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Introduction:  The partitioning of siderophile 
elements between silicate liquid and a metal phase 
during core formation played an important role in es-
tablishing the observed siderophile element abundance 
in the Earth’s present mantle.  Current models of the 
Earth’s formation recognize the importance of large 
impacts in the early history of the planet, and the fact 
that such impacts lead inevitably to the production of 
large volumes of melt [1, 2].  The formation and evolu-
tion of such “magma oceans” has become a standard 
part of the discussion of the early history of the Earth 
as well as the other terrestrial planets [3].  Understand-
ing the abundances of the siderophile elements de-
pends crucially on the thermodynamics of element 
partitioning between a silicate melt and metal phase as 
a function of temperature, pressure, oxygen fugacity 
and melt structure.  Fortunately, many years of ex-
perimental study have produced a good understanding 
of how the partition coefficients of many elements 
depend on these parameters under realistic conditions 
[4].  However, chemistry is only part of the overall 
story:  the mechanics of how the iron separates from 
the silicate strongly controls how much of the metal 
and silicate react together:  If the iron sinks through the 
mantle in masses that are too large, little chemical 
equilibration will occur between the two phases.  Even 
when the masses are smaller, as may occur for surface-
tension-controlled droplets, the strong depth and tem-
perature dependence of the partition coefficients is a 
major determinant of the final siderophile element 
abundances in the mantle [5]. 

Iron masses, in whatever form, do not sink qui-
etly through a magma ocean:  Their density variations 
drive vigorous convection currents that themselves 
tend to suspend and disperse the masses of iron.  In 
addition, thermal convection may also stir the ocean 
[6].  A simple Stokes-flow model of iron settling can-
not resolving the full complexity of iron segregation 
from a magma ocean and the resulting siderophile 
element partitioning.  Although thermal convection in 
the planets has been intensively studied [7], much less 
is understood of the dynamic interactions between a 
convecting fluid and a second fluid that can separate 
from the first [8]. 

Numerical Method:  In the research reported 
here, we began with a model for pyroclastic flows de-
veloped at Los Alamos [9].  This model is based on a 
computer code called KACHINA that incorporated the 
ability to compute the flow of two interpenetrating 
fluids that may move at any speed, ranging from slow 
subsonic to supersonic [10].  Although this particular 

code is now considered obsolete at Los Alamos, it was 
reborn later as KFIX [11].  The code is fully implicit, 
solving a pressure and mass balance constraint with 
velocities computed on a staggered mesh.  Over the 
past year T. Goldin and HJM adapted this code to the 
problems of the interaction of planetary ejecta with the 
Earth’s upper atmosphere [12] and magma ocean dif-
ferentiation. We added subroutines to implement 
chemical exchange of trace chemical species (Ni in 
this case) between liquid magma and molten iron, fol-
lowing the scheme of Rubie et al. [5].  The magma 
equation of state is based on komatiite liquid [13], 
while the equation of state for the iron is derived from 
shock wave measurements on iron [14].  In our pre-
liminary calculations, partition coefficients are from 
Righter and Drake [15] in order to allow direct com-
parison with the results of [5]. 

Computational Model:  A computational mesh 
was constructed measuring 1,000 km deep and 1,000 
km wide.  Iron metal, in weight ratio between 0.10:1 
and   0.32:1 of silicate, was uniformly distributed as 1 
cm diameter droplets throughout the mesh at the be-
ginning of the computation.  The magma viscosity is 
taken to be 0.01 Pa-s as a rough average of the ob-
served complex viscosity variation [16].  We also 
added a mesh size-dependent macroscopic eddy vis-
cosity [17] to simulate sub-mesh scale turbulence of 
108 Pa-sec.  The initial concentration of Ni in the iron 
is 2.27 wt% and in the silicate 42 ppm.  Initial tem-
peratures are uniform at 2,000 K.  This is thus a highly 
stable configuration from the point of view of thermal 
convection:  an adiabatic temperature profile might 
have been a more realistic choice.  In our initial runs 
the resolution is very coarse:  only 15 x 15 computa-
tional cells.  Considerable refinement is planned in the 
near future.  Nevertheless, a number of prominent fea-
tures can be readily observed. 

Results:  The most obvious feature is that, al-
though the droplets initially began to fall in an orderly 
array at the Stokes velocity of about 0.3 m/sec, after no 
more than a few hours (although this may represent 
3,000 or more computational cycles, ample time for 
small numerical variations inevitably present in the 
initial solution to create macroscopic density variations 
as a result of exponential growth in the unstable sys-
tem) irregularities develop, creating compositional 
density currents that quickly dominate the flow.  These 
currents reach up to 50 m/sec and completely over-
whelm thermal convection.  The falling droplets are 
swept upwards and downwards by this flow as they 
continue to settle with respect to the fluid.  The net  
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Figure 1.  Iron droplet tracer particles showing the distribu-
tion of iron (top) and concentration of nickel in the magma 
(bottom) after about 25 days of settling. Note the the high 
concentrations of nickel in the lower part of the magma 
ocean where the silicate /iron partition coefficient is large 
because of high pressure and temperature.  The ratio of metal 
to silicate was 0.32 in this run, similar to that in the present 
Earth. 

 

result of this vigorous motion is adiabatic chilling of 
the upper part of the mesh and heating of the lower 
mesh.  In addition, the potential energy of the descend-
ing iron droplets is converted into heat, which greatly 
raises the temperature in the lower part of the magma 
ocean and may have a strong effect on the partition 
coefficient, beyond that previously considered in parti-
tioning computations.  These currents continue to stir 
the magma ocean as the droplets separate, slowly con-
verting their gravitational potential energy to heat and 
warming the lower part of the ocean.  Nevertheless, 
over a period of months the lower part of the magma 
ocean is strongly stirred by currents originating from 
compositional density differences.  Thermal convec-
tion velocities in the upper, magma-dominated part of 
the magma ocean reach about 7 m/sec, small compared 
to those driven by compositional convection. 

Within about half a year, in this low-resolution 
model, most of the iron has settled to the bottom of the 
magma ocean.  At this time, the average Ni concentra-
tion in the separated iron divided by that in the silicate 
magma is 15, in good agreement with Model 2 of [5] 
for a 1000 km deep magma ocean.  Figure 1 shows a 
snapshot of the iron tracer particle locations and Ni 
concentrations 25 days after the beginning of the com-
putation.  About half of the iron has fallen out at this 
stage. 

Many more runs, at higher resolution, are 
planned with this code and the results will be reported 
at the meeting. 
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