Lunar and Planetary Science XXXIV (2003)

1479.pdf

A MODEL FOR MARTIAN MAGMA OCEAN CRYSTALLIZATION AND OVERTURN. L. T. ElkinsTanton, E. M. Parmentier, and P.C. Hess, Brown University (Department of Geological Sciences, Providence RI
02912; Linda_Elkins_Tanton@brown.edu, EM_Parmentier@brown.edu).
Introduction: Early Mars is assumed to have
melted completely during accretion. Solidification of
this magma ocean determines initial planetary compositional differentiation and the stability of the mantle
density profile, which in turn have significance for
magmatic source regions, convective instability, and
magnetic field generation. Excellent progress on the
dynamical problem of magma ocean crystallization has
been made (c.f., [1, 2]), but the dynamic and compositional results of crystallizing a magma ocean have not
previously been investigated specifically for Mars.
The goals of this study are to create a simple model
for Martian magma ocean crystallization and assess the
outcome of overturn due to density instability. We explore the possibility that this can explain aspects of the
Martian magnetic field and can reproduce the compositions of Martian meteorite source regions.
Methods and Models: The bulk composition of
the Martian mantle is assumed to be that of Bertka and
Fei [3] renormalized without Na2O. The mantle is assumed to be 2000 km deep, with a pressure of 24 GPa
at the core-mantle boundary. As the magma ocean
crystallizes, each increment is assumed to crystallize at
the solidus (from [4]), where its temperature remains
as the rest of the magma ocean crystallizes. Solid
phases are calculated in equilibrium with the liquid,
and their components subtracted from the remaining
liquid. The liquid is crystallized from the bottom upward in shells of one half percent of the magma ocean.
Solid phase compositions are not assumed to diffuse or
reequilibrate, and no effects of interstitial liquids are
included.
The phases crystallizing at each pressure are specified a priori: from 24-14 GPa, 50% majorite and 50%
spinel crystallize. From 14-3 GPa, 10% garnet, 40%
pyroxene, and 50% olivine crystallize, above which
40% pyroxene and 60% olivine crystallize. Equilibrium compositions for phases are calculated at each
crystallization step by using exchange coefficients
from the literature, and their densities are calculated
for the pressure and temperature of solidification.
Results: Crystallization models: We present two
models. The first, called the simple fractional crystallization model, is the result of fractionally crystallizing
the magma ocean in the mineralogy described above.
The second model, called the garnet segregation
model, is a product of considering the density inversion at about 7.5 GPa. This inversion, the depth below
which olivine and pyroxene float in their coexisting
silicate liquid, has been discussed by previous re-

searchers [5-8] and is reproduced by our calculations.
However, previous models did not recognize that garnet sinks in this same pressure range. In our model
garnet that crystallizes above 14 GPa sinks. As solidication proceeds, aluminum is exhausted from the remaining magma ocean liquid at about 11.4 GPa, and
only olivine and pyroxene then fractionally crystallize
from the remaining liquid.
The varying compositions of the crystallizing minerals lead to strong compositional stratification in the
crystallized magma ocean. In both models, the deepest,
majorite + spinel layer sequesters aluminum in the
lowest layer of the mantle. Iron is increasingly enriched in the cumulates as crystallization proceeds,
leading to the higher density of shallower cumulates.
In the garnet segregation model, the garnet-rich layer is
the densest and most aluminum-rich layer.
Overturn of the cumulates: The cumulate stratigraphy is gravitationally unstable in both models. Density
distributions before and after overturn for the garnet
segregation model are shown in figure 1. The resulting
overturn may produce deep reservoirs segregated by
density, bring cold material to the core-mantle boundary where it can cool the core, and carry hot material to
shallower depths where it can melt adiabatically.
Overturn is idealized by sorting shells of the original stratigraphy so the density increases continuously
with depth, resulting in a stable stratification. Each
layer’s composition and volume are conserved, and its
temperature is adjusted for its adiabatic rise or fall.
This overturn model assumes that freezing is fast compared to the overturn time of any solidified portion,
and that cold downwellings from the top of the solidified layer completely displace deeper, lower-density
layers, so that all layers are perfectly reshuffled.
During overturn, hot material rising from depth
may cross its solidus, producing melt through depressurization. Because layers are reordered by density,
the mid-mantle becomes a heterogeneous mix of deep
and shallow material, leading to noncontinuous profiles in both composition and temperature. The overturn of the garnet segregation model produces a partially melted uppermost mantle to a depth of about 700
km (fig. 2). The temperature profile shown in figure 2
represents the energy available to produce melt, not the
temperatures of the remaining solids after melting.
When heats of fusion and incomplete melt segregation
are taken into consideration, the melt is sufficient to
create <100 km of crust over the planet s su rface.
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Fig 1: Density profiles before and after overturn for the
garnet segregation model. During overturn, the dense, alumina-rich garnet layer falls to the core-mantle boundary.
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