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Abstract The new hexagonal aluminous phase, named the NAL phase, is expected to be stable at depths
of <1200 km in subducted slabs and believed to constitute 10~30 wt% of subducted mid-ocean ridge basalt
together with the CaFe,04-type aluminous phase. Here elasticity of the single-crystal NAL phase is
investigated using Brillouin light scattering coupled with diamond anvil cells up to 20 GPa at room
temperature. Analysis of the results shows that the substitution of iron lowers the shear modulus of the
NAL phase by ~5% (~6 GPa) but does not significantly affect the adiabatic bulk modulus. The NAL phase
exhibits high-velocity anisotropies with AVp=14.7% and AVs=15.12% for the Fe-bearing phase at ambient
conditions. The high AV; of the NAL phase mainly results from the high anisotropy of the faster Vs,
(13.9~15.8%), while the slower Vs, appears almost isotropic (0.1~2.8%) at ambient and high pressures. The
AVp and AV of the NAL phase decrease with increasing pressure but still have large values with AVp=11.4%
and AVs=14.12% for the Fe-bearing sample at 20.4 GPa. The extrapolated AV and AV; of the Fe-free and
Fe-bearing NAL phases at 40 GPa are larger than those of bridgmanite at the same pressure. Together with its
spin transition of iron and structural transition to the CF phase, the presence of the NAL phase with high-velocity
anisotropies may contribute to the observed seismic anisotropy around subducted slabs in the uppermost
lower mantle.

1. Introduction

The fate of subducted slabs in the Earth’s mantle has been a central issue relevant to our understanding of
the geodynamic processes and chemical evolution of the Earth. Tomographic images around the circum-
Pacific regions have revealed that subducted slabs can penetrate into the deep mantle and not only stag-
nate near the 660 km discontinuity, but also accumulate at the bottom of the lower mantle [Fukao and
Obayashi, 2013; Zhao, 2004]. High-pressure and high-temperature studies on the subducted mid-ocean
ridge basalt (MORB) have shown that it is denser than the surrounding peridotite, which can provide suffi-
cient density contrast to drive the slabs into the lowermost mantle [Hirose et al., 2005; Ono et al., 2005;
Ricolleau et al.,, 2010]. It has also been suggested that seismic signatures observed in the lower mantle,
including seismic anisotropies, discontinuities, and scatterers, could be related to the presence of sub-
ducted slabs [Kaneshima, 2013; Kawakatsu and Niu, 1994; Wookey et al., 2002]. To better understand the
geodynamics of the mantle and the fate of subducted slabs, it is thus essential to study the physical and
chemical properties of the candidate minerals in subducted slabs at relevant pressure-temperature condi-
tions of the lower mantle.

As compared to mantle peridotite, MORB is enriched in aluminum, silicon, calcium, and sodium elements but
depleted in magnesium [Green et al., 1979; Sun, 1982]. Its high Al,03 content of ~16 wt% stabilizes the alumi-
nous phases, calcium-ferrite (CF)-type phase (space group: Pbnm) and new hexagonal aluminous (NAL) phase
(space group: P63/m) [Irifune and Ringwood, 1993; Miyajima et al., 1999]. The NAL and CF phases coexist at
25~50GPa and constitute 10~30 wt% of the subducted MORB [Hirose and Fei, 2002; Ricolleau et al., 2010].
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Studies on the inclusions in diamonds from Juina-5 kimberlite directly verify the presence of the NAL and CF
phases in subducted slabs in the lower mantle [Walter et al., 2011].

The high amount of the aluminous phases in the MORB has attracted considerable attention from researchers to
investigate their phase stabilities, physical and chemical properties, as these properties are important to our
understanding of the geophysics and geochemistry of the subducted basaltic slabs in the lower mantle
[Guignot and Andrault, 2004; Imada et al, 2011; Kawai and Tsuchiya, 2012; Ono et al.,, 2009; Ricolleau et al.,
2010; Wu et al., 2016]. Studies on the phase relations of natural MORB indicate that both the NAL and CF phases
coexist up to ~50 GPa, but only the CF phase is observed beyond 50 GPa [Ricolleau et al., 2010]. The CF phase is
identified as a high-pressure phase of the NAL phase in the NaAISiO4-MgAl,0,4 system [Imada et al., 2011; Ono
et al,, 2009]. Experimental studies on sound velocities of polycrystalline NAL and CF samples using Brillouin light
scattering (BLS) show that shear wave velocity increases by 2.5% upon the NAL to CF phase transition at
~40 GPa [Dai et al., 2013]. First-principle calculations on the elastic properties of the NAL and CF phases indicate
that the shear wave anisotropy increases dramatically from 13.3% to 22.1% across the transition, which could be
seismically detectable [Kawai and Tsuchiya, 2012]. In addition, single-crystal BLS measurements on the NAL
phase at ambient conditions show that it displays elastic compression and shear waves anisotropies of
13.9%, which are relatively high compared to other lower mantle minerals [Pamato et al., 2014]. However,
experimental results on single-crystal elastic and seismic properties of the NAL and CF phases at lower mantle
conditions are required to understand the seismic profiles of the subducted slabs in the lower mantle.

In this study, we investigated the single-crystal elasticity of the two NAL phase samples, Fe bearing and Fe
free, at pressures up to 20 GPa and room temperature using BLS coupled with diamond anvil cells (DACs).
We show results of the elastic and velocity properties of the Fe-free and Fe-bearing NAL phases and discuss
the effects of iron on the velocity anisotropies and heterogeneity ratios of the NAL phase in the lower mantle.
These results are used to discuss potential geophysical implications for the seismic anisotropy of subducted
slabs with the presence of the NAL phase in the lower mantle.

2. Experimental Methods

High-quality single crystals of the Fe-free and Fe-bearing NAL phases were synthesized at high P-T conditions
using a multianvil apparatus (run nos. 5K2283 and 5K2420) [Wu et al., 2016]. Lattice parameters of the Fe-free
sample (Naj 14Mg; g3Al474Si1.23015) at ambient conditions are a=b=8.736(5) A, c=2.770(1) A, and V=183.1
(1) A3, while the Fe-bearing sample (Nag71Mg5.05Al46:5i1 16FeahoFed’7015) has a=b=8.762(4) A, c=2.7789
(8)A, and V=184.76(6) A°.

High-pressure BLS experiments at room temperature were performed on both Fe-free and Fe-bearing NAL
samples at the Mineral Physics Laboratory of the University of Texas at Austin. The Brillouin system was
equipped with a Coherent Verdi V2 laser with a wavelength of 532 nm, a JRS six-pass tandem Fabry-Perot
interferometer, and a COUNT-10B avalanche photodiode detector with a low dark count rate of <5c¢/s at
room temperature. The laser beam was focused to approximately 20 um in diameter on the sample in a
DAC. The Brillouin scattering angle was set up to 46.8°, which was calibrated using a number of standard
calibrants including silica glass, distilled water, and single-crystal MgO [Lu et al., 2013; Yang et al., 2015].
Two short symmetric diamond anvil cells equipped with 400 um diameter diamond culets were used for
the high-pressure BLS measurements. A rhenium gasket was preindented to 40~50 um in thickness.
Subsequently, a hole of approximately 270 um in diameter was drilled in the preindented gasket and used
as the sample chamber. The NAL single crystals exhibit hexagonal prism shape, which permitted us to use
a stereo microscope to identify their x-z and x-y crystallographic planes. The orientation of these preidentified
platelets at ambient conditions were further examined and confirmed using single-crystal X-ray diffraction
(XRD) before they were loaded into DACs for high-pressure Brillouin experiments. For Fe-bearing NAL phase,
x-z plane is determined to be (—0.05, 0, 1) and x-y plane is (0.03, 1, 0). For Fe-free NAL phase, x-z plane is
(0.04, —0.02, 1) and x-y plane is (1, —0.07, —0.09). Two single-crystal platelets of 60~80 um in diameter
and 20 um in thickness for each composition were loaded into the sample chamber, together with neon
gas pressure transmitting medium and several ruby spheres for pressure calibration (Figure 1a inserted fig-
ure) [Mao et al., 1986]. Pressures were measured from the ruby fluorescence spectra, while pressure uncer-
tainties were determined from the pressures before and after the BLS measurements for each pressure
point. For each platelet (x-z or x-y plane) at each given pressure, Brillouin spectra were collected in 19
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Figure 1. Representative Brillouin spectra of the (a and b) x-zand (c and d) x-y planes for the single-crystal Fe-bearing NAL
phase at ambient conditions and 20.4 GPa. The inserted figure in Figure 1a is a representative photo of the two crystal
platelets in the sample chamber at ~3 GPa and 300 K.

different crystallographic directions from 0 to 180° of the azimuthal angle at an interval of 10°. The BLS
experiments on the NAL phase were performed up to 20 GPa at room temperature at a pressure interval
of 2~3 GPa.

3. Results and Discussion
3.1. Elastic Properties of the NAL Phase

The measured BLS spectra showed strong P wave (Vp) and S waves (Vs; and Vs,) with a high signal-to-noise
ratio (Figures 1 and S1 in the supporting information). Although the P wave and two polarized S waves were
expected to exist in the anisotropic single crystal, only the Vp and the faster polarizing Vs, were observed for
the x-z plane, while the Vp and lower Vs, were detected from the x-y plane. These are likely a result of the
polarization of the shear waves in the hexagonal crystal interacting with the incident laser. The measured
Vp and Vs, of the x-z plane varied significantly by a maximum amplitude of 1.3~1.6 km/s as a function of
the azimuthal angle, but no notable variation in of the Vp and Vs, were observed for the x-y plane. These
observations indicate a high elastic anisotropy within the x-z plane and almost isotropic behavior for the x-
y plane in the NAL phase (Figures S2 and S3). Furthermore, both Vp and Vs of the NAL phase increase with
increasing pressure, and the Vp at some crystallographic directions overlap with the Vs of the diamond anvils
starting at ~10 GPa. With the current experimental Brillouin capabilities we have access to, it is difficult to
determine elastic constants of the NAL phase at pressures above 20 GPa.

Single-crystal elastic constants (Cy) of the NAL phase at each given pressure were evaluated by the best fit of
the measured acoustic velocities at various crystallographic directions along the x-z and x-y planes using the
Christoffel's equation (Figure 2 and Table S1 in the supporting information) [Every, 1980]:

|Ciianini — pV2di| = 0, M

where Cjy, are the elastic constants in full suffix notation, n; represents the direction cosine of the phonon
propagation direction and are described by three Eulerian angles (6, y, and ¢), V is the measured acoustic
velocity, dj is the Kronecker delta [Musgrave, 1970], and p is the density from our previous single-crystal
XRD measurements [Wu et al., 2016]. The calculated acoustic velocities from the best fit elastic model are
in excellent agreement with the experimental velocities at ambient conditions and high pressures
(Figures S2 and S3). Five independent elastic constants (Cyq, Cia, Ci3, a3, and Cu4) of the NAL phase
increase smoothly with increasing pressure (Figure 2 and Table S1). The NAL phase exhibits extremely large
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Figure 2. Single-crystal elastic constants of the NAL phase at high pressures and room temperature. Black circles and lines: experimental data and modeled results of
the Fe-free NAL phase, respectively (this study); red circles and lines: Fe-bearing NAL phase (this study); green open circles: Pamato et al. [2014]; blue dash lines: Kawai
and Tsuchiya [2012].

longitudinal elastic constants C;; and Cs3 at ambient conditions, C;;=383.1(3) GPa and C33=518.0(7) GPa
for Fe-free NAL sample and C;;=378.0(3) GPa and Cs33=498.3(6) GPa for Fe-bearing NAL. These results
reveal a large anisotropy in the axial incompressibility along a axis and ¢ axis compared with other elastic
constants. The a axis is more compressible than ¢ axis with C;; < C33 for the NAL phase. These results are
consistent with recent results on the axial incompressibility of the NAL phase derived from high-pressure,
single-crystal XRD measurements on the same materials [Wu et al., 2016]. The large anisotropy in the axial
incompressibility of the NAL phase can be related to the arrangement of octahedrons in the crystal struc-
ture. The crystal structure consists of octahedral chains by edge sharing along the ¢ axis direction, while
adjacent chains share edges and corners perpendicular to the ¢ axis to form two kinds of tunnels with hex-
agonal and ditrigonal cross sections, respectively [Miura et al., 2000]. The arrangement of the octahedral
chain framework makes the ¢ axis direction more resistant to compression than the a axis direction. The
substitution of iron in the NAL phase causes a decrease of the diagonal elastic constants, Cy;, C33, and
Caq by 1.3%, 4.0%, and 4.5%, respectively, and an increase in the off-diagonal C;, by 6.7%, but does not
affect C;5 significantly. Compared to Fe-free NAL phase, 22% Fe®* and 50% Fe>* of the total iron ions sub-
stitute for Mg?* in the trigonal prismatic site of the Fe-bearing NAL phase, while the remaining 28% Fe>*
and Mg?* ions substitute for A" and Si** in the octahedral site [Wu et al., 2016]. Since the ionic radii of
the major cations are R(Fe?™-HS)>R(Mg**) > R(Fe**-HS) and R(Fe>*-HS) > R(AI**) > R(Si*) [Shannon,
1976], the unit-cell volume of the Fe-bearing NAL phase is larger than that of Fe-free NAL phase. The elastic
constants Cq; and Cs3 are the compression components of a and ¢ axes, respectively, and Cyq is the shear
component of a axis. Thus, the a and ¢ axes of the Fe-bearing NAL phase are more compressible than that
of the Fe-free NAL phase. In other words, the substitution of iron in the NAL phase causes a decrease in the
diagonal elastic constants (Cqq, C33, and Cyy).

Using the derived elastic constants of the NAL phase, the adiabatic bulk and shear moduli (Ks and G) at ambi-
ent conditions and high pressures were calculated according to the Voigt-Reuss-Hill averages (Figure 3 and
Table S1) [Hill, 1952]. The derived Ks and G at ambient conditions are Ksg=213.5(4) GPa and Gy = 138.4(2) GPa
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where « is the thermal expansion coefficient, y is the Griineisen parameter, and (0K7/0T)p is the tempera-
ture derivative of Kr at constant pressure. Thermodynamic parameters from literature were used for
aforementioned calculations: (0K7/0T)p=-0.020(2) GPa/K and a=3.28(7)x 10 >+3.0(9)x 10 °T [Shinmei
et al., 2005]; y=aKV/(a*KVsT — Cp) with Cp (300K)=120.7J/mol/K [Ono et al., 2009]. The derived Kr,
and (0K7/0P)r were then used to construct the isothermal compression curve and to obtain refined
densities. The iterative procedure was repeated until the refined densities were self-consistent with the
initial densities.

Third-order Eulerian finite strain equations were used to obtain the first-order pressure derivatives of C;5, C;3,
C33, and Cy4 (Figure 2), yielding (0C;,/0P)r=2.71(7), (0C13/0P)r=2.44(8), (0C33/0P)7=6.9(2), and (0C44/0P)
7=1.84(4) for the Fe-free NAL phase and (0C;,/0P)r=3.1(1), (0C;3/0P)1=2.29(5), (0C33/0P)r=7.1(4), and
(0C44/0P)7=1.88(8) for the Fe-bearing NAL phase (Table S2). Since the longitudinal elastic modulus Cy4, Ks,
and G clearly exhibit a pressure-dependent derivative, they were fitted to the fourth-order finite strain
equations (Figures 2 and 3), yielding the first and second pressure derivatives of elastic moduli listed in
Table S2. Analysis of these results show that the substitution of iron does not produce a distinct effect on
the (6M/0P); and (6M/6P)1> (M = iin Ks, or G).

3.2. Velocity Properties of the NAL Phase

The derived elastic constants of the NAL phase can be used to evaluate a number of key seismic parameters at
high pressures. The azimuthal velocity anisotropy describes the velocity as a function of the wave propagation
direction (Figure 4). The derived velocity propagation, normal and parallel to the c axis (x-y and x-z planes,
respectively), shows that the Vp propagates fastest along the [0001] direction and slowest along directions
perpendicular to the ¢ axis. Additionally, Vs, is fastest along the diagonal directions of the [0 T 10] and
[0001], while Vs, has almost identical values in different directions. These results indicate that the NAL phase
exhibits high anisotropies of Vp and Vs, whereas Vs, is almost isotropic.

To understand the evolution of velocity anisotropy of the NAL phase as a function of pressure, velocities for
different propagation directions and anisotropy distributions are calculated from the C; and density at each
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Figure 4. Velocities of the P and S wave propagation parallel and normal to c axis ((a) x-z and (b) x-y planes, respectively) for
the NAL phase at ambient conditions, 11.2 GPa and 20.4 GPa. The black, red, and blue lines represent the Vp, Vsq, and Vs»,
respectively.

given pressure point [Mainprice, 1990; Mainprice et al., 2000]. The percentage of Vp, Vs;, and Vs, anisotropies
are defined as

AV; = (ViA max_vi, min) / (Vi, max + Vi, min) x 200 %7 (4)

where i=P, 5;, or S; and V; ax and V; in represent the maximum and minimum wave velocities in two dif-
ferent propagation directions, respectively. For an anisotropic medium, there are two orthogonally polarized
S waves with generally different velocities for each propagation direction. Hence, the polarization anisotropy
factor of S wave (AVs), also called the shear wave splitting factor, is the anisotropy percentage of the two
shear waves’ velocities in a given direction and defined as

AVs = (Vs1-Vsy) / (Vs1 + Vs2) x 200 %, )

where Vs; and Vs, are the two orthogonally polarized shear wave velocities in the given propagation direction.
Contour upper hemisphere stereograms of Vp, Vs, Vso, AVs, dVs (Vs — Vsy), and Vs, polarization for the Fe-
bearing NAL phase at ambient conditions and 20.4 GPa are shown in Figure 5. We note that the fastest P wave
(Vb max = 11.34 km/s) propagates along with c axis direction and the slowest P waves (Vp, min =9.79 km/s) distri-
butein the basal (0001) plane at ambient conditions. The NAL phase is highly anisotropic at ambient conditions,
withan AVpof 14.7% and an AV of 15.12% for the Fe-bearing sample and an AV, of 15.7% and an AV of 14.44%
for the Fe-free sample. The high AVsis mainly from the high anisotropy of Vs; (AVs; = 15.8~13.9%), while the Vs,
exhibits very low anisotropies of 0.1~2.8% (Figures 5 and 6 and Table S3).In particular, the Vs, ranges from 5.57 to
6.52 km/s, while the Vs, ranges from 5.57 to 5.63 km/s at ambient conditions, with a maximum dVs of 0.92 km/s.
At high pressure, the Fe-bearing NAL phase has a similar AV but a much larger AVs than those of Fe-free NAL
phase. Although the anisotropy factors of the Fe-free and Fe-bearing NAL phases decrease gradually with
increasing pressure, the AVp and AV have high values even at the present maximum pressure, especially the
shear wave splitting. For the Fe-free NAL phase, the AVp is 12.4% and the AVs is 13.15% at 16.1 GPa, and the
Fe-bearing NAL phase has the AVp of 11.4% and the AV; of 14.12% at 20.4 GPa (Figure 6 and Table S3).

Using the calculated Ks and G of the NAL phase combined with densities from our previous single-crystal XRD
measurements [Wu et al., 2016], the aggregate Vp and Vs at high pressure were calculated according to the
following equations (Figure 7 and Table S1):

KS+4G
VP — 235, 6)
p
G
p
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Figure 5. P and polarized S wave velocities (Vp, Vsq, and Vs,) distributions, shear wave splitting factors (AVs), velocity dif-
ference of two polarized S wave (dVs), and Vs, polarization for the Fe-bearing NAL phase at ambient conditions and
20.4 GPa. All pole figures are the upper hemisphere projections with X; =[2110] direction and X5 =[0170].

where p is the density. The NAL phase has aggregate velocities at ambient conditions: Vp=10.15(1) km/s and
Vs=15.986(3) km/s for the Fe-free NAL phase and Vp=10.02(1) km/s and Vs =5.839(3) km/s for the Fe-bearing
NAL phase. Aggregate velocities of the Fe-free and Fe-bearing NAL phase increase gradually with increasing
pressure. Both Vp and Vs of the Fe-bearing NAL phase are lower than those of the Fe-free NAL phase by
~0.15 km/s.
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Figure 6. (a) Variation of P wave anisotropies and shear wave splitting factors (AVp and AVs) and (b) anisotropy factors of
two polarized S waves (AVs1 and AVs;) for the Fe-free and Fe-bearing NAL phases at high pressures.

3.3. Comparison with Previous Studies

The single-crystal and aggregate elastic properties of the NAL phase in this study have been compared to
previous results from BLS experiments and theoretical calculations (Table S4) [Dai et al., 2013; Kawai and
Tsuchiya, 2012; Mookherjee et al., 2012; Pamato et al., 2014]. The elastic moduli (Cj;, K5, and G) and aggregate
velocities (Vp and Vs) of the NAL phase in this study are in good agreement with the results from the theore-
tical calculations of Kawai and Tsuchiya [2012] and the BLS experiments of Pamato et al. [2014] at ambient
conditions (Figures 2, 3, and 7). However, Cj, K5, and G from the theoretical calculations reported by
Pamato et al. [2014] are lower than their experimental values (Table S4). Mookherjee et al. [2012] reported
the elastic properties of the NAL phase with chemical compositions of KNa,Al3SisO4,, NaNa,Al3Sis045, and
CaMg,AlgO01, by means of first-
principle calculations. C;; and C;, of
KNayAl3Sis01, and NaNa,AlsSiz0q,
are substantially lower, while C;; of
CaMg,Alg0,; is larger than those of
experimental results of this study
and Pamato et al. [2014] and theoreti-

10.0 ® Fofioo NAL cal results.fr(.)m'Kawal and Tsuch.lya
i ® Fe-bearing NAL [2012]. This indicates that chemical
9.5-= Pamato et al. [2014] -~ composition of the NAL phase has a

Dai et al. [2013]

significant effect on its elastic proper-
r - - - Kawai and Tsuchiya [2012] 9 prop

ties (Table S4). Additionally, we note
that the seismic velocities reported
by Dai et al. [2013] from BLS measure-
ments on polycrystalline NAL phase
are lower than the BLS experimental
results of this study and Pamato
0 4 8 12 16 20 et al. [2014] (Figure 7). Their reported

Pressure (GPa) aggregate Vs of 5.601(5)km/s at

ambient conditions is close to the

Figure 7. Aggregate velocities (Vpand Vs) of the NAL phase at high pressures  obtained slower S wave Vs, in this
and room temperature. Black circles and lines: experimental data and mod- study and Pamato et al. [2014]. It is
eled results of the Fe-free NAL phase, respectively (this study); red circles and
lines: Fe-bearing NAL (this study); green open circles: Pamato et al. [2014]; proposed that the BLS measure-

orange dashed lines: Dai et al. [2013]; blue dashed lines: Kawai and Tsuchiya ~ MENtS of Dai et al. [2013] on polycrys-
[2012]. talline samples with large intrinsic

Velocity (km/s)

ss Ll 1wy
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the study of Dai et al. [2013].
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4.1. Velocity Profile of the NAL
Phase in the Lower Mantle
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V, (km/s)

Seismological studies have indicated
the presence of seismic heterogene-
ities, such as seismic discontinuities
q | and reflectors, or scatterers, in the
shallow lower mantle (depths

Mgy <1200km) [Kaneshima, 2013; Niu,

2014; Vinnik et al., 2001]. It is generally

% proposed that these observations are
S Rl - related to the subducted basalt, in

-7 which the NAL phase has been con-

sidered as a major mineral [Ricolleau
et al, 2010]. To better understand
the influence of the presence of the
NAL phase on the observed seismic
signatures, we have calculated its
velocity profiles and compared it to
the velocity profiles of other relevant
lower mantle minerals and prelimin-
ary reference Earth model (PREM;
Figure 8) [Dziewonski and Anderson,
1981]. The velocity profiles of silica

V, (km/s)

4 1 | 1 | 1 | 1 I 1 | 1 | 1
0 20 40 60 80 100 120

Pressure (GPa)

Figure 8. (a) Vp and (b) Vs of the NAL phase at high pressure. Velocities of .
other major candidate minerals in the lower mantle and PREM are also phases do not take into account the
plotted for comparison. Black: NAL phase; olivine: CF phase [Dai et al,, 2013];  influence of Al,O3 on the velocities
red: Mg-Pv [Murakami et al,, 2007]; magenta: Ca-Pv [Kudo et al, 2012]; blue:  of stishovite- and CaCl,-type phase,
SiO, [Karki et al., 1997]; cyan: garnet (Gt) [Sinogeikin and Bass, 2000]; dashed

since a discrepancy exists among pre-
lines: PREM [Dziewonski and Anderson, 1981]. pancy gp

vious studies on the solubility of Al,O3

in these SiO, polymorphs in the MORB
composition [Ono et al., 2001; Ricolleau et al., 2010]. Both Vp and Vs of the NAL phase are lower than those of
bridgmanite (Mg-Pv) and SiO, [Karki et al., 1997; Murakami et al., 2007] but higher than those of garnet (Gt)
and Ca-Pv [Kudo et al., 2012; Sinogeikin and Bass, 2000]. The transition in silica from stishovite to the CaCl,-type
phase has been used to explain the seismic heterogeneities related to subducted slabs at a depth of ~1200 km
without considering the temperature effect [Niu, 2014; Tsuchiya, 2011] or at 1600~1800 km depths after
considering the temperature effect [Kaneshima and Helffrich, 1998; Yang and Wu, 2014].

Lateral heterogeneities of seismic wave velocities and density have been detected in the deep mantle. These
heterogeneities include the shear to compressional wave velocity heterogeneity ratio Rs/p =dInVs/dInVp, the
bulk sound to shear wave velocity heterogeneity ratio Rg,s = dInV4/dInVs, and the density to velocity hetero-
geneity ratio R,/s=dInp/dInVs [Karato and Karki, 2001]. These heterogeneity ratios can be evaluated to deci-
pher their potential effects of thermal (including anharmonic and anelastic effects) and chemical origins and
help understand the role of geodynamic processes on the mantle’s seismic profiles. Although thermal effects
on the velocity and density profiles of the NAL phase remain lacking, chemical effects due to variation of Fe
content can be calculated using our elasticity results. As shown in Figure 9, at room temperature, the Rg/p is
~1.9 at 24 GPa, which is much higher than Rg/s (~0.1) and R,,/s (~ —0.1). The Rs/p decreases from ~1.9 at 24 GPa
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to ~1.1 at 40 GPa; however, the Rg/s
increases from ~0.1 at 24GPa to
~0.8 at 40 GPa, and the variation in
Rys is small at 24~40GPa. These
results indicate that iron has an
increasing and significant effects on
Ra,s. We should note that these mod-
eled ratios do not take into account
of the potential effects of the Fe>*
spin transition in the NAL phase at
33~47 GPa [Wu et al., 2016].

Heterogeneity Ratio

4.2. Implication for Seismic
Anisotropy in the Lower Mantle

= Rp/S There is an increasing evidence for
0.5 L | L | L | L seismic anisotropy inferred from
0 10 20 30 40 shear wave splitting measurements
Pressure (GPa) in the transition zone and the upper-

most lower mantle regions around
Figure 9. Variati(?n of heter‘oggnei.ty ratios (Rs/p, Rg/s, and Ry,/s) at high pres- subduction zones [Foley and Long,
sures due to the iron substitution in the NAL phase. 2011; Wookey and Kendall, 2004;

Wookey et al., 2002], although these
regions were previously believed to be seismically isotropic [Fischer and Wiens, 1996]. The observed aniso-
tropy in the midmantle is usually interpreted to be related to mantle flow and subducted slabs, in which large
stresses associated with mantle convection and the subduction process could exist in the surrounding man-
tle and subducted slabs. These could induce the lattice-preferred orientation of the constituting minerals or
shape-preferred orientation of inclusions. There are a number of potential causes for midmantle anisotropy
that have been proposed, including the moderately anisotropic wadsleyite [Faccenda, 2014; Kawazoe et al.,
2013], dislocation creep of bridgmanite [Cordier et al., 2004; Wenk et al., 2004], and/or highly anisotropic
phase D [Rosa et al., 2013].

Experimental studies on single-crystal elastic and seismic properties of the mantle minerals at high pressures
play a significant role in understanding the seismic signatures of subducted slabs. To decipher the potential
significance of the NAL phase on the observed seismic anisotropy in the uppermost lower mantle, we have
calculated the AVp and AVs of the NAL phase at 40 GPa corresponding to a depth of ~1000 km using the
obtained elastic constants and their pressure derivatives. The AVp and AVs of the Fe-free NAL phase at
40 GPa are 9.2% and 9.62%, respectively, and the AV and AVs of the high-spin Fe-bearing NAL phase at
40 GPa are 14.9% and 15.6%, respectively. The anisotropies of Fe-free or high-spin Fe-bearing NAL phase
at 40 GPa are larger than those of bridgmanite (8%) at the same pressure [Mainprice, 2007; Wentzcovitch
et al., 2004], while the AVs of the NAL phase is smaller than those of Ca-Pv (~22%) at 40 GPa [Kawai and
Tsuchiya, 2015]. We should caution that the extrapolation of the velocity anisotropies is only for the high-spin
Fe-bearing NAL phase, which does not take into account of the potential spin transition effects on the elas-
ticity. In our previous study, the octahedral Fe3* (~1.5 mol%) in the Fe-bearing NAL phase (the same sample
as in this study) undergoes a high-spin to low-spin transition at 30~40 GPa, which causes the elastic and
velocity softening of the Fe-bearing NAL phase. The bulk sound velocity softening (maximum 9.4%) of
the Fe-bearing NAL phase can contribute to the velocity softening of the MORB composition by up to
2% [Wu et al., 2016].

The NAL and CF phases coexist at pressures ranging from ~30 to ~50 GPa (~1200 km), above which only the
CF phase is observed to be stable. Based on the mineral proportion of the subducted MORB in the lower man-
tle [Ricolleau et al., 2010], the NAL and CF phases constitute 10-30 wt% of the MORB composition; the amount
of the NAL phase decreases from about 20 wt% at ~25 GPa to 15wt% at ~40 GPa. The considerably high
amount of the aluminous phases in the MORB and their distinct high-pressure behavior (including octahedral
Fe>* spin transitions and potential NAL-to-CF phase transition) can have significant effects on the velocity
profiles and seismic anisotropies of the MORB composition in the lower mantle. Thus, based on our previous
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and present studies, we propose that the aluminous phases in the MORB can play a significant role in the
lower mantle and that the NAL phase can contribute to the observed seismic anisotropy in subducted slabs
at the top regions of the lower mantle.

5. Conclusions

In summary, the full set of elastic constants of the single-crystal NAL phase with Na; 14Mg; g3Al4.745i1 23012 and
Nag.71 Mgz,osAI%zSh,16Fe§59Fe8ﬁ7012 compositions has been determined using BLS coupled with DACs at pres-
sures up to 20 GPa and room temperature. These results provide experimental constraints on the pressure and
iron substitution effects on the elastic moduli, velocity profiles, and anisotropies of the NAL phase at high pres-
sure. All of the five independent elastic constants increase with increasing pressure at room temperature. The
elastic and seismic properties of single-crystal NAL phase at high pressure were modeled and applied to deci-
pher the observed seismic anisotropy around subducted slabs in the lower mantle at depths below 1200 km.
We found that the NAL phase with its high seismic anisotropy, especially its high shear wave splitting, may
be a potential source of the observed seismic anisotropy around subducted slabs in the uppermost lower man-
tle. The present results of this study provide a new insight into the seismic structure of the Earth’s lower mantle.
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