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[1] The magma ocean process in the early history of the
Earth has a great influence on the light element identities
and contents of the core which subsequently affect the
energy of the geodynamo provided by the compositional
convection and the inner core growth through their effect on
the phase diagram of iron alloy. In the present work, a two-
phase ab-initio molecular dynamics method is established to
study the solubility of silicon and oxygen in liquid iron in
equilibrium with silicate melt. The ab-initio results are
found to be in close agreement with experimental data. At
the base of a deep magma ocean (39 GPa and 3116 K),
liquid iron contains 2.7 wt% silicon and 0.5 wt% oxygen
at the current bulk Earth composition. The oxygen content
is low compared with its current estimate in the core,
indicating a deeper magma ocean may need to be invoked.
Citation: Zhang, Y., and G. Guo (2009), Partitioning of Si and O
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molecular dynamics study, Geophys. Res. Lett., 36, L18305,
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1. Introduction

[2] The Earth’s early accretion events and processes, in
particular, the giant impact and the magma ocean process
have a great influence on the evolution and the current
state of the Earth [Stevenson, 2008]. For example, light
elements of the core, with their identities and contents
largely determined by the magma ocean process, may help
sustain the geodynamo through compositional convection
[Braginsky, 1963], and influence inner core growth
through melting point depression [Jeanloz, 1990].
[3] To understand the magma ocean process and its effect

on the mantle and the core composition, many element
partitioning experiments have been performed to derive the
temperature, the pressure, and the oxygen fugacity at which
the magma ocean process occurs [e.g., Li and Agee, 1996;
O’Neill et al., 1998; Walter et al., 2000; Righter, 2003;
Wade and Wood, 2005; Corgne et al., 2008; Wood et al.,
2008, and references therein]. The inferred temperatures and
pressures range from 2000 to 4200 K and 25 to 40 GPa,
reflecting both experimental difficulties and complexity of
the magma ocean process [Rubie et al., 2007; Wood, 2008].
[4] Ab-initio methods have been applied to study element

partitioning between the inner and the outer core by
calculating chemical potentials of candidate elements in

solid and liquid iron [Alfè et al., 2000, 2002]. The two-
phase method, which makes two phases in direct contact in
a molecular dynamics (MD) simulation cell, is employed in
ab-initio studies of the melting temperatures of iron and
MgO [Alfè, 2005, 2009] and the solubility of argon in liquid
iron [Ostanin et al., 2006].
[5] In the present study, we extend the ab-initio two-

phase method so that compositions of the two segregated
phases can be calculated. Starting from a random distribu-
tion of elements (O, Mg, Fe, and Si) in the simulation cell,
with the MD progressing, the system segregates into two
phases, one is liquid iron and the other is silicate melt.
Compositions of the two phases are calculated by using
concepts and methods in computational geometry and
compared with experimental data. The method is then
applied to infer the amounts of Si and O that could be
added by the deep magma ocean process to the Earth’s core.

2. Method

[6] Calculations are performed by using the ab-initio
total-energy and molecular-dynamics program VASP
(Vienna ab-initio simulation program) developed at the
Institut für Materialphysik of the Universität Wien [Kresse
and Hafner, 1993, 1994; Kresse and Furthmüller, 1996a,
1996b]. The projector augmented wave potentials
[Blöchl, 1994; Kresse and Joubert, 1999] are employed
together with the generalized gradient approximation of
the exchange-correlation potential (PBE [Perdew et al.,
1996]). The Plane-wave basis set cutoff is 400 eV. The
accuracy for electronic self-consistent iteration is 10�4 eV.
The Brillouin zone sampling is performed only at the
Gamma point. The Fermi-Dirac smearing is used to con-
sider the temperature effect.
[7] MD simulations are performed in the NVT ensem-

ble with a time step of 1 fs. Internal energy drift slope is
0.7 K/ps in the largest case, which is much smaller than
fluctuations of the internal energy. Systems are generally
composed of 256 atoms, with one run comprising
400 atoms to study the effect of system size (i.e., number
of atoms). 1000 steps are used for scaling, �20000 steps
for the two phases (liquid iron and silicate melt) to
segregate, and another �35000 steps for accumulation
of atom positions for composition calculations. With our
current computational facilities, each run takes about
3 months to finish.
[8] Composition of the liquid iron phase (i.e., the number

of atoms enclosed in the Fe-cluster) is obtained by first
constructing a polyhedron for the Fe-cluster and then
judging if an atom is enclosed in the polyhedron. Concepts
and methods in computational geometry [O’Rourke, 1998;
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de Berg et al., 2000] are used. Basically, three steps are
needed.
[9] In the first step, the center of mass of the Fe-cluster is

calculated and moved to the center of the simulation cell.
All atoms are moved accordingly. The procedure is repeated
until the center of mass of the Fe-cluster coincides with the
center of the simulation cell. This is the preparatory step and
considers mainly the periodic boundary conditions of the
simulation cell.
[10] In the second step, an alpha shape is constructed for

the Fe-cluster by using the program hull [Clarkson, 1992;
Clarkson et al., 1993], which employs the randomized
incremental algorithm. The alpha shape is derived from
the Delaunay triangulation and describes different levels of
details of the shape formed by the Fe-cluster at different
alpha values. Two parameters are important for the calcu-
lation. One is the multiplication factor of atom coordinates.
The reason for its use is that calculations are performed in
the integer format. A large multiplication factor gives more
accurate results; the other is the value of alpha, which is a
measure of the size of the sphere used to select Delaunay

triangulations and has a strong influence on the calculated
compositions, especially when it is small. At large alpha
values, the alpha shape converges gradually to the convex
hull and the calculated compositions become also stable.
After several tests, a very large alpha value of 1010 at the
multiplication factor of 1000 is used.
[11] In the third step, whether an atom is in the polyhe-

dron constructed in the second step is determined by using
the program inhedron [O’Rourke, 1998], which employs the
random ray crossing algorithm, meaning that if an atom is
inside a polyhedron, the ray connecting the atom and a point
outside the polyhedron will have odd number of crossings
with the polyhedron faces. Degeneracies are considered by
generating new rays for a given atom.
[12] Once composition of the liquid iron is known,

composition of the silicate melt can be directly derived as
the bulk composition of the whole system is known.

3. Results and Discussion

[13] Figure 1a shows a typical atom configuration with
segregated liquid iron and silicate melt phases. The liquid
iron phase is located at the center of the simulation cell.
Figure 1b displays the alpha shape constructed from the
configuration and the Si and O atoms found to be enclosed
in the polyhedron.
[14] System size is restricted severely in ab-initio MD

compared with classical MD. Its effect on element parti-
tioning is studied using runs M4 and M6 (Table 1), which
are made at the same temperature, pressure, and composi-
tion, but with different numbers of atoms (256 and 400,
respectively). Their Si and O compositions in both the
liquid iron and the silicate melt phases are very similar,
indicating a negligible system size effect. As a result, all the
subsequent simulations are performed using 256 atoms.
[15] To validate our ab-initio method, results obtained in

the present study are compared with experimental data for
all the four elements O, Mg, Fe, and Si. For silicon, Figure 2
shows clearly that the solubility of Si in liquid Fe is in close
agreement with experimental results; for oxygen, its solu-
bility in liquid iron is 0.26 wt% at the relatively oxidized
condition (run M7) and 0.06 wt% at the reduced condition
(run M8). Corgne et al. [2008] give an oxygen solubility of
�0.2 wt% for both their oxidized and reduced experimental
series. The values of log(XSiO2(silicate)/XSi(metal)), which is a
reflection of the oxygen fugacity, are about 2.8 and 0.5,
respectively, for the two series of runs of Corgne et al.
[2008], while they are 1.8 and 0.9 for M7 and M8. Thus the
oxygen fugacity implied in M7 and M8 are in between those
of the two series of the experiments of Corgne et al. [2008].
Together with the similarity of the temperature and pressure
conditions of the ab-initio and the experimental works, the
ab-initio calculations thus predict correctly the solubility
of oxygen in liquid iron; for magnesium, its solubility in
liquid iron often is not listed in previous publications
and presumably negligible. In our calculations, the solu-
bility of Mg in liquid iron is found to be smaller than
0.009 wt%. Thus the Mg solubility is also correctly pre-
dicted; for iron, the amount of Fe that should dissolve in
silicate melt at the compositional conditions of runs M7 and
M8 can be estimated by first setting up a relation between
log(XSiO2(silicate)/XSi(metal)) and log(wt%Fe(silicate)) using the

Figure 1. (a) Atom configuration after the phase segrega-
tion. The O atoms are in red color, Mg in sky blue, Fe in
orange, and Si in green. (b) The alpha shape constructed
from the configuration, showing only the Fe atoms on the
surface of the alpha shape and the Si and O atoms enclosed
in the polyhedron.
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experimental data of Corgne et al. [2008] and Rose-Weston
et al. [2009] and then using the values of log(XSiO2(silicate)/
XSi(metal)) of M7 and M8 to derive wt%Fe(silicate). At the
compositional conditions of M7 and M8, the silicate melt
should contain 1.5�2.4 and 0.5�0.8 wt% Fe, respectively.
In our ab-initio calculations, no Fe is found in silicate melt.
Thus, although it is quite successful for elements O, Si,
and Mg, the current method cannot be used to study the
partitioning of Fe between liquid iron and silicate melt. The
reason for the failure is not clear at present, but may be
the still limited system size or the exchange-correlation
potential model used.
[16] To derive the Si and O compositions of liquid Fe in

equilibrium with silicate melt at the base of a deep magma
ocean, a simulation is made at the temperature and the
pressure close to those inferred by Wood et al. [2008]
(�44 GPa and �3230 K) and at the composition of the
bulk Earth [McDonough, 2003]. At 3116 K and 39 GPa, the
O and Si contents of liquid Fe are 0.5 and 2.7 wt%,
respectively (run M9 in Table 1). To understand the mean-
ing of these two values, current estimates of light element
content of Earth’s core need to be discussed in the first
place.
[17] Badro et al. [2007], using both density and sound

velocity, constrain that Earth’s inner core contains 2.3 wt%
Si. By using the ab-initio partition coefficient of DSi(liquid
iron/solid iron) = 1.26 [Alfè et al., 2002] the outer core then
contains 2.9 wt% Si [Badro et al., 2007]. This gives a whole
core (inner + outer) Si content of 2.9 wt% by using the mass
ratio of the inner and the outer core [Stacey, 1992].
[18] Badro et al. [2007] use the experiment of Takafuji et

al. [2005] and the ab-initio partition coefficient of Alfè et al.
[2002] to constrain further the O content of the outer core.
The constraint is not as strong as that for Si since the O
content may not be determined by the equilibrium between
liquid iron and perovskite at 97 GPa and that the error in
the estimated O content of the inner core may have a large
influence on the inferred O content of the outer core due

to the large value of the O partition coefficient (DO(liquid
iron/solid iron) of Alfè et al. [2002] is 43 if weight percent
is used as the unit of concentration). The O content of the
outer core may be better constrained using the methodol-
ogy of Alfè et al. [2002] because O has the largest effect
on the density jump between the inner and the outer core
compared with Si and S. Alfè et al. [2002] give 2.6 wt%
oxygen in the outer core. The O content of the whole core
is thus 2.4 wt% by using again the inner and the outer
core mass ratio and the O partition coefficient.
[19] The values given above for the Si and O contents of

the outer core (2.9 wt% Si and 2.6 wt% O) are in close

Table 1. Compositions of Liquid Iron and Silicate Melta

Runs M4 M6 M7 M8 M9

T (K) 3000±30 3000±13 2273±78 2273±66 3116±26
P (GPa) 37.6±1.5 37.0±1.2 3.6±1.1 3.1±1.1 38.8±1.6
CLb (Å) 13.09 15.1896 14.11 14.21 13.06

Starting Bulk Compositions (Number of Atoms)
O 121 189 130 125 123
Mg 47 73 51 51 51
Fe 45 71 36 37 44
Si 43 67 38 43 38

Compositions of Liquid Iron (wt%)c

O 0.41±0.42 0.71±0.52 0.26±0.42 0.06±0.22 0.48±0.61
Si 5.46±1.28 5.23±1.10 0.35±0.63 3.20±1.06 2.69±1.29

Compositions of Silicate Melt (wt%)d

O 46.62±0.27 46.57±0.34 47.43±0.19 45.66±0.11 46.63±0.37
Si 25.72±0.64 25.84±0.80 24.24±0.45 26.03±0.25 23.82±0.84

Partitioning Coefficientse

O 0.0087±0.0091 0.0152±0.0113 0.0056±0.0089 0.0014±0.0048 0.0102±0.0131
Si 0.2123±0.0549 0.2026±0.0489 0.0144±0.0263 0.1231±0.0417 0.1129±0.0582

aNumbers after ± are standard deviations calculated from the fluctuations of MD simulations, except those of the partition coefficient, which are
calculated from error transfer.

bCell length.
cThe Mg content is zero, and the Fe content is 100%-O wt%-Si wt%.
dThe Fe content is zero, and the Mg content is 100%-O wt%-Si wt%.
eThe partitioning coefficient is defined as wt% in liquid iron divided by wt% in silicate melt.

Figure 2. Comparison of experimental and ab initio results
for the solubility of Si in liquid iron (wt%Si). XSiO2 is the
mole fraction of SiO2 in silicate melt and XSi that of Si in
liquid Fe. The solid circles represent the ab-initio data M7
and M8 in Table 1. The experimental data at 2023 K
(2.5 GPa) are from Kilburn and Wood [1997], Wade and
Wood [2001], and Wood et al. [2008], and those at 2233 K
(1�3 GPa) from Rose-Weston et al. [2009]. The two straight
lines are linear least square fits of the experimental data at
the two temperatures. The error bars for the two ab-initio
data points are calculated from the standard deviations of
MD steps.
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agreement with the density deficit given by Anderson and
Isaak [2002]. According to the work, 1% density deficit
can be considered by either 1.69 wt% Si or 0.73 wt% O at
the iron melting temperature of 6350 K at the inner and
the outer core boundary [Alfè, 2009]. Similar value for Si
is also given by Chen et al. [2007]. Thus the amounts of
O and Si inferred above would create a density deficit of
2.9/1.69+2.6/0.73=5.5% in the outer core, quite similar to
the value of Anderson and Isaak [2002] based on equation
of state calculations.
[20] From above discussions, the O and Si contents of

Earth’s core are probably 2.4 and 2.9 wt%, respectively.
Addition of a small amount of sulphur is feasible but will
probably replace mainly the Si content as the two elements
behave similarly in terms of their partitioning and their
contribution to the density jump between the inner and the
outer core [Alfè et al., 2002]. When the two values (2.4 wt%
O and 2.9 wt% Si) for the estimates of light-element content
of the core are compared with the solubility of O ands Si in
liquid iron at the base of a deep magma ocean (0.5 wt% O
and 2.7 wt% Si), it’s clear that O added by the deep magma
ocean process is insufficient.
[21] Experimental works show that when liquid Fe coex-

ists with perovskite and post-perovskite, its O content can
increase from �1 wt% at 40 GPa to �5 wt% at 100 GPa;
the Si content increases from �1 wt% to �3 wt%, corre-
spondingly [Takafuji et al., 2005; Sakai et al., 2006].
Similarly, significant amount of O is found in liquid iron
in equilibrium with another major lower mantle mineral
ferropericlase [Rubie et al., 2004; Ozawa et al., 2008].
These higher values of light-element solubility hint at the
possibility that significant amount of O and Si could
dissolve into liquid iron simultaneously if temperature and
pressure are high enough. This means that a deeper magma
ocean may be required, which is quite possible, considering
the recent calculation of Stixrude et al. [2009]. The specific
temperature and pressure at which we can arrive at the
current estimate of the light element content of Earth’s core
are still unclear at present due to the lack of data and require
further experimental and theoretical investigations.

4. Conclusions

[22] A two-phase ab-initio molecular dynamics simula-
tion method is established to investigate the partitioning of
Si and O between liquid iron and silicate melt in the system
O-Mg-Fe-Si. The results from the ab-initio calculations are
found to be in close agreement with experimental data.
[23] Calculations indicate 2.7 wt% silicon and 0.5 wt%

oxygen could be added to the core through the magma
ocean process if liquid iron is in equilibrium with silicate
melt at the base of a deep magma ocean (39 GPa and
3116 K) and at the current bulk Earth composition. The
oxygen content is lower than the current estimate of the
core, implying a deeper magma ocean may need to be
invoked.
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