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THE ROLE OF THE GEOTHERMAL GRADIENT IN THE EMPLACEMENT AND REPLENISHMENT OF 
GROUND ICE ON MARS, Stephen M. Clifford, Lunar and Planetary Institute, Houston, Texas. 

Knowledge of the mechanisms by which ground ice is emplaced, removed, and potentially replenished, are 
critical to understanding the climatic and hydrologic behavior of water on Mars, as well as the morphologic 
evolution of its surface [1,2]. Because of the strong temperature dependence of the saturated vapor pressure of 
H20, the atmospheric emplacement or replenishment of ground ice is prohibited below the depth at which crustal 
temperatures begin to monotonically increase due to geothermal heating. In contrast, the emplacement and 
replenishment of ground ice from reservoirs of H 2 0  residing deep within the crust can occur by at least three 
different thermally-driven processes, involving all three phases of water. In this regard, Clifford [2] has discussed 
how the presence of a geothermal gradient as small as 15 K km-l can give rise to a corresponding vapor pressure 
gradient sufficient to drive the vertical transport of 1 km of water from a reservoir of groundwater at depth to the 
base of the cryosphere every 106 - lo7 years. This abstract expands on this earlier treatment by considering the 
influence of thermal gradients on the transport of H 2 0  at temperatures below the freezing point. 

In the gas phase, the transport of H 2 0  through unsaturated frozen ground occurs by the process of 
thermal vapor diffusion where, as noted above, the presence of a temperature gradient creates a corresponding 
vapor pressure gradient that drives the diffusion of vapor from the warmer depths to the colder near-surface crust 
[2]. However, sub-freezing temperatures affect this process in two important ways. First, because the vapor flux at 
any depth is proportional to the local saturated vapor pressure, the magnitude of vapor transport necessarily 
declines as the diffusing vapor rises higher in the frozen crust. Second, this decline in temperature and saturated 
vapor pressure causes a portion of the ascending vapor flux to condense and freeze, preferentially blocking the 
smallest pores present in the pore system. This condensation can both substantially retard diffusion and choke off 
much of the pore network long before the larger pores are filled with ice. With time, however, these blockages 
succumb to the same thermal process that led to their formation. Thus, vapor will sublime from the ice plugs 
formed in the warmer, deeper regions of the cryosphere and redistributes itself -- through a repeated process of 
condensation, sublimation, and diffusion -- to the colder near-surface crust. In this way, the process of thermal 
vapor d i i s i on  will continue until the cryosphere is ultimately saturated with ice. 

The possibility of liquid phase transport arises from the fact that both adsorbed water and water in small 
capillaries can survive in frozen soil down to very low temperatures. Under conditions where the unfrozen water 
content is high enough to provide thin film continuity, the presence of a temperature gradient creates a correspond- 
ing gradient in soil water potential A$ -- a quantity that reflects the difference in effective pressure between the 
phases of ice and unfrozen water present in the soil. Under atmospheric conditions (i.e., in the absence of a 
confining pressure), the magnitude of this pressure difference can be calculated from a form of the Clausius- 
Clapeyron equation [3,4], given by 

where Pw is the pressure (or hydraulic head) of soil water, 4 is the latent heat of fusion (= 3.35 x 1 6  J kg-l), and 
Vw is the specific volume of water (= l/p) at the crustal temperature T. Equation (1) indicates that the pressure 
difference between ice and water in the soil increases by - 1.2 x 106 Pa K - ~  for crustal temperatures below 273 K. 
After Smith and Bum [q and Williams and Smith [4], the liquid flow (per unit area) that occurs in response to this 
temperature-induced pressure difference is given by 

where k is the permeability of the frozen soil, g is the acceleration of gravity, v is the kinematic viscosity, and 
& / d T  fz dP,+,/dT) is the temperature-dependent gradient in soil water potential. Assuming a geothermal 
gradient of 15 K km-l, a value of & / d T  = 1.2 x 105 Pa K-1 (from eq. (I)), and a frozen permeability of - 2 x lo-' 
darcies (a value appropriate for a silty clay soil at a temperature just below freezing [4,6]), the resulting vertical flux 
of liquid water through the base of the cryosphere is found to be - 4.3 x loJ m yr-l, or roughly 0.4 km every lo7 
years. It should be cautioned, however, that this flux is highly sensitive to both the local lithology and effective 
confining pressure of the crust; therefore, because these conditions are so poorly constrained at the base of the 
cryosphere, this estimate has an inherent uncertainty of as much as two orders of magnitude. Note also, that 
because the permeability of frozen soil declines with decreasing temperature, the magnitude of liquid transport will 
necessarily decline as the water reaches the colder and shallower regions of the crust. 
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Finally, in addition to the movement of H 2 0  vapor and liquid through the cryosphere, transport in the 
solid phase can occur by the process of thermal regelation; where, as before, the direction of transfer is from warm 
to cold [7,8]. As discussed by Williams and Smith [4], the process of regelation involves the movement of both ice 
and unfrozen water through a saturated (or nearly saturated) frozen soil. Fundamental to this process is the 
thermodynamic relationship between freezing point depression and the effective pressure difference between the 
ice and water phases present in the pores. As the geothermal gradient drives the flow of water through the 
unfrozen films that permeate the cryosphere, the entry of liquid water at the warm end of the pores causes a local 
increase in water pressure that decreases the effective pressure difference between the ice and water phases. In 
response to this reduction, the local freezing point will increase by an amount sufficient to cause a small quantity of 
water to freeze at the warm end of the pore. This freezing causes an increase in ice pressure at the pore's cold end 
where it increases the local difference in effective pressure between the ice and water phases -- thus, lowering the 
local freezing point. Water released by the subsequent melting of ice from the cold end of the pore then becomes 
part of the thin-film flow that enters the colder ice-filled pores located higher in the crust, whereupon the whole 
process is again repeated. 

Note that because each of these thermal processes operate by driving the movement of water from warmer 
to colder regions of the crust, the transport of H 2 0  through the martian cryosphere is necessarily a one-way street. 
That is, if one attempts to introduce water into the cryosphere via the atmosphere, the maximum depth of penetra- 
tion is necessarily limited to the maximum depth at which climatic temperature variations are sufficient to over- 
whelm the influence of the local geothermal gradient. For the surface temperature variations expected at mid- and 
equatorial latitudes from the periodic changes in martian obliquity and orbital elements, this depth is not likely to 
exceed several meters [9,10]. 

In contrast, when water is supplied to the cryosphere from below, the processes of thermal vapor diffusion, 
thermal liquid transport, and regelation, will permit its eventual redistribution throughout the frozen crust. This 
fact has a number of important consequences. For example, should an ice-rich region be buried by lavas, 
sediments, or some other type of deposit, the resulting increase in insulation provided by the depositional layer will 
cause local crustal temperatures to rise, permitting the buried ground ice to be thermally redistributed into the 
overlying mantle. 

The ability of H 2 0  to thermally migrate through the cryosphere also has implications for the sublimation 
of equatorial ground ice. As the sublimation front propagates deeper into the crust, it may ultimately reach a depth 
where the diffusive loss of ground ice is exactly balanced by the upward thermal migration of H20  through the 
cryosphere -- a condition that could significantly limit equatorial desiccation to depths shallower than those 
predicted by current models [10,11]. Unfortunately, the processes governing the transport of H20, both to and 
from the sublimation front, are sufficiently complex that calculating a specific depth at which this equilibrium 
condition is reached is virtually impossible without a more detailed knowledge of a number of crustal parameters 
(e.g., lithology, porosity, pore size, specific surface area, heat flow, salt content, etc.). 

In summary, three processes -- thermal vapor diffusion, thermal liquid transport, and regelation -- are 
capable of transporting H 2 0  throughout the cryosphere, the direction of transport being from warmer to colder 
regions of the crust. Note that these processes will occur wherever there exists a crustal temperature gradient, a 
subsurface reservoir of H20, and the continuity of pore space between the source region and the near-surface 
crust. In this way, ground ice that was removed by impacts or sublimation to the atmosphere could have been 
replenished on a global scale, without the need to invoke exotic scenarios of climate change. A more detailed 
discussion of the potential role of these processes in the hydrologic evolution of Mars is currently in press [I]. 
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