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Introduction:  Global cooling could be a major 
contributor to stresses on Mars, resulting in stresses 
large enough to cause compressional faulting of the 
upper portion of the crust.  Compressional features 
found globally on Mars including wrinkle ridges 
[1,2,3], could therefore be explained largely by the 
cooling of the planet. We formulate models including 
stresses resulting from both contraction of the interior 
and differential contraction within the lithosphere, a 
source of stress neglected in previous thermal stress 
models. We predict compressional thermal stresses 
that are large compared to stresses due to the loading 
of Tharsis, particularly at large distances from 
Tharsis.  Thus thermal stresses may offer a viable 
explanation for wrinkle ridges concentric to Tharsis 
which cannot be explained by Tharsis loading alone. 

Model Formulation: Surface tectonism on Mars 
could be the result of a global mechanism [4,3], but 
the process responsible has yet to be identified. 
Thermal stresses due to planetary evolution are 
expected to be large. Previous studies have examined 
thermal stresses for one-plate planets and for 
lithospheric plates on Earth. For a range of planetary 
thermal evolution models, we calculate accumulated 
elastic thermal stress and strain as a function of depth 
in the lithosphere [5]. The depth distribution is 
controlled by variations of cooling rate with depth, 
brittle failure near the surface, and relaxation of 
stresses at greater depths due to thermally activated 
creep. Thus, crustal thickness, rheology of the crust 
and mantle, and distribution of heat sources all affect 
the calculated stresses. 

Cooling model. With strongly temperature 
dependent viscosity, 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, vigorous convection maintains 
an adiabatic mantle in which potential temperature 
does not vary with depth [e.g. 7]. 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 conductive 
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 [6, 7]. Within the conductive lid, 
temperatures are determined by finite difference 
solutions for transient heat conduction with an 

appropriately defined heat production as a function of 
depth [8]. 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.  The increment of 
isotropic, horizontal deviatoric stress due to an 
increment of cooling δT(z) at depth z can be written  

δσ (z) = E* { δ R/R – α δ T(z) }, 
The horizontal strain due to an incremental cooling of 
the interior of the planet, δTi is 

δ R/R  ≈ α δTi. 
where R is the radius of the planet, α is the linear 
coefficient of thermal expansion, and E* = E / (1-v) 
with Young’s modulus E and Poisson’s ratio v. An 
increment of cooling in the lithosphere and interior 
contribute tensional and compressional stress 
increments, respectively.  

Strain. Incremental strain as a function of depth is 
calculated from the elastic strain δε (z) required to 
relieve each incremental stress δσ (z)  

δε (z) = { (1-v) /E } δσ (z). 
The total strain at a particular time and depth is the 
accumulated increments of strain over time.  

Stress relaxation.  The accumulated stresses 
within the lithosphere are limited either by frictional 
sliding on faults or flow due to thermally activated 
creep. For a lithosphere that has been pervasively 
fractured to some depth by impacts, frictional sliding 
provides a limit for accumulated stresses at shallow 
depths following Byerlee’s Rule [9]. Stresses large 
enough to cause compressional failure are limited to 
the upper few kilometers of the crust.  
Compressional stresses are limited to shallow depth 
because incremental elastic tensional stresses due to 
cooling of the lithosphere become important at 
greater depth.  Creep relaxes elastic stresses so that 
accumulated stresses become negligible at even 
greater depths.  Crustal rheology is prescribed from 
temperature and stress dependent laboratory flow 
laws for dry clinopyroxene (cpx) [10], dry diabase 
[11], or wet diabase [12], with flow laws for a dry 
olivine (with a dry crust) or wet olivine mantle 
rheology (with the wet crust case) [13]. A 
representative result of our thermal stress and strain 
calculations is given in Figure 1. 

Tharsis loading. Anisotropic loading stresses 
from the Tharsis rise [14] include the possibilities of 
surface loading, flexural uplift, and an isostatic case. 
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Since Tharsis is thought to be nearly isostatic [15], 
this case is preferred best model. 

While stresses caused by Tharsis loading alone 
are large enough to cause faulting near the rise, they 
do not appear explain the occurrence of concentric 
wrinkle ridges at the great distances observed [1,3]. 
Thermal stresses may alternatively provide the 
isotropic background stress on which the smaller 
anisotropic stress field due to Tharsis loading is 
superposed. Thermal stresses cause failure but the 
direction and type of faulting is controlled by Tharsis 
loading. 

Results and Implications:  Ridges in the 
northern plains appear to have formed by the Early 
Hesperian [2,16], corresponding to about 1 Ga of 
Martian evolution [17]. Global thermal stresses 
accumulated over 1 Ga (Figures 1-3) are of 
comparable magnitude to the maximum stresses from 
Tharsis buoyant uplift or surface loading models, and 
one order of magnitude larger than the stresses 
expected from an isostatic Tharsis. Accumulated 
strain at the surface is comparable to estimates from 
structural models of wrinkle ridges [18].  

For Tharsis loads, the principal stresses are radial 
and concentric to Tharsis, and vertical.  An isostatic 
Tharsis provides an additional 50 MPa of 
compressive differential stresses in the radial 
direction near the rise, when added to the 
compressive thermal stress field, yields concentric 
thrust faults in the Tharsis hemisphere. Beyond this 
distance, thermal stresses are of the same magnitude, 
but faulting orientations no longer concentric to 

Tharsis begin to be controlled by smaller 
perturbations in the stress field from smaller, local 
features. This agrees to a first order with MOLA 
observations. If the topography of Tharsis is 
primarily the result of surface loading or flexural 
uplift, then the resulting faulting pattern includes 
strike-slip faulting near the edge of the rise, which 
does not agree with observations. Wrinkle ridges that 
formed over the entire planet during the first billion 
years of Martian history, and their preferential 
orientation concentric to the Tharsis rise, may 
therefore be explained by a cooling Mars and loading 
from a nearly isostatic Tharsis Rise. 
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Figure 1. Thermal stress (blue) and 
strain (green) profiles for the 
representative case with wet diabase 
crust, wet olivine mantle, and 50% 
of radiogenic elements concentrated 
in a 40 km thick crust.  Profiles 
drawn at 250 Ma intervals. 

Figure 2. Comparison of three 
rheology combinations. Thermal 
stress (solid lines) at 1000 Ma for 
wet diabase crust with wet olivine 
mantle (purple), dry diabase crust 
(orange) and dry cpx crust (green), 
both with dry mantle. Strain profile 
(black, dashed) for all rheologies at 
100 Ma. Radiogenic concentration 
50% in a 40 km thick crust. 

Figure 3. Comparison of three 
crustal thicknesses. Thermal stress 
(solid lines) and strain (dashed 
lines) at 1000 Ma for 20 km (green), 
40 km (purple), and 60 km (orange) 
crusts. Radiogenic concentration 
50% in a wet diabase crust. Mantle 
rheology is wet olivine.  
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