
THE LIFETIME OF ICE ON MAIN BELT ASTEROIDS. Norbert Schorghofer, Institute for Astronomy, University of Hawaii,
2680 Woodlawn Drive, Honolulu, HI 96822 (norbert@hawaii.edu).

Ice may exist in the shallow subsurface of main belt as-
teroids 1,2,3. In the early solar system, the density of water
molecules was high enough to lead to the condensation of ice
from the gas phase, at a temperature that defines the “snow
line”. Today, water is lost from icy bodies to space. Here, we
explore this loss rate for small bodies in the present-day main
asteroid belt as a function of about a dozen parameters.

For bodies that have orbited the sun many times, volatile
content changes slowly. The Knudsen flux through a porous
medium can be estimated by 4,5,6,7
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where φ is porosity, τ tortuosity, m molecule mass, kB the
Boltzmann constant, T temperature, r grain radius, and ps

the equilibrium vapor pressure of H2O. The depth ∆z is the
uppermost depth at which permanent ice exists (i.e. the layer
thickness). This expression is also applicable in an environ-
ment where temperature changes with time 8.

Ice will rapidly retreat to below the thermal skin depth.
Thereafter, the loss rate is determined by the mean temperature,
and the ice no longer contributes to the thermal properties of
the surface layer within the influence of the annual skin depth.
If any dust is contained within the ice, the dry surface layer
grows as the ice retreats; if the dust content is sizable, the rate
at which the dry layer grows and the rate at which ice recedes
are of the same order of magnitude. For ice to survive in the
shallow subsurface, the loss rate should be no more than a few
meters per billion years.

The vapor pressure in the vicinity of ice depends very
strongly on temperature. At 145K the vapor density changes
by a factor of ten within about ±9K. Among the parameter de-
pendencies, temperature is the most important. Figure 1 shows
the loss rate for various parameters as a function of temper-
ature. The solid line shows a reference case, ice beneath a
1 m thick layer of 100µm grains. The other graphs differ
from the reference case in one parameter each to demonstrate
the variability in loss rate due to incomplete knowledge of the
physical environment. The tortuosity is 2 in all cases. The fig-
ure demonstrates that varying parameters within a reasonable
range corresponds to no more than 10K change in temperature.

It is apparent that prolonged survival of ice requires suf-
ficiently low temperature. For the parameters considered in
Fig. 1, it is reasonable to demand that temperature stays below
145K. At 160K it would be difficult for any protective layer
to maintain ice in the topmost meter of the surface for billions
of years. Likewise, retreat rates at 130K are so small that
ice should have survived for almost any type of dusty surface
layer.

These considerations enable us to introduce the concept
of a “buried snow line”. Within order of magnitude con-
siderations, there is a fairly well defined temperature which
determines whether ice can survive in the shallow subsurface
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Figure 1: Theoretical loss rates for ice buried by a dust layer.
The calculations use the equilibrium vapor pressures for crys-
talline ice, but one graph with a modified vapor pressure 9 is
also shown.

for billions of years, even in light of uncertainty about other
parameters. The dependence of buried snow line temperature
on layer thickness can be essentially removed by refining the
concept. In the context of main belt comets or remote sensing,
we are interested in the top few meters of the surface, and
hence a “shallowly buried snow line.”

The simplest thermal models of asteroids assume zero or
infinite thermal inertia 10. Neither of the two end-member
thermal model provides reasonable temperature estimates.

A body with finite thermal conductivity and rotation rate
requires subsurface conduction be added to the model. The
heat equation with a radiation boundary condition is solved
numerically with a Cranck-Nicholson scheme. The heat flux
from the interior is assumed to be zero. Impacts can lead to
stirring of the surface layer; our calculations assume an already
dry surface layer and impact gardening is not considered.

A reasonable value for the thermal conductivity of 10–
100µm large grains given laboratory experiments 11 and lunar
measurements 12 is 10

−3
Wm

−1
K

−1. Spencer et al. 13 ar-
gue that the thermal inertia I of most main belt asteroids is
less than 15 Jm

−2
K

−1
s
−1/2. The thermal inertia derived

from temperature maps of comet 9P/Tempel 1 is less than
50 Jm

−2
K

−1
s
−1/2 14. A thermal conductivity on the order of

10
−3

Wm
−1

K
−1 is consistent with these observational mea-

surements. These values are typical for dusty and not for rocky
surfaces.

Figure 2 shows model results with the orbital elements of
asteroid 7968 Elst-Pizarro, also known as comet 133P/Elst-
Pizarro. Its rotation rate is known, but thermal inertia and
the longitude of the body’s equinox need to be assumed. We
conclude that it is perfectly plausible that ice has survived
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Figure 2: Mean surface temperatures of a spherical body
with the orbital elements and rotation period of main belt
comet 133P/Elst-Pizarro. The thermal inertia is assumed to
be 10 J m

−2
K

−1
s
−1/2.
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Figure 3: Contours show the fraction of surface area of a
spherical body where the mean temperature is below 145K.
This plot is based on thermal calculations for 16,200 different
combinations of semimajor axis, obliquity, and latitude. The
albedo is 0.05, the eccentricity 0.1, and the emissivity 0.9. The
semimajor axes of the known main belt comets are also shown.

within the shallow subsurface of 7968 Elst-Pizarro, if there
was ice to begin with.

A quantity of interest is the fraction of surface area colder
than the threshold temperature of 145K. Figure 3 shows results
using mean surface temperatures for I = 10 J m

−2
K

−1
s
−1/2

and 5000 rotations per orbit (depending on distance 5.0–10.5
hours). At a distance of 2 AU only polar areas of bodies with
low obliquity have a mean temperature of less than 145K. At
distances beyond 3.2 AU, all of the surface is below 145K
for any obliquity. Bodies with high obliquity have the largest
fraction of their surface below the cut off temperature of 145K,

although the lowest temperatures are found at low obliquity.
The sensitivity of mean surface temperatures to orbital pa-

rameters and surface properties is explored. Most parameters
cause variations of only a few Kelvin. Rotation rate, ther-
mal inertia, and under certain circumstances eccentricity have
the largest influence on mean temperature. The uncertainty
in temperature due to incomplete knowledge of the body’s
properties can be studied by systematically changing every pa-
rameter to decrease or increase the temperature, respectively.
These represent extremes, such that it is likely that most main
belt asteroids fall in between these two cases. The results (not
shown here) imply that longevity of ice may be commonplace
on bodies within the range of properties considered.

Parameter regions for ice to survive over the age of the
solar system exist for all of the main asteroid belt, but prefer-
entially for slowly rotating bodies with surfaces of low thermal
conductivity, large distances from the sun, and when the spix
axis is roughly aligned with the orbital plane.

Ice loss from rocky surfaces proceeds much faster than
from dusty surfaces for several reasons. First, the thermal
conductivity of large rocks is higher than that of small grains,
which increases mean surface temperature. Second, the molec-
ular free path is much larger than for small grains. Should the
particle size be 1 cm instead of 0.1 mm, the buried snow line
temperature drops from 145K to 130K. Model calculations
for I = 400 J m

−2
K

−1
s
−1/2 and a temperature threshold of

130K reveal that ice is rarely long-lived. Rocky surfaces, in
contrast to dusty surfaces, are rarely able to retain ice in the
shallow subsurface.

In conclusion, if the snow line was so close to the sun
that icy bodies formed in the main asteroid belt and these
bodies were not significantly heated by radioactive deacy in
their interior or by major external events, or if icy bodies were
delivered to the main belt, then this snow line is still to be
found buried beneath the surfaces of many of these objects.
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