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THERMAL-ORBITAL HISTORY MODELS FOR A VISCO-ELASTIC I 0  
H.-J. Fischer and T. Spohn, Institut fiir Planetologie der Westfdischen Wilhelms-UniversitIt, W. 
Klemmstr. 10, D-4400 Miinster, W. Germany. 

Thermal-orbital history models assuming a visco-elastic mantle support the hypotheses of 
approximate thermal-orbital equilibrium for the present 10. 

We have investigated the coupled thermal and orbital evolutions of a model of 10 that is capable 
of explaining the observed value of its present rate of heat loss. The model is based on the mantle 
dissipation model of (1) with a lithosphere thickness of 30 km and a core radius of 980 km . 
The theory of (2) was used to calculate the orbital evolution. A simple Nusselt-Rayleigh number 
relation discussed by, e.g. (3), was used to calculate the rate of heat transfer by mantle convection. 
Temperature dependent tidal dissipation coupled the two evolutions. We have asssumed that the 
mantle is approximately isothermal and that the temperature dependence of the mantle viscosity 
and shear modulus can be parameterized by simple exponential functions. In particular, we have 
assumed that above the solidus temperature the shear modulus decreases exponentially with in- 
creasing temperature. Below the solidus temperature the shear modulus was assumed constant. The 
calculated histories show 10 passing three distinct, successive states: a hot high dissipation state, 
an oscillatory state with oscillations of the thermal-orbital parameters, and a cold, low dissiption 
state (fig. 1). 

T I E  (10' YEARS) 

Abbildung 1: Thermal-orbital histories of 10 

The model can be adjusted to pass through 10's current values of heat flow, mean motion, and 
eccentricity in the high dissipation state (fig. 1) and in the oscillatory state. Current estimates (4) 
of the time rates of change of mean motion and eccentricity can'be satisfied if reallistic error bounds 
are accounted for. Our calculations suggest: 

1. There may presently be approximate equilibrium (approximate because time rates of 
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change of temperature and eccentricity cannot be exactly zero) between tidal heat production 
and heat loss for reasonable values of 10's mantle viscosity and shear modulus if the dissipation 
rate in Jupiter is sufficiently large. The present orbital distance of 10 is not in conflict with the 
required Jovian dissipation rate. 10's mantle is then likely to be partially molten. The rate of change 
of tidal heating with temperature is negative at supersolidus mantle temperatures which stabilizes 
the high dissipation state against small perturbations in temperature and eccentricity. (However, 
it has recently been shown (5) that a stable high dissipation state is also possible if the core radius 
depends on the tidal heating rate.) For dissipation in the entire mantle the negative rate of change 
of tidal heating with temperature is caused by the decrease of shear modulus with increasing su- 
persolidus temperature. For dissipation in an asthenosphere the negative rate of change would be 
caused by the dependence of asthenosphere dissipation on asthenosphere thickness (1). There may 
be a combination of asthenosphere dissipation and mantle dissipation as recent modelling of 10, 
topography (6) suggests. 

2. Oscillations of the thermal and orbital variables discussed previously, e.g. (7), are a cha- 
racteristic feature of the solutions of the satellites7 evolution equations. If not already unstable, 
10 should be entering the oscillatory phase in its future evolution. However, the oscillatory state 
offers no advantage for interpreting the current observations. A significant phase shift between 
dissipation rate and heat flow maxima is not observed. Moreover, it is simply impossible that an 
extremum of eccentricity coincides with a peak value of heat flow. And the probability of observing 
the present values of heat flow and eccentricity during the oscillatory phase is only a few percent. 
The time of onset of the oscillations depends on 10's mantle rheology and may be as large as 1 by 
from the present. The length in time of the oscillatory phase depends to a large extent on the rate 
of dissipation in Europa. For neghgible dissipation in Europa the oscillations may last for about 8 
by. With more reallistic values of the dissipation rate (8,9), the oscillatory phase may last for only 
some hundred million years before it ends in runaway cooling to a cold low dissipation state. 

3. The 10-Europa resonance, and possibly the Laplace resonance, is probably at least 500 my 
old. To obtain the present rate of heat loss from the model calculations, a minimum initial value 
of mean motion is required if an initial mantle temperature significantly smaller than the solidus 
temperature is assumed. The difference between the initial and the present values of the mean 
motion can be used to  derive an estimate of the age of the resonance. Its value depends on the 
initial temperature, on the activation energy for subsolidus creep, the subsolidus value of the shear 
modulus, the heat transfer parameterization, and on the rate of tidal dissipation in Europa. For a 
reasonable value of the mantle temperature of 10 of about 1250 K prior to entering the resonance 
and for reasonable values of subsolidus rheology and heat transfer parameters, the resonance should 
be more than 500 my with negligible dissipation in Europa. With more reallistic values (8,9), an 
age of the resonance of about 2 by is obtained. The resonance can be geologically recent, as was 
suggested by (10) and (2), only if 10's mantle temperature was close to the solidus prior to entering 
the resonance. We consider this, however, to be unlikely. 
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