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New finite element simulations of axisyrnmetric mantle plumes are presented which extend earlier 

work to a thermal Rayleigh number of lo7. These results verify earlier predictions based on power-law 
extrapolations and can explain observations of the geoid and topography of Atla and Beta Regiones if 
Venus lacks a low-viscosity zone in its upper mantle. Decreasing the aspect ratio of a convection cell 
decreases the width of the surface uplift and decreases the amplitudes of the uplift and of the geoid 
anomaly; such models can account for the geoid and topography of western Eistla Regio and Bell 
Regio. Contrary to a recent assertion in the literature, these results demonstrate that high Rayleigh 
number mantle convection can be an important contributor to the geoid and topography of Venus. 

New High Rayleigh Number Models 
Kiefer and Hager [1,2] developed a series of finite element mantle plume simulations and applied 

them to 0 b ~ e ~ a t i 0 n ~  of geoid anomalies and topography of the Equatorial Highlands of Venus. They 
showed that a range of models can account for the observations, with the Rayleigh number and the 
mantle's viscosity stratification trading off against one another. Specifically, they found that a model 
with a thermal Rayleigh number of 106 and an upper mantle viscosity of 0.1 times the lower mantle 
viscosity and a model with thermal Ra between 1 and 3.107 and an isoviscous mantle could both 
explain geoid and topography obse~ations of Beta and Atla Regiones. In that work [I], the geoid and 
topography for Ra> 106 were based on power-law extrapolations of lower Ra finite element results. 
The physical basis for such extrapolations is that the geoid and topography reflect the details of the 
internal temperature distribution, which is dominated by thermal boundary layers that are well-known 
to have a power-law dependence on Ra. Thus, the observation that geoid anomalies and topography 
are also power-law functions of Ra [2] was not surprising. 

Nevertheless, it is desirable to verify the results of these prelctions by finite element modeling. 
This has now been done for Ra up to 107 for viscosity models 1 and 2 of [I]. The finite element 
results for viscosity model 1 (high viscosity surface layer + isoviscous mantle) agree with the power- 
law projections to within 2.5 meters of geoid and 200 meters of topography. The finite element results 
for viscosity model 2 (high viscosity surface layer and an upper mantle viscosity of 0.1 times lower 
mantle viscosity) are weakly time-dependent at Ra> lo6, with the mean amplitudes agreeing with the 
power-law projections to within 5 meters of geoid and 250 meters of topography. These new results 
therefore validate the earlier discussion [I, Table 21 concerning trade-offs in the allowed Rayleigh 
number and mantle viscosity structure that can explain observations of geoid anomalies and topography 
at Beta and Atla. This is illustrated graphically in Figure 1. The dashed lines have Ra= 106 and an 
order of magnitude increase in viscosity between the upper and lower mantles (viscosity model 2). 
This was the model in [I]  which best fit observations of Beta and Atla. The solid lines are for an 
isoviscous mantle (viscosity model 1) and Ra= 107. The two sets of model results are virtually 
identical, and either model can account for most of the observed geoid and topography at Beta and 
Atla. Turcotte's recent assertion [3] that convection can contribute significantly to the geoid and 
topography of Venus only at R a I  3.105 is incorrect. 

What is the Role of a Low Viscosity Zone on Venus? 
Figure 1 shows that mantle plumes can produce geoid and topography amplitudes similar to those 

observed on Venus, provided that the viscosity contrast between upper and lower mantles is small. The 
absence of a pronounced low viscosity zone is unlike Earth, and the canonical explanation for this has 
been that Venus's mantle is much drier than Earth's mantle [e.g., 11. Turcotte [3] has recently argued 
that this mechanism cannot prevent the existence of a low viscosity layer, because raising the 
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asthenosphere's viscosity due to a lack of water will cause the asthenosphere to heat up, thus lowering 
the viscosity again. However, this temperature increase will also affect the deeper mantle, lowering the 
viscosity there as well. The self-regulation argument must be applied to the mantle as a whole rather 
than to individual layers of the mantle, and thus can not be used to require the existence of a low 
viscosity zone on Venus. Indeed, one can easily construct a suite of models which transport the same 
amount of heat but which have different viscosity stratifications and hence very different geoid and 
topography signatures. 

Effects of Variable Aspect Ratio 

The results in Figure 1 and [I] are for plumes with an aspect ratio of 1, which for whole mantle 
convection gives horizontal scales of topographic uplift comparable to that observed at Beta and Atla 
Regiones. Features with smaller horizontal scales, such as western Eistla Regio and Bell Regio, are 
also believed to be related to mantle plumes [1,4,5]. These features vary in horizontal scale by about a 
factor of 2. Terrestrial hotspot swells also vary in diameter by about a factor of 2 [6], although the 
larger terrestrial swells are similar in size to the smaller Venus swells. 

For terrestrial hotspot swells, there is a positive correlation between swell diameter and the 
amplitudes of both geoid anomalies and topographic uplift [6]. Similarly, on Venus, Bell and western 
Eistla have smaller amplitude topography and gravity anomalies than do Beta and Atla. The difference 
in horizontal scales suggest that the plumes which underlie Bell and western Eistla may be narrower 
than those beneath Atla and Beta, possibly due to a smaller aspect ratio of the convective structure. A 
finite element model with an aspect ratio of 0.5 but with conditions otherwise identical to those of the 
dashed line model in Figure 1 produces a geoid anomaly of 29 meters, a free-air gravity anomaly of 90 
mgals, and a dynamic uplift of 1.9 km at the center of the upwelling. These results are roughly 
comparable with values observed at Bell and western Eistla. 

Applications to Magellan Observations 
The prior generation of plume models [1] was compared with Pioneer Venus Orbiter 

observations, which had a horizontal resolution of 60 km (topography) to 2000 krn (gravity anomalies). 
In contrast, Magellan has made observations with a horizontal resolution of 10 km (topography, [7]) to 
600 km (gravity anomalies, [8]). The im~roved resolution of these observations allows more detailed 
testing of mantle plume models. Detailed comparisons between the models described here and 
Magellan observations are currently being performed. 
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Figure 1. Geoid anomalies and dynamic topography versus distance from the center of upwelling for 2 
finite element models. Solid lines are for Ra= lo7, a high viscosity surface layer, and a uniform 
viscosity mantle. Dashed lines are for Ra= 106, a high viscosity surface layer, and an upper mantle 
viscosity a factor of 10 less than the lower mantle viscosity. Scaling constants from [I]. 
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