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Subduction of oceanic lithosphere transports surface H2O into the mantle. Recent studies show that dense 
SiO2 in the form of stishovite, an abundant mineral in subducted oceanic crust at depths greater than 
∼270 km, has the potential to host and transport a considerable amount of H2O into the lower mantle, 
but the H2O storage capacity of SiO2 phases at high pressure and temperature remains uncertain. We 
investigate the hydration of stishovite and its higher-pressure polymorphs, β-stishovite and seifertite, 
with in situ X-ray diffraction experiments at high pressures and temperatures. The H2O contents in SiO2
phases are quantified based on observed increases in unit cell volume relative to the anhydrous SiO2
system. Density functional theory (DFT) computations permit calibration of water content as a function 
of volume change based on interstitial substitution of H2O. Regression of our experimental data indicates 
an H2O storage capacity in stishovite of ∼3.5 wt% in the transition zone and shallow lower mantle, 
decreasing to about 0.8 wt% at the base of the mantle. We find that SiO2-bearing subducted oceanic 
crust can accommodate all the H2O in slab lithosphere that survives sub-arc dehydration. Hydration of 
silica phases in subducted oceanic crust and their unparalleled capacity to host significant amounts of 
H2O even at high mantle temperatures provides a unique mechanism for transport and storage of water 
in the deepest mantle.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC 
license (http://creativecommons.org/licenses/by-nc/4.0/).
1. Introduction

Subduction of oceanic lithosphere drives material circulation in 
Earth’s interior and provides an important host for transporting 
H2O into mantle. When added to mantle rocks H2O significantly 
affects chemical and physical properties, including mineral phase 
relations (Iwamori, 2004), melting temperatures (Hirschmann, 
2006) and electrical conductivity (Yoshino et al., 2008) and is 
implicated as a potential trigger of intermediate and deep-focus 
earthquakes (Omori et al., 2004). Silica (SiO2) crystallizes as a ma-
jor component in subducted oceanic crust and sediment (∼10–30 
wt%) (Irifune et al., 1994; Ono, 1998; Perrillat et al., 2006) and un-
dergoes several polymorphic phase changes as the slab subducts 
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to the core-mantle boundary (CMB). In the anhydrous system, 
stishovite, a dense tetragonal SiO2 polymorph, is stable in oceanic 
crust from about 250 to 1500 km, where it converts to an or-
thorhombic CaCl2-structured phase, hereafter referred to as β-
stishovite, through a second-order displacive phase transition (Fis-
cher et al., 2018; Kingma et al., 1995). The β-stishovite phase 
subsequently converts to seifertite with an α-PbO2-structure near 
the base of the lower mantle (Sun et al., 2019).

Recent high-pressure experiments have shown that stishovite 
and β-stishovite may host wt% levels of H2O in their crystal struc-
tures (Lin et al., 2020; Nisr et al., 2020, 2017b; Spektor et al., 
2016, 2011). Results from hydrothermal synthesis of stishovite in 
the multi-anvil apparatus (e.g., ∼10 GPa, 350–550 ◦C) indicate sev-
eral wt% H2O in stishovite based on thermogravimetric analysis of 
recovered samples (Nisr et al., 2017b; Spektor et al., 2016, 2011). 
H2O contents in stishovite produced in recent laser-heated DAC 
experiments have been estimated from observations of expanded 
unit cell volumes relative to anhydrous stishovite using a calibra-
tion based on measurements made at 1 atm (Lin et al., 2020; Nisr 
le under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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et al., 2020, 2017b). Based on unit cell volumes measured at high 
pressure in the experiments by Lin et al. (2020) this calibration 
predicts >10 wt% H2O in some cases, values that seem excessively 
high and call into question the validity of the calibration at high 
pressures.

These results are in stark contrast to those from earlier stud-
ies on stishovite hydration that found much lower H2O contents. 
Pawley et al. (1993) measured <10 ppm H2O in pure SiO2 and 
about 80 ppm H2O in Al-bearing stishovite synthesized at 10 GPa, 
1200 ◦C and suggested hydrogen incorporation coupled to Al3+
substitution giving rise to oxygen defects, e.g. 2Si = 2Al + Ov. 
Bolfan-Casanova et al. (2000) found very similar results between 
alumina-free and alumina-bearing stishovite equilibrated with hy-
drous melts (2–72 ppm H2O) at 15 to 21 GPa, 1500 ◦C, with 
H2O content correlated with alumina content. Chung and Kagi 
(2002) synthesized stishovite from hydrous glass at 10–15 GPa 
(1200–1400 ◦C) and found a correlation between H2O content and 
trivalent cations and measured a maximum of 844 ppm H2O. 
Bromiley et al. (2006) synthesized stishovite at 15 GPa, 1500 ◦C 
under H2O-saturated conditions and reported 3–456 ppm H2O in 
alumina free and alumina-bearing stishovite and discussed H in-
corporation in stishovite as a function of alumina content. Litasov 
et al. (2007) measured the H2O contents of stishovite synthesized 
at 20–25 GPa and 1200–1800 ◦C and found that hydrogen can oc-
cupy 40% of vacancies created by incorporation of Al3+ at 20 GPa, 
reporting values of <30 ppm in Al-free stishovite and up to ∼3000 
ppm in stishovite with 4.4 wt% Al2O3. All of these studies were 
performed in multi-anvil apparatus under nominally H2O saturated 
conditions, with sample water contents measured by FTIR on P-
T quenched samples. In contrast, Panero et al. (2003) used the 
laser-heated diamond anvil cell to synthesize stishovite in a basalt 
composition with 0.2 wt% H2O in the bulk at pressures of 28–60 
GPa and up to 4000 ◦C and measured maximum water contents of 
500 ppm using synchrotron FTIR on P-T quenched samples.

It is challenging to understand how different studies can pro-
duce such widely disparate results, with differences of the order 
several orders of magnitude for the H2O capacity of stishovite. One 
commonality among previous studies finding low H2O in stishovite 
is that H2O contents were measured on P-T quenched samples 
at ambient conditions (e.g., 1 atm, ∼300 K). For example, Lin 
et al. (2020) showed that upon decompression from high pres-
sure, the difference in unit cell volume observed at high pressure 
diminishes below about 10 GPa, approaching the anhydrous vol-
ume (see Supplementary Material for further discussion). Fig. 1
shows measured unit cell volumes at 1 atm, 300 K, for pressure-
temperature quenched hydrous stishovite synthesized in the ex-
periments of Spektor et al. (2011, 2016) and Nisr et al. (2017b)
in the multi-anvil apparatus compared to measurements of anhy-
drous stishovite. The hydrous stishovite data show a wide range 
in unit cell volume for samples synthesized at nominally simi-
lar conditions, sometimes overlapping cell volumes of anhydrous 
stishovite, other times showing large volume excesses. Also shown 
on Fig. 1 is the even larger range in unit cell volumes found in 
the DAC experiments of Nisr et al. (2020) measured on samples 
decompressed to ambient conditions.

Considering all these disparate observations, currently the ex-
tent of H2O solubility in dense SiO2 polymorphs at high pressure 
and temperature and the mechanism of H2O incorporation remains 
highly uncertain. To further investigate H2O incorporation in high-
pressure SiO2 polymorphs we combine in-situ laser heating and 
high-pressure X-ray diffraction measurements with first-principles 
theoretical calculations to constrain the phase relations and H2O 
storage capacity (e.g., H2O content at saturation) of stishovite, β-
stishovite and seifertite at 44–152 GPa and ∼1380–3300 K.
2

Fig. 1. Unit cell volumes measured at ambient conditions (1 atm, ∼300 K) for anhy-
drous stishovite (red diamonds) and hydrous stishovite produced hydrothermally at 
∼10 GPa, 350–550 ◦C (blue circles, Spektor et al., 2011, 2016; Nisr et al., 2017b) in 
the multi-anvil apparatus and at higher pressures and temperatures (∼24–67 GPa; 
∼1450–2100 K) in the diamond anvil cell (yellow star, Lin et al., 2020 extrapolated; 
green squares, Nisr et al., 2020). Horizontal lines show group averages. Uncertainties 
in individual measurements typically ∼0.2 A3.

2. Materials and methods

2.1. Starting materials and experimental design

Starting materials with H2O contents of 0.5 wt% (experiment 
S_241), 1.2 wt% (S_242) and 3.5 wt% (C_188) were synthesized as 
mixtures of amorphous SiO2 (1 μm grain size, purity 99.999%) and 
silic acid (SiO2·0.6H2O, 15.2 wt% H2O) in calculated proportions 
and ground in an agate mortar for 4–6 hours. The starting material 
with 15.2 wt% H2O was only silicic acid (experiments C_283 and 
C_154R). About 10 wt% amorphous Pt or Au powder was added to 
the mixture for infrared laser absorption and pressure calibration 
in laser heating experiments.

Samples were loaded into symmetric diamond anvil cells. In 
experiments S_241, S_242 and C_188 samples were loaded in a 
120 μm diameter hole in a rhenium gasket indented by diamond 
anvils with 250 μm diameter culets. In experiment C_283, the sam-
ple was loaded in a 100 μm diameter hole in a rhenium gasket 
indented by diamond anvils with 200 μm diameter culets. In ex-
periment C_154R, the sample was loaded in a 45 μm diameter hole 
in a rhenium gasket indented by diamond anvils with 90 μm diam-
eter culets beveled from 400 μm culets. Except for sample C_283 
with Au powder, the other four samples were mixed with Pt black. 
Pressures were determined before and after heating by the self-
consistent equations of state (EOS) of Pt or Au (Fei et al., 2007), 
and the uncertainty in calibrated pressure is estimated to be of 
the order 1 to 2 GPa.

2.2. High pressure-temperature experiments and in situ X-ray 
diffraction

Diamond anvil cell samples were laser-heated and examined 
in situ at high pressures and temperatures by synchrotron x-ray 
powder diffraction at the High Pressure Collaborative Access Team 
(HPCAT) beamline (16-ID-B) of the Advanced Photon Source, Ar-
gonne National Laboratory and at the BL15U1 beamline, Shanghai 
Synchrotron Radiation Facility (SSRF) in China. The diameter of 
the laser heating spot was typically 20 to ∼30 μm in the flat 
top area created with a focused yttrium lithium fluoride laser us-
ing a double-sided geometry that minimizes both radial and axial 
temperature gradients. Samples were heated at each temperature 
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typically for 10 to 15 minutes. Temperatures were determined by 
fitting the thermal radiation from the central portion of the heated 
spot to the Planck radiation function (Meng et al., 2006; Hirao et 
al., 2020) with precision of individual measurements of <10 K and 
overall uncertainty of quoted temperatures considering accuracy 
and temperature fluctuations during heating of ∼50–100 K.

X-ray diffraction (XRD) patterns were acquired at each pressure 
both at high temperature and after quenching to ambient tem-
perature (see Supplementary Material Fig. 1 for example diffrac-
tion patterns). Monochromatic X-rays with a wavelength of 0.4066 
Å at HPCAT (2.9×5.4 μm2 beam size) and 0.6199 Å at SSRF 
(1.0×3.0 μm2 beam size) were aligned with the laser heated spot 
for powder diffraction measurements. Sample to detector distance 
was calibrated using a CeO with calibrant and samples aligned 
to the center of rotation. At HPCAT, the diffraction patterns are 
recorded with a Pilatus 1M detector with typical exposure time 
of 10–15 seconds. At SSRF, the diffraction patterns were collected 
with a MAR345 CCD detector with exposure time of 60 seconds. 
All the diffraction data were reduced to 2-theta versus intensity 
using the Dioptas software (Prescher and Prakapenka, 2015).

2.3. Density functional theory (DFT) calculations

Incorporation of water in stishovite and β-stishovite was simu-
lated using density functional theory with CASTEP and CP2K codes. 
Relaxations were performed as function of pressure at zero tem-
perature (static) and first-principles molecular dynamics (FPMD) at 
high temperature. We used supercells containing different hydro-
gen contents and in various configurations.

Calculations for hydration of stishovite at 50 GPa and zero 
kelvin were performed using CASTEP (Clark et al., 2005) and a 
PBE-GGA exchange-correlation potential with an on-the-fly pseudo 
potential with a cut-off energy of 520 eV. Different supercell sizes 
were used to fit the related water contents (see Table S2). The wa-
ter molecule was placed within the channels that run parallel to 
the crystallographic z-axis in the stishovite unit cell and, to test the 
range of possible substitutions, the molecule was located at three 
different initial positions each with three different initial orienta-
tions before the simulation cell was relaxed, with the constraint 
that the space group was maintained in each case to represent a 
mean field tetragonal structure. We found that the lowest energy 
configurations were those in which the molecule was centered 
within the octahedral interstitial site, with only very small differ-
ences in energies (∼3 meV/atom) of the relaxed cells for orienta-
tions of O-H bonds parallel to x-, y- and z-axes. The average unit 
cell volume defined by the three different orientations was used 
as a representative of that of hydrous stishovite with (potentially) 
orientationally disordered interstitial water molecule centered on 
the channel interstitial site. Four different water contents were 
simulated, corresponding to supercells of 3×3×3 (0.55 wt.% H2O), 
2×2×3 (1.23 wt.% H2O), 1×3×3 (1.64 wt.% H2O) and 1×2×3 (2.43 
wt.% H2O) each containing one interstitial water molecule. We also 
simulated incorporating hydrogen in stishovite by substituting 4H+
for Si4+ (‘hydrogarnet’ substitution), and in contrast to the inter-
stitial substitution, found that the unit cell volume decreases by 
0.17% relative to dry stishovite.

High temperature and pressure unit cell volumes for hydration 
of stishovite and β-stishovite were performed using NPT first-
principles molecular dynamics with flexible cells (constant stress) 
within DFT using the CP2K code. Simulations were at least 10,000 
time steps with time increments of 0.5 or 1 fs. The DF2 non-local 
wan der Waals exchange-correlation functional was used. Simu-
lations were performed at 35, 70, 100 and 135 GPa at ∼300 K 
to 2200 K. We simulated interstitial substitution with one H2O in 
a cell with 165 atoms (54SiO2:H2O), inter-crystalline substitution 
(2H+ + O2− → 2O2− + Si4+) with 2H+ in a cell with 162 atoms 
3

(53SiO2:H2O), and the ‘hydrogarnet’ substitution (4H+ → Si4+) in 
a cell with 165 atoms (53SiO2:2H2O). Anhydrous SiO2 was simu-
lated using a cell with 162 atoms (54 SiO2). Results are provided 
in Supplementary Table 1.

3. Results

Unit cell parameters of SiO2 phases are summarized in Sup-
plementary Table 2. We compared measured cell volumes in the 
system SiO2-H2O to the calculated cell volumes of anhydrous silica 
phases at each pressure and temperature using appropriate ther-
mal equations of state (EoS) (Andrault et al., 2003; Fischer et al., 
2018; Grocholski et al., 2013; Sun et al., 2019) to calculate the per-
cent relative change in unit cell volume:

�V /V dry% = (V hydrous − V dry)/V dry × 100 (1)

Consistent with previous studies in the SiO2-H2O system, diffrac-
tion patterns obtained at high pressure and temperature or at high 
pressure but quenched to ambient temperature (∼300 K) reveal 
significant volume expansion for stishovite (up to ∼6.9%) and β-
stishovite (up to ∼5.1%) (Lin et al., 2020; Nisr et al., 2020, 2017a), 
and we observe lesser but still positive volume expansion in seifer-
tite (∼1.1–1.7%). These large relative volume expansions are at-
tributed to the incorporation of H2O in some form in the structures 
of the SiO2 phases.

3.1. The H2O storage capacity of stishovite: experimental constraints

We establish the magnitude of the H2O storage capacity 
through a series of experiments with varying H2O contents in the 
starting compositions at near constant pressure and temperature 
(∼50 ±6 GPa and ∼1800 ±70 K) where stishovite is observed to 
be the stable polymorph. In principle, incorporation of H2O will 
cause a systematic change in unit cell volume at constant pressure 
and temperature but once a phase reaches H2O saturation its unit 
cell volume will remain constant even as the bulk system H2O 
content increases. As shown on Fig. 2, we observe a linear rela-
tionship between the volume change of stishovite up to ∼3.5 wt% 
H2O in the starting material. In our starting composition with the 
highest water content of 15.2 wt% H2O, chosen to be very high to 
assure H2O saturation, we find effectively the same maximum rel-
ative volume change of ∼6.5% as in experiments with 3.5% H2O, 
indicating stishovite is saturated at ∼3.5% wt% H2O at ∼50 GPa 
and 1800 K.

3.2. H2O incorporation mechanisms in high pressure SiO2 phases: 
ab initio calculations

The H2O incorporation mechanism is unknown from diffraction 
measurements and there are many potential substitution mecha-
nisms that may operate simultaneously. We test three candidates 
for producing the observed unit cell volume systematics observed 
in Fig. 1: (1) the “hydrogarnet” substitution where four hydrogen 
atoms substitute for a silicon atom, 4H+ → Si4+ , which has been 
suggested as a stishovite hydration mechanism (Nisr et al., 2020, 
2017b; Spektor et al., 2011); (2) incorporation of H2O through 
inter-crystalline substitution (2H+ + O2− → 2O2− + Si4+); (3) in-
corporation of interstitial H2O in the stishovite lattice (SiO2 ·xH2O). 
We use density functional theory (DFT) combined with molecular 
dynamics calculations to determine the effect of these substitu-
tions on unit cell volume at pressures and temperatures ranging 
from 35 to 135 GPa and 0 to ∼2200 K (Supplementary Table 1).

Fig. 2b compares the volume changes predicted in DFT calcula-
tions with the experimental results. The hydrogarnet substitution 
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Fig. 2. (a) The change in unit cell volume of hydrous stishovite relative to anhydrous stishovite at the same pressure and temperature (�V /V %) versus H2O content in the 
bulk starting compositions. Red symbols are experiments at 50±6 GPa, 1800±70 K (Supplementary Table 2). The constant volume change above ∼3.5 wt% H2O indicates 
H2O saturation. (b) The relative volume change of stishovite versus H2O content comparing experimental results with predictions from DFT and DFT-MD calculations and ice 
VII equation of state calculations, this study. Also shown are the 0 K DFT calculations for the hydrogarnet substitution (4H = Si) from Nisr et al. (Nisr et al., 2020), which 
are in general agreement with our calculations. Note how the interstitial substitution produces a volume change that reproduces the experimental trend but the hydrogarnet 
substitution cannot, producing a much smaller volume expansion. Also shown (cyan diamonds) is the expected volume expansion in stishovite by adding together the volume 
of anhydrous stishovite at ∼50 GPa and 300 K with the ice VII volume at the same pressure and temperature using its EoS (Wolanin et al., 1997). If H2O is incorporated into 
stishovite as interstitial H2O its stable phase is ice VII at 300 K and to first order their additive volumes may approximate the effect volume change in stishovite. Remarkably, 
we observe a nearly one-to-one correlation between the predicted H2O content using the ice VII EoS and those for interstitial substitution based on our ab initio calculations.
produces a small volume change, in good agreement with previ-
ous calculations (Nisr et al., 2020), but much less than observed 
in our experiments. Similarly, inter-crystalline substitution of H2O 
produces a small negative volume change at 300 K. In contrast, 
the large change in volume predicted for interstitial substitution of 
H2O at 50 GPa, 0 K, closely approximates the trend of our exper-
imental data. On this basis we use our DFT molecular dynamics 
results for interstitial H2O substitution to calibrate the minimum 
H2O contents in stishovite and β-stishovite in our experiments. 
Caracas and Panero (2017) suggested that hydrogen diffusion in 
ringwoodite may occur through a hydrogarnet substitution mech-
anism. In our FPMD simulations at 2000 K and 35 GPa, we find 
no diffusion of H in interstitial H2O over our 10 ps simulations, 
nor do we find such in the hydrogarnet substitutions. In addition, 
we do not anticipate that quantum effects will play a large role in 
hydrous stishovite.

To further test the veracity of the interstitial substitution model 
and calibration, we estimated the expected volume expansion in 
stishovite by adding together the volume of anhydrous stishovite 
at ∼50 GPa and 300 K with the ice VII volume at the same pres-
sure and temperature using its EoS (Wolanin et al., 1997). If H2O 
is incorporated into stishovite as an interstitial H2O molecule its 
stable phase is ice VII at 300 K, and to first order their additive 
volumes may approximate the effect of interstitial incorporation of 
H2O. The results are plotted on Fig. 2b (cyan diamonds) and, re-
markably, we observe a nearly one-to-one correlation between the 
predicted H2O content using the ice VII EoS and those for inter-
stitial substitution based on our ab initio calculations. This consis-
tency further supports that the large volume excesses we observe 
result primarily through interstitial incorporation of molecular H2O 
at high pressure.

3.3. An H2O in stishovite and β-stishovite calibration based on 
interstitial substitution

We regressed the H2O content in the sixteen DFT data points 
to a simple linear function of relative volume change (�V /V dry%), 
pressure and temperature. We find no statistically relevant pres-
sure or temperature effects (see Supplementary Table 3), and the 
concentration of H2O (CH2O) is well-fitted over the entire P-T range 
only as a function of the relative volume change:
4

CH2O (wt%) = 0.5334 × (�V /V dry%) + 0.0124 (R2 = 0.99) (2)

Because other substitution mechanisms have only a relatively mi-
nor effect on unit cell volume, the H2O contents calculated based 
on interstitial substitution alone is a minimum because other sub-
stitution mechanisms may still operate but be hidden with respect 
to volume change.

Our ab initio calculations show that the volume change for 
interstitial H2O substitution mimics closely the observed volume 
changes in our experiments at high pressure and temperature 
with known bulk water contents (Fig. 2b). Therefore, based on our 
DFT calibration we predict the water content in stishovite and β-
stishovite in our experiments from their relative volume changes 
using equation (2), with results tabulated in Supplementary Table 
2. Equation (2) is not valid for seifertite, and although we observe 
a generally smaller but positive relative volume change for seifer-
tite indicating some H2O storage capacity, likely in the range of 1 
wt% or less, we currently cannot accurately assess its H2O content.

In the study of Lin et al. (2020) the water content of hydrous 
stishovite was estimated using the 1 atmosphere, 300 K calibration 
of Nisr et al. (2017b). The calibration of Nisr et al. was developed 
on the basis of hydrous stishovite synthesized in experiments by 
Spektor et al. (2016) in the multi-anvil apparatus under hydrother-
mal conditions (∼10 GPa, 350–550 ◦C). Nisr et al. fit a linear rela-
tion to the observed volume change (Vhydrous-Vdry) and the water 
contents of stishovite. Based on our new results we find that ap-
plying the Nisr et al. calibration for our experiments and using 
volume data at high pressures and temperatures is not appropriate. 
For example, application of the Nisr et al. calibration to our hy-
drous stishovite synthesized in this study at 53 GPa (C_188) yields 
∼13 wt% water, which is more than three times the water content 
in the starting material. Supplementary Table 4 gives the water 
content of hydrous stishovite in experiments reported by Lin et al. 
(2020) using the ab initio calibration developed in this study com-
pared to values calculated using the Nisr et al. (2017b) calibration. 
We find that the water contents are systematically overestimated 
by nearly a factor of four in the study of Lin et al. (2020).

3.4. The effects of H2O on phase relations

Having established that the starting mixture with 15.2 wt.% 
H2O has far more H2O than required to saturate SiO2, we now 
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Fig. 3. (a) Pressure-temperature plot showing experiments in this study relative to experimentally determined phase boundaries in the anhydrous SiO2 system (Fischer et al., 
2018; Grocholski et al., 2013; Murakami et al., 2003; Nomura et al., 2010). We observe little difference in the stishovite to β-stishovite transition between the hydrous and 
anhydrous systems, whereas the β-stishovite to seifertite phase boundary is found to be ∼20 GPa higher in pressure in the hydrous system. Also shown are experiments 
from Nisr et al. (2020) in which β-stishovite is reported to co-occur with stishovite at high pressure and temperature. (b) Pressure vs c/a ratios of stishovite, β-stishovite 
and seifertite in our experiments based on measurements taken at high pressure and temperature. The phase transitions are well distinguished by abrupt changes in the c/a 
axial ratios of the SiO2 polymorphs.
present results for the effect of pressure and temperature on the 
phase relations at H2O-saturated conditions. As shown on Fig. 3, 
the phase transition boundaries at high temperature under H2O-
saturated conditions were bracketed between stishovite and β-
stishovite at ∼75 GPa and between β-stishovite and seifertite at 
∼145 GPa.

The stishovite to β-stishovite transition results in a small but 
abrupt decrease in c/a axial ratio as tetragonal stishovite distorts 
to orthorhombic β-stishovite, whereas the transition to the seifer-
tite structure results in a large increase (Fig. 3b). The transition 
boundary between stishovite and β-stishovite in our experiments 
is not significantly shifted from the dry silica system (e.g., ∼74 
GPa and ∼1900 K) (Fischer et al., 2018), consistent with our ob-
servation that stishovite and β-stishovite have approximately the 
same H2O content at the transition. We estimate the transition to 
seifertite at a pressure of ∼145 GPa, about 20 GPa higher than in 
the dry system (Sun et al., 2019), suggesting a larger H2O capacity 
in β-stishovite than in seifertite, although we do not have a tight 
constraint on the phase boundary.

In contrast to our results, Nisr et al. (2020) observe that the 
stishovite to β-stishovite transition occurs at much lower pressure 
in the SiO2-H2O system and that there is a large pressure range 
over which these two phases coexist (e.g., the phase transition be-
comes first order rather than second-order as in the anhydrous 
system). Experiments reported by Nisr et al. (2020) contain either 
a mixture of stishovite and β-stishovite or just β-stishovite. As 
shown on the example diffraction patterns in Figure S1 and exhib-
ited by the abrupt changes in axial ratios in Fig. 3, in our study we 
do not find compelling evidence for co-existence of stishovite and 
β-stishovite. We do not have a good explanation for these differ-
ent observations and more work is needed to determine the effect 
of H2O on the phase transition. However, we note that what is 
apparent and consistent in both studies is that stishovite and β-
stishovite each contain wt% levels of H2O at saturation, and our 
results indicate that across the transition there is no statistically 
significant change in H2O storage capacity. We also did not detect 
SiO2 in the NiAs-type structure at pressures above ∼60 GPa as in 
Nisr et al. (2020).

3.5. The effects of pressure and temperature on H2O storage capacity

On the basis of calibrated H2O contents in experiments with 
15.2 wt% H2O in the starting composition (e.g., saturated), we 
5

Fig. 4. H2O content in experimental SiO2 phases produced in the bulk composition 
with 15.2 wt% H2O based on our DFT calibration. The symbols are colored for tem-
perature according to the scale bar. Data are provided in Supplementary Table 2.

can now assess if there is a discernable effect of pressure and/or 
temperature on H2O storage capacity. In run C_283 experiments 
were made at pressures of 48–102 GPa and temperatures of 
∼1300–2200 K, and in run C_154R at 97–152 GPa and ∼1850–
4100 K. The observed relative volume changes obtained from high-
pressure and high-temperature diffraction and the corresponding 
H2O contents are provided in Supplementary Table 2. H2O contents 
as a function of pressure and temperature are shown in Fig. 4. 
The data indicate generally smaller volume changes and lower H2O 
contents in the higher-pressure experiments, and while these ex-
periments are generally at higher temperatures, experiments at 
∼2000 K were made over a wide range of pressure.

We evaluated whether there is a statistically discernable pres-
sure or temperature effect on the H2O storage capacity in stishovite 
and β-stishovite by regressing the ab initio calibrated H2O con-
tents in the high pressure-temperature experiments with 15.2 wt% 
H2O to a general linear equation and a second order polynomial 
as a function of pressure and temperature. We fit all the data to-
gether and by fitting the data for stishovite independently of data 
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for β-stishovite, while inspecting the importance of variables us-
ing stepwise regression (see Supplementary Table 3). We find that 
fitting all the data simultaneously to a regression that is linear 
in pressure and temperature provides the best overall fit statis-
tics (adjusted R2 = 0.83; see Supplementary Fig. 3) resulting in the 
equation:

C H2 O (wt%) = −0.0191 × P (GPa) − 0.00057 × T (K)

+ 4.6527 (R2 = 0.83)
(3)

The regression predicts a dominant pressure dependence and a 
weak temperature dependence, and we use this expression to esti-
mate the water content in subducted lithosphere in our discussion 
of water transport into the deep mantle.

4. Discussion

4.1. Water transport to the deep mantle in silica phases

A silica phase is expected to be absent from the mineral as-
semblage in Earth’s average mantle because the Mg/Si ratio of 
primitive upper mantle peridotite is greater than unity (∼1.1) (Mc-
Donough and Sun, 1995). In contrast, oceanic crustal rocks (e.g., 
basalt, gabbro, terrigenous pelagic sediment) have Mg/Si less than 
unity (Gale et al., 2013) and, therefore, silica phases can stabilize 
at high pressure in the crustal portion of subducted lithosphere 
(hereafter subducted crust refers to metabasalt + metasediment). 
Unique among hydrated crustal minerals, silica phases are stable at 
mantle pressures and temperatures all the way to the core-mantle 
boundary (CMB) and so represent potentially important hosts for 
carrying and storing H2O to the deep interior. Here we assess the 
capacity and possible mechanisms for silica phases to transport 
water into the deep mantle in the crust of subducted lithosphere.

H2O is added to oceanic crust and sediment through hydration 
near the slab surface and hydrothermal alteration of basalt at mid-
ocean ridges (Alt et al., 2013; Alt and Teagle, 2003). Plate-bending 
at the outer rise results in fracture development in the deforming 
plate, with fractures penetrating through the crust and extending 
some 20–30 km into the slab mantle allowing seawater to circulate 
deeply to hydrate deeper crust and mantle lithosphere (Faccenda, 
2014; Wada et al., 2012). Estimates for H2O bound in hydrous 
phases and subducted into the mantle based on modern day sub-
duction rates are of the order 0.7 to 1.8 ×1012 kg/yr (Hacker, 2008; 
Rupke et al., 2004; Schmidt and Poli, 2003; van Keken et al., 2011).

How much subducted H2O is released into the shallow up-
per mantle wedge beneath island arc volcanos depends on the 
phase equilibria of the hydrated rock composition (e.g., metabasalt, 
metaperidotite, metasediment) and the thermal structure of the 
subducting slab. Models of slab dehydration in modern subduc-
tion zones that consider these factors indicate that dehydration of 
hydrous phases in oceanic crust and mantle is relatively efficient 
beneath the volcanic front with, on average, more than half of the 
bound water released from slabs into the mantle at depths <150 
km (Hacker, 2008; Rupke et al., 2004; Schmidt and Poli, 2003; van 
Keken et al., 2011). For example, in the study by van Keken et al. 
(2011), about two-thirds of the subducted H2O is removed from 
subducted slabs by a depth of ∼230 km, with an estimated 2.2 
to 3.4 × 1011 kg/yr subducted beyond this depth split in an ∼2:1 
ratio between the crust and mantle portions of the slab. We use 
these estimates to assess the role of SiO2 phases in transporting 
H2O in subducting lithosphere as it transits beyond 230 km and 
through the transition zone and into the lower mantle, recogniz-
ing that absolute H2O fluxes are model dependent and based on 
modern subduction rates.

In the crustal portion of the slab phase relations for hydrous 
MORB and sediment show that phengite and lawsonite are the 
6

primary hosts for H2O at depths beyond 150 km in cooler slabs, 
but dehydration of these phases is complete by about 300 km 
(Okamoto and Maruyama, 2004; Poli and Schmidt, 2002). This 
deeper dehydration would remove most of the remaining H2O 
from oceanic crust to be released in the upper mantle, estimated 
at ∼2 × 1011 kg/yr. In the sediment portion of the crust topaz-OH 
and phase egg constitute a minor portion of the mineral assem-
blage beyond 300 km and may host ∼0.5 wt% H2O (Ono, 1998). 
In the basaltic portion of the crust no hydrous phases were de-
tected beyond lawsonite breakdown by Okamoto and Maruyama 
(2004) or Ono (1998). However, recent work indicates that an Fe-Ti 
oxyhydroxide solid solution may crystallize under water-saturated 
conditions in metabasalt at transition zone conditions (Liu et al., 
2018; Nishihara and Matsukage, 2016). However, we note that at 
13 GPa this phase was absent in hydrous metabasalt in the experi-
ments of Liu et al. (2018) but was present at 24 GPa. Oceanic crust 
has only a relatively minor capacity to transport H2O beyond 300 
km in nominally anhydrous phases like garnet and clinopyroxene 
(e.g., <0.1 wt% or ∼5 × 1010 kg/yr).

Hydrous stishovite in subducted oceanic crust provides a mech-
anism for retaining significant H2O at 300 km and throughout the 
deep upper mantle and transition zone and into the lower mantle. 
A free silica phase begins to crystallize in basaltic oceanic crust as 
coesite at ∼150 km, transforming to stishovite at ∼250 km. Exper-
iments indicate that in a mid-ocean ridge basalt (MORB) composi-
tion stishovite constitutes ∼10 wt% of the mineral assemblage by 
9 GPa (∼270 km), increasing to as much as 20 wt% or more in the 
transition zone and lower mantle (Okamoto and Maruyama, 1999; 
Ono, 1998; Ono et al., 2001; Perrillat et al., 2006). In siliceous 
oceanic sediments a silica phase constitutes ∼30% of the mineral 
assemblage throughout the upper mantle and into the lower man-
tle (Irifune et al., 1994; Ono, 1998).

In the mantle portion of cooler slabs, H2O can be transported 
to depths beyond 300 km in post-serpentine phases (Phase A, 
Phase E and Phase D; ∼1×1011 kg/yr) in modern subduction zones 
(Iwamori, 2004; Komabayashi and Omori, 2006; Rupke et al., 2004; 
Shirey et al., 2021; van Keken et al., 2011). However, subsequent 
dehydration of hydrated mantle occurs either in the transition 
zone as slabs stagnate (Bina, 1997), or in the shallow lower man-
tle when hydrous phases like ringwoodite, Al-poor Phase D and 
superhydrous Phase B dehydrate (Ohtani, 2015). Thus, deep de-
hydration of subducting mantle lithosphere in the shallow lower 
mantle potentially releases most of its H2O cargo, with the resid-
ual H2O content dependent on the storage capacity of nominally 
anhydrous phases (e.g., ∼1000 ppm H2O or less).

Fig. 5 shows the predicted H2O storage capacity in stishovite 
and β-stishovite and in bulk subducted oceanic crust along mantle 
and average modern slab crust geotherms (Katsura et al., 2010; 
Shirey et al., 2021; Walter, 2021). At 10 GPa, we estimate that 
stishovite has an H2O storage capacity of ∼3.7 wt%, progressively 
reducing to ∼0.7 wt% in β-stishovite at the base of the lower 
mantle (130 GPa) (Fig. 5a). Based on current rates of crustal pro-
duction and subduction, we estimate the maximum mass of H2O 
that can enter the lower mantle stored in stishovite to be of the 
order 3.5 ×1011 kg/yr (Fig. 5b), which is sufficient to host all of the 
crustal H2O that would otherwise be released by 300 km because 
of lawsonite or phengite dehydration. Stabilization of an Fe-Ti oxy-
hydroxide in the transition zone may also enhance the storage 
capacity even further, even though its modal abundance will be 
only a few percent at most (Liu et al., 2017).

Stishovite alone can also accommodate all of the H2O released 
from the mantle portion of the slab at the base of the transi-
tion zone and shallow lower mantle if H2O-rich fluids or hydrous 
silicate melts migrate into the adjacent oceanic crust, possibly 
along pre-existing fracture systems related to lithospheric hydra-
tion. Once oceanic crust enters the lower mantle, aluminous phase 
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Fig. 5. (a) H2O storage capacity (wt%) in stishovite and β-stishovite calculated from equation (3) for pressures and temperatures between model geotherms for the convecting 
mantle (Katsura et al., 2010) and for the top of oceanic crust in a cold slab (Shirey et al., 2021) extrapolated to the core mantle boundary. H2O contents are given by the 
color scale. (b) Estimated storage capacity of oceanic crust (basalt/gabbro + sediment). We assume a modal mineralogy of SiO2 phases in basaltic crust of 10 wt% at 10 GPa 
increasing linearly to 20 wt% at 30 GPa and remaining constant to 130 GPa based on experimental phase relations (Ono, 1998; Ono et al., 2001; Perrillat et al., 2006). For 
the sediment we assume SiO2 constitutes 30 wt% of the mode throughout the upper and lower mantle (Irifune et al., 1994; Ono, 1998). The H2O content in stishovite/β-
stishovite is calculated from equation (3) as shown in (a). We use a conservative estimate for the H2O storage capacity for the remaining nominally anhydrous phases in 
oceanic crust (e.g. cpx, majorite, bridgmanite, Ca-perovskite, NAL/CF phases, hollandite, CAS phase) of 1000 ppm for all phases as these are generally poorly constrained, and 
where measured are in the range of <100 to >2000 ppm (Bolfan-Casanova et al., 2000; Fu et al., 2019; Litasov et al., 2003; Murakami et al., 2002; Panero et al., 2015). 
The current mass of subducted basaltic oceanic crust is estimated at 5 × 1013 kg/yr (van Keken et al., 2011) and terrigenous pelagic sediment at 1.1 × 1012 kg/yr (Rea and 
Ruff, 1996). Also shown are boundaries estimating where aluminous phase D (Pamato et al., 2015) and aluminous phase H (Walter et al., 2015) stabilize in basaltic oceanic 
crust and the melting curve of phase H (Walter et al., 2015). Once these hydrous phases stabilize in oceanic crust the overall H2O storage capacity increases dramatically as 
depicted in (b).
D (∼25 GPa) (Pamato et al., 2015) and aluminous phase H (>∼45 
GPa) (Nishi et al., 2014; Walter et al., 2015) stabilize and have 
much higher H2O storage capacities, ∼15 wt% each, endowing 
the crust with a very large H2O storage capacity throughout the 
lower mantle (Ohtani, 2015). We note, however, that these hydrous 
phases will not stabilize until SiO2 phases are saturated with H2O 
as dictated by chemography (e.g., Walter et al., 2015).

Because aluminous phase H is stable throughout the lower 
mantle depth range, deeply subducted oceanic crust may retain all 
its H2O to the core mantle boundary (Ohira et al., 2014; Ohtani, 
2015; Walter et al., 2015). However, if the slab crust thermally 
equilibrates with the convecting mantle as it transits the lower 
mantle, phase H may breakdown to form a hydrous melt (Walter 
et al., 2015), whereas β-stishovite will remain stable even at the 
high temperatures of the geotherm and retain some of the H2O, 
with some released into the lower mantle. Release of hydrous flu-
ids or melt into the surrounding mantle will result in hydration 
through reaction with iron metal (Zhu et al., 2019) and silicate 
phases like bridgmanite and Ca-perovskite if these phases are un-
dersaturated, which might be expected if the lower mantle after 
accretion crystallized relatively dry as a consequence of its high 
solidus and liquidus temperature (Dong et al., 2021). If the lower 
mantle phases are already saturated then H2O would remain in a 
partial melt because no other hydrous phases are stable at temper-
atures along the mantle geotherm (Walter et al., 2015).

The high H2O storage capacity of stishovite in oceanic crust 
provides a conduit for water transport from the upper mantle 
to the core mantle boundary. Over 4 Ga of subduction, about 
1.4 × 1021 kg of H2O can be added to the lower mantle trans-
ported in stishovite alone at current crustal production rates, or 
about one ocean mass. One ocean mass is similar to the total 
amount of H2O predicted to be added to the deep mantle over 
∼4 Ga of subduction based on modern H2O fluxes calculated from 
phase equilibria and thermal models (Hacker, 2008; Rupke et al., 
2004; van Keken et al., 2011) and is remarkably close to the total 
mantle H2O content predicted on the basis of H2O/CeO in man-
tle derived magmas (Hirschmann, 2018). Subduction of H2O to 
the CMB primarily hosted by β-stishovite may also potentially ex-
7

plain the higher average H2O content in the source of ocean island 
basalts if they originate from plumes sourced in the deep lower 
mantle (Hirschmann, 2006).

Once the subducted slab reaches the core mantle boundary, if 
the temperature of the crust remains below phase H dehydration, 
then effectively all the H2O deposited in the crust in the upper 
mantle can survive to the core mantle boundary (up to 3.5 × 1011

kg/yr). If phase H is no longer stable, then oceanic crust can trans-
port ∼0.2 wt% H2O (∼1 × 1011 kg/yr) primarily in β-stishovite 
(Fig. 3b). The high temperature of the outer core (∼4000 K) cre-
ates a super-adiabatic temperature gradient above the core (Hirose 
et al., 2013), which will induce phase H and possibly β-stishovite 
to dehydrate as crust stagnates at the CMB. Reaction of released 
water with the iron-metal of the core may add hydrogen to the 
outer core if it is undersaturated or crystallize new high-pressure 
phases such as FeO2Hx and FeH5 (Hu et al., 2016; Liu et al., 2017; 
Mao et al., 2017; Nishi et al., 2017; Pepin et al., 2017; Mao and 
Mao, 2020; Hu and Mao, 2021). Production of hydrous partial melt 
and iron hydride phases have both been shown to provide plausi-
ble explanations for the observed seismic anisotropy (Kendall and 
Silver, 1996) and anomalously slow P-wave velocities (Williams 
and Garnero, 1996) at the base of Earth’s mantle. Thus, these fea-
tures may be a hallmark of H2O subducted from the surface to the 
core-mantle boundary, with hydrous SiO2 phases the key hosts for 
transporting H2O from the upper mantle into the lower mantle.
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