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Abstract 22 

Akimotoite, a MgSiO3 polymorph, present in the lower transition zone within ultramafic 23 

portions of subducting slabs and potentially also in the ambient mantle, will partition some 24 

amount of Al, raising the question of how this will affect its crystal structure and properties. In 25 

this study, a series of samples along the MgSiO3 akimotoite - Al2O3 corundum solid solution 26 

have been investigated by means of single-crystal X-ray diffraction in order to examine their 27 

crystal chemistry. Results show a strong non-linear behavior of the a- and c-axes as a function 28 

of Al content, which arises from fundamentally different accommodation mechanisms in the 29 

akimotoite and corundum structures. Furthermore, two Al2O3-bearing akimotoite samples were 30 

investigated at high pressure in order to determine the different compression mechanisms 31 

associated with Al substitution. Al2O3-bearing akimotoite becomes more compressible at least 32 

up to a content of 20 mol% Al2O3, due likely to an increase in compressibility as the Al cation 33 

is incorporated into the SiO6 octahedron. This observation is in strong contrast to the stiffer 34 

corundum end-member having a KT = 250 GPa larger than that of the akimotoite end-member 35 

(KT = 205(1) GPa). These findings have implications for mineral physics models of elastic 36 

properties, which have in the past assumed linear mixing behavior between the MgSiO3 37 

akimotoite and Al2O3 corundum end-members in order to calculate sound wave velocities for 38 

Al-bearing akimotoite at high pressure and temperature.  39 

 40 

Keywords: akimotoite, corundum, X-ray diffraction, high-pressure, solid solution 41 

 42 

Introduction 43 

Akimotoite is an MgSiO3 polymorph, with an ilmenite-type structure (Kawai et al. 1974; 44 

Horiuchi et al. 1982), that is stable between 20 and 24 GPa and 1373 to 1973 K (Ito and Yamada 45 
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1982; Sawamoto 1987; Gasparik 1990). This polymorph crystallizes in the R3" space group with 46 

a distorted hexagonal close packed setting of oxygen atoms and cations occupying octahedral 47 

interstitial sites (Figure S1a). The MgO6 and SiO6 octahedra form distinct layers of face-sharing 48 

octahedra; with the MgO6 octahedra being much more distorted than the SiO6 octahedra 49 

(Horiuchi et al. 1982) due to a larger shift of the Mg2+ cation from the center of the octahedron. 50 

In an ideal ilmenite-type structure, Mg and Si are completely ordered in alternating layers along 51 

the c-axis. Although the stability field of this mineral was determined to be rather small (e.g. 52 

Ito and Yamada 1982; Sawamoto 1987; Gasparik 1990), its possible presence near the base of 53 

the Earth’s transition zone (e.g. Ishii et al. 2011; Kato et al. 2014; Ishii et al. 2019a) might 54 

explain the relatively high seismic velocities and observations of seismic anisotropy at this 55 

depth (e.g. Wookey et al. 2002; Vavryčuk 2006; Irifune et al. 2008; Shiraishi et al. 2008; Foley 56 

and Long 2011; Zhou et al. 2014; Nowacki et al. 2015; Pamato et al. 2016; Siersch et al. 2021).  57 

The MgSiO3 ilmenite-type structure was named akimotoite after its discovery in the Tenham 58 

L6 chondritic meteorite, which mainly consists of olivine and hypersthene and a network of <1 59 

mm thin shock-induced veins (Sharp et al. 1997; Tomioka and Fujino 1997; Miyajima et al. 60 

2007). In these veins, akimotoite coexists with bridgmanite, majorite and ringwoodite having a 61 

maximum grain size of ~0.3 to 3 µm in length (Sharp et al. 1997; Tomioka and Fujino 1997; 62 

Miyajima et al. 2007). Analyses of the composition of the crystallized akimotoite grains 63 

revealed chemical variations of up to 13.54 wt% FeO, 10.46 wt% Al2O3, 0.69 wt% Cr2O3, and 64 

0.38 wt% CaO (Sharp et al. 1997; Tomioka and Fujino 1997; Miyajima et al. 2007). 65 

Experimental studies have shown that the Al incorporation follows a coupled substitution 66 

mechanism: Mg2+ + Si4+ = 2 Al3+ and extends up to the pyrope composition Mg3Al2Si3O12 67 

(25 mol% Al2O3) between 25 and 27 GPa at temperatures below 1500 K (Irifune and Ringwood 68 

1987; Kubo and Akaogi 2000; Akaogi et al. 2002). The Al2O3 end-member in the akimotoite 69 

binary solid solution is often assumed to be Al2O3 corundum (e.g. Stixrude and Lithgow-70 
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Bertelloni 2011), which is structurally similar to MgSiO3 akimotoite, having the R3"c space 71 

group. As in the akimotoite structure, layers of AlO6 face-sharing octahedra lie along the c-axis 72 

but the increase in symmetry is due to the fact that all the cation sites in the structure are 73 

equivalent (Figure S1b). Previous studies (Liu 1977; Kanzaki 1987; Akaogi et al. 2002) have 74 

investigated the MgSiO3 - Al2O3 akimotoite solid solution by means of powder X-ray 75 

diffraction up to 25 mol% Al2O3 and reported a strong non-linear evolution of the unit-cell 76 

parameters a and c as a function of Al2O3 content. Aside from corundum itself there is little 77 

structural information on the Al2O3-rich side of the apparent compositional gap, although phase 78 

equilibria studies show that up to 37 mol% MgSiO3 can substitute into corundum with 79 

increasing temperature (Liu et al. 2016; 2017). Besides the MgSiO3 akimotoite and Al2O3 80 

corundum end-members, no structural refinements on Al2O3-bearing akimotoite or MgSiO3-81 

bearing corundum have been performed to date. This, however, is important for understanding 82 

how samples with mixed compositions accommodate cations with such different sizes, 83 

determining whether there could be a complete solid solution between these two end-members 84 

and whether elastic properties of the end-members are suitable for describing properties of the 85 

solid solution. 86 

Akimotoite was found in several experimental studies to have a strong axial anisotropy with 87 

the c-axis being much more compressible relative to the stiffer a-axis (Reynard et al. 1996; 88 

Wang et al. 2004; Siersch et al. 2021). On the other hand, the axial compressibility of the Al2O3 89 

corundum end-member appears to be isotropic (d’Amour et al. 1978; Finger and Hazen 1978). 90 

Neither the structural mechanism from which the axial anisotropy stems from, nor why it is 91 

affected by Al incorporation are understood. 92 

The objectives of this study are two-fold: first to synthesize single-crystals along the MgSiO3 93 

akimotoite-Al2O3 corundum join in order to elucidate the mixing behavior of this solid solution 94 

and to constrain the crystal chemistry of mixed compositions by means of single-crystal X-ray 95 
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diffraction and second, to investigate the high-pressure behavior of samples belonging to the 96 

akimotoite-corundum solid solution in order to determine the different compression 97 

mechanisms associated with this substitution. 98 

 99 

Methods 100 

Sample synthesis  101 

The synthesis of large single-crystals of the MgSiO3 akimotoite end-member is described in 102 

detail by Siersch et al. (2021). Single-crystals for all other compositions have been synthesized 103 

from stoichiometric mixtures of MgO, SiO2, Al2O3 and/or Al(OH)3 oxides ground in an agate 104 

mortar under ethanol for one hour to produce fine-grained homogenous powders. Al(OH)3 or 105 

MgCl2 were added as a flux during the syntheses to enhance crystal growth (Table 1). Two 106 

additional starting glasses with nominal compositions Mg0.975Al0.050Si0.975O3 (Ak98) and 107 

Mg0.8Al0.4Si0.8O3 (Ak80), were produced from mixtures of MgO, SiO2 and Al2O3 oxides, finely 108 

ground in ethanol in an agate mortar for one hour. These mixtures were then heated up to 1873 109 

K in a furnace for 4 hours and then quenched in an icy water bath to produce glasses. The 110 

glasses were subsequently ground in order to obtain fine-grained homogeneous starting 111 

materials.  112 

Synthesis experiments were performed either in the Sumitomo 1200 tonne multi-anvil press 113 

with a split sphere-type guide block (Keppler and Frost 2005) or Iris 1500 tonne multi-anvil 114 

press with the Osugi-type guide block (Ishii et al. 2016; 2019b) at the Bayerisches Geoinstitut, 115 

University of Bayreuth, Bayreuth (BGI). For the single-crystal syntheses, the starting materials 116 

were packed into Pt capsules, which were then carefully closed with a Lampert PUK U3 welder 117 

operating in micro mode (power: 7 %, time: 3-5 ms) to ensure that water could not escape. 10/4 118 

assemblies were used with LaCrO3 furnaces at pressures of 22 and 24 GPa in the Sumitomo 119 
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press. The assemblies comprised a 10 mm edge length Cr2O3-doped MgO octahedron and were 120 

used with F08 grade WC anvils with 4 mm truncation edge lengths (TEL). The temperature 121 

was monitored using a D-type thermocouple (W97Re3-W75Re25) that was inserted from the top 122 

and positioned as close to the capsule as possible. To generate pressures of ~27 GPa, 123 

experiments in the Iris-1500 tonne press were performed with standard 7/3 assemblies, with a 124 

7 mm octahedron equipped with a LaCrO3 furnace and 3 mm TEL TF05 grade WC anvils.  125 

For the synthesis of polycrystalline samples, a modified 7/3 assembly was used. The starting 126 

materials were placed into Mo-foil capsules that also acted as furnaces and were then inserted 127 

into a ZrO2 sleeve and a Cr2O3-doped MgO octahedron. Connection between the furnace and 128 

the anvils was ensured by 0.5 mm thick Mo wires that were placed inside two ZrO2 spacers 129 

positioned at the top and bottom of the Mo capsule. The temperature was monitored using a D-130 

type thermocouple (W97Re3-W75Re25) that was inserted through pre-drilled holes at the center 131 

of the octahedron. Synthesis details are reported in Table 1. 132 

 133 

Sample characterization 134 

Both polycrystalline and single-crystal recovered samples were polished in epoxy holders for 135 

scanning electron microscopy (SEM) and electron microprobe (EMP) analyses. A LEO 1530 136 

scanning electron microscope was employed to obtain an overview of the crystallized run 137 

products and their size distribution, whereas a JEOL JXA-8200 EMP was used for quantitative 138 

chemical analyses of the different samples. The electron microprobe was calibrated using 139 

standards of enstatite, for Mg and Si, spinel, for Al, and Pt-metal. A minimum of 20 points were 140 

measured on each sample. During the measurements the voltage and current were set to 15 kV 141 

and 15 nA, respectively, and a focused beam was used. The resulting averaged compositions 142 

and sizes of the recovered akimotoite and corundum crystals are reported in Table 1. The water 143 

content in the MgSiO3 akimotoite end-member was determined by means of Fourier-transform 144 
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infrared (FTIR) spectroscopy (Siersch et al. 2021) and was found to be relatively minor (281 145 

ppm wt H2O), in agreement with previous studies on water incorporation into akimotoite (e.g. 146 

Bolfan-Casanova et al. 2000). Similar minor water contents are expected for the other single-147 

crystals in the solid solution synthesized in a hydrous environment (Ak99, Cor92, Cor97 and 148 

Cor100, Table 1) following present literature data on H2O contents in akimotoite and corundum 149 

(e.g. Bolfan-Casanova et al. 2000; Beran and Rossman 2006; Siersch et al. 2021). However, 150 

due to the small crystal sizes and the presence of fluid inclusions in the corundum-rich samples, 151 

it was not possible to perform FTIR measurements. As shown in the results section, however, 152 

the lack of scatter in the structural data suggests that our hypothesis of low water contents is 153 

likely correct.   154 

 155 

Room pressure and high-pressure single crystal X-ray diffraction and structural 156 

refinements 157 

High quality single-crystals from each run-product were selected based on their sharp reflection 158 

profiles in omega scans, with full-width at half maximum between 0.05° and 0.09°. A Huber 159 

four-circle diffractometer with a Eulerian cradle geometry equipped with a point detector and 160 

a MoKa (λ = 0.71073 Å) source operated at 50 kV and 40 mA was used. Eight-position 161 

centering of up to 28 reflections for each sample was performed to determine accurate unit-cell 162 

lattice parameters at ambient conditions (Table 2).             163 

Full intensity data collections for structural refinements at ambient conditions were performed 164 

on an Oxford Diffraction Xcalibur diffractometer equipped with a graphite monochromator, 165 

MoKα radiation operated at 50 kV and 40 mA and a Sapphire 2 CCD detector. Complete and 166 

redundant intensity data were collected using ω scans with a width of 1° and a default time of 167 

5 to 10 s in a 2θ range between 2 and 75°. Intensity data collection on one small crystal of 168 
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sample S7179 (less than 30 µm in size) was performed on a Bruker IµS Inside diffractometer 169 

using AgKα radiation (λ = 0.55941 Å) operated at 50 kV and 880 µA, with a beam size of 170 

50 µm. The crystal was measured in a 2θ range between 4 and 29° using an exposure time of 171 

40 s. The intensity data were integrated using the CrysAlis 171.36.28 software. Lorentz and 172 

polarization corrections, as well as an empirical absorption correction, were performed. 173 

One high-quality single-crystal of MgSiO3 akimotoite, Ak100, with sharp omega reflection 174 

profiles that had full-widths at half maxima of 0.08°, was chosen for the collection of full 175 

intensity data at high pressure. The crystal was polished to 15 µm thickness having the final 176 

dimensions of 100x100x15 µm3. One BX90 type diamond anvil cell (DAC) was prepared with 177 

diamond culets of 400 µm diameter, glued into Boehler-Almax seats with an opening angle of 178 

90° (Kantor et al. 2012). A Re gasket with an original thickness of 200 µm was pre-indented to 179 

a thickness of 61(1) µm. A hole with a diameter of 230 µm was laser-cut into the center of this 180 

indentation to produce the sample chamber. The single-crystal was loaded inside the DAC 181 

together with a small ruby sphere of 10 µm diameter placed next to the crystal for pressure 182 

determination. The DAC was gas loaded with neon gas as a pressure transmitting medium using 183 

the gas-loading system installed at the BGI (Kurnosov et al. 2008). After each pressure increase, 184 

the DAC was left to stabilize for at least one day to avoid any pressure changes during the XRD 185 

measurements. The ruby fluorescence was measured before and after each XRD measurement 186 

using a Horiba LABRAM HR Raman micro-spectrometer equipped with an 1800 g/mm grating 187 

and a He-Ne-laser (λ = 632.8 nm) with 20 mW laser power. Pressures were determined 188 

according to the calibration reported by Dewaele et al. (2004). Eight-position centering of up 189 

to 17 reflections at each pressure point was performed to determine accurate unit-cell lattice 190 

parameters of the MgSiO3 akimotoite single-crystal (Table 3) using a Huber four-circle 191 

diffractometer. Full intensity data were collected at 4 pressure points using the Oxford 192 

Diffraction Xcalibur diffractometer described above. For measurements performed on the 193 
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crystal in the DAC, ω scans with a width of 1° and a default time of 60 s in a 2θ range between 194 

2 and 70° were employed. In addition, the cell was not tilted or reversed during the data 195 

collection. Additional to the Lorentz and polarization corrections, an analytical absorption 196 

correction was taken into account due to the partial absorption of the incident and diffracted X-197 

ray beams by the diamond anvils, the Re gasket, the pressure transmitting medium and the 198 

crystal itself, by using the numerical absorption correction Absorb6.0, written by Angel (2004) 199 

and implemented into the CrysAlis absorption correction software.  200 

The integrated intensity data, collected both at room conditions and at high pressures, were used 201 

for structural refinements in the ShelX software (Sheldrick 2008) integrated in the WinGX 202 

program system (Farrugia 1999). For measurements at ambient conditions, neutral scattering 203 

factors for Mg, Al, Si and O were used. The occupancies of Mg, Al and Si at the octahedral site 204 

of the R3"c structure (corundum-type structure) were fixed to the values obtained from the 205 

microprobe analyses due to their similar electron density. A careful analysis of all MgSiO3-rich 206 

corundum single-crystals indicated no evidence for cation ordering except for Cor81, which 207 

revealed the presence of the 003 reflection, that is normally extinct in space group R3"c, albeit 208 

with very low intensity. This suggests an incipient ordering of Mg and Si into the corundum 209 

structure. No other reflections consistent with space group R3" were detected and the Cor81 210 

sample was, therefore, refined in the R3"c space group. For Ak100 and Ak99, Mg and Si were 211 

considered perfectly ordered in the two distinct octahedral sites of the R3" structure (akimotoite-212 

type structure) and the small amount of Al of the Ak99 sample was equally distributed between 213 

the two octahedral sites assuming the coupled substitution Mg2+ + Si4+ = 2 Al3+, as also 214 

suggested for Cr-bearing akimotoites (Bindi et al. 2014). All cations and oxygen sites were 215 

refined anisotropically. Between 136 and 378 unique reflections were used to refine 10 (for 216 

corundum-type structures, Figure S1b) to 16 (for akimotoite-type structures, Figure S1a) 217 

parameters.  218 
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For the high-pressure study, structural refinements of MgSiO3 akimotoite up to 10.83(3) GPa 219 

(space group #3") were performed by using neutral scattering factors for Mg, Si and O, assuming 220 

perfect ordering of Mg and Si into the two distinct octahedra. The cations were refined 221 

anisotropically whereas the oxygen was refined isotropically in order to decrease the number 222 

of refined parameters, since the number of collected reflections is reduced due to obstruction 223 

from the DAC. Between 147 to 151 reflections were used to refine 11 parameters at each 224 

pressure point. 225 

Refinement details, anisotropic and isotropic displacement parameters, atomic coordinates and 226 

bond distances for all samples investigated in this study, both at room and at high pressure, can 227 

be found in the deposited Crystallographic Information File (CIF).   228 

 229 

Powder X-ray diffraction at high-pressure 230 

High-pressure X-ray diffraction in combination with ultrasonic experiments were performed in 231 

the 1000 tonne large volume press at the 13-ID-D beamline of GSECARS at the APS. A 10/4 232 

multi-anvil assembly was modified to fit a cylindrical rhenium (Re) furnace prepared from 25 233 

µm thick Re foil. Two windows were laser cut into the furnace wall and aligned to the X-ray 234 

beam path to allow the incident and diffracted X-ray beams to pass through the sample without 235 

interference from the Re. Powder X-ray diffraction patterns were collected at high pressure 236 

using an energy-dispersive system at a fixed 2θ angle of 6.04° operating between 42 and 112 237 

keV. The unit-cell parameters of the two polycrystalline samples, Ak98 and Ak80, were 238 

determined using full profile LeBail refinements with the GSAS software package in the 239 

EXPGUI interface (Toby 2001, Larson and Von Dreele 2004) and are reported in Table 3. 240 

Pressures were obtained from the simultaneous measurements of X-ray diffraction and acoustic 241 

wave velocities (Siersch 2019). Only room temperature high-pressure X-ray diffraction results 242 
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on the akimotoite samples are reported here. The results of the ultrasonic measurements will be 243 

reported elsewhere. 244 

  245 

Results and Discussion 246 

MgSiO3 – Al2O3 solid solution behavior 247 

The unit-cell volumes measured at ambient conditions of the eight single-crystals and two 248 

polycrystalline samples belonging to the akimotoite - corundum solid solution (Table 2 and 249 

Table 3) are plotted in Figure 1a as a function of Al2O3 content. Literature data (Liu 1977; 250 

Kanzaki 1987; Irifune et al. 1996; Akaogi et al. 2002; Wang et al. 2004; Liu et al. 2016; 2017; 251 

Higo et al. 2018) for the same solid solution are reported for comparison. The unit-cell volumes 252 

of MgSiO3 akimotoite (Wang et al. 2004) and of Al2O3 corundum (Higo et al. 2018) show larger 253 

values than those obtained from our single-crystal study, which most likely results from the use 254 

of less accurate energy-dispersive X-ray diffraction measurements performed on 255 

polycrystalline samples. The corundum end-member volume reported by Liu (1977) and the 256 

akimotoite end-member volumes of previous studies (Kanzaki 1987; Akaogi et al. 2002) on the 257 

other hand are in perfect agreement with the data obtained in this study. The majority of the 258 

data follow the linear dashed line joining the two end-member values obtained in this study 259 

(Figure 1a). The variations of the a- and c-axes with Al2O3 content, on the other hand, are 260 

strongly non-linear (Figures 1b, c). The a lattice parameter (Figure 1b) increases rapidly with 261 

increasing Al2O3 component in the akimotoite structure or when MgSiO3 is incorporated into 262 

the corundum structure. On the other hand, the c lattice parameter (Figure 1c) has a negative 263 

deviation from linearity at both ends of the solid solution. These opposite behaviors give rise 264 

to the practically linear behavior of the unit-cell volume variation along the MgSiO3 akimotoite-265 

Al2O3 corundum join, observed in Figure 1a. The behavior of the unit-cell axes at the two ends 266 

of the akimotoite-corundum solid solution do not seem to display typical excess property 267 
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behavior, as the corundum side, in particular, appears too linear to be part of a single curve for 268 

the entire solution.  269 

The effect of Al2O3 substitution on the unit-cell lattice parameter of akimotoite can be compared 270 

to that arising from Cr2O3 substitution. Both corundum and eskolaite, Cr2O3, crystallize in the 271 

R3"c structure and Cr3+ has a slightly larger size (0.615 Å) than Al3+ (0.535 Å) (Shannon 1976). 272 

The lattice parameters of these two compounds, however, are very different, with Cr2O3 having 273 

a much larger unit-cell than akimotoite (Ovsyannikov and Dubrovinsky 2011) resulting in a 274 

unit-cell volume 31.2 Å3 larger than that of Al2O3 (out of scale in Figure 1a). The larger unit-275 

cell lattice parameters of the eskolaite structure with respect to both corundum and akimotoite 276 

may be due to the fact that this compound is antiferromagnetic at room conditions (McGuire et 277 

al. 1956). The change in unit-cell parameters a, c and V of akimotoite as a function of Cr2O3 278 

content (Bindi et al. 2014) are plotted in Figures 1a-c and indicate a linear mixing relationship 279 

along the MgSiO3 - Cr2O3 join, in contrast to the non-linearity observed for the unit-cell axes 280 

along MgSiO3-Al2O3 join. It is difficult to understand why these two solid solutions behave so 281 

differently, which is further hindered by the fact that at present there are no studies that have 282 

looked at the incorporation of Mg and Si into the eskolaite structure.   283 

Structural refinements on eight single-crystals along the MgSiO3-Al2O3 solid solution were 284 

performed in order to determine the structural mixing behavior. Figure 2 shows the variation of 285 

the octahedral volumes of the MgO6 and SiO6 octahedra and the AlO6/CrO6 octahedra along 286 

the MgSiO3-Al2O3/Cr2O3 solid solutions. The average of MgO6 and SiO6 octahedral volumes 287 

in akimotoite are also shown for better comparison with the AlO6 and CrO6 octahedral volumes. 288 

As the Al or Cr contents increase in the akimotoite structure, the MgO6 octahedral volume 289 

decreases as expected given the substitution of a smaller cation at that site, whereas the SiO6 290 

volume increases due to the incorporation of a larger cation. These changes are more 291 

pronounced along the Cr substitution. Interestingly on the corundum-rich end, only a small 292 
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change can be observed in the AlO6 octahedral volumes as the concentration of MgSiO3 293 

increases. This is surprising since the opposite effect of Al2O3 incorporation in akimotoite 294 

appears to be very pronounced. The difference may be due to the fact that whilst two Al are 295 

substituting a Mg and Si occupying two adjacent layers in the akimotoite structure, preserving 296 

in this way cation ordering to a certain extent, (Figure S1a), Mg and Si may substitute two Al 297 

in any octahedral site (Figure S1b) maintaining a random distribution and a R3"c symmetry even 298 

up to a 25 mol% MgSiO3 content.  299 

The linear behavior between the octahedral volumes of corundum and eskolaite and the average 300 

octahedral volumes of the Al2O3/Cr2O3-bearing akimotoites respectively (Figure 2), which can 301 

be considered to describe a hypothetical R3"c disordered solid solution, mimic the unit-cell 302 

volume changes along the two solid solutions (Figure 1a). Assuming a linear change also for 303 

the volumes of the MgO6 and SiO6 octahedra as a function of Al2O3/Cr2O3 content, two 304 

significantly different behaviors are observed (Figure 2). The two linear trends describing the 305 

behavior of the Cr-bearing akimotoites cross the linear trend describing the R3"c hypothetical 306 

MgSiO3-Cr2O3 solid solution at ~ 0.3 Cr2O3 mol, suggesting that samples having compositions 307 

above ~ 0.3 mol of Cr2O3 may already have complete cation disorder and have the R3"c space 308 

group. Octahedral volumes for the Ak100 and Ak99 single crystals, on the other hand, suggest 309 

that linear trends describing the Al-akimotoites reach the R3"c hypothetical MgSiO3-Al2O3 join 310 

practically at the Al2O3 end-member, suggesting that the R3" and R3"c MgSiO3-Al2O3 systems 311 

are two distinct solid solutions. Substitution of Al2O3 into akimotoite has a much larger effect 312 

on its structure than MgSiO3 substitution into corundum, whose structure is able to 313 

accommodate quite a large amount of Mg and Si without major changes in the octahedral 314 

volume and distortion, as can be seen in the change of the octahedral angle variance (OAV) 315 

reported in the supplementary material (Figure S2). This suggests that an immiscibility gap may 316 

be present around the 50:50 compositions in this solid solution, in stark contrast to the linear 317 
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behavior observed for the MgSiO3-Cr2O3 solid solution which may well turn out to be a 318 

complete solid solution.  319 

Two further structural features may help to explain the contrasting behavior of the unit-cell axes 320 

in the akimotoite-corundum systems. The change with Al2O3 content of the distance between 321 

the two oxygens along the edges of the shared faces of MgO6 and SiO6 octahedra (Figure S1a) 322 

for akimotoite and AlO6 octahedra for corundum (Figure S1b) in the (110) plane (Figure 3) 323 

increases rapidly on both the akimotoite as well as the corundum-rich sides. By connecting the 324 

two end-members, a positive non-linear behavior can be clearly identified (Figure 3). This 325 

behavior is likely responsible for the non-linear evolution of the a unit-cell lattice parameter 326 

(Figure 1b). In fact, a linear increase of the same O···O distance is observed along the MgSiO3-327 

Cr2O3 system directly comparable to the linear increase of the a-axis in this solid solution. On 328 

the other hand, the distance between the oxygens that describe the height of the two face-sharing 329 

octahedral layers along the c-axis, follows a negative non-linear behavior (Figure 4) which is 330 

clearly responsible for the evolution of the c-axis (Figure 1c). For the MgSiO3-Cr2O3 solid 331 

solution, however, this trend is again linear as indicated by the dashed line in Figure 4.  332 

 333 

High-pressure structural evolution of MgSiO3 akimotoite 334 

The variation of the unit-cell lattice parameters with pressure (Table 3) of a single-crystal of 335 

MgSiO3 akimotoite measured in the DAC as part of this study (Figures 5a and b) is in excellent 336 

agreement with that reported by Siersch et al. (2021). The eight unit-cell data points collected 337 

in this study are satisfactorily described by the third-order Birch-Murnaghan EoS (BM3 EoS) 338 

that were fitted using the program EoSFit7GUI (Angel et al. 2014; Gonzalez-Platas et al. 2016) 339 

with isothermal bulk modulus KT0 = 205(1) GPa and first pressure derivative K0’ = 4.9(2) and 340 

by the two linearized BM3 EoS with Ma0 = 728(6) GPa, Ma0’ = 16.0(7) and Mc0 = 470(2) GPa, 341 
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Mc0’ = 12.6(3) reported in Siersch et al. (2021) (solid black lines in Figures 5a and b). As shown 342 

by the two multi-anvil experiments performed on polycrystalline samples, with increasing Al 343 

content, akimotoite becomes more compressible (Figure 5a) with isothermal bulk moduli of KT0 344 

= 204(1) GPa and K0’ = 4.9(1) for Ak98 and KT0 = 198(1) GPa and K0’ = 5.2(1) for Ak80. This 345 

is in contrast to the very stiff corundum end-member (d’Amour et al. 1978, Figure 5a), which 346 

has a KT0 = 251(35) GPa with K0´ fixed to the value of 4 (2nd order Birch-Murnaghan EoS, 347 

BM2). The uncertainty of KT0 obtained from this fit is very large but the bulk modulus is in 348 

agreement with other KT0 reported in literature of 250(2) GPa (Higo et al. 2018) and 254(8) 349 

GPa (Dewaele and Torrent 2013). The non-linear behavior of the bulk modulus along the 350 

akimotoite-corundum solid solution is a striking feature of this system and also suggests a 351 

different structural response of the two end-members when accommodating cation substitution.  352 

Although the excess molar volume ($!") along the akimotoite-corundum join is small at room 353 

pressure (Figure 1a), because Al2O3 reduces the bulk modulus of akimotoite in comparison to 354 

both end members there is the potential for an increase in $!" with pressure. Using the 355 

compressibility of the Ak80 sample, an estimate for the symmetric $!" can be made at pressure 356 

and fitted using a Margules parameter (WV), i.e.: 357 

$!" = &# ∗ ( ∗ (1 − () 358 

where X is the mole fraction of Al2O3 in Akimotoite. This is a minimum estimate as the data 359 

only extend to 20 % Al2O3, however, a WV of -0.354 cm3/mol is determined at 10 GPa and -360 

0.52 cm3/mol at 20 GPa, with the resulting curves for  $!" at high pressure plotted in Figure 361 

S3. These excess parameters are significant and should probably be considered when 362 

performing thermodynamic calculations for the Al content of akimotoite. 363 

The Al substitution also has a major effect on the compressibility of the unit-cell axes (Figure 364 

5b). The a-axis becomes more compressible with increasing Al content, whereas the c-axis 365 
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becomes less compressible resulting in a decrease of the large axial anisotropy of MgSiO3 366 

akimotoite. Linearized BM3 EoS have been used to fit the P versus unit-cell axis data, resulting 367 

in Ma0 = 758(12) GPa, Ma0’ = 9(1) and Mc0 = 451(21) GPa, Mc0’ = 19(3) for Ak98 and Ma0 = 368 

610(27) GPa, Ma0’ = 18(3) and Mc0 = 593(45) GPa, Mc0’ = 8(4) for Ak80. Note that the unit-369 

cell parameters reported by d’Amour et al. (1978) show a nearly isotropic compressibility for 370 

corundum within the uncertainties, resulting in the EoS parameters Ma0 = 788(109) GPa and 371 

Mc0 = 685(96) GPa, with M0´ fixed to the value of 12. Both axial incompressibilities, and in 372 

particular that of the c-axis, are larger than those obtained for akimotoite, explaining the larger 373 

bulk modulus of Al2O3. The variation of the c/a ratio with pressure (Figure 5c) reflects the 374 

decrease in anisotropy of the axial compressibility with increasing Al content. While the Ak100 375 

and Ak98 samples show a strong decrease of the c/a with pressure, such a decrease is only 376 

slightly visible for sample Ak80 and corundum shows an isotropic axial compressibility at least 377 

up to 10 GPa (d’Amour et al. 1978). Note, however that for Ak98 the variation of the c/a ratio 378 

is similar to that of the end-member only at low pressure, at pressures larger than 17 GPa it 379 

remains almost constant suggesting a change in compression behavior.  380 

In order to understand the change in axial compressibility with increasing Al content, structural 381 

refinements on MgSiO3 akimotoite were performed using intensity data collected at four 382 

pressure points and compared to the Al2O3 corundum end-member (d’Amour et al. 1978). The 383 

MgO6 and SiO6 octahedral volumes of MgSiO3 akimotoite decrease smoothly with increasing 384 

pressure and were fitted with linear BM2 EoS (Figure 6). The MgO6 octahedra are significantly 385 

more compressible than the SiO6 octahedra (K0 = 149(2) GPa and K0 = 327(32) GPa, 386 

respectively) in good agreement with data reported by Yamanaka et al. (2005). The AlO6 387 

octahedral volume of the corundum end-member (d’Amour et al. 1978) also decrease smoothly 388 

having an intermediate incompressibility of K0 = 251(35) GPa compared to the MgO6 and SiO6 389 

octahedra. Note that the average incompressibility of the MgO6 and SiO6 octahedra is slightly 390 
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smaller (238 GPa) than the incompressibility of corundum, reflecting the fact that Al2O3 is 391 

stiffer than MgSiO3 akimotoite. It appears that softening of the SiO6 octahedra due to 392 

substitution of Al plays a more important role on the compressibility of Al-bearing akimotoites 393 

than the stiffening of the MgO6 octahedra due to the same substitution, resulting in Al-bearing 394 

akimotoites being more compressible than the MgSiO3 end-member. 395 

The axial compressibility of akimotoite is highly anisotropic with the c-axis much more 396 

compressible than the a-axis (Reynard et al. 1996; Wang et al. 2004; Siersch et al. 2021). The 397 

compression along the c direction is directly related to the large compression of the MgO6 398 

octahedral layer described by the oxygen distance between the two opposite faces parallel to 399 

the c-axis, which has a linear modulus of 309(18) GPa, i.e., more than three times smaller than 400 

the linear modulus of the oxygen distance of the SiO6 octahedral layer (M = 1428(246) GPa) 401 

(Figure 7). The compression along the a-axis, is likely dominated by the compression of the 402 

distance between the oxygens (O···O distance) forming the edges of the shared faces of 403 

octahedra that are perpendicular to the c-axis, which is much stiffer, with a linear modulus of 404 

848(127) GPa (Figure 7). In the corundum structure, all AlO6 octahedral layers and face-sharing 405 

O···O distances have similar compressibilities (MAlO6 = 639(97) GPa and MO···O = 784(108) 406 

GPa, respectively) leading to an isotropic compression of the a and c axes. With increasing Al 407 

content, the compressibility of the MgO6 and SiO6 octahedra will approach one another and 408 

hence give rise to more isotropic axial compressibility as seen for Ak80 (Figure 5c).  409 

 410 

Implications 411 

A bulk elastic property of a mineral in a solid solution, ΨSS, can be estimated by assuming a 412 

linear summation of the individual elastic properties of the corresponding end-members, i.e.: 413 
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where Ψi are the elastic properties of component i, mi and Vi are the mole and volume fractions 414 

of component i, respectively, and n is the number of end-members in the solid solution (Chantel 415 

2012). The use of such a relation is problematic, however, in the case of the akimotoite – 416 

corundum join. Investigation of the individual unit-cell parameters shows that they behave in a 417 

strongly non-ideal fashion and that complete mixing between the two end-members probably 418 

does not occur. In fact, changes in unit-cell lattice parameters and octahedral bond lengths imply 419 

that the accommodation mechanisms of Al2O3 substitution in MgSiO3 akimotoite and of 420 

MgSiO3 substitution in corundum are quite different. Most likely related to this is the fact that 421 

the akimotoite-corundum join is an example of a system where an elastic property, the bulk 422 

modulus in this case, changes in a significantly non-linear fashion across the solid solution. 423 

When Al2O3 is added to akimotoite the bulk modulus first decreases but must increase again as 424 

corundum is approached. This means that the use of the elastic properties of corundum for the 425 

calculation of bulk elastic properties, and consequently wave velocities, of Al-bearing 426 

akimotoite in mineral physics models, as used in the past (Stixrude and Lithgow-Bertelloni 427 

2005; 2011), will produce values that are inaccurate. To illustrate this problem, the bulk sound 428 

velocity,  1) = 23 45 , has been calculated for Ak98 and Ak80 up to 25 GPa using the equation 429 

of state parameters determined from measurements made in this study (Figure 8). These are 430 

then compared with the bulk sound velocities obtained for the same compositions from a linear 431 

interpolation of the elastic properties of akimotoite (Siersch et al. 2021) and corundum (Higo 432 

et al. 2018). The bulk sound velocity determined for Ak80 is slower than that of the akimotoite 433 

end-member by approximately 0.06 km/s at 20 GPa but the velocity determined through linear 434 

mixing of akimotoite and corundum is higher by approximately the same amount, resulting in 435 

the linear mixing value over estimating the velocity by approximately 1.3 %.   436 
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As the Al2O3 content of akimotoite in the mantle probably never reaches values higher than 25 437 

mol% (Kubo and Akaogi 2000), the best way to resolve this discrepancy for linear mixing 438 

models is to define a fictive R3" Al2O3 akimotoite end-member. A linear relationship between 439 

the bulk modulus of Ak100 and Ak80 gives a value for Ak0 of K0 = 175 GPa and K0’ = 6.4, 440 

which is significantly smaller than the 250 GPa value of corundum (Higo et al. 2018). The 441 

effect of this difference, however, when calculating the bulk sound velocity for a harzburgitic 442 

composition at adiabatic temperatures at the base of the transition zone will be relatively small 443 

because experiments show that under such conditions akimotoite contains only 5 mol% Al2O3 444 

and makes up only 15 vol% of the rock (Ishii et al. 2019a). However, experiments at lower 445 

temperatures indicate that higher akimotoite Al2O3 contents should occur at temperatures 446 

compatible with the harzburgitic portion of a subducting slab (Kubo and Akaogi 2000), which 447 

would also lead to an increase in the proportion of akimotoite in the rock at the expense of 448 

garnet. Further support for this comes from the fact that it was possible to synthesize an 449 

akimotoite sample in this study containing 20 mol% Al2O3 at 1123 K and 26 GPa. To fully 450 

examine the effect of Al2O3 in akimotoite on seismic velocities in the transition zone it would 451 

be important to also obtain elasticity data, including the shear modulus, at high temperatures 452 

and obtain sufficient phase relations data to reliably determine the proportion and composition 453 

of akimotoite as a function of pressure and temperature. 454 
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 Figure captions  622 

Figure 1: Evolution of the (a) volume, (b) a and (c) c unit-cell lattice parameters across the 623 

MgSiO3 akimotoite - Al2O3 corundum solid solution. The black stars indicate the single-crystals 624 

investigated in this study, red and blue circles correspond to the polycrystalline samples, Ak98 625 

and Ak80, respectively. The open black symbols, black circles and green triangles are from the 626 

literature. The variation of the unit-cell parameters with Cr2O3 content (Bindi et al. 2014) are 627 

shown in pink. The dashed pink line connects the akimotoite end-member to the corundum 628 

structured Cr2O3 end-member (eskolaite, off the diagram) taken from Ovsyannikov and 629 

Dubrovinsky (2011). 630 

Figure 2: Octahedral volumes of MgO6, SiO6 and AlO6 as a function of Al2O3 content in the 631 

akimotoite structure. The MgO6 and SiO6 octahedral volumes decrease and increase, 632 

respectively, as Al is substituted into the structure. The variation of the octahedral volumes 633 

MgO6 and SiO6 with Cr2O3 content is shown in pink (Bindi et al. 2014). The Cr2O3 end-member 634 

(eskolaite) octahedral volumes are taken from Ovsyannikov and Dubrovinsky (2011). Dashed 635 

lines are linear fits through the octahedral volumes of MgSiO3-bearing corundum/eskolaite and 636 

the average octahedral volume of Al(Cr)-bearing akimotoites. The dotted lines show linear fits 637 

through the Al/Cr-bearing MgO6 and SiO6 octahedral volumes of akimotoite.  638 

Figure 3: Variation with Al2O3 and Cr2O3 content of the distance between two oxygen atoms 639 

belonging to the edges of the face shared between two octahedra. A rapid increase can be 640 

observed on the akimotoite and corundum-rich sides similar to the trend observed for the a-axis 641 

(Figure 1b). The MgSiO3 – Cr2O3 solid solution on the other hand (Ovsyannikov and 642 

Dubrovinsky 2011; Bindi et al. 2014, pink) shows a linear increase of the O···O distance 643 

between the two end-members. 644 

Figure 4: Variation with Al2O3 and Cr2O3 content of the distance between the oxygen 645 

describing the average height of the two face-sharing octahedral layers along the c-axis. The 646 
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MgSiO3 – Al2O3 solid solution is described by a negative non-linear trend whereas the MgSiO3 647 

– Cr2O3 system follows linear mixing behavior. These structural features are linked to the 648 

behavior of the c-axes of both systems reported in Figure 1c.  649 

Figure 5: Variation with pressure of the (a) unit-cell volumes, (b) normalized unit-cell lattice 650 

parameters a/a0 and c/c0 and (c) c/a ratio for the MgSiO3 akimotoite end-member (single crystal 651 

DAC measurements), two Al-bearing akimotoite samples, Ak98 and Ak80 (polycrystalline 652 

multi-anvil measurements), and the Al2O3 corundum end-member (d’Amour et al. 1978). The 653 

solid curves show BM3 EoS fits of the individual data sets measured in this study and Siersch 654 

et al. (2021), and BM2 EoS fits of the Al2O3 corundum end-member.  655 

Figure 6: Change in volume of the MgO6 (blue) and SiO6 (red) octahedra up to 10.83(3) GPa. 656 

The solid curves indicate BM2 EoS fits of the individual octahedral volumes.  No change in 657 

compression mechanism can be observed up to the maximum pressure reached in this study. 658 

Akimotoite data (black symbols; Yamanaka et al. 2005) and corundum data (green; d’Amour 659 

et al. 1978) are shown for comparison. 660 

Figure 7: Variation with pressure of the distance between the oxygens belonging to the two 661 

opposite faces of the same octahedron perpendicular to the c-axis: MgO6 octahedral layer (blue) 662 

and SiO6 octahedral layer (red) as well as the variation of the O···O distance (black) of the edge 663 

of the face shared between two octahedra in the akimotoite structure. The solid curves indicate 664 

BM2 EoS fits of the individual distances. For comparison, the same distances for the AlO6 665 

octahedra (green circles and green squares, respectively; d’Amour et al. 1978) are shown. 666 

Figure 8: Bulk sound velocity, vF, of Ak100, Ak98 and Ak80 calculated up to 25 GPa using 667 

the equation of state parameters reported in this study. The velocities for the MgSiO3 end-668 

member akimotoite are calculated according to the EoS parameters reported by Siersch et al. 669 

(2021), whereas the velocities for corundum are calculated using the EoS parameters reported 670 



30 
 

by Higo et al. (2018). The dashed lines show calculations of vF assuming linear mixing relations 671 

between the end member properties of MgSiO3 akimotoite and Al2O3 corundum. 672 

 673 

 674 

 675 
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Tables 676 

Table 1: Multi-anvil synthesis conditions, resulting run products and compositions of the akimotoite samples investigated in this study. 677 

experiment  starting material pressure (GPa) temperature (K) heating (h) run products composition 
crystal 

size (µm) 

S6925 Ak100 Mg1.15SiO3.15 + ~15% H2O 22 1873a 4 akimotoite + melt Mg0.993(1)Si1.003(1)O3 <500 

S7179 Ak99 Ak90Cor10 + ~10% H2O 22 1773 23 Al2O3-rich akimotoite + garnet 
(+ stishovite) 

Mg0.975(8)Al0.016(3)Si1.001(4)O3 
 <30 

I796* Cor75 Ak40Cor60 + MgCl2 27 2300 a 3.3 MgSiO3-rich corundum + MgO 
+ melt Al1.501(9)Mg0.239(5)Si0.260(6)O3 <100 

I789* Cor80 Ak40Cor60 + MgCl2 27 2100 a 2 MgSiO3-rich corundum + MgO 
+ melt Al1.599(11)Mg0.192(8)Si0.209(4)O3 <100 

S7237a* Cor81 Ak40Cor60 + MgCl2 24 1673 a 2 MgSiO3-rich corundum + MgO 
+ melt Al1.628(12)Mg0.162(4)Si0.186(5)O3 <250 

S7156b Cor92 Ak20Cor80 + ~10% Al(OH)3 24 1873 22 MgSiO3-rich corundum + 
hydrous Al-phases + melt 

Al1.847(4)Mg0.073(3)Si0.080(2)O3 
 <250 

S7156a Cor97 Ak10Cor90 + ~10% Al(OH)3 24 1873 22 MgSiO3-rich corundum + 
hydrous Al-phases + melt 

Al1.947(3)Mg0.025(2)Si0.028(2)O3 
 <200 

S7203 Cor100 Al2O3:Al(OH)3 (6:4) 24 1873 25.5 corundum + hydrous Al phases 
+ melt Al1.962(2)O3 <250 

S6741 Ak98 Ak2Cor98 glass 27 1173 1 akimotoite Mg0.983(7)Al0.041(10)Si0.977(7)O3 <3 

I444 Ak80 Ak20Cor80 glass 26 1123 1 akimotoite Mg0.820(7)Al0.405(7)Si0.775(11)O3 <5 
a temperature estimated from power-temperature relationships, Ak: akimotoite, Cor: corundum. 678 
* Synthesis with MgCl2 as flux 679 
 680 

 681 
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Table 2: Unit-cell lattice parameters of single-crystals belonging to the akimotoite-corundum 682 

system determined in this study. 683 

experiment  Al2O3 (mol) a (Å) c (Å) V (Å3) 

S6925 Ak100 0.000 4.7288(1) 13.5609(4) 262.62(1) 

S7179 Ak99 0.008 4.7293(1) 13.5503(1) 262.47(1) 

I796 Cor75 0.751 4.7703(3) 13.0189(4) 256.56(3) 

I789 Cor80 0.800 4.7678(1) 13.0172(2) 256.27(2) 

S7237a Cor81 0.814 4.7599(2) 13.0113(5) 255.29(2) 

S7156a Cor92 0.924 4.7624(2) 12.9996(4) 255.34(3) 

S7156b Cor97 0.974 4.7603(15) 12.9969(30) 255.06(17) 

S7203 Cor100 1.000 4.7594(6) 12.9903(8) 254.83(7) 

 684 

 685 

 686 

 687 

 688 

 689 

 690 

 691 

 692 

 693 

 694 
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Table 3: Unit-cell lattice parameters of the MgSiO3 akimotoite end-member and two Al-bearing 695 

akimotoite samples; Ak98 and Ak80, measured at different pressures. For Ak100, the pressure 696 

has been determined using the ruby fluorescence calibration by Dewaele et al. (2004). For 697 

Ak98 and Ak80, pressure was calculated from simultaneously measuring the density and sound 698 

wave velocities of the samples in combined X-ray diffraction and ultrasonic measurements 699 

(Siersch 2019). 700 

P (GPa) a (Å) c (Å) V (Å3) 

Ak100    

0.0001(1)a 4.7282(1) 13.5587(1) 262.51(2) 

0.87(3) 4.7231(2) 13.5354(1) 261.49(2) 

2.12(11)a 4.7152(4) 13.5013(3) 259.96(4) 

3.39(3) 4.7077(2) 13.4681(2) 258.50(3) 

8.07(11)a 4.6805(3) 13.3500(2) 253.28(3) 

9.15(1) 4.6742(4) 13.3240(3) 252.10(5) 

8.10(20) 4.6804(9) 13.3482(7) 253.23(10) 

10.57(20)a 4.6671(9) 13.2906(6) 250.71(10) 

Ak98    

0.0001 4.7302(3) 13.545(2) 262.47(2) 

4.65 4.7008(6) 13.427(2) 256.95(4) 

9.63 4.6724(3) 13.309(2) 251.62(3) 

13.22 4.6528(4) 13.235(2) 248.13(3) 

14.60 4.6451(5) 13.211(2) 246.86(4) 

16.90 4.6350(3) 13.158(2) 244.81(2) 

19.22 4.6232(5) 13.119(2) 242.84(3) 

20.56 4.6166(5) 13.097(1) 241.74(3) 



34 
 

23.27 4.6029(5) 13.058(2) 239.59(3) 

24.86 4.5938(6) 13.043(2) 238.37(3) 

20.06 4.6182(5) 13.110(2) 242.15(3) 

21.85 4.6093(5) 13.082(2) 240.70(3) 

21.93 4.6082(5) 13.085(2) 240.64(4) 

23.60 4.5988(6) 13.067(2) 239.33(3) 

19.76 4.6199(6) 13.114(2) 242.40(3) 

Ak98    

0.0001 4.7297(3) 13.542(1) 262.34(2) 

11.12 4.6681(8) 13.254(2) 250.13(6) 

7.73 4.6824(7) 13.355(3) 253.58(6) 

18.51 4.6287(13) 13.120(3) 243.43(6) 

16.17 4.6402(22) 13.163(6) 245.45(10) 

23.46 4.5996(9) 13.068(3) 239.44(6) 

20.88 4.6159(12) 13.087(3) 241.48(7) 

22.07 4.6067(11) 13.088(3) 240.53(6) 

20.88 4.6128(10) 13.105(3) 241.48(5) 

Ak80    

0.0001 4.7526(4) 13.349(2) 261.12(3) 

11.04 4.6771(5) 13.128(2) 248.70(3) 

7.62 4.6972(5) 13.199(2) 252.21(3) 

11.42 4.6766(5) 13.111(2) 248.33(3) 

12.90 4.6690(5) 13.079(2) 246.91(3) 

15.38 4.6541(6) 13.041(2) 244.62(3) 

16.25 4.6514(5) 13.015(2) 243.85(3) 
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19.56 4.6311(7) 12.977(3) 241.02(4) 

22.71 4.6146(7) 12.931(3) 238.48(4) 

24.51 4.6119(8) 12.872(4) 237.10(5) 

a Full intensity data was collected at these pressure points. 701 



36 
 

Figures 702 

Figure 1a 703 

 704 

Figure 1b 705 

 706 
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Figure 1c 707 
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Figure 2 719 
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Figure 3 730 

 731 

 732 

 733 

 734 

 735 

 736 

 737 

 738 

 739 

 740 

 741 



40 
 

Figure 4 742 

 743 

 744 

 745 

 746 

 747 

 748 

 749 

 750 

 751 

 752 

 753 



41 
 

Figure 5a 754 
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Figure 5b 756 
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Figure 5c 758 
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Figure 6 769 
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Figure 7 781 
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Figure 8 793 
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