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[1] We have studied the sublimation of ice buried beneath
�200 mm of JSC Mars-1 model regolith under simulated
Mars conditions. As expected, even thin layers of regolith
cause large decreases in sublimation rate, up to one order
of magnitude at 50 mm. When the depth of the regolith was
50 to 200 mm we detected water desorbing from the
overlying layers for which we were able to determine a
desorption coefficient of 1.45 ± 0.5 � 10�3 h�1. After
allowing for the effect of desorption, we found that the
diffusion coefficient for water vapor through our regolith is
1.74 ± 0.70 � 10�4 m2 s�1, in excellent agreement with
theoretical values. We thus find that a 1-m thick layer of ice
buried below a meter of regolith resembling JSC Mars-1 on
Mars at 235 K would last�800 years. Citation: Chevrier, V.,

D. W. G. Sears, J. D. Chittenden, L. A. Roe, R. Ulrich, K. Bryson,

L. Billingsley, and J. Hanley (2007), Sublimation rate of ice under

simulated Mars conditions and the effect of layers of mock

regolith JSC Mars-1, Geophys. Res. Lett., 34, L02203,

doi:10.1029/2006GL028401.

1. Introduction

[2] Ice has been detected over most of Mars. Except for
the polar caps, the ice is covered by layers of regolith
[Boynton et al., 2002; Feldman et al., 2004; Mellon et al.,
2004]. These regolith layers are crucial in protecting and
stabilizing ice primarily by providing a barrier to sublima-
tion [Farmer, 1976; Jakosky, 1985]. Under appropriate
conditions, such stabilization could eventually cause a
pathway to the formation of liquid water [Hecht, 2002].
Detailed consideration of diffusion and adsorption of water
vapor in the martian regolith has lead to the suggestion that
the regolith could be an important reservoir of water on
Mars [Farmer, 1976; Jakosky, 1985; Schorghofer and
Aharonson, 2005; Smoluchowski, 1968; Zent and Quinn,
1997], and this has important consequences for climate and
water vapor circulation models [Haberle et al., 2001;
Jakosky et al., 1997; Mellon et al., 2004; Schorghofer and
Aharonson, 2005]. However, details of this process and

the thickness of regolith necessary to stabilize the ice
are poorly known, mainly because of the lack of quantita-
tive parameters [Haberle et al., 2001; Schorghofer and
Aharonson, 2005]. Indeed most of the values for diffusion
coefficient of water vapor in martian regolith used in models
are theoretical estimates that lack experimental verification
[Farmer and Doms, 1979; Smoluchowski, 1968]. The pur-
pose of this study is to investigate the extent to which dust
layers on an ice surface suppress evaporation and thereby
determine experimentally the diffusion coefficient of water
vapor in the regolith under Mars conditions.

2. Experimental

[3] The apparatus used in the present study is a slightly
modified version of the equipment used by Sears and
Chittenden [2005] and Sears and Moore [2005] for their
studies of the evaporation of water and brine on Mars
(Figure 1). It consists of a stainless steel vacuum chamber
with a volume of 0.6 m3 that can be maintained at temper-
atures between �20�C and 0�C by a methanol/dry-ice slurry
circulating around the chamber. Conditions in the chamber
are monitored by eight thermocouples, two pressure gauges,
two hygrometers and closed circuit television. For
the present measurements, the chamber was evacuated to
<0.1 mbar and backfilled to 1 atm with dry gaseous CO2.
Graduated cylinders (100 mL) containing ice-regolith
columns, which had been kept in a freezer overnight, were
then placed in the chamber on a top-loading balance with a
thermocouple on the soil surface (Figure 1). The mock
regolith used for these studies, JSC Mars-1 regolith [Allen et
al., 1998], is a palagonitic soil with an initial volatile
content of 6.65 ± 0.24 wt% (based on the average mass
loss of 20 samples heated at 110�C for 15 days). The
chamber was then evacuated to 7 mbar (700 Pa) and
allowed to settle down for 20 minutes, at which point the
mass, pressure, temperatures (of the atmosphere, walls,
sample and coolant), and humidity were recorded every
2 to 5 minutes for 1 to 2 hours. The total pressure
was maintained between 6.5 and 8.0 mbar, and the temper-
ature was maintained constant by adding the required
amounts of dry ice to the methanol coolant. Dry CO2 was
introduced continuously to maintain an average humidity of
6.1 ± 0.9%, which corresponds to a partial pressure of water
of �0.37 mbar. A total of 140 experiments were performed,
5–15 for each of ten depths of regolith.

3. Results

[4] The mass versus time curve for each sample was
highly linear with R2 better than 0.99 (Figure 2). This was
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used to obtain the total mass loss rate in g min�1, which was
converted into mm h�1 by dividing by the water ice density
and the surface area of the sample (Figure 3). The mass loss
rate varies from 0.02 to 0.45 mm h�1 over a temperature
range of 257 to 273 K. Linear regression lines through the
data at each burial depth have been added for clarity in
Figure 3, but there is no implication that these trends are
truly linear. The relative standard error on the determination
of individual mass loss rate was generally <5%, but the data
in Figure 3 show greater than 5% scatter (especially at
greater depths) because of differences in operating condi-
tions, mainly variations in temperature, porosity, compac-
tion and uniformity of the regolith.

4. Discussion

4.1. Comparison of the Observed Sublimation Rates
With Those of Pure Water Ice

[5] The curve for pure water ice sublimation rate (no
regolith covering), calculated from the expression:

ES ¼ 0:612DhratmD

Dr
r

g

n2

2
664

3
775

1
3

ð1Þ

is also shown in Figure 3. This relationship was described
by Ingersoll [1970] and confirmed experimentally in our
previous papers [Moore and Sears, 2006; Sears and
Chittenden, 2005; Sears and Moore, 2005]. In this
expression, ES is the sublimation rate in mm h�1, Dh is
the concentration difference at the surface of the sample and
at distance, ratm is the atmospheric density, D is the diffusion
coefficient for water in CO2 (1.4 � 10�3 m2 s�1), n is the
kinematic viscosity of CO2 (6.93 � 10�4 m2 s�1), and g is
acceleration due to gravity (m s�2). The term Dh refers to
the water vapor concentration difference between the

Figure 1. (a) Schematic diagram of the simulation
chamber and (b) experimental set-up for the present
experiments. The 61 cm diameter and 208 cm deep
chamber is located in a specially constructed room with
an adjacent independent control room. The chamber is
equipped with cooling system, vacuum system, thermo-
couples (shown as open circles), hygrometers (shown as
triangles). Inset shows the experimental set-up in which ice
is allowed to sublime through a simulated regolith of JSC
Mars-1 which sits on a top loading balance. A thermocouple
is placed at the interface between the ice and the regolith to
monitor the temperature of the sample.

Figure 2. Examples of our experimental data. Fractional
mass loss is plotted against time. The experimental
uncertainties are comparable to or smaller than the size of
the symbols. The lines through the data are regression lines
and the equation and R2 value are indicated. The linearity of
these trends indicates that we have achieved steady state in
our experiments.

Figure 3. Rate of mass loss for water ice (converted from
g min�1 to mm h�1) as a function of temperature for various
thicknesses of JSC Mars-1 martian soil simulant. Sublima-
tion of pure ice as determined from the Ingersoll equation
[Ingersoll, 1970; Sears and Moore, 2005] is also shown for
the Earth (thick black line). The thin colored lines
correspond to the regression line through each set of data.
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surface and the atmosphere and Dr/r corresponds to
the relative density difference between the surface and
the atmosphere. The estimation of these terms has
been discussed previously [Ingersoll, 1970; Sears and
Chittenden, 2005; Sears and Moore, 2005]. The values
plotted in Figure 3, and the theory line, are applicable to
Earth’s gravity and may be corrected for the lower gravity
on Mars by multiplying by 0.726 [Sears and Chittenden,
2005; Sears and Moore, 2005]. As expected, the regolith

layers are attenuating the mass loss rate (by factors of up to
about 7 or 8), and the rate of mass loss is positively related
to temperature (except for data obtained at 75 and 100 mm
depths where the temperature spread is too small to see
these effects).

4.2. Converting the Data to a Common Temperature
and Pressure

[6] The highly linear nature of our data (see Figure 2)
indicates that our experiments are achieving steady state
conditions. Furthermore, as we suppose that the mass
loss for our columns results mostly from sublimation at
the interface between the ice and the regolith, we can
correct each data point from its temperature and humidity
to 273 K and 10 Pa of atmospheric H2O. Then we can
study the transport properties of the regolith without the
effect of the temperature and humidity. The treatment of
Farmer [1976] can be combined with the ideal gas law
to account for the differences in temperature and atmo-
spheric pressure:

ES ¼ DMH2Opsat

LRTSmice

1� TSpatm

Tatmpsat

� �
ð2Þ

where ES is the sublimation rate, D is the diffusion
coefficient in the regolith, L is the regolith thickness, TS

is the temperature of the surface, Tatm is the temperature of
the atmosphere, patm is the partial pressure of water in the
atmosphere, mice is the density of the ice (917 kg m�3) and
R is the gas constant. For depths below �100 mm, the
average mass loss rate decreases as expected with the soil
thickness to about 0.20 ± 0.1 mm h�1 at 100 mm, but
contrary to expectations at greater depths the mass loss rate
increases with depth up to 0.43 ± 0.19 mm h�1 at 200 mm
(Figure 4a). Such result suggests that sublimation is not the
only phenomenon responsible for mass loss for the ice/
regolith samples, but that a secondary contribution – that
increases with soil thickness – is responsible for the mass
loss at higher depth. We suggest that this second process is
desorption which we discuss in the next section.

4.3. Desorption Effects

[7] Desorption of water by Mars regolith simulants has
been studied by Zent and his colleagues [Zent et al., 2001;
Zent and Quinn, 1995, 1997]. To confirm and quantify this
process, we performed a series of measurements in which
we placed various thicknesses of regolith in the chamber
without an underlying ice layer. The measured desorption
rate (g min�1) was converted into an ‘‘ice-loss equivalent’’
(mm h�1) in order to facilitate comparison with our subli-
mation data. The results are shown in Figure 4a. The rate of
water desorbed from the regolith layer increased linearly
with regolith thickness, from 5.4 ± 4.2 � 10�2 mm.h�1 at
25 mm regolith thickness to 0.27 ± 0.09 mm h�1 at 200 mm
regolith thickness. For reasonable values of diffusion coef-
ficient between 10�3 and 10�5 m2s�1 [Smoluchowski,
1968], and 20 cm of regolith, we calculate that steady-state
is reached in 1 to 15 minutes. Thus, in these conditions all
the water desorbed is immediately evacuated from the
regolith, explaining the linearity of the desorption line in
Figure 4a. This linear dependence of the desorption rate with
soil thickness also suggests that, to a reasonable approxi-

Figure 4. (a) Total mass loss rate of water (filled symbols)
and desorption rate of water vapor from the regolith (open
symbols) as a function of the thickness of the regolith layer.
Mass loss rates (g min�1) have been converted into
the equivalent water ice thickness (mm h�1). A regression
line has been drawn through the desorption data. The closed
triangle represents the evaporation of pure water ice
(i.e. without regolith) as determined experimentally [Sears
and Moore, 2005] and by using the Ingersoll equation
[Ingersoll, 1970]. For regolith thicknesses less than about
50 mm (blue zone), mass loss is governed mainly by the
diffusion process, but at greater thicknesses (red zone)
desorption accounts for the main release of water from the
regolith used in these simulation experiments. (b) Sublima-
tion rate of ice (corrected for the desorption of the regolith)
as a function of reciprocal regolith depth (1/L). The
sublimation rate for pure ice is also indicated.
The regression line through the data indicates that the
sublimation of ice through a regolith layer follows the
relationship E = 3.34/L + 0.12, suggesting a diffusion
controlled process.
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mation, the Langmuir desorption theory is applicable [Zent
et al., 2001]:

Ed ¼ kd L ð3Þ

with Ed being the desorption rate (converted from g min�1

to mm h�1), kd the desorption coefficient, and L the soil
thickness. A linear fit to the present data gives a desorption
coefficient kd = 1.45 ± 0.5 � 10�3 h�1. The desorption data
and mass loss data converge at depths greater than �50 mm,
suggesting that for regolith depths less than �50 mm
sublimation is the main process while at depths greater than
50 mm desorption is the dominant process in releasing
water into the atmosphere of the chamber.

4.4. Diffusion Effects

[8] In Figure 4b we compare the predictions of equation
(2) with the present experimental data. The present data
form a linear array on a plot of ES against 1/L, confirming
that we have a steady state process described by equation
(3). The slope of a line through the data indicates water
vapor diffusing through JSC Mars-1 regolith simulant with
a diffusion coefficient of 1.74 ± 0.70 � 10�4 m2 s�1. This
result is in agreement with the usual theoretical estimation
for the diffusion of water vapor through the martian regolith
of �10�4 m2 s�1 [Schorghofer and Aharonson, 2005;
Smoluchowski, 1968]. The residual sublimation rate
of 0.12 ± 0.05 mm.h�1 for an infinite regolith layer (the
y– intercept on Figure 4b) is the result of experimental
uncertainties and possible edge effects in our experiment.
While 0.12 is essentially equal to the 2s uncertainty on an
individual data point, we believe some of the offset is due to
a change in sublimation regime from diffusion through a
soil (as described by the modified Farmer equation (2)) to
diffusion through the atmosphere (as described by the
Ingersoll equation (1)).
[9] With the value of the diffusion coefficient, we can

estimate the time t to reach steady-state, at which the Farmer
model can be applied, using the equation:

t ¼ L2

4D
ð4Þ

For our maximum mock regolith thickness, i.e 20 cm, the
calculated time is about 60 s, a value very much below the
20 min settling down time allowed for in our experiments.

4.5. Dependence of the Diffusion Coefficient on
Temperature

[10] We have not been able to observe any statistical
variation of the diffusion coefficient with temperature
(recalculated from each data point using equation (2) before
temperature/humidity correction). We suspect that this is
mostly because the temperature range of our data is very
limited in relation to the scatter in the data, but we can
conclude that our data show no evidence for a very marked
dependence of the diffusion coefficient on temperature at
these temperatures.

4.6. Significance for the Stability and Survival Times of
Subsurface Ice

[11] The diffusion coefficient we have determined
indicates that the diffusion of water vapor and the response

of the regolith to any change in atmospheric humidity will
be relatively fast. However, the evaporation rate is also
strongly dependent on the temperature of the ice surface
(viz., equation (3)). Knowing the diffusion coefficient in
the regolith, we can use equation (3) to determine the
survival time of a layer of ice under a regolith layer. A
1 m-thick layer of ice buried under �1 m of regolith
as suggested by the Odyssey neutron and gamma spec-
trometer data [Jakosky et al., 2005] and discussed by
earlier workers [Farmer and Doms, 1979; Paige, 1992;
Schorghofer and Aharonson, 2005], would last �800
years at the maximal martian temperature of 235 K
consistent with models for the metastability of ice in the
equatorial regions [Jakosky et al., 2005]. Moreover, any
temperature below 160–170 K will generate saturation
pressures on the surface well below the atmospheric water
humidity between 0.001 and 1 [Zent et al., 2001], pre-
venting any sublimation of ice. Such understanding and
quantification of the interactions between subsurface ice
and the surrounding regolith is important to interpreting
data to be obtained by the upcoming Phoenix mission
[Smith, 2006].
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