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An analytic theory for isostatic compensation on one-plate 
planets, including membrane stresses in the lithosphere, self- 
gravitation, and rotational ellipticity, has been applied to Mars 
[I]. The advantage of this approach over our previous work in 
thick-plate theory [2] is that we can easily assess the roles of 
isostasy and flexure in the formation of the stress regime 
associated with the Tharsis region. As before, we find that the 
fractures and graben in the immediate vicinity of Tharsis are 
associated with isostatic stresses. The outer radial fractures 
peripheral to Tharsis are not, but can be explained by (at 
least) two distinct mechanisms. 

If the outer radial fractures are old, then our hypothesis 
for the total fracture set involves isostatic stresses combined 
with the isotropic stresses associated with global thermal 
evolution. Thermal modeling indicates that the interior of Mars 
likely heated up early in its history and began to cool later on 
~31. The accompanying expansion (or contraction) of the 
planetery interior superimposes a uniform extension (or 
compression) on existing stresses and strains such that their 
directions are unchanged. In the isostatic model the extensional 
stresses are strongly circumferential in the vicinity of 
Tharsis, consistent with the observed structure. Farther away 
from Tharsis, the radial stress is computed to be strong 
horizontal compression and the circumferential stress is weak 
extension or weak compression. Adding a uniform extension 
reduces radial compression and changes the weak circumferential 
stress into strong extensional stress that would open radial 
fractures farther from Tharsis. 

If the above hypothesis is correct, then: (1) the isostatic 
stress regime must have been (at least partly) in place before 
the isotropic stresses of planetary expansion reached a 
competitive level, (2) the lithosphere did not fail in 
compressive faults before this time (or we cannot detect them 
now, or they are represented in part by the Lunae Planum ridges), 
and ( 3 )  the strain rates due to isostatic compensation and 
planetary expansion must have been comparable. The last point 
implies that the lithospheric viscosity was about 1027 Pa-sec 
during the time of these events [I]. 

Alternatively, the outer radial fractures are younger than 
the main Tharsis set [4,5] and are most readily explained in 
terms of lithospheric flexure [2,6]. The sequence from isostasy 
to flexurally supported loads is reasonable as the lithosphere 
would be expected to have been thinner and less likely to support 
flexural loads early in martian history. Conversely, flexural 
loads calculated from the present-day gravity and topography 
would have likely relaxed an order of magnitude or more if they 
were emplaced more than two billion years ago [ I ] .  This implies 
implausibly large loads. 

As in our earlier approach to the flexure problem [ 2 ] ,  
variations in crustal thickness are constrained by the gravity 
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and topography boundary conditions. This differs markedly from a 
purely flexural solution in which topography is the only boundary 
condition. In fact, much of the topography in the present model 
is supported by isostatic variations in crustal thickness (Airy 
compensation). The computed residual flexural load consists of 
some more than two kilometers of material centered on Tharsis, 
which is consistent with estimated thicknesses of volcanic units 
residing on ancient cratered terrane [7,8]. While the nature of 
the ancient cratered terrane is controversial. [9], there is 
little doubt there is a large interval in geologic time between 
this unit and the "young" volcanic units [7]. These formations 
may have loaded what was by then a relatively thick elastic 
lithosphere, which failed under flexural strain. Thus, both the 
timing and the magnitude of the Tharsis volcanic units appear to 
be consistent with the formation of flexural graben on the outer 
periphery of Tharsis. 

A difficulty with flexural models is that they tend to place 
the immediate Tharsis region in compression, which is 
incompatible with volcanic extrusion. With our analytic 
approach, we can designate arbitrary combinations of isostatic 
and flexural models. Equivalently, Pratt density variations could 
be used as a free parameter in the flexural solutions. For 
example, a combination of 1/4 the flexural model and 3/4 the 
isostatic model predicts circumferential extension far from 
Tharsis as in the flexural model, but also extension over Tharsis 
as in the isostatic model. For this case, about 4 km of 
flexurally compensated load results. 

In summary, most of the fractures and graben associated with 
the Tharsis region are explained by an isostatic configuration of 
the lithosphere. The outer fractures are explained by global 
thermal expansion or by a late addition of volcanic units whose 
modest thickness was able to induce flexural failure. Thus, we 
propose that Tharsis was (and is) nearly isostatic on a regional 
scale. 
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