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Predictions of planetary thermal evolution depend on understanding the rate of heat transfer in a 
convecting fluid with a strongly temperature dependent viscosity. At high Rayleigh number, the 
heat flux for a constant viscosity fluid cooled from above is proportional to ,LL '~~AT"~  where p is 
the viscosity and AT is the temperature difference across the thermal boundary layer. This 
relationship has frequently been applied to planetary thermal evolution by calculating the viscosity 
at the temperature of the well-mixed interior. However, according to scaling analysis1, a 
conductive lid regime appears above a viscosity variation of lo4-105. This regime has been 
observed both in laboratory experiments2 and in numerical models?. In this regime, laboratory 
experiments2 indicate that the appropriate AT is the temperature difference across only the 
convecting part of the thermal boundary layer AT, = v ( ~ , ) / ( d v / d ~ ) , ~  with T, the temperature in 
the well mixed layer. Numerical studies for a fluid heated from within with large viscosity 
variations are presented. For a steady state volumetrically heated fluid cooled from above, as in the 
transient cooling laboratory experiments, the structure consists of a nearly isotherm well-mixed 
layer, an unstable boundary layer, and a stagnant conductive lid. New estimates of AT, are 
proposed and implications for planetary evolution are discussed. 

Our initially 2D numerical experiments consider a volumetrically heated fluid layer with rigid 
boundaries cooled from above. We assume for simplicity that the kinematic viscosity is Newtonian 
with v = v,exp(-AT) where vo is the kinematic viscosity at the cold top surface. Non- 
dimensionalization is obtained by using the thickness of the layer b for the length scale and ~ b ~ / k  
for the temperature scale where H is the volumetric heating and k is the thermal conductivity of the 
fluid. Convection is then fully described by two non-dimensional parameters: the Rayleigh number 
Ra, = (ng~b5)/(lckv) based on the viscosity at the top of layer, where r and a are the thermal 
diffusivity and coefficient of thermal expansion, respectively, and the parameter A' = ~ ( ~ b ' / k )  . 

An explicit time stepping method4 for advection of the temperature is computationally efficient 
and minimizes numerical diffusion. Buoyant viscous flow with strongly varying viscosity is 
calculated with a finite element formulation using a direct inversion method. 

Steady state solutions are well described by a non-dimensional temperature of the well mixed 
layer 0,, a conductive lid thickness 6' and a non-dimensional temperature drop A0, in the thermal 
boundary layer. Values of 0, and AO, are plotted in Figure 1 for Rao=l and A' in the range [30- 

801. For each point, values of the effective Rayleigh number based on the viscosity in the well 
mixed part of the fluid and viscosity variation Av between the top and the bottom are also shown. 
Both values of 0, and conductive lid thickness (not plotted) fit well with values deduced f r ~ m  
laboratory experiments2 (solid line). Nevertheless, our calculated temperature drop A0, in the 
thermal boundary layer indicates the existence of two different regimes. For A' below 45, AO, is 
proportional to 1/A' and the viscosity contrast in the unstable thermal boundary layer remains 
constant around a factor of 10 consistent with the laboratory experiments. Above 45, numerical 
solutions become time-dependent. AO, remains constant and the viscosity variation in 
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the boundary layer incseases with A ' .  Fur.[Iicr. study is needed to understand this behaviol- 

Ii'igore 1 :  Ternperatitre 0,,, i n  the rnixetl layer ant1 ~c~nperature drop A8, in the unstable boundary layer- \,ct.sus 
viscosity parameter A'. Solid lines are values deduccd I.roln laboratory experiments2. 

Implications of these results for planetxy evolution models are straightforward. It is co~nmonly 
assumed that the bottom of the lithosphere (conductive lid) can be defined as an isotherms. 
Nevertheless, both numerical and experimental results in the stagnant lid regime do not confirm 
this assumption. As shown in Figure 2, the average well-mixed mantle temperature and the 
thickness of the lithosphere have been plotted versus time in the case of the Earth using three 
different models. 

l o  Fiyure 2: Average temperature i n  the - mantle Tm (solid lines) and conductive lid 
E 
5 thickness (dashed lines) are plotted as a 
3 function of time. The  first case  

corresponds to the model developed by 3 3 Schubert et The second model applies 
9 surface heat flux and temperature drop ATv 

lo' proposed by Davaille and ~ a u ~ a r t ~ .  In the . - Y 

2 last model, definition of the surface heat 
2 flux is given by Davaille's law but we 
0 
O assume that the temperature drop in the 

unstable boundary layer remains constant 
I 2 3 4 and equal to 200 K. 

time (G y r) 

After 4.55 Gyr, an average mantle temperature difference of 400 K is obtained depending on 
the model chosen. Such a difference could have enormous implications for quantitative estimations 
of temperature sensitive processes such as melting during the planet history. 
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