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Project	summary		

Surfaces of asteroids are covered by a layer of granular material called regolith [1]. Understanding the origin of 
regoliths and asteroids and other planetary bodies is a central goal in planetary science, because it would provide 
important information on the creation of the surfaces of these planetary bodies. Two possible physical processes 
might be capable of producing regolith by damaging rocks: impacts of other spatial bodies that hit surface 
rocks at speed of several km/s [2] and the thermal cracking and fragmentation. The latter is induced by the 
mechanical stresses due to large temperature variations between day and night that are present on atmosphere-
less bodies (several hundreds of K within a few hours). A study from the Laboratoire Lagrange team [3] suggests 
that the second process can be very effective. Moreover, images of Bennu, obtained in December 2018 by 
OSIRIS-REx NASA sample return space mission, show the presence of several boulders that have been broken 
into parts [4,5]. For these boulders, the fragments stayed in place instead of being ejected in the surroundings, 
which supports thermal cracking scenario. The objective of this project is to gather experimental data to 
distinguish between these two processes and help estimate their respective importance in the Solar System 
history. Mechanical and thermal tests will be conducted on analog materials specially designed to mimic 
regolith. 
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Figure 1 : (a) Picture of Bennu asteroid (b) image of a boulder fracturing in place on the urface of the aseroid Bennu (from 
Walsh et al. 2019) (c) simple compression test on regolith analogs. 

The current PhD project will include: 
1. Thermal cyclic tests between ambient and liquid nitrogen temperature (Δt = 200 K); 
2. Mechanical testing and x-ray image analyses at different steps during thermal cycles to quantify the 

induced damage in terms of microstructural fractures; 
3. Numerical modelling (DEM and/or FEM) based on the most faithful possible reproduction of the 

microstructure to predict thermo-mechanical stresses; 
4. Comparison between experimental (thermo mechanical tests and images) and numerical results; 
5. Comparison of the obtained results with the images of true asteroids regolith from Hayabusa2 and 

Osiris-Rex to evaluate the mechanical and thermal contribution to fracturing.  
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substantial topographic relief indicate that Bennu is a rubble pile. 
Bennu’s density requires 25–50% macroporosity if it is constructed 
primarily of CI (bulk density of 1,570 kg m−3) or CM (bulk density 
of 2,200 kg m−3) chondrite-like material14. If the microporosity pres-
ent in these meteorite classes is also considered15, the total porosity 
of Bennu may be as high as 60%. In addition, the slope at each point 
on the surface of Bennu—determined from the combination of the 
shape, mass and spin state—shows a relaxed distribution with val-
ues averaging approximately 17°, and almost entirely below typical 
angles of approximately 30° allowed by the angle of repose of terres-
trial materials and found on other similarly sized NEAs13,16.

Boulders dominate the local topography of Bennu, some with 
heights >20 m (Fig. 1a). The most prominent boulder on Bennu 
was first detected with ground-based radar and estimated to be 10 
to 20 m in diameter2. This same boulder is apparent in PolyCam 
images and measures approximately 56 m in its longest dimen-

sion (Fig. 1a). There are three identified boulders with long axes 
exceeding 40 m and more than 200 boulders larger than 10 m  
(ref. 2). Boulders in the tens-of-metres size range are larger than 
plausible ejecta from any of the large crater candidates on Bennu17, 
and also unlikely to be meteorites that Bennu could have accreted in 
its current orbit, suggesting instead that their origins trace back to 
the formation of Bennu in the asteroid belt.

Boulders on Bennu have albedo and colour diversity1, with some 
showing these differences within distinct metre-sized clasts in an 
otherwise unfragmented rock. We interpret such assemblages as 
impact breccias (Fig. 1b). Processes capable of creating breccias 
spanning tens of metres with metre-sized clasts imply energetic 
events that far exceed what Bennu can support18,19.

The possible inherited origin of Bennu’s largest boulders sup-
ports the idea that rubble piles form as reaccumulated remnants 
of disruptive collisions of larger asteroids in the main asteroid 
belt8. Furthermore, the existence of breccias suggests that they 
are a record of the parent body’s accretion, that they formed dur-
ing impact regolith gardening on the surface of that parent body 
or that they originated during the catastrophic disruption event 
that formed Bennu. The noted albedo and colour diversity of the 
boulders, and the distinct metre-scale components visible in some 
of them, may point to the compositional diversity of Bennu’s parent 
body and/or its catastrophic impactor.

Boulder geology of Bennu
The spatial distribution of boulders on the surface of Bennu is not 
uniform. We find concentrations of boulders in some local topo-
graphic lows4 (tens-of-metres elevation differences relative to the 
surrounding terrain), with boulder abundances up to an order of 
magnitude greater than the global average (Fig. 2). These collec-
tions of boulders stand in contrast to topographic lows on Itokawa, 
which are distinct for their lack of large boulders and collections of 
small grains11.

The boulders on Bennu’s surface also exhibit diversity in size, geo-
logic context and morphology. To date, boulders >8 m in diameter 
have been adequately resolved with PolyCam images, for which we 
have measured a size-frequency distribution best fit with a power-
law index of –2.9 ± 0.3 (ref. 2). Many of these boulders appear to be 
resting on top of the surface, while some are partially buried, point-
ing to active burial and/or exhumation processes. Several examples 
of imbricated boulders have been identified, although these loca-
tions are smaller in extent than the imbricated regions observed 
on Itokawa11, with no obvious correlation between imbrication and 
fine-grained deposits. Both rounded and angular boulders are pres-
ent on the surface, which may suggest a variety of formation mecha-
nisms, compositions and/or boulder evolutionary processes.

We observe fractured boulders exhibiting multiple fracture 
types. Some of the most dramatic examples include large, linear 
fractures that appear to split boulders into two or more pieces  
(Fig. 1c,d). These occur at all resolvable scales and within some 
of the largest boulders on the surface. In contrast, other boulders 
exhibit nonlinear fractures that suggest some interaction between 
the fracture-driving mechanisms and the rock bulk structure  
(Fig. 1e). We also found examples of discrete, yet tightly clustered 
metre-scale boulders that appear to have fractured in situ, and 
remain in clusters with minimal displacement (Fig. 1f). Complex 
networks of fractures also occur in some boulders (Fig. 1c,d), with 
many deep fractures crossing each other at various angles, although 
some are clearly linear. These numerous and morphologically var-
ied fractures may be produced by one or a combination of processes, 
such as large-scale impact events, micrometeoroid impacts and 
thermal fatigue. The latter two processes may also be responsible 
for the shallow fractures and surficial features observed on visibly 
textured boulders, which indicate exfoliation, near-surface disag-
gregation or regolith production processes (for example, refs. 20–22).
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Fig. 1 | The boulders of Bennu can be large and are sometimes fractured 
or brecciated. a, A boulder located at 48°!S and 125°!E with a diameter of 
approximately 56!m and height of over 20!m relative to the surrounding 
surface of Bennu. b, A brecciated boulder located at 6°!S and 247°!E that 
is approximately 21!m in diameter with large constituent pieces showing 
measurable geometric albedo differences1. c, A boulder with a diameter  
of approximately 40!m located at 42°!N and 129°!E that shows a complex 
web of large fractures. d, A boulder with a diameter of approximately  
20!m located at 11°!S and 258°!E with a single linear fracture. e, A boulder 
with a diameter of approximately 10!m located at 5°!N and 310°!E with a 
nonlinear fracture (red arrow). f, A cluster of metre-sized boulders centred 
at 44°!N and 111°!E. Images taken on: a, 1 December 2018 from a spacecraft 
distance of 31.5!km; b,d, 2 December 2018 from a distance of 24.0!km;  
c, 2 December 2018 from a distance of 23.8!km; e, 2 December 2018 from  
a distance of 24.2!km; f, 2 December 2018 from a distance of 23.6!km.
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Location	and	practical	aspects		

The project will be in cotutelle between the Université Grenoble Alpes and the University of Central Florida, in 
Orlando. It is based on the collaboration between the 3SR Laboratory in Grenoble, the University of Central 
Florida in Orlando, the Laboratory Lagrange, Observatoire de la Côte d’Azur in Nice, the Impact Laboratory, 
CAPS, School of Physical sciences, Canterbury, UK and the Center for Lunar and Asteroid Surface Science, 
University of Central Florida (UCF), US. 

Applications		

Candidates holding a master degree or equivalent in solid mechanics, material and structural engineering are 
expected. Interests in planetology and skills in experimental and/or numerical modelling of geomaterials 
behaviour will be positively considered. Interested candidates should send their CV, a cover letter and official 
transcripts of the last two years before 2019, May the 25th to Alice Di Donna (alice.didonna@3sr-grenoble.fr) 
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