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Abstract The Earth’s core contains light elements and
their identification is essential for our understanding of
the thermal structure and convection in the core that
drives the geodynamo and heat flow from the core to the
mantle. Solubilities of Si and O in liquid iron coexisting
with (Mg,Fe)SiOs-perovskite, a major constituent of the
lower mantle, were investigated at temperatures between
2,320 and 3,040 K at 27 GPa. It was observed that Si
dissolved in the liquid iron up to 1.70 wt% at 3,040 K
and O dissolved in the liquid iron up to 7.5 wt% at
2,800 K. It was also clearly seen that liquid iron reacts
with (Mg,Fe)SiOj-perovskite to form magnesiowdistite
and it contains Si and O at 27 GPa and at 2,640 and
3,040 K. The amounts of Si and O in the liquid iron are
1.70 and 2.25 wt% at 3,040 K, respectively. The solu-
bilities of Si and O in liquid iron coexisting with
(Mg,Fe)SiO3-perovskite have strong positive tempera-
ture dependency. Hence, they can be plausible candi-
dates for the light elements in the core.

Keywords: (Mg,Fe)SiOs-perovskite - Liquid iron -
Silicon - Oxygen - Earth’s core

Introduction

The Earth’s core is supposed to contain light elements
such as Si, O, and S based on the comparison of seismic
observations with the equation of state of the core
materials (e.g. Anderson and Isaak 2002), cosmochemial
observations (e.g. Allegre et al. 2001), and the phase
relations of the iron-light element systems at high pres-
sures and temperatures (e.g. Hillgren et al. 2000). The
light elements were dissolved in liquid iron to form the
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core (Hillgren et al. 2000). A terrestrial magma ocean is
likely to have extended to the depth of lower mantle
during the core formation stage (Ohtani et al. 1997;
Righter et al. 1997; Li and Agee 2001b). Liquid iron that
separated from the magma ocean ponded at the base, and
segregated to form the core. The (Mg,Fe)SiOs-perovskite
(hereafter, Mg-perovskite), thought to be the most
dominant mineral in the lower mantle, may have under-
gone reaction with liquid iron at the base of the deep
magma ocean, which have provided Si and O as the light
elements in the core. The dissolution of Si in liquid iron
also makes it possible to explain its depletion in
the primitive mantle compared with CI chondrite
(McDonough and Sun 1995; Allegre et al. 2001) without
enrichment in the lower mantle. Another important
aspect of this reaction is that it may occur at the core—
mantle boundary throughout the core formation stage.
Results of previous studies on this reaction using a laser-
heated diamond anvil cell (LH-DAC) (Knittle and
Jeanloz 1989, 1991; Hillgren and Boehler 2000; Takafuji
et al. 2005) are controversial. Knittle and Jeanloz (1989,
1991) reported that Mg-perovskite reacted with liquid
iron to produce SiO,-stishovite, Fey ¢O-wiistite, and FeSi
at 75 GPa and 3,700 K. On the other hand, Hillgren and
Boehler (2000) performed the reaction experiments be-
tween liquid iron and Mg-perovskite up to 100 GPa and
3,300 K and found low solubilities of Si (< 0.2 wt%) and
0O (<0.9 wt%) in the liquid iron and no reaction products
such as SiO,-stishovite, FeyoO-wiistite, and FeSi
reported by Knittle and Jeanloz (1989, 1991). Recently,
Takafuji et al. (2005) investigated the reaction up to
97 GPa and 3,150 K and observed dissolution of Si
(<3.1 wt%)and O (< 5.3 wt%) in the liquid iron. In this
study, equilibrium experiments between liquid iron and
Mg-perovskite have been conducted with a Kawai-type
multianvil apparatus at 27 GPa and up to 3,040 K in
order to obtain more reliable results on this reaction,
besides the solubilities of Si and O in the liquid iron. The
present experiments have been conducted in the Fe-Mg—
Si—O system to observe the reaction between liquid iron
and Mg-perovskite based on a simple model system.
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Experimental methods

Experiments were performed using a Kawai-type mul-
tianvil apparatus at Tohoku University, using WC
anvils with 2.0-mm truncated edges and a semi-sintered
(Mg,Co)O pressure medium. Pure iron (99.99 wt%
purity) rod was packed into a synthesized MgSiO; or
(Mgo.9,Feq.1)SiO3 pyroxene capsule. In order to produce
different oxygen fugacity (fO,) conditions for the sam-
ples, we used MgSiO; and (Mg ¢,Feg 1)SiO3; pyroxene
capsules and iron rods with differing volumes (Table 1).
MgSiO; enstatite was synthesized from a mixture of
MgO and SiO, reagents. The mixture was melted by
shining the CO, laser and then quenched by turning the
laser off. (Mggo,Feq )SiO3 pyroxene was synthesized
from a mixture of reagent grade oxides of MgO, Fe,Os,
and SiO, in a graphite capsule at 3 GPa and 1,673 K
using a Kawai-type apparatus after heating the mixture

in a CO,—H, gas mix furnace at 1,527 K for 24 h with
the oxygen fugacity approximately 2 log units below the
fayalite-magnetite—quartz buffer.

The iron and pyroxene were heated at high temper-
ature using a Re cylindrical heater and a LaCrO; ther-
mal insulator system. Temperature was increased at a
rate of 170 K/min to the desired value. The starting
material (pyroxene) was transformed to Mg-perovskite
before the temperature reached the melting point of iron
during the temperature increase. This transformation
was confirmed by the observation of Mg-perovskite in
the sample, which was heated to 2,000 K at a rate of
170 K/min, similar to that mentioned above. Generated
temperature was calibrated using the relation between
input power to the heater and the melting temperature
of Mg-perovskite (Zerr and Boehler 1993) and the
eutectic temperature in the Fe-FeO system (Boehler
1993). This calibration is confirmed by a similar rela-
tionship between the power to the heater and the tem-

Table 1 Experimental conditions, compositions of run products (wt%), and quench products in liquid iron. All experiments have been

conducted at 27 GPa

Run No. 83 111 110 102 86 84
Temperature (K) 3,040 2,960 2,800 2,800 2,640 2,320
Duration (min) 1 5 30 60 50 60

Alog fO, (IW) —1.70 (0.01) —1.29 (0.25)* —0.83 (0.27)* —0.47 (0.27)* —1.12 (0.02) —0.31 (0.87)*
Starting material

Silicate composition MgSiO3 MgSiO3 MgSiO3 (Mgg9,Fep.1)SiOs MgSiO3 MgSiO;

Fe volume (mm?®) 0.079 0.020 0.020 0.020 0.079 0.079
Mg-perovskite

SiO, 58.0 (0.5) 59.3 (0.5) 58.7 (0.8) 57.5 (0.6) 58.4 (0.7) 57.7 (0.4)
MgO 37.4 (0.4) 35.0 (0.3) 33.8 (0.6) 30.8 (0.7) 37.4 (0.7) 35.3(0.6)
FeO 4.6 (0.4) 6.3 (0.3) 7.7 (0.3) 12.0 (0.7) 3.9 (0.6) 7.4 (0.7)
Total 100.0 100.6 100.2 100.3 99.7 100.4

n* 5 9 5 7 5 5
Magnesiowiistite

SiO, 0.5 (0.1) - - - 0.9 (0.4) -

MgO 79.1 (0.4) - - - 60.8 (0.9) -

FeO 20.6 (0.3) - - - 38.5(0.6) -

Total 100.2 - - - 100.2 -

n' 6 - - - 6 -

Liquid iron

Fe 96.5 (0.4) 97.2 (0.5) 93.5(0.5) 92.4 (0.5) 97.5 (0.5) 99.6 (0.5)
Si 1.70 (0.02) 0.44 (0.07) 0.22 (0.03) 0.18 (0.03) 0.15 (0.02) 0.05 (0.01)
(0] 2.25(0.01) 3.07 (0.04) 4.83 (0.06) 7.52 (0.10) 1.63 (0.02) 1.37 (0.02)
Total 100.5 100.7 98.5° 100.1 99.3° 101.1

n* 5 3 2 2 25 25

¢° (um) 100 100 100 100 30 30

Quench productsd st, g-1, s-wW st, d-w, s-w o-b, st, d-w, s-w o-b, d-w, s-w st, b, g-1, s-w st, b, g-1, s-w
KMepy/mw e 0.47 (0.06) 0.39 (0.11)f 0.26 (0.08)" 0.26 (0.08)" 0.17 (0.04) 0.06 (0.06)"

The numbers in parenthesis indicate standard deviation, ¢. The standard deviation of Mg-perovskite and magnesiowiistite was calculated
from multiple analyses at different positions. The standard deviation of liquid iron was based on five analyses performed at the same

region. —, absence of magnesiowiistite in the run product

*Alog fO, (IW) of runs #111, #110, #102, and #84 were estimated using interpolated and extrapolated K™M&Pv/mY

4The number of analytical points

Total is slightly lower than 100 wt% due to Re contamination from the heater

“Diameter of the electron beam applied for analyzing liquid iron

dst stishovite, g-i quenched crystal iron, s-w sub-micron wiistite, d-w dendritic wiistite, 0-b oxide blob composed of FeO and Fe (see

Fig. 7), b blob composed of FeO and SiO, (see Fig. 4b)

“Exchange partition coefficient KMePVmY botween Mg-perovskite and magnesiowiistite, as defined in Eq. 1
FRMePVImW of runs #111, #110, #102, and #84 were interpolated or extrapolated from those of runs #83 and #86 quenched at 3,040 and

2,640 K, respectively



peratures monitored at the midpoint of the outer surface
of the heater with a Wo;Re;—W;sRe,s thermocouple in
another experiment. Especially in run #83, quenched at
3,040 K and 27 GPa, Mg-perovskite was melted at the
outer surface of the Mg-perovskite capsule, which was in
contact with the Re heater. The result of the temperature
calibration is shown in Fig. 1. The relation between the
input power and temperature is comparable to that
reported by Ito and Katsura (1992) using a similar cell
assemblage used in this study. Uncertainties in temper-
atures estimated in this study were +130 K, from the
errors in melting temperatures used for the calibration.
Ceramic components of the cell assemblage were dried
at 850°C for several hours before the experiments.
Generated pressure was calibrated using the phase
transition pressure from ringwoodite to Mg-perovskite
and periclase in Mg,SiOy4 (Fei et al. 2004) and that from
pyrope garnet to aluminous Mg-perovskite and corun-
dum in Mg;Al1,Si30,, at 1,873 K (Hirose et al. 2001; Fei
et al. 2004) based on the MgO pressure scale of Speziale
et al. (2001) (Fig. 2). All experiments in the present
study were conducted at 1,100 ton.

Quenched liquid iron was analyzed by an electron
probe micro-analyzer (EPMA) in the wavelength dis-
persive mode (JEOL JXA-8200, 8800). A large electron
beam diameter (100 or 30 pm) was applied for analyzing
the liquid iron because it contained quench products and
was not homogeneous. The chemical compositions of
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Fig. 1 Relationship between input power and temperature. Gen-
erated temperatures were calibrated using a relation between the
input power to the heater and the melting temperature of Mg-
perovskite (Zerr and Boehler 1993) and the eutectic temperature in
the Fe—FeO system (Boehler 1993). The input power for the melting
temperature of Mg-perovskite (3,040=+ 130 K; open square) and
that for the eutectic temperature in the Fe-FeO system
2,050+ 130 K; filled square) are shown. Small circles represent
the input power and temperature monitored with the Wy;Res—
WsRe,s thermocouple in a separate run
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Fig. 2 Relation between press load and generated pressure at
1,873 K. Ringwoodite and an assemblage of Mg-perovskite and
periclase were synthesized in Mg,SiO4 at 450 and 550 ton,
respectively. We synthesized an assemblage of pyrope garnet,
Mg-perovskite, and corundum and that of Mg-perovskite and
corundum in Mg;Al1,Si50;, at 900 and 1,100 ton, respectively. Rw
ringwoodite, Pv Mg-perovskite, Per periclase, Gt pyrope garnet,
and Cor corundum

Mg-perovskite and magnesiowiistite were analyzed
with an EPMA in the energy dispersive mode (JEOL
JSM-5410) and with a small electron beam (<2 pm).
Analytical errors of the compositions of liquid iron,
Mg-perovskite, and magnesiowlistite listed in Table 1
were estimated from standard deviations of the multiple
analyses. Crystal structures of the quench phases were
identified using a micro-focus X-ray diffractometer
(MAC Science, M18X-CE).

Results and discussion

Table 1 shows experimental conditions, compositions of
run products, quench products in the liquid iron, and
oxygen fugacity relative to the iron—wiistite buffer
(Alog fO, (IW)). We analyzed the compositions of
Mg-perovskite and magnesiowiistite grains in contact
with liquid iron in runs #83 and #86. These composi-
tions did not show any significant variations between
different analytical points since the standard deviations
obtained from multiple analyses were smaller than
1.0 wt% for each component (Table 1). This suggests
that these minerals were in local chemical equilibrium
with each other. The run durations of the experiments at
2,960 and 3,040 K were relatively shorter than the other
experiments in this study. However, the run durations
are comparable to those of Ito and Katsura (1992). They
reported that Mg-perovskite and magnesiowiistite were
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in chemical equilibrium in the sample kept at 2,823 K
and 24 GPa for 2.0 min using a similar Kawai-type
multianvil apparatus. Thus, the experimental samples
kept at 2,960 and 3,040 K appear to be in local chemical
equilibrium due to the high temperature conditions.

Since fO, has a strong effect on solubilities of Si and
O in liquid iron coexisting with the mantle minerals
(Gessmann et al. 2001; Rubie et al. 2004), its evaluation
in the sample is useful in separating the effect of tem-
perature on the solubilities from that of fO,. The iron—
wiistite buffer is not calibrated at 27 GPa and 2,320 K,
and therefore one cannot uniquely define the absolute
value of fO, from the sample at the experimental con-
ditions of the present study. However, the Alog fO,
(IW), useful in evaluating fO, from the sample under
such conditions, can be calculated from the composition
of the sample composed of iron-rich metal and oxide.
The Alog fO, (IW) was estimated using the following
equation:

Alog fO,(IW) = 21og Xreo /XFe (1)

where X, is the mole fraction of Fe in the run product
from liquid iron and Xp.o is the mole fraction of FeO in
magnesiowiistite (Gessmann et al. 2001). The calculated
Alog fO, (IW) varied from —0.40 to —1.70 depending on
temperature, FeO content of pyroxene, and the encap-
sulated volume of metallic iron. In the runs where
magnesiowlistite was not observed, we estimate the
composition of magnesiowlistite using an exchange
partition coefficient KM&PY™Y  which was obtained in
this study. KM&PY/™Y i determined as
kMg - pv/mw _ (XFesio; XMe0) / (XMgsio, XFeo) (2)
where, Xesio,, XMgsio,s Xreo and Xygo are the mol
fraction of FeSiO; and MgSiO3 in Mg-perovskite and
FeO and MgO in magnesiowlistite, respectively. The
KMePV/mW yalyes determined from run #83 quenched at
3,040 K and run #86 quenched at 2,640 K were found to
be 0.47+0.06 and 0.17 £0.04, respectively. We see that
the value of KM&PY/™Y increases with increasing tem-
perature. This is in agreement with the results reported
by Ito and Katsura (1992) and Katsura and Ito (1996).
The KM&EPY/™Y yalues obtained in this study were lower
by a factor of ~0.3 compared to previous studies (Ito
and Katsura 1992; Katsura and Ito 1996; Mao et al.
1997). This difference is probably due to the difference in
ferric iron in Mg-perovskite due to the varying fO,
conditions in the sample. Therefore, the KM&PY/™Y yal-
ues of the runs quenched at 2,960, 2,800, and 2,320 K
were estimated by interpolation or extrapolation from
those runs quenched at 3,040 and 2,640 K in this study.
We take the KMEPY™Y yalue as an exponential func-
tion of the inverse of temperature considering KM&PY/
™Y = exp(—AG°/RT), where AG® is the standard state
free energy change of an exchange reaction, 7 is the
temperature in Kelvin, and R is the gas constant.

The run products from liquid iron were composed of
a-Fe, FeO-wiistite, and SiO,-stishovite, except for run

#102 in which the product was composed of a-Fe and
FeO-wiistite. We identified the SiO, phase as stishovite
in the samples of runs #83, #110, and #111 using a
micro-focus X-ray diffractometer. Existence of stishovite
in the samples of runs #84 and #86 was estimated by
their chemical compositions. Quench textures of liquid
iron in runs #83, #86, #111, #110, and #102 are shown
in Figs. 3, 4, 5, 6, and 7, respectively. They were found
to be similar to that of melting experiments in the Fe—
FeO system at 16 GPa (Ringwood and Hibberson 1990;
Kato and Ringwood 1989), except for a precipitation of
stishovite and blobs composed of SiO, and FeO, in this
study. Quench products, except for stishovite, were
systematically changed with increasing oxygen content
in liquid iron. At lower oxygen content in the liquid iron,
quench products were iron crystal, sub-micron wiistite
and blobs composed of SiO, and FeO. At higher oxygen
content they were found to be wiistite dendrite, sub-
micron wiistite and blobs composed of FeO and Fe. The
change in quench texture with increase of oxygen con-
tent can be seen in the sequence of Figs. 4b, 5a, 6, and 7.
This is in agreement with the results of Ringwood and
Hibberson (1990), and Kato and Ringwood (1989). The
amount of stishovite increased with increasing temper-
ature and decreasing oxygen content in liquid iron.
These quench products are interpreted as dissolved in
the liquid iron at high temperature and pressure and
formed by precipitation from the liquid iron during
rapid quenching (Ringwood and Hibberson 1990, 1991).

A reaction between the liquid iron and Mg-perovskite
to form magnesiowiistite was clearly observed in runs
#83 and #86 quenched at 3,040 and 2,640 K at 27 GPa,
respectively; i.e., magnesiowiistite was distributed in the
boundary between liquid iron and Mg-perovskite in
these runs. Back-scattered electron images (BEI, here-
after) of these runs are shown in Figs. 3 and 4, respec-
tively. We could not confirm the presence of
magnesiowiistite in the other runs, although dissolution
of Si in liquid iron was observed. This is probably due to
very small amounts of magnesiowiistite in these runs as
a result of the smaller volume of the liquid iron in runs
#111, #110, and #102 besides the lower solubility of Si in
the liquid iron in run #84, as compared to runs #83 and
#86. The reaction between liquid iron and Mg-perov-
skite at 27 GPa and high temperature is described by the
following equation:

(Mg,Fe)SiO;(Mg - perovskite)
= (Mg, Fe)O(magnesiowiistite) + Si(inliquid iron)
+ 20(in liquid iron)

(3)

This is the dissolution reaction of Si and O in liquid
iron to form magnesiowiistite. Knittle and Jeanloz
(1989, 1991) reported a reaction between liquid iron
and Mg-perovskite up to 75 GPa and 3,700 K with
LH-DAC and observed the formation of stishovite,
wiistite, and Fe-Si with X-ray diffraction and dissolu-
tion of Si and O in the liquid iron using the EPMA
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Fig. 3 BEI of run #83 quenched at 3,040 K and 27 GPa. a Mg-
perovskite (dark gray) reacted with liquid iron (white) to form
magnesiowlstite (light gray) at the boundary between Mg-
perovskite and the liquid iron. We analyzed the compositions of
Mg-perovskite grains in contact with liquid iron and magnesiowtis-
tite. This reaction provides Si and O as “light elements” in liquid
iron. A crack (black zone) between the liquid iron and a reaction
zone was formed during decompression. b Needle-like stishovite
(black) was grown over iron quench crystals (white) and many sub-
micron wiistite (gray area) were formed between the iron quench
crystals. Si and O contents in the liquid iron were found to be 1.70
and 2.3 wt%, respectively

analysis. We interpret that stishovite, wiistite, and Fe—Si
alloy, as reported by them were crystallized from liquid
iron containing Si and O. Recently, Takafuji et al.
(2005) investigated the reaction between liquid iron
and Mg-perovskite up to 97 GPa and 3,150 K using
LH-DAC. They reported that the quenched liquid iron
was composed of fine-grained aggregates of quench
crystals of iron, wiistite, and stishovite. These quench
products are in good agreement with those observed in
this study. However, they could not observe any grains
of such quench crystals from the bright field image ob-
tained using a transmission electron microscope. In this
study, iron quench crystals, wiistite and stishovite were
observed by scanning electron microscope. Differences
in the quench textures between those of Takafuji et al.
(2005) and this study may be due to the difference in the
speed of quenching of the samples using LH-DAC and
the Kawai-type multianvil apparatus.

The dependence of the solubilities of Si and O in
liquid iron on temperature and fO, is important in order
to ascertain the amount of Si and O that the liquid iron
could contain during the core formation stage. The
contents of Si and O in the liquid iron coexisting with

Fig. 4 BEI of run #86 quenched at 2,640 K and 27 GPa. a The
reaction between Mg-perovskite (dark gray) and liquid iron (white)
to form magnesiowiistite (light gray) was clearly observed at the
boundary region between Mg-perovskite and the liquid iron. b
Stishovite (black, needle-like) was observed only at the outer part of
liquid iron in contact with Mg-perovskite (black, lower part). Blobs
composed of SiO, and FeO (black, spherule), iron quench crystal
(white), and sub-micron wistite (gray area) are also seen in the
liquid iron

Mg-perovskite at 27 GPa and high temperatures are
shown in Fig. 8. We also calculated the dependence of
the solubilities of Si and O on fO, at 27 GPa and varying
temperatures (2,320, 2,400, 2,800, and 3,040 K) and
showed in the same figure. The dissolution reaction of
Si and O in the present experiments may be expressed
as follows: SiO,(in Mg - perovskite) — Si(in metal)+
20(inmetal), and FeO(in magnesiowiistite) —
Fe(inmetal) + O(inmetal) (O’Neill et al. 1998; Gess-
mann et al. 2001). The solubilities of Si and O in the
liquid iron can be related to the temperature and fO,
using the relationship between free energy change AG,
equilibrium constant K, and thermodynamic parameters
for each reactions ( AG" = —RTInK = AH" — TAS'+
PAV?, where P is the pressure and AH®, AS°, and AV?
are the changes of enthalpy, entropy, and volume,
respectively). These reactions give rise to the follow-
ing thermodynamic equations (O’Neill et al. 1998;
Gessmann et al. 2001; Rubie et al. 2004)

In X5; = —2.30Alog fO,(IW) + a/R + b/RT (4)
and
InXo = 1.15Alog fO,(IW) 4+ ¢/R +d/RT (5)
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Fig. 5 BEI of run #111 quenched at 2,960 K and 27 GPa. a
Needle-like stishovite, dendritic wiistite (black) and sub-micron
wiistite (gray area) were precipitated in the liquid iron. Lower black
part is Mg-perovskite. b Wiistite (gray) grew around needle-like
stishovite (black)

where Xg; and Xg are the mole fractions of Si and O in
liquid iron, respectively, and a, b, ¢, and d are constants.
We determined these constants in Eqgs. 4 and 5 by fitting
the six compositional data of each element (Table 1)
using the method of least squares. As a result, the con-
stants are deduced as a=-21.8 (£29.2), b=-119
(£83)x10°, ¢=45.9 (+18.3), and d=—155 (£ 52)x10°.
We thus find that the solubilities of Si and O increases
significantly with increasing temperature at constant fO,
and pressure, and that the solubility of Si decreases and

Fig. 6 BEI of run #110 quenched at 2,800 K and 27 GPa. Ionic
liquid (black, spherule) was observed at the central region of liquid
iron. Dendritic wiistite was observed at the outer region in contact
with Mg-perovskite (black, right-hand side). Sub-micron wiistite
(gray area) precipitated homogeneously

Fig. 7 BEI of run #102 quenched at 2,800 K and 27 GPa. lonic
blob (gray, spherule) and dendritic wiistite (gray) were observed
homogeneously in the liquid iron. Black grains were found to be
Mg-perovskite. Si and O contents in the liquid iron were 0.18 and
7.52 wt%, respectively

that of O increases with increasing fO, at constant
temperature and pressure, as shown in Fig. 8. Their
positive temperature dependence is consistent with those
observed in liquid iron in equilibrium with the liquid
silicate, magnesiowiistite and/or olivine polymorphs at
high pressures and temperatures (Li and Agee 2001a;
Gessmann et al. 2001; Rubie et al. 2004).

During the core formation stage, liquid iron des-
cended into the magma ocean, then ponded at its bot-
tom and subsequently descended through the solid
mantle composed of Mg-perovskite and magnesiowlis-
tite to the center of the proto-Earth. As the depth of the
magma ocean increased, pressure and temperature at the
bottom of the magma ocean increased along the mantle
solidus (Zerr et al. 1998). According to recent studies on
partitioning of siderophile elements between liquid iron
and magma or magnesiowiistite (e.g. Gessmann and
Rubie 2000; Li and Agee 2001b; Bouhifd and Jephcoat
2003), the magma ocean could have been extended to the
upper part of the lower mantle and Alog fO, (IW) of the
magma ocean was considered to be in the range between
—2.5 and —2.1 (Gessmann and Rubie 2000). If the
magma ocean had extended to a pressure of level of
27 GPa, then the temperature at the bottom of the
magma ocean can be estimated to be between 2,400 and
2,800 K, based on the solidus temperature of pyrolite
(Zerr et al. 1998). Equations 4 and 5 indicate that the Si
solubility in the liquid iron is more than 1.2 wt% and
that of O, between 0.2 and 0.9 wt% at these fO, and
temperature values, as can be seen in Fig. 8. Therefore,
considerable amounts of Si and O can be dissolved in the
liquid iron ponded at the bottom of the magma ocean
when it had extended to a pressure of 27 GPa. Rubie
et al. (2004) suggested that O solubility in the liquid iron
could increase with increasing depth of the magma
ocean beyond 27 GPa because of the positive depen-
dence of the solubility of O on temperature being larger
than the negative dependence on pressure in this region.
On the other hand, Takafuji et al. (2005) have reported
the positive pressure dependence of the solubilities of O
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Fig. 8 The oxygen fugacity dependence of Si (a) and O (b) contents
in liquid iron coexisting with Mg-perovskite at 27 GPa and high
temperatures. Open circles represent the Si and O contents in the
liquid iron. The solid curves show the solubilities of Si and O at
3,040, 2,800, 2,400, and 2,320 K as deduced from Eqs. 4 and 5.
Temperature at the bottom of the magma ocean at 27 GPa, which
was one of the conditions of the experiments performed in this
study, was found to be in the range between 2,400 and 2,800 K
(Zerr et al. 1998). Alog fO, (IW) in the magma ocean was estimated
to be in the range between —2.5 and —2.1 by Gessmann and Rubie
(2000), and are shown as the hatched areas in the figures

in liquid iron coexisting with Mg-perovskite. Therefore,
the above estimate of O content could be the lower
bound. The liquid iron could contain several wt% of Si
when the magma ocean extended to pressures greater
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than 27 GPa, taking into account the positive depen-
dence on temperature, found in this study, and pressure
(Takafuji et al. 2005) of the solubility of Si in the liquid
iron coexisting with Mg-perovskite. Thus Si and O,
explaining the density deficit of the present core
(Anderson and Isaak 2002; Hirao et al. 2004), could
have been transported by the liquid iron into the center
of the Earth during the core formation stage.
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