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and Al-rich phase D: Implications for water storage in the deep mantle
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ABSTRACT

High-quality single crystals of Al-bearing stishovite and Al-rich phase Dwere analyzed using X-ray
diffraction, high-temperature Raman, and FTIR spectroscopy. The samples were synthesized in the
MgO-SiO2-Al2O3-H2O system at 25 GPa, 1350–1600 °C. The results demonstrate that Al-bearing
SiO2 glass formed by the amorphization of stishovite under high-temperature conditions can incorpo-
rate water in the form of hydroxyl groups, with a concentration of at least several hundred ppm H2O by
weight. Al3� prefers to enter the crystal structure of phase D by substituting for Si4� in the M2 site.
Since Al3� can be charge-balanced by H�, the Al-rich phase D may have a higher water storage capac-
ity than pure Mg-phase D. Raman and infrared spectral features of Al-rich phase D at ambient temper-
ature can still be observed up to 350 °C. This indicates that, compared to pure Mg-phase D, Al-rich
phase D maintains stability at higher temperatures. Al-rich silicate glass formed by the amorphization
of phase D under high-temperature conditions can also retain water in the form of hydroxyl groups. In
the deep mantle, Al-rich silicate glasses and Al-bearing SiO2 glasses may serve as potential reservoirs
of water (hydrogen) in high-temperature regions beyond the ideal stability fields of dense hydrous
magnesium silicates and high-pressure SiO2 phases.
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INTRODUCTION

Water (hydrogen) significantly influences the evolution and
dynamics of the Earth’s interior (e.g., Kohlstedt 2006; Ohtani
2015; Williams and Hemley 2001). Numerous experimental
studies have shown that certain constituent minerals in the deep
mantle possess a considerable water storage capacity. For
instance, wadsleyite and ringwoodite in themantle transition zone
can accommodate a large amount of water (up to 2–3 wt% H2O)
in their crystal structures (e.g., Demouchy et al. 2005; Inoue et al.
1995; Smyth et al. 1997). In addition, natural ringwoodite with
1.4 wt% H2O was found as an inclusion in a diamond, revealing
that the mantle transition zone, at least locally, is wet (Pearson
et al. 2014). According to previous investigations on ocean-island
basalt (OIB), the source rocks that originated in the lower mantle
are commonly water-rich (Dixon et al. 2002; Saal et al. 2002;
Pamato et al. 2015). This implies that a suitable host of water also
exists in the lower mantle.

Stishovite can be a significant constituent mineral in the
subducting oceanic crust, accommodating a substantial amount
of water (e.g., Pawley et al. 1993; Chung andKagi 2002; Bolfan-
Casanova et al. 2009; Spektor et al. 2011, 2016; Lin et al. 2020).
Various evidence from studies on the mineralogy and composi-
tion of the lower mantle supports the existence of this material in
the lower mantle (e.g., Stachel et al. 2005; Kaminsky 2012;
Litvin et al. 2014; Chen et al. 2020; Deschamps 2024). Although

stishovite may contain weight percent levels of H2O under cer-
tain conditions (e.g., Nisr et al. 2017; Lin et al. 2022),
recent time-resolved measurements at constant temperatures have
shown that the dissolution of water in stishovite is a metastable
phenomenon. Therefore, in crustal materials subducting into
the lower mantle, stishovite is unlikely to retain >1 wt% of H2O
as a stable phase (Takaichi et al. 2024). FTIR investigations of
stishovite samples synthesized at 20–28 GPa and 1200–2100 °C
(Litasov et al. 2007; Ishii et al. 2022; Purevjav et al. 2024) indi-
cated that the incorporation of Al3� into stishovite may enhance
its water storage capacity. The maximum water contents of
Al-bearing samples can be about 3000wt. ppmH2O (Litasov et al.
2007). By contrast, the water content of Al-free stishovite samples
is below 521 wt. ppm H2O (Purevjav et al. 2024).

High-pressure and high-temperature experiments have
shown that dense hydrousmagnesium silicates (DHMS), such as
phase A, phase E, superhydrous phase B, phase D, and phase H,
can be significant water carriers in subducting slabs (e.g., Frost
and Fei 1998; Ohtani et al. 2004; Ohtani 2005; Tsuchiya and
Umemoto 2019; Zhang et al. 2019). Among these DHMS, phase
D (Liu 1986, 1987; Yang et al. 1997) is stable in the mantle tran-
sition zone and at least the shallow parts of the lower mantle
(e.g., Shieh et al. 1998; Shinmei et al. 2008; Ghosh and Schmidt
2014; Nishi et al. 2014). At 24 GPa, the maximum thermal sta-
bility of phase D is between 1375 and 1400 °C in theMgO-SiO2-
H2O system, but 1600 °C in the MgO-Al2O3-SiO2-H2O system.
At higher temperatures, phase D is expected to melt, producing a
magnesian-rich hydrous melt at the topmost lower mantle
(Ghosh and Schmidt, 2014). Pamato et al. (2015) indicated that
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hydrous melts formed in the lower mantle canmigrate into mafic
lithologies and crystallize to form a superaluminous phase D,
which is stable at temperatures exceeding 2000 °C at 26 GPa.

In this paper, we analyzed high-quality single crystals of
Al-bearing stishovite and Al-rich phase D using X-ray diffrac-
tion, high-temperature Raman, and FTIR analyses. The samples
were synthesized at 25 GPa and 1350–1600 °C in a MgO-SiO2-
Al2O3-H2O system. Our experimental results provide novel
insights into the structural characteristics, water contents, and
thermal stabilities of stishovite and phase D in Al-rich regions
of the deep mantle, offering new perspectives on water cycling
in the Earth’s interior.

EXPERIMENTAL METHODS

Sample synthesis
Al-bearing stishovite and coexisting bridgmanite were synthesized at 25 GPa

and 1600 °C with a long heating duration of 27 hours in a 1200-ton Sumitomo
Kawai-type multi-anvil apparatus at Bayerisches Geoinstitut, University of
Bayreuth, Germany. Sintered MgO-Cr2O3 pressure media with an octahedral edge
length of 7 mm and a LaCrO3 heater in combination with tungsten carbide anvils
with 3 mm truncation edge lengths were used (Ishii et al. 2016). Since hydrogen
may partition preferentially into melt and hydrous phases during synthesis experi-
ments (e.g., Bolfan-Casanova et al. 2003), the composition of MgSi2O5� 2 wt%
Al2O3� 1.5 wt%H2Owas prepared as the starting material to minimize the occur-
rence of melt and hydrous phases (such as phase D and phase Egg). Starting mate-
rials were mixed from high-purity MgO, SiO2, Al2O3, and Mg(OH)2 and were
sealed into a Pt capsule before being placed into the experimental assembly. After
sample synthesis, the recovered capsule was mounted in epoxy on a round glass
slide and ground to expose the run product (Online Materials1 Fig. S1). Single
crystals of Al-rich phase D were previously synthesized by a Kawai-type
(MA-8-type) high-pressure apparatus at Geodynamics Research Center, Ehime
University (Xu and Inoue 2019). The compositions of about MgAl0.7Si1.3O6H2.7

were prepared as starting materials. The samples used in this study were synthe-
sized at 25 GPa, 1350 °C and 25 GPa, 1000 °C. More details of the sample syn-
theses were reported by Xu and Inoue (2019).

Electron microprobe analysis
The chemical compositions of the coexisting stishovite and bridgmanite

(Online Materials1 Fig. S1) were examined using a JEOL 8900 electron micro-
probe with a 15 kV accelerating voltage, 5 nA beam current, 5 μm probe diameter,
using natural or synthetic standards. The chemical compositions of the phase D
samples were reported in Xu and Inoue (2019). Assuming a total sum of
100 wt%, their formula units are estimated to be Mg0.9Al0.7Si1.3O6 H2.9 (phase D
synthesized at 25 GPa and 1350 °C) andMg0.93Al0.7Si1.28O6H2.91 (phase D synthe-
sized at 25 GPa and 1000 °C), respectively.

Single-crystal X-ray diffraction
Single crystals (Fig. 1) of Al-bearing stishovite and Al-rich phase D were

respectively mounted on glass fibers and centered for X-ray diffraction analysis.
Intensity data were collected with a Bruker D8 Venture diffractometer equipped
with a Photon II detector. X-ray (calibrated radiation λ = 0.71073 Å) was generated
by a IμS 3.0 generator using a rotating Mo-anode. Crystal structures were refined
from the intensity data sets using SHELXL-2018 (Sheldrick 2018) in the package
WINGX (Farrugia 1999). Scattering factors and absorption coefficients for Mg, Si,
Al, and O from International Tables for Crystallography, Volume C (Prince 2004)
were used. The crystal structure refinement results are provided in a CIF1 within
the Online Materials1.

High-temperature raman spectroscopy
The ambient laser Raman spectra of the selected single crystals were collected

by aWITec’s confocal Raman imaging microscope (alpha300R). The spectra were
excited at 40 mW power and by a 532 nm diode-pumped solid-state laser with a
spectral resolution of 1 cm−1, using 1800 gr/mm grating. The focused laser spot
was 1 μm in diameter on the sample. All bands were recorded from randomly

oriented specimens with a 50× microscope objective, using five accumulations
with 10 s exposure time. For high-temperature measurements, the spectra were
recorded in the temperature range of 25–600 °C at 50 °C intervals by using a Lin-
kam TS1400 heating stage with a SiO2 window and a Rh/Pt thermocouple. The
single-crystal samples were placed on a sapphire substrate. At each temperature,
the samples were held for at least 15 min to attain thermal equilibrium. During data
collection, the increasing and decreasing rates of temperature were 30 °C/min and
−30 °C/min, respectively.

High-temperature FTIR spectroscopy
Doubly polished single-crystal samples were prepared for Fourier Transform

Infrared Spectrometer (FTIR) analyses. Unpolarized infrared spectra were
obtained using a Bruker INVENIO-R FTIR spectrometer with a 20× objective on
the HYPERION 1000 microscope, CaF2 beam-splitter, and a MCT detector. For
each spectrum, 128 or 256 scans were accumulated with a resolution of 2 cm−1 and
30×30 μmaperture. Themeasurements at ambient conditions were done by placing
the crystals on a KBr plate. Water contents of nominally anhydrous minerals were
estimated based on the Beer-Lambert law (e.g., Koch-Müller and Rhede 2010;
Thomas et al. 2015; Zhu et al. 2023):

CH2O = �Ai × 1.8�=�t × d × εi� (1)

where CH2O is the water content in wt% H2O, Ai is the absorbance area of the OH
band in cm−1, t is the sample thickness in centimeters, d is the sample density in
g/cm3, εi is the integral molar absorption coefficient in L/mol(H2O)/cm

−2. The
total absorbance should be the sum of the absorbance in all three polarization direc-
tions of a crystal (Libowitzky and Rossman 1997). For non-polarized infrared
spectroscopy measurements, the total absorbance can be estimated by multiplying
the absorbance of the OH bands in the infrared spectrum by a factor of three
(e.g., Libowitzky and Rossman 1996; Purevjav et al. 2024). For high-temperature
measurements, a Linkam TS1400 heating stage with a ZnSe window and a Rh/Pt
thermocouple was employed. The spectra were recorded over a temperature range
of 25 to 600 °C at 50 °C intervals. The increasing and decreasing rates of tempera-
ture were 30 and −30 °C/min, respectively. During data collection, the samples
were placed on a sapphire substrate and held at each temperature for at least
15 min to reach equilibrium.

RESULTS AND DISCUSSION

Stishovite

Our results of chemical composition analysis show that
stishovite and bridgmanite contain 1.9 and 2.5 wt% Al2O3,
respectively (Table 1). Previous studies (e.g., Smyth et al. 1995;
Litasov et al. 2007) have shown that the unit-cell volume of
stishovite increases with increasing Al2O3 content. The structure
refinement indicates that the unit-cell volume (46.86 Å3) of the
Al-bearing stishovite in this study (Table 2) is slightly larger
than that (46.46–46.51 Å3) of pure SiO2 stishovite (Smyth et al.
1995; Litasov et al. 2007). This result is in good agreement with
the previously reported data for stishovites (Smyth et al. 1995;
Litasov et al. 2007).

FIGURE 1. Single-crystal fragments of Al-bearing stishovite
(Si0.98Al0.02O2) and Al-rich phase D (Mg0.9Al0.7Si1.3O6H2.9). (Color
online.)
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At ambient temperature, the Raman spectrum of the Al-bear-
ing stishovite in this study has major bands at 228, 587, and
752 cm−1 in the wavenumber range of 100−1000 cm−1 (Fig. 2).
This is consistent with previous data (e.g., Liu et al. 1997; Spektor
et al. 2016). The infrared spectrum at ambient conditions displays
one major band at 3112 cm−1 and some additional bands at 2667,
3174, 3243, and 3317 cm−1 in the OH vibration region (Fig. 2c),
implying multiple mechanisms for H incorporation. The bands at
2852 and 2923 cm−1 (at 2852 and 2941 cm−1 in the Raman spec-
trum) indicate minor residual acetone or adhesive, which cannot
be removed by drying the sample (Litasov et al. 2007; Panero et al.
2013). The two bands at 3112 and 3174 cm−1 are very close to
each other and have identical anisotropies (Bromiley et al. 2006;
Litasov et al. 2007). They are both assigned to the H at a position
near the shortest O-O edge (2.298Å) of the octahedra (Smyth et al.
1995; Bromiley et al. 2006; Litasov et al. 2007). The strong
3112 cm−1 band can be observed in the spectra of both Al-free
and Al-bearing stishovites (Bromiley et al. 2006; Litasov et al.
2007; Purevjav et al. 2024). It is therefore expected to be associ-
ated with H�, not coupled to Al3� substitutional defect on the
adjacent octahedral site. By contrast, the 3174 cm−1 band is only
present in the spectra of Al-bearing stishovite. Thus, it can be due
to the coupled substitution of H� and Al3� on the octahedral site
(Bromiley et al. 2006). The 3317 cm−1 band is also associated
with Al3� substitutional defects, whereas it corresponds to the
vibration of hydroxyls toward interstitial sites in the crystal struc-
ture (Litasov et al. 2007). The band at 3243 cm−1 was rarely
observed in the previously reported spectra of Al-rich stishovite.
This may be related to interstitial H� associated with Si4� vacan-
cies (Bromiley et al. 2006; Litasov et al. 2007). The relatively low
wavenumber of the 2667 cm−1 band implies a strong hydrogen
bond interaction (Libowitzky 1999). Spektor et al. (2011)

suggested that this band is related to the hydrogarnet-like defect
where four H� replace one Si4� in the octahedral site. The four O
atoms around this silicon vacancy are terminated as hydroxyl. The
two remaining underbondedO atoms act as acceptors for strongH
bonds (Spektor et al. 2011, 2016).

In the Raman spectra of the Al-bearing stishovite samples
(Fig. 2b), the intense OH band at 3112 cm−1 is also observed.
The peaks (at 2850−2940 cm−1) caused by residual acetone
or adhesive (Litasov et al. 2007; Panero et al. 2013) show
markedly higher intensities in the Raman spectra compared to

TABLE 1. Experimental conditions and chemical compositions of the samples
Samplea P (GPa) T (°C) Time (h) MgO (wt%) SiO2 (wt%) Al2O3 (wt%) Total (wt%)

Stishovite 25 1600 27 – 98.39(87) 1.89(3) 100.28(84)
Bridgmanite 38.56(28) 59.06(48) 2.46(3) 100.07(68)
Phase D (sample 1) 25 1350 1 21.31(25) 43.59(42) 20.24(24) 85.14(32)
Phase D (sample 2) 25 1000 7 21.45(88) 43.94(51) 20.35(10) 85.73(177)
a The chemical compositions of the phase D samples were referred to Xu and Inoue (2019).

TABLE 2. Structural refinement details, unit-cell parameters, atomic
coordinates, and site geometry parameters for Al-bearing
stishovite

Structural refinement details

Measured reflections 745 Max. 2θ 60.1°
Unique reflections 48 Rall 0.0447
wR2 0.0825 Rw for Fo> 4σ(Fo) 0.0379
Rint 0.0398 GooF 1.254

Unit-cell parameters and space group
a c Volume Space group
4.1885(9) Å 2.6712(6) Å 46.86(2) Å3 P42/mnm

Atomic coordinates
X Y Z

Si 0 0 0
O 0.3060(7) 0.3060(7) 0

Site geometry parameters
Si-O(4) 1.762(2) Å Volume 7.4185 Å3

Si-O(2) 1.813(3) Å OAV 26.7871
Mean Si-O 1.7788 Å QE 1.0079

FIGURE 2. Representative Raman and infrared spectra of Al-bearing
stishovite at ambient conditions: (a) Raman spectrum in the wavenumber
range of 100–1000 cm−1; (b) Raman spectrum in the OH vibration region;
(c) infrared spectrum in the OH vibration region. The asterisks represent
the bands that are assigned to minor residual acetone or adhesive.
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those in the infrared spectra (Fig. 2). This may result from the
reduced interference of surface-localized contaminants on infra-
red transmitted light. As shown in Figure 2b, a series of weak
peaks can be observed in the 3400−3700 cm−1 region of the
Raman spectra. However, these peaks were not detected in either
the infrared spectra collected in this study (Fig. 2c) or those
reported in previous research (Bromiley et al. 2006; Litasov et al.
2007; Purevjav et al. 2024). Furthermore, the relative intensities,
positions, and resolutions of the Raman spectra obtained from
different sample fragments exhibit significant variations. There-
fore, they may be attributed to background interference peaks.

The water content of the Al-bearing stishovite in this study is
estimated to be∼320 wt. ppmH2O, based on the integrated molar
absorption coefficient [163 000 ± 120 000 L/mol(H2O)/cm

−2]
reported in prior literature (Pawley et al. 1993; Litasov et al.
2007). The value is very similar to that (about 370 wt. ppm

H2O) of the reported Al-bearing single-crystal sample (con-
tains 2.1 wt% Al2O3) synthesized with bridgmanite at 25
GPa and 1200 °C under hydrous conditions (Litasov et al.
2007). Unpolarized Raman and infrared spectra at ambient
conditions (Online Materials1 Fig. S2) imply that the Al-bear-
ing bridgmanite, which coexists with Al-bearing stishovite in
this study, is nearly dry.

The Raman spectra of the Al-bearing stishovite in this study
as a function of increasing and decreasing temperature in the
range of 25−600 °C are shown in Figure 3. The four Raman
bands shift continuously to lower frequencies as the temperature
increases. At the temperature of 600 °C, a significant decrease in
the intensity of the major Raman bands at 228 (ν4) and 752 cm−1

(ν2) can be observed. By contrast, a broad band at about 495 cm−1

becomes the most intense band in the Raman spectra (Fig. 3),
implying the amorphization of the Al-bearing stishovite. This

FIGURE 3. (a) Raman spectra of Al-bearing stishovite as a function of increasing and decreasing temperature at 1 atm. (b) Frequency shifts of the
Raman bands during heating (filled squares) and cooling (open squares). Error bars are provided for bands with errors exceeding the symbol size. Tem-
perature derivatives of ν1, ν2, ν3, and ν4 are estimated to be −0.025(6), −0.027(1), −0.007(4), and −0.002(1) cm−1/°C, respectively, based on data
collected during heating. The asterisk represents the band that is assigned to the sapphire substrate (Litasov et al. 2007; Panero et al. 2013). (Color online.)
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result is consistent with the high-temperature Raman scattering
investigations of pure SiO2 stishovite (e.g., Grimsditch et al.
1994; Liu et al. 1997). However, previous studies did not report
the spectral features of stishovite in the OH vibration region at
elevated temperatures.

The high-temperature FTIR analysis of the Al-bearing
stishovite in this study (Fig. 4) shows that the OH bands at
2667 (ν6), 3016 (ν4), and 3112 cm−1 (ν3) shift to lower frequen-
cies with increasing temperature. By contrast, the two weak
bands at 3243 (ν2) and 3317 cm−1 (ν1) shift to higher wavenum-
bers in the OH stretching region upon heating (Fig. 4), implying
the weakening of the hydrogen bond interactions. This phenom-
enon can be explained by the increasing O-O distances between
adjacent octahedra with increasing temperature. During heating,
the broadening of the major 3112 cm−1 (ν3) band within the
investigated temperature range can be observed. As a result, the
frequencies of the 3174 cm−1 band cannot be recorded (Fig. 4).
Due to the temperature-induced amorphization of the Al-bearing
stishovite at 600 °C, the band at 2667 cm−1 (ν6) shifts abruptly to
a frequency of about 2505 cm−1. In addition, a new intense band

appears at approximately 2970 cm−1. However, the frequency
changes of the bands are reversible during cooling. Although
the background feature of the infrared spectrum differs from that
of the initial spectrum before heating, the strong IR bands at
about 3112 (ν3) and 2665 cm−1 (ν6) can be observed at ambient
temperature after cooling (Fig. 4). This indicates that high-tem-
perature SiO2 glass, formed by the amorphization of Al-bearing
stishovite under high-temperature conditions, can incorporate
water in the form of hydroxyl groups, with a concentration of
at least several hundred ppm wt. H2O.

Phase D

The single-crystal X-ray diffraction data for the Al-rich
Phase D samples are presented in Table 3 and Online Materials1

Table S1. The crystal structure of phase D is based on a hexago-
nal closest-packed array of O atoms. All cations except H are
located in octahedrally coordinated sites, which occur in two
separate layers stacked along the c-axis (Yang et al. 1997; Boffa
Ballaran et al. 2010). In Al-free phase D (Mg-phase D), the sites
corresponding to the 1a (M1 site) and 2d (M2 site) Wyckoff

FIGURE 4. (a) Unpolarized infrared spectra of Al-bearing stishovite as a function of increasing and decreasing temperature at 1 atm. (b) Frequency
shifts of the IR bands during heating (filled squares) and cooling (open squares). Error bars are provided for bands with errors exceeding the symbol size.
Temperature derivatives of ν1, ν2, ν3, ν4, ν5, and ν6 are estimated to be 0.050(13), 0.024(8), −0.02(1),−0.017(11), 0.132(43), and −0.054(16) cm−1/°C,
respectively, based on data collected during heating. (Color online.)
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positions are occupied byMg and Si, respectively. The sites cor-
responding to the 2c (M3 site) and 1b positions are vacant (Yang
et al. 1997; Boffa Ballaran et al. 2010). By comparison, in Al-
dominant phase D (contains 43.1 wt% Al2O3), Si and Al can
enter into the M1, M2, and M3 site. Although it is difficult to
determine the site occupancies of the atoms that have similar
scattering factors, the same cation-oxygen distances of all sites

(Table 4) indicate a high degree of Si/Al disorder in Al-dominant
phase D (Boffa Ballaran et al. 2010). The structure refinement
(Table 3; Online Materials1 Table S1) in this study shows that
the M3 site is vacant in the crystal structure of Al-rich phase
D samples (containing 20.24–20.35 wt% Al2O3). As presented
in Table 4 and Online Materials1 Table S1, the M1-O distances
of Al-rich and Mg-phase D are very similar. By contrast, the

TABLE 4. Selected interatomic distances of phase D
Sample Formula unita M1−O distance (Å) M2−O distance (Å) M3−O distance (Å)

Al-free phase D (Yang et al. 1997) Mg1.11Si1.89O6H2.22 2.1050(9) 1.8050(6) –
Al-rich phase D (This study) Mg0.93Al0.7Si1.28O6H2.91 2.1020(20) 1.8386(14) –
Al-rich phase D (This study) Mg0.9Al0.7Si1.3O6H2.9 2.0948(19) 1.8414(11) –
Al-dominant phase D (Boffa Ballaran et al. 2010) Mg0.2Fe0.12Al1.5Si0.92O6H3.1 1.9197(17) 1.9151(12) 1.9150(10)
a The results of previously reported EMPA analyses.

FIGURE 5. Structural model of Al-
rich phase D. The M1 octahedral site
is occupied by Mg and Al. The M2
octahedral site is occupied by Si and
Al. The M1-O and M2-O bond dis-
tances are indicated. (Color online.)

TABLE 3. Structural refinement details, unit-cell parameters, and atomic coordinates for Al-rich phase D
Structural refinement details

Sample 1 Measured reflections 2550 Max. 2θ 59.01°
Unique reflections 97 Rall 0.0366

wR2 0.1269 Rw for Fo> 4σ(Fo) 0.0364
Rint 0.0218 GooF 1.385

Sample 2 Measured reflections 2717 Max. 2θ 58.98°
Unique reflections 99 Rall 0.0315

wR2 0.1095 Rw for Fo> 4σ(Fo) 0.0301
Rint 0.0202 GooF 1.428

Unit-cell parameters and space group
Sample 1 a c Volume Space group

4.8222(4) Å 4.2989(6) Å 86.572(19) Å P3̄1m
Sample 2 a c Volume Space group

4.8226(4) Å 4.3042(5) 86.693(18) P3̄1m
Atomic coordinates

X Y Z
Sample 1 M1(Mg) 0 0 0

M2(Si) 1/3 2/3 1/2
O 0.6348(4) 0 0.2639(4)

Sample 2 M1(Mg) 0 0 0
M2(Si) 1/3 2/3 1/2
O 0.6336(5) 0 0.2645(5)

Notes: Sample 1 and sample 2 were synthesized at 25 GPa, 1350 °C and 25 GPa, 1000 °C (Xu and Inoue 2019), respectively. Site geometry parameters for Al-rich
phase D are provided in Online Materials1 Table S1.
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M2-O distance [1.8386(14)−1.8414(11) Å] of Al-rich phase D
is significantly longer than that [1.8050(6) Å] of Mg-phase D
(Table 4), indicating that Al3� prefers entering into the crystal
structure of phase D by substitution for Si4� in the M2 site
(Fig. 5). This result is consistent with the EMPA analyses. To
satisfy the electro-neutrality requirement, Al3� can be charge-
balanced by H�. Therefore, Al-rich phase D is expected to have
a higher water storage capacity than pure Mg-phase D.

The representative Raman and infrared spectra of the
Al-rich phase D samples (the spectral features of the two
samples are consistent, as listed in Table 1) under ambient con-
ditions are shown in Figure 6. The frequencies of the Raman
bands observed in the range of 100−1200 cm−1 are in general
agreement with the data for phase D reported previously
(Liu et al. 1998; Boffa Ballaran et al. 2010; Xu and Inoue
2019). The intensities of the Raman bands at about 560 and
1093 cm−1 vary from sample to sample (Fig. 6), implying that

these bands are highly anisotropic. The Raman and infrared
spectra in the 2800−3450 cm−1 region display a group of
broad O-H stretching bands, indicating the disorder of the
hydrogen positions. This spectral feature is consistent with
previous observations (Yang et al. 1997; Shieh et al. 2009;
Boffa Ballaran et al. 2010).

Figures 7 and 8 show the Raman and infrared spectra of
the Al-rich phase D samples as a function of temperature
in the range of 25−600 °C. The four Raman bands (Fig. 7) and
the IR band at about 3500 cm−1 (ν1) (Fig. 8) exhibit a linear
shift with increasing temperature up to 350 °C. In contrast,
the three IR bands at about 2850 (ν4), 2925 (ν3), and
3400 cm−1 (ν2) shift nonlinearly toward higher frequencies
(Fig. 8). The observed nonlinear behavior of these bands
may be related to the band broadening or the slight frequency
shifts within the investigated temperature range. For the IR
bands in the 3000−3300 cm−1 region, the trends of frequency
variations cannot be recorded at higher temperatures, since the
resolutions of these broad bands are very poor (Fig. 8). Liu
et al. (1998) suggested that amorphization of pure Mg-phase
D may take place above 100 °C at atmospheric pressure. How-
ever, all the Raman and infrared spectral features of the Al-rich
phase D sample in this study at ambient temperature can still be
observed up to 350 °C (Figs. 7 and 8), implying that Al-rich
phase D maintains stability at higher temperatures compared
to pure Mg-phase D.

At temperatures above 400 °C, a significant decrease in the
intensity of the major Raman band at 777 cm−1 (ν1) can be
observed. By contrast, the band at about 165 cm−1 emerges
in the Raman spectra and becomes the most intense band at
about 600 °C (Fig. 7), indicating the temperature-induced
amorphization of the crystal structure. As shown in Fig. 8, a
group of stronger and broader bands at about 3300–3650 cm−1

emerges in the infrared spectra due to the amorphization.
All these bands can be observed evidently to the highest
temperature (600 °C) and exhibit a negative shift to 25 °C
without notable change in intensity during cooling (Fig. 8).
They cannot be due to molecular H2O released by dehydration,
since the infrared spectrum of liquid water at ambient
conditions is characterized by a single broad band at about
3400 cm−1 (Johnson and Rossman 2003, 2004). As shown
in Figure 8, the most intense bands in the infrared spectrum
of our sample are seen at about 3550−3610 cm−1 at ambient
temperature after cooling. Although these bands were not
observable in the previously reported infrared spectra of phase
D, they are assigned to structural OH in some other minerals
and indicate a wider range of hydrogen bonding distances
resulting from structural damage (Johnson 2006). Therefore,
we attribute the broader bands at temperatures above 400 °C
to the presence of hydroxyl groups. The results of our spectro-
scopic analysis indicate that high-temperature silicate glass,
formed by the amorphization of Al-rich phase D, can also
retain water in the form of hydroxyl groups.

IMPLICATIONS

High-temperature Raman spectroscopy analysis indicates
that Al-bearing stishovite can undergo amorphization at 550 °C,

FIGURE 6. Representative Raman and infrared spectra of Al-rich
phase D at ambient conditions. (a) Raman spectra in the wavenumber
range of 100–1200 cm−1. (b) Raman spectra in the OH vibration region.
(c) infrared spectra in the OH vibration region.
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transforming into SiO2 glass. However, the frequency changes
of the infrared bands in the OH vibration region are reversible
during cooling. The strong OH bands at about 3112 and
2665 cm−1 can be observed at 25 °C after cooling. This reveals
that the high-temperature SiO2 glass still retains several hundred
ppm wt. H2O. Single-crystal X-ray diffraction analysis of Al-
rich phase D indicates that Al3� prefers entering into the crystal
structure by substitution for Si4� in the M2 site. To satisfy the
electro-neutrality requirement, Al3� is expected to be charge-
balanced by H�. Thus, Al-rich phase D may have a higher water
storage capacity than Al-free phase D (Mg-phase D). High-tem-
perature Raman and FTIR analyses demonstrate that Al-rich
phase D exhibits stability at higher temperatures compared to
pure Mg-phase D. Additionally, Al-rich silicate glass formed
by the amorphization of phase D can also retain water in the form
of hydroxyl groups. This implies that temperature-induced
amorphization may not directly trigger the dehydration of Al-
rich phase D in the deep mantle.

Our experimental results suggest that Al-rich silicate glasses
and Al-bearing SiO2 glasses may serve as potential reservoirs of
water (hydrogen) in the lower mantle. These glasses can form
respectively by the amorphization of Al-rich DHMS and Al-
bearing SiO2 phases, retaining significant amounts of hydrogen
in the form of hydroxyl groups within high-temperature regions
beyond the ideal stability fields of their precursor DHMS and
SiO2 phases. Consequently, they may also participate in deep-
water cycling processes within the Earth’s interior, thereby
influencing the structure and physical properties of the lower
mantle. Recent research (Tsutsumi et al. 2024) revealed that,
due to the high water-storage capacity of the SiO2 phase and
SiO2-AlOOH solid solution under the high-temperature condi-
tions of the core-mantle boundary, water does not escape from
subducted slabs. Consequently, the formation of low-velocity
anomalies observed in the large low shear velocity provinces
(LLSVPs) cannot be attributed to hydration around these slabs.
Our research findings imply that the presence of Al-rich silicate

FIGURE 7. (a) Raman spectra of Al-rich phaseD as a function of increasing and decreasing temperature at 1 atm. (b) Frequency shifts of the Raman
bands during heating (filled squares) and cooling (open squares). Error bars are provided for bands with errors exceeding the symbol size. Tempera-
ture derivatives of ν1, ν2, ν3, and ν4 are estimated to be−0.010(6),−0.021(7),−0.014(9), and 0.022(14) cm−1/°C, respectively, based on data collected
during heating. The asterisk represents the band that is assigned to the sapphire substrate. (Color online.)
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glasses and Al-bearing SiO2 glasses may also contribute to the
retention of water in subducted slabs.

DATA AVAILABILITY

All the data are available and can be found in Figures 1–8,
Tables 1–4, and the Online Materials1.
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