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Introduction:  Images of asteroid (101955) Bennu 

acquired by the OSIRIS-REx mission [1,2] reveal a 
rocky world covered in rubble, including numerous 
boulders with diameters up to tens of meters. The geo-
logic evolution of Bennu is driven in large part by 
downslope migration of surface material [3] and rubble, 
which may be dislodged from an initial state by a num-
ber of processes, such as YORP-induced spin-up [4,5], 
re-accumulation [6,7], impact-induced seismic shaking, 
thermal stresses, or tidal disruption by close encounters 
with larger bodies. 

Shape:  Shape models of Bennu have been devel-
oped from images using stereophotoclinometry (SPC) 
[8] and from lidar data collected by the OSIRIS-REx 
Laser Altimeter (OLA) [9,10]. A SPCOLA shape model 
derived from a combination of both datasets is shown in 
Figure 1. A spherical harmonic decomposition of the 
shape (Figure 2) reveals a number of interesting fea-
tures, which can be used to interpret the geological sig-
nificance of the shape. The zonal terms show a sharp 
dichotomy between the odd and even terms, which is 
indicative of symmetry about the equator. These zonal 
terms also  are particularly strong  at degrees 2 and 4. 
Figure 3a,b shows a reconstruction of the SPCOLA 
shape model from the spherical harmonics, truncated at 
degree 4. The zonal component at degree-4 is largely 
due to the equatorial ridge typical of top-shaped aster-
oids, and the strong sectoral component reflecting high-

standing longitudinal ridges, which are most obvious as 
a “squarish” outline as viewed from the poles [10].  

Figure 3c,d extends the reconstruction out to degree-
8, to show the next level of detail. The next pair of 
spikes shown in the zonal terms at degrees 6 and 8 in 
Figure 2, are indicative of the terraces (Barnouin et al., 
2019). The larger craters are noticeable in the degree-8 
shape model as well. We also note that the tesseral terms 
decay much more slowly than the Vening-Meinesz style 
power law [11] would predict, suggesting the fractal na-
ture of the size distribution of the surface of the rubble.  

Internal properties:  The large-scale surface topog-
raphy may also provide insight as to the strength of the 
interior. Although Bennu appears to be an unconsoli-
dated rubble-pile asteroid, it cannot be completely 
strengthless because the shape deviates from a hydro-
static surface. Indeed, there is no hydrostatic shape that 
is consistent with Bennu’s observed rotation rate and 
density, and it must be supported either by internal fric-
tion or cohesion. In the absence of cohesion, an angle of 
internal friction of 18° is necessary to maintain the cur-
rent shape against large-scale failure, flattening, and po-
tential disruption (Figure 4) [10]. This could also be 
achieved by ~ 1 Pa of cohesion [12]. 

Stability: Previous analysis of the shapes and spins 
of small bodies indicate that these properties will grad-
ually evolve towards a condition of maximum topo-
graphic stability; that is, a state of low topographic var-
iation, low slopes, and low surface erosion (mass- 

Figure 1: SPCOLA Shape model (v34) shown 
at 12-m resolution. 

Figure 2: Spherical Harmonic decomposition of Bennu’s 
global topography.  
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wasting) rates. However, Bennu is already rotating 
faster than the optimum rate for this stability condition, 
and the YORP effect is further increasing the rotation 
rate. Rotational stability analysis demonstrates that an 
internal friction angle of at least 18° is necessary to 

prevent Bennu from failure via mass wasting in the ab-
sence of cohesion. However, if the observed increase in 
rotation rate [12] persists, in less than 0.6 Myr, no 
amount of internal friction would be sufficient to pre-
vent failure. and significant cohesion (>15 Pa) would be 
required. We note that catastrophic disruption due to 
YORP spin-up is extremely unlikely. As the asteroid be-
gins to deform, the increased oblateness results in a 
higher moment of inertia, and would cause the asteroid 
to spin down, potentially moving it into a stable regime. 
Moreover, YORP can change on short timescales, and 
is very sensitive to the precise shape of the body. Thus, 
the deformation of the asteroid may be halted after a 
small episode of failure. A more comprehensive evolu-
tion of the deformation and spin rate [13] is under in-
vestigation.  
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Figure 4: Maximum stable spin rates as a function of the 
oblateness of the body for various angles of internal fric-
tion (without cohesion). Bennu’s rotation rate and shape 
are indicated by the solid lines. 

Figure 3: Reconstructions of SPCOLA shape model out 
to degrees 4 (a,b) and 8 (c,d) viewed from the equator 
(a,c) and north pole (b,d). Pole indicated by black circle. 
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