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Introduction:  OSIRIS-REx’s arrival at the near-

Earth asteroid (NEA) (101955) Bennu on December 
3, 2018, validated earlier ground-based radar model-
ing of its shape [1], revealing a top-shaped world with 
a handful of craters and fields of boulders (Fig. 1). 
Collisional evolution models suggest that Bennu and 
bodies of its size are reaccumulated remnants created 
during the collisional formation of an asteroid family 
in the Main Belt (MB) [2]. Measurements of its densi-
ty [1], combined with spectral characterization [3], 
hint at its rubble-pile nature. Since the frequency of 
collisions on Bennu is expected to have been far 
greater in the MB, the majority of its craters were 
likely created during its time in the MB, before its 
eventual departure to near-Earth (NE) space [4]. 

The advent of detailed small-body exploration 
with spacecraft has provided a new understanding of 
the crater erasure and modification process on small 
bodies, which is thought, on (433) Eros, to be driven 
mainly by impact-induced seismic shaking [5]. How-
ever, our poor understanding of interiors of rubble 
piles [6], combined with their spin-shape co-evolution 
[7], can complicate this picture of crater degradation 
on smaller bodies. We analyze the transformation of 
Bennu’s surface by modeling combined effects of 
seismic shaking and NEA spin-up through radiative 
mechanisms [8] using a two-pronged approach: i) 
discrete-element method (DEM) simulations of granu-
lar dynamics to obtain a prescription of mass flow in 
response to seismic shaking and dynamic slope varia-
tions at a local scale, and ii) global simulations of 
mass flow to understand which dynamical processes 
may dominate the surface modification of Bennu at 
different epochs, from the MB to NE. 

Crater Erasure on Small Solar System Bodies: 
Seismic shaking from impacts has been shown to be a 
strong modifier of asteroid surfaces, as vibrations can 
readily mobilize the top layer of material [5]. The 
inferred fractured interior of asteroid Eros is condu-
cive to reverberation of seismic vibrations, leading to 
a relatively faster rate of crater degradation and eras-

ure compared to larger airless planetary surfaces such 
as the Moon [5]. Hence, impacts onto small bodies  
may both produce and remove craters on their surfac-
es. For NEAs, the combination of a higher cratering 
rate and a higher residence time [4,9] in the MB sug-
gests that most, if not all, large craters formed before 
the asteroid’s ejection to NE space. 

 

 
Fig. 1. Left: Mosaic image of asteroid Bennu, com-
posed of 12 PolyCam images collected by the 
OSIRIS-REx spacecraft from an altitude of 24 km. 
Right: Radar-shape model of Bennu [1], with colored 
contours showing gravitational equipotentials on its 
surface. 
 

While most of Bennu’s craters may have formed 
during its time in the MB, this does not necessitate 
that crater erasure ceased after its departure. Numeri-
cal modeling has shown that micrometeorite bom-
bardment in NE-space may also contribute to surface 
mobility and crater degradation [10]. Furthermore, 
thermal re-radiation became increasingly stronger as 
Bennu journeyed to its current orbit. Little work has 
been done to quantify the relative importance of these 
combined effects in the crater-erasure process.  

Modeling Crater Erasure on Bennu: We use a 
two-step process to study crater erasure on Bennu. In 
the first step, we obtain a prescription of mass flow in 
response to different external forces: i) impact-
induced seismic shaking, and ii) gradual dynamical 
slope variations due to changes in the spin period 
driven by thermal torques through the Yarkovsky–
O'Keefe–Radzievskii–Paddack (YORP) effect [11]. 
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Local DEM landslide simulations: This is 
achieved by performing local simulations of grain 
dynamics using the DEM code, pkdgrav [12–14]. 
These N-body simulations model the contact physics 
of grains accurately through the implementation of a 
soft-sphere DEM that takes into account damping, 
friction, and cohesive forces (Fig. 2). By providing 
external forcing that simulates impact-induced seis-
mic shaking and dynamic slope variations, the DEM 
simulations allow us to compute an average mass flux 
of the material in the downslope direction [15]. Fur-
thermore, this study clarifies the poorly understood 
dynamics of landslides in low gravity, which invaria-
bly defines the morphology of craters as they form 
and evolve in the microgravity environment of Bennu. 

We present a suite of local simulations of inclined 
granular beds that undergo seismic shakes for a range 
of impulse amplitudes, A, and frequencies, ω, and for 
initial conditions that represent the varied surface 
topologies and local gravities found by analyzing the 
shape model of Bennu (see Table 1) [16]. We demon-
strate that these simulations can provide geophysical 
context for the future higher-resolution observations 
during OSIRIS-REx’s detailed survey of Bennu’s sur-
face in 2019.   
 
 

Parameter Value 
Slope 0 - 36 ° 
Friction Angle 27 - 40°  
Surface Gravity, g 20 - 60 μm/s2 
Cohesion 60 - 300 Pa 
Particle Size 0.5 - 2 cm 
Cum. Size Dist. Exp. -3.1 
Porosity 40 - 60 % 
Γ = Aω2/g 0.1 - 3.0 
Slope Variability 1 - 10 ° 

Table 1. Parameters and phase space for local numer-
ical simulations of Bennu particle dynamics.   
 

Summary and Outlook: In this study we modeled 
the modification of Bennu’s craters due to collisions 
and YORP spin-up. We did this using a two-step sim-
ulation process that allows us to approach the problem 
at multiple scales. The first step accurately models the 
grain-scale physics on short timescales using a DEM 
code. The results of these simulations will be used to 
perform 2D continuum simulations of the global evo-
lution of Bennu’s cratered surface on longer time-
scales. We will compare the output of these simula-

tions to detailed observations of Bennu by OSIRIS-
REx in order to better understand its history.     

 

 
Fig. 2. Simulation of granular flow due to a change in 
the dynamical slope: the gravity vector, initially 
pointing down, tilts to the right until it makes a 30° 
angle with the surface normal. The dashed line out-
lines the flow morphology in low gravity (20 µm/s). 
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