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Abstract Melting experiments on a pyrolitic mantle material were performed in a pressure range from

34 to 179 GPa based on laser-heated diamond-anvil cell (DAC) techniques. The textural and chemical
characterizations of quenched samples were made by using field-emission-type electron microprobe
(FE-EPMA). Melts formed by 46 to 77 wt.% partial melting in this study were ultrabasic in composition and
became more depleted in SiO, and more enriched in FeO with increasing pressure. Melting textures indicate
that the liquidus phase changed from ferropericlase to MgSiOs-rich perovskite at least above 34 GPa and further
to post-perovskite. The first phase to melt (disappear) changed from CaSiOs perovskite to (Mg,Fe)O
ferropericlase between 68 and 82 GPa. The stability of ferropericlase above solidus temperature shrinks with
increasing pressure (melting last below 34 GPa and first 82 GPa), resulting in higher (MgO + FeO)/SiO, ratio in
partial melt at higher pressure. Additionally, the Fe-Mg distribution coefficients (Kp) between perovskite/
post-perovskite and melt decreased considerably with increasing pressure, leading to strong Fe-enrichment in
partial melts. It supports dense partial melts in a deep lower mantle, which migrate downward to the core
mantle boundary (CMB).

1. Introduction

Melting is a primary mechanism of chemical evolution of our planet. The Earth’s mantle was likely to be
completely molten right after the moon-forming giant impact [Canup, 2004]. Subsequent crystallization of a
global magma ocean may have formed strong chemical stratification in the mantle. The seismic ultralow-
velocity zones (ULVZs) suggest the presence of partial melts near the base of the mantle even at present
[Garnero and Helmberger, 1995; Lay et al., 2004], which might be the remnants of a basal magma ocean
[Labrosse et al., 2007]. The knowledge of melting phase relations and partial melt compositions in the lower
mantle is crucial to understand the chemical evolution in the early Earth and the nature of ULVZs. Melting of
peridotite has been extensively studied by using multi-anvil apparatus up to 33 GPa corresponding to the
uppermost lower mantle conditions [Zhang and Hertzberg, 1994; Hirose and Fei, 2002; Trgnnes and Frost, 2002;
Hirose et al., 2004; Ito et al., 2004; Walter et al., 2004]. However, melting experiments under the middle to deep
lower mantle conditions are limited [Fiquet et al., 2010; Andrault et al., 2011].

Additionally, the density relationship between melt and co-existing solid is key for the fate of partial melts.
Shockwave experiments and ab initio calculations consistently demonstrated that MgSiOs liquid is less
dense than MgSiO3 perovskite at the CMB [Stixrude and Karki, 2005; Mosenfelder et al., 2009]. However, the
melt-solid density crossover can occur depending on the partitioning of iron [Stixrude et al., 2009]. Melting
experiments on (Mgg goFeq 11),510,4 bulk composition performed by Nomura et al. [2011] demonstrated on
the basis of ex situ sample characterizations of melting texture and chemical composition that strong Fe
enrichment occurred in partial melts above 75 GPa, indicating that melt is denser than solids in a middle to
deep lower mantle. In contrast, more recent experiments by Andrault et al. [2012] based on in situ X-ray
fluorescence (XRF) analyses found only small Fe enrichment in partial melts in a chondritic mantle bulk
composition, suggesting that melt is less dense and floats upward to shallower depths.

Here we carried out the melting experiments on a pyrolitic mantle (KLB-1 peridotite) to deep lower mantle
conditions up to 179 GPa by a combination of laser-heated DAC experiments and chemical analyses of recovered
samples using a field-emission-type electron microprobe (FE-EPMA) with a high spatial resolution. On the basis of
melting texture and chemical composition, we show melting sequence, partial melt composition, and solid-melt
partitioning including the Fe-Mg distribution coefficient, Kp, between perovskite/post-perovskite and melt.
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Table 1. Experimental Conditions and Results

Pressure Temperature Phase Assemblage in Crystallization

Run (GPa) (K)? Sequenceb

#55 34 2900 Melt(58) — MgPv(34) — Fp(7) — CaPv(1)
#63 40 3000 Melt(74) — MgPv(23) — Fp(3) — CaPv(1)
#58 58 3600 Melt(77) — MgPv(21) — Fp(1) — CaPv(1)
#88 68 3900 Melt(61) — MgPv(30) — Fp(6) — CaPv(2)
#89 82 4000 Melt(51) — MgPv(39) — CaPv(3) — Fp(7)
#84 88 4000 Melt(47) — MgPv(40) — CaPv(4) — Fp(9)
#91 169 4900 Melt(49) — MgPP(40) — CaPv(3), Fp(7)
#90 179 5000 Melt(46) — MgPP(42) — CaPv(3), Fp(8)

ablnferred from the melting curves of peridotitic materials with the uncertainty of +10%.
MgPv, MgSiOs-perovskite; Fp, ferropericlase; CaPv, CaSiO3-perovskite; MgPP, MgSiO3-post-perovskite. Number in
parentheses are phase proportions (wt.%) calculated by mass balance.

2. Experimental Techniques
2.1. Melting Experiments at High Pressure

High-pressure melting experiments were conducted using laser-heated DAC techniques. A starting material
was prepared originally from gel with a chemical composition of KLB-1 peridotite [Takahashi, 1986] with a
primitive mantle composition similar to pyrolite, same as that used in Sinmyo et al. [2011] and Sinmyo and
Hirose [2013]. The gels were dehydrated at 1273 K for 1 h in a H,-CO, gas-mixing furnace, in which oxygen
fugacity was controlled at 3 log units below the QFM buffer. The powder sample was pressed into a disc
with a typical thickness of 15-25 um and placed into a hole drilled at the center of a rhenium gasket that was
pre-indented to a thickness of 25-40 um. The sample may have included ~1000 ppm of adsorbed H,O
[Nomura et al., 2014]. No additional metal laser absorber was used except for run #55, in which the sample
disk was coated with iridium for both sides (200 nm thickness). Subsequently, liquid argon was loaded
cryogenically as a pressure medium. The sample was compressed with beveled 120 and 150 um or flat

300 um culet diamond anvils, depending on a target pressure. Heating was performed from both sides of the
sample by employing a 50 W donut-mode Nd:YLF laser or two 100 W single-mode Yb fiber lasers with beam

laser heating

Figure 1. Backscattered electron (BSE) images and X-ray elemental maps for the sample recovered from 34 GPa (run #55).
Quenched partial melt is found at the center of the sample, where temperature was the highest. Melt pocket is enclosed

by a layer of single-phase MgSiOs-perovskite (MgPv), the liquidus phase, followed by ferropericlase (Fp) and CaSiOs3-perovskite
(CaPv). Iridium (Ir) was coated for both sides of the sample. Scale bar represents 5 um. Arrows show the directions of laser
beams for heating from both sides of the sample.

TATENO ET AL.

©2014. American Geophysical Union. All Rights Reserved. 4685



@AG U Journal of Geophysical Research: Solid Earth

10.1002/2013JB010616

Figure 2. (a) Backscattered electron image and X-ray maps

for the sample at 88 GPa (run #84), where CaSiO3-perovskite

(CaPv) is the second liquidus phase. MgPv, MgSiOs-perovskite;
Fp, ferropericlase. Scale bar, 10 pm. (b) Magnified X-ray maps

for a boxed area in (a). Scale bar, 5 um.

shaping optics converting a beam with a Gaussian
intensity distribution to the one with a flat-top
distribution. Temperature gradient in a melt pool
would have been smaller than that in a solid
part [Nomura et al., 2014]. The laser spot size was
about 20 to 30 um on a sample. The sample was
heated for about 15 in order to avoid chemical
segregation due to thermal diffusion under
relatively large temperature gradient [Sinmyo and
Hirose, 2010; Nomura et al., 2011]. Sample
temperature was not measured in this study
because heating duration was too short, but
alternatively it was estimated from melt fraction
and the solidus and liquidus temperatures of
peridotitic materials [Fiquet et al., 2010; Andrault
et al, 2011], assuming that the degree of partial
melting increases linearly with increasing
temperature between the solidus and the liquidus
[Takahashi et al., 1993] (Table 1). Pressure was
determined from the Raman peak shift of
diamond anvil at 300K after laser heating
[Akahama and Kawamura, 2004] and corrected for
a contribution (+20%) of thermal pressure at high
temperature, which was estimated from previous
in situ X-ray diffraction (XRD) measurements
[Ozawa et al., 2009; Nomura et al., 2014].

2.2. Analytical Techniques

The textural and chemical characterizations were
made on quenched samples. After complete
pressure release, the sample was recovered from
the DAC and glued on a silicon wafer using
polymeric resin. Subsequently, it was polished by
Ar ion beam using the lon Slicer (JEOL EM-09100
IS) to minimize the damage of the sample surface
[Tateno et al., 2009], allowing us to observe the
micro-textures of an extremely tiny sample. The
section was carefully thinned to 10 um such that
the center of the heating spot was exposed from
both sides parallel to the compression and laser-
heating axis. Such polished sample section was
examined under FE-EPMA (JEOL JXA-8500F) with
an acceleration voltage of 10kV and beam
currents of 12nA. We collected the X-ray
mappings for Si, Ti, Al, Fe, Mg, Ca, and Na for each
sample (Figures 1-3). The chemical compositions

of quenched liquid pool and neighboring solid phase (perovskite or post-perovskite, depending on
pressure) were obtained with defocused (5 um size) and focused (<2 um spatial resolution) beams,
respectively (Table 2). Counting times were 20's on the peak and 10 s on the background for each element.
Because ferropericlase grains found in an Mg-rich portion were indeed too small, we estimated their
compositions from the Fe/Mg ratio of coexisting MgSiOs-rich perovskite (Table 2) using the Fe-Mg
partition coefficient reported by Sinmyo et al. [2008]. Similarly, the composition of CaSiO3 perovskite was
assumed to be the same as that obtained by previous melting experiments on peridotite in a multi-anvil

apparatus at 33 GPa [lto et al., 2004].
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179 GPa

Figure 3. Backscattered electron images and X-ray maps for the sample at 179 GPa (run #90), in which post-perovskite
(MgPP) is as a liquidus phase. CaPv, CaSiOz-perovskite; Fp, ferropericlase.

Additionally, phase identification was made by synchrotron XRD measurements at BL10XU, SPring-8 in runs
#90 and #91 [Ohishi et al., 2008]. The XRD patterns were collected after laser heating on an imaging plate with
an exposure time of 5 min. A monochromatic incident X-ray beam was focused by stacked compound
refractive lenses and collimated to an approximately 6 um area (full width of half maximum) on the sample.
The wavelength used was 0.41415(7) A (~30keV). Visible fluorescence light from diamond excited by X-rays
was used to precisely align the laser-heated spot with the X-ray beam. Two-dimensional XRD images were
integrated as a function of two-theta angle in order to produce conventional one-dimensional diffraction
pattern using the IP Analyzer program [Seto et al., 2010].

3. Results
3.1. Melting Phase Relations

A total of nine separate experiments were performed at pressures ranging from 34 to 179 GPa. The melting
sequence is indicated by textures (Figures 1-3, Table 1). The chemical compositions of partial melt and
neighboring solid (liquidus phase) are given in Table 2, together with a proportion in weight % based on
mass-balance calculations.

The sample recovered from 34 GPa (run #55) exhibited a concentric texture that reflected a temperature

distribution during laser heating (Figure 1), similar to that observed in our previous melting experiments on
(Mgo.oFep.1)>Si04 in @ DAC [Nomura et al., 2011]. A round pocket was found at the center, the hottest part of
the sample, showing iron-rich non-stoichiometric composition. This should represent the quenched partial
melt [Andrault et al., 2012]. It is surrounded by an MgSiOs-rich layer, corresponding to Mg-rich perovskite at
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The tetravalent cations, Si** and Ti**, sum up
e to a total of 0.93 when normalized to 3 oxygen,

8
§§ é §§ Egg indicating that the octahedral site (B-site) is
i e Mo & partially occupied by trivalent cations of AI**
> N S:E 8 I g é and Fe**. The presence of Fe** is supported by
@ E?.EEE g B g the fact that the total cations exceed 2. On the
£ & & other hand, the Si** abundance in perovskite

increased with increasing pressure and fully
occupied the B-site above 68 GPa (Figure 6).
Alternatively, A** and Fe>* impurities entered
the A-site with the formation of cation
141 GPa, 300 K vacancy, which is evidenced from the facts
that (1) l\/lg2+ decreased with increasing
pressure and (2) the total cation number
decreased to less than 2 above 58 GPa. Indeed,
Figure 4. X-ray diffraction pattern of a pyrolitic mantle material the A" content and likely the Fe’* content in
obtained at 141 GPa and 300K after melting (run #91). PP, post-  Mg-perovskite significantly reduced at higher
perovskite; FP, ferropericlase; CP, CaSiO3-perovskite; Ar, argon pressures. As a consequence, AP was
(pressure medium); Re, rhenium (gasket). 1=0.41415(7) A. incorporated more into melt rather than into
perovskite above 58 GPa, while it was opposite
below 40 GPa. In other words, AI** became incompatible to the B-site progressively with increasing
pressure to 68 GPa.

PP002

PP020

n PR (SR I IS Y NUNUR ST ST ST (T S T R
5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
20 (deg.) A=0.41415 A

Partial melts were ultrabasic in composition with less than 45 wt.% SiO, and more than 32 wt.% MgO
(Table 2). The variations in the (Mg + Fe)/Si ratio of partial melt are illustrated as a function of pressure in
Figure 7. The (Mg + Fe)/Si ratio was 1.42 at 34 GPa, very similar to that reported by the earlier multi-anvil
experiment up to 33 GPa [Hirose and Fei, 2002; Ito et al., 2004; Liebske et al., 2005]. It increased to 1.6-1.7 with
increasing pressure and then became almost constant above 80 GPa. Both TiO, and Al,Os3 contents in melt
increased with increasing pressure to around 80 GPa, consistent with the fact that they were less
incorporated into the B-site of Mg-perovskite at higher pressures (Figure 6). The FeO (total Fe as FeO) content
increased remarkably above 58 GPa, which contributed to the strong reduction in Kp in the relevant
pressure range.

4, Discussion
4.1. Crystallization Sequence and Partial Melt Composition

Earlier melting experiments on peridotite and olivine bulk compositions have demonstrated that the first
crystallizing phase (liquidus phase) changes from ferropericlase to Mg-perovskite above ~30 GPa [lto et al.,
2004; Figuet et al., 2010; Nomura et al., 2011]. Our results show that the liquidus phase is Mg-perovskite at
34 GPa and above (or post-perovskite in its stability field), in good agreement with these previous studies. lto
et al. [2004] observed that the liquidus phase converts between 29 and 31 GPa in a multi-anvil apparatus
study. Such change in crystallization sequence is consistent with the present experimental results that the
(Mg + Fe)/Si ratio in partial melt increased with increasing pressure (Figure 7).

Although melts obtained in this study were not eutectic melts but formed by certain degrees of partial
melting, their variation in the (Mg + Fe)/Si ratio is broadly consistent with the change in eutectic composition
in the MgO-MgSiOs binary system (Figure 7). Our data indicate that the (Mg + Fe)/Si ratio in partial melt of a
pyrolitic mantle increased from 1.42 at 34 GPa to ~1.65 at about 80 GPa and remained nearly constant at
higher pressures to 179 GPa. The thermodynamical modeling by Liebske and Frost [2012] based on their low-
pressure experimental data demonstrated similar change in the Mg/Si ratio of eutectic melt composition in
MgO-MgSiOs. Present experimental results are also generally consistent with recent theoretical calculations
on the MgO-MgSiOs system [de Koker et al., 2013].

Present experiments also demonstrated that the second liquidus phase changed from ferropericlase to
Ca-perovskite (in other words, the first melting phase changed from Ca-perovskite to ferropericlase) between
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(a) Pt 68 and 82 GPa (Table 1). It is consistent with
pyrolite . . . .
o thisstudy the earlier DAC experiments combined with
O Hirose & Fei[2002]
A Itoetal. [2004] in situ XRD measurements on peridotite
P v Liebske et al. [2005] . A
¢+ RIS (Mgo soFe0.11)Si03 [Figuet et al., 2010], reporting that
‘ O Nomura et al. [2011] )
= % chondrite 1 ferropericlase melted first at 61 GPa. It also
) <> Andrault et al. [2012] . .
g agrees with the steep melting curve of Ca-
S o + +. 4 perovskite compared to that of
% p [% #3 ferropericlase [Zerr and Boehler, 1994; Zerr
X v et al., 1997]. Such change certainly led to low
+ | CaO content in partial melts at higher
pressures (Figure 6).
post-Pv
oof| 4.2, Iron Partitioning Between
(b) e ' ' ' ‘ ' ' ‘ ' Perovskite and Melt
o0 o o0 00 o Present new data obtained in a natural
ﬁi mantle bulk composition show that the Kp
¢+ | | value diminishes remarkably with
[ . . s
= eﬁ \ % q] increasing pressure, indicating strong Fe
£ enrichment in partial melt in a deep lower
3 oAk o | post-Pv . ;
5 O e, 1 mantle (Figure 5). These results are indeed
"ﬁ; ’ ) Hﬁ q] 1 in excellent agreement with our previous
Q Pv [ll] | i | measurements of Kp in the (Mgg goFeo.11)
T ‘ 1 3Si04 bulk composition using similar
experimental techniques [Nomura et al.,
2011] (Figure 5a). Furthermore, a
oof b L 1. ! ! | precipitous change in Kp is also found

L 1 L L L s 1
20 40 60 80 100 120 140 160 180

Pressure (GPa) between 58 and 68 GPa, again similar to the

results for the (Mgg goFeq.11)25i04 bulk
Figure 5. The change in Fe partitioning between perovskite/post- ~ composition. These are possibly explained
perovskite in a peridotitic bulk composition (red). Closed circles, this by the effect of iron spin crossover in melt
study; open symbols, previous multi-anvil experiments [Hirose and as argued by Nomura et al. [2011]. On the
Fei, 2002; Ito et al., 2004; Liebske et al., 2005]. The results determined in . . . .

: o other hand, such iron enrichment in partial
(Mgo.goFeq.11)25i04 bulk composition (blue) [Nomura et al., 2011] .
and in a chondritic mantle composition (green) [Andrault et al., 2012] melt may be related to the change in crystal
are also shown for comparison. Error was estimated from uncertain-  chemistry of perovskite with increasing
ties (10) in both solid and liquid compositions. (a) Fe-Mg distribution  pressure described in section 3-3. The
coefficient, Kp = (IFe*"“JIMg*"“/([Fe™*"'IMg™*"). The values elevated silicon concentration in perovskite
decreased with increasing pressure with a drop between 58 and I 3+ 3+ .

68 GPa. All Kp data were based on the EPMA analysis of recovered dismisses Al ?nd Fe fro'm the ‘B—S|te'and
samples. (b) Fe partition coefficients, Dpe = [FeSOIid]/[Femelt]. The data confines them into the A-site, which might
by Andrault et al. [2012] were obtained from XRF analyses. enhance iron enrichment in coexisting

partial melt.

In contrast, these results on iron partitioning contradict the recent experiments on a chondritic mantle bulk
composition by Andrault et al. [2012]. Andrault and others observed small Fe-enrichment in partial melt with
increasing pressure, but it was not as strong as those observed by Nomura et al. [2011] and in this study
(Figure 5b). Andrault et al. [2012] determined the partition coefficient of iron, Dg. = [Fe™)/[Fe™", between
Mg-perovskite and quenched partial melt based on the synchrotron X-ray fluorescence (XRF) analyses. The
Dke (not Kp) values obtained by Andrault and others are 0.5-0.6 over a wide pressure range of the lower mantle,
much higher than ours (Figure 5b). They argued that the discrepancy could be explained by the difference in
the bulk composition, in particular the presence/absence of Al,O3. However, our experiments on both Al-free
[Nomura et al., 2011] and Al-bearing bulk compositions [this study] show quite consistent results. Alternatively,
a major source of the discrepancy is likely to be the difference in the method of chemical analysis. In their
XRF analysis, the incident X-ray beam passes through a whole sample along the compression/heating axis
(vertical direction in Figures 1-3). As clearly seen in our X-ray elemental maps of Fe (Figures 1-3), the quenched
melt pocket is entirely surrounded by a “Fe-depleted” perovskite layer. Such Fe-depleted perovskite layer
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Figure 6. The variations in chemical compositions of coexisting MgSiOs-perovskite/post-perovskite (left axis in cation
number, red) and partial melt (right axis in weight %, blue) in a pyrolitic bulk composition as a function of pressure.
Filled and open symbols indicate the data obtained in the stabilities of perovskite and post-perovskite, respectively.

always exists between the melt pocket and pressure medium. The X-ray fluorescence signals for partial melt,
therefore, should have come from both quenched melt pocket and Fe-poor perovskite in Andrault et al. [2012]. On
the other hand, the signals for perovskite also should have been contaminated by those from the unmelted
part of the sample that was not depleted in Fe. Therefore, the XRF analyses underestimated and overestimated
the Fe contents in partial melt and neighboring Mg-perovskite, respectively, leading to apparently high Dg. values
as observed by Andrault and others. It is also noted that Andrault et al. [2012] reported just one compositional
datum for each perovskite and melt on the basis of microprobe analyses (see supporting information Table 2
in their paper). The Kp value at 79 GPa calculated from such microprobe data is in much better agreement with
the present observations and indeed close to the results by Nomura et al. [2011] (Figure 5a).

In contrast, the chemical compositions of Mg-perovskite/post-perovskite and melt in this study as well as in
Nomura et al. [2011] were obtained by electron microprobe analyses on quenched samples, using FE-EPMA
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solid, the volume of melt becomes closer to

that of solid at high pressure. While theory
suggested that melt is still buoyant relative to solid of the same chemical composition even at the base of the
mantle [Stixrude and Karki, 2005], the addition of heavy elements such as iron and calcium to a system further
decreases the density contrast [Stixrude et al., 2009; Sun et al., 2011].

The partitioning of iron between perovskite and melt primarily controls the buoyancy of partial melt in the
lower mantle, although the Mg/Si ratio also plays some role [Funamori and Sato, 2010; Thomas et al., 2012].
Nomura et al. [2011] argued that the Kp value of 0.1 and smaller makes partial melt denser than any typical
lower mantle minerals. Funamori and Sato [2010] and Thomas et al. [2012] demonstrated a sink/float
relationship between perovskite and melt as functions of Mg/(Mg + Fe) and SiO, content in melt. According
to the former model using static compression data, partial melt formed at or greater than 88 GPa is denser
than the surrounding solid mantle (Figure S1a in the supporting information). The latter model can be
applied only at 135 GPa, indicating that the partial melt at the bottom of the mantle is denser than MgSiO3
perovskite (Figure S1b). All of these indicate that perovskite-melt density crossover may occur above 88 GPa
corresponding to about 2000 km depth.

Additionally, Thomas et al. [2012] also obtained the equation of state of liquid Fe,SiO,4 from shock-wave
experiments and calculated the isentrope for liquid KLB-1 peridotite, which is tangent to its liquidus
temperature at 85 GPa. These results suggest that a deep magma ocean would have started crystallization
around 2000 km, and melt was gravitationally stable underneath a solidified layer. Note that the melt became
denser in a later stage of solidification [Thomas et al., 2012] because it was progressively richer in FeO and
poorer in SiO, [Nomura et al., 2011].

5. Summary and Conclusions

Melting phase relations and chemical compositions of coexisting perovskite (or post-perovskite) and melt were
experimentally determined in a pyrolitic mantle bulk composition over the entire lower mantle pressure range.
The degree of partial melting ranged from 46 to 77 wt.% in this study. The liquidus phase changed from
(Mg,Fe)O ferropericlase to MgSiOs-rich perovskite at least above 34 GPa. The last crystallizing phase

(the first melting phase) also changed from CaSiO3 perovskite to ferropericlase between 68 and 82 GPa. These
led to the change in partial melt composition; melt became more depleted in SiO, and more enriched in
FeO (total Fe) with increasing pressure. We also found that the B-site of Mg-perovskite was fully occupied by
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Si above 68 GPa and AI** was likely to be incorporated only into the A-site with cation vacancy in the presence
of partial melt. As a result, AI** is partitioned more into partial melt than into Mg-perovskite above ~50 GPa.

The Fe-Mg distribution coefficients (Kp) between perovskite and melt remarkably decreased with increasing
pressure, with a precipitous reduction at ~60 GPa, which is quite consistent with earlier experiments
performed in (Mg,Fe),SiO4 bulk composition [Nomura et al., 2011]. It is, however, contradictory to those
obtained in more recent work based on the XRF measurements [Andrault et al., 2012], and the discrepancy
is attributed to the difference in the analytical method. The Kp values determined in this study indicate
strong iron-enrichment in partial melt in a deep lower mantle. On the basis of the liquid equation of state
recently proposed by Thomas et al. [2012], melt was negatively buoyant and gravitationally stable at
depths greater than 2000 km in a deep magma ocean.
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