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Abstract Crater morphology and surface age of asteroid (162173) Ryugu are characterized using the
high-resolution images obtained by the Hayabusa2 spacecraft. Our observations reveal that the abundant
boulders on and under the surface of the rubble-pile asteroid affect crater morphology. Most of the craters
on Ryugu exhibit well-defined circular depressions, unlike those observed on asteroid Itokawa. The craters
are typically outlined by boulders remaining on the rim. Large craters (diameter > 100 m) host abundant
and sometimes unproportionally large boulders on their floors. Small craters (<20 m) are characterized
by smooth circular floors distinguishable from the boulder-rich exterior. Such small craters tend to have
dark centers of unclear origin. The correlation between crater size and boulder number density suggests
that some processes sort the size of boulders in the shallow (<30 m) subsurface. Furthermore, the crater
size-frequency distributions (CSFDs) of different regions on Ryugu record multiple geologic events,
revealing the diverse geologic history on this 1-km asteroid. Our crater-counting analyses indicate that
the equatorial ridge is the oldest structure of Ryugu and was formed 23-30 Myr ago. Then, Ryugu was
partially resurfaced, possibly by the impact that formed the Urashima crater 5-12 Myr ago. Subsequently,
a large-scale resurfacing event formed the western bulge and the fossae 2-9 Myr ago. Following this
process, the spin of Ryugu slowed down plausibly due to the YORP effect. The transition of isochrons in a
CSFD suggests that Ryugu was decoupled from the main belt and transferred to a near-Earth orbit 0.2-7
Myr ago.

Plain Language Summary Japan's asteroid explorer Hayabusa2 visited the carbon-rich, 1-km
asteroid named Ryugu. One of the onboard cameras took many pictures of asteroid's surface. In order to
know the history of this asteroid, we estimate the age of different geologic units by counting craters. We
also documented how the craters on this asteroid look, to help understand the geology of the carbon-rich
world. We found that the mountain range running along the equator formed 23-30 million years ago.
About 5-12 million years ago, the meteorite impact that formed the biggest crater on this asteroid likely
scattered soil around, erasing nearby craters that existed before. Then, about 2-9 million years ago, the
western half of this asteroid was wiped out by a large-scale movement of rocks and pebbles that build this
asteroid, because the asteroid was spinning fast and unstable at that time. Then, sometime between 0.2
and 7 million years ago, this asteroid left the home of asteroids located between Mars and Jupiter orbits,
and came to the orbit passing near the Earth. During its journey to the near-Earth orbit, the spin of the
asteroid slowed down because of the very weak but effective force by heat radiation from surface rocks.
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1. Introduction

162173 Ryugu is a top-shaped C-type asteroid explored by the Hayabusa2 spacecraft. A series of obser-
vations by the telescopic optical navigation camera (ONC-T) and the near infrared spectrometer (NIRS3)
revealed the geomorphology and visible/near infrared spectra of this asteroid (Kitazato et al., 2019; Sugita
et al., 2019). Ryugu exhibits an equatorial ridge and an east-west dichotomy outlined by two fossae (Sugita
et al., 2019; Watanabe et al., 2019). The western hemisphere, which exhibits the western bulge that stretches
approximately 180-300°E, is characterized by slightly (a few %) darker v-band albedo (Sugita et al., 2019)
and a smaller number density of boulders (Michikami et al., 2019) compared with the eastern hemisphere.
The different characteristics between the two hemispheres suggest different lithologies and/or a complex
geologic history on this small, 1-km-diameter asteroid. The equatorial ridge shows spectral slopes bluer
than midlatitudinal regions, suggestive of mass movement away from the equator or lithology/surface prop-
erties different from the rest of the asteroid (Morota et al., 2020; Sugita et al., 2019). The coincidence of
the east-west dichotomy with the fossae suggests that global deformation played a key role in forming the
dichotomy (Hirabayashi et al., 2019; Kikuchi et al., 2019). However, the mechanism responsible for the east-
west dichotomy formation remains unclear. The homogeneous surface normal albedo (Tatsumi et al., 2020)
of the whole surface does not support a simple two-body merge scenario as the origin of the dichotomy. Pro-
posed hypotheses include structural deformation under fast rotation in the past (Hirabayashi et al., 2019)
and consequences of large oblique impact on Ryugu (Matsumoto et al., 2020). Thus, determining the ages
of both hemispheres is key to understand the evolution of Ryugu.

As with other asteroids that have been explored by spacecraft, impact craters are among the most ubiquitous
geologic features on Ryugu. Investigating the crater statistics and morphology gives hints on the geologic
history of the asteroid, crater erasure processes, spin evolution, subsurface structures that are otherwise
hidden, and physical properties of the surface. For example, the initial report by Sugita et al. (2019) showed
that the crater model age of Ryugu ranges from 9 to 160 Ma depending on the degree of cohesion of the sur-
face materials. Their study, however, was based on a global crater-counting analysis, which did not take the
different geologic units into account and therefore could simplify the complex history of Ryugu. For exam-
ple, the east-west dichotomy and the bluer color of the equatorial ridge suggest different geologic histories,
surface properties, or ongoing mass movement on these units. Subsequently, more detailed investigation on
the spatial distribution of craters was conducted, finding a latitudinal variation in crater number density
(Hirata et al., 2020). Crater depth-to-diameter (d/D) ratios were then measured based on the shape model
of Ryugu (Noguchi et al., 2021).

However, the ages of individual geologic events have not been studied. Detailed morphology of craters on
Ryugu, which is important for chronologic and geologic investigation, has not been studied extensively yet
either. Understanding crater populations at the smaller size range (diameter < 20 m) is also important for
providing insights into more recent, or potentially ongoing geologic processes on Ryugu. Smaller craters can
be statistically considered to have formed more recently than much larger ones. Therefore, the size-frequen-
cy distributions of such small craters may constrain the timescale of their formation and erasure processes,
which directly control the surface geology of the asteroid. The global crater size-frequency distribution
(CSFD) measured by Sugita et al. (2019) showed the paucity of small craters (20-30 m) on Ryugu, suggest-
ing that the smaller craters are likely erased by some surface processes, such as ejecta blanketing, seismic
shaking, or regolith convection (Miyamoto et al., 2007). Morphological observation is useful for examining
such size-sorting processes. In fact, the SCI impact experiment showed that a large amount of ejected mate-
rials came back to the surface, leading to material burial in a relatively wider regions (Arakawa et al., 2020).
Better understandings of the small crater statistics would also shed light on the unique orbital evolution
that Ryugu may have experienced recently (Morota et al., 2020).

Surface age can give constraints on the spin evolution of Ryugu as well. Recent work using finite element
analyses implies that Ryugu's top shape was made by global deformation under a fast-spin state (~3.5 h
period) in the past (Hirabayashi et al., 2019; Watanabe et al., 2019). The fast-spin state might have been
achieved upon the gravitational reaccumulation of Ryugu after the catastrophic disruption of the parent
body that made this rubble-pile asteroid (Michel et al., 2020). Later, Ryugu's spin may have stochastically
evolved (Bottke et al., 2015; Statler, 2009) but eventually slowed down to the current spin period of 7.6 h
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by the Yarkovsky-O'Keefe-Radzievskii-Paddack (YORP) effect. The duration of the fast-spin state and the
timescale of spin-state evolution are key observables to test this YORP-induced spin-evolution hypothesis.

The morphology of impact craters is also important information to understand the cratering processes in
a microgravity environment and surface/subsurface properties of a rubble-pile asteroid, including porosity
(Wiinnemann et al., 2006), boulder-surface interaction (Tatsumi & Sugita, 2018), and subsurface structure
(Hirata et al., 2009 for Itokawa; Veverka et al., 1999 for Mathilde). Steep local topography usually seen on
craters allows investigation of the surface modification process and the surface properties. Craters may also
be used to see vertical structure, such as subsurface layers with distinct strength (Arakawa et al., 2020).

The purpose of this study is to determine the ages of major geologic events by means of crater chronolo-
gy and morphological investigation of craters. In this study, we use high-resolution images of Ryugu that
have been obtained since the initial global observations (Kitazato et al., 2019; Sugita et al., 2019; Watanabe
et al., 2019) to further characterize the statistics and morphology of craters. We identify crater candidates
within these images and build a new catalog of craters down to 3 m in diameter. Then, we estimate both
relative and absolute ages of individual geologic units based on crater chronology (Section 4). Finally, using
the newly established crater list and CSFD, we will discuss the geologic history of this C-type asteroid from
the catastrophic disruption of its parent body through its transfer to the current near-Earth orbit. The spin-
state evolution is also discussed based on the surface ages.

2. Data and Methods

The data set, crater morphological levels, definition of geologic units, and method used to derive crater
statistics are described in this section.

2.1. Data Set

We used ONC-T v-band (i.e., 550 nm) images obtained from multiple altitudes, including global image data
from 20 km (i.e., Hayabusa2 spacecraft's nominal hovering altitude) and 5 km (midaltitude operation), as
well as those of limited coverage from 3 km. The spatial resolutions of these images were approximately
2, 0.5, and 0.3 m per pixel (m/pix), respectively. Craters were visually identified with the image data glob-
ally acquired from the altitude of 5 km while Ryugu spins 360° (global observation campaign). Multiple
stereo image pairs covering Ryugu were also produced from these images and used for finding circular
depressions, taking the spatial distribution of boulders and surface textures into account. Then individual
images were mapped on the shape model of Ryugu (SHAPE_SFM_3M_v20180804; Watanabe et al., 2019)
to derive the diameter and location of each candidate crater (circular feature). The small body mapping tool
(SBMT) (Ernst et al., 2018) was used for this analysis. Each candidate crater was categorized into different
confidence levels based on individual morphology (Section 2.2). We also used even higher-resolution imag-
es (0.2 m/pix) obtained during the low-altitude operation dedicated to find the crater formed by the Small
Carry-on Impactor (SCI) in April 2019 (Arakawa et al., 2020), to identify and measure craters smaller than
20 m. This SCI crater-search mosaic covers an area of 0.37 km? (~14% of the entire surface) at approximate-
ly 50°N-50°S and 260°-340°E, which spans both eastern hemisphere and western bulge. Craters smaller
than 10 pixels (2 m for those imaged during the SCI crater-search campaign) were regarded at the resolution
limit. The phase angles of the images used for the global observation and SCI crater search were 15-32° and
20-27°, respectively. All images were processed using the standard calibration pipeline (Suzuki et al., 2018;
Tatsumi et al., 2019). Crater color indices, such the ratio of b-band (0.48 um) and x-band (0.86 pum) re-
flectance (b/x slope) and a color contrast between crater interior and exterior (“red/blue” identifier), were
measured by Morota et al. (2020) and cited in this study. The depth-to-diameter ratios (d/D) of individual
craters (Noguchi et al., 2021) were cited in our crater catalog as well.

2.2. Crater Morphological Levels

We investigated every stereopair and found that crater candidates have different degrees of morphological
confidence from clear circular depressions to rather ambiguous quasi-circular features without obvious
depressions. The confidence levels of craters found in this study were assigned based upon the following
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Figure 1. Definition of the crater-counting areas overlaid on a global map (dark blue: equatorial ridge, magenta: western bulge, yellow and sky-blue: SCI
crater-search footprints on the eastern hemisphere and western bulge, respectively). Fossae are highlighted in brown. The eastern hemisphere is defined by
the entire area outside the western bulge. Craters found by the global survey in this study are shown as well (red circles; solid circles are those with confidence
levels (CLs) 1-3, dotted circles are those of CL4).

definitions. Confidence level 1 (CL1) is a circular depression with a crisp circular rim; CL2 is a depression
with a more ambiguous but circular rim; CL3 is a quasi-circular depression with a partially circular rim
suggestive of perturbed or broken crater rim; CL4 is a quasi-circular feature defined by a circular pattern
of boulders. The CL4 crater candidates exhibit no resolvable and quantifiable depression in their interior.
Note that the confidence levels can be affected by viewing geometry and illumination effects, so CLs 1 and
2 may occasionally be interchangeable. Future studies focusing on crater profile measurements may revise
the CLs derived in this study, but our classification is sufficient for the scope of this survey. We regarded the
candidates of CL1-3 as impact craters and used them for the following crater size-frequency distribution
(CSFD) analyses. It was difficult to establish the threshold of the crater depth between CL3 and CL4 because
of multiple factors, such as presence of boulders on crater floors, lighting condition, viewing geometry, and
uncertainty of the shape model. Nevertheless, the overall distribution of d/D ratios of the craters on Ryugu
(Noguchi et al., 2021) suggest that the craters shallower than d/D = 0.05 are not detected as a depression.

2.3. Geologic Units

In this study, we categorized the surface of Ryugu into multiple units: the eastern hemisphere (EH), western
bulge (WB), equatorial ridge (EQR; Ryujin Dorsum), high latitudes, and trough (Figure 1). The eastern and
western hemispheres, which show different boulder number densities and v-band albedo at the phase angle
of 30°, are divided by the Horai and Tokoyo Fossae, the narrow depression systems possibly connected to
each other around the south pole (Sugita et al., 2019). The areas of eastern and western hemispheres are
1.77 and 0.93 km? including the ridge, respectively. The high-resolution crater observations compensate
for such small counting area by allowing us to find >100 craters down to a few m in diameter (Section 3),
while the small number statistics still potentially obscures subtle differences in absolute ages. The western
bulge is defined as a hemispherical region outlined by the fossae, reaching the equatorial ridge at 150°E
and 300°E. The eastern hemisphere is defined as the remainder of the asteroid's surface. In this study, the
equatorial ridge was defined by the belt centered at the equator with a width of ~160 m (10°N to 10°S),
which corresponds to elevation higher than ~30 m (Kikuchi et al., 2020). The ridge coincides with the area
characterized by bluer spectral slopes (Sugita et al., 2019). The equatorial belt (0.58 km?) spans both the
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Table 1

Parameters for Crater Chronology Models Used in This Study

Parameters

Values References

Intrinsic collision probability (107'%/km?/yr)

Impact velocity (km/s)
Surface gravity (m/s?)
Target density (kg/m®)
Impactor density (kg/m?)
“Dry soil” conditions

H

K

M2

K,

Effective strength (MPa)
Target grain size (m)

Target disruption energy (J/kg)

2.86 (MBA), 15.3 (NEA)
5.3 (MBA), 18 (NEA)

Bottke et al. (2005) and O'Brien and Greenberg (2005)
Bottke & Greenberg (1993) and Bottke et al. (1994)

0.00015 Watanabe et al. (2019)
1,190 Watanabe et al. (2019)
2,300

Tatsumi and Sugita (2018)
0.41
0.24
1.23
0.01

3 Sugita et al. (2019)
1,000 Flynn and Durda (2004)

eastern hemisphere and western bulge. The regions with the latitudes higher than 10°N or 10°S were also
defined to compare the crater population at the equator and that at higher latitudes. The total area of the
two fossae, defined by Sugita et al. (2019), is 0.18 km?. Individual craters are assigned to the units based on
the location of their centers. Because the equatorial ridge spans both hemispheres, craters on the ridge were
also assigned to either EH or WB. For example, a crater at the ridge on the eastern hemisphere is categorized
into both EH and EQR in the CSFDs.

2.4. Crater Size-Frequency Distributions (CSFDs)

The cumulative CSFDs were constructed for the individual units and fitted with crater chronology model
functions. No binning was used for the plots. Resulting absolute model ages depend on model assumptions,
such as crater production function, chronology function, and crater scaling rules. The surface properties,
including target density, porosity, cohesion, and boulder size, were incorporated into the crater scaling rule
as input parameters. We adopted the models and parameters employed by Sugita et al. (2019) and Morota
et al. (2020) in deriving absolute model ages (Table 1). The models used the intrinsic collision probabilities
P; for both main-belt asteroids (MBA) and near-Earth asteroids (NEA), the population of MBAs and NEAs
(Bottke et al., 2005; O'Brien & Greenberg, 2005), and mean impact velocities in each orbit (Bottke & Green-
berg, 1993; Bottke et al., 1994). The two models were used to examine the model dependence of ages, as
well as to derive residence time in each orbit. Error bars associated with each data point were calculated
by +N"2/S, where N is the cumulative number of craters and S is the area of individual units. Errors in
model ages reflect uncertainties in counting statistics and do not include any systematic uncertainties in
the crater chronology functions. The crater scaling rule by Tatsumi and Sugita (2018) was used to address
the armoring effect on the boulder-rich surface of Ryugu. We assumed that the cohesion of Ryugu is ne-
glectable and the gravity controls the crater formation (i.e., gravity scaling) to calculate the absolute age of
each geologic unit (Arakawa et al., 2020). We also assumed that these surface conditions hold for the entire
Ryugu surface. The sources of the model uncertainty include the target disruption energy Qp* and impactor
population. For example, changing Qp* from 1,000 to 100 J/kg would yield a factor of three younger model
age. This uncertainty will be addressed when the disruption energy of Ryugu's material is determined with
the returned samples. Furthermore, the impactor size-frequency model from Bottke et al. (2005) to O'Brien
and Greenberg (2005) would yield a ~30% younger model age because the number of small impactors is
greater in the latter model.

The software tool craterstats (Michael & Neukum, 2010) was used to fit the observed CSFDs to the crater
production function and to derive fitting errors (Section 4). The crater diameter ranges and number of

CHO ET AL.

5of 27



A7
ra\%“ 19
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Planets 10.1029/2020JE006572

craters used for the fitting were 70-80 m (6 craters) and >100 m (11 craters) for the global crater data;
10-15 m for the SCI crater-search area (10 craters); >100 m for the equatorial ridge (4 craters); 60-100 m (11
craters) and >120 m (8 craters) for the eastern hemisphere; >50 m (8 craters) for the western bulge; >40 m
for the north (15 craters) and south (14 craters) hemispheres. In addition to the cumulative plots, R-plots
were also constructed to observe differential size-frequency distributions of the craters. Three diameter data
were binned to improve the statistics. They were also used to estimate the crater retention ages at different
crater diameters by the intersections between the CSFDs and multiple isochrons (Section 4.4).

3. Crater Morphological Observation

In this section, the morphology of craters on Ryugu is documented. In Section 3.1, by taking advantage of
the high-resolution images obtained during several descent operations, we conduct crater characterization
and update the list of crater candidates published previously (Hirata et al., 2020; Sugita et al., 2019). In Sec-
tion 3.2, we describe the details of selected craters on Ryugu. In Section 3.3, we discuss the morphological
features of craters in different size ranges. In Section 3.4, we discuss the possible subsurface structure of
Ryugu.

3.1. Crater Candidates and Their Morphology

More than 100 crater candidates larger than 10 m were found on Ryugu as a result of the present crater
survey (Table 2). We newly identified 40 crater candidates, including 15 candidates larger than 10 m (crater
IDs 87-101). Crater candidates larger than 3 m were also identified and used to construct size-frequency
distributions. Ten crater candidates are larger than 100 m in diameter; 36 candidates are larger than 50 m.
Despite the boulder-rich surface, craters on Ryugu are more easily identifiable than those on the rubble-pile
asteroid Itokawa (Hirata et al., 2009). Ryugu's larger size and comparatively homogeneous topography
could be responsible for this difference.

3.2. Observations of Prominent Craters on Ryugu

Here we document individual craters exhibiting prominent features, which may have important informa-
tion for Ryugu's history, geology, and impact cratering process. Included are seven craters larger than 100 m
in diameter, some smaller craters around them, and a few less obvious crater candidates. We selected the
large craters because CSFDs suggest that those larger than 100 m were not significantly modified by sub-
sequent erasure processes and thus record crater formation on Ryugu more directly. Also, they are large
enough for the observation of their floors, while smaller craters are more subject to degradation (discussed
in Section 4). These craters exhibit a variety of morphological features and are representative of individual
units: the largest crater Urashima on the equatorial ridge, Momotaro and Kibidango as a large crater dou-
blet spanning from the ridge to a high latitude in the southern hemisphere, Cendrillon at a high latitude in
the northern hemisphere, Kolobok on the most heavily cratered region, Kintaro on the rim of the trough,
and Brabo on the western bulge.

Furthermore, boulders associated with the craters are described in this section because crater formation
on a rubble-pile asteroid involves fragmentation, ejection, and displacement of boulders. Boulder number
density, size, and shapes thus have the information on original surface/subsurface structure and/or crater
formation processes. In fact, size sorting of boulders was observed at the artificial impact experiment (Ka-
dono et al., 2020): some boulders were excavated but left on the floor, while finer materials were ejected.
This observation suggests that some boulders on the crater floors represent material originally buried in the
subsurface. Thus, observing the boulders in craters is important for characterizing Ryugu's geology in the
vertical direction.

Urashima (7°S, 93°E, 290 m) is the largest crater on Ryugu (Figure 2a). The northern rim of the crater cuts
the equator, excavating the original ridge by approximately 40 m in depth. Despite Urashima's deep exca-
vation, the largest boulder found in Urashima is approximately 20 m in size on its western rim. The small
number of such large boulders in this crater, as compared to the half-diameter Kibidango crater (described
in the following paragraph) implies that the subsurface of the equatorial ridge is composed of relatively fine
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Table 2

List of Candidate Craters on Ryugu and Their Characteristics

Spectral slope (um™)

Depth-to-

Latitude Longitude Diameter Confidence b/x Color diameter Geologic
ID Name ©) ©) (m) level slope contrast ratio d/D unit
1 Urashima —7-2 93.0 290.1 1 0.144 Red 0.07 EQR, EH
2 Cendrillon 28.3 353.7 224.0 2 0.157 Red 0.11 EH
3 Kolobok -0.7 330.3 220.7 2 0.134 Red 0.08 EQR, EH
4 Momotaro —14.8 51.2 182.5 1 0.131 Red 0.12 EH
5 —50.6 9.8 173.1 3 0.150 Red 0.07 EH
6 Kintaro 0.4 157.8 154.3 2 0.123 Red 0.07 EQR
7 30.4 146.0 145.1 2 0.152 Red 0.07 EH
8 Brabo 3.2 230.0 142.3 1 0.120 Red 0.06 EQR, WB
9 =172 14.3 132.7 2 0.133 Blue 0.12 EH
10 Kibidango =31.5 47.3 131.2 1 0.130 Blue 0.13 EH
11 17.0 332.2 99.8 1 0.130 Red 0.10 EH
12 -1.9 289.5 90.2 2 0.122 Red 0.08 EQR, WB
13 —63.7 24.5 85.0 3 n/a 0.09 EH
14 16.9 6.4 79.0 3 0.189 Red 0.09 EH
15 —4.5 95.5 78.9 3 n/a 0.15 EQR, EH
16 6.0 308.7 77.1 1 0.095 Red 0.07 EQR, EH
17 23.7 205.3 76.2 2 0.122 Red 0.10 WB
18 20.9 322.7 73.9 2 0.125 Red 0.09 EH
19 57.7 343.0 73.3 2 n/a 0.10 EH
20 —11.6 287.7 69.0 3 0.150 Red 0.06 ‘WB
21 —8.4 119.5 69.0 1 0.068 Blue 0.08 EQR, EH
22 8.3 111.5 65.8 3 0.122 Red 0.08 EQR, EH
23 18.6 149.7 65.8 2 0.129 Red 0.07 EH
24 19.7 136.9 62.1 2 0.140 Red 0.12 EH
25 =122 179.1 61.0 2 0.123 Red 0.09 WB
26 28.5 213.2 58.2 2 0.124 Red 0.08 ‘WB
27 —-16.3 199.1 53.6 2 0.139 Red 0.07 WB
28 36.8 121.8 52.2 3 n/a 0.08 EH
29 —36.2 176.7 51.3 3 0.159 Red 0.08 WB
30 —0.1 329.2 51.3 2 0.139 Red 0.12 EQR, EH
31 —-17.2 307.2 48.8 2 0.080 Blue 0.07 EH
32 33.1 81.4 48.4 3 0.163 Red 0.09 EH
33 —26.3 17.8 46.6 2 0.125 Red 0.11 EH
34 -1.9 279.9 44.2 2 0.072 Blue 0.06 EQR, WB
35 33.5 217.3 44.1 3 0.092 Red 0.06 WB
36 24.4 335.5 43.1 3 0.158 Red 0.10 EH
37 -3.1 47.0 42.7 1 0.153 Red 0.10 EQR, EH
38 18.6 20.9 42.5 3 0.157 Red 0.10 EH
39 —69.0 170.4 41.7 3 n/a 0.12 EH, TR
40 —19.5 150.9 41.4 3 0.126 Red 0.08 EH, TR
41 11.9 334.5 39.9 1 0.057 Blue 0.13 EH
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Table 2
Continued
Spectral slope (um™) Depth-io-

Latitude Longitude Diameter Confidence b/x Color diameter Geologic
ID Name ©) ©) (m) level slope contrast ratio d/D unit
42 17.5 323.3 39.7 2 0.101 Blue 0.08 EH
43 —-15.4 328.3 37.2 2 0.053 Blue 0.13 EH
44 —14.9 115.3 36.5 2 0.112 Red 0.09 EH
45 55.8 357.5 36.0 2 n/a 0.11 EH
46 7.8 173.0 34.6 1 0.078 Blue 0.10 EQR, WB
47 —34.5 263.8 344 1 0.090 Blue 0.11 WB
48 —-10.7 176.3 32.0 2 0.143 Red 0.10 WB
49 —28.6 9.8 30.6 3 0.122 Red 0.06 EH
50 -7.9 26.8 29.3 3 0.071 Blue 0.06 EQR, EH
51 —6.3 319.7 28.1 3 0.103 Red 0.08 EQR, EH
52 —5.8 9.8 27.6 3 0.088 Blue 0.06 EQR, EH
53 52.4 57.3 ES 2 n/a 0.11 EH
54 37.1 73.4 26.5 3 0.082 Blue 0.09 EH
55 79.0 209.0 26.0 2 n/a 0.11 EH
56 21.4 13.7 253 3 0.136 Blue 0.11 EH
57 —-0.9 4.5 24.4 3 0.060 Blue 0.05 EQR, EH
58 4.6 301.7 23.6 1 0.101 Red 0.07 EQR, EH
59 —24.0 346.6 21.7 3 n/a 0.08 EH
60 —19.3 102.1 21.5 3 0.158 Red 0.11 EH
61 2.1 263.1 21.0 2 0.067 Blue 0.07 EQR, WB
62 37.0 78.2 20.9 3 0.150 Red 0.09 EH
63 31.2 208.3 20.2 3 0.057 Blue 0.12 WB
64 8.4 22557, 17.2 1 0.138 Red 0.07 EQR, WB
65 25.8 197.0 16.2 2 0.109 Blue 0.08 WB
66 —69.0 211.0 16.0 2 n/a 0.04 EH, TR
67 -31.6 174.7 14.5 2 0.118 Blue 0.07 WB
68 =7.0 195.4 14.4 3 0.123 Blue 0.05 EQR, WB
69 9.6 149.1 14.0 1 0.102 Blue 0.09 EQR, EH
70 —8.4 201.1 14.0 2 0.111 Blue 0.07 EQR, WB
71 —-12.9 221.3 13.9 2 0.112 Blue 0.07 WB
72 52.4 100.9 12.6 2 n/a 0.08 EH
73 23.2 141.9 12.5 2 0.146 Red 0.06 EH
74 17.2 137.8 11.4 2 n/a 0.04 EH
75 19.0 224.0 11.2 2 0.102 Blue 0.08 WB
76 —35.9 231.3 10.5 2 0.102 Blue 0.07 EH
77 34 314.6 10.0 2 0.081 Blue 0.03 EQR, EH
78 —=31.2 341.7 223.0 4 EH
79 —45.9 335.0 133.0 4 EH
80 —-30.6 284.2 112.0 4 WB
81 —58.4 198.4 112.0 4 EH
82 38.2 298.9 55.8 4 B/
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Table 2
Continued
Spectral slope (um™) Depth-io-

Latitude Longitude Diameter Confidence b/x Color diameter Geologic
1D Name ©) ©) (m) level slope contrast ratio d/D unit
83 31.9 15.4 53.0 4 EH
84 10.3 69.9 46.7 4 EH
85 —10.6 317.0 35.0 4 EH
86 —25.4 189.2 11.4 4 WB
87 —-16.2 342.6 45.0 2 EH
88 —23.6 287.0 333 3 WB
89 10.7 297.0 18.9 2 WB
90 44.6 297.2 14.3 3 EH
91 19.1 303.7 13.2 4 EH
92 —-7.8 269.4 12.5 3 EQR, WB
93 24.4 314.3 12.3 2 EH
94 1.1 291.0 12.1 2 EQR, WB
95 14.4 279.5 11.9 3 ‘WB
96 —22.3 290.3 11.9 2 WB
97 28.5 325.1 11.1 2 EH
98 3.5 270.1 10.8 2 EQR, WB
99 6.3 280.5 10.4 3 EQR, WB
100 35.2 308.9 10.3 4 EH
101 21.2 286.2 10.3 4 WB
102 12.0 292.3 9.8 2 ‘WB
103 —4.4 281.8 9.0 3 EQR, WB
104 10.9 321.4 8.9 2 EH
105 13.0 292.6 8.4 2 WB
106 —4.4 304.2 8.3 2 EQR, EH
107 —-3.8 259.1 7.7 3 EQR, WB
108 16.4 280.5 7.7 3 WB
109 52 287.3 7.3 3 EQR, WB
110 25.8 313.2 6.8 3 EH
111 8.4 283.9 6.4 2 EQR, WB
112 10.3 278.3 6.1 3 WB
113 10.4 271.1 5.7 1 WB
114 15.2 324.4 5.7 2 EH
115 45.4 272.5 5.6 2 WB
116 18.1 305.0 5.2 4 EH
117 —-11.6 289.6 5.1 2 WB
118 -1.2 304.5 4.8 2 EQR, EH
119 —15.4 304.8 4.4 2 EH
120 0.6 273.5 4.3 3 EQR, WB
121 1.0 284.0 4.2 3 EQR, WB
122 3.3 272.8 4.0 2 EQR, WB
123 19.8 296.3 3.1 2 WB
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Table 2

Continued

Spectral sl -
pectral slope (um™) Depth-to-
Latitude Longitude Diameter Confidence b/x Color diameter Geologic

ID Name ©) ©) (m) level slope contrast ratio d/D unit

124 8.6 280.9 2.9 2 EQR, WB

125 0.7 266.2 2.7 2 EQR, WB

126 4.8 2124 9.0 2 EQR, WB

Note. Forty crater candidates have been added to the list in Hirata et al. (2020). Half of the craters smaller than 20 m
were found in the high-resolution images obtained during the SCI crater-search operation. Depth-to-diameter ratios
(d/D) are from Noguchi et al. (2021). Crater color indices (b/x slope and “red/blue” identifier) are from Morota
et al. (2020). Newly identified craters are not necessarily sorted by diameter. Geologic units: eastern hemisphere (EH),
western bulge (WB), equatorial ridge (EQR), and trough (TR).

materials compared to the high latitudes. The eastern side of the rim is lower than the western side, forming
a 100-m wide plateau. The cross section of Urashima is a conical shape (Namiki et al., 2019) which is often
observed in laboratory cratering experiments on granular material (e.g., Oberbeck, 1971). The conical shape
might have been formed by slumping of crater walls as is seen in experiments. This observation suggests
that the post-impact modification stage was controlled by the gravity even though it is very low on Ryugu.
Darker materials are exposed at the bottom of this crater, the feature consistent with the morphology of
the SCI crater (Arakawa et al., 2020). This dark deposit, which remains dark with a photometric correction
(Sugita et al., 2019), could be due to either dark, rough, or porous material (Cloutis et al., 2018). Other hy-
potheses include crushed dark boulder, remnant of a dark impactor, or possibly another stratigraphic layer
exposed on the crater bottom. Shock darkening or impact melt is unlikely because of the low shock pressure
expected on Ryugu (Keil et al., 1997). Traces of mass wasting are observed in this largest crater. A possible
80-m wide, 5-m thick slump is observed on its southeastern wall, whose leading edge makes the crater
bottom appear a deep pit (Figure 2b). The slope-facing flanks of some boulders on the northwestern wall
(boulders B1 and B2) are covered by finer materials, while their opposite sides are not. This feature is the
evidence for smaller-scale downslope regolith migration into this crater. A slope streak (Kikuchi et al., 2019;
Sugita et al., 2019) on the southwestern wall are well resolved as a boulder chain at this image resolution
(Figure 2b). A very large boulder named Ejima saxum (~60 m wide, ~30 m tall) sits just outside the south-
ern rim. The northwestern side of Ejima saxum exhibits a sharp flank running parallel to Urashima’s rim,
while the other facets exhibit hummocky surfaces with gentler slopes.

The craters named Momotaro (15°S, 51°E, 183 m) and Kibidango (31°S, 47°E, 131 m) are a relatively
fresh-looking example of crater doublet (Figure 2d). These craters were most likely formed by two separate
impacts, given the comparable crater sizes and low speed of ejected material to make secondary craters.
Stratigraphically, the southern crater Kibidango overlies Momotaro because the northern rim of Kibidango
intrudes into the Momotaro crater. Nevertheless, the latter Kibidango-forming impact did not significantly
destroy the morphology of predated Momotaro. This observation suggests a low seismic efficiency (i.e., the
conversion ratio of impactor’s kinetic energy to seismic energy) on Ryugu, which is consistent with the
artificial impact experiment by SCI (Arakawa et al., 2020; Nishiyama et al., 2020). These craters are particu-
larly rich in boulders and this could reflect the subsurface structure of this region and/or crater formation
process. In the Momotaro crater, for example, a large elongated boulder (~30 m long) is observed on the
eastern rim with its longer side oriented toward the crater center; another elongated boulder occurs almost
vertically with respect to the surface (Figure 2f), which could be the results of an intense boulder reorienta-
tion during the impact event. Very large (30-50 m), flat and bright boulders are seen on the southern crater
wall of Kibidango. Along with the 70-m wide, 10-m thick flat block located at 100 m west of Kibidango, the
high abundance of large boulders is consistent with the boulder-rich nature of the high latitude reported
by Michikami et al. (2019). On the surface of the flat boulder lies fine-grained material suggestive of ejecta
from some craters.

The eastern part of Momotaro's floor is also particularly rich in several-to-10-m angular boulders with a
color similar to that of large bright boulders in Kibidango. The western half in contrast shows finer boulders
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Figure 2. (a) Geologic context of the Urashima crater. The northern rim crosses the equatorial ridge. The eastern rim is punctuated by a plateau (“P”). Ejima
saxum is located just outside the southern rim (hyb2_onc_20180801_162509_tvf 12d). (b) Urashima in close-up. Finer materials partially cover large (~20 m)
boulders (B1, 2) on their high-geopotential side, a feature suggestive of mass flow into the crater. Dashed curve “F” shows the front of the putative slumping.

A series of short arrows indicate possible linear streak composed by linearly aligned boulders (hyb2_onc_20181003_142939_tvf 12d). (c) Urashima crater and
the Ejima boulder (white arrow) showing the flat flank (hyb2_onc_20180301_080258_tvf_12d). (d) Geologic context of the Momotaro and Kibidango craters
(hyb2_onc_20180801_170957_tvf_12d). (e) Close-up of Momotaro's floor, which is very rich in angular boulders (hyb2_onc_20181004_062159_tvf_12b). (f) Sharp
elongated boulder sticking out at Kibidango's rim (white arrow). Note the very large flat boulders lying crater's southern rim (hyb2_onc_20190301_084153_
tnf_12d). (g) Geologic context of the Cendrillon and Kolobok craters (hyb2_onc_20190228_113636_tvf _12b). (h) Northern part of Kolobok. White arrows
indicate angular boulders discussed in the text. Dashed circle in Kolobok shows the smaller crater on the crater floor (hyb2_onc_20180720_090130_tvf_

12d). (i) Cendrillon crater with large boulders on the rim (white arrows) (hyb2_onc_20190228_113636_tvf_12b). (j) Geologic context of Kintaro (hyb2_
onc_20180801_144909_tvf_12d). (k) Kintaro's floor in close-up. Prominent boulders (“A” and “B”) lie in the crater. A smaller crater with dark center is on the
crater rim (smaller dashed circle) (hyb2_onc_20190404_220403_tvf _12d). (1) Brabo crater. A smaller crater with dark center is on the rim (smaller dashed circle).
(hyb2_onc_20181003_191510_tvf_12d).
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of a redder spectral slope (Sugita et al., 2019). Various interpretations are possible to account for the particu-
lar high boulder number density. The boulders originally on/under the surface could have been excavated
or even crushed upon the impact that made Momotaro; the impact that made overlying Kibidango could
have broken the original rim of Momotaro, scattering the bright boulders into its floor as ejecta, given the
resemblance of the color of boulders; an exposure of subsurface boulders; a result of mass movement from
the equator; or immature boulder breakdown due to thermal fatigue. A smaller crater (~20 m) overlies the
northern rim of the Momotaro crater (Figure 2e). Its smooth interior suggests that the subsurface of the
Momotaro's rim (~2 m), which is potentially ejecta deposits, is made of fine-grained material, in contrast
to Momotaro crater's interior.

The Cendrillon crater (28°N, 354°E, 224 m) is the largest crater located outside the equatorial ridge (Fig-
ures 2g and 2i). This crater provides critical hints on Ryugu's subsurface at a middle-to-high latitude be-
cause the ridge is probably covered by thick materials transported over the course of the surface evolution.
The crater interior is smooth as a whole, but larger (several to 15 m) boulders tend to occur on the southern
wall. Portions of a few dark, hummocky boulders are exposed on the northern half of the rim (~45°N). The
surface texture of the boulders resembles those of other hummocky boulders/massifs at similar latitudes of
the north hemisphere. The deep interior of Ryugu could be made of such hummocky boulders, which were
too large to migrate to the equator even in the fast-spin period in the past. Spectrally, Cendrillon is one of the
reddest craters on Ryugu (Table 2). If reddening is caused by space weathering, both the color of the crater
floor and size suggest that this crater is one of the oldest on Ryugu.

The Kolobok crater (0.7°S, 330°E, 221 m) is a very boulder-rich, saddle-shaped crater on the equatorial ridge
(Figures 2g and 2h). A number of 10-m to 20-m angular boulders are scattered on the floor, which is consist-
ent with the boulder-rich surface around the crater. A bright and mottled boulder (Sugita et al., 2019; Tat-
sumi et al., 2021) is exposed on the northern wall (“A” in Figure 2h). This boulder could have been excavated
by an impact from subsurface since it is buried in the crater. Stereometric analyses indicate that the crater
floor exhibits very rough and complex topography, most likely because numerous boulders hindered the
crater excavation process. Crater #30 excavates the western floor (Figure 2h). The floor between the crater
and the angular boulder (“C” in Figure 2h) is anomalously flat (Namiki et al., 2019; Sugita et al., 2019). This
may be because of mass wasting from the equatorial ridge on the east, or burial by ejecta deposit from the
crater. The area around Kolobok is one of the most heavily cratered regions on Ryugu (Hirata et al., 2020).
Two craters are overlying Kolobok's northern rim (Figure 2h). Across the ridge to the south, two craters are
also located just outside the southern rim. Such craters at different diameters provide a good sense of verti-
cal boulder size sorting on Ryugu. For example, the largest Kolobok crater shows a greater number density
of boulders both on the floor and on the wall, while other smaller craters (100 and 35 m) near the Kolobok
crater exhibit smoother floor with boulders only on their rims. Figure 2h shows that a number of boulders
larger than ~10 m occur in Kolobok (D = 221 m), while crater #11 (D = 100 m) hosts only one such boulder
and crater #41 (D = 40 m) does not host any. Though some of the boulders could have been transported
from the outside of the crater, this trend suggests that the large boulders occur in craters with a depth of
>10 m, while smaller boulders are buried at shallower depth of only a few meters.

The Kintaro crater is located where the Tokoyo fossa crosses the equatorial ridge (Figures 2j and 2k). A
remarkable 30 X 50 m, 10-m-high boulder is on the western wall. This boulder exhibits a very complex
lithology, being a possible breccia of bright clasts embedded in darker matrix (“A” in Figure 2k). The boul-
der appears to have a layered structure as well. The top of the boulder is sloping toward the crater center,
suggesting that it sits on the crater wall rather than being buried in the ground. This boulder may have
been exposed upon the crater-forming impact given Ryugu's microgravity condition, as observed on the
SCI experiment (Arakawa et al., 2020). If this extremely large boulder was excavated from the ridge upon
the Kintaro-forming impact, the boulder should have been transported to the subsurface of the ridge before
the impact, when the ridge was being formed. This scenario requires a ridge formation process that can
transport a boulder as large as ~50 m to the equator. The breccia-like texture of this boulder suggests a low
mechanical strength, which also has implications for the transportation mechanism. A sharp, triangular
boulder is buried at the crater floor (“B” in Figure 2k). A small crater that is, located just 30 m northwest
of the crater rim (#69, 14 m) exhibits a smooth floor with a dark center, which is commonly observed in
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Figure 3. Example of a quasi-circular feature (crater candidate

ID 80, CL4). (a) Geologic context of the QCF (white arrow) (hyb2_
onc_20180824_094938_tvf_12d), (b) Close-up of the QCF (yellow
arrows) and two smaller craters (ID 88, CL3; ID 96, CL2) located nearby
(hyb2_onc_20190425_025446_tvf_12d).

this crater size range. Such a dark center could reflect the property of
the material exposed/produced at the crater center, such as highly porous
materials (Sakatani et al., 2021).

The Brabo crater (3°N, 230°E, 142 m) is located at the approximated
center of the western bulge (Figure 21) and is the largest crater on this
hemisphere. This crater is comparable to the Momotaro and Kintaro cra-
ters in terms of its size and the distance from the equator, but its interior
is much smoother than those craters. This is consistent with the lower
boulder number density of the western bulge (Michikami et al., 2019).
A prominent ~20-m angular boulder is seen on the northwestern floor.
It is unclear if this boulder was excavated from the subsurface or was
transported from another place on this asteroid. A smaller crater (#64,
17 m) excavates the northwestern wall. The interior of this crater is even
smoother than Brabo's floor and its center is darker than the surrounding
suggestive of a regolith property distinct from the surrounding materials,
as is often observed on such 10-m to 20-m sized craters.

In addition to the relatively obvious craters, some quasi-circular features
(QCFs) are found on Ryugu. Figure 3 shows the crater candidate located
at 31°S, 284°E (crater ID = 80). This feature is outlined by a partially
circular pattern formed by 5- to 10-m sized boulders stretching into the
Tokoyo fossa. The diameter of the QCF is 112 m. Such a circular occur-
rence of boulders is also observed for other higher-confidence craters (e.g.,
Figures 2h and 21). The interior of this QCF is not necessarily smoother
than the materials outside the candidates. If this 112-m QCEF is a crater,
then the boulders and materials filling these craters require efficient ma-
terial transport or crater degradation processes. If we assume that this
QCF had an original d/D of 0.1, a regolith layer thicker than 10 m would
be necessary to fill up this crater. Based on the topography, Matsumo-
to et al. (2020) proposed that an irregular depression at ~15°N, ~45°E
might be a highly degraded crater. However, adding this depression into
the CSFD would not significantly change the implied age value. Besides
this irregular-shaped depression, the QCFs larger than 50 m are found
only on the latitudes higher than 30°. This could be an observational bias
because most of the high-resolution observations were conducted from
Ryugu's approximate equatorial plane, but the facts that the craters are
less obvious in the higher latitudes and the crater number density itself is
lower there (Hirata et al., 2020) suggest higher crater degradation rates at
the higher latitudes, or different surface properties, such as cohesion and
boulder number density. While further study is needed to address this
issue, we hypothesize that this latitudinal dependence may result from
fast resurfacing processes or mass movement at high latitudes.

3.3. Crater Morphology at Different Sizes

As seen in the previous section, craters on Ryugu have different mor-
phological properties (e.g., floor, infilling, rim, boulders) at different size

ranges. First, the craters larger than 100 m (Figures 4a-4c) often contain a number of >10-m angular boul-
ders. Such large boulders tend to lie on the crater rim, forming a circular pattern outlining the crater. Some
of these boulders are partially buried by finer materials. A few prominent boulders often remain on the
crater floor, too. Some of such intra-crater boulders were probably exposed by impact excavation as observed
in the SCI impact experiment (Arakawa et al., 2020). Crater interiors exhibit a complicated and hummocky
morphology, but generally smoother infilling material occurs while sometimes punctuated by large angular
boulders. Craters on the equatorial ridge have saddle-shaped floors as shown in the significantly different
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Figure 4. Morphology of craters on Ryugu at different size domains. (a-c) Large craters (D > 100 m), typically
associated with large angular boulders on their floors. (d-f) Medium-sized craters (20-100 m), circular depressions
outlined by boulders. (g-i) Small craters (<20 m), characterized by circular features with a texture smoother than

crater exterior. (a) Crater ID = 1 (Urashima), D = 290 m, CL1 (hyb2_onc_20180801_162509_tvf _12d). (b) ID = 2
(Cendrillon), 224 m, CL2; ID = 3 (Kolobok), 221 m, CL2 (hyb2_onc_20180801_170957_tvf_12d). (c) ID = 4 (Momotaro),
183 m, CL1; ID = 10 (Kibidango), 131 m, CL1 (hyb2_onc_20180801_170957_tvf_12d). (d) ID = 16, 77 m, CL1 (hyb2_
onc_20190425_030150_tvf_12d). (e) ID = 23, 66 m, CL2; ID = 24, 62 m, CL2 (hyb2_onc_20180801_151445_tvf_12d).

(f) ID = 46, 35 m, CL1 (hyb2_onc_20181004_035159_tvf_12b). (g) ID = 89, 19 m, CL2 (hyb2_onc_20190516_024436_
tvf_I2b). (h) ID = 77, 10 m, CL2 (hyb2_onc_20190321_191258_tvf_l2d). (i) ID = 106, 8 m, CL2; ID = 118, 5 m, CL2
(hyb2_onc_20190321_191258_tvf_12d).

east-west and north-south crater cross sections (Noguchi et al., 2021), presumably due to the original topog-
raphy. Urashima and Kolobok craters overlap the ridge, indicating that the equatorial ridge is older than
these craters. Some craters exhibit raised rims, suggesting gravity-controlled cratering on Ryugu (Sugita
et al., 2019), which is consistent with the results from the SCI experiment (Arakawa et al., 2020). These large
craters exhibit conical shapes rather than simple bowl shapes (Namiki et al., 2019). While the ejecta from
the artificial crater was darker than the surrounding surface by ~20% (Arakawa et al., 2020), no obvious
ejecta blankets or rays were found around the natural craters.

Craters with the diameter of 20-100 m (Figures 4d-4f) tend to have smoother floors than larger craters, with
less abundant boulders. Their floors are generally lacking boulders compared to the surface around the cra-
ters, a feature consistent with smaller craters described below. Some craters of ~20-30 m in diameter exhibit
dark centers. Interpretations of the different albedo include different grain sizes, formation of a central pit,
degree of compaction, freshness of the material, or crushed dark boulders. It might also be related to dark
and fine material lofted upon Hayabusa2 touchdown (Morota et al., 2020).
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Table 3
Summary of Characteristics of Craters on Ryugu
Large craters Medium craters Small craters
Size range >100 m 20-100 m <20 m
Floor morphology Circular or saddle-shaped depression; complex floor morphology Simple depression Smooth circular depression or texture;
sometimes with dark center
Boulders Numerous >10-m boulders Less boulders than exterior ~ Significantly less boulders than exterior

Craters smaller than ~20 m (Figures 4g-4i) are characterized by areas smoother than those of larger craters.
Craters smaller than 10 m (Figure 4i) are mainly identified as a contrast in textures: smooth circular interior
and rougher exterior, while it is difficult to determine if they have any bowl-like depression. This texture
can be interpreted that the boulders were removed from the surface, creating a circular feature of smooth
appearance outlined by apparently unaffected boulders. The boulders that have been at the impact site were
likely either ejected or pulverized.

Table 3 summarizes the observations: large craters (>100 m) on Ryugu are circular or saddle-shaped de-
pressions hosting numerous >10 m boulders. They exhibit complex floor morphology. This could be due to
interaction with original asteroid topography and buried boulders. Small craters (<20 m) are smooth circu-
lar features lacking in boulders than their exterior. Craters of ~50 m show intermediate features: smoother
interior than exterior and simpler floor morphology than largest craters. The general trend between boulder
number density and crater size (Watanabe et al., 2020) is observed, which is very similar to that observed for
Bennu (Bierhaus et al., 2019; Walsh et al., 2019). Compared to another rubble-pile asteroid Itokawa, where
crater candidates are shallow and ambiguous depressions lacked in raised rims, the craters on Ryugu are
much more distinct and sometimes exhibit raised rims.

3.4. Implications for Subsurface Structure of Ryugu Inferred From Crater-Floor Morphology

The geomorphology of craters at different sizes provides clues on Ryugu's subsurface structure. Here we
discuss the vertical structure of Ryugu's shallow subsurface by comparing the morphology of crater floors
of different size ranges. Craters smaller than ~20 m exhibit smoother interiors compared to larger craters.
It is unlikely that a crater-forming impact crushes all of the boulders on/below the surface to form the
smooth floor because a number of intact large boulders are observed in larger craters. In fact, both the SCI
experiment and laboratory studies show displacement of boulders in the craters rather than fragmentation
of them (Arakawa et al., 2020; Tatsumi & Sugita, 2018), except for the boulder directly hit by the projectile.
Thus, we interpret that the smooth crater floors observed for the craters with D < 20 m suggest that the
crater-forming impact removes boulders on the surface, exposing finer materials just below the surface
boulders or at very shallow (~2 m) subsurface (Figure 5). Although a regional variation is observed in
boulder number density (i.e., higher latitudes exhibit more boulders), the apparent richness of boulders
in the craters larger than 50 m in turn implies that the finer material did not reach the depth of 5-30 m.
The Kolobok crater region is a good example to explore the size sorting because three craters with different
diameter occur in close proximity. The finer materials under the blocky surface could be the fragments of

<20m >100m

Figure 5. Cross section of Ryugu's shallow subsurface inferred from crater morphology. A few-m-thick layer of fine-
grained material is inferred between the boulder-rich surface and several-m deep subsurface.
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surface blocks produced by impact gardening and/or thermal fatigue. Alternatively, the smooth interior
could be due to vertical size-sorting processes on Ryugu.

Possible mechanisms for the size-sorting effect, in which larger boulders (several meters) remain on the
very top surface, whereas smaller boulders (<1 m) occur just below the surface, include regolith convection
(Miyamoto et al., 2007), mass motion at the crater modification stage, surface material flows, and ejecta
blanketing. Regolith convection is thought to be activated by seismic shaking (Yamada et al., 2016). Though
the SCI experiment revealed low seismic efficiency at least for the impact that formed a 15 m crater (Araka-
wa et al., 2020; Nishiyama et al., 2020), the seismic energy deposited by a large-scale impact that would form
a >100-m crater, needs to be evaluated. If granular convection takes place on Ryugu, this process would
sort the size of particles because small particles can travel much more easily while larger rocks remain at
the surface. Given the boulder-rich surface of Ryugu, large boulders buried under the surface might work
as a wall of a convection cell. Although v-band images do not show clear features of ejecta around natu-
ral craters on Ryugu, the SCI experiment showed a clear ejecta blanketing process (Arakawa et al., 2020),
implying that global ejecta blanketing can work as another sorting process. A possible explanation for size
sorting during crater formation is that smaller particles are ejected more easily than larger particles: larger
particles need higher kinetic energy and momentum to be ejected (Melosh, 1989). Also, smaller particles
can also be blown off due to solar radiation pressure, solar winds, and other nongravitational forces. There-
fore, only larger boulders can come back to the surface of Ryugu. The thickness and deposition rate of ejecta
on Ryugu should be addressed in a future study taking Ryugu's spin rate into account. The finer material
inside small craters is also observed on Bennu (DellaGiustina et al., 2020). Other examples of size-sorting
processes observed on asteroids include ponded deposits on Eros (Cheng et al., 2002). Possible processes
forming such extremely fine deposits include electrostatic levitation of fine materials (Robinson et al., 2001)
and seismic shaking (Veverka et al., 2001). Some craters on Itokawa also exhibit similar fine deposits on
crater floors (Hirata et al., 2009). In contrast, natural craters on Ryugu do not show such ultra-fine deposits
on their floors.

4. Crater Chronology of Ryugu

In contrast to the previous section, which focused on crater morphology, this section focuses on the history
of Ryugu based on crater chronology. In Section 4.1, we report the crater number density of each unit and
discuss the stratigraphic relations on Ryugu. In Section 4.2, the crater size-frequency distributions of differ-
ent regions on Ryugu are reported. The model ages are derived with isochron fitting. In Section 4.3, we dis-
cuss the regional difference of the model ages. In Section 4.4, the geologic history of Ryugu is reconstructed
based on the age data and their interpretations. The ages of Ryugu as a near-Earth asteroid (after being
decoupled from the main belt) and as a main-belt asteroid are discussed. In Section 4.5, the spin evolution
and YORP effect are discussed based on the chronology data.

4.1. Relative Ages Based on Stratigraphic Relations and Crater Number Density

The stratigraphic relationships among the different units are not necessarily clear on Ryugu because of the
very limited number of cross-cutting features. The equatorial ridge at least predates the largest craters that
cut the ridge (Urashima, Kolobok, Momotaro, and Kintaro), suggesting that the ridge is the oldest structure
on Ryugu. The stratigraphic age of the trough relative to the ridge, eastern hemisphere, and western bulge
is unclear. The trough does not appear to cut the ridge based on the topography. The trough outlines both
hemispheres without clear cross-cutting features. The ridge formation could have been ongoing when the
western bulge formed because the equatorial ridge running on the western bulge is almost perfectly circular
as well (Watanabe et al., 2019). The Brabo crater, the largest one on the bulge, should be younger than the
western bulge formation. The lack of morphological features representing stratigraphic relations underlines
the importance of crater number density measurements.

Crater number densities provide an independent measure of relative age for geologic units because they are
independent of chronology models. Thus, before applying the crater chronology models, the crater number
densities at different units and diameter ranges were measured (Table 4). Table 4 shows crater number den-
sities at different diameter bins to address the processes potentially observed in different spatial/timescales.
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Table 4
Crater Number Density at Different Units
Area N(D > 10 m) N(D > 20 m) N(D > 50 m) N(D > 100 m) Diameter
Unit (km?) (km™?) (km™?) (km™?) (km™2) Model age (Ma) range (m)
Eastern hemisphere 1.772 29.3+4.1 26.0 + 3.8 119 £ 2.6 51+1.7 4.89 + 1.6 60-100 m
11.7 £ 4.2 >120 m
Western bulge 0.932 258+ 5.3 8.6 3.0 8.6 3.0 1.1+11 2.07 = 0.92 >50 m
Equatorial ridge 0.578 41.5+8.5 173+ 5.5 173+ 5.5 6.9 £ 3.5 225+ 14 >120 m
East-EQR 0.339 442 £ 114 20.6 £ 7.8 20.6 £ 7.8 59+42
West-EQR 0.239 33.5+11.8 8459 8459 4.2+42
Latitude >10° 2.13 28.0 £5.1 103 £ 3.1 103 £ 3.1 28+ 1.6
North hemisphere (>10°N) 1.07 24.5 £ 4.8 8.5+28 8.5+28 3.8+19
South hemisphere (>10°S) 1.06 26.3 £ 3.5 94 +21 9.4 +21 33+1.2
Fossae 0.18 16.7 + 9.6 0.0 £ 0.0 0.0 £ 0.0 0.0+ 0.0
Global 2.70 29.3 £33 11.1 £ 2.0 11.1 £ 2.0 41+1.2 8.15+ 2.5 >100 m

Note. Errors were calculated by +N"2/S, where N is the cumulative number of craters and S is the area of individual units. The Kintaro crater was not assigned
to Eastern hemisphere nor Western bulge because it is located at their boundary. The data from the global crater survey were used. Absolute model ages derived
in Section 4.2 and diameter range used for fitting are shown.

For example, crater statistics at >100 m in diameter suggests different resurfacing history that reaches
>10 m in depth between the eastern hemisphere and western bulge. The crater records at 50-100 m show
the transition of isochrons, which suggest a resurfacing event in a short time period (see Section 4.2). The
similarity of crater number density N (D > 10 m) among multiple units suggests that the timescale of eras-
ing 10-20 m craters does not differ between the eastern hemisphere and western bulge. This is potentially
because of the ongoing surface processes, such as surface flow.

The equatorial ridge shows the highest crater number density N (D > 10 m) among the units addressed in
our study, although statistical significance is sometimes poor due to the small number of craters on Ryugu.
The crater number density of the equatorial ridge on the eastern hemisphere is slightly larger than that of
the ridge on the western bulge at an insignificant level. The crater number density on northern and south-
ern hemispheres are statistically equivalent, but the regions at latitudes higher than 10° have significantly
smaller crater number density than the equatorial ridge.

4.2. Crater Model Ages

The crater size-frequency distributions are constructed based on the crater list on Table 2 and fitted with
the MBA-model and NEA-model functions (see Section 2.4 for details). First, we use the NEA chronology
function to derive the age that Ryugu spent in the near-Earth orbit. Then the CSFDs in different crater size
ranges are measured.

Figure 6 shows CSFDs with the global observation data and those with higher-resolution SCI crater-survey
images. The shape of the CSFD is consistent with that obtained from a global crater catalog at >30 m, with
the crater number density twice as high as that of the global CSFD. This higher crater number density is be-
cause the SCI crater-survey operation was carried out at a region that hosts craters more than Ryugu's global
average (Figure 1). The CSFD obtained for the SCI crater-search region exhibits a transition of isochrons at
D ~10-15 m (Figure 6). The transition was not reported in the previous studies because of the limitation of
image resolution (0.5 m/pix). The higher-resolution images (0.2 m/pix) revealed the presence of the upturn
in the CSFD in this diameter range and the deviation from the crater production function (i.e., paucity of
small craters) at craters smaller than 10 m. Secondary craters will not contribute to the CSFDs because the
speed of ejecta that would hit the ground is limited to less than the escape velocity of 0.27 m/s. Such a slow
impact would not form an apparent crater on the ground covered with the boulders, when the target disrup-
tion energy Qp* is taken into account. The younger isochron at D = 10-15 m corresponds to 0.22 + 0.05 Ma
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Figure 6. Crater size-frequency distribution obtained with the global observation campaign (black circles) and Small Carry-on Impactor (SCI) crater-search
operation carried out from a lower altitude (red circles). The crater size-frequency distribution (CSFD) for “blue craters” (Morota et al., 2020) is shown in open
squares. Data fitted with (a) main-belt asteroids (MBA) and (b) near-Earth asteroids (NEA) model. Age errors are derived from isochron fitting.

with the MBA model (Figure 6a), while it yields 7.2 + 1.6 Ma with the NEA model (Figure 6b). The isoch-
ron is consistent with that of “blue craters,” presumably fresh craters which are interpreted to be formed
in the near-Earth orbit (Morota et al., 2020) (Figure 6b). The CSFDs for the global observation data yielded
8.1+ 2.5MaatD > 100 m and 4.1 £+ 1.1 Ma at 70-80 m with the MBA model (Figure 6a).

Isochron fitting for the large craters on different units (>120 m for EH and EQR, >50 m for WB) yielded
the absolute model ages of the equatorial ridge, eastern hemisphere, and western bulge as 23 + 14 Myr,
11.7 £ 4.2 Myr, and 2.1 + 0.9 Myr, respectively (Figures 7a and 7b). Here we report MBA model ages because
the craters were most likely formed in the main belt: if these craters were formed in the near-Earth orbit,
the surface of Ryugu would be ~30 times older, which is too long for Ryugu to stay as a near-Earth asteroid
in a typical dynamical timescale of ~40 Ma (Michel & Delbo, 2010). The eastern and western ridges were
statistically equivalent given the error bars.

The CSFD of the western bulge shows no evidence of isochron transition at D > 40 m, suggesting a simple
bombardment history in the main belt after the resurfacing of craters of all diameter ranges. In contrast,
the CSFD of the eastern hemisphere using the global observation data can be divided into two regimes. The
craters of 50-100 m in diameter were well fitted by an isochron of 4.9 + 1.6 Myr (MBA model), while those
larger than 120 m yielded the age of 11.7 + 4.2 Myr (MBA model) (Figure 7b). However, the crater data
reconstructed with the SCI crater-search images did not show the transition of the isochron on the eastern
hemisphere.

The CSFD for the Tokoyo and Horai fossae coincides with that for the western bulge (Figure 7b) although
the statistics is poor because the number of craters was only three.

The CSFDs constructed for the southern and northern hemispheres outside the ridge show that the crater
data on the latitudes higher than 10° do not follow the standard production function (Figure 7c).
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Figure 7. Crater size-frequency distribution and isochron fitting for the craters on (a) the equatorial ridge (10°N-10°S), (b) east/west hemispheres and fossae
constructed from global observation and higher-resolution Small Carry-on Impactor (SCI) crater-search (CS) images, and (c) higher latitudes (10°N-90°N and
10°S-90°S). Gray lines show the empirical saturation level. R-plots for the same data (d-f).

4.3. Regional Difference of Ages and Possible Reasons

We now discuss the ages of the individual units on Ryugu using the age data obtained from Figures 6 and 7.
Here, a near-Earth asteroid tends to be more exposed to impacts when it reaches the aphelion, which is near
or in the main belt (O'Brien & Greenberg, 2005; Sugita et al., 2019). The bombardment in the main belt con-
tinues until the orbit of the NEA is decoupled from the main belt. Thus, the ages of 7 Ma (NEA chronology
model) and 0.2 Ma (MBA chronology model) correspond to the earliest and latest timing (upper and lower
age limits) when the asteroid was decoupled from the main belt, respectively (Figure 6). If the former is the
case, the 7.2 + 1.6 Myr period spent in near-Earth orbit should be added to the main-belt model ages.

First, we compare the model ages in the latitudinal direction. The equatorial ridge is the oldest structure on
Ryugu, as suggested in Table 4. The isochron indicates that the asteroid spent 23 + 14 Myr in the main belt
(Figure 7a). For the early decoupling scenario, in which 7 Myr spent in the near-Earth orbit (Figure 6b) is
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added to the main-belt ages, the ridge was formed 30 Myr ago while Ryugu was rotating more than twice
as fast as it is now (Watanabe et al., 2019). The craters larger than 100 m might have reached the empirical
saturation level, and therefore the ridge could have been even older than 30 Ma. Nevertheless, the close
proximity of large craters on Ryugu, such as Momotaro and Kibidango, suggests that obliteration/modi-
fication of preexisting craters by seismic shaking is inefficient on Ryugu and thus crater saturation level
could be higher on this asteroid. Despite the hemispherical resurfacing on the western bulge (discussed in
the following paragraph), the crater number densities of the eastern and western ridges were statistically
equivalent (Figure 7a). This result is a constraint for the type and magnitude of the resurfacing process.
The nonstandard crater population on latitudes higher than 10° supports a continuous, gradual crater oblit-
eration process rather than a single resurfacing event that would result in a transition in isochrons. One
candidate process that accounts for the lack of craters only at middle-to-high latitudes would be mass
movement induced by evolving geopotential. The preservation of craters on the ridge suggests that the mass
motion did not reach the ridge to erase the craters there, possibly because of the lack of movable material
or because of geopotential barriers. The mass and intensity of the latitudinal mass movement would be
the key to addressing the crater population at the middle-to-high latitudes. Another possible mechanism
to make the latitudinal crater density variation is that craters did not occur at the high latitudes as much
as on the equator. Such crater depletion on the higher latitudes could be because of different surface prop-
erties between the equatorial region and the higher latitudes (e.g., cohesion, boulder size, boulder number
density). Although the SCI impact experiment revealed gravity-controlled cratering on the ridge (Arakawa
et al., 2020), further quantitative studies on armoring and cohesion are needed to address the lack of craters
on the higher latitudes.

Next, we compare the CSFDs of the eastern hemisphere and western bulge (Figure 7b). First, the best fit
isochrons (i.e., those with diameter > 60 m for EH and that of >50 m for the WB) reveal that the western
bulge possesses significantly smaller number of craters than the eastern hemisphere, indicating the pres-
ence of dichotomy in terms of crater number density. Deformation analyses provide one possible mecha-
nism for this hemispherical, semi-global resurfacing event through the relaxation of stress in the asteroid:
the imperfect axisymmetric shape of Ryugu may have induced a deformation mode that resurfaces only
one side of the asteroid (Hirabayashi et al., 2019). In other words, the western bulge was resurfaced due to
mass movement driven by structural deformation. Note that we do not rule out any deformation mode: a
landslide or internal deformation. It is challenging to identify the source impact or events that induced the
global deformation in a reliable way, since any perturbation could have induced such a relaxation (Hira-
bayashi et al., 2019). Nevertheless, one possible candidate would be the Brabo crater, which is located at the
center of the western bulge. If this is the case, the Brabo crater itself caused but survived the resurfacing
event, a constraint on the scale and mechanism of the formation of the western bulge.

The transition of isochrons on the eastern hemisphere at 11.7 Ma (D > 120 m) and 4.9 Ma (D = 60-110 m,
Figure 7b) suggests that the craters smaller than 110 m were obliterated ~5 Myr before Ryugu left the main
belt (i.e., five or 12 Myr before the present with MBA/NEA models). If the depth-to-diameter ratio (d/D) of
a fresh crater is 0.1 on Ryugu (Noguchi et al., 2021), materials up to 10-m thick would be needed to erase
the craters smaller than 100 m. One possible source of such a large-scale resurfacing is the ejecta deposition
and/or topographic diffusion by Urashima, the largest crater on Ryugu. In fact, the crater number density
decreases as crater location comes closer to the Urashima crater (Figure 8). For the ejected material to cover
1-4 crater radii with the thickness of 10 m, for example, 50% of the volume of Urashima crater needs to
be deposited on the surface. This amount of material is comparable to the result of a simple model calcu-
lation using the ejecta scaling rule (Housen & Holsapple, 2011), dry-sand parameters, escape velocity of
0.275 m/s, as well as the Z-model (Maxwell, 1977), in which approximately 80% of ejecta returns to Ryugu.
The apparent lack of craters around Urashima as compared to the Kolobok area (Figure 1) is consistent
with this interpretation. Although the seismic efficiency on Ryugu was found low by the artificial impact
experiment, the seismic shaking due to the Urashima-forming impact could also have degraded a number
of craters nearby because the seismic energy with this 290-m crater formation is still high enough to induce
acceleration greater than the gravity (Nishiyama et al., 2020). This hypothesis is also consistent with the
fact that the CSFD for the eastern hemisphere does not show the transition of the isochron if constructed
with the data from SCI crater-search campaign, whereas the CSFD from the global observation campaign

CHO ET AL.

20 of 27



A7
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Planets 10.1029/2020JE006572

( a) 60 does. This difference can be interpreted that the SCI crater-search area is
far from the Urashima crater and its resurfacing did not affect this area.
g 50 - Finally, we found that the CSFD for the Tokoyo and Horai fossae coin-
A cides with that for the western bulge (Figure 7b). This result is important
=) 40T because no clear stratigraphic relationships were found among the fossae
; 30 | and other units. Although the statistics are poor because the number of
‘& craters is only three, this agreement strongly suggests that the fossae were
S § 20 | formed in association with the formation of western bulge 2 Myr (late-de-
g coupling model) to 9 Myr (early decoupling model) ago. It is still unclear
E 10 L + why the fossae are much bluer than the western bulge, because the degree
g of space weathering should be comparable to each other. One hypothesis
© o Ln=8,n=6 n=1,n=14 n=5 n=1n=14 n=7 is that the trough is even younger than the western bulge and occurred af-
< 1 2 3 4 5 6 7 8 9 ter surface reddening process during Ryugu's orbital excursion 0.2-8 Myr
Circular distance from Urashima crater center (Rc) ago (Morota et al., 2020). If this is the case, the resurfacing on the trough
could be a geologically very recent, potentially ongoing process. As de-
- scribed in the previous paragraph, the two fossae outlining the western

180°

bulge are likely to have formed associated with a reshaping process of the
western bulge. The significantly different crater ages between the eastern
hemisphere and western bulge speak against the simple two-body merge
scenario as the origin of the dichotomy: the two hemispheres underwent
different geologic histories. Furthermore, the poorly preserved morphol-
ogy of the putative crater at 15°N, 45°E (Matsumoto et al., 2020) does not
seem to support the impact origin of the recently formed western bulge.

4.4. History of Ryugu Revealed by Cratering Record

In this section, we summarize Ryugu's history from the top-shape for-
mation to the present based on the crater population data. Because the
age when Ryugu was decoupled from the main belt is sometime between
7 and 0.2 Myr ago, both early decoupling and late-decoupling cases are
described (Figure 9).

The precursor top shape (i.e., the equatorial ridge) developed by 23-30
Myr ago after the catastrophic disruption of Ryugu's immediate parent
body (Figure 10). The crater record does not provide the time of the cat-
astrophic disruption that formed Ryugu. If we assume that Ryugu's par-

Figure 8. (a) Number density of craters larger than 10 m as a function of  ent pody is Eulalia or Polana, which experienced breakups 1,500-3,000

circular distance from the Urashima crater (crater radius R.). The numbers
of craters in each bin (n) are also shown. Note that the area of R, = 5-6
includes both polar regions, where few craters are found. (b) Distribution

of craters around Urashima.

Myr ago (Bottke et al., 2015; Sugita et al., 2019), then Ryugu's current
shape has to be formed in the last 1% of that time. This timescale sug-
gests that Ryugu is likely multiple generations younger than, rather than
is an immediate daughter asteroid of, these potential parent bodies. The
age of the disruption will be revealed by radiometric dating of returned
samples. As mentioned earlier, the spin period may have been as fast as
3.5 h at this time to form and enhance the equatorial ridge (Hirabayashi et al., 2019; Watanabe et al., 2019),
suggesting the long-term rotational evolution over the life of this asteroid. Because the age of 23-30 Myr is
comparable to the dynamical lifetime of Ryugu, the top shape might have been a direct result of disruption
(Michel et al., 2020).

While Ryugu was in the main belt, it experienced continuous impact cratering. The current topography of
the eastern hemisphere formed 11-18 Myr ago. Statistically, the formation of the eastern hemisphere, as
well as the original western hemisphere before the dichotomy formation, can be contemporary with the
equatorial ridge (Figure 9). Nevertheless, one hypothesis to account for the apparent age gap between the
ridge and the entire eastern hemisphere is that the craters at the high latitudes were erased as materials
passed through the region. Another possible reason for the ~12-Myr younger eastern hemisphere, which
includes the areas at higher latitudes, is that craters did not occur at the high latitudes as much as on the
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Figure 9. Ages of geologic events on Ryugu. Two scenarios are illustrated: (a) Ryugu was decoupled from the main belt
7 Myr ago and became a near-Earth object (near-Earth asteroids (NEA) chronology model); (b) Ryugu was decoupled
from the main belt 0.2 Myr ago (main-belt asteroids (MBA) chronology model). Error bars show the uncertainty of the
absolute model ages.

equator possibly because of armoring effects or different cohesion, making the eastern hemisphere appear
younger compared to the equatorial ridge.

The eastern hemisphere was resurfaced 5-12 Myr ago. This 10-m thick, hemispherical resurfacing event
could have been caused by the formation of the largest crater Urashima, which would have obliterated pre-
existing craters on a part of the eastern hemisphere via ejecta blanketing and/or seismic shaking.

Two to nine Myr ago, the western bulge formed presumably with the fossae. The bulge could have been
formed by the relaxation of stress in the asteroid that causes a hemispherical mass movement. This event
might have modified the equatorial ridge in a way that erases craters at an insignificant level as well (Fig-
ure 7a). This resurfacing event occurred >20 Myr after the original ridge formation (Figure 7a). After this
event Ryugu's spin rate slowed down to the current value of 7.6 h likely due to the YORP effect.

Between 0.2 and 7 Myr ago, Ryugu was decoupled from the main belt to the near-Earth orbit. This age is
reasonable because it is substantially younger than the typical dynamical lifetime of 40 Myr that an asteroid
spends in the near-Earth orbit (Michel & Delbo, 2010). The contrast of colors of some craters on Ryugu
suggests that Ryugu's orbit once was much closer to the Sun than it is now, where the asteroid would have
experienced surface reddening (Morota et al., 2020). Then, Ryugu changed its orbit to the current one.

The most recent, potentially ongoing geologic activities on Ryugu include turnover of regolith or pebbles.
The residence time of individual grains shallower than ~1 m can be estimated from the intersect of crater
distribution and model isochrons at a crater diameter of 10 m (Sugita et al., 2019). Figure 11 shows the
CSFDs of Ryugu and isochrons for the MBA and NEA models. The expected age of the top 1-m layer differs
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Figure 10. Evolution of Ryugu as revealed by this study. This study revealed the geologic history from the formation
of the top shape, to the migration from the main belt to the near-Earth orbit. Parent-body processes were discussed by
Sugita et al. (2019); orbital excursion and surface reddening are after Morota et al. (2020).

between the models. Thus, the galactic cosmic-ray exposure ages of returned samples, which would record
the irradiation history of ~1 m beneath the surface (Nagao et al., 2011), can be used for discriminating the
models and reconstructing the geologic history of Ryugu. The cosmic-ray exposure age of returned samples
would be 10-100 ka for the late-decoupling case. In contrast, the exposure age would be ~1 Ma for the early
decoupling model, because Ryugu spent ~7 Ma in the NEO, where much fewer meteoritic impacts take
place.
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Figure 11. Crater size-frequency distribution and model isochrons with
(a) main-belt asteroid model and (b) near-Earth asteroid model. The main-
belt asteroids (MBA) and near-Earth asteroids (NEA) models correspond
to late and early decoupling, in which Ryugu was decoupled from the main
belt 0.2 Myr ago and 7 Myr ago, respectively (Figure 6). The intersects of
crater size-frequency distributions (CSFDs) and model isochrons yield
approximate residence time at the depth of crater excavation and could

be compared with the cosmic-ray exposure age of returned sample.
Horizontal line shows the empirical saturation level.

4.5. Implications for Spin-State Evolution

Our crater chronology data can also be used for determining the times-
cale of the spin-state evolution on Ryugu because its spin period must
have been 3.5 h (Hirabayashi et al., 2019; Watanabe et al., 2019) when
the western bulge formed as a result of the asymmetric deformation.
The spin rate could be altered by the YORP effect and impact cratering
processes. Mass ejection was also considered to be another contributor,
but recent study showed that it might be negligible for Bennu (Scheeres
et al., 2020). If the western bulge of Ryugu developed 2 or 9 Myr ago
(Figure 7b) when the spin period was 3.5 h, the average YORP decelera-
tion rate is 1.8 x 107° or 4.1 x 1077 deg day~>, respectively. These values
are consistent with the current deceleration rate derived from the shape
model of Ryugu (1.3 x 107° deg day 2, Kanamaru, 2020). For Bennu, light
curve observations showed that the spin acceleration driven by the YORP
effect is (2.64 + 1.05) x107° deg day > (Nolan et al., 2019). The magnitude
of the YORP effect strongly depends on the local topography of individ-
ual asteroids (Statler, 2009). We can nevertheless estimate the timescale
of the YORP effect on Ryugu by that of Bennu, with a simple conversion
of the asteroid dimensions. The timescale of angular velocity (w) change
due to the YORP effect is ¢ = /I ~1/A%, where 1 is the torque induced by
the YORP effect, I is the moment of inertia, and A is the diameter of an as-
teroid. Here, I  A® and t « A°. Considering that the bulk density and the
shape are similar for both Ryugu and Bennu, the equivalent diameters of
Bennu (~535 m) and Ryugu (870 m) give the YORP timescale of Ryugu
~0.38 times that of Bennu, or (1.0 + 0.4) x 10™° deg day™>. The magnitude
of this value, which is converted from Bennu's observed spin-up rate, is
consistent with the spin-down rate obtained from crater chronology for
Ryugu within a factor of 3. Despite the strong local-topography depend-
ence, the agreement of these YORP rates indicates that the magnitude of
the YORP effect observed for Bennu is sufficient to account for the spin
rate change of Ryugu. In addition, the agreement of the YORP timescales
in turn suggests that western bulge was resurfaced 0.2-7 Myr ago when
Ryugu was spinning approximately twice as fast as it is now.

5. Conclusions

In this study, we reported the morphology of craters on Ryugu and used
the crater population to decipher the geologic history of this C-type, rub-
ble-pile asteroid. We used the high-resolution images obtained by the
telescopic optical navigation camera on board the Hayabusa2 spacecraft.
Our observations revealed that the abundant boulders on/under the sur-
face of Ryugu affect crater morphology. For example, the craters exhibit
relatively simple circular depressions, which was not the case for the rub-
ble-pile asteroid Itokawa. The craters on the equatorial ridge show sad-
dle-shaped floors due to the original, preimpact topography. The craters
are typically outlined by the circular pattern of boulders remaining on
the rim. Large craters (diameter > 100 m) host abundant and sometimes
unproportionally large boulders on their floors. In contrast, small craters
(<20 m) are characterized by much smoother circular floors in the mid-
dle of the boulder-rich surface of Ryugu. Such small craters also tend to

have dark centers, of unclear origin. The correlation between crater size and boulder number density, which

was also observed on Bennu, suggests the presence of processes that sort the boulders by size in the shallow

(a few m) subsurface.
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Furthermore, the crater size-frequency distributions (CSFDs) of different regions on Ryugu revealed the
complex geologic history on this only 1-km asteroid (Figure 10). Our crater-counting analyses and the crater
chronology model for Ryugu indicate that Ryugu was transferred to a near-Earth orbit and decoupled from
the main belt 0.2-7 Myr ago. The galactic cosmic-ray exposure ages of returned samples would be used for
constraining the time when Ryugu was decoupled from the main belt: the ages should be ~1 Ma for the
early decoupling model (Ryugu spent 7 Myr in NEO), while they should be 10-100 ka for the late-decou-
pling scenario (Ryugu spent 0.2 Myr in NEO). Taking the period Ryugu spent in the near-Earth orbit into
account, the equatorial ridge is the oldest structure of Ryugu and formed 23-30 Myr ago. Ryugu was then
partially resurfaced possibly by the impact that formed Urashima at 5-12 Ma, followed by a hemispherical
resurfacing event that formed the western bulge at 2-9 Ma. The crater number density on the trough was
comparable to that on the western bulge, suggesting that Tokoyo and Horai fossae were formed associated
with the resurfacing of the western bulge 2-9 Myr ago. Deformation analyses conducted by previous studies
suggest that such a hemispherical resurfacing could have been caused by the relaxation of stress in the as-
teroid, providing a mechanism that accounts for the east-west dichotomy of Ryugu. The spin rate of Ryugu
was then slowed down plausibly due to the YORP effect, because the size-corrected timescale for the spin-
down of Ryugu is comparable to the YORP spin-up timescale measured for Bennu. This observation further
supports the late hemispherical resurfacing on this asteroid.

Data Availability Statement

All images shown in this study, crater catalog, and geologic units definition file are available at the JAXA
Data Archives and Transmission System (DARTS) at https://data.darts.isas.jaxa.jp/pub/hayabusa2/paper/
Cho_2021/or https://data.darts.isas.jaxa.jp/pub/hayabusa2/onc_bundle/proximity/v00/. The shape model
of Ryugu used for this research can be found in Watanabe et al. (2019) and its supplementary information
files.
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