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Introduction:  Ocean worlds are now known to be 

common in the outer solar system, and are capped by an 
ice shell, which is often described by a characteristic 
shell thickness. However, this thickness will not neces-
sarily have a constant value in time unless the body in 
question is in a steady state, and may not be likely.  

Unless heat is removed from the interior of an ocean 
world at the same rate it is produced by radioactive de-
cay in any silicate layer and by tidal dissipation in the 
inteiror, freezing of the ocean or melting of the ice shell 
will occur. Here we describe a self-consistent method to 
compute the thermal evolution and tidal dissipation in 
the ice shell of Enceladus, including freezing of the 
ocean and melting of the ice shell.   

Thermal Evolution and Tidal Dissipation: We 
model thermal evolution in the ice shell using the finite-
element code Citcom in 2D-axisymmetric geometry [1], 
with temperature-dependent viscosity. A constant tem-
perature is prescribed at the surface and at the base of 
the ice shell, as consistent with a phase boundary. It is 
not possible to also impose a heat flux boundary condi-
tion, and in general the heat flux across the bottom 
boundary Fb will not be consistent to the heat produced 
in the core Hc. If the heat loss exceeds production (e.g. 
[5]), the top of the ocean freezes and the ice shell thick-
ens. The mass m added to the ice shell over a time δt is 
determined by:  
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where rb and rc are the radii of the base of the ice shell 
and the silicate core respectively, and L is the latent heat 
of fusion. A negative value for m implies melting and 
thinning of the ice shell. If the thickening (or thinning) 
is spherically symmetric, a change in shell thickness δh 
can be computed: 
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where ρ is the ice density.  
Example Results: Here we consider the specific 

case of Enceladus, which appears to have a subsurface 
ocean based on observations of plume activity [2], heat 
flux [3], and libration [4]; but which could be challeng-
ing to maintain from a thermal standpoint [5,6]. Here, 
we consider initial ice shell and ocean thickness of 46 
km and 23 km, respectively, and a core radius of 183 
km (consistent with a CM chondritic composition). The 
core is heated by radioactivity consistent with this com-
position. The ice shell is heated by tidal dissipation 

computed using the propagator-matrix code TiRADE 
[5] for a spherically symmetric body with an arbitrary 
number of visco-elastic layers, using the horizontally-
averaged viscosity structure obtained from the thermal 
model. We find that the entire ocean freezes out in < 15 
My, a timescale consistent with previous estimates [5].  

The rapid growth rate of the ice shell means that the 
model domain changes substantially over time as well. 
In the case described above, it has grown by 50% over 
only 1000 timesteps. Thus it is necessary to implement 
a radially adjustable bottom boundary to account for 
this. We periodically define a new grid spanning the 
new shell thickness and interpolate the pressure, tem-
perature, velocity, and viscosity fields onto it. The re-
griding and interpolation scheme are illustrated in Fig-
ure 1. The bottom temperature and stress boundary con-
ditions are applied at the new bottom boundary. This re-
gridding and interpolation need not be done at every 
timestep, but must be done frequently enough that the 
bottom boundary has moved by significantly less than 
the thickness of one model element.  

There are several potential consequences of volu-
metric expansion of the ice shell. The ocean will now 
occupy a smaller volume which will increase the pres-
sure of the ocean, potentially decreasing the freezing 
rate. It is also possible that this could allow for fractures 
to propagate more deeply into the ice shell (because of 
the increased pressure) and hold fractures open for a 
longer duration. This could also influence our under-
standing of the stress that results from thickening (cur-
rently treated as elastic and isotropic), where as an elas-
tic-visco-plastic rheology is proposal more appropriate. 
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Figure 1: Example of regridding and interpolation 
from an ice shell with initial thickness h to new 
thickness h'. The movement of the original position 
of nodes (n, n-1, etc.) to new positions (n¢, etc.) and 
the center of element e to e¢ are shown. 
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