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Background:  Asteroid Bennu has an oblate mor-

phology indicative of deformation by rotation. It is 
unknown if the current rate of rotation [1] is actively 
producing deformation, but it is suggested [2] that ma-
jor deformation occurred at a higher rotational speed. 
The current rotational rate may be sufficient to prevent 
gravitational forces returning the asteroid to a non-
oblate (~spherical) form.  

Bennu is a rubble pile, not a solid object [1,3,4]. 
Deformation by centrifugal or other forces only re-
quires stresses larger than frictional/adhesive forces 
between clasts, rather than forces capable of deforming 
solid rock. Bennu’s gravity of ~10-5g at its surface of-
fers comparatively little resistance to centrifugation.  

Given the ‘granular’ nature of Bennu and its inher-
ent deformability, three hypotheses have been pro-
posed to explain the asteroid’s shape:  

1. Material is rearranged at all depths (pseudo plas-
ticity) by centrifugal forces, perhaps intermittently 
aided or even mediated by seismic shaking from mete-
orite impacts [5].  

2. The oblate form results from the gravitational 
collapse of a debris cloud that naturally favored depo-
sition of material in the equatorial belt, thus producing 
the current equatorial bulge [6]. Would this be mani-
fest as a zone of deposition that spread latitudinally to 
higher latitudes?  

3. The oblate form is a result of centrifugally-
driven migration of near-surface regolith (‘soil creep’ 
or ‘mass wasting’) towards the equator to form the 
equatorial expansion [7].  

Modeling:  As a contribution to differentiating be-
tween these three hypotheses, we developed an analyt-
ical (geometric) model that uses dimensionless gravity 
Fg and centrifugation Fc to determine, by force vector 
resolution, the net horizontal stress in surface material, 
i.e., shear forces in the soil perpendicular to an as-
sumed radial gravity vector. The condition Fc = Fg at 
the equator was our modeled case. We assumed that 
the potential amount of soil movement in response to 
these forces at any particular latitude would be propor-
tional to the horizontal shear stress. The model sug-
gests that any movement of polar and high-latitude 
soils contributes essentially nothing to Bennu’s oblate-
ness, not least because soil stresses would probably not 
exceed intergranular frictional thresholds. However, 
the surfaces of the midlatitudes could be scoured by 
extensive equatorward creep because this is a region 

where the resolution of force vectors produces maxi-
mum horizontal shear in the soil.  

This model is supported by the ‘diamond’-shaped 
macromorphology of Bennu, whose profile shows 
shorter radial dimensions at midlatitudes (compared to 
polar and equatorial radials) than those of an oblate 
spheroid (see the 75-cm-resolution Bennu Shape Mod-
el on OSIRIS-REx website) [8]. The profile suggests 
that the topography could indeed be a result of midlati-
tude scouring. For some northern midlatitudes, Ben-
nu’s profile is actually slightly negative (concave) [9] 
and therefore uncharacteristic of oblate, whole-body 
deformation.  

Image Analysis of Boulder Alignment:  Another 
manifestation of equatorward centrifugally-driven sur-
face regolith creep would be boulder alignment in a N-
S direction, i.e., in the direction of inferred regolith 
movement. We have made an extensive number of 
boulder-orientation measurements from spacecraft 
imagery that show a subtle, but discernable N-S trend-
ing of boulder long axes predominantly in midlatitudes 
[10]. As a control for these results, we generated ran-
dom orientations (as rose diagrams) for comparison, 
and can show that our orientation measurements of 
Bennu are not a product of random clast movement on 
the asteroid. 

Implications of Boulder Alignment:  On Bennu, 
or in any planetary environment, if clastic debris 
moves slowly as a whole mass, or if it suddenly slumps 
as a structurally integral body, there should be no pre-
ferred boulder alignment because there has been little 
or no differential motion between individual regolith 
clasts. To generate preferred orientation requires that 
an elongate object be subject to flow around it which 
pushes the elongated axis of the object into an orienta-
tion with the least mechanical resistance to flow (the 
reason an arrow stays straight when aerodynamically 
forced through air). The differential movement could 
be a boulder moving either faster or slower than its 
surrounding material. We surmise that it is the relative-
ly small boulders moving faster around a larger boul-
der that causes alignment because the relatively small 
material is easier to move in a shear-driven surface 
boundary layer of clastic debris. 

If material centrifugally vacates the surface of mid-
latitudes, there should be an overall dilational (tensile) 
stress in the near surface of these regions because rego-
lith is accelerating towards the equator; it has the high-
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est lateral shear stress and its movement is naturally to 
draw away from material behind it, thus dragging ‘up-
stream’ material along. Eventually, the moving materi-
al piles up at the equator, being subject to opposing N 
and S drifts. This will induce compressional conditions 
that jumble material into random alignment, but gener-
ally with alignments orthogonal to the stress direction, 
i.e., parallel with latitudinal directions –the elongate 
material in the regolith becomes ‘flattened’ by the 
compression against the direction of creep. Our image 
analysis of preferred boulder alignments supports this 
hypothesis. We generally find orientation trends in the 
equatorial regions to be at high angles to midlatitude 
trends [10]. 

If material moves to the equator by surface mobili-
ty, it would be facilitated by the fact that the surface of 
Bennu is mechanically unbounded, its upper surface 
being vacuum that offers no resistance to movement. 
With increasing depth below Bennu’s surface, there is 
increasing frictional resistance and increasing weight 
to be overcome. We thus envisage surface creep as an 
expression of a granular boundary layer that has max-
imum shear and maximum motion potential at its sur-
face, but motion diminishes to zero at some undefined 
depth (perhaps of the order of several meters). 

Conclusions:  Image analysis and regolith stress 
modeling support a surface creep mechanism for gen-
erating Bennu’s overall shape. Preferred orientation of 
elongate boulders accords with our model posed above 
that predicts tensile soil stresses at midlatitudes and 
compressive stresses at the equator. Boulder orienta-
tions indicate N-S preferred alignment, suggesting 
regolith flow away from the poles and towards the 
equator. 

Although our analyses and observations support the 
development of Bennu’s shape by surface creep, we do 
not discount the possible contribution of whole-body 
deformation of the asteroid occurring simultaneously. 
Surface creep and whole-body deformation are not 
mutually exclusive although their relative importance 
undoubtedly depends on the actual nature of asteroid 
density, porosity, inter-granular friction, clast size and 
sorting, and variation of these parameters with depth.  

However, the observational evidence of boulder 
alignments might be contrary to the collapse of an or-
bital debris cloud onto Bennu’s equatorial regions. A 
pile-up of material in this region would cause regolith 
to spread N and S away from the equator along longi-
tudinal lines. Since the material is not being forced to 
higher latitudes by centrifugation  (i.e., it is not being 
‘pulled’), it would have to be driven by compression, 
which conflicts with the N-S trends observed. There 
would, of course, be no discrepancy in observed 
alignment trends if the depositional site of the collaps-

ing debris ring were to be restricted to a relatively nar-
row equatorial belt. 
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