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Motivation:  Europa and Enceladus are ice-

covered moons with global, subsurface oceans [1][2]. 
Both moons have eccentric orbits, leading to tidal 
heating, tidal stress, and possibly non-synchronous 
rotation (NSR) of their icy shells [3]. Fractures on 
Europa [4] and Enceladus [5][6] indirectly implicate 
NSR on both moons because the observed fractures 
can be better reproduced with tidal stress models if 
the fractures formed at different longitudes than 
where they are currently observed. NSR can also in-
duce large stresses that, when combined with the di-
urnal stresses from eccentricity, may exceed the yield 
strength of ice, as determined in lab experiments.  

However, there is no direct measurement of NSR, 
and even if it does occur, NSR may be so slow as to 
not generate stresses [7]. It’s possible that the moons 
rotate synchronously, but the models are oversimpli-
fied and ice at scale, deformed under the conditions 
present on icy satellites, fails at much lower stresses 
than lab specimens. Understanding the role of NSR is 
critically important because the magnitude of stress 
driving fracturing will also determine the depth to 
which fractures can penetrate [8], affecting the devel-
opment of conduits that link the surface and ocean.  

Non-synchronous rotation also affects tidal heat-
ing, which can alter the rheological profile of the ice 
shell, again influencing fracture formation and the 
subsequent transport processes that can be active 
within the ice shell. Many tidal heating models de-
scribe the ice shell as two layers, with a brittle upper 
layer over a more ductile lower layer, and assume one 
set of material parameters (e.g. viscosity) for each 
layer [9][10]. While this approach is likely suitable 
for convecting ice shells, in which the temperature, 
and therefore viscosity, of the ductile layer is fairly 
uniform, it may not be appropriate for conducting ice 
shells or for ice shells that are forced at multiple fre-
quencies, such as a moon with an eccentric orbit that 
also rotates non-synchronously.  

We present a new tidal heating model [11] in 
which we can divide the ice shell into an arbitrary 
number of layers in order to more accurately reflect 
the viscosity structure of Europa and Enceladus. We 
explore the depth-dependence of tidal heating with 
this new model and find that NSR will deposit addi-
tion heat in the shallow subsurface of the ice shells of 
Europa and Enceladus. We then investigate the ther-
mal evolution of the ice shell and implications for 

liquid water, fracture formation, and potential obser-
vational tests. 

Project summary: Our preliminary results show 
that non-synchronous rotation has a resonant frequen-
cy with materials that have viscosities between 1019 
Pa*s and 1023 Pa*s, depending on the assumed NSR 
rate (10 kyr to 100 Myr, respectively). If Europa 
and/or Enceladus are undergoing NSR, layers within 
the ice shell with these viscosities will experience 
enhanced dissipation over neighboring layers, creat-
ing a (relatively) low viscosity zone. Longer period 
NSR is resonant with higher viscosity layers, so the 
enhanced dissipation will occur closer to the surface 
for slower NSR (we assumed a surface viscosity of 
order 1024 Pa*s). Tidal heating models that include 
only two layers for the ice shell are unlikely to identi-
fy the additional heat in these layers unless they hap-
pen to adopt values close to the resonant viscosities. 

We compute tidal heating generated in multi-layer 
ice shells and track the diffusion of this heat into 
neighboring layers. We then explore the thermal evo-
lution of the system by tracking the feedbacks be-
tween temperature changes due to heat transport, vis-
cosity changes to due changes in temperature, and 
resulting changes in the location and magnitude of 
tidal heating. By tracking the system over time, we 
aim to determine the long-term viscosity structure of 
the ice shell. We then consider the geophysical impli-
cations of shallow, low viscosity layers on the for-
mation and modification of geologic features, includ-
ing fractures and craters. Finally, we devise observa-
tional tests that could be used to identify the presence 
and depth of low viscosity layers, with the additional 
potential to determine whether either of these moons 
is rotating non-synchronously and, if so, at what rate. 
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