
CONVECTION IN ICY SATELLITES: MODELS AND CONSTRAINTS FROM LABORATORY 
EXPERIMENTS.  C. Sotin1, G. Tobie2, P. Duval3, 1Jet Propulsion Laboratory and California Institute of Technol-
ogy, Pasadena, USA, 2Laboratoire de Planétologie et Géodynamique, Université de Nantes, Nantes, France. 
3Laboratoire de Glaciologie et Géophysique de l’Environnement, UMR-CNRS 5138, Saint Martin d’Hères, France. 
[Christophe.Sotin@jpl.nasa.gov] 
 

Introduction:  The question of subsolidus convec-
tion in the outer icy shell of the icy satellites is impor-
tant for the understanding of their internal structure, 
their evolution, and the relationships between a possi-
ble liquid layer (ocean) and the surface. Heat transfert 
by convection is controlled by viscosity of ice I. The 
value of this parameter has been determined by obser-
vations of terrestrial glaciers and by laboratory ex-
periments. It depends on a number of parameters in-
cluding temperature, deviatoric stress, grain size and 
the presence of impurities. For the last 20 years, pro-
gresses in the modelling of thermal convection have 
lead to a better understanding of this process. 

 
Description of the convection process: The Gali-

leo mission returned data that suggest that an ocean is 
present at depth below the outer ice I layer of the icy 
Galilean satellites Europa, Ganymede and Callisto. In 
addition, the moment of inertia of both Europa and 
Ganymede suggest that they are fully differentiated 
(Figure 1). 

 

 
Figure 1: Internal structure of Europa (left) and Ganymede 
(right). Figure from [1]. 
 

It is believed that, after the accretion, the large icy 
satellites differentiated into a rocky core and an outer 
H2O layer which was composed of an outer ice I layer, 
a liquid layer and a solid layer of high-pressure phases 
of ice. This structure is dictated by the phase diagram 
of water ice (Fig. 2). Because the ice I layer is cooled 
from above with a temperature at the ice/liquid inter-
face equal to the freezing temperature, this layer may 
become unstable to convection [e.g. 2] with hot 
plumes forming at the hot thermal boundary layer (Fig. 
3). Because viscosity of ice is very strongly tempera-
ture dependent, convection is in the so-called ‘conduc-
tive lid regime’: the convective interior is overlaid by a 
conductive layer where most of the temperature varia-
tions take place. The presence of this conductive lid 

limits the amount of heat that can be removed through 
the ice layer. Once stationary  state is achieved, the hot 
thermal boundary layer is quite thin. 
 

 
Figure 2: Phase diagram of water ice with temperature pro-
files to illustrate the structure described in Fig. 1. 

 
Figure 3: Example of a temperature profile and viscosity 
profile in Ice Ih (cf Fig. 2). 
 
Amount of heat transferred by convection:  The 
total amount of heat that can be removed by convec-
tion must be compared with the difference heating 
sources of heating. For example the decay of the long-
lived radiogenic elements can be estimated (Figure 4) 
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based on the total amount of silicates. Other heating 
sources include the cooling of the satellite and the la-
tent heat when liquid water freezes due to global cool-
ing. 

 
Figure 4: Radiogenic power versus size of the satellite for 
the mid-sized saturnian satellites and the large icy satellites. 

 
Figure 5: Amount of power that can be transferred by con-
vection as a function of the shell thickness and the viscosity 
at the solid/liquid interface (numbers are for Callisto). 
 
The comparison between Figure 4 and Figure 5 shows  
that if the viscosity of ice at its melting point is lower 
than 1015 Pa.s, then convection can transfer more heat 
than that produced by the decay of the radiogenic ele-
ments. In this case, the difference between the heat that 
is transferred and the radiogenic heat gives the cooling 
rate. For a viscosity of 1014 Pa.s, it takes some 100s of 
My for the ocean to freeze. 
But the viscosity at the melting point can vary if impu-
rities are present in the liquid phase (ammonia for ex-
ample) and an equilibrium thickness can be reached 
[3]. 
An additional heat source can be tidal heating for icy 
satellites that have (or had) eccentric orbits. Titan has 
still a large eccentricity (on the order of 3%) but is far 
from Saturn. Europa has a smaller eccentricity but is 
closer to Jupiter and tidal heating is the largest among 
the icy satellites (Figure 6). If viscosity is optimum, 
the amount of heat can be more than one order of 
magnitude larger than radiogenic heating. 

 
Figure 6: Tidal heating versus ice viscosity for the largest icy 
satellites. 
 
Tidal heating depends very strongly on viscosity. If 
viscosity is too small, friction does not provide a lot of 
heat. If viscosity is too large, deformation is very lim-
ited and little heat can be produced. There is an opti-
mum viscosity which is on the order of the viscosity of 
ice at its melting point according to glacier measure-
ments. One important aspect of tidal deformation is to 
understand the attenuation process in the ice as it un-
dergoes cycling stresses during the orbit of the satellite 
around the giant planet. Is the viscous process identical 
to that operating for convection and how convection 
stresses and tidal stresses interact to control properties 
such as dislocation densities and grain size. 
Tidal heating is internal heating. Models of convection 
with homogeneous volumetric heating suggest that 
convection is controlled by the formation of cold 
plumes at the cold thermal boundary layer. However, 
tidal heating is not homogeneous because it depends 
on viscosity. It can locally produce partial melt. Be-
cause liquid water is denser than ice, the melt would 
migrate downward, replenishing the liquid reservoir. 
This process may have important implications for the 
evolution of Enceladus and Europa. 
 

Conclusion and Perspectives: Viscosity of ice is a 
key parameter that controls the internal dynamics and 
evolution of icy satellites. Laboratory experiments are 
necessary to provide the parameters that will be in-
cluded into models of the internal dynamics of icy sat-
ellites in order to explain observations made by mis-
sions to the outer planets. 
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