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Introduction:  We calculate the accumulated de-
viatoric thermal stresses and strains for a one-plate
planet such as Mars, using a parameterized thermal
evolution model. We determine that global cooling
should be a major contributor to stresses on Mars, re-
sulting in stresses large enough to cause compressional
faulting of the upper portion of the crust, and perhaps
larger than stresses from other sources. Compressional
features found globally on Mars including wrinkle
ridges [1, 2, 3], could therefore be explained largely by
the cooling of the planet, and our calculated thermal
stresses and strains agree with those from wrinkle
ridge structural studies.

Some workers have previously suggested that sur-
face tectonism on Mars could be the result of a global
mechanism [4, 3], but quantification of such a process
has not yet been fully explored. Previous studies have
examined thermal stresses for one-plate planets and in
lithospheric plates on Earth. Our calculations, use
boundary conditions appropriate for a one-plate planet
such as Mars, and include the effects of the volume
change of the cooling interior, as well as contraction
due to temperature changes in the lithosphere. Stresses
as a function of depth in the lithosphere are determined
by the distribution of cooling with depth, brittle failure
near the surface, and  viscous relaxation of stresses at
greater depths.

Methods: We calculate the accumulated thermal
stress and strain as a function of depth for a duration
corresponding to the time of wrinkle ridge formation,
based on a thermal  model of a cooling, one-plate
planet. Crustal thickness, rheology of the crust and
mantle, and distribution of heat sources all affect the
calculated stresses.

Cooling model. With the strongly temperature de-
pendent viscosity expected for solid flow by thermally
activated creep, a cool, high viscosity, conductive lid
forms at the top of a deeper, thermally convecting
mantle. Beneath a thermal boundary layer at the base
of the lid, convection maintains an adiabatic mantle in
which potential temperature does not vary with depth.
Thermal evolution models are formulated on the basis
of energy conservation in which the rate of change of
thermal energy in the convecting mantle is equated to
the difference between the heat flux into the conduc-
tive lid and the rate of radiogenic heat production. The
temperature at the base of the conductive lid and the
heat flux convected to it are determined by scaling
relationships derived from laboratory and numerical

experiments [5]. Within the conductive lid, tempera-
tures are determined by numerical, finite difference
solutions of the transient heat conduction equation with
an appropriately defined heat production as a function
of depth [6]. The conductive lid thickens as it cools.
Temperature-depth distributions as a function of time
form the basis of our calculated thermal stresses.

Thermal stress calculation. Several earlier models
calculate the thermal stresses in an oceanic plate (eg.
[7, 8]) and impose boundary conditions such that the
stresses averaged over the lithosphere thickness vanish,
since a plate can contract laterally to relieve this stress.
For one-plate planets [9, 10], the lithosphere is not able
to relieve stresses by lateral contraction. These models
can be further categorized, as those that consider the
stress generated by a change in curvature of a plate [7]
(such as is generated by a cooling planetary interior
and a reduction in planetary radius), by the cooling
within a plate [8], or some combination of these effects
[9, 10]. One can also contrast the models that consider
the depth-dependence of the stresses in a lithosphere
[10, 6, 9], and others which consider only the stresses
averaged throughout the thickness of the lithosphere
[7].

The increment of deviatoric stress produced from
an increment of cooling can be written as

ds (z) = E* {dR/R -  a dT(z)},
where ds (z) is an increment of deviatoric stress from
an increment of cooling of the lithosphere at some
depth, dT(z), and the change in radius of the planet, or
vertical strain, dR/R, due to an incremental cooling of
the interior of the planet, dTi, where a is the linear
coefficient of thermal expansion, E* = E /(1-n), E is
Young’s modulus, and n  is Poisson’s ratio. To a first
approximation,

dR/R ª a dTi,
where dTi is an increment of cooling of the convecting
interior of the planet. It is evident that an increment of
cooling, dT(z) contributes a positive, or tensional
stress, and an increment of cooling dTi contributes a
negative, or compressional stress.

The contributions to the total horizontal deviatoric
stresses from the cooling interior and lithosphere are
inter-dependent. At every depth (z) the radial dis-
placement is due to the cooling interior (all material
below the depth z), but is also affected by the elastic
compression of the interior due to contraction of the
lithosphere (a function of the stresses in the litho-
sphere, above the depth z) [9]. The stresses in the
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lithosphere are in turn modified by the internal com-
pression. We therefore derive a depth-dependent ex-
pression for the deviatoric thermal stresses which in-
cludes compression of the interior, a function of the
stresses at every depth. Derivation of this expression is
beyond the scope of this abstract.

Stress relaxation.  The accumulated stresses within
the lithosphere are limited either by frictional sliding
on faults or relaxed by viscous flow due to thermally
activated creep. Several workers incorporate similar
frictional sliding [8] or viscous flow [10] limits into
their stress estimates. Most, however, neglect one or
both of these considerations.

For a lithosphere that has been pervasively frac-
tured to some depth by impacts, frictional sliding pro-
vides a lower bound for accumulated stresses at shal-
low depths. Frictional sliding is incorporated into the
stress calculation by applying Byerlee’s Rule [11].
Thermal stresses that exceed the maximum or mini-
mum deviatoric stresses allowed using Byerlee’s Rule
are reset to the maximum or minimum values in each
time step. Stresses large enough to cause frictional
sliding occur in the upper few kilometers of the crust.

Our models use temperature and stress dependent
flow laws for three different crustal rheology examples
reasonable for Mars [12]: dry clinopyroxene (cpx)
[13], dry diabase [14], or wet diabase flow laws [15].
These are combined with similar flow laws for a dry
olivine (with a dry crustal rheology) or wet olivine
mantle rheology (with the wet crustal rheology case)
[16].

It is important to recognize that changing the
stresses at any depth, due to viscous relaxation or brit-
tle failure, can result in a change in the stresses at other
depths.

Strain. Incremental strain as a function of depth is
calculated using the incremental stress that does not
include brittle failure or viscous relaxation (described
above) for each time step,

de (z) =  {(1-n) / E } ds (z),
where ds(z) is the stress increment and de(z) the in-
crement of strain for one time step. Accumulating in-
crements de(z) over time gives the total strain at a par-
ticular time and depth. The strain calculations are then
compared with estimates of strain on Mars from tec-
tonic analyses.

Parameters. Our calculations consider crustal
thickness between 20 and 60 km, reasonable estimates
for Mars based the work of Zuber and others [17].

In the cooling model, the distribution of heat-
producing elements within the planet is varied between
a case for uniform heating (volumetric concentrations
of these elements in the crust and mantle are equal),
and the extreme case where all the heat-producing

elements are concentrated within the crust (volumetric
concentration in the crust is a function of crustal thick-
ness, and the concentration in the mantle is zero). We
do not consider cases where the concentration of these
elements in the mantle is greater than the crust, be-
cause incompatible heat-producing elements will end
up in a crust generated by melting the mantle.

Buried wrinkle ridges in the northern plains formed
in the Early Hesperian, with tectonic activity dimin-
ishing into the Mid-Hesperian [2, 18]. Recent work on
cratering rates for Mars [19] suggests that the Early to
Mid Hesperian corresponds to about 1 Ga of Martian
evolution. Therefore, wrinkle ridges must have formed
from stresses accumulated in the first 1 Ga.

For simplicity, we do not consider the effects of
phase changes in the mantle, hydrothermal circulation,
melt interaction or production, the presence of ice, lat-
eral density contrasts on the cooling or stress models,
or the petrologic dependence of Poisson’s ratio or
Young’s modulus, and defer these considerations to
future work.

Results:  Representative results for the evolution of
temperature, stress and strain contours, are given in
Figures 1-3 for 1 billion years of evolution. Profiles of
stress and strain for the same case are shown in Figure
4. This case assumes 50% of the heat-producing ele-
ments are concentrated in a 40 km thick crust, and uses
wet diabase and mantle rheologies, providing conser-
vative stress and strain magnitudes.

For the case represented in Figures 1- 4, the stress
magnitudes increase with time, and are large enough to
cause compressional failure in the upper 5 km of the
crust. Tensional failure does not occur. From about 5
km to 8 km, strain is elastic, and at >8 km viscous flow
becomes important, never allowing accumulation of
stresses at depths beneath 20 km.

The effects of different rheologies are shown in
Figure 5. Compared to the case in Figure 4, stresses are
sustained over greater depths and accumulate to larger
magnitudes for a stronger rheology (cpx is stronger
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than diabase, dry rheologies are stronger than wet).
Compressional failure occurs for all rheologies to 5 km
after 1 Ga, apparently independent of rheology. Strain
magnitudes are also independent of rheology, and the
profiles in the three cases shown in Figure 5 plot on
top of one another. While the type of strain may
change (i.e. from elastic to plastic), the magnitude is
not affected by changing rheology.

Similarly, the effects of varying crustal thickness,
and varying the distributions of heat-producing ele-
ments are shown in Figures 6 and 7. Over time scale
shown, the shape of the thermal profile within the crust
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is sensitive to changing the crustal thickness, but the
internal temperature is not. Therefore, the stress and
strain variations in Figure 6 are a result of the varying
thermal profile, and the weaker crustal rheology ex-
tending down to greater depths. Strain is shown to in
crease in magnitude at most depths with an increasing
crustal thickness. Tensional elastic stress and strain are
only seen with a thin crust.

The internal temperature in our thermal model, for
the time scale of 1 billion years, is sensitive to the dis-
tribution of radioactive heat-producing elements.
Therefore, variations in the distribution of these ele-
ments in the crust and mantle significantly affects the
thermal profile in each case. A higher concentration of
heat-producing elements in the crust results in more
rapid cooling of the interior and the lithosphere. For a
constant crustal thickness and rheology, Figure 7
shows that the depth to which stresses are retained
(~20 km) is not significantly affected by changing the
distribution of heat-producing elements. However
strain and stress magnitudes increase with increasing
heat productivity in the crust.

Discussion:  Previous hypotheses Martian com-
pressional fault formation suggest that the stresses pro-
duced by the evolution of the Tharsis rise are the
dominant mechanism, especially since the fault pattern
seems to be strongly affected by proximity to Tharsis.
Models of stresses from Tharsis include the effect of
surface loading (eg. [4]), thermally buoyant uplift by a
mantle plume, isostatic stresses due to lateral density
contrasts in the lithosphere, or some combination of
these factors [20]. Plume uplift or surface loading
mechanisms individually would generate stresses on
the order of two hundred MPa near the center of Thar-
sis, with magnitudes decreasing with distance from the
center, but with directions of faulting that depend on
the mechanism in question [20]. Some combination of
these mechanisms would therefore produce stresses of
smaller magnitudes.

Thermal stress magnitudes from our model are
comparable to those those from Tharsis buoyant uplift
or surface loading [20]. Interestingly, if some combi-
nation of Tharsis uplift and surface loading have oc-
curred, then the thermal stress magnitudes will domi-
nate, even at the center of the rise where the stresses
are the largest.

Recent studies of gravity and topography data show
that the load of Tharsis is nearly (95%) compensated
[21], and global horizontal stresses resulting from an
isostatic Tharsis [20] are at least one order of magni-
tude smaller than the maximum thermal stresses.

Surface strains from our calculations are compara-
ble to those measured in structural models of wrinkle
ridges [22]. Our calculations are also consistent with

fault geometry models for wrinkle ridges including a
shallow decollement. However, any decollement in our
model is required to change depth throughout the
thermal evolution of the planet as the stress magni-
tudes increase and the depth of brittle behavior in-
creases.

We conclude, therefore, that thermal stresses due to
the cooling of Mars may play a significant role in the
compressional tectonic features present on Mars, in-
cluding wrinkle ridges. Since thermal stresses are iso-
tropic, the orientations of ridges may be controlled by
the relatively small stresses from the loading of Thar-
sis, as suggested in [4, 3]. The thermally generated
accumulated strain may be reflected in the displace-
ments along faults beneath ridges. Since we do not
expect the thermal strains to vary widely with distance
from the center of Tharsis, the ratio of fault displace-
ment to ridge spacing should relatively constant. This
is a hypothesis that should be tested.

References: [1] Withers P. and Neumann G. A.
(2001) Nature, 410, 651. [2] Head J. W. et al. (2002)
JGR, 107(E1), doi:10.1029/2000JE001445. [3] Chi-
carro A. F. et al. (1985) ICARUS, 63,  153–174. [4]
Mege D. and Masson P. (1996) Planet. Space Sci., 44,
1499–1546. [5] Grasset O. and Parmentier E. M.
(1998) JGR, 103, 18171–18181. [6] Parmentier E. M.
and Zuber M. T. (2001) LPS XXXII, Abstract #1357.
[7] Solomon S. C. (1987) Earth Planet. Sci. Lett., 83,
153–158. [8] Parmentier E. M. and Haxby W. F.
(1986) JGR, 91, 7193–7204. [9] Turcotte D. L. (1983)
JGR, 88, A585–A587. [10] Hillier, J. and Squyres S.
W. (1991) JGR, 96, 15665–15674. [11] Kohlstedt D.
L. et al. (1995) JGR, 100, 17587–17602. [12]
McSween H. Y. (1994) Meteoritics, 29, 757–779. [13]
Bystricky M. and Mackwell S. (2001) JGR, 106,
13443–13454. [14] Mackwell S. J. et al. (1998) JGR,
103, 975–984. [15] Caristan Y. (1982) JGR, 87,
6781–6790. [16] Hirth G. and Kohlstedt D. L. (1996)
Earth and Planet. Sci. Lett., 144, 93–108. [17] Zuber
M. T. et al. (2000) Science, 287, 1788–1793. [18]
Dohm J. M. and Tanaka K. L. (1999) Planet. Space
Sci., 47, 411–431. [19] Hartmann W. K. and Neukum
G. (2001) Space Sci. Rev., 96, 165–194. [20] Banerdt
W. B. et al. (1992) in Mars (Kieffer H. H. et al. eds.),
249–297, Univ. of Arizona, Tucson. [21] Phillips R. J.
et al. (2001) Science, 291, 2587. [22] Okubo C. H. and
Schultz R. A. (2003) LPS XXXIV, Abstract #1283.

Sixth International Conference on Mars (2003) 3131.pdf


