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Abstract

The OSIRIS-REx, Hayabusa2, and Hayabusa missions have returned samples from three near-Earth asteroids
(NEAs), namely Bennu, Ryugu, and Itokawa, respectively. Insights into the geological and dynamical history of
these NEAs can be gleaned by linking their surface ages, derived by modeling the production of their crater size—
frequency distributions, to the cosmic-ray exposure (CRE) ages of their samples. The complication is that as these
NEAs traveled from the main belt to their observed orbits, the impactor flux striking them from main-belt
asteroids, Mars-crossing asteroids, and NEAs also changed. Here we account for these factors by allowing Bennu,
Ryugu, and Itokawa to dynamically evolve within a crater production model. Each world was tracked over many
tens of different orbital pathways. Crater erasure effects, produced by superposed craters, sandblasting effects, and
the impact-driven mass movement of surface materials, were also included, with the latter parameterized using a
crater damage function. Surface ages were determined by comparing model crater size—frequency distributions to
the observed ones. Our results yielded median surface age values for Bennu, Ryugu, and Itokawa of 7.7, 4.1, and
3.2 Myr old, respectively. These model ages are broadly consistent with the CRE ages measured from the returned
samples. We suggest that these model ages may represent the timing of global resurfacing events, with the most
likely mechanisms being shattering impacts from main-belt projectiles and YORP-driven spin up. When
combined with cratering events, we predict that near-surface materials on Bennu, Ryugu, and Itokawa have
experienced considerable churn with time.

Unified Astronomy Thesaurus concepts: Asteroid dynamics (2210); Near-Earth objects (1092); Asteroid belt (70);

CrossMark

Meteorites (1038); Impact phenomena (779); Craters (2282)

1. Introduction

The primary goals of NASA’s OSIRIS-REx and JAXA’s
Hayabusa/Hayabusa2 missions were to collect materials from
different kinds of near-Earth asteroids (NEAs) and return them
to Earth for further study. OSIRIS-REx flew to (101955)
Bennu (formerly 1999 RQ36), a 0.506 x 0.492 x 0.457 km
diameter B-type NEA (D. S. Lauretta et al. 2017, 2019, 2022),
while Hayabusa2 went to (162173) Ryugu (formally 1999
JU3), a 1.04 x 1.02 x 0.88km diameter Cb-type NEA
(S. Watanabe et al. 2017, 2019; S. Sugita et al. 2019; T. Yada
et al. 2021; S. Tachibana et al. 2022) (Figure 1). Hayabusa
flew to (25143) Itokawa, a 0.535 x 0.294 x 0.209 km S(IV)-
type NEA with an ordinary chondrite composition (M. Yoshi-
kawa et al. 2015; see Figure 1). All three missions were
successful, with the returned samples now being subjected to a
battery of tests by worldwide scientists. Key goals of these
missions were to combine spacecraft and sample data together
to constrain the geological and dynamical history of Bennu,
Ryugu, and Itokawa and explore the origin of their parent
bodies.

The parent body/bodies of Bennu and Ryugu were likely
born as planetesimals within the giant planet zone, the
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probable source region of many carbonaceous chondrites
(T. Kleine et al. 2020). The question whether Bennu and
Ryugu came from one or two different parent bodies has yet to
be answered (e.g., W. F. Bottke et al. 2015b), but distinct
populations of exogenic impactors on their respective surfaces
may indicate that they are at least once removed from the same
parent asteroid (D. N. DellaGiustina et al. 2021; E. Tatsumi
et al. 2021a, 2021b; K. J. Walsh et al. 2024). Their parent
bodies were delivered to the main-belt zone by dynamical
processes taking place when the solar nebula still existed
(K. J. Walsh et al. 2011; S. N. Raymond & A. Izidoro 2017).

The parent body of Itokawa likely formed in the inner solar
system within what is now called the non—carbonaceous
chondrite zone (T. Kleine et al. 2020). Itokawa’s parent body
either was indigenous to the main belt or formed in the
terrestrial planet zone and was later captured into the main belt
by dynamical processes associated with early solar system
evolution (e.g., W. F. Bottke et al. 2006a; K. J. Walsh et al.
2011; S. N. Raymond & A. Izidoro 2017; C. Avdellidou
et al. 2024).

The original diameters of all three parent bodies were on the
order of 100km or larger (W. F. Bottke et al. 2005b,
2005a, 2015b; A. Morbidelli et al. 2009). Each parent body
likely experienced thermal evolution, cratering events, and
probable disruption event(s) within the inner main belt (e.g.,
K. J. Walsh et al. 2013; W. F. Bottke et al. 2015b, 2020;
D. Vokrouhlicky et al. 2017).
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Figure 1. The sample-return NEAs. Ryugu (left) is a Cb-type asteroid that was sampled by Hayabusa?2. It has a mean diameter of 896 m and a bulk density of 1.19 £
0.02 g cm™ (S. Watanabe et al. 2019). Bennu (middle) is a B-type asteroid that was sampled by the OSIRIS-REx mission. It has a mean diameter of 492 m and a
bulk density of 1.190 & 0.013 g cm™ (D. S. Lauretta et al. 2019). Itokawa (right) is an S-type asteroid that was sampled by the Hayabusa mission. It has dimensions
of 0.535 km x 0.294 km x 0.209 km and an estimated bulk density of 1.9 + 0.13 g cm > (A. Fujiwara et al. 2006). Images courtesy of NASA/JAXA.

The immediate precursors of Bennu, Ryugu, and Itokawa
were probably reassembled from debris ejected by the
disruption of their parent bodies (P. Michel et al. 2020).
These subkilometer-to-kilometer-sized fragments traversed the
main belt over many hundreds of Myr or more via Yarkovsky
thermal forces and resonances (e.g., W. F. Bottke et al. 2006b,
2015b, 2020; H. Campins et al. 2010, 2013; K. J. Walsh et al.
2013). While in transit, these precursors experienced one or
more shattering or disruption events, with the last one yielding
the approximate sizes of Bennu, Ryugu, and Itokawa
(K. J. Walsh et al. 2024).

Note that some have argued that small rubble-pile asteroids
like Itokawa are difficult to destroy by impacts and instead
may survive for many billions of years in the main belt
(F. Jourdan et al. 2023). This scenario, however, is
incompatible with collisional evolution modeling results of
how the main belt and asteroid families evolve (W. F. Bottke
et al. 2015a), as well as recent numerical results showing how
the DART spacecraft’s impact into Dimorphos reshaped the
160 m diameter S-type body (S. D. Raducan et al. 2024).

Ryugu is about twice as large as Bennu (Figure 1), but both
have top-like shapes and a rubble-pile structure (D. S. Lauretta
et al. 2019; S. Watanabe et al. 2019). The term “rubble pile” is
defined in D. C. Richardson et al. (2002). The objects also
share the same bulk density of 1.19gcm™ and geometric
albedo of ~4.5% (S. R. Chesley et al. 2014; D. S. Lauretta
et al. 2019; S. Watanabe et al. 2019). As mentioned above,
both asteroids also have a small quantity of nonindigenous
rocks on their surface (D. N. DellaGiustina et al. 2021;
E. Tatsumi et al. 2021a, 2021b). These materials may be the
remnants of projectiles that hit either their parent bodies or
their precursor bodies while transiting out of the main belt.

Itokawa has two major lobes and is elongated in shape
(H. Demura et al. 2006). It likely has a rubble-pile structure,
but it is possible that the two lobes also have different bulk
densities, with at least one large component within one of the
lobes (S. C. Lowry et al. 2014; M. Kanamaru et al. 2019). Like
Bennu and Ryugu, Itokawa was probably reassembled from

materials ejected from the disruption of Itokawa’s parent body
(P. Michel et al. 2020). Itokawa has regions that are boulder-
rich and those that are dominated by centimeter- and sub-
centimeter-sized particles. Overall, Itokawa has a bulk density
of 1.9gcm™ and a geometric albedo of ~23% (A. Fujiwara
et al. 2006).

Samples from Ryugu appear to be a compositional match
with Ivuna-type CI chondrites (T. Nakamura et al. 2023;
T. Yokoyama et al. 2023b). They are chemically unfractio-
nated yet are aqueously altered. These properties are consistent
with Ryugu’s spectral properties (E. Tatsumi et al. 2021c).
Similarly, Bennu particles seem to have many of the properties
of average CI chondrites (D. S. Lauretta et al. 2024).
D. S. Lauretta et al. (2024) report that Bennu samples have a
similar elemental composition to Ryugu samples, but without
refractory element enrichments (T. Nakamura et al. 2023;
T. Yokoyama et al. 2023a). CI chondrites are among the
weakest extraterrestrial bodies so far known (e.g., O. Eugster
et al. 2006). Both the OSIRIS-REx and Hayausa2 spacecraft
found evidence for extremely weak materials on the surface
Bennu and Ryugu (e.g., R. Jaumann et al. 2019; M. Arakawa
et al. 2020; R.-L. Ballouz et al. 2020; B. Rozitis et al. 2020;
M. E. Perry et al. 2022; T. Nakamura et al. 2023). Given their
limited prospects for passing through Earth’s atmosphere
intact, it is fair to say that our understanding of primitive
carbonaceous chondrites suffers from sample bias. The
existence of such fragile materials on Bennu and Ryugu also
raises intriguing questions about how they survived on worlds
that have been disrupted multiple times (K. J. Walsh
et al. 2024).

While preliminary analysis has only begun for Bennu’s
samples, the particles show signs of aqueous alteration events
occurring within an evolving briny fluid (K. A. McCain et al.
2023; T. Nakamura et al. 2023; T. Yokoyama et al. 2023b;
D. S. Lauretta et al. 2024; T. J. McCoy et al. 2025). Water flow
probably took place within the parent bodies of both asteroids,
with supporting evidence found in the carbonates identified on
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the surfaces of Bennu and Ryugu (V. E. Hamilton et al. 2019;
H. H. Kaplan et al. 2020; Y. Hu et al. 2024).

The Itokawa particles returned by the Hayabusa spacecraft
match LL-type ordinary chondrites (T. Nakamura et al. 2011).
Their composition confirmed the link between S-type
asteroids, a common asteroid type among NEAs and main-
belt bodies, and ordinary chondrites, the most common type of
meteorite fall (T. H. Burbine et al. 2002). Ordinary chondrites
are denser and stronger than CI, CM, and CR meteorites,
which may in part explain why they make up many of the falls
and finds residing in meteorite collections across the world
(T. H. Burbine et al. 2002; O. Eugster et al. 2006).

In this paper, we will explore the collisional and dynamical
evolution histories of Bennu, Ryugu, and Itokawa. Our goal is
to set the stage for the interpretation of samples from all three
missions. For example, cosmic-ray exposure (CRE) or space-
weathering processes measured on returned samples may help
us deduce how the surfaces of these NEAs have changed over
relatively recent times from collisions, thermal torques like the
Yarkovsky—O’Keefe—Radzievskii—Paddack (YORP) effect
(D. P. Rubincam 2000), or tidal disruption of NEAs
(D. C. Richardson et al. 1998). Concerning YORP, this
mechanism can spin small asteroids up fast enough to produce
mass movement and mass shedding (e.g., K. J. Walsh et al.
2008; D. Vokrouhlicky et al. 2015). It is also possible that
some samples will eventually show evidence for shock
degassing processes produced by impact events, as has already
been deduced for Itokawa (J. Park et al. 2015; K. Terada et al.
2018). If so, they might provide ground truth for when their
parent body disrupted (e.g., W. F. Bottke et al. 2020).

With that said, placing Bennu, Ryugu, and Itokawa samples
into an appropriate geologic context is challenging, with
several complicating factors affecting the collisional and
dynamical evolution of NEAs. Here are some examples.

Dynamical evolution of NEAs. The orbits of all three NEAs
have changed with time (e.g., W. F. Bottke et al. 2002;
M. Granvik et al. 2016, 2018; D. Nesvorny et al. 2023).
Numerical models indicate that they traveled from the main
belt to their current orbits in NEA space via dynamical
resonances and encounters with the terrestrial planets
(H. Campins et al. 2010, 2013; K. J. Walsh et al. 2013;
W. F. Bottke et al. 2015b). Each body’s trek was chaotic, such
that we can only determine their past paths in a probabilistic
sense.

As an analogy, consider trying to predict what happened to
several balls within a Pachinko machine if you could only
observe them at the very bottom. One could use a Monte Carlo
code to calculate the most likely pathways for each ball, with
certain starting positions more likely to produce a given
bottom position than others, but the exact path followed by
each ball will never be known.

Collisional evolution of NEAs. En route to their current
orbits, Bennu, Ryugu, and Itokawa were struck by different
subpopulations of asteroids, namely those from the main belt,
those on solely Mars-crossing orbits, and those of other NEAs
(W. F. Bottke et al. 1996, 2002). The degree of bombardment
that each body experienced from these different impactor
populations is established by the dynamical pathways they
followed, which, as mentioned above, can only be determined
in a probabilistic sense.

Missing small craters. Many small craters on Bennu,
Ryugu, and Itokawa are missing compared to expectations
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from crater size—frequency distributions (SFDs) on the Moon
(N. Hirata et al. 2009; S. Sugita et al. 2019; K. J. Walsh et al.
2019; D. N. DellaGiustina et al. 2020; Y. Cho et al. 2021;
E. B. Bierhaus et al. 2022, 2023). This is not unusual; all
observed NEAs are missing small craters at some level
(S. Marchi et al. 2015; W. F. Bottke et al. 2020). The largest
craters on NEAs are often considered to be in production, such
that they are commonly used to calculate model surface ages.
The simplest interpretation is that largest craters record the
time of the last global resurfacing event on a given NEA. We
caution, though, that this idea could be misleading if a given
asteroid has experienced regional resurfacing events.

Our method to deal with these obstacles was to construct a
versatile crater production model called NEA-EVOL. It
includes (i) results from models showing how NEAs
dynamically escape the main belt and evolve within the inner
solar system, (ii) algorithms that track how the impact flux
changes from different populations as the NEAs travel through
the main belt and terrestrial planet-crossing region, and (iii) a
realistic crater evolution code that can reasonably account for
complex issues like crater erasure produced by superposed
craters, sandblasting effects, and the impact-driven mass
movement of surface materials. Together, NEA-EVOL allows
us to simulate the full end-to-end evolution of Bennu, Ryugu,
and Itokawa, with many characteristics treated with more
realism than was previously possible. In turn, our results
hopefully provide new ways to interpret the crater histories
from and sample ages of Bennu, Ryugu, and Itokawa.

The structure of this paper is as follows: We first discuss
how Bennu, Ryugu, and Itokawa likely reached their current
orbits, as well as their probable parent bodies (and parent
asteroid families; Sections 2.1-2.2). Next, we describe
different ways in which they could have had their surfaces
reset by shattering impacts, YORP spin-up, or tidal disruption
(Sections 2.3-2.6). The crater SFDs of Bennu, Ryugu, and
Itokawa are discussed in Section 3. From there, we describe
the components of NEA-EVOL, including the nature of the
various impactor populations; the crater scaling laws used for
Bennu, Ryugu, and Itokawa; and how we treat crater formation
and erasure within a separate code called CRASAT
(Section 4). Our results for each asteroid are presented in
Section 5, along with some discussion on how these surface
ages compare to the CRE ages of the returned samples, as well
as the ages found within various meteorite groups. These
results lead into a discussion section on the mechanisms
producing global resurfacing ages on small NEAs, as well as
the meaning behind the dichotomy in CRE ages between weak
and strong meteorite classes (Section 6). Finally, we
summarize our conclusions in Section 7.

2. The Evolution of Bennu, Ryugu, and Itokawa
2.1. Overview

To set the stage for our work, it is useful to describe what
happens to NEAs as they evolve from the main belt to Bennu-,
Ryugu-, and Itokawa-like orbits. The orbits of these bodies,
which by definition are highly accessible for missions (e.g.,
P. A. Abell et al. 2009), are similar to that of Earth, namely,
they have a semimajor axis near 1 au, low eccentricities, and
low inclinations.

Numerical simulations indicate that most main-belt aster-
oids smaller than D < 10 km were produced by collisions on
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objects that were D > 100 km in diameter (e.g., W. F. Bottke
et al. 2005b, 2015a, 2015b, 2020). Large-scale collisions that
occurred over the past several hundreds of millions of years to
a few billion years ago frequently leave behind clusters of
fragments in semimajor axis, eccentricity, and inclination
space and are referred to as asteroid families (e.g., D. Nesvo-
rny et al. 2015). The leading candidate families to have
produced Bennu and Ryugu are Eulalia and New Polana, with
the observable contributions located at low inclinations
between 2.4 and 2.49au (e.g., H. Campins et al. 2010;
K. J. Walsh et al. 2013; W. F. Bottke et al. 2015b). This puts
them just sunward of the 3:1 mean motion resonance with
Jupiter (J3:1) at 2.5 au.

Spectroscopic investigations of whether the New Polana and
Eulalia families can produce Bennu and Ryugu have generally
yielded favorable results, but issues of uniqueness remain. For
example, ground-based observations of 65 asteroids in
New Polana/Eulalia region by J. de Leén et al. (2016) and
N. Pinilla-Alonso et al. (2016) showed a spread of spectral slopes,
from blue to moderately red, all of which are characteristic of
B- and C-type asteroids. They argued that their visible spectra
were consistent with Bennu and Ryugu but that there was not
enough diagnostic information in the signatures to distinguish
between the two families or the background population.

Using the same spectra, M. BroZz et al. (2024) used an
asteroid evolution model to claim that the Polana family is the
likely source of both Ryugu and Bennu, though they did not
distinguish between New Polana and Eulalia. As part of their
work, they asserted that Polana members fit well with C-, Cb-,
and Cg-type asteroid spectra, with those worlds displaying a
broad convex band centered around 1.1-1.3 ym that is
characteristic of CI chondrites, as found for Bennu and Ryugu
samples.

Similarly, using asteroid reflectance spectra in Gaia Data
Release 3, M. Delbo et al. (2023) showed that the average
reflectance spectra of the Eulalia and New Polana families
were the most similar to Bennu and Ryugu out of all candidate
families in the inner main belt. More discordantly, D. Takir
et al. (2024) used ground-based spectra to show that (142)
Polana does not exhibit a 3 um hydrated mineral absorption
feature, while Bennu has such a signature (V. E. Hamilton
et al. 2019). This could mean that Bennu did not come from
the New Polana family or that the interior of the Polana parent
body had diverse levels of aqueous alteration.

Here we will assume that the New Polana and Eulalia
families are the sources of Bennu and Ryugu. According to a
numerical analysis of family and NEA evolution by
W. F. Bottke et al. (2015b), the New Polana and Eulalia
families have a ~70% and ~30% probability of producing
Bennu, respectively, while they have a ~15% and 85%
probability of yielding Ryugu, respectively. Their predicted
ages for the New Polana and Eulalia families were 1400
[+150, —150] Ma and 830 [+370, —100] Ma, respectively.

Returned samples from Itokawa indicate that it has an LL
chondrite—type composition ranging from metamorphic type 4
to 6 (T. Nakamura et al. 2011; A. Tsuchiyama et al. 2013).
Flora family members, also located along the inner edge of
the main belt next to the 1 resonance at low to medium
inclinations, have Itokawa-like spectra consistent with LL-type
chondrites (P. Vernazza et al. 2008; J. de Leodn et al. 2010;
T. L. Dunn et al. 2013; R. P. Binzel et al. 2019). Dynamical
models of the NEA population from W. F. Bottke et al. (2002)

Bottke et al.

and M. Granvik et al. (2018) suggest that there is an ~86%-—
100% probability that Itokawa came from the innermost region
of the main belt. These results are consistent with an origin
within the Flora family.

Several grains from Itokawa yield **Ar/*Ar shock degas-
sing ages of 1.3 £ 0.3 Gyr old (J. Park et al. 2015), while
multiple phosphate grains dated using the U-Pb system
provide reset ages of 1.51 £ 0.85 Gyr old (K. Terada et al.
2018). These ages are possibly dating the disruption of the
parent body that formed Itokawa’s precursor, though some
dispute this (F. Jourdan et al. 2023). The best available
dynamical evolution models of the Flora family suggest that it
is 1.35 =+ 0.3 Gyr old (D. Vokrouhlicky et al. 2017; see also
M. J. Dykhuis et al. 2014). These ages are also consistent with
the inferred crater retention age of (951) Gaspra, a Flora family
member observed by the Galileo spacecraft (W. F. Bottke
et al. 2020). When all these components are put together, one
can make a strong case that Itokawa and its precursors were
once members of the Flora family and that the family formed
approximately 1.3—1.4 Gyr ago from a catastrophic impact
event.

Many newly formed bodies made by catastrophic collisions
or large-scale cratering events are agglomerations of smaller
rocky components that have become gravitationally bound to
one another (e.g., P. Michel et al. 2020). Bodies that consist of
reaccumulated rocky debris weakly bound under the influence
of gravity are called rubble-pile asteroids (D. C. Richardson
et al. 2002). Their shapes can take on many forms, from “top-
like” (e.g., Bennu and Ryugu) to “potato-like” (Itokawa)
(Figure 1).

Once created, asteroids with diameter D < 30km obtain
mobility from the Yarkovsky effect, a thermal radiation force
that causes asteroids to drift inward toward or outward away
from the Sun via the absorption and reemission of sunlight (see
reviews in W. F. Bottke et al. 2006b and D. Vokrouhlicky
et al. 2015). The drift direction depends on the orientation of
the spin axis; retrograde spinning objects migrate inward, and
prograde spinning objects move outward.

The bodies also undergo a thermal torque called the YORP
effect (D. P. Rubincam 2000; see reviews in W. F. Bottke
et al. 2006b; D. Vokrouhlicky et al. 2015). It modifies the spin
vector of the bodies. Depending on their shape, the torque can
spin them up or down while also moving their obliquities to
values near § ~0° or 180°. The dominance of these extreme
obliquity values for small main-belt asteroids has been
confirmed using data from the Gaia spacecraft (J. Durech &
J. Hanu§ 2023; see their Figure 4). These orientations
maximize Yarkovsky drift rates. Bennu, Ryugu, and Itokawa
all have obliquities near 180°, with values of § = 177:6, 6§ =
17164, and 6~ 172°, respectively (D. Vokrouhlicky et al.
2004; H. Demura et al. 2006; D. S. Lauretta et al. 2019;
S. Sugita et al. 2019; S. Watanabe et al. 2019). Our
interpretation is the that precursors of all three worlds were
moving inward toward the Sun when they escaped the main
belt (W. F. Bottke et al. 2015b; K. J. Walsh et al. 2024).

The inward drift of Bennu, Ryugu, Itokawa, and their
precursor bodies allowed them to migrate into gravitational
resonances that drove them onto orbits that approach Earth’s
path. As will be discussed below, these objects were likely
driven out of the main belt through the vg secular resonance
that defines the innermost boundary of the inner main belt, but
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plausible pathways also exist for smaller resonances in the
inner main belt.

2.2. Dynamical Evolution of Bennu, Ryugu, and Itokawa
2.2.1. Likely Source Regions

As discussed in the Pachinko game analogy in the previous
section, we will never know the exact dynamical pathways
taken by Bennu, Ryugu, and Itokawa to get to their observed
orbits. Still, much can be gleaned from an analysis of possible
pathways for these bodies. As discussed in the previous
section, the link between the Flora family and Itokawa is
arguably well established, so we will focus here on Bennu and
Ryugu.

The probable routes taken by Bennu and Ryugu to reach
their current orbits were numerically simulated by
W. F. Bottke et al. (2015b). They tracked the dynamical
evolution of main-belt asteroids from three of the primary
NEA source regions defined by W. F. Bottke et al. (2002): the
Vg resonance, the 3:1 mean motion resonance with Jupiter (i.e.,
J3:1 resonance), and the intermediate-source Mars-crossing
(IMC) region.

For the 1 resonance, they identified all bodies (known at
that time) with absolute magnitude H < 18 that resided within
0.05 au of the antisunward side of the resonance boundary.
They added the further criterion that none were on Mars-
crossing orbits (assumed here to be perihelion g > 1.66 au). All
these bodies had inclination i< 17° (see Figure 1 in
W. F. Bottke et al. 2015b). This gave them a starting set of
6396 main-belt asteroids. At the inclinations of Eulalia and
New Polana, the v resonance escape zone is near 2.15-2.2 au
(W. F. Bottke et al. 2002).

Next, using the symplectic N-body code SWIFT-RMVS3
(H. F. Levison & M. J. Duncan 1994), modified to accommodate
Yarkovsky thermal forces (D. Vokrouhlicky & D. Nesvorny
2008), they assigned the test bodies inward drift rates of
da/dt=25 x 10 >auMyr " and 2.5 x 10~ *auMyr . These
values bracketed the plausible Yarkovsky drift values of Bennu
and Ryugu in the main belt near 2.2 au. Additional details can be
found in W. F. Bottke et al. (2015b).

When objects enter the v resonance, they are driven to
larger eccentricities and planet-crossing orbits. From there,
they can be removed from resonance by an encounter with one
of the terrestrial planets (most commonly Earth). This will
cause the asteroids to wander in semimajor axis a, eccentricity
e, and inclination i space in response to gravitational
interactions with the planets. Objects become defined as
NEAs after they reach perihelion distance ¢ < 1.3 au. We will
provide more specific information on this evolution in the
upcoming sections.

Most NEAs have dynamical lifetimes of a few million to a
few tens of millions of years (e.g., W. F. Bottke et al. 2002;
M. Granvik et al. 2018; D. Nesvorny et al. 2023). The most
common ways for them to be eliminated are by hitting the Sun
or by being thrown out of the inner solar system by a close
encounter with Jupiter. Only a small fraction (~1%) collide
with a terrestrial planet.

For the test asteroids that enter into NEA space,
W. F. Bottke et al. (2015b) ran checks to see which ones
passed close to the current orbits of Bennu and Ryugu, namely
semimajor axis, eccentricity, and inclination (a, e, i) values
of (1.126au, 0.204, 6.035) and (1.190au, 0.1902, 5.884),
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respectively. A similar procedure was followed in this paper
for Itokawa, which has a current (a, e, i) orbit of (1.324 au,
0.280, 1.621), respectively. A match was defined when any test
asteroid simultaneously passed within Aa=0.01 au,
Ae =0.01, and Ai = 1° of these values.

This gave us a subset of 42 test pathways for Bennu, 44
pathways for Ryugu, and 30 pathways for Itokawa. The best
Bennu, Ryugu, and Itokawa matches came from main-belt test
asteroids that had starting semimajor-axis values between 2.1
and 2.2 au, starting inclination values between 3° and 4°, and
starting eccentricities between 0.1 and 0.2. The favored
starting parameters for Bennu and Ryugu are broadly
consistent with two probable source families for these two
objects, namely Eulalia and New Polana (K. J. Walsh et al.
2013; W. F. Bottke et al. 2015b), while those for Itokawa are
consistent with the dynamical spread of the Flora family
(D. Vokrouhlicky et al. 2017).

For the IMC region, W. F. Bottke et al. (2015b) examined
asteroids in the inner main belt with orbital parameters of
2.1lau <a<25au, 1.3au <g< 1.7 au, i <40° and H < 18.
These criteria yielded 7918 objects (see Figure 2 in
W. F. Bottke et al. 2015b). Here the test asteroids were
assumed to have inward/outward drift rates of
da/dt==42.5 x 102 au Myr " and £2.5 x 10 *auMyr ..
All bodies were then sifted to determine which ones reached
Bennu, Ryugu, and Itokawa orbits. This procedure provided us
with 32 test pathways for Bennu, 31 pathways for Ryugu, and
19 pathways for Itokawa.

Finally, for the J3:1 resonance, we tracked 4092 objects
with H < 18 within 0.05 au of both sides of the resonance that
had i < 27°. Those on the inner side of the resonance were
given positive drift rates of da/dt=2.5 x 10> auMyr ' and
2.5 x 10~*auMyr !, while those on the outer side were given
the opposite. Overall, we found one test pathway for Bennu,
two pathways for Ryugu, and none for Itokawa.

Numerical simulations indicate that the v resonance is four
times more likely to produce Bennu, Ryugu, and Itokawa than
the IMC region (W. F. Bottke et al. 2002). The J3:1 was
deemed an unlikely source for either Bennu and Ryugu, partly
because few test bodies from that resonance reached their
observed orbits, but also because their likely parent families,
the New Polana and Eulalia families, are located sunward of
the inner 3:1 resonance boundary. As discussed in K. J. Walsh
etal. (2013) and W. F. Bottke et al. (2015b), Bennu and Ryugu
would have had to reach the 3:1 resonance by drifting away
from the Sun, which in turn would have required them to have
obliquities >0°. These values are not observed.

Still, the dynamical evolution of IMC and J3:1 test bodies,
once they get into the NEA region, is not appreciably different
from those coming out of the v, resonance. The primary
difference is that the majority reach suitable starting orbits
with modestly larger semimajor-axis values (i.e., 2.2au
<a<?25au) and i<7° For this reason, to increase our
statistics in our modeling work below, we will use all the
above test asteroid runs above that match Bennu, Ryugu, and
Itokawa (i.e., 75, 77, and 49, respectively).

2.2.2. Orbital Evolution

The orbital histories of test bodies reaching Bennu, Ryugu,
and Itokawa share qualitatively similar behavior in how they
evolve in semimajor axis, eccentricity, and inclination. To
display this behavior, we have discretized the space using
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Figure 2. Residence time probability distributions for test asteroids from the main belt reaching the orbits of Bennu, Ryugu, and Itokawa. Earth-crossing asteroids
have orbits between the black lines, while objects that can be hit by main-belt asteroids are above the magenta line. After sifting many tens of thousands of test
asteroid pathways from W. F. Bottke et al. (2015b), 75, 77, and 49 were found to pass within Aa = 0.01 au, Ae = 0.01, and Ai = 1° of the (q, ¢, i) values of Bennu
(1.126 au, 0.204, 6(.7035), Ryugu (1.190 au, 0.1902, 5(.’884), and Itokawa (1.324 au, 0.280, 17621), respectively (black stars). Most test asteroids were started in or near
the dark-red colors (upper left corner). From there, they were driven to Earth-crossing orbits, where Earth encounters often remove them from resonance. Subsequent
Earth encounters cause them to walk down lines of constant Tisserand invariant, located near the Earth-crossing line, to low (e, a) orbits. Additional spread in (e, i) is
caused by interactions with resonances. The (a, e, i) orbits of the test asteroids were reported every 10,000 yr, with the values added up in a series of (a, e, i) bins. The
objects were then removed after matching the orbits of Bennu, Ryugu, or Itokawa. For the colors, we summed the values over all inclination bins, took the logarithm,
and normalized the distribution by the largest bin value. This sets the top of the scale bar to 1.

these elements, tracking each time a test asteroid enters an
(a, e, i) bin. Here we use bin sizes that are 0 au< a <4.0 au
with Aa=0.05au, 0<e<1.0 with Ae=0.01, and
0° <i<90° with Ai=5° The time spent in each bin is
summed, with the results normalized by the (a, ¢, i) bin with the
peak time value. These kinds of results are frequently called
residence time probability distributions (e.g., W. F. Bottke et al.
2002; M. Granvik et al. 2016; D. Nesvorny et al. 2023).

Bennu’s simulated trajectories are shown in Figure 2. They
provide a measure of the number of times each orbit passes
through a given bin in (e, a) space, with inclination results
from all values folded into the plotted values. They follow a
common pattern. Starting in the main belt, the asteroids enter
an escape resonance and have their eccentricities increased to
Earth-crossing values or beyond. For bodies in the vg
resonance, they will then oscillate in eccentricity over a wide
range of values. In fact, on occasion, some trajectories will
even pass close to the Sun for a limited time. Eventually,
though, the test Bennus are removed from resonance, usually
by an Earth encounter. From there, they migrate along the
Earth-crossing line, which lowers their semimajor-axis and
eccentricity values. In doing so, the test Bennus are trying to
follow lines of constant Tisserand invariant with Earth (e.g.,
R. Greenberg & M. C. Nolan 1993).

The orbital evolution of the test Bennus is also affected by
various smaller resonances with a < 2 au, which can move
their eccentricities away from the Earth-crossing line. This
prevents the evolution of NEAs from being entirely dominated
by Earth encounters. These resonances also affect the
inclination evolution of the test Bennus. While all of them
start in the main belt with low inclinations, their inclination
distribution becomes more dispersed as they evolve into NEA
space. By definition, though, the inclination of our test Bennus

must pass through Bennu’s (a, e, i) orbit of (1.126au,
0.204, 6.035).

The same general behavior is shown for Ryugu and Itokawa
(Figure 2), which is not a surprise given that observed (a, e, i)
values of Bennu, Ryugu, and Itokawa are similar to one
another. As before, the orbital histories of most of these test
asteroids follow the Earth-crossing line down to lower (a, e)
values, with some variability produced by resonances in the
inner solar system.

The timescale for our test asteroids to dynamically evolve
from the main belt to the observed orbits of Bennu, Ryugu, and
Itokawa is contingent on their starting orbits in the main belt.
Unfortunately, there is no known way to determine when they
became NEAs (e.g., Y. Cho et al. 2021). The NEA boundary
of g < 1.3 au is arbitrary, and many near-Earth objects and
Earth-crossers have orbits that allow them to be hit by main-
belt projectiles.

A potentially more interesting timescale is the interval for
Bennu, Ryugu, and Itokawa to go from an Earth-crossing orbit
for the first time (i.e., perihelion ¢ < 1 au) to their observed (a,
e, i) orbits. For ease of use, we will define these values using
the variable #,.,s;. Earth-crossing bodies can potentially have
close encounters with Earth, which in some cases may lead to
resurfacing events via tidal disruption (D. C. Richardson
et al. 1998).

Using our test Bennu, Ryugu, and Itokawa values discussed
above, we find that #,,,s, for Bennu, Ryugu, and Itokawa are
generally <10 Myr, with median ages of 7.6, 5.7, and 6.0 Myr,
respectively. We show these values in Figure 3. A few runs
have f.,s; of many tens of Myr or more, corresponding to
NEAs that spend considerable time on low semimajor-axis
orbits. These bodies have few ways to be eliminated, other
than hitting a terrestrial planet or migrating back out to
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Figure 3. The elapsed time from when the 75, 77, and 49 test asteroids discussed in Figure 2 went from an Earth-crossing orbit to the orbits of Bennu, Ryugu, and
Itokawa. This time is referred to as fyansi- The median f,,g, times are 7.6, 5.7, and 6.0 Myr, respectively, for the three sample-return asteroids.

a>2au, so they tend to survive much longer than
typical NEAs.

2.3. Surface Reset Timescales from Impacts

As small bodies cross the main belt, they can be hit by other
asteroids. If the collisions are large enough, they will
potentially disrupt them and/or erase their surface histories
(e.g., R. Greenberg et al. 1994, 1996). We suspect that this has
taken place for Bennu, Ryugu, and Itokawa.

For the moment, let us consider Bennu and Ryugu. If both
started near their suspected parent families of Eulalia or New
Polana, which reside near 2.4 au, and they escaped out of the
Vg resonance near 2.2 au, as suggested by their current orbits
(K. J. Walsh et al. 2013, 2024; W. F. Bottke et al. 2015b), they
would need to have traveled at least 0.2 au across the main
belt. Note that this value is probably an overestimate because
the real distance is dependent on the ejection velocity of their
precursor body from the family-forming event. Their Yar-
kovsky drift rates in the main belt are on the order of
4 x 10*auMyr ' and 2.5 x 10 *auMyr ', respectively
(W. F. Bottke et al. 2006b; D. Vokrouhlicky et al. 2015), while
their mean collisional lifetimes should be on the order of
~100Myr and a few hundreds of Myr, respectively
(W. F. Bottke et al. 2020). Put together, these values are such
that none are likely to travel all the way from their source
family /families to the v resonance without disrupting a few
times. Sophisticated numerical simulations have helped to
verify this scenario (K. J. Walsh et al. 2024).

Between disruption events, Bennu, Ryugu, Itokawa, or their
precursor bodies are also likely to experience global resurfa-
cing events from subcatastrophic impacts. The projectile size
needed to produce a surface reset event has yet to be quantified
with models or observational data, but it is probably smaller
than the size needed for a disruptive collision. Accordingly,
this means that impact-derived surface reset events for Bennu,
Ryugu, and Itokawa are more frequent than disruption events.

For subkilometer bodies, the projectile size needed to
disrupt the target should be smaller than 100 m in diameter,
while the SFD of sub—100 m objects in the main belt follows a
cumulative power law with a slope ¢ = —2.7 (W. F. Bottke
et al. 2020). Here we assume that the projectile size needed to
disrupt the target is dgisrup» While the size needed to reset the
surface is dyeset = Pdagisrupi» With  being between 0 and 1. We
are interested in the difference between (i) the cumulative

number of objects that produce reset events and (ii) the
cumulative number of objects that produce disruption events.
We want to exclude the latter. If both follow the same power-
law SFD, surface reset events should occur ~¢~ 7 — 1 or, for
our case, p > — 1 times more frequently than disruption
events.

According to this relationship, ¢ values of 0.66 will double
the reset rate, while ¢ = 0.5 will increase this rate by a factor
of 5.5. If we assume that Bennu’s and Ryugu’s mean lifetimes
against disruption in the main belt were 100 and 250 Myr,
respectively (W. F. Bottke et al. 2020), while their surface ages
were only ~10 Myr old, the size of object needed to cause a
global resurfacing event by impact on each would need to be
@~ 0.41 and 0.30, respectively. If the surface ages were
5 Myr, the values would have to be even lower (~0.32 and
~0.23, respectively).

At this time, we have no idea whether such small projectiles
can plausibly produce global resurfacing events. It might be
possible to scale from the largest, oldest craters on Bennu,
Ryugu, and Itokawa, but each world has several that are
comparable in size. This suggests that the formation of one
such crater was insufficient to erase another large crater.
Numerical simulations of such impacts on these worlds would
be needed to assess what such impacts can do to the surface of
each body. We will return to the issue of impact-derived reset
events in later sections.

2.4. Surface Reset Timescales from YORP

Another way to produce a surface reset event is YORP spin-
up. Here thermal torques allow asteroids to achieve such fast
spins that considerable material is driven off the body near the
equator in a manner analogous to a landslide. Such behavior
was inferred for Bennu from the mass movement patterns
found there (E. R. Jawin et al. 2020). Free-floating debris
produced by YORP spin-up will dynamically evolve into a
disk of rubble around the primary, with some material
escaping the system, some reaccreting with the primary, and
some potentially forming into one or more small satellites. A
short list of papers on this topic includes K. J. Walsh et al.
(2008), D. J. Scheeres (2015), M. Hirabayashi et al. (2015,
2020), K. J. Graves et al. (2018), R. Hyodo & K. Sugiura
(2022), and H. F. Agrusa et al. (2024). Reviews can be found
in J.-L. Margot et al. (2015), K. J. Walsh & S. A. Jacobson
(2015), and K. J. Walsh (2018).
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The nature of these mass-shedding and potential surface
reset events is contingent on the shape, strength, and surface
structure of the asteroid, as well as the specifics of how the
body rids itself of excess rotational angular momentum. In the
most energetic cases, the cratered surface of the asteroid could
potentially be erased, leaving behind a clean slate for new
cratering. In more gentle cases, existing craters might survive.
For example, the NEA binary (65803) Didymos and
Dimorphos, which are 765 and 150 m in diameter, respec-
tively, have crater SFDs that suggest that Dimorphos is
younger than Didymos (S. Marchi et al. 2024). This would
indicate that the YORP spin-up event on Didymos that created
Dimorphos did not globally resurface Didymos. On the other
hand, (152830) Dinkinesh and Selem, which are 720 and
220 m in diameter, respectively (H. F. Levison et al. 2024),
have similar crater retention ages (within errors; S. Marchi
et al. 2024). At this time, we cannot say which circumstance
dominates evolution among small asteroids.

Another complicating issue is that the frequency of YORP
spin-up reset events depends on multiple variables for each
asteroid: its orbit, shape, spin state, surface and interior
structure, composition, thermal properties, etc. This means that
there is no “one size fits all” treatment for when such events
occur on a generic asteroid, let alone the immediate precursors
of Bennu, Ryugu, and Itokawa, whose parameters are
unknown. In addition, it also appears that C-type asteroids
are less likely to undergo YORP-driven mass-shedding events
than S-type asteroids (Y. Zhang et al. 2022), as suggested by
their lower abundance of satellites and asteroid pairs
(K. Minker & B. Carry 2023; L. Liberato et al. 2024). We
will return to this fascinating topic in the next section.

To glean insights into the issue, we will consider a simple
zeroth-order scaling relationship for YORP spin-up timescales.
Using the work in D. Capek & D. Vokrouhlicky (2004), who
estimated YORP spin-up on a large sample of Gaussian
spheres (i.e., mathematical potato-shaped objects), we can say
the following. For a D = 2 km diameter body with heliocentric
distance d = 2.5 au, bulk density p=2.5gcm °, spin period
P =06hr, and plausible thermal conductivity values for such
asteroids, the estimated asymptotic change in the rotation
frequency w, or spin rate, is dw/dt ~3 x 10> Myr s~ '. The
timescale for a generic asteroid to reach P =2 hr, approxi-
mately the spin period needed to achieve mass shedding (e.g.,
K. J. Walsh & S. A. Jacobson 2015), is Aw~5.8 x 10~ *s™".
This criterion is achieved at time T~ Aw / (dw/dr) ~ 20 Myr.
Scaling to our input parameters, we get the relationship

T ~ 5 Myr(D/1km)*(a/2.5 au)*(p/2.5 g cm™3). (1)

We suspect that this timescale, drawn from generic initial
conditions, is overly aggressive. Real asteroids undergo a
slower initial phase before reaching the asymptotic branch
where YORP is maximized. The reason for the slowdown may
be stochastic YORP, a condition where small shape changes
produced by impacts, minor landslides, boulder movement,
etc., can lead to changes in the direction of the spin rate
(T. S. Statler 2009; W. F. Bottke et al. 2015b). Objects may
also rearrange their shapes in response to an increase in
rotational angular momentum from YORP, which can in turn
stretch the time needed to reach mass-shedding spin speeds
(Y. Zhang et al. 2022). In addition, observations of YORP
values for small asteroids indicate that top-shaped bodies are
less susceptible to strong YORP spin-up than potato-shaped
objects (i.e., many of the former are more spherical, while the
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latter tend to be more propeller-like; e.g., D. P. Rubincam
2000; W. F. Bottke et al. 2006b; D. Vokrouhlicky et al.
2015).

Still, we would like to improve Equation (1). A key problem
in doing so is that the YORP effect has been shown to depend
on parameters that are largely inaccessible to ground-based
observations (such as the small-scale surface topography,
lateral conduction through boulders resting on the asteroid
surface, etc.). This means that theoretical predictions of YORP
spin-up rates will have large uncertainties.

In this situation, our best guide is the sample of asteroids
where the YORP effect has been detected. Here we take
advantage of the Cy factor, which is a nondimensional
coefficient that describes YORP strength for different asteroid
shapes (B. Rozitis & S. F. Green 2013a, 2013b; see also
A. Rossi et al. 2009). It normalizes the dependence of YORP
over semimajor axis, eccentricity, diameter, and estimated
density (though not obliquity).

In Table 1 of J. Durech et al. (2024), the Cy factor is defined
for different asteroids. The largest Cy values, ~0.015-0.025,
are seen for (1862) Apollo, (1620) Geographos, and (10115)
1992 SK. In these cases, the simple YORP models that
disregard small-scale topographic effects agree with the
detected signal. For this reason, we adopt Cy values of
~0.01 as a reference level for YORP strength.

Several asteroids, like (1685) Toro, (3103) Eger, (54509)
YORP, and (161989) Cacus, have Cy values that are smaller
than this reference level by a factor of 2-3. Of particular
interest here, though, are those cases where Cy values are even
smaller, such as (101955) Bennu, top-shaped (138852) 2000
WNI10, and (25143) Itokawa. For these bodies, Cy is reduced
by a factor of 8-20 compared to the reference level. We have
yet to find any asteroids where Cvy is smaller than the reference
level by a factor >25. We therefore conclude that available
YORP detections support an attenuation factor between 2
and 20.

Taking values in the middle of this range, we favor
increasing the timescales in Equation (1) by an approximate
factor of 5-10, leading to

T ~ [25—50 Myr] (D/1 km)? (a/2.5 au)? (p/2.5gcm™3). (2)

These values are shown as the two blue curves in Figure 4.
In the same plot, we also show as dashed lines what T would
be for 12 different asteroids whose spin rates have been
empirically determined from observations (J. Durech et al.
2024). These values were scaled over a range of diameters and
under the assumption that each asteroid had a semimajor
axis a =2 au.

Overall, we find an order of magnitude in variation in 7,
which is driven by the enormous sensitivity in YORP to shape
details and small-scale irregularities. Our interpretation is that
Equation (2) should be taken as something of a median value.
Note that asteroids with more symmetric shapes tend to have
longer timescales than our blue curves, but boulders, craters,
and other topographic features can modify this behavior.

Applying this equation to Bennu, if we assume that it has a
diameter D =0.5km, bulk density p=1.2gcm °, and semi-
major axis a = 1.13 au, we find that YORP spin-up timescales
range between 0.7 and 1.3 Myr. These values compare reasonably
well but are a little lower than the observed value of T for YORP
spin-up, namely Tops ~ Aw/(dw/df) ~ 1.52 Myr, with about
15% uncertainty (C. W. Hergenrother et al. 2019).



THE PLANETARY SCIENCE JOURNAL, 6:150 (33pp), 2025 June

| T

= I

[ o

ci
. 1000.0 - Si E
5 ; o ]
= [ I ]

< |
o 1000+ .
|} £ 1
o N ]
= [ i

[3)
g 100- 4
o F E
o r ]
o) [ ]
GE) 4
i 1.0 ; E
! Generic YORP spin up timescale -
YORP spin-up for known asteroids (scaled)
P \ | Generic collisional lifetime |
0.102 ‘ R . L
0.1 1.0 10.0

Asteroid Diameter (km)

Figure 4. A comparison of collisional disruption timescales against YORP
mass-shedding timescales for objects at @ = 2 au. The red curve shows the
average collisional lifetime of all main-belt objects from W. F. Bottke et al.
(2020). The blue curves show the estimated timescale for asteroids to spin up
from P = 6 hr to 2 hr by the YORP effect, according to Equation (2). The bulk
density used in Equation (2) was 1.2 gcm’3, similar to that of Bennu and
Ryugu. Itokawa (not shown) has a bulk density of 1.9 g cm™, so the curves for
those values should be scaled up by a factor of 1.6. For reference, the dashed
lines show the predicted YORP spin-up timescales for 12 different asteroids
whose shape and current YORP spin rates are known (J. Durech et al. 2024).
Shape irregularities lead to a large spread in possible values, such that blue
curves should only be considered approximations.

The current values of Bennu’s Togs, however, may be
considerably shorter than its past values. For example, when
Bennu first reached an Earth-crossing orbit, its representative
semimajor axis was close to ~2 au, which would in turn push
T to timescales of 2—4 Myr. Using Bennu’s real shape at this
moment, we would perhaps push the upper bound to ~5 Myr.

Similar calculations can be performed for Ryugu and
Itokawa. Assuming that Ryugu has a diameter D = 1 km, bulk
density p=1.2gcm °, and semimajor axis a = 1.19 au, the
YORP spin-up timescale is 7 ~ 3-5 Myr. Moving Ryugu’s
representative semimajor axis to @ = 2 au increases this value
to 8—15 Myr. Here the timescales are longer because Ryugu is
twice the size of Bennu. For Itokawa, assuming a semimajor
axis of 2au, diameter D =0.3km, bulk density p=
1.9 gcmf‘%, and current semimajor axis a = 1.3 au, we find
that its characteristic YORP spin-up timescale T should be
~1.1-2.2 Myr.

These ages potentially provide us with insights into what
might be expected for the crater retention age of Bennu,
Ryugu, and Itokawa. On the other hand, it is not clear whether
these timescales correspond to a gentle mass-shedding event or
a global surface reset event. We will return to this topic when
discussing results.

2.5. Surface Reset Timescales from Tidal Disruption

In recent years, tidal disruption has become the forgotten
NEA resurfacing mechanism. Before YORP was discovered, it
was considered to be the primary mechanism for making NEA
binaries (e.g., W. F. Bottke et al. 1996; D. C. Richardson et al.
1998). The idea was that NEAs undergoing hyperbolic flybys
near or within the Roche limit of Earth or Venus might
undergo sufficient distortion and spin-up from tidal forces that
they would shed mass. Numerical simulations showed that
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modestly common end states for these encounters would be
small bodies orbiting what was left of the progenitor.

This perception changed, however, when it was recognized
that the YORP spin-up mechanism was highly effective at
producing mass-shedding events and satellites among small
asteroids (e.g., K. J. Walsh et al. 2008; for a review, see
K. J. Walsh & S. A. Jacobson 2015). YORP is effective for
orbits across the inner solar system and as such can explain
binary asteroids within the main-belt and NEA populations
(e.g., Dinkinesh and Selam; H. F. Levison et al. 2024).
Additional studies have shown that tidal forces are much better
at stripping satellites from binaries than making them
(A. Morbidelli et al. 2006; K. J. Walsh & D. C. Richardson
2006, 2008; A. J. Meyer & D. J. Scheeres 2021). As a
consequence, tidal disruption studies became something of a
sleepy backwater for most small-body researchers.

It may be time for a correction, with tidal forces thought
responsible for several NEA observables. For example,
consider that tidal forces probably stretched (1620) Geogra-
phos, an S-type NEA with dimensions of 5.0 x 2.0 x 2.1 km
(R. S. Hudson & S. J. Ostro 1999), into its highly elongated
shape, with a single convex side, tapered ends, and small
protuberances swept back against the rotation direction
(W. F. Bottke et al. 1999). This gives Geographos the
appearance of a spinning pinwheel in space. Another example
would be the plethora of Q-type NEAs residing near the
Earth-crossing line. These objects, prone to be disturbed
by tidal forces, have spectral signatures consistent with
freshly exposed non-space-weathered ordinary chondrites
(R. P. Binzel et al. 2010; D. Nesvorny et al. 2010).

The most exciting example, however, may originate from
modeling work of the NEA population by M. Granvik &
K. J. Walsh (2024) and D. Nesvorny et al. (2024a). Using
nearly a decade of NEA detections from the Catalina Sky
Survey as constraints, they found a distinct population of small
bodies at low (g, e, i) orbits associated with the crossing orbits
of Earth and Venus. Both deemed it unlikely that these bodies
come from traditional NEA sources, such as the main belt or
scattered disk. In D. Nesvorny et al. (2024a), the largest excess
occurred for orbits between 1au <a < 1.6au, g~ 1 au, and
i <10°. We show their orbital distribution in Figure 5.

The small NEAs in this excess population have absolute
magnitudes 25 < H < 28. For reference, asteroids with C-type
and S-type albedos of 0.04 and 0.20, respectively, correspond
to asteroid diameters in the range of 17-66 m and 7-30m,
respectively. Note that the Catalina Sky Survey rarely sees
asteroids with H >28, so this excess population could
potentially extend to even smaller sizes as well. Intriguingly,
these objects reside exactly where one would expect to find
them if they had formed by tidal disruption (e.g., W. F. Bottke
et al. 1998; M. Granvik & K. J. Walsh 2024; D. Nesvorny
et al. 2024a, 2024b). This would imply that the excess
population is made up of rocks and boulders removed from the
surfaces of many different NEAs.

We find that the preferred pathways for Bennu, Ryugu, and
Itokawa to go from the main belt to their observed orbits pass
through the (@, e, i) location of the excess population
(Figures 2 and 5). This raises the possibility that tidal
distortion or disruption may be an important yet unrecognized
factor in the evolution of our three sample-return asteroids. We
also suspect that the distances that Bennu, Ryugu, and Itokawa
need to pass near Earth to undergo resurfacing events are
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Figure 5. The residence time distribution of the excess population of small
bodies relative to a base model of the NEA population (D. Nesvorny
et al. 2024a, 2024b). The objects shown have absolute magnitudes
25 < H < 28. The brown-red color shows the largest excess, with 1 au
<a<1.6au, g~1au, and i < 10°. These orbits are consistent with their
formation by tidal disruption among NEAs. The orbital locations of the excess
population are similar to the orbits of Bennu, Ryugu, and Itokawa. This could
suggest that these bodies have experienced close Earth encounters in the recent
past, possibly enough to produce some degree of tidal resurfacing or perhaps
even tidal disruption.

larger than those for tidal disruption events. If so, this would
make the former more common than the latter, with the latter
often requiring special conditions.

To get some feeling for whether tidal resurfacing is
plausible, we have mapped the probabilities that our test
asteroids have had close encounters with Earth in the past. We
did this as follows. First, using the numerical integration runs
discussed in W. F. Bottke et al. (2015b), we identified the (q, e,
i) orbit of Earth at each output time step of our test asteroids
for Bennu, Ryugu, and Itokawa, respectively (Figure 2).

Next, using the methodology of W. F. Bottke et al. (1994a),
we calculated the intrinsic collision probabilities P; between
our target asteroids and Earth at each output time step. Here
pairs of (a, e, i) orbits are used to calculate the likelihood that
the two bodies will strike one another over all possible orbital
orientations, defined by their longitudes of apsides and nodes,
for a given unit of time and cross-sectional areas. This
approximation is valid because secular perturbations rando-
mize these values over relatively short (~10%yr) timescales.
Our code also includes gravitational focusing for Earth, which
can be sizable because asteroids on Earth-like orbits have low
encounter velocities with our planet.

Once P; is computed, we multiplied this value by RE,., and
the output time step of our numerical integration runs
(10,000 yr). This yields the probability that the target asteroid
would strike Earth. The probability values are binned in (a, e,
i) in the same manner used to make Figure 2 (i.e., Oau
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<a<4.0au with Aa=0.05au, 0 <e < 1.0 with Ae=0.01,
and 0° < i< 90° with Ai = 5°). For plotting purposes, we sum
across the inclination bins for a given set of (a, ¢) values. The
results are then normalized using the (a, e) bin with the top
value. Our map of collision probabilities between our test
asteroids for Bennu, Ryugu, and Itokawa and Earth is shown in
Figure 6.

These probability maps show the (a, e) orbits where NEAs
are most likely to have a close encounter or collision with
Earth. The red contours are located close to the Earth-crossing
line and reach their peak values for low (a, e) orbits. In
addition, the excess NEA population in Figure 5 lines up with
the red contours found in the Figure 6 maps. This match
indicates that tidal disruption is indeed a likely candidate to
make this population. Note that the gray circles in Figure 6
will be explained in Section 5.

The trends in Figure 6 show that as our model asteroids
evolve closer to the current orbits of Bennu, Ryugu, and
Itokawa, their encounter probabilities with Earth increase
substantially. In dynamical evolution terms, these orbits are
only a few Myr away or less from the current orbits of Bennu,
Ryugu, and Itokawa. This result is not a surprise; as bodies
take on orbits similar to that of Earth, their encounter
probabilities must increase, especially when they find
themselves on similar inclinations.

The next issue is to determine whether Bennu, Ryugu, or
Itokawa experienced a past tidal resurfacing event. To glean
insights into this problem, we calculated the net collision
probability between our test asteroids and Earth. The results
are shown in Figure 7. The curves show the impact probability
for each test asteroid multiplied by distance from Earth’s
center squared. The y-axis shows the probability that a given
test asteroid passed within this distance between the time it
first reached an Earth-crossing orbit and its current orbit. The
black line is the median probability for the ensemble of test
asteroids.

We find that the median probability of Bennu, Ryugu, and
Itokawa hitting Earth during their traverse from the main belt
is less than 10%. From here, we can ask how close Bennu,
Ryugu, and Itokawa need to pass near Earth to undergo a tidal
resurfacing event. Unfortunately, there is currently no
preferred answer to this question.

To probe this issue further, we considered the results of
S. Sridhar & S. Tremaine (1992; see also E. Asphaug &
W. Benz 1996). They estimated that the mass-shedding limit
Fdisrupe Of @ spherical nonrotating self-gravitating inviscid (i.e.,
zero viscosity) body approaching a planet on a parabolic orbit
was

P 1/3
Fdisrupt = 0.69 rioche = 1.69 Rpl (il) .
Past

3)

Here Ry and p,, are the planet’s radius and bulk density,
while p, is the asteroid’s bulk density. By setting pp, for Earth
to 5.513 ¢ cm >, and Past Of Bennu/Ryugu and Itokawa to 1.2
and 1.9 gcm >, respectively, the disruption distance becomes
2.8Rgar and 2.4Rg,., from the center of Earth, respectively.
Note that adding rotation to the body would modify this value,
making it smaller or larger, depending on the orientation of the
body’s spin vector at perigee (D. C. Richardson et al. 1998).

Using these values, we find that the median probability that
Bennu, Ryugu, and Itokawa had an encounter at these
distances is 67%, 52%, and 30%, respectively. These are
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Figure 6. Map of the collision probabilities between test asteroids that reach the orbits of Bennu, Ryugu, and Itokawa and Earth. Our calculations used the orbital
pathways discussed in the text and shown in Figure 2. Labels are discussed in Figure 2. At each 10,000 yr time step, the intrinsic collision probabilities between the
(a, e, i) orbits of the test asteroids and Earth were calculated. The values were then added up within a series of (a, e, i) bins. For the colors, we summed the values
over all inclination bins, took the logarithm, and normalized the distribution by the largest bin value. This sets the top of the scale bar to 1. This map is also a proxy
for where objects are likely to undergo a close Earth encounter and possibly a tidal resurfacing event. The surface ages calculated from our crater production model
allow us to predict where our test asteroids had their surfaces reset (gray circles). Those located near their starting orbits (high a and low e; see Figure 2) were most
likely reset by impacts or YORP spin-up. For Bennu, few circles are found on or near the red contours, indicating that tidal resurfacing for this body is relatively
unlikely. The odds are better for Ryugu and Itokawa, with many circles found on or near the red contours.

decent odds, enough that tidal resurfacing events require
further discussion as a crater erasure mechanism in Section 5.
The reason the probability for Itokawa is lower than that of
Bennu and Ryugu is partly due to its higher density but also
because its (a, e, i) orbit is modestly larger in semimajor axis
and eccentricity (1.324 au, 0.280, 1?621) than the other two
worlds ((1.126 au, 0.204, 6.035) and (1.190 au, 0.1902, 5.884),
respectively). This means that the encounter velocities are
generally higher and the encounter probabilities are lower.

At this time, we cannot say whether the close-encounter
distances in Equation (3) are sufficient to consistently produce
tidal resurfacing. There are some reasons to think that they are
not. For example, Y. Zhang et al. (2022) found that low-
cohesion and low-friction structures often morph into more
flattened shapes under the influence of YORP spin-up (or
presumably Earth’s tidal forces). In turn, this allows them to
take on additional rotational angular momentum rather than
lose it via mass shedding. Y. Zhang et al. (2022) argued that
this type of behavior could explain the known geophysical
characteristics of Bennu. It also provides a plausible solution
for the curious paucity of moons among small C-type asteroids
when compared to S-type asteroids (K. Minker &
B. Carry 2023; L. Liberato et al. 2024).

It is similarly unclear whether Equation (3) is valid for all
S-type asteroids, though some evidence is positive. For
example, impact simulations of the DART spacecraft hitting
Dimorphos indicate that Dimorphos is weak; its inferred
cohesive strength is less than a few Pa, much like Ryugu and
Bennu (S. D. Raducan et al. 2024). For Itokawa itself, we are
not dealing with a top-shaped body but instead one with two
large lobes and an elongated shape (Figure 1). This gives tidal
forces a sizable lever arm that can be manipulated during a
close encounter (D. C. Richardson et al. 1998). Moving the
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two lobes to new locations during such encounters would
almost certainly erase craters.

There are other factors as well that affect whether tidal
forces can produce a surface reset event. Numerical tidal
disruption simulations from D. C. Richardson et al. (1998)
indicate that elongated rubble-pile objects passing close to
Earth (or Venus) can lose mass, but the outcome depends on
the direction of their spin vector and long axis at encounter.
Elongated objects whose long axis is approaching Earth at
perigee can undergo mass shedding at ~5Rg,.,. Conversely,
when the long axis is past Earth at perigee, the body can lose
rotational angular momentum and become more spherical.

Objects whose spin vector is in the opposite direction of
how tidal forces would like to spin them up can also lose
rotational angular momentum during a close Earth encounter.
In these cases, creating a binary asteroid is extremely unlikely,
but reshaping the asteroid and possibly resetting surface
features are possible. We suspect that reshaping a top-like
asteroid may be difficult, though, without very close Earth
encounters, given that these bodies lack a large lever arm that
tidal forces can easily manipulate.

The bottom line is that studies of how tidal forces might
globally resurface NEA topography are in their infancy. Until
more work is done, the best we can do is make reasonable
estimates and determine their probable effects. We will try to
do so in the coming sections.

2.6. Synthesis

The takeaway massages from the sections above are as
follows. First, while there is no way to know the exact path
Bennu, Ryugu, and Itokawa took to their current orbit,
dynamical modeling work suggests that they likely followed
a common “orbital superhighway” for NEAs. Once they
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Figure 7. Net probability that our test asteroids for Bennu (blue), Ryugu (red), and Itokawa (green) have passed within a given close-encounter distance of Earth. See
text and Figure 6 for calculation details. The black lines show the median net probability. The probabilities increase as distance from Earth’s center squared. Each
body has favorable odds (~50% or more) of passing within ~3 Earth radii over their lifetimes. The strongest likelihood is that these putative events took place near
their current orbits, where close Earth encounters are probable (Figure 6). Few test asteroids, however, had their surfaces reset near those locations (gray circles in
Figure 6). This indicates either that this distance is not close enough to consistently produce tidal resurfacing or that Bennu, Ryugu, and Itokawa avoided such close-

encounter distances.

reached an Earth-crossing orbit, the objects started to migrate
down the Earth-crossing line to lower semimajor axes and
eccentricities values via Earth encounters (Figure 2). The
timescale needed to follow this path was <10 Myr (Figure 3).

Second, as NEAs get lower semimajor-axis values, the
frequency of YORP mass-shedding events becomes faster. As
they then move to lower (a, e) values, the frequency of close
Earth encounters increases as well (Figure 3). Given the
abundance of small NEAs near the Earth-crossing line and at
low (a, e) (Figure 5), Earth’s tidal forces may well produce
more mass shedding than YORP spin-up for NEAs on these
orbits (e.g., W. F. Bottke et al. 1998; M. Granvik &
K. J. Walsh 2024; D. Nesvorny et al. 2024a, 2024b).
Accordingly, collisions, YORP, and tidal resurfacing of NEAs
are all in play to explain crater resurfacing events on Bennu,
Ryugu, and Itokawa.

Third, a key question for Bennu, Ryugu, and Itokawa is
whether collisional resurfacing events, YORP spin-up, or tidal
resurfacing events are most important for producing global
crater erasure events. Given that we do not know the precise
pathway taken by these bodies to their observed orbits, the best
we can do is use our estimates of the surface ages of these
bodies to glean insights into this question.

With these ideas in hand, we are now ready to model the
crater SFDs found on Bennu, Ryugu, and Itokawa.

3. Crater Size Distributions for Bennu, Ryugu, and
Itokawa

In this section, we briefly review the crater SFDs used in
this paper for Bennu, Ryugu, and Itokawa.

3.1. Bennu

Airless bodies are subject to the impact of small particles
and the solar wind. This has two main effects: (i) it can change
the spectral appearance of surface material, a process often
called space weathering, and (ii) it can cause small particles to
be lost via electrostatic levitation and radiation pressure
(C. M. Hartzell & D. J. Scheeres 2013; C. M. Hartzell 2019).
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The degree of weathering can be tracked through visible
—near-infrared color imaging and spectral slopes, with
changes giving us the relative ages of an asteroid’s surface
(S. Sugita et al. 2019; Y. Cho et al. 2021; D. N. DellaGiustina
et al. 2020; E. B. Bierhaus et al. 2023). By obtaining the
relative and potentially absolute ages of craters, we can glean
insights into how fast crater erasure processes work with time,
whether these processes are gradual or episodic, and how they
might change with crater size.

Using spatially resolved color images (pixel scale ~25 cm)
taken from the OSIRIS-REx Camera Suite (OCAMS) and the
multispectral MapCam imager, D. N. DellaGiustina et al.
(2020) found that Bennu has space-weathering trends. For
example, Bennu’s midlatitudes are spectrally less weathered
than the equator (i.e., they are younger). On Bennu, material
generally wants to move toward the midlatitudes (E. R. Jawin
et al. 2020; 2022), so these weathering trends match
expectations for Bennu.

Using data from D. N. DellaGiustina et al. (2019) and
K. J. Walsh et al. (2019), D. N. DellaGiustina et al. (2020)
identified relationships between color and crater morphology
for ~700 craters. Recent updates can be found in E. B. Bierh-
aus et al. (2023). The crater SFDs of Bennu’s oldest (blue) and
youngest (magenta) craters are shown in Figure 8. The
youngest were defined using space weathering as an age
proxy (see D. N. DellaGiustina et al. 2020, for details). Many
craters are redder than Bennu’s global average color by >0.5¢
in the near-UV to near-IR. Here o is defined as the full width at
half-maximum of the global distribution of spectral slopes in
the available bands. These craters are generally small
(Derater < 25 m) and are superposed on the bluish craters, with
those on top being younger with more recently exposed
materials. Conversely, the largest craters on Bennu
(Derater = 100 m) were found to be indistinguishable from the
space-weathered colors of the average terrain. Given that the
largest craters are likely to be the oldest and the hardest to
erase, this degree of space weathering was expected.

Put together, we can say that many small craters on Bennu
are red/young, while most bigger craters are bluer/older.
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Figure 8. The crater SFDs for Bennu’s craters. (a) The blue curve shows all
craters identified by D. N. DellaGiustina et al. (2020), while the magenta curve
shows craters more than 1o redder than the average spectrum of Bennu. The
gold curves show our model crater SFDs over 75 different orbital pathways
(see Figure 2). Overall, we consider the fits between model and observations to
be reasonable, but some features are missed, partly because our crater
formation process is stochastic but also because our damage function is an

imperfect tool for modeling crater erasure at small crater sizes.

Accordingly, blue and red colors on Bennu are a proxy for
crater age. Here we will determine new model ages for the
red/young and blue/old craters, which can then be compared
to previous results (D. N. DellaGiustina et al. 2020; E. B. Bie-
rhaus et al. 2023).

The SFD of young craters (magenta line) shown in Figure 8
is close to a cumulative power-law index of —2.7, consistent
with the size distribution of small lunar and main-belt asteroid
craters (W. F. Bottke et al. 2020). This indicates that the
reddest craters may still be in production. Conversely, the size
distribution of all craters shows a major change in slope at
small crater sizes. This change could indicate that the crater
SFD has undergone crater erasure processes (see Section 4 and
Figures 15 and 16 in E. B. Bierhaus et al. 2023).

3.2. Ryugu

The craters used for our analysis of Ryugu come from
N. Hirata et al. (2020), whose work builds on the initial report
in S. Sugita et al. (2019). They examined the surface of Ryugu
for craters over its surface area of ~2.5km?® Craters were
assumed to be circular or quasi-circular depressions, but many
were also degraded and filled with regolith or boulders. This
means that there is some ambiguity in their interpretation of a
crater. To deal with this issue, the craters were classified by
their morphology. The most clear-cut craters were defined as
having a “circular depression with rim,” while the most
degraded were ‘“quasi-circular features.” The latter features
were not considered craters. Moreover, due to spacecraft
limitations, imaging on Ryugu was best at latitudes closer to
the equator, which may bias crater identification. Given the
image resolution of the spacecraft, they set a minimum
diameter threshold of 20 m, though craters as small as 10 m
were also reported.

All told, 77 craters were identified in the N. Hirata et al.
(2020) data set. They are listed in their Table 3 and are shown
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Figure 9. The crater SFDs for Ryugu’s craters. (a) The red curve shows 77
craters identified by N. Hirata et al. (2021; see also T. Morota et al. 2020;
Y. Cho et al. 2021). The gold curves show our model crater SFD over 77
different orbital pathways (see Figure 2). As with Figure 8, stochastic crater
production and an imperfect crater damage function produce some minor
mismatches between model and data.

in Figure 9. Three were larger than 200 m, with the largest
being 290 m. Their spatial distribution is not uniform. The
equatorial regions have more craters than the polar regions,
while the meridian region has more craters than their western
bulge. This difference may have been caused by regional
resurfacing events on each hemisphere (Y. Cho et al. 2021).
Y. Cho et al. (2021) also argue that the oldest feature on Ryugu
is the ridge that lies near or on its equator. At some later time,
the biggest crater formed on Ryugu, scattering material around
the surface that possibly buried other nearby craters (via global
jolt; R. Greenberg et al. 1994; 1996). Then, in more recent
times, the large-scale movement of rocks and boulders in the
western hemisphere erased some craters.

In this paper, we take the approach used by the Hayabusa2
team and will treat Ryugu’s crater population as having
formed in an isotropic manner across its entire surface. This
will introduce some imprecision into our surface age results,
given that the spatial density of craters varies from region to
region, as discussed above. Given that the distribution of large
craters is fairly uniform, however, mainly because they are less
susceptible to crater erasure mechanisms, we do not expect this
assumption to strongly affect our overall results in calculating
Ryugu’s surface age. It is beyond the scope of this paper to
date all the distinct resurfacing events on Ryugu, though that
could be done in future work.

Space weathering has also been observed on Ryugu and is
discussed in T. Morota et al. (2020). Compositional differ-
ences and/or the physical structure of Ryugu’s materials,
however, cause it to work in the opposite direction compared
to Bennu. On Ryugu, space weathering leads to the reddening
of the surface, with the youngest features being more bluish.
Overall, the equatorial regions of Ryugu tend to be older,
while the higher-latitude regions are younger.

An alternative explanation for space weathering was also
proposed by T. Morota et al. (2020). They suggested that
Ryugu could have made a close passage to the Sun en route to
its current orbit, which would heat up the surface enough to
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cause it to redden. From there, Ryugu would pull away from
the Sun, with subsequent craters exposing fresh (and spectrally
blue) materials in the subsurface. The authors point out,
however, that this putative passage near the Sun is inconsistent
with the abundance of hydrous minerals found on the surface
among the reddish material. Material excavated by the Small
Carry-on Impactor (SCI) experiment also shows no spectral
color evidence that Ryugu passed close to the Sun in its past
(K. Kitazato et al. 2021).

From a dynamical standpoint, we did find examples of test
objects in the v resonance that are potentially comparable to
the pathways suggested by T. Morota et al. (2020). Using the
methods described in M. Delbo & P. Michel (2011), we found
that some of our test asteroids reach eccentricities of ~0.9 and
surface temperatures of 900°C before they recede from the Sun
and find their way back to a Ryugu-like (a, e, i) orbit.

A possible issue for these orbital pathways being linked to
Ryugu is that they are rare. Out of the v resonance test bodies
that reach Ryugu-like orbits, we found that only 7% reach such
extreme temperatures. If we were to assume that the
temperature threshold needed to explain the space-weathering
results in T. Morota et al. (2020) was only 600°C, we can
increase the fraction of objects that reach those temperatures
and Ryugu-like orbits to 16%. Doing so, however, still leaves
another problem. The temperature thresholds discussed above
are reached relatively early in the history of the Ryugu model
asteroids, namely they are still in the v resonance. According
to the dynamical framework discussed in Section 2, most of
Ryugu’s crater history is still to come, which would violate the
T. Morota et al. (2020) constraints.

Overall, we consider space weathering to be a more viable
scenario to explain the differences in Ryugu’s spectra across
its surface than sudden heating near the Sun. This is not to say,
however, that such extreme heating events do not happen with
other NEAs. Additional information on extreme solar heating
of NEAs can be found in certain CM meteorites that have
apparently experienced high heating events (e.g., E. Tonui
et al. 2014; A. J. King et al. 2021). Moreover, if the
temperatures become too high, the carbonaceous-chondrite-
like objects may disrupt near the Sun (M. Granvik et al. 2016;
D. Nesvorny et al. 2023).

3.2.1. Itokawa

The craters found on Itokawa come from the work of
N. Hirata et al. (2009). They identified 38 candidate craters,
with confidence in their craters labeled by numerical values
between 1 (high confidence) and 4 (low confidence). Here we
only use those craters designated with values of 1 or 2, which
yields about 20 craters. Their crater SFD is shown in
Figure 10.

Itokawa’s surface has two main geologic units, one
containing numerous boulders and the other with smooth
terrains made up of numerous centimeter- and sub-centimeter-
sized particles (J. Saito et al. 2006; H. Yano et al. 2006). No
classical bowl-shaped craters were found on either unit.
Instead, the craters seem to consist of vague circular features.
In some cases, rocks and boulders were apparently shoved out
of the way by an impacting asteroid. Such behavior was also
seen on Bennu (e.g., E. R. Jawin et al. 2020). Detailed
information on how Itokawa’s craters experienced space
weathering has yet to be published.
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Figure 10. The crater SFD for Itokawa’s craters. The green curve shows 20
craters from the work of N. Hirata et al. (2009). They were classified at
confidence levels of 1 and 2 from a scale between 1 and 4. The gold curves
show our model crater SFD over 49 different orbital pathways (see Figure 2).
As with Figure 8, stochastic crater production and an imperfect crater damage
function will create some minor mismatches between model and data.

4. Crater Production Model

We are now ready to discuss our crater production model
NEA-EVOL. We start with an overview of how the code
works, which will be followed by a description of its various
components. The initial step in NEA-EVOL is to choose a
target NEA, in this case Bennu, Ryugu, or Itokawa, as well as
a probable orbital pathway from our preexisting model runs
shown in Figure 2 (Section 2.2). Here an orbital pathway is
defined by the body’s (a, e, i) values at each output time step,
with the time step set at 10,000 yr. Next, the code determines
the impact flux on the target asteroid for each time step using a
series of look-up tables in (a, e, i) space that include the
collision probabilities, impact velocities, and SFDs for our
three impactor populations: the main-belt, Mars-crossing, and
NEA populations. These look-up tables are discussed in
Section 4.1 and are calculated across a series of (a, ¢, i) bins
prior to the start of our trial run.

At a given time step, NEA-EVOL calculates the combined
impact flux for the target asteroid and turns it into a crater
production model using crater scaling laws (Section 4.2). The
craters formed within the time step are then saved as an output
file for entry into the code CRASAT (Section 4.3). As will be
discussed in more detail below, CRASAT uses this input,
along with random deviates, to choose the size and location of
each crater on the target body’s surface formed during the time
step. By modeling each crater individually, CRASAT can
account for “cookie-cutter” crater erasure (i.e., craters can be
partially or completely erased when another crater forms on
top of them), crater erasure from sandblasting processes (i.e.,
the rims of large craters can be removed by small impacts),
crater saturation processes, and additional crater erasure
processes included by the user (Section 4.4). Craters from
different model time steps are then combined into a single
model crater SFD on the target asteroid at that time and orbit.
This synthesis model SFD can be directly compared to the
observed crater SFD on the target NEA (e.g., craters found by
various mission teams for Bennu, Ryugu, and Itokawa).
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The next several subsections describe the various NEA-
EVOL model components in more detail (Sections 4.1-4.4).

4.1. Impacting Asteroid Populations

NEAs that depart the main asteroid belt are not yet safe from
impacting asteroids. A large fraction of the NEAs have high
enough eccentricities that they will continue to cross the main-
belt population for an extended time (W. F. Bottke et al.
1994a, 1994b; 1996). Even when they reach orbits that are
collisionally decoupled from most main-belt asteroids
(approximately aphelion Q < 1.6au; W. F. Bottke et al.
1996), they can still cross a population of Mars-crossing
asteroids and NEAs, with many capable of hitting at speeds
>10kms~' (W. F. Bottke et al. 1996). These populations are
considerably smaller than the main belt, but their impacts still
contribute at a substantial level to the cratering record of long-
lived NEAs on low semimajor-axis and eccentricity orbits,
particularly if they have been resurfaced on such orbits.

At present, there is no crater production model that accounts
for impacts from all three of these populations simultaneously
on a dynamically evolving NEA. Instead, previous papers have
generally adopted impact rate estimates for representative
NEAs, with these bodies getting hit by other NEAs and/or
main-belt asteroids (such as those impact rates developed in
W. F. Bottke et al. 1994b; see, e.g., S. Sugita et al. 2019;
K. J. Walsh et al. 2019; Y. Cho et al. 2021; E. B. Bierhaus
et al. 2022; 2023). Some complicating issues in using this
strategy are that (i) it is not easy to choose a representative
NEA orbit (see Figures 2-4), (ii) the NEA impact rates on
NEAs calculated in W. F. Bottke et al. (1994b) were developed
when relatively little was known about the NEA population,
and (iii) no group has yet considered crater production from
Mars-crossing asteroids, which can affect some NEAs that are
collisionally decoupled from the main belt.

For those reasons, NEA-EVOL calculates the combined
impact flux and collision velocities for projectiles striking a
target NEA on any (a, e, i) orbit within the inner solar system.
The projectiles striking our target come from our best
estimates of the orbital and size distributions of the main-
belt, Mars-crossing, and NEA populations. We discuss them in
Sections 4.1.1-4.1.3.

Our procedure is as follows. First, we created a look-up
table of intrinsic collision probabilities (P;) and mean impact
velocities (Vimp) between test bodies uniformly distributed in
(a, e, i) space and a representative orbital sample of objects
from the main-belt, Mars-crossing, and NEA populations. The
details of these populations will be given in the following
subsections. We assumed that the test bodies in our look-up
table were distributed across a grid of (a, e, i) orbits
across the inner solar system that covered all of the places
where an asteroid might travel: 0.lau <a<3.0au with
Aa=0.1au, 0.0<e< 1.0 with Ae=0.1, and 0° <i<90°
with Ai=3° By inserting these values into the collision
probability code developed by W. F. Bottke et al. (1994a), we
generated a look-up table of (P; pop, Vimp, pop) Vvalues for
wherever our target NEA would go in (a, e, i) space. Here
“pop” is defined as the main-belt (mb), Mars-crossing (mc), or
NEA population (NEA).

Next, we chose a suitable impactor SFD from each
population. We define the cumulative number of model
asteroids larger than a given size D,y in each SFD as

Npop-ast (>Dpop-ast), Where “pop-ast” is one of the three
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populations under consideration. Accordingly, the number of
model craters forming per square kilometer on the surface of
the target body from the chosen population within time Az is
defined as Npop-crat (>Dpop-crat) and is given by the equation

Pi,pop(av e, i)At Npop—ast(>Dpop—ast)
Npopfcrat(>Dp0pfcrat) = 4n -

“)

The missing component here is the crater scaling law that
transforms our projectiles Dpop.-ast iNt0 Craters Dyop crac ON OUT
target body. This will be discussed in Section 4.2.

At every model time step At, we compute these values for
all three populations and add them together to get our synthesis
crater production model. These results are input into our crater
code CRASAT. As the body evolves in (a, e, i) over various
time steps, new craters will be added to the target body. The
result is a synthesis crater SFD that can be compared to the
observed craters on the target body.

4.1.1. Main-belt Model

To produce the crater production model for target asteroids
crossing the orbits of main-belt asteroids, our first task is to
choose a representative sample of main-belt orbits. We refer
the reader to the more lengthy discussion of this issue in
Section 4 of W. F. Bottke et al. (2020). In that work, we argued
that a reasonable statistical proxy for the orbital distribution of
the main-belt population were the 682 asteroids with
D,y >50km as defined by P. Farinella & D. R. Davis
(1992) and used by W. F. Bottke et al. (1994a) (black circles in
Figure 11(a)). This sample is imperfect, but it avoids certain
complicating issues that come up when trying to use the Wide-
field Infrared Survey Explorer diameter-limited catalog of
main-belt objects, which is currently incomplete for some sizes
(e.g., J. R. Masiero et al. 2011). As mentioned above, the
collision probabilities and impact velocities are P; . (a, e, i)
and Vigmp, mb (4, e, ©), respectively.

Next, we selected a representative SFD for the main-belt
population from the results of W. F. Bottke et al. (2020), who
modeled the collisional evolution of the main-belt population.
After considerable testing, they argued that their main-belt
SFD #6 (see their Figure 1) did the best job of reproducing
main-belt SFD and asteroid family constraints, while also
reproducing the crater SFDs of spacecraft-observed asteroids
with D, > 10 km. These values define Npp_ast (>Dmp-ast) and
are shown in Figure 12.

4.1.2. Mars-crossing Asteroid Model

The Mars-crossing (MC) population used in our model is
defined as those bodies with perihelion 1.3 au < g < 1.66 au
and a < 3 au (Figure 12). These values were chosen to avoid
double-counting; many MCs are also NEAs. We will treat the
NEAs as a separate population below. This means that the
MC:s in our model are objects on solely Mars-crossing orbits
with ¢ > 1.3 au. The MCs have evolved out of the main belt
via numerous small resonances, and many still reside in those
resonances. As discussed by W. F. Bottke et al. (2002), the
MC:s are quasi-stable, and many take considerable time before
they become NEAs.

Using the JPL Horizons database as of 2022, we found that
there were 1104 MCs with absolute magnitude H < 16 that fit
our dynamical definition and numerous bodies with H > 16.
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Figure 11. (a) One possible dynamical pathway for Bennu. The gold line shows how the test asteroid goes from the v resonance on the inner edge of the main belt to
its current orbit (magenta star). Each gold circle is 0.01 Myr. Portions of main-belt (black), Mars-crossing (MCs; red), and NEA populations (gray) are shown for
reference. The dashed lines between the gray/red and red/black circles show perihelion ¢ = 1.3 and 1.66 au, respectively. Objects between the dotted lines are on
Earth-crossing orbits. (b) Mean impact velocities for main-belt asteroids hitting test bodies with i = 5°. Bennu is hit until it reaches a < 1.5 au. (c) Same as panel (b),
except MCs are used. MCs are 6 times the size of the NEA population and can strike Bennu on its current orbit (Figure 11).
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Figure 12. The estimated asteroid SFDs of the main-belt population (black),
the asteroid population on solely Mars-crossing orbits with perihelion
g>13au (red), and the NEA populations (i.e., g < 1.3 au; aphelion
Q > 0.983 au; gray). The main-belt SFD was defined at SFD #6 in
W. F. Bottke et al. (2020). The NEA SFD was defined by A. W. Harris &
P. W. Chodas (2021). The Mars-crossing (MC) SFD was defined as being 6
times larger than the NEA SFD (see text for details). Impact rates on target
asteroids are calculated from these SFDs after multiplying them by (i) the
intrinsic collision probability found between representative members of each
impactor population and the (a, e, i) orbital bin where the target asteroid is
located and (ii) the cross-section area of the target asteroid.

By plotting the MCs against debiased estimates of the NEA
absolute magnitude distribution (A. W. Harris & P. W. Chodas
2021; D. Nesvorny et al. 2023), we found that this population
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is essentially complete. We chose the H < 16 bodies as a
statistical proxy for the orbital distribution of all MCs. They
were used to calculate our look-up table of collision
probabilities and impact velocities for the MCs, which are
defined as P; mc (a, e, i) and Vigp me (@, €, 0).

Using the same data set, we identified 189 objects with
H<16 that are NEAs (ie., g<1.3au; red circles in
Figure 11(a)). The ratio between the two populations for
H < 16 is approximately 6, so we assume here that the MC
absolute magnitude distribution is 6 times larger than the NEA
absolute magnitude distribution.

The MC SFD was defined as follows. We assumed that the
top end of the SFD is set by the H < 16 population, with
H converted to diameter by the relationship (J. W. Fowler &
J. R. Chillemi 1992; Appendix in P. Pravec & A. W. Harris
2007)

D,se(km) = 1329 x 10-#/5p ~1/2. 5)

The standard representative visual geometric albedo
chosen to make this change is p, = 0.14 (A. W. Harris &
P. W. Chodas 2021). The conversion has been recently revised
by D. Nesvorny et al. (2024b) using a more complicated
numerical approach, but for this paper we opted to keep things
simple and use this value. Finally, for objects with H > 16, we
grafted the shape of the debiased NEA SFD from Harris &
Chodas (2021) onto our SFD. It defines Nyic.ast (> Dmc-ast)
and is shown in Figure 12. We will discuss more about the
shape of the NEA SFD in Section 4.1.3.

4.1.3. Near-Earth Asteroid Model

Our model of the NEA population is based on the work of
M. Granvik et al. (2016, 2018). They constructed a model of
the NEA population using the methodology described in
W. F. Bottke et al. (2002). Specifically, they tracked ~90,000
test asteroids escaping the inner, central, and outer main belt
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and followed them throughout the inner solar system using the
numerical integrator SWIFT-RMVS4 (H. F. Levison &
M. J. Duncan 1994). The planets Mercury through Neptune
were included in these runs, and each asteroid was followed
until it hit a planet, it hit the Sun, or Jupiter threw it out of the
inner solar system. These results told them where objects were
statistically most likely to spend their time. By combining
these residence time probability distributions with a model of
observation selection effects for NEA surveys, as well as an
NEA absolute magnitude distribution with adjustable para-
meters, they were able to compare their model NEO
population to NEAs detected between 2005 and 2013 by the
Catalina Sky Survey. Using numerical methods to find a best-
fit case, they were able to solve for the debiased orbital and
absolute magnitude distribution of all NEOs, even those not
yet detected.

Note that estimates of the debiased NEO orbit and absolute
magnitude/size distributions have recently been revised and
updated by D. Nesvorny et al. (2023, 2024a, 2024b). Our tests
show relatively small changes in our collisional model results
between using the NEA orbital model from M. Granvik et al.
(2016; 2018) and using that from D. Nesvorny et al.
(2023, 2024a). Given that most of our infrastructure and
results are based on the M. Granvik et al. (2016, 2018) model,
we have opted to continue to use them for this work rather than
start over from scratch.

Using their NEA probability distribution in four dimensions
(a, e, i, H), we used random deviates to create a population of
1214 objects, all nominally with H < 18 (gray circles in
Figure 11(a)). These bodies were chosen to be our statistical
sample representing the debiased orbital distribution of the
NEO population. Using our collisional probability code, we
calculated a look-up table of collisional probabilities and
impact velocities defined as P; nga (@, e, 1) and Vigp NEA (4,
e 0.

For the NEA SFD, we had several options to choose from,
but we opted to use the SFD provided by A. W. Harris &
P. W. Chodas (2021). It defines Nngaast (>DNEa-ast
Figure 12). It has the advantage over the others in that it goes
to submeter sizes, values that are needed to calculate small-
crater production on our target asteroids. Most alternative
methods to calculate the NEA SFD only go to a few tens of
meters at best, and this lower diameter limit is too large for our
purposes (e.g., W. F. Bottke et al. 2002; M. Granvik et al.
2016, 2018; D. Nesvorny et al. 2023, 2024a, 2024b).

4.2. Crater Scaling Laws

Our next step is to convert the impact flux and impactor
velocities from Section 4.1 into a crater production model for
the time step in question. This requires the use of crater scaling
laws appropriate for the target asteroid. Unfortunately, the
properties of the asteroid are not known beforehand. For
example, the first crater modeling results for Bennu used a
strength scaling law (K. J. Walsh et al. 2019), while a later
paper used gravity scaling (E. B. Bierhaus et al. 2022).
Interestingly, we now have ground-truth data on -crater
formation for small carbonaceous-chondrite-like asteroids
from the SCI experiment that was part of JAXA’s Hayabusa2
mission to Ryugu (M. Arakawa et al. 2020).

The SCI experiment consisted of a 2kg copper projectile
that was accelerated to ~2kms ' just prior to striking the
surface of Ryugu (M. Arakawa et al. 2020). The projectile
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produced a crater on Ryugu that was nearly 14 m in diameter.
This value indicates that a crater made by a carbonaceous-
chondrite-type projectile with the same mass and impact
velocity would be nearly two orders of magnitude larger than
the projectile. This value is enormous; in comparison,
modeling results show that observed craters on D > 10km
asteroids tend to have crater-to-projectile size ratios near 10
(W. F. Bottke et al. 2020). It also implies that Ryugu craters
formed in the gravity regime rather than the strength regime
(M. Arakawa et al. 2020).

Given this, we opted to use the crater scaling law suggested
by E. Tatsumi & S. Sugita (2018) for craters in the gravity
regime, as E. B. Bierhaus et al. (2022) also did in his work:

0,0, _ K1[7r§7r21/3 § K& Crm)/ 23/ @ty (6)
my, + my;
_1
e — 3(“”8) ™
M =|— —_—
2 my, + m; V2
m= ®)
Pp
V2/2
g=mV 12 ©
m,Qp,

Here the bulk densities of the projectile and target are p,, and
Py, the masses of the projectile and target are m,, and m,, the
volume of the crater is 6., the impactor radius is a,, the gravity
of the target body is g, the impact velocity is V, the energy
per unit mass needed to produce the disruption of a typical
body on the surface is Q"p, and uy, o, Ki, and K, are
experimentally derived parameters. The transient -crater
diameter D, can be calculated from the transient crater volume
6. by assuming that it had a parabolic shape, such that
Dy~ 2263 (H. J. Melosh 1989). The final crater size Deraer
is assumed to be 1.18D,,.

For Bennu and Ryugu, we adopted values for the parameters
11, o, Ky, and K, of 0.41, 1.23, 0.24, and 0.01, respectively.
For main-belt projectiles, we set the bulk density p, to
1.3 gem ™, given that most of the main belt is composed of
C-complex objects (e.g., W. F. Bottke et al. 2020). The bulk
densities of Bennu and Ryugu are both 1.19 gcm ™2, while
gravity g for Bennu is 6 x 107> m s~ (M. G. Daly et al. 2020)
and that for Ryugu is 1.4 x 10™*ms % (M. Jutzi et al. 2022).
Their Q%) values were set to 9.0 x 10°erg g~ ' (K. R. Housen
& K. A. Holsapple 1999).

Some example results are as follows. For a 1 m diameter
main-belt impactor (a, = 0.5 m) striking Bennu and Ryugu at
V=10kms ', a common impact velocity between main-belt
projectiles and NEA targets (W. F. Bottke et al. 1996), these
scaling laws yield a final crater size of 72 and 71m,
respectively. These results are both consistent with expecta-
tions based on the SCI results. They also suggest that the
surface ages of both worlds are relatively young, since small
projectiles can make sizable craters (see Section 2).

For Itokawa, insights into the appropriate crater scaling law
for this asteroid can be gleaned from the DART spacecraft’s
impact into Dimorphos, the 150 m diameter S-type moon of
(65803) Didymos. From their simulations of the collision,
S. D. Raducan et al. (2024) found that Dimorphos had a weak
cohesive strength of less than a few Pa, much like Ryugu and
Bennu. Itokawa is also close to the asteroid size where Q*p
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values reach their minimum (W. F. Bottke et al. 2020), so
these size bodies are relatively easy to disrupt from an energy-
per-mass perspective. On that basis, we will assume that
Itokawa’s craters formed close to or in the gravity regime.

For our crater scaling law, we will use the same parameters
for Ky, K>, i1, and i, as Bennu and Ryugu, but we will change
the bulk density to 1900 kg m > (A. Fujiwara et al. 2006). The
gravity of Itokawa was set to 7.5 x 10> ms ™2, while the Q%)
value was kept the same as before (9.0 x 10°ergg ';
K. R. Housen & K. A. Holsapple 1999). Accordingly, a I m
diameter main-belt impactor at V=10kms ' yields a final
crater size of 63 m. This value is comparable to those found for
Bennu and Ryugu.

The scaling laws presented here allow us to generate a crater
production model for each of the impactor populations
discussed in Section 3.1. When our target NEA moves to the
next (a, e, i) orbit along its orbital pathway, we calculate the
number and sizes of craters formed in that time step from each
impactor population. These SFDs are then added together and
are used as input for our crater code CRASAT, which is
described in the next section.

4.2.1. Sample Bennu Run

In Figures 11(a)-(c), we show an example of what the
evolution of a model Bennu asteroid looks like compared to
the location of the main-belt (black circles), Mars-crossing
(red circles), and NEA populations (gray circles). The gold
line represents the model asteroid’s orbital path, with the small
gold circles showing the orbit every 10,000 yr.

The object starts its journey in the innermost region of the
main belt, with Yarkovsky drift moving it into the v resonance
(W. F. Bottke et al. 2015b). From there, the body migrates to
larger eccentricity values, it is removed from resonance by an
Earth encounter, and then it gradually walks down to lower (a, €)
values until it reaches the orbit of Bennu (magenta star).

The color contours in Figures 11(b) and (c) show the impact
speeds of main-belt and solely Mars-crossing asteroids with our
model Bennu, provided that it has an inclination <5°. One can
see how the impact velocities change as a function of (g, ¢) and
the limit to the reach of main-belt and Mars-crossing impacts.

4.3. CRASAT Code

Modeling crater formation on asteroid surfaces can be
challenging to do correctly. As described by H. J. Melosh
(1989), craters can be partially or completely erased when they
land on top of one another, which we refer to here as “cookie-
cutter” erasure. Their rims can also be softened and potentially
destroyed by numerous smaller impacts, which we refer to here
as “sandblasting” erasure. Crater models must also account for
“saturation equilibrium,” a state where the erosive and destructive
effects of subsequent cratering prevent crater spatial densities
from increasing on a given surface (D. E. Gault 1970;
H. J. Melosh 1989). In equilibrium saturation, for every crater
added to a surface, another is taken away.

To include these effects in our crater simulation, we modeled
the production of crater SFDs using the crater formation and
evolution model CRASAT (W. F. Bottke & C. R. Chapman 2006;
S. Marchi et al. 2012). The overall approach of this code is
similar to several crater formation and surface evolution models
described in the literature (A. Woronow 1985; C. R. Chapman &
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W. B. McKinnon 1986; J. E. Richardson et al. 2005, 2020;
J. E. Richardson 2009).

CRASAT simulates the random formation of craters on a
square grid that represents the surface area of the target body.
Each crater, defined as having diameter D e, 15 drawn from
an input crater production SFD using a random deviate and is
placed sequentially onto the grid, with crater rims represented
by circles in two dimensions. The location of each crater is
also chosen using a random deviate and is recorded. The
progress of the crater size distribution is provided throughout
the simulation.

Crater obliteration by “cookie-cutter” erasure, defined as
one crater landing on another and destroying some or all of it,
is simulated as follows. CRASAT craters are defined by their
rims; when 70% of a crater’s rim has been removed by
overlapping craters, we assume that it is no longer recogniz-
able. When a new crater (D ;aer) 15 formed, it can destroy a
portion of the rim of a putative crater underneath (Dynqer), but
only if Deraer > Dunder/f » Where fis a numerical factor. In this
expression, f allows small craters of a given size to erase the
rims of larger ones but prevents very small craters from having
any effect. For example, 30 m craters formed on a 100 m crater
will produce damage that is easily observable from images, but
1 m craters are less likely to do so.

While fis an unknown quantity, W. F. Bottke & C. R. Cha-
pman (2006) determined its value empirically using crater-
saturated terrains within the Sinus Medii region of the Moon
(D. E. Gault 1970). As shown in Figure 9 of S. Marchi et al.
(2012), the best-fit results used f~ 9. We will use that value in
our simulations.

Several papers have discussed the issue of boulder armoring
(e.g,. E. Tatsumi & S. Sugita 2018; R.-L. Ballouz et al. 2020;
E. B. Bierhaus et al. 2022). In this regime, very small
impactors may be unable to reach the surface of a target
asteroid covered by boulders and therefore do not make
traditional craters. Instead, the impact takes place on the
boulder itself, with the boulder protecting the surface from
damage. E. B. Bierhaus et al. (2022) found that boulder
armoring prevents the formation of craters on Bennu smaller
than a few meters. For this reason, the smallest crater tracked
in CRASAT for our Bennu simulations will be Dg,yer = 6 m.
While Itokawa and Ryugu are also covered with boulders, we
are only using D aer = 10 m craters for this paper. Accord-
ingly, while the boulder armoring regime may indeed exist for
both asteroids, we are presumably avoiding it in our work. We
also assume that boulder armoring does not affect the crater
scaling law of modest-sized craters on any of our three
asteroids.

Given our choice of f~ 9, however, CRASAT still needs to
account for the effects of impacts that are 9 times smaller than
Diryer > 6 and 10 m, depending on the target asteroid to be
used. Both sizes are well within the boulder armoring regime.
If there were no other effects included, this issue would force
us to make modifications to CRASAT to account for boulder
armoring. As we discuss in Section 3.3.1, however, we
sidestep this issue by using a crater damage function, which is
designed to approximate the behavior of impacts erasing small
craters on the surface of our target bodies.

4.4. Small Crater Erasure in CRASAT

A number of D < 10km asteroids have been observed by
spacecraft at high enough resolution to assess their crater
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populations. In increasing order of size, and ignoring asteroid
satellites like Dimorphos, Selam, and Dactyl, they are Itokawa,
Bennu, Dinkinesh, Didymos, Ryugu, Toutatis, and Steins. The
crater SFDs of these asteroids all appear to follow a similar
pattern. Each shows several craters whose diameters are a
sizable fraction of the diameter of the asteroid itself. These
craters, when plotted as a cumulative SFD, have power-law
slopes that generally match expectations based on crater
production models and the crater SFDs found on large main-
belt asteroids and the Moon (e.g., S. Marchi et al. 2015;
W. F. Bottke et al. 2020; O. S. Barnouin et al. 2024;
H. F. Levison et al. 2024). The cautionary note here would be
that the largest craters are limited in number, so many slope
fits are possible within uncertainties.

For smaller craters, however, the SFDs show a strong
depletion compared to expectations, with the differences between
observations and expectations growing larger as the craters
decrease in size. As an example, for Bennu and Ryugu, which are
0.5 and 0.9 km in diameter, respectively, crater depletion on the
cumulative SFD shown for Bennu in Figure 9 starts near crater
8iz€S Depaer < 0.1 km, while those for Ryugu in Figure 10 start
near D per < 0.15km. The depletion continues on Bennu’s
surface to craters that are several meters in diameter. For craters
smaller than that size, we enter the realm of boulder armoring,
where small projectiles are more likely to make craters on
individual boulders than on the surface (e.g., E. B. Bierhaus et al.
2022). While interesting, our focus is on crater sizes larger than
the boulder armoring regime.

There is no single hypothesis to explain the missing craters
at this time, but some ideas can be ruled out. For example, one
hypothesis is that the main-belt and other populations are
missing small asteroids (e.g., J. Saito et al. 2006). The problem
is that such a putative reduction in population, whatever its
cause, would produce a feedback effect in collisional evolution
that would change the main-belt SFD at larger sizes
(D. P. O’Brien & R. Greenberg 2005; D. P. O’Brien et al.
2006; W. F. Bottke et al. 2015a).

We argue that the most plausible scenario is that one or
more physical mechanisms are erasing small craters. The
possibilities include the following:

1. “Cookie-cutter” erasure, where larger craters overlap
smaller ones (as already included in CRASAT).

2. Sandblasting erasure, where small impacts destroy the
rims of larger craters (which is already included in
CRASAT).

3. Spin-up from YORP thermal torques, which can lead to
steeper slopes for high-latitude terrains and downbhill
mass movement when angle of repose is exceeded (e.g.,
E. R. Jawin et al. 2020, 2022). As discussed above, the
ability of this effect to erase small craters depends on the
circumstance and many different parameters
(Section 2.4).

4. Close encounters with Earth (or Venus) capable of
causing a resurfacing event on the target asteroid (e.g.,
D. C. Richardson et al. 1998; Y. Kim et al. 2023; see
Section 2.5).

5. Impact-produced shattering of the target body. Here the
target body loses enough mass that its cratered surface is
reset. As discussed above, the threshold projectile size
needed to produce a crater reset event is unknown, but it
is likely smaller than the size needed for a catastrophic
disruption (Section 2.3)
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6. Impact-induced “jolting,” where a large impact causes
regolith across the surface to be launched off and
redistributed around the surface, thereby burying small
craters regionally or globally beyond some size (R. Gre-
enberg et al. 1994; 1996; P. Michel et al. 2009). This
effect is combined with ejecta blanket burial, where
debris ejected from an impact site buries smaller craters
near the crater site.

7. Impact-induced seismic shaking that mobilizes materials
to flow downhill and fill in craters (J. E. Richardson et al.
2005, 2020; J. E. Richardson 2009; Y. Tang et al.
2023, 2024). We assume that impact-induced mass
movement, where crater formation causes nearby
boulders, rocks, and regolith to slide/move/jump away
from the impact site, is similar to the kind of downhill
movement favored on Bennu by E. R. Jawin et al.
(2022).

Some mechanisms, like YORP spin-up or tidal resurfacing,
may produce local, regional, or global crater erasure events,
depending on the circumstances. The last two mechanisms,
which will be discussed below, can be considered smaller
versions of impact resurfacing. They erase small craters in a
stochastic fashion while presumably preserving larger ones.

The reader should be aware that all these mechanisms, outside
of cookie-cutter and sandblasting erasure, are difficult to model in
a quantitative fashion within CRASAT. We have tested many
different parameterizations of these mechanisms, but our limited
knowledge of Bennu, Ryugu, and Itokawa in terms of their
physical properties, interior structures, orbital and rotational
histories, etc., has prevented us from finding a one-size-fits-all
solution.

Accordingly, in the discussion below, we present what we
know and what we tested, but our CRASAT model solution for
small-crater erasure should be considered an approximate
“work-around” solution.

4.4.1. Global Event-driven Crater Erasure

Both Bennu and Ryugu show evidence for mass movement
of near-surface materials that could have erased some small
craters (e.g., Y. Cho et al. 2021; O. S. Barnouin et al. 2022;
M. E. Perry et al. 2022). In fact, E. R. Jawin et al. (2020, 2022)
have shown that 5-10 m of material has been mobilized from
midlatitudes to the equator on Bennu. Several mechanisms
may have triggered this downslope movement, such as impact-
triggered landslides (combined with impact-produced ejecta),
YORP-driven slope increases, and/or jostling by Earth’s tidal
forces. While this flow may be a contributing factor to crater
erasure through infilling, the lack of an obvious trend in crater-
depth-to-diameter ratios from the midlatitudes to the equator
makes it difficult to identify which mechanism is the most
important for small-crater erasure (R. T. Daly et al. 2022).

Some important clues regarding crater evolution and erasure
mechanisms can be found in the results from E. B. Bierhaus
et al. (2022, 2023). They identified evidence for a transition in
crater morphology for craters smaller than 25 m, which contain
more small particles and fewer larger particles than surround-
ing terrains. They suggested that a possible source could be a
global subsurface layer of finer-grained materials at a depth of
1-4 m. This putative layer would be breached by craters that
were Depaer > 25 m. The source of this global layer would be
seismic shaking from crater formation, which could potentially
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produce this layer over time by a variation of the “Brazil nut”
effect.

Possibly related to these effects, crater SFDs on Bennu with
different degrees of space weathering show similar differential
power-law slopes, though the older craters illustrate some
variation from a single slope (see Figure 15 of E. B. Bierhaus
et al. 2023). The power-law slopes shown in E. B. Bierhaus
et al. (2023) are broadly consistent with the expected
production crater SFD identified among the very largest
craters. They also suggest that a sizable event (e.g., the
formation of a few very large craters; a close tidal encounter
with Earth) led to an intermediate-sized crater erasure event
(perhaps D <30-40m; E. B. Bierhaus et al. 2022).
Evidence may also exist that a different event eliminated
some large craters as well. After each erasure, the smaller
craters would build up again, following a production crater
SFD. On a cumulative plot, with all asteroid craters plotted,
this effect would lead to a bend in the power-law SFD, with
smaller craters at a shallower slope than the largest craters.

This kind of crater SFD may provide some support for the
so-called “jolt” effect (R. Greenberg et al. 1994, 1996). This
putative mechanism is caused when a large impactor hits a
target asteroid hard enough to mobilize surface materials
across the body. One result of jolting is that it can shake up and
damage existing craters. A second is that it can launch some
material off the surface at low velocities. When the debris
returns and settles, it can partially or completely fill in small
craters.

Depending on the size of the impactor, jolting can
potentially erase craters smaller than some threshold size
(Dresn) Over a local, regional, or global scale, though we
caution that boulder armoring may affect this process. Craters
with D > Dy, esn Will not be completely buried, so they will
survive, though they may be damaged. For Bennu, it is
possible that the largest craters produced different kinds of
jolting events (E. B. Bierhaus et al. 2023). Similarly, jolting
may explain why Ryugu’s crater populations have different
spatial densities across the body (Y. Cho et al. 2021).

As a proof of concept, we tried to test various forms of
jolting within CRASAT, using Bennu as our target body.
Whenever an impactor larger than a certain size struck Bennu,
we assumed that jolting would damage or erase all craters
smaller than a given diameter out to a predefined distance from
the impact site. As part of this work, we developed the concept
of a rim damage function, which we will use below. Rather
than assume that a certain-sized crater had to be completely
erased by a given jolt event, we instead assigned its rim
elements a degree of damage that could range from 0 to 1.
When the value 1 was reached, the rim element was assumed
to have been erased. In this fashion, we could test different
damage functions that vary based on the size/velocity of the
impactor, the crater sizes to be erased, and distance from the
impact site. In some cases, we assumed that the largest jolting
events erased all small craters from the pole to the equator in
latitude and several tens of degrees in longitude.

While our work did yield some interesting case studies, it
did not lead to satisfying results. The reason is that at present
we lack sufficient constraints to quantify our rim damage
function for the jolt effect. The same problem exists for other
proposed large-scale crater erasure mechanisms, such as
YORP mass-shedding events, tidal resurfacing events, or
nonjolt impact-driven resurfacing events. Examining existing
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geological studies of Bennu and Ryugu with such mechanisms
in mind (e.g., Y. Cho et al. 2021; E. R. Jawin et al. 2020, 2022;
E. B. Bierhaus et al. 2022, 2023) may be a productive avenue
for future work.

4.4.2. Seismic Shaking and Impact-driven Mass Movement

A leading hypothesis to produce crater depletion is impact-
induced seismic shaking (J. E. Richardson et al.
2005, 2009, 2020; D. P. O’Brien et al. 2006; P. Michel
et al. 2009; Y. Tang et al. 2023, 2024). In this scenario,
impacts on the target asteroid cause its regolith layer to vibrate
in a low-g environment, which in turn produces sufficient
particle, rock, and boulder migration to fill in and/or shake
away craters. Evidence in support of seismic shaking can also
be found on the 17 km diameter asteroid (433) Eros, with
crater spatial densities lower near Shoemaker crater
(P. C. Thomas & M. S. Robinson 2005). Over time, seismic
shaking should mix and stir the regolith while also bringing
large boulders to the surface by the so-called “Brazil nut
effect” (e.g., H. Miyamoto et al. 2007; S. Matsumura et al.
2014; V. Perera et al. 2016; T. M. Yamada et al. 2016;
C. Maurel et al. 2017; E. B. Bierhaus et al. 2023; Y. Tang
et al. 2023, 2024). Impact-induced seismic shaking may also
trigger landslides, such as those observed on Bennu (e.g.,
E. R. Jawin et al. 2020).

There have been many published models of how seismic
shaking affects small asteroids (J. E. Richardson et al.
2005, 2020; J. E. Richardson 2009; Y. Tang et al.
2023, 2024). It can be argued that slumping observed on
Bennu (K. J. Walsh et al. 2019) and Ryugu (S. Sugita et al.
2019) was produced by seismic shaking. Unfortunately, the
rules governing how it affects shattered aggregates or rubble-
pile bodies are complex. Ultimately, its effectiveness depends
on the porosity and cohesion of an asteroid; high porosity and
lower cohesion make it less effective (G. Nishiyama et al.
2021).

A poorly understood issue concerning impact-induced
seismic shaking is how it depends on the size of the target
asteroid. Consider (25143) Itokawa and (433) Eros, which are
0.3 and 17km S-type asteroids, respectively (e.g.,
W. F. Bottke et al. 2020). The crater SFDs for each world
have been imaged at high resolution (by JAXA’s Hayabusa
mission and NASA’s NEAR-Shoemaker mission, respec-
tively). Eros’s SFD for 0.5km < D aer < 10 km craters has
a shape consistent with its formation by main-belt impactors
(W. F. Bottke et al. 2020). For 0.2km < D e < 0.5km
craters, Eros’s craters are largely in equilibrium saturation
(C. R. Chapman 2002). One exception is the spatial density of
0.2km < Dpaeer < 0.5km craters near the relatively young
7.6 km Shoemaker crater, which are 40% lower than other
Eros regions (P. C. Thomas & M. S. Robinson 2005). As
mentioned above, seismic shaking associated with the
formation of Shoemaker crater may be responsible for this
depletion.

If one assumes that small-crater erasure by seismic shaking
is more difficult on larger asteroids, which presumably require
highly energetic events to put materials across the entire
surface into motion, our expectation is that Eros’s crater SFD
for small craters should be different from that of Itokawa. In
fact, we might expect an increase in power-law slope at very
small sizes, which would come from small craters formed
between impact-induced seismic shaking episodes. These
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differences are not observed. Instead, each world shows
increasing depletion for D e < 0.1km craters, with the
resultant SFDs having similar shapes (see Figure 1 of
P. Michel et al. 2009). These crater SFDs can be compared
with Bennu and Ryugu, which both show evidence for crater
depletion for D aer < 0.1 km craters (Figures 8 and 9; see also
Figure 2 of N. Takaki et al. 2022). The fact that crater erasure
does not appear to correlate with target size suggests that we
are missing something in our understanding of impact-driven
seismic shaking.

Additional information on this puzzling issue comes from
the Hayabusa SCI experiment. It revealed that the cohesion of
the subsurface layer on Ryugu is much smaller than previously
assumed, with values of 1.4 x 10™* MPa to 6.7 x 10~* MPa
(M. Arakawa et al. 2020). The cohesion of these materials is
low enough that impact-induced seismic shaking in the gravity
regime may be less viable for crater erasure than previously
thought, at least in the sense of an impact erasing craters far
from the impact site (R. Honda et al. 2021; N. Takaki et al.
2022). We note that the Hayabusa2 team did not identify
seismic shaking as the primary cause of crater erasure on
Ryugu (S. Sugita et al. 2019; M. Arakawa et al. 2020;
G. Nishiyama et al. 2021; N. Takaki et al. 2022).

Conversely, the SCI experiment caused boulders within
20 m of the impact center to move at least 15 cm from their
original locations (R. Honda et al. 2021; G. Nishiyama et al.
2021). Y. Tang et al. (2023, 2024) argued that this mass
movement was initiated by seismic shaking. To make their
case, they conducted a detailed survey of the surface boulder
arrangement and geomorphology of two Bennu regions and
then used a numerical model of seismic shaking to reproduce
observations.

Taking a broader view, it seems fair to say that impact-
driven mass movement is an important component of crater
erasure on small asteroids (E. B. Bierhaus et al. 2022). Here
seismic shaking can be combined with the idea that impacts
also push around boulders, rocks, and regolith that can fill in
and/or erase nearby craters. In other words, small impacts, by
shaking or by shoving, provide the means to produce mobility
on an asteroid’s surface, albeit one that occurs on an
intermittent basis. Examples of this may be found in
E. B. Bierhaus et al. (2022, 2023), where they found that
small craters on Bennu often were often surrounded by a ring
of boulders.

It seems logical that this same mechanism should favor the
erasure of small craters over larger ones. In addition, we know
that Bennu is pummeled by many energetic meteoroids
(W. F. Bottke et al. 2020). These powerful “kicks” to surface
boulders in Bennu’s low-g environment should also produce
some limited mass movement over time.

One advantage of thinking about impact-driven mass
movement in this way is as follows. Impacts should be able
to push around boulders and regolith in a similar manner on
many small bodies, including those of very different sizes
(e.g., Itokawa, Bennu, Ryugu, and Eros). The main impedi-
ment to slowing or stopping this mechanism would be gravity;
as bodies become larger, gravity can become strong enough to
restrict the extent of such lateral movement. Impact-driven
mass movement can also be assisted by seismic shaking and a
near-surface layer of fine particles inferred to exist on Bennu
and perhaps other small asteroids (E. B. Bierhaus et al. 2023).
Our expectation is that this mechanism would erase craters all
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the way up to the largest formed on the surface. The issue is
how to model this effect in some kind of quantitative manner.

4.4.3. CRASAT Damage Function for Impact-driven Mass Movement

As discussed in Section 4.4.2, simulating the impact-driven
movement on surface material on small asteroids in a
physically meaningful manner, as well as how such movement
can erase small craters, is complicated, parameter dependent,
and hard to quantify. It requires knowledge of the asteroid
shape, surface and subsurface structure, the crater scaling law
applicable to different asteroid sizes, the SFD of the impacting
population, and how far a given impact can move material
around. Similarly, as discussed in Section 4.4.1, regional/
global crater erasure via impact-driven jolt, YORP-driven
mass shedding, or tidal resurfacing is also a thorny problem.
Our CRASAT tests to date have not produced an obvious path
to success.

Given these challenges, we decided to use an approximate
strategy to account for crater erasure on Bennu, Ryugu, and
Itokawa within CRASAT. Based on what we learned from
testing the jolt function in CRASAT, we decided to create a
“crater damage function” that would track how different-sized
craters degrade and erode over time. To the zeroth order, we
assume that this function follows expectations for impact-
driven mass movement mechanisms. It is an empirical function
set by the user that allows one to match the observed crater
SFD on each asteroid. The shape of the function constrains the
nature and timing of the real crater erasure mechanism. The
advantage in using this method is that crater damage functions
from Bennu, Ryugu, and Itokawa can be readily compared to
one another. It also tells you what the crater erasure
mechanism needs to do to match observations.

Numerically, we have treated the crater damage function as
follows. Every crater that forms on our target NEA larger than
a minimum threshold diameter (Dy.sn) 1S assigned a size,
position, and effective formation time in CRASAT. This
means that its diameter is D; and the positions of its rim
elements, which are defined by a series of (x, y) values on the
surface grid, are tracked within two arrays, one for the x values
(x1) and one for the y values (y;).

There are also small craters in CRASAT that can damage
the rim of craters with D > Dy, We must account for them,
though we do not save their positions and size for future time
steps. As discussed in Section 4.3, the smallest crater in
CRASAT is defined by Dgyesh = Dunder/f; With f=9 and
Dy nger being the smallest crater used in our recorded SFD (see
also S. Marchi et al. 2012). This means that we allow small
craters with sizes between Dyyesh < Derater < Dunder t0 form
and damage the rims of craters modestly larger than Dy,

Within CRASAT, we track time using the number of craters
formed with D yer = Diresh. Hence, if the first crater on the
surface has a diameter D uer = Dungers it 1S assigned to be
crater 1. It is given an effective age of n;, where n; is the
number of craters that have formed on the target surface with
Drater 2 Dinresn at the formation time of crater 1 (e.g., if 10,000
craters with D aier = Dinresn formed in the model at the time
crater 1 was created, the effective time is n; = 10,000). The
same logic applies to crater 2, crater 3, etc., The effective time
difference between crater 1 and crater x formation is then
An=ny, — ny.

The advantage of tracking time this way is that one can
follow how crater populations evolve on a body without
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Figure 13. The crater damage function created for Bennu, Ryugu, and
Itokawa. See text for details. The functions are normalized by Bennu’s surface
area for comparison. Larger values destroy craters faster.

worrying about how the production rate might change with
time. This method is handy for many solar system problems,
such as those where the impact flux is declining in some
unknown manner. By making craters the clock, a single
CRASAT run can provide useful information on a wide range
of possibilities, provided that the impacting SFD keeps the
same shape.

Our crater damage function is described as follows. After a
given crater D . has formed, we perform checks at preset
values of An to see whether it has been erased by our damage
function. The probability of erasure Pg,s for crater D iy 1S

Prase (Dcrater) =1- eiAn)\(Dmm) . ( 10)

Here A (Dcpaeer) is our assigned damage function, which is
entered by the user. If a random deviate is less than P age, We
consider the crater fully eroded and remove it from the
population.

The damage functions for Bennu, Ryugu, and Itokawa,
plotted as a function of crater size, are shown in Figure 13.
Each has been normalized by Bennu’s nondimensional surface
area. For larger crater sizes, their behavior across the three
cases is largely comparable to one another, but differences
exist for smaller craters (particularly for Bennu). This could
indicate that there is a dominant crater erasure mechanism that
works on all three asteroids and that it is largely independent
of target size.

5. Results

We are now ready to compare our model crater SFDs to the
observed crater SFDs found on Bennu, Ryugu, and Itokawa
(Section 3). For each of these target asteroids, we simulated
75, 77, and 49 possible orbital pathways from the body’s
starting orbit within the main belt to the asteroid’s current (a,
e, i) orbit. Our procedure was as follows.

Starting at the observed orbit of Bennu, Ryugu, or Itokawa,
we moved each test asteroid backward to its previous output
time step, which we will call #;. Given that the time steps are
10,000 yr, the starting (a, e, i) orbit for #; is now 10,000 yr
away from reaching Bennu, Ryugu, or Itokawa. From there,
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we tracked the path of the test asteroid’s orbit forward in time
and calculated how the model craters increased as the asteroid
evolved to its observed orbit. When the observed orbit of
Bennu, Ryugu, and Itokawa was reached, we compared the
model crater SFD and the observed crater SFD using methods
we will describe below. When complete, we start again and go
back to the next farthest time step #,, which is 20,000 yr away
from reaching Bennu, Ryugu, or Itokawa. This process is
repeated until we have a measure of the fits between the model
and observed crater SFDs for all time steps.

The process described is relatively straightforward, but there
are complications that need to be considered. For example,
typical fitting procedures between model and data focus on
where the data are most plentiful. For crater SFDs, this would
be for the smallest craters. The problem is that small craters are
the hardest to identify on Bennu, Ryugu, and Itokawa, and they
are the most susceptible to crater erasure effects, shape
distortion from boulders, etc. Beyond this, we are using an
empirical (and imperfect) crater erasure function, we are
unsure that we are using the correct crater scaling law, our
model craters are created in a stochastic fashion, the orbits
used are just a small set of all possible pathways that could be
derived from a much larger numerical campaign, etc.

Given these limitations, we adopted the principle that “good
enough” was reasonable when considering our fits between the
model and observed crater SFDs; trying to account for all fit
and model uncertainties in the most quantitative fashion
possible was not going to yield more clarity. Accordingly, we
decided to adopt a scoring method used successfully in
W. F. Bottke et al. (2010, 2020, 2023, 2024) to track fits
between model and observed SFDs. For each crater SFD, we
created a distribution of N points interpolated from the data
that are uniform in log D. The value of N was typically several
tens. Next, we set up a scoring system like that described in
W. F. Bottke et al. (2010) and looked for fits that minimized
the score between the crater production model at different
times and our synthetic craters:

M
S= Z(Nmodel(>Di) - Nobs(>Di))2-

i=1

(1)

Here Ny o4e1 and Ny, are the cumulative numbers of model
and synthetic craters, respectively, and D; = 1,..., M, are the
diameters of model and synthetic craters. This equation
resembles a x2 test, but because the craters were created for
fitting purposes, the denominator is not statistically mean-
ingful, so it is dropped.

To further demonstrate our method, Figure 14 shows
different scores for Ryugu, calculated between different model
runs and the observed crater SFD. Sample runs with low,
medium, and high scores (S) are shown in the left, middle, and
right panels, respectively. The lower scores correspond to
better fits. Note that we assumed that all runs had to have at
least one model crater as large as the observed craters to
achieve a valid score.

From these kinds of runs, our job was to select a threshold
score for an acceptable fit. Unfortunately, this required us to
balance many subjective factors. For example, cratering is a
stochastic process, so perfect fits between model and data will
be rare. Accordingly, by choosing a threshold score too low,
one can end up with results skewed toward larger surface ages.
As a second example, consider the fit between the green curve
in the left panel (S =570) and the black curve in the middle
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Figure 14. Example scores () for Ryugu between different model crater SFDs and its observed crater SFD (Figure 9). The low, medium, and high scores are shown
in the left, middle, and right panels, respectively. The scores were calculated using Equation (11). The fit qualities in the left and middle panels represent those used

to generate our minimum surface ages in Figure 9.

panel (S=640). While both scores are similar, the green
curve’s fit is arguably more visually appealing than the black
one. The difference is that the black curve has a superior match
for smaller craters while the green curve is better for larger
craters. Favoring one curve over the other could be
accomplished by further modifying our scoring system, but
at the cost of additional subjectivity.

Given these considerations, we decided to treat these above
issues as follows. Using our “good enough” principle, we
selected modest threshold scores for our Bennu, Ryugu, and
Itokawa runs that balance the issues discussed above.
Acceptable fits between the model and observed SFDs were
deemed to be comparable to those from the middle panel of
Figure 14 (e.g., S <900 for Ryugu). Our fits for our crater
SFDs are shown in Figures 8-10.

We also assumed that in each run the first occurrence of a
score lower than the threshold score defines the minimum
surface age of that world. These values make up the surface
ages discussed below. The only exception was when several
back-to-back surface ages had scores below the threshold
score. In that circumstance, we selected the minimum score
from the set.

In a few cases, when Bennu, Ryugu, and Itokawa are
evolving along low (a, e) orbits (Figures 2-3), we find that the
set of back-to-back scores below the threshold score may
become extensive. The reason is that these regions have a low
impact flux, allowing the incremental addition of small craters
to be more or less balanced against small-crater erasure. We
cannot rule out such older ages, but they are rare enough that
they are not the focus of our analysis.

5.1. Bennu
5.1.1. Model Surface Ages for Bennu

We start with our analysis of Bennu. The cratering score is
used to determine the best match between our 75 simulations
and the measured data. Figure 8 shows this comparison, both
for the full crater SFD (blue curve) and for the crater SFD of
the youngest, reddest craters on Bennu (magenta curve). Our
mean simulation is shown in gold.
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We find relatively good matches between our simulation and
the measurements. With that said, our simulations do not fully
capture the abundance of large red craters, with the largest
ones modestly offset from our production SFD. One possible
explanation is that one of the largest red craters formed a little
before expectations based on our production population.
Matching crater SFDs that happen to include stochastic
behavior is always a complicated affair in Monte Carlo
models. A second explanation is that the real crater erasure
function changes as a function of time, and we are not quite
capturing its true behavior for very young ages. We find this
plausible, in that our crater damage function is designed to
reproduce the shape of the full crater SFD, not the youngest
craters. Regardless, the mismatch between model and
observations is minor and does not affect our age predictions.

The surface ages of the reddest craters (i.e., the least space
weathered) are shown on the left side of Figure 15. We find
that the youngest space-weathered surface is 60,000 yr old,
while the median age of the distribution is 220,000 yr old.
These ages compare reasonably well to previous estimates
from D. N. DellaGiustina et al. (2020), who found that the
reddest craters were less than ~10° yr old if the craters formed
in the gravity regime of their chosen crater scaling law. Note
that D. N. DellaGiustina et al. (2020) assumed that Bennu was
being hit by the same impact flux as the Moon, which we
consider to be a reasonable approximation for Bennu’s current
semimajor axis and eccentricity of 1.1264au and 0.204,
respectively. Bennu cannot move very far in less than ~10° yr,
so its present-day (a, e, i) parameters should be similar to those
from modestly earlier in its evolution; therefore, we should
expect Bennu to have a similar impact flux in both orbits. They
also match results from E. B. Bierhaus et al. (2023), who
computed an age of ~150,000 yr for the reddest craters.

Note that these results appear consistent with the expected
timescales for space weathering on the S-type asteroid
Itokawa, based on an analysis of its returned samples
(L. P. Keller & E. L. Berger 2014). One grain named RA-
QDO02-0211 yielded a minimum space-weathering age of
>30,000 yr, under the assumption that the solar flare track
production rate at 1au was the same as that for Itokawa at
1.324 au. Laboratory studies of space weathering in primitive
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Figure 15. The computed surface ages for Bennu’s youngest craters (left) and all craters (right). They represent the time in the past when our model crater SFDs
achieved their best match with the observed SFD of Bennu’s craters (i.e., for a given test asteroid’s orbital pathway, the lowest score found for all possible time steps,
with the score calculated using Equation (11); Figure 8). The median ages for the young craters are 0.22 Myr, while those for all craters are 7.7 Myr. The spread in

these ages corresponds to 75 different orbital pathways for Bennu (Figure 2).

carbonaceous chondrite meteorites yield similar kinds of ages,
with timescales similar to 10* yr (C. Lantz et al. 2017).

When better measures of space-weathering rates become
available from the returned Bennu samples, it may be possible
to use the degree of space weathering found on young Bennu
craters to estimate their ages. If those ages, as a group, turn out
to be younger than our model estimates, it could be an
indication that our crater scaling law needs revision.

For example, right now, CRASAT is often assuming that the
ratio of crater to projectile sizes for main-belt projectiles is
comparable to 70 or so, with values up to 100 being relatively
common. To achieve even younger ages, our crater scaling law
may need to consistently yield ratios larger than 100. This
could imply that we need to tweak our assumed crater scaling
law parameters or that CRASAT is not fully capturing the
effects of high-velocity projectiles coming from the NEA
population.

The same procedure was applied to the full Bennu crater
SFD, with the expected surface ages shown on the right side of
Figure 15. We find that the most probable surface age for
Bennu is 5 Myr, with the median surface age being 7.8 Myr. A
tail of surface ages extends out to 30 Myr. They are linked to
orbital evolution pathways where our model Bennus reside for
an extended time on deep NEA orbits. They are decoupled
from the main belt but not from the Mars-crossing or NEA
populations, so they experience a lower impact flux prior to
reaching Bennu’s current (a, e, i) orbit. These pathways yield
older crater retention ages than our more nominal cases, where
the model Bennus move relatively quickly from main-belt-
crossing orbits to Bennu’s existing orbit.

These model surface ages for Bennu tend to be younger than
some previously reported in the literature. The reason is
dominated by the crater scaling law used by NEA-EVOL,
though the impactor model used also plays some role. For
example, K. J. Walsh et al. (2019) used a crater production
model where it was assumed that nearly all of Bennu’s craters
were made while it was drifting across the inner main belt.
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Combined with a crater scaling law that assumed dry soil with
a strength of 0.18 MPa, they found ages of between 100 Myr
and 1 Gyr. In W. F. Bottke et al. (2020), two options were
provided for the surface ages of Bennu, Ryugu, and Itokawa.
One assumed that crater scaling laws designed to reproduce
crater SFDs on D > 10 km main-belt asteroids were applicable
to D < 10km asteroids, and a second assumed that different
scaling laws applied to D < 10km bodies. For the former
scaling law, W. F. Bottke et al. (2020) estimated that the
surface age of Bennu, Ryugu, and Itokawa could be nearly
1 Gyr old. No age was calculated for alternative scaling laws,
but the assumption was that all three asteroids could be
considerably younger.

In hindsight, there is a crucial issue that needs to be factored
in when choosing a crater scaling law for a small asteroid.
From an impact energy per mass perspective, asteroids with
diameters near 0.2km are the easiest to catastrophically
disrupt (e.g., see Figure 2 of W. F. Bottke et al. 2020). For
reference, Bennu, Ryugu, and Itokawa are not far from these
sizes. This implies that projectiles modestly smaller than the
size needed for disruption must make craters that rival the
diameter of the target body and/or they must reconfigure the
target body itself. This was seen for the DART spacecraft’s
impact into Dimorphos, which did not create a crater but
instead may have reshaped the body (S. D. Raducan et al.
2024). Accordingly, while the ratio between crater and
projectile sizes on D > 10 km asteroids was found to be ~10
(W. F. Bottke et al. 2020), for asteroids near 0.2 km, that same
ratio must be substantially higher than 10.

Accordingly, E. B. Bierhaus et al. (2022), using the E. Tat-
sumi & S. Sugita (2018) scaling law but with modestly
different parameters than those used here, found a much
shorter surface age for Bennu than K. J. Walsh et al. (2019),
namely ~10-65 Myr based on Dy >100m craters. Con-
versely, E. B. Bierhaus et al. (2022) found an age of
1.6-2.2 Myr for Depaer < 30—40m craters, which is younger
than the ages reported above. In their work, they examined
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different differential crater SFDs on Bennu and argued that the
Dirager <3040 m craters were in production. This suggests
that they formed after a major crater erasure event that
preserved most large craters. The 1.6-2.2Myr age was
determined by comparing their differential SFD to model
crater SFDs in production.

5.1.2. Comparison with Cosmic-Ray Exposure Ages and Related Ages

It is interesting to compare Bennu’s model surface ages to
the CRE ages measured for Bennu samples. The primary
collection site for the OSIRIS-REx samples was called
Nightingale. It was located at high northern latitudes (56°
latitude; 43° longitude) within a 20 m diameter crater whose
spectral signature was very red. As discussed above, these
spectral attributes suggested that the crater had formed recently
and had exposed relatively fresh dark materials. Of the four
candidate sample sites on Bennu, Nightingale had the lowest
temperature (B. Rozitis et al. 2022). The regolith at the site
also appeared likely to contain fine-grained material with sizes
suitable for return within the OSIRIS-REx sample head (e.g.,
K. N. Burke et al. 2021). Sample extraction and return were
successful, with the OSIRIS-REx mission returning 121.6 g
safely to Earth (D. S. Lauretta et al. 2024).

CRE ages define how long the grains have been within a few
meters of the surface of the body. As a reference, consider that
surface materials taken back from the Moon by the Apollo
astronauts often have CRE ages that are many hundreds of
Myr old (R. Wieler 2002). In contrast, measurements of
different grains within the Bennu samples showed that they
had CRE ages between 1 and 6 Myr (B. Marty et al. 2024).
Five of the eight grains examined so far have ages between 1
and 2 Myr, while two have ages near 3 Myr and one has an age
between 5 and 6 Myr.

These oldest ages are an intriguing match with our most
likely crater retention ages for Bennu, which are between 4 and
6 Myr. We find it plausible that the oldest CRE ages in the
samples represent the time of the last major resurfacing event
on Bennu. The younger CRE ages are a match for the
1.6-2.2 Myr ages of D aer < 30—40 m craters from E. B. Bier-
haus et al. (2023).

The youngest CRE ages from Bennu are more difficult to
define. Given our work above, the red source crater within
Nightingale is probably <0.2Myr, so none of the grains
appear linked to its formation (see also D. N. DellaGiustina
et al. 2020; E. B. Bierhaus et al. 2023). It seems more likely
that these sample ages represent some kind of churn timescale
for the near surface, with small impacts constantly moving
around boulders, blocks, and regolith (e.g., N. Takaki et al.
2022). These events would presumably bring some subsurface
material close enough to the surface to receive cosmic-ray
damage.

Bennu samples appear to be most consistent with known CI
chondrites (D. S. Lauretta et al. 2024). We will review what
we know of the CRE ages of CI chondrites in the next section.
To set the stage, we find it useful to review what we know of
CRE ages for CMs, which may be as weak as many CI
chondrites and at least some of the Bennu samples.

Over 100 CMs have been analyzed to date, with recent
analysis provided by M. Zolensky et al. (2020) and D. Krietsch
et al. (2021). Drawing on the work of K. Nishiizumi &
M. W. Caffee (2012), M. Zolensky et al. (2020) report that
CMs have a CRE age distribution with several peaks near 0.2,
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0.5, and 2 Myr. Most CM chondrites have very short CRE ages
of <2 Mpyr, and none were older than about 8 Myr.

In D. Krietsch et al. (2021), the CRE ages from their own
work and those from the literature are combined and are shown
as a probability distribution (see their Figure 9). They find that
the largest cluster of CRE ages is near ~0.2 Myr. Other CRE
age peaks are at 1 Myr, 4.5-6 Myr, and 8§ Myr. A few of the
newly measured CM meteorites from D. Krietsch et al. (2021)
have ages beyond 11 Myr, which has never been seen before
among previously dated CM meteorites.

Overall, the oldest CM ages in the CRE age distribution are
compatible to the age distribution found in the Bennu samples
to date. The CM peak near 0.2 Myr, however, is not observed,
nor do any Bennu samples have ages <1 Myr (so far). Our
thoughts on the source of these peaks will be provided in
Section 6.

Another measure of the surface age of Bennu comes from its
boulders. Examining images of meteoroid impact craters on
Bennu’s boulders, R.-L. Ballouz et al. (2020) determined that
the likely impact strength of meter-sized boulders was
0.44-1.7 MPa. From there, they estimated that the surface
exposure age of the meter-sized boulders from meteoroid
impacts was 1.75 4+ 0.75 Myr. These ages are consistent with
the CRE ages of many Bennu particles, as discussed above.

R.-L. Ballouz et al. (2020) argued that 1.75 4 0.75 Myr was
equivalent to the time Bennu has been decoupled from the
main-belt impactor population, though in the title it was
imprecisely described as the age when Bennu became an NEA.
We find this time to be a good match with our work. Using our
75 test asteroids for Bennu and the same codes used to make
Figure 3, we find that the median time that Bennu has been
decoupled from main-belt collisions is 3.1 Myr.

5.2. Ryugu
5.2.1. Model Surface Ages for Ryugu

Overall, while Ryugu shows the same general behavior as
Bennu when it comes to its dynamical evolution (Figure 2),
Ryugu’s crater SFD shows a different qualitative shape than
Bennu’s crater SFD (Figures 8 and 9). Notably, Ryugu’s SFD
levels off at small crater diameters, whereas Bennu’s slope
continues more steeply. This difference is probably an artifact
of the data, as OSIRIS-REx obtained higher-resolution images
of Bennu’s global surface (D. N. DellaGiustina et al. 2018)
than Hayabusa2 did with Ryugu (S. Sugita et al. 2019).
OSIRIS-REx also had the additional advantage of being able
to globally map the surface using a scanning laser altimeter
(M. G. Daly et al. 2017).

We have opted to track Ryugu’s crater SFD down to 10 m
using our CRASAT model results, though we caution that
N. Hirata et al. (2020) set a minimum diameter threshold of
20m. The difference in tracking craters with D e > 10 m
and > 20 m does not meaningfully affect our results in terms
of determining the surface age of Ryugu.

The results of our Ryugu simulations are shown in Figure 9.
By eye, we find good agreement between our model crater
SFDs (gold lines) and the observed crater SFD (red line). The
differences that do exist may be the result of an inexact
damage function or the stochastic effects of drawing a model
crater SFD from an idealized production SFD.

Our model surface ages for Ryugu are shown in Figure 16.
Most simulations match the full SFD within 8 Myr. Only a few
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Figure 16. The surface ages for Ryugu’s craters. They represent the time in
the past when our model crater SFDs achieved their best match with the
observed SFD of Ryugu’s craters (Figure 9). The median ages for the model
craters are 4.1 Myr. The spread in ages corresponds to 77 different orbital
pathways for Ryugu (Figure 2).

outliers take longer than this time. They correspond to
simulations in which Ryugu spends some extended time on
solely Mars-crossing orbits or deep within NEA space
decoupled from the main belt. The median surface age is
4.1 Myr.

5.2.2. Comparison with Cosmic-Ray Exposure Ages and Related Ages

Previous estimates of Ryugu’s surface age can be found in
S. Sugita et al. (2019). As with Bennu, the values can vary
widely based on the impactor model and the choice of crater
scaling law. By assuming that most craters formed when
Ryugu was within the main asteroid belt, that craters on Ryugu
form in material with an effective strength around 0.18 MPa,
and that Ryugu’s surface age is represented by 100-200 m
diameter craters, S. Sugita et al. (2019) calculated a
representative age of 158 £ 47 Myr. Alternatively, by chan-
ging the crater scaling law so craters formed in strengthless
material (i.e., within the gravity-controlled regime; M. Arak-
awa et al. 2020), the surface age was reduced to 7.8 + 2.3 Myr
(from their supplemental materials) or 8.9 &£ 2.5 Myr (from the
label on their Figure 2(e)). The last two values are similar to
our estimated surface ages for Ryugu.

An update to these ages was provided by Y. Cho et al.
(2021). In their work, surface ages were calculated for distinct
regions as well as the entire surface. To make a direct
comparison with our work, we concentrate on the latter ages.
Making the same assumptions as S. Sugita et al. (2019) for
their impacting population and crater scaling laws, they found
that Dcpaer > 100 m craters yielded a surface age of 8.1 £
2.5 Myr. A different model calculation based on the population
Of Diparer > 70-80 m craters, which have likely experienced
some crater erasure, yielded 4.1 £ 1.1 Myr. As before, our
range of model surface ages in Figure 16 is compatible with
these ages.

Y. Cho et al. (2021) also mention that Ryugu was likely
decoupled from the main belt between 0.2 and 7 Myr ago, with
the latter age representing the crater age of Ryugu if all
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impactors came from the NEA population. In their text,
however, their choice for the NEA SFD is not specified. Given
that the NEA population is about a factor of 1000 smaller than
the main-belt population (Figure 12), we suspect that the latter
age is probably too high, or that their crater production model
is being fit to the small craters, which is challenging to do
because the craters have likely experienced substantial crater
erasure.

CRE ages have also been calculated for over 20 Ryugu
samples. Those in Chamber A came from Ryugu's equatorial
ridge region, where 3.237 £ 0.002 g of samples were recov-
ered (T. Yada et al. 2021). As reported by K. Nishiizumi &
M. W. Caffee (2023), these samples had CRE ages that ranged
from 2.9 to 7.5 Myr. The samples in Chamber C, which had a
net mass of 2.025 £ 0.003 g, came from the second touchdown
sampling event near the crater created by the SCI experiment
(T. Yada et al. 2021). This collection location was chosen to
gather subsurface materials excavated by SCI that had not
experienced long-term exposure to space. Their CRE ages
ranged from 1.6 to 5.8 Myr (K. Nagao et al. 2022; R. Okazaki
et al. 2022; K. Nishiizumi & M. W. Caffee 2023). The CRE
ages of the surface and subsurface samples discussed in
R. Okazaki et al. (2022) are 5.3 4+ 0.9 Myr and 5.2 4+ 0.8 Myr,
respectively.

All these ages are comparable to the calculated surface age
for Ryugu from our model, with probable ages going out to
8 Myr. As with Bennu, the shorter ages would suggest some
degree of mixing or churn in the uppermost layers of Ryugu.
The reason the ages do not go longer than 5.8-7.8 Myr could
be because that was the time Ryugu experienced a global
resurfacing event.

The samples returned from Ryugu are thought to have CI
chondrite composition. As discussed in K. Nishiizumi &
M. W. Caffee (2023), this means that a comparison between
the Hayabusa2 CRE ages and those of CI1 meteorite samples
may yield insights into their origins on their precursor bodies.
In their Table 1, they list their ages that have been calculated
from both radionuclide and *'Ne concentrations. For the
meteorite Alais, they adopt a CRE age of 8 Myr, the longest
exposure age of the known CI1 meteorites. For Ivuna, they
find a CRE age of 0.16 + 0.02 Myr, with some evidence that
the meteorite has been exposed multiple times. So far, out of
100 CI or CM tested, it is the only one that shows evidence for
a complex exposure. For Orgueil, its radiometric CRE age is
6-8 Myr, while its noble gas CRE age is 2.8 Myr. K. Nishiiz-
umi & M. W. Caffee (2023) point out that these two ages are
inconsistent with one another. For Tonk, the noble gas CRE
age is 1.6 Myr, while for Y-86029, 980115, and 980134 the
CI1 are nearly the same at 0.14 £ 0.02 Myr. They remark that
these values are similar to Ivuna.

In summary, the older CRE ages of the CI1s are comparable
to the oldest ages found among both the Bennu and Ryugu
samples, as well as the CRE ages in the CM chondrites (see
Section 5.1.2). The youngest CRE ages of the CIl1s, however,
are several Myr younger than the youngest CRE ages in the
Ryugu samples. Taken at face value, this could suggest that the
young CI1 ages were produced by cratering events on Cl-like
asteroids on Earth-crossing orbits, while the oldest ages
correspond to global resurfacing events on those CI1 asteroids.

There are also additional possibilities to consider. First,
consider that Earth’s atmosphere is screening out many weak
CIl from reaching the ground, so the CRE ages of the CI1
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meteorites are almost certainly biased. Second, Bennu and
Ryugu are only two asteroids among a sizable population of
low-albedo NEAs. No one has yet attempted to quantitatively
model the flux of CIl material collectively coming from all
these bodies. For the youngest CRE ages, it is possible that
resurfacing events driven by YORP mass-shedding and tidal
resurfacing events among CI1-like NEAs (Figures 6 and 7) are
producing much of the meteorite flux, though more modeling
and constraints in the area are needed.

What we can reasonably say at this time is that the apparent
match between the older CRE ages of the CI1 and CM
meteorites and the surfaces ages of Bennu and Ryugu does
suggest that much of the CII flux could plausibly be coming
from NEAs whose surface reset times are near these values.
The question is whether this assertion is consistent with other
meteorite constraints. We will return to this topic in Section 6.

5.3. Itokawa
5.3.1. Model Surface Ages for Itokawa

Using our NEA-EVOL infrastructure, we can also examine
the crater histories of NEAs that have a different composition
than CI chondrite-like bodies Bennu and Ryugu, namely
ordinary chondrite-like Itokawa. The complicating issue is that
the crater scaling law used for Itokawa lacks direct constraints,
such as the SCI experiment employed at Ryugu by the
Hayabusa2 mission. The reader should be advised that this
means that our estimated surface ages for Itokawa may need
future revision as new information is brought to light. Future
missions to sub-kilometer-sized S-type asteroids with surface-
interaction experiments, such as OSIRIS-APEX to the 300 m
diameter asteroid (99942) Apophis, may provide us with new data
that can improve our crater scaling laws (D. N. DellaGiustina
et al. 2023).

Itokawa’s current orbit is similar to that of Bennu and
Ryugu, with (a, e, i) = (1.324 au, 0.280, 1?621) (Figure 2).
This is not a surprise, in that sample-return missions prefer
targets with Earth-like orbits that allow spacecraft to get there,
rendezvous, and come back with limited propellant. Accord-
ingly, the orbital evolution of Itokawa from the main belt
follows the same general dynamical pathway trends discussed
above with Bennu and Ryugu (Figure 2).

A comparison between our model crater SFDs for Itokawa
(gold lines) and the observed crater SFD (green line) is shown
in Figure 10. There are a limited number of observed craters
with D > 10m, and the spread in the gold lines reflects that
paucity. As with Bennu and Ryugu (Figures 15-16), most
surface ages on Itokawa are <10-15 Myr (Figure 17). A large
spike of ages exists for <2 Myr, with the median surface age
being 3.1 Myr.

5.3.2. Comparisons with Previous Work and Sample Data

As with Bennu and Ryugu, the derived surface age of
Itokawa depends strongly on the crater scaling law one
chooses to use to model crater production on its surface, as
well as the parameter choices made for the impacting
population (e.g., impactor collision probabilities and impact
velocities). In some cases, previous models have assumed that
Itokawa received most of its craters while residing in the
main belt.

P. Michel et al. (2009) tested different crater scaling laws
that did and did not consider frictional resistance to shear flow
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Figure 17. The surface ages for Itokawa’s craters. They represent the time in
the past when our model crater SFDs achieved their best match with the
observed SFD of Itokawa’s craters (Figure 10). The median ages for the
craters are 3.2 Myr. The spread in ages corresponds to 49 different orbital
pathways for Itokawa (Figure 2).

during the crater modification phase. They found solutions
where [tokawa’s surface age is at least ~75 Myr and could be
possibly as large as 1 Gyr (see also W. F. Bottke et al. 2020).
By assuming that Itokawa’s surface has a “soft soil” target
strength of 10-20 kPa, J. E. Richardson et al. (2020) derived a
surface age of 20 £ 5 Myr.

Using a crater scaling law based on laboratory shot
experiments into coarse-grained targets, E. Tatsumi &
S. Sugita (2018) derived an age range between 10 and
33 Myr for class 1-4 craters from N. Hirata et al. (2009) and
ages of 3—17 Myr for class 1-2 craters. The closest values to
our surface age estimates come from the latter case, probably
because we use the same class 1-2 craters from N. Hirata et al.
(2009). Most of the CRASAT model ages shown in Figure 16
are at the lower end of their 3—17 Myr range.

The CRE ages from Itokawa grains also constrain the
surface age of the body, or at least the residence time of grains
in the regolith. They show somewhat surprisingly young ages
of ~1 Myr (M. M. M. Meier et al. 2013, 2014), with an upper
limit of ~8 Myr that could also stretch to 66 Myr (K. Nagao
et al. 2011). For exposure ages, the samples show 1.5 Myr for
Ne (M. M. M. Meier et al. 2014) and >3-4 Myr for Be
(K. Nishiizumi et al. 2015). Spectral ages, which may reflect
the exposure time of the surface, were <10 Myr (S. Koga et al.
2014) and ~2-8 Myr (L. Bonal et al. 2015). These ages are
consistent with those shown in Figure 17.

Note that Itokawa ages are considerably younger than the
CRE ages of most LL chondrites. The majority have CRE ages
that range between 5 and 50 Myr, with a peak near ~15 Myr
(O. Eugster et al. 2006). There are only two LL chondrites
with similar values: Appley Bridge, which is an LL6 with a
CRE age of 1.5 £ 0.5 My, and Chelyabinsk, an LL5 with a
CRE age of ~1.2Ma (e.g., M. Trieloff et al. 2018). Overall,
the LL chondrite data tell us that Itokawa’s surface is younger
than most of the ordinary chondrites reaching Earth.

Many of Itokawa’s grains also show signs of abrasion, with
rounded surfaces that could be a consequence of grain
migration within the surface (A. Tsuchiyama et al. 2011). As
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Figure 18. The predicted test asteroid orbits for Bennu (blue), Ryugu (red),
and Itokawa (green) where their cratered surfaces were reset. See Figure 2 for
label descriptions. Possible reset mechanisms are large impacts, YORP spin-
up (which leads to landslides and mass shedding), and tidal resurfacing during
a close Earth encounter. We lack sufficient information to say which
mechanism affected the real Bennu, Ryugu, and Itokawa, but we can discuss
trends. Nearly all test asteroids are on main-belt-crossing orbits. This suggests
that impacts are a viable resurfacing mechanism for all three bodies. Tidal
resurfacing is ruled out for bodies beyond the Earth-crossing line. See Figure 6
for additional context. YORP spin-up occurs more quickly for bodies with low
perihelion values, but main-belt impact velocities are also high for such bodies
(see Figure 12).

with Bennu and Ryugu, there appears to be some level of
mixing and surface mobility on Itokawa. K. Nagao et al.
(2011) argue that their short CRE ages are indicative of surface
materials being lost at a rate of several tens of centimeters per
million years, possibly from impacts or landslides.

6. Discussion
6.1. Possible Causes for Surface Reset Events

Using the predicted ages of our test asteroids for Bennu,
Ryugu, and Itokawa from Figures 15—17, we can now consider
their orbital locations when their surfaces were reset. Here we
take advantage of the 75, 77, and 49 test asteroid pathways we
have for these bodies, respectively. Starting at the observed
orbits of each test asteroid, we can propagate their orbit
backward in time as far as the calculated surface age. This
yields the (a, e) orbits shown in Figure 18, for Bennu (blue
circles), Ryugu (red circles), and Itokawa (green circles). The
other labels were defined in Figure 2.

The predicted orbits give us insights into the mechanisms
that may have caused the surface reset event (e.g., potentially
caused by a large impact, YORP spin-up that produces
landslides or mass shedding, and tidal resurfacing during a
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close Earth encounter). Our first observation is that nearly all
the test asteroids are on main-belt-crossing orbits. This
indicates that large impacts are a plausible resurfacing
mechanism for Bennu, Ryugu, or Itokawa.

For our second observation, we compared the orbits in
Figure 18 to the orbits where tidal resurfacing is most likely to
occur, namely the red contours found in Figure 6. Few Bennu
orbits are found near these contours, while a modest number
from Ryugu and Itokawa are found with a > 1.5au. This
suggests that Bennu was unlikely to have experienced a tidal
reset event, but the odds are better for Ryugu and Itokawa.
With that said, the most likely orbits for tidal resurfacing have
a < 1.5 au, and almost no orbits are found there. Our takeaway
from this is that tidal resurfacing is unlikely for our target
asteroids.

Our third observation is that Bennu, Ryugu, and Itokawa
have many orbits with relatively large perihelion values (i.e.,
the upper right corner of the plot). Here impacts or YORP
spin-up are plausible mechanisms. The same is true for bodies
with low perihelion values that are far from the likely orbits
needed for tidal resurfacing. YORP spin-up occurs more
quickly for bodies with low perihelion values, but main-belt
impact velocities are also higher for such bodies as well
(Figure 12). Until we have more information on the nature of
surface reset events on Bennu, Ryugu, and Itokawa, this may
be as far as we can go with our predictions.

A telltale sign of YORP-driven resurfacing events may be a
satellite. On that basis, it is curious why we do not see at least
one of these bodies with a tiny moon. The answer may partly
come from the composition of Bennu and Ryugu. As discussed
in Section 2.5, C-type asteroids have a surprising paucity of
moons compared to S-type asteroids (K. Minker &
B. Carry 2023; L. Liberato et al. 2024). This might be
indicative of low-cohesion, low-friction internal structures that
allow the bodies to transform their shapes to deal with a
modest increase in rotational angular momentum (Y. Zhang
et al. 2022).

Another answer may come from the effects of Earth’s tidal
forces. As shown in Figure 8, the dynamical evolution of our
test asteroids can bring them close to Earth, such that any
putative satellites that existed would be readily removed
during the encounter. We can even quantify this behavior.
A. J. Meyer & D. J. Scheeres (2021) estimated that satellites
are stripped from the primary at close-encounter distances of
~50,000 km, or roughly 8 Earth radii. The cross section of the
distance to the center of Earth goes as the square of the
encounter distance, so the probability of one of our three
bodies losing a moon from an Earth encounter should increase
by over an order of magnitude over the likelihood of a
collision with Earth (Figure 7). These kinds of results indicate
that binary asteroids are dynamically fragile (Walsh et al.
2006; see also A. Morbidelli et al. 2006); if a body has an
Earth-like orbit, it is more likely to have a close encounter with
Earth, and that means that the probabilities will be high that a
putative satellite would be lost via an encounter.

While additional work on impact-driven asteroid resurfacing
is needed, new constraints now exist from the DART
spacecraft’s impact into Dimorphos. For example, using
numerical hydrocodes capable of simulating the effects of
impacts onto rubble-pile bodies, S. D. Raducan et al. (2024)
showed that the Dimorphos impact produced global deforma-
tion and resurfacing. The predictions of their modeling results
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will be tested in the near future when ESA’s Hera mission
visits the Didymos—Dimorphos system (P. Michel et al. 2022).

6.2. The Curious Dichotomy in Meteorite Cosmic-Ray
Exposure Ages

In Sections 5.1.1, 5.2.1, and 5.3.1, we discussed the CRE
ages of CM, CI, and LL chondrites. In general, we found that
the CM and CI have CRE ages that are usually <8 Myr, with
many ages that are a few x 107" Myr to <2 Myr. In contrast,
the LL chondrites, along with the other ordinary chondrites,
achondrites, and those carbonaceous chondrites considered as
strong as ordinary chondrites (i.e., CO, CK, CV), have a
paucity of short CRE ages (O. Eugster et al. 2006). Overall,
most CRE ages from the stronger meteorites are >6 Myr, with
a large fraction having ages of several tens of Myr.

It is interesting to compare these CRE age distributions with
the surface ages of Bennu, Ryugu, and Itokawa, all whose
model crater retention ages are likely to be several Myr old
(Figures 15-17; see also E. B. Bierhaus et al. 2023). While
Itokawa is small and thus may not be a representative member
of S-type NEAs, there is no question that Bennu, Ryugu, and
Itokawa provide us with insights into the population of NEAs
on Earth-like orbits. All three have short YORP spin-up
timescales, and tidal resurfacing is possible as well, though it
is more likely for Ryugu and Itokawa than for Bennu.
Moreover, an excess population of sub—100 m objects has also
been predicted to be on orbits similar to these three asteroids
(e.g., Figure 5). Collectively, it seems like these kinds of NEAs
should be capable of providing Earth with a considerable flux
of short CRE age meteorites. If so, why do we not see more
of them?

To explore this issue, it is useful to discuss the current
thinking on the meteorite delivery process (e.g., W. F. Bottke
et al. 2006b). It can be argued that meteorites are delivered to
Earth as part of a collisional cascade, with some collisions
taking place within the main belt. Stronger meteorites can
evolve far enough by the Yarkovsky effect to enter into main-
belt resonances. From there, these bodies can be driven into
Earth-crossing orbits where they can hit Earth. The net transit
time for stronger meteorites is many Myr to tens of Myr
(P. Farinella et al. 1998; W. F. Bottke et al. 2006b).

Conversely, weaker meteorites like CM and CI chondrites
cannot survive long as free-floating meter-sized objects
without being disrupted. They would be dependent on larger
precursors acting as “motherships” to transfer them onto Earth-
crossing orbits. Their CRE ages would represent the transit
time from when they were ejected from their precursors,
already in Earth-crossing space, to when they reached the
surface of Earth. Moreover, if they were weak enough, only a
small fraction would survive passage through Earth’s atmos-
phere. Given that only a few percent of all meteorite falls are
CM or CI compared to the combined flux of ordinary
chondrites and achondrites (e.g., T. H. Burbine et al. 2002)
and that most materials observed on and returned from Bennu
and Ryugu are thought to be weak (e.g., D. S. Lauretta et al.
2024), this scenario makes sense from a big-picture standpoint.

There is much to like about the story presented above, but
certain worrisome details have troubled us for some time. For
example, our NEA-EVOL model allows one to calculate the
collisional lifetimes of objects throughout the inner solar
system. Given that the NEA population is many orders of
magnitude smaller than the main belt, it stands to reason that
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once meteorite precursors become decoupled from the main
belt (i.e., once they are on low (a, e) orbits), they are much less
likely to undergo a collisional disruption event from small
asteroidal impactors. We also know that the dynamical
lifetimes of objects on low (a, e) orbits can be tens of Myr,
long enough to build up a sizable steady-state population of
NEAs (e.g, W. F. Bottke et al. 2002; M. Granvik et al.
2016, 2018; D. Nesvorny et al. 2023, 2024a, 2024b). If these
low (a, e¢) NEAs are also ejecting rocks and boulders via
YORP spin-up mechanisms or tidal disruption, it seems
probable that (i) the weaker meteorites should have a sizable
fraction of CRE ages >8 Myr and (ii) the stronger meteorites
should have a sizable fraction with CRE ages <6 Myr. This
creates a paradox: where are these meteorites?

For stronger meteorites, the easiest solution is that the flux
of meter-sized objects coming out of the main belt is simply
much higher than the population created at low (a, e) orbits by
NEAs (e.g., W. F. Bottke et al. 2005¢, 2015a). For weaker
meteorites like the CM and CI chondrites, we suspect that the
meteorite flux is dominated by objects in Earth-crossing space
that have high (a, e) orbits. The precursors for these objects
would be collisionally coupled to the main belt, so in turn they
would be far more likely to undergo cratering and disruption
events. This idea is consistent with the orbits of CM and CI
meteorite falls where a surviving sample has been identified,
such as Tagish Lake, Maribo, Sutter’s Mill, Winchcombe,
Flensburg, and Orgueil; the fireballs for all of these meteorites
had semimajor axes >2au and eccentricities high enough
to reach Earth-crossing orbits (M. Gounelle et al. 2006;
M. Granvik & P. Brown 2018; J. Borovicka et al. 2021;
A. J. King et al. 2022).

Many CM and CI meteorite orbits are also associated
with high-eccentricity regions where weak carbonaceous
NEAs can potentially be broken down by thermal forces
(e.g., M. Granvik et al. 2016; D. Nesvorny et al. 2023, 2024a).
It is plausible that the disruption of sizable NEAs near the Sun
could flood the meter-sized population with an influx of CM or
CI materials. If they can survive long enough to get away from
the Sun, this could explain observations. This idea could be
further enhanced by YORP spin-up; it is more efficient near
the Sun, which in turn would lead to more mass-shedding
events.

In our unpublished numerical experiments of this scenario,
however, we found that a substantial fraction of fragments
from test asteroids that had disrupted near the Sun would
eventually evolve to low (a, e) orbits. Ideally, they reside on
those orbits for tens of Myr. Over time, we would expect the
low (a, e) population to build up into a sizable steady-state
population, as seen with the NEA population. Such a chain of
events would negate our explanation for why a > 2 au objects
dominate CM and CI falls. Clearly the meteorite delivery
scenario discussed above is missing something important.

A possible solution comes from an unexpected source,
namely the particle ejection events observed on Bennu.
Several particle ejection events were observed between the
end of 2018 December, the time when OSIRIS-REx entered
into Bennu orbit, and 2019 February (D. S. Lauretta et al.
2019). The three largest events observed during this interval,
which all occurred 3.5-6 hr after local noon, placed numerous
D < 10 cm particles on temporary orbits around Bennu, with
other objects ejected into the solar system. From an extensive
analysis, two likely solutions emerged to explain the source of
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these events. One was the thermal fracturing of boulders
(Molaro et al. 2020; B. Rozitis et al. 2020), and the second was
meteoroid impacts (W. F. Bottke et al. 2020). Both could
reasonably reproduce the constraints provided by Bennu’s
ejection events. For this paper, we will focus on the latter
mechanism.

Meteoroids are small particles that are largely derived from
disrupted Jupiter family comets and, to a lesser degree, nearly
isotropic comets and main-belt asteroids (e.g., D. Nesvorny
et al. 2010). They collide with everything, including space-
craft, Earth, the Moon, and asteroids. They can also strike
bodies at very high speeds; while their estimated velocities at
Bennu average 20kms~', retrograde particles can reach
speeds between 40 and 80kms '. Calculations by
W. F. Bottke et al. (2020) showed that Bennu was struck near
perihelion every 2 weeks by 7000J impact events. For
reference, such blasts are the energy equivalent of shooting
Bennu with a shotgun.

We postulate that meteoroid impacts are the missing
component in our understanding of meteorite CRE ages.
Unlike main-belt impactors, there are no dynamical hiding
places from meteoroid impacts, and as semimajor axis
decreases, the meteoroid flux increases within the inner solar
system. The impact energies involved with meteoroid impacts
are also more than sufficient to disrupt the immediate
precursors of CM and CI chondrite meteorites, which should
be considerably weaker than ordinary chondrites and achon-
drites. This would prevent such small bodies from building up
a large steady-state population at low (a, e) orbits, even though
these orbits are decoupled from the main belt.

As a simple test of this idea, consider two meteorite
precursor populations, one made from weak CI and CM
materials and another made from stronger ordinary chondrite
and achondrite materials. Here we will assign a mean
collisional lifetime to the two populations of 2 and 15 Myr,
respectively, close to where we see the average CRE ages of
each meteorite group (O. Eugster et al. 2006). Assuming that
both start with the same population (Ny) and undergo
exponential decay from meteoroid impacts, we find that the
ratio of ordinary chondrite materials to CM/CI materials is
~80 after 10 Myr, ~6000 after 20 Myr, and ~440,000 after
30 Myr. These values suggest that if enough time passes,
stronger materials will dominate the meteorite flux if both are
started with the same initial conditions.

Note that this thought experiment ignores small-body
replenishment via a collisional cascade. Based on our
experience with collisional evolution models, though (e.g.,
W. F. Bottke et al. 2015a), if we assumed weaker C-complex
bodies and stronger S-complex bodies within two identical
SFDs and then let these SFDs collisionally evolve in the main
belt, the results for meter-sized bodies would still favor the
S-complex bodies. The reason is that the reservoir of bodies
capable of meter-size replenishment would be decimated
faster, which in turn would mean fewer meter-sized bodies.

At this point, we have enough information to try to put
everything together. For sturdy materials such as ordinary
chondrites, achondrites, and stronger carbonaceous chondrites
like CKs, COs, and CVs, most of their flux can presumably
come directly from the main belt (e.g., see review in
W. F. Bottke et al. 2006b). This would explain why so many
of these meteorite groups have CRE age distributions skewed
to older ages. Additional meteorites can come directly from
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NEAs via a range of mechanisms: cratering events, disruption
events, tidal disruption, or YORP-driven mass-shedding
events. They would explain some of the younger CRE ages
observed to date in these meteorite groups, but the net flux
from these mechanisms is not enough to dominate the main-
belt flux.

Conversely, for weaker CM and CI chondrites, their flux out
of the main belt is presumably decimated by collisions en route
to Earth-crossing orbits. This prevents many potential
meteorites from obtaining long CRE ages. Instead, the
meteorite flux for these compositions comes from bodies that
have barely escaped the main belt or from more sizable objects
already on Earth-crossing orbits. For the latter, they would be
produced by cratering events, impact-driven disruption events,
tidal disruption, and YORP-driven mass-shedding events. The
fragments must reach Earth quickly after liberation, however,
or meteoroid particles, main-belt projectiles, or extreme
heating near the Sun will destroy them. This behavior explains
why the CRE age distributions of the CM and CI meteorites
are skewed toward young ages.

These ideas take us to the fact that all CM and CI meteorite
falls with known orbits have a > 2 au. One explanation for this
could be that many of the main-belt objects reaching Earth-
crossing orbits via the v resonance, J3:1, or other related
resonances spend some time with a > 2 au (W. F. Bottke et al.
2002; M. Granvik et al. 2018; D. Nesvorny et al. 2023).
Accordingly, (i) many potential meteorites can hit Earth from
this orbital zone, (ii) many NEAs can get close enough to the
Sun to undergo some kind of thermal disruption (M. Granvik
et al. 2016), (iii) objects with @ > 2 au can be hit by main-belt
projectiles, and (iv) many YORP-driven mass-shedding events
can take place here. Conversely, attrition among the immediate
precursors of CI and CM meteorites may be too strong to
produce a strong meteorite component for a < 2 au. The fact
that carbonaceous-chondrite-like asteroids are more likely to
morph into new shapes rather than shed mass via YORP spin-
up (and presumably tidal disruption; Y. Zhang et al. 2022) may
also contribute to why few CM or CI falls come from a < 2 au.

7. Conclusions

Here we summarize the conclusions in this paper regarding
the evolution of Bennu, Ryugu, and Itokawa.

Our numerical integration work has shown that Bennu,
Ryugu, and Itokawa likely followed a “dynamical superhigh-
way” that many NEAs take to reach Earth-like orbits
(Sections 2.1-2.2; Figure 2). It drove them from the main
belt via various resonances to an Earth-crossing orbit, where
they were likely removed from resonance by an Earth
encounter. From there, they had repeated encounters with
Earth, allowing them to migrate down to low (a, e) orbits along
lines of constant Tisserand invariant with Earth. Variations
along these paths came from interactions with numerous small
resonances that may have modified their eccentricities and
inclinations. The median timescales for transitioning from the
epoch when Bennu, Ryugu, and Itokawa first became Earth-
crossing to their current (a, e, i) orbits were 7.6, 5.7, and
6.0 Myr, respectively (Figure 3).

During these transits, the asteroids were repeatedly struck
by asteroids from three populations: the main belt, objects on
solely Mars-crossing orbits with perihelion ¢ > 1.3 au, and
NEAs (Section 4.1). The main belt is the largest of the three
populations (Figure 12) and can strike NEAs until their
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aphelion Q < 1.6 au. This implies that many craters on their
surfaces are derived from main-belt impactors, even though
they probably formed after the NEAs had reached an Earth-
crossing orbit.

NEAs moving to Earth-like orbits along the dynamical
superhighway can be hit by large impactors, mainly from the
main belt (Section 2.3). They are also susceptible to YORP-
driven mass-shedding events (Section 2.4) and close Earth
encounters that can produce tidal distortion or disruption
(Section 2.5). All three mechanisms can potentially produce
regional or global resurfacing events.

Using the code NEA-EVOL, we tracked crater production
on 75, 77, and 49 test asteroids that traveled from the main belt
to the observed orbits of Bennu, Ryugu, and Itokawa
(Section 4). Our crater production model used a scaling law
from E. Tatsumi & S. Sugita (2018) that assumed that craters
formed in the gravity regime, though we did not account for
the effects of Boulder armoring (E. B. Bierhaus et al. 2022;
Section 4.2). Typical ratios of crater sizes to projectile sizes
during the runs were ~70 but frequently reached values >100.
We also tried to account for the erasure of craters between a
few meters and 100 m in diameter using an empirical crater
damage function. It assumed that smaller craters would be
gradually erased by the mass movement of surface materials
(Section 4.4).

Our model SFDs for each asteroid were compared to the
observed crater SFDs of Bennu, Ryugu, and Itokawa
(Section 5). For Bennu, we examined the SFD of craters least
affected by space weathering, as well as its total crater SFD
(Figure 8). We found that the median ages for the youngest
craters (Dgparer > 3 m) were 0.22 Myr, with some model runs
having ages as low as 60,000 yr (Figure 15, left). For the full
crater SFD, the median surface age was found to be 7.8 Myr,
with a peak value between 4 and 6 Myr (Figure 16, right).
These values are consistent with the CRE ages of the Bennu
samples measured so far, which have ages between 1 and
6 Myr (B. Marty et al. 2024).

For Ryugu (Section 5.2), we compared our model SFDs to
the observed total crater SFD (Figure 9). Our median model
surface age was 4.1 Myr, with most runs having ages <8 Myr.
These values are consistent with the CRE ages of the Ryugu
samples measured so far, which have ages <5.8-7.8 Myr,
depending on the chamber measured (T. Yada et al. 2021;
K. Nagao et al. 2022; R. Okazaki et al. 2022; K. Nishiizumi &
M. W. Caffee 2023).

For Itokawa (Section 5.3), we compared our model SFD to
the observed SFD in Figure 10. We found that the median age
of its surface is 3.1 Myr, with most runs having ages
<10-15 Myr. The CRE ages of Itokawa samples are similar,
with ages going from ~1Myr to an upper limit of ~8 Myr
(K. Nagao et al. 2011; M. M. M. Meier et al. 2013; 2014).
These timescales are shorter than the CRE ages of most LL
chondrites, which mostly range between 5 and 50 Myr and
peak near ~15 Myr (O. Eugster et al. 2006).

The surface ages of Bennu and Ryugu, as well as the CRE
ages of their samples, are broadly consistent with the CRE
ages found for CI and CM meteorites (Sections 5.1.2, 5.2.2,
6.2). For the two meteorite classes, most have CRE ages
ranging between 0.1 Myr and several Myr, and almost none are
older than 8 Myr. A reasonable interpretation is that their
durability is limited and that meter-sized objects are readily
destroyed, possibly by meteoroid impacts (Section 6.2). This
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leads us to favor the idea that many of the CM and CI
meteorites do not evolve out of the main belt intact but instead
need to ride on larger immediate precursors that act as a
“mothership” that transports them to near-Earth space. Many
of these large precursors are destroyed with a > 2 au orbits,
explaining the plethora of CM and CI meteorite falls with
these orbits. Conversely, stronger meteorites, such as ordinary
chondrites, can probably reach their final size while migrating
within the main belt.

Finally, our results suggest that impacts and YORP-spin-up-
driven mass-shedding events produce a fair amount of churn
on NEAs with Earth-like orbits (Section 6.1) (Figure 18). Tidal
resurfacing is also possible, but it is more likely for Ryugu and
Itokawa than for Bennu (Figure 6). Given that tidal resurfacing
is most probable for objects near the Earth-crossing line on
low (a, e) orbits and that few of our test asteroids had their
craters reset on those orbits, we argue that tidal resurfacing
was not a primary crater erasure mechanism for Bennu,
Ryugu, or Itokawa.
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