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Abstract

The shapes of asteroids reflect interplay between their interior properties and the processes
responsible for their formation and evolution as they journey through the Solar System. Prior to
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the OSIRIS-REX (Origins, Spectral Interpretation, Resource ldentification, and Security—Regolith
Explorer) mission, Earth-based radar imaging gave an overview of (101955) Bennu’s shape. Here,
we construct a high-resolution shape model from OSIRIS-REx images. We find that Bennu’s top-
like shape, considerable macroporosity, and prominent surface boulders suggest that it is a rubble
pile. High-standing, north-south ridges that extend from pole to pole, many long grooves, and
surface mass wasting indicate some low levels of internal friction and/or cohesion. Our shape
model indicates that, similar to other top-shaped asteroids, Bennu formed by reaccumulation and
underwent past periods of fast spin leading to its current shape. Today, Bennu might follow a
different evolutionary pathway, with interior stiffness permitting surface cracking and mass
wasting.

Prior to the arrival of the OSIRIS-REXx spacecraft, radar and lightcurve modelling [1]
suggested that Bennu has a “‘spinning-top’” shape with an equatorial ridge. The mean
diameter and the volume were estimated to be 492 + 20 m and 0.062 + 0.006 km?3,
respectively. A single boulder, estimated to be 10- to 20-m wide, was apparent on a surface
that was otherwise smooth at the radar resolution of 7.5 m. A rotation period of 4.297

+ 0.002 hr was measured about an axis with a pole at (87°, —-65°) £ 4° in J2000 equatorial
coordinates [2].

Here, we reassess the shape of Bennu using images collected by the OSIRIS-REx Camera
Suite (OCAMS [3]). We develop a global digital terrain model (GDTM) of the asteroid (Fig.
1) as the basis for geophysical investigations. The measured GDTM parameters are given in
Table 1. We generate the GDTM using stereophotoclinometry (SPC [4]), a well-established
technique that merges stereo imaging with photoclinometry. An assessment that includes
data from the OSIRIS-REXx Laser Altimeter (OLA [5]; Fig. 1) independently quantifies
uncertainties in the GDTM (Supplementary Fig. 1).

The GDTM'’s best-fit ellipsoid (semi-major axes) is given by (252.81 + 0.05)x(246.37
+0.09)x(228.83 £ 0.11) m. Its average diameter is 490.06 + 0.16 m, consistent with the
diameter previously determined from radar. The GDTM has a volume of 0.0615 + 0.0001
km3—also similar to the pre-encounter value—and a surface area of 0.782 + 0.004 km2. We
evaluate a new pole position of (85.65 £ 0.12, —60.17 + 0.09)°. The SPC-derived rotation
period is similar to the pre-encounter estimate and statistically indistinguishable from the
value of 4.2976056 + 0.000002 hr determined using lightcurves from Earth-based and
OSIRIS-REx Approach-phase imaging [6,7]. The prime meridian is defined by a dark patch
on a distinct boulder in Bennu’s southern (-Z) hemisphere (Supplementary Fig. 2). A small
(< 2 m) centre-of-mass (COM) centre-of-figure (COF) offset is present, dominantly in the
direction of the prime meridian.

Bennu’s volume is 3.5 times that of Itokawa [8] and one-sixth that of (162173) Ryugu [9],
two other small (<1km diameter) rubble-pile asteroids. The OSIRIS-REx mass estimate for
Bennu is 7.329 + 0.009 x 1010 kg [10]. Using the physical properties of Cl and CM
meteorites, to which Bennu is compositionally linked [7,11], along with the mass and
volume, we estimate the asteroid’s density to be 1190 + 13 kg m~3. Given the average
measured bulk densities of Cl and CM meteorites (1570 to 2200 kg m~3; [12]), the
macroporosity (or bulk porosity) of Bennu ranges from 25% (CI) to 50% (CM). Considering
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the substantial microporosity displayed in Cl and CM chondrites, the corresponding total
porosity of Bennu is 50 to 60%—similar to that of other C-group asteroids [13].

Global shape attributes

The OSIRIS-REXx observations confirm key aspects of the Earth-based radar shape model
[1]. By fitting a low-degree spherical harmonic expansion (essentially a series of sines and
cosines) to Bennu’s GDTM, the top shape, with an equatorial ridge, is seen as strong zonal
(latitudinal) degree-2 and degree-4 terms (Fig. 2). In contrast to Ryugu [9]—the other top-
shaped asteroid visited by a spacecraft—Bennu’s equatorial ridge is muted, and appears
diamond-shaped when viewed from the poles (Fig. 3).

The spherical harmonic assessment of Bennu also shows that it has a substantial contribution
from the degree-4 sectoral (longitudinal) term (Fig. 2) that is not seen in a similar spherical
harmonic analysis of top-shaped Ryugu (methods). In Bennu’s case, this term results from at
least four major north-south longitudinal ridges observed in the northern (+Z) hemisphere,
two of which continue into the southern hemisphere (Figs. 1, 2). The ridges contribute a
root-mean-square amplitude of 8 to 10 m in the degree-4 sectoral shape (Fig. 2), and the
relief from the tops of the ridges to the base of the low-lying topography between the ridges
can be up to 25 m (Fig. 3), with ridge lengths extending from 400 to 780 m. These
longitudinal ridges, together with several large candidate craters (defined in [14]), contribute
to Bennu’s diamond-shaped equatorial profile (Fig. 3). The equatorial signature of these
ridges is approximately periodic in longitude with a wavelength of 90°, and accounts for
~33% of the amplitude of the deviations from a circular shape.

Regional surface features

An understanding of the geological evolution of Bennu’s shape is facilitated by maps (Fig.
1) of surface elevation and slope [e.g., 15,16]. Surface elevation, also known as geopotential
altitude [17], is computed as the difference between the gravitational surface potential and a
reference potential, divided by the magnitude of local gravitational acceleration g,
considering the asteroid mass and spin rate. Slope is computed as the angle between the
surface normal and the g vector. Both elevation and slope indicate the direction in which
loose surface material may move across the surface. In Bennu’s case, the elevation and
slopes are highest near the poles and lowest at the equatorial ridge (Fig. 1). The previously
described longitudinal ridges are typically high-standing relative to their local surroundings
and create a distinct feature in hypsometry distributions of surface elevation (Supplementary
Fig. 3).

In addition to the equatorial and longitudinal ridges, other surface features contribute to
Bennu’s shape (Fig. 4). These features include large boulders, craters, mass-wasting
deposits, and linear features.

The three largest boulders are located in the southern hemisphere (Fig. 4a). The tallest
(45°S, 129°E) measures 27 £ 2 m in height and 57 x 40 m in diameter. The prime meridian
boulder (25°S, 0°E) and the largest partially exposed boulder (23°S, 23°E) measure 12 + 1
mand 13 £ 2 min height and 34 £ 5 m and 78 = 12 m in diameter, respectively. These
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boulders are roughly similar in size to the largest boulder identified on Itokawa (20 + 1 m
high, 46 m long) [18]. There is also a large population of small boulders with heights near 1
to 3m; these contribute to the mottled appearance of the GDTM (Fig. 1a). The largest
boulder is superimposed on one of the southern longitudinal ridges, and might be an outcrop
of a structural unit forming the ridge.

We have measured the diameter (D) and depth (g) of several candidate impact craters (Fig.
4; [14]), the largest of which (6°S, 270°E) has a D =157 + 11 m. A strictly geometric
assessment of four of these craters with D from 46 to 69 m gives an average ¢/D ~ 0.13

+ 0.04; when measured relative to elevation (as on planets), the average a/Dis ~ 0.16 + 0.06.
The morphometry of these craters is similar to those of impact craters on other, larger
asteroids ((433) Eros, (21) Lutetia, and (4) Vesta), for which the geometric a/D ~ 0.15 [19],
and to (253) Mathilde, a large C-type asteroid with an inferred composition similar to that of
Bennu, for which the geometric o D ranges from 0.12 to 0.25 [20]. Like on these other
asteroids, Bennu’s candidate craters possess raised rims, indicating they are likely the
product of impact. The craters on Bennu are deeper than those on Itokawa, where the
maximum geometric a/Dis 0.1 [21].

Linear features such as grooves and scarps cross-cut the surface of Bennu (Fig. 4). They
have several orientations. One of the longest grooves (Fig. 4c) extends from the pole to the
equator; it is 10 to 15 m wide and has a depth of 3 £ 1 m. Other grooves have similar aspect
ratios, trend east to west, or have slightly northeast-southwest orientations and span lengths
of many tens to hundreds of meters. The most pronounced long scarp is located in the
northern hemisphere (Fig. 4b and c), spanning at least 120° of longitude at ~50°N. It drops
down by 3 to 6 m with a 40° slope.

The GDTM shows evidence of areas where mass wasting has occurred. The best example is
a material flow that infills the largest candidate crater on Bennu (see [14] for details; Fig.
4b), covering over the western rim and leaving a ~5-m-thick deposit that post-dates the
crater. Boulder concentrations at the bases of long slopes [14], particularly between the high-
standing ridges (Supplementary Fig. 4), provide further evidence of wide-spread mass
wasting.

Inferences on the present and past interior structure of Bennu

Several aspects of Bennu’s topography support the pre-encounter assessment [1] that Bennu
is a rubble-pile asteroid. At 50 to 60%, Bennu’s high total porosity is incompatible with a
monolithic body and may be the strongest evidence for a rubble-pile interior. A companion
paper [10] models the density inhomogeneities in terms of a few large boulders, consistent
with a rubble-pile structure, and thereby explains Bennu’s COM-COF offset and spin axis
orientation in the body frame. In addition, Bennu’s largest boulders are too large to be ejecta
[14, 22] from the largest crater candidates and, therefore, are likely remnants of Bennu’s
parent body accreted after its disruption [23].

Nevertheless, Bennu’s shape and surface features imply that the asteroid has some structural
rigidity, despite being a rubble pile. Evidence for structural strength includes Bennu’s non-
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hydrostatic shape, the high-standing longitudinal ridges, the long linear grooves, and
apparent mass wasting. A fluid-like hydrostatic shape (e.g., Maclaurin ellipsoid [24]) with
Bennu’s density and rotation rate is not stable. Assuming, as a limiting case, that Bennu is
composed of granular material with no cohesion, Bennu must have a minimum internal
friction angle of at least 18° to support the current shape (Supplementary Fig. 5). This
friction angle—which in the absence of cohesion can, by Coulomb’s law, equal the angle of
repose for a granular material [e.g., 25]—is similar to the global average surface slope of 17
+ 2° [10]. The longitudinal ridges denote internal stiffness because they support material
above the surrounding terrain. Long linear grooves are seen on other asteroids and are
considered evidence for structural coherence [26]. Such grooves are expressions of cracks,
which cannot propagate to become long linear structures in asteroids that lack structural
integrity [19]. Finally, several models for rotational evolution of asteroids show that those
with stiffer interiors (resulting from packing of internal constituents, for example) are more
likely to generate mass wasting similar to that observed on Bennu [27, 28, 29].

Bennu may not have always been so rigid. The large number of crater candidates at low
latitudes [14] near the equatorial ridge (<30°) indicate that the ridge is old. If the ridge
formed by re-accumulation following the disruption of Bennu’s parent body as some models
propose [30, 31], then the past interior strength could be similar to that of today. On the
other hand, if the radiative-driven spin-up processes known collectively as the Yarkovsky—
O’Keefe—Radzievskii—Paddack (YORP) effect [32] drove its formation [1], then current
models [28, 29, 33] indicate that the equatorial ridge is most likely the product of a more
compliant interior and surface material, which more easily deformed to build up the ridge. In
the latter case, Bennu would have been weaker at some point in its past.

But, how are the high-standing longitudinal ridges formed? Numerical investigations of the
disruption of rubble piles due to spin-up [34,35] show that when ~1 to 30 Pa cohesion is
present, the asteroid fails in well-defined and fairly evenly spaced longitudinal wedges. Such
wedges could be manifested as longitudinal ridges. The minimum internal cohesive strength
of Bennu is estimated to be 1 Pa [10]. Hence, these high-standing longitudinal ridges may
indicate that Bennu may have been close to fully disrupting during the equatorial ridge
formation.

Some of the characteristics of Bennu’s shape and surface geology differ from those of other
small, rubble-pile asteroids visited by spacecraft. Itokawa, an S-type rubble-pile asteroid,
shows little change in its overall shape over time, lacks grooves and troughs, and its surface
processes are limited to near-surface processes driven by cratering and thermal
fragmentation [e.g., 18, 19, 36, 37]. Ryugu, which is a C-group rubble-pile asteroid similar
to Bennu, presents different surface characteristics and a slightly different shape from
Bennu, with less apparent evidence for interior rigidity [9] and fewer obvious surface
displacements. Hence, the evolutionary paths of individual asteroids can lead to diverse
interior properties, shapes, and surface features, even among asteroids that are similar in size
or type. There is no one-size-fits-all rubble-pile asteroid.
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Methods:

Uncertainty of the Bennu shape model.

See Supplementary Figure 1 for a description of how we estimated the uncertainty of
Bennu’s GDTM. This model, v20, was developed from an imaging campaign specifically
designed for generating it, which started at the beginning of November 2018 and ended on
17 January 2019. All our extensive testing [37] shows that we achieve a GDTM with
accuracies near the ground-sample distance of the imaging input into the model. The
ground-sample distances of the images employed in this model vary from 0.3 to 2 m, with
most images near 0.5 to 0.6 m. Over 1500 images were used in making these models. The
observations were designed specifically to ensure that SPC could produce the best product as
rapidly as possible. This was achieved by ensuring that that each region on the Bennu’s
surface was imaged with a ground-sample distance of ~0.5 m, from at least four directions
(north, south, east, west) with separation angles near 90°, and one image near zero degrees
phase angle for albedo.

Definition of the prime meridian.

See Supplementary Figure 2 for a description of the location of the prime meridian
determined on Bennu.

Hypsometry distributions.

See Supplementary Figure 3 for comparisons of Bennu’s hypsometry distribution with other
asteroids such as Eros [40] and Itokawa [41]. Hypsometry is a measurement of the
distribution of surface elevations.

Spherical harmonic solution of Bennu and Ryugu.

In this study, we use an orthonormalized versions of the spherical harmonics, where

20+ 1(Z —m)!

YO0 = | TG G cos 0™

and, /and m are the spherical harmonic degree and order respectively, P;” is the associated

Legendre function, and @and ¢ are the co-latitude and longitude respectively. The results for
Bennu, are shown in Fig 1.

We undertook a similar spherical harmonic assessment of the shape of Ryugu as that
presented here for Bennu. The model was kindly provided by the Hayabusa2 team, although
we did not receive permission to show a graphical representation of our findings.
Nevertheless, we can confirm that amplitude of the sectoral terms at degree 2 and 4 for
Ryugu are considerably smaller than those seen for the spherical harmonic assessment of
Bennu. A similar assessment of the KW4 radar model also shows small sectoral terms.
Bennu thus has distinctive topographic features, expressed by the longitudinal ridges
described in this manuscript, that are not seen on other top-shaped asteroids.
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Boulder distributions between N-S ridges.

The longitudinal ridges influence the distribution of boulders [42] at mid to low latitudes, as
seen in Supplementary Figure 4.

Maclaurin Spheroid.

The Maclaurin spheroid is the simplest model for a rotating ellipsoidal in equilibrium. The
Maclaurin spheroid is an oblate spheroid which arises when a fluid, self-gravitating body of
uniform density p (a reasonable assumption for a small, rubble-pile asteroid) rotates with
constant angular velocity. The Maclaurin spheroid model can be generalized to cohesionless
solids [24]. The scaled spin is defined by:

P 2afm+2d® 1 2m+2)d®
7Gp . 23/2%% T 5>
zGp m(l — o m(l —a”)

where G is the gravitational constant, £ is the asteroid spin rate, a is the ratio of the polar (¢)
and equatorial (&) axes, and ¢ is the angle of internal friction. A strengthless (i.e., fluid) body
with no internal friction, would have m = 1; the Maclaurin formula. We show a range of
figures as a function of min Supplementary Figure 5. Alternative figures of equilibria exist.
Jacobi ellipsoids, for example, admit triaxial solutions [24, 39], although the distinction is
unlikely to be significant for Bennu, and is more relevant to prolate asteroids (e.g., Eros or
Itokawa).

Expanded caption for Figure 4.

The OCAMS image in Fig 4a was collected on 16 December 2018 at 19:45:27 UTC. Note
that SPC tends to broaden the aprons of high standing features, especially when there is
rapidly changing topography, so the match between the image in the middle and the local
DTM is not perfect, but still fairly good. The left OCAMS image in Fig. 4b was obtained on
13 December 2018 at 01:01:48 UTC. The steep slopes (red) in ¢ (OCAMS image collected 2
December 2018 at 07:12:28 UTC) highlight the scarp shown by the white arrows in b. The
dashed lines in b shows evidence for a mass wasting deposit which flowed from a high point
in the west into the large crater candidate (see more details in [14]). Each row in d shows
eight elevation profiles through the center of a corresponding candidate crater (location
indicated ion Fig. 4d). The images are excerpted from OCAMS data collected on 12
December 2018 at 04:44:20 UTC (top row in d) and 2 December 2018 at 08:59:47 UTC
(bottom row in d) and were draped on the highest-resolution Bennu shape model (v20;
methods). The viewing geometry is approximately normal to the crater planform. The local
DTMs centered on each crater have been coloured by elevation and have a 50-cm ground-
sample distance. It should be noted that RMS differences between OLA and the DTMs
derived from SPC is much smaller than the uncertainty associated with the measurement of
boulders height and crater depths due to regional differences in the topography.

Comparison with earlier versions of the shape model of Bennu

Several of the companion OSIRIS-REx manuscripts [10, 11, 14, 42] used versions v13 or
v14 of the Bennu GDTM, produced in late December 2018, a month earlier than the version
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presented here (v20). Supplementary Figure 6 shows some of the differences between the
earlier and later models, and illustrates that the differences are minor and would not affect
the conclusions of the companion papers.

Data Availability.

Raw through calibrated datasets will be available via the Small Bodies Node of the Planetary
Data System (PDS) (https://pds-smallbodies.astro.umd.edu/). Data are delivered to the PDS
according to the OSIRIS-REx Data Management Plan available in the OSIRIS-REx PDS
archive. Higher-level products, (e.g., the global digital terrain model) discussed here will be
available in the PDS 1 year after departure from the asteroid.

Code Availability

Most of the image and digital terrain analyses shown were undertaken with the JHUAPL
Small Body Mapping Tool (SBMT). It is available for analysis of a broad suite of asteroid
and comet data at sbmt.jhuapl.edu. Upon release of OSIRIS-REX data by the PDS, a version
of SBMT with those data will be made publicly available.

The spherical harmonic assessment was performed using the Spherical Harmonic Transform
Library hosted at Mathworks (https://www.mathworks.com/matlabcentral/fileexchange/
43856-real-complex-spherical-harmonic-transform-gaunt-coefficients-and-rotations).

The SPC code used to develop the GDTM of Bennu can be made available with special
permission. Please contact the first author for additional information on how.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: The global digital terrain model (GDTM) of Bennu.
Several views of the GDTM are shown, colourized by elevation (a). A shaded relief of the

GDTM with slopes is shown in b. The poles of Bennu are high, and the equator is a low-
lying region. OLA footprint locations are overlain (white spots). The GDTM has a resolution
of ~0.8 m per facet and a total of 1.5 million facets. The textured appearance in many
regions of the GDTM is not noise, but evidence for m scale boulders influencing the
roughness of the model.
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Figure 2: Amplitude spectrum of a spherical harmonic expansion for the GDTM.
Black circles indicate the total amplitude at each spherical harmonics degree. Zonal terms

(red) describe contributions to the shape that vary only with latitude; sectoral contributions
(blue) vary only with longitude. The large zonal degree-2 and degree-4 terms are a
consequence of Bennu’s top shape and equatorial ridge. The relatively low amplitudes of the
degree-3 and degree-5 terms demonstrate that there is no substantial north-south asymmetry.
The degree-4 sectoral terms capture the ~90° longitudinal variations in Bennu’s shape
resulting from the major north-south ridges, with their root-mean-square globally averaged
amplitude of 8 to 10 m.
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Figure 3: Deviations of Bennu's radius from that of a circle, for different latitudinal cross-

sections.

a, Best-fit circles for the circumference of Bennu at 0°, 30°N, and 60°N overlain on radius
measurements of Bennu’s shape cross-sections and colour-coded by deviations from the
circle. b, Deviations from the circular shape for 0°, 30°N, and 60°N. The shaded regions
represent consistently elevated topography above the best-fit circles, interpreted as roughly
longitudinally oriented ridges. At least two of the ridges extend from the north to south high-
latitude regions. Arrows indicate locations of candidate craters [14] that have small
wavelength contributions to the equatorial shape. (c,d) Similar plots for the southern
hemisphere.
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Figure 4: DTMs and Images of geological features that contribute to the shape of Bennu.
Large boulders, (e.g., 45°S, 132°E; a), influence the global attributes of the GDTM.

Additional contributors to the shape include long grooves (b, yellow arrows), scarps (b and
¢, white arrows), mass wasting (dashed line in b; see more details in [14]), and craters (d).
The local DTM of the boulder in a has a 1.12 m RMS error derived from the OLA returns,
shown as yellow dots in the left panel. The bottom crater has overlapping OLA returns,
where the RMS difference between the OLA points and local DTM is 45 cm. The /D of the
top and bottom craters in d are 0.24 £+ 0.03 and 0.14 * 0.02 respectively, with respect to
elevation. See methods for more information.
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Table 1.
The physical parameters of Bennu.

The average radius (diameter in text) is computed using an equivalent volume sphere.

Parameter Value
Average Radius 244+0.09 m
Best fit ellipsoid (semi-major axis) (252.78 £ 0.05)%(246.20 + 0.09)%(228.69 + 0.12) m
Volume 0.0615 + 0.0001 km?3
Surface area 0.782 + 0.004 km?
Bulk density 1190 + 13 kg/m3
Pole RA = —(85.65 + 0.12)° DEC =(~60.17 + .09)°
Period (Equatorial J2000) 4.29760 * 0.000002 hrs
Period acceleration -1.02 +/- 0.15 seconds / century
Centre of mass / Centre of figure offset [1.38+0.04, -0.43+0.07, -0.12+0.27] m
—0.000058 to 0.000080m/s2

Gravitational acceleration ™ Weighted mean = 0.0000595+0.0000001 m/s?

Median = 0.0000615 m/s?

0.0° to 92.0°, Weighted mean = 17 + 2°

Slopes* >
Median = 16.3°

*
Assumes uniform density
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