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Abstract (<250 words) 21 

    Seismic studies have found regional seismic scatterers with -2 to -12% VS anomalies along some 22 

subducting slabs at 700-1900 km depth. The ferroelastic post-stishovite transition in subducted 23 

mid-ocean ridge basalt (MORB) has been linked to these seismic features, but compressional and 24 

shear wave velocities (VP and VS) and full elastic moduli (Cij) of Al,H-bearing stishovite and post-25 

stishovite at high pressure remain uncertain. Here we have determined Raman shifts of optic modes 26 

and equation of state parameters of two hydrated Al-bearing stishovite crystals, Al1.3-SiO2 (1.34 27 

mol% Al and 0.55 mol% H) and Al2.1-SiO2 (2.10 mol% Al and 0.59 mol% H), up to ~70 GPa in 28 

diamond anvil cells coupled with Raman spectroscopy and X-ray diffraction. The experimental 29 

data are modeled using a pseudoproper Landau theory to derive full elastic moduli (Cij) and sound 30 

velocities across the post-stishovite transition at high pressure. The Al and H dissolution in 31 

stishovite significantly reduces the transition pressure to 21.1 GPa in Al1.3-SiO2 and to 16.1 GPa 32 

in Al2.1-SiO2, where the transition is manifested by approximately 29% VS reduction. Considering 33 

that stishovite with approximately 1.3 mol% Al and 0.6 mol% H could account for 20 vol% in 34 

subducted MORB at top lower mantle depths, the Al,H-bearing post-stishovite transition with a 35 

Clapeyron slope of 65 K/GPa would occur at about 1060 km depth with -7(4)% VS anomaly. The 36 

VS anomalies across the Al,H-bearing post-stishovite transition can help explain the depth-37 

dependent seismically-observed VS anomalies along some subducting slabs in the top to mid lower-38 

mantle depths including the Tonga subducting slabs. 39 

 40 

Plain Language Summary (<200 words) 41 

    Seismologists have found that shear wave travels 2-12% slower along some regions of 42 

subducting slabs at 700-1900 km depths than the surrounding lower mantle. This observation 43 
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cannot be explained by the presence of cold subducting oceanic crusts, but the transition from 44 

stishovite to post-stishovite could be a possible cause. Stishovite is a high-pressure dense silica 45 

polymorph that makes up about one fifth volume of subducting mid-ocean ridge basalt in the lower 46 

mantle. We designed high-pressure Raman spectroscopy experiments to probe the lattice vibration 47 

modes and X-ray diffraction to measure lattice parameters of Al,H-bearing stishovite and post-48 

stishovite. These results are used to evaluate the speed of sound across the post-stishovite 49 

transition. Our study shows that the shear wave velocity of stishovite with 1.3-2.1 mol% Al and 50 

0.5-0.6 mol% H significantly slows down by -29 % at 16-21 GPa. If one quarter volume of the 51 

subducting oceanic crust is made of stishovite with 1.3 mol% Al and 0.6 mol% H, the velocity 52 

reduction across the transition could be ~7% at ~1060 km depth. Regional seismic observations of 53 

VS anomalies along some subducting slabs in the top to mid lower mantle can be explained by the 54 

presence of the Al,H-bearing post-stishovite transition. 55 

 56 

1. Introduction 57 

Seismic tomographic studies have revealed wide-spread stagnant slabs in the mantle beneath 58 

subduction zones (Fukao & Obayashi, 2013). The subducting slabs contain Mid-Ocean Ridge 59 

Basalt (MORB) and other crustal and sedimentary materials that are chemically and physically 60 

distinct from the lithospheric mantle (Ringwood, 1975). As slab subduction occurs deeper into the 61 

lower mantle, basaltic materials are expected to exhibit distinct mineralogy and physical properties 62 

that may be revealed seismically (Ishii et al., 2019; Rost et al., 2008). Compared with the mantle 63 

lithosphere of approximately 100-200 km thick, the oceanic crust is only ~7 km thick so 64 

interpretations of seismic images for the subducting MORB materials in the lower mantle have 65 

been challenging. Specifically, global seismic tomography has a length scale resolution of 66 
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hundreds of kilometers that could not be used to detect the subducted basalt (or eclogite) in the 67 

mantle (Fukao & Obayashi, 2013). On the other hand, analyses of short period seismic-wave 68 

scattering can provide a much better spatial resolution in the order of ~10 km in the mantle (Rost 69 

et al., 2008). Insofar, these short period seismic studies have revealed the occurrence of many 70 

regional seismic scatterers with a number of distinct features: (1) slower shear wave velocity (VS) 71 

anomaly up to ~12 % reduction, no significant compressional wave velocity (VP) anomaly, and 72 

higher density anomaly up to ~9% enhancement at 700-1900 km depth in some regions (Niu, 2014; 73 

Niu et al., 2003); (2) planar geometry with several to tens of kilometers in thickness and tens to 74 

hundreds of kilometers in size; (3) occurrence within or beneath the subduction slab along the 75 

circum-Pacific region, but the frequency of observations decreases from top to mid lower mantle 76 

(Haugland et al., 2017; Kaneshima, 2019; Li & Yuen, 2014; Vinnik et al., 2001). These features 77 

are thought to be indicative of the presence of ancient subducted basalts in the lower mantle 78 

(Kaneshima & Helffrich, 1999).  79 

To decipher the aforementioned seismic observations at depths, sound velocities and densities 80 

of major constituent minerals at relevant mantle pressure-temperature (P-T) conditions of the 81 

subducted slabs are critically needed. Subducted MORB materials at the upper part of the lower 82 

mantle are expected to contain approximately 20 vol% stishovite, 30 vol% CaFe2O4-type phase or 83 

new hexagonal phase (CF or NAL), 30 vol% bridgmanite (Bgm), and 20 vol% Ca-perovskite 84 

(CaPv) (Ishii et al., 2019). Previous studies have shown that sound velocities of these phases except 85 

stishovite fall between those of bridgmanite and ferropericlase, the two most abundant minerals in 86 

a pyrolite compositional model, in the lower mantle (Gréaux et al., 2019; Wu et al., 2016; Xu et 87 

al., 2008; Yang et al., 2015). That is, their velocity characteristics could not be used to reconcile 88 

the observations of small-scale seismic VS anomalies along subducting slabs in the lower mantle. 89 
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However, their occurrence could contribute to seismic observations of enhanced densities in some 90 

regions (Hirose et al., 2005; Niu, 2014; Niu et al., 2003; Sun et al., 2016). On the other hand, the 91 

rutile-type stishovite displays much higher sound velocities than typical mantle minerals (Yang & 92 

Wu, 2014; Zhang et al., 2021), although its density is similar to that of mineral aggregates in a 93 

pyrolite composition (Fischer et al., 2018; Irifune et al., 2010). Stishovite undergoes a 94 

pseudoproper ferroelastic transition to a CaCl2-type post-stishovite phase with a spontaneous strain 95 

(Carpenter et al., 2000; Hemley et al., 2000). For pure-endmember stishovite (SiO2), the distortion 96 

transition occurs at 55 GPa and 300 K and is associated with a drastic VS reduction of -26% and a 97 

mild VP reduction of -10%, but the density continuously increases with increasing pressure (Zhang 98 

et al., 2021). It has been theoretically shown that subducted MORB with 20 vol% stishovite 99 

undergoing the post-stishovite transition could produce a VS reduction of up to ~6.5% and a VP 100 

reduction of up to ~1.5% at the mid-lower-mantle depth that can help explain seismic wave 101 

velocities (Wang et al., 2020). However, the post-stishovite transition has a positive Clapeyron 102 

slope of 65 K/GPa and would occur at ~1800 km depth at relevant P-T conditions of a cold 103 

subducting slab (77 GPa and 1706 K) (Fischer et al., 2018). The transition depth is thus too deep 104 

to be consistent with these aforementioned regional seismic VS anomalies at shallower lower 105 

mantle depths. 106 

Based on previous geochemical and petrological studies (Gale et al., 2013), subducted MORB 107 

materials can contain ~10-19 wt% alumina (or ~4.3-8.1 mol%) which can partition into stishovite 108 

crystals. Multi-anvil apparatus experiments on element partitioning in a basaltic system have 109 

revealed that the Al content in stishovite increases from ~0.5 mol% at 22 GPa to ~1.5 mol% at 33 110 

GPa (Ishii et al., 2019; Ono et al., 2001). Additionally, chemical analysis of mineral inclusions in 111 

natural diamonds from the subducted eclogitic assemblage also shows the presence of nearly Al-112 
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free silica (≤ 0.06 mol% Al) in association with Al2SiO5 phase (Zedgenizov et al., 2015). This 113 

indicates the possible presence of Al-bearing stishovite at lower-mantle depths, although naturally-114 

occurring Al-bearing stishovite has not been reported. In addition to the Al substitution, subducting 115 

slabs can contain a small amount of water in hydrous or nominally anhydrous minerals (NAMs) 116 

in the mantle. In multi-anvil apparatus experiments, Fourier-transform infrared spectroscopy 117 

(FTIR) analyses showed that Al-bearing stishovite crystals contain approximately 0.03-0.67 mol% 118 

H at 20-26 GPa and 1473-2073 K conditions (Litasov et al., 2007). 119 

The Al3+ and/or H+ incorporation in stishovite can reduce the post-stishovite transition pressure 120 

to the depth range more consistent with the seismic observations of the regional VS anomalies in 121 

the shallow lower mantle (Lakshtanov et al., 2007b; Umemoto et al., 2016). Although full elasticity 122 

of pure stishovite and post-stishovite and the effect of Al on the post-stishovite transition pressure 123 

have been relatively well investigated  (Asahara et al., 2013; Karki et al., 1997; Lakshtanov et al., 124 

2007b; Li et al., 1996; Shieh et al., 2002; Yang & Wu, 2014; Zhang et al., 2021), elasticity data of 125 

hydrated Al-bearing stishovite across the post-stishovite transition remains largely unexplored 126 

(Bolfan-Casanova et al., 2009; Gréaux et al., 2016; Lakshtanov et al., 2007a). This is mainly due 127 

to the technical difficulty in measuring sound velocities and reliably deriving full elastic moduli 128 

(Cij) of the stishovite crystal at high pressure (Zhang et al., 2021). Alternatively, high-pressure 129 

experimental results on Raman shifts of optic modes and equations of state (EOS) parameters 130 

across the post-stishovite transition can be used to evaluate full Cij using Landau theory modeling 131 

(Carpenter et al., 2000). The full Cij data can then be used to calculate sound velocities and other 132 

elastic parameters across the post-stishovite transition as a function of pressure. 133 

In this study, we have measured Raman shifts of major optic modes and lattice parameters of 134 

two hydrated Al-bearing stishovite single crystals, Al1.3-SiO2 (1.34 mol% Al and 0.55 mol% H) 135 
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and Al2.1-SiO2 (2.10 mol% Al and 0.59 mol% H), up to ~70 GPa in high-pressure diamond anvil 136 

cells. The experimental data are modeled with a pseudoproper Landau theory in which some 137 

Landau parameters have been well constrained using a recent experimental elasticity study of 138 

stishovite at high pressure (Zhang et al., 2021). These combined experimental and modeling 139 

approaches allow us to determine full elastic properties of the Al-bearing stishovite, including Cij, 140 

adiabatic bulk and shear modulus (KS and µ), aggregate sound velocities (VS and VP), and Poisson’s 141 

ratio (ν), across the post-stishovite transition at high pressure. Our results show that the post-142 

stishovite transition occurs at 21.1 GPa in Al1.3-SiO2 and 16.1 GPa in Al2.1-SiO2, where the B1g 143 

optic mode softens and the elastic moduli C11 and C12 merge together. The full Cij and sound 144 

veloicities of hydrated Al-bearing stishovite and post-stishovite from high-pressure Raman and X-145 

ray diffraction measurements are used to provide new constraints on Al/H-dependent post-146 

stishovite transition and associated velocity change at high P-T. Assuming that subducted MORB 147 

materials contain 20 vol% stishovite with 1.3 mol% Al and 0.6 mol% H, our results show that the 148 

post-stishovite transition can exhibit a VS reduction of -7(4)%. We have further modeled the VS 149 

anomaly of the post-stishovite transition as a function of Al contents at high P-T. These results are 150 

compared with regional seismic observations in some selected subduction zone settings including 151 

the Tonga slab. Our results provide new insights into the regional seismic VS anomalies that can 152 

be explained by the hydrated Al-bearing post-stishovite transition from the top-to-mid lower 153 

mantle. 154 

 155 

2. Experimental details 156 

Al-bearing stishovite crystals were synthesized at the Institute for Planetary Materials at 157 

Okayama University. Two starting samples were prepared by mixing silica powder of 99.99% 158 
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purity with 10 wt% gibbsite Al(OH)3 in run# 5K3302 and with 13 wt% gibbsite Al(OH)3 in run# 159 

1K2965. Each starting mixture was loaded into a platinum capsule of 4 mm in length and 2 mm in 160 

outer diameter. The sample assemblage in run# 5K3302 with a LaCrO3 heater was compressed to 161 

20 GPa and then heated to 1973 K for 16.5 hours in a 5000-ton Kawai-type multi-anvil apparatus. 162 

The assemblage in run# 1K2965 with the same type of heater was compressed to 19.2 GPa and 163 

heated to 1973 K for 7 hours using a 1000-ton Kawai-type multi-anvil apparatus. Detailed 164 

information about the sample assemblage and apparatus conditions can be found in the literature 165 

(Okuchi et al., 2015; Xu et al., 2017). Stishovite crystals extracted from the Pt capsules are 166 

anhedral to subhedral in shape and are about tens to hundreds of micrometers in size under an 167 

optical microscope. A few crystals of approximately 100-200 µm in diameters were selected for 168 

compositional analysis using a JEOL Electron Microprobe (EPMA) and a Scanning Electron 169 

Microscopy with Energy Dispersive X-Ray Spectroscopy (SEM/EDS) in the Department of 170 

Geological Sciences at the University of Texas at Austin (UT Austin). Chemical mappings on Si, 171 

Al, and O elements of the crystals show compositional homogeneities throughout the crystals 172 

(Figure S1). Analysis of Wavelength-Dispersive Spectroscopy (WDS) results shows Al contents 173 

of 1.34(2) mol% (or 3.43(6) wt% Al2O3 averaged from 5 analyses) in the Al1.3-SiO2 crystal from 174 

run# 5K3302 and 2.10(2) mol% (or 5.37(4) wt% Al2O3 averaged from 8 analyses) in Al2.1-SiO2 175 

from run# 1K2965 (Table S1). Other elements were below the detection limit of the analytical 176 

techniques used here. 177 

    Synchrotron X-ray diffraction (XRD) measurements are used to determine the crystal structure 178 

and lattice parameters of the crystals at the beamline 13ID-D of the GSECARS, Advanced Photon 179 

Source (APS), Argonne National Laboratory. A few Al1.3-SiO2 and Al2.1-SiO2 crystals were 180 

polished down to approximately 10-15 µm thick platelets, and then loaded into a sample chamber 181 
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in a diamond anvil cell with a pair of 300 µm flat culets. The sample chamber was made of a 182 

rhenium gasket with an initial thickness of 260 µm that was pre-indented to ~32 µm thickness and 183 

subsequently a hole of 190 µm diameter was drilled in it. Au powder (Goodfellow; 99.95% purity) 184 

of 5-10 µm big was also loaded next to the crystals in the sample chamber and used as the pressure 185 

calibrant (Fei et al., 2007). Neon pressure medium was loaded into the sample chamber using the 186 

gas loading system in the Mineral Physics Laboratory, UT Austin. The neon medium provides a 187 

quasi-hydrostatic environment in the sample chamber within our investigated pressure range 188 

(Kingma et al., 1995). An incident X-ray beam with a wavelength of 0.3344 Å was focused down 189 

a beam size of ~3×3 μm2 (FWHM) at the sample position where the diffracted signals were 190 

collected by a CdTe Pilatus 1M detector. During the data collection, the sample stage was rotated 191 

±15° about its vertical axis to cover more reflection spots. The collected images were further 192 

integrated into one-dimensional spectra using the DIOPTAS software (Prescher & Prakapenka, 193 

2015). Pressure uncertainties were evaluated from the EOS of Au in the experiments.  194 

High-pressure Raman measurements were performed using a Renishaw InVia Raman 195 

spectroscopy system at the Mineral Physics Laboratory, UT Austin. A pair of anvils with 300 µm 196 

flat culets and ultralow fluorescence background were selected for the experiments. Similar to the 197 

sample preparation in aforementioned XRD experiments, Al1.3-SiO2 and Al2.1-SiO2 platelets of 198 

10-15 µm thick and 20-40 µm big were loaded into a sample chamber with Ne pressure medium. 199 

A few ruby spheres were also loaded in the chamber and used as the pressure calibrant (Fei et al., 200 

2007). The Raman system is equipped with a green excitation laser of 532 nm wavelength, a 201 

grating of 2400-line/mm, and a spectral resolution of 1.2 cm-1. The system was calibrated using 202 

the Raman peak of a reference Si crystal at 520 cm-1 before high-pressure measurements. Each 203 

Raman spectrum was collected using a 20X objective with a focused beamsize of ~2-3 µm, an 204 
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exposure time of 15 s, and 20-30 accumulations. Pressure uncertainties of the experiments were 205 

evaluated from multiple ruby fluorescence measurements before and after each set of the Raman 206 

collection. Water contents in the crystals are also evaluated using unpolarized FTIR spectra taken 207 

in a Thermo Electron 6700 FTIR spectrometer with a connected FTIR Continuum microscope in 208 

the Department of Earth Sciences at the National Cheng Kung University. Raman spectra of the 209 

OH-stretching band regions of the Al-bearing stishovite crystals were also measured at ambient 210 

conditions. 211 

     212 

3. Results 213 

3.1. Al and H substitution in the rutile-type stishovite 214 

    Combined results of FTIR, Raman, electron microprobe and XRD spectral measurements are 215 

useful to examine Al and H substitutions in hydrated Al-bearing stishovite crystal structure (Figure 216 

1). Analysis of XRD spectra of the synthesized crystals reveals the tetragonal rutile-type crystal 217 

structure with P42/mnm space group at ambient conditions. Refined lattice parameters of the Al1.3-218 

SiO2 crystal are a = 4.1963(8) Å, c = 2.6723(4) Å, and V = 47.06(2) Å3 while the Al2.1-SiO2 219 

crystal displays a = 4.2025(9) Å, c = 2.6788(16) Å, and V = 47.31(2) Å3. Our results are consistent 220 

with the literature data in which the unit-cell volume of stishovite linearly expands with increasing 221 

Al content (Figure 1c) (Lakshtanov et al., 2007b; Litasov et al., 2007). The lattice expansion can 222 

be mainly related to the coupled 2Al3+ and OV
2+ (oxygen vacancy) substitution for 2Si4+ in 223 

stishovite (Lakshtanov et al., 2007a). On the other hand, analysis of unpolarized FTIR and Raman 224 

spectra shows three major OH-stretching bands at ~2660, ~3140, and ~3410 cm-1, consistent with 225 

literature data (Figures 1a and 1b) (Litasov et al., 2007). The strongest FTIR absorption band at 226 

3140 cm-1 is also extremely intense in Raman measurements, revealing itself as an active FTIR 227 
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and Raman mode. This is also the case for the mode at 2660 cm-1. The occurrence of the bands has 228 

been explained to be indicative of the coupled Al3+ + H+ and/or pure 4H+ substitution for Si4+ in 229 

the structure, which are also expected to contribute to the expansion of the lattice (Nisr et al., 2017; 230 

Spektor et al., 2011). The water content COH of the crystals in the unpolarized spectra can be 231 

determined using a calibration method by Paterson (1982): 232 

 𝐶𝑂𝐻 =
𝑋𝑖

150𝛾
∫

𝑘(𝜈)

(3780 − 𝜈)
𝑑𝜈 (1) 

where Xi is the density factor, Xi = 9/d × 106, with the mineral density d as 4237 g/l and 4211 g/l 233 

for Al1.3-SiO2 and Al2.1-SiO2, respectively; γ is the orientation factor which is set as 1/3 for the 234 

unpolarized measurements; k(𝜈) is an absorption in cm-1 at each wavenumber 𝜈 in cm-1. After 235 

subtracting the background and normalizing the sample thickness to 1 cm, the water content in 236 

Al1.3-SiO2 and Al2.1-SiO2 crystals are determined as 0.55(11) mol% H (or 0.25(5) wt% H2O) and 237 

0.59(11) mol% H (or 0.27(5) wt% H2O), respectively. Together with chemical analysis results, the 238 

molar ratios of Al/H in these crystals are thus 2.4(7):1 and 3.5(8):1. These numbers are close to 239 

2:1 and 3:1 ratio, but much larger than 1:1 ratio for the coupled Al3+ + H+ substitution mechanism 240 

proposed previously (Pawley et al., 1993) (Figure 1d). These indicate that 2Al3+ + OV
2+ ↔ 2Si4+ 241 

mechanism is most abundant in our Al-bearing stishovite crystals to expand the lattice, while the 242 

Al3+ + H+ ↔ Si4+ mechanism can help facilitate water incorporation into stishovite. 243 
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 244 

Figure 1. Characterizations of hydrated Al-bearing stishovite crystals. (a) and (b) show OH-245 

stretching bands in Al1.3-SiO2 (blue) and Al2.1-SiO2 (red). (a) Representative unpolarized FTIR 246 

spectra; (b) representative unpolarized Raman spectra. Wavenumbers and Raman shifts of OH-247 

stretching bands were fitted and labeled next to major peaks in (a) and (b), respectively. (c) Unit-248 

cell volume of stishovite as a function of Al content in mol% at ambient conditions. (d) H content 249 

as a function of Al content in mol% in stishovite. Gray dashed lines show three different Al/H 250 

ratios. Literature data are plotted for comparison (Lakshtanov et al., 2007b; Litasov et al., 2007; 251 

Zhang et al., 2021). 252 

 253 

3.2. High-pressure Raman shifts of major optic modes across the post-stishovite transition 254 

Analyses of the Raman spectra of the crystals at ambient conditions show four intense optic 255 

Raman bands at 226, 583, 748, and 960 cm-1 in Al1.3-SiO2 and at 224, 579, 744, and 957 cm-1 in 256 
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Al2.1-SiO2. After taking the Al substitution effects into account, these peaks can be assigned to 257 

B1g, Eg, A1g, and B2g modes of the rutile-type stishovite, respectively (Kingma et al., 1995). The 258 

B1g, Eg, and A1g peaks can be well detected at high pressure, but the B2g mode was blocked by the 259 

background of the diamond anvil (Tables S2-S4). Raman shifts of Eg and A1g modes increase with 260 

increasing pressure whereas the Raman shifts of the B1g mode decrease with increasing pressure 261 

(Figure 2). The trends and slopes of these Raman shifts are consistent with that of pure SiO2 262 

stishovite at high pressure (Kingma et al., 1995; Zhang et al., 2021). Crossing into the CaCl2-type 263 

post-stishovite phase, the B1g and A1g evolves into two Ag modes but splitting of Eg mode into B2g 264 

and B3g modes was not observed due to background of the diamond anvil. Raman shifts of the Ag 265 

modes in the post-stishovite phase increase with increasing pressure, but the slope is shallower 266 

than that in pure SiO2 stishovite (Figure 2c). Most importantly, the pressure-dependence of the 267 

stishovite’s B1g mode becomes positive in the post-stishovite’s Ag mode across the post-stishovite 268 

transition. A satellite band, denoted as Ag*, in the Al1.3-SiO2 crystal occurs between 21.1-36.5 269 

GPa (Figures 2a and 2c) with Raman shift behavior similar to the Ag mode, but the kink occurs at 270 

approximately 28 GPa. The occurrence of the satellite peak may be due to local clusters of Al-271 

poor regions where the local domains can resist the shear-driven transition to a higher pressure. 272 

This phenomenon across the ferroelastic transition has been reported in other binary systems 273 

(Salje, 1990).  274 
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 275 

Figure 2. Raman shifts of Al-bearing stishovite and post-stishovite phases at high pressure. (a) 276 

and (b) are representative Raman spectra of Al1.3-SiO2 and Al2.1-SiO2, respectively, with the B1g 277 

optic mode in stishovite and the Ag and Ag
* modes in post-stishovite. (c) Pressure-dependent 278 

Raman shifts for Raman modes of stishovite (B1g, Eg, A1g) and post-stishovite (Ag, Ag
*, B2g, B3g). 279 

Solid lines are best linear or quadratic fits to our experimental data. Error bars are smaller than the 280 

symbols and are not shown for figure clarity. Previous studies on stishovite crystals with pure SiO2 281 

(Al free) and Al2.4-SiO2 (2.4 mol% Al) compositions are plotted as open circles for comparison 282 

(Kingma et al., 1995; Lakshtanov et al., 2007b; Zhang et al., 2021). Vertical dashed lines show the 283 

transition pressure for each composition with the same color as the corresponding data in (a) or 284 

(b). 285 

 286 

3.3. Lattice parameters across the post-stishovite transition 287 

    Analysis of the high-pressure XRD spectra from Al1.3-SiO2 and Al2.1-SiO2 crystals shows 10-288 

15 reflections in the tetragonal stishovite phase within 2θ range from 6° to 24° (Figures 3a and 3b; 289 

Tables S5 and S6). The analyzed lattice parameters indicate that lengths of a and c axis and unit-290 
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cell volume (V) decrease with increasing pressure with slopes consistent with that in pure-291 

endmember stishovite (Figures 3c and 3d). With increasing pressure, some representative 292 

diffraction peaks in the tetragonal structure split into the orthorhombic post-stishovite structure 293 

with Pnnm space group at 21.1 GPa for Al1.3-SiO2 and 16.1 GPa for Al2.1-SiO2. Specifically, 294 

tetragonal 211 and 311 reflections in Miller indices split into pairs of orthorhombic (211 and 121) 295 

and (311 and 131) reflections, respectively, in Al1.3-SiO2 crystal (Figure 3a). Similarly, splitting 296 

of tetragonal 210, 211, 310, 311, 320, 410, 411, and 420 reflections were observed in Al2.1-SiO2 297 

crystal (Figure 3b). These mean that the a-axis of the tetragonal stishovite splits into a- and b-axis 298 

of orthorhombic post-stishovite at high pressure. Axial and bulk incompressibilities of the 299 

stishovite and post-stishovite phases at high pressure were further evaluated using the Birch-300 

Murnagham EOS (Birch, 1947) (Table S7). Isothermal bulk modulus (KT0) of Al1.3-SiO2 and 301 

Al2.1-SiO2 crystals at ambient conditions is lower than that in pure SiO2 stishovite, but higher than 302 

that in pure SiO2 post-stishovite. These indicate that the Al and H substitution softens the tetragonal 303 

structure in stishovite but stiffens the orthorhombic structure in post-stishovite. 304 
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 305 

Figure 3. X-ray diffraction and equation of state results of hydrated Al-bearing stishovite and post-306 

stishovite at high pressure. (a) and (b) are representative XRD patterns for Al1.3-SiO2 and Al2.1-307 

SiO2 crystals, respectively, at 9.0 GPa for the stishovite phase and at 72.6 GPa for the post-308 

stishovite phase. Miller indices hkl labeled next to identified diffraction peaks are used to calculate 309 

lattice parameters and unit cell volumes in (c) and (d). The occurrence of the post-stishovite phase 310 

is most visible in the splitting of some reflection peaks in the stishovite phase across the transition, 311 

such as a splitting of the 211 reflection into a pair of 211 and 121 reflections. (c) and (d) show 312 

lattice parameters and unit-cell volumes, respectively, of the stishovite and post-stishovite phases 313 

in Al1.3-SiO2 (blue open circles) and Al2.1-SiO2 (red open circles) at high pressure. 314 

Corresponding solid lines show the best fits using the axial incompressibility or the Birch-315 

Murnaghan equation of state (Birch, 1947). The insert panel shows unit-cell volume variations of 316 

the Al-bearing crystals at high pressure with respect to that of the endmember SiO2 by Zhang et 317 

al. (2021). Vertical dashed lines show the transition pressures. 318 

 319 
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4. Discussion 320 

4.1. Landau theory modeling of the elasticity across the post-stishovite transition 321 

    Our high-pressure Raman and XRD results are used to derive full Cij and sound velocities of the 322 

stishovite and post-stishovite phases. We used a pseudoproper-type Landau free energy expansion, 323 

where the order parameter Q is related to the B1g soft optic mode and is coupled bilinearly with the 324 

symmetry-breaking spontaneous strain (Carpenter et al., 2000). In the modeling, a number of 325 

Landau parameters need to be well evaluated in order to reliably derive the full elastic moduli. 326 

These parameters include 𝑃𝐶
∗, critical pressure (𝑃𝐶), bare elastic moduli (𝐶𝑖𝑗0

0 ), pressure derivatives 327 

of 𝐶𝑖𝑗0
0  (𝐶𝑖𝑗

0′), coupling coefficients (𝜆𝑖), and normal Landau coefficients (𝑎 and 𝑏). To start with, 328 

the intersection of the two linear fits to the squared Raman shifts of the B1g and Ag modes as a 329 

function of pressure gives the 𝑃𝐶
∗ value at 21.1(6) GPa for Al1.3-SiO2 and at 16.1(4) GPa for Al2.1-330 

SiO2 (Figure 4a). Extrapolation of the B1g linear fit to zero Raman shift yields the 𝑃𝐶 value where 331 

the optic mode becomes imaginary. Additionally, the 𝐶𝑖𝑗0
0  can be calculated from literature Cij0 332 

data of stishovite at ambient conditions after taking into account of the linear Al effect on the Cij0 333 

in stishovite (Lakshtanov et al., 2007a). Since the pressure-dependent slopes for Raman shifts and 334 

lattice parameters are very similar in Al-bearing and pure SiO2 stishovite (Figures 2c, 3c, and 3d), 335 

the 𝐶𝑖𝑗
0  slope, the pressure derivatives of 𝐶𝑖𝑗

0  (𝐶𝑖𝑗
0′), of the experimentally-determined values for 336 

pure SiO2 endmember in a recent study (Zhang et al., 2021) can be used for the Al-bearing 337 

stishovite. The exception here is for the 𝐶11
0′ and 𝐶12

0′ that can be affected by the shear softening and 338 

the transition pressure such that these two parameters for the Al-bearing stishovite need to be 339 

evaluated in the modeling. Moreover, the coupling coefficients 𝜆4 and 𝜆6 are also set to those in 340 

the pure SiO2 endmember because they are related to the spontaneous strains 𝑒4, 𝑒5, and 𝑒6 that 341 

remain zero in the post-stishovite phase regardless of the Al and H content due to the nature of the 342 
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ferroelastic transition (Carpenter et al., 2000). In short, six parameters (coupling coefficients 𝜆1 343 

and 𝜆3, Landau coefficients 𝑎 and 𝑏, 𝐶11
0′ and 𝐶12

0′) are evaluated in our modeling using the Al and 344 

H dependent spontaneous strains 𝑒1, 𝑒2, and 𝑒3 at high pressures that can be calculated from the 345 

lattice paremeters (Figure 4b): 346 

 𝑒1 =
𝑎𝑃𝑠𝑡 − 𝑎𝑆𝑡

𝑎𝑆𝑡
, 𝑒2 =

𝑏𝑃𝑠𝑡 − 𝑎𝑆𝑡

𝑎𝑆𝑡
, 𝑒3 =

𝑐𝑃𝑠𝑡 − 𝑐𝑆𝑡

𝑐𝑆𝑡
 (2) 

where 𝑎𝑃𝑠𝑡, 𝑏𝑃𝑠𝑡, and 𝑐𝑃𝑠𝑡 are lattice parameters of post-stishovite (Pst) at high pressure; 𝑎𝑆𝑡 and 347 

𝑐𝑆𝑡 are the extrapolated lattice parameters of stishovite (St) at the same pressure. With all these 348 

Landau parameters determined (Table 1), the full set of Cij of the stishovite and post-stishovite 349 

phases at high pressure can be calculated using the Cij expressions in Carpenter et al. (2000). The 350 

VS and VP values of the phases at each given pressure are calculated using the following equations:  351 

 𝑉𝑃 = √(𝐾𝑆 +
4

3
𝜇) /𝜌, 𝑉𝑆 = √𝜇/𝜌 (3) 

The Poisson’s ratio ν, a key seismic parameter reflecting the VP and VS ratio, are also calculated 352 

using the following equation: 353 

 𝜈 =
1

2
[(

𝑉𝑃

𝑉𝑆
)

2

− 2] / [(
𝑉𝑃

𝑉𝑆
)

2

− 1] (4) 
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 354 

Figure 4. Landau theory modeling of the post-stishovite transition in hydrated Al-bearing 355 

stishovite. (a) Squared Raman shifts of B1g→Ag modes ω2 divided by 1000 (ω2/1000). The kink in 356 

the Raman shift slope reflects the post-stishovite transition pressure PC
* for each composition, 357 

while the linear extrapolation on ω2/1000 of the B1g mode to zero yields the critical pressure PC. 358 

(b) Spontaneous strains ei multiplied by 1000 (ei × 1000; i = 1, 2, 3). Blue and red circles are 359 

experimental data on Al1.3-SiO2 and Al2.1-SiO2, respectively, while corresponding lines are best 360 

fits. Literature results on endmember SiO2 are shown as gray dashed lines (Zhang et al., 2021). 361 

 362 

 363 

 364 

 365 

 366 
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Table 1 Landau model parameters for the stishovite to post-stishovite transition 367 

Compositions 
Al1.3-SiO2 

0.7 mol% H+ 

Al2.1-SiO2 

0.8 mol% H+ 

SiO2 

0.004 mol% H+ 

References This study This study Zhang et al. (2021) 

𝑃𝐶
∗, GPa 21.1(6) 16.1(4) 55.0(10) 

(𝑃𝐶 − 𝑃𝐶
∗), GPa 105.7(38) 134.3(65) 55.2(10) 

𝑎 -0.0512(49) -0.0467(45)  -0.0501(29) 

𝑏, GPa 10.5(12) 10.6(14) 11 

𝜆1, GPa -4.9(3) -5.5(2) 11.03(85) 

𝜆2, GPa 60.5 78.5 27.61 

𝜆3, GPa 12.6(13) 12.2(11) 16.79(92) 

𝜆4, GPa 18.94 18.94 18.94(31) 

𝜆6, GPa 15.15 15.15 15.15(22) 

𝐶110
0 , GPa 999 1302 592.3 

𝐶11
0′a 10.0(9) 9.5(9) 10.80(47) 

𝐶120
0 , GPa -375 -693 57.9 

𝐶12
0′a 9.9(7) 10.4(8) 8.81(63) 

𝐶130
0 , GPa 190.6 189.2 193.0 

𝐶13
0′ 2.91 2.91 2.91(27) 

𝐶330
0 , GPa 743.5 734.1 760.2 

𝐶33
0′  7.07 7.07 7.07(48) 

𝐶440
0 , GPa 246.7 238.2 261.6 

𝐶44
0′  3.18 3.18 3.18(5) 

𝐶660
0 , GPa 295.2 281.4 319.7 

𝐶66
0′  5.60 5.60 5.60(13) 

Notes: see the main text for the meaning and references of Landau 

parameters listed in the first column. Numbers in parentheses represent ±1σ 

uncertainties. 

 368 

 369 

4.2. Al and H effects on the post-stishovite transition boundary 370 

The post-stishovite transition boundary influenced by the Al and/or H substitutions at relevant 371 

mantle P-T conditions can be of direct relevance to our understanding of the depth-dependent 372 

distributions of the regional seismic VS anomalies in the lower mantle as discussed in the 373 
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introduction. Therefore, we have compared our results with literature data to better evaluate the 374 

transition boundary as a function of Al and/or H contents. Based on the Landau modeling at high 375 

pressure and 300 K, the 𝑃𝐶
∗ is at ~21.1 GPa for Al1.3-SiO2 and at ~16.1 GPa for Al2.1-SiO2, which 376 

are significantly lower than the 𝑃𝐶
∗ of 55 GPa in pure-endmember SiO2 stishovite that contains ~19 377 

wt. ppm water (Zhang et al., 2021).  378 

Previous studies have showed that the post-stishovite transition pressure can be lowered by 379 

either the Al substitution (Bolfan-Casanova et al., 2009) or water incorporation (Nisr et al., 2017; 380 

Umemoto et al., 2016). Al and H incorporations in stishovite can occur via coupled Al3+ + H+ for 381 

Si4+ in the octahedral site, together with Al3+ and OV
2+ substitution (Pawley et al., 1993). Hydrogen 382 

substitution in Al-free stishovite can also occur via 4H+ ↔ Si4+ (Spektor et al., 2011). Importantly, 383 

previous studies have found that H solubility increases with the Al substitution in stishovite, but 384 

the Al:H ratio in stishovite is mostly near or below 3:1. Therefore, 2Al3+ + OV
2+ ↔ 2Si4+ 385 

substitution mechanism is expected to be most prevalent in hydrated Al-bearing stishovite in 386 

subducted basalts in the mantle (Pawley et al., 1993). Because our Al-bearing stishovite crystals 387 

only contain 0.25-0.27 wt% H2O with 2.4-3.5 Al/H molar ratios, the 𝑃𝐶
∗ reduction can thus be 388 

mainly attributed to the 2Al3+ + OV
2+ ↔ 2Si4+ effect, together with some contributions from 4H+ 389 

↔ Si4+ substitution. Specifically, the 2Al3+ + OV
2+ ↔ 2Si4+ mechanism softens the stishovite’s 390 

structure such that the post-stishovite shear distortion occurs more favorably under compression 391 

(Lakshtanov et al., 2007a).  392 

Modeling the 𝑃𝐶
∗ as a function of Al contents using a polynomial function results in Al = 393 

0.0014𝑃𝐶
∗2 + 0.154𝑃𝐶

∗ - 12.705 where Al is expressed in mol% and the 𝑃𝐶
∗ is in GPa (Figure 5a). 394 

Using a Clapeyron slope of 65 K/GPa from a recent experimental study (Fischer et al., 2018), the 395 

post-stishovite transition can be extrapolated to high P-T conditions of the lower mantle: the 396 
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transition pressure could be lowered by approximately 30 GPa in stishovite with 1 mol% Al and 397 

by 52 GPa with 3 mol% Al. Along a cold subducting slab which is taken as approximately 500 K 398 

colder than a typical normal mantle (Katsura et al., 2010; Tan et al., 2002), the post-stishovite 399 

transition is expected to occur at 740 km depth with 3 mol% Al and at 1250 km depth with 1 mol% 400 

Al (Figure 5b). 401 

 402 

Figure 5. Post-stishovite phase transition boundary influenced by Al content in stishovite. (a) The 403 

post-stishovite transition pressure as a function of the Al content in mol% at 300 K. The dashed 404 

line is the best polynomial fit to our data using 55 GPa for the transition pressure of the pure SiO2 405 

by Zhang et al. (2021). The red shaded area in Al1.3-SiO2 represents a coexistence pressure region 406 

where the stishovite and post-stishovite phases coexist (see Figures 2a and 2c). Literature results 407 

are also shown for comparison (Andrault et al., 2003; Bolfan-Casanova et al., 2009; Buchen et al., 408 

2018; Lakshtanov et al., 2007b; Zhang et al., 2021). (b) Post-stishovite transition at high P-T 409 

conditions. A Clapeyron slope of 65 K/GPa is used for the post-stishovite transition (Fischer et al., 410 
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2018), where stishovite contains 0 (black), 1 (red), 2 (green), and 3 (blue) mol% Al, respectively. 411 

The horizontal bar at the bottom right indicates the coexistence range of the Al-bearing stishovite 412 

and post-stishovite phases, which is estimated from the coexistence of the Ag and Ag
* modes in 413 

Al1.3-SiO2 (Figures 2a and 2c). A typical normal mantle geotherm (Katsura et al., 2010) and a 414 

cold slab geotherm that is 500 K colder than a typical normal mantle geotherm (Tan et al., 2002) 415 

are shown as thick gray lines for comparison to the post-stishovite phase boundaries. 416 

 417 

4.3. Al and H effects on the sound velocities across the post-stishovite transition 418 

Our Landau modeling results provide full elastic moduli of the (Al,H)-bearing stishovite 419 

crystals across the post-stishovite transition at high pressure (Figure 6). Examinations of the 420 

pressure-dependent Cij in the Al1.3-SiO2 and Al2.1-SiO2 crystals show that they are overall 421 

consistent with that of pure SiO2 (Zhang et al., 2021), but the slopes across the transition are quite 422 

different. The (Al,H)-bearing stishovite crystals display softer C11 and stiffer C12 approaching the 423 

transition than that in the pure SiO2 stishovite phase. These lead to the convergence of C11 and C12 424 

at a lower 𝑃𝐶
∗ in the (Al,H)-bearing system. We should note that the (C11-C12)/2 constant, which 425 

reflects the response of a crystal to deformation caused by shear stress along the [110] direction, 426 

is expected to vanish at the transition (Figure 6a). Similarly, the deviations between C12 and C22 427 

and between C13 and C23 in the post-stishovite phase becomes larger (Figures 6a and 6b). In 428 

addition, our results show an enhanced reduction in the shear modulus and sound velocities 429 

(Figures 6c and 6d): the transition correlates with 49% µ reduction, 29% VS reduction, and 12% 430 

VP reduction as compared with 45% in µ, 26% in VS, and 10% in VP reduction in pure SiO2 post-431 

stishovite transition (Zhang et al., 2021).  432 
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 433 

Figure 6. Modeled elasticity of the hydrated Al-bearing stishovite and post-stishovite at high 434 

pressure.  (a) and (b) Elastic moduli Cij of stishovite and post-stishovite at high pressure; (c) 435 

adiabatic bulk and shear modulus (KS and µ) using the Voigt-Reuss-Hill averaging scheme (Hill, 436 

1952); (d) aggregate compressional and shear wave velocities (VP and VS); (e) Poisson’s ratio (ν). 437 

The Al1.3-SiO2 (blue lines) and Al2.1-SiO2 (red lines) stishovite crystals undergo the post-438 

stishovite transition at 21.1 and 16.1 GPa, respectively, where their respective µ, VP, and VS drop 439 

drastically. The ν jumps across the transition. Elasticity data for different compositions are also 440 

plotted for comparison (Gréaux et al., 2016; Lakshtanov et al., 2007a; Zhang et al., 2021). 441 

 442 

4.4. Velocity profiles of subducted MORB across the post-stishovite transition in the lower 443 

mantle 444 
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    The post-stishovite transition is known to occur in the subducted MORB such that sound 445 

velocity of the MORB materials can be useful in deciphering seismic results along subducting 446 

zone regions in the lower mantle. In our modeling to evaluate the effects of the post-stishovite 447 

transition on velocity profiles, we used elasticity of individual mineral phases in an aggregate with 448 

MORB composition under relevant P-T conditions. The mineralogy in the selected MORB 449 

composition contains 20 vol% stishovite, 30 vol% CF, 30 vol% Bgm, and 20 vol% CaPv in the 450 

lower mantle (Ishii et al., 2019). Thermoelastic parameters of these mineral phases, except CaPv, 451 

in our modeling are taken from Xu et al. (2008), while those for CaPv are taken from Gréaux et 452 

al. (2019) and Sun et al. (2016). We should note that the CaPv data by Thomson et al. (2019) are 453 

not used here because they measured sound velocities at a nearly constant pressure (~14 GPa) such 454 

that some thermoelastic parameters cannot be reliably constrained such as pressure derivatives of 455 

KS and µ. Mie-Grüneisen EOS and finite-strain theory are then used to calculate density ρ, bulk 456 

modulus KS, and shear modulus µ of each mineral phase in the MORB mineralogy along a cold 457 

subducting slab based on the following equations (Stixrude & Lithgow-Bertelloni, 2005): 458 

 𝑃 = 3𝐾𝑇0𝑓(1 + 2𝑓)5/2 [1 +
3

2
(𝐾𝑇0

′ − 4)𝑓] + 𝛾𝜌∆℧𝑞 (5) 

 
𝐾𝑆 = (1 + 2𝑓)5/2 [𝐾𝑆0 + (3𝐾𝑆0𝐾𝑆0

′ − 5𝐾𝑆0)𝑓 +
27

2
(𝐾𝑆0𝐾𝑆0

′ − 4𝐾𝑆0)𝑓2] + (𝛾 + 1 − 𝑞)𝛾𝜌∆℧𝑞

− 𝛾2𝜌∆(𝐶𝑉𝑇) 

(6) 

 𝜇 = (1 + 2𝑓)5/2 [𝜇0 + (3𝐾𝑆0𝜇0
′ − 5𝜇0)𝑓 + (6𝐾𝑆0𝜇0

′ − 24𝐾𝑆0 − 14𝜇0 +
9

2
𝐾𝑆0𝐾𝑆0

′ ) 𝑓2] − 𝜂𝑆𝜌∆℧𝑞 (7) 

where 𝑓 is the Eulerian finite strain, 𝑓 =
1

2
[(

𝜌

𝜌0
)2/3 − 1]; 𝛾 is the Grüneisen parameter, 𝛾 =459 

1

6
(2𝑓 + 1)(𝑎1 + 𝑎2𝑓)/ (1 + 𝑎1𝑓 +

1

2
𝑎2𝑓2), where 𝑎1 = 6𝛾0, 𝑎2 = −12𝛾0 + 36𝛾0

2 − 18𝑞𝛾0, 460 
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and 𝑞 is a constant; ℧𝑞 and 𝐶𝑉 are internal energy and isochoric heat capacity, respectively, which 461 

can be calculated using the Debye model; 𝐾𝑆0
′  and 𝜇0

′  are the first-order pressure derivative of 𝐾𝑆0 462 

and 𝜇0, respectively; 𝜂𝑆 is the first-order shear strain derivative of 𝛾, 𝜂𝑆 = −𝛾 +463 

(2𝑓 + 1)2(𝛾0 + 𝜂𝑆0)/ (1 + 𝑎1𝑓 +
1

2
𝑎2𝑓2); ∆ means the difference between high temperature and 464 

300 K; the subscript ‘0’ denotes the ambient conditions. We should note that the finite-strain model 465 

cannot be applied to evaluate the shear softening feature across the post-stishovite ferroelastic 466 

transition at high P-T conditions. Therefore, in addition to the finite-strain modeling, we have 467 

evaluated the shear modulus softening, ∆𝜇, across the transition at high P-T using the following 468 

equations (Helffrich et al., 2018): 469 

 ∆𝜇 = 𝐴0 {1 −
2

𝜋
|𝑎𝑟𝑐𝑡𝑎𝑛 [

𝑃 − 𝑃𝑡𝑟(𝑇)

𝑤
]|}

2

 (8) 

 𝑃𝑡𝑟(𝑇)=𝑃𝐶
∗ + 𝑠(𝑇 − 300) (9) 

where 𝐴0 is the maximum shear modulus softening in GPa, 𝑃𝑡𝑟(𝑇) is the transition pressure in 470 

GPa at T in K with a Clapeyron slope 𝑠 of 1/65 GPa/K, and 𝑤 is the width of the phase transition 471 

in GPa. Fitting our modeled 𝜇 across the post-stishovite transition at 300 K with equations (8) and 472 

(9) yields 𝐴0 = -148.4(7) GPa and 𝑤 = 14.7(1) GPa in Al1.3-SiO2 and 𝐴0 = -152.4(9) GPa and 𝑤 473 

= 13.9(2) GPa in Al2.1-SiO2 (Figure 6c). After results have been obtained from these 474 

aforementioned modeling efforts, the 𝜌, 𝐾𝑆, and 𝜇 for the MORB mineralogy are calculated using 475 

the Voigt-Reuss-Hill scheme and volume ratios of the minerals to derive the VS and VP profiles of 476 

the aggregates in subducted MORB materials in the lower mantle (Figure 7) (Hill, 1952; Ishii et 477 

al., 2019).  478 
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 479 

Figure 7. Modeled sound velocities of subducted MORB in the lower mantle. The modeled 480 

profiles are for a typical cold subducted slab mineralogy which is 500 K colder than a typical 481 

normal mantle (Ishii et al., 2019; Katsura et al., 2010; Tan et al., 2002). (a) VP and VS profile of 482 

MORB materials. The SiO2 with different Al contents and other MORB materials are shown as 483 

lines with different colors (Wu et al., 2016; Xu et al., 2008). (b) Velocity models in the MORB 484 

mineralogy with 20 vol% stishovite with Al1.3-SiO2 (blue lines), Al2.1-SiO2 (red lines), or pure 485 

SiO2 composition (gray lines). Propagated standard errors (±1σ uncertainties) in the model are 486 

shown as vertical bars with the same color as the corresponding lines in (a) and (b). Reference 487 

seismic profiles plotted as open circles represent seismic velocities in cold subduction regions that 488 

are about 1% higher than PREM at the same depth (Dziewonski & Anderson, 1981). 489 

 490 

5. Geophysical implication 491 
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    Short-period seismic wave studies indicate that small-scale seismic heterogeneities are 492 

distributed ubiquitously throughout the whole mantle (Hedlin et al., 1997). Many of these small-493 

scale seismic heterogeneities have S-to-P or P-to-P wave scattering associated with a strong 494 

negative VS anomaly from top to mid lower mantle beneath South America (Haugland et al., 2017), 495 

Tonga (Kaneshima, 2013, 2018, 2019; Vinnik et al., 2001), Mariana (Kaneshima & Helffrich, 496 

1999; Niu et al., 2003), and Japan sea (Li & Yuen, 2014; Niu, 2014) (Figure 8a). Some studies 497 

further suggest that some regions at ~1000 km depth are about 2-9% denser than the surrounding 498 

lower mantle (Niu, 2014; Niu et al., 2003). These observations may be indicative of ancient 499 

subducted MORB with ~20 vol% Al-bearing stishovite that is up to ~5.5% denser than a 500 

representative pyrolite mineralogy model above 25 GPa (~700 km depth) (Hirose et al., 2005; Ishii 501 

et al., 2019). The subducted MORB containing abundant stishovite is also rigid enough to survive 502 

mantle convection over long geological history (Kaneshima, 2016; Xu et al., 2017). A trace-503 

element geochemistry model has indicated that bulk silicate Earth consists of 15 wt% MORB 504 

materials which are largely dispersed as small-scale seismic scatterers in the lower mantle 505 

(Helffrich et al., 2018). 506 

    The post-stishovite transition has been considered to be a possible cause for the existence of the 507 

aforementioned regional seismic shear wave anomalies (Kaneshima, 2018; Lakshtanov et al., 508 

2007b). Here we use our results to provide new constrains on sound velocity profiles across the 509 

Al,H-bearing post-stishovite transition at high P-T. Based on seismic velocities in cold subduction 510 

regions (such as Tonga) from a representative three-dimensional global tomography model (Lu et 511 

al., 2019), typical VS and VP profiles along subduction slabs are ~1% higher than that in the 512 

preliminary reference Earth model (PREM) at the same depth (Dziewonski & Anderson, 1981). 513 

Our modeled results show that VP and VS profiles of Al-bearing stishovite and post-stishovite 514 
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phases away from the transition are much higher than those of other minerals in the MORB 515 

materials, including Bgm, CaPv, CF, and NAL, that are similar to or lower than the typical VP and 516 

VS profiles in cold subduction regions (Figure 7a). The high VS and VP profiles of 20 vol% 517 

stishovite/post-stishovite in subducted MORB mineralogy would particularly compensate for the 518 

lowest VS and VP profiles of 20 vol% CaPv among MORB components. That is, the VS and VP 519 

profiles of the modeled MORB mineralogy with 20 vol% stishovite/post-stishovite and 20 vol% 520 

CaPv would display velocity profiles that are consistent with the typical cold-slab velocity profiles 521 

(Figure 7b). Across the post-stishovite transition, however, both VS and VP of stishovite drastically 522 

soften, but the magnitude of the VS softening is much stronger than the VP softening (Figure 7a). 523 

That is, the VS of stishovite across the transition is ~15% maximum lower than that of CaPv, but 524 

the VP is similar to that of CaPv at the same depths (Figure 7a). This leads to a distinguishable 525 

negative VS anomaly of the subducted MORB materials but no visible VP anomalies within 526 

uncertainties of our model as compared with the surrounding mantle (Figure 7b). Specifically, The 527 

maximum negative VS contrast (dVS,max) at the post-stishovite transition boundary is -7.5(±4.2)% 528 

for Al1.3-SiO2 and -7.7(±4.3)% for Al2.1-SiO2 crystal (Figure 8a). 529 

    We have also taken the effects of Al content on the phase boundary and sound velocity profiles 530 

of the post-stishovite transition in the lower mantle into consideration using our experimental and 531 

modeled results. Previous studies have showed that the Al content in MORB materials can vary 532 

from ~4.3 to 8.1 mol% (Gale et al., 2013), which in turn affects the amount of Al in natural 533 

stishovite. Considering MORB materials with a typical ~6.8 mol% Al, stishovite is expected to 534 

contain ~1.3 mol% Al in the subducted MORB materials from 800 to 1600 km depth (Figure S2). 535 

For a typical MORB with 20 vol% stishovite, the post-stishovite transition would occur at ~1064 536 

km depth with ~-7% dVS,max. The transition depth can shift from 660 km depth at the topmost lower 537 
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mantle for stishovite with 3.5 mol% Al to approximately 1860 km at mid lower-mantle depth for 538 

pure SiO2 stishovite (Figure 8b). The dVS,max for these Al-bearing post-stishovite transitions range 539 

from approximately -8(4)% at 660 km depth to -7(4)% at 1860 km depth. That is, the dVS,max 540 

remains  almost constant within uncertainties (Figure 8a). We should note that the post-stishovite 541 

transition is a ferroelastic that occurs continuously through lattice distortions under pressure. 542 

Therefore, the VS softening exists over an extended pressure range (or depth) across the transition 543 

(Figure 7). This effect, together with Al,H-influenced post-stishovite transition pressure, can 544 

broaden the geophysical consequences of the transition and help explain depth-dependent seismic 545 

wave VS anomalies in a number of representative subduction regions including the Tonga 546 

subduction zone (Figure 8a). 547 

    Seismic studies have reported forty-one S-to-P wave scatterers in the vicinity of Tonga slab 548 

which has been subducting since 100 Myr ago and currently reaching the mid lower mantle depths 549 

(Kaneshima, 2013, 2018, 2019). Analysis of these S-to-P scatterings has provided geometries, 550 

velocity anomalies, and locations of these small-scale heterogeneities. These scatterers are 551 

interpreted as thin slab planes with a steep dip angle which are tens of kilometers away from the 552 

Tonga slab. These observations also match the size, shape, viscosity, and location of the subducted 553 

MORB (Fukao & Obayashi, 2013; Xu et al., 2017). They exhibit strong VS anomalies of -7(4)% 554 

as compared to the surrounding mantle at 700-1900 km depth. The magnitude of the seismically 555 

observed VS anomalies in these regions is in general consistent with our modeled VS anomaly in 556 

MORB with 20% silica undergoing the post-stishovite transition (Figure 8a). The VS anomalies 557 

have been detected at a wide depth range from the topmost to mid lower mantle, which can be 558 

interpreted as a result of the Al-dependent post-stishovite transition due to heterogeneous Al 559 

distributions in subducted MORB materials as well as the ferroelastic feature of VS reduction over 560 
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a broad pressure range (Figure 8b). Seismic observations also show that the number of these 561 

anomalies decreases with depth and the majority of these seismic scatterers (~85%) occurs above 562 

1600 km depth (Kaneshima, 2013, 2018, 2019). These observations are in general consistent with 563 

the broad VS softening feature across the Al,H-bearing post-stishovite transition boundary. 564 

 565 

Figure 8. Seismic observations and mineral physics modeling of the depth-dependent VS 566 

anomalies (dVS) in the lower mantle. (a) dVS observations of regional seismic VS anomalies around 567 

subducting slabs at various depths are plotted as open circles. 20 vol% stishovite in a subducted 568 

MORB composition is used in our mineral physics model to account for the maximum VS anomaly 569 

(dVS,max) across the post-stishovite transition shown as solid circles. The dVS,max in % is calculated 570 

using the formula of (VS,MORB-VS,cold slab)/(VS,MORB+VS,cold slab)×200, where the VS,cold slab value is 571 

higher than the VS of PREM by 1% at the same depth (Dziewonski & Anderson, 1981) (Figure 572 

7b). The solid line is the best linear fit to our modeled data. Literature data for seismic observations 573 
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include Haugland et al. (2017), Kaneshima (2018, 2019), Vinnik et al. (2001), Kaneshima (2013), 574 

Kaneshima and Helffrich (1999), Niu et al. (2003), Niu (2014), and Li and Yuen (2014). Note that 575 

some of these studies have only reported lower bound of the VS anomaly (Kaneshima, 2013, 2018; 576 

Kaneshima & Helffrich, 1999). (b) Depth-longitude schematics for the seismic dVS anomalies and 577 

the post-stishovite transition along the Tonga subduction region. The color shaded area represents 578 

the post-stishovite transition region scaled with the Al content in a color scale shown on the top 579 

right. Reported seismic VS anomalies (red open circles) with different latitudes in the Tonga region 580 

are projected onto the two-dimensional schematic (Kaneshima, 2009, 2013, 2018, 2019; 581 

Kaneshima & Helffrich, 2010). The geometry and position of the Tonga subducting slab are drawn 582 

according to previous seismic images (Fukao & Obayashi, 2013). 583 

 584 

    Our results can also have implications to our understanding of the water circulation and storage 585 

in the deep mantle. MORB materials can undergo hydrothermal processes in the deep ocean-crust 586 

interface and be enriched with water and other volatiles in the alternation processes. The 587 

subduction of MORB materials, together with hydrated sediments, can bring a certain amount of 588 

water into the mantle. As subduction occurs deeper, the top sedimental and basaltic layers of slabs 589 

become too hot and will likely release most of the water (van Keken et al., 2011), but some water 590 

can remain in the NAMs. Stishovite is one of the NAMs and can accommodate a certain amount 591 

of water in its lattice along the subduction processes (Lin et al., 2019; Litasov et al., 2007; Ohtani, 592 

2020). As the subducting slabs reach the 660-km boundary layer in some subduction regions, 593 

dehydration-induced partial melting can occur at the top of the lower mantle. This can lead to 594 

ponding of partial melts in the region that is observed as low VS regions in seismic studies (Liu et 595 

al., 2016; Schmandt et al., 2014). A recent study even suggests that the partial melting process can 596 

produce Al-bearing stishovite with approximately 700 wt. ppm H2O in the upper part of lower 597 

mantle (Amulele et al., 2021). Our Al-bearing stishovite can contain 0.25 and 0.27 wt% H2O with 598 

an Al:H ratio close to 3:1 (Figure 1d). Using 3:1 for the Al:H ratio in natural stishovite in a typical 599 
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MORB composition, stishovite with 1.3 mol% Al would contain approximately 0.65 mol% H (or 600 

0.3 wt% H2O) in the upper part of the lower mantle. The 0.3 wt% H2O in stishovite is significantly 601 

larger than the water solubility of ~0.1 wt% in other MORB components such as Bgm and NAL 602 

phase (Fu et al., 2019; Wu et al., 2016), making the Al-bearing stishovite a plausible water carrier 603 

along the subduction slabs into the lower mantle.  604 

    Water enrichments in silica-rich materials may further explain the distribution of regional 605 

seismic VS anomalies over a wide depth range. Previous diffusion experiments show that dry 606 

stishovite is much more viscous than bridgmanite in the upper part of the lower mantle (Xu et al., 607 

2017). However, the water incorporation has been shown to increase diffusion creep in NAMs in 608 

previous studies (Karato & Wu, 1993), but the effect of hydration on the rheology of stishovite 609 

remains uncertain. Assuming that water substitution in stishovite can reduce the rheology of 610 

stishovite and possibly post-stishovite, hydrated silica-rich material could become relatively 611 

detachable from subducted slab and be locally segregated from the topmost to mid lower mantle 612 

regions (Kaneshima, 2019). Previous studies have showed that hydration in stishovite can 613 

signficantly enhance its electrical conductivity by two orders of magnitude at 12 GPa and 1900 K 614 

(Yoshino et al., 2014). This may help explain electromagnetic observations of high electrical 615 

conductivity regions along circum-Pacific subducting slabs in the uppermost lower mantle 616 

(Kelbert et al., 2009), where many subduction slabs are found to be stagnant (Fukao & Obayashi, 617 

2013). 618 

 619 

6. Conclusion 620 

    We have studied the vibrational Raman modes and lattice parameters of two Al-bearing 621 

stishovite crystals, Al1.3-SiO2 with 0.55 mol% H and Al2.1-SiO2 with 0.59 mol% H, across the 622 
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post-stishovite transition at high pressure. The experimental results are used to evaluate the Al and 623 

Al/H substitutional effects on the post-stishovite phase boundary and the elasticity across the post-624 

stishovite transition. Landau theory modeling of the experimental data is used to derive the 625 

transition pressure and full elasticity across the transition, where the soft B1g mode becomes the 626 

hard Ag mode, the a axis splits into the a and b axis, the (C11-C12)/2 approaches zero, and the VS 627 

displays -29% softening. The Al and H incorporation reduces the transition pressure to 21.1 GPa 628 

in Al1.3-SiO2 and 16.1 GPa in Al2.1-SiO2. We have modeled high P-T phase boundary and 629 

elasticity of stishovite and post-stishovite for a MORB mineralogy with 20 vol% stishovite. For a 630 

typical MORB composition where stishovite is expected to contain 1.3 mol% Al, the post-631 

stishovite transition can cause for -7(4)% dVS,max in subducted MORB at 1064 km depth. These 632 

results help explain depth-dependent VS anomaly distributions of some regional small-scale 633 

scatterers especially for the S-to-P scattering along the Tonga subduction region. The Al-bearing 634 

stishovite can also accommodate approximately 0.3 wt% H2O via the coupled substitution 635 

mechanism of Al3+ + H+ ↔ Si4+ in the upper part of the lower mantle. The lattice-bonded water is 636 

expected to remain stable in the post-stishovite phase. The water in stishovite and post-stishovite 637 

phases could affect rheology and electrical conductivity of silica-rich materials in the region. 638 
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