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abstraCt

Recent studies have shown that mineral end-member phases (δ-AlOOH phase, phase H, and stisho-
vite) with rutile-type or modified rutile-type crystal structures and solid solutions between them in 
the MgO-Al2O3-SiO2 system can store large amounts of water and can be stable at high pressures 
and high temperatures relevant to the Earth’s lower mantle. The Al-H charge-coupled substitution 
(Si4+ → Al3+ + H+) has been proposed to explain the storage capacity found in some of these phases. 
However, the amount of H+ found in some recent examples does not match the expected value if 
such substitution is dominant, and it is difficult to explain the larger water storage in stishovite with 
such a mechanism alone. An octahedral version of the hydrogarnet-like substitution (Si4+ → 4H+) has 
been proposed to explain the incorporation of protons in Al-free, water-rich stishovite. Yet, the high-
pressure structural behavior of OH in this phase has not yet been measured. In this study, we report 
high-pressure Raman spectroscopy measurements on Al-free hydrous stishovite with 3.2 ± 0.5 wt% 
water up to 55 GPa. At ambient pressure, we find that the OH stretching modes in this phase have 
frequencies lying in between those in low-water aluminous stishovite and those in δ-AlOOH, suggest-
ing a strength of the hydrogen bonding intermediate between these two cases. After decompression to 
1 bar, we observe modes that are similar to the IR-active modes of anhydrous and hydrous stishovite, 
suggesting that the existence of Si defects in the crystal structure can activate the inactive modes. For 
both lattice and OH-stretching modes, our data show a series of changes at pressures between 24 and 
28 GPa suggesting a phase transition (likely to CaCl2-type). While some of the lattice mode behaviors 
are similar to what was predicted for the AlOOH polymorphs, the OH mode of our hydrous stishovite 
shows a positive frequency shift with pressure, which is different from δ-AlOOH. All our spectral 
observations suggest that water-rich pure dense silica has a distinct proton incorporation mechanism 
from aluminous low-water stishovite and δ-AlOOH, supporting the proposed direct substitution.

Keywords: Raman spectroscopy, free-Al hydrous stishovite, high-pressure studies, phase transition, 
hydrogen incorporation mechanism; Water in Nominally Hydrous and Anhydrous Minerals

iNtroduCtioN

A few nominally anhydrous minerals (NAMs) stable in the 
Earth’s mantle, such as wadsleyite and ringwoodite, have been 
shown to store considerable amounts of H2O (up to a few weight 
percents; e.g., Bell, and Rossman 1992; Smyth 1994; Kohlstedt et 
al. 1996; Rossman 1996; Hirschmann 2006; Pearson et al. 2014). 
Such OH substitution in the the main mantle mineral phases 
opens up the possibility that these phases could store a large 
amount of water in the Earth’s deep interior. However, studies 
have indicated that the dominant minerals in the lower mantle, 
such as bridgmanite and ferropericlase, have a much lower stor-
age capacity for water (less than 50 ppm) (Bolfan-Casanova et 
al. 2000, 2002, 2003; Panero et al. 2003, 2015), implying that 
the lower mantle, which represents 55% of the Earth’s volume, 
may be “dry” (Hirschmann 2006; Karato 2011).

Although stishovite does not occur as a free phase in pyrolite 
under mantle-relevant conditions, it is believed to be one of the 
main mineral phases in the subducting oceanic crust (sediments 

and mid-oceanic ridge basalt, MORB) in the lower mantle, 
10–20 vol% (Ono et al. 2001; Ricolleau et al. 2010; Grocholski 
et al. 2012). Stishovite can contain up to 4 wt% Al2O3 in Al-rich 
system, such as MORB (Irifune and Ringwood 1993; Ono et al. 
2001; Chung and Kagi 2002; Liu et al. 2006; Bolfan-Casanova 
et al. 2009). Studies have shown that the dissolution of Al2O3 
may enhance the water storage capacity of stishovite through 
a charge coupled substitution: Si4+ → Al3+ + H+. For example, 
Pawley et al. (1993) found that the H2O content of stishovite 
with more than 1 wt% Al2O3 is higher than that of pure stishovite 
by a factor of 10 (~100 ppm H2O). Chung and Kagi (2002) and 
Litasov et al. (2007) have reported an even higher water content 
for Al-bearing stishovite: 844 ppm H2O for samples synthesized 
at 15 GPa and ~1700 K and 3010 ppm at 20 GPa and ~1700 K.

The stability of δ-AlOOH with a distorted rutile-type structure 
in high-pressure synthesis (Suzuki et al. 2000) suggests that 
an AlOOH component could account for the water storage in 
aluminous stishovite. However, the amount of H in aluminous 
stishovite samples is not nearly equal to the amount of Al. For 
example, Litasov et al. (2007) reported that only one seventh 
of Al incorporated into stishovite is associated with hydrogen. 
Bromiley et al. (2006) also reported excess Al in stishovite, not 
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