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Introduction:  Theoretical modeling and numeri-

cal simulation provide important insights to and con-
straints on the subsurface hydrology and paleohydrol-
ogy of Mars. As the number and complexity of the 
physical processes addressed in these analyses in-
crease, it is advantageous to turn to general-purpose 
coupled-process computer models. Three-phase simu-
lation tools capable of addressing the entire range of 
thermodynamic conditions that may be of interest in 
Mars hydrology studies have only recently started to 
appear [1,2]. This paper summarizes the scientific ba-
sis and validation efforts for MarsFlo [1], a multi-
phase, multicomponent subsurface hydrology simula-
tion tool. Initial MarsFlo simulations of cryosphere 
formation are then presented.  

MarsFlo:  MarsFlo [1] is a three-phase (ice, liquid, 
vapor), two-component (CO2 and H2O) code that can 
accommodate partially saturated, fully saturated, and 
completely dry conditions, as well as transitions be-
tween these saturation states in a single simulation. 
The processes included in the MarsFlo code include:  

• Partitioning of water between the liquid, va-
por, and ice phases, including the effects of 
capillary forces in altering the phase pressures 
and equilibrium partitioning.  

• 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 
conservation equations for water and CO2. Water may 
exist in the gas, liquid, and ice phases. In partially 
saturated pores, liquid water and/or water ice is as-
sumed to be in equilibrium with water vapor, which is 
why only one conservation equation is required for 
water. The CO2 conservation equation includes gase-
ous CO2 and, if liquid water is present, dissolved CO2. 
In addition, the current version of MarsFlo also in-
cludes an option for solving a conservation equation 
for a single salt species. This conservation equation is 

included to represent possible effects of dissolved salt 
on the water freezing point.  

Using the extended Darcy’s law for multiphase 
flow, the conservation equations for water and CO2 
are: 
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where s is the phase saturation (sl + sg + si = 1),  t is 
time, φ is porosity, ρ is the phase density, ω is mole 
fraction, k is the absolute permeability, kr is relative 
permeability, μ is dynamic viscosity, z is the vertical 
coordinate, g is the acceleration due to gravity, D is the 
diffusion coefficient, τ is the tortuosity factor, and S is 
the mass source rate.  The subscripts l, g, and i repre-
sent liquid, gas and ice phases, respectively. The su-
perscripts w and a represent water and CO2 mass, re-
spectively. In this notation, “liquid phase” CO2 should 
be interpreted as dissolved CO2. Ice-phase CO2 is not 
tracked, so that 0≡a

iω . 
The corresponding energy balance equation is 
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            (2) 
where u is internal energy, h is enthalpy, V is the darcy 
flow velocity, κe 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.  

Pressure Relationships. Functional relations be-
tween phase saturations and interphase capillary pres-
sures are required. In partially frozen geological mate-
rial, 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 retention 
curves (saturation-capillary pressure relations) are re-
quired. The formulation used here is based on that of 
White [3].  
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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

(assumed independent of tempera-

ture), cglP is the gas-liquid capillary pressure and cilP is 

the ice-liquid capillary pressure.  The left side of equa-
tion 3 is the “unfrozen fraction” and the left side of 
equation 4 is the “apparent” liquid saturation (ratio of 
unfrozen liquid to available pore space). For clarity, 
we have set the residual (irreducible) saturation to 
zero, but this can easily be included.  

The ice-liquid capillary pressure is understood to 
be  determined by the temperature and chemical com-
positeon of the liquid phase, independent of the liquid 
water content [4]. Grant and Sletten [4] review several 
derivations and recommend the development of Brun 
et al. [5] as the most rigorous. Grant and Sletten [4] 
also provide convenient empirical curve fits to the 
Brun et al. [5] result.  Their fit is implemented in 
MarsFlo. MarsFlo also includes an option to use an 
alternative model based on results of  Loch [6].  

Several empirical forms exist for the soil moisture 
retention curve *S .  Van Genuchten’s [7] model is 
used,  
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where α and n are curve fitting parameters and m=1-
1/n.  

Examples showing the unfrozen fraction as a func-
tion of temperature using equations 3 and 5 with the 
Loch [6] model for Pcil were presented previously [1].  
The more accurate representation of Grant and Sletten 
[4] yields similar results except when the unfrozen 
fraction is very small, in which case the Grant and 
Sletten representation predicts the unfrozen fraction to 
be up to an order of magnitude larger.  

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 

– the thermal conductivity model must be able to ac-
commodate this range. Two thermal conductivity mod-
els are implemented in MarsFlo. The first model is 
based on a series-parallel model that is generalized [1] 
slightly from that of Mellon et al. [8]. The second 
model is a more empirical representation that we modi-
fied from existing models that have been tested against 
experimentally measured values [9]. In the second 
representation, the equivalent thermal conductivity is 
written as  

( ) ( )drysat
a
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where a is a fitting parameter and κdry is the dry con-
ductivity of the medium. The saturated conductivity 
κsat is a function of porosity, phase content, mineral 
grain conducitivity (κs), and pure-phase thermal con-
ductivities for ice (κi) and liquid (κl) [9] 
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For ice-free media and a=1/4, equation 6 has a square-
root dependence on liquid saturation, a model that is 
widely used in multiphase hydrology simulation. Fig-
ure 1 shows thermal conductivity versus liquid satura-
tion for various values of ice saturation.  

Computational Algorithm. The integrated finite dif-
ference method is used in MarsFlo to discretize the 
conservation equations. Time stepping is by the fully 
implicit method with Newton iterations at each time 
step to resolve the nonlinearities. Solution of the 
sparse linear equations at each iteration in the Newton 
iteration is accomplished by efficient preconditioned 
conjugate gradient methods, with arbitrary sparse stor-
age.  

Validation:  Results from the freezing porous me-
dium laboratory experiments of Jame and Norum [10] 
were used for model validation. Their experiments 
used a 30 cm long tube oriented horizontally and filled 
with #40 silica flour. The ends of the tube were sealed 
and the medium was initially unfrozen and partially 
saturated with liquid water.  At the start of the experi-
ment, the temperature at one end was lowered, while 
the other end was held at the initial temperature. The 
experiments lasted 72 hours. Total moisture content 
(ice plus liquid) was measured as a function of space 
and time using gamma ray attenuation. At the end of 
each experiment, the medium was sliced into 1–1.5 cm 
thick transverse slices for gravimetric measurements of 
water content. Note that the experimental procedure 
could not distinguish between liquid and ice.  

Two of the three freezing experiments of Jame and 
Norum were simulated with MarsFlo. In Test 1, the 
temperature was initially at 20 °C and the initial mois-
ture content was 15.6% (by dry weight). At the start of 
the experiment, the temperature at the cold end was 
lowered to –10 °C. In Test 2, the temperature was ini-
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tially 5 °C  and the initial moisture content was 15.0%. 
The cold end temperature was –5 °C. In the simula-
tions of these experiments, medium properties esti-
mated by White [3] from the grain size data were used: 
α=0.279 m-1, n=1.64, φ=0.50. Several values were 
tried for the permeability, which is poorly constained 
by the grain size information. The best results were 
obtained for k=3.0 10-13 m2, which is approximately an 
order of magnitude smaller than that estimated by 
White [3] and approximately the same as White’s 
lower permeability case.  

Simulated and measured profiles of total moisture 
content after 72 hours of freezing for Tests 1 and 2 are 
shown in Figure 2.  The curves represent the simulated 
total (ice plus liquid) moisture content and the individ-
ual data points are the corresponding measurements. 
Both the experiment and the simulation display the 
important phenomenon of freezing-induced moisture 
redistribution. As the freezing front propagates into the 
medium, the liquid saturation is reduced by freezing. 
This greatly decreases the liquid pressure, drawing 
water into the freezing front and eventually increasing 
the total water content at the position of the freezing 
front. The agreement between the simulation and the 
experimental results is very good for both tests.  

Simulation of Cryosphere Formation: To dem-
onstrate the three-phase simulation capabilities, we 
consider the freezing of an aquifer to form a 
cryosphere in the Martian subsurface. The model do-
main is one-dimensional and discretized into 5000 1-m 
cells.  

For permeability, we used the Manning-Ingebritsen 
relationship [11] for mean crustal permeability versus 
depth in the Earth after rescaling the depth inversely 
with gravity [12,13]. The resulting permeability distri-
bution decreases with depth and was limited to a maxi-
mum of 10-10 m2 near the Martian surface, where the 
Manning-Ingebritsen relationship produces non-
physical values.  

Porosity was calculated from permeability as 
( ) 3/1

00 / kkφφ = , where 2.00 ≡φ  is the assumed sur-
face porosity, k is permeability, and k0 is the perme-
ability at the surface. The van Genuchten parameters 

4105 −×=α Pa-1 and  m=0.6 were assumed.  
The lower boundary has an applied geothermal flux 

of 30 mW/m2 and is closed for gas and liquid flow. 
The initial condition is steady state with water table 
located about 3600 m below the surface. The initial 
surface temperature is 273.65 K. The dry thermal con-
ductivity is 1 W/m-K. At the beginning of the simula-
tion, the surface temperature was lowered to 213 K.  

Initial profiles of liquid and ice saturation and cor-
responding profiles after 10 million years of freezing 
are shown in Figure 3. Initially, the subsurface is ice 

free; the liquid saturation increases from 2% at the 
Martian surface to approximately 20% at the water 
table. By 10 million years much of the original liquid 
water has migrated into the cryosphere. A sub-
cryospheric aquifer and vadose zone continue to sup-
ply the growing ice layer. In this simulation, the entire 
water inventory was eventually lost to the atmosphere 
(surface temperature was above the frost point). How-
ever, the simulation results are sensitive to choice of 
initial and boundary conditions.  

Discussion and Conclusions: Multiphase, multi-
component computer codes like MarsFlo [1] have ma-
tured to the point that they may be used to formulate 
and refine various hypotheses about the distribution of 
subsurface water on Mars. The advantage of such an 
approach is that it requires fewer simplifying assump-
tions and allows a greater range of processes and proc-
ess couplings to be simulated.  

In our simulations of cryosphere formation, a va-
dose zone with counterflowing liquid and vapor devel-
oped between the cryosphere and a deeper aquifer, as 
suggested previously [12]. Transient boiling and ele-
vated pressures occurred in the vadose zone, thus in-
creasing the transfer of water to the freezing zone be-
yond that caused by thermal vapor diffusion alone. 
The subcryospheric system continued to supply the 
growing cryosphere until the aquifer was depleted of 
water. These simulations provide some new details on 
the mechanisms by which a subcryospheric aquifer 
might sustain the cryosphere against diffusive vapor 
losses to the atmosphere. However, this process re-
quires that the rates of lateral water movement (as liq-
uid or vapor) be sufficient to keep the aquifer re-
charged; recharge through the polar caps now appears 
unlikely, based on radar sounding [14].  
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Figure 1: Bulk thermal conductivity versus liquid satu-
ration for four values of the ice saturation. This calcu-
lation used equations 7 and 8 with κdry=1.0 W/m-K,  
a=0.25 and κs=2.0.  
 

 
 

Figure 2: Simulated moisture content compared with 
experimental results from Tests 1 and 2 of Jame and 
Norum [10].  
 
 
 

 
Figure 3: Ice and liquid saturation from a MarsFlo 
simulation of cryosphere formation.  
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