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Introduction:  Europa and Titan are two ocean 
worlds that are ice covered, with ice shells potentially 
10s of kilometers in thickness. The two moons orbit 
large parent bodies, Jupiter and Saturn, respectively, 
that induce tidal heating and enable their underlying 
oceans to remain liquid. Therefore, it is possible that im-
pacts on their surfaces have likely enabled liquid melt-
water and non-water compositional interactions. Poten-
tially, with the creation of melt during impact, a fracture 
originating in the subsurface could be reached, infilled, 
and refreeze, further pressuring and propagating into the 
interior. Here we present initial two-dimensional (2D) 
numerical modeling work to consider such a scenario at 
Europa, building on initial work by Chen et al. [1], and 
consider future work for more complex models and 
those that consider conditions at Titan.  

Model Set-Up: The initial 2D-model considered a 
crater in place at 10-km width and 1-km depth (Figure 
1) based on craters that have been observed on Europa 
[2]. A crack was emplaced in the center of the crater, 
reaching from the crater bottom to a depth of 4-km 
(crack length = 3-km), based on models for crack 
lengths formed from cooling and thickening shells on 
Europa, when the ice shell is 9-km thick [3]. 

Figure 1. Model setup: 30-km x 9-km, 2D block repre-
senting a section of Europa’s ice shell showing bound-
ary conditions, feature positions, and crater and crack 
dimensions. 
 

The overall model dimensions were set at 30-km 
width x 9-km height, to represent the ice shell region of 
interest, and to ensure that the model boundaries do not 
affect the physical behavior of the crater and crack. This 
portion of the ice shell was assumed elastic considering 
the cryogenic temperatures present. Material properties 
were specified to match those of water ice (Young’s 
Modulus = 9.1 GPa; Poisson’s Ratio = 0.3; Density = 

920 kg/m3 [e.g. 4]). Model boundary conditions in-
cluded that the bottom of the ice shell was fixed in all 
directions while the surface was free.  

Once the geometry and boundary conditions were 
configured, we applied a stress field to represent the 
profiles simulated by [3]. These values include the ver-
tical compressive stress from gravity on Europa, -1.3 
m/s2. Figure 2 shows the applied loads to simulate the 
cooling and thickening stresses, where the top 1-km of 
the ice block was compressed inward at 4.74e5 Pa, a 
load of 1.74e6 Pa was applied outwards along the 1-3 
km depths at the right and left boundaries, and the re-
maining 5-km depth region experienced a compressive 
force of 8500 Pa. Under these conditions the initial 
crack width was estimated at 0.2-m. 

Figure 2. Applied stress field to represent the profiles 
simulated by [3] for a 9-km thick ice shell and 4-km 
deep crack. The model also includes the vertical com-
pressive stress from gravity on Europa = -1.3 m/s2. 

Two scenarios were initially modeled: (1) Presence 
of cooling and thickening stresses + Europa gravity only 
and (2) Additional stress induced by melt-water infill 
into the lower 1-km region of the subsurface crack and 
subsequent freezing. The volume expansion expected 
for water freezing to ice was modeled and stress induced 
was calculated.   

Results: Figure 3 shows the resulting stress field for 
scenario 1. A zoom in of the crack tip is shown in Figure 
3b and indicates that the crack can propagate further, as 
the stress at the crack tip is tensile and greater than the 
estimated tensile strength of ice (104 – 106 Pa [5,6]). Fig-
ure 4 shows results for scenario 2 where fluid intrusion 
and subsequent re-freezing in the crack causes a small 
outward pressure on the fracture of 5e4 Pa due to vol-
ume expansion resulting in 0.9 cm outward movement 
on each side of the crack. 
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Figure 3. a. Overall stress field for scenario 1 (Europa 
gravity and induced stress to simulate a cooling and 
thickening ice shell on Europa according to [3] for a 9-
km thick ice shell. In blue is tensile stress, in red is com-
pression. b. Zoom in on the fracture tip showing tensile 
stress (now in red) with values shown at above 1e6 Pa 
(lighter pink color) indicating potential further propaga-
tion. 
 

 
Figure 4. The increased tensile stress (>2 e6) calculated 
at the crack tip for scenario 2 (melt-water infill and re-
freezing of water into lower 1-km of crack and subse-
quent expansion) 
 
For scenario 2 we then allowed the crack to propagate 
until the tensile stress at the tip no longer exceeded the 
strength of the ice (1e6 Pa). Under these conditions it 
was determined the crack could propagate a further 700 
meters vertically downwards. Figure 5 shows the final 
fracture position below the crater after propagation. 

 
Figure 5. Final propagation profile of crack for scenario 
2. Orange lines indicate original position of the ice be-
fore scenario 2 loads were applied, while white lines in-
dicate the position afterwards. Final depth reached by 
the pressurized crack was 4.7-km. 
 
Discussion and Further Work: 

This work indicates that a crack formed in the sub-
surface due to cooling and thickening of the ice shell at 
Europa, beneath a region where an impact removes ma-
terial from above, can propagate to further depths. If 
melt-fluid fills into the crack after the impact, the sub-
sequent refreezing of the fluid can enable the crack to 
propagate further. This propagation may allow cracks to 
connect with deeper cracks, potentially from the ice-
ocean interface, and make connections from the ocean 
to the surface and/or within the ice shell and allow com-
positional mixing. 

Further work will be presented, including the pres-
ence of other cracks near one another, that may alter the 
stress field and the crack’s ability to propagate. Addi-
tionally, we plan to consider different conditions at Ti-
tan, to gain an understanding of how these conditions 
(variations on gravity, overlying organic layers, initial 
stress regime for thicker ice shells, etc.) may alter crack 
growth.  
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