
Geoscience Frontiers 16 (2025) 101915
Contents lists available at ScienceDirect

Geoscience Frontiers

journal homepage: www.elsevier .com/locate /gsf
Research Paper
Compressional and shear wave velocities of Fe-bearing silicate post-
perovskite in Earth’s lowermost mantle
https://doi.org/10.1016/j.gsf.2024.101915
1674-9871/� 2024 China University of Geosciences (Beijing) and Peking University. Published by Elsevier B.V. on behalf of China University of Geosciences (Beijin
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

⇑ Corresponding author.
E-mail address: jyang@carnegiescience.edu (J. Yang).
Jing Yang a,b,⇑, Suyu Fu a,c, Jin Liu a,d, Jung-Fu Lin a

aDepartment of Earth and Planetary Sciences, Jackson School of Geosciences, University of Texas at Austin, Austin, TX 78712, USA
b Earth and Planet Laboratory, Carnegie Science, Washington, DC 20015, USA
cDepartment of Earth and Planetary Science, The University of Tokyo, Bunkyo, Tokyo 113-0033, Japan
d School of Environmental and Chemical Engineering, Yanshan University, Qinhuangdao 066004, PR China

a r t i c l e i n f o a b s t r a c t
Article history:
Received 6 May 2024
Revised 19 July 2024
Accepted 14 August 2024
Available online 17 August 2024

Keywords:
Fe-bearing post-perovskite
D" layer
Sound velocities
The bridgmanite (Bgm) to silicate post-perovskite (PPv) phase transition is believed to be the main cause
for the distinct seismic features observed in the D’’ layer, the lowermost region of the Earth’s mantle.
However, the transition depth and elasticity of the PPv phase have been highly debated, as the chemical
complexity within the D’’ layer can largely affect the Bgm-PPv transition pressure and the associated
velocity contrast. Experimental measurements of sound velocities for PPv with different chemical com-
positions under relevant lowermost-mantle conditions are essential but remain limited. In this study,
we have reliably measured both compressional wave velocity (VP), shear wave velocity (VS), and density,
for two Fe-bearing PPv compositions [(Mg0.85Fe0.15)SiO3 and (Mg0.75Fe0.25)SiO3] at lowermost mantle
pressures using Impulsive Stimulated Light Scattering (ISS), Brillouin Light Scattering (BLS), and X-ray
Diffraction (XRD) in diamond anvil cells. Our results indicate that the velocities of Fe-bearing PPv at
120 GPa can be described by the following relationships: VS (km/s) = 7.65–2.8XFe and VP (km/s) =
14.11–3.8XFe, where XFe represents mole fraction of the Fe content. The variations in the Fe content of
PPv may provide one of the explanations for the seismic lateral variations observed at the Earth’s core
mantle boundary. By comparing our results with the high-pressure velocities of Bgm, our velocity model
suggests significant discontinuities across the Bgm-PPv transition, characterized by a reduction in both VP

and VU, and an increase in VS. These findings highlight the importance of considering the influence of
chemical composition, particularly Fe content which could vary significantly at the D’’ region, on the seis-
mic properties of the PPv phase. The observed velocity contrasts across the Bgm-PPv transition may con-
tribute to the complex seismic signatures observed in the D’’ layer, underscoring the potential role of this
phase transition in interpreting the seismic features of the lowermost mantle region.
� 2024 China University of Geosciences (Beijing) and Peking University. Published by Elsevier B.V. on

behalf of China University of Geosciences (Beijing). This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Seismic compressional wave (VP) and shear wave (VS) velocities
of the Earth’s lower mantle are observed to mostly increase mono-
tonically with depth, with no noticeable seismic discontinuities,
from 670 km to approximately 2600 km in depth. At approxi-
mately 100 � 450 km above the CMB (referred as D’’ layer), how-
ever, significant seismic discontinuities have been detected, with
increased VS, VS splitting anisotropy (Lay and Helmberger, 1983).
These seismic features in the D’’ region seem to be distributed
globally, although the magnitude and depth of these seismic
anomalies vary significantly in different regions (Lay and
Helmberger, 1983; Zhang and Lay, 1984; Kendall and Nangini,
1996; Ding and Helmberger, 1997; Reasoner and Revenaugh,
1999; Lay et al., 2004; Thomas et al., 2004; Kito et al., 2007;
Hutko et al., 2008; Chaloner et al., 2009; Schlaphorst et al.,
2016), which is typically attributed to laterally distributed chemi-
cal heterogeneity, thermal perturbations in the D’’ region or solid–
solid phase transition (Murakami et al., 2004; Grocholski et al.,
2012; Cobden et al., 2015).

The origin of the D’’ discontinuity was first proposed to be asso-
ciated with a solid–solid phase transition with a large positive
Clapeyron slope. This hypothesis gained support with the discov-
ery of the Bridgmanite (Bgm) to silicate post-perovskite (PPv)
phase transition, which exhibits a Clapeyron slope of � 7 MPa/K
(Murakami et al., 2004; Oganov and Ono, 2004; Tsuchiya et al.,
2004). Calculations further show that the Bgm-PPv transition pro-
g).
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duces a positive VS change (DVS) up to 5%, while the change in VP

(DVP) is significantly less at � 1% (Iitaka et al., 2004; Oganov and
Ono, 2004; Caracas and Cohen, 2005; Wookey et al., 2005;
Tsuchiya and Tsuchiya, 2006; Wentzcovitch et al., 2006). In addi-
tion, theoretical studies have indicated that PPv can display strong
lattice preferred orientations and, together with its high predicted
elastic anisotropy, can produce 1%�3% VS splitting anisotropy with
VSH>VSV (Iitaka et al., 2004), which explain the seismic observed
shear wave splitting (Wu et al., 2017). However, the direct velocity
measurements across the Bgm-PPv transition in order to probe the
discontinuity and anisotropy at core mantle boundary (CMB) con-
dition have never been done due to the experimental challenge and
technique limitation. Thus, the interpretation of the aforemen-
tioned seismic features at the D’’ region using the occurrence of
PPv phase has remained mostly theoretical.

D’’ layer also show chemical complexity based on previous
results (Garnero et al., 2016). It has been proposed that D’’ layer
is chemically heterogeneous in Fe content in different lowermost
mantle regions. For example, the enrichment of Fe in the D’’ region
can be caused by the chemical interaction between the lowermost
mantle and the outer core (Knittle and Jeanloz, 1989; Otsuka and
Karato, 2012). On the other hand, the subducted materials with
mid-ocean ridge basalt (MORB) may penetrate into the depth of
CMB, modifying the Fe content in the host minerals of the D’’
region by stirring and by chemical reactions with material from
the surrounding lowermost mantle (Dobson and Brodholt, 2005).
Fe has been observed to affect the depth and width of the Bgm
to PPv transition, which can in turn provide important insight for
the phase assemblages and Fe concentrations near the CMB in
these different regions. For example, previous studies show that
the pressure range for the PPv transition in a pyrolitic composition
is about � 10 � 30 GPa, broader than the transition range of 3 � 15
GPa for a mid-ocean-ridge-basalt (MORB) composition (Grocholski
et al., 2012), which is with implication for the detectability of seis-
mic discontinuities in global scale. In addition, PPv with 40 mol.%
Fe (Mao et al., 2006), as well other Fe enriched candidate [eg. Fer-
ropericlase (Wicks et al., 2010), and hydrogen-bearing FeO2 (Liu
et al., 2017)] may explain the seismic features of ultra-low-
velocity zones (ULVZs), which are 5 � 40 km thick regions with
large reductions of VP and VS in D’’ region. Therefore, to study the
Fe effects on the sound velocity and density of PPv phase are of
great interest as it can provide crucial constraints on the magni-
tude of seismic heterogeneities in different regions.

Various studies have extensively investigated the thermoelastic
properties of the PPv over a wide range of Fe content. Equation of
state of Fe-bearing PPv has been studied to understand the Fe
effect on the density and bulk modulus of these phases at lower-
most mantle conditions (Mao et al., 2005; Catalli et al., 2010). It
has been shown that addition of Fe can greatly increase the density
of PPv, but has a negligible effect on the isothermal modulus (KT)
and bulk sound velocity (VU) if the amount of Fe is less than
10 mol.% (Shieh et al., 2006; Guignot et al., 2007). Since the com-
pression data for PPv containing greater than 10% of Fe is still lim-
ited, the Fe effect on the KT over higher Fe content remain
controversial.

Sound velocity measurements of PPv with different Fe contents
has been attempted by different techniques, including Brillouin
Light scattering (BLS) and resonant inelastic X-ray scattering
(NRIXS). BLS is only capable to measure VS of the transparent or
semi-transparent samples at above 40 GPa since the VP of the sam-
ples is masked by the diamond VS signals. As such, only VS of Fe-
free polycrystalline PPv has been measured up to 172 GPa. Com-
paring with the measured VS of Fe-free Bgm, it showed a velocity
contrast of � 0.5% (Murakami et al., 2007), which suggest that
the PPv transition may not explain the VS discontinuity at D’’ layer.
NRIXS allows determination of the phonon density of state (DOS)
2

of samples containing 57Fe isotope, which can determine the Debye
sound velocity (VD) that related to VP and VS from the low-energy
portion of the phonon DOS. Together with VU from X-ray diffrac-
tion measurements, VP and VS can be calculated respectively. The
VP and VS of PPv with 40% of Fe determined from NRIXS can recon-
cile the seismic observations of ULVZs. However, it has been
recently suggested that the sound velocities of Fe-bearing PPv
and Bgm can be underestimated, which were lower than the
expected values due to the presence of abnormal phonon mode
contribution in the low-energy spectrum of the partial phonon
density of states (McCammon et al., 2016).

Directly measured VP and VS of PPv with varying Fe contents are
still lacking but can provide valuable experimental constraints on
the elastic properties and seismic observations. In this work, we
have used complimentary laser and X-ray spectroscopic tech-
niques coupled with a DAC to measure VP using ISS, VS using BLS,
and density using XRD of Fe-bearing PPv at D’’ pressures. We aim
to investigate the Fe effects on the VP, VS and VU of PPv phase
and evaluate velocity discontinuities, correlations as well as Pois-
son’s ratio across the Bgm-PPv transition at lowermost mantle
pressures.
2. Methods

Fe-bearing silicate post-perovskite samples (PPv15 or PPv25)
were synthesized from starting materials of silicate glass [(Mg0.85-
Fe0.15)SiO3] and polycrystalline enstatite [(Mg0.75Fe0.25)SiO3],
respectively. The starting glass was synthesized from a mixture
of MgO, Fe2O3, and SiO2 powders in appropriate ratios using a
high-temperature furnace (See (Mao et al. 2014) for more details
on the synthesis of Fe-bearing silicate glass). Enstatite was synthe-
sized from the powders of SiO2, MgO, and Fe2O3 mixed in the
appropriate ratio, which was placed in a furnace with well con-
trolled oxygen fugacity(Mao et al., 2010). An electron microprobe
was used to analyze the chemical composition and homogeneities
of the starting glass and enstatite, which showed (Mg0.85Fe0.15)SiO3

for the glass and (Mg0.75Fe0.25)SiO3 for enstatite sample,
respectively.

The glass starting materials were polished down to approxi-
mately 10 � 12 lm in thickness and subsequently cut into pieces
around 60 lm in diameter, while polycrystalline enstatite was
slightly compressed between two diamond anvils to prepare for
a sample disk of 10 lm in thickness and 60 lm in diameter. The
sample disk was loaded into a sample chamber and sandwiched
between two dried NaCl layers of approximately 5 lm in thickness
which was served as the pressure medium, pressure calibrant, and
thermal insulator. Each sample assemblage was loaded into a short
symmetric diamond anvil cell (DAC) equipped with a pair of bev-
eled diamonds of 150/300 lm in culet size and a pre-indented
Re gasket with a hole 80 lm in diameter and 28–lm thick. The dia-
mond anvils were selected for ultralow birefringence using polar-
ized petrographic microscope to allow success of the ISS
experiments. Enstatite loaded in the sample chamber was directly
compressed to 125 GPa at 300 K, and laser heated at � 2000 K for
approximately 5 h while the glass sample was compressed to 143
GPa at 300 K and laser heated at � 2200 K for approximately 30 h
to fully transform the starting materials to PPv at GSECARS of the
Advanced Photon Source (APS), Argonne National Laboratory
(ANL). During the synthesis, the laser heating spot (approximately
10 lm) was constantly scanned across the whole sample by slowly
moving the sample stage every few seconds. This process was used
to minimize chemical diffusion and to ensure that the sample was
heated as uniformly as possible. Analysis of the XRD spectra of the
laser heated samples using an incident X-ray beam of 2 lm and a
wavelength of 0.3344 Å confirmed the successful synthesis of the



Fig. 1. Representative experimental spectra of the synthesized Fe-bearing PPv samples at high pressures and 300 K. Impulsive light scattering spectrum (left panel) and
Fourier-transformed power spectrum for compressional wave velocity (VP) (right panel) of PPv15 at 143 GPa (a) and PPv25 at 127 GPa (b); (c) Brillouin spectrum of PPv15 at
143 GPa, together with an inset photo of the sample with NaCl as pressure medium; (d) Raw X-ray diffraction spectrum of PPv25 with a photo insert of the sample and NaCl.
Black lines in Fig. 1c represent the raw Brillouin spectrum and red lines show the fitted shear wave velocity (VS). Red crosses in Fig. 1d indicate the raw diffraction spectrum
while the green lines represent Le Bail fit; red and black vertical bars indicate peaks for PPv25 and NaCl phases, respectively. Incident X-ray wavelength was 0.3344 Å.
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PPv15 and PPv25 samples (Fig. 1d and Supplementary data Fig. S1).
XRD spectra measured from various spots of the samples showed
consistent lattice parameters within experimental uncertainties,
indicating that the starting samples were successfully transformed
into PPv phase. The pressure of the sample was determined from
analysis of the XRD spectra using the NaCl EoS (Fei et al., 2007).
After a pressure change, each sample was then laser annealed at
around 1800 K for 2 h across the whole sample at 13IDD beamline
of the GSECARS to release possible non-hydrostaticity and to fur-
ther confirm the crystallinity of PPv samples as well as the sample
pressures. In total, XRD patterns were collected from PPv15 at 143,
134 and 122 GPa and from PPv25 at 127, 122 GPa. XRD patterns of
the PPv samples have been measured in decompression at each
given pressure to determine the lattice parameters, unit cell vol-
ume and density of the samples. The cell parameters of PPv15
and PPv25 were calculated using the Le Bail fits to the experimen-
tal XRD patterns. Densities of the samples were then calculated
using the starting composition of the samples and the derived unit
cell volumes.

The synthesized PPv15 and PPv25 samples were used for BLS
and ISS experiments in the Mineral Physics Laboratory of the
University of Texas at Austin. BLS and ISS spectra were collected
from PPv15 in the transmitted geometry, but PPv25 sample was
only sufficiently transparent for ISS measurements (it was too dark
to permit BLS measurements). The BLS system was equipped with
a Coherent Verdi V2 laser operating at 532 nm wavelength,
together with a JRS interferometer and an APD detector (Count-
10B Photo Counting Module with approximately 5 cps from Laser
Components, Inc.). The laser power was set at 0.6 W for most of
3

the measurements. The focused laser beam size at the sample posi-
tion was approximately 20 lm in diameter while the scattering
angle of the BLS system was set at 47�, which was calibrated
against SiO2 glass and purified water standards. The data collection
time was typically 12 � 18 h for each pressure point due to rela-
tively weak acoustic signals from the samples when compared
with the background noise and strong diamond VS peak. To reduce
the overlap of the diamond VS peak with the sample VS peak, the
crystallographic orientations for each pair of diamond anvils (the
anvils were standard cut design in 100 orientation) used in the
experiments were aligned in the alignment process of the DAC.
BLS spectra of the samples were collected from an orientation
where the VS of the diamond anvils were at maximum velocity to
allow the maximum window and lowest background for collecting
the VS peak of the samples. The measured BLS spectra were fitted
with a Lorentzian peak shape (Fig. 1c).

High-pressure ISS spectra were collected from both PPv15 and
PPv25 samples. The ISS system was equipped with a pump laser
of 1064 nm wavelength and a probe laser with a 532-nm wave-
length (Talisker, Coherent Company), which had a pulse width of
15 ps. The pump laser was split into two beams which were then
recombined at the sample position with a crossing angle of 20.3�
and a focused beam size of 25 lm. The probe laser was delayed
by an Aerotech linear stage by as long as 20 ns, while the diffracted
ISS signals were collected by a photodiode detector. The data col-
lection time for each ISS spectrum was typically 4 h with 1–
2 mm step size. The time-domain raw ISS spectra were Fourier-
transformed to frequency-domain power spectra based on the
Burg method using the MATLAB and OriginPro 9.1 software. The



Fig. 2. Velocity profiles of Fe-bearing PPv and Bgm at lowermost mantle pressures.
Red symbols represent measured velocity for PPv15, while blue symbols are for
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acoustic wave velocities of the sample were calculated from the
frequency based on the laser-beam geometry (Fig. 1a), which
was calibrated using glass and water standards. The interfacial
waves in the ISS spectra were extracted in some data analyses
but were not used for the modelled velocity profiles. Thus, only
VP velocities of the samples were used from the ISS measurements
while the VS velocities were derived from the BLS experiments.

In order to confirm the chemical homogeneity and grain size of
the Fe-bearing samples after laser heating as well as after BLS and
ISS measurements, we conducted chemical analysis and collected
backscattered electron images of the quenched samples using elec-
tron microprobe. The grain size of PPv15 is less than 1 lm and for
PPv25 is less than 3 lm as shown in the Backscatter Electron
images (Supplementary data Fig. S4). We further did wavelength-
dispersive spectrometry analysis for the quenched PPv15 and
PPv25 samples coated with Ir. Multiple spots were randomly
selected on the sample to determine the chemical compositions.
It showed that the Fe contents in quenched PPv15 sample was
13.1%�13.5% mol.%, while in PPv25, the Fe contents ranges from
25.1 mol.% � 27.8 mol.% (Supplementary data Table S2), indicating
that the chemical heterogeneity related velocity differences within
the sample could be negligible. We should also note that the mea-
sured velocity was an averaged velocity from hundreds of grains
with randomly distributed orientation. The incident laser beam
size of the BLS and ISS measurements on the samples with 1 � 3
lm grain size are about 30 � 40 lm, thus the measured velocity
which would be from � 500 grains polycrystalline PPv with
15 lm thickness was comparable to aggregate sound velocity with
no preferred orientation.
PPv25. The measured velocity results were linearly fitted to show their pressure
gradients as shown in red lines for PPv15 and blues line for VP of PPv25. For PPv15,
VP results are measured from ISS experiments, VS from BLS experiments, and VU
results are calculated using VU ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
VP

2 � 4VS
2=3

q
. Triangles represent the VP and VS

data for PPv with 40% of Fe (PPv40) (Mao et al. 2006)and plus symbols represent the
VS for Fe-free PPv (PPv0) (Murakami et al., 2007).
3. Results

The formation of the Fe-bearing polycrystalline PPv phase for
PPv15 and PPv25 was confirmed using in situ XRD measurements.
Rietveld whole-profile refinement using GSAS provide densities of
the samples at high pressures (Fig. 1d, Supplementary data Fig. S1
and Table 1). At 122 GPa and 300 K, the densities of PPv15 and
PPv25 are 5.794 g/cm3 and 5.884 g/cm3 respectively, which are
consistent with previous studies (Dorfman and Duffy, 2014). No
observable preferred orientations were found in formed PPv
phases based on the XRD patterns (Fig. 1d and Supplementary data
Fig. S1) as the measured relative peak intensities agree well with
Table 1
Experimentally measured sound velocities of PPv with different Fe contents at high press

Mg0.85Fe0.15SiO3 (PPv15) This study

Pressure (GPa) VP (km/s) VS (km/

143 13.8(2) 7.54(8)
134 13.7(3) 7.44(9)
122 13.6(3) 7.38(9)
Mg0.75Fe0.25SiO3 (PPv25) This study

Pressure (GPa) VP (km/s) VS (km/

127 13.2(1)
122 13.1(2)
Mg0.6Fe0.4SiO3 (PPv40) (Mao et al., 2006)

Pressure (GPa) VP (km/s) VS (km/

130 12.72 4.86
MgSiO3 (PPv0) (Murakami et al., 2007)

Pressure (GPa) VP (km/s) VS (km/

143 8.02
146 8.06
159 8.12
172 8.30

4

that expected from a powder diffraction pattern. The synthesized
PPv15 was optically translucent in transmitted light (Fig.e 1c
insert) to sufficiently permit both ISS and BLS measurements at
143, 134 and 122 GPa, while PPv25 was sufficiently semi-
translucent (Fig. 1d inset) to only allow for ISS measurements at
127 and 122 GPa (Figs. 1, 2; Table 1). The different optical proper-
ties for PPv15 and PPv25 is due to the different Fe concentrations
ures.

s) VU (km/s) density(g/cm3)

10.7(3) 6.152
10.7(4) 6.021
10.6(4) 5.794

s) VU (km/s) density(g/cm3)

5.913
5.884

s) VU (km/s) density(g/cm3)

11.43 6.08

s) VU (km/s) density(g/cm3)
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and grain sizes. The Fe2+/Fe3+ ratio were not analyzed, which may
also contribute to the different colors in the in the PPv15 and
PPv25.

Sound velocities of PPv15 and PPv25 as a function of pressure
were plotted in Fig. 2. These results allow us to evaluate the pres-
sure gradients at 300 K for both VP and VS. Within the investigated
pressure range, the VP and VS values as a function of pressure for
PPv15 and PPv25 are linearly fitted to evaluate the velocity gradi-
ent at lowermost mantle pressures with a starting pressure chosen
at 120 GPa, which yields Eqs (1)�(3):

VS
PPv15 ¼ 7:37 km=sð Þ þ 0:007� PðGPaÞ ð1Þ

VP
PPv15 ¼ 13:55 km=sð Þ þ 0:011� PðGPaÞ ð2Þ

VP
PPv25 ¼ 13:07 km=sð Þ þ 0:014� PðGPaÞ ð3Þ

Comparison of the velocity of PPv15 and PPv25 at 120 GPa shows
that VP PPv15 is 0.48 km/s (or 3.5%) lower than that of PPv25 as a
result of additional 10 mol.% Fe substitution (Fig. 2). Together with
the VP and VS measurements from ISS and BLS, the bulk sound veloc-

ity (VU) of PPv15 is calculated using VU ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
VP

2 � 4VS
2=3

q
(Fig. 2).

For comparison, Fig. 2 incorporates velocity measurements for Fe-
free PPv (PPv0) and PPv with 40% of Fe (PPv40), obtained from
the studies conducted by Murakami et al. (2007) and Mao et al.
(2006), respectively. The set of data demonstrate that incorporating
Fe in PPv exhibits a negative effect on both of the VS and VP across
the pressure range investigated.

To better illustrate the Fe effect on the velocities of the PPv, we
plotted the relationship between sound velocities and Fe content in
Fig. 3. Despite the limited experimental data available on the
sound velocities for Fe-free PPv, PPv15, PPv 25 and PPv40, the data
presented indicate that addition of Fe in PPv produces a linear
decrease in VP and linear increase in and VU respectively. However,
the relationship between VS and Fe content shows a non-linear
behavior, deviating from the typical linear trends observed for
other elastic properties (eg. Density, VP, VS, VU and Cij) in PPv and
other lower mantle minerals (Jacobsen et al., 2002; Mao et al.,
2005). The non-linear relationship between VS and Fe content
may provide the supporting evidence that the VS value for PPv40,
determined from NRIXS measurements, is underestimated. Thus,
assuming a linear relationship with increasing Fe content and also
considering pressure effect, we got the results at given 120 GPa as
Eqs. (4)�(6):

VS ¼ 7:65 km=sð Þ � 2:8� XFe ð4Þ
Fig. 3. Velocities of Fe-free and Fe-bearing PPv as a function of Fe concentration plotted
symbols represent Fe-free PPv [Murakami et al., 2007]; blue represent PPv containing 40
layer boundaries. The grey lines show the linear approximation of sound velocity chang

5

VP ¼ 14:11 km=sð Þ � 3:8� XFe ð5Þ

VU ¼ 10:10 km=sð Þ þ 3:2� XFe ð6Þ
where the XFe is the molar fraction of the Fe content in the PPv
phase. Based on the fitted data, we found that the VS for PPv40, as
determined from NRIXS was underestimated by more than 25%.

To apply our results to understand seismic features at the low-
ermost mantle regions, we have also calculated Poisson’s ratio (m)
of Fe-bearing Bgm and PPv as Eq. (7):

m ¼ 1
2
ðVP=VSÞ2 � 2

ðVP=VSÞ2 � 1
ð7Þ

Based on the calculations using measured VP and VS, Poisson’s ratio
of PPv15 is 0.29 at � 270 km above the CMB and its pressure gradi-
ent is �1.19 � 10-5 km�1, a slightly negative value at lowermost
mantle pressures (Fig. 4).

4. Discussion

4.1. Velocity contrast across the Bgm and PPv the phase transition

To evaluate the velocity contrast across the Fe-bearing Bgm and
PPv phase boundary, we have modelled velocity profiles of the Fe-
bearing Bgm and PPv at high pressure. The following procedure has
been used to model the equation of state (EoS), compressional
wave velocity (VP) and shear wave velocity (VS) of Fe-bearing
Bgm at lowermost-mantle pressures. Third-order Eulerian finite-
strain Eqs. (8)�(10) were used to calculate the adiabatic bulk mod-
ulus KS and shear modulus G at high pressure using reported adi-
abatic bulk and shear moduli at ambient conditions (KS0 and G0)
(Li and Zhang, 2005; Chantel et al., 2012):

KS ¼ KS0ð1þ 2f Þ5=2 1þ 3K 0
S � 5

� �
f

� � ð8Þ

G ¼ ð1þ 2f Þ5=2 G0 þ 3G0KS0 � 5G0
� �

f
� � ð9Þ

f ¼ 1
2

� �
½ðq=q0Þ

2
3 � 1� ð10Þ

where K 0
S is the pressure derivative of the adiabatic bulk modulus, G0

is the pressure derivative of the shear modulus, f is the Eulerian
finite strain, and q0 and q are density of the sample at ambient con-
ditions and high pressure, respectively. The aggregate VP and VS can
be calculated using the following Eqs. (11)�(12) at each given pres-
sure or density:
in pressure contours. Red symbols represent PPv15 and PPv25 in this study; black
mol% Fe (Mao et al., 2006). Pressure contouring level is from 120 to 150 GPa with
es with Fe content at 120 GPa.



Fig. 4. Velocity profiles and Poisson’s ratio across the Fe-bearing PPv transition at the D’’ region. Representative seismic observations of the D’’ region are also plotted for
comparison (blue, pink, green and cyan lines) (Lay and Helmberger, 1983; Kendall and Nangini, 1996; Russell et al., 2001; Hutko et al., 2008). The transition depth is selected
to be at 2620 km depth or 270 km above the core-mantle boundary (grey dotted line). Thick red lines represent modeled velocity profiles and Poisson’s ratio (m) of PPv and
Bgm containing 15% Fe at high pressure and 300 K. Orange lines are theoretical data for velocity profile across the phase boundary between Bgm and PPv (Wookey et al.,
2005).
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VP ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð4KS=3þ GÞG=q

q
ð11Þ
VS ¼
ffiffiffiffiffiffiffiffiffi
G=q

p
ð12Þ

Here high-pressure density of Bgm was calculated using the
third-order Birch-Murnaghan EoS and previously reported EoS
parameters obtained in previous X-ray diffraction measurements
(Ballaran et al., 2012; Chantel et al., 2012) (Eq. 13) (Supplementary
data Table S1):

P ¼ 3KT0 q=q0ð Þ7=3 � q=q0ð Þ5=3
h i

1þ 3=4 K 0
T � 4

	 

q=q0ð Þ2=3 � 1

h in o
ð13Þ

where KT0 is the isothermal bulk modulus at ambient condi-
tions, K 0

T is the pressure derivative of the isothermal bulk modulus,
and q0 is the density at ambient conditions. For the Fe-bearing
Bgm, datasets for the aforementioned elasticity parameters
(Chantel et al., 2012) are limited to the bridgmanite with MgSiO3

pure end-member and (Mg0.95Fe0.05SiO3) with 5% Fe. Although
elastic parameters of Bgmwith 10% Fe and 10% Al are also available
in a recent Brillouin study (Kurnosov et al., 2017), the extrapolation
of this set of data show significant velocity differences especially in
VS when compared with that reported in Chantel et al.(2012) above
30 GPa (Supplementary data Fig. S2). The differences may be due to
the presence of Fe3+ and/or Al3+. Thus, this set of data for Fe,Al-
bearing bridgmanite was not employed in any extrapolations in
this study as our study here focuses on sound velocity profiles of
Fe-bearing Bgm and PPv.

To test the validity of the extrapolation from literature data for
Bgm5, we have measured VP up to 68 GPa and VS up to 88 GPa for
6

polycrystalline Bgm5 using ISS and BLS (Supplementary data
Fig. S2). It showed that the measured velocities are in great agree-
ment of with the extrapolated data for Bgm5 (Supplementary data
Fig. S2). We have used a linear extrapolation for the Fe substitution
effects on the EoS and elastic parameters to obtain velocity profiles
(VP and VS) for Bgm15 and Bgm25 up to 120 GPa as Eqs. (13)�(14):
dVP;S=dXFe ¼ ½VP;S bgm5ð Þ � VP;Sðbgm0Þ�=5 ð13Þ
VP;SðPÞ ¼ VP;S km=sð Þ � dVP;S=dXFe � XFe ð14Þ
where XFe is the amount of Fe content in mol percent in the
sample and dV=dXFe is the compositional gradient of the given
velocity. Uncertainties in these calculations are obtained through
standard error propagations. The calculated compositional gradi-
ent of velocity dVP=dXFe and dVP=dXFe are � �0.046 and �0.016
at ambient conditions, respectively, and are �0.039 and �0.038
at 120 GPa for Bgm. The estimated velocity differences between
Bgm and PPv depend on the choice of the input thermoelastic
parameters of Bgm for the modelling. Although input data are
rather limited, several iterations were performed based on the
datasets reported (Supplementary data Table S1). All of the data
used for the modelling consistently show an increased VS and
decreased VP across the PPv phase transition when the velocity
profiles of Bgm and PPv are compared at 120 GPa. With the
extrapolated data, we plotted the Bgm15 and PPv15 velocities as
a function of density as shown in Supplementary data Fig. S3. A
decrease in both VP and VU and an increase in VS are observed
as the density increases.
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4.2. Geophysical implications

Numerous seismic studies have reported the presence of the
seismic discontinuity in the D’’ region, located approximately
200 � 300 km above the core-mantle boundary (CMB). Lay and
Helmberger (1983) detected a 2.75% ± 0.25% increase in VS approx-
imately 280 km above the CMB using direct S and ScS waveform
analysis (Lay and Helmberger, 1983). Kendall and Nangini (1996)
reported clear evidence for a 2.45%�2.75% increase in VS at
250 km above the CMB beneath the Caribbean (Kendall and
Nangini, 1996). Russell et al. (2001) observed a localized discontin-
uous increase in both VP (0.75%) and VS (1.7%) at 230 km above the
CMB beneath the central Pacific region (Russell et al., 2001). Later,
Hutko et al. (2008) reported a small decrease of �0.007% ± 0.15% in
VP accompanied by a 1.5% ± 0.5% increase in VS at 299 � 324 km
above the CMB under the Cocos plate. Notably, the bulk sound
velocity (VU) decreased by �1.0% ± 0.5% at this depth (Hutko
et al., 2008).

A number of possible explanations for the D’’ seismic features
has been proposed, including the thermochemical heterogeneities,
plastic flow induced fabric within the D’’ layer and a phase transi-
tion from Bgm to PPv. Cobden et al. (2012) compared mantle mod-
els with and without the inclusion of post-perovskite and found
that models incorporating a PPv-bearing core-mantle boundary
(CMB) region provide a significantly better fit to global and regio-
nal seismic data compared to PPv-free models (Cobden et al.,
2012). Cobden and Thomas (2013) analyzed P- and S-wave reflec-
tions in the D’’ region and proposed that in regions such as the Car-
ibbean, characterized by high-amplitude, negative polarity P
waveforms and positive polarity S waveforms, the phase transition
from Bgm to PPv is the most likely explanation for the observed
discontinuity (Cobden and Thomas, 2013). Ab initio calculations
by Wookey et al. (2005) suggest that the phase transition from
Bgm to PPv has different effects on seismic velocities, with VS

increasing by around 4% at the discontinuity, while the VU is
strongly reduced (Wookey et al., 2005). This anticorrelation results
in an almost negligible VP discontinuity. These studies collectively
provide evidence for a seismic discontinuity in the D’’ region, likely
associated with the phase transition from Bgm to PPv, exhibiting
distinct signatures in seismic wave velocities, particularly the
velocity increase in VS, and the anticorrelation between VS and
VU anomalies.

The direct measurement of VP and VS sound velocities of the PPv
under relevant pressure conditions in this study, in conjunction
with measured and modeled sound velocities of Bgm, enables us
to assess the velocity contrast across the transition at a given depth
and evaluate the likelihood of the presence of the PPv phase. In
Fig. 4, we have plotted the velocity contrast between Bgm and
PPv with 15% Fe content on top of seismic observations and ab ini-
tio calculations. Our data suggest a � 5.3% increase in VS, a � 2.8%
decrease in VP, and a � 3.5% decrease in VU. The anti-correlation
between VS and VU is consistent with seismic observations. It is
noteworthy that the measurements were conducted at room tem-
perature, and high temperatures may have a negative effect on the
velocities, potentially reducing the measured velocity contrast
across the phase transition. Several studies have claimed that there
may be a region of coexistence phases of Bgm and PPv in the D’’
layer, and the layer of two-phase coexistence may be too thick
for the Bgm-PPv phase transition to be the sole cause of the
observed seismic discontinuities (Kuwayama et al., 2022). How-
ever, Langrand et al. (2019) suggested that the transformation
kinetics of the Bgm to PPv transition could affect the reflection
coefficients of VP and VS by more than an order of magnitude
(Langrand et al., 2019). Consequently, thick layer of coexisting
Bridgmanite and post-perovskite can be detected using seismic
reflections. On the other hand, theoretical studies by
7

Wentzcovitch et al. (2023) proposed that the presence of Fe3+,
Fe2+, and Al3+ may play a role in the transition pressure and sharp-
ness of the D’’ discontinuity associated with the Bgm to PPv tran-
sition (Wentzcovitch et al., 2023). Further investigations on the
velocity measurements of PPv compositions with varying Fe3+

and Al3+ concentrations will help resolve this hypothesis.
Previous seismic tomographic studies commonly show evi-

dence for a laterally-varying VS discontinuity in some localized
lowermost mantle (Kendall and Nangini, 1996; Lay et al., 2004).
Also, in the global scale, the seismic discontinuities are commonly
observed in faster-than-average-velocity regions that may be
related to the cold subducted slabs (Cobden et al., 2015). These lat-
erally seismic variations can be attributed to either chemical
heterogeneity or preferred crystal orientation aligned with flow
direction in the PPv phase (Asplet et al., 2020). Although no pre-
ferred orientation has been observed in our experiment, the sound
velocities of PPv at lowermost lower mantle are more sensitive to
Fe content compared to the pressure effect over the experimental
pressure range. Thus, it may suggest that the chemical composition
of the PPv would be the dominant factor to affect the sound veloc-
ities at lowermost pressure range if PPv presents there. The varia-
tions of seismic velocities at base of lower mantle may be a
reflection of variation in Fe concentration in different regions.
These Fe distribution heterogeneity can be caused by either local-
ized reactions between silicate mantle and liquid outer core
(Otsuka and Karato, 2012) or the penetration of Fe enriched slab
materials such banded iron formation (Dobson and Brodholt,
2005). On the other hand, our results show that the variation in
VS (

@lnVS
@XFe

¼ �0:39) that varies with up to 40 mol.% Fe content is lar-

ger than that variation in VP (@lnVP
@XFe

¼ �0:28) at 120 GPa, which sug-

gests that VS is more sensitive to Fe content than that of VP. This
could be the potential reason that seismic VS discontinuities at
the D’’ layer are more prevalent than VP discontinuities if Fe con-
centration dominate the sound velocity of PPv. Our one-
dimensional velocity model shows a substantial reduction of 12%
in the Poisson’s ratio, decreasing from approximately 0.33 to
0.29, across the Bgm to PPv phase transition (Fig. 4). In seismic
studies where both P wave and S wave arrivals are detected, the
Poisson’s ratio can be directly determined. However, in most of
the seismic tomography studies, the correlation between VP and
VS is robust up to 1500 km but gradually deteriorates towards
the bottom of the mantle. Consequently, the variation in Poisson’s
ratio in the lowermost mantle remain ambiguous, with estimates
ranging from a positive change of � 6% to a negative change of
around �5% (Weber, 1993). The observed variations in the Pois-
son’s ratio across the Earth’s lower mantle can be used to infer
the thermal or chemical perturbations (Saltzer et al., 2004). We
propose that the phase transition could be a potential explanation
for the variations in the Poisson’s ratio that observed in the lower-
most mantle. The significant reduction in the Poisson’s ratio asso-
ciated with this phase transition may contribute to the observed
seismic signatures and provide insights into the mineralogical
and compositional heterogeneities present in D’’ layer.

5. Conclusion

We have directly measured sound velocities of two PPv compo-
sitions, PPv15 and PPv25 to provide mineral physical constraints
on the velocity profiles across the Fe-bearing Bgm-PPv phase tran-
sition. The occurrence of the Fe-bearing Bgm-PPv transition exhibit
a significant increase in VS, accompanied by a reduction in both VP

and VU which is consistent with the first-order seismic observation
in the Earth’s lowermost mantle region. Our study also shows a
substantial effect of Fe on the sound velocities of PPv phase, high-
lighting the importance of considering the influence of chemical
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compositions, particularly Fe content, on the seismic signatures of
Earth’s lowermost mantle. Future studies on the seismic profiles of
Fe-Al-bearing PPv with co-existing bridgmanite and ferropericlase
at elevated pressure–temperature conditions, together with infor-
mation about their two-phase textures and single-crystal elastic-
ity, are critically needed to decipher detailed seismic features
and realistic dynamic flow patterns at the lowermost mantle.
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