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Magellan images have revealed evidence for extensive volcanism over much of the surface of Venus [I]. 
The broad spatial distribution of volcanic resurfacing on that planet raises the fundamental question of the nature of 
magma transport on Venus, particularly the influence of planetary thermal structure versus the physical and 
dynamical characteristics of the magmas in facilitating the buoyant migration of melt to the surface. To address 
this question, we construct magmatic cooling curves for the constant velocity buoyant ascent of spherical viscous 
magma blobs through a lithosphere with an assumed thermal structure, and assess these curves in the context of 
magmatic properties such as ascent velocity, source depth, and body size. To gain an understanding of the 
importance of planetary thermal structure we develop models for both Venus and Earth conditions. In our analysis, 
the magma temperature and physical properties are assumed to be averages throughout the body, and it is initially 
assumed to be crystal-free. As an additional simplification, the magmatic solidus and liquidus are assumed to be 
the same on both Earth and Venus. As in a recent study by Kaula [2], the liquidus and solidus were taken from 
Takahashi [3] and Wyllie [41, respectively. The cooling model has been described in detail in earlier publications 
[5,6,7]; it is essentially a low Reynolds number, high Peclet number problem of heat transfer through a thin 
thermal boundary layer around a sphere. The model includes adiabatic cooling, and it allows the choice of Nusselt 
number and magma source temperature and depth. A general solution can be expressed in closed form if the 
thermal gradient is in the form of equation (2). The resulting cooling curves, which are dominated by the 
convective cooling terms and strongly influenced by the planetary thermal structure, are then expressed 
mathematically by 

where J= 3 ~ u ~ / a ~ ,  y= agV/Cp, t is time, to is total ascent time, Nu= 0.8pe1R, Pe= Va/K, Pe is the ~ e c l e t  
number, V is the velocity of magmatic ascent, a is the body radius, K (=1x10-6 m2s-1) is the thermal diffusivity, 
a (=6x10-5 deg-1) is the coefficient of thermal expansion, g is the gravitational acceleration, and Cp (=1.25x10-4 
ergs Kg-1°K-1) is specific heat capacity. T is the mean magma temperature, To is the magma temperature in the 
source region, and n is a constant that defines the shape of the planetary thermal gradient (equation (2)). The 
thermal gradient of the planet is approximated with J- (an infinitely slow ascent) and the resulting expression 

Examples of cooling curves for Earth and Venus are shown in Fig. 1 for J e l ,  2 and 3. The calculations 
assume a surface thermal gmbent of 15 "K/km [8,9], so that differences in J@ between the plots are a consequence 
of the difference in surface temperature between Venus and Earth. The greater the J@ value, the larger the loss of 
heat due to convective cooling. For these conditions, if the magma is to arrive at the surface before it solidifies 
(which occurs at the depth where the cooling curve intersects the solidus), then Jb<1.5 for Earth and J@<3.5 for 
Venus. Thus, the expression 

Va3 2 5.76 K Zo2 

(JtoI2 (4) 
may be used to calculate minimum ascent velocities if the body size and source depth are assumed. Alternatively, 
the sets of cooling curves for two different planetary thermal structures can be compared, and the functional 
relationships between minimum ascent velocity, source depth, and body size found. For the two thermal structures 
in Figure 1, several different comparisons may be made. Assuming similar body sizes and source depths, the 
Venusian magma could travel as little as 20% the velocity of the terrestrial magma and still reach the surface 
unsolidified. If the velocity distribution of magma bodies is similar on both planets, this would imply that a 
greater percentage of Venusian magmas are likely to be capable of reaching the surface. Assuming similar 
minimum ascent velocities and source depths, the smallest Venusian magma body able to reach the surface 
without solidifying is slightly greater than half the size of the corresponding terrestrial body. If the size 
distribution of magma bodies is similar on both planets, this would imply that a larger number of magma bodies 
is capable of reaching the surface on Venus. Assuming similar body sizes and minimum ascent velocities, the 
minimum possible source depth on Venus would be slightly less than half as deep as the corresponding minimum 
terrestrial source depth. Figure 2 is a set of plots relating minimum ascent velocity, minimum body size, and 
minimum source depth plotted as the ratio of the Venusian values to the terrestrial values, and shown as V*, a*, 
and ZO*, respectively. The spacing between the curves is a function of the parameter Jb.  Since the curvature of 
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the cooling curves in Figure 1 (and thus JQ) is sensitive to the choice of thermal structure. An increase in the 
assumed Venusian thermal gradient will shift the family of curves to higher temperatures. In general, the more 
primitive the magma, the stronger the effect of a change in planetary thermal structure on the cooling rate of an 
ascending magma. Our model quantifies the extent to which the high surface temperature of Venus relative to 
Earth facilitates the buoyant transport of magma to the surface. For the otherwise similar planetary thermal 
structures of this study, this results in lower convective/conductive heat losses from the magma to the surrounding 
lithosphere and a corresponding significant increase in the amount of magma transportable to the surface before 
solidification. Work on modeling the ascending magma as flow through a pipe or an elastic crack is in progress, 
but early results are similar to those presented above. 
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Figure I: Plots of cooling curves as a function of the dimensionless ascent time Jto for two different thermal structures. 
Figure la approximates a terrestrial thermal gradient and figure Ib approximates a Venusian thermal gradient. In order for 
the magma to reach the surface unsolidified, the cooling curve must not intersect the solidus. Solidus and liquidus c w e s  
after [3,41. See text for explanation of notation. 
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