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Episodes of particle ejection from the surface
of the active asteroid (101955) Bennu

D. S. Lauretta*t and C. W. Hergenrother*t et al.

INTRODUCTION: Active asteroids are small bodies
in the Solar System that show ongoing mass
loss, such as the ejection of dust, which may
be caused by large impacts, volatile release, or
rotational acceleration. Studying them informs
our understanding of the evolution and destruc-
tion of asteroids and the origin of volatile ma-
terials such as water on Earth.

The OSIRIS-REx (Origins, Spectral Inter-
pretation, Resource Identification, and Security-
Regolith Explorer) spacecraft has rendezvoused
with the near-Earth asteroid (101955) Bennu.
The selection of Bennu as the OSIRIS-REXx tar-
get was partially based on its spectral sim-
ilarity to some active asteroids. Observations
designed to detect mass loss at Bennu were
conducted from Earth and during the space-

craft’s approach, but no signs of asteroid activ-
ity were found. However, when the spacecraft
entered orbit in January 2019, we serendipitously
observed particles in the vicinity of Bennu that
had apparently been ejected from its surface.

RATIONALE: We analyzed the properties and
behavior of particles ejected from Bennu to
determine the possible mechanisms of ejec-
tion and provide understanding of the broader
population of active asteroids. Images ob-
tained by the spacecraft indicate multiple
discrete ejection events with a range of en-
ergies and resultant particle trajectories. We
characterized three large ejection events that
respectively occurred on 6 January, 19 January,
and 11 February 2019. Tracking of individual

Schematic diagram of orbit determination model output for the 19 January 2019 particle ejection
event from asteroid Bennu observed by the OSIRIS-REx spacecraft. Bennu is depicted in gray and has a
diameter of ~500 m. OSIRIS-REx is indicated with the brown dot, ~2 km from Bennu'’s center of mass;
the cone represents the viewing angle. Blue arcs are particle trajectories, ending or with gaps where the
trajectories pass into shadow. The Sun-angular momentum frame coordinates are shown at bottom right:
X, solar vector; y, Bennu orbital direction; z, Bennu north.
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particles across multiple images by means of
optical navigation techniques provided the
initial conditions for orbit determination mod-
eling. By combining these approaches, we esti-
mated the locations and times of ejection events
and determined initial velocity vectors of par-
ticles. We estimated the particle sizes and the
minimum energies of the ejection events using
a particle albedo and density consistent with ob-
servations of Bennu.

RESULTS: Particles with diameters from <1 to
~10 cm were ejected from Bennu at speeds
ranging from ~0.05 to >3 m s .. Estimated
energies ranged from 270 mJ for the 6 January
event to 8 mJ for the 11 February event. The

three events arose from
widely separated sites,
Read the full article which do not show any
at http://dx.doi. obvious geological dis-
org/10.1126/ tinction from the rest of
science.aay3544 Bennu’s surface. However,
.................................................. these events all oceurred
in the late afternoon, between about 15:00 and
18:00 local solar time.

In addition to discrete ejection events, we
detected a persistent background of particles
in the Bennu environment. Some of these back-
ground particles have been observed to persist
on temporary orbits that last several days—in
one case, with a semimajor axis >1 km. The
orbital characteristics of these gravitationally
bound objects make it possible to determine
the ratio of their cross-sectional area to their
mass. Combined with their photometric phase
functions, this information constrains the pa-
rameter space of the particles’ diameters, den-
sities, and albedos.

CONCLUSION: Plausible mechanisms for the
large ejection events include thermal fractur-
ing, volatile release through dehydration of
phyllosilicates, and meteoroid impacts. The
late-afternoon timing of the events is consistent
with any of these mechanisms. Bennu’s boulder
geology indicates that thermal fracturing, perhaps
enhanced by volatile release, could occur on the
asteroid surface. Smaller events, especially those
that occur on the night side of Bennu, could be
attributable to reimpacting particles.

Our observations classify Bennu as an active
asteroid. Active asteroids are commonly iden-
tified by major mass loss events observable
with telescopes, on scales much greater than
we observed at Bennu. Our findings indicate
that there is a continuum of mass loss event
magnitudes among active asteroids.
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full article online.

*Corresponding author. Email: lauretta@orex.Ipl.arizona.edu
(D.S.L.); chergen@Ipl.arizona.edu (C.W.H.)

1These authors contributed equally to this work.

Cite this article as D. S. Lauretta and C. W. Hergenrother et al.,
Science 366, eaay3544 (2019). DOI: 10.1126/science.aay3544.

1of1l


http://10.1126/science.aay3544

RESEARCH

RESEARCH ARTICLE

ASTEROIDS

Episodes of particle ejection from the surface
of the active asteroid (101955) Bennu

D. S. Lauretta'*t, C. W. Hergenrother'*+, S. R. Chesley?, J. M. Leonard?, J. Y. Pelgrift®, C. D. Adam®,
M. Al Asad®, P. G. Antreasian®, R.-L. Ballouz}, K. J. Becker*, C. A. Bennett, B. J. Bos®, W. F. Bottke®,
M. Brozovi¢?, H. Campins’, H. C. Connolly Jr.3%, M. G. Daly®, A. B. Davis'’, J. de Leén™,

D. N. DellaGiustina™*?, C. Y. Drouet d’Aubigny?, J. P. Dworkin®, J. P. Emery*>!, D. Farnocchia?,

D. P. Glavin®, D. R. Golish', C. M. Hartzell', R. A. Jacobson?, E. R. Jawin'®, P. Jenniskens",

J. N. Kidd Jr}, E. J. Lessac-Chenen?®, J.-Y. Li*8, G. Libourel"®, J. Licandro™, A. J. Liounis®,

C. K. Maleszewski’, C. Manzoni?®, B. May?’, L. K. McCarthy>, J. W. McMahon'®, P. Michel®,

J. L. Molaro'®, M. C. Moreau®, D. S. Nelson®, W. M. Owen Jr.2, B. Rizk", H. L. Roper*, B. Rozitis?,

E. M. Sahr, D. J. Scheeres™, J. A. Seabrook®, S. H. Selznick’, Y. Takahashi?, F. Thuillet'®, P. Tricarico'®,

D. Vokrouhlicky??, C. W. V. Wolner*

Active asteroids are those that show evidence of ongoing mass loss. We report repeated instances of
particle ejection from the surface of (101955) Bennu, demonstrating that it is an active asteroid. The
ejection events were imaged by the OSIRIS-REx (Origins, Spectral Interpretation, Resource Identification,
and Security—Regolith Explorer) spacecraft. For the three largest observed events, we estimated the
ejected particle velocities and sizes, event times, source regions, and energies. We also determined the
trajectories and photometric properties of several gravitationally bound particles that orbited temporarily
in the Bennu environment. We consider multiple hypotheses for the mechanisms that lead to particle
ejection for the largest events, including rotational disruption, electrostatic lofting, ice sublimation,
phyllosilicate dehydration, meteoroid impacts, thermal stress fracturing, and secondary impacts.

ctive asteroids are small bodies that
have typical asteroidal orbits but show
some level of mass-loss activity, such as
ejection of dust or the development of a
coma or tail (). Several objects in the
main asteroid belt or the near-Earth asteroid
population have been observed to show vary-
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ing levels of mass loss, such as the active as-
teroid 133P/Elst-Pizarro (2). Some of these
objects behave as comets and eject dust over
long periods of time, from days to months, or
during multiple perihelion passages [includ-
ing 133P/Elst-Pizarro (3)]. Other active aster-
oids eject dust over short time scales in one or
a series of impulsive events, such as in the
case of (6478) Gault (4). Still others have been
observed to split into multiple objects or, in
the case of P/2016 G1 (PANSTARRS), com-
pletely disintegrate (5). Near-Earth asteroid
(3200) Phaethon has exhibited low levels of
mass loss during multiple orbits when less
than 0.15 astronomical units (AU) from the
Sun (6, 7). Multiple ejection mechanisms have
been suggested to explain asteroid activity,
including collisions, water-ice sublimation,
rotational destabilization, thermal fracturing,
and dehydration (8).

The OSIRIS-REx (Origins, Spectral Interpre-
tation, Resource Identification, and Security-
Regolith Explorer) spacecraft arrived at the
~500-m-diameter B-type near-Earth asteroid
(101955) Bennu in December 2018. Bennu was
selected as the mission target partly because of
its spectral similarity to some active asteroids
(9). Here, we describe and analyze OSIRIS-REx
observations of activity originating from
Bennu’s surface. We initially detected this
phenomenon in navigational images from
6 January 2019, 1 week after the spacecraft
entered orbit and 4 days before Bennu peri-
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helion (10). We subsequently detected multiple
particle ejection events between December 2018
and February 2019. The largest observed events
each released dozens of observed particles.

Particle detections

Dust and natural satellite searches were con-
ducted during the spacecraft’s approach to
Bennu during early proximity operations in
September to November 2018, which yielded
null results (10). Signs of asteroid activity may
have been detected by the OSIRIS-REx La-
ser Altimeter [OLA (I1)] (figs. S1 and S2) in
December 2018. OLA recorded 21 lidar re-
turns off the limb of the asteroid during the
Preliminary Survey mission phase, including
four at distances of 399 m (4 December), 397 m
(8 December), and 562 and 576 m (12 December,
3.1 hours apart) from Bennu’s center. These
four signals prompted a search for correspond-
ing objects in images from the same dates,
without success. However, the geometry sug-
gests that these four returns were probably from
objects or groups of objects (12). The earliest
evidence of activity in imaging data is a parti-
cle 8 + 3 cm (Io) in diameter on a suborbital
trajectory, imaged by the NavCam 1 imager of
the Touch and Go Camera System (TAGCAMS)
(13) on 10 December 2018. We cannot rule out
activity before December 2018. The searches
performed during the spacecraft’s approach to
the asteroid did not have sufficient sensitivity
to detect most of the activity that was later
observed at closer ranges. A particle as large
as the one observed on 10 December would
have been detectable with the natural satel-
lite searches; lack of detection implies that
events ejecting particles of that size were rela-
tively rare or nonexistent during the space-
craft’s approach.

On 31 December 2018, the spacecraft en-
tered into an eccentric, near-terminator orbit
that ranged between 1.6 and 2.1 km from
Bennu’s center of mass. This Orbital A mission
phase continued until 28 February 2019, when
the spacecraft departed orbit to perform the
Detailed Survey (74). During the early part of
Orbital A, we acquired NavCam 1 image sets
roughly every 2 hours to provide optical nav-
igation (OpNav) data for the flight dynamics
team (table S1) (15). Each image set consisted
of four images taken in pairs ~7 min apart.
Each pair contained a short-exposure image
(1.4 ms) to capture landmarks on Bennu’s sur-
face, followed immediately by a long-exposure
image (5 s) to capture the background star field.

The first particle ejection event that we iden-
tified was observed in OpNav images taken
on 6 January at 20:56:21 Coordinated Univer-
sal Time (UTC) (Fig. 1, A and B, and fig. S3).
The particles appear as more than 200 star-
like point-source objects and trailed (higher-
velocity) objects located off the northern polar
limb of Bennu. The image taken 7 min and 16 s
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Fig. 1. Particle ejections from Bennu. (A and C) Composite views of particle
ejections from the surface of asteroid Bennu on (A) 6 January and (C)

19 January. These images were produced by combining two exposures taken by
the NavCam 1 imager in immediate succession: a short-exposure image (1.4 ms),
showing the asteroid, and a long-exposure image (5 s), showing the particles
(12). Image processing techniques were applied to increase the brightness and
contrast of the ejected particles, which would otherwise be invisible at the
same time as the bright asteroid surface (12). The original images are shown
in fig. S3. In (A), Bennu's north (+z) pole is to the top right, pointing into the
image; the subobserver latitude is —=36° In (C), the north pole is to the top right,
pointing out of the image; the subobserver latitude is 60° (B and D) Two
NavCam images taken immediately after the ejection events on (B) 6 January
and (D) 19 January are registered on the center of Bennu and differenced to
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highlight any moving particles. Particles moving at high velocity appear as
streaks in a single image (red) that provide position information at the start and
end of the exposure. The paths of particles moving more slowly (yellow) are
identified from individual particles detected in the earlier image that also are
present in the later image, farther from Bennu's limb. For each event, the
apparent motion of the individual particles traces back to a radiant point on
Bennu's surface (light blue cross) that indicates the potential source region on
the near side of Bennu. A second possible source region occurs on the far side of
Bennu, out of view. The shaded area closest to the asteroid [darker shading in
(B), lighter shading in (D)] corresponds to where the two images share a
common field of view and are differenced. The opposite shading corresponds
only to the image with the larger field of view [earlier image in (B), later image in
(D)]. DN, data number.

later shows objects in common with the earlier
image that have moved away from Bennu,
implying the movement of discrete particles
(Fig. 1B). This observation triggered an im-
mediate risk assessment of whether it was safe
for the spacecraft to remain in orbit, which was
concluded affirmatively, and led to an obser-
vational campaign to detect and characterize
Bennu’s apparent activity.

We increased the imaging cadence in re-
sponse to the initial event to better charac-
terize the frequency of particle ejections and

Lauretta et al., Science 366, eaay3544 (2019)

any persistent particle population (table S1).
Starting on 11 January, NavCam 1 began col-
lecting image pairs of each field every 30 min.
On 28 January, we again increased the ca-
dence, collecting image pairs of each field every
20 min. This imaging frequency continued
until 18 February. During this time period,
we detected two additional ejection events
of a similar scale, on 19 January (Fig. 1, C and
D, and fig. S3) and 11 February (fig. S4). The
distance from the spacecraft to Bennu’s cen-
ter of mass was 1.66 km for 6 January, 1.99 km

6 December 2019

for 19 January, and 1.64 km for 11 February.
We used the imaging dataset to characterize
these three events, which were the largest
observed (they had the highest number of
detected particles). We also observed several
smaller events, in which fewer than 20 parti-
cles were detected (Fig. 2). There is also a
persistent background level of particles in
the Bennu environment; we detected a few par-
ticles per day during Orbital A, with observed
increases immediately after the 19 January
and 11 February events (Fig. 2).
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Characterization of the largest

observed events

For the 6 January, 19 January, and 11 February
events, a particle distribution pattern near the
limb of Bennu in the first image of each event
is also apparent in the image collected ~7 min
later, farther from the limb and dispersed (Fig.
1, B and D), and also appears in subsequent
images for the 19 January and 11 February
events. Using OpNav techniques developed
for spacecraft navigation, we associated indi-
vidual particle detections from this pattern
and determined the trajectory and velocity of
each particle (12). Fast-moving particles cross
multiple pixels in a single exposure and appear
as trails, providing position and velocity infor-
mation within one image. For each event,
OpNav analysis constrains two possible loca-
tions (a near and far radiant) on Bennu’s sur-
face from which the particles originated (Fig.
3, Table 1, and table S2) (12).

The 6 January event is the least constrained
(particles detected in only two images) of the
three largest events. We determined that the
event originated at a high southern latitude
(between about 57°S and 75°S) (Table 1 and
Fig. 3A) (12), with an ejection time between
15:22 and 16:35 local solar time (LST). How-
ever, the event location relative to the space-
craft and the limited dataset make estimating
the precise latitude and ejection time difficult.
For this event, we determined speeds for 117 of
the 200 observed particles, ranging from 0.07
to 3.3 m s\ Fifty-two particles were moving

more slowly than Bennu’s escape velocity
[20 cm s~ for the volume-averaged Bennu
radius (12, 16)] (fig. S5).

Because of the increased imaging cadence,
there is a more extensive dataset for the
19 January and 11 February events. We used
the output of the OpNav characterization to
provide initial conditions for higher-fidelity
orbit determination (OD) modeling. In these
models, we assumed that the particles from a
given event left Bennu’s surface at the same
location on a trajectory influenced by point-
mass gravity (12). We performed this analysis
on 24 particles from the 19 January event
(Movie 1) and 25 particles from the 11 February
event. For these two events, with individual
particles identified in more than three images,
this analysis allows us to estimate a single
location for the particle source location (Fig. 3,
B and C) as well as ejection timing and initial
velocity vectors (Table 1).

We determined the ejection epoch (moment
in time) by extrapolating the OD solutions
backward to the point where they intersect
Bennu’s surface. This analysis shows that the
event on 19 January occurred at 00:53:41 +
4 s (3c) UTC from a location on Bennu at
latitude 20°N, longitude 335° The epoch
corresponds to 16:38 LST at that location.
Surface ejection velocity magnitudes ranged
from 0.06 to 1.3 m s The 19 January timing
data show a bimodal distribution, with a
small peak occurring 6 min before the main
epoch (fig. S6), suggesting that some of
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Fig. 2. Particle detections during the Orbital A mission phase. (A) Distance of Bennu from the Sun over
the same time period as shown in (B). (B) Particle detections associated (purple and orange) and not
associated (light blue) with observed ejection events. The changes in the background shading indicate when
the observation cadence increased on 11 January and again on 28 January 2019.
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the particles may have ejected in a smaller
event before the large release. The event on
11 February occurred at 23:27:28 + 6 s (30)
UTC from latitude 20°N, longitude 60°, cor-
responding to 18:05 LST, with observed velo-
city magnitudes ranging from 0.07t0 0.21 m s ™.
All particles from this event appear to have
left the surface nearly simultaneously (fig. S6).
Many of the characterized particles are on
ballistic trajectories that reimpact the surface
on the night side of Bennu, whereas high-
velocity particles escape on hyperbolic trajec-
tories (Movie 1).

Images of the particle source locations on
Bennu (Fig. 3, A to C) show no obvious geo-
logical distinction from other locations on
the surface of Bennu. The event radiant lo-
cations contain abundant rocks that are di-
verse in size and surface texture, as well as
small circular depressions that may be impact
craters. However, similar features are globally
distributed on Bennu (17, 18). We analyzed the
normal albedo distribution of the two better
constrained source regions (19 January and
11 February) and found that they are similar
to the global distribution for Bennu (19), av-
eraging 0.042 + 0.003 (1o) (Fig. 3, D and E) (12).
The lack of obvious morphologic or albedo
variation may be due to the very low energies
associated with the ejection events (Table 1and
table S3).

Characterization of gravitationally
bound particles

In addition to particles released in ejection
events, we observed a gravitationally bound
background population of particles in the
Bennu environment (Fig. 2). Among these are
a few objects that remain in orbit for several
days. From among the 215 tracks (linkages
of individual detections of the same particle
over a short time), we identified a represen-
tative group of six distinct gravitationally bound
particles for further analysis. The trajecto-
ries around Bennu of these six particles and
their altitude histories are shown in Fig. 4.
Orbital elements are given in table S4 and
fig. S7. Particles 1 to 4 are on short-lived orbits,
persisting for 4 to 17 revolutions, with life-
times ranging from 2 to 6 days. These orbits
show a range of inclinations, from near equa-
torial to polar. Both prograde and retrograde
orbits occur. The semimajor axis of particle 1 is
>1 km, compared with 0.4 to 0.5 km for par-
ticles 2 to 4. Particles 5 and 6 are suborbital.
By extrapolating the orbits back to the time
when they intersected Bennu’s surface, we
determined that three of the six particles
ejected from the night side of Bennu (be-
tween 18:00 and 06:00 LST) (table S5). The
six particles were ejected with orbital veloc-
ities in the range of 15 to 20 cm s™. Surface-
relative velocities at ejection range from roughly
10 to 25 cm s™.
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Fig. 3. Ejection source regions and their surface albedo distributions. 7
(A to C) Radiant locations of the (A) 6 January, (B) 19 January, and 60 |
(C) 11 February particle ejection events are overlain on a mosaic of Bennu (12). 50 60

Orange and teal crosses indicate the far and near candidate radiant
locations, respectively, determined from OpNav analysis; orange and teal
outlines enclose the 3o uncertainty region. The yellow crosses indicate
the most likely source location determined from OD analysis; yellow lines
trace the 3o uncertainty. (D and E) For the locations of the latter two events, 20
which are more tightly constrained, we show the surface albedo
distributions (radiant locations with 3o uncertainties) (12). The dashed
vertical lines indicate the average albedo of Bennu's surface (19).

Particle properties

We constrained the area-to-mass ratios (where
area is cross-sectional) of the six bound par-
ticles by using the trajectory information and
modeling the nongravitational forces, which
primarily arise from radiation pressures (table
S5) (12). The particle trajectories also enabled
us to calculate the phase angle and range of
each observation to the spacecraft, from which
we determined the photometric phase func-
tions for particles 1 to 3, constraining the visi-
ble absolute magnitude of each particle (table
S5). Combining the area-to-mass ratio and ab-
solute magnitude information, and assuming
a spherical shape, defines a distinct curve in
density (p)-albedo (py) space for each particle
(fig. S8). If we further assume particles with
densities of 2 g cm™ [on the basis of Bennu
meteorite analogs (20)], then their normal
albedos range from 0.05 to 0.3. In that case,
the derived albedos are brighter than 96% of
the material on Bennu, and the particle di-
ameters range from 0.4 to 4.4 cm. If, on the
other hand, the particles have normal albedos
of 0.04, which is consistent with the average
surface material on Bennu (19), then the densities
range from 0.7 + 0.3 (16) to 17 = 04 (I6) g cm™®
(fig. S8). The high end of this range is consist-
ent with meteorite analogs. The lower densities
lead to larger particle diameters, ranging from
1.2 to 8.5 cm. Given these uncertainties, we
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conclude that the particle diameters are in
the range of <1 to ~10 cm.

With these constraints on the particle sizes,
and the ejection velocities from the OD anal-
ysis, we can estimate the energy of the ejection
events (Table 1 and table S3) (12). Such esti-
mates should be considered lower limits be-
cause we may not have observed all ejected
particles. In addition, our calculation assumes
that the ejected particles had the average sur-
face albedo of Bennu (0.044:) (table S3) and the
meteorite analog density of 2 g cm™. For
6 January, the 124 particles with measured
photometry ranged in size from <1 to 8 cm,
yielding a minimum event energy of ~270 mJ.
For the 19 January event, more than 93 pho-
tometrically measured particles with radii be-
tween <1 and 7 cm ejected from the surface,
giving a minimum event energy of 100 mJ. For
11 February, more than 60 particles with radii
between <1 and 7 cm ejected from the surface,
with an associated minimum event energy of
8 mJ (uncertainties on the event energies are
provided in Table 1).

Possible ejection mechanisms

Several constraints apply to the particle ejec-
tion mechanism: The three largest observed
ejection events occurred in the late afternoon,
between 15:22 and 18:05 LST. The largest ob-
served event (6 January) occurred days before

6 December 2019
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Bennu reached perihelion (Fig. 1). The par-
ticles left the surface at discrete times. The
observed particles ranged in size from <1 to
~10 cm. The ejection locations occurred over
a range of latitudes from 75°S to 20°N. Par-
ticle velocities ranged from 0.07 to at least
3.3 m s™.. The minimum Kkinetic energy of
the ejected particles ranged from 8 to 270 mJ,
assuming that the particles have albedos
equivalent to the surface average of Bennu.
Smaller events occurred that ejected fewer
than 20 observed particles. Individual particles
were ejected at a range of local solar times, in-
cluding at night.

Dust ejection is a common phenomenon
in comets and active asteroids. Even for well-
studied comets such as 67P/Churyumov-
Gerasimenko, substantial uncertainty exists
as to the physical mechanism through which
particles are released from the surface (21). We
consider multiple hypotheses for the particle
ejection mechanism, evaluating their respec-
tive strengths and weaknesses. These include
rotational disruption, electrostatic lofting, comet-
like ice sublimation, phyllosilicate dehydration,
thermally driven stress fracturing, meteoroid
impacts, and secondary impacts.

Rotational disruption

Mass shedding or splitting that results from
rotational instability has been identified as a
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— Particle 4

— Particle1
—— Particle 2

— Particle 5
—— Particle 6

Fig. 4. Gravitationally bound particle altitudes and trajectories. (A) Trajec-
tories and (B to E) altitude above Bennu's surface over time for four orbiting
particles (particles 1 to 4) (fig. S7 and tables S4 and S5). On the altitude

plots, red circles mark the times of observations used in the trajectory estimate.
Axis scales of the altitude plots differ. For particles 2 and 3, it is not clear whether
the last revolution depicted occurred or whether the particle impacted at the
previous periapsis passage. The ragged appearance of the curves is a result of

possible explanation for the activity of the
smaller active asteroids (22). In this scenario,
rapidly rotating asteroids experience centrif-
ugal forces greater than the centripetal forces
from self-gravity, leading to particle ejection
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preferentially from low latitudes. Particles
launched from Bennu’s surface would have a
maximum velocity equal to the equatorial
surface velocity of 10 cm s (on the basis of
Bennu’s ~250-m equatorial radius and ~4.3-hour

6 December 2019

the rough topography of the surface of Bennu. (F) Trajectories and

(G and H) altitude above Bennu's surface over time, as in (A) to (E) but for
two suborbital particles (particles 5 and 6) (fig. S7 and tables S4 and Sb).
The trajectories are seen from above Bennu's north pole [x axis toward the
Sun, z axis close to Bennu's north (positive) pole, y axis roughly in the
direction of Bennu's heliocentric velocity]. Particle 6 is the earliest evidence
of a particle in imaging data (10 December).

rotation period). This mechanism would pref-
erentially produce particles in equatorial orbits
in the rotational direction. It is not capable of
launching particles on retrograde or hyperbolic
trajectories, as we observed.
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Fig. 5. Two distinct types of exfoliation textures on Bennu. In all images, north
on Bennu is down. The PolyCam telescopic imager (12) acquired the four frames in
(A) and (C) while the spacecraft moved with respect to the surface at a speed of
9 cm s with exposures of (A) 17300 of a second and (C) 1/200 of a second. These
side-by-side stereo images are presented in the stereo “cross-eyed” configuration.
A stereoscope-viewing version is available in fig. S10. Each pair of images has been
adjusted to match their brightness, contrast, and shadow positions. (A) The parallax
angle between these two images is 12° Phase angle, 44°; pixel scale, 6.6 cm per
pixel; (longitude, latitude), (90° 11°). (B) Annotated version of the image on the right
in (A). The large, 5-m white rock on the crater rim displays a flat face, with a well-

defined step crossing its center. A white “flake” is present in the upper right. (C) The
parallax angle between these two images is 8° Phase angle, 30°; pixel scale,

4.7 cm per pixel; (longitude, latitude), (44° -30°). (D) Annotated version of the image
on the right in (C). The large black boulder displays exfoliation textures along both
the east and west faces, with fractures running parallel to the texture in the rock.
The large rock column in the bottom left has a profile that matches that of the step in
the boulder, suggesting that this fragment may have been uplifted in an energetic
exfoliation event. Even though the rock slab measures 5 by 5 by 1 m, it would only
require ~5 J of energy to lift it, assuming a density of 2 g cm™. Other spalled
fragments are present around the base of the large boulder.

Electrostatic lofting

Electrostatic lofting is the phenomenon of dust
particles detaching from a surface once the
electrostatic force on the particles exceeds
those of gravity and cohesion (which bind the
particles to the surface). The surface of an
airless body (such as the Moon or an asteroid)
interacts directly with the solar wind plasma,
which charges the particles and produces a
near-surface electric field. The electrostatic
force is the product of the grain charge and
the local electric field. Although electrostatic
lofting has been discussed as a possible mech-
anism of the lunar horizon glow (23), when
considering cohesion, there remained a dis-
crepancy between the electrostatic force nec-
essary to loft particles and the charging
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conditions hypothesized to be present in situ
(24). Charge exchange between individual
particles may produce very strong, short-scale
electric fields that are capable of lofting par-
ticles in microgravity environments (25, 26).
It is possible to electrostatically loft particles
up to millimeters in radius at small asteroids
such as Bennu (27), smaller than those we ob-
served. The velocities of electrostatically lofted
particles are likely to be less than 1 m s, un-
less additionally accelerated away from the
surface by solar radiation pressure (27).

Ice sublimation

Dust release from comets is a major source of
interplanetary dust particles. On comets, ice
sublimation results in gas drag forces that

6 December 2019

eject dust particles from the surface (21). The
gas-drag forces accelerate the released dust
within a few times the radius of the nucleus,
until solar radiation pressure takes over. For
such sublimation to be the driver of the Bennu
events, ice must be present at or near the sur-
face. Several observed ejection events occurred
at relatively low latitudes, where temperatures
reach ~390 K (17). At these temperatures, major
cometary ice species (CO, CO,, and H,O) are
not stable [for example, (28)]. Additionally,
there are no water-ice absorption features at
1.5 or 2.0 um in spectra of the surface (20).
Subsurface ice could be trapped at depths
greater than 1 m at some locations for long
periods (29). Rapid volatile release from such
a reservoir would require exposure by large
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Movie 1. Animation showing the results of the orbit analysis for a subset of the particles ejected from
Bennu on 19 January. The highest-velocity particles are on escape trajectories and leave the Bennu

environment. Most of the particles are on suborbital trajectories and reimpact the surface, primarily on the
night side of the asteroid.

impacts or deep thermal cracking at meter
scales. We observed no geologic evidence of
such processes acting recently at the event
locations (Fig. 3). There is also no evidence of
a coma or jets associated with volatile release
(Fig. 1 and figs. S3 and S4).

Phyllosilicate dehydration

Although ice has not been observed on Bennu,
the surface is rich in water-bearing minerals.
Spectroscopy has shown that the surface is
dominated by hydrated phyllosilicates, with
the closest spectral match being CM-type car-
bonaceous chondrite meteorites (20). Evolved
gas analysis experiments on Murchison (a CM
chondrite) have demonstrated that considera-
ble volatile release can occur when heated
from ambient temperature up to 473 K under
vacuum [for example, (30-32)]. Although this
temperature is ~70 K higher than the peak
temperatures on Bennu, such low-temperature
water release from Murchison indicates that
the thermal dehydration of minerals begins
with the loss of weakly bound adsorbed and
interlayer water.

Mechanical stresses on Bennu’s surface may
generate adsorbed water, such as that released
in laboratory experiments. The CM chondrites
are dominated by Mg-rich serpentine and cron-
stedtite, an Fe-rich phyllosilicate [for exam-
ple, (33)]. In these hydrated phases, particle
size reduction through grinding enhances
dehydroxylation and yields highly disordered
material (34). The dehydroxylation reaction is
substantially accelerated owing to the transfor-
mation of structural hydroxyls into adsorbed
water in the resulting matrix. If mechanical
stresses on Bennu result in a similar chemical
transformation, the structural OH component
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of the phyllosilicates that dominate the surface
mineralogy may be converted into absorbed
water concentrated within an outer layer of
the surface rocks. It is possible that the re-
lease of this adsorbed water within cracks
and pores in boulders could provide a gas
pressure leading to disruption of rock faces,
such as is thought to occur on near-Earth
asteroid (3200) Phaethon (35).

Meteoroid impacts

Solid bodies in space are routinely impacted
by a steady flux of small meteoroids. Because
Bennu is on an Earth-like orbit, we expect the
flux of meteoroids at Bennu’s surface to be
similar to that on Earth, once corrected for
gravitational focusing. A model of the inter-
planetary dust flux in near-Earth space has
been determined by using data from in situ
spacecraft measurements and lunar micro-
crater studies (36) and is widely adopted for
meteoroid flux in near-Earth space (37). Lunar
meteoroids typically impact at velocities be-
tween 13 and 18 km s (38). If we assume an
average velocity of 15.5 km s~ for meteoroids
at Bennu, an impact by an interplanetary
dust particle with mass 2.5 ug would deposit
300 mJ of energy into the surface, which is
consistent with the estimated energy of the
largest observed event (6 January). However,
Bennu has a cross-sectional area of 1.96 x
10° m?; applying this value to the inter-
planetary dust flux model (36), we found that
Bennu should be hit by a particle of this size
on average once every minute, which is much
more frequently than the observed ejection
cadence. The large ejection events occurred
on a roughly 2-week cadence. At that fre-
quency, Bennu should be hit by an average of
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one meteoroid with a mass ~3000 pg, de-
positing more than 360,000 mJ of energy
into the surface if it impacted at 15.5 km s™.
Thus, only 0.07% of the impact energy from
such events would need to be transferred to
the particles to produce the largest observed
ejection event.

The result of hypervelocity impacts into
Bennu’s surface depends substantially on the
mass and velocity of the impacting grain and
on the strength of the target material. Particle
impacts at velocities on the order of 2.5 to
3 km s produce well-developed craters with
rims, fracturing, and spallation of a large num-
ber of particles (39). At higher speeds, such
impact events produce little ejecta; instead,
they deposit energy into a small volume of
the asteroid surface, causing melting, vapor-
ization, and at the highest energy densities,
ionization of the target and impactor material
producing plasma (40, 41). It is possible that
the observed ejection events are the result of
low-velocity meteoroid impacts, which occur
much less frequently. Alternatively, the par-
ticles may be accelerated by the small fraction
of impact energy from more frequent, high-
velocity impacts that did not result in plasma
production.

Thermal stress fracturing

Bennu’s surface experiences extreme temper-
ature variations over its 4.3-hour rotation
period. Laboratory studies (42) showed that
the CM chondrite Murchison quickly devel-
oped cracks and spalled particles from diurnal
temperature cycling under near-Earth aster-
oid surface conditions. At the mid-latitudes,
where the 19 January and 11 February events
occurred, the surface temperature plunges
to 250 K in the predawn hours and reaches
a peak of 400 K at ~13:00 LST (12). Because
Bennu has a moderate thermal inertia of
350 J m2 K™ s (17), the maximum temper-
ature at the thermal skin depth (penetration
depth of daily thermal conduction) of ~2 cm
occurs later in the afternoon, at ~16:00 LST.
The amplitude of temperature variation falls
by a factor of e at one thermal skin depth. Thus,
for a region on Bennu whose maximum surface
temperature is 400 K, the peak temperature
at a depth of ~2 cm reaches 325 K, inducing
a strong thermal gradient over this short
distance that cycles every 4.3 hours.
Thermal cycling can drive the growth of
cracks in rocks over a range of spatial scales
within the thermal skin depth, controlled by
the amplitude and frequency of the temper-
ature cycle, mineral composition, constituent
grain size, the overall rock shape, and its ori-
entation relative to the Sun. At the bulk scale,
stresses associated with temperature gradients
and surface cooling are induced in different
regions of a boulder at different times through-
out the thermal cycle. Stresses that arise in the
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shallow interior of large boulders tend to drive
surface-parallel crack propagation (43). In
the thermal fatigue regime, subcritical crack
growth occurs slowly, propagating fractures
incrementally over many cycles. Crack prop-
agation velocity increases with crack length,
until catastrophic disruption occurs, which may
disaggregate material and eject particles from
the surface.

In terrestrial settings, thermal fatigue com-
bined with tectonic unloading is known to
cause rock dome exfoliation and energetic
particle ejection (44). In these studies, rocks
show the greatest evidence for stress and mi-
crofracturing in the afternoon and evening.
Although the tectonic unloading effects, which
are not likely to be present on Bennu, are
thought to add to the energy in these events,
much less energy is needed to eject particles
in a microgravity environment. Such energy
may be stored as a result of structural deforma-
tion related to thermal strain, providing excess
energy that leads to particle ejection (35).

Secondary surface impacts

A possible mechanism for the small ejection
events is the reimpact of disaggregated ma-
terial released by larger events. Analysis of
particle trajectories in the largest events show
that the particles have a substantial velocity
component in the direction of asteroid rota-
tion. Because the largest events occur in the
afternoon, a large fraction of the particles on
suborbital trajectories impact the night side
of the asteroid (Movie 1). During impact, these
particles may bounce off the surface or collide
with other small particles on the surface, re-
sulting in subsequent ejection of a small num-
ber of low-velocity particles.

Dynamical calculations show that ejecta
moving at surface-relative velocities up to

30 cm s (escape velocity of ~20 cm s plus
Bennu’s surface rotational velocity of 10 cm s™)
lofted from the surface of Bennu can reimpact
the surface days later (Movie 1). Depending on
the impact location, reimpacting particles may
be relaunched into a suborbital trajectory by
bouncing off a hard surface such as a boulder
(45) or ricocheting off a fine-grained surface
(46, 47). Numerical simulations show that im-
pacts on a fine-grained surface may result in
the ejection of smaller surface particles at
launch speeds that exceed the escape speed
of Bennu (fig. S9). However, we have not di-
rectly observed particles ejecting from Bennu
that are as large as the impactors in these sim-
ulations; in the energy regime that we have
observed, particles of that size would not have
traveled far enough from the asteroid to be
detectable in our images. Our assessment thus
leaves three viable candidates for the primary
ejection mechanism: phyllosilicate dehydration,
meteoroid impacts, and thermal stress fractur-
ing (discussed in Conclusions and broader
implications).

Evidence from Bennu’s geology

Particle ejection from rock surfaces is consist-
ent with the widespread observation of exfo-
liation features on Bennu'’s surface (Fig. 5 and
fig. S10). Exfoliation is the division of a rock
mass into lenses, plates, or parallel “sheets”
because of differential stresses (48). For some
bright boulders on Bennu (Fig. 5A), lineation
is present on the rock faces, and they exhibit
sheets that parallel the direction of fracture
propagation. The more abundant dark boul-
ders on Bennu also exhibit exfoliation (Fig.
5C). In these rocks, the exfoliation fractures
are linear, but the finer-grained texture ap-
pears as blocky segments in the fracture
profile. Spalled fragments are seen resting

on the surface and lying around the base of
dark boulders.

The observed textures are characteristic of
surface stresses that drive surface-perpendicular
cracking, segment exfoliation sheets, and cause
near-surface disaggregation. We do not observe
similar spalled fragments in the immediate
vicinity of the brighter boulders. However, we
observe bright rocks perched on the surfaces
of boulders, in orientations that exhibit no
evident alignment with the underlying boulder’s
texture (for example, the bright object in the
center-right of Fig. 5C). These bright rocks
tend to have plate-like morphologies, similar
to the exfoliation textures observed on the flat
surfaces of the brighter rocks. Thus, exfolia-
tion and fracturing may be operating on all
boulders on Bennu, but the response of the
bright rocks may be different—ejecting mate-
rial over large distances, even on hyperbolic es-
caping trajectories, whereas the darker boulders
decompose on site, creating a halo of spalled
fragments.

Implications for Bennu’s geophysics

The existence of low-energy particle ejection
events on Bennu may result in reimpacting
particles preferentially concentrated within
the boundaries of Bennu’s rotational Roche
lobe (the region where material is energeti-
cally bound to the asteroid surface, between
latitudes of ~+23°) (16). A random distribu-
tion of ejection events with a sizable fraction
of particle velocities less than the escape speed
will preferentially transport material toward
the equator owing to the lower geopotential.
Once within the Roche lobe, the particles are
trapped inside unless given a large enough
speed (a few centimeters per second) and will
be redistributed within the lobe owing to the
chaotic orbital environment whenever lofted

Table 1. Characteristics of the three largest observed particle ejection events. The more extensive imaging datasets acquired for the 19 January and
11 February 2019 events, relative to that for the 6 January 2019 event, allowed higher-fidelity OD determination of the event locations and times. More detail is

given in (12) and tables S2 and S3.

6 January 19 January 11 February
Number of particles with photometry 124 (of 200 total observed) 93 (of 93 total observed) 60 (of 72 total observed)
Velocity range (m s 0.07t0 3.3 0.06to 1.3 0.07 to 0.21
Particle diameter range (cm, tlo) <lto8+3 <lto7+3 <lto7+3
Minimum event energy (mJ, +lc) 270 (+150/-225) 100 (+50/-85) 8 (+4/-7)
Event location Near radiant Far radiant OD radiant OD radiant
Latitude (degrees, +30) -74.95 -57.30 20.63 20.68
(+12.65/-2.79) (+1.49/-17.49) + 0.30 +0.37
Longitude (degrees, +3c) 325.32 343.67 335.40 60.17
(+18.91/-10.28) (+3.80/-14.73) +0.09 + 0.08
Local solar time (+3c) 15:22 16:35 16:38:01 18:05:31
(+01:06, -00:36) (+00:06, -01:05) + 00:00:23 + 00:00:22
UTC time (+30) 20:58:28 20:58:28 00:53:41 23:27:28
+ 00:00:47 + 00:00:47 + 00:00:04 + 00:00:06
Lauretta et al., Science 366, eaay3544 (2019) 6 December 2019 8 of 10
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(16). Particles ejected with higher energies that
achieve orbit will preferentially reimpact in
the equatorial region within the lobe because
of the larger asteroid radius there [(16), figure
5 therein]. After impact (which occurs at low
speeds relative to the escape velocity), the
particles will not have sufficient energy to
escape the Roche lobe and again will be pref-
erentially trapped, leading to a concentration
of returning particles in these regions, as op-
posed to a globally uniform distribution.

Previous observations have indicated a
steady increase in Bennu’s rotation rate that
will lead to doubling of that rate in ~1.5 million
years; this acceleration is consistent with the
Yarkovsky-0O’Keefe-Radzievskii-Paddack
(YORP) effect (10, 49). The angular momentum
associated with particles ejected on escaping
trajectories could also influence the rotation
rate. It is possible to generate the measured
rotational acceleration of Bennu by ejecting
several particles of diameter ~10 cm once per
day in the westward direction from the equator,
assuming no concurrent water vapor loss. A
random ejection of escaping particles from
the surface of a spinning body would produce
a spin deceleration (50).

We summed the net angular momentum
change from particles launched normal to
every facet on the asteroid surface and given
a sufficient ejection speed for escape (12, 16).
We found that such a flux would always cause
Bennu to spin slower (fig. S11), counteracting
the YORP effect (50). This implies that the
strength of the YORP effect on Bennu due to
solar photons could be greater than originally
estimated (10, 49). If Bennu were to eject, for
example, on the order of 20 10-cm particles
per day at a speed of 18 cm s! (the speed at
which the effect is the greatest) normal to ran-
dom points on its surface, then on average,
its rotational acceleration would be slowed
by less than 1% of the measured rotational
acceleration. Thus, when averaged over the
entire surface, the net effect of particle ejec-
tion is negligible relative to the YORP effect.

The linear momentum transfer from the
particle ejections is orders of magnitude lower
than that of the transverse acceleration be-
cause of thermal emission from Bennu, the
operative component for the Yarkovsky effect
(51). This acceleration peaks at ~107> m s72
during perihelion (5I). Such an accelera-
tion leads to a daily change in velocity AV of
107" m s}, which is more than 7000 times the
AV caused by a single 10-cm particle with a
density of 2 g cm™ escaping at 1 m s

Conclusions and broader implications

The ejection events on Bennu inform our un-
derstanding of active asteroids. There are sub-
stantial differences between active asteroids
as commonly defined—where major mass loss
events occur through processes such as large
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impacts, volatile release, and rotational accel-
eration, leading to mass shedding—and rela-
tively small mass loss events as we see on
Bennu. It is likely that there is a continuum of
event magnitudes and that we have been lim-
ited to observing only the largest phenomena.

Mass loss observed during perihelion from
the B-type near-Earth asteroid (3200) Phaethon,
the parent body of the Geminids meteor shower,
apparently consists of smaller particles [1 um
(52)] than observed at Bennu (<1 to ~10 cm).
However, particles in the centimeter size range
were not observable during studies of Phaethon
at perihelion, and sub-centimeter particles
would have been difficult to detect in NavCam 1
images. Particles in the millimeter size range
are observed as Geminids meteors (53). The
mass loss from Bennu between 31 December
and 18 February (including the three largest
ejection events characterized above) was
~10? g, which is orders of magnitude less than
Phaethon’s near-perihelion mass loss (~10* to
10° kg per perihelion passage) (7). The mass
loss rate (~10~* g s™%) on Bennu is also many
orders of magnitude less than the rates ob-
served at other active asteroids (~10 to 10° g s™)
(I). Mass loss as seen at Bennu suggests that
Phaethon’s current mass loss rate may include
larger particles and be greater than remote
observations imply.

Having evaluated multiple hypotheses for
the mechanism of particle ejection on Bennu,
we found that thermal fracturing, volatile re-
lease by dehydration of phyllosilicate rocks,
and meteoroid impacts are plausible explan-
ations. Rotational disruption and electrostatic
lofting cannot explain the observed particle
sizes and ejection velocities. There is no evi-
dence for ice on the surface of Bennu or for
recent exposure of a subsurface ice reservoir
at the multiple ejection sites. Bennu’s boulder
morphology and the event ejection times are
consistent with exfoliation as a result of ther-
mal fracturing, phyllosilicate dehydration, or
an interplay between these two mechanisms.
Because we expect meteoroid flux to be greatest
in the leading hemisphere (late afternoon on
Bennu because of its retrograde rotation), the
ejection event times are also consistent with
meteoroid impacts. It is possible that multiple
mechanisms operate in combination. Reimpact-
ing particles could play a role in the smaller
ejections or contribute to the larger events.

The particles that escape from Bennu on
parabolic or hyperbolic orbits will escape onto
heliocentric orbits, which we expect to dis-
perse over time into a meteoroid stream. On
the basis of the measured ejection velocities,
meteoroids released after 1500 CE would not
have spread wide enough to bridge the cur-
rent distance between the orbits of Bennu
and Earth, 0.0029 AU, but will do so when that
distance decreases later in the 2Ist century
(54). However, if Bennu was active in the past,
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and the ejected particles survive for thousands
of years, planetary perturbations would spread
the stream wide enough to cause an annual
meteor shower on present-day Earth around
23 September. The shower would radiate from
a geocentric radiant at right ascension 5° dec-
lination -34°, and speed 6.0 km s™ (54), cor-
responding to an apparent entry speed of
12.7km s (12). Meteoroids moving this slowly
would create meteors of integrated visual
magnitude +2 to -5, assuming an 0.7% lu-
minous efficiency (55). The stream would not
easily blend with the sporadic background
over thousands of years. No shower is de-
tected in current meteor orbit survey data
(56), but those data have poor coverage in
the Southern Hemisphere.

The primary objective of OSIRIS-REXx is to
return samples of centimeter-scale rocks from
the surface of Bennu to Earth for analysis (14).
We have observed centimeter-scale particles
frequently being ejected and reimpacting
the asteroid surface. It is possible that the
collected sample will contain some particles
that were ejected and returned to Bennu’s
surface.
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