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            Abstract
The distribution, accumulation and circulation of oxygen and hydrogen in Earth’s interior dictate the geochemical evolution of the hydrosphere, atmosphere and biosphere1. The oxygen-rich atmosphere and iron-rich core represent two end-members of the oxygen–iron (O–Fe) system, overlapping with the entire pressure–temperature–composition range of the planet. The extreme pressure and temperature conditions of the deep interior alter the oxidation states1, spin states2 and phase stabilities3,4 of iron oxides, creating new stoichiometries, such as Fe4O5 (ref. 5) and Fe5O6 (ref. 6). Such interactions between O and Fe dictate Earth’s formation, the separation of the core and mantle, and the evolution of the atmosphere. Iron, in its multiple oxidation states, controls the oxygen fugacity and oxygen budget, with hydrogen having a key role in the reaction of Fe and O (causing iron to rust in humid air). Here we use first-principles calculations and experiments to identify a highly stable, pyrite-structured iron oxide (FeO2) at 76 gigapascals and 1,800 kelvin that holds an excessive amount of oxygen. We show that the mineral goethite, FeOOH, which exists ubiquitously as ‘rust’ and is concentrated in bog iron ore, decomposes under the deep lower-mantle conditions to form FeO2 and release H2. The reaction could cause accumulation of the heavy FeO2-bearing patches in the deep lower mantle, upward migration of hydrogen, and separation of the oxygen and hydrogen cycles. This process provides an alternative interpretation for the origin of seismic and geochemical anomalies in the deep lower mantle, as well as a sporadic O2 source for the Great Oxidation Event over two billion years ago that created the present oxygen-rich atmosphere.
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                    Figure 1: The FeO2 phase.[image: ]


Figure 2: Integrated XRD pattern and Rietveld refinement of the pyrite-type FeO2 phase.[image: ]


Figure 3: Raman peak of the hydrogen Q1 vibron in dense neon.[image: ]


Figure 4: Crystal structure search results.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Bonding lengths and angles in pyrite-type FeO2 at 76 GPa.
The structure is viewed along the x axis of the experimental FeO2 unit cell.


Extended Data Figure 2 XRD pattern series by decompressing the P-phase.
The P-phase becomes weak in intensity at 41 GPa and totally disappears at 31 GPa and below. The decompressed sample eventually recovered to the α-Fe2O3 phase at low pressure. P indicates the P-phase FeO2; O indicates solid O2; H indicates α-Fe2O3 (haematite). Fe2O3 contains post-perovskite type and Aba2-structured high-pressure phases.


Extended Data Figure 3 Synthesis pressure–temperature conditions for FeO2.
a, Open circles indicate the coexistence of Fe2O3 and O2. Solid squares indicate the appearance of P-phase FeO2. FeO2 was synthesized between 72 GPa and 75 GPa. b, Open circles indicate FeOOH. Decomposition pressure was constrained between 78 GPa and 87 GPa. Sample temperature was measured using the spectroradiometric method and errors are estimated from the goodness of fit to the spectroradiometric profile.


Extended Data Figure 4 XRD patterns of FeOOH through the experimental pressure–temperature path.
a, Goethite sample (G) in neon and Re gasket at 0.9 GPa. b, As in a, compressed to 35 GPa. The XRD peaks include goethite, solidified Ne, and the Re gasket. c, As in a, compressed to 92 GPa. The sample peaks remain and shift to higher Q. d, After laser-heating and quenching to ambient temperature, the pressure dropped to 87 GPa, and the goethite peaks disappeared. The new pattern consists of peaks of the P-phase, Ne and minor amounts of ε-FeOOH (red stars).


Extended Data Figure 5 Phonon dispersion relations of FeO2 P-phase.
a, At 0 GPa; b, At 300 GPa. The P-phase is mechanically stable at 0 GPa and 300 GPa.


Extended Data Table 1 Additional multigrain XRD data was obtained at 13BM-CFull size table


Extended Data Table 2 The lattice parameters and atomic positions of pyrite-type FeO2 at 76 GPaFull size table


Extended Data Table 3 Bonding lengths and angles in pyrite-type FeO2 at 76 GPaFull size table
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