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Abstract 

The subducting crustal materials serve as a crucial channel for transporting water to the lower mantle. Recent experi-
mental studies suggest that crustal materials such as basaltic crust can be a main water carrier and reservoir playing 
an important role on water cycling in the lower mantle. Despite being a primary mineral in crustal materials, the water 
solubility of calcium ferrite-type (CF) phase and its stability are unclear yet. A recent phase relation study of hydrous 
basalts showed Na-depletion in lower-mantle minerals, suggesting the presence of fluid possibly with high Na 
concentration and the absence of CF phase along the low-temperature slab geotherms, where Al-rich hydrous phase 
H and ferropericlase appear instead. These phases could consequently produce Na-depleted CF phase when reach-
ing the dehydration temperature of Al-rich hydrous phase H. In this study, we investigated the stability and water 
solubility of CF-type MgAl2O4, which is a main CF component in a hydrous basalt, in water-bearing systems at 26–32 
GPa and 1200–1900 °C using a Kawai-type multi-anvil press. Our results indicate that the stability of the CF phase 
is strongly influenced by water content in the system. Water contents of recovered CF phases estimated by Fourier-
transform infrared spectroscopy show a limited variation between 73 and 87 ppm wt at a pressure of 26 GPa and tem-
peratures of 1500–1900 °C. We suggest that CF phase could not be a primary water carrier at lower mantle depths. 
This emphasizes contributions of hydrous aluminous silica minerals to Earth’s deep water cycling and heterogeneous 
structures in the lower mantle due to the strong water partitioning to this phase compared with other constituent 
minerals.
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1  Introduction
The subducted slab plays an important role in the water 
and material cycles in the Earth’s interior (Bercovici and 
Karato 2003; Nishi et al. 2014; Andrault and Bolfan-Cas-
anova (2022) Keppler et al. 2024; Ohtani and Ishii 2024). 
How water is transported by the subducting slab into and 
distributed in the deep mantle is crucial to understand 
structure and dynamics of the mantle because water sig-
nificantly impacts the physical properties of mantle min-
erals such as melting temperature, elasticity, electrical/
thermal conductivities, and rheology (Green et al. 2014; 
Kohlstedt 2006; Mao et  al. 2008; Marzotto et  al. 2020; 
Wang et  al. 2006). Discovery of hydrous ringwoodite 
as diamond inclusion reveals presence of water at least 
down to the mantle transition zone (Pearson et al. 2014). 
Geochemical observations of ocean island basalts suggest 
water-rich sources in the lower mantle (e.g. Hirschmann 
2006). However, water transport and capacity in the 
lower mantle remain unclear.

One open question is the water hosts in the lower man-
tle. The two most abundant minerals in a pyrolitic lower 
mantle (Irifune et al. 2010; Ishii et al. 2011, 2018a), bridg-
manite and ferropericlase, have very limited water stor-
age capacity up to ~ 1000 and ~ 100 ppm wt, respectively 
(Bolfan‐Casanova et  al. 2003; Fu et  al. 2019; Liu et  al. 
2021). The water content of davemaoite, the third abun-
dant phase (~ 8 vol.%) in a pyrolitic lower mantle (Iri-
fune et  al. 2010; Ishii et  al. 2011, 2018a; Nishiyama and 
Yagi 2003), is still under debate but possibly 0.4–1 wt% 
(Chen et al. 2020; Murakami et al. 2002). In addition to 
the minerals in pyrolite, subducted crustal materials such 
as basalt and continental crusts/sediments feature com-
pletely different mineral assemblages due to their distinct 
compositions. In addition to bridgmanite and davemao-
ite, the higher contents of SiO2 and Al2O3 in these com-
positions stabilize silica phases such as stishovite and 
CaCl2-type post-stishovite as well as Al-rich phases such 
as calcium ferrite-type (CF) phase and the new hexagonal 
aluminous phase (NAL), at lower-mantle depths (Irifune 
et al. 1994; Ishii et al. 2012, 2019, 2022c; Ono et al. 2001; 
Perrillat et al. 2006; Ricolleau et al. 2010). The water con-
tent of stishovite is significantly influenced by its alumina 
content, which is less than 521 ppm wt in Al-free system 
but could reach up to ~ 0.3 wt% in Al-bearing systems, 
which is a more realistic system in crustal materials (Ishii 
et  al. 2022b; Litasov et  al. 2007; Purevjav et  al. 2024). 
CaCl2-type post-stishovite can accommodate even more 
water, up to 1.1 wt% (Ishii et al. 2022b).

On the other hand, there is a paucity of research on 
the water content of Al-rich phases, mainly caused by 
their questionable stability in a hydrous system (Ishii 
et  al. 2023a; Liu et  al. 2019). Recent studies have found 

no CF phase under hydrous conditions (Ishii et al. 2023a; 
Liu et  al. 2019). In hydrous basalt systems with 2–3.5 
wt% H2O at 17–26 GPa and 800–1200 °C, CF and NAL 
phases were not observed but Al-rich phase H appears as 
an alumina host phase together with ferropericlase and 
fluid (Liu et  al. 2019). A recent phase relation study in a 
NaAlSiO4-MgAl2O4-Fe3O4-H2O system reported that 
no CF phase appears in the hydrous system at 24 GPa up 
to 2000 °C, where Al-rich hydrous phase δ and Fe-rich 
hydrous phase ε or corundum appear together with stisho-
vite and Na-rich melt depending on temperature (Ishii et al. 
2023a). One of the reasons for the absence of CF phase can 
be attributed to the reduced stability of CF phase in Na-
bearing environments due to Na partitioning into hydrous 
melt under a relatively large amount of water in the system 
(~ 11 wt%) (Ishii et al. 2023a). Although no chemical com-
position of fluid was reported in the hydrous basaltic sys-
tem (Liu et al. 2019), it is inferred to contain a large amount 
of Na (Ishii et al. 2023a). This is also supported by the sig-
nificantly low Na concentrations in mineral assemblages 
under lower mantle conditions (Liu et al. 2019), which sug-
gests a strong Na partitioning into fluid, a phenomenon not 
observed in the dry basaltic system (Ishii et al. 2019) (Sup-
plementary material 1: Fig. S1).

Another reason would be due to low temperature syn-
thesis conditions. Liu et al. (2019) determined phase stabil-
ity in the hydrous basalt system only up to 26 GPa and 1200 
°C, where Al-rich hydrous phase H is thermally stable (Ishii 
et  al. 2022 d). As the temperature of a subducting slab, 
especially in the top layer of a basaltic crust, will increase 
with time due to the high temperature of the average lower 
mantle, the following reaction can be expected after dehy-
dration of Al-rich hydrous phase H:

Na-rich fluids formed in the low-temperature mineral 
assemblage (the right side) are likely released from the 
basaltic layer due to their possible low density (Hack and 
Thompson 2011). The presence of hydrous fluid/melt 
depends on the water solubility of Na-depleted CF phase. 
The presence of fluid can cause rehydration of mantle min-
erals and formation of heterogeneous mantle structures, 
for example, seismic scatterers observed in the lower man-
tle (Ohtani and Ishii 2024), emphasizing the necessity to 
investigate the stability and water solubility of Na-depleted 
CF phase across varying water content.

In this study, we attempted to synthesize the high-quality 
single-crystal CF phase in MgAl2O4-H2O systems, which is 
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one of the most abundant components in CF phase based 
on the above discussion, by using multi-anvil techniques 
at temperatures of 1200–1900 °C and pressures of 26–32 
GPa. The water solubility of CF phase was carefully exam-
ined using recovered single crystals by Fourier-transform 
infrared spectroscopy (FTIR). Based on our results, hetero-
geneous structures and water cycling in the lower mantle 
will be discussed.

2 � Experiment
To synthesize CF phase in hydrous systems, high-pres-
sure and high-temperature experiments were conducted 
at 26–32 GPa and 1200–1900 °C for 3–7 h using the 
1000-ton and 5000-ton Kawai-type multi-anvil appara-
tus (USSA-1000 and -5000, respectively) installed at the 
Institute for Planetary Materials (IPM), Okayama Univer-
sity, Japan. Mixtures of MgO, Al2O3, and Al(OH)3 pow-
ders or synthetic MgAl2O4 spinel (Ishii et al. 2021), MgO, 
and Al(OH)3 powders were prepared as the starting mate-
rials in the MgAl2O4−5 wt% H2O and MgAl2O4−10 wt% 
H2O systems. Regent-grade MgO, Al2O3, and Al(OH)3 
powders were heated at 1000 °C, 500 °C, and 150 °C, 
respectively, to remove adsorbed water just before weigh-
ing. For the experiments conducted below 27 GPa, the 
starting mixtures were packed in welded Pt-tube capsules 
with two Pt disks at both ends. A Cr-doped MgO octahe-
dron with 8-mm edge length served as pressure medium. 
Two types of tungsten carbide (WC) anvils with 3-mm 
truncations, F08 and F05 grades (Fuji Die Co., Ltd.), were 
used in our experiments. A cylindrical LaCrO3 heater 
with two lids at both ends was inserted into the center 
of the octahedron. An MgO sleeve with two lids were 
located inside the heater to electrically insulate the sam-
ples from the heater. For the experiments conducted at 
32 GPa, the concept of the cell design was adopted to that 
reported in Ishii et al. (2017) and Ishii et al. (2016). The 
starting mixtures were packed in a Pt-foil capsule, which 
was inserted into a Mo-foil heater. Mo-rod electrodes 
were located at both ends of the heater. A ZrO2 sleeve 
was wrapped around the Mo heater. WC anvils with 1.5-
mm truncations (F05 grade) were used with a 6-mm edge 
length Cr-doped MgO octahedron as pressure medium. 
Pressure calibration was conducted at 2000 K using phase 
transitions from ringwoodite to bridgmanite + periclase 
(Chanyshev et al. 2022), pyrope to bridgmanite + corun-
dum (Ishii et  al. 2023b) and compositions of aluminous 
bridgmanite coexisting with corundum (Liu et  al. 2017) 
in separate runs. Temperature was monitored at the sur-
face of the sample capsule using a W97%Re3%-W75%Re25% 
thermocouple. The samples were first compressed to a 
desired press load (7.0–8.5 MN corresponding to 26–32 

GPa), and then heated to 1200–1900 °C at a rate of 50 °C/
min. The target temperature was maintained for the spec-
ified duration of 3–7 h before the samples were quenched 
by cutting the electric power supply and subsequently 
decompressed to ambient pressure over a period of 12 h.

The recovered capsules were embedded in epoxy resin 
and polished for the subsequent analysis. Phase identifi-
cation of the samples was performed using a micro-focus 
X-ray diffractometer (RINT RAPID II, RIGAKU Co., 
Japan) with an imaging plate. The operating conditions 
were 40 kV and 30 mA with a Cu target X-ray source 
and collimator size of 100 μm. Microstructural observa-
tions were conducted using a field-emission-type scan-
ning electron microscope (SEM) (JSM-7001 F, JEOL Co., 
Japan) with operating conditions of 15-kV accelerating 
voltage and 15-nA beam current. The chemical compo-
sitions were analyzed using a field-emission-type elec-
tron probe microanalyser (EPMA) (JEOL JXA8800) with 
operating conditions of 15 kV and 1 nA or 5 nA. Crys-
tals of the CF phase, identified by their light orange color 
and elongated columnar morphology, were extracted 
from the capsules. Polarizing microscopes were utilized 
to confirm that the selected fragments were single crys-
tals. Raman spectroscopy was subsequently performed 
using a modular Raman spectrometer (HORIBA Scien-
tific iHR550-FIBMIC-DE-BXFM) to further character-
ize these single crystals. Raman spectra were collected 
between 150–1200 cm−1 frequency range with a green 
532 nm diode-pumped solid-state laser for 60 s and 3 
accumulations. Note that large crystals of CF phases 
found in the recovered samples (1k3791, 1k3814, and 
1k3816) (Table 1) were picked up without surface obser-
vations using the SEM to avoid loss of crystals for FTIR 
measurements. Instead, we confirmed phases of the 
aggregate in selected regions (high and low temperature 
parts) by micro-focus X-ray diffraction.

Water contents of the recovered samples were deter-
mined using a FTIR spectrometer (JASCO FT/IR-6600 
and IRT-5200IPMY) with an aligned transmission geom-
etry under vacuum conditions at IPM. Single crystals of 
CF phase with a random orientation were double-pol-
ished to thicknesses of 30–90 μm and placed on a KBr 
single-crystal plate for unpolarized FTIR measurements. 
FTIR spectra were obtained using an unpolarized IR 
beam with an aperture size of 25 × 25 μm2, averaging 256 
scans with a resolution of 4 cm−1. The water content was 
calculated using the empirical formulation of Paterson 
(1982), which is shown as follows:where COH represents 
the concentration of water in ppm wt, ζ is an orientation 
factor of 1/3 for unpolarized spectra, K(ν ) is the absorp-
tion coefficient in cm−1 for a given wavenumber ν , and 
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Xi is the density factor defined as Xi = 10
6
× (18/2d) , where 

d is the mineral density of 3.937 g/cm3 for CF phase and 
3.987 g/cm3 for corundum (Irifune et  al. 1991; Zhang 
et al. 2024). FTIR spectra were integrated between 3000 
and 3780 cm−1.

3 � Results and discussion
3.1 � Run Products and the phase stability of CF phase
The experimental conditions and run products are sum-
marized in Table  1. The hydrous melt was found in the 
capsules synthesized at 1700–1900 °C (Fig.  1), suggest-
ing a water-saturated condition. In the run 1k3791 con-
ducted at 26 GPa and 1700 °C, we examined the effect 
of water contents in the starting materials on CF phase 
stability. Two starting materials with 5 wt% and 10 wt% 
H2O were placed symmetrically in a high-pressure cell, 
but the resulting products differed significantly between 
the two systems (Supplementary material 1: Fig. S2). 
The products in the 5-wt%-H2O system were primarily 
identified through X-ray diffraction, revealing the main 
phase was CF phase, accompanied by small amounts of 
corundum and periclase (Fig.  2; Supplementary mate-
rial 1: Table  S1). Upon opening the capsule, MgO-rich 
hydrous fluid was observed on the high temperature 
side (Table  S1). The appearance of corundum and peri-
clase at the low temperature side can be explained by the 
negative phase boundary between CF phase and corun-
dum plus periclase, which lies near the pressure–tem-
perature conditions of our experiments (Irifune et  al. 
2002). Conversely, in the 10-wt%-H2O system, the pri-
mary phases were corundum and periclase, with no CF 
phase in XRD spectra and back-scattered electron images 
(Figs.  1 and 2). Magnesia-rich hydrous fluid and corun-
dum were also shown at the hotter ends of the capsules, 

(1)COH =
Xi

150ζ

∫

K (ν)
(3780−ν)

dν

while small brucite inclusions existed in the single crys-
tal of corundum (Figs. 1 and 2). Relatively large periclase 
grains were located next to the large corundum grains. 
A fine mixture of periclase and corundum or δ-AlOOH 
were shown at the low temperature end. Our results 
indicate that the CF phase is unstable when the water 
content in the system exceeds 10 wt%, which is consist-
ent with the previous phase relation study in the sys-
tem NaAlSiO4-MgAl2O4-Fe3O4 with 11 wt% water (Ishii 
et  al. 2023a), even though no sodium component were 
included in this study. Thus, we found that water con-
tent in a system significantly influences the stability of CF 
phase. This is probably due to high concentrations of ele-
ments consisting of CF phase into the hydrous melt such 
as Mg and Na, remaining SiO2 and Al2O3 phases.

Subsequent experiments focused on the 5-wt%-H2O 
system to examine the influence of temperature and 
pressure on the stability of CF phase and to obtain CF 
phase crystals. In the run 5k4199 conducted at 27 GPa 
and 1200 °C, no CF phase appeared, while the mixture 
of δ-AlOOH, corundum, and periclase was shown in the 
capsule (Figs.  3 and 4). When increasing the pressure 
to 32 GPa (5k4209), a mineral assemblage of CF phase, 
δ-AlOOH, and periclase became stable. The same phase 
change also happened in the experiments conducted 
at 1400 °C and 26 (1k3801) and 27 GPa (5k4195). At 27 
GPa and 1400 °C, CF phase coexisted with δ-AlOOH, 
periclase, and corundum, indicating that this condition 
was quite close to the reaction boundary between CF 
phase and periclase and corundum. At 26 GPa and 1500 
(1k3814) and 1900 °C (1k3816), CF phase crystals with 
dimensions of 50–400 μm were found coexisting with 
periclase + δ-AlOOH and corundum + hydrous melt, 
respectively (Figs. 3 and 5). The compositions of hydrous 
melt in the recovered capsule were also magnesia-rich at 
1900 °C (Table S1).

Table 1  Details of the synthesis conditions and run products

Note. CF = calcium ferrite-type phase; Cor = corundum; Per = periclase; δ = δ-AlOOH phase; Bru = brucite; Mag = magnesite; L = melt; HT = high-temperature part; LT 
= low-temperature part
* Brucite might be a quenched phase
ǂ Minor amounts were found probably due to a small exchanging reaction of brucite to magnesite by air in the starting materials

Run No Starting material Temperature (°C) Pressure (GPa) Duration (h) Products at HT Products at LT

1k3791 MgAl2O4−5 wt% H2O 1700 26 3 CF + Cor + L CF + Cor + Per

MgAl2O4−10 wt% H2O 1700 26 3 Cor + Per + L + Bru* Cor + Per + δ

1k3814 MgAl2O4−5 wt% H2O 1500 26 6 CF + δ + Per δ + Per + Cor

1k3816 MgAl2O4−5 wt% H2O 1900 26 3 CF + Cor + L CF + Cor + Per

1k3801 MgAl2O4−5 wt% H2O 1400 26 5.5 Cor + Per + δ + Magǂ

5k4195 MgAl2O4−5 wt% H2O 1400 27 3 CF + δ + Per + Cor + Magǂ

5k4199 MgAl2O4−5 wt% H2O 1200 27 7 Cor + Per + δ + Magǂ

5k4209 MgAl2O4−5 wt% H2O 1200 32 3 CF + δ + Per + Magǂ
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Using the results at 26–27 GPa and 1200–1500 °C, 
the phase boundary between CF phase and corundum 
+ periclase was drawn and showed a slope of –7 MPa/°C 
(Supplementary material 1: Fig. S3). Irifune et al. (2002) 
determined a gentler negative slope of (–2 MPa/°C) 

near 25 GPa by in-situ multi-anvil experiments in com-
bination with Anderson’s Au pressure scale (Ander-
son et  al. 1989). However, it is known that Anderson’s 
scale underestimates pressure, compared with more 
recent Au scales such as Tsuchiya’s and Yokoo’s Au 
scales, showing ~ 1 GPa higher values around top-lower 
mantle conditions (Tsuchiya 2003; Yokoo et  al. 2009). 
Adjusting for newer scales, the transition pressure at 
1200 °C reported by Irifune et  al. (2002) would shift 
to ~ 27 GPa. Note that quench experiments showed a 
larger negative slope of –4 MPa/°C (Akaogi et al. 2024; 
Enomoto et  al. 2009). On the other hand, thermody-
namic calculation with calorimetric data places the 
transition pressure at 29 GPa and 1200 °C with a rela-
tively steep negative slope (–6 MPa/°C) (Kojitani et al. 
2012a). Ishii et  al. (2022a) argued that phase bounda-
ries determined by high-pressure experiments may 
not be accurate without careful confirmation of sta-
ble phases due to possible kinetic problems and pres-
sure drop during heating. These errors may have made 
a smaller slope by Irifune et  al. (2002). This might be 
a reason that no CF phase appeared at 27 GPa and 
1200 °C in this study. Thus, the phase boundary may 
be a steeper slope than that of the previous multi-anvil 
study although further study is needed due to limited 
data. Note that the present system is under hydrous 

Fig. 1  A back-scattered electron image of recovered products 
synthesized at 1700 °C and 26 GPa (run 1k3791) with 10 wt% H2O. Cor 
= corundum; Per = periclase; δ = δ-AlOOH phase; Bru = brucite; HT 
= high-temperature part; LT = low-temperature part

(a) 1k3791 (1700 °C, 26 GPa, 5 wt% H2O, CF+Cor+Per+L)

(b) 1k3791 (1700 °C, 26 GPa, 10 wt% H2O, Cor+Per+δ+Bru+L)

Fig. 2  XRD profiles and phase diagrams of the recovered samples from run 1k3791 at 26 GPa and 1700 °C. (a) 5 wt% H2O system; (b) 10 wt% H2O 
system; (c) Phase diagrams in MgO-Al2O3-H2O ternary systems. CF = calcium ferrite-type phase; Cor = corundum; Per = periclase; δ = δ-AlOOH phase; 
Bru = brucite; L = melt; SM = starting material
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conditions. The stabilization of δ-AlOOH + periclase 
can also shift the CF stability to higher pressures.

3.2 � Characterization of CF phase single crystals
Recovered CF crystals synthesized at 26 GPa and 1500–
1900 °C were characterized by micro-Raman spectros-
copy. Raman spectra of CF phase displayed 12–17 peaks 
at 150–850 cm−1, depending on the orientation (Fig. 6). 
All the peaks were assigned to the CF phase based on the 
reported vibrational bands (Kojitani et  al. 2003, 2012b). 
The total cation occupancies of Mg and Al in CF phase 
were 1.01–1.03 and 1.97–1.99, respectively, which are 
consistent with the expected stoichiometry (Table  S1). 
Because the total cation number is more than 3, an 
oxygen vacancy component could be included. Small 
amounts of Si were detected in all crystals, suggesting 
0.2–0.7 mol% Mg2SiO4 component. This is likely due to 
minor contamination from the agate mortar at the sam-
ple grinding process.

Unpolarized FTIR spectra of CF phase single crys-
tals showed several OH bands. The CF phase exhibited 
seven sharp OH peaks at 3441, 3470, 3500, 3510, 3616, 
3660, and 3695 cm−1 (Fig.  7, Supplementary material 
1: S4 and S5). Notably, the peak at 3695 cm−1 is often 

observed in the FTIR spectra of bridgmanite and ferro-
periclase, attributed to the inclusion of brucite (Bolfan‐
Casanova et al. 2003; Litasov et al. 2003; Litasov 2010). 
To distinguish the influence of brucite inclusion, we 
measured different positions within each single crystal. 
In one crystal synthesized at 1900 °C, the intensity of 
the peak at 3695 cm−1 varied significantly across differ-
ent areas, while the intensity of other peaks remained 
nearly constant (Supplementary material 1: Fig. S6). 
However, brucite was not detected by X-ray diffraction 
nor Raman spectroscopy in the single crystal, suggest-
ing that any such peaks were probably below detection 
limit. Some crystals exhibit one or two broad bands 
around 3000–3400 cm−1. These bands are not consist-
ently present across all crystals, and their positions and 
intensities vary between crystals and different regions 
in one crystal (Supplementary material 1: Fig. S5 and 
S6). Although the origin of these bands is unclear, the 
calculation for the water contents included them. We 
also measured the FTIR spectrum of single-crystal 
corundum from the recovered capsules, identifying 
a broad band near ~ 3000 cm−1 with maxima at 2983 
and 3051 cm−1 and a weaker peak at 3270 cm−1, along 
with several bands below 2600 cm−1. These features are 

Fig. 3  Back-scattered electron images of recovered products synthesized at different conditions with 5 wt% H2O. (a) 5k4199 at 1200 °C and 27 
GPa; (b) 5k4209 at 1200 °C and 32 GPa; (c) 1k3801 at 1400 °C and 26 GPa; (d) 5k4195 at 1400 °C and 27 GPa. CF = calcium ferrite-type phase; Cor 
= corundum; Per = periclase; δ = δ-AlOOH phase; Mag = magnesite
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consistent with the spectra of Mg-doped corundum 
(Supplementary material 1: Fig. S7) (Fukatsu et al. 2003; 
Jollands et al. 2023). Due to the small crystal size, FTIR 
spectra of periclase and δ-AlOOH were not measured. 
Litasov (2010) reported OH-stretching bands in peri-
clase at 3299, 3308, and 3474 cm−1, with the band at 
3474 cm−1 being notably weak. δ-AlOOH exhibits no 
significant absorption peaks above 2500 cm−1 (Kagi 
et  al. 2010). Thus, the FTIR spectra of the CF phase 
included none of these phases or contained them in 
negligible amounts.

The water content of CF phase ranges from 65 to 99 
ppm wt in different crystals (Table  S2). The average 
water contents synthesized at 1500, 1700, and 1900 °C 
were 87(11), 86(11), and 73(5) ppm wt, respectively 
(Fig.  8), indicating a slight decrease with temperature. 
Note that broad bands at 3000–3400 cm−1 were not 
consistently observed across different crystals (Sup-
plementary material 1: Fig. S5). When we excluded 
the bands at 3000–3400 cm−1, the calculated water 
contents became 10–20 ppm wt lower. We also meas-
ured the water content of a corundum crystal, which 

was estimated to be 1950 ppm wt (Jollands et al. 2023). 
This excludes the possibility of water-leaking from 
the capsules and supports the low water contents of 
CF crystals. Thus, our data are the first report of pre-
cise detection of water in CF phase and suggest lim-
ited water solubility of CF phase. No FTIR data were 
obtained at 26–32 GPa and 1200–1400 °C in this study 
due to the small grain sizes (1–10 μm) caused by addi-
tional phases of δ-AlOOH and periclase. However, it 
is likely that these CF phases also have limited water 
contents or even lower than those at higher tempera-
tures due to formation of δ-AlOOH and no excess 
fluid, causing a possible strong water partitioning to 
δ-AlOOH (e.g. Ishii et al. 2022 d; 2024).

Previous studies have identified a relationship between 
O–O distance and the frequency of OH stretching peaks 
in minerals with hydrogen bonds (Libowitzky 2015). The 
CF phase, despite sharing the same space group (Pnma) 
as bridgmanite, contains four inequivalent O2⁻ sites 
(Ishii et  al. 2018b; Yamada et  al. 2018). This structural 
feature provides at least six different potential posi-
tions for hydrogen bonding, which may account for the 
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complex and multiple OH stretching peaks observed in 
the FTIR spectra. Similar multiple peaks related to dif-
ferent O2⁻ sites have also been observed in hydrous wad-
sleyite (Deon et  al. 2010). Notably, MgAl2O4 spinel, the 

low-pressure form of CF phase, was also found to be 
nearly anhydrous (Bromiley et al. 2010; Lenaz et al. 2008). 
However, non-stoichiometric defect spinel can contain 
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several hundred ppm water, likely due to partial coupling 
of interstitial hydrogen with cation vacancies or Mg–Al 
disorder on tetrahedral sites (Bromiley et al. 2010). While 
the small water content in CF phase crystals identified 
in this study makes it challenging to determine the exact 
location of hydrogen, it is likely incorporated through 
oxygen vacancies to compensate for charge imbalance, as 
mentioned above.

4 � Implications
4.1 � Stability of CF phase in basaltic crust
As mentioned above, pyrolitic lower-mantle minerals 
generally have limited water solubility, up to 0.1 wt% (Bol-
fan-Casanova et al. 2003; Fu et al. 2019; Liu et al. 2021). 
Therefore, geochemical observations of ocean island 
basalts with relatively high-water contents (Hirschmann 
2006) could be originated from subducted crustal mate-
rials. Dry basaltic crusts in the lower mantle consist of 
bridgmanite, a silica phase, CF phase, davemaoite, and 
NAL phase (Ishii et al. 2019, 2022c; Ono et al. 2001; Per-
rillat et al. 2006; Ricolleau et al. 2010). On the other hand, 
hydrous basaltic crusts with 2–3.5 wt% H2O in the lower 
mantle showed a distinct mineral assemblage, consisting 
of Al-rich hydrous phase H, bridgmanite, davemaoite, 
ferropericlase, and stishovite with Na depletion together 
with fluid at relatively low temperatures of 1000–1200 
°C (Supplementary material 1: Fig. S1) (Liu et  al. 2019). 
Our study demonstrated that CF-type MgAl2O4 is sta-
ble below 5 wt% H2O and at relatively high temperatures 
above 26 GPa and 1500 °C after dehydration of Al-rich 
hydrous phase H. Therefore, the above mineral assem-
blage reported in Liu et  al. (2019) can change to Na-
depleted MgAl2O4-rich CF phase-bearing assemblage 

at higher temperatures through the reaction between 
Al-rich hydrous phase H and ferropericlase as Al-rich 
hydrous phase H dehydrates as discussed earlier. Fur-
ther investigation of the phase relations of the hydrous 
basalts at higher temperatures is necessary to determine 
the proportion and chemical composition, especially Fe 
and Si contents, of CF phase. Nevertheless, it is likely that 
MgAl2O4-rich CF phase should appear in this environ-
ment because of the limited solubility of Fe and Si into 
the CF phase due to no endmember components such as 
Mg2SiO4 and FeAl2O4 (Kojitani et al. 2007; Schollenbruch 
et al. 2009).

These findings suggest that the stability of the CF 
phase in water-bearing systems in the top lower mantle 
is primarily controlled by water content and tempera-
ture. In regions with a water content less than 5 wt%, 
the MgAl2O4-rich CF phase can crystallize while it is 
not stable at relatively low temperatures in top lower-
mantle depths due to the stability of Al-rich hydrous 
phases, as observed in this study. In such a region, other 
phases such as bridgmanite and stishovite remain nearly 
anhydrous (Ishii et  al. 2022b, 2022 d; Liu et  al. 2021). 
MgAl2O4-rich CF phase will stabilize in the warm part of 
the subducting slab heated by the high-temperature aver-
age lower mantle.

4.2 � Water transport and water reservoir in the lower 
mantle

The subducted slab can contain abundant hydrous min-
erals, such as serpentine, formed through the hydro-
thermal alteration by seawater or fluids rising from 
underlying mantle plumes and such alternations can hap-
pen even into the slab core (Keppler et al. 2024; Ohtani 
and Ishii 2024). Water stored in these hydrous minerals 
will be released at their dehydration temperatures from 
the slab and move upwards due to its low density. The 
low water solubility of CF phase observed in this study 
indicates that the most released water at least uppermost 
lower mantle conditions likely partitions into aluminous 
silica minerals and probably davemaoite in the basaltic 
crust layer because of limited water solubility of other 
slab-constituent minerals (Chen et  al. 2020; Murakami 
et al. 2002; Ishii et al. 2022b). Consequently, water will be 
mainly kept in basaltic crusts down to the core-mantle 
boundary and can return to the shallower parts through 
upwelling hot plumes (Ishii et al. 2022b; Tsutsumi et al. 
2024).

4.3 � Possible influence of CF phase on physical properties 
of the lower mantle

Nearly dry CF phase could exist widely in crustal litholo-
gies and contribute to the shear wave splitting observed 
at such depths due to its significant elastic anisotropy 
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(Criniti et  al. 2025; Kawai and Tsuchiya 2012; Yin et  al. 
2012). A recent study revealed that dry CF phase can 
work as an effective thermal insulator (relatively low 
thermal conductor), suggesting thermally insulating 
block by basalt-accumulated regions at the lowermost 
mantle (Hsieh et  al. 2025). Although we found that CF 
phase shows limited water solubility, such small amounts 
of water might further reduce its thermal conductivity. 
By the strong water partitioning to aluminous silica due 
to other nearly dry lower-mantle minerals, the transition 
pressure from stishovite to CaCl2-type phase is lowered 
(Criniti et al. 2023; Zhang et al. 2022), potentially explain-
ing the shallowest high-density and low-shear-wave-
velocity seismic scatters around 700 km (e.g. Kaneshima 
2016). In addition, in minerals in the Earth’s interior, 
even small water contents (ten to hundreds of ppm) can 
strongly influence the electrical conductivity (e.g. clino-
pyroxene) (Yang et al. 2011). Therefore, further investiga-
tion of the physical properties of CF phase using obtained 
single crystals would provide better understanding of the 
structure and dynamics in the lower mantle.

5 � Conclusions
We conducted high-pressure experiments using a Kawai-
type multi-anvil press to investigate the stability and 
water solubility of CF-type MgAl2O4 under hydrous 
conditions at 26–32 GPa and 1200–1900 °C. Our results 
indicate that the CF phase is unstable in systems with 
water content exceeding 10 wt%. Water solubility meas-
urements by FTIR reveal that the CF phase contains less 
than 100 ppm wt water, suggesting it is not a major car-
rier or reservoir of water in the topmost lower mantle. 
Based on our findings and previous studies, nearly dry 
MgAl2O4-rich CF phase likely forms in warmer regions 
of subducting hydrous crustal materials through reac-
tions between low temperature phases of Al-rich hydrous 
phase H and ferropericlase. The limited water solubility 
of the CF phase and most other slab-constituent minerals 
indicates the most water will be partitioned into alumi-
nous silica minerals after Al-rich hydrous phase H dehy-
drates. This supports seismic scatterers at the shallow 
lower mantle are caused by the phase transition of highly 
hydrated aluminous stishovite and main water carriers 
and reservoirs in the lower mantle are hydrous alumi-
nous silica minerals.
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