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Abstract

Space-based [12] (Fig. 1) and remote sensing obser-
vations [4] reveal that regolith – a layer of loose un-
consolidated material – is present on all asteroids, in-
cluding very small, sub km-sized near-Earth asteroids
(NEAs) such as (25143) Itokawa [7] (See Fig. 2).

Classically, regolith is believed to be produced by
impacts of small particles hitting asteroid surfaces.
Such explanation works for bodies whose gravity field
is strong enough for substantial reaccretion of impact
debris, but it fails to account for the ubiquitous pres-
ence of regolith also on small asteroids with weaker
gravity.

Several works [6, 5, 10] have proposed that the ther-
mal fatigue due to a huge number of day/night temper-
ature cycles is a process responsible for the formation
of regolith on the Moon, Mercury, and on the NEA
(433) Eros by fracturing boulders and rocks on their
surfaces. However, this process lacks a demonstration.

We calculate typical temperature cycles for NEAs
and we perform laboratory experiments of thermal cy-
cling of meteorites – taken as analogue of asteroid sur-
face material – to study under which conditions rock
cracking on NEAs occurs.
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Figure 1: Images to scale of all small bodies (asteroids and comets) visited so far by space missions, 
showing the great diversity in size, shape and surface characteristics. The largest body in the image is 
the 100 km-sized (21) Lutetia observed by the ESA mission Rosetta. The smallest, not visible in the 
image, is the 350 m-sized (25143) Itokawa visited by the JAXA mission Hayabusa. 
 
The regolith properties are found to be very different from one object to the other. As can be 
seen on Fig. 2, while it corresponds to fine particles (typical size < mm) on Eros, no such 
particles are found on Itokawa whose regolith is rather composed of gravels and pebbles 
(typical size > mm). The regolith thickness seems to be related to the surface gravity: the 
smaller the gravity, the smaller the thickness.  
 

  
Figure 2 : Regolith on asteroid surfaces. Left : surface of (433) Eros, covered with a layer of a fine 
regolith of 10-100 m depth ; right : surface of (25143) Itokawa covered with an outer regolith layer 
consisting of gravel and pebbles, with mean depth of about 44 cm.  
 
Remote-sensing observations (from the ground and/or from space observatories such as 
Spitzer and WISE) provide also indirect evidence of the presence of regolith on asteroid 
surfaces. The regolith is in this case inferred from the thermal inertia. Thermal inertia is a 
measure of the resistance of a material to temperature change. It is defined as ! = ("#c)1/2, 
where # is the thermal conductivity, " the density and c the specific heat capacity. The value 
of the thermal inertia is almost inversely proportional to the porosity of the material 
(Zimbelman, 1986; Consolmagno et al., 2010). A regolith-covered surface has porosity larger 
than a bare, solid surface of the same material. Consequently the presence of regolith 

Figure 1: Regolith on NEAs from direct imaging. Left
panel: the 30 km-size asteroid (433) Eros – the second
largest NEA observed by the NASA NEAR Shoemaker mis-
sion [12]. Right panel: the 0.35 km-size Itokawa, visited by
the JAXA Hayabusa spacecraft [7].
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Figure 2: Thermal inertia values (Γ) vs. sizes of asteroids.
The value of Γ is ∼inversely proportional to the porosity
of the material [13, 1]. A regolith-covered surface has a
porosity larger than a bare, solid surface of the same ma-
terial. Consequently, the presence of regolith decreases the
value of the asteroid thermal inertia: the finer the regolith,
the higher the porosity, the lower the thermal inertia. Values
of the thermal inertia determined for all asteroids so far are
more than a factor 2 below the value for a typical bare rock
[3, 4]. This is consistent with the dominant presence of fine
particles on asteroid surfaces.

1. Temperature shocks on NEAs
In order to show that the day/night temperature varia-
tions on NEAs are capable of breaking rocks, we cal-
culated temperature time gradients (dT/dt) by means
of a Thermo-Physical Model (TPM) [2, 3] and com-
pared the value of dT/dt with the threshold (2 K/min)
for rock fragmentation solely due to temperature
shocks [9]. Fig. 3 shows the results: dT/dt > 2 K/min
for almost all NEAs, which implies rock fracture.

Moreover, the number of temperature shocks for
NEAs over their dynamical lifetime (1-10 My [8] is
between 0.5 and 30 ×109 (rotation periods of NEAs
are between 3 and 10 h [11]). Thus, we expect tem-
perature shocks to be very effective in producing re-
golith. However, this process was never demonstrated
with laboratory experiments in the context of NEAs
temperatures.
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that the day/night temperature cycles on the Moon causes thermal stresses that can fracture 
and/or displace lunar rocks causing small moonquakes (Duennebier, 1974). These thermal 
moonquakes were revealed as many thousands seismic events were recorded by the Apollo 
passive seismic network. These events are small, local and clearly correlated with the diurnal 
temperature cycle on the Moon. In order to demonstrate that some cracks observed in 
meteorites and lunar rocks are caused by the thermal fatigue, Levi (1973) exposed sample of 
stony meteorites to thermal cycling between liquid nitrogen (83 K) and room temperatures 
(273 K). The increment of observed cracks with the increment of the number of cycles 
confirmed the action of the thermal fatigue with an accumulation of damage with increasing 
number of cycles. Boulders on asteroid surfaces may then be ground down by such a 
mechanism and contribute to the formation of the observed gravel and pebbles that form the 
regolith on Itokawa. This is also consistent with high-resolution images of the NEA (433) 
Eros that show that boulders on its surface erode in place producing characteristic pond 
deposits (Dombard et al. 2010). These images led to propose that the thermal fatigue due to 
the huge number (~107-109) of day/night temperature cycles undergone by Eros is 
responsible for the fracturing of the boulders and rocks on its surface (Dombard et al. 2010).  
 
Figure 6 shows the typical large day/night temperature variations on asteroids estimated by 
our Thermo-Physical Model (TPM; see Delbo, 2004; Marchi et al., 2009). The value of the 
temperature time gradient dT/dt is greater than 2 K/min in all cases. This is the typical 
threshold value for rock fragmentation in hyper-arid deserts solely due to thermal shocks 
(Hall, 1999). Note also that low-perihelion NEAs (e.g. at 0.3 AU from the Sun) experience 
high temperatures during the day.  

 
Figure 6: Equatorial temperature profile for an asteroid with a rotation period of 5h at different 
heliocentric distances (indicated on the figure, top, right). The temperature gradient dT/dt > 10 
K/min, 5 K/min and 2.6 K/min for the red, green and blue curve at 0.3, 0.6 and 0.9 AU from the Sun, 
respectively. 
 
Furthermore, TPM calculations also show that the temperature on NEAs is a strong function 
of the depth in the subsurface (Michel and Delbo, 2010; Delbo and Michel, 2011). More 
precisely, we found that rocks and boulders on the surface of these bodies experience 
temperature gradients of more than 50-100 K/cm. Moreover, these temperature gradients 
change sign with the day-night cycles, i.e. the surface is hotter than the shallow subsurface 
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Figure 3: Top: Examples of day/night temperature curves
on NEAs. Γ = 200 J m−2 s−0.5 K−1. Bottom: con-
tour plot of the MAX value of the temperature time gradient
dT/dt as a function of the rotation period and the perihelion
distance. Symbols: • (433) Eros, ♦ (101955) 1999 RQ36,4
(175706) 1996 FG3, � (25143) Itokawa

2. Laboratory demonstration
We performed laboratory experiments of temperature
cycles on meteorites. Samples of the Murchinson me-
teorite (CM) were exposed to 410 temperature cycles
between 243 and 410 K with a period of about 2.2
hours in a climatic chamber. This temperature range
is typical for the large majority of NEAs, including
Eros (Fig. 3).

The samples were analyzed by means of X-ray to-
mography before and after the heating cycles. Tomo-
graphies show that cracks in the bulk of the meteorite
have grown after the treatment and some debris de-
tached (see Fig. 4). A more thorough analysis of the
tomographies is on-going.

3. Summary and Conclusions
The value of the temperature time gradient dT/dt is
> 2 K/min (threshold value for rock fragmentation)
for perihelion distances less than 0.9 AU and rotation
periods < 10h. This is the case for the large majority
of NEAs (Fig. 3).

Our laboratory experiment of thermal cycling of as-
teroid analogue materials shows that cracks are devel-
oped in the CM chondrite.
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during the day, whereas the surface is cooler than the subsurface at night. These variable 
temperature gradients cause variable dilatation in the surface rocks and thus thermal fatigue. 
The number of temperature cycles for near-Earth asteroids over their dynamical lifetime 
(typically in the range 1-10 My, Gladman et al. 2000) can be of the order of (0.5-30) x 109 
given the typical rotation periods for these bodies of (3-10 hours, see e.g. Pravec et al., 2008) 
assuming that the same material is always exposed at the surface. Thermal fatigue can thus 
be very effective, given the extremely large number of cycles. However, so far this process 
has never been demonstrated to work with laboratory experiments for the typical 
temperatures on NEAs. 
 
In order to check whether crack growth due to thermal fatigue is a plausible active 
mechanism on the surface material of NEAs, we performed preliminary laboratory 
experiments of thermal cycling on meteorites. Samples of the Murchinson meteorite (CM), 
the Allende meteorite (CV), the Sahara 97210 and NWA 201 ordinary chondrites were 
exposed to 410 temperature cycles between 243 and 410 K with a period of about 2.2 hours in 
a climatic chamber. This temperature range is typical for the large majority of NEAs, 
including the NEAs (433) Eros and (25143) Itokawa (even though in the the case of the latter, 
the rotation period is a factor of 5 longer). The samples were analyzed by means of X-ray 
tomography (voxel size~2µm) before and after the heating cycles. 

 
 
Figure 7: Tomographic sections of the Murchinson meteorite sample before and after 6 weeks (over 410 
thermal cycles). Top: note the fracture in some areas (indicated by the arrows). Bottom: the cracks in 
the bulk of the meteorite become wider and longer as time passes. 
 
Our preliminary results show the production of mm-sized debris that broke off from the 
Murchinson meteorites. Physical characterization of the debris shows the same composition 
as the main piece of the meteorite. The samples from other meteorites did not produce any 
visible debris. A visual inspection of the tomographies shows that cracks in the bulk of the 
Murchinson meteorite have grown after the treatment (see Fig. 7). A more detailed analysis 
of the tomographies is on-going. The purchase of the meteorites was supported by funds of 
the Observatoire de la Côte d'Azur, the University of Nice-Sophia Antipolis and the 

Figure 4: Tomographic sections of the Murchinson mete-
orite sample before and after 6 weeks. Top: note the fracture
in some areas (indicated by the arrows). Bottom: the cracks
in the bulk of the meteorite become wider and longer as time
passes.

Our preliminary results indicate that thermal fatigue
cracking is a process capable of regolith formation on
NEAs.
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