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THERMAL EVOLUTION OF MARS AND VENUS INCLUDING IRREVERSIBLE 
FRACTIONATION; D.L. Turcotte, Department of Geological Sciences, Cornell 
University, Ithaca, NY 14853 

It is generally accepted that solid-state thermal convection dominates 
the thermal evolution of the terrestrial planets. The rate at which heat 
is lost to the surface is determined by the vigor of the convection. There 
are two sources of heat; radioactive heat generation and secular cooling. 
The amount of heat produced from radioactive elements decreases with time 
due to their decay; fractionation of heat producing elements into planetary 
crusts also reduces the amount of heat that must be transferred from 
planetary interiors. The problem is strongly coupled and highly nonlinear 
because of the temperature dependence of the solid-state viscosity. As the 
planet cools the viscosity increases and convection becomes less vigorous. 
The sensitivity of the convective heat transfer to the viscosity controls 
the amount of secular cooling that takes place. 

The vigor of convection can be parameterized (1,2) between the 
planetary Rayleigh number Ra - a p3 H' G R6 / knp (a coefficient of thermal 
expansion, p density, Hf= H-c dT/dt, H internal heat generation, 
specific heat, dT/dt secular coo?ing, G gravitational constant, R radius, 
thermal conductivity, n thermal diffusivity, p viscosity) and the 
nondimensional temperature O=(T-T,)~/~H'R~ (Tr temperature at the base of a 
rigid lithosphere). A parameterized relation between the nondimensional 
temperature and the Rayleigh number must be prescribed. For a self- 
gravitating fluid sphere the relationship is based on numerical 
calculations (3) and on analytical approximations (4). Parameterized 
convection calculations of the thermal evolution of the terrestrial planets 
have been carried out by Schubert et al. (5) and Turcotte et al. (6). 

We have reconsidered parameterized convection calculations for Mars and 
Venus using a wider range of conditions. Temperature dependent viscosities 
and possible chaotic convection create considerable uncertainties with 
regard to the applicable parameterization. In order to take account of 
these uncertainties calculations have been carried out for power law 
parameterizations with a variety of powers and pre-exponential factors. 
Another important effect is the transfer of heat producing elements to the 
crust. Plate tectonics on the earth returns substantial quantities of the 
heat producing elements to the earth's interior, both directly through the 
subduction of oceanic crust and indirectly through ocean floor sediments 
and hydrothemally altered oceanic crust. On Mars it is likely that a 
substantial fraction of the heat producing elements are in the crust. We 
have modelled this transfer quantitatively including both an early 
fractionation and continued fractionation at later times. Thermal 
evolution calculations have been carried out that give the mean 
temperature, Rayleigh number, and viscosity of the interior as well as the 
mean surface heat flow and the mean thickness of the lithosphere. Venus is 
a much more difficult planet to study. It is still not conclusive that 
plate tectonics does not occur. Also, as on the earth, the presence of a 
substantial core and the possibility of layered mantle convection must be 
considered. However, without plate tectonics there remains the possibility 
that a substantial fraction of the heat producing elements were 
fractionated into the crust early in the evolution of the planet. Our 
parameterized convection calculations indicate that the reduced 
concentration of heat producing elements in the interior of Venus could 
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have resulted in a considerably thicker lithosphere than that deduced from 
a direct analogy with the earth. 

The large topographic variations on Venus with associated gravity 
anomalies remains one of the most intriguing questions in comparative 
planetology. A thick lithosphere is one possible explanation. We have 
proposed a heat-pipe mechanism for heat transport on Venus (7). Another 
possible explanation that we explore here is a strong upward concentration 
of heat producing elements in the crust. Without plate tectonics the 
essential difference between these two mechanisms is the question: does 
the crust on Venus delaminate below the basalt-eclogite transformation 
depth? Delamination would return heat producing elements to the interior 
of Venus just as plate tectonics does on the earth. Without crustal 
delamination heat producing elements fractionated to the crust would remain 
there. 
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