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E. Srnrekarl and E. Marc ~arrnentier2, lcalifornia Institute of Technology, Jet Propulsion 
Laboratory, Pasadena, CA, 91 109; 2~epartment of Geological Sciences, Brown University, 
Providence, RI, 029 12. 

Introduction. The long wavelength correlation of the gravity and topography and the large 
apparent depths of compensation (-150-300 krn) for large highland regions on Venus require 
significant differences between the interior structure of Earth and Venus. The morphology, 
geologic history, and large apparent depths of compensation for many highlands have been 
interpreted to indicate areas of mantle upwelling [e.g. 1,2]. A large apparent depth of 
compensation at a mantle upwelling is generally interpreted to indicate the base of the thermal 
boundary layer of convection. A boundary layer thickness of 150-300 lan implies that the interior 
of Venus is presently much colder than Earth and thus tectonically less active. The recent Magellan 
mission has provided contradictory evidence regarding the present level of tectonic activity on 
Venus, prompting considerable debate [3,4]. In this study, we investigate the possibility that a 
chemical boundary layer acts together with a thermal boundary layer to produce large apparent 
depths of compensation, or, equivalently, large geoid-to-topography-ratios (GTRs). The crust of a 
planet forms through partial melting of mantle material. Both the melt and the residuum are lower 
in density than unmelted (or undepleted) mantle. In the absence of vigorous plate tectonics, a thick 
layer of buoyant residuum, or depleted mantle, may collect beneath the lithosphere. In this 
scenario, the thermal lithosphere need not be usually thick and cold to match the GTRs. Cooling 
of the depleted layer may lead to overturn of the upper mantle and episodic resurfacing with time 
scales on the order of 300-500 MY, consistent with the resurfacing age of Venus [5]. 

Model$. We model an upwelling plume using an axisymrnemc finite element code to describe 
flow and a finite difference solution for the temperature and depletion. The finite element code 
employs linear quadralateral elements and a direct gaussian elimination solver, which is stable for 
large viscosity contrasts. The grid contains 40x40 finite elements and 80x80 finite difference 
elements. The vertical grid spacing is irregular to permit higher resolution in the upper portion of 
the box, with 112 of the elements located into the upper 114 of the box. Viscosity decreases 
exponentially by three orders of magnitude from the surface to a depth a L, which cornsponds to 
the thermal lithosphere, and is constant below this depth. The mantle upwelling is specified at the 
axis of symmetry by a region of high temperature 7 finite elements in radius by 10 finite elements 
high. Scaling parameters are r=1600 km, p=1021 Pa s, dT=20°C, p =3300 kgflun3, g=8.87 
m/s2, a=3x10-5 '(2-1, ~=10-6 m2/s, where r is the radius (and the height) of the box, p is the 
viscosity in the interior, dT is temperature difference between the plume and the normal mantle, p 
is the mantle density, g is the acceleration of gravity, a is the coefficeint of thermal expansion, and 
K is the thermal diffusivity. Depletion in the chemical boundary layer, D, is equal to 2096, typical 
of residuum from basaltic volcanism. Depletion by 20% is equivalent to the density change 
resulting from a 500°C increase in temperature. Note that these models do not yet include the effect 
of melting; the depleted layer is assumed to have formed prior to the start of modeling. 

Results. In the absence of a depleted layer, the gravity signal is made up of the gravity due to 
the topography, which is always the same sign as the topographic relief, and the negative 
contribution due to the low density material in the upwelling. A buoyant, depleted mantle layer 
effects the gravity and topography above a rising plume in several ways. The ascent of the rising 
plume is stalled if the buoyant layer is less dense than the plume. As compared to the case with no 
depleted layer, the GTR is higher because the low density upwelling is farther from the surface 
and does not have as large an effect on the gravity. If the strength of the upwelling is great 
enough to thin the depleted layer locally, the topography above the thinned region becomes 
negative. More dense mantle material replaces the buoyant, depleted layer, loading the surface. 
In the early stages of evolution, the positive contribution from the thinned, depleted layer can 
outweigh the negative contribution from the negative topography, producing slightly positive 
gravity and slightly negative gravity and thus a negative GTR (see below). Lastly, secondary 
convection cells may arise as a result of the gradients in depletion and temperature. Such cells are 
likely to have a minor but complex effect on the GTR. 
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The time evolution of the GTR above an upwelling is shown in Figure 1. The high viscosity lid 
extends to 100 km and the thickness of the depleted mantle layer (depletion = 20%) varies. For 
the case with no depleted layer, the GTR decreases with time as the low density thermal upwelling 
nears the surface, causing the gravity to decrease. Although the increase in topographic relief 
produces a more positive contribution to the geoid, overall the geoid is reduced relative to the 
uplift. The GTR differs only modestly from the D=O case when the thickness of the depleted 
layer extends to the same, or a somewhat greater, depth (see Figure 1). When D=2L, the GTR 
increases substantially above the D=O krn case. For the first several tens of millions of years, the 
upwelling does not significantly penetrate the depleted layer. As thinning occurs, the GTR 
approaches that of the D=O case, and will probably continue to decrease. Extensive thinning 
occurs in the D=300 krn case, causing the topography to rapidly become negative above the 
upwelling. The D=300 km case thins more readily than the D=200 km case because it extends 
farther below the stablizing thermal lithosphere and because it encounters the plume when less 
diffusion of the temperature anomaly has occurred. 

Conclusions. These results have important implications for the evolution of highlands on 
Venus. A continuing debate is whether the observed variations in highland properties represent 
different stages of evolution or different formation conditions [6] .  Using these models, we are 
likely to be able to match the observed properties of large highlands through a combination of 
differences in evolutionary stage and depleted layer thickness. As an example, Beta Regio, which 
has a GTR much larger than those of other highlands, may represent an area where the depleted 
layer is thicker than normal. Such an interpretation may be consistent with its relative dearth of 
volcanism [7] if the thick depleted layer reduces pressure release volcanism. Highlands with 
somewhat lower GTRs may have thinner depleted layers. Coronae in these highlands, such as 
Nerfe~titi on the flank of Bell Regio, may form through secondary convection in the depleted 
layer. Finally, plains regions may represent more evolved areas where the chemical and/or 
thermal b o u n w  layers are thinned. This model is not unlike a prior model for thermal 
topography proposed for Venus [7], but may be able to explain more of the details of the tectonic 
and volcanic history of venusian highlands. 

Future work includes trying to fit the observed topography, gravity, and stress patterns 
observed at individual highlands, determining more precisely the time scales and density contrasts 
at which t h l ~ i n g  of the depleted mantle layer and secondary convection occur, and incorporating 
melting into the models. This latter task is likely to have a significant impact on the GTR. 
Melting will lead to volcanism at the surface, which will both increase the relief and load the 
surface, and will replenish the buoyant mantle layer, making thinning more difficult. 
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