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Abstract

Intrinsic and extrinsic stability of the (Mg,Fe)O solid mixture in the Fe-Mg-Si-O system at high P, T conditions relevant to
the Earth’s mantle is investigated by the combination of quantum mechanical calculations (Hartree- 26 Fock/DFT hybrid
scheme), cluster expansion techniques and statistical thermodynamics. Iron in the (Mg,Fe)O binary mixture is assumed to
be either in the low spin (LS) or in the high spin (HS) state. Un-mixing at solid state is observed only for the LS condition
in the 23–42 GPa pressure range, whereas HS does not give rise to un-mixing. LS (Mg,Fe)O un-mixings are shown to be able
to incorporate iron by subsolidus reactions with a reservoir of a virtual bridgmanite composition, for a maximum total enrich-
ment of �0.22 FeO. At very high P (up to 130/3150 GPa/K), a predominant (�0.7 phase proportion), iron-rich Fe-periclase
mixture (Mg0.50Fe0.50)O is formed, and it coexists, at constrained phase composition conditions, with two iron-poor assem-
blages [(Mg0.90Fe0.10)O and (Mg0.825Fe0.175)O]. These theoretical results agree with the compositional variability and fre-
quency of occurrence observed in lower mantle Fe-periclase from diamond inclusions and from HP-HT synthesis
products. The density difference among the Fe-periclase phases increases up to �10%, between 24 and 130 GPa. The calcu-
lated bulk Fe/Mg partitioning coefficient between the bridgmanite reservoir and Fe-periclase, Kd, is 0.64 at 24 GPa; it then
drops to 0.19 at 80 GPa, and becomes quasi-invariant (0.18–0.16) in the lowermost portion of the Earth’s mantle (�80–
130 GPa). These Kd-values represent an approximate estimate for the Fe/Mg-partitioning between actual bridgmanite and
Fe-periclase. Consequently, our Kd-values agree with experimental measurements and theoretical determinations, hinting
that iron preferentially dissolves in periclase with respect to all the other iron-bearing phases of the lower mantle. The con-
tinuous change up to 80 GPa (�2000 km depth) of the products (compositions and phase proportions) over the MgO-FeO
binary causes geochemical heterogeneities throughout the lower mantle, but it does not give rise to any sharp discontinuity.
In this view, anomalies like the ULVZs, explained with a local and abrupt change of density, do not seem primarily ascribable
to the mixing behavior and reactivity of (Mg,Fe)O at subsolidus.
� 2017 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

1.1. (Mg,Fe)O-system

The Earth’s lower mantle is home to some of the most
fascinating problems related to the interior of our planet,
ranging from sharp discontinuity to anisotropy and unre-
solved geochemical processes, i.e. origins of mantle plumes,
segregation of dense sub-ducted slab components, residual
of core formation processes and core/mantle chemical
exchange (Albarede and van der Hilst, 2002).

All the Earth Reference models (e.g. PREM and
AK135; Dziewonski and Anderson, 1981; Kennett et al.,
1995), which are designed to match whole Earth mechanical
properties and astrophysical data, agree to indicate Fe-
periclase and (Mg,Fe)-perovskite (bridgmanite) as the main
phases of the lower mantle bulk phase-composition.
Therefore, the reactions involving the subsolidus MgO-
FeO system (i.e. Fe-periclase phase) provide a relevant con-
tribution to the general geochemical behaviour of the lower
mantle. Seismic anomalies are associated to geochemical
discontinuities, such as those of the D00-layer (Lay and
Helmberger, 1983; Sidorin et al., 1999; Kaneshima and
Helffrich, 1999; Murakami et al., 2012) and ULVZs
(McNamara et al., 2010), in the lowermost portion of the
Earth’s mantle. Geochemical perturbations in this region
are ascribed to diverse possible causes, some of which are
related to the Fe content and its distribution in the lower
mantle phases, i.e.: (i) high-to-low spin state transition of
iron in Fe-periclase (Dobson and Brodholt, 2005; Mao
et al., 2006; Lin et al., 2013; Zhang et al., 2016); (ii) appear-
ance of new phases, e.g. a post-perovskite, Fe-segregation
in iron-bearing phases, Si-Mg-Fe melts and partially molten
systems (Trampert et al., 2004; Murakami et al., 2005, 2012;
da Silva et al., 2000; Karki et al., 2001; Wentzcovitch et al.,
2004; Garnero, 2004; Lay et al., 2004; Nomura et al., 2011;
Andrault et al., 2011; Thorne et al., 2013; Zhang et al.,
2016).

Although the (Mg,Fe)O solid mixture at high pressure
and high temperature conditions (HP-HT) has been largely
investigated (e.g.: Vassiliou and Ahrens, 1982; Richet et al.,
1989; Fei et al., 1992; Dubrovinsky et al., 2000, 2001; Kung
et al., 2002; Jacobsen et al., 2004; Zhang and Kostak, 2002;
van Westrenen et al., 2005; Jackson et al., 2006; Lin et al.,
2009), several questions are still open, i.e. the un-mixing
process and the highest allowed Fe content in the lower
mantle Fe-periclase. Some authors (e.g.: Lin et al., 2003;
Ohta et al., 2014) do not observe un-mixing of (Mg,Fe)O
in static compression experiments, whereas others
(Dubrovinsky et al., 2000, 2001) report a gradual formation
of magnesium-rich and iron-rich oxide phases from (Mg,
Fe)O at P and T above 80 GPa and about 1000 K, respec-
tively. In addition, Fe-periclase obtained by HP-HT Fe/Mg
partitioning experiments from a starting material bearing
0.1–0.3 FeO (Auzende et al., 2008; Sinmyo et al., 2008;
Nakajima et al., 2012; Prescher et al., 2014) shows a wide
compositional range (0.088–0.487 FeO) with respect to
the coexisting (Mg,Fe)-perovskite (0.026–0.161 FeO). These
results are in keeping with observations of lower mantle Fe-
periclase findings (�0.15–0.70 FeO) that occur as inclusions
in diamonds (Kaminsky, 2012 and reference therein). It is
worth noting that �0.3–0.5 FeO natural compositions
(Kaminski, 2012) have a relevant statistical occurrence (55
out of 230 samples), whereas Mg-wüstite (0.5–0.7 FeO) is
rarely observed (6 out of 230 samples). Such a variety, in
terms of Fe-periclase compositions, is difficult to be
explained in the frame of the extant experimental works
on un-mixing processes (i.e. Ohta et al., 2014 and reference
therein). All this has led some authors (Javoy et al., 2010;
Kaminsky, 2012) to ultimately invoke a different reference
Earth model (enstatite/chondrite versus pyrolite) to account
for the bulk lower mantle composition (Badro et al., 2003;
Mao et al., 2006; Matas et al., 2007; Irifune et al., 2010).

In this work the miscibility of (Mg,Fe)O and possible
disequilibrium reactions with a reservoir, which comple-
ments the Fe-periclase in the formation of the bulk lower
mantle, are investigated and the results of our study are
compared with observations.

The bulk lower mantle was split into two different
geothermal regions: the lower mantle (LM) and the lower-
most lower mantle (LLM). LM accounts for the mantle
region well below the transition zone (>23 GPa;
>700 km) and above the perturbed D00-layer, and exhibits
relatively smooth trends of seismic profiles. In this view,
LM can be considered as a seismically and chemically
homogeneous lower mantle portion, along a given model
geotherm. LLM, in turn, refers to the lowermost region
of the Earth’s mantle (>80 GPa; >2000 km), where devia-
tions in the seismic profiles suggest changes of the P-T
regime and phase composition, with respect to LM’s. LM
and LLM are assumed to be undistinguishable in terms of
bulk geochemical model.

1.2. Deviations from ideality

The present modelling aims to provide a global view of
the Fe-periclase compositional trend that stabilises along a
chosen geotherm. In order to achieve this, some simplifica-
tions were inevitably introduced.

First, the effects of plastic deformation were neglected.
In the Fe-periclase/bridgmanite system, the former is sup-
posed to accommodate most of the plastic deformation,
which develops through dislocation creeps (Madi et al.,
2005). However, much uncertainty still exists about the
actual mechanism driving such a phenomenon, its relation
to composition and its occurrence throughout the lower
mantle (Tommaseo et al., 2006; Cordier et al., 2012;
Girard et al., 2016; Reali et al., 2017). Van Orman et al.
(2003) observed that the occurrence of dislocations in Al-
doped MgO does not seem to extensively affect cation diffu-
sion. This suggests that dislocations modestly influence the
octahedral-site force field in periclase, which still preserves
its crystal structure and is affected by plastic deformation
processes (see the authors quoted above). An approximate
estimate of the ratio between energy due to ‘‘dislocations”
(i.e. ½ Gshear modulus � bBurgers vector

2 � qdislocation density � V)
and elastic energy of ‘‘hydrostatic deformation” (i.e. P �
(V � V

0
)) gives a value of �10�3, using the periclase’s elas-

tic constants and dislocation density from Zha et al. (2000)
and Miyajima et al. (2014), respectively. Given that the
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deformation energy is mostly due to its hydrostatic/elastic
contribution we think it reasonable to neglect the disloca-
tion effects.

Another important simplification was to ignore ferric
iron. First of all, lower mantle ferric iron is experimentally
predicted to preferentially enter bridgmanite (Kurnosov
et al. (2017); Frost and Myhill, 2016. In addition, Fe3+ is
theoretically associated to the appearance of vacancies in
non-stoichiometric wüstite and (Mg,Fe)O (Otsuka et al.,
2010; Wdowik et al., 2015). Measured iron in Fe-periclase
and bridgmanite, both coexisting as inclusions in lower-
mantle diamonds (Kaminsky and Lin (2017), reveals that
Fe3+ un-mixes from periclase lattice, giving rise to clusters
of (Mg1+xFe

3+
2-x)O4-x/2. The iron related to Fe-periclase

and un-mixed clusters is inferred to be Fe3+/RFe 8–12
at%. Given that most iron content values in natural (Mg,
Fe)O do not exceed 0.5 FeO (Harte, 2010; Kaminsky,
2012), the vacancy generation effect induced by ferric iron
can therefore be assumed negligible in the present
modelling.

Finally, the potential effects of metallization of iron were
neglected since such a reaction is experimentally observed
only in quasi-wüstite compositions (Ohta et al., 2014).

2. LOWER MANTLE GEOCHEMICAL FRAME

The pyrolite model provides one of the possible chemical
compositions for the Earth’s lower mantle. On the basis of
phase equilibrium principles and known physical properties
of HP minerals, the lower mantle turns out to be mainly
constituted of (Mg,Fe)SiO3 (bridgmanite), (Mg,Fe)O (Fe-
periclase) and CaSiO3 (Ca-perovskite), besides an ‘‘unde-
fined HP Al-phase” (i.e. Miyajima et al., 2001; Pamato
et al., 2014). Such phases occur in proportions that are a
function of both geochemical and geophysical models.
The former constrains the bulk chemical composition
(McDonough and Sun, 1995; Lyubetskay and Korenaga,
2007; Stixrude and Lithgow-Bertelloni, 2007; Merli et al.,
2016); the latter accounts for density-pressure-temperature
profiles that are consistent with observations (i.e.: seismic
velocities, density and bulk sound speed; Jackson, 1998;
Mattern et al., 2005; de Wit and Trampert, 2015).

Assuming the mantle to be representable by the CMASF
system (CaO-MgO-Al2O3-SiO2-FeO), the pyrolitic model’s
phase composition of the lower mantle consists of �75–78
wt% (Mg,Fe)SiO3, �6–10 wt% CaSiO3, �15 wt% (Mg,Fe)
O and �2 wt% high-pressure Al-rich phase (Ono and
Oganov, 2005; Mainprice, 2007; Merli et al., 2016). Given
that Ca-perovskite and bridgmanite exhibit similar ther-
moelastic responses at the reference lower mantle P-T con-
ditions (Deschamps and Trampert, 2004; Li et al., 2005;
Matas et al., 2007), a simplified MgO-SiO2-FeO system
(MSF) was used in the present work.

The conversion from CMASF to MSF consists in
replacing Mg + Ca + Al/2 with Mg, and Si + Al/2 with
Si. The resulting bulk chemical composition (Table 1) has
a Mg/Si molar ratio of 1.20, which is lower than the pyro-
litic value (�1.27) but higher than the chondritic one
(�1.1). Such a ratio is in agreement with a lower bulk chem-
ical composition slightly enriched in SiO2 (and FeO) and
depleted of MgO, with respect to the pristine pyrolitic
model (Deschamps and Trampert, 2004; Matas et al.,
2007; Merli et al., 2016). The fractions by weight of Fe-
periclase and bridgmanite in the lower mantle were esti-
mated 0.13 and 0.87 (Table 1) respectively, by means of
least-square mass balance calculations (Paktunc, 1998;
Kobayashi et al., 2005) under the constraint of the LM-
LLM bulk chemical composition.

A geotherm (Fig. 1) with a potential temperature of
1920 K at 24 GPa and T-vertical-gradient (dT/dz) of
�0.5 K/km (Matas et al., 2007; Ono, 2008; Merli et al.,
2016) was assumed for LM (�700–1900 km depth). A
geotherm (>80 GPa; >2000 km) with a potential tempera-
ture of 2615 K at 96 GPa and a higher T-gradient than
LM’s, i.e. dT/dz � 0.85 K/km (Deschamps and Trampert,
2004; de Koker, 2010; Wicks et al., 2010; de Wit and
Trampert, 2015), was instead chosen for LLM (Fig. 1).

3. THERMODYNAMIC APPROACH

The mixing of the MgO and FeO components in the per-
iclase structure was modelled by extending to the HP-
regime the formalism of Merli et al. (2015) that uses discrete
Chebychev polynomial expansions (Barnard et al., 1998)
and statistical thermodynamics (Sanchez et al., 1984). A
Hartree–Fock/DFT hybrid scheme was adopted to carry
out quantum energy calculations (Dovesi et al., 2009) on
super-cells.

3.1. Gibbs energy of mixing at high-pressure and high-

temperature

A given Fe-periclase composition, expressed by x = Fe/
(Fe + Mg) and (1 � x) = Mg/(Fe + Mg), is compatible
with many Mg-Fe configurations (K), each one correspond-
ing to a specific arrangement of the magnesium and iron
atoms. In the frame of the isothermal-isobaric ensemble a
system is composed of N particles at equilibrium with P

and T (i.e. NPT-ensemble). For simplicity, we do not take
into account the explicit dependence on P and T of the ther-
modynamic potentials, except for the functions N(P,T,x)
and n(P,T,x), which are related to the NPT-ensemble.

N(P,T,x) is defined by Dill et al. (2003) as:

NðP ; T ; xÞ ¼
X
K¼1;n

exp �Hðx;KÞ
kT

� �

¼
X
K¼1;n

exp �Uðx;KÞst þ PV ðx;KÞst
kT

� �
� Zðx;KÞvib

ð1Þ
where n is the number of all the possible configurations.

The Gibbs function is related to N(P,T,x) in terms of

GðxÞ ¼ �k � T � ln½NðP ; T ; xÞ� ð2Þ
where: k = Boltzmann constant; st = lattice static contribu-
tion; vib = vibration contribution; Z(x,K)vib = partition
function from harmonic approximation for a given K–con-
figuration; H(x,K) = enthalpy for a given K–configuration;
U(x,K)st = lattice static energy for a given K–configuration.
Numerical calculations show that Z(x,K)vib exhibits, on



Table 1
Lower mantle pyrolite components and mineral compositions in the MSF system obtained by mass balance calculation.

LM-LLM

wt%

SiO2 49.11
FeO 10.01
MgO 40.88

Bulk mineral proportions

(Mg,Fe)-Pvk* 0.87
Fe-Pe 0.13
r2 0.17
Mg/Si 1.20

Virtual LM-LLM mineral phases’ compositions

(Mg,Fe)-Pvk* Fe-Pe

wt%

SiO2 56.17 –
FeO 7.20 29.90
MgO 36.63 70.10

p.f.u

Si 1.199 –
Fe 0.070 0.175
Mg 0.731 0.825

LM = lower mantle (24 > P < 80 GPa); LLM = lowermost lower mantle (P > 80 GPa) (Mg,Fe)-Pvk = (Mg,Fe)-perovskite (bridgmanite); Fe-
Pe = ferropericlase.
* Approximation for the reservoir’s overall chemical composition.

Fig. 1. Geotherms used in the present work, for LM and LLM.
LM-geotherm with a potential temperature of 1920 K at 24 GPa
and a T-gradient (dT/dz) in the range of �0.5 K/km, is applied to
the mantle region of �24–80 GPa (solid blue line). LLM-geotherm,
with a potential temperature of 2615 K at 96 GPa and dT/dz of
�0.85 K/km, is considered in the mantle region of �80–130 GPa
(solid red line). The consolute temperature curves, TC calculated
for LS (solid black line) and HS (dashed black line) state of iron as
a function of P are also shown. Miscibility gap (TC > Tgeotherm)
occurs between 23 and 42 GPa for LS only.
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average, a moderate dependence on the Mg/Fe configura-
tion. Therefore Z(x,K)vib of Eq. (1) can be replaced with
Z(x)vib, namely hZ(x,K)vibiK=1,n (see Section 3.2). From
Eq. (2) the Gibbs free energy can be split into two parts:
G(x) = G(x)0 + G(x)vib, where G(x)0 collects the static con-
tributions and G(x)vib = �k � T � ln(Z(x)vib). Transferring
all this to the Gibbs energy of mixing (Ottonello, 1997), we
obtain:

DGðxÞmixing ¼ DGðxÞ0;mixing þ DGðxÞvib;mixing;
where

DGðxÞ0;mixing ¼�k�T � ln
X
K¼1;n

exp �DUðx;KÞst;mixingþPDV ðx;KÞst;mixing
kT

� �( )

ð3Þ
D in Eq. (3) means, for a generic thermodynamic ‘‘A” quan-
tity of a mixing, the following difference:

DAðxÞmixing ¼ AðxÞ � x� AðFeOÞ þ ð1� xÞ � AðMgOÞ:
According to Merli et al.(2015), the sum of Eq. (3) can

be approximated, so that

DGðxÞ0;mixing � �k � T � ln½nðP ; T ; xÞ� �R� T

� ln½NðxÞconfigurations� ð4Þ
where R is the gas constant; N(x)configurations = NAvogadro!/
{[x � NAvogadro]! [(1 � x) � NAvogadro)]!};

nðP ; T ; xÞ ¼ ð1=Nsampled configurationsÞ
�

X
K¼1;sampled configurations

exp½�ðDUðx;KÞst;mixing

þ PDV ðx;KÞst;mixingÞ=kT �:
The subscript ‘sampled configurations’ means that the

sum over all the possible configurations (�1023, for 1 mol)
is replaced with a random sampling over an appropriately
chosen number of different Fe/Mg arrangements for a given
composition, i.e. Nsampled configurations.
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3.2. Vibrational contributions to the Gibbs free energy of

mixing

Semi-empirical potentials (Lewis and Catlow 1985;
Merli et al., 2015), harmonic model and lattice dynamics
(GULP code; Gale 1997) were used to calculate
DG(x)vib,mixing, from random Mg-Fe configurations in 64
cation-sites super-cells over the subsolidus MgO-FeO binary.
The range 30–70 GPa and 2000–3500 K was investigated for
x-values strewn over the 0–1 interval, sampling up to 105

independent configurations. Attention was focussed on
how mixing affects DG(x)vib,mixing. It was observed that the
G(x,K)vib-values oscillate, as a function of the random K-
configurations, less than 0.1% around G(x)vib, i.e. their K-
average, which therefore provides a faithful estimate of the
actual vibrational contribution to the Gibbs energy for a
given x. DG(x)vib,mixing, calculated accordingly, amounts at
most to about 2% of the configuration entropy contribution.
Given that in the present case the harmonic DG(x)vib,mixing

contribution is very modest, then the anharmonic one is
expected to be negligible. Altogether, P seems to make
the vibrational contribution to the Gibbs energy of mixing
of marginal importance for (Mg,Fe)O. Neglecting
DG(x)vib,mixing at high pressure is in contrast to what
observed at room conditions (Merli et al., 2015), where a
small, but significant vibrational contribution (10–15%)
participates in the Gibbs energy of mixing.

3.3. Cluster expansion

DU(x,K)st,mixing + PDV(x,K)st,mixing was computation-
ally modelled exploiting the formalism that relies upon
the cluster-expansion (Yuge 2010) and discrete Chebyschev
polynomials (Sanchez et al. 1984; Merli et al., 2015). Such
an approach leads to the following expression for DU(x,
K)st,mixing + PDV(x,K)st,mixing of a given K-configuration:

DUðx;KÞst;mixing þ PDV ðx;KÞst;mixing
� DHðP Þ0 þ DHðPÞ1 � xþ x� ð1� xÞ � ½AðPÞ0

þ AðP ÞFe � x� þ
X

j¼1;number of clusters

AðPÞFe�Mg;j

� nðx;KÞFe�Mg;j ð5Þ
This equation accounts for a Vegard-like residue; A(P)0

and A(P)Fe contribute to a composition dependent para-
bolic term; A(P)Fe-Mg,js weigh the number of Fe-Mg cou-
ples, i.e. n(x,K)Fe-Mg,j, whose atoms are dj apart from one
another, and constitute the jth-cluster. DH(P)j and A(P)k
are functions of the pressure and were modelled by polyno-
mials like

xð0Þ
j þ xð1Þ

j � P mðjÞ þ xð2Þ
j � P vðjÞ þ . . . ð6Þ

The v, m,. . . exponents for each j-coefficient were deter-
mined by a trial-and-error approach, whereas the
xj
(0,1,2,. . .)-coefficients were obtained by fitting the expression

given by Eq. (5) to the values calculated by quantum-
mechanics. Preliminary tests indicated that parabolic
expansions are appropriate for Eq. (6); adding higher order
terms does not enhance the quality of the results. Eventu-
ally, using Eqs. (5) and (6), n(P,T,x) of Eq. (4) was calcu-
lated by sampling �106–108 K-configurations (Merli et al.,
2015), which guarantee negligible oscillations of the result-
ing DG(x)0,mixing.

3.4. Ab-initio calculations

Static enthalpy calculations and structure relaxation
were carried out at a given 0 K pressure by the HF/DFT-
CRYSTAL14 program (Dovesi et al. 2009), which imple-
ments ‘‘Ab-initio Linear-Combination-of-Atomic-Orbitals”
in the case of periodic systems. Pressure was corrected for
zero point and thermal contribution following Merli et al.
(2016). A Hamiltonian based on the WC1LYP functional
(Scanavino et al. 2012; Scanavino and Prencipe 2013) was
used in the present work, along with the flexible HF-DFT
hybrid scheme earlier discussed and adopted for (Mg,Fe)
O at room pressure by Merli et al. (2015). It relies upon
mixing HF and DFT exchange energy contributions, in
terms of a Hartree-Fock fraction (Ix) given by Ix =
(1 � x) � IMgO + x � IFeO + x � (1�x) � IMgO � IFeO

(hybridization, tuning of functional and delocalization
error: Alfredsson et al., 2004; Autschbach and Srebro,
2014). For the end-members the following hybridization
rates were used: IFeO = 0.16 (HS; calibration on the band
gap) and 0.24 (LS; calibration on the HS to LS transition
at 40 GPa, for x = 0.2); IMgO = 0.2 (calibration on the
band gap). Such an approach has proven effective to yield
mixing energies that are weakly sensitive to change of the
end members’ hybridization rate. Tests performed at room
pressure show that shifts even by 30–35% of IMgO-FeO lead
to mixing enthalpy average changes within 5–10%. The fol-
lowing values were used for the tolerance governing the
accuracy of the integrals of the self-consistent-field-cycles:
10�6 for coulomb overlap, 10�6 for coulomb penetration,
10�6 for exchange overlap, 10�6 for exchange pseudo-
overlap in direct space, 10�12 for exchange pseudo-
overlap in reciprocal space and 10�9 a.u. threshold for
SCF-cycles’ convergence. The Mg basis set from Causà
et al. (1986) was extended by the addition of diffuse sp

and d shells (85-11G* contraction). The O basis set of
Ottonello et al. (2010) was used, modified by the introduc-
tion of a d shell (84-11G* contraction) according to
Belmonte et al. (2014). The Fe basis set is from Valerio
et al. (1995). The ability to reproduce physical observables
of MgO and FeO using the present computing set-up is dis-
cussed by Merli et al. (2015, 2016).

The static contributions to the Gibbs free energy of the
substance at 4–6 independent K–configurations were calcu-
lated using super-cells of 16 cation sites to obtain
multiplicity-weighted average DU + PDV’s for each LS-
composition of x � 0.125–0.25–0.375–0.5–0.625–0.75–0.87
5, at 24–40–70–90–110–128 GPa. The HS-state was treated
alike, but restricting calculations to x � 0.125–0.375–0.50–
0.75–0.875, at 24–60–80–110 GPa. The approach of Merli
et al. (2015) was followed to model a HS-paramagnet, by
resorting to disordered up and down spin configurations
such as yield a total residual spin of zero.

The average (DU + PDV)-values were then fitted by
polynomials in x to get by interpolation additional
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(DU + PDV)-values, strewn over the 0–1 x-range, at every
explored P. Eqs. (5), (6) were eventually fitted to the
obtained set, using average n(x)Fe-Mg,j = hn(x,K)Fe-Mg,jiK
calculated over 105-configurations for each given x. A
cut-off of 10 Å was chosen after tests to fix up the size of
the clusters of expansion (5). By means of the DH(P)k
and A(P)j coefficients, the static term DU(x,K)st,mixing +
PDV(x,K)st,mixing was calculated for super-cells of 1024
Fe/Mg-atoms, and thereby DG(x)0,mixing was determined
according to Eq. (4).

Given the fact that the vibrational contributions are neg-
ligible, we introduce the following approximation: DG
(x)mixing � DG(x)0,mixing and hereafter use DG(P,T,x)mixing

to indicate the bulk Gibbs free energy of mixing at P-T con-
ditions and x FeO, calculated accordingly.

3.5. Reaction model

Once DG(P,T,x)mixing is determined, it can be used to
investigate the (Mg,Fe)O mixture at subsolidus and its
interactions with the reservoir through irreversible disequi-
librium reactions, implying an exchange of matter between
reservoir and Fe-periclase.

We start from the basic reaction:

ðMg1�x0Fex0ÞO () y1ðMg1�x1Fex1ÞOþ y2ðMg1�x2Fex2ÞO
ð7Þ

where xi is the ith FeO fraction, and yi is the ith phase frac-
tion related to the Fe-periclase having xi FeO. To fulfil the
mass conservation principle, y1 and y2 of Eq. (7) result in
(see Appendix A, for derivation):

y1 ¼ ðx0� x2Þ
ðx1� x2Þ ð8:aÞ

y2 ¼ 1� y1: ð8:bÞ
Reaction (7) is dealt with from two points of view: one

related to a closed system, and another to an open system.
A closed system is modelled in terms of a given (Mg,Fe)

O-phase that can un-mix into two more stable composi-
tions, according to the MgO-FeO binodal/spinodal curves
(Ottonello 1997; for application to the MgO-FeO system
at room pressure see Merli et al. 2015). Un-mixing is inti-
mately linked to the Gibbs energy minimization under the
constraint of equality of chemical potentials. The consolute
temperature, TC, defines the upward limit of a miscibility
gap in a T-X Schreinemaker projection, i.e. the temperature
above which un-mixing processes do not occur, for a given
P, and solid mixings are stable.

Alternatively, an open system is modelled, treating Eq.
(7) in terms of forward and backward reactions, in which
the left- and right-hand side members act both as reagents
and products and equilibrium is achieved when forward
and backward rates are equal to one another. Eq. (7) is a
simplification of the possible more complex natural reac-
tions involving a larger number of reactants and products.
x0 is a ‘reference pivot-composition’, which is supposed to
exist at any P-T point of both LM and LLM geotherms,
along with the compositions given by x1 and x2 (Appendix
B). The x0-value can be taken over the interval 0.15–0.20
FeO, since: (i) this range includes the average FeO content
of Fe-periclase inferred by the geochemical model (Table 1);
(ii) it accounts for the most frequent Fe-periclase’s compo-
sitions observed both in natural findings from lower mantle
samples (Harte, 2010; Kaminsky, 2012) and in Fe/Mg par-
titioning experiments (Auzende et al., 2008; Nakajima
et al., 2012; Prescher et al., 2014). In this model, the (Mg,
Fe)O-system achieves P-T-X equilibrium with a thermody-
namic matter reservoir, which behaves as an ideal Fe/Mg
exchanger (see Appendixes B and C for a description of
the disequilibrium-to-equilibrium process, involving Fe-
periclase and reservoir). Such a matter reservoir is the por-
tion of lower mantle other than Fe-periclase and can be
likened, in terms of bare MSF-composition, to a ‘‘virtual”
(Mg,Fe)-perovskite (Table 1).

The phase proportions of the solid mixings that corre-
spond to the x0-, x1- and x2-compositions are addressed
here by means of k0, k1 and k2, respectively. Note that

k0þ k1þ k2 ¼ 1: ð8:cÞ
The equilibrium constant of the reaction (7) is

KðP ;T ;x0;x1;x2Þ

¼ exp �ðDGðP ;T ;x0Þmixing�y1�DGðP ;T ;x1Þmixing�y2�DGðp;T ;x2ÞmixingÞ
RT

� �

� k0

ðky1�ky2Þ ; ð9Þ

where the activity coefficient is approximated by unity.
For each {x0-x1-x2}-set we seek for the {k0, k1, k2}-set

that minimises the function

DGðP ; T ; x0; x1; x2ÞTotalmixing
¼ k0� DGðP ; T ; x0Þmixing þ k1� DGðP ; T ; x1Þmixing

þ k2� DGðP ; T ; x2Þmixing; ð10Þ
under the constraints given by Eqs. (8.a-b-c and 9).

Such an approach implies that:

(i) an exchange of FeO/MgO between (Mg,Fe)O-system
and lower mantle reservoir takes place via k0-k1-k2
under the sole constraint that the global bulk (FeO
+MgO) content must be preserved, so that Fe-
periclase gives Dx-moles of FeO(MgO) to the reser-

voir and takes as many moles of MgO(FeO) from it;
(ii) the point above requires that the incorporation of

FeO/MgO into the reservoir causes variations of its
Gibbs energy that are assumed of the same order of
magnitude of the oscillations occurring because of
the many reactions in the lower mantle (Appendix
C). Such an assumption is equivalent to taking Fe-
periclase as the pivot-exchanger for iron/magnesium
in the deep interior of the Earth. This is consistent
with that the Fe/Mg partitioning coefficient between
bridgmanite (the other main mineral competitor for
incorporation of Fe) and Fe-periclase is observed to
be significantly smaller than 1, i.e. (Mg,Fe)O is the
main host of iron.

The kj-values, determined according to Eqs. (9) and
(10), depend on x0, x1, x2, P and T, so that kj(x0, x1,
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x2), dropping for brevity P and T. Given that we are inter-
ested in average values, mean phase proportions, hkji, were
obtained by a numerical integration over the allowed x0, x1
and x2 ranges (note that x2 < x0 < x1, due to that
0 < y1 < 1), that is:

< kj >¼ C

Z x0�sup

x0�inf

dx0
Z 1

x0
dx1
Z x0

0

kj ðx0; x1; x2Þ dx2 ð11Þ

where C is a normalization factor, x0-sup = 0.20 and x0-
inf = 0.15.

hx0i, hx1i and hx2i are calculated as hkj � xji/hkji. This
way, hk0,1,2i and hx1,2i depend on P-T only, and show
how the (Mg,Fe)O-system changes along a pressure-
temperature path in terms of Mg-Fe-solid mixings. Note
that Eq. (7) and integration x0-interval imply that hx0i is
equal to 0.175.

In the ensuing discussions, the notations xj (jth-phase’s
composition) and kj (jth-phase proportion) will be used in
place of hxji and hkji from Eq. (11), for simplicity.

3.6. Spin state and excess Gibbs energy of mixing

LS-HS mixed states, which affect the physical properties
of the (Mg,Fe)O-phases, are often accounted for in a solid
mixing by a linear combination of the pure LS and HS sys-
tems (Lyubutin et al., 2009; Wentzcovitch et al. 2009; Muir
and Brodholt, 2015; Vilella et al., 2015). It is straightfor-
ward to prove that in a HS-LS-(FeO-MgO) system (xLS-
HS-xLS-xHS being x- FeO in mixed HS-LS state, pure LS
or HS state, respectively) the exact mixing energy is express-
ible as

DGðP ; T ; xLH�HSÞmixing ¼ g� DGðP ; T ; xLSÞmixing
þ ð1� gÞ � DGðP ; T ; xHSÞmixing
þ GðP ; T ; xLS�HSÞ � g
�

� GðP ; T ; xLSÞ � ð1� gÞ
� GðP ; T ; xHSÞ�; ð12Þ

where g = 1/(1 + exp((GLS-GHS)/xRT)). In principle, it is
possible to calculate the quantity G(xLS-HS,P,T), but in
practice it is difficult, because of the exceedingly large
super-cell size required in order to achieve statistical repre-
sentativeness and faithfulness, and of the many configura-
tions to explore. However, if we assume that the third
term of the right-hand side member of the Eq. (12) is neg-
ligible, then the equilibrium constant, i.e. Eq. (9), becomes:

KðP ; T ; x0; x1; x2Þ ¼ exp½�g� DGðP ; T ; x0; x1; x2ÞLSmixing=RT �
� exp½�ð1� gÞ
� DGðP ; T ; x0; x1; x2ÞHS

mixing=RT �
� ½KðP ; T ; x0; x1; x2ÞLS�g

� ½KðP ; T ; x0; x1; x2ÞHS�ð1�gÞ

¼ k0

k1y1 � k2y2

� �LS( )g

� k0

k1y1 � k2y2

� �HS
( )ð1�gÞ

ð13Þ
where two sets of ‘‘virtual” phase proportions of the x0-1-2-
phases are defined, i.e. [k0, k1, k2]LS and [k0, k1, k2]HS. LS
and HS can be treated as decoupled states, with respect to
the constraint given by Eq. (13). Although such approxima-
tion provides an ‘‘extreme” depiction, as only pure spin
states are involved, it gives a general view of how far either
spin state affects the reactivity of the (Mg,Fe)O-system and
guarantees the required precision to treat small and com-
plex quantities such as mixing energy.

Using the cluster expansion technique (see Section 3.3),
we generated DG(P,T,x)mixing data for either iron state and
interpolated them by Redlich–Kister-type expressions
(Stølen and Grande 2004), which model the mixing Gibbs
energy as

DGðP ; T ; xÞmixing ¼ x� ð1� xÞ � hðP ; T ; xÞ þR� T � ½x
� lnðxÞ þ ð1� xÞ � lnð1� xÞ�;

where the first term of the right-hand side member gives the
excess enthalpy, and

hðP ; T ; xÞ ¼
X

l¼0;L;m¼0;M;n¼0;N

plmn � Pl � T m � xn:

The plmn-parameters of the expansion above for LS and HS
(interval: x = 0–1, T = 1900–4000 K, P = 24–140 GPa) are
reported in Table 2.

4. RESULTS

4.1. Un-mixing processes in closed (Mg,Fe)O-system

Our calculations predict that at lower mantle P-T condi-
tions, HS never gives rise to un-mixing reactions in the
MgO-FeO system at subsolidus, as TC < Tgeotherms

(Fig. 1). LS, too, yields TC values that are smaller than
the temperatures of both LM and LLM geotherms
(Fig. 1), but for the shallowest portions of the lower mantle
(�23–42 GPa). Pure LS gives un-mixings between 0.24 and
0.84 FeO (Fig. 2), at the base of the immiscibility region
(TC = 1920 K, P = 24 GPa), and between 0.50 and 0.65
FeO, at its top (TC = 2174 K, P = 42 GPa). Given that
for reference Fe-periclase composition, HS on average pre-
vails up to �40 GPa (Fei et al., 2007; Lin et al., 2007) and
stabilizes solid mixings (Fig. 1), it is unlikely that the un-
mixed products due to LS can provide an important contri-
bution in nature below �40 GPa.

It is important to note that almost all the experiments
agree to exclude that Fe-periclase un-mixes at lower mantle
conditions. Lin et al. (2003) and Ohta et al. (2014), who
explored the compositional range from 0.61 to 0.95 FeO,
did not observe any disproportionation, except for quasi-
wüstite compositions (140 GPa–2580 K). Conversely,
Dubrovinsky et al. (2000, 2001) report un-mixing of (Mg,
Fe)O, with x up to about 0.5 FeO, into Mg-rich and Fe-
rich periclase like phases, but at conditions far from lower
mantle’s (86 GPa and 1000 K). However, the relevant variety
of Fe-periclase compositions observed in the lower mantle
diamond inclusions (Kaminsky, 2012 and reference therein)
and in the samples from Fe/Mg bridgmanite/Fe-periclase
partitioning experiments (Auzende et al., 2008; Nakajima
et al., 2012; Prescher et al., 2014) has to be explained.



Table 2
h-function coefficients, plmn. h(P,T,x) = Rl=0,L;m=0,M;n=0,N plmn Pl

Tm xn, in kJ/mol. P in GPa, T in K.

LS l m n HS l m n

2.6464E+01 0 0 0 7.9787E+00 0 0 0
1.2452E�03 0 1 0 �5.3230E�05 0 1 0

�4.1031E�01 1 0 0 1.6842E�01 1 0 0
3.7372E�05 1 1 0 1.8179E�05 1 1 0

�6.2807E�05 2 0 0 �1.7149E�03 2 0 0
�6.4309E�07 0 2 0 �2.3683E�07 0 2 0
7.4246E�11 0 3 0 3.0516E�11 0 3 0

�1.5820E�09 1 2 0 �5.8064E�10 1 2 0
5.6086E+01 0 0 1 �2.6739E+00 0 0 1
1.2233E�02 0 1 1 8.7180E�03 0 1 1

�1.2437E+00 1 0 1 �9.6506E�01 1 0 1
7.3130E�03 2 0 1 6.5342E�03 2 0 1

�9.1533E�08 0 2 1 �6.1504E�07 0 2 1
�3.5835E�04 1 1 1 �1.4678E�04 1 1 1
3.6238E+00 0 0 2 1.0566E�11 2 2 1
1.5120E+00 1 0 2 1.6068E+01 0 0 2

�3.9686E�02 0 1 2 9.7615E�01 1 0 2
�9.3201E�03 2 0 2 �1.5066E�02 0 1 2
4.7498E�08 0 2 2 �6.4031E�03 2 0 2
1.3609E�03 1 1 2 1.0064E�06 0 2 2

�6.7874E+01 0 0 3 4.6602E�04 1 1 2
3.4580E�01 1 0 3 �1.5936E+01 0 0 3
3.6984E�02 0 1 3 �1.3987E�01 1 0 3

�1.8915E�03 1 1 3 6.7423E�03 0 1 3
7.3964E�04 1 1 4 �7.0532E�04 1 1 3
6.7373E�07 2 1 4 2.8506E�07 2 1 3

�1.2780E�09 1 2 3
3.5260E�04 1 1 4

�5.5021E�15 2 3 4

Fig. 2. Predicted miscibility gap for LS in the MgO–FeO binary
system, as a function of pressure and temperature. P-T values from
the geotherms here used. The pyrolitic Fe-periclase reference x0-
composition (x = 0.175 FeO) is also reported.

Fig. 3. LS: blue; HS: red. (a) Compositions of the x0-, x1- and x2-
phases (solid, dashed and dotted lines, respectively) in terms of FeO
fractions; (b) phase proportions k0, k1 and k2 (solid, dashed and
dotted lines, respectively) of x0-, x1- and x2-mixings, respectively.
(For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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4.2. Extension to the MgO - FeO - SiO2 system

The wide range of Fe-periclase compositions (the statis-
tically most relevant interval is �0.3–0.5 FeO) observed
both in natural findings and in HP-HT syntheses suggests
that the (Mg,Fe)O-system can be modelled by reactions
according to Eq. (7), which imply forward-backward trans-
formations and may include exchange of matter with the
surroundings.

Fig. 3a and b shows xj and kj as function of P, along the
lower mantle geotherms, for LS and HS. All the composi-
tions exhibit slight changes (not graphically appreciable)
in the case of HS over the explored P range (Fig. 3a),
whereas a significant enrichment in Fe occurs in the x1-
phase for LS. The phase proportions of the x0-, x1- and
x2-phases (Fig. 3b) remarkably vary along the geotherms
in the case of LS, only.

hK(P,T)i as function of P (Fig. 4a), namely the average
equilibrium constant obtained by an integration over the
allowed x0-x1-x2 ranges of Eq. (7), provides a partial
explanation for the insensitivity to P-T of the HS’s k-
values (Fig. 3b). In fact, LS exhibits a significantly steeper
trend than HS, along the LM-LLM-paths (o<K(P,T)>/
oP � 9 10�4 and 2 10�4 GPa�1, for LS and HS, respec-
tively), suggesting that different mixing behaviours take
place as a function of the spin state. The average equilib-
rium constant for HS is, in practice, quasi-invariant over
the LM and LLM mantle regions (Fig. 4a). In addition,
the LS-HS excess enthalpy functions (DHexcess), at



Fig. 4. LS: blue; HS: red. (a) The average equilibrium constant, hK(P,T)i, is plotted according to Eqs. (7)–(11) in the text, along the LM-
LLM-paths; (b) static excess enthalpy (DHexcess) determined at 24/1900-107/2910 GPa/K, as an example of the LM and LLM mantle regions,
respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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24/1900-107/2910 GPa/K, show relevant differences
(Fig. 4b). LS has larger absolute DHexcess and dDHmixing/
dx values than HS; this underlies that the LS (Mg,Fe)O-
system is more sensitive to P-T in terms of equilibrium con-
stant than HS. LS and HS exhibit excess enthalpy curves
similar in shape at 24 GPa, but they remarkably change
at 107 GPa, in such a way that the two spin states yield
opposite trends (Fig. 4b).

5. DISCUSSION

On the basis of these results, LS can be consider the
main booster of phase changes in the (Mg,Fe)O-system
over most of the LM and LLM regions. Therefore, we focus
on the results of the LS-state only.

The x2-phase (FeO � 0.10, at 24 GPa) mimics the x0-
phase (FeO � 0.175 as inferred by the bulk geochemical
model), showing slight changes in composition along the
geotherms (Fig. 3a). This implies that both x2 = Mg90Fe10-
phase and, obviously, x0 = Mg82Fe18-reference-phase are
products in the (Mg,Fe)O-system, which occur at any P-T

of the lower mantle regions.
Conversely, the x1-phase [(Mg0.61Fe0.39)O at 24 GPa]

remarkably changes in composition with respect to both
x0 and x2, increasing over the entire LM region (up to
�80 GPa) its Fe-content up to 0.49 (Fig. 3a). This leads
to an enrichment of 0.1 FeO from 24 to 80 GPa; at higher
pressure (LLM region), the x1-phase stabilises at �0.5 FeO
content (Fig. 3a).

At 24 GPa, the x0-x1-x2-phases occur in proportions of
k0 � 0.34, k1 � 0.23 and k2 � 0.43 (Fig. 3b), respectively.
The iron rich x1-phase is the least abundant in the upper-
most part of the lower mantle, but rapidly increases exceed-
ing x0- and x2-phases at some 30 GPa, along the LM
geotherm. At 80 GPa (�2000 km depth), the x1-phase,
(Fe0.5Mg0.5)O, reaches the proportion of � 0.67. Deeper,
in the region of the LLM geotherm (80–130 GPa), the iron
rich x1-phase keeps on being the most abundant reaction
product in the (Mg,Fe)O-system (Fig. 3b). This suggests
that the modelled possible products of the (Mg,Fe)O-
system in the LLM region are highly stable, invariant in
composition and proportion.

Moreover, we observe that the x1-phase is the major
exchanger with the reservoir; this is consistent with the fact
that the x1-composition is the most distant among x0-1-2-
phases’ from reservoir’s, thus suggesting the occurrence of
elemental concentration gradients that promote flow of
matter. In turn, the x2-phase’s comparatively low amount
might be related to a high activation energy to achieve
the critical size of nucleation that triggers then crystal
growth.

As expected, the density (q) of the x0-x1-x2-phases pro-
gressively increases as function of P (Fig. 5). At 24 GPa, the
most dense x1-phase [(Fe0.39Mg0.61)O; qx1 = 5.3 g/cm3] is
also the least abundant (Fig. 3b), whereas the x0- and x2-
phases, which share almost equal density values (4.6 and
4.3 g/cm3, respectively), together account for � 0.80 phase
proportion in the (Mg,Fe)O-system (Fig. 3b; Fig. 5). Con-
sequently, the average density of the (Mg,Fe)O-system in
the shallow part of the lower mantle (�700 km) is con-
trolled by iron poor phases (�4.5 g/cm3). It is worth noting
that the density of the x1-phase increases linearly in the
LLM region, even if the x1-phase ceases to incorporate
additional iron from the reservoir at about 80–90 GPa. This
implies that below �2000 km depth, the bulk density of the
(Mg,Fe)O-system (6.5 g/cm3, using the LLM geotherm),
primarily depends on the pure physical properties of the
involved phases, which are invariant in composition and
phase fractions from � 90 GPa to the core-mantle bound-
ary. Moreover, if the (Mg,Fe)O-system is considered as
constituted by x1 and (x0 + x2) only, then they yield a
net change in terms of differential density, i.e. Dq = [qx1 –
(qx0 + qx2) � 0.5], from 0.8, at 24 GPa, to 1.4, at 130
GPa. This corresponds altogether to a mean Dq-increase
of approximately 10%, in keeping with the results of Rost
et al. (2005) and McNamara et al. (2010).

On the whole, the lower mantle (Mg,Fe)O-system with
the pyrolitic reference composition 0.175 FeO (Table 1)



Fig. 5. Density (g cm�3) of the x0-, x1- and x2-phases (solid,
dashed and dotted lines, respectively) in the case of LS (blue) and
HS (red). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this
article.)

Fig. 6. LS: blue; HS: red. FeO-fraction excess with respect to the
reference x0-composition due to exchange between Fe-periclase
and reservoir, in open (Mg,Fe)O-system. (For interpretation of the
references to colour in this figure legend, the reader is referred to
the web version of this article.)
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tends to acquire iron from the reservoir upon increasing
pressure, for a maximum total enrichment of �0.22 FeO
and by effect of LS only (Fig. 6).

Following the suggestion of iron-rich starting material
used in a few Fe/Mg periclase/bridgamite partitioning
experiments (Nakajima et al., 2012), a fictitious ‘not-
pyrolitic’ lower mantle (Fe,Mg)O-system with a reference
composition x0 = 0.3 FeO was also modelled, in order to
test the sensitivity of Eq. (7) to x0 in the case of LS. This
system results in a weaker exchanger with the reservoir

(<0.09 Fe at �130 GPa) in comparison with the pyrolitic
model, and the compositions of the resulting phases scar-
cely change along both the LM and LLM P-T paths. The
Fe-rich phase occurs with �0.55 FeO at 24 GPa, �0.51
FeO at 48 GPa and then slightly increases its iron content
to �0.52 FeO at �130 GPa. These data reflect an iron-
saturation effect in the (Mg,Fe)O-system, owing to an
unduly large x0-value for the reference composition with
respect to the pyrolitic model (Table 1, Fig. 3).

For the sake of completeness, it is worth pointing out
that a simultaneous occurrence of LS and HS depicts the
most likely Earth’s lower mantle iron state (Lin et al.,
2013). We approximately estimated the LS-HS effects by
linearly combining the results from one spin state with
those of the other using the g-weighting function (see Eq.
(13)). In so doing and leaving aside any claim of precision,
the composition of the x1-mixed-states-phase achieves the
same ‘‘saturation” value as for pure LS of 0.5 FeO upon
P, at about 100 GPa. The general trends of the phases’
compositions and phase proportions in mixed spin states
as a function of the geotherms are preserved with respect
to pure LS’s, although they are shifted by �20 GPa to
higher P-values. Despite the level of approximation we have
to accept in view of the complexity of the reactions occur-
ring in the lower mantle, altogether our results corroborate
that (Fe0.5Mg0.5)O-phase is expected to be the likeliest Fe-
rich periclase composition in the LLM region (from 80–
100 GPa), independently of the x0-reference composition.
This is in agreement with the results of multicomponent
experiments that, using as starting material the San-
Carlos olivine (0.3 FeO), yield Fe-periclase whose highest
iron content is 0.487 FeO (Nakajima et al., 2012). We are
aware that a direct comparison between theoretical and
experimental results has to be taken with due care. In fact,
HP-HT experimental set-up, reaction kinetics and composi-
tional constraints significantly affect the results, causing
deviations from expectations (i.e. high temperature effects
on transformations, occurrence of gradients, meta-
stability, complex REDOX-reactions).

5.1. Fe/Mg partitioning between reservoir and Fe-periclase

Using the reservoir’s composition (likened to a ‘‘virtual”
bridgmanite’s; Table 1) and the predicted (Mg,Fe)O-
phases, the bulk Fe/Mg partitioning between reservoir

and Fe-periclase [Kd = (Fe/Mg)reservoir/(Fe/Mg)Fe-periclase]
was calculated. In this view, Kd may be considered as an
approximate estimate of the actual partitioning between
bridgmanite and Fe-periclase, yet taking into account that
we are neglecting the reservoir’s energetics and therefore
we assume that the Fe/Mg exchange/equilibration is driven
by the (Mg,Fe)O-system only, as already stated. Kd is
determined weighting the Fe-periclase x0-x1-x2-phases by
their proportions.

In the LM region, when the LS state drives the degree of
iron reactivity, a continuous decrease of Kd from 0.64 to
0.19 can be observed. At higher pressures, in the LLM
region, where the (Mg,Fe)O-system’s phases do not signifi-
cantly change, neither in composition nor in proportion,
the bulk Fe/Mg-Kd is almost constant (Kd = 0.18–0.16
between �80 and 130 GPa). If the Fe/Mg partitioning
between reservoir and Fe-periclase is calculated treating
each xj-phase as independent of the others, then Kd-
intervals of 0.5–0.3, 0.18–0.06 and 1–0.5, for x0, x1 and
x2, respectively, are obtained. This means that the (Mg,
Fe)O-phases exhibit diverse attitudes to iron hosting.



24 M. Merli et al. /Geochimica et Cosmochimica Acta 214 (2017) 14–29
In addition, if a mixed spin state of ferrous iron was
taken into account, the Kd-values would increase because
of the HS contribution. However, using the compositions
and phase proportions obtained from HS-LS linear combi-
nation, the Fe-Mg partitioning trend does not change with
respect to LS’s, with Kd-values as large as 0.19–0.16 in
LLM region.

Our results of Fe/Mg partitioning between reservoir and
Fe-periclase agree with experimental and theoretical studies
on pyrolitic and Al-free systems, which give Kd, for
bridgmanite/Fe-periclase, ranging from 0.6 to 0.06 (i.e.
Deschamps and Trampert, 2004; Kobayashi et al., 2005;
Auzende et al., 2008; Sakai et al., 2009; Nakajima et al.,
2012; Prescher et al., 2014;Muir and Brodholt, 2015). In par-
ticular, HP-HT experiments carried out between 30–130
GPa and 1760–2500 K (Prescher et al. 2014; Sinmyo et al.,
2008; Sinmyo and Hirose, 2013; Narygina et al., 2011) yield
Kd-estimates showing a trend flattening at LLM pressures
like our predictions, although in a restricted range of values
(0.35–0.16 versus 0.69–0.16). Taking into account that we
modelled the Fe/Mg exchange/equilibration neglecting the
reservoir’s energetics, the general consistency between the
present results and previous determinations suggests that
iron always prefers Fe-periclase in comparison to all the
other iron-bearing phases of the lower mantle.

6. CONCLUSIONS

To our knowledge, this is the first investigation which
uses Gibbs energy of mixing, forward–backward transfor-
mations and treats the (Mg,Fe)O system as an open exchan-
ger of matter with the lower mantle surroundings.

Un-mixings over the closed MgO-FeO binary at lower
mantle P-T conditions are predicted to occur between 23
and 42 GPa in the case of LS, only. Taking into account
that HS is the preferred spin state of iron up to � 40 GPa
and that it excludes occurrence of disproportionation at
any pressure, un-mixing processes are therefore unlikely.
In this light, it is difficult to ascribe to un-mixing phenom-
ena the observed compositional variability of lower mantle
Fe-periclase in diamond inclusions and in HP-HT synthesis
products.

In turn, using a geochemically open model and equilib-
rium reactions formalism, we show that the (Mg,Fe)O-
system is able to continuously exchange iron with the lower
mantle reservoir (i.e. MSF-system) and provides the phases
x0 (reference average; 0.175 FeO), x1 and x2. x1 increases
progressively in phase proportion, becoming richer and
richer in iron up to 0.5 FeO at �80 GPa (�2000 km depth).
x2, 0.10 FeO, is quasi-invariant in composition and occurs
with phase proportion values that decrease as a function of
P, similarly to x0’s. Above �80 GPa, such phases change
neither in composition nor in phase proportion, and the
Fe-rich phase becomes the most abundant in the LLM
region, in terms of 0.7 phase proportion.

The resulting phases yield a larger and larger density
inhomogeneity, estimated by Dq = [qx1–(qx0 + qx2) � 0.5].
Dq changes from 0.8, at 24 GPa, to 1.4, at 130 GPa, and
corresponds altogether to a mean increase of approximately
10%.
The Fe/Mg partitioning between reservoir (roughly
approximated by a ‘‘virtual” bridgmanite chemical compo-
sition) and Fe-periclase, i.e. Kd, decreases in LM following
its geotherm, but it becomes quasi-constant in LLM. In
fact, Kd varies from 0.64, at 24 GPa, to 0.19, at 80 GPa
and from 0.18, at � 90 GPa, to 0.16, at 130 GPa, in general
agreement with previous theoretical and experimental
determinations in the case of actual bridgmanite and Fe-
periclase. This suggests that iron prefers Fe-periclase in
comparison to all the other iron-bearing phases of the lower
mantle.

In summary:
the obtained results indicate the (Mg,Fe)O-system sta-

bilises phases that ultimately give rise to geochemical
heterogeneities as a function of the P-T paths in LM and
LLM. Such heterogeneities are due to changes of the
(Mg,Fe)O-phases in (i) composition, (ii) phase proportions,
(iii) density and (iv) Fe/Mg partitioning coefficients
between reservoir and Fe-periclase. These changes, which
rapidly occur across LM, become significantly more modest
in LLM, where a steady Fe-rich–phase is dominant (�0.7
phase proportion);

Fe-periclase behaves as the main ‘‘pivot” in the Fe/Mg-
exchange processes with respect to the lower mantle
reservoir;

(Mg,Fe)O is a source of geochemical heterogeneities (the
average compositions from 24 to 130 GPa are strewn over
the interval 0.19–0.40 FeO), but it does not give rise to any
sharp discontinuity. In this view, anomalies, like the ultra-
low velocity zones (ULVZs), interpreted as due to local
abrupt change of density, do not seem primarily associated
to the mixing behaviour of Fe-periclase.
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APPENDIX A

A.1. Derivation of Eqs. (8.a) and (8.b)

Starting from Eq. (7), we require that the conservation
of mass principle is fulfilled between right-hand side and
left-hand side members. Therefore, we have

x0 ¼ y1� x1þ y2� x2 ðI:a:1Þ
1� x0 ¼ y1� ð1� x1Þ þ y2� ð1� x2Þ: ðI:a:2Þ

Summing (I.a.1) and (I.a.2), we obtain

y1þ y2 ¼ 1: ðI:bÞ
Expressing y2 in (I.a.1) by (I.b), we determine y1 as a

function of x1 and x2, i.e. equation (8.a). Eq. (8.b) is a con-
sequence of (I.b).
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APPENDIX B

B.1. Open system and constrained phase assemblages

With mj
a and nj

a we represent the chemical potential and
number of moles of the jth-component with respect to the
a-phase, respectively. We assume the existence of one inde-
pendent and known phase, ‘‘0phase”. Its composition is fixed
and expressed by nj

0; n stands for the number of moles of
the 0phase. The introduction of the 0phase is needed when
the complexity of a system is so high that a further con-
straint on the nature of the involved phases can help
addressing the problem. For instance, such a situation is
met when transformation kinetics is low, or impaired, and
leads to the persistence of one or more phases, which con-
strain the phase composition of the resulting assemblage.
Phases other than the 0phase (they are here addressed to
as dependent phases) are in total p; c indicates the number
of components.

The Gibbs energy of such a system is

G ¼
X
a¼1;p

X
j¼1;c

naj l
a
j þ n

X
j¼1;c

n0j l
0
j :

At given P-T conditions we have

dG ¼
X
a¼1;p

X
j¼1;c

la
j dn

a
j þ

X
j¼1;c

n0j l
0
j dn; ðII:aÞ

and at equilibrium dG = 0. If we assume the conservation
of mass principle for components, i.e. closed system, then
c-constraints are required to be fulfilled, i.e.X
a¼1;p

dnaj þ n0j dn ¼ 0: ðII:bÞ

Using the Lagrange multipliers (wj) method, we combine
(II.a) and (II.b), so that

X
a¼1;p

X
j¼1;c

la
j dn

a
j þ

X
j¼1;c

n0j l
0
j dnþ

X
j¼1;c

wj

X
a¼1;p

dnaj þ n0j dn

 !
¼ 0:

Rearranging the terms of the equation above, we can
write

X
j¼1;c

X
a¼1;p

ðla
j þ wjÞdnaj þ ðl0

j þ wjÞn0j dn
" #

¼ 0: ðII:cÞ

(II.c) requires that

l1
1 ¼ l2

1 ¼ . . . ¼ �w1 ¼ l0
1 ðII:dÞ

l1
c ¼ l2

c ¼ . . . ¼ �wc ¼ l0
c

The set of Eq. (II.d) leads to the well understood equal-
ity between chemical potentials of the same component in
different phases.

In the general approach, there is not any imposed 0-
phase, hence we set it aside for the moment. A set of
c � p unknown {xj

a}-values, i.e. component fractions on
which the chemical potentials depend, must be determined.
In this way, the problem of the absolute amount of each
component can be avoided. However, component fractions
require more p-constraints of normalization, i.e. Rj=1,c

xj
a = 1, in addition to the c � (p-1) constraints due to
(II.d). Hence, at given P and T, the classic relationship:
fdegrees of freedom = (p � c)-c � (p � 1)-p = c-p is obtained.

In the case of the presence of an independent 0phase, the
constraining equations of (II.d)-type are p � c, given that
the lagrangian multipliers are determined by mj

0, i.e. �wj = -
mj
0. We now assume the system to be off equilibrium and, in

order to evolve towards the equilibrium state, it exchanges
matter with a reservoir according to an irreversible transfor-
mation, dGirrev < 0, until equilibration is accomplished and
dG = 0. Hence, the p dependent phases behave as an ‘‘open
system” in the equilibration process. Relaxing the con-
straint of conservation of mass, we have to seek for c � p

unknown {nj
a}-values, nj

a � 0, to fulfill the c � p constraint
equations of (II.d)-type. In this view, the problem is solv-
able and the solution is unique, there being as many vari-
ables as constraints, and the independent 0phase pivots
equilibration of the p dependent phases.

We now aim to introduce more than one independent

phase: pindep-phases. First, they must be at equilibrium with
each other at P-T, namely they must satisfy the constraints
of the Gibbs rule, i.e. pindep � c and the equality of the
chemical potentials. The wi’s, determined by the chemical
potentials of the independent phases accordingly, lead to
the c � p constraining equations of (II.d)-type. The c � p

{nj
a}-values that give the p dependent phases are determined,

and an exchange of matter between system and reservoir

takes place, as in the case of the 0phase.
It is worth noting that the obtained assemblage repre-

sents the least Gibbs energy system compatible with pindep
independent (pindep � c) and p dependent phases. The assem-
blage of dependent phases, in turn, must be as physically
consistent as possible with the conditions following a relax-
ation of the constraints of the imposed independent phases.
In this view, p � c, for the dependent phases, too.

The application discussed in the text for Fe-periclase can
be likened to the case in which the ubiquitous x0-phase acts
as an independent 0phase, whereas x1 and x2 are two depen-

dent phases. In other words, the system is divided into two
sub-systems (either fully consistent with the Gibbs rule) one
of which exchanges matter with a reservoir and in this way
equilibration is achieved.

APPENDIX C

C.1. System (Fe-periclase) and reservoir

The reservoir provides a simplified description of that
portion of the lower mantle other than (Mg,Fe)O. Let us
suppose that at given P-T-conditions, reservoir and (Mg,
Fe)O, with compositions Xreservoir and X(MgFe)O, respec-
tively, interact and exchange matter. If P and T are kept
constant, the system and the reservoir undergo an irre-
versible transformation towards a Gibbs energy minimum.
If the reservoir is compositionally likened to a fictitious
‘‘bridgmanite”, (Mg,Fe)SiO3, we can envisage an exchange
of matter between it and the system through the following
reaction:

ðMg1�xFexÞOþ ðMg1�yFeyÞSiO3 () ðMg1�x�vFexþvÞO
þ ðMg1�yþvFey�vÞSiO3;
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in which v FeO is transferred from the reservoir to the Fe-
periclase, and v MgO does the opposite.

The Gibbs energy of the reservoir at P-T conditions
composed by N-moles of a given chemical component, is
represented by GR(P,T,N) ± Df; where Df is the reservoir’s
fluctuation that accounts for the energy, complex transfor-
mations, reactions, and flows of matter that take place in
the lower mantle. For simplicity, we restrict to one chemical
component our analysis and use gSys(P,T,n) to refer to the

‘‘instantaneous” Gibbs energy of a system (Fe-periclase),
in which n defines a generic reference composition at P-T.
‘‘Instantaneous” Gibbs energy means the Gibbs energy of
the system frozen off equilibrium. We take GR(P,T,
N)	 gSys(P,T,n) and their total Gibbs energy is

GtotðP ; T ;N ; nÞ ¼ gSysðP ; T ; nÞ þ GRðP ; T ;NÞ 
 Df ðIII:aÞ
At a given time, system and reservoir start to interact

and exchange matter. The exchange of matter leads to

GRðP ; T ;N � vÞ 
 Df

and

gSysðP ; T ; nþ vÞ:
From Eq. (III.a), we aim at minimizing the following

quantity, with respect to v,

Dtot ¼ GtotðP ; T ;N � v; nþ vÞ � GtotðP ; T ;N ; nÞ 
 Df

ðIII:bÞ
in which system + reservoir evolve through an irreversible
change towards an equilibrium state. Given that |GR(P,T,
N-v)- GR(P,T, N)|� Df, owing to v � N and, from statis-
tical mechanics, Df/N1/2, then we can neglect the change
of the reservoir’s Gibbs energy due to an exchange of matter
with the system with respect to the fluctuations’
contribution.

In this light, Eq. (III.b) becomes

Dtot � ½
Df �reservoir
þ ½�lðP ; T ; nþ vÞSys � vþ OSysðv2Þ�system; ðIII:cÞ

Eq. (III.c) shows that if a super-system composed by reser-

voir+system is considered, then the system alone can be
considered, if its size is significantly smaller than the resor-

voir’s. Therefore, exchanges of matter are mainly governed
by the system, given that they do not affect the reservoir

more than its fluctuations do.
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(Mg0.50Fe0.50)O and (Mg0.80Fe0.20)O in the lower mantle. Eur.
J. Miner. 113, 857–861.

Dziewonski A. and Anderson D. L. (1981) Preliminary earth
reference model. Phys. Earth Planet. Inter. 25, 297–356.

Fei Y., Mao H. K., Shu J. and Hu J. (1992) P-V-T equation of state
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magnesiowüstite (Mg0.6Fe0.4)O. Phys. Earth Planet. Inter. 129,
301–311.

Zhang S., Cottaar S., Liu T., Stackhouse S. and Militzer B. (2016)
High-pressure, temperature elasticity of Fe- and Al-bearing
MgSiO3: Implications for the Earth’s lower mantle. Earth

Planet. Sci. Lett. 343, 264–273.

Associate editor: Michael J. Toplis

http://refhub.elsevier.com/S0016-7037(17)30454-4/h0475
http://refhub.elsevier.com/S0016-7037(17)30454-4/h0475
http://refhub.elsevier.com/S0016-7037(17)30454-4/h0475
http://refhub.elsevier.com/S0016-7037(17)30454-4/h0475
http://refhub.elsevier.com/S0016-7037(17)30454-4/h0480
http://refhub.elsevier.com/S0016-7037(17)30454-4/h0480
http://refhub.elsevier.com/S0016-7037(17)30454-4/h0480
http://refhub.elsevier.com/S0016-7037(17)30454-4/h0495
http://refhub.elsevier.com/S0016-7037(17)30454-4/h0495
http://refhub.elsevier.com/S0016-7037(17)30454-4/h0495
http://refhub.elsevier.com/S0016-7037(17)30454-4/h0495
http://refhub.elsevier.com/S0016-7037(17)30454-4/h0495
http://refhub.elsevier.com/S0016-7037(17)30454-4/h0500
http://refhub.elsevier.com/S0016-7037(17)30454-4/h0500
http://refhub.elsevier.com/S0016-7037(17)30454-4/h0500
http://refhub.elsevier.com/S0016-7037(17)30454-4/h0500
http://dx.doi.org/10.1029/2010GL043689
http://refhub.elsevier.com/S0016-7037(17)30454-4/h0510
http://refhub.elsevier.com/S0016-7037(17)30454-4/h0510
http://refhub.elsevier.com/S0016-7037(17)30454-4/h0515
http://refhub.elsevier.com/S0016-7037(17)30454-4/h0515
http://refhub.elsevier.com/S0016-7037(17)30454-4/h0520
http://refhub.elsevier.com/S0016-7037(17)30454-4/h0520
http://refhub.elsevier.com/S0016-7037(17)30454-4/h0520
http://refhub.elsevier.com/S0016-7037(17)30454-4/h0520
http://refhub.elsevier.com/S0016-7037(17)30454-4/h0520
http://refhub.elsevier.com/S0016-7037(17)30454-4/h0525
http://refhub.elsevier.com/S0016-7037(17)30454-4/h0525
http://refhub.elsevier.com/S0016-7037(17)30454-4/h0525
http://refhub.elsevier.com/S0016-7037(17)30454-4/h0525
http://refhub.elsevier.com/S0016-7037(17)30454-4/h0525

	Fe-periclase reactivity at Earth’s lower mantle conditions:�Ab-initio geochemical modelling
	1 Introduction
	1.1 (Mg,Fe)O-system
	1.2 Deviations from ideality

	2 Lower mantle geochemical frame
	3 Thermodynamic approach
	3.1 Gibbs energy of mixing at high-pressure and high-temperature
	3.2 Vibrational contributions to the Gibbs free energy of mixing
	3.3 Cluster expansion
	3.4 Ab-initio calculations
	3.5 Reaction model
	3.6 Spin state and excess Gibbs energy of mixing

	4 Results
	4.1 Un-mixing processes in closed (Mg,Fe)O-system
	4.2 Extension to the MgO - FeO - SiO2 system

	5 Discussion
	5.1 Fe/Mg partitioning between reservoir and Fe-periclase

	6 Conclusions
	Acknowledgements
	Appendix A
	A.1 Derivation of Eqs. (8.a) and (8.b)

	Appendix B
	B.1 Open system and constrained phase assemblages

	Appendix C
	C.1 System (Fe-periclase) and reservoir

	References


