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Introduction: Many icy satellites have features 

suggesting that liquid water may have erupted on to 
their surfaces. Erupting liquid water is challenging, 
however, because it is more dense than ice. The den-
sity difference is further exacerbated if the near-surface 
ice is porous or the water is salty. To overcome nega-
tive buoyancy, several mechanisms have been pro-
posed including exsolution of volatiles [1], overpres-
sure in discrete reservoirs within an ice shell [2], or 
topographically-driven flow into low-lying regions [3]. 

Here we evaluate the possibility that the pressure in 
a subsurface ocean may be large enough to force water 
to the surface. We calculate the pressure in an ocean 
produced by freezing of the overlying ice shell.  Owing 
to the volume expansion of the water as it freezes, the 
pressure in the remaining ocean rises. The stresses 
from freezing have been calculated by Nimmo [4]; 
Manga and Wang [5] and Kimura et al. [6] modify this 
analysis to account for the coupled evolution of 
stresses in the ice shell and pressure in the ocean. In 
the present contribution we revise these calculations to 
account for compression of a rocky interior and assess 
whether the stresses are large enough the crack th en-
tire ice shell. 

Model: The model satellite contains three regions: 
1) a rocky interior surrounded by 2) a global ocean 
capped by 3) an ice shell. The ice shell is subdivided 
into two regions, an outer layer that behaves as a linear 
elastic solid and an inner layer that behaves viscously 
over time scales that the ocean freezes (Figure 1).  The 
boundary between these regions is controlled by tem-
perature. We derive analytical expressions for the rela-
tionship beteween the amount of freezing and the 
stresses in the ice shell and pressure in the ocean; these 
expressions describe the coupled relationships between 
the evolution of ocean pressure, and elastic deforma-
tion of the rocky interior and ice shell.  

 
Figure 1: Geometry of the model problem. 
 

Results:  Figure 2 shows, as an example, the tan-
gential stresses and excess ocean pressure (above hy-
drostatic) as a function of the amount of freeing of the 
subsurface ocean. Here, as an example, we assume a 
Poisson ratio of 0.33, Young’s modulus of 5x109 Pa 
for the elastic ice shell, an outer radius of 252 km, the 
base of the ocean is at a radius of 161 km, and the ice 
shell is 50 km before beginning to freeze. As ocean 
water freezes, both the tangential stresses and excess 
pressure increase.  

 

 
Figure 2: Evolution of tangential stress (black) and 

ocean pressure (red). Yellow bar indictes the tangential stress 
needed for form cracks. Red dashed line is the pressure 
needed to cause water to erupt; blue curve is the volume/area 
of water that would erupt.  

The ice shell is expected to crack (at least the brit-
tle portion) when the tangential stresses in Figure 2 
exceed the tensile strength of ice, of order 106 Pa [7]. 
Figure 2 also shows the excess pressure needed for 
water to be able to rise to the surface of the satellite. If 
the excess pressure exceeds this critical value when 
cracks form, we also calculate the volume of water that 
could erupt (divided by the surface area of the satel-
lite). 

We can calculate how large the tensile strength 
needs to be to allow the excess pressure to be large 
enough to force water to the surface (Figure 3).  

 
Discussion: Unless the elasic part of the Enceladus 

ice shell is thin, Figure 3 shows that eruption of water 
to the surface is possible for reasonable tensile 
strengths. We emphasize the caveats that we are as-
suming a global ocean and intact lithosphere and that 
fractures can penetrate the entire ice shell; Rudolph 
and Manga [8] showed that an ice shell on Enceladus 
is likely to crack, under tensions similar to those in 
Figure 3, to depths of ~25 km.  
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Figure 3: Tensile stress needed, for different elastic ice 

thicknesses, for water to erupt as a function of total ice shell 
thickness (condition that Pex=Pcrit).  
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