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The oxygen vacancy (OV, MgAlO2.5) contents in bridgmanite with periclase and/or a calcium ferrite-type 
MgAl2O4–Mg2SiO4 phase (CF-phase) were investigated at temperatures of 1700, 2000, and 2400 K and a 
pressure of 27 GPa using an ultrahigh-pressure multi-anvil press. The OV content increases significantly 
with increasing temperature by consuming coexisting periclase and the charge-coupled (CC, AlAlO3) 
component in bridgmanite. The increase in OV component at high temperature is promoted by its 
high entropy. The CC components increase largely with temperature compared with the OV content 
in bridgmanite coexisting with CF-phase and periclase because the partition coefficient of Mg and Al 
between bridgmanite and CF-phase approaches unity because of the mixing entropy. The partial molar 
volumes of OV and CC bridgmanite endmembers at ambient conditions were constrained to be 26.64 and 
25.79 cm3/mol, respectively, with densities of 3.428 and 3.955 g/cm3. By assuming linear relationships 
between wave velocities and density, the OV component may therefore cause a velocity reduction by one 
order of magnitude larger than the CC component at constant Al content in bridgmanite. The concomitant 
increase and decrease in OV and CC contents with temperature enhance V P and V S reductions by 0.7% 
and 2.5% in addition to anharmonic effects. The OV component in bridgmanite in subducted slabs is zero 
because of low temperature, and the transport of water and argon trapped by the OV component into 
the lower mantle by bridgmanite is therefore not expected. The storage capacity of these volatiles in 
subducted slabs will thus be significantly lower than the warm ambient mantle. Since the OV component 
is expected to enhance diffusion creep, the present results may explain slab stagnation in the mid-mantle 
due to low OV contents at low temperature, and vertically straight plumes in the lower mantle due to 
high OV contents at high temperature.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Bridgmanite is the major host phase of aluminum (Al) in the 
Earth’s lower mantle (Irifune, 1994). The incorporation of Al can 
produce significant effects on the chemical and physical proper-
ties of bridgmanite, including iron oxidation (McCammon, 1997;
Frost et al., 2004), Fe–Mg partitioning (Frost and Langenhorst, 
2002), elasticity (e.g., Zhang and Weidner, 1999; Brodholt, 2000;
Jackson et al., 2004; Walter et al., 2004, 2006), and electrical con-
ductivity (e.g., Xu et al., 1998; Yoshino et al., 2016). Al is incorpo-
rated into bridgmanite via formation of both charge-coupled (CC) 
and oxygen vacancy (OV) components in the forms of AlAlO3 and 
MgAlO2.5, respectively (Hirsch and Shankland, 1991). In the CC 
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component, Al3+ ions occupy Mg2+ and Si4+ sites (A- and B-sites 
hereafter) in the orthorhombic perovskite structure, whereas they 
occupy only B-sites and create oxygen vacancies in the OV com-
ponent. Bridgmanite containing an OV component is thought to be 
more compressible than that with a CC component, suggesting that 
the shallower part of the lower mantle may be significantly weaker 
than deeper regions (Brodholt, 2000). The OV component has also 
been suggested to reduce the creep strength of bridgmanite, which 
may account for the viscosity increase in the mid-mantle (Liu et 
al., 2017a). In addition, the presence of an OV component in bridg-
manite may induce volatiles such as water (Navrotsky, 1999) and 
noble gases (Shcheka and Keppler, 2012) into the lower mantle. 
Hence, it is important to evaluate the OV contents in bridgmanite 
at relevant conditions for better understanding the physical and 
chemical properties of the Earth’s lower mantle.

Previous high-pressure and high-temperature synthesis exper-
iments (Navrotsky et al., 2003; Kojitani et al., 2007a) suggested 
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that significant amounts of OV component may be present in 
aluminous bridgmanite at 27 GPa and 1873 K in MgO-saturated 
MgSiO3–MgAlO2.5 systems. These results were confirmed by 27Al 
nuclear magnetic resonance spectroscopy (Stebbins et al., 2003), 
which indicated that Al preferentially substitutes for Si4+ in the 
B-sites. More recently, Liu et al. (2017a) found that bridgman-
ite synthesized from a glass starting composition of En90Brm10
(En: MgSiO3 enstatite; Brm: MgAlO2.5 brownmillerite) at 27 GPa 
and 2000 K contains 5.7 mol% OV component. This concentra-
tion is significantly higher than values of 2.5–4.5 mol% synthe-
sized at a lower temperature of 1873 K and identical pressure 
reported by Navrotsky et al. (2003) and Kojitani et al. (2007a), 
suggesting that temperature may affect the OV content in bridg-
manite. A temperature effect was also observed by Andrault et al.
(2007) based on a compression study of aluminous bridgmanite 
using a laser-heated diamond anvil cell (LHDAC): the bulk mod-
ulus of bridgmanite synthesized at 1800 K (272 GPa) is signifi-
cantly higher than that at 2300 K (244 GPa). Because bulk modu-
lus is believed to decrease with increasing OV content (Brodholt, 
2000), the lower bulk modulus of bridgmanite synthesized at 
higher temperature should imply a positive correlation between 
the synthesis temperature and OV content. However, Andrault et 
al. (2007) were not able to determine OV content owing to very 
small sample sizes in the LHDAC. Temperature is the most es-
sential parameter for mantle dynamics because it differs signifi-
cantly between cold subducted slabs (∼1000–1400 K) and ambient 
lower mantle (∼2000–2300 K) (e.g., Brown and Shankland, 1981;
Kirby et al., 1996; Eberle et al., 2002). Nevertheless, the effect of 
temperature on the maximum OV content in bridgmanite remains 
unclear. Furthermore, it is important to note that both theoreti-
cal (Brodholt, 2000) and experimental studies (Walter et al., 2006;
Andrault et al., 2007) has reported that the proportion of the OV 
component may decrease rapidly at pressures above 24–25 GPa, 
which was recently confirmed by Liu et al. (2017a). Thus, the pres-
sure effect has already been established.

In the present study, we determined the maximum OV contents 
along with the CC content in bridgmanite both with and without 
MgO-rich phases in the MgSiO3–MgAlO2.5 and MgSiO3–Al2O3 sys-
tems at temperatures of 1700, 2000, and 2400 K and a constant 
pressure of 27 GPa using a multi-anvil press with tungsten carbide 
anvils. The results presented here are used to discuss the com-
plicated chemistry and elasticity of bridgmanite and the volatile 
storage capacity of the lower mantle.

2. Experimental methods

Five starting materials were prepared in the present study. 
Two glass starting compositions were En90Brm10 (the subscripted 
number represents mol%; En: MgSiO3 enstatite; Brm: MgAlO2.5
brownmillerite) and En95Cor5 (Cor: Al2O3 corundum), which po-
tentially form a single bridgmanite phase with either of the OV and 
CC components, respectively, as the principle component. Glasses 
were prepared from oxide mixtures of reagent grade MgO, SiO2, 
and Al2O3, fused at 2000 K for 30 min and quenched into ice wa-
ter. We repeated this process three times to fabricate homogeneous 
glasses. We also prepared powdered mixtures composed of 70 wt.% 
orthopyroxene with either an En95Cor5 or En90Brm10 composition 
(synthesized at 3 GPa and 1400 K for 5 h) with 30 wt.% MgO, 
to examine reaction equilibration of run products by synthesizing 
bridgmanite obtained via different synthetic routes. It is important 
to note that the resulting bridgmanite should coexist with peri-
clase and be saturated with MgO in the case of these two starting 
materials. A fine-grained oxide mixture with an En70Brm30 compo-
sition was also prepared, so that bridgmanite coexists with another 
Al2O3-rich phase in addition to periclase.
Table 1
Experimental conditions and run products.

Run No. Start comp. P/T /t
(GPa)/(K)/(h)

Phases

IRIS506 En90Brm10 27/1700/30 Brg
En70Brm30 – Brg + CF + Per
En95Cor5 – Brg

IRIS420 En90Brm10 27/2000/20 Brg
En90Brm10 + MgO – Brg + Per
En70Brm30 – Brg + CF + Per

IRIS512 En90Brm10 27/2400/4 Brg
En90Brm10 + MgO – Brg + Per
En70Brm30 – Brg + CF + Per

IRIS527 En95Cor5 27/2400/6 Brg
En95Cor5 + MgO – Brg + Per

–: the same as the above conditions.
Abbreviations: Brg, bridgmanite; CF: calcium ferrite-type structure of MgAl2O4; Per, 
periclase.

The starting materials were loaded into a platinum (Pt) capsule, 
and heated to 800 K for 1 h to minimize water content before 
welding. High-pressure and high-temperature experiments were 
conducted at temperatures of 1700, 2000, and 2400 K under a con-
stant pressure of 27 GPa for 4 to 30 h using a Cr2O3-doped MgO 
octahedron with an edge length of 7 mm and hard TF05 tung-
sten carbide anvils with a truncated edge length of 3 mm with a 
press load of 15 MN in a Kawai-type multi-anvil apparatus (IRIS-
15) at the Bayerisches Geoinstitut, University of Bayreuth (Ishii et 
al., 2016). The cell assembly included a LaCrO3 sleeve heater and 
MgO sleeve for accommodating the Pt capsule. Temperature was 
measured using a W97Re3–W75Re25 thermocouple positioned at 
the center of the heater and adjacent to the base of the Pt capsule. 
No pressure correction was applied to thermocouple emf. Exper-
imental pressures at high temperature were calibrated based on 
the solubility of Al2O3 in bridgmanite in equilibrium with corun-
dum (Liu et al., 2016, 2017b).

Recovered samples were mounted in epoxy resin, ground to ex-
pose the central portion, and then polished using 0.25 μm diamond 
paste. Textural observations and chemical analyses of the recovered 
samples were performed using a LEO1530 scanning electron mi-
croscope (SEM) and JEOL JXA-8200 electron probe microanalyzer 
(EPMA) operating at an acceleration voltage of 15 kV and beam 
current of 5 nA with enstatite and forsterite as standards for Mg 
and Si, respectively, and corundum as a standard for Al. We also 
determined the composition of pure MgSiO3 bridgmanite using the 
same settings as a benchmark analysis, and obtained an accurate 
Mg/Si ratio of 1.008 ± 0.005. Samples were extracted from the Pt 
capsules after compositional analysis. XRD profiles were collected 
over a span of approximately two hours. Phases in the samples 
were identified using a micro-focused X-ray diffractometer with a 
Co anode operated at an acceleration voltage of 40 kV and beam 
current of 500 μA. The MgSiO3 bridgmanite was used as an exter-
nal standard to calibrate the Bragg angle (2θ ) of the instrument.

3. Results

Experimental conditions and run products are summarized in 
Table 1.

3.1. Phase assemblages

Fig. 1 shows the XRD patterns of all run products. These results 
show that the En90Brm10 and En95Cor5 starting glasses crystallized 
into a single bridgmanite phase. The mixtures of En90Brm10 plus 
MgO and En95Cor5 plus MgO crystallized into a phase assemblage 
of bridgmanite plus periclase. The En70Brm30 sample crystallized 
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Fig. 1. XRD patterns of run products at 1700, 2000, and 2400 K at a pressure of 27 GPa. The number in parentheses represents miller indices of the first appearing phase. 
Abbreviations: Brg, bridgmanite; CF: calcium ferrite-type structure of MgAl2O4; Per, periclase.
into bridgmanite, periclase, and a CF-phase (calcium ferrite-type 
structure of MgAl2O4–Mg2SiO4). Fig. 2 shows back-scattered elec-
tron (BSE) images of the corresponding products. In these images, 
bridgmanite appears as gray grains, typically 3–10 μm in dimen-
sion, and some micro-cracks occur on the surfaces. On the other 
hand, periclase appears as dark gray grains, and the CF-phase 
shows smooth outlines. Some amorphization occurs in some bridg-
manite grains in the samples of Figs. 2a, 2b, and 2c as shown by 
a relatively bright color compared with gray bridgmanite grains, 
which may be caused by exposure under the electron beam during 
SEM analysis. Nevertheless, grain boundaries of each phases were 
clearly visible in the run products.

3.2. Phase compositions

The compositions of bridgmanite and coexisting phases are 
listed in Table 2. We confirmed that all phases are fairly uniform in 
composition. In addition, the bridgmanite from En90Brm10 shows 
similar compositions with those from the mixture of En90Brm10
plus MgO, and the BSE images show that all phases have relatively 
clear grain boundaries. These observations suggest that chemical 
equilibrium was achieved in the experiments.

Fig. 3a presents variations of the OV and CC contents with 
temperature obtained using different starting compositions. The 
OV and CC contents were calculated from the following equation: 
MgxAlzSiyOx+1.5z+2y = yMgSiO3 + (x − y)MgAlO2.5 (OV) + (z − x +
y)/2 AlAlO3 (CC), and x + y + z = 2 (Liu et al., 2017a). In the case 
of the single bridgmanite made from En90Brm10, the OV content 
increases from 3.0 ± 0.8 mol% at 1700 K to 5.2 ± 0.7 mol% at 
2000 K to 6.2 ± 0.9 mol% at 2400 K. In contrast, the CC content 
concomitantly decreases from 3.5 ± 0.4 mol% at 1700 K to 1.7 ±
0.5 mol% at 2400 K. For the mixture of En90Brm10 plus MgO, bridg-
manite coexisting with periclase possesses essentially the same OV 
and CC contents as those without periclase within the analytical 
uncertainties. It is noted that periclase coexisting with bridgman-
ite contains small amounts of Al2O3 ranging from 0.79 ± 0.03 wt.% 
at 2000 K to 1.20 ± 0.07 wt.% at 2400 K (Table 2). The inverse cor-
relation between the OV and CC contents is a result of the constant 
total Al content in bridgmanite within the samples.

As expected, the OV contents in bridgmanite from both the 
En90Brm10 glass and En90Brm10 plus MgO are significantly higher 
than those in the samples obtained from the En95Cor5 glass at all 
temperatures (Table 2). The OV content synthesized from En95Cor5

plus MgO is 4.5 ± 1.0 mol% at 2400 K. This value is significantly 
higher than 1.0 ± 0.6 mol% obtained from En95Cor5 but lower than 
that of 6.2 ± 0.9 mol% obtained from En90Brm10 at the same tem-
perature, again within the analytical uncertainties.

The OV and CC contents in bridgmanite coexisting with CF-
phase and periclase from En70Brm30 increase from 2.9 ± 0.7 and 
4.6 ± 0.6 mol% at 1700 K to 4.3 ± 0.9 and 7.3 ± 0.8 mol% at 2400 
K, respectively (Fig. 3b). This increase of the CC component with 
temperature is different from the case without a CF-phase (Fig. 3a). 
In contrast, the Al content in the CF-phase decreases with increas-
ing temperature: the MgAl2O4 contents in the CF-phase are 76 ±
2, 64 ± 1, and 61 ± 1 mol% at 1700, 2000, and 2400 K, respectively 
(Table 2). The Al partitioning in these phases will be discussed in 
detail later.
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Fig. 2. BSE images of run products at 1700, 2000, and 2400 K under a pressure of 27 GPa. Abbreviations: Brg, bridgmanite; CF: calcium ferrite-type structure of MgAl2O4; 
Per, periclase.
3.3. Molar volume of OV- and CC-dominated bridgmanite

The molar volumes of the synthetic bridgmanite are listed in 
Table S1 in the Supplementary material. Fig. 4a shows the mo-
lar volumes of bridgmanite with an Al pfu (pfu: per formula units 
based on the total cation number of 2) of 0.1 against synthesis 
temperature. As mentioned above, the OV component dominates 
in the En90Brm10 samples with and without MgO, whereas the CC 
component dominates in the En95Cor5 samples, and are called the 
OV- and CC-dominated bridgmanite, respectively. The molar vol-
ume of the OV-dominated bridgmanite increases from 24.51 ±
0.05 cm3/mol at 1700 K to 24.55 ± 0.05 cm3/mol at 2000 K to 
24.60 ± 0.05 cm3/mol at 2400 K. The CC-dominated bridgmanite 
has a molar volume of 24.48 ± 0.06 and 24.51 ± 0.05 cm3/mol at 
1700 and 2400 K, respectively, and is thus insensitive to synthesis 
temperature. The increase of molar volume of the OV-dominated 
bridgmanite with temperature is supported by Brodholt (2000).

Fig. 4b shows the molar volumes of bridgmanite against the 
OV and CC content in our present and recent studies (Liu et al., 
2017b). To distinguish the effect of the OV component on the 
molar volume, we first fitted the volumes of the CC-bearing but 
OV-absent bridgmanite to a linear function, and obtained V (X) =
24.44 + (dV /dX) × X , where V is the molar volume in cm3/mol, 
and X is the CC content in mol%. Thus, the CC component increases 
the molar volume of bridgmanite at a rate of 0.0135 (4) cm3/mol 
(The number in parentheses represents the standard deviation of 
the last digit). From these values, the molar volume and den-
sity of the hypothetical CC endmember are found to be 25.79 (5) 
cm3/mol and 3.955 (8) g/cm3, which are almost consistent with 
those estimated by Akaogi and Ito (1999). These two values are 
5.5 (2)% larger and −3.7 (2)% smaller than pure MgSiO3 bridgman-
ite, respectively (24.44 cm3/mol and 4.108 g/cm3, Horiuchi et al., 
1987). We subtracted the effect of the CC component from the OV-
dominated bridgmanite to obtain the molar volume of the pure 
OV-dominated bridgmanite. By fitting, we obtained the following 
equation: V (X) = 24.44 + 0.022(1) × X . Thus, the OV component 
increases the molar volume of bridgmanite at a rate of 0.022 
(1) cm3/mol, which is larger by 6% than that of CC component. 
From these values, the molar volume and density of the hypothet-
ical OV endmember are found to be 26.64 (10) cm3/mol and 3.428 
(13) g/cm3, which are 9.0 (4)% larger and −16.2 (4)% smaller than 
pure MgSiO3 bridgmanite. It is emphasized that the density of the 
OV component is particularly small, which is partly because of its 
larger molar volume but more importantly because of its smaller 
formula weight due to the oxygen vacancy. The molar weights of 
MgSiO3, Al2O3 and MgAlO2.5 are 100.39, 101.96 and 91.28 g/mol, 
respectively.
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 and one, respectively. Number in parentheses represents 

CF

CC 
(mol%)

En 
(mol%)

Mg(MgSi)O4

(mol%)
MgAl2O4

(mol%)

4.9 (7) 95.2 (7)
4.6 (6) 92.5 (7)

24 (1) 76 (2)

3.5 (4) 93.5 (4)

2.4 (4) 92.4 (4)
6.4 (4) 90.3 (6)

36 (1) 64 (1)

2.0 (6) 92.4 (6)

7.3 (8) 88.4 (8)
39 (1) 61 (1)

1.7 (5) 92.0 (5)
1.6 (5) 92.0 (5)

2.5 (5) 93.0 (7)

4.4 (3) 94.6 (3)
Table 2
The compositions of the run products. Oxide analyses are reported in wt.%. The total number of cations for bridgmanite, CF-phase, and periclase is normalized to two, three,
standard deviations for the last digit (s).

Start comp. Phases MgO Al2O3 SiO2 Total Mg Al Si O Brg

OV 
(mol%)

IRIS506 (1700 K)
En95Cor5 Brg [n = 35] 38.68 (56) 5.01 (13) 57.71 (48) 101.39 (86) 0.951 (7) 0.097 (2) 0.952 (7) 3.000 (7) −0.1 (14)
En70Brm30 Brg [n = 28] 39.05 (46) 6.27 (55) 56.46 (70) 99.17 (59) 0.954 (6) 0.121 (11) 0.925 (7) 2.986 (3) 2.9 (7)

CF [n = 8] 35.14 (77) 53.29 (97) 10.24 (59) 98.67 (65) 1.253 (17) 1.502 (28) 0.245 (14) 3.996 (7)
Per [n = 5] 99.44 (56) 0.22 (2) 99.67 (67) 0.998 (0) 0.002 (0) 1.001 (0)

En90Brm10 Brg [n = 55] 39.46 (30) 5.14 (15) 56.99 (64) 101.59 (70) 0.965 (4) 0.099 (3) 0.935 (4) 2.985 (4) 3.0 (8)

IRIS420 (2000 K)
En90Brm10 Brg [n = 20] 39.38 (31) 5.12 (18) 55.55 (36) 100.05 (52) 0.976 (4) 0.100 (3) 0.924 (4) 2.974 (4) 5.2 (7)
En70Brm30 Brg [n = 30] 38.08 (28) 8.31 (38) 54.76 (47) 101.15 (72) 0.936 (4) 0.161 (7) 0.903 (5) 2.983 (5) 3.3 (5)

CF [n = 10] 37.40 (35) 46.26 (73) 14.78 (50) 98.43 (50) 1.338 (12) 1.308 (19) 0.355 (12) 4.009 (6)
Per [n = 5] 99.37 (69) 0.81 (6) 100.81 (67) 0.994 (1) 0.006 (0) 1.003 (0)

En90Brm10 + MgO Brg [n = 26] 40.45 (32) 4.99 (9) 56.87 (37) 102.31 (70) 0.980 (6) 0.096 (2) 0.924 (6) 2.972 (6) 5.6 (12)
Per [n = 5] 99.91 (16) 0.79 (3) 0.05 (1) 100.75 (14) 0.993 (0) 0.006 (1) 1.003 (0)

IRIS512 (2400 K)
En70Brm30 Brg [n = 40] 37.30 (32) 9.66 (67) 53.03 (68) 100.03 (98) 0.927 (8) 0.190 (13) 0.884 (7) 2.979 (5) 4.3 (9)

CF [n = 10] 38.84 (77) 43.86 (56) 16.17 (51) 98.87 (104) 1.381 (16) 1.233 (22) 0.386 (9) 4.002 (6)
Per [n = 5] 98.18 (56) 1.30 (5) 0.03 (1) 99.51 (62) 0.990 (0) 0.010 (0) 1.005 (0)

En90Brm10 Brg [n = 40] 40.19 (39) 5.02 (13) 56.11 (61) 101.31 (85) 0.983 (5) 0.097 (3) 0.920 (5) 2.969 (5) 6.2 (9)
En90Brm10 + MgO Brg [n = 26] 40.09 (32) 4.98 (14) 55.89 57) 100.95 (62) 0.984 (6) 0.097 (3) 0.920 (5) 2.968 (5) 6.4 (9)

Per [n = 5] 98.23 (41) 1.20 (7) 0.05 (1) 99.47 (39) 0.991 (1) 0.009 (1) 1.005 (0)

IRIS527 (2400 K)
En95Cor5 + MgO Brg [n = 25] 40.15 (47) 4.89 (35) 57.09 (42) 102.13 (69) 0.975 (5) 0.094 (7) 0.931 (7) 2.978 (5) 4.5 (10)

Per [n = 4] 98.30 (49) 1.14 (11) 0.34 (30) 99.78 (19) 0.989 (2) 0.009 (0) 0.002 (2) 1.007 (2)
En95Cor5 Brg [n = 10] 39.19 (38) 5.06 (12) 57.83 (47) 102.07 (76) 0.956 (3) 0.098 (3) 0.946 (3) 2.995 (3) 1.0 (6)

Abbreviations: Brg, bridgmanite; CF: calcium ferrite-type structure of MgAl2O4; Per, periclase; OV: MgAlO2.5; CC: AlAlO3; En: MgSiO3.
n is the number of analyses.
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Fig. 3. The content of OV and CC component (upper) and Al pfu (per formula units) (bottom) with temperature for (a) single-phase bridgmanite for En90Brm10 (open symbols) 
and that coexisting with periclase for mixture of En90Brm10 and MgO (solid symbols) and (b) bridgmanite coexisting with periclase and CF phase for En70Brm30. Solid lines 
are the tendency of the experimental data with temperature, while dashed lines are thermodynamic results through a minimum of Gibbs free energy of reaction (1) by 
�G R1(P , T , X) = �H0

T − T �S0
T + ∫ P

1 atm �V P ,T + RT ln
(XBrg

MgAlO2.5
)2

(XPc
MgO)2 XBrg

AlAlO3

− W Brg
AlAlO3

(1 − XBrg
AlAlO3

)2 + 2W Brg
MgAlO2.5

(1 − XBrg
MgAlO2.5

)2 (detailed can be found in Supplementary text and 
Table S2). Abbreviations: Brg, bridgmanite; CF: calcium ferrite-type structure of MgAl2O4; Per, periclase; OV: MgAlO2.5; CC: AlAlO3. Red symbols and lines represent the OV 
component and its variation with temperature, respectively, while these blue ones represent those for the CC component.

Fig. 4. Molar volume of bridgmanite (a) with an Al pfu of 0.1 as a function of temperature and (b) CC (AlAlO3, blue circles) or OV (MgAlO2.5, red circles) in mol%. The number 
is the linear increase rate for molar volume with CC and OV component and that in parentheses represents the standard deviation of the last digit. Black symbols are data 
from Liu et al. (2017b). Dashed lines in (a) are the tendency of the data with temperature, while solid lines are linear fitting results.
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4. Discussion

4.1. Inverse correlations between OV and CC contents in bridgmanite

To interpret the inversely correlated variation of OV and 
CC contents with temperature in bridgmanite synthesized form 
En90Brm10, the variation of these two components can be ex-
pressed by the following reaction:

2MgO + AlAlO3 (CC) = 2MgAlO2.5 (OV) (1)

Because some amount of the CC component is present in what 
should have been MgO-free samples of En90Brm10 at 1700 and 
2000 K, there may also have been small amounts of periclase in 
these samples according to reaction (1). However, we did not find 
any periclase by XRD or BSE observations. It is possible that the 
amount of periclase may be too low to be detected by XRD, and 
that tiny periclase grains may have been polished out from the 
surface prior by SEM analysis. The Gibbs free energy of reaction of 
(1) can be written as:

2μPc
MgO + μ

Brg
AlAlO3

= 2μ
Brg
MgAlO2.5

(2)

where μPc
MgO, μBrg

Al2O3
, and μBrg

MgAlO2.5
are the chemical potentials of 

MgO in periclase and AlAlO3 and MgAlO2.5 components in bridg-
manite, respectively. We use the non-ideal solution model of the 
chemical compositions in bridgmanite. The chemical potentials in 
these components can be written as:

μPc
MgO = μ◦Pc

MgO + RT ln aPc
MgO (3)

μ
Brg
AlAlO3

= μ◦Brg
AlAlO3

+ RT ln aBrg
AlAlO3

(4)

μ
Brg
MgAlO2.5

= μ◦Brg
MgAlO2.5

+ RT ln aBrg
MgAlO2.5

(5)

where μ◦Pc
MgO, μ◦Brg

AlAlO3
, and μ◦Brg

MgAlO2.5
are the chemical poten-

tials of the (hypothetical) endmembers of these three components, 
and aPc

MgO, aBrg
AlAlO3

, and aBrg
MgAlO2.5

are their activities. By substitut-
ing Eqs. (3), (4), and (5) into Eq. (2), the standard state Gibbs free 
energy change of reaction (1) can be then expressed as:

�G0
R1 = 2μ◦Brg

MgAlO2.5
− 2μ◦Pc

MgO − μ◦Brg
AlAlO3

= 2RT ln aPc
MgO

+ RT ln aBrg
AlAlO3

− 2RT ln aBrg
MgAlO2.5

(6)

Based on the symmetric regular solution model (Thompson, 1967), 
the activities of AlAlO3 and MgAlO2.5 component in bridgmanite 
can be expressed as:

RT ln aBrg
AlAlO3

= RT ln
(

XBrg
Al2O3

· γ Brg
AlAlO3

)

= RT ln XBrg
AlAlO3

+ W Brg
AlAlO3

(
1 − XBrg

AlAlO3

)2
(7)

RT ln aBrg
MgAlO2.5

= RT ln
(

XBrg
MgAlO2.5

· γ Brg
MgAlO2.5

)

= RT ln XBrg
MgAlO2.5

+ W Brg
MgAlO2.5

(
1 − XBrg

MgAlO2.5

)2
(8)

where XBrg
MgAlO2.5

and XBrg
AlAlO3

, respectively, are the mole fraction of 

the MgAlO2.5 and AlAlO3 components in the bridgmanite; γ Brg
MgAlO2.5

and γ
Brg

AlAlO3
are an effective coefficient for expressing the non-

ideality of mixing; W Brg
AlAlO3

and W Brg
MgAlO2.5

are interaction param-
eters for the degree of the non-ideality of mixing. For reaction 
(1), from Raoult’s law (Guggenheim, 1937), we assume the ac-
tivity of the MgO component in periclase as its mole fraction 
(aPc

MgO = XPc
MgO). The Gibbs free energy change of reaction (1) can 

then be expressed as:
Fig. 5. Gibbs free energy of reaction (1) for single-phase bridgmanite for En90Brm10

(red open circles), bridgmanite coexisting with periclase for mixture of En90Brm10

and MgO (red solid circles) and bridgmanite with periclase and CF-phase from 
En70Brm30 (red squires), and that of reaction (12) for bridgmanite coexisting with 
periclase and CF phase for En70Brm30 (blue squires). Dashed lines are the linear 
fitting results (�G = �H − T �S) and the slope is �S . Abbreviations: Brg, bridg-
manite; CF: calcium ferrite-type structure of MgAl2O4; Per, periclase.

�G0
R1 = −RT ln

(XBrg
MgAlO2.5

)2

(XPc
MgO)2 XBrg

AlAlO3

+ W Brg
AlAlO3

(
1 − XBrg

AlAlO3

)2

− 2W Brg
MgAlO2.5

(
1 − XBrg

MgAlO2.5

)2
(9)

Here we estimate W1 and W2 by an empirical method for the
non-ideality of solid solutions due to a mismatch of the component 
volumes using the following formula (Davies and Navrotsky, 1983;
Akaogi and Ito, 1999):

W G = 100.8 · �V − 0.4 kJ/mol (10)

�V = V A − V B

(V A + V B)/2
(11)

where V A and V B are the molar volumes of the larger and smaller 
components, respectively. We then obtain W Brg

AlAlO3
and W Brg

MgAlO2.5

values of 5.0 ± 0.2 and 8.0 ± 0.8 KJ/mol from the present molar 
volume results. As shown in Fig. 5, the derived �G0

R1 would de-
crease from 41 ± 8 KJ/mol at 1700 K to 26 ± 6 KJ/mol at 2000 K 
to 20 ± 10 KJ/mol at 2400 K for the reaction of En90Brm10. �G0

R1
for the mixture of En90Brm10 + MgO at 2000 (21 ± 10 KJ/mol) 
and 2400 K (18 ± 9 KJ/mol) are consistent with those with-
out MgO within uncertainties. By fitting the present experimental 
data in the absence of a CF-phase to a linear function of �G0

R1 =
�H0

R1 − T �S0
R1, we obtained �S0

R1 = −(
∂�G0

R1
∂T )P = 27 ± 9 J/mol·K. 

This result suggests that high temperatures promote the forward 
progression of this reaction and thereby increase the OV content 
by consuming the CC component and periclase.

4.2. Al partitioning in bridgmanite, periclase, and the CF-phase

The appearing periclase in addition to bridgmanite in the 
En70Brm30 sample can also be explained by the Eqs. (1)–(9), al-
though periclase contains only a very trace amount of Al2O3. By 
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using the compositions of bridgmanite from En70Brm30 and as-
suming the periclase contains pure MgO, we obtained the �G0

R1
values of 47 ± 7, 57 ± 5, and 63 ± 8 kJ·mol−1 at 1700, 2000, 
and 2400 K, respectively. The derived �S0

R1 is −23 ± 7 J/mol·K, 
suggesting that the CC component is more favored at high tem-
perature compared with the OV component in bridgmanite for the 
En70Brm30 sample (Fig. 3b).

The exchange of Al3+ between bridgmanite and the CF-phase is 
expressed by the reaction:

MgAl2O4 (CF) + MgSiO3 (Brg)

= Mg(MgSi)O4 (CF) + AlAlO3 (Brg) (12)

This reaction (12) represents the exchange of Al and Si between 
the CF-phase and bridgmanite, and so the OV component is not 
included. Mg2+ and Si4+ in the CF-phase would substitute for two 
Al3+ in octahedral sites through a charge-coupled substitution, al-
though the Mg(MgSi)O4 (i.e., Mg2SiO4) endmember CF-phase can-
not exist in the lower mantle because it is less stable than the 
mixture of MgSiO3 bridgmanite and MgO periclase (Kojitani et al., 
2007b). The Gibbs free energy change for reaction (12) can be ex-
pressed as:

�G0
R12 = RT ln aBrg

MgSiO3
+ RTaCF

MgAl2O4
− RT ln aBrg

AlAlO3

− RT ln aCF
Mg(MgSi)O4

(13)

Reaction (12) can be regarded as two binary systems of MgSiO3–
Al2O3 and MgAl2O4–Mg(MgSi)O4. The activity coefficients for 
those components in bridgmanite and CF-phase can be expressed 
as:

aBrg
AlAlO3

= (
XBrg

AlAlO3
· γ Brg

AlAlO3

)2
(14)

aBrg
MgSiO3

= (
γ

Brg
MgSiO3

· γ Brg
MgSiO3

)2
(15)

aCF
MgAl2O4

= (
XCF

MgAl2O4
· γ CF

MgAl2O4

)2
(16)

aCF
Mg(MgSi)O4

= (
XCF

SiMg2O4
· γ CF

Mg(MgSi)O4

)2
(17)

The activity coefficients can be written as:

RT lnγ
Brg

AlAlO3
= W Brg

Al

(
1 − XBrg

AlAlO3

)2
(18)

RT lnγ
Brg

MgSiO3
= W Brg

Al

(
1 − XBrg

MgSiO3

)2
(19)

RT lnγ CF
Mg(MgSi)O4

= W CF
SiAl

(
1 − XCF

Mg(MgSi)O4

)2
(20)

RT lnγ CF
MgAl2O4

= W CF
SiAl

(
1 − XCF

MgAl2O4

)2
(21)

where XCF
MgAl2O4

and XCF
Mg(MgSi)O4

are the mole fractions of MgAl2O4

and Mg(MgSi)O4 in the CF-phase, respectively. �G0
R12 can be ex-

pressed as:

�G0
R12 = −2RT ln

XCF
Mg(MgSi)O4

XBrg
AlAlO3

XCF
MgAl2O4

XBrg
MgSiO3

+ 2W CF
SiAl

(
1 − 2XCF

MgAl2O4

)

+ 2W Brg
Al

(
2XBrg

AlAlO3
− 1

)
(22)

We used Eqs. (10) and (11) to fit the molar volume data for the 
CF-phase obtained by Kojitani et al. (2007b), yielding W CF

SiAl of 
0.6 kJ·mol−1. The derived �G0

R12 changes from 108 ± 6 kJ·mol−1

at 1700 K to 98 ± 5 kJ·mol−1 at 2000 K and to 109 ± 6 kJ·mol−1

at 2400 K. Because these changes are identical within experimen-
tal error, �S0

R12 is essentially zero within analytical uncertainties 
(1 ± 16 J/mol·K, Fig. 5). Thus, reaction (12) will proceed in the 
forward direction because of the entropy of mixing. As such, both 
Al2O3 and Mg2SiO4 should be present only as minor impurities in 
the bridgmanite and CF-phase, respectively, although their concen-
trations will increase with temperature.

Both experimental and thermodynamics results indicate that 
high temperatures promote the reaction of CC-bearing bridgmanite 
with coexisting periclase to form OV-rich bridgmanite and the total 
Al-content of bridgmanite coexisting with only periclase is nearly 
constant for En90Brm10 with and without MgO sample (Fig. 3a). 
In contrast, for bridgmanite with CF-phase and periclase, the addi-
tion of an external Al-reservoir in the form of a CF-phase induces 
a total Al increase with temperature (Fig. 3b). This increase Al at 
high temperature would favor the CC content and the OV content 
thus slightly increase or keep almost constant, which shows that 
the OV/CC molar ratio remains almost constant at 0.5–0.6 in the 
1700–2400 K range. In summary, the OV component content in-
creases with temperature, especially for bridgmanite coexistence 
with periclase without a CF-phase. An increase of the OV con-
tent with temperature is therefore expected to occur in peridotitic 
or pyrolitic bulk compositions (bridgmanite coexisting with per-
icalse) rather than basaltic compositions (bridgmanite coexisting 
with stishovite and a CF-phase).

5. Implications

5.1. Effect of the OV and CC component with temperatures on the 
elasticity of bridgmanite

An increase in the OV content with temperature should cause 
a decrease in bulk modulus because of its low density at high 
temperature because that a looser structure should have a ca-
pability to be more substantially compressed (Brodholt, 2000). 
The isothermal bulk modulus of aluminous bridgmanite has been 
thoroughly investigated and the various reported values of alu-
minous bridgmanite with a pyrolitic Al composition (Al pfu =
0.1) range from 232 to 272 GPa (e.g., Zhang and Weidner, 1999;
Daniel et al., 2001; Walter et al., 2004, 2006; Andrault et al., 
2001, 2007). This large variation in bulk moduli could be related 
to variable OV contents in bridgmanite in response to different 
temperature and/or pressure conditions. In addition to the tem-
perature effect demonstrated in the present study, increasing pres-
sure has been shown to largely decrease the OV content (Liu et 
al., 2017a). Andrault et al. (2007) demonstrated that aluminous 
bridgmanite synthesized at 2300 K has a significantly lower bulk 
modulus (244 GPa) compared with that at lower temperature of 
1800 K (272 GPa), and that the bulk modulus of bridgmanite syn-
thesized at high pressures of 47–56 GPa (272 GPa) is substantially 
higher than that at lower pressures of 23–37 GPa (236 GPa). The 
increase of the OV content with increasing temperature and de-
creasing pressure and possible low bulk modulus of the OV com-
ponent could explain these results. It is apparent that varying the 
temperature and pressure during synthesis can significantly affect 
the defect chemistry and thereby elastic properties of bridgmanite. 
The differences of bulk moduli between 272 and 244 GPa and 272 
and 236 GPa potentially causes variations in bulk sound velocity of 
5 to 7%, which are extremely large from a seismological point of 
view.

Although elasticity studies of aluminous bridgmanite, espe-
cially OV-bearing bridgmanite, are scarce, we simply argue here 
that the elasticity of aluminous bridgmanite based on Birch’s law 
(Birch, 1952), namely, the linear relationships between compres-
sional wave velocity (V P ) and density. We also assume a linear 
relationship between shear wave velocity (V S ) and density. Jackson 
et al. (2004) reported V P = 10.84 km/s and V S = 6.47 km/s for 
polycrystalline MgSiO3 bridgmanite and V P = 10.75 km/s and 
V S = 6.35 km/s for Mg0.95Al0.1Si0.95O3 bridgmanite under ambi-
ent conditions. As Jackson et al. (2004) argued, the shear modu-
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lus, G , decreases significantly by 4% for 5 mol% Al2O3 component, 
while the adiabatic bulk modulus, K S , is not affected. As a re-
sult, V S decreases substantially (−1.8%), whereas V P decreases 
only slightly (−0.8%). The present study shows that the density 
of Mg0.95Al0.1Si0.95O3 bridgmanite is 4.101 g/cm3 under ambient 
conditions, which is slightly higher by 0.8% than that obtained by 
Jackson et al. (2004) (4.081 g/cm3). This leads to an increase of V P

and V S to 10.82 and 6.49 km/s, respectively. In the present study, 
the OV-dominated bridgmanite with the same amount of Al2O3, 
namely, MgAl0.1Si0.9O2.95 should have a density of 4.035 g/cm3, 
which is significantly lower by 1.9% than that of the CC com-
ponent (4.112 g/cm3). This leads to large velocity drops, namely, 
V P = 10.58 and V S = 6.02 km/s. This evaluation suggests that the 
OV component decreases velocities 14 times more strongly than 
the CC component compared with the MgSiO3 bridgmanite end-
member.

In a pyrolite composition, all Al would be contained in bridg-
manite and a CF-phase is thus absent. In this case, the CC and 
OV components, respectively, decrease and increase from 3.5 to 
1.6 mol% and from 3.0 to 6.4 mol% with increasing temperature 
from 1700 to 2400 K, as shown in the present study. These values 
suggest that the V P and V S of bridgmanite in a pyrolitic mantle 
decrease by −0.7% and −2.5% with increasing temperature from 
1700 to 2400 K purely due to a change in the Al substitution 
mechanism. Aizawa et al. (2004) reported the temperature depen-
dence of the adiabatic bulk and shear moduli are −0.029 and 
−0.024 GPa/K, respectively. Katsura et al. (2010) suggested that 
thermal expansion of bridgmanite at the top of the lower mantle 
is 2 × 10−5 K. These data suggest that V P and V S of bridgman-
ite decrease with increasing temperature from 1700 to 2400 K by 
−2.5% and −2.7%, respectively, because of anharmonic effects. The 
change in Al substitution mechanisms thus enhances V P and V S

reduction with elevating temperature by 3% and 5% in comparison 
with the anharmonic effects.

5.2. Volatile storage in the warm ambient lower mantle and cold 
subducted slabs

The presence of OV in bridgmanite may provide storage sites 
to incorporate hydroxyl (Navrotsky, 1999; Murakami et al., 2002)
and noble gases with suitable atomic radii such as argon (1.64 Å), 
neon (1.18 Å), and helium (0.90 Å) (Shcheka and Keppler, 2012), al-
though hydroxyl storage in the lower mantle is still under debate 
(e.g., Murakami et al., 2002; Litasov et al., 2003; Bolfan-Casanova et 
al., 2003). In a pyrolitic composition, bridgmanite contains as much 
as 5 mol% OV component at 27 GPa and 2000 K, which is enough 
to explain a maximum of 1 wt.% water and argon incorporated in 
bridgmanite in the uppermost part of the lower mantle (Murakami 
et al., 2002; Litasov et al., 2003; Shcheka and Keppler, 2012), al-
though this component will rapidly decrease with increasing depth 
(Liu et al., 2017a). The present results show that the OV content 
decreases with decreasing temperature (0.5 mol% per 100 K), and 
the volatile storage capacity should therefore decrease to almost 
zero in subducted slabs because their typical temperature is sig-
nificantly lower by ∼800 K than the warm ambient lower mantle 
(Eberle et al., 2002).

It is also important to consider that pyrolitic bridgmanite con-
tains significant amounts of iron (Fe) in addition to Al, and that the 
oxidation of Fe would prefer to form the charge-coupled FeAlO3
component (Frost and Langenhorst, 2002). This fact may even de-
crease the OV component in bridgmanite in the ambient lower 
mantle. Here, we consider Mg2+ , Fe2+ , Fe3+ , and Al3+ as the ma-
jor cations in pyrolitic bridgmanite and found that bridgmanite 
will contain about 3 ± 1 mol% OV and 6 ± 1 mol% CC (FeAlO3
plus AlAlO3) at 26 GPa and 1900–2000 K by assuming a Fe3+ frac-
tion to the total iron (Fe3+/ΣFe) of 60% in a reduced lower mantle 
(McCammon, 1997; Frost et al., 2004) and Fe3+ preferably substi-
tuting into the Mg2+ site in the uppermost lower mantle (Fujino et 
al., 2012). This small amount of OV component will thus typically 
decrease to zero in cold subducted slabs because of a very low 
temperature. To fully understand the volatile cycle in the lower 
mantle, further studies is required to clarify the concentration of 
trivalent cation such as Fe3+ and Al3+ , the coexisting phases such 
as periclase in the pyrolite mantle model and stishovite in the 
MORB model, and the redox environment on the chemistry defects 
of bridgmanite.

5.3. Explanation of mantle plumes and slab stagnation in the lower 
mantle

The rheological properties of bridgmanite are expected to con-
trol lower-mantle dynamics due to its dominant abundance. Karato 
and Wu (1993) suggested that diffusion creep should dominate 
bridgmanite creep. The OV component will increase atomic dif-
fusivity in bridgmanite because of oxygen vacancy and therefore 
soften the lower mantle. Recent seismic tomography showed that 
mantle plumes are straight and vertical in the lower mantle, but 
bend significantly in the upper mantle (French and Romanowicz, 
2015). This implies that bridgmanite is more effectively softened 
at high temperature than upper mantle minerals. Nevertheless, the 
activation enthalpy of olivine dislocation creep is about 500 kJ/mol 
(e.g., Karato and Jung, 2003), whereas that of Si diffusion in 
bridgmanite is smaller, about 300 kJ/mol (Yamazaki et al., 2000;
Dobson et al., 2008; Xu et al., 2011), which is against the ex-
pectation from the shapes of plumes. However, since the vacancy 
concentration in bridgmanite will increase with temperature, dif-
fusion creep should be more enhanced than expected from the 
activation enthalpy of Si diffusion because of the OV component. 
Our conclusion of the present study, namely the positive tempera-
ture dependence of the OV content, may therefore explain seismic 
observations regarding mantle plumes.

Fukao and Obayashi (2013) depicted slab stagnation in the mid-
mantle down to 1000-km depth. Similar to the discussion above, 
a nearly absent OV component should lead to much stiffer sub-
ducted slabs than the ambient mantle down to 1000 km because 
of the low temperature, which facilitates slab penetration into the 
lower mantle. However, the OV content in the ambient mantle also 
becomes nearly zero in deeper regions because of the negative 
pressure dependence of the OV content. The loss of viscosity con-
trast should impede slab subduction into the deep lower mantle 
and lead to slab stagnation in the mid-mantle. Our study thus pro-
vides an additional explanation for the seismically-observed slab 
stagnation in the mid-mantle.

6. Conclusions

We have clarified the temperature dependence of the OV con-
tent of bridgmanite in the presence of periclase without or with a 
CF-phase. In bridgmanite without a CF-phase, the OV content sig-
nificantly increases with temperature by consuming the CC com-
ponent and periclase as a result of the constant Al content. In 
bridgmanite coexisting with a CF-phase and periclase, the OV in-
crease largely relative to the OV components with temperature 
by the supply of Al from the CF-phase. The formation of the OV 
component from the CC component and periclase is favored at 
high temperature, whereas the supply of Al from the CF-phase 
to bridgmanite is due to the entropy of mixing. The present re-
sults can explain the lower bulk modulus of bridgmanite syn-
thesized at higher temperatures and lower pressures, which re-
sults from the high proportion of an OV component. The de-
rived molar volume of the OV bridgmanite endmember is 26.64 
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cm3/mol, which is 4% higher than that of CC-endmember bridg-
manite (25.79 cm3/mol) at ambient conditions. The OV component 
may thus cause lower velocities than the CC component at con-
stant Al content in bridgmanite. Bridgmanite in the uppermost 
of the ambient lower mantle could contain significant amounts 
of volatiles such as noble gases and water. The storage capacity 
of volatiles in bridgmanite in subducted slabs should be signif-
icantly lower than that in the surrounding ambient mantle be-
cause of the lower slab temperatures. A decrease of OV component 
with decreasing temperature can cause an increase in the viscos-
ity of bridgmanite from the warm ambient lower mantle to the 
surrounding cold subducted slabs. This fact may explain seismi-
cally observed slab stagnation and vertically straight plumes in the 
lower mantle. The present study helps to elucidate the complex 
chemistry of bridgmanite and is therefore important for under-
standing the geophysics and geochemistry of the Earth’s lower 
mantle.
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