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Introduction: The surface of asteroids is covered
by a layer of broken up material called the regolith,
which is formed by impacts and temperature induced
rock breakdown. The latter is termed thermal fatigue
and has been shown to be the dominating process for
regolith generation [1]. Thermal fatigue describes the
cracking, chipping or splitting of rocks due to tempera-
ture induced stresses and a multitude of studies inves-
tigated thermal stress in objects ranging from comets
[2][3] to meteoroids [4] or boulders [5] as well as
granular microstructures [6].

Thermal fatigue in rocks and boulders is generally
parameterized in terms of the temperature gradient
within the material [5], but it has been shown that in
heterogeneous granular microstructures like chondrites
the temperature gradients play a minor role [6]. Rather,
the different thermo-elastic properties of the constitu-
ents drive thermal fatigue, and temperature excursions
around the average, i.e., the amplitude of the diurnal
temperature curve, is a better proxy for thermal fatigue
in these materials.

In this work we investigate the spatial distribution
of two proxies for thermal fatigue on asteroid surfaces:
the vertical temperature gradient, representing the
breakdown of boulders, and the amplitude of the diur-
nal temperature curve, relevant for the breakdown of
chondritic matter. We search for the latitude at which
each of these reach their maximum and study the de-
pendency of these latitudes on thermal inertia and local
solar declination. Actual stress models are not consid-
ered here, and we focus on the thermal forcing to learn
about the spatial distribution of regolith generation on
asteroid surfaces.

Methods: This study is based on a spherically
symmetric thermal model of the Hayabusa2 [7] target
asteroid (162173) Ryugu [8], but results are also appli-
cable to other airless bodies of roughly spherical shape.
The thermal model solves the one dimensional heat
conduction equation using the surface energy balance
as upper boundary condition. Insolation is given by the
asteroid’s rotation period, spin orientation, and orbital
parameters, such that for a spherical shape the insola-
tion I is given by the analytical expression

I,
I(t) = —(; (cos ¢ cos & cosp(t) + sin ¢ sin §)
Th
where t is time, I, is insolation at 1 AU, and the aster-

oid is placed at a radial distance of r;, = 1.2 AU. The
solar declination § is changed between 0° and 85°,

which is equivalent to tilting the rotation axis or chang-
ing the season on a circular orbit. The latitude ¢ is
varied in steps of one degree as is the rotation
phase y(t). The temperature evolution is calculated
until a stable solution is reached and temperature is
calculated as a function of depth at 250 grid points.
The vertical gradient is then defined as the temperature
difference between the surface and the first sub-surface
grid point, while the amplitude of the diurnal tempera-
ture curve is defined as half of the difference between
maximum and minimum temperature.

Thermal models will be parameterized in terms of
the surface thermal inertia, which is varied between
500 and 3000 J m? K™ s, This range corresponds to
the thermal inertia of various meteorites, which range
from 640 ] K-*m~2s~%/2 for a CM2 chondrite to 3000
JK™'m=2s7%/2 for an E4 chondrite [9]. Non-
chondritic materials like serpentine or enstatite also fall
within this range.
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Figure 1: Latitude of maximum vertical thermal gradient
as a function of solar declination for four representative
thermal inertias. Color indicates the amplitude of the gradi-
ent. Subsolar latitude and latitudes with permanent insola-
tion are also indicated.

Results: Fig. 1 shows the latitude of maximum
thermal gradient as a function of solar declination for a
set of thermal inertias between 500 and 3000 J m? K™*
52 The magnitude of the thermal gradient is indicated
by color and strongly depends on the thermal inertia
where low values result in high gradients. Furthermore,
low solar declination results in larger gradients and
maximum gradients occur close to the equator.
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An increase of solar declination increases the lati-
tude of maximum thermal gradient until reaching its
maximum for 45° to 60° solar declination, depending
on thermal inertia. For the range of parameters investi-
gated here, maximum latitudes reach 25° for high
thermal inertia. Latitude then decreases for higher
declination values following the boundary of perma-
nent insolation. For a given solar declination the max-
imum thermal gradients occur closer to the equator
with decreasing thermal inertia. Furthermore, the max-
imum latitudes in Fig. 1 are slightly shifted towards
higher solar declination as thermal inertia decreases.
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Figure 2: Similar to Fig. 1, but for the amplitude of the
diurnal curve.

Fig. 2 is similar to Fig. 1, but shows the latitude of
maximum amplitude of the diurnal temperature curve.
This amplitude closely follows the subsolar latitude up
to solar declinations of about 30°, from where the
slope decreases. The highest latitude is reached for 45°
solar declination, resulting in maximum amplitudes of
the diurnal curve at a latitude of 30°. Higher declina-
tion decreases the latitude of maximum amplitude
similar to the results shown in Fig. 1.

Unlike the latitude of the maximum gradient, the
latitude of the maximum diurnal temperature ampli-
tude is almost independent of thermal inertia. Howev-
er, like the strength of the gradient, the amplitude also
increases for decreasing thermal inertia and solar dec-
lination. Furthermore, for a given thermal inertia and
solar declination, the amplitude reaches its maximum
at higher latitudes compared to the maximum thermal
gradients.

Discussion: Based on the assumption that either
thermal gradients or the amplitude of the diurnal tem-
perature curve cause thermal fatigue in the regolith, a
band of finer material is predicted to form north and
south of the equator. As the asteroid orbits the sun,
solar declination will change from its maximum on one
hemisphere to its minimum on the opposite hemisphere
depending on the tilt of the rotation axis. This will
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cause the spot of maximum thermal forcing to oscillate
around the equator, causing regolith erosion in this
latitudinal band. The eccentricity of the orbit will break
this symmetry, as the thermal forcing will be stronger
at perihelion. In this case the regolith would be finer on
one hemisphere than on the other.

Independent of the chosen proxy, the fine material
will not form at the poles or sub-polar regions. There-
fore, observations of a uniform, global fine regolith
cover or fine regolith located at the poles (as observed,
e.g., on asteroid Itokawa [10]) are strong indications
for regolith migration or changes in the asteroid’s
rotation axis.

The results obtained here predict a difference be-
tween the regolith distribution for homogenous boul-
ders on the one hand and chondritic material on the
other hand. Boulders will break down fastest near the
equator, thus reducing their thermal inertia. This re-
sults in a runaway effect that will cause fine regolith to
be concentrated close to the equator, as subsequent
orbits will cause even stronger gradients at these loca-
tions. In contrast, the diurnal temperature amplitude
drives fatigue in chondritic material [6] and the fine
regolith will be distributed more uniformly as the lati-
tude of maximum amplitude is only slightly dependent
on thermal inertia. Furthermore, this regolith band will
be broader compared to non-chondritic asteroid surfac-
es, as the maximum amplitude occurs at larger lati-
tudes compared to the thermal gradients.

The upcoming asteroid sample return missions
Hayabusa2 (JAXA) and OSIRIS-REx (NASA) [11]
will offer the unique opportunity to study the regolith
of asteroids (162173) Ryugu and (101955) Bennu with
their optical and thermal instruments ([12], [13], [14]).
The combined study of the thermal environment and
surface morphology will provide new insights into the
process of regolith formation, and the results presented
here will contribute to understanding the distribution of
regolith observed on the respective asteroid surfaces.
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