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Introduction:  The Europa Signals Through The 

Ice (STI) team has assembled to determine the feasibil-
ity and requirements of deploying and maintaining an 
ice penetrating tethered probe which can reach a Euro-
pan subsurface ocean. Tethered probes of this kind are 
in use today on Earth, however the environment here 
and on Europa are critically different in many ways. 
Specifically, the much colder surface temperature at 
Europa will behave differently from the relatively 
warm ice on Earth’s surface. Furthermore, Europa’s 
surface is visibly covered in a network of fractures, the 
source of which is assumed to be, in part, tidally relat-
ed. The tidal signal will occur at orbital frequencies, 
and we can expect many tidal cycles in the projected 
three years of ice penetration. The probe, and more 
specifically, the tether that provides probe-surface 
communication, will need to survive the strains and 
stresses which deform the ice. 

The work presented here targets a STI project goal 
by characterizing the structural and thermal properties 
of Europa’s ice shell. By tracking the tidal heat inputs 
and allowing the heat to diffuse out, we solve for the 
equilibrium conditions in shell thickness and tempera-
ture profile which balance our heat transfer models. 
We use this information about the ice to then predict 
the strain and stress environment which results from 
this structure. Several of these resulting temperature 
and stress regimes are then incorporated, along with 
current thickness of the ice shell, into finite element 
numerical models to explore the formation, propaga-
tion and slip of fractures that a tether might cross. 

Tidal Deformation:  This suite of models consists 
of a tidal model which forces the body, and a defor-
mation model of its response. 

Tidal Forcing.  We use a multi frequency tidal 
model, with the capability of determining the tidal po-
tential for very complicated spin/orbit states. Current-
ly, we are using a simple no obliquity synchronous 
rotator similar to [3], however we can consider a more 
complicated forcing in the future. 

For any tidal signal, its absolute value has a QQ* 
term for each frequency. In our case, for a simple tide 
with only the mean motion frequency present,  

QQ* = ( 21 p / 5 ) ( e G M R2 / a3 )2 

where G is the gravity constant, M is the primary 
mass, R is the body radius, a is the semi-major dis-
tance, and e is the orbital eccentricity for both the posi-
tive and negative frequency in the Fourier series. 

Deformation Model.  The deformation model fol-
lows the method of [1] to find the displacement, strains 
and stresses throughout any planetary structure. We 
can account for multiple layers, by requiring that dis-
placement and stress are continuous across any internal 
boundary, and that each layer has piecewise constant 
values for its rigidity, µ, and mass density, r. Modify-
ing the boundary condition, in the style of [2], we in-
clude a subsurface ocean in Europa’s structure. We use 
a total of 12 layers; 1 silicate core, 1 ocean, and 10 ice 
layers. In the ice, the viscoelastic rigidity will vary 
radially depending on the local temperature there. 

With the strain solution, e, to find the volumetric 
elastic energy stored. Because the tide, and in turn the 
strain, is written as a Fourier series, the elastic energy 
density rate is given by X = 2 i w µ e e*, where i is the 
complex number, w the forcing frequency, and the * 
indicates the complex conjugate. The units of this are 
<Wm-3>. For viscoelastic materials, the rigidity is 
complex valued. Thus, the imaginary component of X 
represents the stored elastic energy and the real part 
gives us the dissipated tidal energy (the tidal heat). We 
integrate over latitude and longitude to get the total 
tidal heating rate per radial slice, Q. This results in the 
tidal heating rate depending on the tidal input by 

Q = - 2 w Im[µ] QQ* f(r) 
where f(r) is a function describing the radial depend-
ence of the heat input and QQ* is a frequency depend-
ent coefficient related to the body’s spin/orbit. 

 
Figure 1: Tidal heat profile for a 15km ice shell 
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In Figure 1, we present the tidal heating profile cal-
culated for a 15km thick Europa ice shell. The temper-
ature profile used to find the heating is found assuming 
conductive equilibrium. Note that, effectively, all the 
heat is being produced toward the shell base with very 
little heat generation at the surface.  

Thermal Models:  We are finding a shell thickness 
rb and a temperature profile T in the ice. We take in-
spiration from [4] and use two differential equations to 
track these. To find the temperature profile, we exam-
ine a local heat balance. For the shell thickness we use 
the global heat balance. 

Local Heat Balance.  The tidal heat generation in 
any mass element in the ice should be carried away by 
conduction (future models will include possible con-
vection). If all the heat in equals all the head diffused 
away, then the temperature remains constant. Alterna-
tively, however, any imbalance causes a sensible heat 
exchange which evolves the temperature at the loca-
tion. The differential equation for this is 

r c ( ¶ T/¶ t ) = Q + Ñ •( k ÑT ) 
where c is the specific heat, k is the conductivity, and t 
is time. Notice that with this expression, when Q = 0 
and ¶ T/¶ t = 0, the solution for temperature gives a 
profile which is exactly in conductive equilibrium. 
This is our initial condition, and is what we use to gen-
erate the heat rate profile shown above. 

Global Heat Balance.  If an element of mass is 
warmed to above the melting temperature, instead of 
sensible heating the transfer mechanism is latent, caus-
ing a phase change. Realistically, this could cause melt 
pockets within the ice in the form of lakes perhaps. 
Future work may consider these, however our heat 
model is currently 1D in radius only. We neglect most 
of this, by treating any latent exchanges globally.  

In a global perspective, the total heat (in <W>) 
conducted from the ocean into the shell base is 

Cin = - 4 p rb2 (k ¶ T/¶ r )½rb 
Similarly, heat is conducted out of the surface with 

Cout = - 4 p R2 (k ¶ T/¶ r )½R 
Without any tidal heat source our initial conductive 
profile satisfies the heat balance so that 0 = Cin - Cout. 
When we include our tidal input, the balance becomes 

L ( ¶ M/¶ t ) = ò Q dV + Cin - Cout 
where Q is volume integrated, M is a mass of ice 
which changes phase, and L is the latent heat of fusion 
for ice. We assume that all phase change takes place at 
the very base of the shell so that ( ¶ M/¶ t ) really de-
scribes the rate of change of the shell base. 

Preliminary Result:  With the tidal heating model 
and a heat transfer model to move the tidal heat, we 
examine how the ice structure evolves from the con-
ductive initial condition. Our ultimate goal here is to 

find equilibrium conditions for the shell thickness and 
the radial temperature profile through the ice. A longer 
term goal, for future work, will assess the stability of 
these equilibria.  

First, we simply iterate the thermal and tidal mod-
els. From the initial condition we calculate the tidal 
heating profile, then we use that profile to heat the ice 
for a time step. The heat changes the structure and 
temperature of the ice. Now we recalculate the tidal 
heating profile which has changed due to the structural 
evolution. Figure 2 presents an example of a million 
year evolution for the 15km Europa ice shell. 

 
Figure 2: Temperature profiles for a 1Myr evolution of 
a 15 km Europa ice shell. The blue line represents the 
initial conductive temperature profile. The gold line 
shows the temperature at around one million years. 

Initially, we find a very fast evolution away from 
the initial condition. At ~500,000 years the evolution 
slows considerably and has probably reached near 
equilibrium. In the 1Myr snapshot, note that the shell 
has thinned to about 8km and that the new temperature 
profile looks very nearly like a conductive profile for 
this thickness, except for a small bump in temperature 
near the base (where the most heat is generated).  

We present a suite of results from varied initial 
conditions, to determine the multiple locations of equi-
librium. Next we discuss how to numerically deter-
mine these equilibrium conditions and how perturba-
tions to these solutions can tell us about their stability. 
Further work incorporates these conditions into a finite 
element model to explore fracture initiation and propa-
gation, important to bound the conditions a tether may 
encounter for an ice-ocean probe at Europa. 
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