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Abstract Deciphering the origin of seismic heterogeneity has been one of the major challenges in
understanding the geochemistry and geodynamics of the deep mantle. Fully anisotropic elastic properties
of constituent minerals at relevant pressure-temperature conditions of the lower mantle can be used to
calculate seismic heterogeneity parameters in order to better understand chemically and thermally induced
seismic heterogeneities. In this study, the single-crystal elastic properties of ferropericlase (Mgg.94Feg06)0
were measured using Brillouin spectroscopy and X-ray diffraction at conditions up to 50 GPa and 900 K. The
velocity-density results were modeled using third-order finite-strain theory and thermoelastic equations
along a representative geotherm to investigate high pressure-temperature and compositional effects on the
seismic heterogeneity parameters. Our results demonstrate that from 660 to 2000 km, compressional wave
anisotropy of ferropericlase increased from 4% to 9.7%, while shear wave anisotropy increased from 9% to as
high as 22.5%. The thermally induced lateral heterogeneity ratio (Rs/p=0InVs/0InVp) of ferropericlase

was calculated to be 1.48 at ambient pressure but decreased to 1.43 at 40 GPa along a representative
geotherm. The Rsp of a simplified pyrolite model consisting of 80% bridgmanite and 20% ferropericlase
was approximately 1.5, consistent with seismic models at depths from 670 to 1500 km, but showed an
increased mismatch at lower mantle depths below ~1500 km. This discrepancy below mid-lower mantle
could be due to either a contribution from chemically induced heterogeneity or the effects of the Fe spin
transition in the deeper parts of the Earth’s lower mantle.

1. Introduction

Seismic heterogeneities within the Earth’s lower mantle are typically attributed to thermal and/or chemical
variations of the constituent materials [Karato and Karki, 2001]. Some authors have suggested that hetero-
geneity of the lower mantle is dominantly due to thermal effects [Forte, 2000; Forte et al., 1994; Hager et al.,
1984], while chemical heterogeneity has been invoked by other studies to explain large low-shear-velocity
provinces (LLSVPs) in the lowermost mantle beneath the Pacific and African plates [Garnero and McNamara,
2008; van der Hilst and Kdrason, 1999]. A more recent study has proposed a combined thermochemical
mechanism for the development of the seismic structure of LLSVPs based on their long-wavelength struc-
ture, lateral shear-velocity anisotropy, sharp velocity gradients along their margins, and anticorrelated bulk
and shear velocities [Davies et al., 2015]. Distinguishing between the thermal and chemical contributions to
seismic heterogeneities of the lower mantle from a material properties perspective is critical as each
mechanism has drastically different implications for our understanding of the geodynamics, geochemistry,
and thermal evolution of the planet’s interior. Our present understanding of the origin of the lateral hetero-
geneity in the lower mantle minerals remains mostly theoretical [Tsuchiya, 2011; Wu and Wentzcovitch,
2014]. However, comparisons of lateral variations in seismic shear wave (Vs) and compressional wave (Vp)
velocities, given as Rs/p=0InVs/0InVp, in conjunction with mineral physics elasticity experiments on lower
mantle minerals at relevant pressure-temperature (P-T) conditions, can provide new constraints on the
lower mantle seismic structures and dynamics.

Based on the pyrolite model, Earth’s lower mantle, the most voluminous layer of the planet, consists of
approximately 75% bridgmanite (Mg,Fe)SiOs, 20% ferropericlase (Mg,Fe)O, and 5% Ca-silicate perovskite
(CaSiOs) [Ringwood, 1975]. Accurate determinations of the elastic properties of deep Earth materials under
the relevant P-T conditions are essential for understanding seismic models of the deep mantle. It has been
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suggested that variations in mineralogy, Fe or Al content of bridgmanite, and Fe spin states are plausible
candidates for lateral heterogeneity in Earth’s lower mantle [Jackson et al., 2005; McCammon et al., 2008].
Changes in the elasticity and texture of ferropericlase, including the effects of the spin transition, have also
been proposed as potential sources of mid-lower mantle seismic heterogeneities [Karato and Karki, 2001;
Wu and Wentzcovitch, 2014]. The elasticity of ferropericlase with varying Fe content has been experimen-
tally and theoretically studied at lower mantle pressures across the spin transition, showing that Vp is sig-
nificantly reduced while Vs remains unaffected over the transition [Marquardt et al., 2009; Wu et al., 2013;
Wu and Wentzcovitch, 2014; Yang et al.,, 2015]. Ferropericlase is a rheologically weaker phase compared to
bridgmanite and can develop a strong lattice preferred orientation, producing shear wave anisotropy
Vsy > Vs (Where Vg and Vs, are the velocities of the horizontally and vertically polarized seismic shear
waves, respectively) in the lower mantle [Yamazaki and Karato, 2002]. However, the contribution of ferro-
periclase to the thermal and chemical heterogeneities has remained theoretical. Fully resolving its density,
elastic constants, and bulk and shear moduli under high P-T conditions is critical to rigorously test theo-
retical calculations against experimental data and explicitly elucidate the thermal and chemical variations
in the lower mantle.

Here we have measured the acoustic wave velocities and density of synthetic single-crystal ferropericlase
[(Mgo.06F0.06)O1 at high P-T conditions up to 50 GPa and 900 K using Brillouin light scattering (BLS) combined
with X-ray diffraction (XRD) in an externally heated diamond anvil cell (EHDAC). Using these data, we have
calculated elastic and seismic properties of ferropericlase along a representative lower mantle geotherm
and discuss the potential contribution of ferropericlase on seismic heterogeneities of the lower mantle.

2. Experimental Methods

Single-crystal ferropericlase with XFe =Fe/(Mg+ Fe) =0.06 ((Mgo.94Fe0.06)O, hereafter denoted as fp6) was
synthesized through the interdiffusion of Fe and Mg between single-crystal periclase (MgO) and prereacted
(Mg,Fe)O powders [Jacobsen et al., 2002]. The ferric-iron content Fe3*/SFe =0.02(1); density po=3723 kg/m3;
and other details of synthesis, structure, and elastic properties of the sample at ambient conditions were
reported by Jacobsen et al. [2002]. For high P-T Brillouin and XRD measurements, thin plates of the single-
crystal ferropericlase were polished on both sides perpendicular to [100] to ~12 um in thickness and then
cleaved into several ~70x 70 um square pieces. Single-crystal XRD patterns with an incident X-ray wave-
length of 0.3344A were used to determine sample orientation and density at beamline 13-BMD in
GeoSoilEnviroConsortium for Advanced Radiation Sources (GSECARS) of the Advanced Photon Source,
Argonne National Laboratory (APS, ANL). Re-W alloy, which is more stable at high temperatures than a typical
Re gasket, was used as the gasket material for high P-T experiments. A 250 um thick gasket was preindented
to ~30-40 um by a pair of diamonds with a 300 um culet size in an EHDAC [Kantor et al., 2012]. A hole of
170 um was subsequently drilled and used as sample chamber. The ferropericlase crystal was loaded into
the EHDAC sample chamber together with Au powder, which served as the pressure calibrant at high P-T
[Fei et al., 2007], and an ~5 um ruby sphere, used as the pressure indicator for loading Ne gas pressure med-
ium. The temperature of the sample in the EHDAC was measured using an R-type thermocouple attached to
one of the diamond anvils approximately 500 um away from the diamond culet. The EHDAC was equipped
with an alumina ceramic heater coiled with two pieces of Pt wire of 200 um diameter and 48 cm in length
[Kantor et al., 2012]. Four experimental runs at GSECARS were conducted over a 2 year period totaling ~60
8 h shifts to collect the data presented here.

High P-T Brillouin measurements were conducted at stepwise pressures up to 50GPa at 4 constant
temperatures of 300K, 550K, 750K, and 900K at 13 BMD in GSECARS of the APS, ANL. To avoid potential
oxidation of the diamond anvils and Pt wires at high temperature, Ar gas with 2% H, gas continuously
flowed into the EHDAC during heating. A solid state Verdi V2 laser with a wavelength of 532nm and a
power of 0.4 W was used for Brillouin measurements. Brillouin spectra were collected in asymmetric forward
scattering geometry with an external scattering angle of 50° using a six-pass tandem Fabry-Perot interfe-
rometer. The acoustic velocities of the Brillouin spectra were derived from the measured Brillouin frequency
shift as follows:

/AquVB
Vpg =08 1
P57 2sin(6/2)” M
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where Vps is the measured acoustic
velocity, 1y is the laser wavelength
of 532nm, Avg is the Brillouin fre-
quency shift, and @ is the external
scattering angle of 50°. The Brillouin
spectra were collected along princi-
ple axes [100] and [110] of single-
crystal ferropericlase platelet, which
were confirmed by in situ XRD pat-
terns of the crystal before the mea-
surements. XRD patterns of the
ferropericlase at each given P-T
Data from X-Ray Diffraction were also used to determine the
60 0 ' 2'0 ' 4'0 ' density (p) of the sample. The elastic
constants (Cqq, Cy5, and Cy4) of ferro-
Pressure (G Pa) periclase were determined using the
following equations via least squares
regression:

754

70+

O 300 K (Jackson et al., 2006).

20 40
Pressure (GPa)

65+

Volume (A?)

Figure 1. Pressure-volume-temperature relations of single-crystal ferroperi-
clase (Mgg 04Feg.06)O from X-ray diffraction. The solid symbols are the
experimental measurements at 300 K (black), 550K (blue), 750 K (green),
and 900K (red). The lines are the fits to experimental data using the third- Vo 1100] = (C 1/2 >
order Birch-Murnaghan equation of state. The inset shows the density of the P [100] = (Cnn/p) ™, @
ferropericlase as a function of pressure. The open circles are from Jackson

- 1/2
e o VS100] < 110> = (/)" O

Vp “10] = [(CH -+ C12 + 2C44)/2p]1/27 (4)

Vs [110] < 110 > = [(Cyy — C12)/2p]'"2, (5)

where [uvw] represents the crystallographic direction of acoustic wave propagation, and <uvw> indicates
the polarization direction. Pressure was determined from the measured lattice parameter of Au and cali-
brated using the thermal equation of state [Fei et al., 2007]. Pressure was measured before and after each
Brillouin measurement, and the average pressure was used in the equation of state fitting. Errors are given
by their standard deviation (10).

3. Results and Thermoelastic Modeling

High P-T XRD patterns of the single-crystal ferropericlase (Mgo 94Feg.06)O Were collected up to 50 GPa at tem-
peratures of 300K, 550K, 750K, and 900 K (Figure 1). The lattice parameters of ferropericlase were calculated
based on four sets of diffraction peaks corresponding to {200}, {220}, {400}, and {420} equivalent reflections.
Analysis of the XRD patterns of the sample also confirmed that the crystal was oriented in the (100) crystal-
lographic plane within approximately +£1° angular uncertainty at high P-T. The P-V curves at each tempera-
ture were fitted using the third-order Birch-Murnaghan equation of state [Birch, 1947]. The calculated
density as a function of pressure at 300K was consistent with values reported by Jackson et al. [2006]
(Figure 1 inset). The thermal expansion coefficient o was calculated using

T

V(T) = Voexp UTOa(T)dT}, (6)

where V, is the volume at 300 K and «(7) is a constant at ambient pressure, with a value of 3.0 (1)x 10> K™,
determined by fitting the experimental data at ambient pressure. The pressure derivative of the thermal
expansion coefficient (8(1(T)) is approximately —1.0 x 1077 K~' GPa™ .

oP

High P-T Brillouin spectra of ferropericlase along the [100] and [110] crystallographic directions are shown in
Figure 2. Most of the Brillouin spectra showed strong Vp and Vs peaks with high signal-to-noise ratios at high
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29.3 GPa, 750 K 24.5 GPa, 900 K
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Figure 2. Representative Brillouin spectra of single-crystal ferropericlase (Mgg.g4Feg 06)O at high pressure and tempera-
ture. Black line: collected raw data; red line: Lorentz peak fit. (top) Velocity measured along [100] crystallographic
direction and (bottom) velocity measured along [110] crystallographic direction.

11
’u? 10.54 —
= L10 D
E 9.0- -
X
A ° S
> ‘ ® 550K 2 ‘
= e 750K "?
&) e 900K (&)
Q 6.4 O 300 K(Jackson et al., 2006) 6.0 (@]
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Q O N
> 6.2 >
e +4.5
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Pressure (GPa) Pressure (GPa)

Figure 3. Acoustic velocities of the single-crystal ferropericlase (Mgg g4Feg.06)O along (left) [100] and (right) [110] crystal-
lographic directions as a function of pressure and temperature. The lines are calculated from modeled results of the
elastic constants using finite-strain theory (see Figure 3 for further details). Solid circles: this study; open circles:
(Mgg.94Feq.06)0 crystal along same crystallographic directions reported by Jackson et al. [2006].
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525

P-T. The Vo, mode of ferropericlase
overlapped with the Vs of diamond
in the anvils above ~30 GPa, prevent-
ing measurement of Vp at these
conditions. Vp and Vs modes as a
function of pressure at each tempera-
ture along the [100] and [110] direc-
tions are shown in Figure 3. These
velocities increase with increasing
o Jackson et al., 2006 (fp6) pressure except for Vs[100]<110>,
- -Yang et al., 2015 (fp8) which remains almost constant up
1441 ' ' I to ~10GPa before decreasing with

increasing pressure. The velocities as
a function of pressure at a constant
temperature of 300K are consistent
with those reported for fp6 by
Jackson et al. [2006]. Together with
the density information at high P-T
from XRD measurements, the mea-
sured Vp and Vs velocities of the
single-crystal ferropericlase permit
96- direct derivation of the full elastic
tensor at high P-T via equations 2-5
(Figure 4) [Every, 1980].

450+

3751

C,,(GPa)

300

128+

112

C,,(GPa)

160

Elastic constants of the single-
crystal ferropericlase (Mg o4Feq.06)O
at ambient pressure as a function
of experimental temperatures are
shown in Table 1 and compared
with literature results in Table 2.
The pressure and temperature
derivatives of the reference elastic
moduli, as shown in Table 3, were
. T obtained by fitting the moduli

0 10 20 30 either at constant T, using the
third-order  Eulerian finite-strain

Pressure (GPa) equation (Figure 4) [Birch, 1978], or
at constant P, using linear equation:

150+

C, (GPa)

140+

Figure 4. (a—c) Elastic constants of the single-crystal ferropericlase
(Mgp.94Fep.06)0 as a function of pressure and temperature. The solid
lines are the fitted results with a third-order finite-strain equation. Open Cg(T) = ij’.(300 K)
circles: Jackson et al. [2006]; dashed lines: Yang et al. [2015].
+ (T —300) (6CU/6T)P, (7)

Ci(f) = (1 +2f)/2 [cg. + byf + (1/2)baf?| — Pbs, ®)

Table 1. Elastic Moduli of Single-Crystal Ferropericlase (Mggo4Fep06)O at Ambient Pressure as a Function of
Experimental Temperatures

Kso (GPa) GO (GPa) C-|-| (GPa) C12 (GPa) C44 (GPa)
300K 160(2) 121(1) 283(3) 101(2) 146(2)
550K 157(2) 116(1) 270(4) 102(2) 142(2)
750K 153(3) 112(2) 258(4) 103(2) 139(2)
900 K 151(3) 108(2) 248(4) 104(3) 137(2)
YANG ET AL. FERROPERICLASE HIGH PRESSURE-TEMPERATURE ELASTICITY 8492
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Table 2. Comparison of the Elastic Moduli at Ambient Conditions

Composition Kso (GPa) Go (GPa) Cq1 (GPa) C12 (GPa) Ca4 (GPa)
This study (Mgo.04F€0.06)0 160(2) 121(1) 283(3) 101(2) 146(2)
Jackson et al. [2006] (Mgo.04Fe0,06)0 163(3) 121(2) 284(3) 103(1) 147(1)
Jacobsen et al. [2002] (Mgo .04Fe0,06)0 161(3) 1212) 281(2) 101(2) 147(1)
Marquardt et al. [2009] (Mgg.oFeq.1)0 164(1) 116(1) 280(1) 102(1) 142(1)
Sinogeikin and Bass [2000] MgO 163.2(10) 130.2(10) 297.9(15) 95.8(10) 154.4(20)
Karki et al. [1997]a MgO 158 121.8 291 91 139
*Theoretical calculation
/0
br = 3Kso (C'y — b3) - 73, ©)
/ 0 0
bz = 3Ky (b1 +7C3 ) — 16b; — 49CS, (10

f:(1/z)[(vo/V)%—1]. (1

where CE(SOO K) is the derived elastic constant from measurements at ambient pressure and temperature
(300 K) and is thus fixed for the further modeling; Cg.(T) is the elastic constant at high temperature and ambi-
ent pressure; Cf]’- and C’:} is the elastic constant at ambient conditions and its first pressure derivative, respec-
tively; and Vy and V are the unit-cell volumes at ambient conditions and at high pressures, respectively.

Using the derived elastic constants of the sample, the aggregate adiabatic bulk (Ks) and shear moduli (G)
were calculated using the Voigt-Ruess-Hill averages [Hill, 1952] (Figures 5a and 5b):

Ks = C1y — 2C/3,

G— KC/S 4 3Cu /5) 4 5C4aC/(4Cas + 3C)] /2,

(12)
(13)
(14)

The derived Kso and G at ambient conditions are 160(2) GPa and 121(1) GPa, respectively, which are fixed for
further thermoelastic modeling. The aggregate velocities of the sample (Figures 5c and 5d) are calculated

using the equations

Ve =, /(Ks + 4G/3)/p7 (15)
Vs =+/G/p. (16)
Table 3. Comparison of the Temperature and Pressure Derivatives of the Single-Crystal Elastic Moduli of Ferropericlase
(0Ks/0T)p (0G/0T)p (0Cq1/0T)p (0C12/0T)p (0C44/0T)p
Temperature Derivatives Composition (MPa/K) (MPa/K) (MPa/K) (MPa/K) (MPa/K)
This study (Mgo.04F€0.06)0 —15.4(1.1) —21.3(9) —58.1(2.2) 4.9(4) —15.1(4)
Karki et al. [1999]° MgO —14.0 —21.6 —59.8 8.9 —838
Wu and Wentzcovitch [2014]a (Mgo‘375FEO‘125)O —12 -1
Pressure derivatives Composition (0Ks/0P) (0G/oP) (0C1+1/0P)T (0Cq2/0P)T (0C44/0P)T
This study (Mgo.04Fe0.06)0 4.0(2) 2.1(1) 8.3(2) 1.5(1) 1.0(1)
Jackson et al. [2006] (Mgo.94Feg.06)O 3.9(2) 2.1(1) 8.35 1.42 0.89
Yang et al. [2015] (Mgo.92F€0.08)0 8.99(0.1) 1.95(0.12) 1.22(0.1)
Marquardt et al. [2009] (Mgg.oFeq.1)O 3.98(14) 8.71(15) 1.74(14) 0.84(18)
Jacobsen et al. [2005] (Mgo.76Fe0.24)0 4.17 2.7(1) 9.3(2) 1.3(6) 1.2(1)
Jacobsen et al. [2005] (Mgo.44Fep.56)0 417 1.5(1) 9.6(4) 1.5(4) —0.16(9)
Sinogeikin and Bass [2000] MgO 4.0(1) 2.4(1) 9.05(20) 1.34(15) 0.84(20)
Karki et al. [1999]° MgO 4.5 244 9.56 1.45 1.03
*Theoretical calculations.
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Figure 5. (a-d) Aggregate elastic moduli and velocities of ferropericlase (Mgg g4Feg 06)O as function of pressure and
temperature. The solid lines are the fits to experimental data using a third-order finite-strain equation. Open circles:
Jackson et al. [2006]; dashed lines: Yang et al. [2015].

The P-T derivatives of the reference isotropic elastic moduli were obtained by fitting the moduli either at
constant T, using the third-order Eulerian finite-strain equations [Birch, 1978], or at constant P using linear
equation:

Kso(T) = Kso(300 K) + (T — 300)(8Ks/T),, (17)

Ks = Kso(1+26)2{1 4+ [3K6, — 5F +1/2[9Ks,” — 36Ky, +35] 2 (18)

Go(T) = Go(300 K) + (T — 300)(3G/aT ), (19)

G = (142)°7{Go + [36,Ks0 — 5Go|f +9[KE [ (1/Ks0) (Ko — 4G, ) | +35G0/9] 2} (20)

where Ksg and Gg are the derived elastic moduli from measurements with ambient pressure and temperature
(300K), Kso(T) and Go(T) are the elastic moduli at high temperature and ambient pressure, K, and G, are the
first pressure derivatives of the elastic moduli, and fis the Eulerian strain. A self-consistent density model was
adopted to determine the finite-strain parameters for elastic moduli [Speziale and Duffy, 2002]. Densities from
the XRD results were first used for the initial finite-strain fitting. The derived Ks and K, were converted to the
isothermal bulk modulus (K7) and its pressure derivative at constant temperature K’T0 using the following
thermodynamic relations [Poirier, 2000]:

Kro = Kso/(1 + o0yorT), 21
/ — ! T
Kro = (1 + aoy,T) 1 {Kso - <%) (5KT/8T)P0]7 (22)
0

where (0K7/0T)pg is the temperature derivative of Ky at ambient pressure, Kry is the isothermal bulk modulus
at ambient conditions, ag is the thermal expansion coefficient, and yq is the Griineisen parameter. The isother-
mal parameter K’T0 was then used to fit the P-V-T relation to obtain refined density. The procedure was
iterated until both K and K;, values were convergent and self-consistent with the input P-V-T relation.
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Figure 6. Seismic parameters of single-crystal ferropericlase (Mgg 94Feg.06)O as a function of pressure and temperature.
(a) Vp/Vs ratio, (b) Poisson’s ratio, and (c) anisotropy factor. The anisotropy factor is defined as A =[(2C44 + C12)/C17]1 — 1.
The lines are calculated from fitted results of the elastic constants and moduli (see Figures 3 and 4 for these parameters).
Open circles: Jackson et al. [2006]; triangles: Sinogeikin and Bass [2000]. (d) V/Vs ratio, (e) Poisson’s ratio, and (f) anisotropy
factor along an expected geotherm of the lower mantle [Brown and Shankland, 1981]. The representative error bars

are estimated using standard error propagation from the modeled parameters.

Thermoelastic results from XRD are used to derive for these parameters: (8Ky/0T)po= —0.01GPaK™' and
05=3.0x10">K™" at 300 to 900K temperature conditions. The literature value yor=1.443 is used for the
conversion [Tange et al., 2009].

4, Discussion and Implications

4.1. High-Temperature Effects on the Seismic Parameters of Ferropericlase

Knowledge of the elastic anisotropy (A), Poisson’s ratio (v), and Vp/Vs ratio of ferropericlase at high P-T may
shed light on understanding seismic anisotropy within the Earth’s lower mantle. For the cubic ferropericlase,
the elastic anisotropy factor (A) can be expressed as

_2Cu+GCo

A
Cn

1. (23)

The Poisson’s ratio (v) can be expressed as

_1(Vp/Vs)* =2

= . 24
v 2 VoV 1 (24)
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Figure 7. Pressure dependence of the thermally induced and Fe-induced lateral variation of ferropericlase (Mgg 94Feg 06)O
in the compressional and shear wave velocities along a representative geotherm [Brown and Shankland, 1981].

(@) Rpyr=0InVp/OT and Rs;7=0InVs/OT and (b) thermally induced heterogeneity ratio Rs/p=0InVs/dInVp. The dashed
lines are the calculated results of bridgmanite (brg) for comparison [Li and Zhang, 2005). (c) Rp/pe = 0InVp/0Xfe and
Rs/7=0InVs/0Xpe and (d) Fe chemically induced heterogeneity ratio Rs/p=0InVs/dInVp. The representative error

bars are estimated using standard error propagation from the modeled parameters.

Analysis of these parameters using our data shows that A decreases with increasing pressure but increases
with increasing temperature (Figure 6). At ambient pressure, A is 0.39 at 300K and 0.53 at 900K, respec-
tively. The anisotropy decreases to zero at both ~20 GPa, 300K and at ~24 GPa, 900 K. As temperature was
increased from 300K to 900K, Vp/Vs and v increased by ~2% and ~6%, respectively. Compared to MgO
[Sinogeikin and Bass, 2000], A for fp6 is 8% higher at ambient conditions, whereas Vp/Vs and v are, respec-
tively, increased by ~1.4% and ~7%. These results show that both addition of Fe and elevated temperature
can increase elastic wave anisotropy, whereas pressure suppresses the anisotropy but increases Vp/Vs and
v at high P-T.

To apply these seismic parameters to relevant lower mantle conditions, we have also used thermoelastic
modeling to calculate the Vp/Vs ratio, Poisson’s ratio, and anisotropy factor to extrapolate the P-T deriva-
tives of elastic constants along a representative lower mantle geotherm, which represents a layered man-
tle convection model with a reference temperature of 1873K at 670 km depth [Brown and Shankland,
1981] up to 50GPa, equivalent to a depth of 1250km (Figures 6d-6f). The pressure range was limited
to mid-lower mantle values in order to remove the effects of the Fe spin transition, which can significantly
affect modeling outcomes [Yang et al., 2015]. From 660 km to 1250 km, Vp/Vs varies from 1.736 to 1.760
while Poisson’s ratio ranges from 0.25 to 0.26, which are generally consistent with seismic models
[Saltzer et al., 2004]. The anisotropy factor of ferropericlase is 0.13 at 660 km, decreases to 0 at 900 km,
and then its absolute value increases monotonically with increasing pressure to 0.12 at 1250 km, suggest-
ing that ferropericlase is highly anisotropic at depths below the mid-lower mantle.
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Figure 8. Depth profile of the thermally induced heterogeneity ratios
(Rsyp=0InVs/dInVp) for a simplified pyrolite compositional model along a
representative geotherm [Brown and Shankland, 1981]. Solid black line:
simplified pyrolite model with 20% ferropericlase (fp20) and 80% bridgma-
nite (brg10) [Li and Zhang, 2005]. Solid blue line: profile corrected for
anelasticity effect on the heterogeneity ratio of pyrolite. Mineral physic
models for thermal lateral variations are shown as K93 with blue dashed line
[Karato, 1993], KKO1 with green dashed line [Karato and Karki, 2001], and
WW14 with red dashed line [Wu and Wentzcovitch, 2014]. Seismic models are
shown as magenta dashed line: MCDRT12, a normal-mode data-derived
model [Mosca et al., 2012]; cyan dashed line: HMSL08, a model employing
primarily body wave data [Houser et al., 2008]; orange dashed line: SP12RTS, a
model derived from combined Rayleigh wave phase velocities, body wave
travel times, and normal-model splitting function measurements [Koelemeijer
et al., 2016]. The error bars are estimated using standard error propagation
from the modeled parameters.

4.2, Seismic Anisotropy in the
Lower Mantle

To quantify seismic anisotropy of
ferropericlase under lower mantle
conditions, we have calculated the
Vp anisotropy (AVp) and shear wave
splitting factor (AVs) along a repre-
sentative geotherm using the follow-
ing equation [Mainprice et al., 2000]:

AV; = 100 x M (25)

i,aggre

where V;max Vimin and Vjaggre are
the maximum, minimum, and aggre-
gate Vp or Vs velocities. At 660 km
and 1866 K, the AVp is 4% and AVs is
9%, and the difference between the
orthogonally polarized Vs, and Vs is
0.51 km/s. At 2000 km and 2250K,
the AVp is 9.7% and AVs is as high
as 22.5%, whereas the difference
between Vsy and Vs, is 1.6km/s.
These results show that both Vp and
Vs anisotropies increase with depth
and that the anisotropy of ferroperi-
clase increases with increasing tem-
perature at lower mantle conditions.
Close to the core-mantle boundary,
the splitting is expected to be even

higher due to the steep thermal
gradient within the D" layer. The enhanced AV and AVs observed here, together with the tendency of ferro-
periclase to develop stronger fabrics [Yamazaki and Karato, 2001], support the notion that ferropericlase can
significantly contribute to seismic anisotropy in lowermost lower mantle.

4.3. Thermally Induced Heterogeneity Ratios Along a Lower Mantle Geotherm

The thermal or chemical origins of seismic heterogeneity can be constrained by comparing the observed
ratios of various seismic parameters with mineral physics results. The ratios of first-order interest include
the shear wave to compressional wave ratio (Rs;p=0InVs/dInVp), bulk sound to shear wave velocity ratio
(Rp;s=0InVp/0InVs), and density to velocity ratio (Rp,sp=0lnp/dinVsp). The contributions of these ratios to
lateral heterogeneity can have thermal and/or chemical origins. Mineral physics studies have indicated that
Rs/p=0InVs/BInVp is less than 2-2.5 in an isochemical lower mantle, which also implies that variations in shear
wave and bulk wave velocities are positively correlated [Karato and Karki, 2001]. Other studies have found a
negative correlation between shear wave and bulk wave velocities, either throughout the entire lower mantle
[Su and Dziewonski, 1997] or limited to the mid-lower mantle [Masters et al., 2000]. Most studies show that Rs/p
is ~1.5 at the top of the lower mantle and as high as 3.5 at the core-mantle boundary [Koelemeijer et al., 2016;
Masters et al., 2000; Robertson and Woodhouse, 1996].

Here we have calculated thermally induced lateral variations in shear wave and compressional wave
0InVp /0T for ferropericlase with 6% Fe (this study) and bridgmanite from a high P-T ultrasonic study [Li
and Zhang, 2005] to investigate the thermal variation of these two major lower mantle minerals (Figure 7).
The velocities of ferropericlase and bridgmanite were first extrapolated along the geotherm based on
the derived thermoelastic parameters and finite-strain theory. The 200K positive and negative tempera-
ture perturbations were applied to the velocities to determine the dlnVs/0T and AlnVp/0T for ferropericlase
and bridgmanite. The pressure dependencies of Rsp=0InVs/0InVp of ferropericlase and bridgmanite are
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Table 4. Thermoelastic Parameters for Ferropericlase (fp20) (Mgo.gsFe02)O  shown in Figure 8b. For ferroperi-
and Bridgmanite (brg10) (MgggoFeq.1)SiO3 Used in Modeling the

clase, the Rs/p value decreases from
Pyrolite Aggregate ! /P

148 at 0GPa to 1.43 at 40GPa. In

(Mgo gFeo2)0 (Mgo.sFeo.)5i05 contrast, the Rs/p value of bridgma-
Volume pefcentage (%) 20 80 nite increases from 1.51 to 1.53 over
Density (g/cm”) 4.101 ALty the same pressure interval.
Ks (GPa) 160 253
Ks' 4.0 44 In order to compare these results
OKs/oT (GPa/K) —0.0154 —0.02 with seismic models of the Earth’s
gl(GPa) 12012 1275’ lower mantle, we have calculated
0G/0T (GPa/K) _0‘6213 —0.628 the Rsp value along an expected
a (K" 3.0x107° 19%107° geotherm for the simplified pyrolite

model [Brown and Shankland, 1981]
consisting of 20% ferropericlase
and 80% bridgmanite [Irifune et al., 2010]. In order to take the effect of Fe content into account, the elastic
properties of ferropericlase with XFe =0.20 (Mg gFeo,0) were derived by assuming a linear compositional
effect of FeO on elasticity of ferropericlase using data from MgO [Sinogeikin and Bass, 2000], Mgg 94F€e0.060,
Mgo.92Fe0.080 [Yang et al., 2015], and Mgg oFeq 10 [Marquardt et al., 2009]. Assuming that the Fe and Mg par-

rg fp
titioning coefficient between bridgmanite (brg) and ferropericlase (fp), Kp = (,&—Z) /(,&—eg) = 0.5, is pres-

sure independent above ~40GPa [Irifune et al., 2010], thermoelastic properties of bridgmanite with
XFe=0.10 (MggoFeq.10)SiOs were adopted to model the velocity and seismic parameters [Li and Zhang,
2005]. The thermoelastic parameters used for ferropericlase and bridgmanite in the following calculations
are given in Table 4.

The volume-weighted aggregate velocity profiles with depth for the simplified (excluding calcium sili-
cate perovskite) pyrolite model are approximately consistent with preliminary reference Earth model
[Dziewonski and Anderson, 1981] (Figure S1 in the supporting information). Positive and negative tempera-
ture perturbations by 200 K were also applied to determine the temperature variation of the aggregate velo-
city, dInVs/0T and dInVp/0T. The Rsp=0InVs/dInVp value of the pyrolite model shows a decrease with
increasing depth (Figure 8). We should note that recent studies have reported significant changes of the
Kp value as a result of the spin transition, such that Fe preferentially partitions into ferropericlase [Irifune
et al, 2010]. The effect of the spin transition on the seismic parameters needs to be further considered.
Since the Rs/p value can be significantly influenced by temperature-dependent anelasticity in the deep
Earth, the predicted Rs/p correction of ~0.2 for the anelasticity effect between 660 and 1600 km is also taken
into account [Matas and Bukowinski, 2007] (Figure 8). Our data are consistent with most seismic observations
within uncertainty for the upper part of the lower mantle including MCDRT12 [Mosca et al., 2012], HMSL08
[Houser et al., 2008], and SP12RTS [Koelemeijer et al., 2016]. We thus conclude that the thermal origin is domi-
nant for the upper 1500 km of the lower mantle, which is in agreement with some seismic predictions
[Simmons et al., 2010]. Although most of the seismic models show a high Rs/e value in the middle part of
the lower mantle [Koelemeijer et al., 2016; Mosca et al., 2012], our data did not predict such a high Rs/s value
for the high-spin ferropericlase and bridgmanite. This may suggest that other causes predominate in these
regions, such as the Fe spin transition or a contribution from chemically induced heterogeneity [Kaneshima
and Helffrich, 2010; Simmons et al., 2010; Wu and Wentzcovitch, 2014].

4.4. Effects of Fe and Fe Spin Transition on the Seismic Heterogeneity

Variation in Fe content in major lower mantle minerals is regarded as a potential chemical cause for seismic
heterogeneities below the mid-lower mantle [van der Hilst and Kdrason, 1999]. A major change in Fe partition-
ing between ferropericlase and bridgmanite is expected to occur in the top of the lower mantle due to the Al
dissolution in bridgmanite and in the mid-lower mantle due to the Fe spin transition in ferropericlase [Irifune
et al., 2010; Muir and Brodholt, 2016]. The amount of Fe in the Earth’s lower mantle minerals can affect a wide
range of elastic properties of the host minerals, including velocity, elastic constants, and shear modulus
[Jacobsen et al., 2002; Yang et al., 2015]. Previous studies have shown that Fe substitution in ferropericlase
increases its density but reduces the Vp, Vs, and shear modulus [Jacobsen et al., 2002, 2004], causing an
anticorrelation between bulk and shear velocities, which had previously been interpreted as chemical
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heterogeneity in the deep Earth [Kellogg et al., 1999; Tackley, 2000]. For example, the effect of Fe content on
seismic heterogeneity can be evaluated with dInVs/0Xge = —0.5 + 0.1 and dInVp/0Xpe = —0.4 + 0.1, based on
the experimental results at ambient pressure [Karato and Karki, 2001]. Here we have calculated the velocity
variations with Fe content in ferropericlase (0InVs/0Xge and olnVp/0Xre) to understand the potential influence
of Fe variability on lateral velocity anomalies in the lower mantle. We have calculated relative variations of Vs
and Vp with Fe content by considering previous elasticity data from MgO [Sinogeikin and Bass, 2000], ferroper-
iclase with XFe =0.06 (this study), ferropericlase with XFe =0.08 [Yang et al., 2015], and ferropericlase with
XFe=0.10 [Marquardt et al., 2009]. At constant temperature, the calculated olnVs/0Xge decreases from
—0.41 at 0GPa to —0.89 at 40 GPa, while dInVp/0Xr. decreases from —0.28 at 0 GPa to —0.54 at 40 GPa
(Figures 7c and 7d). Meanwhile, Rs/p shows an increasing trend from 1.46 at 0 GPa to 1.67 at 40 GPa, which
is in contrast to the downward trending thermal variation for the lower part of lower mantle. These results
indicate that chemically induced seismic heterogeneity may become dominant in the lower parts of the
lower mantle. The predominance of chemically influenced heterogeneity is consistent with some seismic stu-
dies [van der Hilst and Kdrason, 1999], especially when Fe is preferentially partitioned into ferropericlase at
high pressure [Irifune et al., 2010].

An alternative source of seismic heterogeneity may be the spin transition of Fe in ferropericlase in the
mid-part of the lower mantle [Wu and Wentzcovitch, 2014]. The Rs/p heterogeneity ratio of a homogenous
pyrolite aggregate is as high as ~3.5 over the ~1500 to 2000 km depth (Figure 8), where spin crossover
occurs in ferropericlase. The spin transition in ferropericlase can also produce an anticorrelation between
shear wave velocity and bulk sound velocity in chemically homogeneous pyrolite aggregates, which is
observed in tomography models at certain depths [Wu and Wentzcovitch, 2014]. Our results with high-spin
ferropericlase show clear discrepancy on the Rsp heterogeneity ratio at depth below ~1500 km. Thus,
high-spin ferropericlase alone cannot produce such a robust increase of Rsp value in the mid-part of
the lower mantle, which implies that spin crossover of ferropericlase is a likely cause of observed lateral
seismic heterogeneity in the mid-lower mantle.
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