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[1] The diffusion coefficient of water vapor through porous media at Mars-like surface
conditions is measured for a variety of complex particle size distributions and soil
compositions. Micron-sized dust simulants, mixtures of sand- and dust-sized particles,
and salt-encrusted sand are examined. We find that while the value of the diffusion
coefficient, D, can be reduced by up to a factor of 10 for heavily salt-encrusted soils
(minimum observed D = 0.4 + 0.04 cm” s~ '), moderate amounts of salt only produce
minor reductions in D. Mechanical packing of pure dust can lower D by a similar amount,
while mixtures of dust with sand-sized particles produce at most a factor of ~4 reduction.
We conclude that present-day processes of aeolian redistribution, moderate levels of salt
encrustation, and volatile loss from dirty ice would be inefficient at producing soil deposits

and lags on Mars that pose significant barriers to diffusion. Therefore, subsurface ice
deposits that are thermally unstable would not be protected against sublimative loss by

such materials.

Citation: Hudson, T. L., and O. Aharonson (2008), Diffusion barriers at Mars surface conditions: Salt crusts, particle size mixtures,
and dust, J. Geophys. Res., 113, E09008, doi:10.1029/2007JE003026.

1. Introduction

[2] Subsurface ice on Mars is extensive at present, having
been observed within a meter of the surface at latitudes
poleward of ~60° [Boynton et al., 2002]. Past epochs on
Mars no doubt also harbored buried ice, though the distri-
bution of the ice may have been significantly different
[Mellon and Jakosky, 1993, 1995; Carr, 1996]. A number
of investigations have examined the equilibrium behavior of
subsurface ice under the present climate [e.g., Mellon and
Jakosky, 1993; Schorghofer and Aharonson, 2005] and
under various climate conditions as modulated by orbital
parameters [Mellon and Jakosky, 1995; Mellon et al., 1997,
Levrard et al., 2005]. The ice, though protected from
extremes of temperature by the overlying regolith, is still
in diffusive contact with the atmosphere and is affected by
parameters such as vapor content and insolation. While not
directly related to the equilibrium position of the ice table,
the diffusive properties of the porous media overlying ice
exert a first-order control on the rate of response of the ice
table’s position to changing conditions.

[3] As reviewed by Hudson et al. [2007], previous
investigations of diffusion on Mars have used various
estimates or extrapolations for the value of the diffusion
coefficient, empirical data on diffusivity of porous material
at Mars surface conditions being unavailable. Many of the
estimates used were based on experiments in uniform
granular media at Earth-ambient temperatures and pres-
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sures. However, as demonstrated by all landed Mars mis-
sions, the surface of Mars exhibits a wide variety of soil
types with different particle sizes, morphologies, and com-
positions [Yen et al., 2005] and small regions exhibit
heterogeneous distribution of these types. This suggests
that the diffusive properties of the Martian regolith may
vary over small length scales. Such local variations may
comprise large regional areas which exhibit a generally
larger or smaller diffusive potential than the global average,
and thus strongly influence the global Mars water cycle.
[4] We have previously published experiments which
determine the diffusive properties of water vapor through
unconsolidated regolith materials in a CO, carrier gas under
Mars-like surface conditions of temperature, pressure, and
humidity [Hudson et al., 2007]. Those results show that a
wide variety of homogeneous surface materials exhibit
largely similar diffusion coefficients from ~2 to 5 cm?
s~ at 200 K. The effects on diffusivity of more complicated
regoliths, which may arise from Mars surface processes, are
the subject of the subsequent investigations here. In this
work, we consider the results of two generalized processes
which may act to reduce the rate of communication between
the atmosphere and the subsurface: the mixing of dust into
deposits of sand-sized particles and the formation of salt-
cemented crusts. Mixing may arise from impact comminu-
tion and gardening of the surface, aeolian reworking, or any
other process which will allow the ubiquitous Martian dust
access to the internal pore spaces of coarser soil. Salt
encrustation as envisioned here requires the presence of
water as a solvent, though the amount of liquid required and
the role of vapor on Mars is unknown. The discovery of
subsurface soils with high salt contents (>30%) at the Mars
Exploration Rover sites and additional evidence that argues
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for the presence of stable surface water at some point in the
early history of Mars encourages investigation of past
processes. The detection of surface duricrusts at all landing
sites suggests that more recent (and possibly ongoing)
action of surface frost and thin films of meltwater could
currently operate to redistribute salt.

[5] Our experiments on salt crusts and mixtures of sand
and dust are reported below. Section 2 gives a brief
overview of the diffusion theory used in interpreting the
results. Sections 3 and 4 detail the experimental materials
and methods, respectively. Section 5 describes the results of
more than 75 separate experiments. The implications of the
results of these studies to subsurface ice systems are
covered in section 6.

2. Diffusion Theory

[6] The evolution of ice in diffusive contact with a
planet’s atmosphere through a barrier of porous material is
affected by the thermal and geometric properties of the
regolith. The former controls the propagation of diurnal,
annual, and long-term thermal waves into the subsurface
and thereby modulates the time-averaged temperatures
experienced at depth. The latter set of properties, including
porosity, pore size and shape, and tortuosity, influence the
rate at which gas molecules migrate in response to chemical
potential gradients. Temperature, through its effect on the
saturation vapor density of air and the vapor pressure of ice,
determines the concentration of water molecules in the
subsurface. Changing temperatures may create a positive,
negative, or identically zero concentration gradient with
respect to the vapor density in the atmosphere. If a gradient
of concentration exists, there will be a net flux of water
molecules down the gradient, resulting in a net growth or
depletion of the subsurface ice with time. The magnitude of
this flux depends both on the magnitude of the concentra-
tion gradient and on the diffusive properties of the soil.

[7] A description of the theoretical framework for diffu-
sive vapor transport in a sublimation environment on Mars
is found by Hudson et al. [2007]. An abbreviated summary
is given here. Throughout this paper, subscript 1 refers to
H,O and subscript 2 refers to the carrier gas. The quantites
of pressure and mass are denoted by py, and p, respectively.
The free gas diffusion coefficient is denoted by D,,, while
the diffusivity in a porous medium is referred to by D. The
mass flux of water vapor, ignoring thermodiffusion and
barodiffusion [Landau and Lifshitz, 1987] but including
advection, is

9 p K Opo

—poD=———p —— 1
Po 0z py plﬂﬁzv (1)

J=
where z is depth, & is the intrinsic permeability of the porous
medium, and /¢ is the dynamic viscosity of the gas. The first
term on the right is the diffusive mass flux Jy;, and the
second term is the advective flux J,4,.

[8] When ice is lost from an impermeable ice layer, the
ratio of advective to diffusive flux is related to the concen-
tration of water vapor, ¢ = p,/po, by [Hudson et al., 2007]

J, adv c

Jagg 1—c’
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In our previous experiments at 263 K [Hudson et al., 2007],
it was determined that ~10% of the total flux through the
sample was due to advection. In the more recent
experiments carried out at 250 K and described in section
5.1, the advective contribution is ~3%. There is always
some component of the flux which is advective, but by using
a colder environment we are able to reduce the systematic
error in our flux measurement by about a factor of 3.

[0] Variations of p, with depth are small in our experi-
mental setup and will be neglected. An approximate ex-
pression for concentration-driven diffusion in a porous
medium is thus

_ Ip,
J=-D % (2)

[10] In a porous medium, the diffusion coefficient is
reduced relative to diffusion in a free gas by an obstruction
factor often represented by the quotient of the porosity, ¢,
and the tortuosity, 7 [Mason and Malinauskas, 1983]:

&~
D= TD, (3)
where D is the effective diffusivity of the medium and D is
termed the reference diffusivity. Here we follow the method
of Zalc et al. [2004], wherein a strictly geometric tortuosity
factor, independent of diffusion regime, is derived. In this
formalism, the Bosanquet equation gives the reference

diffusivity as
_ 1 1\
D=(—+—] , 4
(DIZ DK) )

where D;, and Dy are the bulk or free gas diffusivity and
the Knudsen diffusivity, respectively. Porosity quantifies the
reduction in cross-sectional area available for gaseous
transport, while tortuosity is a quantity which characterizes
the convoluted nature of the porous pathways followed by
diffusing species. The theoretical determination of tortuosity
is model dependent and extremely cumbersome for all but
the most simple geometries. It is most often the case that the
other parameters in equation (3), D, ¢, and D, are
determined from experiment and that 7 is calculated from
these. The majority of experiments by Hudson et al. [2007]
were shown to be at the Fickian edge of the transition
region, and the experiments reported here occur at the same
pressures (~600 Pa). Thus, the diffusion coefficients
reported are the effective diffusion coefficients, D.

[11] The diffusion of water molecules in CO, and D,
may be derived via Chapman-Enskog theory and by a
variety of extrapolations from measured data to the appro-
priate temperatures and pressures. Under Fickian diffusion
or in free gas, where collisions between molecules are more
frequent than collisions with pore walls, the diffusion
coefficient is proportional to po ' and, when a molecular
model of hard elastic spheres is assumed, to 7% [Chapman
and Cowling, 1970]. For instance, Wallace and Sagan
[1979], write Di,0.co, = (0.1654 cm®s ") (T/Tied)*(pref/
DPo), where pr = 1013 mbar and T, = 273.15 K (see
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Table 1. Porosities, True Densities, and Bulk Densities for
Simulant Materials

Simulant d) (%) Phbulk (g Cm73) Ptrue (g Cm73)
50—80 pm glass beads 44 + 1.0 1.46 £ 0.5 2.50
Crushed JSC Mars-1 77 £ 1.0 1.09 £ 0.5 3.07
Loose 1-3 pm dust 88 £ 1.0 0.25 +£0.03 2.65
Packed 1-3 pm dust 76 + 2.0 0.66 = 0.03 2.65

Hudson et al. [2007] for a more complete list). These
methods are more accurate than the simple kinetic theory
expression, Dy, = Av/3, where A is the mean free path.
[12] Zalc et al. [2004] compute the Knudsen diffusion
coefficient by taking into account deviations from exponen-
tial path length distributions and Knudsen cosine law
scattering from pore walls, as opposed to random scattering
which occurs among gas molecules. Thus, Dy may be

written as
2
()

1
D =3 {1,)0) L i ﬂ] , 5

where v is the mean molecular velocity (v = \/8kT /7m,),
(I,) is the first moment of the chord length distribution
[Levitz, 1993], and [ is a series sum of cosine angles
between sequential trajectory segments separated by wall
collisions. Chords are defined as successive ballistic
molecular paths with both ends terminated by a pore wall;
therefore, they may be smaller or larger than any individual
pore. Note that the Knudsen diffusion coefficient is
independent of pressure. From Zalc et al. [2004], the model
pore structures used result in nearly exponential chord
distributions such that the first term in brackets is near unity.
But many real soils may have different distributions, and
this quantity can vary significantly. Gille et al. [2001, 2002]
describe a method which we employ for determining (/,)
from pore diameter distributions determined from mercury
porosimetry. The [ term depends only on the model
selected to describe molecular collisions with pore walls
[Levitz, 1993]. For the frequently used Knudsen cosine law,
this gives 3 = 4/13 = 0.3077, as confirmed by Zalc et al.
[2004] for porosities of 42% and greater (E. Iglesia, personal
communication, 2007), a porosity range which covers all
simulants considered in this study except the salt crusts.

a)

Figure 1.
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[13] The bulk porosity is determined through a gravi-
metric method detailed in section 3 and summarized in
Table 1. Quantitative measurements of the pore size
distribution were made for selected simulant materials at
a commercial analytical facility; the analysis results are
given in section 4.3.

[14] Our setup is not suited for measuring D,, directly,
and we therefore use the extrapolation method of Wallace
and Sagan [1979], as was done in the work by Hudson et
al. [2007] and studies by earlier investigators. However, it
is the case that among the different methods, the value of D,
at 250 K and 600 Pa varies between 17.5 and 32.0 cm?® sfl,
and so there is some uncertainty in the later tortuosity
calculations arising from these differences. The tortuosity
analysis results are given in section 5.5.

3. Experimental Materials

[15] A variety of materials have been used to explore the
effects of particle size distribution and salt crust formation
on diffusion coefficients in simulated Mars soils. Properties
of these samples and preparation methods are described in
this section. Figure 1 shows optical micrographs of the
simulants at the same scale. Prior to use, all samples are
dried in an oven at 110°C and then stored in airtight
containers.

[16] Geometric porosities of the separate materials were
determined by weighing a known volume of bulk sample to
determine a bulk density, pyu, and taking the ratio of this
against the known specific gravity of the individual particles
(@ =1 — ppu/Puue)- The results are given in Table 1.

3.1. Glass Beads

[17] This simulant is composed of beads of soda-lime
glass obtained from AGSCO Corporation. They exhibit a
narrow particle size distribution between 50 and 80 um. The
true specific gravity of the glass is 2.50. To facilitate
comparison with our previous experiments, to determine
the effect of temperature on advective flux, and to calculate
the magnitude of the free gas diffusion correction factor
for the temperatures of these experiments, the diffusivity of
50—80 pm glass bead samples of 1, 2, 5, and 10 cm thickness
were measured. The samples were analyzed by Particle
Sizing Systems using a model 780 AccuSizer with light-
obscuration techniques and light-scattering techniques.

Backlit optical micrographs of regolith simulants of (a) 50—80 um beads, (b) 1-3 pm

Arizona Test Dust (note the presence of aggregates), and (c) crushed JSC Mars-1.
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Figure 2. Particle size histogram (solid line) and cumu-
lative finer (dashed-dotted line) plots for (a) crushed JSC
Mars-1 and 1-3 pum dust and (b) 50—80 um glass beads.

Ninety percent of the particles are larger than 48 pm and
only 10% are larger than 80 pm. The volume-weighted
mean particle size is 64.4 pm, with a median of 66.1 pm
and a mode of 77.7 um, reflecting a slight skew toward the
larger diameters. The results of the analysis are shown in
Figure 2b. The size of the glass beads places them in the
sedimentological category of “fine sand.”

3.2. Crushed JSC Mars-1 Dust

[18] JSC Mars-1 is a weathered palagonitic cinder-cone
ash from Mauna Kea, Hawai’i and has been used in a
variety of Mars surface simulation experiments beyond its
originally intended use as a spectral analog [Gilmore et al.,
2004; Cooper and Mustard, 2002; Gross et al., 2001]. The
raw JSC Mars-1 was obtained through the Johnson Space
Center Curator. A thorough description of JSC Mars-1 can
be found from Allen et al. [1997, 1998].

[19] Raw JSC Mars-1 particles were crushed to smaller
sizes in a planetary ball mill. Batches of 250 mL of oven-
dried raw material were run with 50 hardened steel milling
balls at 590 RPM for 10 min in the forward direction, rested
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for 5 min, and milled for another 10 min in reverse. The
resulting particle size distribution was analyzed by Micro-
meritics Instrument Corporation on a Saturn DigiSizer 5200
using the laser light-scattering technique. Particles were
dispersed in a 0.3% Daxad 23/40% sucrose/water solution
in an ultrasonic bath for 1-2 min. The measured median
particle size is 5.46 pum. The whole distribution is bimodal
with peaks at 1.5 and 25.2 pm; nearly 70% of the volume is
larger than 2 pm.

[20] An average specific gravity of 1.91 for raw JSC
Mars-1 as given by Allen et al. [1998] was quoted in the
work by Hudson et al. [2007]. Recent analysis of the
crushed sample with He gas displacement in an AccuPyc
1330 Pycnometer at Micromeritics Instrument Corporation
yielded an average particle density of 3.07 g cm'. This
value is used in subsequent calculations in this paper.

3.3. 1-3 pm Dust

[21] A fine dust with a very narrow particle size distri-
bution, called “Arizona Test Dust” was obtained from
Powder Technology Inc. The dust consists of a natural
silicate material with a specific gravity of 2.65 um. The
dust is composed of equant yet angular particles which
casily form weak millimeter- to centimeter-sized aggregates.
The presence of larger sand grains, as well as preexperiment
and postexperiment sieving, breaks up these aggregates and
inhibits their formation.

[22] Loose, aggregated dust alone has a calculated geo-
metric porosity of 88 + 1%, while compressional packing
results in a reduced porosity of 76 + 2%.

[23] The particle size data for this sample, measured on a
Coulter Multisizer, were provided by the manufacturer. The
mean particle size is 1.19 £ 0.49 pum. The median particle
size is 1.132 pm, with less than 1.5% of the volume in
particles larger than 3 pym. The volume percent and cumu-
lative finer distributions for this simulant and crushed JSC
Mars-1 are shown in Figure 2a.

3.4. Mixtures

[24] Throughout the rest of this paper, “mixture type 1~
will refer to mixtures of crushed JSC Mars-1 material and
50-80 um glass beads. “Mixture type 2" will refer to
mixtures of 1-3 pm silica dust and glass beads.

[25] To study the effect of bimodal particle distributions,
particularly the effect of included dust in a deposit of sand-
sized particles, six mixtures (A through F) of silica glass
beads (nominal diameter 50—80 pm) and either crushed
JSC Mars-1 or 1-3 pm dust were prepared. The mixtures,
both in terms of mass fraction of fines (X,= M/(M,+ M,))
and mass ratio of fines to coarse material (M,/M,) are shown
in Table 2. Volume fraction of dust is an indeterminate
quantity since ¢ and puy for the fine materials can vary
over a large range, depending on the degree of compaction
in the mixture; it is therefore not used to describe the
mixtures.

[26] The porosity of the mixtures may be estimated by
first calculating the fraction of the volume occupied by each
component. Given a measurement of total mixture volume,
V5, and mixture mass, My the volume fraction of each is
V= (A{/'/VT)(I/pﬁtrue) and Ve = (MC/VT)(I/pc,true)s where Mf
and M, are the masses of the fine and coarse components
as calculated from M, = X;Mrand M. = (1 — X)My The
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Table 2. Porosities of Mixtures With Glass Beads
Mixtures of Silica Glass Beads

A B C D E F

Mixture type 1

X(%) 43.1 27.4 15.9 11.4 7.06 3.29
M /M%) 75.6 37.8 18.9 12.9 7.56 3.40
Pmix (g cm ) 2.72 2.63 2.58 2.55 2.53 2.52
Mixture type 2

Xi(%) 39.8 249 14.2 10.1 6.19 2.82
MM (%) 66.0 33.1 16.6 11.2 6.60 2.90
Pmix (g cm ™) 2.56 2.54 2.52 2.51 2.51 2.50

free volume is then the sum of these volume fractions
subtracted from unity:

d)mix =1 777“

p c.,true

My [ X
Py true

+(1_‘Xf):|. (6)

We determine p,;x as proxy for the true density of the
mixture if it were composed of a homogeneous granular
component: p;,ilx = X¢l ppirue + (1 — X))/ pe e These values
are given in Table 2. Individual porosities are determined for
each simulant and are tabulated in the auxiliary material.

[27] The amount of dust included in a mixture may, in
addition to its mass fraction of the total, be thought of in
terms of the proportion of pore spaces in the dust-free
coarse samples which are filled. An attempt to produce a
range of mixtures from dust free up to the “critical mix-
ture,” where all pore spaces are filled, guided our initial
choices of dust mass fractions. The critical mixture concept
is, in fact, a less useful definition in practice since the coarse
component, in all but the most dust-free mixtures, will be
pushed apart by intervening dust particles. Additionally, the
dust within the pores may undergo some degree of compac-
tion due to the weight of the overlying material. This effect
will be enhanced if coarser (and therefore denser) material is
included, as in a mixture. Thus, the value for the bulk density
of the fines (needed to calculate the critical mixture) may
cover a significant range, even within a single sample.

[28] We expect to see a smooth variation of the measured
diffusion coefficient as the mass fraction of dust is increased
from pure glass beads to pure dust. Diffusion through pure,
unpacked dust in our experiments can be several cm® s~
higher than the value found for glass beads, while for
mechanically compacted dust it can be much lower. As
stated above, the weight of the dense glass beads should act,
at small dust fractions, to compress the dust toward a
packed configuration. We do not apply additional mechan-
ical compaction to these samples.

3.5. Salt Crusts

[20] Magnesium sulfate was chosen to study the behavior
of salt crusts as barrier-forming phenomena because of its
availability, crystallization to a well-known phase (epso-
mite: MgSO4-7H,0) under ambient conditions, and the
known existence of sulfate salts on Mars.

[30] Distilled water is saturated with 250 g of anhydrous
MgSO, per liter and then mixed with a given mass of 40—
80 um glass beads and excess distilled water to produce a
slurry of dissolved salt and beads. A mold consisting of a

'Auxiliary materials are available in the HTML. doi:10.1029/
2007JE003026.
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plastic ring and support wires (see Figure 3a) is attached to a
plastic base with water-resistant grease. The walls and base
of this mold are coated with a thin layer of WD-40 lubricant
to facilitate removal of the dried crust. Once poured into the
mold, the slurry and mold were agitated to remove any
trapped air and produce a flat upper surface. Any excess
was scraped off and returned to the slurry batch. Slurries
were allowed to evaporatively dry in ambient laboratory
conditions for ~6 h. Internal cohesiveness then allowed
them to be removed from the flat mold base and placed on a
coarse wire mesh in a forced draft, thereby continuing to dry
from both surfaces of the crust. After ~24 h, when the
crusts were completely dry, they were placed in a desiccator
and moved into the freezer to thermally equilibrate with the
environment prior to the start of an experiment.

[31] Slurries were prepared with 0.5, 1.0, 2.5, 5.0, 7.5,
and 10.0 wt % MgSO, (MW = 120.37 g mol '). When
allowed to crystallize at ambient conditions, epsomite is
produced (MW = 246.37 g mol ') giving salt contents of
1.0, 2.0, 4.9, 9.7, 14.2, and 18.4 wt %.

[32] X-ray powder diffraction was performed on the
sample crusts before and after exposure to experimental
conditions. Most of the X-ray spectrum indicated the
presence of an amorphous phase, i.e., the glass beads. The
peaks that did occur in the spectrum matched the intensity
and location expected for epsomite. Samples of crust which
incorporated greater proportions of interior material
exhibited weaker peaks, indicating that a higher proportion
of salt was present at the outer layers of the crusts. To
examine the surface crusts more closely, the top and bottom
surfaces of the crust were scraped following an experiment.
The bottom surface of the crust (i.c., the surface adjacent to
the ice during the experiment) showed the same strong set
of epsomite peaks as before exposure to experimental
conditions. The upper surface scrapings (i.e., from the
surface exposed to the dry chamber atmosphere) exhibited
a complete change of spectrum and revealed only the
presence of hexahydrite, indicating a loss of the loosely
bound seventh water molecule under Mars-like conditions.
It is unknown how deeply into the sample this conversion
penetrates.

[33] For a I cm thick crust of an initial composition of
14.2 wt % epsomite, the total amount of epsomite present is
~8.2 g. If it is assumed that one half of the crust converted
completely to hexahydrite, the mass of water lost would be
0.3 g. This is less than 4% of the total amount of mass lost
through ice sublimation and contributes a negligible error to
the measured flux.

[34] The reconstructive transformation which takes place
between epsomite and hexahydrite results in the destruction
of large crystals in favor of much smaller crystallites. This
microfracturing could increase the available vapor transport
volume. We do not constrain the time scale of this trans-
formation under these experimental conditions, but we do
observe a linear mass loss rate after initial transients,
suggesting a diffusion coefficient which is largely constant
in time. This implies two possibilities: Transformation may
be rapid, occurring in the initial few hours of exposure to
vacuum, and thus the diffusion coefficients we measure are
those of glass beads encrusted with fractured, dehydrated
salts. The other possibility is that the transformation is
gradual, occurring throughout the experimental duration,
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Figure 3. (a) Empty salt crust caddy (1 cm depth) showing support wires. (b) Cross-section of a crust
grown without wires. Figures 3c—3e show scanning electron microscopy images of a 14.2 wt% epsomite
salt crust after exposure to experimental conditions. (c) Interior of crust: view of a cluster of beads held
together by salt, beads much smaller than 50—80 pum are present in a significant number and frequently
fill pore spaces between larger beads. (d) Interior of crust: section of crust showing salt features filling
void spaces between larger grains. Dehydration to hexahydrite is the presumed cause of the fracturing.
(e) Surface of crust: the left side of the image is dominated by an efflorescent crust of hexahydrite which
embeds some beads (arrows) but is predominantly pure salt.

but has an effect on the diffusivity which is small compared
to that arising from the overall salt content.

4. Experimental Description

[35] Experiments were conducted at the Mars Simulation
and Ice Laboratory at the California Institute of Technology.
A custom-built stainless steel vacuum chamber contained
within a walk-in freezer with a nominal temperature of
250 K was used to achieve Mars-like pressures and a
controlled humidity environment. The experiments were
performed with a protocol similar to that described by
Hudson et al. [2007]. An abbreviated description highlight-
ing the differences follows.

4.1. Chamber Setup

[36] The environmental chamber and instrumental setup
are identical to that described by Hudson et al. [2007] in all
but the following two respects: (1) The freezer temperature
was reduced to give ambient chamber temperatures of

~250 K rather than ~263 K. (2) Pressure is now maintained
more accurately with active proportional integral differential
(PID) control of an STEC-4400 mass flow controller via an
USB-1408FS data logger from Measurement Computing
Corporation.

[37] Important points of the experimental setup are as
follows. The chamber’s CO, atmosphere is constantly
exchanged and maintained dry at a constant pressure of
586 Pa. Atmospheric vapor content and temperature imme-
diately above the sample are monitored with a combined
relative humidity/resistance temperature device (RH/RTD)
sensor. Ice temperature is monitored with an embedded T-
type thermocouple. Sample mass is continuously monitored
with a wheatstone bridge load cell. Data from two simul-
taneous experiments are recorded with a Campbell Scien-
tific CR1000 data logger.

4.2. Sample Preparation and Experimental Method

[38] All preparation steps following the initial creation of
mixtures or salt crusts are performed in a walk-in freezer at
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263 K. Caddies are weighed before and after sample
emplacement so that total mass of simulant, total mass of
ice, and total true thickness may be calculated.

[39] The unconsolidated mixtures were placed in 6 cm tall
plastic caddies with 1 cm of bubble-free ice at the bottom. The
media were poured into the caddies from their holding contain-
ers until mounding over the rim. The samples were then planed
off with a straight edge to match the height of the caddy. Thus,
the samples are not actively compressed but may be subject to
self-compression. In most cases, the sample surfaces remain
within 1 mm of the caddy top. Some samples with very high
dust fractions exhibit some settling as the container is moved
from the preparation station to the vacuum chamber. This
amounts to about 12% of the 5 cm sample depth, at most. The
reduced thickness is measured and included in subsequent
calculations; additional material is not added.

[40] The 1 cm salt crusts are placed over an ice-filled, 1 cm
caddy and secured in place with water-resistant grease.
Following an experiment with salt crusts, the ice surface
is examined to determine if there were any leaks between
the ice and salt caddies. (The low-pressure, low-temperature
environment gives rise to distinctive ice surface morpholo-
gies if the vapor escapes in a rapid or asymmetric way.)

[41] Samples are placed in the chamber, which is sealed
and pumped down to 586 Pa at an initial rate of ~500 Pas™'.
Transients due to adsorption of water in the sample or
temperature disequilibrium decay after ~2 h. Samples are
allowed to evolve for a minimum of 24 h. Longer times are
needed than in previous experiments at higher temperatures
so that the signal-to-noise ratio of the mass loss curve is
high despite the reduced mass loss rates.

[42] Following an experiment, mixture samples are dried
at 110°C for 24 h, sieved to break up any aggregates which
may have formed in the drying process, and recycled to the
mixture batch. Salt crust samples are dissolved with distilled
water and reused.

[43] Data for calculating diffusion coefficients are taken
from the stable interval following the decay of initial
transients. The mass loss rate is derived from a least squares
linear fit to the measured mass versus time curve. The mass
loss rate is then converted to total H,O flux. Ice temperature
is converted to a vapor pressure of H,O at the ice surface by
assuming that the layer immediately adjacent to the ice is
saturated. Relative humidity is reported by the hygrometer
and is converted into a partial pressure of water above the
sample using the method detailed by Hudson et al. [2007].

4.3. Data Analysis

[44] Unconsolidated samples rest directly on the ice,
while crusts have a discernible gap between the ice surface
and the bottom of the sample. The vapor-density difference
across the sample is derived from measurements made at the
ice surface and the position of the hygrometer. These may
be different from the true lower and upper boundaries of
the porous medium. By assuming that all fluxes are pro-
portional to the density gradient across any given layer
(whether free gas or porous medium) and applying the
conservation of mass requirement that all fluxes be equal
in the absence of ice deposition or loss, we establish a
correction term which accounts for diffusion through the
simulant-free portions of the column. The derivation of this
correction is detailed by Hudson et al. [2007].
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[45] The introduced correction term z.,, has units of
length. Several measurements of identical samples with
different thicknesses are used to determine z.,,. The same
correction term should apply to all experiments with the
same temperature, pressure, and sample type, and may be
used to solve for corrected individual values of D. This was
done for 50—80 pm glass beads in the 250 K environment.
The correction term was found to be at most 0.06 cm, or a
6% correction for a 1 cm thick sample. The shift in
calculated diffusion coefficient is much less than the exper-
imental error, even for the thinnest samples. For this reason
uncorrected measurements for salt crusts, though conducted
on samples ~1 cm thick, are accurate within the systematic
errors. Mixtures were tested with sample columns of 5 cm, a
thickness which has a minimal correction contribution even
at the warmer temperatures described by Hudson et al.
[2007].

4.4. Pore Structure

[46] The porosity of the glass beads was determined with
the basic method given in section 3, while for mixtures it
was estimated using equation (6). However, this latter
method ignores the dust which may not only fill the
interstices of the host sand but also may settle between
the sand grains during agitation, thus pushing them apart
and increasing the “unfilled” volume. Salt crusts are even
less amenable to simple interrogations or estimates of pore
volume because of the unknown distribution of epsomite
and sand grains following crystallization. Nevertheless, it is
possible to determine the obstruction factor, the ratio of
porosity to tortuosity, once the diffusion coefficient has
been measured.

[47] Four simulants were sent to Porous Materials, Inc.
for analysis by mercury porosimetry. This technique reports
pore size distributions, median pore diameter, and pore
volume and surface area. The simulants chosen for this
analysis were pure 50—80 pm glass beads, pure crushed
JSC Mars-1 dust, and the two most dust-rich varieties of
mixture type 1 and mixture type 2 (varieties “A” in Table 2).
The pore size distributions for these four materials are plotted
in Figure 4.

[48] Figure 4 reveals that the pore size for the 50—80 pum
glass beads peaks sharply at ~20—-25 pm. All distributions
show significant tails at very small pore diameters, i.c.,
10 nm or less. These are likely to represent surface
roughness, cracks, and other defects within individual
grains in addition to very small passages between grains.
While these passages do contribute marginally to the
diffusible volume if interconnected, and to the tortuosity if
blind, their contribution to the total flux will be negligible.
As shown by Clifford and Hillel [1983], where pore sizes
down to 1 nm are considered, pore distributions containing
even a few percent porosity in larger (i.e., micron-sized)
pores experience most of their diffusive flux through these
large spaces.

[49] Examining the individual distributions reveals some
interesting features. In crushed JSC Mars-1, the peak pore
size, which is centered approximately on 1 pm, is much
broader than for the more regular glass beads and the pore
distribution goes to zero almost nowhere below 100 ym. In
the mixture containing both glass beads and JSC Mars-1
dust, the modal peak falls between the modal peaks of the
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Figure 4. Normalized pore size distribution functions for
four samples analyzed with mercury porosimetry.

two mixture components at ~10 ym. The pore diameter
distribution in this material drops sharply to the right of
this peak, being zero above 30 um. This suggests that self-
compaction and the availability of small grains acts to
close off the largest pore spaces. Comparing the mixture
of beads and JSC Mars-1 to the mixture composed of beads
and 1-3 pum dust further underscores the effects of self-
compaction. The micron-sized dust is much less dense than
that of the crushed JSC Mars-1 and does not compress as
readily under its own weight. The resulting multimodal
distribution not only has pore spaces indicative of close
packing of dust grains (i.e., the peak at 0.3 pm) but also
possesses a very significant fraction of pores greater than
100 pm across. In a material containing such large pores,
which might be termed a ‘“fairy-castle” structure, these
open spaces will accommodate the majority of the diffusive
flux. However, these large pore spaces are unlikely to
be connected as a high-diffusivity conduit throughout a
thick porous medium; transport will be governed by the
average resistive path experienced by a diffusing molecule
which shall include segments of less open material. It
should be cautioned that mercury porosimetry is a high-
pressure intrusive technique and may result in a rearrange-
ment of pores and particles; very fragile structures may be
disrupted.

[s0] Of these four simulants, the one with the distribution
which appears to have the lowest amount of large cross-
section pore space available for transport is the 40% mass-
fraction fines mixture of glass beads and crushed JSC
Mars-1 dust. Effects that may be responsible for closing off
large pores include altered bulk density, which enhances
self-compaction, and the availability of small particles to fill
in the interstices. For further analyses of a broader selection
of particle sizes and shapes, the reader is referred to the
recent work of Sizemore and Mellon [2007]. In section 5.5
we use our porosimetry measurements to estimate the
tortuosity for these four samples.

5. Results

[51] This section details the results of our investigations
of diffusive properties of glass beads, salt crusts, two types
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of bead and dust mixtures, and two types of pure dusts
under Mars-like conditions. Figure 5 shows the vapor fluxes
as a function of temperature along with the evaporation rate
curve for bare ice as given by Ingersoll [1970] for a dry
atmosphere. Slightly different background temperatures
used during the experiments result in the offset indicated
by the arrows. The shift is nearly horizontal, indicating that
flux is relatively insensitive to these small changes in
absolute temperature. Data for individual experiments are
provided in the online auxiliary material.

5.1. 50-80 pm Glass Beads at 250 K

[52] Glass beads are the main component which com-
prises most of our more complex simulants. Measurement
of the compositionally and geometrically simple glass beads
facilitates comparison with previous experiments [Hudson
et al., 2007]. The beads are all nearly perfect spheres, 50—
80 pm in diameter. The true particle size distribution is
shown in Figure 2b. Within a factor of 2 in friction
threshold velocity, these are similar to the 100 pym size of
the most easily lofted particles under Martian conditions
[Greeley et al., 1980].

[53] The dominant size of the beads is 50—80 pm, but the
distribution has a significant tail down to smaller sizes as
revealed in Figure 2b and the scanning electron microscopy
images in Figures 3¢ and 3d. For closely packed particles
with such a size distribution, the minimum pore size is of
the order of 10 um and the maximum is ~80 um [Hudson et
al., 2007]. With a mean free path of ~11.5 pym under these
experimental conditions, diffusion should be dominated by
Fickian processes of molecule-molecule collisions, but
Knudsen interactions will contribute to an observable ex-
tent. The data for glass beads at 250 K in the work by
Hudson et al. [2007] are included in the data presented here.
The weighted mean of the corrected diffusion coefficients
is 3.69 cm® s~!, with a weighted standard deviation of
0.24 cm® s~'. As mentioned in section 4.3, the correction
term for this simulant is z.,, < 0.6 mm. Figure 6 shows
both the raw and corrected values. All raw values greater
than 2 cm thicknesses fall within one standard deviation of
the weighted mean.

[s4] If we use the Fickian dependence of diffusion
coefficient on temperature and pressure of 7°* and P,
respectively, and choose a typical Mars temperature of
200 K and pressure of 600 Pa, we obtain D(200 K) =
2.73 + 0.28 cm® s '. The glass beads measured in these
experiments have a mean geometric porosity of 44 £ 2%,
as determined from volume and mass measurements of the
bulk sample and knowledge of the true density of the
particles.

5.2. Epsomite Salt Crusts

[s5s] The presence of sulfate salts on Mars, the frequency
of observed duricrusts, and the potential of both to reduce
soil porosity motivate their investigation. As convenient and
consistent samples, glass beads cemented with magnesium
sulfate salt are created in the laboratory, and the diffusion
coefficient is measured for a range of salt contents. Some
inhomogeneities are observed in the salt crusts when they
are broken following experiments. Outer layers of the crusts
tend to be more cohesive than the center in samples with
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Figure 5. Flux versus ice temperature for each experiment; errors are smaller than the symbols. The
dashed-dotted line is the theoretical curve for evaporation of free ice into a dry atmosphere [Ingersoll,
1970]. For a given sample, color trends from dark to light denote decreasing resistance to diffusion (e.g.,
lower thickness, dust content, or salt content). Arrows indicate trends within a single sample type as a
function of temperature. See section 3.4 for mixture type definitions.

high salt contents. These layers may account for the
majority of the diffusive resistance of the samples.

[s6] The diffusion coefficient data for the salt crusts are
presented in Figure 7, which shows that the diffusion
coefficient for crusts decreases with increasing salt content.
The negative trend is expected, and a reduction in the
diffusion coefficient by nearly a factor of 8 over that of
pure glass beads occurs for salt concentrations of 18 wt %
epsomite. Lacking measurements of the porosity, we cannot
calculate a tortuosity for the salt crusts. Obstruction factors
vary as the diffusion coefficient, and overall the factor, is
reduced from 0.14 to 0.02 between salt-free and the most
salt-laden experiments.

5.3. Mixtures

[57] The inclusion of small particles within a matrix of
larger clasts can reduce the porosity available for vapor
transport and has the potential to significantly change the
diffusion coefficient [Farmer, 1976]. The diffusion coeffi-
cient for mixtures of glass beads with both crushed JSC
Mars-1 and 1-3 pum dust are plotted in Figure 8. For
mixture type 1 (glass beads and crushed JSC Mars-1), the
diffusion coefficient and obstruction factor decrease strongly
with increasing dust mass fraction and while measured
porosity increases. However, for mixture type 2 (1-3 um
dust and glass beads), neither diffusion coefficient nor
obstruction factor trend strongly with dust mass fraction,
but an obvious positive correlation with porosity remains.

[s8] The calculated porosity for both types of mixtures
are displayed in Figure 9a. Also included are data for the
measured porosity of packed samples of both pure crushed
JSC Mars-1 and pure 1-3 pm dust. The trend for both types
of mixtures as the mass fraction of dust increases is for the

total porosity to increase and approach the values exhibited
by pure dust. In the case of bead and 1—-3 pm dust mixtures,
this values seems to be reached at Xy ~40%, the trend with
beads plus crushed JSC Mars-1, if linear, would reach this
point at approximately X, ~60%. The overall increase in
porosity with dust content indicates that the included dust
tends to coat the larger particles upon mixing and acts to
keep them apart, thereby substantially increasing the total
volume available. This is in contrast to the case where dust
might fill the available pore spaces of a coarse medium
without increasing the spacing between larger particles.
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Figure 6. Raw and corrected diffusion coefficients for
50-80 pm glass beads at 250 K and 586 Pa. The correction
term is only 0.06 cm; raw values are nearly indistinguish-
able from corrected values.
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[59] The value of the obstruction factor for all simulants
is equal to the diffusion coefficient divided by the free gas
diffusivity, a quantity which is constant in the experimental
setup. The large increase in measured porosity for the
micron-sized dust mixtures is counterbalanced by an appar-
ent minor increase in the value of tortuosity, such that the
obstruction factors hardly change with X For mixtures
containing beads and crushed JSC Mars-1, however, the
increase in porosity is apparently superseded by a tortuosity
which increases faster, leading to a smaller obstruction
factor with larger dust mass fraction. Since tortuosity should
be constant with diffusion regime, all else being equal, it
must be the case that high proportions of micron-scale dust

w
N

[
T

:
9

i
:

1
n

]
*

HUDSON AND AHARONSON: DIFFUSION BARRIERS ON MARS

Diffusion Coefficient (cm' s_l)

*
1.5 e
A 50-80 um beads
If o Mixture type 1 *
¢ Mixture type 2 * ¢
0.5]| % JSC M-1 dust *
® |-3um dust
0 0 10 20 30 40 100

Mass Fraction Fines (%)

Figure 8. Diffusion coefficients for mixtures of 50—80 pm
glass beads with crushed JSC Mars-1 (mixture type 1 (circles)),
mixtures of glass beads with 1-3 pm dust (mixture type 2
(diamonds)), and diffusion coefficients for pure dusts
(asterisks and filled circles). All data are obtained at 250 K
and 586 Pa. Mechanically compacted dust experiments are
indicated in gray. All data to the right of the break are 100%
dust by mass, but are separated for clarity.
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Figure 9. Porosities for pure glass beads (triangles),
mixtures of beads and fine dusts (open circles and
diamonds), and pure fine dusts (asterisks and closed circles).
Mechanically packed dust samples are in gray. All data to
the right of the break are 100% dust by mass, but are
separated for clarity. Porosity of the mixtures of glass beads
and crushed JSC Mars-1(mixture type 1) increase slowly,
while the less self-compacting mixtures containing beads
and micron-sized dust achieve higher porosities.

give rise to small pores, changing the overall structure and
producing a greater tortuosity.

5.4. Dusts

[60] We examined pure samples of the 1-3 pm dust and
crushed JSC Mars-1 in both packed and unpacked config-
urations. Loose dust may be considered a crude approxi-
mation to airfall dust, while compaction simulates the effect
of burial.

[61] Loose dust was poured into the sample caddy and
planed off to 5 cm thickness. The low-density, 1 -3 um dust
exhibited no observable self-compaction, even in samples of
this thickness. Both dust types were seen to deposit with
visible submillimeter gaps between aggregates. Though
aggregates of the size and density observed in this sample
handling method are unlikely to be supportable by the thin
Martian atmosphere, airfall dust deposits on Mars will likely
form low-density aggregates in response to electrostatic
forces, resulting in deposits of even lower bulk density.

[62] For compacted samples, the equivalent of between 5
and 8 cm of loose dust was pressed into the sample caddies
with a flat, circular plate. Air in the pore spaces was allowed
to escape around the edges of the plate. Following compac-
tion, the sample was weighed to determine a bulk density
and total thickness.

[63] The experiments show that packed and unpacked
JSC Mars-1 has a range in diffusion coefficient from 0.45—
1.98 cm? s™', with a weighted mean value of 0.77 =+
0.04 cm® s—'. Both sets of values are included in these
numbers since their ranges overlap. The 1-3 um dust
exhibits a larger distinction between loose and compacted
samples, with their wei%hted mean values being 4.71 = 0.22
and 1.64 = 0.11 cm? s, respectively.
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