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ABSTRACT
α-FeOOH exhibits high thermodynamic stability and is the most
abundant iron hydroxide in soils and sediments, commonly found
as a weathering product in various rocks. Under high pressure, it
undergoes a phase transition to the high-pressure phase ε-FeOOH.
This review discusses the structural, thermal, physical, and spectro-
scopic properties of α-FeOOH and ε-FeOOH. Through a combination
of experimental observations and theoretical models, it has been
demonstrated that ε-FeOOH can form stable solid solutions with δ-
AlOOHandMgSiO4H2, thereby extending the stability range of these
phases into the lower mantle. The key effects of phase transitions
of α-FeOOH and ε-FeOOH, including hydrogen bond symmetriza-
tion and spin state changes, directly influence the physical proper-
ties of these minerals, such as bulk modulus, electrical conductivity,
and elasticity. The ultrahigh-pressure phase Py-FeOOHX may decom-
pose in rising mantle plumes, contributing sporadic oxygen sources
for theGreatOxidationEvent. TheGreatOxidationEvent, lasting from
approximately 2.4 to 2.06 billion years ago, may have been triggered
by a prolonged period of instability. Whether other hydrousminerals
exhibit similar behaviours, potentially leading to an underestima-
tion of sporadic deep sources, remains an open question for future
research.

ARTICLE HISTORY
Received 29 August 2024
Accepted 16 February 2025

KEYWORDS
HTHP; FeOOH; phase
transition; physical
properties; CaCl2-type solid
solution

Contents PAGE

1. Introduction 2
2. Structure, phase transition and thermal behaviour of α-FeOOH and

ε-FeOOH 4
2.1. Crystal structures and phase transitions of α-FeOOH and ε-FeOOH 4
2.2. Quenching of ε-FeOOH and temperature effects 5
2.3. Thermal dehydroxylation and decomposition behaviour of α-FeOOH

and ε-FeOOH under high-temperature and high-pressure conditions 5
2.4. Hydrogen bond symmetrization and spin transition of ε-FeOOH under

high pressure 7

CONTACT Lin Li clark.li@cugb.edu.cn

© 2025 Informa UK Limited, trading as Taylor & Francis Group

http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/0889311X.2025.2470143&domain=pdf&date_stamp=2025-03-05
mailto:clark.li@cugb.edu.cn


2 S.-F. YAN ET AL.

2.5. Phase transition of ε-FeOOH under extreme pressure and temperature
conditions 9

3. Physical properties of α-FeOOH and ε-FeOOH 9
3.1. Bulk modulus of α-FeOOH and ε-FeOOH under high-temperature

and high-pressure conditions 9
3.2. Electrical conductivity of α-FeOOH and ε-FeOOH under

high-temperature and high-pressure conditions 11
3.3. Elastic properties of α-FeOOH and ε-FeOOH under high-temperature

and high-pressure conditions 14
3.4. Electronic structure of α-FeOOH and ε-FeOOH under

high-temperature and high-pressure conditions 16
4. Vibrational spectroscopic properties of α-FeOOH and ε-FeOOH 17

4.1. Infrared spectra 17
4.2. Raman spectra 21

5. CaCl2-type (ε-FeOOH – δ-AlOOH –MgSiO4H2) solid solution 23
6. Conclusions and outlook 25
Disclosure statement 27
Funding 27
References 28

1. Introduction

The major iron oxides and iron hydroxides in terrestrial environments comprise include
goethite (α-FeOOH), hematite (α-Fe2O3), magnetite (γ -Fe2O3), akaganéite (β-FeOOH)
and lepidocrocite (γ -FeOOH), etc. Among these, α-FeOOH is the most abundant iron
hydroxide in soils and sediments due to its high thermodynamic stability [1,2]. The oxi-
dation of iron sulfides invariably results in the formation of α-FeOOH, both in close
association with the sulfides and as distal precipitates [3]. Other oxyhydroxide minerals
identified as secondary precipitates areβ-FeOOHand γ -FeOOH, but occurrences are gen-
erally insignificant relative to the abundance and distribution of α-FeOOH [3]. α-FeOOH
is a crucial soil mineral and a significant contaminant in bauxite deposits. It is present in
large quantities in soils and occurs in mineralized zones, iron ore deposits, and hydrother-
mal ore formations [4–6]. Additionally, it is a common weathering product in various
types of rocks [6–8]. The structures of iron hydroxides, including α-FeOOH (Figure 1a),
β-FeOOH (Figure 1b), and γ -FeOOH (Figure 1c), are illustrated in the corresponding
figures.

The occurrence, abundance, distribution, and influence of volatile components in the
Earth’s interior on the physical properties of mantle minerals have been one of the focal
themes in experimental mineral physics over the past two decades [9–12]. The accom-
modation, distribution, and circulation of hydrogen in the deep Earth are crucial to
understanding the evolution of the Earth’s interior [13,14]. Geophysical observations indi-
cate that the Earth’s mantle and transition zone contain significant amount of hydrogen,
at least in localized regions [15–19]. Additionally, evidence from seismic imaging supports
the hypothesis that subducting lithospheric plates cross the transition zone, potentially
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Figure 1. Structure of iron hydroxides (CIF from American Mineralogist Crystal Structure Database,
drawing by VESTA software).

introducingwater into the Earth’s lowermantle [20]. Hydrousminerals (phases) are widely
regarded as potential water reservoirs in the Earth’s interior, serving as carriers of hydro-
gen and oxygen. Under high-temperature and high-pressure conditions, these minerals
(phases) undergo dehydration / deoxygenation / dehydrogenation reactions, influencing
the key physicochemical properties of mantle minerals [21–31].

Several studies have investigated the stability domains of various hydrous phases. The
end-member model is the MSH ternary system of MgO-SiO2-H2O, which forms a series
of dense hydrous magnesium silicate phases (DHMSs), including Phase A [32], Phase B
[32–34], Superhydrous Phase B = Phase C [32,35,36], Phase D = Phase F = Phase G
[37–43], and Phase H [44], etc.; The sediment layer and oceanic crust in the upper part
of the subducting plate are richer in Al and Si than the lithospheric mantle, forming an
ASH ternary system composed of Al2O3-SiO2-H2O. Hydrous minerals (phases) that can
be formed includeα-AlOOH [45], Phase δ [46], Phase Pi [47,48], Topaz-OH [49,50], Phase
egg [51,52], and Al-phase D [53], etc.; Solid solution phases and other hydrous miner-
als (phases) formed between the MSH and ASH systems include lawsonite [54], Phengite
[55], Phase H-δ solid solution [56],Mg-Phase egg [57], ε-FeOOH [58], HHPhase [59] and
Py-FeOOHX [60,61], etc.

The high-pressure phase (ε-FeOOH, Figure 1d) is a significant hydrous phase in sub-
ducted slabs of the Earth’s mantle, containing ∼19.13 wt.% of water [58,60,61]. The
presence of water in ε-FeOOH can substantially influence the physical and chemical
properties of the Earth’s deep interior, affecting its structure and dynamics [62–64]. The
discovery of Py-FeOOHX has sparked interest in the study of simple hydroxy oxides in
recent years [60,61,65–67]. Understanding the stability and properties of simple hydroxy



4 S.-F. YAN ET AL.

oxides under high-pressure and high-temperature conditions provides an important first
step in quantifying the more complex hydroxy oxides relevant to the Earth’s interior [68].
However, the stability and phase transition effects of hydroxyl and hydrogen bonding
withinminerals under these conditions remain unresolved. Fe is a major chemical compo-
nent of the Earth’s deep interior, and its valence state is influenced by pressure and oxygen
fugacity. Furthermore, α-FeOOH and α-Fe2O3 have been discovered on the surface of
Mars [69]. The properties of iron oxides and iron hydroxides are important to geochem-
istry, mineralogy, and planetary science. The ε-FeOOH is of particular interest due to its
potential to form hydrogen-bearing solid solutions with Phase δ and Phase H, which may
facilitate water transport into the lower mantle. The potential dehydration of Py-FeOOHx
is related to various phenomena, including the incorporation of hydrogen into the outer
core [60], the formation of ultra-low velocity zones [67], and the occurrence of the Great
Oxidation Event (GOE) [61].

2. Structure, phase transition and thermal behaviour of α-FeOOH and
ε-FeOOH

2.1. Crystal structures and phase transitions of α-FeOOH and ε-FeOOH

The structure of α-FeOOH was first determined by Goldsztaub [70] and Hoppe [71]
through X-ray diffraction. It was not until 2006 that Yang et al. [72] conducted a detailed
structural analysis of natural α-FeOOH crystals, including anisotropic atomic displace-
ment parameters. α-FeOOH belongs to the orthorhombic system, and its space group was
revised from Pbnm to Pnma according to the International Tables for Crystallography [73].

In the structure of α-FeOOH, the oxygen (O) atoms are arranged in slightly distorted
hexagonal close packing. The iron (Fe) atoms occupy half of the octahedral sites, forming
edge-sharing Fe3+O6octahedra chains parallel to the b-axis. These chains are further con-
nected through shared vertices, forming a three-dimensional structure. The edge-sharing
Fe3+O6octahedra form so-called double chain of rutile parallel to the b-axis. The channels
between the chains are parallel to the c-axis, and hydrogen bonding (O-H···O) spans across
the channels. Twodistinct positions exist for theOatoms in the structure.O1 atoms are sur-
rounded by Fe atoms, forming an almost planar triangle, while O2 atoms are hydrogenated
and coordinated by three Fe atoms and one hydrogen (H) atom, forming a distorted tetra-
hedral coordination. Hydrogen bonds are connected to the O1 atoms (Figure 1a), with the
hydrogen bond vectors having a significant component parallel to the a-axis. The com-
pressibility of the α-FeOOH crystal axes is anisotropic, with the compressibility of the
a-axis being twice that of the other axes [74]. Forsyth et al. [75] experimentally demon-
strated through neutron diffraction that the hydrogen bonds in α-FeOOH are nonlinear
under ambient pressure, primarily due to the repulsion between hydrogen ions and adja-
cent Fe ions. These nonlinear hydrogen bonds in α-FeOOH are of moderate strength and
are the most common type of hydrogen bond [76].

Nagai et al. [74] conducted a study on α-FeOOH using synchrotron X-ray diffraction
and found no significant structural changes until reaching an experimental pressure of 24.5
GPa, it is believed that the small peaks observed on the compression curves of each axis
∼11GPa are due to non-hydrostatic stability caused by the solidification of a 4:1mixture of
methanol and ethanol as a pressuremedium [77]. Gleason et al. [78] also proposed that the
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observed discontinuities in lattice parameters during high-pressure experiments supported
this notion, with isothermal compression smoothly passing through the discontinuity at 9
GPa at ambient temperature. The glass transition of themethanol–ethanolmixture leads to
non-hydrostatic stability, explaining the lack of continuity in high-pressure data [79]. Mao
et al. [80] also found similar features when studying Phase δ. The experimentalK0V0 values
of α-FeOOH are nearly the same as those of Phase δ. It is generally believed that the K0V0
values of the same structure are constant [81]. Bendeliani et al. [82] conducted a study on
the Fe2O3-H2O system under conditions of 9 GPa and 673 K, synthesizing a high-pressure
iron hydroxides polycrystalline phase and reporting the discovery of this new phase (ε-
FeOOH). The calculations and experimental results jointly demonstrate that at pressures
greater than 6–7 GPa, α-FeOOH transform into the high-pressure phase (ε-FeOOH)
(Figure 1d), the closely-packed, edge-shared Fe3+O6 units form the structure along the
c-axis, with hydrogen atoms occupying the channels between these closely-packed octahe-
dra [1,46,58,83–87]. Gleason et al. [78] used the G vs. g method to obtain a zero-pressure
volume of 66.3(±0.5) Å3 for ε-FeOOH, which is consistent with the experimental value of
the ambient-pressure single crystal [88,89].

2.2. Quenching of ε-FeOOH and temperature effects

There is still controversy regarding whether ε-FeOOH can be quenched. Gleason et al. [78]
obtained the non-quenchable phase of ε-FeOOH within a pressure range of 6–29.4 GPa
and a temperature range of 296–573 K; Suzuki et al. [89] synthesized the quenched phase
of ε-FeOOH using a Kawai-type Multi-Anvil Apparatus (MAA) at 11 GPa and 800 K for
10minutes; Thompson et al. [62] also achieved the quenched phase of ε-FeOOH using the
samemethod as Suzuki; Xu et al. [90] observed the reversible behaviour of ε-FeOOHupon
decompression at 54 GPa; Kawazoe et al. [91] synthesized the quenched phase of δ-(Al,
Fe)OOHusing aKawai-typeMAAat 21GPa and 1470K for 4 hours; Liu et al. [87] observed
the reversible behaviour of ε-FeOOH upon decompression after being pressurized to 35.2
GPa during diamond anvil cell (DAC) experiments conducted at ambient temperature;
Ikeda et al. [92] synthesized the quenched phase of ε-FeOOH using a Kawai-type MAA
at 8 GPa and 753 K for 60 minutes; Xu et al. [93] obtained the quenched phase of ε-(Fe,
Al)OOHusing aMAAunder conditions of 15–25GPa and 973–1373 K for 40–90minutes;
Tang et al. [94] observed the reversible behaviour of the ε-FeOOH when compressed to
32 GPa at ambient temperature using DAC during Raman experiments. Based on these
experimental data, it can be concluded that the obtainability of quenched high-pressure
phases is significantly influenced by the experimental temperature (Figure 2).

2.3. Thermal dehydroxylation and decomposition behaviour of α-FeOOH and
ε-FeOOH under high-temperature and high-pressure conditions

Under ambient pressure, α-FeOOHundergoes thermal dehydroxylation between 460–620
K, transforming into α-Fe2O3 [95–99]. The thermodynamic properties and particle size
effects of theα-FeOOH–α-Fe2O3 reaction have been extensively studied [100–102]. Upon
heating, α-FeOOH transforms into α-Fe2O3 by removing hydroxyl layers and forming
water from some oxygen atoms in the bands parallel to the c-axis. During this transfor-
mation, the (100), (010), and (001) directions of α-FeOOH become the (001), (110), and
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Figure 2. Diagram of high-pressure phase quenching and temperature-pressure relationship
[62,78,87,89,90,92–94].

(11̄1) directions of the α-Fe2O3 unit cell [7,98,103]. Although the thermal decomposition
products are entirely α-Fe2O3, they maintain the original morphological characteristics of
α-FeOOH.Additionally, the specific surface area and pore structure of the products exhibit
significant differences with changes in calcination temperature. During the dehydroxyla-
tion process, residual hydroxyl units in α-FeOOH are transferred to the resulting α-Fe2O3,
forming what is known as hydrous α-Fe2O3 [99,104,105]. During calcination at 500 K, the
α-FeOOH pseudoparticles undergo dehydroxylation, resulting in the formation of pores
ranging from 1–5 μm within their internal structure, possessing the maximum specific
surface area. As the calcination temperature increases, the growth of α-Fe2O3 crystals
leads to the enlargement of the interstitial gaps between the crystals, causing the spe-
cific surface area to gradually decrease. When the calcination temperature exceeds 973 K,
particle sintering occurs due to the growth of α-Fe2O3 crystals, further reducing the inter-
nal and external porosity of the α-FeOOH pseudoparticles. At 1173 K, the needle-shaped
morphology transforms into a shorter, thicker cylindrical shape [106].

Yoshino et al. [107] studied the dehydration behaviour of ε-FeOOH under pres-
sures up to 20 GPa and found that the dehydration temperature increases with pressure.
Gan et al. [65] discovered through shock recovery experiments that ε-FeOOH partially
decomposes into Fe2O3 and Fe3O4 within the pressure and temperature range of 35–70
GPa and 1150–2750 K, starting from 35 GPa, more than 90% of ε-FeOOH under-
goes decomposition, releasing H2O and O2 (2FeOOH → Fe2O3 +H2O, 12FeOOH →
4Fe3O4 + 6H2O+O2, and 6Fe2O3 → 4Fe3O4 +O2). Experiments utilizing DAC and
laser heating apparatus also indicate that ε-FeOOH partially dehydrates and decom-
poses to form η-Fe12O19H2 within the pressure and temperature range of 60–70 GPa
and 1400–1950K [108]. η-Fe12O19H2 can be represented as 6Fe2O3·H2O, indicating that
the dehydration process of ε-FeOOH may involve the formation of intermediate phases,
resulting in the indirect formation of Fe2O3 andH2O [95,104,109]. At pressures exceeding
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60 GPa and temperatures of 2000K, the oxidation–reduction reaction of Fe2O3 has been
observed, formation of a Fe5O7 phase and the release of oxygen (10Fe2O3 → 4Fe5O7 +O2)
[110]. Studies suggest that the subduction of ε-FeOOH might have significantly con-
tributed to the oxygen content in the early Earth’s mantle, crust, and atmosphere [65,111].
Under high-pressure and temperature conditions of 35–80 GPa and 1150–2750 K, ε-
FeOOH partially decomposes to form various forms of iron oxide (Fe2O3, Fe3O4, Fe5O7,
Fe7O10, Fe6.32O9), H2O, and either oxygen or oxygen-rich fluids. This process is believed
to consume around 90% of ε-FeOOH [65,111]. At relatively lower temperatures and higher
pressures, the decomposition ratio of ε-FeOOH is low. Under conditions of 1150 K and 35
GPa, the decomposition rate is only 5%, suggesting that ε-FeOOHmay persist in cold slabs
[65]. Koemets et al. [111] suggested that ε-FeOOH has poor thermal stability and can only
be preserved in fast-subducting cold slabs.

2.4. Hydrogen bond symmetrization and spin transition of ε-FeOOH under high
pressure

Gleason et al. [78] conducted high-temperature and high-pressure experiments on α-
FeOOH (T = 296–523 K, P = 0–29.4 GPa). The thermal expansion coefficient of α-
FeOOH at ambient pressure was determined to be α0 = 2.3 (±0.6)× 10−5·K−1, with a
Debye temperature of 740 (±5) K. Pressure mainly affects the channels within the α-
FeOOH crystal structure, where the O-H···O are located. The distance between O···O
decreases with increasing pressure at a rate of approximately – 0.023 Å/GPa. At 9 GPa,
the bond length is 2.60 Å [112]. The octahedral volume decreases by ∼3% in the pres-
sure range of 0.5–9.0 GPa, with a corresponding decrease in the unit cell by 7%. This result
supports the conclusion that channel compression controls the cell volume [74]. Tunega
et al. [113] also confirmed through theoretical calculations that compression occurs pri-
marily through the compression of channel of hydrogen bond. Compression of the O···O
distance may alter the properties of hydrogen bonds, as the shorter O···O distance leads
to increased importance of quantum mechanical effects on hydrogen bond energies, gen-
erally, when the bond length of the O···O hydrogen bond is less than 2.5 Å, the proton
tunnelling effect between the donor and acceptor oxygen atoms is enhanced [112].

Hydrogen bond symmetrization refers to the process inwhich, with the increase of pres-
sure, longer and softer hydrogen bonds compress faster than shorter and harder ones. This
process occurs in asymmetric hydrogen bond units, where the hydrogen atombetween two
oxygen atoms gradually becomes more centred [114]. Once hydrogen bonds become sym-
metrical, the distances between the donor O and acceptor O relative to theH become equal
(Figure 3). The charge balance associated with this symmetry can lead to subtle structural
changes. Nagai et al. [74] predicted that when the pressure reaches 40 GPa, the distance
between O···O will be less than 2.4 Å, indicating a potential occurrence of symmetric
hydrogen bonding. Additionally, the Fe-O1 and Fe-O2 bond lengths will converge linearly,
and the bond strengths between O1 and O2 will become equal.

The discontinuous variation of the axial compression ratio has been used as an indica-
tor for second-order phase transitions in materials [115–117]. As the pressure continues
to increase to 20 GPa, a noticeable discontinuity in the O1···O2 bond length, indicating a
second-order phase transition [90]. Thompson et al. [62] confirmed the pressure-induced
hydrogen bond symmetrization in ε-FeOOH at 18± 1 GPa through the ratio of a/b and
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Figure 3. Schema of structural transformations of ε-FeOOH and changes in hydrogen bonding, modi-
fied from [62].

b/c lattice parameters. This second-order phase transition transforms the structure from
P21nm to Pnnm. This finding is consistent with previous density functional theory cal-
culations as well as recent experimental predictions [63,92]. Theoretical calculations have
shown that hydrogen bond symmetrization in minerals occurs only in pure phases and
not in solid solutions; hydrogen bonds in solid solutions remain asymmetric under high
pressure [118]. There is ongoing debate regarding the pressure-induced symmetrization
of hydrogen bonds and its effect on space group changes [63,90,92,119]. In ε-FeOOH and
other isostructural MOOH phases, the MO6 octahedra transition from a slightly offset
position to a position along the twofold axis centre, resulting in an increase in symmetry
from P21nm to Pnnm [116,117]. Additionally, in a state of proton disorder, both H and Fe
atoms exhibit disorder along the twofold axis, which can lead to FeOOH with Pnnm sym-
metry. The diffraction patterns of these structures are nearly indistinguishable from those
with symmetric hydrogen bonding [84,120]. A recent neutron diffraction study revealed
that proton disorder is a precursor to hydrogen bond symmetrization [121]. Xu’s study
found that the compressibility of ε-FeOOH decreases at ∼16 GPa, however, however,
the study did not establish a connection between this property change and the pressure-
induced symmetrization of hydrogen bonds or the onset of proton disorder [90]. Due to
the occurrence of pressure-induced hydrogen bond symmetrization or proton disorder,
other hydrous phases also show a similar increase in bulk modulus [122–124].

Additionally, ε-FeOOH undergoes a spin transition. During the transition from high
spin to low spin, the Fe3+ radius contracts, which has been shown to significantly reduce
the volume of other Fe-containing minerals [125]. Otte et al. [1] proposed through first-
principles calculations that this transition occurs at a pressure of 7.7 GPa, much lower
than in other Fe-containing minerals. Experimental results from Gleason indicate that the
spin transition occurs at ∼40 GPa and is completed at ∼60 GPa [119]. Xu et al. [90]
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combined Mössbauer spectroscopy and single-crystal diffraction to accurately determine
the pressure of this electronic transition to be ∼45 GPa. Thompson et al. [62] found that
ε-FeOOH undergoes a second structural transition at ∼45 GPa. In Thompson’s study,
it was observed that the transition occurred within a pressure range of ∼3 GPa, signifi-
cantly smaller than the previously reported pressure range of 20 GPa for the spin transition
[62,90]. This difference may be attributed to the lack of a pressure-transmitting medium
in the earlier study, which could have resulted in pressure gradients. Gleason et al. [119]
proposes that hydrogen-bonding symmetry induces the spin transition, while Xu et al. [90]
suggests that the spin transition leads to hydrogen-bonding symmetry. However, the stud-
ies unanimously agree that the transition from high spin to low spin leads to a significant
volume reduction. First-principles calculations predicted that the intermediate structure
Pbca is stable between the Pnnm and Pa3 phases of δ-AlOOH [126]. Thompson et al. [62]
attempted to index the high-pressure (>45 GPa) XRD data with the proposed Pbca space
group. The volume reduction during the phase transition was found to be 26%, resulting
in a decrease in the quality of the fit. They also attempted to fit the CaCl2-type (Pnnm)
oxide with the α-PbO2 structure (Pbcn), but this did not yield a reasonable fit to the data.
Therefore, Thompson et al. [62] interpreted the transition at 45± 2GPa as an isostructural
volume collapse (i.e. Pnnm → Pnnm). The spin transition corresponds to an approxi-
mate 11% change in volume and represents an isostructural phase transition [1,62,90,119],
accompanied by a transformation from proton disorder to hydrogen-bonding symmetry.

2.5. Phase transition of ε-FeOOH under extreme pressure and temperature
conditions

Recent studies have shown that ε-FeOOH containing a small amount of Ti remains sta-
ble within the temperature and pressure range of 12–19 GPa and 1300 K in the presence of
water inMORBcompositions [127,128].Hu andNishi employedDACcombinedwith laser
heating apparatus to investigate the stability of ε-FeOOH under lower mantle P-T condi-
tions [60,61,129]. They reported that ε-FeOOH can remain stable in the lower mantle to
a depth of approximately 1800km (∼80 GPa), after which it transforms into Py-FeOOHX
(X ≤ 1, space group: Pa3). This Py-FeOOHX phase remains stable under conditions of
129 GPa and 1500 K, as well as 111 GPa and 2400 K [60] (Figure 4). Completely dehydro-
genated Py-FeOOHX may decompose in rising plumes, providing sporadic oxygen source
for the GOE [61]. The calculation of ε-FeOOH and Py-FeOOHX indicates a significantly
large pressure interval with very small energy changes near the transition pressure, which
explains the extensive coexistence of these two phases from 54 GPa to 87 GPa [130]. First-
principles calculations also support the stability of ε-FeOOHbefore its transformation into
Py-FeOOHX [60,130].

3. Physical properties of α-FeOOH and ε-FeOOH

3.1. Bulkmodulus of α-FeOOH and ε-FeOOH under high-temperature and
high-pressure conditions

Under high-temperature and high-pressure conditions, the lattice parameters of minerals
typically undergo significant changes. The P-V-T equation of state of a mineral reflects
properties such as density, elasticity, and thermal expansion under high-temperature and
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Figure 4. Phase diagram of FeOOH, modified from [60, 61, 65, 78, 85, 86, 107, 111].

pressure conditions, providing essential data for further theoretical calculations. At the
same time, the results of the equation of state can be compared with seismic wave inversion
results, providing crucial constraints on the structural state, composition, and geological
processes of materials in the deep Earth [131].

Previous studies have extensively investigated the bulk modulus of α-FeOOH and ε-
FeOOHunder various pressure ranges, as shown inTable 1. Kim et al. [132]were the first to
determine the bulkmodulus ofα-FeOOH, usingDACand energy-dispersiveX-ray diffrac-
tion (ED-XRD) to fit the pressure-volume data of 0–27.8 GPa, obtaining K0 = 147.9 GPa.
Nagai et al. [74] observed a discontinuity in the pressure-volume data, attributing it to non-
hydrostatic stability caused by the solidification of a 4:1 mixture of methanol and ethanol
as the pressure medium. They fitted the pressure-volume data of 0–24.5 GPa, obtaining
K0 = 111(2) GPa, and 0–11 GPa, obtaining K0 = 108.5 GPa. Kim et al. [133] employed
a DIA-type large-volume press (LVP) combined with ED-XRD to fit the pressure-volume
data of 0–19.54 GPa, obtaining K0 = 131.1 GPa, attributing the observed discrepancies to
factors such as sample volume, assembly orientation, pressure calibration methods, and
the solidification of a 4:1 mixture of methanol and ethanol. Gleason et al. [78] fitted the
pressure-volume data of 0–29.4 GPa, obtaining K0 = 140.3(3.7) GPa, proposing that α-
FeOOH transitions to ε-FeOOHabove 5GPa, and obtainedK0 = 158(5)GPa by fitting the
data of 4–20 GPa. Otte et al. [1] used density functional theory (DFT) with the GGA+U
method to calculate the bulk modulus of α-FeOOH and spin-state-dependent bulk mod-
ulus of ε-FeOOH, showing that when an on-site Coulomb repulsion parameter (U) is
considered, the calculated values align more closely with experimental data. Tunega et al.
[113] used a similar approach, fitting pressure-volume data of 0–80 GPa for α-FeOOH and
obtaining aK0 value close to that of Otte’s results. Xu et al. [90] fitted pressure-volume data
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across various pressure ranges to obtain bulk modulus values for α-FeOOH, ε-FeOOH,
and low-spin ε-FeOOH, while Ohira et al. [136,137] studied the effect of Al content on the
bulk modulus by fitting pressure-volume data of δ-(Al, Fe)OOH.

In these experiments, some researchers did not observe significant discontinuities in the
unit cell parameters with pressure and therefore fitted both α-FeOOH and ε-FeOOH data
to calculate the bulk modulus. Other studies focused on a single phase or observed discon-
tinuities in unit cell volume, performing segmented fitting to calculate the bulk modulus
for individual phases. Theoretical calculations for iron hydroxides typically use unit cell
data for a single phase, resulting in bulk modulus values for that phase. The results from
these studies suggest that the substitution of aluminum reduces the bulk modulus of high-
pressure phases. Pressure-induced disorder or symmetrization of hydrogen bonds, along
with spin transitions, lead to a decrease in unit cell volume, resulting in an increase in the
bulk modulus.

3.2. Electrical conductivity of α-FeOOH and ε-FeOOH under high-temperature and
high-pressure conditions

Electrical conductivity (EC) experimental studies aim to determine the conductivity of
minerals, rocks, melts, and fluids by effectively controlling variables such as temperature,
pressure, and oxygen fugacity. Compared to other geophysical parameters – such as ther-
mal conductivity, gravity, density, and wave velocity – EC is highly specific and sensitive to
variations in temperature, trace elements in minerals (e.g. Fe, Na, water, F), and highly
conductive substances with connectivity (e.g. melts, aqueous fluids at particle bound-
aries, graphite, metals). By combining geophysical data (e.g. geomagnetic bathymetry) and
experimental EC data of minerals and rocks, researchers can obtain better constraints
on the physical and chemical conditions (e.g. temperature, pressure, oxygen fugacity),
material composition, and spatial distribution in the deep Earth at both macroscopic and
microscopic scales. Extensive research has been conducted on the factors influencing the
EC of minerals and rocks, such as temperature, pressure, oxygen fugacity, iron content,
grain size, and iron spin state [12,138–144].

Previous studies on the EC of α-FeOOH were primarily conducted under ambient and
high-pressure conditions. Liu [87], Shen [145], Tang [94] used DAC to investigate the
EC properties of α-FeOOH under ambient-temperature and high-pressure conditions.
Zhuang [64] and Wang [146] conducted experimental research on the conductivity of
ε-FeOOH under high-temperature and high-pressure conditions (Figure 5).

Due to differences in high-pressure experimental apparatus and electrode installation,
variations in EC measurements have been observed across different experiments. In high-
pressure EC experiments of α-FeOOH, three distinct transition intervals are observed:
5–10 GPa, 15–21 GPa, and 44–50 GPa. The broader pressure ranges in the first two
intervals may be attributed to the absence of a pressure-transmitting medium in some
high-pressure EC experiments, resulting in pressure gradients. The third interval may be
related to spin crossover phenomena. The EC of α-FeOOH is positively correlated with
pressure. When pressurized to 5–10 GPa, the EC slope changes, indicating a first-order
phase transition from α-FeOOH to ε-FeOOH.When the pressure reaches 15–21 GPa, the
EC slope undergoes another abrupt change, and in some studies, a negative value for the
EC slope was observed, which may be attributed to the transition of ε-FeOOH from the
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Table 1. Values of the experimental and theoretically calculated of the bulk modulus of α-FeOOH, ε-FeOOH and δ-(Al, Fe)OOH.

Phase K0 (GPa) K0’ Method Pressure Medium Pressure Range (GPa) Note References

α-FeOOH, ε-FeOOH 147.9 4 DAC ME (4:1) 0–27.8 Pnma→ P21nm [132]
α-FeOOH, ε-FeOOH 111.0(2) 4 DAC ME (4:1) 0–24.5 Pnma→ P21nm [74]
α-FeOOH 108.5(6) 0–11 Pnma (in doubt)
α-FeOOH, ε-FeOOH 131.1(58) 4 LVP ME (4:1) 0–9.54 Pnma→ P21nm [133]
α-FeOOH, ε-FeOOH 140.3(3.7) 4.6± 0.4 DAC ME (4:1) 0 –29.4 Pnma→ P21nm [78]
ε-FeOOH 158.0(5) 4 (fixed) 4–20 P21nm (in doubt)
α-FeOOH 90.6 5.8 GGA – – Pnma [1]

108.8 5.9 GGA+U
ε-FeOOH 104.0 5.6 GGA P21nm, high spin (AFM)

123.2 5.7 GGA+U P21nm, high spin (AFM)
152.7 4.6 P21nm, low spin (AFM)
124.3 5.9 P21nm, high spin (FM)
187.0 6.0 GGA P21nm, low spin (FM)
135.1 5.9 GGA+U P21nm, low spin (FM)

α-FeOOH 126(3) 10(1) LVP NaCl 0–8.6 Pnma [89]
α-FeOOH 93.5 – GGA – 0–80 Pnma [113]

114.3(118.7) 4.1(4.0) GGA+U
α-FeOOH 120(3) 4 DAC He, Ne 0–16 Pnma (in doubt) [90]
ε-FeOOH 140(5) 17–44 P21nm

224(13) 45–52 Pnnm, low spin
ε-FeOOH 135(3) 6.1(9) - - 8–11 P21nm [134]
α-FeOOH 85.9(15) 12.6(8) LVP NaCl 0–7.55 Pnma [135]
α-FeOOH 112.26(2.6) 4 (fixed) LVP Vaseline 0–7.1 Pnma [86]
ε-FeOOH 142.8(15.1) 7.1–7.5 P21nm
ε-FeOOH 188(4) 5.19(12) GGA+U - 0–20 P21nm low spin [63]

223(2) 4.07(3) 30–140 Pnnm low spin
α-FeOOH 126(5) – DAC Ne 0–32 Pnma (in doubt) [94]
α-FeOOH, ε-FeOOH 152(4) 4.9 (2) DAC Ne, KBr 0–45 Pnma→ P21nm→ Pnnm [62]

170(1) 4 (fixed)
ε-FeOOH 176(3) 18–45 P21nm→ Pnnm
δ-(Al0.832(5)57Fe0.117(1))OOH1.15(3) 241(14) 4 (fixed) DAC Ne 1.1–64.8 P21nm→ Pnnm [136]
δ-(Al0.908(9)57Fe0.045(1))OOH1.14(3) 223(11) 0–55.6
δ-(Al0.87757Fe0.123)OOH 147(1) 4 DAC Ne – P21nm [137]

155(22) 8(2) Pnnm, high spin
241(14) 4 Pnnm, low spin
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Figure 5. The figures show the electrical conductivity (EC) of α-FeOOH, ε-FeOOH, and δ-AlOOH at high
temperature andpressure. The first panel displays the log of conductivity (log δ) as a function of pressure,
with the x-axis ranging from 0 to 60 GPa. The data is represented with diamond symbols for ε-FeOOH
and circle symbols for δ-AlOOH. This panel illustrates how the conductivity changes with pressure for
these phases. The second panel shows the conductivity as a function of 1000/T at different pressures,
with the x-axis ranging from 0.5 to 3.5 K-1. This panel demonstrates how the conductivity varies with
temperature under high pressure, using the same symbols as the first panel to represent the different
phases [64, 87, 94, 146, 147].

P21nm phase to the Pnnm hydrogen-disordered phase. Upon further compression to 44
GPa, the EC value exhibits a sharp increase, reaching 1.24(12)× 10−3 S/m at 61.2GPa, with
such high EC values comparable to those of metallic compounds [147,148]. In contrast, for
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the structurally similar δ-AlOOH under high pressure, its EC shows little correlation with
pressure, and there is no sharp increase in EC for the Al end-member above 40GPa. There-
fore, the sharp increase in EC in ε-FeOOHmay be attributed to the presence of Fe ions, as
well as electron spin transitions or hydrogen bond symmetrization from P21nm to Pnnm
phase.

Researchers have also investigated the influence of high temperatures on the EC of ε-
FeOOH.At pressures below 35.5GPa, despite differences in the slope of various studies, the
EC of ε-FeOOH shows a negative correlation with temperature, a typical characteristic of a
semiconductor. However, at pressures above 50GPa, there is a positive correlation between
EC and temperature, providing clear evidence of a semiconductor-to-metal transition in ε-
FeOOH. The conductivitymechanism of ε-FeOOH is attributed to small polaron hopping,
similar to other hydroxides or hydrous minerals [149]. This study also provides key infor-
mation on the phase transition process of ε-FeOOH. At 53.5 GPa, a second semi-circular
arc appears in the low-frequency region next to the main circle in the Nyquist plot [64],
The onset of the second arc is attributed to grain boundary resistance [150], and it was
previously regarded as a symbol of charge carrier transport anisotropy in the crystallites
[151]. The second arc likely originates from spin pairing of Fe3+, which may give rise to
mixed spin states.

3.3. Elastic properties of α-FeOOH and ε-FeOOH under high-temperature and
high-pressure conditions

The anisotropy of the α-FeOOH single crystal structure was demonstrated by the elas-
tic constants calculated from inelastic neutron scattering data [152]; Thompson et al. [63]
utilized first principle calculations to investigate the elastic properties of ε-FeOOH under
low-spin hydrogen symmetrical conditions in the pressure range of 30–140 GPa. Among
the 9 independent elastic constants of ε-FeOOH, 7 exhibited positive slopes and smooth
trends, indicating an increase in stiffness with increasing pressure, C55 showed insensitiv-
ity to the elastic constants, while C44 decreased with increasing pressure, suggesting the
eventual occurrence of instability in C44 at sufficiently high pressures. Compared to phase
δ [153] and MgSiO4H2 [154], ε-FeOOH exhibits smaller diagonal elastic constants and
larger off-diagonal elastic constants, resulting in a greater anisotropy inwave velocities. The
bulk modulus (K) of ε-FeOOH steadily increases with pressure, while the shear modulus
(μ) shows little dependence on pressure. This may be related to the low-spin configuration
assumed in the calculations for ε-FeOOH [63]. The compressional wave velocity (Vp) is
positively correlated with pressure, while the shear wave velocity (Vs) is negatively corre-
lated with pressure. Ikeda et al. [92] conducted measurements of the sound velocities and
density of ε-FeOOH at room temperature using an ultrasonic pulse-echo-overlap method
and aKawai-typeMAA, the highest pressure reachedwas 24GPa.Within the experimental
pressure range, the compressional (Vp) and shear (Vs) wave velocities of ε-FeOOH were
approximately 15% lower than those of the isostructural δ-AlOOH. The fluctuation in Vp
around 16–18 GPa is believed to be associated with the transition from a proton-ordered
state to a disordered state [62]. The experiment did not observe the pressure-dependent
decrease in Vs as predicted in the calculations [62], which suggests the influence of spin
transitions on the elastic properties. Ohira et al. [137] conducted tests on the elastic prop-
erties of δ-(Al, Fe)OOH under pressures range of 0–79 GPa using DAC and synchrotron
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Figure 6. Velocity of α-FeOOH and ε-FeOOH, modified from [63, 64, 92, 138, 157].

radiation. The inclusion ofAl resulted in an earlier spin transition in iron and an increase in
Vp andVs. Zhuang et al. [64] investigated the elastic properties of ε-FeOOH in the pressure
range of 20–75 GPa through experiments and first-principles calculations. Gan et al. [155]
studied the spin transition behaviour and thermal elastic properties of ε-FeOOH using
shock recovery experiments and first-principles simulations. The results indicate that the
spin transition in ε-FeOOH leads to a softening of Vp and bulk modulus (K), while Vs
and shear modulus (μ) exhibit a slight increase. The elastic properties of α-FeOOH and
ε-FeOOH are shown in the Figures 6 and 7.
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Figure 7. Moduli of ε-FeOOH, modified from [63,155].

3.4. Electronic structure of α-FeOOH and ε-FeOOH under high-temperature and
high-pressure conditions

Metal oxide electronic structure simulation calculations show that the conduction band
(CB) bottom and valence band (VB) top are primarily composed of hybridization between
the metal element’s 3d, 4s, or 4p orbitals and the oxygen element’s 2p orbitals. Lu et al.
[130] calculated the density of states (DOS) of α-FeOOH at zero pressure, the band gap
of α-FeOOH is 1.96 eV, slightly lower than the experimental values (2.1–2.5 eV) [6,156].
Due to the underestimation of band gap by GGA+U, the calculated result is slightly lower
than the experimental values, hybrid functionals can provide reasonable band gaps, but
the calculation time will increase significantly. Ding et al. [157] calculated the DOS of pure
α-FeOOH and found that it has a band gap width of 2.64 eV. Fuente et al. [158] calculated
the band gap of 25mol% Al α-FeOOH to be 2.0 eV (Table 2). Ding et al. [157] further cal-
culated that the band gap width decreases to 2.55 eV for 25mol% Al α-FeOOH, indicating
that the addition of Al can reduce the band gap width of α-FeOOH. The partial density of
states (PDOS) of α-FeOOH shows that the VB bottom is composed of O 1s orbitals, and
the peak shape is very sharp, indicating strong electron localization and limited participa-
tion in bonding [130,157]. At the top of the VB, there is an overlap between the O 2p and
Fe 3d electronic states, indicating hybridized bonding between them. The CB bottom is
mainly contributed by the Fe 3d electronic states, with some contribution from the O 2p
electronic states. The Al 2p orbitals only participate in the composition of the VB bottom,
mainly forming bonding with a portion of the O 2p orbitals. This indicates that the reduc-
tion in band gap width in Al-doped α-FeOOH is primarily due to the participation of Al
in the composition of the VB, causing an upward shift in the VB and resulting in an overall
decrease in the band gap width (Figure 8) [157].

Under a pressure of 5 GPa, the band gap of ε-FeOOH is 1.94 eV [130]. In the DOS’s
structure at pressures above 20 GPa, there is a pressure evolution independent of hydrogen
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Figure 8. Schematic energy band structures of pure and Al-doped α-FeOOH (a) and (b), modified from
[157].

Table 2. The relative conductionbandenergyandbandgapwidthofα-FeOOHand ε-FeOOH.

Relative energy/eV

Sample VB CB Eg/eV Methods Reference

Natural α-FeOOH 527.46 539.46 2.30 Exp. [157]
Standard α-FeOOH 536.83 529.40 2.57 Exp.
α-FeOOH 2.64 Cal.
25mol% Al-α-FeOOH 2.55 Cal.
α-FeOOH 527.5 530.0 2.5 Exp. [159]
γ -FeOOH 527.5 529.9 2.4 Exp.
25mol% Al-α-FeOOH 2.0 Cal. [158]
α-FeOOH 2.1–2.5 Exp. [6]
α-FeOOH 1.96 Cal. [130]
ε-FeOOH 1.94 Cal.

bonding symmetry. Under pressures of 40–50 GPa, a pressure-induced reduction in the
band gap of ε-FeOOH has been observed. At 60 GPa, the DOS and band gap width exhibit
similarities to the structure of low-spin ε-FeOOHcalculated byOtte [1] under similar pres-
sures. With reference to the Fermi level and DOS indicates a significant sudden change in
the electronic orbital structure before and after hydrogen bonding symmetry [63]. Above
70 GPa, a pressure-induced transition from a semiconductor to a conductor is observed.
Both Py-FeOOH at 70GPa andM-FeOOH at 200GPa exhibit clearmetallic characteristics
in the DOS near the Fermi level [130], The total DOS near the Fermi level is mainly con-
tributed by Fe 3d orbitals, while the contribution of H 1s orbitals is negligible, indicating a
transfer of valence electrons from H atoms to nearby O atoms in the structure.

4. Vibrational spectroscopic properties of α-FeOOH and ε-FeOOH

4.1. Infrared spectra

Numerous experiments were conducted on the infrared absorption spectra and micro-
infrared analysis of synthesized α-FeOOH and natural α-FeOOH. The assignment of
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infrared spectroscopic peaks for natural, synthetic samples, and computational results is
shown in Table 3.

Two strong spectral bands are observed in the hydroxyl stretching vibration region of
α-FeOOH. The computational results predict the presence of four hydroxyl stretching
vibrations in α-FeOOH within the range of 3027∼3000 cm−1. These vibrations occur
in different coupled or uncoupled modes [158]. Cambier et al. [168] suggested that the
stretching of the hydroxyl groups corresponds to the range of 3170–3085 cm−1. This peak
is sensitive to temperature and is one of the important spectral bands used to character-
ize the degree of dehydroxylation in α-FeOOH. Experimental results demonstrate that the
position and intensity of this peak exhibit a linear relationship with the temperature of
dehydroxylation. As the temperature increases, the peak shifts to higher wavenumbers,
indicating a decrease in bond strength. Conversely, a shift towards lower wavenumbers
indicates an increase in bond strength [99]. The range of 3483–3470 cm−1 corresponds to
the stretching vibration of H-O-H, which represents a typical mode of non-stoichiometric
hydroxyl units (excess water) in the α-FeOOH structure. These types of hydroxyl units
can be incorporated into the α-FeOOH structure and adsorbed onto the crystal surface
during synthesis. An increase in the substitution of Al leads to a relative increase in inten-
sity, indicating an increase in the content of non-stoichiometric hydroxyls.With increasing
temperature, the relative intensity of this peak gradually decreases. The relative intensity
of this spectral band exhibits a linear relationship with temperature [98,169–171]; The
bending vibrations of hydroxyl groups in the a-b plane appear at 1129–863 cm−1 (δ) and
1153 cm−1 (Al-OH), while the bending vibrations of hydroxyl groups out of the a-b plane
occur at 1014–784 cm−1 (γ ) and 1068 cm−1 (Al-OH). The first overtones of the bending
vibrations are observed at 1693–1675 cm−1 (δ’) and 1645–1613 cm−1 (γ ’), a shoulder peak
associatedwith the bending vibration of water is observed at 1713–1707cm−1, attributed to
the δ’’(OH)mode, these vibrations can be attributed to the in-plane and out-of-plane vibra-
tions of non-stoichiometric hydroxyl units [98,172]. Within the range of 640–533 cm−1,
there is a peak corresponding to the symmetric stretching vibration of Fe-O bonds, the
stretching vibration of Al–O occurs at 659 cm−1. The range of 497–461 cm−1 corresponds
to the asymmetric stretching vibration of Fe-O bonds. The range of 450–400 cm−1 corre-
sponds to the symmetric stretching vibration of Fe-OH bond; The range of 368–270 cm−1

corresponds to the asymmetric stretching vibration of Fe-OHbonds. The splitting of defor-
mation and bending bands of hydroxyl groups, as well as the splitting of stretching bands,
is caused by strong coupling between different hydroxyl vibration modes [172]. Previous
studies on the infrared spectra of α-FeOOH have shown that although all hydroxyl units
are in the same environment, the hydrogen bonds point in two different directions, result-
ing in the splitting of the hydroxyl stretching bands. This characteristic can be observed
through the asymmetric nature of the peaks in α-FeOOH’s hydroxyl vibrations [98,172].
In-plane bending vibrations and out-of-plane bending vibrations are considered char-
acteristic vibrations of α-FeOOH [99]. In-plane bending vibrations involve orientation
vibrations within the inclined plane, which change the angle between hydroxyl groups and
the triangular arrangement of iron atoms and hydrogen bonds. Out-of-plane vibrations are
oriented parallel to the c-axis and do not involve significant tilting of hydroxyl units with
respect to adjacent iron atoms or hydrogen bonds [160].

In theory, any peak position or peak width variation is related to the single lattice mode,
polyhedral distortion, crystal ordering, lattice parameters, and local heterogeneity within
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Table 3. The assignment of the IR peaks of α-FeOOH /cm−1.

Minerals Method Source
ν1 (H-O-H
stretching)

V2 (O-H
stretching)

First
overtones
bend

ν (O-H in a-b
plane bend)

ν (O-H out
a-b plane
bend) ν (Fe-O stretch)

ν (Fe-O
asymmetric
stretching)

ν (Fe-OH
stretching)

ν (Fe-OH
asymmetric
stretching)

ν (Fe-O
symmetric
stretching) Reference

α-FeOOH Exp. Synthesis 3195 3080 - 890 795 610, 670 - - 410, 395 - [160]
Exp. – – – – 680 – 630 495 450 401 368, 270 [161]
Exp. Synthesis – – – 670.3 – 633.3 497.0 450.7 409.4, 395.8 360.9, 290.3, 268.3 [162]
Exp. Synthesis 3483–3450 3236–3206 δ’−1693–1675,

γ ’−1645–1613,
γ ’’−1713–1707

δ−890–863 γ−799–783 ∼ 533 ∼ 461 – – – [98,99,104,163,164]

Exp. – – 3170–3085 – 890 795 640–620 – – – – [160,165,166]
Exp. – – – – – – 630 – 400 – – [167]
Cal. – – 3027 – 1099–1023 1001–998 635 – – – – [158]

Al-α-FeOOH Cal. 25mol% 2980–2953
(Al-Fe)

1153 (Al-OH) 1068 (Al-OH) 659 (Al-OH) [158]

Cal. 2977–2895
(Fe-Fe2)

1129 (Fe-OH) 1014 (Fe-OH) 629 (Fe-OH)

Exp. Synthesis
(10mol%)

3434 3227 540 [99]

Exp. Synthesis
(20mol%)

3448 3239 543

Exp. Synthesis
(30mol%)

3453 3240 545
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the structure [162,168]. According to the research conducted by Williams, the shift of the
hydroxyl bending band is caused by the increase in repulsive force between the hydrogen
ion and the adjacent cation due to the shorter distance of the nonlinear hydrogen bond
Fe-O-H···O-Fe [160]. When α-FeOOH is doped with Al, the cell parameters decrease,
resulting in changes in bond lengths and angles, leading to frequency variations. Addi-
tionally, the symmetry of the unit cell is disrupted, resulting in the appearance of more
distinct features in the spectrum, particularly in the stretching and bending vibrations
of hydroxyl groups connected to Fe and Al, Stiers and Schwertmann reported that with
increasing substitution of Mn3+ and Al3+ in α-FeOOH, the stretching and bending vibra-
tions of O-H shift to higher frequencies, and the spectra also broaden with increasing Al
content [162,173], as shown in the Table 3.

Attempts were also made at high-temperature and pressure infrared experiments on α-
FeOOH (Figure 9). Williams was the first to use DAC to study the infrared spectroscopic
properties of α-FeOOH under ambient temperature, with a maximum pressure of 24 GPa
[160]. It was found that the bending vibration of the hydroxyl groupmerged into two peaks
when the pressure exceeded 13 GPa, suggesting that significant changes of hydrogen ions
occurred at this pressure. The out-of-plane bending of the O-H bond is parallel to the c-
axis and involves almost no angular tilt of the hydroxyl group relative to the neighbouring
iron atoms or hydrogen bonds. In contrast, the in-plane bending occurs in a vibrational
mode oriented within a tilted plane, thereby altering the angle between the hydroxyl group
and both the iron atoms and hydrogen bonds [160,161,174]. Therefore, the frequencies
of the two O-H bending vibrations merge around 13 GPa and remain constant with fur-
ther increase in pressure. This provides direct evidence that the in-plane and out-of-plane
vibrations become energetically indistinguishable. This observation can be explained by
the movement of hydrogen towards equidistant positions with its three neighbouring iron
atoms within this pressure range [160].

Thompson et al. [62] collected infrared absorption spectra of FeOOH under ambient
temperature and 2–50 GPa. Under ambient pressure conditions, the O-H stretching region
appeared as a broad feature (2600∼3100cm−1), which is consistent with the previously
reported spectra of α-FeOOH [160,175]. As the pressure increases, the O-H stretching
region further broadens and shifts to lower wavenumbers [62]. Under ambient pressure,
the infrared spectrum of α-FeOOH exhibits three distinct absorption bands at 965, 1145,
and 1175 cm−1. Based on comparisons with similar structures, these bands have been
determined to correspond to O-H bending vibrations [62,160,176,177]. Similarly to the
stretching region, these peaks also broaden with increasing pressure, beyond ∼17.5± 1
GPa, the two high-frequency bands become difficult to distinguish [62]. The lowest fre-
quency band still undergoes changes with increasing pressure, and above ∼17.5± 1 GPa,
there is a noticeable shift in the pressure dependence of this region. The sudden change in
the pressure dependence of this region suggests a reorientation of the O-H bonds, indicat-
ing that pressure induces hydrogen bond symmetrization or the onset of proton disorder.
Kagi observed a similar change in the pressure dependence of the O-H absorption band in
δ-AlOOH, a structurally similar compound, at ∼10 GPa [178]. This is consistent with the
onset of proton disorder at this stage [121].
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Figure 9. Trends of IR peakswith pressure (Solid: Compression; Hollow: Decompression), modified from
[62,160].

4.2. Raman spectra

Raman spectra is a probe for monitoring mineral phase transitions under high-
temperature and pressure conditions [179]. In the α-FeOOH, there are six typical Raman
peaks. The peaks at 250 and 687 cm−1 correspond to Fe-O stretching vibrations; The
peak at 302 cm−1 corresponds to the symmetric bending vibration of Fe-OH; The peak at
388 cm−1 corresponds to the symmetric stretching vibration of Fe-O-Fe/OH; The peaks
at 486 and 556 cm−1 correspond to the antisymmetric stretching vibration of Fe-OH
(Table 4). Some Raman experiments also observed some unassigned peaks at 209, 399,
420, 887, 1020, and 1117 cm−1 [87,90,183]. Raman peaks above 800 cm−1 are associated
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Figure 10. The Raman peaks shift diagram of Al substitution, modified from [184].

Table 4. The assignment of the Raman peaks of α-FeOOH and ε-FeOOH /cm−1 [94,180–182].

Label ν1 ν2 ν3 ν4 ν5 ν6

Wavenumber 250 302 391 486 556 687
Assignment Fe-O symmetric

stretching
vibration

Fe-OH symmetric
bending
vibration

Fe-O-Fe/-OH
symmetric
stretching
vibration

Fe-OH antisymmetric
stretching vibration

Fe-OH antisymmetric
stretching vibration

Fe-O symmetric
stretching
vibration

with the OH bonding, making them difficult to observe in some Raman experiments [94].
The substitution of Al will cause a high wavenumber shift in the characteristic peak of α-
FeOOH, and the magnitude of the shift is consistent with the content of Al substitution
[184] (Figure 10).

Several workers addressed the high-temperature and pressure Raman features of α-
FeOOH. Liu [87] investigated theRaman features ofα-FeOOH ∼35GPaunder room tem-
perature in the range of 150–900 cm−1. Tang studied the Ramanpeak features ofα-FeOOH
under room temperature compression up to 32 GPa in the range of 150–1300 cm−1 [94].

In the study by Liu, the Raman peaks during compression and decompression were
divided into several stages: below 7 GPa, between 7–20 GPa, and above 20 GPa [87]. There
are two noticeable discontinuities in the Raman peaks at 7 and 20 GPa. At 7 GPa, two
Raman peaks at 243 and 299 cm−1 exhibit significant splitting, resulting in the appear-
ance of four new split peaks at 257 cm−1 (M1), 263, 302 cm−1 (M2), and 316 cm−1. The
257 cm−1 (M1) peak disappears beyond 20 GPa, while the 302 cm−1 (M2) peak shows a
pressure-dependent negative shift. All Raman peaks shifting positively with pressure rep-
resent the compression-induced contraction of atomic distances in α-FeOOH, while the
negative shift indicates an increase in bond angles during compression in α-FeOOH [180].
In the high-pressure experiments conducted by Tang, a significant splitting of the peak
at 302 cm−1 was observed upon compression to 5.2 GPa [94]. Additionally, at the same
pressure, the main peak at 391 cm−1 lost one of its two shoulder peaks on the higher
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Figure 11. The Raman peaks shift of α-FeOOH and ε-FeOOH, modified from [87,94].

wavenumber side. These shoulder peaks were theoretically predicted by density func-
tional theory calculations for α-FeOOH [185]. Furthermore, an additional peak appeared
at 260 cm−1 when the pressure increased from 10.6 GPa to 11.7 GPa, and a small shoul-
der peak was observed again at 302 cm−1. Only slight variations in the slopes of the shifts
were observed. These subtle changes appear to occur in the ν4 and ν5 peaks below 20
GPa (Figure 11). Considering the presence of new Raman peaks and pressure-dependent
Raman peaks, it is possible that a pressure-induced phase transition occurred ∼7 GPa and
∼20 GPa, given the observed discontinuities.

5. CaCl2-type (ε-FeOOH – δ-AlOOH –MgSiO4H2) solid solution

In the natural environment, iron hydroxides rarely exist in the form of single endmembers.
The changes in Mössbauer spectra resulting from Al substitution in α-FeOOH were first
observed 50 years ago [186]. The substitution of Al for Fe in natural α-FeOOH can reach
up to 36± 3 wt.% [187], and 33mol% in synthetic samples [6]. Composition constraints
suggest a miscibility gap in the α-FeOOH – α-AlOOH solid solution between ∼33% and
85% [6,188]. Under ambient conditions, the radius of Fe ions differs from that of Al ions
by 17%. The unit cell volume of α-FeOOH differs from diaspore by 14%. As Al substi-
tution increases, the lattice parameters of α-FeOOH decrease linearly along each axis,
and the volume also decreases [162]. Due to the differences in atomic size, limited struc-
tural contraction occurs even at low substitution concentrations, resulting in local elastic
strains within the α-FeOOH structure [6,188,189]. Thismay explain why Al substitution is
restricted to x < 0.36. The diamagnetism of Al contributes to the antiferromagnetic field
of α-FeOOH, also inducing weakmagnetism around the originally non-magnetic O atoms
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[189]. It is impossible to form an ideal solid solution through the substitution of Al for Fe
as isomorphous ions.

Whenmetallic elements aremixed and precipitated, the chemical forms and segregation
patterns of metal impurities can change over time. During the transition from an amor-
phous to a crystalline state, the distribution of elements significantly affects the properties
of the resulting crystal. For example, in Cu and Al co-precipitates (electronic paramag-
nets), Cu is initially evenly distributed within the amorphous Al2O3. However, as time
progresses and the amorphous Al2O3 transforms into gibbsite, Cu clusters andCuOphases
form [190]. The effects of Fe substitution by Al have been the subject of numerous studies,
including those by Fazey [191], Schulze [192], and Schwertmann [187]. Most researchers
consider the system to be a random solid solution substitution. Scheinost [193] proposed
the existence of diaspore clusters within α-FeOOH. Theoretical calculations show that the
enthalpy of clustered Al substitution at low concentrations is lower than that of random
substitution. As Al substitution increases, α-FeOOH becomes shorter and less multido-
mainic, indicating a correlation between Al substitution and a slower crystallization rate.
The substitution of Al results in fewer structural defects. Additionally, Al substitution
reduces the unit cell volume and increases hydroxyl units, particularly non-stoichiometric
hydroxyl units, within the α-FeOOH structure [170,171,192,194,195]. Therefore, the sub-
stitution of Al in α-FeOOH is considered an important factor controlling lattice stability
and influencing the thermal decomposition of the crystal, the vibration of hydroxyl units,
rearrangement of oxygen packing, and migration of cations [196–198].

The substitution of Al for Fe in α-FeOOH is also believed to be associated with excess
structural OH−, either in relation to cation vacancies or due to the protonation of O atoms
and disruption of hydrogen bonds in the structure [98,199]. Al substitution has been found
to facilitate the incorporation of excessOH− into theα-FeOOHstructure (excessOH− for-
mula: (Fe1−XAlX)y/3O1−y(OH)1+ y) [162,170,192,200], and to promote the preservation
of hydroxyl units in the α-FeOOH structure at higher temperatures (543 K), indicating
that Al-α-FeOOH is more thermally stable than pure α-FeOOH [98]. However, some
researchers have determined the mixed enthalpy of Al-α-FeOOH and concluded that Al-
α-FeOOH is relativelymetastable compared toα-FeOOH and diaspore [102]. Despite this,
due to the small energy difference between α-FeOOH and Al-α-FeOOH, it can persist.

Under high-temperature and pressure conditions, the decomposition temperature of
ε-FeOOH is slightly higher than some cold subducting plate geothermal gradients. The
addition of Al significantly enhances the thermal stability of ε-(Fe, Al)OOH and reduces
the volume of the solid solution [201]. The superhydrous phase B exists stably at the top
of the lower mantle; as depth increases, it decomposes into Ferropericlase, Bridgmanite,
and Phase D [202]. Phase D can be stable under pressure conditions of 44 GPa (mantle
depth of ∼1250 km) [42]. The incorporation of Al greatly enhances its thermal stabil-
ity, allowing it to exist as a reservoir of water under normal geothermal gradients [203].
As pressure increases, Phase D decomposes into Phase H and stishovite [204]. The stable
pressure range for hydrous Phase H has been predicted to be 40–52 GPa using first-
principles calculations [44]. This phase has a narrow stability field and decomposes into
perovskite and water at pressures greater than 52 GPa. Al- and Fe-poor Phase H occurs
in ultramafic rocks, while Al- and Fe-rich hydroxyl oxides occur in mafic rocks. Bindi
et al. [205] suggests that when the structure of diaspore transforms into Pnnm, it forms
a complete solid solution with Phase H. Previous studies have successfully synthesized
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phase-δ – MgSiO4H2 [46,56,206], δ-AlOOH – MgSiO4H2 – SiO2 [56], δ-(Al, Fe)OOH
[91,93] using high-temperature and pressure apparatus. Experimental results and theo-
retical calculations have shown that Phase H-δ solid solution has a wide solid solution
range[44,56]. It exhibits a wide stability field at the bottom of the lower mantle, and its
composition can change with temperature and pressure. At 68 GPa and 2010K, it con-
tains 44mol% of the MgSiO4H2 component end-member, while at 128 GPa and 2190 K,
the content of this component decreases to 23mol%. Additionally, this solid solution can
coexist with the major mineral bridgmanite in the lower mantle and has the potential to
be an important water carrier in the subducting slab, known as the subducted peridotite
mantle [207]. Ohira et al. [56] conducted experiments that demonstrated the coexistence
of Phase H-δ solid solution with perovskite and post-perovskite phases. The partitioning
coefficient, D(Al2O3) = Al2O3 (mol% in Phase H-δ solid solution)/Al2O3 (mol% in Bdg
or pPv), was found to be in the range of 14–26 in the lower mantle of the MASH system.
In mantle peridotite andMORB, Al selectively distributes into the phase δ [208]. Recently,
high-pressure and temperature experiments have shown that ε-FeOOH can form solid
solutions with Phase H-δ solid solution over a wide range of compositions (Figure 12).
These solid solutions remain stable at higher temperatures, forming a hydrogen reser-
voir with P-T stability extending from the lower mantle environment to the core-mantle
boundary [21,56,93,118,127,128,207,209,210]. They maymaintain thermodynamic stabil-
ity within subducting plates and transport water into the lower mantle. Nishi et al. [209]
suggested that the mutual solubility between ε-FeOOH and δ-AlOOH in solid solution is
limited; Xu et al. [93] determined the phase relations of the (Al, Fe)OOH binary system
at 15–25 GPa and 700–1200 ℃, finding that δ-AlOOH and ε-FeOOH partially form solid
solutions over a wide range of pressures and temperatures. the maximum solubility of Al
and Fe in the solid solution is more influenced by temperature than pressure. Thompson
[63] proposed that the ε-FeOOH – δ-AlOOH – MgSiO4H2 solid solution may contribute
to the seismic properties of large low-shear-wave-velocity provinces. Experiments have
confirmed that Al substitution can stabilize the H-phase, but the precise influence of Fe on
this system remains unclear. In the ε-FeOOH – δ-AlOOH – MgSiO4H2 system, the spin
transitions and changes in the cell volume may occur at pressures lower than those of the
pure Fe endmember, resulting in anomalies in seismic wave velocities at different depths
[64]. The low spin Pnnm structure may be stable under conditions of the Earth’s deep
interior [21,93]. High-temperature and high-pressure experiments in the Fe2O3-MgO-
Al2O3-SiO2-H2O system have demonstrated that the CaCl2-type solid solution subducted
into the lower mantle can retain major elements of the Earth, including Mg, Si, Al, and Fe.
This may play a crucial role in the transport of water into the Earth’s lower mantle and
could contribute to explaining the geophysical heterogeneity observed in the deep Earth.

6. Conclusions and outlook

In conclusion, current reviewhighlights several critical aspects ofα-FeOOHand ε-FeOOH
in the Earth’s lower mantle:

(1) Experimental and theoretical studies indicate that ε-FeOOH, a simple iron hydrox-
ide, can stably exist in the lower mantle and at the core-mantle boundary, this phase
is significant as it enters the mantle through subduction zones.
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Figure 12. The MAFSH quaternary with the compositions of the hydrous phases in the DLM, modified
from [207].

(2) ε-FeOOH releases H2 at depths greater than 1800km [211]. The H2 dissociates from
the FeOOH system, leading to a net accumulation of oxygen, which, upon reaching
a certain concentration, can trigger mantle plumes that release O2 into the atmo-
sphere, forming a deep source of atmospheric O2. The accumulated H2 could also
significantly impact the oxygen fugacity of the mantle.

(3) Theoretical calculations and experiments demonstrate that ε-FeOOH can form solid
solutions with the CaCl2-type phase δ and MgSiO4H2, remaining stable over a wide
range of temperature and pressure conditions. Studying the stability of these solid
solutions under lower mantle conditions is crucial for comprehending the physical
properties and geological processes in the deep Earth.

It is generally believed that the GOE was a long-term event (∼2.4–2.06 Ga), and its
early initiation might have been a prolonged unstable period [212–216]. Whether other
simple hydrous minerals exhibit similar behaviour, potentially leading to an underesti-
mation of such sporadic, scattered deep sources remains to be investigated. Due to the
challenges posed by devices and testing methods under the ultra-high-temperature and
high-pressure conditions of the mantle, theoretical calculations have become crucial for
studying the properties of materials in such extreme environments. TheWu-Wentzcovitch
semi-analytical method (SAM) [217] and the stress–strain method at finite temperature
[218] have been successfully applied to obtain the elastic tensor of minerals under high
temperature and pressure conditions, even in melts. These methods have been effectively
used for variousminerals [219–221] and serve as important complementary tools for over-
coming the challenges of testing the physical properties of minerals under deep Earth
conditions.
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