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Introduction:  The Tharsis Montes represent mas-

sive loads on the lithosphere in central Tharsis, and 
various studies have sought to constrain properties of 
the lithosphere by modeling its flexure under these 
loads [e.g., 1, 2].  Attempting to match the placement 
of an annulus of graben around each volcano, Comer 
et al. [1] estimated very thin elastic lithospheres of 18-
26 km; assuming elastic blocking temperatures of 300-
600 °C [3], these thin lithospheres transform to heat 
flows  40 mW m-2.  McGovern et al. [2] compared 
observed gravity/topography admittances with those 
predicted by a simple elastic shell model and deter-
mined a regional heat flow range of 0-140 mW m-2. 

A shortcoming of these and similar studies is that a 
constant thickness lithosphere is invariably assumed.  
Physically, the assumption translates into constant re-
gional heat flow, with no thermal anomalies to thin the 
lithosphere beneath volcanoes.  For the Tharsis Montes 
however, a large thermal anomaly should be expected.  
Terrestrial examples demonstrate that the amount of 
intrusive volcanism always exceeds that of extrusion 
[4].  For shield volcanoes, a major component of this 
intrusion is often a crustal underplate, which has been 
seismically imaged [5, 6] and ranges in size between 
~1-2 times the surface edifice radius.  Here, we inves-
tigate the effects of an underplate thermal anomaly 
using thermomechanical finite element simulations. 

Observations:  The best, currently available grav-
ity model for Mars is JPL’s MGS95I solution (see 
http://pds-geosciences.wustl.edu/).  Though extending 
to spherical harmonic degree 95, the coefficients’ 
power spectrum only exceeds that of the uncertainties 
through degree 75 (equivalent full-wavelength resolu-
tion of ~285 km).  At this scale, only the gross shape 
of the gravity profile over the volcanoes can be deter-
mined.  Gravity modeling of subsurface mass distribu-
tions is inherently non-unique, but a crustal underplate 
as wide as the surface edifice is permitted.  An under-
plate twice as wide seems precluded, however, because 
this structure would produce flanking Bouguer gravity 
lows, which are not observed.  Thus, we primarily 
consider underplates as wide as the edifices. 

The observable perhaps most relevant to flexural 
studies of the Tharsis Montes is the annuli of circum-
ferential graben that encircle each volcano [see, e.g., 
1]; these annuli are surprisingly limited in radial ex-
tent, spanning a rather tight zone from ~150-260 km.  
To match the mean radial position of the observed 
tectonics, Comer et al. [1] determined that very thin 

elastic lithospheres were required; however, their re-
sults indicated stress distributions broader than the 
tight annuli of graben.  A successful model should not 
only produce high stresses at the correct radial position 
but also yield a similarly tight band of high stress. 

Model:  We use the MSC.MARC finite element 
package.  The mesh is geometrically simple, employ-
ing one radial plane in an axisymmetric configuration.  
To start, we assume a 70 km thick crust (density of 
2900 kg m-3) over a mantle (density 3500 kg m-3) [7].  
The load is also simple; we do not directly model the 
edifice, instead applying a surface stress equivalent to 
a volcano-shaped mass (conic section 220 km in ra-
dius, 10 km high, 5° flank slope, and density of 3200 
kg m-3 [see 7]).  Also, we do not currently include un-
derplate buoyancy, as it is expected to be of order 10% 
that of the surface load.  The load is linearly grown, 
maintaining geometric similarity, over a prescribed 
time of 10 Myr and 100 Myr, inferred growth times of 
the Tharsis Montes based on their volumes and assum-
ing end-member rates of terrestrial shield volcanism 
[8].  Because displacements and rotations are relatively 
small, the mechanical simulations are performed under 
small-strain theory, updated to account for restoring 
forces caused by displacement of the surface and 
crust/mantle density boundaries.  Similarly, small-
strain formulism permits assuming the changing ge-
ometry does not affect the thermal solution (no tem-
perature advection); thus, the thermal simulation can 
be run first, the results applied to the mechanical one. 

For the thermal solution, we apply a constant heat 
flow to the base of the mesh and assume a surface tem-
perature of 215 K, a thermal conductivity of 4 W m-1 
K-1, and a thermal diffusivity of 10-6 m2 s-1.  The un-
derplate thermal anomaly is simulated by constraining 
the temperature of the base of the crust to 1400 K, 
spreading it laterally with the growing surface edifice.  
After the growth time, this constraint is removed, and 
the system conductively cools.  This thermal solution 
is then input into the viscoelastic mechanical solution, 
which uses elastic and ductile parameters appropriate 
to crustal (wet diabase [9]) and mantle (wet olivine 
[10]) materials.  To keep the simulations tractable, we 
employ a minimum viscosity of 1023 Pa s.  We gener-
ally neglect plastic (brittle) failure, though simulations 
with and without it show similar displacements and 
predicted zones of failure; simulations with plasticity 
do not show large surface stresses because, of course, 
they are plastically relieved. 
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Figure 1.  Radial stress profiles for two volcano
growth times: 10 Myr (dashed) and 100 Myr (solid).
The grey zone marks the extent of the graben annuli
around the Tharsis Montes [see 1]. 

 
Results:  Figure 1 shows the surface radial stress 

(stress minus the load overburden beneath the edifice) 
at 1 Gyr for both volcanic growths times, when the 
regional heat flow is 20 mW m-2; the extent of the gra-
ben annuli is also illustrated.  The large predicted 
stresses, and hence the predicted faulting, sharply peak 
within this zone.  The distribution of stresses is similar 
for both growth rates, although the shorter growth time 
case is much reduced.  On the other hand, the 100 Myr 
growth time case is quite similar to a case where the 
thermal anomaly remains in steady state.  For shorter 
growth rates, the thermal anomaly dissipates more 
quickly and has less opportunity to affect the flexure, 
while for longer growth rates, the system approaches 
that of a temporally steady thermal anomaly. 

Furthermore, the stress distribution (though not 
necessarily magnitude) is fairly insensitive to varia-
tions in input parameters (e.g., ductile rheology, load 
shape and magnitude, underplate temperature); the 
distribution is much more sensitive to the regional heat 
flow and the lateral extent of the underplate.  For very 
low regional heat flows, the material around the ther-
mal anomaly is too stiff to accommodate the flexure, 
and the stress profile is stunted and moves inboard of 
the graben annuli.  For high heat flow, the thermal 
anomaly is relatively less pronounced, and the stress 
profile broadens as the system approaches the case of 
just high regional heat flow everywhere [e.g., 1].  Our 
simulations indicate a heat flow range of 20 ± 6 mW 
m-2 is consistent with the observed tectonics.  Simi-
larly, a very narrow underplate is too spatially limited 
to affect greatly the system, while for an underplate 
twice as wide as the edifice (a case seemingly preclude 
by the observed gravity), the volcanic load responds to 
essentially a high regional heat flow (i.e., all flexure is 
contained with the zone above the thermal anomaly). 

Discussion and Conclusions:  This study satisfac-
torily models the radial position and narrow extent of 
the graben annuli around the Tharsis Montes.  It does 
so by supposing a scenario consistent with current 
understanding of the mechanics of volcanism on the 
Earth [4-6].  The notion that a thermal anomaly is nec-
essary to match the observed tectonics suggests an 
important role for intrusive volcanism (e.g., crustal 
underplating) in the construction of Martian volcanoes.  
Indeed, ours is not the first study to investigate this 
role; magmatic inflation has been suggested for pro-
ducing tectonic features up the flanks of Alba Patera 
[11].  Additionally, Montesi suggested that the graben 
annulus as well as other concentric tectonic features up 
the flanks of Pavonis Mons are the surface manifesta-
tion of magmatic dikes [12].  While this present study 
does not address the nature of tectonic features up the 
flanks of the volcanoes, the near-surface, tensile stress 
environment established near the edge of the edifice 
and beyond may facilitate concentric dike formation. 

Moreover, our simulations allow a more precise es-
timate of the range of regional heat flow in central 
Tharsis during the Amazonian (20 ± 6 mW m-2) than 
has been determined previously [e.g., 1, 2].  This result 
is consistent with a previously observed trend of de-
creasing heat flow on Mars through time [2].  Fur-
thermore, the result is consistent with Amazonian man-
tle heat flux predicted by thermal models [e.g., 13], 
though it suggests Tharsis during this epoch was not 
more energetic than the rest of Mars.  This conclusion 
might be extended to provide corroborating evidence 
for early formation of the Tharsis rise [14, 15]. 
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