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REVIEW

The role of hydrogen bonds in hydrous 
minerals stable at lower mantle pressure 
conditions
Jun Tsuchiya1*   and Elizabeth C. Thompson2 

Abstract 

Over the past few decades, hydrous minerals were thought to be absent in the lower mantle, due to their instability 
at high-pressure conditions. Recently, however, hydrous phases including phase H (MgSiO4H2 ), pyrite-type FeOOH, 
and δ-AlOOH have been discovered to be thermodynamically stable at lower mantle pressures. Investigations using 
ab initio calculations methods play a key role in identifying these novel phases and determining their geophysical 
properties (i.e., compressibility, elasticity, and sound velocities). These calculations suggest that the hydrous minerals 
which are stable at lower mantle pressure conditions (i.e., phase H, FeOOH, and AlOOH), have symmetric hydrogen 
bonds at these pressures. This indicates that hydrogen bond strength is closely connected to the stability and physical 
properties of hydrous minerals at extreme pressures. In this review, we summarize the theoretical and experimental 
studies of hydrous minerals stable at the high-pressure conditions of the Earth’s lower mantle in light of the role of 
hydrogen bonding.
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1 Introduction
1.1  Water transport into the Earth’s deep interior 

and the role of hydrous minerals
Water contained within minerals and rocks is thought 
to profoundly influence mantle dynamics on Earth, as 
the presence of water can significantly affect physical 
properties including the melting temperature, rheology, 
phase stability, and elasticity of Earth’s constituent min-
erals (e.g., Hirschmann 2006). Determining the states 
and amount of water in the Earth’s interior is therefore 
essential to understanding Earth’s evolutionary pro-
cesses, but the total water budget in the Earth’s interior 
is largely unknown. Based on the proton accommodation 
capacity of nominally anhydrous minerals (NAMs) stable 
in the mantle transition zone, it has been suggested that 

the quantity of water (or more precisely, hydrogen and 
hydroxyl) stored in the mantle is equal to or greater than 
all of the water contained in all of Earth’s surface reser-
voirs combined (a unit sometimes referred to as an Earth 
ocean) (e.g., Smyth 1994; Hirschmann and Kohlstedt 
2012; Pearson et  al. 2014). In order to discuss whether 
Earth’s mantle is wet or dry, we must understand the 
fluxes of water into and out of the Earth’s deep interior.

Hydrous minerals form by the reaction of magma 
and rocks with water at the Earth’s surface. These min-
erals usually contain OH dipoles in the crystal lattice. 
In many cases, H 2 O molecules are not included in the 
crystal structure of hydrous minerals and the chemical 
formula does not contain “H2O,” but H 2 O is released 
during decomposition. For example, in the case of 
brucite, Mg(OH)2 ↔ H 2O+MgO. Hydrous miner-
als such as phyllosilicates (serpentine, mica, clay, etc.) 
within subducting oceanic slabs transport water from 
the Earth’s surface into the Earth’s interior (Fig.  1). 
Phyllosilicates have layered crystal structures, with 
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hydrogen bonds connecting the layers. Because hydro-
gen bonds are weaker (binding energy: 2–50 kJ/mol) 
than normal chemical bonds (e.g., ionic bonds: >600 
kJ/mol, covalent bonds: 50–800 kJ/mol), hydrous min-
erals generally have lower densities and lower melting 

temperatures than anhydrous minerals. Furthermore, 
crustal (i.e., low pressure) hydrous minerals such as 
phyllosilicates generally dehydrate at high-pressure 
and -temperature conditions. Therefore, within the 
Earth’s interior, hydrous minerals are typically found 

Fig. 1 Schematic illustration of the subducting slab (middle) and phase diagram of dry Mg2SiO4 (left) and “stability diagram” of wet systems (right). 
More detailed stability diagrams of hydrous phases are given in Ohtani et al. (2001b); Nishi et al. (2014); Ohtani (2020). The cross symbols indicate the 
seismicity observed in the subducting oceanic plate. The “choke point” is shown as the star symbol. Below the choke point temperature, hydrous 
mineral can transport water into the deeper part of the Earth’s interior
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in lower-temperature regions, such as cold, subducting 
oceanic slabs.

Initially, it was believed that the deep mantle was 
essentially dry because the hydrous minerals known at 
that time would typically decompose and release water at 
the high temperature and pressure conditions consistent 
with depths in the Earth of approximately 150 km ( ∼ 5 
GPa, 600 ◦ C) (Fig. 1). More recently, however, a series of 
hydrous minerals have been discovered which are stable 
at higher pressure conditions, some of which can retain 
water even under the pressure conditions in the lower 
mantle. Currently, the high-pressure behavior and sta-
bility of hydrous minerals such as dense hydrous mag-
nesium silicates (DHMSs) (Ringwood and Major 1967), 
which include phase A (Mg7Si2O8(OH)6 ), superhydrous 
phase B (Mg10Si3O14(OH)4 ), phase D (MgSi2O4(OH)2 ), 
and phase H (MgSiO2(OH)2 ), are being vigorously inves-
tigated to clarify the role these phases play in the water 
cycle of Earth’s deep interior (Fig. 1).

Subducting oceanic plates consist of sedimentary, 
basalt (mid-ocean ridge basalt, or MORB), and peri-
dotite layers (Fig.  2). Each layer is a chemically distinct 
mineral assemblage consisting of different hydrous 
minerals (Table  1), therefore, the stability limit of these 
hydrous minerals is different in each of these layers. If a 
hydrous mineral in the peridotite layer decomposes at 
high-pressure conditions, then the released water can 
move upward due to its reduced density compared with 
the surrounding mantle. Here, water could form new 

hydrous minerals in the overlying basaltic and sedimen-
tary rock layers. Conversely, the transition zone water 
filter theory of Bercovici et  al. (2003) hypothesized that 
negatively buoyant hydrous melts generated above 
the transition zone might sink back into the transition 
zone and re-hydrate it. Either way, water released dur-
ing decomposition and dehydration reactions have the 
opportunity to form new hydrous phases. For example, 
phase H (MgSiO4H2 ) decomposes at ∼1500 km depth 
(60 GPa) in the pure Mg–Si system (i.e., the endmember 
composition with no Fe or Al in the system) (Nishi et al. 
2018; Tsuchiya and Umemoto 2019). The water released 
by this reaction can then react to form another hydrous 
phase such as δ-AlOOH or solid solutions of δ-AlOOH 
and phase H [(Mg,Al)(Si,Al)O4H2 ] in the sedimentary 
rock layer. These newly formed hydrous phases could 
continue to be transported deeper into the mantle, as δ
-AlOOH is stable to the pressure and temperature condi-
tions of the base of the lower mantle (Sano et al. 2008a; 
Ohira et al. 2014).

1.2  Role of ab initio calculation for investigating Earth’s 
interior

Since the deep interior of the Earth cannot be directly 
observed, our understanding of this region relies on 
a combination of seismic observations, high-pressure 
experiments on rocks and minerals, and theoretical 
calculations. Because hydrogen is the lightest element 
and has only one electron, it is difficult to detect at the 

Fig. 2 Schematic illustration of water transport by the subducting slab. Gray areas represent wet regions (Modified from Ono (1998))
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extreme pressure and temperature conditions relevant to 
the lower mantle using conventional experimental tech-
niques such as X-ray diffraction or neutron diffraction. 
In X-ray diffraction, the small scattering cross section 
makes hydrogen difficult to detect, whereas neutron dif-
fraction experiments require large sample volumes and 
are limited in their pressure range. In recent years, ab ini-
tio methods have become an important research tool in 
the field of deep Earth science, as these calculations com-
plement and inform high-pressure experimentation and 
aide our investigation into the behavior of hydrogen and 
hydrogen bonds in deep Earth phases.

Ab initio calculation methods are used to eluci-
date phase relationships of minerals under ultra-high 

pressures that are difficult to access experimentally, 
to search for structures, and to determine physical 
properties including compressibility, elastic proper-
ties, seismic wave velocity, viscosity, optical properties, 
thermal conductivity, etc. It has also become possible 
to determine the thermodynamic properties and high-
temperature and high-pressure phase diagram of min-
erals using ab  initio free energy calculation methods 
(e.g., Giannozzi et al. 2009; Baroni et al. 2001; Tsuchiya 
et al. 2005b). Beyond probing the physical properties of 
known minerals, ab  initio methods have been integral 
to the discovery of new phases by theoretically predict-
ing their formation and providing the necessary tem-
perature and pressure conditions to verify their stability 
experimentally. Ab initio calculations contribute to our 
understanding of the materials in the Earth’s interior by 
providing insights into the physical and chemical char-
acteristics of hydrous minerals with complex crystal 
structures and chemical bonds.

2  Review
2.1  Purpose of this review
In the past decade, our knowledge regarding hydrous 
minerals that are stable at the pressure and temperature 
conditions of the lower mantle (phase D, phase H, super-
aluminous phase D, δ-AlOOH, ǫ-FeOOH, pyrite-FeOOH, 
etc.) has grown at a remarkable pace (Pamato et al. 2014; 
Nishi et al. 2014, 2017, 2020; Thompson et al. 2021, 2022; 
Tsuchiya et al. 2002, 2005a; Verma et al. 2018). Constrain-
ing the stability and properties of these hydrous minerals is 
critical for understanding how water is stored and cycled in 
the Earth’s deep interior. Interestingly, these high-pressure 
hydrous minerals also share a high likelihood of pressure-
induced hydrogen bond symmetrization at the pressures 
of the lower mantle where they may be stable. Symmetric 
hydrogen bonding is a special type of hydrogen bond where 
hydrogen is equally covalently bonded to two adjacent ani-
ons (Fig.  3, part 5). Therefore, the increased strength of 
hydrogen bonding is presumably closely connected to the 
stability of these hydrous phases. In this review, we summa-
rize the crystal structures and physical properties of these 
high-pressure hydrous minerals in terms of the role of 
hydrogen bonds, including the characteristics of the hydro-
gen bonds in each phase, as well as the possible existence of 
further high-pressure hydrous phases.

2.2  DHMSs in Earth’s lower mantle
As described in the introduction, hydrous minerals 
in subducting oceanic plates with peridotite or peri-
dotitic composition can react to form dense hydrous 
magnesium silicate phases (DHMSs) under pressure. 
Since the initial work of Ringwood and Major (1967), 

Table 1 Hydrous minerals, dense hydrous magnesium silicates 
(DHMSs), and nominally anhydrous minerals (NAMs) which could 
potentially exist in subducting oceanic plates Schmidt and Poli 
(1998); Inoue (2000); Ono (1998); Ohtani et al. (2001b). All Mg 
atoms can be replaced with Fe atoms in the chemical formula 
shown below

Mineral Abbreviation Formula

Hydrous peridotite

Lizardite Liz Mg3Si2O5(OH)4
Antigorite Atg Mg3m−3Si2mO5m(OH)4m−6

(m=13∼24)

Chlorite Chl Mg12(Si,Al)8O20(OH)16
Talc Tlc Mg3Si4O10(OH)2
Phase A A Mg7Si2O8(OH)6
Phase B B Mg12Si4O19(OH)2
Phase E E Mg2.3Si1.25O6H2.4

Superhydrous phase B 
(=Phase C)

SuB Mg10Si3O18H4

Phase D (=Phase F=Phase 
G)

D MgSi2O6H2

Phase H H MgSiO4H2

Hydrous wadsleyite β Mg2SiO4 (H2O<3.3 wt%)

Hydrous ringwoodite γ Mg2SiO4 (H2O<2.7 wt%)

Hydrous MORB

Amphibole Amp Ca2Mg3Al2Si6Al2O22(OH)2
Lawsonite Law CaAl2Si2O7(OH)2·H2O

Sediment

Phengite Phe K(Al,Mg)2(OH)2(SiAl)4O10

Topaz-OH – Al2SiO4(OH)2
Phase Egg Egg AlSiO3OH

δ-AlOOH – AlOOH

Pyrite-type AlOOH/γ-AlOOH AlOOH

Goethite ( α-FeOOH) Goe FeOOH

ǫ-FeOOH – FeOOH

Pyrite-type FeOOHx – FeO2Hx  , x=0.39-1

HH phase – (Fe,Al)O2Hx  (x∼1?)
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several DHMSs have been synthesized and reported 
by high-pressure experiments. Due to their stability 
in subducting slab compositions at pressure-temper-
ature conditions consistent with cold slab subduction, 
DHMSs are thought to play a key role in transporting 
water to the Earth’s deep interior (Table 1).

Two decades ago, a study using in  situ X-ray dif-
fraction found that phase D (ideal formula: MgSi2O4

(OH)2 ) either decomposes into anhydrous minerals 
and water at ∼ 40 GPa or undergoes a phase transition 
to an unknown phase (Shieh et al. 2000). Based on this 
finding, it was believed that the transportation of water 
into the deep Earth via DHMSs terminated at the mid-
dle depth of the lower mantle ( ∼1250 km in depth) 

(e.g., Albarede 2009). More recently, Tsuchiya (2013) 
suggested that phase D could react to form a newly 
recognized DHMS with the chemical composition of 
(MgSiO2(OH)2 ) above 40 GPa. Using ab  initio calcula-
tions, Tsuchiya (2013) showed that the combined free 
energy of this new hydrous mineral (MgSiO2(OH)2 ) 
plus stishovite (SiO2 ) was lower than that of phase D 
(MgSi2O4(OH)2 ) above approximately 40 GPa, support-
ing their relative stability at higher pressures. Based on 
this theoretical prediction, high-pressure experiments 
using a multi-anvil high-pressure apparatus and in situ 
synchrotron X-ray diffraction were conducted to search 
for this new high-pressure DHMS (Nishi et  al. 2014). 
These experiments confirmed that phase D undergoes 
a reaction to form a new high-pressure hydrous mineral 
with the predicted composition (MgSiO4H2 ) at the the-
oretically predicted pressure. This novel hydrous phase, 
which was named phase H, was the first new DHMS 
to be identified almost 30 years after the discovery of 
phase D in 1986 (Liu 1986).

The phase boundary between the phase D and the 
phase H + stishovite (SiO2 ) has a positive Clapeyron 
slope (dP/dT=∼6.4 MPa/K at 1000 K) (Tsuchiya 2013). 
In other words, phase H is stable at pressures above 
about 48 GPa at the temperature conditions of a sub-
ducting cold slab (i.e., about 500 K cooler than the man-
tle geotherm). The dissociation phase boundary of phase 
H in the lower mantle has been reported by calculating 
the Gibbs free energy of ice VII and MgSiO3-bridgmanite 
(Tsuchiya and Umemoto 2019). That study indicates that 
phase H decomposes to MgSiO3-Bridgmanite and H 2 O 
at about 60 GPa and 1000 K. This estimation is also sup-
ported by the high-pressure experiments (Ohtani et  al. 
2014; Nishi et al. 2018). This finding indicates that phase 
H has the highest pressure stability among DHMSs, since 
it decomposes into anhydrous minerals and water above 
∼ 60 GPa. This means that the transportation of water by 
the sequential formation of Mg-endmember DHMSs is 
terminated by the middle of the lower mantle (60 GPa, 
depth of ∼1500 km).

In reality, the mantle is a complex system containing 
several weight percentages of Al and Fe in addition to 
magnesium silicate minerals. Furthermore, high-pres-
sure experiments show that in the Al-bearing system, Al 
selectively partitions into phase H rather than coexisting 
mantle minerals such as bridgmanite and ferropericlase, 
extending the stability of Al-bearing phase H toward 
higher pressure and temperature conditions (Nishi et al. 
2014; Ohira et  al. 2014). This Al-enriched phase can be 
tentatively regarded as a solid solution between phase H 
and δ-AlOOH, as they share the same crystallographic 
framework. Since the initial discovery of δ-AlOOH, it 
has been noted that this phase contained non-negligible 

Fig. 3 Schematic illustration of proton distributions of the hydrogen 
bond in ice VIII/VII/X under pressure. (1) asymmetric hydrogen bond, 
(2) static disordering, hydrogen resides at one of double potential 
wells, (3) dynamical disordering with bimodal probability of proton 
(e.g., dynamically disordered ice VII) (4) dynamical disordering state 
with unimodal probability of proton at the midpoint of two oxygen 
atoms (dynamically disordered ice X), (5) symmetric hydrogen bond 
(ice X)
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amount of Mg and Si (Suzuki et  al. 2000). Although 
the phase relation between phase H and δ-AlOOH is 
still unknown, calculations support that phase H and δ
-AlOOH form a complete solid solution (Panero and 
Caracas 2017). Endmember δ-AlOOH is stable over a 
very wide temperature and pressure range (33–134 GPa, 
1350–2300 K) (Sano et  al. 2008a). Therefore, the pres-
sure-temperature stability of phase H is likely enhanced 
by the presence of Al, such that water may be transported 
to the core–mantle boundary (CMB) (Fig. 1).

2.3  High‑pressure phase transitions of δ‑AlOOH
δ-AlOOH is stabilized by a phase transition from dia-
spore ( α-AlOOH) above 18 GPa. δ-AlOOH itself under-
goes pressure-induced hydrogen bond symmetrization 
above 18 GPa (Sano-Furukawa et  al. 2018). Therefore, δ
-AlOOH retains the symmetric hydrogen bond within 
its thermodynamically stable conditions. This phase 
is known to have a wide thermodynamic stability field 
that extends to pressure and temperature conditions 
of up to 134 GPa and 2300 K (Sano et al. 2008a). It was 

theoretically predicted to undergo a phase transition to 
a pyrite-type structure (space group Pa3̄ ) above 170 GPa 
(Tsuchiya and Tsuchiya 2011), with more recent work 
placing this transition closer to 190 GPa (Thompson et al. 
2021). In order to confirm the phase transition to the 
pyrite-type AlOOH phase theoretically predicted, high-
pressure experiments using diamond anvil cells (DACs) 
were conducted (Nishi et  al. 2020). In that experiment, 
the transition from δ-AlOOH to new crystal structure 
with the orthorhombic symmetry (Space group Pbca) 
was detected at ∼190 GPa. The crystal structure of this 
new phase had been predicted by ab  initio calculation 
using an evolutionary genetic algorithm method (Verma 
et  al. 2018) (Table  2). These calculations also indicate 
that the Pbca phase has a narrow stability field (166–189 
GPa) and subsequently transforms to the pyrite-type 
structure at higher pressures. To date, however, the for-
mation of pyrite-type AlOOH phase has not been con-
firmed by experiments even at the pressure-temperature 
conditions at which its stability was predicted by ab initio 
calculations. Further high-pressure, high-temperature 

Table 2 The crystal structures of MOOH (M=Al, Fe, etc.)

Space group Mineral name/phase M coordination no. References

AlOOH

Pbnm Diaspore α 6 Busing and Levy (1958)

Cmcm, etc. Boehmite/γ Corbato et al. (1985)

P21nm/Pnnm δ 6 Suzuki et al. (2000)

Pbca ǫ 6 Verma et al. (2018)

Nishi et al. (2020)

Pa3̄ Pyrite-type 6 Tsuchiya and Tsuchiya (2011)

FeOOH

Pbnm Goethite/α 6 Sampson (1969)

Cmcm Lepidocrocite/γ 6 Oosterhout (1960)

P21nm/Pnnm ǫ 6 Pernet et al. (1975)

Pa3̄ Pyrite-type FeO2H 6 Nishi et al. (2017)

FeO2Hx  , 0.39<x<0,81 Hu et al. (2017)

InOOH

Pnnm - 6 Lehmann et al. (1970)

Pbca - 6 Verma et al. (2018)

Pa3̄ Pyrite-type 6 Sano et al. (2008b)

Tsuchiya et al. (2008)

P4̄21m YbOOH-type 7 Verma et al. (2018)

Christensen and Hazell (1972)

CrOOH

R3̄m Grimaldiite/α 6 Christensen et al. (1977)

Pbnm Bracewellite 6 Milton et al. (1976)

Pnnm Guyanaite/β 6 Christensen et al. (1976)

MnOOH

Pbnm Groutite/α 6 Glasser and Ingram (1968)

P21nm/Pnnm Manganite/γ 6 Kohler et al. (1997)
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experiments are needed to determine if this discrepancy 
between theory and experiments is due to transition 
kinetics. Finally, above 300 GPa, the dissociation from 
pyrite-type AlOOH to CaIrO3-type Al2O3 (Tsuchiya et al. 
2005b) and ice X has been proposed based on calcula-
tions (Tsuchiya and Tsuchiya 2011).
δ-AlOOH has a crystal structure similar to that of the 

CaCl2-type structure. As mentioned above, the solid 
solution of δ-AlOOH and phase H is considered to have 
a very wide thermodynamic stability region. However, 
their densities are small compared to the mantle con-
stituent minerals, and their gravitational stability is ques-
tionable for the transport of water to the deep interior 
of the Earth. Therefore, it is necessary to investigate the 
influence of Fe, which is an important element in the 
mantle, on the thermodynamic and gravitational stability 
of δ-AlOOH and phase H.

2.4  High‑pressure phase transitions of ǫ‑FeOOH
At moderate pressures (>6 GPa), the mineral goethite ( α
-FeOOH) which is found in subducting slabs, transitions 
to the polymorph ǫ-FeOOH, which is isostructural with δ
-AlOOH. Like δ-AlOOH, ǫ-FeOOH undergoes pressure-
induced hydrogen bond symmetrization which produces 
the same P21nm to Pnnm phase transition (Xu et  al. 
2013; Gleason et  al. 2013; Thompson et  al. 2017, 2020). 
Additionally, experiments using X-ray emission spec-
troscopy (XES), X-ray diffraction, and optical absorp-
tion spectroscopy (Gleason et al. 2013; Thompson et al. 
2020) reveal that the iron atoms in ǫ-FeOOH undergo a 
high-spin state to a low-spin state transition at ∼ 45 GPa 
that produces a unit cell volume reduction of more than 
10%. The isostructural nature of δ-AlOOH and ǫ-FeOOH 
make it possible for intermediate δ-(Al,Fe)OOH compo-
sitions to exist, and aluminum substitution is expected 
to increase the thermodynamic stability of the Al-rich 
compositions compared to the Fe-endmember (Xu et al. 
2019). Research into the geophysical properties of inter-
mediate δ-(Al,Fe)OOH, and their possible contribution to 
heterogeneity in the deep Earth is an active area of ongo-
ing research (Ohira et al. 2019, 2021; Kawazoe et al. 2017; 
Satta et al. 2021; Suzuki et al. 2021; Buchen et al. 2021).

Based on the prediction that ǫ-FeOOH was likely to 
transition to the pyrite structure at high pressures analo-
gous to the δ-AlOOH to pyrite-type AlOOH transition, 
the high-pressure phase diagram of FeOOH was deter-
mined using ab  initio calculations (Nishi et  al. 2017; 
Thompson et al. 2017). Ab initio density functional calcu-
lations using internally consistent U calculation (Cococ-
cioni and de Gironcoli 2005) showed that the pyrite-type, 
low-spin FeOOH structure is stabilized at about 70 GPa. 
Simultaneously, high-pressure experiments using dia-
mond anvil cells (DACs) revealed a phase transition to 

pyrite-type FeOOH at about 80 GPa (Nishi et al. 2017). 
Pyrite-type FeOOH is stable even under average man-
tle geotherm conditions ( ∼ 95 GPa and 2400 K), and is 
significantly denser than both phase H and δ-AlOOH. 
Endmember pyrite-type FeOOH would sink toward 
the core–mantle boundary (CMB) owing to its notably 
higher density (6.939 g/cm3 at 101 GPa) in comparison to 
the surrounding mantle. It has also been reported that ǫ
-FeOOH undergoes a phase transition to the pyrite-type 
FeOOHx (0.39<x<0.81) where dehydrogenation partly 
occurs (Hu et al. 2017). It was argued that this reaction 
is important because it has a significant effect on the 
redox conditions in the deep Earth. Further studies are 
needed to confirm the effects of the dehydrogenation of 
FeOOH at the CMB. As with their respective lower-pres-
sure polymorphs, the formation of intermediate (Al,Fe)
OOH compositions in the pyrite-type structure, and 
research into the stability and geophysical properties of 
these intermediate compositions, is an area of particular 
interest to the deep Earth community (Nishi et al. 2020; 
Thompson et al. 2021).

2.5  Other MOOH structures
InOOH has a CaCl2-type crystal structure at ambient 
conditions. The high-pressure phase transition of this 
type of structure is reminiscent of the high-pressure 
phase transition of SiO2 . The pyrite-type structure is sta-
ble above 250 GPa and 90 GPa in anhydrous SiO2 and 
GeO2 , respectively (Ono et  al. 2003; Kuwayama et  al. 
2005). The transition from the CaCl2-type to the pyrite-
type structure was first reported in InOOH by ab  initio 
calculations and high-pressure experiments at 15 GPa 
(Sano et al. 2008a; Tsuchiya et al. 2008). In SiO2 , α-PbO2

-type structure (seifertite) exists as an intermediate phase 
between CaCl2-type and pyrite-type, but this structure 
does not seem to be stabilized in MOOH compositions 
(M=Al, Ga, In) (Tsuchiya and Tsuchiya 2011).

GaOOH and InOOH can be used as the low-pres-
sure analog materials of AlOOH, such that the higher 
pressure polymorph structure that follows pyrite-type 
InOOH and GaOOH would be a likely candidate for 
the higher pressure polymorph structure that follows 
pyrite-type AlOOH. Identifying and studying the higher 
pressure polymorph of AlOOH is important for inves-
tigating hydrogen cycling in the deep interiors of larger 
planets such as super-Earths and ice giants (Nishi et  al. 
2020). Using the GaOOH and InOOH systems allows 
us to search for this structure without necessitating the 
extreme conditions as would be needed to produce this 
phase transition in AlOOH. The high-pressure phases 
of MOOH (M=Al, Ga, In) compositions have been 
investigated by ab  initio calculation combined with an 
evolutionary genetic algorithm method Verma et  al. 
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(2018). The phase transition from pyrite-type to P4̄21m 
(YbOOH-type structure) has been suggested to occur in 
InOOH at ∼ 50 GPa. Interestingly, P4̄21m-InOOH has 
asymmetric hydrogen bonds in the structure and the 
coordination number of In is 7 from 50 to 90 GPa (Figs. 4 
and 5, Table 2). P4̄21m-InOOH dissociates into In2O3 + 
H 2 O (ice) above about 80 GPa. In the case of AlOOH 
composition, however, the free energy of this type of 
structure is higher than the dissociation products Al2O3

+H2 O throughout the pressure range investigated (100–
500 GPa).

2.6  Hydrogen bond symmetrization
Usually, in hydrous oxide minerals, a hydrogen bond 
is formed by a hydrogen atom covalently bonded to 
a highly electronegative atom such as oxygen (O–H), 
with the non-covalent electron pair of another oxy-
gen to form O · · · H. Hydrogen bonds are usually much 
weaker than covalent or ionic bonds. However, their 
strength varies depending on the surrounding chemical 
and physical environments. In general, the stronger the 
hydrogen bond (O· · · H) is, the longer the O–H distance 
is (Fig.3). Also, the closer the O–H· · · O angle is to 180◦ , 
the stronger the hydrogen bond is (Brown 1976). As the 
hydrogen bonds become stronger under high pressure, 
the O · · · O distance decreases, while the O–H bond dis-
tance increases (Figs. 3 and 4). Eventually, with increased 

Fig. 4 The relationship between O · · · O and O–H distances (upper 
panel), and O · · · O distance and O– H...O angle (lower panel) of 
InOOH, AlOOH, FeOOH and DHMSs (Tsuchiya et al. 2002, 2005a; 
Tsuchiya 2013; Mookherjee and Tsuchiya 2015; Nishi et al. 2017; 
Thompson et al. 2017; Nishi et al. 2020; Tsuchiya et al. 2008; Tsuchiya 
and Tsuchiya 2011)

Fig. 5 Variety of the crystal structures of Oxyhydroxide MOOH
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pressure the hydrogen atom moves to the midpoint 
between two neighboring oxygen atoms and is strongly 
bonded to both of these oxygen atoms. This entire pro-
cess is called pressure-induced hydrogen bond sym-
metrization, and the resulting bond is referred to as a 
symmetric hydrogen bond.

Many theoretical studies have been conducted to 
understand the behavior of protons in water ice at high 
pressure, resulting in the identification of pressure-
induced hydrogen bond symmetrization in high-pressure 
ice polymorphs (Holzapfel 1972; Schweizer and Stillinger 
1984). The hydrogen bond symmetrization of ice phases 
can be divided into five main stages (Fig. 3). Under low 
pressure and low temperature conditions, the potential 
surface between oxygen atoms (O· · · O) is asymmetric, 
and the proton is covalently bonded to the oxygen atom 
and weakly hydrogen bonded to the other oxygen atom 
(e.g., ice VIII, Fig.  3, part 1). On the other hand, above 
approximately 270 K, ice VIII transform to ice VII, 
which is stable with statically disordered protons due to 
an order-disorder transition (Fig.  3, part 2). In both ice 
VII and ice VIII, the potential barrier between the oxy-
gen atoms is lowered under high pressure (>40 GPa), 
and the protons change to a dynamically disordered state 
due to thermal vibrations and quantum tunneling effects 
(Benoit et al. 1998, 2002). In this state, when the proton 
distribution is bimodal/unimodal, the ice phase is called 
dynamically disordered ice VII/X (Fig.  3, part 3 and 4). 
Finally, at pressures exceeding ∼100–120 GPa, the poten-
tial surface changes to a single minimum by compression, 
and the protons are located at the middle point of the two 
oxygen atoms (ice X, Fig. 3, part 5). This final stage repre-
sents a completely symmetrized hydrogen bond.

Pressure-induced hydrogen bond symmetrization 
has been both predicted and experimentally observed 
in potential deep Earth phases as well. The pressure 
dependence of hydrogen positions in δ-AlOOH was 
investigated using ab initio calculations, and these results 
suggested the possibility of hydrogen bond symmetriza-
tion at pressures of about 30 GPa at static 0 K condition 
(Tsuchiya et al. 2002). This symmetrization is coincident 
with a second-order phase transition from the P21nm to 
Pnnm symmetry and a significant increase in the bulk 
modulus. Subsequent neutron diffraction experiments 
found that at ambient temperature, the P21nm to Pnnm 
phase transition of δ-AlOOH occurs at ∼ 9 GPa and the 
symmetrization of hydrogen bond was observed above 
18.1 GPa (Sano-Furukawa et  al. 2018). Recently, ab  ini-
tio calculations and nuclear magnetic resonance (NMR) 
experiments on δ-AlOOH were carried out at pressures 
up to 40 GPa. They concluded that the structural tran-
sition from P21nm to Pnnm occurs at ∼ 10 GPa and 
that hydrogen bond symmetrization occurs at 14.7 GPa 

without going through a proton tunneling state in that 
process because the calculated potential surface was sin-
gle minimum and no energy barrier existed (Trybel et al. 
2021).

Like δ-AlOOH, ab  initio calculations show that Mg-
endmember phase D (MgSi2O6H2 ) undergoes hydrogen 
bond symmetrization at pressures above 40–45 GPa 
(Tsuchiya et  al. 2005a; Thompson et  al. 2022). Al-end-
member phase D is also calculated to undergo hydro-
gen bond symmetrization at pressures of approximately 
40 GPa (Thompson et  al. 2022), although interestingly, 
in non-endmember compositions of Al-bearing phase 
D not all bonds appear to undergo pressure-dependent 
hydrogen bond symmetrization (Panero and Caracas 
2020; Thompson et al. 2022). Hydrogen bond symmetri-
zation has been shown to have a marked effect on the 
optical and elastic properties of both the Mg- and Al-
endmember compositions of phase D (Tsuchiya et  al. 
2008; Tsuchiya and Tsuchiya 2008, 2009; Thompson et al. 
2022). More broadly, pressure-induced hydrogen bond 
symmetrization has been computationally predicted and/
or experimentally observed in many potential hosts of 
hydrogen in Earth’s lower mantle, including δ-AlOOH, 
phase D, and ǫ-FeOOH (see below). Pyrite-type FeOOH 
and AlOOH do not undergo pressure-induced hydro-
gen bond symmetrization as their hydrogen bonds are 
already symmetric at the onset of their stability. Based 
on the dominance of symmetric hydrogen bonding in 
hydrous mantle phases, the formation of very strong 
hydrogen bonds is assumed to contribute to the stabili-
zation of the crystal structure of hydrous minerals under 
the high-pressure conditions of the lower mantle.

2.7  Symmetric hydrogen bonds in the deep Earth
Of the hydrous lower mantle phases, phase D, phase H, 
and all of CaCl2-type and pyrite-type MOOH (M=Al, Fe, 
In), phases discussed herein contain symmetric hydro-
gen bonds. In the case of some of these phases (e.g., δ
-AlOOH, ǫ-FeOOH, phase D, and phase H), symmet-
ric hydrogen bonds were achieved through the process 
of pressure-induced hydrogen bond symmetrization. 
In contrast, pyrite-type MOOH (M=Al, Fe, In) phases 
contain symmetric bonds at the onset of their forma-
tion by virtue of their innate symmetry. Fig. 4 shows how 
the distance between the covalently bonded oxygen and 
hydrogen atoms (ROH ) and the hydrogen bond angle (O–
H· · · O) vary with the oxygen–oxygen distance (RO···O ) in 
InOOH, AlOOH, FeOOH, and DHMSs under pressure. 
In this figure, symmetric bonds can be identified when 
R O···H ∼ 2.4 Å and O–H. . . O angle is 180◦ . Furthermore, 
a recent study using in situ 1H-NMR to probe ice, Fe- and 
Al-bearing phase D, and δ-(Al,Fe)OOH at high pressure 
has reported that the NMR resonance line-width has 
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a minima around R OO ∼2.44–2.45 Å, regardless of the 
chemical composition (Meier et al. 2022). This minimum 
is interpreted to be associated with a hydrogen mobility 
maximum which is explained as a precursor to a locali-
zation of hydrogen atoms (i.e., the symmetrization of the 
potential surface between oxygen atoms).

It is worth noting that while the aforementioned deep 
Earth phases exhibit symmetric hydrogen bonding at 
lower mantle pressures, some hydrous minerals do not 
undergo hydrogen bond symmetrization even when pres-
surized to ultra-high-pressure conditions. For example, 
this behavior is shown by Pbnm-AlOOH (diaspore) even 
when pressurized up to ∼100 GPa, which is well beyond 
the conditions at which it is thermodynamically sta-
ble (Fig. 4). This is due to the shape of potential surface 
between oxygen atoms resulting from the symmetry of 
the crystal structure. Another example is Pbca-AlOOH, 
which is stable only in a relatively narrow pressure region 
(Fig.  4). The inability to produce symmetric hydrogen 
bonds is interpreted to be due to the fact that the hydro-
gen bonding angle tends to be smaller (170◦ to 165◦ ), 
which renders the hydrogen bonding weaker under 
pressure.

2.8  Vibrational properties of hydrogen bond 
symmetrization and dynamically disordering state

Many studies have probed the changes in optical and 
vibrational properties associated with hydrogen bond 
symmetrization in ice phases (e.g., Goncharov et al. 1996, 
1999; Aoki et  al. 1996; Song et  al. 2003). Most of these 
studies report that the OH-stretching vibration observed 
around 3500 cm−1 at ambient pressure decreases rapidly 
with increasing pressure and then gradually increases 
again at about 60 GPa. Based on the sudden change of 
the vibrational properties at ∼ 60 GPa, the transition 
from ice VII/VIII to ice X was estimated to occur at ∼ 60 
GPa. On the other hand, Caracas (2008) showed that the 
phonon in the ice X phase softens below about 120 GPa, 
indicating that the structure of ice X is unstable. That soft 
mode in ice X corresponds to the double-well potential 
between oxygen atoms, where protons can move back 
and forth on that double-well potential. That unsta-
ble phonon mode suggests the transition from ice X to 
dynamically disordered ice VII by decompression below 
120 GPa, even at 0 K. Sugimura et  al. (2008) reported 
the ice VII undergoes a change in compressibility at 40 
and 60 GPa at room temperature, corresponding to the 
phase transitions from ice VII to dynamically disordered 
ice VII ( ∼ 40 GPa) and subsequently to the dynamically 
disordered ice X phase ( ∼ 60 GPa) (Fig. 3). The equation 
of state of ice VII phase was investigated by first princi-
ples centroid molecular dynamics simulation incorporat-
ing thermal vibration and NQE (Ikeda 2018). The NQE 

causes a slight increase in the compressibility of ice VII 
near about 30–60 GPa, but this is not enough to explain 
the experimental observation. The effects of NQE in ice 
VII were also investigated by high-pressure H 1-NMR 
study (Meier et al. 2018). They reported the proton tun-
neling mode was observed from 20 to 75 GPa.

The ab  initio static 0 K calculation results show that 
the OH-stretching frequencies of δ-AlOOH with the 
proton-ordered model decrease significantly from ∼2700 
to ∼1700 cm−1 with increased pressure up to 30 GPa, at 
which point hydrogen bond symmetrization occurs and 
then the corresponding vibrational modes increase grad-
ually under higher pressure (Tsuchiya et al. 2008). Raman 
spectroscopy measurements of the OH vibrations in δ-
AlOOH at ambient conditions (Ohtani et al. 2001a) have 
reported four broad bands between 2000 and 2800 cm−1 , 
indicating the strong and asymmetric hydrogen bonds 
with multiple hydrogen positions. Ab  initio calculations 
show that these Raman scattering bands can be explained 
by the partial disordering of proton in δ-AlOOH at 300 
K (Tsuchiya et  al. 2008). The pressure dependence of 
the lattice mode (350–700 cm−1 ) was measured up to 
89.5 GPa at room temperature using Brillouin spectros-
copy combined with high-pressure Raman spectroscopic 
measurements in a diamond anvil cell on δ-AlOOH 
(Mashino et  al. 2016). The pressure dependence of the 
Raman frequencies indicates the transition from P21nm 
to Pnnm occurs at 5.6 GPa. Recently, ab  initio calcula-
tion results have been reported that explain the several 
experimental features caused by the change of the pro-
ton dynamics under pressure (Luo et  al. 2022). As we 
approach the pressure of hydrogen bond symmetrization, 
anharmonicity and quantum tunneling effects become 
more important in proton dynamics. Therefore, in order 
to elucidate proton dynamics in pressure-induced hydro-
gen bond symmetrization, these effects need to be inves-
tigated in more detail.

2.9  Effects of hydrogen bond symmetrization 
on the elasticity of hydrous minerals

The effect of pressure-induced hydrogen bond sym-
metrization on the elastic properties of hydrous miner-
als and high-pressure ice phases has been studied using 
ab  initio calculations (Tsuchiya et  al. 2008; Tsuchiya 
and Tsuchiya 2009, 2017; Thompson et  al. 2017, 2021, 
2022). According to these calculations performed under 
static 0 K conditions, the elastic constants are reported 
to increase rapidly with hydrogen bond symmetrization. 
Recently, elastic properties of hydrous minerals and ice 
phases have also been studied by Brillouin scattering 
experiments at high pressures (e.g., Mashino et al. 2016; 
Ohira et  al. 2021; Satta et  al. 2021; Zhang et  al. 2019). 
These results are in general agreement with theoretical 
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calculations, but the rapidness of the increase in the elas-
tic constants at the onset of hydrogen bond symmetriza-
tion seems to be suppressed.

Figure 6 shows a comparison of the pressure depend-
ence of the elastic constants of high-pressure ice poly-
morphs determined using theoretical calculations at 
static 0 K and experimental measurements conducted 
at ambient temperature (Tsuchiya and Tsuchiya 2017; 
Zhang et  al. 2019; Shi et  al. 2021; Ahart et  al. 2011). 
There is good agreement between theoretical calcula-
tions of asymmetric hydrogen bonding and experimen-
tal results of single-crystal Brillouin scattering up to 
pressures up to about 50 GPa. On the other hand, the 
experimental results are somewhat higher for higher 
pressure conditions. In this pressure region, a dynami-
cally disordered state of protons has been reported in 
ice VII (Sugimura et  al. 2008; Caracas 2008). In this 
dynamically disordered state, protons move back and 

forth over the double minimum potential between 
two oxygen atoms due to thermal and quantum vibra-
tion. The evolution of the elastic properties as a func-
tion of pressure indicates that the elastic constants 
approach the symmetric hydrogen bonding state due to 
the instantaneous hydrogen bonding symmetrization of 
some protons. From this point of view, this state can be 
regarded as a dynamic symmetrization of the hydrogen 
bond. Although experimental results above 100 GPa, 
where the potential surface changes to a single mini-
mum, have not yet been reported, we expect to see a 
decrease in the pressure gradient of the experimental 
elastic constants, perhaps following a pressure depend-
ence similar to that observed in the calculations.

High-pressure acoustic wave velocity measurements 
of δ-AlOOH using Brillouin spectroscopy also show 
good agreement with theoretical elasticity calcula-
tions (Mashino et  al. 2016) (Fig.  7). Pressure-induced 
hydrogen bond symmetrization is reported to occur 
at ambient temperature and ∼ 18 GPa (Sano-Furukawa 
et  al. 2018). The second-order phase transition of δ-
AlOOH from the P21nm to Pnnm symmetry is reported 
to occur at ∼ 9 GPa (Sano-Furukawa et  al. 2008). This 
symmetry change is presumably caused by the change 
from the ordered to disordered state of the proton in δ
-AlOOH. Therefore, the change from static to dynamic 
disordering state of protons is expected to occur 
between 9 GPa and 18 GPa. Due to the scattered data 
points at these pressure condition, it is unclear if there 
is a change of the acoustic wave velocities under pres-
sure caused by the dynamically disordered state.

Fig. 6 The calculated and experimental elastic constants of 
high-pressure ice VIII, VII, and X (Tsuchiya and Tsuchiya 2017; Zhang 
et al. 2019; Shi et al. 2021; Ahart et al. 2011). The full lines with full 
symbols indicate the calculated elastic constants of ice VIII containing 
asymmetric hydrogen bond. Dashed lines indicate the elastic 
constants of ice X with symmetric hydrogen bond. Note that ice VIII 
and ice VII have tetragonal and cubic crystal symmetries, respectively, 
and the index of the elastic constants are different (e.g., C 33 of ice VIII 
corresponds to C 11 in ice VII and X)

Fig. 7 The calculated and experimental velocities (Tsuchiya and 
Tsuchiya 2009; Mashino et al. 2016) of δ-AlOOH. Dashed lines 
indicate the pressure conditions where symmetry change (9 GPa) 
and hydrogen bond symmetrization (18 GPa) were observed 
experimentally (Sano-Furukawa et al. 2008, 2018)
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3  Conclusions
This paper reviews theoretical and experimental studies of 
the stability, structure, and physical properties of hydrous 
minerals with symmetric hydrogen bonding which may be 
found in the Earth’s lower mantle and provides an over-
view of pressure-induced hydrogen bond symmetrization. 
In mantle phases that undergo pressure-induced hydrogen 
bond symmetrization, the behavior of protons is quali-
tatively similar to that of well-studied high-pressure ice 
phases. However, the pressure at which pressure-induced 
hydrogen bond symmetrization occurs is lower in these 
mantle phases than in ice polymorphs, and therefore it is 
more experimentally accessible to study proton dynamics in 
these phases. However, hydrous minerals are more compo-
sitionally complex than H 2 O ices, which can present exper-
imental challenges such as multiple, difficult to deconvolve 
vibrational OH modes. Furthermore, the hydrous phases 
discussed here may form different solid solutions depend-
ing on the composition, pressure, and temperature (X-P-T) 
of that system. For example, CaCl2-structured composi-
tions intermediate to the phase H, AlOOH, and FeOOH-
endmembers could coexist with pyrite-type (Al,Fe)OOH 
due to the strong influence of cation substitution on the 
thermodynamic stability of these phases. Additional 
research is needed to probe the stability, hydrogen bonding, 
and geophysical properties of these intermediate composi-
tions which are likely to coexist in the lower mantle. Since 
the temperature effect and the tunneling effect both drive 
the appearance of dynamically disordered states, the pres-
sure conditions at which the dynamically disordered state 
appears may decrease at higher temperatures. Changes in 
the vibrational and the elastic properties accompanying 
the transition to the dynamically disordered state should be 
examined in the future. Lastly, we hope this review leads to 
a better understanding of hydrogen dynamics and the role 
of theoretical ab initio studies in predicting and constrain-
ing the stability and properties of high-pressure hydrous 
minerals moving forward.
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