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Introduction: The OSIRIS-REx mission [2] recently
arrived at the asteroid Bennu. After an extensive period
surveying the asteroid’s surface, the spacecraft will ac-
quire a sample in 2020 to return to Earth. The age of
the surface which will be sampled is unknown, and tradi-
tional crater counting techniques may not work as well on
small bodies as they do on larger, gravity-dominated bod-
ies. For instance, on planetary surfaces, crater counting
is typically used to estimate a surface age, by relating the
crater size-frequency distribution (SFD) to a (known) pop-
ulation of impactors. Crater scaling laws [e.g. 3] are used
to convert an impactor size and velocity to a final crater
size; and for large planetary surfaces these scaling laws
are more-or-less well defined. For small bodies, such as
Bennu, gravity is small and thus strength becomes a dom-
inant factor stopping crater growth and controlling the fi-
nal crater size. However, the strength of asteroid surfaces
is not well constrained; based on estimates from lunar
regolith, the strength could range from ∼ 0.1 – 100 kPa
[4]. Early images from OSIRIS-REx show some rela-
tively fresh ∼ 20 m diameter basins, and some larger
(∼ 100 m diameter) circular features which are possible
degraded impact craters.

In this work, we use the CHESS Monte Carlo model
(Collisional Histories in the Early Solar System) [5] to
estimate impacting populations on Bennu, and couple
these results with scaling laws to determine how cohesive
strength affects the size of craters produced on the surface.

Crater scaling: Crater scaling laws are usually de-
rived from lab-scale cratering experiments, typically us-
ing impacts into high-strength materials or at low impact
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Figure 1: Crater diameters from four iSALE-2D simu-
lations of impacts into a 20% porous asteroid analogue
material. Shown for comparison are π-group scaling laws
for weakly cemented basalt and sand/fly ash [1].

velocities. In order to use crater scaling laws on a small
body such as Bennu, we performed shock physics mod-
elling [using the iSALE2D code; 6, 7] of crater formation
in weak, porous target materials to find scaling constants
applicable for use on small asteroids [8]. The impactor
diameter (L) was 0.84 m and the impact velocity was
7 km s−1. The target material was simulated using the
Tillotson equation of state for basalt [9] with a strength
model appropriate for geologic materials [10]. Figure 1
shows the crater size determined in a subset of four sim-
ulations with strengths ranging from 0.1 to 100 kPa, in
comparison to π-group scaling laws using material con-
stants determined for weakly cemented basalt and sand/fly
ash [1]. In the Monte Carlo modelling detailed below, we
use scaling constants derived from these iSALE results
(µ = 0.42; H2 = 0.4; C1 = 1.06).

Monte Carlo modelling: We modified the CHESS
Monte Carlo model to simulate only the time period af-
ter Bennu was split from its parent asteroid (here we
modelled that as 10 – 500 Myr). A fixed intrinsic col-
lision probability of 2.86 × 10−18 km−2 yr−1 was used
(the current probability in the asteroid belt [11]). The
time-varying size-frequency distribution of the impact-
ing population was derived from collisional evolution
models [12]. The impact velocity for each impact was
picked from a Maxwellian distribution with a mean of
5.3 km s−1. We simulated 105 parent bodies for each sur-
face age and strength (0.1 – 100 kPa). Any catastrophi-
cally disrupted parent bodies (according to the disruption
criterion from [13]) were not used in further analysis.

Results: The crater SFDs for a subset of the simu-
lated parameter space are shown in Figure 2(a). A sim-
ilar difference in the SFD can be achieved by changing
the strength or the surface age (a factor-of-three increase
in age is approximately equal to an order-of-magnitude
decrease in strength). The possible range of the largest
crater on Bennu is shown on Figure 2(b); the median value
is similar to the largest expected crater (unity on the y-
axis of Figure 2(a)). Since the interquartile range does not
overlap signigicantly between these models, this implies
that the estimates of surface age using this method would
be accurate to within a factor of ∼ 3, and estimates of
target cohesion accurate within a factor of 10.

While these results suggest there should be hundreds of
craters larger than 10 m in size, in reality on small bodies
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Figure 2: (a) Size-frequency distributions of craters pro-
duced on Bennu, for a subset of simulations with a
fixed surface age of 100 Myr and a range of strengths,
and a fixed strength of 1 kPa and a range of surface
ages. Where the SFD crosses the horizontal dashed line
shows the largest crater expected on Bennu for the given
strength/age combination. (b) Box-and-whisker plots
showing the variation in the largest crater produced on
Bennu after 105 iterations. Dotted vertical lines show
the median, the box shows the interquartile range, and the
whiskers show the 5th to the 95th percentile.
craters are likely to be degraded after formation, for exam-
ple by seismic shaking caused by subsequent impacts [14]
or due to the fast spin of the asteroid (such as on Bennu).

Largest craters: If we assume that the largest craters
are preserved while smaller craters are degraded by seis-
mic activity [14], the largest recorded crater on Bennu can
be compared with the model results as a first-order esti-
mate of crater production. For each parameter combina-
tion (surface age, strength) in the CHESS models, the me-
dian largest crater (after 105 parent bodies have been mod-
elled) was recorded. The results are shown in Figure 3(a).
Since currently the surface age and strength are unknown,
this figure can be used when data from the OSIRIS-REx
sample has constrained one of those two properties. For
example, if the surface age is found to be 200 Myr, and
the largest crater is 100 m in diameter, the figure shows
the surface strength, Y , would be ∼ 10 kPa. Alterna-
tively, if the age is unknown, but the strength is better
constrained, the figure can be read a different way: for
example, if the strength is measured to be 0.1 kPa, and
the largest crater is 150 m in diameter, the age can be es-
timated to be ∼ 50 Myr. In Figure 2(b), the range of the
largest crater on Bennu is shown for each of those models
shown in Figure 2(a).
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Figure 3: The median largest crater on Bennu for a given
surface age after 105 iterations in the CHESSMonte Carlo
simulator. Different lines show results for 4 different sur-
face cohesive strengths. Filled symbols show the models
presented in Figure 2.

Discussion: Quantifying strength of the surface of
small asteroids has implications beyond Bennu. A sim-
ilar set of simulations was run for Ryugu, target of the
Hayabusa 2 sample return mission; the trends seen in
Figures 2 & 3 are also observed for Ryugu. The me-
dian largest craters (Figure 3) are approximately 1.6 times
larger than those on Bennu.

The cohesive strength of the surface is the asteroid tar-
get property with the strongest influence on the total mo-
mentum of impact ejecta, which can substantially enhance
kinetic impact deflection [8]. Thus, the results of the
OSIRIS-REx mission coupled with the modelling results
in this work, will inform studies of momentum transfer
in asteroid collisions as well as future asteroid deflection
missions (e.g., DART).
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