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ABSTRACT

We investigated the concentration and site occupation of ferric iron (Fe3*) in (Mg,Fe)O to understand the
influence of point defects on transport properties such as atomic diffusion, electrical conductivity and
viscosity. We conducted Mdssbauer spectroscopy of (Mg sFep2)O0 single crystals synthesized at temper-
atures from 1673 to 2273 K and pressures from 5 to 15 GPa with Re-ReO, and Mo-MoO, oxygen fugacity
buffers. The isomer shift of the Méssbauer spectra suggests that Fe3* occupies mostly the tetrahedral site
at reduced conditions and both the octahedral and tetrahedral sites at oxidized conditions. We formulate
a thermodynamic model of point defect dissolution in (Mg,Fe)O which suggests that unassociated tetra-
hedral Fe3* is more stable than unassociated octahedral Fe3* at high-pressure and low oxygen fugacity
due to the effect of configurational entropy. The pressure dependence of Fe3* concentration indicates a
change in the dominant site occupancy of Fe3*: (1) Fe3* in the tetrahedral site, (2) Fe3* in the octahe-
dral site, and (3) defect clusters of Fe3* and cation vacancy, in the order of increasing oxygen fugacity
and decreasing pressure. This is in reasonable agreement with previously reported experiments on Fe3*
concentration, Mg-Fe interdiffusivity and electrical conductivity. We consider it plausible that (Mg,Fe)O
accommodates Fe?* in the tetrahedral site down to the lower mantle. Based on our results and avail-
able experimental data, we discuss the solubility competition between Fe3* and protons (H*), and its
implications for transport properties in the lower mantle.
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Point defects
Transport properties
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1. Introduction

The knowledge of transport properties such as atomic
diffusion, viscosity and electrical conductivity in lower man-
tle phases is critical for understanding the dynamics of the
lower mantle and interpreting geophysical observations such
as electrical conductivity (e.g., Kelbert et al., 2009) or seismic
wave attenuation (e.g., Lawrence and Wysession, 2006). The
ferropericlase-magnesiowiistite solid solution (Mg,Fe)O, is con-
sidered to be the second most abundant phase in the lower
mantle, comprising ~20% in the pyrolite model (e.g., Hirose, 2002).
(Mg,Fe)O has noticeably higher atomic diffusivity (Holzapfel et al.,
2003; Van Orman et al., 2009; Yamazaki and Irifune, 2003), lower
viscosity (Poirier et al., 1986; Yamazaki and Karato, 2001), and
higher electrical conductivity (Dobson etal., 1997; Ohtaetal., 2007;
Wood and Nell, 1991; Xu and McCammon, 2002) than magnesium
silicate perovskite, the most abundant phase in the lower mantle.
Therefore, these transport properties of the lower mantle are likely
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controlled largely by those of (Mg,Fe)O. Transport properties are
highly sensitive to the presence of point defects. Consequently, it
is important to characterize the concentration and site occupation
of point defects under a wide range of experimental conditions in
order to understand the mechanisms that control transport pro-
cesses and to enable the projection of lower mantle properties
through extrapolation of laboratory measurements.

Various investigations have been conducted on point defects
in (Mg,Fe)O (e.g., Hirsch and Shankland, 1991). (Mg,Fe)O crystal-
lizes in the B1 (rock salt) structure where the cations occupy a
face-centered cubic sublattice. At atmospheric pressure, trivalent
iron (ferric iron or Fe3*) is the most abundant positively charged
point defect in (Mg,Fe)O, which is charge balanced by negatively
charged cation vacancies (e.g., Hazen and Jeanloz, 1984). Based on
neutron scattering, Méssbauer and X-ray emission spectroscopy, it
has been recognized that Fe3* occupies not only octahedrally coor-
dinated cation sites but also tetrahedrally coordinated interstitial
sites, which are normally vacant in the ideal structure (e.g., Hazen
and Jeanloz, 1984; Hilbrandt and Martin, 1998; Jacobsen et al.,
2002; Waychunas, 1983). Tetrahedral Fe3* is observed in (Mg,Fe)O
with sufficiently high ratio of Fe3*/[Fe?* + Fe3*] (Fe3*/ Fe) at oxi-
dized conditions near the phase boundary with magnesioferrite
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(MgFe,04), which is likely different from the more reduced con-
ditions inferred for the lower mantle (e.g., Frost and McCammon,
2008). Thus, previous studies on transport properties commonly
assumed that Fe3* resides only in the octahedral site of (Mg,Fe)O
in the lower mantle (e.g., Yamazaki and Irifune, 2003). No detailed
studies, however, have been conducted considering the site occu-
pation of Fe3* at reduced conditions and high pressures.

The Fe3+/ZFe ratio at ambient pressure varies with tempera-
ture, oxygen fugacity, and Mg/Fe ratio (e.g., Hilbrandt and Martin,
1998; Katsura and Kimura, 1965; Speidel, 1967). The influence of
pressure was explored by McCammon et al. (1998), who concluded
that Fe3* solubility in (Mg,Fe)O decreases with pressure based on
Mossbauer spectroscopy analysis of their multi-anvil and diamond
anvil cell experiments. Follow-up experiments using Mdssbauer
spectroscopy or electron energy-loss near-edge structure (ELNES)
spectroscopy reported Fe3+/ZFe ratios of 1-19% in (Mg,Fe)O with
Mg numbers (Mg#=Mg/[Mg+Fe]x 100 in an atomic ratio) of
80-93 at 1473-2123 K and 25-26 GPa under oxidized conditions
imposed by Re-ReO, (Bolfan-Casanova et al.,, 2002; Frost and
Langenhorst, 2002; McCammon et al., 2004). Bolfan-Casanova et
al. (2002) also suggested that the dominant positively charged
defects may change from Fe3* to protons (H*) at high-pressure
since H* solubility increases with pressure under water-saturated
conditions. The behavior of transport properties may thus change
with pressure from mechanisms sensitive to Fe3* content (or oxy-
gen fugacity) to those sensitive to H* content (or water fugacity).
Therefore, it is important to explore conditions of the solubility
crossover between Fe3* and H* as a guide to understand the
nature of such a threshold of material behavior. The previous
high-pressure experiments were, however, conducted under a
limited range conditions, mostly at high oxygen fugacity or a single
temperature. It is not yet clear whether or not such a solubility
crossover occurs in the lower mantle.

In this study, therefore, we investigate the equilibrium concen-
tration and site occupation of Fe3* in (Mg,Fe)O based on Méssbauer
spectroscopy analysis. We extend experiments to a wider range
of temperature and oxygen fugacity relevant to the lower man-
tle and present a thermodynamic model to examine the influence
of thermochemical states based on our new experimental results
combined with those of early studies. Finally we discuss implica-
tions of these results for transport properties in the lower mantle.

2. Experimental methods
2.1. Starting material

The starting materials for the high-pressure experiments were
synthetic (Mg,Fe)O single crystals. The (Mg,Fe)O crystals were
prepared by interdiffusion between a MgO single crystal with a
thickness of 0.5 mm and reagent grade oxides of periclase (MgO)
and hematite (Fe;O3) powder in the appropriate ratio for Mg#80.
The nominal impurity content of the MgO single crystal was 40 ppm
Ca, 15ppm Al, 50ppm Fe, 10ppm Cr, 5ppm B, and 10ppm C
according to the supplier (SPI supply). The MgO single crystal
plate embedded in oxides was annealed in a vertical tube furnace
operated at 1873 K for 200 h in total under an oxygen fugacity of
1Pa (1.5log-bar units below the phase boundary between mag-
netite (Fe304) and wiistite (Fe;_sO)) controlled by a mixture of CO
and CO, gas. Annealing experiments were quenched by shutting
down the power supply. We did not measure Fe3* concentrations
of recovered samples but we estimate them based on literature
data to be ~3% (Fe3*/0). The gas mixing ratio and oxygen fugac-
ity relation was calibrated at 1473 K using the phase boundaries
between magnetite and wiistite and between metallic nickel (Ni)
and bunsenite (NiO). The synthesized single crystals were analyzed
by a field-emission-gun scanning electron microprobe (XL30 ESEM-

FEG) and an electron probe micro-analyzer with a wavelength
dispersive system (JXA-8600). Chemical analysis was performed
using an accelerating voltage of 10kV and a beam current of 10 nA.
The chemical composition of recovered samples ranged between
79 and 84 in Mg# and varied less than 1% over the sample size
of high-pressure experiments (0.8 mm). Hereafter, we refer to this
composition as Mgg gFep 0. There was no detectable contamina-
tion of elements other than Fe, Mg and O.

2.2. Generation of high-pressure and high-temperature

High-pressure annealing experiments were performed with
a 1000-ton Kawai-type multi-anvil apparatus installed at Yale
University with the conventional 18-11 or 14-8 assembly. The con-
fining pressure was exerted on the cell assembly by eight tungsten
carbide cubes with an edge length of 26 mm and a corner truncation
of either 11 or 8 mm. The pressure media consist of a semi-sintered
Cr,03-doped MgO octahedron with an edge length of 18 or 14 mm,
a graphite or LaCrO3 stepped cylindrical furnace, and a ZrO, sleeve
enveloping the furnace as a thermal insulation. Temperature was
monitored with a WsRe-W,gRe thermocouple with a thermocou-
ple junction placed in direct contact with one end of the sample
capsule. The sample charge was electrically insulated from the
furnace by an MgO sleeve. The uncertainty of temperature and pres-
sure was estimated as 80K and +0.5 GPa, respectively, based on
previous experiments (Nishihara et al., 2006).

The oxygen fugacity in the samples was controlled by two dif-
ferent metal-oxide buffers: Re-ReO, for an oxidized condition and
Mo-MoO, for a reduced condition as schematically shown in Fig. 1.
The synthetic Mgg gFeg 0 single crystals with an approximate edge
length of 0.8 mm with thickness of 0.5 mm were placed in the inner
Re and Mo capsules, where corresponding oxides (either ReO, or
MoO, powder, respectively) were added together with Mgy gFeq,0
powder. The Mgy gFep,0 powder was prepared from a mixture of
MgO and Fe, 03 which was annealed for 14 h at 1473 K at an oxy-
gen fugacity of 107> Pa (1 log-bar unit below the phase boundary
between magnetite and wiistite). Each of the Re and Mo capsules
was loaded into an AuPd or Pt outer tube capsule of 0.2 mm wall
thickness. The outer tube capsule was welded to minimize the
water input from the surrounding environment. Thus, two differ-
ent oxygen fugacity environments were imposed on two different
samples in a single high-pressure experiment.

2.3. Modssbauer spectroscopy

Méssbauer spectra of °7 Fe in Mgg gFeq O were recorded at room
temperature and pressure in transmission geometry at Bayerisches
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Fig. 1. Schematic diagram of the capsule assembly for the 18/11 cell.
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Table 1
Conditions of high-pressure annealing experiments and results.

Run no. Pressure [GPa] Temperature [K] Duration [min] Capsule Mo-MoO, buffer Re-ReO; buffer
Oxide Mg# Oxide Mg#

K731 5 1673 120 AuPd Solid 0.810(7) Solid 0.809 (6)
K733 5 1873 60 AuPd Solid/melt 0.829 (6) Solid 0.815(7)
K735 5 2073 30 Pt Melt 0.828 (5) n.i. 0.828 (4)
K742 5 2273 10 Pt Melt 0.822 (3) Melt 0.841(8)
K745 15 1673 180 AuPd Solid 0.826 (7)

K740 15 1873 60 AuPd Solid/melt 0.804 (2) Solid 0.798 (2)
K749 15 2173 10 Pt Melt 0.830 (6) Melt 0.841(8)

() Standard deviation of the last digit.
n.i. Not identified.

(A) K740

(B) K740

Fig. 2. Backscattered electron images of run products: (Mg,Fe)O single crystals annealed at 15 GPa, 1873 K with Re and solid ReO, (K740, A, B) and 15 GPa, 2173 K with Re
and molten ReO, (K749, C, D). (B) and (C) are expansion of the rectangular areas in (A) and (C), respectively.

Geoinstitut. Synthetic Mgy gFe -0 single crystals were mounted in
epoxy resin and polished down to a thickness of approximately
80 wm to optimize the absorber thickness, following Rancourt et
al. (1993). A 57Co radioactive source in a Rh matrix was used as a
source of single-line y-rays. The energy of the y-rays were Doppler
shifted with velocities ranging from +5 to —5 mm/s by moving the
source relative to the sample in constant acceleration mode. The
velocity scale of the spectrometer was calibrated relative to a-Fe
foil. Ta foil with a 500 wm hole covered the sample to select the area
to be measured. The y-rays transmitted through the sample were
measured using a detector coupled to a 512-channel multichannel
analyser and the signal was folded to give a flat background.

3. Experimental results
3.1. High-pressure run products

The high-pressure annealing experiments of Mgg gFeg,0 were
conducted at5and 15 GPaat 1673-2273 K for 10-180 min(Table 1).
Chemical equilibria in terms of Fe3* concentration should be
achieved during the run durations if we assume that vacancy
diffusion is the rate limiting process for Fe3* diffusion. The
vacancy mobility of (Mg,Fe)O can be approximately estimated as

- K733—Mc}
- K740-Mo|
| —8—KT742-Mo|

0.95 ¢
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Mg/(Mg+Fe)
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Fig. 3. Electron microprobe line profiles showing the chemical composition of run
products (K733-Mo; K740-Mo; K742-Mo).
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6 x 10-13 m?2/s at temperature of 1400K and atmospheric pres-
sure based on the Mg-Fe interdiffusion coefficient measured by
Mackwell et al. (2005) and the Fe3* concentration measured by
O’Neill et al. (2003). Activation energy of vacancy mobility was

Transmission Transmission Transmission

Transmission

estimated as 220 kJ/mol (Sempolinski and Kingery, 1980). The acti-
vation volume of vacancy mobility is not well quantified, but is
likely in the range from 1 to 2 x 10~ m3/mol. (see more detailed
discussion on the vacancy mobility and concentration in Section
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Fig. 4. Mossbauer spectra of (MgosFe )0 annealed at 1673-2273K, 5 and 15 GPa with Mo-MoO; and Re-ReO,. Experimental data is shown by dots, theoretical spectra by
solid lines and the residual (experimental minus theoretical) is shown on the top. The absorption corresponding to Fe3* is shaded black.
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Fig. 4. (Continued ).

4). Thus, the diffusion length scale of vacancy mobility during the
experiments is more than the half of the thickness of the sample
size (0.25 mm).

Synthetic Mgy gFeg,0 single crystals recovered from anneal-
ing experiments were examined by scanning electron microscope.
The presence of the oxygen fugacity buffer, either Re-ReO, or
Mo-MoO,, was confirmed for each sample (except ReO, of K735),
indicating that oxygen fugacity was controlled by the metal and
oxide buffers. The buffing oxide phases were round shaped crys-
tals at temperatures below 1873 K, while they were quenched melt
with dendritic textures at temperatures above 1873 K for MoO, and
2073 K for ReO, (Table 1, Fig. 2). The solid buffering oxides do not
interconnect with each other, while molten buffering oxides wet
the grain boundaries of (Mg,Fe)O (Fig. 2). Chemical compositions of
single crystals were within an Mg# range from 80 to 84 (Table 1).
During high-temperature experiments, the Mg# increased slightly
towards the rim of the crystal due to the Fe loss into the melt
(Fig. 3). The Mdssbauer spectra were collected around the center
of Mgq gFeg 0 single crystals.

3.2. Mdssbauer spectra

Each Méssbauer spectrum shows a dominant quadrupole dou-
blet superimposed with a minor peak on the low-velocity shoulder
of the major peak (Fig. 4). They are similar to the spectrareported in
previous studies, where the major absorption peak corresponds to
Fe2* and the minor peak to Fe3* (e.g., McCammon et al., 1998). No
magnetic phases such as magnesioferrite were observed in any of
the Mossbauer spectra. The hyperfine parameters were determined
by fitting Mdssbauer spectra using the commercially available com-
puter software NORMOS. We found that the most stable fitting
was obtained using one Voigt doublet (Rancourt and Ping, 1991)
for the major peak and one Lorentzian singlet for the minor peak
(Table 2). The distinct quadrupole splitting peaks observed for Fe2*
absorption are well fitted by the Voigt doublet, which describes the
total lineshape in terms of a Gaussian distribution sum of individ-
ual peaks with Lorentz lineshape. For the minor peak where two
separate peaks could not be resolved only a Lorentzian singlet was
used. More complicated fitting models such as a Voigt doublet were
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Table 2
Hyperfine parameters derived from Mossbauer spectra.

Run name Temperature Fe2* Fe3* Chi2 Fe3*[) Fe
WID ISO QUA STQ WID ISO
[K] [mm/s] [mm/s] [mm/s] [mm/s] [mm/s] [mm/s] [%]
Mo-MoO, at 5 GPa?
K731-BY4820B 1673 032 (2) 0.926 (3) 0.605 (3) 0.096 (9) 032(2) 0.12 (6) 1.08 2.1(4)
K733-BY4817B 1873 032(1) 0.926 (1) 0.621(2) 0.110 (5) 032(1) 0.05(2) 148 24(2)
K735-BY4847B 2073 035 (2) 0.929 (1) 0.629 (2) 0.112 (5) 035 (1) 0.06 (1) 1.31 1.9(2)
K742-BY4836B 2273 038 (1) 0.928 (2) 0.631(2) 0.127 (6) 038 (1) 0.05 (2) 117 3.0(3)
Re-ReO, at 5 GPaP
K731-BY4821B 1673 0.44 (1) 0.930(2) 0590 (2) 0.02 (2) 1.07 (5) 0.15 (2) 1.12 20(1)
K733-BY4818B 1873 0.40 (2) 0.931(2) 0.559 (3) 0.04 (1) 1.22(9) 0.15 (4) 0.87 23(2)
K735-BY4834B 2073 0.44 (2) 0932 (2) 0587 (3) 0.06 (1) 0.99 (8) 0.12(3) 112 16(1)
K742-BY4842B 2273 039 (3) 0.925 (4) 0584 (5) 0.12 (1) 1.1(1) 0.08 (6) 116 14(2)
Mo-MoO, at 15 GPa?
K745-BY4857B 1673 031 (1) 0.929 (1) 0.656 (4) 0.115 (6) 031 (1) 0.08 (4) 1.14 0.8 (3)
K740-BY4839B 1873 031 (1) 0.933(2) 0.654 (2) 0.148 (4) 031(1) 0.08 (6) 1.12 12(3)
K749-BY48558B 2173 037(1) 0.927 (1) 0.605 (2) 0.092 (6) 037(1) 0.05 (2) 098 23(3)
Re-ReO, at 15 GPaP
K740-BY4827B 1873 0.42 (1) 0.934(1) 0.641 (2) 0.072 (5) 059 (2) 0.100 (6) 275 14.0 (4)
K749-BY4835B 2173 0.44 (1) 0.930(2) 0.591 (2) 0.065 (7) 0.59 (2) 0.075(8) 1.33 14.0 (6)

WID: full Lorenzian line width at half maximum, ISO: isomer shift, QSD: quadrupole splitting, STQ: Gaussian standard deviation for quadrupole splitting distribution.

2 Linewidth of Fe3* is constrained to be the same as the value for Fe?*.
b Linewidth of Fe3* is not constrained to be the same as the value for Fe*

attempted for the minor peak, but the residual after fitting was not
significantly improved based on the chi-squared fitting test. The
Lorentzian linewidths were fitted as variable parameters. The Fe3*
linewidth was assumed to have the same value as the one for Fe2*
in the case of low Fe3* concentration. The Fe3* /ZFe ratio was cal-
culated based on the relative absorption areas for Fe?* and Fe3*.
We estimated the uncertainty based on the statistics of the fitting
process and the uncertainty of the fitting model itself.

We particularly focus on the isomer shift within the set of deter-
mined hyperfine parameters since it is sensitive to valence state
and the crystallographic position of iron (e.g., McCammon, 2004).
The isomer shift relative to a-Fe determined for the FeZ* doublet
varies no more than 0.01 mmy/s over all spectra and agrees well
with the typical value of 0.933 mm/s for Fe2* in the octahedral site
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Fig. 5. Isomer shift of Fe3* as a function of annealing temperature. Mo-MoO, at
5 GPa (red solid circles) and at 15 GPa (red open circles); Re-ReO, in at 5 GPa (blue
solid squares) and 15 GPa (blue open squares). The isomer shift relative to a-Fe in
(Mg,Fe)O was determined as 0.24 mm/s and 0.07 mm/s for Fe3* in the octahedral
and tetrahedral sites, respectively (Waychunas, 1983). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
the article.).

(Waychunas, 1983). In contrast, the isomer shift of the Fe3* singlet
varies systematically with the experimental conditions (Fig. 5). The
isomer shift and concentration of Fe3* absorption are constrained
by the asymmetry of the main doublet of Fe2*, and are therefore rel-
atively independent of the fitting model. The Fe3* isomer shifts are
about 0.05 mmy/s under reduced conditions buffered by Mo-MoO,
except K731-BY4820B (5 GPa and 1673 K), whereas they are higher
under oxidized conditions buffered by Re-ReO,: around 0.13 mmy/s
at 5GPa and 0.1-0.07 mm/s at 15 GPa. The pressure dependence
of the isomer shift under oxidized conditions has not been dis-
cussed previously, but can be observed in Fig. 2 of McCammon et
al. (1998). The observed values of the isomer shift indicate a varia-
tion of Fe3* site occupancy since it decreases with atomic distance
to the first nearest neighbor: 0.24 mm/s for octahedral occupancy
and 0.07 mm/s for tetrahedral occupancy (Waychunas, 1983). Thus,

25 : '
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Fig. 6. Fe3*/ZFe as a function of annealing temperature. Mo-MoO- at 5 GPa (red
solid circles) and at 15 GPa (red open circles); Re-ReO, at 5 GPa (blue solid squares)
and 15 GPa (blue open squares). The data point labels indicate the conditions of the
buffering oxide (n.i.: not identified). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of the article.).
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the low values of the isomer shift obtained under reduced condi-
tions suggest tetrahedral occupancy of Fe3*, while the high values
under oxidized conditions suggest both tetrahedral and octahe-
dral occupancies. The high isomer shift coincides with a broader
linewidth up to around 1 mm/s. There are two possible explana-
tions for the apparent broadening of the linewidth: large variability
in the nuclear energy levels of Fe3* due to the multiple site occu-
pations of Fe3*, or large variations in quadrupole splitting.

Fig. 6 shows the relation between the Fe3*/ZFe ratio and the
experimental conditions. Fe3+/ZFe increases with oxygen fugac-
ity, and it decreases with pressure at low temperatures when the
buffering oxide, either MoO, or ReO,, is solid, while it remains
almost constant at high temperatures when buffering oxide is
quenched melt. Fe3+/ZFe at 5GPa and 2073 K with the Re-ReO,
buffer is lower than the trend extrapolated from low temperatures,
which indicates the melting of the ReO, phase or a deficit of the
ReO, phase. Quantitative discussion of the Fe3* concentration will
be presented in the next section.

4. Discussion
4.1. A thermodynamic model

The Méssbauer spectra show that the Fe3* concentration and
site occupation are influenced by temperature, pressure, and oxy-
gen fugacity. Here, we present a simple thermodynamic model of
Fe3* dissolution in (Mg,Fe)O to interpret the experimental data,
especially at low defect concentration. We start by formulating
the stoichiometric relations of point defects in (Mg,Fe)O. A gen-
eral structural formula for (Mg,Fe)O solid solution can be described
as

Vi[Mg, Fe?*, Fe3*, VIV[V, Fe**],[O] (1)

where the superscripts VIand IV denote the octahedral and tetrahe-
dral cation sites, respectively, and V indicates a cation vacancy. For
simplicity we ignore other minor point defects such as O vacancies,
Mg2* and Fe?* in the tetrahedral site, and trivalent cations such as
AIP* and Cr3*. The conservation of stoichiometry of the lattice sites
gives the following two equations where we use the Kroger-Vink
notation:

[Mgy, ] + [Fey,] + [Fey ] + [V ] =1 (2)
for the octahedral site, and
[Viy] + [Feyl =1 (3)

for the tetrahedral site, where the brackets denote the concen-
tration in atomic fraction. The electrical neutrality condition is
expressed as:

[Fey,] + 6[Fey] = 2[Vy]- (4)

Note that the tetrahedral site has a multiplicity of two per for-
mula unit. This may be simplified if one of the positive defects
is dominant: [Fey,] = 2[V{;] for the regime where octahedral Fe3*
dominates or 3[Fe}; | = [Vy;] for the regime where tetrahedral Fe3*
dominates.

We now consider a chemical system consisting of (Mg,Fe)O and
0, to describe the (Mg,Fe)O phase subjected to a change in the
Fe3*/ > Feratio through the interchange of an O atom with an exter-
nal O, phase. The equilibrium between two phases is described by
the following two relations:

2Fey; + 302 = 2Fey, + V{, + 2V)y + 05 (5)
for the formation of Fe3* in the octahedral site and

2Fey; + 305 = 3V{; + 2Fejy, + 05 (6)

for Fe3* formation in the tetrahedral site. In the following dis-
cussion, we assume that (1) minor species (Fey,, Fey, V() are
completely disordered in the structure and their activities are
proportional to their composition (Henry’s Law), and (2) concen-
trations of major species (Fey;, Vi, Og ) do not change significantly.
The law of mass action corresponding to reactions (5) and (6) gives

- 121y * *
[Fey, I"[V{;]  exp { Exy +PVR1:|

1/2 RT
fo,

(7)

ZAMIZE Eg, + PV,
[ Vl] [ IV] x exp |:_ R2 T R2:| (8)

1/2 RT
fo,

respectively, where Pis pressure, Tis temperature, R is the gas con-
stant, E,, E, are the activation energies of reactions (i.e., enthalpy
of the reaction at ambient pressure) (5) and (6), and V},, Vi, are
the volume change for the solid parts of the reactions (5) and (6).
Henry’s Law implies that the various point defects do not interact
with each other, which is valid for solid solutions with sufficiently
small defect concentrations. Substitution of the conservation equa-
tions for charge neutrality (Eq. (4)) into the mass action equations
(Egs. (7) and (8)) gives the equilibrium concentration of Fe3*:

Ex + PV}, }

3RT ®)

[Fey;] ocf(;z/G exp [_

for the octahedral Fe3* dominant regime, and

g + PV, }

5RT (10)

[Feyy] o<f32/10 exp [
for the tetrahedral Fe3* dominant regime. In either case, the con-
centration of vacancies is proportional to that of Fe3*.

The model shows that the concentration of tetrahedral Fe3* is
less sensitive to oxygen fugacity and pressure than for octahedral
Fe3*, since the oxygen fugacity exponent and activation volume for
tetrahedral Fe3* are smaller than those of octahedral Fe3*. This is
due to the fact that the number of possible configurations during
oxidation of (Mg,Fe)O is higher in the reaction involving tetrahedral
Fe3* (Eq. (7)) than that involving octahedral Fe3* (Eq. (8)). Thus,
the thermodynamic model described above suggests that (Mg,Fe)O
accommodates tetrahedral Fe3* preferentially over octahedral Fe3*
at high-pressure or low oxygen fugacity.

Fe3* concentration can also be written as

Ef + PV}
F 3+1 = A __C c 11
[Fe*] = Acexp [ = (1)
where A is a constant, and Ef and V¢ are the activation energy and
activation volume, respectively, of Fe3* formation. Oxygen fugacity
buffered by solid media follows an exponential relation:

E; +PVy
RT

fo, =Arexp (12)

where Af is a constant, and E; and V} are the activation energy
(i.e., enthalpy of reaction), and the volume change for the solid
parts of the oxygen fugacity buffer, respectively. Thus, a comparison
between Egs. (9)-(12) gives

|72 Ve
«_ _'F R1
Vi= 5+t 3 (13)
for the octahedral Fe3* dominant regime, and
Ve v
* _ __F R2
Vi= TR (14)

for the tetrahedral Fe3* dominant regime. Table 3 summarizes the
activation volume of the reactions. V} is estimated from the molar

volumes of buffering materials (Nishihara et al., 2006), and V§,, V5,
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Table 3
Summary of activation volumes.

Activation volume [10-6 m3/mol]

Oxygen fugacity buffer (AV)?

Mo-MoO, 10.19(2)
Re-ReO; 9.94 (1)
Ni-NiO 8.76 (7)
Fe-FeO 9.90 (8)

Fe3* formation reaction (AVg )2

(MgosFeo2)0 11.448

2 Molar volumes are from Robie et al. (1978): ReO, 18.8(1), Re 8.860(4), MoO-,
19.58(2), Mo 9.387(5), Ni 6.59(3), NiO 10.97(2), Fe 7.092(4), FeO 12.04(4), and MgO
11.248(4) in 1075 x m3/mol.

b Partial molar volumes of MgO and FeO in (Mg,Fe)O are from Frost et al. (2001):
MgO 11.248, and Fe0:12.250 in 10-% x m3/mol.

are estimated from the molar volume of (Mg,Fe)O, assuming that
the presence of point defects does not change the size of the lattice
site.

4.2. Pressure and temperature dependence of Fe3* concentration

Fig. 7 plots the Fe3* solubility in (Mg gFeg )0 obtained in this
study as well as from previous studies (Bolfan-Casanova et al.,
2002, 2006; Frost and Langenhorst, 2002; McCammon et al., 1998,
2004; McCammon, 1994) for oxygen fugacity buffered by metal
and solid oxide buffers (A) and by metal and molten oxide buffers
(B). In order to compare results from various studies with different
compositions, Mg# is normalized to 80 assuming a homologous
temperature scaling for the activation energy of Fe3* formation.
The pressure dependence of Fe3* concentration under a solid buffer
(Fig. 7A) suggests the presence of three different regimes depend-
ing on pressure and oxygen fugacity buffer: (1) low oxygen fugacity
(Mo and solid MoO,), (2) low pressure (<15GPa) and high oxy-
gen fugacity (Re and solid ReO,), and (3) high-pressure (>15 GPa)
and high oxygen fugacity (Re and solid ReO,). We fitted each
regime separately using Eq. (11) to provide a first order approxima-
tion of the dependence of Fe3* concentration on thermodynamic
parameters (Table 4). In the first regime, fitting of our experi-
mental results at reduced conditions (Mo and solid MoO,) gives
V¢ of 1.2(8)x 10-®m3/mol, which agrees well with the model
prediction for tetrahedral Fe3* under the Mo-MoO, buffer (Ve=

1.23x10°® m3/mol, from Eq. (14)). The extrapolation of the fit-
ting result to room pressure and 1473 K yields slightly lower Fe3*
concentrations than those found by McCammon (1994). In the
second regime, fitting of our experimental results at oxidized con-
ditions (Re and solid ReO,) gives a slightly smaller value of V¢
(0.7(3) x 10-6 m3/mol). Extrapolation of this result to higher pres-
sure and low temperature yields higher Fe3* concentrations than
the values determined by McCammon et al. (1998) and inferred
from Bolfan-Casanova et al. (2002, 2006), indicating that the pres-

Table 4
Fitting results for thermodynamic model.

Oxygne fugacity buffer ~ Ac E¢ [k]/mol] V [1075 m3/mol]
This study
Mo-MoO; (solid) 0.02 (1) 19 (7) 12(8)
Re-ReO, (solid) 0.077 (8) 6(2) 0.7 (3)
Mo-MoO, (melt) 0.6(1) 85 (3) 0.1(5)
Re-ReO, (melt) 0.007(1)  —26(4) 0.1(7)
Previous studies?
Re—ReO; (solid) 0.061(2) ~16.1 (6) 2.16P

2 Experimental data from Bolfan-Casanova et al. (2006, 2002), Frost and
Langenhorst (2002); McCammon et al. (2004, 1998).

b Estimated from the model prediction for Fe3* in the octahedral site under the
Re-ReO; buffer.

sure dependence of Fe3* concentration increases with pressure.
In the third regime, experimental data at high-pressure and oxi-
dized conditions (Bolfan-Casanova et al., 2002, 2006; Frost and
Langenhorst, 2002; McCammon et al., 1998, 2004) are insufficient
to allow a confident regression of the activation volume. Thus,
we assume V¢ to be 2.16 x 10~ m3/mol, which is derived from
the thermodynamic model for octahedral Fe3* under the Re-ReO,
buffer (Eq. (13)). These observations on the change of the pres-
sure dependence of Fe3* concentration agree qualitatively with the
results of previous experiments performed at 1473 K and 5-25 GPa
with Mg# 87 and 93 (Bolfan-Casanova et al., 2002, 2006). As shown
in Fig. 7(B), in the cases where the buffering oxide is molten, V;
is smaller than for the case of solid buffering material. This is
attributable to the increase of molar volume of MoO; or ReO, dur-
ing melting that affects the pressure dependence of oxygen fugacity
for a given buffer.
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Fig. 7. Fe** concentration in (Mg sFeo> )0 as a function of annealing pressure. Color
indicates the oxygen fugacity buffer: Mo-MoO, in red and Re-ReO, in blue. Solid
lines are fitting results for solid buffering oxide (A) and for molten buffering oxide
(B). Data are from this study, BC62: Bolfan-Casanova et al. (2006, 2002); MC04:
McCammon et al. (2004); FLO2: Frost and Langenhorst (2002); MC98: McCammon
et al. (1998); MC94: McCammon (1994).
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We infer that the observed three regimes of the pressure depen-
dence of Fe3* concentration indicates a change of the dominant
site occupation of Fe3*: (1) unassociated Fe3* in the tetrahedral
site, (2) unassociated Fe3* in the octahedral, and (3) defect clus-
ters of Fe3* and cation vacancies, in the order of increasing oxygen
fugacity and decreasing pressure. This inference is consistent with
the observed isomer shift trend showing tetrahedral Fe3* under
reduced conditions and both tetrahedral and octahedral Fe3* under
oxidized conditions. The observed tetrahedral Fe3* under reduced
conditions can be interpreted as unassociated defects based on the
pressure dependence of Fe3* concentration. The proposed ther-
modynamic model supports the change from tetrahedral Fe3* to
octahedral Fe3* with increasing oxygen fugacity or decreasing pres-
sures. The mixed occupancy of Fe3* observed in Méssbauer spectra
under oxidized conditions suggests the presence of tightly bound
defect clusters of Fe3* both at octahedral and tetrahedral sites
and cation vacancies (e.g., Gourdin and Kingery, 1979; Hazen and
Jeanloz, 1984; Hilbrandt and Martin, 1998; Jacobsen et al., 2002),
which is consistent with the fact that point defects interact with
each other at high Fe3* concentrations.

The change of the dominant site occupancy of Fe3* with pressure
is in reasonable agreement with the complicated dependence of
Fe3* concentration on oxygen fugacity observed by Speidel (1967).
They performed a thermogravimetric study over a broad range of
oxygen fugacity from the stability field of metallic Fe to magne-
sioferrite. We re-analyzed their data in high Mg# (89 and 75) and
found that the oxygen fugacity dependence of Fe3* concentration
systematically changes with oxygen fugacity: a weak dependence
of oxygen fugacity at reduced conditions (fugacity exponent (n)
of ~1/10), a gradual increase in oxygen fugacity dependence at
intermediate conditions (n up to ~1/4), and a weak dependence
at oxidized conditions (n<1/10). The change of fugacity exponent
at low to intermediate fugacity agrees well with model predictions
for the unassociated point defects: the fugacity exponent increases
with oxygen fugacity from n =1/10 for tetrahedral Fe3* (Eq. (10)) to
n=1/6 for octahedral Fe3* (Eq. (9)).

Independent evidence for the change of Fe3* site occupa-
tion comes from measurements of transport properties: electrical
conductivity and Mg-Fe interdiffusivity. Firstly, electrical charge
transfer in (Mg,Fe)O at low temperature (<1000 K) occurs by elec-
tron hopping between Fe?* and Fe?* and by ionic diffusion at
high temperature (>1000K) (Dobson et al., 1997). Thus, a lin-
ear correlation between electrical conductivity and Fe3* content
is expected in the case of Fe2* > Fe3*. Measurements of electri-
cal conductivity of (Mg,Fe)O with a Mg# range from 99 to 80
at 1073-1273 K show that the power dependence of conductiv-
ity with oxygen fugacity ranges from 1/10 to 1/3 depending on
Mg# and temperature (Iyengar and Alcock, 1970). Based on the
thermodynamic consideration, a weak dependence (n=1/8-1/10)
observed at low Fe content (Mg# >95) indicates the presence
of Fe3* in the tetrahedral site, whereas a strong dependence
(n=1/6-1/4) at high Fe content (Mg# <95) indicates Fe3* in the
octahedral site or a composite of simple defect associates such as
Fe3*-vacancy dimer or trimer (e.g., Gourdin and Kingery, 1979).
Secondly, Mg-Fe interdiffusion in (Mg,Fe)O can be interpreted
in terms of vacancy mechanisms (e.g., Mackwell et al., 2005),
where the pressure dependence of Mg-Fe interdiffusion (Vj)
includes the pressure dependence of vacancy concentration (V)
as well as vacancy mobility (V}). V5 was determined by two
recent studies as 1.8(10) x 10~ m3/mol under the Re-ReO, buffer
at 1573-1973K and 7-35 GPa (Yamazaki and Irifune, 2003), and
3.3(1) x 1076 m3/mol under the Ni-NiO buffer at 1673-1873 K and
8-23 GPa(Holzapfel et al.,2003). Based on our observations of pres-
sure dependence of Fe3* concentration, this discrepancy is likely
due to the oxygen fugacity dependence of V¢ : low V¢ at high oxy-
gen fugacity (Re-Re0O;) due to complex defect clusters and high

V¢ at intermediate oxygen fugacity (Ni-NiO) due to Fe3* in the
octahedral site.

4.3. Implications for the lower mantle

On the basis of experimental results and the thermodynamic
considerations described above, we conclude that tetrahedral Fe3*
is stabilized relative to octahedral Fe3* at high-pressure and low
oxygen fugacity due to the influence of the configurational entropy.
The oxygen fugacity in the lower mantle is estimated as 1.4 log-bar
units below Fe-Fe;_sO (Frost and McCammon, 2008) due to the
presence of metallic Fe (Frost et al., 2004), which is even lower
than the experimental conditions. We thus consider it plausible
that (Mg,Fe)O accommodates Fe3* in the tetrahedral site down to
the lower mantle. Fig. 8 illustrates our estimates of Fe3* concentra-
tion under the oxygen fugacity of the lower mantle compared with
the H* solubility determined under water-saturated conditions by
Bolfan-Casanova et al. (2002); Murakami et al. (2002). We calcu-
lated the Fe3* concentration in the lower mantle by extrapolating
our results under reduced conditions assuming a Mg# of 80 and
the fugacity exponent of 1/10 (Eq. (10)). Fe3* concentration was
estimated as ~650 ppm (Fe3*/0) at 1873 K and 25 GPa at the top
of the lower mantle. As shown in Fig. 8, two recent studies yield
markedly different results on H* (or H,0) solubility in (Mg,Fe)O
(see Hirschmann, 2006 for a review). Bolfan-Casanova et al. (2002)
obtained the solubility of H* in (Mggg3Feg7)0 as ~100 ppm H/O
at 1473 K and 25 GPa, while Murakami et al. (2002) determined
the H* solubility in (Mgg g2Feg0g)0 as ~10,000 ppm H/O at 1923 K
and 25.5 GPa. Thus, the exact conditions of the solubility crossover
between Fe3* and H* are poorly constrained due to the large dis-
crepancy in H* solubility. The spin crossover transition of Fe at
high-pressure (starting around 40 GPa, Tsuchiya et al., 2006; Lin
et al., 2007) potentially changes the behavior of point defects by
decreasing the effective ionic radius of iron.

Recently, Demouchy et al. (2007) obtained a factor of four
enhancement of Mg-Fe interdiffusivity in (Mg,Fe)O under water-
saturated conditions at 300 MPa and 1273-1423K, as compared
with experiments under anhydrous conditions by Mackwell et al.
(2005). They attributed the enhanced diffusivity to the increased
defect concentration by the dissolution of water. However, over
the most of the Mg# range that they studied, cation vacancies
charge balanced by Fe3* are significantly more abundant than those
charge balanced by H*. It is thus not yet clear how H* enhances
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Fig. 8. Solubility of Fe*>* and H* in (Mg,Fe)O as a function of pressure. Fe3* solubility
in (Mg,Fe)O decreases with pressure, while the H* solubility increases. Data are from
this study, BC0O2: Bolfan-Casanova et al. (2002); M02: Murakami et al. (2002).
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interdiffusion under the Fe3*-dominant regime. More importantly,
extrapolation of their results to lower mantle conditions may sub-
stantially underestimate the influence of water in the lower mantle
where H* concentration may dominate over Fe3* solubility. Further
high-pressure studies are needed to determine the relative contri-
butions of oxygen fugacity (Fe3* content) and water fugacity (H*
content) on transport properties in the lower mantle.
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