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Introduction: A fundamental problem in the evo-

lution of Mars is the timing and the origin of the 
crustal dichotomy. The southern highlands and north-
ern lowlands of Mars differ markebly in average eleva-
tion [1] and crustal thickness [2,3]. Although it is gen-
erally accepted that this crustal dichotomy is one of 
oldest features on Mars, the exact timing of the dichot-
omy formation, which has implications for the forma-
tion mechanism, is strongly debated. Estimates of the 
dichotomy formation age range between the Late Noa-
chian/Early Hesperian (before ~ 3.7 Ga) [4] and as 
early as the first 50 Ma after the solar system forma-
tion [5]. The origin of the crustal dichotomy has vari-
ously been related to external [6,7] and internal proc-
esses [8], but none of the proposed formation mecha-
nisms has been fully convincing in part due to the un-
certainty in the timing of the dichotomy formation. For 
the external processes, one impact [6] or several large 
impacts [7] have been suggested as an explanation of 
the crustal dichotomy. For an endogenic origin of the 
dichotomy, three different mechanisms have been pro-
posed that are associated with 1) the unstability of a 
chemically layered magma ocean [9,10] 2) an episode 
of degree-one mantle convection [11,12] and 3) an 
early phase of plate tectonics [13].  
In the present paper, we suggest that the crustal di-
chotomy is even formed (or initiated) earlier than it is 
assumed in the previous models: simultaneously or 
shortly after core formation. Recent studies on short-
lived radio-nuclides (e.g., 182Hf) indicate that core for-
mation occurred during the first 13 Ma after accretion 
[e.g. 14]. Estimates of the time scale of the core forma-
tion process suggest that for rapid separation both the 
silicate and the iron need to be fluid at least in the up-
per part of the planet [e.g. 15]. In such a scenario, iron 
accumulates at the base of a magma ocean and sinks 
further to the colder centre of the planet by Rayleigh-
Taylor instability. The wavelength of the instability 
depends strongly on the viscosity structure and the 
thickness of the fluid iron layer.  For a dense fluid iron 
layer with a low viscosity situated on top of a less 
dense silicate/iron mantle with a high viscosity, a long 
wavelength instability can be expected [16] resulting 
in a degree-one downwelling of the iron and upwelling 
of the central silicate part. Such a large scale convec-
tion flow has also implications on the subsequent man-
tle flow after core formation and on the crustal forma-
tion. 
We present a fully spherical model of themo-chemical 
convection with a temperature- and pressure-

dependent viscosity to study the process of core forma-
tion and the onset of mantle convection.  

The Mathematical Model: We consider thermo-
chemical convection of a Boussinesq fluid at infinite 
Prandtl number heated from below. The velocity 
boundary conditions at the top and bottom surfaces of 
the spherical shell are given by impermeable and shear 
stress-free conditions with a fixed temperature at the 
top and isolating boundary conditions at the inner ra-
dius of the spherical shell. The set of equations is con-
verted to a non-dimansional form by applying appro-
priate scales for length, time and temperature. As 
length scale we use the thickness of the sphere, time 
scale is the thermal diffusion time and temperature is 
scaled by the temperature difference between hot iron 
material and the initially cold silicate mantle. The non-
dimensional equations of  mass, energy and momen-
tum are, 
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where a conservation equation for the temperature and 
the composition has to be considered respectively. In 
this set of equations, T denotes the temperature, C the 
composition, ur  the flow velocity vector, p the dy-
namic pressure, t the time, η the viscosity and êr the 
unit vector in radial direction. The two parameters RaT 
and RaC are the non-dimensional thermal and chemical 
Rayleigh numbers, which define the ratio of buoyancy 
forces to resisting forces, 

refT

T
T

TdgRa
ηκ

αρ 3Δ
=  

refC

C
C

Cdg
Ra

ηκ
αρ 3Δ

=  (2) 

where the density , the acceleration of gravity g, the 
coefficient of thermal expansion α and the thermal 
diffusivity κ are assumed to be constant throughout the 
shell. For isoviscous convection the Rayleigh number 
is a constant, but for temperature- and pressure-
dependent viscosity the local Rayleigh number is a 
function of viscosity and depth and consequently a 
function of time and position in the shell. Hence, the 
definition of the given reference Rayleigh number of 
the convecting system depends on the choice of the 
reference viscosity ηref. The viscosity depends on tem-
perature and pressure by an approximation to the Ar-
rhenius relation. 
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In this equation ΔηT denotes the viscosity contrast in-
duced on temperature over the domain and ΔηP the 
viscosity contrast induced on pressure. The third simi-
larity parameter is the Lewis number Le, 
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which defines the ratio between the thermal diffusivity 
κT and the diffusivity of the chemical component κC. 
Because the chemical diffusivity is significantly lower 
than the thermal one for a silicate mantle [17], the 
Lewis number is very large (up to Le=1012). This field 
approach and the numerical resolution limit the Lewis 
number to Le=100. 
Due to the comparable large chemical diffusivity in the 
numerical model, one simulation run is temporally 
limited to short diffusion times (t<0.5). A comparison 
of different numerical methods [18] shows, that the 
temporal and spatial structure of the flow of such a 
dynamical system is almost identical with a simulation 
run at infinite Lewis number. The resulting density for 
such a double-diffusive system is given as follows: 
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The Numerical Model: Spectral approaches are 
usually employed for spherical convection models, 
which do not allow to take into account lateral varia-
tions like temperature-dependent viscosity. This nu-
merical model [19] includes a new discretization for-
mulation of the viscous term, tailored to the finite vol-
ume method on a colocated grid, to treat convection in 
a spherical shell with strong temperature dependent 
viscosity. This approach has been particularly tailored 
to run efficiently on parallel computers. The spherical 
shell is topologically divided into six cubes (figure 1).  
The equations are formulated in primitive variables in 
a Cartesian frame of reference. Using a pressure 
weighted interpolation scheme (PWI) in an advanced 
SIMPLE pressure correction algorithm, attached to a 
colocated grid, is one of the basic features of the nu-
merical methods of this model. This particular combi-
nation enables a stable and smooth solution of the set 
of equations to handle strong viscosity variations up to 
eight magnitudes and high Rayleigh numbers up to 
Ra=108 and avoids the problem of pressure oscillations 
caused by mode decoupling.  
The Crank-Nicolson method is used for the time step-
ping. A conjugate gradient solver with a SSOR pre-
conditioner is implemented for solving the pressure 
correction equation in the SIMPLE algorithm. The 
numerical model is validated by a comparison of diag-
nostical parameters of steady-state cubic and tetrahe-
dral convection with other published spherical models. 
 

 Fig. 1.  The exploded smoothed cubed-sphere grid.  
 

Fig. 2. Initial conditions bevor the core formation 
process starts. The metallic layer (red) is much hotter 
and more viscous than the surrounding mantle. The 
viscosity difference Δη12 and the thickness of the me-
tallic layer d seems to be of crucial importance for the 
spatial scales during the core formation process. 
 

Core Formation: Meteoritic impacts on the planet 
causes melting in a near-surface layer. Althow the ex-
act mechanism is not well known, the general agree-
ment is of the very rapid segregation of iron in the 
melted zone, forming a large metallic layer at the 
boundary between the melted and solid silicates. Due 
to the higher density of the metallic layer compared to 
the cold silicate mantle, an instable layering is existent  
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(figure 2) in which the metallic layer tends to sink to 
the planetary interior. We focus on the spatial scales 
considering this Rayleigh-Taylor instability scenario. 
Particularly we want to address the requirements 
which are needed to generate a low-degree instability 
during core formation. A gravitational instability must 
occur at long wavelength to explain the crustal dichot-
omy. It is conceivable that the hemispheric asymmetry 
at the surface can be explained by a low-degree core 
formation process which generates an early crust, 
whereas other aurthors ascribe the dichotomy to the 
later processes of one-degree mantle convection con-
sidering a weak asthenosphere [12,20] or an endo-
thermic phase transition nearby the core-manlte 
boundary [21,22].  

 

  
Fig. 3. Snapshots of the dynamics of the metallic mate-
rial (red) during core formation. Initially the degree-
one mode gets the dominant mode (1.03 Ma). On the 
one hemisphere the layer gets thicker, while on the 
other one it gets more and more thinner and finally 
unstable (2.94 Ma). At 3.65 Ma the hemispheres are 
clearly divided in an downwelling and an upwelling 
domain and finally (7.20 Ma) a spherical core evolves. 
 

We have accomplished an exemplary simulation of  
the core formation process. The Rayleigh-Taylor setup 
includes a temperature- and pressure-dependent rheol-
ogy with ΔηT=103 and Δηp=101, a chemical Rayleigh 
number of RaC=107 and thermal Rayleigh number of  

RaT=105. Three-dimensional snapshots (figure 3) of 
the composition display the temporal evolution of the 
metallic phase sinking into the planetary interior. A 
one-degree structure (around 3 Ma) dominates the 
sinking process superimposed of small scale structures. 
The spatial scales of the instabilities seems to be 
strongly dependent on the assumed rheology as well as 
on the thickness and composition of the metallic layer, 
which has to be further investigated. We know from 
two-dimensional simulations of gravitational instabil-
ity analysis addressing the Moon’s hemispheric asym-
metry [16], that a thicker layer and a larger viscosity 
constrast favor a longer wavelength of instability. The 
depth and thickness, which still increases with depth, 
of the initial magma ocean is of crucial interest as well 
as the viscosity contrast between the metallic and sili-
cate material. For a more realistic description of the 
core formation process, especially in respect to a quan-
titative analysis of the heat transport towards the core, 
a variable thermal conductivity and an extended Bous-
sinesq approximation will be considered. 
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Fig. 4.  Time evolution of the volume averaged veloc-
ity <v> and of the minima/maxima of the radial veloc-
ity, vmin and vmax. The core formation process is very 
rapid happening within  about 8 Ma for Mars. 
 
The time scale of core formation process is as much 
important for the heat budget of the planet as the spa-
tial scales of the core formation process. As first ap-
proximation the sinking rates of these diapir is esti-
mated by using a Stokes like law [23]. As the underly-
ing silicates are cold, these diapir takes times of the 
order of one billion years to reach the Martian center, 
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which would be much too long, as we know from geo-
chemical data of the Earth. Assuming that core forma-
tion by negative diapirism is the only core forming 
process, the downwelling velocity for Mars is derived 
by [14] with 0.26 m/a, while the whole process hap-
pens within 13 Ma. Our simulation confirms that the 
core formation process can be assumed as rapid as it is 
derived by [14] (figure 4). While peak velocities are 
about 1.7 m/a, the volume averaged velocity is about 
0.3 m/a and the sinking process of the metallic material 
is even finished after 8 Ma. 

Onset of Mantle Convection: If a metallic diapir 
does cross the cold proto-mantle rather very rapidly 
and keeps a large temperature due to the gravitational 
release, a large heat flux is provided as the base of the 
cold mantle as soon as the core starts forming. On the 
one hand the time scale of the onset of convection is 
important to estimate the heat removal from the center 
of the growing planet, on the other hand the spatial 
scales of the onset of convection strongly infuence the 
heat budget of the mantle. Assuming a degree-one 
mantle convection pattern, the surface dichotomy can 
be explained as a direct consequence of the interior 
dynamics. Partial melting and thus volcanism is then 
presumably concentrated on the upwelling hemisphere. 
The core formation process can be seen as the initial 
condition triggering the mantle convection and will 
strongly effect the spatial scales of the flow, at least in 
the early evolution after mantle convection starts. 
From our simulations we find that mantle convection 
would immediately start after the core formation proc-
ess, which is contrary discussed by [24]. The influence 
of the core formation process on the onset of mantle 
convection will be further investigated with this 
spherical numerical model.  

Summary: We have investigated the idea that the  
Martian dichotomy originates from a one-degree core 
formation process generating an early crust, which is 
possibly also supported by the following initial mantle 
convection dynamics. The fully spherical simulation of 
thermo-chemical convection with temperature- and 
pressure-dependent rheology considering a Rayleigh-
Taylor setup confirm previous studies, that the core 
formation process is very rapid and happens in the first 
50 Ma [5] or even in the first 13 Ma [14]. Of key im-
portance to generate a low-degree pattern of the sink-
ing metallic material is the large viscosity contrast be-
tween the metal and the silicate and especially the rela-
tively low viscosity of the metallic material. Further-
more  a one-degree core formation process could gen-
erate an initially low-degree mantle convection pattern, 
which could also support a crustal dichotomy. From 
our findings mantle convection starts immediately after 

the low-degree core formation process, which is con-
trary discussed by  [24]. 
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