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Abstract

The two main volcanic centers on Mars, Tharsis and Elysium, are often interpreted in terms of mantle plume hotspots, even though there are
several problems with the plume hypothesis for Mars. We present results of 2D cylindrical shell numerical mantle convection experiments in
which we try to ascertain whether flushing of the hot lower mantle could provide a mechanism for the generation of a small number of plume-like
features, i.e., localized upwelling of hot material. In this scenario the formation of hot upwellings is driven from the top by cold downwellings
rather than from a hot thermal boundary layer at the CMB. First we construct a range of Mars interior structure models consistent with observations
in order to demonstrate that the presence of a thin lower mantle in the martian interior is a viable scenario. Then we use a series of numerical
convection experiments to investigate the effects of solid-state phase transitions, different stratified and temperature-dependent viscosity models,
and the presence of a thick southern hemisphere crust on the operation of such a mechanism. Our results show that it is possible to generate hot
strong localized upwellings from top-down dynamics if the lithosphere is thin or actively involved in the convective pattern. The presence of a
thick, immobile, insulating southern hemisphere crust reduces the number of upwellings, and the perovskite phase transition causes a focusing of
the upwellings. Further experiments demonstrate that an initial 500 Myr phase of mobile lid is sufficient to start this process create an upwelling
which is stable for billions of years.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction Just like hotspots on Earth are often (though not undis-
putedly; see, e.g., Anderson et al.,1992; Anderson, 2002) in-
terpreted in terms of mantle plumes, these martian volcanic
centers have also been interpreted as resulting from hot up-
wellings from the martian core-mantle boundary (e.g., Zuber,
2001; Kiefer, 2003). However, ever since the earliest numerical
simulations of mantle convection in the martian mantle (e.g.,
Schubert et al., 1990), it has been clear that to produce only
two mantle plumes in the martian mantle is not trivial.

Several explanations for the apparently small number of
martian mantle plumes have been proposed. Breuer et al.
(1997) investigated the effect of exothermic phase transitions
on plumes in the martian mantle. They found that the consump-
tion and release of latent heat have a much stronger impact
than in the Earth because of the lower adiabatic gradient, which
results in intermittent permeability of the phase transition, re-

Though many small volcanoes are scattered over the surface
of Mars, two volcanic centers distinguish themselves from the
rest by their size and long-term activity up until recent times:
Tharsis and Elysium. In the Tharsis region, most volcanic ac-
tivity took place during the Noachian and Hesperian periods
(Dohm and Tanaka, 1999). However, evidence for recent activ-
ity (up to 40—100 Myr) on several Tharsis volcanoes was found
as well (Hartmann et al., 1999; Neukum et al., 2004). Activity
in the Elysium region was also found to have taken place over
a several billion year period (Neukum et al., 2004).

* Corresponding author. Present address: Institute of Geosciences, Utrecht
University, P.O. Box 80.021, 3508 TA Utrecht, The Netherlands.

E-mail addresses: thienen@geo.uu.nl (P. van Thienen), rivoldini @oma.be
(A. Rivoldini), tim.vanhoolst@oma.be (T. Van Hoolst),
lognonne @ipgp.jussieu.fr (Ph. Lognonné).

0019-1035/$ — see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.icarus.2006.06.008

ducing the number of penetrating plumes. The presence of an
endothermic phase transition in the deep martian mantle, the
equivalent of the 670 km discontinuity in the Earth’s mantle,
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may have a significant influence on the mantle dynamics. Nu-
merical experiments in 2D by Weinstein (1995) show that the
presence of an endothermic phase transition close to the CMB
may trap the thermal boundary layer and allow only a sin-
gle plume to penetrate the transition. Harder and Christensen
(1995) and Harder (1998) showed in 3D convection models
that the presence of such a transition may reduce the number
of plumes to about 2, consistent with the interpretation that
Tharsis and Elysium are plume-related features. However, the
time scale on which this convection pattern develops is much
too long, about 8 Gyr. Harder (1998) ascribes this to the ab-
sence of decay of heat sources in the model. The presence
of an endothermic phase transition in the deep martian man-
tle, however, depends on whether the mantle is deep enough,
i.e., the size of the martian core. There is still much uncer-
tainty about this number, with estimates ranging from less
than 1300 km to more than 1700 km (Folkner et al., 1997;
Yoder et al., 2003). For a core size less than about 1550 km, the
presence of the endothermic phase transition may be expected
(Bertka and Fei, 1998). The presence of this phase transition
will be investigated and discussed in more detail below.

Classically plumes are thought to be formed at a thermal
boundary layer, usually at the core mantle boundary (Cserepes
and Yuen, 2000) [though the models of Harder (1998) re-
quire only a small amount of bottom heating to show the
two plume characteristic mode of convection]. The presence
of such a TBL during the earliest phases of Mars’s evolution
implies that the core was initially superheated, though at the
moment this remains speculation (Breuer and Spohn, 2003;
Williams and Nimmo, 2004). The apparent presence of a strong
magnetic field during the first 0.5 Gyr of Mars’ history (Acufia
et al., 1999) suggests a strong thermal gradient across the CMB
during this period. However, this does not necessarily corre-
spond to conditions favorable for plume formation, but may
also be caused by the presence of cold material on the CMB,
either subducted lithosphere (Nimmo and Stevenson, 2000) or
a mantle overturned due to chemical differentiation in a magma
ocean (Elkins-Tanton et al., 2003). The absence of a magnetic
field after this initial period suggests a relatively small heat flux
out of the core, i.e., a reduced temperature contrast between
core and mantle.

Wenzel et al. (2004) investigated the convective patterns of
a layered martian mantle (which could result from differentia-
tion during an early magma ocean phase; Righter et al., 1998;
Kiefer, 2003) and the dichotomy. They use analog experiments
to demonstrate than in such a layered system, in which the bot-
tom of the upper layer is heated by the lower layer, upwellings
form early, are focused under the southern highlands, and may
persist for very long times, consistent with observations.

An external rather than an internal origin of Tharsis has been
suggested by Reese et al. (2004), who investigated the possi-
bility of impact-induced mantle plumes. They found that the
impact of bolides on the order of 500-1000 km may produce
localized melting events. The calculated melt volumes do a
good job of matching those observed at Tharsis, but this model
fails to explain (though this was not the focus of the study)
the fact that volcanism at Tharsis spans a period of several bil-

lions years (Dohm and Tanaka, 1999; Hartmann et al., 1999;
Neukum et al., 2004).

An explanation for the recent volcanic activity of Tharsis
which does not involve plumes or upwellings was proposed by
Schumacher and Breuer (2006). They calculated that the lower
thermal conductivity of the thick Tharsis crust may cause a
blanketing effect and allow (a larger degree of) partial melting
underneath this region, removing the need for a hot upwelling.

In this paper, we present an alternative endogenic model
for the formation of a small number of strong, stable, hot up-
wellings in the martian mantle, which does not depend on the
long-term presence of a thermal boundary layer at the core man-
tle boundary. We investigate, by using numerical experiments,
under which conditions the flushing of the lower mantle (if
an endothermic phase transition is present) is capable of gen-
erating a small number (1 or 2) focused hot upwellings. To
make sure we are studying this effect only, bottom heating is
explicitly excluded. We look at the effects of the dichotomy,
phase transitions, and the viscosity model on the operation
of this process. First we discuss the evolution of the thermal
state of Mars, and the possibility of forming plume-like fea-
tures without a thermal boundary layer. Then we investigate
to what extent presently available data allow the presence of a
perovskite layer, and we continue to present our numerical con-
vection model and its results. It is not our intention to present
this process as a unique mechanism which rules out the (simul-
taneous) operation of any other process like hot TBL plumes.
However, we will argue that in the case of Mars, this process
may be important for understanding how the planet works.

2. Mars’ thermal state and its evolution

It is generally assumed (e.g., Righter et al., 1998; Elkins-
Tanton et al., 2003) that Mars had a magma ocean during its
earliest history although numerical models by Senchu et al.
(2002) suggest this may not have been the case at all. In sce-
narios which do include a magma ocean, cooling from the top
results in a shift of the lower boundary of the magma ocean
to shallower levels (Abe, 1997; Solomatov, 2000). As dT/dp
of the solidus is greater than the adiabatic gradient, the mantle
which solidifies below the magma ocean will be convectively
instable and convect toward an adiabatic gradient [similar to
the argument of Solomatov (2000) for Earth’s late stage ac-
cretion geotherm]. As soon as the magma ocean has disap-
peared [Abe (1997) has calculated that for Earth, this may take
100-200 Myr, but for Mars it will probably be less], cold down-
wellings from either the bottom of the lithosphere (stagnant lid
regime) or from the surface (active surface tectonics) can sink
into the deeper mantle, increasing temperature variations and
therefore the vigor of convection.

Evidence from martian meteorites indicates that the martian
core was probably formed very rapidly, within 20 Myr of Solar
System formation (Halliday et al., 2001). The question of the
initial thermal structure of the martian mantle is closely con-
nected to the question of initial superheating of the core, which
is expected (e.g., Williams and Nimmo, 2004) but has not yet
been demonstrated.
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Fig. 1. Two scenarios for the initiation of mantle dynamics after magma ocean
crystallization. (a) Core is initially not superheated. (b) Core is initially super-
heated relative to the mantle. The corresponding areotherms are shown in (c)
and (d). Passive upwelling driven by active downwelling is unfocused in the ab-
sence of a mantle phase transition (e), but may be focused if this transition is
present (f).

In the magma ocean free scenario of Senchu et al. (2002),
initially a three-layer planet is formed, containing a cold, undif-
ferentiated core, a layer of liquid metal capable of producing a
dynamo, and a hot differentiated outer silicate layer. Since this
configuration is gravitationally unstable, an overturn must take
place which results in the formation of a metallic core. Senchu
et al. (2002) predict that this process may take 0.5-1 Gyr. It ap-
pears likely that in this scenario the core (originally a hot liquid
metal layer) ends up being superheated relative to the mantle
(mixture of hot silicate outer layer and undifferentiated interior)
after this overturn process.

This leads to two possible scenarios for the initiation of dy-
namics in the solid martian mantle. In the first scenario, where
there is no initial temperature contrast between the core and the
mantle, large-scale dynamics are initiated from the top down
(Fig. la,c). In the second scenario (Fig. 1b,d), the martian
core is initially superheated, dynamics are initiated both top-
down (cool downwellings from the base of the lithosphere or
the lithosphere itself) and bottom-up (plumes from the thermal
boundary layer at the CMB).

Obviously these two scenario’s present simplifications. The
freezing of the magma ocean is not a sudden event, and chemi-
cal differentiation during the cooling of the magma ocean may
produce an unstable density stratification which could result in
a mantle overturn (Elkins-Tanton et al., 2003). Whereas the for-
mer point may not present too much of a problem for these
scenario’s, the latter would possibly invalidate them completely,
so we need to keep this in mind.

At this moment it is not clear which of the scenarios is
preferable. In this paper, the models investigated correspond to
the first scenario, without initial core superheating, in terms of

the resulting dynamics. However, Mars cooling models suggest
that an initially superheated core is likely to cool to near-mantle
temperatures in some hundreds of millions of years (Breuer and
Spohn, 2003), probably long before the start of large-scale mag-
matic activity at Tharsis. Therefore, our results may also be
representative for the second scenario after an initial phase in
which the core was superheated.

As mentioned in the Introduction, the presence of a mag-
netic field during the first 500 Myr and its absence afterwards
suggest a strong temperature contrast between core and man-
tle during this initial period and a reduced contrast after. The
initially strong contrast can be explained either by an initially
superheated core or by the positioning of cold material from the
surface close to the core mantle boundary. It’s reduction later
on suggests that bottom-up dynamics such as plumes from a
thermal boundary layer may not have been so important during
most of the planet’s history. The parametric models of Breuer
and Spohn (2003) show a CMB heat flow between —5 (into
the core) and +5 mW m~2 for most of their scenarios, even in
cases with an initial temperature difference of 250 K between
core and mantle (see their Figs. 7 and 9). The thermal evolu-
tion models of Nimmo and Stevenson (2000) show similarly
low heat fluxes at the CMB, which may be negative (i.e., into
the core) for significant portions of the evolution, specifically
when an initial period of plate tectonics is modeled. Therefore,
the TBL plume interpretation does not appear to be consistent
with several Gyr of volcanic activity in Tharsis and Elysium.

3. Hot upwellings without a thermal boundary layer

Several studies, applied to the Earth, have shown that the
presence of an endothermic phase transition may result in (par-
tially) layered convection (e.g., Christensen and Yuen, 1985).
The piling up of cold downwelling material on the phase tran-
sition may force a sudden breakthrough or ‘avalanche’ of this
cold material (Machetel and Weber, 1991; Tackley et al., 1993).
As a counterflux, hot lower mantle material flows into the up-
per mantle. In their models, these events are generally quite
catastrophic. Cserepes and Yuen (2000) suggested that this
process may also take place on a smaller scale, resulting in
plume-like features (in the sense of hot mushroom-shaped man-
tle diapirs) which do not originate from a thermal boundary
layer. Similar features were also observed in thermo-chemical
mantle convection models applied to the early Earth of Van
Thienen et al. (2004a). In this scenario, the phase transition
causes focusing the upwards counterflow to the downwellings
(Fig. le,f). We propose this type of features may be responsible
for the formation of Tharsis and Elysium.

4. Does Mars have a perovskite lower mantle?

A perovskite lower mantle in Mars only exists if the pressure
and temperature in the mantle increase to values high enough
for the phase transition to perovskite to take place. Both the
temperature profile in the mantle (Breuer and Spohn, 2003) and
the experimental determination of the temperature of the phase
transition as a function of pressure are uncertain by a few 100 K
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(Figs. 2 and 3). To verify whether, given these uncertainties, the
phase transition to perovskite can occur in the martian man-
tle, we have constructed Mars interior structure models that
satisfy recent geophysical data and mantle temperature profiles
resulting from thermal evolution models. In particular, the mean
planetary density, obtained from the planet’s mass and size, the
polar moment of inertia C (Yoder et al., 2003) and the tidal
Love number k; (Yoder et al., 2003) give important constraints
on the interior structure of a planet, if a given mantle thermal
state and a bulk composition is specified.

To determine the interior structure models we followed the
method developed by Rivoldini et al. (in preparation). The mod-
els have three chemically homogeneous reservoirs: the crust,
the mantle (with possible phase transitions) and the core. The
mantle composition modeling used is described in Verhoeven
et al. (2005). Here we consider two mantle mineralogy com-
positions: the model of Bertka and Fei (1997) derived from
Dreibus and Wanke’s (1985) study of SNC meteorites and the

d [km]
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1750 2000 2250 2500 2750 3000 3250
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Fig. 2. Mars mantle areotherms used for the construction of Mars interior mod-
els.
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model EH45 from Sanloup et al. (1999). Further, we con-
sider two temperature profiles corresponding to plausible end-
members of thermal evolution models from Breuer and Spohn
(2003). The hot temperature profile implies less dense mantles,
larger cores and lower pressures at the core mantle bound-
ary, whereas the models with the colder areotherm have denser
mantles, smaller cores and higher pressures at the core man-
tle boundary. The bulk core is assumed to be composed of Fe,
Ni (7.6 wt%) and S. It is widely assumed (Longhi et al., 1992)
that the core sulfur content x; is about 14 wt%. In our mod-
eling we allow for 10 wt% < x; < 17 wt%, a range enclosing
the value of 14.2 wt% derived by Dreibus and Wanke (1985).
The core is made of y-Fe, Ni and FeS V. The assemblage
is brought to Mars core (P, T) conditions by means of the
Birch—-Murnaghan equation of state (Sohl and Spohn, 1997).
To account for the liquid phase, the computed density values
at (P, T) are decreased by about 2%. The spherically sym-
metric models are constrained by the radius, the mass, and
the mean moment of inertia /. The moment of inertia factor
I/MR? =0.363540.0012 is computed from the polar moment
of inertia C and the accurately known gravity coefficient Jo,
and includes a correction for the Tharsis rise (Sohl et al., 2005).

The pressure and temperature conditions at the core mantle
boundary of our models are close to the phase transition val-
ues (Fig. 3). Because sufficiently large pressures are needed for
the perovskite phase transition to take place, it could be ex-
pected that mainly the colder models, with larger core mantle
boundary pressures, could have this phase transition. However,
most experimental data on the perovskite phase transition show
that the transition for higher temperatures occur at lower pres-
sures, and both hot and cold models with a perovskite layer
are possible. Fig. 4 shows the same results, plotted in k>—Pcmp
space. Models that satisfy the estimates of the tidal Love num-
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Fig. 3. Position of perovskite phase transition according to several authors superposed on the core pressure and temperature domains of the cold (dark grey) and hot
(light grey) mantle interior models lying within the range of the moment of inertia uncertainties. Models which have a sulfur concentration of about 14 wt% S in the
core are represented by the shaded area, models that lie within the uncertainties of the latest k» estimates are represented by the black shaded area.
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ber k» = 0.153 & 0.017 (Yoder et al., 2003) can only have a
perovskite layer if the phase transition occurs at the lower end
of the experimental data for the pressures at the phase transition
(Fig. 3). Considering the error bounds, this value is marginally
consistent with geochemistry, as all acceptable models with a
core sulfur content between 10 and 17 wt% in Fig. 4 corre-
spond to k values between 0.11 and 0.145. Most more recent
computations range between Yoder’s value and a significantly
lower value around 0.10, as is illustrated in Fig. 5.

5. Numerical convection model

In order to test the plausibility of our hypothesis, we apply
a 2D cylindrical shell convection code, based on the finite ele-
ment package SEPRAN (Segal and Praagman, 2002). Infinite
Prandtl number is assumed, allowing us to disregard inertial
terms. The governing equations, taking into account conser-
vation of energy, momentum, and mass, are considered in the
framework of the extended Boussinesq approximation. The cor-

responding (non-dimensionalized) expressions are:
oT

9t +uj8jT —Di(T + T())w

30 T+Diq>+z Rot et + 1y 3% 4+ rE. (1)
=0;0; — —Di —_— ,
I Ra P Ve Ra 0 dt

ajrij—BiAp—(RaT—ZRbka)zo, )
k

8juj=0. (3)

The thermal and phase Rayleigh numbers Ra and Rby (for
phase transition k) representing the driving force of convection
are defined as

ATH?
o= PogaATH @
oK
and
S,Okh3
Rb; = ok ®))
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Table 1
Symbols of the energy, momentum, and continuity Egs. (1)-(3)
Symbol Property Definition Value/unit
cp Heat capacity at constant pressure 12507 lq,f1 K-!
Di Dissipation number D‘Cﬂ
P
ejj Strainrate tensor djuj + dju; s
g Acceleration due to gravity 3.71 ms—2
h Length scale 1900 x 103 m
H Radiogenic heat production Wm—3
)4 Pressure Pa
Ap Dynamic pressure perturbation P — pogz Pa
2
R Internal heating number pof;’f: T
5

Ray Internal heating Rayleigh number %
t Time s
T Temperature °C

imensional surfz . 273
To Non-dimensional surface temperature v
AT Temperature scale 1600°C
u Velocity ms~!
w Vertical velocity ms™!
z Depth m
o Thermal expansion coefficient 3x 1079 K!
Yk Clapeyron slope ﬂ—P PaK~!
I Phase function % 1 + sin(r #))
8p Phase density difference kg m—3
n Viscosity Pas
K Thermal diffusivity 1070 mZs~!
£0 Reference density 3416 kg m—3
Tjj Deviatoric stress tensor ne;j Pa
(2] Viscous dissipation neZ Wm3

For the definitions of the other symbols, see Table 1. The
convection is driven by internal heating, which decays with a
halflife of 2 Gyr. Therefore, a suitable Rayleigh number to char-
acterize the system is

_ pogaHR

Ray (6)

knok
5.1. The dichotomy and lower mantle thickness

On Earth, the presence of a supercontinent may cause an
accumulation of heat in the underlying mantle, thus influenc-
ing the dynamical and magmatic evolution of the planet (e.g.,
Yoshida et al., 1999). As the martian dichotomy shows a sim-
ilarly striking difference in crustal thickness as Earth’s dis-
tinction between continental and oceanic crust, and the thick
southern hemisphere crust covers approximately half of the
planet’s surface, the dichotomy may be an important factor
for the dynamics of the martian mantle. It is thought to have
been formed very early in Mars’ history (Frey et al., 2002;
Solomon et al., 2005), so we assume it to be present at the
start of our model calculations. It is included in a simple way in
many of the models by prescribing a 100 km crust with an in-
creased internal heating rate on the southern hemisphere. The
bulk silicate Mars heating rate is assumed to be 4 times chon-
dritic (2 x 101! Wkg_l) at the start of the calculations, with a
20-fold concentration in the crust relative to the mantle. This

results in all heat production being approximately equally par-
titioned between the two reservoirs, which is consistent with
geochemical modeling suggesting that half of Mars’ Nd budget
resides in the crust (Norman, 1999).

As discussed above, the size of the martian core is still fairly
ill constrained, but if present the lower mantle will not be thick.
In our experiments, we apply a core size of 1497 km (corre-
sponding to a 1900 km deep mantle), which, combined with
the phase transition model described below, results in an initial
lower mantle thickness of slightly less than 150 km.

5.2. Viscosity models and phase transitions

In two series of experiments, we first apply simple strati-
fied models, and then add temperature and depth dependence
of the viscosity. As the composition of the Earth’s and the mar-
tian mantle are though to be rather similar (though the martian
mantle is more iron-rich; Bertka and Fei, 1998), we assume its
rheology to be similar as well. Glacial rebound studies (e.g.,
Lambeck et al., 1998) have suggested that the Earth’s lower
mantle is more than an order of magnitude stronger than the
upper mantle. On the other hand, a recent theoretical model by
Walzer et al. (2004) predicts a transition zone which is stronger
than the upper mantle and the uppermost lower mantle. In case
the lower mantle is hotter than the transition zone, a viscosity
inversion may be expected. When assuming the lower mantle
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Table 2
Parameter values used for the temperature and pressure dependent viscosity
model, Eq. (7), based on Karato and Wu (1993)

Symbol Property Value

B Prefactor 2.60 x 1010 Pas

E Activation energy 300 kI mol !

\%4 Activation volume 6 x 107 m3 mol~!
R Gas constant 8.341 Imol~! K~!

to be stronger than the upper mantle because of the differ-
ent mineralogy, these effects may cancel out and the situation
is approximated by an isoviscous model. When one assumes
that the rheology of the transition zone and the lower mantle
are similar, a temperature contrast results in a negative viscos-
ity contrast, which is best represented by the strong transition
zone model. We apply these results in our models in a simple
manner by prescribing a viscosity prefactor with a value of 10
for either the transition zone or the lower mantle. As we as-
sume these rheological transitions are associated with the phase
transitions, described below, this prefactor is multiplied by the
phase function I. This simple approximation reduces the re-
quired computation time relative to a fully temperature and
pressure dependent rheology, allowing us to do a large num-
ber of numerical experiments and vary different parameters. To
verify the results of the first series of experiments, we also con-
sider the temperature and pressure dependence of the viscosity
in some additional model runs, assuming diffusion creep to be
dominant and ignoring dislocation creep. Following Karato and
Wu (1993), we use the expression:

I, M)Bexp| 222V 7
n=JsUn,1z) eXp[ RT } (7
Parameter values are listed in Table 2, assuming the values of
Karato and Wu (1993) for a dry mantle.

In order to allow some kind of active surface tectonics to
take place, we also run some experiments with temperature and
pressure dependent viscosity in which the lithosphere of the
northern hemisphere has a prescribed low viscosity, as an ap-
proximation of yielding behavior.

Additionally, in models where a thick southern hemisphere
crust is included, the viscosity of this crust is prescribed
(103 - o) to prevent it from being swept away by the convect-
ing mantle. The thickness of this crust corresponds quite well
to the estimated thickness of the thermal lithosphere in early
Mars (about 100 km; Hauck and Phillips, 2002) and therefore
in the early Mars experiments, the crust and lithosphere are
considered to be a single entity. The absence of a mechanical
lithosphere on the northern hemisphere is an approximation to
active surface tectonics.

Two solid state phase transitions are considered in our mod-
els. The first is the exothermic olivine—spinel transition, cor-
responding to the 400 km discontinuity in the Earth’s mantle.
We assume a commonly used value for the Clapeyron slope
of +3 x 10° PaK~! (Helffrich and Wood, 2001). The second
transition taken into consideration is the y-spinel-perovskite
transition, representing the boundary between the upper and

the lower mantle. The canonical value for the Clapeyron slope
of this transition is about —3 x 10° PaK~! (e.g., Irifune et al,
1998; Hirose, 2002), but recent work by Katsura et al. (2003)
suggests that the actual slope may be significantly less. There-
fore, next to the classical value of —3 x 10° PaK~!, we also
apply a value of —1 x 10® PaK~!.

The temperature of the martian mantle can be expected to
vary by some hundreds of Kelvin during its evolution. For the
Clapeyron slopes which are applied, this results in a upward
(heating) or downward (cooling) movement of the perovskite
phase transition on the order of 8—24 km per 100 K.

5.3. Discretization and boundary conditions

Equations (1)—(3) are solved on a 360° 2D cylindrical shell
mesh of about 10* quadratic triangular elements (subdivided
into linear elements for the energy equation). In the experi-
ments, mesh refining is applied in the bottom ~300 km, result-
ing in a nodal point spacing of about 50 km in the upper mantle
(35 km in additional resolution tests) and 25 km in the mesh
refinement zone.

A second-order predictor—corrector scheme (Van den Berg
et al., 1993) is used to integrate the energy equation in time.
Particle tracers are used to prescribe the position of the southern
hemisphere crust, and to monitor the advection of material from
the deep mantle.

In order to purely study the effect of lower mantle flush-
ing, an insulated lower boundary is prescribed to prevent the
generation of plumes from a thermal boundary layer. The up-
per boundary has a fixed temperature of 0 °C. In the southern
hemisphere crust models, no slip is prescribed for the south-
ern hemisphere. The northern hemisphere boundary has either
a free slip or a no slip condition, representing a plate tectonics
like regime and a lower crust delamination regime, respectively,
as alternatives for an active lid regime.

In the other models, free slip is prescribed on the entire top
boundary.

6. Results

First we present a series of numerical experiments with a
simple layered viscosity structure, which are used to determine
the effects of viscosity stratification, mantle phase transitions,
and the dichotomy on the passive formation of plume-like fea-
tures (Section 6.1). The results of models with a temperature
and pressure dependent rheology will be presented in Sec-
tion 6.2.

6.1. Purely stratified viscosity models

The model experiments which were conducted with a purely
layered viscosity model are listed in Tables 3 and 4. The re-
sulting dynamics are summarized in these tables as well. The
most important observation which can be distilled from Ta-
bles 3 and 4 is that an insulating raft on the southern hemisphere
reduces the number of upwellings. The raft has a double func-
tion. Its increased internal heating rate and high viscosity cause
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Table 3

Model experiments with distinguishing parameters and resulting upwelling characteristics

Model parameters Results

Run Ray s.h. Mech. %) Viscosity # Initiation Notes Figure
raft b.c. (MPaK™ 1 ) model upwel. time (Myr)

0.1 1.1x 108 - fs - iso 6 100 Fig. 6a,b

0.3 1.1x 108 Vi fs - iso 2 <200! Fig. 6¢,d

1.1 L1x108 - fs -1 iso 4-6 50-100 +

1.2 L1x108 - fs -1 LM 5 50-200

1.3 1.1x 108 - fs -1 TZ 4-6 50-100 +

1.4 1.1x108 - fs -3 iso 4-6 50-100 Fig. 6e,f

1.5 1.1x108 - fs -3 LM 4-5 50-250

1.6 1.1x 108 - fs -3 TZ 4 50-100 +

3.1 1.1x 107 - fs -1 LM 3-5 500

3.2 1.1x 107 - fs -1 TZ 4-5 500 +

33 1.1x 107 - fs -3 LM 3-5 500

3.4 1.1x 107 - fs -3 TZ 4-6 500 +

Notes. “s.h. raft” refers to the presence of a thick crust on the southern hemisphere. “Mech. b.c.” refers to the type of mechanical boundary conditions (either free-slip
or no-slip) on the outer boundary, or in the presence of a southern hemisphere raft, on the northern outer boundary only (the southern outer boundary always being
no-slip in this case). In the viscosity model column, iso, LM, and TZ indicate experiments with a uniform viscosity, with a strong lower mantle, and with a strong
transition zone, respectively. “# upwel.” refers to the number of hot upwellings from the deep mantle produced simultaneously in the numerical experiment. The
initiation time is defined here as the time required to develop full mantle scale upwellings from the lower mantle, as indicated by tracers in Figs. 6—8. The following
symbols are used in the notes column of this and the next tables: + upwellings at right angles; NS northern hemisphere downwellings sweep hot material under

southern hemisphere raft together to eventually form single upwelling.
1 Total life span of focused upwelling activity.

Table 4

Model experiments with distinguishing parameters and resulting upwelling characteristics

Model parameters Results

Run Ray s.h. Mech. %) Viscosity # Initiation Notes Figure
raft b.c. (MPa K_l) model upwel. time (Myr)

5.1 1.1x 108 Vv fs -1 iso 1-2 100

52 1.1x 108 Vv fs -1 LM 1 100-200 NS

5.3 1.1x 108 V fs —1 TZ 1-2 100 NS

5.4 1.1x 108 Vi fs -3 iso 1-2 100 Fig. 6g,h

5.5 1.1x 108 Vi fs -3 LM 1 100-200 NS

5.6 1.1x 108 Vi fs -3 TZ 2-3 100 NS

7.1 1.1x 107 Vi fs —1 LM 1 700-800 NS

72 1.1x 107 Vi fs —1 TZ 41 500 NS

7.3 1.1x 107 NG fs -3 LM 1 700-800 NS

7.4 1.1x 107 Vv fs -3 TZ 41 500 NS

9.1 1.1x 107 Vv ns -1 iso 1-2 1300 NS Fig. 7a,b

9.2 1.1x 107 Vv ns -1 LM 1 1300 NS Fig. 7e.f

9.3 1.1x 107 NG ns -1 TZ 452 1100 NS Fig. 7c,d

9.4 1.1x 107 Vi ns -3 iso 1 1300 NS

9.5 1.1x 107 Vv ns -3 LM 1 1300 NS

9.6 1.1x 107 Vi ns -3 TZ 42 1100 NS

9.2b! 1.1x 107 Vv ns -1 LM 1-2

9.2.1 1.1x 109 Vi ns —1 LM 1 >1500

922 1.1x 108 Vi ns —1 LM 1 250 NS

923 1.1x10° Vv ns -1 LM 1 <50 NS

Note. See notes of Table 3 for further explanations.

I Continuation of experiment 9.2 at 500 Myr, with introduction of strong northern hemisphere crust.

a thermal blanketing effect which reduces the temperature con-
trast over the convecting mantle. And its mechanical coherency
prevents cold downwellings from the surface to be formed. In
most of the experiments with a southern hemisphere raft, we
observe cold downwellings being formed in the northern hemi-
sphere mantle. They tend to push hot deep mantle material

towards the south, where they may form an upwelling. This
mechanism is indicated in the last column of Table 4 (NS). Ad-
ditional experiments have shown that when a strong lithosphere
is also prescribed on the northern hemisphere, even when it is
thinner than on the southern hemisphere, upwellings form un-
der both hemispheres.
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Fig. 6. Effects of phase transitions and a southern hemisphere raft on the convective pattern. Left frames show the deviation of the local temperature from the
laterally averaged temperature. Upper right frames show the viscosity (in this figure only showing the raft if present), and the lower right frames show the location
of tracers which were initially in the lower mantle. Two snapshots are shown for each of four different experiments, showing situations without phase transitions,
excluding (a, b) and including a southern hemisphere raft (c, d), and with phase transitions excluding (e, f) and including a southern hemisphere raft (g, h). The
results shown correspond to experiments from sets O (a, b, ¢, d), 1 (e, f), and 5 (g, h) in Table 3. The initial internal heating Rayleigh number is 1.1 x 108 in each
case.
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These results are illustrated in Fig. 6, which shows two snap-
shots for each of four numerical experiments with isoviscous
mantles. The first case (Fig. 6a,b), with no phase transitions and
no southern hemisphere raft, shows the formation of six more or
less equally spaced upwellings of about equal strength, having
cold downwellings in between. Adding a southern hemisphere
raft (Fig. 6¢,d) results in the generation of a single unfocused
upwelling under the raft, balancing focused cold downwellings
in the northern mantle. Fig. 6e,f (including phase transitions, no
southern hemisphere raft) shows a focusing of upwellings from
the deepest mantle. Their size is reduced relative to the numer-
ical experiment without phase transitions (frames a, b), and so
is the amount of material exchange between upper and lower
mantle. Contrary to the case with a southern hemisphere raft
and without phase transitions (frames c, d), the last case, which
has both a raft and phase transitions shows continued focused
upwelling in the southern mantle (frames g, h).

The time scales on which hot upwellings are formed strongly
depend on the Rayleigh number. This is illustrated by models
9.2 and 9.2.1-9.2.3 (Table 4), which are identical apart from the
Rayleigh number Ray. For Ray = 1.1 x 10°, no upwelling is
formed on a relevant timescale. For increasing values, the time
scale of upwelling formation rapidly decreases.

Another factor which appears to be important for the on-
set time of hot upwellings in our models is the mechanical
boundary condition on the top boundary of the northern hemi-
sphere. Comparison of equivalent models with free slip and no
slip conditions (Table 4, models 7.1-7.4 versus models 9.1-9.2,
9.4-9.5) shows a difference of 500-800 Myr. The free slip and
no slip models can be considered endmember cases of the active
lid regime, the first approximating plate tectonics in a simple
manner, and the latter being closer to crustal a delamination
regime.

Fig. 7 shows the effects of viscosity stratification on the for-
mation of a focused upwelling. Two snapshots of each of three
models (isoviscous mantle: a, b; strong transition zone: c, d;
strong lower mantle: e, f) demonstrate that viscosity stratifi-
cation somewhat modulates the convective pattern, but is not
a very important factor. Flushing of the lower mantle is more
rapid in the first two cases (a, b, c, d) because of the lower vis-
cosity in the lower mantle, but a truly focused upwelling takes
some time to develop in each case. After about 1.5 billion years,
one or two hot focused upwellings from the lower mantle are

visible in each of the three cases (b, d, f) underneath the south-
ern hemisphere raft.

6.2. Temperature and pressure dependent viscosity models

The relatively simple viscosity models applied in the pre-
vious section allow the running of a large number of numerical
experiments to explore parameter space. To verify their applica-
bility to Mars, we also did a number of experiments with more
realistic theology models (see Table 5). In the first of these,
a temperature and pressure dependent rheology was applied,
using expression (7). Two snapshots of the resulting tempera-
ture, flow field, viscosity and lower mantle tracers are shown in
Fig. 8a,b. This rheology model results in a stagnant lid regime
(Solomatov and Moresi, 1996). No strong cold downwellings
are produced, and passive upwellings from the deep mantle
are smaller, both in size and magnitude (by an order of mag-
nitude), and numerous. The application of a weak northern
hemisphere lithosphere (models 9.8-9.10), as an approxima-
tion to lithospheric yielding, however, does allow the formation
of strong, cold downwellings from the surface in an active lid
tectonic regime. Snapshots for model 9.8, exhibiting this spe-
cific regime, are shown in Fig. 8c,d. These frames show that the
resulting dynamic regime is similar to that of numerical exper-
iments with a simpler rheology model, as long as the southern
hemisphere raft and phase transitions are included (see Table 4).

6.3. Long term stability of focused upwellings

We have performed additional experiments with a southern
hemisphere raft, phase transitions, and a strong lower mantle,
in which a strong northern hemisphere crust was added after an
initial period of 500 Myr of active lid regime on the northern
hemisphere, resulting in a reduction of the thermal amplitude
of the cold downwellings generated here. Nevertheless, the ini-
tiation of downwellings in the northern hemisphere with a head
start relative to the southern hemisphere results in a convection
pattern which shows downwellings predominant in the northern
mantle and a single focused upwelling underneath the southern
hemisphere raft. This upwelling is stable for billions of years.

7. Discussion

We have presented an alternative mechanism for the genera-
tion and long term activity of large martian volcanic provinces

Table 5

Model experiments with temperature and pressure dependent rheology

Model parameters Results

Run Ray s.h. Mech. 2 Viscosity # Initiation Notes Figure
raft b.c. MPaK™ 1 ) model upwel. time (Myr)

9.7 1.1x 107 W ns -1 pT 4-5 1200 Fig. 8a,b

9.8 1.1x 107 Vi ns -1 pTw 41 400 NS Fig. 8¢,d

9.9 1.1x 107 Vi ns -1 pTw-LM 41 700 NS

9.10 1.1x 107 Vi ns -1 pTw-TZ 41 500 NS

Notes. The rheology indications pT and pTw indicate a purely temperature and pressure dependent rheology without and with a weak northern hemisphere
lithosphere, respectively. LM and TZ indicate an additional prefactor of 10 has been applied in the viscosity in the lower mantle and transition zone, respec-

tively. For other explanations, see notes of Table 3.
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Fig. 7. Effects of viscosity stratification on the formation of a focused upwelling. Two snapshots of each of three models (isoviscous mantle: a, b; strong transition
zone: ¢, d; strong lower mantle: e, ). For an explanation of figure setup and color scales, see the caption of Fig. 6. The results shown correspond to experiments
from set 9 in Table 3. The initial internal heating Rayleigh number is 1.1 x 107 in each case.

and their stability, involving the flushing of the lower mantle.
Three processes appear to be essential to the operation of this
mechanism:

(1) The dichotomy, with a thick and stable crust and lithosphere
on the southern hemisphere, and active lid tectonics on
the northern hemisphere, divides the mantle into an active
northern half and a more passive southern half.

(2) Cold downwellings generated in the northern hemisphere
active lid regime penetrate into the lower mantle and dis-
place hot material present there, which flows towards the
southern hemisphere.

(3) The perovskite phase transition focuses the passively up-
welling hot material into one or two upwellings.

These results are relatively insensitive to the Clapeyron slope
of the perovskite phase transition. This mechanism provides
a possible explanation for the early formation, stability, and
long lived activity of the large volcanic provinces Tharsis and
Elysium. It is also consistent with the presence of an active dy-
namo early in Mars’ history (Nimmo and Stevenson, 2000). The
timing of the formation of Tharsis is middle to late Noachian
(Solomon et al., 2005). The experiments which best match this
formation time are models 7.1-7.4 (Rayg = 1.1 x 107, free slip
surface) and 9.8-9.10 (Ray = 1.1 x 107, no slip surface), cor-
responding to a Rayleigh number of about Ray = 107.

It should be noted that our models more or less consistently
show a possible discrepancy with Mars, which is the location
of the upwellings relative to the positions of Tharsis and Ely-
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Fig. 8. Numerical experiments with temperature and pressure dependent rheologies excluding (a, b) and including (c, d) a weak northern hemisphere lithosphere.

sium. Whereas these volcanic provinces both have more or
less equatorial positions, Tharsis appearing to be on the di-
chotomy boundary and Elysium in the northern hemisphere, the
upwellings in our models favor formation well underneath the
southern hemisphere.

The two main uncertainties regarding our model are the size
of the martian core, i.e., the question whether Mars actually has
a lower mantle, and the question to what extent an active lid
regime was active on the martian northern hemisphere during
the planet’s early history, and if so, why it shut down. Concern-
ing the first question, this will not really be answered until we
put seismometers on Mars, but we have demonstrated that Mars
interior models with a thin lower mantle may be constructed
that are consistent with presently available data.

The question of an active lid regime on the northern hemi-
sphere has been addressed by other authors. Sleep (1994) in-
terpreted the geology of the northern hemisphere in terms of
a plate tectonic origin. Similarly, Connerney et al. (1999) in-
terpreted magnetic striping found in the southern highlands as
possibly having a plate tectonic origin. Lenardic et al. (2004)
considered the convective stresses in the martian mantle during
the planet’s evolution. They found that a mobile lid regime such
as plate tectonics may have coexisted with a laterally growing
thick southern hemisphere crust (assumed to be stable due to its
intrinsic chemical buoyancy) for some time. Their model shows
that the mantle heats up as the extent of the insulating south-
ern hemisphere crust grows, reducing the mantle viscosity and
stresses associated to convection. At some point, stresses drop

below the lithosphere yield stress, and the mobile lid regime is
terminated. However, calculations of thermochemical buoyancy
by Van Thienen et al. (2004b) showed that it is very difficult
to produce a lithosphere on Mars at a mid-ocean ridge which
will develop a negative buoyancy, because of the thick crust and
depleted root which are produced in the reduced martian grav-
ity field. In other words, martian oceanic lithosphere would be
very difficult to subduct. Breuer and Spohn (2003) conclude on
the basis of parametric mantle convection models that an early
phase of plate tectonics on Mars is unlikely, because the as-
sociated crustal growth curve does not sufficiently match the
monotonically declining planetary crustal growth rate which is
observed.

Therefore, the required active lid regime on the martian
northern hemisphere was probably not plate tectonics as it is
taking place on the present-day Earth. Alternatives may include
large-scale delamination of the lower crust, or episodic subduc-
tion (Stein et al., 2004; Van Thienen et al., 2004a) rather than
the continuous plate tectonics process. Also, as pointed out by
Lenardic et al. (2004), an active lid regime with more diffuse
zones of deformation can be imagined.

Our results are reasonably similar to those of Harder (1998),
but the structures develop on a much smaller timescale in our
models. The most important difference between the model se-
tups (apart from the 2/3D question) are the presence of a di-
chotomy in our models, and the higher Rayleigh numbers used
here. Whereas Harder’s two plume regime requires several bil-
lion years to be formed (ascribed to the absence of decay of
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heat sources in the model), in some of our models this may take
place in several hundred million years, which appears more re-
alistic considering the age of the volcanic provinces. The higher
Rayleigh numbers of our models relative to those of Harder
partly explain the shorter time scales we find. The ‘imposition’
of the convective pattern (downwellings in the northern mantles
and upwellings in the southern mantle) by the dichotomy may
also reduce the time required to evolve from the initial state to
the single our double upwelling mode. Harder (1998) reported
that a predominantly internally heated mantle (only 10% basal
heating) also produced this type of dynamics. Our results go
one step further in indicating that basal heating is not required
at all.

8. Concluding remarks

The results presented in this paper demonstrate that flushing
of the lower mantle is a viable mechanism for the generation
of the large volcanic provinces Tharsis and Elysium on Mars.
Essential ingredients are the dichotomy, the early operation of
an active lid regime on the northern hemisphere, and the per-
ovskite phase transition in the deep mantle.
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