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Single-crystal elasticity of (Al,Fe)-bearing bridgmanite up to 82 GPa
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ABSTRACT

Thermoelastic properties of mantle candidate minerals are essential to our understanding of geo-
physical phenomena, geochemistry, and geodynamic evolutions of the silicate Earth. However, the
lower-mantle mineralogy remains much debated due to the lack of single-crystal elastic moduli (Cj)
and aggregate sound velocities of (AL Fe)-bearing bridgmanite, the most abundant mineral of the
planet, at the lower mantle pressure-temperature (P-7) conditions. Here we report single-crystal C;; of
(Al,Fe)-bearing bridgmanite, Mg, gsFey 1 Aly 145100005 (Fe10-Al14-Bgm) with Fe¥*/EFe = ~0.65, up to
~82 GPa using X-ray diffraction (XRD), Brillouin light scattering (BLS), and impulsive stimulated
light scattering (ISLS) measurements in diamond-anvil cells (DACs). Two crystal platelets with ori-
entations of (—-0.50, 0.05, —0.86) and (0.65, —0.59, 0.48), that are sensitive to deriving all nine Cj;, are
used for compressional and shear wave velocity (vp and vs) measurements as a function of azimuthal
angles over 200° at each experimental pressure. Our results show that all C; of singe-crystal Fel0-
Al14-Bgm increase monotonically with pressure with small uncertainties of 1-2% (£10), except Css
and C,;, which have uncertainties of 3—4%. Using the third-order Eulerian finite-strain equations to
model the elasticity data yields the aggregate adiabatic bulk and shear moduli and respective pressure
derivatives at the reference pressure of 25 GPa: Ks =326 + 4 GPa, p =211 =2 GPa, K =3.32 £ 0.04,
and p'=1.66 + 0.02 GPa. The high-pressure aggregate vs and v, of Fe10-Al14-Bgm are 2.6-3.5% and
3.1-4.7% lower than those of MgSiO; bridgmanite end-member, respectively. These data are used with
literature reports on bridgmanite with different Fe and Al contents to quantitatively evaluate pressure
and compositional effects on their elastic properties. Comparing with one-dimensional seismic profiles,
our modeled velocity profiles of major lower-mantle mineral assemblages at relevant P-T suggest that
the lower mantle could likely consist of about 89 vol% (Al Fe)-bearing bridgmanite. After considering

uncertainties, our best-fit model is still indistinguishable from pyrolitic or chondritic models.
Keywords: Single-crystal elasticity, bridgmanite, lower mantle, pyrolite, chondrite

INTRODUCTION

Earth’s lower mantle, the most voluminous region of the plan-
et, plays a key role in regulating physical, chemical, and dynamic
interactions between the core and upper mantle as well as the
crust. Geochemical and petrological observations indicate that
the upper mantle likely consists of pyrolite with approximately
three portions of peridotite and one portion of basalt (Ringwood
1975). If one assumes the whole mantle is chemically homo-
genous in major elements, a pyrolitic lower mantle would have
~75 vol% (Al Fe)-bearing bridgmanite [(Mg,Fe,Al),(Fe,AlSi)O;,
Bgm], ~18 vol% ferropericlase [(Mg,Fe)O, Fp], and ~7 vol%
CaSiO; davemaoite (Irifune et al. 2010; Tschauner et al. 2021).
However, such a pyrolitic model with Mg/Si = ~1.25 has much
less Si than the chondritic bulk Earth model with Mg/Si = ~1.0
from cosmochemical constraints (McDonough and Sun 1995).
To address the “missing Si” conundrum in the silicate Earth,
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Si as a light element in the core (Allégre et al. 1995) and/or a
Si-rich lower mantle (Hofmann 1997) have been proposed previ-
ously. Moreover, some recent studies suggest that comparisons
of velocity and density profiles between seismic observations
(Dziewonski and Anderson 1981; Kennett et al. 1995) and
mineral physics models (Irifune et al. 2010; Kurnosov et al.
2017; Mashino et al. 2020; Murakami et al. 2012) could provide
important insights into the lower-mantle mineralogy. This would
require a complete and reliable elasticity data set of the lower-
mantle candidate minerals with small uncertainties.
Bridgmanite is suggested to be the most abundant lower-
mantle mineral (Ringwood 1975). Despite extensive theoretical
studies on its elasticity at high P-T (Karki et al. 1997; Shukla
and Wentzcovitch 2016; Wentzcovitch et al. 2004), experimental
investigations on this subject are still limited to polycrystalline
samples or single crystals at relatively low pressures. In addi-
tion, as much as 10 mol% Fe** and AI** could substitute the
dodecahedral-site (A-site) Mg? and octahedral-site (B-site)
Si** in the crystal structure of bridgmanite via charge-coupled
substitution (e.g., Frost et al. 2004; McCammon 1997), whose
effects on the elastic properties also need investigation. Of
particular examples are the reports by Murakami et al. (2012)
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and Mashino et al. (2020) that measured vs of polycrystalline
Al- and/or Fe-bearing bridgmanite up to 124 GPa using BLS
technique to suggest a perovskitic lower mantle with greater than
92 vol% bridgmanite. A recent study measured both v and vg of
polycrystalline Fe-bearing bridgmanite, Mg, osFe}/0:6Fe314510.9903,
up to 70 GPa at 300 K using both ISLS and BLS methods and
observed a drastic softening in v, at 42.6-58 GPa and a slight
increase in vg above 40 GPa (Fu et al. 2018). This finding has
been attributed to the spin transition of B-site Fe** in bridgmanite
(Fuetal. 2018; Shukla et al. 2016). However, the sound velocity
data from polycrystalline samples in DACs to represent their bulk
properties has been questioned in Earth science because of issues
with velocity anisotropies, textures, and direction-dependent
acoustic phonon intensities (Speziale et al. 2014).

As to single-crystal elasticity study, Criniti et al. (2021) and
Kurnosov et al. (2017) measured velocities in BLS experiments
to determine single-crystal elasticity of MgSiO; and (AlFe)-
bearing bridgmanite, Mg, oFe, ;Aly ;1 Sip9Os (Fel0-Al10-Bgm), up
to 79 and 40 GPa, respectively. Due to the technical limitation in
BLS measurements where v, peaks of bridgmanite can be blocked
by diamond vs signals above 20 GPa, these studies (Criniti et al.
2021; Kurnosov et al. 2017) used a global fit scheme by fitting
all the velocity data together to derive single-crystal Cj; at high
pressure. It has been debated whether such a global fit scheme
is appropriate because those greater uncertainties of derived
C; at higher pressures were compensated by higher quality
data at lower pressures (Kurnosov et al. 2018; Lin et al. 2018).
To improve the full elasticity data, a recent study determined
single-crystal elasticity of (Al,Fe)-bearing bridgmanite with two
compositions, Mg osFedliz3Fedins AlgsSio o603 (Fe6-Al4-Bgm) and
Mg, soFedinaFediosAly 11Sipg00; (Fel12-All1-Bgm), by individually
fitting velocity data from both ISLS and BLS measurements at
each experimental pressure of 25 and 35 GPa (Fu et al. 2019b).
The results showed that the coupled substitution of Fe and Al in
bridgmanite significantly decreases its v and vg. In a nutshell,
because of the lack of single-crystal elasticity data of (AlFe)-
bearing bridgmanite across the whole lower-mantle pressure,
it has been a great challenge for a better understanding of the
lower-mantle composition and seismic observations.

Here, we reported single-crystal C;; of (Al,Fe)-bearing bridg-
manite, Mg gsFeg 1 Aly 145159003 (Fel0-Al14-Bgm) with Fe*'/ZFe
= ~0.65, up to ~82 GPa at 300 K using v, data from ISLS, vg
data from BLS, and pressure-density relationship (equation of
state, EoS) from synchrotron XRD measurements in DACs. Two
platelets with crystallographic orientations of (-0.50, 0.05,—0.86)
and (0.65,-0.59, 0.48) are selected with sufficient sensitivities to
derive full C;; with small uncertainties (Fig. 1). The use of ISLS
and BLS techniques (Fu et al. 2018; Yang et al. 2015) enables
both vy and v measurements on selected platelets as a function
of azimuthal angles at high pressure (Fig. 2; Online Materials!
Fig. S1; Online Materials' Table S1), that overcomes previous
difficulties when only using BLS technique (Criniti et al. 2021;
Kurnosov et al. 2017; Mashino et al. 2020; Murakami et al.
2012). Together with literature reports on elastic properties of
bridgmanite with different Al and Fe contents, we can quantita-
tively evaluate the effect of Fe and Al on its adiabatic bulk and
shear moduli (K and p) at high pressure. Our results are used in
a self-consistent thermoelastic model to evaluate velocity profiles
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FIGURE 1. Sensitivity analyses of single-crystal bridgmanite
platelets for derivations of its elastic moduli. (a and b) Platelets with
crystallographic orientations of (—0.50, 0.05, —0.86) and (0.65, —0.59,
0.48), respectively. The calculations follow literature studies (Fu
et al. 2019b; Lin et al. 2018) for analyzing sensitivity of nine C; to
experimentally measured vy, vs;, and vg, in the orthorhombic-structured
single-crystal bridgmanite with a selected orientation. (Color online.)

of lower-mantle mineral aggregates at relevant P-T, and then
applied to help us better constrain the lower-mantle composition.

EXPERIMENTAL METHODS

Single-crystal bridgmanite with run number 5K2667 was synthesized using the
5000 ton Kawai-type multi-anvil apparatus at the Institute for Planetary Materials
at Okayama University. Starting materials of magnesium hydroxide [Mg(OH),],
enstatite [MgSiO;], aluminum oxide [Al,Os], and iron oxide [*’FeO] were me-
chanically mixed with desired weight percentages, and were then sealed into a Pt
capsule. The Pt capsule in the sample assemblage was compressed and heated up
to ~24 GPa and ~1800 °C for 20 h to synthesize single-crystal (Al,Fe)-bearing
bridgmanite. Details of sample synthesis and characterizations on its chemistry,
Fe’'/ZFe, and crystallinity have been well documented in a previous study (Fu
et al. 2019a). Results from electron microprobe analysis, Mdssbauer spectros-
copy, Raman spectroscopy, transmission electron microscopy, and synchrotron
XRD reveal that the synthesized bridgmanite is chemically homogeneous and
inclusions-free in micrometer- to nanometer-spatial resolutions with a composition
of Mgy gsFeq 1Al 14819005 and Fe*'/ZFe = ~0.65. Single-crystal XRD results show
sharp diffraction spots with lattice parameters of a =4.7875(3) A, b=4.9423(2) A,
¢ =6.9205(6) at ambient conditions, confirming the high quality of single-crystal
samples needed for elasticity measurements.

Bridgmanite has an orthorhombic structure (Pbnm) in lower-mantle P-T with
nine independent Cj to be constrained. Following a literature procedure (Fu et al.
2019b), we first selected and double-sided polished several platelets to ~25-30 um
thick using diamond films for synchrotron single-crystal XRD measurements at
ambient conditions at 13 ID-D GeoSoilEnviroCARS (GSECARS) of the Advanced
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Photon Source (APS), Argonne National Laboratory (ANL). An incident X-ray
with a 0.3344 A wavelength was used for the measurements in which £15° rota-
tions of each platelet about the vertical axis of the sample stage were employed
to determine its crystallographic orientation with an uncertainty of <0.2°. Then,
the determined orientation of each platelet was used to calculate its sensitivity of
synthetic velocities to C;; so that we can select appropriate platelets for velocity
measurements and derivations of full C;; with small uncertainties. Based on these
analyses (Fig. 1), two platelets with orientations of (-0.50, 0.05, —0.86) and (0.65,
—0.59, 0.48) with sufficient sensitivities were used for velocity measurements.
BLS and ISLS measurements were conducted on the selected platelets loaded
into DACs up to 82 GPa with a pressure interval of 6-10 GPa in the Mineral Physics
Laboratory of the Department of Geological Sciences at The University of Texas at
Austin. Re gaskets with initial thicknesses of 250 um were pre-indented to 25 GPa
or ~28 pm thick using short symmetric 200 um culet DACs. Pre-indented areas
were drilled with 130 um diameter holes as sample chambers. Selected platelets
were cut using focused ion beam into circular shapes (Marquardt and Marquardt
2012), ~60-70 um in diameter, and were polished down to 10 pum thick to be
loaded into sample chambers in two runs. Neon was used as pressure medium
and a ruby sphere pressure calibrant was placed close to the sample to minimize
pressure uncertainties (Fig. 2¢ insert). We note that, to achieve pressure stability
and ensure pressure consistency between two runs, each DAC was kept at the
target experimental pressure for 2-3 days before velocity measurements. Ruby
fluorescence was taken before and after each measurement to evaluate pressure
uncertainties (Dewacle et al. 2004). We used the ruby pressure scale by Dewaele
et al. (2004) because of its internal consistency with the Au pressure scale used in
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our complementary XRD experiments. We also note that synchrotron single-crystal
XRD of'the loaded platelets in DACs were conducted at several high-pressure points
at 13 ID-D of GSECARS at APS, ANL. The circular and round diffraction peaks
with average FWHM of ~0.04—0.07° confirmed the high quality of our crystals up
to 76 GPa in neon medium (Figs. 2a—2b). Analyses of XRD show consistent orienta-
tion information with small deviations (<1°) as determined at ambient conditions.

The BLS system is equipped with a solid-state green laser of 532 nm wave-
length and a ~30 um focused beam size (Coherent Verdi V2), a RS six-pass tandem
Fabry-Perot Interferometer, and an APD detector (Laser Components Count-10B).
We collected BLS spectra at a forward scattering geometry with an external scat-
tering angle of 48.1°. The ISLS system uses a pump-and-probe technique with an
infrared pump laser of 1064 nm wavelength and a green probe laser of 532 nm wave-
length. Both lasers have pulse widths of 15 ps and repetition rates of 200000 Hz.
Two excitation beams, that are split from the pump laser, are recombined at the
sample position with a crossing angle of 20.3°. The focused probe laser on the
sample has a beam size of 30-40 pm. To avoid potential geometrical errors, both
BLS and ISLS systems were aligned precisely using a series of reference spots
and iris diaphragms, and were calibrated using distilled water and standard glass
(Fu et al. 2018). To avoid potential sample degradation due to the metastability of
bridgmanite at low pressures, we intentionally started BLS and ISLS measurements
from ~24 GPa where bridgmanite is expected to be thermodynamically stable. BLS
and ISLS spectra were collected on two loaded samples as a function of azimuthal
angles over 200° with a 10° step rotation at each experimental pressure (Online
Materials' Table S1). Collected BLS spectra were used to derive vs and time-domain
ISLS spectra were Fourier-transformed into frequency-domain power spectra to
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FIGURE 2. High-pressure X-ray diffraction and sound velocity measurements on single-crystal Fe10-Al14-Bgm. (a) Original XRD image on
single-crystal Fe10-Al14-Bgm at ~76 GPa and 300 K. (b) The corresponding integrated pattern. In a, diffraction peaks from the sample are marked
with a small rectangle, and signals from neon pressure medium and diamonds are labeled with “neon” and “D”, respectively. Analyses of the XRD
pattern indicate the loaded platelet has a crystallographic orientation of (-0.50, 0.05, —0.86). In b, Miller indices (/kl) of bridgmanite are labeled
close to diffracted peaks. Average FWHM of these peaks are ~0.06°. Insert in b is a zoom-in region marked by a red rectangle in a, showing nice
and round diffraction peaks. (c—e) Representative BLS, ISLS, and power spectra of single-crystal Fel10-Al14-Bgm at ~82 GPa and 300 K. Open
circles in ¢ are raw BLS data and red lines are best fits to derive vs, and vs,. A time-domain ISLS spectrum in d is Fourier-transformed into a
frequency-domain power spectrum in e to derive vp. The insert in ¢ shows an image of the sample chamber with the Fe10-Al14-Bgm platelet and

a ruby sphere as the pressure calibrant. (Color online.)
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FIGURE 3. Sound velocities of single-crystal Fe10-Al14-Bgm as a
function of azimuthal chi angles at high pressure. (a) 25.0 GPa. (b) 54.4
GPa. (c) 82.0 GPa. Black and red circles are experimentally measured
sound velocities of two platelets with crystallographic orientations of
(-0.50, 0.05, —0.86) and (0.65, —0.59, 0.48), respectively. Lines are the
best fits to derive the full elastic moduli using Christoffel’s equations.
The two perpendicularly polarized shear wave velocities, vs; and vg,, are
plotted as dashed and solid lines, respectively. (Color online.)

derive vy of the sample at high pressure (Figs. 2c—2e).

A complimentary XRD run was conducted on single-crystal Fe10-Al14-Bgm
up to 75 GPa at 300 K to evaluate its pressure-volume relationship at 13 ID-D of
GSECARS at APS, ANL (Online Materials' Fig. S1; Online Materials' Table S2).
Here, we followed a previous experimental procedure (Fu et al. 2018) by loading a
piece of Fe10-Al14-Bgm platelet, ~20 pm in length and ~8 pum in thickness, into a
symmetric DAC with 200 pm culets, together with Au as the pressure calibrant and
neon as the pressure medium. These results allow us to calculate the high-pressure
density (p) of the crystal, which is needed for deriving the full Cj.

RESULTS AND DISCUSSION
Single-crystal elasticity of Fe10-Al14-Bgm at high pressure

The measured BLS and ISLS spectra display high signal-to-
noise ratios and are used to derive vg, Vs,, and v, of single-crystal
Fel0-Al14-Bgm up to ~82 GPa (Figs. 2c—2¢). We used Christof-
fel’s equations (Every 1980) to fit the obtained velocities as a
function of azimuthal angles over a range of 200° and derived
the full Cj of single-crystal Fe10-Al14-Bgm at each experimental
pressure (Fig. 3):

[Cijanin; — pv?6] = 0 (1)

where Cyy is the elastic tensor with full suffix notation, which
is contracted to Cj in Voigt form in this study, v are measured
velocities of v, vs;, and vg,, n; are wave vector direction co-
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sines, and &y is the Kronecker delta. Results show that all C;;
values increase monotonically with pressure up to 82 GPa with
uncertainties (£16) of 1-2%, except Css and Cy; with errors of
~3-4%, which are consistent with our sensitivity test (Fig. 4;
Table 1). We note that only BLS measurements were conducted
on the platelet of (0.65, —0.59, 0.48) with sufficient vg; and vs,
information to shorten the experimental time and decrease the
risk of breaking diamonds. Overall, the use of combined BLS
and ISLS measurements on two sensitive crystal platelets with
extended vs and vp datapoints at high pressure assures derivations
of all C;; with acceptable uncertainties.

Comparison of the obtained C; of Fel0-All4-Bgm with
literature studies shows that almost all C;; values except C),
have similar pressure dependences to those from theoretical
calculations on MgSiO; bridgmanite (Karki et al. 1997; Li et al.
2005; Wentzcovitch et al. 2004) and those from experimental
investigations on MgSiO; bridgmanite (Criniti et al. 2021)
and Fel0-Al10-Bgm (Kurnosov et al. 2017). Compared to
MgSiO; bridgmanite end-member (Criniti et al. 2021), C};, Cy,
Cy;, and Cyy of Fel0-Al14-Bgm are about 8, 7, 6, andd 12%
lower, respectively, Cys and Cy; of Fel0-Al14-Bgm displays
10-15% increase, and Css and Cy; of Fel0-Al14-Bgm show
weak changes. We also found that the shear moduli of Fel0-
Al14-Bgm show Cgs > Cyy, which is opposite from the MgSiO,
bridgmanite with C,, > C. Early studies have shown that the
Fe and Al substitution in bridgmanite can greatly affects its Cj;,
especially on longitudinal and shear moduli (Fu et al. 2019b;
Li et al. 2005). Therefore, we attribute the aforementioned dif-
ferences to the Fe and Al compositional effect. As to the C),,
our Fel0-Al14-Bgm has much lower values than theoretical
and experimental reports on MgSiO; bridgmanite at pressures
above 40 GPa (Criniti et al. 2021; Karki et al. 1997; Li et al.
2005; Wentzcovitch et al. 2004). It should be noted that the C),
of Fel0-Al14-Bgm is comparable to that of Fe10-A110-Bgm
within the overlapped experimental pressure range when using
the individual fit scheme (Lin et al. 2018) instead of the global
fit (Kurnosov et al. 2017). Criniti et al. (2021) used a global fit
scheme to derive the single-crystal C;; of MgSiO; bridgmanite
up to 79 GPa but they can only report reliable C;; below 30 GPa
using the individual fit scheme. This is because the individual
fit scheme does not work on their velocity data with limited
vp information at pressures above 50 GPa (Criniti et al. 2021).
As discussed by Lin et al. (2018), the global fit approach, that
takes all the velocity data at high pressure to derive C; values,
would lead to the compensation of C; errors at higher pressure
by the lower pressure data that have lower uncertainties. As
demonstrated in our analyses (Figs. 1 and 3), extensive vy and
vs data points at each experimental pressure are key to deriving
C; values with small uncertainties. Thermoelastic modeling of
the C; values taken from the literature should thus be exercised
with caution in error propagations.

To quantitatively derive pressure derivatives of all C;, we used
a finite-strain theory (Stixrude and Lithgow-Bertelloni 2005) to
fit these high-pressure results (Fig. 4; Table 2):

Cy= (1 +2/)*(Cyo + ar f+ axf?) @)
a, = (3Ksoci§o - 5Cij0) 3
a, = 6K5oCijp — 14Cyjo — 1.5K5(3K3 — 16)A “4)
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FIGURE 4. Single-crystal elastic moduli of Fel0-Al14-Bgm as a function of pressure. Solid red circles are Cj; results of Fel0-Al14-Bgm in
this study, and solid red lines are the best fits to the data using a finite-strain theory (Stixrude and Lithgow-Bertelloni 2005). Literature results on
bridgmanite with different compositions are plotted for comparisons. Dashed black (Karki et al. 1997), red (Wentzcovitch et al. 2004), and blue
(Li et al. 2005) lines are from ab initio calculations for MgSiO; bridgmanite. Other symbols are from previous experimental measurements. Open
and solid gray circles: MgSiO; bridgmanite from the individual fit and global fit, respectively, and the solid gray lines are the best finite-strain fits
(Criniti et al. 2021); solid orange and purple circles: Fe6-Al4-Bgm and Fel2-Al11-Bgm, respectively (Fu et al. 2019b); open black circles: Fel0-
Al10-Bgm using the global fit (Kurnosov et al. 2017); solid olive circles: recalculated individual fit results by Lin et al. (2018) using velocity data
of Kurnosov et al. (2017); open blue squares: MgSiO; bridgmanite (Yeganeh-Haeri 1994); solid black circles: MgSiO; bridgmanite (Fukui et al.

2016). Errors are smaller than symbols when not shown. (Color online.)

where C, and K, are pressure derivatives of single-crystal elastic
moduli, Cyj, and adiabatic bulk modulus, Ks,, respectively, at
the reference pressure, A is a constant parameter calculated as
A =—8;;05 — 810 — 80, with values of -3 for C};, Cs,, C33, and
of —1 for Cyy, Css, Cgs, Ci1p, Ci3, Cos. The Eulerian strain (f) is
expressed as:

Jf=7l(Vv)e 1] ®)

where V is the unit-cell volume at ambient conditions and V' is
the unit-cell volume at high pressure from XRD measurements
(see Online Materials'). Here, we used 25 GPa, our initial ex-
perimental pressure for velocity measurements, as the reference
pressure for the finite-strain fitting because of the thermodynamic

stability of bridgmanite (the same scheme was used for Kg and p
in the following). Our fitting results show that Cs; has a greater
pressure derivative than the other two principle longitudinal
moduli of C}, and C,,, which leads to Cs; > C,, above ~70 GPa
(Fig. 4). This is consistent with the trend of MgSiO; bridgmanite
(Criniti et al. 2021) although there are slight variations in the
pressure derivatives. On the other hand, the pressure derivatives
of shear moduli in Fe10-A114-Bgm exhibit C,, > C¢ > Css. With
pressure increasing, the smallest shear modulus at ambient, C,,
exceeds Css above 30 GPa and is expected to be >Cy at the
lowermost mantle pressure. In comparison, among the shear
moduli in MgSiO; bridgmanite, its Cg is the smallest at ambi-
ent and has the largest pressure derivative: Cy is expected to be
higher than Css and Cy above 40 GPa and megabar pressure,

TABLE 1. Elastic moduli of single-crystal Fe10-Al14-Bgm at high pressures

P (GPa) 25.003) 35.0(5) 45.0(5) 54.4(6) 65.8(8) 70.4(7) 76.0(9) 82.0(14)
G, (GPa) 542(9) 596(15) 654(15) 693(16) 743(16) 760(15) 773(17) 800(23)
G, (GPa) 653(3) 697(5) 740(4) 791(5) 829(4) 852(5) 860(6) 868(8)
G; (GPa) 598(9) 636(13) 687(14) 744(15) 793(14) 839(16) 895(18) 922(22)
C4s (GPa) 207(2) 223(3) 246(2) 256(3) 276(2) 279(3) 295(5) 306(6)
Css (GPa) 213(5) 221(7) 235(6) 242(6) 246(7) 250(9) 249(10) 258(12)
Ces (GPa) 235(3) 253(3) 270(3) 285(4) 299(3) 303(4) 311(4) 316(5)
G, (GPa) 162(5) 186(3) 198(5) 204(6) 218(5) 225(6) 227(6) 229(5)
Ci3 (GPa) 192(4) 212(6) 224(6) 250(5) 245(5) 264(7) 278(8) 280(9)
G5 (GPa) 225(5) 247(8) 260(8) 290(12) 329(10) 340(13) 376(14) 390(20)
Ks (GPa) 326(4) 356(5) 382(6) 412(6) 437(8) 455(8) 473(9) 485(11)
W (GPa) 211(2) 224(2) 242(2) 254(2) 268(3) 273(3) 279(4) 287(5)
p (g/cm?) 4.56(1) 4.71(1) 4.83(1) 4.94(2) 5.05(2) 5.10(2) 5.16(2) 5.21(3)
Vp (km/s) 11.52(8) 11.80(8) 12.08(10) 12.33(11) 12.54(12) 12.67(13) 12.79(14) 12.90(16)
Vs (km/s) 6.79(4) 6.90(4) 7.09(5) 7.18(5) 7.28(5) 7.32(5) 7.35(6) 7.42(6)

Note: Errors in parentheses are one standard deviation (+10) from standard error propagation analyses.
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TABLE 2. Pressure derivatives of single-crystal elasticity (Cj, Ks, and p)
of Fe10-Al14-Bgm modelled using a finite-strain theory
Fe10-Al14-Bgm (this study)? MgSiO; (Criniti et al. 2021)®

ij Cuo (GPa) C\'jo CijO (GPa) C\'jo
1 542(9) 5.35(9) 487(2) 5.21(9)
22 653(3) 4.98(14) 524(3) 6.35(6)
33 598(9) 6.67(28) 467.7(16)  6.56(6)
44 207(2) 2.01(6) 202.3(2) 1.95(1)
55 213(5) 1.11(5) 180.2(4) 1.55(1)
66 235(3) 1.78(3) 141.9(5)  2.30(1)
12 162(5) 1.58(7) 124.3(18) 3.27(7)
13 192(4) 1.85(8) 140.9(13)  2.17(6)
23 225(5) 2.95(12) 152.6(10) 2.22(3)

M, (GPa) My M, (GPa) Mq M (GPa™)
KY 328(4) 3.35(5) 257.1(6)  3.71(4) -0.014
u 212(2) 1.67(2) 175.6(2) 1.86(1) -0.0174
K* 325(4) 3.29(4) 256.7(4)  3.70(3) -0.014
uf 210(2) 1.65(2) 174.0(6) 1.86(4) -0.0173
KVRH 326(4) 3.32(4) 256.9(8)  3.70(5) -0.014
pvee 211(2) 1.66(2) 174.8(7) 1.86(4) -0.0174

2The reference pressure is 25 GPa.
The reference pressure is at ambient conditions.

respectively (Criniti et al. 2021). The off-diagonal moduli of
Fel0-Al14-Bgm display Cy; > C5> C), at all the pressure range
with similar trends for their pressure derivatives. In particular, our
Fel0-Al14-Bgm has a 50% lower pressure derivative of C, than
MgSiO; bridgmanite (Criniti et al. 2021), which might be due to
the use of a global fit scheme by Criniti et al. (2021). Our results
on the single-crystal C;; and associated pressure derivatives of
Fel0-Al14-Bgm suggest that Fe and Al substitutions play a key
role in the elastic properties of bridgmanite. The elasticity of
bridgmanite with a relevant Al and Fe composition in the lower
mantle is more appropriate for geophysical implications.

Elastic moduli and sound velocities of bridgmanite
aggregates at high pressure

K and p of bridgmanite aggregates can be calculated from its
single-crystal C; by using a Voigt-Reuss-Hill averaging scheme
(Hill 1952):

Ky=[Cy+ Cup+ Cyy +2(Cia + Ci3 + C)]/9 (6)
Ky =DI/E @)
Ks=(Ky + Ky)/2 ®)

Py =[Cyy + Cpy + C3+ 3(Cyy + Css + Coe) —
(Ca+ Cis + CR)/15 )

HR:15{4F+3[1+1+1H
D C44 CSS C66

1= (py + pR)/2

(10)

(11)

where Ky (py) and K (ug) are upper Voigt and lower Reuss
bounds of K (i), respectively, and D, E, and F are three con-
stants, calculated as:

D= CIS(C12CZ3 - CIBCZZ) + C23(C12C13 - CIICZS) +
Cin(CiiCp = CinCho)

E= Cll(C22 + C33 - 2C23) + CZZ(C33 - 2C13) - 2C12C33 +
Cin2Cy = Cip) + Ci3(2C1, = Ci3) + Ci3(2C 15— Cy3) (13)

(12)
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F: CII(C22 + C33 + C23) + CZZ(C33 + C]3) + C12C33 -

CIZ(C23 + CIZ) - Cl3(C12 + C13) - C23(C13 + C23) (14)

Accordingly, aggregate Vp and Vs of the single-crystal Fe10-
Al14-Bgm can be calculated using:

Vo =J(Ks+41/3)/p (15)
Vs =H/p (16)

Standard derivations (+1c) on the elastic moduli and aggre-
gate velocities can be calculated using these equations with stan-
dard error propagations. Our results show that aggregate vs and vp
values of Fe10-Al14-Bgm increase monotonically with pressure
up to ~82 GPa with uncertainties <1.0% (Fig. 5). Compared with
literature reports on aggregate elastic properties of polycrystal-
line and single-crystal bridgmanite (Chantel et al. 2012; Criniti
et al. 2021; Fu et al. 2019b; Jackson et al. 2005; Karki et al.
1997; Kurnosov et al. 2017; Lin et al. 2018; Murakami et al.
2012), our K, 1, vp, and vs show generally consistent profiles for
the first order and display strong Fe and Al effect: v and v, of
Fel0-Al14-Bgm are 2.6 and 3.1% lower than those of MgSiO;
bridgmanite (Criniti et al. 2021), respectively, at 25 GPa and the
values increase up to 3.5 and 4.7% for vs and v, respectively, at
80 GPa. This indicates an increasing Fe and Al effect on sound
velocities of bridgmanite with pressure. We also notice that the
sound velocities of Fe10-Al14-Bgm are comparable to those of
Fel0-Al10-Bgm by Kurnosov et al. (2017) within the overlapped
experimental pressures of 25-40 GPa due to their similar Fe
and Al contents. On the other hand, literature studies suggest
that B-site Fe*" in Fe-bearing bridgmanite could undergo a spin
transition at approximately 40-60 GPa and cause an abrupt vp
softening (Fu et al. 2018). The monotonical increase of vs and
vp in our Fel0-Al14-Bgm with pressure up to 82 GPa indicates
the possible lack of B-site Fe** spin transition. This might be due
to the fact that the Mg gsFeg 1 Alg 14Sig0005 bridgmanite contains
~10% Fe in the A site while 14% Al preferentially stays in the
B site (Fu et al. 2019a; Mao et al. 2017).

High-pressure aggregate Ks and p of the Fel0-Al14-Bgm
can be fitted using third-order Eulerian finite-strain equations
(Stixrude and Lithgow-Bertelloni 2005):

K= (1+2/) " [Kso + (3KsoKSo — 5Ks0)f +13.5(KsoKs0 —

4Ks0)f°] (17)
p=(1+21)" [+ (3Ksollo — Spo)f + (6Ksopth —
24Ky — 141y + 4.5K5Ki0) ] (18)

where K (L) is the adiabatic bulk (shear) modulus at the reference
pressure (25 GPa in this study), K&, (1) is the pressure derivative
of Ko (Io). The best fits yield Ks =326 + 4 GPa, p =211 +2 GPa,
Ky=3.32+0.04, and p’' = 1.66 + 0.02 GPa at 25 GPa (Table 2).
These values for Fel0-Al14-Bgm are comparable to literature
reports on Al-, Fe-, or (Al,Fe)-bearing bridgmanite (Chantel et
al. 2012; Criniti et al. 2021; Jackson et al. 2005; Kurnosov et al.
2017; Murakami et al. 2012) after considering Fe and Al sub-
stitution effects, pressure effects, as well as trade-offs between
elastic moduli and their pressure derivatives during fitting (Fig. 6;
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Table 3). We note that the reference pressure in the literature is
typically at ambient conditions (Chantel et al. 2012; Jackson et al.
2005; Kurnosov et al. 2017), while we used the initial experimental
pressure of 25 GPa as the reference. We also note that literature
studies (Chantel et al. 2012; Jackson et al. 2005; Kurnosov et al.
2017) commonly neglect the term at /2 order when evaluating the
high-pressure elasticity of bridgmanite. Such approximations are
acceptable at relatively low pressures (<40 GPa), where the term f>
is small and neglectable. However, Helmholtz free energy at higher
orders increases with pressure and cannot be simply truncated at

1 (a)

w ”
~ 1 3 ] This study (single-crystal)

e @ Fe10-Al14-Bgm

= | Best fits

>

=

(&)

o 124

2

o

> Single-crystal bridgmanite

@ 114 @ O Mgsio, (Criniti et al, 2021)

= O (Mg, Fe, ,Si Al ,)O, (Kurnosov et al., 2017)
DI_ 1 @ (Mg,,Fe, Si, Al,,)0, (refitby Lin etal., 2018)

Polycrystalline bridgmanite
A MgSiO, (Chantel et al., 2012)
Mg, osFe, ,sSiO, (Chantel et al.,, 2012)
= =MgSiO, (Murakami et al., 2007)
— = Mg, sFe, 4Si, 0,0, (Fu etal.,, 2018)
Al-bearing Bgm (Jackson et al., 2005)
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»
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FIGURE 5. Aggregate sound velocities of single-crystal Fel0-Al14-
Bgm at high pressure and room temperature. (a) vp. (b) vs. Solid red
symbols are aggregate velocity calculated from single-crystal C;; of Fe10-
Al14-Bgm in this study, and solid red lines are the best fits using a finite-
strain theory (Stixrude and Lithgow-Bertelloni 2005). Other symbols and
lines are literature data for different bridgmanite compositions. Particularly,
circles are data from single-crystal bridgmanite and triangles and dashed
lines are from polycrystalline samples. Open and solid gray circles: single-
crystal MgSiO; bridgmanite from individual and global fits, respectively,
and the solid gray lines are the best finite-strain fits (Criniti et al. 2021);
open black circles: single-crystal Mg, oFe, ;Sig9Aly;0; with Fe**/ZFe=0.67
from the global fit (Kurnosov et al. 2017); solid olivine circles: recalculated
results by Lin et al. (2018) using the individual fit to the velocity data
of Kurnosov et al. (2017); black and orange triangles: polycrystalline
MgSiO; and Mg, osFe, 0sSi0; with Fe¥*/EFe = 0.2, respectively (Chantel et
al. 2012); dashed blue, olivine, and orange lines: polycrystalline MgSiO;
(Murakami et al. 2007), Mg, osFe) 05519903 (Fu et al. 2018) and Al-bearing
bridgmanite containing 5.1 wt% Al,O; (Jackson et al. 2005), respectively.
Uncertainties are smaller than symbols when not shown. (Color online.)

high P-T conditions (Stixrude and Lithgow-Bertelloni 2005). In
addition, the EoS data from XRD experiments in literature and
this study are used to derive the isothermal bulk modulus (Ky),
which is slightly different from Ky, from velocity measurements
even after the Kg-Kr, conversion (Table 3) (Boffa Ballaran et al.
2012; Criniti et al. 2021; Kurnosov et al. 2017; Mao et al. 2017,
Murakami et al. 2012). The sensitivity of the bulk moduli to density
and velocity data and their errors with different fitting methods
will need further evaluation to understand the difference.

Effects of Fe and Al substitution on elastic properties of
bridgmanite

Previous studies suggest that Fe and Al cations could enter
A-site Mg and B-site Si in the structure of bridgmanite via charge-
coupled substitution under lower-mantle P-T and compositional
conditions (Irifune et al. 2010; Lin et al. 2013). It is thus impor-
tant to quantitatively evaluate Fe and Al substitution effects on
the elastic properties of bridgmanite aggregates before one can
apply elasticity results for lower-mantle implications. Here for
simplicity, we assume that both Fe and Al compositional effects
on the K and p of bridgmanite are linear. As to the existence of
Fe** and Fe** in bridgmanite, we take the total Fe effect as the
sum of Fe?* and Fe** contents. With those assumptions, all the
literature on high-pressure K and p data of bridgmanite with dif-
ferent compositions (Chantel et al. 2012; Criniti et al. 2021; Fu et
al. 2018; Jackson et al. 2005; Kurnosov et al. 2017; Murakami et
al. 2012; Murakami et al. 2007) were fit together with the Fe10-
Al14-Bgm in this study using third-order Eulerian finite-strain
equations (Fig. 6). We note that we only included the velocity
data of the Fe-bearing bridgmanite by Fu et al. (2018) at 2540
GPa range because of the existence of B-site Fe** spin transition
at 40-60 GPa. The best fits yield:

Kso(Fe,Al) = 253 — 118Fey,, + 64Al5,, (19)

to(Fe,Al) = 4.29 + 0.9F ey, — 6.05Al,, (20)
wo(Fe,Al) = 174.7 — 4.28Fep,, — 98.9Al5,, @1
wi(Fe,Al) = 1.67 + 1.10Fegy, + 1.24Alg,, (22)

where Feg,,, and Alg,,, are Fe and Al contents in bridgmanite, calcu-
lated as Fegp,,, = Fe/(Fet+tMg) and Alg,,, = Al/(Al+Si), respectively.
We note that 68% of residues of K and 1 in the best fits are <1.1%
and 1.0%, respectively (+10) (Figs. 6c—6d), indicating these evalu-
ations are statistically reliable within uncertainties. The modeled
Wo and Ky, for MgSiO; bridgmanite end-member are consistent
with literature reports within experimental uncertainties (Chantel
et al. 2012; Li and Zhang 2005). The modeling shows that the
incorporation of Fe into bridgmanite will decrease its K5 and vp,
while Al will increase the K and vp. As to the shear moduli, Al
has a much stronger effect on p and vs reductions of bridgmanite
as compared to Fe incorporation.

IMPLICATIONS

Velocity and density comparisons between seismic observa-
tions (Dziewonski and Anderson 1981; Kennett et al. 1995) and
mineral physics models (Irifune et al. 2010; Kurnosov et al. 2017;
Mashino et al. 2020; Murakami et al. 2012) have been widely used
to constrain the lower-mantle mineralogy. For instance, Murakami
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FIGURE 6. Adiabatic bulk and shear moduli of bridgmanite with different Fe and Al contents at high pressure and 300 K. (a and b) K5 and
u, respectively. Solid red circles are from the single-crystal Fe10-Al14-Bgm data in this study and other symbols are experimental data from the
literature (Boffa Ballaran et al. 2012; Chantel et al. 2012; Criniti et al. 2021; Fu et al. 2018; Jackson et al. 2005; Kurnosov et al. 2017; Li and
Zhang 2005; Lundin et al. 2008; Mao et al. 2017; Murakami et al. 2012, 2007). Uncertainties are smaller than symbols when not shown. See
detailed references in legends. Solid lines with corresponding colors are the best fits to the data using third-order finite-strain equations (Stixrude
and Lithgow-Bertelloni 2005) that take Fe and Al substitution effects into account. (¢ and d) AK¢/Ks and Ap/p, respectively. These are residues in
adiabatic bulk and shear moduli between experimental data and the best fits. (Color online.)

etal. (2012) used vs of polycrystalline Al-bearing bridgmanite up
to 124 GPa and 2700 K to suggest >92 vol% bridgmanite in the
lower mantle, while Kurnosov et al. (2017) suggested a Fe**-rich
pyrolitic lower mantle above 1200 km depth from single-crystal
elasticity data of Fe10-A110-Bgm up to 40 GPa at 300 K. However,
it has been pointed out by Cottaar et al. (2014) that the conclu-
sion of a perovskitic lower mantle (Murakami et al. 2012) was
not supported because of the use of inconsistent thermoelastic
modeling and inappropriate averaging schemes for mineral ag-
gregates. Here we have adopted a self-consistent thermoelastic
model within the framework of Mie-Griineisen thermal EoS
and finite-strain theory (Jackson and Rigden 1996; Stixrude and
Lithgow-Bertelloni 2005) to evaluate lower-mantle mineralogy
at the extended lower-mantle depth.

Modeling of velocity profiles of one-phase bridgmanite in
the lower mantle

The high P-T K and p of an individual phase can be calculated
using self-consistent thermoelastic equations:

P(VT) = Pk + AUV (23)
KV T) = Ks 300k + (Y + 1 = goYAU V=V ACT)V - (24)
WV T) = psoox — MsoAU o/ V (25)
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where Psk, Ks 300k, ad Lsgox are pressure, adiabatic bulk moduli,
and shear moduli at 300 K, respectively, that can be calculated
using Birch-Murnaghan EoS and finite-strain equations (Birch
1952), g, is a volume-independent constant, y is the Griineisen
parameter, T, is the shear strain derivative of y, and AU, and
A(CyT) are internal energy and heat differences between 300 K
and high temperature, respectively. Y and o can be calculated
using equations of y = y,(V/V,)® and a = 1/V(dV/dT),. High P-T
U, and isochoric heat capacity (Cy) can be modeled with Debye
approximations:

0.\ 0T X
Uq(V,T):QnRT(TDj [, o (26)
Co(V T)=9nRT[9—DJ73 [ Y i @7
VAN T 0 (ex_l)z

where R is the gas constant, n is the number of atoms in the
mineral formula, and 0, is Debye temperature, expressed as:

0, = eoe[f%] (28)
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TaBLE 3. Comparisons of bulk and shear moduli of bridgmanite and their pressure derivatives at room temperature
Brillouin light scattering Composition K5, (GPa) Ho (GPa) Kso Ug
This study® MossFedoasFedisaAlo10Siogn0s 326(4) 211(2) 3.32(4) 1.66(2)
Fuetal. (2018) MdossyFedsssFeibiasSiossnOs (<42.6 GPa) 254(8) 166.2(5) 33(3) 1.91(2)
Fu et al. (2018) Mo Fe3 355 F€3h1asSiossmOs (>58 GPa) 234(11) 190.0(7) 3.5(4) 1.54(11)
Jackson et al. (2005) Al-Bgm (5.1 wt% Al,05) 252(5) 165(2) 3.73) 1.7(2)
Murakami et al. (2007) MgSiO; 172.9(2) 1.56(4)
Murakami et al. (2012) Al-Bgm (4 wt% Al,O;) 166(1) 1.57(5)
Kurnosov et al. (2017) (MgooFeq; Alg;Sips)Os 250.8(4) 159.7(2) 3.44(3) 2.05(2)
Criniti et al. (2021) MgSiO; 257.1(6) 175.6(2) 3.714) 1.86(1)
Ultrasonic interferometry Composition Kso (GPa) Mo (GPa) Ko Mo
Li and Zhang (2005) MgSiO; 253(2) 173(1) 4.4(1) 2.0(1)
Chantel et al. (2012) MgSiO, 247(4) 176(2) 4.5(2) 1.6(1)
Chantel et al. (2012) (MgogsFeo0s)SiOs 236(2) 174(1) 4.7(1) 1.56(5)
X-ray diffraction Composition K+, (GPa) Ko
This study Mgo.ssFedoasFedisaAlo10Siog00s 256(2) 4 (fixed)
Fuetal. (2018) M6 FEF036(5)F€F 0145 ST0.991) O3 (<40 GPa) 258(1) 4 (fixed)
Fuetal.(2018) Mgo.s61)F€ 5365 F€3 1405/ Si0991O3 (>60 GPa) 252(2) 4 (fixed)
Chantel et al. (2012) MgSiO; 257(2) 4 (fixed)
Chantel et al. (2012) (MgogsFeoos)SiOs 246(2) 4 (fixed)
Boffa Ballaran et al. (2012) MgSiO; 251(2) 4.11(7)
Boffa Ballaran et al. (2012) (Mgo9sFeo0s)SiOs 253(3) 3.99(7)
Boffa Ballaran et al. (2012) (MgosFeo.q)(Aly36Si0s,) O3 240(2) 4.12(8)
Mao et al. (2017) (MgosaFeoos) (Alg1Sings)Os 255(2) 4 (fixed)
Mao et al. (2017) (MgosoFeo1) (Alg11Sins0)O03 264(2) 4 (fixed)

2The reference pressure is 25 GPa.

where 0, is the ambient Debye temperature. Four parameters, 0,
Yo> G0, and Mg, are involved in the high-temperature extrapola-
tions of velocities. Here, we neglected chemical effects on these
parameters for bridgmanite due to limited high P-T experimental
data on different compositions. Values of 6y, g, Yo, and g, for
(Al Fe)-bearing bridgmanite are constrained as 900 K, 1.57, 1.1,
and 2.4, respectively (Online Materials' Table S3), by bench-
marking from previous experimental data together with ab initio
calculations (Fiquet et al. 2000; Shim and Duffy 2000; Stixrude
and Lithgow-Bertelloni 2005; Tange et al. 2012; Wentzcovitch
etal. 2004; Wolfetal. 2015). We note that perturbations to these
temperature-related parameters have weak influences on the
modeled velocity profiles (Cottaar et al. 2014). For instance,
if £20%, £30%, £50%, and +40% perturbations are given to
00, g0, Yo, and Mg, values, respectively, variations in vp, Vs, and p
will be <0.6%.

Taking advantage of quantitative Fe and Al effects on elas-
tic properties of bridgmanite as discussed earlier, we modeled
velocity profiles of bridgmanite with three compositions along
an expected geotherm in the lower mantle (Katsura et al. 2010),
including MgSiO; end-member, Fe5-Al5-Bgm with 5 mol%
Fe and Al, and Fel0-Al110-Bgm with 10 mol% Fe and Al. Our
modeled results show that the vy and vs of MgSiO; end-member
are about 2.9 and 3.7% higher than those of PREM, respectively
(Fig. 7). With the Fe and Al contents increasing in bridgmanite,
both vy and vg decrease. For instance, the Fe5-Al5-Bgm has 1-2%
higher vy and v than PREM and the Fe10-Al10-Bgm show almost
consistent velocities to PREM across the whole lower-mantle
depth within uncertainties.

Lower-mantle mineralogy from velocity profiles of mineral
aggregates

To the first order, the lower mantle is believed to be
chemically homogenous, adiabatic, and under gravitational
self-compression with Bullen’s parameter close to one because
of the consistency between 1D seismic profiles (Dziewonski and

Anderson 1981; Kennett et al. 1995) and the Adams-Williamson
equation (Williamson and Adams 1923). With such a simplifi-
cation, we made the following assumptions to quantitatively
estimate the lower-mantle composition: (1) volume percentages
of bridgmanite (Vg,,), ferropericlase (V,), and davemaoite
(Veape) are constant with depth, where the total is defined as
100%; (2) total Fe content (Fe) is constant with depth: Fe =
FepgmVaem + Fer,Vip, where Feg,, and Feg, are Fe contents in
bridgmanite and ferropericlase, respectively; (3) Studies have

14 4
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FIGURE 7. Modeled velocity profiles of bridgmanite at lower-mantle
relevant pressure-temperature conditions. Using the quantitative Fe and
Al effects on elastic properties of bridgmanite, we modeled vp and vg
of three bridgmanite compositions, MgSiO; end-member (black lines),
Fe5-Al5-Bgm with 5 mol% Fe and Al (blue lines), and Fe10-Al10-Bgm
with 10 mol% Fe and Al (red lines) along an expected adiabatic geotherm
(Katsura et al. 2010). PREM profiles (Dziewonski and Anderson 1981)
are plotted as open circles for comparison. Vertical ticks show one
standard deviation (+1c) derived from standard error propagations in
the modeling. (Color online.)
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suggested Fe partitioning coefficient between bridgmanite and
ferropericlase (Kp, given by [Fe?*+Fe* |pgm/[Mg* Tpgm)/(Fe* Ir,/
[Mg*]g,) could vary with depth as a result of the spin crossover
in ferropericlase (Irifune et al. 2010), so we used the Kp value
(Fig. 8a); (4) bulk properties of mineral aggregates can be rep-
resented using Voigt-Reuss-Hill averages (Hill 1952). With all
these factors considered, we have modeled vy, v, and p profiles of
bridgmanite, ferropericlase, and CaSiO; davemaoite aggregates
along an adiabatic geotherm (Katsura et al. 2010) to best fit with
seismic PREM profiles (Dziewonski and Anderson 1981) from
28 to 120 GPa. Note that we have not included the topmost
and lowermost lower-mantle regions because the breakdown
of majoritic garnet (Hirose et al. 2001) and large temperature
gradients (Kawai and Tsuchiya 2009) can significantly affect
seismic profiles in these regions, respectively. We also note that
thermoelastic parameters of ferropericlase and davemaoite for
high P-Tmodeling were constrained by refitting and benchmark-
ing from previous experiments and theoretical calculations (see
details in Online Materials' Figs. S2-S3 and Table S3) (Fan et
al. 2019; Gréaux et al. 2019; Kawai and Tsuchiya 2015; Li et al.
2006; Sun et al. 2016; Wu et al. 2013; Yang et al. 2016)

Our best fits to PREM velocity profiles show a lower-mantle
mineralogy of ~88.7(x2.0) vol% (Al Fe)-bearing bridgmanite,
~4.3(£2.0) vol% ferropericlase, and 7 vol% (fixed) CaSiO; dav-
emaoite (Fig. 8). In contrast, a pyrolitic model shows lower vp
and v profiles than PREM (Figs. 8e—8f). Because we varied Kp,
with depth in our best-fit model (Irifune et al. 2010), Fe and Al

Individual phases

FUET AL.: HIGH-PRESSURE SINGLE-CRYSTAL ELASTICITY OF BRIDGMANITE

contents in bridgmanite and ferropericlase can vary accordingly
(Figs. 8a—8b). For the three individual minerals, bridgmanite
displays slightly higher velocities than those of PREM, while
ferropericlase and CaSiO; davemaoite show lower velocities
(Figs. 8c—8d). In comparison, velocities of bridgmanite contain-
ing fixed 10 mol% Fe and Al are barely distinguishable with
PREM within uncertainties (Fig. 7). Specifically, vg profiles of
these minerals are well distinguishable from one another, which
makes it the most sensitive elastic parameter to evaluate the
lower-mantle mineralogy. v, softening across the spin crossover
in ferropericlase is smeared out because of the high-temperature
effect in broadening the transition, but the v, reduction within
the spin crossover is still visible at mid-lower mantle P-T.
Notably, the Fe content in the low-spin ferropericlase increases
because of the varying K}, with depth (Fig. 8b), which in turn
flattens vg toward the deeper lower mantle (Fig. 8d). We note
that in the best-fit model, we fixed the amount of davemaoite
as 7 vol% because of its low abundance in both pyrolitic and
chondritic models (McDonough and Sun 1995). We conducted
additional fits to allow Kp, and the davemaoite content to vary
within 0.33-0.74 and 5-10 vol%, respectively (Online Materi-
als' Fig. S4). We found that their variations have limited effects
on the derived lower-mantle mineralogy (e.g., they would cause
~2 vol% variation in bridgmanite content).

The modeled high P-T v, and v profiles of mineral aggregates
have typical errors of + 2-3% at = 1 ¢ level because of uncertain-
ties involved in experimental data, evaluations of Fe/Al effects,
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respectively. The Fe/Al contents in bridgmanite/ferropericlase change with depth, shown in b. Velocities of individual phase were modeled along an
adiabatic geotherm (Katsura et al. 2010). PREM profiles (Dziewonski and Anderson 1981) are plotted as open circles. (e and f) P-wave and S-wave
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vol% bridgmanite, ~4.3(£2.0) vol% ferropericlase, and 7 vol% (fixed) CaSiO; davemaoite. Vertical ticks show one standard deviation (1) derived

from standard error propagations in the modeling. (Color online.)
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and high P-T extrapolations. Our modeling shows that a pyrolitic
model with +1c upper bounds would marginally overlap with
PREM profiles (Figs. 8e—8f). In addition, although we took
the adiabatic mantle geotherm from the literature (Katsura et
al. 2010) in our model, thermoelastic properties of constituent
materials would, in turn, affect the lower-mantle thermal status.
If we assume the lower mantle is superadiabatic with the Bullen’s
parameter less than 1 (Bunge et al. 2001), it will consequently
result in 1-2% decrease in velocities and cause additional mis-
matches with PREM. Overall, taking all these factors into
consideration, even with the most comprehensive study on the
single-crystal elasticity of (Al,Fe)-bearing bridgmanite thus far,
the uncertainties (+10) in velocity profiles of the lower-mantle
bridgmanite are in the order of a few percent. This magnitude
would translate into a significant uncertainty of approximately
15 vol% in evaluating the lower-mantle compositions such as
pyrolite and chondritic models (McDonough and Sun 1995;
Murakami et al. 2012; Ringwood 1975). Future high P-T elastic-
ity studies using combined high-quality mineral physics results
with ~0.1% uncertainties and high-resolution seismic data are
needed to better elucidate spatial and temporal signatures of the
mantle geophysics, geodynamics, and geochemistry.
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