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Introduction: Icy ocean worlds spark our curiosities 
with potential for vast, salty oceans that may harbor life 
beneath their icy exteriors [e.g., 1]. Europa, an icy ocean 
world orbiting Jupiter, has a dearth of craters on the sur-
face, which indicates a geologically young and recently 
active body. Similarly, the South Polar Terrain is a 
young region on Saturn’s moon Enceladus. Tectonic 
features and geysers (putative at Europa) on the surfaces 
of these bodies indicate a structurally active history that 
may have formed avenues allowing deeper liquid water 
to interact with the surface. 

One of the most prevalent structures on Europa’s 
surface is the double ridge, which can span distances up 
to more than 1000 km. Other features such as bands, 
chaos terrains, pits, and domes exhibit interesting “mid-
ocean ridge spreading”, “broken iceberg”, and raised or 
depressed circular morphology type characteristics 
(Figure 1) that likely require subsurface water and/or 
warm ice activity for formation [e.g., 2]. Additionally, 
the recent putative 
plume observations 
[e.g., 3] suggest the pos-
sibility of an active body 
with water-surface inter-
actions. One possible 
mechanism for provid-
ing avenues for ocean or 
shallow water to reach 
the surface is subsurface 
fracturing [e.g., 4, 5].  

We present here on 
the hydrofracturing mechanism that is likely to occur 
within ocean world ice shells where ice and water inter-
act. We discuss effects of heat transfer from the warmer 
water within the shell, cooling and expansion within 
chambers, tidal forcing, effects of ice/water composi-
tion and surface expression that may be induced from 
the subsurface activity. 

Numerical Modeling: To investigate the effects of 
several factors at once, we can employ numerical mod-
els. We model hydrofacture propagation using a finite 
element program, FRANC2d [6] that calculates dis-
placements and stresses, given: a two-dimensional spe-
cific body geometry, imposed loads, material parame-
ters, and boundary conditions. Fracture initiation can 
occur if the stress is above the strength of the material if 
of all other loads are considered within the model.  
FRANC2d then determines the fracture direction and 

distance of propagation using the calculated stress re-
sults. Figure 2 shows a propagated hydrofracture prop-
agated away from a cryo-chamber on Europa. 

Fracture behavior can be affected by a number of 
factors that change the stress field surrounding a frac-
ture. These factors can include flexure, heat, fluid move-
ment, cooling and pressurization, changes in surround-
ing material properties, and other cracks present nearby.   

Water Sills: There is potential for regions of liquid 
water to exist within the ice shell, brought up from the 
ocean below. These “chambers” or sills can be a source 
of the fracturing activity described above and are also 
potential sources of heat that can enable flexure at the 
surface [e.g., 7]. If thick enough, the fluid within the sill 
will convect and transfer heat over fairly short time 
scales, 100s of years for ~100 m thick sills. If the sill is 
thicker, (~500 m), the heat will warm the overlying ice 
for ~10 ky [5]. 

Fracture Interactions: Multiple hydrofractures 
driven from a single chamber may result in different 
fracturing behavior as the presence of fractures within 
proximity to one another will change the stress between 
them. We are working to compare models of multiple 
fractures bringing cryomagma to the surface, to the ob-
served locations and proximity of the pits and domes 
observed on Europa (see Figure 1). 

In summary, the surface morphology on icy ocean 
worlds indicates fluid activity in the ice shell and poten-
tial for water being brought to the surface. Numerical 
models provide a way to interrogate which factors most 
affect the mechanisms occurring there. 
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Figure 1. Pits and domes 
on Europa [NASA] 

 
 
 
Figure 2. Nu-
merical model 
for hydrofrac-
turing on Eu-
ropa [NASA] 
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