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Knowledge of the multi-component thermodynamics and phase equilibria of silicate melts in Earth’s deep

interior are key to understanding the thermal and chemical evolution of the planet, yet the melting phase

diagram of the lower mantle remains poorly constrained, with large uncertainties in both eutectic

composition and temperature. We use results from first-principles molecular dynamics of nine composi-

dynamics, applying our results to describe incongruent melting for the system at deep lower mantle

pressures. Our phase diagram is bi-eutectic throughout the lower mantle, with no liquid immiscibility.

Accounting for solid–liquid partitioning of Fe, we find partial melts of basaltic and peridotitic lithologies

to be gravitationally stable at the core–mantle boundary, while liquidus density contrasts predict that

perovskite will sink and periclase will float in a crystallizing pyrolytic magma ocean.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Melting at high pressure is a ubiquitous process in the forma-
tion and evolution of terrestrial planets. The moon forming giant
impact alone would have melted the entire Earth (Canup, 2004; Ke
and Solomatov, 2006), while seismic ultra-low velocity zones atop
the core–mantle boundary (CMB) are often associated with patches
of partial melt (Williams and Garnero, 1996). As the vector of
chemical differentiation during magma ocean crystallization and
melting of the solid mantle, the buoyancy contrast between liquid
and solid phases is a critical factor in planetary dynamics and
evolution. These contrasts can differ notably among mineral
phases, so that the crystallization sequence is just as important
for understanding these processes. Most models describing crystal-
lization of a magma ocean assume perovskite to be the liquidus
phase, with crystallization starting from the base and crystals
forming at shallower depths sinking to the bottom (Solomatov,
2007).

Very little data on incongruent melting at lower mantle
pressures is available to test these assumptions. Indeed, high
pressure experiments indicate that the sequence of crystallization
All rights reserved.
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depends on pressure (Fiquet, 2010), while it was recently shown
that the adiabatic thermal gradient in a magma ocean will be
notably steeper than previously thought (Mosenfelder et al., 2007;
Stixrude and Karki, 2005), so that crystallization may in fact initiate
at depths shallower than the base (Stixrude et al., 2009). High
pressure studies of congruent melting indicate that the Clapeyron
slope of melting for MgO is likely higher than that of MgSiO3

perovskite, which could potentially result in a strong pressure
dependence in the MgO–MgSiO3 eutectic composition.

The ambient pressure MgO–SiO2 phase diagram, first mapped
out by Bowen and Andersen (1914), suggests a number of
intriguing questions regarding potential high pressure phenom-
ena. The system exhibits liquid immiscibility in high-silica com-
positions (Hageman and Oonk, 1986), a very large contrast
between the liquidus temperatures at intermediate (geological)
compositions and MgO (Riley, 1966), a eutectic between MgO
periclase and MgSiO4 forsterite, another eutectic between MgSiO3

enstatite and SiO2 cristobalite, and a peritectic by which enstatite
melts into a slightly more SiO2-rich liquid phase co-existing with
forsterite.

Low pressure liquid immiscibility, notably also observed in the
CaO–SiO2 (Hageman and Oonk, 1986) and FeO–SiO2 (Bowen and
Schairer, 1935) systems, has been shown to vanish by around
5 GPa (Dalton and Presnall, 1997). If this phenomenon reappears
at lower mantle pressures, an idea as yet untested by experiment
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or simulation, the geochemical evolution of a cooling magma
ocean, and subsequently the mantle, would be significantly more
complex than current models assume.

Description of incongruent melting in the deep mantle
requires knowledge of the liquid Gibbs free energy as a function
not only of pressure and temperature, but also of composition,
GðP,T,XÞ. Numerous studies have considered congruent melting of
mantle phases, thus implicitly taking account of GðP,TÞ, but our
knowledge of the behavior of liquid free energy with composition
at deep mantle pressures remains sparse. Some clues to the
nature of GðXÞ are obtained from comparisons between measure-
ments of shock compressed liquid volume (Asimow and Ahrens,
2010), and studies of the crystallization sequence at deep mantle
conditions (Fiquet, 2010; Ito et al., 2004).

Here we use first-principles molecular dynamics (FPMD) to
describe the thermodynamics of mixing in the MgO–SiO2 system,
and subsequently derive the chemical potential for the system.
We apply this description to constrain incongruent melting
equilibria for the lower mantle.
Fig. 1. (a) Enthalpy, (b) volume and (c) entropy of mixing. Diamonds – values

computed using the individual thermodynamic models for each simulated composi-

tion; lines – model values determined from GðP,T ,XÞ (Eq. (2)). Change of S with
2. Theory

FPMD has proven to be a powerful and robust tool for
investigating silicate melts at extreme pressures, reliably reprodu-
cing shock compression data to very high pressures and tempera-
tures (de Koker, 2010; de Koker and Stixrude, 2009; Sun, 2011).
Our simulation approach has been discussed extensively in our
previous work (de Koker, 2010; de Koker et al., 2008; Stixrude and
Karki, 2005). Density functional theory (DFT; Hohenberg and Kohn,
1964; Kohn and Sham, 1965) implemented in the VASP plane-
wave code (Kresse and Furthmüller, 1996) is used to perform
NVT-ensemble first-principles molecular dynamics (FPMD), with
ultra-soft pseudopotentials (Kresse and Hafner, 1994) and the local
density approximation (LDA). We combine existing simulation
results for liquid MgO (de Koker and Stixrude, 2009; Karki et al.,
2006), Mg2SiO4 (de Koker et al., 2008), MgSiO3 (de Koker and
Stixrude, 2009; Stixrude and Karki, 2005) and SiO2 (Karki et al.,
2007), together with MgO periclase (de Koker and Stixrude, 2009),
MgSiO3 perovskite (de Koker and Stixrude, 2009; Stixrude and
Karki, 2005), and SiO2 stishovite (Karki et al., 2007), with new
simulations for liquids of intermediate composition: Mg5SiO7,
Mg3Si2O7, MgSi2O5, MgSi3O7 and MgSi5O11. More details on these
simulations are given in the online supplement.

We fit an updated version of the fundamental thermodynamic
relation of de Koker and Stixrude (2009) to the simulation results
to obtain a thermodynamic model GðP,TÞ for each composition
considered, and combine these to construct a single representa-
tion of GðP,T ,XÞ in the system. These thermodynamic interpola-
tion formulae are specified in the online supplement.
mix

pressure is constrained from Hmix through Eq. (1); Smix at ambient pressure is

constrained from phase equilibria (refer to online supplement), and existing estimates

at MgO, Mg2SiO4, MgSiO3 and SiO2. Smix is higher than the configurational value for

mixing of the endmembers (MgO, SiO2; Ssimple
ideal

¼NkB
P

Xln X; Ghiorso et al., 2002), yet

comparable to configurational values determined from the distribution of Mg and Si

coordination species, SCN
ideal ¼NkB

P
ijyijlnyij , where yij denotes the fraction of cations of

type i (Mg or Si) in coordination state j (de Koker et al., 2008). Units in mol of oxides;

H95—Hmix based on combining solid enthalpies of mixing and fusion (Hess, 1995);

HP03—Hmix values determined by Holland and Powell (2003) based on phase

equilibria; G02—Hmix from extrapolating multi-component parameterization of

Ghiorso et al. (2002); L87—the experimental partial molar V of SiO2 (Lange and

Carmichael, 1987); L07—Vmix results obtained by Lacks et al. (2007) using empirical

potentials. (For interpretation of the references to color in this figure, the reader is

referred to the web version of this article.)
3. Results

3.1. Thermodynamics of mixing

Multi-component thermodynamics is expressed through the
comparison of model values obtained for each simulated intermedi-
ate composition to the oxide end-members. Values of the enthalpy of
mixing (Hmix) show positive values for silica rich compositions at low
pressure. As pressure increases, values become negative and increas-
ingly independent of pressure (Fig. 1). Hmix values are consi-
stent with observed immiscibility at ambient pressure (Hageman
and Oonk, 1986), as well as its disappearance by 5 GPa (Dalton and
Presnall, 1997).
The volume of mixing (Vmix) becomes increasingly ideal at
elevated pressure. Indeed, Vmix is essentially zero over most of the
lower mantle, consistent with shock compression results (Asimow



Fig. 2. Melting phase diagram for the MgO–SiO2 system in the lower mantle

(heavy red lines). Thinner green and blue lines indicate liquidi adjusted for

indicated Mg# values (refer to online supplement); diamonds indicate the

corresponding solidus points on the cotectic. Error bars represent uncertainty

due to FPMD simulations and the partition coefficient used in adjusting for Fe

(Trønnes and Frost, 2002). Stishovite metastability above 40 GPa is negligible in

the CaCl2-structure stability field, with the change to seifertite above 110 GPa

(Oganov et al., 2005) resulting in a small increase in melting temperature (pink

line, determined using the Clapeyron relation). Experimental measurements are

shown by grey boxes; at 24 GPa, (A) MgO–SiO2 eutectic (Presnall et al., 1998), (B)

peridotite eutectic (Ito et al., 2004); at 136 GPa, (C) shock melting of Fo90 (Holland

and Ahrens, 1997), (D) peridotite solidus and liquidus (Fiquet, 2010), (E) extra-

polated high P melting of MORB (Hirose et al., 1999). Pe—periclase, Se—seifertite,

St—stishovite, Pv—perovskite, Lq—liquid, Harz—harzburgite, Pyr—pyrolite. Inset:

Variation of Pe–Pv (red, left) and Pv–St (blue, right) eutectic compositions with

pressure. Depending on the composition of a peridotitic magma ocean, Pe or Pv

will be the liquidus phase at different depths in the mantle. (For interpretation of

the references to color in this figure legend, the reader is referred to the web

version of this article.)
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and Ahrens, 2010). Negative volumes of mixing seen at ambient
pressure highlight the fact that applying constant partial molar
volumes to a large compositional range must be done with caution
(Ghiorso et al., 2002; Lange and Carmichael, 1987).

Together, Vmix and the pressure dependence of Hmix constrain
the pressure dependence of the entropy of mixing Smix through

T
@Smix

@P

� �
T

¼
@Hmix

@P

� �
T

�Vmix ð1Þ

Smix itself is determined by integrating Eq. (1), with the integra-
tion constant fixed by matching to experimental phase equilibria
at ambient pressure (refer to online supplement). The variation of
Smix with pressure relative to this fixed point is fully constrained
by our FPMD results.

We find that prominent liquid immiscibility at low pressure in
the MgO–SiO2 system, known to vanish with increasing pressure,
remains absent throughout the lower mantle. The increasingly
linear nature of mixing of volume and enthalpy as pressure
increases is consistent with results from shock compression of
liquid silicates, although these experiments were conducted in
somewhat different compositions over a notably smaller varia-
tions of silica contents (Asimow and Ahrens, 2010).

We fit the excess Gibbs free energy of mixing using an
asymmetric regular solution model (Haselton and Newton, 1980;
Thompson Jr., 1967)

Gmix ¼ GidealþWAY2 1�Yð ÞþWBY 1�Yð Þ
2, ð2Þ

with Wi interaction parameters, and Y ¼ X=½Xþl 1�Xð Þ�, so that
Y¼X when l¼1, and la1 allows for additional asymmetry in Gmix.
Taking X ¼ X SiO2ð Þ, our low pressure enthalpy of mixing results
require l¼1.43. Previous studies of thermodynamics of mixing in
silicate systems have also suggested la1 (Burnham, 1975; Hess,
1995; Zhou and Miller, 1997). Although more complex and
ostensibly more physical models have been developed, we choose
(2) for its simplicity, continuity, and the empirical fact that it works
very well in representing our FPMD results. We note that some
previous studies have interpreted values of l different from unity
in terms of the compositions of complexes that are mixing, for
example Si2O4 instead of SiO2, or Mg2O2 instead of MgO (Hess,
1995). However, we find no simple relationship between the value
of l required to match our FPMD results and the liquid structures
observed in our simulations, which contain multiple species at all
temperatures (de Koker, 2010; de Koker et al., 2008; Stixrude and
Karki, 2005) that change with compression.

With Gmix constrained, we can derive all other thermodynamic
properties at any composition along the join, including H, V , S,
(Fig. 1) and the chemical potential m,

mA ¼
@G

@XA
ð3Þ

3.2. High pressure MgO–SiO2 phase diagram

We find that the MgO–SiO2 phase diagram at lower mantle
conditions is bi-eutectic (Fig. 2). The compositions of the two
eutectic points vary only weakly with pressure, corresponding
closely to values characteristic of peridotite and basalt, respec-
tively. The periclase-perovskite eutectic shifts by about 2 mol %
towards MgO between 25 and 60 GPa, consistent with experi-
mental observations (Fiquet, 2010; Ito et al., 2004). For a perido-
titic magma ocean, this signals a change in the liquidus phase
from periclase at shallow depths to perovskite at greater depth,
with the position of the transition depending sensitively on
composition.

Solidus temperatures for the MgO–SiO2 system at the base of
Earth’s mantle (136 GPa) are 49307170 K and 45807210 K for
Xo0.5 and X40.5, respectively. Based on scaling arguments, we
estimate that replacement of 10 mol% MgO by FeO (Mg#¼90) will
lower the periclase-perovskite solidus temperature by 180–320 K;
for Mg#¼80, representative of basaltic oceanic crust, the silica–
perovskite solidus will be decreased by a similar amount. These
estimates are determined by adjusting the chemical potential of
liquid and solid for a given FeO concentration (refer to online
supplement), using KMF¼0.4070.15 as an estimate of the partition
coefficient between solid and melt (Trønnes and Frost, 2002). The
theoretical basis for this adjustment in the chemical potential is
explained in detail in section S4 of the online supplement.

3.3. Liquid structure as a function of composition

Structural adjustment in response to compression is most
readily expressed in terms of the coordination of O around Si
atoms, ZSi–O, while the nature and extent of polymerization is best
considered through ZO–Si, the coordination of Si around O atoms.
Coordination numbers are computed as the appropriately normal-
ized area under the first peak of the radial distribution function (de
Koker et al., 2008; McQuarrie, 1984). ZO–Si values of intermediate
compositions vary continuously along the binary, with multiple
O-coordination species present at each composition (Fig. 3). For a
given degree of compression relative to the volume at ambient
pressure, ZSi–O values do not vary notably along the binary, but do



Fig. 3. The distribution of oxygen species at 6000 K and 136 GPa (top), and 3000 K

and 0 GPa (bottom). OF–ZO–Si¼0, ON–ZO–Si¼1, OB–ZO–Si¼2, O3–ZO–Si¼3, O4–ZO–Si¼4.

Fig. 4. (a) Silicon coordination ZSi�O increases from 4 to 6 for all species considered

upon two fold compression relative to V0, the volume at 0 GPa and 3000 K as.

determined from fitting the equation of state along the join. However the increase is

notably delayed in SiO2. (b) The Grüneisen parameter g for all liquids on the join

increases with compression and MgO content. The delay in its increase for SiO2

reflects the delayed increase in ZSi–O. T increases from 3000 K at V0 to 6000 K at

0.5V0. Note that here individual colors denote degrees of compression: red—0.5V0,

yellow—0.6V0, green—0.7V0, blue—0.8V0, magenta—0.9V0, black—1.0V0. (For inter-

pretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)
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show a stark contrast with pure SiO2 (Fig. 4a). ZSi–O increases
uniformly from 4 to 6 over a two-fold compression range relative
to V0, the volume at 0 GPa and 3000 K, i.e. V=V0¼1.0 to V=V0¼0.5.
However in pure SiO2 compression is initially accommodated by an
increase in the mean framework ring-size (Karki et al., 2007;
Stixrude and Bukowinski, 1990), with coordination change becom-
ing the primary compression mechanism around V=V0¼0.8
(�4 GPa, depending on T), from where coordination changes
dominate strongly.

The changes in liquid structure with pressure and composi-
tion are strongly reflected by the thermodynamic properties.
The Grüneisen parameter (g) increases with compression for all
liquids along the join, albeit delayed in SiO2, and highlights the
relation between g and ZSi–O (Fig. 4b). In solids, high pressure
phase transitions involving an increase in ZSi–O result in notable
increases in g, with similar effects predicted for other cations,
including Mg2þ (Jeanloz and Roufosse, 1982). The increase of g
with MgO content, and its notably weaker volume dependence in
MgO suggests that Mg–O bonds have intrinsically higher g values,
less sensitive to changes in bond length. Density decreases with
increasing silica content at low pressure, but increases with
increasing silica content at high pressure. The greater compres-
sibility at the silica rich end is consistent with the collapse of the
initially open framework structure for silica rich compositions
and is reflected in the decrease of the values of the reference bulk
modulus K0 from 24 GPa in the Mg-rich compositions to 12.5 GPa
in silica-rich compositions. This decrease in bulk modulus is
accompanied by an increase in K0

0 from �5.6 to �6.5 (Table 1),
consistent with the K0–K0

0 anti-correlation observed in silicate
liquids (Lange, 2007) Fig. 5.

The differences in compressibility and partial molar volume at
different compositions are also reflected in the disappearance
of liquid immiscibility with pressure. Liquid immiscibility is
often ascribed to the Coulombic effects (Hudon and Baker,
2002; McGahay and Tomozawa, 1989), by which the small size
and high charge of the Mgþ2 ion is difficult to accommodate in
the high SiO2 compositions, resulting in energetically less favor-
able structures in the liquid with increased internal energy values
(Hudon and Baker, 2002). However, the volumetric advantage of a
single phase assemblage grows dominant with pressure, so that
two less dense liquid phases has a higher enthalpy than a single
dense phase with somewhat unfavorable structural species.
Therefore, immiscibility arising due to similar structural accommoda-
tion problems is unlikely to arise in liquids at high pressures.
4. Geophysical implications

The fact that the MgO–MgSiO3 eutectic composition changes
little over the entire lower mantle pressure range may at first
seem a simple and unsurprising result. Yet the increasing contrast
between congruent melting curves of MgO and MgSiO3 has lead
to large differences in speculated eutectic compositions (Boehler,
1996; Miller et al., 1991; Zhou and Miller, 1997). A high MgO
melting temperature relative to MgSiO3 could potentially even
express itself as a peritectic, with MgSiO3 melting incongruently
into an SiO2-rich liquid and MgO periclase as residuum. If the
similarity of the eutectic composition to that of peridotite is not
simply a coincidence, the fact that it does not change much as a
function of pressure raises the enticing possibility that extrasolar
planets with non-volatile bulk compositions similar to that of the
sun could also have mantles that are Earth-like in composition.

Computed eutectic temperatures are similar to estimates of
temperatures reached in the thermal boundary layer at the base



Table 1
Thermodynamic properties of liquids on the MgO–SiO2 binary at 0 GPa and 3000 K.

MgO Mg5SiO7 Mg2SiO4 Mg3Si2O7 MgSiO3 MgSi2O5 MgSi3O7 MgSi5O11 SiO2

V/V0 16.46 (1) 107.50 (1) 58.40 (8) 100.50 (8) 41.8 (1) 67.50 (9) 93.50 (8) 146.00 (1) 27.8 (2)

KT (GPa) 33.49 (5) 24.33 (2) 19.50 (9) 18.35 (4) 17.2 (1) 12.92 (6) 12.53 (6) 13.06 (5) 6.2 (3)

KS (GPa) 41.75 (9) 29.49 (7) 20.70 (7) 19.55 (4) 18.1 (1) 13.10 (6) 12.96 (10) 13.20 (3) 6.2 (4)

KT
0 4.81 5.61 5.99 5.97 6.17 6.9 6.72 5.16 14.94

a (10-6 K�1) 95 (1) 107 (1) 65 (2) 71 (1) 65 (2) 40 (1) 63 (2) 35 (3) 39 (3)

S (J/mol K)a 174.1 (2) 1125.4 (5) 595.1 (3) 1010.8 (5) 415.3 (2) 641.1 (5) 859.3 (7) 1283.2 (17) 205.5 (5)

CV (NkB) 3.6 (2) 3.9 (1) 4.1 (4) 4.2 (2) 4.2 (4) 4.5 (3) 4.4 (3) 4.5 (2) 4.6 (2)

CP (NkB) 4.5 (3) 4.8 (2) 4.4 (5) 4.5 (3) 4.4 (4) 4.5 (4) 4.6 (4) 4.6 (3) 4.6 (2)

g 0.87 (1) 0.66 (1) 0.31 (1) 0.31 (1) 0.27 (1) 0.12 (1) 0.18 (1) 0.10 (1) 0.06 (2)

a Based on entropy of mixing, anchored on Mg2SiO4 and SiO2.

Fig. 5. Liquid density along lines of constant pressure along the MgO–SiO2 join

reveals the greater compressibility of high SiO2 mixtures, with the compressibility

of pure SiO2 notably higher. Colors are coded as in Fig. 1, with lines obtained from

the thermodynamic model. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)
Fig. 6. (top) Density contrasts between solid and cotectic melt predicted during

crystallization of a pyrolytic magma ocean. Note the opposing density contrasts

of melt with perovskite (Pv) and periclase (Pe), and that a large degree of liquid

fractionation is required for Pv to float. (bottom) Contrasts associated with

melting indicate that partial melts of peridotitic (Pyr) and basaltic (Bas) lithologies

will be gravitationally stable at the core–mantle boundary. Densities are com-

puted at the corresponding eutectic temperatures.
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of Earth’s mantle (TCMB), and after the likely decrease due to other
chemical elements on the solidus are taken into account, con-
sistent with the proposal that seismic ultra-low velocity zones
represent regions of partially molten mantle (Labrosse et al.,
2007; Williams and Garnero, 1996). Consistent with previous
analyses (Zhou and Miller, 1997), we find that the solidus of
enriched materials (X40.5) is substantially less than that of
primitive material, and will likely bracket the upper part of the
range of estimates for TCMB. The presence of relatively small scale
enriched mantle heterogeneities may therefore explain the obser-
vation that ultra-low velocity zones are relatively localized
(Williams and Garnero, 1996).

Analysis of solid-melt density contrasts indicate that partial
melts of both basalt and peridotite will be gravitationally stable
at the base of Earth’s mantle. In the Fe-free system, liquids of
eutectic composition are less dense than the isochemical solid
aggregate, but inclusion of appropriate concentrations of Fe
renders melts in both these systems negatively buoyant. These
findings are consistent with previous analyses of the melting of
perovskite (Stixrude and Karki, 2005), and are strengthened by
recent indications that changes in spin state of Fe in silicate melts
facilitates Fe partitioning into the liquid (Nomura et al., 2011).

Liquidus density contrasts relevant to a crystallizing pyrolytic
magma ocean show that newly crystallized perovskite will sink,
while periclase will float (Fig. 6). With perovskite enriched in
incompatible elements relative to ferropericlase, this contrast can
act as a vector for chemical differentiation. CaSiO3 perovskite is
about 4% denser than MgSiO3 perovskite (Stixrude and Lithgow-
Bertelloni, 2005), so that its additional affinity for incompatible
elements will enhance this divergence; only after significant frac-
tionation and enrichment of the liquid in iron will the remaining
liquid phase be dense enough for perovskite to float.

The density contrast between crystal and liquid is a funda-
mental parameter controlling the process of crystal settling in a
magma ocean. The fluid dynamics of this process are however still
poorly understood and it is unclear to what extent slowly sinking
crystals would gradually settle out or remain entrained in a
the background flow (Solomatov, 2007). Stokes settling velocities
determined from these density contrasts are between 10�2 and
10�6 m/s, depending on the crystal size and liquid viscosity (Karki
and Stixrude, 2010; Martin and Nokes, 1989; Sparks et al., 1984),
much smaller than plausible convective velocities associated with
a vigorously convecting magma ocean.
5. Conclusions

First principles molecular dynamics simulations based on density
functional theory is now capable of treating chemically rich systems
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with multiple stable phases and extensive solution. Our results on
the MgO–SiO2 join show bi-eutectic melting throughout the lower
mantle with a slightly lower eutectic temperature on the enriched
side. The eutectic compositions are remarkably stable with increas-
ing pressure and correspond closely to basaltic and peridotitic bulk
compositions. The simulations simultaneously and self-consistently
predict the density contrast between co-existing liquid and crystals.
At the mantle solidus, liquids are denser than co-existing solids,
providing a plausible explanation for the origin of ultra-low velocity
zones at the base of the mantle in terms of partial melt. At the
magma ocean liquidus, crystal buoyancy varies with phase, with
perovskites tending to sink and periclase tending to float. These
results place important constraints on the presence of melt at the
base of the present-day mantle and on the chemical evolution of the
putative magma ocean.
Appendix A. Supplementary material

Supplementary data associated with this article can be found in
the online version at http://dx.doi.org/10.1016/j.epsl.2012.11.026.
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S1 Details of FPMD SimulationsS1

The new intermediate compositions simulated are Mg5SiO7, Mg3Si2O7, MgSi2O5,S2

MgSi3O7, and MgSi5O11. Simulation cells have 78, 72, 72, 66, and 75 atoms, respec-S3

tively. These intermediate systems are initiated by removing and/or transformingS4

an appropriate number of atoms from either MgSiO3 or Mg2SiO4 and evolving theS5

resulting high energy configuration to a favorable state at 10000 K for at least 6000S6

time steps by FPMD; in all calculations in this work 1 time step = 1 femto second.S7

Results obtained in test simulations initiated using geometries generated by classi-S8

cal molecular dynamics runs of 1 nano second differed negligibly from the FPMDS9

production runs.S10

For compositions with no stable solid phases with which to compute the correctionS11

for the systematic overbinding in LDA, values are interpolated along the join using theS12

known values for MgO, Mg2SiO4, MgSiO3 and SiO2 (Figure S1; Karki and Stixrude,S13

2010; de Koker and Stixrude, 2009; de Koker et al., 2008; Karki et al., 2007, 2006;S14

Stixrude and Karki, 2005).S15

S2 Fundamental Thermodynamic RelationsS16

S2.1 Description of LiquidsS17

The liquid-state fundamental relation (LFTR) we use to model the thermodynamicsS18

of each simulated liquid composition was described in detail in de Koker and StixrudeS19

(2009). The relation uses the Helmholtz free energy as thermodynamic potential,S20

expressed as a function of its natural variablesS21

F (V, T ) = Fig(V, T ) + Fel(V, T ) + Fxs(V, T ), (S1)

by considering three separate contributions due to atomic momenta Fig(V, T ), elec-S22

tronic excitation Fel(V, T ), and bonding Fxs(V, T ), respectively.S23

Fxs(V, T ) is written as a two-dimensional expansion in terms of functions f(V )S24

(Eulerian finite strain) and θ(T ) about the reference volume and temperature V0 andS25

T0,S26

Fxs(V, T ) =

O′

f
∑

i=0

O′

θ
∑

j=0

aij

i!j!
f iθj; (S2)

S27

f =
1

2

[

(

V0

V

)
2

3

− 1

]

; θ =

[(

T

T0

)m

− 1

]

. (S3)
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Fel is given byS28

Fel(V, T ) = −ζ

[

1

2

(

T 2
− T 2

el

)

− TTel ln
T

Tel

]

, (S4)

which follows by integration of the electronic heat capacity for a conductor, modifiedS29

to account for the liquid being conductive only above Tel, with ζ the electronic heatS30

capacity coefficient. The volume dependence of ζ and Tel is described using powerS31

law relationsS32

ζ = ζ0

(

V

V0

)ξ

; Tel = Tel0

(

V

V0

)η

, (S5)

with ζ0, ξ, Tel0, and η free parameters to be determined.S33

Fig is the free energy of an ideal gas with a composition corresponding to that ofS34

the liquid (eg. Callen, 1985; McQuarrie, 1984)S35

Fig(V, T ) = −kBT
∑

i

Ni ln
eqi

Ni
, (S6)

with the partition functionS36

qi = V
(

mikB/2πh̄2
)3/2

, (S7)

with mi the atomic mass element i.S37

To obtain the level of accuracy in fitting of the LFTR to our FPMD resultsS38

required for considering the thermodynamics of mixing, we use second order tem-S39

perature fits (Oθ = 2). We find that MgO, Mg5SiO7, Mg2SiO4, Mg3Si2O7, MgSiO3,S40

MgSi2O5, and MgSi3O7 are well fit by a third order finite strain expansion (Of = 3),S41

while MgSi5O11 requires Of = 4, and SiO2 Of = 5, consistent with our previousS42

findings (de Koker and Stixrude, 2009). Fits for each composition are shown in Fig-S43

ures S2-S10, with thermodynamic properties at 0 GPa and 3000 K reported in TableS44

1 of the main text.S45

S2.2 Description of SolidsS46

Thermodynamics of FPMD solids are described using the anharmonic relation forS47

high T solids (SFTR) explained in de Koker and Stixrude (2009); for completenessS48

we briefly summarize it here. The Helmholtz free energy of the solid is written asS49

F (V, T ) = F (V0, T0) + Fcmp(V, T0) + Fth(V, T ), (S8)

with F (V0, T0) the free energy at reference volume V0 and temperature T0, Fcmp(V, T0)S50

the contribution due to isothermal compression, and Fth(V, T ) that due to isochoricS51

temperature differences relative to T0.S52
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Fcmp is expressed as an expansion in terms of the Eulerian finite strain (f) (Birch,S53

1952, 1978)S54

Fcmp = 9KT0V0

[

1

2
f2 +

1

6
a3f

3 + · · ·

]

, (S9)

a3 = 3
(

K ′
T0 − 4

)

, (S10)

V0, KT0, and K ′
T0 being the volume, bulk modulus, and its first pressure derivativeS55

at zero pressure and a reference temperature T0.S56

Fth is obtained by integration of the entropy asS57

Fth(V, T ) = −S0 [T − T0] − CV

[

T ln
T

T0
− [T − T0]

]

− CV [T − T0]

∫ V

V0

γ(V ′, T0)

V ′
dV ′,

(S11)

where S0 is the entropy at zero pressure and reference temperature, CV is the heatS58

capacity at volume V , assumed to be constant as a function of T though not con-S59

strained to a harmonic value of 3NkB, and γ is the Grüneisen parameter, describedS60

as (Stixrude and Lithgow-Bertelloni, 2005)S61

γ =
γ′
0 + (2γ′

0 + γ′
1) f + 2γ′

1f
2

3 (2 + 2γ′
0f + γ′

1f
2)

, (S12)

withS62

γ0 =
1

6
γ′
0; q0 =

γ′
1 + 2γ′

0 − γ′2
0

−3γ′
0

. (S13)

For MgO periclase, Mg2SiO4 forsterite, MgSiO3 perovskite, and SiO2 stishoviteS63

we use a third order finite strain expansion for Fcmp. Fits for each solid compositionS64

considered are shown in Figures S11-S14.S65

S3 Constraining Reference Entropy Values for Thermo-S66

dynamic Relations of Simulated PhasesS67

Complete description of the free energy in the liquid and solid fundamental relationsS68

requires the entropy at one reference point for each system to be known, i.e. 13S69

values of S0 have to be specified, 9 for liquids and 4 for solids. Our description ofS70

the thermodynamics of mixing (eq. 2) gives the total entropy along the binary atS71

constant P and T asS72

S = Y SSiO2
+ (1 − Y )SMgO + Sideal + W ′

AY 2(1 − Y ) + W ′
B(1 − Y )2Y, (S14)

withS73

Sideal = R[Y ln Y + (1 − Y ) ln(1 − Y )], (S15)
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S74

Y = X/(X + λ(1 − X)), (S16)
S75

W ′ = −(∂W/∂T )P . (S17)

Constraining S0 for the 9 liquid compositions therefore requires λ, W ′
A, W ′

B, SSiO2
,S76

and SMgO to be specified at a single chosen reference state, the P and T dependenceS77

of these quantities being fixed by our FPMD simulations. λ is determined fromS78

fitting to Hmix (Figure 1). W ′
A and W ′

B are constrained by optimizing with respectS79

to three invariant points on the MgO–SiO2 phase diagram (Figure S15) associatedS80

with the ambient pressure liquidi for periclase and forsterite together with the liquidS81

immiscibility field. The three invariant points are i) the critical temperature of liquidS82

immiscibility (T = 2250 K, X = 0.87; Hageman and Oonk, 1986), ii) the forsterite-S83

periclase eutectic (T = 2136 K; X = 0.30 Bowen and Andersen, 1914), and iii) theS84

forsterite-clinoenstatite peritectic (Tliquidus = 1830; X = 0.52 Bowen and Andersen,S85

1914). Values for SSiO2
and SMgO are chosen to optimize agreement with the availableS86

estimates of liquid entropy along the binary (Figure S16), obtained asS87

Sliq(T, P ) = Ssol(Tm, P ) + ∆Sm(P ) + ∆Sliq(Tm → T, P ), (S18)

where ∆Sliq(Tm → T, P ) = CP ln(T/Tm), and the subscript m indicates melting.S88

To constrain S0 values in the crystalline phases in a manner that is consistent withS89

the liquid entropies through their measured melting temperatures, we constrain theS90

crystalline S0 values by matching liquid Gibbs free energies at chosen experimentalS91

melting points. These fixed points are: 3070 K, 0 GPa for periclase (Riley, 1966);S92

2163 K, 0 GPa for forsterite (Bowen and Andersen, 1914); 2900 K, 25 GPa forS93

perovskite (Stixrude and Karki, 2005, and references therein); 3120 K, 14 GPa forS94

stishovite (Zhang et al., 1993; Shen and Lazor, 1995). Entropy values in our SFTRsS95

are therefore not directly constrained from calorimetry data; a comparison betweenS96

experimental entropy values and the values in our description is made in Table S1.S97

Our computed ambient pressure phase diagram agrees very well with the ex-S98

perimental data. The optimal Smix model gives the periclase-forsterite eutectic atS99

X = 0.31, T = 2136 K, and the forsterite-clinoenstatite peritectic at X = 0.52.S100

We further obtain the critical point of immiscibility at T = 2250 K, X = 0.92, al-S101

though our computed immiscibility field is narrower than the experimental curve.S102

We find that the shape of the computed immiscibility field is sensitive to Hmix, butS103

not to Smix. Using a different mixing model will not increase the width of the fieldS104

width, and the discrepancy likely results from the approximations made in treatingS105

the exchange-correlation energy at the first-principles level.S106
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S4 Estimating the Influence of FeOS107

We estimate the influence of the addition of FeO on our results asS108

µβ
α(X∗, Z) = µβ

α(X∗) + RT ln γβZ, (S19)

where µβ
α is the chemical potential of component α in phase β, γ is the activityS109

coefficient, and the compositional variablesS110

X∗ =
NSiO2

NSiO2
+ NMgO + NFeO

, (S20)

S111

Z =
NMgO

NMgO + NFeO
. (S21)

Motivated by the expectation that Fe will substitute primarily for Mg, we assumeS112

thatS113

µβ
α(X∗) = µβ

α(X), (S22)

whereS114

X =
NSiO2

NSiO2
+ NMgO

. (S23)

From our FPMD results, we know the first term on the right-hand side of eq. S19S115

for the components in the liquid phase (Lq), and for the solid phases stishovite (St)S116

(or seifertite), ferropericlase (Fp) and perovskite (Pv) for which µβ
α(X∗) is simply theS117

chemical potential of the pure end-member in the MgO-SiO2 system. We can thenS118

find the influence of the FeO component on the phase diagram by equating chemicalS119

potentials in coexisting phases. In order to specify the solution completely, we furtherS120

assume values of the Mg-Fe partition coefficients for the pairs liquid-ferropericlaseS121

and perovskite-ferropericlase. The system of equations to be solved is thenS122

µLq
MgO(X∗, Z) = µFp

MgO + RT ln
ZFp

ZLq
, (S24)

µLq
MgSiO3

(X∗, Z) = µPv
MgSiO3

+ RT ln
ZPv

ZLq
, (S25)

µLq
SiO2

(X∗, Z) = µPv
SiO2

, (S26)

KLq-Fp =
ZLq(1 − ZFp)

ZFp(1 − ZLq)
, (S27)

KPv-Fp =
ZPv(1 − ZFp)

ZFp(1 − ZPv)
, (S28)

where Kβ-δ is the Mg-Fe partition coefficient between phases β and δ, and we haveS123

further assumed that ratios of activity coefficients, e.g. γPv/γLq ≈ 1 because Mg-FeS124
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solution is found to be close to ideal in many silicate and oxide systems (eg. StixrudeS125

and Lithgow-Bertelloni, 2011, and references therein). For example, for a given valueS126

of temperature T and ZFp of the bulk system, we may solve eqs. S24 and S27 for X∗,S127

the silica fraction on the liquidus in the FeO-bearing system, along which ZLq = ZFp.S128
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TablesS198

Table S1: Entropy of FPMD simulated solid phases at the respective fixed melting points

used to constrain their free energy by matching to liquid values.

Periclase Forsterite Perovskite Stishovite

MgO Mg2SiO4 MgSiO3 SiO2

P (GPa) 0 0 25 14

T (Kelvin) 3070 2163 2900 3120

S (J/mol K) 145.3 (2) 440.7 (5) 306.0 (3) 163.5 (2)

Previous estimates 144 (1)† 419 (2)† 308 (2)‡ 178 (2)‡

† Robie and Hemingway (1995);

‡ Stixrude and Lithgow-Bertelloni (2011)
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Figure S1: Interpolation of the pressure correction for systematic overbinding of LDA from

phases for which it can be computed (red) to phases with no corresponding solid phases

(blue).
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Figure S2: FPMD results (circles) and LFTR fit (lines) for MgO liquid. Purple - 2000 K;

blue - 3000 K; green - 4000 K; yellow - 5000 K; orange - 6000 K; red - 7000 K; maroon -

10000 K.
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Figure S3: FPMD results (circles) and LFTR fit (lines) for Mg5SiO7 liquid. Purple - 2000

K; blue - 3000 K; green - 4000 K; red - 6000 K; maroon - 8000 K.
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Figure S4: FPMD results (circles) and LFTR fit (lines) for Mg2SiO4 liquid. Purple - 2000

K; blue - 3000 K; green - 4000 K; red - 6000 K.
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Figure S5: FPMD results (circles) and LFTR fit (lines) for Mg3Si2O7 liquid. Purple - 2000

K; blue - 3000 K; green - 4000 K; red - 6000 K.
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Figure S6: FPMD results (circles) and LFTR fit (lines) for MgSiO3 liquid. Purple - 2000

K; blue - 3000 K; green - 4000 K; red - 6000 K; maroon - 8000 K.
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Figure S7: FPMD results (circles) and LFTR fit (lines) for MgSi2O5 liquid. Purple - 2000

K; blue - 3000 K; green - 4000 K; red - 6000 K; maroon - 8000 K.
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Figure S8: FPMD results (circles) and LFTR fit (lines) for MgSi3O7 liquid. Purple - 2000

K; blue - 3000 K; green - 4000 K; red - 6000 K; maroon - 8000 K.
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Figure S9: FPMD results (circles) and LFTR fit (lines) for MgSi5O11 liquid. Purple - 2000

K; blue - 3000 K; green - 4000 K; yellow - 5000 K; red - 6000 K; maroon - 8000 K.
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Figure S10: FPMD results (circles) and LFTR fit (lines) for SiO2 liquid. Purple - 2000 K;

blue - 3000 K; green - 4000 K; yellow - 5000 K; orange - 6000 K; red - 7000 K.
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Figure S11: FPMD results (circles) and SFTR fit (lines) for MgO periclase. Purple - 2000

K; blue - 3000 K; green - 4000 K; yellow - 5000 K; red - 6000 K; maroon - 8000 K.

E
 (

k
J/

m
o

l)

P
 (

G
P

a)

−5000

−4800

−4600

−4400

35 40 45 50 55

−20

0

20

40

60

35 40 45 50 55

V (cm3/mol) V (cm3/mol)

Forsterite

Figure S12: FPMD results (circles) and SFTR fit (lines) for Mg2SiO4 forsterite. Grey -

1000 K; purple - 2000 K; blue - 3000 K.
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Figure S13: FPMD results (circles) and SFTR fit (lines) for MgSiO3 perovskite. Blue -

3000 K; green - 4000 K; red - 6000 K.
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Figure S14: FPMD results (circles) and SFTR fit (lines) for SiO2 stishovite. Purple - 2000

K; blue - 3000 K; green - 4000 K; yellow - 5000 K; red - 6000 K.
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