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Abstract. Recently the Orbiter Camera on the Mars

Global Surveyor imaged on some lava flows. The sparse
cratering and thence young age of these flows indicates that
volcanic activity on Mars is long-lived and perhaps pulsat-
ing. These pulses beg for an explanation, not yet provided
by one-dimensional convection models simulating the ther-
mal and compositional evolution of the Martian interior.
We have, for the first time, simulated the thermochemical
evolution of Mars with a two-dimensional model for the en-
tire planetary history. Our results show that variable ther-
mal conductivity k(7', P) can maintain sublithospheric “hot
spots” over time scales of several hundred Ma and is es-
sential in the focussing of hot mantle upwellings at almost
the same location. This scenario can explain the persistent
pulsating and focussed volcanism in the Tharsis region.

Introduction

Prominent on the Martian surface are the giant shield
volcanos of the Tharsis rise, forming the largest volcanic
complex in the solar system [Carr et al., 1973] and host-
ing the tallest volcano known: Olympus Mons. While on
Mars the oldest crust of volcanic origin is as old as 3.9 Ga
[Tanaka et al., 1992] and the largest magma flooded impact
craters have ages around 3 Ga, the giant shield volcanos in
the Tharsis region may have been active until the last ten
Ma [Hartmann et al., 1999]. High resolution images of the
Martian surface, taken by the Mars Orbiter Camera, show
sparsely cratered young lava flows [Hartmann and Berman,
2000], which were not visible before the Mars Global Sur-
veyor mission. Volcanism on Mars is therefore doubtlessly
long lived. The appearance of water-generated landforms
on Mars within the last 10 Ma would also require an in-
creased heatflow [Baker, 2001] most likely due to volcanic
intrusions. This longevity of Martian volcanism may not be
easy to understand considering Mars’ small size compared to
the Earth, which suggests rapid cooling of the planet as pre-
dicted by one-dimensional models of parameterized thermal
convection [Jackson and Pollack, 1984].

The recent observation of long lived pulsating Martian
volcanism [Wilson et al., 2001] prompted a new explanation,
which purely thermal convection does not deliver.
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This mechanism is pressure release partial melting of the
mantle, producing both, the melt necessary for volcanic
activity, and the blanketing depleted layer preventing the
planet from rapid cooling. Additionally temperature de-
pendent thermal conductivity [Hofmeister, 1999], provides
a positive feedback mechanism generating focussed pulses
of volcanic activity.

Convection With Partial Melting

The effect of the conflicting small planetary size but thick
blanketing surface layer on the thermal evolution of Mars is
not easy to foresee, and crucially depends on the layer’s
thickness. This layer evolves from mantle differentiation
processes, originating in the interaction of thermochemical
convection and partial melting.

We stress that there is a fundamental difference between
(1) purely thermal convection with temperature dependent
viscosity [Grasset and Parmentier, 1998] and (2) thermo-
chemical convection with partial melting (and possibly tem-
perature dependent viscosity): Let us assume a hot young
planet. Then, in the 1st case the blanketing (immobile) layer
is the thinner the hotter the mantle is, allowing the planet
to cool relatively fast. However, in the 2nd case the blan-
keting depleted layer is the thicker the hotter the mantle is,
preventing the planet from fast cooling. On Mars the de-
pleted layer is especially thick, because of the low lithostatic
pressure compared to Earth!

Our model of thermochemical convection in two-dimen-
sional (2D) Cartesian geometry is covering a depth of 1763
km. This is not deep enough to allow for a perovskite lower
mantle for the sake of simplicity. The moment of inertia
factor [Folkner et al., 1997] may however imply the existence
of a 100 km thick lower mantle [Bertka and Fei, 1998]. The
aspect ratio is 1.5, because of the high resolution required
to resolve the fine structures presented here.

We are using the finite-element (FE) package SEPRAN
[Segal, 1995], combined with a tracer technique to solve
the partial differential equations (PDE) governing thermo-
chemical convection. Our numerical model is solving the
four conservation equations for [de Smet et al., 2000]: (a)
mass and momentum, with thermal and compositional buoy-
ancy forces; (b) energy, resulting in a heat transport equa-
tion with variable thermal conductivity k(7T', P) [Hofmeister,
1999; van den Berg et al., 2001], including the effects of vis-
cous and adiabatic heating, the latent heat effect of melting,
and time-dependent radiogenic heating; (c) composition, i.e.
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the degree of partial melting expressed by the mass-fraction
of molten rock, by applying a tracer method to keep track
of mantle differentiating components being advected by the
convective velocity field.

Viscosity is depth-dependent and stationary. Crustal vis-
cosity is decreasing with depth from 10 Pas at the surface
to 10 Pas at the crust-mantle interface in 100 km depth.
From this depth, mantle viscosity is increasing exponen-
tially with pressure to 10 Pas at the core mantle boundary
(CM ).

The phase diagram of melting is approximated by solidus
and liquidus temperatures 7' and 7', that linearly increase
with depth with the same slope. The degree of partial melt-
ing is a bilinear function of pressure P and tempera-
ture 1" between these bounds, based on experimental data
[Jac es and Green, 1980]. The density of fully depleted
mantle is 226kg m less than the density of pristine mantle
of 3500kg m . Such a model was e.g. applied to the evolu-
tion of continental roots on Earth [de Smet et al., 2000] and
for the first time to Mars by van den Berg et al. [1999].

The PDEs are solved on a FE-grid with a vertical spatial
resolution of 25 and 60 km in the upper and lower half of
the mantle, respectively, and a constant horizontal spatial
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resolution of 40 km. The extended- oussinesq approxima-
tion [C ristensen and  en, 1985] is used. A zero heatflux
boundary condition is applied at the CM as an approxi-
mation of secular cooling in the presence of internal radio-
genic heating. The depletion of the partially molten mantle
in radioactive elements is not taken into account, and melt
migration is not included in our numerical model. It is as-
sumed, that melt is instantaneously extracted, however, the
strongly cooling latent heat effect of the melting process is
modelled by a difference in entropy of 250 (kg ) [de
Smet et al., 2000]. Modeling melt migration would intro-
duce extra terms in the energy equation [ ame ama et al.,
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ab . List of the models. Symbols are explained in the
text.
model k T
M1 k(T, P) 1700
M2 k(T, P) 2000
M3 constant 1700

1996] and in the momentum equation [ ic ardson, 1998]. A
ma or part of the basaltic melt is likely to underplate the
thickening lithosphere during planetary evolution. Under-
plated basalt may transform to eclogite [Hacker, 1996] and
be recycled into the mantle, possibly forming a distinct layer
at the CM . These approximations and the restriction to 2D
are also ustified by the need of fast numerical methods al-
lowing us to model a “complete” planetary evolution over a
period of 4.5 Ga. Until recently this time consuming task
could only be accomplished by 1D parameterized convection
[S 0o n and Bre er, 1993].

A definition of the models in terms of the parameters
varied thermal conductivity k£ and initial temperature con-
trast 7 across the mantle 1is given in Table 1. We will
first examine model M1, which has the greatest variability in
surface heatflow, promoted by the non-linear feedback be-
tween temperature 7" and temperature-dependent thermal
conductivity k(7 P) | et et al., 2000]. Then we will
compare this model to contrasting cases with higher initial
temperature 7T or constant k.

All convection models are initialized by a purely depth
dependent temperature with an error function profile corre-
sponding to a 100 Ma old lithosphere. The sublithospheric
temperature gradient is zero, and the potential mantle tem-
perature is given by T plus the surface temperature of 273

. A cold Gaussian-shaped perturbation is superposed in
the center of the top surface, initializing convection, cooling
the model from the top down. Mantle temperature initially
exceeds the solidus 7, triggering partial melting and the for-
mation of a depleted layer. A 400 to 700 km thick depleted
layer is well established after around 500 Ma in all models.
This low density layer is gravitationally stable on geologi-
cally very long time scales in the order of several Ga. Due to
our choice of a depth dependent viscosity, the depleted layer
is sub ect to internal convection and overall mantle convec-
tion is layered. This layering is occasionally disturbed by
hot upwellings of pristine mantle material (Fig. 1) penetrat-
ing into the depleted layer (Fig. 2). These hot upwellings
occur on time scales of some 100 Ma in model M1, and no-
tably reoccur in almost the same location around 500
km.

This reoccurrence can be explained by the variation of the
thermal conductivity k(T, P) (Fig. 1b, e), which shows a dis-
tinct minimum where the hot upwelling plume intrudes the
depleted layer (Fig. 1a), and has the potential of keeping this
location significantly hotter than the surrounding on time
scales of several 100 Ma (Fig. 1d). Elevated temperatures in
the depleted layer enforce a low k(7T P), which increases the
local Rayleigh number and therefore promotes the reoccur-
rence of thermal instabilities. This positive feedback mech-
anism is exerting a focussing effect on hot upwellings. These
frequent and focussed hot plumes periodically increase the
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surface heatflow (Fig. 3a, model M1) and result in further
compositional differentiation by partial melting (Fig. 1c, f).
In all models the surface heatflow is largest during the ini-
tial period when the depleted layer is forming (  500Ma).
Periodic undulations of the slightly increased surface heat-
flow at 4 Ga are correlated with well established convection
in the depleted layer (Fig. 3).

Next we compare the results of model M1 with results of
the similar model M2, characterized by a 300  higher ini-
tial CM temperature. Now the initial mantle temperature
is much closer to the liquidus T, triggering rapid formation
of a much thicker (700 km) depleted layer. The degree
of depletion is also higher, reducing the compositional den-
sity. Hot plumes can enter the layer from below until about
1.5 Ga, further increasing the degree of depletion, hence re-
ducing the layer’s compositional density. These plumes are
“fixed” in their location by the above described high-T" low-
k(T, P) feedback mechanism. ut then, from about 1.5 Ga
on, the sublithospheric degree of depletion has become too
high for hot plumes to penetrate from below by virtue of its
low compositional density. Therefore, the surface heatflow
is clearly reduced in model M2 for times 15 Ga (Fig. 3b)
compared to model M1.

Finally we compare the above results with results of the
similar model M3 with constant thermal conductivity &k (Ta-
ble 1). Two hot plumes enter the depleted layer at 1 and 2
Ga, but at a distance of 800 km (Fig. 3c), because there is
no focussing effect active in the constant k case.

i cu ion and Conclu ion

Hot upwellings into the depleted layer occur remarkably
often in almost the same location due to a focussing effect
of mantle “hotspots”. This is due to a “thermal memory” of
the sluggishly convecting depleted layer, where an elevated
temperature correlates with a relative minimum in the ther-
mal conductivity k(T, P). This high-T" low-k(T, P) positive
feedback mechanism can be suppressed by the stratifying
effect of a highly depleted layer by virtue of its low density.
It is simply absent in models using a constant thermal con-
ductivity. Magma solitons may provide further localization
of volcanic activity at shallow depth [Scott and Ste enson,
1984].

The low k(T, P) can preserve high temperatures over long
periods in the order of several 100 Ma and trigger future
hot upwellings. The 100 Ma timescale is in accordance with
volcanic episodicity derived from likely magma supply rates
of the large Tharsis volcanos [ Wilson et al., 2001]. Localized
periodic hot upwellings are therefore a likely explanation of
the old age and longevity of volcanism in the Tharsis region.

Periodic tectonic activity, which peaked early and then
decreased, is proposed for the Syria Planum region, a highly
elevated part of Tharsis. That surface deformation im-
plies that the mechanical properties of the lithosphere did
not significantly change with progressing age [ nderson
et al., 2001]. This is consistent with our results, where (A)
the lithosphere or depleted layer forms early and does not
undergo further significant alteration; and where ( ) hot
plumes periodically cause magmatic events by intruding the
depleted layer with slowly decreasing vigor, but persistently
in the same location due to a “thermal memory” effect.

The effect of the low density depleted layer is to inhibit
whole mantle convection. This affects the mode of convec-
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tion certainly much more than deep mantle phase transi-
tions do [Bre er et al., 1997], which were previously used
to explain Martian volcanism. The apparent misfit between
Martian topography and geoid in models of purely thermal
convection [Harder, 2000], are the reason, why features like
the long-lived volcanism in the Tharsis region are nowadays
no longer explained by deep rooted mantle plumes [P illi s
et al., 2001] but by considering a depleted layer. The Mar-
tian mantle may have the tendency to convect in the 1
mode [Harder and C ristensen, 1996; Harder, 2000], and our
models suggest, that this is likely due to the non-linear ther-
mochemical interactions described above, however, plumes
coming from deep mantle phase transitions would further
enhance the observed instabilities.
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and an anonymous revie er for providing us ith very construc-
tive revie s, hich helped to clarify our vie points.
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