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TECTONIC IMPLICATIONS OF GRAVITATIONAL SPREADING MODELS FOR 
ISHTAR TERRA, VENUS; Suzanne E. Smrekar and Sean C. Solomon, Department of 
Earth, Atmospheric, and Planetary Sciences, Massachusetts Institute of Technology, 
Cambridge, MA 02 144. 

Introduction. Magellan data have revealed evidence for localized extension throughout 
Ishtar Terra [1,2]. Many of the observed extensional features are oriented perpendicular to 
topographic slope, implying that they formed as a result of gravitational spreading [1,2]. In 
some of the mountaineous areas, extensional faults occur parallel to the apparent direction of 
shortening. By analogy with active gravitational spreading on Earth [3], we interpret this 
extension to indicate gravitational spreading during convergence. The observational evidence 
for gravitational spreading in Ishtar Terra is discussed more fully in [2]. Below we describe 
finite element models of this process and discuss their implications for the tectonics of Ishtar 
Terra. 
Models. We use the finite element algorithm TECTON [4] to model the evolution of 

gravitational spreading in a vertical section of the crust near the margin of a plateau or broad 
mountain belt. The model employs a depth-dependent, viscoelastic rheology with non-linear 
stress dependence and exponential temperature dependence. We adopt a diabase flow law 
[5], a Young's modulus of 6x1010 Pa, and a Poisson's ratio of 0.25. The temperature is 740 K 
at the surface and increases linearly with depth. Each row of elements in the grid (Figure 1) 
has the same viscosity, which is equivalent to assuming that the temperature is constant 
along both the bottom and top of the grid. This results in a lower thermal gradient in the 
plains than in the plateau. The boundary conditions are zero vertical velocity on the bottom of 
the grid, a free surface top boundary, and zero horizontal velocity at the sides. The bottom 
boundary condition approximates an upper mantle layer that is much stonger than the lower 
crust. Brittle failure is evaluated using a Mohr-Coulomb criterion. The timing of predicted 
brittle failure and relaxation of relief are found for ranges of plateau height, plateau margin 
slope, crustal thickness, and thermal gradient. Slopes of 1-30' and plateau or mountain belt 
heights of 1-6 km are observed in Ishtar Terra. Crustal thickness on Venus is predicted to be 
10-30 km [6,7]; the average thermal gradient is expected to be 10-25 Wkm [8,9]. Details of 
the models are given in [2]. 

Two time steps for an illustrative model are shown in Figure 1. This model has initially a 
6-km-high plateau or mountain belt, a bounding scarp of slope 30' (parameters appropriate for 
the western slope of Maxwell Montes), a 30-km-thick crust, and a thermal gradient of 15 
K/km in the plains. The first predicted failure (normal faulting) occurs on the plateau, at 10-4 y 
after spreading begins. Normal faulting near the base of the scarp occurs by 1 0 2 ~  (Figure 
la). As the topography relaxes, the failure is localized near the surface, and the base of the 
scarp is pushed up, causing further normal faulting (Figure lb). At 103 y, shallow thrust 
faulting is predicted in the plains. 

Failure and relaxation of topography occur more rapidly for thicker crust, and in the case of 
failure, for greater plateau heights. For the parameter range studied, failure is predicted in 
the plateau within 105 y, even for a plateau height of 1 km and a crustal thickness of 10 km. 
In most cases, failure on the slope occurs shortly after failure on the plateau; thrust faulting in 
the plains occurs typically only for a crustal thickness of 30 km. When failure is first 
predicted, the horizontal surface strain is typically 0.05%. This strain is unlikely to be 
recognized as normal faulting in Magellan radar images; a strain of 1 8 ,  which accumulates in 
104-107 y, is probably a more reasonable value to compare with observations. As faulting is 
not explicitly modeled, there is some uncertainty in the interpretation of strain after the initial 
failure. 
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As elevations in Ishtar Terra are among the highest on Venus, we assume that relief has 
not relaxed by more than 25% of its original value. For a thermal gradient of 15 K/km, 25% 
relaxation occurs within 104-107 y for all cases. Relaxation is accomplished primarily through 
flow in the lower crust and thus depends strongly on the effective viscosity at the base of the 
crust. The viscosity is controlled by temperature (and thus by crustal thickness and thermal 
gradient), and to a lesser degree by the deviatoric stress. 

Discussion. Both failure and relaxation of the relief occur on geologically rapid time scales 
for observed values of topographic elevation and slope, and for expected values of thermal 
gradient and crustal thickness. This result indicates that the topography in Ishtar Terra is 
either stronger than indicated by laboratory flow laws and nominal thermal gradients, or has 
been maintained by tectonic forces until times significantly less than lo7 y. The primary 
evidence in favor of an anomalously strong crust is the large crater retention age (50 My-1 
Ga) [10,11]. However, this value has a large uncertainty, and the age of smaller regions may 
deviate significantly from the average age for the planet. The widespread presence of 
volcanism in Ishtar Terra, which in many locations appears related to extension, argues 
against a strong, cold crust. The large apparent depth of compensation at Ishtar Terra (180 
km) indicates that the long-wavelength topography is dynamically compensated [12], which 
suggests a source of stress to maintain the short-wavelength topography. For these 
reasons, we favor the hypothesis that topography-building processes in Ishtar Terra have 
been active until times at least as recent as 106-107 y ago. 
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Figure 1. (Top) Finite element 
grid at -0.1 y after spreading 
begins. Units are in lcm. 
Elements that are predicted to fail 
by normal faulting are shaded, 
The elements are 2 Inn wide and 1 
Inn high. The vertical 
exaggeration is 1.5: 1. (Bottom) 
Grid at -103 y. Thrust faulting is 
predicted in the plains farther than 
40 km from the scarp. The 
plateau elevation has decreased 
by approximately 25%. 
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