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WHY ARE STRIKE-SLIP FAULTS THAT ARE "PREDICTED" BY LITHOSPHERIC 
DEFORMATION MODELS RARELY OBSERVED ON PLANETARY SURFACES? R. A. schuitz, 
Mackay School of Mines, University of Nevada, Reno, NV 89557-0138, and M.T. Zuber, Geodynamics 
Branch, NASA Goddard Space Flight Center, Greenbelt, MD 20771 and Department of Earth and Planetary 
Sciences, The Johns Hopkins University, Baltimore, MD 2 121 8. 

Introduction. Normal faults and reverse (thrust) faults are commonly observed modes of failure on solid 
planets and satellites in the solar system. Both sets of structures, but particularly normal faults or grabens, 
are commonly found in association with surface loads such as volcanoes and flooded impact basins. 
Although strike-slip faults are abundant on the Earth, they are presently observed only in limited occurrences 
on Mars [1,2], various icy satellites such as Europa [3,4] and perhaps Venus [5 ] .  Comparatively few 
strike-slip faults are known to occur in association with surface loads. 

Faulting of planetary lithospheres in response to surface or subsurface loads has commonly been 
studied by comparing results of theoretical models to observed structures. Predictions of normal, reverse, 
or strike-slip faulting from these models have typically been made by simply comparing the relative 
orientations of calculated principal stresses and noting their signs (tensile or compressive, following 
Anderson [6, p. 12-16]. However, this interpretation of the stress models commonly predicts large zones 
of strike-slip faulting, in stark contrast to the relative scarcity of strike-slip faults actually observed. This 
long-standing paradox has motivated several explanations for the apparent lack of strike-slip faults including 
stress pertubation by layering or overburden [7], magma transport 181, and inadequacies in model 
formulation [9]. We suggest that these explanations may be possible, though not required, because the 
stress states specified by modern interpretations of the Andersonian concept of faulting are necessary, but 
not sufficient, for faulting to occur. 

We use the formulation given by Melosh [lo] to calculate the normal and shear stresses as a function 
of radius r and depth z in an elastic lithosphere subjected to an axisymmetric gaussian surface load with 
radius a. The lithosphere is treated as a plate that overlies a strengthless fluid of equal density. Confining 
pressure is included in the calculations so that total stress, not just deviatoric stress, is considered in the 
discussion below. 

In order for loading models to predict strike-slip or any other kind of faulting, some form of failure 
criterion must be applied to the calculated stress states. For tensile failure (jointing), we choose a simple 
Griffith failure criterion. According to the Griffith criterion with tension positive [ l l ,  p. 861, tensile failure 
will occur when 

where 01 is the minimum compressive principal stress, or anywhere in the model where 01 exceeds To (the 
rock mass tensile strength) and (1) is met. Inability of the principal stresses to satisfy the inequality in (1) 
could imply contact between the Mohr circle and Mohr-Coulomb envelope in the compressional field, 
indicating faulting. In that case we use the low pressure frictional slip criterion for faulting. For shear 
failure (faulting), we adopt the strength envelope concept proposed by Brace land Kohlstedt [12], which is 
based on the bilinear friction law of Byerlee [13]. For faulting to occur, values of the greatest and least 
principal stresses (03 and 01, respectively) must exceed the critical value (expressed as either a stress 
difference or a stress ratio), which is 

The critical values given in (2) and (3) are independent of remote stress orientation so they can be used as a 
criterion for normal, reverse, or strike-slip faulting. The type of fault predicted is defined by the orientations 
of the principal stresses relative to the planetary free surface, following Anderson [6]. 
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Results. Our calculations of stress in an elastic lithosphere due to an axisymmetric gaussian surface load 
are consistent with those of previous workers, but the application of tensile and shear failure criteria to the 
calculated stress states drives a different interpretation of faulting styles. Assuming that lithospheric rock is 
characterized by a tensile strength of up to tens of MPa and a shear strength based on Byerlee's Law, radial 
thrust faults are produced under the load (and for rla < 1.2) but a large zone of tensile failure characterizes 
the surface and subsurface beyond the load (1.2 < r/a < 3.7). Concentric normal faults or grabens are 
predicted by our model, but for the range of parameters examined these structures occur at significant depths 
at small radii beyond the load (rla > 1.2), or at shallow depths at radii much greater than the observed 
occurrences of concentric grabens (rla > 3). No strike-slip faults or normal faults nucleate at the surface, but 
instead can occur at depth beneath the zones of tensile cracking and thrust faulting. The predicted absence of 
strike-slip faults around planetary surface loads agrees with the photogeologic observations, but formation 
of surface-breaking concentric normal faults apparently requires additional consideration. 

One possibility for the formation of concentric grabens is that these structures nucleated below the 
surface at the locations of the maximum shear failure ratio and propagated upward. However, the 
distribution of predicted normal faulting associated with the shear failure criterion is inconsistent with the 
observation that concentric grabens occur in annular bands about the load. We therefore do not favor a 
scenario in which upward propagation of subsurface normal faults was responsible for producing the 
observed annuli of concentric grabens. Because the predicted distribution of subsurface normal faults is 
apparently unable to explain the positions of concentric grabens, we are motivated to consider the possibility 
that these structures nucleated on tensile cracks (joints) that were formed previously in association with the 
load. It is likely that bending strains in the near-surface region could impose normal fault displacements 
onto previously formed joints, as shown experimentally by Mastin and Pollard [14] for graben formation 
above dikes. Our model results for the depths and radii for the nucleation of normal faults and joints, in 
combination with experimental results and field data, suggest to us that the normal faults and grabens 
concentric to many planetary surface loads may have nucleated on tensile cracks formed at the location 
where the tensile failure criterion was initially met. We thus suggest that the radial positions of concentric 
normal faults observed on the surface surrounding major loads are controlled by the tensile rather than the 
shear failure criterion. 

Conclusions. Our analysis suggests that concentric grabens surrounding major planetary surface loads 
nucleate at or near the surface on tension cracks, that later accomodated normal-fault displacements, at radial 
positions controlled by the tensile failure criterion. Under this scenario, previous estimates of elastic 
lithospheric thickness, and related values of thermal gradients and surface heat flow, based on the radial 
position of maximum radial normal stress Orr retain their validity, although the processes of concentric 
graben formation are clarified in our study. 

We have demonstrated that whereas the combination of one tensile and one compressive stress is 
usually taken to indicate strike-slip faulting, jointing may actually be expected in these instances. Given 
plausible rock failure criteria, strike-slip faults do not nucleate at the surface and are predicted to occur at 
depth in rather narrow zones just beyond the load. There is no evidence that requires strike-slip faults 
formed at depth to propagate through the zones of thrust faulting or jointing to the surface and become 
exposed. Thus, the absence of surface-breaking annular zones of strike-slip faults about Martian volcanoes 
and mare basins may no longer be a paradox because, when explicit criteria for tensile and shear failure are 
taken into account, these structures are not really predicted by the loading models. Nucleation of faults at 
subsurface interfaces 171 or various other ideas for suppressing the formation of strike-slip faults [e.g., 91, 
while possible, are not required to explain the apparent scarcity of these structures. 
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