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Abstract

The amount of hydrogen stored in the Earth’s interior is important for a range of issues,
including the volatile incorporation during the Earth formation and the co-evolution of
the atmosphere, the hydrosphere, and the interior. Recent experiments found titanium
bearing e-FeOOH in a hydrous basaltic system at 12-19 GPa and 1300 K. Pyrite-type
FeOOH was found to be stable at pressures higher than 80 GPa. These discoveries
suggest possible hydrogen storage in the mantle transition zone and in the mantle below
1800 km depths, respectively. However, it remains uncertain how the potential deep

hydrogen storage can be connected to the shallower storage. Here, we report a new
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hydrous iron oxide (17-Fe ,0s..,.H;, X = 2) stable at pressures between the stability fields
of the e- and the pyrite-type FeOOH. Our experiment also shows that the new 7 phase
can exist together with the major lower mantle minerals including bridgmanite and
periclase, making it an important hydrogen-bearing phase in the Earth’s deep interior.
Because of its limited H,O storage capacity, which is less than 1/6 of the storage capacity
of the pyrite-type phase and the ¢ phase, the stability of the # phase would result in H,O
loss during water transport in the mid mantle and therefore limit the amount of H,O
potentially stored in the Fe-O-H system of the lower mantle. The large channel in the
crystal structure of the 7 phase could provide potential storage sites for other volatile

elements in the deep mantle.

1 Introduction

Hydrogen (H) is the most abundant element in the solar system. However, the amount of
H stored in the Earth’s interior, which is volumetrically dominant, remains uncertain.
Hydrogen can be accommodated in nominally anhydrous minerals. To a depth of 410-km,
major mineral phases in the upper mantle may contain a small amount of H, in the form of
OH, at 100-500 ppm H,O (Michael, 1988). Laboratory experiments and diamond
inclusion studies have shown that the mantle transition zone between depths of 410 and
660 km may contain much more H as OH in the main mineral phases (wadsleyite and

ringwoodite) (Kohlstedt et al., 1996; Pearson et al., 2014) at least locally. The lower
2
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mantle represents 55% of the Earth’s volume and therefore the possible storage of H in
this region is important to the budget of H in the interior. However, the dominant minerals
in the lower mantle, bridgmanite and ferropericlase, seem to have very low H,O storage

capacities (Bolfan-Casanova et al., 2002; Panero et al., 2015).

Hydrous phases would form when nominally anhydrous phases are saturated with
hydrogen (Hirschmann, 2006). Although the amounts of possible hydrous phases in the
mantle are uncertain, the high concentrations of H in these phases provide possible
storage for a significant amount of H in the deep mantle. Two recent experimental studies
documented that e-FeOOH (hereafter ¢), containing some Ti, is stable from 12-19 GPa at
1300 K in a hydrous mid-oceanic ridge basaltic (MORB) composition (Liu et al., 2018;
Nishihara and Matsukage, 2016; Ono, 1998). Therefore, e-FeOOH can be important for
storage and transport of hydrogen in the upper mantle and the mantle transition zone. At
pressures above 80 GPa, the pyrite-type FeOOH phase (hereafter py) is stable. However,
the H content in the py phase is still under debate (Liu et al., 2017; Nishi et al., 2017). A
series of hydrous phases have been discovered at the lower mantle conditions, most
notably CaCl,-type structured phases, such as 0-AIOOH, e-FeOOH, and H-MgSiO,(OH),
(phase H), and pyrite-type structured phases, such as py-FeO,H, (x<1) and py-FeOOH
(Liu et al., 2017; Nishi et al., 2017, 2014; Sano et al., 2008; Suzuki et al., 2000). These
phases appear to form solid solutions with each other in the mantle-related chemical

systems (Nishi et al., 2019, 2015; Ohira et al., 2014; Pamato et al., 2015; Yuan et al.,
3
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2019). Therefore, it is important to know if the water storage in the shallow mantle can be

connected to the potential storage in the deep mantle.

For Fe-O-H system, far fewer data points — and larger gaps between them — exist at the
mid-mantle P-T conditions. Therefore, it is unclear if the ¢ phase (a low-pressure
polymorph) transitions directly to the py phase or if an intermediate phase exists between
the e and py phases. This uncertainty raises a question of whether hydrous iron oxide can
play a role in the hydrogen (or “water”) cycle for a large depth range of the mantle. Here,
we report a series of experiments on Fe—O—H systems conducted at the P-T conditions of
the mid-mantle in the laser-heated diamond-anvil cell (Table 1). We discovered a new
hexagonal phase (hereafter 77) in the system at 56-83 GPa and high temperatures. Even
though it can be formed in a water-saturated system, the 7 phase contains a much smaller

amount of H,O compared with the € and py phases.

2 Methods

2.1 Laser heated diamond anvil cell

We loaded pure hematite or goethite (Alfa-Aesar) pre-pressed foil to a symmetric
diamond anvil cell (DAC) chamber. Either H,O or Ne was loaded as a pressure medium.
Olivine (Mg o4Fe006)25104 was loaded with H,O in a separate experiment to examine the

stability of hydrous iron oxides in Mg-rich mantle related systems. Detailed information
4
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on experimental runs can be found in Table 1. Diamond anvils with 200 gm culets and
150 ym beveled culets were used for experiments at pressures lower and higher than 65
GPa, respectively. An indented rhenium gasket was drilled for a sample chamber with a
90 or 120 ym in diameter, depending on the cullet size. We loaded a gold particle in the
sample chamber for pressure calculation from the measured unit-cell volume (Ye et al.,
2017). To prevent potential alloying between Fe and Au at high pressures, the Au grain
was separated from the sample foils. We placed a few spacer grains less than 10 ym
below and above the sample foil to form layers of pressure medium between the sample
and diamond anvils for thermal insulation. The spacer grains were chosen from the

starting materials.



95  Table 1. Experimental runs conducted in this study. We include unit-cell parameters of
96 the observed phases at high pressures and 300 K after laser heating. Temperature

97  uncertainty is approximately 100 K. Other estimated 10 uncertainties are provided in

98  parentheses. P: Pressure, T: temperature, S.M.: starting materials, Med.: pressure

99  transmitting medium, Ol: olivine, Hem: hematite, Goe: goethite, 77: Fe;,O0H,, py: pyrite-

100  type FeOOH, and e: CaCl,-type FeOOH.

101

102
Runs P(GPa) T(K) SM. Med. g py €

V(A3 a(A) c(A) V(A3 V(A3

1032 82(4) 1558 Hem H,0 22124(4) 1001(1) 2.549(1) 8833(2) 47.7(2)
103b  834) 1720 Hem H,0 218.12(7) 9.93(3) 2.554(3) 87.79(7) 47.7(1)
2042 51(3) 1420 Hem H,0 49.5(1)
204b  85(4) 1880 Hem H,0 88.09(6) 47.6(1)
204c  93(5) 2008 Hem H,0 87.08(4) 47.2(1)
204d  96(5) 1845 Hem H,0 86.94(7)
30la  96(5) 1675 Hem H,O 86.89(7) 47.3(2)
301b  106(5) 2051 Hem H,O 86.12(5)
416 59(4) 1490 Hem H,0O 495 (2)
4172 56(3) 1576 Hem H,0 233.51(10) 10.23(5) 2.576(1) 49.6(1)
417b  63(3) 1556 Hem H,0 230.82(10) 10.18(4) 2.572(2) 49.2(1)
417¢  63(3) 2035 Hem H,0 230.82(10) 10.18(4) 2.572(2) 49.2(1)
504 74(4) 1631 Hem H,0 224.15(20) 10.07(5) 2.552(2) 47.9(1)
1042 64(3) 1400 Goe Ne 23421(15) 10.16(5) 2.624(2) 48.9(1)
104b  61(3) 1943 Goe Ne 23421(15) 10.16(5) 2.624(2) 48.9(1)
612 67(3) 1500 Goe H,0 233.29(15) 10.14(5) 2.620(2)
ol18a 99(3) 2160 Ol H,0 230.8(15) 85.64(10)
ol18b 106(3) 2176 Ol H,0 85.39(10)
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2.2 X-ray diffraction

We measured X-ray diffraction (XRD) patterns of the sample in the laser-heated DAC at
beamline13IDD and 13BMC at the GeoSoilEnviroCARS (GSECARS) sector
(Prakapenka et al., 2008; Zhang et al., 2017) of the Advanced Photon Source.
Monochromatic X-ray beams with beam sizes of 3x4 ym? and 12x18 ym? at 13IDD and
13BMC, respectively, were focused on the sample. We have collected diffraction data for
samples with an X-ray wavelength of 0.4133 or 0.434 A with a Pilatus detector. For
heating, two near-infrared laser beams (1 ym wavelength) were focused on the sample
through both sides of DAC with a hot spot size of 20-25 ym? at beamline 13IDD. The
laser beams were aligned co-axially with the X-ray beam so that we can measure
diffraction patterns from the center of the heating spots. Temperatures of the sample were
calculated by fitting the thermal radiation spectra to the Planck equation from both sides
of the sample. In each run, we heated the samples for at least 10 min. In run 612, to
obtain a single phase, we heated the sample for 2 hours. We conducted diffraction pattern
measurements both during laser heating and at 300 K before and after laser heating. At
high temperatures, we calculated thermal pressures from the thermal expansion factor of
ice VII (Fei et al., 1993). Except for heating run 104 which was conducted at Arizona
State University, all the heating was conducted at APS. The measured diffraction images
(Fig. 1 and S1) were integrated to diffraction patterns in the Dioptas package (Prescher

and Prakapenka, 2015). We performed phase identification and peak fitting using a
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pseudo-Voigt profile shape function in the PeakPo package (Shim, 2017). The crystal
structure was obtained from powder patterns in Endeavour, Fox, and Superflip (Favre-
Nicolin and (vlemy, 2002; Palatinus and Chapuis, 2007; Putz et al., 1999). Rietveld
refinements were performed with the general structure analysis system (GSAS-II) (Toby
and Von Dreele, 2013). We refined phase fractions first, then atomic positions, lattice
parameters and spherical harmonic terms for preferred orientation. After reaching a good
visual fit, we refined all the parameters together to further reduce residuals after

background subtraction, R,,_jma. We achieved R,,,_pa < 1.8% 1in all the refinements.

2.3 Synchrotron Mossbauer Spectra of the 77 phase

For the Mossbauer data, the sample was synthesized from a Fe,O; + H,O mixture at 62
GPa and 1600 K in LHDAC. In order to enhance the Mossbauer signal, we used >’Fe
enriched (67%) Fe,0;. X-ray diffraction of the sample indicates that the majority of the
sample is the 7 phase with a small amount of the ¢ phase. Nuclear forward scattering was
conducted at sector 3 of APS. We focused a 14.4-keV X-ray beam on an area of 6x6 pm?
in the sample. The storage ring was operated in top-up mode with 24 bunches separated
by 153 ns. We measured nuclear resonant scattering in a time window of 15-130 ns with
a data collection time of 30 min. We measured synchrotron Mossbauer spectra at high

pressure after temperature quench (Fig. S2).
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The fitting was performed for the measured spectrum using the CONUSS package
(Sturhahn, 2000). At the beginning of all the spectral fittings, we conducted Monte-Carlo
search in CONUSS in order to avoid non-uniqueness of the optimized fitting solutions.
Because we detected a small amount of the ¢ phase from XRD for the sample we used for
Maossbauer spectroscopy, we included the Mossbauer parameters of the e phase obtained
from a separate measurement for pure € phase (to be reported elsewhere). For the isomer

shift, we measured a separate spectrum with the sample and a FeSO,-7H,0 standard.

2 4 First-principles calculations of the 7 phase

First-principles calculations were performed within the framework of density functional
theory (DFT) (Hohenberg and Kohn, 1964; Kohn and Sham, 1965), as implemented in
Vienna Ab initio Simulation Package (VASP) code (Kresse and Furthmiiller, 1996).
Projector augmented wave (PAW) potentials were used in all the calculations to describe
the interactions between core and valence electrons (Blochl, 1994). Considering the good
agreement between the experimental and the simulated lattice parameters in a Fe—-O-H
system in a previous study (Lu and Chen, 2018), we implemented Perdew-Burke-
Ernzerhof (PBE) functional (Perdew et al., 1996) for the exchange-correlation
interactions of electrons. Plane-wave basis with a cutoff energy of 500 eV and k-point
sampling of 271x0.025 A-! were employed to obtain the precise total energy at 0 K

(without zero-point vibration) and 40 to 85 GPa (approximately to experimental
9
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pressures). We relaxed the crystal structure until all the stress forces of atoms were

smaller than 0.01 eV/A.

3 Results

3.1 A new iron oxide phase in Fe-O-H at high pressure-temperature

In our laser-heated diamond-anvil cell (LHDAC) experiments with a hematite starting
material in an H,O medium at 63 GPa and 1556 K, at least nine new diffraction lines
were observed whereas the diffraction peaks from hematite disappeared (Fig. 1). Similar
diffraction pattern was observed with a-FeEOOH in a Ne medium at 64 GPa and 1700 K
(Table 1). The new peaks appeared within two minutes of laser heating and grew steadily
with heating. After temperature quench, for better coverage toward the lower 26 angles
(i.e., higher d-spacings), the laser mirrors were removed from the X-ray beam path,
enabling the detection of high d-spacing lines up to 9.6 A. We found a diffraction line at
d-spacing 8.856 A. This low angle line was the key when constraining the shape of the
unit cell (Fig. 1c). The new lines were not associated with any known polymorphs of
Fe,0; (including hematite, post-perovskite, Rh,O;-1II type phases, and other iron oxide

stable at the pressure range) (Bykova et al., 2016), FeH, (dhcp and fcc), FeEOOH (e and py

10
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phases), or H,O. At the beginning of laser heating, weak ¢ peaks were observed at 56—83
GPa and 1400-1720 K. With further heating, the peaks of the ¢ phase become weaker
while the intensity of the 7 phase increases at these P—T conditions. Therefore, the 7

phase is likely the high temperature phase of the ¢ phase at 56-83 GPa.

The py phase appeared together with the 7 phases at 83 GPa and 1720 K (also a small
amount of the ¢ phase). Above this pressure, the 77 phase disappeared and the py phase
became dominant, with a small amount of the ¢ phase in diffraction patterns (Runs 103
and 301 in Table 1; Fig. S3). Therefore, the stability field of the 7 phase is located at a
lower pressure than that of the py phase, while likely at a higher pressure than the e phase
(Fig. 2). The Fe—-O-H system has been investigated at high P-T in recent years (Gleason
etal.,2013; Hu et al., 2016; Liu et al., 2017; Nishi et al., 2017). These studies, however,
explored mostly pressures where the 77 phase is unstable. A study reported py-FeO,H; at
72 GPa and 2300 K (Hu et al., 2017), close to where we begin to observe a transition
from the 7 phase to the py phase (Fig. 2). However, diffraction patterns were not reported
for those P-T conditions. Another study examined FeOOH, reporting it as the possible ¢
phase at 59 GPa and 2000 K and 79 GPa and 2100 K (Hu et al., 2016), but X-ray

diffraction pattern for the observation was not reported.
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Fig. 1. X-ray diffraction patterns of the new 7 phase at high P-T. The top panel shows
diffraction patterns from an experiment with a goethite starting material in a Ne medium
(A) after laser heating and (B) during laser heating at 71 GPa and 1943 K. The bottom
panel shows the 77 phase formed from laser heating of an Fe,O; hematite starting material
in an H,O medium (C) before laser heating, (D) during laser heating at 63 GPa and 1556
K, and (E) after laser heating. The inset in (E) shows zoom-in view for 110 and 200
peaks. We show the Miller indices for the 7 phase. The wavelength of the X-ray beam
was 0.4133 A. Phase identification: o: hematite, e: ¢ -FeOOH, ppv: Fe,O; ice: ice VII,

Ne: Neon pressure medium, and * : unidentified line.
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Fig. 2. The pressure-temperature conditions for the phases observed in Fe—O-H and Fe-
Mg-Si-O-H systems. The closed and open circles indicate the observations of the # and
py phases in our experiments, respectively. The half-filled circles are for observations of
the 17 + py phases in our experiments. The data points from previous studies are shown
for the ¢ phase in open triangles (Dyuzheva et al., 2006; Gleason et al., 2008; Nishi et al.,
2017; Nishihara and Matsukage, 2016). The mantle geotherm is from Brown and
Shankland (1981). The two thin lines show the conditions where phase changes were
observed. The thick gray arrow indicates potential expansion of the P-T stability of the i

phase in Mg-Fe-Si-O-H system.
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3.2 Crystal structure of the 7 phase

Although first principles and experimental studies have discovered some iron oxide
phases at high pressures (Bykova et al., 2016; Weerasinghe et al., 2015), none of the
existing structures fit our diffraction patterns. In order to solve the crystal structure of the
17 phase, we conducted a series of analyses presented in the supplementary information

using both powder diffraction patterns and textured diffraction images.

Briefly,we first explored candidate space groups from the systematic absence of certain
diffraction lines, resulting in P6; and P6;/m. We then conducted simulated annealing and
ab initio assisted Monte Carlo method to solve the crystal structure from powder
diffraction patterns in the Endeavour and the Fox packages (Favre-Nicolin and Cerny,
2002; Putz et al., 1999). The crystal structure model we obtained in this way was then
used as a starting structure model for Rietveld refinements in GSAS-II (Toby and Von
Dreele, 2013). The new crystal structure model yielded a 12:19 molar ratio between Fe
and O. The crystal structure solution was also confirmed through comparison with the

textured diffraction images (Fig. S1 and Table S1).

The structural model for the 7 phase has two crystallographic sites for Fe (Fig. 3 and

Table S2). One half of Fe is 6-fold coordinated while the other half is 7-fold coordinated

15
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(Fig. 3¢c). The 7 coordinated Fe has a capped trigonal prism arrangement of six O atoms
with an additional O atom (i.e., 6+1 coordinated Fe). Similar coordination of Fe was also
found in an Fe-oxide polymorph at 80 GPa (Bykova et al., 2016). The crystal structure
had the corner sharing FeOg octahedra and the six FeOg octahedra formed a hexagonal
channel at the [001] edges of the unit cell, similar to the structure documented in a high-
pressure polymorph of CaMg,AlsO;, called the new aluminum phase (NAL) phase
(Miura et al., 2000). The FeO, polyhedra were connected with the FeO, octahedra by
sharing the edges while two layers of FeO; have face sharing. This type of face sharing is
also shown for the Mg sites with a trigonal prism arrangement in the NAL phase (Miura

et al., 2000).
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3.3 Synchrotron Mdssbauer Spectra (SMS) of the 7 phase

Our Mossbauer measurements for the 7 phase identified three different Fe sites (Fig. S2
and Table S3). Two of the three sites have Mdssbauer parameters consistent with low-
spin Fe* with a 1:0.8 ratio between them in fraction. The third site appears to be a high-
spin Fe** site, but its fraction is close to the estimated uncertainty while the other two 7
sites are more than 10 times greater in fractions and therefore more dominant. The
fractions of these two dominant sites and their Mossbauer parameters are consistent with
our crystal structure model of the 7 phase from experimental data in that: (1) there exist
largely two Fe sites and the ratio between them is close to 1:1. As we discuss below, we
also found that our Mdssbauer result is consistent with our first-principles calculations:

Fe are likely low-spin Fe?*.

3.4 Estimation for the hydrogen content in the 7 phase

For experiments with starting materials of Fe,O; and H,O, products of the possible

chemical reaction between them should exist on a tie line between these two

compositions. The final product should be then:

F6203 + tzO — Fezo3+xH2x (or F6203 . .XHzo) (1)
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For example, when x = 1, the reaction will produce FeOOH. In contrast, for the laser
heating of a goethite starting material in a Ne medium, H,O exists only in the starting a-
FeOOH; therefore, the amount of H,O is limited. In this experiment, we observed the
formation of ice VII as well as the 7 phase (Fig.1d). The reaction in this experiment can

be written as:

12FeOOH (a) — 5H,0 (Ice VII) + Fe,,O,9H, (n7) 2)

Although anhydrous ppv-Fe,O; peaks were also observed in some of the diffraction
patterns, they were much smaller in intensity compared with other phases and therefore
we ignored ppv-Fe,O; in the reaction above. Our measured unit-cell volumes of the ¢ and
pyrite-type phases are consistent with the reported values (Gleason et al., 2013; Nishi et
al., 2017) at high pressure and 300 K (Fig. 4). For the py phase, our unit-cell volume
values are close to the fully hydrated version of the phase, py-FeOOH. The unit-cell
volume of the 7 phase is smaller than those of both ¢ and py phases, meaning that less

H,O exists in the 7 phase than the py phase.

Py-FeOOH is not quenchable at 1 bar (Hu et al., 2017) and therefore is impossible to
measure its unit-cell volume and hydrogen content at 1 bar (Chen et al., 2019; Hu et al.,
2017). Hu et al. (2017) used the unit-cell volume difference between the dry and hydrated

forms of FeO, and attributed the difference to the effect of H. We conducted similar
20
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calculations here. For the ¢ and 7 phases, no dry form is known, unlike the py phase.
Because the € and 77 phases can be written in a form of Fe,O; xH,0O, we adapted post-
perovskite type (ppv) Fe,Os, which is stable form for Fe,O; at this pressures (56-83 GPa),

as a dry form (Shim et al., 2009).

The reason we choose ppv-Fe,O; as a dry form to compare is that ppv-Fe,O; has a similar
atomic arrangement for the Fe-O bonds. Both ppv-Fe,O; and # phase have two iron
positions: one with the FeOs octahedral coordination and the other with the FeOg trigonal
prism coordination (Murakami et al., 2005; Shim et al., 2009). The ratio is 1:1 in both
crystal structures. Thus, from crystallographic consideration, the two structures could have
a similar unit-cell volume. If anhydrous, however, the 1 phase should have a smaller unit-
cell volume than ppv-Fe,Os, because the 1) phase is stable at higher pressures. However,
we observed slightly larger unit-cell volume for the 7 phase. Thus, the most reasonable
explanation is the existence of water in the crystal structure of the 7 phase but very small
amount. The approach has limitations in that the dry forms in Fe,O; and hydrous forms
have different crystal structures. Nevertheless, the calculation presented below provides

some qualitative insights into the content of H,O in the # phase.

At 60 GPa, the unit-cell volume of ¢ is 25.12 A3 for VIx(Fe) (Fig. 4), which is a unit-cell

volume divided by the number of Fe atoms in the unit cell, x(Fe). The value is consistent
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with the results from Gleason et al. (2013). At the pressure, the post-perovskite type
structure (ppv) becames stable in Fe,O;, which we take as a dry form. The ppv-Fe,O; has
V/x(Fe) = 18.55 A3 at 60 GPa. The volume difference between the € and the ppv-Fe,0s
can be approximately attributed to the volume occupied by H,O in the crystal structure of

the € phase. Therefore, we can obtain AV/x(Fe) = 6.57 A3 for 0.5H,0.

The 7 phase has a larger unit-cell volume than ppv-Fe,O; by AV/x(Fe) = 0.62 A3 at 60 GPa. Then, we
calculated the unit-cell volume for the 7 phase with one Fe atom to be 19.17 A3 at 60 GPa. If the rate of
the unit-cell volume change we measured above between the ¢ phase and ppv-Fe,O3 was applicable
between the 7 and ppv phases, we obtain 0.05H,O for 1 mol of FeO,s. We chose e-FeOOH as the
fully hydrous form to compare the unit-cell volumes because its hydration state and

equation of state are better known than those of the py phase.

For the 7 phase, we estimated Fe ,0;5¢H, , (0.05H,0 per FeO, s) for an ideal composition.
The water site in the crystal structure is "Ow" in Table S2. The exact amount of H in the
77 phase remains uncertain because of the limitations in the methods we used above. The
77 phase is not quenchable in our experiment, preventing us from conducting further
analysis on the amount of H,O. However, our analysis above strongly suggests that the
H,O content in the 7 phase should be lower than those in the € and py phases. The low

H,O content in the 7 phase can be further supported by our experiments with a goethite
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(a-FeOOR) starting material in a Ne medium at 64 GPa and 1900 K (Eq. 2 and Fig. 1d)

where we detected formation of H,O ice by heating.

3.5 The bulk modulus of the # phase

The 7 phase is not quenchable to 1 bar and therefore we could not obtain unit-cell volume
at 1 bar, Vo. Therefore, we fit for Vo and bulk modulus at 1 bar, Ko, by fixing the pressure
derivative of Ko, Ko' to 4. Fitting was conducted for our dataset measured at 56-83 GPa to
the Birch-Murnaghan equation of state. We obtained a bulk modulus of 202(15) GPa with
a volume projected to 1 bar of 282(2) A3. This bulk modulus value is intermediate between
those for the ¢ phase (Ko = 132 and 162 GPa for high spin and low spin, respectively;
Gleason et al., 2013) and pyrite-type phase (Ko = 220(30) GPa with Vo= 112(4) A3 from

this study by fitting data from 79-101 GPa for Ko' = 4).

3.6 First-principles calculations for the # phase

We performed density-functional theory (DFT) calculations for the Fe-O-H system at 40-
80 GPa to examine the crystal structure and the enthalpy of the 7 phase. The crystal
structure from the DFT calculations agreed well with the crystal structure model from our
experiments even without HO: P6;/m space group with a starting composition Fe,O;s.
However, without H,O in the crystal structure, the enthalpy of 7-Fe,O,s was higher than

ppv-Fe,0O; (Fig. S4), implying that the new 7-Fe;,O,5 phase is thermodynamically less
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stable than ppv-Fe,O;. From our experimental results, 0.5-1 mole of H,O may exist in the

17 phase. Thus, we relaxed the crystal structure with 0.5 and 1 mole H,O in the channel.

After structural optimization, the P6;/m was retained in the Fe,O,5sH if we ignored the H
atom positions. However, when we relaxed the Fe,,0,9H,, it transformed to a triclinic cell
with @ = 89°, 4 =91°,and y = 119.1°. The magnitudes of the a and ¢ parameters of the
triclinic cell were in agreement with the hexagonal parent cell as shown in Fig. S4.
Overall, the unit-cell volume and the unit-cell parameters observed in our experiments lie
in between those of Fe,,0,5sH and Fe,,0,9H, from the DFT calculations. The similarity in
the unit-cell parameters supports our inference on 0.5-1 mole of H,O in the 7 phase from
our experimental data. The two crystallographic sites of Fe were also confirmed: two

sites with six and seven coordination numbers in the low-spin state which is consistent
with our Mossbauer data. The O—-H bonding at 80 GPa is 0.97 A, where hydrogen atom
lies in between the O-O atoms but asymmetrically in the channel at the four side edges of
the unit cell (Fig. 3). The hydrogen atom is located at (0, 0,0.59) and (0, 0, 0.36) with
half occupancy at 80 GPa from the calculations of Fe,,O,5sH. Fe,,O,0H, has a hydrogen
position of (0.96,0.97,0.18), which is off-centered at 80 GPa. The Fe-O bond distance in
FeQq is 1.73-1.84 A from the calculations, which are comparable to the values we
obtained from experiments (1.78—1.88 A) at 80 GPa. The anisotropic Fe—Obond
distances are required to form a channel that is also observed in the NAL phase (Miura et

al., 2000). The trigonal prism FeOq had the Fe—O bonding of 1.93—1.96 A from the
24



404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

calculation, while Rietveld refinements yielded 1.90—1.97 A. The trigonal prism FeOg
contains another Fe—O bonding with a distance of 2.03 and 2.05 A incalculations and
experimental results, respectively, at 80 GPa. Overall, the Fe—O bond properties from

Rietveldrefinements agree with the DFT calculations.

The calculated enthalpy of the Fe,,0,0H, phase is lower than ppv-Fe,Os + Ice VII, while
Fe 1,05 5H has a slightly higher energy (e.g., 48 meV/atom) than ppv-Fe,O; + 0.5 Ice VII
(Fig. S4 d and e). However, considering high-temperature conditions in our experiments,
the thermal energy (e.g. 138 meV/atom at 1600 K) is comparable to the energy difference
evaluated at 0 K by DFT. At least, the close energy between the # phase and ppv-Fe,O; +
ice VII supports the existence of H,O in the crystal structure of the 7 phase and its

estimated H,O content between Fe,0,5sH and Fe,,0,4H,.

The exact description of strongly correlated electron systems, such as ppv-Fe,O; and the
n phase present here, is still challenging in DFT (Meng et al., 2016). Also, the precise
total energy calculations through DFT can belimited by the structural uncertainty derived
from the varying ratios of H,O and positions of extra O and Hatoms in the 7 phase.
However, our theoretical results generally align with our experimental results (in both
lattice parameters and energy differences) and support much lower H,O content of the #

phase than the € and py phases.
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3.7 Stability of the 7 phase in the lower mantle chemical system

In our experiments with an olivine+water starting mixture at 99 GPa and 1700 K, the
phase was formed together with bridgmanite, periclase, and the py phase (Fig. 5). At
pressures above 99 GPa, we observed the coexistence of the py phase with bridgmanite
and periclase. A recent experiment showed that the py phase can co-exist with
bridgmanite and post-perovskite at the conditions of the Earth’s deep mantle (Yuan et al.,
2019), which is consistent with our result in O118b in Table 1. The experimental
observation suggests that the 7 phase can appear in the Mg-rich mantle systems if H,O is

present in the system.

We also note that Yuan et al. (2019) observed a weak diffraction peak from py-FeOOH in
their diffraction patterns. Our py peaks are more intense than the one reported from Yuan
et al., (2019) despite the fact that and our starting material contains less Fe (6 mol%)
than Yuan et al. (2019). We calculated X-ray diffraction pattern of 94 mol% Brd + 6
mol% py-FeOOH (see Fig. S5) using the CrystalMaker and CrystalDiffract software

(https://www.degruyter.com/view/journals/zkri/230/9-10/article-p559.xml). The

calculation shows that the cubic py-FeOOH has significant intensity even if the

concentration is only 6 mol%. The reasons are: (1) Fe had more electrons thus the
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scattering factor for the py phase is higher, and (2) the diffraction peaks of the cubic py-

FeOOH have higher multiplicities than those of orthorhombic Brd.

There are several possible reasons why Yuan et al., (2019) have low intensity for the
peaks of py-FeOOH. First, we used a much larger amount of water that would form more
hydrous phases. In contrast, much less water was available in the system of Yuan et al.,
(2019), 6-7 wt%. Yuan et al., (2019) observed some Fe remaining in bridgmanite,
suggesting that not all the Fe was used for forming FEOOH in their experiments.
Secondly, the partitioning of Fe into 8-AlIOOH and Brd/ppv undoubtedly affects the
amount of FeOOH in the system. Yuan et al. (2019) used 30 mol% Al in the sample
which are significantly higher than the pyrolitic composition. We note that e-FeOOH and
0-AlOOH can form a solid solution (Nishi et al 2019). Thus the formation of 5-AIOOH in
Yuan et al. (2019) and therefore possible existence of Fe in the phase would reduce the
XRD intensity for py-FeOOH in their experiments. A recent study on a similar chemical
system reported that Mg can substitute for Fe in py-FeOOH, (Hu et al., 2020). The
substitution would increase the amount of the py phase, which can result in higher peak
intensity of py-FeOOH found in our diffraction patterns compared with Yuan et al.,

(2019).

The pressure where we found the # phase in olivine + water starting material (99 GPa) is

higher than the pressure where the phase was observed in Fe-O-H system (<83 GPa). It
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can be hypothesized that other elements in the olivine + water experiment may stabilize
the 7 phase to higher pressures. This opens up an intriguing possibility that Mg or Si can

dissolve into the 7 phase.

A Olivine and water reaction
after 99 GPa and 1700 K.
P=96 GPa after T quench

B Olivine and water reaction at
P=106 GPa and 300 K

Intensity (arbitrary units)

Q (1/A)
Fig. 5. X-ray diffraction patterns from olivine + H,O experiments: (A) Brd, Fp, # and py

phases at 96 GPa and (B) Brd, Fp, and pyrite phase at 106 GPa in our experiments. In the

plot, Q (Q= 2n/d, where d is d-spacing) is used for the x-axis.

4 Implication and Conclusion

The new 7 phase is stable at the lower pressure side of the py phase stability field while it
is stable at higher P-T than the € phase. The exact amount of H,O in the new hydrous
iron oxide (77 phases) remains tentative at 2 wt% at the pressure range 56-83 GPa.

However, the unit-cell volume from our experiment and the DFT calculation provide
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strong indication that the amount of H,O is lower than those in the ¢ and py phases,
despite its stability under H,O saturated conditions in our experiments. Because of its
lower H,O storage capacity, the 77 phase will substantially reduce the amount of H,O
transported deeper into the lowermost mantle in Fe-O-H system, where the py phase
would be stable. The potential importance of this new phase for the lower mantle can be
further supported by our observation of the coexistence of the 7 phases together with

bridgmanite and ferropericlase in our olivine + H,O experiments.

The hydrogen content in the lower mantle is not well constrained. Some amount of
hydrogen could be subducted to the deep interior by subducting slabs (Peacock, 1990). If
so, the aluminum or iron-rich hydrous phases, for example e-FeOOH, could play an
important role for the transportation of water. The titanium bearing e-FeOOH was
discovered at 12-19 GPa and 1300 K (Liu et al., 2018; Ono, 1998). Thus, MORB can be
the water resource for the deep interior even to the depth of the core-mantle boundary if
the slabs could be subducted to that depth. However, our result indicates that substantial

amount of water would be lost during the phase transition from e-FeOOH to the 7 phase.

The composition of the lithospheric mantle is different from MORB (Griffin et al., 2009).
Phase H might form under a hydrous condition after the dehydration of phase D (Nishi et
al., 2014). However, phase H has a relative limited stability field ranging from 35 to 60

GPa (Ohtani et al., 2014). Aluminum-rich phase H or §-AIOOH might be the water
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carrier for the deep interior instead (Ohira et al., 2014). The lithospheric mantle contain
1-2 wt% Al,O; while the FeO + Fe,O; content in the lithospheric part is about 8 wt%

(Griffin et al., 2009). Thus, the discovery of a new hydrous phase in an iron rich system
would be important to consider for the subducting lithospheric mantle particularly after
the dehydration of phase H. If the water released from phase H is stored in the # phase,
the maximum water content at pressures higher than 54 GPa is probably determined by

the water storage capacity of the 7 phase (which is approximately 2 wt%).

The 7 phase with a novel channeled structure might be worthwhile to consider for variety
of volatiles. The NAL phase with a hollandite-type structure is known to be stable at the
P-T conditions related to the lower mantle (Miura et al., 2000). The NAL phase has three
crystallographic sites: one larger site accommodating atoms like Ca and the other two
sites accommodating Al or Mg. The channel structure in NAL phase is formed by six
AlOg octahedra and Ca atoms lie in the channel. The 7 phase has similar atomic
arrangement as the NAL phase, including the channel structure. Our study suggests that
the 77 phase may contain about 2 wt% of water in the channel. While the existence of
hydroxyl in the channel of the 7 phase is likely most logical considering our experimental
setup, we cannot rule out the possible existence of other forms of O and H, such as O-O
or even H-H, in the channel. The potential existence of these forms is certainly intriguing
for the deep mantle geochemistry. Considering that the hollandite-type structure can store

some volatiles, such as water and NH; (Watenphul et al., 2009; Yang et al., 2017), the
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phase with a channeled structure might also be important for the storage of other volatiles

in the deep interior.
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Crystal structure of the new hydrous iron oxide phase

We present here details on determining the crystal structure of the 7 phase. A
primitive hexagonal unit cell matches all the observed new peaks well. For example,
for the diffraction patterns measured after laser heating at 59 GPa, we observed a peak
at 8.85 A (the lowest angle diffraction line), which provides an important constraint
on the a axis. Based on the indexing, we obtained the a axis of the new structure to be
10.227 A. All the diffraction lines observed at low 26 angles of 2.5-7.1° can be well
indexed with Miller indices of #kO from the a parameter. This fitting result indicates
that the ¢ axis needed to be much smaller in length. We chose lines that cannot be
indexed as hk0 in search for the ¢ axis cell parameter. For example, a line with a d-
spacing of 2.51 A cannot be indexed with #k0. Among the many attempts we made,
the most satisfactory results were found when a line at 2.51 A is assigned to 011.
From this unit cell assignment (a = 10.227(5) Aandc= 2.576(1) A at 59 GPa and
300 K), we can index all the diffraction lines between 2.5°26 and 25°20 (or a d-
spacing range between 9.4 and 0.95 A). Our Miller index assignment was then tested

with EXPO2004 (Altomare et al., 2004), which confirmed the a and c axis.

The systematic absence of lines with 00/ for / = 2n + 1 indicates a 6; screw axis in the

crystal structure of the new 7 phase. Thus, the space group of the new structure can be
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P65 (173), P65/m (176), or P6;22(182). The three space groups can be distinguished

by Laue symmetry 6/m or 6/mmm, which we discuss below.

To obtain a pure sample for the 77 phase, we heated a sample in DAC for an extended
period of time at a temperature between 1300—1500 K and 66 GPa. The attempt was
successful after 2 hours of laser heating. In the diffraction patterns, only the 7 phase
existed together with ice VII (medium) and weak Re peaks (gasket) as shown in Fig.
2d. There are only three diffraction peaks from Re and ice VII with detectable
intensities. We oscillated the DAC around the X-ray beam by +23° during diffraction
measurements. Such an operation could enhance random orientation for crystals

during diffraction measurements.

For this diffraction pattern, we used simulated annealing and ab initio assisted Monte
Carlo method to solve the crystal structure from powder diffraction in Endeavour and
Fox (Favre-Nicolin and Cern)‘/, 2002; Putz et al., 1999). Two separate methods
yielded the same result for crystal structure (Fig. 3) with a composition of Fe,Oys in a
space group of either P6; or P6;/m. We could not achieve a reasonable crystal
structure with P6522, which we will discuss below using Laue symmetry. When the
P65 space group was used as a starting point, the final structure solution would end up
with the P6;/m space group. Thus, the space group can be assigned as P6;/m. A

charge flipping method was also tested, which could not resolve the crystal structure
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but correctly resolved the 12 Fe atoms (Palatinus and Chapuis, 2007). The charge
flipping method requires high-quality diffraction patterns without preferred
orientation, which might be the reason for not resolving the structure. Some degree of
preferred orientation may still exist despite the effort of oscillating the DAC.
Comparison of the obtained unit-cell volume of the 7 phase with the py phase (or
Fe,0,4H},) shows that the number of O atom should be smaller than 24 (Fig. 4).

Otherwise, the density of the lower-pressure phase 7 becomes higher than that of the

py phase.

We conducted Rietveld refinements in order to obtain the atomic positions of Fe and O
atoms (Table S2). A composition Fe;;O,9 was achieved from fitting the powdered
pattern. Based on the electron density map in Rietveld refinement, we found another
oxygen position in the tunnel in the crystal structure. This oxygen atom is likely to be
hydrated because it is unlikely to have a single oxygen atom in the tunnel. The
stoichiometry (Fe ,O,9) of this phase also needs two more hydrogens to balance the
extra negative charge. Thus, we noted this oxygen atom as Ow in Table S2. The

justification for the H,O content will be discussed below.

The unit-cell shape of the 7 phase has a flat shape with much larger a axes than the ¢
axis. The preferred orientation can be particularly strong depending on the

morphology of crystals and pressure transmitting medium (Chen et al., 2018). To
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obtain a multi-grain type sample, we prepared a separate sample with a small
thickness (1xm thick) (run 103). The patterns obtained from this experiment suggest
that the sample consisted of a few single crystals of the 7 phase with their ¢ axis
aligned parallel to the loading axis of the DAC and incident X-ray beam. In our 2D
diffraction images, the well-crystallized 7 phase produced spotty Debye diffraction
rings (Fig. S1). In particular, for the rings at lower angles, we found six main
diffraction spots separated from each other by 60 degrees. For example, the ring at
8.66 A of d-spacing formed a hexagonal shape. The intensities of the six diffraction
spots were nearly the same, confirming the hexagonal crystal structure of the 7 phase.
For the Laue symmetry, the difference between 6/m and 6/mmm lies in the intensity
distribution that is overlapped; thus, it is not possible to distinguish in powder
diffraction. For example, the intensities of 210 or 120 spots should be different in 6/m
but the same in 6/mmm. We could take advantage of the textured diffraction patterns
to confirm the space group and crystal structure solution. The diffraction spots and
corresponding intensities from this textured sample are shown in Table S1 and Fig.
S1. The existence of two groups of intensity distributions of the 130 and 310 peaks

confirm the 6/m Laue symmetry. Thus, the space group can be assigned to P6;/m.
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Fig. S1 X-ray diffraction images of the textured 7 phase sample at 80 GPa: (A)
diffraction image from run 103a, (B) diffraction image from run 103a with the Miller
indices assigned to the diffraction spots, and (C) calculated single crystal diffraction
image for the 77 phase with the ¢ axis parallel to the loading axis of the DAC and the
incident X-ray beam direction. In (B), the green circle at the center indicates the X-ray

beam center and the red areas are the gap spaces in the Pilatus 1M CdTe detector. The
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809  thin black lines in (B) and (C) are guides for eyes to compare the diffraction spots
810  between experiment and calculation.

811
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The single crystal diffraction spot positions and intensities were calculated with a
12:19 ratio for Fe:O in Table S1 with the ¢ axis parallel to the X-ray beam. We then
compared the calculation with our textured X-ray diffraction patterns. The intensity
partition of overlapped diffraction peaks matched well with the calculation, supporting
the crystal structure solution. The textured diffraction pattern showed 37 individual
diffraction spots. The crystal structure solution or atomic position will affect every
diffraction spot and intensity. The averaged diffraction intensity for the equivalent
diffraction spot in the 6/m Laue symmetry confirmed the crystal structure solution.
The ¢ axis of crystals is not exactly parallel to the beam, which cancause some
directions to have lower intensities. For example, the 010 direction shows a lower
intensity than other directions (Fig. S1). To be able to resolve a crystal structure,
coverage of large d-spacing is needed in single crystal diffraction. However, the
aperture of the used DAC limits the angular coverage to a maximum of 35°26. A
multi-grain type diffraction can be affected by overlapping of diffraction spots from
twined or polycrystals, making it difficult to extract intensity from diffraction spots.
The powder diffraction method has successfully solved crystal structures up to 7562
A3 with 234 atoms (Corma et al., 2010). It is often very difficult to obtain single
crystal of sufficient quality for crystal structure determination at high pressure. In
addition, for the phases that are only stable at high pressure, such as the # phase in
this study, the d-spacing information is limited because of the DAC geometry. In this

study, we demonstrated that a combination of powder diffraction and textured
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833  diffraction can be a powerful method to obtain the crystal structure of such high-
834  pressure phases.

835
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837  Table S1. Selected diffraction intensities and angles from textured diffraction patterns.
838  We observed weaker intensities for the spots along the [010] direction due to the

839  slightly misoriented crystal. They are noted with “w”. ¢ is the azimuthal angle of the
840  diffraction spot. /,,.1s a fractional intensity obtained by averaging the intensities of the
841  equivalent diffraction spots. The reference intensity was obtained from the 130 line.

842 I, is calculated from the crystal structure of Fe;,O,Ho.

h k [ 26 (°) ¢ (°) Intensity Note lavg Icalc
1 0 0 2.739 155.00 7874 0.05 0.03
0 1 0 2.739 95.00 205.3 w
-1 1 0 2.745 35.00 749.6
-1 0 0 2.739 -25.00 919.3
0 -1 0 2.740 -85.00 400.0
1 -1 0 2.745 -145.00 956.6
1 1 0 4772 127.00 101.6 0.01 0.02
-2 1 0 4.780 7.00 128.0
2 -1 0 4.771 -173.00 91.0
-2 0 0 5.487 -85.00 63.2 0.01 0.01
2 -2 0 5.489 -145.00 1133
2 1 0 7.253 138.00 2169 w 0.04 0.11
3 -2 0 7.265 18.00 346.0
-2 -1 0 7.267 -42.00 416.2
1 -3 0 7.255 -102.00 330.5
3 -2 0 7.259 -162.00 3144
1 2 0 7.255 108.00 106.1 0.01 0.01
3 0 0 8.231 155.00 245.16 0.03 0.02
0 3 0 8.233 95.00 100.5 w
-3 3 0 8.247 35.00 3104
-3 0 0 8.231 -25.00 300.8
0 -3 0 8.237 -85.00 180.2
3 -3 0 8.244 -145.00 230.2
2 0 9.497 127.00 148.1 w 0.03 0.04
-2 0 9517 67.00 337.7
-4 2 0 9.489 7.00 2270
-2 -2 0 9.486 -53.00 685.1
2 -4 0 9.497 -113.00 684.7
4 -2 0 9.482 -173.00 66.0 w
1 3 0 9.906 170.00 5567.1 w 1.00 1.00
4 -3 0 9.899 110.00 16156.8
1 -4 0 9912 50.00 155315
-1 -3 0 9.896 -10.00 8976.0
3 -4 0 9.897 -70.00 9652.0
4 -1 0 9.907 -130.00 122115
3 1 0 9.902 80.00 140.0 0.01 0.01
1 -4 0 9.891 -100.00 121.0
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843  Table S2. The crystal structure of the # phase from Rietveld refinements of a pattern
844  measured at 66 GPa and 300 K. The unit cell parameters are: a = 10.14(5) Aandc=

845  2.62(2) A. The space group is P6y/m.

846
Atoms X y z Occupancy

Fel 0.384(2) 0.552(4) 0.25 1
Fe2 0.942(1) 0.694(2) 0.25 1
o1 0.393(3) 0.407(3) 0.75 1
02 0.883(5) 0.781(2) 0.75 1
03 0.492(1) 0.720(4) 0.75 1
Oow 0.0 0.0 0.0 0.5(1)
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Fig. S2. Synchrotron Mdssbauer spectrum of the 7 phase. The sample was

synthesized at 62 GPa and 1600 K (circles, measured intensities; curves, fitted

spectra). We show the fit residue at the bottom part of the figure.
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Tab. S3. Fitting results for the Mossbauer spectrum of the 7 phase. We obtain a y?
of 4.3 for the fitting; Wr: fraction of the site; IS: isomer shift (mm/s) with respect
to that of FeSO,-7H,0 at 1 bar; OS: quadruple splitting (mm/s). The numbers in
parentheses are the 1o estimated uncertainties. A small amount of the ¢ phase was
detected in diffraction pattern. Therefore, we subtracted the effects of the ¢ phase
by fitting the fraction of the phase while we fix other parameters of the ¢ phase
(Wt=0.01,1§ =0.15 mm/s, OS = 1.34 mm/s for site 1; Wr=0.03,15 =0.78

mm/s; QS = 0.08 mm/s; manuscript in preparation).

site 1 site 2 site 3
Wit 0.53(2) 0.39(2) 0.03(2)
1S (mm/s) 0.11(5) -0.13(5) -0.51(5)
QOS (mm/s) 1.80(3) 0.79(3) 0.17(3)
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Fig S3. X-ray diffraction patterns for the py phase observed in this study: (A) an X-
ray diffraction pattern measured before laser heating at 91 GPa and 300 K, (B) a
pattern measured during laser heating at 88 GPa and 1880 K, (C) a pattern measured
after laser heating at 88 GPa and 300 K, (D) a pattern measured during laser heating

at 93 GPa and 2008 K, and (E) a pattern measured after laser heating at 91 GPa.
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Fig. S4. The unit-cell volume and enthalpy of the # phase from our DFT calculations.
The parameters are compared with our experimental results (red circles). The red,
green, and black lines are for Fe,,O1s, Fe,0,55H, and Fe,,0,9H,, respectively, in (A),
(B) and (C). The enthalpies of these compositions were also compared in (D) and (E)

with ppv-Fe,O; + Ice VII (blue).
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Fig. S5. A calculated diffraction pattern for 6 mol% py-FeOOH and 94 mol%

bridgmanite. The unit-cell parameters of bridgmanite are from Ross and Hazen

(1990). We used 86.4 A3 for the unit-cell volume of py-FeOOH.
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