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THE THERMODYNAMIC CASE FOR A WATER-RICH MARS, Stephen M. Clifford, Lunar and Planetary 
Institute, Houston, Texas. 

Introduction -- C m  [1,2] has reviewed the geologic evidence for a water-rich Mars and has concluded 
that it is consistent with an outgassed inventory of H 2 0  equivalent to global ocean 0.5 - 1 km deep. The most 
persuasive support for this conclusion comes from the martian outflow channels, whose distribution, size, and range 
of ages, suggests that a signif~cant body of groundwater was present on Mars throughout much of its geologic 
history [I-41. In this abstract, the thermodynamic implications of the outflow channels are considered. The results 
of this analysis suggest that if the outflow channels were carved by the discharge of groundwater in diffusive and 
thermodynamic equilibrium with the overlying frozen crust, it implies a minimum planetary inventory of water in 
excess of 300 m. However, if the global inventory of groundwater on Mars at the time of outflow channel formation 
was as high as the 500 m estimate of C m  [2], then the total inventory of water on Mars could well exceed 750 m. 

Channel Discharge and the Global Znventoly of Groundwater -- Based on a conservative estimate of how 
much material was eroded to form the outflow channels (- 5 x 106 km3) and the maximum sediment load that the 
flood waters could have carried (- 40% by volume [q), C m  [2] has calculated that a minimum cumulative channel 
discharge of 75 x lo6 km3 of H20  (equivalent to global ocean - 50 m deep) was required to form the circum- 
Chryse channels. For at least two reasons, this calculation has Likely underestimated the volume of groundwater 
initially present in the Chryse drainage basin. First, if the channels are not the product of a single catastrophic 
event, but represent the cumulative effect of multiple episodes of outbreak and erosion, then the channel flood 
waters may have been far less turbulent and carried far less sediment per unit volume than the assumed maximum 
value of 40% [q. If so, the total volume of water required to produce the channels could have easily been several 
times greater than the value of 50 m estimated by C m  [2]. Second, any portion of the local aquifer whose absolute 
elevation lay below that of the visible channel source region would have remained undrained [6]. Since the zone of 
saturation could extend several kilometers or more beneath the lowest elevation in the basin, this could represent a 
substantial quantity of untapped groundwater. Finally, without a more detailed knowledge of the large-scale 
permeability of the martian crust, it is unclear whether the reservoir of groundwater that was tapped in the 
formation of the channels represented only a small portion of the basin's reserves, all of the basin, or includes 
water derived from a more extensive regional or global aquifer system (e.g., Clifford [8]). The answer to this 
question is crucial to the validity of Carr's [2] estimate that the global inventory of groundwater on Mars is 
equivalent to a global ocean 500 m deep. This estimate is based on the assumption that the Chryse channels 
drained all of the groundwater present in the Chryse basin and that the water content of the crust in this region is 
representative of the entire planet (a surface area roughly ten times greater). 

The Martian Cryosphere as a Thennodynamic Sink for H20 -- As discussed elsewhere [8,9], a prior 
condition for the existence of any large volume of groundwater on Mars is that the pore volume of the cold-trap 
represented by the cryosphere must first be saturated with ice. In support of this conclusion, consider the 
hydrologic response of Mars to the thermal evolution of its early crust. The density and distribution of the valley 
networks throughout the heavily cratered terrain has suggested to some that early Mars was once warm and wet 
[10,11]. However, given both the decline in planet's internal heat flow and the transition to colder temperatures, a 
freezing front eventually developed within the regolith that propagated downwqrd with time -- creating a 
thermodynamic sink for any H 2 0  within the crust. Calculations by Clifford [12] indicate that, given an available 
reservoir of groundwater at depth, a geothermal gradient as small as 15 K krn-l is sufficient to drive a thermally- 
induced vapor flux equivalent to 1 km of water to the base of the cryosphere every 106 - lo7 years (a flux that was 
Likely 3 - 5 times greater 4 b.y. ago, given the higher heat flow expected to have characterized the planet at that 
time). This vapor flux is high enough that the cryosphere should have remained saturated with ice throughout its 
development -- or at least until such time as the total pore volume of the cryosphere grew to exceed the total 
volume of planet's outgassed inventory of water. However, the existence of outflow channels with apparent ages of 
less than 1 billion years [3,4] raises considerable doubt as to whether this last stage in the evolution of the martian 
cryosphere has yet been reached -- suggesting that an inventory of water in excess of that stored in the cryosphere 
has persisted on Mars until very recent times, and may continue to persist to the present day. 

Given geologically conservative estimates of martian crustal porosity (<20%), thermal conductivity (- 2.0 
W m-I K-I, and heat flow (- 30 mW m-2) [9], the present cryosphere is estimated to have a minimum pore volume 
in the range of 400 - 500 m. At the time the outflow channels formed (- 2 b.y.a.), the planet's geothermal heat 
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flow was likely a factor of two higher. This would have reduced the pore volume of the cryosphere to - 250 - 300 
m. Given Carfs [2] minimum estimate of the amount of groundwater required to erode the channels (50 m), this 
implies a minimum global inventory of water of - 300 m. If Carfs [2] 500 m estimate of the global inventory of 
groundwater at this time is correct, then a total planetary inventory of H20  in excess of 750 m is implied. 

While the theoretical argument for a water-rich Mars based on the thermodynamic implications of the 
outflow channels is persuasive, it falls short of an actual proof. Unfortunately, at present, the channels are the best 
evidence for a water-rich Mars that we have. However, as the exploration of Mars continues, there will be 
opportunities for more direct investigations of the subsurface that should resolve this issue conclusively. While 
prospects for a Mars Deep Drilling Project are likely to remain dim for the foreseeable future, at least two other 
geophysical methods, active seismic exploration and electromagnetic sounding, could be used to map and inventory 
the distribution of ground ice and groundwater beneath the planet's surface. The detection of groundwater at 
locations far removed from any obvious source of transient production -- such as active geothermal regions or 
volcanoes -- would establish beyond any reasonable doubt that Mars is water-rich. In the absence of such evidence, 
the thermodynamic arguments presented here suggest that the minimum inventory of water on Mars, consistent 
with the inferred timing and discharge of the outflow channels, is - 300 m. 
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