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Abstract (Mg, Fe, Al)(Si, A)O, bridgmanite is the most abundant mineral of Earth’s lower mantle. Al is
incorporated in the crystal structure of bridgmanite through the Fe**AlO, and A1AlO, charge coupled (CC)
mechanisms, and the MgAIQO, ; oxygen vacancy (OV) mechanism. Oxygen vacancies are believed to cause a
substantial decrease of the bulk modulus of aluminous bridgmanite based on first-principles calculations on the
MgAIO, ; end-member. However, there is no conclusive experimental evidence supporting this hypothesis due
to the uncertainties on the chemical composition, crystal chemistry, and/or high-pressure behavior of samples
analyzed in previous studies. Here, we synthesized high-quality single crystals of bridgmanite in the MgO—
AlO, -SiO, system with different bulk Al contents and degrees of CC and OV substitutions. Suitable crystals
with different compositions were loaded in resistively heated diamond anvil cells and analyzed by synchrotron
X-ray diffraction at pressures up to approximately 80 GPa at room temperature and 35 GPa at temperatures up
to 1,000 K. Single-crystal structural refinements at high pressure show that the compressibility of bridgmanite
is mainly controlled by Al-Si substitution in the octahedral site and that oxygen vacancies in bridgmanite have
no detectable effect on the bulk modulus in the compositional range investigated here, which is that relevant to
a pyrolytic lower mantle. The proportion of oxygen vacancies in Al-bearing bridgmanite has been calculated
using a thermodynamic model constrained using experimental data at 27 GPa and 2,000 K for an Fe-free
system and extrapolated to pressures equivalent to 1,250 km depth using the thermoelastic parameters of
Al-bearing bridgmanite determined in this study.

Plain Language Summary Earth’s lower mantle, spanning from approximately 660 to 2,890 km
depth, is mainly composed of bridgmanite, (Mg, Fe, Al)(Si, A)O, with a distorted perovskite-type structure.
In the topmost 500 km of the lower mantle, experiments showed that an MgAlO, 5 oxygen vacancy component
may be present in bridgmanite. However, the effect of oxygen vacancies on the thermoelastic properties

of bridgmanite is still not well constrained. These parameters are of crucial importance not only to model

the thermodynamic stability of bridgmanite components at high-pressure and high-temperature but also to
calculate the physical properties of lower mantle rocks. Here, we have determined the high-pressure and
high-pressure-temperature equations of state of three bridgmanite samples having different concentrations of
Al and oxygen vacancies using X-ray diffraction in diamond anvil cells. These data are complemented by the
analysis of the bridgmanite crystal structure as a function of pressure, which revealed that oxygen vacancies
have a minor effect on the elastic properties of bridgmanite at concentrations relevant for the lower mantle.
Combining our results with experimental data on the stability of bridgmanite in the MgO-AIO, ;-SiO, system,
we have modeled the thermodynamic stability of the MgAIlO, ; component as a function of pressure and bulk
Al content.

1. Introduction

Bridgmanite, MgSiO, with a distorted perovskite structure, is the most abundant mineral phase in Earth’s interior
and constitutes approximately 80 vol.% of the lower mantle (Irifune et al., 2010; Kurnosov et al., 2017). The struc-
ture of bridgmanite comprises a framework of corner-sharing SiO, octahedra (B site), which form large 12-fold
coordinated cavities that are filled by Mg (A site). High-pressure experiments indicate that Al and Fe account for
the main chemical substitutions in bridgmanite at lower mantle conditions and their incorporation mechanism
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depends on pressure, temperature, oxygen fugacity, and the bulk chemical composition of the system (Huang,
Boffa Ballaran, McCammon, Miyajima, Dolejs, et al., 2021). Al can substitute for both Si and Mg in the B and
A sites, respectively, through the charge coupled (CC) substitution of the components AlA1O, and Fe**AlO,,
and the oxygen vacancy (OV) substitution of MgAlO, 5 (Navrotsky et al., 2003; Vanpeteghem et al., 2006). The
concentration of the OV component in bridgmanite was found to reach a maximum at topmost lower mantle
conditions in MgO saturated systems, and to rapidly decay with increasing pressure and Al,O, content (Z. Liu,
Boffa Ballaran, et al., 2019; Z. Liu, Ishii, et al., 2017). The near absence of oxygen vacancies at pressures above
40 GPa was argued to affect not only the elastic properties but also the transport properties of bridgmanite (Z. Liu,
Ishii, et al., 2017), which may account for a possible increase in viscosity of the mid-mantle, proposed to occur
at approximately 1,000 km depth (Rudolph et al., 2015). It follows that the ability to model the crystal chemistry
of bridgmanite as a function of pressure, temperature and composition is of pivotal importance for understanding
mantle dynamics and building internally consistent thermodynamic and mineral physical models for comparison
with geophysical observations (Criniti et al., 2021; Kurnosov et al., 2017). To date, however, the resolution of such
models of the lower mantle is limited by the lack of experimental data on the thermoelastic parameters of bridg-
manite and by uncertainties on thermodynamic parameters that describe its pressure- and temperature-dependent
element partitioning with other phases. For instance, the effect of CC and OV Al-substitutions on the thermoelas-
tic parameters of bridgmanite is still controversial. A previous computational study suggested the OV component
to be much softer than MgSiO, (Brodholt, 2000). This could explain some observations on the compressibility
of Al-bearing bridgmanite made using powder X-ray diffraction measurements in the diamond anvil cell (DAC)
(Daniel et al., 2001; Yagi et al., 2004; Zhang & Weidner, 1999). Other DAC studies, on the other hand, have found
that Al has a much milder effect on the compressibility of bridgmanite, which was found to be either slightly
higher or slightly lower than that of the MgSiO, end-member (Andrault et al., 2001, 2007; Daniel et al., 2004,
Jackson et al., 2005; Walter et al., 2004, 2006). The contrasting results presented in previous studies may arise in
part from the poor chemical characterization of the samples, which were often synthesized and compressed in the
same DAC run (Andrault et al., 2001, 2007; Walter et al., 2004, 2006) and partly from the limited and sometimes
discontinuous pressure range investigated (Andrault et al., 2001, 2007; Walter et al., 2004; Yagi et al., 2004),
which in some instances did not even reach pressures of the bridgmanite stability field (Walter et al., 2006; Zhang
& Weidner, 1999). As a result, the thermoelastic parameters of Al-bearing bridgmanite remain largely uncon-
strained, hampering our ability to model the stability of the CC and OV components in the lower mantle, as well
as their effect on the seismic properties of the bridgmanite solid solution.

Single-crystal X-ray diffraction is a powerful tool for determining the thermal equation of state of materials in the
DAC. This technique allows not only high-quality unit-cell lattice parameters of materials at high pressure and
temperature to be obtained, but also enables unique information on their crystal structures to be retrieved with
higher accuracy and precision than powder diffraction measurements. This opens the possibility of determining
the individual effects of different Al-substitutions through a detailed examination of the relationship between crys-
tal chemistry, structural evolution, and compressibility of bridgmanite. Here, we report the thermal equation of
state of Fe-free Al-bearing bridgmanite, determined by single-crystal X-ray diffraction at high pressure and high
temperature using externally heated DACs. Each of the studied samples was synthesized in a multi-anvil appara-
tus and its composition was determined using high quality analyses employing secondary standards prior to the
compression experiments. From the refinement of more than 100 crystal structures of Al-bearing bridgmanite and
MgSiO, bridgmanite (original data set collected by Boffa Ballaran et al., 2012) at high-pressure conditions, we then
derived the relation between Al-substitution, polyhedral compressibility, and bulk compressibility. Equation of state
parameters obtained in this study are compared primarily with those determined in previous single-crystal studies,
using well characterized samples synthesized in a multi-anvil press, and studies employing polycrystalline samples
whose chemical composition was determined before or after the compression study. The determined solid solution
behavior between MgSiO,, AIAlO; and MgAlO, 5 bridgmanite components was finally used to model the stability
of oxygen vacancies in the MgO-AlO, .—SiO, system as a function of pressure, temperature, and composition.

2. Experimental Methods
2.1. Sample Synthesis and Characterization

Single crystals of Fe-free Al-bearing bridgmanite were synthesized at 24 GPa and 1,773-1,973 K (Table 1) using a
1,200-tonne split-sphere-type multi-anvil apparatus installed at the Bayerisches Geoinstitut, University of Bayreuth
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Table 1

Synthesis Conditions and Chemical Compositions of Al-Bearing Bridgmanite Samples

Oxide composition (wt.%)

Run Starting material Flux P (GPa) T (K) t (hr) Run products MgO Sio, AlO, 4 Total
1701 En95-Cor5 Mg(OH), 28 1,973 6 Brg + Hym 38.50(26) 58.06(68) 4.96(42) 99.53(62)
S7412 En90-Cor10 MgCl, 24 1,873 4 Brg + Clm =+ Grt 37.60(64) 53.26(73) 9.28(59) 100.1(11)
S7464 En95-Cor5 MgCl, 24 1,973 3 Brg + Clm 39.35(50) 55.48(52) 5.21(47)  100.08(62)
S7585 En85-Corl5 MgCl, 24 1,773 8 Brg + Clm + Grt 37.45(34) 53.78(50) 8.54(32) 99.83(49)
Atoms per 2 cations End-member composition
Mg Al Si (0) CC oV Label

1701 0.962(6) 0.098(8) 0.940(7) 2.989(6) 0.038(6) 0.022(11) CC40V2

S7412 0.932(9) 0.182(11) 0.886(9) 2.977(7) 0.068(9) 0.046(14) CC70V5

S7464 0.975(10) 0.102(9) 0.922(6) 2.974(7) 0.025(7) 0.053(11) CC20V5

S7585 0.932(6) 0.168(7) 0.899(6) 2.983(6) 0.067(6) 0.034(9) CC70V3

Note. En, enstatite; Cor, corundum; Brg, bridgmanite; Hym, hydrous melt; Clm, Cl-rich melt; Grt, garnet (traces).

(Keppler & Frost, 2005). The starting material consisted of finely ground mixtures of synthetic MgSiO, enstatite
and reagent grade Al,O, corundum in different molar ratios (Table 1). To synthesize the MgSiO, enstatite powder, a
glass with the same composition was obtained by heating a stoichiometric mixture of reagent grade SiO, and MgO
at 1,873 K in a furnace for 6 hr. The MgSiO, glass was then ground for 1 hr in an agate mortar under ethanol and
then heated in a furnace at 1,473 K for 5 hr. To confirm that the glass had converted to enstatite, a powder X-ray
diffraction pattern of the recovered material was collected on a Philips X Pert Pro diffractometer equipped with
Co—Kal radiation operated at 40 kV and 40 mA monochromatized with a curved Johansson Ge,,,, crystal and a
Philips X'celerator detector. The MgSiO,—Al,O, mixtures were loaded in 2 mm long Pt-tube capsules together with
approximately 1020 vol.% of reagent grade MgCl, that served as flux material to facilitate crystal growth at high
pressure and temperature conditions. As MgCl, is highly hygroscopic, it was stored in an oven at 423 K for at least
12 hr before being used and was loaded in the Pt-capsule while still warm. Each capsule was then immediately closed
with Pt-lids and sealed using an arc welder to prevent MgCl, from adsorbing water from air moisture. To generate
high-pressure and high-temperature conditions, tungsten carbide (WC, 7 wt.% Co content) cubes with 3 mm corner
truncations were used with a 7 mm edge-length octahedral Cr,0,-doped MgO pressure medium (7/3 assembly) that
contained a cylindrical LaCrO, heater. The capsule was then enclosed in an MgO sleeve to avoid contact with the
LaCrO, heater and placed at the center of the octahedral pressure medium. The cell assembly was first compressed
to the desired press load and then heated at a rate of 100 K per minute until the target temperature was reached. The
temperature was estimated based on the power supplied to the LaCrO, heater, which had been calibrated in previous
runs. Experimental conditions are reported in Table 1. After heating, the experiment was quenched by cutting the
electrical power and slowly decompressed to ambient conditions over 15 hr. One additional experimental run (I701)
was performed at 28 GPa in the 15-MN Kawai-type multi-anvil press IRIS15 (Ishii et al., 2016, 2019; Z. Liu, Nishi,
et al., 2017) installed at the Bayerisches Geoinstitut, University of Bayreuth. In this run, harder WC anvils were
used (grade TFOS, Fuji Die Co. Ltd) with the same type of 7/3 assembly. The starting material for this experiment
consisted of a mixture of MgSiO;, enstatite, Al,O, corundum and Mg(OH), brucite (Table 1). The temperature was
also estimated based on the power supplied to the LaCrO, heater, which was calibrated in previous runs.

The recovered samples were observed under an optical microscope and consisted of mixtures of Al-bearing bridg-
manite crystals up to 100 pm in size and quenched Cl-rich (S7412, S7464, S7585) or hydrous melt (I701). In
experimental runs at 24 GPa with a relatively Al,O,-rich starting composition (i.e., S7412, S7585), minor amounts
of garnet were also found in the run products. Inclusion-free single crystals of Al-bearing bridgmanite larger than
60 pm were selected from each crystal batch and mounted on glass fibers for single-crystal X-ray diffraction anal-
yses at ambient conditions. Several crystals were tested on a kappa-geometry Xcalibur single-crystal diffractom-
eter equipped with a Sapphire2 charge—coupled device (CCD) detector and graphite-monochromatized Mo—Kal
radiation operated at 50 kV and 40 mA. For each batch, the single crystal displaying the sharpest peak profiles
was then analyzed on a Eulerian-geometry Huber diffractometer equipped with a point detector and using Mo—Ka
radiation operated at 50 kV and 40 mA, and driven by the software SINGLE (Angel & Finger, 2011). The peaks
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Table 2

full width half maxima measured upon w-scan rotations typically ranged between 0.07° and 0.11°. The unit-cell
lattice parameters, reported in Table S1 in Supporting Informaton S1, were accurately and precisely determined by
a least square inversion of 16-32 reflections measured at eight equivalent positions (King & Finger, 1979; Ralph &
Finger, 1982). The chemical compositions of several selected single crystals (Table 1) were measured using a JEOL
JXA-8200 electron probe microanalyzer (EPMA) operated in wavelength dispersive mode. Spectra were acquired
for 10 s using an acceleration voltage and beam current of 15 kV and 5 nA, respectively. MgSiO, enstatite was used
as a standard for Si and Mg, Al,O, corundum for Al, and Pby(VO,),Cl vanadinite for Cl. Accurately determining
the Mg/Si ratio of the bridgmanite samples is critical to evaluate the concentration of oxygen vacancies. Following
the procedure proposed by Huang, Boffa Ballaran, McCammon, Miyajima, Dolejs, et al. (2021), a single crystal of
MgSiO, akimotoite was used as a secondary standard and the EPMA was recalibrated until a Mg/Si ratio of 1.00
was obtained for this standard. The CI contents of the samples synthesized using a MgCl, flux were below the detec-
tion level (<0.001 atoms per formula unit) and are thus not reported in Table 1. The water content of the sample
recovered from 28 GPa was not directly measured but was assumed to be negligible (i.e., less than 50 ppm wt.)
based on Fourier transform infrared spectroscopy measurements of bridgmanite single crystals previously synthe-
sized using the same conditions and strategy (Z. Liu et al., 2021). Despite differences in temperature, pressure, and
duration of the peak P-T conditions (Table 1), all samples proved to be chemically homogenous and free of chemical
zoning. The composition of Al-bearing bridgmanite samples in terms of their end-member components MgSiO,,
AIAIO, (CC) and MgAIO, (OV) were determined from their chemical formulas normalized to two cations,
according to the relations proposed by Z. Liu, Boffa Ballaran, et al. (2019): Mg ALSi O,,, 5 ,, with y = MgSiO;,
x —y=MgAIO,,, and (z — x + y)/2 = AlAIO; (Table 1). Samples synthesized in runs I701 and S7464 exhibited the
same bulk Al content within uncertainty but different concentrations of CC and OV components. The significantly
lower OV component in the 28 GPa sample (I701) can most likely be attributed to the use of a hydrous flux rather
than the higher pressure, which should have been insufficient to cause this reduction (Z. Liu, Ishii, et al., 2017).
The hydrous flux likely renders a higher silica-activity than the samples produced using MgCl,. All MgCl, fluxed
samples were relatively enriched in the OV component even at high bulk Al contents, which have been previously
considered to favor the CC substitution mechanism (Z. Liu, Boffa Ballaran, et al., 2019; Z. Liu, Nishi, et al., 2017),
and their OV contents may simply increase with increasing temperature (Z. Liu, Akaogi, et al., 2019).

2.2. High-Pressure and High-Temperature X-Ray Diffraction Measurements

Al-bearing bridgmanite samples with compositions CC40V2, CC20V5 and CC70V3 (see Table 1) were
employed in high-pressure DAC experiments aimed at constraining their isothermal and/or thermal equation of
state. Single-crystal X-ray diffraction measurements at high pressure and temperature were carried out during
several runs (Table 2) at the Extreme Conditions Beamline (ECB) P02.2 of the PETRA-III synchrotron facility
(Hamburg, Germany) using an X-ray beam of 42.7 keV (4 ~ 0.29 A) focused to either 2 X 2 or 8 X 3 pm? (full
width at half maximum) and a Perkin Elmer XRD 1621 flat panel detector (Liermann et al., 2015). The sample to
detector distance and detector parameters for single-crystal diffraction were calibrated using polycrystalline CeO,
and a single crystal of natural enstatite, respectively. To generate high-pressure conditions, we employed BX-90
DACs (Kantor et al., 2012) in combination with Almax-Boehler-type diamond anvils and WC seats (Boehler

Conditions of the High-Pressure Room-Temperature and High-Pressure, High-Temperature (HT) Runs

Run

Sample(s)

Pressure medium Culet size (pm) P sensor(s) P Range (GPa) T Range (K) P-T determination

RT1
RT2
RT3
HT1
HT2
HT4
HTS

CC20Vs5, CC40V2
CC20Vs5, CC40V2
CC70V3

CC20V5, CC40V2
CC20Vs5, CC40V2
CC20Vs5, CC40V2
CC20V5, CC40V2

He 350 ruby, Au 0-22 300 -

He 350 ruby, Au 0-50 300 -

He 250 ruby, W 0-80 300 -

Ne 350 ruby, Au, W 0-26 300-500 Au + W + ruby?
Ne 400 ruby, Au, W 0-29 300-700 Au+ TC
Ne 400 ruby, Au 0-21 300-460 Au + ruby?*
Ne 350 ruby, Au, W 0-35 300-1,000 Au + TC

Note. TC, thermocouple; P, pressure; 7, temperature.

aDue to an inaccurate TC readout, a cross correlation of ruby and Au sensors or ruby, Au, and W sensors was used to determine P and 7.
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& De Hantsetters, 2004), which allowed effective X-ray opening angles of approximately 75-80°. Al-bearing
bridgmanite single crystals with lengths of 10-20 pm and less than 10 pm thick were tested at ambient conditions
at the ECB P02.2 and selected based on their sharp diffraction peak profiles. Suitable crystals were then loaded
in the DACs for high-pressure measurements. For Room-Temperature (RT) runs (RT1-RT3), a Re gasket was
indented between diamond anvils with culets of 350 or 250 pm (Table 2) to a final thickness of approximately 60
or 45 pm, respectively. To create the sample chamber, an infrared laser was used to drill a hole of 200 or 150 pm
diameter, respectively, in the center of the indented area of the Re gasket. One (CC70V3, run RT3) or two
(CC20V4 and CC20V5, run RT1 and RT2) bridgmanite crystals were loaded into the sample chamber together
with a ruby sphere for pressure determination and a piece of Au or W, whose absorption profiles were used to
finely align the cell using the X-ray beam (Table 2). He or Ne gas (Table 2) were loaded into the sample chamber at
0.13 GPa using the gas loading system installed at the Bayerisches Geoinstitut, University of Bayreuth (Kurnosov
et al., 2008) or at PETRA-IIL. The samples were compressed on line at RT using a gas-driven membrane up to 50
(CC20V4, CC20V5) or 80 GPa (CC70V3) with typical steps of 1-3 GPa. At each pressure point, step scans were
collected upon continuous w-rotation of the DAC between +35° with steps of 0.5° and an exposure time of 0.5-1 s.

Several high-pressure and high-temperature runs (Table 2) were carried out in DACs equipped with external resis-
tive heaters (Y. Fei & Mao, 1994) by using 0.4-0.5 mm thick Pt-wire, instead of Mo, wrapped around a MACOR®
(Corning Inc.) ceramic ring (de Grouchy et al., 2017; Pamato et al., 2016). Almax-Boehler diamond anvils with
350 or 400 pm culets were employed to generate high-pressure conditions. The ceramic ring and Pt-wire heater
were placed around the WC seat in the BX-90 piston and fixed using cement. In order to prevent the heater from
touching the BX-90 cylinder, a thin layer of mica was placed on top of the ceramic ring and acted as an electrical
insulator. The Pt-wire was then connected to a Type 6674A DC power supply from Agilent Technology, capable
of generating up to 35 A at 60 V (Liermann et al., 2015). Temperature was monitored using a Pt/Pt-10%Rh (Type
S) thermocouple that was passed through a hole drilled in the ceramic ring and placed as close as possible to the
sample chamber. A Re gasket was indented to 45-50 pm thickness and a 150 pm hole was laser-drilled in the center
of the indented region to obtain the sample chamber. Two selected Al-bearing bridgmanite crystals with composi-
tions CC20V4 and CC20VS5 were loaded in each sample chamber together with a ruby sphere, Au powder and a
piece of W that were used as pressure standards (Table 2). Pre-compressed Ne gas at 0.12 GPa was loaded in the
sample chamber using the gas loading system installed at PETRA-IIIL. Resistively heated DACs (RHDACs) were
inserted into a membrane cup and pressure was increased on line using a gas-driven membrane. In addition, to
prevent the oxidation of the heater components, diamond anvils and Re gasket, an Ar-H, gas mixture was flushed
inside the RHDAC through an aperture drilled on one side of the membrane cup. The RHDAC was then placed
in a custom-designed holder consisting of a water-cooled lower metallic body, a central ceramic insulator and a
top metallic body where the membrane cup was fixed (Figure S1 in Supporting Informaton S1). In this way, the
efficiency of the heater is enhanced, and higher temperatures can be generated. At each pressure-temperature
point, step scans were collected upon continuous o-rotation of the DAC between +32°, following the same proce-
dure described above for RT measurements. Additional wide-scan images of mosaic W single crystals between
o = +20° or still frames of polycrystalline Au were acquired. 2D images were integrated into 1D patterns using
the software DIOPTAS (Prescher & Prakapenka, 2015) and the lattice parameters of Au and W were obtained
from full-profile Le Bail refinements performed in JANA2006 (Petricek et al., 2014).

For runs HT2 and HT4, the unit-cell parameters of gold together with the temperature reading from the ther-
mocouple were used to determine pressure at high temperature employing the thermal equation of state of Au
reported by Dorogokupets and Dewaele (2007). In runs HT1 and HT4, the temperature readout of the thermo-
couple was found to be several hundred K higher than what we expected from the power generated by the Pt-wire
heater. In these runs therefore a cross-correlation function between ruby and Au or ruby, Au and W (Table 2)
was used to determine both pressure and temperature (see Text S1 and Figure S2 in Supporting Informaton S1).
To account for potential systematic deviations that may be caused by using a cross-correlation function instead
of the thermocouple, the temperature and pressure uncertainties in the two mentioned runs were rescaled to have
smaller weights in the equations of state (EOS) fitting procedure.

2.3. Single-Crystal Structural Refinements

Single-crystal X-ray diffraction step-scans were analyzed using CrysAlisPro (Rigaku, Oxford Diffraction) to
extract Al-bearing bridgmanite unit-cell lattice parameters at high-pressure conditions. Data analysis included
peak search and indexing, background subtraction, integration of intensities and correction for Lorentz and polar-
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ization factors. Frame scaling and empirical absorption correction based on spherical harmonics were carried out
using the SCALE3 ABSPACK scaling algorithm implemented in CrysAlisPro. We then employed the dual space
algorithm SHELXT (Sheldrick, 2015b) to solve the structures of Al-bearing bridgmanite crystals and performed
structural refinements against F2 using SHELXL in the Shelxle graphic user interface (GUI) (Hiibschle et al., 2011,
Sheldrick, 2015a). In the refinement procedure, atomic scattering factors were used for all atoms, while the site
occupancy factors for Mg, Al and Si cations in the A and B sites were fixed according to the abundancies of the
bridgmanite end-member components determined by EPMA (Table 1). Given that the number of unique reflec-
tions typically exceeded 250, anisotropic displacement parameters (ADPs) were used for all atoms, resulting in
a total of 29 refined parameters. When the ratio of unique reflections to refined parameters dropped below six or
one of the ADPs showed negative values, isotropic displacement parameters were used instead. In the last cycle of
each refinement, the crystallographic R1 factors were typically between 2% and 3% and rarely exceeded 4%, high-
lighting the high quality of the data sets and the robustness of the structural models. In addition, structural refine-
ments at high pressure and RT for MgSiO, bridgmanite were obtained using the data sets reported and described
by Boffa Ballaran et al. (2012), by applying the same refinement procedure described above. Given the longer
wavelength (1 = 0.4147 A) employed by Boffa Ballaran et al. (2012), the number of observed and unique reflec-
tions for MgSiO, bridgmanite was smaller than for measurements performed in this study (4 = 0.2900, 0.2905, or
0.2908 A). Therefore, isotropic displacement parameters were used for all atoms in the structural refinements of
MgSiO, bridgmanite. Further details can be found in the deposited crystallographic information files.

3. Isothermal Equation of State of Al-Bearing Bridgmanite

3.1. Volume and Axial Compressibility

The unit-cell volume and lattice parameters of Al-bearing bridgmanite samples (Tables S2-S4) were found to
decrease smoothly with increasing pressure (Figure 1). We used third-order Birch-Murnaghan (BM3) EOS to fit
the pressure-volume data sets (Angel et al., 2014; Birch, 1947):

7 5 2
3 Vo3 Vo\3 3 Vo3
P=2K (—) —(—) 1+ 2(K, —4 (—) —1 1
2T { % % 4( r0=4) 1% M
Where V,, K, and K';, are the room-pressure and RT unit-cell volume, the isothermal bulk modulus, and its

pressure derivative. Fits were performed using a script implemented in OriginPro 2021 (OriginLab corporation,
Northampton, MA, USA) that was previously benchmarked with the EosFit7-GUI software (Angel et al., 2014;
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Figure 1. (a) Volume and (b) linear compression of Al-bearing bridgmanite samples at RT. Error bars are smaller than the
symbol when they are not shown. Solid lines indicate BM3 fits to the experimental pressure-volume data sets of CC20V5
(blue), CC40V2 (red) and CC70V3 (black). Dashed black lines indicate BM3 fits to the pressure-volume data set of MgSiO,
bridgmanite reported by Boffa Ballaran et al. (2012).
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Table 3 Gonzalez-Platas et al., 2016). Fit results are reported in Table 3. Despite

Isothermal Equations of State Parameters for Single-Crystal Al-Bearing
Bridgmanite and MgSiO; Bridgmanite From Boffa Ballaran et al. (2012)

showing small differences in K, and K"y, the EOSs of the three samples are
relatively similar to each other, owing to the negative correlation coefficient
between these two fit parameters (Figure S3 in Supporting Informaton S1).

CC20V5 CC40V2 CC70V3 MgSiO;*
e Since the refined K’y values for the three Al-bearing bridgmanite samples
. are close to 4, a 2nd-order Birch-Murnaghan EOS was also used to fit the
3
Vo (A7) 163.14(2) 162.95(2) 16353(2)  162.36(4)  (hree data sets (Table 3). The BM2 K, values of the CC20V5 and CCTOV3
Ky, (GPa) 246.3(14) 249.0(16) 245.4(8) 251(2) samples are identical to their respective BM3 values within the uncertainties,
K'1o 3.96(7) 3.85(9) 3.91(3) 4.11(7) while for the CC40V2 sample the BM2 K, value is approximately 3 GPa
a, (&) 4.7762(4) 4.7798(3) 4.7737(3) 47757(3) lower than its BM3 counterpart due to the fact that this sample has a smaller
M, (GPa) 708(7) 693(5) 688(4) 715(4) BM3 K}, (Table .3). As dlscgssed léterh, these subtle. varlat%ons‘ in Ky, see‘m
to be correlated with the Al-Si substitution at the B site, which influences its
M, 8.93) 10.1(3) 9.81(13) 9.2(2) -
“ compressibility.
by (A) 4.9362(3) 4.9333(3) 4.9388(4) 4.9285(5)
M, (GPa) 840(9) 865(10) 836(8) 848(13) The e.1x1al co.mpres§1on .of the three Al-bearing bridgmanite samples was
w 16.6(5 13706 15.603 1677 described using a linearized BM3 EOS (Angel, 2000; Angel et al., 2014),
ko 605) 70) 63) 1 which was originally derived for cubic and isotropic materials by considering
€0 (A) 6.9199(6) 6.9106(3) 6.9364(12)  6.8970(3) that V=a*and §, = 3f,, with 8, and 8, being the volume and a-axis compress-
M., (GPa) 685(7) 703(5) 690(9) 721(4) ibility, respectively. This notation can be generalized for lower-symmetry
M, 12.0(4) 11.6(3) 11.7(3) 12.7(2) materials by replacing the fit parameters V|, K}, and K’;,, with the cubed unit
BM2 cell edge length [?, the axial modulus M/3 and its pressure derivative M’,/3
V, (A% 163140 16297) 16357 162313 (Aneeletal, 2014
K, (GPa) 245.6(3) 246.3(4) 243.2(3) 254.5(6)

*Axial compressibility parameters of MgSiO, bridgmanite were obtained by
refitting the data reported by Boffa Ballaran et al. (2012).

p= s (4) - () {1+ don-2[(5) 1]} o

Fit parameters for the three Al-bearing samples measured in this study, as

well as for MgSiO, bridgmanite by Boffa Ballaran et al. (2012), are reported
in Table 3. It can be seen that the b-axis is the most incompressible direction, while the a-axis is slightly more
compressible than the c-axis for all samples. As the axial compressibility is particularly sensitive to non-hydrostatic
stresses, we limit our comparison with previous work only to single crystals synthesized in a multi-anvil press and
compressed in a DAC under quasi-hydrostatic conditions. The axial compressibility scheme determined in this
study is in agreement with previous static compression (Boffa Ballaran et al., 2012) and elasticity measurements
(Criniti et al., 2021; Sinogeikin et al., 2004) of single-crystal MgSiO, bridgmanite. For the Al-bearing experi-
ments, the compressibility of the c-axis is higher than in MgSiO;, as also observed for the Fe3*AlO, substitution
mechanism (Boffa Ballaran et al., 2012), confirming that the Al-Si substitution at the B site plays a critical role
in determining the stiffness of this direction.

3.2. Polyhedral and Bond Length Compressibility

By refining the crystal structure of Al-bearing and MgSiO, bridgmanite at high pressure and RT, the pressure
evolution of the individual B-O and A-O bond lengths, as well as the polyhedral volumes, can be derived. It
has been suggested that the compression behavior of bridgmanite is mainly determined by the compressibility
of B site octahedra and by the distortion of the octahedral framework (Huang, Boffa Ballaran, McCammon,
Miyajima, & Frost, 2021). To describe the compression behavior of the octahedral volume VB (Figure 2) and
interatomic distances B-O (Figure S4 in Supporting Informaton S1), we use BM3 EOSs (1) and (2) respectively.
The obtained fit parameters (Table S5 in Supporting Informaton S1) can be used to quantitatively describe the
influence of the Si—Al substitution on the B site volume, as well as on the compressibility in bridgmanite solid
solutions, and to compare them, when possible, with previous studies. Structural refinements at ambient condi-
tions of Al-bearing bridgmanite from this study, as well as of MgSiO, and Fe,Al-bearing bridgmanite (Huang,
Boffa Ballaran, McCammon, Miyajima, & Frost, 2021), showed that the B-O1 (apical) is longer than the two
B-02 (equatorial) distances. At high-pressure, however, the B-O1 bond shrinks more rapidly than the two B-O2
distances in all samples (Figure S4 in Supporting Informaton S1), which causes the octahedral distortion to
progressively decrease. We observe that the overall B-O compression anisotropy of the four samples considered
in our analysis is relatively similar (Figure S4 in Supporting Informaton S1), although the SiO4 octahedra in
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100k MgSiO, bridgmanite appear to be less compressible than the (Si,Al)O, octa-
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hedra of the more Al-rich bridgmanites (Figure 2). The CC70V3 sample,
which has the highest B site Al content, has the most compressible octahe-
dra, while the octahedra of the CC20V5 and CC40V2 samples have very
similar moduli (Table S5 in Supporting Informaton S1). This observation is
consistent with Al-bearing samples being slightly more compressible than
the end-member MgSiO, bridgmanite (Figure 1, Figure S3 in Supporting

Informaton S1) and supports the idea that a tight relation exists between

octahedral and bulk compressibility of perovskite structures. The variation
of the octahedral incompressibility K,® with the octahedral volume VP
(Figure 3a) suggests that the OV substitution may give rise to a very slightly
more compressible octahedron than the CC substitution in agreement with
computational results (Brodholt, 2000). However, given the uncertainties,
KB of all Al-bearing samples can be described with just a linear dependency
on both VB and the Al content at the B site (Figure 3). If the K, value for
MgSiO, bridgmanite is taken from the BM3 fit with refined K’;® (Table S5
in Supporting Information S1), the trends found in Figures 3a and 3b (solid

0 10 20 30 40 50 60 70 80 90

lines) have relatively gentle slopes as well as high uncertainties, mainly due
to the large error bar on the MgSiO, K ® value itself. However, when K’,® is

fixed to a similar value as those obtained for the Al-bearing samples (Table

Pressure P / GPa 8 satip
S5 in Supporting Information S1), the refined MgSiO, K,® helps defining a
Figure 2. Compression behavior of the octahedral volume (V®) in MgSiO, much clearer decreasing trend as a function of both V,,® and the Al content at
(empty symbols) and Al-bearing (solid symbols) bridgmanite. A BM3 the B site (Figure 3, dashed lines). Although the effect of oxygen vacancies on
equations of state was fitted to each data set and is shown as a dashed KOB’ and thus on K, of Al-bearing bridgmanite seems not to be significant

(MgSiO,) or solid line (Al-bearing). When not shown, error bars are smaller
than the symbols. In the inset, a magnification of the range between 40 and

50 GPa is shown for clarity.

in our samples, it is likely to become more prominent at higher OV compo-
nent contents, where higher defect concentrations can lead to the ordering
and clustering of oxygen vacancies (Griininger et al., 2019), as occurs in the
brownmillerite-type structure (Brodholt, 2000). Such high OV contents are,
however, unlikely to match the composition of bridgmanite in a pyrolitic phase assemblage at topmost lower
mantle conditions (Huang, Boffa Ballaran, McCammon, Miyajima, Dolejs, et al., 2021).

The A site volume (VA'?), defined as VA2 = V/4 — VB (Huang, Boffa Ballaran, McCammon, Miyajima, &
Frost, 2021; Martin et al., 2006), depends mainly on the volume of the B site and on the tilting of the octahedral
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framework. In fact the room-pressure V,*!2 increases with increasing Al content (Figure S5 in Supporting Inform-
aton S1) in spite of the A site substitution of Mg?* by A1+, which has a much smaller ionic radius (Shannon, 1976).
The same trend is observed for Fe,Al-bearing bridgmanites (Huang, Boffa Ballaran, McCammon, Miyajima, &
Frost, 2021), although the latter samples have a more pronounced slope (Figure S5 in Supporting Informaton S1).
Since Fe®* has a larger ionic radius than Al3*, the slightly different slopes between the Fe-bearing and Fe-free
trends may indicate that the size of the A site cation has only a limited effect on V,*!? and is less prominent
than that of Al-Si substitution in the B site. Note also that the refined A site incompressibility values (K,!%)
are found to decrease linearly as a function of both V,*!? and the Al content in the B site (Figure S6 in Support-
ing Informaton S1), although Al**, being smaller than Mg?*, would be generally expected to make the MgO,,
polyhedra smaller and less compressible. Moreover, the ratio between polyhedral moduli K *'%/K,® for MgSiO,
and Al-bearing bridgmanite ranges between 0.85(2) and 0.87(5) (Table S5 in Supporting Informaton S1). These
values are identical within uncertainties and show no obvious systematic change as a function of composition
(Figure S7 in Supporting Informaton S1), suggesting that Al incorporation in the B site similarly decreases
both KA1 and K,B. As Al is incorporated at the B site of bridgmanite through both the CC and OV substitution
mechanisms, their effect on the compressibility of bridgmanite seems to be indistinguishable in the compositional
range investigated in this study, which is that relevant to a pyrolitic lower mantle. Therefore, it seems that oxygen
vacancy concentrations relevant to pyrolytic mantle do not greatly affect the polyhedral and bulk compression
behavior of bridgmanite.

4. Thermal Equation of State of Bridgmanite

To determine the thermal EOS of Al-bearing bridgmanite, pressure-volume-temperature (PVT) data were collected
over four runs between 0 and 35 GPa and up to 1,000 K (Figure 4). As described above, in each run a crystal
of CC20V5 and one of CC40V2 were loaded in the same pressure chamber so that a direct comparison could
be made between samples with the same bulk Al content but different degrees of CC and OV substitution. We
employed the thermal equation of state formalism proposed by Stixrude and Lithgow-Bertelloni (2005), which
is based on a Debye model where the Debye temperature (), the Griineisen parameter (y), and its logarithmic
derivative (q) are expressed as functions of the Eulerian finite strain (see Text S2 in Supporting Informaton S1).
Note that a meaningful comparison between the thermoelastic parameters of MgSiO, and Al-bearing bridgmanite
can be made only if consistent pressure scales are used to fit all data sets. Therefore, we first derived a best-fit
thermal EOS of MgSiO, bridgmanite by reanalyzing published data using pressure scales that are consistent with
one another (Text S3 in Supporting Informaton S1). As the fit parameters 6y, y,, and ¢, (i.e., the room-pressure
RT values of €y, v, and q) are typically highly correlated, we then employed the 6}, and g, values determined for
MgSiO, bridgmanite in the fit of the thermal EOSs of Al-bearing bridgmanite. The refined fit parameters V;,, K,
K’1» and v, are reported in Table 4. For comparison, we also used a conventional Mie-Griineisen-Debye (MGD)
formalism (see Text S2 and S3 in Supporting Informaton S1) to fit the MgSiO, and Al-bearing bridgmanite PVT
data, which yielded consistent results (Table S6, Figures S8 and S9 in Supporting Informaton S1). Therefore, only
results from the finite-strain-based formalism of Stixrude and Lithgow-Bertelloni (2005) will be discussed here.

The vy, values for the CC20V5 and CC40V2 samples are identical within uncertainty and approximately 30%
larger than vy, determined for MgSiO, bridgmanite by our best-fit EOS (Table 4). An attempt was made to also
refine g, but resulted in extremely high correlation coefficients between g, and vy, as well as in unrealistic uncer-
tainties on ¢, (e.g., ¢, = 1 = 6) and no visible increase in the quality of the fit. Although the quality of the fit is
not strongly dependent on the absolute value of g, it is important to be able to evaluate the uncertainty of fixing
g, when extrapolating the fitted EOS, particularly in temperature. To do so, we calculated isotherms using the
fit parameters reported in Table 4 and varying g, by +1 (Figure S10 in Supporting Informaton S1). The result-
ing change in thermal pressure at 2000 K is approximately +0.5 and +1.5 GPa at 20 and 50 GPa, respectively
(Figure S10 in Supporting Informaton S1). Note, however, that y, and g, are typically highly correlated, meaning
that if, for instance, g decreases as a function of Al-incorporation, then 7y, will also be smaller than the values
refined in this study. This becomes relevant, for example, if our EOSs are used to calculate the thermodynamic
properties and stability of the CC end-member component at deeper lower mantle conditions, where the CC
mole fraction has been argued to increase at the expense of that of the Fe**AlO, component in both pyrolite
and mid—ocean ridge basalt (Irifune et al., 2010; Ishii et al., 2022). For this purpose, further high-pressure and
high-temperature measurements on CC-rich bridgmanite samples at deep lower mantle conditions will help to
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Table 4

Thermal Equations of State Fit Parameters for MgSiO, (Best-Fit) and
Al-Bearing Bridgmanite (This Study) Using the Finite Strain-Based
Formalism of Stixrude and Lithgow-Bertelloni (2005)
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Figure 4. PVT relations of (a) CC20V5 and (b) CC40V2 Al-bearing bridgmanite single-crystals collected over several
experimental runs. Residuals obtained from the two fits are shown above each graph. Solid lines were calculated using

the finite-strain-based formalism and parameters reported in Table 4. Experimental temperatures and calculated isotherms
(300-900 K) are expressed as a color scale. Additional isotherms at 2000 K (gray lines) are also plotted together with their
68% confidence intervals to show the equations of state extrapolation to temperatures relevant to the lower mantle.

more tightly constrain its thermal EOS and model the crystal chemistry and composition of bridgmanite in
complex chemical systems at mid- and bottom-lower mantle conditions.

5. Solid Solution Behavior of MgSiO,-AlA10,-MgAlO, .

Constraining the solid solution behavior of bridgmanite in the MgSiO,-AlAlO,—MgAIQ, ; system is of great
importance for modeling the thermodynamic and physical properties of lower mantle phase assemblages. Since
the AlAIO, and MgAlO, ; bridgmanite end-members have never been synthetized, likely due to the fact that they
are not stable at any pressure/temperature conditions achieved so far, their
molar volume (V) cannot be directly constrained. Previous studies showed
that non-ideality of mixing must be considered when modeling the solubility
of the AIAIO, and MgAIO, ; components in MgSiO,-bridgmanite (Huang,
Boffa Ballaran, McCammon, Miyajima, Dolejs, et al., 2021), if the entire

MgSiO, best-fit

P scale MgO?, ruby®
V. 1o (cm¥mol) 24.455(8)
T, (K) 298

K, (GPa) 251(2)
K's 4.08(5)
T 1.64(3)
@ 3.12)
O (K) 912

n 5
reduced y? 1.56

CC40V2 CC20V5 MgSiO,-AIAIO, and MgSiO,-MgAIO, ; compositional ranges are consid-

A, ruby? A, ruby® ered. However, a linear qepenfler}cy of volume on compos'it'ion can still be

safely assumed by selecting “fictive” end-member compositions for the CC

24.536(3) 24.562(4) and OV solid solutions that are close to the experimentally measured solu-

298 298 bilities of the two components (i.e., ~6 mol.% MgAIO, 5 and ~30 mol.%

248.9(1.3) 246(2) AlAIO,) as suggested by the available experimental data (Figure 5a). Exper-

3.84(7) 3.97(9) imental data from this and previous studies (Daniel et al., 2004; Huang,

2.12(12) 221(14) Boffa Ballaran, McCammon, Miyajima, & Frost, 2021; Jackson et al., 2005;

31 37 Kojitani et al., 2007; Z. Liu, Akaogi, et al., 2019; Z. Liu, Boffa Ballaran,

et al., 2019; Z. Liu, Nishi, et al., 2017; Walter et al., 2004, 2006) for which

2 22 the unit-cell or molar volume and the CC and OV contents were reported

5 5 (Figure 5a), were first fitted using a three end-member linear model (i.e.,
2.86 3.47 MgSiO,-AlAlO,-MgAIQ, ;) according to:

Note. Numbers in italics were fixed during the fitting procedure.
aDorogokupets and Dewaele (2007). PJacobsen et al. (2008).

Vol = Z nV;

i

3
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Figure 5. The compositional dependence of (a) molar volume (V,), (b) isothermal bulk modulus (K ), and (c) its pressure
derivative (K';,) for Al-bearing bridgmanite at room pressure and temperature. The color scale indicates the degree of

CC and OV substitution for each sample and trendline. In (a), solid lines and shaded areas indicate trends and estimated
uncertainties for MgSiO,~AIAlO; and MgSiO,-MgAlO, , solid solutions determined in this study, while dashed and
dot-dashed lines are trends proposed in previous studies. In (b) and (c), lines and shaded areas indicate trends and estimated

uncertainties for MgSiO;-AIAlO; and MgSiO;-MgAIO, ; solid solutions, under the assumption that K, 0, = Kyigaio, and
K/AIA]O3 = K/MgAIOZ.5'
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Table 5
Modeled Equation of State Parameters for the Bridgmanite End-Members in the MgSiO—~AIAlO ;~MgAlO, ; System

Best-fit EOS Refined end-members End-members for thermodynamic modeling
MgSiO, AIAIO, MgAIO, 4 (Mg, ,Al, (Al ,Si,,)0,0, CC Mg(Al, 4Si;)0,0,5,, OV

V,, (cm? mol~1) 24.455(8) 25.93(4) 25.96(15) 24.82(1) 24.64(2)
K, (GPa) - BM3 251(2) 208(11) 208(11) 238(5) 244(4)
K’y - BM3 4.08(5) 2.7(4) 2.7(4) 3.6(2) 3.85(15)
K, (GPa) - BM2 251.6(5) 190(3) 190(3) 231.9(17) 241.3(11)
Yo 1.63(3) - - 2.1(1) 2.1(1)
9 3.12) - - 3.1% 3.1%
0 (K) 912# - - 912# 912#

Note. Refined end-member values for AIAlO, and MgAIO, ; were obtained by fitting data from this and previous studies using Equations 3-5. The equation of state
parameters for (Mg, ,Al, ,)(Al,Si;,)0,0, and Mg(Al, ,Si;)0,0,,, were then calculated using Equations 35 (italics). Numbers between brackets are one standard
deviation on the last digit(s). Bold values were assumed to be the same as CC40V2 and CC20VS5 (Table 4). Hash symbols indicate values that were fixed during the
fitting procedure and for which uncertainties cannot be directly evaluated.

where n, is the molar fraction of component i in the solid solution and V, is its molar volume, simultaneously refin-
ing Vyiesio, Vaiato, a4 Vygeaio, .- Then, we calculated the molar volumes of 25 mol.% AlAlO;-75 mol.% MgSiO,
[that is, (Mg,,,Al,,)(Al,,Si,;,)0, (CC)] and of 12.5 mol.% MgAIO, -87.5 mol% MgSiO, [that is, Mg(Al, ;Si, )
0,056 (OV)] “fictive” end-members. From our analysis, we found V,, AIO; and VMg IO, 1O be similar to each
other within uncertainty (Table 5), which is different to the findings of Z. Liu, Boffa Ballaran, et al. (2019)
and Wang et al. (2023) who proposed that Vy;,0,. > Vajai0, by linearly fitting data for MgSiO;-AlAIO; solid

solutions, and then fixing the obtained Vi, and V50, to constrain Vyy 0, from the analysis of OV-bearing

gSi
samples. This neglects the potential correlation between V1. and V410, - Our findings support the idea that,
at least for small concentrations of OV component, the molar volume of bridgmanite is mainly controlled by
substitution of Al in the B site, due to its greater influence on the octahedral volume than the creation of oxygen

vacancies themselves or the Mg—Al substitution in the A site.

Experimental studies on the compressibility of Al-bearing bridgmanite conducted so far have only employed
powdered samples, often synthesized in situ inside a DAC (Andrault et al., 2001; Daniel et al., 2001; Walter
et al., 2004, 2006). The range of values obtained for K, and K’} of these samples is considerably large, and
results are often in contrast with one another. For instance, Andrault et al. (2001) and Walter et al. (2004, 2006)
conducted similar experiments to determine the compressibility of bridgmanite solid solutions with different
Al content, where samples were synthesized in the DAC by laser heating and their EOSs were measured upon
further compression or decompression. While Andrault et al. (2001) argued that K, increases from the MgSiO,
toward the AIAlO, end-member, Walter et al. (2004, 2006) reported the opposite trend, with K, linearly decreas-
ing with increasing CC substitution. Other studies reported K-, values as low as 240 and 220 GPa for bridgmanite
samples with AlAlO, concentrations of 1.2 and 7.7 mol.%, respectively, which seem unrealistically low given
the relatively small difference in chemical composition with the MgSiO, end-member (Daniel et al., 2001; Yagi
etal., 2004). Such low K, values were argued to be related to the presence of oxygen vacancies in the investigated
bridgmanite samples. However, our data indicate that the effect of oxygen vacancies is not significantly different
from that of AlAIO, substitution, even for concentrations of MgAIO,  as high as 5 mol.%. The broad disagree-
ment between previous experimental studies prevents us from considering all literature data to refine K, 0, and
K

MgAIO,.5
following the approach of Stixrude and Lithgow-Bertelloni (2011), where the solid solution behavior of K, and

. In view of these considerations, we have fitted our single-crystal data to derive end-member properties,

K’ respectively were described, under hydrostatic stress conditions (Reuss bound), by differentiating once and
twice with respect to pressure both sides of Equation 3, that is,:

anl _ K
Ko = 27K 4
Vmol(1+K-;-0) V’(1+K1,)
—_— =) nj——— 5)
K;O Z I(I.2
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where K; and K’, are the ambient-pressure bulk modulus and pressure derivative of the end-member component
i. As the bulk compressibility of Al-bearing bridgmanite seems to be controlled mainly by the compression of
octahedra, at least for limited amounts of OV component (see Section 3.2), we constrained K510, and Kya0,
as well as Ky, 0. and K'y, .40, , to be equal to each other in the fitting procedure. To reduce the number of
parameters, we fixed Kyyq0, and K'ygi0, t0 the value obtained from our best-fit EOS (Table 4). In this way, we
obtained K510, = Kygaio,, = 208(11) GPa and K’y 10, = K'yjea10,, = 2.7(4) based on BM3 fit parameters, and
K ia10, = Kygaro,, = 190(3) GPa based on BM2 fit parameters. Results of the molar volume and BM3 fits are
plotted in Figure 5 together with 68% confidence bands (i.e., one standard deviation) represented by shaded areas.
The solid solution model constructed using the BM3 EOS parameters interpolates well the refined K, data points
from this study. The trend is also in good agreement with experimental data for a 5 mol.% AlAlO,-bearing sample
that was analyzed by both powder X-ray diffraction and Brillouin scattering up to approximately 40 GPa (Daniel
et al., 2004; Jackson et al., 2005). The K, data from Walter et al. (2004, 2006) also show a decreasing trend with
increasing Al content, despite being shifted toward significantly higher values, including the MgSiO, sample.
If Ky, values are normalized to the Kyq;0, used by Walter et al. (2004) and then multiplied by Ky,,g;0, from our
best-fit EOS, a good agreement with our data is found. Following the same approach, a good agreement with
our model is also found for the rescaled K, value of OV-free Al-bearing bridgmanite from the computational
studies of Brodholt (2000) and Panero et al. (2006). To compare our trends with the results of Brodholt (2000)
on MgAIO, 5, we show in Figure 5b the bulk modulus (calculated through Equation 4) for a solid solution of
87.5 mol.% MgSiO,—12.5 mol.% MgAIO, , that has the composition of the “fictive” end-member that we will
later use for thermodynamic modeling. The resulting K value plots 14 GPa below our trend and 7 GPa below the
lower confidence band. Again, this could either be an effect of non-ideality in the MgSiO,-MgAIO,  system at
higher MgAIO, ; content or could result from the ordered oxygen vacancy distribution in the brownmillerite-type
structure employed by Brodholt (2000). Yamamoto et al. (2003) also determined the bulk modulus of bridgmanite
solid solutions with 6.25 mol.% CC and 12.5 mol.% OV compositions by means of first-principle calculations.
Their results suggest that K, decreases in a similar fashion with increasing CC and OV contents (Figure 5b),
although with a more pronounced slope with respect to the trend proposed in our study. Similar considerations
apply to the BM2 K, which are reported in the Supporting Information (Figure S11 in Supporting Informa-
ton S1). Ky, values for the BM3 solid solution model are in slightly poorer agreement due to the relatively low
refined value for CC40OV?2 (Table 3), but still consistent with the refined model within mutual uncertainties.

6. Implications for the Stability of the Oxygen Vacancy Component in Al-Bearing
Bridgmanite

The presence of defects in the crystal structure of lower mantle minerals has the potential to greatly affect the
transport properties of lower mantle rocks, such as their viscosity. For instance, the pressure dependence of
defects could contribute to enhance mantle viscosity at depths greater than 1,000 km (Rudolph et al., 2015),
which in turn has been linked to slab stagnation (Fukao & Obayashi, 2013) and plume deflection (French &
Romanowicz, 2015) in the same depth interval. This has motivated a number of previous studies to investi-
gate and model the stability of the bridgmanite OV components MgAlO, s and MgFe3*O, ; as a function of
pressure (H. Fei et al., 2021; Huang, Boffa Ballaran, McCammon, Miyajima, Dolejs, et al., 2021; Z. Liu, Ishii,
et al., 2017). The main limitation of the models proposed so far is that the thermoelastic parameters of the
AlAIO, and MgAIO, ; bridgmanite end-members, which are required to model the stability of oxygen vacancies
as a function of pressure, were assumed to be equal to MgSiO, or derived from crystallographic observations at
ambient conditions (Huang, Boffa Ballaran, McCammon, Miyajima, Dolejs, et al., 2021; Huang, Boffa Ballaran,
McCammon, Miyajima, & Frost, 2021). Here, we have combined the thermodynamic formalism proposed in
these previous studies with the thermal equation of state parameters for MgSiO, and Al-bearing bridgmanite
end-members determined in this study (Table 5). In order to model the stability of oxygen vacancies in bridgman-
ite in the MgO-AIO, ,-SiO, system, we assumed the following equilibrium:

. 1 . 11 . 1
Mg(SI7/3A]1/g)02015/16(brg) = Z(Mg%Al1/4)(S13/4A11/4)O3(brg) + EMgSlO3(brg) + gMgO(fp) (6)
ov CcC

where brg and fp indicate components of bridgmanite and ferropericlase, respectively. Note that the AIAIO, and
MgAIlO, 5 end-member components have been replaced by the “fictive” end-members with intermediate compo-
sitions introduced in the previous section, which will be referred to as CC and OV hereinafter, in order to limit the
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extent to which the experimental data are extrapolated and minimize potential non-ideal effects. The equilibrium
constant for the reaction (6) is related to the standard state (pure phases at the pressure and temperature of inter-
est) Gibbs free energy change (AG®) by:

1 i L
4 ( brg 16 ( fp 8
(aMgSiO3 ) (aMgO> (7

brg
dov

brg

AG® = —RTIn

where a,% is the activity of the component i in the phase a, R is the gas constant and T is temperature. The activity
of the component i in the phase « is calculated as af = x{ y/, where x is the ideal mixing activity and vy is the
activity coefficient accounting for non-ideal mixing. In the MgO-AlO, .—SiO, system, ferropericlase is pure
MgO and, thus, its activity is 1. Following Huang, Boffa Ballaran, McCammon, Miyajima, Dolejs, et al. (2021),
we arbitrarily assumed the oxygen vacancies to be localized in the O1 site of bridgmanite. Previous density
functional theory (DFT) calculations proposed MgAIO, ; with a brownmillerite-type structure to be the OV
end-member of bridgmanite (Brodholt, 2000), with oxygen vacancies being ordered and localized at the O2 site
in alternate layers perpendicular to the c-axis. In this structural type, Al occupies either tetrahedral or octahedral
sites, while recent %’ Al magic—angle spinning nuclear magnetic resonance (MAS NMR) showed evidence also for
5-fold coordinated Al (Griininger et al., 2019), which is in principle compatible with both O1 and O2 vacancies.
However, as we will discuss later, the choice of the specific site where oxygen vacancies are located does not
affect our thermodynamic model as the dominant interaction parameter in the nearest-neighbor model is related
to Si—Al substitution in the B site. Under these assumptions, the ideal mixing activity of bridgmanite components
is calculated as follows:

xtso, = (¥ ) (x8) (x9) ®)

3 1 3 1
xit =3.0792(x, ) (x4)3 (x8) % (x)3 (x3) ©

7 1 15 1
xips = 18415, ) (x2)5 (x2)5 (x9') 16 (x01) o (10)

where x is the concentration of Mg, Si, Al, O or vacancies (V) in the A, B or Ol crystallographic site of the
bridgmanite structure. The normalization constants 3.0792 and 1.8415 are required in order for the end-member
activity of the (Mg,,Al,)(Al,,Si;,)0,0, and Mg(Al,Si, 0,0, bridgmanite components to be 1 (see
Text S4 in Supporting Informaton S1). The activity coefficients for non-ideal mixing are calculated assuming a
nearest-neighbor binary symmetric model:

RTInys = wa

cc MgAl(1 "x//il)z'*'WALTSi(l "xfl)z'*'ch/l(] _x81)2 an

" 2 2 2
RTlny&iSiOB = WI\?gAl(l - xlélg) + WA‘TSi(l - xgi) + W&l (1 - xgl) (12)

2
RTInyfys = Wit (1= x4, )+ Wil (1= x8)" + W (1 =9’ a3

where W are Margules interaction parameters describing the interaction of Mg—Al in the A site, Al-Si in the B site or
O-V in the Ol site. By assuming W8y a1 = W0 oy = 0 (Huang, Boffa Ballaran, McCammon, Miyajima, Dolejg,
et al., 2021) and substituting Equations 8—13, we can rewrite Equation 7 explicitly as a function of composition:

1 u
brg Z brg 16
(x&&) <ngSiO3 ) W

(:50)

AG’ = —RTIn

1 11 14
|80+ T (x3)" = (x8)’] 1

Equivalent expressions were also calculated assuming the dominant interaction parameter to be W Byea1 or
WOlsy. However, the fit did not reach convergence in these cases, supporting the choice of WB ,si as the most

relevant interaction parameter.
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Figure 6. Concentration of AIAIO, (CC) and MgAlO, ; (OV) components in bridgmanite (a) as a function of the bulk Al
content at 27 GPa and 2,000 K, and (b) as a function of pressure at 0.1 Al a.p.f.u. and 2,000 K (Z. Liu, Akaogi, et al., 2019;
Z. Liu, Boffa Ballaran, et al., 2019; Z. Liu, Ishii, et al., 2017). In (a), results from experiments conducted at 1,873 K and 27
GPa (Kojitani et al., 2007) and 26 GPa (Navrotsky et al., 2003) are also reported for comparison. The shaded areas indicate
the estimated uncertainties and take into account (a, b) the correlation between AG® and W8, ¢, (Figure S12 in Supporting
Informaton S1) and (b) the uncertainty on the equation of state parameters (Table 5).

Since most of the experimental studies on the phase relations of OV-bearing bridgmanite in the MgO-SiO,—
AlO, 5 system were conducted at 26-27 GPa and 1,873-2,000 K (Griininger et al., 2019; Kojitani et al., 2007,
Z. Liu, Akaogi, et al., 2019; Z. Liu, Boffa Ballaran, et al., 2019; Navrotsky et al., 2003), we assumed 27 GPa
and 2000 K as standard state conditions in our calculations. We used OriginPro 2021 (OriginLab corporation,
Northampton, MA, USA) to fit the compositional data for bridgmanite synthesized under MgO-saturated condi-
tions. The analytical uncertainties on EPMA data were propagated to the fit parameters AG and W8 55; using
an orthogonal regression scheme. The obtained model fits the experimental data points well (Figure 6a). From
our fit, we found AG® = —22(6) kJ mol~! and W8 i5; = —39(9) kJ mol~!, which are in agreement with previous
results within mutual uncertainties (Huang, Boffa Ballaran, McCammon, Miyajima, Dolejs, et al., 2021). As
suggested by these authors, the correlation between the two fit parameters is extremely high (Figure S12 in
Supporting Informaton S1), which in turn is responsible for the large estimated errors on the parameters of our fit.

Using the thermal EOS parameters for the three end—members MgSiO,, (Mg, ,Al, )(Al,,Si,,)0,0, (CC) and
Mg(Al, ;4Si,4)0,0,5,c (OV), we can evaluate how the Gibbs free energy in Equation 14 evolves with pres-
sure (Text S5 in Supporting Informaton S1) in the MgO-AIO, ;-SiO, system under MgO saturated conditions
(Figure 6b). The main factor controlling how pressure affects the OV concentration in bridgmanite is the term
PAYV (see Equation S11 in the Text S5 in Supporting Informaton S1). As the AV term for the equilibrium (6) is
negative, the concentration of the OV component will decrease with increasing pressure, regardless of the fact
that the OV and CC components have essentially similar end—member volumes and EOS properties. To evaluate
the effect of the EOS fit parameters on the model, we added or subtracted the estimated uncertainties on V,,, K,
and K, for the OV and CC end-members (Table 5) in a way to maximize or minimize the AV term. We found the
contribution to overall uncertainties on the CC and OV concentration to be much smaller than that arising from
data scattering at 27 GPa and 2,000 K (Figure 6a). The experimental data of Z. Liu, Ishii, et al. (2017) at 2,000 K
and 2740 GPa exhibit a similarly decreasing trend for the concentration of the OV component, although with a
slightly milder slope (Figure 6b). This difference is significant only for the data point at 35 GPa, where the exper-
imentally determined OV concentration and that determined from our model do not overlap within one standard
deviation. As this could be related to the choice of EOS parameters used to extrapolate the model to higher pres-
sures, we further tested the sensitivity of the model to the input EOS parameters for the CC and OV end-members
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by employing a combination of V; from this study and K, from Brodholt (2000). Despite the larger difference
between K, 0, and Ky, 410, the change in concentration of the two end-members as a function of pressure falls
within the estimated uncertainties of our model. If both V;, and K|, from Brodholt (2000) are employed, owing to
the much larger difference between Vy, .0, and V, 0., the OV concentration drops to zero already at 33 GPa,
which is inconsistent with the available experimental data (Z. Liu, Ishii, et al., 2017). Alternatively, as seems to
be the case for some scattered data points at 26-27 GPa and 1,873-2,000 K in Figure 6a, the misfit may simply
originate from slight inaccuracies in pressure determination or chemical analyses or from an underestimation of
the analytical uncertainties in the previous experimental study. The modeled OV concentration is also in good
agreement with that calculated by Huang, Boffa Ballaran, McCammon, Miyajima, Dole;js, et al. (2021) who,
however, assumed all bridgmanite components to have the same elastic and thermal parameters.

In the present study we determined the thermoelastic parameters of Al-bearing bridgmanite single crystals for
the first time. Our RT data clearly show that both the bulk compressibility of the bridgmanite structure and the
polyhedral compressibility are controlled by the Si—Al substitution in the B site rather than the concentration
of oxygen vacancies. High temperature data up to 1,000 K at lower mantle pressures allowed the Griineisen
parameter to be refined with reasonable uncertainties, although the tradeoff with its volume derivative g was
neglected. Direct measurements of the elastic parameters of bridgmanite at high pressure and temperature, for
instance by Brillouin scattering in the DAC and ultrasonic interferometry in the multi-anvil press, would likely
allow this trade off to be resolved as they are more sensitive to the thermal parameters of solids (Stixrude &
Lithgow-Bertelloni, 2005). However, such measurements are also significantly more challenging from an exper-
imental point of view, which is reflected in the scarcity of elasticity data for Al-bearing bridgmanite in the litera-
ture. Therefore, X-ray diffraction measurements presented here constitute an important step toward constraining
the thermoelastic properties of Al-bridgmanite end-members which are required to model the seismic velocities
and composition of bridgmanite in complex mineral physical models.

Further challenges in determining the composition of bridgmanite as a function of pressure involve the incorpo-
ration mechanism of Fe3*, Huang, Boffa Ballaran, McCammon, Miyajima, Dolej3, et al. (2021) predicted that the
concentration of the Fe*Fe**O, component in bridgmanite could increase with pressure and become relevant for a
pyrolytic lower mantle composition. The presence of such a component could have important implications for the
electronic and elastic properties of bridgmanite, as octahedrally coordinated Fe3* undergoes a pressure-induced
high-spin to low-spin crossover, affecting the density and seismic velocities of bridgmanite-bearing rocks (J.
Liu et al., 2018; Mao et al., 2015). Recent experimental data showed that both the Fe**Fe**O, and MgFe3*0, ;
end-members are stabilized under oxidizing conditions in Al-free systems and that the concentration of the
MgFe3*0, 5 component decreases with pressure (H. Fei et al., 2020, 2021). In these experiments, bridgmanite
was found to coexist with a post-spinel phase of MgFe,O, and/or ferropericlase. As phase assemblages become
more complex with the addition of Fe, constraining the thermal equation of state of Fe**Fe3*O,-bearing and
MgFe3*0, s-bearing bridgmanite is of crucial importance to model the phase equilibria of Fe-bearing systems,
such as candidate rock compositions for the lower mantle like pyrolite and basalt. As EOSs of different compo-
nents become more and more accurate, our ability to build more complete thermodynamic models will also
improve, allowing us to predict the stability of bridgmanite components and calculate their physical properties
over a wider pressure, temperature, and compositional range than it is currently possible.

Data Availability Statement

Crystallographic information files of single-crystal structural refinements of MgSiO, and Al-bearing bridgmanite
at high pressure are available at the following data repository: https://doi.org/10.6084/m9.figshare.21618168
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