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Abstract Melting experiments in a binary system MgO-—
MgSi0; were performed up to 70 GPa using a CO, laser
heated diamond anvil cell. The quenched samples were
polished and analyzed by a dualbeam focused ion beam
(FIB) and a field emission scanning electron microscope
(FE-SEM), respectively. The liquidus phase and the eutec-
tic composition were determined on the basis of textual and
chemical analyses of sample cross sections. Our experi-
mental results show that the eutectic composition is the Si/
Mg molar ratio of ~0.76 at 35 GPa and it decreases with
increasing pressure. Above 45 GPa, it becomes relatively
constant at about 0.64-0.65 Si/Mg molar ratio. Using our
experimental data collected at a wide pressure range up
to 70 GPa together with previous experimental data, we
have constructed a thermodynamic model of the eutectic
composition of the MgO-MgSiO; system. The eutectic
composition extrapolated to the pressure and temperature
conditions at the base of the mantle is about 0.64 Si/Mg
molar ratio. The modeled eutectic composition is quite con-
sistent with a previous prediction from ab initio calcula-
tions (de Koker et al. in Earth Planet Sci Lett 361:58-63,
2013), suggesting that the simple assumption of a non-
ideal regular solution model can well describe the melt-
ing relation of the MgO-MgSiO; system at high pressure.
Our results show that the liquidus phase changes from
MgO-periclase to MgSiO;-bridgmanite at 35 GPa for the
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simplified pyrolite composition (~0.7 Si/Mg molar ratio),
while MgSiO;-bridgmanite is the liquidus phase at the
entire lower mantle conditions for the chondritic composi-
tion (~0.84 Si/Mg molar ratio).
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Introduction

Melting relations of lower mantle materials have important
implications for the chemical evolution of the Earth. The
moon-forming giant impact would have completely melted
the Earth’s mantle (Canup 2004), forming the global
magma ocean. The freezing process from the global magma
ocean may have produced chemical differentiation in the
mantle. In the present Earth, seismological studies reported
the presence of ultra-low velocity zones (ULVZs) near the
core-mantle boundary (CMB), which have strong reduc-
tions in seismic velocities (in the range of 10-30%) for both
P and S waves (e.g. Wen and Helmberger 1998; Garnero
and Helmberger 1998). Partial melting of lower mantle
materials has been proposed to explain the ULVZs (e.g.
Williams and Garnero 1996; Lay et al. 2004), but validation
about the nature of the ULVZ remains challenging. Melting
relations of lower mantle materials are a key to understand-
ing the crystallization process of the global magma ocean
and the nature of the ULVZs. While melting relations of
mantle materials at upper mantle pressure conditions have
been studied on various compositions using a multi-anvil
apparatus (e.g. Ohtani 1979, 1987; Takahashi 1986; Inoue
1994; Ito et al. 2004; Litasov and Ohtani 2002, 2005),
melting experiments at higher pressures corresponding to
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lower mantle conditions are still limited. Only a few model
rock compositions, such as peridotite and mid-oceanic
ridge basalt (MORB), were studied under CMB condi-
tions using a laser heated diamond anvil cell (LHDAC)
(e.g. Fiquet et al. 2010; Nomura et al. 2011; Tateno et al.
2014; Andrault et al. 2014). The difference in bulk chemi-
cal compositions of the mantle has a large effect on the
melting behavior such as the appearance of the liquidus
phase and the degree of melting (e.g. Inoue 1994; Boukaré
et al. 2015). The melting phase diagram as a function of
pressure and composition are fundamental to understanding
the melting relations of the lower mantle. For melting rela-
tions in the binary system MgO-MgSiO;, which is a major
component in the lower mantle, melting experiments have
been performed up to only 26 GPa (Taylor 1973; Chen and
Presnall 1975; Kato and Kumazawa 1985, 1986; Presnall
and Gasparik 1990; Liebske and Frost 2012).

Here, we carried out melting experiments on the
MgO-MgSiO; system up to 70 GPa by LHDAC experi-
ments and chemical analyses of the recovered samples
using an FE-SEM. On the basis of the melting texture and
the chemical composition, we investigated the eutectic
composition as a function of pressure.

Experimental procedures

Glasses of several different compositions in the
MgO-MgSiO; system (from 0.59 to 0.91 Si/Mg molar
ratios) were used as the starting material. The glasses were
prepared using containerless processing with a CO, laser at
University of Tokyo and SPring-8 (e.g. Kohara et al. 2011).
In containerless processing, the materials are levitated in
air during laser heating to avoid crystal nucleation. X-ray
diffraction (XRD) measurements of the glasses showed that
crystallization did not occur. Additionally, energy disper-
sive X-ray spectrometry (EDS) analyses showed the homo-
geneous chemical composition of the glasses.

High pressure and high temperature conditions were
generated using a LHDAC. We used a symmetric type
DAC. The culet size of diamond anvils was 300 pm in
diameter. We pre-indented Re gaskets to about 50 um
thickness and then made a hole with 100 um in diameter at
the center. We performed melting experiments using Ar as
the thermal insulator. A sample with a thickness of about
30 um was loaded in the sample chamber and then Ar was
loaded using a cryogenic technique. We also performed a
few experiments without Ar at ~35 GPa to confirm whether
the thermal insulator affects the melting relation or not,
which showed that Ar did not affect the results. Pressures
were measured at room temperature by the Raman shift of
the diamond (Akahama and Kawamura 2004) before and
after heating. Previous in situ XRD studies using a laser
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heated diamond anvil cell (e.g. Fiquet et al. 2010; Nomura
et al. 2014) reported that the pressure at high temperature
increases due to thermal effect. In accordance with previ-
ous experiments at similar conditions, we made a correc-
tion of the thermal effect of +15% to the pressure at room
temperature. The differences in the pressures before and
after heating were less than 2 GPa. The pressure uncer-
tainty is estimated to be a maximum of +20%, which
comes from differences in the samples, the cell assemblies,
the experimental temperatures, and the deformation of the
sample chamber with heating.

The sample was heated by a CO, laser installed at the
Geodynamics Research Center, Ehime University, Japan
(Kimura et al. 2014). A CO, laser with wavelength of about
10 um can directly heat transition metal-free silicate mate-
rials such as in the MgO-MgSiO; system. Temperatures
of the sample were measured by the spectroradiometric
method. The emission spectrum was fitted in the wave-
length range from 550 to 750 nm. We measured the tem-
perature distribution across the laser heating spot. By com-
paring the optical image of the sample after heating and the
secondary electron image of the recovered sample cross
section at the center of the heating spot, we determined the
temperature at the position of the boundary between solid
and liquid. The temperature uncertainty is +150 K, which
is the error from the wavelength range using the fitting.

The samples were heated for about 1 s to avoid chemical
segregation, which is the same as in previous experiments
(e.g. Nomura et al. 2011; Tateno et al. 2014). Diffusion
coefficients of Mg, Si and O in liquid have been calculated
in de Koker et al. (2009). They reported that the diffusion
coefficient of Si, which is the slowest species, is about
1.5%107° m?s at 70 GPa and 4000 K. Using Fick’s sec-
ond law, the region of equilibrium in 1 s of about 25 pm in
diameter is larger than the size of the melt pockets. While
the diffusion coefficients in solids are smaller than those in
liquids, the liquidus phase contacted with the liquid should
attain chemical equilibrium.

The recovered samples were polished with a dualbeam
FIB (FEI Scios). The texture and the chemical composi-
tions in the cross sections of the recovered samples were
analyzed using an FE-SEM (JEOL JSM-7000F) with accel-
eration voltages of 5-15 kV and beam currents of 1-3 nA.

Results

We determined the liquidus phase on the basis of the chem-
ical and textual analyses in the cross section of the recov-
ered samples. In the first run (run #1), a glass of 0.827(2)
Si/Mg molar ratio was heated at 33 GPa to about 3050 K.
After the pressure was released, the recovered sample was
polished and analyzed (Fig. 1). Crystal growths of MgO
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33 GPa, 3050 K

Starting composition:
0.83 Si/Mg molar ratio
—

Fig. 1 A secondary electron image for the sample recovered at 33
GPa and 3050 K. The sample was heated from the upper side. The
starting composition was 0.83 Si/Mg molar ratio. Grain growths of
MgO and MgSiO; were observed in the center of the heated area

Fig. 2 Secondary electron
images (SEI) and elemental
maps for Mg and Si of samples
at 35 GPa. The samples were
heated from the upper side at
about 4000 K. a The starting
composition is 0.83 Si/Mg
molar ratio. The melting texture
is surrounded by MgSiO;. b
The starting composition is 0.76
Si/Mg molar ratio. The melting
texture is surrounded by an
MgO layer

(a) Starting composition:
0.83 Si/Mg molar ratio

MgSiO;+MgO

MgSiO,

and MgSiO; were observed in the center of the hot spot.
In the second run (run #2), a sample of the same composi-
tion to run #1 (0.827(2) Si/Mg molar ratio) was heated to
3950 K at 35 GPa. Figure 2a shows a secondary electron
image and elemental maps for Mg and Si of the sample
cross section. A quenched melt pocket with a round shape
was observed at the center of the heated spot. Similar tex-
tures were observed in previous melting experiments on
peridotite and MORB in DACs (e.g. Nomura et al. 2011;
Tateno et al. 2014; Pardhan et al. 2015). The melt pocket
was surrounded by MgSiO;, indicating that MgSiO; was
the liquidus phase. On the other hand, when a glass with
a Si/Mg molar ratio of 0.756(5) was heated at similar P-T
conditions (run #3), the melting texture was surrounded by
an MgO layer, indicating that the liquidus phase was MgO
(Fig. 2b). We also measured melt compositions in several
runs (Table 1).

Our experimental results are summarized in Fig. 3. In
this study, the eutectic composition was determined by two

(b) Starting composition:
0.76 Si/Mg molar ratio

qﬁj "rf’,f-"”':"
MgSiO;+MgO

10 um
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Table 1 Experimental

s S Run Pressure Temperature  Starting composition  Liquidus phase Melt composition — Thermal
COl’ldlthIlS., .hquldus phases and (GPa) (K) Si/Mg molar ratio Si/Mg molar ratio  insulator
melt conditions

#1 33 3050 0.827(2) b b None
#2 35 3950 0.827(2) MgSiO, - None
#3 35 3900 0.756(5) MgO =< None
#4 35 -4 0.911(4) MgSiO; 0.768(8) None
#5 35 3800 0.693(5) MgO 0.756(20) None
#6 35 4000 0.827(2) MgSiO, 0.754(9) Ar
#7 35 -4 0.756(5) MgO =€ Ar
#8 45 _a 0.756(5) MgSiO, 0.661(20) Ar
#9 46 2600 0.636(11) b b Ar
#10 56 3500 0.636(11) MgO - Ar
#1159 8 0.589(4) MgO d Ar
#1261 5150 0.693(5) MgSiO; - Ar
#1368 3150 0.636(11) b b Ar
#14 69 3950 0.693(5) MgSiO; 0.654(31) Ar
#15 70 4250 0.636(11) MgO - Ar
Parentheses show the standard deviations from several EDS measurements
#Temperature was not measured because heating duration was too short
®Samples were not melted
“Samples were lost before measurements of melt compositions
4The melt composition was not measured because the melt pocket was too small
10 approaches: the change of the liquidus phase using differ-
I Liquidus phase ent composition starting materials and the EDS measure-
[ X mgg'os ments of the melt composition if the size of the melt is
0.9 I Melt composition large enough to measure. The change of the liquidus phase
o r V Liquidus phase MgSiO, depends on whether the Si/Mg molar ratio of the starting
® ! —V— A Liguidus phase MgO composition is larger or smaller than the eutectic compo-
“ 08} Eutectic composition
% r —s— v . sition. We prepared homogeneous starting glasses having
< - . 3 ' various compositions to bracket the eutectic composition
2 07 — —A— | - z ; by the liquidus phase. In addition, we measured melt com-
& i I—$—| ;A i positions of several recovered. samples by EDS 'a.nalys'ls
3 (Table 1). In the present experiments, the compositions in

06 l A l the quenched melt pockets were quite homogeneous.

[ At 35 GPa, when the composition of the starting mate-
o5l vy rial was 0.827(2) Si/Mg molar ratio, the observed liquidus

20 30 40 50 60 70 80
Pressure (GPa)

phase was MgSiO; (run #2 and #6) (Fig. 2a). In contrast,
when the composition of the starting material was 0.756(5)
Si/Mg molar ratio, the liquidus phase was MgO (run #3 and
#7) (Fig. 2b). These results indicate that the eutectic com-
position at 35 GPa should be located between ~0.76 and
~0.83 Si/Mg molar ratio. In addition, the compositions of

Fig. 3 The experimental results and the eutectic composition of the
system MgO-MgSiO; as a function of pressure. The solid down-
ward and upward triangles represent the composition of the starting
material and which of MgSiO; or MgO, respectively, was observed

as the liquidus phase. These provide the upper and lower bounds of
the eutectic composition. Open downward (upward) triangles repre-
sent the composition of the melt coexisting with MgSiO; (MgO) as
the liquidus phase. The eutectic composition (shaded area) should be
located between upward and downward triangles (see text)

@ Springer

the melt coexisting with MgSiO; in run #6 and with MgO
in run #5 were 0.754(9) and 0.756 (20) Si/Mg molar ratio,
respectively. These results suggest that the eutectic compo-
sition at 35 GPa should be about 0.76 Si/Mg molar ratio.
At 45 GPa, the liquidus phase for the starting compo-
sition of 0.756(5) Si/Mg molar ratio was MgSiO; and
the composition of the melt coexisting with MgSiO; was
0.661(20) Si/Mg molar ratio (run #8). These results suggest
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Table 2 Thermodynamic properties of MgO and MgSiOj; liquids

MgO liquid MgSiO; liquid
T, (K) 3000 1773
V, (cm*/mol) 16.46 37.2
K, (GPa) 34.0 27.3
K 45 5.7
Yo 0.96 0.6
% -0.37 -1.24
C, (kJ/K/mol) 561073 173%1073
S, (kJ/K/mol) 173.5%1073 333%x1073
F, (kJ/mol) —852.49 —-1716.03

The parameters used are the same as Liebske and Frost (2012) expect
for F,

that the eutectic composition at 45 GPa is smaller than
about 0.66 Si/Mg molar ratio.

In the same way, the eutectic composition at 56 GPa
should be larger than 0.636(11) Si/Mg molar ratio (run
#10) and that at 61 GPa should be smaller than 0.693(5)
Si/Mg molar ratio (run #12). At about 70 GPa, the liquidus
phase for the starting composition of 0.693(5) Si/Mg molar
ratio was MgSiO; (run #14), whereas that for the starting
composition of 0.636(11) was MgO (run #15). The com-
position of the melt coexisting with MgSiO; was 0.654(31)
Si/Mg molar ratio (run #14). Thus, the eutectic composi-
tion at about 70 GPa should be between ~0.64 and ~0.65
Si/Mg molar ratio. The results show that the eutectic com-
position becomes MgO-rich with increasing pressure and
becomes almost constant above 45 GPa.

Discussion

Assuming an ideal solution, when the dT/dP slope of MgO
is smaller than that of MgSiO;, the eutectic composition
becomes MgO-rich with increasing pressure. While the
eutectic composition determined in this study becomes
MgO-rich with increasing pressure, a number of previous
studies suggested that the dT/dP slope of MgO was not
smaller and becomes even larger than that of MgSiO; with
increasing pressure (e.g. Shen and Lazor 1995; Mosen-
felder et al. 2009; Alfe 2005; Belonoshko and Dubrovinsky
1996; Cohen and Gong 1994; Zhang and Fei 2008; Du and
Lee 2014), implying that the MgO-MgSiO; system cannot
be described by an ideal solution. Therefore, we analyzed
our experimental data with an assumption of a non-ideal
regular solution by the same method with Liebske and
Frost (2012), who also analyzed their data below 26 GPa
and extrapolated the eutectic composition to the CMB pres-
sure. To make a better description of the behavior of the
eutectic composition under high pressure, we reanalyzed it

using higher pressure data obtained in this study in addition
to the data reported in the previous study (Liebske and
Frost 2012). To analyze the eutectic composition, we first
calculated the pressure and temperature dependence of the
chemical potentials of MgO and MgSiO; both in liquid
(ﬂbg pand #Ilf/fgsio) and solid (yf/[g o and /‘ifgsz‘o}) states based
on the thermodynamic model proposed by previous studies
(de Koker and Stixrude 2009; Stixrude and Lithgow-Ber-
telloni 2011). Details on the method are available in Lieb-
ske and Frost (2012). All parameters used are summarized
in Tables 2 and 3. Using those thermodynamic parameters,
we calculated the eutectic compositions under pressure. For
a regular solution, the excess chemical potential can be
expressed as

lli/[go - ﬂlf/[go = RT In(Xye0) + (1 - XMgO)2 Whtgo-mgsio,

ey

where Xy,0 and Wy, mgsio, are the mole fraction of
MgO of the eutectic composition of the MgO-MgSiO;
system and the Margules interaction parameter for a given
pressure and temperature, respectively. Wy,o_mgsio, at
each pressure and temperature was first calculated using
our results and previous experimental data (Liebske and
Frost 2012) and then fitted using an empirical expression,
Wieo-mesio, =A + ,E;’ which is the same as Liebske and
Frost (2012), where P represents pressure in units of GPa
and A and B are fitting parameters. Finally, we calculated
Xwvgo as a function of pressure using Wy, mgsio,- The
least-squares fit of our experimental data together with
the previous data by Liebske and Frost (2012) yields A =
—42(6) kJ/mol and B=303(141) kI GPa/mol. Figure 4
shows the Si/Mg molar ratio (=1 — Xy,0) of the eutec-
tic composition as a function of pressure. To estimate the
uncertainty of the prediction, we performed Monte Carlo
simulations by randomly varying Xy;,o, P and 7" within
their absolute range of uncertainties, the same as the

Table 3 Thermodynamic properties of MgO (periclase) and MgSiO;
(bridgmanite)

MgO MgSiO;
periclase bridgmanite

T, (K) 300 300

V, (cm*mol) 11.24 24.45

K, (GPa) 164 251

K 39 4.1

Yo 1.36 1.57

q 1.7 1.1

0, (K) 767 905

F, (kJ/mol) -569 —1368

The parameters used are the same as Liebske and Frost (2012)
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Fig. 4 A thermodynamic model of the eutectic composition of the
MgO-MgSiO; system determined in this study (black line). The
shaded area shows the model uncertainty of the eutectic composition
(see text). The solid and open triangles represent our experimental
results as described in Fig. 3. Open diamonds represent the eutectic
composition determined by multi-anvil experiments (Liebske and
Frost 2012). The gray solid line represents the eutectic composition
proposed by Liebske and Frost (2012) based on thermodynamic mod-
eling using their experimental data. The gray dashed line represents
the eutectic composition proposed by ab initio calculations (de Koker
et al. 2013)

previous study (Liebske and Frost 2012). We found that
the uncertainty converged well within 500 simulations at
each pressure. The obtained uncertainty of the molar ratio
is less than ~10% under the whole lower mantle conditions
(Fig. 4). From these thermodynamic considerations, the
eutectic composition was constrained up to deep mantle
conditions, in which the pressure range of extrapolation is
smaller than the previous study.

Figure 4 also shows the comparison of the eutectic
composition in the MgO-MgSiO; system with previous
results (Liebske and Frost 2012; de Koker et al. 2013).
The experimental study using a multi-anvil apparatus
(Liebske and Frost 2012) reported that the eutectic com-
position is 0.74 Si/Mg molar ratio at 26 GPa, consistent
with our experimental results at 35 GPa within experi-
mental error. The thermodynamic model of the eutectic
composition obtained in this study using experimental
data collected at a much wider pressure range than the
previous study is quite consistent with both the previ-
ous thermodynamic model obtained from low-pressure
data (Liebske and Frost 2012) and a prediction from
ab initio calculations (de Koker et al. 2013), suggesting
that the simple assumption of a non-ideal regular solu-
tion model can well describe the melting relations of the
MgO-MgSiO; system at high pressure.
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Fig. 5 The comparison with previous experiments on more complex
systems. Open triangles represent our experimental results on the
MgO-MgSiO; binary system as described in Figs. 3 and 4. Lines rep-
resent the eutectic composition of the MgO-MgSiO; binary system
proposed by this study, Liebske and Frost (2012) and de Koker et al.
(2013). The shaded area indicates the model uncertainty of the eutec-
tic composition as described in Fig. 4. Gray symbols represent previ-
ous results of melting experiments on (Mg g9, Feg ;),Si0,4 (Nomura
et al. 2011). Blue and black symbols are those on peridotitic compo-
sition reported by Ito et al. (2004) and Tateno et al. (2014), respec-
tively. Gray, blue and black downward (upward) triangles represent
the composition of the melt coexisting with bridgmanite (ferroperi-
clase) as the liquidus phase. Cross: Ito et al. (2004) also reported that
the liquidus phase for peridotitic composition changes from ferroperi-
clase to bridgmanite between 29 and 31 GPa

To understand the effect of additional chemical compo-
nents on the eutectic composition, such as FeO and Al,O;,
we also compared the present results with previous results
on melting experiments of more complex systems. Fig-
ure 5 shows the composition of the melt coexisting with
the liquidus phase reported in previous studies (Ito et al.
2004; Nomura et al. 2011; Tateno et al. 2014), compared
with the eutectic composition of the MgO-MgSiO; system.
Note that the compositions of the melt plotted in Fig. 5 do
not indicate the eutectic composition itself but constrain
the upper or lower bound of the eutectic composition (see
Fig. 3). Nomura et al. (2011) performed melting experi-
ments on (Mg, g9, Fe 1), SiO,. They reported the change
of the liquidus phase from ferropericlase (Mg, Fe)O to
bridgmanite (Mg, Fe)SiO; at around 35 GPa, indicating
that the eutectic composition of the iron-bearing system is
0.65 Si/(Mg+ Fe) molar ratio at around 35 GPa, which is
more SiO,-poor than that of the MgO-MgSiO; binary sys-
tem (about 0.70 Si/Mg molar ratio at the same pressure).
Furthermore, the composition of the melt coexisting with
bridgmanite as the liquidus phase becomes smaller than
0.5 Si/(Mg + Fe) molar ratio above 60 GPa, which provides
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the upper bound of the eutectic composition. This also
indicates that the eutectic composition of the iron-bearing
system is more SiO,-poor than that of the iron-free sys-
tem. Zhang and Fei (2008) reported that the incorporation
of FeO significantly decreases the melting temperature
of ferropericlase. The difference of the eutectic composi-
tions between iron-bearing and iron-free systems might be
explained by the melting temperature depression of ferrop-
ericlase since FeO is partitioned more into the liquid com-
pared to coexisting bridgmanite (Nomura et al. 2011). For
more complex compositions, Ito et al. (2004) performed
melting experiments on the peridotitic composition, Si/
(Mg + Fe) molar ratio of which is ~0.70, showing that the
liquidus phase changes from ferropericlase to bridgmanite
at around 30 GPa (Fig. 5). This indicates that the eutectic
composition is located at ~0.70 Si/(Mg+ Fe) molar ratio at
30 GPa, similar to that of the MgO-MgSiO; binary system
(this study), but more SiO,-rich than that of the (Mg, Fe)
O—(Mg, Fe)SiO; system (Nomura et al. 2011). The differ-
ence of the eutectic compositions implies that the incor-
poration of the other components, such as Al,O; and CaO,
may counter the effect of FeO on the eutectic composition.
This may be explained by the melting temperature depres-
sion of bridgmanite because aluminum is known to enhance
the incorporation of iron into bridgmanite (e.g. Wood and
Rubie 1996). Indeed, Tateno et al. (2014) reported that
the melt composition of the peridotite composition coex-
isting with liquidus phase bridgmanite was about 0.63 Si/
(Mg +Fe) molar ratio between 40 and 80 GPa, which is
more SiO,-rich than that of the (Mg, Fe)O-(Mg, Fe)SiO;
system (Nomura et al. 2011) but rather similar to that of the
MgO-MgSiOj; system.

Melting relations, in particular the eutectic composition
and the crystallization sequence, have important impli-
cations for understanding the chemical evolution of the
mantle in the early history of the Earth, since fractional
crystallization of the magma ocean may have caused large
chemical differentiation in the mantle. Upon fractional
crystallization of the magma ocean, the composition of the
residual melt should change towards its eutectic composi-
tion. The melting relations are also crucial for understand-
ing the chemical evolution of the present mantle, since the
seismically observed ULVZs have been attributed to the
presence of partial melt at the base of the mantle (e.g. Wil-
liams and Garnero 1996; Lay et al. 2004). The composi-
tional difference between the lowermost mantle and its
eutectic composition may affect the degree of chemical dif-
ferentiation at the base of the mantle. Though several high-
pressure experiments reported the liquidus phase of several
model rock compositions, such as peridotite and chondrite,
at lower mantle conditions (e.g. Fiquet et al. 2010; Andrault
et al. 2014; Tateno et al. 2014), their eutectic composi-
tions are still unclear. As discussed above, both the liquidus

phase and the eutectic composition are largely affected by
which components are included in the system.

In this study, we determined the eutectic composition of
the most simplified binary system, MgO-MgSiO;, for man-
tle material based on experimental data up to 70 GPa, cor-
responding to the middle of the lower mantle, and extrap-
olated it to the pressure at the base of the mantle on the
basis of thermodynamic modeling. The results indicate that
the Si/Mg molar ratio of the eutectic composition of the
MgO-MgSiO; system decreases with increasing pressure
up to about 45 GPa and becomes rather constant at about
0.64 up to the pressure at the base of the mantle (Fig. 4).
For the crystallization of the magma ocean, it is still not
clear at what depth the whole mantle magma ocean began
to crystalize, which depends on the slopes of its liquidus
and the isentropic temperature gradient. According to a
recent study by Thomas et al. (2012) based on the equa-
tion of state of liquid Mg,Si0O, and Fe,SiO, by shock-wave
experiments and calculated isentropes for liquid peridotite
and chondritic mantle composition, the peridotitic magma
ocean would have started crystallization from the middle of
the lower mantle around 2000 km depth, where the pres-
sure is about 85 GPa, and crystallization proceeded both
upward and downward, whereas the chondritic magma
ocean crystallization would have started from the base of
the lower mantle and proceeded upward. If the chondritic
magma ocean model is the case, bridgmanite first crystal-
ized from the base of the mantle and crystallization pro-
ceeded towards the shallower part. The composition of the
remnant melt changes towards the eutectic composition.
As a consequence, the composition after crystallization
becomes the most SiO,-rich at the base, changes towards
MgO-rich with decreasing depth, and becomes almost simi-
lar to the initial composition of the magma ocean at the top,
since the eutectic composition changes towards SiO,-rich
with decreasing pressure and becomes almost similar to the
chondritic composition at the pressure of the upper mantle.
On the other hand, if the peridotitic magma ocean model
is the case, since crystallization would have started at the
middle of the lower mantle and proceeded both upward
and downward, the last remnant melt at the top and base
of the mantle should have the most MgO-rich composi-
tion. Of course, this is too simplistic to model the actual
magma ocean crystallization and the effect of other compo-
nents, including FeO, Al,O5, CaO and so on, on the eutec-
tic composition and the crystallization sequences should be
investigated. The density contrast between the crystalliz-
ing solid and the residual melt should also be considered
to understand the actual chemical evolution of the mantle
(e.g. Thomas et al. 2012; Labrosse et al. 2015). As in the
above discussion, the FeO component would decrease the
Si/(Mg+Fe) molar ratio of the eutectic composition, but
the other components might counter this effect. In addition,
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the effect of volatiles such as H,O and CO, on the melting
relations may also be important, though it is still not clear
how much these components are included in the deep man-
tle. Although further studies on the effect of such additional
components are required, the present result on the melting
relation of the MgO-MgSiO; system should be the baseline
for a fundamental understanding of the melting relations of
mantle materials.

In this study, we used a CO, laser heating technique to
determine the melting relation of the MgO-MgSiO; sys-
tem. Since the method does not require the addition of a
metal absorber (e.g. Pt, Au) in the sample chamber nor the
incorporation of a transition metal (e.g. Fe) in the sample
itself, it may useful for studying melting relations of mantle
materials, particularly transition metal-free systems.
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