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Abstract

Characterizing and modeling melting relations in the system MgO-SiO2 at lower mantle pressures
rely on the location of the eutectic points for MgO-MgSiO3 and MgSiO3-SiO2. While at an uppermost lower
mantle pressure there is general consensus on the eutectic composition in the former, large discrepancies exist
for MgSiO3-SiO2 from experiments in the diamond anvil cell, ab-initio simulations and models built on them.
In order to address this discrepancy, we have performed multi-anvil press experiments
E at 24 GPa for Mg4Si6O16
and Mg3Si7O17 at temperatures
E of 2650  100 K
E and 2750  100 K. In the experiments
E at 2750  100 K, we
observe the presence of partial melt. The recovered Mg4Si6O16 sample shows SiO2 stishovite as the liquidus
phase, and electron microprobe analysis of the quenched melt determines
E
XSiO

0.53  0.03 as the eutectic
2
composition. We fit a thermodynamic model to describe the melting relations in the MgO-SiO2 system, and
extrapolate to core-mantle boundary pressure. At 136 GPa, we predict that the eutectic points have moved
further away from enstatite composition, and solidus temperatures remain similar for MgO-MgSiO3 and
MgSiO3-SiO2.

Plain Language Summary Melting of rock in the Earth's deep interior is an important process that
has shaped its geological history, and continues to do so to date. However, melting processes at high pressure
have not been fully characterized to date, and here we perform experiments that help to better describe models
for it. We do so for compositions in the MgSiO3-SiO2 system that complement prior work for MgO-MgSiO3;
combined, these experiments put important constraints on melting for the most important chemical components
in the Earth's mantle, MgO-SiO2. We find that when silicate melts crystallize, they do form the dominant
lowermost mantle mineral, MgSiO3 bridgmanite, only for a limited composition range in terms of the SiO2/
MgO ratio; otherwise, MgO or SiO2 form first, and generally at much higher temperatures. Melts in both the
MgO-MgSiO3 and MgSiO3-SiO2 systems become fully crystallized at very similar temperatures which suggests
that a prior idea that the occurrence of partial melts in the Earth's deepest mantle is associated with different
chemical composition does not hold if only the MgO-SiO2 system is considered.
1. Introduction
Silicate melting has shaped the chemical and physical evolution of Earth's interior, from magma ocean formation
during accretion (Elkins-Tanton et al., 2003; Elardo et al., 2011; Monteux et al., 2016; Wood & Halliday, 2005)
to the continuous extraction of melt through plate tectonic processes. The latter is dominated by the ongoing
formation of mid-ocean ridge basalt (MORB) from mantle peridotite (Kelemen et al., 1995). Melts may also
form at the boundaries of the mantle transition zone (e.g., Revenaugh & Sipkin, 1994; Schmandt et al., 2014) and
near the core-mantle boundary (CMB), where they serve as an explanation (e.g., Andrault et al., 2014; Labrosse et al., 2007) for the occurrence of seismic ultra-low velocity zones (ULVZ; Hernlund & Jellinek, 2010;
Rost et al., 2005). Most deep melting processes are mitigated by the influence of volatile components (Dasgupta, 2018; Johnson et al., 2008), but despite volatile loss of slab material transported into Earth's deep interior (e.g.,
Chemia et al., 2015), dry melting may occur within the thermal boundary layer at the base of the mantle (Hirose
et al., 1999).
Melting experiments on natural rocks (e.g., Andrault et al., 2014; Fiquet et al., 2010; Pradhan et al., 2015) at
lower mantle (LM) pressure
(P  24 GPa) yield valuable insight on solidus and liquidus temperatures
E
E
(T ), but the
complexity of composition, the small size of samples, especially in diamond anvil cell (DAC) experiments, and
large thermal gradients make it difficult to identify the liquidus and solidus in a systematic way. Therefore, the
consideration of simplified systems is required inEhigh-P experiments in order to develop a thermodynamic description that can successively be built up by adding components, ideally combining well-controlled multi-anvil
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(MA) press and DAC experiments. The two-component MgO-SiO2 system provides the basis of such a model,
but has not yet been fully characterized.

Writing – original draft: Gerd
Steinle-Neumann
Writing – review & editing: Daniel J.
Frost

Given a molar ratio MgO/SiO
E 2  1.15
with XSiO2  SiO2 /SiO2  MgO  , for the bulk Earth
E or XSiO2  0.47, 
(Dauphas et al., 2015)
E and XSiO2  0.45 for the bulk silicate Earth (Palme & O'Neill, 2003), many experiments
on melt relations in MgO-SiO2 have focused on the MgO-MgSiO3 subsystem (Liebske & Frost, 2012; Ohnishi
et al., 2017). However, SiO2-enriched reservoirs in the Earth, primarily associated with oceanic crust, have been
considered as potential sources for partial melting near the CMB (Andrault et al., 2014; Nomura et al., 2014),
and related to the observation of the ULVZ there (Thorne et al., 2019). The location of the eutectic in the MgSiO3-SiO2 system may further be directly relevant for the aubrite parent body in our solar systemEwith XSiO2  0.5
(Dauphas et al., 2015), and for rocky exoplanets as some of the stars in the Hypathia Catalog, taken as a proxy for
potential planetary compositions,Eshow XSiO2  0.6 (Hinkel & Unterborn, 2018).
E
P were performed in the MA press
Experiments on melt relations in the MgO-SiO2 system at lower mantle
by Liebske and Frost (2012), the DAC by Baron et al. (2017), Ohnishi et al. (2017), and Ozawa et al. (2018),
modeled based on ab-initio simulations by de Koker et al. (2013), and thermodynamically described by Boukaré
et al. (2015), Miyazaki and Korenaga (2019) and Belmonte et al. (2017). Bridgmanite is the phase at the liquidus
in the vicinity of the enstatite composition, with two eutectics points bracketing its stability; this stability field
has been found to expandEwith P .
E At 
P 24  25 GPa, the eutectic composition on the MgO-MgSiO3 join is consistently determined as
XSiO

0.43  0.01 (Belmonte et al., 2017; Boukaré et al., 2015; de Koker et al., 2013; Liebske & Frost, 2012;
2
E in T , ranging Efrom 2700 K (Liebske &
Ohnishi et al., 2017; Ozawa et al., 2018) with some uncertainty
Frost, 2012)
E to 2900 K (Boukaré et al., 2015). For MgSiO3-SiO2, de Koker et al. (2013)
E find XSiO

0.62  0.01
2
at a eutectic temperature
E
Te, lower by 100–150 K than for MgO-MgSiO3 at 24 GPa, while Belmonte et al. (2017)
compute
E K, 50 K higher than for the peridotite eutectic. Ozawa et al. (2018) deE
XSiO2  0.51
E at Te  2800
termine
E at P  40 GPa in DAC experiments and extrapolate
E and T  2500 K at
E to XSiO2  0.58
E
XSiO2  0.60
E
P  25 GPa, by contrast. However, to date melting relations for MgSiO3-SiO2 have not been studied in the MA
press, although it provides better control of thermal gradients and allows more rigorous textural analysis of the
larger sample compared to DAC experiments. Here we perform MA melting experiments
E at P  24 GPa with
Mg4Si6O16 and Mg3Si7O17 starting compositions, complementing the work by Liebske and Frost (2012).
E

2. Experimental and Analytical Methods
The synthesis of compositions along the MgSiO3-SiO2 join (Mg4Si6O16 and Mg3Si7O17) requires MgSiO3 glass,
for which analytical-grade MgO and SiO2 powders
E
(1 : 1 molar ratio) are mixed in ethanol, dried under infrared
light, and ground to a fine powder. The mixture is melted in a Pt crucible
E for 30 minutes
E at 1650 °C and quenched
by dropping the crucible into water. The MgSiO3 glass is repeatedly ground to a fine powder in ethanol and then
dried. Mg4Si6O16 and Mg3Si7O17 powders are prepared by mixing the ground enstatite glass with SiO2 powder;
they are stored under vacuum to prevent hydration.
We perform melting experiments using the 1,200 t Sumitomo MA press at Bayerisches Geoinstitut (Keppler &
Frost, 2005). The sample powder is put in a Rhenium (Re) capsule
(2 mm in length
E
E and 1 mm in diameter),
E
closed with a Re foil disk on top and bottom, and inserted in a Cr2O3-doped MgO octahedron
(7 mm edge length).
A LaCrO3 heater inside the octahedron is insulated from the Re capsule by a MgO sleeve (Figure S1 in Supporting Information S1). Cell assembly parts are stored in an oven at 1000°C for 12 hr to dehydrate prior to use. The
octahedron is compressed by tungsten carbide anvilsEwith 3 mm corner truncations (7 / 3 assembly). The assembly
is compressed
E to P  24 GPa, heated to the Etarget T and kept there
E for 1  2 minutes. The run product is quenched
by shutting off the power and slowly decompressed to ambient conditionsEover 16 h. We perform experiments
E
T relation, determined in an independent experiment
without thermocouples and extrapolate the heating powerE of 433
E W (T  2375 K) using W-Re wires as thermocouples, to
E at P  24 GPa with the same setup to a power
E the P dependence of thermocouple electromotive force, we follow
E
450  470 W applied here. To account for
E the T of the experiments (Table 1), with an uncertainty
Nishihara et al. (2020) and add a correction to estimate
E of  100 K. Thermocouples tend to fail at the conditions explored (e.g., Liebske & Frost, 2012), and using power
E
T conditions in the experiments far more reproducible.
instead makes
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Table 1
Experimental Run Conditions for the Multi-Anvil Press Experiments Performed in This Study at 24 GPa

Experiment
S7110
S7152
S7172
S7238

Power
(W)

Initial
composition

Phases

SiO2

MgO

Mg4Si6O16

st, brg

–

–

Mg3Si7O17

st, brg

–

–

Mg3Si7O17

st, brg, (liq)

–

–

Mg4Si6O16

liq, st

53 ± 3

47 ± 2

E

450 E

2650  100

E

450 E

2650  100

E

469 E

2750  100

470 E

2750  100

E

Liquid composition (mol %)

Temperature
(K)

Note. brg, bridgmanite; liq, liquid; st, stishovite.

Recovered sample chambers are mounted within epoxy parallel to the cylinder axis and then polished to the central section to observe phase relations along the thermal gradient, which is parallel to the furnace axis. The texture
is analyzed with a LEO1530 scanning electron microscope (SEM) at acceleration voltage
E
15 – 20 kV and beam
current
E
10 nA. Chemical compositions of the run products are determined using a JEOL JXA-8200 electron microprobe (EPMA) at acceleration voltage
E
15 – 20 kV with focused beam for
mineral phases and a beam diameter
E of 30 μm. Counting times
E are 20 s on the
peak
E and 10 s on the background for each element. Enstatite and orthoclase
standards are used for Mg and Si calibration.

3. Sample Analysis
In the experiments for Mg4Si6O16 and Mg3Si7O17 heated Ewith 450 W
(T 2650  100 K) (Table 1), we find a crystalline matrix with well-develE 
oped triple junctions (similar to the right side of the sample in Figure 1a),
showing that they were performed at sub-solidus conditions, consistent with
the prediction by de Koker et al. (2013).
In the higherE
T experiments
E 
(T 2750  100 K) for Mg3Si7O17, we observe a
quench texture in the recovered sample coexisting with the solid (Figure 1a).
Within the quench texture we observe small bridgmanite and stishovite
grains (both a few μm in size, also confirmed by X-ray diffraction), with a
small amount of liquid between them, suggesting that we have just reached
super-solidus
E
T , tightly constraining
E
Te, with our value in excellent agreement
with the prediction by de Koker et al. (2013). In addition, some of the stishovite grains appear to have grown at the expense of the liquid during quench,
as indicated by the lighter-colored rims. The amount of melt preserved in the
sample is too small for it to be analyzed by EPMA.

E
Figure 1. Scanning electron microscope images showing (a) the low degree
of partial melting in the experiment for Mg3Si7E
O17 at P  24 GPa and
E 
T 2750  100 K, with quench texture on the left, and solid texture on the
right, and (b) the experimental run product for Mg4Si6E
O16 at P  24 GPa and
E 
T 2750  100 K where the sample was above the solidus; large stishovite
crystals (bottom) coexist with a quenched liquid phase.

YAO ET AL.

For the Mg4Si6O16 sample heatedEwith 470
E W
(T 2750  100 K), by contrast, we observe a liquid quench texture, coexisting with acicular stishovite
crystals, some of which reach lengths
E of 50 μm and widths
E of 30 μm, indicating a liquidus assemblage (Figure 1b). The identification of stishovite
as the liquidus phase
E for XSiO2  0.6 starting composition suggests that the
liquid evolves toward a MgSiO3-rich composition. Microprobe analysis
E of 32
spots in the quenched melt shows values in the range
E of XSiO

0.49
 0.60,
2
reflecting small-scale heterogeneity (Figure 1b), with an average of
XSiO

0.53  0.03 (Figure 2) that accurately represents the bulk melt. As
2
the melting experiment for Mg3Si7O17 with virtually the same heating power
suggests that we are very close
E to Te, the liquid composition in the Mg4Si6O16
experiment constrains the eutectic composition in the MgSiO3-SiO2 system.
E at 
P 24  25 GPa than
This is a significantly lower eutectic
E
XSiO2-value
calculated by de Koker et al. (2013) based on ab-initio simulations with
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XSiO2  0.63 (Figure 2) or extrapolated from DAC experiments by Ozawa
et al. (2018)
E with XSiO2  0.58, but consistentEwith XSiO2  0.51 modeled by
Belmonte et al. (2017).

4. Thermodynamic Description
4.1. Model Formulation and Parameters
We extend the previously established thermodynamic model for melting
phase relations in MgO-MgSiO3 from Liebske and Frost (2012) to the MgOSiO2 system by using the location of both eutectic points as constraints. For
a closed formulation with a minimum number of parameters, we represent
all liquids through the oxide components MgO and SiO2, and use MgO periclase, MgSiO3 bridgmanite and SiO2 stishovite as solid phases. At both euE
tectics we equate the chemical potentials
( ),
solid
liquid
liquid
solid
liquid
MgSiO

MgO
 SiO
and MgO

MgO
,
(1)
3
2

Figure 2. MgO-SiO2 melting relations computed from our thermodynamic
model at 24 GPa (bottom black graph), based on the experiments performed
in the MgSiO3-SiO2 system, combined with the result for the MgO-MgSiO3
system from Liebske and Frost (2012). The eutectic composition (red circle
with error) is determined based on an experiment for Mg4Si6E
O16 at P  24 GPa
E and

T 2750  100 K (open circle); starting compositions and temperature
of the other three experiments (Table 1) are also shown, with the filled black
E 
circles for the experiments
at T 2650  100 K showing experiments that
remained below the solidus. Melting relations at P = 136 GPa (top black
graph) computed from our model. For comparison we include melting
relations from the model of de Koker et al. (2013) (dK13, blue) both
E at P  24
GPa and P = 136 GPa. Abbreviations: pc for periclase, brg for bridgmanite, st
for stishovite and liq for liquid.

solid
liquid
liquid
solid
liquid
MgSiO

MgO
 SiO
and SiO

SiO
,
(2)
3
2
2
2

respectively. The chemical potentials of the liquids can be expanded into a
0,liquid
0,liquid
E
MgO
E
standard state potential
for MgO
(SiO
for SiO2), and an activity
2
Eterm aMgO  X MgOE
 MgO (aSiO2  XSiO2  SiO2),Ewith EMgO ( SiO2) the activity
coefficient:









solid
0,liquid

MgO
 R  T  ln X MgO MgO ,
(3)
MgO
solid
0,liquid
SiO

SiO
 R  T  ln XSiO2  SiO2 ,
(4)
2
2





solid
0,liquid
0,liquid
MgSiO

 MgO
 R  T  ln  X MgO MgO   SiO
 R  T  ln XSiO2  SiO2 .
(5)
3
2

In a binary symmetric solution model, the activity coefficients are described as

















2

(6)
R T 
ln  MgO
WMgO  SiO2 1  X MgO
and
2

(7)
R  T  ln

 SiO2
WMgO  SiO2 1  XSiO2 ,
E a T -dependence
where
E
WMgO SiO2 is a Margules interaction parameter. We formulate
E of WMgO  SiO

WH  WST ,
2
E a P dependent model cannot be fit. Using a more complex solubut with experiments performed only at 24 GPa,
tion model, for example, asymmetric as in Baron et al. (2017) and de Koker et al. (2013), does not change the
width of the stability field for MgSiO3 plus liquid as pointed out by de Koker et al. (2013), and with the number
of data collected here, more complex models are not sufficiently constrained.
0,liquid
0,liquid
E
MgO
E and SiO
The standard state chemical potentials
are determined from melting of MgO and SiO2, respec2
tively. For MgO, for example,

0,liquid
0,solid
MgO
 MgO
 G f ,MgO  0
(8)

E

YAO ET AL.

holds,Ewith G f ,MgO the Gibbs energy of fusion. Standard state chemical potentials for the liquid components
0,liquid
0,liquid
E and SiO
(MgO
) are evaluated based on the thermodynamic model by de Koker et al. (2013) (cf. Support2
solid
solid
solid
EMgO
E

E3 and SiO
ing Information S1 for an extended presentation);
,  MgSiO
are based on the Birch-Murnaghan
2
Mie-Grüneisen model (cf. Supporting Information S1 for an extended presentation; e.g., Chust et al., 2017) for
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MgO periclase, SiO2 stishovite and MgSiO3 bridgmanite used in de Koker et al. (2013). Both models and corresponding databases are implemented in the BurnMan thermoelastic toolbox (Cottaar et al., 2014).
Using the SiO2 liquid and stishovite parameters in the thermodynamic model of de Koker et al. (2013), we find
that an effective interaction parameter of 200 kJ/mol  WMgO SiO2  250 kJ/mol is required to reproduce the
solidus temperatures of T  2750 K for MgSiO3-SiO2 determined here. Nevertheless, we cannot find a satisfactory solution
E for WMgO SiO2 that describes
E
XSiO

0.53  0.03 for the eutectic adequately. This is not surprising
2
E
T decreases rapidly from the high melting
considering that in the model of de Koker et al. (2013) liquidus
temperature
(Tm ) of stishovite with increasing MgO content. We therefore consider modifications in the coefE
ficients for the thermodynamic description of liquid SiO2 in the model of de Koker et al. (2013) (Tables S1
and S3 in Supporting Information S1). In order to reasonably match
E
Tm of SiO2, we also consider changes in
the thermodynamic description for stishovite which we restrict to reference energy and entropy (Table S4 in
Supporting Information S1).
Rather than optimizing the thermodynamic parameters for SiO2 liquid and stishovite separately from the Margules parameter
E
WMgO SiO2, we jointly determine them by using a least square Monte Carlo minimization. With
only two constraints (the eutectics), the problem is underdetermined, and initial guesses and bounds for the
parameters are important. We make choices that are guided by physical insight into (a) the thermodynamic parameters of SiO2 liquid, (b) the melting curve of stishovite, (c) the range of values for the effective interaction
parameter
E 2 at 24 GPa discussed above, and (d) mixing properties for the liquids along the MgO-SiO2
E
WMgO SiO
join estimated by de Koker et al. (2013). The melting point of MgSiO
E 3 at 24 GPa is not used as a constraint; rather,
it serves as a consistency test for the results of the mixing model and the thermodynamic parameters for SiO2
liquid. Using
E
1,000 Monte Carlo passes, we find an optimized thermodynamic description for SiO2 (Tables S1
E a T -dependent Margules parameter of
and S3 in Supporting Information S1) and model
kJ
J
WMgO SiO2 
T.
174  4 
 17  2 
(9)
mol
mol  K

The value
E for WS is consistent with the entropy of mixing reported by de Koker et al. (2013) from ab-initio simulations.
E At 25 GPa, minimum values for excess Gibbs energy of mixing in the various thermodynamic models
developed forEhigh P applications fall in the range
E of   50  60  kJ/mol, with the exception of that of Miyazaki
E
P , the mixing model by de
and Korenaga (2019) (Figure S2 in Supporting Information S1). At this (and higher)
Koker et al. (2013) shows very little asymmetry.
E Any P dependence discussed below hinges on the thermodynamic description of the liquid and solid components,
E
P dependence of the interaction parameter
E via T . In this context, not only the evolution of the
and an implicit
eutectic pointsEwith P are important, but also the melting Ecurve Tm  P for MgSiO3 as a consistency check as it
involves both thermodynamic parameters for SiO2 and the parametrization
E of WMgO SiO2 (Equation 9), similar to
its role
E at 24 GPa.

4.2. MgO-SiO2 Melting Relations at Experimental Pressure (24 GPa)
Combining
E
WMgO SiO2 and the modified thermodynamic parameters as described above, we compute the MgOSiO2 phase diagram
E at P  24 GPa (Figure 2). It hinges on five points:
E
Tm of MgO, MgSiO3, and SiO2 and the
two eutectics.
Tm  4760 K for MgO computed by BurnMan at 24 GPa is very close to that reported in de Koker et al. (2013)
(4800 K) (Figures 2 and 3a), and agrees with DAC experiments by Du and Lee (2014) and Kimura et al. (2017) in
the same P range. Ab-initio results by Alfè (2005) and Soubiran and Militzer (2020) report
E
Tm higher and smaller
by ∼250 K, respectively.

E
E

E

YAO ET AL.

For stishovite, we compute
E 
Tm 4210  120 K at 24 GPa, with the uncertainty (two standard deviations) determined by 1,000 Monte Carlo passes, varying the thermodynamic parameters (Tables S1–S4 in Supporting Information S1), slightly higherE than Tm  3920 K from de Koker et al. (2013), but consistent with DAC experiments
that bracket meltingEwith

T 3800  4300
E and

T 4000  4400 K
E K at 
P 22  29 GPa (Shen & Lazor, 1995)
at 
P 27  29 GPa (Andrault et al., 2020; Figures 2 and 3b).
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E at 2750  120EK at 24 GPa (FigIn our modified model, bridgmanite melts
ures 2 and 4a), slightly below
E 
Tm 2800  2900 K bracketed in MA experiments by Ito and Katsura (1992), DAC experiments by Zerr and Boehler (1993), the thermodynamic assessment of Liebske and Frost (2012)
(2820 K), and molecular dynamics results by Di Paola and Brodholt (2016)
in the same P range.
E
Tm from the thermodynamic assessments of de Koker
et al. (2013) falls slightly above our error bar estimated in the Monte Carlo
simulations, the experiments by Shen and Lazor (1995) report a significantly
higher value. The relatively
E low Tm of bridgmanite at 24 GPa in our model is
directly linked to its narrow stability range on the liquidus in terms
E of XSiO2,
especially for the SiO2-rich side of the phase diagram. Enhancing bridgmanite stability, for example, by a constant shift of the reference energy in the
underlying thermodynamic model of the solid, would inevitably move the
eutectic point(s) further away from MgSiO3, making it impossible to reproduce the experimental results.

The eutectic points at 24 GPa themselves are reproduced well in the Monte Carlo simulations Ewith
Te 2690  100 EK at XSiO

0.43  0.01 and
2
E
T
.
The
eutectic
of the latter is
E 
Te 2740  120 EK at XSiO

0.53

0.01
2
smallerE than Tm for MgSiO
E 3 by 10 K only, reflecting the flat liquidus curve in
the vicinity of MgSiO3 (Figure 2). Similar
E to XSiO2, a slightly smaller value
E of Te for the MgO-MgSiO3 eutectic is consistent with the thermodynamic
assessment of Belmonte et al. (2017) at uppermost LM pressure.
Figure 3. Melting curves of MgO (panel a) SiO2 stishovite (panel b). For
MgO, we use the melting curve from the BurnMan package, based on the
model of de Koker et al. (2013) (red). We show data from multi-anvil (Zhang
& Fei, 2008; ZF08, dark green) and diamond anvil cell experiments by
Du and Lee (2014) (DL14, yellow), Kimura et al. (2017) (K17, black) and
Fu et al. (2018) (F18, purple), and ab-initio melting curves (dashed lines)
from Alfè (2005) (A05, green) and Soubiran and Militzer (2020) (SM20,
brown). The model of de Koker and Stixrude (2009) (dK09, blue) matches
ab inito properties of the liquid with a thermodynamic assessment of the
solid by Stixrude and Lithgow-Bertelloni (2005). For stishovite, results from
our thermodynamic model are shown by the red solid line, the red dotted
lines represent uncertainties calculated by Monte Carlo simulations (two
standard deviations). We include data from diamond anvil cell experiments
by Shen and Lazor (1995) (SL95, crosses) and Andrault et al. (2020) (A20,
circles). Previously determined melting curves (dashed lines) from ab-initio
simulations by Usui and Tsuchiya (2010) (UT10, brown) and Belonoshko and
Dubrovinsky (1995) (BD95, green) and by the thermodynamic model of de
Koker et al. (2013) (dK13, blue) are shown for comparison.

4.3. MgO-SiO2 Melting Relations at Lower Mantle Pressure
As mentioned above, the melting curves for MgO and SiO2 provide important
E
P , and that of
anchor points for the phase relations (Equation 8) at higher
MgSiO3 serves as a test for the validity and consistency of the liquid model.
For MgO, our melting curve matches DAC data (Du & Lee, 2014; Fu
et al., 2018; Kimura et al., 2017) for P throughout the lower mantle within
their margins of error (Figure 3a), reaching
E
Tm  7510EK at P  136 GPa,
CMB pressure, similar to de Koker et al. (2013) and ab-initio simulations
by Soubiran and Militzer (2020) using thermodynamic integration. Previous
assessments by de Koker and Stixrude (2009) and direct two-phase ab-initio simulations by Alfè (2005) show higher
E
Tm , but still within experimental
uncertainty.

With the changes in the thermodynamic parameters for SiO2 liquid and
stishovite,
E by  300 K compared to de
E 2 at P  24 GPa is larger
E
Tm of SiO
Koker et al. (2013), a difference that increases
E to  550 K at CMB pressure
(Figures 2 and 3b). However, our computed melting curve closely follows
the experimental data
E for P  30 GPa our melting curve is within
E on Tm by Andrault et al. (2020) up to 80 GPa;
the margin of error of that computed by Usui and Tsuchiya (2010), and they approach the same value at CMB
pressures. As has been pointed out by de Koker et al. (2013), the potential presence of CaCl2-structured SiO2
(Tsuchida & Yagi, 1989) is expected to have a small effect
E on Tm . However, the reconstructive phase transition
of SiO2 to seifertite in the lowermost mantle (Das et al., 2020; Dubrovinsky et al., 2001) will expand the stability
range of solid SiO2 to higher T, an effect that can inherently not be captured by our model, and may account for
the divergence of our model with the data by Andrault et al. (2020)
E for P 100 GPa.
For MgSiO3, the melting curve predicted by our model shows a steep initial increaseEwith P (Figure 4), closely
following the trend of the DAC experiments (Shen & Lazor, 1995; Zerr & Boehler, 1993)
E to 40 GPa, and, with
larger scatter in the data,
E to 62 GPa, the highest P achieved in Zerr and Boehler (1993), and that of the shock wave
E
P -range (50–80 GPa). However, shock wave experexperiments by Fei et al. (2021) for much of the lower mantle
iments (Fei et al., 2021; Fratanduono et al., 2018; Mosenfelder et al., 2009) vary largely in their estimates of the
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E
P , our predicted
melting curve. At higher
E
Tm  P curve flattens and reaches
5560  220
E K at 136 GPa. The melting temperature predicted by Stixrude and
Karki (2005) at ECMB P is within the margin of error of our model, but their
melting curve shows a more uniform increase for LM pressure.

E

The consistency of predicted melting curve evolution with prior data for all
three congruently melting compositions along the MgO-SiO2 join allows us
to calculate the phase diagram
E at P  136 GPa with some confidence (Figure 2) and to explore the evolution of both eutectics in terms
E of XSiO2 (Figure 5)
E and Te (Figure 6).

E

E
E

Figure 4. Melting curves for MgSiO3 bridgmanite at lower mantle pressures
E and 20  140 GPa at the bottom). Results from our
(20  40 GPa at the top
thermodynamic model are shown byd solid lines, the red dotted lines represent
uncertainties calculated by Monte Carlo simulations. Multi-anvil experiments
(Ito & Katsura, 1992; IK92, blue triangles up and down) bracket melting,
and melting temperatures in diamond anvil cell experiments are reported
by Zerr and Boehler (1993) (ZB93, crosses) and Shen and Lazor (1995)
(SL95, open circles), and a shock melting point by Luo et al. (2004) (L04,
magenta). Melting temperatures from ab-initio simulations by Di Paola and
Brodholt (2016) (DPB16, filled black circles) and the model of de Koker
et al., 2013 (dK13, blue squares) as well as melting curves (dashed lines)
determined based on shock wave experiments by Fei et al. (2021) (F21, purple)
and Mosenfelder et al. (2009) (M09, orange) from ab-initio simulations by
Stixrude and Karki (2005) (SK05, green), and the model by de Koker and
Stixrude (2009) (dK09, blue) are included.

E

E
E

E

YAO ET AL.

In agreement with previous work, we find that both eutectics move away
E
P . For the MgO-MgSiO3 eutectic,
from MgSiO3 with increasing
E
XSiO2 shifts
to lower valuesEwith P significantly faster than in the models of de Koker
et al. (2013) and Liebske and Frost (2012) or the experimental brackets determined in the DAC by Ohnishi et al. (2017) between 45 and 70 GPa.
E The P
dependence of the eutectic composition for MgO-MgSiO3 agrees well with a
E the P range of the
second set of DAC experiments by Ozawa et al. (2018) over
entire LM. The MgO-MgSiO3 eutectic in our model has a minimum value of
E at P  60 GPa, beyond which it increases quasi-linearly
XSiO

0.32  0.02
2
Ewith P to Ereach XSiO

0.35  0.02 at CMB pressure. This behavior stems
2
from the different P evolution of the melting curves for MgO (Figure 3a) and
MgSiO3 (Figure 4b): At P of the uppermost LM, the melting curve of MgSiO3 is steeper than the one of MgO, leading to a rapid decrease in eutectic
E2. At P  60 GPa,
E the Tm  P slope for MgSiO3 is flatter than the one for
XSiO
MgO, shifting eutectic
E
XSiO2 to larger values.
As discussed above, the MgSiO3-SiO2 eutectic composition is close to MgSiO3Ewith XSiO
E at P  24 GPa in our model, consistent with

0.53  0.01
2
Belmonte et al. (2017), but significantly lowerEthan XSiO2 calculated by de
Koker et al. (2013).
E As Tm for SiO2 does not increaseEwith P at the same rate
as that for MgSiO3, eutectic
E
XSiO2 moves to larger valuesEwith P uniformly,
reaching a value
E at 136 GPa. Experiments by Ozawa
E of XSiO

0.66
 0.01
2
et al. (2018)
E at P  128 GPa
E and P  139 GPa agree well with our prediction,
as for the MgO-MgSiO3 eutectic, with values that are smaller than the model
of de Koker et al. (2013). While Baron et al. (2017) assumed the chemical
evolution of the eutectic following de Koker et al. (2013) in their data analysis, the actual composition reported for one sample
E at P  48 GPa reveals a
significantly lower valueEwith XSiO2  0.59, within the margin of error of our
model prediction, and in general agreement with data by Ozawa et al. (2018)
at P  41 GPa. With a higher
E
Tm for lowermost mantle P due to the presence
of seifertite,
E
XSiO2 would move to slightly smaller values.

Eutectic temperatures in the MgO-MgSiO3 and MgSiO3-SiO2 systems are very close to one another, rising
Efrom

Te 2690  100 K
E and

Te 2740  120E K at P  24 GPa
E to

Te 5420  180 K
E and

Te 5390  230 K at
P  136 GPa, respectively (Figures 2 and 6). The MgO-MgSiO3 and MgSiO3-SiO2 eutectic temperatures cross at
P  125 GPa, reflecting the opposing trends of eutectic XSiO2 (Figure 5). The difference between
E
Te and the melting curve of MgSiO3 does not exceed 200 K in the entire LM. At CMB pressure, our model shows higher
E
Te by
500–700 K than the models of de Koker et al. (2013) and Liebske and Frost (2012) for MgO-MgSiO3, and higher
E
T estimated by Baron et al. (2017)
Te by 800 K compared to de Koker et al. (2013) for MgSiO3-SiO2. The eutectic
appear rather low in this context.
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5. Melting Near the Core-Mantle Boundary

E

E
T , for MgO-MgSiO3 and
This similarity
E in Te , and therefore the solidus
E
T
MgSiO3-SiO2 predicted here suggests that melting of basalt at lower
than peridodite (Andrault et al., 2014; Kuwahara et al., 2018; Pradhan
et al., 2015; Tateno et al., 2014, 2018), invoked as an explanation for the occurrence of the ULVZ in the lowermost mantle (e.g., Thorne et al., 2019),
is not simply tied to its higher
E
XSiO2 value. Rather, further differences in
chemical composition will influence
E
Tm and melt relations either directly
within a solid solution (e.g., a higher FeO or Al2O3 content in bridgmanite)
or through changes in the resulting phase assemblage. Compared to mantle
peridotite (Workman & Hart, 2005), oceanic crust is strongly enriched in
Al2O3, CaO, and Na2O, while the FeO content is similar in both lithologies
(e.g., Chemia et al., 2015). For oceanic crust this leads to a phase assemblage that differs in various aspects from peridotite at LM pressure: (a) it
contains significantly more CaSiO3 perovskite (e.g., Chust et al., 2017) and
(b) SiO2 occurs as a free phase rather than the ferropericlase solid solution.
Both CaSiO3 perovskite and SiO2 stishovite dissolve a few % of Al2O3 and
Figure 5. Eutectic compositions in the MgO-SiO2 system at lower mantle
very little FeO (e.g., Kuwahara et al., 2018; Tateno et al., 2018), while
pressures. Filled circles indicate eutectic liquid compositions based on our
ferropericlase in a peridotitic composition contains up to 20% FeO (e.g.,
multi-anvil press experiments (red) and those by Liebske and Frost (2012)
Chust et al., 2017; Kuwahara et al., 2018). Further, (c) for basalt an Al2O3
(LF12, black). Diamond anvil cell experiments by Baron et al. (2017) (Ba17,
brown), Ozawa et al. (2018) (O18, green) and Ohnishi et al. (2017) (O17,
dominated mineral occurs in the LM, either as Ca-ferrite (Irifune & Ringpurple) are included, with triangles in the latter two bracketing the eutectic
wood, 1993; Tateno et al., 2018) or the NAL phase (Imada et al., 2012;
composition, along with results by Belmonte et al. (2017) (Be17, orange) at
Kato et al., 2013). As a consequence of these phase relations, bridgmanite
P  25 GPa. Results from our model are shown by the red solid curves with
in a basaltic composition can be expected to be significantly enriched in
uncertainties from Monte Carlo simulations given by red dotted curves; they
FeO compared to a mantle peridotite. A high FeO content in partial melts
are compared to previous models by Liebske and Frost (2012) (black dashed
curve) and de Koker et al. (2013) (blue dashed curves).
from basalt compositions at LM pressure (Kuwahara et al., 2018; Pradhan
et al., 2015; Tateno et al., 2018) suggests that the solidus
E
T in the resulting
bridgmanite is significantly lower than for the eutectic in the MgSiO3-SiO2
system established here. This is further supported by the observation that while CaSiO3 perovskite is the
phase on the solidus in peridotite at LM pressure, it becomes the liquidus phase for MORB compositions, and
bridgmanite simultaneously becomes the solidus phase (Kuwahara et al., 2018; Pradhan et al., 2015; Tateno
et al., 2014, 2018).

However, the chemical complexity of natural or model systems investigated in these studies makes it challenging
to disentangle the causes for these discrepancies. In order to analyze the influence of other chemical components
in a systematic way by building up a thermodynamic model for mantle compositions, controlled melting experiments in the MA press like the ones performed here are required, ideally for MgO/SiO2 ratios of the eutectic
compositions. Not only dictated by chemical abundances, but also the crystal-chemical and phase relation arguments outlined in the previous paragraph, such a model should be built from the two-component system explored
here to the FeO-MgO-SiO2 and subsequently the FeO-MgO-Al2O3-SiO2 systems. These will provide successive
insights into the melting relations, for example, from the influence of FeO (and Al2O3) in the bridgmanite solid
solution and from an additional Al2O3-rich phase in the assemblage.
With bridgmanite the liquidus phase in a peridotite composition (Tateno et al., 2014), the shallow slope of its
melting curve through much of the LM opens the possibility that crystallization of the mantle may have indeed initiated from the middle of the mantle, as proposed in a number of studies (Andrault, 2019; Stixrude et al., 2009).
Most prominently, this would lead to the formation of a basal magma ocean (Herzberg et al., 2013; Labrosse
et al., 2007), and a separation of two magma ocean reservoirs would strongly be aided if the crystallizing layer is
neutrally buoyant. While bridgmanite is denser than the coexisting liquidEwith XSiO2  0.5, the strong partitioning of FeO into the melt (Nomura et al., 2011; Tateno et al., 2014) may lead to a situation in which the density
contrast between magma ocean liquid and crystallizing bridgmanite is minimal.
With the eutectic in the MgSiO3-SiO2 system exceeding
E at P  70 GPa, magma oceans in rocky
E
XSiO2  0.60
exoplanets would likely crystallize bridgmanite rather than stishovite for most plausible scenarios, and therefore
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not create a very dense SiO2-dominated layer deep in their mantle that would
impede the onset of convection and therefore efficient heat loss from the
planet (e.g., Tosi et al., 2013).

6. Conclusions
In multi-anvil experiments
E at 24 GPa we have measured the compositions
of partial melts formed from a Mg4Si6O16 starting composition at a temperature
E of 2750  100 K. Electron microscope and microprobe analysis
of the recovered experimental charges reveals that stishovite is the crystalline phase at the liquidus, and the coexisting liquid has a composition
E of XSiO

0.53  0.03. This implies an MgSiO3-SiO2 eutectic that is
2
very close to MgSiO3 bridgmanite in composition which is therefore the
liquidus phase in the MgO-SiO2 system over a compositional range from
E to XSiO2  0.53, with very similar
E
XSiO2  0.43 (Liebske & Frost, 2012)
eutectic (solidus) temperatures. Combining our eutectic with that of Liebske and Frost (2012) for MgO-MgSiO3 and thermodynamic models for the
liquid components SiO2 and MgO as well as the solid phases SiO2 stishovite, MgO periclase and MgSiO3 bridgmanite, we have modeled the melting
phase relations in the MgO-SiO2 system using a symmetric solution model
for the liquid components.

Figure 6. Eutectic temperatures in the MgO-MgSiO3 (top) and the MgSiO3SiO2 systems (bottom) at lower mantle pressures. Our results are shown by
red curves (uncertainties in dotted lines from Monte Carlo simulations), those
of Baron et al. (2017) in brown (Ba17), by de Koker et al. (2013)
E at P  24
GPa E
and at P  136 GPa by blue symbols (dK13). For MgO-MgSiO3, eutectic
temperatures of the model by Liebske and Frost (2012) are shown in black
(LF12). For reference, we include the MgSiO3 melting curve from our model
(golden dashed curves) in both panels.

The extrapolation of our thermodynamic description for melting relations
to higher pressures hinges on its temperature dependence and the melting
curves of MgO and SiO2. Our model describes the melting curve of MgSiO3 bridgmanite consistent with diamond anvil cell experiments up to
60 GPa, and recent shock wave experiment to 80 GPa. In our model, the eutectic compositions move
E to XSiO

0.35  0.02
E and XSiO

0.66  0.02 at
2
2
core-mantle boundary pressure, respectively. Eutectic temperatures of these
two compositions remain similar, suggesting that lower solidus temperatures
of basalt over peridotite in the deep mantle, which has been observed in a
series of prior experiments on natural or model compositions, must be related
to chemical components other than SiO2 and MgO.

Data Availability Statement
In compliance with AGU's data availability requirements, the microprobe analysis of the melt in the experiment S7238 (Table 1) at the basis of the current work is available on Figshare (https://doi.org/10.6084/m9.
figshare.16837090.v1).
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