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Abstract  9 

Recent studies have shown that mineral end-member phases (δ-AlOOH phase, phase H and 10 

stishovite) with rutile-type or modified rutile-type crystal structures and solid solutions between 11 

them in the MgO-Al2O3-SiO2 system can store large amounts of water and can be stable at high 12 

pressures and high temperatures relevant to the Earth’s lower mantle. The Al-H charge coupled 13 

substitution (Si4+ " Al3++ H+) has been proposed to explain the storage capacity found in some 14 

of these phases. However, the amount of H+ found in some recent examples does not match the 15 

expected value if such substitution is dominant, and it is difficult to explain the larger water 16 

storage in stishovite with such a mechanism alone. An octahedral version of the hydrogarnet-like 17 

substitution (Si4+ " 4H+) has been proposed to explain the incorporation of protons in Al-free, 18 

water-rich stishovite. Yet, the high-pressure structural behavior of OH in this phase has not yet 19 

been measured. In this study, we report high-pressure Raman spectroscopy measurements on Al-20 
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free hydrous stishovite with 3.2±0.5 wt% water up to 55 GPa. At ambient pressure, we find that 21 

the OH stretching modes in this phase have frequencies lying in between those in low-water 22 

aluminous stishovite and those in δ-AlOOH, suggesting a strength of the hydrogen bonding 23 

intermediate between these two cases. After decompression to 1 bar, we observe modes that are 24 

similar to the IR-active modes of anhydrous and hydrous stishovite, suggesting that the existence 25 

of Si defects in the crystal structure can activate the inactive modes. For both lattice and OH-26 

stretching modes, our data show a series of changes at pressures between 24 and 28 GPa 27 

suggesting a phase transition (likely to CaCl2 type). While some of the lattice mode behaviors are 28 

similar to what was predicted for the AlOOH polymorphs, the OH mode of our hydrous 29 

stishovite shows a positive frequency shift with pressure, which is different from δ-AlOOH. All 30 

our spectral observations suggest that water-rich pure dense silica has a distinct proton 31 

incorporation mechanism from aluminous low-water stishovite and δ-AlOOH, supporting the 32 

proposed direct substitution. 33 

Introduction 34 

A few nominally anhydrous minerals (NAMs) stable in the Earth’s mantle, such as wadsleyite 35 

and ringwoodite, have been shown to store considerable amounts of H2O (up to a few wt%; e.g., 36 

Bell and Rossman, 1992; Smyth, 1994; Kohlstedt et al., 1996; Rossman, 1996; Hirschmann, 37 

2006; Pearson et al., 2014). Such OH substitution in the the main mantle mineral phases opens 38 

up to the possibility that these phases could store a large amount of water in the Earth’s deep 39 

interior. However, studies have indicated that the dominant minerals in the lower mantle, such as 40 

bridgmanite and ferropericlase, have a much lower storage capacity for water (less than 50 ppm) 41 

(Bolfan-Casanova et al., 2000, 2002, 2003; Panero et al., 2003, 2015), implying that the lower 42 
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mantle, which represents 55% of the Earth’s volume, may be “dry” (Hirschmann, 2006; Karato 43 

2011). 44 

Although stishovite does not occur as a free phase in pyrolite under mantle-relevant conditions, it 45 

is believed to be one of the main mineral phases in the subducting oceanic crust (sediments and 46 

mid-oceanic ridge basalt, MORB) in the lower mantle, 10–20 vol% (Ono et al., 2001; Ricolleau 47 

et al., 2010; Grocholski et al., 2012). Stishovite can contain up to 4 wt% Al2O3 in Al-rich system, 48 

such as MORB (Irifune and Ringwood, 1993; Ono et al., 2001; Chung and Kagi, 2002; Liu et al., 49 

2006; Bolfan-Casanova et al., 2009). Studies have shown that the dissolution of Al2O3 may 50 

enhance the water storage capacity of stishovite through a charge coupled substitution: Si4+ " 51 

Al3+ + H+. For example, Pawley et al. (1993) found that the H2O content of stishovite with more 52 

than 1 wt% Al2O3 is higher than that of pure stishovite by a factor of 10 (~100 ppm H2O). Chung 53 

and Kagi (2002) and Litasov et al. (2007) have reported an even higher water content for Al-54 

bearing stishovite: 844 ppm H2O for samples synthesized at 15 GPa and ~1700 K and 3010 ppm 55 

at 20 GPa and ~1700 K.  56 

The stability of δ-AlOOH with a distorted rutile type structure in high pressure synthesis (Suzuki 57 

et al., 2000) suggests that an AlOOH component could account for the water storage in 58 

aluminous stishovite. However, the amount of H in aluminous stishovite samples is not nearly 59 

equal to the amount of Al. For example, Litasov et al. (2007) reported that only one seventh of 60 

Al incorporated into stishovite is associated with hydrogen. Bromiley et al. (2006) also reported 61 

excess Al in stishovite, not charge-balanced by hydrogen. Thus the incorporation of aluminum 62 

cannot be explained solely by the charge-coupled substitution with protons in stishovite. Other 63 

substitution mechanisms should also be present.   64 
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The recent discovery of the water-rich Mg-silicate phase, (Mg,Si)O2(OH)2 (phase H) (Tsuchiya, 65 

2013; Nishi et al., 2014), and even a potential solid solution between this phase and δ-AlOOH 66 

(Ohtani et al., 2014), highlights the importance of understanding the water-storage mechanism in 67 

rutile type structures. The occurrence of this solid solution suggests that both phases may be 68 

more related to δ-AlOOH (2Al3+ " Mg2+ + Si4+), and therefore to a charge coupled substitution 69 

(2Si4+ " Mg2+ + Si4+ + 2H+). However, the stoichiometry, crystal structures, and OH 70 

environments of the hydrous phases are still not well known. 71 

Spektor et al. (2011) found that at 10 GPa and 723 K as much as 1.3 wt% H2O (measured by 72 

TGA and SIMS) can be stored in stishovite without Al, resulting in an expansion of the unit cell. 73 

Spektor et al., (2016) obtained stishovite samples with TGA bulk water contents in excess of 3% 74 

at lower temperatures, which were interpreted as mixtures of a less hydrous and a more hydrous 75 

stishovite averaging to 3 weight percent H2O. They attributed the significant H2O incorporation 76 

to a direct substitution of 4H+ for Si4+ on the octahedral site. This finding reveals that under 77 

appropriate conditions, far more protons can be incorporated into stishovite through a 78 

substitution mechanism other than charge-coupling with Al.   79 

Several models have been proposed for the OH-bonding in rutile-type phases and we compare 80 

three of them in Figure 1. Swope et al. (1995) reported 13,000 ppm OH− in natural rutile. The 81 

large amount is mainly due to trivalent cation substitution. Using neutron diffraction, they 82 

determined that the location of H is on the shared edge between the TiO6 octahedra (Figure 1a). 83 

Spektor et al. (2011) proposed a different OH incorporation mechanism in their water-rich pure 84 

stishovite (Figure 1b). Their NMR data suggest that protons incorporate into the stishovite 85 

structure through a direct substitution of 4H+ for Si4+ yielding octahedral hydrogarnet defects 86 

with the four protons clustered in hydroxyl groups around a silicon vacancy. Although hydrogen 87 
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atoms were not located directly, based on NMR and other evidence, they proposed a group of 4H 88 

in a tetrahedral arrangement (Figure 1b). δ-AlOOH provides a third possible proton site in rutile-89 

type structures (Figure 1c). The hydrogen position was determined by Komatsu et al. (2006).  90 

From ab initio calculations, Tsuchiya et al. (2002, 2008) have discussed different atomic 91 

configurations for δ-AlOOH, with centered and off-centered hydrogen positions in the vacant 92 

octahedral sites rather than the octahedra occupied by Si. The H in the off-centered configuration 93 

resides between the nearest oxygen and contains an asymmetric O-H…O bond similar to that 94 

directly observed by Komatsu et al. (2006), whereas the H in the centered configuration is on the 95 

midpoint between the two nearest oxygens, with a symmetrized hydrogen bond.  96 

It is possible that depending on the water content, different proton substitution mechanisms could 97 

operate. In addition, different substitution mechanisms can exist together in one structure at a 98 

given water content range. In fact, the chemical composition of the rutile type (or modified) 99 

hydrous or water-rich phases in the mantle may be complicated, and the complex chemistry may 100 

allow multiple substitution mechanisms in one structure. Therefore, it is of interest to understand 101 

the dominant OH-bonding involved in water-rich Al-free stishovite and its high pressure 102 

polymorphs, which can allow us to probe OH in the Al-free environment. In this study, we report 103 

Raman spectra of water-rich Al-free stishovite and its high pressure polymorph over a range of 104 

pressures.  105 
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 106 

Experimental methods 107 

We synthesized a hydrous stishovite sample from a mixture of SiO2+H2O held at 9 GPa and 108 

450°C for 49 hours in a 6/8 multi-anvil press using an 14/8 assembly (Leinenweber et al., 2012) 109 

at Arizona State University (ASU). Although our methods are similar to those of Spektor et al. 110 

(2011, 2016), we have made a few modifications with the goal of obtaining a single phase 111 

product with high water content. We used amorphous silica (1 micron grain size, SPEX, purity 112 

99.999%) as a starting material to provide a metastable starting point and a short diffusion 113 

pathway for the hydration because of the slow kinetics at low temperatures. Spektor et al. (2016) 114 

has documented that a two-phases mixture of more hydrous and less hydrous stishovites are 115 

obtained in all cases with greater than 1.5 wt% H2O. In order to produce a single-phase sample 116 

with higher H2O content, we used a smaller assembly (14/8 instead of 18/12) and prepared thick-117 

walled silver, self-sealing capsules with a small sample chamber to reduce thermal gradients. 118 

Also, the run duration was extended from 8 to 49 hours. As in the previous study, H2O saturation 119 

was verified by checking for free H2O in the sample after the run was completed. Through these 120 

improvements in thermal homogeneity and reaction time, we were able to obtain a single phase 121 

(confirmed by X-ray diffraction and Raman) with an H2O content (determined from lattice 122 

parameters) of 3.2±0.5 wt%, which was not possible in Spektor et al. (2011, 2016) perhaps 123 

because of the larger sample chamber necessary to obtain an enough amount of the samples for 124 

TGA and NMR measurements.  125 
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The quality of the synthesized sample was examined using Raman spectroscopy and X-ray 126 

diffraction. Diffraction measurements were performed at the GSECARS sector of the Advanced 127 

Photon Source (Figure 2) and Raman spectroscopy was conducted at ASU (see below for detail). 128 

Both Raman and XRD show that our sample has a single phase, stishovite. We found that the 129 

diffraction pattern agrees qualitatively well with the expected diffraction pattern for anhydrous 130 

stishovite (e.g., Andrault et al., 2003). However, the diffraction lines from our sample are 131 

systematically shifted to lower diffraction angles, suggesting a larger unit-cell volume of our 132 

hydrous stishovite sample than anhydrous stishovite. From the diffraction pattern, we obtained: a 133 

= 4.2068 (9) Å, c = 2.6669 (9) Å, and V = 47.198 (21) Å3.  The a axis and the unit-cell volume 134 

are significantly different from the values reported for anhydrous stishovite by Andrault et al. 135 

(2003): a = 4.1776 (2) Å, c = 2.6652 (3) Å, and V = 46.513 (6) Å3. 136 

Because the incorporation of protons into SiO2 stishovite causes a significant change in the unit 137 

cell volume, the unit cell can be used to estimate the water content. Spektor et al. (2011) reported 138 

the relationship between the water contents and the unit-cell volume in Al-free hydrous 139 

stishovite samples. The maximum amount of water they found in a single-phase sample (1.3 140 

wt%) is in the sample synthesized at 9 GPa and 450°C. Spektor et al. (2016) has published 141 

additional data on hydrous stishovite samples with different water contents, including more 142 

water-rich samples. Among the data reported in the paper, we use only the data points with all 143 

necessary information (thermogravimetric analysis (TGA), unit-cell volumes, and weight 144 

fractions) for constructing a calibration line for stishovite at 1 bar (Figure 3). The TGA traces 145 

reported in Spektor et al. (2016) are for the samples from the 8-hour heating experiments with 146 

SiO2 glass + H2O as a starting material (Haussermann, pers. comm.). For the samples with two 147 

stishovite phases (a more and less hydrous ones) in the paper, we obtained a unit-cell volume 148 
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value by averaging the two unit cell volumes with weights from phase fractions listed in Table 2 149 

of Spektor et al. (2016). The minor weight loss from 25 °C to 400 °C before the onset of more 150 

rapid weight loss was considered to be due to surface-adsorbed water, and was not included in 151 

the final water content values for stishovite (Haussermann, pers. comm.). The line in Figure 3 152 

can be used to estimate the water content of a hydrous stishovite sample from its measured unit-153 

cell volume.   154 

Using this fitting, we obtained a water content of 3.2±0.5 wt% for our sample. This amount is 155 

much higher than, for example, the pure stishovite sample synthesized at 15 GPa and 1200°C by 156 

Bolfan-Casanova et al. (2000) (72 ppm), and Al-bearing stishovite synthesized by Pawley et al. 157 

(1993) (82 ppm for 1.51 wt% Al), Chung and Kagi, (2002) (844 ppm for 1.26 wt% Al), Panero 158 

et al. (2003) (400 ppm for 3 wt% Al), and Litasov et al. (2007) (2900 ppm for 4.6 wt% Al. 159 

We cold-pressed the powder sample into a thin foil of about ~60×60 µm2 in size and ~10 µm in 160 

thickness. The sample was then loaded in a 140 µm diameter hole in a rhenium gasket indented 161 

by diamond anvils with 200 µm culet diameter. The diamond anvils are ultra-low fluorescence 162 

and are used to compress the sample in a symmetric-type diamond anvil cell (DAC). We loaded 163 

a ruby chip next to the sample on the cylinder side that was used as a pressure calibrant. We 164 

cryogenically loaded argon as a pressure transmitting medium using a dry Ar chamber of the 165 

loading system at ASU. 166 

We conducted Raman measurements at ASU. We used the 532 nm excitation line of a frequency 167 

doubled Nd:YAG laser. From the reflectivity and absorption from the optical components in our 168 

Raman system, the beam intensity should not exceed 30 mW at the surface of the sample. We 169 

conducted measurements at spectral ranges of 44-830 cm-1 and 462-1214 cm-1 for the lattice 170 
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vibrations and 2724-3259 cm-1 for the OH modes, using a 1800 grooves/mm grating. The 171 

spectrometer was calibrated using the neon emission spectra. In order to remove the pixel-to-172 

pixel sensitivity differences in the CCD detector, we measured a spectrum of a glass with known 173 

fluorescence intensities at different wavenumbers. The measured spectra were fit to polynomial 174 

functions. The intensity correction function was applied for the measured Raman intensities 175 

before data analysis. Ruby fluorescence spectra were measured using the same spectroscopy 176 

system. We have conducted Raman measurements during compression up to ~55 GPa and during 177 

decompression to 0 GPa at room temperature. For each pressure during compression and 178 

decompression, data were collected for six minutes at the same spot on the sample. Raman 179 

spectra at 1 bar were collected before compression and after decompression. 180 

 181 

Raman spectra at 1 bar and 300 K 182 

Infrared (IR) spectra on water-rich stishovite were measured by Spektor et al. (2011, 2016). 183 

However, Raman data have not yet been reported for the OH vibration even at 1 bar. We have 184 

measured both Raman-active lattice and OH vibrational modes in water-rich Al-free stishovite. 185 

The Raman-active OH modes of our pure stishovite with 3.2 wt% H2O (Figure 4) consist of 6 186 

modes (Figure 4). These modes occur in a similar frequency range to some of the IR-active OH 187 

modes reported by Spektor et al. (2011) on pure stishovite with 1.3 wt% H2O. Both contain 188 

bands in the region between 2800 and 3100 cm−1. However, no Raman peaks were observed near 189 

the additional IR bands that were observed at lower frequencies of 2600–2700 and 3300–3400 190 

cm−1. 191 
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The OH stretching regions of water-rich stishovite in Raman (this study) and in IR (Spektor et 192 

al., 2011, 2016) spectroscopy are very different from those reported in Al-bearing stishovite with 193 

up to 3000 wt. ppm (0.3 wt.%) water (Pawley et al., 1993; Chung and Kagi, 2002; Panero et al., 194 

2003; Bromiley et al., 2006; Litasov et al., 2007; Thomas et al., 2009). The IR spectra from Al-195 

bearing stishovite with low water contents have an intense, broad and anisotropic band in the 196 

region between 3000 and 3200 cm−1 and various weak features around 3200–3300 cm−1 197 

(Bromiley et al., 2006, Litasov et al., 2007, Thomas et al., 2009) with a much weaker band at 198 

2600–2700 cm−1 in the diluted samples (Litasov et al., 2007). However, water-rich stishovite 199 

shows strong IR and Raman bands at a lower frequency, at 2650–2900 and 2800–3100 cm−1, 200 

respectively. The stronger intensity at lower frequency indicates stronger hydrogen bonding in 201 

water-rich stishovite. Bromiley et al. (2006) cautioned that even nominally Al-free samples 202 

contain enough Al (8.2 ppm) to explain the water incorporation through the Al-H coupled 203 

substitution. In our case, we used pure SiO2, which may contain 10 or less ppm level of 204 

impurities, such as Pt, B, and Al, estimated from our secondary ion mass spectrometry. 205 

Furthermore, in our study and that of Spektor et al. (2011), the amount of water incorporated into 206 

the crystal structure of stishovite is many orders of magnitude higher than that of Al, suggesting 207 

that in our water-rich sample, the water incorporation should be fundamentally different from Al-208 

bearing stishovite; this conclusion is also supported by the differences identified in Raman and 209 

IR active OH modes. 210 

For water-rich stishovite, Spektor et al. (2011) proposed a hydrogarnet-like substitution (Figure 211 

1b) with 4 OH groups on the octahedral Si defect. In this setup, two of the oxygens in the 212 

octahedron are underbonded (therefore, they are possible acceptors of hydrogen bonds) and four 213 

are possible OH sites. Spektor et al. (2011) focused on a possible geometry where the H atoms 214 
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are bonded to the four bridging oxygens, are directed in pairs towards the two remaining 215 

oxygens, and are arranged in a tetrahedron because of the electrostatic repulsion (Figure 1b). In 216 

its most symmetric arrangement, this configuration preserves a significant part of the symmetry 217 

of the 2a Wyckoff site in stishovite, reducing the symmetry from point group mmm to 222. This 218 

makes all four H sites equivalent by symmetry which would result in fewer Raman modes than if 219 

the hydrogens went into a lower symmetry configuration. However, several other configurations 220 

of OH on the octahedron can also be envisioned: more than one non-equivalent configurations on 221 

different Si vacancies and/or thermal hopping between states on one vacancy). Therefore, the 222 

high symmetry configuration in Figure 1b is not necessarily the only one that will be present in 223 

nature. 224 

All six of the Raman modes in the OH region are characteristic of moderate hydrogen bonding 225 

with O–O distances ranging from 2.6 Å for the lowest frequencies to 2.7–2.75 Å for the highest 226 

frequencies (e.g. Libowitzky and Rossman, 1997, Libowitzky. 1999). This is consistent with 227 

hydrogen-bonding along the longer O–O distances in the octahedron. In anhydrous stishovite, the 228 

shared edge is shortest (2.291 Å), the unshared apical edge is intermediate (2.522 Å), and the 229 

along-chain unshared edge is longest (2.665 Å). The apical edge can be somewhat longer in 230 

hydrous stishovite because of the expanded a-axis. Our Raman results are consistent with O–231 

H…O bonding along the apical edges of the octahedron, or the along-chain edges, or both, but 232 

not likely along the shared edges because they are too short. Also, the inter-octahedral distance 233 

in stishovite is 3.029 Å, which makes δ-AlOOH-type interoctahedral hydrogen-bonding unlikely. 234 

A lone OH group would be associated with a single OH stretching mode, typically. It is not 235 

currently known how many separate modes would be associated with the tetrahedral group of 236 

hydrogens proposed for hydrous stishovite. Some dynamic coupling between the OH groups is 237 
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expected because of their proximity, through H-H repulsions and other interactions. Thus we 238 

cannot tell for sure whether all five of the observed Raman modes come from one type of H 239 

configuration, or whether several configurations are present in the sample at once. 240 

The AlO6 framework in the δ-phase of AlOOH is closely related to the CaCl2 type structure 241 

(Komatsu et al., 2006). Both are based on a departure from the rutile structure (P42/mnm) due to 242 

rotations of the octahedra about the c-axis (in δ-AlOOH there is also a decentering due to the 243 

effect of the hydrogens on the structure). In the case of δ-AlOOH, the rotations are extensive 244 

enough that the oxygen sublattice closely approaches hexagonal-close packing (hcp) (cf. 245 

O’Keeffe and Hyde, 1996). Because of the modifications to the structure, there should be 246 

differences in vibrational spectra between those two phases and our water-rich stishovite. 247 

Nevertheless, because the structures are related, vibrational spectra of δ-AlOOH should be able 248 

to be compared to those of water-rich stishovite, particularly in the OH region. Raman studies of 249 

δ-AlOOH have identified several broad OH stretching bands between 2000 and 2800 cm–1 at 1 250 

bar (Ohtani et al., 2001; Xue et al., 2006). Tsuchiya et al. (2008) have shown from first-251 

principles calculations that the calculated OH bands exist at similar wavenumber range as these 252 

experimental bands. The OH stretching bands in δ-AlOOH occur at even lower frequencies than 253 

those in our water-rich stishovite sample, indicating that the OH environment is different in both 254 

structures; the OH is more strongly hydrogen-bonded in δ-AlOOH than in water-rich stishovite.  255 

At 1 bar before compression (Figure 5, bottom), we have found four lattice modes that 256 

correspond to the four fundamental Raman-active modes B1g, Eg, A1g, and B2g in anhydrous 257 

stishovite (Table 1). At 1 bar after decompression, we have identified a total of 7 peaks in the 258 

lattice mode frequency range between 180 and 1000 cm−1 (Figure 5, top). We found that four of 259 

the 7 modes are similar to the four active modes in anhydrous stishovite and the modes observed 260 
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before compression (Table 1). The frequencies of these four lattice modes are similar to that of 261 

anhydrous stishovite within ~2.5 cm−1 (Hemley et al., 1986; Gillet et al., 1990; Kingma et al., 262 

1995; McMillan et al., 1996). However, their full width at half maximum (FWHM) shows that 263 

they are considerably broadened in the spectrum of water-rich stishovite than in anhydrous 264 

stishovite by ~3 cm−1 (Figure 5, bottom) and by ~9 cm−1 when the sample is compressed to 55 265 

GPa and then decompressed to 1 bar (Figure 5, top). Three of the 7 modes in the quench 266 

spectrum did not exist in water-rich stishovite before compression (Figure 5, bottom). They 267 

appeared at high pressure and survived after decompression (see discussion in the next section). 268 

 269 

High pressure Raman spectroscopy 270 

With an increase in pressure, all the modes show frequency increases except for the mode at 235 271 

cm−1, which can be assigned to B1g based on its similarity to a mode at 232 cm−1 in anhydrous 272 

stishovite at 1 bar (Kingma et al., 1995) (Figures 6a and 7a). At 5–10 GPa during compression, 273 

we found three new modes (ν3, ν6, and ν9). Two (ν6 and ν9) of the three modes remain in the 274 

spectra after decompression to 1 bar. We also found series of changes at pressures between 24 275 

and 28 GPa, that include the appearance of new modes (ν4 and ν5), the splitting of two existing 276 

modes (B1g and ν6), the decrease in the rate of frequency shifts (ν7 and ν10), and the increase in 277 

the rate of frequency shift of the OH stretching mode (Figure 6d and 7b).  As discussed below 278 

and also in our separate X-ray diffraction paper (Nisr et al., 2017, under revision), the changes at 279 

24–28 GPa are associated with a transition to an orthorhombic phase, likely similar to the CaCl2 280 

type but with local differences due to the substituted Si sites.  281 
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With an increase in pressure up to 24 GPa, the stishovite B1g mode frequency decreases with a 282 

pressure slope of −1.07 cm−1/GPa (Figures 6a and 7a). Similar softening has been reported for 283 

the related mode in anhydrous stishovite (Kingma et al., 1995) with a rate of −0.93 cm−1/GPa at 284 

the same pressure range (Table 1). At the higher frequency side of B1g, a broad feature (ν2) 285 

begins to develop at 23.1 GPa (Figure 6a). With further compression, this broad feature shows 286 

more defined peaks (ν2–ν5) (Figure 7a). They all show positive pressure shifts of frequency. 287 

Similar splitting was observed in anhydrous stishovite across the phase transition from the rutile 288 

type to the CaCl2 type, but with a fewer peaks after the phase transition. In addition, B1g in 289 

anhydrous stishovite decreases more rapidly than in water-rich stishovite at the pressure close to 290 

the phase transition and shows stiffening after the transition. The softening of the B1g mode in 291 

stishovite followed by a stiffening of the Ag mode in the CaCl2 structure was also seen in hydrous 292 

Al-bearing stishovite at the phase transition at ~24 GPa (Lakshtanov et al., 2007b). However, we 293 

could not observe such a strong stiffening in water-rich stishovite. Also, we still observe a 294 

negative frequency shift of the ν1 mode in water-rich stishovite even after the phase transition 295 

(Figure 7a).   296 

While the phase transition to CaCl2-type in anhydrous stishovite is a second order transition 297 

(displacive) and occurs over a very small pressure interval, we found a significant pressure 298 

interval where both low- and high-pressure phases co-exist in water-rich stishovite in Raman 299 

(this study) and XRD (Nisr et al., 2017, under revision). Therefore, the continuing negative shift 300 

of the ν1 mode even after the phase transition could be the result of some stishovite remaining in 301 

the sample in the case of water-rich stishovite, due perhaps to a greater kinetic barrier for the 302 

phase transition in this system at 300 K than in anhydrous stishovite. In fact, the intensity of the 303 

ν1 mode decreases rapidly after the phase transition. Because the B1g mode shows a positive 304 
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frequency shift after the phase transition in anhydrous stishovite (Kingma et al., 1995), we can 305 

assign ν2 to Ag after the phase transition at 24–28 GPa.  It is also possible that one of the broad 306 

ν3–ν5 modes are the broad band seen in the CaCl2-type phase by Kingma et al. (1995). Kingma et 307 

al. (1995) attributed the similar feature to inhomogeneity in stress conditions.  However, in our 308 

study the feature branches out to separate peaks, which are not consistent with the behavior 309 

expected for stress inhomogeneity and likely related to changes in the local structures. As 310 

discussed above, ν1 continues a negative shift at higher pressure. However, at ~40 GPa, the 311 

spectral features at the frequency range undergo reorganization, making it difficult to use them to 312 

determine the highest pressure stability of the rutile structure. In our XRD analysis (Nisr et al., 313 

2017, under revision), we found that the low pressure phase remains up to ~42 GPa in water-rich 314 

dense silica.  315 

In the Raman spectra of δ-AlOOH (Ohtani et al., 2001), four modes (Tables 1) exist at this low 316 

frequency range at 1 bar with the most intense mode existing at 277 cm−1.  Mashino et al. (2016) 317 

reported Raman modes of δ-AlOOH at high pressure. Below 5.6 GPa, they observed Raman 318 

modes at 320–430 cm−1 and 620 cm−1, which are similar to the modes reported for the P21nm 319 

structure (asymmetric O-H bond) in the computational study by Tsuchiya et al. (2008). Above 320 

5.6 GPa, those peaks disappeared and new peaks appeared at 450–540 cm−1 and become more 321 

similar to the modes expected for the Pnnm structure (symmetric O-H bond) in Tsuchiya et al. 322 

(2008). The two new modes at 450 and 540 cm-1 that appeared after the phase transition of δ-323 

AlOOH seem to have similarities in their behavior with the ν3, ν4 and ν5 modes we identified in 324 

water-rich dense silica, respectively. Therefore, an alternative interpretation of the appearance of 325 

such broad feature can be a phase transition to the Pnnm structure proposed for δ-AlOOH.  326 



 

16 

At low pressures, the Eg mode is already weak (Figure 6b). With further compression, it becomes 327 

even weaker and broader. Around 23 GPa, it starts to show an asymmetry and suddenly 328 

decreases in the rate of frequency shift. Unfortunately, because of the weakness of this mode, it 329 

is not clear whether a splitting exists similarly to anhydrous stishovite or it is just a change in the 330 

frequency slope. Stishovite A1g is an intense mode (Figure 6c) showing an increase in frequency 331 

and intensity with pressure. Its frequency is in good agreement with that in anhydrous stishovite 332 

(Kingma et al. 1995). It shows a small decrease in the rate of the frequency shift at 23.1 GPa and 333 

this change can be also found during decompression at 26.1 GPa (Figure 7a). This behavioral 334 

change at 23.1 GPa was not found in anhydrous stishovite (Kingma et al., 1995). The B2g mode 335 

is extremely weak and was observed only before and after the transition during compression, and 336 

at pressures less than 10 GPa during decompression (Figure 7a). Its positive frequency shift is 337 

also in agreement with that in anhydrous stishovite (Kingma et al., 1995).  338 

During compression, new peaks appear near the frequency of Eg at 5–10 GPa (Figure 6b): ν6 and 339 

ν9. They were not observed in Raman of anhydrous stishovite (Kingma et al., 1995) and are 340 

much broader than Raman-active modes of stishovite. These two modes show significantly low 341 

intensity after the phase transition at 24–28 GPa. While ν9 does not show any apparent changes at 342 

the pressure where other modes undergo changes, ν6 appears to split around 39 GPa. Both modes 343 

remain in the Raman spectrum after decompression to 1 bar (Figure 5). After decompression to 1 344 

bar, we found that the frequencies of the ν6 and ν9 modes are similar to those of the IR-active 345 

modes (Eu(1) and Eu(2), Table 2) of anhydrous stishovite (Hofmeister et al., 1990) and water-rich 346 

stishovite (Spektor et al., 2011). Karki et al. (1997) have shown from high pressure ab initio 347 

calculations that the Eu IR-active rutile type mode (with 579 cm−1 at 1 bar) splits to B2u and B3u 348 

after the transition to the CaCl2 type phase, which is similar to the behavior of ν6 in water-rich 349 
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dense silica that splits around 39 GPa. The appearance of those modes and their broadness could 350 

be due to the defect and disorder in hydrous silica structure that makes most phonon modes 351 

Raman active by breaking related symmetry. These two IR active modes are involved with an 352 

asymmetric motion of Si atoms at the center of the SiO6 octahedra (Traylor et al. 1971). This 353 

symmetry-breaking at a Si site would occur if one of the neighboring Si atoms along the edge-354 

sharing chain is replaced by four hydrogen atoms and the other is not, for example. We also 355 

recall that Spektor et al. (2011) reported two different Si sites from the NMR spectra of water-356 

rich stishovite samples prepared similarly as our samples, which appears to be consistent with 357 

potential diversity in the short range structure near Si atoms in water-rich stishovite. Because 358 

these modes appear at lower pressure and weaken severely at 24−28 GPa, they are unlikely 359 

related to the phase transition at the pressure range. Instead, they might have existed from very 360 

low pressure (even at 1 bar) due to Si defects in water-rich stishovite. With an increase in 361 

pressure, the distortion in the structure might increase and produce much more noticeable 362 

intensity for detection.  363 

The ν3 mode appears at pressures slightly lower than the phase transition pressure and higher 364 

than the appearance of IR-active modes. Therefore, it is unclear at the moment whether the 365 

feature is indicative of Si defect or phase transition in dense water-rich silica. According to Karki 366 

et al. (1997), no IR-active mode exists at the frequency of the ν3 mode. 367 

The frequencies of the lattice modes measured during decompression agree well with those 368 

measured during compression. With some degree of hysteresis, some new modes that appeared 369 

at the phase transition at 24–28 GPa (such as, ν2, ν3, ν4, and ν5), disappear with decompression. 370 

However, the strong mode at our lowest frequency (ν1) as well as ν6 and ν9 appear to survive 371 

until the decompression to 1 bar (Figure 5). The preservation of these modes after decompression 372 
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may indicate irreversible changes in the crystal structure of water-rich stishovite at 300 K by 373 

compression. However, all other modes disappear and the diffraction patterns remain the same 374 

after decompression (Nisr et al., 2017, under revision). Therefore, the change in the crystal 375 

structure may not be extensive and not all the structural aspect of the high pressure phase may 376 

remain at 1 bar after decompression.   377 

For the OH region, we were able to identify all five modes separately up to 5.7 GPa. However, 378 

above the pressure, because it was difficult to resolve the detailed spectral features of OH modes, 379 

we fit the region to a broad single peak (Figure 6d). The evolution of this broad peak as a 380 

function of pressure is shown with circles on Figure 7b. Despite the data scatter, we found three 381 

regimes with different rate of increase in frequency, 5–23, 30–32, and 34–39 GPa using data 382 

points obtained during decompression. The pressure where the change was observed agrees with 383 

the pressure where we observed changes in lattice modes, particularly at 24–28 GPa for the 384 

phase transition. At the highest pressure regime, the OH mode becomes very weak.    385 

We found a positive frequency shift in the OH mode as a function of pressure. The crystal 386 

structure of dense silica may become more distorted and the distance between neighboring O is 387 

increasing. This can explain the reason for the weakening of hydrogen bonding as the distortion 388 

progresses, as indicated by the increase in average OH frequency. In particular, the likely short 389 

distances between four hydrogen atoms in this structure, leading to likely H-H repulsions, and 390 

the fact that there is only one acceptor oxygen for every two hydrogens, represents a special case 391 

and this may explain the O-H frequency increase with pressure. 392 

Tsuchiya et al. (2008) have showed from first principle calculations that δ-AlOOH modes 393 

frequencies decrease under pressure leading to hydrogen bond symmetrization and gradually 394 

increase after the symmetrization. The hydroxyl of asymmetric hydrogen bonds has a higher 395 
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stretching frequency. The increase of the OH modes frequencies in water-rich stishovite with 396 

pressure and the similarity of two of the new modes ν3, ν4 and ν5 indicate that the bond 397 

symmetrization does not occur in hydrous silica under pressure and the OH bonding in water-398 

rich stishovite is fundamentally different from that in δ-AlOOH, consistent with the different 399 

substitution mechanism for H in the crystal structure.  400 

 401 

Insights on the proton substitution in water-rich stishovite 402 

Our Raman spectra are consistent with localized defects, in which each Si defect contains 4 403 

hydrogens that are mainly bonded within that defect as proposed in Spektor et al. (2011). After 404 

the rutile type to the CaCl2 type transition, octahedral rotation occurs, but extreme rotation such 405 

as that observed in δ-AlOOH is not yet observed even at the highest pressures reached in this 406 

study. Our lattice parameter data (Nisr et al., 2017, under revisions) indicate that the octahedral 407 

rotation is about halfway to the hcp limit of 9.74° (O’Keeffe and Hyde, 1996). Previous studies 408 

have shown that the typical δ-AlOOH bonding is associated with a strong hydrogen bond 409 

between the octahedral chains, rather than within the octahedra. This is characterized by already 410 

very low OH stretching frequencies at ambient pressure, that decrease further with pressure, 411 

which occurs because of the short inter-octahedral O-O distance caused by the extensive 412 

octahedral rotation, and the fact that Al occupies all of the octahedra in the structure leading to 413 

an underbonding of all the O sites by half of a charge unit.  The fact that both the donor and 414 

acceptor oxygens are equally underbonded, may also enhance the tendency toward symmetrical 415 

hydrogen-bonding. 416 
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In contrast, in water-rich stishovite, we observe higher OH stretching frequencies that generally 417 

increase with pressure, indicative of weaker hydrogen bonding. We interpret the Raman data 418 

more consistent with the structural model by Spektor et al. (2011) where the H4O6 octahedra are 419 

present.  The H4O6 octahedra are likely isolated from each other because of low enough 420 

concentration.  In this case, the bonding between the second-neighbor octahedra similar to that in 421 

δ-AlOOH would not occur. Instead, in a H4O6 octahedron, each hydrogen tends to associate with 422 

one oxygen that has a bond valence deficit of ⅔ (thick solid gray lines in Figure 1 b) while the 423 

two remaining oxygens each act as acceptors for two hydrogen bonds at once (thick dashed gray 424 

lines in Figure 1b). The four hydrogens are also in close enough proximity for significant H-H 425 

repulsion. Therefore, with compression of the H4O6 octahedra, the O-H bonds may rotate away 426 

from the center of the octahedra to avoid the repulsion but also away from accepter oxygens as 427 

shown in Figure 1b by the black arrows. This overall bonding situation may result in a frequency 428 

increase with pressure observed in our Raman study. Yet, it is also important that the H 429 

configuration should be examined directly through neutron diffraction or other experiments. 430 

The OH substitution could be much more complicated in the rutile type hydrous phases in the 431 

mantle because of their complex chemistry. Therefore, the bonding sites proposed by Swope et 432 

al. (1995) (Figure 1a) are possible, but so are many others and the four H on the defect have to be 433 

considered in combination rather than separately. Also, the total concentration of silica defects 434 

will be an important factor to consider: for example, for isolated defects (low concentrations of 435 

H), hydrogen bonding within the defect should predominate, while if defects are more abundant, 436 

hydrogen bonding between defects could also begin to occur, resembling that in δ-AlOOH. The 437 

likelihood of δ-AlOOH-type hydrogen bonding also increases when the CaCl2-type distortion is 438 
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present because that distortion can bring neighboring defects closer together as the oxygen 439 

packing perpendicular to the b-axis approaches hcp.  440 

 441 

Implications for the phase transition in stishovite 442 

Previous studies have shown that anhydrous Al-free stishovite undergoes a displacive second-443 

order phase transition to the orthorhombic CaCl2 structure (Pnnm) at ~50 GPa (Tsuchida et al., 444 

1989; Kingma et al., 1995; Andrault et al., 1998; Hemley et al., 2000; Ono et al., 2002a; 445 

Andrault et al., 2003). Bolfan-Casanova et al. (2009) reported that anhydrous Al-bearing 446 

stishovite (with an average Al content of 2.9 wt% Al2O3) undergoes a phase transition to the 447 

CaCl2-type structure at ~23 GPa. However, Ono et al. (2002b) did not observe any phase 448 

transition in Al-bearing stishovite up to 40 GPa. Although the end-member transition is believed 449 

to be nearly second-order based on reversals in the diamond-anvil cell (Kingma et al., 1995), the 450 

transition could become first-order in the presence of OH in silica (Umemoto et al., 2016).  There 451 

is some indication of this in the Al-bearing cases because pressure hysteresis is observed in the 452 

rutile to CaCl2 transition in these solid solutions (e.g. Bolfan-Casanova et al., 2009).  This first-453 

order character appears to be even stronger in the current case of H2O-rich stishovite. 454 

As known, stishovite can contain some additional water in conjunction with the Al incorporation 455 

(Pawley et al., 1993; Chung and Yagi, 2002; Litasov et al., 2007), or without Al (Pawley et al., 456 

1993, Bolfan-Casanova et al., 2000; Bromiley et al., 2006; Litasov et al., 2007; Spektor et al., 457 

2011). The amount of hydrogen is not close to the quantity needed for the charge balance, 458 

indicating that oxygen vacancies are still an important charge-balance mechanism for the 459 



 

22 

aluminum substitution in stishovite under these conditions. Interestingly, the incorporation of Al 460 

and H in stishovite significantly lowers the transition pressure to the CaCl2 type polymorph 461 

(Lakshtanov et al., 2005; 2007). 462 

Depending on Al2O3 and H2O contents in silica phases, the pressure of the post-stishovite phase 463 

transition may be variable and occur over a wide depth range in the lower mantle. Hydrogen 464 

bonds and/or the effect of the presence of the Al octahedra could play an important role in 465 

changing the transition pressure. This effect was observed by Lakshtanov et al. (2007) who 466 

found that the incorporation of Al and some water into silica reduces significantly the post-467 

stishovite transition pressure in SiO2 to 20–24 GPa and 300 K, with 6.1 wt% Al2O3 and 0.24 468 

wt% H2O.  469 

In our case, the transition pressure to the CaCl2 type phase occurs around 24 GPa in Al-free 470 

hydrous stishovite with 3.2 wt% water. The presence of aluminum and/or hydrogen therefore 471 

decreases the pressure of the phase transition to CaCl2-type by ~30 GPa in comparison to 472 

anhydrous Al-free stishovite. However, the amount of Si defect, of Al, of H, the level of oxygen 473 

vacancies, and the different possible types of the H sites present in the stishovite can all play a 474 

role on how much the transition pressure decreases.  475 
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Figure captions 642 

Figure 1: Proposed OH configurations (black spheres with gray sticks) in the crystal structures of 643 

(a) low-water stishovite (Swope et al., 1995), (b) water-rich stishovite (Spektor et al., 2011), and 644 

(c) δ-AlOOH (Tsuchiya et al., 2002).  The octahedra represent the SiO6 (a and b) and AlO6 (c) 645 

units in the crystal structures.  In (b), the gray dashed line indicate hydrogen bonding and the 646 

black arrows indicate possible rotation of the O-H bonds with compression.  647 

Figure 2: X-ray diffraction pattern of hydrous stishovite at 1 bar and 300 K. The pattern was 648 

collected at the GSECARS sector of the Advanced Photon Source using a monochromatic X-ray 649 

beam with a wavelength of 0.3344 Å and a beamsize of 3×4 µm2. Numbers attached to peaks are 650 

Miller indices and the dotted lines show the offset in peak positions between anhydrous and 651 

hydrous stishovite of this study (lattice parameters of anhydrous stishovite in this study are: a = 652 

4.1805 (9) Å, c = 2.6671 (9) Å, and V = 46.612 (21) Å3). The background of the pattern was 653 

subtracted.  654 

Figure 3: Relationship between the unit-cell volumes of the hydrous stishovite samples and their 655 

water contents at 1 bar from the x-ray and TGA data of Spector et al. (2016) (black circles).  The 656 

plot presents a lower bound based on the weight loss in TGA above 400-500 oC.  The water 657 

content (w) can be estimated directly from the measured unit cell volume (Vunit-cell) using the 658 

relation of w (wt%) = 4.64±0.57 (Vunit-cell (Å3) – 46.515) in the range of 0-4 wt% water. The light 659 

grey area represents estimated 1σ uncertainties.  From the relation, we obtained 3.2±0.5 wt% for 660 

our sample.  661 
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Figure 4: Raman spectra of hydrous stishovite at the OH stretching region at 1 bar and 300 K (a) 662 

before compression and (b) after decompression. The dashed lines are the fits of the spectrum 663 

after decompression. 664 

Figure 5: Raman spectra of hydrous stishovite at 1 bar and 300 K before compression (bottom), 665 

and after decompression (top). ν1, ν6 and ν9 (cf. Figure 5) represent extra peaks that are not seen 666 

in anhydrous stishovite (Hemley et al., 1986; Gillet et al., 1990; Kingma et al., 1995; Jiang et al., 667 

2009) nor in hydrous Al-bearing stishovite (Lakshtanov et al., 2007a), and that appeared after the 668 

sample was compressed to 41 GPa and the decompressed to 1 bar. The backgrounds of the 669 

spectra were subtracted. Stars represent noise that does not correspond to any Raman peak of the 670 

sample. 671 

Figure 6: Raman spectra of the hydrous silica sample at 300 K at different pressures during 672 

compression. Red lines represent unknown Raman peaks that have never been seen before in 673 

Raman spectroscopy of anhydrous stishovite (Hemley et al., 1986; Gillet et al., 1990; Kingma et 674 

al., 1995; Jiang et al., 2009). (a,b,c) and d are hydrous silica lattice modes and OH mode, 675 

respectively. For clarity, spectra in (a,b) and c are ten and two times offset, respectively. The 676 

dashed lines are guide to eye showing the evolution of each mode with pressure. 677 

Figure 7: (a) Pressure dependence of the Raman mode frequencies of water-rich dense silica up 678 

to 41 GPa during compression (closed circles) and decompression (open circles). Black circles 679 

are the modes known in anhydrous stishovite and red circles are new modes which were not 680 

documented in anhydrous stishovite and anhydrous CaCl2 type phase. The crosses represent the 681 

frequencies of anhydrous stishovite reported in Kingma et al. (1995). The dashed and solid lines 682 

are guide to the eye indicating an approximate trend of the data. (b) Pressure dependence of the 683 

Raman frequencies of OH up to 41 GPa. At 0, 1.8 and 5.7 GPa, more features were identified in 684 
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the OH region above 5.7 GPa, they are fitted as a single broad band. The grey in (A) and (B) 685 

indicates the approximate pressure range where the rutile type to CaCl2 type phase transition 686 

occurs in water-rich pure dense silica. 687 

688 
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Tables 689 

Table 1: Mode frequencies (ν i) at 1 bar and isothermal pressure shifts (dνi/dP) of the Raman active modes 690 

of water-rich hydrous stishovite (hStv), anhydrous stishovite (ahStv) and hydrous aluminous stishovite 691 

(hAlStv), and frequencies of Raman active bands of δ-AlOOH. 1. This study; 2. Kingma et al. (1995); 3. 692 

Lakshtanov et al. (2007a); 4. Lakshtanov et al. (2007b); 5. Ohtani et al. (2001). ν1, ν6 and ν9 are extra 693 

peaks seen in the Raman spectrum of hStv after the sample was compressed to 55 GPa and then 694 

decompressed to 1 bar. 695 

    B1g Eg A1g B2g ν 1 ν 6 ν 9 

hStv1  
ν i (cm-1) 235 592 754 968 196 510 615 

dνi/dP (cm-1 GPa-1) -1.07 1.37 2.92 3.01    

ahStv2 
νi (cm-1) 232 589 754 966       

dνi/dP (cm-1 GPa-1) -0.93 2.09 3.12 3.68       

hAlStv3,4 
νi (cm-1) 223 581 743 959       

dνi/dP (cm-1 GPa-1) -0.49 	 	 	 		 		 		

δAlOOH5 
  Mode 1 Modes 2 Modes 3 Modes 4    
νi (cm-1) 277 385/399/418 600/628 1203/1345/1389    

696 
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Table 2: Mode frequencies (cm-1) at 1 bar of infrared absorption bands of water-rich hydrous stishovite 697 

(hStv), anhydrous stishovite (ahStv) and δ-AlOOH. 1. Spektor et al. (2011); 2. Hofmeister et al. (1990); 3. 698 

Kagi et al. (2010). 699 

 Eu(1) Eu(2) Eu(3) A2u 

hStv1 534 583 840  
ahStv2 520 620 800 950 

δAlOOH3 
Mode 1 Mode 2 Mode 3 Mode 4 

850 990 1180 1330 

700 
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Figure 1 701 
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Figure 2 704 
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Figure 3  706 
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Figure 4 708 
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Figure 6 713 
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Figure 7 715 
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