
Physics of the Earth and Planetary Interiors 249 (2015) 28–42
Contents lists available at ScienceDirect

Physics of the Earth and Planetary Interiors

journal homepage: www.elsevier .com/locate /pepi
Thermal equation of state and stability of (Mg0.06Fe0.94)O
http://dx.doi.org/10.1016/j.pepi.2015.09.003
0031-9201/� 2015 Published by Elsevier B.V.

⇑ Corresponding author at: Department of Geosciences, Princeton University,
Princeton, NJ, USA.

E-mail address: jwicks@princeton.edu (J.K. Wicks).
June K. Wicks a,c,⇑, Jennifer M. Jackson a, Wolfgang Sturhahn a, Kirill K. Zhuravlev b, Sergey N. Tkachev b,
Vitali B. Prakapenka b

aDivision of Geological and Planetary Sciences, California Institute of Technology, Pasadena, CA, USA
bCenter for Advanced Radiation Sources, University of Chicago, Chicago, IL 60637, USA
cDepartment of Geosciences, Princeton University, Princeton, NJ, USA

a r t i c l e i n f o a b s t r a c t
Article history:
Received 16 January 2015
Received in revised form 15 August 2015
Accepted 3 September 2015
Available online 11 September 2015

Keywords:
Equations of state
Core–mantle boundary
(Mg,Fe)O
Wepresent the pressure–volume–temperature (P–V–T) equation of state of polycrystalline (Mg0.06Fe0.94)O
(Mw94) determined from laser-heated X-ray diffraction experiments up to 122 GPa and 2100 K, condi-
tions approaching those of the deep mantle. We conducted two sets of experiments, one with an in situ
Femetal oxygen fugacity buffer and onewithout such a buffer. The internal pressuremarkers used in these
experiments were B2-NaCl and hcp-Fe in the buffered experiment and B2-NaCl in the unbuffered experi-
ment. In the sampled P–T range of the high temperature part of this study, only the B1 structure of Mw94
was observed, indicating that the addition of Mg to FeO stabilizes the B1 phase with respect to the B8
phase at these conditions. Both datasets were fit to a Birch–Murnaghan and Mie–Grüneisen–Debye ther-
mal equation of state using a new open-source fitting routine, also presented here. Analysis of these data
sets using the same internal pressure marker shows that the P–V–T data of Mw94 obtained in the unbuf-
fered experiment are well explained by the equation of state parameters determined from the buffered
data set. We have also compared the thermal equation of state of Mw94 to that of wüstite and conclude
that Mw94 has measurably distinct thermoelastic properties compared with those of wüstite. We use the
results obtained in the buffered experiment to determine the density and bulk sound velocity of Mw94 at
the base of the mantle and compare these values to geophysical observations of ultralow-velocity zones.

� 2015 Published by Elsevier B.V.
1. Introduction

1.1. Motivation

Iron-poor members of the periclase–wüstite (MgO–FeO) solid
solution may comprise up to 20% of the Earth’s lower mantle.
According to the ‘‘pyrolite” model, the chemistry of this phase con-
tains 10–20% FeO (Ringwood, 1975). The simplest assumption is
that the lower mantle is homogeneous, yet seismic studies reveal
discontinuities and lateral heterogeneity in the deep mantle that
suggest lateral chemical inhomogeneities (Garnero et al., 2007).
Chemical analyses of magma associated with hotspot volcanism
from mantle plumes reportedly sourced from the lower mantle
also give evidence for chemical heterogeneity, promising a more
complex lower mantle (Mukhopadhyay, 2012). To understand the
role of (Mg,Fe)O in these variations, the thermodynamic and elas-
ticity systematics of ferropericlase, (Mg1�xFex)O with x < 0:5, has
been extensively studied as a function of composition, pressure,
and temperature. However, more iron-rich compositions of (Mg,
Fe)O have not been explored in the same detail.

Ultralow-velocity zones (ULVZs) at the core–mantle boundary
give insight into the chemical heterogeneity of the lowermost
mantle. As their name implies, ULVZs are characterized by very
low seismic wave velocities (10–30%) (e.g. Garnero and
Helmberger, 1998; Helmberger et al., 2000; Rost et al., 2006; Sun
et al., 2013). Requiring concomitant density increase and sound
velocity decrease with respect to the surrounding mantle, ULVZs
are best explained by Fe-enrichment. Recent considerations of a
crystallizing primordial magma ocean show that enrichment of
Fe in the lowermost mantle is possible, preserved as either iron-
rich solids or residual melt (Labrosse et al., 2007; Lee et al.,
2010; Nomura et al., 2011).

Incorporation of 40% Fe into magnesium silicate post-perovskite
has been found to reduce shear wave velocities to 33% lower than
that of the 1D Preliminary Reference Earth Model (PREM) (Mao
et al., 2006; Dziewonski and Anderson, 1981). An iron-rich oxide,
namely (Mg0.16Fe0.84)O, also has low shear wave velocities—50%
lower than that of PREM (Wicks et al., 2010). Partial melting has
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also been suggested as a plausible mechanism (Williams et al.,
1998; Lay et al., 2004; Labrosse et al., 2007).

Dynamic models have been used to explore the stability and
topology of ULVZs to differentiate the observable characteristics
of various candidate assemblages. Hernlund and Tackley (2007)
found that the amount of partial melt required to decrease the
sound velocities of a phase assemblage to match ULVZs would per-
colate and pool at the base of the mantle, a result that could be pre-
vented if the ULVZ were stirred (Hernlund and Jellinek, 2010).
Dynamic models exploring solid ULVZs show that ULVZ shape can
be correlated to chemical density anomaly, which in turn can be
used to explore the tradeoff between density and sound velocities
of (Mg,Fe)O and bridgmanite (Bower et al., 2011; Sun et al., 2013).

We are motivated, therefore, to measure the pressure–volume–
temperature equation of state of iron-rich (Mg,Fe)O, so that the
density of iron-rich ULVZs can be properly modeled, and the rela-
tionship between sound velocity and density can further constrain
the composition of ULVZs.
1.2. Previous experimental studies

Previous pressure–volume–temperature (P–V–T) studies have
shown that the MgO–FeO solid solution is complicated by the exis-
tence of phase transitions, a spin transition, and defect clustering
as a function of FeO component (e.g. Lin et al., 2003; Fei et al.,
2007a; Lin et al., 2005; Speziale et al., 2005; Kantor et al., 2009;
Mao et al., 2011). The MgO endmember is known to be cubic
beyond the pressure and temperature conditions of the Earth’s
mantle (Duffy and Ahrens, 1993). The FeO endmember is thought
to be cubic at the pressures and temperatures of the interior of
the Earth, but at lower temperatures is found to transform to a
rhombohedral structure at moderate pressures (e.g. Shu et al.,
1998) and to the B8 NiAs structure at higher pressures (e.g. Fei
and Mao, 1994; Fischer et al., 2011b).

At 300 K, iron-rich (Mg,Fe)O undergoes a cubic to rhombohedral
phase transition at 8–40 GPa, with a phase transition pressure sen-
sitive to both composition and hydrostaticity. Studies of the bulk
modulus at 0 GPa as a function of composition showdiffering trends
due to sample stoichiometry. Studies of non-stoichiometric, iron-
rich (Mg,Fe)O show that both KS and KT decrease as a function of
Fe concentration (Jacobsen et al., 2002; Richet et al., 1989), where
KS is determined from measurements of volume, composition, and
of VP and VS using ultrasonic interferometry, and KT is determined
in a P–V compression study. The trend is opposite for stoichiometric
samples,whereultrasonic interferometry studies for iron-poor sam-
ples display a positive trend of KS with increasing iron content
(Jacobsen et al., 2002). In the iron endmember, KT does indeed
depend on stoichiometry, with Fe0.99O being much less compress-
ible than Fe<0.98O (Zhang and Zhao, 2005).

Thermal expansion, a ¼ 1
V

@V
@T

� �
P
, has been shown to be insensi-

tive to Fe content for Mg-containing ferropericlase (Zhang and
Kostak, 2002; Westrenen et al., 2005; Komabayashi et al., 2010;
Mao et al., 2011). Yet, it appears to be sensitive to defect concentra-
tion. In the Fe end member, a is about 30% larger for Fe0.942O than
Fe0.987O at pressures and temperatures up to 5.4 GPa and 1073 K
(Zhang and Zhao, 2005). In this study, we aim to determine the
P–V–T equation of state for (Mg0.06Fe0.94)O at conditions approach-
ing those of the deep mantle to constrain the thermoelasticity of
iron-rich (Mg,Fe)O and to see if these aforementioned trends apply
to iron-rich (Mg,Fe)O.
1.3. Experimental considerations

In this paper we discuss two types of experiments, ‘‘buffered”
and ‘‘unbuffered”. In previous high-PT experiments on wüstite,
an in situ Fe metal oxygen buffer has been used (Fischer et al.,
2011b; Seagle et al., 2008; Ozawa et al., 2010). The motivation of
using such a buffer has been to decrease the vacancy population
of wüstite at high pressures and temperatures, as some studies
indicate that the thermoelastic properties of wüstite vary as a
function of vacancy concentration (Zhang and Zhao, 2005).
2. Materials and methods

Polycrystalline (Mg0.0657Fe0.94)O was synthesized from 57Fe
(95% enriched, Isoplex) and MgO powders in a 1 atm gas-mixing
furnace at 1673 K for two runs of 20 h each. A H2/CO2 gas mixture
was used to control the oxygen fugacity of the synthesis to just
above that of the iron-wüstite fugacity buffer (log f O2

¼ �9). Sam-
ple composition was measured using a JEOL-JXA-8200 electron
microprobe, reporting a composition of (Mg.058(1)Fe.942(1))O, where
the number in parentheses is the error on the last digit. A conven-
tional Mössbauer spectrum (Fig. 1, inset) caps the ferric content at
5% of the total iron, thus capping the vacancy concentration at 5%.

Two experiments were conducted in this study. For the unbuf-
fered experiment, a symmetric diamond anvil cell with 300 lm-
culet diamonds was prepared. (Mg0.06Fe0.94)O, hereafter referred
to as Mw94, was lightly ground with NaCl powder (1:1 by volume)
in an agate mortar under ethanol, allowed to dry, then pressed into
a pellet. This mixture was loaded between two thin NaCl plates
(<10 lm), and the remaining space in the rhenium gasket sample
chamber was filled with neon using the COMPRES/GSECARS gas-
loading system (Rivers et al., 2008). To keep the NaCl dehydrated,
the pellet was consistently stored in a desiccator when not in use,
and the loaded diamond anvil was placed under vacuum for about
one hour and purged with argon before being put into the gas-
loading system.

We conducted a second experiment with an in situ Fe metal
oxygen buffer for comparison. In this second, buffered, high pres-
sure experiment, 250 lm-culet diamonds were used. Otherwise,
the preparation differed in that the sample pellet (Mw94 and NaCl)
also included Fe metal (1:1 Mw94:Fe by weight) as an in situ oxy-
gen buffer and pressure marker. Thus, both experiments contained
an intimate mixture of Mw94 and NaCl in the sample pellet, so that
NaCl may be used as a common pressure marker to compare the
results of the buffered and unbuffered experiments.

The high temperature powder X-ray diffraction (XRD) experi-
ments were conducted at the 13-ID-D beamline (GeoSoilEnviro-
Cars) at the Advanced Photon Source, Argonne National
Laboratory. Using an incident X-ray beam of k ¼ 0:3344 Å and
focus spot size of 4 lm � 4 lm, angle-dispersive X-ray diffraction
patterns were recorded onto a MAR165 CCD detector and subse-
quently integrated using Fit2D (Hammersley et al., 1996). CeO2

was used to calibrate the sample to detector distance at 1 bar. Sam-
ples were compressed to about 35 GPa at room temperature before
heating. High temperatures were achieved in situ by laser heating
from both sides by 1.064 lm Yb fiber lasers with ‘flat top’ profiles
(Prakapenka et al., 2008) and temperatures were determined spec-
troradiometrically (e.g. Heinz and Jeanloz, 1987; Shen et al., 2001)
using the gray body approximation over the 600–800 nm range of
thermal emission. Temperatures were measured during the collec-
tion of the diffraction patterns. In the buffered experiment, only
the upstream temperatures were used due to technical difficulties
with the downstream temperature determinations. The diffraction
peaks were relatively sharp compared to ambient temperature
data, indicating that temperature gradients are likely small. Exam-
ple XRD patterns are shown in Fig. 1.

The 2h angles corresponding to lattice reflections of
(Mg0.06Fe0.94)O, NaCl, Fe, and Ne were determined by fitting the
patterns with Voigt peaks using Igor Pro (WaveMetrics, Lake



Fig. 1. Example integrated XRD patterns showing peak identifications for B2-NaCl, hcp-Fe, and Ne. Pressures were determined using the equation of state of B2-NaCl (Fei
et al., 2007b) for the unbuffered dataset (top two patterns), and hcp-Fe (Dewaele et al., 2006; Murphy et al., 2011) for the buffered dataset (bottom three patterns).
(Mg0.06Fe0.94)O is rhombohedral at room temperature (MwR, R-3m) and cubic at high temperature (MwC, Fm-3m). Unidentified peaks are labeled with *. Arrows indicate
location of expected B8 peaks at these conditions (Ozawa et al., 2011). Inset: A conventional Mössbauer spectrum of Mw94 before heating at 1 bar (Wicks, 2013), with two
example fits (no Fe3+, green, and 5% Fe3+, red.) (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Oswego, OR, USA). In the multi-peak fitting routine in Igor Pro, XRD
pattern backgrounds were fit locally with a cubic function. Unit cell
volumes were determined using unweighted linear regression
using the Unit Cell refinement software package (Holland and
Redfern, 1997), which assumes a minimum uncertainty of 0.005
degrees on each lattice reflection, with errors on the unit cell
weighted by goodness of fit.

Volumes of cubic Mw94 were refined using at least three of the
following four reflections: 111, 200, 220, and 331. hcp-Fe vol-
umes were refined using at least 6 of the 8 following reflections:
100, 200, 101, 102, 110, 103, 200, and 112. B2-NaCl volumes
were refined using at least 5 of the 6 following reflections: 100,
110, 111, 200, 210, and 211. Neon volumes were determined
from at least one of the two reflections: 111, 200. Rhombohedral
Mw94 volumes were refined from at least 3 of the 5 following
reflections: 003, 101, 102, 104, and 110.

The B2-NaCl thermal equation of state of Fei et al. (2007b) was
used to determine pressure in the unbuffered experiment, and to
compare that dataset to the buffered experiment, as each con-
tained an intimate mixture of NaCl and Mw94. Pressures in the
buffered experiment were determined using the unit cell volume
of hcp-Fe. We used the room temperature equation of state of
hcp-Fe given by Dewaele et al. (2006), with an updated thermal
pressure given by Murphy et al. (2011). The difference between



Fig. 2. Phase identification of (Mg0.06Fe0.94)O in P–T space. (Mg0.06Fe0.94)O is cubic
(unbuffered �, buffered j) at high temperature and rhombohedral (unbuffered },
buffered r) at room temperature. Before-heating points from the buffered
experiment are shown below 25 GPa in gray ( , ). Light gray lines and text: the
latest phase diagram of wüstite (Fei and Mao, 1994; Fischer et al., 2011a; Fischer
et al., 2011b; Kondo et al., 2004; Ozawa et al., 2010; Ozawa et al., 2011). Pressures
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the two pressure scales is small, with a resulting pressure increase
ranging from 0.01 to 0.4 GPa for the Murphy et al. (2011) values.

The greatest source of error in these measurements comes from
the temperature determination. Past studies have analyzed these
sources of error in great detail for experiments conducted in the
laser-heated diamond-anvil cell (e.g. Heinz and Jeanloz, 1987;
Kavner and Jeanloz, 1998; Panero and Jeanloz, 2001; Shim et al.,
2000; Shen et al., 2001; Benedetti and Loubeyre, 2004; Noguchi
et al., 2013). The errors depend heavily on the individual experi-
ments, with cited temperature uncertainties ranging from a few
percent to 10 percent. Considering the measured range of standard
deviations from multiple measurements for each XRD pattern col-
lected in our study (between 1 and 104 K) and previous reports
suggesting an accuracy of such measurements to be between about
100 and 200 K (Shen et al., 2001; Sturhahn and Jackson, 2007;
Noguchi et al., 2013), we report a temperature uncertainty of
100 K.

The error in pressure is a function of the uncertainty in both the
volume and temperature of the in situ pressure calibrant (hcp-Fe or
B2-NaCl, in this case). However, in determining the correct error
assignments for the equation of state fitting, we made adjustments
to ensure that errors were not double-counted. Calculated volumes
and pressures of the buffered and unbuffered datasets are pre-
sented in Tables D.8 and D.9, respectively.
shown here in the buffered experiment used hcp-Fe as a pressure marker, while
pressures in the unbuffered experiment used B2-NaCl. Black dashed line: B1-
rhombohedral phase boundary for iron (Mg,Fe)O of varying composition (Kondo
et al., 2004). Error bars shown represent standard deviation of individual temper-
ature measurements.
3. Results

3.1. Phase identification

In the P–T range of study, we identified cubic Mw94 at high
temperature, and rhombohedral or a mixture of rhombohedral
and cubic Mw94 at room temperature. We interpret the mixture
to be a result of incomplete back-transformation of the cubic to
rhombohedral phase on quench. We plot our phase identifications
in Fig. 2. In the diffraction patterns of the buffered experiment, all
peaks could be assigned to known phases in the sample chamber
(Mw94, NaCl, Fe, Ne). In the unbuffered experiment, there were a
few weak peaks that could not be assigned to known phases of
Mw94, NaCl, or Fe. We will return to this topic later in our discus-
sion of stoichiometry. Our cold compression points are shown in
gray, bracketing the room temperature cubic-rhombohedral tran-
sition between 13 and 24 GPa.

As we did not identify the B8 structure in our P–T range of
study, we observe that the addition of Mg to FeO stabilizes the
B1 phase with respect to the B8 phase at these conditions. At
300 K, our data bracket the B1 to rhombohedral transition indi-
cated for FeO, but our data coverage at room temperature is not
complete enough to make comparisons. At high temperature, our
observation of only the cubic structure is inconsistent with those
of Kondo et al. (2004) and Ohta et al. (2014). Kondo et al. (2004)
reports an expansion of the stability field of rhombohedrally-
structured (Mg,Fe)O up to 2000 K at 120 GPa for (Mg0.05Fe0.95)O,
(Mg0.1Fe0.9)O and (Mg0.2Fe0.8)O sandwiched between corundum
disks, regardless of composition. Ohta et al. (2014) reported a sim-
ilar rhombohedral phase boundary for (Mg0.2Fe0.8)O prepared with
silica glass as a pressure medium. The use of a neon pressure med-
ium in our experiments could be one explanation for the
discrepancy.
3.2. Thermal equation of state fitting using MINUTI

The buffered and unbuffered P–V–T data of Mw94 were fit using
an open-source thermal equation of state fitting routine (seos)
within the MINeral physics UTIility software package, MINUTI ver-
sion 1.1.1 (Sturhahn, 2015). We describe the thermal equation of
state and parameter fitting here.

The free energy or Helmholtz energy is written as the sum of a
term describing the elastic deformation Fel and a term describing
the lattice vibrations

FðV ; TÞ ¼ FelðVÞ þ FthðV ; TÞ � FthðV ; T0Þ
¼ FelðVÞ � kBT ln ZthðV ; TÞ þ kBT0 ln ZthðV ; T0Þ: ð1Þ

The partition function Z gives the contribution of lattice vibra-
tions and is expressed by the phonon density of states

ln ZthðV ; TÞ ¼ �
Z

ln 2 sinh
x

2kBT

� �
Dðx;VÞdx : ð2Þ

The elastic part of Eq. 1 can be selected to be of type Birch–Mur-
naghan, Vinet, or logarithmic. In this study, we used a Birch–Mur-
naghan type, which is given by

FelðVÞ ¼ 9
2 K0V0 f

2 1þ f ðK 0
0 � 4Þ� �

with f ¼ 1
2

V0
V

� �2=3 � 1
n o ð3Þ

In these relations, V0 is the volume at zero pressure, K0T is the
isothermal bulk modulus at zero pressure, and K 0

0T is the pressure
derivative of the isothermal bulk modulus at zero pressure. All val-
ues are assumed at a reference temperature T0 (300 K, in this case).
Therefore at the reference temperature the equation of state (EOS)
is given by the elastic part only.

The seos program uses the Debye approximation for the phonon
density of states which features one volume-dependent parameter,
the Debye temperature H. For x 6 kBH

DðxÞ ¼ 9
kBH

x
kBH

� �2

: ð4Þ

With this approximation, the free energy of the Debye phonon
gas is given by



Table 1
Equation of state parameters of cubic (B1) and rhombohedrally-structured
(Mg0.06Fe0.94)O for the buffered dataset using hcp-Fe as an internal pressure marker.
Room temperature parameters correspond to a Birch–Murnaghan equation of state,
while thermal parameters correspond to the Mie–Grüneisen equation of state.

B1-Mw94 r-Mw94

V0 (Å3/atom) 9.92 ± 0.04 9.97 ± 0.11
K0T (GPa) 197.4 ± 6.5 184 ± 16
K 0
0T 2.79 ± 0.09 2.98 ± 0.25

h0 (K) 426⁄

c0 1.72 ± 0.08
q 0.50⁄

Reduced v2 1.07 ± 0.13 2.84 ± 0.51

⁄ Denotes numbers that were fixed in the fitting.
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FthðV ; TÞ ¼ 3kBT ln 2 sinh
H
2T

� �
� kBT I

H
T

� �
� 3
8
kBH; ð5Þ

with

IðtÞ ¼ 3
t3

Z t

0

x3dx
e x � 1

: ð6Þ

The thermal pressure now takes the Mie–Grüneisen–Debye
form

pthðV ; TÞ ¼ � @Fth

@V

� �
T

¼ c
V

3kBT I
H
T

� �
þ 9
8
kBH

� �
; ð7Þ

where c ¼ �@ lnH=@ lnV is the Debye–Grüneisen parameter which
is expressed by the seos program using a scaling law

cðVÞ ¼ c0
V
V0

� �q

; ð8Þ

where c0; q, and V0 are inputs to the program. The expression for
the Debye temperature follows via integration of
c ¼ �@ lnH=@ lnV to result in

HðVÞ ¼ H0 exp
c0 � cðVÞ

q

� 	
; ð9Þ

where the Debye temperature, H0, is an input to the seos program.
For the data sets presented here, q was fixed to 0.5. In our fit, H0

was fixed to 426 K, calculated from the measured Debye velocity
of the starting material according to the following relation:

H0 ¼ h
k

3NAq
4pl

� �1=3

VD ð10Þ

where h is Planck’s constant, k is the Boltzmann constant, NA is Avo-
gadro’s Number, l is the reduced mass, q ¼ 5:94� 0:02 g/cc, and
VD ¼ 3:075� 0:014 km/s (Wicks, 2013). In this experiment, the
equation of state fitting is not sensitive to the Debye temperature,
as the temperatures in this experiment are much greater than those
of the calculated Debye temperature.

For a given pressure p and temperature T, the volume is calcu-
lated by solving the thermal EOS

p ¼ � @Fel

@V
þ pthðV ; TÞ � pthðV ; T0Þ: ð11Þ

Input data are specified as sets fpi;Vi; Ti; dpi; dVi; dTig consisting
of pressure, volume, temperature, and their uncertainties. The EOS
is fitted to these data by variation of parameters by minimizing the
normalized mean-square deviation. In seos, some number of the fit
parameters may have priors with uncertainties. The weights are
determined by uncertainties of the data (see (A) for details).

If data and priors constrain the fit parameters reasonably well a
solution with minimal reduced v2 is obtained. These optimal
parameters have errors related to data variation and prior uncer-
tainties. The errors are estimated as variances (square errors) by
Eq. A.3. We report the fit-parameter correlation matrix, cjj0 , for each
fitting result in the Appendix. The volume V is calculated based on
the EOS, Eq. (3), for various pressures and temperatures as speci-
fied in the standard input file. If fit parameters are defined, the
temperature-reduced volumes Vri are calculated from the data
fpi;Vi; Tig as

Vri ¼ Vi � Vðpi; TiÞ þ Vðpi; T0Þ; ð12Þ
where T0 is the specified reference temperature. A plot of Vðpi; T0Þ
and Vri versus pressure provides an easier visual assessment of
deviations between data and model (see examples in Section 3).
The equation of state parameters and their associated uncertainties
are described in detail in Appendix (B).
Other features, such as F–f plots are also determined from seos
(Sturhahn, 2015), however are not reported in this paper. The seos
executable also features a spin crossover form of an equation of
state that determines spin contributions (Chen et al., 2012).

With the best-fit parameters obtained from the thermal equa-
tion of state fitting and the fit-parameter correlation matrix, the
following parameters can be calculated at a specified temperature
over a specified pressure range: isothermal bulk modulus KT , adi-
abatic seismic velocity V/, and thermal expansion coefficient a,
with uncertainties reflecting the reported correlations of the fitted
parameters.

3.3. Dataset with in situ Fe metal buffer

The equation of state parameters of both cubic and rhombohe-
dral (Mg0.06Fe0.94)O of the buffered dataset, 38–122 GPa, were fit
using pressures given by the equation of state of hcp-Fe (Dewaele
et al., 2006; Murphy et al., 2011). Equation of state parameters
are shown in Table 1.

Fitting with a Birch–Murnaghan equation of state yields

V0 ¼ 9:92� 0:04 Å
3
/atom, K0T ¼ 197:4� 6:5 GPa, and K 0

0T ¼ 2:79�
0:09. Using the high temperatureMie–Grüneisen formalism, the fit-
ted c0 was 1:72� 0:08. The rhombohedral Mw94 phase was also fit
to a Birch–Murnaghan EOS, yielding the parameters V0 ¼ 9:97�
0:11 Å

3
/atom, K0T ¼ 184� 16 GPa, and K 0

0T ¼ 2:98� 0:25.
Fig. 3 shows the results from this buffered experiment, showing

volume as a function of pressure and temperature. Also shown are
the volumes measured as we compressed the cell before heating.
We did not include them in the fit, as they were data collected
without annealing. Near room-pressure, the steeper @V=@P, i.e.
lower K0T , is more consistent with a (magnesio)wüstite containing
2–5% vacancies (Zhang and Zhao, 2005; Jacobsen et al., 2002). Pro-
jection of the high temperature data to a reference temperature of
300 K and associated residuals allows for visualization of
goodness-of-fit (Eq. 12, Fig. 5A).

As the Mw94 sample pellet in the buffered experiment also con-
tained a mixture of NaCl, this buffered dataset was also fit using
pressures given by the equation of state of B2-NaCl (Table 2). When
using pressures given by the equation of state of NaCl (Fei et al.,

2007b), the fitted V0 ¼ 9:92� 0:03 Å
3
/atom, K0T ¼ 199:8� 5:3 GPa,

K 0
0T ¼ 2:67� 0:07, and c0 ¼ 1:17� 0:06.

3.4. Dataset with no buffer

The equation of state of the unbuffered dataset (30–70 GPa) was
fit using pressures given by the equation of state of B2-NaCl
(Table 2). Fitting to a Birch–Murnaghan EOS yields V0 ¼ 9:75�
0:04 Å

3
/atom, K0T ¼ 237� 10 GPa, K 0

0T ¼ 2:26� 0:18, and c0 ¼
1:34� 0:11.



Fig. 3. P–V–T data and isotherms of 1200 K, 1600 K, and 2000 K of B1-structured
(Mg0.06Fe0.94)O in the buffered experiment (Table 1). Pressures were determined
using the equation of state of Fe (Dewaele et al., 2006; Murphy et al., 2011). Gray
diamonds show rhombohedral (Mg0.06Fe0.94)O at room temperature, and the black
line is the 300 K fit to these data, reduced v2 ¼ 1:07 (Eq. 12). Open circles: pre-
heating data points at pressures determined by the equation of state of B1-NaCl
(JCPDS 5-0628). Fitting residuals and data points projected to reference tempera-
ture of 300 K are shown in Fig. 5A.
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Consideration of the fitted parameters of the unbuffered dataset
at face valuemay lead to unphysical conclusions about the equation
of state of (Mg,Fe)O, often a concern of fitting a dataset with limited
pressure–temperature range. Initial volume was not fixed in these
fits due to the uncertainty of defect concentration, although
the starting material measured volume gives a lower bound of

9.9 Å
3
/atom. Expected bulk moduli of iron-rich (Mg,Fe)O are closer

to 180 GPa (Jacobsen et al., 2002), while the buffered dataset fit pro-
duced a value around 190 GPa. Such factors can be used to inform
the fitting routine in the form of a prior. When fitting the
unbuffered dataset with a prior placed on K0T of 190 ± 15 GPa, the

resulting EOS parameters are V0 ¼ 9:87� 0:03 Å
3
/atom,

K0T ¼ 202� 6 GPa, K 0
0T ¼ 2:89� 0:13, and c0 ¼ 1:39� 0:11. This

fit results in a slight increase in the reduced v2 (0.23 compared to
0.20), a result of the penalty in using a prior (Eq. A.1). Given the lim-
ited pressure–temperature range of the unbuffered study compared
to the buffered study, the equation of state fitted using such a prior
on K0T (Table 2) is favored. Caution should be used in extrapolating
this EOS beyond the P–T conditions studied here.
Table 2
Equation of state parameters of cubic (Mg0.06Fe0.94)O for the buffered and unbuffered
datasets using B2-NaCl as an internal pressure marker. Room temperature parameters
correspond to a Birch–Murnaghan equation of state, while thermal parameters
correspond to the Mie–Grüneisen equation of state.

Buffered Unbuffered Unbuffered (prior)

V0 (Å3/atom) 9.92 ± 0.03 9.75 ± 0.04 9.87 ± 0.03
K0T (GPa) 199.8 ± 5.3 237 ± 10 202 ± 6a

K 0
0T 2.67 ± 0.07 2.26 ± 0.18 2.89 ± 0.13

h0 (K) 426b 426b 426b

c0 1.17 ± 0.06 1.34 ± 0.11 1.39 ± 0.11
q 0:50b 0:50b 0:50b

Reduced v2 0.61 ± 0.10 0.20 ± 0.05 0.23 ± 0.06

a A prior of 190 ± 15 GPa was placed on K0T .
b Denotes numbers that were fixed in the fitting.
Fig. 4 shows the results from the unbuffered experiment, show-
ing volume change of (Mg0.06Fe0.94)O as a function of pressure and
temperature, using NaCl as a pressure marker. A visual comparison
of the two fits (with and without a prior on K0T) can be seen in
Fig. 6 showing that in the region of data coverage, the two fits
agree with each other very well.
4. Discussion

4.1. Phase diagram of iron-rich (Mg,Fe)O

The phase identifications presented in Fig. 2 are consistent with
a previous result in that there is no observable B8-structured
(Mg0.06Fe0.94)O in the pressure and temperature range studied
(Kondo et al., 2004). Our study, however, disagrees with previous
reports of the location of the rhombohedral-cubic phase boundary
of iron-rich (Mg,Fe)O at high temperature. Where Kondo et al.
(2004) find a transition of rhombohedral to cubic (Mg0.1Fe0.9)O
and (Mg0.05Fe0.95)O at 1100–1500 K in the pressure range of
70–100 GPa, we find no evidence of rhombohedral (Mg0.06Fe0.94)O
at the high temperatures explored in our study (Fig. 2).

In comparison to the phase diagram of FeO, we show that sub-
stitution of Mg into FeO expands the stability field of the rhombo-
hedral phase with respect to the B8 phase.

Decomposition of the (Mg,Fe)O solid solution at high P–T
conditions has been reported (Dubrovinsky et al., 2000). More
recently, (Mg0.05Fe0.95)O was found to decompose into B8 FeO
and (Mg0.06Fe0.94)O in a diffraction pattern at 123 GPa, after heat-
ing up to 2800 K. This sample was also recovered to 1 bar for ATEM
measurements and shown to have these two distinct phases (Ohta
et al., 2014). Such compelling evidence for a high P–T experiment
on Mw95 at pressures around 70 GPa was not presented, although
Mw95 was suggested to have decomposed (Ohta et al., 2014). The
starting composition we investigated in this study is one of their
suggested reaction products, Mw94. Nevertheless, we searched
our diffraction patterns for such evidence and do not see end mem-
ber FeO in any of our diffraction patterns. It is possible that Mw94
Fig. 4. P–V–T data and isotherms at 1200 K, 1400 K, and 1700 K of B1-structured
(Mg0.06Fe0.94)O in the unbuffered experiment. Equation of state parameters
corresponding to these curves are those using a prior of K0T = 190(15) GPa in
Table 2. The 300 K isotherm for this EOS is also shown up to 30 GPa. Pressures were
determined using the equation of state of B2-NaCl (Fei et al., 2007b) (reduced
v2 ¼ 0:23). Fitting residuals and data points projected to reference temperature of
300 K are shown in Fig. 5B.



Fig. 5. Fitting residuals of (Mg0.06Fe0.94)O and projected data at 300 K. (A) Buffered
dataset (reduced v2 ¼ 1:07). (B) Unbuffered dataset fit with a prior on
K0T ¼ 190ð15Þ GPa (reduced v2 ¼ 0:23).

Fig. 6. Overlay of data and equations of state of (Mg0.06Fe0.94)O in both experi-
ments, with isotherms corresponding to 1100 K, 1500 K, and 1900 K. The pressure
of the buffered (circles, solid lines) and unbuffered (squares, dashed and dotted
lines) datasets were determined by the equation of state of their common internal
pressure marker, B2-NaCl (Fei et al., 2007b, Table 2). �Dotted line denotes the fit of
the unbuffered dataset with a prior on K0T .
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does decompose, but at higher P–T conditions than what we sam-
pled or that (Mg,Fe)O forms a complete solid solution up to at least
94% FeO.
4.2. Equations of state for iron-rich (Mg,Fe)O

The isothermal bulk modulus K0T resulting from the equation of
state fitting to the high-PT data of the buffered and unbuffered data
sets is at the upper end of that predicted for nearly stoichiometric
(Mg,Fe)O (Jacobsen et al., 2002). Previous work shows that the bulk
modulus of (Mg,Fe)O decreases with increasing Fe content, from
�160 GPa for the MgO end member to 150 GPa for Fe0.95O,
likely due to increasing defect content. Conversely, stoichiometric
examples show the opposite trend– bulk modulus increases with
increasing Fe content, up to 180 GPa for stoichiometric FeO
(Jacobsen et al., 2002). All of our fits fall on the high side of this
range of bulk moduli, but are admittedly not very well constrained
by a compression study such as this one, with no annealed data at
low pressure.

In Fig. 6, we compare the data and thermal equations of state
determined for the buffered and unbuffered experiments using
their common internal pressure marker, the B2-NaCl pressure scale
(Fei et al., 2007b). We do not discern an effect of buffering the com-
position on the equation of state of the Mw94 sample investigated
here.

As a more quantitative measure, two datasets can be compared
by using one dataset’s results as a prior on the other. When fitting
the unbuffered dataset, using buffered values and associated error
bars as priors, the resulting reduced chi-squared is 0.27 ± 0.06, not
worse than that of the fit without said priors. As a result, the two
datasets are not distinguishable in their overlapping P–T range.
The values reported in Table 2 show that some of the fitted param-
eters are consistent within error bars, with the exception of K0T

and K 0
0T . A discrepancy in these two parameters, in turn, is not sur-

prising, given the limited compression range of the unbuffered
dataset, especially in the low pressure range where K0T and K 0

0T

are most tightly constrained.
In Fig. 7, error ellipses showing the tradeoff between equation

of state parameters K 0
0T versus c0 and V0 versus K0T demonstrate

the overlap in thermal EOS parameters between buffered and
unbuffered datasets when using the same internal pressure marker
(B2-NaCl).

Another assessment is the level of compatibility in the thermal
EOS parameters between the buffered Mw94 experiment (this
study) and that of wüstite (Fischer et al., 2011b). As both experi-
mentswere conductedwith an in situ Femetal buffer/pressuremar-
ker, any measurable differences should be due to the incorporation
of Mg into wüstite. When evaluating the buffered (Mg0.06Fe0.94)O
dataset, using the FeO equation of state values from Fischer et al.
(2011b) as priors (c ¼ 1:42ð5Þ; K0T ¼ 149ð1Þ GPa; K 0

0T ¼ 3:60ð4Þ),
the resulting reduced chi-squared increased from 1.07 to
1.74 ± 0.16, indicating that the two datasets are not compatible.



Fig. 7. Error ellipses of equation of state parameters of unbuffered (red, using a prior on K0) and buffered (blue) dataset of Mw94 using B2-NaCl as a pressure marker (Table 2),
demonstrating tradeoff of parameters K 0

0T versus c0 and V0 versus K0T , respectively. 1 and 2-r standard deviations are shown with solid and dashed lines, 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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From the equation of state parameters reported in Table 1, the
thermal expansion coefficient a at specified output temperatures
can be computed (Eq. B.5) with uncertainties (Eqs. A.5, B.7).
Fig. 8 shows the thermal expansion coefficient a (Eq. B.5) deter-
mined from the buffered dataset calculated at 1500 K and 3800 K
over the pressure range 0–140 GPa. We chose the value of
3800 K, because the melting temperature of wüstite at core–man-
tle boundary conditions is suggested to be about 3900 K (Fischer
and Campbell, 2010). Also shown are the thermal expansion coef-
ficients calculated for FeO which was measured up to 156 GPa and
3100 K (Fischer et al., 2011b) and for MgO which was measured up
to 196 GPa and 3700 K (Tange et al., 2009, Fit2-Vinet). It is obvious
from Fig. 8 that the thermal equation of state of buffered wüstite
(Fischer et al., 2011a) and buffered Mw94 using hcp-Fe as a pres-
Fig. 8. Linear thermal expansion coefficient (a, Eq. B.5) calculated at 1500 K and
3800 K as a function of pressure for (Mg0.06Fe0.94)O with an in situ Fe buffer (blue).
Error bars correspond to uncertainties calculated in seos (see Appendix). Also
shown are same values calculated for FeO (Fischer et al., 2011b, black) and MgO
(Tange et al., 2009, red). Dashed lines indicate regions where the values are
extrapolated beyond the P–T range of study. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
sure marker in each study are significantly distinct, as we dis-
cussed earlier. With this consideration, together with the Mw94
fit quality (e.g., Fig. 5A) and the parameter correlations Appendix
(C), we conclude that Mw94 has measurably distinct thermoelastic
properties compared with those of wüstite.
4.3. Sample stoichiometry

The collected Mössbauer spectrum of the starting material
(Fig. 1, inset) was fit using CONUSS (Sturhahn, 2000). A fit of a sin-
gle Fe2+ site with an isomer shift of 1.03 ± 0.04 mm/s (with respect
to bcc iron) and a quadrupole splitting of 1.21 ± 0.03 mm/s (distri-
bution of 0.43 ± 0.03 mm/s) best fit the data (v2 ¼ 0:99), but does
not capture the asymmetry of the doublet. The addition of a Fe3+

site with an isomer shift of 0.4 mm/s and a quadrupole splitting
of 0.3 mm/s (McCammon and Price, 1985) better describes the
spectrum visually with resulting hyperfine parameters of the fer-
rous site within uncertainties of the above-mentioned parameters
(v2 ¼ 0:95).

The discrepancy between un-annealed low pressure data (0 to
about 13 GPa, Fig. 3) and annealed high pressure measurements
in the buffered experiment suggests a physical difference between
cold-compressed and annealed iron-rich (Mg,Fe)O. As mentioned,
the steeper slope is more consistent with a sample containing
2–5% vacancies (Zhang and Zhao, 2005; Jacobsen et al., 2002).
It has been proposed that vacancy concentrations in non-
stoichiometric FeO-bearing samples are reduced with the exsolu-
tion of (Fe,Mg)Fe2O4 at high pressure and temperature, ensuring
the stoichiometry of the (Mg,Fe)O phase regardless of oxygen
fugacity (Zhang and Zhao, 2005;McCammon et al., 1998). It has also
been proposed in the FeO endmember that this exsolution occurs at
the pressure of the magnetite to h-Fe3O4 transition (Fei, 1996).

It may be possible that this reaction proceeded at high temper-
atures in the unbuffered experiment, as the small, unidentified
peaks may be attributed to a high pressure oxide phase such as
h-Fe3O4, MgFe2O4 or Fe4O5 (Dubrovinsky et al., 2003; Lavina
et al., 2011; Andrault and Bolfan-Casanova, 2001), Appendix E.
The resulting consequences for sample chemistry are unclear. It
could be possible that an exsolved oxide is either more, less, or
equally iron-rich than the remaining material, leaving behind a
sample that is less, more, or equally iron-rich to the starting com-
position. Similarly, we assume that the buffered experiment is



Fig. 9. Density and bulk sound velocity of (Mg0.06Fe0.94)O calculated at 3800 K as a
function of pressure and depth. Also shown: MgO (red dotted line, Tange et al.,
2009), FeO (red dashed line, Fischer et al., 2011b), magnesium silicate bridgmanite
(blue dotted line, Tange et al., 2012, Vinet Fit), calcium silicate perovskite, (green
dotted line, Noguchi et al., 2013, Model 1), PREM (black solid line, Dziewonski and
Anderson, 1981). Also shown at 135 GPa: range of constrained density from seismic
studies of ultralow-velocity zones (e.g. Rost et al., 2006).
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achieved by the addition of Fe0 for every Fe3+, assured by the lack of
excess peaks. In the end member scenario, the assumption of 5%
vacancies would create a sample enriched in iron in comparison
to the unbuffered experiment. As mentioned previously, the buf-
fered and unbuffered datasets were statistically similar to each
other, but inconsistent with FeO, so we conclude that resulting
chemical variation between the two experiments must be small.
4.4. Geophysical Implications

When extrapolated to the conditions near the core–mantle
boundary, at 135 GPa and 3800 K (Tackley, 2012, e.g.), our buffered
equation of state predicts a density of q ¼ 8:32� 0:04 g/cm3, bulk
modulus KT ¼ 423� 8 GPa, bulk sound velocity v/ ¼ 7:14�
0:07 km/s, and thermal expansion a ¼ 2:01� 0:01 (10�5 K�1).
Fig. 9 shows the calculated density and bulk sound velocities at
3800 K of (Mg0.06Fe0.94)O, determined from the fitted thermal
equation of state. Covariance among parameters is considered in
the determination of uncertainty (see Appendix C). Also shown
are density and bulk sound velocity of MgO (red dotted line,
Tange et al. (2009), Fit2-Vinet), wüstite (red dashed line, Fischer
et al. (2011b)), bridgmanite (blue dotted line, (Tange et al., 2012,
Vinet Fit)), calcium silicate perovskite (green dotted line,
(Noguchi et al., 2013, Model 1)), and the bulk mantle, represented
by PREM (Dziewonski and Anderson, 1981). Also shown at 135 GPa
is the range of constrained density from seismic studies of
ultralow-velocity zones (Rost et al., 2006), which may contain
iron-rich (Mg,Fe)O.

Iron-rich (Mg,Fe)O in solid form is denser than the silicate-
dominated lower mantle (MgSiO3), but not as dense as the liquid
Fe-alloy outer core (Fig. 9). Our constrained value of a can thus
be used in geodynamic models to compute the thermal buoyancy
of iron-rich (Mg,Fe)O, for example to model the dynamics of ULVZs
(e.g. Bower et al., 2011). The bulk sound velocity of Mw94 is lower
than both the lowermost mantle and the core.

Using geodynamic modeling, Bower et al. (2011) showed that
chemical density anomalies of 2–8% produced ULVZs with a variety
of reasonable ULVZ morphologies. In the future, these characteris-
tic morphologies could be used to constrain composition with suf-
ficient 2-d and 3-d seismic imaging. Other studies cite ULVZs of
around 10% density anomaly (e.g. Rost et al., 2006). If we assumed
that a ULVZ was formed by entrainment of iron-rich material (such
as Mw94) with ambient mantle, a 2–10% density anomaly could be
explained by 4–20% volume fraction, respectively. To match ULVZ
densities, a smaller(larger) volume fraction would be required for
mixing (Mg,Fe)O with a greater(smaller) Fe content.

The relative density of iron-rich (Mg,Fe)O compared to its sur-
roundings may also be useful when interpreting seismic signatures
on the core side of the core–mantle boundary, which could be a
reservoir of solid precipitates on the top of the core (Buffett
et al., 2000). These precipitates can aid as a diffusion barrier
between the core and the mantle, and thus far display seismic sig-
natures that have been difficult to distinguish from similar features
on the mantle side.
5. Summary

We have determined the P–V–T equation of state of
(Mg0.06Fe0.94)O in two distinct sets of experiments: one with an
Fe oxygen fugacity buffer and one without Fe. Considering the
covariance of the fitted equation of state parameters using the seos
module in the MINUTI software package, we have determined the
level of compatibility between the buffered and unbuffered data
sets of Mw94, as well as between Mw94 and wüstite, using the
same pressure indicators. We find that the addition of small
amounts of Mg causes measurable affects on the thermoelastic
properties of wüstite.

We see a clear difference in the location of the phase boundary
between cubic and rhombohedral iron-rich (Mg,Fe)O at high pres-
sure and temperature, compared with previous studies. Unlike
Kondo et al. (2004), we do not find rhombohedrally-structured
iron-rich (Mg,Fe)O in our high temperature measurements. In
addition, we also do not find the B8 structure in our high temper-
ature measurements, indicating that Mg stabilizes the cubic phase
upon substitution into FeO (Fischer et al., 2011b).

The calculated bulk sound velocity and density from this study
can be used to constrain geophysical models of ULVZs that con-
sider an assemblage of phases that include iron-rich (Mg,Fe)O.
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Table C.3
Correlation matrix from the EOS fit of B1-Mw94 in the buffered experiment using Fe
as a pressure marker (Table 1).

c0 V0 K0T K 0
0T

c0 1.000 �0.416 �0.001 0.112
V0 �0.416 1.000 �0.897 0.799
K0T �0.001 �0.897 1.000 �0.973
K 0
0T 0.112 0.799 �0.973 1.000

Table C.4
B1-Mw94 in the buffered experiment using NaCl as a pressure marker (Table 2).

c0 V0 K0T K 0
0T

c0 1.000 �0.458 0.045 0.050
V0 �0.458 1.000 �0.896 0.807
K0T 0.045 �0.896 1.000 �0.974
K 0
0T 0.050 0.807 �0.974 1.000

Table C.5
Rhombohedrally-structured Mw94 (r-Mw94) in the buffered experiment at 300 K,
using Fe as a pressure marker (Table 1).

V0 K0T K 0
0T

V0 1.000 �0.909 0.558
K0T �0.909 1.000 �0.843
K 0
0T 0.558 �0.843 1.000

Table C.6
B1-Mw94 in the unbuffered experiment using NaCl as a pressure marker (Table 2).

c0 V0 K0T K 0
0T

c0 1.000 �0.337 �0.162 0.244
V0 �0.337 1.000 �0.866 0.798
K0T �0.162 �0.866 1.000 �0.987
K0T 0 0.244 0.798 �0.987 1.000

Table C.7
B1-Mw94 in the unbuffered experiment using NaCl as a pressure marker, with
K0T = 190 ± 15 GPa as a prior (Table 2).

c0 V0 K0T K 0
0T

c0 1.000 �0.602 �0.083 0.299
V0 �0.602 1.000 �0.724 0.496
K0T �0.083 �0.724 1.000 �0.945
K 0
0T 0.299 0.496 �0.945 1.000
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Appendix A. Parameter fitting

Here we describe the details of the thermal equation of state
parameter fitting. These details are also provided in the complete
manual to MINUTI, provided by Sturhahn (2015). The input data
for the seos executable in MINUTI are specified as N sets
fpi;Vi; Ti; dpi; dVi; dTig consisting of pressure, volume, temperature,
and their uncertainties. The EOS is fitted to these data by variation
of n parameters fxjg by minimizing the normalized mean-square
deviation (method of weighted least squares), with the reduced
v2 described by

v2 ¼ 1
ðN þ p� nÞ

XN
i¼1

wi Vi � Vðpi; Ti; fxjgÞ
� �2 þXp

k¼1

ðxk � XkÞ2
d2Xk

( )
:

ðA:1Þ
Some number p of the fit parameters may have priors Xk with

uncertainties dXk. The weights wi are determined by uncertainties
of the data via

w�1
i ¼ d2Vi þ @V
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� �2

T
d2pi þ

@V
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p
d2Tib

¼ d2Vi þ V2
i

d2pi

K2
i

þ a2
i d

2Ti

 !
; ðA:2Þ

where Ki and ai are bulk modulus and thermal expansion calculated
from the EOS at fpi; Tig, respectively. If data and priors constrain the
fit parameters reasonably well a solution with minimal v2 is
obtained. These optimal parameters have errors related to data
variation and prior uncertainties. The errors are estimated as vari-
ances (square errors) by

dxj ¼ ffiffiffiffiffiffirjj
p

with rjj0 ¼ v2
min

XN
i¼1

wi
@Vðpi ;TiÞ

@xl

@Vðpi ;TiÞ
@xl0

þ dll0
1

d2Xl

" #�1

jj0
;

ðA:3Þ

where rjj0 is the covariance matrix and ½. . .��1 denotes matrix inver-
sion. The derivatives are calculated with the optimal parameters.
The fit-parameter correlation matrix is given by

cjj0 ¼
rjj0ffiffiffiffiffiffiffiffiffiffiffiffiffi
rjjrj0j0

p : ðA:4Þ

The variance of a function F of the fit parameters can be calcu-
lated as
d2FðfxjgÞ ¼
Xn
jj0¼1

rjj0
@F
@xj

@F
@xj0

ðA:5Þ

The fit-parameter correlation matrix for each fitting result is
reported in Appendix (C).

Appendix B. EOS parameters and their uncertainties

The isothermal bulk modulus is calculated by direct differenti-
ation of the EOS

Kðp; TÞ ¼ � @p
@ lnV

� �
T
: ðB:1Þ

The seismic velocity is calculated via

v/ðp; TÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1þ acTÞ ðK=q0Þ ðV=V0Þ

q
; ðB:2Þ



Table D.8
Pressure–volume–temperature data for the buffered experiment. (Mg0.06Fe0.94)O volumes were refined using at least three of the following four reflections: 111, 200, 220, and
311. hcp-Fe volumes were calculated using at least 6 of the following 8 reflections: 100, 200, 101, 102, 110, 103, 200, and 112. B2-NaCl volumes were refined using at least 5
of the 6 following reflections: 100, 110, 111, 200, 210, and 211. Ne volumes were calculated from at least one of the two reflections: 111, 200.

PFe
a (GPa) PNaCl

b (GPa) PNe
c (GPa) T (K) VMw94 (Å3) VFe (Å3) VNaCl (Å

3) VNe
d (Å3)

116.5(7) 111.7(5) 116.1 1046(37) 6.935(26) 16.50(2) 20.13(2) 25.52
118.2(7) 113.1(5) 118.6 1290(28) 6.943(19) 16.50(2) 20.11(3) 25.48
118.9(7) 113.5(4) 118.4 1406(35) 6.952(20) 16.51(2) 20.12(2) 25.55
120.1(8) 114.7(5) 119.7 1611(52) 6.954(19) 16.53(2) 20.11(3) 25.56
122.0(7) 115.7(4) 121.7 1912(31) 6.950(21) 16.55(2) 20.14(2) 25.59
102.7(4) 98.9(3) 102.5 1143(7) 7.170(14) 16.90(1) 20.86(2) 26.48
103.1(4) 99.2(3) 102.3 1223(6) 7.174(16) 16.90(1) 20.87(2) 26.54
104.0(4) 99.7(3) 103.6 1397(14) 7.191(16) 16.92(1) 20.89(2) 26.54
105.5(4) 100.9(4) 104.6 1640(104) 7.188(14) 16.94(1) 20.89(2) 26.60
106.3(4) 101.4(3) 105.6 1744(40) 7.191(17) 16.94(1) 20.89(2) 26.59
107.8(4) 102.3(3) 106.5 2003(46) 7.197(18) 16.97(1) 20.90(2) 26.67
95.5(4) 89.6(1.7) 95.5 1237(4) 7.257(28) 17.13(1) 21.48(11) 27.07
96.4(4) 90.8(1.3) 95.9 1416(3) 7.286(13) 17.16(1) 21.45(9) 27.15
97.3(3) 91.5(1.5) 96.6 1606(19) 7.296(15) 17.18(1) 21.47(10) 27.20
98.7(3) 92.1(1.5) 97.3 1832(21) 7.343(12) 17.19(1) 21.50(10) 27.29
90.9(2) 87.1(3) 91.7 1279(38) 7.403(25) 17.29(1) 21.66(2) 27.40
91.3(2) 87.4(3) 91.8 1396(6) 7.432(25) 17.31(1) 21.68(2) 27.47
92.3(2) 88.3(3) 92.8 1578(36) 7.428(33) 17.33(1) 21.68(2) 27.50
94.3(2) 89.5(3) 93.6 1891(34) 7.449(18) 17.36(1) 21.69(2) 27.65
95.1(2) 90.1(3) 93.6 2036(36) 7.451(16) 17.37(1) 21.70(2) 27.74
94.9(2) 90.3(3) 94.0 2109(81) 7.429(13) 17.40(1) 21.71(2) 27.76
85.4(4) 82.4(5) 86.4 1208(1) 7.520(27) 17.45(1) 21.98(4) 27.82
85.5(4) 82.4(5) 86.3 1287(0) 7.520(27) 17.48(2) 22.00(3) 27.89
85.8(3) 83.0(4) 86.5 1407(37) 7.524(25) 17.50(1) 22.00(3) 27.95
86.4(4) 83.9(3) 87.1 1559(14) 7.539(29) 17.52(1) 21.98(2) 28.00
77.7(5) 75.8(4) 79.6 1106(9) 7.647(17) 17.70(2) 22.44(3) 28.40
78.4(5) 76.3(3) 80.2 1248(4) 7.661(20) 17.71(2) 22.45(3) 28.44
80.2(4) 77.5(4) 81.6 1510(16) 7.663(16) 17.73(2) 22.45(3) 28.49
81.0(5) 78.2(3) 82.5 1694(58) 7.664(14) 17.75(2) 22.47(3) 28.54
76.6(3) 73.2(3) 77.6 1215(5) 7.704(9) 17.77(1) 22.69(2) 28.68
77.5(4) 74.3(3) 78.2 1351(6) 7.714(8) 17.78(1) 22.65(2) 28.72
78.4(3) 74.9(3) 79.7 1516(26) 7.721(9) 17.79(1) 22.67(2) 28.70
79.2(3) 75.5(3) 80.0 1628(24) 7.724(8) 17.80(1) 22.66(3) 28.75
80.1(3) 76.3(3) 81.4 1811(63) 7.737(7) 17.83(1) 22.67(3) 28.75
81.9(4) 77.4(3) 82.4 2048(12) 7.744(10) 17.84(1) 22.66(2) 28.83
73.4(3) 69.8(3) 73.5 1253(1) 7.799(21) 17.90(1) 23.00(3) 29.14
74.0(3) 70.0(4) 73.7 1362(9) 7.805(22) 17.91(1) 23.02(3) 29.22
74.9(3) 70.4(4) 74.9 1506(9) 7.807(25) 17.92(1) 23.05(4) 29.20
76.1(3) 71.3(3) 75.8 1706(16) 7.809(19) 17.94(1) 23.04(3) 29.27
77.9(2) 72.3(3) 76.5 1960(43) 7.813(16) 17.97(1) 23.06(2) 29.40
77.4(2) 72.5(3) 76.5 1922(40) 7.814(13) 17.97(1) 23.03(3) 29.38
61.0(5) 59.1(7) 63.2 1242(4) 8.047(20) 18.41(2) 24.02(7) 30.40
61.5(4) 59.5(5) 63.9 1340(25) 8.049(18) 18.42(2) 24.03(6) 30.40
62.5(4) 60.4(4) 65.0 1527(6) 8.057(18) 18.45(2) 24.01(4) 30.44
64.0(3) 61.2(4) 66.2 1761(12) 8.061(15) 18.47(1) 24.04(4) 30.51
65.2(2) 62.0(3) 67.7 1959(31) 8.065(17) 18.50(1) 24.06(4) 30.50
54.5(6) 52.6(4) 56.3 1223(4) 8.214(11) 18.70(3) 24.74(5) 31.38
55.3(6) 53.1(5) 57.0 1327(0) 8.216(9) 18.71(3) 24.74(6) 31.40
57.0(5) 54.3(6) 58.2 1570(2) 8.220(8) 18.72(3) 24.72(7) 31.48
57.7(5) 54.5(5) 59.3 1704(16) 8.227(6) 18.74(2) 24.76(6) 31.46
58.6(4) 55.2(5) 60.0 1830(4) 8.229(5) 18.75(2) 24.75(6) 31.49
59.3(4) 55.4(6) 60.3 1918(7) 8.233(15) 18.76(2) 24.77(7) 31.55
52.3(4) 49.5(3) 52.4 1523(8) 8.326(11) 18.94(2) 25.29(4) 32.40
51.2(4) 48.7(3) 51.5 1319(1) 8.316(11) 18.91(2) 25.27(4) 32.30
53.9(3) 50.2(2) 53.6 1740(52) 8.337(10) 18.95(2) 25.31(3) 32.47
44.3(6) 41.5(5) 45.3 1336(25) 8.562(26) 19.28(4) 26.30(8) 33.53
43.7(8) 41.6(5) 45.2 1354(4) 8.565(22) 19.32(5) 26.30(7) 33.59
44.4(8) 41.9(4) 45.4 1451(28) 8.561(17) 19.33(4) 26.32(6) 33.69
46.4(5) 42.8(4) 46.6 1672(42) 8.558(12) 19.32(3) 26.32(7) 33.77
47.4(5) 43.4(4) 47.3 1822(49) 8.560(13) 19.34(3) 26.33(6) 33.85
48.1(5) 43.6(3) 47.8 1902(110) 8.566(14) 19.34(3) 26.34(5) 33.85
38.7(4) 37.0(4) 38.8 1366(16) 8.693(7) 19.63(2) 27.07(7) 35.12
39.2(4) 36.9(2) 38.9 1431(18) 8.694(7) 19.63(3) 27.12(4) 35.22
39.8(4) 37.4(3) 39.3 1521(33) 8.703(7) 19.64(3) 27.11(6) 35.28
42.0(4) 38.3(3) 40.9 1794(8) 8.719(7) 19.65(3) 27.15(6) 35.36
42.7(3) 38.8(4) 42.0 1906(90) 8.722(20) 19.66(2) 27.13(7) 35.27

a Pressure was determined by the equation of state of hcp-Fe from Dewaele et al. (2006) and Murphy et al. (2011).
b Pressure was determined from the equation of state of B2-NaCl (Fei et al., 2007b).
c Pressure was determined from the equation of state of Ne (Dewaele et al., 2008).
d No error bar is given due to too few reflections. Temperature uncertainties in this table reflect the standard deviation (note that these values were not used in the EOS

fitting; rather, an error of ±70 K was used, which reflects our reported error of ±100 K and a correction to mitigate the over-propagation of temperature error into the fitting of
volume expansion and thermal pressure, which are negatively correlated).

38 J.K. Wicks et al. / Physics of the Earth and Planetary Interiors 249 (2015) 28–42



Table D.9
Pressure–volume-temperature data for the unbuffered experiment. (Mg0.06Fe0.94)O volumes were refined using the three reflections: 111, 200, and 220. B2-NaCl volumes were
refined using at least 3 of the 4 following reflections: 100, 110, 111, and 200. Ne volumes were calculated from at least one of the two reflections: 111, 200.

PNaCl
a (GPa) PNe

b (GPa) T (K) VMw94 (Å3) VNaCl (Å
3) VNe

c (Å3)

71.5(4) 73.1 1227(11) 7.77(2) 22.84(3) 29.17
71.7(6) 73.2 1312(14) 7.78(2) 22.85(5) 29.23
72.0(5) 73.5 1442(28) 7.79(2) 22.88(4) 29.30
71.4(4) 70.2 1208(23) 7.77(2) 22.85(3) 28.77
71.7(4) 72.8 1317(27) 7.78(2) 22.86(4) 29.19
71.9(4) 72.9 1413(26) 7.78(2) 22.88(4) 29.26
69.5(5) 71.0 1192(44) 7.86(3) 23.00(5) 29.38
70.0(3) 70.6 1306(62) 7.85(2) 23.01(3) 29.52
70.5(3) 70.9 1433(19) 7.86(1) 23.01(3) 29.61
69.9(3) 68.1 1173(15) 7.83(2) 22.96(3) 29.00
70.1(3) 70.3 1279(36) 7.84(2) 22.98(2) 29.45
70.5(4) 70.5 1396(49) 7.85(2) 23.00(3) 29.52
67.4(7) 69.3 1226(28) 7.89(6) 23.21(7) 29.61
67.7(6) 69.1 1293(17) 7.89(5) 23.21(6) 29.69
68.0(5) 69.0 1403(20) 7.90(5) 23.22(5) 29.80
67.4(5) 68.9 1180(23) 7.88(5) 23.18(5) 29.61
67.8(5) 69.3 1306(7) 7.89(5) 23.20(5) 29.68
67.9(6) 69.3 1351(15) 7.89(5) 23.21(5) 29.72
68.1(5) 69.3 1420(16) 7.90(4) 23.22(5) 29.78
63.3(2) 65.8 1216(7) 7.96(4) 23.58(2) 30.04
63.6(2) 63.8 1295(2) 7.97(4) 23.59(2) 30.38
64.1(3) 64.9 1412(17) 7.97(3) 23.60(3) 30.34
63.6(1) 65.7 1212(10) 7.95(3) 23.55(1) 30.04
63.8(2) 66.2 1289(11) 7.96(3) 23.57(2) 30.05
64.1(3) 65.6 1430(13) 7.97(3) 23.60(3) 30.27
60.5(4) 61.0 1215(27) 8.05(5) 23.86(4) 30.68
61.1(1) 62.1 1335(14) 8.05(4) 23.86(1) 30.64
61.4(3) 59.7 1424(15) 8.05(3) 23.87(3) 31.08
62.1(7) 62.6 1446(23) 8.03(1) 23.81(7) 30.69
57.6(2) 59.0 1203(24) 8.13(4) 24.16(3) 30.95
58.0(3) 57.9 1317(40) 8.13(3) 24.18(3) 31.24
58.4(2) 57.5 1424(43) 8.13(3) 24.19(2) 31.42
58.3(3) 58.3 1390(20) 8.13(3) 24.18(3) 31.26
57.9(2) 59.4 1207(36) 8.11(3) 24.13(2) 30.90
58.1(2) 57.7 1308(12) 8.12(3) 24.16(2) 31.26
58.4(1) 57.8 1382(19) 8.12(3) 24.16(1) 31.33
58.8(4) 59.4 1451(37) 8.13(3) 24.16(5) 31.17
55.7(2) 56.5 1245(22) 8.18(3) 24.39(2) 31.38
56.2(4) 54.4 1337(18) 8.18(2) 24.39(4) 31.83
56.1(2) 55.1 1371(16) 8.18(2) 24.41(3) 31.75
56.1(3) 56.1 1386(32) 8.17(2) 24.41(3) 31.60
55.9(5) 55.5 1270(23) 8.15(3) 24.38(6) 31.57
56.1(2) 55.6 1346(18) 8.16(3) 24.40(2) 31.64
56.4(3) 55.6 1422(15) 8.17(2) 24.40(3) 31.73
54.0(1.3) 55.6 1224(38) 8.21(4) 24.58(16) 31.50
54.6(1.1) 55.5 1396(42) 8.22(3) 24.59(13) 31.70
55.4(1.2) 55.3 1579(16) 8.23(2) 24.59(14) 31.96
55.7(1.0) 55.9 1670(24) 8.23(1) 24.60(12) 31.98
55.8(1.0) 55.5 1731(9) 8.24(1) 24.63(11) 32.12
54.4(7) 54.9 1140(21) 8.15(8) 24.49(8) 31.51
54.7(6) 54.7 1239(6) 8.16(6) 24.51(7) 31.65
55.4(6) 54.8 1437(16) 8.18(3) 24.52(6) 31.88
55.3(6) 54.1 1483(53) 8.22(1) 24.56(6) 32.05
46.8(1.1) 48.6 1195(20) 8.39(4) 25.45(15) 32.67
47.6(1.0) 49.4 1398(34) 8.40(3) 25.46(13) 32.79
48.2(8) 48.7 1591(24) 8.41(2) 25.50(11) 33.19
48.8(8) 50.0 1760(26) 8.42(1) 25.51(10) 33.19
45.2(1.1) 48.8 1248(24) 8.42(5) 25.71(15) 32.71
45.9(1.1) 49.1 1429(15) 8.42(4) 25.72(16) 32.90
46.5(1.1) 48.8 1613(15) 8.44(3) 25.75(15) 33.21
46.8(1.0) 51.3 1705(35) 8.45(2) 25.75(14) 32.84
41.3(1.0) 44.3 1186(32) 8.55(2) 26.23(15) 33.52
42.0(8) 45.9 1387(6) 8.56(2) 26.26(13) 33.48
42.7(8) 46.2 1561(33) 8.57(2) 26.27(13) 33.69
42.8(8) 45.7 1584(12) 8.57(2) 26.27(12) 33.83
38.6(1.0) 39.1 1265(35) 8.62(4) 26.72(16) 3.27
39.1(9) 39.3 1398(37) 8.63(4) 26.72(15) 3.27
39.1(9) 39.4 1395(23) 8.63(4) 26.72(15) 3.27
39.7(8) 1562(38) 8.65(4) 26.75(14)
39.8(8) 1613(28) 8.65(4) 26.76(14)
38.4(7) 39.0 1165(51) 8.60(3) 26.69(12) 3.26
39.2(9) 1436(45) 8.63(3) 26.74(15)
39.7(8) 1594(17) 8.65(4) 26.76(14)

(continued on next page)
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Table D.9 (continued)

PNaCl
a (GPa) PNe

b (GPa) T (K) VMw94 (Å3) VNaCl (Å
3) VNe

c (Å3)

34.6(6) 35.5 1207(77) 8.72(1) 27.37(11) 35.75
35.0(7) 35.9 1295(68) 8.73(1) 27.36(12) 35.78
35.3(6) 36.4 1384(50) 8.76(1) 27.38(12) 35.82
35.5(6) 37.2 1475(25) 8.77(1) 27.40(11) 35.77
33.2(9) 34.1 1224(31) 8.76(2) 27.64(17) 36.20
33.6(7) 35.3 1454(41) 8.79(1) 27.74(13) 36.32
34.3(1.1) 36.4 1630(31) 8.81(1) 27.76(22) 36.35
31.9(7) 34.1 1235(36) 8.75(7) 27.90(15) 36.22
32.2(9) 33.9 1384(65) 8.78(5) 27.97(19) 36.59
32.4(8) 34.4 1526(21) 8.82(4) 28.04(17) 36.75
32.4(5) 33.9 1391(60) 8.79(4) 27.93(9) 36.62
32.8(4) 34.3 1510(31) 8.81(4) 27.95(8) 36.74

a Pressure was determined from the equation of state of B2-NaCl (Fei et al., 2007b).
b Pressure was determined from the equation of state of Ne (Dewaele et al., 2008).
c No error bar is given due to too few reflections. Temperature uncertainties in this table reflect the standard deviation (note that these values were not used in the EOS

fitting; rather, an error of ±70 K was used, which reflects our reported error of ±100 K and a correction to mitigate the over-propagation of temperature error into the fitting of
volume expansion and thermal pressure, which are negatively correlated).
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where a is the thermal expansion coefficient, c is the is the Debye–
Grüneisen parameter, q0 is the reference density. If fit parameters
are defined the variances are calculated using Eq. A.5 with the
derivatives
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Thermal expansion is calculated according to

a ¼ 1
V
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T

: ðB:5Þ

The thermal contribution to the entropy S is given by
Fig. 10. Example integrated XRD patterns for the unbuffered dataset showing peak
identifications for (Mg0.06Fe0.94)O, B2-NaCl, and Ne. Pressures were determined
using the equation of state of B2-NaCl (Fei et al., 2007b). (Mg0.06Fe0.94)O is cubic at
high temperature (MwC, Fm-3m) and rhombohedral at room temperature upon
quench (MwR, R-3m). In this quench pattern at 300 K, a mixture of cubic and
rhombohedral Mw94 is observed. Unidentified peaks are labeled with �. For
comparison, reflections of candidate iron oxides are shown below: MgFe2O4

measured at 31.6 GPa (Andrault and Bolfan-Casanova, 2001), h-Fe3O4 calculated
at 31 GPa (Dubrovinsky et al., 2003), and Fe4O5 measured at 30 GPa (Lavina et al.,
2011).
SðV ; TÞ ¼ �3kB ln 2 sinh
H
2T

� �
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H
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whereH is the Debye temperature and Iwas defined in Eq. (6). If fit
parameters are defined the variance of a is calculated using Eq. A.5
with the derivative
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Appendix C. Correlation matrices

In the fitting procedure of seos, the correlation matrices are pro-
vided for all fitted parameters (Eq. A.4). The resulting correlation
matrices from the fitting of the four different data sets from the
two experiments (buffered and unbuffered) are reported here
(see Tables C.3, C.4, C.5, C.6, C.7).
Appendix D. Data tables

Tables D.8 and D.9.
Appendix E. Unexplained peaks

As described in the text, weak unexplained peaks were
observed in our unbuffered dataset (Fig. 1). It has been proposed
that vacancy concentrations in non-stoichiometric FeO-bearing
samples are reduced with the exsolution of (Fe,Mg)Fe2O4 at high
pressure and temperature, according to

ðMgxFeyÞO ! aðMgx0Fe1�x0 ÞFe2O4 þ bðMgx00Fey00 ÞO ðE:1Þ
where ðx00 þ y00Þ > ðxþ yÞ, ensuring the stoichiometry of the (Mg,Fe)O
phase regardless of oxygen fugacity (Zhang and Zhao, 2005;
McCammon et al., 1998; Fei, 1996).

In Fig. 10, measured XRD patterns are compared to candidate
oxides measured in other studies. As the exact chemical composi-
tion of the Mw94 at the P–T conditions sampled in this study is not
known, it could be possible that the unidentified peaks belong to a
phase with composition (Mg,Fe)3O4, but they do not match that of
MgFe2O4 or h-Fe3O4. They are consistent, however, with peaks of
Fe4O5. We do not see any of the remaining several peaks predicted
for Fe4O5, the most intense of which fall under ours (8 degrees),
which may rule it out as a potential candidate. More dedicated
studies need to be carried out to precisely determine both the
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composition, identity, and phase relations of exsolution products
before definite claims can be made.
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