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[1] Analysis of Martian gravity and topography implies that crustal thickness variations
created in the earliest evolution of planet have persisted to the present day. Relaxation of
crustal thickness variations due to lower crustal flow by thermally activated creep is
strongly temperature-dependent and so, for particular crustal rheology and thickness,
provides a constraint on thermal evolution. Previous models have assumed that the
heat flux from the mantle, which controls lower crustal temperatures, simply reflects
radiogenic heat production. However, global thermal evolution models in which the
mantle cools by solid-state thermal convection indicate that the additional contribution to
near-surface heat flux due to secular cooling significant increases lower crustal
temperatures. With, a 50-km-thick crust, and a wet diabase rheology, these higher
temperatures allow crustal rock to flow fast enough to relax crustal thickness variations
during the first �750 Myr of evolution. Previous studies have not considered the presence
of an impact-brecciated crustal layer that would almost certainly be present on early Mars
and could have a significant influence on crustal temperatures. The presence of a dry
brecciated crustal layer several kilometers thick would significantly increase the
temperature of the lower crust resulting in more rapid relaxation of crustal thickness
variations. If the porosity of a brecciated crust is water saturated, then the effect of such a
layer is greatly reduced. However, if water is present, cooling of the upper crust by
groundwater convection in a deeper impact-fractured crustal layer with modest
permeabilities could reduce lower crustal temperatures enough to explain the preservation
of ancient crustal thickness variations. A cooler lower crust is also possible if solid-state
thermal convection in the mantle is inhibited by a stable compositional stratification
resulting from the fractional solidification of an early magma ocean.
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1. Introduction

[2] Analysis of gravity and topography data for Mars
show the presence of lateral crustal thickness variations,
even beneath features of great age [Zuber et al., 2000;
McKenzie et al., 2002; McGovern et al., 2002, 2004].
Variations in the thickness of a uniform density crust cause
lateral pressure gradients that generate flow in a ductile
lower crust. Flow from areas of larger to smaller crustal
thickness evens out the thickness of the crust over time. The
largest scale, and perhaps the longest lived, variation present
is the north-south crustal thickness variation [Zuber et al.,
2000]. At an only slightly smaller scale, the Tharsis rise
appears to be a large center of basaltic volcanism, that began
forming early in the evolution of Mars [Phillips et al.,

2001], with topography supported largely by thickened
crust. Other major topographic features such as large basins,
like Hellas, while apparently younger than the earliest
Tharsis volcanism, also preserve crustal thickness varia-
tions. In this study, we explore the implications that the
survival of such crustal thickness variations would have for
the thermal evolution of Mars.
[3] Previous studies [Zuber et al., 2000] have argued that

the preservation of crustal thickness variations places con-
straints on the thickness of the crust through the temperature
dependence of crustal viscosity. Nimmo and Stevenson
[2001] investigated constraints on crustal thickness using
steady state thermal evolution models which assumed a heat
flux at the base of the crust equal to the radiogenic heat
production in the mantle. With a dry diabase flow law, they
found that crustal thicknesses as large as 100 km would
allow the preservation of crustal thickness variations. Since
the rheology of the lower crust is likely to be very strongly
temperature-dependent, calculated crustal relaxation rates
depend sensitively on both mantle thermal evolution and
crustal rates of heat transfer.
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[4] We have formulated thermal evolution models that
include secular cooling as well as radiogenic heating.
These models treat the strong temperature dependence of
mantle flow by thermally activated creep and the presence
of a conductive lid above a convecting interior using the
scaling laws of Grasset and Parmentier [1998]. Our
results [Parmentier and Zuber, 2001, 2002] indicate that
the added heat flux from secular cooling of the core and
mantle results in significantly higher temperatures at the
base of crust. Higher temperatures near the base of the
crust allow more rapid flow in response to crustal thick-
ness variations and more rapid relaxation of these varia-
tions. For initial mantle potential temperatures for
subsolidus cooling in the range of 1500�–1800�C and a
50-km-thick crust, a dry diabase rheology based on labo-
ratory flow laws allows the preservation of global-scale
crustal thickness variations, except for cases with large
amounts of radioactive heating in the crust. For a wet
crustal rheology significant relaxation of crustal thickness
variations can occur over the first �750 Myr of evolution
(the Noachian epoch).
[5] Lower crustal temperatures may be significantly

affected by the presence of a porous, brecciated, low-
conductivity layer (regolith) and a deeper layer of frac-
tured crust beneath, as has been identified within the Lunar
crust. While the details can be debated, such a layer is
almost certainly present, and its effect has not been included
in earlier studies. If this brecciated layer is dry, thermal
conductivity can be significantly reduced, and layer thick-

nesses exceeding only a kilometer significantly enhances
the relaxation of crustal thickness variations.
[6] With a wet crustal rheology, and especially so with an

impact-brecciated surface layer present, some mechanism is
needed to reduce lower crustal temperatures and so preserve
crustal thickness variations. Two mechanisms are suggested
that can reduce the temperatures of the lower crust, thus
preserving crustal thickness variations without requiring a
crust thinner than that indicated by recent gravity studies
[Neumann et al., 2004]. First, hydrothermal circulation of
groundwater within a fractured upper crust may enhance the
rate of heat transfer, thus reducing the temperature of the
lower crust and enhancing the preservation of ancient
crustal thickness variations. Alternatively, an initial stable
compositional stratification of the mantle [Zaranek and
Parmentier, 2002; Elkins-Tanton et al., 2005a], following
fractional solidification of a magma ocean and subsequent
mantle overturn, may suppress mantle solid-state thermal
convection and fractionate heat sources into the deep
mantle, thus reducing the heat flux to base of the crust.

2. Formulation of Thermal Evolution Models

[7] As in many previous studies, our mantle thermal
evolution models are formulated on the basis of energy
conservation in which the rate of change of thermal energy
in the planetary interior is equated to the difference between
the outward heat flux and the rate of radiogenic heat
production

rcp
� � dTm

dt
¼ � 3

Rs � L

� �
f þ H ; ð1Þ

where Tm is the mantle potential temperature, H is the
volumetric heat production, Rs is the radius of the planet,
and f is the solid-state convective heat flux at the base of a
conductive lid, or lithosphere, of thickness L, as illustrated
in Figure 1. Here r and cp are density and heat capacity,
respectively, with [] indicating the average value for the
planetary interior (see discussion below). Thermally
activated creep can be described by a viscosity m with an
Arrhenius temperature dependence

m ¼ m Tmð Þ exp Q

RTm

Tm

T
� 1

� �� �
; ð2Þ

where Q is the activation energy and R is the gas constant.
The base of the conductive lid is defined by the isotherm
Tm � DTc at which the viscosity increases by about 1 order
of magnitude relative to that in the adiabatic, convecting
interior. Then

DTc ¼ 2:2
RT2

m

Q
: ð3Þ

Thus the temperature at the base of the lithosphere does not
have a fixed value but varies with the mantle potential
temperature. The relationship in (3) is strictly valid only for a
viscosity that varies exponentially with temperature, and an
additional factor that is nearly unity appears for an Arrhenius
temperature dependence [Zaranek and Parmentier, 2004].

Figure 1. (a) Schematic showing solid state convective
mantle cooling beneath a conducting lid that develops in
response to high creep viscosity at low temperatures. Other
quantities shown are discussed in the text. (b) Schematic
illustration of horizontal flow in the lower crust in response
to pressure gradients resulting from variations in crustal
thickness. Increasing temperature with depth and a strongly
temperature-dependent rheology result in flow restricted to
a layer of thickness h at the bottom of the crust.
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