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ABSTRACT  11 

At lower mantle conditions, subducted mid oceanic ridge basalts (MORB) will crystallize more than 12 

20 vol. % of an aluminium rich phase, which is referred to generally as the NAL (new aluminium) 13 

phase. Given that a significant proportion of the lower mantle may be comprised of subducted crust, 14 

the NAL phase may contribute to the bulk elastic properties of the lower mantle. In this study we 15 

report for the first time the structure, Raman spectrum and elasticity of single-crystals of 16 

Na0.41[Na0.125Mg0.79Al0.085]2[Al0.79 Si0.21]6O12 NAL phase, synthesized at 2260 °C and 20 GPa. The 17 

single-crystal structure refinement of NAL, which is consistent with the space group P63/m, reveals 18 

dynamic disorder of Na atoms along channels within the structure. The elastic tensor was 19 

experimentally determined at ambient conditions by Brillouin scattering spectroscopy. The elastic 20 

modulii obtained from the Voigt-Reuss-Hill approximation using the elastic constants determined in 21 

this study are KS = 206 GPa and µ = 129 GPa, whereas the isotropic compressional and shear sound 22 

velocities are VP = 9.9 km/s and VS = 5.8 km/s. The NAL phase is elastically anisotropic, 23 

displaying 13.9 % compressional and shear wave anisotropy. Elastic constants as well as Raman 24 

active modes of NAL have also been calculated using density-functional theory and density-25 

functional perturbation theory. 26 

 27 
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INTRODUCTION 30 

 31 

As a consequence of plate tectonics, basaltic oceanic crust is subducted into the mantle. The 32 

subduction of oceanic lithosphere plays an important role in the dynamics of mantle convection and 33 

is believed to be responsible for the creation of lateral chemical heterogeneity in the mantle 34 

(Helffrich and Wood 2001). In this context, the high pressure and temperature metamorphic phases 35 

which recrystallize from basic rocks that form the oceanic crust are likely to be important 36 

components of the lower mantle and as such to influence its physical and chemical properties. 37 

Several high pressure studies on MORB bulk composition have shown that various Al rich phases 38 

can form under lower mantle conditions (Irifune and Ringwood 1993; Kesson et al. 1994; Irifune et 39 

al. 1996; Akaogi et al. 1999; Miyajima et al. 1999, 2001). In particular, Irifune and Ringwood 40 

(1993) first reported the breakdown of majorite garnet to an assemblage of Mg-Perovskite, Ca-41 

Perovskite and a separate aluminous phase at pressure and temperature conditions of the lower 42 

mantle. This so called new Al phase or NAL has a hexagonal crystal structure and can contain 43 

several different cations, such as Na, K, Ca, Mg and Fe (Akaogi et al. 1999; Miura et al. 2000; 44 

Gasparik et al. 2000; Miyajima et al. 1999, 2001). NAL is therefore likely to be the main host for 45 

alkali elements in oceanic crust that has been subducted to ~ 600-1300 km (Miyajima et al. 2001). 46 

Due to the extremely long time scale required for the chemical equilibration of subducted crustal 47 

heterogeneities in the lower mantle (Holzapfel et al. 2005), it has also been proposed that the bulk 48 

of the mantle might be a mechanical mixture between a depleted mantle residue and subducted 49 

crustal components (Xu et al. 2008). In this case NAL is likely to form a major part of the crustal 50 

component. 51 

Recently, Walter et al. (2011) described sublithospheric diamonds hosting composite multiphase 52 

inclusions with compositions encompassing phase assemblages expected to crystallize from basic 53 
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crustal material under lower-mantle conditions. In particular, Walter et al. (2011) suggested that 54 

some of these inclusions were present as the NAL phase at lower mantle conditions, giving further 55 

support for the existence of this phase in the Earth’s lower mantle. The elastic properties of NAL, 56 

hence, may influence the bulk elastic properties of the lower mantle.  57 

NAL phases crystallising in MORB compositions display complex solid solutions and have the 58 

general formula XY2Z6O12 where X represent a large monovalent or divalent cation (Ca2+, K+, Na+), 59 

Y a middle-sized cation (Mg2+, Fe2+ or Fe3+), and Z a small cation (Al3+ and Si4+).  60 

To date several studies have been conducted on the structure, stability and compression of NAL 61 

phases both in complex and simplified systems (Gasparik et al. 2000; Miura et al. 2000; Kojitani et 62 

al. 2011; Imada et al. 2011, 2012; Kawai and Tsuchiya, 2012). However, only in one study 63 

(Gasparik et al. 2000), a single-crystal structural analysis has been reported on NAL with the 64 

formula [K0.56Na0.32][Ca0.04Mg1.66Fe2+
0.3][Mg0.98Fe3+

0.3Al2.62Si2.1]O12. All other studies (Miura et al. 65 

2000; Kojitani et al. 2011) dealt with powdered samples. The crystal structure of NAL consists of a 66 

double chain of M1O6 octahedra connected by shared edges, occupied by the Z cations. The M2 site 67 

is a six fold coordinated triangular prism occupied by the Y cations and surrounded by three double 68 

chains of M1O6 octahedra. The larger channels (M3 site) are formed by six double chains of M1O6 69 

octahedra and are occupied by the large X cations. 70 

Single-crystals of Na0.41[Na0.125Mg0.79Al0.085]2[Al0.79 Si0.21]6O12 NAL have been synthesized for this 71 

study at lower mantle conditions with a composition close to that expected to crystallise in a 72 

subducting slab. We report, for the first time, an experimental determination of the full elastic 73 

tensor of this NAL by Brillouin scattering spectroscopy as well as a structural refinement and 74 

Raman spectrum. We complement the experimental observations with first-principles calculations, 75 

performed using density-functional theory and density-functional perturbation theory.  76 

 77 

EXPERIMENTAL METHODS 78 

 79 
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Sample synthesis and characterization 80 

For the synthesis of the new aluminium phase, a starting composition was prepared by mixing 81 

oxides and carbonates in stoichiometric proportions, to give the following composition after 82 

decarbonation: 10.9% Na2O (starting from Na2CO3), 14.2% MgO, 21.1% SiO2, 53.8% Al2O3 83 

(expressed in wt %). The reagents were first dried, then weighed and mixed. In order to decarbonate 84 

the sodium carbonate, the mixture was placed in a platinum (Pt) crucible, heated up to 1000 °C in 85 

10 hours and kept at this temperature for 6-7 hours. 86 

The decarbonated powdered sample was loaded into a capsule fabricated from a 1 mm diameter 87 

rhenium rod spark eroded with a hole of approximately 0.5 mm deep and 0.5 mm in diameter. The 88 

capsule was closed by placing a rhenium foil on top of the rod. For the synthesis of high quality 89 

single-crystals of NAL it was necessary to perform experiments slightly above the dry melting 90 

solidus at temperatures in excess of 2200 °C and pressures of 20 GPa. This high melting 91 

temperature demonstrates a remarkable change in the melting behaviour of Na-rich phases 92 

compared to lower pressures. 93 

High-pressure syntheses were carried out using a 1200 tonne multi-anvil apparatus at the 94 

Bayerisches Geoinstitut (BGI). A 10 mm edge length Cr2O3-doped MgO octahedron was employed 95 

as a pressure medium with tungsten carbide cubes of 32 mm edge length and truncations of 4 mm 96 

edge length (10/4 assembly). The temperature was measured using W3%Re / W25%Re (type D) 97 

thermocouple wires (0.13 mm thick) that were inserted axially into the octahedral assembly, with 98 

the hot junction in contact with the capsule.  99 

Details of the pressure calibrations for the assembly used in this study are reported in Keppler and 100 

Frost (2005). The sample was first pressurized up to 20 GPa and heated up to 1500 °C over 15 101 

minutes. The temperature was kept at 1500 °C for 15 minutes and then finally heated rapidly to 102 

2260 °C in 3 minutes. After heating at high pressure for 5 minutes, the experiment was quenched 103 

isobarically by shutting off the power and the sample was recovered after slow decompression over 104 

18 hours. 105 
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Recovered samples were mounted in epoxy and polished. Single-crystals of the NAL phase (up to 106 

120 µm in length) were found coexisting with quenched melt in the mounted sample (Figure1). The 107 

element concentrations were measured with a JEOL JXA-8200 electron microprobe (EMPA), 108 

operating at 15 kV and 5 nA. Diopside, spinel, forsterite and albite were used as standards for 109 

determining the concentrations of Si, Al, Mg and Na respectively. The analyses indicated the 110 

following composition of the NAL phase (run number S5253) in weight %: 7.8 (2)% Na2O, 14.9 111 

(3)% MgO, 17.7 (4)% SiO2, 58.8 (4)% Al2O3, which recalculates to the chemical formula 112 

Na1.07Mg1.58Al4.91Si1.26O12.  113 

Raman spectroscopy was performed on the same NAL single-crystal (s5253x5) used for the 114 

elasticity study employing a Dilor XY system operating with a 514 nm Ar+ ion laser equipped with 115 

a liquid nitrogen-cooled CCD detector.  116 

 117 

Single-crystal data collection and structure refinements 118 

A NAL single-crystal (s5253x5) of a suitable size (70x50x15µm) and optically free of defects was 119 

selected from the capsule and mounted on a glass fiber for single crystal diffraction. Data collection 120 

was performed on an Xcalibur diffractometer (operated at 50 kV and 40 mA and equipped with a 121 

CCD detector) using MoKα radiation (graphite monochromator). Several ω scans were chosen to 122 

obtain coverage of the full reciprocal sphere up to 2θmax = 70°, with an exposure time of 80 s/frame 123 

and a crystal detector distance of 45 mm. Lorentz and polarization factors together with an 124 

analytical absorption correction based on the crystal shape were employed for the correction of the 125 

reflection intensities using the CrysAlis package (Oxford Diffraction 2006).  126 

The measured reflections were consistent with the hexagonal space group P63/m and resulted in a 127 

total of 328 unique reflections with a discrepancy factor Rint = 0.031. Structure refinements were 128 

performed based on F2 using the SHELX97 program package (Sheldrick 2008) in the WingX 129 

System (Farrugia 1999) starting from the atomic structural parameters reported by Kojitani et al. 130 

(2011). Atomic scattering factors for Si, Al, Mg, Na and O were used and all atoms were refined 131 
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anisotropically. The resulting discrepancy factor after convergence of the refinement cycles, 132 

however, resulted in a quite large value, i.e. R1 = 0.135 for the 308 observable reflections [Fo > 133 

4σ(Fo)]. A test for possible merohedral twinning of the crystal gave a positive result, with the 134 

following twin law: 
⎟
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R . Where R is the matrix that transforms the hkl indices of one 135 

component into the other. By introducing such a transformation into the refinement process the 136 

discrepancy factor decreases to R1 = 0.028 and the resulting proportions of the two twin 137 

components were refined as 75 % and 25 %, respectively. In the last refinement cycles the 138 

chemistry of the crystal obtained from the microprobe analysis was taken into account, therefore the 139 

site occupancies of the different sites were fixed as follows: 0.79 Al + 0.21 Si for M1; 0.085 Al + 140 

0.79 Mg + 0.125 Na for M2 and the remaining Na was inserted into M3, which has therefore an 141 

occupancy of only 0.41. The anisotropic displacement parameter indicates that the thermal ellipsoid 142 

of Na at the M3 site is elongated along the c axis. A refinement that included a split-site model with 143 

isotropic displacement parameters was also tested, but this resulted in no improvement of the 144 

discrepancy factor and gave a negative displacement parameter for one of the split sites. Therefore, 145 

the split-site model was abandoned. Details of the data collection and structural refinements, atomic 146 

positions and displacement parameters, as well as selected bond distances and angles are reported in 147 

Tables 1, 2 and 3, respectively.  148 

 149 

Simultaneous X-ray diffraction and Brillouin scattering  150 

Both the single-crystal used for the X-ray data collection and structure refinements (s5253x5) and 151 

another high quality single-crystal (70x70 µm) made in the same experiment (s5352x3) were 152 

selected for Brillouin scattering measurements and were polished into parallel plates with a 153 

thickness of approximately 15 µm. The crystals were then loaded into two piston cylinder diamond 154 
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anvil cells (Kantor et al. 2012) for X-ray and Brillouin measurements (see inset of Figure 1). No 155 

pressure medium was employed in the cells as the measurements were performed at room pressure. 156 

Simultaneous acquisition of density and sound velocities of the NAL crystals was performed at the 157 

Bayerisches Geoinstitut. X-ray measurements were performed with a rotating anode X-ray source 158 

(FR-E+ SuperBright from Rigaku with MoKα radiation) equipped with multilayer VaryMaxTM 159 

focusing optics. A detailed description of this system can be found in Trots et al. (2011). The lattice 160 

parameters were determined using the eight-position centering of 10-16 Bragg reflections 161 

(20<2θ<29 degrees) according to the procedure of King and Finger (1979). The resulting unit cell 162 

volumes are 182.00 (5) Å3 and 181.92 (7) Å3 for s5253x3 and s5253x5, respectively, in agreement 163 

with the value obtained for sample s5253x5, 182.3 (2) which has a lower accuracy due to the use of 164 

an area detector. Typical half-widths of the reflections were between 0.080 and 0.090° in ω profiles. 165 

Brillouin scattering measurements were performed with a six-pass Sandercock-type tandem Fabry-166 

Pérot interferometer using a coherent Verdi V2 solid state Nd:YVO4 frequency doubled laser (λ = 167 

532.0 nm) as a light source. The measured sample plates have normal vectors of (0.04397, -168 

0.07541, 0.0997) and (0.05505, 0.11433, -0.03807) and starting phonon directions of (0.33506, 169 

0.12554, -0.05278) and (0.32600, -0.15670, 0.00125). All spectra were collected in 80° forward 170 

symmetric/platelet scattering geometry, so that knowledge of the refractive index of the sample, 171 

diamond anvils and pressure medium is not required (Whitfield et al. 1976; Sinogeikin and Bass 172 

2000). Brillouin spectra of the NAL crystals were collected with a laser power of 150 mW. Typical 173 

collection times for each crystal orientation were 4 hours. In total, 14 crystallographic directions 174 

were sampled, 4 for crystal s5253x3 and 10 for crystal s5253x5. Sound velocities were determined 175 

from the frequency shifts using the following relationship (Whitfield et al. 1976): V = 176 

Δν*λ0/2*sin(θ/2), where ν is the measured Brillouin shift, λ0 is the incident laser wavelength, θ is 177 

the external scattering angle. Dispersion curves of sound velocities versus crystallographic 178 

orientation were collected by changing the crystal orientation through movement of the χ–circle of 179 

the Eulerian cradle. The phonon direction (obtained from the UB orientation matrix determined 180 
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from the diffraction experiments) was related to the orientation at any χ via a general Cartesian 181 

rotation matrix. The experimental sound velocities, obtained from the previous equation, are a 182 

function of the crystallographic orientation q, the single crystal elastic moduli Cij and the density, 183 

and are related through the Christoffel equation: Cijkl qjql − ρV
2δik = 0 , where δik is the Kronecker 184 

delta. This equation is cubic in V2, i.e., its solutions result in three acoustic velocities 185 

),,(2,1, qCfV ijSSP ρ=  with quasi-compressional wave (for arbitrary crystallographic orientation) 186 

velocity VP and slow and fast quasi-shear wave velocities VS1 and VS2. It is therefore possible to 187 

determine both crystal orientation and elastic constants by fitting solutions of the equation of 188 

motion to measured sound velocities. In our case, however, crystallographic orientation and density 189 

were obtained very precisely through single crystal X-ray diffraction measurements and were 190 

therefore fixed. The form of the solutions ),,(2,1, qCfV ijSSP ρ=  depend strictly on crystal symmetry 191 

and were derived for elastically anisotropic solids as a function of point group symmetry by Every 192 

(1980). NAL crystallizes in the hexagonal space group P63/m with point group 6/m and the 193 

corresponding solution of Every (1980) was employed.  194 

The elastic constants Cij were extracted by simultaneously fitting 6 dispersion curves (3 solutions 195 

for each crystal) to the experimentally measured acoustic velocitiesVP,S1,S2 = f (Cij ) , using the quasi-196 

Newton minimization of the sum of all residuals squared. The Cij values obtained from ab initio 197 

calculations in this study were used as starting values for the minimization process. 198 

 199 

First-principles calculations 200 

In parallel with the experiments we performed first-principles calculations based on density-201 

functional theory (Kohn and Sham 1965; Payne et al. 1992; Martin 2003) in the ABINIT 202 

implementation, with planewaves and pseudopotentials (Gonze et al. 2002, 2009). First we obtained 203 

the crystal structure for the Na1.3Mg1.6Al4.9Si1.2O12 composition. While in the experimental structure 204 

the Na atoms occupy the 2d position of the P63/m space group, with 0.41 occupancy, in the ab initio 205 
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structure, in order to avoid dealing with supercells and disordered structures we ordered the Na 206 

atoms on one of the two sites inside the channels, breaking the inversion centre thus lowering the 207 

symmetry to P-6. Moreover, we considered ideal solid solutions of Na – Al and Al – Si on the 2d 208 

and 6h crystallographic sites, respectively, which were treated using alchemical pseudopotentials 209 

(Cohen 2007; Caracas and Banigan 2009). We used a 4x4x8 grid of regular k points (Monkhorst 210 

and Pack 1976) 40 Ha (1Ha = 27.2116 eV) kinetic energy cut-off and the standard local-density 211 

approximation for the exchange-correlation energy. We then computed the elastic constant tensors, 212 

the vibrational modes and Raman spectrum, with both peak positions and intensity, in the 213 

framework of the density-functional perturbation theory (Baroni et al. 2001; Gonze et al. 2005; 214 

Hamann et al. 2005; Veithen et al. 2005; Caracas and Gonze 2010). 215 

 216 

RESULTS AND DISCUSSION 217 

 218 

Structural model from single-crystal X-ray diffraction 219 

Details of the atomic positions and displacement parameters are reported in Table 2. Selected 220 

interatomic distances and angles of the NAL phase are reported in Table 3 and are compared to 221 

powder diffraction data from Kojitani et al. (2011). The size of the (Al,Si)O6 site of NAL in this 222 

study is comparable to that of the Na-Hex phase reported by Kojitani et al. (2011), as well as the 223 

average M1-O distances and M3-O distances. The M2-O distance of 2.098 (1) Å determined in this 224 

study is smaller than that in Na-Hex phase of 2.128 (3), but it is similar to that of K-Hex and Ca-225 

Hex phases reported in the same study and in Miura et al. (2000), respectively. This suggests that 226 

the size of the trigonal prism sites does not depend on the presence of Na as previously reported by 227 

Kojitani et al. (2011), since in our sample the amount of Na in M2 is larger than that reported for 228 

their sample. 229 

The most striking feature of the structural refinement reported in this study is the very large Na 230 

displacement parameter at the M3 site, which is elongated along the c axis, suggesting dynamic 231 
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disorder of the Na atoms in the channels along this direction (Figure 2). Gasparik et al. (2000) also 232 

observed a pronounced distribution of electron density in the M3 site along the channels. Thus, they 233 

reported a model with the M3 site refined at a general position (0, 0, z) instead of the ideal site at (0, 234 

0, ¼). However, since they used an isotropic displacement parameter, they did not observe the large 235 

elongation along the c axis as in our case. 236 

It is difficult to speculate on the type of dynamic disorder that the Na atoms may have at the 237 

conditions of the lower mantle. The effects of increasing P and T are likely to act in opposite 238 

directions. With increasing pressure we might expect freezing of the Na atom motion in one of the 239 

two 2d positions of the channels and a consequent phase transition to a lower symmetry, whereas 240 

higher temperatures will favour greater motion and possibly free movement of Na within the NAL 241 

M3 channels. Room temperature high pressure studies (Vanpeteghem et al. 2003; Guignot and 242 

Andrault 2004; Shinmei et al. 2005; Sanehira et al. 2006; Imada et al. 2012) have not revealed any 243 

phase transformation, suggesting that such dynamic disorder may be present also at pressures of the 244 

lower mantle. Note, however, that these previous studies have all used powder diffraction 245 

information and, therefore, may not have the accuracy required to observe subtle changes driven by 246 

ordering of Na in the channels. 247 

 248 

Atomic vibrations 249 

The experimental and theoretical Raman spectra of NAL are reported in Figure 3. The complete 250 

description of all theoretical Raman modes, containing the relative intensity, the symmetry labels, 251 

the description of the atomic vibrations and the proposed correspondence to the experimental modes 252 

are given in Table 4. The full description of the theoretical vibrational modes in the zone-center for 253 

the NAL phase at experimental density is reported on the WURM website (http://wurm.info; 254 

Caracas and Bobocioiu, 2011). 255 

Experimentally, the spectrum consists of broad bands centred at approximately 273, 370, 507, 553, 256 

735, 757 and 1091 cm -1. These broad features are likely due to the Al/Si and Mg/Al/Na disorder in 257 
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the M1 site and M2 site, respectively. These broad bands clearly consist of several Raman active 258 

modes having very close frequencies as shown by the theoretical calculations. The only major 259 

discrepancy between the experimental spectrum and the theoretical calculations is the broad 260 

experimental peak around 1000-1200 cm-1 that very likely is an overtone of the 553 cm-1 band 261 

and/or a combination mode of several bands from lower frequency. The differences in peak position 262 

between experiment and calculations can be due to both the slightly different chemistry and 263 

disorder of the cations among the sites and the different temperature (experiments are at room 264 

temperature, whereas calculations are static, i.e. at 0 K). In particular, as stated above, the ordering 265 

of Na on one position in the theoretical structure lowers the symmetry and breaks the inversion 266 

centre. This results into a different number of Raman-active modes between experiment and 267 

calculations, as some of the Eu modes of P63/m become Raman-active in P-6. But the peak width 268 

and the structural disorder make it hard to distinguish individual peaks in the experiment. With 269 

these considerations in mind, we can interpret all major Raman peaks in NAL in terms of the atomic 270 

displacement pattern derived from calculations, given the similarity between the calculated and 271 

observed spectra. The modes corresponding to the vibration of the Na cations inside the channels 272 

lay at the lowermost frequencies, below the experimentally observable range. The Na displacement 273 

parallel to the channel axis is an unstable theoretical mode at static conditions (T = 0 K), where the 274 

Na atoms are frozen. At high temperatures this instability can be correlated to the observed dynamic 275 

disorder of Na along the channels. The in-plane Na displacements within the hexagonal basal plane 276 

are found at 148 cm-1 in the calculations. The sublattice of octahedra forming the channel walls also 277 

participate in this vibration. The other vibrations up to 307 cm -1 are various lattice modes, 278 

dominated by rigid displacements of the (Si,Al)O6 octahedra or (Mg,Al)O6 polyhedra. The broad 279 

features at higher frequency represent different types of asymmetric stretching and bending modes 280 

of (Si,Al)-O and (Mg,Al)-O bonds.  281 
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Both the experimental Raman spectrum and the full description of the theoretical Raman modes 282 

could be used to identify possible NAL phases present in inclusions in diamonds or in meteoritic 283 

veins. 284 

 285 

Elasticity 286 

A typical Brillouin spectrum of the NAL phase is shown in Figure 4. The collected Brillouin spectra 287 

were of excellent quality with a high signal-to-noise ratio and with VP and the two VS displaying 288 

sharp peaks. The measured acoustic velocities in different crystallographic orientations as a 289 

function of χ angle for both crystals at room pressure are shown in Figure 5. 290 

The elastic constants and aggregate properties are listed in Table 5. Our structural refinement model 291 

revealed the presence of merohedral twinning. By multiplying the twin law transformation matrix to 292 

the orientation matrix of the crystal it was possible to obtain the crystallographic orientation of the 293 

twin component. The calculated acoustic velocities as a function of crystallographic angle for the 294 

twin component according to the twin matrix are exactly the same as those collected, indicating that 295 

this type of twinning does not modify the measured elastic properties of the sample. An analysis of 296 

the correlations between the elastic constants, which takes into account the covariance matrix, was 297 

performed. The correlation between the constants is small, with a maximum value of 0.814 between 298 

C11 and C12 constants. Aggregate velocities as well as elastic moduli were calculated from the Cij's 299 

using the Voigt-Reuss-Hill averaging scheme (Hill 1952). Uncertainties in the elastic constants 300 

were calculated from the covariance matrix but these were supplemented by considering other 301 

sources of error inherent to diamond anvil cell measurements (see Sinogeikin and Bass 2000). In 302 

this study typical errors are less than 2% in elastic moduli and less than 1% in sound velocities. We 303 

obtained KS = 206 (2) GPa and µ = 129 (1) GPa for the aggregate elastic moduli and VP = 9.9 and 304 

VS = 5.8 km/s for the isotropic compressional and shear sound velocities. These values, as well as 305 

the experimental Cij appear to lie in between the values obtained from theoretical calculations in 306 

this study and those previously reported by Kawai and Tsuchiya (2012) (Table 5 and Figure 5). This 307 
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discrepancy between experimental and theoretical values is very likely due to the fact that in the 308 

synthetic samples the cations are randomly distributed among the crystallographic sites, whereas 309 

theoretical calculations have to deal either with ordered structures (as in the case of this study where 310 

Na has been allocated only in one of the 2d positions breaking the symmetry) or with super-cells 311 

which preserve the symmetry but have prescribed local ordered configurations (Kawai and 312 

Tsuchiya 2012). Note also that our shear velocity and shear modulus are higher than those reported 313 

by Dai et al. (2013) for a polycrystalline Na0.4Mg0.6Al1.6Si0.4O4 NAL phase determined by means of 314 

Brillouin scattering on a powdered sample (Table 5) likely due to the highly anisotropic behavior of 315 

the NAL phase. Using the single-crystal elastic constants and density obtained in this study we can 316 

define the room pressure seismic anisotropy (A= 200 x [(Vimax - Vimin) / (Vimax + Vimin)]) by 317 

analyzing a hemisphere of all possible propagation directions (Figure 6). The NAL phase displays 318 

13.9 % shear wave anisotropy (AVS) which is mainly due to the high anisotropic feature of VS2 (14 319 

% anisotropy) given that VS1 is essentially isotropic (0.3 % anisotropy)(Figure 6). In particular, our 320 

VS1 velocity ranges from 5.55 to 5.56 km/s, while the VS2 ranges from 5.55 to a maximum of 6.38 321 

km/s. Dai et al. (2013) reported an aggregate shear wave velocity of 5.601 (5) km/s, value which is 322 

very similar to that of VS1 obtained in this study. This suggests that in their measurements on a 323 

polycrystalline sample only VS1 was observed as a sharp peak, whereas VS2 was probably hidden in 324 

the background due to its broader appearance as a result of its large anisotropy. This is a reasonable 325 

explanation given that in the same study VP, which has a similar anisotropy as VS2, also was also not 326 

observed. 327 

 328 

IMPLICATIONS 329 

 330 

At pressures corresponding to ~1000 km (~40 GPa), NAL is expected to transform to the calcium 331 

ferrite type aluminum phase (CF) (Kawai and Tsuchiya 2012). According to Dai et al. (2013) such a 332 

phase transition would result in 2.5 % shear wave velocity increase. However, our zero pressure 333 
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shear modulus derived from single-crystal measurements is higher than the one derived from the 334 

polycrystalline NAL phase by Dai et al. (2013). Single-crystal data are in general more reliable than 335 

the measurements on polycrystalline samples, which can be affected by uncertainties in texture, 336 

grain size, stress state, and most importantly overlook the intrinsic anisotropy of most mantle 337 

minerals, such as the NAL phase. Our present result on the room pressure elasticity of the NAL 338 

phase brings into question the previous conclusion of Dai et al. (2013). In fact, our zero pressure 339 

elastic moduli are in good agreement with the calculations reported by Kawai and Tsuchiya (2012), 340 

which argued that NAL and CF phase would have comparable shear wave velocities producing less 341 

than 1% velocity difference across the phase transition. Kawai and Tsuchiya (2012) also reported a 342 

significant change in the seismic wave anisotropy associated with the phase transition, which might 343 

lead to a seismically detectable discontinuity as a result of favorable crystallographic preferred 344 

orientation. In particular, they found that CF is significantly more anisotropic than the NAL phase.  345 

Experimentally, we found that the NAL phase, displays 13.9 % compressional wave anisotropy 346 

(AVP) and shear wave anisotropy (AVS) (Figure 6), in good agreement with the values and degree of 347 

anisotropy calculated by Kawai and Tsuchiya (2012). Given the similarities in elastic constants and 348 

seismic anisotropy between our study and that of Kawai and Tsuchiya (2012) at room pressure, we 349 

can expect a similar behavior at higher pressures, although this still needs to be demonstrated by 350 

experimentally determining the single crystal elasticity of the NAL phase and calcium ferrite phase 351 

at pressures of the phase transition. 352 

 353 
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FIGURE CAPTIONS 486 

FIGURE 1. Electron backscattered image showing crystals of NAL coexisting with melt. Single 487 

crystal of NAL (s5253x5) inside the diamond anvil cell at room pressure (inset). 488 

FIGURE 2. The crystal structure of the NAL phase projected along the c axis. The orange octahedra 489 

correspond to the M1 sites, occupied by Al and Si. Mg, Al and Na occupy the M2 sites, represented 490 

by triangular prisms in turquoise. The ellipsoids in green elongated along the c axis represent Na 491 

occupying partially the M3 site. 492 

FIGURE 3. A comparison between the experimental (solid line) and calculated (vertical grey lines) 493 

Raman spectra of the NAL phase. 494 

FIGURE 4. Representative Brillouin spectrum of the NAL phase at a selected angle at room pressure 495 

in the diamond anvil cell. 496 

FIGURE 5. Measured acoustic velocities for NAL sample S5253x5 (a,b,c) and S5253x3 (d,e,f) as a 497 

functions of χ angle. Solid lines are the fit of Christoffel’s equation to both sets of data 498 

simultaneously. Calculated velocities from density functional theory are shown as a dashed line 499 

(this study) and dotted line (Kawai and Tsuchiya, 2012). 500 

FIGURE 6. Single crystal compressional wave velocity (Vp), shear wave anisotropy (AVS), fastest 501 

wave polarization (VS2), VS2 , VS1 anisotropy and dVS, plotted as Lambert azimuthal equal-area 502 

lower hemisphere pole figures (Mainprice 1990), with the elastic tensor orthogonal axes X1 = a 503 

axis (east) and X3 = c axis (centre). 504 
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Table 1. Structural refinement details  
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 522 

and unit cell parameters of the NAL phase 

      
Measured reflections  1623 
Unique reflections  328 
Fo > 4sig(Fo)  308 
Rint   3.05% 
Rw for  Fo > 4sig(Fo)  2.85% 
Rall    3.19% 
wR2    7.12% 
GooF  1.109 
No. parameters  24 
Space group  P63/m 
Z   1 
Crystal size 70x50x15 µm3 
F(000)    235 
Absorption coefficient  1.49 mm-1 
      
Unit-cell parameters   
a(Å)   8.7225(4) 
c(Å)   2.7664(2) 
V(Å3)   182.3(2) 
      

Table 2. Experimental atomic coordinates and displacement parameters of the NAL phase 

Site Wyckoff 
position x y z U11 U22  U33 U12  Ueq 

                    
M1 6h 0.98946(8) 0.34353(9) 1/4 0.0058(3) 0.0057(3) 0.0053(3) 0.0029(2) 0.0056(2) 
                    
M2 2d 2/3 1/3 1/4 0.0093(4) 0.0093(4) 0.0094(6) 0.0047(2) 0.0093(3) 
                    
M3 2a 0 0 1/4 0.007(1) 0.007(1) 0.25(2) 0.0035(5) 0.089(7) 
                    
O1 6h 0.1283(2) 0.5989(2) 1/4 0.0069(6) 0.0070(6) 0.0125(7) 0.0029(5) 0.0090(3) 
                    
O2 6h 0.3124(2) 0.2024(2) 1/4 0.0090(7) 0.0088(6) 0.0100(7) 0.0053(5) 0.0089(3) 
                    



 22 

Table 3. Comparison of the interatomic distances and 
angles between two NAL phases. 

  NAL this study NAL  
Kojitani et al. (2011) 

Sites Distance (Å) 
M1-O2 x2 1.838(1) 1.817(3) 
M1-O2' 1.881(2) 1.890(4) 
M1-O1' 1.932(2) 1.903(5) 
M1-O1 x2 1.933(1) 1.940(3) 
      
M2-O1 x6 2.098(1) 2.128(3) 
      
M3-O2' x3 2.394(2) 2.393(3) 
M3-O2 x6 2.765(1) 2.764(3) 
      
O2-O2' 2.765(3) 2.764(3) 
O1-O1' 2.457(2) 2.373(6) 
      
  Bond angle (°) 
O2-M1-O2 97.61(8) 99.2(2) 
O2'-M1-O2 x2 96.02(8) 96.45* 
O2 x2-M1-O1’ 95.46(6) 95.74* 
O2’-M1-O1’ 162.53(8) 161.2(2) 
O2-M1-O1 x2 173.99(7) 171.55* 
O2-M1-O1 x2 85.27(5) 84.48* 
O2’-M1-O1 x2 88.89(6) 90.7(2) 
O1’-M1-O1 x2 78.98(7) 76.3(2) 
O1-M1-O1 91.38(7) 90.9(2) 
      
O1-M2-O1 x3 82.48(6) 81.07* 
O1-M2-O1’’ x6 135.83(2) 135.33* 
O1’-M2-O1’’ x6 81.27(4) 82.32* 
*Calculated value using the data from Kojitani et al. (2011) 
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 525 

Table 4. Experimental and calculated Raman modes of the NAL phase at room pressure. 
 
ν	  obs 
(cm -1) 

ν calc 
(cm -1) 

I	  calc* 
Description       

  
(symmetry 

label)          
	  	   148.35 0.31 (E”) Na atoms vibrating in plane     
  199.54 0.05 (E”) Lattice mode; stretching of the octahedral framework of channels  
  218.62 0.03 (A’) Lattice mode; Tilt of the channel walls   
  223.13 0.17 (E’) Lattice mode; Mainly Si movements (octahedral sites) along the z axis 

  238.22 0.03 (E”) 
Lattice mode; Tilts of the channels; rigid motion of the polyhedral sub-
lattice 

  266.54 0.15 (A’) 
Lattice mode; Tilts of the channels; rigid motion of the polyhedral sub-
lattice 

272.5 268.83 0.56 (E”) Stretching of the Si-O-Al angle   
  317.35 0.29 (A’) Tilts of the octahedra from the channels’ walls 

370.6 351.99 1.00 (A’) Has a strong breathing component of the SiO6 octahedra 
	  	   400.04 0.18 (E”) Breathing of the Si-Al-Si cavities   
	  	   433.14 0.01 (A’) Tilt of the Al polyhedra;      
	  	   458.34 0.27 (E’) Tilt of the Al polyhedra     
487.63 465.58 0.35 (E’) O-Si-O rigid tilt of the octahedra   
507.97 472.55 0.12 (E”) Asymmetric stretching of the Al-O polyhedra   
553.16 514.59 0.24 (A’) Asymmetric stretching of the Si-O bonds of the octahedral 
	  	   515.15 0.08 (E’) Rolling mode of the apical Si-O bonds in the octahedra 
	  	   529.74 0.17 (E’) Rolling mode of the apical Si-O bonds in the octahedra 
	  	   557.51 0.03 (E”) Si-O stretching mode in the octahedra   
	  	   663.07 0.08 (E”) O-Si-O stretching mode     
735.73 691.32 0.92 (A’) Breathing mode of the Al-O polyhedra   
757.65 706.43 0.04 (A’) Breathing mode of the Si-O octahedra   
	  	   713.84 0.05 (A’) Asymmetric stretching of the Si-O bonds of the octahedral 
	  	   757.43 0.01 (E”) Asymmetric stretching of the Al-O polyhedra 
	  	   780 0.02 (E”) Breathing mode of the Si-O octahedra   
1091.38 - - Overtone of the 553 cm-1 band or combination mode  
* relative intensities         
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 528 

Table 5. Elastic constants and aggregate properties of the NAL phase at room pressure. 
  

  
Na1.07Mg1.58Al4.91Si1.26O12 
experimental (this study)* 

Na1.3Mg1.6Al4.9Si1.2O12 
theoretical (this study) 

NaMg2Al5SiO12 
theoretical a 

Na0.4Mg0.6Al1.6Si0.4O4 
experimental b 

  
  
  
C11 365 326 390 - 
C12 126 99 137 - 
C13 100 77 98 - 
C33 477 457 510 - 
C44 119 116 128 - 
          
Ks 206 178 217 - 
µ 129 125 138 121.96 (9) 
Vp 9.9 9.99 10.1 9.643 (9) 
Vs 5.8 6.01 5.90 5.601 (5) 
ρ 3.86 3.45 3.97 3.89 c 
a Kawai and Tsuchiya (2012), b Dai et al. (2013), c density from data reported by Imada et al. (2012).* 
In this study uncertainties in elastic moduli and in sound velocities are less than 2 % and 1 %, 
respectively. 
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