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SOFTENED TERRAIN ON MARS: THE GROUND ICE INTERPRETATION RECONSIDERED. 
Stephen M. Clifford and James R. Zimbelman, Lunar and Planetary Institute, 3303 
NASA Road 1, Houston, TX 77058. 

Over the years, a long list of martian landforms has been compiled whose 
origins have been attributed to the presence of ground ice. Although the 
appearance of many of these features is suggestive, in no instance has an 
unambiguous connection with ground ice been established. Despite this fact, the 
frequent uncritical citation of these landforms has led to their growing 
acceptance as true indicators of ground ice. Inconsistencies in this 
interpretation as they apply to the most recently proposed indicator, softened 
terrain, are discussed in this abstract. While not fatal, these discrepancies 
significantly constrain the suggestion that ground ice is the causative agent. 
In this regard, the problems associated with softened terrain are not unique, 
but are representative of those that must be addressed to establish a genetic 
relationship between ground ice and any morphology. 

"Softened terrain" is a term that has been used to describe the subdued 
appearance of martian landforms poleward of 300 latitude, an effect that has 
been attributed to the relaxation of topographic highs due to ice-enhanced creep 
[I]. The absence of softened terrain at equatorial latitudes is interpreted as 
an indication that the regolith in this region is ice-free, a conclusion that is 
consistent with the theoretical distribution of ground ice given a regolith in 
diffusive equilibrium with the atmosphere [21. In this regard, however, the 
ground ice distribution inferred from the occurrence of softened terrain 
conflicts with that inferred from another potential indicator, rampart craters, 
which are found throughout the equatorial region [3]. To reconcile this 
conflict, it has been proposed that rampart crater ejecta morphology originates 
from impacts involving groundwater, not ground ice [ 4 ] .  By this reasoning, the 
absence of softened terrain reflects a regolith devoid of ice, while the 
presence of rampart craters indicates the survival of a deeper body of 
groundwater [4]. While conceptually satisfying, this explanation appears 
thermodynamically flawed. 

Thermal models of the martian crust suggest that, at the equator, the 
base of the cryosphere lies approximately 1-3 km below the surface [2,51. In 
response to the geothermal gradient, a corresponding vapor pressure gradient 
will be generated within the crust, driving vapor from the higher temperature 
(higher vapor pressure) depths to the colder (lower vapor pressure) near-surface 
regolith. Given a subpermafrost reservoir of groundwater, and geologically 
reasonable values of porosity and pore size, a geothermal gradient of 25 K km-1 
will supply -loa gm Hz0 cm-2 to the freezing front at the base of the cryosphere 
over the course of martian geologic history [61. Note that, because of the 
exponential dependence of P a z o  on temperature, the vapor pressure gradient 
between the groundwater table and the base of the cryosphere will be many times 
greater than the gradient between the base of the cryosphere and the martian 
atmosphere. Therefore, wherever groundwater exists, ground ice will form and be 
replenished faster than it can be depleted -- even at equatorial latitudes [6]. 

Perhaps the strongest arguments against a link between ground ice and 
softened terrain are based on consideration of the rheologic properties of ice 
and its survival at depth. For a given shear stress I the strain rate of ice 
is given by: 

where n is a constant with a value of -3, and A is the flow law constant (which 
is sensitively dependent on temperature and impurity content). In Figure 1, A 
is plotted for the temperature range that characterizes the martian surface 
(160-225 K) and the regolith at depth (up to 273 K ) .  The resulting variation in 
A covers some 9 orders of magnitude. Thus, even a slight decrease in ice 
temperature necessitates a large increase in shear stress to produce a given 
strain rate. Shear resistance is also increased when ice contains an 
appreciable quantity of entrained particulates 05% by volume). For example, a 
50/50 mixture of ice and sand has a composite viscosity that is over an order of 
magnitude greater than for ice alone [7]. 

On Earth, laboratory experiments and glacial studies have shown that 
relatively pure ice requires temperatures of 263-273 K and shear stresses on the 
order of 100 kPa before it will undergo significant deformation [a]. On Mars, 
such conditions will only be found at depths of a kilometer or more beneath the 
surface. Recent studies of the stability of equatorial ground ice on Mars 
[9,101 have shown that, at depths of 21 km, ice should survive throughout 
martian geologic history. Thus, if terrain softening does indeed result from 
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ice-enhanced creep, there should be clear evidence of it at equatorial 
latitudes. Even if these stability calculations are off by an order of 
magnitude, kilometer deep ground ice would still be present for hundreds of 
millions of years. Yet no evidence of even relic softened terrain can be found. 

If the absence of softened terrain at equatorial latitudes is to be 
attributed to the loss of ground ice, then stability calculations indicate that 
the zone of potential deformation must be located within -100 m of the surface. 
This conclusion has a number of important implications. Reducing the depth of 
burial by a factor of 10 will reduce the shear stress driving deformation by an 
equal amount. As seen from Eq. 1, this change alone lowers the potential strain 
rate of ice by a factor of lo3. The shallower depth also reduces the effect of 
geothermal heating on regolith temperature; thus, even at the warmest latitudes 
(225 K), the flow law constant, and thus the strain rate, will be lowered by 
another 109 (Figure 1). Finally, if the volumetric content of entrained 
particulates is >50%, then both the flow law constant and the strain rate must 
be decreased by yet another factor of 10. While not necessarily insurmountable, 
a potential reduction in strain rate of seven orders of magnitude provides ample 
motivation to consider alternative explanations for the origin of softened 
terrain. 

Clearly, the stability of ground ice is not the only thing on Mars that 
is latitudinally dependent. The formation of debris mantles at mid- to high- 
latitudes by the preferential deposition of atmospheric dust could also readily 
explain the reported geographic distribution of softened terrain. Such 
deposition is consistent with current models of seasonal polar cap formation 
1111, images of aeolian deposition obtained from Viking Lander 2 1121, and the 
evidence for debris mantles visible in high resolution Viking Orbiter images 
[13,14 I .  

It is important to stress that the arguments presented here do not 
conclusively refute the hypothesis that softened terrain owes its origin to the 
presence of ground ice; however, they raise sufficient uncertainty that we 
believe alternatives to the ground ice hypothesis deserve careful consideration. 
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Fig. 1. The temperature dependence of the flow law constant for ice. 
The deviation in the curve at temperatures above 263 K corresponds 
to a change in the activation energy of creep. 
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