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Introduction:  Although recent spacecraft obser-

vations have provided important new information 
about the present state of the near-surface hydrological 
system [1], significant uncertainties about the deeper 
hydrological system and the past system remain. Nu-
merical simulations used in combination with space-
craft or lander-based observations have an important 
role in testing hypotheses and in placing constraints on 
the hydrological system. Previous modeling studies 
have relied on computer codes designed to address 
specific processes, usually in one spatial dimension 
(e.g. [2,3]) but occasionally in three dimensions [4]. 
General-purpose simulation codes addressing the 
range of relevant physical processes and conditions in 
the Martian subsurface conditions have yet to be de-
veloped.  

The Southwest Research Institute™ is currently 
developing a non-isothermal, multiphase simulation 
code adapted for the conditions of the Martian subsur-
face. The goal is to provide the Mars research commu-
nity with a general simulation tool (MarsFlo) that can 
be used to test hypotheses about the current and past 
state of the Mars subsurface hydrological environment 
in multiple spatial dimensions.  

Underlying Models in the MarsFlo Code:  The 
processes included in the MarsFlo code include:  

• Partitioning of water between the liquid, va-
por, and ice phases, including the effect of 
capillary forces on lowering the vapor pres-
sure.  

• Advective transport in the liquid and gas 
phases.  

• Diffusive transport of water vapor and CO2 in 
the gas phase and of CO2 dissolved in liquid 
water.  

• Conductive and convective transport of heat.  
• Accurate representations of various physical 

properties of water/ice/vapor as functions of 
temperature and pressure. 

Conservation Equations. The governing equations for 
MarsFlo include an energy balance equation, and con-
servation equations for water and CO2 in gas, liquid, 
and ice phases. In partially saturated pores, water 
and/or ice is assumed to be in equilibrium with water 
vapor, which is why only two conservation equations 
are required.  

Using the extended Darcy’s law for multi-
phase flow, the conservation equations for water and 
CO2 are:  

 

 
where s is the phase saturation,  t is time, φ is porosity, 
ρ is the phase density, ω is mass fraction, k is the abso-
lute permeability, kr is relative permeability, µ is dy-
namic viscosity, z is the vertical coordinate, g is the 
acceleration due to gravity, D is the diffusion coeffi-
cient, τ is the tortuosity factor, and S is the mass 
source rate.  The subscripts l, g, and i represent liquid, 
gas and ice phases, respectively. The superscripts w 
and a represent water and CO2 mass, respectively.  

The corresponding energy balance equation is 
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where u is internal energy, h is enthalpy, V is the darcy 
flow velocity, ke is the equivalent thermal conductivity 
for the rock-water-ice mixture, SE is the thermal energy 
source, and the subscript s denotes the solid (rock) 
phase.  

Several constitutive relations are needed to close 
the above system. The most important of these are the 
saturation-pressure relations and the relative perme-
ability-saturation relations. The models implemented 
in MarsFlo follow closely those of White [5], which 
were synthesized from existing theories on freezing in 
terrestrial soils [6,7].  

Saturation Pressure Relationships. Functional rela-
tions between phase saturations and interphase capil-
lary pressures are required. In partially frozen geologi-
cal material, water is generally the wetting phase with 
respect to both air and ice, implying that ice forms first 
in the largest water-filled pores. It is also generally 
assumed that a thin film of water separates the ice from 
gas and prevents a direct gas-ice interface. Thus, two 
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retention curves (saturation-capillary pressure rela-
tions) are required.  

In multiphase systems, the retention curves for all 
phase pairs can be related to the retention curve for 
any two-phase system by an interfacial-tension de-
pendent rescaling of the capillary pressure. For the ice-
water-gas system,  
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where *S  is the retention curve for a two-phase system 
with unfrozen liquid and gas, β is the ratio of interfa-

cial tensions 
il

gl

σ
σ

, cglP is the gas-liquid capillary pres-

sure and cilP is the ice-liquid capillary pressure.  The 
left side of equation 3 is the “unfrozen fraction” and 
the left side of equation 4 is the “apparent” liquid satu-
ration (ratio of unfrozen liquid to available pore 
space). For clarity, we have set the residual (irreduci-
ble) saturation to zero, but this can easily be included 
as discussed by White [5].  

The ice-liquid capillary pressure can be obtained 
from thermodynamic considerations, as derived by 
Loch [8] 
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where Cl is the solute concentration, R is the universal 
gas constant, hiw is the heat of fusion for water-ice, and 
the superscript 0 represents reference conditions. In 
this preliminary study, we set the solute concentration 
to zero. However, solute exclusion from the ice phase 
and the resulting increase in the aqueous concentration 
has the important effect of lowering the freezing tem-
perature and will be included in future refinements of 
the model.  

Several empirical forms exist for the soil moisture 
retention curve *S .  Van Genuchten’s [9] model is 
used,  

( ) ( )[ ]
( ) 0for        1

0for1

*

*

≤=
>+=

−

cc

c
mn

cc

PPS
PPPS α             (6) 

 
where α and n are curve fitting parameters and m=1-
1/n.  

Examples showing the unfrozen fraction as func-
tion of temperature are shown in Figure 1 for various 
values of the van Genuchten parameters. These were 
obtained by combining equations 3,5 and 6.  

Relative Permeability Curves. Relationships be-
tween the phase permeabilities and the phase satura-

tions are also required. Once the saturation-capillary 
pressure relationships have been specified, Mualem’s 
model [10] can be used to calculate the liquid relative 
permeability. The result is  
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Gas-phase relative permeability is generally less im-
portant and we use a simple linear relationship 

grg sk = .  

Gas Diffusion Model. In the low pressures of Mars, 
the mean free path for gas molecules is roughly the 
same magnitude as a typical pore size [2].  Under these 
conditions, gas diffusion results from a combination of 
classical binary molecular diffusion and collisions with 
the mineral grains (Knudsen diffusion). The diffusion 
coefficient is calculated in Marsflo as an appropriately 
weighted combination of binary molecular diffusion 
and Knudsen diffusion [2].  

Thermal Conductivity Model. Thermal conductivity 
in porous media depends on the properties of the min-
eral grains, the pore structure, and properties of the 
pore-filling fluids. Because MarsFlo is designed to 
operate across the entire range of phase saturations – 
from fully saturated with ice and/or water to fully dry 
– thermal conductivity models that can be tuned con-
tinuously across these saturation states are required. 
The thermal conductivity model in MarsFlo is based 
on a series-parallel model that is generalized slightly 
from that of Mellon et al. [3].  The model considers the 
bulk (composite) thermal conductivity of a porous 
medium as being due to two thermal resistances in 
series, one for the mineral grains and one for the inter-
stitial resistance to heat flow. The interstitial resistance 
is composed in turn of three resistors in parallel: a gap 
resistance, ice resistance and water resistance. Each of 
these individual resistors depends on the local porosity 
and the phase saturations. Specifically, the composite 
conductivity is written  
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where grainκ is the thermal conductivity for the mineral 

grains, φ  is the porosity, and intκ is the interstitial 
conductivity. Under totally dry conditions, intκ is sim-
ply a gap conductance gapκ but in partially saturated 

conditions it depends on the local phase saturations 
and the thermal conductivities for liquid and ice:  

( ) iillgapli ffff κκκκ ++−−= 1int                (9) 

where if and lf are fraction of the cross sectional area 
available for liquid conductance through the ice and 
liquid phases, respectively. Mellon et al. [3] note that 
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the cross sectional area fraction occupied by the wet-
ting phase is well approximated by the square root of 
the saturation for that phase. For the ice-water-gas 
system with wetting hierarchy water>ice>gas, this 
implies ll sf ≅ and llii sssf −+≅ . 

Thermophysical Properties. Accurate representa-
tions of various thermophysical properties such as 
saturated vapor pressure, density, internal energy, spe-
cific heat are also needed. These are included in Mars-
flo through empirical fits to tabulated values. 

Numerical and Computational Considerations. 
The integrated finite difference method is used in 
MarsFlo to discretize the conservation equations. In 
this approach, the partial differential equations are 
replaced by a coupled set of discrete balance equa-
tions, one for each component in each cell. This spatial 
discretization approach is more difficult to implement 
than a finite difference method on a simple structured 
grid, but has the advantage of accepting structured or 
fully unstructured grids in one, two or three dimen-
sions.  

Time stepping in MarsFlo is by the fully implicit 
method with Newton iterations at each time step to 
resolve the nonlinearities, consistent with the approach 
normally used in two-phase thermal hydrological sys-
tems. Calculation of the Jacobian matrix used in the 
Newton method is done numerically by the perturba-
tion method.  

Primary variables in MarsFlo depend on the satura-
tion state, and a variable switching method is used to 
accommodate changes in the saturation state. In the 
all-gas conditions, the primary variables are air partial 
pressure, total gas pressure, and temperature. For par-
tially saturated conditions, the primary variables are 
gas saturation, gas pressure, and temperature. In the 
no-gas state, the primary variables are mole fraction of 
CO2 in liquid, pressure, and temperature. Secondary 
variables are calculated at each time from these pri-
mary variables using the constitutive relationships.  

Example Simulations: Laboratory Freezing Ex-
periment. As an initial test of the MarsFlo code, we 
attempt to reproduce, in general terms, freezing phe-
nomena observed in laboratory experiments, similar to 
those of Jame and Norum [11]. The particular scenario 
modeled involves a 30 cm long tube filled with a par-
tially saturated porous medium. The ends of the tube 
are sealed and the medium is initially at 20 °C with 
liquid saturation of 0.27.  At t=0, the temperature at 
one end is lowered to –10 °C. The temperature of the 
other end is held constant at 20 °C.  Parameters for this 
simulation are the same as those of White [5]: α=0.279 
m-1, n=1.64, φ=0.50, k=3.0 10-10 m2.  

Results are shown in Figure 2 for times 6 hours and 
24 hours. The simulation reproduces moisture redistri-

bution phenomena that are observed experimentally. 
As the freezing front propagates into the medium, the 
liquid saturation is reduced by freezing. This greatly 
decreases the liquid pressure, and draws water into the 
freezing front, eventually increasing the total water 
content at the position of the freezing front and de-
creasing the water content ahead of the freezing front. 
This simulation is generally consistent with the ex-
perimental results of Jame and Norum [11]; direct 
quantitative comparisons were not attempted because 
of incomplete information about the experimental con-
ditions.  

Freezing of a Martian Aquifer. For a second dem-
onstration example, we consider the freezing of an 
aquifer and the long-term redistribution of ice in the 
Martian subsurface.  

The model domain is one-dimensional with a no-
flow boundary for gas and liquid at the bottom, which 
is located at 1265 meters below the surface. The initial 
condition is steady state with water table located about 
500 m below the surface. The initial surface tempera-
ture is 273.65 K and a geothermal flux of 30 mW/m2 is 
applied at the lower boundary. The dry thermal con-
ductivity is 1 W/m2 K. Under these steady state condi-
tions, the bottom of the simulation domain has tem-
perature of about 298 K.  

To start the simulation, the surface temperature is 
lowered to -30 °C. The upper boundary is also closed 
to vapor movement, an imposed condition that is 
meant to represent the formation of a vapor barrier 
such as an ice layer on the surface. The results are 
shown in Figure 3 for several selected times. For the 
first few hundred years, the cold front is propagating 
into the subsurface, essentially freezing the small 
quantities of water in place. At about 1000 years (not 
shown), the 0 °C isotherm starts to approach the water 
table. As ice starts to form a few meters above the wa-
ter table, capillary forces draw water into the freezing 
zone. At about 2000 years, enough liquid water have 
been drawn from the saturated zone into the freezing 
zone to cause the pore space becomes saturated with 
ice at one location. This process of freezing and freez-
ing-induced redistribution of water continues until the 
entire aquifer is frozen (about 10000 years). Once the 
entire aquifer is frozen, the themally driven redistribu-
tion of water does not stop, but continues at a much 
slower rate. Under these conditions, thermally driven 
vapor diffusion causes ice to migrate from the ice layer 
at depth to the colder regions near the surface.  Over 
20 Million years, this cold trap effect moves enough 
water to nearly saturate the pore space with ice near 
the surface. 

Conclusions: Prototype versions of the MarsFlo 
code demonstrate the feasibility of adapting the theory 
of terrestrial freezing soils to Martian conditions. 
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MarsFlo has a wide range of potential applications.  It 
may be used, for example, to: 

• test hypotheses about the evolution of the sub-
surface hydrological environment,  

• refine estimates of the depth to unfrozen wa-
ter,  

• study interactions between hypothesized mag-
matic intrusions and  the cryosphere,  

• evaluate the potential for future drilling activi-
ties to make unwanted perturbations to the in-
situ environment.  

Future development of the MarsFlo code will focus on 
improving numerical performance, on models for at-
mosphere/subsurface interactions, and on coupling 
with geochemistry codes.  
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Figure 1: Unfrozen liquid fraction versus temperature 
for three values of the van Genuchten parameter.  

 
Figure 2: MarsFlo simulation of freezing porous me-
dium at the laboratory scale showing experimentally 
observed phenomena of freezing-induced moisture 
redistribution. 
 

 
Figure 3: Simulation of a freezing aquifer and long-
term redistribution of moisture in the Martian subsur-
face. This demonstration simulation spans the range of 
physical conditions (all gas, all liquid, all ice, partially 
saturated) expected in the Martian subsurface. 
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