
1.  Introduction
Hydrous minerals or their water-bearing phases are widely recognized as potential water, oxygen, and hy-
drogen carriers in Earth's interior (Nishi, 2015; Ohtani, 2020; A. B. Thompson, 1992). They can dehydrate 
and/or deoxygenate under high pressure-temperature (P-T) conditions, thereby affecting the key physical 
and chemical properties of mantle minerals (e.g., Chang et al., 2017; Hou et al., 2021; Hwang et al., 2017; 
Jacobsen & Smyth, 2006; Jacobsen et al., 2004; J. Liu et al., 2020; Mao et al., 2017; Schmandt et al., 2014). Ex-
tensive studies have been conducted to examine the stability fields of various hydrous phases, such as dense 
hydrous magnesium silicates (DHMSs) (e.g., Komabayashi et al., 2005; Nishi et al., 2014; Ohira et al., 2014; 
Pamato et al., 2015; Y. Zhang et al., 2014), hydrous bridgmanite (Fu et al., 2019), phase δ-AlOOH (Ohtani 
et al., 2001), and iron oxyhydroxide (Yoshino et al., 2019) minerals. Some aluminum-rich DHMSs can re-
main stable along the mantle geotherm in the lower mantle (e.g., Ohira et al., 2014; Pamato et al., 2015), 
suggesting that water might be stored in the deep interior (e.g., Kohlstedt et al., 1996; Nishi, 2015; Ono, 1998; 
Pearson et al., 2014; Smyth, 1987).

Due to similar crystallographic frameworks with strong hydrogen bonds, the solid-solution mixtures of 
isostructural ε-FeOOH, δ-AlOOH, and MgSiO4H2 are proposed to be water carriers to the lower mantle 
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(Nishi et  al.,  2014,  2019; E. C. Thompson et  al.,  2020; Xu et  al.,  2019). FeOOH is one of the important 
hydrous phases in the subducting slabs of the Earth's mantle (e.g., Hu et al., 2016; Nishi et al., 2017), con-
taining nominally 10.13 wt.% water. Natural FeOOH includes goethite (α-FeOOH), akaganeite (β-FeOOH), 
and lepidocrocite (γ-FeOOH), which can be transferred to the high-pressure polymorphs of ε-FeOOH with 
a CaCl2-type structure (space group P21nm) at ∼7 GPa (Suzuki, 2010). The stability, structural, physical, 
and chemical properties of ε-FeOOH at high P-T conditions have attracted intensive interest (e.g., Ikeda 
et al., 2019; Nishihara & Matsukage, 2016; E. C. Thompson et al., 2020).

Yoshino et al. (2019) studied the dehydration behavior of ε-FeOOH up to ∼20 GPa and found that its de-
hydration temperature increased with increasing pressure. Hu et al.  (2016, 2017) and Nishi et al.  (2017) 
investigated the stability of ε-FeOOH using laser-heated diamond anvil cells (LH-DACs) under the relevant 
P-T conditions of the lowermost mantle and reported that ε-FeOOH could remain stable until it descended 
to a depth of ∼1,800 km and then transformed into stable Py-FeO2Hx (x ≤ 1, space group Pa3). The results 
of first-principles calculations at 0 K also supported that ε-FeOOH remains stable before transforming to 
Py-FeO2Hx (e.g., Lu & Chen, 2018; Nishi et al., 2017). The fully dehydrogenated Py-FeO2Hx would possibly 
decompose in the uprising plumes, which may provide a sporadic oxygen source for the Great Oxidation 
Event (GOE; Hu et al., 2016). Where, the GOE is the first long-term oxygenation event of Earth's atmosphere 
at ∼2.3–2.5 billion years (Gyr) ago based on the evidence of Earth surface oxygenation (e.g., Canfield, 2004; 
Farquhar et al., 2000; Guo et al., 2009; Holland, 2002). Furthermore, recent LH-DAC experiments indicated 
that ε-FeOOH may partially dehydrate to form a new hydrous iron oxide η-Fe12O19H2 (H. Chen et al., 2020) 
or decompose to various iron oxides (Fe2O3, Fe5O7, Fe7O10, and Fe6.32O9) and an oxygen-rich fluid in the slabs 
present at the mid-lower mantle (Koemets et al., 2021), suggesting that FeOOH may become unstable and 
the oxygen-rich fluid may contribute to the GOE. These results indicate that a sturdy approach is urgently 
needed to further investigate the thermal stability of FeOOH at the relevant P-T conditions of the mid-lower 
mantle and to explore how oxygen and water are released from the Fe-O-H system.

Here, we investigated the stability and decomposition reaction of FeOOH under high P-T conditions by 
shock recovery experiments. Natural goethite (α-FeOOH), as one of the most widespread forms of iron (III) 
oxyhydroxide in ore deposits, sediments, and terrestrial soils, was shocked up to ∼70 GPa and ∼2,750 K us-
ing a two-stage light-gas gun. The present experimental results suggest that FeOOH at conditions relevant to 
the subducting slabs is unstable and may decompose and release water and oxygen in the mid-lower mantle. 
A portion of FeOOH in the very cold subducting slabs may remain stable down to the deep-lower mantle. 
These results provide key information that is essential to understanding the evolution of Earth's atmosphere 
and geological processes in Earth's interior.

2.  Materials and Methods
Natural goethite was used as the starting material, and its chemical composition was analyzed using X-ray 
diffraction (XRD) and an electron probe microanalyzer (EPMA, type: SHIMADZU, EPMA-1720H). Its 
XRD pattern matches the α phase (Pbnm) with a unit cell volume of 138.6 Å3 under ambient conditions 
(Figure S1a). The EPMA results indicate that the sample is homogeneous and mainly contains ∼95 wt.% 
FeOOH and ∼3 wt.% SiO2 impurities (Figure S1b and Table S1). The density of each sample was measured 
by the Archimedean method and ranged between 3.902 and 3.932 g/cm3, falling ∼8% lower than the ideal 
density of 4.26 g/cm3 for the pure α-FeOOH phase due to impurities and possible porosity in natural sam-
ples (Wiethoff et al., 2017).

Shock experiments were carried out using a 25-mm two-stage light-gas gun at the Institute of Atomic and 
Molecular Physics, Sichuan University. A schematic diagram of the shock recovery experiment is shown 
in Figure S2. Aluminum (Al) and copper (Cu) were used as the flyer plate with a diameter of ∼24 mm 
and a thickness of ∼4 mm. The impact velocity of the flyer was measured by an electromagnetic method 
within an ∼0.5% uncertainty. The sample (∼12 mm diameter, ∼2 mm thick) was sealed in a Cu contain-
er, and the sample chamber was located ∼3 mm away from the impact surface. The shock pressure was 
calculated using the impedance matching method based on the measured impact velocity and the known 
Hugoniot relations of the flyer and container (Table  S2) (Marsh,  1980; Seiler & Igra,  2016). The shock 
temperature was estimated using a thermodynamic equation based on the equation of the state of FeOOH 
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(see Supporting  Information  S1) (Brown & McQueen,  1986; Gleason 
et al., 2008; Majzlan et al., 2003; McQueen et al., 1970). A typical imped-
ance matching diagram shows the pressure and temperature histories in 
the sample under multiple reverberation shock waves (Figure S3).

Five shock recovery experiments were performed in which the impact 
velocity ranged from ∼2.04 to 2.67 km/s. The experimental conditions, 
shock pressures, and estimated shock temperatures (Test.) are listed in Ta-
ble S2. Our Test. in shocked FeOOH is comparable to that of iron-bearing 
minerals under shock loading (see Supporting Information S1) (X. Chen 
et al., 2006; Martinez et al., 1995; F. Zhang & Sekine, 2007). After shots, 
the recovered containers were cut open using a lathe. We successfully 
recovered postshock samples at shock pressures of 34.5–68.7 GPa. The 
recovered samples were investigated using XRD, scanning electron mi-
croscopy (SEM) coupled with energy dispersive spectrometry (EDS), and 
thermal analysis, including thermal gravimetry (TG), derivative thermo-
gravimetric analysis (DTG), and differential scanning calorimetry (DSC).

3.  Results
3.1.  Decomposition of FeOOH Under Shock Loading

Goethite was shocked to 34.5–68.7 GPa in the present study, where the 
pressures were substantially higher than the phase boundary between α 
and ε-FeOOH (e.g., Dyuzheva et al., 2006; K. Liu et al., 2019). After recov-
ery from shock compression, some of the postshock samples were ground 

into powders, and their phases were identified using XRD with an X-ray wavelength of 1.54 Å (Figure 1). We 
observed trace amounts of hematite and magnetite for the sample recovered from ∼34.5 GPa, indicated by 
the diffraction peaks at 2θ of 24.15 and 30.08°, respectively, suggesting that ε-FeOOH began to decompose 
into Fe3O4 and Fe2O3. With increasing shock pressure, the diffraction peaks of magnetite and hematite were 
clearly observed. The sample recovered from ∼68.7 GPa had almost entirely decomposed, and the goethite 
component disappeared. The identified phases are listed in Table S2.

The XRD patterns unambiguously indicate that ε-FeOOH decomposes into Fe3O4 and Fe2O3 at pressures of 
35–70 GPa and temperatures of 1,150–2,750 K. Considering the chemical valence equilibrium in FeOOH, 
the chemical reactions can be described below:

 2 3 22FeOOH Fe O H O� (1)

  3 4 2 212FeOOH 4Fe O 6H O O� (2)

 2 3 3 4 26Fe O 4Fe O O� (3)

where Fe2O3 could be directly formed by the dehydration of FeOOH (Reaction  1) (e.g., Yoshino 
et  al.,  2019; W.-J. Zhang et  al.,  2010). Meanwhile, recent in situ XRD studies showed that FeOOH may 
partially dehydrate to form the η-Fe12O19H2 at 60–70 GPa and 1,400–1,950 K (H. Chen et al., 2020). The 
η-Fe12O19H2 can be written as a form of 6Fe2O3·H2O, suggesting that the dehydration process of FeOOH 
may also occur through an intermediate phase Fe12O19H2 to indirectly form Fe2O3 and H2O (12FeOOH 
→ Fe12O19H2 + 5H2O→6Fe2O3 + 6H2O) (Gualtieri & Venturelli, 1999; Wolska, 1988; Wolska & Schwert-
mann, 1989). In this case, the η-Fe12O19H2 might be formed during shock loading. However, it could not be 
quenchable to ambient conditions based on our chemical analyses of the postshock samples.

FeOOH was also decomposed with the formation of Fe3O4, H2O, and O2 in shock recovery experiments 
(Reaction 2), where partial Fe3+ converted to Fe2+ during the long-range nature of cation and proton migra-
tion in the dehydration process of FeOOH (Ibrahim et al., 1994; Özdemir & Dunlop, 2000). On the other 
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Figure 1.  X-ray diffraction patterns of the used goethite under ambient 
conditions and the postshock samples. Symbols of G, H, M, and * represent 
the diffraction indices assigned for goethite, hematite, magnetite, and 
Cu, respectively. Cu may be involved from the container in the process of 
shock recovery experiments or cutting by a lathe (Sekine et al., 2015). Goe, 
goethite; Hem, hematite; and Mag, magnetite.
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hand, a self-redox reaction in Fe2O3 has been observed at pressures above 
60 GPa and temperatures of 2,000 K, forming an unusual Fe5O7 phase 
with the release of oxygen (10Fe2O3 → 4Fe5O7 + O2) (Bykova et al., 2016). 
Watanabe and Ishii (1995) proposed a mechanism for the transformation 
from Fe2O3 to Fe3O4, which occurs by the restacking sequence of oxygen 
layers, removal of oxygen, and migration of iron ions. These studies in-
dicate that Fe3O4 may also be produced from the decomposition of Fe2O3 
with the direct involvement or facilitation of H2O after the dehydration 
of FeOOH. Therefore, Fe3O4 may be formed from both the direct decom-
position of FeOOH (Reaction 2) and/or a self-redox of Fe2O3 (Reaction 3).

3.2.  Thermal Analyses and SEM Observations With EDS

We analyzed the pyrolysis characteristics of the starting goethite and the 
postshock samples using TG, DTG, and DSC (Figure S4). The TG curves 
exhibit a sharp decrease in weight at 460–620 K due to the dehydration of 
goethite (e.g., Gualtieri & Venturelli, 1999; Morris & Lauer, 1981; Walter 
et al., 2001). We calculated the amount of residual goethite in the post-
shock samples according to their weight losses upon heating and then 
calculated the decomposition ratio of FeOOH at high P-T conditions (Fig-
ure 2 and Table S2). The results show that the decomposition ratio in-
creases rapidly with increasing shock pressures from ∼35 to ∼45 GPa and 
then, slowly with increasing shock pressures above ∼45 GPa (Figure 2). 
Our results unambiguously indicate that the decomposition of FeOOH 
starts at ∼35 GPa and is completed above 90% at ∼70 GPa.

The morphologies of the starting goethite and postshock samples were investigated by SEM coupled with 
EDS. There were no obvious voids or small particles in the starting goethite (Figure 2). After recovery from 
a shock pressure of ∼34.5 GPa, voids could be observed in the postshock sample, and their size and propor-
tion increase dramatically with increasing shock pressures (Figure 2). These results imply that the decom-
position reaction of FeOOH under high P-T conditions begins locally and that part of the solid products 
will form small particles associated with the loss of H2O and O2. This is well supported by the EDS results 
(Figure S5), which show that the mass ratio of iron to oxygen in the postshock samples increases from 1.66 
to 2.48 with increasing pressure from 34.5 to 56.6 GPa.

3.3.  High P-T Phase Diagram of FeOOH

The P-T phase diagram of FeOOH can be established by combining the present shock recovery experi-
ments and previous studies (Figure 3). α-FeOOH is the most thermodynamically stable form of iron oxyhy-
droxide under ambient conditions. At ∼7 GPa, α-FeOOH undergoes a first-order phase transition to form 
high-pressure ε-FeOOH (e.g., Voigt & Will, 1981; Wiethoff et al., 2017). α- and ε-FeOOH undergo dehydra-
tion reactions to form hematite and water at high temperatures within the pressure range of ∼20 GPa, and 
the dehydration temperatures increase with increasing pressure (Gleason et al., 2008; Yoshino et al., 2019). 
Under the high P-T conditions of 35–70 GPa and 1,150–2,750 K, our results show that ε-FeOOH partially 
decomposes into Fe oxides (Fe2O3, Fe3O4), H2O, and O2. Our observations are overall consistent with recent 
observations in LH-DACs experiments by Koemets et al. (2021); they observed that ε-FeOOH decomposed 
into various iron oxides (e.g., Fe2O3, Fe3O4, Fe5O7, Fe7O10, and Fe6.32O9) and an oxygen-rich fluid in the 
pressure range of 40–80 GPa and at temperatures of 1,200–2,100 K. At higher pressures up to ∼80 GPa, the 
surviving ε-FeOOH may transform into Py-FeO2Hx (x ≤ 1) (e.g., Hu et al., 2016; Nishi et al., 2017), which 
remains stable at high P-T conditions up to 1,500 K at 129 GPa and 2,400 K at 111 GPa (Nishi et al., 2017).

The thermal stability of FeOOH in Earth's mantle can be evaluated by comparing its P-T phase diagram with 
some modeled geotherms and subducting slab temperatures (Katsura et al., 2010; Komabayashi et al., 2004; 
Maeda et  al.,  2017) (Figure  3). Our study indicates that FeOOH is unstable in cold and hot subducting 
slabs at a depth of ∼900  km and partially decomposes to form H2O and O2. However, at relatively low 
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Figure 2.  Decomposition ratio of FeOOH as a function of shock pressure. 
Scanning electron microscopy images show the starting goethite and 
selected postshock samples (e.g., ∼34.5, 49.6, and 68.7 GPa). Some voids 
were formed by the decomposition of FeOOH, as shown in the open green 
rectangles.
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temperatures and high pressures, the decomposition ratio remains very 
low (e.g., ∼5% at conditions of 1,150 K at 35 GPa), implying that FeOOH 
may survive under the P-T conditions of very cold subducting slabs.

4.  Discussion
The preserved earliest marine sediments indicate that Earth's biosphere 
is driven by anaerobic metabolisms before oxygen is available in the 
Fe(II)-rich Precambrian environment (Canfield et  al.,  2006), and one 
of the most active ecosystems is Fe2+ oxidation by anoxygenic photo-
synthesis (Heising et al., 1999; Jiao et al., 2005; Straub et al., 1999; Wid-
del et al., 1993). Fe2+-oxidizing microorganisms utilized light energy to 
oxidize Fe2+ and fixed CO2 into biomass, resulting in the formation of 
FeOOH (Figure  4) (Canfield et  al.,  2006; Croal et  al.,  2004; Kappler & 
Newman, 2004; Weber et al., 2006), as shown below.

      2
3 2 2HCO 4Fe 6H O CH O 4FeOOH 7H� (4)

where CH2O denotes the produced biomass in this microbial metabolic 
process. The GOE as a protracted process (Konhauser et al., 2011), is gen-
erally considered to be related to the burial of biomass because cyanobac-
teria can produce oxygen by photosynthesis (CO2 + H2O → CH2O + O2) 
(Eguchi et al., 2020; Karhu & Holland, 1996; Lyons et al., 2014). In addi-
tion to this direct origin of the oxygen from the marine photic zone, the 
decomposition of the subducted FeOOH may provide an extra source of 
oxygen.

A transition from stagnant/sluggish lid to plate tectonics and the rapid 
emergence of subaerial continents and major glaciations have been pro-
posed for around 2.5 Gyr ago (Bindeman et al., 2018; Condie et al., 2016; 
Gumsley et al., 2017). These events would have enhanced plate tectonic 
activity. Thus, a large amount of the accumulated FeOOH would descend 
to the Earth's interior through slab subduction. It would take less than 
0.1 Gyr for the subducted FeOOH to reach a depth of 900 km if we as-
sume a sinking speed of ∼1.2 cm/year (van der Meer et al., 2010). Our 

results show that the subducted FeOOH could release H2O and O2 at the depth of ∼900 km (Figure 4). 
Besides, if FeOOH was occasionally swept up by upwelling mantle plumes or other large-scale mantle 
dynamic processes, it would decompose and release H2O and O2. These H2O and O2 may lead to rapid oxidi-
zation of the mantle and strongly reduce the reducing gases emanating from the solid Earth (e.g., CH4, CO, 
and H2). Thus, the consumption of photosynthetic oxygen was decreased and a net increase of atmospheric 
oxygen could trigger the GOE. Furthermore, recent studies indicated that the GOE is coincident with the 
formation of numerous large igneous provinces (Ernst & Bleeker, 2010; Gumsley et al., 2017) and massive 
mantle degassing occurred around 2.5 Gyr ago (Avice et al., 2017, 2018). Therefore, a considerable part of 
the O2 released from FeOOH may return to the Earth's surface through mantle degassing and volcano erup-
tion, which directly contributes to the increase in atmospheric oxygen concentration.

H2O released from FeOOH may also be incorporated into some mafic crustal rocks (Figure 4) (Nishi, 2015), 
indicating that FeOOH has an important role in subducting slabs to transport water into the mid-lower 
mantle. In addition, the decomposition temperature of FeOOH is slightly lower than that of some very cold 
subducting slabs (Figure 3). Recent high P-T experiments showed that FeOOH could form solid solutions 
with the CaCl2-type phases (e.g., δ-AlOOH and MgSiO4H2) and/or α-PbO2 structure phases (e.g., SiO2 and 
TiO2) over a wide composition range and then remain stable at higher temperatures (e.g., X. Liu et al., 2018; 
Nishi et al., 2019; Nishihara & Matsukage, 2016; Ohira et al., 2014; Panero & Caracas, 2017; Xu et al., 2019; 
Yuan et al., 2019). Therefore, as FeOOH is present in hydrous sediments, peridotite, and mid-ocean ridge 
basalt compositions, it may be thermodynamically stable in some very cold subducting slabs and likely 
transport water into the deep lower mantle.
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Figure 3.  P-T phase diagram of FeOOH and its thermal stability under 
relevant conditions of the subducting slabs. Open black triangles are 
α-FeOOH (Wiethoff et al., 2017); open blue triangles are ε-FeOOH 
(Yoshino et al., 2019); solid red squares (this study), and open wine circles 
(Koemets et al., 2021) indicate that ε-FeOOH partially decomposes into 
Fe oxides, H2O, and O2. Open carmine triangles (Hu et al., 2016, 2017), 
diamonds (Nishi et al., 2017), and circles (Koemets et al., 2021) represent 
Py-FeO2Hx (x ≤ 1); solid green and violet lines represent the dehydration 
boundary of α-FeOOH and the phase boundary between α-FeOOH and 
ε-FeOOH, respectively (Voigt & Will, 1981). The solid orange line is the 
dehydration boundary of ε-FeOOH (Yoshino et al., 2019). The dashed 
cyan line is the dehydrogenation boundary of ε-FeOOH (Hu et al., 2016). 
The dashed gray line represents the proposed mantle geotherm (Katsura 
et al., 2010); and the double dots, dotted dashed, and dotted lines represent 
slab geotherms based on hypothetical models of hot, cold, and very cold 
slabs, respectively (Komabayashi et al., 2004; Maeda et al., 2017).
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5.  Conclusions
We investigated the thermal stability of FeOOH by shock recovery experiments up to ∼70 GPa and ∼2,750 K 
in a two-stage light-gas gun. The experimental results indicate that FeOOH in the subducting slabs may 
decompose to release H2O and O2. The deoxygenation of FeOOH may be one of the sporadic sources for 
the GOE at ∼2.3–2.5 Gyr ago. The dehydration of FeOOH may alter the physical and chemical states of the 
mid-lower mantle. If FeOOH forms solid solutions with some CaCl2-type hydrous phases in subducting 
oceanic crust, it may transport water into the deep lower mantle.

Data Availability Statement
All the data to produce all the figures in this paper are available on Zenodo (http://doi.org/10.5281/zeno-
do.4784972). More detailed information of experimental results can be found in the Supporting Information.
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Figure 4.  Schematic diagram of the formation and evolution of FeOOH. Left inset: FeOOH was formed in an early Fe2+-rich and oxygen-free environment; in 
the photic zone of the oceans at 3.8 Gyr ago, Fe2+-oxidizing microorganisms (FOM) utilized light energy to oxidize Fe2+ (from the weathering of continental 
rocks and the mid-ocean ridge [MOR] hydrothermal circulation) and fixed CO2 into biomass, resulting in the formation of poorly crystalline Fe3+ oxides 
(Fe(OH)3) (Canfield et al., 2006; Weber et al., 2006); Fe(OH)3 subsequently transformed into FeOOH (crimson) in the presence of metabolically active FOM 
and settled into the deep ocean (Croal et al., 2004; Kappler & Newman, 2004). Right inset: the influence of FeOOH's evolution on geophysical and geochemical 
processes in Earth; FeOOH (crimson belt) could be carried into the mantle with subducting slabs (yellow area) by plate tectonics; at a depth of ∼900 km, 
FeOOH in the subducting slabs started to release H2O and O2, which may occur by upwelling mantle plumes (light red) and plate tectonics (mantle degassing, 
eruptions of the volcano, etc.) back to Earth's surface. In addition, the released H2O may be incorporated into some mafic crustal rocks and preserved in the 
mid-lower mantle (cyan areas); at a depth of ∼1,800 km, the surviving FeOOH in the very cold subducting slabs transformed into Py-FeO2Hx (carmine region) 
and accumulated at the CMB (J. Liu et al., 2017). LLSVPs, large low shear velocity provinces; and ULVZs, ultralow-velocity zones.
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