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Abstract Melting phase relations and crystal-melt element partitioning in a mid-oceanic ridge basalt
bulk composition were studied to 135 GPa using laser-heated diamond-anvil cell techniques. Using
field-emission-type electron microprobe (FE-EPMA), transmission electron microscope (TEM), and laser
ablation-inductively-coupled plasma mass spectrometer (LA-ICP-MS), we obtained comprehensive analyses
of major and trace elements in coexisting melt and solid phases. CaSiOs-perovskite (Ca-pv) was found to be
the liquidus phase throughout the lower mantle pressure range. Whereas silica, followed by Mg-perovskite,
are the second and third crystallizing phases to pressures exceeding 100 GPa, postperovskite, closely followed
by seifertite, succeed Ca-pv at 135 GPa. The partitioning of trace elements between Ca-pv and melts exhibited
a strong pressure effect, possibly due to a combination of high compressibility of cations compared to the
lattice site in Ca-pv and melt compressional effects. The Ca-pv/melt partition coefficients for Na and K

(Dna and Dy) increase with increasing pressure, with Dy, close to unity and Dy greater than unity at lowermost
mantle pressures. Also, Dyg becomes larger (or identical within uncertainty) than Ds,, in the deep lower
mantle. Partial melt formed by 51% partial melting of mid-oceanic ridge basalt at 135 GPa showed marked
iron-enrichment and should thus have negative buoyancy at the base of the mantle. The density of residual
solid is almost identical to the PREM density, and therefore, it is likely to be involved in mantle convection
and recycled to the surface.

1. Introduction

The subduction of mid-oceanic ridge basalt (MORB) crust introduces strong chemical heterogeneities in the
mantle. Such material may have accumulated above the core-mantle boundary (CMB) since MORB materials
are denser than surrounding mantle except at 660-720 km depth (e.g., Hirose et al., 2005; Irifune & Ringwood,
1993; Ono et al., 2001; Komiya, 2004; Ricolleau et al., 2010). MORB exhibits lower solidus temperature than
pyrolite (Andrault, Pesce, et al., 2014; Hirose et al., 1999; Pradhan et al., 2015), and it has been argued that par-
tial melting of MORB may be responsible for distinct seismic features known as ultralow-velocity zones where
strong wave speed reduction is observed (Garnero & Helmberger, 1995; Lay et al., 2004). It is indeed compa-
tible with localized observations of ultralow-velocity zones.

Melting phase relations of MORB have been studied by using a multianvil apparatus up to 27 GPa (Hirose &
Fei, 2002; Yasuda et al., 1994). These studies reported that Ca-pv is the liquidus (first crystallizing) phase above
23 GPa and that partial melts are strongly enriched in FeO at uppermost lower mantle conditions. Also, Ca-
pv/melt and MgSiOs-rich perovskite (Mg-pv)/melt partition coefficients were determined for a variety of trace
elements by using ion microprobe or laser ablation-inductively-coupled plasma mass spectrometer (LA-
ICP-MS; Corgne et al., 2005; Hirose et al., 2004; Liebske et al., 2005). Yet little is known about partial melting
of MORB materials at deeper levels, where diamond-anvil cell (DAC) techniques including compositional
characterization of recovered samples are indispensable. Andrault, Pesce, et al. (2014) examined the melting
of MORB to the CMB pressure to determine the melting temperature. They also reported that the first phase
to disappear above solidus temperature changed from Mg-pv to a SiO, phase above ~70 GPa based on in situ
X-ray diffraction (XRD) measurements. Detailed transmission electron microscope (TEM) analysis by Pradhan
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et al. (2015), however, indicates that the crystallization sequence is Ca-pv, followed by silica, and finally by
Mg-pv even at 101 GPa.

The crystal-melt partitioning of trace elements is of great importance for chemical differentiation upon partial
melting. However, such trace element partitioning in the lower mantle has been examined only up to 27 GPa,
and its pressure effect is still unknown. We carried out melting experiments on MORB compositions up to
135 GPa by laser-heated DAC experiments combined with textural/compositional characterization of recov-
ered samples by fielde-mission-type electron microprobe (FE-EPMA), scanning TEM, and LA-ICP-MS. Melting
sequence and major element compositions of coexisting melt and crystals are reported. We also show the
pressure effect on the Ca-pv/melt element partitioning to 135 GPa. On the basis of these experimental results,
we discuss dynamical and geochemical consequences of partial melting of MORB materials at the base of
the mantle.

2. Experimental Techniques
2.1. Melting Experiments at High Pressure

We used a couple of glass starting materials. One is anhydrous glass with a natural MORB composition
collected from the Mid-Atlantic Ridge (runs #71 and #75). The same starting material was used in our previous
experiments (Hirose et al., 1999; Hirose & Fei, 2002; Hirose et al., 2005). Subducted MORB material may not be
identical to the original one due to dehydration on subduction. However, since the major element chemistry
is not strongly affected by this process (Schneider & Eggler, 1986), our natural MORB glass should be well
representative of subducted oceanic crust composition. In addition, we prepared another glass with a com-
position of the MORB + 15 wt% CaSiOs doped with Nd and Sm to investigate Ca-pv/melt element partitioning
in runs CPO1 to CPO7. The starting mixture was prepared from analytical grade oxides and carbonates. The
dried and decarbonated reagents were ground together under acetone in a mortar. The mixture was loaded
into a graphite capsule, and fused at 1600 K and 1.5 GPa for 1 hr in a piston-cylinder apparatus. The concen-
trations of Nd and Sm were found to be ~3,700 ug/g in this starting material from the subsequent LA-
ICP-MS analysis.

High-pressure melting experiments were conducted using laser-heated DAC techniques. The glass starting
material was powdered and pressed into a disk with a typical thickness of 15 to 25 um and placed into a sam-
ple chamber without thermal insulation layers. No additional metal laser absorber was used. The sample was
compressed with beveled 150 pm or flat 300 um culet diamond anvils, depending on a target pressure.
Heating was performed from both sides of the sample by employing two 100 W single-mode Yb fiber lasers
(SPI or IPG photonics) with beam shaping optics (New focus) that converts a beam with a Gaussian intensity
distribution to the one with a flat-top distribution. The laser spot size was 20 to 40 um on a sample.
Heated duration ranged from 3 to 10 s except time series experiments. Since sample temperature was not
obtained in runs #71 and #75, it was estimated from melt fraction and the solidus and liquidus temperature
of MORB material (Andrault, Pesce, et al., 2014) with the uncertainty of +10% (Tateno et al., 2014), assuming
that the degree of partial melting increases linearly with increasing temperature between the solidus and the
liquidus (Takahashi et al., 1993; Table 1). For the runs CP0O1 to CP07, temperatures were measured using a
spectroradiometric method, and one-dimensional radial temperature profile across a laser-heated spot was
obtained. The measured temperatures at the interfaces between solid and liquid were averaged to obtain
the experimental temperature and its uncertainty, combined with the texture of a sample cross section
(e.g., Tateno et al., 2018). For the run CP05, we assume the same experimental temperature as that in the
run CP06 where the same laser power was used, because the temperature measurements were failed.

Phase identification was made by synchrotron XRD measurements at BL10XU, SPring-8 in runs #71 and #75
(Ohishi et al., 2008). The XRD patterns were collected on an imaging plate with exposure time of 5 min. A
monochromatic incident X-ray beam was focused by stacked compound refractive lenses and collimated
to approximately 6-um area (full-width of half maximum) on a sample. The wavelengths used were
0.4136(1) and 0.4143(1) A (~30 keV) in runs #71 and #75, respectively. Visible fluorescence light from diamond
excited by X-rays was used to precisely align a 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 patterns using the IP Analyzer program (Seto et al.,, 2010). Sample pressures after laser heating
were determined from the unit-cell volume of silica phases and their equations of state (runs #71 and #75)
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Table 1

Experimental Conditions and Results

Run Starting material P (GPa) T (K)? t(s) Phase assemblage in crystallization sequenceb

#75 MORB 72 3700*% 3 Melt (59) — Ca-pv (19) — CaCl,-type SiO5(8) — MgPv (14)

#71 135 4300* 3 Melt (51) — Ca-pv (20) — PPv (24) — Seifertite(5)

CPO1 MORB +15% CaSiO3 + Nd, Sm 32 2570 (100) 10 Melt — Ca-pv — SiO, — CAS — MgPv

CP02 52 2940 (140) 10 Melt — Ca-pv — SiO,

CPO3 69 3280 (130) 10 Melt — Ca-pv — SiO,

CPO5 31 2510% 2 Melt — Ca-pv — SiO,

CPO6 35 2510 (100) 5 Melt — Ca-pv — SiO,

CPO7 33 2420 (170) 1 Melt — Ca-pv — SiO,

2Asterisks denote estimated temperature due to failure of temperature measurement (see the text for details). Numbers in parentheses indicate errors in the last
digits. ~Ca-pv, CaSiO3-perovskite; MgPv, MgSiOs-rich perovskite; PPv, postperovskite; CAS, calcium aluminosilicate. Number in parentheses are phase propor-
tions (wt%) calculated by mass balance.

(Andrault, Trennes, et al,, 2014) or Raman peak shift of a diamond anvil (runs CP01 to CP07; Akahama &
Kawamura 2004). A thermal pressure contribution was added by +2.5 GPa/1000 K (Andrault et al., 2011).

2.2. Analytical Techniques

2.2.1. Electron Microprobe Analysis

Textural and chemical characterizations were made on quenched samples. After complete pressure release,
the sample was recovered from a DAC and glued on a silicon wafer using polymeric resin. Subsequently, it
was polished by an Ar ion beam in an lon Slicer (JEOL EM-09100 IS) to minimize damage on sample surface
(Tateno, Sinmyo, et al.,, 2009), allowing us to observe microtextures of an extremely tiny sample. The section
was carefully thinned to 10 um thickness such that the center of a heating spot was exposed from both sides
parallel to the compression and laser-heating axis. Such polished sample sections were examined with an
FE-EPMA (JEOL JXA-8530F) with acceleration voltage of 10 kV and beam current of 12 nA. We collected
X-ray maps for Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K, and Cr for each sample. The chemical composition of quenched
liquid pool was obtained with defocused electron beams of 5-um size to avoid potential local heterogeneity,
and that of neighboring Ca-pv was analyzed by focused beam with a spatial resolution of <2 um. Counting
time was 20 s on a peak and 10 s on background except 10 and 5 s for Na and K.

2.2.2. TEM Analysis

After the bulk sample analysis with FE-EPMA, we milled the samples from runs #71 and #75 thin enough for
electron beam transparency. The site-specific milling on a heated portion was provided by a focused Ga ion
beam (FIB; FEI Versa™ 3D DualBeam™) operating at 30 kV and 5 nA (1.5 pA for final surfacing). Chemical
analyses were made with energy-dispersive X-ray spectrometry (EDS) using a field-emission type scanning
TEM (JEOL JEM-2800) operated at 200 kV. The chemical compositions of individual phases of Mg-pv, postper-
ovskite, Ca-pv, and SiO, phase in these thin film samples were determined based on a k-factor method (Cliff &
Lorimer, 1975); G/Cs; = k; (li/l5;), where C and | are concentrations and X-ray counts, respectively, for element i
and Si. The k-factor for each element i (k) was determined by using a natural alkaline basaltic glass as a
standard (SiO, = 51.34%, TiO, = 1.70%, AlL,O3 = 15.87%, FeO = 7.91%, MnO = 0.16%, MgO = 7.06%,
Ca0 = 10.45%, Na,0 = 3.55%, K,0 = 0.28%, and P,05 = 0.22% in weight).

In order to evaluate the thickness dependence of a k-factor, we prepared three wedge-shaped thin films with
different thickness by the lon Slicer and subsequent FIB millings as described above. Figure 1 shows the
variation in calculated k-factors as a function of total X-ray intensity that reflected the film thickness. For
elements exhibiting no clear dependence on the film thickness, we obtained the k-factor by averaging the
values obtained. For Fe, Al, and Mg, on the other hand, we assumed liner relations between their k-factors
and the film thickness to correct the effect of thickness (Fujino et al.,, 1998). The data were scattered for
Mn, Na, and K likely because of their low concentrations. In order to validate these, the thin films of natural
alkali feldspar (Na,O = 7.07% and K,0 = 5.62% in weight) and synthetic MnSiO3 were also prepared in a
similar manner. The k-factors obtained from these samples were in very good agreement with those from
the alkaline basalt.

Ga implantation into a thin film by FIB milling could lead to possible overestimation of the Na content in a
phase because the Ga La line is very close in energy to the Na Ku line. However, we did not detect any
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Figure 1. The variation of k-factor for each element as a function of total X-ray intensity corresponding to thickness of a
thin foil. The chemical compositions of individual phase were determined based on the k-factor method (Cliff & Lorimer,
1975). Thickness correction was made assuming simple linear relation for Al, Fe, and Mg (Fujino et al., 1998).

EDS signals at the corresponding energies for the CaCl,-type SiO; in the run #75, while the neighboring
Mg-pv exhibits high Na,O content of 2.72 wt% (Table 2). It suggests that serious Ga contamination is not
likely to occur by our procedure for the thin film preparation.

2.2.3. LA-ICP-MS Analysis

The Nd and Sm abundances in recovered CP01 to CP03 samples were determined by an LA-ICP-MS at the
Kyoto University. The analyses were performed using 193 nm ArF excimer lasers (New Wave) coupled with
a quadrupole-based ICP-MS (Thermo Scientific iCAP Q; e.g., lizuka & Hirata, 2004; Orihashi & Hirata, 2003).
The ablation cell was flushed with helium, leading to enhanced sensitivity (Eggins et al., 1998; Guillong &
Giinther, 2002). Laser ablation was employed with energy of 2.6-4.0 J/cm? and repetition rate of 5 Hz.
Laser beam spots were 2 and 10 um in diameter for analyzing Ca-pv and quenched partial melts, respectively.
The analysis was performed for isotopes of **Ca, **Nd, and '*’Sm. The Ca concentration determined by elec-
tron microprobe was used as an internal standard for processing Nd and Sm data. The reference NIST 610
glass was used as a calibration standard (Pearce et al., 1997). Time-resolved spectra were obtained to monitor
signal intensity for all masses simultaneously. Background gas blank was measured for ~60 s before every
shot on a sample for ~25 s.

3. Results
3.1. Phase Relations in MORB

Melting experiments on MORB were conducted at 72 GPa and 3700 K (run #75) and 135 GPa and 4300 K
(run #71; Table 1). The crystallization sequence below the liquidus was determined from the position of
the nearly monomineralic zones of Ca-pv, silica, and Mg-pv relative to the central melt pool. The chemical
compositions of partial melt and solids are given in Table 2, together with phase proportions based on mass
balance calculations.

3.1.1. 72 GPa (Run #75)

After quenching temperature from 72 GPa, microscope observation through a diamond anvil showed a
concentric texture at 62 GPa and 300 K; a transparent area surrounded an opaque portion located at the
center (Figure 2).

Such texture reflected a temperature distribution (hottest at the center) during laser heating and is similar to
those observed in our previous melting experiments on (MggoFeq 1),5i0,4 and a pyrolitic material in a DAC
(Nomura et al,, 2011; Tateno et al., 2014). Figure 3a demonstrates an XRD pattern collected mainly from
the transparent area, indicating a mineral assemblage of Ca-pv + Mg-pv + CaCl,-type silica phase. We then
examined the cross section of this sample parallel to the compression/laser-heating axis with an FE-EPMA.
Figure 4 represents a back-scattered electron image and X-ray maps. A round central pocket of quenched
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Figure 2. Microscope images after melting obtained at (a) 62 GPa (run#75) and (b) 125 GPa at 300 K (run#71). Opaque melt
pools were formed after melting at the center of the hot spot surrounded by transparent Ca-perovskite (Ca-pv) zone.
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Figul@-ray diffraction patterns of a MORB composition collected after melting at (a) 62 GPa (run#75, A = 0.4143(1) A
and (b) 325-GPa (run#71, A = 0.4136(1) A). CP, CaSiOs-perovskite; MP, MgSiOs-rich perovskite; PP, postperovskite; CS, CaCl,-
type SiO, phase; Sf, seifertite (aPbO,-type SiO,).
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Figure 4. Backscattered electron (BSE) image and magnified X-ray elemental
maps of a boxed area for the sample recovered from 72 GPa (run #75).
Quenched partial melt is found at the center of the sample, where temperature
was the highest. Melt pocket is enclosed by a zone of single-phase CaSiO3-
perovskite (Ca-pv), the liquidus phase, followed by CaCl,-type SiO, and
MgSiO3-perovskite (MgPv). The arrows show the directions of laser beams for
heating from both sides of the sample.

melt with nonstoichiometric composition and strong iron enrichment
is surrounded by a Ca-rich zone, identified as Ca-pv by quantitative
analysis. An intermediate zone with a Si-dominated phase and an outer
Mg-rich phase are present outside the Ca-pv zone.

In order to obtain the textures, spatial relationships, and chemical com-
positions of the solid phases, we also prepared a thin foil for TEM ana-
lysis with an FIB technique. The obtained TEM images (Figure 5a)
confirmed the zonation of the phases. Si-rich and Mg-rich phases
observed by FE-EPMA were identified to be SiO, and Mg-pv with
EDS/TEM. Both of them were converted to amorphous as well as
unguenchable Ca-pv, which likely occurred during ion millings. The
X-ray maps indicated that the zones outside the Ca-pv are not mono-
mineralic but include mixed phases. The silica-rich phase starts to
appear associated with Ca-pv, and then Mg-pv joins the assemblage
further down the temperature gradient (Figure 5b). Such zoning (phase
segregation) has been commonly observed in previous multianvil
and DAC experiments and interpreted to represent a crystallization
sequence with decreasing temperature; see Trgnnes and Frost (2002),
Hirose and Fei (2002), Ito et al. (2004), and Liebske et al. (2005) for multi-
anvil studies and Nomura et al. (2011), Tateno et al. (2014), and Pradhan
etal. (2015) for DAC experiments. In this manner, the melting texture of
the present DAC experiment at 72 GPa (Figures 4 and 5) demonstrates
that Ca-pv is the liquidus phase and is followed by CaCl,-type SiO, and
then by Mg-pv, with decreasing temperature.

The X-ray elemental maps obtained outside the Mg-rich zone shows a
subsolidus phase assemblage (Figure 5c). This low-temperature part of
the sample includes an Al-rich phase, probably of the calcium ferrite
(CF) type structure and stoichiometry, in addition to Mg-pv, Ca-pv,
and CaCl,-type silica. The grain sizes in the subsolidus part of the sam-
ple, however, are too small to determine the chemical composition of
each phase. Such a subsolidus phase assemblage is consistent with that
observed in previous experiments on MORB materials (Hirose et al.,
2005; Ricolleau et al., 2010).

3.1.2. 135 GPa (Run #71)

The optical microscope image of the 135 GPa experimental product
also shows an opaque portion at the center of the laser-heated spot
(Figure 2b). The XRD pattern obtained from the zone between opaque
and surrounding transparent areas contains reflections from postper-
ovskite, Mg-pv, seifertite (a-PbO,-type SiO,), and tetragonal Ca-pv
(Figure 3b). Microprobe analysis demonstrates that the chemical com-
position of the opaque melt pocket is nonstoichiometric with enrich-
ment in both Fe and Al. X-ray maps obtained with FE-EPMA show
that the quenched partial melt is surrounded by Ca-rich phase, fol-
lowed by Mg-rich and then Si-rich phases (Figure 6). The individual
phases are more clearly resolved in the X-ray maps collected by
EDS/TEM (Figure 7), confirming that Ca- and Si-rich phases are Ca-pv
and seifertite, respectively. Only seifertite was preserved as a crystalline
phase, and the others were amorphous when observed under the
TEM. The Mg-rich phase contained substantial amount of Na,O
(4.44 £ 0.09 wt%), similar to postperovskite with 5.0 wt% Na,O in
MORB (Hirose et al., 2005). This suggests that the Mg-rich phase is post-
perovskite rather than Mg-pv, which is also supported by the fact that
the experiment was performed at 135 GPa and >4000 K, within the
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72 GPa
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Figure 5. (a) TEM darkfield image of the boxed area for the sample run#75
obtained at 72 GPa after FE-EPMA analysis shown in Figure 4. The darkfield
image gives the atomic number contrast (2); the bright areas correspond to high
Z values. (b) X-ray maps corresponding to the boxed area in (a). Crystallization
sequence is found to be CaSiOs-perovskite (Ca-pv), CaCl,-type SiO,, and
MgSiOs-perovskite (MgPv) along temperature gradient. (c) Aggregate of MgPv,
Ca-pv, aluminous phase (Al-phase), and SiO, observed at lower temperature
region likely under subsolidus condition.

stability field of postperovskite in MORB (Andrault, Pesce, et al,, 2014;
Grocholski et al., 2012; Hirose et al.,, 2005; Ohta et al., 2008). Mg-pv
found in the XRD pattern is likely attributed to quench crystals formed
in the melt pool. We did not observe other phases than Ca-pv, seifertite,
and postperovskite outside the melt pool.

In contrast, previous subsolidus experiments on MORB showed the pre-
sence of CF-type phase that is enriched in both Na and Al (Grocholski
et al., 2012; Hirose et al., 2005; Ohta et al., 2008). The difference may
be due to the high temperature in this study compared to 2000 to
2800 K in the previous experiments. Hirose et al. (2005) measured high
concentrations of Al,Os in postperovskite, Ca-pv, and seifertite (12.1,
4.2, and 12.6 wt%, respectively) from a 113 GPa experiment.

A small Fe metal pool was found in the silicate melt portion (Figure 6). It
included SiO, blobs, similar to those observed in recent liquid-metal/
liquid-silicate partitioning experiments in a DAC (e.g., Fischer et al,,
2015; Siebert et al,, 2012). It suggests that liquid metal pool was present
during heating.

3.2. Partitioning Between Ca-pv and Melt

This study confirms that Ca-pv is the liquidus phase in MORB to the low-
ermost mantle (Hirose & Fei, 2002; Pradhan et al., 2015). We examined
element partitioning between Ca-pv and melt from 31 to 69 GPa in runs
CPO1 to CPO7 (Tables 1 and 3), using a synthetic MORB glass doped
with CaSiOs, Sm, and Nd as starting material. Recovered samples were
first characterized by FE-EPMA. We obtained Ca-pv/melt partition
coefficient D for Ti, Fe, Mg, Na, and K from weight concentrations in
coexisting Ca-pv and melt. Time series experiments were carried out
at 31-35 GPa and 2420-2510 K by changing heating duration from 1
to 10 s (Table 3). Figure 8 shows the variations in obtained partition
coefficients as a function of heating duration. No remarkable variations
were observed after 1-2 s, suggesting that the length scales is very
short in a DAC sample, and hence, the selected heating duration of
10 s was sufficient for equilibrium. Ca-pv dissolves at the hottest central
part and precipitates at the liquidus temperature along thermal
gradient due to saturation gradient chemical diffusion, which results
in the complete separation of liquid from crystals (Lesher & Walker,
1988). In this process, precipitating Ca-pv is in chemical equilibrium
with neighboring liquid.

Subsequently, we determined Dyq and Ds,y, on the basis of the LA-ICP-
MS analyses (Figure 9). The addition of CaSiO; component to the start-
ing material resulted in the crystallization of a larger amount of Ca-pv.
The Ca-pv zone was thus wide enough for laser ablation with a spot size
of 2 um. A 10 um beam size was used to analyze quenched melt pools.
A laser beam always penetrated through the sample with ~10 um
thickness. We always checked whether the laser sampled only Ca-pv
or partial melt by examining the backside of the sample. Data were
discarded when the laser hits neighboring other phases. The variations
in Nd and Sm concentrations in quenched partial melts were typically
less than £10%, indicating their homogeneous distributions (Table 3).
On the other hand, relatively large variations were obtained for Ca-pv.

Partition coefficients for alkali elements (sodium and potassium)
obtained in the experiments on both natural and doped MORB
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135 GPa
Re o

Figure 6. Backscattered electron images and X-ray maps for the sample at 135 GPa (run #71), in which CaSiO3-perovskite
(Ca-pv) is as a liquidus phase, followed by postperovskite (PPv), and seifertite (Sf). Liquid iron metal was found in silicate
melt (boxed area with a different brightness and contrast). Re, rhenium gasket.

materials show a substantial pressure effect (Figure 10a). The Dy, and Dy values monotonically increase with
increasing pressure, reaching unity at 135 and 70 GPa for Na and K, respectively. The pressure effect is more
significant for potassium, which changes by more than an order of magnitude from Dx = 0.3 at 30 GPa to
Dy = 6 at 135 GPa. Potassium is incompatible in Ca-pv at the uppermost lower mantle, while highly
compatible in the CMB region. On the contrary, Dng and Ds,, exhibit moderately negative pressure
dependence (Figure 10b). It is noted that the Ds,,,/Dng becomes smaller at higher pressure, eventually less
than unity, although error bars are relatively large. Nd could be more compatible than Sm at the CMB,
while it is opposite up to the uppermost lower mantle pressures (e.g., Corgne et al., 2005; Hirose et al., 2004;
Figure 10b).

4. Discussion
4.1. Crystallization Sequence in MORB

The subsolidus and melting phase relations of MORB through the lower mantle pressure range are summar-
ized in Figure 11. Earlier melting experiments demonstrated that the liquidus phase changes from majorite
garnet to Ca-pv above 23 GPa (Hirose & Fei, 2002; Yasuda et al.,, 1994). At the highest pressure of 27.5 GPa
ever studied for melting of MORB in a multianvil press, melt crystallizes Ca-pv, stishovite, calcium alminosili-
cate (CAS) phase, Mg-pv, and CF-type Al-rich phase with decreasing temperature above solidus (Hirose & Fei,
2002). The CAS phase is not included in the subsolidus phase assemblage and forms as a consequence of
incongruent melting (Hirose et al., 1999).

A more recent study based on a combination of DAC experiment and TEM analysis demonstrated the crystal-
lization sequence to be Ca-pv — stishovite — Mg-pv at 58 and 101 GPa (Pradhan et al., 2015). We observed
the similar sequence of Ca-pv — CaCl,-type SiO, — Mg-pv at 72 GPa in this study. The CAS phase was absent
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anvil surface

135 GPa

1um

Figure 7. (a) TEM darkfield image of the boxed areas for the sample run#71
obtained at 135 GPa followed by FE-EPMA analysis in Figure 6. (b) X-ray maps
for the boxed area in (a). CaSiO3-perovskite (Ca-pv) found in a direct contact with
the liquid, and sequential zones of seifertite (Sf) and postperovskite (PPv) toward
the anvil surface. (c) Three phase aggregate of Ca-pv, PPv, and Sf at lower tem-
perature region.

because it is not stable above 35 GPa (Ishibashi et al., 2008). The
CF-type Al-phase should appear when temperature decreases to right
above the solidus temperature. The phase transformation from
Mg-pv to postperovskite has been shown to occur between 112 and
118 GPa at 2500 K by Ohta et al. (2008) or between 109 and 123 GPa
by Grocholski et al. (2012).

At 135 GPa in the stability field of postperovskite in MORB, the present
experiment demonstrate that Ca-pv remains to be the liquidus phase,
followed by postperovskite and SiO, seifertite. Postperovskite appears
at higher temperature than that for the silica phase, while Mg-pv starts
to crystallize at lower temperature than that for SiO, at 70 GPa in this
study and below 101 GPa in Pradhan et al. (2015) (Figure 11). It is
consistent with the previous XRD measurements by Andrault, Pesce,
et al. (2014), who reported that the silica phase melted in advance of
Mg-pv with increasing temperature at 120 GPa.

4.2. Partial Melts of MORB

Melts obtained at 70 and 135 GPa in this study were formed by 59 and
51 wt% partial melting of MORB (Table 2). They contain 43-46 wt%
SiO,, 15-17 wt% FeO, and ~4 wt% CaO, close to the melts formed by
similar degrees of partial melting (56-66 wt%) at 27-27.5 GPa in earlier
multianvil experiment (Hirose & Fei, 2002). The MgO content decreases
remarkably from 12.4 wt% at the upper-most lower mantle pressure to
7.1 wt% at the CMB condition, which is expected from the stabilization
of Mg-pv (and postperovskite as well) relative to the SiO, phases within
the melting range with increasing pressure (Figure 11).

Based on in situ XRD measurements and scanning electron microscope
analyses of recovered samples, however, Andrault, Pesce, et al. (2014)
found more SiO, and less FeO in the central hot spot with increasing
pressure. They argued that a partial melt formed in the deep lower
mantle is more SiO,-rich than those found at lower pressures. Partial
melts make a pool at the hottest part of a laser-heated sample.
Although this is in broad agreement with the silica-Mg-pv eutectic rela-
tions in the system MgO-SiO, (de Koker et al., 2013), it is possible that
enrichment in SiO, in partial melt located in the hot area is a conse-
quence of the Soret effect, causing migration of Si and Fe toward the
high- and low-temperature parts, respectively. It is also noted that the
geometry where Andrault and others employed the chemical analyses
is strikingly different from that presented in Pradhan et al. (2015) and
this study; while we made cross-sectional observation parallel to the
heating and compression axis, they examined the surface of recovered
sample disks after removal of KCl pressure medium.

Iron enrichment in partial melts is a key factor that controls the buoy-
ancy of partial melts in the deep lower mantle (Stixrude et al., 2009;
Sun et al,, 2011; Thomas et al., 2012). The present experiment indicate
that the partial melt of MORB is remarkably enriched in FeO (Table 2;
Pradhan et al., 2015), suggesting that it is likely to be denser than the
surrounding mantle at the CMB. Indeed, based on Funamori and Sato
(2010), who demonstrated a sink/float relationship between Mg-pv
and melt as a function of Fe/(Mg + Fe) ratio and SiO, content in melt,
our partial MORB melt obtained at 135 GPa should be denser than
the surrounding solid mantle.
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Table 3
Chemical Compositions of Starting Material and Coexisting Phases for CP Series®
Run CPO1 CP02 CPO3
P (GPa) 32 52 69
T (K) 2570 (100) 2940 (140) 3280 (130)
Phase® SM Melt Ca-pv Melt Ca-pv Melt Ca-pv
FE-EPMA
n° 8 15 8 3
wt% SiO5 50.62 (0.17) 45.16 (1.13) 45.26 (0.53) 4484 (1.12) 48.77 (0.32) 46.78 (1.21) 49.49 (0.58)
TiO5 1.23 (0.09) 1.92 (0.21) 0.77 (0.06) 1.78 (0.12) 0.84 (0.18) 1.68 (0.22) 0.65 (0.19)
Al,O3 12.14 (0.18) 15.12 (1.54) 4.22 (0.09) 20.48 (1.45) 2.11 (0.17) 21.98 (2.18) 1.70 (0.39)
FeO* 8.26 (0.41) 15.09 (2.62) 1.71 (0.01) 13.79 (2.79) 1.95 (0.31) 13.69 (2.39) 1.94 (0.20)
MgO 6.80 (0.11) 10.55 (0.41) 2.34 (0.12) 9.20 (0.55) 2.52 (0.52) 8.12 (0.23) 2.30 (0.29)
Ca0o 16.27 (0.29) 6.03 (0.44) 38.08 (0.21) 5.53 (1.86) 35.96 (0.97) 5.22 (1.39) 36.06 (0.59)
Na,O 2.1 (0.09) 3.17 (0.21) 0.41 (0.02) 2.79 (0.17) 0.46 (0.12) 249 (0.08) 0.47 (0.08)
K>0 1.00 (0.06) 1.18 (0.10) 0.28 (0.01) 1.18 (0.05) 0.68 (0.19) 1.06 (0.11) 0.86 (0.09)
Total 98.43 (0.72) 98.21 (1.25) 93.05 (0.69) 99.60 (2.23) 93.30 (0.95) 101.03 (2.92) 93.47 (0.73)
0=24 Si 7.51 6.89 7.47 6.60 7.94 6.72 8.04
Ti 0.14 0.21 0.10 0.20 0.10 0.18 0.08
Al 2.12 2.57 0.82 3.55 0.40 3.72 0.32
Fe 1.03 1.81 0.24 1.69 0.27 1.64 0.26
Mg 1.50 2.27 0.57 2.02 0.61 1.74 0.56
Ca 2.59 1.31 6.73 0.88 6.28 0.81 6.28
Na 0.61 0.88 0.13 0.79 0.15 0.69 0.15
K 0.19 0.22 0.06 0.22 0.14 0.19 0.18
Sum 15.69 16.16 16.12 15.94 15.89 15.69 15.88
LA-ICP-MS
n° 4 4 3 3
ug/g Nd 3686 (42) 675 (58) 10933 (744) 901 (68) 11971 - 930 (21) 8871 (665)
Sm 3703 (75) 585 (59) 10318 (728) 763 (89) 10873 - 883 (31) 7890 (529)

#Numbers in parenthesis are one standard deviation in the last digits. bSM, starting material; Ca-pv, CaSiOs-perovskite.
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Figure 8. The result for a time series experiment (CP01, CP05-07) of partition
coefficients between Ca-perovskite and melt carried out at 32-35 GPa and
2420-2570 K. No remarkable variations were observed up to 10 s.

C
Number of analyses.

4.3. Ca-pv/Melt Partitioning in the Lower Mantle

We investigated the Ca-pv/melt partition coefficients (log D) for Na, K to
135 GPa and for Nd, and Sm to 69 GPa (Figure 10). A large positive pres-
sure effect on the Dy, and D makes these elements compatible in
Ca-pv (D > 1) at the lowermost mantle conditions. Partial melts of
MORB would therefore be depleted in these alkali elements when resi-
dual solids are predominantly Ca-pv at sufficiently high degrees of
partial melting. The D value, in particular, increases by a factor of 20
with increasing pressure from 30 to 140 GPa (Figure 10a). An increase
in partition coefficients for monovalent cations with increasing pres-
sure was reported for olivine/melt, clonopyroxine/melt, and majorite
garnet/melt (Imai et al., 2012; Suzuki et al., 2012; Taura et al., 1998;
Wang & Takahashi, 1999). Moreover, Tateno et al. (2014) on the basis
of melting experiments on a pyrolitic mantle material found that Dy,
for Mg-pv/melt also monotonically increases from 0.07 at 34 GPa to
0.21 at 88 GPa. Such pressure effect is reasonably explained by the high
compressibility of large monovalent cations, which are more compres-
sible than cations with higher valences (Hazen and Finger, 1979; Blundy
& Wood, 1994). Reduced ionic radius for such cations, which are
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Figure 9. Backscattered electron image obtained after LA-ICP-MS analysis on the sample recovered from 69 GPa and

generally incompatible at low to moderate pressures, may make them
more compatible in the crystal sites at high pressure. On the other
hand, the partition coefficients of Nd and Sm decreased with
increasing pressure, since they are relatively incompressive trivalent
cations. Pressure effect on the crystal/melt partition coefficient is a
consequence from different compressibility between crystal lattice
site and ionic radius (Suzuki et al., 2012). Also, it is likely controlled
also by a change in the structure of melt upon compression. More
systematic study is necessary to clarify this issue.

Superchondritic "*2Nd/"**Nd (high Sm/Nd) ratios observed in terres-
trial rocks may require a complementary reservoir with low Sm/Nd
ratios (e.g., Caro, 2011). This study shows that Ca-pv/melt partition coef-
ficients are higher than ~10 for both Nd and Sm in the uppermost
880 km of the lower mantle (Figure 10). Both are partitioned preferen-
tially into Ca-pv rather than the other major lower mantle phases of
Mg-pv and ferropericlase (Corgne et al., 2005; Hirose et al., 2004), and
Ca-pv plays a key role in the differentiation of large ion lithophile
elements including Nd and Sm when melting occurs in the lower
mantle (Caro et al,, 2005). We found in this study (Figure 10b) that
Ds/Dng becomes smaller with pressure and finally less than unity
in the deep lower mantle pressure. It suggests that melting of materials

not help formation of the low Sm/Nd

4.4. Fate of Solid Residue After MORB Melting

It has been argued that the source mantle for oceanic island basalts
shows trace element signatures that were inherited from Ca-pv- and
Mg-pv-bearing precursors (Collerson et al.,, 2010; Hanyu et al.,, 2011;
Hirose et al., 2004). Such precursors may be solid residues from partial
melting of subducted MORB materials in the D" layer. Ca-pv, constitut-
ing 25 mol% of a subsolidus MORB assemblage but only 5-8% of a pyr-
olite assemblage (e.g., Murakami et al., 2005; Hirose et al., 2005; Irifune
etal, 2010; Stixrude & Lithgow-Bertelloni, 2012), is the liquidus phase in
MORB, which has a lower solidus temperature than pyrolitic mantle

AUV . .
100 Journal of Geophysical Research: Solid Earth
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Figure 10. Pressure effect on partition coefficients between CaSiO3-perovskite
and melt for (a) Na and K and (b) Nd and Sm together with earlier studies by
multianvil experiments (open symbol; Corgne et al., 2005; Hirose et al., 2004;
Hirose & Fei, 2002). The filled circle and square denote the data obtained at runs
CP01-03 and #71 and #75, respectively.

(Hirose et al., 1999; Andrault, Pesce, et al., 2014).

We calculated a density profile of a residual solid (restite) formed by
51% partial melting of MORB (Figure 12). A mass balance calculation
yields the proportion of each phase in the residue, whose chemical
composition was obtained by TEM-EDS analysis: 41 wt% Ca-pv,
49 wt% postperovskite, and 10 wt% seifertite (Table 2). Subsequently,
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Figure 11. Summary of subsolidus and melting phase relations of MORB composition. CaSiOs-perovskite (Ca-pv) is a first
liquidus phase throughout the lower mantle. The melting relations are constrained based on this study and previous
studies (Hirose & Fei, 2002; Pradhan et al., 2015). The Al-phase is absent above 35 GPa due to a breakdown of calcium
alminosilicate (CAS) phase (Ishibashi et al., 2008). The melting sequence changes at ~100 GPa where the second liquidus
phase changes from silica to MgSiO3-perovskite (MgPv)/postperovskite (PPv). The subsolidus phase boundaries are from
the literatures (Andrault, Trannes, et al., 2014; Grocholski et al., 2013; Hirose et al., 2005; Nomura et al., 2010).

we calculated the density of each phase using its unit-cell volume from XRD data collected from the resite
part of the sample (transparent portion surrounding the dark iron-rich quenched melt portion; Figure 2b)
and the measured chemical compositions. The restite densities were obtained along hot geotherm, by
employing elastic and thermal parameters from known equations of state for the constituent minerals,
Mg-pv and Ca-pv (Ricolleau et al., 2010), postperovskite (Sakai et al., 2016), and the silica phases (Wang
et al, 2012; Andrault, Trennes, et al., 2014). Here we considered phase transformations during
decompression from postperovskite to Mg-pv and from seifertite to CaCl,-type SiO, and further to
stishovite. The hot geotherm was simply assumed to be 200 K higher than the normal geotherm
(Omori & Komabayashi, 2007), anchored by postspinel and postperovskite phase transitions (lto &
Katsura, 1989; Tateno, Hirose, et al., 2009). The temperature profile inside the bottom thermal boundary
layer was also from Tateno, Hirose, et al. (2009). The density of unmelted MORB rock, which comprises
Mg-pv/postperovskite, Ca-pv, silica phases, and CF phase, is calculated in a similar manner, using
available equation of state data (Ricolleau et al, 2010; Sakai et al, 2016; Wang et al, 2012) and the
mineral proportions and chemical compositions at the lowermost mantle condition, reported in Hirose
et al. (2005).

The calculated density of the restite formed by 51 wt% partial melting of MORB is higher than the PREM value
(Dziewonski & Anderson, 1981) at the bottom thermal boundary layer largely due to dense postperovskite
(Figure 12a). Throughout the stability range of Mg-pv, the restite density is nearly identical to that of PREM
(Figure 12b). At low degrees of partial melting, the restite density is close to that of MORB, which is ~5% den-
ser than the surrounding mantle. When the degree of partial melting is high, the restite should be strongly
enriched in Ca-pv, which has slightly higher denser than PREM (Hirose et al., 2005; Ricolleau et al., 2010;
Figure 12b). Although MORB restites generally have high density in the lower mantle, the restites from partial
melting of about 50% have densities within 1.5% of the surrounding mantle. Such restites with geochemical
signatures characteristic of Ca-pv may easily become entrained in a convecting mantle (Collerson et al., 2010;
Hanyu et al,, 2011; Hirose et al., 2004).
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Figure 12. Calculated densities of bulk restite from 51% melting of MORB. The restite is composed of Ca-pv (41%), MgPv/
PPv (49%), and silica (10%). (a) Densities calculated by using corresponding equations of state at different temperature are
plotted together with PREM density (see the detail in the text). (b) Density profiles of bulk restite along a hot geotherm.
The temperatures inside the bottom thermal boundary layer (TBL) are also considered. Unmelted MORB and Ca-pv are
shown as references for no melting and for melting degrees exceeding 51%, respectively. The restite density is greater than
PREM through the entire lower mantle pressure range, except in the D" zone (the TBL).
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5. Summary and Conclusion

Melting phase relations of a MORB material and the element partitioning between Ca-pv and melts were
examined up to 135 GPa, corresponding to the conditions at base of the mantle. We found the following:

1. Ca-pv is the liquidus phase and therefore also the last phase to melt throughout the lower mantle pres-
sure range.

2. Whereas the silica phase, stishovite, and modified stishovite (CaCly-structure type) crystallize as the
second liquidus phase below the liquidus phase up to more than 100 GPa (Pradhan et al,, 2015), postper-
ovskite appears to crystallize slightly before seifertite in our 135 GPa experiment.

3. The partial melts of MORB are strongly enriched in FeO and depleted in SiO,.

4, The pressure effect on element partitioning is large.

Since Ca-pv/melt partition coefficients for K, and possibly also for Na, become larger than unity at CMB, they
are no longer incompatible elements during partial melting of MORB. The Dyg and Ds,, for Ca-pv/melt
equilibria decrease substantially with increasing pressure. Since they become similar to each other and the
Ds/Dng approaches unity (possibly decrease below unity) in the deep lower mantle, it is not likely that
the low Sm/Nd reservoir complementary to superchondritic "*Nd/'**Nd (high Sm/Nd) mantle is formed
by deep mantle melting of materials rich in Ca-pv. Protracted crystal fractionation of Mg-pv from a basal
magma ocean, however, might produce residual enriched melts with low Sm/Nd ratios (e.g., Walter et al.,
2004; Liebske et al., 2005; Corgne et al., 2005). Melt formed by ~50% partial melting of MORB shows marked
iron-enrichment and is thus denser than surrounding mantle above the CMB. On the other hand, the density
of residual solid is calculated to be very close to the PREM density, suggesting that the MORB restite can be
easily entrained in a convective flow and recycled to the surface. The observed pressure effect on Ca-pv/melt
partitioning implies that solid residues enriched in Ca-pv, formed by partial melting of MORB in the deep
lower mantle, might have low Sm/Nd ratios.
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