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Abstract14

The stability, structure, and elastic properties of pyrite-type (FeS2 structured) FeO2H15

were determined using density functional theory based computations with a self-consistent16

Coulombic self-interaction term (Ueff). The properties of pyrite-type FeO2H are com-17

pared to that of pyrite-type AlO2H with which it likely forms a solid solution at high18

temperature, as well as the respective lower pressure CaCl2-type polymorphs of both end-19

members: ε-FeOOH and δ-AlOOH. Due to substantial differences in the CaCl2-type→pyrite-20

type structural transition pressures of these endmembers, the stabilities of the (Al,Fe)O2H21

solid solution polymorphs are anticipated to be compositionally driven at lower mantle22

pressures. As the geophysical properties of (Al,Fe)OOH are structurally dependant, in-23

terpretations regarding the contribution of pyrite-type FeO2H to seismically observed24

features must take into account the importance of this broad phase loop. With this in25

mind, Fe-rich pyrite-type (Al,Fe)OOH may coexist with Al-dominant CaCl2-type δ-(Al,Fe)OOH26

in the deep Earth. Furthermore, pyrite-type (Al0.5-0.6,Fe0.5-0.4)O2H can reproduce the27

reduced compressional and shear velocities characteristic of seismically observed Ultra28

Low Velocity Zones (ULVZs) in the Earth’s lowermost mantle while Al-dominant but29

Fe-bearing CaCl2-type δ-(Al,Fe)OOH may contribute to Large Low Shear Velocity Provinces30

(LLSPs).31

Plain Language Summary32

Hydrogen storage and cycling in the deep Earth may have important implications33

for the chemistry and dynamics of Earth’s mantle. Studies suggest a likely carrier of hy-34

drogen into the Earth’s lower mantle is the solid solution formed by ε-FeOOH, δ-AlOOH,35

and phase H (MgSiO4H2). At extreme pressures, ε-FeOOH and δ-AlOOH are both ex-36

pected to transform into a pyrite-type crystal structure. This study provides a detailed37

examination of the stability and geophysical properties of pyrite-type FeO2H at the pres-38

sures relevant to the Earth’s lower mantle and compares these properties to those of pyrite-39

type AlO2H. Based on these results we find that Al-dominant CaCl2-type (Al,Fe)OOH40

may coexist with Fe-dominant pyrite-type (Al,Fe)O2H in the Earth’s lower mantle. Ad-41

ditionally, Fe-rich pyrite-type (Al,Fe)O2H may contribute to the reduced compressional42

and shear velocities of Ultra Low Velocity Zones.43

1 Introduction44

Hydrogen storage and cycling in the deep Earth have important implications on45

the chemistry and dynamics of Earth’s mantle. Recent results suggest a likely carrier of46

hydrogen into the Earth’s lower mantle is the solid solution formed by the isostructural47

series ε-FeOOH, δ-AlOOH, and phase H (MgSiO4H2) (Ohira et al., 2014; Nishi et al.,48

2017; Kawazoe et al., 2017). At higher pressure, CaCl2-type δ-AlOOH is predicted to49

transform into a pyrite structure (Tsuchiya & Tsuchiya, 2011) consisting of an AlO2 frame-50

work with symmetrically bonded interstitial hydrogen (Figure 1). An analogous, high-51

pressure phase transition from CaCl2-type ε-FeOOH to pyrite-type FeO2H was discov-52

ered by high pressure experimentalists in the past few years, but the stoichometry and53

properties of this phase remain contested (Hu et al., 2016, 2017; Nishi et al., 2017; Liu54

et al., 2017; L. Yuan et al., 2018). The role of (Al,Fe)OOH in the hydrogen cycle of the55

deep Earth is likely significant, as unlike the other so-called ’alphabet’ phases, high pres-56

sure structures of FeOOH and AlOOH, and intermediate compositions in the AlOOH-57

FeOOH-MgSiO4H2 system have been experimentally confirmed to be stable at average58

mantle geotherm pressure–temperature (P–T ) conditions (Nishi et al., 2017; Duan et59

al., 2018; H. Yuan et al., 2019).60

This study provides a detailed examination of the stability, structure, and geophys-61

ical properties of pyrite-type FeO2H at pressure conditions relevant to the Earth’s lower62

mantle. Importantly, these density function theory (DFT) calculations make use of a self-63
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consistent Coulombic self-interaction term (Ueff), which enables more accurate predic-64

tion of the electronic behavior in 3d transition metals (Kulik et al., 2006). These find-65

ings are presented alongside those of pyrite-type AlO2H, with which pyrite-type FeO2H66

likely forms a solid solution. This is supposition is supported by the recent synthesis of67

pyrite-type Fe0.75Al0.25OOH at 160 GP by Nishi et al. (2020) and the experimentally68

confirmed solid solution of CaCl2-type δ-(Al,Fe)OOH across a broad compositional range69

(Kawazoe et al., 2017; Nishi et al., 2019; Xu et al., 2019; Ohira et al., 2019; H. Yuan et70

al., 2019; Hsieh et al., 2019; Su et al., 2020). Importantly, aluminum substitution enhances71

the P–T stability of similar hydrous phases, including the lower-pressure CaCl2-type poly-72

morph of this system (Sano et al., 2008; Ohira et al., 2014; Pamato et al., 2015). Con-73

versely, no pyrite-type polymorph of phase H (MgSiO4H2) has been reported, although74

pyrite-type magnesium peroxide (MgO2) may be stable at lower mantle P–T conditions75

(Lobanov et al., 2015).76

The mineralogical and elastic properties of the Fe- and Al-endmembers of the pyrite-77

type (Al,Fe)O2H solid solution can be used to constrain the behavior of intermediate com-78

positions for comparison with seismic observations of the deep Earth. In particular, a79

recent study suggested that partially dehydrated pyrite-type FeO2HX may contribute80

to the velocity reductions characteristic of Ultra Low Velocity Zones (ULVZs) near the81

core–mantle boundary (Liu et al., 2017). ULVZs are characterized by compressive and82

shear wave velocity reductions of up to 10% and 30%, respectively, compared to surround-83

ing mantle material, and have morphologies consistent with a compositional rather than84

purely thermal origin (McNamara, 2019). Additionally, ULVZs are typically clustered85

near Large Low Shear Velocity Provinces (LLSVPs), and are more numerous but smaller86

than LLSVPs—extending only 10 to 20 km above the Earth’s core–mantle boundary.87

Due to the geophysical proximity of ULVZs and LLSVPs, and the proposal that CaCl2-88

type (Al,Fe)OOH contributes to LLSVPs (Thompson et al., 2017), we re-evaluated the89

potential for pyrite-type (Al,Fe)O2H to contribute to the velocity reductions character-90

istic of ULVZs based on the formation of a solid solution rather than partial dehydra-91

tion.92

2 Methods93

Density functional theory-based calculations of pyrite-type FeO2H were performed94

using Quantum ESPRESSO, applying a Perdew-Burke-Ernzerhof generalized gradient95

approximation (GGA) to the exchange-correlation functional (Perdew et al., 1996) and96

a single effective on-site Coulombic self-interaction term (Ueff) determined using an in-97

ternally consistent method. The internally consistent Ueff values used in our study were98

previously reported in Nishi et al. (2017). A generalized gradient approximation is nec-99

essary to accurately describe weak hydrogen bonding (Tsuchiya et al., 2002; Umemoto100

& Wentzcovitch, 2005), and the determination of an appropriate Ueff value is important101

to accurately describing the electronic structure and stability of iron-bearing phases (Jang102

et al., 2017). Optimized structures were determined using damped variable cell shape103

molecular dynamics (R. Wentzcovitch, 1991) in Quantum ESPRESSO (Giannozzi et al.,104

2009). The effective interaction of core electrons was approximated with previously eval-105

uated norm-conserving pseudopotentials (Troullier & Martins, 1991) with the exception106

of iron, for which an ultrasoft pseudopotential was used (Ichikawa et al., 2014), enabling107

direct comparison to previously reported calculations for the lower pressure polymorph108

ε-FeOOH (Thompson et al., 2017). Ultrasoft pseudopotential and plane wave basis set109

are used to describe electronic structures. In this case, the electronic configuration 3s23p63d6.54s14p0
110

is pseudized with a sufficiently small core radius of 2 a.u. using the Vanderbilt scheme111

(Vanderbilt, 1990). The irreducible Brillouin zone was sampled by a 4×4×4 Monkhorst–Pack112

mesh (Monkhorst & Pack, 1976) and electronic wave functions were expanded in plane-113

waves with an energy cutoff of 80 Ry. The effects of larger energy cut-offs and k-point114

sampling were found to be negligible.115
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We conducted spin-polarized calculations, assuming a ferromagnetic low-spin state116

for ferric iron (Fe3+) oxyhydroxide (majority spin − minority spin = 4) of pyrite struc-117

ture FeOOH (Z=4). Only low spin ferromagnetic pyrite-type FeOOH was considered,118

as the lower pressure polymorph ε-FeOOH (Figure 1a) undergoes a spin transition at ∼45119

GPa (Gleason et al., 2013; Ohira et al., 2019; Thompson et al., 2020) and the higher-120

pressure pyrite phase which has the same Fe-coordination number (i.e, 6) is presumably121

also in the lower-spin state at the high pressures of this study (70-140 GPa). Addition-122

ally, the unit cell volumes of low-spin calculations are consistent with experimental unit123

cell volumes (e.g. Nishi et al., 2020). Complementary first principles calculations of re-124

lated high-pressure phases of FeOOH were performed to enable the determination of high-125

pressure phase relations for this composition. The details of the low-spin ferromagnetic126

ε-FeOOH calculation have been previously reported (Thompson et al., 2017). Additional127

FeOOH polymorphs including α-PbO2-type (Pbcn) FeO2H, Pbca FeO2H, low-spin an-128

tiferromagnetic ε-FeOOH, high-spin antiferromagnetic ε-FeOOH, and high-spin ferromag-129

netic ε-FeOOH were evaluated using a fixed on-site Coulombic self-interaction term of130

U = 5.0 eV, with irreducible Brillouin zones sampled by a 4×4×4 Monkhorst–Pack mesh131

and an energy cutoff of 80 Ry. Due to the large calculated energy differences between132

FeOOH polymorphs, these phases were ruled out as potentially stable in the pressure133

range explored, and more sensitive self-interaction U calculations were deemed unnec-134

essary.135

Density functional theory-based calculations of δ-AlOOH and pyrite-type AlO2H136

were recalculated using the same norm-conserving pseudopotentials of oxygen and hy-137

drogen as our FeO2H calculations to enable direct comparison between the Al- and Fe138

endmembers of these phases. A projector augmented wave method (PAW) pseudopo-139

tential was used for the aluminum atoms. Consistent with previous calculations of pyrite-140

type AlO2H (Tsuchiya & Tsuchiya, 2011) and our FeO2H calculations, these calculations141

also employed a generalized gradient approximation, sampled the irreducible Brillouin142

zones with a 4×4×4 Monkhorst–Pack mesh, and used an energy cutoff of 80 Ry. Elas-143

tic constants were determined by applying strains of magnitude 0.01–0.001 depending144

on the linearity of stress-strain relations (Karki et al., 2001) to relaxed, static (0 K) struc-145

tures.146

3 Results147

3.1 Stability148

The high-pressure phase relations of ε-FeOOH and pyrite-type FeO2H were deter-149

mined on the basis of least enthalpy (Figure 2a). Three of the FeOOH polymorphs eval-150

uated in this study are potentially stable at the pressures of Earth’s lower mantle: low-151

spin ferromagnetic ε-FeOOH at moderate pressure and either cubic (Pa3̄) (Figure 1b)152

or orthorhombic (Pbca) (Figure 3) pyrite-type FeO2H at high pressure. This newly rec-153

ognized metastable orthorhombic (Pbca, Z=4, space group No. 63) structure has not yet154

been observed experimentally. The ε-FeOOH → pyrite-type FeO2H transition based on155

these calculations occurs at ∼65 GPa, in good agreement with experiments (Nishi et al.,156

2017). The other FeOOH polymorphs evaluated in this study were were found to have157

significantly higher enthalpies (>0.04 e.v./formula unit higher) in the pressure range ex-158

plored (60-140 GPa) and are therefore not expected to be stable at these conditions (Thompson159

et al., 2017).160

The phase relations of δ-AlOOH and pyrite-type AlO2H were also reevaluated (Fig-161

ure 2b) and the δ-AlOOH → pyrite-type AlO2H transition is predicted to occur at ∼190162

GPa, similar to the 170 GPa transition pressure reported previously (Tsuchiya & Tsuchiya,163

2011). This study did not evaluate the recently reported Pbca (Z=8) structure of AlOOH164

(Figure 1d) which may have an pressure-stability intermediate to the CaCl2 and pyrite165

structures (Verma et al., 2018; Nishi et al., 2020), as no analogous Pbca (Z=8) structure166
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has been experimentally observed in FeOOH or intermediate (Al,Fe)OOH compositions.167

Initial structures with the orthorhombic pyrite symmetry (Pbca, Z=4) which stabilized168

in FeOOH, instead relaxed into cubic (Pa3̄) structures at all evaluated pressures in AlOOH,169

indicating that the metastable structure exists only in the iron endmember. The signif-170

icant difference in the CaCl2-type → pyrite transition pressures between AlOOH and FeOOH171

follows the precedent established at lower pressures, as the α-AlOOH → CaCl2-type tran-172

sition occurs at higher pressure (∼17 GPa) (Suzuki et al., 2000; Tsuchiya et al., 2002)173

than the α-FeOOH → CaCl2-type transition (∼5 GPa) (Gleason et al., 2008; Otte et al.,174

2009).175

The high-pressure phase relations of the FeO2H system parallel those of the AlO2H176

system; namely the phase stable at the Earth’s surface, goethite (α-FeOOH, isomorphous177

with diaspore, α-AlOOH), transforms to ε-FeOOH (isomorphous with δ-AlOOH) at mod-178

erate pressure, and subsequently transforms to a pyrite structure at the pressures of the179

Earth’s mid-lower mantle. Experimentally, coexisting pyrite-structured and CaCl2-type180

FeOOH polymorphs have been observed across a broad (∼30 GPa) pressure range, likely181

due to the modest enthalpy difference between these structures at the pressures of the182

mid-mantle (Lu & Chen, 2018). Furthermore, the ε-FeOOH → pyrite-type FeO2H tran-183

sition occurs at significantly lower pressure than the δ-AlOOH → pyrite-type AlO2H tran-184

sition, likely due to the difference in effective radius between low-spin iron and aluminum185

in accordance with the homologous rule (Verma et al., 2018). This indicates that (Al,Fe)O2H186

solid solutions transition to the pyrite structure at pressures ranging from 65 to 190 GPa187

(Figure 2), and the pressure of the phase transition is strongly compositionally depen-188

dent. Combined with the energetics of the FeOOH system, it is likely that two phases189

(pyrite- and CaCl2-type) of (Al,Fe)OOH coexist at finite temperature in this pressure190

range, with the Al/Fe ratio being higher in the CaCl2-type phase and lower in the pyrite-191

type phase. These findings suggest that pyrite structured (Al,Fe)O2H compositions ex-192

ist as a minor mantle phase capable of ushering iron and hydrogen to the core-mantle193

boundary.194

As previously described, two pyrite-type structures of FeO2H are potentially sta-195

ble at high pressure. Of these two FeO2H structures, the cubic structure (Pa3̄, space group196

No. 205) has a slightly lower enthalpy up to 120 GPa and is therefore the stable struc-197

ture at these pressures. Nevertheless, the enthalpy difference is slight, with an enthalpy198

crossover leading to the orthorhombic pyrite structure (Pbca, space group No. 63) ex-199

hibiting slightly lower enthalpy at pressures >130 GPa. At the elevated temperatures200

of the Earth’s lower mantle however, spin polarization disordering likely occurs. As the201

orthorhombically distorted pyrite structure was only observed in conjunction with spin-202

ordering, high temperatures are expected to lead to the preferential stabilization of the203

cubic phase up to core-mantle boundary pressures, consistent with the experimental ob-204

servation of the cubic structure at concurrent high-pressure, high-temperature conditions205

(Hu et al., 2016, 2017; Nishi et al., 2017). Additionally, the formation of (Al,Fe)O2H solid206

solutions should reduce the relative stability of the orthorhombic structure, as its for-207

mation is predicated on spin ordering as discussed below.208

3.2 Electronic Properties209

Difference in the Pa3̄ and Pbca structures of pyrite-type FeO2H are dictated by the210

d-orbital configuration of the iron atoms in these phases, as shown in the spin-polarization211

density maps of Figure 3. Cubic (Pa3̄) pyrite-type FeO2H structures were optimized us-212

ing a t2g d-orbital configuration, while orthorhombic (Pbca) pyrite-type FeO2H is the op-213

timized structure resulting from any non-t2g d-orbital occupation. In the case of the or-214

thorhombic (Pbca) structure, the spin polarization isosurfaces are oriented such that they215

are in close proximity to the hydrogen atoms, creating strong repulsive forces and pro-216

ducing an orthorhombic Jahn-Teller distortion, with a distortion index (Baur, 1974) (DI)217

of ∼0.001. Conversely, in the cubic (Pa3̄) structure, the spin polarization isosurfaces are218
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Table 1. Birch-Murnaghan equation of state parameters for the high-pressure pyrite structures

of FeO2H and AlO2H based on self-consistent U-value calculations from 60 to 140 GPa. Values in

parentheses are uncertainties on the last digit. These uncertainties are from an unweighted fit in

which each point has zero measurement uncertainty.

V0 (Å3) K0 (GPa) K ′
0

Pa3̄ FeO2H This study 112.56(8) 240(1) 4 (fixed)
Pa3̄ FeO2H This study 113.88(8) 213(1) 4.33(2)
Pa3̄ FeO2H Huang et al. (2019) 112.32 211.3 4.44
Pa3̄ AlO2H This study 109.89(4) 214.16(4) 4 (fixed)
Pa3̄ AlO2H This study 109.88(2) 214.4(4) 3.997(4)

oriented antithetical to both hydrogen and iron atoms, with minimal distortion (DI ∼0.00001).219

Additionally, in both structures the densities of state at all explored pressures (60-140220

GPa) exhibit nonzero bandgaps indicative of insulator behavior (Figure S1). This dif-221

fers from the reported electronic properties of FeO2 (Jang et al., 2017), in that neither222

pyrite-type FeO2H undergoes a metal-insulator transition in the pressure range relevant223

to the Earth’s mantle. Although pyrite-type FeO2 is unlikely stable at the redox con-224

ditions of the deep Earth, the difference in the electronic properties of pyrite-type FeO2225

and pyrite-type FeO2H introduces some uncertainty into the electronic properties of pyrite-226

type FeO2HX, which warrants future study.227

3.3 Structure and Equation of State228

Lattice parameters of the optimized structures of Pbca FeO2H, Pa3̄ FeO2H, and229

Pa3̄ AlO2H are reported in Table S1. Equation of state parameters for Pa3̄ pyrite-type230

FeO2H and AlO2H were determined by fitting the volume of optimized structures of GGA+U231

calculations between 60 and 140 GPa to third-order Birch-Murnaghan equations of state232

(Birch, 1947):233

P (V ) =
3κ0
2

[(V0
V

) 7
3 −

(V0
V

) 5
3

]{
1 +

3

4

(
κ′0 − 4

)[(V0
V

) 2
3 − 1

]}
(1)

in which κ0 is the bulk modulus at ambient pressure, κ′0 is the first pressure derivative234

of the bulk modulus, and V0 is the volume per formula unit at ambient pressure. Equa-235

tion of state parameters from these fits are presented in Table 1, and include parame-236

terizations in which κ′0 was treated as either a fixed (κ′0 = 4) or free parameter. The237

iron endmember, FeO2H, has a larger volume than AlO2H, and is also less compressible;238

hence the relative volume difference between these two structures increases with pres-239

sure from 1.3% at 60 GPa to 1.6% at 140 GPa (Figure 4a).240

Neither pyrite-type FeO2H nor AlO2H contain discreet hydroxyl units, and unlike241

their respective lower pressure polymorphs do not undergo pressure-induced hydrogen242

bond symmetrization, as the hydrogen bonds are symmetric even at the lowest pressures243

of these phases’ respective stabilities (Figure 4b). Additionally, as both iron and aluminum244

endmembers contain only symmetric bonds across their stability ranges, solid solutions245

from these systems are more likely to behave in a manner consistent with a linear mix-246

ing model than in systems where pressure-induced hydrogen bond symmetrization is a247

concern (Panero & Caracas, 2009).248
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Table 2. Comparison of the elastic properties of pyrite-type FeO2H and AlO2H as a function

of pressure (P) from 60 to 140 GPa. Densities (ρ) are in units of g/cm3, and bulk (κ) and shear

(µ) moduli are in GPa.

P Pbca FeO2H Pa3̄ FeO2H Pa3̄ AlO2H
ρ κ µ ρ κ µ ρ κ µ

60 — — — 6.248 449.0 174.0 4.389 435.0 228.9
70 6.401 481.0 134.1 6.383 485.9 179.5 4.488 469.5 237.9
80 6.530 517.1 161.5 6.510 524.8 184.7 4.581 503.8 247.5
90 6.652 552.8 170.1 6.630 560.8 187.4 4.670 536.8 256.8
100 6.769 590.5 183.3 6.746 597.3 189.5 4.755 569.7 265.8
110 6.880 626.1 188.4 6.856 632.8 191.2 4.837 602.9 274.3
120 6.988 661.5 194.5 6.962 667.4 192.6 4.916 635.4 282.7
130 7.091 696.5 200.8 7.064 702.9 194.5 4.992 668.3 290.4
140 7.190 731.3 207.0 7.162 737.5 194.4 5.065 700.6 298.2

3.4 Elastic Constants and Moduli249

The elastic tensors of pyrite-type AlO2H and both polymorphs of pyrite-type FeO2H250

were determined up to the pressure of the core-mantle boundary (Figure 5, Table S2,251

Table S3) and the mechanical stability of all three structures were verified with the rel-252

evant stability criteria (Born & Huang, 1954; Karki et al., 1997). Fully describing the253

elasticity of an orthorhombic phase requires nine elastic constants, but for small distor-254

tions these can be averaged to produce a cubic-equivalent three constant tensor, enabling255

comparison between the orthorhombic (Pbca) and cubic (Pa3̄) polymorphs of FeO2H.256

Details of this averaging are given in Equations S1, S2, and S3 and the full elastic con-257

stant tensor of the orthorhombic (Pbca) structure are given in Table S3. As shown in258

Table S2, the elastic constants of Pa3̄ and Pbca FeO2H are in good agreement, differ-259

ing by <5% at pressures greater than 100 GPa. However, the elastic constants of pyrite-260

type AlO2H differ more significantly from those of FeO2H, both in magnitude and to a261

lesser degree pressure dependence (Figure 5).262

The bulk and shear moduli of pyrite-type FeO2H and AlO2H were calculated from263

single crystal elastic constants using the Voigt-Reuss-Hill averaging scheme (Hill, 1952)264

(Table 2). Bulk moduli of all three phases (Pbca FeO2H, Pa3̄ FeO2H, and Pa3̄ AlO2H)265

are remarkably similar across the pressure range investigated, with <5% variation. The266

differences in shear moduli are considerably more substantial. Orthorhombic Pbca FeO2H267

exhibits a reduced shear modulus compared to the cubic structure at pressures <100 GPa,268

due to differences between the C44 of cubic FeO2H and the C44, C55, and C66 of orthorhom-269

bic FeO2H. These differences diminish with increasing pressure, and at pressures >100270

GPa both polymorphs of pyrite-type FeO2H exhibit shear moduli within ∼6% of one an-271

other. No such convergence occurs between the shear moduli of Pa3̄ FeO2H and AlO2H.272

At 60 GPa the shear modulus of AlO2H is ∼32% greater than that of FeO2H, and with273

increased pressure this divide widens, so that by core-mantle boundary (CMB) pressures274

the difference is ∼53%.275

3.5 Sound Velocities276

Elastic moduli of Pa3̄ pyrite-type FeO2H and AlO2H were used to calculate the ag-277

gregate sound velocities of both endmember compositions as a function of pressure (Fig-278

ure 6), to facilitate comparison to seismologically observable properties of Earth’s inte-279

rior. Across the pressure range investigated, the compressional velocity (VP) of the Al-280

–7–



manuscript submitted to Geochemistry, Geophysics, Geosystems

and Fe-endmembers differ by a nearly constant margin of 24-25%. Conversely, the shear281

velocities (VS) of FeO2H and AlO2H differ not only in magnitude but pressure depen-282

dence, such that the VS of pyrite-type AlO2H is elevated ∼37-46% relative to that of pyrite-283

type FeO2H, with the greatest disparity occurring at the pressures of the lowermost man-284

tle. However, as the calculated δ-AlOOH → pyrite-type AlO2H transition occurs at pres-285

sures exceeding those of the Earth’s mantle (i.e., P >136 GPa), the elastic behaviors of286

the Al-endmember at these pressures are relevant only in that they allow us to constrain287

the moduli and sound velocities of intermediate (Al,Fe)O2H compositions expected to288

be stable at the pressure of the lowermost mantle.289

The elastic constants and sound velocities of pyrite-type FeO2H from this study290

are presented alongside the static calculation results of Huang et al. (2019). The FeO2H291

densities from these studies differ by less than 2% and the sound velocities of our study292

are in reasonable agreement with the VP and VS differing by 8-9% and 1-8%, respectively.293

However, the previously reported VP and VS pressure trends reported by Huang et al.294

(2019) exhibit slightly higher positive pressure dependencies than this study (Figure 6).295

These velocity differences can be attributed to the different input parameters of these296

studies including the use of fixed U and J values of the Huang et al. (2019) study ver-297

sus the internally consistent Ueff of this study.298

In addition to aggregate sound velocities, the single crystal polarization anisotropy299

(AVS) of Pa3̄ pyrite-type FeO2H and AlO2H were determined using Equation S4 as shown300

in Figure 7. The maximum polarization anisotropy of pyrite-type FeO2H and AlO2H are301

compared to the lower pressure polymorphs ε-FeOOH and δ-AlOOH (Figure 8). In both302

endmembers the maximum polarization anisotropy is greatest along the {110} and low-303

est along the {100} and {111}. Our pyrite-type FeO2H results are consistent with, al-304

though slightly lower than, the maximum anisotropies published by Huang et al. (2019)305

at comparable pressures. Both ε-FeOOH and δ-AlOOH exhibit a strong degree of po-306

larization anisotropy —a property that increases with increasing pressure (Tsuchiya &307

Mookherjee, 2015; Thompson et al., 2017). However, the polarization anisotropy of pyrite-308

type FeO2H and AlO2H is significantly lower than their respective CaCl2-type counter-309

parts. Based on these constraints, for a fixed (Al,Fe)OOH composition the polarization310

anisotropy of the pyrite-type polymorph is expected to be less than that of a δ-(Al,Fe)OOH311

polymorph of the same composition at the same pressure.312

4 Discussion313

Based on our calculations, the transition pressure of CaCl2-type (Al,Fe)OOH solid314

solutions, to the pyrite structure is strongly compositionally dependent and both CaCl2-315

type and pyrite-type (Al,Fe)OOH may persist up to core-mantle boundary pressures. The316

CaCl2 structure is expected to be stabilized by the incorporation of aluminum, while com-317

positions predominated by iron likely transform to the pyrite structure at the pressures318

of the lowermost mantle. These results are consistent with experimental work by L. Yuan319

et al. (2018), whose evaluation of the MgO–Al2O3–Fe2O3–SiO2–H2O at the P–T con-320

ditions of the lowermost mantle resulted in phase assemblages containing coexisting aluminum-321

dominant CaCl2-type AlOOH–FeOOH–MgSiO2(OH)2 (δ-phase), pyrite-type FeO2H, bridg-322

manite, and post-perovskite.323

Due to the likely coexistence Al-dominant δ-(Al,Fe)OOH and Fe-dominant pyrite-324

type (Al,Fe)O2H at the conditions of Earth’s mantle, it is necessary to compare and con-325

trast the geophysical properties of the endmember polymorphs to develop constraints326

for comparison to seismic observations. The seismic signature of the Al-endmember is327

not expected to change dramatically across the CaCl2-type→pyrite-type phase transi-328

tion, as both the compressional and shear wave velocities of δ-AlOOH and pyrite-type329

AlO2H differ by <2%. However, while the compressional velocities of pyrite-type FeO2H330
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and ε-FeOOH differ by only 2-4%, the difference in shear velocity is more substantial,331

with the VS of ε-FeOOH reduced 11-16% relative to pyrite-type FeO2H.332

A recent study by Liu et al. (2017) concluded that Ultra Low Velocity Zones (UL-333

VZs) might be reasonably explained by domains at the core-mantle boundary rich in pyrite-334

type FeO2HX—a partially dehydrated form of stoichiometric FeO2H. Although it is not335

resolved whether the persistence of deep Earth structures dominated by hydrous phases336

at geological timescales may be mitigated by the rate of hydrogen diffusion in the Earth’s337

mantle (Mackwell & Kohlstedt, 1990; Novella et al., 2017), it is important to evaluate338

this in the context of the likely solid solution properties of these phases. We re-evaluated339

the potential for pyrite-type FeO2H and the solid solution it likely forms with AlO2H340

to contribute to the seismic velocity reductions characteristic of ULVZs (McNamara, 2019).341

Sound velocities of intermediate (Al,Fe)O2H compositions were linearly interpolated from342

the velocities of the endmember compositions, and bridgmanite (MgSiO3-perovskite),343

as the most abundant mineral of the lower mantle, was used as a proxy for the bulk lower344

mantle. This allowed for the direct comparison of the static calculations of the veloci-345

ties of bridgmanite (R. M. Wentzcovitch et al., 2004) against those of (Al,Fe)OOH, in346

the absence of additional thermoelastic calculations. Although increasing attention has347

been paid recently to how non-ideality of solid solutions affect their elastic properties (e.g.,348

Myhill, 2018), the similar chemistry, structure, and unit cell volumes of the Fe- and Al-349

endmembers suggest that non-ideality in the high-pressure (Al,Fe)OOH system is min-350

imal. For example, experimentally determined unit cell volumes of CaCl2-type (Al,Fe)OOH351

trend linearly with measured Fe/(Fe+Al) ratios at ambient (i.e., fixed) pressure and tem-352

perature. The non-ideality of pyrite-type (Al,Fe)O2H, for which there is limited exper-353

imental data, is expected to be comparable to that of the CaCl2-type (Al,Fe)OOH, as354

the chemical and structural similarities are preserved and the calculated volume differ-355

ence of the Fe- and Al-endmembers is reduced in the higher pressure pyrite structure.356

Based on these calculations, we determined that pyrite-structured (AlX,Fe1-X)O2H with357

X =0.5-0.6 can simultaneously match the 10% VP and 30% VS reductions relative to the358

bulk mantle (i.e., bridgmanite) characteristic of these regions. Solid solutions in this com-359

positional range are 6-8% denser than bridgmanite, providing gravitational stability at360

the core mantle boundary, although this density contrast may be reduced at the high361

temperatures of the mantle and by thermochemical convection. Importantly, this shows362

that iron-rich pyrite-type solid solution enriched regions may contribute to observed UL-363

VZs without invoking dehydration.364

Al-rich CaCl2-type (Al,Fe)OOH solid solutions, referred to as δ-(Al,Fe)OOH, may365

contribute to the reduced shear wave velocities characteristic of large low shear veloc-366

ity provinces (LLSVPs) (Thompson et al., 2017; Su et al., 2020). Physically proximal367

and compositionally similar, LLSVPs containing δ-(Al,Fe)OOH and ULVZs containing368

pyrite-type (Al,Fe)O2H may share a geochemical origin. As gravitationally unstable δ-369

(Al,Fe)OOH sinks to the core-mantle boundary, elevated temperatures and reaction with370

core material may produce elevated levels of iron enrichment, driving the transition to371

the pyrite structure. Additionally, pyrite-type FeO2H or FeO2HX may be produced by372

the reaction of hydrous phases with iron at the core-mantle boundary (L. Yuan et al.,373

2018). Since non-stoichiometric pyrite-type FeO2HX may develop at the core-mantle bound-374

ary, the electronic properties as a function of hydrogen content should be experimentally375

investigated. Due to the difference in electronic behavior of FeO2 and FeO2H, the incor-376

poration or loss of hydrogen could affect the electromagnetic interaction between the liq-377

uid core and lower mantle, as hydrogen seems to promote insulator behavior and might378

inhibit this coupling.379

Lastly, there is sharp contrast in the maximum shear wave polarization anisotropy380

of pyrite-type FeO2H and AlO2H compared to their respective lower pressure polymorphs—a381

contrast which is greatest at the pressures of the lowermost mantle (Figure 8). As such,382

the CaCl2-type → pyrite-type structural transition in (Al,Fe)OOH may be marked by383
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an observable seismic signature. The sharpness of such a signal would depend on two384

primary factors: (1) the width of the phase loop, as the iron and aluminum endmem-385

bers have phase boundaries >100 GPa apart, and (2) the degree of lattice preferred ori-386

entation (LPO) locally in each phase. Interpolating from the stability of the Al- and Fe-387

endmembers, pyrite-type (AlX,Fe1-X)O2H with X<0.6 is likely stable at CMB pressures,388

where it would exhibit low to negligible degrees of shear wave polarization. Conversely,389

CaCl2-type (AlX,Fe1-X)OOH in which X>0.6 may also be stable at CMB pressures, and390

would be characterized by strongly horizontally polarized shear waves consistent with391

observations of horizontally polarized shear waves at the base of the mantle (Thompson392

et al., 2017).393

5 Conclusion394

We have presented a computational analysis of the stability, structure, and elas-395

tic properties of high-pressure pyrite-type FeO2H. The structure, transition pressure, and396

equation of state of this phase was compared to that of pyrite-type AlO2H, with which397

it likely forms a solid solution. Based on our first principles calculations, the stable struc-398

ture of pyrite-type FeO2H is cubic, although at sufficiently high pressure a Jahn-Teller399

distortion in FeO2H may produce an orthorhombic structure with pressure-dependent,400

non-fixed lattice parameter ratios. Within the Earth’s interior however, the Pa3̄ struc-401

ture is expected to dominate, as at mantle temperature conditions the Jahn-teller dis-402

tortions responsible for producing the Pbca symmetry are presumably randomly oriented403

within FeOOH crystal.404

CaCl2-structured (Al,Fe)O2H solid solutions transform to the pyrite structure be-405

tween 65 and 190 GPa and the transition pressure is strongly compositionally dependent.406

Owing to this compositionally driven phase boundary, it is likely that Al-dominant CaCl2-407

type (Al,Fe)O2H coexists with Fe-rich pyrite-type (Al,Fe)O2H in the Earth’s lower man-408

tle. Both CaCl2-type (Al,Fe)OOH and pyrite-type (Al,Fe)O2H solid solutions may de-409

liver hydrogen through the Earth’s lower mantle to the core-mantle boundary, but the410

seismic properties of these solid solutions are strongly tied to their structure. Al-dominant411

compositions are likely stable to CMB pressures in the CaCl2 structure and may help412

explain the shear wave velocity reductions of LLSVPs. Conversely, Fe-rich compositions413

will transform to the pyrite-structure at lower mantle pressures and may contribute to414

the reduced compressional and shear velocities observed in ULVZs. Hence, it is impor-415

tant that when connecting mineral physics results to seismic observations, one takes into416

account the composition, structure, and stability of the solid solution rather than an iso-417

lated endmember composition. Future experimental work probing the proposed phase418

loop and exploring the non-ideality of the (Al,Fe)OOH system at the conditions of the419

Earth’s lower mantle would refine our understanding of pyrite-type (Al,Fe)OOH as a ma-420

jor agent of hydrogen transportation in the deep Earth and as a potential contributor421

to ULVZs.422
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Figure 1. Polymorphs of FeO2H and AlO2H including (a) CaCl2-type ε-FeOOH (Z=2), (b)

cubic (Pa3̄) pyrite-type FeO2H (Z=4), and (c) the Pbca structure of AlO2H (Z=8) reported by

Verma et al. (2018). Oxygen atoms are red spheres, hydrogen atoms are white spheres, gold

polyhedra are FeO6 units, and blue polyhedra are AlO6 units. Images were generated in VESTA

(Momma & Izumi, 2008).
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Figure 2. Calculated relative enthalpies of (a) low-spin FeO2H and (b) AlO2H as a function

of pressure. In (a), maroon triangles indicate ferromagnetic ε-FeOOH, orange open circles indi-

cate orthorhombic (Pbca) structure FeO2H, and red filled circles indicate (Pa3̄) FeO2H. In (b),

dark blue triangles indicate δ-AlOOH and light blue circles indicate (Pa3̄) AlO2H.
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Figure 3. Spin polarization density (ρup–ρdown) of (a) orthorhombic (Pbca) FeO2H and (b)

cubic (Pa3̄) FeO2H at 100 GPa. The orthorhombic distortion of the Pbca pyrite structure, is mi-

nor enough to be difficult to assess by eye, with b/a lattice ratios of 0.995-0.999 and b/c ratios of

1.004-1.005 in the evaluated pressure interval (60-140 GPa). Red spheres indicate oxygen atoms,

white spheres indicate hydrogen atoms, and the iron atoms (shown in Figure 1) have been re-

moved for clarity. The yellow isosurface indicates a value of 0.081 e/a.u.3. Images were generated

in VESTA (Momma & Izumi, 2008).
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Figure 4. Computed structural parameters of pyrite-type FeO2H and AlO2H, including (a)

volume (V/Z ) with dashed lines indicating the corresponding third-order Birch-Murnaghan equa-

tions of states for each phase, and (b) hydrogen bonding as a function of pressure. Experimen-

tally determined volumes of FeO2H from Nishi et al. (2017) and Nishi et al. (2020) are included

as filled red triangles and open red diamonds, respectively.
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constant, and dotted lines indicate the C44 constant. The FeO2H elastic constants calculated by

Huang et al. (2019) are included as red crosses.
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Figure 6. (a) Sound velocities and (b) density of Pa3̄ pyrite-type FeO2H (red circles), pyrite-

type AlO2H (light blue circles) and lower pressure polymorphs ε-FeOOH (maroon triangles) and

δ-AlOOH (dark blue triangles) as a function of pressure from 60 to 140 GPa compared to the

Preliminary Reference Earth Model (PREM). ε-FeOOH and δ-AlOOH data are from Thompson

et al. (2017) and Tsuchiya and Tsuchiya (2011), respectively, and the pyrite-type FeO2H sound

velocities calculated by Huang et al. (2019) are included as red crosses. All of the data result

from static calculations excluding those of PREM (solid and dashed black lines) and an experi-

mental NRIXS measurement taken at 133 GPa and room temperature by Liu et al. (2017) (red

squares).
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Figure 7. Lambert equal-area upper-hemisphere projections of the polarization anisotropy

(AVS) of (a) Pa3̄ pyrite-type FeO2H and (b) AlO2H at 100 GPa. Figures were generated using

MTEX (Mainprice et al., 2011).
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Figure 8. Comparison of the maximum anisotropy (AVS) of pyrite-type FeO2H (red circles)

and AlO2H] (light blue circles) to lower pressure polymorphs ε-FeOOH (dark blue triangles) and

δ-AlOOH (maroon triangles) from 60 to 140 GPa. The ε-FeOOH and δ-AlOOH data are from

Thompson et al. (2017) and Tsuchiya and Tsuchiya (2011), respectively. The AVS of pyrite-type

FeO2H calculated by Huang et al. (2019) are included as red crosses.
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