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Abstract

Background: We consider the response of an icy regolith to a localized heat source using analytical
and numerical models. Our motivation is to understand the implications of a landing failure in which
a radioisotope power source is deposited along with terrestrial microbes within or near icy regolith,
resulting in the production of liquid water and the proliferation of microbes.

Method: Our 2-D numerical simulation accounts for temperature-driven phase changes between ice,
liquid, and vapor, the diffusion of liquid and vapor through a porous regolith, and evaporation at the
surface. Regolith thermophysical properties vary with the abundance of ice and liquid.

Conclusion: We find that liquid water forms and persists for up to 100 sols in cases with the
highest initial ice content. However, nearly all the locations that contain liquid are subsequently
heated to temperatures that would sterilize any microbes. The exceptions occur for a fully ice-
saturated regolith, at depths at least 0.4 m below the surface. Liquid water never appears at the

surface itself.

Introduction

Over the next few decades, NASA envisions sending
increasingly sophisticated robotic missions to Mars’ surface,
building toward an eventual human presence. An enabling
requirement is abundant and reliable power, leading to the
consideration of radioisotope power sources (RPS) such as
those used on the Viking landers and other deep space
missions. Typical modern RPS are powerful and long-lived,
but the conversion from thermal to electrical power is
inefficient. For example, an RPS may generate ~2000 W of
waste heat while providing ~100 W of electrical power to the
spacecraft (although some of the waste heat may be used for
the thermal maintenance of the spacecraft) (Abelson et al.
2005).

The delivery of an RPS to Mars’ surface raises issues of
“planetary protection,” that is, ensuring minimal proliferation
and dispersal of terrestrial organisms until a definitive search
for life on Mars is completed. The present study is concerned
with how the heat from an RPS might alter the thermal
environment and the state and distribution of water in the
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near-surface layer on Mars. A scenario of special concern is
a landing failure over ice-rich terrain, in which the RPS (or
its fragments) and terrestrial microbes become embedded
within the near-surface layer in close proximity to regolith
water. Is the heat from an RPS capable of generating
transient liquid water, thereby creating a non-equilibrium,
habitable environment? Specific conditions needed for
survival and propagation of microbes, a complex subject, is
outside the scope of this paper. Here we only attempt to
establish the amount and persistence of any resulting liquid.

In what follows, we describe a numerical model of the near-
surface layer on Mars that considers the transport of heat,
liquid, and vapor through a porous regolith. Water can
evolve between the solid, liquid, and vapor phases in
response to changing temperatures and vapor abundances. In
turn, the thermophysical properties of the regolith are
modified self-consistently as the water state and distribution
change. In these respects, our model follows -current
simulations of Martian permafrost, most of which use one-
dimensional (1-D) formulations for the subsurface (e.g.,
Mellon et al. 2004; Schorghofer and Aharonson 2005).
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However, some aspects of our study are novel to the existing
Mars literature. First, we are interested in the transient
response to a high-power heat source. Fluxes of heat and
vapor are much larger than those in climate simulations.
Second, our priority is to accurately capture the evolution
over hours and days, rather than only a final equilibrium
state. Finally, our heat source is localized, requiring a 3-D
model geometry, calculated in 2-D with the assumption of
axial symmetry.

We begin with a brief discussion of liquid water on Mars
under present conditions. We then present a one-dimensional
steady-state analytic formulation that provides insight into
the underlying physical phenomena and helps to validate the
results from the more complex numerical model. In the
remaining sections, we discuss the geometry, physical
parameters, and algorithms of the numerical model, discuss
the application of our model to the scenario described above,
and present our conclusions.

Liquid Water on Mars Under Present
Conditions

Mars has a hydrological cycle similar to Earth’s, in the sense
that water moves seasonally between reservoirs in a nearly
closed cycle (Richardson et al. 2002; Houben et al. 1997;
Jakosky 1985). However, on Mars the exchanges occur
between the atmosphere and surface condensate, without
liquid precipitation or surface flow. The annual temperatures
experienced by Mars’ primary exposed water reservoir, the
north polar ice cap, set the atmospheric vapor concentration.
The annually and globally averaged vapor concentration of
tens of precipitable microns (pr-um) corresponds to a
frostpoint temperature of ~196K, defining the latitudes and
depths where ice is stable. At the poles, water ice is stable at
the surface. At high latitudes, the zone of ice stability drops
centimeters or tens of centimeters below the surface. Ground
ice there is insulated from diurnal or seasonal temperature
swings and persists in diffusive equilibrium with the
overlying atmosphere (e.g. Mellon et al. 2004).

The Gamma Ray Spectrometer (GRS) suite on Mars
Odyssey has detected vast hydrogen anomalies (as a proxy
for ice) in the locations predicted by equilibrium models, but
also found small concentrations in Mars’ tropics and
equatorial region (Boynton et al. 2002; Feldman et al. 2002;
Mitrofanov et al. 2002). In those regions, water is generally
unstable as adsorbate or ice, but may exist for long periods of
time in disequilibrium or energetically bound to minerals.
Potential ground ice at tropical and equatorial latitudes, and
morphological features suggestive of recent seepage and
flow of liquid water (Malin and Edgett 2000), require more
subtle explanations than an equilibrium water cycle.

While on Earth liquid exists over a 100K temperature range
at sea level, on Mars the difference between the melting and
boiling points is only a few degrees even at the lowest
elevations, and at high elevations the atmospheric pressure
drops below the triple point entirely. Nonetheless, from a
thermodynamic standpoint, the conditions necessary for

Mars 2, 83-96, 2006

liquid, non-boiling water are achieved on Mars presently.
Surface temperatures and pressures exceed the triple point
values of 273K and 6.1 mbar seasonally over a wide range of
latitudes. The absence of liquid in practice is due to the lack
of a resupply mechanism such as precipitation. Any liquid in
a warm region would evaporate and eventually be trapped in
a permanently cold location on a time scale that is rapid
compared with slow seasonal and climatic variations in
insolation (Ingersoll 1970; Hecht 2002). At 273K on Mars,
the evaporation rate is comparable to the rate at 308K (35°C)
on Earth (Hecht 2002), about 0.6 mm/hr in the absence of
winds. Melting point depression, discussed later, may
modestly increase stability, but stagnant water is short-lived
at even a small fraction of this evaporation rate. Thus, for
liquid water to persist, there must be both sufficient heating
and a regular resupply of ice.

As on Earth, ice can be lost to sublimation before ever
reaching the liquid state if the frost/dewpoint is below the
melting point and heat is applied at an insufficient rate. All
stable ground ice on Mars is near or below the average frost
point of ~196K. Any ice brought toward the melting point by
seasonal and climatic forcing will tend to sublimate at a rate
far faster than on Earth due to the lower atmospheric
pressure. The low frostpoint and high sublimation rate thus
conspire to make transitions through the liquid phase
unlikely (Ingersoll 1970; Hecht 2002). However, given a
heating rate sufficient to warm ice to the melting point and
overcome evaporative cooling, ice will transform into a
metastable liquid as long as its vapor pressure does not
exceed the ambient atmospheric pressure and induce boiling.

In summary, on present-day Mars, liquid water is unlikely
except as the result of a quick and dramatic change in
environmental conditions such as from a landslide that
exposes buried ice to sunlight (Costard et al. 2002), or from
the introduction of an artificial heat source, as discussed
below. With a frostpoint typically 77K below the melting
point, any such water is ephemeral on a geological time
scale. The question addressed here is whether it will persist
on a biological time scale.

One-Dimensional Steady-State Model

A 1-D analytical formulation of a heat source buried far
from the surface in an icy regolith proves to be a useful
path to an intuitive understanding of the physical
processes and can be used to estimate the extent and
persistence of any liquid water generated. It also serves to
indicate the relative importance of different parameters
and allows interpolation or extrapolation between and
beyond the results of more complex and CPU-intensive
numerical simulations. In particular, the 1-D equilibrium
formulation points to the primary importance of thermal
conductivity, as determined by ice content.

The simplest 1-D model assumes a spherically symmetric
medium with time-invariant thermophysical properties. At
the center of the sphere is a constant-power heat source.
When the system has reached equilibrium, the same heat
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flux must pass through every radial shell for the system to
remain in steady state. The temperature profile is
determined by integrating the heat conduction equation in
spherical coordinates:

q dT
=k — 1
4ar? dr @)
q=4nkr(T Ty ) @)

where ¢ is the power output of the heat source, k is the
regolith thermal conductivity, T is the temperature at a
distance r from the point heat source, and Ty is the far-
field temperature (i.e., the radial boundary condition).
This profile is illustrated in Figure 1 (top), where R, the
critical radius, is defined as the radius where T = 273K in
steady state. If k varies with radial distance, the steady
state temperature profile can still be determined by
integrating this equation inward from infinity. As the heat
source is approached from a distance, the temperature rise
across any shell is inversely proportional to the value of k
for that shell.

Of particular interest is the case where an inner sphere,
having been purged of ice by the heat source, is
surrounded by an infinite icy medium with the boundary
at a temperature Ty, (typically at or below 273K). In that
case,

T,(r)=Ty + 47:; - ®)
2
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where T4(r) and k; are for the dry inner sphere, T,(r) and
k, are for the rest of the medium, and Rgy is found from
Equation 3. This result, illustrated in Figure 1 (bottom),
shows the inflections in the temperature profile resulting
from a steep thermal gradient in the insulating dry zone
and a shallower gradient in the more conducting icy zone.

If the temperature near the heat source exceeds the boiling
point of water, three zones of stability are created. In the
far field, water is stable only as ice. In the near field, it is
stable only as vapor. A shell between these two zones,
bounded by isotherms at the melting and boiling points,
defines the region where water is stable as liquid. Before
the equilibrium state is reached, this zone moves slowly
outward as heat diffuses.

The maximum spatial extent of liquid water is found by
solving Equation 2 for the radius where T = 273K. Any
liquid water that seeps past this critical radius would
quickly freeze. The spatial extent is independent of any
change in regolith properties inside the critical radius,
including water or ice content. In fact, the only plausible
means of altering the stability of liquid outside this radius
is if the thermal conductivity there were to decrease, by
the further sublimation of ice for example.
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The zones described above refer to the stability of liquid
water, but stability is a necessary but not sufficient
condition for the presence of liquid water. If insufficient
heat is provided, all the ice in the regolith at a particular
radius may sublimate before the melting point is reached.
A more restrictive upper limit to the extent of liquid may
be calculated by equating the power going into
sublimation (with T just below the melting point) to the
output of the heat source. Thus,
]%

Rsh :E

where L is the latent heat of sublimation and E is the
sublimation rate calculated assuming evaporation by free
convection as derived by Ingersoll (1970).

q
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The critical radius, R, and the “sublimation horizon”, Rq,,
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Figure 1. Top: Steady-state temperature distribution
around a 250 W heat source in a fully saturated icy
regolith (50% ice by volume) initially at 196K. Melting
cannot occur where r > R, corresponding to a
temperature contour of 273K. Bottom: Steady-state
temperature distribution around a 250 W heat source in a
medium that is dry where T > 273K and contains various
volume fractions of ice where T < 273K. The temperature
in the far field is 196K.
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