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[1] The diffusion coefficient of water vapor in unconsolidated porous media is measured
for various soil simulants at Mars-like pressures and subzero temperatures.
An experimental chamber which simultaneously reproduces a low-pressure,
low-temperature, and low-humidity environment is used to monitor water flux from an ice
source through a porous diffusion barrier. Experiments are performed on four types of
simulants: 40–70 mm glass beads, sintered glass filter disks, 1–3 mm dust (both loose and
packed), and JSC Mars–1. A theoretical framework is presented that applies to
environments that are not necessarily isothermal or isobaric. For most of our samples, we
find diffusion coefficients in the range of 2.8 to 5.4 cm2 s�1 at 600 Pascal and 260 K. This
range becomes 1.9–4.7 cm2 s�1 when extrapolated to a Mars-like temperature of 200 K.
Our preferred value for JSC Mars–1 at 600 Pa and 200 K is 3.7 ± 0.5 cm2 s�1. The
tortuosities of the glass beads is about 1.8. Packed dust displays a lower mean diffusion
coefficient of 0.38 ± 0.26 cm2 s�1, which can be attributed to transition to the Knudsen
regime where molecular collisions with the pore walls dominate. Values for the diffusion
coefficient and the variation of the diffusion coefficient with pressure are well matched by
existing models. The survival of shallow subsurface ice on Mars and the providence of
diffusion barriers are considered in light of these measurements.
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1. Introduction and Literature Review

[2] Large amounts of subsurface ice exist on Mars, both
at present and during past periods [Carr, 1996; Boynton et
al., 2002]. The rate of water vapor diffusion through the
regolith determines how long ice can survive in the subsur-
face when exposed to a drier atmosphere. It also determines
how fast the regolith can be recharged with atmospherically
derived vapor [Mellon and Jakosky, 1993]. Vapor diffusion
in soils is further relevant to records of climate change on
Earth, where ground ice has survived for extensive time
periods [Sugden et al., 1995; Hindmarsh et al., 1998].
Constraining these rates motivate the study of the diffusion
of water vapor in a planetary subsurface.
[3] An experimental facility has been constructed to

create a controlled environment which approximates the
conditions appropriate to examining the evolution and
transport of water in the upper regolith of Mars. Section 2
elaborates on the theory of diffusion used to interpret the

results. Section 3 describes the experimental methods and
materials used and section 4 details the data analysis.
Section 5 summarizes the results for the various simulants
and conditions studied. These results and their implications
to studies of Mars and other buried ice systems are dis-
cussed in section 6.
[4] Numerical values of the diffusion coefficient for water

vapor transport through the Martian regolith have been used
by a number of previous investigators as a parameter in
models of subsurface H2O communication with the atmo-
sphere and ice cap systems. The following briefly summa-
rizes the values used in a number of important papers which
consider diffusion on Mars.
[5] Many of the papers listed below calculate diffusion

coefficients from the kinetic theory of gases as applied to
porous media. All such methods require additional input
parameters describing the geometry of the pore space.
Porosity, or void volume, may be calculated from particle
size distributions and shapes or measured directly for real
samples. Another parameter describing the degree of inter-
connectivity and convolution of the void space, called
tortuosity, cannot be measured directly. Even for model
pore spaces, the value of this dimensionless number is
model dependent and intractable to calculate in all but the
most simple cases. There is also no robust relationship
between porosity and tortuosity that holds for a wide variety
of particle shapes and sizes. The ratio of porosity to
tortuosity parameterizes the change in diffusion coefficient
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from free-gas to porous-media conditions and is called the
obstruction factor. The value of tortuosity is usually
obtained from experiment by measuring porosity and dif-
fusivity.
[6] In a seminal paper, Smoluchowski [1968] calculates

diffusion coefficients for a range of particle sizes and poros-
ities from the kinetic theory of gases as presented byKennard
[1938] and Evans et al. [1961]. He presents a range of values
between 4 � 10�4 and 12 cm2 s�1, but the lower end of this
range is for 1–10% porosities and particle diameters less than
10 mm. For porosities of 50–80% and 10–200 mm sized
particles, values between 0.7 and 11 cm2 s�1 are obtained.
Smoluchowski gives no reference for tortuosity values but
presents values of 1, 5, and 10, for 80%, 50%, and lower
porosities, respectively.
[7] Flasar and Goody [1976] directly reference measure-

ments of gas diffusion in porous media. The works cited by
them include Currie [1960], who performed experiments on
hydrogen diffusion in air at STP and considered diffusion in
dry granular materials, and also Papendick and Runkles
[1965] whose work considered oxygen diffusion in porous
media at STP. Both of these works present factors relating
free-gas diffusion to porous media diffusion for a variety of
materials. Flasar and Goody use these to determine a range
of porous-media diffusion coefficients for the surface of
Mars of 0.4–13.6 cm2 s�1 at 610 Pa and 210 K. The upper
limit they give is the temperature- and pressure-extrapolated
value of free-gas diffusion given by Boyton and Brattain in
the work by Washburn et al. [2003] (but see section 2.2). A
real porous medium would have an obstruction factor of less
than unity, and so the diffusion coefficient should be smaller
than this limit.
[8] Farmer [1976] cites both Smoluchowski [1968] and

Evans et al. [1961] and quotes Smoluchowski’s values
directly. Jakosky [1983] references Flasar and Goody
[1976] but gives a slightly modified range of 0.3–10 cm2 s�1.
He then claims that his model, with a regolith diffusivity of
1.0 cm2 s�1, matches the observed amplitude of Martian
seasonal variation in atmospheric water content at 25�N
latitude, and that a range of 1.0–3.0 cm2 s�1 is likely
appropriate for Mars.
[9] The problem of diffusion on Mars was examined in

great detail by Clifford and Hillel [1983], who cite measure-
ments of diffusion in porous media, all of which were
performed at 25–30�C. Most involved the diffusion of H2

or He, and many were performed at pressures of 1 atmo-
sphere or higher. Their derivation from kinetic theory
computes values for diffusivity given only a pore size
distribution and a value for tortuosity.
[10] Fanale et al. [1986] and Zent et al. [1986], in tandem

papers, perform their own calculations to derive diffusivity
from gas kinetics and reference Smoluchowski [1968] for
values of tortuosity. They use a porosity of 50% for all cases
and a tortuosity of 5. For a pressure of 610 Pa and a
temperature of 210 K, their expression gives a free-gas
diffusivity of 13.2 cm2 s�1 and a porous medium diffusivity
of 0.44 cm2 s�1. These values are essentially the same as the
limits given by Flasar and Goody [1976].
[11] Fanale et al. [1986] estimates a Knudsen diffusion

coefficient of 0.02–0.22 cm2 s�1 for pore radii from 1 to
10 mm. A later paper by Clifford and Hillel [1986] focused
on Knudsen diffusion in the Mars regolith.

[12] Mellon and Jakosky [1993] present a diffusive model
for the regolith. This work includes a detailed derivation of
the porous media diffusion coefficient similar to Clifford
and Hillel [1983], but uses collision integrals to calculate
free-gas diffusion coefficients, while Clifford and Hillel cite
Wallace and Sagan [1979]. For a pressure of 600 Pascal, a
temperature of 200 K, and a pore radius of 1–10 mm, the
expression of Mellon and Jakosky gives an effective diffu-
sion coefficient of 2–10 cm2 s�1.
[13] We are aware of no direct measurements of the

diffusion of any gases in porous media at conditions of
low temperature and Mars-surface pressures in the litera-
ture. Experiments referenced in the above papers were
performed above freezing and at high (relative to Mars)
pressures. Additionally, there are very few measurements of
the diffusion in porous media of the condensible and highly
absorptive gas water vapor. The measurements of free-gas
diffusion of H2O in CO2 have been done at conditions other
than those appropriate Mars’ surface and extrapolated in
temperature and pressure. These data are reviewed in greater
detail in section 2.2.

2. Theoretical Framework

[14] Here we develop expressions for vapor transport in a
sublimation environment where temperature and pressure
can change with time and space. Throughout this paper,
subscript 1 refers to H2O and subscript 2 to the carrier gas,
usually CO2. For example, p1 is the partial pressure of H2O
and r1 the density of water vapor. The total pressure is
denoted by p0 = p1 + p2 and the total mass density by r0 =
r1 + r2. A script D refers to free-gas diffusion coefficients
while roman italic D refers to diffusion in a porous medium.

2.1. Vapor Transport

[15] Diffusion of mass is due to differences in concentra-
tion, temperature, and pressure [Reid et al., 1987]. The
general expression for diffusive flux of one dilute gas
(species 1) in another (species 2) at low velocities is
[Landau and Lifshitz, 1987, chaps. 57 and 58]

JDiff ¼ �r0 D12

@

@z

r1
r0

þDT

T

@T

@z
þDp

p0

@p0
@z

� �
; ð1Þ

where JDiff is the diffusive mass flux of gas 1, D12 the
mutual diffusion coefficient, DT the coefficient for ‘‘ther-
modiffusion’’, T the temperature, and Dp the coefficient of
‘‘barodiffusion’’. Thermodiffusion and barodiffusion are
usually small compared with concentration diffusion (see
sections 2.5 and 2.6).
[16] Equation (1) holds in a reference frame where the

center of mass velocity of the gas mixture is zero. In an
environment where temperature and total pressure change
little, and the vapor concentration is low, the concentration
diffusion JDiff would be simply described by

JDiff ¼ �D12

@r1
@z

: ð2Þ

For a detailed discussion of reference frames and
nonisothermal diffusion laws, see Cunningham and
Williams [1980].
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[17] Mass transfer of a gas results not only from diffusion
but also from advection, where a difference in pressure
causes the gas to move as a whole. The vertical velocity of
gas w is given by Darcy’s law,

w ¼ � k
m
@p0
@z

; ð3Þ

where k is the intrinsic permeability of the porous medium
and m the dynamic viscosity of the gas. The total mass flux
is the sum of diffusive and advective transport,

J1 ¼ JDiff þ JAdv ¼ JDiff þ wr1; ð4Þ

where JAdv = wr1.
[18] The porosity f of a porous medium restricts the cross

sectional area available for transport. A second factor called
tortuosity t accounts for the increase in path length which the
molecules must follow. The diffusion coefficient in a porous
medium can be written as [Mason and Malinauskas, 1983]

D ¼ f
t
D12: ð5Þ

[19] The ratio f/t is also called the ‘‘obstruction factor.’’
In principle, this reduction in diffusivity can be obtained
theoretically from the void space geometry. In practice, the
void space geometry is seldom known, even for terrestrial
soils in a laboratory environment.
[20] In a porous medium, equation (2) is replaced by

JDiff ¼ �D
@r1
@z

: ð6Þ

2.2. Diffusion Coefficient

[21] The coefficient of diffusion is the product of mean
velocity and mean free path, with a prefactor that can be
temperature dependent. The mean velocity depends only on
temperature. The mean free path is inversely proportional to
the density of the gas. Thus a thinner atmosphere has a higher
diffusivity. The diffusivity of an unconfined gas at rest, in
which molecules diffuse through an interstitial gas, forms the
basis for understanding the diffusivity of a porous regolith.
[22] Theoretical expressions can be obtained for the

diffusion coefficient, D12, in a dilute gas at rest consisting

of vapor species 1 and 2. The coefficient of self-diffusion,
D11, is not measured in our experiments.
[23] The coefficient of diffusion in a binary mixture of

rigid elastic spherical molecules is, to first order in the
density of the diffusing species [Chapman and Cowling,
1970],

D12 ¼
3

8n0s2
12

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kT

2p
1

m1

þ 1

m2

� �s
: ð7Þ

The number density n0 is obtained from the ideal gas law, n0 =
p0/kT, ps12

2 is the scattering cross section, k is the
Boltzmann constant, and m1 and m2 are the molecular
masses.
[24] The parameter s12 is computed by averaging the

molecular radii of each species, s12 = (s1 + s2)/2. The
cross section for individual molecules can be determined
from viscosity measurements of pure gases. Chapman and
Cowling [1970] report molecular radii for CO2 and N2.
Schwertz and Brow [1951] calculate a molecular radius for
H2O from the molecular volume of the liquid. The values
are listed in Table 1.
[25] For intermolecular forces other than a model of

rigid elastic spheres, a temperature-dependent prefactor is
introduced via the collision integral W12(T) [Mason and
Malinauskas, 1983; Reid et al., 1987],

D12 ¼
3

8n0s2
12

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kT

2p
1

m1

þ 1

m2

� �s
1

W12 Tð Þ : ð8Þ

[26] The length parameter s12 now depends on the
intermolecular force law and its value is not the same as
for the rigid elastic spherical molecules. For a Lennard-
Jones potential, the function W12(T) and parameters for
H2O, CO2, and N2 are given in Table 1.
[27] For an ideal gas of hard elastic spheres, the diffusion

coefficient depends on temperature as T 3/2, as can be seen
from equation (7). For other intermolecular potentials, the
temperature dependence is described by equation (8), and
can be shown to have an exponent between 0 and 2. The
diffusion coefficient is inversely proportional to pressure for
any intermolecular potential.
[28] Equation (8) is a first-order expansion derived from

Chapman-Enskog theory. To lowest order, the diffusion
coefficient does not depend on the relative concentration
of the two gases n1/n2 but only on the total number density
n0 = n1 + n2 and on the temperature. Hence the diffusion
coefficient is symmetric, D12 = D21.
[29] The second-order approximation of the diffusion

coefficient introduces a dependence on n1/n2 [Chapman
and Cowling, 1970]. For a hard sphere model and low
concentrations of species 1 (n1 � n2), the diffusion coef-
ficient is increased by a factor of

1

1� m2
1= 13m2

1 þ 30m2
2 þ 16m1m2

� � :

For low H2O concentration in a CO2 or N2 atmosphere, this
correction is <1%. The maximum correction for any mixing

Table 1. Model Parameters for the Mutual Diffusion Coefficienta

Parameter Value Reference

shes (CO2, N2) 4.63, 3.76 Å Chapman and
Cowling [1970]

shes (H2O) 2.7 Å Schwertz and
Brow [1951]

sLJ (H2O, CO2, N2) 2.641, 3.941, 3.798 Å Reid et al. [1987]

e/k (H2O, CO2, N2) 809.1, 195.2, 71.4 K Reid et al. [1987]

aParameters are as follows: shes = molecular radius of hard elastic
spheres, sLJ and e/k are parameters of the Lennard-Jones potential. The
collision integral for the Lennard-Jones potential can be expressed as W12 =
A(T*)�B + Ce�DT* + Ee�FT* + Ge�HT*. Values for the constants A, B, C, D,
E, F, G, and H are given by Neufeld et al. [1972] and Reid et al. [1987]. The
dimensionless temperature T* is given by T* = kT/e12 and the molecule
specific parameter e is computed for a gas pair by e12 =

ffiffiffiffiffiffiffiffiffi
e1e2

p
.
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ratio for H2O–CO2 is 4%, and for H2O–N2 it is 2%, both
occurring as n2 ! 0. Hence the dependence of the diffusion
coefficient on the proportions of the mixture can be
neglected in comparison to other uncertainties.
[30] Holman [1997] gives a semiempirical equation by

Gilliland et al. [1974]

D12 ¼ 435:7 cm2 s�1 T3=2

p0 V
1=3
1 þ V

1=3
2

	 
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

M1

þ 1

M2

r
;

where T is in Kelvin, p is in pascals, V1 and V2 are
molecular volumes of 1 and 2, and M1 and M2 are their
molar weights. Holman cautions that this expression is
useful for various mixtures, but should not be used in place
of experimental values of D12 when available.
[31] The coefficient of mutual diffusion D12 has been

directly measured from evaporation rates of water into pure
gases. Measurements for H2O–CO2 are reported or com-
piled by Guglielmo [1882], Winkelmann [1884a, 1884b,
1889], Trautz and Müller [1935a, 1935b] Schwertz and
Brow [1951], Rossie [1953], and Crider [1956] in the
temperature range 291–373 K at atmospheric pressure.
Nagata and Hasegawa [1970] use gas chromatography to
determine the diffusivity at 394 K and higher temperatures.
The International Critical Tables [Washburn et al., 2003] list
DH2O�CO2

= (0.1387 cm2 s�1)(T/T0)
2 ( pref/p), citing the

experiments by Guglielmo and Winkelmann. The compre-
hensive review of gaseous diffusion coefficients by Marrero
and Mason [1972] recommends DH2O�CO2

= (9.24 �
10�5 cm2 s�1) T3/2 exp(�307.9/T)( pref/p) for T in the range
296–1640 K. A diffusivity scaling often cited in the context
of Mars studies is from Wallace and Sagan [1979], who use
a prefactor determined from Schwertz and Brow [1951] to
write DH2O�CO2

= (0.1654 cm2 s�1)(T/T0)
3/2( pref/p0). In all

cases, pref = 1013 mbar and T0 = 273.15 K.
[32] Measurements for H2O–N2 are available from

Hippenmeyer [1949], Schwertz and Brow [1951], Bose and

Chakraborty [1955–1956], Crider [1956], Nelson [1956],
and O’Connell et al. [1969] in the range 273–373 K.
Marrero and Mason [1972] recommend DH2O�N2

= (1.87 �
10�6 cm2 s�1) � T 2.072 (pref/p0) in the temperature range
282–373 K.
[33] Figure 1 shows theoretical and experimental values

of the mutual diffusion coefficient as a function of temper-
ature. The empirical fits from Marrero and Mason [1972]
and the International Critical Tables are based on measure-
ments at high temperature and may not provide accurate
results when extrapolated to low temperatures. The empir-
ical fits, the theoretical formula for a Lennard-Jones poten-
tial, and the theoretical formula for hard elastic spherical
molecules predict slightly different temperature dependen-
cies. Measurement errors and uncertainties in cross sections
introduce additional deviations that limit the accuracy to
which diffusion coefficients can be computed for a free gas.
[34] The Martian atmosphere consists of 95% CO2, the

next most abundant gases being nitrogen and argon. The
fraction of gases other than CO2 is small enough to be
ignored and we consider a pure CO2 atmosphere. According
to the elastic hard sphere model, equation (7), the diffusion
coefficient in CO2 is smaller than in N2 at the same pressure
and temperature by a factor of

DH2O�CO2

DH2O�N2

¼
s2
H2O�N2

s2
H2O�CO2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1=18þ 1=44

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1=18þ 1=28

p � 0:72: ð9Þ

Assuming a Lennard-Jones potential, this ratio would be
0.68–0.69 in the temperature range 150–293 K.

2.3. Mean Free Path and Knudsen Diffusion

[35] The mean free path for species 1, diffusing in a gas
composed of species 1 and 2, is [Chapman andCowling, 1970]

l1 ¼
1

n1ps2
11

ffiffiffi
2

p
þ n2ps2

12

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ m1=m2

p : ð10Þ

Figure 1. Theoretical and measured diffusion coefficients for H2O in (a) CO2 and (b) N2 as a function
of temperature at 1013 mbar. Grey lines are theoretical formulae with model parameters, black lines
indicate fits to measured values, and individual markers indicate specific measured values.
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[36] When only one gas is present, the familiar formula
l1 = 1/(

ffiffiffi
2

p
nps2) is recovered. When n1 � n2, the first term

in the denominator, resulting from like-molecule collisions,
is negligible. With this expression, the mean free path of
H2O in a dry CO2 atmosphere at 600 Pa and 200 K is l1 �
9 mm. The mean free path of H2O in a dry N2 atmosphere is
longer than in a dry CO2 atmosphere at the same pressure
and temperature by a factor of 1.2.
[37] In a porous solid with interconnected pathways, a gas

molecule may collide with another molecule or with the
pore walls. When the gas pressure is high, molecule-
molecule collisions dominate and the system is said to be
in the normal or Fickian regime.
[38] At low pressure, collisions are dominantly between

molecules and the walls, and the free path is restricted by
the geometry of the void space. In this regime, termed
Knudsen diffusion, the presence of other gases no longer
affects the transport, and the flux depends only on the
density gradient of the species of interest (water in this
study) and can be written as [Mason and Malinauskas,
1983]

J1 ¼ �DK

@r1
@z

: ð11Þ

[39] As for Fickian diffusion, the Knudsen diffusion
coefficient DK is proportional to the mean velocity. For
example, in a long, straight, circular capillary of radius r �
l1, the diffusion coefficient at low pressure is DK = (2/3)�v1r,
where the mean velocity is �v1 =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8kT=pm1

p
[Mason and

Malinauskas, 1983; Clifford and Hillel, 1986].
[40] Evans et al. [1961] give an expression for DK in

materials with interconnected, convoluted pore spaces

DK ¼ 4

3
�v1K0; ð12Þ

where K0 is a structural parameter (with dimensions of
length) accounting for both pore geometry and the
scattering of the diffusing molecules off the pore walls.
They give an expression for K0

1

K0

¼ 128

9
nd

t
f
r2 1þ 1

8
pa1

� �
; ð13Þ

where nd is the number density of ‘‘dust’’ particles (meaning
the porous medium). Here r is the particle size in the dusty
gas model (which may be an average of a particle size
distribution), and a1 is the fraction of molecules that are
both scattered diffusely and have their speeds thermalized
to a Maxwellian distribution. Evans et al. [1961] suggest
that a1 is 1 for most gases. In the case of spherical particles
with an average radius �r, nd can be estimated as (3/4)(1 � f)/
p �r3, giving

DK ¼ p
8þ p

f
1� f

�v1�r

t
: ð14Þ

These expressions show that DK is independent of pressure
and changes as T1/2 with temperature.

[41] At intermediate pressures, both collisions with pore
walls and with other molecules occur with significant
frequency. This ‘‘transition region’’ is defined by the ratio
of pore size to mean free path r/l1. In the Knudsen regime
r/l1 is much smaller than 1 and in the Fickian regime r/l1
is much greater than 1. Equations (2) and (11) can be
combined by summing their contributions to @r1/@z.
Neglecting advection in (2) and rewriting D12 as the
Fickian diffusion coefficient in a porous medium DF, we
obtain

@r1
@z

¼ �J1
1

DF

þ 1

DK

� �
: ð15Þ

Thus the combined or effective diffusion coefficient may be
written

1

D
¼ 1

DF

þ 1

DK

: ð16Þ

This is known as the Bosanquet relation and was discussed
by Pollard and Present [1948] and more recently described
by Mason and Malinauskas [1983] in the context of gas
diffusion through porous media.

2.4. Advection

[42] Diffusion describes the relative motion of gases,
while advection represents the bulk motion of the gas. For
sublimation from an impermeable layer, the lower boundary
condition is J2 = 0. The total mass flux, however, is not zero
because the ice is a source of vapor, J1 6¼ 0. Mass
conservation for species 1 and 2 requires [Landau and
Lifshitz, 1987]

J1 ¼ �D12r0
@

@z

r1
r0

þ wr1 ð17Þ

J2 ¼ �D12r0
@

@z

r2
r0

þ wr2 ¼ 0: ð18Þ

[43] The ratio of advective to diffusive flux can be
obtained by dividing the second term of the first equation
by the first term. Solving the second equation for w and
substituting, we obtain

JAdv

JDiff
¼ c zð Þ

1� c zð Þ : ð19Þ

The mass concentration of H2O is denoted by c = r1/r0.
The total flux is given by

J1 ¼ �D12r0
1

1� c

@c

@z
: ð20Þ

[44] When the CO2 column is at rest and H2O vapor
moves outward, the gas mixture as a whole effectively
moves outward, and there must always be a pressure
difference D p0 across the sample that drives this advective
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flow. On the other hand, the pressure difference can never
exceed the saturation vapor pressure over ice. The factor of
1/(1 � c) is an approximate estimate of the error due to
advective flux counted as diffusive.
[45] The saturated vapor pressure over ice at 260 K is

195.8 Pa. In 600 Pa of CO2, this gives a large advective
correction factor, 1/(1 � c), of 1.32. However, at the upper
sample surface the partial pressure of water is significantly
lower and the correction factor is found to be 1.01–1.07 at
this location in our experiments. The error thus introduced
by the average value of c is on the order of 10%. It will be
shown that this error is of the same order as the systematic
scatter in our experimental determinations of D.
[46] For small c, the advective contribution disappears,

J1 = JDiff, and the pressure difference also becomes negli-
gible. The concentration of water vapor is limited when
saturation vapor pressures are low. In our experiment, a
compromise is reached between low-temperature conditions
with small advection contributions and higher temperature
conditions which allow more rapid sample turnover.
[47] On Mars, pressure differences, and therefore advec-

tion, can result from winds or thermal expansion. A temper-
ature increase by 30% leads to a thermal expansion by 30%
over a thermal skin depth, which is on the order of 1 m for the
annual cycle and 3 cm for the diurnal cycle. The expansion
thus corresponds to an airflow of 30 cm per year for the
annual cycle and 1 cm per sol diurnally. The velocity of
water vapor due to concentration differences is the diffusion
coefficient divided by depth. For example, forD = 10 cm2 s�1

and ice buried 100 cm, the diffusive flux is 0.01 cm/s or
9 m per sol, many orders of magnitude faster than thermal
expansion.
[48] Most of our experiments take place at a total cham-

ber pressure of �600 Pa. At the ice surface, there is a
pressure contribution both from the CO2 in the chamber and
the saturation pressure of H2O. Assuming the pressure
difference across the sample equals the saturation vapor
pressure, we can set a lower bound on permeability. From
equations (3), (4), and (19),

J1Dz ¼ �r0
k
m
Dp0: ð21Þ

The viscosity of CO2 and N2 at 200 K and 1 bar pressure are
1.00 � 10�5 Pa s and 1.29 � 10�5 Pa s, respectively [Lide,
2003]. Using measured values of J1 � 10�5 kg m�2 s�1,
Dz = 0.05 m, and r0 � 0.01 kg m�3 from one of our
experiments on 40–70 mm glass beads, the minimum
permeability is k = 3 � 10�12 m2 or 3 darcy. This is similar
to permeability values measured for grains tens of microns
in size, where k � 10�12 m2 [Freeze and Cheng, 1979;
deWiest, 1969].

2.5. Thermodiffusion

[49] In a system without concentration gradients, vapor
still diffuses due to differences in temperature [Grew and
Ibbs, 1952]. This is known as ‘‘thermal diffusion’’ or
‘‘thermodiffusion’’. The inverse effect, where the diffusion
of one gas in another results in the establishment of a
transient temperature gradient is known as the ‘‘diffusion
thermoeffect’’. The liquid analog to gaseous thermodiffu-

sion is known as the ‘‘Soret effect’’ [Grew and Ibbs, 1952].
Chapman and Cowling [1970] provide a first-order expres-
sion for the thermodiffusion ratio kT,

kT ¼ DT

D12

¼ 5 C � 1ð Þ
s1

n1
n1þ n2

� s2
n2

n1þ n2

Q1
n1
n2
þ Q2

n2
n1
þ Q12

; ð22Þ

where

s1 ¼ m2
1E1 � 3m2 m2 � m1ð Þ þ 4m1m2A

Q1 ¼
m1

m1 þ m2

E1 6m2
2 þ 5� 4Bð Þm2

1 þ 8m1m2A

 �

Q12 ¼ 3 m2
1 � m2

2

� �
þ 4m1m2A 11� 4Bð Þ þ 2m1m2E1E2:

Analogous expressions hold for s2 and Q2, with inter-
changed indices. The thermodiffusion coefficient can be
positive or negative and vanishes for low concentrations.
The parameters A, B, C, E1, and E2 depend on the
intermolecular forces. For a model of rigid elastic spherical
molecules, A = 2/5, B = 3/5, C = 6/5, and E1 = (2/5m1)ffiffiffiffiffiffiffiffiffiffiffi
2=m2

p
(m1 + m2)

3/2 s211/s
2
12. In the elastic hard sphere

model, kT is independent of temperature and pressure, but it
does depend on the proportions of the mixture n1/n2
[Chapman and Cowling, 1970].
[50] It is conventional to introduce the thermal diffusion

factor aT = kT n0
2/(n1 n2), which no longer vanishes for low

concentrations. Using the formulae above, this factor is at
most aT � 0.8 for H2O–CO2. For H2O–N2, the maximum
aT is less than 0.4. The theoretical value of the thermodif-
fusion ratio is thought to be larger for elastic spheres than
for other models of intermolecular forces [Chapman and
Cowling, 1970]. From equation (1), we see that thermodif-
fusion is reduced relative to concentration diffusion by a
factor kT (DT/T)/D (r1/r0). Assuming n1 � n2 andD n2/n2 �
Dn1/n1, this factor is approximately aT (m2/m1) (DT/T) p1/
Dp1. For a typical experiment DT/T 0.01 and Dp1/p1 �
0.5, and thermodiffusion is smaller than concentration
diffusion by a factor of 0.4 � 0.01 � 0.5 � 44/18 =
0.005 or less and therefore negligible in our measurements.
On Mars, a diurnal temperature amplitude of 30 K around a
mean temperature of 210 K has DT/T � 0.14. It is
conceivable that thermodiffusion contributes noticeably to
vapor transport on Mars, but concentration diffusion still
dominates.

2.6. Barodiffusion

[51] ‘‘Pressure diffusion’’ or ‘‘barodiffusion’’ is the rela-
tive diffusion of molecular species due to gradients in total
pressure. Landau and Lifshitz [1987] and Cunningham and
Williams [1980] provide an expression for the barodiffusion
coefficient in a mixture of two ideal gases:

kp ¼
Dp

D12

¼ m2 � m1ð Þc 1� cð Þ 1� c

m2

þ c

m1

� �
: ð23Þ

[52] In a single fluid there is no barodiffusion phenome-
non and the coefficient vanishes. For a mixture, the
coefficient can be positive or negative. Heavier molecules
tend to go to regions of higher pressure. According to
equation (1), barodiffusion is smaller than concentration
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diffusion by a factor of kp(D p0/p0)/Dc. If we assume Dc �
c � 1 and use equation (23), this factor is about 0.4Dp0/p0
in an N2 atmosphere and 0.6Dp0/p0 in a CO2 atmosphere.
Barodiffusion is negligible when Dp0/p0 � 1.
[53] Most of our experiments take place at a total cham-

ber pressure of �600 Pa. At the ice surface, there is a
pressure contribution both from the CO2 in the chamber and
the saturation pressure of H2O, which is at most �200 Pa at
260 K. Assuming the pressure difference across the sample
equals the saturation vapor pressure, p0 = 800 Pa. This
overly pessimistic pressure difference leads to a barodiffu-
sion contribution of less than 15% of the size of the
concentration diffusion.
[54] None of the coefficients D12, DT, and Dp depend on

gravity, nor does the advective contribution. The potential
energy m1gDz required to move molecules through the
diffusive barrier, or through meters of regolith, is negligible
compared with their kinetic energy (3/2)kT.
[55] Adsorption can significantly effect the transport of

water in a non-steady-state environment by attenuating local
vapor density gradients and acting as either a source or a
sink for water vapor. We shall discuss these effects in
section 6 and show that they are not important on the
timescales which we consider.

3. Experimental Setup and Measurements

[56] Experiments were conducted at the Ice Lab facility in
the Geological and Planetary Sciences department of Cal-
tech. This facility is equipped for sample preparation and
features two walk-in freezers with nominal temperatures of
approximately �10�C and �20�C, and a cold-box capable
of temperatures below �80�C. Custom built vacuum cham-
bers of plastic or stainless-steel construction were used to
achieve Mars-like pressures and controlled humidity envi-
ronments within the freezers.

3.1. Sample Materials

[57] The Martian regolith is a complex substance. Early
lander-based measurements of elemental composition show
close similarity among widely spaced sites [Arvidson et al.,
1989]. Despite discoveries by both Viking and the MER
mission that reveal significant chemical and physical differ-
ences among the nonrocky components of the surface
[Moore et al., 1979], they are very similar in absolute terms
over planetary-scale distances. Various investigators have
used the JSC Mars–1 palagonite ash from Mauna Kea to
simulate Mars regolith in a variety of experiments [Gilmore
et al., 2004; Cooper and Mustard, 2002; Gross et al., 2001].
Martian soils no doubt come in a variety of grain size
distributions, grain shapes, porosities, compositions, and
degrees of compaction and cementation. With respect to
the demonstrably heterogeneous Martian regolith, the
Mars–1 soil is not assumed to match a particular locality
on Mars, but rather is a complex, natural soil material which
may represent a general class of Mars regolith. A thorough
description of JSC Mars–1 are given by Allen et al. [1997,
1998].
[58] JSC Mars–1 contains a variety of minerals which

exhibit different patterns of fracture, cleavage, and surficial
chemical structure making this a very complex regolith
simulant. The JSC Mars–1 simulant can be easily charac-

terized, but the parameter space to be explored is vast.
Working with fine-grained granular media presents many
challenges, particularly with regards to repeatability. To
eliminate some of the complexities involved in studying a
chemically and physically heterogeneous disaggregated
powder, some simpler and more easily handled proxies
for porous regolith materials are used initially. (1) The
40–70 mm beads are our standard sample, obtained from
AGSCO Corporation, with narrow particle size distribution
and composed of soda lime glass (specific gravity: 2.50).
(2) ‘‘Coarse’’ frits denote consolidated media, porous filter
disks from ChemGlass Inc., with pore size between 50 and
80 mm and sintered borosilicate glass (specific gravity: 2.53).
(3) The 1–3 mm dust comprises smaller particles, obtained
from Powder Technology Inc., with narrow particle size
range of equant yet angular particles and natural silicate
mineral (specific gravity: 2.65). (4) JSC Mars–1 denotes
weathered palagonitic cinder-cone ash, obtained through
JSC Curator, with wide particle size distribution from
1 mm to <1 mm and complex mineralogy (average specific
gravity: 1.91).
[59] Wind-blown sand particles on Mars were proxied by

the glass beads, whose size range is similar to that observed
in Mars wind-tunnel experiments and at MER landing sites
(see section 5.1.1). The Arizona Test Dust approximates
size characteristics of dust on Mars. The porous frits were
chosen to illustrate experimental repeatability given a me-
dium with an unchanging geometry. JSC Mars–1 was
selected because it has been frequently used in other
investigations of Mars analogue materials.
[60] See Figure 2 for optical micrographs of these simu-

lants at the same scale. Prior to use, all samples are dried in
an oven at 110�C and then stored in air tight containers.
[61] The source of water vapor in these diffusion experi-

ments is a block of ice made from purified water. The ice is
frozen in the presence of both a heat source to retard surface
freezing and a bubbler to provide mechanical agitation. This
procedure allows most gases exsolved upon freezing to
escape through the top surface, resulting in a cylinder of
largely bubble-free ice.
[62] Ice samples are cut from the cylinder in 1 cm thick

slices and frozen with a small amount of additional water
into plastic caddies �7 cm in diameter and of various
heights (2, 3, 6, and 11 cm), permitting sample thicknesses
over the ice of 1, 2, 5, and 10 cm, respectively. A T-type
thermocouple wire passes through the caddy wall 1 cm from
the bottom and extends to the center of the cylinder. This
wire is positioned on the surface of the ice disk and frozen
into place, allowing the tip to remain in contact with the ice
during the first 2–4 mm of retreat. See Figure 3a for a close-
up of thermocouple positioning.

3.2. Chamber Setup

[63] A custom built stainless-steel vacuum chamber from
LACO Technologies was used to perform the experiments
at �10�C. In basic design the chamber is a vertical cylinder
with a removable lid, silicone O-ring seals, and multiple
electrical and fluid feedthroughs. The volume of the cham-
ber is 2.3 � 10�2 m3.
[64] During an experiment, an Alcatel rotary vacuum

pump continuously pumps on the chamber at an effective
pumping speed of 0.34 m3 per hour. The pressure is
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monitored with a Barratron capacitance manometer with a
full-scale range of 10 torr. Evacuation is compensated by
input of dry CO2 regulated with an MKS PDR 2000 gauge
controller connected to a normally open solenoid valve. The
total pressure is maintained at �600 Pa. The continuous
replacement of chamber gas results in a very dry atmo-
sphere above the samples (see Figure 3b).
[65] Decompression of the dry CO2 into the cold chamber

produces a stable chamber air temperature of approximately

�12�C. The walk-in freezer is on a 12-hour defrost cycle
which results in twice-daily temperature spikes of approx-
imately 0.5�C. These perturbations to the environment
decay in about 60 min. Fiberglass and Styrofoam insulation
around the chamber minimizes these fluctuations.
[66] Water content in the chamber atmosphere is monitored

using capacitive relative humidity (RH) chips from Honey-
well (HIH-3602-C). These integrated-circuit sensors contain
both an RH proportional voltage output and a 1000 ohm

Figure 3. (a) Closeup of thermocouple positioning in a caddy designed to accommodate 1 cm of ice and
a 1 cm sample. The caddies are �7 cm in diameter. (b) Down-looking view into the stainless steel
chamber (30 cm diameter) showing two load cells, gas and electrical feedthroughs, and RH/RTD chips
attached to a ring-stand for positioning. (c) A closeup of two glass bead samples in place with RH/RTD
chips positioned 1 cm above sample surfaces.

Figure 2. Optical micrographs of regolith simulants: (a) 40–70 mm beads, (b) 1–3 mm Arizona Test
Dust (note the presence of aggregates), (c) ‘‘Coarse’’ fritted disks, pore size 50–80 mm, and (d) JSC
Mars–1.
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platinum resistance temperature device (RTD) which is
measured in a 3-wire half-bridge configuration. The RH
chips are reported to be accurate down to temperatures of
�40�C and 0% relative humidity. The combined RH and
temperature measurements allow the partial pressure of water
at the sensors to be calculated. The sensors are positioned at
the center of the sample top within 1 cm of the surface (see
Figure 3c).
[67] Sample mass is continuously monitored with Omega

Engineering LCEB-5 strain gauge load cells (maximum
capacity 5 lbs) in a wheatstone bridge configuration with
an excitation of 5 V and an output of 2.0 mV/V. This
instrument has a noise level of 0.2% of reading and a 0.03%
full-scale linearity. Mass-loss rates are calculated by mon-
itoring the sample mass and drawing a linear regression
through the values obtained over many hours.
[68] The data from an experiment are recorded with a

Campbell Scientific CR1000 data logger and saved to
computer via the LoggerNet software package. Currently,
we are able to perform two simultaneous experiments in the
vacuum chamber with dual load cells, thermocouples, and
RH/RTD chips. A second setup of slightly different con-
struction and capable of only one experiment at a time
exists in the �20�C freezer. This chamber was built in-
house out of 3/8-inch lucite plastic and seals with silicone
O-rings. This 7.3 � 10�3 m3 chamber is evacuated by a
separate Welch rotary pump and has its own CO2 inputs,
electrical feeds, load cell, and sensors. Data from this
chamber are recorded on a Campbell Scientific CR10X
data logger.

3.3. Sample Preparation and Experimental Method

[69] Unconsolidated samples are prepared in the follow-
ing manner. Centimeter thick bubble-free ice disks are
frozen in place at the bottom of the sample cylinders as
described at the end of section 3.1. The mass of the ice-
containing caddy is measured with a precision balance; the
mass of the caddy plus thermocouple is known. The total
mass of ice and thereby its volume and thickness in the
caddy can be determined. A predried sample is emplaced
over the ice, packed as desired, and planed off to form a flat
surface. The total mass of the entire sample assembly is
measured, giving the total mass of simulant. The sample
assembly is connected to the thermocouple feedthrough and
placed on the load cell within the chamber. Finally, the RH/
RTD sensor is positioned above the sample. The chamber
is then sealed and pumped down to 600 Pa at a rate of
�100 Pa per second. This slow pump-down prevents
disturbance of the sample as any interstitial gases escape.
[70] All steps described above are performed in the walk-

in freezer. The relative humidity of the freezer interior is
quite high, usually around 80%, but the absolute humidity
is low. Exposure of the samples to freezer air for the brief
period between the storage vessel and the start of an
experiment does not allow significant amounts of water
to adsorb or freeze onto the simulant (as confirmed by
water content measurements). Surface-melting, capillarity,
and their effects on the initially dry simulant are thus
minimized.
[71] Once the samples are in place and the chamber has

reached Mars pressures, the experiment is left to run for at
least 12 hours. Transients due to adsorption of water in the

sample or temperature disequilibrium are gone after approx-
imately two hours. The faster the mass-loss rate from the
sample, the less time is needed to obtain a sufficient number
of points to ensure linearity and draw a regression line. For
samples with a high impedance to gas flow, up to three days
may be needed to achieve a high degree of confidence in the
measurements.
[72] Following the completion of an experimental run, the

chamber is slowly (to prevent air currents from disturbing
the sample) purged to room pressure. The sample material is
dumped into a metal or glass vessel which is immediately
weighed, then placed into an oven at 110�C. After 24 to
48 hours the sample is completely dry with respect to non-
structural water (which is also zero in the case of glass
beads or frits) and is weighed again. The sample is now dry
and may be recycled for future experiments.

3.4. Measured Quantities

[73] All data for calculating diffusion coefficients
reported herein is taken from the stable interval following
initial transients. Additional small perturbations in temper-
ature are due to defrost cycling of the compressor in the
freezer every 12 hours. These have no apparent effect on
the mass loss curve and have a very small contribution to
the average temperature value calculated for a 12+ hour
experiment.
[74] The mass loss rate is derived from a least-squares fit

to the post-transient weight data versus time (see Figure 4).
The temperature of the load cell fluctuates less than 1�C;
there is no sensible temperature effect on the values
reported. Residuals to the linear fit of mass loss are less
than 1% in all experiments. Given the area of the sample
surface (39.8 cm2) and the density of ice, retreat rates in
mm/hr and total H2O flux are calculated.
[75] Ice surface temperature is monitored as described

above. We assume that the vapor at the surface of the ice is
saturated with respect to water vapor. This temperature thus
gives the saturation vapor pressure of H2O via the ITS-90
formulation for vapor pressure [Hardy, 1998]. Figure 4
shows ice surface temperature as a function of time for
one experiment.
[76] The RH/RTD sensors simultaneously report water

activity aw and ambient temperature at the sensor. Figure 3c
shows examples of placement and Figure 4 shows the data
as reported. Capacitive sensors such as the HIH-3602 are
responsive to water activity rather than to relative humidity
[Anderson, 1995; Koop, 2002]. The difference is that water
activity is the ratio of vapor content of the atmosphere p1 to
the saturation vapor pressure over liquid water rather than
over ice,

aw ¼ p1=p
liq
sv : ð24Þ

Thus the true relative humidity is given by

RH ¼ p1=p
ice
sv ¼ awp

liq
sv =p

ice
sv : ð25Þ

[77] The equation for psv
liq is determined from data on

supercooled water taken from Hare and Sorensen [1987].
The ITS-90 formulation is used for psv

ice to determine RH,
and then used again to convert the relative humidity
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