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The cycling of hydrogen influences the structure, composition, and
stratification of Earth’s interior. Our recent discovery of pyrite-structured
iron peroxide (designated as the P phase) and the formation of the P
phase from dehydrogenation of goethite FeO2H implies the separation
of the oxygen and hydrogen cycles in the deep lower mantle beneath
1,800 km. Here we further characterize the residual hydrogen, x, in the
P-phase FeO2Hx. Using a combination of theoretical simulations and
high-pressure–temperature experiments, we calibrated the x dependence of molar volume of the P phase. Within the current range of
experimental conditions, we observed a compositional range of P
phase of 0.39 < x < 0.81, corresponding to 19–61% dehydrogenation.
Increasing temperature and heating time will help release hydrogen
and lower x, suggesting that dehydrogenation could be approaching
completion at the high-temperature conditions of the lower mantle
over extended geological time. Our observations indicate a fundamental change in the mode of hydrogen release from dehydration
in the upper mantle to dehydrogenation in the deep lower mantle,
thus differentiating the deep hydrogen and hydrous cycles.
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n Earth’s crust and down through the mantle transition zone,
hydrogen exists primarily in its oxidized form. Hydrogen in
hydrous minerals subducts with down-going slabs and reemerges
from the upper mantle as water in island arc volcanic volatiles,
maintaining its oxidized form. The deep hydrogen cycle is thus
often tied to the water cycle (1–3). A growing number of studies
have reported that hydrogen can be transported deeper into the
lower mantle by close-packed hydrous minerals, including: δ-AlO2H
(4, 5), phase H (MgSiO4H2) (6–8), aluminum-enriched silicates (9),
and e-FeO2H (10), extending the hydrogen–hydrous cycle to the
entire mantle. However, how hydrogen in the deep lower mantle
returns to Earth’s surface is less explored. Would the hydrogen
return as water by dehydration of the hydrous minerals or as
hydrogen by dehydrogenation (11)? The return of hydrogen is a
critical control on the redox equilibria in the mantle.
Our previous work shows that a common hydrous mineral,
goethite FeO2H, dehydrogenates to form the pyrite-structured P
phase at deep lower mantle conditions (12). The P phase resulting
from dehydrogenation has variable, larger unit cells than pure
FeO2, suggesting that it may retain x < 1 amount of hydrogen in
the form of FeO2Hx. In light of this, we are motivated to quantify
the dehydrogenation reaction of FeO2H. First-principles calculations were used to further constrain and quantify the hydrogen
content in the FeO2Hx P phase.
Results
High P-T experiments on FeO2H were conducted in a diamond
anvil cell (DAC) integrated with laser heating. The starting materials
were either precompressed goethite (α-FeO2H) powders in Ar or
Ne pressure media or hematite (Fe2O3) in water pressure medium
that is chemically equivalent to goethite as Fe2O3 + H2O = 2FeO2H
(13, 14). Samples were gradually compressed to the target pressure
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range of 71–133 GPa, before being heated by a double-sided
neodymium-doped yttrium aluminium garnet (Nd: YAG) laser up
to 10 min (15). Using a synchrotron X-ray diffraction (XRD)
technique, the cubic P phase was identified to form above 72 GPa
and preserved in the temperature-quenched sample (Fig. 1 A–C).
The P phase was stable at least up to 133 GPa and 2,000 K (Fig. 1D).
The formation of the P phase was well reproduced in all experiments with a variety of samples and media (Table 1) over a wide
pressure range.
In our experiments, P phase decomposed from FeO2H had the
identical space group to FeO2, but had a larger and variable unit
cell volume, depending on the amount of hydrogen loss in the
nonstoichiometric P phase. The key issue, therefore, is to determine the range of x in FeO2Hx. The baseline x = 0 can be
accurately defined by the pure FeO2 that was synthesized from the
reaction of Fe2O3 in a pure oxygen environment free of hydrogen.
Results of FeO2 were consistent with our previous work (12) and
the details of synthesis can be found in Materials and Methods.
The other boundary condition, x = 1, however, is much harder
to pin down. Many signs, such as the observations of the hydrogen
vibron in Ne and the presence of metastable iron hydride, indicate
that the formation of the P phase always alters the FeO2H composition by loss of some H. We performed first-principles simulations on FeO2H to help us to define the upper limit with x = 1.
In fully hydrogenated FeO2H, our 0-K calculation showed it stabilized in the same structure as pyrite-type AlOOH (16) and pyriteFeO2 (12). Unlike many hydrous phases that form hydroxyl (6, 8),
hydrogen atoms in the P phase are equally bonded with two oxygen
atoms that significantly soften the O-H stretching and bending
mode compared with iron hydroxides (17) (Fig. S1).
The molar volume of P phase as a function of pressure from
experiments and simulations was plotted in Fig. 2. The volumes of
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Fig. 1. Selected in situ XRD patterns of the P phase. (A) FeOOH in Ar at
91.5 GPa and quenched to 300 K. (B) FeOOH in Ne at 119 GPa and quenched to
300 K. (C) In situ at 133 GPa and 2,000 K for Fe2O3 and water assemblage. Tick
marks at the bottom and hkl labels are the calculated peak positions for the
P phase. The green labels indicate diffraction from the pressure calibrants:
Ar, Ne, Au, or H2O ice. Gray labels indicate peaks of the rhenium gasket.
The stars in A are unresolved peaks that are possibly from FeOOH residual.
Abbreviation: P, P-phase FeO2Hx.

P phase from experiments were above that of FeO2, but below the
simulated curve for FeO2H, consistent with the expected behavior
of FeO2Hx. The data scattering was an order of magnitude greater
than the experimental uncertainty, clearly indicating the variable
nonstoichiometry effect. Samples heated to higher temperature tend
to have lower volumes, showing more hydrogen loss (Fig. 2, Inset).
To quantify the nonstoichiometry in FeO2Hx, we first established the experimental equation of state (EOS) Ve0i of FeO2 as a
function of pressure for the baseline at ambient temperature as
shown in Fig. 2. Although first-principles methods for studying
transition metals suffer from strong correlation effects stemming
from their d orbitals, which limits the accuracy in absolute values
of volume and electronic structure (18, 19), the relative volume
from the same simulation setup is reliable. Here we use the difference between the simulated FeO2 and FeO2H for the full range
of x from 0 to 1. For an observed volume Ve, the amount of hydrogen x can thus be determined by the relation that combines
theory and experiment,

[1]

where the subscripts e, s, 1i, and 0i denote the volume from
experiment, from simulation, for x = 1 (FeO2H), and for x =
0 (FeO2), respectively, at the same pressure. In Fig. 2, the dashed
curves are directly taken from the simulations, the dotted blue
curve is the experimental EOS of FeO2, and the dotted green
curve represents Ve1i = Ve0i + (Vs1i − Vs0i). We observed increased dehydrogenation with increasing temperatures. For example, the composition at 87.5 GPa (quenched from 1,700 K,
run no. 1603G266c) was FeO2H0.56. The same sample, by further
heating to 2,150 K, caused the value of x to drop by 21% to
FeO2H0.44 (run no. 1603G266d; Fig. 2, Inset). We also found
that varying pressure alone did not change x to a significant
degree. The final value of x resulted from a combination of
temperature, heating time, and to a lesser degree, pressure.
Throughout our experiments, we observed that x varies from
0.39 to 0.81 at different synthesis conditions (Table 1). The
dehydrogenation of FeO2H is thus described by the following
chemical equation,
2FeO2 H = 2FeO2 Hx + ð1 − xÞH2 ,
where x decreases (dehydrogenation) with temperature and time.
The volume variance was also investigated by the multigrain
crystallography (MGC) method that had been adopted for highpressure crystallographic studies (20, 21). This method is ideal for
laser-heated samples that often result in multiple small singlecrystal grains that then give spotty diffraction patterns. For a
quenched sample at 110 GPa, we searched the ω range of −20° to
+20° and at least 21 single crystals were identified by the MGC
software (22). The statistics of all grains and crystallographic
data for five selected grains are listed in Tables S1–S6. Those 21
grains stemmed from one set of multigrain data that covered
only a volume of the synchrotron beam intersection area (beam size
0.8 × 2 μm2) times the depth along the beam direction (8–10 μm).
The large 1.2% volume difference (equivalent to x = 0.39 ∼ 0.51,
Fig. 3) was more than an order of magnitude higher than refinement uncertainty. This result was reproduced by single-crystal data
taken at other pressures. Because dehydrogenation requires diffusion of hydrogen from the center to the edge of the sample, such
observation is readily interpreted by the diffusion gradient of x in
FeO2Hx at the time of synthesis. In the lower mantle conditions
through geological time, it is reasonable to expect nearly complete
dehydrogenation, i.e., x → 0.

Table 1. Synthesis condition and results of FeO2Hx
Run no.
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1512G300
1603G261
1603G270
1603G266a
1603G266b
1603G266c
1603G266d
1606G260
1606GS02a
1606GS02b
1607G260
1608GS02

Pressure, GPa

Temperature, K

86.0
98.5
109.0
72.0
78.5
89.0
87.5
91.5
106.5
133.5
95.0
119.0

2,200
1,850
2,250
2,300
2,300
1,700
2,150
1,600
2,000
2,000
2,000
2,500

Starting material
FeOOH in Ne
FeOOH in H2O
Fe2O3 + H2O
Fe2O3 + H2O
Fe2O3 + H2O
Fe2O3 + H2O
Fe2O3 + H2O
FeOOH in Ar
Fe2O3 + H2O
Fe2O3 + H2O
FeOOH in Ar
FeOOH in Ne

a, Å

V, Å3

x

4.4152
4.3795
4.3383
4.4424
4.4238
4.4025
4.3877
4.4330
4.3771
4.3276
4.4178
4.3447

21.517
21.000
20.413
21.918
21.643
21.332
21.118
21.779
20.965
20.262
21.556
20.503

0.59
0.55
0.43
0.54
0.53
0.56
0.44
0.81
0.66
0.69
0.76
0.62

The formation of P phase was recognized in all experiments above 72 GPa. The table contains selected data in
each run of synthesis after temperature quenching. Details of pressure calibration are in Table S7. The comprehensive data sheet is shown in Table S8.
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Fig. 2. Volume vs. pressure for the P phase. Dashed lines are calculated from first-principles simulations. Blue dotted line is the experimental EOS of FeO2. Green
dotted line is the calibrated EOS Ve1 from relative volume difference. Solid curve of e-FeOOH is from ref. 14. The colors of the data points reflect the heating
temperature, scaled into the color bar. All data points were collected after quenching. Inset shows the shift of P-phase 111 peak by raising the temperature from
1,700 K to 2,150 K, equivalent to a loss of 21% hydrogen. Inset data are indicated by black arrows in the main plot. Abbreviation: P, P phase. Q, momentum transfer.

Discussion
In the general concept of hydrogen circulating by hydration and
dehydration, the hydrogen and water cycles are indistinguishable,
and water does not affect the oxidation states. This concept may
have to be revised by the observation of dehydrogenation of
FeO2H in this work, indicating the hydrogen cycle may couple to
the redox reaction of the mantle.
Unlike the dehydration process that releases hydrogen as H2O,
hydrogen is reduced from dehydrogenation of FeO2H and the
FeO2H is oxidized. In the FeO2 peroxide (12), oxygen donates
electrons to reduce both iron and hydrogen in this reaction, freeing
hydrogen molecules and separating them from the cycling of water.
In a general sense, when FeO2H reaches below 1,800 km (75 GPa,
1,500 K in cold slab), the hydrogen and water cycles are separated
through dehydrogenation. In conclusion, the dehydrogenation of
FeO2H represents an example that pressure can alter the hydration–dehydration cycle to become a redox reaction. The potential
implications for this finding are that the effects of the hydrogen
and water cycles must be considered separately under deep lower
mantle conditions.

loading into DAC. High pressure was achieved by using diamond anvils with
150-μm culet diameter (beveled from 300 μm) and the sample chamber was
built in a drilled hole of 50–60 μm (diameter) in a rhenium gasket (23). For
pressure medium of water, a droplet of deionized water was carefully injected
into the chamber and immediately sealed. One or two pieces of ruby and a
gold chip (when applicable) were placed around the sample to calibrate the
pressure. At high pressure where ruby fluorescence becomes weak, pressure is
calibrated by the EOS of Ne (24), Ar (25), Au (26), or ice (27). Details regarding
the pressure calibration are listed in Table S7. The combined pressure uncertainty is ±2.0 GPa. The heating temperature was measured by fitting the
black-body radiation curve on both sides of the sample. The laser spot is about
35 × 35 μm2 at 2,600 K. Temperature gradients were still noticeable and we
estimate up to 200 K uncertainty throughout our heating experiment (15).

Materials and Methods
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Preparation of Pure FeO2. Pure FeO2 was prepared from a starting assemblage
of hematite and oxygen. Hematite powders were annealed at 1,000 °C for
24 h to eliminate any absorbed water. The dehydrated samples were placed
on beveled diamond anvils of 150 μm in diameter to access near-megabar
pressures. The sample chamber was a 50-μm-diameter hole drilled in a beryllium gasket supported by cubic-boron nitride padding. The DAC was placed
in a sealed container immersed in liquid nitrogen. Oxygen gas was piped into
the container and introduced into the sample chamber after it liquefied. Pyrite
FeO2 was synthesized by heating the sample at 75–91 GPa (1,700 ∼ 2,000 K).
The lattice parameter of pure FeO2 is calibrated by indexing X-ray diffraction
patterns collected at the synchrotron beam line of 16 insertion device B (ID-B),
Advanced Photon Source (APS), Argonne National Laboratory (ANL). The results are consistent with our previous work (12).
Angular Dispersive X-Ray Diffraction Experiments. Angular dispersive X-ray
diffraction experiments were performed at the 16-ID-B station of the High
Pressure Collaborative Access Team (HPCAT) and the 13 bending magnet C
(BM-C) station of the GeoSoilEnviroCARS (GSECARS), at the APS, ANL. Samples
of hematite (annealed at 1,000 °C for 24 h) or goethite powders (no annealing)
were precompressed to ∼10 (thickness) × 30 (width) × 30 (length) μm3 before

1500 | www.pnas.org/cgi/doi/10.1073/pnas.1620644114

Fig. 3. Volume scattering in an FeO2Hx multigrain sample at 110 GPa. The
dashed line is the normal distribution of volume over all single-crystal grains,
normalized by bin size and count number. The red bar indicates the volume
20.412(5) Å3/formular unit (f.u.) solved from powder diffraction refinement.
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First-Principles Simulations. EOS curves for FeO2 and FeO2H were calculated
under the framework of density functional theory (DFT) implemented in the
VASP code (28). To get rid of core charge overlap, we chose small-core pseudopotentials for O and H and standard potential for Fe within the Perdew,
Burke, Ernzerhof (PBE) parameterization (29) of generalized gradient approximation (GGA) (30) for exchange correlation with a plane-wave basis set
cutoff of 1,000 eV. The Brillouin zone was sampled by a uniform grid of 16 ×
16 × 16. To describe localized 3d electrons of Fe, DFT plus Hubbard part (U) (31)
with a rotational invariant was used. In our previous theoretical study (32), we
investigated an optimal value set of U (5 eV) (on-site Coulomb interaction) and
J (0.8 eV) (Hund coupling constant) to properly describe the electronic structure of pyrite-type FeO2 (32). The same parameters are used for FeO2H and
e-FeOOH. Phonon dispersion of pyrite-FeOOH was calculated in a 2 × 2 × 2
supercell, using the finite displacement method by Phonopy (33).

