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Key Points:

e Magnesiowdistite is proposed as a possible major contributor to the seismic anisotropy
detected at the bottom of the mantle.

e High energy-resolution inelastic x-ray scattering experiments conducted on
magnesiowastite single-crystals at high pressure indicate that its shear anisotropy
strongly increases with pressure.

e At lower mantle pressures, the shear anisotropy of magnesiowdstite may be as much as a
factor of two to three higher than post-perovskite.
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Abstract

The juxtaposition of a liquid iron-dominant alloy against a mixture of silicate and oxide
minerals at Earth’s core-mantle boundary is associated with a wide range of complex
seismological features. One category of observed structures is ultralow-velocity zones, which are
thought to correspond to either aggregates of partially molten material or solid, iron-enriched
assemblages. We measured the phonon dispersion relations of (Mg,Fe)O magnesiowdistite
containing 76 mol% FeO, a candidate ultralow-velocity zone phase, at high pressures using high
energy-resolution inelastic x-ray scattering. From these measurements, we find that
magnesiowastite becomes strongly elastically anisotropic with increasing pressure, potentially
contributing to a significant proportion of seismic anisotropy detected near the base of the mantle.

1 Introduction

The lower mantle plays a fundamental role in the thermal and chemical evolution of the
planet. The boundary between the core and mantle is a primary interface within the deep interior
and has a fundamental influence on the cooling of the planet. Seismologists have shown that the
mantle side of this boundary is extraordinarily complex, with km-scale fine structure embedded
within larger layers of variable size and character. A combination of thermal and chemical
heterogeneity, solid-solid phase transitions, anisotropy, complex rheology, and melting is likely
required to explain the observed features (Frost et al. 2017; Li et al. 2017; Frost et al. 2018; B.
Zhang et al. 2018).

The largest-scale structures in the lower mantle are the African and Pacific large low-shear
velocity provinces (LLSVPs). Recent studies have shown evidence for significant seismic
anisotropy near the edges of these structures (Cottaar and Romanowicz 2013; Lynner and Long
2014; Ford et al. 2015), which may be generated by solid-state mantle convection (McNamara et
al. 2002). The preferential alignment of post-perovskite crystals has been implicated as the source
of such seismic anisotropy (Oganov et al. 2005; Miyagi et al. 2010; Ford et al. 2015; Wu et al.
2017). However, the core-mantle boundary (CMB) region may also host more chemically complex
phase assemblages that are enriched in elements such as iron, aluminum, calcium, and hydrogen
(Knittle and Jeanloz 1986; Williams and Garnero 1996; Mao et al. 2004; Hirose 2006; Shim 2008;
Sakai et al. 2009; Wicks et al. 2010; Dorfman and Duffy 2014; Townsend et al. 2016). Due to their
enhanced density and decreased wave velocities, iron-rich systems are thought to be at least
partially responsible for explaining ultralow-velocity zones (ULVZs) (Garnero and Helmberger
1995; 1998; Yu and Garnero 2018).

Crucial to the interpretation of the seismic observations are the material properties of
candidate lower-mantle phases. In general, significant progress has been made in determining
thermo-elastic and chemical properties of relevant phase assemblages and the impact of these
properties on lower-mantle dynamics and seismic interpretations. Very low isotropic sound
velocities were measured in (Mgo.16Feo.84)O at high pressure, suggesting that the presence of iron-
rich (Mg,Fe)O can explain the characteristic sound speeds of low and ultralow-velocity zones near
Earth’s CMB (Wicks et al. 2010; Bower et al. 2011; Wicks et al. 2017). While recent progress has
been made in experimentally determining the single-crystal elastic properties and behavior of iron-
poor (Mg,Fe)O at high pressures using inelastic x-ray scattering (Antonangeli et al. 2011),
impulsive stimulated scattering (Crowhurst et al. 2008), ultrasonic interferometry (Jacobsen et al.
2002; 2004), and Brillouin spectroscopy (Sinogeikin and Bass 2000; J. M. Jackson et al. 2006;
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Marquardt et al. 2009), and it has been reported that the elastic anisotropy of (Mg,Fe)O may scale
with iron content at high pressures (Marquardt et al. 2009), no measurements currently exist that
constrain the elastic anisotropy of iron-rich Mgx.1FexO with x > 0.17 at high-pressures.

We have conducted momentum-resolved high energy-resolution inelastic x-ray (HERIX)
scattering and single-crystal x-ray diffraction on single-crystal magnesiowdstite (with 76 mol%
FeO) at pressures of Earth’s lower mantle and confirmed their reliability by conducting similar
measurements on MgO at ambient conditions. Our results show that magnesiowdstite develops
strong elastic anisotropy at high pressures and, consequently, may be a source of observable
seismic anisotropy.

2 Methods
2.1 Inelastic X-Ray Scattering, X-Ray Diffraction

High energy-resolution momentum-resolved inelastic x-ray scattering (HERIX) and x-ray
diffraction experiments were conducted on single crystals of synthetic MgO and
(Mgo.215F€0.762110.023) O magnesiowdistite (Mw) at the ID-C beamline of Sector 30 at the Advanced
Photon Source (APS), Argonne National Laboratory (Sinn 2001; Said et al. 2011; Toellner et al.
2011). The MgO crystal, with face normal [100], was purchased from MTI Corporation and used
to benchmark the (Mg,Fe)O measurements. See (Jacobsen et al. 2002) and (Finkelstein et al.
2017) for details on the synthesis and characterization of the Mw sample.

For measurements at ambient conditions, a 5x5x0.5 mm?® MgO single-crystal platelet was
mounted on a metal post, and a ~85x40x40 um® Mw single crystal was mounted on a MiTeGen
MicroMesh™. The Mw crystal was a cleavage fragment with face normal [100], which was
confirmed by single-crystal diffraction on a four-circle Bruker D8 Venture diffractometer using a
Mo x-ray source at the Caltech X-Ray Crystallography Facility. For high-pressure experiments, a
BX90 diamond anvil cell (DAC), utilizing 300 um culet Boehler-Almax-geometry diamonds and
seats for a wide ~70° x-ray opening angle, was used to achieve pressure (Boehler and De
Hantsetters 2007; Kantor et al. 2012). A face normal [100] Mw single crystal cleavage fragment
~60x50 um in diameter and ~15 um thick was loaded in a rhenium gasket pre-indented to a
thickness of ~50 um, with an initial sample chamber ~165 um in diameter. Two ruby spheres
~10 um thick were also placed in the sample chamber in order to determine the approximate
pressure. The prepared DAC (Fig. S2) was gas-loaded with a helium pressure medium to
~25,000 PSI using the Caltech gas-loading system. The crystal orientation was confirmed by
single-crystal diffraction at Sector 30 before collecting HERIX spectra. Measurements at six
pressures (in addition to ambient) were collected, reaching a maximum of 41.2(1.3) GPa. Final
pressures were determined by inputting the measured lattice parameters into the previously
determined Mw equation of state (Finkelstein et al. 2017).

An incident x-ray energy of 23.7236 keV (L = 0.52262 A), with a full width at half
maximum (FWHM) energy resolution of 1 meV, was achieved using a highly-efficient,
cryogenically-stabilized six-reflection monochromator (Said et al. 2011; Toellner et al. 2011).
The x-rays were focused onto the sample with a FWHM beam size of ~15x35 um?. An online
image plate diffraction detector was used to confirm orientation and orient the crystals with the
(200) and (220) Bragg reflections aligned in the horizontal plane. These two reflections were
used to determine the crystal’s orientation matrix and lattice parameters. The sample density as a
function of pressure was calculated from a combination of the unit-cell volume corresponding to
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these lattice parameters with the pre-determined sample composition. The photons scattered from
the sample were collected and analyzed using a spherically-bent silicon crystal analyzer of the
(12 12 12) reflection and a detector working very close to back reflection (89.98°) in energy
ranges as narrow as -10 to +15 meV and as wide as £60 meV for MgO, with a step size of 0.5
meV. The momentum resolution was about 0.2 nm™. The collection time for each energy scan
ranged from approximately 10 to 50 minutes and typically 3-4 spectra (but up to a maximum of
5) were added for each point on the dispersion curve using the PADD module in PHOENIX
(Sturhahn 2017). Approximate pressures were determined offline using ruby fluorescence,
however the final pressures that we report are based upon the EOS of Mw (Finkelstein et al.
2017).

2.2 Synchrotron Mdssbauer Spectroscopy

Synchrotron Mdssbauer spectra (SMS) were collected in the 24-bunch fill top-up mode at
APS Sector 3, beamline ID-B, on a single crystal of Mw with face normal [100] at twelve
pressure points between 1 and 64 GPa. The ~30 x 30 x < 10 pm? crystal was loaded with two <
10 um ruby spheres in a standard symmetric DAC using a ~40 um thick rhenium gasket with an
initial sample chamber diameter of ~130 microns. A helium pressure medium was gas-loaded
using the Caltech system, thus achieving a similar sample environment as the HERIX (this
study) and single-crystal XRD measurements of Mw (Finkelstein et al. 2017). Beveled 250 um
culet diamonds epoxied to tungsten carbide seats were used to apply pressure. Pressure in the
sample chamber was determined using ruby fluorescence (Dewaele et al. 2004).

For SMS measurements, x-rays were focused on the sample to a spot size of ~15 x18
um?. An avalanche photodiode detector was used to collect the photons in the forward direction
between delay times of 23 and 129 ns. Collection times ranged from ~two to four hours
depending on the count rate at a given pressure.

3 Results
3.1 Synchrotron Mdssbauer Spectroscopy — Magnesiowustite

The SMS spectrum at 5 GPa is qualitatively similar in the overlapping time range as
one collected at ambient pressure during the hybrid timing mode of the APS, where there is
access to longer delay times and thus, higher spectral (energy) resolution. In this hybrid-mode
spectrum, four unique iron environments could be identified (Finkelstein et al. 2017). The
spectra are virtually unchanged up to 34 GPa (Fig. 1 (left)). At higher pressures, a decrease in the
delayed forward-scattered intensities is observed in the accessible time window. At 64 GPa, fast
oscillations are detectable and are indicative of magnetic ordering.

There are three factors that could cause the decrease in intensity: strong thinning of the
sample, a significant drop in the Lamb-Madssbauer factor, or the occurrence of a very fast
component in the time spectrum. We can rule out the first two factors, as the sample shape
remains unchanged (Fig. S1), and nuclear resonant inelastic x-ray scattering experiments on
similar compositions did not show a significant decrease in the Lamb-Mdssbauer factor (Wicks
et al. 2017). By the time our detector has recovered from the intense prompt synchrotron
radiation pulse at about 22 ns, this fast component has mostly decayed, leaving no observable
trace in the shape of the time spectrum. However, the absence of scattering strength still causes a
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reduced counting rate (Fig. 1 (top right)). We model this behavior using the concept of effective
thickness, n, for nuclear forward scattering (Sturhahn 2004). The effective thickness is
proportional to the concentration of resonant isotope, the Lamb-Mdssbauer factor, and physical
thickness. Our sample is dilute in the resonant isotope °’Fe, and the resulting small effective
thickness causes the delayed forward-scattered intensity to be proportional to 2. The observed
time spectrum only reflects the slow component with weight w, leading to an intensity
proportional to w?. Fig. 1 (bottom right) shows this weight as a function of pressure, where

I Frm
W = _p * _0,
Io  FLmy

with intensities | from this study and Lamb-Mdossbauer factors Fuv taken from Wicks et al.
(2017). The p subscript indicates values that correspond to a pressurized sample and the 0
subscript indicates normalized values that were obtained by averaging intensities/L-M factors up
to 34 GPa. At pressures above 34 GPa, a decrease in the weight of the slow component in the
time spectrum indicates that one or more sites have developed a very broad energy spectrum. At
64 GPa, fast oscillations are detectable and are indicative of magnetic-ordering.

3.2 Inelastic X-Ray Scattering — Spectral Fitting, MgO

All sample crystals were oriented with the surface normal parallel to the [100] direction,
thus permitting measurements of the longitudinal acoustic (LA) phonon branch along the [100]
direction and the transverse acoustic (TA) phonon branches along the [010] and [110] (following
the [1-10] polarization) directions. Phonon branches were measured for at least two different
momentum transfers at each pressure point and at a maximum, up to the Brillouin zone edge, in
the case of the MgO [100] TA branch. Minimum momentum transfers were chosen to be as close
to the Brillouin zone center as possible. Spectral fitting was done using the PyMC3 Markov
chain Monte Carlo Python module with the No-U-Turn Sampler (Salvatier et al. 2016). Due to
the limited number of points measured along each phonon branch, spectra along a branch at a
given pressure were fit simultaneously by putting a strong prior (Gaussian distribution with a
standard deviation of 0.05 m/s) on the phonon energies such that they were constrained to lie
along the sine function

(1)
phonon energy position, E [meV] =
4192 x 10~* x velocityg[m/s] X Qmax[nm™1] x sin(

T chrrent[nm_l])

2 Qmax[nm~1]

which has been discussed in detail in previous studies (e.g. (Sakamaki et al. 2016) and (Fiquet et
al. 2009)). The two fitting parameters correspond to the approximate sound velocity (in m/s) and
location of the Brillouin zone edge (in nm™). Qcurrent is the momentum transfer corresponding to a
given spectrum. The velocity parameter was fit using a flat prior, but a strong prior (Gaussian
distribution with a standard deviation of 0.1 nm™) was put on Qmax (the Brillouin zone edge) to
constrain it to the value calculated from the measured lattice parameter (Table Sla, Table S2a).
Individual spectra were modeled using a function that consisted of the sum of a double
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Lorentzian (one each for the Stokes and anti-Stokes phonon peaks), a pseudo-Voigt (for the
elastic peak, when present), and a constant background (Fig. S2a-c). Other than the strong
constraint on the phonon position, all parameters were fit with a flat prior. The Markov chains
corresponding to each fit exhibited high convergence and minimal autocorrelation over 25,000
samples.

The sound velocity corresponding to each phonon branch was determined from the slope
of the fit sine function at the Brillouin zone center,

()

T
slopezone center[meV/nm™1] = 4.192 x 107* x R velocityg[m/s],

multiplied by a unit conversion factor, 1.519, to convert from meV/nm to km/s. The
independent elastic stiffness moduli (Cj;’s) for cubic crystals, Ci1, Cas, and C12 were determined
by combining the three measured sound velocities with the sample density. Additional quantities,
such as isotropic velocities, isotropic elastic moduli, and velocity anisotropies were calculated
from the elastic stiffness tensor.

The sound velocities and corresponding elastic constants from our MgO sample were
used to benchmark our fitting procedure and to compare our results with previous studies, as the
elasticity of MgO has been studied extensively using a variety of techniques. We found that with
our fitting method it was imperative to limit the maximum reduced Q to less than or equal to 0.2
(reduced Q = Q[nm~1]/Qnax[nm~1]) to achieve velocities and elastic constants comparable to
prior works. The minimum fit reduced Q reached a value as low as 0.03, which was made
possible due to the high energy-resolution monochromator (Said et al. 2011; Toellner et al. 2011)
and a single crystal with sharp diffraction peaks. Our choice to use a sine function to fit the
phonon dispersions, as opposed to a linear function that is used in some single-crystal HERIX
studies (e.g. (Antonangeli et al. 2011; Lin et al. 2014)), is justified by the discernable ~0.3 meV
difference between the fit phonon energy at a reduced Q of 0.2 and a line with a slope equal to
the slope of the fit sine function at the Brillouin zone center. This discrepancy continues to
increase with higher Q values (Fig. 2). Fitting all MgO acoustic phonon branches to a maximum
reduced Q of 0.2 gives sound velocities of [100] Vp = 9.20(3), [100] Vs = 6.59(3), and [110] Vs =
5.408(17) km/s, which correspond to elastic stiffness constants of C1; = 302(3), Css = 155.5(1.5),
and C12 = 93(3) GPa (using a measured lattice parameter of 4.215 A in the density calculation).
These values are equivalent, within uncertainty, to those determined by Brillouin spectroscopy
(Sinogeikin and Bass 2000) and ultrasonic interferometry (Jacobsen et al. 2002) (Table S2a). The
dispersion curves are also consistent with previous inelastic neutron scattering measurements
(Sangster et al. 1970) (Fig. 2).

For the [100] LA and TA acoustic branches, where we collected data to a reduced Q of
0.6 and 1.0, respectively, if spectra were fit out to a maximum reduced Q of 0.6, sound velocities
were found to be 2.5% (Vp) or 3.3% (Vs) lower than if they were fit out to only a maximum
reduced Q of 0.2. This corresponds to discrepancies in the C11 and Cas elastic constants of 5.0%
and 6.4% lower, respectively, and points to a more complex dispersion relation than equation (1).
If fit spectra were limited to a reduced Q range between 0.2 and 0.6, sound velocities were found
to be 2.9% (Vp) or 3.8% (Vs) lower than if they were fit out to only a maximum reduced Q of
0.2, corresponding to a C11 and Cas that are 5.8% and 7.4% lower, respectively.

Inelastic X-Ray Scattering — (Mg,Fe)O
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Considering the results from the MgO spectral fits, we limited the magnesiowdstite (Mw)
spectra fit to those corresponding to reduced Q values less than or equal to 0.2. Spectra at low
momentum transfers with phonons significantly overlapped by the elastic peak were also omitted
from fitting (see supplementary material). The minimum fit reduced Q was as low as 0.06. The
spectra were fit in a similar manner to the MgO spectra, using the same fitting functions and
constraints (see Fig. 3 for example spectra at 2.8 GPa and Fig. S2d-x for all fit spectra). Sound
velocities were determined from the slope of the sine function at the Brillouin zone center (see
Table S1b for sine function parameters and Fig. 4 for dispersions), and elastic constants were
determined by combining the sound velocities with measured densities (Table S2b).

The elastic constants of Mw are C11 = 237.0(1.7), C4s = 68.2(9), and C12 = 122(3) GPa at
ambient pressure, which are similar to those reported previously (Jacobsen et al. 2002) for the
same batch of material (Fig. 5). Between 0 and 10.5 GPa, the shear constants exhibit softening,
with C12 exhibiting a flat slope and Cas decreasing to 46.4 GPa (see supplementary text and Fig.
S2 for high-pressure sample configuration). The shear softening in Cs4 has been reported in prior
publications (Jacobsen et al. 2004). Above this pressure, up to 35.4 GPa, C12 and Cas increase,
while C11 increases steadily from ambient pressure. There is a measurable shift at the highest
pressure measured, 41.2 GPa, where all three elastic constants exhibit softening. These trends are
also present in the bulk modulus and shear modulus, as well as the corresponding isotropic sound
velocities (Fig. 6).

There is no evidence for a whole-crystal structural phase transformation at ~10 GPa from
the primary diffraction peaks of Mw, so the initial shear softening may be related to changes in
the structure of the tetrahedrally-coordinated ferric iron/oxygen defect clusters, as opposed to the
bulk structure (see previous studies for further discussion of the (Mg,Fe)O defect structure, e.g.
(Finkelstein et al. 2017) and references therein). However, the synchrotron Mdssbauer spectra
are virtually unchanged up to 34 GPa (Fig. 1), and any changes related to the small amount (4.7
mol%) of ferric iron in the structure may not be detectable in a narrow delay-time window. In
contrast, the softening occurring at higher pressures correlates well with a noticeable increase in
a broadened component in the Mdssbauer spectra at similar pressures. This feature precedes a
magnetic-ordering transition between 50 and 64 GPa, while the structure remains cubic up to at
least 55 GPa (Finkelstein et al. 2017), significantly higher than that for wistite. The softening we
observe around 34 and 41 GPa is likely related to the magnetic ordering transition.

Sound velocities as a function of crystallographic direction and polarization were
calculated using the Christoffel equation in the SVEC module of MINUTI (Sturhahn 2017), and
the minimum and maximum velocity directions and magnitudes were identified (Fig. 7, Tables
S3a and S3b). The Vp and Vs peak anisotropies were calculated according to

3
Anisotropy (%) = 100 = % .
2

Similar to low-iron (Mg,Fe)O compositions, the anisotropy of Mw decreases with increasing
pressure until the fast and slow directions in the crystal switch, and at this point the crystal is
elastically isotropic. In Mw, the anisotropy is initially relatively small (3.0% Vp and in 8.5% Vs),
and then decreases to near zero at 2.8 GPa when the fast and slow directions switch. In low-iron
concentrations, (Mg,Fe)O is isotropic around 18 GPa (Marquardt et al. 2009). Above this
pressure, however, the rate of anisotropy increase with pressure for Mw is significantly higher
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than in iron-poor (Mg,Fe)O or MgO, reaching a maximum of 19.6% and 57.6% in Vp and Vs,
respectively (see Fig. 8 for shear anisotropy).

4 Discussion

Shear wave anisotropy has been observed in the vicinity of LLSVPs and interpreted as
revealing complex flow occurring at the edges of LLSVPs (Wang and Wen 2007; Cottaar and
Romanowicz 2013; Lynner and Long 2014; Ford et al. 2015), suggesting strong interactions
between the LLSVP and the surrounding mantle. Therefore, conditions may be optimal for
alignment of crystallographic axes of elastically anisotropic minerals, thus providing a source of
observed seismic anisotropy. Shear anisotropy values that have been reported for potential mantle
phases include: 17% for FogosFags olivine at 12.8 GPa and 1300 K (J. S. Zhang and Bass 2016);
42% for MgO at 136 GPa and 3000 K (Karki 1999); and 26-30% for MgSiOs post-perovskite at
136 GPa and 3000 K (Stackhouse et al. 2005), and FeSiO3 post-perovskite at 120 GPa and 300 K
(Caracas 2005). Recent studies argue that MgSiOs post-perovskite is the primary candidate for the
observed anisotropy (Miyagi et al. 2010; Ford et al. 2015), however our results show that
magnesiowastite develops a shear anisotropy approaching 60% (Fig. 8), suggesting that
magnesiowdstite may provide a plausible alternative. This value is about two and a half times
higher than iron-poor (Mg,Fe)O compositions at similar pressures (Marquardt et al. 2009;
Antonangeli et al. 2011) and about two to three times higher than magnesium- or iron-rich post-
perovskite at core-mantle boundary conditions (e.g. (Caracas 2005; Stackhouse et al. 2005)).
While our measurements were conducted at room temperature, the addition of high temperature
may increase the elastic anisotropy (Karki 1999).

In some regions, the lowermost edges of LLSVPs exhibit patches of low- and ultralow-
velocity zones (LVZs), from a few to tens of km thick and ~100 km across (Garnero and
Helmberger 1995)(Yu and Garnero 2018), which may be linked to plume generation zones. These
LVZs may be fossil remnants of large-scale melting events in the early Earth (Labrosse et al. 2007)
and/or could form by reaction with the outer core (W. E. Jackson et al. 1987). Within the LVZs,
velocities of seismic waves are reduced by ~5 to 30% (Garnero and Helmberger 1995; Mori and
Helmberger 1995; Hutko et al. 2009). Only partial melting and/or extreme chemical and phase
heterogeneity could explain such features (Muir and Brodholt 2015; Wicks et al. 2017).

It has yet to be conclusively determined if LVVZs are solid or partially-molten structures. A
partial-melt origin for ultra-LVZs predicts a P- to S-wave speed reduction of about 1:3 (Williams
and Garnero 1996). In this scenario, the velocities of the average assemblage are decreased by melt
formed by chemical reaction of the iron-rich liquid outer core with the solid silicate-rich mantle
and/or by partial melting of the mantle. The hypothesis is consistent with the correlation between
ultra-LVZs and hot spots (Williams et al. 1998), however very few studies constrain the P- and S-
wave speeds in the same location. While early dynamical calculations questioned the ability to
produce a dense and non-percolating melt phase in the deep Earth, a later study showed that the
stirring of LVZs by the larger-scale convective motions of the mantle can potentially maintain
partially molten regions (Hernlund and Jellinek 2010). However, shock wave measurements that
constrained the densities of iron-bearing silicate liquids suggest that for a range of mantle
compositions, partial melts of these petrologic assemblages would not be dense enough to remain
at the CMB on geologic timescales (Thomas et al. 2013).

We suggest that magnesiowustite has accumulated in patches at the base of the mantle,
some near the edges of LLSVPs, and could be the primary control on observed seismic (isotropic
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and anisotropic) characteristics. Although recent studies point to post-perovskite as the primary
candidate for explaining such anisotropy near the base of the mantle (Stackhouse et al. 2005;
Wentzcovitch et al. 2006; Ford et al. 2015), environments with elevated temperatures may inhibit
the post-perovskite transition (Hirose 2006; Shim 2008). Provided the temperatures are below
magnesiowastite’s solidus, the preferred alignment of magnesiowdstite in the lowermost mantle
could be an alternative or an additional source of seismic anisotropy. Future work is needed to
explore the active slip systems in magnesiowdstite at lower-mantle conditions and also the effect
of deformation partitioning between silicate post-perovskite and magnesiowustite, as there is
evidence from studies on (ferro)periclase that the magnitude of seismic anisotropy originating
from magnesiowustite would be sensitive to both (Girard et al. 2012; Yamazaki et al. 2014;
Marquardt and Miyagi 2015; Immoor et al. 2018).
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Figure 1. (left) Time-domain synchrotron Mdssbauer spectra of magnesiowdstite as a function
of pressure. At 64 GPa, the appearance of high-frequency oscillations in the spectrum indicates a
magnetic-ordering transition. (top right) Count rates determined for the time window 23 to 129
ns. (bottom right) Percent proportion of the slow component in the Mdssbauer spectra as a
function of pressure.
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Figure 2. Left and Center: MgO phonon dispersion relations at ambient conditions in terms of
real (left) and reduced (center) momentum transfer, Q. The red-outlined circles show the
individual fit phonon positions and the solid red line indicates the sine function fit to the phonon
dispersion. The purple circles represent points on the phonon dispersion determined from
inelastic neutron scattering (Sangster et al. 1970) (starting at a reduced Q of 0.20 for the [100]
longitudinal acoustic phonon branch and 0.26 for the [100] transverse acoustic phonon branch).
Note that the [110] transverse acoustic phonon dispersion has a steeper slope in reduced Q space
than in absolute Q space relative to the [100] acoustic phonon dispersions. This is due to an

additional scaling factor of /2 for the [110] direction when converting from reduced Q to
absolute Q space. Right: The red-outlined circles (individual fit phonon positions) and solid red
line (fit sine function) show the deviation of the phonon dispersion from linearity (i.e the
difference between the phonon energy at a given momentum transfer and a line with a slope
equivalent to that of the fit sine function at the Brillouin zone center). The dashed black line
represents zero deviation from linearity.
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Figure 3. Magnesiowdistite HERIX spectra collected at 2.8 GPa corresponding to the [100]
longitudinal (left), [100] transverse (center), and [110] transverse (right) acoustic modes. The
black circles show the raw HERIX data, the red line represents the complete fit to a spectrum,
and the gray dotted line illustrates individual components of the fit.
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Figure 4. Left and Center: Magnesiowdstite phonon dispersion relations at ambient and high
pressures in terms of real (left) and reduced (center) momentum transfer, Q. The circles show the
individual fit phonon positions and the solid lines indicate the sine function fits to the phonon
dispersions. Right: A magnified view of the magnesiowustite phonon dispersions, with ambient-
pressure MgO dispersion relations for comparison.
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Figure 5. Left: Magnesiowidistite sound velocities as a function of pressure. Darker symbols are
from this study and lighter symbols are from GHz ultrasonic interferometry measurements
(Jacobsen et al. 2002; 2004). Right: Elastic stiffness moduli as a function of pressure, determined
using sound velocities and densities.
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Figure 6. Left: Adiabatic bulk modulus (Ks) and Voigt-Reuss-Hill shear modulus average (Gwhin)
as a function of pressure calculated from elastic constants. Right: Isotropically-averaged sound
velocities calculated from Ks, Grin, and density.
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Figure 7. Velocity range for Vp (top) and Vs (bottom) as a function of pressure.
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Figure 8. Shear anisotropy as a function of pressure. Large symbols show data (Mw and MgO)
from this study. Data from (Mg,Fe)O samples with 10 mol% (Marquardt et al. 2009) and 17 mol
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only plotted for results from this study.
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