophysical
Research 86, 3039-3054 (1981).

[32] Kameda, S. et al.,, Preflight Calibration Test Results for Optical Navigation Camera
Telescope (ONC-T) Onboard the Hayabusa2 Spacecraft. Space Science Reviews 208,
17-31 (2017).

[33] Bus, S. and Binzel, R.P., Phase Il of the Small Main-Belt Asteroid Spectroscopic Survey.
Icarus 158,146 - 177 (2002).

[34] Bus, S. and Binzel, R. P, Small Main-belt Asteroid Spectroscopic Survey, Phase 1L
EAR-A-10028-4-SBN0001/SMASSII-V1.0. NASA Planetary Data System (2003).

[35] Clauset, A, et al.,, Power-law distributions in empirical data. SIAM Review 51, 661-
703 (2009).

[36] Alstott, ]. et al., Powerlaw: a Python package for analysis of heavy-tailed distributions.
arXiv: 1305.0215 (2014).

[37] Iwata, T. et al., NIRS3: The Near Infrared Spectrometer on HayabusaZ2., Space Science
Review 208, 317-337 (2017).

[38] Anderson, W. W. and Ahrens, T. ], Shock Wave Equations of State of Chondritic
Meteorites. AIP Conference Proceedings 429, 115-118 (1998).

[39] Flynn et al., Physical Properties of the Stone Meteorites: Implications for the
Properties of Their Parent Bodies. Chemie der Erde 78, 269-298 (2018).

[40] Fujiwara, A., and Tsukamoto, A., Experimental study on the velocity of fragments in
collisional breakup. Icarus, 44(1), 142-153 (1980).

[41] Benz, W. and Asphaug, E. Catastrophic disruptions revisited. Icarus 142, 5-20
(1999).

Accepted manuscript by Nature Astronomy 18



Extended Data Fig.1 Bright boulder morphologies. The resolutions of these images are 0.28-
0.30 m/pixel, as listed in Extended Data Fig. 4. Scale bars in the images are 5 m. M6 is shown in
Fig. 1 of the main text.
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Power-law
Counted . .
. . . index in
Altitude | number | Power- Error Fitted size L .
Image . . Michikami
(m) of bright | index « of range (m) et al
boulders (2019)
hyb2_onc_20180921_043010_tvf 636 22 2.07 0.65 0.10-0.38 | 2.07 +0.05
hyb2_onc_20180921_041826_tvf 335 187 2.35 0.30 0.07-0.73 2.01 +0.06
hyb2_onc_20180921_034938_tvf 148 161 2.48 0.34 0.04-0.14 | 1.96 + 0.07
hyb2_onc_20180921_040154_tvf 75 368 2.37 0.33 0.03-0.12 1.98 + 0.09
hyb2_onc_20180921_040634_tvf 65 101 2.77 0.46 0.02-0.05 1.65 + 0.05

Extended Data Fig. 2 Power index for boulder size distribution from close-up images. The
power index is calculated based on the maximum-likelihood fitting method by ref. [35]. The
cumulative boulder size distribution is expressed as N(> D) «< D~%, where D is the diameter of
the bright boulder, and a is the power-law index.
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Extended Data Fig. 3 Normalized reflectance spectra of bright boulders (black lines) compared
with the average spectrum of Ryugu (gray lines). Lines are offset by 0.7 for clarity. The bright
boulders which display two spectra were observed twice in different multiband image sets.
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Longitude dirrijiilion* [mage Diameter Average
ID Latitude (°) %,) a (pix), b resolgtion (m) normal | Type
(pix) (m/pixel) albedo

M1 -1.98 105.07 6,4 0.29 1-2 6.5558 | C/X
M2 -2.35 105.15 10,5 0.29 ~3 6.3%53 | C/X
M3 4.68 61.61 6,6 0.29 1-2 57455 | C/X
M4 1.57 67.07 6,6 0.29 1-2 56155 | C/X
M5 -15.49 12.81 20,12 0.29 ~5 6.1558 | C/X
M6 7.19 334.53 80, 52 0.29 23 57555 | C/X
M7 -17.02 284.96 32,28 0.29 ~1 12.2%3¢ | S/Q
M8 -3.16 189.93 <2,<2 0.29 <1 N/A S/Q
M9 -1.26 129.63 2.1,2.6 0.28 ~1 111735 | S/Q
M10 -2.55 94.13 <2,<2 0.29 <1 N/A Cc/X
M11 421 34.68 2.8,<2 0.29 <1 N/A C/X
M12 -4.63 34.45 <2,<2 0.29 <1 N/A C/X
M13 -0.68 22.12 13,9 0.29 ~3 15.1378 | S/Q
M14 -18.41 251.01 41,28 0.29 ~10 59155 | C/X
M15 0.05 293.57 5,6 0.29 1-2 5.9%5% | C/X
M16 7.63 148.84 <2,<2 0.30 <1 N/A S/Q
M17 -26.61 14.03 25,20 0.29 ~6 6.1558 | C/X
M18 -7.22 339.79 32,15 0.29 ~4 6.9555 | C/X
M19 -7.60 306.03 5,6 0.29 1-2 59553 | C/X
M20 5.79 259.52 23,25 0.29 ~1 10.6*1% | S/Q
M21 -5.63 308.47 6,4 0.29 1-2 6.7455 | C/X

* ais major-axis diameter and b is minor-axis diameter.

Extended Data Fig. 4 The locations and sizes of bright boulders.
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Extended Data Fig. 5 Bright boulders (enclosed by red lines) in close-up images during the
MINERVA-II deployment operation on 21 September 2018. a, hyb2_onc_20180921_043010_tvf,
altitude of 636 m (68 mm/pixel). b, hyb2_onc_20180921_041826_tvf, altitude of 335 m (36

mm/pixel). ¢, hyb2_onc_20180921_034938_tvf, altitude of 148 m (16 mm/pixel). d,
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hyb2_onc_20180921_040154_tvf, altitude of 75 m (8 mm/pixel). e,
hyb2_onc_20180921_040634_tvf, altitude of 68 m (7 mm/pixel).
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Extended Data Fig. 6 S-type bright boulders observed by NIRS3. (left) The NIRS3 spectra of the
area including bright boulders (black) and adjacent areas (gray). The footprint size of NIRS3 is
in Extended Table 2. (right) The normalized spectra of area including bright boulders by the
adjacent areas. Only the M13 shows small absorption around 2 um.
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Extended Data Fig. 7 Peak pressure during a collision between an ordinary chondrite and a
carbonaceous chondrite. The red solid and dashed lines indicate the average and standard
deviation of compressive strength among ordinary chondrites, respectively[39]. The black solid
and dashed lines indicate then peak pressure for the target densities of 2.2 g/ccand 1.2 g/cc
(Ryugu bulk density), respectively.
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