
1 
 

Revision 2 (word count: 4841) 1 

Atomistic Mechanism of Al Substitution Effects on the Ferroelastic Post-stishovite 2 

Transition by High-Pressure Single-Crystal X-Ray Diffraction 3 

Yanyao Zhang a,b,*, Stella Chariton c, Vitali B. Prakapenka c, Takuo Okuchi d, Jung-Fu Lin a,*  4 

a Department of Earth and Planetary Sciences, Jackson School of Geosciences, The University of 5 

Texas at Austin, Austin, TX 78712, USA 6 

b Present address: Earth and Planetary Sciences, Stanford University, Stanford, CA 94305, USA 7 

c Center for Advanced Radiation Sources, The University of Chicago, IL 60637, USA 8 

d Institute for Integrated Radiation and Nuclear Science, Kyoto University, Osaka 590-0494, 9 

Japan 10 

* Corresponding authors. E-mail addresses: yanyaozh@stanford.edu (Y. Zhang), 11 

afu@jsg.utexas.edu (J.-F. Lin). 12 

 13 

Abstract 14 

The influence of Al substitution on the elastic properties of stishovite and its transition to post-15 

stishovite is of great importance for interpreting the seismic wave velocities of subducted mid-16 

ocean ridge basalt (MORB) within the mantle transition zone and the lower mantle. However, 17 

atomistic mechanisms of Al substitution effects on the transition and its associated elasticity 18 

remain debated. Here synchrotron single-crystal X-ray diffraction measurements have been 19 

performed at room temperature on Al1.3-SiO2 (1.3 mol% Al in the chemical formula of 20 

Si0.965(3)Al0.041(1)O2H0.017(4)) and Al2.1-SiO2 (2.1 mol% Al in Si0.948(2)Al0.064(1)O2H 0.018(3)) crystals 21 
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in diamond anvil cells with Boehler-Almax designed anvils up to 38.0 GPa and 28.5 GPa, 22 

respectively. Refinements of the diffraction patterns show that a transformation from stishovite 23 

(space group P42/mnm; No. 136) to CaCl2-typed post-stishovite (space group Pnnm; No. 58) is 24 

accompanied by splitting of O coordinates. The Al substitution in stishovite results in a faster 25 

decrease in the O coordinate, softer apical (Si,Al)-O bonds, and a softer and less distorted 26 

(Si,Al)O6 octahedron under compression. This leads to reduced adiabatic bulk modulus (KS), 27 

shear modulus (G), shear wave velocity (VS), and compressional wave velocity (VP) in the 28 

stishovite phase, explaining seismic wave perturbations in the mantle transition zone. Together 29 

with Raman data, Landau theory modeling shows that Al substitution increases the order 30 

parameter and excess free energy, stabilizing the post-stishovite phase at lower pressures. 31 

Correlation between elasticity and octahedral distortion index (D) reveals that at certain D, the Al 32 

substitution reduces KS, G, VS, and VP of the stishovite phase while increasing G, VS, and VP of 33 

the post-stishovite phase. Importantly, the maximum shear reduction is slightly enhanced at D = 34 

0.00620(9) at the transition point. Our results help explain the seismically observed small-scale 35 

VS anomalies beneath subduction regions in the shallow lower mantle where Al,H-bearing 36 

stishovite undergoes the post-stishovite transition.  37 
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 44 

Introduction 45 

Stishovite is expected to be an abundant component in subducted mid-ocean ridge basalt 46 

(MORB) in the mantle transition zone and the lower mantle (Hirose et al. 1999; Litasov and 47 

Ohtani 2005; Ishii et al. 2019). Previous experimental studies have shown that in a MORB 48 

composition, stishovite can accommodate up to 10.2 wt% Al2O3, together with a certain amount 49 

of hydrogen, in its structure mainly through charge-coupled substitutions of Al3+ + H+ = Si4+ and 50 

2Al3+ + OV2+ (oxygen vacancy) = 2Si4+ (Tsutsumi et al. 2024). The Al substitution can affect the 51 

elastic properties of stishovite and post-stishovite transition as well as the transition depth, which 52 

are of great importance in understanding seismic wave properties of subducting MORB in the 53 

deep Earth. Specifically, previous X-ray diffraction studies have shown that 1.82-5.37 wt% 54 

Al2O3 substitution can reduce the density of stishovite by ~0.2-1.2% at 15 GPa (Ono et al. 2002; 55 

Lakshtanov et al. 2005; Zhang et al. 2022; Criniti et al. 2023). Previous ultrasonic data have 56 

shown that 3.43 wt% Al2O3 substitution reduces the shear wave velocity (VS) and compressional 57 

wave velocity (VP) of stishovite by ~4.1% and ~3.5%, respectively, at 18.4 GPa and 1700 K 58 

(Gréaux et al. 2016). These findings have been used to interpret the negative sound velocity 59 

perturbation in the mantle transition zone (Simmons and Gurrola 2000; Tauzin et al. 2013; 60 

Gréaux et al. 2016). 61 

 62 

Of particular interest in deep-mantle seismology is the role of Al dissolution on the depths of the 63 

post-stishovite transition and its associated velocity reductions (Lakshtanov et al. 2005, 2007b; 64 

Bolfan-Casanova et al. 2009; Umemoto et al. 2016; Zhang et al. 2022; Criniti et al. 2023), 65 
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because this can be associated with the observed small-scale negative VS anomalies beneath 66 

subduction region in the shallow lower mantle (Niu et al. 2003; Kaneshima 2016, 2019; Zhang et 67 

al. 2022). The Al substitution in stishovite can significantly lower the transition pressure: 3.43-68 

6.07 wt% Al2O3 substitution in stishovite can reduce the transition pressure from ~52 GPa to 16-69 

24 GPa (Andrault et al. 1998; Lakshtanov et al. 2007b; Bolfan-Casanova et al. 2009; Zhang et al. 70 

2022). Previous Landau modeling based on the pseudo-proper typed ferroelastic transition 71 

mechanism shows that the Al substitution reduces elastic coefficients C11, C33, C44, and C66, has 72 

negligible effects on C13, and increases C12 (Zhang et al. 2022). The reduced C11 and increased 73 

C12 lead to the two moduli equal to each other at a lower pressure, causing the shear instability 74 

(Zhang et al. 2022). Additionally, the Al substitution reduces adiabatic bulk modulus (KS), shear 75 

modulus (G), VS, and VP of the stishovite phase but it enhances those elastic properties of the 76 

post-stishovite phase (Zhang et al. 2022). Importantly, 3.43-5.37 wt% Al2O3 substitution can 77 

cause a maximum VS reduction of ~29% across the transition, slightly larger than ~26% VS 78 

reduction in pure-endmember stishovite (Zhang et al. 2021, 2022).  79 

 80 

To better understand the effects of the Al substitution on the phase transition and elasticity, high-81 

quality single-crystal structural data are needed to decipher the atomistic evolution across the 82 

post-stishovite transition. Previous single-crystal X-ray diffraction (SCXRD) experiments on 83 

Al0.6-SiO2 and Al1.7-SiO2 crystals at ambient conditions have shown that Al substitution 84 

induces minimal changes in atomic positions and slight alterations in bond lengths and bond 85 

angles (Smyth et al. 1995; Criniti et al. 2023). Although high-pressure SCXRD data were 86 

collected on the Al1.7-SiO2 crystal in Criniti et al. (2023), the effect of Al substitution on 87 

atomistic parameters (such as oxygen coordinate, bond length, and bond angle) and polyhedral 88 
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parameters (such as octahedral volume, distortion, and rotation) was not fully discussed. 89 

Importantly, the effects of the atomistic parameters on the elasticity across the transition that is 90 

needed for deep-mantle geophysical applications largely remain unclear. 91 

 92 

In light of this, we have conducted synchrotron SCXRD experiments on Al1.3-SiO2 and Al2.1-93 

SiO2 crystals up to 38.0 GPa and 28.5 GPa, respectively, using Boehler-Almax designed anvils in 94 

diamond anvil cells (DACs). These data are refined to reveal the Al effects on atomistic and 95 

(Si,Al)O6 octahedral parameters. The results are used with Raman data and Landau theory 96 

modeling to understand the effect of Al substitution on the sound velocities and elastic moduli 97 

across the post-stishovite transition in the deep mantle. 98 

 99 

Experimental details 100 

Al-bearing stishovite crystals were synthesized using both 5000-ton and 1000-ton Kawai-type 101 

multi-anvil apparatus with run# 5K3302 and 1K2965, respectively, at the Institute for Planetary 102 

Materials at Okayama University. Details of sample synthesis and characterization can be found 103 

in Zhang et al. (2022). Briefly, run# 5K3302 was synthesized at 20 GPa and 1973 K for 16.5 104 

hours while run# 1K2965 was synthesized at 19.2 GPa and 1973 K for 7 hours. Qualitative 105 

chemical mappings on selected large crystals using a scanning electron microscopy with energy 106 

dispersive X-ray spectroscopy (SEM/EDS) have shown that Si, Al, and O elements distribute 107 

homogeneously throughout the crystals. Further quantitative chemical analysis using a JEOL 108 

Electron Microprobe (EPMA) has shown that the crystals contain 95.86(101) wt% SiO2 and 109 

3.43(6) wt% Al2O3 in run# 5K3302 and 94.20(49) wt% SiO2 and 5.37(4) wt% Al2O3 in run# 110 
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1K2965 (Zhang et al. 2022). Unpolarized Fourier-transform infrared spectroscopy (FTIR) 111 

measurements were conducted on crystals with an orientation close to the ac plane. Water 112 

contents of the crystals were estimated to be 0.2497(500) wt% H2O in run# 5K3302 and 113 

0.2678(500) wt% H2O in run# 1K2965 (Zhang et al. 2022). The uncertainties were estimated 114 

from the background subtraction, peak deconvolution, and sample thickness measurements. 115 

These uncertainties are consistent with uncertainties in previous works (Litasov et al. 2007; Ishii 116 

et al. 2022). We should note that unpolarized FTIR measurements on different orientations can 117 

result in different water contents because the O-H absorption is strongly anisotropic between a-118 

axis and c-axis in stishovite at ambient conditions (Litasov et al. 2007; Ishii et al. 2022). 119 

Analyses of EPMA and FTIR results show the chemical formula of Si0.965(3)Al0.041(1)O2H0.017(4) 120 

and Si0.948(2)Al0.064(1)O2H0.018(3) for the crystals in run# 5K3302 and run# 1K2965, respectively 121 

(Table S1). Using the Al content in mol% in the chemical formula, we denoted the crystals in 122 

run# 3305 as Al1.3-SiO2 and those in run# 1K2965 as Al2.1-SiO2. Analysis of synchrotron 123 

SCXRD data at ambient conditions shows a tetragonal structure with the P42/mnm space group 124 

(No. 136) for these crystals. 125 

 126 

Short-symmetric DACs equipped with diamond anvils with Boehler-Almax design and 300 µm 127 

culets and tungsten-carbide seats with a large aperture of ~80° (4θ) were used in the high-128 

pressure SCXRD measurements. A piece of 260 µm thick rhenium gasket was pre-indented to 129 

~35 µm thick, and a hole with a diameter of 190 µm was drilled in the center of the pre-indented 130 

area to serve as a sample chamber. We double-side polished Al1.3-SiO2 and Al2.1-SiO2 crystals 131 

down to 10-15 µm using 3M diamond films and then cut them to approximately 20 by 30 µm big 132 

using a razor blade. These two batches of crystals were loaded into the sample chamber of a 133 
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DAC separately, together with platinum (Pt) and ruby as pressure calibrants. Ruby was used to 134 

determine pressure after gas loading while Pt was used to measure pressure during in situ 135 

SCXRD measurements. Neon was finally loaded into the chamber up to 0.14479 GPa as a 136 

pressure medium in the Mineral Physics Laboratory at the University of Texas at Austin. The 137 

pressure after neon loading was measured by shifts of the fluorescence peak of ruby (Dewaele et 138 

al. 2008). 139 

 140 

High-pressure synchrotron SCXRD experiments were performed on the Al1.3-SiO2 and Al2.1-141 

SiO2 crystals at the beamline 13ID-D of the GSECARS, Advanced Photon Source, Argonne 142 

National Laboratory. An incident X-ray beam with 0.2952 Å wavelength and 10% intensity was 143 

focused on 3 by 3 µm2 areas of each crystal. The sample stage was rotated over ±33° about its 144 

vertical axis. XRD frames were collected 1 or 2 s at every 0.5° of the rotation by a CdTe Pilatus 145 

1 M detector. The total number of frames is 132 for each crystal. A membrane setup was used to 146 

control pressure in DAC which was determined by the unit-cell volume of Pt based on its 147 

equation of state (EoS) parameters (Fei et al. 2007). The SCXRD data were collected every 2-3 148 

GPa up to 38.0 GPa for the Al1.3-SiO2 crystal and up to 28.5 GPa for the Al2.1-SiO2 crystal.  149 

Together with the use of the Boehler-Almax anvils with an opening (4) of ~80°, the 150 

experimental setup allowed us to obtain more reflection spots especially with small d-spacings 151 

and to avoid intensity saturations of the spots. 152 

 153 

We followed the same procedure as Zhang et al. (2023) to resolve and refine crystal structures. 154 

To begin with, CrysAlisPRO was used to find a proper unit cell, calculate unit-cell parameters, 155 
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determine intensity for each hkl reflection, and then correct for absorption using the SCALE3 156 

ABSPACK scaling algorithm for the crystal (Rigaku 2015). We inspected the Rint value to 157 

evaluate the quality of the intensity integration and selected datasets with Rint < 14% before 158 

proceeding with the structural refinements in the JANA software (Petrícek et al. 2014). The 159 

space group and crystal structure of the samples were determined using a charge-flipping 160 

algorithm (Petrícek et al. 2014). Site occupancies of Si and Al were fixed to be 0.960 Si and 161 

0.040 Al for the Al1.3-SiO2 crystal and 0.937 Si and 0.063 Al for the Al2.1-SiO2 crystal based on 162 

the EPMA analysis results (Zhang et al. 2022). The H atom was not included in the structural 163 

refinement due to its low concentration and small atomic scattering factor (i.e., low diffracting 164 

power). Eventually, the atomic coordinates and isotropic/anisotropic displacement parameters 165 

were refined, and the quality of the structural refinements was evaluated by the residual R1 166 

factor. Bond lengths, bond angles, and polyhedral parameters were calculated with the VESTA 167 

software (Table 1) (Momma and Izumi 2011). The Crystallographic Information Files (CIF) for 168 

both Al1.3-SiO2 and Al2.1-SiO2 crystals at different pressures can be found in supplementary 169 

materials. 170 

 171 

Results and Discussion 172 

Unit-cell parameters and space groups 173 

Analysis of unwarped images of the hk1 and hk2 reciprocal planes shows the splitting of the 174 

reflection spots at high pressure in both Al1.3-SiO2 and Al2.1-SiO2 crystals (Fig. 1). This 175 

twinning has been reported in Al-stishovite upon transformation to post-stishovite in previous 176 

studies (Lakshtanov et al. 2007b; Criniti et al. 2023), and is indicative of a ferroelastic transition 177 
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(Salje 1993). To evaluate the crystal quality under pressure, we integrated the 110 peak in both 178 

azimuthal angle (χ) and diffraction angle (2θ) at low pressure and peak pressure, and then 179 

calculated the full-width at half maximum (FWHM). The FWHM values in χ are 1.34° at 5.8 180 

GPa and 1.16° at 38.0 GPa for the Al1.3-SiO2 crystal, and 1.11° at 6.5 GPa and 1.20° at 28.5 181 

GPa for the Al2.1-SiO2 crystal, showing no significant change with pressure (Fig. 1). FWHM in 182 

2θ also shows similar values at low and peak pressures in both crystals. These results along with 183 

other confidence factors, such as the Rint and R1 values (shown later), indicate the preservation of 184 

crystal quality and thus, the validity of our refinements at high pressure. 185 

 186 

The Rint values range from 1.27% to 13.69% for Al1.3-SiO2, and from 0.67% to 2.13% for Al2.1-187 

SiO2. Analysis of lattice parameters at high pressure shows that a axis splits into a and b axis at 188 

~16.1 GPa in Al1.3-SiO2 and ~21.1 GPa in Al2.1-SiO2, while the length of c axis and unit-cell 189 

volume decrease continuously throughout the compression (Fig. S1). For the Al1.3-SiO2 190 

stishovite phase, a weighted 3rd-order Birch-Murnaghan (BM) EoS fit with EosFit-GUI 191 

(Gonzalez-Platas et al. 2016) up to 21.0 GPa gives an ambient isothermal bulk modulus (KT0) of 192 

285.8(41) GPa and a first-order pressure derivative (KT0’) of 3.8(6) with a fixed ambient volume 193 

(V0) of 47.079 Å3 (Angel 2000) (Fig. S2; Table S2). Since KT0’ is refined to 4 within the 194 

uncertainties, it should be fixed at 4 in the 2nd-order BM EoS fit, yielding KT0 = 284.8(15) GPa. 195 

Similarly, the weighted 3rd-order BM EoS fit to the Al2.1-SiO2 stishovite data up to 14.6 GPa 196 

gives KT0 = 289.0(224) GPa and KT0’ = 5.9(46) with a fixed V0 of 47.389 Å3 (Gonzalez-Platas et 197 

al. 2016). With KT0’ fixed at 4, the 2nd-order BM EoS fit yields KT0 = 298.2(70) GPa. 198 

 199 
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To further determine the crystal’s space group, a subset of collected reflections was selected, 200 

where the intensity (I) exceeds three times the standard deviation (σ) of the intensity (i.e., I > 201 

3σ(I)). The Al1.3-SiO2 and Al2.1-SiO2 crystals maintain a tetragonal structure with the P42/mnm 202 

space group (No. 136) up to 21.0 and 14.6 GPa, respectively (Fig. 2). They further adopt an 203 

orthorhombic structure with the Pnnm space group (No. 58) above 26.3 and 22.0 GPa, 204 

respectively (Fig. 2). This is consistent with previous Raman and XRD analyses, which show 205 

that the post-stishovite transition occurs at 21.1(6) GPa in the Al1.3-SiO2 crystal and 16.1(4) GPa 206 

in the Al2.1-SiO2 crystal (Zhang et al. 2022). The decrease of the transition pressure in stishovite 207 

can be attributed to the Al and H substitution, hydration, or the presence of deviatoric stress 208 

during compression (Lakshtanov et al. 2007b; Nisr et al. 2017; Wang et al. 2023). A recent DAC 209 

study, conducted without a pressure medium, shows that a deviatoric stress of ~2.5 GPa shifts 210 

the transition from 51(2) to 14.9(3) GPa in pure-endmember stishovite (Wang et al. 2023). Our 211 

high-pressure experiments under quasi-hydrostatic conditions exhibit a small deviatoric stress of 212 

less than 0.5 GPa (Wang et al. 2023), which would have a minimal effect on the transition 213 

pressure as compared to the Al and H substitution.  214 

 215 

Atomistic parameters  216 

The refined symmetries of both stishovite and post-stishovite phases suggest that the Si or Al 217 

atoms are located at (0, 0, 0) and the O atoms are located at (Ox, Oy, 0). The coordinates Ox and 218 

Oy, together with isotropic/anisotropic displacement parameters of all atoms, were further 219 

refined until R1 reached the minimum. The final R1 values range from 2.89% to 6.65% for Al1.3-220 

SiO2 and from 5.08% to 6.34% for Al2.1-SiO2. 221 
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 222 

Analysis of refined oxygen coordinates shows that Ox(y) in the stishovite structure decreases 223 

monotonically from 0.3061(3) at ambient pressure to 0.3043(4) at 21.0 GPa for Al1.3-SiO2 and 224 

from 0.3062(5) at ambient pressure to 0.3043(4) at 14.6 GPa for Al2.1-SiO2 (Fig. 3a). Together 225 

with previously reported data on stishovite with different Al contents (Smyth et al. 1995; Criniti 226 

et al. 2023; Zhang et al. 2023), the Al substitution has negligible effects on the ambient Ox(y) 227 

(Fig 4a). Additionally, the Al substitution decreases the slope at high pressure when considering 228 

data for pure stishovite from Zhang et al. (2023) and Al-bearing stishovite data from our study 229 

(Fig. 4b). Across into the post-stishovite phase, the oxygen coordinate splits into Ox and Oy, 230 

indicating a symmetry breaking from tetragonal to orthorhombic structure (Andrault et al. 1998) 231 

(Fig. 3a). 232 

 233 

The apical (Si,Al)-O3 and equatorial (Si,Al)-O1(2) bond lengths of both samples decrease with 234 

increasing pressure (Fig. 3b). We fitted the Al1.3-SiO2 stishovite’s data up to 21.0 GPa using the 235 

2nd-order linear BM EoS (Angel 2000) in EosFit-GUI (Gonzalez-Platas et al. 2016), giving linear 236 

modulus 𝐾0,(𝑆𝑖,𝐴𝑙)−𝑂3 = 556(9) GPa and 𝐾0,(𝑆𝑖,𝐴𝑙)−𝑂1(2) = 1287(35) GPa (Table 2). Similarly, the 237 

EoS fit to the Al2.1-SiO2 stishovite’s data up to 14.6 GPa yields 𝐾0,(𝑆𝑖,𝐴𝑙)−𝑂3 = 478(13) GPa and 238 

𝐾0,(𝑆𝑖,𝐴𝑙)−𝑂1(2) = 1807(121) GPa (Table 2). The Al substitution can increase both bond lengths at 239 

ambient conditions because Al3+ has larger effective ionic radius than Si4+ (0.535 Å vs. 0.400 Å) 240 

(Shannon et al. 1976) (Fig. 4c). The 5.37 wt% Al2O3 substitution (0.064 Al atoms per formula 241 

unit (apfu)) can make the apical (Si,Al)-O3 bond ~22.7% more compressible whereas the 242 
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equatorial (Si,Al)-O1(2) bond ~24.4% less compressible compared to pure-endmember 243 

stishovite (Zhang et al. 2023) (Fig. 4d). 244 

 245 

The bond angles change little (< 1%) at high pressure (Fig. 3c), similar to the behavior in pure 246 

endmember stishovite and post-stishovite (Zhang et al. 2023). This indicates a negligible Al 247 

substitution effect on the band angles.  248 

 249 

(Si,Al)O6 octahedron  250 

The volume of the (Si,Al)O6 octahedron decreases continuously throughout the entire 251 

compression range in both Al1.3-SiO2 and Al2.1-SiO2 crystals (Fig. 5a; Table 1). A fit of the 252 

octahedral volumes with the 2nd-order BM EoS yields the parameter 𝐾0,𝑜𝑐𝑡 = 304.6(26) GPa for 253 

the Al1.3-SiO2 stishovite and 𝐾0,𝑜𝑐𝑡 = 333.1(83) GPa for the Al2.1-SiO2 stishovite (Angel 2000; 254 

Gonzalez-Platas et al. 2016) (Table 2). A comparison between the linear moduli 𝐾0,(𝑆𝑖,𝐴𝑙)−𝑂3 and 255 

𝐾0,(𝑆𝑖,𝐴𝑙)−𝑂1(2) shows that the stiffness of the (Si,Al)O6 octahedron is mainly contributed by four 256 

equatorial (Si,Al)-O1(2) bonds, which are 2.3 to 3.8 times stiffer than the two apical bonds. The 257 

octahedra are stacked along the c-axis by sharing two equatorial edges, while they only share 258 

vertices perpendicular to the c-axis (Fig. 2). Therefore, interatomic repulsion is much stronger in 259 

the equatorial plane (parallel to the c-axis), which correlates well with the c-axis being much less 260 

compressible than the a-axis. Furthermore, a comparison between 𝐾0,𝑜𝑐𝑡 and KT0 shows that the 261 

(Si,Al)O6 octahedron is stiffer than the unit cell. The stishovite’s unit cell also includes 262 

interstitial spaces between octahedra which can undergo polyhedral distortion and relative 263 

displacement. These can result in the lower bulk modulus of the unit cell compared to the 264 
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individual octahedra (Figs. 5b and 5c). On the other hand, the Al substitution increases the 265 

ambient volume of the octahedron and enhances its compressibility at high pressure in the 266 

stishovite phase, which is consistent with previous studies (Smyth et al. 1995; Criniti et al. 2023; 267 

Zhang et al. 2023) (Figs. 6a and 6b). 268 

 269 

The distortion of the (Si,Al)O6 octahedron can be evaluated by distortion index (D) and bond 270 

angle variance (σ2), which describe the deviation from an ideal octahedral geometry with respect 271 

to its bond length and bond angle, respectively. D can be calculated by a formula of 𝐷(%) =272 

100

6
∑ |𝑙𝑖 − 𝑙𝑎𝑣𝑔|/𝑙𝑎𝑣𝑔
6
𝑖=1 , where 𝑙𝑖 is the ith (Si,Al)-O bond length in an octahedron and 𝑙𝑎𝑣𝑔 is the 273 

average of six mean (Si,Al)-O bond length in an octahedron (Renner and Lehmann 1986). D 274 

decreases with increasing pressure, indicating that the octahedron becomes less distorted under 275 

compression in both stishovite and post-stishovite phases (Fig. 5b; Table 1). Compared to the 276 

pure SiO6 octahedron (Zhang et al. 2023), the (Si,Al)O6 octahedron is slightly more distorted at 277 

ambient conditions but becomes less distorted under compression (Figs. 6c and 6d). This effect 278 

also aligns with previously reported data (Smyth et al. 1995; Criniti et al. 2023; Zhang et al. 279 

2023) (Figs. 6c and 6d). On the other hand, σ2 can be calculated by 𝜎2(𝑑𝑒𝑔2) =
1

11
∑ (𝛼𝑖 −
12
𝑖=1280 

90°)2, where 𝛼𝑖 is the ith ∠O-(Si,Al)-O in an octahedron (Robinson et al. 1971). In the stishovite 281 

phase region, σ2 remains almost unchanged under pressure for the Al1.3-SiO2 crystal, while 282 

decreases with increasing pressure for the Al2.1-SiO2 crystal (Fig 5c; Table 1). Crossing into the 283 

post-stishovite region, σ2 increases for both crystals (Fig 5c; Table 1). The Al substitution slightly 284 

decreases the angle distortion at ambient conditions, while making the octahedron less distorted 285 

in Al2.1-SiO2 (Figs 6e and 6f). 286 
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 287 

As the tetragonal symmetry breaks down into the orthorhombic symmetry, the (Si,Al)O6 288 

octahedron rotates about the c axis in the post-stishovite phase. The rotation angle, Φ, can be 289 

calculated using lattice parameters, aPst and bPst, and oxygen coordinates in the formula of 290 

𝛷(°) = 45° − arctan(𝑎𝑃𝑠𝑡 ∙ O𝑥/𝑏𝑃𝑠𝑡/O𝑦) (Range et al. 1987; Zhang et al. 2023). Φ increases 291 

nonlinearly from 0° in the stishovite phase up to 2.2° at 38.0 GPa in the Al1.3-SiO2 post-292 

stishovite and 2.1° at 28.5 GPa in the Al2.1-SiO2 post-stishovite phase (Fig. S3; Table 1). This 293 

nonlinear increase under pressure results in a nonlinear pressure dependence of the Raman shift 294 

of the Ag mode which represents a rotational vibration of O in the (Si,Al)O6 octahedron about the 295 

c axis (Hemley et al. 1986). 296 

 297 

Hydrogen substitution effects on the transition pressure  298 

In the absence of hydrogen, Al substitution into stishovite has been proposed to occur through 299 

the coupled Al3+ and OV2+ substitution (SiO2-AlO1.5) (Pawley et al. 1993; Litasov et al. 2007). 300 

Previous DAC experiments have shown that dry stishovite with ~3.1 wt% Al2O3 undergoes the 301 

post-stishovite at ~21.5(15) GPa and 300 K (Bolfan-Casanova et al. 2009). Furthermore, 302 

hydrogen can be incorporated into stishovite’s structure mainly through direct hydrogen or water 303 

molecule substitution (SiO2-H2O) (Spektor et al. 2011; Lin et al. 2022; Li et al. 2023) and 304 

coupled Al3+ and H+ substitution with Si4+ (SiO2-AlOOH) (Pawley et al. 1993; Litasov et al. 305 

2007). Al-free stishovite with 3.2(5) wt% H2O transforms to the post-stishovite phase at 28-42 306 

GPa and 300 K (Nisr et al. 2017), while stishovite with an Al/H ratio close to unity undergoes the 307 

transition at 0 GPa and 300 K (Ishii et al. 2022). 308 
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 309 

We further also evaluate how the total Al and H content can affect the transition pressure. 310 

Comparison between the transition pressure and (Al+H)/Si ratio data shows two separate trends 311 

which can be classified by the SiO2-H2O and SiO2-AlOOH-AlO1.5 substitutions (Fig. 7b). Linear 312 

fits with fixed transition pressure of pure-endmember stishovite at 53.2 GPa show a reduction 313 

rate of -82.5(2) GPa for the SiO2-H2O substitution and -460(45) GPa for the SiO2-AlOOH-AlO1.5 314 

substitution. This indicates that Al (and H) substitution has more significant effects on the 315 

transition pressure reduction than the H substitution alone. 316 

 317 

Implications 318 

Atomistic understanding of Al effects on post-stishovite transition 319 

The atomistic parameters of the study are used with a pseudo-proper typed Landau model 320 

(Carpenter et al. 2000) and Raman data to provide new insights into Al effects on the post-321 

stishovite transition and the associated elasticity. The symmetry-breaking spontaneous strain, e1-322 

e2, is calculated using a formula of 𝑒1 − 𝑒2 = (𝑎𝑃𝑠𝑡 − 𝑏𝑃𝑠𝑡) √𝑎𝑃𝑠𝑡 × 𝑏𝑃𝑠𝑡⁄  (Carpenter et al. 323 

2000). The modeled results show that e1-e2 decreases linearly with the octahedral rotation angle, 324 

Φ, and this linear trend in Al-bearing crystals from our study and Criniti et al. (2023) is very 325 

similar to that in the pure-endmember SiO2 (Zhang et al. 2023) (Fig. 8a). This indicates that the 326 

Al substitution has negligible effects on the symmetry-breaking strain at certain degree of the 327 

(Si,Al)O6 octahedron rotation. On the other hand, the free energy difference between post-328 

stishovite and stishovite is a polynomial expression of the order parameter, Q, which describes 329 

the driving force of the transition (Carpenter et al. 2000). A previous SCXRD study on pure-330 
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endmember post-stishovite has revealed that Q increases linearly with Φ (Zhang et al. 2023). A 331 

comparison of linear Q-Φ relationships between our Al-bearing and previous pure-endmember 332 

crystals (Zhang et al. 2023) shows that the Al substitution can increase the slope of the relation 333 

(Fig. 8b). That is, at a given Φ, Q is larger, and thus, the free energy difference between post-334 

stishovite and stishovite becomes larger in the Al-bearing crystals (Fig. 8c). Therefore, the Al 335 

substitution can stabilize the post-stishovite phase at a relatively lower pressure than the pure-336 

endmember counterpart. 337 

 338 

Atomistic mechanisms of deep-mantle elasticity 339 

Previous studies have shown that the Al substitution in the stishovite phase can reduce its density 340 

at ambient conditions (Smyth et al. 1995; Ono et al. 2002; Lakshtanov et al. 2007a; Litasov et al. 341 

2007; Zhang et al. 2021, 2022; Criniti et al. 2023). This can be explained by increased apical and 342 

equatorial (Si,Al)-O bond lengths and increased Voct at ambient conditions (Figs. 4c and 6a). 343 

Moreover, the 4.36 wt% Al2O3 substitution can reduce the ambient bulk and shear modulus by 344 

6.3 or 12.6% and 3.2 or 14.9%, respectively, based on previous Brillouin or ultrasonic studies 345 

(Lakshtanov et al. 2007a; Gréaux et al. 2016). The reduction in the bulk modulus is caused by 346 

the decrease in the octahedral bulk modulus 𝐾0,𝑜𝑐𝑡 and linear modulus 𝐾0,(𝑆𝑖,𝐴𝑙)−𝑂3 (Figs. 4d and 347 

6b). Zhang et al. (2023) showed that shear modulus along [110] direction, (C11-C12)/2, decreases 348 

as the distortion index D decreases. If this correlation also applies to Al-bearing stishovite, then 349 

the rapid decrease of D would be predicted to result in a reduced shear modulus at given pressure 350 

in Al-bearing stishovite. 351 

 352 
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We further co-plot Cij, KS, G, VP, and VS as a function of D to evaluate how the elasticity changes 353 

with octahedral distortion (Fig. 9). The Cij, KS, G, VP, and VS values of the Al1.3-SiO2 and Al2.1-354 

SiO2 crystals at high pressures were taken from previous Landau modeling results (Carpenter et 355 

al. 2000; Zhang et al. 2022). All Cij’s of Al-bearing stishovite increase with decreasing D, except 356 

for C11 which shows a slight decrease (Figs. 9a and 9b). The decreased C11 and increased C12 357 

converge at D = 0.00611-0.00628, contrasting with pure-endmember stishovite where the two 358 

moduli converge at nearly zero D (Andrault et al. 1998; Zhang et al. 2023). At certain D, Al-359 

bearing stishovite shows significantly lower shear moduli, C44 and C66 , than pure-endmember 360 

stishovite (Zhang et al. 2023) (Fig. 9b). This Al effect results from the decreased oxygen 361 

coordinate Ox(y) and octahedral angle variance σ2 at high pressure that can make the shear 362 

deformation along the principal planes (i.e., the (100), (010), (001) planes) easier. In the post-363 

stishovite region, Al2.1-SiO2 shows steeper C33 and C66 and slightly larger splitting of C11, C13, 364 

and C44 than Al1.3-SiO2 (Figs. 9a and 9b). This contributes to the stability of the post-stishovite 365 

structure at lower pressures when Al substitutes. Furthermore, Al-bearing stishovite shows lower 366 

KS, G, VP, and VS compared to pure-endmember stishovite at certain D values. When comparing 367 

Al1.3-SiO2 and Al2.1-SiO2, the Al substitution enhances the maximum reductions of G, VP, and 368 

VS at D = 0.00611-0.00628, where the transition occurs, and also these elastic properties of the 369 

post-stishovite phase (Figs. 9c and 9d). 370 

 371 

Our SCXRD data have revealed the role of Al substitution in the post-stishovite transition and its 372 

associated elastic properties, and thus, can provide new insights into geophysical behavior of the 373 

post-stishovite transition in subducted mid-ocean ridge basalt (MORB) within the mantle 374 

transition zone and the shallow lower mantle. The decrease in KS and G with the Al substitution 375 
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in stishovite could be due to smaller O coordinates, softer (Si,Al)-O3 bonds, and less distorted 376 

(Si,Al)O6 octahedra. At a given degree of the (Si,Al)O6 octahedra distortion, the Al substitution 377 

leads to smaller KS, G, VP, and VS values in the stishovite phase. This reduction in sound 378 

velocities can be used to explain -3.4% VP and -4.2% VS perturbations in the mantle transition 379 

zone (Simmons and Gurrola 2000; Tauzin et al. 2013; Gréaux et al. 2016). On the other hand, the 380 

Al substitution enhances Q and excess free energy at certain degree of the octahedral rotation, 381 

and thus, can stabilize the post-stishovite phase at lower pressures compared to pure-endmember 382 

stishovite. At certain degree of octahedral distortion, the Al substitution reduces elastic moduli 383 

and sound velocities of stishovite and slightly enhances maximum shear reduction at D = 384 

0.00611-0.00628. This Al-dependent transition pressure and associated elasticity can be used to 385 

help explain the seismically-observed small-scale VS anomalies beneath subduction regions in 386 

the shallow lower mantle (Niu et al. 2003; Lakshtanov et al. 2007b; Kaneshima 2016, 2019; 387 

Zhang et al. 2022). 388 
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 526 

FIGURE 1. Representative unwarped images and full width at half maximum (FWHM) of 110 527 

diffraction peaks of Al-bearing stishovite and post-stishovite at high pressure. Panels (a)-(d) 528 

correspond to Al1.3-SiO2, while panels (e)-(h) correspond to Al2.1-SiO2. (a) and (b) are 529 

unwarped images of the hk1 reciprocal planes of the Al1.3-SiO2 crystal at 5.8 GPa and 38.0 GPa, 530 

respectively. (e) and (f) are unwarped images of the hk2 reciprocal planes of the Al2.1-SiO2 531 

crystal at 6.5 GPa and 28.5 GPa, respectively. The white lines indicate reciprocal lattice grids 532 

with hkl indices labeled on the left side and the bottom of the images. (c) and (g) show the 110 533 

peaks integrated in azimuthal angle (χ) for the Al1.3-SiO2 and Al2.1-SiO2 crystal, respectively. 534 

(d) and (h) show the 110 peaks integrated in diffraction angle (2θ) for the Al1.3-SiO2 and Al2.1-535 

SiO2 crystal, respectively. Black and red patterns in (c), (d), (g), and (h) show the 110 peaks in 536 

stishovite and post-stishovite at high pressure, respectively. The FWHM and pressure values are 537 

labeled next to each peak in the same color as the corresponding pattern.  538 

 539 

FIGURE 2. Representative refined crystal structures of Al-bearing stishovite and post-stishovite 540 

at high pressure. (a) Al1.3-SiO2 in the stishovite phase with the space group of P42/mnm (No. 541 

136) at 7.1 GPa; (b) Al2.1-SiO2 in the post-stishovite phase with the space group of Pnnm (No. 542 

58) at 28.5 GPa. Obtained lattice parameters, oxygen coordinates, SiAl-O bond lengths, and O-543 

SiAl-O bond angles are labelled in the structures in (a) and (b).  544 

 545 

FIGURE 3. Atomistic parameters of Al-bearing stishovite and post-stishovite at high pressure. 546 

(a) Oxygen coordinates Ox and Oy; (b) mean bond lengths of equatorial (Si,Al)-O1(2) and apical 547 
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(Si,Al)-O3 bond; (c) mean bond angles of ∠(Si,Al)-O3-(Si,Al), ∠O1-(Si,Al)-O1, and ∠O1-548 

(Si,Al)-O3. The labels for atomic bonds and positions can be referred to Fig. 2. Lines are the best 549 

fits using a linear or polynomial equation in (a) and (c) and a linear equation of state (Angel 550 

2000; Gonzalez-Platas et al. 2016) in (b). Literature data are plotted for comparison (Smyth et al. 551 

1995; Criniti et al. 2023; Zhang et al. 2023). Vertical blue and red lines show stishovite-to-post-552 

stishovite transition pressures of Al1.3-SiO2 and Al2.1-SiO2 at 21.1 GPa and 16.1 GPa, 553 

respectively. 554 

 555 

FIGURE 4. Al effects on the atomistic parameters of stishovite and their pressure dependence at 556 

ambient conditions. (a) Oxygen coordinates; (b) pressure derivative of oxygen coordinates; (c) 557 

(Si,Al)-O bond length; (d) linear modulus of (Si,Al)-O bond length; (e) bond angles; (f) pressure 558 

derivative of bond angles. Lines in (a), (c), and (e) are the best linear fits to the data, while lines 559 

in (b), (d), and (f) are connected between data points to guide the eye. Literature data are also 560 

plotted for comparison (Smyth et al. 1995; Criniti et al. 2023; Zhang et al. 2023). 561 

 562 

FIGURE 5. (Si,Al)O6 octahedron parameters of Al-bearing stishovite and post-stishovite at high 563 

pressure. (a) Octahedral volume (Voct); (b) distortion index (D); (c) bond angle variance (σ2). 564 

Lines represent the best linear equation-of-state fits in (a) and the best linear or polynomial fits to 565 

the data in (b) and (c). Data from previous reports are also plotted for comparison (Smyth et al. 566 

1995; Criniti et al. 2023; Zhang et al. 2023). Vertical lines show the transition pressures of our 567 

crystals with the same colors used in Fig. 3. 568 

 569 
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FIGURE 6. Al effects on the (Si,Al)O6 octahedron parameters of stishovite and their pressure 570 

dependence at ambient conditions. (a) octahedral volume (Voct) and (b) bulk modulus (Koct); (c) 571 

distortion index (D) and (d) its first-order pressure derivative (dD/dP); (e) bond angle variance 572 

(σ2) and (f) its first-order pressure derivative (dσ2/dP). Lines represent the best linear or 573 

polynomial fits to the data in (a), (c), (d), and (e), while lines in (b) and (f) are connected 574 

between data points to guide the eye. Literature data are also plotted for comparison (Smyth et al. 575 

1995; Criniti et al. 2023; Zhang et al. 2023). 576 

 577 

FIGURE 7. The transition pressure as a function of the (Al+H)/Si ratio where the Al, H, and Si 578 

contents are in apfu. With the fixed transition pressure of pure-endmember stishovite, the best 579 

linear fits (two black lines) were applied to hydrous SiO2 samples with the SiO2-H2O mechanism 580 

(Nisr et al. 2017; Zhang et al. 2021, 2023) and to Al(,H)-bearing samples with the SiO2-AlOOH-581 

AlO1.5 substitution mechanism from this study and literature reports (Lakshtanov et al. 2007b; 582 

Bolfan-Casanova et al. 2009; Zhang et al. 2021, 2023; Ishii et al. 2022; Criniti et al. 2023). The 583 

gray area along the lines shows a 95% confidence interval. The slopes of the lines, which 584 

represent the rate of the transition pressure reduction, are labeled next to each line in the unit of 585 

GPa. 586 

 587 

FIGURE 8. Correlations between Landau parameters and the (Si,Al)O6 octahedron rotation 588 

angle (Φ) in Al-bearing post-stishovite. (a) Symmetry-bearing spontaneous strain (e1 - e2) as a 589 

function of Φ. The e1 - e2 values are calculated using a formula of (𝑎 − 𝑏) √𝑎 × 𝑏⁄ , where a and 590 

b are the axial lengths of the unit cell of the post-stishovite phase. Solid lines are the best linear 591 
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fits to the data. (b) Order parameter (Q) and (c) excess Landau free energy (ΔE). The Q and ΔE 592 

values were taken from previous Landau modeling results (Zhang et al. 2022). Solid lines show 593 

co-plotting of the Landau results and our polynomial fit results for Φ in Figure S3. The dashed 594 

lines in three panels represent the Landau parameters-Φ relationship in pure-endmember SiO2 595 

where the Landau parameters were taken from Zhang et al. (2021) and Φ was taken from Zhang 596 

et al. (2023). 597 

 598 

FIGURE 9. Elastic properties of Al-bearing stishovite and post-stishovite as a function of the 599 

distortion index (D) of the (Si,Al)O6 octahedron. (a) Elastic coefficients C11, C12, C22, and C33; 600 

(b) elastic coefficients C13, C23, C33, C44, C55, and C66; (c) adiabatic bulk modulus (KS) and shear 601 

modulus (G); (d) compressional wave velocity (VP) and shear wave velocity (VS). The D values 602 

for Al1.3-SiO2 and Al2.1-SiO2 were taken from this study while that for pure-endmember SiO2 603 

was taken from Zhang et al. (2023). A typical error bar of D is shown in (d). Elasticity data for 604 

Al1.3-SiO2 and Al2.1-SiO2 were taken from Zhang et al. (2022) while that for pure-endmember 605 

SiO2 was taken from Zhang et al. (2021). Vertical blue and red dashed lines show the phase 606 

transition from stishovite to post-stishovite in Al1.3-SiO2 and Al2.1-SiO2, respectively. The insert 607 

in (c) shows the Al substitution effect on the distortion of the (Si,Al)O6 octahedron in the 608 

stishovite phase under pressure. The apical (Si,Al)-O3 bond is more compressible (longer blue 609 

arrows) than the equatorial (Si,Al)-O1(2) bond (shorter blue arrows). The Al substitution can 610 

lead to a less distorted (Si,Al)O6 octahedron (yellow area with dashed-line border) than the pure 611 

SiO6 octahedron (gray area with solid-line border). 612 



29 
 

 613 

TABLE 1. Octahedral parameters of Al-bearing stishovite and post-
stishovite at high pressure 

P (GPa) Voct (Å) D σ2 (deg2) Φ (°) 
Al1.3-SiO2 

0.0001 7.451(7) 0.01300(1) 26.83(3) 0 
2.5(0) 7.387(7) 0.01256(1) 26.92(3) 0 
5.1(0) 7.332(10) 0.01060(1) 26.50(3) 0 
5.8(0) 7.321(12) 0.00976(2) 26.10(4) 0 
7.1(1) 7.289(14) 0.00886(2) 25.80(5) 0 
9.4(3) 7.247(12) 0.00701(1) 25.25(4) 0 
12.4(0) 7.176(9) 0.00866(1) 27.10(4) 0 
17.2(2) 7.076(12) 0.00774(1) 27.85(5) 0 
19.4(2) 7.051(7) 0.00563(1) 26.62(3) 0 
20.4(1) 7.022(7) 0.00598(1) 26.66(3) 0 
21.0(1) 6.994(9) 0.00598(1) 27.17(4) 0 
26.3(3) 6.899(18) 0.00683(2) 27.86(7) 0.9(2) 
28.1(3) 6.861(21) 0.00783(2) 28.91(9) 1.5(2) 
29.5(0) 6.847(10) 0.00077(0) 24.78(4) 1.4(1) 
34.4(2) 6.770(9) 0.00127(0) 25.85(3) 2.1(1) 
38.0(3) 6.703(12) 0.00689(1) 29.90(5) 2.2(1) 

Al2.1-SiO2 
0.0001 7.499(12) 0.01363(2) 26.48(4) 0 
1.3(0) 7.456(7) 0.01259(1) 26.35(3) 0 
3.0(0) 7.437(7) 0.01122(1) 25.66(3) 0 
5.1(0) 7.395(10) 0.01067(1) 26.41(3) 0 
6.5(1) 7.370(5) 0.00853(1) 25.23(2) 0 
9.2(1) 7.293(7) 0.00788(1) 25.59(3) 0 
11.0(2) 7.262(7) 0.00774(1) 25.79(3) 0 
13.5(2) 7.236(10) 0.00589(1) 24.75(3) 0 
14.6(2) 7.200(9) 0.00689(1) 25.92(3) 0 
22.0(1) 7.086(11) 0.00092(0) 23.05(3) 1.3(1) 
24.0(1) 6.987(19) 0.01019(3) 30.25(8) 1.4(2) 
25.9(1) 7.001(16) 0.00332(1) 26.28(6) 1.7(2) 
28.5(1) 6.943(17) 0.00614(2) 28.64(7) 2.1(2) 

 614 

 615 

 616 

 617 
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TABLE 2. Linear EoS parameters of (Si,Al)-O bond lengths and EoS parameters of the 
(Si,Al)O6 octahedron (* fixed value) 

Crystal Al1.3-SiO2 Al2.1-SiO2 Al1.7-SiO2 SiO2 
Reference This study This study Criniti et al. (2023) Zhang et al. (2023) 

 apical (Si,Al)-O3 
l0 1.8162(13) 1.8220(30) 1.8154(15) 1.8075(6) 

K0,l 556(9) 478(13) 680(47) 618(12) 
K0,l' 12* 12* 12* 12* 

 equatorial (Si,Al)-O1(2) 
l0 1.7641(9) 1.7669(14) 1.7664(8) 1.7565(4) 

K0,l 1287(35) 1807(121) 1135(64) 1453(49) 
K0,l' 12* 12* 12* 12* 

 (Si,Al)O6 octahedron 
V0,oct 7.4514(19) 7.4991(19) 7.4653(19) 7.3506(5) 
K0,oct 304.6(26) 333.1(83) 313.8(31) 368.0(103) 
K0,oct' 4* 4* 4* 4* 
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Fig. 1 627 
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Fig. 2 637 
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Fig. 3 651 
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Fig. 4 656 
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Fig. 5 663 
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Fig. 6 668 
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Fig. 7 675 
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Fig. 8 685 
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Fig. 9 689 
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