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Introduction:  Ridges on Europa and other icy sat-
ellites remain enigmatic morphological features. Sev-
eral different models for ridge formation have been 
proposed. Models can be loosely categorized as invok-
ing tensile failure [1], shear failure [2], or cryovolcan-
ism [3]. Each of these approaches is successful in re-
producing some features of ridges but has some short-
coming. Europa’s outer ice shell is most likely more 
than a few kilometers thick [4], and therefore cannot 
likely be completely cracked completely [5]. 

A quantitative model of ridge formation should be 
able to reproduce at the very least the morphology of 
Europa's double ridges. Coulter et al. [6] studied ridge 
morphology and found that ridge heights are between 
10 and 400 m, derived an upper limit on the ratio of 
ridge height to peak-to-peak distance, and found that 
the outer slopes of ridges may approach angle of re-
pose for a granular material. 

 
Model: We develop a mechanical model that treats 

Europa’s icy crust as a viscous continuum. We intro-
duce a scalar damage variable (e.g. [7]) that represents 
the weakening of ice due to brittle deformation (open-
ing of microscale cracks). This type of approach has 
been applied successfully to the calving processs on 
alpine glaciers [8] and, more traditionally, to the fail-
ure of laboratory samples (e.g. [9]). We make the 
novel but natural assumption that the opening of small 
cracks (accumulation of damage) causes dilatency. The 
mechanical processes are coupled with heat transfer 
through 1) shear heating 2) temperature-dependent 
viscosity, and 3) viscosity-dependent annealing (dam-
age reduction and volumetric contraction). We ignore 
thermal expansivity, which we expect to be very small 
compared to the dilatancy associated with damage ac-
cumulation. We assume standard values for undam-
aged ice rheological parameters and heat transport co-
efficients and treat two damage rate exponents, a dam-
age healing coefficient, a damage production coeffi-
cient, and the boundary velocity as free parameters. 

Numerical Method. We use an implicit Lagrangian 
finite element method to solve the coupled thermome-
chanical problem. This problem is essentially two-
dimensional but involves displacements in three di-
mensions. Consequently, we use a formulation that 
discretizes space in only two dimensions but allows 
three degrees of freedom at each node. The thermal 
and mechanical problems are solved separately at each 
timestep. 

Preliminary Model Results: Using the numerical 
method described previously, we are able to produce 
features that are similar to double ridges on Europa in 
that they posess two peaks separated by a central de-
pression. It appears that the central trough, though ex-
istant, is not as deep as is seen on Europa. 

              

 
Figure 1: Model output. Boundary conditions are 

imposed out-of-plane velocity and no horizontal veloc-
ity on left and right, no vertical displacement on bot-
tom, top is free surface. Domain is 2 km wide by 500 
m tall. Imposed out-of-plane velocity is about 1 
cm/day, which causes uplift of 0.1 mm/day. 
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