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Abstract The sound velocities of two aluminum-rich
phases in the lower mantle, hexagonal new Al-rich phase
(NAL) and its corresponding high-pressure polymorph
orthorhombic Ca-ferrite-type phase (CF), were determined
with the Brillouin scattering method in a pressure range
from 9 to 73 GPa at room temperature. Both NAL and CF
samples have identical chemical composition of Nagy M-
20.6Al1 6510404 (40 % NaAlSiO4—60 % MgAl,0,). Infra-
red laser annealing in the diamond anvil cell was
performed to minimize the stress state of the sample and
obtain the high-quality Brillouin spectra. The results show
shear modulus at zero pressure Gy = 121.960 + 0.087
GPa and its pressure derivative G’ = 1.961 £ 0.009 for
the NAL phase, and Gy = 129.653 £+ 0.059 GPa and
G’ = 2.340 £ 0.004 for the CF phase. The zero-pressure
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shear velocities of the NAL and CF phases are obtained
to be 5.601 &+ 0.005 km/sec and 5.741 £ 0.001 km/sec,
respectively. We also found that shear velocity increases by
2.5 % upon phase transition from NAL to CF at around
40 GPa.

Keywords High pressure - NAL phase - CF phase -
MORB - Sound velocity

Introduction

Previous high-pressure studies have reported that Al-rich
phases constitute more than 20 % of the subducted mid-
oceanic ridge basalt (MORB) crust in the lower mantle
conditions (e.g., Irifune and Ringwood 1993; Kesson et al.
1994; Hirose et al. 1999, 2005; Ono et al. 2001; Ricolleau
et al. 2008, 2010). Such Al-rich phases are the hexagonal
new aluminum-rich (NAL) phase and the orthorhombic
calcium ferrite (CF)-type phase. Both of these NAL and CF
phases formed in a natural MORB bulk composition
exhibit complex chemical formula (Guignot and Andrault
2004) but are approximately close in composition to
Nagy 4Mgp 6Al; 6510404 (40 % NaAlSiO4—60 % MgAl,Oy,)
(Imada et al. 2012). The earlier experiments on the join
NaAlISiO4-MgAl,0,4 performed by Ono et al. (2009) and
Imada et al. (2011) have revealed that the NAL phase with
Nag 4Mgp6Al; 65190404 composition undergoes transfor-
mation to the CF phase at around 40 GPa and 1,850 K with
a density increase of about 2 %. More recently, by virtue of
the first-principles computational method, Kawai and
Tsuchiya (2012) found that the phase transition from NAL
to CF occurs in NaMg,Al5SiO;, (33 % NaAlSiO4—67 %
MgAl,0,4) system at 40 GPa and 0 K, consistent with the
experiments by Imada et al. (2011).
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The change in elastic property across the phase transi-
tion from NAL to CF may contribute to the seismic het-
erogeneities in the mid-lower mantle. Theoretical work by
Xu et al. (2008) provided the elastic parameters of the CF
phase for both NaAlSiO, and MgAl,O, end-members.
Kawai and Tsuchiya (2012) calculated the elasticity of
NAL and CF, demonstrating the changes in compressional
wave velocity (—0.2 %) and shear wave velocity
(4+0.9 %). However, till now, the sound velocities of NAL
and CF have not been measured.

In this work, we synthesized polycrystalline Nag4M-
20.6Al;1 6510404 NAL and CF at high pressure in a laser
heating diamond anvil cell (DAC) and measured their shear
velocities based on the Brillouin scattering spectroscopy
method. The velocity measurements were conducted to
38 GPa for the NAL phase and to 73 GPa for the CF phase.
On the basis of earlier compression study (Imada et al.
2012), shear modulus and its pressure derivative were
obtained for both phases. In combination with the previ-
ously reported bulk moduli of NAL and CF, longitudinal
velocities are also estimated.

Sample preparation and experimental details

A synthetic gel with the chemical composition of
Nag 4Mgg 6Al; 6519404 was adopted to produce a reactive
and homogenous starting material that is similar to be
described by Ono et al. (2009). The gel was prepared in the
department of earth and planetary sciences, Tokyo Institute
of Technology as follows. High-purity chemical reagent
Fe, MgO, CaCO3;, Na,CO3, and K,CO; were dissolved into
the dilute 5 wt % nitric acid, and then mixed together with
solutions of (C,Hs50),4Si, AI(NO3), and ammonia. The gel
was precipitated from the mixed solution and dried. The
dried gel was ground and heated to 1,273 K for 15 min
under controlled oxygen fugacity close to iron—wiistite
buffer before high-pressure experiments. In order to pre-
pare the synthetic NAL phase sample from dry gel, we
enhanced the sample chamber pressure up to 30 GPa in a
diamond anvil cell and then synthesized it under constant
pressure and increasing the temperature up to 1,373 K for
3 min using the CO, laser heating system. The CF phase
was similarly obtained by heating for 5 min at 50 GPa and
1,373 K. The details of annealing experiments are descri-
bed by Kudo et al. (2012).

High pressure was generated by a symmetric DAC using
anvil with 300 um culet sizes. A pre-pressed gel sample
and a NaCl pressure medium were loaded into a 100 pm
hole in a rhenium gasket. The polycrystalline NAL and CF
samples were synthesized in the DAC by heating with a
CO; laser. Phase identification was made by synchrotron
X-ray diffraction measurements at BLIOXU in SPring-8.
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Angle-dispersive XRD spectra were collected on a CCD
detector (Bruker APEX) and an imaging plate (IP, Rigaku).
Exposure time was 10—40 s and 3—11 min for CCD and IP,
respectively. A monochromatic incident X-ray beam with a
wavelength of 0.41232-0.41435 A was collimated to
15 pm in diameter. Two-dimensional XRD images were
integrated as a function of two-theta angle in order to have
conventional one-dimensional diffraction profiles using the
Wt-2D program (Hammersley 1998). The representative
X-ray diffraction spectra of the NAL and CF samples at
high pressure are shown in Fig. 1. The NAL phase is
characterized by its 110 peak around 3 degrees of two-theta
angle. All the experimental pressures were determined after
thermal annealing based on the Raman spectra of diamond
(Akahama and Kawamura 2004). These pressures obtained
from the Raman spectra were indeed consistent with those
estimated from the unit cell volume of the B, or B, phase
of NaCl in the sample center both before and after each
experiment (Sata et al. 2002; Liu et al. 2010). The pressure
difference between Raman spectra and B, phase of NaCl is
less than 1.0 GPa. The equation of state obtained by Imada
et al. (2012) was applied to conduct pressure calibration for
the NAL and CF phases.

Brillouin scattering measurements were performed at
SPring-8 (Murakami et al. 2009a, 2012). The sample was

73.5 GPa

(b): NAL
29.5 GPa

Intensity

NAL 300

NAL 110

16 18 20

10 12 14
20 (degree)

Fig. 1 Representative X-ray diffraction patterns of a CF at 73.9 GPa
and b NAL at 29.3 GPa with the wavelength of 0.41332 and
0.41371 A, respectively
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annealed by heating with the CO, laser each time before
the Brillouin scattering measurements, in order to reduce
the stress state of the sample. The data collection time for a
single spectrum varied from 4 to 24 h. The DAC was
rotated with respect to the compression axis, and the shear
velocity was measured at least five different chi angles at a
given pressure condition. As described by Kawai and
Tsuchiya (2012), the crystals of NAL and CF phases are
hexagonal and orthorhombic, respectively. Along with the
different crystallographic axis direction, the acoustic
properties are anisotropic in most cases. By the average of
different chi angles sound velocity, we can eliminate the
anisotropic effect on the measurement results.

All measurements were performed in a platelet scatter-
ing geometry. In order to calibrate the scattering geometry,
BKj; borosilicate crown optical glass is used as a standard
material (Yoneda and Song 2005). The external scattering
angle was about 50°, which was calibrated by using a
single-crystal MgO standard. In the platelet geometry, the
sound velocity is determined from the Brillouin frequency
shift of a given acoustic mode using the equation proposed
by Whitfield et al. (1976):

Vi = Aw; /2 sin(6/2) (1)

where V; is the sound velocity of sample, Aw; is the fre-
quency shift of Brillouin scattering spectra, A is the
wavelength of the incident laser (532 nm), 0 is the angle of
incidence between the laser beam and the outer surface of
the diamond anvil, and i is one of the acoustic modes. For a
detailed description of Brillouin scattering measurement
system, see Murakami et al. (2009a, 2012) and Asahara
et al. (2010a, b).

Results

All experimental results including shear velocities, shear
moduli, and unit cell volumes of the NAL and CF phases at
high pressures and room temperature conditions are sum-
marized in Table 1. The aggregate shear velocities were

determined in a pressure range from 9.4 to 38.4 GPa for the
NAL phase and from 18.4 to 73.9 GPa for the CF phase.
The representative Brillouin spectra are shown in Fig. 2.
The longitudinal wave velocity could not be directly
obtained from these spectra, because of the peak overlap-
ping with the shear acoustic mode of diamond. Owing to a
small thickness of NaCl pressure medium, its correspond-
ing peak was also not observed.

As shown in Fig. 3, shear velocities of NAL phase were
measured at room temperature in eight different directions
as a function of chi angle with an increment of 0°, 45°, 90°,
135°,180°, 215°,270°, and 315° at 29.3 GPa. Other similar
results on the anisotropic sound velocity check on the NAL
and CF phases are also conducted under at least five dif-
ferent chi angles directions. Then, we make one average
from each obtained different chi angles of sound velocity
results at a given pressure condition, and thus greatly
enhance the experimental precision of sound wave velocity
measurement and efficiently reduce the anisotropic effect.
The aggregate shear velocities of the NAL and CF phases
measured at 300 K are shown as a function of pressure in
Fig. 4. They are broadly consistent with previous theoret-
ical results on NaMg,AlsSiO;; (33 % NaAlSiO4—67 %
MgAl,0,4) composition at 0 K as shown in Fig. 4 (Kawai
and Tsuchiya 2012). However, our shear velocity data for
NAL exhibit systematically lower velocity than those for
CF at equivalent pressure. It results in the 2.5 % increase in
shear velocity across the phase transition from NAL to CF
at around 40 GPa. On the other hand, the calculations by
Kawai and Tsuchiya (2012) found that the NAL and CF
phases have comparable shear velocities, leading to <1 %
velocity difference across the phase transition.

In order to estimate the shear modulus and its pressure
derivative, the present pressure—shear velocity data were
fitted to the third-order Eulerian finite strain equation, using
the volume compression data reported by Imada et al.
(2012):

pVZZG:GO(1+2f)%{1—(5—3122(;,)]‘} (2)

Table 1 Summary of shear

velocities, shear moduli, and Mineral phase Pressure (GPa) Vs (km/s) G (GPa) Unit cell volume
unit cell volumes for the NAL NAL 9.4 (3) 5.860 (21) 139.81 (98) 174.690 (74)
and CF phases at high pressures
and room temperature 17.6 (6) 6.083 (13) 153.60 (72) 169.342 (66)
conditions 29.3 (5) 6.292 (9) 173.42 (30) 163.063 (39)
38.4 (8) 6.503 (15) 186.70 (78) 158.951 (46)
CF 18.4 (3) 6.243 (12) 166.84 (59) 33.204 (35)
" The equation of state obtained 30.5 (4) 6.494 (27) 187.52 (131) 31.932 (54)
by Tmada et al. (2012) was 50.9 (15) 6.821 (19) 217.51 (80) 30.313 (51)
applied to conduct pressure 62.0 (11) 6.984 (12) 234.02 (57) 29.612 (46)
calibration for the NAL and CF 73.9 (18) 7.142 31) 249.81 (145) 28.960 (63)

phases
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Fig. 2 Representative Brillouin scattering spectra of a NAL phase at
17.4 GPa and b CF phase at 62.3 GPa
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Fig. 3 Shear velocities of NAL phase under room temperature in
eight different directions as a function of chi angle with an increment
of 0°, 45°, 90°, 135°, 180°, 215°, 270°, and 315° at 29.3 GPa

@ Springer

7.5
CF (this study)

—
<70}
E CF (Kawai and Tsuchiya 2012).
-
S

El
‘S i
o 6.5
[
- CF (Xu et al. 2008)
St
o
2 6.0 NAL (Kawai and Tsuchiya 2012)
w

NAL (this study)
5.5 1 1 L L 1 1 L
0 20 40 60 80
Pressure (GPa)

Fig. 4 Shear velocities of NAL and CF phases (black solid lines)
obtained in this study compared with the previous theoretical
calculation results. The red broken line and the green and blue solid
curves represent NAL and CF phases from Kawai and Tsuchiya
(2012), and as well as the CF phase from Xu et al. (2008),
respectively

4}

where p is the density at each given pressure, po is the
density at zero pressure, V; is the shear velocity, G and G’
are the adiabatic shear modulus and its pressure derivative,
and K is the adiabatic bulk modulus at zero pressure that
we assume is equivalent to the isothermal bulk modulus
(K79) at room pressure. The subscript zero denotes the
value at ambient pressure. The fitting results give
Gy = 121.960 % 0.087 GPa and G’ = 1.961 £ 0.009 for
the NAL phase, and Gy = 129.653 £+ 0.059 GPa and
G’ = 2.340 £ 0.004 for the CF phase. The change in shear
modulus with increasing pressure is illustrated in Fig. 5.
The shear modulus increases by 1.8 % across the phase
transition from NAL to CF. With these shear modulus
values and the bulk modulus and density data reported by
Imada et al. (2012), the longitudinal wave velocities of the
NAL and CF phases are also calculated (Table 2 and
Fig. 6).

Implications for the lower mantle

Present results indicate the 2.5 % shear velocity increase
upon phase transition from NAL to CF at around 40 GPa
pressure condition (Fig. 4), corresponding to ~ 1,000 km
depth, whereas the longitudinal velocity changes very little
(<0.1 %) (Fig. 6). The volume compression study by
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Imada et al. (2012) demonstrated that the density increases
by 2.1 % across the NAL to CF phase transition. These
may contribute to the seismic heterogeneity in the upper to
middle part of the lower mantle, depending on the pro-
portion of Al-rich phases and the sharpness of the transition
between NAL and CF.

Both NAL and CF phases are the host of alkali elements
in the lower mantle. They are known to be the major phases
of the subducted MORB crust (e.g., Miyajima et al. 2001;
Hirose and Fei 2002; Perrillat et al. 2006). The subducting
continental crust (Yamamoto et al. 2009) and sedimentary
rocks are enriched in such alkali elements and therefore
possibly include large proportion of the NAL and CF
phases in the lower mantle, although the phase relations of
these materials have been determined only up to 24 GPa
(Irifune and Ringwood 1994; Wu et al. 2009). The recent
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Fig. 5 Shear modulus of NAL and CF phases as a function of
pressure at 300 K

Table 2 Comparison of elastic properties of NAL and CF phases

experimental study by Ricolleau et al. (2010) demonstrated
that the NAL phase constitutes up to 20 % of the former
MORB crust in the uppermost lower mantle conditions. In
this case, ~0.5 % shear velocity and ~0.4 % density
increases are expected to occur upon phase transition from
NAL to CF with increasing pressure. Nevertheless, the
sharpness of the NAL—CF transition strongly depends on
the chemical composition. Imada et al. (2011) demon-
strated that it occurs very sharply in 50 %NaAlSiO4—
50 %MgAl,O, composition, while it takes place over
~10 GPa, corresponding to about 200 km depth range, in
40 %NaAlSiO4—60 %MgAl,0,4 composition. Ricolleau
et al. (2010) also showed that the proportion of NAL phase
diminished from 35 to 50 GPa in a natural MORB bulk
composition, although small difference in sodium content
likely changes the sharpness of the transition. If this is the
case, the associated increases in shear velocity and density
are smeared out in a wide depth range (~ 300 km), which
would not be observed as anomaly in seismology.

We compare the shear velocities of NAL and CF with
those of other typical lower mantle phases, determined
experimentally at 300 K or theoretically at 0 K (Fig. 7).
These Al-rich phases exhibit the lowest shear velocity
among major lower mantle minerals, except tetragonal
CaSiOj; perovskite (Kudo et al. 2012). On the other hand,
the longitudinal velocities of NAL and CF are lower than
those of pure MgSiO; perovskite and SiO, phase, but
higher than those of MgO and tetragonal CaSiO3 perov-
skite (Fig. 8).

As argued by Xu et al. (2008), the low shear velocity of
CF is well compensated for by high velocity of SiO, phase,
leading to higher shear velocity of subducted MORB crust
than that of pyrolytic lower mantle. According to the
results by Karki et al. (1997), the shear wave velocity of
SiO, decreases rapidly up to ~60 % at around 45 GPa due
to the phase transition from stishovite to the CaCl, struc-
ture phase. As mentioned earlier, subducted continental
crust and sediments likely include substantial amount of

Source Chemical composition Gy (GPa) G’ Vo Veo Max Remarks
(km/s) (km/s) P (GPa) (K)
Experiments
In this study NAL phase Nay 4MggsAl; 519404 121.960 (87) 1.961 (9) 5.601 (5) 9.643 (9)* 38.4 300
CF phase Nag4Mgj¢Al; 6519404 129.653 (59) 2.340 (4) 5.741 (1) 9321 (2) 739 300
Theory
Xu et al. (2008) CF phase Nag4Mgg ¢Al; 6519404 132.721 (3) 1.953 (8) 5.812(7) 9.642 (4) 80 1,600
Kawai and Tsuchiya (2012) NAL phase Nag 33Mgg ¢7Al} 675103304 125.570 (13) 1.854 (2) 5.624 (3) 9.842 (7) 80 0
Kawai and Tsuchiya (2012) CF phase Nag 33Mgo 67Al;.67510.3304 137.072 (98) 1.830 (5) 5.830 (1) 9.910 (0) 80 0

Numbers in the parentheses are standard deviations in the last digit(s)

? Only the uncertainty in shear modulus is considered for error estimation
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Fig. 6 Shear velocities of NAL and CF phases (black solid lines)
obtained in this study compared with the previous theoretical
calculation results. The red broken line and the green and blue solid
curves represent NAL and CF phases from Kawai and Tsuchiya
(2012), and as well as the CF phase from Xu et al. (2008),
respectively
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Fig. 7 Measured (300 K) or calculated (0 K) shear velocities of
typical lower mantle minerals at high pressures shown in solid lines of
this study. The dashed lines are from Ca-perovskite (Kudo et al.
2012), MgO (Murakami et al. 2009b), MgSiOj3 perovskite (Murakami
et al. 2007), and SiO, phase (Karki et al. 1997), respectively. As
pointed by Karki et al. (1997), the shear wave velocity of SiO,
decreases rapidly up to ~60 % at around 45 GPa due to the phase
transition from stishovite to the CaCl, structure phase

NAL or CF phases as well, but are more enriched in the
SiO, phase, which would result in considerably higher
velocity as a bulk system.
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Fig. 8 The calculated longitudinal velocities of typical lower mantle
minerals at high pressures and temperature of 0 or 300 K shown in
solid lines of this study. The dashed lines are from Ca-perovskite
(Kudo et al. 2012), MgO (Murakami et al. 2009b), MgSiO; perovskite
(Murakami et al. 2007), and SiO, phase (Karki et al. 1997),
respectively. As pointed by Karki et al. (1997), the shear wave
velocity of SiO, decreases rapidly up to ~60 % at around 45 GPa
due to the phase transition from stishovite to the CaCl, structure
phase

It has been suggested that the crystallization of MgSiOs-
rich perovskite from basal magma ocean evolves the
composition of residual magma to be poor in SiO, and rich
in MgO, FeO, and other incompatible elements such as
Na,O and K,O (Labrosse et al. 2007; Nomura et al. 2011).
Such residual melts are denser than any of the typical lower
mantle minerals below 1,800 km depth and therefore may
have accumulated at the base of the mantle. As a conse-
quence, the late stage of crystallization from the basal
magma ocean could have formed chemically anomalous
solid patches being enriched in the (Mg, Fe)O ferroperi-
clase and the CF phase in the lowermost mantle. As shown
in Figs. 7 and 8, both ferropericlase and CF exhibit sub-
stantially lower sound velocities than those of MgSiO;-rich
perovskite (see Xu et al. 2008 and Murakami et al. 2012 for
the effects of chemical impurity and high temperature).
The enrichment in ferropericlase and the CF phase there-
fore causes large seismic anomaly, in particular remarkably
low shear velocity, in the deep lower mantle. Note, how-
ever, that present measurements were performed on a
simplified system, which may limit the direct application to
the Earth’s lower mantle.
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