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Thermodynamics of the MgO-FeO-SiO, system up to
140 GPa: Application to the crystallization
of Earth’s magma ocean

C.-E. Boukaré', Y. Ricard’, and G. Fiquet?

TLaboratoire de Géologie de Lyon, Université de Lyon, CNRS UMR 5276, Lyon, France, 2|nstitut de Minéralogie, de Physique
des Matériaux et de Cosmochimie, Sorbonne Universités - Pierre et Marie Curie University, CNRS UMR 7590, Paris, France

Abstract At the end of Earth’s accretion and after the core-mantle segregation, the existence of a
basal magma ocean at the top of the core-mantle boundary (CMB) depends on the physical properties
of mantle materials at relevant pressure and temperature. Present-day deep mantle structures such as
ultralow-velocity zones and low-shear velocity provinces might be directly linked to the still ongoing
crystallization of a primordial magma ocean. We provide the first steps toward a self-consistent
thermodynamic model of magma ocean crystallization at high pressure. We build a solid-liquid
thermodynamic database for silicates in the MgO-FeO-SiO, system from 20 GPa to 140 GPa. We use
already published chemical potentials for solids, liquid MgO, and SiO,. We derive standard state chemical
potential for liquid FeO and mixing relations from various indirect observations. Using this database,

we compute the ternary phase diagram in the MgO-FeO-SiO, system as a function of temperature and
pressure. We confirm that the melt is lighter than the solid of same composition for all mantle conditions
but at thermodynamic equilibrium, the iron-rich liquid is denser than the solid in the deep mantle. We
compute a whole fractional crystallization sequence of the mantle and show that an iron-rich and fusible
layer should be left above the CMB at the end of the crystallization.

1. Introduction

In Hadean times, giant impactors of the size of the Moon may have significantly melted the early Earth
[Benz and Cameron, 1990; Tonks and Melosh, 1993; Weidenschilling et al., 1997]. The segregation of the core
was also likely associated with the melting of the deep mantle [Ricard et al., 2005]. Large low-shear velocity
provinces (LLSVPs) have been suggested to be indicative of chemical anomalies related to the crystallization
sequence of the mantle [Labrosse et al., 2007; McNamara and Zhong, 2005]. Currently, seismic observations of
ultralow-velocity zones (ULVZs) raise the question of the existence of partially molten regions in the present
lower mantle [Garnero et al., 1998]. The nature of mantle phases both at solidus and liquidus represents
therefore a key part in the understanding of the dynamics of the deep mantle.

One of the most important issue regarding the chemistry of the deep mantle is the partitioning of iron. Iron
playsindeed a key role in the buoyancy and in the elastic properties of mantle phases, thus affecting the inter-
pretation of seismic observations. In the last decade, a number of researchers have sought to determine the
iron partition coefficient between solid phases [Kobayashi et al., 2005; Murakami et al., 2005; Auzende et al.,
2008; Irifune et al., 2010]. Recently, iron partition measurements between melt and solid [Nomura et al., 2011;
Andraultetal., 2012; Tateno et al., 2014] revealed that iron goes preferentially into the melt. Moreover, Stixrude
and Karki [2005] and Stixrude et al. [2009] pointed out that silicate melt exhibits larger uncompressibilities that
solid mantle phases hence suggesting the occurrence of a solid-liquid density crossover at depth. Labrosse
et al. [2007] proposed a scenario of the deep mantle long-term evolution where fractional crystallization
generated a stable dense layer of melt at the base of the mantle whose relics are the present ULVZs.

Numerous studies have attempted to confirm the existence of a density inversion between crystal and
melt [Ohtani, 1983; Funamori and Sato, 2010; Thomas et al., 2012; Sanloup et al., 2013] which is a crucial
point in Labrosse et al.'s [2007] scenario. So far, however, there is no self-consistent description of silicate
melt crystallization at temperature and pressure relevant for the deep mantle. The effects of fractional
crystallization on crystal-melt density contrast are still poorly constrained.
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The aim of this study is to establish self-consistent phase relations in the solid-liquid ternary system
MgO-FeO-SiO,. Starting from standard state chemical potential of DeKoker et al. [2013], iron partition coeffi-
cient measurements between melt and solids [Nomura et al., 2011; Andrault et al., 2012] and the melting curve
of FeO [Fischer and Campbell, 2010], we build solid-liquid phase diagrams in the system MgO-FeO-SiO, up to
140 GPa. We then discuss a preliminary model of the crystallization of primordial Earth magma ocean.

2. Thermodynamic Model

We consider here eight species distributed in four phases, a liquid phase containing the oxides (MgO),,
(FeO),, and (SiO,), and three solid phases: a bridgmanite phase (perovskite structure with magnesium and
iron end-members, MgSiO; and FeSiO,), a ferropericlase phase (containing periclase (MgO), and wiistite
(Fe0),), and stishovite (SiO,),. The postperovskite phase [Murakami et al., 2004], only present at relatively low
temperature, should not appear at the melting conditions that we consider. MgSiO bridgmanite has indeed
been shown to be the solid at liquidus in experiments carried out on peridotite composition at 140 GPa
[Fiquet et al., 2010].

The determination of the phases and compositions present at given pressure P and temperature T conditions
can then be obtained by Gibbs minimization once the thermodynamic parameters and mixing properties of
all end-members are defined.

2.1. Reference Potentials

In this study, all solid standard state chemical potential are taken from Stixrude and Lithgow-Bertelloni [2005]
except for the equation of state of wiistite [Fischer et al., 2011] (the nonstoichiometry of (FeO); is neglected in
this study). We follow DeKoker et al. [2013] for liquid standard state chemical potential of (MgO), and (SiO,),.
The fifth-order equation of state of molten (SiO,), accounts for pressure-induced structural changes in silicate
melts [Sanloup et al., 2013; De Koker and Stixrude, 2009]. By comparison, the standard state chemical potential
of (Fe0), liquid is still poorly known.

2.2. Chemical Potential of Liquid FeO

Up to know, description from first principles of strongly electronic correlated material such as iron-rich
compounds remains challenging [Cococcioni and de Gironcoli, 2005]. We propose here to determine an
effective standard chemical potential for (FeO), starting from a relatively simple equation of state. Taking into
account the limited amount of observations available for (FeO),, we start from the Murnaghan expression

[Murnaghan, 1951]
_1
o140l (1)
p Kl

as the density p is mostly a function of the pressure P. In this equation, p, is the density at zero pressure, Kg is
the isothermal incompressibility at reference conditions, and n is an exponent of order 3. To account for the
minor effect of temperature T, we choose a linear correction:

p P\ "’
7°=<1+nﬁ> +AP)ay(T = Ty) )

0

where A(P) is a yet unknown nondimensional function of P and T, is the reference temperature at which
thermal expansivity is a,. We assume, as what is usually done with solid EOS [Anderson, 1979] that

1-q
opP p
(7)== (%) ®

where the exponent g, likely negative for fluids [Boehler and Ramakrishnan, 1980], controls the variations
of the Gruneisen parameter with density. This equation using (2) constrains A(P) and leads to the semi-
empirical EOS

_n+q

_1
Po P\" P\ "
D2=(1+n=) +(14+n= ap(T—T, )
’ ( KJ) ( KJ) o7
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The shape of this last equation is certainly arbitrary. With extensive laboratory data, we could have used a
more complex formalism [e.g., Ghiorso, 2004]. However, it is a simple, mathematically well behaved equation,
with only five parameters (p, aq, Kg, g, and n). We verified that this EOS gives a perfect fit to the densities that
DeKoker et al.[2013] computed for (MgO), from 0 to 140 GPa and for (SiO,), from 30 to 140 GPa (a more complex
EOS would be needed the fit of (SiO,), densities from 0 to 140 GPa). From the Maxwell relation a(1/p)/0T|, =
—aS /0P|, we can derive the pressure dependence of the entropy according to (4), and we choose as a general
entropy parametrization:

_a
K n
5=50+c0|ogT1+c1(T-To)+”;°—;(1+n%> 6
0 0 0

where S, is a reference entropy and where the heat capacity C, varies linearly with T, C, = C; + C,T. Finally,
we obtain an expression for the reference potential by using

du® = L dp—sdT ©)
p
which is

C
10 =Gy — So(T = Ty) = G, <Tlog <T10> —(T- T0)> - (T- To)’
q 11 (7)

a KT “h KT n
- 20 1+nﬂT (T-Ty) + —>— 1+nﬂr
wa \ K wn-D\ K

where G, is another integration constant.

2.3. Mixing Model
The chemical potential of each end-member i in a solid or liquid solution is given by

u; =’ +RTloga; 8

where g; is the activity. For simplicity, the solid solutions are considered here ideal with a; = Z;, where Z; is
the molar proportion of the Mg end-member in the ferropericlase or bridgmanite phases. We define n; as the
molar abundance of species i in the solid, and the proportions of Mg in the two solid solutions are therefore

Nmgo),
pr =
Nmgo), T N(Fe0), ©)
Nmgsios),
Z

pv =
Nimgsios), T N(resios),

The activities of the oxides in the liquid are more complex and expressed as a; = y,x;, where x; stands for the
molar proportions in the liquid phase

X1 = Xongo, = Nmgo),
Nwgoy + Nreo)y, T Nsioy),
X2 = Xreoy = o (10)
' Nwgoy, * Nreoy, + Nisioy),
Nsio,),
X3 = Xsioyy =

Nmgo), + Nre0), + Nsioy),

and where the nonideality coefficients y; are described using ternary Margules expansions [Spear, 1993;
Helffrich and Wood, 1989]. According to the scarcity of available activity measurements in the MgO-FeO-SiO,
liquid system, we assume a regular symmetric solution model although DeKoker et al. [2013] suggests that
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nonsymmetric Margules parameters might be slightly more appropriate in the MgO-SiO, system. We also con-
sider the mixing between (MgO), and (FeO), as ideal. With these assumptions, our mixing model must only
depend on two functions W,; and W,;:

RTlogy, =((1 = x))W;5 — x,Way3)x3
RTlogy, =(—x; W5 + (1 = x;)Wy3)x5 (11)
RT log y3 =(x, Wi3 + x,Wo3)(X; +X,)

The subscript “13” stands for (MgO),~(SiO,), and “23” for (FeO),-(SiO,),. Each Margules parameter is a function
of pressure and temperature. The Margules parameters for (Mg0),-(SiO,), can be fitted from DeKoker et al.
[2013]. For (Fe0),~(SiO,), we assume a simple case where,

Wy =Wy + Vi(P=Py) =S,(T—=Tp) (12)

with P, = 20 GPa and T, = 1500 K and where the excess volume and entropy, V; and S,, are constant.

2.4. Building a Self-Consistent Thermodynamic Database Using Experiments
2.4.1. Observations

In principle, the knowledge of the reference potentials and activities completely determines the behavior
upon melting. The (FeO), thermodynamic database is, however, largely uncertain and controlled in our model
by as much as 12 parameters (nine thermodynamic parameters for liquid FeO: Gy, So, Cy, C;, @, po, K, n,and g,
see (7), and three parameters for the mixing relation: W,, V;, and S;, see (12)). We constrain these parameters
using various observations:

1. The melting curve of wistite has been measured by Fischer and Campbell [2010]. This observation constrains
the reference potential of (FeO),, along the P(T) melting curve and its relative value with respect to

0
Hre),
0 ,. in the P-T space.

Hreo
2. T;1e density of liquid Fe,SiO, has been measured by Thomas et al. [2012] using shock wave experiments and
confirmed by molecular dynamics simulations of Ramo and Stixrude [2014]. This observation constrains the
EoS of (FeO),; and the Margules pressure derivative related to the mixing of (FeO), with (SiO,),, i.e., the excess
mixing volume.
3. The Mg/Fe partitioning between melt and bridgmanite

X1/%,
K,=————"— (13)
v va/(‘l - va)
has been measured by a number of experimentalists [Nomura et al., 2011; Tateno et al., 2014]. We use also
Mg/Fe partitioning coefficient between melt and ferropericlase measured up to 35 GPa [Katsura and Ito, 1996;
Ohtani et al., 1998; Nomura et al., 2011]
K. = X /X2 (1 4)
° pr/(‘I - pr)
The partitioning K, and K,,,, when both bridgmanite and ferropericlase coexist at chemical equilibrium, are
related to the Mg/Fe partitioning K, between the two solid phases,

_ pr/(1 _pr) _ &
Zpo! (1 _ZPV) Kip

The K, depends neither on the chemical potential nor on the mixing relations of liquids but only on the ther-
modynamic properties of the solid phases. According to our database, it decreases from 0.5 to less than 0.1
throughout the lower mantle. Experimentally (and in our simulations) the solid phase in equilibrium with the
melt is ferropericlase near the top of the lower mantle and bridgmanite above 30 GPa [/to et al., 2004; Fiquet
etal., 2010; Nomura et al., 2011; Tateno et al., 2014]. Therefore, near 30 GPa, K),, /Ky, should be of order of 0.4.

d (15)

So far, there has been little agreement on the experimental measurements of K, K, and K. Various issues
have been raised to explain the inconsistencies in the observed K;: differences of chemical analysis methods
(electron microprobe versus analytical transmission electron microscopy), changes in the iron oxydation state
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Table 1. Thermodynamic Properties of (MgO),, (SiO,),, and (FeO), at 3000 K and
Atmospheric Pressure

(FeO),
Parameters (MgO)2 (Si0,),2 (This Study)
M/ pg (cm3 mol™") 16.15 26.2 18.48
Kl (GPa) 37.68 16.24 30.19
ay (1072 K1) 9.12 47(12.1) 9.54
q -0.55 -22 -0.97
n 3.09 3.92 3.26
C,/nR 438 5.5 44

aDe Koker and Stixrude [2009].

[McCammon, 1997], transitions of the iron spin state [Badro et al., 2003; Auzende et al., 2008], and the presence
of aluminum [Murakami et al., 2005]. The presence of aluminum should indeed favor the incorporation of iron
into the bridgmanite. Since our thermodynamic model does not take into account aluminum, we try to match
the aluminum-free experiments.

It was also proposed that the differences between Al-free system (olivine-like) and Al-bearing system (pyrolitic
and chondritic) explained the variations in the observed K,,,. However, both Nomura et al. [2011] (in Al-free
systems) and Tateno et al. [2014] (in Al-bearing system) have observed similar Mg/Fe distributions between
melt and bridgmanite, as low as 0.08 at very high pressure (above 60 GPa). We show later that in a close system,
the compositions of the liquid and solid in equilibrium, and therefore, the computed Mg/Fe distributions
vary with the proportion of melt. As it is difficult from the published experimental values to know exactly
the proportion of liquid (and to know precisely the local temperature) we assume that the observed K,,, are
bracketed by the partitionings that we can compute at the onset of fusion and close to the liquidus.

The difference in the observed K, might be due to the fact that the observations are done at different condi-
tions between liquidus and solidus. Notice also that Andrault et al. [2012] reported partitioning values for iron
between solid and melt

D= Zre0/xy> (16)

i.e., the proportion of iron in the solid, Z,, (whatever the solid is ferropericlase, bridgmanite, or both) divided
by the proportion of iron in the liquid. Near the onset of crystallization, when the bridgmanite phase is at
equilibrium Z,, = (1-2,,),and D = K, (Z,,, /x;) must be larger than K,,, as there is more Mg in the solid than
in the melt (i.e., Z,, /x; > 1). Later during crystallization, solid oxides are formed, and as they are richer in iron
than bridgmanite, D increases furthermore compared to K,,,.. The differences between the values reported by
Andrault et al. [2012] and by Tateno et al. [2014] are only related to the differences in the definition of the iron
partitioning (D versus K,,,), and we will see that they both agree with our predictions.

Finally, we do not constrain our model by the solidus or liquidus that have been measured for peridotite [Fiquet
et al., 2010], chondrite [Andrault et al., 2011], and MORB [Andrault et al., 2014]. The composition of MORB is
indeed too far from the MgO-FeO-SiO, domain and cannot be used. Elements such as Al or Ca might have
significant effects on melting curves. Our calculated liquidus and solidus temperatures in the MgO-FeO-SiO,

Table 2. Mixing Parameters

W3

Parameters W,;_5? (This Study)

W, (k) mol=") -125 -452

V; (cm3 mol~") 0.088 0.19

S; UK~ mol™") 30.0 -

S, (1073 JK=2 mol~") 17.0 -

2DeKoker et al. [2013]; it includes a term in S,(T — T)2.
BOUKARE ET AL. THERMODYNAMICS OF EARTH DEEP MAGMA OCEAN 6089
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system are thus independent of experimen-
tal observations that we will use to check the

quality of our predictions a posteriori.
2.4.2. Parameter Selection

From this set of experimental measurements,
we can thus formulate an inverse problem in
order to extract the unknown thermodynam-
ical parameters of our model [Ghiorso et al.,
1983]. In this study, the inversion is achieved
by a generalized inverse method [Tarantola
and Valette, 1982].

Density (kg m™)

e : 3
‘660" 40 60 80 100 120  "CMB” .
Pressure (GPa) The thermodynamic parameters (G, Sq, Co,

Gy, @y, po, Ky, n, and q for (FeO); Wy, V,,
Figure 1. Densities of MgO, FeO, and SiO, computed along their

i ) - o and S, for the mixing relation) are the model
respective melting curve presented in Figure 2 (dashed for liquids, h The d d
solid for solids). The density of Fe,SiO, melt predicted by our parameters (the vector p) € ata' Yector 0
model (dashed purple) is computed using the volume contribution  €onsists of the values of (i) iron partition coef-
of the mixing relations (i.e., nonideal mixing model). The ficients between melt and bridgmanite, (ii)
predictions of Thomas et al. [2012] based on shock experiments are  jron partition coefficients between melt and
also depicted (purple dotted line). The shadings depicts the

f iclase, (i) th nsity of (Fe.Si
estimated uncertainties. erropericlase, (iii) the density of (Fe,SiO,),

and (iv) the chemical potential of wiistite on
its melting curve. We ensure that melt is sta-
. . . . 0 O O 0
ble above its melting curves and not below by imposing (”(FeO)S - ;4(Feo)l)/|;4(Feo)s - ”(FeO),l to be 1 above and
—1 below the melting curve.

The forward model g expresses the procedure of computing the data, d = g(p), from the parameters p of our
thermodynamic model. We determine the best set of parameters by minimizing the following misfit function:

M(p) = [dy = g(P)I'C; ; [do — g(P)] + [P = Pol‘C, ), [P = Po] (17)
Therefore, we try to fit the observations within their uncertainties (C, 4 is a diagonal matrix containing the
square of the data uncertainties), with parameters close to an a priori set within some uncertainties (Cppp, IS
diagonal matrix containing the square of the parameter uncertainties). Clearly this inversion problem is both
overdetermined (we cannot fit all the data together as they are often contradictory) and underdetermined
(some parameters are mostly controlled by their a priori values). The inverted parameters are, however, a
reasonable set of self-consistent values that can be derived from experiments. Corresponding uncertainties
can also be computed from the posteriori covariance matrix.

2.5. Results

8000 [ ‘ . — The minimum of the misfit (17) is attained
5 — k0 1 for the 12 parameters shown in Tables 1 and
7000p |\ E 2. It appears that adding higher orders of
< 6000f Margules parameters (e.g., in T2 or P?) does
L r not improve the fit.
=] L
§ 5000 -
ig v The molar volume of (FeO), is slightly larger
£ 4000L than that of (MgO), which is also the case
= ; when the properties of the solid counter-
3000¢ parts are considered [Mattern et al., 2005].
. e The Gruneisen g is negative which is nor-
"660" 40 60 80 100 120 "CMB" mal for fluids [Boehler and Ramakrishnan,
Pressure (GPa) 19801. The other parameters are predicted in

Figure 2. Melting curves of pure end-members MgO, SiO,, and between those for (Mg0), and (Si0,),.

Efo i;’r[t;(fotg‘?"}am 01?65 we use ;Eegarétr:eters ‘zf _Di.K"lfei :”d We show in Figure 1 the density of the solid

ixrude - The melting curve of FeO with uncertainties is the end-members (MgO),, (FeO),, and (SiO,)
result of our parameter inversion. It compares closely to the s s ] s
melting curve of Fischer and Campbell [2010] (blue thin line) that (green, blue, and red curves, respectively)
they extrapolated to the CMB (dashed blue line). compared to their associated liquids. These
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Partition Coefficient

[ | . I . I . | . ! L
"660" 40 60 80 100 120 "CMB"

Pressure (GPa)

Figure 3. Red: observations [Auzende et al., 2008; Kobayashi et al.,
2005] and predictions of K, (bridgmanite-ferropericlase Mg/Fe
partitioning). Green: observations [Ohtani et al., 1998; Nomura et al.,
2011] and prediction of K, (melt-ferropericlase Mg/Fe partitioning).
Blue: observations [Tateno et al., 2014; Nomura et al., 2011] and
prediction of K, (melt-bridgmanite Mg/Fe partitioning). The shadings
represent the possible variations of the partitioning from solidus to
liquidus. The solid phase in equilibrium with the melt is ferropericlase
below 30 GPa, bridgmanite above. The observations of K¢, above

30 GPa or of K, below 30 GPa would require to analyze the
composition of the solid. The orange squares and the associated
shading are the observations [Andrault et al., 2012] and prediction of
the ratio D between the iron proportions in

solid and liquid.

densities are computed along the melt-
ing curves (Figure 2) of the respective
species. De Koker and Stixrude [2009] have
reported that (MgO), and (SiO,), remain
less dense compared to their isochemi-
cal solids from the “660" discontinuity to
the core-mantle boundary. This latter is
consistent with the positive derivative of
the melting curve. Indeed, the sign of the
Clapeyron slope dT/dP = AV,_¢/AS,_s
is determined by the sign of liquid-solid
volume change AV,_g, assuming a pos-
itive liquid-solid entropy change AS,_s
[Funamori and Sato, 2010]. Therefore, it
seems unlikely that (FeO), could become
denser than its solid counterpart accord-
ing to the melting curve of wistite, and
this is indeed the case for our predictions
in Figure 1.

Our prediction for the density of (FeO),
(blue dashed line) is in good agree-
ment with recent calculations [Ramo and
Stixrude, 2014]. The blue shading depicts
the uncertainties that our inversion pre-

dicts. However, our liquid Fe,SiO, (purple
dashed line of Figure 2) remains significantly lighter that of Thomas et al. [2012] (purple dotted line) along
a 10 K GPa~! geotherm. This seems contradictory with the fact that along Hugoniot paths, the molecular
dynamics simulations of Ramo and Stixrude [2014] are said to be in good agreement with the shock experi-
ments of Thomas et al. [2012]. Even using large Margules, our model has difficulties in predicting a (Fe,SiO,),
with a density close to that of (FeO),. Other publications have already pointed out that shock experiments
seem difficult to interpret during phase transition [Wakabayashi et al., 2014].

The melting temperature of FeO (thick blue line in Figure 2) is in reasonable agreement with the observations
of Fischer and Campbell [2010] (based on experiments at pressures lower than 80 GPa, thin blue line, extrap-
olated to the core-mantle boundary (CMB), dashed blue line) but has a larger curvature with pressure. The
blue shading indicates the uncertainties that we estimate assuming that the chemical potential of (FeO); is
exactly known.

The various observed and predicted partitioning coefficients are reported in Figure 3 (green for K, blue for
K.,,, orange for D, and red for K;). The shadings represent the possible variations of the computed coefficients
between liquidus and solidus. The change of the phase appearing at liquidus, observed around 30 GPa for
peridotite and olivine composition [Ito et al., 2004; Fiquet et al., 2010; Nomura et al., 2011; Tateno et al., 20071
is indicated by a change in the shading intensity; Ki, cannot be measured at high pressure, and K,,, cannot
be measured at low pressure. The Mg/Fe distribution between melt and ferropericlase, K, (green), remains
about 1 in the lower mantle. Since the relation K; = K,,, /K, is verified in our model, this is consistent with
the fact that the experimental values of K, (red) are very closed those of K,,, (blue). Our model predicts that
Mg/Fe distribution between melt and bridgmanite, K, decreases from 0.35 at 20 GPa to 0.06 at 140 GPa.
Although a possible step as been suggested between 60 and 80 GPa [Tateno et al., 2014; Nomura et al., 2011],
our prediction is in rather good agreement with the experimental data according to the limited number of
chemical species of our model. The observations of D [Andrault et al., 2012] (orange) which are rather well
fitted do not evidence any discontinuity in K,,,. If a K,,, drop due to the iron spin crossover [Nomura etal., 2011]
or due to a change of the location of the A3+ from B-site to A-site in bridgmanite [Tateno et al., 2014] were

confirmed, a more detailed thermodynamic database would be necessary.

With our model, it does not seem possible to reconcile the melting curve of wistite and the Mg/Fe distribu-

tions K,,,, Kg,, and K, with the density of (Fe,SiO,), estimated from shock experiments. Liquid Fe,SiO, could be
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Figure 4. Binary joints in MgO-FeO-SiO, at 25 GPa. (a) MgO-SiO,
joint. We reproduce the two eutectics points predicted by DeKoker

% molar SiO2

et al. [2013]. Pyrolitic composition is very close to periclase-

bridgmanite eutectic, point A. (b) Mgg 7Feq 3-SiO; binary joint. This
binary joint corresponds to the Alkemade line of Mg/Fe ratio of 7/3

(see Figure 6). The point B depicts the melt composition at the

onset of fractional melting. (c) FeO-SiO, joint. We predict a eutectic
and a peritectic point. The point C depicts the melt composition at

the end of fractional crystallization.

made denser (i) by increasing the density
of (FeO), but this would flatten the Clapey-
ron slope of wistite and decrease its melting
temperature unrealistically or (ii) by adding
a negative mixing volume which would sta-
bilize the iron in the liquid phase at high
pressure, thus lowering drastically the Mg/Fe
distribution between melt and solids (typ-
ically below 0.001, much below what is
observed). In this study, we choose to respect
the wiistite melting curve and the Mg/Fe par-
titioning between melt and bridgmanite.
2.5.1. Ternary Phase Diagram

The ternary phase diagram in the system
MgO-FeO-SiO, is determined by solving
(18)-(20) which return, respectively, the lig-
uidus conditions depending on the incipient
solid phases at equilibrium: ferropericlase,
bridgmanite, and stishovite. For these three
scenarios, the solid-liquid thermodynamic
equilibrium can be written as follows:

1. Liquid in equilibrium with oxide.

ufmgo)s +RTlog(Z;,) =

0
”(Mgo)l + RT |09 (}/‘I X1 ) (_I 8)
+RTlog(1 - Z;,) =

+ RT log (7,X3)

0

HFe0),
0

Hreo),

2. Liquid in equilibrium with bridgmanite.

0 — ,,0
Himgsios), + RTIog(ZpV) = y(MgO)I+
RT log(y,x;) + ﬂ?aoz)‘ + RTlog (y3x3)
0 _ 0
Hgesio), T RTlog(1 - Z,,) = Hipeoy, T
RT log(y,%,) + ugioz)‘ + RTlog (y3x3)
(19)

3. Liquid in equilibrium with stishovite.
Mo, = Mo, + RTlog(rsx5)  (20)

where y? is the standard state chemical
potential of the pure end-memberjandy; the
activity coefficient of the species i.

Figure 4 depicts the phase diagrams com-
puted at low pressure (25 GPa) along the
binary joints MgO-SiO, (a), (Mg, ,Feg3)
0-Si0, (b), and FeO-SiO, (c). Our model,

see Figure 4a, reproduces the positions of the two eutectic points on the MgO-SiO, joint computed by
DeKoker et al. [2013]. For a pyrolitic SiO, content, crystallization of ferropericlase occurs very close to the
ferropericlase-bridgmanite eutectic. On the FeO-SiO, joint (Figure 4c), we predict a eutectic point with a
temperature very close to the melting temperature of FeO and a peritectic point near 35% molar SiO,. For the
intermediate composition (Figure 4b) we only report the liquidus. It is indeed confusing to discuss a ternary
diagram with solid solution using a binary representation; the solid which appears at liquidus is depleted in

BOUKARE ET AL.

THERMODYNAMICS OF EARTH DEEP MAGMA OCEAN

6092



@AG U Journal of Geophysical Research: Solid Earth

10.1002/2015JB011929

8000
7000
6000

5000

Temperature (K)

4000

3000,

Periclase+melt

Periclase+Mg-Bridgmanite

MELT

Pyrolite

Mg-Bridgmanite+melt

@

16000

Mg-Bridgmanite+Stishovite

14000

8000

0.2

0.4 0.6
%SiO,

0.8

7000
6000

5000/

Temperature (K)

4000

MELT

Bridgmanite+melt

(b)

Stishovite+melt

16000

15000

3000

| L |
0.4 0.6
% molar SiO2

8000
7000
6000

5000

Temperature (K)

4000

r Wustitetmelt

MELT

Stishovite+melt

16000
15000

14000

3000,

Wus‘lile + Stishovite

Figure 5. Same as Figure 4 but at 130 GPa. (a) MgO-SiO, joint. (b)
Mg 5Feq 5-SiO, binary joint. This binary joint corresponds to the
Alkemade line of Mg/Fe ratio of 1 (see Figure 6). The point E depicts
the melt composition at the onset of fractional melting. (c)
FeO-SiO, joint. At 130 GPa, we predict only one eutectic point. The

04 06
% molar SiO2

0.8

8000

17000

15000

Stishovite+melt -

13000

8000

17000

14000

13000

8000

17000

13000

point F depicts the melt composition at the end of fractional

crystallization.

iron and thus does not belong to the
(Mg, ;Fey3)O-SiO, joint as will be discussed
below.

Figure 5 is similar to Figure 4, but near CMB
pressure (130 GPa) and the middle diagram
(Figure 4b) are now along the binary joint
(Mg, sFey5)0-SiO,. The temperatures at lig-
uidus are now much higher than at low pres-
sure. We still predict two eutectic points on
the MgO-SiO, joint (Figure 4a) but only one
on the FeO-SiO, joint (Figure 4c).

The complete liquidus surfaces are depicted
in ternary phase diagrams in Figure 6 at the
low and high pressures in Figures 4 and 5.
The color indicates the phase that crystal-
lizes first (blue for ferropericlase, green for
bridgmanite, and red for stishovite). The con-
tour lines indicate the temperature. At low
pressure, eutectics on the MgO-SiO, joint are
connected to eutectics on the FeO-SiO, joint
by two cotectic valleys. These two cotectic
valleys merge at high pressure to form a sin-
gle eutectic on the FeO-SiO, joint. The two
dotted lines correspond to the cross sections
plotted in Figures 4b and 5b (such straight
lines reaching the submit of a ternary dia-
gram are called Alkemade lines).

An important feature of these phase dia-
grams is that the liquidus temperature
decreases with the iron content (near the
CMB, the minimum of liquidus, (4) in Figure 5,
is, however, not exactly located along the
FeO-SiO, joint). Evidently, this was expected
from the low melting temperature of FeO
compared to the other end-members. Since
liquid composition evolves on these equi-
librium surfaces during crystallization in the
direction of the minima, our model confirms
that magma are enriched in iron during

crystallization.
2.5.2. Magma Crystallization Sequences

We can now use the phase diagram in the
ternary system MgO-FeO-SiO, to compute
crystallization sequences (fractional crystal-
lization) of a deep magma ocean. We can

divide a crystallization sequence into several parts: (i) a first solid appears at liquidus which modifies the liquid
composition since the crystallization proceeds incongruently. The liquid composition evolves on the liquidus
surface. (ii) As soon as the composition of the liquid reaches a cotectic, two solid phases crystallize simulta-
neously while the liquid evolves following the cotectic valley. And (iii) a global minimum is reached, and the
rest of the solid crystallizes.

Note that this fractional crystallization sequence assumes that the new solid which is formed is in chemical
equilibrium with the liquid. As the liquid composition evolves, the composition of the newly formed solid
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MgO must also evolves. The total solid that

(a) has been formed since the beginning of
crystallization contains therefore compo-
sitional gradients. Its bulk composition
must be distinguished from that of the
solid at equilibrium. Compositional gradi-

Sio, ents can be maintained because diffusion
time in solids is much longer than that of
crystallization.

Mg, ;Fe, ;0

We plot in Figure 7 our prediction for the

crystallization sequence at 130 GPa of a

pyrolitic composition. The crystallization

MgO follows the yellow line in Figure 6b with a

(b) starting pyrolitic composition (point M in

Figure 6b) very close to the cotectic. Bridg-

manite is the solid appearing at liquidus

(the composition of the solid at equi-

librium, Figure 7c), shows clearly a first

Sio, sequence at ~4700 K, where solids close

to pure Mg-bridgmanite are formed.

The liquid enriched in (FeO), (Figure 7b)

reaches rapidly the cotectic where fer-

ropericlase (blue) and bridgmanite (green)

FeO are formed simultaneously (the propor-

Figure 6. Ternary phase diagram in this system MgO-FeO-SiO, at (a) tion of the Fe and Mg end-members is

25 GPa and (b) 130 GPa. Blue: ferropericlase crystallizes first. Green: depicted separately, but the two phases

bridgmanite crystallizes first. Red: stishovite crystallizes first. The are solid solutions). The bridgmanite that
thinner black lines are isotherms. The stars A-F correspond to the

points in Figures 4 and 5. The Alkemade lines associated to the binary
joints in Figures 4b and 5b are depicted in black dashed line. The

melting path, starting from M (pyrolitic composition), is discussed later K, &1 to bridgmanite K,, ~0.1). The iron

(see Figure 7). content of the liquid phase is maximum

in point G, see Figure 6. The end of crys-
tallization of a very Fe rich liquid occurs at 3400 K. Most of the crystallization is achieved, however, within a
few hundred degrees (Figure 7a). The bulk solid formed since the beginning of crystallization has a rather

constant composition, 70% bridgmanite and 30% ferropericlase (Figure 7d).

2.5.3. Remarks on Mantle Melting

Note that the compositional paths and temperatures followed during mantle melting (fractional melting) are
very different from those previously computed during fractional crystallization. During fractional crystalliza-
tion, the last drop of liquid to crystallize contains basically no Mg and solidifies at very low temperature. For
example, at 130 GPa, crystallization starts at 4800 K (point D in Figures 5a and 6b, neglecting the minor effect
of a few % Fe) and ends up at 3400 K (point F in Figures 5c and 6b, neglecting this time, the minor effect of
a few % Mg), i.e., occurs across a range of 1400 K. On the contrary, during the melting of the solid mantle,
the first liquid that appears is moderately enriched in iron with a Mg/Fe ratio close to 1 (obtained again from
equations (18) and (19), but solving for the melt composition, x;, when the solid compositions, Z;, and Z,,,,
are known). This composition (see point E on the Alkemade line in Figures 5b and 6b) melts near 4300 K. The
ongoing melting depletes the remaining solid in iron, and the last solid melts at a temperature of order 4800 K
(near the point D in Figures 5a and 6b). The fractional melting at 130 GPa occurs therefore over a range of only
500 K. Similarly, at low pressure, 25 GPa, fractional crystallization starts near A and ends near C (see Figures 4
and 6a), with a temperature range of 750 K, but fractional melting starts with a first liquid drop with compo-
sition Mg/Fe ratio of ~7/3 (point B on the Alkemade line in Figures 4b and 6a) and ends again near A, with
a temperature range of only ~100 K. Since experimentalists proceed by increasing temperature until they
observe melt, their solidus should correspond to the onset of fractional melting and be within a few hundreds
Kelvin of the liquidus.

FeO

Mg, sFe, 50

crystallizes contains much less iron than
the oxides (as iron prefers ferropericlase
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Figure 7. Crystallization sequence at 130 GPa of melt with pyrolitic composition: 53% MgO, 6% FeO, and 41% SiO,.
The crystallization path is depicted in yellow in Figure 5starting at M. (a) Liquid fraction, (b) melt composition,

(c) composition of the solid at equilibrium, and (d) composition of the bulk solid. The vertical lines correspond to
points D-F in Figure 5.

3. Application to the Crystallization of Earth’s Mantle

3.1. Solidus and Liquidus of the Mantle

We show in Figure 8 the melting curves computed for a bulk pyrolitic composition and the experimental
melting curves of peridotite [Fiquet et al., 2010], chondrite [Andrault et al., 2011], and mid-ocean ridge basalt
(MORB) [Andrault et al., 2014]. The liquidus of a pyrolitic mantle is close to the eutectic temperatures proposed
by Liebske and Frost [2012] for a mantle without iron. Our computed liquidus does not integrate highly refrac-
tory elements such as aluminum or calcium which may explain the higher liquidus of Fiquet et al. [2010]. On
the contrary, it seems difficult to explain the low liquidus of Andrault et al. [2011]. According to our model,
the end of fractional crystallization occurs at the minimum of the liquidus surface for a Mg-free liquid. This
temperature (blue line with uncertainties related to those of M?FeO)|) should therefore be always lower than
the melting temperature of pure FeO (black line). During fractional melting, the onset of melting for a man-
tle composition (green line) is close to the liquidus, as proposed by Liebske and Frost [2012]. Experimental
observations of solidus are in between the blue and green curves and should approach one of these curves
depending on whether the experiment is sensible to the last or to the first drop of liquid. As experimentalists
detect the onset of melting, their solidus should therefore correspond to our green line or plot slightly above
(as it is difficult to measure a very low fraction of melt in high-pressure experiments). It is therefore surprising
that such alarge temperature range between
liquidus and solidus is estimated in these
experimental reports. As far as crystallization
of the mantle is concerned, the blue line is,
however, the relevant calculation.

5500 —— Our Liquidus j ! T

— Our Solidus - Fractional crystallization
5000 | — Our Solidus - Fractional melting
— FeO (This model)

4500 F
4000 f
F 3.2. Gravitational Equilibrium Versus

Thermochemical Equilibrium
In this paper, we assess self-consistently the
O peridotite (Fiquet el al., 2010) ] f : : i
o thondrite Gandrmtetal 201 ] effect of the two major contributions of solid
A MORB (Andraultetal, 2014) liquid density contrast, largely discussed dur-
O pyrolite (Nomura et al., 2014) 1
ing the past 30 years: (i) silicate melt have

3500

Temperature (K)
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" | P
"660" 40 60 80 100 120 "CMB"
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Figure 8. We show here our computed liquidus (red) and solidus
(fractional melting in green and fractional crystallization in blue)
curves compared to the results of Andrault et al. [2011, 2014],
Nomura et al. [2014], and Fiquet et al. [2010].

higher compressibility than their solid coun-
terparts [Rigden et al., 1984], and (ii) melt is
enriched in iron due to the low values (< 1)
of the liquid-solid Mg/Fe partitioning coeffi-
cients [Ohtani, 1983].
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Figure 9. Densities of melt and solid depending on the solid fraction
(0% or incipient crystallization, red, and 90%, blue). The initial melt is
composed of 53% mol of MgO, 6% mol of FeO, and 41% mol of SiO,.
The melt (dashed red) is in equilibrium with the new formed crystal
(solid red). As crystallization proceeds, the Fe-rich remaining liquid
becomes very dense (dashed blue) and much denser than the solid at
equilibrium (solid blue). The black dashed line represents the density
of the total solid, at the end of the crystallization. The thin vertical lines
indicate the pressures at which the liquid becomes denser than the
solid at equilibrium.

We reportin Figure 9 the densities of both
solid and liquid at thermochemical equi-
librium for different degrees of crystal-
lization as function of pressure. We also
show the density of the total solid (solid
black) at the end of the crystallization
which does not differ significantly from
the solid that appears at liquidus (solid
red). Previous studies [Stixrude and Karki,
2005; Mosenfelder et al., 2007, 2009] have
revealed that Fe-free melt remains nega-
tively buoyant compared to bridgmanite
(or postperovskite) up to the CMB. The
present study supports the fact that a
pyrolitic melt containing iron (dashed red
in Figure 9) is also lighter than its iso-
chemical solid (solid black) as proposed
by Thomas et al.[2012]. Nevertheless, if we
consider thermochemical equilibrium at
the onset of crystallization, the densities
of melt (dashed red) and solid (solid red)
cross over at 88 GPa because solid bridg-
manite is depleted in iron compared to

the melt. Additionally, we also show in Figure 9 that the density crossover moves rapidly to lower pressures
as crystallization proceeds (25 GPa for 10% residual melt, blue). The solid at equilibrium when only 10% of
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Figure 10. Deep mantle at the onset of crystallization. (a) Imposed geotherm (orange), liquidus of the liquid (solid red)
and of the solid (dashed red), and solidus (blue). (b) Melt fraction. (c) FeO molar fraction in the solid (dashed red) and in
the liquid (solid red). MgO molar fraction in the solid (dashed blue) and in the liquid (dashed blue). (d) Melt density
(green) and bulk solid density (brown). (e) Mineralogical composition of the solid mantle.
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Figure 11. Same as Figure 10 during crystallization.

the liquid remains (solid blue) is also significantly denser than the first solid that had crystallized (solid red).
However, the density of the bulk solid formed during crystallization is rather constant, evolving from the solid
red line to the solid black line.

It may be possible that melts including aluminum and calcium become denser than their isochemical solids
near the CMB [Sanloup et al., 2013; Asimow and Ahrens, 2010]. Nevertheless, in the MgO-FeO-SiO, system, we
predict that iron partitioning is already sufficient to generate a density crossover at midmantle depth at the
onset of crystallization.

3.3. Deep Earth Evolution at Thermochemical Equilibrium

We present here a preliminary mantle crystallization model which partially accounts for chemical differentia-
tion. In this numerical experiment, crystals do not move depending on their density because no mechanical
model of compaction, percolation, or convection has been implemented. Therefore, our assumption is that
the solids remain in place, at the depth where they have been formed without sinking or rising. On the con-
trary, the magma is homogenized due to an expected vigorous convective regime in the liquid mantle and
by percolation through the solid phase. As our simulation implies that a shallow magma ocean and a basal
magma ocean are both formed, we separately homogenize the liquid phase in these two reservoirs when they
are isolated by a solid shell. We assume that the planet cools while keeping a geotherm with a constant slope
of 1 K km™', corresponding roughly to an adiabatic gradient in the molten phase. In the present work, our
simulations do not model the mantle crystallization coupled with proper thermal evolution [Labrosse et al.,
2007]. We are aware of the unphysical nature of this temperature profile and evolution, but we think that with-
out a complex two-phase convection model, it would be unrealistic to try to parametrize the evolution of the
temperature gradients including thermal boundary layers building up near the solid-liquid interfaces, nona-
diabatic compacting zones and a mechanically unstable density profile. We thus model here only the mantle
thermochemical response to temperature changes.

Figures 10-12 depict mantle depth profiles at the onset of crystallization, during solidification and close to
the end of crystallization, respectively. In this simulation, we report, (Figures 10a, 11a, and 12a) the imposed
temperature (orange), the liquidus (red), and the solidus (blue). We distinguish the liquidus associated with
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Figure 12. Same as Figure 10 but near the end of the crystallization.

the liquid composition (solid red) from that of the solid that has been formed (dotted red), (Figures 10a, 11a,
and 12b) the liquid fraction at a given depth, (Figures 10c, 11¢, and 12¢) the iron and magnesium content
of both melt and bulk solid, (Figures 10d, 11d, and 12d) the densities of melt (green) and bulk solid mantle
(brown), and (Figures 10e, 11e, and 12e) the mineralogical composition of the solid mantle.

We predict that mantle crystallization starts at midmantle (~ 60 GPa) (Figure 10). The first crystals are slightly
denser than the liquid but are formed around the solid-liquid density inversion (Figure 10d). The first solid,
depleted in Fe, is close to pure magnesium bridgmanite (Figure 10e). The crystallization front moves upward
and downward and increases the iron content of the fluid phase. An upper magma ocean and a basal magma
ocean are rapidly isolated by a solid shell (Figure 11).

In the upper magma ocean, crystallization proceeds upward from the bottom (solid is denser than melt)
whereas the basal magma ocean undergoes a crystallization from its top (solid is lighter than melt) (see
Figure 11d). The solid which is formed contains now bridgmanite and ferropericlase (Figure 11e).In Figure 11a,
a close attention to the liquidus (solid red) indicates a slight decrease in temperature (compare to Figure 10)
due to the antifreeze effect associated with the addition of iron. The liquidus associated with the mantle that
has already crystallized (red dashed) is higher than the initial liquidus as its composition is depleted in iron.

We show in Figure 12 the mantle near the end of the crystallization. The density stratification (Figure 12d) is
stable in the lower mantle butinstable in the upper mantle suggesting the possibility of a shallow mantle over-
turn similar to that proposed by Elkins-Tanton et al. [2005] for Mars (notice, however, that Mars is richer in iron
and that our model does not include upper mantle phases). The chemical compositions and the mineralogical
species are not homogeneous in the mantle (Figure 12e). In the deepest mantle, the composition becomes
gravitationally stable, dominated by simple oxides and enriched in iron as depth increases. An important
melt fraction remains in the lowermost mantle (Figure 12b). The thermodynamic model confirms here that
the incorporation of iron in the lower mantle stabilizes a basal melt layer. The incorporation of iron in the
basal magma is achieved by mixing the iron-rich residual melt located at the solid-liquid interface with the
rest of the fluid below. As the liquidus temperature decreases with the iron content, this delays furthermore
the crystallization (an antifreeze effect): in Figure 12a, the liquidus temperature of the melt follows closely
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the imposed geotherm and is 3750 K which corresponds roughly to the eutectic temperature of FeO-SiO,
joint (see Figure 5c¢). These two effects act both in favor of the stabilization of stable melt layer at the base of
the mantle.

In the CMB region, the iron contents of both melt and solid mantle predicted by our model are very high
(see Figure 11c¢). It is tempting to interpret this dense mantle with the large low-shear velocity provinces
(LLSVPs) and the iron-rich melt as the ultralow-velocity zones (ULVZ). Nonetheless, it seems difficult to explain
the large radial extension of the LLSVP [Ni et al., 2002]. A too large compositional density difference, much
larger than the available thermal density variation, should rather favor a horizontal stratification [Garnero and
McNamara, 2008].

4, Conclusion

The paper proposes a complete thermodynamic model of the solid-liquid equilibrium in the MgO-FeO-SiO,
system. It synthesizes various kinds of data (observed and computed equations of state, melting curves, and
Mg/Fe partitioning). In particular, the large scatter of the measurements of partitioning might largely be due
to the fact that these ratios evolve significantly as a function of the degree of melting. Observations that might
have seemed contradictory (e.g., the observations of Andrault et al. [2012] compared to those of Nomura et al.
[2011] and Tateno et al. [2014]) can be reconciled.

The present study confirms previous findings that at similar compositions, melts are lighter than solids
throughout the mantle. However, at thermodynamic equilibrium, the first solids that crystallize in the deep
mantle are lighter than the liquid as they are more Mg rich. This further enriches the melt in iron, and this
residual melt becomes much denser than the solid phase. Both the antifreeze effect of iron and its high den-
sity suggest a mantle crystallization scenario similar to that described in Labrosse et al. [2007] where the ULVZ
are iron rich and very fusible remnants of a primordial basal ocean.

The present thermodynamical model offers new insights toward self-consistent models of the terrestrial
magma ocean crystallization. The limits of our approach are due partly to the limited number of cations that
we have considered (e.g., no Al or Ca are included) and to the iron spin transition that we have neglected.
The postperovskite has also been neglected but should not appear at the large temperatures that we have
considered. A more serious limit is the absence of coupling between the thermodynamic and mechanical con-
ditions. Coupling together the thermodynamic model with the convective and multiphase dynamics remains
a formidable task, but most of the ingredients are now separately available.
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