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Introduction:  Extensive radar [1] evidence exists 

for the presence of ice [2-9] in permanently shaded 
craters near the poles of Mercury [10,11]. Ice has been 
shown to be thermally stable under these conditions 
[12,13], and a detailed energy-balance model [14] sug-
gests an annual mean temperature near 110 K in per-
manent shade with surface temperatures close to 400 K 
in sunlit regions. Here we describe the dynamic prop-
erties of the proposed ice deposits to delineate the ef-
fects of ice deformation and the potential for flow that 
would modify these deposits in the time interval for 
which they are believed to have existed.  

Modeling: We use a simple geometry, a function 
of crater diameter and latitude, that defines the shape 
of the crater walls and floor, as well as the permanently 
shaded volume that defines the ice surface. Depth of 
the crater is determined from the d/D ratio, 1:5 for cra-
ters less than 10 km in diameter and 1:25 for 100 km 
craters [14]. We define crater geometry with power-
law fits [15]. An example based on Crater C, with a 
diameter of 50 km at a latitude of 87.5o is shown in 
Figure 1. 

This configuration is passed to our ice dynamics 
model, a thermomechanical shallow-ice approximation 
model that has been used extensively both on Earth 
[16-18] and Mars [19-24], here adapted for Mercury 
gravity. 

An ablation rate of -1.0 m/yr is assumed in the sun-

lit areas, while minor accumulation (10-10 m/yr) is as-
sumed for the ice surface [25]. With such a low accu-
mulation rate the ice surface will basically “relax” into 
a configuration where the driving stress is minimized 
and any velocity is a result of internal deformation and 
not of mass-balance driven flux. 

Thermodynamics: Boundary conditions for the 
thermodynamic component, used to calculate the ice 
hardness, include mean-annual surface temperature, 
taken to be 110 K, and basal heat flux. Because the ice 
is thin (basically the crater depth) and the slope is shal-
low (basically the sun angle), as well as the fact that 
the ice is cold, modeled velocities are very low, on the 
order of 10-10 m/yr for a uniform heat flux of 50 
mW/m2.  Velocity, shown in Figure 1, is highest at the 
base of the crater wall where thickness is greatest. 
Long-term deformation with this velocity distribution 
would result in a thinning upstream toward the crater 
rim and a thickening downstream toward the crater 
center as the profile relaxes to a minimum driving 
stress configuration. However, with velocities this low 
little deformation would take place in the billion-year 
time span available.  

Warmer ice is exponentially softer than colder ice 
[26-27], and ice at depth is warmer than at the surface 
due to the insulating power of the ice. As such, the heat 
flux is a key parameter controlling ice deformation, 
and hence, ice velocity. Vasavada [14] uses an esti-
mate for the heat flux of 20 mW/m2 [28]. An estimate 
based on the height of a scarp and its implications for 
the depth of the brittle-ductile transition yields a sur-
face heat flux that ranges from 30 to 60 mW/m2 [29]. 

Lateral Transport of Heat: An additional consid-
eration is the lateral transport of heat from the warm 
sunlit surroundings of the cold shaded crater interior. A 
2D solution of the steady-state heat flow equation [30] 
for a rectangular domain with a “cold spot” on the sur-
face results in a depression of the isotherms below the 
cold spot. This depression and warping of the iso-
therms directs additional heat from the surroundings 
beneath the hot surface terrain into the center of the 
cooler region beneath the cold spot.  

Temperature isotherms are bowed down beneath 
the cold spot, and since heat flows perpendicularly to 
the isotherms, heat is preferentially focused onto the 
base of the cold spot. The lateral flux is most intense 
beneath the edge of the crater, where the temperature 
discontinuity at the surface is largest. With a 10 km 
crater, the contributions from the edges overlap in the 
center, resulting in the largest flux at the center of the 

Figure 1: Geometry based on Talpe et al.  (2012) and Crater C, 
with 50 km diameter at latitude 87.5o. 
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crater. Larger craters result in deeper penetration of the 
temperature anomaly, and hence steeper temperature 
gradients carrying more flux, but since the edges are 
farther apart, the synergistic contribution is less at the 
center and less lateral flux is delivered.  

Results: To investigate the effect of the lateral heat 
flux, we run the ice sheet model for various crater sizes 
and latitudes (10 to 55 km in 5 km steps and 85 to 
89.5o in 0.5o steps, a total of 100 model runs). Figure 2 
shows the base-10 logarithm of the maximum velocity 
observed in each model run (a value of -10 corre-
sponds to 10-10 m/yr) for the uniform flux case (left) as 
well as the non-uniform lateral heat transport case 
(center). Labelled stars indicates the position of craters 
with known deposits.  Since depth depends on diame-
ter, in the uniform flux case larger craters display 
faster velocities, primarily due to the thicker ice that 
can exist in the deeper craters. A secondary effect is 
the surface slope, which is steeper at lower latitudes. 
This effect is negated by the thinner ice available at the 
base of the crater walls with these steeper slopes, re-
sulting in an optimal latitude at 89o where the velocity 
is maximum for a given size crater. Lowest velocities 
are observed in the smallest craters at the lowest lati-
tudes for the uniform heat flux case.  

Given the significantly increased heat flux that can 
be delivered to the base of the crater by lateral trans-
port, we re-apply the ice sheet model with these en-
hanced fluxes instead of the uniform 50 mW/m2. With 
the same set of crater sizes and latitudes, but with the 
lateral heat transport, we obtain a very different look-
ing pattern of velocities, (Figure 2 center). The much 
greater heat fluxes result in warmer ice, which being 
softer and easier to deform, yields higher velocities. 
The relative speedup due to this softer ice (Figure 2 
right) is greatest for the smallest craters at the highest 
latitudes, reaching in some cases six orders of magni-
tude, attaining velocities of 10-5 m/yr. Even with large 
craters at low latitudes, where the warming is least, an 
order of magnitude speedup is observed. Large craters 
at high latitudes, where uniform-flux velocities are a 
maximum, experience a hundred-fold increase in ve-
locity with the enhanced fluxes.  

The highest velocities are ob-
served in a 10 km crater at a lati-
tude of 89o, and Figure 3 shows 
the evolution of the ice surface in 
such a crater over a billion years. 
Thinning upstream and thickening 
downstream results in a flattening 
of the surface where the velocity 
is a maximum. 

Conclusions: 
The thickest depos-
its with the greatest 
surface slope have 
the largest driving 
stresses as well as 
the warmest, softest 
ice at the bed, and 
hence the fastest 
velocities. However, accounting for the enhanced flux 
of heat from the surrounding hot sun-lit terrain is ex-
tremely important, offering orders of magnitude 
speedup over the uniform flux case, with the effect 
most pronounced for small craters where the greatest 
lateral heat flux is delivered to the centers of the cra-
ters. Even with the enhanced heat fluxes, the cold envi-
ronment of the Mercury polar craters yields very small 
velocities and deformation is minimal on a time scale 
of millions of years. Even at it most rapid flow veloc-
ity, the ice surface would move only a kilometer in a 
hundred million years. These predictions can be used 
to compare to the observed deposit distributions and 
characteristics [10, 31-33]. 
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Figure 2: Base-10 log of velocity for the uniform flux case (left), the lateral heat transport case 
(center), and the ratios of these (right). 

Figure 3: Evolution of a 10 km cra-
ter at 89o, showing initial surface 
and deforming surface at 104, 106, 
108, and 109 years. 
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