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Introduction. A fundamental question concerning 

Europa’s ice shell is whether the rigid lithosphere 
vis ible at the surface is underlain by a layer of warm, 
convecting ice. The heat produced by tidal friction in 
Europa’s silicate interior might be shed by simple 
conduction through a passive, relatively thin ice shell 
directly overlying a subsurface sea, or transported 
equally well through a much thicker ice shell consis ting 
of an actively convecting sublayer that efficiently 
delivers heat to a somewhat thinner upper conductive 
layer. While both of these configurations are plausible, 
they have very different implications for the thermal 
history of Europa, the formation of surface features and 
the prospects for future exploration.  

 
We have begun to study the evolution of an ice 

shell on Europa and the response of such a solid shell 
to changes in the amount of heat produced in the 
satellite’s silicate interior. Variations in Europa’s heat 
production may have been caused by the early 
differentiation of the core and ro cky mantle, or later on 
by changes in the satellite’s orbit over time. The aim of 
this project is to determine the time scales for heating a 
subsurface liquid layer, melting and refreezing the solid 
ice shell, and initiating convection in a ductile sublayer. 
With this approach we hope to explore the implications 
for the long term stability of Europa’s ice shell in its 
various possible configurations.  
 

Variations in heat production. Presently the orbits 
of Io, Europa and Ganymede are locked together in the 
Laplace resonance, pumping their orbital eccentricity 
and fueling tidal friction in the interiors of the satellites. 
The system may have been driven into resonance by 
tidal dissipation within Io [1]. Io’s presently observed 
heat flow (~1014 W) [2] is a factor of 2.5 larger than 
calculated from estimates of the average dissipation in 
Jupiter over the age of the Solar System [3]. The 
satellite system may have recently emerged from a 
period of more intense tidal heating [4], or perhaps the 
satellites' orbits oscillate in and out of resonance over 
timescales of ~108 yr, with episodic thermal activity of 
the satellites [5]. 

Scaling Io’s present day heat flow to Europa yields a 
maximum plausible tidal heating rate of ~5.7 1012 W [6]. 

 
Heating of the water layer. Tidal friction in the 

silicate interior could produce rapid warming of the 
subsurface liquid layer, limited by the heating rate and 

the volume of the subsurface sea. Gravity 
measurements [7] suggest that the thickness of the low 
density (ice+liquid water) exterior of Europa is between 
50 and 150 km. Assuming a water depth of 100 km, the 
temperature of a subsurface sea could rise by 1°C in as 
little as 7 104 yr if the underlying silicates are heated at 
the rate of 5.7 1012 W. The suggested mechanisms for 
the transport of heat in the subsurface ocean are 
plumes [8] and convective cells [9]. Both of these 
mechanisms could produce local concentrations of 
warm water masses on the shallow ocean near the ice 
ceiling, the surface of separation between the ocean 
and the icy crust.  

 
Melting and refreezing of ice shell. The formation 

of the icy crust from the primordial ocean can be 
described by [10] 
 

Kav
∂Ti

∂x i
− < F t( )>= Lρ

dX t( )
dt

              (1) 

 
where Kav (3.9 W m-1 K-1) is the average conductivity 
over the temperature range ∆T in the ice shell. 
Kav = ∆T−1 K i T( )dT

∆T∫ , where Ki T( ) is the thermal 

conductivity of the water ice dependent by the 
temperature T given  by experimental expression [11] 
 
Ki =12.52− 6.902 ⋅10−2 T+1.15 ⋅10−4 T2  W m-1 K-1(2) 
 
< F t()>  is the average heat flux over time t; L is the 
latent heat of fusion of the water (3.34 105 J kg -1); ρ  is 
the density; and dX is the infinitesimal distance 
scoured by the moving ice ceiling. The equilibrium 
thickness of the purely conductive layer is  ~3500 m 
with a heat flux of 0.19 W m-2 (equivalent to a global 
tidal heating rate of 5.7 1012 W).  
 

When the heat flow changes, the ice ceiling 
becomes a moving surface whose variable position X(t) 
is  

 

X t( ) = 2 λ k wt( )
1
2                                                         (3) 

 
where kw is the thermal diffusivity of liquid water (1.47 
10-7 m2 s -1), and λ is a temperature-dependant constant 
that can be determined from [10] 
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where erf λ is the error function, and cw is the heat 
capacity of liquid water (4.2 103 J kg–1 K-1). 
 

Convective initiation. The icy crust can respond to 
the heating of the ocean both by melting and by 
diffusion, potentially leading to the development of 
convective instability. Because of the great range of 
temperatures within Europa’s ice shell  (∆T ~ 170 K 
from the surface to the base) and, consequently, the 
great variation of the viscosity of the ice, if convection 
occurs its regime is the “stagnant lid” [12, 13]. In this 
regime the convection is confined to the warm sublayer 
at the base of the icy crust. Convection is predicted to 
occur if the Rayleigh number in the sublayer is  

 

Ra b =
g α ρ H3 ∆T

k ice ηb

>10 6                                       (5) 

 
where g is gravity acceleration (1.30 m s-2), α is the 
coefficient of thermal expansion (1.62 10-4 K-1), ρ  is the 
density of water ice (917 kg m-3), kice is the thermal 
diffusivity of the water ice (1.36 10-6 m2 s -1), ηb is the 
effective viscosity in the sublayer (we assume a value 
of 8 1013 Pa s, appropriate to grain boundary sliding at a 
temperature of 270 K [13]), and ∆T of the convective 
sublayer is taken as 10°C [13]. Here, the distance H 
refers to the thickness of the ductile sublayer. 
 

To begin convection in an initially stable conductive 
layer, thermal diffusion (and the corresponding growth 
of the Rayleigh number) in the sublayer must outpace 
melting at the bottom of the ice shell. The 
characteristics period for convective initiation in the 
bottom thermal boundary layer τ for stagnant lid 
convection, in agreement with experiments [14], is 
given by 
 

τ ~
H 2

k ice
                                                                     (6) 

 
Example calculation: As an extreme example of these 

considerations, we show in Table 1 the consequences 
of a sudden increase in Europa’s interior heating rate 
up to its maximum value of 5.7 1012 W. In this case, the 
liquid layer heats up rapidly in comparison to the rate 
of melting or thermal diffusion, reaching bathtub 
temperatures after 2 million years. Whereas melting is 

more efficient at elevated water temperatures, the 
thermal diffusion time scale is independent of 
temperature. Hence, in this case, the growth of 
convective instability is outpaced by melting at the 
base of the ice shell. 
 

 
time 
[yr] 

∆Toc  
[°C] 

λ ∆X  
[m] 

k it  
[m] 

Rab 

7 104 1 0.08 90 1,732 90 
7 105  10 0.25 900 5,479 3,000 
2 106 30 0.41 2,500 9,261 14,000 
4 106 60 0.55 4,700 13,100 40,000 

 
Table 1. Values of the oceanic temperature rise (∆Toc), 
the thickness melted from the base of an ice shell (∆X), 
and the thermal diffusion distance and corresponding 
Rayleigh number for a tidal heating rate of 5.7 1012 W. 
∆Toc and ∆X take into account the heat lost from the 
ocean when the ice is melted. 
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