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 27 

ABSTRACT 28 

Hydrogen transport from the surface to the deep interior and distribution in the mantle 29 

are important in the evolution and dynamics of the Earth. An aluminum oxy-hydroxide, 30 

δ-AlOOH, likely influences the hydrogen transport process in the deep mantle because of 31 

its high stability extending to lower mantle conditions. The compressional behavior and 32 

spin states of δ-(Al,Fe3+)OOH phases were investigated with synchrotron X-ray 33 

diffraction and Mössbauer spectroscopy under high pressure and room temperature. 34 

Pressure-volume (P-V) profiles of the δ-(Al0.908(9)
57Fe0.045(1))OOH1.14(3) (Fe/(Al+Fe) = 35 

0.047(10), δ-Fe5) and the δ-(Al0.832(5)
57Fe0.117(1))OOH1.15(3) (Fe/(Al+Fe) = 0.123(2), δ-36 

Fe12) show that these hydrous phases undergo two distinct structural transitions 37 

involving changes in hydrogen bonding environments and a high- to low-spin crossover 38 

in Fe3+. A change of axial compressibility accompanied by a transition from ordered- 39 

(P21nm) to disordered-hydrogen bond (Pnnm) occurs near 10 GPa for both δ-Fe5 and δ-40 

Fe12 samples. Through this transition, the crystallographic a and b axes become stiffer, 41 

whereas the c axis does not show such a change, as observed in pure δ-AlOOH. A 42 

volume collapse due to a transition from high- to low-spin states in the Fe3+ ions is 43 

complete below 32–40 GPa in δ-Fe5 and δ-Fe12, which is ~10 GPa lower than that 44 

reported for pure ε-FeOOH. Evaluation of the Mössbauer spectra of δ-45 

(Al0.824(10)
57Fe0.126(4))OOH1.15(4) (Fe/(Al+Fe) = 0.133(3), δ-Fe13) also indicate a spin 46 
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transition between 32–45 GPa. Phases in the δ-(Al,Fe)OOH solid solution with similar 47 

iron concentrations as those studied here could cause an anomalously high ρ/vΦ ratio 48 

(bulk sound velocity, defined as √K ρ⁄ ) at depths corresponding to the spin crossover 49 

region (~900 to ~1000 km depth), whereas outside the spin crossover region a low ρ/vΦ 50 

anomaly would be expected. These results suggest that δ-(Al,Fe)OOH solid solution may 51 

be important in understanding the heterogeneous structure of the deep Earth. 52 

 53 
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 57 

INTRODUCTION 58 
 59 

Volatile transport, in particular hydrogen in the forms of water and hydroxyl, from the 60 

surface to the deep interior and distribution in the mantle are important in understanding 61 

the evolution and dynamics of the Earth. Important hosts of hydrogen in the deep mantle 62 

are hydrous and nominally-anhydrous minerals (e.g., Bell and Rossman 1992; Smyth and 63 

Jacobsen 2006; Ohtani 2005, 2015, Ohtani et al. 2016; Wirth et al. 2007; Pearson et al. 64 

2014; Kaminsky 2017; Tschauner et al. 2018). A dense aluminum oxy-hydroxide, δ-65 

AlOOH, likely plays a key role in hydrogen transport in the mantle transition zone and 66 

the lower mantle (e.g., Ohtani et al. 2016). This hydrous phase is a high-pressure 67 

polymorph of diaspore (α-AlOOH) and boehmite (γ-AlOOH), and was first synthesized 68 

by Suzuki et al. (2000) at 21 GPa and 1273 K in a multi-anvil apparatus. High pressure 69 

and high temperature experiments using a multi-anvil apparatus and a laser heated 70 
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diamond anvil cell (DAC) combined with in situ X-ray diffraction (XRD) have 71 

demonstrated the stability of δ-AlOOH at 21–142 GPa and 973–2410 K, corresponding to 72 

the conditions of the regions deeper than the lower transition zone (Sano et al. 2004, 73 

2008; Pamato et al. 2015; Fukuyama et al. 2017; Abe et al. 2018; Duan et al. 2018). This 74 

high stability implies that δ-AlOOH has the potential to transport hydrogen to the core-75 

mantle boundary (CMB) region. 76 

The structure and physical properties of δ-AlOOH at ambient and high pressure 77 

conditions have also been investigated. At ambient conditions, δ-AlOOH has a distorted 78 

rutile-type structure with ordered (asymmetric) hydrogen bond (P21nm, off-centered 79 

hydrogen positions termed  “HOC-I”) (Suzuki et al. 2000; Komatsu et al. 2006; Sano-80 

Furukawa et al. 2009; Kuribayashi et al. 2014; Xue and Kanzaki 2007). During 81 

compression, the O···O distance (dOO) of δ-AlOOH decreases, and this phase transforms 82 

from HOC-I to a proton-disordered symmetric structure characterized by proton 83 

tunneling (Pnnm, HOC-III) when the dOO reaches the critical distance (2.439(6) Å) at 8 84 

GPa (Kuribayashi et al. 2014). High-pressure powder and single-crystal XRD 85 

measurements showed that this transition involves changes in axial compressibility 86 

(Sano-Furukawa et al. 2009; Kuribayashi et al. 2014), which are also supported by the 87 

recent computational studies (Cortona 2017; Kang et al. 2017; Pillai et al. 2018). 88 

Further compression decreases the dOO, and δ-AlOOH adopts a proton-centered 89 

structure in which the dOO is below ~2.366 Å (Pnnm, HC) (Tsuchiya and Tsuchiya 2009). 90 

In our paper, the term of symmetrization indicates the transition to a proton-centered 91 

structure (i.e. the transition from HOC-III to HC). Because this symmetrization may 92 

cause a further increase in the bulk modulus, the determination of this transition pressure 93 
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is important to discuss the effect of δ-phase on the seismic velocity in the lower mantle. 94 

However, computational studies using different approximations have shown conflicting 95 

pressure conditions for the symmetrization of δ-AlOOH, ranging from 0 to 50 GPa 96 

(Cortona 2017; Panero and Stixrude 2004; Tsuchiya and Tsuchiya 2009; Tsuchiya et al. 97 

2002; Li et al. 2006; Cedillo et al. 2016; Bronstein et al. 2017; Kang et al. 2017; Pillai et 98 

al. 2018). On the other hand, sound wave velocity measurements using Brillouin 99 

spectroscopy demonstrated a precipitous increase by ~14% in the sound velocities of δ-100 

AlOOH from 6 to 15 GPa (Mashino et al. 2016), and Raman spectroscopy results showed 101 

that the B2 mode peaks of P21nm broaden and disappear and the new peaks assigned to 102 

the Ag mode of Pnnm appear above 5.6 GPa (Mashino et al. 2016). Infrared spectra 103 

obtained from δ-AlOOH also demonstrated the change of pressure dependence of 104 

hydrogen-based vibrational modes at 10 GPa (Kagi et al. 2010). The pressure conditions 105 

of symmetrization determined from the spectroscopic measurements are in the pressure 106 

range where changes in axial compressibility due to the occurrence of the order-disorder 107 

(P21nm HOC-I to Pnnm HOC-III) transition (Sano-Furukawa et al. 2009; Kuribayashi et 108 

al. 2014). Although the pressure conditions of hydrogen bond symmetrization remains 109 

unclear from the computational studies, the experimental data suggest that it would be 110 

completed at shallow lower mantle pressures (Sano-Furukawa et al. 2009; Kuribayashi et 111 

al. 2014; Mashino et al. 2016; Kagi et al. 2010). The recent neutron diffraction (ND) 112 

study on δ-AlOOH by Sano-Furukawa et al. (2018) observed the order–disorder 113 

transition of the hydrogen bond at 9.0 GPa and the symmtrization at 18.1 GPa, and 114 

concluded that the discrepancy of symmtrization pressure between the experimental and 115 
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several computational studies is due to quantum and temperature effects, which was also 116 

suggested in the computational studies by Bronstein et al. (2017). 117 

δ-AlOOH forms a solid solution with hydrous MgSiO4H2 Phase H and ε-FeOOH (a 118 

polymorph of goethite (α-FeOOH)) phases because they also have P21nm and Pnnm 119 

structures. Phase H has a proton-disordered symmetric structure (Pnnm, HOC-III) even at 120 

ambient conditions (Bindi et al. 2014), and it transforms to a proton-centered structure 121 

(Pnnm, HC) at around 30 GPa (Tsuchiya and Mookherjee 2015; Nishi et al. 2018). ε-122 

FeOOH phase has a proton-ordered asymmetric structure (P21nm, HOC-I) at ambient 123 

conditions (Pernet et al. 1975). Density functional theory (DFT) calculations on ε-124 

FeOOH predicted that hydrogen bond symmetrization (i.e., the transition to HC-structure) 125 

occurs at ~10 GPa (Thompson et al. 2017) or ~43 GPa (Gleason et al. 2013), and the 126 

high-spin to low-spin (HS–LS) spin transition occurs at 56.5 GPa (Otte et al. 2009) or 127 

64.8 GPa (Gleason et al. 2013). Hydrogen symmetrization pressure in ε-FeOOH is higher 128 

than that in δ-AlOOH predicted from DFT calculations (~30 GPa; Tsuchiya and Tsuchiya 129 

2009). However, it should be noted that the possible occurrence of a proton-disordered 130 

symmetric structure (HOC-III), which could appear at pressures lower than a proton-131 

centered structure (HC), has not been evaluated in ε-FeOOH. The HS–LS transition 132 

pressures in ε-FeOOH predicted by theory are close to those determined with X-ray 133 

emission spectroscopy (40–60 GPa) and estimated from the volume collapse (~46–54 134 

GPa) measured with XRD (Gleason et al. 2013).  135 

The stability of hydrous δ-phase–ε-FeOOH–Phase H solid solution has been confirmed 136 

up to at least 128 GPa and 2190 K in the MgO–Al2O3–SiO2–H2O system (Ohira et al. 137 

2014; Walter et al. 2015). Ohira et al. (2014) reported the coexistence of bridgmanite 138 
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with minor Al (MgSiO3–6 mol% Al2O3) and Al-rich δ-phase–Phase H solid solution 139 

containing about 40 mol% of a phase H component at 68 GPa and 2010 K. At 128 GPa 140 

and 2190 K, hydrous δ–H solid solution coexisting with post-perovskite with minor Al 141 

(MgSiO3–5 mol% Al2O3) contains only 20 mol% of hydrous Phase H component (Ohira 142 

et al. 2014). A recent experimental study has shown a continuous chain of hydrous phases 143 

in cold oceanic crusts subducted from the Earth’s surface to the top of the lower mantle 144 

(Liu et al. 2019). In the hydrous basalt system, ε-phase is formed as ε-FeOOH–TiO2 solid 145 

solution (Liu et al. 2019; Okamoto and Maruyama 2004), which is stable at 8–17 GPa 146 

and the cold slab temperatures (Liu et al. 2019; Okamoto and Maruyama 2004; Nishihara 147 

and Matsukage 2016). Then, the hydrous δ-AlOOH–ε-FeOOH–phase H solid solution 148 

(referred to as “Al-rich Phase H” in Liu et al. 2019) is formed, and it coexists with 149 

bridgmanite, CaSiO3-perovskite, stishovite, ferropericlase, and fluid at 25–26 GPa and 150 

1273–1473 K, comparable to the condition of cold slabs at the top of the lower mantle 151 

(Liu et al. 2019). 152 

The composition of this hydrous phase formed in the hydrous basalt system is 153 

~Mg0.11Si0.20Al0.63Fe0.03O2H, (Liu et al. 2019), which is close to AlOOH end-member. 154 

Although the incorporation of ε-FeOOH is limited, it might influence the physical 155 

properties of hydrous solid solution because Fe has large mass and might undergo the 156 

spin transition at lower mantle pressures. Therefore, the physical properties of δ-AlOOH–157 

ε-FeOOH (δ-(Al,Fe)OOH) solid solution are important to understand the behavior of this 158 

hydrous solid solution under lower mantle conditions. However, the physical properties 159 

of δ-(Al,Fe)OOH under lower mantle conditions have not been examined. To address 160 
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these issues, we have conducted a set of high-pressure XRD and synchrotron Mössbauer 161 

spectroscopy (SMS) experiments for δ-(Al,Fe)OOH. 162 

 163 

EXPERIMENTAL METHODS 164 
 165 

δ-(Al,Fe)OOH crystals 166 

The samples are selected from aggregates of single crystals of δ-(Al,Fe)OOH phases 167 

synthesized with a hydrothermal method using a 1000-ton Kawai-type multi anvil 168 

apparatus installed at Bayerisches Geoinstitut, University of Bayreuth. The details of the 169 

synthesis and characterization of δ-(Al,Fe)OOH under ambient conditions have been 170 

reported by Kawazoe et al. (2017). Therefore, we provide only a brief description here. 171 

The single crystals of δ-(Al,57Fe)OOH were synthesized at 21 GPa and 1470 K from a 172 

mixture of reagent-grade Al(OH)3 (Rare Metallic Co., Ltd.) and Fe2O3 (96.64% 57Fe, 173 

ISOFLEX) using a Kawai-type multi-anvil apparatus. The initial dimensions of the 174 

recovered crystals were in the range of 0.1–0.5 mm. The chemical compositions and 175 

homogeneity of the δ-(Al,Fe)OOH crystals were confirmed using an electron microprobe 176 

operating at 15 kV and 10 nA in the wavelength-dispersive mode (JEOL, JXA-8800, 177 

installed at Tohoku University). The oxide mass deficits of the synthesized samples were 178 

2–3 wt% greater than H2O contents which would be expected based on the H2O contents 179 

in their ideal chemical formulas, suggesting the incorporation of additional water 180 

(Kawazoe et al. 2017). In this study, δ-(Al0.908(9)
57Fe0.045(1))OOH1.14(3) (Fe/(Al+Fe) = 181 

0.047(10)) synthesized and δ-(Al0.832(5)
57Fe0.117(1))OOH1.15(3) (Fe/(Al+Fe) = 0.123(2)) were 182 

investigated with synchrotron XRD, and δ-(Al0.824(10)
57Fe0.126(4))OOH1.15(4) (Fe/(Al+Fe) = 183 

0.133(3)) with synchrotron Mössbauer spectroscopy (SMS) experiments. Hereafter, the 184 
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three samples are referred to as δ-Fe5, δ-Fe12, and δ-Fe13, respectively. While δ-Fe5 was 185 

selected from the crystals synthesized in the run H4473 in Kawazoe et al. (2017), δ-Fe12 186 

and δ-Fe13 were from the crystals synthesized in the run H4468 in that study. The 187 

188 additional sample for the single crystal XRD measurement at ambient conditions (δ-

(Al0.807(7)
57Fe0.117(4))OOH1.15(3) (Fe/(Al+Fe) = 0.127(3), identical ratio to δ-Fe12 within 189 

error) was also from the run H4468 (Kawazoe et al. 2017). The Fe/(Al+Fe) ratios for the 190 

Fe-poor sample (δ-Fe5) and the Fe-rich samples (δ-Fe12 and δ-Fe13) are identical to or 191 

slightly higher than that of δ-phase formed at 25–26 GPa and 1273–1473 K in a hydrous 192 

oceanic crust (~Mg0.11Si0.20Al0.63Fe0.03O2H, Liu et al. 2019). 193 

194 

XRD experiments 195 

The compression behavior of the δ-(Al,Fe)OOH samples were examined with a 196 

membrane-type DAC (mDAC). This apparatus allowed the pressure in the sample 197 

chamber to be increased without unloading it from the X-ray path, thus reducing time 198 

interval between each measurement. Experimental pressure could be set precisely using 199 

the gas control system. Flat 300 and 250 μm-culet diamonds were used as the anvils. 200 

Rhenium plates pre-indented to thicknesses of 50 and 47 μm were used for the 300 and 201 

250 μm-culet anvils, respectively, as gaskets. Crystals of δ-(Al,Fe)OOH were powdered 202 

and then loaded into the sample hole in the gasket together with tungsten powder. One or 203 

two ruby spheres were placed proximal to the sample. Compressed helium gas was 204 

loaded into the sample chamber as the pressure medium at the National Institute for 205 

Materials Science (NIMS), Japan (Takemura et al. 2001). 206 
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Two sets of compression experiments were performed, using δ-Fe12 (Run# DAF01) 207 

and δ-Fe5 (Run# DAF02). In each run, XRD patterns were collected with the X-rays 208 

focused on the tungsten powder before and after each XRD pattern of the sample was 209 

collected. The pressure was determined using the equation of state (EoS) for tungsten 210 

(Dorogokupets and Oganov 2006), and the ruby fluorescence method (Dewaele et al. 211 

2008) was used to compare the pressure determined with the EoS for tungsten and to 212 

ensure quasi-hydrostatic conditions in the sample chamber. To avoid the overlapping of 213 

tungsten and δ-(Al,Fe)OOH peaks, tungsten patterns were collected without the δ-phase 214 

before and after each XRD measurement on the samples. The average pressure drift was 215 

0.3 GPa. The difference between the calculated pressures obtained using the EoS for 216 

tungsten and the ruby fluorescence method was less than 0.9 GPa in each case. The 217 

experimental pressures were increased up to 38 and 35 GPa in runs DAF01 and DAF02, 218 

respectively, by tightening the four screws on the mDAC. The pressure was subsequently 219 

increased to the maximum desired value by supplying helium gas to the unit. During the 220 

decompression process, the gas was first released followed by loosening of the screws. In 221 

the DAF02 experimental run, the ambient XRD pattern of δ-Fe5 was collected after 222 

223 decompression. The ambient XRD patterns of the additional sample, the δ-

(Al0.807(7)
57Fe0.117(4))OOH1.15(3) (Fe/(Al+Fe) = 0.127(3), identical ratio to δ-Fe12 within 224 

error), were also collected at the X-ray Crystallography Facility in the Beckman Institute 225 

226 at the California Institute of Technology, where a Mo target (λ = 0.7107 Å) was employed. 

The single crystal XRD analysis for the δ-(Al0.807(7)
57Fe0.117(4))OOH1.15(3) under 227 

ambient conditions confirmed the structure of δ-AlOOH under ambient conditions (e.g., 228 

Suzuki et al. 2000) (space group as P21nm, the CIF file is in the deposit). 229 
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Angle dispersive powder XRD patterns were collected at the BL10XU beamline 230 

(Ohishi et al. 2008). An imaging plate (Rigaku, R-AXIS IV++) was used for acquiring the 231 

XRD patterns, and the exposure time was 8 min. The X-ray wavelength was 0.4141(1) Å232 

(for compression and decompression in run# DAF01), 0.4152(2) Å (compression in run# 233 

DAF02) and 0.4143(1) Å (decompression in run# DAF02). One dimensional diffraction 234 

profiles were fitted with a pseudo-Voigt function using the PDIndexer software (Seto et 235 

al. 2010). The 110, 101, 011, 111, 210, 211, 121, 220, 310, 002, 301, and 112 reflections 236 

were employed to calculate the lattice parameters. The 101, 002, 211, 121, 220, 310, 301, 237 

and 112 reflections were excluded from the calculations when they overlapped with 238 

helium reflections. The 110, 211, and 220 reflections of tungsten were used for pressure 239 

determination (Dorogokupets and Oganov 2006). The determination method of lattice 240 

constants follows the previous study on Fe-free δ-AlOOH (Sano-Furukawa et al. 2009) to 241 

compare the compressional behaviors of Fe-bearing and Fe-free δ-phases. Pressure vs. 242 

unit cell volume (P-V) profiles obtained from the XRD experiments were fitted using a 243 

spin crossover EoS with version 2.1.0 of the MINUTI software (Sturhahn 2018).  244 

245 

Synchrotron Mössbauer spectroscopy experiments 246 

A wide-angled piston-cylinder DAC with 300 μm-culet/370 μm-beveled anvils was 247 

used to generate high pressure conditions for the SMS experiments. A piece of δ-Fe13 248 

with dimensions of 40 × 50 × 20 µm was cut from a larger crystallite in the same 249 

synthesis run described above. A beryllium disk pre-indented to a thickness of 38 μm was 250 

used as a gasket. The diameter of the sample hole in the gasket was 165 μm for 300 μm-251 

culet anvils. A mixture of 10–20 μm thick boron epoxy (amorphous boron powder:epoxy 252 
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= 4:1 by weight; Lin et al. 2003) was put on the side of a beryllium gasket hole. Two 253 

ruby spheres were positioned beside the sample as pressure markers (Dewaele et al. 254 

2008). Compressed neon gas was loaded into the sample chamber as a pressure medium 255 

at the California Institute of Technology. 256 

Time-domain SMS measurements were conducted on a single crystal of δ-Fe13 at 257 

Sector 3-ID-B at the Advanced Photon Source (APS). The storage ring was operated in 258 

top-up mode with 24 bunches separated by 153 ns. A high-resolution monochromator 259 

was tuned to the 14.4125 keV nuclear transition energy of 57Fe with a FWHM of about 1 260 

meV (Toellner 2000). The beam was focused to an area of 10 by 14 μm2 using a 261 

Kirkpatrick-Baez mirror system. The time spectra were measured with an avalanche 262 

photodiode detector positioned about 0.5 m downstream from the sample. A 10 μm thick 263 

stainless steel (SS) foil with a natural abundance of 57Fe was placed in the downstream 264 

direction as a reference absorber for isomer shift measurements. At each compression 265 

point, a spectrum was collected of the sample with and without the SS reference foil. The 266 

isomer shift between the SS foil and α-iron metal was measured at the APS using a 267 

radioactive source and found to be −0.100(3) mm/s with a corresponding FWHM (due to 268 

the effect of site distribution ) of 0.445(9) mm/s (Solomatova et al. 2017). 269 

Synchrotron Mössbauer spectra were fitted with version 2.1.1 of the CONUSS 270 

software (Sturhahn 2000, 2016), which implements a least-square algorithm to fit iron's 271 

hyperfine parameters and material properties. The spectrum of the sample and sample 272 

with SS were fitted simultaneously. For a single crystal, the orientation of the electric 273 

field gradient tensor of each iron site must be specified with respect to the direction and 274 

polarization of the X-ray using three Euler angles (α, β and γ). The orientation of the 275 
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crystal was determined through careful analysis of the reduced χ2 and Monte Carlo 276 

searches. The Euler angles of the high-spin site were calculated using the CONUSS 277 

module, “kvzz” using the lattice parameters and atomic positions of δ-Fe13. The Euler 278 

angles for the low-spin sites were determine through a Monte Carlo search and were 279 

fixed with pressure. 280 

281 

RESULTS 282 
283 

XRD experiments 284 

δ-Fe12 (δ-(Al0.832(5)
57Fe0.117(1))OOH1.15(3), Run# DAF01) and δ-Fe5 (δ-285 

(Al0.908(9)
57Fe0.045(1))OOH1.14(3), Run# DAF02) were compressed to 65 and 56 GPa, 286 

respectively. The representative one-dimensional XRD patterns of the samples converted 287 

from two-dimensional patterns are shown in Figure 1. The lattice constants (a, b, and c) 288 

and unit cell volumes determined from the XRD data for δ-Fe12 and δ-Fe5 are 289 

summarized in Tables 1 and 2, respectively. It should be noted that the tungsten pressure 290 

scale does not include the errors of EoS parameters (V0, K0, K′), and therefore the 291 

experimentally determined pressures in this study might be relatively smaller than the 292 

other experimental studies (e.g., Duan et al. 2018). A potential pressure error might be up 293 

to ~2%, as presumed in Sano-Furukawa et al. (2009). 294 

Figure 2 shows the P-V profiles of the two samples during compression and 295 

decompression. The unit cell volume obtained during decompression is plotted along 296 

with the compressional profiles (Fig. 2). The P-V profiles of δ-Fe12 and δ-Fe5 show that 297 

both δ-(Al,Fe)OOH phases undergo multiple structural transitions over the experimental 298 

pressure ranges, related to the change of the hydrogen bonds (e.g., Sano-Furukawa et al. 299 
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2008, 2009, 2018; Kuribayashi et al. 2014) and spin transition in Fe3+ (Gleason et al. 300 

2013; Otte et al. 2009). The associated characteristics are: 301 

(1) asymmetric (ordered) hydrogen bonds + high-spin state (HOC-I-HS, space group302 

P21nm) 303 

(2) symmetric hydrogen bonds + high-spin state (HS, Pnnm)304 

(2a) symmetric (disordered) hydrogen bonds + high-spin state (HOC-III-HS, Pnnm)305 

(2b) symmetric (proton-centered) hydrogen bonds + high-spin state (HC-HS, Pnnm)306 

(3) symmetric hydrogen bonds + low-spin state (LS, Pnnm).307 

It should be noted that the HOC-III-HS (2a) and HC-HS (2b) states cannot be 308 

distinguished in the XRD data, as discussed in the previous studies regarding pure δ-309 

AlOOH. This is because the former structure (2a) has two crystallographically equivalent 310 

hydrogen sites characterized by proton tunneling and further transition to (2b) does not 311 

involve a detectable change in compressibility. For example, the recent ND experiment 312 

on δ-AlOOH provided direct evidence that the order–disorder transition of the hydrogen 313 

bond and the symmetrization occur at different pressure conditions (9.0 and 18.1 GPa, 314 

respectively), and argued the importance of the hydrogen bond disorder as a precursor of 315 

the symmetrization in understanding the physical properties of minerals under high 316 

pressures (Sano-Furukawa et al. 2018). Therefore, the possible transition from HOC-III-317 

HS to HC-HS before the onset of HS–LS transition is not evaluated in this study. 318 

The P21nm(HOC-I)-HS (1) and Pnnm(HOC-III)-HS (2a) states are separated by the 319 

subtle kinks in the P-V profiles (Fig. 2) and the inversion of axial compressibility at ~10 320 

GPa (Fig. 3). Pnnm-HS (2) and Pnnm-LS (3) are distinguished by a volume collapse at 321 

~32–40 GPa (Fig. 2). Profiles of normalized pressure (F) against Eulerian strain (f) also 322 
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demonstrate changes in compressibility that occur through the symmetrization of 323 

hydrogen bonds and spin crossover (Fig. 4). 324 

A second-order Birch-Murnaghan (BM) EoS was fitted to the P-V profiles of δ-Fe12 325 

and δ-Fe5 with the P21nm structure, while a third-order Birch-Murnaghan spin crossover 326 

EoS (hereafter, spin crossover EoS) was fitted to the P-V profiles of δ-Fe12 and δ-Fe5 327 

with the Pnnm structure using the MINUTI software (Sturhahn 2018) (Fig. 5 and Table 328 

3). We consider the elastic and spin state (i.e., 3d electrons of the Fe atoms) contributions 329 

to the free energy of the sample. For the elastic contribution, we adopt an expression 330 

corresponding to the commonly-used third-order Birch-Murnaghan EoS (3rd-order BM 331 

EoS) 332 

Felastic =  
9
2

VT0KT0 f 2{1+(KT0
' − 4)f }, (1) 333 

where the Eulerian strain is given by f = {(V0/V)2/3 − 1}/2, and V0, KT0, and K′T0 are the 334 

unit cell volume, isothermal bulk modulus, and the pressure derivative of KT0 at room 335 

temperature, respectively. The Eq. 1 with a fixed K′T0 of 4 is called as 2nd-order BM EoS. 336 

For the spin contribution, we assume a set of spin states described by the number of 337 

unpaired electron, volume-dependent energy, and orbital degeneracy. For a given 338 

pressure P, the volume at room temperature is calculated by solving the spin crossover 339 

EoS 340 

P(V,300 K) = Pelastic(V, 300 K) + Pspin(V, 300K). (2) 341 

For more details of the spin crossover EoS, we refer the reader to Chen et al. (2012) and 342 

Sturhahn (2018). 343 

A spin crossover EoS reproduces the behavior of δ-Fe12 and δ-Fe5 in the crossover 344 

region (Fig. 5 and Table 3). The pressure condition where the unit cell volume changes 345 
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due to the HS–LS transition is 50% complete is determined for δ-Fe12 at 36.1 ± 0.7 GPa, 346 

which is defined as the spin transition pressure. Although the volume collapse of δ-Fe5 is 347 

very small due to the low Fe3+ content in the sample, it was nonetheless possible to 348 

determine the spin transition pressure of 34.9 ± 1.1 GPa. The values of F were found to 349 

decrease with increasing f through the spin crossover, which is seen clearly in both the 350 

Fe-rich δ-Fe12 and the Fe-poor δ-Fe5 samples (Fig. 4). The isothermal bulk modulus (KT) 351 

and bulk sound velocity (vФ) of δ-Fe12 and δ-Fe5 also decrease in the spin crossover 352 

(Fig. 6). 353 

354 

SMS experiments 355 

Synchrotron Mössbauer spectra of δ-Fe13 were collected at 21.1(2), 31.8(8), 45(2), 356 

59(2), 67.5(5), and 78.6(5) GPa (Fig. 7). The results of SMS experiments demonstrate 357 

that the HS–LS transition in δ-Fe13 is completed by 45 GPa (Fig. 8), which is similar to 358 

the pressure conditions at which volume collapse is completed in the P-V profiles of δ-359 

Fe12 and δ-Fe5. At 21.1 and 31.8 GPa, one high-spin Fe3+-like site was required to fit the 360 

spectra with a quadrupole splitting value of ~0.4 mm/s and isomer shift of 0.2 mm/s, thus 361 

we find that 100% of the iron in this phase is Fe3+ (see Figs. 7 and 8, and Table 4, which 362 

include reported uncertainties). 363 

We attempted to fit the spectra above 32 GPa with one low-spin site, but the best 364 

model with one low-spin site resulted in a reduced χ2 of 5. Although δ-Fe13 is 365 

characterized by one crystallographic Fe site, the Mössbauer spectra above 32 GPa 366 

require two distinct nuclear sites. It is possible that the crystal quality decreased and/or 367 

next nearest neighbor interactions explain the additional Mössbauer-site. At pressures of 368 
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45 GPa and higher, the two low-spin Fe3+-like sites are characterized as follows: one with 369 

a quadrupole splitting value of ~1.14–1.32 mm/s and a second site with a quadrupole 370 

splitting value of 1.73–2.01 mm/s with weight fractions of 67% and 33%, respectively 371 

(Figs. 7 and 8, and Table 4). The isomer shifts with values 0.107–0.249 mm/s follow a 372 

negative trend with pressure indicating an increase of the s-electron density at the iron 373 

sites that is probably caused by volume decrease. 374 

For all evaluations of the time spectra, we assumed axial symmetry of the electric field 375 

gradient tensor at the iron sites. Therefore, only two Euler angles, α and β, need to be 376 

considered. For the HS site, these Euler angles were calculated from the lattice 377 

parameters and atomic positions of this phase (Table 5). For the LS sites α and β were 378 

determined from a Monte Carlo search resulting in values of 296 and 261 for one of the 379 

LS sites and 22 and 253 for the other site, respectively. 380 

381 

DISCUSSION 382 

Subtle kinks in the P-V profiles for δ-Fe12 and δ-Fe5 are observed at approximately 10 383 

GPa (Fig. 2), which may be a result of a structural transition from ordered (P21nm(HOC-384 

I)-HS) to disordered hydrogen bonds (Pnnm(HOC-III)-HS), as observed in XRD and ND 385 

measurements on pure δ-AlOOH (Sano-Furukawa et al. 2009, 2018; Kuribayashi et al. 386 

2014). The a/c and b/c values decrease rapidly with increasing pressure below ~10 GPa, 387 

whereas the a/b values increase up to ~10 GPa. The trend in the axial compressibility is 388 

reversed above 10 GPa such that the a and b axes are less compressible than the c axis 389 

(Fig. 3). Our finding that the a and b axes are less compressible than the c-axis above 10 390 

GPa are corroborated by computational studies for pure δ-AlOOH showing that the 391 
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hydrogen bonds in the Pnnm structure are stronger than those in the P21nm phase 392 

(Cortona 2017; Tsuchiya and Tsuchiya 2009; Tsuchiya et al. 2002; Kang et al. 2017; 393 

Pillai et al. 2018). Such an inversion of the compressibility is also observed in δ-AlOOH 394 

at 8–10 GPa (Sano-Furukawa et al. 2009, 2018; Kuribayashi et al. 2014). The hydrogen 395 

bonds in the Pnnm structures are almost parallel to the 〈120〉 direction, so the effects of 396 

these hydrogen bonds on structures and physical properties are stronger along the b axis 397 

than the a axis (Kuribayashi et al. 2014), while the compressibility of the c axis is 398 

unlikely to be modified. The pressure conditions of inversions of compressibility in δ-399 

Fe12 and δ-Fe5 are very close to that of pure δ-AlOOH (Sano-Furukawa et al. 2009, 400 

2018; Kuribayashi et al. 2014). Our data demonstrates that Fe incorporation into the δ-401 

phase is insensitive to the pressure condition of P21nm (ordered-hydrogen bond)–Pnnm 402 

(disordered hydrogen bond) transition. 403 

The SMS experiments show that octahedrally-coordinated Fe3+ in δ-Fe13 undergoes a 404 

HS–LS transition at the pressure range of 32–45 GPa. Collapse in unit cell volume is also 405 

observed in the δ-Fe12 and δ-Fe5 samples within this pressure range, likely as a result of 406 

the Fe3+ spin transition. The spin-crossover pressures estimated from the P-V profiles of 407 

δ-Fe12 and δ-Fe5 are within the pressure range of ~32–40 GPa, which is ~10 GPa lower 408 

than that of ε-FeOOH examined with XRD experiments (46–54 GPa, Gleason et al. 409 

2013), suggesting that the LS state would be stabilized at lower pressures with decreasing 410 

FeOOH concentration in the solid solution. The positive correlation between Fe content 411 

and spin-transition pressure has also been reported for the MgO (periclase)–FeO (wüstite) 412 

solid solution. The spin-transition pressure of Fe2+ in (Mg,Fe)O is reduced with 413 

decreasing FeO content (e.g., Lin et al. 2005; Fei et al. 2007; Solomatova et al. 2016). 414 
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Our results demonstrate that this relationship also applies to the δ-AlOOH–ε-FeOOH 415 

solid solution. 416 

The spin transition in Fe3+ is also observed in the new hexagonal aluminous phase 417 

(NAL phase). NAL phase has the chemical formula of AB2C6O12 (A = Na+, K+, Ca2+; B = 418 

Mg2+, Fe2+, Fe3+; C = Al3+, Si4+, Fe3+) with the space group of P63/m (Gasparik et al. 419 

2000; Miura et al. 2000; Miyajima et al. 2001), and is considered to exist in a basaltic 420 

layer of the slab subducted to the upper region of the lower mantle (e.g., Irifune and 421 

Ringwood 1993). The recent experimental study under room temperature reported that 422 

the Fe-bearing (Na0.71Mg2.05 Fe2+
0.09Al4.62Fe3+

0.17Si1.16O12) NAL phase showed 1.0% 423 

volume reduction at 33–47GPa associated with the Fe spin transition (Wu et al. 2016). In 424 

the NAL phase, only Fe3+ in the octahedral C site undergoes the spin transition at the 425 

pressure conditions of the upper region of lower mantle, while Fe2+ and Fe3+ in the 426 

trigonal-prismatic B site maintain high-spin states up to at least 80 GPa (Wu et al. 2016; 427 

Hsu 2017). Therefore, only Fe3+ in the octahedral site contributes to the spin transition in 428 

NAL phase at that pressure range, which could explain why the width of the spin 429 

crossover where the softening occurs is slightly narrower in δ-(Al,Fe)OOH samples (Fig. 430 

9). 431 

It should be noted that a HOC-III–HC transition without an observable change in the 432 

P-V compression trend may occur in the δ-(Al,Fe)OOH samples before or concurrently433 

with the spin crossover, because the HOC-III–HC transition pressure of δ-AlOOH is ~20 434 

GPa (Sano-Furukawa et al. 2018) and for ε-FeOOH it ranges from ~10 to ~43 GPa 435 

(Thompson et al. 2017; Gleason et al. 2013), respectively. Further studies are required to 436 
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investigate the relationship between hydrogen symmetrization and spin state in the δ-437 

AlOOH–ε-FeOOH solid solution. 438 

439 

IMPLICATIONS 440 

In hydrous rock systems, δ-AlOOH may form a solid solution with isostructural 441 

MgSiO4H2 Phase H (Suzuki et al. 2000; Ohtani et al. 2001; Nishi et al. 2014, 2015; Ohira 442 

et al. 2014; Walter et al. 2015; Panero and Caracas 2017; Liu et al. 2019) and ε-FeOOH 443 

components (Nishi et al. 2015, 2017; Kawazoe et al. 2017; Liu et al. 2019). Therefore, 444 

the incorporation of MgSi- and Fe-endmember components into the δ-phase would need 445 

to be considered in interpretations of lower mantle seismic observations. However, Nishi 446 

et al. (2018) found that the incorporation of a Phase H component into the δ-phase has 447 

little effect on the density of the δ-phase because the differences of volume and mole 448 

weight between δ-AlOOH and MgSiO4H2 Phase H are only 1.0–1.2% and 1.3% at the 449 

pressure condition from top- to mid-lower mantle. Therefore, the physical properties of 450 

binary δ-AlOOH–ε-FeOOH solid solution, investigated in this study, are important to 451 

understand the behavior of ternary δ-AlOOH–ε-FeOOH–phase H solid solution under 452 

lower mantle conditions. 453 

Figure 9 shows the isothermal bulk modulus, density, bulk sound velocity, and the 454 

ratio of density to bulk sound velocity for δ-Fe12, δ-Fe5, several hydrous phases, and Fe-455 

bearing NAL phase at pressures between the top- and mid-lower mantle. Our results 456 

show that the isothermal bulk modulus of low-spin δ-Fe12 is larger than those of δ-457 

AlOOH, MgSiO4H2 Phase H, and ε-FeOOH, and that of low-spin δ-Fe5 is comparable to 458 

that reported for δ-AlOOH and ε-FeOOH, except for the pressure conditions of the spin 459 
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crossover (Fig. 9a). DFT calculations suggest that the bulk modulus of low-spin ε-460 

FeOOH is 4–8 % higher than the bulk modulus of δ-AlOOH at pressures of the entire 461 

lower mantle and 0 K (Thompson et al. 2017). Interestingly, although the bulk modulus 462 

trends of δ-Fe12 and δ-Fe5 overlap within error (see Fig. 6), the values for the Fe-rich δ-463 

Fe12 sample are systematically 2–3 % higher than those of the Fe-poor δ-Fe5 sample 464 

above 45 GPa in spite of an only ~7 at% difference in Fe content. Therefore, our results 465 

suggest that the bulk modulus of low spin δ-(Al,Fe)OOH may be sensitive to smaller 466 

amounts of Fe incorporation than the computational study predicted (Thompson et al. 467 

2017). This sensitive relationship between the bulk modulus and Fe content δ-468 

(Al,Fe)OOH may influence in understanding the origin of seismic anomalies in the lower 469 

mantle. The ρ, vΦ, and their ratio (ρ/vΦ) of pure δ-AlOOH were calculated along a mantle 470 

geotherm (Brown and Shankland, 1981) to be 11–12% lower, 5–8% higher, and 16–18% 471 

lower than those of PREM, respectively, implying that the low ρ/vΦ ratio of pure δ-472 

AlOOH can help identify its potential presence in the lower mantle (Duan et al. 2018). 473 

The incorporation of Fe into δ-(Al,Fe)OOH decreases the gaps of these properties 474 

between δ-phase and PREM, due to the relatively large mass of Fe. Nevertheless, δ-Fe12 475 

and δ-Fe5 samples still exhibit higher vΦ and lower ρ and ρ/vΦ ratio, compared to PREM. 476 

Therefore, a low ρ/vΦ anomaly caused by the presence of an iron-bearing δ-phase likely 477 

occurs in the lower mantle, with the exception of the spin crossover region. 478 

If subducting materials including the hydrous solid solution are transported to the 479 

lower mantle, this hydrous phase might accumulate in deep lower mantle regions over 480 

geologic time. Continuous transport of subducted slab material to the deep lower mantle 481 

has been supported by geophysical simulations and geochemical studies (e.g., Tackley 482 
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2011; Bower et al. 2011; van der Meer et al. 2010). One of the possible contributions of 483 

the hydrous δ-AlOOH–ε-FeOOH–phase H solid solution is a high-vΦ anomaly in the 484 

lower mantle. For example, the approximately 0.3% vΦ increase is observed at the 485 

boundary regions of large low shear velocity provinces (Masters et al. 2000). Those 486 

provinces are located at a depth of ~2,000–2,890 km beneath the Pacific Ocean and the 487 

Atlantic Ocean–the western and southern part of the African continent, and are adjacent 488 

to the path of a subducting slab. If we apply the thermal parameters of δ-AlOOH reported 489 

by Duan et al. (2018) to δ-Fe5 or δ-Fe12, this anomaly can be explained by the 490 

accumulation of ~6–8 wt% δ-Fe5 or δ-Fe12, which is ~9% lower than the proportion of 491 

hydrous δ-AlOOH–ε-FeOOH–phase H solid solution (δ-(Mg0.11Fe0.03Si0.2Al0.63)OOH, 492 

termed as “Al-rich Phase H” in Liu et al. 2019) formed in the oceanic basalt + 3.5 wt.% 493 

H2O system (Liu et al. 2019). The accumulation of ~6–8 wt% δ-Fe5 or δ-Fe12 is 494 

equivalent to the presence of only ~1 wt% H2O.  495 

The low ρ/vΦ character of δ-(Al,Fe)OOH becomes inverted to a high ρ/vΦ within the 496 

spin crossover due to the softening of the bulk modulus (Figs. 6 and 9). Although the spin 497 

transition of Fe3+ in the octahedral site is also observed in the Fe-bearing NAL phase, the 498 

transition pressure is lower and the width of spin crossover is slightly narrower in the δ-499 

(Al,Fe)OOH samples than the Fe-bearing NAL phase (Wu et al. 2016). The spin 500 

crossover and resultant softening are influenced by temperature and valance of Fe. For 501 

example, the onset pressure for the LS state in (Mg0.75Fe0.25)O ferropericlase increases 502 

from ∼50 GPa at 300 K to 65 GPa at 1200 K, with an appreciable increase in the width of 503 

the spin crossover region (e.g., Mao et al. 2011). On the other hand, a computational 504 

study by Hsu (2017) showed that the spin transition pressure of Fe3+ in the octahedral site 505 
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of the NAL phase (~40 GPa) remains mostly invariant to temperature and the width 506 

moderately increases with temperature. This would imply that for δ-(Al,Fe)OOH at 1200 507 

K, the estimated temperature of a subducted slab at the top of the lower mantle (Ricard et 508 

al. 2005; Kirby et al. 1996), the spin transition pressure will likely be unchanged from 509 

that measured at 300 K and the softening of bulk modulus remains appreciable.  The spin 510 

transition pressure and the width of spin crossover are slightly lower and narrower in the 511 

δ-(Al,Fe)OOH samples than the Fe-bearing NAL phase (Fig. 9). Therefore, the high ρ/vΦ 512 

of δ-(Al,Fe)OOH in the spin crossover region would be observable at the pressure 513 

conditions of the uppermost lower mantle, especially under relatively cooler 514 

temperatures, such as those calculated for a subducted slab. Seismological studies have 515 

reported the laterally heterogeneous ρ and vΦ in the upper region of the lower mantle 516 

(Masters et al. 2000; Trampert et al. 2004), and the presence of δ-(Al,Fe)OOH may 517 

explain these anomalies. 518 

In this section, we have focused on drawing comparisons of our results for the δ-519 

(Al,Fe)OOH solid solution across the spin transition, with those of endmember phases (δ-520 

AlOOH, ε-FeOOH, and MgSiO4H2 Phase H), the Fe-bearing NAL phase, and PREM. We 521 

have also suggested that δ-(Al,Fe)OOH could cause low ρ/vΦ anomaly in the lower 522 

mantle, except for the conditions where the spin crossover occurs. Specifically, δ-523 

(Al,Fe)OOH has high ρ/vΦ ratio due to the spin crossover, which occurs under uppermost 524 

lower mantle conditions. These anomalies in geophysical properties of δ-(Al,Fe)OOH 525 

suggest that the presence of δ-(Al,Fe)OOH could be detectable and provide new insight 526 

for understanding the heterogeneity in the lower mantle. 527 

 528 
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814 

FIGURE CAPTIONS 815 

Figure 1. One dimensional XRD patterns of δ-Fe12 (Run# DAF01) acquired at 12.3 and 816 

44.0 GPa. The patterns were obtained during compression. Legend: δ, δ-phase (δ-Fe12); 817 

He, solid helium (pressure medium); Re, rhenium (gasket material). λ indicates the 818 

wavelength of the X-rays. The uncertainty of λ is given in parenthesis for the last reported 819 

significant digit. 820 

821 
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Figure 2. P-V profiles of δ-(Al,Fe)OOH (δ-Fe12, δ-Fe5, Fe-free δ-AlOOH). Blue circles 822 

and light blue diamonds indicate the data of δ-Fe12 and δ-Fe5, respectively. 823 

Experimental data for Fe-free δ-AlOOH are cited from Sano-Furukawa et al. (2009) (Red 824 

squares, S09) and Kuribayashi et al. (2014) (purple triangles, K14). Solid and open 825 

symbols indicate the data acquired during compression and decompression, respectively. 826 

The uncertainties of pressure and volume are smaller than the symbols. In the case of the 827 

data of Fe-free δ-AlOOH, only the data obtained in which helium was used as the 828 

pressure medium were selected. 829 

 830 

Figure 3. Axial ratios (left figures) and normalized lattice constants (right figures) as a 831 

function of pressure for δ-(Al,Fe)OOH (δ-Fe12, δ-Fe5, Fe-free δ-AlOOH). Blue circles 832 

and light blue diamonds indicate the data of δ-Fe12 and δ-Fe5, respectively. The 833 

experimental data for Fe-free δ-AlOOH are cited from Sano-Furukawa et al. (2009) (Red 834 

squares, S09) and Kuribayashi et al. (2014) (purple triangles, K14). In the case of the data 835 

of Fe-free δ-AlOOH, only the data obtained in which helium was used as the pressure 836 

medium were selected. To calculate the normalized lattice constants of δ-Fe12 and δ-Fe5, 837 

the ambient pressure lattice constants of a δ-(Al0.807(7)
57Fe0.117(4))OOH1.15(3) sample (the 838 

CIF file is in the deposit), having an identical Fe/(Al+Fe) ratio to the δ-Fe12 sample 839 

within error, were used for δ-Fe12 data (a0 = 4.7458(13) Å, b0 = 4.2564(11) Å, c0 = 840 

2.8519(6) Å), and those of δ-Fe5 which were measured at BL10XU after decompression 841 

were used for δ-Fe5 data (a0 = 4.7266(7) Å , b0 = 4.2389(10) Å, c0 = 2.8401(3) Å). 842 

 843 
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Figure 4.  The f-F plots of δ-(Al,Fe)OOH (δ-Fe12, δ-Fe5, Fe-free δ-AlOOH) based on 844 

data from this study, Sano-Furukawa et al. (2009) (S09), and Kuribayashi et al. (2014) 845 

(K14). For δ-Fe12 and δ-Fe5, the V0 obtained from 2nd BM EoS fits for the P21nm 846 

structures were used in their plots (Table 3). The decrease or constant value in F between 847 

f = 0 and ~0.02 are observed in all the data. The kink at ~10 GPa (f = ~0.02) in the f-F 848 

plots corresponds to the change in axial compressibility, suggesting that the δ-849 

(Al,Fe)OOH phases could be classified into two structures with different compressibility 850 

with boundary of 10 GPa. The decrease in F between 32 and 40 GPa (f = ~0.05–0.06) is 851 

seen only in the data for the Fe-bearing δ-phases, which results from the spin transition of 852 

Fe3+. 853 

 854 

Figure 5. P-V profiles with the fitted spin crossover EoS for δ-Fe12 (blue circles with a 855 

gray line) and δ-Fe5 (light blue diamonds with a light gray line). The lines are spin 856 

crossover EoS fitted with the MINUTI software (Sturhahn 2018). The inset indicates the 857 

normalized residuals of fitting with 1σ error bars. The uncertainties of pressure and 858 

volume are smaller than the symbols, and those of the spin transition pressure values are 859 

given in parentheses for the last reported significant digit. 860 

 861 

Figure 6. Isothermal bulk modulus (KT), density (ρ), bulk sound velocity (vФ), the ratio of 862 

ρ and vФ, and their uncertainties as a function of pressure for δ-Fe12 and δ-Fe5, resulting 863 

from the spin crossover EoS fitted with MINUTI software (Sturhahn 2018). The EoS 864 

parameters and fitting curves are shown in Table 3 and Fig. 5, respectively. The error for 865 

each parameter is indicated by the gray area. 866 
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 867 

Figure 7. Synchrotron Mössbauer spectra of δ-Fe13 at six pressure conditions, without 868 

the stainless steel reference foil (blue) and with the stainless steel (SS) foil (orange) in the 869 

X-ray beam path, and their corresponding best fits (solid lines). The fitted hyperfine 870 

parameters are given in Table 4. The reduced χ2 for each dual fit is shown in the lower 871 

left corner. The uncertainties of pressure are given in parentheses for the last reported 872 

significant digit. 873 

 874 

Figure 8. Quadrupole splitting and isomer shift (relative to α-Fe) of δ-Fe13. Orange 875 

squares correspond to a high-spin Fe3+-like site, dark blue circles are a low-spin Fe3+
A site 876 

with a low quadrupole splitting, and light blue diamonds are a low-spin Fe3+
B site with an 877 

intermediate quadrupole splitting. See Table 4 for tabulated hyperfine parameters. 878 

 879 

Figure 9. (a) Isothermal bulk modulus, (b) density, (c) bulk sound velocity, and (d) the 880 

ratio of density and bulk sound velocity as a function of pressure for δ-Fe12 (blue solid 881 

line), δ-Fe5 (light blue solid line), δ-AlOOH (red dash-dot line), MgSiO4H2 Phase H 882 

(green dash-dot line), ε-FeOOH (brown dotted line), and Fe-bearing NAL phase having a 883 

chemical composition of Na0.71Mg2.05Al4.62Si1.16Fe2+
0.09Fe3+

0.17O12 (orange dash-dot line). 884 

PREM (Dziewonski and Anderson 1981) values are also shown for reference in (b)–(d) 885 

(black dash line). The red dash-dot lines for δ-AlOOH with Pnnm structure are obtained 886 

from the 3rd-order BM EoS fitting with MINUTI software (Sturhahn 2018), using the 887 

pressure-volume dataset at the room temperature and pressures higher than 20 GPa 888 

reported in both Sano-Furukawa et al. (2009) and Duan et al. (2018). The green dash-dot 889 
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lines for Phase H and the brown dotted lines for ε-FeOOH are reproduced with the 2nd or 890 

3rd EoS parameters reported in Nishi et al. (2018) and Thompson et al. (2017), 891 

respectively. The orange dash-dot lines indicate the data of Fe-bearing NAL phase, which 892 

are determined by re-fitting for the P-V data of this phase (Wu et al. 2016) using MINUTI 893 

software to obtain fit parameter error correlations and a consistency in the comparison of 894 

trends. Solid and dash-dot lines are based on the experimental data at 300 K reported in 895 

this study and the previous studies, while the dotted lines are based on theory at 0 K. The 896 

errors for the data of δ-Fe12 and δ-Fe5 are only shown in Figure 6 to prevent the error 897 

bars from overlapping with the other lines in this figure. 898 

 899 

Table 1. Lattice constants and unit cell volumes determined for δ-Fe12, δ-900 

(Al0.832(5)
57Fe0.117(1))OOH1.15(3) (Fe/(Al+Fe) = 0.123(2)). 901 

PW (GPa) Pruby 
(GPa) a (Å) b (Å) c (Å) V (Å3) 

Compression         
1.07(1)   4.7401(4) 4.2488(8) 2.8522(2) 57.44(3) 
2.01(5) 1.62(8) 4.7301(3) 4.2376(5) 2.8486(1) 57.10(2) 
4.65(3) 4.18(11) 4.7048(4) 4.2062(6) 2.8379(2) 56.16(2) 
6.00(2) 5.54(15) 4.6919(3) 4.1920(5) 2.8321(2) 55.70(2) 
7.71(5)   4.6781(4) 4.1725(5) 2.8256(2) 55.15(3) 
7.83(2)   4.6762(5) 4.1711(6) 2.8248(2) 55.10(3) 
10.13(6) 9.49(25) 4.6591(2) 4.1520(4) 2.8154(1) 54.46(2) 

12.29(11) 11.86(1) 4.6456(4) 4.1403(6) 2.8075(2) 54.00(3) 
17.38(5) 16.57(33) 4.6148(2) 4.1147(3) 2.7884(1) 52.95(1) 
20.96(6)   4.5951(4) 4.0971(7) 2.7753(2) 52.24(3) 
24.47(4) 23.76(30) 4.5763(2) 4.0832(3) 2.7637(1) 51.64(1) 
28.62(3) 27.79(29) 4.5565(2) 4.0662(4) 2.7503(1) 50.96(2) 
32.67(9) 31.73(22) 4.5373(4) 4.0532(8) 2.7379(3) 50.35(3) 

37.93(15)   4.4967(5) 4.0170(8) 2.7104(3) 48.96(3) 
40.83(49)   4.4840(6) 4.0065(7) 2.7002(3) 48.51(3) 
44.03(58)   4.4703(7) 3.9936(9) 2.6901(4) 48.02(4) 
46.88(45)   4.4602(9) 3.9852(18) 2.6829(4) 47.69(7) 
50.85(33)   4.4455(10) 3.9750(20) 2.6742(5) 47.26(8) 
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53.80(35)   4.4351(17) 3.9663(25) 2.6678(7) 46.93(11) 
58.27(34)   4.4205(15) 3.9536(22) 2.6568(6) 46.43(9) 
62.04(33)   4.4094(9) 3.9434(13) 2.6500(3) 46.08(5) 
64.83(35)   4.4009(15) 3.9394(18) 2.6427(6) 45.82(8) 
Decompression         
53.97(6)   4.4405(11) 3.9684(15) 2.6704(6) 47.06(7) 
47.17(7)   4.4607(6) 3.9851(8) 2.6845(4) 47.72(4) 

44.23(11)   4.4707(6) 3.9940(7) 2.6913(4) 48.06(4) 
42.06(20)   4.4799(5) 4.0018(8) 2.6974(3) 48.36(3) 
37.02(26)   4.5046(3) 4.0255(5) 2.7156(2) 49.24(2) 
35.22(28)   4.5222(5) 4.0397(7) 2.7267(2) 49.81(3) 
33.16(26)   4.5328(6) 4.0492(9) 2.7334(3) 50.17(4) 
32.14(10)   4.5444(6) 4.0556(12) 2.7398(4) 50.50(5) 
29.79(5)   4.5586(4) 4.0660(7) 2.7498(2) 50.97(3) 

 902 

 PW and Pruby indicate the pressure values determined using the EoS for tungsten 903 

(Dorogokupets and Oganov 2006) which are used as the experimental pressure, and the 904 

ruby fluorescence method (Dewaele et al. 2008), respectively. Uncertainties are given in 905 

parentheses for the last reported significant digit. 906 

 907 

 908 

 909 

 910 

 911 

 912 

 913 

 914 

 915 

 916 

 917 
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 918 

 919 

 920 

 921 

 922 

 923 

 924 

 925 

 926 

 927 

Table 2. Lattice constants and unit cell volumes determined for δ-Fe5 (δ-928 

(Al0.908(9)
57Fe0.045(1))OOH1.14(3) (Fe/(Al+Fe) = 0.047(10)). 929 

PW (GPa) Pruby 
(GPa) a (Å) b (Å) c (Å) V (Å3) 

Compression         
2.04(4)   4.7105(3) 4.2200(5) 2.8343(2) 56.34(2) 
3.44(14)   4.6946(2) 4.2021(3) 2.8279(1) 55.79(1) 
5.50(11)   4.6778(2) 4.1816(4) 2.8207(1) 55.17(2) 
8.36(11) 7.73(14) 4.6515(3) 4.1490(4) 2.8091(1) 54.21(2) 

12.36(18)   4.6244(2) 4.1244(3) 2.7934(1) 53.28(1) 
13.67(30) 12.96(6) 4.6163(2) 4.1171(3) 2.7883(1) 52.99(2) 
18.57(11)   4.5873(1) 4.0932(1) 2.7702(0) 52.02(1) 
20.82(31)   4.5758(2) 4.0838(3) 2.7628(1) 51.63(1) 
22.76(17)   4.5647(3) 4.0751(5) 2.7558(2) 51.26(2) 
24.35(25)   4.557(2) 4.0698(4) 2.7511(1) 51.03(2) 
25.63(56) 25.68(32) 4.5487(2) 4.0615(4) 2.7458(1) 50.73(2) 
34.99(22)   4.5044(4) 4.0248(6) 2.7173(2) 49.26(3) 
35.46(9)   4.5030(5) 4.0243(8) 2.7161(3) 49.22(3) 

35.80(23)   4.4987(4) 4.0207(7) 2.7135(2) 49.08(3) 
37.10(10)   4.4919(4) 4.0149(7) 2.7089(2) 48.85(3) 
37.62(34)   4.4893(5) 4.0116(7) 2.7065(2) 48.74(3) 
39.51(29)   4.4799(6) 4.0048(9) 2.7003(3) 48.45(4) 
40.34(29)   4.4767(6) 4.0016(10) 2.6982(3) 48.34(4) 
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42.68(63)   4.4680(5) 3.9945(6) 2.6925(2) 48.05(3) 
45.91(37)   4.4548(8) 3.9844(12) 2.6839(4) 47.64(5) 
49.31(38)   4.4423(9) 3.9747(17) 2.6748(4) 47.23(7) 
52.52(17)   4.4296(11) 3.9670(16) 2.6673(4) 46.87(7) 
55.60(16)   4.4211(9) 3.9555(18) 2.6601(4) 46.52(7) 
Decompression         
38.27(41)   4.4863(5) 4.0095(6) 2.7025(3) 48.61(3) 
36.98(14)   4.4910(7) 4.0150(8) 2.7061(4) 48.80(4) 
36.06(15)   4.4994(5) 4.0203(8) 2.7120(6) 49.06(4) 
35.23(13)   4.5028(4) 4.0229(7) 2.7140(3) 49.16(3) 
34.13(12)   4.5117(6) 4.0293(10) 2.7187(4) 49.42(4) 
31.65(7)   4.5228(4) 4.0398(6) 2.7266(2) 49.82(3) 

29.08(23)   4.5339(2) 4.0510(3) 2.7361(1) 50.25(2) 
0.0001   4.7266(7) 4.2389(10) 2.8401(3) 56.90(5) 

 930 

PW and Pruby indicate the pressure values determined using the EoS for tungsten 931 

(Dorogokupets and Oganov 2006) which are used as the experimental pressure, and the 932 

ruby fluorescence method (Dewaele et al. 2008), respectively. Uncertainties are given in 933 

parentheses for the last reported significant digit. 934 

 935 

 936 

 937 

 938 

 939 

 940 

 941 

 942 

 943 

 944 

 945 



44 
 

 946 

 947 

 948 

 949 

 950 

 951 

 952 

 953 

 954 

 955 

Table 3. EoS Parameters of δ-(Al,Fe)OOH phases. 956 

Phase V0 (Å3) K0 (GPa) K' (GPa) EoS P range Details 

This study             

δ-(Al0.832(5)
57Fe0.117(1))OOH1.15(3) 57.85(2) 147(1) 4 (fixed) 2nd BM 1.0–10.1 GPa δ-Fe12 (Fe/(Al+Fe) = 0.123(2)), P21nm, HS 

δ-(Al0.832(5)
57Fe0.117(1))OOH1.15(3) 57.5(3) 155(22) 8(2) Spin crossover EoS 

10.1–64.8 GPa 
δ-Fe12 (Fe/(Al+Fe) = 0.123(2)), Pnnm, HS 

δ-(Al0.832(5)
57Fe0.117(1))OOH1.15(3) 55.2(4) 241(14) 4 (fixed) Spin crossover EoS δ-Fe12 (Fe/(Al+Fe) = 0.123(2)), Pnnm, LS 

δ-(Al0.908(9)
57Fe0.045(1))OOH1.14(3) 57.03(7) 152(7) 4 (fixed) 2nd BM 0–8.4 GPa δ-Fe5 (Fe/(Al+Fe) = 0.047(10)), P21nm, HS 

δ-(Al0.908(9)
57Fe0.045(1))OOH1.14(3) 56.9(4) 149(25) 8(2) Spin crossover EoS 

12.4–55.6 GPa 
δ-Fe5 (Fe/(Al+Fe) = 0.047(10)), Pnnm, HS 

δ-(Al0.908(9)
57Fe0.045(1))OOH1.14(3) 55.4(3) 223(11) 4 (fixed) Spin crossover EoS δ-Fe5 (Fe/(Al+Fe) = 0.047(10)), Pnnm, LS 

              

Previous study                      References 

δ-AlOOH 56.408(9) 152(2) 4 (fixed) 2nd BM 0–10 GPa Sano-Furukawa et al. (2009) 

δ-AlOOH 55.47(8) 219(3) 4 (fixed) 2nd BM 10–63.5 GPa Sano-Furukawa et al. (2009) 

δ-AlOOH 56.408(9) 191(1) 4 (fixed) 2nd BM 0–63.5 GPa Sano-Furukawa et al. (2009) 

δ-AlOOH 56.408(9) 162(3) 5.9(2) 3rd BM 0–63.5 GPa Sano-Furukawa et al. (2009) 

δ-AlOOH 56.54(9) 252(3) 4 (fixed) 3rd BM 0–22.5 GPa Vanpeteghem et al. (2002) 

δ-AlOOH 56.35(2) 124(2) 13.5(7) 3rd BM 0–17.1 GPa Suzuki (2009) 

δ-AlOOHa 167 167 5.0 Vinet 0–28 GPa Tsuchiya and Tsuchiya (2009) 

δ-AlOOHb 57.57 205 4.3 Vinet 0–150 GPa Tsuchiya and Tsuchiya (2009) 

ε-FeOOHc 66.3(5) 158(5) 4 (fixed) 2nd BM 0–21 GPa Gleason et al. (2008) 

ε-FeOOH 66.20(3) 126(3) 10(1) 3rd BM 0–8.6 GPa Suzuki (2010) 

ε-FeOOH 66.278(6) 135(3) 6.1(9) 3rd BM 0–11.1 GPa Suzuki (2016) 
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ε-FeOOHd 58.62(2) 223(2) 4.07(3) 3rd BM 30–140 GPa Thompson et al. (2017) 

 957 

Uncertainties are given in parentheses for the last reported significant digit. 958 

HS, high-spin state; LS, low-spin state 959 

a, Theory, P21nm structure. 960 

b, Theory, Pnnm (HC) structure. 961 

c, Experimental data were obtained at 473–673 K. 962 

d, Theory, Pnnm (HC) structure and low-spin state. 963 

 964 

 965 

Table 4. Hyperfine parameters for δ-Fe13 and the corresponding reduced χ2 produced 966 

from fitting the spectra of the sample with and without the stainless steel reference foil 967 

simultaneously. Uncertainties are given in parentheses for the last reported significant 968 

digit. Isomer shifts are relative to α-Fe metal. In low-spin δ-Fe13, Fe3+
B/(Fe3+

A + Fe3+
B) 969 

was found to be 1/3 through Monte-Carlo searches and did not change with pressure, and 970 

so was fixed to reduce parameter correlations. See text for more details. 971 

HS                 

Pressure (GPa) QS (mm/s) IS (mm/s) FWHM 
(mm/s) 

Thickness 
(μm) reduced χ2       

21.1(2) 0.414(7) 0.19(2) 0.12(1) 23.8(5) 1.36(6)       

31.8(8) 0.392(3) 0.18(2) 0.01(5) 26.4(2) 1.88(7)       

                  

 LS                 

Pressure (GPa) QSA (mm/s) ISA (mm/s) FWHMA 
(mm/s) QSB (mm/s) ISB (mm/s) FWHMB 

(mm/s) 
Thickness 

(μm) reduced χ2 

45(2) 1.140(4) 0.209(7) 0.260(4) 1.73(1) 0.249(7) 0.16(1) 19.8(5) 1.23(5) 

59(2) 1.235(6) 0.135(8) 0.221(5) 1.864(7) 0.206(9) 0.22(1) 18.0(4) 1.12(5) 

67.5(5) 1.291(6) 0.107(6) 0.215(4) 1.88(1) 0.172(9) 0.28(2) 16.9(2) 1.50(6) 

78.5(5) 1.320(6) 0.109(7) 0.227(4) 2.006(9) 0.202(9) 0.28(2) 16.1(2) 1.61(6) 

 972 

 973 
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Table 5. Euler angles α and β for the electric field gradient orientation of high-spin (HS) 974 

and low-spin (LS) ferric iron sites in δ-Fe13. 975 

α β 
HS Fe3+ 0° 0° 
LS Fe3+

A 296° 261° 
LS Fe3+

B 22° 253° 
976 

977 





















Table 1. Lattice constants and unit cell volumes determined for δ-Fe12, δ-(Al0.832(5)
57Fe0.117(1))OOH1.15(3) (Fe/(Al+Fe) = 0.123(2

P W (GPa) P ruby (GPa) a  (Å) b  (Å) c  (Å) V  (Å3)

Compression

1.07(1) 4.7401(4) 4.2488(8) 2.8522(2) 57.44(3)

2.01(5) 1.62(8) 4.7301(3) 4.2376(5) 2.8486(1) 57.10(2)

4.65(3) 4.18(11) 4.7048(4) 4.2062(6) 2.8379(2) 56.16(2)

6.00(2) 5.54(15) 4.6919(3) 4.1920(5) 2.8321(2) 55.70(2)

7.71(5) 4.6781(4) 4.1725(5) 2.8256(2) 55.15(3)

7.83(2) 4.6762(5) 4.1711(6) 2.8248(2) 55.10(3)

10.13(6) 9.49(25) 4.6591(2) 4.1520(4) 2.8154(1) 54.46(2)

12.29(11) 11.86(1) 4.6456(4) 4.1403(6) 2.8075(2) 54.00(3)

17.38(5) 16.57(33) 4.6148(2) 4.1147(3) 2.7884(1) 52.95(1)

20.96(6) 4.5951(4) 4.0971(7) 2.7753(2) 52.24(3)

24.47(4) 23.76(30) 4.5763(2) 4.0832(3) 2.7637(1) 51.64(1)

28.62(3) 27.79(29) 4.5565(2) 4.0662(4) 2.7503(1) 50.96(2)

32.67(9) 31.73(22) 4.5373(4) 4.0532(8) 2.7379(3) 50.35(3)

37.93(15) 4.4967(5) 4.0170(8) 2.7104(3) 48.96(3)

40.83(49) 4.4840(6) 4.0065(7) 2.7002(3) 48.51(3)

44.03(58) 4.4703(7) 3.9936(9) 2.6901(4) 48.02(4)

46.88(45) 4.4602(9) 3.9852(18) 2.6829(4) 47.69(7)

50.85(33) 4.4455(10) 3.9750(20) 2.6742(5) 47.26(8)

53.80(35) 4.4351(17) 3.9663(25) 2.6678(7) 46.93(11)

58.27(34) 4.4205(15) 3.9536(22) 2.6568(6) 46.43(9)

62.04(33) 4.4094(9) 3.9434(13) 2.6500(3) 46.08(5)

64.83(35) 4.4009(15) 3.9394(18) 2.6427(6) 45.82(8)

53.97(6) 4.4405(11) 3.9684(15) 2.6704(6) 47.06(7)

47.17(7) 4.4607(6) 3.9851(8) 2.6845(4) 47.72(4)

44.23(11) 4.4707(6) 3.9940(7) 2.6913(4) 48.06(4)

42.06(20) 4.4799(5) 4.0018(8) 2.6974(3) 48.36(3)

37.02(26) 4.5046(3) 4.0255(5) 2.7156(2) 49.24(2)

35.22(28) 4.5222(5) 4.0397(7) 2.7267(2) 49.81(3)

33.16(26) 4.5328(6) 4.0492(9) 2.7334(3) 50.17(4)

32.14(10) 4.5444(6) 4.0556(12) 2.7398(4) 50.50(5)

29.79(5) 4.5586(4) 4.0660(7) 2.7498(2) 50.97(3)

Decompression

P W and P ruby indicate the pressure values determined using the EoS for 

tungsten (Dorogokupets and Oganov 2006) which are used as the 
experimental pressure, and the ruby fluorescence method (Dewaele et al. 
2008), respectively. Uncertainties are given in parentheses for the last 
reported significant digit.



Table 2. Lattice constants and unit cell volumes determined for δ-Fe5 (δ-(Al0.908(9)
57Fe0.045(1))OOH1.14(3) (Fe/(Al+Fe) = 0.047(10

P W (GPa) P ruby (GPa) a  (Å) b  (Å) c  (Å) V  (Å3)
Compression

2.04(4) 4.7105(3) 4.2200(5) 2.8343(2) 56.34(2)
3.44(14) 4.6946(2) 4.2021(3) 2.8279(1) 55.79(1)
5.50(11) 4.6778(2) 4.1816(4) 2.8207(1) 55.17(2)
8.36(11) 7.73(14) 4.6515(3) 4.1490(4) 2.8091(1) 54.21(2)

12.36(18) 4.6244(2) 4.1244(3) 2.7934(1) 53.28(1)
13.67(30) 12.96(6) 4.6163(2) 4.1171(3) 2.7883(1) 52.99(2)
18.57(11) 4.5873(1) 4.0932(1) 2.7702(0) 52.02(1)
20.82(31) 4.5758(2) 4.0838(3) 2.7628(1) 51.63(1)
22.76(17) 4.5647(3) 4.0751(5) 2.7558(2) 51.26(2)
24.35(25) 4.557(2) 4.0698(4) 2.7511(1) 51.03(2)
25.63(56) 25.68(32) 4.5487(2) 4.0615(4) 2.7458(1) 50.73(2)
34.99(22) 4.5044(4) 4.0248(6) 2.7173(2) 49.26(3)
35.46(9) 4.5030(5) 4.0243(8) 2.7161(3) 49.22(3)

35.80(23) 4.4987(4) 4.0207(7) 2.7135(2) 49.08(3)
37.10(10) 4.4919(4) 4.0149(7) 2.7089(2) 48.85(3)
37.62(34) 4.4893(5) 4.0116(7) 2.7065(2) 48.74(3)
39.51(29) 4.4799(6) 4.0048(9) 2.7003(3) 48.45(4)
40.34(29) 4.4767(6) 4.0016(10) 2.6982(3) 48.34(4)
42.68(63) 4.4680(5) 3.9945(6) 2.6925(2) 48.05(3)
45.91(37) 4.4548(8) 3.9844(12) 2.6839(4) 47.64(5)
49.31(38) 4.4423(9) 3.9747(17) 2.6748(4) 47.23(7)
52.52(17) 4.4296(11) 3.9670(16) 2.6673(4) 46.87(7)
55.60(16) 4.4211(9) 3.9555(18) 2.6601(4) 46.52(7)

38.27(41) 4.4863(5) 4.0095(6) 2.7025(3) 48.61(3)
36.98(14) 4.4910(7) 4.0150(8) 2.7061(4) 48.80(4)
36.06(15) 4.4994(5) 4.0203(8) 2.7120(6) 49.06(4)
35.23(13) 4.5028(4) 4.0229(7) 2.7140(3) 49.16(3)
34.13(12) 4.5117(6) 4.0293(10) 2.7187(4) 49.42(4)
31.65(7) 4.5228(4) 4.0398(6) 2.7266(2) 49.82(3)

29.08(23) 4.5339(2) 4.0510(3) 2.7361(1) 50.25(2)
0.0001 4.7266(7) 4.2389(10) 2.8401(3) 56.90(5)

Decompression

P W and P ruby indicate the pressure values determined using the EoS for 
tungsten (Dorogokupets and Oganov 2006) which are used as the 
experimental pressure, and the ruby fluorescence method (Dewaele et al. 
2008), respectively. Uncertainties are given in parentheses for the last 
reported significant digit.



Table 3. EoS Parameters of δ-(Al,Fe)OOH phases.
Phase V 0 (Å

3) K 0 (GPa) K ' (GPa) EoS P  range
This study

δ-(Al0.832(5)
57Fe0.117(1))OOH1.15(3) 57.85(2) 147(1) 4 (fixed) 2nd BM 1.0–10.1 GPa

δ-(Al0.832(5)
57Fe0.117(1))OOH1.15(3) 57.5(3) 155(22) 8(2) Spin crossover EoS

δ-(Al0.832(5)
57Fe0.117(1))OOH1.15(3) 55.2(4) 241(14) 4 (fixed) Spin crossover EoS

δ-(Al0.908(9)
57Fe0.045(1))OOH1.14(3) 57.03(7) 152(7) 4 (fixed) 2nd BM 0–8.4 GPa

δ-(Al0.908(9)
57Fe0.045(1))OOH1.14(3) 56.9(4) 149(25) 8(2) Spin crossover EoS

δ-(Al0.908(9)
57Fe0.045(1))OOH1.14(3) 55.4(3) 223(11) 4 (fixed) Spin crossover EoS

Previous study

δ-AlOOH 56.408(9) 152(2) 4 (fixed) 2nd BM 0–10 GPa
δ-AlOOH 55.47(8) 219(3) 4 (fixed) 2nd BM 10–63.5 GPa
δ-AlOOH 56.408(9) 191(1) 4 (fixed) 2nd BM 0–63.5 GPa

δ-AlOOH 56.408(9) 162(3) 5.9(2) 3rd BM 0–63.5 GPa

δ-AlOOH 56.54(9) 252(3) 4 (fixed) 3rd BM 0–22.5 GPa

δ-AlOOH 56.35(2) 124(2) 13.5(7) 3rd BM 0–17.1 GPa

δ-AlOOHa 167 167 5.0 Vinet 0–28 GPa
δ-AlOOHb 57.57 205 4.3 Vinet 0–150 GPa
ε-FeOOHc 66.3(5) 158(5) 4 (fixed) 2nd BM 0–21 GPa
ε-FeOOH 66.20(3) 126(3) 10(1) 3rd BM 0–8.6 GPa

ε-FeOOH 66.278(6) 135(3) 6.1(9) 3rd BM 0–11.1 GPa

ε-FeOOHd 58.62(2) 223(2) 4.07(3) 3rd BM 30–140 GPa
Uncertainties are given in parentheses for the last reported significant digit.
HS, high-spin state; LS, low-spin state
a, Theory, P 21nm  structure.
b, Theory, Pnnm  (HC) structure.
c, Experimental data were obtained at 473-673 K.
d, Theory, Pnnm  (HC) structure and LS state.

10.1–64.8 GPa

12.4–55.6 GPa



Details

δ-Fe12 (Fe/(Al+Fe) = 0.123(2)), P 21nm , HS
δ-Fe12 (Fe/(Al+Fe) = 0.123(2)), Pnnm , HS
δ-Fe12 (Fe/(Al+Fe) = 0.123(2)), Pnnm , LS
δ-Fe5 (Fe/(Al+Fe) = 0.047(10)), P 21nm , HS
δ-Fe5 (Fe/(Al+Fe) = 0.047(10)), Pnnm , HS
δ-Fe5 (Fe/(Al+Fe) = 0.047(10)), Pnnm , LS

           References

Sano-Furukawa et al. (2009)
Sano-Furukawa et al. (2009)
Sano-Furukawa et al. (2009)

Sano-Furukawa et al. (2009)

Vanpeteghem et al. (2002)

Suzuki (2009)
Tsuchiya and Tsuchiya (2009)
Tsuchiya and Tsuchiya (2009)
Gleason et al. (2008)
Suzuki (2010)

Suzuki (2016)
Thompson et al. (2017)



 HS
Pressure (GPa) QS (mm/s) IS (mm/s) FWHM (mm/s) Thickness (μm) reduced χ2

21.1(2) 0.414(7) 0.19(2) 0.12(1) 23.8(5) 1.36(6)
31.8(8) 0.392(3) 0.18(2) 0.01(5) 26.4(2) 1.88(7)

 LS
Pressure (GPa) QSA (mm/s) ISA (mm/s) FWHMA (mm/s) QSB (mm/s) ISB (mm/s) FWHMB (mm/s)

45(2) 1.140(4) 0.209(7) 0.260(4) 1.73(1) 0.249(7) 0.16(1)
59(2) 1.235(6) 0.135(8) 0.221(5) 1.864(7) 0.206(9) 0.22(1)

67.5(5) 1.291(6) 0.107(6) 0.215(4) 1.88(1) 0.172(9) 0.28(2)
78.5(5) 1.320(6) 0.109(7) 0.227(4) 2.006(9) 0.202(9) 0.28(2)

Table 4. Hyperfine parameters for δ-Fe13 and the corresponding reduced χ2 produced from fitting the spectra of the sample w
reference foil simultaneously. Uncertainties are given in parentheses for the last reported significant digit. Isomer shifts are rel
Fe13, Fe3+

B/(Fe3+
A + Fe3+

B) was found to be 1/3 through Monte-Carlo searches and did not change with pressure, and so was f
correlations. See text for more details. 



Thickness (μm) reduced χ2

19.8(5) 1.23(5)
18.0(4) 1.12(5)
16.9(2) 1.50(6)
16.1(2) 1.61(6)

with and without the stainless steel 
lative to α-Fe metal. In low-spin δ-
fixed to reduce parameter 



Table 5. Euler angles α and β for the electric field gradient orientation of high-spin (HS) and low-spin (LS) ferric iron sites 
α β

HS Fe3+ 0° 0°
LS Fe3+

A 296° 261°
LS Fe3+

B 22° 253°



in δ-Fe13.
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