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Abstract

Precise determination of the partitioning of Mg and Fe2+ between olivine and ultramafic melt has been made at pressures from 5 to
13 GPa using a MA-8 type multi-anvil high-pressure apparatus (PREM) installed at Earthquake Research Institute, University of
Tokyo. A very short rhenium capsule (<100 lm sample thickness) was adopted to minimize temperature variation within the sample
container. Synthetic gels with the composition of the upper mantle peridotite were used as starting materials to promote the homoge-
neity. Analyses of quenched melts and coexisting olivines were made with an electron probe microanalyzer. The obtained partition coef-
ficient, KD [=(FeO/MgO)ol/(FeO/MgO)melt], decreases from 0.35 to 0.25 with increasing pressure from 5 to 13 GPa, suggesting a negative
correlation between pressure and KD above 5 GPa. Our result is consistent with a parabolic relationship between KD and degree of poly-
merization (NBO/T) of melts reported by previous studies at lower pressures. The negative correlation between pressure and KD suggests
that olivine crystallizing in a magma ocean becomes more Mg-rich with depth and that primary magmas generated in the upper mantle
become more Fe-rich with depth than previously estimated.
� 2005 Elsevier Inc. All rights reserved.
1. Introduction

Mg–Fe2+ partitioning between olivine and melt provides
useful information on magmatism and chemical differenti-
ation in the Earth�s interior (e.g., Roeder and Emslie,
1970). Many workers have shown that the molar partition
coefficient, KD = (FeO/MgO)ol/(FeO/MgO)melt, is a func-
tion of pressure, temperature, and composition of melt
(e.g., Longhi et al., 1978; Takahashi, 1978; Ford et al.,
1983; Takahashi and Kushiro, 1983; Gee and Sacks,
1988; Ulmer, 1989; Baker et al., 1995; Kushiro and Walter,
1998; Xirouchakis et al., 2001; Kushiro and Mysen, 2002).
Takahashi and Kushiro (1983) and Ulmer (1989) reported
positive pressure dependence of KD in peridotitic and
basaltic systems up to about 4 GPa. At higher pressures
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nearly constant KDs have been observed in experimental
melting of peridotite up to about 15 GPa (Takahashi,
1986; Agee and Walker, 1988a; Herzberg and Zhang,
1996).

Recently, Kushiro and Walter (1998) and Kushiro and
Mysen (2002) reported a parabolic relationship between
KD and degree of polymerization, parameterized as non-
bridging oxygen/tetrahedrally coordinated cations (NBO/
T, see Mysen et al., 1982), of melts. KD increases with
increasing NBO/T from 0 to �2, and then decreases with
increasing NBO/T from �2 to 4 (Kushiro and Walter,
1998). In general, NBO/T of melts generated by the partial
melting of mantle peridotite increases monotonically with
increasing pressure (e.g., Kushiro and Walter, 1998; Gae-
tani, 2004). Therefore, if the studies by Kushiro and Walter
(1998) and Kushiro and Mysen (2002) are correct, then a
negative correlation between pressure and KD is expected
at high pressure where NBO/T of melt becomes larger than
2. On the contrary, if KD becomes nearly constant above
5 GPa as reported by Takahashi (1986) Agee and Walker
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(1988a), and Herzberg and Zhang (1996), then nearly con-
stant KD with respect to NBO/T from �2 to 4 should be
observed because NBO/T of melts obtained by these stud-
ies is larger than 2. Here, we report new determinations of
the olivine–melt KD for mantle peridotite compositions at
pressures from 5 to 13 GPa, obtained in melting experi-
ments with low thermal gradients, and discuss the implica-
tions for magmatism and chemical differentiation in the
Earth�s interior.

2. Experiments

2.1. Experimental procedure

The composition of the starting material used in the
present study, shown in Table 1, is similar in composition
to peridotite KLB-1 (Takahashi, 1986) and the model
upper mantle peridotite composition, pyrolite, proposed
by Ringwood (1966). Synthetic gels were used as starting
materials because gels are more homogeneous and reactive
than oxide mixes and therefore rapidly reach equilibrium
(Hamilton and Henderson, 1968; Ono, 1998). Reagent-
grade Fe, Ni, Mn, Al, MgO, CrO3, CaCO3, Na2CO3, and
K2CO3 were weighed in the desired proportions and dis-
solved in nitric acid. The solution was then mixed with
alcoholic solutions of (C2H5O)4Si and (C3H7O)4Ti in the
desired ratios. The gels were precipitated from solution
by hydrolysis with ammonium hydroxide. The precipitated
gels were then dried and heated at 600–700 �C for about
1 h. After being ground, the gels were heated again at
950 �C for 2 h at an oxygen fugacity of the quartz–faya-
lite–magnetite (QFM) buffer. The composition of the gel
thus prepared was determined by X-ray fluorescence
(XRF) at the Earthquake Research Institute, University
of Tokyo (Nakada, 1997), using a glass bead with 10 parts
flux to one part sample.
Table 1
Composition of starting material (wt%)

This study (XRF) This study (EPMA) KLB-1 Pyrolite

SiO2 45.41 (15)a 45.70 (39)b 44.48 45.20
TiO2 0.18 (01) 0.16 (02) 0.16 0.71
Al2O3 3.30 (11) 3.24 (14) 3.59 3.54
Cr2O3 0.45 (02) 0.48 (02) 0.31 0.43
FeO 8.17 (67) 7.59 (26) 8.10 8.47
MnO 0.12 (01) 0.12 (38) 0.12 0.14
MgO 38.25 (40) 38.88 (38) 39.22 37.50
NiO 0.29 (01) 0.14 (02) 0.25 0.20
CaO 3.56 (12) 3.47 (17) 3.44 3.08
Na2O 0.25 (01) 0.21 (02) 0.30 0.57
K2O 0.02 (01) 0.01 (01) 0.02 0.13
P2O5 — — 0.03 0.04

Total 100.00 100.00 100.02 100.01
Mg#c 89.3 90.1 89.6 88.8

KLB-1, spinel lherzolite from Kilbourne Hole crater (Takahashi, 1986);
Pyrolite, Hawaiian pyrolite (Ringwood, 1966).
a Estimated errors for XRF analysis (the last digits).
b Two standard errors of the mean (2r/

p
n) of 16 analyses.

c Mg# calculated as molar 100Mg/(Mg + Fe).
High pressure and high temperature experiments were
carried out using a Kawai-type multi-anvil high-pressure
apparatus (PREM) installed at the Earthquake Research
Institute, University of Tokyo (Mibe et al., 2003). Tungsten
carbide (WC) cubic anvils with 12-, 8-, and 4-mm corner
truncation edge lengths were used for pressures up to 5,
10, and 13 GPa, respectively. Semi-sintered ZrO2 octahe-
dron pressure medium and a cylindrical graphite heater
were used in the experiments at 5 GPa, whereas semi-sin-
tered MgO (+5 wt% Cr2O3) octahedron pressure medium
and a cylindrical LaCrO3 heater were used in the experi-
ments at higher pressures. Mo foil was used as electrodes.
The gel starting material was put in a Re capsule (Figs.
1A and B). The thickness of the sample layer is about
100 lm (Fig. 2A) except for run no. 1102 (see Section 3).
In order to investigate the effect of fO2 on KD, two runs
were done at 5 GPa using graphite sample capsule (Table
2). The thickness of the sample in the graphite capsule is
about 200 lm and the experimental configuration is the
same as Fig. 2A. The pressure media and all of the ceramics
parts, except for the capsules, were fired for 1 h at 1000 �C
before assembly. After assembly, they were kept in a vacu-
um oven for more than 3 h at 160 �C until just before
experiments to ensure near-anhydrous run conditions.
Fig. 1. Furnace assemblies used in the present study. (A) For all the runs
except for run no. 1102. (B) For run no. 1102.



Fig. 2. (A) Secondary electron image of a recovered sample (Run no.
1101). (B) Backscattered electron image of a recovered sample (Run no.
1201). Note that the height of the sample in (A) is about 100 lm.

Table 2
Conditions of high pressure experiments

Run
no.

P

(GPa)
T

(�C)
Duration
(min)

Capsulea Phasesb

0503 5 1750 20 Re Ol (43.7) + L (56.0)
0504 5 1750 25 Re Ol (37.2) + L (62.5)
0505 5 1750 20 C Ol (35.2) + L (66.7)
0506 5 1750 20 C Ol (37.7) + L (62.7)
0802 8 1850 90 Re Ol (22.9) + L (77.0)
0804 8 1900 15 Re Ol (16.2) + L (83.8)
1001 10 1950 15 Re Ol (27.4) + L (72.1)
1002 10 2000 15 Re Ol (14.4) + L (85.8)
1101 11 2000 15 Re Ol + Gt + L (n.a.)d

1102 11 2000 10 Rec Ol + Gt + Cpx + L (n.a.)
1207 12 1900 45 Re Ol (41.2) + Gt (37.9) + L (21.2)
1202 12 2000 30 Re Ol (31.8) + Gt (28.1) + L (40.7)
1201 12 2020 25 Re Ol (12.1) + Gt (8.2) + L (79.6)
1301 13 2000 30 Re Ol (13.7) + Gt (17.6) + L (69.2)
1604 16 2100 15 Re L (100)

a Re, rhenium; C, graphite.
b L, liquid; Ol, olivine; Gt, garnet; Cpx, clinopyroxene. Numbers in

parentheses indicate modal abundances of phases (wt%).
c Large capsule (�1 mm height).
d n.a., not analyzed.
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The temperature of the samples was monitored with a
W3%Re–W25%Re thermocouple. Because thermocouple
emf signals were conducted through the surface of the
tungsten carbide cubes to the temperature measurement
electronics, it was necessary to make a correction for the
surface temperature of the anvils. This was done by attach-
ing a chromel–alumel thermocouple to the anvil surface
(e.g., Irifune and Ohtani, 1986). A correction for the effect
of pressure on the thermocouple emf was not applied. The
relationship between load and sample pressure was cali-
brated using the following phase transformations; Mg2SiO4

(a–b) at 1600 �C and 15.1 GPa (Morishima et al., 1994);
Mg2SiO4 (b–c) at 1300 �C and 18.9 GPa, and at 1400 �C
and 19.4 GPa (Akaogi et al., 1989). The uncertainties in
pressure and temperature are estimated to be about
±0.4 GPa and ±20 �C, respectively.

The experiments were run at pressures from 5 to 13 GPa
and at temperatures from 1750 to 2020 �C (Table 2). Pres-
sure was applied first and then temperature was increased
to the desired value. The sample was held at a constant
temperature and pressure for 15–90 min. During experi-
ments, temperature was controlled within ±3 �C of the de-
sired value. After the run, the charge was quenched by
shutting off the power supply without changing the load.
After pressure was released, the sample was recovered.

The charges were mounted in epoxy and polished. Then
chemical composition was analyzed by WDS with a
five-spectrometer JEOL JXA-8800 electron probe microan-
alyzer (EPMA) at the Earthquake Research Institute, Uni-
versity of Tokyo. The data were reduced using the
correction procedure of Bence and Albee (1968). An accel-
eration voltage of 15 kV and a beam current of 12 nA were
employed. Counting time was 10 s for all elements. A fo-
cused electron beam was employed for analysis of minerals.
A 15–20 lm diameter electron beam was used to obtain
melt composition because the melt cannot be quenched
into a homogeneous glass, but rather forms a dendritic
intergrowth of quench crystals (Fig. 2B). In order to check
the validity of the broad beam probe analysis of the
quenched crystals, we conducted a superliquidus experi-
ment at 16 GPa. The average composition of 16 points is
listed in Table 1 and is in good agreement with XRF anal-
ysis, although some amounts of FeO and NiO have lost as
a result of diffusion into the Re capsule. Fe3+/Fe2+ of melts
was not determined because of the difficulty in determining
these elemental ratios in the dendritic quench crystals. KD

was, therefore, calculated on the assumption that Fe in
melt is all Fe2+. In addition to the graphite runs, the effect
of fO2 on the KD was also examined by estimating Fe2O3

content in the liquid by mass balance calculations (see Sec-
tion 4). All the chemical analyses (EPMA and XRF) shown
in tables are normalized to 100 wt%.

3. Results

The phase assemblages of the recovered run products
are listed in Table 2. The average grain size of olivine
and garnet is about 20 and 10 lm, respectively. According
to Chakraborty et al. (1999), Mg–Fe inter-diffusion rate in
olivine when extrapolated to temperature of 2000 �C is
about 10�13 m2/s. The diffusive-mixing time scale (given
by r2/D � t, where r is the radius of olivine grain, D is
the diffusion coefficient, and t is the time) for homogenizing
20 mm (diameter) olivine is about 15 min. Therefore, the
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experimental duration in the present study is thought to be
sufficient to attain equilibrium. EPMA analyses showed
that olivine is homogeneous (Table 3) and does not show
detectable compositional zoning (see olivines no. 11 and
12 in Fig. 4), consistent with chemical equilibrium being at-
tained in all sample charges except for the run no. 1102 (see
Section 3).

Most of the previous high-pressure melting studies using
multi-anvil apparatus have suffered from the presence of
large temperature gradients. With large temperature gradi-
ents present, attainment of chemical equilibrium can be
prevented by several complex physicochemical processes,
such as Soret diffusion, saturation gradient chemical diffu-
sion (Lesher and Walker, 1988), and cold-directed thermal
migration (Herzberg and Zhang, 1996). As a result of these
effects, an equilibrium KD cannot be determined precisely.
To minimize temperature gradients, therefore, we reduced
the sample thickness to 100 lm (Fig. 1A).

The effect of temperature gradients on KD was examined
by changing the sample thickness under the same pressure
and temperature condition. Two runs were done at 11 GPa
and 2000 �C (runs 1101 and 1102). Run no. 1101 has sam-
ple thickness of about 100 lm (Fig. 1A), whereas the sam-
Table 3
Compositions of minerals (wt%)

Run no. 0503 0504 0505 0506 080
Phase Ol Ol Ol Ol Ol
na 18 10 9 24 21

SiO2 40.98 (0.38) 41.04 (0.25) 40.79 (0.31) 40.92 (0.33) 41
TiO2 0.01 (0.03) 0.01 (0.04) 0.00 (0.01) 0.01 (0.03) 0
Al2O3 0.14 (0.04) 0.12 (0.02) 0.25 (0.26) 0.18 (0.07) 0
Cr2O3 0.23 (0.06) 0.24 (0.07) 0.27 (0.07) 0.26 (0.06) 0
FeO 5.32 (0.26) 4.50 (0.18) 5.46 (0.28) 5.45 (0.36) 4
MnO 0.07 (0.05) 0.06 (0.05) 0.09 (0.04) 0.07 (0.05) 0
MgO 52.94 (0.26) 53.88 (0.40) 52.88 (0.61) 52.92 (0.39) 53
NiO 0.17 (0.09) 0.03 (0.04) 0.02 (0.05) 0.03 (0.04) 0
CaO 0.14 (0.04) 0.12 (0.03) 0.24 (0.12) 0.16 (0.03) 0
Na2O — — — — —

Total 100.00 100.00 100.00 100.00 100
Mg# 94.7 95.5 94.5 94.5 95

Run no. 1102 1207 1202
Phase Ol Ol Gt Ol Gt
na 80 14 8 18 11

SiO2 40.81 (0.45) 40.97 (0.20) 51.14 (1.16) 41.04 (0.22) 50
TiO2 0.01 (0.02) 0.01 (0.04) 0.14 (0.09) 0.01 (0.02) 0
Al2O3 0.13 (0.15) 0.07 (0.04) 8.64 (1.78) 0.09 (0.03) 10
Cr2O3 0.07 (0.06) 0.06 (0.07) 1.11 (0.24) 0.07 (0.06) 1
FeO 5.12 (1.54) 5.84 (0.22) 5.48 (0.33) 4.81 (0.26) 4
MnO 0.06 (0.04) 0.07 (0.04) 0.13 (0.06) 0.07 (0.05) 0
MgO 53.20 (1.48) 52.40 (0.26) 28.61 (0.77) 53.39 (0.30) 29
NiO 0.42 (0.10) 0.36 (0.09) 0.07 (0.07) 0.32 (0.06) 0
CaO 0.18 (0.09) 0.22 (0.05) 4.57 (0.41) 0.20 (0.03) 3
Na2O — — 0.11 (0.03) — 0

Total 100.00 100.00 100.00 100.00 100
Mg# 94.9 94.1 90.3 95.2 92

Numbers in parentheses indicate two standard errors (2r).
a Number of analyses.
ple thickness of run 1102 was about 1 mm (Fig. 1B). In
general, the central part of the furnace assembly has small-
er temperature gradient than the outer part, and the gradi-
ent is steeper in axial direction along to the heater (e.g.,
Gasparik, 1996) than in horizontal direction in Fig. 1.
The temperature differences between the hottest part and
the coldest part of the samples in runs 1101 (100 lm) and
1102 (1 mm) were estimated to be less than 20 �C and more
than 100 �C, respectively. The phase assemblage in the
recovered sample charge of the run 1101 is olivine + gar-
net + melt. A similar assemblage is observed in run 1102
except with the addition of clinopyroxene in the coldest
part of the charge (Table 2). Olivine is distributed over al-
most the entire area from the hotter part to the colder end
in the capsule of run 1102. Compositions of the melts in the
two runs, 1101 and 1102, are the same within uncertainty,
except for Na2O (Table 4). Melts in both runs are homoge-
neous and there is no compositional difference between the
melts in the hotter part and colder end, indicating Soret dif-
fusion is undetectable in our experiments. The composition
of olivine in run 1101 is also homogeneous. In contrast, the
compositional range of olivine (especially FeO and MgO)
in run 1102 is extremely large when compared to other runs
2 0804 1001 1002 1101
Ol Ol Ol Ol
22 29 11 12

.09 (0.18) 40.98 (0.30) 41.12 (0.28) 41.15 (0.17) 41.00 (0.36)

.01 (0.02) 0.01 (0.02) 0.01 (0.02) 0.00 (0.01) 0.01 (0.04)

.17 (0.04) 0.16 (0.04) 0.15 (0.07) 0.19 (0.04) 0.14 (0.03)

.14 (0.07) 0.12 (0.06) 0.11 (0.07) 0.09 (0.03) 0.07 (0.06)

.38 (0.20) 4.12 (0.20) 4.25 (0.35) 3.44 (0.14) 4.28 (0.26)

.06 (0.04) 0.06 (0.04) 0.06 (0.04) 0.05 (0.06) 0.06 (0.05)

.91 (0.32) 54.07 (0.32) 53.77 (0.33) 54.66 (0.25) 53.92 (0.48)

.12 (0.07) 0.37 (0.06) 0.38 (0.05) 0.30 (0.08) 0.38 (0.07)

.12 (0.04) 0.11 (0.04) 0.15 (0.03) 0.12 (0.04) 0.14 (0.04)
— — — —

.00 100.00 100.00 100.00 100.00

.6 95.9 95.8 96.6 95.7

1201 1301
Ol Gt Ol Gt
12 9 16 11

.77 (0.63) 41.15 (0.43) 50.24 (0.75) 41.22 (0.21) 51.04 (0.42)

.09 (0.05) 0.00 (0.02) 0.04 (0.04) 0.01 (0.03) 0.04 (0.05)

.48 (1.52) 0.14 (0.05) 12.82 (0.91) 0.12 (0.04) 11.92 (0.45)

.25 (0.18) 0.08 (0.05) 1.17 (0.10) 0.05 (0.05) 1.07 (0.17)

.22 (0.34) 3.54 (0.19) 2.79 (0.22) 3.72 (0.25) 2.71 (0.26)

.10 (0.04) 0.06 (0.04) 0.07 (0.04) 0.05 (0.04) 0.07 (0.04)

.61 (0.84) 54.69 (0.38) 31.23 (0.45) 54.48 (0.23) 31.61 (0.45)

.04 (0.06) 0.22 (0.05) 0.06 (0.03) 0.21 (0.06) 0.03 (0.05)

.38 (0.62) 0.12 (0.03) 1.52 (0.61) 0.14 (0.04) 1.48 (0.60)

.06 (0.04) — 0.04 (0.03) — 0.03 (0.02)

.00 100.00 100.00 100.00 100.00

.6 96.5 95.2 96.3 95.4
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(Table 3). This is because FeO/MgO ratio of olivine in run
1102 increases systematically from the hotter part toward
the colder end as a result of the large temperature gradient.

Using the average melt compositions listed in Table 4
and individual olivine analyses, apparent KDs can be calcu-
lated. The number of analyses of olivine for 1101 and 1102
is 12 and 80, respectively (Table 3). Therefore, 12 and 80
apparent KDs were obtained for runs 1101 and 1102,
respectively. A histogram of the apparent KD distribution
is shown in Fig. 3. In run 1101, the average KD value is
0.274 (Table 4) and KD ranges from 0.25 to 0.30 (Fig. 3).
On the other hand, the KDs in run 1102 vary over a wide
range, from 0.27 to 0.50 (Fig. 3). Propagated errors for
KD (calculated using one standard deviation for olivines
and one standard error of the mean for the liquid compo-
Table 4
Compositions of liquid (wt%)

Run no. 0503 0504 0505 0
na 23 32 24 8

SiO2 50.11 (0.84) 49.63 (0.89) 46.06 (1.20)
TiO2 0.30 (0.06) 0.32 (0.07) 0.29 (0.11)
Al2O3 5.86 (0.49) 5.41 (0.59) 5.94 (1.18)
Cr2O3 0.67 (0.03) 0.61 (0.04) 0.64 (0.07)
FeO 8.50 (0.26) 7.66 (0.11) 8.92 (0.30)
MnO 0.15 (0.01) 0.14 (0.01) 0.16 (0.01)
MgO 28.31 (1.60) 30.71 (2.43) 30.73 (4.12)
NiO 0.05 (0.01) 0.02 (0.01) 0.01 (0.01)
CaO 5.57 (0.50) 5.08 (0.86) 6.74 (1.68)
Na2O 0.42 (0.04) 0.37 (0.06) 0.46 (0.11)
K2O 0.04 (0.01) 0.04 (0.01) 0.05 (0.03)

Total 100.00 100.00 100.00 1
KD 0.335 (14) 0.334 (15) 0.356 (26)
KD

b 0.396 0.395 — —
NBO/T 1.86 1.98 2.19
DMgO 1.870 (53) 1.755 (70) 1.720 (116)
DFeO 0.626 (18) 0.587 (12) 0.612 (19)

Run no. 1002 1101 1102 1
na 31 52 35 1

SiO2 46.12 (0.55) 46.80 (0.48) 46.30 (0.39)
TiO2 0.20 (0.02) 0.24 (0.02) 0.24 (0.02)
Al2O3 4.08 (0.39) 2.99 (0.23) 2.83 (0.26)
Cr2O3 0.53 (0.04) 0.45 (0.03) 0.41 (0.03)
FeO 8.53 (0.30) 9.84 (0.24) 9.96 (0.23)
MnO 0.13 (0.01) 0.15 (0.01) 0.15 (0.01)
MgO 35.78 (1.63) 33.93 (1.15) 34.62 (0.89)
NiO 0.25 (0.02) 0.28 (0.02) 0.30 (0.01)
CaO 4.08 (0.39) 5.02 (0.33) 4.84 (0.30)
Na2O 0.29 (0.03) 0.29 (0.02) 0.36 (0.03)
K2O 0.01 (0.00) 0.01 (0.00) 0.01 (0.00)

Total 100.00 100.00 100.00 1
KD 0.264 (9) 0.274 (10) 0.335 (51)
KD

b 0.294 — —
NBO/T 2.49 2.52 2.60
DMgO 1.527 (35) 1.588 (28) 1.536 (29)
DFeO 0.403 (11) 0.435 (14) 0.514 (78)

Numbers in parentheses for oxides indicate two standard errors of the mean (2r
standard deviation for olivines and one standard error of the mean for the liq
a Number of analyses.
b KD values are corrected by estimating FeO and Fe2O3 contents in the liqu
sitions) in runs 1101 and 1102 are 0.010 and 0.051, respec-
tively (Table 4). This wide distribution in run 1102 stems
directly from the compositional variation of olivine under
the large temperature gradients. In this case, the average
KD value determined for run 1102 could be larger than
the equilibrium value depending on how the olivines are
selected to get the average composition. The average of
80 KDs in the run 1102 is 0.335 (Table 4), which is much
larger than the average KD for the run 1101 (KD = 0.274)
although these two runs were run at the same pressure
and temperature conditions. These results indicate that
minimizing the thermal gradient over the length of the cap-
sule is important and that the equilibrium KD can only be
obtained by using a small sample container, in which case
both olivine and melt are homogeneous. The spatial
506 0802 0804 1001
6 29 29 40

48.09 (0.60) 47.34 (0.35) 46.31 (0.57) 47.52 (0.46)
0.27 (0.03) 0.13 (0.01) 0.21 (0.03) 0.23 (0.02)
5.76 (0.47) 4.35 (0.21) 4.21 (0.36) 3.86 (0.35)
0.60 (0.02) 0.59 (0.02) 0.56 (0.04) 0.51 (0.04)
8.74 (0.15) 8.46 (0.17) 8.59 (0.26) 9.22 (0.20)
0.14 (0.01) 0.14 (0.01) 0.13 (0.01) 0.15 (0.01)
30.21 (1.80) 34.37 (0.79) 35.47 (1.54) 33.03 (1.11)
0.01 (0.00) 0.09 (0.01) 0.26 (0.02) 0.25 (0.02)
5.57 (0.52) 4.26 (0.22) 3.93 (0.36) 4.81 (0.28)
0.56 (0.06) 0.24 (0.01) 0.31 (0.03) 0.39 (0.03)
0.05 (0.01) 0.01 (0.00) 0.02 (0.00) 0.02 (0.00)

00.00 100.00 100.00 100.00
0.355 (16) 0.330 (9) 0.315 (11) 0.283 (13)

0.372 0.351 0.318
2.05 2.34 2.45 2.34
1.752 (53) 1.568 (19) 1.524 (33) 1.627 (28)
0.623 (21) 0.518 (13) 0.480 (14) 0.460 (20)

207 1202 1201 1301
0 21 28 17

44.72 (0.97) 44.98 (0.39) 45.84 (0.35) 44.65 (0.31)
0.42 (0.07) 0.32 (0.03) 0.15 (0.01) 0.21 (0.02)
1.04 (0.17) 1.60 (0.14) 2.83 (0.19) 2.14 (0.15)
0.21 (0.04) 0.33 (0.03) 0.45 (0.02) 0.43 (0.03)
13.60 (1.17) 11.81 (0.61) 9.04 (0.20) 10.11 (0.32)
0.18 (0.03) 0.17 (0.01) 0.14 (0.01) 0.15 (0.01)
30.29 (1.99) 33.26 (0.72) 36.82 (0.62) 36.89 (0.56)
0.27 (0.04) 0.26 (0.01) 0.23 (0.02) 0.20 (0.02)
8.57 (0.95) 6.80 (0.27) 4.24 (0.14) 5.03 (0.22)
0.65 (0.08) 0.46 (0.04) 0.25 (0.02) 0.18 (0.03)
0.04 (0.01) 0.01 (0.01) 0.01 (0.00) 0.01 (0.00)

00.00 100.00 100.00 100.00
0.248 (14) 0.254 (10) 0.264 (6) 0.249 (9)
0.302 0.291 0.294 0.276
2.87 2.84 2.69 2.90
1.729 (57) 1.605 (18) 1.485 (13) 1.477 (12)
0.429 (20) 0.407 (15) 0.392 (9) 0.368 (14)

/
p
n). Propagated errors for KD, DMgO, and DFeO are calculated using one

uid compositions and refer to the last digit(s).

id (see text for detail).



Fig. 3. Variation of apparent KD values in the runs 1101 (black bars) and
1102 (gray bars). The apparent KD values are calculated by dividing the
compositions of individual olivine grain analyses by the melt composition
in the run. Note that the apparent KD in run 1101 varies within a narrow
range. On the other hand, the distribution of the apparent KD in run 1102
is extremely wide, indicating that chemical equilibrium has not been
attained in this run.

Fig. 4. The spatial variation of the KD in run 1201. (A) Backscattered
electron image showing the analyzed points. (B) The spatial variation
along the X-axis. (C) The spatial variation along the Y-axis. The
horizontal lines in (B) and (C) represent the average KD value of 0.264.
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variation of the KD in run 1201 (12 GPa, 2020 �C) is shown
in Fig. 4. There is no correlation between KD and X-dis-
tance or Y-distance, indicating olivines in the entire capsule
are homogeneous. Therefore, all the runs except for 1102
were conducted using a small sample capsule, with a sam-
ple thickness of about 100 lm, and the KD was determined
by dividing the average FeO/MgO of olivine by that of
melt (Table 4).

4. Discussion

KD values obtained in the present study are listed in Ta-
ble 4 and plotted as a function of pressure in Fig. 5A along
with data of previous peridotite melting experiments (Kus-
hiro, 1996; Herzberg and Zhang, 1996; Walter, 1998; Taura
et al., 1998; Gudfinnsson and Presnall, 2000). KD increases
with increasing pressure up to around 5 GPa as shown in a
peridotitic system by Takahashi and Kushiro (1983) and in
a basaltic system by Ulmer (1989). Above 5 GPa, nearly
constant KD against pressure has been reported by several
workers (e.g., Takahashi, 1986; Agee and Walker, 1988a;
Herzberg and Zhang, 1996). However, a negative pressure
dependence of KD above 5 GPa is observed in the present
study. KD shows a maximum value of about 0.35 at around
5 GPa, and then decreases to about 0.25 at 13 GPa. KD val-
ues of Herzberg and Zhang (1996) and Taura et al. (1998)
are slightly higher than our results. This is probably be-
cause Herzberg and Zhang (1996) and Taura et al. (1998)
used large sample capsules with a height of about 1 mm.
This is clearly seen in Fig. 5A as the average KD in run
1102 with a large sample size is the same as that found
by Herzberg and Zhang (1996) using large capsules. Our
small capsule data points at 5 GPa are consistent with
the data of Walter (1998), which were obtained by using
a furnace assembly with a stepped heater that reduced tem-
perature gradients.

What can cause the reduction of KD with increasing
pressure above 5 GPa? Previous studies have shown that
�10 wt% alkalis (e.g., Gee and Sacks, 1988; Baker et al.,
1995) or �10 wt% TiO2 (e.g., Longhi et al., 1978; Xirou-
chakis et al., 2001) can cause a decrease of KD to as low
as 0.25. In the present study, however, neither alkali nor
TiO2 content in melt is high enough to decrease KD this
much. In most experiments up to 5 GPa, graphite sample
capsules were used, whereas Re capsules were used in the
present study. Assuming that the fO2 in the charge is buf-
fered by the capsule, the fO2 in Re capsules should be high-
er than that in graphite capsules (Matsukage and Kubo,
2003). Therefore, the difference in capsule material could
be another reason for the lowering of KD because Fe3+/
Fe2+ of melt in Re capsules might become higher than that
in graphite capsules.

To check the effect of fO2 on KD, two runs were done at
5 GPa using graphite capsules. Although KDs obtained
using Re capsules (runs 0503 and 0504) are slightly smaller
than those obtained using graphite capsule (runs 0505 and
0506), all of our KDs at 5 GPa plot within the range of data
points at about 5 GPa from Walter (1998) (Fig. 5A). This
indicates that the effect of capsule material is negligible,
although the Fe3+/Fe2+ of the melt is not determined in
the present study. The effect of fO2 on the KD can be also
checked by estimating Fe2O3 content in the liquid by mass



Fig. 5. Variation of KD as a function of (A) pressure and (B) NBO/T. (C) Plot of pressure versus NBO/T of melts generated by the partial melting of
mantle peridotite. The gray curves in (A) and (B) are the variation of KD as a function of pressure reported by Herzberg and Zhang (1996) and the second-
order polynomial curve obtained by Kushiro and Walter (1998), respectively. The gray curve in (A) is calculated using the pressure variation of olivine/
liquid partition coefficients for FeO and MgO reported by Herzberg and Zhang (1996). The solid curve in (B) is a parabola fitted to all the data points in
(B). The fitted equation relating KD to NBO/T is given as the following: KD = 0.217 + 0.167 · (NBO/T) � 0.052 · (NBO/T)2, [R = 0.77].
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balance calculations. This is done by solving for x in the
matrix equation, A Æ x = b, where A is an M · N matrix
composed of M phases and N components (composition
matrix), x is the solution vector (phase mode), and b is a
known vector (bulk composition). The major element com-
ponents SiO2, Al2O3, MgO, and CaO are used for the mass
balance calculation. Given a set of A and b, x can be calcu-
lated by least squares to minimize the difference between b

(bulk composition of starting material) and b0 (calculated
bulk composition). Here, we assume that (1) 10% of Fe
in the starting material was present as Fe2O3 (a reasonable
assumption for a powder reduced at QFM buffer) and is
totally anhydrous, (2) that the experiment lost no Fe, and
(3) that all of the Fe2O3 remained in the liquid, if there is
no garnet. (4) If there is garnet in the recovered sample,
15% of Fe in garnet was present as Fe2O3 (Miyajima
et al., 2004). The modal abundances obtained based on
these assumptions are listed in Table 2. From these modal
abundances, the corrected KD can be calculated using FeO
content in the liquid. The corrected KD values are listed in
Table 4 and are plotted in Fig. 5A. All the corrected KD

values are shifted to higher than the KD values obtained
using FeO*. However, the negative correlation between
KD and pressure does still exist (Fig. 5A).

Instead of being caused by high fO2, the reduction of KD

with pressure above 5 GPa could be explained by the NBO/
T dependence of KD. The variation of KD as a function of
NBO/T of the melt is shown in Fig. 5B. Besides KDs
obtained in the present study, Fig. 5B also includes melting
experiments at 1 atm (Kushiro and Mysen, 2002) and at
high pressures (Kushiro, 1996; Walter, 1998; Taura et al.,
1998; Gudfinnsson and Presnall, 2000). The structure of sil-
icate melts at high pressures is known to be different from
that at 1 atm because of pressure-induced change in coor-
dination of Si and Al (e.g., Xue et al., 1991; Lee et al.,
2004). However, the role of each oxide in silicate melts at
high pressures is not yet completely understood. We, there-
fore, calculated NBO/T from the composition of melt,
without considering the effect of pressure on melt structure.
KD obtained in the present study decreases from �0.35 to
�0.25 with increasing NBO/T from �2 to �3. As in lower
pressure experiments of Kushiro and Walter (1998) and
Kushiro and Mysen (2002), the parabolic relationship be-
tween KD and NBO/T can also be seen in the data from
the experiments up to 13 GPa (Fig. 5B). KD shows a max-
imum at NBO/T between 1 and 2. Despite the large differ-
ence in pressure, the KDs obtained at high pressures show
almost the same variation as KDs at 1 atm by Kushiro
and Mysen (2002). Since NBO/T of the melts plotted in
Fig. 5B increases monotonically with increasing pressure
(Fig. 5C), the horizontal axis (i.e., NBO/T) in Fig. 5B
can be exchanged for pressure. Because NBO/T reaches 2
at 5 GPa (Fig. 5C) and KD decreases with increasing
NBO/T > 2 (Fig. 5B), a negative correlation between pres-
sure and KD above 5 GPa is expected, which is exactly what
is observed in Fig. 5A.
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The gray curve in Fig. 5B is a second-order polynomial
curve fitted to data obtained in natural basalt–peridotite
systems by Kushiro and Walter (1998). Kushiro and Mysen
(2002) reported that variations of KD at NBO/T > 1.4 in
natural systems (gray curve in Fig. 5B) are different from
those in synthetic systems (small solid circles in Fig. 5B).
However, KDs obtained at high pressures in a natural sys-
tem in the present study and those obtained at 1 atm in
synthetic systems by Kushiro and Mysen (2002) plot in
the same region in Fig. 5B. Although the dependence of
KD on NBO/T is the same in the study of Kushiro and My-
sen (2002) and the present study, the dependence of the dis-
tribution coefficients for MgO and FeO between olivine
and melt on NBO/T are different (Figs. 6A and B). In addi-
tion to this, KDs obtained in the present study deviate from
the parabola of Kushiro and Walter (1998) at NBO/T > 2
(gray curve in Fig. 5B). It should be noted that the pressure
and temperature of the experiments of Kushiro and Walter
(1998) and ours are different. Although it is true that the
parabolic relationship between KD and the NBO/T of
the melt is observed at high pressure up to 13 GPa, just
the same as lower pressure studies by Kushiro and Walter
(1998) and Kushiro and Mysen (2002), this does not neces-
sarily mean that there is no pressure, temperature, and/or
compositional dependence of KD between olivine and melt.
O�Neill and Eggins (2002) reported that there is a large dif-
Fig. 6. Distribution coefficients for MgO (DMgO =MgOol/MgOmelt) and
FeO (DFeO = FeOol/FeOmelt) as a function of NBO/T of melt. Gray lines:
data at high pressures (drawn by hands). Dotted lines: data at 1 atm in
synthetic system (after Kushiro and Mysen, 2002).
ference between MgO and CaO in determining the activity
coefficient for MoO2 and MoO3 in the liquid, whereas the
NBO/T of the liquid does not distinguish between the ef-
fects of MgO and CaO. It is possible that the combined ef-
fect of pressure, temperature, and composition causes the
coincidence of the dependence of KD on NBO/T between
the study of Kushiro and Mysen (2002) and the present
study, because there is a large difference in MgO and
CaO contents of the melts with 1.5 < NBO/T < 3.0 be-
tween these two studies.

It has been pointed out that there is a linear relationship
between inverse temperature and logDMgO and logDFeO

(e.g., Roeder and Emslie, 1970; Longhi et al., 1978; Gae-
tani and Grove, 1998; Sugawara, 2000; Gudfinnsson and
Presnall, 2001). Figs. 7A–C display plots of logDMgO,
logDFeO, and logKD vs inverse temperature. The solid lines
in Figs. 7A and B represent linear regressions fitted to the
data by Gudfinnsson and Presnall (2000) and Walter
(1998). The data points obtained by Gudfinnsson and
Presnall (2000) and Walter (1998) fit very well with a linear
regression. Most of the data points by Taura et al. (1998)
Fig. 7. Plots of: (A) logDMgO; (B) logDFeO; and (C) logKD versus inverse
temperature. The light-shaded and the dark-shaded areas in (A) and (B)
indicate the melt compositions with NBO/T < 0.4 and 0.9 < NBO/T < 2.9,
respectively (Kushiro and Mysen, 2002). Note that the data points by
Gudfinnsson and Presnall (2000) and Walter (1998) show a linear
relationship between inverse temperature and logDMgO (solid line in
(A): logDMgO = 0.214 · 104/T �0.745, R = 0.991) and logDFeO (solid line
in (B): logDFeO = 0.187 · 104/T �1.072, R = 0.983), whereas the data
points by Kushiro and Mysen (2002) with NBO/T < 0.4 (light shaded) and
0.9 < NBO/T < 2.9 (dark shaded), Taura et al. (1998), and the present
study deviate from these solid lines.
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and the present study in Fig. 7A also show linear relation-
ship between inverse temperature and logDMgO, consistent
with the fact that DMgO can be used as a geothermometer
(Sugawara, 2000; Gudfinnsson and Presnall, 2001). How-
ever, the data points by Kushiro and Mysen (2002) with
NBO/T < 0.4 and 0.9 < NBO/T < 2.9 in Figs. 7A and B,
and those by Taura et al. (1998), and the present study in
Fig. 7B deviate from the regression lines. The deviation
from the linear relationship between inverse temperature
and logDMgO, logDFeO, and logKD indicates that the ratios
of the activity coefficients cMgO

L =cfool , c
FeO
L =cfaol, and cMgO

L =cFeOL

(cMgO
L , cFeOL : activity coefficient for MgO and FeO in the li-

quid, cfool , c
fa
ol: activity coefficient for forsterite and fayalite in

the olivine) change with composition (i.e., structure) of the
liquid (Longhi et al., 1978). Toplis (2005) obtained the
empirical equation to calculate KD by estimating the effects
of pressure, temperature, and composition on cMgO

L =cFeOL

using thermodynamic formulations and large number of
experimental data. Although the equation by Toplis
(2005) predicts KD very well up to about 10 GPa, it cannot
reproduce KDs obtained in the present study at pressures
from 10 to 13 GPa.

Kushiro and Mysen (2002) suggested that preference of
Fe2+ and Mg2+ among the various types of non-bridging
oxygen in the melts is reflected in the relationship between
KD and NBO/T of the melts, although how the preferences
of Fe2+ and Mg2+ are related to particular types of struc-
tural units in melts at various pressure and temperature
conditions is not known at present. In addition to the pref-
erences of Fe2+ and Mg2+, the possible structural change of
ultramafic melts as a result of pressure-induced change in
coordination of Si and Al (e.g., Xue et al., 1991; Lee
et al., 2004) could be an important factor in understanding
the origin of the relationship between KD and NBO/T of
the melts at high pressure and temperature conditions.

5. Implications

The negative correlation between pressure and KD

above 5 GPa suggests important implications for crystalli-
zation differentiation in the primordial terrestrial magma
ocean and the origin of upper mantle peridotite, as well
as the origin of ultramafic melts in the upper mantle (Kus-
hiro and Walter, 1998). It has been suggested that olivine
floatation can occur in magmas (e.g., Stolper et al., 1981;
Agee and Walker, 1988a; Suzuki and Ohtani, 2003) at high
pressures and could govern the chemical differentiation in
the early Earth�s interior (e.g., Ohtani, 1985; Agee and
Walker, 1988b). To test this hypothesis, the composition
of the liquidus olivine in peridotitic melt has been estimated
based on KD = 0.38 (Agee and Walker, 1988a; Suzuki and
Ohtani, 2003). However, our experimental results indicate
that the negative correlation between pressure and KD

should be taken into consideration. At 13 GPa, for exam-
ple, KD = 0.25–0.28 has to be used, which would result in
the reduction of the depth of density crossover between
peridotite melt and olivine.
Similarly, the primary magmas generated in the deep
upper mantle such as komatiites must be more Fe-rich than
that estimated previously. Komatiites are ultramafic lavas
with >18% MgO and having spinifex textures (Kerr and
Arndt, 2001). On the basis of experimental evidence, it is
known that komatiites can be generated by melting of peri-
dotite at pressures in the range of 3–15 GPa (e.g., Takah-
ashi and Scarf, 1985; Walter, 1998; Herzberg and
O�Hara, 1998). Barberton komatiites, which are thought
to be deep origin (�10 GPa, Herzberg and O�Hara,
1998), have high FeO/MgO with high NBO/T � 2.4 (Nis-
bet et al., 1993). On the other hand, newly discovered Com-
mondale komatiites (Wilson, 2003) have low FeO/MgO
with low NBO/T � 1.7. This difference in FeO/MgO be-
tween these two types of komatiites might be related to
the parabolic relationship between KD and NBO/T.

A recent study of Gaetani (2004) shows that melt struc-
ture (i.e., NBO/T) also has a significant influence on the
partitioning of trace elements between clinopyroxene and
silicate melt. More detailed and systematic studies of the
influence of melt structure on element partitioning between
minerals and magmas, as well as studies of the structure of
silicate melts at high pressures, have to be done for a better
understanding of magmatism and chemical differentiation
in the Earth�s deep interior.
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