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VISCOUS RELAXATION OF IMPACT CRATER RELIEF ON VENUS: CONSTRAINTS ON 
CRUSTAL THICKNESS AND THERMAL GRADIENT. Robert E. Grirnm and Sean C. Solomon, Department 
of Earth, Atmospheric, and Planetary Sciences, Massachusetts Institute of Technology, Cambridge, MA 02139. 

Introduction. Considerable viscous relaxation of topography has been anticipated for Venus [I-31 
because of the high surface temperature and the strong temperature dependence of strain rate. Venera 15-16 radar 
altimeaic profiles across impact craters 25-140 km in diameter, however, indicate crater depths of several hundred 
meters, suggesting that substantial relaxation has not occurred for these features [4]. We seek to test the interrtitl 
consistency among current estimates of the mean crater retention age of the surface, the internal thermal s t rucm 
of Venus, and the inferred rheology of crustal and upper mantle material. Ow approach is to apply a general 
numerical formulation of gravity-driven flow in a viscous fluid to an initial topographic model of an impact crater 
on Venus. We compare the predicted results with Venera observations, and we develop formal statistical 
confidence limits on each model. 

Diameter-depth relationships. Regression analysis on the depth dv (in km) of 8 Venus impact craters 
with diameter D > 30 km [4] gives log dv = -0.66 + 0.04 + (0.27 +_ 0.20) log D (Fig. I), with correlation 
coefficient r = 0.49. Observations of crater dimensions on the Earth, Moon, and Mars [5-71 have been invoked to 
suggest alternatively that the depth of complex craters and the transition diameter Dt from simple to complex crater 
morphology may vary inversely with surface gravity. While these two relations are mutually exclusive, the 
difference in predicted outcome for our problem is minor. We therefore use the latter relation to predict the initial 
depth of fresh craters on Venus. The regression curve for 52 fresh lunar craters scaled to Venus under the 
assumption that gDt = constant is log di = -0.52 + 0.01 + (0.31 + 0.04) log D, with r = 0.77; this expression 
along with 95% confidence limits on log di [8] are shown in Fig. 1. 

Statistical approach to viscous relaxation. Given the regression curves and confidence intervals 
for both predicted and observed depths of Venus craters, we may estimate from Fig. 1 how much viscous relaxation 
can be tolerated at each diameter before the depth of a partially relaxed crater is no longer consistent with the 
observations. We do this formally by means of the following statistical approach: For fixed D, we assume that 
all craters have the same age, given by half the mean crater retention age. We further assume that depths are 
log-normally distributed with mean log di and variance 0;. Viscous relaxation will reduce the mean de th to a@). 
We test the null hypothesis H - 4, = 6 by forming the Smith-Satterthwaite T-statistic [8] using 6, OF, and the 
mean log depth and variance o? of observed craters. By integrating the upper-tailed t-distribution, we solve for the 
significance level a at which the null hypothesis may be rejected in favor of HI: 4, > 6. The parameter a varies 
from 0 to 0.5 and provides a measure of the likelihood of a particular viscous relaxation model given predicted and 
observed crater depths. 

Viscous relaxation model. By direct numerical integration of the equations of motion of a linearly 
viscous fluid [9], relaxation of crater topography can be evaluated for a medium with an arbitrary depth dependence 
of viscosity. We use the temperature-dependent effective viscosities of diabase [lo] and olivine [ l  11 to represent 
the crust and mantle, respectively. Because the dependence of laboratory-derived flow laws on stress is nonlinear, 
the effective viscosity must be evaluated at some characteristic stress difference 2, which we take to be the average 
of the initial maximum stress difference within a cylindrical volume of radius D and depth Dl2. Since near-surface 
rock strength is limited by frictional sliding rather than creep [12], we assume that effective viscosity above the 
brittle-ductile transition (BDT) is limited by frictional strength. An arbitrary lower bound of lo2' Pa-s is also 
imposed on the viscosity at all depths. Different densities in the crust and mantle are accommodated by solving 
the equations of motion in the two regions and matching appropriate boundary conditions [13]. The initial state of 
local isostatic compensation of crater relief must then be specified. 

Application to Venus. We illustrate this formalism with the following example for D = 140 km. 
We assume that initial topography is given by an azimuthally averaged, gravity-scaled profile [I41 of the lunar 
Copemican-age crater Langrenus @ = 132 km). We take 170 m.y. as a minimum estimate for the mean crater 
retention age of the portion of Venus imaged by Venera 15-16 [15]. By specifying all other parameters (Table 1) 
except the thermal gradient dT/dz and crustal thickness H, maps of the fractional change in crater depth pig. 2) and 
associated significance levels (Fig. 3) can be constructed for this two-parameter space. 

Discussion. The model illustrated requires a thin (<I0 km) crust in order that crater topography be 
preserved over the past -90 m.y., if the mean thermal gradient is appropriate (-20" Kflrm) to a planet in which 
lithospheric heat transport is dominated by conduction [16]. Of course, the results can differ for other 
combinations of adopted parameters. For instance, a younger mean age would p e h t  a thicker crust and a higher 
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thermal gradient. The alternative gravity-scaling relation (depth - g-l) yields shallower initial depths; the lesser 
topographic load leads to lower strain rates and less topographic relaxation for a specified time interval. Less 
relaxation is allowed at each significance level, however, so that the distribution of significance levels is not very 
different from that in Fig. 3. 

With a larger sample of impact craters and improved estimates of crater depths, data likely to be provided by 
the Magellan mission, the formalism described here should lead to tighter constraints on permissible values of 
crustal thickness and mean thermal gradient on Venus. 
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Table 1. Adopted Parameters 
Crustal density: 
Mantle density: 
Initial compensation: 
Average stress T: 
Depth of BDT, cmst 
Depth of BDT, mantle: 
Surface temperature: 

2.9 glcm 3 

3.4 g/cm3 
none 
60 bar 
l k m  
11 km 
738 K 

-- 

Fig. 1. Venera 15-16 observations of depths and 
diameters of impact craters on Venus [4], excluding 
Cleopatra Patera. Solid lines show the linear 
regression and 95% confidence intervals for craters 
with diameter D > 30 km. Dashed lines show 
predicted depthdiameter relation and 95% confidence 
intervals predicted from gravity-scaled lunar craters. 

Fig. 2. Fractional relief remaining after 90 m.y. for 
a 140-km diameter crater as a function of mean crustal 
thickness H and temperature gradient dT/dz. 

diameter, km 

Fig. 3. Significance levels for Fig. 2. At the 
indicated signif~cance level a, combinations of H 
and dTIdz to the right of each curve may be rejected. 
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