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A B S T R A C T

The lower mantle is believed to contain much less hydrogen (or H2O) because of the low storage capacity of the
dominant mineral phases, such as bridgmanite and ferropericlase. However, possible hydrogen storage in the
third most abundant mineral in the region, CaSiO3 perovskite (Ca-Pv), is not well unknown. We have synthesized
Ca-Pv from different starting materials with varying H2O contents at 19–120 GPa and 1400–2200 K in laser-
heated diamond-anvil cell. While cubic perovskite structure is stable at the mantle-related pressures-tempera-
tures (P−T) in anhydrous systems, we found non-cubic diffraction peak splitting in Ca-Pv even at high tem-
peratures when it is synthesized from hydrous starting materials. In-situ high-pressure infrared spectroscopy
showed OH vibration possibly from Ca-Pv. The unit-cell volume of hydrothermally synthesized Ca-Pv is sys-
tematically smaller than that of anhydrous Ca-Pv at high pressures. These observations suggest possible H2O
storage in Ca-Pv at mantle-related P−T conditions. We also found the formation of separate δ–AlOOH and Ca-Pv
phases from Al-bearing CaSiO3 glass starting materials in an H2O medium at 60 GPa and 1400 K. Ca-Pv still
showed non-cubic peak splitting at high temperatures in this experiment. Therefore, it is possible that hydrous
phases may coexist together with hydrous Ca-Pv in the lower mantle.

1. Introduction

The capabilities of mantle silicate minerals to store OH are the keys
to understand the possible existence and concentration of hydrogen in
the deep mantle. High-pressure experiments have shown that some
nominally anhydrous minerals (NAMs) can store significant amounts of
hydrogen in the mantle. For example, olivine and garnet in the upper
mantle can store ∼200 ppm H2O (Smyth et al., 2006), while wadsleyite
and ringwoodite in the mantle transition zone can contain up to 3 wt. %
H2O (Inoue et al., 1995; Ye et al., 2010). The amount of hydrogen in the
lower mantle has not been well constrained, despite the fact that the
lower mantle represents about 55% of the Earth's volume. The most
dominant mineral, bridgmanite, seems to store less than 200 ppm H2O
(Bolfan-Casanova et al., 2000), and ferropericlase can contain no more
than 20 ppm water (Bolfan-Casanova et al., 2003). These results lead to
a view that the lower mantle is much more dry than the layers above
(Bolfan-Casanova et al., 2003; Panero et al., 2015).

However, CaSiO3 perovskite (Ca-Pv), the third most abundant phase

in the lower mantle (Kesson et al., 1998), has not been well studied for
possible H2O storage. Murakami et al. (2002) reported 0.4 wt. % H2O in
Ca-Pv synthesized from a pyrolitic multi-component system under H2O
saturated conditions. However, later reports have suggested possible
existence of hydrous phases in the samples synthesized under similar
conditions and therefore possible contamination of OH signal from
those hydrous mineral phases (Bolfan-Casanova, 2005). Recently from
textural and compositional observations based on quenched samples,
Németh et al. (2017) inferred possible solubility of H2O in Ca-Pv.
However, they could not find any evidence for OH mode in their in-
frared spectra (IR) of the recovered samples.

Ca-Pv has been consistently shown to be unstable at 1 bar and
convert to glass (Wang et al., 1996; Shim et al., 2000b; Chen et al.,
2018). This property makes the high-precision characterization and
quantification of H2O very difficult for Ca-Pv, because such techniques,
for example Thermo-Gravimetric Analysis (TGA) and Secondary Ion
Mass Spectrometry (SIMS), are normally not applicable for the samples
in a high-pressure apparatus. In situ high-pressure measurements are
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possible in IR spectroscopy. However, the technique has not been ap-
plied for estimation of H2O in the samples under high pressure as much,
because of larger uncertainties, such as background signal from dia-
mond anvils.

Another important hydrogen storage to consider in addition to
NAMs (such as bridgmanite, ferropericlase, and Ca-Pv) is a series of
hydrous phases found in recent experiments (see reviews in Ohtani,
2015), such as phase egg (Eggleton and Ringwood, 1978), δ–AlOOH
(Sano et al., 2008), phase D (Frost and Fei, 1998), phase H (Nishi et al.,
2014) and FeOOH (Gleason et al., 2013; Liu et al., 2017; Nishi et al.,
2017). Although their high-temperature stability is still under in-
vestigation (Sano et al., 2008; Nishi et al., 2014; Duan et al., 2018), it is
uncertain if they can be stabilized in the presence of NAMs and if lower-
mantle NAMs can contain hydrogen.

In order to understand possible storage of hydrogen in Ca-Pv in a
form of OH, we have conducted high-pressure synthesis of Ca-Pv with a
range of starting materials with varying amount of H2O. Although the
exact quantification of H2O stored in Ca-Pv remains challenging, we
found a line of evidence which can support possible H2O storage in Ca-
Pv.

2. Experimental methods

We have prepared three different materials as starting materials of
the laser-heated diamond-anvil cell (LHDAC) experiments. We synthe-
sized CaSiO3 glass using the laser levitation method (Tangeman et al.,
2001). Xonotlite was synthesized from CaO, SiO2 (Alfa-Aesar), and
water at 1 GPa and 500 °C using a piston cylinder apparatus at the
Depth of the Earth lab of Arizona State University (ASU) (Shaw et al.,
2000). We confirmed the composition of the synthetic xonotlite to be
pure CaSiO3 in 2010F (JEOL) electron microprobe. We used natural
sample for suolunite from Quebec, Canada. The crystal structures and
purity of the suolunite and xonotlite samples were also examined with
synchrotron X-ray diffraction at 13IDD beamline of the GeoSoilEnvir-
oConsortium for Advanced Radiation Sources (GSECARS) sector at the
Advanced Photon Source (APS). Xonotlite, Ca6Si6O17(OH)2, contains
2.5 wt. % H2O, and suolunite, Ca2(H2Si2O7)⋅H2O, contains more than
13 wt. % H2O (Ma et al., 1999; Shaw et al., 2000). The diffraction
patterns are in good agreement with the reported diffraction patterns of
these minerals (Ma et al., 1999; Shaw et al., 2000).

These three different starting materials were separately powdered.
Each of them is mixed with 10wt. % Pt for the internal pressure stan-
dard (Ye et al., 2017) and laser coupling. The powder mixtures are then
cold-compressed to thin foils. A thin foil was loaded into the sample
chamber made in a Re gasket. Several spacers less than 10 μm from pure
samples were placed below and above the sample foil to form a layer of
Ne or Ar (for xonotlite and suolunite starting materials) or H2O (for
glass + water mixture) between sample and diamond anvils for thermal
insulation. Neon was loaded as a pressure medium in the the gas-
loading system at GSECARS (Rivers et al., 2008). Argon was cryo-
genically loaded at ASU. The experimental runs we made are listed in
Table 1. They all produced pure Ca-Pv except for run al211 where we
observed Ca-Pv and δ-AlOOH.

We measured X-ray diffraction (XRD) patterns in the LHDAC at
beamline 13ID-D in the GSECARS sector (Prakapenka et al., 2008) and
beamline 16ID-B in the High Pressure Collaborative Access Team
(HPCAT) sector (Meng et al., 2006) at the APS. The focus sizes of the
monochromatic X-ray beams were 3×4 and 5×6 μm2 at GSECARS and
HPCAT, respectively, at the samples. Diffraction patterns were collected
using a Mar-CCD detector.

Two near-infrared laser beams (∼1 μm wavelength) were focused
on both sides of the sample through two opposite sides of DAC with a
hot spot size-> diameter of 20–25 μm at synchrotron beamlines. The
laser beams were aligned coaxially with the X-ray beam before laser
heating. We used X-ray wavelength of 0.4959 or 0.4066 Å.
Temperatures were calculated by fitting the thermal radiation spectra

from both sides of the sample to the Planck equation after subtracting
backgrounds.

In a typical experiment, we compressed the sample to target pres-
sures at 300 K, and then conducted laser heating. Xonotlite and suolu-
nite amorphize below 40 GPa during cold compression to target pres-
sures. We increased the laser power quickly to reach the target
temperatures between 1400 and 2300 K in less than 1min to avoid the
formation of possible metastable structures. Ca-Pv formed within 1min
upon heating above 1400 K and diffraction patterns of Ca-Pv remained
essentially the same with further heating. After heating, room-tem-
perature diffraction patterns were also acquired on the heated spot at
each target pressure. We also measured diffraction patterns at different
spots around the heating spots.

We integrated 2D diffraction images in the Dioptas package
(Prescher and Prakapenka, 2015). We performed phase identification
and peak fitting using a pseudo-Voigt profile shape function in PeakPo
(Shim, 2017). The data obtained from the GSECARS and HPCAT
beamlines agreed well with each other.

A separate CO2 heating experiment was conducted to prepare Ca-Pv
samples for infrared spectroscopy measurements using a heating system
at ASU. For the CO2 heating, we did not load any laser coupler because
silicates can couple directly with CO2 laser. For this experiment, Ar was
cryogenically loaded as a medium in a DAC. A ruby chip was loaded at
the edge of the sample chamber for pressure measurements but away
from the sample foil in order to avoid any chemical reaction. We
compressed the samples with type-II diamond anvils and focused a CO2
laser beam on the sample foil in the DAC. Single-sided heating was
conducted at 1400 K. The diameter of the laser heating spot was ∼50
μm. Temperatures were calculated by fitting the measured thermal ra-
diation spectra to the Planck equation from one side of the sample after
the subtracting backgrounds from optics in the system. Pressure was
measured from ruby fluorescence line shift or the first-order Raman
mode from the tips of the diamond anvils (Mao et al., 1978; Akahama
and Kawamura, 2006).

The sample we synthesized using CO2 laser heating was then
transported to the beamline 1.4 of the Advanced Light Source (ALS) for
IR measurements. The sample was in DAC and still under high pressure.
We used a Nicolet Magna 760 FTIR spectrometer with a custom mi-
croscope and a HgCdTe detector. The spectral resolution of the system
is 4 cm−1. The spectra were measured over 256 scans.

For the analysis of the IR spectra, we fit the OH band with pseudo-
Voigt profile shape function in the LMFIT package (Newville et al.,
2015) for the positions and the widths. We estimated the content of
H2O from the IR spectra using the Paterson's method (Paterson, 1982):

=C X k v
v

dv
150

( )
3780

,i
H O2 (1)

Table 1
Conditions of the high-pressure experimental runs. SM: starting materials, Suo:
Suolunite, Xon: Xonotlite, Gla: CaSiO3 glass, Al-Gla: 0.95CaSiO3 ⋅0.05Al2O3
glass, Tet: Tetragonal, Cub: Cubic, Medium: Pressure Medium, P: Pressure, T:
Temperature, *: CO2 heating for IR spectroscopy measurements, Str: crystal
structure.

Run SM Product Str. Medium P (GPa) T (K)

x231 Xon Ca-Pv Cub Ne 115 2000–2600
x310 Xon Ca-Pv Cub Ne 31 1300–1700
s320 Suo Ca-Pv Tet Water 30 1700
s111* Suo Ca-Pv Tet Ar 19 1400
s110 Suo Ca-Pv Tet Ne 60 1300–2100
s431 Suo Ca-Pv Tet Ne 45 1500–2200
s332 Suo Ca-Pv Tet Ne 120 2300
s411 Suo Ca-Pv Tet Ne 60 2000–2300
g211 Gla Ca-Pv Tet Water 30 1400
g320 Gla Ca-Pv Tet Water 60 1400–1600
al211 Al-Gla Ca-Pv + AlOOH Tet Water 60 1400
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where CH2O is H2O content in ppm and Xi is the density factor for Ca-Pv,
which we used 2127. Xi=106× (18/2d), where d is the mineral den-
sity in g/l. We used a value of 4.23 g/cm3 for the density of Ca-Pv based
on extrapolated unit-cell volume at 1 bar (Shim et al., 2002). Although
we obtain relatively accurate thickness at 1 bar (12 μm), the thickness is
the major uncertainty source at high pressure (we discuss this later).
Combined with the limited pressure range for the IR measurements
(0–19 GPa), the assumed density above does not contribute to the es-
timation of H2O content as much. ζ is the crystal orientation factor and
in this case we used 1/3, assuming that the Ca-Pv crystals are randomly
oriented in the DAC. k(v) is absorption coefficient for infrared band in
cm−1. v is the wavenumber of the OH band.

3. Result and discussion

Previous experimental and theoretical studies have found that Ca-Pv
has a tetragonal perovskite structure at low temperatures and high
pressures (Stixrude et al., 1996; Shim et al., 2002; Kurashina et al.,
2004). However, Ca-Pv undergoes a phase transition from tetragonal to
cubic at ∼500 K and the cubic structure is stable at higher temperatures
relevant to those expected for the mantle (Kurashina et al., 2004; Chen
et al., 2018). In our experiments on the xonotlite starting material with
2.5 wt. % H2O, Ca-Pv showed a relatively sharp 200pc peak (subscript
“pc” means Miller index of a pseudo-cubic unit cell) in the unrolled
diffraction images (Fig. 1a). Upon temperature quench at high pres-
sures, the peak broadens severely, consistent with the peak splitting
effect expected for the cubic to tetragonal transition (Kurashina et al.,
2004; Chen et al., 2018).

In the experiments with the suolunite starting materials with a
larger H2O content (13 wt. %), Ca-Pv showed clear peak splitting of the
200pc line even at 1800 K in a Ne pressure transmitting medium (Fig. 1b
and d). Because of the limited resolution, it is difficult to conclusively

assign to tetragonal distortion and rule out the possibility of a lower
symmetry structure. However, the diffraction spots can be largely
aligned to two diffraction features in the figure and therefore we ten-
tatively assign tetragonal for the distorted structure observed for Ca-Pv.
Upon temperature quench at high pressure, the peak splitting remains
in the diffraction patterns.

We further increased the amount of H2O in the sample chamber by
loading water as a medium. Although the temperatures we can reach
were lower than those we achieved for the suolunite runs likely because
of the H2O melting, the peak splitting was also found in this H2O sa-
turated experiments as shown in Fig. 1c. The diffraction spots are more
clearly aligned to two diffraction lines, supporting our assignments of
the structure to a tetragonal structure. H2O in solid state may develop
deviatoric stress when it is used as a medium (Wolanin et al., 1997).
However, we note that the splitting was observed at temperatures very
close or even higher than the melting of H2O ice (Lin et al., 2004;
Schwegler et al., 2008). Therefore, it is unlikely that the deviatoric
stress plays a role for the observation of the peak splitting at high
temperature. We also note that the high-temperature peak splitting of
Ca-Pv was also found in a Ne medium in our suolunite experiments.

The importance of this observation is that tetragonal Ca-Pv remains
stable even at temperatures much higher than 500 K previously re-
ported for the phase transition to cubic structure (Kurashina et al.,
2004). In fact, the stability of tetragonal structure was observed at
temperatures related to the subducting slabs and even the normal
mantle in our experiments when H2O is present in the system (Table 1).

Because the only difference from previous experiments of cubic Ca-
Pv (Kurashina et al., 2004; Chen et al., 2018) is the presence of H2O, we
interpret that the different structural behavior of Ca-Pv at high tem-
perature, i.e., stability of non-cubic distorted perovskite structure, as a
sign of H2O incorporation in the crystal structure of Ca-Pv. The reason
that Ca-Pv synthesized from xonotlite (with the lowest H2O content

Fig. 1. In-situ X-ray diffraction data of Ca-Pv synthesized
from hydrous starting materials at high pressure and high
temperature. Unrolled diffraction images for the 200pc line
of Ca-Pv synthesized from (a) xonotlite (2.5 wt.% H2O) at
30 GPa and 2000 K, (b) suolunite (13 wt.% H2O) at 40 GPa
and 1800 K, and (c) CaSiO3 glass + H2O (H2O saturated
condition) at 48 GPa and 1400 K. We observed clear peak
splitting for the 200pc line of Ca-Pv with H2O rich starting
materials. An integrated 1D diffraction pattern of (b) is
shown in (d) for a wider 2θ angle range. The cyan high-
lighted area in (d) is shown in (b). In (d), the vertical ticks
are the calculated peak positions expected for cubic Ca-Pv
(c-Ca-Pv), platinum (Pt; laser coupler), neon (Ne; pressure
medium), and rhenium (Re; gasket material). We also pro-
vided the H2O contents of the starting materials (SM) used
for the synthesis.
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among our starting materials) does not show detectable distortion could
be: there was not enough amount of H2O incorporated into Ca-Pv, so
that little to no distortion was made for the crystal structure at high
temperatures. It is also possible that the distortion exists even for Ca-Pv
synthesized from xonotlite but it results in only subtle splitting below
the detection level of the diffraction setup we used. In Fig. 1a, peak
splitting can be inferred from a few dots in the unrolled diffraction
image but it is difficult to conclude the existence of the distortion in the
case of the xonotlite runs. However, Fig. 1a–c shows that the peak
splitting becomes clearer with an increase in the amount of H2O in the
starting material.

Infrared (IR) spectroscopy is sensitive to the trace amount of OH
incorporated into the structure of materials and method has been de-
veloped for estimating the amount of H2O exists in the materials, such
as Paterson's method (Paterson, 1982). For IR measurements, we per-
formed CO2 laser heating on the suolunite starting material in an Ar
medium at 19 GPa and 1400 K. The X-ray diffraction patterns from the
sample shows successful conversion of the starting material to Ca-Pv at
beamline 12.2.2. of the Advanced Light Source. Because CO2 laser
couples directly with silicates, we did not include platinum metal for
laser coupling, which enhances the quality of the measured IR spectra.
After laser heating and XRD measurements, we conducted IR mea-
surements at in situ high pressure. We found an intense broad band at a
wavenumber range of 3100–3600 cm−1 from the heated area as shown
in Fig. 2a. The band position shifts to a lower frequency with an in-
crease in pressure (Fig. 2b). The peak position is different from that of
the OH mode in H2O ice (Goncharov et al., 1996) at pressures above
5 GPa. Therefore, the mode is likely from Ca-Pv, suggesting possible
incorporation of OH in the crystal structure of Ca-Pv. Because we do not
know the exact amount of H2O in Ca-Pv (although we estimated below),
it is difficult to rule out the possibility of some contribution of H2O
released from the starting material to the observed IR intensity. This
might explain the broadness of the OH band we found in this study.
However, the distinct wavenumber position of the observed OH modes
suggests more contributions of OH vibration other than H2O ice, pos-
sibly from Ca-Pv.

The negative shift of the OH phonon frequency has been observed in
high pressure ice and was attributed to the symmetrization of the OeH
bond (Goncharov et al., 1996). The symmetric OeH bonding would
have a centered hydrogen in between two oxygen atoms. Therefore, the
possible transition from (more) symmetric to asymmetric HeOeH
could be responsible for the increase in wavenumber of the OH mode
(therefore strengthening OeH bonding) during decompression we ob-
served for the Ca-Pv sample.

It is notable that the OH mode frequency becomes similar to that of
the OH mode from H2O near 1 bar (Fig. 2). Ca-Pv transforms into a glass

state at about 1 GPa (Wang et al., 1996). It is possible that the storage
capacity of CaSiO3 glass may be smaller than that of Ca-Pv and there-
fore H2O could be released during amorphization at pressures lower
than 1 GPa. However, at 1 bar we have very little intensity in the OH
region of the IR spectra (Fig. 2). The observation suggests that the H2O
possibly released from the sample may be evaporated as we opened the
diamond-anvil cell for the recovery measurements. We attempted to
calculate the H2O content of Ca-Pv from the high-pressure IR using the
Paterson method (Paterson, 1982). The absorbance was obtained after
subtracting the background spectra which was measured for the Ar-only
spots in the DAC sample chamber.

We obtained an H2O content of 0.5–1 wt. %. The Paterson's method
has been mostly applied to IR spectra measured at room temperature
and pressure (Bolfan-Casanova, 2005). We found that the application of
the method to high pressure data measured in LHDAC is challenging.
The most notable uncertainty comes from the thickness of the sample.
The thickness of the sample foil was approximately 20 μm before
compression and was approximately 12 μm after pressure quench.
Therefore, our estimation assumed a thickness of 10–20 μm for the
sample at high pressures. A smaller thickness might overestimate the
H2O content from the Paterson's equation (Paterson, 1982).

Another possible uncertainty source in our measurements is H2O
released from the starting material during the laser heating if not all
H2O is incorporated into the crystal structure of Ca-Pv. When H2O is
released as a liquid phase, it can disperse into the pressure medium and
also grain boundaries of Ca-Pv. Fraction of H2O dispersed outside of the
heating spot to the medium or grain boundaries outside of the heated
area would not contribute to the IR intensity we measured. However,
the fraction of H2O remained along the path of our IR beam would
contribute to the IR intensity of the observed OH band. From this
possibility, our estimation can be regarded as upper bound for the H2O
storage capacity of Ca-Pv.

Some degree of dissolution of the CaAlO2.5 component in Ca-Pv has
been found in previous high pressure experiments (Bläß et al., 2007).
Furthermore, incorporation of H2O through Al3+ + H+→ Si4+ has
been considered for mantle silicates (Pawley et al., 1993; Navrotsky,
1999; Litasov et al., 2003, 2007). Therefore, we also conducted ex-
periments on aluminum bearing CaSiO3 glass (0.95CaSiO3⋅0.05Al2O3)
in an H2O medium. With laser heating to 1700 K at 47 GPa (Fig. 3), Ca-
Pv peaks appeared immediately. Similar to the case of the experiments
with the suolunite and glass + H2O starting materials, we found the
splitting of the 200pc peak at high temperatures (inset of Fig. 3a). In this
experiment, a few weak but clear extra lines appeared within 10min of
laser heating. They can be well indexed as the lines of δ-AlOOH as
demonstrated in Fig. 3a.

In the diffraction patterns we measured for the recovered samples of

Fig. 2. (a) Infrared spectra of the OH band from the
Ca-Pv samples synthesized from the suolunite staring
material in an Ar medium at 19 GPa and 1700 K. We
measured IR spectra at different pressures during
decompression. (b) We compare the observed wa-
venumber of the OH band from the Ca-Pv sample
with the IR active OH band from H2O ice reported in
Goncharov et al. (1996).
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the run, the diffraction peaks of δ-AlOOH remain visible. In contrast, we
found no diffraction peaks from Ca-Pv. δ-AlOOH is known to be
quenchable to 1 bar (Suzuki et al., 2000), while Ca-Pv is known to
transform to glass with decompression (Wang et al., 1996; Shim et al.,
2000b).

Ca-Pv is known to accommodate Al into the crystal structure up to
10 wt. % (Gréaux et al., 2011). However, Al forms a separate hydrous
phase under H2O saturated conditions in our experiments. It is also
important to point out that Ca-Pv may contain H2O at the same time,
inferred from the peak splitting at high temperatures. This observation
indicates that the existence of H2O can change the partitioning behavior
of Al in CaO–SiO2–Al2O3, in which δ–AlOOH is favored rather than
forming a solid solution between CaSiO3 and Al2O3. This observation
also indicates that the Al3+ + H+→ Si4+ substitution is not en-
ergetically favorable in the Ca-Pv system.

It is of interest to know the substitution mechanism of H in Ca-Pv.
Because Ca-Pv is not quenchable, this question is challenging to ad-
dress. From the Al-bearing glass experiments above, we can at least
argue that Al3+ + H+→ Si4+ would not play an important role for Ca-
Pv. For dense pure SiO2 polymorphs, Si4+→ 4H+ has been suggested
(Spektor et al., 2011). In this case, the repulsion between 4H atoms in
the octahedral site could increase the volume of the octahedra in the
structure. In fact, it has been consistently observed that H2O in-
corporation increases the unit-cell volume of SiO2 (Spektor et al., 2011,
2016; Nisr et al., 2017b,a).

We measured the XRD patterns of Ca-Pv (Al free) synthesized from
suolunite starting material in a Ne medium at 300 K during decom-
pression. In this measurement, we measured diffraction patterns from
multiples of spots in the sample, including the center of heating spots,
the edge of heating spots, and in between. The dataset also contains
diffraction patterns from spots obtained from high temperature heating
runs to low temperature heating runs. Because the space group of Ca-Pv
is controversial (Stixrude et al., 1996; Shim et al., 2002; Caracas et al.,

2005; Jung and Oganov, 2005) and it is possible that H2O incorporation
can alter the crystal structure, we tentatively fit the patterns to the
tetragonal P4/mmm cell (Shim et al., 2002). We plot the unit-cell vo-
lume data together with the compressional curve of anhydrous Ca-Pv
from Chen et al. (2018) in Fig. 4. We found unusually high data scatter
in the volume dataset. Most of the unit-cell volumes are systematically
smaller than those of the anhydrous Ca-Pv throughout the pressure
range we measured.

Some degree of the data scatter can originate from the deviatoric
stress (Shim et al., 2000a). However, our experimental setup including
a Ne medium is almost identical to the quasi-hydrostatic measurements
of Chen et al. (2018). Such high data scatter was not observed in Chen

Fig. 3. (a) In-situ X-ray diffraction patterns of Ca-Pv and δ-
AlOOH formed from the 0.95CaSiO3⋅0.05Al2O3 + H2O
starting mixture at 47 GPa and 1700 K. The inset in (a)
shows the clear peak splitting of the 200pc line of Ca-Pv. We
also present diffraction pattern from the quenched sample
of the experimental run in (b). The vertical ticks are the
calculated peak positions expected for cubic Ca-Pv (c-Ca-
Pv), δ-AlOOH (δ), platinum (Pt; laser coupler), and H2O ice-
VII (Ice-VII; medium). The unit-cell volume for δ–AlOOH is
56.4(1) Å3 at 1 bar, which is in good agreement with the
reported value, 55.97 Å3 (Kudoh et al., 2004), considering
the quality of diffraction patterns we obtained from a very
small amount of δ-AlOOH. The wavelength of the X-ray
beam is 0.4066 Å.

Fig. 4. The unit-cell volumes of Ca-Pv synthesized from H2O-bearing starting
material, suolunite at high pressure. For comparison, we plot the compressional
curve of anhydrous Ca-Pv reported by Chen et al. (2018).
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et al. (2018). The systematically smaller volume together with high-
temperature peak splitting may indicate the incorporation of H2O in the
crystal structure of Ca-Pv. If so, it is feasible that the unit-cell volume of
Ca-Pv changes with degree of hydration. The degree of hydration in
NAMs could decrease with temperature (Demouchy et al., 2005). Given
the fact that we measured unit-cell volumes from spots with heating to
different temperatures, the data scatter could originate from different
degree of hydration in Ca-Pv by temperature differences. While there
are some data points slightly above the compressibility curve of anhy-
drous Ca-Pv in the dataset (Fig. 4), it is possible that those data points
are contaminated with locally existing deviatoric stresses. Even if we
take the amount of the offset of those larger volume data points as
uncertainty, the shifts of the majority of data points can be regarded as
significant.

If the dataset we presented in Fig. 4 indicates that H2O incorpora-
tion can decrease the unit-cell volume of Ca-Pv, the substitution me-
chanism proposed for hydrous stishovite (Si4+→ 4H+) is unlikely. The
reason is the direct substitution suggested results in an increase in the
unit-cell volume of stishovite (Spektor et al., 2011; Nisr et al., 2017b,a)
rather than decrease which is observed in our dataset for Ca-Pv. Also,
stability of the tetragonal distortion at high temperatures could mean
that hydrous Ca-Pv may have a larger magnitude of the structural de-
viation from the ideal cubic perovskite structure. Considering that si-
licate perovskite distortion is from the rigid body tilting of the SiO6
octahedra (Woodward, 1997; Chen et al., 2018), and such rigid body
tilting could be induced by mismatch of the larger cations in the A site
(Ca for CaSiO3 perovskite), it is possible that Ca defects might play an
important role for the case of Ca-Pv. Such defects will have large impact
for the unit-cell volume because of the size of Ca2+ ion and therefore
will decrease the unit-cell volume substantially. In a natural CaTiO3
perovskite sample, an IR study showed OH modes at 3320–3390 cm−1

at 1 bar (Beran et al., 1996). The reported IR mode frequency is very
similar to that of the OH band we found for CaSiO3 perovskite at 0.65
GPa (Fig. 2). Beran et al. (1996) interpreted that the IR signatures of
CaTiO3 perovskite is consistent with Ca vacancies.

Yet, in order to understand the substitution mechanism involving H,
it is important to conduct more spectroscopy measurements. It would
be also very useful to conduct density functional theory calculation to
understand the substitution mechanism and energetics of different
possible substitution mechanism in Ca-Pv involving H. Such attempts
should be able to explain some key observations we made in this study:
(1) the high-temperature stability of tetragonal distortion in hydrous
Ca-Pv; (2) the frequency of the observed OH vibration from hydrous Ca-
Pv and its high-pressure behavior; (3) the phase separation found in Al-
bearing system (i.e., formation of δ-AlOOH from CaSiO3⋅Al2O3); and (4)
the reduction in the unit-cell volume of Ca-Pv by hydration.

4. Implications

For the bulk lower mantle, the two major mineral phases, bridg-
manite and ferropericlase, appear to have very limited storage capacity
for H2O at less than 200 ppm water (Panero et al., 2015; Bolfan-
Casanova et al., 2002, 2003). We observed that the crystal structure and
properties of Ca-Pv are severely affected by presence of H2O in the
starting materials. Furthermore, IR may support the incorporation of
OH in Ca-Pv. The unit-cell volume behavior and the distortion indicate
that the amount of H2O in Ca-Pv could be much larger than a few tens
to hundreds of ppm. Our IR estimation shows that the content could be
up to 0.5–1 wt. % H2O. If such an estimate is correct, Ca-Pv could be so
far the most H2O rich mineral among the NAMs in the lower mantle. We
can also infer from our experiment that Ca-Pv would be an important
H2O storage candidate for Earth-like exoplanets with sufficient sizes. In
fact, some stars have elevated Ca/Mg ratios, which can raise the
amount of Ca-Pv in the Earth-like planets around those stars (Hinkel
and Unterborn, 2018). The amount of Ca-Pv expected for the sub-
ducting mid-oceanic ridge basalt (MORB) is much higher (35 wt. %)

(Hirose et al., 2005). Therefore, if the H2O storage capacity of Ca-Pv is
high, as suggested by our experimental observations, Ca-Pv in MORB
could be the major source for deep water circulation.

We found that the partitioning behavior of Al is sensitive to the
presence of H2O in the system for CaO–Al2O3–SiO2. We showed that Al
comes out of the CaSiO3⋅Al2O3 starting material and form δ-AlOOH
when H2O is present in the system. Similar behavior was also docu-
mented for bridgmanite with H2O where Al-bearing phase H was ob-
served (Ohira et al., 2014). Therefore, these results demonstrate a sig-
nificant change in the partitioning of Al in the lower mantle when H2O
exists as a chemical component in the system.

5. Conclusion

We showed experimentally that the crystal structure and some
properties of Ca-Pv are different in H2O bearing systems,
CaO–SiO2–H2O and CaO–SiO2–Al2O3–H2O. Tetragonal Ca-Pv structure
remains stable at high temperatures unlike the case of anhydrous Ca-Pv.
The unit-cell volume of Ca-Pv synthesized from hydrous starting ma-
terials is systematically smaller than anhydrous Ca-Pv and appears to be
sensitive to degree of hydration. While challenging, our IR suggests that
OH exists in the crystal structure of Ca-Pv and the amount can be
0.5–1.0 wt. %. In CaO–SiO2–Al2O3–H2O, Al forms a separate hydrous
phase, δ-AlOOH, instead of remaining in Ca-Pv. For that experiment,
Ca-Pv still showed the stability of tetragonal perovskite structure at
high temperature, suggesting possible hydration of Ca-Pv. For more
conclusive evidence for H2O in Ca-Pv, it is desirable to develop reliable
H2O probe capable of measurements at in-situ high pressure, because of
the instability of Ca-Pv at 1 bar. Density functional theory studies could
be particularly useful for understanding possible H substitution me-
chanisms for Ca-Pv and our data would provide some useful properties
to cross examine the results. It is also intriguing that the tetragonal Ca-
Pv can be stabilized over cubic Ca-Pv in the hydrous lower mantle re-
gions. If the tetragonal distortion develops sufficient anisotropy, it
could be a useful property to seismologically investigate possible hy-
drated regions in the lower mantle.
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