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[1] Experiments to investigate the partitioning of oxygen between liquid iron and
(Mg,Fe)O magnesiowüstite were conducted at 30–70 GPa and 2800–3500 K using a
laser-heated diamond anvil cell. A thin foil was prepared from the reacted regions in the
recovered samples using a focused ion beam. The compositions of coexisting quenched
iron and magnesiowüstite were measured using a transmission electron microscope
equipped with energy dispersive X-ray spectroscopy and electron energy-loss
spectroscopy. In order to understand and model the results, additional experiments were
performed to determine the activity of oxygen, or rather FeO, in liquid Fe metal.
Multianvil experiments to measure the oxygen contents of coexisting immiscible metallic
and ionic liquids in the Fe-FeO system were performed up to 25 GPa. The results were
used to extract excess mixing properties for Fe-FeO liquids at high pressure and
temperature. These properties were used to derive a model that describes oxygen
partitioning in the Fe-Mg-O system that is independent of the actual experimental
partitioning data. The model indicates that the oxygen content of liquid Fe becomes a
strong nonlinear function of the FeO content of magnesiowüstite at pressures greater than
25 GPa. This prediction is in excellent agreement with the experimental partitioning data,
which is faithfully reproduced in most instances. The new results confirm that the Earth’s
core is undersaturated in oxygen with respect to the FeO content of the bulk mantle,
which will result either in FeO being depleted from the very base of the mantle or lead to
the development of an FeO-enriched outer layer of the core. These possibilities are not
mutually exclusive.
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1. Introduction

[2] Oxygen is potentially an important light element in
the Earth’s outer core [e.g., Ringwood, 1977], and its
partitioning during accretion and core-mantle fractionation
may have controlled the FeO content of the mantle [Rubie et
al., 2004]. There are two principle arguments for the presence
of at least some oxygen in the core: (1) As oxygen partitions
more strongly into liquid over solid metallic Fe, its presence
can explain, to some extent, the density difference between
the inner and outer core [Alfè et al., 2002a]. (2) Dynamic
simulations of the Moon-forming impact indicate that most

of the mass of the Moon came from a Mars-sized impactor
termed Theia [Canup and Asphaug, 2001], which oxygen
isotopes indicate may have formed from similar material as
the Earth [Wiechert et al., 2001]. The Moon might, therefore,
be viewed as a preserved embryo of the Earth in an earlier
stage of its development. If this is the case, the FeO-rich
nature of the Moon’s mantle, revealed through lunar basalts,
compared with the Earth’s could be explained if oxygen was
extracted to the core at some later stage of the Earth’s
development [Halliday, 2007].
[3] While many efforts have been made to determine the

identity of the light elements in the core from the geophysical
considerations provided by seismology [e.g., Birch, 1952;
Alfè et al., 2002a], additional constraints also come from
geochemical arguments for the partitioning of light elements
between the mantle and core during accretion and core
formation. To constrain the oxygen content of the core
through such geochemical considerations requires informa-
tion on the oxygen content of liquid iron in equilibrium with
silicates at the relevant pressures, temperatures, and oxygen
fugacities. The pressures at which the metal and silicate
equilibrated during core formation may have ranged up to
those of the present-day core-mantle boundary (136 GPa),
while the temperatures may have significantly exceeded the
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current values in this region, i.e., >4000 K [Rubie et al.,
2007]. Oxygen partitioning between liquid iron and either
magnesiowüstite or magnesium silicate perovskite has been
investigated through high-pressure experiments by several
workers over a wide pressure and temperature range,
2–139 GPa, 2273–3150 K [e.g., Ohtani and Ringwood,
1984; Rubie et al., 2004; Takafuji et al., 2005, Sakai et al.,
2006; Asahara et al., 2007]. Many studies have used mag-
nesiowüstite as a proxy for silicate liquids as liquids are hard
to encapsulate during experiments at very high temperatures.
Asahara et al. [2007] proposed a simple semiempirical
model based on the available oxygen partitioning studies
but because this also employed data on the oxygen content of
liquid iron coexisting with either the perovskite or post-
perovskite phase, some uncertainty remained in its applica-
bility because the oxygen fugacity is not buffered in such
experiments. Recently,Ozawa et al. [2008] reported diamond
anvil cell measurements of oxygen partitioning between
magnesiowüstite and liquid iron up to 134 GPa. The model
of Asahara et al. [2007] is in poor agreement with these data
although it shows a similar qualitative trend.
[4] In this study, we have employed the laser-heated

diamond anvil cell (LHDAC) to investigate oxygen parti-
tioning between magnesiowüstite and liquid iron up to
70 GPa and 3500 K. A focused ion beam (FIB) was used
to prepare thin foils from run products for analysis using
transmission electron microscopy (TEM). As our results are
only in qualitative agreement with the model of Asahara
et al. [2007], we were led to consider a more complex
thermodynamic analysis of the data. Oxygen partitioning is
normally described using a distribution coefficient KD

defined as

KD ¼
Xmet
Fe Xmet

O

Xmw
FeO

; ð1Þ

where XFeO
mw, XFe

met, and XO
met are the mole fractions of FeO in

magnesiowüstite and Fe and O in liquid metal, respectively.
The advantage of using KD is that it has been shown, in
experiments up to 25 GPa [Asahara et al., 2007], to be
nominally independent of oxygen fugacity (fo2), which is a
major simplifying assumption employed in models describ-
ing such data [Asahara et al., 2007; Ozawa et al., 2008].
This independence arises because the activity coefficient
term that describes the nonideality of oxygen mixing in
liquid iron metal remains approximately constant over the
solute concentration range of interest, i.e., Henry’s law is
followed. Mixing in both oxide and metallic phases is
nonideal, however, as is demonstrated in the case of liquid
iron by the presence of a large region of immiscibility
between liquid Fe-rich metal and FeO-rich ionic liquid at
ambient pressure. Several studies have presented evidence
that this compositional gap closes with increasing pressure
[Ohtani et al., 1984; Kato and Ringwood, 1989; Takahashi et
al., 2004; Tsuno et al., 2007], which must be accompanied by
relatively large changes in the activity-composition relations
in the Fe-O system. An independent assessment of the effect
of pressure on the compositional dependence of KD could be
made using data on the phase relations of the immiscible
liquids in the Fe-O system at high pressures and tempera-
tures. We have, therefore, performed additional experiments

in the Fe-O system to determine the liquid-phase relations to
pressures of 25 GPa in a multianvil apparatus. These data are
used to extract activity-composition relations for Fe-O
mixing, which are then combined with additional literature
data to produce a model to describe oxygen partitioning
between magnesiowüstite and liquid iron metal that is
completely independent of the experimental partitioning
data. This model reproduces the LHDAC data very well and
has a suitable theoretical basis to be extrapolated over wider
ranges of conditions than empirical models.

2. Experimental and Analytical Procedures

2.1. Laser-Heated Diamond Anvil Cell Experiments

[5] We used pure iron foil with a thickness of 5 mm and
sintered magnesiowüstite pellets with three different com-
positions, i.e., Mg0.98Fe0.02O, Mg0.95Fe0.05O, and
Mg0.93Fe0.07O, as starting materials. Magnesiowüstite pow-
ders, with the required compositions, were synthesized from
mixtures of Fe2O3 and MgO in a gas-mixing furnace at
1200�C with the oxygen fugacity set at the iron-wüstite
buffer. The resulting powders were then sintered using a
multianvil apparatus at 24 GPa and 2000�C. High pressure
and the use of graphite as the sample container ensured a
low Fe3+ content in the samples. Pellets with a thickness of
approximately 20 mm and polished on both sides were
prepared from the recovered samples.
[6] High-pressure, high-temperature experiments were

conducted using diamond anvil cells with laser-heating
systems at both the Bayerisches Geoinstitut (BGI) and
Tohoku University. Experimental conditions and results
are summarized in Table 1.
[7] The sample assembly used for the laser-heating

experiments is shown in Figure 1. Fe foil sandwiched
between two magnesiowüstite pellets was loaded in a gasket
hole with a diameter of 150 mm. NaCl powder was used as
the pressure medium and as a thermal insulator. A small
ruby sphere was placed on the surface of one diamond for
pressure calibration. We loaded the cell in an argon atmo-
sphere to avoid contamination by air. We used a YLF laser
at BGI and a Nd:YAG laser at Tohoku University to heat
the samples in the diamond anvil cells. Single-sided laser
heating was employed at BGI, and double-sided laser
heating was used at Tohoku University. Temperatures were
measured by spectroradiometry. Pressures were determined
by the ruby fluorescence method [Mao et al., 1978] at room
temperature before and after heating.
[8] Each recovered sample, still contained in the gasket,

was mounted in epoxy and a section through the center of
the sample was polished for scanning electron microscopic
observations. The region of each sample that had been laser
heated was removed from the polished section as a small
film (height 5 mm, width 15 mm, thickness 80–200 nm)
using FIB-milling systems at the Universities of Saarland
and Tohoku (see Figure 2). Transmission electron micros-
copy of the foils was performed using a Philips CM20 FEG
TEM operating at 200 kVat BGI. It was possible to perform
chemical mapping using scanning transmission microscopy
(STEM) on the thin foil obtained by FIB but the foil was too
thick (>100 nm) for electron energy-loss spectroscopy
(EELS) analysis for obtaining oxygen concentrations in
quenched liquid Fe. Therefore, after chemical mapping,
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we thinned the foil again using conventional argon
milling to a thickness of 80–40 nm. Quantitative chem-
ical analysis with energy-dispersive X-ray spectroscopy
on magnesiowüstite was carried out in the TEM mode.
The k factors were calibrated using the parameter-less
correction method of van Cappellen [1990]. The absorp-
tion correction was performed following the procedure of
van Cappellen and Doukhan [1994]. Elemental mapping
for Fe, Mg, O, and C was performed in the STEM mode.
Concentrations of oxygen in quenched liquid iron were
obtained by EELS. The partial scattering cross-section
ratio between oxygen and iron was determined experi-
mentally by using a Fe0.94O standard. All EELS spectra
for quantitative oxygen analysis were collected under the
following operating conditions: 8.0 mrad convergent an-
gle (2a), 4.3 mrad spectrometer collection angle (2b), and
1–3 s integration time per readout. Spectral processing
included subtraction of the dark current, alignment and
summation of offset spectra to reduce channel-to-channel

gain variations, and background subtractions of the form
AE�g [Egerton, 1996]. Technical details of the FIB milling
and EELS method are described byMiyajima et al. [2010].

2.2. Multianvil Fe-O Liquid Phase Relations

[9] Starting materials were mixtures of Fe and Fe2O3

ground in the correct proportions to produce two composi-
tions containing 5 and 9 wt% oxygen. Fe2O3 was prepared
by firing the reagent-grade oxide at 1000�C for 3 h. Both
samples were loaded into Al2O3 capsules containing two
sample chambers. The capsules were made from two-hole
thermocouple ceramic cut into 1 mm long sections and
closed at both ends with 0.3 mm thick Al2O3 disks. The
Al2O3 capsules were run in a Kawai-type multianvil appa-
ratus at the BGI. To pressures of 20 GPa, a 10 mm edge
length Cr2O3-doped MgO octahedral pressure assembly was
employed with 5 mm edge length tungsten carbide anvil
truncations. At 24.5 GPa, a similar octahedron was employed
with 4 mm edge length cube truncations. A LaCrO3 resis-
tance heater was used with a W97Re3-W75Re25 thermo-
couple. Samples were heated for a few minutes and then
quenched rapidly by turning off the power to the heater.
Recovered samples were mounted in epoxy resin and then
sectioned and polished for analysis with a scanning electron

Table 1. Conditions and Results of Diamond Anvil Cell

Experiments

Run

M95I30a M93I30a M98I65b M95I70a

Starting composition, XFeO
mw 0.05 0.07 0.02 0.05

Pressure (GPa)
Before heating 30 33 70 72
After heating 26 29 62 68
Meanc 28 31 66 70

Temperature (K) 2800 2800 3100 3500
Error 200 200 100 300

Compositions of run products
nd 7 15 7 3
XFeO
mw 0.076 0.059 0.035 0.191

Error 0.008 0.012 0.018 0.013

n 6 11 3 6
XO
met 0.063 0.045 0.047 0.241

Error 0.022 0.010 0.007 0.068

Ln KD �0.25 �0.33 0.25 �0.04
Error 0.45 0.42 0.69 0.26
aExperiments conducted at Bayerisches Geoinstitut.
bExperiments conducted at Tohoku University.
cMean pressure was treated as the experimental pressure.
dNumber of measurements.

Figure 1. Schematic illustration of the laser-heated DAC
sample assembly.

Figure 2. Thin foil preparation procedure using the FIB-
milling system. (a) Scanning electron image of a polished
section of the recovered sample from the experiment at
31 GPa and 2800 K (run: M93I30). The thickness of the
recovered samples was 15–20 mm, and quenched liquid Fe
is distributed in the sample as thin veins with a thickness of
less than 1 mm and/or as small inclusions. When extracting
thin foils for TEM analysis using FIB, we chose regions that
contained magnesiowüstite coexisting with metallic veins
that were free of fractures. The long side of the image (LSI)
is 14 mm. (b) Overview of the platinum coating that is
deposited on the selected region before thinning with a Ga+

beam. LSI = 43 mm. (c) Overview of the sample foil after
thinning. A metallic vein in the magnesiowüstite can be
observed. LSI = 23 mm. (d) Removing the foil from the host
sample using a tungsten needle. LSI = 43 mm.
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microscope and an electron microprobe. Chemical analyses
were obtained using a JEOL JXA-8200 electron microprobe
at 20 kV and 50 nA with counting times of 20 s. Fe and
O standards were Fe metal and periclase, respectively. The
liquid samples fully crystallize on quenching into heteroge-
neous mats of quench crystals that were analyzed using a
10 mm defocused beam.

3. Results

3.1. Laser-Heated Diamond Anvil Cell

3.1.1. Attainment of Equilibrium
[10] Although we used two different laser-heating meth-

ods, i.e., double-sided heating and single-sided heating,
there are no distinct differences between the features of
the reacted regions obtained by these two techniques. Fe
was dispersed as thin veins (<1 mm wide) during heating
and reacted with the surrounding magnesiowüstite (see
Figure 2a). Across such thin veins, the temperature gradient
must have been negligible. The duration of laser heating
was about 5 min in all experiments. This is sufficient for
attaining equilibrium between coexisting metallic liquid and
magnesiowüstite based on a time study performed using
multianvil experiments [Gessmann and Rubie, 1998]. In
addition, we obtained consistent results at similar P � T
conditions using different starting compositions (runs:
M95I30 and M93I30). This also indicates that equilibrium
was achieved during the high-temperature experiments.

3.1.2. Composition of Magnesiowüstite Adjacent
to Iron
[11] Initially, we performed chemical mapping for Fe,

Mg, O, and C using STEM and checked the element dis-
tribution over the entire sample foil. Figure 3 shows
representative chemical mapping images. In most cases,
magnesiowüstite immediately adjacent to iron was enriched
in FeO, even though the starting material consisted of
magnesiowüstite and pure iron. Some oxidation of the
sample evidently occurred at high pressure and temperature.
However, the presence of excess oxygen should not affect
the attainment of chemical equilibrium between liquid iron
and magnesiowüstite. There are several possibilities for the
origin of excess oxygen, such as oxidation from trace H2O

Figure 3. Elemental mapping images of a thin foil
prepared by the FIB milling technique from the sample
that was reacted at 70 GPa and 3500 K (run: M95I70).
(a) Bright field transmission electron micrograph of the
mapped area. (b) Distribution of Fe; (c) distribution of Mg;
(d) distribution of O; (e) distribution of C.

Figure 4. (a) Bright field transmission electron micro-
graph of the thin foil obtained from the sample reacted at
31 GPa and 2800 K (run: M93I30). Compositional profiles
in magnesiowüstite (Mw) were obtained along lines 1 and 2.
The dashed square indicates the region in which EELS
analysis was performed. (b) Compositional profile of FeO
in magnesiowüstite along lines 1 and 2 as indicated in
Figure 4a. The concentration of FeO is reduced relative to
the starting composition (Mg0.93Fe0.07O) near the interfaces
with iron. Along line 1 at a distance of 1000–2000 nm from
iron, low concentrations of FeO are also observed that
might indicate the proximity of another iron vein outside the
plane of the section though the spatial variation of oxygen is
relatively large.
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absorbed into the starting powders or oxidation of the iron
foil. In the absence of such oxidation, FeO was removed
from the magnesiowüstite to become dissolved in the liquid
iron. In this case, the change of FeO distribution in
magnesiowüstite adjacent to an Fe vein was difficult to
observe with chemical mapping because the strong intensity
of Fe from the metallic vein masked the weak contrast
variation in magnesiowüstite. However, line profiles
obtained by spot analyses indicate that the FeO content of
the magnesiowüstite was reduced by reaction with liquid Fe
(see Figure 4). The thickness of such reaction rims in the
magnesiowüstite was generally less than 1 mm in all sam-
ples. We consider the composition of magnesiowüstite
immediately adjacent to the interface with Fe to be the
composition in local equilibrium with the liquid metal [e.g.,
O’Neill et al., 1998; Asahara et al., 2007].
3.1.3. Oxygen in Quenched Liquid Iron
[12] As described in section 2.1, after chemical mapping

the samples were rethinned with an argon ion-beam milling
system. Then quantitative analysis of oxygen in the
quenched iron was conducted using EELS. A representative
EELS spectrum is shown in Figure 5. The maximum
oxygen concentration in quenched iron determined in our
experiments was about 32.5 mol% in the sample from the
experiment performed at 70 GPa and 3500 K (sample
M95I70). In this sample, the oxygen concentrations in the
observed area of quenched liquid iron (about 1 mm � 1 mm)
varied from 13 to 32.5 mol% (using a beam diameter of
100 nm). Such a large variation was observed only in the

sample M95I70, and in other samples the compositions
were relatively homogeneous. We assume that the average
of such measurements gives the oxygen concentration of the
liquid iron. The averages and standard deviations of the
measurements are listed in Table 2.
[13] Quenched liquid iron consisted mainly of polycrys-

talline a-iron, but some undefined diffraction spots were
observed in addition to those of a-iron in samples with
high-oxygen concentrations. Wüstite is a possible candidate
for this minor phase, though this is difficult to confirm on
the basis of a few diffraction spots. Heterogeneity in oxygen
concentrations apparent in some quenched iron veins is
most likely caused by the presence of an FeO phase that
exsolved during quenching [cf, O’Neill et al., 1998;
Gessmann and Rubie, 1998]. At the interface between
magnesiowüstite and quenched Fe, magnesioferrite was
also observed on the basis of minor diffraction spots in
sample M95I70 (see Figure 6). It is, therefore, suggested
that part of the exsolved FeO component reacted with
magnesiowüstite at the metal-oxide interface during the
quench. A similar reaction was reported by O’Neill et al.
[1998] in multianvil experiments.
[14] Experimental results are shown in Figure 7 and

compared with the model of Asahara et al. [2007]. The
model of Asahara et al. [2007] is based on the assumption
that KD varies only as a function of P and T and was
constrained using multianvil data to 25 GPa and estimates
for KD determined from DAC studies on oxygen partition-
ing between liquid Fe and silicate perovskite at higher
pressures [Takafuji et al., 2005; Sakai et al., 2006]. The
metal-magnesiowüstite KD was estimated from the latter
studies using data on Fe-Mg partitioning between silicate
perovskite and magnesiowüstite. Even though the uncer-
tainties in the experimental data determined in this study are
large, the data are still in quite poor agreement with the
model proposed by Asahara et al. [2007] as only one of the
data points at 3100 K (M98I65) is consistent with this model.
The KD values from this study are also consistently higher
than the experimental data of Ozawa et al. [2008].
3.1.4. Carbon Contamination in the Sample
[15] Contamination by carbon was observed in a sample

recovered from an experiment at 72 GPa and 3200 K (run
no. M95I70_02, not reported in Table 1). Fe-rich veins have
a granular texture and consist of FeO and Fe7C3 (Figure 8).
We examined the carbon distribution in all sample foils
using STEM mapping, and we normally found a homoge-
neous distribution that resulted from the sample being
coated with carbon for TEM observations (see Figure 3e).
However, in this sample, we could clearly observe high
concentrations of carbon in the metal using STEM mapping.

Figure 5. Representative EELS spectrum of quenched
iron in the thin foil from the sample reacted at 70 GPa and
3500 K (run: M95I70). Based on this spectrum, 29 mol% of
oxygen was detected.

Table 2. Run Products of Fe-FeO Liquidus Experiments

Run
Pressure
(GPa) T (K) OEL/TELa

Starting Composition
(mol%)

Fe-Rich Liquid FeO-Rich Liquid

FeO (mol%) Fe (mol%) FeO (mol%) Fe (mol%)

FO07 24.5 2473 10/4 34 35(7) 64(14) 53(9) 47(8)
18 35(6) 64(12)
18 31(8) 68(18)

FO06 20 2473 10/5 34 19(2) 81(8) 62(3) 38(1)
18 15(2) 85(12)

FO05 12 2373 10/5 18 8.4(1) 91(1) 95(6) 5.2(3)
34 6(1) 93(1) 85(13) 15(2)

aOEL is the octahedral edge length of the MgO pressure medium, and TEL is the truncation edge length of the tungsten carbide cubes.
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On the basis of this unique result, we consider that carbon
contamination occurred in this sample at least in the
analyzed regions. Graphite inclusions in the magnesiowüs-
tite starting material or chemical reaction between the

sample and diamond [Dubrovinsky et al., 2005] are possible
origins of this contamination. We excluded this sample from
further consideration.

3.2. Multianvil Fe-O Liquid Immiscibility Experiments

[16] Metallic iron-rich liquids and ionic iron oxide-rich
liquids both quenched to an assemblage containing
quenched crystals of iron and iron oxide phases. In many
samples, however, it was possible to identify the presence of
immiscible liquids through the occurrence of clear compo-
sitional boundaries as shown in Figure 9. The results show
that the oxygen content of liquid Fe metal in equilibrium
with FeO-rich ionic liquid increases relatively strongly with
pressure, while, in comparison, the oxygen content of the
coexisting ionic liquid decreases to a slightly smaller extent
with pressure. The results shown in Figure 10 are in good
agreement with coexisting liquid compositions reported by
Tsuno et al. [2007], which were collected between 2173 and
2573 K at 15, 18, and 21 GPa. The data of Tsuno et al.
[2007] also indicate that the immiscible region closes with
increasing temperature. At 24.5 GPa, the difference in the
oxygen contents of metallic and ionic liquids is approxi-
mately 10 mol%.

4. Thermodynamic Analysis

4.1. Fe-O System

[17] Using the high-temperature oxygen solubility data of
Fischer and Schumacher [1978] and Distin et al. [1970],
Kowalski and Spencer [1995] derived a thermodynamic
model that describes liquid immiscibility in the Fe-O system
at ambient pressure. The associated solution model employs
Fe, FeO, and FeO1.5 liquid species and predicts closure of
the miscibility gap between Fe-rich metallic and FeO-rich
ionic liquids at approximately 3000 K. The species have
strong nonideal interactions in the liquid, but above 2000 K
the proportion of FeO1.5 species in the ionic liquid predicted
by the model is small (<5 mol%), and a very minor shift in

Figure 6. Bright field transmission electron micrograph of
iron and adjacent magnesiowüstite in the sample foil from
the sample reacted at 70 GPa and 3500 K (run: M95I70).
The selected area electron diffraction pattern shown in the
insert was obtained from the area indicated by the white
dashed circle. The main diffraction spots are from a-iron and
magnesiowüstite (Mw) but additional spots are present that
can be indexed as magnesioferrite (Mf, spinel structure).

Figure 7. The experimentally determined values of ln KD

obtained by LHDAC experiments in this study and by
Ozawa et al. [2008] are compared with the thermodynamic
model previously reported by Asahara et al. [2007]. Data
from this study and Ozawa et al. [2008] are shown by filled
and open circles, respectively, and are labeled with the
experimental temperatures. The curves show the model of
Asahara et al. [2007] calculated at temperatures indicated
next to each curve.

Figure 8. Bright field transmission electron micrograph of
a metallic vein in the sample that was reacted at 71 GPa and
3200 K (run: M95I70_02). The selected area electron dif-
fraction (SAED) pattern inserted in the figure was obtained
from the grain indicated by the arrow. It is identified as a
Fe7C3 phase with hexagonal or orthorhombic symmetry
[Yakel, 1985]. The SAED pattern was indexed with the
hexagonal symmetry.
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liquid compositions results if FeO1.5 species are ignored.
This makes the model computationally much simpler as the
two liquids at equilibrium are then described using two
chemical potentials, one for each component:

mmetallic
Fe ¼ mionic

Fe ; ð2Þ

mmetallic
FeO ¼ mionic

FeO : ð3Þ

Taking the standard state as the pure phases at the pressure
and temperature of interest, the expressions for the chemical
potentials of FeO in the metallic and ionic phases are

mmetallic
FeO ¼ m6;metal

FeO;P;T þ RT lnXmetal
FeO þ RT ln gmetal

FeO ; ð4Þ

mionic
FeO ¼ m6;ionic

FeO;P;T þ RT lnX ionic
FeO þ RT ln gionicFeO ; ð5Þ

where mFeo,P,T
6 is the standard state chemical potential, R is

the gas constant and gFeO
metal is, for example, the activity

coefficient of FeO in the metallic phase. Similar equations
can be written for the Fe components in the two liquid
phases. When component chemical potentials are equated,

as in equation (3), the standard state terms cancel out and
can therefore be ignored for the present. The nonideal
mixing terms for FeO and Fe in both metallic and ionic
liquids are described using asymmetric Margules equations

RT ln gFeO ¼ ð1� XFeOÞ2 WFeO�Fe þ 2ðWFe�FeO �WFeO�FeÞXFeO½ �;
ð6Þ

and

RT ln gFe ¼ ð1� XFeÞ2 WFe�FeO þ 2ðWFeO�Fe �WFe�FeOÞXFe½ �;
ð7Þ

where WFeO-Fe and WFe-FeO are interaction parameters. At
ambient pressure, these terms are a function of temperature
but in order to fit the high-pressure data a pressure-dependent
term, i.e., an excess volume, is also included. Using a least-
squares fitting routine, we derive two excess volume terms
from the high-pressure experimental data to give

WFeO�Fe ¼ 135; 943� 31:122T � 0:059ð6ÞP; ð8Þ

and

WFe�FeO ¼ 83; 307� 8:978T � 0:09ð2ÞP; ð9Þ

Figure 9. Scanning electron microscope image of two samples contained in a single alumina capsule
from an experiment performed in the Fe-FeO system at 20 GPa and 2473 K. The sample on the left with a
starting material of Fe with 9 wt% O contains coexisting metal and ionic liquids, while that on the right
(5 wt% O) is interpreted to consist of a single metallic liquid. When quenched, both metallic and ionic
liquids crystallize to mixtures of Fe and FeO.
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where the pressure P is in bars. The first two terms in each
expression are derived from the ambient pressure Redlich-
Kister expressions given by Kowalski and Spencer [1995],
and the final term, related to the excess volume, is derived
from the high-pressure data. The uncertainties in the excess
volume terms are derived from the standard deviation of
individual fits to the miscibility gap at each pressure. The
uncertainty in the WFe-FeO excess volume is quite large
mainly as a result of the data at 12 GPa. As will be seen,
however, the effect of this uncertainty on the calculations
described in section 5 is relatively small. The fit of this model
to the high-pressure data is shown in Figure 10. Although the
model was refined using only the data from this study, its
predictions are also in good agreement with the coexisting
liquid compositions reported by Tsuno et al. [2007].

4.2. Mg-Fe-O System

[18] In order to calculate the oxygen content of liquid iron
metal in equilibrium with magnesiowüstite of a given FeO
content, we need to consider the equilibrium between the
FeO components, i.e.,

mmetal
FeO ¼ mmagnesiowustite

FeO : ð10Þ

The chemical potentials for each phase are given by
equations (4) and (5), where magnesiowüstite now takes
the place of the ionic liquid. Although samples of
magnesiowüstite are generally nonstoichiometric to some
extent as a result of the presence of FeO1.5 defects,

experiments have shown that samples synthesized under
high pressures have significantly lower FeO1.5 contents
than at ambient pressures [McCammon, 1993]. In the
development of the following model, we, therefore, assume
magnesiowüstite to be stoichiometric. Activity-composi-
tion relations for FeO in the metallic phase are given by
equations (6)–(9) and for magnesiowüstite a symmetric
solution model is employed from the literature [O’Neill et
al., 2003; Frost, 2003]:

RT ln gmw
FeO ¼ ð1� Xmw

FeOÞ
2
Wmw

FeO�MgO; ð11Þ

with

Wmw
FeO�MgO ¼ 11; 000þ 0:011P ðbarsÞ: ð12Þ

As opposed to the Fe-O system, the standard state chemical
potentials of FeO in liquid Fe and magnesiowüstite no
longer cancel out across equilibrium (10) but can be deter-
mined using thermodynamic data extracted from the
melting curve of FeO. The chemical potential of solid
FeO was determined from room pressure free energy data
[Kowalski and Spencer, 1995] and using P-V-T equation of
state data from high-pressure measurements [Seagle et al.,
2008]. The chemical potential of liquid FeO was then
determined at high pressure and temperature by refining a
P-V-T equation of state for the liquid using data on the
melting curve of FeO. Data from Lindsley [1966], Tsuno et
al. [2007], and Seagle et al. [2008] were employed to fit the
melting curve. The high-pressure results of Seagle et al.
[2008] were preferred over other studies because they
bracket the melting temperature of a composition that is
close to stoichiometric FeO. In the refinement of the
equation of state properties of liquid FeO, the experimental
melting data were weighted using the temperature uncer-
tainties. The refined melting curve is shown in Figure 11.
The thermodynamic parameters for the fit are reported in
Table 3. It may not be possible to use the FeO melting curve
to determine the chemical potential of FeO liquid relative
to the cubic FeO end member at pressures above 70 GPa
because cubic FeO goes through a phase transformation to
the NiAs-type B8 structure [Fei and Mao, 1994], which
may appear on the solidus above 70 GPa.
[19] The proportion of FeO in Fe liquid at a given P, T,

and magnesiowüstite Fe/(Fe + Mg) can be calculated using
equation (10) and employing equations (4)– (12) to calcu-
late the chemical potential of FeO in each phase. The
oxygen distribution coefficient (KD) can then be calculated
using the determined FeO contents. In Figure 12, curves
calculated for KD using this model are compared with the
multianvil experimental data of Asahara et al. [2007]. The
curves are calculated for a magnesiowüstite Fe/(Fe + Mg)
ratio of 0.15, which is midway within the range of values
displayed by the experimental data. The model curves are in
excellent agreement with the experimental data, although
the model was derived completely independently.
[20] In Figure 13a, the thermodynamic model is com-

pared with the DAC results obtained in this study. The
model curves are calculated for the magnesiowüstite com-
positions of the individual experiments. At pressures below
25 GPa, the model predicts that KD is independent of

Figure 10. Compositions of coexisting Fe and FeO-rich
liquids from high-pressure experiments at 2373 and 2473 K
in the Fe-FeO system. Previous data from Tsuno et al.
[2007] are shown for comparison. The thermodynamic cal-
culation of the miscibility gap derived from the experi-
mental data obtained in this study is shown at 2373 K (gray
line) and 2473 K (black line).
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composition. However, above 25 GPa, KD becomes strongly
dependent on the magnesiowüstite FeO content. As shown in
Figure 13a, above 25GPa the curve calculated at 3500K for a
magnesiowüstite Fe/(Fe + Mg) ratio of 0.19 flattens out and
crosses beneath that calculated for a lower temperature and
lower magnesiowüstite Fe content. This behavior is mirrored
exactly by the experimental data, with which the model is in
excellent agreement, even though it has been derived com-
pletely independently.
[21] Data from the recent study of Ozawa et al. [2008],

which was performed up to 134 GPa, are also shown up to

80 GPa in Figure 13a. Between 18 and 94 GPa, values of ln
KD determined by Ozawa et al. [2008] are consistently
lower by up to 1 natural log unit compared with our model,
although data at 134 and 124 GPa are within 0.3 natural log
units of the model, which is close to the reported experi-
mental uncertainty. The lower Fe metal oxygen contents and
consequent low values of KD reported by Ozawa et al.
[2008] could have resulted from FeO loss from Fe-liquid
during quenching, as observed in previous studies by
O’Neill et al. [1998]. As the Fe liquid metal cools during
quenching, FeO liquid exsolves and can migrate to the
boundary with the surrounding magnesiowüstite. If samples
quench too slowly or Fe liquid regions are relatively small,
the time scale for this process can be short enough for the Fe
to be strongly depleted in FeO. On the other hand, unless
temperatures in our study were significantly overestimated,

Figure 11. Experimental determinations of the melting
curve of FexO. The model (solid black curve) has been
derived by fitting the P-V-T properties of liquid FeO using
the experimental data of Lindsley [1966] up to 3 GPa,
Tsuno et al. [2007] up to 20 GPa and Seagle et al. [2008]
at 50 GPa, (with the experimental brackets provided by
the latter two studies indicated by filled and shaded large
opposed triangles). The standard state chemical potential
of liquid FeO is obtained at high pressure and temperature
using the fitted melting curve and thermodynamic proper-
ties of solid FexO.

Table 3. Thermodynamic Model Parametersa

Parameter Value Referenceb

FeO solid
m�(Wüstite,1 bar,T) (kJ mol�1) �279318 + 252.848T � 46.12826T ln(T) � 0.0057402984T2 1
V0,298K (J/bar) 1.225 2
a, thermal expansion (K�1) 3.481e�5 + 2.968e�9T � 0.0806T�2 � 0.0014437T�1 2
KT (bar) 1,500,000 � 2.64e2(T-298) + 0.01906(T-298)2 3
K0 4.305 3

FeO liquid
m�(FeO,liquid,1 bar,T) (kJ mol�1) m�(Wüstite,T,1 bar,) + 34,008 � 20.969T 1
V0,298 K (J/bar) 1.3244 4
a, thermal expansion (K�1) 4.923e�5 + 2.968e�9T � 0.0806T�2 � 0.0014437T�1 4
KT (bar) 802,655 � 100(T-298) 4
K0 4.397 4
aThe chemical potential of each phase at the P and T of interest is calculated from m(P, T) = m�(1 bar, T) +

R
1
PVFeO dP, where

R
1
PVFeO dP = VT{KT/(K

0 �
1)*[(1 + K0/KTP)

((K0�1)/K0) � 1]}, and VT = V0,298exp[
R
298
T adT].

bReferences: 1, Kowalski and Spencer [1995]; 2, Hass and Hemingway [1992]; 3, refined from the data of Seagle et al. [2008]; 4, refined from the FeO
melting curve.

Figure 12. Oxygen distribution coefficients (KD) calcu-
lated with the thermodynamic model described in the text
(solid curves) are compared with the multianvil experi-
mental data of Asahara et al. [2007].
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it is hard to envisage experimental mechanisms that could
lead to erroneously high values of KD.
[22] In Figure 13b, the Fe metal oxygen concentration has

been calculated as a function of the FeO content of
magnesiowüstite at the conditions of our experiments using
the thermodynamic model. The experimental data are also
plotted. At low pressure, there is a linear relationship and
KD, which is essentially the gradient, is constant with
composition. A curvature develops at high pressures and
temperature, however, causing KD, to become composition-
ally dependent. Models that assume a constant KD will
therefore tend to overestimate oxygen concentrations at
typical FeO concentrations and conditions of the present-
day lower mantle.
[23] The predictions of the model, particularly when

extrapolated to the core-mantle boundary, are sensitive to
the melting curve of FeO employed. We use a melting curve
constrained by the data of Seagle et al. [2008]; however,
previous experimental studies by Shen et al. [1993] and
Knittle and Jeanloz [1991] have derived both lower and
higher temperature melting curves, respectively (Figure 11).
Some idea of the uncertainties in the model can also be
gained by employing these two studies to calibrate the model.
When using the data of Shen et al. [1993], a relatively minor
shift in the calculated ln KD occurs with values that are on
average more positive by approximately 0.5 natural log units
at 60 GPa. Although still generally consistent with our
diamond cell results, a poorer fit is obtained. When employ-
ing a curve that is bracketed midway between the liquid and
solid temperatures reported by Knittle and Jeanloz [1991]
values of ln KD are driven consistently lower with pressure
and the minima apparent for low XFe compositions in
Figure 13 disappears. At 60 GPa, the calculated ln KD is
approximately 0.8 log units below the curve at 3100 K shown
in Figure 13a and is, therefore, in poor agreement with our
experimental data. This model is in much better agreement
with the data of Ozawa et al. [2008] up to pressures of
74 GPa, but because the model displays no minima it
predicts values that are over 1 natural log unit lower than
the experimental data of Ozawa et al. [2008] at the highest
reported pressure (134 GPa). There is, however, a large
difference in temperature between conditions where the
solid and liquid phases are observed in the study of Knittle
and Jeanloz [1991], and a melting curve passing closer to
the minimum estimated temperature up to 70 GPa would be
quite consistent with the results of Seagle et al. [2008], and
multianvil experiments [Tsuno et al., 2007] and result in
an oxygen partitioning model that is very similar to that
shown in Figure 13.

5. Discussion

[24] Using the equation of state for FeO liquid and the
determination of the excess volume of mixing between Fe
and FeO liquids, we can make an estimate of the amount of
oxygen required to satisfy the density deficit of the outer
core. Comparing the density of pure liquid iron [Alfè et al.,
2002b] with the PREM model [Dziewonski and Anderson,
1981] at 5000 K and 150 GPa implies that the core has a 9%
density deficit. Extrapolating our FeO liquid equation of
state to the same conditions and employing the excess
volume of mixing indicates that 6 wt% oxygen would be

Figure 13. (a) Results of oxygen partitioning experiments
from the diamond anvil cell between 28 and 70 GPa are
compared with curves calculated from the thermodynamic
model for the individual experimentally observed magne-
siowüstite Fe/(Fe + Mg) values (XFe). At high pressure, the
model predicts that KD becomes compositionally dependent,
in good agreement with the experimental data. Data from
the recent study of Ozawa et al. [2008] are also shown.
(b) The oxygen content of liquid Fe metal in the
experimental samples is plotted as a function of the
equilibrium magnesiowüstite Fe/(Fe + Mg) ratio. Curves
calculated at the experimental pressures and temperatures
are determined from the thermodynamic model. Symbols
are the same as those in Figure 13a. At high pressure, the
curves are no longer linear, indicating that KD is no longer
constant with varying magnesiowüstite Fe/(Fe + Mg).
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required to cause this density deficit, if oxygen is the only
light element in the core. This is in good agreement with
previous estimates [Alfè et al., 2002a], which at the very
least serves to show that our equation of state for FeO liquid
is consistent with determinations made through more so-

phisticated methods. Accounting for the negative excess
volume of mixing between Fe and FeO decreases the
amount of O required to satisfying the density deficit by
approximately 0.5 wt%.
[25] At low pressures, Fe-FeO immiscibility is reflected

in large positive deviations from ideality of the Fe-FeO
liquids. The negative excess volume of mixing drives
activities toward ideal mixing with increasing pressures,
but by core-mantle boundary (CMB) pressures this causes
negative deviations from ideality to develop. While we
cannot assess the effects of pressure on the excess volumes,
we note that such negative deviations imply the presence of
ordered intermediate liquid species such as Fe2O. This could
be an indication that corresponding solid phases with similar
stoichiometries may also become stable at these conditions,
although to date none have been identified.
[26] By extrapolating the model to conditions of the

present-day CMB (136 GPa), the relationship between the
oxygen content of the core and the Fe/(Fe + Mg) of
magnesiowüstite at the CMB can be determined. Estimates
for the temperature at the CMB range between 3500 and
4500 K, and the oxygen content of the core would need to
be in the range of 6–9 wt%, if oxygen is the sole cause of
the core’s density deficit. The range reflects the uncertain-
ties in both the density of the core and the effect of oxygen
on the density of Fe. As shown in Figure 14a, these ranges
of temperature and oxygen content correspond to a range in
magnesiowüstite Fe/(Fe + Mg) of 0.02–0.08, which is
below that expected for the bulk of the mantle (Fe/(Fe +
Mg) = 0.12) even if the favorable partitioning of FeO into
magnesiowüstite over all other silicate phases is ignored
[Wood, 2000; Kesson et al., 1998; Murakami et al., 2005].
Therefore, even if oxygen is the sole light element in the
core, the core must be undersaturated in oxygen with
respect to the likely mantle FeO concentration. The mantle
at the CMB might, therefore, become strongly depleted in
FeO in order to achieve local equilibrium with the core. If
oxygen is not the only light element in the core or if it is
only a minor component, then an even stronger depletion of
FeO from the mantle could develop. On the other hand,
instead of the base of the mantle becoming depleted in FeO,
it is also possible that the core has developed a low-density,
dynamically stable FeO-rich outer layer, as a result of
reaction with the mantle. Seismic studies have proposed
evidence for a layer on top of the outer core of the order of
10 km thick [Eaton and Kendall, 2006; Tanaka, 2007]. As
the core cooled, the mantle at the CMB might even have
become enriched in FeO as a result of backreaction with this
outer core layer. Although not mutually exclusive, whether
chemical equilibrium at the CMB is achieved through FeO
depletion of the mantle or FeO enrichment of a layer at the
top of the core will depend on the dynamics of mixing in the
mantle and core. A well-mixed core will favor the former
possibility, while effective mixing of the mantle will favor
the latter.
[27] There are significant uncertainties in the model

inherent in the extrapolation to the CMB and in the use of
a simplified chemical system. The uncertainty in the deter-
mined Fe-FeO excess volume, for example, propagates to
an uncertainty in the calculated core oxygen contents shown
in Figure 14 of approximately 1 wt% oxygen. It is possible
that structural changes in Fe liquid affect Fe-FeO excess

Figure 14. (a) The oxygen content of liquid Fe metal
versus the equilibrium magnesiowüstite Fe/(Fe + Mg) cal-
culated at the present-day core-mantle boundary pressure of
136 GPa between 3000 and 5000 K. The temperature at the
core-mantle boundary is likely in the range 3500–4500 K.
The shaded region indicates the range of oxygen contents
required to account exclusively for the density deficit of the
outer core. Magnesiowüstite FeO contents in equilibrium
with plausible core oxygen contents are much lower than
those expected for the bulk of the mantle, showing that
either the mantle adjacent to the outer core must be depleted
in FeO or that a stratified outer layer of the core must be
enriched in oxygen. (b) The oxygen content of liquid Fe
calculated with the thermodynamic model developed in this
study is compared with the previous models of Asahara
et al. [2007] and Ozawa et al. [2008] for which it
was assumed that KD is independent of magnesiowüstite
composition.
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properties at pressures above 25 GPa, which would inval-
idate our simple extrapolation. Other than the consistency
between our model and experimental partitioning data up
to 60 GPa, we have no way to assess this possibility. As
discussed in section 4.2, use of different melting curves for
FeO can also have a strong influence on the model. If the
melting curve of Shen et al. [1993] is employed, for example,
the curves shown in Figure 14 shift to much higher oxygen
concentrations and the core is, therefore, predicted to be even
more undersaturated in oxygen. If the FeO melting curve is
derived from the midpoint of the data reported by Knittle and
Jeanloz [1991], on the other hand, very little oxygen is
predicted to dissolve in the core at current CMB conditions.
The excellent agreement between our model and the diamond
anvil cell results, however, is strong support for our choice of
the FeO melting curve of Seagle et al. [2008].
[28] In our experiments, we have ignored the effects of Ni

and other potential light elements in the core. It is possible
that ternary interactions between other light elements such
as sulfur and silicon could strongly affect oxygen partition-
ing between the mantle and core. Some inconsistencies
between the studies of Rubie et al. [2004] and Asahara et
al. [2007], for example, might be explained by the presence
of Ni and Si in the liquid Fe in the former study. These
possibilities await detailed investigation.
[29] The strong compositional dependence of oxygen

partitioning that develops at high pressures is compared
with previous models at 136 GPa and 4000 K in Figure 14b.
The studies of Asahara et al. [2007] and Ozawa et al.
[2008] assumed that the oxygen KD remains constant with
magnesiowüstite composition, and the resulting curves for
the liquid-metal oxygen content become very steep at CMB
conditions, predicting metal oxygen contents above 20 wt%
for magnesiowüstite Fe/(Fe + Mg) < 0.05 at 4000 K. On the
basis of these earlier models, significant core-mantle equil-
ibration at the base of a magma ocean that extended sig-
nificantly into the deep lower mantle would be ruled out on
the grounds that this would have left the mantle strongly
depleted in FeO because of oxygen partitioning into the
core [Frost et al., 2008]. With the current model, however,
significant core-mantle equilibration at conditions compat-
ible with the base of a magma ocean in the lower portion of
the lower mantle cannot be ruled out. On the other hand,
simple single-stage homogeneous accretion calculations
indicate that for oxygen to be the major light element in
the core, core-mantle equilibration would have had to occur
predominantly at the base of a magma ocean that extended
to a depth where pressures reached at least 70 GPa. The
Earth would also have had to form from material that was at
least as oxidized as the present-day mantle.

6. Conclusions

[30] Oxygen partitioning experiments between magnesio-
wüstite and liquid iron have been performed up to 70 GPa
and 3500 K with the LHDAC. An FIB-milling technique
was employed to prepare thin foils from the recovered
samples for chemical analysis with the TEM. Partitioning
data obtained in this study are in good agreement with
previous data obtained using the multianvil apparatus up
to 25 GPa. The results, however, suggest that the oxygen
distribution coefficient, KD, is not independent of the

magnesiowüstite FeO content over the ranges of FeO
concentration investigated at pressures >25 GPa. This must
result from changes in the excess free energy properties,
i.e., activity composition relations, for the liquid and oxide
phases with increasing P and T. The existing partitioning
data are insufficient to accurately calibrate this composi-
tional effect, however.
[31] Further experiments were performed to independently

derive the excess free energy properties of Fe-FeO liquids.
Compositions of immiscible Fe and FeO-rich liquids were
determined up to 25 GPa at 2373–2473 K. The miscibility
gap was found to close with increasing P and T, in good
agreement with the previous study of Tsuno et al. [2007]. A
thermodynamic model fit to these data allowed the activity
of FeO in Fe liquid to be calculated as a function of P and T.
A small, negative excess volume of mixing between FeO
and Fe liquids was found. In order to construct a model to
describe oxygen partitioning in theMg-Fe-O system at high
P and T, three further forms of data were employed.
[32] 1. Activity-composition relations for the magnesio-

wüstite solid solution were taken from the literature.
[33] 2. The chemical potential of pure FeO in magnesio-

wüstite was determined using room temperature free energy
data and P-V-T equation of state data from the literature.
[34] 3. The chemical potential of pure FeO in liquid metal

was determined by fitting high-pressure experimental data
on the melting curve of FeO.
[35] The resulting model reproduces both multianvil

oxygen partitioning data to 25 GPa and the LHDAC
experimental results obtained in this study. The independent
method by which this model was determined provides
rigorous confirmation of the trends indicated by the experi-
ments. The model shows that the oxygen KD, while being
independent of magnesiowüstite composition at pressures
<25 GPa, becomes a strong function of composition at
higher pressures, in agreement with the experimental data.
[36] Extrapolating the model to calculate the effect of

FeO on the density of the outer core indicates that 6 wt%
oxygen would be required to explain the core density
deficit, which is in agreement with previous studies [Alfè
et al., 2002a]. The core could contain this level of oxygen
as a result of core-mantle equilibration in a terrestrial
magma ocean [Asahara et al., 2007; Rubie et al., 2007;
Frost et al., 2008]. The strong compositional dependence of
oxygen partitioning that occurs at high pressures, however,
means that the mantle would not have been drastically
depleted in FeO as a result of such equilibration, as
predicted by some previous models, even if the magma
ocean extended deep into the lower mantle.
[37] As discussed by Asahara et al. [2007], if the com-

positions of Earth’s mantle and core were established
through magma ocean equilibration, then, at the present-
day CMB, the core will be oxygen undersaturated with
respect to the likely mantle magnesiowüstite composition of
Fe/(Fe + Mg) = 0.12–0.18 [Kesson et al., 1998; Wood,
2000; Murakami et al., 2005]. As a result the mantle might
be locally depleted in FeO at the CMB due to partitioning
into the core, in order that the mantle and core can attain
local equilibrium. The resulting MgO-rich layer at the CMB
might be very thin because Fe-Mg diffusion, at least in
silicate perovskite, is extremely slow at these conditions
[Holzapfel et al., 2005]. Alternatively, FeO extracted from
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the mantle could have concentrated in a dynamically stable
FeO-rich layer at the top of the outer core. It is, therefore,
possible that layering develops on both sides of the CMB,
with extents and compositions that depend on the dynamics
of mixing on either side. It is quite likely that, in addition to
oxygen, the core contains several other light elements, such
as Si and S. Further studies are required in order to constrain
the effects of these elements on oxygen partitioning.
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Frost, D. J. (2003), Fe2+-Mg partitioning between garnet, magnesiowüstite,
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